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Abstract The supramolecular chemistry of acyclic oli-
gopyrrole derivatives mainly reported by the author’s
group in the last four years has been summarized in this
review. The author has demonstrated the “first step” to
construct the new materials and concepts based on the new
molecular systems consisting of pyrrole rings, which form
the complexes, assemblies, and organized structures, by
using noncovalent interactions such as metal coordination,
hydrogen bonding, and n—n interaction. Acyclic m-conju-
gated oligopyrroles have exhibited not only host—guest
binding behaviors in solutions but also the formation of, for
example, (i) metal coordination polymers to give emissive
colloidal spheres, (ii) solid-state assemblies of acyclic
n-conjugated anion receptors and their anion complexes,
(iii) anion-responsive supramolecular gels from the recep-
tors with aliphatic chains, and (iv) solvent-assisted
organized structures like vesicles derived from amphiphilic
anion receptors.

Keywords Hydrogen bonding - Metal coordination -
n-Conjugated system - Pyrrole - Supramolecular chemistry
Introduction

Pyrrole is well known as a m-conjugated aromatic hetero-
cyclic molecule [1] comprising not only biotic dyes such as
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heme and chlorophyll but also artificial porphyrin deriva-
tives [2]. In contrast to relatively “inert” benzene, pyrrole
has excess electrons (six) as compared to the number of
atoms (five) in the framework. Therefore, pyrrole moieties
are reactive and stabilized by, for example, incorporation
into the aromatic macrocycles such as porphyrins or sub-
stitution by electron-withdrawing moieties. Pyrrole exhibits
“duality” of its nitrogen moiety, which behaves both as a
hydrogen-bonding acceptor or metal coordination ligand
due to the N site (Fig. 1a) and a hydrogen-bonding donor
due to the NH site (Fig. 1b). As the n-planes of the pyrrole
unit also enable effective interactions that yield stacking
assemblies and metal complexes as n-ligands (Fig. 1c),
pyrrole rings can act as potential building subunits forming
supramolecular nanoscale structures. Well-defined orga-
nized architectures fabricated by self-assembled organic
molecules have attracted considerable attention due to their
ability to act as potential functional materials, that use
noncovalent interactions such as metal coordination,
hydrogen bonding, van der Waals interaction, etc. [3-8].
However, pyrrole rings are often observed as the compo-
nents of the preorganized macrocycles, porphyrins and
their analogs, wherein pyrrole N sites are faced to the
inside of fairly rigid closed rings and consequently cannot
exhibit their potential as interaction sites. Therefore, new
aspects of pyrrole rings can be revealed by the synthesis of
new oligopyrrolic systems to form functional supramolec-
ular materials and construct new properties and concepts.
This review comprises three main sections for the supra-
molecular chemistry of acyclic oligopyrroles: (i) metal-
coordinated nanostructures (Sect. “Metal coordination of
acyclic oligopyrroles™), (ii) solid-state hydrogen-bonding
assemblies (Sect. “Hydrogen-bonding assembly of acyclic
oligopyrroles”), and (iii) anion-binding receptors and their
organized materials (Sect. “Supramolecular chemistry of
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Fig. 1 Possible interactions of pyrrole as (a) a hydrogen-bonding
acceptor and a metal coordination site, (b) a hydrogen-bonding donor,
and (c) a n-plane for stacking and metal coordination. The structures
with “aromatic circle” are used to represent various types of pyrrole
units
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acyclic oligopyrroles as anion-binding receptors”); these
sections include the respective introduction parts. In the
following sections, the author introduces the oligopyrrolic
systems as the building units of the supramolecular
assemblies reported by the author’s group in the last
four years [9] along with several examples reported by
other groups.

Metal coordination of acyclic oligopyrroles

Metal coordination enables organic ligands to form versa-
tile discrete or infinite architectures such as wire structures
and nanospace materials, with potential applications in
catalysis, optics, and biosensing [10-15]. However, metal-
coordinated self-assemblies have thus far been limited to
crystalline systems, which can enable the encapsulation of
gas molecules in nanospaces. Recently, nanoscale mor-
phologies based on coordination polymers existing as
spherical and fibrous structures have been reported [16—
18]. On the other hand, discrete coordination macrocycles
and cages have also been investigated as isolated spaces to
bind specific molecules and ions in solution. With regard to
coordinating ligands, dipyrrins (dipyrromethenes)—con-
sidered as partial structures of bile pigments consisting of
two pyrroles with an sp”-meso position—are essential 7-
conjugated bidentate monoanionic ligands for metal ions in
natural and artificial systems [19-29]. Multitopic dipyrrin
derivatives are promising scaffolds for self-assemblies and
would provide neutral coordination polymers and oligo-
mers, which, along with various spacer units, can be used
to fabricate supramolecular structures and fine-tuned
nanoscale morphologies by means of bridging the metal
cations. For example, Cohen et al. showed infinite coor-
dination networks based on dipyrrin derivatives in the solid
state (Fig. 2a) [26-28]. Lindsey et al. reported dipyrrin
metal complexes as bridging units for energy transfer
systems consisting of porphyrins (Fig. 2b) [29]. Apart
from these studies, the author has also attempted to form
coordination polymers to yield nanoscale spherical archi-
tectures and discrete coordination macrocycles by using
dimeric dipyrrin derivatives [30-34]. As an example,
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Fig. 2 Metal-coordination assemblies of dipyrrin derivatives: (a)
infinite coordination networks based on dipyrrin derivatives; (b)
porphyrin dimer bridged by dipyrrin-Zn" complex; (¢) (i) Zn™
coordinated face-to-face dipyrrin dimers la—c and (ii) ORTEP
drawing (50% probability ellipsoids) of 1a (CCDC#: 671563)

imidazolyl-substituted dipyrrin derivative forms the Zn'-
coordinated face-to-face stacking dimers la—c (Fig. 2c(i))
by means of zinc halides, whose structure has been eluci-
dated using single-crystal X-ray analysis (Fig. 2c(ii)) [30].

Nanoscale spherical architectures fabricated by metal
coordination of multiple dipyrrin moieties

Based on the bis-dipyrrin derivatives bridged by a por-
phyrin unit as a spacer reported by the author’s group [31],
dipyrrin dimers (2a—d) with various rigid phenylethynyl
spacers were prepared by performing the cross-coupling of
bromobenzaldehydes and diethynylbenzenes, followed by
condensation with pyrrole and subsequent DDQ oxidation.
Dipyrrins 2a—d were treated with 1 equiv. of Zn(OAc), in
THF to give polymeric structures (Fig. 3a), as confirmed
by the UV/vis spectral changes in THF, 'H NMR in
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THF-dg, and trace peaks of MALDI-TOF-MS. Self-
assembled nanoscale structures of coordination polymers
based on dipyrrin dimers were observed by using scanning
electron microscopy (SEM), transmission electron
microscopy (TEM), and optical microscopy (OM). Zinc(II)
complexes of the rod-like ppp 2a and crinkled mmm 2d
yield randomly shaped objects from THF, wherein the
coordination polymer 2a, - Zn,, is less soluble and forms
precipitates. In contrast, Zn"-coordinated polymers of the
partially crinkled pmp 2b and mpm 2c¢ give uniform
nanometer-sized spherical structures with diameters of ca.
300 nm from the same solvent with initial concentrations
of ca. 107* M. Submicron-sized polymer particles are
normally spherical in order to minimize the interfacial free
energy between the particle and solvents. Further, dynamic
light scattering (DLS) of 2b, - Zn, and 2c¢, - Zn, at
107> M in THF revealed the average diameter of their
particles as ca. 100 nm, which suggests the formation of
spherical structures in the solution. The effects of

Fig. 3 (a) Metal complexation
of dipyrrin dimers 2a—d;

