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Preface

Design of molecular space is an important theme for the development of novel
functional materials and catalysts. This theme connects a range of diverse research
areas such as supramolecular chemistry, material science, chemical biology, organic
synthesis, and catalysis. Based on this important theme, we started the Chemical
Society of Japan (CSJ) research group “Creation of Molecular Space toward Inno-
vative Transformations” (website: http://molspace.chemistry.or.jp/index.html) in
2014 to advance molecular space chemistry. Chapters of this book were written by
the research group members. Professors Maeda and Haketa, Ritsumeikan University,
warmly accepted our invitation to join in this book as additional authors.

A wide variety of topics and ideas included in this book are based on the concept
of molecular space chemistry. The book showcases recent representative examples
of molecular space design to create functional materials and catalysts possessing
unique properties. This unique volume will be of great interest to chemists in a wide
variety of research fields, including organic, inorganic, biological, polymer, and
supramolecular chemistry. Readers will obtain new ideas and directions to create
novel functional molecules, and those ideas will lead to innovative views of science.

Finally, I would like to warmly thank all the authors for their contributions to
create this book. I also would like to thank the team at Springer Japan, especially
Shinichi Koizumi, Asami Komada, and Taeko Sato, for their helpful assistance
during the preparation of this book.

Nagasaki, Japan Seiji Shirakawa
April 2018
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Chapter 1 ®)
nti-Electronic Ion-Pairing Supramolecular e
Assemblies

Yohei Haketa and Hiromitsu Maeda

Abstract Appropriately designed anion-responsive n-electronic molecules provide
tunable mw-electronic ion pairs comprising receptor—anion complexes and
countercations. Such m-electronic ion pairs form highly organized dimension-
controlled assemblies such as liquid crystals, gels, and other functional soft materials
through electrostatic interactions with the support of other weak noncovalent inter-
actions. Well-designed pyrrole-based zn-electronic molecules can effectively bind
anions, thus creating planar receptor—anion complexes and resulting assembled
structures. Therefore, precise modifications of oligopyrrole m-electronic systems
are important for the preparation of receptor—anion-complexing ion pairs as compo-
nents of ion-pairing dimension-controlled assemblies. This chapter describes recent
progresses in the area of ion-pairing dimension-controlled assemblies, especially
those built with pyrrole-based anion-responsive n-electronic molecules, focusing on
molecular design.

Keywords zn-Electronic anions - n-Electronic cations - Anion-responsive
molecules - Pyrrole derivatives - Ion-pairing assemblies - Dimension-controlled
assemblies - Liquid crystals

1.1 Introduction

Assemblies of ion pairs can provide fascinating functional materials including solids
(single crystals), soft materials (gels, liquid crystals, etc.) [1-4], and liquid states
(ionic liquids) [5, 6], depending on the geometries and electronic states of the
constituent charged species. Among noncovalent interactions, electrostatic attractive
and repulsive interactions between charged species are the main driving forces for
ion-pairing assemblies, thus affording various assembling states in combination with
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other weak noncovalent interactions (e.g., hydrogen bonding, van der Waals, 7,
dipole—dipole, etc.) [7-13]. Such noncovalent interactions between designed
charged species can provide highly organized assembling structures, namely, an
ionic self-assembly [14, 15], based on the anisotropic orientation of m-electronic
ions, thus affording various unique and functional dimension-controlled ion-pairing
assemblies [16-21].

n-Electronic molecules have several advantages as building units of molecular
assemblies: various substituents including aliphatic chains can be introduced into
n-electronic molecules, whose characteristic electronic properties are applicable for
electrical and optical materials. Incorporation of ionic unit(s) into w-electronic
molecules provides various organized assemblies using electrostatic interactions.
There are three representative methods to prepare m-electronic ion pairs forming
dimension-controlled assemblies (Fig. 1.1): (a) a pair of electronically neutral
n-electronic systems connecting charged part(s) and corresponding counterion(s),
(b) a pair consisting of a m-electronic cation and a w-electronic anion (genuine
n-electronic ion pair), and (c) a pair consisting of a m-electronic receptor—ion
complex (pseudo m-electronic ion) and its counterion(s). Based on these ion-pair
formation strategies, various ion-pairing assemblies have been reported to date,
focusing on characteristic assembling behaviors, morphologies, and functions.
Among the three strategies for the preparation of m-electronic ionic species shown
above, m-electronic receptor—ion-complexing ion pairs (Fig. 1.1c) have a great
advantage for preparation of fine-tuned components, because synthesis of electron-
ically neutral m-electronic molecules is much easier than that of charged species.
Most importantly, the appropriate combinations of n-electronic receptors, modified
anions, and countercations can provide diverse ion pairs. Receptor—ion complexes,
which are in equilibrium in solution state, should be stable enough for the formation
of ion-pairing assemblies in bulk materials. The design of anion-responsive
n-electronic molecules that form assemblies is important in this method.

Appropriately designed m-electronic ion pairs with suitable geometries and elec-
tronic states result in an ordered arrangement of the ionic components and the
formation of dimension-controlled ion-pairing assemblies with diverse modes. A
charge-by-charge assembly is defined as an assembling mode comprising alternately
stacking positively and negatively charged species (Fig. 1.2 left), whereas a charge-
segregated assembly results from the stacking of identically charged species by
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Fig. 1.2 Conceptual diagram of m-electronic ion-pairing assemblies comprising the ion pairs in
Fig. 1.1b

overcoming electrostatic repulsion (Fig. 1.2 center). A charge-by-charge mode is
effective for constructing columnar assemblies because of the attractive force
between opposite charges supporting n—n stacking. In most cases, partial contribu-
tions of charge-by-charge and charge-segregated assemblies would provide inter-
mediate assembling modes (Fig. 1.2 right).

This chapter presents an overview of the design and synthesis of anion-responsive
n-electronic molecules that form dimension-controlled assemblies, especially
pyrrole-based receptor—anion-complexing ion-pairing systems reported by our
group. Furthermore, various ion-pairing assemblies, including crystals, liquid crys-
tals, and supramolecular gels, are shown with their characteristic assembling modes
and properties.

1.2 m-Electronic Anionic Species Based on Anion-
Responsive nt-Electronic Molecules

1.2.1 Pyrrole-Based n-Electronic Anion-Responsive
Molecules

Design of anion-responsive n-electronic molecules that form planar receptor—anion
complexes requires the incorporation of appropriate anion-binding sites. To date,
various anion receptors comprising m-electronic building units have been investi-
gated [22-27]. Anion binding is mainly induced by hydrogen bonding of polarized
hydrogens in aromatic units [28]. For example, the NH moieties of pyrroles and
indoles can act as effective hydrogen-bonding donor units. Their r-electronic planes
are also suitable for stacking assemblies with the support of peripheral substituents.
Covalently linked appropriate arrangement of such anion-interacting subunits
affords planar receptor—anion complexes. Among anion-interacting n-electronic
units, pyrrole has been widely investigated because it is found in various naturally
occurring anion-binding molecules such as tripyrrolic prodigiosin derivatives
[27]. While the anion-binding behaviors of cyclic oligopyrrole derivatives have
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Fig. 1.3 (a) Anion-responsive monopyrroles with electron-withdrawing units la—c and
2 (a preorganized structure), (b) ESP maps of (i) 1a, (i) 1b, and (iii) 1c, and (c¢) anion-binding
mode of 1c

been extensively studied, acyclic pyrrole-based receptors have been less investi-
gated, due to the low binding ability of less preorganized structures. However,
appropriate modifications of pyrrole-based anion-responsive molecules would
enhance the binding abilities. Importantly, appropriate acyclic oligopyrroles show
planar geometries and the facile introduction of aliphatic chains induces the forma-
tion of molecular assemblies.

The hydrogen-bonding abilities of pyrrole NH sites can be tuned by modification
of the substituents. Introduction of electron-withdrawing moieties at the pyrrole a-
and B-positions as seen in 1b,c and 2 (Fig. 1.3a) enhances their anion-binding
behaviors using the pyrrole NH site. In fact, 3,4-difluoro-substituted 1b and
3,4-diperfluorohexyl-substituted 1¢ were found to be electron-deficient m-systems
as evaluated by density functional theory (DFT) calculations [29]. The electrostatic
potential (ESP) of 1c was more electron-deficient, suggesting that the pyrrole NH
was more polarized than 1a,b (Fig. 1.3b). Anion binding through single-point
hydrogen bonding via pyrrole NH (Fig. 1.3c) was revealed by 'H NMR. The
anion-binding constants (K,) followed the order of 1c¢ > 1b > 1a: the K, value of
1c is 1400 M~ for CI” in CD,Cl,, which is about ten times greater than that of 1b.
Introduction of electron-withdrawing units at pyrrole a-positions is also effective.
For example, the introduction of phenylamide units at pyrrole a-positions as seen in
2 shows enhanced binding ability compared to 1a (Fig. 1.3a) [30]. In this case, the
electron-withdrawing carbonyl units increase the stability of hydrogen bonding of
pyrrole NH, and the amide NH also interacts supportively with the anion. The
electron-withdrawing moieties showed the contributions of effective hydrogen-
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Fig. 1.4 (a) Cy—C,-bridged dipyrrole receptors 3-S5 and (b) Cs-bridged dipyrrole receptors 6—10

bonding and ion—dipole interactions. Modification of pyrrole derivatives as the
building units of n-electronic anion receptors is essential for tunable anion-binding
abilities and the resulting formation of n-electronic anions.

As the arrangement of pyrrole NH sites is important for effective anion binding,
various oligopyrrole-based anion-responsive molecules were developed (e.g., 3-5,
Fig. 1.4a). The number of atoms bridging two pyrrole rings is important. For
example, Cy-bridged bipyrrole 3 [31] and C;-bridged dipyrromethane 4 [32] show
effective anion-binding behaviors compared to pyrrole 1a. Although C,-bridged
dipyrrolylquinoxaline S [33] also binds anions in [1+1]-type mode, the close loca-
tion of two pyrrole NH units is interfered with, thus forming non-planar anion
complexes. Planar receptor—anion complexes can be obtained by bridging multiple
pyrroles via an appropriate aromatic moiety. Based on theoretical studies of molec-
ular geometries, five- and six-membered rings are more suitable as C;-bridged units
for pyrroles to provide planar anion-responsive molecules. As examples of
n-electronic anion receptors consisting of two pyrroles bridged with a five-
membered ring (e.g., 6 and 7a—d, Fig. 1.4b), dipyrrolylazulene 6 [34] binds anion
by hydrogen bonding of two pyrrole NH sites as well as the bridging CH unit; the K,
value for CI” added as a tetrabutylammonium (TBA) salt is 110 M in CH,CL.
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Fig. 1.5 (a) Anion-binding mode of 10b and (b) single-crystal X-ray structures of (/) 10b-CI-TBA*
and (ii) 10b-CI"-TATA"*

Furthermore, dipyrrolylpyrazoles (e.g., 7a, Fig. 1.4b) bind anions through hydrogen
bonding of the pyrrole NH and bridging pyrazole CH with the inversion of the
pyrrole rings [35-37]. In particular, N-methyl-substituted dipyrroles 7c,d with
B-hydrogen and p-fluorine substituents showed K, values of 1600 and 28,000 M ™',
respectively, indicating that the electron-withdrawing p-fluorine moieties enhance
the anion-binding ability [35].

Other anion-responsive m-electronic molecules include those consisting of two
pyrroles bridged with a Cj-bridged six-membered ring. For example,
1,3-dipyrrolylbenzene 8 (Fig. 1.4b), which was first reported by Sessler et al. as a
building subunit of larger macrocycles, showed effective anion binding through
hydrogen bonding of pyrrole NH [32]. Introduction of electron-withdrawing units at
the pyrrole a-positions of dipyrrolylbenzene enhances the K, values [38]. In contrast,
2,6-dipyrrolylpyridine 9 showed poor anion-binding behavior due to repulsion
between the electron pair of the pyridyl nitrogen and anions along with intramolec-
ular pyrrole-N-H:--pyridyl-N hydrogen bonding [38, 39]. On the other hand,
4,6-dipyrrolylpyrimidines 10b,d (Fig. 1.4b) were prepared using Suzuki coupling
reaction starting from bromo-substituted pyrimidine and pyrroles with boronic acid
or its ester, and subsequent debromination gave 10a,c (Fig. 1.4b) [40]. The
dipyrrolylpyrimidines showed anion binding through hydrogen bonding by the
inversion of two pyrrole rings (Fig. 1.5a). DFT studies suggested that the confor-
mation with both pyrrole-NH groups pointing toward the pyrimidine-N side is more
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Fig. 1.6 Representatives of dipyrrolyldiketone BF, complexes 11-18

stable at 9.84 kcal/mol than that with the opposite orientations of pyrimidine and
pyrrole dipoles. In fact, the anion-binding modes of the dipyrrolylpyrimidines
(Fig. 1.5a) were revealed by "H NMR upon the addition of CI” as a TBA salt in
CD,Cl,. At -50 °C, the signals of the pyrrole NH and pyrimidine 5-CH of 10b at
9.72 and 7.49 ppm gradually disappeared, and those at 11.84 and 9.40 ppm concur-
rently appeared with C1” binding. Such independent signal changes due to the anion-
free and anion-binding states were originally observed for the [1+1]-type anion
binding of dipyrrolyldiketone BF, complexes with anions (vide infra). The [1+1]-
type pyrrole-inverted receptor—Cl~ complex of 10b was also revealed by single-
crystal X-ray analysis, providing a one-by-one charge-by-charge assembling mode
with counter TBA™ in 10b-CI"-TBA* (Fig. 1.5b(i)), whereas one 10b-CI”~ and two
propyl-substituted triazatriangulenium cations (TATA™) [41, 42] formed a columnar
structure in 10b-CI-TATA™ (Fig. 1.5b(ii)) [40]. It should be noticed that 10b-CI~
forms planar geometries (planar anions) in combination with both countercations in
the crystal structures (Fig. 1.5b).

As dipyrrole-based m-electronic anion receptors bridged with a six-membered
ring, we have been investigating dipyrrolyldiketone boron complexes since 2005. A
series of dipyrrolyldiketone BF, complexes have been investigated (11-18 as
examples, Fig. 1.6) as effective anion receptors that provide various n-electronic
anionic species [16-21, 43-84].

Dipyrrolyldiketone derivatives were synthesized mainly by two methods:
(1) starting pyrrole derivatives are reacted with malonyl chloride in CH,Cl,, followed
by addition of BF;-OEt, and (ii) a-iodinated derivatives of p-modified
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Fig. 1.7 Anion-binding mode of 11a

dipyrrolyldiketone BF, complexes are used as starting materials for various coupling
reactions. Importantly, dipyrrolyldiketone BF, complexes are stable in ambient
conditions as well as at higher temperatures. To date, various peripheral modifica-
tions of dipyrrolyldiketone boron complexes have been investigated to control the
solubility, electronic states, assembling modes, and their specific functions. In
representative examples, a-aryl groups have been used as the scaffolds for introduc-
ing various substituents to the core n-electronic unit for further applications [44-53],
as shown in alkoxy-substituted anion-responsive m-electronic molecules (e.g., 11c,
Fig. 1.6) that form anion-responsive supramolecular gels [44, 49, 52, 53] and
thermotropic liquid crystals [47, 51, 53]. The coupling reaction of pyrrole
B-modified receptors [54—72] with iodination at the pyrrole a-positions results in
the introduction of various aryl moieties that exhibit diverse electronic properties
[63], substituent-dependent assemblies (e.g., 15¢ and 16¢, Fig. 1.6) [67], covalently
linked oligomers for high anion-binding affinities and ion-pairing chirality induction
[65, 68], and cooperatively interlocked [2+1]-type receptor—anion complexes (e.g.,
14a, Fig. 1.6) [69-72]. Furthermore, the boron unit can also be modified [73-76], as
seen in catechol-boron and 1,1’-bi-2-naphthol-boron complexes, exhibiting anion-
driven circularly polarized luminescence (CPL) enhancement for the latter [75].

As two pyrrole rings in the most stable conformations are not located at
preorganized positions for anion binding, they should be inverted for anion binding
(Fig. 1.7). Efficient [1+1]-type anion-binding abilities were elucidated by "H NMR
spectral changes, wherein anion-free and anion-complexing signals were indepen-
dently observed due to the slow anion-binding processes that correlate with pyrrole
inversion. K, values have been evaluated by UV/Vis absorption spectral changes
upon the addition of anions as TBA salts; the K, value of parent 11a for CI is
15,000 M~ in CH,Cl, at r.t. [43]. a-Aryl-substituted receptors also form [1+1]-type
receptor—anion complexes with the help of 0-CH hydrogen bonding to the anion,
thus showing a higher K, for example, for 11b of 30,000 M.
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Fig. 1.8 Single-crystal X-ray structures of (a) 11a-CI-TBA™* ((i) hydrogen-bonding chain and (i)
packing structures)), (b) 11b-CI"-TPA™, (¢) 15b-CI"-TPA"*, (d) 11b-CI"-TATA", and (e) 15b-CI"-
TATA*

1.2.2 Crystal-State Ion-Pairing Assemblies of Receptor—
Anion-Complexing Ion Pairs

In the solid state, receptor—anion complexes exhibit various assembling modes in
combination with countercations depending on the geometries and substituents of
the components. For example, 11a with tetrabutylammonium chloride (TBACI)
forms a hydrogen-bonding chain structure based on one pyrrole inversion
(Fig. 1.8a) [43]. The pyrrole p-fluorine-substituted 16a also formed a hydrogen-
bonding chain structure without pyrrole inversions [54]. In both cases, layers of
hydrogen-bonding chain consisting of receptor—C1~ complex and those of counter
TBA™ alternate to form the charge-by-charge assembly. On the other hand, a-aryl-
substituted 11b, 15b, and 16b formed planar [1+1]-type CI” complexes as revealed
by solution-state NMR studies as well as single-crystal X-ray analysis: 11b-C1™
(Fig. 1.8b) [44] and 15b-CI” (Fig. 1.8¢c) [67] with tetrapropylammonium cation (TPA™)
and 16b-CI” with TBA*. The receptor—anion complexes and cations formed charge-
by-charge assemblies via one-by-one stacking of the receptor—Cl~ complexes and
cations for 11b-Cl” and 15b-Cl", whereas 16b-C1” showed two-by-two stacking.
Meanwhile, the n-electronic TATA™ cation afforded an ion pair 11b-ClI"-TATA",
forming a charge-by-charge assembly with a smaller distance of 6.85 A between the
11b-CI” units (Fig. 1.8d), in contrast to 7.29 A for the ion pair with TPA*
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Fig. 1.9 (a) Structures of B-aryl 19a,b and anion-binding mode and single-crystal X-ray structures
of (b) 19a and (c) 19a-CI"-TATA" as (i) [1+1]-type complex and (i) packing diagram (magenta and
cyan represent 19a-Cl” and TATA™, respectively)

[77]. Furthermore, both f-methyl 15b-CI"-TATA* and p-fluorinated 16b-C1"-TATA™
also formed charge-by-charge assemblies (Fig. 1.8e), wherein the larger CI---CI”
distances along the columns were estimated as 12.43 and 10.57 A, respectively
[81]. The smaller overlap of the receptor—Cl~ complexes and TATA* in 15b-Cl -
TATA™ and 16b-CI"-TATA" indicates that the -substituents of the anion-responsive
n-electronic molecules may interfere with the formation of stable charge-by-charge
columnar structures.

One of the important properties of dipyrrolyldiketone BF, complexes is their
pyrrole inversion behavior with respect to anion binding. By using such conforma-
tion changes, rod-shaped molecules can be converted to fan-shaped geometries. In
fact, a-aryl-substituted receptors exhibit rod-shaped geometries as their most stable
structures, which are converted to fan-shaped geometries by anion binding. The
control of molecular geometries by anion binding can also be achieved in the
derivatives possessing pyrrole p-aryl substituents. B-Aryl derivatives 19a,b
(Fig. 1.9a) were synthesized by the Suzuki coupling reaction of p-iodo-substituted
receptor and corresponding boronic acid or ester. In fact, 19a showed a fan-shaped
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Fig. 1.10 (a) Structures of 20a,b and anion-binding mode and (b) single-crystal X-ray structure of
20a-C1"-TATA" as (i) [1+1]-type complex and (ii) packing structure (magenta and cyan represent
20a-CI” and TATA", respectively)

geometry (Fig. 1.9b), whereas the C1” complex of 19a formed a rod shape (Fig. 1.9¢
(1)) as revealed by single-crystal X-ray analysis [60]. Similar to the charge-by-charge
stacking structures of a-aryl-substituted receptors such as 11b, 15b, and 16b, p-aryl
19a formed a charge-by-charge assembly with a rod-shaped planar [1+1]-type anion
complex and TATA™ (Fig. 1.9¢(ii)). Such a structural change enables the control of
organized structures in ion-pairing dimension-controlled assemblies.

[1+1]-Type receptor—anion complexes are also constructed with the receptors
possessing multiple hydrogen-bonding sites. The introduction of electron-
withdrawing and additional hydrogen-bonding donor moieties, as shown in
phenylamide-substituted pyrrole 2, enhances anion-binding ability. Recently, phe-
nyl- and benzylamide-substituted anion-responsive molecules 20a,b (Fig. 1.10a)
were synthesized from carboxy-substituted dipyrrolyldiketone derivative and
corresponding amines using Mukaiyama reagent [61]. Phenylamide 20a showed a
K, value of >10® M™! for CI” in CH,Cl,, suggesting an extremely high binding
affinity supported by multiple interaction sites. "H NMR signals of 20a,b for pyrrole
NH, amide NH, and bridging CH gradually shifted downfield upon the addition of CI”
as a TBA salt in CD,Cl,, suggesting the formation of [1+1]-type CI” complexes
using the amide NH units as well. The gradual shifts of "H NMR signals by anion
binding in contrast to the signal shift of 11b suggested a fast equilibrium between the
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Fig. 1.11 Single-crystal X-ray structure of 14a,-CI-TBA* as (a) [2+1]-type complex and (b)
totally charge-segregated assembly represented by a space-filling model (magenta and cyan repre-
sent 14a,-Cl~ and TBA™, respectively)

receptors 20a,b and their anion complexes and also the fast inversions of pyrrole rings
in the NMR timescale compared with 11b, which is also supported by DFT calcula-
tions. Similar to the receptor—anion complexes of a-aryl-substituted 11b, 15b, and
16b, [1+1]-type receptor—anion complexes were observed for 20a,b-CI"-TATA" in
the crystal state (Fig. 1.10b), wherein the n-electronic anions 20a,b-Cl~ and TATA*
formed charge-by-charge stacking assemblies [61].

In general, acyclic anion receptors can form [2+1]-type interlocked receptor—
anion complexes, which are not easily formed compared to [1+1]-type planar
complexes. For example, a-phenyl-substituted 11b (Fig. 1.6) forms a [2+1]-type CI”
complex at low temperatures with a small amount of the guest anion [44]. In
contrast, ethynyl-substituted 14a (Fig. 1.6), as a m-extended derivative, shows the
cooperative formation of [2+1]-type receptor—anion complexes in solution and also in
the crystal state. The stabilities of [2+1]-type complexes are greater when cooperative
binding occurs with receptors with more electron-withdrawing substituents, such as
CF; moieties, at the terminal para positions. Cooperatively formed [2+1]-type
complexes have also been examined by theoretical studies, suggesting effective
intermolecular (intracomplex) interactions between ethynyl moieties and pyrrole
units [69, 72]. As for ion-pairing assemblies in the solid state, the ion pair with TBA*
formed totally charge-segregated assemblies comprising the charged layers of a [2
+1]-type CI” complex 14a,-C1™ and those of the cation in the crystal state (Fig. 1.11)
[69]. The guest anion is surrounded by the two interlocked receptor moieties,
resulting in delocalization of the negative charge of the anion into the receptors
and the formation of charged layers due to the small electrostatic repulsion between
the anion complexes. Interestingly, the ion pair 14a,-C1"-TBA™ provided two other
more stable crystal polymorphs with the contribution of charge-by-charge assem-
blies [71]. Furthermore, 14a,-Cl™ formed diverse solid-state ion-pairing assemblies
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with various cations such as TPA*, (CgH;7)sMeN*, TATA™ [69], and an azobenzene-
appended ammonium cation [70].

1.3 Dimension-Controlled Ion-Pairing Assemblies

1.3.1 Supramolecular Gels Based on Modified Anion-
Responsive Molecules

The combination of appropriately modified n-electronic receptors, guest anions, and
countercations is important for the formation of receptor—anion-complexing ion
pairs (Fig. 1.12). In general, there are three ways to functionalize the building
components of dimension-controlled assemblies: the modification of m-electronic
receptors, guest anions, and countercations. Synthetic modification of electronically
neutral molecules is much easier than those for charged species, as can be used to
achieve multiple variations in structural and electronic tunings. On the other hand,
modification of the guest anions and the countercations is also possible but rather
difficult. Introduction of aliphatic chains to the building units is a practical way to
induce the formation of dimension-controlled assemblies. Therefore, through mod-
ifications, the receptor—anion-complexing ion-pairing assemblies exhibit unique
assembling modes as well as electronic properties based on the combinations of
various charged species.

In the preparation protocol of receptor—anion-complexing ion pairs, -electronic
anion-responsive molecules and guest anions accompanied by countercations are
mixed in appropriate solvents and the precipitated. The solvent conditions for the
precipitation depend on the solubility of n-electronic anion-responsive molecules,
added guest salts, and produced ion pairs. In the case of dipyrrolyldiketone BF,
complexes, hydrocarbons (such as octane) and ethers (including 1,4-dioxane) are
often the first choices for the precipitation. Characterization of receptor—ion-
complexing ion pairs is mainly conducted by '"H NMR and elemental analysis.
Differential scanning calorimetry (DSC) and polarized optical microscopy (POM)
also support the identification of target ion pairs in the bulk state.

+/ -

designed n-electronic receptor

‘J‘)Q ) complexation purification

+ \ > ' ( ,

b ﬁ counterion
f—

receptor—anion-complexing ion pair

+
designed cation / anion

Fig. 1.12 General preparation process of receptor—anion-complexing ion pairs
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n-Electronic anion-responsive molecules with aliphatic chains, such as
hexadecyloxy-substituted 11¢ and hexadecyl-substituted 12 (Fig. 1.6), formed supra-
molecular gels with less polar hydrocarbon solvents, such as octane (10 mg mL™)
[44, 53]. The octane gel of 12 showed a higher melting point (43.0 °C) than that of
11c (27.5 °C) due to alkyl chains being more rigid than alkoxy chains. Supramo-
lecular gels are formed via noncovalent interactions between the rigid core
n-electronic moieties as well as interactions between their peripheral substituents,
as suggested by atomic force microscopy (AFM), scanning electron microscopy
(SEM), and X-ray diffraction (XRD) analyses. The addition of CI™ as a solid TBA
salt to the gel of 11c resulted in a gradual transition to the solution state, which can be
attributed to the formation of the soluble ion pair 11¢-CI"-TBA™ in the less polar
solvent [44, 53].

In sharp contrast to gel decomposition by the addition of the aliphatic bulky TBA
salt, the addition of m-electronic cation salts afforded dimension-controlled assem-
blies based on charge-by-charge stacking structures (Fig. 1.2 left) [77]. Ion pair
11¢-CI"-TATA™ (Fig. 1.13a) afforded an opaque octane gel with a gel-to-solution
transition temperature of 35 °C (Fig. 1.13b inset). Optical microscopy (OM), AFM,
and SEM analyses of the xerogel of 11¢-CI"-TATA* showed the formation of
entangled fibers with diameters of 0.1-2 pm and lengths of >100 pm (Fig. 1.13b).
The detailed structure of the fibrous xerogel of 11¢-CI™-TATA™ was investigated by
synchrotron XRD analysis at SPring-8 and was shown to exhibit a hexagonal
columnar (Coly) arrangement with @ = 4.25 nm and ¢ = 0.73 nm based on a trimeric
assembly (Z = 3 for p = 1) (Fig. 1.13c). The c value of 0.73 nm was derived from the
two alternately stacking planar components, 11¢-Cl™ and TATA" in this case,
indicating the formation of a charge-by-charge assembly as seen in the crystal of
11b-CI"-TATA" (Fig. 1.8d). The disk-shaped components include three sets of
11¢-CI"-TATA", as BF, units and aliphatic chains are arranged on the center and
outside of the disk, respectively [77].

Another modification of anion-responsive n-electronic molecules is the extension
of the m-conjugation of building units, providing organized assemblies applicable for
electric conductive materials. n-Extended derivatives 17a,b [57, 58] and 18a,b [59]
possessing benzo and corannulene moieties, respectively, at pyrrole p-positions
(Fig. 1.6) showed interesting assembling behaviors. For example, 18b formed
supramolecular gels in octane, 1,4-dioxane (Fig. 1.14a inset), and toluene (20 mg
mLfl) with gel-sol transition temperatures of 17, 22, and 28 °C, respectively. SEM
and AFM revealed the formation of a distorted bundled structure with a width of
8 pm consisting of fibers of width 300 nm for xerogel prepared in 1,4-dioxane
(Fig. 1.14a). Furthermore, the combination of TATA-Cl with 18b in 1,4-dioxane
afforded an ion pair 18b-CI"-TATA™, which showed a spherical morphology with a
diameter of 30-50 pm in the SEM image (Fig. 1.14b). In these cases, the anion-
responsive molecule 17b did not form a gel state (Fig. 1.14b inset), indicating that
appropriate introduction of w-extended unit and aliphatic chains are necessary for
organized assemblies as supramolecular gels [57-59].
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a F F

Fig. 1.13 (a) Structure of 11¢-CI"-TATA*, (b) SEM image of 11¢-CI-TATA™ as the xerogel at
20 °C (inset: photograph of the gel under UV light (365 nm)), and (c) the corresponding XRD and
proposed assembled model at 25 °C

Fig. 1.14 SEM images and photographs under UV light (365 nm) of (a) xerogel of 18b in
1,4-dioxane (20 mg mL™") and (b) dried precipitate of 18b-CI"-TATA™ prepared in 1,4-dioxane
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1.3.2 Liquid Crystals Based on Modified Anion-Responsive
Molecules

Anion-responsive n-electronic molecules bearing aliphatic chains such as 11¢, 15¢,
and 16c¢ (Fig. 1.6) formed assemblies as Coly-based liquid crystal mesophases
through n—n stacking and van der Waals interactions [47, 67]. The receptor mole-
cules form dimer-based discotic subunits for columnar assemblies. Apart from the
receptors possessing alkoxy chains, semifluoroalkyloxy-substituted 13 also
exhibited a Col, mesophase through interaction between the fluoroalkyl units,
resulting in a high charge-carrier conductivity of 2.4 x 10~ cm?V~'s™', as revealed
by the flash-photolysis time-resolved microwave conductivity (FP-TRMC) method
[51]. On the other hand, corannulene-based 18b [59] showed rectangular columnar
(Col,) and lamellar-based liquid crystal mesophases depending on the temperature
upon cooling from the isotropic liquid state (Iso).

Similar to the anion-free state, thermotropic liquid crystalline materials were
fabricated based on ion pairs consisting of appropriately combined r-electronic
anion receptors and salts. As various nt-electronic anion-responsive molecules mod-
ified at their pyrrole a-positions were prepared, their ion-pairing assemblies were
also investigated. As an example, POM of 11¢-ClI"-TATA" revealed a focal conic
texture in the mesophases, with transition temperatures of 94, 88, and 42 °C upon
cooling from Iso (Fig. 1.15a(i)) [77]. Synchrotron XRD showed the peaks
corresponding to a Coly, phase with a = 4.64 nm and ¢ = 0.73 nm based on a
tetrameric component (Z = 4 for p = 1.12) (Fig. 1.15a(ii)). The ¢ value of 0.73 nm
corresponds to the stacking distance between the ion pairs of 11¢-CI™ and TATA™,
indicating the formation of charge-by-charge assemblies as observed in the crystal
structure of 11b-CI"-TATA" (6.85 A) (Fig. 1.8d) [77].

Ion-pairing assemblies with charge-by-charge modes were observed even with
bulky aliphatic cations. In fact, Col;, mesophases based on charge-by-charge assem-
blies were observed for the receptor—anion complexes with bulky cations, such as
11¢-CI"-TBA™ [79]. In this case, the XRD showed a broad diffraction peak identified
as the repeating distance of the charge-by-charge stacking 11¢-Cl™ and bulky TBA™,
indicating a more weakly stacking structure compared to those comprising planar
TATA". Furthermore, a combination of 11¢-Cl™ and various tetraalkylammonium
cations afforded Col,, structures with very low mesophase temperatures due to the
less efficient stacking of the bulky cations [79].

Tuning of assemblies has been achieved by the modification of aliphatic chains at
the pyrrole a-positions of anion receptors. In fact, the ion-pairing assembly of 12-C1~
and TATA™ afforded a Col, mesophase at 50 °C upon cooling, with @ = 3.75 nm,
b=2.14nm, and ¢ = 0.39 nm (Z = 1 for p = 1.17) (Fig. 1.15b) [53]. The broad peak
at 0.39 nm was derived from the partial contribution of a charge-segregated assem-
bly with stacking of identically charged species, as seen in the cases of 15¢-CI -
TATA™ and 16¢-CI"-TATA". Interestingly, the diffraction at 0.76 nm observed at
20 °C upon cooling suggested a small contribution of the charge-segregated assem-
bly at lower temperatures [53].
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Fig. 1.15 (i) POM images and (ii) XRD and proposed assembled models of (a) 11¢-Cl1"-TATA" at
(i) 70 °C and (ii) 101 °C, (b) 12-CI"-TATA" at 62 °C, (¢) 15¢-CI"-TATA™ at (i) 150 °C and (ii)
101 °C, and (d) 19b-CI"-TBA™ at 63 °C upon cooling from Iso
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Moreover, the ion-pairing assembly of semifluoroalkyloxy-substituted 13-CI -
TATA" was prepared from a 1:1 solution of 13 and TATA-CI in 1,4-dioxane
[51]. 13-CI"-TATA" formed a mesophase below 153 °C, which was higher than
the temperature for the ion-pairing assembly prepared from the dodecyloxy-
substituted receptor and TATA-CI (80 °C), indicating the formation of a more stable
mesophase by the interaction between the fluoroalkyl chains. POM and XRD
revealed the formation of a fan-like texture based on a Coly, phase of a = 4.20 nm
and ¢ = 0.87 nm with Z =4 (p = 1.7) as a charge-by-charge assembly consisting of a
tetrameric component of 13-CI"-TATA™. Notably, 13-CI"-TATA" exhibited a tran-
sient conductivity of 2.7 x 10~ cm*V~'s™', which is slightly larger than that of 13,
demonstrating the potential utility of dimension-controlled ion-pairing
assemblies [53].

a-Ethynyl-substituted receptor with aliphatic chains 14b showed less ordered
states, presumably due to rotation around the ethynyl units, resulting in less suitable
states for intermolecular interactions of the core m-electronic units [69]. However,
the conformations of rotatable peripheral units were fixed by anion binding, thus
forming organized ion-pairing assemblies. In fact, 14b-CI-TBA* exhibited a
mesophase with a broken-fan-like texture based on a Col, structure with
a= 1128 nm, b = 7.95 nm, and ¢ = 0.81 nm and a small peak at 0.38 nm with
Z = 16 (p = 0.85). On the other hand, the ion-pairing assembly of 14b-Cl~ with
octyl-substituted (TATA®)* formed a Col, mesophase with a = 4.34 nm and
¢ =0.36 nm with Z =2 (p = 1.5). The smaller repeated stacking distance c observed
in the XRD was attributed to the partial stacking of identically charged n-electronic
species (partially charge-segregated state). Films of 14b-CI"-TBA* and 14b-CI -
(TATA®®)* showed conductivity maxima of 4.1 x 10~ and 1.5 x 107> cm*V~'s™,
respectively, indicating that the contribution of the charge-segregated state in 14b-C1™
-TBA" led to higher conductivity because of the immiscibility between the aliphatic
TBA" units and the rigid n-electronic units. The geometries of countercations control
the ordered assembling states, resulting in tuning of electric conductivity [69].

Although, as mentioned above, ethyl units at pyrrole B-positions interfere with
suitable stacking assemblies, rather small substituents can change the stacking
modes in mesophases. The ion pairs of f-methyl 15¢-CI™-TATA" and B-fluorinated
16¢-CI"-TATA™ afforded similar Col;, mesophases of @ = 4.99 nm and ¢ = 0.37 nm
with Z=2 (p = 1.03) and of a = 4.92 nm and ¢ = 0.37 nm with Z =2 (p = 1.01),
respectively (Fig. 1.15¢) [81]. In these cases, the characteristic XRD peaks of
¢ = 0.37 nm were comparable to the regular n—r stacking distances, in contrast to
that at 0.73 nm in the charge-by-charge assembly of 11¢-CI"-TATA". The charge-
segregated structures result from distorted aryl rings due to the p-substituents, as
observed in the single-crystal X-ray structures (Fig. 1.8e). Furthermore, time-of-
flight (TOF) electrical conductivity measurements of 11¢-CI-TATA*, 15¢-CI -
TATA", and 16¢-C1-TATA" indicated ambipolar charge-carrier transporting behav-
iors, with well-balanced values at high mobility (10°-10 cm?*V~'s™") for both
holes and electrons [81].

n-Electronic units at pyrrole f-positions are also applicable for the introduction of
aliphatic chains, as seen in 17b [58]. Benzo-fused 17b formed a Col;, phase with
a =4.2nm and ¢ = 0.45 nm based on a dimeric component (Z = 2 for p = 0.74). On
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the other hand, ion-pairing 17b-CI"-TATA™ afforded a tetragonal columnar (Col,)
mesophase with @ = 4.21 nm and ¢ = 0.73 nm based on a tetrameric component
(Z =4 for p = 1.0). In the assembling disk consisting of four sets of 17b-ClI"-TATA™,
the receptors face the center of the circular unit, presumably because the anions are
arranged on the inside and the aliphatic chains at the benzo units are located at the
periphery of an assembled disk. It is noteworthy that dipyrrolyldiketone BF, com-
plexes with alkoxy and aryl substituents at pyrrole p-positions formed no ordered
assemblies as mesophases, suggesting that more planar receptor—anion complexes are
appropriate for the formation of ion-pairing assemblies. Despite the formation of the
ordered mesophase structure in 18b, ion-pairing 18b-CI"-TATA" showed no clear
mesophase by DSC and POM [59]. However, XRD of 18b-CI™-TATA™ at 80 °C upon
cooling indicated the formation of a lamellar structure with broad diffraction peaks in
the small-angle region, suggesting a less-ordered assembly comprising various com-
ponents, such as planar and bowl-shaped n-electronic receptor units, aliphatic chains,
and TATA™ cations [58, 59].

Conformational changes by anion binding from rod-shaped receptors to
fan-shaped anion complexes enable changes in the assembling structures. For
example, the derivative substituted with $-aryl moieties with aliphatic chains 19b
forms a Col;, mesophase with @ = 3.84 nm and ¢ = 0.45 nm based on a dimeric
component (Z = 2 for p = 1.10) [60]. On the other hand, the ion pair 19b-CI"-TBA*
formed a Col, (P2/a) phase of a = 8.66 nm, b = 3.79 nm, and ¢ = 0.79 nm
(Fig. 1.15d), indicating the formation of a charge-by-charge assembly. The average
number of ion pairs in the unit cell was estimated as Z = 8 (p = 1.12), suggesting that
two ion pairs form each circular disk [60].

1.3.3 Receptor-Anion-Complexing lon Pairs with Modified
Anions

Combination of chemically modified anions with n-electronic anion receptors pro-
vides tunable n-electronic anionic species as the building components of ion-pairing
assemblies. For example, the combination of 11a,b with 3,4,5-trialkoxy-substituted
benzoates 21a —¢~ (Fig. 1.16a) as TBA™ salts formed lamellar mesophases based on
charge-by-charge assemblies (Fig. 1.16b) [78]. These ion-pairing materials showed
moderately high charge-carrier transporting properties, as seen in the values of 0.02
and 0.05 cm®V~'s™" for 11a-21a-TBA* and 11b-21a-TBA”, respectively [78].
Furthermore, carboxylate-appended azobenzene derivatives with TBA* (22a™,b™
‘TBA") were prepared for photo-responsive ion-pairing assemblies (Fig. 1.17a)
[85]. Alkyl chains are connected to the azobenzene unit avoiding the electronic
effects of the electron-donating substituents on the photo-isomerization properties.
As an example, DSC of 22b™-TBA" elucidated the mesophase only upon heating.
XRD revealed the formation of a lamellar structure with a repeating distance of
3.8 nm, corresponding to the summed length of 22b~ and TBA*. The photo-
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Fig. 1.16 (a) Modified carboxylates 21a™—¢~ as TBA" salts and (b) XRD and a packing model of
11b-21a-TBA™* at r.t

responsive property of ionic crystal assemblies of 22b™-TBA™ was investigated by
UV (365 nm) irradiation. Without the irradiation, the XRD of 22b"-TBA™* at 40 °C
after heating from 10 °C showed a lamellar structure with d spacing of 3.8 and
1.9 nm (Fig. 1.17b(i)), which can be indexed to (001) and (002), respectively. UV
irradiation (365 nm, 100 mWcm ™) induced the gradual disappearance of these XRD
As the sizes of the ion pairs as frans and cis isomers were estimated as 3.9 and
3.3 nm, respectively, the difference between these phases can be rationalized by the
trans-to-cis photo-isomerization. Further irradiation of visible light (436 nm,
60 mWem™>) induced reversion to the initial state (Fig. 1.17b(iv)). In contrast to
the photo-responsive crystal—crystal switching of 22b™-TBA™, the ion pair 22a~
‘TBA" underwent the conversion to optically isotropic states by UV irradiation.
This result suggests that the interactions between long aliphatic chains are important
for crystal-crystal phase transitions [85]. Furthermore, the ion pair 11a-22b_-TBA*
(Fig. 1.17c¢), also forming a lamellar structure, exhibited no photo-responsive prop-
erties, presumably due to strong packing around the receptor—carboxylate complex
in 11a-22b-TBA™ [86].

1.3.4 Receptor-Anion-Complexing lon Pairs with Modified
Cations

Control of the geometries and electronic states of counter species of n-electronic
anions (receptor—anion complexes) is also important for achieving functional
ion-pairing assemblies. Based on the modification of diverse m-electronic cationic
species, which is easier than those of anions, more specific cations could afford
fascinating ion-pairing assemblies. Metal complexes of m-electronic ligands also
work as m-electronic cations. For example, Pt"Cl complexes of 2,2'6’,2"-terpyridine
(trpy) (23a™,b*, Fig. 1.18a) behave as planar monocationic species [84]. The
ion-pairing assembly of 4'-hexadecyloxy-substituted cation 23b™ and 11¢-Cl™ was
prepared from a 1:1 mixture of 11c and a 23b*-Cl” salt in 1,4-dioxane. The
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angle region) and corresponding POM images of 22b™-TBA™ in a sandwiched cell (8 pm spacer) at
an interval of approximately 0.5 h, and (iv) 40 °C under visible light (436 nm, 60 chm_z); and (c¢)
receptor—anion-complexing ion pair 11a-22b_-TBA*



22 Y. Haketa and H. Maeda

a - b g C

l —|+ 210° - = B +

N 2 =

L = N cl
/\r Y\ 1.5 10 1‘"N Pt
) g2 Col e

~- ool |egfig S Oh g e T2

| 2 =2/ 2 OCygHag

cl cl Em '|§f"'- 20 N~
23a+Cl~ R = H | | & *N.Pl,_ »
23b*Cl~ R = OCygHa3 oL ci -

[] 2 4 [ ] ] 10 12 4 % 18
q/nm-!
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120 °C upon cooling, and (¢) a proposed columnar structure of 23b* based on the pt_pt"”
interaction

mesophase of the ion pair 11¢-CI™-23b" showed a Coly, structure with @ = 4.57 nm
and ¢ = 0.35 nm based on a dimeric assembly (Z = 2 for p = 1.36) (Fig. 1.18b). The
intense XRD peak at 0.35 nm suggested a stacking structure of identically charged
species in the Col, mesophase. The UV/Vis absorption spectrum of the mesophase at
100 °C showed a characteristic band at 667 nm, indicating the do*(Pt,) — w*(trpy)
metal-metal-to-ligand charge transfer (MMLCT) resulting from the Pt"-Pt" inter-
action (Fig. 1.18c), which stabilizes the charge-segregated assembly. The charge-
carrier mobility of the thin film of 11¢-C1™-23b"*, as evaluated by field-induced time-
resolved microwave conductivity (FI-TRMC) measurements, exhibited hole and
electron mobilities of 0.7 and 0.6 cm?V~'s™", respectively, suggesting effective
ambipolar conductive materials [84].

