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Macromolecular semi-rigid nanocavities for
cooperative recognition of specific large
molecular shapes

Takane Imaoka!, Yuki Kawana', Takuto Kurokawa' & Kimihisa Yamamoto!

Molecular shape recognition for larger guest molecules (typically over 1Tnm) is a difficult task
because it requires cooperativity within a wide three-dimensional nanospace coincidentally
probing every molecular aspect (size, outline shape, flexibility and specific groups). Although
the intelligent functions of proteins have fascinated many researchers, the reproduction by
artificial molecules remains a significant challenge. Here we report the construction of large,
well-defined cavities in macromolecular hosts. Through the use of semi-rigid dendritic phe-
nylazomethine backbones, even subtle differences in the shapes of large guest molecules (up
to ~2nm) may be discriminated by the cooperative mechanism. A conformationally fixed
complex with the best-fitting guest is supported by a three-dimensional model based on a
molecular simulation. Interestingly, the simulated cavity structure also predicts catalytic
selectivity by a ruthenium porphyrin centre, demonstrating the high shape persistence and
wide applicability of the cavity.
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he ultimate challenge in host-guest chemistry is the design

of synthetic hosts that can universally recognize guest

molecules with various structural characteristics including
size, shape and details such as the positions of functional groups.
Of particular scientific interest is the concept of the artificial
enzyme, which can act as a catalyst for a specific substrate via
cooperative recognition!. The importance of practical materials
can be seen in solution-phase recognition, which allows efficient
chemical separation despite very small structural differences?.
The essential requirement for recognition is a shape-persistent
cavitand generally made of covalent macrocycles®™ or supra-
molecular cages®™®. However, recognition has been limited to
relatively small guest molecules of subnanometre size (up to two
aromatic rings). Apart from particular examples!®!!, attempts at
simple enlargement of the cavitands without a strategy are
generally fruitless because the larger host molecules are no longer
shape persistent. One typical example is the case of dendrimers.
The molecular weight and chemical structure of the dendrimers
are unity. In addition, the core-shell architecture generally
provides a unique encapsulation effect!?. At the dawn of
dendrimer chemistry, it was believed that the giant inner cavity
would be applicable to various types of molecular recognition,
similar to natural enzymes'?, and that dendrimers were
promising candidates for large-scale recognition'®. The idea was
that they would act as large containers, allowing encapsulation of
many guest molecules simultaneously'> 7. However, the
previous dendrimers were found to be suitable only for identi-
fication of simple and small guests'®-22, Although dendrimers are
potential containers for a larger guest or many guest molecules,
they can become compact through back-folding of their terminal
monomers towards the inside of the cavity, leading to loss of the
cavity?>=2%, Meanwhile, dendritic structures with extra-rigid
backbones do not participate to a significant extent in host-
guest binding?®?”. Except for some intriguing approaches such as
molecular imprinting?®, molecules >1nm are still difficult to
recognize. Even now, it is impossible achieving this only by the
molecular shape because this requires detailed design of the
nanospace through a semi-rigid architecture.

In this study, we revisit host-guest chemistry using a modern
dendrimer design for the host molecules. Phenylazomethine
dendrimers composed of rigid m-conjugated backbones exhibit
exceptionally fine coordination processes, such as step-by-step
assembl;l”‘ 1, allowing one-atom controlled synthesis of metal
clusters®?. In addition, previous studies have shown that the
stable quadrupole character of such dendrimers allows an
efficient Ehotoelectric process based on their rectification
properties®>. By using this unique dendrimer, we successfully
achieve very fine recognition of large guest molecules.