(b) formation pathway for
particles from coordination
polymers

temperature, concentration, and solvents used were also
observed. The metal-free dipyrrins 2a—d give amorphous
objects from THF, which suggest that the metal bridging
between organic ligands as well as both para and meta
linkages are required for well-defined nanoscale objects.
As shown in Fig. 3b, object formation requires several
steps: (i) formation of coordination polymers (primary), (ii)
stacking of polymers (secondary), (iii) conversion into
spheres (tertiary), and (iv) assembly into larger objects
without fusion and segmentation (quaternary). The coor-
dination polymers (2b-d), - Zn, have emission maxima
(Zem) at 510-515 nm in THF (5 x 1073 M), which can be
ascribed to the Zn'"-bisdipyrrin moieties. The solid-state
spherical objects obtained by the assemblies (2b—d),, - Zn,,
from THF give fluorescence at 532-543 nm. The coordi-
nation polymers of 2b containing equivalent amounts of
Zn" and Cu" ions formed in the THF solution result in the
quenching of emission from the Zn"-dipyrrin units possibly
due to energy transfer [32].
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Nanoscale metal coordination macrocycles fabricated
by dimeric dipyrrins

The treatment of 2d with Zn(OAc), and 0.5 equiv. of
pyrene (with a length of ca. 9 A)asa template molecule in
CHCI; has afforded no higher homologs but discrete
[2+2]-type coordination macrocycles, whose structures
were initially revealed by ESI-TOF-MS analyses with
AgClO4 (5 equiv.) as a cation source associating the
n-planes (Fig. 4a). The UV/vis absorption spectrum of
2d, - Zn, in CHCI; exhibits an absorption maximum
(Zmax) at 486 nm, with a shoulder at ca. 465 nm, derived
from a mixture of stereoisomers. In [2+2]-type complexes
such as 2d, - Zn,, two metal recognition sites (dipyrrin
groups) are “strapped on” by phenylethynyl linkers;
therefore, Zn" complexes are classified into three types of
stereoisomers (two diastereomers), namely, achiral (meso,
AA) and chiral (AA and AA) derived from the two chiral
centers due to the tetrahedral geometry of the Zn" ion.
The solid-state structure of the meso-type diastereomer
2d, - Zn,, the major stereoisomer with a ratio of 4.6:1 in
CDCIl; at r.t., has been revealed by X-ray diffraction

(a) Zn
Zn(OAc),
pyrene
2d ®

chiral

achiral

Fig. 4 (a) Formation of [2+2]-coordination macrocycle 2d, - Zny;
(b) ORTEP drawing (50% probability ellipsoids) of 2d, - Zn, (achiral
isomer) (CCDC#: 635600); (c) transition between two stereoisomers
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analysis using a single crystal from the mixture of the two
diastereomers. The analysis shows a distorted hexagonal
cavity with a diagonal of 1.6 nm encapsulating two THF
molecules used as the solvent (Fig. 4b). From the equi-
librium constants (K) between the chiral and meso isomers
of 2d, - Zn, determined from the 'H NMR spectra (CDCl3)
and the van ‘t Hoff plots, the thermodynamic parameters
(AH®, AS®) could be estimated as 0.75 kJ/mol and 15 J/
mol-K for 2d, - Zn,; this suggests that the chiral isomer is
slightly more thermodynamically stable than the achiral
one. On the other hand, the rate constant (k) of the rotation
of the dipyrrin moieties of 2d, - Zn, from the achiral to the
chiral isomer has been determined to be 0.5 s™' at 20 °C
by means of the spin-saturation transfer method. Exchan-
ges between the achiral and chiral isomers (Fig. 4c) would
be achieved by the 90° rotation of one of the two dipyrrin-
metal units, wherein one of the four -CH units passes
through a nanoscale ring cavity, such as those found in
molecular motors or vehicles [33].

Hydrogen-bonding assembly of acyclic oligopyrroles

In natural systems, the double helix of DNA is constructed
by complementary hydrogen bonding between the base
pairs, and the high-dimensional structures of proteins are
maintained by means of noncovalent interactions between
the subunits such as amides [34]. At the same time,
hydrogen-bonding interactions are useful to form various
molecular assemblies and supramolecular structures in
artificial systems [35-37]. Among the various ditopic
interaction units, the set consisting of a pyrrole NH and
hydrogen-bonding acceptor on the same plane would
exhibit double hydrogen-bonding interactions that are
appropriate for self-organization. Therefore, self-assem-
bled supramolecular chain structures of the acyclic pyrrole
derivatives with carbonyl groups at the «-positions have
been observed in the solid state as well as in solution [38—
43]. For example, bis(ethoxycarbonyl)-substituted terpyr-
role and ferrocene-bridging pyrrole dimer form a 1D chain
using N-H---O=C interactions in the solid state (Fig. 5a, b)
[39, 41]. Recently, bis(iminopyrrole)benzenes have been
reported to form nanostructural morphologies such as
zigzag and straight chains depending on the isomers
(Fig. 5¢) [43]. However, micrometer- and nanometer-scale
materials based on acyclic pyrrole derivatives have not
been reported. The 1,3-dipyrrolyl-1,3-propanedione deriv-
atives (Fig. 5d), which were first reported by Oddo et al.
in the early twentieth century [44, 45], have yielded
dimension-controlled micrometer- and nanometer-scale
structures based on the hydrogen-bonding interactions of
N-H:--O = C [46]. Furthermore, the positions of the N site
in meso-pyridyl-substituted dipyrromethanes affect the
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Fig. 5 (a—c) Hydrogen-bonding assemblies of pyrrole derivatives;
(d, e) structures of 1,3-dipyrrolyl-1,3-propanedione and meso-pyridyl-
substituted dipyrromethanes

structures of the molecular assemblies in the solid state
(Fig. 5e) [47].

Micro- and nanometer-scale architectures fabricated
from supramolecular assemblies of dipyrrolyldiketones

Various 1,3-dipyrrolyl-1,3-propanediones (3a—e, 4a—d, Sa—
d, Fig. 6a) have been synthesized in modest yields from
pyrroles and malonyl chloride derivatives in CH,Cl, [44,
45]. In solution, dipyrrolyldiketones exist in equilibrium in
a mixture with enol tautomers. Single-crystal X-ray anal-
yses of dipyrrolyldiketones elucidated that the keto forms
are more stable in the solid state. Further, unsubstituted 3a,
f-ethyl-substituted 3d, and bridging-C-alkyl 5a and 5b
form 1D intermolecular hydrogen-bonding assemblies
using the NH and CO moieties at the edges of each mol-
ecule (Fig. 6b). Among these diketones, f-ethyl 3d has a
rather planar geometry that affords hydrogen-bonding
arrays. In contrast, the N-methyl-substituted derivative (5d)
exhibits a packing diagram without any hydrogen-bonding
interactions in the solid state.

Various self-organizations of diketones observed in the
X-ray structures enable the fabrication of micrometer- and
nanometer-sized objects that are identifiable by SEM,
TEM, and OM. From CH,Cl,, the objects were rapidly
fabricated by solvent evaporation. In contrast to the

unsubstituted 3a and methyl-substituted 3b with rather
crystalline flower-like and plate morphologies, respec-
tively, the neopentyl-substituted derivative 3c exhibits
hexagonal tubes with pores having diagonals of 0.5-4 um
and lengths of 10-20 pm when the same solvent is used
(Fig. 6d(i)). Smaller objects are also grown within some of
the porous spaces (inset of Fig. 6d(i)). Similarly, f-ethyl-
substituted 3d forms tube structures with rectangle- and
parallelogram-shaped pores with diagonals of 1-4 pm
(Fig. 6d(ii)). On the other hand, f-fluorinated 3e forms
fibers with widths of 0.1-0.3 um (Fig. 6d(iii)). Further,
derivatives with long alkyl chains, such as hexadecyl
substituents (4d), exhibit assemblies of thin-layered
stacking sheets from CH,Cl, (Fig. 6d(iv)). On the other
hand, micro- and nanometer-scale objects such as sheets of
alkyl-substituted derivatives 4a—d are constructed in the
solvent from hexane. Polymorphs from CH,Cl,, where the
diketone derivatives are soluble as monomers, are fabri-
cated during rapid solvent evaporation on the substrate to
produce microcrystals (hexagonal and parallelogram tubes)
or regularly ordered assemblies (fibers and sheets). Ade-
quate alkyl chains or substituents are effective in the
fabrication of micrometer- and nanometer-scale poly-
morphs controlled by the van der Waals interactions. The
morphologies can be correlated with and explained by
X-ray diffraction (XRD) analyses to show the existence of
well-organized 2D lamellar multilayer structures in the
cases of 4a—d [46].

