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The transfer and modulation of the molecular information are necessary processes for cooperative and responsive
molecular functions. When functional molecules are responsive to external (intermolecular) as well as internal
(intramolecular) stimuli, the molecules exhibit cooperative functions in principle. We have developed a variety of
cooperative and responsive supramolecular systems created on the basis of new concepts for the molecular design of
sophisticated functional systems. The first uses pseudomacrocycles including pseudocrown ether, pseudocryptands, and
pseudocyclophanes as novel frameworks for response functions by utilizing a metal ion as an effector. The second utilizes
a molecular gate responding to an external signal. The gate is opened and closed by a signal achieving perfect on—off
switching for guest recognition. The next exploits metal-accumulated molecular systems bearing oligo C=N moiceties as a
binding site for metal ions. This strategy is remarkably useful for producing new binding sites by structural fixation of
multi-metal complexes and to modulate properties of metal ions. Other cooperative molecular assembling systems for
host generation are also demonstrated in this account. Metallo-frameworks and self-assembled metallo-systems recently
developed in our laboratories, which have high potential for synergistic molecular functions, are discussed. Future
cooperative functional systems will be widely applicable as multi-responsive multi-functional supramolecules, molecular
functional cascades for successive molecular functions and function amplification. Study of cooperative and responsive
molecular systems may lead to more general fields such as complex systems science, which is at the interface of
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chemistry, physics, biology, and mathematics.

Responsive regulation of molecular functions requires
information transfer at the molecular level (Figure 1).' Receiv-
ing and releasing substances, such as molecules, metal ions,
electrons, and photons, is regarded as an information transfer
event. The properties of the substances, such as chirality,
order, spatial arrangement, and the combination of atomic and
molecular arrays can also provide information to control
functions. These regulation systems are referred to as molecular
systems responding to external stimuli and are also closely
related to cooperative functional systems. Intramolecular and/
or intermolecular interactions play a very important role in
cooperative functions. In other words, intramolecular and/or
intermolecular communication between different parts of the
molecules is necessary to generate the observed phenomena,
which are very important and interesting with respect to
molecular property memory and amplification of molecular
functions. Cooperative systems generally consist of two parts, a
receptor site for the stimulus and an active site for the function.
In biological systems, responsive and cooperative functions are
essential to control enzymatic activity, transport of biologically
important substances, and other functions.”> These allosteric
and feedback events are necessary to maintain the biological
homeostasis.> Allostery is one of the most well-known and
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Figure 1. Regulation of molecular functions by utilizing
molecular information.

efficient mechanisms of molecular recognition as illustrated in
Figure 2. When an effector (molecule or ion), which is
regarded as a first guest, binds to the allosteric host, the
complexation leads to a conformational change in the host, in
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Figure 2. Allosteric effect on guest recognition.

particular, change to binding sites separate from the effector
site. Consequently, the guest binding properties are changed by
the effector. A positive allosteric effect on molecular recog-
nition causes binding strength or selectivity to increase upon
effector binding, while the negative allostery results in a
decrease of activity. Another category of allosteric effect is
defined based on the types of effector and guest. When the
effector and guest are the same or different, the allosteric
effects are called homotropic and heterotropic, respectively.

These regulated pathways are very effective not only for
dynamic control but also for fine tuning of the functions. These
mechanisms can obviously be applied to artificial molecular
systems with cooperative and responsive functions. In addition,
supramolecular systems, whose structures are maintained by
non-covalent interactions, are appropriate candidates for such
sophisticated functional systems because the structures are
flexible enough to change upon capturing an external signal.*
Thus, we began studies of the construction of cooperative
and responsive artificial supramolecular systems for molecular
functional modulation.’

Based on this objective, I wish to introduce original concepts
and strategies for our molecular design of cooperative systems
based on the concept of information modulation at the
molecular level. The first concept developed in my group
is the “Pseudomacrocycle” including pseudocrown ethers,
pseudocryptands, and pseudocyclophanes as novel frameworks
for responding functions by utilizing a metal ion as an effector.
The second is the “Molecular Gate Responding to an External
Signal.” The gate is opened and closed by a signal to achieve
perfect on—off switching for guest recognition. The next idea
shown here for cooperative functions is “Metal-Accumulated
Molecular Systems” bearing oligo C=N moieties as a binding
site for metal ions.® This strategy is remarkably useful to
create a new binding site by structural fixation of a multi-metal
complex and to modulate properties of the metal ions by
multiple metal-metal interactions. I then demonstrate other
cooperative molecular assembling systems to introduce the
concept of host generation. When a first-generation host
captures a guest, the host-guest complex behaves as a
second-generation host, which exhibits different recognition
ability. 1 also refer to our recent metallo-frameworks and
self-assembled metallo-systems, which have high potentials for
synergistic molecular functions.

Pseudomacrocycles as Novel Frameworks
for Producing Cooperative Functions

Pseudocrown Ethers and Pseudocryptands. At the
beginning of our studies of artificial allosteric hosts, I proposed
the concept of pseudomacrocycles, whose macrocyclic struc-
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Figure 3. Formation of pseudomacrocyclic framework by
coordination bond formation.

ture is maintained by a coordination bond instead of a covalent
bond (Figure 3).> However, this idea came to me at nearly the
end of my master’s program, when a professor of organic
chemistry asked me why the macrocyclic structure is almost
always employed for host frameworks. The simplest and most
appropriate answer is probably that the macrocyclic effect can
show strong and selective guest binding. But I answered that I
did not think the cyclic structure is always necessary and that I
was thinking about new types of linear host molecules, which
can be converted to a macrocyclic host when the molecular
recognition ability is needed. Although at that time this was
only an idea and I did not imagine a concrete structure for the
novel hosts, I believed this strategy should work to effectively
control the recognition power.

Soon after I finished my postdoctoral work in the U.S., I
joined Prof. Naomichi Furukawa’s laboratory at the University
of Tsukuba in 1986 and started studies on the pseudomacro-
cycles as one of the projects that I was involved in, since
Prof. Furukawa generously accepted my research plan. I chose
coordination bonding to convert a linear precursor to a
macrocyclic host because metal complexes generally provide
various functions, which depend on the combination of the
ligand and metal ions. In addition, diverse structures of the
complexes are available and they are often modulated by
competitive coordination to other ligands, redox reactions, and
photochemical processes.