Results

Screening and refinement of guests. The host molecules
employed in this study are dendrimers with a metalloporphyrin
core as a binding centre for guest molecules such as pyridine
derivatives. Four dendron units were horizontally spread to the
outside from the porphyrin core, whereas the two axial spaces
were retained (Fig. 1). For example, the experimental hydro-
dynamic diameter of ZnG4a is over 4 nm. The percentage of free
volume in the dendrimer, defined as vacant space of the atom-
ically occupied van der Waals volume in the molecular hydro-
dynamic space, is ca. 80% (ref. 34). To study the characteristics of
these synthetic cavities, we initially investigated binding between
a guest molecule and the zinc porphyrin core buried in the cavity.
A pyridine derivative was used as a guest molecule, because 1:1
complex formation between zinc porphyrin and this derivative
has been established and is widely accepted®>®. ZnG4a was
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Figure 1| Structures of dendrimers. The dendrimers are composed of
three different parts. The core unit is a zinc or ruthenium carbonyl
porphyrin, which can bind one pyridine derivative at the axial position. The
bridges (B) are linear or bent phenylene groups, adjusting the position and
direction of the dendron subunits. The dendron (D), which consists of
dendritic phenylazomethine or benzylether groups, creates a nanospace
through the formation of a rigid or flexible shell, respectively.

synthesized according to a literature method®’. By comparing the
binding constants of ZnG4a and the corresponding first-
generation model (ZnGla), we were able to estimate the steric
contribution of the dendron groups to host-guest complexation.
Thereafter, the ratio Kgs./Kg1, was estimated for each guest
molecule (pyridine derivatives, Fig. 2) as an index parameter for
adaptability with the synthetic cavity.

Initial screening was carried out using pyridine derivatives with
several aromatic components with various connections. An
ultraviolet-visible titration analysis was carried out in a
toluene/acetonitrile (v/v=1:1) solvent, followed by theoretical
curve fitting of the experimental results to obtain binding
constants with the synthetic hosts at 20°C (Supplementary
Table S1). The binding stoichiometry of the pyridine to the zinc
porphyrin core (axial position) is 1:1, as determined by
ultraviolet-visible absorption, isothermal titration calorimetry
(ITC) and NMR spectroscopy (a typical example is shown in
Fig. 3). The binding constants were independently obtained using
all of these measurements, and each result was found to be in
good agreement with the others. It is notable that the binding
affinity with the dendrimer host ZnG4a varied in a sensitive
manner depending on the shape of the guest molecule. Pyridine
derivatives containing two phenyl groups at different positions
(5, 6,7, 8,9 and 10) gave very different binding constants (Kg4a),
although their formulas and molecular weights were identical.
One of the derivatives, which was Y-shaped (4-(3,5-diaryl)
phenylpyridine, 11) was found to coordinate to the dendrimer
host with a larger binding constant, whereas guests with other
shapes (15, 16, 17 and 18) did not coordinate so strongly (Fig. 3f).
Even the shapes of very large molecules (ca. 19 A width) with the
same chemical formula (12, 13 and 14) were correctly recognized.
In contrast, among the selected guest molecules, there was little
variation in binding affinity with the non-dendritic host (ZnG1a).
These observations are evidence of shape recognition, but not of
an electronic effect caused by the electron-donating/withdrawing
character of the substituted groups. The dendrimer shell exhibited
a positive effect on the binding of Y-shaped guests, as can be
observed from the value of the binding constant ratio Kg4./Kg1a
(up to 4.2 for 11). Previous reports on host-guest chemistry
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Figure 2 | Structures of guest molecules. Shape-persistent pyridine derivatives were selected as molecular 'keys' for the host molecules based on the
dendrimer architecture. Each key was composed of a pyridine and several phenyl groups with different connections. The pyridine group acted as the
connecting tip to the axial coordination site of the zinc porphyrin core fixed in the dendrimer host. The phenyl group acted as an identifier for the molecules,

recognized by the cavity around the axial ligation site of the host.

involving dendrimer architecture have shown that an increase in
the generation number results in a severe decrease in binding
affinity because of the shell effect!3-22. In fact, the dendrimer host
under discussion exhibits unusual enhancement on host-guest
complexation.