Hydrogen-bonding self-assemblies of meso-pyridyl-
substituted dipyrromethanes

The self-assembled nanostructures of pyridyl-substituted
dipyrromethanes 6a—c (Fig. 7a) obtained by hydrogen
bonding between the pyrrole NH and pyridyl N were
examined by single-crystal X-ray analyses; for these
analyses, the crystals are grown from CH,Cl,/hexane.
4-Pyridyl 6a and 3-pyridyl-dipyrromethane 6b form
crinkled hydrogen-bonding chains and a dimeric struc-
ture, respectively (Fig. 7b(ii)). On the other hand, the 2-
pyridyl isomer 6¢ exhibited cyclic hexamers possessing
hexagonal structures, each with a diagonal of 1.7 nm and
height of 1.1 nm, because of the external N-H---N
interactions as well as internal ones between NH and
neighboring pyrrole =w-planes (Fig. 7b(iii)). Moreover,
columnar wires consisting of stacked cyclic hexamers
were observed along the c-axis. Furthermore, in sharp
contrast to meso-quaternary 6c¢, meso-tertiary derivative
6¢’ formed crinkled 1D chains similar to 6a, implying
that the substituents at the meso position also signifi-
cantly affect the morphologies of nanostructures.
Although the cyclic oligomers of pyrrole are the most
stable species, also supported by the density functional
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Fig. 6 (a) Dipyrrolyldiketone
derivatives 3-5; (b) hydrogen-
bonding chains of (i) 3a, (ii) 3d,
(iii) 5a, and (iv) 5b (CCDC#:
297709 (3a), 626137 (3d),
297710 (5a), 297711 (5b));

(c) SEM images of (i) 3c and
hexagonal pore (inset), (ii) 3d,
(iii) 3e, and (iv) 4d and
assemblies of nanosheets
(inset). The samples are
prepared by casting of the (b)
CH,Cl, solution on silicon (|)
substrate

theory (DFT) calculations, and utilize all the NH sites
during hydrogen bonding, cyclic hexamers have not been
fabricated and observed thus far. 'H NMR and DLS
measurements indicate that dipyrromethanes 6a—c exist
as monomers in the solution state and form hydrogen-
bonding assemblies in the solid state as a result of
multiple weak interactions such as the van der Waals
interactions [47].
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3b(R' = CHg, R2 = H)
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Supramolecular chemistry of acyclic oligopyrroles
as anion-binding receptors

Hydrogen-bonding interactions are useful for their asso-
ciation with specific guest species. Among the various
“targets,” the recognition of inorganic and biotic anions
such as acetate, phosphate, and halide, which are ubig-
uitous in biology, is concerned with essential aspects such
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(a) 6a Ar= —@N
6b Ar= —@
N

w ar= <)
N

(b)
(i)

(i)

(iii)

Fig. 7 (a) meso-Pyridyl-substituted dipyrromethanes 6a—c; (b) solid-
state hydrogen-bonding assemblies of 6a—c. CCDC#: 637498 (6a),
637499 (6b), 637500 (6¢)

as the activity of enzymes, transport of hormones, protein
synthesis, and DNA regulation [48-57]. As an example,
the antibiotic ristocetin has been known to efficiently and
selectively bind amino acid carboxylates [58, 59]. At the
same time, considerable efforts have been devoted to the
development of artificial acetate (CH3CO,") and car-
boxylate receptors and carriers, and various binding
motifs have been synthesized in recent years [60-62].
Further, anion complexes consisting of electronically
neutral planar receptors and halide anions would afford
“planar anions,” which will be the essential building units
for supramolecular assemblies and functional materials by
the combination with appropriate counter cations.
Among the various artificial host molecules reported
thus far, macrocycles consisting of pyrroles are particularly
attractive because they behave as essential binding units
due to the presence of polarized NH sites, as seen in di-
protonated sapphyrins [63-65] and calixpyrroles [66—68]
(Fig. 8a). Although less extensively studied, acyclic pyr-
role derivatives have potentially even greater advantages

[56]. This is because they can form complexes with anions
via the synthetic attachment of additional recognition units
such as amide NH, or simply because they easily form
macrocyclic systems. As targets by conformational chan-
ges, receptors with linear geometries are required to fit with
the volume and shape of the negatively charged species.
Therefore, in these cases, the essential factors that deter-
mine the binding affinities for guest species would be the
existence of temporal preorganization, the strength of the
induced effect required to polarize the association site(s),
and the sterical and electrostatic repulsions by the periph-
eral substituents. Among the open-chain pyrrolyl anion
receptors, the ones that have been reported are dipyrrol-
ylquinoxalines as fluorescent dyes directly connected to
pyrrole rings (Fig. 8b). These receptors undergo the
quenching of emission in the presence of certain anions
[69-71]. 1,3-Bis(pyrrol-2-yl)benzene, which is an essential
building unit of macrocycles, has exhibited anion binding
behaviors (Fig. 8c) [72]. Furthermore, amino acid bindings
have been achieved by using synthetic receptors, such
as amide- and guanidiniocarbonyl-substituted pyrroles
(Fig. 8d) and pyrrole-based open-chain metal complexes
[73-77]. A new set of acyclic oligopyrrole receptors based

(a)

(b) Q (c)

N N H H
H \ 7/ H N N
N N \ | | /
\ \ { Y4
/7 N\ 0
NH, N N NH
ie
|-|scozc/=\§l>H3 NH,
(e) RF
g NNH oo
N ¢ Y N H § | n
\ ! | C L)

Fig. 8 Representatives of (a) cyclic and (b—e) acyclic oligopyrrole-
based anion receptors
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on 1,3-dipyrrolyl-1,3-propanediones (dipyrrolyldiketones),
dipyrrolyl-substituted pyrazoles [78] and boron complexes
(Fig. 8e) [79-92], have been synthesized; they act as
building units of [242] assemblies to form micrometer-
and nanometer-scale architectures and also as efficient
colorimetric and fluorescent anion sensors to form supra-
molecular assemblies.

Dipyrrolylpyrazoles as anion receptors in protonated
form and efficient building blocks for organized
structures

Pyrazoles can interact electrostatically or via hydrogen
bonds with anionic or polar substrates in partly or fully
protonated forms. Therefore, the combination of pyrrole
and pyrazole groups within a single molecule could yield an
essential role for binding various guest species. In accor-
dance with the first example reported by Oddo [44],
dipyrrolylpyrazoles (dpp, 7Ta—e, Fig. 9a) were synthesized
by the condensation of excess hydrazine monohydrate with
the corresponding dipyrrolyldiketones (3a—c, 4d, 3e) [28,
80, 82] in refluxing AcOH for 3—4 days. N-methyl-substi-
tuted 8a—c were obtained similarly from diketone Sd (for
8a) or from the methylation of 7a and 7e (for 8b and 8c,
respectively). The anion-binding ability of the pyrrole NH
sites (e.g., binding constants (K,) of 8b and 8c for CH;CO, ™
in CH,Cl, are 1,600 and 28,000 M_l, respectively) drove
us to further investigate the details of dpp as a new class of
n-conjugated systems. In fact, the planar [242]-binding
structures of N-free dpp with TFA were elucidated by the
X-ray analyses of 7a, - TFA,, 7b, - TFA,, and 7e, - TFA,
complexes (Fig. 9b). Among the anion-binding complexes
[52-59], only a few examples of discrete aggregates

R?
(a) N—NH R2 N—N" R?
H i H 1 if I
R # h R
I W, I |
¥ X X % X ® X A
Ta(R'=X=H)

8a(R®=CH; R®=X=H)
8b(R?=H, R¥=CHa, X = H)
Bc(RP=H R*=CH, X=F)

7b(R'=CHy, X=H)

7¢(R! = CH,C(CH3)3, X = H)
7d(R' = CygHas. X =H)
7e(R'=H X=F)

(;MM(M
oA A
MWM

Fig. 9 (a) Dipyrrolylpyrazoles 7a—e and 8a—c; (b) solid-state [24-2]
assemblies of (i) 7a, - TFA,, (ii) 7b, - TFA,, and (iii) 7e, - TFA,.
CCDC#: 625142 (7a, - TFA,), 625143 (7b, - TFA,), 625144
(7e, - TFA,)
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consisting of multiple host and guest species have been
reported [93-99]. By casting the TFA complexes of dpp in
CH,Cl, on a silicon substrate, organized structures have
been observed by SEM analysis. In sharp contrast to un-
substituted 7a, - TFA, and a-methyl 7b, - TFA, that yield
crystalline objects, TFA complexes 7c¢, - TFA, and
7d, - TFA, with neopentyl and hexadecyl chains provide
petal-like objects with widths of ca. 500 nm and assembled
sheet structures with thickness <100 nm. Further, S-fluo-
rinated 7e, - TFA, exhibits rod-like morphologies with
widths of ca. 100-200 nm, as well as small amounts of
microcrystals. On the other hand, the TFA complexes of N-
blocked 8a and 8b as well as those of anion-free 7b—d show
only random and amorphous structures. Complexation with
an acid would provide the planar geometry of dpp, which is
required for the formation of micrometer- and nanometer-
scale morphologies using intermolecular interactions such
as n—m stacking [78].

