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Figure 10 Mechanism of transamination by B-CD having a pyridoxamine moiety (20).
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12.5 DECARBOXYLATION

CDs catalyze decarboxylation either by covalent catalysis of the hydroxyl groups or by micro-
solvent effect of the apolar cavities, as evidenced by Bender and co-workers.!9-% However, the
activities for the reactions are greatly promoted by the chemical modification of CDs.

B-CD attached with seven amino residues, heptakis(2,3-di-O-methyl-6-amino-6-deoxy)-B-CD
(22), is highly active for the decarboxylation of oxalacetate.!’® At a catalyst concentration of
2 x 1073 M (at 25°C, pH 5), the half-life is only around 6. In contrast, a modified B-CD with only
one amino residue has virtually no catalytic activity. Apparently, two or three amino residues
participate in the catalysis. The pH-rate constant profile is bell-shaped and shows a maximum
around pH 4.5. The Michaelis constant is unusually small (8.68 x 10~ M) for an anionic substrate,
corresponding to quite strong binding of the substrate to (22). An imine intermediate is probably
formed, which is stabilized by electrostatic interactions with the two neighboring protonated
amino groups (Figure 11). To confirm the proposed mechanism, isomers of diamino-p-CDs, which
have two amino residues at various glucose units, were isolated.!!! As expected, the AB isomer is
the most active, and the AD isomer is inefficient for catalysis.

(22)

Figure 11 Mechanism of decarboxylation of oxalacetate by the modified B-CD (22).
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Attachment-of a cyclic peptide (cyclo-(L-histidyl-I-histidyl) to B-CD is reported.!!2 This host can
bind various metal ions (e.g., Cu'), and in addition has a number of molecular recognition sites
towards substrates. Potentiality as an interesting catalyst has been indicated.

12.6 HYDRATION OF CARBON DIOXIDE (CARBONIC ANHYDRASE MODELS)

Carbonic anhydrase, which is responsible for the metabolism of carbon dioxide in animals and
plants, has a zinc(II) ion surrounded by three imidazoles at its active site. Carbon dioxide is bound
to the active site with the assistance of hydrophobic interactions, and is fixed in a close proximity
to the zinc(II) ion. In the hydration, water is activated by coordination to the zinc(Il), and attacks
the carbon dioxide. It is assumed that a base catalysis by an imidazole is involved here. The
zinc(IT) complex of the modified 3-CD (23) as a model for this enzyme efficiently catalyzes the
reaction.!'3 A zinc(II) ion is bound by the two imidazolyl residues, and the $-CD cavity mimics the
apolar character of the enzyme active site. In fact, catalysis by the 1:2 zinc—-imidazole complex
without B-CD is much less efficient. The aliphatic amino residue attached to the B-CD is a sub-
stitute of the imidazole which functions as a base catalyst in the enzymatic reactions.

(RO

(23)

12.7 CONDENSATION

Benzoin condensation catalyzed by cyanide ion is about twofold accelerated by y-CD.!'# The
acceleration is ascribed to accommodation of two benzaldehyde molecules in the large cavity of
v-CD. The two molecules, located in a mutual conformation favorable for the condensation, are
smoothly reacted. In contrast, B-CD decelerates the reaction, since the cavity is small and only one
benzaldehyde molecule is included therein. Here the benzaldehyde is protected from condensation
by the wall of B-CD.

Based on this finding, various N-alkylated thiazolium salts, derivatives of a coenzyme thiamine
pyrophosphate, were introduced to the C-6 position of y-CD.!!'S These modified y-CDs efficiently
catalyze the benzoin condensation, and the rates are more than 100-fold faster than the values for
the corresponding thiazoliums without y-CD. This is a mimic of the holoenzyme composed of
thiamine pyrophosphate and apoenzyme.

Compound (22) is active foraldol condensation of pyruvic acid with pyridine aldehyde (aldolase
model).!*¢ The activity is much larger than that of aminoacetonitrile. Here a Shiff base inter-
mediate is formed between the amino residue on the B-CD and pyruvic acid. The pyridine alde-
hyde is included in the cavity, which increases its local concentration around the pyruvate residue
fixed on the B-CD. Shiff base formation and host—guest complexation operate cooperatively to
enhance the bimolecular condensation reaction.

12.8 GLYOXALASE MODELS

Glyoxalases (I and II) and glutathione constitute a set of glyoxalase enzymes, which are of
interest because of their importance in catalyzing the transformation of a-keto aldehyde into the
corresponding a-hydroxycarboxylic acids (Equation (4)). As a mimic of the system, a trifunctional
mono[6-(2-mercaptoethylamino)-6-deoxy-p-CD (24) was prepared.!'” The reaction with this
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artificial enzyme is faster than the value for the reference compound 2-(dimethylamino)etha-
nethiol, transforming phenylglyoxal into L-mandelic acid in 47% ee.

