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Footprint Catalysis. VI.'™
Chiral “Molecular Footprint” Catalytic Cavities Imprinted by a Chiral Template,
Bis(N-benzyloxycarbonyl-L-alanyl)amine, and Their Stereoselective Catalyses
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Chiral “molecular footprint” catalytic cavities were formed on a silica(alumina) gel surface by molecular im-
printing with a chiral template, bis(N-benzyloxycarbonyl-L-alanyl)amine. These cavities exhibited stereoselective
catalyses in the transacylation of the corresponding substrates: L-, D-, and meso- forms of bis(benzyloxycarbonyl-

alanyl) oxide.

The authors have developed a “molecular imprinting”
method for designing solid acid catalysts with tailored
substrate specificities.! ™" Molecular imprinting with a
transition state analogue or a reactive intermediate ana-
logue used as a template provides specific adsorption
sites, molecular footprints, on the surface of aluminium
ion-doped silica gel. These molecular footprints are cav-
ities comprising a Lewis acid site and complementary
structures to the template molecules. They can function
as specific catalytic sites due to their specific affinities
to the templates, and can also stabilize the transition
state of the reaction of a corresponding substrate; such
affinities lower the activation energy so that they result
in specific catalysis, as can be seen in the active sites of
natural enzymes® and catalytic antibodies.®'®

The previous paper of this series® reported that chi-
ral “molecular footprint” cavities could be successfully
marked using a chiral template, N-benzoyl- N*-(ben-
zyloxycarbonyl)-L-alaninamide (Z-L-Ala~NH-Bz), and
that they exhibited enzyme-like enantioselective catal-
ysis in the 2,4-dinitrophenolysis of the corresponding
mixed anhydride substrates, benzoyl (N-benzyloxycar-
bonyl-L-, and -DL-alanyl) oxides (Z-L- and -DL-Ala—O—
Bz). The difficulty encountered in obtaining optically
pure D-substrate, however, forced an indirect investiga-
tion of the enantioselective catalyses by kinetic means
using the L- and DL-forms of mixed anhydrides. The
present paper describes direct evidence for enantiose-
lective catalyses over the other chiral “molecular foot-
print” cavities marked with bis(N-benzyloxycarbonyl-
L-alanyl)amine, (1); they showed different catalytic ac-
tivities to L-, D-, and meso-forms of bis(/N-benzyloxy-
carbonyl-alanyl) oxide, (2, 3, 4).

Experimental

Materials and Methods. All of the materials were of
a guaranteed grade of Nacalai Tesque Co., Ltd., if not oth-
erwise specified. The methods were the same as previously
described in detail,""® if not specified.

Template, 1: To N-benzyloxycarbonyl-L-alaninamide
(1.11 g) in anhydrous tetrahydrofuran (20 cm®) was added
sodium hydride of 60% purity (0.2 g, 1 equiv) under vigorous
stirring at room temperature. After 2 min, at which time

the evolution of hydrogen ceased, 2 (2.14 g, 1 equiv) was
added, followed immediately by another portion of sodium
hydride (0.2 g). The reaction was continued for an addi-
tional 2 h. The reaction mixture was adjusted to pH 7—8
with acetic acid, and concentrated to nearly dryness under
reduced pressure below 45°C. The residue was taken up with
ethyl acetate. After drying with sodium sulfate, the ethyl
acetate layer was concentrated to syrup at below 45°C. The
syrup was treated several times with petr. benzine at 70—
80°C to remove the by-product (N-benzyloxycarbonyl-L-ala-
nine). The syrup turned into a gummy material, which was
crystallized from ethyl acetate—petr. benzine, and subse-
quently recrystallized from ethanol-water. Yield was 20%.
Mp 135—137°C. [a]p —96° (c 2 in acetonitrile). IR (KBr)
3294 (N-H), 1682 (amide I), 1531 (amide II), 1455 (CHs—
), 1258 cm™! (amide IIT). 'HNMR. (CDCl3) §=1.22 (d, 6H,
CHs-), 4.42 (m, 2H, C-H), 5.01 (s, 2H, CH3), 7.32 (m, 10H,
ArH), 7.64 (d, 2H, CO-NH), 10.81 (s, 1H, CO-NH-CO).
(Found: C, 61.70; H, 5.80; N, 9.80%).