If intramolecular cyclization takes place upon the complex-
ation of the linear host with a metal ion, a cyclic host
containing the metal complex unit should be obtained. I
expected this dynamic structural change would be much more
effective to modulate molecular recognition than a partial
conformational change of the host, which is induced by the
metal binding. Because the macrocyclic effect due to reduction
of the entropic loss unfavorable for the guest binding is
operative, the enhancement should be enormous. One of the
most famous examples of host-conformation change upon
metal coordination was reported by Rebek, Jr. and co-workers
(Figure 4).7 A 2,2"-bipyridine moiety is incorporated into a
crown ether ring. The host 1 binds to W resulting in the partial
conformational change of the crown ring. The Na*/K*
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selectivity in the ion transport through a liquid membrane is
reversed upon the complexation.

To construct the first pseudomacrocycle, I chose oligo-
(ethylene glycol) chains as a binding site for alkali metal ions
and 2,2"-bipyridine moieties as a site for transition-metal ions
as an effector (Figure 5).3 In the podand 2 as a precursor for the
pseudocrown ether, the polyether chain is introduced into the
2,2"-bipyridine at the ortho position of the nitrogen. In addition,
the bipyridines have a methyl group at the other ortho
positions. I expected that the podand 2 would show a strong
and selective affinity to Cu' to produce a very stable tetrahedral
Cu' complex even under aerobic conditions because the
substituents at the 6 and 6’ positions are known to stabilize
the geometry. In fact, the complexation took place very rapidly
just by mixing 2 with Cu' at room temperature to quantitatively
give the red complex without the formation of any other
complexes, such as oligomeric products. This excellent trans-
formation results from the labile properties of the tetrahedral
Cu'-bipyridine complex. Even if the intermolecular complex-
ation takes place, the most entropically favorable 1:1 complex
is eventually produced. The lability of metal complexes is one
of the most useful and important characteristics to make the
desired metallo-assembly by utilizing coordination bonds. This
structural change caused a dramatic enhancement of the K+
selectivity in the transport experiment across a liquid mem-
brane. Hence, Cu! acts as a metal effector for this allosteric ion
recognition system.

After our work on pseudocrown ethers, other research
groups reported analogous examples of pseudomacrocycles for
ion recognition. For instance, the combination of oxime and
phenolic hydroxy groups creates a strong coordination site for
various metal ions (Figure 6).° The linear 3 reacts with Ni'l,
Zn", and Cu" to give the corresponding metal complexes 4a
containing a Ba?* ion as a template. An X-ray crystallographic
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Figure 4. Host 1 and tungsten complex 1-W(CO)s.
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analysis of the Zn"" and Cu"" complexes clarified the hetero-
metallic structures. Macrocycle 5a-Mo preferentially captures
Li* over Na', while the larger macrocycle 5b-Mo binds Na*
more strongly (Figure 7).!° In the case of the Pd complex
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Figure 6. Dinuclear complexes of oxime-containing hosts 4.
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Figure 8. Chiral pseudocrown ether 6.Cu,.

5a.Pd",, the equilibrium between the anti and syn structures
results in a mixture consisting of macrocyclic anti-syn isomers
as well as oligomeric products.'!

Pseudocrown ethers with chiral auxiliaries have also been
reported. We synthesized chiral podand 6 bearing four
bipyridine units (Figure 8).!? The podand 6 reacts with Cu!
to give a diastereomeric mixture of the 6-Cu',, which is inert
on the NMR time scale due to the dual complexation with Cul,
although the usual bipyridine-Cu' complexes are labile. The
pseudocrown ether 6-Cu', can be used as a chiral discrim-
inator. The '"HNMR spectra of 6-Cu, in the presence of (R)-
and (S)-mandelic acid salt are different. The chiral pseudo-
crown ether 7-Cul, which has a very similar framework to our
original pseudocrown ethers, recognizes the (S)-1-phenylethyl-
ammonium salt more preferentially than the (R)-isomer. The
precursor 7 does not show any selectivity (Figure 9).'3

Chiral information is transferred using the chiral pseudo-
crown ether 8-Cul, which is obtained very easily by the
treatment of 8 with Cu' (Figure 10)."* The 8.Cu' complex
exists as a diastereomeric mixture of helical and non-helical
isomers (42:58). However, we found that the addition of Na™ to
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Figure 9. Chiral pseudocrown ether 7-Cul.

the mixture shifts the ratio of 89:11 due to the Na* complex-
ation. The coordination of the polyether oxygen atoms to
Na™ makes the pseudomacrocyclic structure more rigid and
changes the stereochemistry of the Cu-bipyridine moiety.
One of the most interesting features in our system is that
the chiral structure of the Cu' complex is controlled by the
achiral guest Nat. Reversion of the chiral properties was
also performed using electrons (redox reactions) as an achiral
stimulus (Figure 11).!* The CD sign of 9.Cu' is regulated by
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Figure 10. Modulation of chiral information by an achiral guest.
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the interconversion between the Cu' and Cu' states. Recently,
achiral anion NO3;~ was used as an external signal to change
the chirality of the metal complex 10-Co™ (Figure 12).!¢

The concept of the pseudomacrocycles can also be applied in
a straightforward fashion to the synthesis of bicyclic metallo-
hosts, i.e., pseudocryptands. We reported the first example of a
pseudocryptand by using the complexation of Cu' and double-
armed diazacrown ether 11 (Figure 13).!7 The host 11.Cu'
binds to an alkali metal ion in the cavity. We synthesized a
more sophisticated allosteric ionophore on the basis of the
pseudocryptand framework. The designed precursor for the
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pseudocryptand is a tripodand bearing a 2,2"-bipyridine moiety
at the terminal of each polyether chain (Figure 14).'"® The
tripodand 12 reacts very quickly with Fe'l to quantitatively
give the corresponding 1:1 red complex 12-Fe' as a pseudo-
cryptand. The metal-free 12 recognizes alkali metal ions in
the preferential order of Na™ > K+ > Rb* > Cs™. In contrast,
the Fe complex 12-Fe'' binds to larger metal ions Cs*
(Ka=4700M~") and Rb* (630M~!) much more strongly
and shows no affinity to Na*. Thus, this molecular system
exhibits a very high positive allosteric effect on the Cs*
binding and a completely negative effect on the Na™ binding
using the Fe ion as an effector with respect to the K, values. In
an ion transport experiment through a liquid membrane, a
similar selectivity was observed. To the best of our knowledge,
this is the first example of an allosteric ionophore that shows a
positive and a negative allosteric effect using the same effector.
An X-ray crystallographic study clearly elucidated the origin of
the allostery (Figure 15). In 12-Fe', the three polyether chains
are assembled in a helical fashion to form a cavity as a binding
site for the cationic guests. Noteworthy is the fact that in the
12.Fe'l.Cs* complex, all the oxygen atoms coordinate to the
Cs* ion, and the CH—77 interactions stabilize the complex. One
of the methylene protons adjacent to the bipyridine skeleton
locates just on the center of an electron-rich catechol moiety
in another chain. "HNMR spectral changes in the presence of
Cs™ also support this geometry in solution. If the Fe complex
12-Fe" would bind to the smaller size cation Na™*, the complex
must shrink to make the cation—dipole interactions favorable
for the Na™ binding. This contact, however, definitely prohibits
the induced-fit shrinking because this is the maximum contact
of the proton with the benzene ring. It is usually very difficult
to suppress the induced-fit motion of the host upon the guest
binding. However, the CH— contacts in our system play these
two roles to increase and decrease the K, values according to
the size of the cationic guests.
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Figure 13. Pseudocryptand 11-Cu".