Boron complexes of dipyrrolyldiketones as new class
of acyclic anion receptors with planar geometries

In 2005, the author’s group reported the BF, complex (9a,
Fig. 10a) of dipyrrolyldiketone 3a as a m-conjugated acy-
clic anion receptor by using pyrrole NH and bridging CH to
afford a planar receptor—anion complex (Fig. 10b) [79].
The BF, complex 9a, which exhibits pyrrole inversions in
order to the bind the anion, can be considered as a
“molecular flipper” to enable the space control between
two planar states (free receptor and receptor—anion com-
plex) by external chemical stimuli (anion). NH---X™ and
bridging CH---X~ interactions are suggested by the 'H
NMR chemical shifts of 9a in CD,Cl, upon the addition of

9a(R'=R2=H)
9b (R = CHpnyq (N=1-16), R2=H)  of (R® = R*=CHg, Ro=H)
9c¢ (R' = CH,C(CHg)g, R? = H) 9g (R = oH ,R*=RS=H)
9d (R' = H, R2 = C,Hs) oh (R® = R* = H, RS = C,Hg)
9e (H1 =H,R2= F)
(b) F\B’f F\BfF
0/ e, _ o/ ".0
H [ H X |
N ™ —_— N
- =
\ W \n H N
H, i
9a oy

Fig. 10 (a) BF, complexes of dipyrrolyldiketones 9a-h; (b) anion-
binding mode of 9a
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anions as tetrabutylammonium (TBA) salts. Furthermore,
the discrete resonances of the two species—free receptor
and anion complex—suggest that the equilibrium between
these forms is too slow to be detected in the NMR time-
scale, possibly due to the requirement of pyrrole inversions
to bind the anion. The absorption and emission maxima of
the receptor 9a are observed at 432 and 451 nm in CH,Cl,,
respectively, which are adjusted by the addition of anions
as TBA salts, suggesting its potentiality as a colorimetric
anion sensor.

Pyrrole, a m-conjugated moiety composing the molecu-
lar flipper 9a, can be transformed to various pyrrole
derivatives due to the reactivity and selectivity [1]. Based
on the library of pyrrole derivatives reported so far, the
introduction of substituents to the receptor framework
would yield the various molecular flippers with new elec-
tronic and photophysical properties. For example, we have
synthesized the o-alkyl-substituted receptors 9b—n and 9c¢
(Fig. 10a) from o-alkylpyrroles, which have revealed the
behaviors that suggest that the binding constants are
smaller in the receptors with longer alkyl chains and that
binding kinetics are also dependent on the alkyl chain
lengths [79, 80]. On the other hand, f-ethyl- and f-fluo-
rine-substituted receptors 9d and 9e can be considered as
building blocks to form the covalently linked oligomers
due to the a-free positions [81, 82]. The anion-binding
properties of the BF, complexes were examined by the
UV/vis absorption spectral changes upon the addition of
anions (CI~, Br, CH5;CO,, H,PO,~, and HSO, ) as
TBA salts in CH,Cl,. The binding constants (K,) of 9a, 9b-
16, and 9c—e are summarized in Table 1; enhanced values
are obtained for unsubstituted 9a due to less sterical hin-
drance at pyrrole a-positions along with f-fluorinated
derivative 9e due to the polarized NH and CH binding
sites. The receptor 9a has exhibited the efficient anion
binding property compared to dipyrrolylquinoxaline [69]
and 1,3-bis(pyrrol-2-yl)benzene (in CH,CICH,Cl) [72]. All
the receptors 9a—e shown here bind CH;CO,™ more effi-
ciently than the other anions. Upon the addition of
CH;CO,™ to 9e (2 x 107* M) in CD,Cl, at —50 °C, both
the NH and CH peaks (at 9.02 and 6.65 ppm, respectively)
in '"H NMR disappear and new signals appear in the

downfield region at 12.09 and 8.23 ppm, respectively.
Similar downfield shifts are observed upon the addition of
other anions to these acyclic receptors. The anion-binding
behaviors of the “blocked” derivatives (9f-h, Fig. 10a),
which were synthesized from 5d, Se, and 5Sa, respectively,
suggest the essential role of the bridging CH site for anion
binding [83].

The above observations in which the anion-binding
behaviors of these acyclic receptors can be correlated with
the effects of the peripheral substituents can be explained
by the DFT calculations at the B3LYP/6-31G(d,p) level.
Consistent with the experimental results such as NMR,
molecular simulations for the receptors 9a—e have sug-
gested that the most stable conformations of the free
receptors with intramolecular interactions between pyrrole
NH and oxygens (e.g., the left structure in Fig. 10b) are
unsuitable for anion recognition and therefore pyrrole
inversions are required to bind anions. The relative ener-
gies of the “preorganized” structures (e.g., the right
structure in Fig. 10b) of 9a—e compared to each stable
conformation are estimated as 9.08, 9.10 (9b-8 as an
example), 8.96, 4.98, and 15.04 kcal/mol, respectively,
suggesting that the f-ethyl-substituted receptor 9d shows
stronger preferred preorganized geometries than 9a—c and
9e. From the experimental and theoretical data, the affini-
ties for anions can be determined from the following
factors: (i) electronic effects of the peripheral substituents,
(ii) sterical effects of the «-substituents, and (iii) relative
stabilities of the preorganized conformation.

Aryl-substituted anion receptors and their covalently
linked oligomers

In order to extend the m-conjugation of molecular flippers,
we have attempted to synthesize o-aryl-substituted deriv-
atives of BF, complexes. Initially, «-aryl-substituted 10a—d
(Fig. 11a) were obtained from the o-aryl-substituted pyr-
roles, which were synthesized by the cross-coupling
reactions, via the corresponding «-aryl-substituted dipyrr-
olyldiketones. The absorption maxima (4,,,,) of 10a, 10b,
and 10d in CH,Cl, appear at 500, 480, and 516 nm in
CH,Cl,, respectively, which are red-shifted as compared to

Table 1 Anion-binding constants (K,, MY of 9a, 9b-16, and 9c—e upon the addition of anions as TBA salts in CH,Cl,

Anion K, (92) K, (9b-16) K, (9¢) K, (9d) K. (9¢)

cl- 15,000 4,000 (0.27) 2,000 (0.13) 6,800 (0.45) 26,000 (1.73)
Br~ 2,100 680 (0.32) 330 (0.16) 1,200 (0.57) 1,700 (0.81)
CH;CO,~ 930,000 110,000 (0.12) 110,000 (0.12) 210,000 (0.23) 960,000 (1.03)
H,PO,~ 270,000 20,000 (0.07) 13,000 (0.048) 91,000 (0.34) 190,000 (0.70)
HSO,~ - ya 80 () 1,200 (- 1,100 ()

The values in the parentheses are the ratios to the K, values of 9a
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Fig. 11 (a) Aryl-substituted derivatives 10a-d, iodinated 11a, f-ethyl-
substituted aryl-substituted receptors 11b—e, and phenylene-bridged
dimer 12; (b) anion-binding mode of aryl-substituted receptor 10a

9a (432 nm), 9b-16 (457 nm), 9¢ (457 nm), 9d (452 nm),
and 9e (421 nm). Conversely, Ay, for 10c appears at
456 nm, which is blue-shifted by 46, 24, and 60 nm as
compared to 10a, 10b, and 10d, respectively, as a result of
the distortion of the aryl rings. The gaps between the
HOMO and LUMO of these receptors (e.g., 3.084 eV for
10a, 3.148 eV for 10b, 3.385 eV for 10¢, 3.578 eV for 9a,
3.431 eV for 9c, and 3.470 eV for 9d) are related to these
electronic absorption bands [84, 85].