Substrates: 2 and 3 were prepared according to the
usual condensation procedures'? with a half equivalent of
dicyclohexylcarbodiimide in acetonitrile, respectively. They
were recrystallized from chloroform—petr. benzine, and fol-
lowed from ethanol-water. 2: Yield, 70%. Mp 122—128°C.
(lit,'" 131°C). IR (KBr) 3310 (N-H), 1822, 1756 (CO-O—
CO), 1687 (amide I), 1542 (amide II), 1456 (CH3-), 1258
(amide IIT), 1013 cm™. [a]p —33° (c 2 in acetonitrile).
(Found: C, 61.14; H, 5.70; N, 6.42 %). 3: Yield, 70%. Mp
123—128°C. IR spectrum was identical with that of 2. [a]p
+31° (¢ 2 in acetonitrile). 4 was prepared from N-benzyl-
oxycarbony-DL-alanine by the above-mentioned procedures.
Yield, 25%. Mp 144—148°C. IR (KBr) 3335 (N-H), 1826,
1756 (CO-0-CO), 1696 (amide I), 1535 (amide II), 1451
(CH3-) 1259 (amide III), 1098, 1065, 1016 cm™!. 'HNMR
(CDCl3) 6=1.48 (d, 6H, CHs-), 4.45 (m, 2H, C-H), 5.11
(s, 4H, CH,), 5.20 (2H, N-H), 7.25, 7.35 (4H, 6H, ArH).
(Found: C, 61.31; H, 5.70; N, 6.52%).

Silica Gel: Merck Kieselgel 60, art. no. 7754, particle
size 0.06—0.20 mm, mesh 70—230, was used.

Catalysts:  Details concerning the preparation proce-
dures, if not specified, were the same as those previously
described:!) The surface of the silica gel (100 g) was ac-
tivated by acid hydrolysis (concd HCI, for 4 h) prior to
any subsequent doping with aluminium ions (0.2 moldm~3
AlCl3, 25 cm®, at 80°C for 3 h) and 1 (0.32 g in acetone, at
80°C for 1 week, pH 4.0). After doping and air—drying (for
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15 d), the gel was subjected to methanol extraction in order
to remove 1, which yielded the molecular footprint catalytic
cavities (hereafter referred to as {1}). The control catalyst
stemmed from an aluminium ion-doped gel lacking only im-
printing with 1 and possessing native Lewis acid sites with-
out any cavity structure. The presence of “molecular foot-
print” catalytic cavities on the imprinted catalyst, and their
absence on the control catalyst were proved, respectively,
as being usual by the occurrence of competitive inhibition
caused by the rebinding of 1.1~ Catalytic site molarities
were determined using a kinetic titration method through
irreversible pyridine-poisoning, as previously reported.3)

Solvent: Acetonitrile was carefully dehydrated by a
previously reported method® using calcium chloride, phos-
phorus pentaoxide, calcium hydride, and fractional distilla-
tion with a Himpel column, Bp 81—82°C.

Nucleophile: Potassium 2,4-dinitrophenolate, prepared
as previously reported,® was recrystallized from water. This
salt was solubilized into acetonitrile with 1.2 equivalent mol
of 18-crown-6. The stock solution of the nucleophile was at
a 5.0x1072 moldm~2 concentration.

Kinetic Measurement. The procedures used for ki-
netic measurements of the catalyzed 2,4-dinitrophenolysis of
2, 3, and 4 were the same as those previously reported.®)
To an acetonitrile solution of a substrate equilibrated with
the catalyst (30 or 50 mg) at 30°C, was added a nucle-
ophile solution under vigorous stirring to initiate a catalyzed
reaction. The initial concentration of the substrate was
0.9—4.5x1072 moldm™2 and that of the nucleophile was
1.67x10™* moldm™2. Inhibition studies required preequi-
librium of the catalyst with an inhibitor in acetonitrile for
30 min before the addition of a substrate. The catalyzed
reaction was followed by triple-wavelength spectrophotom-
etry; decrease in optical density of the nucleophile at 400,
430, and 500 nm was recorded at proper intervals. The
reaction obeyed pseudo-first-order kinetics with respect to
the nucleophile concentration. The pseudo-first-order rate
constants, kobsa S, obeyed Michaelis—Menten kinetics with
respect to the substrate concentration. The kinetic param-
eters, Km, Vmax (kobsd.max) were obtained from the usual
double reciprocal plots (Lineweaver—Burk plots), and kcats
were calculated from Vnax divided by catalytic site molari-
ties per gram.