Furthermore, dimension-controlled assemblies based on anion-responsive
n-electronic molecules without aliphatic chains can be obtained by combining
them with anions accompanied by the cations bearing aliphatic chains. For example,
benzyl-trialkylammonium cations 24a*,b™ and benzylpyridinium cation 25" as CI”
salts (Fig. 1.19a) were combined with B-unsubstituted 11a,b and p-fluorinated 16a,
b, resulting in the formation of ion-pairing assemblies as Coly, and Col, mesophases
(Fig. 1.19b) [82]. These examples showed a variety of combinations for anion-
responsive n-electronic molecules and modified anions as well as cations, affording
highly organized dimension-controlled ion-pairing assemblies [82].

n-Electronic cations were also prepared by anion binding of w-electronic
dications. Phenylene- and pyrimidine-bridged bis(imidazolium)dications 26a>*,b**
formed monocationic receptor—-CI~ complexes as ion pairs with the other CI”
(Fig. 1.20a) [83]. The free CI~ was captured by an electronically neutral anion-
responsive molecule 1le, forming a negatively charged receptor—Cl™ complex
11c-CI". The ion pair 11¢-CI™-26b**-CI” exhibited a broken-fan-shaped POM texture
as a mesophase. The XRD of 11¢-CI™-26b>*-Cl~ at 115 °C in the mesophase showed
a Coly, structure with @ = 4.34 nm, as well as a broad and weak peak at ca. 0.75 nm,
indicating the contribution of a charge-by-charge assembly (Fig. 1.20b). A Col,
structure was also observed at 20 °C upon cooling with a lattice parameter of
a = 4.73 nm along with a clearer peak at 0.75 nm based on a trimeric assembly
(Z = 3 for p = 1). The similarity in the sizes and shapes of two ionic components is
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an important factor for the formation of assemblies that contain multiple charged
components. Furthermore, the 1D charge-carrier transporting property of the film of
11¢-Cl-26b**-CI” obtained by cooling from Iso showed a mobility of 0.05 cm?V s,
as revealed by the FP-TRMC technique [83].

1.4 Non-complexing w-Electronic Anionic Species for Ion-
Pairing Assemblies

1.4.1 Formation of n-Electronic Anionic Species by
Deprotonation of an Acid Unit

The former sections include receptor—ion-complexing ion pairs based on combina-
tion of precisely designed electronically neutral receptors, guest anions, and
countercations. It is noteworthy that receptor—ion-complexing ion pairs have the
advantages of tunable geometries and electronic states of multiple components,
providing unique assembling structures and functions. However, the stabilities of
receptor—ion complexes are not as high as genuine ions, because the receptor and ion
are noncovalently connected. As shown in Fig. 1.1b, the pairing of a n-electronic
cation and a m-electronic anion (genuine m-electronic ion pair) is another candidate
method for making components of ion-pairing dimension-controlled assemblies.
There are a few reports on ion-pairing assemblies based on z-electronic cation ion
pairs, because the preparation of m-electronic cations is easier than that of
n-electronic anions. For example, Miillen et al. reported anion-dependent formation
of nanotubes and nanoribbons based on tetradecyl-substituted 9-phenylbenzo[1,2]
quinolizino[3,4,5,6-fed]phenanthridinylium (PQP*) cation ion pairs [87]. Further-
more, Laursen et al. prepared decyl-substituted trioxatriangulenium (TOTA") ion
pairs that form uniform nanotubes with PF¢~ [88]. Dimension-controlled assemblies
such as fibrous morphologies and liquid crystals can be fabricated by appropriate
peripheral modification of cations.

As mentioned above, there are few reports on the assemblies of n-electronic
anions due to the difficulty in their synthesis. However, deprotonation of hydroxy-
substituted m-electronic molecules can provide m-electronic anions by delocalizing
negative charges in the n-conjugated systems. We synthesized dipyrrolylnitrophenol
27 (Fig. 1.21a) as a precursor for n-electronic anionic species [89]. The deprotonated
species 27 was prepared by treating 27 with tetrabutylammonium hydroxide
(TBAOH), thus affording the ion pair 27 -TBA™. In addition to the electron-
withdrawing effect by the nitro group in 27, more importantly, two hydrogen
bonds by pyrrole-NH moieties support the deprotonated anionic site. In the crystal
state, 27" and tetraalkylammonium cations such as TPA™ and TBA* form charge-by-
charge assemblies (Fig. 1.21b(i)). Ion pairs with other cations such as 15-crown-
5-Na® and 18-crown-6-K*, prepared by corresponding metal hydroxides in the
presence of crown ethers, afforded solid-state charge-by-charge assemblies
(Fig. 1.21b(i1)) [89].
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Fig. 1.21 (a) Dipyrrolylnitrophenol 27 and the formation of deprotonated species 27~ by TBAOH
and (b) single-crystal X-ray structures of (i) 27 -TBA* and (ii) 27 -15-crown-5-Na* (magenta and
cyan represent 27 and cations, respectively)

As shown in the deprotonation of dipyrrolylnitrophenol, the stabilization of the
anionic part by neighboring hydrogen-bonding donors is crucial in the preparation of
diverse m-electronic anionic species. Similar to dipyrrolylnitrophenol, containing
five-, six-, and five-membered rings, as the precursor of n-electronic anionic species,
meso-hydroxy-substituted dipyrrolyldiketone BF, complexes 28a,b were also syn-
thesized via the hydrolysis of meso-acetoxy-substituted derivatives (Fig. 1.22)
[90]. Upon the addition of TBAOH to CH,Cl, solutions of 28a,b, the solution
colors changed upon deprotonation (Fig. 1.22), as also shown by UV/Vis absorption
spectra. The deprotonation behaviors, investigated by '"H NMR and DFT studies,
suggested deprotonation pathways including characteristic pyrrole inversions.
DFT-based ESP of 28a~,b- showed delocalization of the negative charge in the
core dipyrrolyldiketone unit. However, the anionic species were less stable and
easily converted to fragmented species [90]. Furthermore, meso-thiol-substituted
derivatives were also synthesized, spontaneously affording disulfide-bridged dimers
with intramolecularly H-aggregated conformations [91].

Large n-electronic molecules with an acid unit could provide stable anionic
species owing to the delocalization of negative charges in the m-electronic core
unit. In fact, we synthesized appropriately designed porphyrin 29 with a hydroxy
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Fig. 1.22 meso-Hydroxy-substituted dipyrrolyldiketones 28a,b and the formation of deprotonated
species 28a",b- by TBAOH

unit at one of the meso positions (Fig. 1.23a) [92]. Deprotonation of 29 by treating
with TBAOH provided deprotonated species 29 as indicated by the UV/Vis absorp-
tion and '"H NMR spectral changes. Single-crystal X-ray analysis of 29~-TBA*
revealed the exact structure of 29~, with delocalization of the negative charge in
the porphyrin core, and the formation of a charge-by-charge assembly
(Fig. 1.23b) [92].

1.4.2  Ion-Pairing Assemblies Based on Genuine n-Electronic
Anions

Stable genuine n-electronic anions are rare [93-96], because m-electronic anions
could suffer oxidation and electrophilic attacks. For this reason, limited numbers of
stable genuine m-electronic anions and their ion pairs have been known to date. In
particular, assemblies of w-electronic ion pairs consisting of n-electronic anions have
mainly been studied in crystal states. For example, White et al. prepared an ion pair
consisting of penta(methoxycarbonyl)-substituted cyclopentadienide anion (PMCp)
and tetramethylammonium cation 30a (Fig. 1.24a), whose solid-state charge-by-
charge assembly was revealed by single-crystal X-ray analysis [97]. Furthermore, a
n-electronic ion pair consisting of PMCp~ with cycloheptatrienyl (tropylium) cation
(Ch") 30b (Fig. 1.24a) as a n-electronic cation afforded a charge-by-charge assembly
in the crystal state [98]. On the other hand, cyano substituents can also stabilize the
negative charge as seen in pentacyanocyclopentadienide (PCCp~) [94, 99]. Based on
the ion-exchange strategy, a Na* salt of PCCp~ and CI salts of desired cations were
combined in appropriate conditions, affording ion pairs of PCCp~ 31a—h (Fig. 1.24b)
[100]. For example, the ion pair comprising PCCp~ and Ch* was prepared as a
genuine nt-electronic ion pair, showing the formation of a charge-by-charge assembly
in the crystal state 31a (Fig. 1.25a) [100]. The stacking distances between oppositely
charged m-electronic ions are 3.45 and 3.41 A, suggesting an effective n— stacking
assembly. Furthermore, PCCp -based ion pairs with crystal violet 31b and TATA*
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Fig. 1.23 (a) meso-Hydroxy-substituted porphyrin 29 and the formation of deprotonated species
29 and (b) single-crystal X-ray structure of 29-TBA™ as (i) top and side views and (ii) packing
diagram (magenta and cyan represent 29~ and cations, respectively)

31c were prepared by similar ion-exchange process. Single-crystal X-ray analysis
revealed the formation of charge-by-charge assemblies (Fig. 1.25b,c). Interestingly,
31c exhibited a two-by-two stacking columnar structure of oppositely charged
n-electronic units (TATA™ and PCCp~) [100].

Ion pairs consisting of w-electronic anions with relatively planar or small cations
provided charge-by-charge assemblies. On the other hand, modification of the
geometries of cations afforded charge-segregated assemblies. For example, the ion
pairs of PCCp~ with triethylammonium cation 31d (Fig. 1.24b) by Wood and Wright
et al. [101], butyltrimethylammonium 3le, and tetrapropylammonium 31f
(Fig. 1.24b) provided charge-segregated assemblies based on stacking columnar
structures of PCCp~ in the crystal state (Fig 1.26a) [100]. Charge-segregated
dimension-controlled assemblies are fascinating, because the effective electronic
properties can be achieved. Accordingly, ion pairs consisting of PCCp~ with
appropriate aliphatic cations such as dimethyldioctadecylammonium 31g and
tridodecylmethylammonium 31h (Fig. 1.24b) were prepared. The ion pairs 31g,h
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Fig. 1.25 Single-crystal X-ray structures of (a) 31a, (b) 31b, and (c) 31c (magenta and cyan
represent PCCp™ and cations, respectively)

formed smectic B (SmB) and Col, phases, respectively, in their mesophases
(Fig. 1.26b). Characteristic diffraction peaks at 0.60 and 0.36 nm observed in the
XRD corresponded to the repeating distances of the ammonium cations and PCCp ™,
respectively. These observations strongly suggested the formation of charge-
segregated assemblies in the mesophases. Furthermore, the stacking columnar
assembly of 31h showed a hole-transporting property (0.4 cm?V~'s™") in the film
prepared by drop-casting of a CHCI; solution, as revealed by FI-TRMC
method [100].
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Fig. 1.26 (a) Single-crystal X-ray structures of (i) 31e and (ii) 31f (magenta and cyan represent
PCCp™ and cations, respectively) and (b) (i) POM and (ii) XRD of 31h at 70 °C upon cooling
from Iso

1.5 Conclusion

It is highly important to control the geometries and electronic states of ionic
n-electronic components in order to fabricate highly organized ion-pairing assem-
blies. We have shown various pyrrole-based anion-responsive m-electronic mole-
cules that effectively form receptor—anion complexes as n-electronic anionic species.
The obtained n-electronic anion-based ion pairs provide unique assembling behav-
iors based on charge-by-charge and charge-segregated assemblies. A great advan-
tage of receptor—anion-complexing ion-pairing assemblies is the preparation of
numerous ion pairs by combining designed m-electronic receptors, guest anions,
and countercations. Based on the characteristic assembling behaviors of receptor—
anion-complexing ion pairs, we have demonstrated dimension-controlled assemblies
comprising genuine m-electronic anions. m-Electronic ion pairs afforded various
organized structures in crystal states as well as liquid crystal mesophases depending
on the countercations. Further designed and modified m-electronic ion pairs [102—
105] would exhibit intriguing optical and electronic properties originating from their
specific organized structures.
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Chapter 2 ®)
Molecular Space Chemistry Based s
on Pillar[n]arenes

Tomoki Ogoshi, Takahiro Kakuta, and Tada-aki Yamagishi

Abstract In 2008, our group reported on pillar[n]arenes as novel-shaped macrocy-
clic compounds. Owing to the para-bridge connection between 1,4-dialkoxybenzene
units, pillar[n]arenes adopt a highly symmetrical pillar and polygonal-shaped struc-
ture, which is different from typical host molecules. Because pillar[n]arenes exhibit
these highly symmetrical structures with high functionality, many chemists have
used pillar[n]arenes as building blocks to construct supramolecular assemblies.
Therefore, pillar[n]arenes have applications in various fields such as material science
and biochemistry. We discuss the host—guest ability of pillar[n]arenes, application of
pillar[S]arenes as catalysts and reductants, and assembly of pillar[n]arenes on sur-
faces based on their pillar-shaped structures. The highly ordered assembled struc-
tures, based on their highly symmetrical polygonal prism shape, are also discussed.

Keywords Pillar[n]arenes - Molecular recognition - Supramolecular catalysts and
reductants - Surface chemistry - Assembly - Porous materials

2.1 Introduction

Macrocyclic compounds have an intrinsic molecular space owing to their cyclic
structures. The intrinsic space is very useful to capture guest molecules that are able
to fit into the space. Using the host—guest ability of macrocyclic compounds, various
supramolecular assemblies have been developed. As macrocyclic compounds,
cyclodextrins, [1-6] calix[n]arenes, [7-12] cucurbit[n]urils [13-15], and crown
ethers [16, 17] are well-known and have been widely used. However, these macro-
cyclic compounds had been thoroughly investigated by 2000, which meant that a

T. Ogoshi (<)
Graduate School of Natural Science and Technology, Kanazawa University, Kanazawa, Japan

WPI Nano Life Science Institute, Kanazawa University, Kanazawa, Japan
e-mail: ogoshi@se.kanazawa-u.ac.jp

T. Kakuta - T.-a. Yamagishi
Graduate School of Natural Science and Technology, Kanazawa University, Kanazawa, Japan

© Springer Nature Singapore Pte Ltd. 2018 33
S. Shirakawa (ed.), Designed Molecular Space in Material Science and Catalysis,
https://doi.org/10.1007/978-981-13-1256-4_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-1256-4_2&domain=pdf
mailto:ogoshi@se.kanazawa-u.ac.jp

34 T. Ogoshi et al.

Fig. 2.1 (a) Chemical and (b and c) single crystal X-ray structures of pillar[n]arenes

quest for new host molecules was required. Against this historical background, in
2008, our group reported on pillar[n]arenes as novel-shaped macrocyclic com-
pounds (Fig. 2.1) [18]. Owing to the para-bridge connection between
1,4-dialkoxybenzene units, they are able to adopt highly symmetrical pillar and
polygonal-shaped structures, which are different from typical host molecules.
Because pillar[n]arenes exhibit these new highly symmetrical structures with high
functionality, many chemists have used pillar[n]arenes as building blocks to con-
struct supramolecular assemblies, and pillar[n]arenes have applications in various
fields such as material science and biochemistry [19-22]. In this chapter, we discuss
the host—guest ability of pillar[n]arenes, application as catalysts and reductants for
organic reactions, and assembly of pillar[n]arenes on surfaces based on their pillar-
shape structures. The highly ordered assembled structures based on their highly
symmetrical polygonal prism shape are also discussed.

2.2 Host Ability of Pillar[n]arenes

The cavity size of pillar{5]arenes is approximately 4.7 A (Fig. 2.2), which is almost
the same as those of a-cyclodextrin (ca. 4.7 A) and cucurbit[6]uril (ca. 5.8 A).
Similar to a-cyclodextrin and cucurbit[6]uril, linear alkanes are good guest
molecules for pillar[S]arenes owing to the size matching between the sizes of these
guests and the cavity size of pillar[5]arenes. The cavity size of pillar[6]arenes is
approximately 6.7 A, which is almost equal to those of B-cyclodextrin (ca. 6.0 A) and
cucurbit[7]urils (ca. 7.3 A). Thus, as with p-cyclodextrin and cucurbit[7]urils, the
cavity size of pillar[6]arenes can fit bulky hydrocarbons such as branched, cyclic
alkanes and substituted benzenes. Pillar[n]arenes are composed of electron-donating
1,4-dialkoxybenzene units. Therefore, the cavity is an electron-rich space. Owing to
this electron-rich space, molecules with cationic moieties and with electron-
withdrawing groups are good guest molecules [23]. For pillar[5]arenes, linear
alkanes with cationic groups, such as pyridinium and trimethyl ammonium cations,
and electron-withdrawing groups, such as cyano, halogens, and triazole groups, are
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Fig. 2.2 Cavity size of (a) pillar[S]arenes and (b) pillar[6]arenes and good guest molecules for (c)
pillar[5]arenes and (d) pillar[6]arenes

good guest molecules. C4 alkanes possessing these electron-withdrawing groups at
both ends form very stable host—guest complexes because the C4 length fits into the
height of pillar[S]arene. For pillar[6]arenes, bulky hydrocarbons with cationic
groups are good guest molecules. One of the advantages of pillar[n]arene chemistry,
compared with other host molecules, is its versatile functionality. The host—guest
complexation ability of pillar[n]arenes can be tailored by introducing functional
groups. A straightforward approach to the modification with functional groups is rim
functionalization. Mono-, di-, tri-, tetra-, and per-rim-functionalized and
rim-different pillar[n]arenes can be produced by various organic methods
[21, 24]. Water-soluble pillar[n]arenes can be produced by introducing anionic,
cationic, and nonionic groups on the both rims of pillar[n]arenes (Fig. 2.3a).

The complexation ability is enhanced in aqueous media because a hydrophilic—
hydrophobic interaction exists in aqueous media. The introduction of interaction
points into the rims also contributes to stabilize the host—guest complexation. For
example, stable host—guest complexes between diamine and pillar[5]arenes can be
obtained by introducing two carboxylic acid groups at the same unit (Fig. 2.3b) [25].

Furthermore, Yang and co-workers recently reported the change of cavity elec-
tron density by n-surface metalation of pillar[S]arene (Fig. 2.4) [26].

One, two, and three charged transition metal cations can directly bond to the outer
n-surface of pillar[5]arene. The transition metal cation coordination contributes to
change the cavity from being electron rich to electron deficient, which allows for the
formation of complexes with electron-rich guests containing a CF3SO3;™ anion
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arene with two carboxylic acid groups at the same unit and alkyldiamines. (Reproduced with
permission from Ref. [25]. Copyright 2014 American Chemical Society)

through anion-x interactions. Introducing one benzoquinone unit contributes to the
construction of a redox responsive host—guest complexation system (Fig. 2.5)
[27]. A pillar[5]arene with one benzoquinone unit forms a weak host—guest complex
with a C4 alkane possessing triazole groups at both ends. In contrast, the reduced
pillar[S]arene with one hydroquinone unit forms a stable host—guest complex with
the same guest.

2.3 Supramolecular Catalysts and Oxidants

Pillar[n]arenes have designable functionality; thus functional groups can be installed
which work as catalysts. Our group synthesized a new phase-transfer catalyst
consisting of ten tetra-alkyl phosphonium bromide groups and a pillar[5]arene
core (Fig. 2.6) [28].
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Fig. 2.4 (a) Synthesis and (b) electron potential mapping of mono-, di-, and tri-nuclear pillar[5]
arene complexes. (Reproduced with permission from Ref. [26]. Copyright 2017 Wiley-VCH Verlag
GmbH & Co. KGaA)
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Fig. 2.5 (a) Chemical structures of redox-responsive pillar[5]arene and (b) cartoon representation
of the formation of a redox-responsive inclusion complex. (Reproduced with permission from Ref.
[27]. Copyright 2016 The Royal Society of Chemistry)

Owing to the selective complexation of linear-shaped molecules by pillar[5]
arenes, the amphiphilic pillar[S]arene selectively works as a phase-transfer catalyst
for linear-shaped alkenes. The conversion from alkene to aldehyde by KMnO,
oxidation using linear-shaped alkenes was over 99%, while that using branched-
shaped alkenes was quite low (31%). Complexation between the linear-shaped
alkene and the amphiphilic pillar[5]arene and increasing the local concentration of
oxidant MnO, "~ around the rims contribute to the high oxidation efficiency.

Garcia-Rio, Nome, and co-workers reported phosphate monoester hydrolysis
using a cationic pillar[5]arene (Fig 2.7) [29].
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arene (red squares, 0.002 M) and in aqueous solutions in the absence of pillar[5]arene (black
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Chemistry)

The rate constant for dinitrophenylphosphate monoester hydrolysis increased in
the presence of cationic pillar[5]arene (Fig. 2.3) owing to the formation of a host—
guest complex between the monoester and cationic pillar[5]arene. The rate constant
in the monoanionic state increased approximately fourfold and that in the dianionic
state increased almost tenfold. The enhancement of the rate constants resulted from
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reducing agents. (Reproduced with permission from Ref. [30]. Copyright 2011 American Chemical
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reducing the negative electron density on the PO;~ oxygens by the formation of
cationic groups of pillar[S]arene and the steric effects from the wall of the pillar[5]
arene cavity.

Hydroquinone is easily oxidized and converts to benzoquinone, which means
hydroquinone can be used as a reducing agent. Therefore, pillar[n]arenes consisting
of hydroquinone units can be used as macrocyclic reducing agents (Fig. 2.8) [30].

Polyaniline (PANI) has four forms. The fully reduced form is named the
leucoemeraldine base (LB). The fully oxidized form is called the pernigraniline
base (PB). The half-oxidized and protonated forms are named the emeraldine base
(EB) and the emeraldine salt (ES), respectively. Reversible interconversion between
these different forms of PANI can be electrically and chemically controlled and
induces color changes. When pillar[S]arene, consisting of five hydroquinone units,
was mixed with the EB form of PANI, the blue solution from the EB form became
completely colorless as the LB form. However, in the unit model of hydroquinone,
the blue color remained, and conversion to the LB form was 40%, which indicated
that the cyclic structure of pillar[5]arene exhibited a stronger reducing ability than
the unit model of hydroquinone. The formation of the polypseudorotaxane structure
between PANI and pillar[5]arene contributed to the strong reducing ability of pillar
[S]arene compared with the unit model of hydroquinone.

2.4 Surface Chemistry

One-, two-, and three-dimensional molecular spaces are able to be produced by
connecting macrocyclic compounds in various dimensions. For example, by
connecting macrocyclic compounds in a lengthwise direction, tubular assemblies
can be constructed. One of the characteristic points of pillar[n]arenes is their original
shape—pillar-shaped structures. The pillar-shaped structures are very useful to
modify various surfaces. Our group reported multilayer formation by alternating



40 T. Ogoshi et al.

(@) | Selective Uptake

O—+ P4 Ot B 594 59

"‘”--‘“r' Y @—Q{&a
.l d b - \ Anionic Surface _ga - -
L

Cationic Surface
Layer-by-Layer
Assembly

Complexation No Complexation

Fig. 2.9 (a) Layer-by-layer assembly by the consecutive adsorption of cationic pillar[5]arene and
anionic pillar[5]arene. The multilayered film showed size-selective molecular recognition proper-
ties. (b) Modification of azobenzene valves and schematic representation of photoresponsive guest
uptake. (Reproduced with permission from Refs. [31, 32]. Copyright 2015 and 2017 American
Chemical Society)

the adsorption of cationic and anionic pillar[5]arenes on an inorganic surface (Fig
2.9a) [31].

An inorganic surface usually has a negative charge; thus, dipping the inorganic
substrate in the cationic pillar[S]arene solution resulted in the surface modification
with cationic pillar[5]arenes. At this stage, the surface has a cationic charge; thus
dipping the substrate in the anionic pillar[5]arene solution resulted in forming a
second anionic layer on the first cationic pillar[S]arene layer. By repeating this
process, multilayers were able to be constructed on the substrate. The multilayer
films could take up p-dinitrobenzene which could fit into the cavity size of pillar[5]
arenes but were unable to take up o- and m-dinitrobenzenes, which are larger than the
cavity size. By increasing the number of the layers, the amount of the guest uptake
increased, which meant that the uptake amount of the guest was tunable.

Access of the guest molecule can be regulated by introducing a photoresponsive
azobenzene group as a valve (Fig. 2.9b) [32]. First, multilayer films were produced
by repeating the adsorption of cationic and anionic pillar[5]arenes. The surface was
anionic with four layers. Thus, to attach azobenzene valves onto the micropore
outlets, a cationic pillar[5]arene carrying one azobenzene group was adsorbed on



2 Molecular Space Chemistry Based on Pillar[n]arenes 41

(a) ON FF

O

< o
Cool | ‘? %
O =

w4x20"
Heat ¢

1462+ 18"

ey

4
S

Fig. 2.10 (a) Schematic diagram of a temperature-responsive hydrophobic/hydrophilic switch
constructed using an anthracene-functionalized pillar[5]arene-based host—guest interaction.
(Reproduced with permission from Ref. [33]). Copyright 2016 American Chemical Society. (b)
The host—guest interaction of anionic pillar[5]arene and an ionic liquid moiety. (¢) The modification
process in the nanochannel. (d) The mechanism of the temperature-triggered charge-reversal
nanochannel constructed by pillar[5]arene-based host—guest interactions. (Reproduced with per-
mission from Ref. [34]. Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA)

the surface instead of a cationic pillar[S]arene. The azobenzene groups worked as
photo-valves. In the trans form, the guest uptake took place as in the absence of the
azobenzene valves. Upon UV irradiation, the trans form changed to the cis form. The
cis form azobenzene blocked the access of the guest.

Li and co-workers reported temperature-responsive hydrophobic/hydrophilic sur-
face switching based on the thermal-responsive host—guest interaction between pillar
[S]arene and an ionic liquid modified on the surface (Fig. 2.10a) [33].

When pillar[5]arenes form complexes with ionic liquid groups modified on the
surface, the surface is hydrophobic owing to the hydrophobic nature of pillar[5]
arenes. Upon heating, the surface becomes hydrophilic because the pillar[5]arenes
are released and the surface has hydrophilic ionic liquid groups. The thermal-
responsive system has been applied as temperature-sensitive artificial channels by
the same research group (Fig. 2.10b—d) [34]. Anionic pillar[S]arene and a cationic
ionic liquid group were used as the host and guest, respectively. lonic liquid groups
were modified on the surface of the nanochannels. At 25 °C, the surface was anionic
because of the formation of host—guest complexes between anionic pillar[S]arenes
and ionic liquid groups, which resulted in cation transport at 25 °C. At high
temperatures, the surface was cationic owing to the dissociation of the host—guest
complexes, and anion transport was preferential.
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2.5 Assembly Based on Polygonal Prism Structure

Connecting macrocyclic compounds in a crosswise fashion resulted in the formation
of two-dimensional sheet assemblies. Pillar[6]arenes are highly symmetrical hexa-
gons; thus we envisioned that assembly of pillar[6]arenes would afford densely
packed hexagonal 2D sheets (Fig. 2.11a) [35].

To facilitate the assembly of pillar[6]arenes, the formation of a charge—transfer
complex was used. Pillar[6]arene, consisting of six hydroquinone units, was used as
a monomer. By addition of an oxidant to the homogeneous solution containing pillar
[6]arene, precipitates were immediately obtained. Hydroquinone was converted to
benzoquinone by oxidation of hydroquinone; then the remaining hydroquinone
formed a very strong charge—transfer complex with the benzoquinone. Thus, forma-
tion of the charge—transfer complex upon addition of an oxidant induced
two-dimensional supramolecular polymerization. The precipitate formed a hexago-
nal packing structure and had micropores from the original cavity size of pillar[6]
arene. In contrast, when pillar[S]arene, consisting of five hydroquinone units, was
used as a monomer, the assembled structure was an amorphous state. The small
difference between the pentamer and hexamer resulted in the assembled structures.
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Fig. 2.11 Formation of 2D porous sheets by oxidation of the pillar[6]arene hydroquinone units by
(a) chemical oxidation to obtain bulk 2D sheets and (b) electrochemical oxidation to modify the 2D
sheets on the surface. (Reproduced with permission from Refs. [35, 36]). Copyright 2015 Wiley-
VCH Verlag GmbH & Co. KGaA and 2017 The Royal Society of Chemistry. (¢) Co-assembly of
hexagonal pillar[6]arene and pentagonal pillar[5]quinone to form spherical vesicular assemblies.
(Reproduced with permission from Ref. [37]. Copyright 2016 American Chemical Society)
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Bulk two-dimensional sheets were obtained by assemblies of pillar[6]arene with a
chemical oxidant. Using electrochemical oxidation, electrode surface modification
of the hexagonal assemblies could be achieved [36]. Fig. 2.11b shows the cyclic
voltammogram of pillar[6]arene. Peaks were observed at 1.2 V versus SCE, which
corresponded to the oxidation of hydroquinone units of pillar[6]arene. By repeating
the cycles, the anodic current gradually decreased, which indicated that insulating
molecular layers were formed on the surface of the working electrode. Indeed, a
white color thin film was deposited on the ITO electrode after the CV cycles.
Figure 2.11b shows a 3D laser microscope image of the films. Uniform hexagonal
assemblies were observed on the ITO surface. Electrochemical oxidation enabled
modification of the 2D sheet assembly on the ITO surface and controlled the density
and length of the 2D assembled structures.

Ceo consists of 12 pentamers and 20 hexamers. With inspiration from the Cgy
structure, a co-assembly of pentagonal pillar[5]arenes and hexagonal pillar[6]arenes
was investigated (Fig. 2.11c) [37]. Hexagons are easy-to-assemble compared with
pentagons because hexagons have a higher symmetrical structure than pentagons.
Thus, to incorporate the pentagons into the hexagon assembly, pillar[S]quinone,
consisting of five benzoquinones, was first prepared. Then, the co-assembly of pillar
[5]quinone and pillar[6]arene was investigated. In the case of an excess feed ratio of
pillar[5]quinone, the assembled structures mainly adopted a tubular structure. In
contrast, hexagonal disk-shaped assemblies were observed with an excess feed ratio
of pillar[6]arene. A spherical assembly was observed by co-assembly of pillar[5]
quinone and pillar[6]arene in 5:5 and 3:7 molar feed ratios. However, their shapes
were inhomogeneous, and aggregation of the spheres was observed. Uniform spher-
ical aggregates with diameters of 100-300 nm were observed in a 12:20 pillar[5]
quinone/pillar[6]arene molar feed ratio. From the TEM measurements, spherical
assemblies were observed, which indicated vesicle assemblies. Generally, vesicle
assemblies are obtained by amphiphilic molecules in aqueous media. However, in
this case, vesicle assemblies were produced by co-assembly of pentagons and
hexagons. Thus, this method is a unique approach to obtain vesicle assemblies
based on geometric design.

Li and co-workers prepared 2D sheets and 3D spheres by connecting pillar[5]
arene at lateral positions (Fig. 2.12) [38]. Laterally functionalized pillar[5]arenes
were synthesized for the first time by bromination at the methylene bridge of pillar
[S]arene. 2D sheets and 3D spheres were obtained by connecting pillar[S]arenes at
lateral positions with diamine linkers.

2.6 Porous Materials

Pillar[n]arenes are highly symmetrical polygonal prisms; thus, assembled structures
of pillar[n]arenes in the crystal state afford well-ordered assembled structures in
most cases. Activated crystals of pillar[n]arenes, produced by removing the solvent
upon heating, are able to take up gases and organic vapors depending on the
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substituents of the pillar[n]arenes. In the case of pillar[n]arenes possessing phenolic
groups, their crystal structures are stabilized by intra-/intermolecular hydrogen
bonds; thus, they retain the original X-ray structures even after the removal of
solvate-containing crystals. In the case of pillar[S]arene with ten phenolic groups,
the crystals had intrinsic pores from the cavity of pillar[S]arene and another space
between the pillar[5]arene molecules. Yang and co-workers reported that the acti-
vated crystals highly selectively took up CO, (375/1, 339/1 over CH4 and N,
respectively) owing to the porous nanostructure of the compounds and the dipole
interactions between CO, and phenolic groups (Fig. 2.13) [39].

In the case of pillar[6]arene, the assembled structures are highly symmetrical 1D
channel structures, owing to the highly symmetrical structure of hexagonal pillar[6]
arene (Fig. 2.14). Our group reported that the activated crystals not only took up
gases, such as CO, and Ny, but also alkane vapors, such as n-butane, n-hexane, and
cyclohexane, because the cavity size of pillar[6]arene (6.7 A) is larger than that of
pillar[S]arene (4.7 A) [40]. Another reason for this could be the highly ordered 1D
channel structure. Owing to the 1D channel, pore blocking, which is observed in
nitrogen adsorption at low temperatures, was not observed.

In the case of ethyl substituents, the activation of pillar[5,6]arenes resulted in the
formation of nonporous crystals. However, the nonporous activated crystals
exhibited shape-selective alkane uptake behavior. In the case of the pillar[5]arene,
the activated crystals quickly took up vapors of linear-shaped alkanes such as n-
hexane (Fig. 2.15a) [41]. Crystal transformation was the driving force to uptake
linear alkanes. No uptake of alkane vapors was observed when branched- and cyclic-
shaped alkane vapors were used. This is because the cavity size of pillar[5]arene
could fit linear-shaped alkanes but was too small to capture branched and cyclic
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[39]. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA)
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Fig. 2.14 (a) Chemical and (b, ¢) X-ray crystal structures of the per-hydroxylated pillar[6]arene.
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therms of powdered pillar[6]arene with pores for the vapors of n-hexane (green triangles) and
cyclohexane (blue circles) at 298 K. Solid symbols = adsorption; open symbols = desorption.
(Reproduced with permission from Ref. [40]. Copyright 2014 The Royal Society of Chemistry)
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alkane vapors. The results were completely opposite to the case of pillar[6]arene.
Activated pillar[6]arene crystals took up cyclic and branched alkane vapors but
hardly took up the linear alkane, n-hexane, because the cavity size of pillar[6]arenes
could fit branched and cyclic alkanes (Fig. 2.15b) [42]. Based on the alkane shape-
selective uptake, an improvement of the octane number could be accomplished.
When activated pillar[6]arene crystals were exposed to a mixture vapor consisting of
linear n-heptane and branched isooctane, pillar[6]arene selectively took up the
isooctane vapor. Heating the crystals resulted in release of isooctane with >99%
purity. The crystals could be used again for the improvement of the octane number.

Uptake of n-linear alkane vapor could not be detected by a color change because
the activated crystals of pillar[5]arene carrying ten ethyl groups were a white solid
(Fig. 2.16). By introducing one benzoquinone group in pillar[5]arene by oxidation of
one dialkoxybenzene unit, the color of the product was brown, owing to the
formation of charge—transfer complexes between 1,4-diethoxybenzene and benzo-
quinone [43]. Interestingly, a color change occurred from brown to red by exposing
the crystals to n-hexane vapor. The n-hexane vapor uptake triggered the crystal
transformation, which was proposed to trigger a change in the stacking of the
charge—transfer complexes and induce the color change. In contrast, no color change
was observed when the brown crystals were exposed to branched and cyclic alkane
vapors because the activated crystals of pillar[5]arene could take up linear alkane
vapors but not branched and cyclic alkane vapors owing to the cavity size-dependent
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Fig. 2.16 Chemical structures of pillar[5]arenes (a) bearing ten ethyl groups and (b) containing one
benzoquinone unit. The activated crystals of the monoquinone showed that a color change occurred
from brown to red upon exposure to n-hexane vapor (c), while no color change was observed by
exposing the crystals to branched and cyclic alkane vapors (d)

alkane uptake. Overall, we could detect the shape of alkane vapors by the color
change of the pillar[S]arene crystals.

2.7 Conclusions

In this chapter, we describe molecular space chemistry using pillar[n]arenes. Owing
to the high functionality, easy fabrication, redox property, and cavity-dependent
host—guest ability of pillar[n]arenes, pillar[n]arenes can be designed for organic
catalysis and reductant application in solution. Owing to their pillar-shaped struc-
tures, the surface modification of pillar[n]arenes is one of the useful applications.
The regular polygonal prism shape contributes to the construction of highly assem-
bled structures such as 2D sheets and 3D sphere assemblies. The simple and highly
symmetrical shape of pillar[n]arenes should have unlimited potential and serve as
ideal building blocks to create various supramolecular assemblies. This year, 2018,
marks one decade of research into pillar[n]arenes; thus we believe this research has
laid a firm foundation, and we now eagerly anticipate the new discoveries in pillar[n]
arene chemistry in the future.
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Chapter 3 )
Inherently Chiral Calix[4]arenes Siechio
as Supramolecular Catalysts

Seiji Shirakawa and Shoichi Shimizu

Abstract The chemistry of chiral calixarenes is recognized as an important research
field to the development of new chiral receptors for asymmetric recognition. This
provides a potent tool for understanding the stereochemistry of biochemical systems.
Hence, many chiral calixarenes containing chiral residue at the calixarene skeleton
have been prepared for asymmetric molecular recognition and asymmetric catalysis.
A more challenging and attractive approach to the design of chiral calixarenes is to
make the calixarene “inherently chiral” by creating an asymmetric array of achiral
substituents on the calixarene platform. In the present chapter, we summarized our
own approach for the design, synthesis, and optical resolution of wide-rim
functionalized calix[4]arenes and these chiral recognition abilities. The potential
utility of these newly designed inherently chiral calix[4]arenes as chiral supramo-
lecular organocatalysts has been demonstrated.

Keywords Calixarenes - Organocatalysts - Molecular recognition - Supramolecular
catalysts - Asymmetric synthesis

3.1 Introduction

Calixarenes are one of the most representative host molecules in supramolecular
chemistry [1-6]. A wide variety of artificial molecular receptors have been designed
and synthesized by the use of calixarene platforms. Among calixarene chemistry,
design of chiral calixarenes has received much attention in recent years [7-9]. The
chemistry of chiral calixarenes is recognized as an important research field to the
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Fig. 3.1 Inherently chiral calix[4]arenes

development of new chiral receptors for asymmetric recognition. This provides a
potent tool for understanding the stereochemistry of biochemical systems. Hence,
many chiral calixarenes containing chiral residue on the calixarene skeleton have
been prepared for asymmetric molecular recognition and asymmetric catalysis. A
more challenging and attractive approach to the design of chiral calixarenes is to
make the calixarene “inherently chiral” by creating an asymmetric array of achiral
substituents on the calixarene platform (Fig. 3.1) [10-15]. Over more than the past
two decades, many inherently chiral calixarenes have been synthesized, and some of
them have been resolved into individual enantiomers [16-22]. In spite of these
efforts, limited examples of enantiomeric recognition and asymmetric catalysis
with optically active inherently chiral calixarenes have been reported. These limited
results might arise from difficulties associated with both the design of a synthetic
route to functionalized inherently chiral calixarenes and separation of enantiomers of
the synthesized racemic calixarenes into optically pure forms. In the present chapter,
we summarize our own approach for the design, synthesis, and optical resolution of
functionalized calix[4]arenes and these chiral recognition abilities. The potential
utility of these newly designed inherently chiral calix[4]arenes as chiral
organocatalysts has been demonstrated [23-28].

3.2 Inherently Chiral Calix[4]arenes with ABCC
Substitution Pattern

3.2.1 Aminophenol-Type Inherently Chiral Calix[4]arenes

Our initial design of the inherently chiral calix[4]arene is shown in Fig. 3.2
[23, 24]. The chiral calix[4]arene 1 possesses amino and hydroxyl groups, which
are involved in molecular recognition, at proximal positions on the wide rim. Such
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Fig. 3.2 Aminophenol-type
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Scheme 3.1 Synthesis of inherently chiral calix[4]arene 1

aminophenol (-alcohol) structures are often present in useful chiral building blocks
and natural products, such as ephedrine, cinchonidine, and prolinol. The conforma-
tion of chiral calix[4]arene 1 is fixed in the cone conformer by attaching propyl
groups at narrow rim, which provides a rigid and stable chiral environment.

The newly designed inherently chiral calix[4]arene 1 can be prepared from the
known proximally p-dibrominated calix[4]arene in a four-step sequence (Scheme
3.1) [29]. The p-dibromocalix[4]arene was treated with 1.0 equivalent of n-BuLi,
and subsequent addition of N,N-dimethylformamide afforded mono-formylated
inherently chiral calix[4]arene. The reductive amination of the formyl group in the
resulting calix[4]arene with n-butylamine gave the secondary amine compound. The
inherently chiral calix[4]arene containing a secondary amine was transformed with
n-butyl bromide to the tertiary amine compound. Lithiation of the bromine substit-
uent on the resulting calix[4]arene and the trapping with B(OMe); gave the
corresponding boronate. The boronate was oxidized by H,O, in one-pot, giving
the target calix[4]arene 1 as a racemate.

Efficient optical resolution of the racemic calix[4]arene 1 was achieved by
recrystallization after complexation with chiral mandelic acid (Scheme 3.2). The
optical purity of the separated chiral calix[4]arene 1 was determined by means of
chiral HPLC analysis with a SUMICHIRAL OA-4800 column. After repeating the
recrystallization of calix[4]arene 1-chiral mandelic acid complex, 2-3 times,
enantiomerically pure inherently chiral calix[4]arene 1 could be obtained. This is a
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Scheme 3.2 Optical resolution and CD spectra of inherently chiral calix[4]arene 1

valuable example of the optical resolution of an inherently chiral calix[4]arene by
diastereomeric complexation without covalent bonding between chiral molecules.
The circular dichroism (CD) spectra of the separated enantiomers of 1 showed
perfect mirror images.

The chiral recognition ability of optically pure chiral calix[4]arene 1 was inves-
tigated in NMR experiments (Fig. 3.3). The "H NMR studies of the chiral calix[4]
arene (+),95-1 were performed with racemic mandelic acid in CDCl; [30-35]. As a
result of diastereomeric complexation of chiral calix[4]arene 1 and equimolar
amounts of racemic mandelic acid, clear signal splitting (4.93 and 4.96 ppm;
Fig. 3.3b) with an upfield shift of the benzylic proton of racemic mandelic acid
(5.26 ppm; Fig. 3.3a) was observed. These results suggested that inherently chiral
calix[4]arene 1 could be used as a chiral NMR solvating agent for determination of
the enantiopurity of mandelic acid. The association constants of (+),95-1 with (R)- or
(S)-mandelic acid were also measured by a titration experiment using UV-Vis
spectral measurements. The association constant, K,,, of (+),95-1 with (§)-mandelic
acid was 2.2 times larger than that with (R)-mandelic acid.

The application of inherently chiral calixarenes as chiral catalysts is a worthy
challenge in organic syntheses. As a valuable example of an inherently chiral
calixarene catalyst, the functionalized calixarene 1 was applied to the asymmetric
conjugate addition of thiophenol to cyclohexenone (Scheme 3.3) [36-43]. Both
enantiomers, (+),95-1 and (—),95-1, promoted the reaction efficiently and gave a
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Scheme 3.3 Asymmetric conjugate additions catalyzed by inherently chiral calix[4]arene 1

conjugate addition product in excellent yields. The chiral induction of the product
was observed as 15% ee, and the configuration of the major enantiomer was S with
(+)205-1, R with (—),95-1, respectively. Although observed enantioselectivities of the
product were low, certain chiral inductions were observed. It is noteworthy that this
is the important example of an inherently chiral calixarene with no chiral residue
being applied to asymmetric catalysis. Other substrates for asymmetric conjugate
additions catalyzed by chiral calixarene 1 were also examined, and selected exam-
ples are shown in Scheme 3.3.
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Scheme 3.4 Synthesis of N-protected calix[4]arene amino acid 2

3.2.2 Inherently Chiral Calix[4]arene Amino Acid and its
Derivatives

Amino acids are a biologically significant class of compounds, since they are the
basic building blocks for peptides and proteins, and are the biopolymers responsible
for both the structure and the function of most living things. Furthermore, optically
active amino acids are extensively used as chiral building blocks for the synthesis of
chiral catalysts in modern organic synthesis. Based on these knowledge, we became
interested in the design and synthesis of an inherently chiral calix[4]arene amino acid
as a chiral building block for subsequent transformation to various types of inher-
ently chiral calix[4]arenes (Fig. 3.4) [25-27].

The N-protected calix[4]arene amino acid 2 can be synthesized from the reported
proximally p-dibrominated calix[4]arene dibenzyl ether (Scheme 3.4) [29]. O-Alkyl-
ation of the p-dibrominated calix[4]arene dibenzyl ether with benzyl bromide in the
presence of NaH gave the proximally p-dibrominated calix[4]arene tetrabenzyl ether
in the cone conformation as a key intermediate. The p-dibromocalix[4]arene in cone
conformation was transformed to the mono-formylated compound by treatment with
a 1.1 equivalent of n-BuLi and the subsequent addition of N,N-dimethylformamide.
The reductive amination of the formyl group on the calixarene with allylamine gave
the secondary amine. The inherently chiral calix[4]arene containing a secondary
amine was transformed with allyl bromide to the tertiary amine. Lithiation of the
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Scheme 3.5 Resolution of a calix[4]arene amino acid derivative

remaining bromine substituent on wide rim of the calix[4]arene, and the trapping
with CO,, gave the target N-protected calix[4]arene amino acid 2 as a racemate.

The efficient resolution of an inherently chiral calix[4]arene amino acid derivative
was achieved by preparative high-performance liquid chromatography (HPLC) after
conversion into diastereomeric (R)-BINOL esters 3a and 3b (Scheme 3.5) [44-
46]. Thus, treatment of racemic N-protected calix[4]arene amino acid 2 with (R)-
BINOL in the presence of N,N'-dicyclohexylcarbodiimide (DCC) and 4-(N,N-
dimethylamino)pyridine (DMAP) gave the ~1:1 diastereomeric mixture of 3a and
3b. The mixture of chiral calix[4]arene 3a and 3b was loaded onto the preparative
HPLC column, and diastereomerically pure 3a and 3b were obtained efficiently.