The synthetic route for 10a—d based on aryl-substituted
pyrroles is useful but applied to only a limited number of
the derivatives. Therefore, the design of more efficient
routes is required in order to introduce various aryl rings to
the molecular flippers. In fact, selective iodination at the o-
pyrrole positions of f-ethyl-substituted 9d by treatment of
with 2.7 and 1.1 equivs. of N-iodosuccinimide (NIS) in
CH,Cl, is found to be a key procedure to afford mono-
11a’ and bisiodinated derivative 1la as the essential
starting materials of the coupling reactions for various
utility molecules and covalently linked oligomer systems.
Bromination by N-bromosuccinimide (NBS) gave com-
plicated mixtures containing species with a bromo-
substituent at the fairly reactive bridging carbon. Suzuki
cross-coupling reactions of 11a and phenylboronic acid
(2.2 equiv.) afforded bisphenyl-substituted 11b, while a
similar procedure using monoiodinated derivative 11a’ and
phenylboronic acid (1.2 equiv.) afforded monophenyl
derivative 11b’ [86]. Under similar conditions using the

@ Springer

corresponding aryl boronic acids, the bisiodinated deriva-
tive 11a can be transformed into pyrrolyl-, furyl-, and
thienyl-substituted derivatives 11c—e [87]. In fact, the UV/
vis absorption bands of 11b—e in CH,Cl, are observed at
499, 551, 538, and 527 nm, respectively, suggesting red-
shifts that are comparable to that of o-unsubstituted 9d
(451 nm). The order of these A, values is correlated to
the HOMO-LUMO gaps (11b: 3.154 eV; 11c: 2.814 eV;
11d: 2.865 eV; 11e: 2.923 eV; 9d: 3.470 eV) estimated by
the DFT calculations. The covalently linked dimer 12 has
been synthesized by the coupling reaction of monoiodi-
nated derivative 11a’ (2 equiv.) with 1,3-benzenediboronic
acid bis(pinacol)ester. Further iodination of phenylene-
bridging dimer 12 afforded bisiodinated and monoiodi-
nated dimers using 2.3 and 1.0 equivs. of NIS, respectively.
Dimer 12, whose A, value is 489 nm due to the incom-
plete m-conjugation at the meta-phenylene linkage, and its
their iodinated derivatives can be potential subunits to form
anion-responsive oligomers [86].

The anion affinities of the aryl-substituted receptors
10a—c and 11b-e were estimated from the changes in the
UV/vis absorption spectra in the presence of increasing
concentrations of the respective anions (Tables 2, 3).
Compared to unsubstituted 9a, o-phenyl 10a shows aug-
mented K, values, especially for halides (ca. 2.0 and 1.3
holds enhancement for CI™ and Br—, respectively) possibly
due to pentacoordination (Fig. 11b) in contrast to the
oxoanion binding. In contrast, doubly and totally o-C-
blocked 10b and 10c¢ exhibit K, values (ca. 1/10 and 1/15
for CI” binding) less than those of 10a possibly due to
sterical hindrance and electrostatic repulsion of the anions
by the 7m-plane. Compared to 10a, f-ethyl 11b has shown
similar and smaller K, values for oxoanions and halides,
respectively. Further, the K, values of 11b—e are deter-
mined by UV/vis absorption spectral changes induced by
the addition of appropriate anions as TBA salts in CHCl;
containing 0.5% EtOH, which suppresses the binding
affinities due to the higher K, values of 11¢ in CH,Cl,. For
example, pyrrolyl 11¢ shows considerably larger K, val-
ues, >10° M~! for CI-, H,PO,~ and CH;CO, , than
11a,d,e and o-unsubstituted 9d due to the presence of
multiple polarized NH sites. "H NMR spectral changes of
10a—c and 11b—e by anions provided valuable insights into
(i) the binding behaviors of aryl-CH (or NH for 11¢) along
with those of core pyrrole NH and bridging CH and (ii) the
possible binding modes. For example, upon the addition of
1.5 equiv. of C1™ as a TBA salt to a CD,Cl, solution of 10a
(1 x 1072 M) at 20 °C, the signals due to 10a at 7.68
(0-CH), 9.73 (pyrrole NH), and 6.23 (bridging CH) ppm
decreased in intensity with the concurrent appearance of
new signals at 8.19, 12.27, and 9.04 ppm, respectively
[84]. Similarly, upon the addition of 1 equiv. of Cl™ to
CDCl; solution of 11¢ (1 x 1073 M) at 20 °C, the signals
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of the “inner” NH and “outer” (terminal) NH are shifted
from 9.29 and 8.77 ppm to 11.04 and 11.16 ppm, respec-
tively, suggesting that the anions are bound more tightly to
the terminal pyrrole NH. Similar downfield shifts of o-CH
or f-CH are observed in 11b,d,e. Despite these results,
o-aryl 11b,d,e afford fairly smaller K, values than o-un-
substituted 9d, possibly due to distorted aryl rings formed
by the sterical hindrance of proximal f-ethyl units [86, 87].
Further, the signals of the aryl-substituted receptors and the
pentacoordinated receptor—anion complexes can be
observed independently, suggesting that a slow exchange
takes place between these species at the NMR time scale.
Rate constants k for the F~, CI, and Br™ binding of, for
example, 10a using TBA salts in CH,Cl, at 25 °C have
been estimated to be 7.2 x 104, 13.0 x 104, and
6.0 x 10* M~ 57!, respectively, by stopped-flow mea-
surements [100, 101]. While the order of k (C1~ > Br™) is
consistent with that of the binding constants (K,), the more
associated F~ (240,000 M_l) exhibits an intermediate
value between those of ClI~ and Br—; this suggests that
thermodynamic stability is not always correlated with the
kinetic properties [84].

Solid-state assemblies of acyclic anion receptors and
their anion complexes

Solid-state assemblies of the acyclic anion receptors have
been revealed by single-crystal X-ray analyses, wherein the
pyrrole nitrogens face opposite sides of the molecule,
possibly due to the intramolecular N-H---O interactions in
the solid state (Fig. 12). Unsubstituted 9a [79, 88], az-alkyl-
substituted 9b-1,4, 9¢ [80, 83], and S-fluorinated 9e [82]
form slipped 1D stacking structures based on the core
n-plane. o-Aryl-substituted 10a,b form similar attacking
assemblies, wherein the slightly distorted aryl rings in
o-tolyl-substituted 10b produce less-effective stacking,
while 2,6-dimethylphenyl-substituted 10¢ has shown no
stacking structures due to sterical hindrance [84]. X-ray
analysis of 10d shows one trimeric and two tetrameric
stacking structures as the various slipped assemblies in the
solid state. In contrast, o-ethyl-substituted 9b-2 and
p-ethyl-substituted 1la-e form the dimer structures

regardless of whether o-aryl-moieties are attached or not
[80, 86, 87, 89]. In most structures, through intermolecular
N-H:--F hydrogen bonds, complicated 3D networks are
formed along with stacking interactions. For example, the
receptors 10a,b and 11a—e form dimeric structures using
N-H:--F and aryl-C(N)-H:--F interactions, while such
assemblies are not formed for 10c,d. Single-crystal X-ray
diffraction analyses reveal that the weak interaction of
0-CH, f-CH, or pyrrole NH should play the role of a ligand
for the anions in the solution. As you can observe, the
acyclic anion receptors exist as dispersed monomer forms
in good solvents, while they form ordered 3D organized
structures, crystals, in poor solvents. The author’s group is
investigating the photophysical and electric conductive
properties of the single-crystal states, which would exhibit
unique properties due to the ordered assembled structures
consisting of m-conjugated molecules [88].