12.Fe'.Cs*

Figure 14. Formation and function of pseudocryptand 12-Fe'.
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Allosteric Fe binding was achieved by Shanzer et al. using
compounds 13a and 13b, which possess amide-hydroxamic
acid moieties in the chains (Figure 16).!° 13a and 13b show a
stepwise binding behavior toward Fe'! ions. The second Fe
complexation of 13a is weaker (negative effect) than the first
Fe binding. However, 13b instead shows a positive effect. We
synthesized a protonated tricyclic pseudocryptand 14-Fe''.H*
bearing a triazacrown unit by the treatment of 14, Fe'!, and
HBF, (Figure 17).2° 14.Fe''.H* shows a unique binding
affinity to a cationic guest. 14-Fe""H* does not bind Na™,
K*, Rb*, and Cs*, but interacts with Mg?* and Ca’>* in a 1:1
manner.

A similar pseudocryptand framework, which is generated by
complexation of 2,2’-bipyridine with a metal ion, was expected
to be useful for the regulation of the anion recognition because
the electrostatic interaction between the cationic metal center
and an anionic guest should occur during the guest binding.
Since the tris(2,2’-bipyridine)iron(IT) complex shows reversible
and stepwise redox behaviors,?! the charge of the complex can
be changed by suitable redox reactions. Thus, we designed
podand 15 as a precursor for the Fe-pseudocryptand as an
anion receptor that has a switchable anion binding ability by
changing the charge of the metal center (Figure 18).2> The
three urea units as a hydrogen bond donor are incorporated into
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12.Fel.Cs*

Figure 15. X-ray molecular structure of 12-Fe'.Cs* with
the space-filling representation.
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the chains bearing 2,2’-bipyridine as a binding site for Fe''. If
the three chains are assembled by the Fe! complexation, the
cavity surrounded by the chains should interact with an anionic
guest through multiple hydrogen bonds and the electrostatic
force with the metal center due to the close proximity. The
"HNMR and ESIMS support the fact that 15-Fe!' strongly and
selectively binds a CI~ anion in the cavity. As we expected, the
anion affinity is stepwise and reversibly regulated by the
electrochemical processes. The binding constants, K,, were
calculated from the cathodic shifts of the redox potentials. The
K, values of the more oxidized states are significantly higher
than those of the less oxidized. X-ray crystallography indicates
that two more interactions between the host and CI~ contribute
to the recognition (Figure 19). One is non-classical hydrogen
bonding, CH--CI~, and the other is an anion—7T interaction
between Cl~ and the isocyanuric acid core. Pseudocryptands
with imidazolium moieties 16-Fe' were reported to be also
good Cl~ binders, although the regulation of the anion binding
was not examined (Figure 20).>* Examples of the anion
receptors described above unambiguously indicate a significant
contribution of the Coulombic interactions to the anion
binding. This strategy is generally employed for strong ion
pair recognition.*

Multi-step regulation of the anion recognition was achieved
by our calix[4]arene derivative 17 consisting of two different
cation binding sites and one anion binding site (Figure 21).%
The polyether moieties and ester groups create the binding
site A for hard cations, and the 2,2’-bipyridine moieties (site B)
can bind to a soft cation, such as Ag*t. Actually, 17 strongly
captures Nat and Ag" in sites A and B, respectively. The

13a: 4Ko/K; = 0.32
13b: 4K,/K; = 12.8

Figure 16. Allosteric complexation with Fe

111
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complex 17-Ag™ is regarded as a pseudocryptand. The urea
functionalities provide hydrogen bond donor protons to interact
with the anionic guests. Since the two cation binding sites
closely locate to the anion binding site, the favorable electro-
static cation—anion interactions should effectively work. Inter-
estingly, a dramatic enhancement of the anion recognition was
observed in the presence of Na* and Ag™. Even anions with a
very weak basicity, such as the triflate and tetrafluoroborate
anions, are captured by 17-Nat.Ag". This binding mode is
regarded as an ion-pair recognition, which has attracted much
attention in supramolecular chemistry because a precise (strong
and selective) recognition of the ionic guests is often performed
due to the electrostatic interaction between the cation and anion
coincidently captured in the binding site.?*

Multiple regulation of the guest recognition will be very
useful to construct molecular sensors with a tunable sensitivity.
If the sensitivity is not controllable, each molecular sensor with
a highly different sensitivity is almost always designed on the
basis of a different concept and design strategy. A highly
sensitive sensor is not suitable for monitoring a guest at
high concentrations. Of course, a sensor with a low sensitivity
cannot detect a trace amount of substrate. A very large dynamic
range for monitoring the guest over a wide range of concen-
trations is necessary, although rational molecular design seems
to be very difficult. Molecular sensors, whose sensitivity
responds to external stimuli, are extremely suitable to achieve a
large dynamic range because only one molecular sensor can
cover a wide range of concentrations without any laborious
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synthesis, and the proper sensitivity can be easily selected
according to the guest concentration just by adding the
appropriate stimulus without any other processes, such as
isolation of the sensor from the monitoring sample.