In an efficient synthetic scheme for the amino acid-type inherently chiral calix[4]
arene in hand, the derivatization of separated diastereomers 3a and 3b to different
types of inherently chiral calix[4]arenes was examined (Scheme 3.6). The chiral
calix[4]arene 4a containing an amino alcohol structure was synthesized by the
reduction of 3a or 3b with LiAlH,4, and optically pure chiral calix[4]arenes (—)-4a
and (+)-4a were obtained. Additionally, amino alcohol-type inherently chiral calix
[4]arene 4b possessing a diarylmethanol structure, which is often seen in efficient
chiral catalysts, such as a,a-diarylprolinols and TADDOLs [47-49], was also
prepared by the treatment of 3a or 3b with the corresponding aryllithium. The
prepared chiral calix[4]arenes 4a and 4b were applied to the asymmetric conjugate
addition with thiophenol as a model reaction, which is known to be catalyzed by
chiral amino alcohols [36—43]. Both enantiomers (+)-4a and (—)-4a promoted the
reaction efficiently and gave a conjugate addition product in good yields. The chiral
induction of the product was observed as 15% ee and the configuration of the major
enantiomer was S with (+)-4a and R with (—)-4a. The observed enantioselectivities
were comparable with previous results using an inherently chiral calix[4]arene
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Scheme 3.6 Synthesis and catalysis of amino alcohol-type inherently chiral calix[4]arenes
4a and 4b

1 with an aminophenol structure. We next employed the chiral calix[4]arene 4b
containing a diarylmethanol structure for the conjugate addition of thiophenol.
Pleasingly, a positive effect of the additional diaryl group was observed, and the
conjugate addition product was obtained in 23% ee with good yields.

Other substrates for conjugate additions catalyzed by amino alcohol-type inher-
ently chiral calix[4]arene 4b were also examined, and selected examples are shown
in Scheme 3.7. Substituted thiophenols could be applied to the reaction system to
give the products in good yields with moderate enantioselectivities (17~23% ee).
Another cyclic enone with a different ring size and an acyclic enone were also
applied to the reaction, to give the products with moderate enantioselectivities
(13~20% ee).

Inherently chiral calix[4]arenes containing a quaternary ammonium moiety Sa
and Sb were prepared in optically pure form by the N-allylation of chiral calix[4]
arene 4a and 4b (Scheme 3.8). The inherently chiral calix[4]arenes 5, containing a
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Scheme 3.8 Synthesis and catalysis of inherently chiral calix[4]arenes Sa and Sb containing a

quaternary ammonium moiety
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quaternary ammonium moiety, were applied to asymmetric reactions as chiral phase-
transfer catalysts [S0-53]. To evaluate the effect of catalysts 5, they were applied to
the asymmetric alkylation of a glycine derivative, which is the benchmark reaction
for examining the performance of new chiral phase-transfer catalysts. Thus, the
asymmetric alkylation of a glycine derivative with benzyl bromide in a toluene—
50% aqueous KOH biphasic system under the influence of Sa gave the
corresponding phenylalanine derivative in excellent yield with almost no
enantioselectivity. On the other hand, the reaction under the influence of Sb gave
the alkylation product in excellent yield with low, but certain, chiral induction.

3.3 Inherently Chiral Calix[4]arenes with ABCD
Substitution Pattern

In the previous section, we showed efficient methods for the synthesis and optical
resolution of inherently chiral calix[4]arenes with dual functionalities (ABCC sub-
stitution pattern). The chiral calix[4]arene 1 possesses amino and hydroxy groups,
which are involved in molecular recognition at proximal positions on the wide rim
(ABCC substitution pattern). Also, the conformation of the chiral calix[4]arene
1 was fixed in the cone conformation, which provides a rigid chiral environment.
The enantiomeric recognition ability of the chiral calix[4]arene 1 was examined, and
we found that the chiral calix[4]arene 1 could be used as an organocatalyst in
asymmetric conjugate additions of thiophenols. Unfortunately, the observed
enantioselectivities of the products were low. For the design of a more effective
chiral catalyst, we introduced additional substituent on the wide rim. Ultimately, we
designed an inherently chiral ABCD-type calix[4]Jarene 6 containing a
3,5-dimethylphenyl group as a sterically bulky substituent (Fig. 3.5) [28]. Such an
inherently chiral wide rim ABCD-type calix[4]arene is very rare [54].

The ABCD-type inherently calix[4]arene 6 could be synthesized from the
reported calix[4]arene dibenzyl ether (Scheme 3.9) [29]. For the regioselective
introduction of bromo and 3,5-dimethylphenyl groups onto the wide rim, first, a
3,5-dimethylphenyl group was introduced onto the calix[4]arene. Thus, one of the
proximal dihydroxy groups was selectively transformed to a mono-O-alkylated

ABCC

@

\ : \ ;
Pro Prg OPrOPr PIO pro OPIOPY
1 6

ABCD

Fig. 3.5 Design of ABCD-type inherently chiral calix[4]arene 6
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product by treatment with propyl bromide in the presence of sodium carbonate as a
base. Use of sodium carbonate as the base was a key factor in the selective mono-O-
alkylation. The para position of the free phenolic ring of tri-O-alkylated calix[4]
arene was selectively brominated. After O-propylation of the resulting calix[4]arene,
the tetraalkoxycalix[4]arene was treated with n-BuLi and the resulting lithiation
compound was transformed to the boronate by treatment with B(OMe);. Then, the
3,5-dimethylphenyl group was installed using a Suzuki-Miyaura coupling reaction
between the boronate of calix[4]arene and 1-iodo-3,5-dimethylbenzene to afford the
calix[4]arene possessing a 3,5-dimethylphenyl group. The selective dealkylation of
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the benzyl group at the narrow rim was performed by treatment with trimethylsilyl
iodide to afford the corresponding dialkoxycalix[4]arene. After regioselective
dibromination on the para positions of the free phenolic rings in the calix[4]arene,
the resulting dibromo-calix[4]arene was O-alkylated with propyl iodide in the
presence of NaH to yield the proximally p-dibrominated calix[4]arene possessing
a 3,5-dimethylphenyl group fixed in the cone conformation, which is a key inter-
mediate for the synthesis of target ABCD-type inherently calix[4]arene 6. The calix
[4]arene as a key intermediate was treated with 1.1 equivalent of n-BuLi and,
subsequently, with N,N-dimethylformamide. As a result of regioselective lithiation,
the mono-formylated calix[4]arene was obtained. Synthesis of the inherently chiral
calix[4]arene 6 was achieved from the mono-formylated calix[4]arene in a manner
similar to the previously described synthesis of ABCC-type inherently chiral calix[4]
arene 1.

The efficient resolution of inherently chiral calix[4]arene 6 could be achieved by
preparative HPLC after conversion into the diastereomeric (1S5)-camphorsulfonyl
esters 7a and 7b (Scheme 3.10). Thus, treatment of racemic calix[4]arene 6 with
(15)-10-camphorsulfonyl chloride in the presence of NaH gave a ~1:1 mixture of the
diastereomers 7a and 7b. The diastereomeric mixture of 7a and 7b was loaded onto
the preparative HPLC column, and diastereomerically pure 7a and 7b were obtained.
Hydrolysis of calix[4]arene 7a and 7b with NaOH for removal of the
camphorsulfonyl group afforded the optically pure calix[4]arene (+)-6 and (—)-6,
respectively. The optical rotations for (+)-6 and (—)-6 showed similar values with
opposite signs.

As already mentioned, the use of a wide-rim ABCC-type chiral calix[4]arene 1 as
an organocatalyst efficiently promoted the conjugate addition of thiophenol with low
enantioselectivity (15% ee). For the improvement of enantioselectivity, we
employed an ABCD-type chiral calix[4]arene 6 containing a 3,5-dimethylphenyl
group at the wide rim. Pleasingly, a positive effect of the additional
3,5-dimethylphenyl group was observed, and the conjugate addition product was
obtained in 31% ee with excellent yield (Scheme 3.11). In addition, the chiral calix
[4]arene 6-OMe, which is masked with a methyl group on the hydroxy group, was
tested as a catalyst in this reaction. The catalyst 6-OMe promoted the conjugate
addition moderately with almost no enantioselectivity (~0% ee). These results
clearly indicate that both the amino and hydroxy groups of catalyst 6 are important
for both reactivity and selectivity in the conjugate additions of thiophenols.
Although the details of the mechanism of the asymmetric conjugate addition are
not clear, it is expected that the amino group of catalyst 6 activates thiophenol and
forms the ammonium thiolate complex and that the hydroxy group (and/or proton-
ated amine moiety) of catalyst 6 activates cyclohexenone via a hydrogen bond
between the carbonyl group of the substrate and the hydroxy group (and/or proton-
ated amine moiety) of the catalyst [42]. Moreover, the 3,5-dimethylphenyl group of
catalyst 6 may selectively block one of the enantio-faces of cyclohexenone, and the
thiolate anion attacks to the cyclohexenone from the opposite face. So, this hypoth-
esis indicates the direction that design of more efficient inherently chiral calixarene
catalysts should take.
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Scheme 3.10 Optical resolution of inherently chiral calix[4]arene 6

The substrate generality of asymmetric conjugate additions was examined with
inherently chiral calix[4]arene 6 (Scheme 3.12). Various substituted thiophenols
could be applied to the reaction system, to give the products in excellent yields
with low to moderate enantioselectivities. When alkyl thiols, such as benzyl mer-
captan, were used, the product was obtained in low yield with low enantioselectivity.
Furthermore, this reaction system could be applied to other cyclic and acyclic
enones. Substituted cyclohexenone gave the product with a degree of
enantioselectivity comparable to that observed for the reaction of 2-cyclohexen-1-
one. Other cyclic enones with different ring sizes gave the products in lower
enantioselectivities. The reaction of chalcone, which is an acyclic enone, afforded
the product in excellent yield with moderate enantioselectivity.

Based on the design of ABCD-type inherently chiral calix[4]arene 6 possessing
aminophenol structure, we also examined the synthesis of phosphine-containing
calix[4]arene (Scheme 3.13). A proximally p-dibrominated calix[4]arene possessing
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Scheme 3.11 Effects of catalyst structure in asymmetric conjugate addition

a 3,5-dimethylphenyl group as a key intermediate was treated with 1.1 equivalent of
n-BuLi and, subsequently, with chlorodiphenylphosphine to give the corresponding
phosphine derivative. The remained bromo group of the phosphino calix[4]arene
was lithiated by the use of sec-BuLi. The resulting lithiated calix[4]arene was treated
with B(OMe); and gave the corresponding boronate. The boronate was oxidized by
H,O, in one-pot, giving the calix[4]arene 8 containing a phosphine oxide moiety as a
racemate.

The resolution of inherently chiral calix[4]arene 8 could be achieved by column
chromatography on silica gel after conversion into the diastereomeric (S)-naproxen
esters 9a and 9b (Scheme 3.14). Thus, treatment of racemic calix[4]arene 8 with (S)-
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naproxen chloride in the presence of NaH gave a ~1:1 mixture of the diastereomers
9a and 9b. The diastereomeric mixture of 9a and 9b was separated by column
chromatography on silica gel, and diastereomerically pure 9a and 9b were obtained.
Hydrolysis of calix[4]arene 9a and 9b with NaOH for removal of the naproxen
moiety afforded the optically pure calix[4]arene (+)-8 and (—)-8, respectively. The
reduction of phosphine oxides (+)-8 and (—)-8 with trichlorosilane gave inherently
chiral calix[4]arenes (+)-10 and (—)-10 containing diphenylphosphino and hydroxy
groups.

The optically pure, chiral calix[4]arene 10 was applied to asymmetric aza-Morita-
Baylis-Hillman reaction as an organocatalyst (Scheme 3.15) [55, 56]. This is the first
example of an inherently chiral calixarene being applied to asymmetric catalysis for
the aza-Morita-Baylis-Hillman reaction. Although observed enantioselectivity of the
aza-Morita-Baylis-Hillman product was low, certain chiral induction was observed.
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Scheme 3.15 Asymmetric aza-Morita-Baylis-Hillman reaction catalyzed by inherently chiral calix
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3.4 Conclusions

In this chapter, we have showcased efficient synthetic routes to functionalized
inherently chiral calix[4]arenes at the wide rim in the cone conformation. The
synthetic methods show potential for the synthesis of a wide variety of
functionalized inherently chiral calix[4]arenes. For instance, the inherently chiral
calix[4]arenes containing an aminophenol (-alcohol) structure were synthesized and
resolved into optically pure enantiomers. The effects of the inherently chiral calix[4]
arenes as chiral organocatalysts in the asymmetric conjugate additions were exam-
ined, and the reactions were efficiently promoted by the calix[4]arene catalysts. The
asymmetric inductions observed for the conjugate additions were still moderate at
the best. However, we believe that these results revealed the potential utility of
inherently chiral calixarenes as supramolecular catalysts.

References

1. C.D. Gutsche, Calixarenes, in Monographs in Supramolecular Chemistry, ed. by J.F. Stoddart
(The Royal Society of Chemistry, Cambridge, 1989)

. S. Shinkai, Tetrahedron 49, 8933-8968 (1993)

. V. Bohmer, Angew. Chem. Int. Ed. Engl. 34, 713-745 (1995)

. A. Ikeda, S. Shinkai, Chem. Rev. 97, 17131734 (1997)

. C.D. Gutsche, Calixarene revisited, in Monographs in Supramolecular Chemistry, ed. by
J.F. Stoddart (The Royal Society of Chemistry, Cambridge, 1998)

. N. Morohashi, F. Narumi, N. Iki, T. Hattori, S. Miyano, Chem. Rev. 106, 5291-5316 (2006)

. M. Vysotsky, C. Schmidt, V. Bshmer, Adv. Supramol. Chem. 7, 139-233 (2000)

. A. Sirit, M. Yilmaz, Turk. J. Chem. 33, 159-200 (2009)

.J. Luo, Y.-S. Zheng, Curr. Org. Chem. 16, 483-506 (2012)

10. V. Bohmer, D. Kraft, M. Tabatabai, J. Incl. Phenom. Mol. Recognit. Chem. 19, 17-39 (1994)

11. H. Otsuka, S. Shinkai, Supramol. Sci. 3, 189-205 (1996)

12. A. Dalla Cort, L. Mandolini, C. Pasquini, L. Schiaffino, New J. Chem. 28, 1198-1199 (2004)

13. S.-Y. Li, Y.-W. Xu, J.-M. Liu, C.-Y. Su, Int. J. Mol. Sci. 12, 429-455 (2011)

14. Y.-S. Zheng, J. Luo, J. Incl. Phenom. Macrocycl. Chem. 71, 35-56 (2011)

15. G.E. Arnott, Chem. Eur. J. 24, 1744-1754 (2018)

16. K. Araki, K. Inada, S. Shinkai, Angew. Chem. Int. Ed. Engl. 35, 72-74 (1996)

17. C. Dieleman, S. Steyer, C. Jeunesse, D. Matt, J. Chem. Soc. Dalton Trans., 2508-2517 (2001)

18. F. Narumi, T. Hattori, N. Matsumura, T. Onodera, H. Katagiri, C. Kabuto, H. Kameyama,

S. Miyano, Tetrahedron 60, 7827-7833 (2004)

D AW

e BN o)

Nel



68

19

20.

21

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

40.
41.
42.
43.
44.

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55
56

S. Shirakawa and S. Shimizu

. J. Luo, Q.-Y. Zheng, C.-F. Chen, Z.-T. Huang, Tetrahedron 61, 8517-8528 (2005)

Z.-X. Xu, C. Zhang, Y. Yang, C.-F. Chen, Z.-T. Huang, Org. Lett. 10, 477-479 (2008)

. M. Paletta, M. Klaes, B. Neumann, H.-G. Stammler, S. Grimme, J. Mattay, Eur. J. Org. Chem.,
555-562 (2008)

M.-L. Chang, Y. He, J. Zhou, S.-Y. Li, J. Braz. Chem. Soc. 28, 1363-1370 (2017)

S. Shirakawa, A. Moriyama, S. Shimizu, Org. Lett. 9, 3117-3119 (2007)

S. Shirakawa, A. Moriyama, S. Shimizu, Eur. J. Org. Chem., 5957-5964 (2008)

S. Shirakawa, Y. Tanaka, T. Kobari, S. Shimizu, New J. Chem. 32, 1835-1838 (2008)

S. Shirakawa, S. Shimizu, Eur. J. Org. Chem., 1916-1924 (2009)

S. Shirakawa, S. Shimizu, New J. Chem. 34, 1217-1222 (2010)

S. Shirakawa, T. Kimura, S.-i. Murata, S. Shimizu, J. Org. Chem. 74, 1288-1296 (2009)

S. Shimizu, A. Moriyama, K. Kito, Y. Sasaki, J. Org. Chem. 68, 2187-2194 (2003)

1. Takahashi, K. Odashima, K. Koga, Tetrahedron Lett. 25, 973-976 (1984)

M.-H. Xu, J. Lin, Q.-S. Hu, L. Pu, J. Am. Chem. Soc. 124, 14239-14246 (2002)

Y. He, Y. Xiao, L. Meng, Z. Zeng, X. Wu, C.-T. Wu, Tetrahedron Lett. 43, 6249-6253 (2002)
X.-X. Liu, Y.-S. Zheng, Tetrahedron Lett. 47, 6357-6360 (2006)

A. Gonzdlez-Alvarez, 1. Alfonso, V. Gotor, Tetrahedron Lett. 47, 6397-6400 (2006)

T. Ema, D. Tanida, T. Sakai, J. Am. Chem. Soc. 129, 10591-10596 (2007)

H. Hiemstra, H. Wynberg, J. Am. Chem. Soc. 103, 417—430 (1981)

K. Suzuki, A. Ikegami, T. Mukaiyama, Bull. Chem. Soc. Jpn. 55, 3277-3282 (1982)

F. Wang, M. Tada, Agric. Biol. Chem. 54, 2989-2992 (1990)

M. Ostendorf, S. van der Neut, F.P.J.T. Rutjes, H. Hiemstra, Eur. J. Org. Chem., 105-113
(2000)

M. Ostendorf, J. Dijkink, F.P.J.T. Rutjes, H. Hiemstra, Eur. J. Org. Chem., 115-124 (2000)
P. McDaid, Y. Chen, L. Deng, Angew. Chem. Int. Ed. 41, 338-340 (2002)

M.N. Grayson, K.N. Houk, J. Am. Chem. Soc. 138, 1170-1173 (2016)

M.N. Grayson, K.N. Houk, J. Am. Chem. Soc. 138, 9041-9044 (2016)

Y.D. Cao, J. Luo, Q.-Y. Zheng, C.-F. Chen, M.-X. Wang, Z.-T. Huang, J. Org. Chem. 69,
206-208 (2004)

J. Luo, Q.-Y. Zheng, C.-F. Chen, Z.-T. Huang, Chem. Eur. J. 11, 5917-5928 (2005)

S.-Y. Li, Q.-Y. Zheng, C.-F. Chen, Z.-T. Huang, Tetrahedron Asymmetry 16, 641-645 (2005)
D. Seebach, A.K. Beck, A. Heckel, Angew. Chem. Int. Ed. 40, 92-138 (2001)

H. Pellissier, Tetrahedron 64, 10279-10317 (2008)

A. Lattanzi, Chem. Commun., 1452-1463 (2009)

M.J. O’Donnell, Aldrichimica Acta 34, 3—15 (2001)

T. Ooi, K. Maruoka, Angew. Chem. Int. Ed. 46, 42224266 (2007)

S. Shirakawa, K. Maruoka, Angew. Chem. Int. Ed. 52, 4312-4348 (2013)

S. Kaneko, Y. Kumatabara, S. Shirakawa, Org. Biomol. Chem. 14, 5367-5376 (2016)

M. Ciaccia, I. Tosi, R. Cacciapaglia, A. Casnati, L. Baldini, S. Di Stefano, Org. Biomol. Chem.
11, 3642-3648 (2013)

. Y. Wei, M. Shi, Chem. Rev. 113, 6659-6690 (2013)

. H. Pellissier, Tetrahedron 73, 2831-2861 (2017)



Chapter 4 )
Synthesis of the Longest Carbohelicene by <
Multiple Oxidative Photocyclizations

of Arylene-Vinylene Oligomers

Takashi Murase

Abstract Oxidative photocyclization of stilbene-type precursors is still a powerful
method for the synthesis of longer helicenes. Only the simplest subunits [1] and
[2] (phenylene and naphthylene units) are arranged in the precursor to avoid
unfavorable side reactions in photocyclization. Based on the synthetic guideline
for such arylene—vinylene oligomers, [9]helicene was efficiently prepared by triple
photocyclization of the precursor with a [2]+[1]+[1]+[2] sequence (where “+”
denotes vinylene linkers). Moreover, the longest [16]helicene was prepared by
sextuple photocyclization of the precursor with a [2]+[1]+[1]+[2]+[1]+[1]
+[2] sequence. Other precursors with different sequences lowered the product
yield in spite of the decreased number of cyclization. X-ray crystallographic analysis
clearly showed the triple-layer structure of [16]helicene. The judiciously designed
precursor has an intrinsic propensity to exhibit spontaneous helical folding under
photoirradiation, which helps the formation of helicene skeletons.

Keyword Helicene - Photocyclization - Polycyclic aromatic compounds - Stilbene

4.1 Introduction

Discrete aromatic stacks are fascinating synthetic targets for understanding the
physical properties and developing unique functions derived from their n-layered
structures. [n]Helicenes are helical polyaromatic compounds formed by » number of
ortho-fused aromatic rings [1-13]. In addition to the frequently discussed intrinsic
chirality resulting from left- or right-handed helicity, transannular interactions
between the overlapped aromatic rings become prominent in [n]helicenes with
increasing n number. Accordingly, longer helicenes can be regarded as discrete
aromatic stacks whose rigid covalent frameworks possess unique m systems that
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spread laterally (m-conjugation) and vertically (m-stacking). In carbo[n]helicenes
with an all-carbon skeletons (hereafter simply referred to as [nr]helicenes), a
double-layer structure appears when n > 7, and a triple-layer structure appears
when n > 13. Here is a fundamental question and challenge: “How long can we
synthetically elongate helicenes?” It is easily anticipated that the synthesis of longer
helicenes becomes increasingly difficult and tough on account of steric congestion of
multiple benzene rings. The current longest helicene is [16]helicene, which was
prepared in 2015, and the record for the longest [n]helicene was updated for the first
time in 40 years [14]. This review details how [l16]helicene was designed and
synthesized, showing the brief history of longer carbohelicenes. A myriad of
helicenes and their homologues have been synthesized to date, but only
non-substituted helicenes are illustrated here, due to limitations of space.

4.2 History of Longer Carbohelicenes

The history of longer carbohelicenes dates back to the first synthesis of [4]helicene
by Weitzenbock and Lieb in 1913 (Fig. 4.1) [15]. However, in the strict sense, this is
not the first report on helicenes; in 1903 Meisenheimer and Witte reported aza[5]
helicenes possessing nitrogen atoms on the backbones [16]. In 1918, Weitzenbock
and Klinger firstly prepared carbo[5]helicene [17]. A milestone in helicene chemis-
try was the first synthesis and the chiral resolution of [6]helicene by Newman and
co-workers in 1955 and 1966 [18, 19]. This synthesis started from the Knoevenagel
condensation of 1-naphthaldehyde with ethyl malonate and required ten steps, in
which two central rings of [6]helicene were sequentially cyclized by Friedel-Crafts
reactions.

In 1964, Mallory and co-workers discovered the photochemical conversion of
stilbene to phenanthrene in the presence of iodine as an oxidant [20]. (Z)-Stilbene
(cis-stilbene) undergoes 6m-electrocyclization under UV light irradiation to form
4a,4b-dihydrophenanthrene, which is unstable and further oxidized to phenanthrene.
Martin and co-workers applied the Mallory’s method to helicenes and prepared the
first [7]helicene with a double-layer structure in 1967 [21]. Since then, a series of [n]
helicenes (n = 7—14) has been prepared by the oxidative photocyclization of stilbene
derivatives (Table 4.1) [22-29]. In 1991, Katz and co-workers improved this method
by adding propylene oxide as an acid scavenger [30]. Nowadays, the Katz’s method
is a standard method for the photochemical synthesis of helicenes.

The merits of oxidative photocyclization are (1) easy access to the precursor
stilbenes either by Wittig reaction or by Mizoroki—Heck reaction and (2) facile E/Z-
photoisomerization that allows the use of E/Z mixtures as precursors. However,
oxidative photocyclization must be conducted under highly dilute conditions to
prevent [2x + 2x] photodimerization, and therefore a large-scale synthesis of
helicenes is usually troublesome in the photochemical procedures. To overcome
the major drawback, a variety of non-photochemical procedures such as Diels—Alder
reactions [31, 32], coupling reactions using a transition-metal catalyst [33], ring-
closing metathesis [34], and [2% + 2% + 27] cycloisomerization of triynes [35] have
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Table 4.1 Synthesis of [n]helicenes (n = 8—14) from precursor stilbenes with different sequences

[n] Yield [n] Yield
Helicene | Precursor | (%) References | Helicene | Precursor | (%) References
[81] [4]+[3] 62 [22] [11] [6]+[4] 45 [26]
[4]1+[3] 80 [23] [3]1+[3] 54 [28]
+[3]
[4]+[3] 85 [24] [4]+[1] 84 [28]
+[4]
[6]+([1] 40 [25] [4]+[1] 60 [24]
+[4]
[6]+[1] 40 [26] [4]+[3] 80 [24]
+[2]
[4]+[1] 30 [24]
+[1]
[12] [2]+[6] 42 [28]
+[2]
[9] [4]+[4] 48 [22] [3]+[4] 32 [28]
+[3]
[4]+[4] 50 [23] [4]+[3] 30 [24]
+[3]
[4]+[4] 70 [27]
[6]+[2] 74 [26] [13] [4]+[3] 52 [29]
+[4]
[4]+([1] 50 [24] [4]1+[3] 40 [24]
+[2] +[4]
[6]+[3] 2 [26]
+[2]
[10] [6]+([3] 79 [26]
[4]+[1] 20 [24] [14] [3]+[6] 45 [28]
+[3] +[3]
[4]+[3] 30 [24] [4]+[4] 10 [28]
+[1] +[4]

been developed to date. Nevertheless, [14]helicene prepared by Matin and Bae in
1975 [28] had been the longest for a long time until Murase and Fujita reported [16]
helicene in 2015 [14].

4.3 Helicene Synthesis by Oxidative Photocyclization

Oxidative photocyclization of stilbene derivatives has been frequently employed in
the construction of helicene frameworks. In addition to the aforementioned merits of
this procedure, predictable arene positions connected by the cyclization are useful
for designing the precursor stilbenes.
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Scheme 4.1 Oxidative photocyclization of stilbenes with different sequences: (a) [2]+[1], (b) [1]+
[21+[1], (¢) [2]+[1]+[2] and (@) [2]+[2]

For example, [4]helicene is synthesized from the stilbene with a [2]+[1] sequence,
where “[n]” and “+” denote ortho-fused [n]helicene subunits and vinylene (—
CH=CH-) linkers, respectively. In theory, by free rotation around the naphthyl—
CH bond, both [4]helicene and benzanthracene can be generated by the oxidative
photocyclization. In fact, however, [4]helicene is exclusively generated in a high
yield (Scheme 4.1a) [36]. This result indicates the preferred route corresponding to
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Scheme 4.2 Synthesis of [14]helicene from different precursors

the dihydroaromatic intermediate with the greater aromatic resonance stabilization.
Thus, the cyclization provides a phenanthrene-type product rather than an
anthracene-type one. Similarly, double oxidative photocyclization of the stilbene
with a [1]+[2]+[1] sequence affords [6]helicene selectively (Scheme 4.1b)
[37]. However, exceptionally, the [2]+ [1]+ [2] sequence preferentially gives planar
dinaphthanthracene instead of [7]helicene to circumvent the steric repulsion
(Scheme 4.1c) [38—40]. Although the [2]+[2] and [1]+[1]+[1] sequences preferen-
tially give [S]helicene, the photoproduct is further oxidized into benzoperylene
(Scheme 4.1d) [36, 41, 42].

At first glance, the elongation of [n]helicenes seems to be readily accomplished
by just using longer precursor stilbenes. The oxidative photocyclization of stilbenes
is surely a reliable method for the synthesis of longer helicenes, but the product
yields largely depend on the sequences of the employed stilbene precursors
(Table 4.1). For example, [14]helicene is prepared from the [3]+[6]+[3] sequence
more efficiently than the [4]+[4]+[4] sequence (Scheme 4.2) [28]. Moreover, the [6]
+[6] sequence failed to furnish [13]helicene under any conditions, despite favorable
theoretical predictions, presumably due to the steric congestion around the C=C
bond (Scheme 4.3) [43]. These results indicate that the connection of shorter
helicene subunits followed by the cyclization is not always a suitable choice for
the preparation of longer helicenes. In addition to the synthetic difficulty, the lack of
a guideline for designing precursor stilbenes has hampered the elongation of [n]
helicenes with n > 15 for a long time.
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Scheme 4.3 Synthesis of [13]helicene from different precursors

4.4 Synthetic Guideline for Precursor Stilbenes Toward
Longer Helicenes

Conventional precursors that have been employed for oxidative photocyclization
have shorter helicene subunits with three and more ortho-fused benzene rings (i.e.,
[3], [4] and [6] units; Table 4.1). Since those helicene subunits are also prepared by
oxidative photocyclization, the same photochemical procedure should be repeated to
obtain the final longer helicenes. This synthetic disadvantage is eliminated by using
only the simplest subunits [1] and [2] (namely, phenylene and naphthylene units)
and connecting them through multiple C=C bonds in the precursor stilbenes. Such
precursors can find a suitable pathway to fold into longer helicenes because the
photocyclization before oxidation is a reversible process. However, as mentioned
above, the [1]+[1]+[1], [2]+[2] and [2]+[1]+[2] sequences should not be included in
the precursors because these sequences reduce the yields of helicenes. Based on
these considerations, the following guideline for the design of precursor stilbenes is
deduced: “[2] units must be separated by two [1] units”. Namely, only ---+[2]+[1]
+[1]+[2]+[1]+[1]+[2]+--- sequences can undergo oxidative photocyclizations with-
out unfavorable benzoperylene or anthracene formation.

4.5 [9]Helicene

The design guideline was confirmed by triple photocyclization of the precursor
stilbene with a [2]+[1]+[1]+[2] sequence in the synthesis of [9]helicene. The pre-
cursor was easily prepared in five steps and in large amounts (Scheme 4.4). The
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Scheme 4.4 Synthesis of the [2]+[1]+[1]+[2] precursor

solubility of the [2]+[1]+[1]+[2] precursor in chloroform largely depends on the
number and position of (E)-olefins: (Z,Z,2) > (Z,Z,E) > > (E,Z,E). Considering the
solubility and easy handling, it is desirable to prepare the precursor by (Z)-selective
olefinations, even though E/Z mixtures in the precursor are no problem in the last
photocyclization.

When a solution of the [2]+[1]+[1]+[2] precursor in toluene (1.0 mM, 4 mL) was
irradiated with a 450-W high-pressure Hg lamp at 90 °C in the presence of I,
(oxidant, 3 equiv) and propylene oxide (acid scavenger, 50 equiv), a yellow solid
was immediately precipitated, and [9]helicene was formed in 3% NMR yield after
1-h photoirradiation (Table 4.2, Entry 1). Rapid E/Z photoisomerization brings about
precipitation of the [2]+[1]+[1]+[2] precursor as a planar (E,E,E) form even at high
temperature. This phenomenon is characteristic of the oxidative photocyclization of
precursor stilbenes bearing multiple C=C bonds. However, photoirradiation for a
longer time suddenly increased the product yield, due to the participation of the
yellow precipitate in the helicene formation. The optimized irradiation time and
concentration were 6 h and 0.20 mM, respectively, and [9]helicene was obtained in
74% NMR yield (67% isolated yield) (Entry 4). Further prolonged irradiation
gradually decreased the product yield probably due to the photodecomposition
(Entry 5,6). The product yield in the triple photocyclization is comparable to those
in the previous single or double photocyclization (Scheme 4.5) [24, 26, 27]. This is
the first demonstration of triple photocyclization in the helicene synthesis and
verifies the synthetic guideline for precursor stilbenes.
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Scheme 4.6 Synthesis of TIPSO-[9]helicene by triple photocyclization

Decreasing the solubility of precursor stilbenes during photoirradiation is the
major concern in the synthesis of longer helicenes by multiple oxidative
photocyclizations through the rapid E/Z isomerization. When the triisopropylsilyl
ether (TIPSO) groups were introduced at both ends of the [2]+[1]+[1]+[2] precursor,
the solubility was significantly increased during photoirradiation. After 6-h irradia-
tion, TIPSO-[9]helicene was formed in 49% NMR yield (Scheme 4.6). Although the
NMR yield of TIPSO-[9]helicene is inferior to that of unsubstituted [9]helicene
(74% NMR yield, 6-h irradiation), the triple photocyclization did proceed even in the
presence of bulky substituents. Precursor stilbenes handled with ease pave the way
for one-pot multiple oxidative photocyclizations toward longer helicenes.
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4.6 [16]Helicene
4.6.1 TIPSO-[2]+[1]+[1]+[2]+[1]+[1]+[2]-OTIPS Precursor

According to the synthetic guideline, the [2]+[1]+[1]+[2]+[1]+[1]+[2] precursor was
designed to perform sextuple photocyclization toward [16]helicene. The solubility of
the pristine precursor is expected to be considerably poor. Therefore, bulky TIPSO
groups and non-planar, Z-configured olefin parts were introduced in advance. The
TIPSO-[2]+[1]+[1]+[2]+[1]+[1]+[2]-OTIPS  sequence was retrosynthetically
divided into three components as Wittig reaction partners: terminal TIPSO-[2],
[1]+[1] and central [2] units (1, 2, and 3, respectively; Scheme 4.7). The terminal
TIPSO-[2] unit 1 was prepared in high yield in four steps from 6-hydroxy-2-
naphthaldehyde (4) (TIPSCl/imidazole, NaBH,, CBr4/PPh;, and then PPhj3). The
[1]+[1] unit 2 was prepared by the mono-formylation of (Z)-4,4’-dibromostilbene (8)
(n-BuLi/DMF). The central [2] unit 3 as a bisphosphonium salt was prepared
quantitatively from 2,7-bis(bromomethyl)naphthalene (9).

The connection order of three components 1-3 is important; when the central
[2] unit 3 was firstly coupled with the [1]+[1] unit 2 by double Wittig reaction, the
resulting [1]+[1]+[2]+[1]+[1] sequence 13 is an insoluble yellow solid, and the
further treatment was impossible (Scheme 4.8a). Alternatively, the terminal
TIPSO-[2] unit 1 was coupled with the [1]+[1] unit 2 in advance to prepare the
TIPSO-[2]+[1]+[1] sequence 14 as a pale yellow oil (Scheme 4.8b). Then, the
bromide 14 was again formylated to TIPSO-[2]+[1]+[1] sequence 15. Finally, the
central [2] unit 3 was coupled with TIPSO-[2]+[1]+[1] sequence 15 by double Wittig
reactions to furnish the TIPSO-[2]+[1]+[1]+[2]+[1]+[1]+[2]-OTIPS sequence 16 as
a yellow sticky solid in 85% yield. The precursor was soluble in chloroform and
toluene. The E/Z ratio was estimated from the integral value of the 'H NMR signals
of Z-olefins that appeared in a relatively upfield region (& = 6.8-6.4 ppm) and are
distinguished from the signals of E-olefins and aromatic protons (6 = 7.9-7.0 ppm).

4.6.2 Sextuple Photocyclization

A toluene solution of TIPSO-[2]+[1]+[1]+[2]+[1]+[1]+[2]-OTIPS precursor 16 was
irradiated with a 450-W high-pressure Hg lamp at 90 °C in the presence of I,
(oxidant, 6 equiv.) and propylene oxide (acid scavenger, 100 equiv.) (Scheme
4.9). The experimental setup is shown in Fig. 4.2; up to 11 sample tubes (20 mL
each) were set around the UV light source and immersed in an oil bath prior to the
irradiation. To grasp the behavior of the precursor and photoreaction intermediates,
the time course of the sextuple photocyclization was monitored by HPLC. After 24-h
irradiation, the precursor was completely consumed and numerous uncharacterized
intermediates appeared. However, further irradiation (48-h irradiation in total) gave
rise to one prominent peak. The corresponding fraction was isolated by preparative



80 T. Murase

a
TIPSCI
CHO |m|dazole OO CHO NaBH4 OH
HO CHZC|2 TIPSO EIOH TIPSO
86% 6
(2 steps)
PPhy
CHZC|2 TIPSO toluene TIPSO
78%
(2 steps) "TIPSO'[2]"
1)"BuL| (1eq)
Br 67%
ety
C
) "BulLi
Br 2)DMF OHC CHO NaBH4 w
OO o~ I
79% 96%
PPh,
| OBry _PPhy -Br-Ph3+PP+Ph3'Br-
CHCI3
70% quant.

n[2]||

Scheme 4.7 Synthesis of the three components: (a) the terminal TIPSO-[2] unit 1, (b) the [1]
+[1] unit 2, and (c) the central [2] unit 3

HPLC and a yellow solid was obtained in 7% yield. In size-exclusion chromatog-
raphy, the increased retention time, compared to the original one, indicated a folded
compact structure of the product. The molecular mass of the product and the isotope
pattern were consistent with the calculated value for the target TIPSO-[16]helicene,
which means that the sextuple photocyclization did proceed to give the product in
which 16 benzene rings are fused.

The "H NMR spectrum of TIPSO-[16]helicene is shown in Fig. 4.3. The terminal
aromatic protons (H, and H,) appeared at the quite upfield region (6 = 5.51 and
5.78 ppm, respectively), indicating that these aromatic protons are located above the
other aromatic rings. Especially, the doublet of doublets signal H,, is characteristics
and assigned to the inner ortho-protons in the terminal benzenes. The two methyl
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Fig. 4.2 The experimental setup for the synthesis of TIPSO-[16]helicene by UV light

groups of each isopropyl group in the TIPS terminals are diastereotopic owing to the
chiral environment provided by the aromatic helix. The chemical shift values of
TIPSO-[16]helicene were also compared to those of [14]helicene (Fig. 4.4). It is
found that aromatic protons at the highly upfield region are common characteristics
of longer helicenes with triple-layer structures. The aromatic protons located at the
middle layer are also shifted upfield due to the shielding effects from the upper and
lower layers.
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It is remarkable that the 7% isolated yield of TIPSO-[16]helicene for the sextuple
photocyclization corresponds to a ca. 64% yield for each individual step. Statisti-
cally, it is impossible that the six cyclizations occur simultaneously to form the [16]
helicene framework. Instead, there are a myriad number of pathways leading to
TIPSO-[16]helicene. Presumably, the TIPSO-[2]+[1]+[1]+[2]+[1]+[1]+[2]-OTIPS
precursor 16 find the best pathway through reversible photocyclization before
oxidation.

The influence of the precursor sequence on the [16]helicene synthesis was also
investigated (Table 4.3). Precursor 17 consisting of a [2]+[1]+[6]+[1]+[2] sequence
corresponds to 16 that is cyclized in advance at the central [1]+[2]+[1] moiety,
whereas precursor 18 consisting of a [4]+[1]+[2]+[1]+[4] sequence corresponds to
16 that is cyclized in advance at the terminal [2]+[1] and [1]+[2] moieties. After UV
light irradiation, "H NMR measurements revealed that 16, 17, and 18 were converted
to TIPSO-[16]helicene in 11%, 2%, and 4% NMR yields, respectively. Despite the
decreased number of cyclization, the cyclization efficiencies of 17 and 18 were lower
than that of 16, and [4]helicene subunits, which give diagnostic 'H NMR signals at
around 9 ppm, still remained to be unreacted. In addition to the higher photochem-
ical conversion of 16 into TIPSO-[16]helicene, the preparation of 16 does not require
photocyclization. These results strengthen the usefulness of precursor 16 in the [16]
helicene synthesis.

4.6.3 X-Ray Crystal Structure

The X-ray crystal structure of TIPSO-[16]helicene is shown in Fig. 4.5. Similar to
other reported crystals of carbo[n]helicenes, six benzene rings are fused for one turn
of the helix. Three & layers are stacked in an almost parallel fashion, as shown in the
space-filling representation. Since [11]helicene with a double-layer structure has
been the longest helicene that was characterized by X-ray crystallographic analysis
[44], the present crystal structure is the first observation of a triple-layer structure of
[n]helicenes.

The detailed structural parameters of TIPSO-[16]helicene are summarized in
Fig. 4.6. Benzene ring H, embedded in the middle layer, is compressed by rings
B and N with interplanar angles of 6.2° and 4.1°, respectively (Fig. 4.6a). One
methyl group of the terminal TIPSO substituent is buried between the w layers,
leading to the increase of the interplanar angle (14.2°) between the terminal benzene
ring A and the above benzene ring G. The average C—C bond lengths of the inner and
outer helices are 1.44 A and 1.36 A, respectively, which are elongated and shortened
compared with the C—C bond length of benzene (1.40 A). Hence, the inner C-C
bonds have single bond characters, whereas the outer ones have double bond
characters. The average pitches of the inner and outer helices are 3.29 and 3.66 A,
respectively (Fig. 4.6b), which are the same as and shorter than the corresponding
pitches of [9]helicene [14]. These findings demonstrate that the triple-layer structure
is more tightly compressed than the double one in [n]helicenes.
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Fig. 4.5 The X-ray crystal structure of TIPSO-[16]helicene: (a) side and (b) top views

4.6.4 Conversion to Unsubstituted [16]Helicene

The hitherto longest carbohelicene has been prepared as an unsubstituted form.
Therefore, TIPSO-[16]helicene was further converted to unsubstituted [16]helicene
in there steps without purification of the intermediates (Scheme 4.10). [16]Helicene
is a yellow solid and hardly soluble in all common solvents. The "H NMR spectrum
obtained by long accumulation supported the removal of TIPSO groups from the
terminal benzene rings of TIPSO-[16]helicene. The molecular mass of [16]helicene
was clearly revealed by MALDI-TOF mass spectroscopy.

4.7 Conclusion

Simple arylene—vinylene oligomers containing only [1] and [2] units can be good
precursors for the synthesis of longer helicenes when the [1] and [2] units are
appropriately arranged in the precursor sequences. Based on the synthetic guideline
for precursor stilbenes, the longest [16]helicene was successfully synthesized, and
the triple-layer structure was clearly observed by X-ray crystallographic analysis. It
is intriguing to investigate whether the synthetic guideline can be applied to the
synthesis of much longer carbohelicenes or heterohelicenes. Since oxidative
photocyclization should be conducted at highly dilute concentrations, a tiny amount
of TIPSO-[16]helicene was obtained in a single experiment. A large-scale photo-
chemical synthesis of longer helicenes is a next challenge, and a continuous flow
technique will overcome the drawbacks of multiple photocyclizations in a batch
reactor [45-47].
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Fig. 4.6 Structural parameters of TIPSO-[16]helicene: (a) C—C bond length and (b) pitch distance
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Scheme 4.10 Conversion from TIPSO-[16]helicene to unsubstituted [16]helicene
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Chapter 5 )
Design of the Chiral Environment ekl
for Asymmetric Acid-Base Catalysis

Yoshihiro Sohtome, Kazuo Nagasawa, and Mikiko Sodeoka

Abstract Asymmetric catalysis is one of the most powerful methodologies for
engineering chiral molecules. But, despite significant advances, there have been
few systematic studies aiming to explore and expand the available “catalytic asym-
metric space.” In general, optimization of the selectivity (enantio-, diastereo-, regio-,
and chemoselectivity) of asymmetric catalysis relies on trial-and-error screening
using the inherent stereochemistry embedded in “privileged” chiral templates. This
review describes our nascent efforts to broaden the conceptual basis of catalyst
design, focusing on the development of two different classes of asymmetric catalysts
including (1) conformationally flexible guanidine/bisthiourea organocatalysts and
(2) centrochiral transition-metal catalysts. We will also discuss physical-organic
chemical methodologies available to explore the interplay of structure and selectivity
in asymmetric acid-base catalysis.
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5.1 Introduction

Chiral molecular catalysts have been often considered as analogous to the catalytic
active sites of enzymes [1-4]. However, the stereoselection processes of enzymes
and molecular catalysts are regulated by fundamentally different principles. Most
enzymes are large proteins, which have considerable conformational flexibility to
construct well-defined three-dimensional catalytic active-site architectures in the
folded state, facilitating the highly selective molecular recognition of substrates
[5, 6]. A remarkable example of the link between structural dynamics and functional
changes is provided by signal transduction pathways in the living cell, in which
enzymes play a pivotal role in regulating the posttranslational modifications of
proteins. In contrast, chiral small molecular catalysts utilize the chiral environments
around their catalytic active sites; most organocatalysts contain an active site
(s) covalently linked to a chiral template(s), while transition-metal catalysts consist
of a central metal(s) with chiral ligand(s). Chemists are generally required to select a
suitable combination of the active site and the chiral template/ligand during the
optimization process in the development of asymmetric catalysis. With regard to
reactivity, the repertoire of reaction patterns susceptible to asymmetric molecular
catalysis has rapidly expanded in recent decades, with the discovery of “activation
modes” [7, 8]. An important challenge in the field of asymmetric catalysis is to
further explore the “chiral catalytic space,” because conventional catalysts, including
organocatalysts and metallocatalysts, have mainly been predicated on the use of the
inherent stereochemistry embedded in “privileged” chiral templates [9, 10].

A primary objective of our work described here is the identification of effective
catalyst core frameworks that enable us to manipulate the chiral space. In particular,
we have focused on the development of cooperative (bifunctional or multifunctional)
catalysis, in which both nucleophilic and electrophilic reactants are activated in the
bond-forming process, to attain high selectivity and rate acceleration [11, 12]. We
will also discuss physical-organic approaches to gain mechanistic insights into the
stereo-discrimination processes involved in catalyst—substrate interactions.