Results and Discussion

Characterization of Molecular Footprint Cat-
alytic Cavities. No detectable 2,4-dinitrophenol-
ysis reactions of the substrates occurred without cat-
alysts under the reaction conditions employed, which
confirmed that these reactions were actually catalyzed.
The catalytic site (Lewis acid site) molarities were ki-
netically titrated using irreversible poisoning of the
Lewis acid sites with pyridine (Fig. 1), where 3.34x107°
mol per gram of the control catalyst and 3.13x107°
mol per gram of the catalyst imprinted with 1 were ob-
tained, respectively. A competitive inhibition of large
magnitude, caused by rebinding of the original tem-
plate used in the imprinting, was used as a criterion
for the formation of “molecular footprint” catalytic
cavities.!™® As shown in Fig. 2, a strong competitive
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Fig. 1. Catalytic site titrations of the imprinted cat-

alyst and the control catalyst by pyridine poisoning.
Substrate (2) concentration: 1.8x107 moldm™>.
Catalyst: 50 mg in 50 cm™2 of pyridine-acetonitrile
solution. Open circle: The imprinted catalyst, titre;
3.13x107° mol per 1 gram catalyst. Closed circle:
The control catalyst, titre; 3.34x1075 mol per 1 gram
catalyst.
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Fig. 2. Competitive inhibition by template 1 on the

catalyzed reaction of 2 over the cavities {1}. Open
circle: No inhibitor 1. Closed circle: The inhibitor
concentration; 1.0x107% moldm™3. K;=2.22x107%
moldm™3. Kn/K;i=411.2.

inhibition on the {1}-catalyzed reaction with 1 (Kj=
2.22x107% moldm~2, K,,/Ki=411.2), and no inhibi-
tion on the control-catalyzed reaction with 1, undoubt-
edly proved that the catalytic cavities were successfully
formed on the surface, as expected. The obtained ki-
netic parameters are given in Table 1.

Apparent Stereoselective Catalyses. The na-
tive Lewis acid sites of the control catalyst without any
cavity structures exhibited no detectable difference in
the catalyses among 2, 3, and 4, as shown in Fig. 3.
This was because they involved no chiral factor. The
catalytic cavities imprinted with 1, {1}, however, dis-
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Table 1. Kinetic Parameters of the Catalyzed Reactions over Molecular Footprint Cavities {1}

Catalysts  Substrates Kn® Vinax”) kear®) kcat/Km K9 Kip®
1073 MY 1073 Ms™! 10% 571 10° M~1s7! 1075 M 107° M
{1}® 2 9.22 11.90 7.60 8.25 2.22 26.88"
(2.37)9 (30.08)
{1} 3 1.66 4.21 2.69 16.15 — 5.79%)
(1.03) (26.09)
{1} 4 6.03 8.56 5.47 9.07 —
(3.72—7.44)9  (8.56—17.11)  (5.47—10.94) (14.70)
Control? 2 3.18 3.33 2.00 6.28 No inhibition
Control 3 3.20 3.49 2.09 6.51 —
Control 4 4.45 4.02 2.41 5.41 —

a) Apparent Km. b) kobsd.max. With 50 mg catalyst.

d) Competitive inhibition constant with the original template 1.

dm~3. g) Catalytic site molarity; 3.13x10~° mol per 1 gram catalyst.
corrected values. See text. j) Kjp.
per 1 gram catalyst.
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Fig. 3. Lineweaver-Burk plots for the catalyzed reac-
tions of L-, D-, and meso-forms of the substrate over
the native catalytic sites of the control catalyst. The
control catalyst; 50 mg. Open circle for the substrate
2. Closed circle for 3. Square for 4.

played distinctly stereoselectie catalyses, as shown in
Fig. 4; the reactions of 2, and 4 were much more effec-
tively catalyzed than that of 3 by factors of nearly 3
and 2, respectively, so far as compared with their Vi .x
values (the intercepts on the vertical axis). These evi-
dent stereoselective catalyses suggest that certain chiral
factor were introduced into the catalytic sites so as to
affect the catalytic mechanism. There might be two
possibilities for the origin of the chiral factor: Firstly,
possible unextracted and still remaining chiral template
molecules provide certain chiral effects on the catalysis;
secondly, the chiral footprint-like cavities marked with
1 cause chiral effects on the catalysis. Since the above-
mentioned competitive inhibition with 1 rejects the for-
mer because the remaining 1 should act as merely cat-
alytic poison to lose catalytic activity, the latter might
be true.

k) Lower and upper limits of parameters. See text.

c) Divided by molarities of catalytic sites of 50 mg catalyst.

e) K; of inhibition by reaction products. f) M=mol
h) Kip. 1) Figures in parentheses mean the
1) Molarity; 3.34x10~% mol
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Fig. 4. Lineweaver—Burk plots for the catalyzed reac-
tions of L-, D-, and meso-forms of the substrate over
the molecular footprint catalytic cavities of the im-
printed catalyst {1}. The imprinted catalyst; 50 mg.
Open circle for the substrate 2. Closed circle for 3.
Square for 4.