Pseudocyclophane and Other Related Metallo-Hosts.
Coordination bond formation can be used to form pseudocy-
clophanes, which may provide a binding site for organic
molecules. We and other groups have developed functionaliza-
tion of pseudocyclophanes. The linear diammonium molecule
18 possesses ethylenediamine moieties as a binding site for
transition metals.?® The water-soluble complex 18-Cu" shows
a much higher affinity to dancylamide in water than 18
(Figure 22). The pseudocyclophane 19 captures organic guests
and has a guest-selective catalytic activity (Figure 23).27 The
nitrophenyl esters of B-amino acid are hydrolyzed more rapidly
than the corresponding o-amino acid derivatives. The com-
plexation of the iminodiacetic acid moieties in 20 with Ca®*
results in intramolecular cyclization to give the pseudocyclo-
phane 20-Ca?* (Figure 24).2® The 6-(p-toluidine)-2-naphtha-
lene sulfonate (TNS) anion is captured in the cavity in water
(n=4, K,=5000M"). The hydrophobic effect obviously
plays an important role in the recognition. We synthesized a
functionalized pseudocyclophane 21-Cu', which recognizes the
flavin mononucleotide sodium salt (FMN) (Figure 25).%° The
efficiency for the FMN transport through a liquid membrane is
greater than 21 because a multiple recognition of FMN is
available in the case of 21.Cul.

Multi-metal pseudomacrocycles have been reported for
functional molecules. Chelate ligands have often been em-
ployed to form multi-metal pseudomacrocyclic compounds due
to their strong coordination power to various metal ions.
Monodentate ligands can also efficiently work to produce
macrocyclic metallo-frameworks, and these studies have been
well reviewed.3 Thus, this section is focused on reviewing
several typical examples of multi-metallic macrocycles on the
basis of chelate complexation.
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Compound 22 is an early example of a multi-metallo
host generated by the complexation of 22 and Cu" in a 2:2
stoichiometry (Figure 26).3! The association constant of this
ditopic receptor 22 with 1,4-diazabicyclo[2.2.2]octane (dabco)
is 220M~! due to the coordination of the nitrogen atoms of
dabco to the Cu'" centers. However, the corresponding mono-
amine, quinuclidine, is only 7M~!. This indicates that the
distance between the two Cu'" ions nicely fits in the position of
the nitrogen atoms of the guest to increase the affinity. The
phenylalanine moieties of 23 react with Co and Ni to give
the metal complexes, which recognize aromatic hydrocarbon
guest such as pyrene in water due to a hydrophobic effect
(Figure 27).3> The Ru-containing host 24 was prepared by
the reaction of 3-hydroxy-2-pyridone with the 7r-arene com-
plex (Figure 28).3* The compound 24 captures Li* or Na* in
MeOH or CHCl3, but had no affinity to K*. The complex 24
also behaves as a redox responsive host. BF4~, as an anionic
template, promotes the formation of a 4:4 rectangular metallo-
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framework 25 from [Ni(MeCN)¢](BF,), and bptz (Figure 29).3*
The pentameric complex 27 was obtained from the hydroxamic
acid derivative 26 and CuSOy in the presence of (UO;)SOy4. An
analogous cyclic chiral pentamer 29 was synthesized from 28
in a similar fashion (Figure 30).3° A lanthanide ion locates in
the cavity of 29. The treatment of the diketone ligand 30 with
Fein the presence of KH as a base produces the cryptate 31 in
good yield (Figure 31).3° This indicates that the first complex-
ation with Fe'!l fixes the molecular structure favorable for the
second reaction. Metal cryptates 33 are also generated from
[TiO(acac);] and the podand 32 bearing catechol moieties at the
ends of the chains by template assistance of the alkali metal
ions with a suitable size for the cryptand cavity (Figure 32).3
The complexation of bis(8-hydroxyquinoline) ligand 34 and
Ga'™ in the presence of KT salt yielded the cryptate 35
(Figure 33).3® The dinuclear Au complex 37 is another type of
metallo cryptate synthesized from bis(phosphino)phenanthro-
line 36 and Au in the presence of a template salt, such as NaPFg
and TIPF4 (Figure 34).%°

Macrocyclic metallo-structures are sometimes dramatically
changed by an additional ligand or guest. For example, weak
coordination bonds between the oxygen—Rh in 38 are cleaved
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by the addition of CO and MeCN to afford the larger-sized
macrocyclic complex 39 (Figure 35).*° The complex 38 reacts
with 1,4-diisocyanobenzene to give the host—guest complex 40,
while the longer isocyanide 4,4’-diisocyanobiphenyl generates
a molecular cylinder 41. The host—guest interaction can drasti-
cally and efficiently change the metallo-frameworks. The
dinuclear Ga' complex 42 was quantitatively converted to
the tetranuclear Ga'' complex 43 by the addition of tetra-
methylammonium chloride to stabilize the inclusion complex
(Figure 36).4!
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Figure 34. Formation of multi-metal complex 37.
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Regulation of Guest Recognition by a Molecular Gate
Responding to an External Stimulus

Structural changes in the hosts responding to external signals
have often been employed to control their guest recognition
power. Among the stimuli, redox processes effectively change
the host structures. The redox interconversion between thiols
and disulfides is one of the most convenient methods to control
structure and functions, as seen in ribonuclease.*

The linear polyether 44,4 and 45,4 containing thiol
functionalities are oxidized to give the corresponding macro-
cyclic disulfide 44, and 45, in a moderate yield, respectively
(Figure 37).* Quantitative conversion from the dithiol host to
the disulfide host was achieved using our biscrown ether 46
because the oligomeric by-products, which would be obtained
from the intermolecular reactions, are not formed due to the
proximate location of the dithiol groups of 46 (Figure 38).*
The binding affinity of 47 to the ammonium guest is
significantly greater than that of 46 because 47 binds the
ammonium guest in a face-to-face fashion. However, the close
location causes a high reactivity toward autoxidation. Under
aerobic conditions, 46 is quickly oxidized to the disulfide 47.
Thus, we have to be cautious to treat the reduced form 46. In
these molecular systems, the guest binding abilities are well
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Figure 35. Structural regulation of Rh complex 38.