5.2 Conformationally Flexible Guanidine/Bisthiourea
Organocatalysts

Hydrogen-bonding (H-bonding) interactions between hydrogen atoms (X-H) and
Lewis basic acceptors (A) are critical for controlling the reactivity and
stereoselectivity in enzymatic chemical reactions [13]. The energy of individual
H-bonds is relatively weak, ranging between those of covalent bonds and van der
Waals interactions, but enzymes construct beautifully defined catalytic active sites
by exploiting multiple H-bonding interactions. The weakness of H-bonding interac-
tions in enzymes is also the key to efficient product release after the bond-forming
reaction, allowing high turnover. Such multiple roles of H-bonds, as well as the
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Fig. 5.1 The structures of Rl _R2  Ar=385{(CF3)yCeHs
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inertness of H-bond donor catalysts to water and oxygen, have stimulated a wide
variety of synthetic applications of asymmetric organocatalysis [14—17].

Beginning with foundational disclosure of the availability of (thio)urea as a
double H-bond donor by Sigman and Jacobsen in 1998 [18], the use of chiral double
H-bond donors has been recognized as a useful strategy for designing asymmetric
organocatalysts. The development of Takemoto’s bifunctional thiourea [19, 20]
incorporating a dimethylamino group, which acts as a Brgnsted base, was another
important keystone. By applying the bifunctionality concept [11, 12] to design chiral
H-bond donor catalysts, the scope of substrates has been greatly extended. Further-
more, kinetic, computational and structure-catalytic activity relationship studies
have provided important guidelines for the development of asymmetric
organocatalysis [21-24].

Since Nagasawa’s group reported an early example of the development of chiral
pentacyclic guanidine catalysts [25-28], we (KN and YS) have continued to explore
conformationally flexible guanidine/bisthiourea organocatalysts 1 and 2 (Fig. 5.1)
[29-31]. We found great inspiration from the diverse but well-defined kinetic
reaction pathways controlled by enzymes. Although several peptide-based
organocatalysts have been reported [32, 33], development of organocatalysts using
acyclic chiral templates has generally been neglected, likely because acyclic mole-
cules can generate many conformers in situ. In general, catalytic stereo-
discrimination processes are discussed in terms of the active complex in the transi-
tion state, and structurally defined chiral templates are often used with the aim of
reducing the number of transition states. On the other hand, we have explored
conformationally flexible non-peptide organocatalysts, which can be easily synthe-
sized from readily available amino acids. In the course of our research program to
develop guanidine/bisthiourea catalysts 1 and 2, our aim was to develop highly
tunable catalytic active sites involving H-bond donor and Brgnsted base moieties.
Basically, we hypothesized that kinetic reaction control through the bifunctional
transition state constructed by the guanidine/bisthiourea catalyst would promote
catalytic stereoselective bond-forming reactions, regardless of the existence of
other unwanted conformers of the catalyst in the reaction media. Building on this
basic idea, we have applied conformationally flexible guanidine/bisthiourea
organocatalysts 1 and 2 to several classes of catalytic asymmetric reactions, includ-
ing the nitro-aldol (Henry) reaction [29, 33-37], nitro-Mannich reaction [38],
Mannich-type reaction of malonates [39-41], Friedel-Crafts (F-C) reaction of
phenols [42—44], Michael reaction of p-dicarbonyl compounds [45], phospha—
Michael reaction [46], epoxidation [47], o-hydroxylation [48-51], and
o-amination [52].
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In the following section, we will mainly discuss the development of dynamic
asymmetric organocatalysis as a tool to output dual catalytic functions using a single
chiral catalyst. These efforts were based on the working hypothesis that the relative
arrangements of basic (guanidine functional group) and H-bond donor sites (thiourea
functional groups), which are linked by a flexible chiral spacer in the catalyst, can be
altered as required depending on the substrate and reaction conditions. Here, we will
place particular emphasis on how to attain switchable properties with a common
mechanistic paradigm that utilizes only H-bond donor and Brgnsted base moieties.

5.2.1 Enantiodivergent Mannich-Type Reactions

We will begin with enantiodivergent organocatalysis, in which each enantiomer can
be catalytically synthesized depending upon the reaction conditions.
Stereoswitchable phenotypes to attain high dual enantioselectivities using a single
chiral catalyst have long received little attention [53], but more recently, there have
been some systematic investigations for the development of chiral switchable cata-
lysts to attain high dual selectivity in the field of asymmetric catalysis and supra-
molecular catalysis [3, 4, 54-57].

Initially, we selected the Mannich-type reaction of N-Boc imines 3 and malonates
4 [58-60] to explore organocatalytic enantioswitching. Because this reaction is
irreversible under mild basic conditions, we envisioned that the enantioselectivity
would be kinetically controlled in response to conformational change of the guani-
dine/bisthiourea. After systematic catalyst screening with our working model, we
identified the stereoswitching potential of (S,S)-1a in the Mannich-type reaction of
3 with 4 [40]. As shown in Table 5.1, the Mannich-type reactions promoted by (S,S)-
la in m-xylene or toluene generate (S)-selective adduct (87-97% ee), while the
reactions proceeded in an (R)-selective manner when acetonitrile was used as a
solvent (80-89% ee). Under optimized conditions, we obtained relatively high
catalyst turnover frequencies (TOF) in the Mannich-type reaction of 3a and 4a: 66 h
~1in (8)-selective reaction and 25 h™! in (R)-selective reaction.

Sequential enantiodivergent catalysis, wherein dual catalytic functions can be
exhibited with single-flask operation, emerged as an attractive yet challenging next
step [61]. To achieve such a catalytic sequence, the transition states that show
different functional outcomes should be constructed with a single chiral source
and in a single flask. Before our work [41], only two examples of sequential
diastereodivergent catalysis depending on the metal and acidic additive had been
reported [62, 63]. Although these examples showed that two diastereomerically
different transition states can be constructed in the presence of a single chiral source
with single-flask operation, reversible switching of catalytic functions with single-
flask operation still remained a formidable task; primarily because exchanging the
diastereo-switching trigger, such as metal [62] or acidic additive [63], is inherently
difficult without a purification process.
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Table 5.1 Solvent-dependent enantiodivergent Mannich-type reaction using (S,S5)-1a

NE Boc
Ar1JJ\H + CHy(CO,Me),
HN/BOC 3 4a HN,Boc
AW%\(COAM || 2o A _cOMe
COMe solvent (0.05 M to 3) CO.Me
(+)-(5)-5 )-(R)-5
A = N ” “( 3 A
S Me Me S Ar=3,5-(CFg)y-CeHa
(S,5)-1a
(1 mol%)

Imine 3 Ar Solvent Temp. (°C) Time (h) Yield (%) Ee (%)*
3a: Ph m-xylene 0 1.5 99 +92
3bP: 4-Me-CgH, m-xylene 0 1.5 99 +92
3c: 3-Me-CgHy m-xylene 0 2 97 +91
3d: 2-Me-C¢Hy m-xylene 0 3 98 +93
3e®: 4-C1-C4H, m-xylene 0 2 99 +90
3f: 4-MeO-CcHy4 m-xylene 0 8 99 +97
3 g: 2-naphthyl m-xylene 0 1.5 99 +94
3h°: 2-furyl m-xylene -10 1 97 +89
3i°: 2-thienyl toluene —10 1 98 +97
3a: Ph MeCN -30 4 99 —88
3b: 4-Me-CgH, MeCN —40 18 98 —89
3c¢: 3-Me-CgHy MeCN —40 15 96 -89
3d%: 2-Me-CgH, MeCN -30 14 90 —80
3e: 4-Cl-C¢Hy MeCN —40 6 99 —82
3f: 4-MeO-CgH, MeCN —40 20 88 —84
3 g: 2-naphthyl MeCN —40 12 97 —80
3 h: 2-furyl MeCN -30 10 92 —84
3i%: 2-thienyl MeCN —40 12 97 —86

“The ee of (S)-5 is defined as plus and that of (R)-5 as minus
The reaction was carried out at 0.1 M concentration of 3

€2 mol% of (S,S)-1a was used

93 mol% of (S,S)-1a was used

Inspired by these excellent sequential diastereodivergent reactions, we developed
sequential enantiodivergent reactions using (S,5)-1a. Because we can easily switch
the reaction solvent as required with single-flask operation, we designed the protocol
shown in Scheme 5.1. After the imine 3a was consumed in the first Mannich-type
reaction with 4a, the solvent was removed, and then the second Mannich-type
reaction with a different imine was carried out in a different solvent. In the upper
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i. (R)-selective reaction ii. (S)-selective reaction

3b: Ar = 4-MeO-C¢H,4- _Boc
_Boc  3c: Ar = 2-thienyl N

o " (Ar H ) CHQ(COgM-e)g HN/BOC HN/BOC
(8,91 1.0 equiv) 4a (1.2 equiv) : COMe CO,Me
3a (1.0 equiv) (10 mol%) L \‘ ph/pﬁ/ 2 Ar’s
+ evap. Cone Cone
acetonitrile m-xylene
CHCOMe)2 (0.1 W) (O1M)  run1: (R)5aa  (S)-5ba Ar = 4-MeO-CeH,-
4a (1.2 equiv)-30°C, 24 h -10°C, 24 h 99% yield 99% yield
88% ee 94% ee
run 2: (R)-5aa (S)-5ca: Ar = 2-thienyl
99% yield 90% yield
i. (S)-selective reaction ii. (R)-selective reaction 88% ee 93% ee
_Boc
N
B
n-Bo° /O)J\ H .
H MeO CHo(COMe),  pn-~20° HN
Ph (S,9)-1 3b (1.0 equiv) 4a (1.2 equiv) CO,Me - CO,Me
3a (1.0 equiv) (10 mol%) K_ L PhS m
+ evap. — CO,Me MeO CO,Me
m-xylene acetonitrile ©
CHACOMe)z (0.1 M) (0.1M)  run3: (S)-5aa (R)-5ba: Ar = 4-MeO-CyH -
4a (1.2 equiv)-10°C, 24 h -40°C, 24 h 99% yield 87% yield
92% ee 80% ee

Scheme 5.1 Bidirectional sequential enantiodivergent Mannich-type reactions

scheme, (R)-5aa (99% yield, 88% ee) was obtained in acetonitrile, while (S)-Sbha
(run 1: 99% yield, 94% ee) and (S)-5ca (run 2: 90% yield with 93% ee) were
obtained in the second Mannich-type reaction using m-xylene. Notably, this catalytic
strategy can be applied to bidirectional switching. As shown in the bottom part of the
scheme, (S)-5aa (99% yield, 92% ee) in m-xylene was produced in the first reaction,
followed by generation of (R)-5ba (run 3: 87% yield, 80% ee) in the second reaction
using acetonitrile.

Thus, our work illustrated in Scheme 5.1 showcased that the catalytic activity of
(§,5)-1a is not inhibited even in the presence of an excess amount of the chiral
Mannich adduct produced in the first reaction. This is a remarkable example of
artificially switchable catalysis, which enables ON/ON functional switching with
relatively high dual enantioselectivity.

Next, we will briefly discuss the mechanism of the characteristic
enantioswitching [40, 41]. First, the critical role of both the guanidine and thiourea
functional groups on (S,S)-1a was confirmed by comparison of the reactions in
toluene and acetonitrile promoted by (S,S)-1 versus its structural variants 6 and
7 (Scheme 5.2). When the same conditions used in the (S,S)-1a-catalyzed reactions
were employed for 6, no reaction occurred. Guanidine 7, in which the side arms were
protected with Boc, can catalyze the Mannich-type reaction in high yield, albeit with
low enantioselectivity (toluene: 99% yield, 0% ee and acetonitrile: 97% yield, —1%
ee). These control experiments indicate that both guanidine and thioureas are crucial
for attaining the high reactivity and selectivity in the (S)-, and (R)-selective
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.B
N oc
Ph)I\H + CHy(COMe), + Cotr;npound
or7
3a 4a (1.2 equiv) 10 mol% B
HN/BOC ( 0) HN- oc
Ph)s\(COZMe Conditions A ‘ ‘ Conditions B Ph/,%{\(COZMe
CO,Me Toluene MeCN CO,Me
0.1 Mto2 (0.1 M to 2)
(+)-(S)-5aa —(10 °C, 24 . °C, 24 h (-)-(R)-5aa
Ar=3,5-(CF3)2-CGH3-
S N
H H J\ H H BocHN 41\ NHB
- ~ ~ ocC \/\ oC
Ar \n/ : H H/\l/ \[S]/ Ar N /\l/

S

Me Me

6

Conditions A: 0% conversion
Conditions B: 0% conversion

Me

Conditions A: 99% yield, 0% ee
Conditions B: 97% yield, —1% ee (R)

Me
7

Scheme 5.2 Structure and catalytic activity relationships in the enantiodivergent Mannich-type
reactions of 3a with 4a

Toluene HN’BDC <
.Boc (0.1 M to 3a) l\ /
Ji -10°C,24h ¢ ]/COgMe _.60 | =
. \9‘ -
Ph” "H CO,Me %’w =
Sa (+)-(5)-5aa 3 = o ee of the catalyst (%)
o o . \ .
+ — 1a (10 mol%) . :c;'zn 2 s % P s
_Boc 4 o
CH,(CO,Me), HN “.-‘5_40 -
_~_COMe ©
4a (1.2 equiv) > Ph7RY 87 =
MeCN CO.Me -80 ~ -
(0.1 M to 3a) 100
—30°C, 24 h (-)-(R)-5aa

Fig. 5.2 Relationships between the % ee of catalyst 1a and that of Mannich adduct 5aa

Mannich-type reactions. The fact that asymmetric induction did not occur with the
chiral guanidine 7 tends to rule out a mechanistic scenario based on functional
masking with interactions between thiourea and acetonitrile.

Second, in order to examine whether the active species is monomeric or oligo-
meric, we investigated the relationships between the % ee of catalyst 1a and that of
Mannich adduct Saa in both toluene and acetonitrile. The resulting linear relation-
ships (Fig. 5.2) suggest that the monomeric species of 1a, not oligomers [36],
controls the stereo-discrimination process in the Mannich-type reaction.

Most importantly, we identified a characteristic temperature profile of the solvent-
dependent Mannich-type reaction. In particular, as the reaction temperature was
raised, the (S)-selectivity in m-xylene increased. Considering that the
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stereoselectivity in the (S)-selective reaction would be governed by the monomeric
active species, as indicated in Fig. 5.2, the temperature effect in the (S)-selective
reaction is unusual. On the other hand, as the reaction temperature was lowered, the
ee value of the (R)-adduct in acetonitrile was increased as usual. Because Gibbs free
energy AAGY (AAH* — TAAS*; AAH* represents the differential activation
enthalpy, while AAS* represents the differential activation entropy) is a crucial
factor in the stereo-determining step under kinetic domination, and it is regulated
by the interplay between AAH* and AAS*, we next examined the relationship
between the enantioswitching and enthalpy-entropy compensation. We experimen-
tally determined the values of AAH* and AAS* in our solvent-dependent Mannich-
type reaction. The relative rates of (5)-(+)- and (R)-(—)-5aa can be expressed by
Egs. (5.1) and (5.2), respectively, based on the Eyring treatment [64], and we can
obtain the values of AAH* and AAS* by plotting In[(100 + % ee)/(100 — %
ee)] vs. 1/T, as shown in Fig. 5.1.

In(ks/kg) = —AAH*s_/RT + AAS*s_p/R (5.1)
In(kg/ks) = —AAH*g_s/RT + AA S*z_g/R (5.2)

Importantly, the plots gave reasonably straight lines with good correlation coef-
ficients over the temperature range (from 0 to —30 °C) we explored (Fig. 5.3). These
observations strongly suggest that the stereo-discriminating step in each solvent was
regulated by the same mechanism, irrespective of the reaction temperature.

As shown in Table 5.2, both AAH*s  and AAS¥ g are positive in (S)-selective
reactions using a nonpolar solvent such as toluene, m-xylene, Cl-benzene, or
CH,Cl,. Thus, differential activation entropies (AASIS,R) lower the AAGIS,R with
unfavorable enthalpic contributions. Meanwhile, negative values of AAH*, g and
AASIR,S were obtained in (R)-selective reactions when we used an aprotic polar
solvent, including EtOAc, THF, EtCN, or MeCN. This means that AAHIR_S has a
major impact in lowering AAG¥,_g in the (R)-selective reactions.

Our studies described here highlight the role of entropy in asymmetric catalysis.
Since the initial report by Inoue [65], entropy-associated asymmetric transformations
have been sporadically reported, but there are still only a few examples where high
enantioselectivity has been achieved. Furthermore, functional switching based on
enthalpy-entropy compensation mode switching is a new idea, which is different
from the typical stereoselectivity principle based on catalyst—substrate binding.

5.2.2 Entropy-Controlled Organocatalytic Friedel-Crafts
Reaction of Phenols

In this section, we will describe our work to apply the 1,3-diamine-tethered guani-
dine/bisthiourea organocatalyst 2 for 1,4-addition (Michael) reactions of
nitroolefins. Because the Michael adduct of nitroolefins involves the reactive site
at the a-position of the nitro group, we also selected this reaction as a starting point to
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.B
N-BoC
Ph)J\H + CH2(COZMG)2
Boc
HN/BOC 3a a 24a ) HN”
.2 equiv : CO.Me
Ph)s\(COZMe | | Ph R 2
CO.Me solvent (0.1 M to 3a) CO,Me
ey toluene EtOAc (-)-(R)-4aa
(+)-(S)-5aa m-xylene THF
Cl-benzene EtCN
CH,Cl, U MeCN
- ~ ~
A Y NN
S Me (55-1a Me Ar=3,5-(CF3),-CeHy-
4 4
35 35
3 3
—~ 25 — 25
T 2t T 2
< s <
20 \\ € 15
1 1
0.5 0.5
®
0 L L 0 L L
3.6 3.8 4 4.2 3.6 3.8 4 4.2
10-3 T-1(K) 10-3 T-1 (K)

Fig. 5.3 Eyring plots of In[(100 + % ee)/(100 — % ee)] vs. 1/T for (S,S)-1-catalyzed Mannich-type

reactions in various

solvents

3Blue color: (S)-Selective reactions in toluene (circle: R? = 0.949), m-xylene (cross: R? = 0.983),
chlorobenzene (triangle: R? = 0.992), and CH,Cl, (diamond: R? = 0.956)
Red color: (R)-Selective reactions in EtOAc (circle: R? = 0.967), THE (triangle: R? = 0.998),

EtCN (square: R? = 0.955), and MeCN (diamond: R? = 0.981)

Table 5.2 Differential activation parameters obtained in (S,S)-1a catalyzed Mannich-type reac-
tions using various solvents

Solvent AAH* (kT mol™h) AAS* Jmol ' K7h
Toluene +15.1 +82.3

m-xylene +19.9 +99.6

Cl-benzene +9.99 +59.6

CH,Cl, +16.8 +79.7

EtOAc —24.0 -87.3

THF -294 —106

EtCN —194 -57.2

MeCN —14.6 -37.2
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explore programmed organocascades, as described in the following section (Sect.
5.2.3).

We targeted electron-rich phenols 8 as pronucleophiles. Despite their potential
utility for designing biologically active probes as well as chiral phenol-based
ligands, only a few bifunctional organocatalyst-based approaches for 1,4-type
Friedel-Crafts (F-C) reaction of phenols had been reported [66—72] before our
work [42-44]; the difficulty may arise mainly from the issue of ligand exchange in
metal-based catalysis. A remaining problem was to selectively obtain mono-ortho-
alkylated adducts; the reported catalytic procedures favored overreaction to produce
thermodynamically stable cyclized adducts [66—72]. To circumvent this problem, we
considered that chemoselective dual activation of substrates with 2 might control the
chemo- and regioselectivity of the phenolate. We also anticipated that the entropy
(AAS¥) effect, which causes the selectivity to increase as reaction temperature is
increased, would be a useful strategy for solving reactivity-related problems without
decreasing the enantioselectivity. This approach would be different from the strategy
of lowering the reaction temperature to improve the enantioselectivity.

The newly developed guanidine/bisthiourea (S,5)-2 having a 1,3-diamine spacer,
which was optimized through systematic catalyst screening, is indeed effective to
regulate the chemo- and regioselectivity of phenolates [42]. A unique feature of the
(S,8)-2-catalyzed F—C reaction of sesamol (8a) with 9a is the concentration effect, as
shown in the Eyring plot (Fig. 5.4); the ee value of 10aa is concentration-dependent.
When we used diluted conditions (0.025 M) in the (S,S)-2-catalyzed F-C reaction,
AAH*g ¢ approaches zero. The results indicate that AAS*g & plays a key role in
controlling the stereo-discrimination. Thus, our findings highlighted the synthetic
advantage of entropy-controlled asymmetric catalysis, in which precise temperature
control is not required to attain maximum enantioselectivity.

Structure-catalytic activity relationship studies using structural variants of (S,S)-
2, shown in Scheme 5.3, demonstrated the critical roles of both catalytic active sites
and the chiral spacer in (S,5)-2 [43]. First, control experiments using tris-thiourea 11
and guanidine 12 indicated that guanidine and thiourea in (S,S)-2 are essential for the
reaction. Second, guanidine/bisthiourea 1b having a 1,2-diamine spacer showed
different characteristics from catalyst 2 bearing a 1,3-diamine spacer. In (S,S)-1b-
catalyzed reaction (R)-10aa was a major product, while (S,S)-2 afforded (S5)-10aa.
Furthermore, when we used 1b as a catalyst, the yield and ee were both drastically
decreased. In the case of (S,S)-1b, the enantioselectivity increased as the reaction
temperature was lowered. These results provide substantial evidence that the
1,3-diamine spacer is critical for reactivity, selectivity, and the unique entropy effect
in the catalytic F-C reaction of 8a with 9a.

The observed linear relationship between the ee of the catalyst 2 and the ee of F—C
adduct 10aa, regardless of the concentration, also suggested that the stereoselectivity
in the F—C reaction using 1,3-diamine tethered 2 is controlled by the monomeric
species [43].

The entropy effect observed in the F-C reaction of electron-rich phenols 8 and
nitroolefin 9a is fairly general. As shown in Scheme 5.4, (S,S5)-2 promotes the
1,4-type F—C reactions of sesamol (8a), 2-naphthol (8b), and 1-naphthol (8¢) with
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Fig. 5.4 Eyring plots of In[(100 + % ee)/(100 — % ee)] vs. 1/T for (S,S)-2-catalyzed F-C reactions
at a variety of concentrations; 0.025 M (circle), 0.05 M (cross), 0.1 M (square) and 0.2 M (triangle)

a range of nitroolefins 9 with 82-94% ee. Most importantly, these reactions take
place at 20 °C, and only trace amounts of by-products were detected [42].

5.2.3 Programmed Organocascades

Programmed cascade catalysis (cycle-specific catalysis) is an attractive strategy to
selectively access distinct classes of chiral product, depending on the catalytic
system employed [72, 73]. In this section we will describe our efforts to use (S,S)-
2 in programmed organocascades by employing two distinct reaction
conditions [74].

The idea for the development of programmed organocascades came from an early
example of the catalytic asymmetric 1,4-type F-C reaction of 8 and 9 reported by
Chen [66], who found that overreaction occurred to generate the dimeric
dihydronaphthofurans 13 in the presence of cinchona-based bifunctional thiourea
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Compound
o OH 11 or12 or (S,S)-1b 0 OH
Ph (5 mol%) <
¢ S No
o} % 2 toluene (0.025 M) 0 NO,
8a (1.0 equiv) 24h (§)-10aa pp
S iPr S Pr S i-pr N i-Pr
AF\N)LNJ\ANJLN/\/\N N BocHN NZN">""NHBoc
H H H H H H H
" Ar = 3,5-(CF3)-CoHg- 12
20 °C 0% conversion 20°C 77% yield, 3% ee (S)
O Ar = 3,5-(CF3)»-CeHg-
P N N
AT N A
S i-Pr i-Pr S
(S5,5)-1b

—30°C 30% yield, 36% ee (R)
—10°C  43% yield, 35% ee (R)
—0°C 51% yield, 31% ee (R)
—20°C 69% yield, 27% ee (R)

Scheme 5.3 Studies on structure-catalytic relationships in 1,4-type Friedel-Crafts reaction of 8a
with 9a

catalyst, even when the reaction temperature was decreased to —50 °C. We postu-
lated that if F—C adducts 10 could be catalytically stimulated in the chiral environ-
ment upon completion of the first 1,4-type F-C reaction using (S,S)-2, subsequent
dimer formation (10 to 13) would take place. Encouraged by the developed solvent-
dependent enantioswitching, as described in Sect. 5.2.1, we initially examined
whether the solvent effect could be used to develop the 1,4-type F-C reaction/
dimer formation sequence in the presence of (S,5)-2. However, no rate acceleration
for dimer formation starting from 10ba (88% ee) was observed, although we used
various solvents. Instead, we found that potassium carbonate (50 mol%) in the
presence of (S,5)-2 can trigger formation of the corresponding dihydrofuranyl-
hydroxyamines 13ba with single-flask operation (Scheme 5.5). Most importantly,
(§,5)-2 induces kinetic resolution [(S,S)-13ba vs. meso-13bal]; the ee value of (S,S)-
13ba is higher than that of ($)-10ba. On the other hand, the reactivity was drastically
reduced in the absence of (S,5)-2, resulting in recovery of (§)-10ba (65%). Further-
more, in the absence of (S,5)-2, the ee value of both (S,5)-13ba and the recovered-
(8)-10ba showed no marked change, suggesting that (S,S)-2 participates in the
catalyst-controlled diastereoselective bond formation. This is a remarkable example
of single chiral catalyst-based sequential asymmetric catalysis in a single flask. The
observed kinetic resolution in the dimer formation is significantly different from
typical substrate-controlled diastereoselective reactions that rely on the chirality in
the first adduct.
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Scheme 5.4 Catalytic orthoselective 1,4-type F—C alkylation of 8 with 9 utilizing (S,S)-2

As shown in Scheme 5.6, the protocol using potassium carbonate (50 mol%) as an
additive is useful for the one-flask synthesis of (S,5)-13 starting from phenol 8 and
nitroolefins 9. These results proved that both chiral phenols 10 (Sect. 5.2.2) and N,N-
bis-dihydrofuranyl-hydroxyamines 13 (Sect. 5.2.3) can be synthesized in the pres-
ence of (S,5)-2 by suitably selecting the reaction conditions.

Before closing this section, we would like to mention that the developed
organocatalytic methodologies have been applied to total synthesis of several natural
products, such as (+)-rishirilide B [75], (+)-trans-dihydrolycoridine [76], (+)-
gracilamine [77], and (+)-linoxepin [S1]. In addition, our recent density functional
theory (DFT) calculations [78] have identified a key S-shaped transition structure
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+ meso-13ba
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Scheme 5.5 Catalytic synthesis of ($)-13ba in the presence and absence of (S,S5)-2
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Scheme 5.6 One-flask synthesis of (5)-13 from 8 and 9
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that can explain how the conformationally flexible guanidine-bis(thiourea) controls
the highly enantioselective bond-forming reactions [44, 51]. In this S-shaped model,
shown in Fig. 5.5, all of H-bond donors (i.e., guanidinium and ureas) participate in
interacting with the reaction components. Considering that linear conformation of
the guanidine/bisthiourea is predominant in the ground state, the dynamic structural
change to form the S-shaped transition state in response to substrate binding may be
the key to attaining a positive value of AAS*,

5.3 Centrochiral Transition-Metal Catalysts

Transition-metal catalysts having d-orbitals (dxy, dyz, dzx, dxz—yz, and dzz) can
adopt many geometries owing to splitting of the d-orbitals. Because the d-orbitals
can participate in activation of functionalities in the reaction components, it is clear
that transition-metal catalysts work according to a different mechanistic principle
from organocatalytic activation modes that utilize s- and p-orbitals [79]. The geo-
metrical arrangement of the metal complex can also vary depending upon the
number and type of ligands bonded to the metal center and the coordination
preference of the central atom. Thus, selection of suitable combinations of metal
(s) and chiral ligand(s) is a general strategy in the development and optimization of
asymmetric transition-metal catalysis.

Metal enolates are important active species for the development of asymmetric
catalysis [80]. Historically, metal enolates have often been prepared by the treatment
of carbonyl compounds with a relatively strong Brgnsted base. On the other hand,
Sodeoka’s group has reported that late transition-metal complexes act as acid-base
catalysts to generate metal enolates even under acidic reaction conditions, where the
electrophile can be also activated by the proton source [81]. Catalytic transforma-
tions developed on this mechanistic basis [82] include Michael [81], halogenation
[83-85], Mannich-type [86, 87], and aldol-type reactions [88] of 1,3-dicarbonyl
compounds, as well as Michael additions [89, 90] and halogenations [91] using
a-ketoesters (1,2-dicarbonyl compounds).
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In this section, we (MS and YS) will introduce our recent efforts to integrate metal
enolates and 1,3-dipoles as unconventional electrophiles [92, 93] under these mech-
anistic paradigms. Importantly, the regioselectivity of these transformations is dif-
ferent from that of typical [3 + 2] cycloadditions; most catalytic asymmetric [3 + 2]
cycloadditions are restricted to electron-deficient olefins [94]. There are only a few
examples of inverse-electron-demand (IED) cycloadditions using electron-rich ole-
fins [94-103], which can be also categorized as type III cycloadditions according to
Sustmann’s classification [104]. In those cases, enol ethers or silyl ethers were
utilized as 1,3-dipolarophiles. On the other hand, we focused on the use of metal
enolates including Ni(Il)-enolates [92] and Cu(ll)-enolates [93] as formal
1,3-dipolarophiles, leading to the development of the catalytic asymmetric IED
[3 + 2] cycloadditions. These catalytic IED [3 + 2] cycloadditions provided efficient
access to stereochemically complex 5-membered heterocycles having adjacent
stereocenters, in which a unique hemiketal structure is involved. Here we will also
present structural characterization of a Ni(Ill) complex that involves metal
centrochirality [105-110], in order to illustrate the relationship between the elec-
tronic structure of the Ni(II) complex and its catalytic activity. A plausible syner-
gistic mode of action for ligand-induced metal centrochirality will be also discussed.

5.3.1 [3 + 2] Cycloaddition of a-Ketoester Enolates and (E)-
Nitrones

Following the disclosure in 1926 of the X-ray structure of urease [111], which
ultimately led to the confirmation that enzymes are pure proteins, numerous struc-
tures of Ni-enzymes have been reported. Intriguingly, combinations of natural
ligands (i.e., amino acid residues and/or modified amino acids) enable construction
of quite distinct chiral environments that involve different coordination geometry
and assembly states, thereby affording different functional outcomes [112].

Since the seminal work in 1976 [113], the field of asymmetric nickel catalysis has
been extended to include acid-base and redox catalysis [114—117]. Nevertheless, it is
still difficult to design asymmetric nickel catalysts due to the complex nature of
nickel, which, for example, has multiple oxidation states including Ni(0), Ni(I), Ni
(IT), Ni(IIT), and Ni(IV). Depending on the oxidation state of Ni and the ligands used,
the electronic configurations of Ni complexes can vary from 16 to 20 electrons.

Focusing on the azophilicity of Ni, we began by exploring new Ni(Il)-diamine
complexes on the basis of our early work on Ni(II)-enolate chemistry [89]. After
optimizing the reaction conditions, we found that the catalytic triad including Ni
(OAc),-4H,50, chiral diamine (R,R)-14, and Pr,NH is effective to selectively pro-
mote the [3 + 2] cycloaddition between 15 and 16 with reasonably high regio-,
diastereo-, and enantioselectivity (Scheme 5.7) [92].

As shown in Fig. 5.6a, b, the structures of key Ni(I[)-diamine complexes
I (CCDC 1482739) and II (CCDC 1482740) were unambiguously identified by
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Scheme 5.7 Ni(Il)-catalyzed formal [3 + 2] cycloaddition using a variety of 15 and 16
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Fig. 5.6 ORTEP drawings of (a) mononuclear complex I and (b) trinuclear complex II (50%
probability ellipsoids; for the sake of clarity, H atoms in I and II and minor disorder components of
THF are omitted; hydrogen bonds are shown by broken lines). (¢) Static model density of I;
contours drawn at +0.2 ¢ A% in green and at —0.2 ¢ A~ in orange. (d) IR spectra of I in THF
(0.017 M). (e) Electronic absorption and ECD spectra (300-1500 nm) of I in THF (0.017 M)

means of X-ray analyses [92]. We would like to emphasize that the simple diamine
ligand 14 plays a key role in providing a well-defined catalytic active site, featuring
distorted octahedral architecture and (A)-chirality at the Ni(Il) center, even though
the diamine 14 has generally been overlooked as a chiral ligand [118]. Complex I,
which can be obtained by crystallization from CH,Cl,, is a monomer (A)-Ni
(OAc),14. On the other hand, complex II, which can be obtained by crystallization
from n-hexane, is a p-acetate-bridged trinuclear Ni(Il) complex: (A,A)-
[Ni3(p-OAc)4(OAc),145].
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17aa

Fig. 5.7 (a) Stereochemical model showing enolate formation and outer-sphere hydrogen-bond-
ing. (b) ORTEDP structure of 17aa (50% probability ellipsoids; H atoms except for those on chiral
carbons and alcohol are omitted for the sake of clarity)

As we can see in the structure of mononuclear Ni(Il) complex I (Fig. 5.6a), the
initial C»-symmetry of 14 is desymmetrized through the formation of Ni(II) complex
I. For example, the Ni(I)-N(2) bond [2.109(1) Alis significantly longer than the Ni
(ID-N(1) bond [2.091(1) A]; in the figure, Ni(II)-N(2) lies on the z-axis (vertical
direction). An important finding is the existence of the intermolecular H-bonding
interaction of N(1)-H with the remaining THF in the crystal, showing that the N(1)—
H can act as a H-bond donor; this finding can explain how the outer-sphere
hydrogen-bonding serves to activate (E)-nitrone 16 [103, 119-121] in this catalysis
(See, Fig. 5.7a). Another striking feature in the distorted octahedral Ni(II) complex
I is the Ni(I)-O(4) distance [2.302(2) A] at the pseudoapical position. The angle of
N(2)-Ni(ID-O(4) [155.99(5)°], which is far from 180°, highlights the unique
distorted architecture. Considering other Ni(I[)-O and Ni(Il)-N distances [2.045
(1)~2.140(1) A] in this complex, the distortion and elongated Ni(Il)-O(4) bond
suggest that one acetate that binds to the Ni(Il) center in the apical-equatorial
coordination mode is more labile than the other acetate that coordinates to the Ni
(IT) center in the equatorial-equatorial coordination mode (Fig. 5.6a). Dissociation of
the labile acetate from the Ni(II) center in mononuclear complex I is also suggested
by the analogy to mononuclear Ni(Il) complex in the trinuclear Ni(Il) complex II
(Fig. 5.6 b), wherein acetate bridges link the distorted units at the terminal position
with symmetric octahedral Ni(Il) at the central part in II.

Catalytic activity tests using complexes I and II under optimized reaction condi-
tions for [3 + 2] cycloaddition of 15a and 16a revealed that the mononuclear Ni
(II) complex I provided superior ee (Table 5.3, entry 1: 90% ee), compared with the
trinuclear II (Table 5.3, entries 2 and 3: 60% ee). We also found that ‘Pr,NH (10 mol
%) is an effective additive to improve the moderate ee values obtained with
trinuclear catalyst II [Table 2, entry 2, without iPerH: 60% ee vs. entry 4, with i
ProNH: 90% ee]. Although the mechanism through which ‘Pr,NH improves the
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enantioselectivity is unclear at this stage, this finding suggests that the reaction
pathway and/or the chiral environment constructed by Ni(Il) acetates with chiral
diamine can be tuned by the addition of achiral amine [122, 123].

Considering the unique distorted octahedral structure and catalytic activity of
mononuclear complex I, we further characterized the bonding nature around the Ni
(II) center, a plausible catalytic active site. We used electron density distribution
(EDD) analysis, enabling us to visualize the valence electron density topology by
employing an aspherical atomic model [124-126]. As shown in Fig. 5.6c, a three-
dimensional plot of the static deformation density of I can visualize the shapes of d-
orbitals at the Ni(Il) center, wherein the electron-rich region is shown in green, while
the electron-poor region is shown in orange. As regards the Ni(Il) and ligand
interactions, we can see that the green regions that show the lone pairs [O(1), O
(2), and O(3)] and N [N(1) and N(2)] are directed toward the electron-deficient d-
orbitals shown in orange; these are typical interactions that can be seen in coordi-
nation bonds. In marked contrast, the lone pair of O(4) (green) is directed toward the
electron-rich region at Ni(II) (green) as highlighted in pink in Fig. 5.6c. These
observations indicate that the distortion around the Ni(II) center, induced by the
sterically demanding ligand 14, makes the dz> orbital partially “naked”; the labile
acetate ligand at the pseudoapical position is weakly coordinated to the Ni(Il) center
via electrostatic interaction, in accordance with the experimental findings. Further-
more, the density at the bond critical point (BCP) obtained by the EDD analysis
provides quantitative insight into the bond strength. The smaller value of the density
of the Ni(II)-O(4) bond [0.260(2) e A_3] compared with the other coordination
bonds [Ni(I[)-O(1); 0.431(2), Ni(I[)-O(2); 0.480(2), Ni(I)-O(3); 0.494(2), Ni(l)-
N(1); 0.559(3), and Ni(I[)-N(2); 0.550(3) e A~?] shows that O(4) binds weakly to
the Ni(I) center. The density at the BCP of the N(1)-H---O(5) [0.084(10) e A7 is
also consistent with the topological parameters [d(H:--O): 2.200, d(N---O): 3.155
(2) and a(N-H---O): 159.20] of typical H-bonds [125]. Thus, EDD analysis of the
chiral metal complex in the ground state can provide a starting point for discussing
how the catalyst initiates the reaction, based on the electron density topology of the
metal complex, with quantitative insights from the BCP.

In order to further link the electronic structure of I, obtained by crystallographic
analyses, with the catalytic activities, it is also important to characterize the structure
in the solution state at the same concentration as used in the developed catalysis
(Fig. 5.6d, e). From a series of structural analyses, we concluded that the Ni(I[)—
diamine-acetate I retains pseudo-octahedral structure in the solution state. For
example, the unique carboxylate shifts (1598 and 1558 cm™') in the infrared
(IR) spectrum indicate the existence of two different acetates, which bidentately
interact with the Ni(Il) center (Fig. 5.6d) [127]. The N-H stretching vibration on the
ligand was also observed at 3225 cm ! [128]. As shown in Fig. 5.6e, bottom, the
electronic absorption spectrum of I showed typical broad bands of pseudo-
octahedral structure of Ni(dg) (408, 753 and 1182 nm). In the electronic circular
dichroism (ECD) analysis of I, the intensities in the near-IR region are stronger than
in the UV-Vis region (Fig. 5.6e, top). The simulated IR and ECD spectra, obtained
by DFT calculations [129] on the distorted Ni(II) complex I at the level of UM06/6-



112 Y. Sohtome et al.

311G(d,p) (SDD for Ni), showed good agreement with the experimental
results [130].

In Fig. 5.7, a plausible stereochemical model that accounts for the synergy of the
H-bonding activation and enolate formation is shown. In the initial step of enolate
generation, we assumed that the labile acetate anion acts as a Brgnsted base to
cooperatively deprotonate the a-ketoester with the electron-deficient dz* orbital at
the Ni(Il) center, giving the (A)-Ni(IT)-enolate. On the basis of X-ray (Fig. 5.6a) and
EDD analyses of I (Fig. 5.6c), we proposed the involvement of a transient Ni(II)—
enolate, wherein the ester carbonyl in 15 coordinates to Ni(I) at the pseudoapical
position. Notably, the coordination pattern in the octahedral Ni(Il)-enolate complex
illustrated here is different from that of the Ni(Il)-enolate reported by Evans
[131, 132], in which the enolate interacts with the Ni(Il) center in the equatorial-
equatorial coordination mode relative to the diamine ligand. The observed
H-bonding ability, supported by a series of spectroscopic analyses, appears to
have a key role in fixing the nitrone to enhance the bond-forming reaction with
high diastereo- and enantioselectivity. The model shown in Fig. 5.7a can explain the
obtained absolute stereochemistry of the [3 + 2] adduct (CCDC 1482737).

5.3.2 [3 + 2] Cycloaddition of a-Ketoester Enolates
and Nitrile Oxides

To broaden the substrate scope with respect to 1,3-dipoles of our catalytic strategy
using the metal-diamine—acetate complex, we planned to employ the nitrile oxide
18, which can be prepared in situ from the N-hydroxyimidoyl chloride 19. We
became interested in the catalytic synthesis of new isoxazolines 20 using a transient
metal enolate and nitrile oxide as an attractive yet challenging next step. As
illustrated in Scheme 5.8, the difficulty in selectively synthesizing 20 using nitrile
oxide and a-ketoester enolate arises from the multiple reaction pathways that are
available, including dimerization of nitrile oxide (path A) [133], homo-aldol reaction
of the a-keto ester 15 (path B) [134], hetero-[3 + 2] cycloaddition on the ketone in 15
(path D) [135], and O-trapping of the metal enolate (path E). Because the HOMO-
LUMO gaps between (E)-nitrone 16a (HOMO: —7.09 eV and LUMO: —0.831 eV)
and nitrile oxide 18a (R> = Ph: HOMO: —8.12 eV and LUMO: —0.816 eV) are not
so large, judging from our preliminary DFT calculations at the level of M06-2X/
6-311 + G(d) [130], we envisioned that tuning the catalytic activity by changing the
central metal and ligand on the basis of the stereochemical model discussed in Sect.
5.3.1 (shown in square brackets in Scheme 5.8) would be an effective strategy to
optimize the reaction conditions for selectively forming the desired isoxazolines 20.

After thorough optimization studies, we identified two key factors in this catalytic
transformation. First, the use of Cu(OAc),-H,0 in "PrOH [90] can eliminate the O-
addition adduct (path E), the formation of which was a major problem when we used
Ni(OAc),-4H,0. Second, the diamine 21a having a mesityl group or 21b bearing
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Scheme 5.8 Possible reaction pathways in the reaction of a-ketoesters 15 and nitrile oxides 18
prepared from N-hydroxyimidoyl chlorides 19

2-CF; is best to attain high enantioselectivity in the formal [3 + 2] cycloaddition
starting from 15 and 19 in the presence of a stoichiometric amount of Et;N
[93]. Mesityl ligand 21a displayed lower levels of enantioselection when
2-substituted aryl nitrile oxides were used, while the 2-CF; analogue 21b provided
high selectivity with these substrates. By exploiting such fine ligand tuning, a
versatile array of nitrile oxides and a-ketoester enolates could participate in the
cycloaddition, providing novel 5-hydroxy-2-isoxazolines in high chemical yield
with high levels of diastereo- and enantioselectivity (Scheme 5.9).

During the optimization process, we also observed unique metal-dependent
enantioswitching. The Cu(I)—(R,R)-diamine complex mainly afforded (S,S)-20,
while the Ni(I)-(R,R)-diamine complex gave (R,R)-20 as the major product [3, 4,
54-57]. The enantioselectivity trend [Cu(Il): (S,S)-selective vs. Ni(Il): (R,R)-selec-
tive] is general, regardless of the substituents (R and R’) on the (R,R)-diamine and
the solvent used. Database search (using Cambridge Structural Database) suggested
that the Cu(II)-diamine—acetate complexes would have distorted square-pyramidal
geometry (ex. CCDC 299401 [136], CCDC 665454 [137] and CCDC 894524
[138]). As can be seen in the example (CCDC 299401) in Fig. 5.8 a, the Cu(Il)-O
(2) [2.78(1) A] is elongated at the pseudoapical position. This distance is markedly
longer than other Cu(II)-O and Cu(II)-N bonds [1.907(8)-2.054(8) Al. By analogy
with the Ni(II)-enolate described in Sect. 5.3.1 [92], these results suggest that the
apical acetate can act as a Brgnsted base to form a Cu(Il)-enolate, in which the ester
carbonyl in 15 coordinates to Cu(Il) at the top of the pyramidal architecture.
Considering that the N-H on the diamine ligand in the Cu(Il)-diamine complex
can also act as an H-bond donor [139], the existence of outer-sphere H-bonding to
hold the nitrile oxide close to the Cu(II)-enolate can reasonably explain the obtained
absolute stereochemistry of 20A (CCDC 147644).
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Scheme 5.9 Cu(ll)-catalyzed formal [3 + 2] cycloaddition starting from a variety of 15 and 19
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a r

Cu-0O1:1.966(8) A
Cu-02:2.78(1) A
Cu-03:1.907(8) A
A
A

Cu-N1: 2.054(8)
Cu—-N2: 1.999(8)

Fig. 5.8 (a) Mirror-inverted structure of CCDC 299401 (made by GaussView). (b) The stereo-
chemical model involving Cu(Il)-enolate formation and outer-sphere hydrogen-bonding. (c)
ORTERP structure of (S,5)-20A (50% probability ellipsoids; H atoms except for those on chiral
carbons and alcohol are omitted for the sake of clarity)

The developed catalytic protocol can apply to synthesize (S,5)-20A on a gram
scale using 2.5 mol% Cu(Il) catalyst loading (Scheme 5.10). The C=N bond in (S,
S)-20A (90% ee) was reduced by treatment with NiCl,/NaBH, [140], facilitating
construction of the y-lactam 21A containing three vicinal stereocenters (2.5 mmol
scale). The lactam 21A was slightly enriched by recrystallization, and the structure
of this product was confirmed by X-ray crystallography.
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NiCl, (3.0 equiv) H H
NaBH,4 (10 equiv) PhX" =0
|"'CO,Bu —78°Ctort 'BuO,C H OH
MeOH/THF = 3/1
(S,S)-20A Recrystallization (S,5)-21A
85%, >20/1 dr, 90% ee 42%, >20/1 dr, 94% ee

Prepared on a gram scale

o)
L

Scheme 5.10 Isoxazoline reduction in (S,S5)-20A to synthesize (S,S5)-21A. In the ORTEP structure
of (5,5)-21A (CCDC 1476445), 50% probability ellipsoids are shown, and H atoms except for those
on chiral carbons, alcohol, and amide are omitted for the sake of clarity

5.4 Conclusions

In this chapter, we have overviewed our recent research programs aimed at exploring
unique catalytic chiral environments, especially focusing on the utility of
conformationally flexible guanidine/bisthiourea organocatalysts (Sect. 5.2) and
centrochiral transition-metal catalysts (Sect.5.3) for asymmetric acid-base catalysis.