To seek the best-fitting molecule, we carried out further tuning
of the Y-shaped guests. Chemical modification of the tips of 11,
giving 19, 20 and 21, increased the binding constant (Kgg,). Of
particular interest was the finding that chemical modification of
the ‘dip’ of the Y-shaped pyridine 25 significantly enhanced the
binding strength, resulting in a high binding constant ratio (Kg4./
Kg1a) of up to 19 for 25. In sharp contrast, such an enhancement
was not observed for an I-shaped derivative (24). The dendrimer
shell did not act as a positive factor for other guests such as
unsubstituted pyridine (1) and rigid I-shaped pyridines (4 and 10).
Further, the kinked molecules 5, 6, 7 and 8, and oversized
derivatives that deviated from the Y-shape (12, 22 and 23), were
excluded from the host. Thus, the common Y-shaped structure
acted as an anchor that specifically bound to the dendrimer host.

Modulation of interactions. The dependence of complementary
host-guest binding on the host structure was studied by testing
zinc-porphyrin-cored phenylazomethine dendrimers (ZnGna:
n=1~4) with generation numbers of 1-4. This examination
revealed that a dendritic structure with at least four generations is
essential for the formation of a cavity that is capable of molecular
discrimination. Indeed, no shape-selective binding to the host was
observed when the generation number was <4 (Fig. 4a). A rough
estimate of the binding structure using a molecular space-filling
model suggested that the cavities in dendrimers of generation 3 or
less were too shallow to tightly anchor the guest.

The structure of the dendrimer significantly affected host-guest
complexation through shape modification of the cavity. We
synthesized dendrimers with alternative structures: one had four
dendrons at the meta-positions on the phenyl groups of the zinc
porphyrin core (ZnG4b), whereas the other had four dendrons at
the para-positions with 1,4-phenylene spacers (ZnG4c). On the

basis of space-filling models obtained by molecular modelling, it
became apparent that ZnG4c had an extended cavity, whereas
that of ZnG4b was shrunken. These molecular images were
confirmed by exploring the free volume percentages within the
hydrodynamic volume (ZnG4a, 78%; ZnG4b, 71%; ZnG4c,
77%)>*. The ZnG4b host, which had a narrow cavity, did not
allow binding of the guest molecule 20, but the ZnG4c host,
which had an extended cavity, also showed a lower binding
affinity with 20. ZnG4c preferred larger guest molecules such as
14 and 22. We also examined a flexible dendrimer composed of a
benzylether structure (ZnG4d) with the same topological
architecture around the zinc porphyrin core, but with a very
small free volume percentage (45%)%%. As shown in previous
studies, flexible dendrons exhibit exclusive host-guest bind-
ing!820-22 The host ZnG4d allowed binding only of small guest
molecules (1 and 4) with one or no phenyl group (Fig. 4b). This
observation was consistent with previous findings that flexible
dendrimers simply decrease guest molecular binding (the well-
recognized ‘shell effect’).

Conversely, exchanging the metal complex did not affect the
selectivity of the host molecule to the same extent. The
ruthenium-porphyrin-cored ~ phenylazomethine  dendrimer
RuG4a, a carbonyl-capped complex, showed almost the same
trend in its shape selectivity as ZnG4a (Supplementary Fig. S1).
This fact indicated that metal complexation in the porphyrin core
did not affect the shape of the cavity.

Structural analysis. To determine the binding state, a 'H NMR
analysis was carried out using the Y-shaped guest molecule 20
with tert-butyl (‘Bu) groups. The chemical shift corresponding to
the protons of the 'Bu unit in 20 was shifted upfield on addition
of 20 to a ZnG4a solution at 20 °C (Fig. 5a). This observation
implied that chemical exchange between the trapped and free-
guest molecules was faster than the NMR timescale (a few mil-
liseconds). At a low temperature ( — 20 °C), we could observe the
proton signals corresponding to the trapped and free-guest
molecules. When two equivalents of 20 were added, the signal
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Figure 3 | Examination of host-guest binding. (a) Schematic
representation of cooperative binding. Docking tests for guest molecules
with various shapes allowed probing of the shape of the cavity. (b)
Ultraviolet-visible absorption spectra (20 °C) of ZnG4a (2.5 uM) on
addition of the guest molecule 20 in toluene/acetonitrile (1:1). (¢) Plots of
the change in absorbance at two different wavelengths for various
concentrations of 20. A theoretical fitting curve (solid line) was applied to
the absorbance data. (d) Isothermal titration calorimetric data for the
addition of 20 to a solution of ZnG4a (51 uM) in toluene/acetonitrile (1:1).
(e) A plot of the molar reaction heat for each titration point. Theoretical
fitting of the experimental data gave the thermodynamic parameters for
host-guest binding. (f) Host-guest-binding constants (K) between zinc
porphyrin-containing dendrimers (ZnG1a and ZnG4a) and pyridine
derivatives in toluene/acetonitrile (1:1). Overall, Y-shaped guest molecules
showed high binding constants.