(o]
)}\H/H NR OH OH
N2 -
R HS S OH O 4)
R)w]/ \/\NRZ R/Kﬂ/
(0]
(0] (0]
Hj
N
*\/\SH
Cl-
(24)

129 MIMICS OF COENZYME B,,

Homolysis of the carbon—cobalt bond of adenosylcobalamin coenzyme (coenzyme B,,) is par-
tially mimicked by the B-CD bearing cob(I)alamin (25).1'® The standard mechanism for rearran-
gements catalyzed by this coenzyme is as follows: (i) homolysis to form B,y and the enzyme-
bound deoxyadenosyl radical, followed by (ii) hydrogen atom transfer from the bound substrate to
this radical to form a substrate radical. Then (iii) the derived substrate radical rearranges, followed
by (iv) hydrogen atom transfer back to reform the deoxyadenosyl radical, which then couples with
B2 to reform the coenzyme. The homolysis of (25) generates By, and a primary CD radical of
a glucose unit which is strongly related to the primary ribose radical formed from the true coen-
zyme. When (25) is treated with a selenide (26) in deoxygenated neutral 0.05 M phosphate buffer,
the Ph—Se— group is transferred from the selenide substrate to the primary hydroxyl residue of
B-CD, as in the enzymatic reaction (Equation (5)). Apparently, the primary CD radical is formed
by the homolytic cleavage of the bond between cobalamin and B-CD. This is certainly an inter-
esting approach toward coenzyme B, mimic, although the ultimate function of coenzyme B, has
not yet been accomplished.

(25) (26) &)
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12.10 MIMICS OF SOME PROTEINS

A modified B-CD (27) was prepared as a mimic of a visual pigment, rhodopsin.!' This has an
absorption maximum at 375 nm in its neutral form. When both the nitrogen atoms are protonated
at low pH, however, the maximum shows a red shift of 100—120 nm, and the absorption spectrum
of the protonated form is almost identical to that of native rhodopsin. Probably the retinal moiety
of (27) is included in the cavity of the B-CD at low pH, resulting in a red shift due to the combi-
nation of an electrostatic effect and the microsolvent effect of the cavity.

[N/////

NH

27

Some of the spectroscopic properties of heme-containing proteins are mimicked by complexa-
tion (molar ratio 1:2) with heptakis(2,6-di-O-methyl)-B-CD.'?® The porphyrin residue is encap-
sulated in the cavities of two modified B-CDs via the secondary face first. Both an Fe Sy
cluster'?! and a porphyrin'?? were sandwiched by two CD residues, mimicking the corresponding
proteins.

12,11 THE PREPARATION OF MORE ADVANCED ENZYME MODELS

Site-selective introduction of functional residues to CDs has in most cases been achieved via the
corresponding tosylates. Capped CDs are available for the introduction of two functional groups
to CDs (details are described in Chapter 4). Furthermore, various useful techniques for the pre-
paration of modified CDs as enzyme models have been reported.

Each of (6*-0-(4-nitrobenzenesulfonyl)-6X-(B-naphthalenesulfonyl)-B-CD) (X = B-G), which is
useful for the preparation of unsymmetrically bifunctionalized CDs, has been synthesized.!?3 The
preparation of B-CD with pertosylated secondary hydroxyl groups at the 2-positions has also been
reported.’® CD derivatives with a B-N-glucosyl residue as the recognition site for cells has also
been prepared, which may be useful for the vectorized transport of drugs in vivo.'?%

An improved route for the introduction of a functional residue to the secondary hydroxyl side
has been presented.'?¢ First, all the primary hydroxyl groups are silylated by ¢-butyldimethylsilyl
groups. This makes B-CD much less polar and soluble in organic solvents. Thus, the products can
be purified by chromatography on silica gel on a preparative scale. Subsequently, the compounds
can be converted to the desired modified CDs by the usual methods.

Visual observation of CDs and their inclusion complexes by scanning tunneling microscopy
has been carried out to obtain detailed information for the molecular design of further advanced
enzyme models. The specimens are prepared by depositing aqueous solutions of CDs or their
complexes on a graphite substrate (or other substrates) and drying the liquid phase. Molecular
images of the cyclic oligomers and their complexes have been obtained for the first time.

127-31

12.12 CONCLUSION

The molecular design and synthesis of CD-based enzyme models have shown remarkable pro-
gress in the 1990s, and a variety of bioreactions have been successfully mimicked. The trend
should undoubtedly continue, possibly even more dramatically. The development of methods for
the site-selective and regioselective modification of CDs have made valuable and essential
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contributions to this. In the near future, these artificial enzymes will be widely used in vivo and in
vitro to selectively accelerate, decelerate, and/or regulate the target reactions at will.
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