In Sect.5.2, we introduced the utility of conformationally flexible guanidine/
bisthiourea organocatalysts for designing dynamic asymmetric organocatalytic reac-
tions that can display distinct functional outcomes with single-flask operation. That
work also uncovered a unique entropy (AASY) effect, which is contrast to classical
asymmetric catalysis that relies on enthalpic (AAHY binding contributions to regu-
late the reactivity and selectivity. Although the available activation modes using s-
and p-orbitals in our organocatalysts are limited, the tolerance of the guanidine and
bisthiourea units, linked by a carbon spacer, to various conditions provides broad
opportunities to tune the reaction conditions. Indeed, we used solvent and potassium
carbonate as switching triggers for enantiodivergent reactions and programmed
organocascade reactions, respectively.

In Sect. 5.3, we describe our recent efforts to achieve mechanistic insights into the
developed IED [3 + 2] cycloadditions of a-ketoester enolates though characteriza-
tion of the well-defined catalytic active site of Ni(Il)-diamine—acetates by means of a
series of structural analyses and DFT calculations in the ground state (both in the
solid and solution states). The stereochemical model that enables the merging of
enolate formation and H-bonding activation is applicable not only to the octahedral
framework constructed by Ni(II)-diamine—acetates but also to the pyramidal geom-
etry of Cu(Il)-diamine—acetates. These two different catalytic IED [3 + 2] cycload-
ditions provide efficient access to stereochemically complex S5-membered
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heterocycles having adjacent stereocenters with high regio-, diastereo-, and
enantioselectivity.

Overall, we believe that the continued exploration of less conventional catalyst
frameworks based on conformationally flexible chiral spacers and metal
centrochirality has vast potential for accessing stereochemically complex architec-
tures. Because fully visualizing the dynamic structural changes of the catalyst and/or
the transition state in the reaction media is still difficult, physical organic chemistry
approaches, supported by DFT calculations, may be the key to understanding the
interplay of structure and selectivity, enabling rational design of even more sophis-
ticated asymmetric catalysts.
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Chapter 6 )
Biaryl Amino Acids and Their Surrogates: <o
A Unique Class of Unnatural Amino Acid

Takumi Furuta

Abstract Unnatural amino acids have attracted extensive attention as potential
building blocks for bioactive molecules, artificial peptides, and asymmetric catalysts
in the context of fine organic synthesis. Biaryl amino acids, a unique class of
unnatural amino acids possessing a biaryl moiety, permit the development of a
variety of functional molecules by virtue of their structural features, including
axial chirality. This chapter discusses typical examples of the synthesis and appli-
cations of biaryl amino acids as well as their surrogates, including the author’s
approaches.

Keywords Biaryl amino acid - Unnatural amino acid - Axial chirality - Chiral
building block - Peptidomimetics - Organocatalyst - Chiral ligand

6.1 Introduction

Unnatural amino acids have played a significant role as key building blocks for the
production of bioactive compounds in the pharmaceutical industry, artificial peptides
in peptidomimetics, and artificial protein production [1, 2]. Unnatural amino acids
bearing an asymmetric center can be employed in chiral organocatalysts and chiral
ligands in catalytic asymmetric synthesis. A variety of unnatural amino acids
possessing unique structural features and functions have been developed.

The unnatural biaryl amino acids provide special structural features. One of the
most prominent properties of this type of molecule is that axial chirality may be
installed in the molecule by modifying the substituents at the proper positions
(typically the ortho-positions of the biaryl axis) (Fig. 6.1). The axially chiral biaryl
amino acid provides a unique chiral environment that differs significantly from that
provided by natural and related unnatural amino acids with central chirality. The
other structural feature of this type of amino acid is its rigidity along and flexibility
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Fig. 6.1 Structural properties of the biaryl amino acid and its surrogates
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Fig. 6.2 Pharmaceuticals bearing a biaryl amino acid and its surrogate as core structures

around the biaryl axis (Fig. 6.1). The specific rigidity, flexibility, and axial chirality
properties permit the positioning of the amino and carboxyl functional groups within
defined spatial arrangements using a biaryl spacer with a positive or negative twist.

Carboxyl group isosteres, including tetrazole and sulfonamide groups, have been
employed as acidic moieties in the pharmaceutical industry as well as in the design
of catalysts [3]. Biaryl amino acid surrogates, in which a carboxyl group is replaced
with tetrazole or sulfonamide groups, are discussed in this review.

The aforementioned structural properties render biaryl amino acids promising
building blocks for pharmaceuticals, chiral catalysts, host molecules for host—guest
chemistry, and artificial peptides for peptidomimetics. Indeed, biaryl amino acids
and their surrogates bearing a tetrazole moiety have been employed as the core
structures of pharmaceuticals (Fig. 6.2).

Typical examples of biaryl amino acids and their surrogates, including axially
chiral compounds, are depicted in Fig. 6.3. a-Amino acids (S)-1 and (S)-2 bearing an
axially chiral biaryl moiety were developed by Zavada [4] and Mazaleyrat [5],
respectively. Recently, the ester derivative of 2 was used as a chiral organocatalyst
for catalytic asymmetric synthesis, as described in Sect. 6.2 [6, 7]. The amino acid
(R)-3 is a rare example of an axially chiral f-amino acid [8]. The biaryl-based axially
chiral y-amino acids (S)-4a [9, 10] and (S)-4b [11], bearing an aliphatic secondary
amine in the seven-membered ring, were developed as organocatalysts for catalytic
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asymmetric synthesis by Maruoka and Kano. Their sulfonamide surrogates, includ-
ing (§)-5a [12, 13] and (S)-5b [14, 15], were also developed, as shown in Sect. 6.4.

The achiral biphenyl 8-amino acid 6, which possesses aniline-type amine and
carboxyl groups at the 2,2'-positions, respectively, was reported by Santagada
[16]. We prepared chiral versions of this type of 6-amino acid, (S)-7 [17, 18], and
its tetrazole and sulfonamide surrogates (R)-8 and (R)-9a,b [19], as described in Sect.
6.5.

The conformationally mobile e-amino acid 10 [20] and its axially chiral variant
(R)-11 [21] were reported by Feigel and Zavada, respectively. The aniline-type
e-amino acid 12 was prepared by Kelly [22]. We also prepared the e-amino acid
13 bearing a pyridine moiety as an intermediate for the corresponding carboxylate
anion, which played a role as a potent nucleophilic catalyst in the acylation of
alcohol, as described in Sect. 6.6 [23].

The axially chiral amino acids (S)-14 [21] and (S)-15 [24] bear an amino group at
the { or more distant positions. The 2,2'-, 2,3'-, and 3,3'-disubstituted biphenyl
amino acids 16 [22, 25] and 17a-17c¢ [16, 24, 26], without axial chirality, were
designed as a template to induce a B-hairpin-like structure in the peptide. The
biphenyl amino acids 18a,b [27, 28], 19a—19c¢ [29], and 20 [30] were employed as
building blocks for constructing functionalized macrocyclic compounds, as
discussed in Sect. 6.7. The amino acid 21, incorporating a bipyridyl moiety, was
reported as a building block for an artificial peptide with metal binding properties
[31, 32].

The term “biaryl amino acid” covers a wide range of molecules exemplified by 22
[33] and 23 [34], in which the aryl moieties are connected via a carbon atom, and
both the amino and the carboxyl groups are modified at the same aromatic ring,
respectively (Fig. 6.4). This review, however, focuses on biaryl derivatives, in which
each aryl group is modified by acidic and amino functional groups; these derivatives
are connected directly via a single C—C bond, as illustrated in Fig. 6.1.

Typical synthetic procedures and applications of these biaryl amino acids and
their surrogates, including the author’s work, are summarized below within the
classification structure outlined in Fig. 6.3.

HoN COOH ‘
29 COOH

23 NH,

Fig. 6.4 Examples of biaryl amino acids bearing aryl groups connected via an atom, and
possessing the carboxyl and the amino groups at the same aromatic ring
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Scheme 6.1 Preparation of the axially chiral @-amino acid (S)-2

6.2 Synthesis and Application of the a-Amino Acids

Optically active axially chiral a-amino acids were prepared through the double
alkylation of a glycine equivalent and the corresponding biaryl dibromide under
phase transfer conditions, as is typical of the synthesis of (S)-2 from (5)-24 (Scheme
6.1) [4-6].

One application of these a-amino acids is as building blocks for artificial pep-
tides. The synthesis and conformations of peptides that include these amino acids
were investigated [35-37]. Recently, (R)-25, a 3,3'-disubstituted ethyl ester deriva-
tive of 2, was applied as an organocatalyst for the asymmetric a-fluorination of an a-
branched aldehyde by Shibatomi and co-workers (Table 6.1) [6]. Fluorination of the
racemic 2-phenylpropanal derivatives proceeded with N-fluorobenzenesulfonimide
(NFSI) in the presence of 10 mol% (R)-25 and 10 mol% 3,5-dinitrobenzoic acid as a
co-catalyst to yield the 2-fluoro-2-phenylpropanal derivatives 26 in a high conver-
sion yield and a high enantiomeric excess. The enantiomeric excess and chemical
yield were determined with the corresponding alcohol 27.

Although the a,a-dialkyl substrates gave a low stereoselectivity or chemical
yield, as observed in 27 g and 27 h, a variety of the substrates gave the products
in excellent yields and stereoselectivities.

An enantioselective decarboxylative chlorination of the racemic 28 with NCS
was also developed using cat. (R)-25 to give the C-chlorinated derivatives 29 in a
high enantioselectivity and excellent chemical yield, as shown in Scheme 6.2 [7].

6.3 Synthesis of the f-Amino Acid

The synthesis of the axially chiral f-amino acid (R)-3 and its N-Boc derivative was
achieved via double alkylation of ethyl cyanoacetate with the optically active (R)-24
and the subsequent selective reduction of a cyano group in the presence of NaBH,
and cobalt(II) chloride to the aminoester derivative (Scheme 6.3) [8]. Protection with
a Boc group and hydrolysis of the ester group gave the N-Boc f-amino acid (R)-30.
Removal of the Boc group gave (R)-3.
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Table 6.1 a-Fluorination of the a-branched aliphatic aldehyde in the presence of the 3,3'-
disubstituted @-amino acid ethyl ester (R)-25

cat. (R)-25 (10 mol%)
3,5-(NO,),CgHaCOOH
(10 mol%) OO
ArYCHO (PhSO,),NF A CHO| NaBH:  Ar o~ . COOEt
RF NH;

N —_—

R toluene R F
racemic 0°C,20-48 h 26 27 Ar =
¢ Ar =

Ar

(1.5 equiv)
()25 3,5-BuyCgHs
27a 27b 27c 27d
86%, 95% ee 97%, 92% ee 88%, 93% ee 88%, 88% ee?
F. CHO
R Me F
Et F Me F ipr
27e 27f 27h
90%, 95% eedP 93%, 84% ee® 24%, 83% eed 59%, 14% ee®

“The purified product contained ca. 5% of an inseparable by-product
PAtrt for 2 h

“Atrt for 12-24 h

930 mol% catalyst

O
COOH cat. (R)-25 (10 mol%) Cl
= iMe
toluene, 15 °C

24 h
rac-28 . 29
NCS (1.5 equiv.) 94% vyield, 96% ee

Scheme 6.2 Enantioselective decarboxylative chlorination catalyzed by (R)-25

6.4 Synthesis and Application of the y-Amino Acids
and Their Surrogates

Biaryl-based axially chiral y-amino acids and their sulfonamide surrogates, includ-
ing (S)-4a and (S)-5a, were prepared, as illustrated in Scheme 6.4 [9-11]. Bromina-
tion of the optically active (5)-31 through ortho-magnesiation with Mg(tmp), and
subsequent trapping of the anion with bromine gave the monobromide (S)-32.
Double alkylation of the allylamine with tribromide (S)-33 prepared from 32 gave
the seven-membered ring amine (5)-34. Carbonylation with CO in the presence of
Pd(OAc), with dppp in MeOH, and subsequent deprotection of the allyl group and



6 Biaryl Amino Acids and Their Surrogates: A Unique Class of Unnatural Amino Acid 129

0 oINS e
Br KoCOq COOEt CoCly COOEt
+ NC\/ t—»
NH
SO C NGO R

(R)-24 1) Boc,O
CH3CN

2) 1N NaOH
MeOH

Ol‘. COOH TFA OO. COOH
D ——
OO NHz  CH,Cl, OO NHBoc

(R-3 (R)-30

Scheme 6.3 Preparation of the axially chiral f-amino acid and N-Boc derivative

Br Br
OO Mg(tmp),, THF OO 1) LiAIH,4 OO
COOR thenBr, COOR THF
- . o
COOR COOR
2) BBr3
CH,Cl,
R = neopentyl
(5)-31 (5)-32 (S)-3
1) Pd(OAc), j aIIyIamme
PPhg CH3CN
Pd(OAc), Br

COOH N, N-dimethyl-
OO barbituric acid
CH,Cl,

NH «——

] ! COOMe

(5 moI%) OO
dppp

-—

N
2) 1N NaOH _> CO, PrNEt _/>
MeOH/THF MeOH, DMSO

(S)-4a (5)-34
Ph,C=NH ﬁg\‘(ﬁgu
Pda(db2)s | 4N Hel, THF
NHSO,CF, NHSO,CF5 NH,
OO Pdégﬁc)g OO (CF3S0,),0 OO
NH @« 3% N
N, N-dimethyl- _> CH,Cl, _>
OO barbituric acid O O /
CH,Cl,
(S)-5a

Scheme 6.4 Preparation of the axially chiral y-amino acid and sulfonamide surrogate

hydrolysis of the ester moiety, afforded the y-amino acid (S)-4a. Alternatively, the
sulfonamide surrogate (S)-5a was synthesized through the Pd-catalyzed amination
of (5)-34 [12, 13].
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Table 6.2 Direct asymmetric aldol reaction between the aromatic aldehyde and acetone in the
presence of cat. (S)-4a

COOH
* g QO
/©/CHO o) cat. (S)-4a (5 mol%) A \H
¥ - @
O.N )l\ solvent
1, 24 h OzN
(S)-4a
Lo
O,N 35 NO,
Entry Catalyst Solvent Yield (%) ee (%)
1 (S)-4a DMSO 70 93
2 L-proline DMSO 18 71
3 (S)-4a DMF 82 95

The y-amino acid (S)-4a was originally designed to overcome the disadvantages
of proline as an organocatalyst. Although proline is convenient and widely
employed as an organocatalyst in a variety of catalytic asymmetric transformations,
substoichiometric amounts of the catalyst are required to give reasonable yields in
many cases.

One reason for requiring a high catalyst loading is that proline tends to degrade
under the reaction conditions. The stability of the y-amino acid (S)-4a during the
catalytic reaction permits lower catalyst loading, as demonstrated in the aldol
reaction (Table 6.2).

The aldol reaction between the aromatic aldehydes and acetone in the presence of
5 mol% (S)-4a was found to proceed with a high enantioselectivity and chemical
yield (Table 6.2, Entry 1). Under the same conditions, L-proline gave only an 18%
yield of the product due to the formation of the bicyclic 1,3-oxazoline 35 from the
catalyst as a by-product (Entry 2). These contrasting results highlight a prominent
feature of (S)-4a as an efficient organocatalyst. The best results were obtained in
DMEF to afford the aldol adduct in 82% yield with 95% ee (Entry 3).

The catalyst (S)-4a also gave the anti-aldol adduct in high diastereo- and
enantioselectivities in the case of the reaction between cyclohexanone and the
aromatic aldehydes (Scheme 6.5) [10].

In contrast to the reaction with the cat. (S)-4a, a syn-selective aldol reaction was
realized with the sulfonamide-type amino acid surrogate (S)-5a, as shown in Scheme
6.6 [15, 38].

One of the features of the sulfonamide surrogates is exemplified in the direct
cross-aldol reaction between the a-chloro aldehyde and the aliphatic aldehyde
(Scheme 6.7) [14]. The cross-aldol adduct was obtained exclusively in the presence
of cat. (S)-5b in high syn-selectivity and enantioselectivity without forming the
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Scheme 6.5 Anti-selective aldol reaction catalyzed by (S)-4a
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Scheme 6.6 Syn-selective direct cross-aldol reaction catalyzed by the amino acid surrogate (S)-5a
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Scheme 6.7 Syn-selective direct cross-aldol reaction between the aliphatic aldehyde and the
a-chloro aldehyde, controlled by (S)-Sb

0 Boc. cat. (S)-5a (1 mol%) O NHBoc
+ I >
Ph
HJ\ EN CHCls, 0 °C H
Bu Bu

88% (anti: syn=15:1)
anti (99% ee)

Scheme 6.8 Anti-selective Mannich reaction promoted by (S)-5a

homo-aldol products. Although the selective production of the cross-aldol adduct
was majorly caused from the unfavorable formation of the enamine intermediate
from the a-chloro aldehyde, which mainly worked as an aldol acceptor, the mild
reactivity of cat. (S)-Sb, which was derived from a less nucleophilic dibenzylic
amine moiety, was also thought to contribute for discriminating these different
aldehydes. The chloro group on the cross-aldol adduct was removed under reductive
conditions.

The sulfonamide surrogate (S)-5a was applied in an anti-selective Mannich
reaction (Scheme 6.8) [39]. This anti-selectivity is complementary to the proline-
catalyzed reaction, which gave the syn diastereomer exclusively [40].
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6.5 Synthesis and Application of the §-Amino Acids
and Their Surrogates

6.5.1 Preparation of the Axially Chiral Derivative

We synthesized the optically active aniline-type binaphthyl d-amino acid (S)-7. The
key reaction in the synthesis of (§)-7 is a Pd-catalyzed domino coupling reaction of
the ortho-bromo aryl amides 36 to the phenanthridinones 37 in the presence of a
phosphine ligand 38, developed by us (Scheme 6.9(1)) [41]. This coupling reaction
proceeds through a domino process concomitantly with C—C and C-N bond forma-
tion and deamidation via the elimination of an isocyanate derivative or amine and
CO,. A promising property of this coupling reaction is its compatibility with
sterically hindered 3-substituted substrates, such as 36b. This property may be
extended to the coupling of the naphthyl derivatives 39 to 40 (Scheme 6.9(2))
[17]. This coupling reaction proceeded quantitatively without the addition of the
phosphine ligand 38.

We employed 40 as a precursor of (S)-7 through the lactam ring opening (Scheme
6.10). The PMB group of 40 was removed to yield 41. Subsequent Boc group
introduction was achieved by treatment of 41 with n-BuLi and Boc,O to yield 42.
The lactam ring of 42 was opened by the in situ-generated sodium alkoxide of (S)-
phenylethanol to afford a diastereomeric mixture of (S,5)- and (S,R)-43, which were
separated by recrystallization to afford the optically active (S,5)-43 as a crystalline
form. The N-Boc amino acid (S)-44 was obtained in an optically pure form via
catalytic hydrogenation.

Finally, the Boc group of (5)-44 was removed to give the axially chiral §-amino
acid (S)-7. Unfortunately, compound 7 was found to be relatively unstable and

Ligand 38

fe) (60 mol%)
Pd(OAc),

-Bn (5.0 mol%)

(1) N

032003
R 1,4-dioxane
36a:R=H 100 °C, 24 h

37a: R =H (77%) Ligand 38
37b: R = Me (81%)

Bn-NCO or BnNH, + CO,

Pdy(dba)s (6 mol%) OO
OO H KoCOj (1.1 equiv.) O
“PMB -

o N\
B O DMF, 100 °C, 12 h PMB
quant.

39

Scheme 6.9 Pd-catalyzed domino coupling reaction to the phenanthridinone derivatives
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Scheme 6.10 Transformation to the axially chiral 6-amino acid (S)-7
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Fig. 6.5 Chemical modification of (5)-44 and the crystal structure of the racemic-44

cyclized to the lactam 41 within a few days. On the other hand, gratifyingly, the
sodium salt of (5)-7 remained stable under ambient temperatures.

Although applications of ($)-7 were difficult due to its instability, the N-Boc
amino acid (S)-44 was useful as a chiral building block for artificial peptides. For
example, condensation of (S)-44 with the L-phenylalanine methyl ester gave the N-
Boc dipeptide 45 in good yield (Fig. 6.5(1)). Considering the crystal structure of (dl)-
44, (S)-44 could be useful for enforcing turn structures in an artificial peptide,
because the moieties at C2 and C2’ are positioned orthogonally around the chiral
axis (dihedral angle of a,b—c,d: 93°) (Fig. 6.5(2)).

An improved synthetic strategy without optical resolution for accessing a variety
of N-protecting amino acid derivative was achieved through Curtius rearrangement
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Scheme 6.11 Alternative syntheses of the axially chiral 5-amino acid derivatives

of the optically active monomethyl ester (R)-47, which was prepared from the
selective monoesterification of the dicarboxylic acid (R)-46 in the presence of 3.0
equivalents Mel and 0.5 equivalents Ag,COj3 in acetone (Scheme 6.11) [18]. The N-
Cbz, N-allyl, and N-methoxycarbonyl amino acids (R)-49a—49c were readily pre-
pared by this synthetic route in optically pure forms. The 6-amino acid surrogate (R)-
50, bearing a tetrazole moiety, was also prepared from (R)-48a.

6.5.2 Applications As an Organocatalyst

The tetrazole surrogate (R)-50 was found to exhibit sufficient catalytic activity
toward the intramolecular aldol reaction of 1,6-hexane dial 51 [19]. In the presence
of 5 mol% cat. (R)-50, the enolexo-intramolecular aldolization proceeded to give ent-
anti-52 and syn-53 in DMSO (Scheme 6.12(1)). A subsequent Wittig olefination
gave ent-anti-54 and syn-55 with a high enantioselectivity in the syn isomer (93%
ee), although the diastereoselectivity was moderate (ent-anti-54: syn-55 = 1: 1.3).
During a survey of catalysts, the sulfonamide surrogate (R)-9a bearing a primary
amine was identified as an excellent catalyst that afforded predominantly anti-54 in a
74% yield with a high diastereo- (anti: syn = 15: 1) and enantioselectivity (97% ee)
(Scheme 6.12(2)).

With the high enantio- and diastereoselectivities in hand using cat. (R)-9a, we
moved on to examining the cross-aldol reaction of an unsymmetric aliphatic dial
[19]. Although this reaction is valuable for the production of cyclic p-hydroxy
aldehydes, control over this reaction is quite challenging due to the production of
eight isomers from two regioisomers (paths A and B in Fig. 6.6), including diaste-
reomers (anti/syn) and enantiomers of each isomer. The reaction selectively might
only be achieved by controlling the diastereo- and enantioselectivities, in addition to
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DMSO R R N /_
|:>—CHO + Q---CHO
0 °C, 96 h = COOEt
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Scheme 6.12 Intramolecular aldol reaction catalyzed by the 6-amino acid surrogates
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Fig. 6.6 Possible isomers from the intramolecular cross-aldol reaction of an unsymmetric
aliphatic dial

OHC

controlling the regioselectivities of the products (path A vs. path B). In the amine-
catalyzed reactions involving an enamine intermediate, a high regioselectivity is
expected only under conditions that favor precise discrimination by the amine
catalyst between two enolizable formyl groups into the enamine and the carbonyl
components.

Indeed, L-proline catalyzed the reaction of the unsymmetric N-Ts dial 56a to yield
an undesirable mixture of products. After NaBH, reduction, the reaction mixture
afforded nearly all possible regio- and stereoisomeric products, [anti-57a (9%, 6%
ee), syn-58 (31%, >99% ee), dehydrated 61 (2%)], and [anti-59 (5%, 42% ee), syn-
60 (17%, 53% ee)], from the enamines of the C(6)- and C(1)-formyl groups (Scheme
6.13(2)). The regioselectivity of the reaction, (57a + 58 + 61): (59 + 60), was 1.8: 1.
This undesirable result indicated that L-proline could not discriminate between the
formyl groups of S6a.

On the other hand, the amino acid surrogate (R)-9b, bearing a p-Ns amide moiety
as a milder acidic group compared to the Tf amide group of (R)-9a, controlled the
intramolecular cross-aldol reaction well to give the 3,4-disubstituted anti-57a (59%)
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Scheme 6.13 Intramolecular cross-aldol reaction catalyzed by (R)-9b and L-proline
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Fig. 6.7 Formyl group discrimination: Acid-base catalysts bearing an aliphatic amine vs. an
aniline-type amine

as a major product in 89% ee with a high diastereoselectivity (anti-57a: syn-58 = 12: 1)
and the concomitant formation of the regioisomer, 2,3-disubstituted anti-59 (8%)
(Scheme 6.13(1)). The regioselectivity of the reaction, (57a + 58 + 61): (59 + 60),
was improved to 8.0 : 1 from the L-proline-catalyzed reaction. This selectivity
indicated that cat. (R)-9b discriminated between the different formyl groups,
which could not be distinguished by L-proline, converting the C(6)-formyl group
into the enamine component and the C(1)-formyl group into the carbonyl
component.

The excellent discrimination of the aniline-type §-amino acid surrogate toward
the formyl groups was thought to derive from the mild reactivity of the aniline-type
amine.

An amino acid catalyst bearing an aliphatic amine, such as L-proline, was
assumed to be too reactive to discriminate among the formyl groups bearing similar
reactivities (Fig. 6.7(1)). By contrast, a catalyst bearing a mildly reactive aniline-type
amine could be advantageous in discriminating between the different formyl groups
(Fig. 6.7(2)).
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Table 6.3 Intramolecular cross-aldol reaction of the N-protected dials

OH
cHo J/CHO (R)-9b (5 mol%) NaBH, é -
NN DMSO, 20 °C THF \ OH
R time R
56a—56d anti-57a-57d
OH OH OH OH
@ “oH @ “OH @ “OH @ “oH
/N /N /N /N
Ts' anti-57a Alloc’  anti-57b Cbz'  anti-57¢ Boc'  anti-57d
75%, 89% ee 75%, 90% ee 80%, 90% ee 95%, 90% ee
(192 h) (96 h) (73 h) (68 h)
cat. (5 mol%) Bu. * R
BU o - Y cHo
MeOH, HZO OMe NHSOcha

0°C NHMe
80% Y., 2% ee
(with cat. 62a) R
360_/ > y., 68% ee cat. 62a: R=H
(with cat. 62b) cat. 62b: R = 4-BuCgH,

Scheme 6.14 Asymmetric oxy-Michael addition in the presence of the §-amino acid surrogates

The yield of anti-57a increased to 75% by extending the reaction time without
decreasing the enantioselectivity (Table 6.3). The N-Alloc-, N-Cbz-, and N-Boc dials
56b-56d also afforded anti-57b—57d in 90% ee (Table 6.3). It should be noted that
57d was isolated as the sole product in 95% yield, suggesting that the formyl groups
of 56d were sharply distinguished by cat. (R)-9b.

Aniline-type sulfonamide surrogates were also employed as organocatalysts for
an asymmetric oxy-Michael addition via an iminium activation mechanism
[42, 43]. Conjugate addition of MeOH to 2-heptenal proceeded well in the presence
of 5 mol% (R)-62a, although enantioselectivity was not observed (Scheme 6.14).
The enantioselectivity was improved with cat. (R)-62b having aryl substituents at the
3,3’ positions.

6.5.3 Application As a Chiral Ligand

The axially chiral d-amino acid derivative was employed as a chiral ligand in a
rhodium carboxylate catalyst. The rhodium catalyst 63 bearing N-methoxycarbonyl
d-amino acid (R)-49c¢ was prepared as shown in Scheme 6.15 [44].
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Scheme 6.15 Preparation of the rthodium carboxylate catalyst

Fig. 6.8 X-ray structure of the bis(propionitrile) adduct of cat. 63 (50% probability). (1) Inclined
side view. (2) Front view. (3) Side view. Hydrogen atoms and propionitrile molecules in (3) are
omitted for clarity

©\H/\OL cat. 63 (2 mol%) ©,, ©
X K
0 N CH,Cl,

Ny reflux, 2 h
64 cis-65 trans-65

52% (cis-65 + trans-65) 14% (8% ee)
Cis-65 : trans-65 =6.0 : 1
Cis-65 (74% ee), trans-65 (12% ee)

Scheme 6.16 Intramolecular asymmetric C-H insertion promoted by cat. 63

The C,-symmetry-like conformation of 63, with coordination of two molecules of
propionitrile at the axial sites of each octahedral rhodium, was revealed by X-ray
analysis of a single crystal obtained from a propionitrile solution (Fig. 6.8).

The carbamate-substituted naphthyl rings of each bridging ligand are oriented
away from the Rh carboxylate center in a down—-down—up—up conformation, as
shown in Fig. 6.8(2,3). The side view (Fig. 6.8(3)) suggests that a pair of carbamate-
substituted naphthyl rings from adjacent bridging ligands in down—-down and up—up
conformations acted as a shield to control the direction of the intramolecular C-H
insertion of the rhodium carbenoid intermediate.

Catalyst 63 was employed for the asymmetric intramolecular C-H insertion of
diazoacetate 64 (Scheme 6.16). The reaction proceeded in the presence of 2 mol%
cat. 63 to afford a,f-disubstituted y-lactone 65 in a 52% yield with a cis selectivity
(cis: trans = 6.0 : 1). The enantioselectivities of the cis- and trans-isomers were 74%



6 Biaryl Amino Acids and Their Surrogates: A Unique Class of Unnatural Amino Acid 139

and 12% ee, respectively. Concomitant cyclopropanation to 66 was also observed,
although five-membered ring formation via C—H insertion is the major pathway (65:
66 =3.7:1).

6.6 Synthesis and Application of the e-Amino Acids
and Their Surrogates

The axially chiral e-amino acid (R)-11 was prepared via opening of the seven-
membered lactam 68, which was prepared through desymmetrization of the optically
active dial (R)-67 via an intramolecular Cannizzaro reaction (Scheme 6.17) [21].
We synthesized the e-amino acid 13 possessing an N,N-dimethylamino pyridine
(DMAP) moiety as an intermediate for the corresponding carboxylate catalyst 72a to
investigate the DMAP-catalyzed acylation (Scheme 6.18(1)) [23]. Suzuki—-Miyaura
cross-coupling between 69 and the aryl iodide 70 gave 71, which was further
transformed to the carboxylic acid 13. The corresponding carboxylate ion 72a was
obtained as a tetrabutylammonium salt by treatment of an equivalent amount of
tetrabutylammonium hydroxide. X-ray analysis of the e-amino acid 13 indicated that

CHO Nao"‘ COOH e HCI COOH
CHO HQO E—— Me ACOH ME
dioxane reflux
(R-67 FT)-GB H) 1

Scheme 6.17 Preparation of the axially chiral biphenyl e-amino acid (R)-11 via lactam ring
opening

™

SN
0,0 ¢y Me. \-Me Pd(PPhg) Me\ ) DIBAL, toluene  Me. | _
| K3PO4 82% N 3 COOH
sele "
P NaClo2 H,SO,
N 2-methyl-2-butene ‘O
69 70

CH3CN, H,O

”Bu4N
IIV 3 coo n-Buy;NOH, MeOH
Me

72a

O

Scheme 6.18 (1) Preparation of the biaryl e-amino acid 13 bearing a DMAP moiety and its
carboxylate ion 72a. (2) X-ray structure of 13
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Fig. 6.9 (1) Benzoylation of cyclohexanol under pseudo-first-order conditions using 10 equivalents
of Bz,0. (2) Kinetic profiles of the cyclohexanol benzoylation, catalyzed by 72a-72c, DMAP,
or PPY

the carboxyl group was fixed in a face-to-face geometry relative to the pyridine ring
with a distance of 2.9 A between the pyridine C(3) and the carbonyl carbon (Scheme
6.18(2)).

The carboxylate catalyst 72a was found to function as a potent nucleophilic
catalyst for the acylation of alcohol by employing acid anhydride as an acylating
agent [23]. The benzoylation of cyclohexanol with benzoic anhydride provides a
typical example, in which cat. 72a exhibited a higher catalytic activity than DMAP,
the corresponding methyl ester catalyst 72b, and the catalyst 72¢, without a carboxyl
group (Fig. 6.9).

The relative rate constants of the benzoylation in the presence of 72a
(kyaa = 2.0 x 107" h™") vs. 72b (kg = 7.2 x 1072 h™') and 72a vs. 72¢
(kyze = 1.5 x 1072 h™") were 28 (kyzalkyap) and 14 (kypalkyae), respectively
(Fig. 6.9(2)). 4-Pyrrolidinopyridine (PPY) is a more potent nucleophilic catalyst
than DMAP [45]. The benzoylation activity of 72a approached the activity of PPY
(kppy = 1.8 X 107" h™", kypulkppy = 1.1).

The currently accepted catalytic cycle of the DMAP-catalyzed acylation in acid
anhydride is depicted in Fig. 6.10(1). The carboxylate ion 73 from the acid anhy-
dride has been shown to act as a general base to accelerate nucleophilic attack of the
alcohol to the acylpyridinium ion 74 in TS-I [46]; however, experimental evidence
supporting the positioning of the carboxylate ion, which acts as a general base in
TS-I, has not been obtained. The high catalytic activity of 72a indicated that a
carboxylate ion positioned in close proximity to the pyridine ring in a face-to-face
geometry acted as an effective general base to accelerate the acylation reaction. DFT
calculations of the transition state for nucleophilic attack of MeOH to the N-
acetylpyridinium ion of cat. 72a also suggested that the internal carboxylate ion of
72a accelerated acylation (Fig. 6.10(2)).
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Fig. 6.10 (1) Catalytic cycle of the DMAP-catalyzed acylation in the presence of acid anhydride.
(2) The transition state for nucleophilic attack of MeOH to the N-acetylpyridinium ion of cat. 72a
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Scheme 6.19 Preparation of the axially chiral {-amino acid (S)-14

6.7 Synthesis and Application of the - and Miscellaneous
Amino Acids

The axially chiral {-amino acid (S)-14 was prepared through the hydrolysis of the
eight-membered lactam (S)-76, which was prepared from the desymmetrization of
the oxime (S5)-75 via a Beckmann rearrangement (Scheme 6.19) [21].

Kelly and co-workers prepared a 2,3’-substituted N-Boc derivative of the -amino
acid 16 (Fig. 6.3) as a template for facilitating the formation of a f-hairpin-like
structure in a peptide. The peptide 77 prepared with the amino acid 16 was thought to
form a f-sheet structure, as shown in Fig. 6.11, based on spectroscopic and NOE
studies [25].
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Fig. 6.11 pS-Sheet structure of a peptide containing the amino acid 16
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Scheme 6.20 Preparation of macrocycles with anion-binding properties, using {-amino acid
equivalents
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Fig. 6.12 Biphenyl Fmoc amino acids as building blocks for macrocycles

Hamilton and co-workers employed the biphenyl-type {-amino acids 18a and
18b (Fig. 6.3) as scaffolds for the macrocycles 79a and 79b, which display anion-
binding properties through hydrogen-bonding (Scheme 6.20) [27, 28]. The
biphenylcarboxylic amino acid precursors 78a and 78b, bearing a nitro group,
were employed as building blocks for these macrocycles. Both macrocycles bound
to anions, such as I and p-TsO™, at their central cavity.

Nowick and co-workers designed N-Fmoc derivatives of the biphenyl ¢-, #-, and
6-amino acids 19a—19c as building blocks for constructing nanometer-scale water-
soluble macrocycles (Fig. 6.12) [29].
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Scheme 6.21 Solid phase synthesis of macrocycles through the alternate condensation of ¢- and 8-
amino acid derivatives

As a typical example, the solid phase synthesis of the triangular cyclohexamer 80
through alternate condensation of N-Fmoc 19a and N-Fmoc 19c¢ is depicted in
Scheme 6.21. A variety of macrocycles around 4 nm in width, up to the
cyclododecamer, were also synthesized using a similar strategy.

Shionoya and co-workers used the {-amino acid 20 (Fig. 6.3) as a molecular
scaffold to support the alternating arrangement of three proteinogenic a-amino acids
in a cyclic structure (Scheme 6.22) [30]. The C-terminal-protected {-amino acid 81
was employed as a key building block to prepare the macrocycle. Repeated conden-
sation with the natural amino acid and the {-amino acid gave the triangular
macrocycle 83, which was converted to the tricarboxylic acid 84 as a soluble
macrocycle in basic water.

6.8 Conclusion

This chapter summarized the synthesis and applications of biaryl amino acids and
their surrogates. Applications of these amino acids in fine organic synthesis, as
organocatalysts or chiral ligands, highlighted the utility of the amino acid derivatives
with axial chirality, as shown in Sects. 6.2, 6.3, 6.4, 6.5, and 6.6. Because these
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Scheme 6.22 Preparation of the macrocycles composed of the proteinogenic a- and biphenyl ¢-
amino acids

structures are rigid along and flexible around the biaryl axis, biaryl amino acids may
be employed as scaffolds to induce the formation of ordered conformations or cyclic
structures in macromolecules, as depicted in Sect. 6.7. As exemplified in these
previous studies, chemists can imagine a variety of unique structures with special
functions based on the biaryl amino acids and their derivatives. The development of
functional molecules based on biaryl amino acids and their surrogates show tremen-
dous promise.
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Chapter 7 ®)
Interplay of Diamides and Rare Earth e
Metals: Specific Molecular Spaces

and Catalytic Activity

Naoya Kumagai and Masakatsu Shibasaki

Abstract A catalytic system comprising functionalized small diamides and rare
earth metals (REs) exerts intriguing catalytic properties that are dictated by dynamic
construction of flexible molecular spaces. The dynamic interaction of diamides and
REs is characterized by broad applicability to distinct reaction systems as well as
notable switchable catalysis. Structural modification of the diamide allows for
enhanced intermolecular interactions to afford a self-assembled solid-phase catalyst
with a specific molecular space that engages in heterogeneous asymmetric catalysis
with a continuous-flow platform.

Keywords Diamide - Rare earth metals (REs) - Asymmetric catalysis - Self-
assembly - Photoisomerization

7.1 Introduction

Given that the majority of organic compounds acquire inherent chirality,
stereoselectivity is an indispensable feature when forging carbon-carbon or
carbon-heteroatom bonds in organic synthesis. The concept of molecular space is
critical to achieve stereoselective synthesis, wherein the bond-forming events reflect
the stereochemical information of the specific molecular space. Asymmetric cataly-
sis is perhaps the most successful means for transferring the stereochemical infor-
mation of the promoter, i.e., the catalyst, to the reactants, producing
stereochemically enriched compounds in a leveraged manner [1, 2]. Conventional
asymmetric metal-based catalysts are generally harnessed with chiral ligands having
arigid framework to decorate catalytically competent metallic species, leading to the
development of a number of synthetically useful protocols with a practical level of
stereoselectivity. While several organocatalysts [3—11] and small peptide catalysts
[12-20] with conformational flexibility are available as synthetically useful
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Fig. 7.1 Catalytic system comprising conformationally flexible diamide ligand 1 and rare earth
metals (REs)

catalysts, this is not the case for metal-based catalysts in which structural flexibility
plays a key role in catalysis [21-25]. This chapter spotlights a peculiar catalytic
system comprising structurally flexible diamide ligands 1 with two phenol units and
rare earth metals (REs) that exerts specific physical and chemical properties
(Fig. 7.1) [26, 27]. Diamide 1 is readily prepared from the corresponding a-amino
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acids without chromatographic purification. 1 possesses two secondary amides as
well as two phenolic hydroxyl groups, displaying multifaceted coordination prop-
erties by hydrogen bonding interactions and metal coordination. As for the confor-
mation of the entire framework, 1 has two planar amide moieties that are
interconnected by a flexible a-carbon and exhibits reasonable rigidity and flexibility.
On the other hand, REs, a series of 17 metals from Sc, Y, La, Ce, to Lu, typically
exhibiting trivalency and Lewis acidity with slightly different ionic radii, are char-
acterized by a diverse coordination mode and an unparalleled high coordination
number (6—12) [28-30]. The combination of conformationally flexible diamide
ligand 1 and REs leads to a dynamic catalytic system, in which loose hydrogen
bonding interactions, including reactants, and metal coordination with REs orches-
trate to form a transition-state assembly in a chiral molecular space. The availability
of REs with small variations in their ionic radii allows an optimal RE/1 catalytic
system to be found for specific reactions without requiring tedious structural mod-
ifications of 1.

7.2 Properties of Bis(hydroxyphenyl)diamides

7.2.1 Heterochiral Aggregation

Diamide 1 possesses a unique structure and is rich in hydrogen bonding donor and
acceptor sites, resulting in solvent-dependent association/dissociation properties
[31]. (5)-1a, derived from natural L-Val, instantaneously forms insoluble aggregates
with antipodal (R)-1a in halogenated solvents, e.g., chloroform (Fig. 7.2). In con-
trast, in ethereal and alcoholic solvents, a homogeneous racemic solution develops,
implying that hydrogen bonding interactions are involved in this heterochiral aggre-
gation. X-ray crystallographic analysis of the heterochiral aggregates formed in
CHCI; confirmed the presence of tight hydrogen bonding interactions in an alter-
nating array of (S)- and (R)-la (Fig. 7.3). Indeed, self-discrimination efficiently
proceeds and a sample of 1a with 4% ee can be enriched to 91.2% ee in solution
phase. Of note is the high fidelity of this heterochiral aggregation, in which stringent
recognition of molecular architectures is demonstrated in an ensemble of structurally
similar molecules (Fig. 7.4). In the presence of the same amount of six different
dummy molecules with an S-configuration, ester analogs (S5)-2,3, diamides (5)-4,5
lacking one phenolic hydroxyl group, and analogs ($)-6,7 embedded with a meth-
ylene group, only (R)-1a and (S)-1a form heterochiral aggregates. This molecular
recognition suggests that these two secondary amides and two phenols play a central
role as a privileged framework for aggregation through a tight hydrogen bonding
network.
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Fig. 7.2 Heterochiral aggregation of bis(hydroxyphenyl)diamide 1a

7.2.2 Photoresponsive Aggregation/Dissociation

This molecular recognition process inspired the development of a photoresponsive
aggregation/dissociation system, enabling spatiotemporal manipulation of the
molecular behavior by an external stimulus. Designed diamide (S)-1b has a
photoresponsive azobenzene unit, while retaining the privileged framework for
aggregation (Fig. 7.5) [32]. When the azobenzene unit is in the E-form, (S)-(E)-1b
readily forms heterochiral aggregates with antipodal (R)-(E)-1b in CHCl;, as
expected. X-ray crystallographic analysis of the aggregate reveals a tight hydrogen
bonding network as well as favorable n-contact due to the presence of an electron-
deficient 3,5-bis(trifluoromethyl)phenyl unit at the azo functional group. In sharp
contrast, the mixture of corresponding Z isomers of (S)-1b and (R)-1b in the same
solvent had high solubility, as evidenced by the disappearance of solid (S)-(E)-1b/
(R)-(E)-1b aggregates after UV (365 nm) irradiation. This is presumably due to the
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Fig. 7.3 Intermolecular hydrogen bonding interactions of 1a found in X-ray crystallographic
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Fig. 7.4 High-fidelity heterochiral recognition of diamide (S)-1a/(R)-1a

geometric isomerization of azobenzene unit, which significantly impedes the requi-
site hydrogen bonding network to maintain tight aggregation. Visible light irradia-
tion (>422 nm) of the developed solution induces re-isomerization to E isomers,
resulting in re-aggregation of the diamide molecules, which can be repeatedly
manifested in both directions. (R)-(E)-1b forms “cross” aggregates with (S)-(E)-
1c, having a 3,5-dimethylphenyl unit instead of the 3,5-bis(trifluoromethyl)phenyl
unit, with reversible features, further supporting the notion that the heterochiral
aggregation is primarily caused by the privileged hydrogen bonding array (Fig. 7.6).
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dissociation dynamics

7.2.3 Photoresponsive Switchable Catalysis

Diamide 1b discussed above shows photoresponsive activity by incorporating the
azobenzene unit. The diamide molecule still contains a manipulative moiety, i.e.,
aromatic rings of phenol units at both ends (Fig. 7.7) [33, 34]. Molecular catalysis is
generally faster in a homogeneous ensemble and aggregated heterogeneous catalysts
likely exhibit lower catalytic activity compared with the homogeneous counterparts
having identical molecular architectures. This idea led to the production of diamide
1d equipped with a pyridyl unit that is responsible for nucleophilic catalysis,
allowing for spatiotemporal control of the catalyst activity of interest. (S)-1d without
two phenolic hydroxyl groups displays inherently lower solubility than the other
derivatives, and even its homochiral E isomer is almost insoluble in n-hexane/
propionitrile = 4/1, producing only self-aggregated material from the solution.
Upon irradiation, the aggregates become soluble by photoisomerization from E to
Z isomers, leading to a completely homogeneous solution rich in Z isomers. This
aggregation/dissociation process is repeatedly manifested without degradation.
Given that the differential catalytic activity of the pyridine-armed (S)-1d is con-
firmed in O-Boc formation with Boc,0, the feasibility for in situ modulation of the
catalytic activity was evaluated (Fig. 7.8). The initially observed catalytic activity by
(8)-(2)-1d gradually diminishes under visible light (>422 nm) irradiation due to the
aggregation of the thus-formed (S)-(E)-1d, as visually observed. Subsequent UV
(365 nm) irradiation reverts (S)-(E)-1d to soluble (S)-(Z)-1d, which allows the
reaction to proceed again. This spatiotemporal on/off catalysis using (S)-1d is also
valid for Steglich rearrangement of 2-acyloxybenzofurans to 3-acyl-2-
benzofuranones.
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Fig. 7.8 In situ on/off catalysis exerted by photoresponsive catalyst (S)-1d

7.3 Homogeneous Complex

7.3.1 Monometallic Catalysis

As discussed in the preceding sections, diamide (S)-1a displays notable hydrogen
bonding properties. The utility of (S)-1a as a fundamental unit to construct a specific
molecular space is further expanded by successful marriage with REs. Five different
reactions (or stereoselectivities) are realized using only the single molecular archi-
tecture of (S)-1a by changing the REs (Scheme 7.1) [35-42]. This is likely because
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Scheme 7.1 Monometallic RE/(S)-1a catalysts for five different asymmetric reactions

(1) the coordination of (S)-1a to RE(O’Pr); is in equilibrium and the dissociated state
is dominant; (2) (S)-1a and RE(O'Pr); work together to assemble a transition-state
complex including substrates; and (3) at the transition state, due to a high coordina-
tion number and flexible coordination mode of RE to respond to the chemical
environment, the most suitable chemical space for high stereoselectivity can be
easily accessed by employing REs of different ionic radii. In this regard, this
catalytic system favors the use of substrates with high coordination ability. Specif-
ically, in the asymmetric amination promoted by the La/(S)-1a catalytic system,
primary amide 11 is a privileged substrate, and the corresponding secondary or
tertiary amide produces a significantly diminished reaction outcome [35, 37,
38]. This substrate specificity is also observed in the catalytic asymmetric hydrox-
ylation promoted by Pr/(S)-1e, while minor electronic modifications of diamide are
essential for achieving high stereoselectivity [42]. Strongly basic La(OPr); can be
replaced by the combined use of neutral La(NOj3); hydrate and weak amine base,
suggesting that no specific metal complex is formed in the reaction mixture and all of
the chemical species are in equilibrium. An Eyring plot reveals large negative
activation entropy of the amination, further supporting the involvement of a highly
organized transition state [38]. Of particular note is the drastic reversal of
diastereoselectivity in the Mannich-type reaction of a-cyanoketones 12 just by
changing REs [36, 39]. Circular dichroism (CD) spectra of Sc/(S)-1a and Er/(S)-
1a give largely different patterns, implying that chiroptically different assemblies are
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taking place to produce diverse stereochemical outcomes. Y/(S)-1a also exhibits a
different CD pattern and is optimal for a catalytic asymmetric Michael reaction of
12 [40].