integration values of these trapped and free-guest molecules were
almost equivalent, supporting 1:1 host-guest complexation. One
of these signals appearing downfield had a chemical shift (6) of
1.31p.p.m. and a spin-lattice relaxation time (7)) of 684 ms,
which were identical to those of the free-guest molecule
(0=131p.p.m.,, T;=665ms for 20), whereas the other signal
exhibited a very different chemical shift (6 =1.02p.p.m.) and
relaxation time (T} =874 ms). The longer T; for the signal at
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Figure 4 | Binding constants for each host-guest pair. (a) Dependence on
the generation number (n) of the dendrimer ZnG4n. The fourth-generation
dendrimer (ZnG4a) showed a strong affinity for Y-shaped guest molecules.
No significant dependence was found for dendrimers with a generation
number < 3. (b) Dependence on cavity size and flexibility of the
dendrimers. The specific recognition observed for ZnG4a was lost when the
cavity size was extended or shrunk. The flexible backbone also excluded the
larger guest molecules.
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1.02 p.p.m. can be understood based on effective encagsulation
by the dendrimer shell, as previously reported!®18:37:3%40 This
behaviour is typical for the environment in rigid phenyl-
azomethine dendrimers, where T; and T,/T, increase were
observed for the encapsulated protons as the generation number
increases®”4!. This increase is interrelated as a slower dynamic
motion of the dendrimer (longer rotational correlation time)42.

'H diffusion-ordered spectroscopy (DOSY)-NMR measure-
ments supported our contention that the signals at 1.31 and
1.02p.p.m. corresponded to the free and binding guest,
res ectlvely The diffusion coefficient (D) of ZnG4a (2.3 x
1019m? s~ 1) determined by DOSY-NMR was much smaller than
that of zinc tetraphenylporphyrin (9.2 x 10'°m?s ~!) because of
the larger hydrodynamic radius (Supplementary Fig. S2). These
values are comparable to the diffusion coefficients of ZnG4a
(11x10"m?s~1) and zinc tetraphenylporphyrin (8.0 x

10'°m?s 1) in tetrahydrofuran, calculated from the hydrody-
namic radii using the Stokes-Einstein equation®. If the guest
molecule binds to ZnG4a, the D-value corresponding to the
binding guest molecule should be identical to that of the
dendrimer host molecule because they would diffuse together in
the solution. However, D of the 'Bu unit corresponding to
ZnG4a-20 was slightly different on the diffusion axis even at a
low temperature (—20°C). This result indicated that the
timescale of chemical exchange between the complex and the
free base was close to the diffusion delay (40 ms). For quantitative
analysis, we next employed RuG4a, in which binding was
stronger than that in ZnG4a. It was found that the value of D for
the 'Bu unit corresponding to RuG4a-20 agreed exactly with the
value of D for the dendron moieties (Fig. 5¢).