The solid-state structures of the receptor—anion com-
plexes have also been revealed by single-crystal X-ray
analyses (Fig. 13). The receptor—anion complexes are dis-
persed in good solvents and in some cases crystallized in
poor solvents such as hydrocarbons to give single crystals
obtained by using tetraalkylammonium salts of anions. In
the case of the C1~ complex of unsubstituted 9a, using a
1:1 mixture of the receptor and TBACI, the CH proton and
one of the two pyrrole NH protons are associated with the
CI™ anion. The other NH proton turns to the opposite side
and binds to another CI™ anion to form an anion-bridging
1D hydrogen-bonding infinite chain (Fig. 13a) [79]. The
p-fluorinated 9e utilizes only the NH interaction site to
form the supramolecular 1D chains bridged by Cl™, pos-
sibly due to the more polarized NH as compared to those of
the -H derivative (Fig. 13b) [82]. In both cases, counter
cations (TBA) are located between the 1D receptor—anion
chains that are quite different from the binding modes in
the solution state, to form alternatively stacked structures.
In contrast to the a-unsubstituted 9a and 9e, x-ethyl 9b-2
has shown a similar binding mode as observed in the
solution state with inversion of two pyrrole rings (Fig. 13c)
[80]. Furthermore, the anion complexes of o-aryl-substi-
tuted receptors, 10a - C1~, 10d - C1™, and 11c¢ - C1™, form
pentacoordinated geometries as the building components

Table 2 Anion-binding constants (K,, MY of 10a—c, 11b, and 9a upon the addition of anions as TBA salts in CH,Cl,

Anion K, (10a) K, (10b) K, (10c) K, (11b) K, (92)
clr- 30,000 (2.0) 2,500 (0.17) 1,000 (0.067) 6,800 (0.45) 15,000
Br~ 2,800 (1.3) 300 (0.14) 20 (0.0095) 1,200 (0.57) 2,100
CH;CO,~ 210,000 (0.23) 150,000 (0.16) 150 (0.00016) 210,000 (0.23) 930,000
H,PO,~ 72,000 (0.27) 8,000 (0.029) 1,400 (0.0052) 91,000 (0.34) 270,000
HSO,~ 540 () 35 () 14 (0 - -

The values in the parentheses are the ratios to the K, values of unsubstituted 9a
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Table 3 Anion-binding constants (K, M™!) of 11b—e and 9d upon the addition of anions as TBA salts in 0.5% EtOH/CHCl;

Anion K, (11b) K, (11¢) K, (11d) K, (11e) K, (9d)
cl- 120 (0.12) 1,200,000 (1200) 360 (0.36) 1,100 (1.1) 990
Br~ 30 (0.18) 180,000 (1100) 68 (0.40) 150 (0.88) 170
CH;CO,~ 410 (0.076) 3,000,000 (560) 500 (0.093) 1,000 (0.19) 5,400
H,PO,~ 130 (0.0086) 1,800,000 (120) 810 (0.054) 880 (0.059) 15,000
HSO,~ 3 (0.014) 170,000 (810) 180 (0.85) 15 (0.071) 210

The values in the parentheses are the ratios to the K, values of f-ethyl-substituted 9d. K, values provided in Table 3 are those of solvated

receptors, solvated anions, and receptor—anion complexes
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Fig. 12 Selected solid-state molecular assemblies of acyclic anion
receptors. CCDC#: 270295 (9a), 666247 (9b-1), 666248 (9b-2),
666249 (9b-4), 288404 (9c), 290270 (9e), 639766 (10a), 639767

of the electrostatically mediated alternatively stacking
structures consisting of “planar anions (receptor—anion
complexes)” and tetraalkylammonium cations (Fig. 13d-f)
[84, 87]. Based on the “charge-by-charge” columnar
structures, which are observed only in the crystal states as
3D organized structures at present, dimension-controlled
organic salts can be fabricated by using planar anions under
appropriate conditions.

Anion-responsive supramolecular gels consisting
of acyclic anion receptors

n-Conjugated oligomers capable of guest binding are fas-
cinating and potentially useful materials because of the
possible solvent-free detection of analytes in the solid (i.e.,
film) state [102—-104]. Apart from covalently linked olig-
omers, supramolecular assemblies assisted by noncovalent
7—7 interactions can be considered as stacking oligomers.
Among the self-assembled oligomeric systems based on
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low-molecular-weight w-conjugated molecules, the gel
materials—especially those susceptible to the influence of
external stimuli—are of interest and play a crucial role as
potential soft materials [105-114]. Supramolecular gels
consist of nanoscale fibers, tubes, and sheets, formed by
organized molecular assemblies. In contrast to physical
stimuli, the structural modification of supramolecular
organogels under chemical control is very attractive since a
large variety of potential additives are available. Recently,
the chemistry of anion-responsive supramolecular gels
have attracted much attention due to their potentials as
stimuli-responsive functional soft materials [115-128].
Some of the amide- and urea-based supramolecular gels are
anion-responsive due to the affinities of polarized NH sites
for anions that disrupt the hydrogen-bonding-assembled
structures [116-124]. Further, supramolecular gels con-
sisting of metal complexes also exhibit transformation by
anions [125-128]. For example, Aida et al. reported an
alkyl-substituted pyrazole-Au™ trinuclear complex that
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Fig. 13 Selected solid-state assemblies of receptor—anion complexes:
(@) 9a-Cl7; (b) 9e¢-Cl™; (¢) 9b-2-Cl7; (d) 10a-CI; (e)
10d - C1I; (f) 11c - Cl™. Tetraalkylammonium cations are omitted

forms a red-emissive supramolecular hexane gel, whose
states and emission behaviors are controlled by the anion-
driven “liberation” of metal ions [126]. Lee et al. prepared
a dendrimer-like oxyethylene-substituted bispyridine
derivative that forms coordination polymers or oligomers
by Ag* complexation, such as dispersed helical structures
and discrete cyclic conformations; the morphologies of the
organized structures depend on the coexisting counter
anions such as NO5; ™, BF, ™, and CF3SO;™ without specific
interactions with the gelators [127, 128].

Porphyrins and related macrocycles are representatives of
“extended” oligopyrroles; they can form self-assemblies by
means of n—n-stacking interactions [2, 111, 112, 116]. Aryl-
substitution at the pyrrole o-positions in the 10a—d and 11b—
e systems enables various substituents to be introduced in
this new class of acyclic anion receptors. Modification at
the periphery of the receptors makes it possible to stabilize
the stacking structures not only in the solid state but in the

g;ai s ooty

for clarity in the top views. CCDC#: 270297 (9a - C17), 290271

(%e - CI7), 666250 (9b-2 - CI7),
(10d - CI7), 585536 (11c - CI7)

646480 (10a - CI7), 639771

solution state as well; for example, the introduction of var-
ious additional interaction moieties at the o-aryl rings
enables the formation of molecular assemblies as soft matter
that exhibit specific properties such as anion-responsive
organized structures. Actually, the derivatives with aliphatic
chains at the aryl rings (13a—c, Fig. 14a) have been obtained
by similar procedures for 10a—d. These anion receptors 13a—
¢ gelate octane (10 mg/mL); the transition temperatures
between the gel and solution states have been found to be
—-8.5 (13a), 4.5 (13b), and 27.5 °C (13c¢), suggesting that the
longer alkyl chains afford more stable gels. Octane gel of
hexadecyloxy-substituted 13c¢ (10 mg/mL) exhibits split
absorption bands with absorption maxima at 525 and
555 nm along with a shoulder at 470 nm; this is in contrast to
the single peak at 493 nm exhibited in a diluted solution
containing the dispersed monomers. This observation sug-
gests that the gels are possibly derived from assemblies
consisting of both H- and J-aggregates. The octane gel has
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Fig. 14 (a) BF, complexes (a)

13a—c with 3,4,5-trialkoxy-

substituted aryl rings; (b) anion- RF
responsive octane gel of 13¢
(10 mg/mL) under 365-nm UV
light; (c¢) anion-responsive
behavior of the organized
structure consisting of anion
receptors

13a (R = OC4H, )
13b (R = OCy2Hzs)
13¢ (R = OC4Hss)

(c)

anion receptor

been found to exhibit emission at 654 nm (excited at
470 nm), which is red-shifted as compared to that
(Aem = 533 nm, A, = 493 nm) in the diluted condition
(1 x 107> M). Supramolecular organogel formation is
achieved for the ordered structures based on the noncovalent
interactions between the m-conjugated moieties and their
substituents; this is supported by the atomic force micros-
copy (AFM), SEM, and XRD observations.