Figure 36. Structural change of metallohost 42 by cation
recognition.
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Figure 37. Redox-active crown ethers 44 and 45.
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regulated. However, the perfect regulation of an “all-or-none
switching” was not performed because both the oxidized and
reduced forms have a binding site, although the binding
behaviors are different. Even though the host structure is linear,
the host may show a guest affinity due to the induced-fit
structural change. To solve this problem, I proposed the
concept of “Responding Gate in the Recognition Site.” In the
inactive state of the host, the gate is closed thus prohibiting the
guest binding. In contrast, the gate in the active state is open to
make the binding site available. When an ideal redox gate is
specifically designed for the thiol-disulfide interconversion
systems, we should take the following conditions into account.
(1) Quantitative interconversion between the active and
inactive forms, (2) high guest selectivity of the active form,
and (3) chemical and physical stability of both forms. Thus, I
designed the dithiol 48 and disulfide 49 for the all-or-none
switching system for ion recognition (Figure 39).* The two
thiol groups locate in the host cavity and are surrounded by the
polyether chains that inhibit intermolecular oxidation and
autoxidation. As we expected, only the intramolecular oxida-
tion by H,O, proceeded to quantitatively afford the desired
disulfide 49, while no autoxidation occurred. The disulfide
perfectly reverted to the dithiol 48 by NaBH, reduction. It is
noteworthy that 48 shows a remarkably high Ag™ selectivity
upon ion transport through a liquid membrane and that 49 does
not have any transport ability. Interestingly, 48 was oxidized by
the addition of m-chloroperbenzoic acid to 49 during the ion
transport to cause an abrupt increase in Ag™ in the receiving
phase and successive termination of the Ag™' transport.
Quantitative formation of 49 clearly rationalizes this result.
The Ag™ ion captured by 48 was released by closing the gate
due to the oxidation and no Ag™ transport occurred due to the
quantitative formation of 49. This is the first example of a
molecular system with a redox gate, which satisfies all the
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Figure 40. Intermolecularly interconvertible crown ethers
50 and 51 with different guest recognition ability.

requisites for the perfect regulation of ion recognition.
Intermolecular redox reactions between the monothiol 50 and
disulfide 51 can also be utilized to control Ag* recognition
(Figure 40), but the response to the oxidant is less than that of
the intramolecular systems (48 and 49).4

Metal ions are an alternative to open and close a molecular
gate. The calix[4]arene derivative 52 bearing 2,2’-bipyridine
units is designed to control ion recognition by utilizing a
molecular gate responding to a metal ion (Figure 41).47 The
host 52 binds to KT, but this recognition is completely
suppressed when Ag™ is added to 52 to form the Ag™ complex
of the bipyridines. However, Na™ can again open the gate of the
52.Ag" complex. This gate-assisting-regulation for guest
recognition may open a new way to make novel multi-
responsive function systems, which show completely different
binding behaviors depending on the kinds of external stimuli.

Multi-Metallo Molecular Systems
with Cooperative Functions

Supramolecular metallo-architectures, which are prepared
from several ligands and metal ions, are suitable candidates for
sophisticated functions, such as cooperative molecular recog-
nition, unique magnetic properties, selective multi-metal
catalysis of chemical reactions, and novel optical properties
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because the metal-to-metal interactions are expected not only to
change the chemical and physical properties of the metal
complexes, but also cause synergistic effects on the functions.*®
In addition, spatial arrangement of the metal ions incorporated
into the supramolecules may create a unique space surrounded
by the metal ions and ligand. Thus, this space provides novel
circumstances for guests that are captured in the cavity,*
because the cavity may possess a different field from the
outside in terms of electrostatic, magnetic, and/or hydrophobic
properties. Furthermore, the recognition ability and chemical
catalysis efficiency and selectivity may significantly change
when the metal ions as an interacting or a catalytic site are
placed at the suitable positions. There have been many reports
of multi-metal catalysis in biological and artificial systems.>
Diverse applications in molecular devices and functional
materials are anticipated by using multi-metal molecular
systems.

R

52.K*

ﬁx

52-Na*

52.Ag*

Figure 41. Molecular gate controlled by metal ions.
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Therefore, to create synergistic and/or cooperative func-
tions, I designed new strategies for multi-metallo systems in
which several metal ions are accumulated in the restricted area
produced by a multidentate ligand. Figure 42 shows typical
molecular design (Strategy 1) of the cooperative function
metallo-systems which I first proposed.

The C=N moieties attached to the catechol units are
incorporated into the macrocyclic frameworks and are con-
nected by a suitable linker, such as an alkylene, phenylene, and
heteroatom-containing chain. These linkers should change the
cavity size and functions, such as metal ligation. The N202
sites have frequently been used to make complexes with
various metal ions, as seen in the salen and saloph derivatives.
The obtained complexes show diverse functions for nonlinear
optical properties,’’ magnetic materials,>? catalysis of organic
reactions, models of enzymatic reaction centers,>® and building
blocks for supramolecules with a unique topology.’* The
macrocyclic structure arranges the N202 ligation sites in a
macrocyclic fashion. Consequently, the macrocyclic array of
metal ions is formed upon complexation with the metal ions.
One of the most interesting features of the macrocyclic N202
metal complex moieties is to form a macrocyclic arrangement
of oxygen atoms that should be negatively charged due to the
metal binding. Therefore, I predicted that the inner macrocyclic
oxygen array is able to strongly recognize cationic guests like
crown ether derivatives.

An alternative to the cyclic structure (Strategy 2) is also
available from the complexation of a linear oligo N202 ligand
with metal ions (Figure 43). The inner oxygen atoms are
arranged in a macrocycle-like fashion to form a crown-ether-
like cavity (C-shaped cavity). One more interesting and
predictable structure obtained from the linear ligand is helical.
When the length of the linear ligand is long enough, helical
complexes would be produced upon the multi-metal complex-
ation.

The third example (Strategy 3) of my molecular design to
yield a macrocyclic metallo cavity is based on molecular
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Figure 42. Strategy 1 for formation of multi-metallo systems.
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Figure 43. Strategy 2 for formation of multi-metallo systems.
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Figure 44. Strategy 3 for formation of multi-metallo systems.
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Figure 45.

assembling via coordination bond formation as shown in
Figure 44, although all the ligating units are not covalently
connected to each other. Coordination of the inner oxygen
atoms of the macrocyclic complex to a metal ion is similarly
predictable. Moreover, the template effect by the central metal
ion is also expected for the preparation of the macrocyclic host,
if the assembled macrocyclic structure is rigid enough. There is
one more strategy that I proposed to make a macrocyclic
metallo-framework (not shown). If a 1:1 mixture of the
bis(salen) like unit and mono(salen) analog is treated with
metal ions, a macrocyclic metallo-assembly would be afforded.

In all these basic principles, several metal ions are put
into the restricted areas of the macrocyclic complexes to make
metal accumulated systems, which provide novel chemical and
physical properties.