'H nuclear Overhauser enhancement spectroscopy-NMR
measurement of the RuG4a-20 system was carried out for the
stable complex over a 100-ms timescale. This technique has been
extensively used to elucidate dendrimer-based host-guest sys-
tems*>. In the two-dimensional spectrum, many cross-peaks were
observed among the aromatic protons of the dendron subunits as
intramolecular nuclear Overhauser effect (NOE) couplings. In
addition, a clear cross-peak between the 'Bu protons of the
binding guest molecule (20) and a specific aromatic proton signal
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Figure 5 | Structural analysis of the host-guest-binding complex. (a) Variable-temperature 'H NMR spectra of a ZnG4a with 20 at a mixing ratio

of 122 (H:G) in toluene-dg/acetonitrile-d3 (2:1). The signals of Bu groups in the guest molecule (20) are shown for bound and free states. (b) A computer-
generated space-filling model of ZnG4a and a cross-sectional image shown as a solvent-accessible surface (probe radius: 1.4 A) with 20. The porphyrin
core is highlighted in magenta. This 3D coordinate was obtained from semi-empirical molecular orbital calculations (MOPAC-AMT). (¢) 'H DOSY-NMR
spectrum of a RuG4a with 20 at a mixing ratio of 1:2 (H:G) in dichloromethane-d,. (d) H nuclear Overhauser enhancement spectroscopy-NMR

spectrum of RuG4a with 20 at a mixing ratio of 1:1 (H:G) in dichloromethane-d,. The inset figure is a 3D model of the host-guest complex.

of the dendron subunit was also observed as intermolecular NOE
coupling (Fig. 5d). As the phenylazomethine monomer had two
non-equivalent aromatic rings at syn- and anti-positions, the
NMR proton signals for every aromatic ring in one dendron
subunit could not be reconciled. On the basis of this, the ‘Bu
protons of the binding guest molecule (20) were thought to be
close to a specific arene in the dendrimer cavity without any tilt or
rotation. It is noteworthy that the generation-3 dendrimer RuG3a
did not show any NOE cross-peak with 20, suggesting that the
fourth layer of the dendrimer contributed to guest stabilization, as
noted above. This result feasibly explains the molecular picture of
the complex in a three-dimensional (3D) space (Fig. 5b) in which
the monomer unit on the fourth layer of a dendron approaches
the 'Bu unit of the guest molecule (20), probably because of weak
CH/m interactions. The upfield shift of the aliphatic proton signal
observed in the 'H NMR spectrum of the ZnG4a-20 system
(Fig. 5a) is a typical behaviour for a CH/n interaction®4°.

Thermodynamic analysis. Thermodynamic data from ITC and
ultraviolet-visible analysis (vant Hoff plot) provided information
about the mechanism of molecular recognition. The values of
AH® (enthalpy change) and AS® (entropy change) obtained from
ITC analysis were in good agreement with those from the van't
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Hoff analysis and were very different for each host-guest pair. In
the case of 20 (a good fit), AH® had a very large negative value,
whereas — TAS® (T=293K) had a large positive value
(Supplementary Table S1). In contrast, the absolute values of AH®
and — TAS® for the more badly fitting molecules were smaller.
These facts can be interpreted to mean that maximal contact
between the host and guest result in greater stabilization in terms
of free energy (AG®°=AH° — TAS®). This stabilization is mainly
due to the large intermolecular force associated with the enthalpy
factor (AH®). Surprisingly, the value of AH® for 20 was almost
twice that for 4, which implies that the contributions from the
upper ‘anchor’ structure and from pyridine coordination were
nearly equivalent. This increase in AH® can be understood as a
summation of weak intermolecular interactions including n/m,
CH/N, CH/m, van der Waals attraction and hydrophobic inter-
action. The non-dendritic host-guest system gave a much smaller
AHP variation for guest molecules with different shapes. There-
fore, the primary factor in the high molecular recognition ability
of the dendrimer ZnG4a is thought to be the enthalpy con-
tribution, based on the large contact area between the host and
guest molecules. An impressive difference was found between
guest molecules 24 and 25, although the only structural difference
was the presence of two phenyl rings in 25. Although the alkyl
chain in 25 contributes the tight binding very much, the same
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structure in 24 did not contribute any improvement in host-guest
binding. A similar difference was found between 26 and 27.