The addition of TBA salts of anions (10 equiv.) in the
solid form to the fluorescent octane gel results in the
transition to the solution state (Fig. 14b); the gels are
gradually transformed into solutions beginning from areas
close to where the solid salts have been added. The time
required for complete transition depends on the type of
anion employed. These transitions are significantly affected
by the diffusional efficiencies of the TBA salts to the gel; in
other words, once the receptor (gelator) molecules in the
gel bind to the anions, the counter TBA cations concertedly
approach the anion-receptor complexes to remove the
solvent molecules from the entangled fibers and afford the
octane solution (Fig. 14c). These transitions in the case of
the gel of 13c are quite distinct from the crystal states
mentioned in the former part (e.g., 10d - C1™; Fig. 13e),
which are due to the insolubility of the TBA salt of
10d - C1™ in apolar hydrocarbon solvents. In contrast, the
absorption and emission spectra of the gel from 13c that are
changed by the addition of anions suggest that the transi-
tions occur from the molecular assemblies to the dispersed
monomeric states. Although intermolecular N-H---F-B

@ Springer

™

b
in octane (10 mgme)l +F-

4
45 min
+ CI~

120min'

counter cation

anion complex

hydrogen bonding may also be essential, this system is a
prototypical example of supramolecular gels that use n—n
interactions as the main force for aggregation [84]. Thus,
anions as additives may not always act as inhibitors but
also the building units of soft materials. From this point of
view, structural modifications of the anion receptors and
the choice of appropriate combinations of anions, cations,
receptors, and solvents are currently being investigated in
order to harness the fascinating properties of supramolec-
ular gels that are sensitive to chemical stimuli [90]. It
seems unsurprising that supramolecular gels, as dimen-
sionally controlled organized structures, consisting of
anion receptors can be tuned and modulated by the inter-
actions between anions and binding sites or metal cations
that are essential to the formation of gels. However, these
observations, which simply exhibit the roles of anions
mainly as inhibitors of gel formation, represent the “initial
state” in the creation of anion-controllable functional
materials. In this context, under the appropriate conditions,
various anions can be incorporated into the organized
structures as versatile negative-charged building subunits
with counter-cationic components.

Solvent-assisted organized structures from amphiphilic
anion receptors

Supramolecular assemblies in an aqueous solution are
ubiquitously observed in biotic systems, such as protein
folding, DNA double helices, membranes consisting of
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lipid bilayers, etc. [129]. These organized structures can be
formed by using the interactions between hydrophobic
moieties inside the assemblies and the association of
hydrophilic sites with water molecules [130, 131]. In arti-
ficial systems, various amphiphilic molecules have formed
ordered aggregates in the solution state. Among the
building subunits for supramolecular assemblies, n-conju-
gated systems with hydrophilic (and aliphatic) chains are
useful for the formation of nanoscale architectures using
the stacking of m-planes, which also act as hydrophobic
moieties, especially in an aqueous solution. For example,
Lee et al. have reported the oligophenylene derivatives and
their analogs, which self-assemble to form nanofibers and
nanosheets that act as liquid crystals and supramolecular
gels as well as micelles and multilayer vesicles [132—137].
Fukushima and Aida et al. have reported that the self-
assemblies of amphiphilic hexabenzocoronenes form
n-electronic discrete nanotubular objects [138, 139]. Fur-
ther, Wiirthner et al. have also reported the morphology
control of nanoaggregates depending on the shapes of
amphiphilic perylene bisimides [140]. Dynamic conforma-
tion changes of the amphiphilic aggregates due to ambient
conditions are fascinating from the point of view of their
potential applications as soft materials in aqueous solutions.
Therefore, organized structures that can be modulated by
external physical and chemical stimuli such as temperature,
solvents, etc. provide versatile actuators activated in aqueous
solutions and related solvents [141-144].

We have synthesized the polyethyleneglycol (PEG)-
substituted amphiphilic 7-conjugated acyclic oligopyrroles
(type A: 14a-d and type B: 15a-d, Fig. 15a) by similar
procedures for 10a—d and 13a—c [84]. These amphiphilic

derivatives are soluble in ordinary organic solvents such as
CH,Cl,, wherein absorption maxima (An,y) of 14a—d are
observed at 519, 503, 517, and 518 nm, respectively, while
those of 15a—d are observed at 519, 520, 519, and 519 nm,
respectively. While amphiphiles 14a and 15¢,d exhibit
precipitation in water, the derivatives 14b—d and 15a,b are
soluble in the same solvent, wherein their A, values are
observed at 460, 496, 506, 462, and 481 nm (1 x 1073 M),
respectively, which are blue-shifted as compared to those
in MeOH (498, 510, 512, 510, and 512 nm), suggesting the
formation of H-aggregates in aqueous solutions. The
absorption spectral changes of 14b—d and 15a,b in the
mixed solvents of water and miscible MeOH exhibit
sweeping “transitions” according to the increasing ratios of
water: the sigmoidal curves observed in the transitions
between monomers (in MeOH) and assemblies (in water)
are due to the selective solvations for each state (monomers
and assemblies) by MeOH and water, respectively. As
compared to amphiphiles 14b-d (type A), the stacking
interactions of 15a,b are fairly strong possibly due to the
existence of aliphatic long chains, as observed in smaller
ratios of water (ca. 30 and 40%) to exhibit blue-shifts. The
fluorescence spectra of 14b—d and 15a,b in aqueous solu-
tions are observed as each monomer’s fluorescence at 546,
571, 572, 672, and 671 nm with the low-emission quantum
yields (®g, determined at A., values that are equal to the
respective Anax values) of 0.01, 0.01, 0.09, 0.02, and 0.02,
respectively, which are the characteristic aspects of H-
aggregates. This suggestion is also supported by the highly
emissive properties of 14b-d and 15a,b in MeOH
(Aem = 533, 555, 556, 558, and 558 nm; @ = 0.69, 0.37,
0.41, 0.32, and 0.35, respectively) and those in CH,Cl,

Fig. 15 (a) Amphiphilic a
derivatives of acyclic anion (a) RF RF
receptors 14a—d and 15a-d; R? A B

(b) Image of cryo-TEM of 15a
from an aqueous solution

(1 x 107> M) without staining
along with the photograph of the
aqueous solution (1 x 107* M;
inset); (c¢) Possible assembling
mode of 15a in vesicles

R?

/

R? R’ o’ 0 R?
\_ |/ \ L )
R? R R?

type A
14a(R'=TEG, R?=H)
14b (R' = H, R? = TEG)
14c (F|1 =R2= TEG)
14d (R = R? = HEG)

type B

15a (R = OC¢H,;, R? = TEG)

15b (R = OCgH,;, R? = HEG)
15¢ (R' = OCygHg, R? = TEG)
15d (R" = OCygHys, R® = HEG)
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(Zem = 534, 558, 559, 564, and 563 nm; @ = 0.94, 0.78,
0.68, 0.81, and 0.73, respectively). DLS measurements of
14b—d and 15a,b (1 x 10™> M) in aqueous solutions imply
the formation of aggregates with averaged medium sizes
around 100-200 nm at 70 °C, while those at 20 °C exhibit
fairly random diagrams with larger distributions in 14b—d
and 15a. The solid films cast from the aqueous solutions of
14b-d and 15a,b exhibit almost the same red-shifted UV/
vis absorption profiles (An.x = 526, 540, 530, 548, and
531 nm, respectively) as those cast from CH,Cl, solutions,
suggesting that the removal of water molecules by slow
evaporation at room temperature or by a freeze-drying
process disrupts the H-aggregate formations, which are
supported by water molecules and instead forming other
assembled structures (J-type aggregates).