When we started this research project in 1996, 1 was
convinced that the key intermediate to synthesize these oligo
N202 ligands is the 1,4-diformyl-2,3-dihydroxybenzene (53)
(Figure 45).%° The simplest way to make 53 seemed to utilize
the reaction of the corresponding dilithium salt with DMF, but
we did not succeed in the synthesis of 53 at that time. I
suspended this project for a while, but I started it again in 2000,
because Dr. S. Akine joined my group as a research associate.
After a careful literature survey, we synthesized 53 via the
simple dilithiation of veratrole with n-BuLi in a reasonable
yield, although this route is essentially the same as that of my
first synthetic plan. As I expected in the molecular design,
various compounds bearing the C=N moieties were obtained
from 53 and used to develop functions of the corresponding
multi-metal complexes.>®

At first however, we faced a solubility problem with
common organic solvents to prepare the macrocyclic com-
pound 54, but we definitely obtained 54 in 91% by a very slow
condensation reaction (Figure 46).>3 Reinhoudt and co-work-
ers reported that the crown ether analogs 4a and 4b, which
possess a Schiff base or an oxime moiety that provides an
N202 binding site to metal ions.? Stable metal complexes were
synthesized in which a transition-metal ion is bound in the
N202 site. Since the reported results and preliminary empirical
calculation suggest the oxime functionality in place of a Schiff
base group may generate an effective and similar binding site,’
Akine proposed the incorporation of the oxime group as a

Zs

@ @ @

Figure 46. Formation of tri(saloph) ligand 54.

possible linker into the original framework. After careful
discussion, we started this oxime functionalization. Later we
noticed that the oxime functionality is much less reactive to the
disproportionation reaction than the Schiff base derivatives.’®
This low reactivity is very important to construct unsym-
metrical supramolecular structures containing the C=N groups
by avoiding the formation of undesired symmetric compounds
(vide infra). Actually, the cyclic oxime analog 55 was
synthesized and the solubility to the common organic solvents
is sufficiently high probably due to the lower planarity of the
oxime structure than the Schiff base (Figure 47).%° The reaction
yield is very low (15%), but a suitable multi-metal template
makes the yield very high, which is discussed later. We also
prepared the monomeric unit, 1,2-bis(salicylideneaminooxy)-
ethane (56, Figure 48), which we abbreviated to salamo
(or Hpsalamo). Salamo and their derivatives show binding
affinities to a variety of metal ions.5

According to the second strategy, a linear oligooxime ligand
57 was synthesizd in good yields (Figure 49).5! It is noted that
disproportionation of the Schiff base derivatives proceeds
relatively fast, while the rate for the oxime compounds is much
slower.’® This disproportionation is serious when preparing
unsymmetrical oligo-Schiff-base ligands because the unsym-
metrical compounds may produce two kinds of symmetric
compounds. The salamo unit, therefore, is very useful to make
complicated supramolecules containing two or more C=N
groups.

The bis(salamo) 57 reacts smoothly and cooperatively with
transition-metal ions. Very interestingly, the addition of Zn" to
57 was found to form the corresponding homo trinuclear Zn"
complex 57-Zn"; (1:3 complex) without observation of the
intermediary 1:1 and 1:2 complexes by 'HNMR spectrosco-
py.°! In the presence of 2 equiv of Zn!, two-thirds of 57 is
converted to the trinuclear complex and the ramaining one-
third is in the reaction mixture. This fact indicates that
the complexation proceeds in a highly cooperative fashion.
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57-Zn''3(AcO),-EtOH

The complexation of the salamo units with Zn"" makes the
coordinating oxygen atoms of the N20O2 sites negatively
charged. Thus, the oxygen atoms should more strongly interact
with the cationic guests than the neutral OH oxygens due to the
electrostatic force. In addition, the C-shaped framework, which
is created by the two Zn'! ions in the N202 site, produces a
relatively efficient arrangement of oxygen atoms for the central
Zn" binding. X-ray crystallography revealed the characteristic
coordination of acetate anions to the Zn' ions in a 1, fashion to
stabilize the complex (Figure 50). The crystal structure also
indicated that the ligation of the central Zn'! is weaker than that
of the other Zn'" ions bound in the N202 sites because only two
oxygen atoms of 57-Zn'"y coordinate to the central Zn'". This
ligation difference probably comes from the size mismatch of
Zn" to the cavity. The size of the C-shaped site is too large to fit
the Zn" ion. Mn", Co", and Ni" ions yielded similar trinuclear
complexes 57-M; (M =Mn'", Co", and Ni'), while Cu"
formed the dinuclear complex 57.-Cu'’, without the central
metal %2

57-Zn!,-Eu'l

Figure 51. X-ray molecular structure of 57.Zn", - Eu™ with
the space-filling representation.

The central Zn" in 57.-Zn"; should be replaced by larger
metal ions such as the lanthanide ions (Figure 49). In fact,
many lanthanide ions kick out the central Zn" to quantitatively
afford the corresponding trinuclear heterometal complexes.
Figure 51 shows the molecular structure of the 57-Zn',.Eu'"
complex in a single crystal.®® All the inner oxygen atoms
including the methoxy oxygens coordinate to the central Eu'™
ion to form the helical structure. This very efficient trans-
metalation results from the size fitting effect and stronger
electrostatic interactions between the positive charge of the
trivalent europium and the negatively charged oxygen atoms.
Among the alkaline earth metal ions (Mg>*, Ca’*, S+,
and Ba?*), the Ca’* complex is most preferentially formed
because of the size fitting effect (Figure 52).° The Ca’*
selectivity over Mg?* is >10°, which was estimated from the
equilibrium constant shown in Figure 49. This selectivity
coefficient is comparable to those of well-known Ca?*
binders, such as BAPTA and Quin 2.°* However, the trans-
metalation did not take place at all in the case of the alkali
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metal ions. Thus, this bis(salamo) unit has the potential for
application to Ca®>* sensing in biological tissues. The trans-
metalation tendency is summarized in Figure 53.>%® The charge
effect is primarily important, that is, the more positive metal
ions tend to make the heteronuclear complex more efficient
than the less positive metal ions. All the crystal structures of the
lanthanide heterometal complexes were characterized by X-ray
diffraction, indicating that the smaller metal ion produces a
helical structure with a larger winding angle than the larger
metals.