The titration experiments demonstrated that binding between
the host and the Y-shaped pyridine in pure toluene was not as
strong as in a mixed solvent of toluene/acetonitrile (1:1). A higher
mixing ratio of a less solubilizing medium (acetonitrile) allowed
stronger binding based on an enthalpic driving force
(Supplementary Table S2). In particular, the use of a specifically
polar aromatic solvent (for example, dimethyl phthalate) as a
good medium significantly enhanced the binding affinity
(Kga=54%x10°M7}) and selectivity (Kgsa/Kg1a=142) of the
reaction, as shown in Supplementary Table S3. This result
indicates the dominance of a non-classical hydrophobic effect as
discussed by Diederich and co-workers*®, which enables stronger
host-guest binding in a dendrimer system. The thermodynamic
behaviour is different from that of the classical hydrophobic
interaction, in which entropic favourability due to desolvation is a
principal driving force?”. In general, hydrophobic interactions do
not have a crucial role in molecular recognition. However, it is
interesting to note that the solvent effect enhances selectivity in
the present system. This enthalpic favourability was found only in
the shape-matching guest molecules and not in the other pyridine
derivatives.

Selectivity in catalysis. The synthetic nanocavity can select
favourable guest molecules based on their shapes. In a natural
enzyme, this principle is utilized to achieve excellent selectivity
between substrates and products. On the basis of a Michaelis—
Menten model, the stability of an intermediate enzyme-substrate
complex is important in the determination of the entire kinetics.
Catalytic epoxidation of aromatic olefins by a ruthenium por-
phyrin (RuPor) was demonstrated*®%, The mechanism of
catalysis, using a 2,6-dichloropyridine-N-oxide as the oxidative
reagent, is well established, as follows: (1) the reagent oxidizes the
RuPor to afford an oxo-complex (Ru= OPor)*. (2) An olefin
derivative approaches the oxygen atom on Ru and forms an
adduct as the intermediate state®!. (3) The Ru= OPor reverts to
RuPor by desorption of the epoxide product. We reasoned that if a
RuPor in a dendrimer-based deep cavity was used as a catalyst,
molecular recognition of the intermediate state might significantly
affect the kinetics as predicted by the Michaelis—-Menten model.

Before the experiment, we simulated the structure of inter-
mediate species with various olefins. For example, methoxy-
styrene has three structural isomers (o-, m- and pMeO-Sty).
These substrates were tested with the 3D structural model of
the dendrimer verified from the above-mentioned host-guest
chemistry. In this prediction analysis, mMeO-Sty fit the cavity
very well, whereas the pMeO-Sty conflicted with the sidewall, as
shown in Fig. 6a,b.

The kinetics were determined (Supplementary Table S4) for
each pair of two dendrimers (RuGla and RuG4a) and two
substrates (mMeO-Sty and pMeO-Sty). The reactions were
carried out using 100 mmoll~! of the substrates, an equimolar
amount of oxidative reagent (2,6-dichloropyridine-N-oxide) and
0.05mol% of the catalyst (RuGla and RuG4a) at room
temperature (25°C) in chloroform. The reaction progress was
monitored using 'H NMR and gas chromatography. Although
the entire kinetics of the reaction using RuG4a (Vg,) were slower
than those for RuGla (V) because of high steric hindrance, the
ratio Vgy4/Vi clearly demonstrated the effect of the cavity on
substrate selectivity. As shown in Fig. 6c, the ratio Vig4/Vg,; for
mMeO-Sty was twice that for pMeO-Sty. To achieve a greater
understanding of the catalytic activity, the dependence on
substrate concentration was examined based on a Michaelis-
Menten model. In the case of a ruthenium tetraphenylporphyrin
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cavity. This substrate fits in the cavity in a side-on position in relation

to the oxygen atom on the RuPor core. (¢) 3D simulation model of
pMeO-Sty in the RuG4a cavity. The methoxy group conflicts with the
sidewall. (d) Ratio of the reaction rate catalysed by RuG4a and RuG1a for
each methoxystyrene substrate. (e) Ratio of the reaction rate catalysed
by RuG4a and RuG1a for each phenyl styrene substrate.