7.3.2 Switchable Catalysis

The highly dynamic nature of the RE/(S)-1a catalytic system is best represented by
switchable catalysis in the asymmetric Mannich-type reaction of the a-cyanoketones
12 described above. By taking advantage of the coordination equilibrium between
RE and (S)-1a, the stereoselectivity of the catalytic system can be manipulated
during the course of the reaction. Er/(S)-1a exerts syn-selectivity in the Mannich-
type reaction with high enantioselectivity (Scheme 7.2) [39]. This Er(OiPr)3 and (§)-
1a together do not form a specific complex, but rather work together to assemble a
transition-state assembly that favors the formation of enantioenriched product syn-
19aa with the syn-configuration, which can be reprogrammed by the addition of Sc
(O'Pr);. After completing the syn-selective Mannich-type reaction with N-Boc imine
15a driven by Er(OiPr)3 (2.5 mol%)/(S)-1a (10 mol%), the addition of Sc(O'Pr);
(2.5 mol%) overrides the coordination of (S)-1a to Er(O'Pr)s, switching the
diastereoselectivity from syn to anti exerted by Sc/(S)-1a catalysis. In situ tracing
by CD measurement reveals that the CD fingerprint changes from an Er/(S)-1a
pattern to an Sc/(S)-1a pattern. Subsequent addition of different imine 15b allows

NBoc

Ph” ~H
(S)-1a 15b
10 mol % 1.0 equiv
Er(OiPr)3  Sc(OiPr) O NHBoc O NHBoc

(o]
NBoc 25mol% 2.5mol %
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Scheme 7.2 In situ dynamic switching of the diastereoselectivity in catalytic asymmetric Mannich-
type reactions
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the second Mannich-type reaction to proceed in an anti-selective manner with high
enantioselectivity.

7.3.3 Bimetallic Catalysis

The use of another metal cation expands the utility of the RE/(S)-1a catalytic system.
Given the hard Lewis basic and acidic nature of (§)-1a and RE, the incremental use
of a soft Lewis acidic metal cation exerts orthogonal catalytic activity. This combi-
nation of catalytic functions finds ambident molecules to be suitable substrates that
can be doubly activated by hard and soft Lewis acids. The La/(S)-1a catalytic
system, the optimal catalyst for catalytic asymmetric amination of 1,3-dicarbonyl
compounds (Scheme 7.1), finds a new dimension of utility in a catalytic asymmetric
Conia-ene reaction in the presence of soft Ag(I) salt (Scheme 7.3) [43]. AgOAc
performs best with PPh; to activate a soft Lewis basic terminal alkyne functionality.
This alkyne activation is integrated with enolate formation as well as the stereo-
chemical control exerted by RE/(S)-1a, thereby affording the desired cyclized
product 22. Minor structural modifications of the amino acid residue part of the
diamide are beneficial for some substrates.

7.4 Heterogeneous Complex

7.4.1 RE/Na Heterobimetallic Complex and Catalysis

Although the preceding discussion of the bimetallic catalytic system is intriguing in
terms of its dual activation mode, the catalysis itself is a conventional organic
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Fig. 7.9 Preparation and characterization of the insoluble heterobimetallic complex containing
diamide (S)-1g, Nd, and Na cations

transformation in homogeneous media. This section examines the heterogeneous
complex comprising RE, alkali metal, and diamide 1. While heterogeneous catalysis
has some practical advantages, e.g., repetitive use and application in a continuous-
flow platform, most of the asymmetric catalysts are applicable only in homogeneous
media. A common strategy for developing heterogeneous asymmetric catalysts is to
chemically ligate soluble catalysts of interest onto chemically inert solid materials,
which frequently diminishes the catalytic activity and stereoselectivity. By taking
advantage of the multiple hydrogen bonding sites of diamide 1 and the high
coordination number of RE, under certain conditions their mixture affords an
insoluble complex. Designed amide (S)-1g, in which one hydroxyl group is
translocated from the ortho- to meta-position and two fluorine atoms are installed
on the aromatic rings, forms a highly insoluble complex in the presence of Nd and
Na cations (Fig. 7.9) [44, 45]. The ESI-MS analysis indicates that the thus-formed
solid material contains both metal cations, which is consistent with the elemental
analysis by ICP-AES as well as EDS mapping in STEM imaging. The molecular
space composed of chiral diamide (S)-1g, Nd, and Na cations serves as an effective
heterogeneous catalyst for anti-selective asymmetric nitroaldol reactions of alde-
hydes 23 with broad substrate generality, in which the catalyst suspended in THF
functions as a solid-phase catalyst (Scheme 7.4). The nitroaldol products 25 are
direct precursors of anti-vicinal amino alcohols via facile reduction of the nitro
group, which represents a privileged structural motif in the field of medicinal
chemistry, as exemplified by the enantioselective synthesis of the anti-influenza
drug Relenza® [46]. NdO, /5(OiPr)13/5 and NaHMDS can be replaced with much
less expensive alternatives, such as NdCl; hydrate, and NaO'Bu, with almost
identical catalytic performance [47, 48]. The combination of REs and alkali metals
is important for inducing self-assembly to make infinite coordination networks, and
another combination, Pr/Na/(S5)-1g, could be utilized as a self-assembled solid-phase
catalyst in an asymmetric nitroaldol reaction using trifluoromethyl ketones 26 as
electrophiles (Schemes 7.5) [49].
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7.4.2 Composite Material with Multi-walled Carbon
Nanotube

The Nd/Na/(S)-1g heterogeneous catalyst is noteworthy for its simple preparation
protocol and particular utility in medicinal chemistry. Although the protocol makes
use of the self-assembly process and simple mixing can afford the requisite hetero-
geneous catalyst in a highly reproducible manner, recycling of the catalyst is
operationally difficult because the particle size of the catalysts is too small to filter
efficiently. By taking advantage of the self-assembly process, strategic use of multi-



160 N. Kumagai and M. Shibasaki

o B . OH
NdOy5(0Pr) a5  + Hod\ﬁj\l{lﬂ + NaHMDS
- O F
(5)-1g
inert & fibrous . —
solid support MWNT
self-assembly
Nd : Na : (5)-1 —
. .(f) v o4 MWNT-confined v :
[a2ial Nd/Na heterobimetallic 8 id

(ICP-AES) ® heterogeneous complex (STEM)

Fig. 7.10 Preparation and characterization of the insoluble heterobimetallic complex containing
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walled carbon nanotubes (MWNTSs) is beneficial for producing more durable and
recyclable catalysts (Fig. 7.10) [50, 51]. MWNTs with a higher aspect ratio, featur-
ing a fibrous network, serve as a nest for self-assembly, allowing the Nd/Na/(S)-1g
heterogeneous catalyst to grow and become trapped in the matrix. This results in a
composite material of functionalized MWNTs bearing smaller clusters of the self-
assembled Nd/Na/(S)-1g catalyst, which displays higher catalytic efficiency with
identical stereoselectivity with recycling capability. The most practical application
of the composite catalyst is the high-value catalytic asymmetric nitroaldol reaction in
a continuous-flow reaction platform. The catalyst column charged with the compos-
ite catalyst is readily prepared and concatenated with substrate supplies in a THF
stream without increasing the back pressure due to sufficient numbers of void spaces
in the MWNTs matrix (Fig. 7.11) [47, 48, 52]. The nitroaldol reaction can be
promoted solely by a catalyst without the use of any reagents, and thereby simple
evaporation of the eluent delivers crude products.

This self-assembly-driven confinement strategy for the preparation of heteroge-
neous catalysts is valid for monometallic catalysts by increasing the amide func-
tional groups. The newly designed diamide (S,S)-1h, a linked derivative of (5)-1a,
exhibits self-assembling properties with Er(OiPr)3 (Fig. 7.12) [53]. In contrast to the
Er/(S)-1a mixture, Er/(S,S)-1h readily assembles to form insoluble solid materials
composed of the catalytically active complex. The use of MWNTs renders the self-
assembly process in the fibrous MWNTs matrix, resulting in a composite solid
catalyst favorable for continuous-flow reactions. The syn-selective Mannich-type
reaction of a-cyanoketones 12, efficiently promoted by Er/(S)-1a catalytic system,
proceeds smoothly with the Er/(S,5)-1h catalyst with a comparable level of
stereoselectivity due to its similar ligand architecture. The linker length of (S,S)-1h
has a significant effect on the assembly efficiency as well as catalytic activity and
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7.5 Future Outlook

Given the highly pervasive nature of amide-containing macromolecules in both
natural and artificial compounds, amide-based structural motifs are promising can-
didates for scaffolding unique molecular spaces to exert catalytic activity and
stereoselectivity. Amide-rich molecules, e.g., proteins, display inherent three-
dimensional structures by intramolecular hydrogen bonding that can dictate stereo-
chemical properties. Growing attention is focused on wild-type enzymes and their
genetically modified alternatives, which gain increasing popularity and are widely
used as useful catalysts in organic syntheses. Although many metalloenzymes are
utilized, the combination of medium-sized artificial oligo- or polypeptides and
xenobiotic metal cations is little explored and can pave a new avenue in catalytic
asymmetric transformations. Computational aids will serve as predictive tools to
simulate the three-dimensional structures of novel amide-rich molecules in the
presence of metal cations.
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Chapter 8 ®)
Controlling the Chiral Molecular Space s
Using Helical Polymers

Yuuya Nagata and Michinori Suginome

Abstract Controlling the chiral molecular space using helical polymers has
attracted much attention in the context of developing advanced chiral functional
materials. So far, various helical polymers have been developed in order to inves-
tigate the screw-sense induction in helical backbones. In general, helical polymers
can be classified based on their helix inversion barriers into static and dynamic
helical polymers; however, this classification does not consider the chemical struc-
ture of the helical polymers, and consequently, there are several examples of static
and dynamic helical polymers that exhibit the same polymer backbone. Poly
(quinoxaline-2,3-diyl)s (PQXs) are particularly promising candidates to control the
chiral molecular space, as their static and/or dynamic behavior can be controlled via
the substituents. Furthermore, PQXs with chiral side chains exhibit a solvent-
dependent helix inversion that can be used to establish control over the chiral
molecular space via external stimuli. In this chapter, we describe recent progress
concerning PQXs that exhibit a solvent-dependent helix inversion and their appli-
cations in the development of advanced chiral functional materials.

Keywords Helical chirality - Helix inversion - Circularly polarized light -
Asymmetric catalysis

8.1 Introduction

Biomacromolecules such as DNA, RNA, proteins, and polysaccharides fulfill vari-
ous essential functions that can be attributed to their precisely defined three-
dimensional structures. In particular, their helical structures play important roles
in, e.g., molecular recognition and chemical transformations, as well as storage,
retrieval, and duplication of genetic information that is based on controlling the
chiral molecular space. As these biomacromolecules consist of homochiral sugars
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Fig. 8.1 Synthesis of a static helical polymer: asymmetric polymerization of triphenylmethyl
methacrylate (1)

and amino acids, their right- and left-handed helical structures are bound by a
diastereomeric relationship, which means that a thermodynamically stable single-
handed helical conformation is induced preferentially.

Recently, much attention has been attributed to controlling the helical chirality of
synthetic polymers. Given their precisely controlled helical structures, these syn-
thetic helical polymers have become increasingly attractive for applications in chiral
stationary phases, asymmetric catalysts, and chiroptical materials. In general, helical
polymers are classified into two subclasses: (i) static helical polymers with high
helix-inversion barriers and (ii) dynamic helical polymers with low helix-inversion
barriers. In other words, static helical polymers do not show a helix inversion at
room temperature, while dynamic helical polymers may exhibit a helix inversion
even at room temperature [1, 2].

In 1979, Okamoto and co-workers reported that the anionic polymerization of
triphenylmethyl methacrylate (1) in the presence of (—)-sparteine afforded the
single-handed helical polymer 2 (Fig. 8.1) [3]. Interestingly, the optical rotation of
2 became undetectable upon removal of the triphenylmethyl groups, which
suggested that the helical structure of 2 was kinetically stabilized. Since then,
2 has been regarded as a representative example for static helical polymers.

In 1988, Green and co-workers reported that poly(isocyanate) 4, whose side
chains exhibited chirality only by virtue of hydrogen/deuterium substitution, showed
a high specific rotation compared to its monomer 3 (Fig. 8.2) [4]. Poly(isocyanate)
4 is a representative example of a dynamic helical polymer, and its helix sense is a
result of the accumulation of very small energy differences per repeating unit
between P- and M-helices. This cooperative effect on the screw-sense induction is
a characteristic feature of dynamic helical polymers.

It should be noted that this classification into static or dynamic helical polymers is
based on the energy of the helix inversion barriers and not on the chemical structure
of the helical polymers. Consequently, the aforementioned classification requires
careful attention, as boundaries may sometimes be ambiguous. For example,



8 Controlling the Chiral Molecular Space Using Helical Polymers 167
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Fig. 8.3 Selected examples of static and dynamic helical polymers with identical backbones

triphenylmethyl methacrylate 2 can be classified as a static helical polymer, while
polymer 5, which bears slightly smaller side chains, exhibits a helix inversion at
room temperature and is thus a dynamic helical polymer (Fig. 8.3) [5]. On the other
hand, poly(acetylene)s such as polymer 6, developed by Yashima and co-workers,
are generally known as typical dynamic helical polymers [6]. Aoki and co-workers
have reported that polymer 7 behaves as a static helical polymer owing to the strong
hydrogen bonds between the hydroxyl groups on the side chains [7]. These reports
suggest that the static or dynamic behavior of helical polymers that exhibit identical
backbones may depend on the nature of the side chains.

8.2 Poly(quinoxaline-2,3-diyl)s

8.2.1 Aromatization Polymerization of 1,2-
Diisocyanobenzenes

Isocyanides are isoelectronic to carbon monoxide and often exhibit similar reactivity
in various transition-metal-catalyzed reactions [8]. However, carbon monoxide
hardly engages in multiple insertions into the carbon-metal bond, while isocyanides
readily participate in such multiple insertions to afford poly(isocyanide)s [9]. In
1999, Ito and co-workers reported that 1,2-diisocyano-3,4,5,6-tetramethylbenzene
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Fig. 8.4 Living polymerization of 1,2-diisocyanobenzenes using MePdI(PPhMe,), or o-ToINiCl
(PMe3), as initiators

can be oligomerized using Grignard reagents as initiators (Fig. 8.4) [10]. The
products were identified as oligo(quinoxaline-2,3-diyl)s, which was the first step
toward the chemistry of poly(quinoxaline-2,3-diyl)s (hereafter PQXs). Subse-
quently, the living polymerization of 1,2-diisocyanobenzenes, which affords
PQXs, was accomplished using organopalladium [11] or organonickel [12] com-
plexes as initiators.

8.2.2 Single-Handed Poly(quinoxaline-2,3-diyl)s As Static
Helical Polymers

The helicity of the main chain of PQXs arises from the steric repulsion between the
two substituents at the 5- and 8-positions of the quinoxaline rings. This feature was
unequivocally determined by the synthesis and isolation of the P- and M-helices of a
PQX (Fig. 8.5) [13]. For that purpose, 3,6-di-p-tolyl-1,2-diisocyanobenzene was
initially oligomerized using a palladium complex with chiral ligands, and oligomer
8 was isolated by gel permeation chromatography (GPC). Here, P- and M-helical
8 are bound by a diastereomeric relationship due to the same chiral ligands on the
terminal palladium moieties. The diastereomer mixture was successfully separated
using high-pressure liquid chromatography (HPLC), and the circular dichroism
(CD) spectra of the thus obtained P- and M-helical 8 were mirror images of each
other. Using P- and M-helical 8 as initiators, 1,2-diisocyano-3,6-dimethyl-4,5-bis
(propoxymethyl)benzene was polymerized to give (P)- and (M)-10. Even after
removal of the chiral terminal groups by treatment with a Grignard reagent, the
CD spectra of (P)- and (M )-10 were perfect mirror images of each other. As (P)- and
(M)-10 do not show helix inversion at room temperature owing to the bulky tolyl
side chains, these polymers are classified as static helical polymers.

Given that it is very laborious to separate the P- and M-helical oligomers using a
combination of GPC and HPLC, an improved method to prepare single-handed
helical PQXs had been desired. In order to synthesize single-handed helical PQXs,
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Fig. 8.6 Synthesis of single-handed helical PQXs with a chiral binaphthyl derivative as a terminal
group

palladium complexes with chiral binaphthyl substituents were developed as chiral
initiators (Fig. 8.6) [14]. In this case, the chiral substituent is not in the proximity of
the polymerization growth terminal during the polymerization. Nevertheless, based
on the CD intensity, polymer 13 showed ca. 90% screw-sense excess. Furthermore,
pentamer 14 was successfully isolated, and its molecular structure, which was



170 Y. Nagata and M. Suginome

unambiguously determined by single-crystal X-ray analysis, revealed that a P-
helical structure was induced by the terminal chiral binaphthyl groups.

8.2.3 Poly(quinoxaline-2,3-diyl)s As Dynamic Helical
Polymers

PQXs that bear small substituents such as methyl groups on the 5,8-positions exhibit
helix inversion at room temperature and can thus be classified as dynamic helical
polymers. For example, PQXs with a boronyl end group such as 15 did not show any
CD signal prior to treatment with (R,R)-hydrobenzoin, which induced an M-helical
screw sense (Fig. 8.7) [15]. Interestingly, the hydrolytic removal of (R,R)-
hydrobenzoin caused racemization of the polymer backbone, and a subsequent
reaction with (§,S)-hydrobenzoin induced a P-helical conformation.

Screw-sense induction in PQXs was also achieved via the introduction of chiral
side chains (Fig. 8.8) [16]. A series of random copolymers (21-25) of achiral 9 and
chiral 20, which contain (R)-2-butoxymethyl groups as side chains, was prepared
using an achiral organonickel initiator and various ratios of 9 and 20. CD spectra of
these polymers revealed a nonlinear relationship between the screw-sense excess and
the number of chiral units per polymer chain. This nonlinear relationship showed
good agreement with Green’s theory, which describes the sergeants-and-soldiers
effect in helical polymers.

deracemization

HO ~ OH
>_/ Pro
Ph Ph PrO.

16, (R,R)-form

|

hydrolysis, racemization

1. NalOy, THF/H,0
2.1 N HCl aq.

Pro
Pro

/

0% se (racemic) deracemization Pro
HO  OH Pro
Pi  Ph Me
18, (S,S)-form

19,35% se (P) 1"

Fig. 8.7 Screw-sense induction in PQX with a boronyl end group (15) by introduction of (R,R)- or
(8,8)-hydrobenzoin
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Fig. 8.8 PQXs with achiral and chiral side chains and their screw-sense excess (se) in CHCly

8.3 Solvent-Dependent Helix Inversion of Poly
(quinoxaline-2,3-diyl)s

A polymer that bears (R)-2-butoxymethyl groups as side chains (25) shows a P-
helical conformation in CHCIl;. Intriguingly, when 25 is dissolved in 1,1,2-
trichloroethane, an opposite CD signal is observed, which is indicative of an
inversion of the helical backbone to an M-helical conformation (Fig. 8.9)
[16]. This solvent-dependent helix inversion is completely reversible, i.e., after
removing 1,1,2-trichloroethane under reduced pressure and adding CHClI;, the
helical backbone of 25 inverts to a P-helical conformation again.

PQX copolymers that bear various chiral units and common achiral units were
synthesized to investigate the efficiency of the screw-sense induction and its depen-
dence on the solvent (CHCl; or 1,1,2-trichloroethane; Fig. 8.10) [17]. Polymer 26
exhibited a helix inversion, indicating that oxygen atoms in the side chain were not
essential for the helix inversion. Polymers 27 and 28 were prepared from the
inexpensive chiral source (S)-2-methylbutanol, which is easily available as a
by-product of alcoholic fermentation. Although polymer 28 with (§)-2-
methylbutoxymethyl groups did not show any helix inversion, polymer 27 with
(8)-2-methylbutoxy groups exhibited a helix inversion. Polymer 29, which contains
(S)-2-butoxy groups, did not show any helix inversion. Here, chirality-switchable
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Fig. 8.9 Solvent-dependent helix inversion of PQX 25
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Fig. 8.10 PQXs 26-29 with various chiral side chains and their dependence of the screw sense on
the solvent (CHCI; or 1,1,2-trichloroethane)

polymers 25-27 have in common that their chiral center resides at the third position
in the chiral side chains on the quinoxaline ring. It has accordingly been suggested
that the position of the chiral center in the side chain may be essential for the solvent-
dependent helix inversion.

PQXs bearing (R)-pentyloxymethyl, (R)-hexyloxymethyl, or (R)-octyloxymethyl
side chains were also synthesized to investigate the efficiency of the screw-sense
induction. Among these, PQXs with (R)-octyloxymethyl side chains exhibited the
most efficient screw-sense induction, suggesting that longer side chains efficiently
stabilize the single-handed helical structure. Polymer 30 showed a P-helical
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conformation in a variety of common organic solvents, while some nitrile solvents
(1-BuCN and 1-PrCN) and halogenated solvents (1,1,2-trichloroethane,
1,3-dichloropropane, and 1,2-dichloroethane) induced M-helical structures
(Fig. 8.11).

As most of the naturally occurring chiral compounds are available in only one of
the two enantiomeric forms, it is very important from a practical perspective to be
able to induce both helical senses (P- and M-helices) via the introduced enantiopure
chiral side chains. For example, PQXs with chiral side chains derived from naturally
occurring L-lactic acid were prepared in order to investigate the screw-sense induc-
tion in various ether solvents (Fig. 8.12) [18].

Polymer 31 adopted M-helical structures in both CHCl; and 1,1,2-
trichloroethane, and a solvent-dependent helical inversion could not be observed
(Fig. 8.13). However, in ether solvents, the g values crucially depended on the length
of alkyl chains and showed a clear odd-even effect in the region of n = 1-5, i.e., from
methyl to pentyl esters. For higher alkyl groups (n > 6), such an odd-even effect was
not observed anymore. In addition, the use of fers-butyl methyl ether generally
induced a P-helical structure. This solvent-dependent helical induction was most
clearly observed for 31, which carries a pentyl ester (n = 5) in the side chain: the use
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Fig. 8.12 PQXs with chiral side chains derived from L-lactic acid
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Fig. 8.13 Solvent-dependent correlation between the length of the alkyl side chains, n, and the
g values of 31; 1,1,2-TCE, 1,1,2-trichloroethane; THF, tetrahydrofuran; 1,2-DME,
1,2-dimethoxyethane; CPME, cyclopentyl methyl ether; and MTBE, tert-butyl methyl ether

of either zert-butyl methyl ether or 1,2-dimethoxyethane selectively induced P- or M-
helical structures, respectively.

Saturated hydrocarbons are generally considered as highly hydrophobic solvents,
which allows excluding most solvent-solute interactions. This is also reflected in the
family name of the hydrocarbons, which are commonly referred to as “paraffins,”
originating from the Latin “parum affinis,” which means “little affinity” [19]. Due to
the minimal solvent-solute interactions, a change between saturated hydrocarbon
solvents does usually not result in appreciable differences regarding the outcome of
chemical events or conformational changes. Nevertheless, a PQX bearing (S)-3-
octyloxymethyl side chains (32) exhibited a solvent-dependent helix inversion in
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saturated hydrocarbons (Fig. 8.14) [20]. For example, a series of linear n-alkanes
induced an M-helical conformation, while for branched or cyclic alkanes, trends with
respect to the handedness of the helical chirality of 32 were more complicated.
Whereas methyl-, ethyl-, propyl-, and butyl-substituted cyclohexanes induced an M-
helical conformation, unsubstituted cyclohexane, as well as isopropylcyclohexane,
induced a P-helical conformation. On the basis of these results, it seems feasible to
assume that the handedness of the induced screw sense depends on the molecular
shape of the alkane solvents.

8.4 Poly(quinoxaline-2,3-diyl)s As Chirality-Switchable
Chiroptical Materials

Single-handed PQXs can show significant chiral molecular functions. For instance, a
single-handed PQX bearing chiral side chains and diarylphosphino pendants can be
used as highly effective chiral ligands in asymmetric catalysis [21-26]. Recently,
their helically chiral scaffold was applied to the generation of a chiral organocatalyst
[27]. Yet, the single-handed helical scaffold of PQXs is not only attractive for
applications in asymmetric catalysis but also in chiroptical materials. In this section,
PQXs exhibiting circularly polarized luminescence (CPL) and selective reflection
are described.
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8.4.1 Poly(quinoxaline-2,3-diyl)s As Chirality-Switchable
CPL Materials

CPL [28, 29] is defined as the differential emission between right- and left-handed
circularly polarized light. CPL has attracted considerable interest due to potential
applications in chemical sensors [30], biological probes [31], and three-dimensional
displays [32]. In this context, a PQX with (S)-2-methylbutoxy side chains (33)
showed blue luminescence under irradiation with UV light (4 = 365 nm) in dilute
solution [33]. Furthermore, based on the CD measurements, 33 exhibited a solvent-
dependent helix inversion between CHCI; and 1,1,1-trichlroroethane (1,1,1-TCE).
CPL signals of 33 could be observed even in dilution, indicating that the signals
observed stem from the helical conformation of the quinoxaline rings (Fig. 8.15),
and these CPL signals were almost identical mirror images of each other. The CPL
dissymmetry factor, gyum, is defined as gjm = 2(/L — Ir)/(IL + Ir), where I and Iy
represent the fluorescence intensities of the right- and left-handed CPL, respectively.
The observed maxima for gyl in CHCI; (2.3 x 10*) and 1,1,1-TCE (4.1 x 1074
are comparable to previously reported non-switchable CPL materials in solutions,
which are typically Igjuml = 107°-1072 [34, 35].

Polymer 33 exhibited blue CPL, whose handedness could be switched by the
solvent-dependent helix inversion of the polymer main chain. However, the main
chain of 33 exhibited only blue emission with a low photoluminescent quantum
yield (<0.7%). However, the introduction of simple m-groups to the quinoxaline
rings enhanced the photoluminescent quantum yield and thus accomplished more
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Fig. 8.16 Structures of co-PQXs 34a—g, which bear luminophore units
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efficient CPL using the PQX scaffold (Fig. 8.16) [36]. Random co-100mers 34a-g,
which bear common chiral units containing (S)-2-butoxymethyl side chains along
with various 5,8-diarylqunoxalaine units, were prepared to investigate their optical
properties. These polymers exhibited virtually identical UV-vis absorption spectra,
although 34f and 34g showed broad, weak peaks around 400-500 nm, which were
assigned to donor-accepter interactions in the 5-methylthienyl- or
4-dimethylaminophenyl-substituted quinoxaline units. On the other hand, PL spectra
of these polymers covered the entire visible light region. The mean emission
wavelength was bathochromically shifted with decreasing electron-donating ability
of the aryl groups at the 5,8-positions of the quinoxaline ring. While 34a and 34b
with 4-trifluoromethylphenyl and p-tolyl groups exhibited blue emission, 34c and
34d, which contain electron-rich 4-methoxyphenyl and 3.4,5-trimethoxyphenyl
groups, showed green emission. 34e, 34f, and 34g, which carry more electron-rich
3- or 5-methylthienyl, and 4-dimethylaminophenyl groups, exhibited orange to red
emission. This trend may be rationalized based on the mechanism of the fluorescence
emission involving the donor-accepter interaction between the aryl substituents and
the electron-deficient quinoxaline ring. The absolute photoluminescent quantum
yield, ®p;, was improved up to 49.7% by random incorporation of five
5,8-diarylquinoxaline units in a 100mer (34f, Table 8.1). It should be noted that
most part of the excitation light (350 or 351 nm, which was set to the absorption
maxima) was initially absorbed by the chiral units with no n-substituents at 5- and
8-positions. Subsequently, the photoexcited energy was efficiently transferred to the
5,8-diarylquinoxaline units to exhibit photoluminescence.

CD spectra of 34a—g showed that these polymers adopted pure M- or P-helical
conformations in CHCl; or 1,1,2-TCE, respectively (34a, 34b, and 34g were
dissolved in a mixed solvent, 1,1,2-TCE/THF = 8/2, due to their low solubility).



178 Y. Nagata and M. Suginome

Table 8.1. Optical properties /labsa (nm) APLb (nm) CDPLC (%)
of 34a-—g in CHCly 1 |34a 351, 290 (646), 426 0.5

2 [34b 351,291 473 3.1

3 [34c 350, 291 512 33.0

4 [34d  [351,291 537 127

5 [34e 350, 290 569 407

6 | 34f 459),351,291 | 577 497

7 [34g | (455),350,291 | 600 24.6

“Maximum absorption wavelength
"Maximum PL wavelength
“Absolute PL quantum yield
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Fig. 8.17 CPL and PL spectra of (a) 34b, (b) 34c, and (c) 34g in CHCI; or 1,1,2-TCE. For 34g, a
mixed solvent (1,1,2-TCE/THF = 8/2, v/v) was used instead of 1,1,2-TCE due to the low solubility
of 34g in the latter

It should be noted that the incorporation of 5,8-diarylquinoxaline units into the
polymer backbone did not affect the screw-sense induction and the solvent-
dependent helix inversion. CPL spectra of 34a—g were recorded in dilute solutions
of CHCl; and 1,1,2-TCE. 34a afforded weak CPL signals, which mainly originated
from chiral units in the main chain [33]. It should be noted that 34b-g clearly showed
CPL peaks, suggesting that the helical backbones are involved in the emission
process. All polymers exhibited positive CPL signals in CHCl3, due to the influence
of their M-helical main chain. The gcpp values at maximum PL wavelength in
CHCl; (—3.2 to —11.5 x 10™*) were comparable to those previously reported for
non-switchable organic CPL materials, which typically exhibit Igcpr | values of 10>
1073 [34, 35], except for particularly efficient helical molecules (Igcpr! = 1072210
*l) [37, 38]. In 1,1,2-TCE or a mixed solvent (1,1,2-TCE/THF = 8/2, v/v), these
polymers showed positive peaks (gcpp, = +1.2 to +10.5 x 10~%) except for 1f, which
showed no CPL emission; the reason for this exception is not clear at this moment.
As representative examples, the CPL and PL spectra of 34b (blue emission), 34¢
(green emission), and 34 g (red-orange emission) are shown in Fig. 8.17, indicating
the solvent-dependent chirality switch of CPL handedness. Here, the chiral side
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Fig. 8.18 Structures of PQX-based ternary co-100mers 35(x/y)

chains of 34 induce the main-chain helical chirality, which provides chiral environ-
ments for the luminescent diaryl-substituted quinoxalines to exhibit the CPL signals.

8.4.2 Poly(quinoxaline-2,3-diyl)s As Chirality-Switchable
Cholesteric Materials

Physical interaction of light with a chiral nematic (cholesteric) nanostructure, whose
pitch falls within a wavelength range of visible light, shows coloration by selective
reflection of CPL. The wavelength of the reflected light is thereby determined by the
product of the average refractive index and the pitch of the cholesteric structure
[39]. Such structural coloration is widely found in nature, as exemplified by the
colored skin tissue of jeweled beetles [40] and certain plant types [41].

Thin films of PQXs consisting of three components containing (S)-2-
methylbuthyloxy, n-butoxy, and 8-chlorooctyloxy groups 35(x/y) exhibited selec-
tive reflection of right-handed CPL in the visible region after annealing in CHCl;
vapor at room temperature [42]. Firstly, 35(x/y) containing various ratios of chiral
(x) and achiral units (y), along with a fixed number of chlorooctyl units (25), were
prepared to investigate the role of chiral units (Fig. 8.18). The color of the thin films
after CHCl; vapor annealing varied from blue to green and red according to the ratio
of chiral monomer units (Fig. 8.19). The change in color was clearly correlated to the
screw-sense excess of the helical macromolecules and, in turn, to the degree of the
screw sense of the cholesteric-like superstructures.

Polymer 35(x/y) also showed a solvent-dependent helix inversion between
CHCI; and 1,2-dichloroethane (1,2-DCE). The CHCl;-treated film reflected right-
handed CPL, whereas the 1,2-DCE-treated film reflected left-handed CPL. Given
that it is possible to tune the macromolecular screw-sense purity by changing the
ratio of the two solvents [16], we tried to prepare a single film for which the color and
handedness of reflected light are fully tunable by the solvent effect alone. For
polymer 35(30/45), which showed reflection of right-handed blue CPL upon expo-
sure to 100% CHCI; vapor (Fig. 8.20, a), increasing the ratio of 1,2-DCE to 33% and
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Fig. 8.20 Difference reflection spectra of 35(x/y) annealed in CHCl,

50% resulted in a bathochromic shift of the reflected wavelength, i.e., green (b) and
red (d) color, respectively. Further increases in the ratio of 1,2-DCE caused the
reflection of visible light to disappear. When the ratio of 1,2-DCE was further
increased to 90% (e), a right-handed helical structure with left-handed helical
superstructure becomes predominant, which results in the reflection of left-handed
red CPL. A hypsochromic shift of the reflection of left-handed CPL was observed
upon increasing the ratio of 1,2-DCE (f-h), which resulted in the observation of
green (g) and blue (h) color. Consequently, both the wavelength and the chirality of
the reflected light could be fully tuned by changing the ratio of the mixed solvents for
the vapor annealing process.
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8.5 Conclusion

PQXs can provide unique and highly effective chiral molecular space for asymmet-
ric reactions as well as the generation of CPL. These characteristic features of PQXs
are required in precise syntheses via, e.g., living polymerizations, the almost perfect
screw-sense induction, and the solvent-dependent switch of the helical backbone. At
this stage, it seems difficult to achieve these features using any other synthetic helical
polymers. Nevertheless, in order to develop new functional materials based on the
control over the chiral molecular space, challenges for the design and synthesis of
new helical polymers remain to be overcome. In the near future, the concept of
controlling the chiral molecular space using not only PQXs but also various other
helical polymers will be extended and applied to a variety of chiral functional
materials.
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Chapter 9 )
Functional Supramolecular Materials e
Formed by Non-covalent Bonds

Yoshinori Takashima, Yuichiro Kobayashi, Motofumi Osaki,
and Akira Harada

Abstract Molecular recognition is essential for realizing functional supramolecular
materials. Non-covalent host-guest interactions are effective tools to introduce
various functions and properties into materials. This review focuses on the functions
such as selective molecular adhesions, self-healing, toughness, and actuation prop-
erties of the supramolecular polymeric materials. These functions have been
achieved by using reversible bond formations between cyclodextrins (CDs) and
guest molecules. The host-guest interactions involving CDs can be used to achieve
efficient stimuli-responsive behaviors and self-healing properties. Furthermore, the
supramolecular materials have been found to exhibit macroscopic rapid expanding
and contracting driven by external stimuli under semidry conditions. Supramolecular
actuator using host-guest complexations can be prepared by two approaches. The
first is the functionalization of a supramolecular gel, which changes the cross-linking
density between the polymers. The second is the utilization of a topological gel to
change length of the polymer chain between cross-linked points. Both types of the
actuators exhibit bending behaviors by external stimuli. This review summarizes the
advancements within the past 10 years in supramolecular materials that utilize the
host-guest interactions and the sliding motion of ring molecules functionalized by
chemical or physical processes.

Keywords Non-covalent bond - Host-guest interaction - Polymeric material -

Adhesion - Stimuli-responsive material - Functional material

9.1 Introduction

Molecular recognitions between small molecules and macromolecules play impor-
tant roles to show various functions in biological systems [1-6]. Herein, we focus on
dynamics of muscle motion [7-10], self-healing properties, and cell adhesion
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[11, 12] through molecular recognitions. Myosin, kinesin, and dynein convert
energy from ATP hydrolysis to mechanical work. In muscle fibrils, myosin and
actin filaments form a complex with an alternating layered structure, components of
which slide over one another with molecular recognitions, leading to macroscopic
contraction and expansion of the muscles [7-9]. The sliding motion of myosin and
actin filaments inspired the development of artificial linear motors. The molecular
recognitions of cells also inspired self-healing property, which is similar to cell
adhesion via molecular recognitions on the cell surfaces. Cellular adhesion, through
which cells form clumps, is essential for maintaining multicellular structures. These
cell clumps eventually form organs through cell sorting. Moreover, these behaviors
can be controlled through molecular recognitions. Inspired by these mechanical
movement and selective assembly, development of stimuli-responsive supramolec-
ular materials has been attempted by using molecular recognitions.

Recently, molecular recognition chemistry [13—15] and supramolecular chemis-
try [16, 17] have received much attentions from scientists, owing to their dynamic
effects on molecular structures, catalytic activities, photochemical behaviors, and
switching of those properties. Macrocyclic molecules (crown ethers [13],
cyclophanes [14], cryptands [16], and cucurbiturils [18]) are typical host molecules,
which are widely used to achieve functional properties in supramolecular chemistry.
In this field, controls of supramolecular assemblies and polymer structures [19, 20]
by external stimuli, such as pH [21-23], redox [24-28], and light [29-38], are issues
of increasing interest. Stimuli-responsive supramolecular polymers are relevant not
only for mimicking biological functions but also for a range of applications in
materials science. Supramolecular chemists including us employed cyclodextrins
(CDs) as supramolecular components. CDs are a family of macrocyclic oligosac-
charides, the most common of which are composed of 6 (¢CD), 7 (fCD), or 8 (yCD)
a-1,4-linked p-glucopyranose units. Table 9.1 shows the physical properties of CDs
[39—42]. Inclusion complexes of CDs are formed through hydrophobic interaction
and van der Waals force between inner surface of the CD ring and hydrophobic
guest molecule with a suitable size for the CD cavity. In early studies of CD
inclusion complexes, mimicking enzyme catalysis was attempted [43, 44]. CDs
were also used for the study of phase-boundary supramolecular catalysis and
developed as artificial enzymes [45].

For the development of functional supramolecular materials controlled by host-
guest interactions, we have realized sol-gel switching, self-healing, adhesion control,
and contraction-expansion movements through the formation of inclusion com-
plexes with CDs in polymeric materials [46]. Our research aims at observing
macroscopic phenomena triggered by molecular recognitions without using a micro-
scope. There are three approaches to prepare the functional supramolecular poly-
mers. The first is use of polyrotaxane-type materials, the second is employing
reversible complex formation on polymer side chains, and the third is formation of
sequential supramolecular complexes (supramolecular polymers) (Fig. 9.1).

Study of incorporations between CDs and polymers were provided a few decades
ago. It was found that CD-modified poly(acrylic acid) forms ester guests via
complexation and that the CD polymer acts as an artificial hydrolysis enzyme to
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Table 9.1 Chemical structure, approximate geometric dimensions, and physical properties of o, £,
and yCD

0-CD B-CD v-CD
Molecular Weight 972 1135 1297
No. of Glucose Units 6 7 8
Cavity Diameter (nm) 0.47 0.60 0.75
Height of Torus (nm) 0.79 0.79 0.79

Sequential Complex

Side Chain Complex

Fig. 9.1 Preparation of functional supramolecular materials by using CDs. (a) Polyrotaxane-type
materials, (b) reversible complex formation on a polymer side chain, and (c) sequential supramo-
lecular complexes (supramolecular polymers)

promote hydrolysis of the guest molecules [47]. Native CDs accurately recognize
saturated aliphatic guest units on polymer side chains. Furthermore, it was found that
the selectivity of CDs with aliphatic guest units attached to polymer chain is higher
than that with the small guest molecules isolated in solutions [48]. In the study of
polymer chemistry with CDs, water-soluble polymer and CDs in aqueous solutions
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were found to form poly-pseudo-rotaxanes in 1990 [49, 50]. The research
concerning sequential-type supramolecular polymers with CDs revealed that CDs
modified with hydrophobic guest groups spontaneously form supramolecular poly-
mers, which were connected through host-guest interactions in aqueous
solutions [51].

Main-chain-type supramolecular complexes [51-53] and supramolecular poly-
mers [19, 20, 54-56] have been summarized in several reviews previously. On the
basis of the above CD’s chemistry, herein, we summarize our recent researches on
functional supramolecular polymeric materials controlled by the formation of com-
plexes between CD and guest molecules in the polymer networks.

9.2 Molecular Recognition of Polymer Side Chains

Complex formation and self-assembly like proteins and DNAs have been demon-
strated by using molecular recognitions of polymers modified with host/guest
moieties at their side chains. The cooperative effect between the side chains was
found to enhance selectivity and binding strength of the molecular recognitions
[57, 58].

On the basis of these effects, we have investigated the formation of macroscopic
assemblies using molecular recognition on the surface of polymeric hydrogel. We
prepared CD-host gels and guest gels, which have host/guest moieties at the side
chains of the polymer network. These materials are prepared via copolymerization of
acrylamide, the host/guest monomers, and N,N'-methylenebis(acrylamide)
(MBAAm). All the materials shown in this chapter are summarized in Table 9.2.

9.2.1 Self-Assembly of Hydrogels Through Complex
Formation Between CD and Hydrophobic Guest
Molecules

Macroscopic adhesions between the host hydrogel and the guest hydrogel were
investigated. We prepared the host hydrogels («CD gel and pCD gel), which have
aCD or BCD moieties at the side chains of polyacrylamide, respectively. The guest
hydrogels were also prepared by corresponding functional monomers to obtain Ad
gel (having adamantly group), nBu gel (n-butyl groups), and rBu gel (¢-butyl group).
Adhesive behaviors were tested by shaking gels floating on water in a petri dish. Ad
gel showed selective adhesion to BCD gel not to other Ad gel (Fig. 9.2b), indicating
that host-guest complex formation between the gels led to the adhesive behavior.
When aCD gel, BCD gel, nBu gel, and Bu gel were shaken in water at the same
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Table 9.2 Chemical structures of the host and guest gels showing adhesive behaviors
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Fig. 9.2 (a) Chemical structures of host gels (aCD gel and fCD gel) and guest gels (adamantyl gel
(Ad gel), normal-butyl-gel (nBu gel), and tert-butyl-gel (fBu gel)). (b) Macroscopic self-assembly
between BCD gels and Ad gels. (¢) Macroscopic self-assembly of BCD gel/rBu gel and aCD
gel/nBu gel

time, aCD gel and BCD gel selectively adhere to nBu gel and rBu gel (Fig. 9.2¢c)
[59]. Even when the hydrophobic guests nBu and rBu were changed to n-hexyl and
cyclohexyl groups, they also show the selective adhesion to «CD and BCD, respec-
tively [60]. As shown above, the adhesion through host-guest interactions are
selective process, and the self-assemblies are controllable by choosing the combi-
nations between CDs and guest molecules with.