We have developed salamo derivatives for other functional
systems. In the 57-Cu',-Gd"™ complex, the ferromagnetic
interaction between the Cu'' and Gd'! ions was observed at low
temperature (Figure 54).°° Template effects on olefin metha-
thesis of the side chains in 58 was achieved by utilizing the
bis(salamo) skeleton (Figure 55).°° The macrocyclic trans
isomer 59 was selectively obtained (cis/trans = 7:93). How-

ever, the selectivity is completely the reverse (100% cis) in the
case of 58-Zn',.-Ca®*. The tris(salamo) derivative 60 reacts
with Zn" to afford a mixture of the complexes (Figure 56).%
However, the addition of La' and Ba>* quantitatively converts
the mixtures to the single products, 60-Zn";-La™ and
60-Zn";-Ba’*, respectively. A guest-dependent helicity inver-
sion rate of the complexes was observed. The La™ complex
suffers from a slower inversion due to the stronger ligation than
the Ba?* complex. The salen and salamo mixed ligand bearing
a chiral auxiliary at the salen moiety reacts with Zn" and
Lal to give the heterotetranuclear complex 61-Zn';.La!l
(Figure 57).% Interestingly, the molecular structure in the solid
state is absolutely left-handed and the complexes are assembled
to create a superhelical structure.

Macrocyclic multi-metallo molecular systems are construct-
ed on the basis of the first strategy using a tri(saloph)
framework. The introduction of oligo(ethylene glycol) chains
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into the skeleton makes the tri(saloph) compounds soluble in  the heptanuclear Zn"' complex 62-Zn';’° even in the presence

the common organic solvents.®>’" One of the most unique  of an excess amount of Zn" (Figure 58). An X-ray crystallo-
features of 62 is that 62 reacts with Zn'' to quantitatively give  graphic analysis clarified the detailed structure of this novel
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Figure 59. X-ray molecular structure of 62+Zn'.

metal cluster complex (Figure 59). Three Zn" ions sit in the
N202 binding sites and the catecholate moieties concomitantly
coordinate to the three other Zn'! ions. At the center of the
complex, one oxygen atom bridged the four Zn"" ions including
the seventh Zn' ion in a p4 fashion. This macrocyclic

framework is believed to act as a partial template to generate
the unique heptanuclear cluster because the ligand 62 provides
only the base for the complexation, but does not work to wrap
the entire complex as seen in usual template molecules. A
similar heptanuclear complex 62.Cd"; was reported which
further formed a capsule structure in the solid sate.”! The
heptanuclear Zn" cluster complex 62-Zn"; has a concave
structure, but this was quantitatively transformed into the
relatively planar heterotetranuclear complex 62-Zn";-La™ just
by the addition of La'' (Figure 58).”® Various multi-nuclear
complexes of 62 with Mn'', Co', and Cu'" were also prepared.”
A stable heptanuclear Mn" complex 62-Mn"; was isolated
in 97% yield. The trinuclear Mn" and Co™" complexes are
readily oxidized by air to the corresponding trivalent metal
complexes (Figure 60). In case of Cu'" and Co", the trinuclear
complexes were obtained even in the presence of the excess
metal ions.

The homo heptanuclear complex 62-Zn'"; was synthesized
in an excellent yield from a mixture of the aldehyde 53,
diamine 63 and Zn" by a one-pot reaction (Figure 61).7° In a
similar manner, the hetero trinuclear complex 55-Zn";-La'" of
the salamo analog 55 was quantitatively synthesized using a
Zn"-La™ multi-metal template (Figure 62). As illustrated in
the third strategy, three Zn"" and one La'" ions assemble the
aldehyde molecules to give the cyclic intermediary complex
53;.Zn";.La™, whose structure was ascertained by X-ray. We
found that the positions of the three dialdehyde units 53 nicely
fit to produce the macrocyclic structure of 55 and 62.%°

Our Other Approaches to Functional Molecular Systems

Compared to the covalent bond formation, molecular
assembling is much more facile to produce highly functional
molecules with a complex structure. One typical example is
seen in protein assembling, which often gives rise to bio-
logically important functions. Hence, this strategy has been
used to make many artificial functional systems. In our first
approach to the functional molecular assembly, I employed
multiple hydrogen bonding to establish a new concept, the
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“Evolution of Host Molecules,” that is, conversion of a host as
a first generation to a second generation host with a different
and/or an enhanced function. This generation changing process
may well continue over many generations. A flavin receptor 64
was designed as the first generation host, which has 2,6-
diacylaminopyridine moieties as the binding site for flavins

3(m) ™)
OO

M= cu', Co", Ni"", Mn"
62-M,
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Figure 60. Multi-metal complexation of 62 with various
metal ions.
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(Figure 63).7> The molecular assembly 66 as the second
generation was produced from 64 and 65 through triple
hydrogen bonds. The host 66 shows a higher extractability to
K* in solvent extraction because the two polyether units
offered from the flavin guest 65 are concomitantly assembled to
make a binding site for K. Another example of the functional
molecular assemblies done by us is shown in Figure 64.7* Host
67 (the first generation) binds to the barbituric acid derivative
68 by two triple hydrogen bonds to give the molecular
assembly 69 as the second host. When the mixed solution of
67 and 68 is used as a liquid membrane, the Na* transport
efficiency is higher than that of 67 or 68 alone. This
enhancement suggests that the polyether moieties of 67 and
68 are assembled to generate the stronger binding site for Na™.

As discussed in the previous section, the N202 type ligands
are excellent candidates to construct molecular systems with
cooperative functions. Thus, we introduced hydroxy groups
into the N2 chelate lingand, dipyrrin, because the dipyrrin
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HoN  NH, = =
63 7 (20
+
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Figure 61. One-pot synthesis of heptanuclear Zn complex
62-7Zn".
) am
o 0 o 0
=N_~N= =N N=
o0~0 7 N—oHHo~

oo { OH HO )
- N N.
o o {3_ HO OH _0)
o, 5 No o, 5 No

55-Znll;Lall 55

Figure 62. Multi-metal template synthesis of 55.
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Figure 63. Formation of the second generation host by utilizing molecular assembly.
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Figure 65. Trimeric molecular assembly of
derivative by complexation with Zn'.,

dipyrrin

(71a-Al)y-Zn(OAcC),

Figure 66. Synthesis of hetero-multinuclear complexes of N20O2—dipyrrins 71.