monocarbonyl catalyst, the apparent product formation kinetics
showed almost linear dependence on the substrate concentration
between 100 and 1,000 mmoll~! (Supplementary Fig. $3). The
Michaelis-Menten constant was determined to be >5moll !
for mMeO-Sty. In contrast, a much smaller concentration
dependence was observed when RuG4a was used as a catalyst,
suggesting a higher affinity between mMeO-Sty and RuG4a. The
estimated Michaelis-Menten constant for RuG4a was
90 mmoll~ L. A similar kinetic investigation was also applied to
mPh-Sty and pPh-Sty, which exhibited almost the same trend.
This suggested that selectivity in the present experimental
conditions ([S] =100mM) was thermodynamically controlled
by the enzyme-substrate complex equilibrium, but not kinetically
by complex formation. Of particular importance is the agreement
between the experimental results and the simple simulation
based on a static molecular 3D model. These results are in
contrast to previously reported selectivity by dendrimers in terms
of predictability®2.

Discussion

Although the entropy factor (— TAS®) acts as a negative driving
force for binding, this is smaller than the positive driving force
because of enthalpy (AH®). Similar to the literature>!3>>>4, the
host-guest system under discussion showed a good linear
correlation (correlation coefficient: r=0.98) between AH° and
TAS® (Supplementary Fig. S4). This behaviour, which is called
enthalpy-entropy compensation, has been widely observed in
natural and synthetic host-guest systems. As it is known that an
apparent correlation between AH® and TAS® may also be
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observed because of a statistical artifact, we analysed these data
with caution!3. Indeed, we examined the reproducibility of host-
guest binding between ZnG4a and 20 five times, and the resulting
experimental values (AH® and TAS® by ITC) were found to be
within a typical experimental error of * 10%, stemming from the
summation of measurements (weight or volume) and data
processing (curve fitting). The experimental values of K (AG°®)
and AH® for all of the guest molecules were distributed over a
substantial range exceeding the error range; therefore, the
observed relationship may be regarded not as an apparent
correlation based on statistical error but as a physical phenom-
enon. Here an unexpectedly low proportional coefficient o
(— TAAS°/AAH® =0.75 at 293 K) was observed for the ZnG4a
system; this was substantially lower than that of the non-dendritic
zinc porphyrin (zinc tetraphenylporphyrin: o=0.91). The
observed relationship suggests that 25% (1-o) of the enthalpy
gain can be used for free-energy gain (AG°) on molecular
recognition. This slope is similar to that of a-cyclodextrins
and rather smaller than that of y-cyclodextrins®. The intercept
of the enthalpy-entropy compensation plot gave a value of
TAS,° =13.9k] mol™!, close to the value for y-cyclodextrinss.
This intercept value is referred to as an entropy gain
accompanying desolvation from the binding centre in the cavity
of the free host molecule. The relatively small « (comparable to
a-cyclodextrins) and large TAS,° (comparable to y-cyclodextrins)
indicate good shape persistence of the large cavity in the
dendrimer.

The significant contribution of the long alkyl chain on 25 can
be interpreted as the hydrophobic effect or CH/m interaction,
which enhances host-guest affinity. An upfield shift of the NMR
proton signals corresponding to the alkyl chain was observed on
complexation with ZnG4a. This result indicated a cooperative
recognition mechanism®> with interlocking at each recognition
site including the pyridine (tip), Y-shaped aromatic rings
(anchor) and long alkyl chain moieties (thread) as shown in
Fig. 7. In spite of the significant contribution of the anchor and
thread in 25 (an additional 40 k] mol ! AHP®), it is notable that
25 did not show any interaction with the free-base porphyrin
form of the dendrimer (H,G4a), as monitored by ultravioilet—
visible titration and ITC. This result demonstrates that prefixing
of the guest molecules through pyridine coordination is the key to
the subsequent molecular shape recognition. In addition, further

P

N AAH = —-15 kJ mol!

TAAS = +11 kJ mol-!