The morphologies of the transformed organized struc-
tures from the aqueous solutions have been examined: only
larger assemblies without specific shapes have been
observed by TEM analyses of the aqueous solutions
(1 x 107> M) of 14b—d with UO,(OAc), staining, while
under the same conditions, 15a,b have exhibited the for-
mation of capsules, whose diameters are within the range
of 50-150 nm, and cylindrical aggregates, respectively, as
the transformed objects by the removal of water molecules
around the hydrophilic moieties. The author cannot confirm
the extent of the effect of the assembled modes, H- and
J-aggregates, on the organized structures as yet, but some
insights have been obtained for the speculation of the effect
of water-assisted assembled structures. Further, cryo-TEM
analysis of 15a (1 x 107> M) has also shown the vesicular
structures with diameters of 30-80 nm (Fig. 15b), which
are consistent with the result of the DLS measurements.
The wall thickness (dark part) of capsules is estimated to be
ca. 5 nm, which indicates the hydrophobic segments con-
sisting of bilayers of amphiphilic molecules (ca. 3.9 nm by
AMI1 calculation). Among the organized architectures,
vesicles are supramolecular self-assemblies consisting of
amphiphiles as the intracellular membrane-enclosed cap-
sules in biotic systems [145-147]. In most cases including
the biotic lipids, hydrophilic head groups face toward the
water phases in order to maintain hydrophobic tails inside
the assemblies. In contrast to the amphiphiles with only
hydrophilic chains (type A), possibly, 15a (type B) forms
bilayers like biotic lipids by using hydrophobic interactions
of aliphatic chains and locates hydrophilic TEG chains
outside the layers to obtain water-soluble vesicles
(Fig. 15c). Formation mechanisms and styles of nanoscale
structures such as vesicles depend on the molecular struc-
tures of the building amphiphiles. Therefore, modifications
in the numbers, positions, and shapes of the peripheral
substituents will result in versatile, unique organized
architectures and stimuli-responsive soft materials with
various utilities such as carrier and exciton mobilities [91].

@ Springer

Modifications around boron units of acyclic anion
receptors

The replacement of fluorine substituents in a boron moiety of
molecular flippers by 1,2-diol units such as catechol deriv-
atives enables the attachment of acyclic anion receptors to
the n-conjugated “backbone.” We have synthesized cate-
chol-substituted receptors 16a—d (Fig. 16a) in modest yields
from the corresponding dipyrrolyldiketones [79, 81] by
treatment with BCl; and then with excess catechol deriva-
tives in refluxing CH,Cl,. The B-O linkages are fairly stable
and therefore the structures of the receptors are maintained
during purification by silica gel column chromatography.
The UV/vis absorption spectra of “BO,” complexes 16a and
16b in CH,Cl, exhibit the absorption maxima (A,,x) at 435
and 454 nm, respectively, which are red-shifted by 2-3 nm
in comparison with the maxima of the corresponding BF,
complexes: unsubstituted 9a (432 nm) and pf-ethyl 9d
(452 nm). Further, compared with the high-intensity fluo-
rescence of 9d at 471 nm (/. excited at 420 nm; emission
quantum yield: &g = 0.98), the weak fluorescent emission
of 16b observed at 474 nm (4., excited at 420 nm;
@ = 0.026) can be attributed to the quenching path of the
intramolecular electron transfer involved in HOMO and
HOMO-1, which are localized at the catechol moiety. This
observation is consistent with the higher value of @z = 0.82
(Zem = 458 nm excited at 440 nm) of pinacol-substituted
analog 16b’, whose frontier orbitals are localized only at the
n-conjugated receptor unit, possibly due to the sp> diol
moieties. X-ray diffraction analyses of 16a, 16b, and 16b’

(a) 6 (b)) (ii)
SN
o0
R IR
R n R R
16a(R=H, X =H)

16b (R = CoHs, X = H)
16¢ (R=H, X = NO,)
16d (R = CoHs, X = NO,)

a4

(c)
2
c\,a.,/o
[o o}

I

17a(R=H)
17b(R=El)

Fig. 16 (a) Catechol-substituted boron complexes of dipyrrolyldike-
tones 16a—d; (b) single-crystal X-ray structures of 16a,b (fop and side
view); (c) terphenyl-bridged dimers 17a,b; (d) single-crystal X-ray
structure of 17b. CCDC#: 684820 (16a), 684821 (16b), 684823 (17b)
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have revealed that their structures consist of five-membered
rings including two diol oxygens (Fig. 16b). In contrast to
16a and 16b with intramolecular N-H---O hydrogen bon-
dings, intriguingly in 16b’, one of the pyrrole rings is
oriented in the opposite direction in the solid state. In a
manner similar to BF, complexes, the BO, complexes 16a,
16b, and 16b’ form 1D assembled chain structures by
intermolecular interaction between pyrrole NH and catechol
oxygens. The binding constants K, of 16b (and the ratios to
the K, values of 9d) for several anions, estimated by the UV/
vis absorption spectral changes in CH,Cl, upon the addition
of TBA salts, are 2,300 (0.34) (Cl), 270 (0.23) (Br),
33,000 (0.10) (CH5CO, ™), 67,000 (0.74) (H,PO,4 ), and 80
(0.07) (HSO, ") M~ due to the lower electronegativity of
catechol oxygens (16b) than that of fluorines (9d). The K,
values for anions of 16d are higher (46,000 (C17), 5400
(Br™), 1,300,000 (CH3CO, "), 150,000 (H,PO, ), and 2,300
(HSO,4 ) M_l), due to the effect of electron-withdrawing
nitro groups, than those of 16b in CH,Cl,.

The substitution at a boron unit by the vicinal hydroxyl
groups of various functional units enables the formation of
covalently-linked dimers. The author has synthesized the
ditopic receptors 17a and 17b (Fig. 16¢) by the treatment of
intermediate BCl, complexes with p-phenylene-bridged
dicatechol. These receptors are extended systems bridged by
“spacer” moieties between the acyclic anion receptor; sin-
gle-crystal X-ray analysis of 17b suggests that both the
receptor units are oriented in the same direction so that a I1-
shaped syn conformation is generated with an intramolecular
B-B distance of 8.68-9.17 A (Fig. 16d). Due to the appro-
priate locations of the two receptor units, 17b has shown
[1+1] binding for linear dicarboxylates (T O,C(CH,),,CO, ",
n = 2-6); the K, values for succinate (n = 2), glutarate
(n = 3), adipate (n = 4), pimelate (n = 5), and suberate
(n = 6) as their TBA salt forms in CH,Cl, are 19,000,
72,000, 810,000, 2,600,000, and 440,000 M_l, respectively.
This observation suggests that the distance between the
receptor units (ca. 9 ;\) is crucial in the determination of the
selectivity of the dianions (the DFT-calculated minimum—
maximum distances between carboxylate oxygens: 4.90—
591 A(n =2),5.78-7.28 A(n = 3),7.21-8.58 A (n = 4),
8.05-9.90 A (n = 5), and 9.65-11.22 A (n = 6)). In con-
trast to the «-linked oligomers [86], the systems based on the
BO, complexes behave as genuine multitopic receptors that
can be incorporated in various macromolecules [92].

Summary and future directions

In this review, the author has demonstrated the recent
progress in the supramolecular chemistry of acyclic oli-
gopyrroles, focusing on the works of his group during the
last four years. Acyclic oligopyrrole systems have the

advantages of exhibiting dynamic conformation changes
and more essentially they can be incorporated into various
macromolecules and complexes as building subunits by
means of covalent and noncovalent interactions such as
metal coordination, hydrogen bonding, n—n stacking, etc.
At present, the author is attempting to synthesize pyrrole-
based m-conjugated molecules that form covalently linked
oligomers, supramolecular assemblies, and nanoscale
materials, whose conformations and structures can be
modulated by external chemical and physical stimuli. In
particular, electrostatic hydrogen bonding with anions by
n-conjugated acyclic oligopyrroles is fascinating from the
view point of forming planar anionic species. The inter-
action of suitable negative-charged planar units with the
appropriate cations will make it possible to form supra-
molecular assemblies and to tune and control the structures
and properties of these materials, thereby making them
practical. The use of appropriate molecular design and
accurate synthetic procedures for the subunits will allow
the formation of soft materials such as gels, liquid crystals,
colloids, micelles, etc., consisting of both negative- and
positive-charged species as the building components.
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