derivatives and, in particular, their BF, complexes have
recently attracted considerable attention due to their highly
fluorescent properties. Furthermore, the N202 ligand can be
utilized to make molecular architectures in a molecular
assembling fashion. The basic strategy for this dipyrrin project
was first proposed by Dr. C. Ikeda, who joined my group as a
research associate in 2005. Oligodipyrrins and bisdipyrrin
derivatives were used in the early studies of supramolecular
dipyrrin assemblies, although these dipyrrins are N2 type
ligands. For example, a macrocyclic metallo-trimer 70 was
synthesized in high yield by the reaction of Zn'" and bisdipyrrin
(Figure 65).7> Recently, a metal organic framework’® and
nanoscale aggregate’’ have been synthesized by complexation
of the N2 dipyrrin with a metal ion. The N202 dipyrrins would
then provide versatile characteristics and functions. However,
only a few examples of the transition-metal complexes
had been reported so far.”® As seen in the salamo and
saloph ligands, the metal complexes of the N202 ligands
would serve as a chelating moiety to other metal ions.
Therefore, we prepared the Al complexes of 71a-Al and
71b-Al (Figure 66).”° The Al complexes should have an
octahedral geometry because the N2O2 sites are suitable as a
planar equatorial unit of the octahedral complex. The oxygen
atoms of the N202 dipyrrin—Al complex should create a
stronger chelating site to the metal ion than the corresponding

boron complexes because of the lower electronegativity of Al
than B. In fact, the Al complex 71a-Al reacts with Zn(OAc), to
give the 2:1 complex (71a-Al),-Zn(OAc),. The acetate anions
bridge the Al and Zn ion to stabilize the octahedral complex. In
contrast, the reaction of 71-Al with ZnCl, or ZnBr;, resulted in
the 1:1 complexes. The two p-phenoxo oxygen atoms in
71b-Al-ZnCl,°¢ and (71a-Al),-Zn(OAc), coordinate to the
Zn" ions (Figure 67). When 71a-Al and 71b-Al are converted
to the 71.-Al-ZnCl, complexes, the fluorescence quantum
yields significantly increase from 0.23 and 0.72 to 0.55 and
0.83, respectively.

The dipyrrin 72 has a catechol substituent at the meso
position (Figure 68).8° The heteroleptic complexation of 72
with BCI; gave a mixture of self-assembled supramolecules,
i.e., the trimer 73a, tetramer 73b, and pentamer 73c. These
macrocyclic structures are maintained by the B-N and B-O
bonds in a head-to-tail fashion (Figure 69). The 73a recognizes
alkali metal ions in the cavity consisting of the catecholate
oxygen atoms and the electron-rich pyrrole rings. The binding
constant for Cs* (>5.5 x 10°M™!) is much higher than those
for K* (1.5 x 10*M™!) and Rb* (5.7 x 10*M~1).

The macrocyclic dipyrrin trimer 74 and tetramer 75 were
synthesized by the acid-catalyzed condensation of the bispyr-
rolylbenzene derivative and benzaldehyde (Figure 70).8! The
dipyrrin units of 74 and 75 are connected by the 2,3-
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(71a-Al)y Zn(OAC),

Figure 67. X-ray molecular structure of a) 71b-Al-ZnCl,
and b) (71a-Al),-Zn(OAc),.

OH
BCl,
OH NEt'Pr,
_—
TSN toluene
NH N=
Ph Ph
72

Figure 68. Synthetic scheme of self-assembled cyclic
boron—dipyrrin oligomers 73.

73a

Figure 69. X-ray molecular structure of 73a and 73b with
the space-filling representation.

dimethoxy-1,4-phenylene linker. In the crystalline state, 74
adopts a planar triangular structure. A spectroscopic study
suggested that the conjugation along the macrocycle 74 is
changed by the recognition of alkali metal ions in the cavity.
The addition of K*, Rb*, and Cs™ caused large bathochromic
shifts of 50-60nm, indicative of elongation of the -
conjugation. Based on a spectrophotometric titration, the trimer
74 was found to bind K*, Rb™, and Cs™ with the association
constants of 2.1 x 10° 2.3 x 10°, and 2.5 x 10°M™!, respec-
tively. The Hartree—Fock calculation suggests that the alkali

AWARD ACCOUNTS

cation
Ph " binding site

Figure 70.
75.

Macrocyclic dipyrrins, trimer 74 and tetramer

76 76,-Pt'!,

Figure 71. Synthesis of molecular box 76, Pt; by coordi-
nation bond formation.

76,-Ptlly[p-CgH,(OH),]

Figure 72. X-ray molecular structure of host—guest
complex of 76,-Ptl, and hydroquinone with the space-
filling representation.

metal ions in the cavity are coordinated by the methoxy oxygen
atoms through dipole—ion interactions. All the methoxy groups
face to the inside to make the cyclic oxygen array suitable for
the cation binding. On the other hand, the tetramer 75 has a
twisted figure-eight structure in the solid state.

We have recently designed and synthesized an unsym-
metrical ligand 76, in which pyridine and terpyridine moieties
are linked by a biphenylene spacer (Figure 71).%2 A molecular
box 76,-Pt"", was quantitatively obtained from 76 and Pt"". The
dimer 76,-Pt", shows an affinity toward benzene diol guests
with preference in the order of para > meta > ortho. The
recognition is performed by the combined contribution of
the macrocyclic preorganization effect, induced-fit com-
plexation mechanism, and electrostatic interactions including
m—1r stacking and CH--O non-classical hydrogen bonding
(Figure 72).

We believe that multi-metal hosts prepared from unsym-
metrical ligands and/or by heteroleptic complexation with
metal ions are more useful as host frameworks suitable for the
precise recognition of guests with a rather complex structure
than the highly symmetric metallo-hosts.
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Conclusions and Perspectives

The transfer and modulation of the molecular information
are necessary processes for cooperative molecular functions.
Changes in the structure and/or the chemical and physical
properties of the functional molecules always concomitantly
occur along with receiving molecular information. When the
functional molecules respond to external (intermolecular) as
well as internal (intramolecular) stimuli, the molecules exhibit
cooperative functions in principle. Along this strategic line, we
have developed the pseudomacrocycle, responsive molecular
gate, a multi-metal accumulated molecular system, and mo-
lecular assembly with cooperative functions. All these mo-
lecular systems work very efficiently to change their intrinsic
functions and properties by using stimuli at the molecular level.
Studies of cooperative molecular systems may lead to more
general fields such as complex systems science, which is at the
interface of chemistry, physics, biology, and mathematics.

Future stages of cooperative functional systems will be
fascinating, versatile and widely applicable. For example,
molecules which respond to different stimuli in a different
fashion should be very useful for preparing molecular devices
with multi-functions that can be controlled by independent
stimuli. One more interesting and important future objective of
cooperative systems is to create molecular functional cascades
that show successive molecular functions and function ampli-
fication. A similar cascading enhancement of functions is
observed in the actions of medicines in biological systems.
Molecular systems with responsive multi-functions will also
miniaturize functional materials and open a novel way to
develop molecular electronics and molecular machinery with a
variety of controllable functions.
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