AH =-30 kJ mol-! AH = —45 kJ mol-!
—TAS = 9 kJ mol-! —TAS =20 kJ mol!
AG =-21 kJ mol-! AG = -25 kJ mol-!

AAH = —25 kJ mol-1
TAAS = +21 kJ mol-1

OC,gH.
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] 18" 37

/. \ OC, gHy ﬂ'\ A O O
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Figure 7 | A square scheme of cooperative recognition. In the presence of
two phenyl groups in a Y-shape, the long alkyl chain further increases
affinity with the ZnG4a host. In sharp contrast, the same alkyl group at the
same position does not demonstrate this function at all in the absence of
the two phenyl groups.

interlocking, which can be seen as the second key, allows the long
alkyl chain to function as a positive driving force. Significant
amplification of recognition was achieved through sequential
cooperativity between different parts of the guest molecule, which
may be related to an induced-fit mechanism!>*’. Such a
mechanism may be the key to understanding protein-based
recognition systems.

In conclusion, we have created a synthetic keyhole that finely
discriminates the shape of a specific molecular key. The essential
element in probing the multidimensional structure of guest
molecules is the shape persistence of the macromolecular host in
terms of conformation and cavity geometry. Whereas the shape of
the cavity in conventional dendrimers is undefined, an appro-
priate design with sufficient rigidity allowed us to provide a large
cavity with a programmed function for molecular recognition and
catalysis. Further, the reasonably semi-rigid keyhole, in which
shape persistence and adaptability go together, provides coopera-
tive recognition, allowing amplification of recognition through
complexation-induced fixation of the cavity structure, which may
be related to allosteric nature of this kind of host molecule®®.

Methods

Chemicals. Phenylazomethine dendrimers with a zinc porphyrin core (ZnGna:
n=1, 2, 3 and 4) used in this study were synthesized by a convergent method as
described in the literature®”. Other types of phenylazomethine dendrimer (RuG4a,
ZnG4b and ZnG4c) were newly synthesized as described in the Supplementary
Methods. A benzylether (Fréchet type) dendrimer with a zinc porphyrin core was
synthesized as described in the literature>’. All pyridine derivatives used as guest
molecules were purchased or synthesized as described in the Supplementary
Methods.

NMR. 'H and *C NMR spectra were obtained using a Bruker Avance ITI-400
spectrometer equipped with a 5-mm BBFO z-gradient probe (gradient strength:
57 Gem ). The chemical shift values were calibrated to an internal tetra-
methoxysilane standard. The DOSY experiment was carried out with the following
settings. The diffusion delay was in the range of 40-60 ms depending on the
sample. The gradient pulse length and the gradient strength were varied from 1.5 to
3.0ms and from 2 to 100%, respectively. The 'H-'H nuclear Overhauser
enhancement spectroscopy experiment was carried out using standard pulse
sequences on the same spectrometer with a 120-ms mixing time.

Determination of binding parameters. Coordination constants and thermo-
dynamic parameters for all host-guest pairs were determined by titration experi-
ments based on ultraviolet-visible absorption measurements and isothermal
calorimetry at 20 °C (see Supplementary Figs S5-530). Ultraviolet-visible absorp-
tion spectra were measured on a Shimadzu UV-3150PC spectrometer. Curve-
fitting analyses based on a least-squares method at two independent wavelengths
were done using homemade software to determine the binding constants. ITC was
carried out using a Microcal VP-ITC instrument. Analysis was carried out on built-
in software to determine the binding constants and enthalpy and entropy differ-
ences (AH and AS).

Determination of the kinetic parameters. Catalytic epoxidation of styrene
derivatives by the RuPor catalyst was initially confirmed by 'H NMR measure-
ments in CDCl;. Detailed kinetic data in CHCIl; were obtained by monitoring the
epoxide product using a gas chromatograph (Shimadzu, GC-14B) with a TCD
detector and He carrier gas. Turnover frequency values were determined from the
time course of product formation. All the reactions were carried out under a N,
atmosphere at 25 °C.
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