As CDs are cyclic oligomers of p-glucopyranose units with a conical chiral
cavity, the CD cavities are chiral, and the host-guest interactions have potential
ability for chiral sensing. Recently, we have achieved macroscopic chiral recognition
using CD hydrogel. The BCD hydrogel was found to assemble with a hydrogel
having | -tryptophan moieties as side chains (. -Trp gel) to form an aggregate, but it
does not interact with a hydrogel with p-tryptophan (p-Trp gel) [61]. Though chiral
recognition with the host-guest interaction is generally difficult because of low
selectivity of the chiral host, the design of macromolecular host/guest has enabled
multivalent effective chiral recognitions to show the macroscopic phenomena.
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9.2.2 Stimuli-Responsive On/Off Switching of Adhesion
Between Hydrogels

The affinity between CDs and guest molecules can be changed by external stimuli.
We investigated the macroscopic gel adhesion-dissociation systems responding to
light [62], solvent [63], metal ion [64], pH [65], and temperature [66]. As shown in
Fig. 9.3, a macroscopic gel assembly system was developed by using
photoresponsive molecule such as azobenzene (Azo). Azo is a dye molecule with
two phenyl groups linked with a N=N double bond. One of the most intriguing
properties of Azo is a photoisomerization between trans- and cis-isomers
[67, 68]. The association constant of an inclusion complex between aCD and
trans-Azo is 2000 M~', which is much larger than that of cis-Azo (35 M
[37, 38, 69]. In addition, the two isomers can be reversibly switched by irradiation
with proper wavelength of light. That is, aCD selectively include trans-Azo, and the
inclusion complex can be dissociated by the isomerization to cis-Azo. Here, we
prepared hydrogels modified with aCD or trans-Azo. When aCD gel and trans-Azo
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Fig. 9.3 (a) Chemical structures of aCD gel and Azo gel. (b) Gel assembly and dissociation on
photoirradiation. Shaking of the gels led to the assembly of «CD gel/trans-Azo gel. Photoirradiation
with UV light led to the dissociation gels. The separated aCD gels and Azo gels are found to
reassemble on visible light irradiation. Binding of the Azo gels to the aCD gels and dissociation of
the combined gels are found to be reversible and reproducible
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gel were floated in water and agitated for a minute, ®CD hydrogel adhered to trans-
Azo hydrogel. The assembled gels were found to dissociate by irradiation with UV
light, indicating that the trans to cis photoisomerization of the Azo units in hydrogel
decreased the association constant between aCD and Azo, leading to the dissociation
of gels. Furthermore, the separated aCD hydrogels and cis-Azo hydrogels can
reassemble by irradiation of visible light, which triggered the cis to trans
photoisomerization of Azo to be included by aCD [62].

Recombination and switching of hydrogels were realized by using pyrene (Py) as
a guest moiety. While Py easily forms dimers or aggregates via intermolecular forces
(hydrophobic interaction and n-m stacking) in aqueous media, it remains as an
isolated monomer in organic solvents such as dimethyl sulfoxide (DMSO) [70, 71]. -
Py-modified hydrogel (Py gel) was prepared as a guest gel in the same manner. In
water, the Py hydrogel adhered to a hydrogel having yCD host moieties (yCD gel),
because inclusion complexes between yCD and the Py dimer were formed between
the gels. On the other hand, changing the solvent with volume fraction of water/
DMSO = 1:1 made the Py dimers dissociated, and the Py gels became to adhere to
BCD gel. The selectivity of Py gel can be switched by varying the composition of the
mix solvent water/DMSO system to show recombination of macroscopic gel
assembly [63].

We also achieved metal-ion-responsive adhesion materials. A hydrogel having
both BCD and bipyridyl (Bpy) groups as side chains (BCD-Bpy gel) was prepared.
BCD-Bpy gel did not adhere to fBu gel. The fCD and Bpy formed an inclusion
complex within the same gel, and the fCD could not include further guest molecules
not to show the adhesion to fBu gel. However, after immersion in a Cu?* solution,
BCD-Bpy hydrogel showed adhesion to fBu hydrogel, indicating that the Bpy moiety
left the BCD cavity and formed Cu(Bpy) complex, letting CD moiety include Bu
groups on rBu gel. When the gels were immersed in EDTA to eliminate Cu®* ions
from the system, PCD-Bpy hydrogel was found to cease the adhesion to /Bu
hydrogel again [64].

Assembly triggered by pH has great potentials in biomedical applications. In
neutral aqueous solution, hydrogel-tethered dansyl (Dns) groups can adhere to only
BCD gels not aCD or yCD gels, because the cavity size of fCD is appropriate for
Dns. The assembled BCD gel and Dns gel were found to dissociate by shaking in low
pH (£3.0). In general, inclusion complexes between CD and cation are unstable due
to electrostatic interactions. These results indicate that protonation of the Dns moiety
made the inclusion complex dissociated to separate the gels in macroscale. The
association and dissociation between PCD hydrogel and Dns hydrogel are also
repeatable [65].

Among a variety of stimuli, temperature is one of the most important and useful
stimulus. The formation of inclusion complexes between CDs and guest compounds
strongly depends on temperature [72-74]. Here, we achieved a control of the
macroscopic gel assemblies by temperature [66]. By shaking the hydrogels having
benzyl moieties (Bz gel) and «, p, and yCD gels in aqueous solution at a room
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temperature, the Bz gel forms assemblies with only BCD gel. When the temperature
was cooled down to 15 °C, Bz gel showed adhesion to both aCD and pCD gel.
Further cooling down made Bz gel adhere to all the host gels including yCD gel. By
decreasing the temperature, complex formations between CDs and Bz were pro-
moted by entropic gain, letting CDs form the complexes with the Bz moiety. The
changes of gel assemblies at various temperatures also showed a good reversibility,
suggesting that temperature is a useful stimulus for macroscopic assembly based on
molecular recognition.

9.2.3 Macroscopic Self-Assembly Driven by Hydrogen Bond
Formations

More sophisticated controls of macroscopic assemblies are available by using
dynamic interactions between molecules. There are several reports concerning
adhesions between materials via various non-covalent interactions, including
dynamic covalent bonds [75], ion-ion interactions [76], and hydrogen bonds [77],
among others [78]. Yin and coworkers reported a DNA-based gel assembly system
using DNA polymerase-mediated rolling circle amplification (RCA) method on the
surface of the gel [79].

We reported macroscopic assemblies and adhesion between materials with hydro-
gen bond interactions using oligonucleotides or nucleobase pairs [80]. Three types of
hydrogels having oligonucleotides as side chains (DNA gels) were prepared by
using DNA-tethered monomers 1 (5-TTTTTCACAGATGAGT-3' (16-mer)), 1’
(5-TTTTACTCATCTGTGA-3’ (16-mer), and 2 (5-TTTTTTTTTTTTTTTT-3’
(16-mer)), respectively. When DNA gels with 1, 1/, and 2 were placed to contact
each other, adhesive behavior was observed only between those with 1 and 1/, which
have complementary base pairs. The adhesion strength between DNA gels with
1 and 1’ was much larger than that of control samples, indicating that the adhesion of
DNA gels was achieved through hybridization of the complementary oligonucleo-
tides with 12 nucleobases. On the basis of these results, we hypothesized that
synthetic polymers modified with nucleobases on the polymer side chain could
realize selective adhesion by the complementary base pairs. A macroscopic assem-
bling by using organogels modified with adenine (A) or thymine (T) moieties was
carried out in toluene. Although association constants between each single
nucleobase are not very high, the A and T organogels were found to adhere to
each other via and to form an alternating assembly. The organogels with the same
nucleobase did not form assemblies at all, supporting the complementarity of the gel
assembly through hydrogen bond interactions in an organic solvent. As shown
above, multivalent interactions on the side chains of polymers are important for
integrating and increasing weak interactions of each side chains.
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9.2.4 Macroscopic Self-Assembly by Metal-Ligand
Interactions

We also investigated selective adhesion controlled by metal-ligand interactions
[81]. In the adhesion testing, a hydrogel modified with Fe-porphyrin (Fe-Por gel)
adhered to a hydrogel modified with | -histidine (; His gel), which acts as a ligand for
metal center of Fe-porphyrin. On the other hand, a hydrogel modified with free-base
porphyrin (2H-Por gel) did not interact with | His gel. However, addition of FeCl; to
the gels again led to metalation of the porphyrins to show its adhesion property to
LHis gel.

In biological systems, metal-ligand interactions play important roles. For exam-
ple, horseradish peroxidase (HRP) exhibits catalytic activity when | -histidine
(an active site of apoHRP) and Fe-porphyrin (cofactor) form a complex via metal-
ligand interaction. ApoHRP cannot express catalytic activity without Fe-porphyrin
[82]. Here, we constructed a system to express catalytic activity by adhesion
between apoHRP gel and Fe-Por gel. The apoHRP gel and Fe-porphyrin gel were
found to act as a catalyst when they formed a gel assembly. The individual gels did
not exhibit catalytic activity when the gel assembly was separated. The catalytic
reaction is controllable by changing the gel size or molar content of apoHRP or
Fe-Porphyrin moieties in the gels, and these processes are repeatable [83]. These
findings are expected to be applicable for various materials, such as drug carriers that
release the drug upon gel adhesion.

9.2.5 Macroscopic Self-Assembly by Boronate-Catechol
Interactions

Boronic acids (BAs) are universally utilized as tools for molecular recognition in the
supramolecular chemistry [84—86]. BAs are known to form boronic ester derivatives
with various diol compounds [87]. And, the formation and dissociation of the
boronic ester derivatives are reversible and controllable by pH change. We devel-
oped a hydrogel adhesion system based on the interaction between phenylboronic
acid (PB) and catechol (CAT) [88]. In adhesion test, hydrogels modified with PB
(PB gel) adhered to hydrogels modified with CAT (CAT gel) to form an assembly in
basic aqueous media. The adhesion strength between the gel pieces increased as the
mol% of PB and CAT in the hydrogels increased. After changing pH of the aqueous
media from basic to acidic, the gel assembly was dissociated. Furthermore, raising
pH of the media let the gels reform the assembly. The adhesion and the assembling
were found to be controllable by adding competitive saccharide molecules to the
system. The adhesive behavior between PB gel and CAT gel varied by the presence
of various monosaccharides in basic aqueous media. The adhesion strength between
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the gels was found to decrease by increasing an association constant of complexation
between PB gel and competitive saccharides.

9.2.6 Direct Adhesion of Dissimilar Materials Through Host-
Guest Interactions

As manufactures used in our daily life are aggregates of dissimilar materials, adhesion
between dissimilar materials is one of the most important issues in materials technol-
ogy. Although there are some methods for the adhesion of dissimilar materials, such as
using adhesives, nails, or wedges, interfacial separation and destruction of the adhe-
sives are severe problems. If the dissimilar materials can be directly adhered without
adhesives, that method would be a powerful tool for the adhesion.

We developed direct adhesions of materials using the CD gels and glass substrate
modified with guest molecules (Fig. 9.4a). The aCD and BCD gels were placed onto
glass surface modified with adamantane (Ad sub) under wet conditions for 24 h.
Although aCD gel did not adhere to the Ad sub, fCD gel adhered to the surface,
indicating that the adhesion based on host-guest interactions is still available even
between dissimilar materials. It was also found that the adhesion strength of the CD
gels on the guest substrate is controllable by external stimuli. We showed that
adhesion of aCD gel for a glass substrate modified with Azo (Azo sub) was
controlled by irradiations of UV and visible lights. The adhesive behavior of aCD
gel on Azo sub can be switched by the photoisomerization of Azo moieties
(Fig. 9.4b). These results suggest that using host-guest interaction is a feasible
method for controlling direct adhesions of dissimilar materials [89].

In recent years, we also achieved adhesions between gel and glass substrate by
employing covalent bond formation, such as Sonogashira cross-coupling reaction
[90], Suzuki-Miyaura cross-coupling reaction [91], and azide-alkyne cycloaddition
reaction [92]. The direct adhesions were found to be stronger than that of conven-
tional adhesives, and organic solvents invading adhesives such as DMSO cannot
dissociate the direct adhesions. These results indicate that design of chemical
structure on the surface of material is effective for adhesion.

9.2.7 Formation of Hydrogel Self-Assemblies Controlled by
Multi-interactions

On the basis of the reports shown above, assemblies of three types of gels by using
multiple interactions were investigated (Fig. 9.5). Here, a ferrocene (Fc) derivative
was used to prepare a hydrogel modified with Fc (Fc gel). Fc reversibly changes its
charge from neutral to cationic in response to chemical stimuli of redox reagents. An
association constant (K,) of Fc with BCD is larger than those of aCD or yCD
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Fig. 9.4 Selective direct
adhesion between host-
modified gels and glass
substrates modified with
adamantane guest (a).
Schematic illustration of the
adhesion between the aCD
gel and the Azo substrate (b)
and between the pCD gel
and the Fc substrate (c).
oCD gel adhered to the Azo
substrate, but the
UV-irradiated Azo substrate
had a significantly low
adherence property to the
aCD gel. fCD gel adhered
to the reduced state of the Fc
substrate, but the oxidized
state of the Fc Sub had a
significantly low adherence
property to the fCD gel
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(Fc/aCD; K, = 0.14 x 10> M, Fe/pCD; K, = 17 x 10° M!, Fe/yCD;
K, = 0.90 x 10> M) [93, 94]. While BCD shows high affinity for the reduced
state of Fc due to its hydrophobic nature, the oxidized state of Fc (Fc*) exhibits low
affinity for BCD because of its electrostatic unstableness. Therefore, an inclusion
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Fig. 9.5 (a) Chemical structures of PCD gel, Fc gel, and SSNa gel. (b) Photographs of the
experimental procedure to make an ABC-type assembly. (¢) Schematic illustration of the
ABC-type assembly with the composition BCD gel-Fc/Fc* gel-SSNa gel

complex of BCD and Fc is dissociated by addition of oxidizing reagent [95]. As
shown in Fig. 9.4¢c, BCD gel was found to adhere only to reduced Fc-modified glass
substrate. Here, three kinds of hydrogel (BCD gel, Fc gel, and a hydrogel modified
with p-styrenesulfonic acid sodium salt as an anion (SSNa gel)) were added to an
aqueous media in a petri dish. Under reductive conditions, Fc gel selectively adhered
to PCD gel, and it does not adhere to the SSNa gel. After addition of an oxidative
reagent, Fc residue became Fc™, and then the Fc* gel was separated from BCD gel
and adhered to SSNa gel via ionic interactions. We prepared Fc/Fc* gel, one half
surface of which was oxidized and the other was reduced. When Fc/Fc* gel was
shaken with the PCD and SSNa gels in the petri dish, the hydrogels formed
ABC-type assemblies consisting of BCD gel, Fc/Fc* gel, and SSNa gel, aligned by
that order. Use of two discrete non-covalent interactions allowed for control of order
of the hydrogel assemblies (Fig. 9.5b, c) [96].
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Fig. 9.6 Future prospects of the macroscopic self-assemblies with non-covalent interaction

As described above, several types of chemical interactions can be used to form
various macroscopic assemblies. Outer faces of the assemblies still have an ability to
recognize other molecules. By using the outer face, a macroscopic assembly system
would realize an artificial transcription system in the near future (Fig. 9.6).

9.3 Sol-Gel Switching Materials Through Molecular
Recognition

9.3.1 Conventional Photoresponsive Sol-Gel Switching
Materials

Gels are divided into two main categories according to type of cross-linking inter-
actions, whether it is a physical interaction [97-99] or a chemical bonding [100—
102]. The gels based on physical interactions, stabilized by non-covalent cross-
linkers, are easier to tune their physical properties than those with covalent cross-
linking bonds. To control the properties of gels, low-molecular-weight physical gels
[103-110] and hydrogels formed by host-guest interactions [111-114] have been
widely studied and found to exhibit switching elastic properties. The hydrogels
formed by host-guest interactions should be more sensitive than the low-molecular-
weight physical gels to external stimuli, because of their selective and specific
behaviors. Although there are some reports on stimuli-responsive hydrogels with a
phase transition, there have been few reports on light- or redox-responsive
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Table 9.3 Chemical structures of the host and guest polymers demonstrating stimuli-responsive
sol-gel transitions

CD host polymer Guest polymer Ref.
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hydrogels. We developed light- and redox-driven sol-gel switching by using host-
guest interactions (Table 9.3).

9.3.2 Photoresponsive Sol-Gel Switching Materials Through
Host-Guest Interactions

As described above, Azo undergoes photoisomerization when it is irradiated by UV
and visible light [67, 68]. aCD or BCD selectively forms an inclusion complex with
the trans-isomer, but the cis-isomer does not, because the association constant of
CDs with trans-Azo is higher than that of cis-Azo [37, 38, 69].

Utilizing the switchable interaction of host-guest complexation between aCD and
Azo, we have investigated the preparation of photoresponsive sol-gel switching
materials. By controlling the association and dissociation of the inclusion complex
of aCD with Azo, the cross-linking density between polymers can be adjusted,
resulting in the sol-gel switching behavior. «CD has been modified to curdlan (-1,3
glucan, CUR), hereafter called CD-CUR, and used as a host polymer. Azo has been
modified to poly(acrylic acid) (pAA-Azo). When CD-CUR and pAA-Azo were
mixed with a ratio of 1:1 monomer unit in water, the viscosity of the solution
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Supramolecular Hydrogel

Fig. 9.7 Schematic representation of the interactions of the aCD unit with the azobenzene moieties
upon irradiation with UV light (365 nm) and visible light (430 nm) or heating at 60 °C

increased, and the substrates are then transformed into a hydrogel. The viscosity of
the CD-CUR/pAA-Azo hydrogel was decreased by irradiation with UV light
(4 = 365 nm) to convert the gel into a sol. Visible light (1 = 430 nm) or heating
(60 °C) generally induces back-isomerization of the cis-Azo to the trans-Azo
(Fig. 9.7). It was found that the viscosity of the CD-CUR/pAA-Azo sol can be
recovered by irradiation with visible light. These changes of viscosity of CD-CUR/
PAA-Azo can be repeatedly triggered by irradiations with UV or visible light [115].

9.3.3 Redox-Responsive Sol-Gel Switching Materials
Through Host-Guest Interactions

The photoresponsive sol-gel switching in the precious chapter employs Azo as a
stimuli-responsive unit. Here, stimuli-responsive host-guest system was developed
by introducing suitable functional units into the guest polymer. The desired stimuli-
responsive function can be incorporated into the units. To construct redox-
responsive sol-gel switching materials, Fc has been used as a redox-responsive
guest molecule. As shown above, K, of BCD with Fc is higher than that of «CD or
vCD [55]. By utilizing the property of redox-responsive complex formation, gel-sol
transition systems have been realized through complex formation between fCD and
Fc on the side chains on poly(acrylic acid) [116].

A mixture of pAA modified with BCD (pAA-BCD) and pAA modified with Fc
(pAA-Fc) was found to form a self-standing hydrogel. Treating the hydrogel with
sodium hypochlorite as an oxidant changed state of the gel to sol, because fCD
cannot include the ferrocenium cation (Fc*). Treatment of the sol with a reducing
agent [glutathione (GSH)] restores the gel. Additionally, the gel-sol transition can be
induced via an electrochemical redox reaction. Thus, breaking and formation of the
cross-linking points in pAA-BCD/pAA-Fc materials produces redox-responsive
sol-gel switching systems.
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9.4 Self-Healing Supramolecular Materials Relying
on Molecular Recognition

9.4.1 Self-Healing Materials with Non-covalent Bonds

Maintenance-free polymeric materials are highly desired to extend the lifespan of
materials and promote a sustainable society [117—119]. Therefore, methods that
impart self-healing abilities and toughness to materials have attracted much attention
over the years. There are two principal approaches for design of the self-healing
materials, that is, “physical” and “chemical” approaches.

The physical self-healing materials are designed by utilizing capsules filled with
healing agents [120, 121] or with functionalized stress relaxation properties. Slide-
ring materials are polymers cross-linked with polyrotaxane (PRx) [49, 50], which are
composed of ring molecules threaded on an axle polymers with bulky stoppers at
both ends. They show high flexibility, entropic elasticity, and physical self-healing
ability [122-124]. These properties are a result of the sliding motion of the ring
molecule along the axle. In this regard, self-healing materials using PRx are mainly
limited to hydrogels because of PRx’s solubility. For example, preparation of PRx
elastomer via bulk polymerization is difficult, because PRx with aCD and poly
(ethylene glycol) (PEG) is not dissolved in conventional vinyl monomers. Recently,
we synthesize a new type of acrylated PRx with aCD and PEG as a polymerizable
hydrophobic PRx, which can be copolymerized with some abundant acrylate with-
out polymerization solvent. The obtained materials show high stress relaxation and
deformation hysteresis, namely, self-healing property. These results have demon-
strated that the topologically cross-linked structure composed of polyrotaxanes plays
an important role in mechanical properties even in bulk state [125].

The chemical self-healing materials use reversible chemical reactions [126-129],
hydrogen bonds [130], electrostatic interactions [131, 132], coordination bonds
[133], n-m stacking [134], and host-guest interactions as cross-linking. On the
basis of their reversibility and stimuli-responsiveness, these non-covalent bonds
are a relatively easy way to introduce desired functions into materials.

We have developed self-healing supramolecular hydrogels based on host-guest
interactions on the side chains of water-soluble polymers (Fig. 9.8). There are two
effective approaches to prepare supramolecular self-healing materials through host-
guest interactions: (1) from a mixture of host and guest polymers (Fig. 9.8b) and
(2) from polymerization of host and guest monomers (Fig. 9.8c and Table 9.4).

9.4.2 Self-Healing Hydrogels Formed by Host and Guest
Polymers

Supramolecular materials (pAA-BCD/pAA-Fc) have been synthesized from host and
guest polymers (Fig. 9.9). The self-standing materials are stabilized by host-guest
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Fig. 9.8 Preparation of self-healing materials through host-guest interactions. (a) Proposed image
of the self-healing materials. (b) The preparation of the self-healing material from host polymer and
guest polymer. (¢) The preparation of the self-healing material from polymerization of inclusion
complex between host monomer and guest monomer

interactions. After the pAA-BCD/pAA-Fc material was cut in two pieces with a
razor, these two parts can adhere again. The contact surface was found to disappear
over the course of several hours (Fig. 9.9b). And, 85% of the initial strength of
PAA-BCD/pAA-Fc was recovered after 24 h. When the material is ruptured, the
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Table 9.4 Chemical structures of self-healing materials through host-guest interactions
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polymer network was broken at the host-guest cross-linking points. As these cross-
linking points are reversible, the material shows readhesion and self-healing only by

contact the ruptured surfaces.

Treatment of the cut surface with the oxidizing agent (sodium hypochlorite)
prevented the pieces from readhering, because the oxidized Fc* moieties cannot be
included by pCD. However, treatment with a reducing agent induced readherence to
form a single piece. Thus, the redox-responsiveness of the adhesion proves that the
self-healing is processed by host-guest interactions (Fig. 9.9¢) [116].
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Fig. 9.9 (a) Redox-responsive self-healing hydrogels. (b) Self-healing of the hydrogel composed
of host polymer modified with CD and guest polymer modified with ferrocene. (¢) Redox-
responsive switching of self-healing ability. When the cut surface was coated by oxidant
(NaClO), no self-healing was occurred. Subsequently, the cut surface was restored when the
oxidized surface was treated with reductant (glutathione (GSH))
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9.4.3 Self-Healing Hydrogels Formed by Polymerization
of Host and Guest Monomers

In the self-healing material formed from the host and the guest polymers, all the host
and the guest units on the polymer chains might not form inclusion complexes,
owing to the restrictions of molecular mobility. Here, we have attempted polymer-
ization of inclusion complexes as a method to prepare effective self-healing mate-
rials (Fig. 9.10). In this method, it is easy to introduce the inclusion complex itself
into materials via the choice of suitable host and guest monomers. We chose an
inclusion complex of the CD monomer with an adamantyl (Ad) monomer as a
preorganized unit in the supramolecular hydrogel, because the Ad group has a high
affinity for pCD.

As the Ad monomer by itself has low solubility in water, the Ad monomer was
dissolved in water by forming a complex with the BCD monomer prior to polymer-
ization (Fig. 9.10a). The hydrogel was prepared by homogenous radical copolymer-
ization of the inclusion complex with acrylamide in water. After 24 h, the
homogenous solutions yielded the hydrogels, which are purified by washing with
DMSO and water several times to remove unreacted reagents.

When two cut surfaces were brought into contact, the two pieces readhered, thus
forming a single gel (Fig. 9.10b). The adhered materials showed almost complete
recovery of the initial material strength after 24 h. The recovery ratio of the rupture
strength increased with adhesive time. Interestingly, only cut surfaces showed a self-
healing property, whereas the uncut surfaces did not [135]. The self-healing property
was observed in not only the hydrogel but also a xerogel [136]. This self-healing
property was also realized on the cut surfaces (Fig. 9.10c). These results support that
the polymer network is torn up at the host-guest cross-linking points and that the
re-complexation of the cross-linking points results in the readhesion and self-
healing.

9.4.4 Tough and Self-Healing Hydrogels Using Host-Guest
Interaction

The previous chapter’s fCD-Ad supramolecular materials are prepared at a concen-
tration of 1 mol/kg. The PCD-Ad material was obtained as a white turbid material.
However, a transparent fCD-Ad material was obtained by copolymerization of the
monomers with concentration of 2 mol/kg. The transparent fPCD-Ad material
exhibits high flexibility, toughness, and self-healing capability through host-guest
interactions (Fig. 9.11). The material shows a self-healing property in both wet and
dry states owing to the reversible nature of the host-guest interactions. The poly-
merization can took place on a glass substrate by curing under light to obtain
transparent BCD-Ad-coated glass. The coated film exhibits the self-healing property
regarding scratch damage. The reversible host-guest interactions, dispersion of
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Fig. 9.10 Self-healing hydrogels prepared from fCD and Ad monomers. (a) Copolymerization of
the PCD/Ad inclusion complex with acrylamide monomer in aqueous solutions. (b) Adhesive
behavior of the PCD-Ad hydrogel. (¢) Schematic illustration of the rapid and complete self-
healing between cut surfaces

stress, and adhesiveness at the molecular levels were found to be responsible for
these toughness and self-healing properties [137].

The attractiveness of using CDs as a host is the variety of guest molecules. CDs
can include linear alkyl groups, spherical alkyl groups, aromatic groups, ferrocene,
fullerene, and so on. Now, we have studied the relationship between the mechanical
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pAAm gel BCD-Ad gel
(2 (3.3)

Fig. 9.11 (a) Photographs of compression experiment of a cube (size, 5 x 5 x 5 mm®)-shaped
BCD-Ad gel (3,3) (C,, = 2 mol/kg) compared with a cube-shaped pAAm gel chemically cross-
linked with 2 mol% of N,N'-methylenebis(acrylamide) (C,, = 2 mol/kg). (b) Photographs of stab-
resistant properties of BCD-Ad gel (2,2) (C,,, = 2 mol/kg) using a cutter blade. (¢) Photographs of
self-healing experiment. A cuboid (size, 10 X 5 x 5 mm’® )-shaped BCD-Ad gel (3,3) (Cy,, = 2 mol/
kg) was cut into two pieces under a powerful force, and then two cut pieces were attached together
again. Soon after the attachment, the two pieces adhered to each other to be lifted up against their
own weight. After still standing for 24 h under humid condition, the two pieces adhered strongly
enough to be pulled from opposite sides without breakage

properties of the materials and host-guest interactions, that is, the association
constants of CDs with guest molecules and molecular structures of the guest
molecules [138]. In the case of covalently cross-linked hydrogels, increasing the
rupture stress decreases the rupture strain. Interestingly, in the case of our host-guest
gels, an increase in the association constants of CDs with guests slightly increases
the rupture stress of the gel. In contrast, the rupture strain of the host-guest gel shows
no significant changes. Note that, although the association constant of aCD with
dodecyl guest (Dod) is lower than BCD with isobornyl guest (Ibr) (Dod/aCD,
K, = 990 Mfl; Ibr/BCD, K, = 1300 Mfl), both the rupture stress and strain of
aCD-Dod gel are higher than those of BCD-Ibr gel. This is probably because of the
difference of molecular structure of the guest molecules. Ibr is the spherical alkyl
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guest, while Dod is the linear alkyl guest. Thus, «CD unit is allowed to form pseudo-
rotaxane with the Dod on the polymer side chain. When a load is applied to the
hydrogel, the aCD unit would slide along the alkyl chain leading the stress distri-
bution. Since the stress can be efficiently dispersed in aCD-Dod hydrogel, the gel
has been toughened.

9.4.5 Multifunctional Stimuli-Responsive Supramolecular
Materials with Coloring and Self-Healing Properties

Multifunctionality is currently a hot topic in science and engineering circles and is
gathering more and more attentions. However, fabricating polymeric materials with
multiple functions requires multiple intricate reaction steps; the development of
efficient synthetic methodologies for multifunctional polymeric materials has been
in high demand. To produce multifunctional polymeric materials by simple method,
we employ phenolphthalein (PP) as a guest molecule, because PP exhibits purple
color under basic aqueous solution; however an inclusion complex with CD
becomes colorless. Thus, the BCD-PP hydrogel exhibits a reproducible color change
based on formation and dissociation of inclusion complex between BCD and PP at
heating or adding competitive molecules in basic condition. In addition, the fCD-PP
hydrogel shows self-healing property because of fCD and PP grafted on the side
chain [139].

9.4.6 Self-Healing Materials Formed by Polyrotaxanes
with Reversible Bonds

The previous self-healing materials, which used pCD and guest molecules, have
achieved healing properties through chemical interactions. Combination of the
reversibility and the mobility of the cross-linking points was found to play an
important role in achieving efficient self-healing. We proposed self-healing materials
with a combination of chemical and physical interactions (Fig. 9.12a). In this work, a
self-healing material based on dynamic covalent was reported. The boronic acid-diol
interaction was used as reversible bonds, and the cross-linking points were tethered
to sliding rings on a linear polymer chain linked with polyrotaxane structure
(Fig. 9.12b). The mobility of ring molecules along the axle polymer in polyrotaxane
allows sliding nature of the cross-linking points to give the resultant material with
rapid and efficient self-healing properties. A scratch-curable top coating on this hard
material was prepared by the method of light curing. In a coating consisting of the
self-healing material, a scratch damage recovered its initial state under semidry
conditions (Fig. 9.12a) [140].
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Fig. 9.12 (a) Design of self-healing materials with polyrotaxane (PRx) based on oCD
functionalized by physical and chemical interactions. (b) Chemical structure of PRx-PB gel as
self-healing materials

9.5 Supramolecular Actuator Controlled by Molecular
Recognition

9.5.1 Conventional Actuators

Actuators are an important class of materials with applications in diverse fields such
as medicine, physics, materials science, and materials engineering. The motion of
actuators is reminiscent of those of living creatures and artificial muscles. Functions
such as deformation, transformation, and pressing would be realized through move-
ment of actuators. One of the topics in the research fields of actuators is enhancing
energy conversion efficiency for input energies (electric, thermal, change, and photo
energies) [141-143]. Many attempts have been made to realize controlling the
actuators by using input energies or external stimuli. Deformation of organic or
inorganic molecules, electrostrictive effect, and piezoelectricity were employed to
create actuators that can be controlled by input energy [144—147]. Polymeric actu-
ators (polymer gels [148-151], liquid crystalline elastomers [36, 152-162],
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point

conjugated polymers [163], carbon nanotubes [164—167]) attracted much attention
from researchers, owing to their lightness, high amount of displacement, and high
energy efficiency, all of which may be used to realize applications beyond biological
movements, for example, in “soft robotics.”

To prepare stimuli-responsive materials using host-guest interactions, two
approaches are available. One is by changing the density of the host-guest cross-
linking (Fig. 9.13a), and the other is by utilizing host-guest molecular machines as
cross-linking points (Fig. 9.13b). In the first approach, we can control the actuating
by the complex formation between host and guest molecules at the polymer side
chains. The association and dissociation of inclusion complexes on the polymer side
chains result in contraction and expansion motions due to changes in the cross-
linking density under water. In the second case, actuation is controlled by changing
the end-to-end length of the [c2]daisy chain molecular machine driven by external
stimuli. Using these two methods, the stimuli-responsive actuators have been inves-
tigated (Tables 9.5 and 9.6).

9.5.2 Photoresponsive Supramolecular Actuator

Self-healing supramolecular materials (BCD-Ad materials) do not have cross-linking
of covalent bond, which is important for the effective self-healing property. Further-
more, without the covalent cross-linking point, the polymer chains would be spa-
tially separated by the dissociation of the inclusion complex on the polymer chains to
result in the sol-gel switching property. To prepare self-standing gel even when the
host-guest bonds are dissociated, the covalent cross-linking is also required for the
supramolecular actuator. Here, we introduce host-guest supramolecular actuators
showing photoresponsive contraction-expansion. ®CD and Azo units were introduced
into the covalently cross-linked acrylamide hydrogel. This hydrogel (aCD-Azo
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Table 9.5 Chemical structures of stimuli-responsive supramolecular gel actuators
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hydrogel) has both the covalent bonds and the host-guest supramolecular cross-
linking. It was found that UV irradiation to aCD-Azo hydrogels in water increased
the weight and volume of the hydrogel, whereas irradiating with visible light restored
the hydrogel’s initial volume. The contraction-expansion of the aCD-Azo hydrogel
were driven by the formation and dissociation of the inclusion complex between aCD
and Azo units. The plate-shaped aCD-Azo gel was found to bend in the same direction
as the incident light. During the bending, the hydrogel increased its volume at
UV-irradiated side, whereas the volume at the opposite side remained constant.
Thus, the strain deformation of the aCD-Azo hydrogels led to the flex behavior
triggered by UV light (Fig. 9.14a). On the other hand, the aCD-Azo hydrogels
irradiated by visible light restored its original shape, as Azo was isomerized to
trans- form to be included by «CD. This actuation can show a clear back-and-forth
motion that depends on the wavelength, regardless of the irradiation history [168].

9.5.3 Redox-Responsive Supramolecular Actuator

Supramolecular actuators are able to respond to other stimuli. By using the design of
the aCD-Azo hydrogel’s actuator, we prepared various actuators that respond to
desired stimuli. To realize a redox-responsive supramolecular actuator, a hydrogel
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Table 9.6 Chemical structures of stimuli-responsive topological gel actuators
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Fig. 9.14 Schematic illustrations of (a) photoresponsive and (b) redox-responsive supramolecular
actuators
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containing BCD as a host molecule and Fc as a guest molecule has been introduced
into the covalently cross-linked acrylamide hydrogel (BCD-Fc hydrogel). When
BCD-Fc hydrogel was immersed in an aqueous solution of oxidizing reagent,
oxidized BCD-Fc hydrogel expanded as Fc changed to Fc*. Association constant
of BCD with Fc* is significantly lower than that with Fc, thus resulting in dissoci-
ation of the inclusion complex. Therefore, the oxidized PCD-Fc hydrogel lost the
host-guest cross-linking points between fCD and Fc to show the expanding behav-
ior. When the cationic state (Fc*) unit was reduced back to the neutral state (Fc), the
gel shrunk. The Fc unit forms an inclusion complex with the fCD unit, and the
reduced PCD-Fc restored the cross-linking points to restore the original shape.

The BCD-Fc hydrogel can lift up a weight repeatedly in response to the redox
reagents. These results demonstrate that the chemical energy can be converted into
the mechanical work (Fig. 9.14b) [169].

9.5.4 Multifunctional Supramolecular Materials with Self-
Healing and Actuator Properties

The supramolecular actuators shown in previous chapters, namely, the aCD-Azo and
the BCD-Fc hydrogels, have covalent cross-linking points. The covalent cross-linking
itself has no ability to respond to the stimuli. However, it is required to form self-
standing hydrogel when the host-guest cross-linking points are dissociated. If polymer
chains in supramolecular materials are cross-linked by multiple non-covalent bonds,
multifunctional supramolecular materials would be realized without covalently cross-
linking. We have used two different types of host-guest inclusion complexes of CD:
one is an inclusion complex with Ad, and the other is with Fc. Figure 9.15a shows a
strategy of a multifunctional supramolecular hydrogel (BCD-Ad-Fc hydrogel). The
BCD-Ad-Fc hydrogel demonstrated both the self-healing property after being dam-
aged and the expansion-contraction property in response to redox stimuli. Moreover,
the PCD-Ad-Fc hydrogel was found to exhibit redox-responsive shape-morphing
behavior, because of rearrangement of host-guest cross-linking points between pCD
and Ad during the redox processes (Fig. 9.15b). As shown above, PCD-Ad-Fc
hydrogel has three functions as a result of the introduction of two types of functional
molecules into supramolecular materials [170].

9.5.5 Photoresponsive Supramolecular Actuator with [c2]
Daisy Chain Molecule

Figure 9.13 shows that the supramolecular actuators have been designed by two
approaches. The materials in previous chapters are categorized as supramolecular
gels, which function by controlling the complex formation between the host and
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Fig. 9.15 Schematic illustrations of (a) redox-responsive multifunctional materials and (b) redox-
responsive shape memory behavior

guest units on the polymer side chain (Fig. 9.13a). The other approach is use of a
topological cross-linking, in which some kind of rotaxane complexes are employed
as supramolecular cross-linking points. The cross-linking of rotaxanes can slide
along the polymer chain driven by external stimuli. Biological muscles consume
chemical energy through ATP dephosphorylation to perform macroscopic mechan-
ical work. Myosin and actin filaments in muscle cells show sliding motions leading
to contraction and expansion. Mechanical motion of the topological cross-linking
network is reminiscent of a contracting muscle fibril.

Now, we developed photoresponsive wet- and dry-type topological gels ([c2]
AzoCD, hydrogel and [c2]AzoCD, xerogel) as shown in Table 9.6. The [c2]
Az0oCD, hydrogel and xerogel were prepared via polycondensation between four-
armed poly(ethylene glycol) and a [c2]daisy chain, which is a double-threaded
rotaxane of aCD and Azo as photoresponsive molecular machine (Fig. 9.16). The
obtained [c2]AzoCD, hydrogel and xerogel are topologically cross-linked materials,
and they are not covalently cross-linked. Light-induced actuation arises from the
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Fig. 9.16 Photoresponsive xerogel actuators under dry conditions. (a) Photographs of the [c2]
Az0oCD, xerogel irradiated with UV light from the right side. [c2]AzoCD, xerogel bends to the right
but continuous UV light irradiation from the left side restores the initial form. (b) Plots of the flexion
angle (0) as a function of the irradiation time of the [c2]AzoCD, xerogel. The blue areas denote UV
irradiation. The white area indicates no irradiation under dry conditions. (¢) Schematic illustration
of the bending mechanism of the [c2]AzoCD, hydrogel upon photoirradiation. UV light decreases
the volume of the exposed surface of the [c2]AzoCD, hydrogel, and the volume of the non-exposed
side remains constant. The strain between the exposed and unexposed areas results in flexion

sliding motion of the [c2]daisy chain unit (Fig. 9.16c), and the strip-shaped [c2]
AzoCD,; hydrogel bends toward the source of UV irradiation. The bending direction
of the [c2]AzoCD, hydrogel is opposite to that of the host-guest-type actuators such
as aCD-Azo hydrogel, because the [c2]daisy chain molecule shrinks by the
photoirradiation.

Surprisingly, response of the [c2]AzoCD, xerogel was found to be very fast to
show bending of 7° per second (Fig. 9.16a, b) in dry condition. This is 10,800 times
faster than the [c2]AzoCD, hydrogel (7° for 3 h). This type of dry actuator does not
depend on diffusion process of the media, which takes longer time than any other
chemical or physical processes. The dry actuator [c2]AzoCD, xerogel is supposed to
be released from the slow diffusion process of water to show the fast response. The
[c2]AzoCD, xerogel was also found to lift up an object by irradiation with UV to
perform the conversion of photo energy into mechanical work [171].

For further rapid responding, we choose stilbene (Sti) instead of Azo dye mole-
cule, because the isomerization from trans-isomer to cis-isomer in [c2]daisy chain
[c2]StiCD, is 60 times faster than [c2]AzoCD,. Consequently, an initial bending
speed of [c2]StiCD, hydrogel was so fast to show 2.6 degree/s, which is 600 times
faster than that of [c2]AzoCD, hydrogel. Moreover, the bending speed of [c2]
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StiCD, xerogel showed higher value of 12 degree/s. As shown above, using [c2]
daisy chain molecular machines is a feasible method to prepare rapid responding
artificial actuator.

9.5.6 Photoresponsive Supramolecular Actuator with [2]
Rotaxane

As described in the previous chapter, use of the rotaxane complexes as cross-linking
point is an effective way to prepare rapidly responding artificial actuator. However,
preparation of the [c2]daisy chains (Fig. 9.17a) requires multiple intricate steps.
Development of efficient synthetic method for artificial actuators is still in high
demand. Here, we designed a new type of polymeric actuator based on a [2]rotaxane
(Fig. 9.17b), which is made of [2]rotaxanes and polymer chains. We prepared an
actuator aCD-Azo hydrogel by polycondensation of a pseudo[2]rotaxane based on
lysine-modified aCD (Lys-aCD) and diamino-oligo(ethylene glycol)-modified Azo
(Am,Azo). The resulting polymer is topologically cross-linked by movable links
with a rotaxane structure (Fig. 9.18a) [172]. Interestingly, rupture strain of «CD-Azo
hydrogels showed 2800%. In addition, rupture energy of this material was 50 times
higher than that of a covalently cross-linked control gel. The cross-linking of [2]
rotaxane structure allows sliding motion of «CD along the PEG chains. And, the

Fig. 9.17 Schematic a [c2]Daisy chain materials
diagram of (a) [c2]daisy .
chain materials and (b) [2] | |

rotaxane materials
k A % r -~

b [2]Rotaxane materials
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Fig. 9.18 (a) Preparation of the aCD-Azo hydrogel. (b) Experimental equipment and irradiation
experimental setup of the aCD-Azo xerogel in air. (¢) Light irradiation from the right side of the
aCD-Azo xerogel bends to the right side. Subsequently irradiation with UV light from the left side
restore the initial form

sliding motion is supposed to result in stress distribution within the polymer network
to give toughness and flexibility for the «CD-Azo hydrogels against external stress.

Interestingly, an uniaxially extended dried aCD-Azo gel was found to show a
faster response (Fig. 9.18b, c). The initial bending speed of aCD-Azo xerogel is 7.5
degree/s, which is faster than [c2]daisy chain actuator [c2]AzoCD, xerogel
[171]. The uniaxially extending procedure is realized by the tough and flexible
nature of [c2]AzoCD, hydrogels, and it is supposed to allow alignment of the
polymer network including the rotaxane, leading to the fast response of the dried
actuator. As shown here, we have demonstrated that the [2]rotaxane structures as
topological cross-linking points in the polymer network are useful to prepare tough
photoresponsive polymeric material with faster actuation.
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9.6 Conclusion

The supramolecular materials utilizing molecular recognition have enabled various
functions as described in this review. Non-covalent bonds are a powerful tool for
preparations of functional supramolecular materials. These functions and properties
are easily to be introduced by using supramolecular interactions such as host-guest
complexations, which show selective and specific behaviors. They can be controlled
reversibly, owing to the nature of non-covalent bonds. This review has mainly
described host-guest interactions of polymeric materials using CDs as host mole-
cules to realize attractive functions, such as macroscopic self-assembles, self-healing
materials, sol-gel switching systems, and actuators. These functionalities were not
achieved by conventional covalently cross-linked materials.

Although diverse molecular recognition systems with CDs have produced the
fascinate materials with interesting properties and functions, these supramolecular
materials have yet to be completely understood in terms of macromolecular science,
molecular dynamics, surface science, and statistical thermodynamics. For example,
supramolecular cross-linking including host-guest interaction is a generally weak
bonding. However, some of the materials demonstrated simultaneously acquire both
toughness and flexibility, which are not achieved by conventional materials at the
same time. Additionally, the supramolecular materials also have self-healing prop-
erties. These behaviors might be owing to the stress- or pressure-distributing prop-
erty of the supramolecular networks with the weak and reforming bonds. We are
now investigating the mechanisms behind these functions.

While some of supramolecular materials has been inspired from biological
systems, the topologically interlocked materials such as the movable cross-linking
are not found in the nature. They are also available for molecular designs to enhance
mechanical properties or to create new functions. In the near future, the supramo-
lecular materials based on host-guest interactions would advance materials science
and engineering.
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Chapter 10 )
Photo-responsive Dynamic Molecular s
Catalyst for Spatiotemporal Control

of Chemical Reactions

Tatsushi Imahori

Abstract Stimuli-responsive molecular catalyst enables multiple control of
chemical reaction(s) to demonstrate highly sophisticated chemical transformations.
Among them, photo-responsive dynamic molecular catalyst that changes the struc-
ture by photo-stimuli and switches the catalytic functions has recently attracted
much interest due to the potential of photo-stimuli as clean and diverse noninvasive
stimuli. This chapter focuses on the photo-responsive dynamic catalysts that revers-
ibly switch the catalytic function on the basis of the dynamic conformation changes
induced by external photo-stimuli. Recent progresses in the field of photo-responsive
dynamic catalysts are highlighted. Although the progress is still small in present
stage, this type of catalysts could open up new possibilities in various fields of
scientific researches as well as synthetic chemistry.

Keywords Photo-responsive catalysts - Photoswitchable catalysts - Dynamic
molecular space - Spatiotemporal control of reaction

10.1 Introduction

Molecular catalyst has remarkably progressed and plays an important role in modern
organic synthetic chemistry. Many catalysts that demonstrate highly efficient and
selective reactions through effective activation of substrate and/or reactant and
stabilization and regulation of transition state by the finely constructed reaction
space have been developed. However, development of molecular catalyst is still
insufficient. Conventional molecular catalysts generally have a fixed catalytic func-
tion and basically control reactions by the same mechanism, which means that they
cannot display multiple catalytic functions to demonstrate multiple control of reac-
tion(s). Multiple control of reaction(s) could demonstrate more sophisticated chem-
ical transformations than single reaction control. For instance, a catalyst that
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Fig. 10.1 One-pot multistep (two steps) synthesis with a switchable catalyst

switches multiple catalytic functions in a stepwise manner and promotes different
reactions by each function can demonstrate environmentally benign one-pot
multistep synthesis (Fig. 10.1) [1-3]. Conventional catalysts with a fixed function
cannot demonstrate this type of temporal control of reactions. In addition to the
conventional reaction control by catalytic reaction space improving catalytic activity
and reaction selectivity, temporal control of reaction should be accomplished by
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molecular catalyst. Spatiotemporal control of reaction by molecular catalyst is a next
goal of catalyst development.

To demonstrate the spatiotemporal control of chemical reaction, stimuli-
responsive catalysts that switch the catalytic function by external stimuli have
attracted much attention in recent years, and some types of stimuli-responsive
catalysts have been developed [4-6]. Among them, stimuli-responsive dynamic
catalyst that changes the structure in response to a selected stimulus and switches
the catalytic function is promising. Stimuli-responsive dynamic catalyst can switch
not only catalytic activity, but also selectivity or reaction type. Moreover stimuli-
responsive dynamic catalyst reversibly switches the functions based on reversible
structural changes, which enable sophisticated temporal control of reactions [7—
10]. Light [11, 12], chemical [9, 13-20], pH [21-24], redox [25], and so on have
been utilized as the stimuli to induce the structural changes. Especially, photo-
responsive dynamic catalysts have been extensively developed due to the advan-
tages. As well as being potentially clean, light can readily provide diverse noninva-
sive stimuli by selecting the wavelength, which allows precise control of the
functions of catalysts [6, 26]. In this chapter, recent progresses of the photo-
responsive dynamic catalysts toward spatiotemporal control of chemical reactions
are summarized.

10.2 Photo-responsive Dynamic Catalyst

In photo-responsive dynamic catalysts, photochromic molecules that reversibly
change the structure in response to photo-stimuli are introduced to induce the
dynamic feature. Azobenzene [27], stilbene [28], and cis-1,2-diarylethene [29] are
generally utilized as the photochromic molecules (Fig. 10.2). The catalytic reaction
space adjusts the structure and switch catalytic functions based on the photo-
responsive structural changes of the introduced photochromic molecule.

Most of the reported photo-responsive dynamic catalysts can be classified into the
following three types:

1. Photo-responsive dynamic cooperative catalyst
2. Photo-responsive dynamic catalyst switching steric environment
3. Photo-responsive dynamic catalyst switching electronic feature

10.2.1 Photo-responsive Dynamic Cooperative Catalyst

In the early stage of the development of photo-responsive dynamic cooperative
catalysts, photoswitchable templates based on molecular recognition were studied
[30, 31].
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Rebek et al. reported a photo-responsive cooperative catalyst utilizing adenine
receptors [30]. An azobenzene core is introduced to the catalyst 1 to induce revers-
ible overall conformational changes based on photo-isomerization of azobenzene
[27], and two imide-based adenine receptors are connected to the core to capture
reactants containing an adenine unit (Fig. 10.3). Irradiation of 366 nm light induces
isomerization of the trans-azobenzene core to the cis-form to afford a 1:1 mixture of
cis-/trans-azobenzene isomers of the catalyst (cis-1 and tfrans-1) at the
photostationary state. Visible light (>420 nm) leads to the reverse isomerization,
and the ratio of the isomers reaches to cis-1:trans-1 = 30:70. This isomerization
modulates the catalytic activity in the amide formation of amine 2 and p-nitrophenyl
ester 3, which contain an adenine unit, respectively (Scheme 10.1). Although the
trans-azobenzene catalyst hardly accelerated the amide-forming reaction, the 1:1
mixture of cis-/frans-azobenzene isomers caused nearly tenfold enhancement in the
reaction rate. The cis-azobenzene form of the catalyst (cis-1) closely locates the two
adenine recognition sites and brings amine 2 and p-nitrophenyl ester 3 in proximity
to each other, in which an ideal template for the amide formation would
be constructed. In the trans-azobenzene catalyst (trans-1), the two adenine recogni-
tion sites are separately placed, and it is difficult to induce their cooperative function.
The addition of competitive binders with an adenine unit decreased the catalytic
activity of cis-1. These results support the assumed template mechanism. The
produced amide containing two adenine units also binds to the catalyst and impedes
the reaction. The product inhibition is a problem of this photo-responsive template.

Cacciapaglia and co-workers reported a similar photo-responsive catalysis with a
photoswitchable dynamic template utilizing metal coordinations [31]. The template
5 consists of two crown ether units with a barium cation each and an azobenzene
core to control the spatial arrangement of the crown ether units by photo-irradiation
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(Fig. 10.4). UV light (370 nm) irradiation isomerizes the trans-azobenzene core to
the cis-azobenzene form, and the ratio of the isomers reaches to cis-azobenzene
form (cis-5):trans-azobenene form (trans-5) = 95:5 at the photostationary state. In
the twisted cis-azobenzene form, the crown ether units are arranged close to each
other. In contrast, visible light (480 nm) induces the reverse isomerization to give the
trans-azobenzene template as the major isomer (cis-5: trans-5 = 19: 81). The trans-
azobenzene form has a spread structure, in which the crown ether units are located
apart from each other. This photoswitchable template functions as a reversible
photo-responsive catalyst for ethanolysis of anilide 6 containing a para-carboxylate
group (Scheme 10.2). Although the trans-azobenzene form showed only a low
catalytic activity, the cis-azobenzene catalyst substantially accelerated the reaction.
The close two crown ether units in the cis-azobenzene form would provide a suitable
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reaction space (suitable reaction template) for the ethanolysis, in which one barium
center functions as a binding site for a carboxylate group on the anilide substrate and
the other places a nucleophilic ethoxide ion near the amide group of the substrate
(reaction site) to promote the reaction. Two-point binding of the anilide substrate to
the two barium centers of the cis-azobenzene catalyst at the carboxylate group and
the amide group also seems plausible as the alternative catalytic mechanism. The
amide group would be effectively activated by a Lewis acidic barium center through
the two-point binding. The reaction with the cis-azobenzene catalyst proceeded
approximately three times faster than the reaction with the frans-azobenzene cata-
lyst. The product inhibition takes place in this catalyst, too.

The photoswitchable templates based on molecular recognition are problematic in
terms of product inhibition. To overcome this drawback, photo-responsive dynamic
cooperative catalysts utilizing simple weak interactions to activate and/or regulate
reactants have been developed. As a cooperative catalyst utilizing simple weak
interactions, bifunctional organocatalysts have attracted much interest [32-36]. Cat-
alytic activities of various bifunctional organocatalysts are attributed to the cooper-
ative function of the incorporated two functional groups (units) inducing weak
interactions. Bifunctional organocatalysts have been applied to the photo-responsive
cooperative catalysts based on dynamic conformational changes (Fig.10.5) [37—41].

Feringa et al. reported a photo-responsive dynamic acid-base combined catalyst
8 [37]. The authors have developed unidirectional rotary molecular motors based on
photo- and thermal isomerization of chiral stilbene derivatives [42—44]. The stimuli-
responsive chiral molecular motor was introduced to a bifunctional organocatalyst to
gain switchable catalytic activity and stereoselectivity by changing the spatial
arrangement of the functional units. The photo-responsive catalyst 8 consists of a
thiourea unit as an acid functionality (hydrogen-bonding donor), a N,N-dimethyl-4-
aminopyridine (DMAP) unit as a Brgnsted base functionality, and a chiral stilbene
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core as the unidirectional rotary motor (Fig. 10.6). A thiourea unit and a DMAP unit
can cooperatively function in a bifunctional organocatalyst to promote Michael
reaction [45]. The molecular motor rotates the functional units in unidirectional
fashion and changes their spatial arrangement. Irradiation of 312 nm light induces
isomerization of the thermally stable trans-stilbene derivative, (P,P)-trans-8 to the
cis-stilbene isomer ((M,M)-cis-8) at 20 °C, in which the two functionalities are
brought into close proximity (Fig. 10.6, step 1). This cis-stilbene isomer thermally
inverses the helix on cis-stilbene to provide (P,P)-cis-8 at 70 °C, and the function-
alities remain in close proximity (Fig. 10.6, step 2). Then irradiation of 312 nm light
at —60 °C isomerizes (P,P)-cis-8 to the trans-stilbene isomer ((M,M)-trans-8)
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(Fig. 10.6, step 3). Finally, (M,M)-trans-8 thermally inverses the helix to afford
original (P,P)-trans-8 at —10 °C (Fig. 10.6, step 4). In these trans-stilbene isomers
((M,M)-trans-8 and (P,P)-trans-8), the acid and base functionalities are located
separately. These stepwise conformational changes modulate the catalytic activity
and stereoselectivity in the thio-Michael reaction [46] between 2-cyclohexen-1-one
(9) and thiophenol 10 (Scheme 10.3). The trans-stilbene catalyst ((P,P)-trans-8), in
which cooperative function of the separate acid and base functionalities seems
unlikely, showed low catalytic activity with no stereoselectivity (7%, e.r. (S:
R) = 49:51). On the other hand, the cis-stilbene isomers ((M,M)-cis-8 and (P,P)-
cis-8) showed higher catalytic activities. (M,M )-cis-8 promoted the Michael addition
in 50% yield with substantial enantiomeric excess (e.r. (S:R) = 75:25) in the
identical conditions. (P,P)-cis-8 provided a more rapid reaction (83% yield) and
interestingly showed opposite enantioselectivity (e.r. (S:R) = 23:77). In these cis-
stilbene isomers, the closely placed acid and base functionalities would function
cooperatively to promote the reaction, and the helicity of the motor unit (cis-stilbene
unit) controls the stereochemistry of the reaction. Stimuli-responsive activity and
selectivity control of a catalyst via dynamic conformational changes was demon-
strated for the first time.

A short time later, our group reported a related photo-responsive bifunctional
organocatalyst based on dynamic conformational changes [38]. An azobenzene core
was introduced to a bis(trityl alcohol) catalyst, in which cooperative function of the
two acidic trityl alcohol units acquires the catalytic activity [47], to modulate the
cooperative function by the overall conformational changes based on photo-
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Fig. 10.7 Photo-responsive bis(trityl alcohol) catalyst 12

isomerization of azobenzene (Fig. 10.7). The azobenzene-incorporated bis(trityl
alcohol) catalyst 12 reversibly changes the structure by external stimuli. UV light
(365 nm) irradiation isomerizes the frans-azobenzene core to the cis-azobenzene
form, and the ratio of isomers reaches to cis-azobenzene form (cis-12):trans-
azobenzene form (trans-12) = 95:5 at the photostationary state. In the cis-
azobenzene catalyst, the two trityl alcohol units are located in proximity to each
other. Visible light (>420 nm) induces the reverse isomerization to give an almost
1:1 mixture of cis-/trans-azobenzene isomers of the catalyst (cis-12:trans-
12 = 52:48). This isomerization from cis-azobenzene catalyst to the trans-
azobenzene isomer can be completed via thermal isomerization (cis-12:trans-
12 =<1:>99, 150 °C, 24 h). The trans-azobenzene form places the two trityl alcohol
units apart from each other. This photoswitchable bis(trityl alcohol) 12 functions as a
reversible photo-responsive catalyst for Morita-Baylis-Hillman reaction [48, 49]
between 13 and 14 (Scheme 10.4). Although the frans-azobenzene form showed
low catalytic activity, the cis-azobenzene catalyst substantially accelerated the
reaction. The proximal trityl alcohol units in the cis-azobenzene catalyst would coop-
eratively function to promote the reaction. The difference in the catalytic activities of
the both isomeric catalysts was observed up to approximately 86-fold.
Photo-responsive dynamic cooperative catalyst that demonstrates switchable
cooperative deactivation has also been developed. Pericas and co-workers reported
an azobenzene-based photo-responsive thiourea catalyst with a nitro group
(Fig. 10.8) focusing on interaction of thiourea with nitro group [50]. Since thiourea
can interact with nitro group through hydrogen bondings, the dynamic thiourea
catalyst 16 switches interaction with the introduced nitro group on the basis of the
photo-responsive structural changes. In the cis-azobenzene isomer (cis-16), the nitro
group is placed close to the thiourea unit and would interact with the thiourea unit to
decrease the catalytic activity. On the other hand, the nitro group is placed apart from
the thiourea unit in the frans-azobenzene isomer (trans-16). The free thiourea unit
of the trans-azobenzene catalyst would display good catalytic activity. The dynamic
thiourea catalyst 16 reversibly changes the structure by external stimuli. UV light
(365 nm) irradiation for the trans-azobenzene catalyst induces isomerization to the
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Fig. 10.8 Photo-responsive cooperative deactivation catalyst 16

cis-azobenzene form, and the ratio of isomers reaches to cis-16:trans-16 = 56:44 at
the photostationary state. Visible light (450 nm) irradiation isomerizes the cis-
azobenzene catalyst to the trans-azobenzene form almost completely (cis-16:trans-
16 = 1:99). The catalyst 16 actually demonstrated switchable catalytic activity in
nitro-Michael reaction (Scheme 10.5).
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This photo-responsive cooperative deactivation catalyst has also been applied to
photoswitchable polymerization of lactide [51].

Photo-control of stereoselectivity was also demonstrated by photo-responsive
dynamic cooperative catalysts [52, 53]. Branda and co-workers reported a photo-
responsive dynamic chiral bis(2-oxazoline) ligand [54] for Cu(I) catalyst based on
photochromic cis-1,2-dithienylethene (17, Fig. 10.9) [29]. Photo-induced ring clo-
sure/ring opening of the dithienylethene unit changes overall structure of the ligand
and switches the coordination mode. In the open form, 17-open generated by
irradiation of >434 nm light, Cu(I) coordinates in a bidentate fashion to construct
arigid chiral environment around active copper center. The closed form (17-closed)
induced by irradiation of 313 nm light coordinates with Cu(I) in a monodentate
fashion, which provides a loose chiral environment on the copper center. These 17/
Cu(I) complexes promoted cyclopropanation of styrene (18) with ethyl diazoacetate
(19) [55, 56] in different stereoselectivities (Scheme 10.6). The reaction with 17-
open/Cu(I) provided trans- and cis-cyclopropane 20 with moderate
enantioselectivities (cis-20, 50% ee; trans-20, 30% ee). On the other hand, the
complex with 17-closed afforded cis- and trans-20 with lower enantioselectivities
(cis-20, 5% ee; trans-20, 5% ee). These stereochemical outcomes probably reflect
the chiral environments around active copper center modulated by the photo-induced
structural changes of ligand. The drawback of this system is the limited
photoswitchability. The photo-cyclization of 2,2’-disubstituted dithienylethenes is
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impeded by the steric hindrance, and only a minor amount of closed isomer was
obtained. Furthermore, reversibility of the photo-cyclization/photo-ring opening was
hampered by the complexation with Cu(I).

Craig and co-workers also reported a photoswitchable dynamic chiral ligand for
Pd catalysts [53], a macrocyclic axially chiral biaryl bis(phosphine) ligand 21 that
incorporate a photo-responsive stilbene unit (Fig. 10.10). Photo-isomerization of the
stilbene unit allows photochemical manipulation of the biaryl geometry and changes
the stereochemical outcomes in Pd-catalyzed reactions. UV light (365 nm) irradia-
tion to the (Z)-stilbene isomer ((Z)-21) induces reversible isomerization and provides
68:23:9 mixture of three isomers, (Z)-21, (E)-21, and (E)-21’ with different calcu-
lated biaryl dihedral angles (¢) at the photostationary state. The isomers (Z)-21 and
(E)-21 displayed different stereoselectivity in asymmetric Heck reaction (Scheme
10.7) and asymmetric allylic alkylation.
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10.2.2 Photo-responsive Dynamic Catalyst Switching Steric
Environment

In the second type of photo-responsive dynamic catalysts, steric environment around
the catalytic center is switchable in response to photo-stimuli. Since access to the
catalytic center is greatly affected by the surrounding steric environment, catalytic
functions can be regulated by switching the steric environment around the catalytic
center.

Hecht et al. reported a photo-responsive dynamic Brgnsted base catalyst that
switches the steric environment around the catalytic center, 3°-amine center, based
on photo-isomerization of azobenzene (Fig. 10.11) [57, 58]. The azobenzene-based
catalyst 26 reversibly changes the structure by photo-stimuli. Irradiation of 365 nm
light induces isomerization of the trans-azobenzene catalyst (trans-26) to the cis-
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azobenzene isomer (cis-26). The ratio of isomers reaches to cis-26:trans-26 =
>95:5 at the photostationary state. In the cis-azobenzene form, steric bulkiness
around the basic catalytic center is removed, and the catalytic center becomes
sterically accessible. Visible light (>400 nm) irradiation induces the reverse isom-
erization (cis-26:trans-26 = 10:90 at the photostationary state). In the trans-
azobenzene form, the basic catalytic center is shielded by surrounding structure,
which would inhibit access to the catalytic center. This photoswitchable catalyst 26
demonstrated functions as a reversible photo-responsive Brgnsted base catalyst in
Henry reaction between 27 and 28 (Scheme 10.8). Although the frans-azobenzene
form showed low catalytic activity, the cis-azobenzene catalyst substantially accel-
erated the reaction. The difference in the catalytic activities of the both isomeric
catalysts was observed up to approximately 35.5-fold.

Photo-control of stereoselectivity by photo-responsive dynamic catalysts
switching steric environment was also demonstrated. Chen and co-workers reported
a stilbazole-based chiral DMAP [59] derivative as a photo-responsive dynamic
chiral nucleophilic catalyst (30, Fig. 10.12) [60]. The stilbazole-based DMAP
derivative has a chiral dibenzosuberane unit, and the chirality induces a helical
chirality in the stilbazole core including a DMAP unit. Since photo-isomerization
of the stilbazole core flips the helical chirality, chiral environment of the DMAP unit
is switchable in response to photo-stimuli. The DMAP derivative with (P)-helical
chirality ((P)-30) almost completely isomerizes to the derivative with (M)-helical
chirality ((M)-30") by 290 nm light ((P)-30:(M)-30' = <1:>99 at the photostationary
state). The reverse isomerization is induced by 340 nm light, and the ratio of isomers
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reaches to (P)-30:(M)-30' = 91:9 at the photostationary state. These isomers each
promoted Steglich rearrangement reaction of O-carboxylazlactone 31 with an almost
opposite enantioselectivity (Scheme 10.9). The reaction with (P)-30 proceeded in
84% yield providing (R)-product ((R)-32) in 87% ee. On the other hand, (M)-30'
provided (S)-product ((S)-32) in 81% yield and 91% ee. These stereochemical
outcomes would reflect the chiral environments around the nucleophilic active center
modulated by the photo-responsive structural changes.

10.2.3 Photo-responsive Dynamic Catalyst Switching
Electronic Feature

As the third type of photo-responsive dynamic catalysts, photo-responsive dynamic
catalysts switching electronic environment of the catalytic center have been studied.
Since photo-isomerization of cis-1,2-diarylethene involves rearrangement of some
covalent bonds, electronic features of the isomers should be different from each
other. By focusing on this feature of cis-1,2-diarylethene, some photo-responsive
dynamic carbenes as catalyst or ligand for metal catalysts have been developed [61—
63].

Bielawski et al. developed a cis-1,2-diarylethene-based carbene catalyst 33 for
transesterification reaction (Fig. 10.13, Scheme 10.10) [61]. The carbene catalyst
reversibly changes the structure by photo-stimuli. Irradiation of 313 nm light induces
isomerization of the open form of 33 (33-open) to the closed form (33-closed). In the
open form, more electron-donating unsaturated carbine is formed. Visible light
(>500 nm) irradiation induces the reverse isomerization (33-closed to 33-open). In
the closed form, less electron-donating saturated carbine is formed. This
photoswitchable carbene 33 demonstrated photo-responsive catalytic activity in
transesterification reaction between 34 and 35 (Scheme 10.10). The open form
showed approximately 12.5 times higher catalytic activity. The photoswitching of
the electron-donating ability would change the Brgnsted basicity and modulate the
catalytic activity.
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Applications of similar type of photoswitchable dynamic carbenes to ligands for
metal catalysts have also been developed. Bielawski et al. demonstrated photo-
responsive Rh-catalyzed hydroboration of alkenes and alkynes using 33 as the ligand
for the Rh catalyst [62]. The photoswitchable electron-donating ability of 33
switched the catalytic activity of the Rh catalyst. The photo-responsive dynamic
carbene ligand that switches reaction course of Ru-catalyzed olefin metathesis, ring-
closing metathesis versus ring-opening metathesis polymerization, has also been
developed [63].

10.3 Conclusion

In this chapter, recent progresses in the field of photo-responsive dynamic catalysts
are highlighted. Some catalysts that switch the catalytic functions in response to
photo-stimuli have been developed, and spatiotemporal controls of chemical reac-
tion(s) have been demonstrated with the dynamic -catalysts. However, the
photoswitchable catalytic functions in the developed photo-responsive dynamic
catalysts are limited. Most of the photo-responsive dynamic catalysts switch the
catalytic activity. To demonstrate versatile spatiotemporal controls of chemical
reaction(s), switching of other catalytic functions, such as selectivity or reaction
type, should be accomplished. The field of photo-responsive dynamic catalysts is
still immature.
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The continued advances in photo-responsive dynamic catalysts would demon-

strate multiregulated advanced chemical transformations with substantial practical-
ities and eventually would provide opportunities to promote various fields of
scientific researches [64—69] based on the spatiotemporal control of chemical
reactions.
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Chapter 11 ®)
Mimicking Integrated Functions s
of “Molecular Space” in Biological Systems

by Using Crystalline Cavities Consisting

of Short Peptides

Ryosuke Miyake

Abstract The intelligent use of “molecular space” is an important feature of
biological functions, such as selective or efficient catalysis, molecular transfer,
accurate molecular recognition, etc. Peptides provide various types of “molecular
space” due to the varietyof functional groups and highly ordered structure, in which
integrated functions are demonstrated, supported by, in some cases, adaptable
structrual changes (such as induced fit) becasuse of their structural flexibility. In
addition, correlation of several types of “molecular space,” through cooperative
structural changes in the peptide framework, is key for environmental responsive
functions of biological systems. These features of peptides could be applied to
artificial systems in the design of functional solid materials. Crystalline materials
are one of the easiest approaches to construct materials consisting of several units
which correlate each other due to the structural regularity. Thus, until now, various
crystalline nano-cavities (as was “molecular space”) consisting of short peptide
moieties (hereafter “peptide crystalline nano-cavities”) have been reported, showing
their potential for the design of artificial crystalline nano-cavities. Various features of
biological systems, such as design properties and adaptable properties (such as
induced fit), have been successfully mimicked in reported systems. Recently,
dynamic features such as cooperative bindings have also been demonstrated using
peptide crystalline cavities. These features could lead to catalysis supported by
selective or efficient molecular capture as was “molecular space” in enzyme in
near future. In this review, recent developments of peptide crystalline nano-cavities
are overviewed.
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11.1 Introduction

Biological systems use various types of “molecular space” as sites for accurate
recognition of environmental factors and substrates and/or for catalytic reactions.
In the molecular space, multi-interactions with various functional groups of peptides
undertake accurate recognition of substrates. In some cases, the recognitions are
supported by structural changes to fit the target molecules (i.e., induced fit). In
addition, cooperative structural changes between molecular spaces give biological
systems environmental-responsive functions. In such biological functions, the struc-
tural features of peptides, as well as their design feature, play significant roles. Thus,
peptides should also be suitable for the construction of artificial nano-cavities with
highly efficient and accurate switching functions. For use as artificial materials,
however, proteins, which possess such molecular space, contain more than 50
amino-acid residues (e.g., in the case of insulin), and are not suitable due to their
low stability and challenging artificial synthesis pathways. To overcome this prob-
lem, crystalline nano-cavities that consist of short peptides (“peptide crystalline
nano-cavities”) can be used to provide suitable molecular space: crystal packing
structures should help to construct framework structure corresponding to the higher
structures of peptides. In this chapter, peptide crystalline cavities are reviewed to
discuss their role on designing properties of cavities. The reported functions are
summarized, and the possibility to further develop sophisticated functions, such as
accurate and auto-active functions including catalytic reactions in artificial materials,
is explored.

11.2 Crystalline Cavities Consist of Oligopeptide and Their
Inclusion Properties

Crystalline peptide nano-cavities were originally founded in the molecular crystals
of pure oligopeptides and may be subdivided into two groups, cyclic peptides and
dipeptides. The pioneering development of crystalline cavities formed by cyclic
peptides was reported by Gardhili and co-workers in 1993, as a part of a study of ion
channel mimics using cyclic peptides (Fig. 11.1) [1]. They reported the synthesis of
cyclic peptides with alternating sequences of D- and L-amino acids and found that
the cyclic peptides form channels of 7-8 A in diameter in the crystalline phase
[1-3]. Generally, cyclization reactions are in low yield and need long reaction times
due to the low concentration of the reaction mixture used to avoid intermolecular
coupling reactions instead of intramolecular coupling reactions. To improve this
problem, Granja and co-workers succeeded in the synthesis of cyclic peptides in
good yield (50-75%) under normal conditions for the coupling reaction, by
restricting the bond angle between the amino group and the carboxylic group
using artificial amino acids (cis-3-aminocyclohexanecarboxylic acids) (Fig. 11.2)
[4-7]. These cyclic peptides have been studied for their application as ion channels
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c

Fig. 11.1 Cyclic peptide reported by Gardhili. Molecular design (a) and its assembled tube
structure through hydrogen bonds (b) and crystal structure from top view (c¢) and side view (d).
(Reprinted by permission from Macmillan Publishers Ltds: Ref. 1, copyright 1993)

in membranes, but studies on their crystalline cavities were not a major focus.
However, they did suggest the possibility of using crystalline cavities for various
applications.

The other group consists of molecular crystals of dipeptides (Fig. 11.3): dipep-
tides form crystalline nano-cavities suitable for molecular uptake with diameters of
4-10 A (dipeptides consists of hydrophobic amino acids, such as Leu, Phe, VI, Ile,
Ala, etc.). Gorbitz reviewed crystalline nano-cavities of dipeptides and summarized
the relationship between the size and properties of crystalline cavities and amino-
acid sequence [8]. All reported dipeptides [8—11] that form crystalline peptide nano-
cavities are listed in Table 11.1. The properties of crystalline cavities (hydrophobic
or hydrophilic) are roughly determined by the location of the side chain of the
dipeptides. Dipeptides that possess Leu or Phe in their side chain tend to form a
hydrophilic cavity with the side chain located on the outside of the cavity. In
contrast, dipeptides including Ala, Val, and Ile often form a hydrophobic cavity
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Fig. 11.2 Artificial cyclic peptide developed by Granja through restricting the bond angle between
amino groups and carboxylic groups by using cyclic y-amino acids

Hydrophobic cavity Hydrophilic cavity

Fig. 11.3 Examples of crystalline cavities in molecular crystals of dipeptides possessing hydro-
phobic cavity (a: Ala-Val) and hydrophilic cavity (b: Phe-Phe). The functional groups in the side
chain of the dipeptides are shown in red and orange. Crystalline solvent molecules are omitted for
clarity

with their side chains located on the inside of the cavity. In most cases, the
diameter of the cavity is 3-5 A. However, Phe-Phe and Ile-Ile form cavities
whose diameters are larger than 10 A. Although the prediction of crystal structure
is still difficult, minor modifications of dippetides are one of the useful approaches
in the design of peptide crystalline cavities. Gorbitz and Comotti reported the
tuning of cavity size (2-6 A) depended on the number of carbon atoms in the side
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Table 11.1 Summary of reported crystalline peptide nano-cavities in molecular crystals of dipep-

tides [8]
Hydrophobic cavity Crystalline solvent Diameter of cavity/A
Val-Ser ° 0.23CF;CH,0H 4.6
H
Hznj:,("‘ \:)J\OH
O ou
Val-Ala ° 0.33CH;CN-0.29H,0 4.2
H
HZNI,(N :JLOH 0.12CH,CN 4.7
o -
Ala-Tle - H,O 4.7
HN /H(N \i)LOH
(o} \-\/
Ile-Ala ’ o - 3.7
H
H%, N Ao
o |
Val-Val ° H,O 4.4
H
HN N \i)j\ou
0
Val-lle ° 0.22H,0 3.7
H
HN N \:)LOH
Ile-Val o 0.22H,0 3.9
H
HN N \:)I\OH
AN
Ala-Val - 0.35CH;CN 5.0
HN J\’(N\:)I\OH 0.25C3H,0H-0.22H,0 5.0,5.2
[¢] /'\
Tle-Leu S o 0.91H,0 32
H
H N N \AOH
o} Y
Leu-Leu 0.87H,0 3.2
u ©
HN N \i)J\OH
o -\(
Leu-Phe 0.86H,0 3.2
b ©
HN N \:)kOH
© ~ Ph
Phe-Leu 1.26H,0 4.2

(continued)
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Table 11.1 (continued)

Hydrophobic cavity Crystalline solvent Diameter of cavity/A
Phe-Phe Ph o 247H20 92
H
HN )ﬁ,n Ao
° .
Phe-Trp 0.75H,0 2.8

Ph
e
HoN N\_/mOH
o
!
N
H

Trp-Gly H H,O 4.7
]
H [e]
HN N\)LOH
Leu-Ser - 49
o
H
HoN N\_,)I\OH
0 gy
a b os
05
- val-Ala
-] e
% 0.4 - o
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Fig. 11.4 Comparison of cavities in crystalline dipeptides (Val-Ala and Ala-Val) (a) and their Xe
adsorption isotherm curves at 298 K (b). (Reproduced from ref. 10 by permission of John Wiley &
Sons Ltd.)

chain of artificial peptides including artificial amino acids which possess various
alkyl group (C,Hy,,1: n = 2-4) as the side chain [12].

Several applications were reported for these peptide crystalline nano-cavities
consisting of dipeptides. Ripemeester, Soldatov, and co-workers reported high
affinity for adsorption of Xe gas (a chemically inert gas) that was demonstrated for
crystalline Vla-Ala and Ala-Val, with sorption occurring most efficiently in the
Val-Ala channels, which are slightly smaller than the channels of Ala-Val (differ-
ence of diameters ca. 0.2 A) [10, 11] (Fig. 11.4). Also, Val-Ala shows high
selectivity for CO, gas at ambient temperature [9].
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Fig. 11.5 Schematic figure showing the formation of a polymer by using crystalline peptide nano-
cavities

Sozzani and co-workers reported that crystalline peptide cavities are useful nano-
reactors for various polymers [13] (Fig. 11.5). These peptide cavities are ecologi-
cally benign and are easily decomposed without formation of harmful substrates.
The results show that crystalline cavities consisting of pure peptides can provide
ecologically friendly nano-reactors.

11.3 Crystalline Nano-cavities of Metal Complexes
of Peptide Ligands

The overview of crystalline peptide nano-cavities formed from pure short peptide
indicates their high potential for the design of crystalline cavities dependant on their
amino-acid sequences. However, the design of cavities (size and properties) is still
limited. For example, dipeptides that form crystalline peptide cavities mainly contain
amino acids possessing hydrophilic functional groups at the side chain, except serine
(—OH). On this point, crystalline metal complexes of peptide ligands are an impor-
tant approach for the design of crystalline cavities since coordination bonds are
appropriate for the buildup and design of cyclic structures and/or network structures.
Peptides possess various functional groups on their amino-acid residues (amino
groups, carboxylic groups, etc.) that could work as metal coordinating sites. In
addition, there are a lot of artificial amino acids or peptides that possess various
functional groups that could also function as metal coordinating sites. Up to now,
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crystalline cavities of metal complexes with peptide ligands have been developed by
three kinds of approaches (peptide MOFs, cavities formed by folding and assembly
strategies, and crystalline peptide metallo-macrocycles (which I described in the next
section (11.4))).

Rosseinsky and co-workers reported a metal-organic framework (MOF) that
consists of natural dipeptides as ligands, a peptide MOF, (examples of reported
peptide MOFs are shown in Fig. 11.6) in 2010 [14]. They first reported that a Zn
(II) complex of Gly-Ala possessed crystalline cavities which showed switching of
gas inclusion by crystalline structural transformation by the inclusion of gas itself. In
the crystalline structure, dipeptide (Gly-Ala) connects Zn>* ions through amino
groups and carboxylate groups to form 2D-layered framework compound Zn
(Gly-Ala),. With the combination of experimental studies and simulation studies,
they revealed that the gradual conformational changes of the peptide, which
depended on the amounts of included molecules in the cavities, played an important
role in adaptable molecular inclusions similar to those seen in biological systems.
They also revealed that the stability and structural flexibility could be tuned by the
sequence of amino acids. For example, dipeptides (Gly-Thr) connect Zn** ions to
form Zn(Gly-Thr), which has same framework structure with Zn(Gly-Ala), [15]. Zn
(Gly-Ala), forms a flexible cavity which displays adaptable shape that evolves
continuously from an open to a partially disordered closed structure in response to
the level of guest loading. In contrast, Zn(Gly-Thr), forms a rigid cavity and

Gly-Ala GIy—ThrO B-Ala-His
w © H w ©
N
s S LS 5 S o €

Adaptable Rigid Adaptable & water-stable

Fig. 11.6 Crystal structures of peptide MOFs as Zn complex of dipeptide (a: Gly-Ala, b: Gly-Thr,
c: p-Ala-His). The minimum units of square frameworks in the crystal structures were shown in the
bottom of the figure
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maintains a framework structure after the removal of included molecules. Such
structural properties can be tuned nonlinearly by mixing the ratio of dipeptide
ligands [16]. This phenomenon was similar to that observed in single-point muta-
tions of proteins, in which exchange of single amino acids can radically alter
structure and functions. In addition, they reported that dipeptide fAla-His could
form crystalline cavities in a 3D framework that is water-stable but has adaptable
cavities: a similar 2D layer framework connects through coordination bonds with
imidazolyl groups to form a 3D framework [17]. The series of peptide MOFs
successfully demonstrated the design of molecular space that could be tuned by
changing one of amino acids in the dipeptide ligand. Recently, they also succeeded
to enlarge the size of crystalline cavities by using tripeptides. The Cu(Il) complex of
tripeptide (Gly-His-Gly or Gly-His-Lys) forms crystalline cavities that are much
larger than that of the peptide MOF consisting of dipeptides [18]. By using these
enlarged crystalline cavities, they demonstrated enantioselective separation of the
chiral drug (+)-ephedrine that can be separated from its racemic mixture >50% [19].

In addition to the designability and structural flexibility of peptides, the other
factor useful for the construction of molecular space in biological systems is the
folding structure of peptides: folding structures are important especially for
constructing large cavities. Crystalline cavities surrounded by folded short peptides
were originally demonstrated by Fujita and Sawada in 2014 [20] (Fig. 11.7). In
general, short peptides don’t form stable folding structures. Thus, to form stable
folding structures with short peptides, they applied a trimer peptide including
proline, which forms a relatively rigid folding structure because the side chain

Folding and Assembly

:/\I \/'\“.

N s

o
ﬂq\_?:)\\u.n.\",u "\,r. «T ~ N
L o

o o L.J

®
Metal
- —_—

Peptide ligand

ZI

Fig. 11.7 Schematic figure showing the folding and assembly method to construct large peptide
crystalline cavities. (Reproduced from Ref. 20 by permission of John Wiley & Sons Ltd.)
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directly connects to amino groups and restricts the rotation of the main chain of the
peptides. To use metal coordination bondsfor assembly process, they incorporated
pyridine groups at both N-and C-termini as metal-binding sites into a native
tripeptide (Gly-Pro-Pro). The tripeptide is the shortest residue to form a helical
structure. They found that the Ag complex of the tripeptide ligand forms crystalline
cavities. Base on the dihedral angle, the conformation of tripeptide could be assigned
as the Py helix conformation. As a result, large cavities (diameter is 20 A) were
successfully formed (Fig. 11.8). This pore is the largest cavity reported for peptide-
based porous materials, which could include biological molecules such as oligosac-
charide (maltopentaose) [20]. The results demonstrated the merit of using a folding
and assembly approach to build up large crystalline cavities. Due to the chirality on
the peptide framework, this crystalline cavity can be used for chiral recognition of
1,1’-bi-2-naphtol [20]. They also reported that the cavity size changes by modifica-
tion of the tetrapeptide ligand (replacement of the 5-member ring of proline to
6-member ring or introducing functional groups at the meta position of pyridine)
[21]. The properties of the cavities can be tuned by minor changes to the peptide
sequence, as has been observed for other peptide crystalline cavities.

Fig. 11.8 Crystalline cavities constructed by the folding and assembly method using tetrapeptide
ligands (Gly-Pro-Pro) possessing pyridine at the N- and C-termini as metal coordinating sites. Two
kinds of crystalline cavities (A and B) are formed surrounded by helical assembly of the peptide
ligands. Hydrogen atoms, counteranions, and molecules in the cavities are omitted for clarity



11 Mimicking Integrated Functions of “Molecular Space” in. . . 257
11.4 Switchable Heterogeneous Peptide Nano-cavities

Through peptide MOFs and crystalline cavities obtained using the folding and
assembly strategy, the design feature of biological molecular space was principally
achieved in artificial systems: peptide frameworks are suitable motifs for the design
of crystalline cavities in which the arrangement of various functional groups and
their structural flexibility was reflected (on design). On the other hand, reports of
switching properties by cooperative structural changes have been limited. Adaptable
behavior for guest molecules and sigmoidal behavior of guest inclusion by cooper-
ative structural changes of peptide framework supported by the switching of a
hydrogen bond network has been reported for a peptide MOF. However, mimicking
of cooperative structural transformations between several cavities has not been
reported for these peptide cavities.

Recently, such switching of heterogeneous cavities was demonstrated by using
crystals of cyclic metal complexes of peptide ligands (crystalline peptide metallo-
macrocycles). Molecular crystals of cyclic complexes are suitable for stimuli-
responsive structural transformation driven by ligand exchange at the metal center,
since compared with crystalline network complexes, such as MOFs, several covalent
bonds are replaced by weaker molecular interactions (Fig. 11.9a). In addition, they

a
network structure m%&gﬁéaggg&tg
metal ion
I~ \”{
“""‘.\

| i ~ ligand
molecular interaction
Relatively rigid Relatively flexible
metal ions L l

U Lo KN e— 4 " cavity 2

Q
=

— GawtyIl :D ‘/ 3'»\
bridging ligand Q. \- >\h "'\ /

cavity 1 -

Fig. 11.9 Conceptual figure showing the comparison of structural feature between molecular
crystal of cyclic complexes and network complex such as MOF (a) and showing the strategy to
form heterogeneous cavity by using cyclic complexes (b)
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are appropriate for designing heterogeneous cavities, both inside and outside of
cyclic structures in the crystalline state (Fig. 11.9b). In 2008, we reported a cyclic
peptide metal complex by using an artificial p-dipeptide 1 possessing two tridentate-
binding sites on its side chain that act as a bridging ligand (refer to Fig. 11.10a)
[22]. This artificial p-dipeptide 1 formed a cyclic Ni(Il) complex [Nig1,]** by
connecting four Ni(I) ions and four p-dipeptide ligands in a head-to-tail manner
in its crystal structure. The crystal packing structure changes depended on the kinds
of counteranions. In the case of NOj salt, the peptide Ni(II)-macrocycles possess
different crystalline cavities, inside and outside of the macrocycles, which show
different affinity for water uptake and release. By using this NOj; salt, we succeeded
to demonstrate reversible structural transformation accompanying cooperative open-
ing and closing of heterogeneous cavities in this crystalline Ni(II)-macrocycle [23]
(Fig. 11.10, also refer to Fig. 11.12). This structural transformation occurs with
ligand exchange at the Ni(Il) center between coordinating sites of the dipeptide

a Hz NHy NHp NH; b
n%ﬁ&%ﬁw Hydrated form Dehydrated form
1( n X & (Open form) (Closed form)

-H:0

o Yo

; Sk — R
g 7 R T KA
A8 e &

™ A
K,
“[Niat4J8+

Crystal
packing

* c

Fig. 11.10 Macrocyclic structure and crystal packing structure of the NOj salt of peptide Ni(Il)-
macrocycle [Nig14]%* consisting of an artificial p-dipeptide 1 (a) and its structural transformation
between an open form and a closed form by water uptake/release in macrocyclic units (b) and
crystal packing structures (c). Hydrogen atoms, some crystalline water molecules, and some
counteranions are omitted for clarification. (Reproduced from Ref. 23 (Royal Chemical Society))
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ligand and nitrate ion by the recognition (inclusion) of water molecules in one of the
cavities, supported by switching of the hydrogen bond network. The other feature
of this motif is the existence of counterions in crystalline cavities: counteranions
located inside the cavities since it is necessary to overcome the positive charge at
the Ni(Il) center. X-ray structural studies revealed that the counteranion (NO3 ™ in
this case) changes its location and supports this structural transformation by filling
the gaps. Although various ionic interactions, between NH,* and COO™ on the
side chain, are also important for folding structures and could affect their structural
transformations in biological systems, such ionic functional groups are difficult to
incorporate into crystalline cavities of peptide metal complexes due to their metal
coordinating properties. The use of counteranions would be one of the alternative
approaches for mimicking electric interactions in the crystalline cavities.

This structural change can be tuned by the kinds of counteranions: the NO; salt
of the Ni(I[)-macrocycle undertakes the structural transformation mentioned
above, while the BF, salt, which has almost the same structure in hydrated form
as the NOj; salt, does not undertake structural transformation to a closed form and
maintains an open form after the removal of water molecules [24]. The crystalline
cavities of the BF, salt are flexible and adsorbed various gaseous molecules whose
diameter is larger than that of the crystalline cavities. The BF, salt of Ni(Il)-
macrocycles preferentially adsorbed CO, gas over CH, gas (Fig. 11.11)
[25]. The ratio of the amount of adsorption is 22:1 at 100 kPa (293 K), which is
relatively high among those reported for MOF compounds. Since a high adsorption
enthalpy was observed for CO, gas adsorption, interaction between amino groups
and CO, gas could be one of the reasons for the highly selective capture of CO, gas
versus CH, gas.

Fig. 11.11 Adsorption 80 T T T T
isotherm curves of various
gases (CO,, N,, CHy4 gas) 70 1l
for the BF, salt at 293 K. CO.
(Reproduced from Ref. 24 60 - 2 n
(Royal Chemical Society)) 50

40

A/ cm¥STP)g™
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11.5 Mimicking Cooperative Binding Systems in Artificial
Systems

The cooperativity of several kinds of molecular space is an important element for the
demonstration of accurate environmental-responsive functions in biological sys-
tems. In particular, heterotropic cooperative binding systems are desired as mimics
for artificial systems since they could provide efficient molecular transfer or storage
as well as accurate environmental sensing as is observed in the Bohr effect of
hemoglobin and kinase in biological systems. Mimicking such cooperative in
artificial systems would lead to sophisticated environmental-responsive (auto-active)
functions.

In 2018, we succeeded to mimic such heterotropic cooperative binding systems
by using the structural switch of heterogeneous crystalline cavities in a peptide Ni
(IT)-macrocycle which was described in the previous section (Fig. 11.12). In this
crystal, upon cooperative structural transformation between an “open form” and
a “closed form” induced by water uptake, the water uptake into one of the cavities
opens/closes the other cavities cooperatively as is observed in heterotropic cooper-
ative binding systems in biological systems [26]. As shown in Fig. 11.12b, the crys-
talline peptide Ni(II)-macrocycle adsorbs CO, gas up to 34 g-mol ' by mixing
appropriate water vapor pressure to transform into the “open form,” while it adsorbs
a negligible amount of CO, gas in the “closed form” without water vapor. The
adsorption of CO, gas was supported by gas composition analysis by using gas
chromatography. The reversible switching of CO, adsorption responding to sur-
rounding humidity was clearly observed as IR spectrum changes of the macrocycles
under CO, gas flow by changing the humidity in the gas. Structural study of its CO,
including peptide Ni(II)-macrocycle revealed that cooperative opening and closing
of the heterogeneous crystalline cavities caused the inclusion and release of CO,
molecules through the opening of vacant space. In addition, inclusion of CO, and
H,O molecules stabilized each other, suggesting a cooperative effect between them.
Considering this structural transformation supported by the conformational changes
of the peptide backbone and concurrent switching of the hydrogen-bonding net-
works, the use of peptides as a framework could be a significant approach for
designing various cooperative structural changes.

11.6 Conclusion and Perspective

In general, the crystallization of peptide moieties is not easy. However, various
pioneering works have succeeded in the construction of several crystalline peptide
nano-cavities. As described in this chapter, peptides provide a powerful motif for the
design of functional crystalline cavities that can be tuned by the sequence of amino
acids and other factors, such as counteranions. As a result, various crystalline
cavities have been demonstrated: the diametr of reported cavities varies from 1 A
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Fig. 11.12 Cooperative opening and closing of heterogeneous cavities in a peptide Ni(I)-
macrocycle (a) and switching of CO, gas inclusion at 297 K by using the cooperative structural
transformation (b). Estimated vacant space in the open form is colored ocher. (Reproduced from ref.
26 by permission of John Wiley & Sons Ltd.)

to 20 A. However as seen in chiral recognition using such large cavities, selectivity
for uptake is not so high and further improvement is needed. One of the possible
solutions for enhancing selectivity is the use of cooperative binding, analogous to the
effect known as allosterism in biological systems. Recently, cooperative binding
systems have been demonstrated principally by using crystalline peptide metallo-
macrocycles. Since the mimicking the main features of peptides in molecular space
in biological systems were achieved by using peptide crystalline cavities, peptide
crystalline cavities are expected to provide sophisticated combined systems showing
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integrated functions, leading to accurate molecular recognition in the near future.
Although catalytic reactions in peptide crystalline cavities are limited to the report of
Comotti and Gorbitz, peptide crystalline cavities could also provide molecular space
for catalytic reactions in the near future, including complex systems combined with
environmental-responsive functions as was seen in kinase.
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