Mechanism of the Stereoselective Catalyses.
The observed stereoselective catalyses are complicated.
The so-called lock-and-key mechanism based on a simple
exclusion effect of the cavities is not likely in this case,
since it requires the selectivities to be manifest in the
binding steps indicated by the K, values. The results
reveal the apparent selectivities in the catalytic steps
indicated by the Vi.x values (Table 1); furthermore,
their stereoselectivities vary with the substrate concen-
tration (Fig. 4). These complicated phenomena can be
reasonably explained by introducing two assumptions:
i) a “productive binding nonproductive binding” mech-
anism is operating, and ii) competitive inhibition by a
product of the reaction occurs.

i) The productive binding and nonproductive bind-
ing mechanism had been proposed for certain enzymic
catalysis;'® we introduced it in previous studies in or-
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der to explain the enantioselectively catalyzed 2,4-di-
nitrophenolysis of Z-L- and -DL-Ala—O-Bz over chiral
molecular footprint catalytic cavities imprinted with Z-
L-Ala-NH-Bz.9 Knowledge concerning the molecular
footprint cavities accumulated so far>*® suggests that a
chiral “molecular footprint” cavity comprises one Lewis
acid site (Al atom isomorphically substituted into sili-
cate matrix) and five subsites, as shown in Scheme 1.
The five subsites correspond to the partial structures of
1, respectively, i.e., two subsites correspond to the Z—
NH- groups; the other two subsites correspond to meth-
yl-groups (not for a-H); further, one subsite, involving
a Lewis acid site within it, corresponds to a carbon-
yl group of CO-NH-CO. The L-substrate molecule,
2, might adsorb onto {1} with almost the same mode
as do the template molecules (1) to gain a maximum
interaction between 2 and a cavity. Such an adsorp-
tion mode, holding the L-configuration at the a-car-
bon, might place a carbonyl function of CO-O-CO
of 2 in contact with a Lewis acid site in the subsite.
The acid site can activate the carbonyl function for a
subsequent nucleophilic attack with 2,4-dinitrophenol-
ate, which provides an effective catalysis. This consti-
tuted “productive binding” (Scheme 2). The D-sub-
strate molecule (3), however, might bind onto {1} with
another adsorption mode. The Z-NH-, and CO-O-CO
groups preferentially adsorb onto their corresponding

Template molecule: 1

H
H I BB
zZN.. | C/N\C l,.‘.“c:H
C
B /N Ny
H-C o o \
4 ‘H H
ﬂ Doping with 1
H H*
| N
Z-N ,, N
/, "C—=C C
/ \ 7
H-/C\ O (o)
HH AT

Removal of 1 by extraction

N

Molecular footprint catalytic cavity: { 1 }

Scheme 1.
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subsites, respectively, because they have a larger inter-
action than do the methyl groups. In order to maintain
the D-configuration of 3, this adsorption mode forces
the methyl groups to move apart from the correspond-
ing subsites, so that they stand perpendicularly. The
standing methyl groups shield the carbonyl group at-
tached to a Lewis acid site from any subsequent nucle-
ophilic attack by their steric hindrance, which might re-
sult in a less effective catalysis. This constituted “non-
productive binding” (Scheme 2). This mechanism can
explain reasonably well the stereoselective catalysis ob-
served among the L-, D-, and meso-substrates in the
range of high substrate concentrations. The catalytic
activities observed in the order L>meso>D, reflect the
magnitudes of the steric hindrance by 2, which lacks
any standing methyl group, of that by 4 with one stand-
ing methyl groups, and of that by 3 with two standing
methyl groups, respectively, over the catalytic cavity
(Scheme 2).

ii) The hypothesis, “competitive inhibition by a prod-
uct of the catalyzed reaction”, is proposed to clarify
the unexpected inversion of the stereoselectivity. The
molecular recognition capabilities of the molecular foot-
print cavities that reveal catalysis have been confirmed
to be the sum of the partial molecular recognition of
their subsites.?? Such partial recognition capabilities,
themselves, might provide an inhibitory effect on the
catalysis if they have considerable magnitude. One of
the catalyzed-reaction products of 2 (Z-L-alaninate, Z-
L-NH-CH(-CH3)—-CO-07), once released from {1}, can
bind again on the subsite of {1} for an acylamine moi-
ety of 1, since the product closely resembles the acyl-
amine moiety (Z-L-NH-CH(-CH3)-CO-N"-) in molec-
ular shape (Scheme 3). This rebinding should provide
competitive inhibition. Similarly, the product of 3 (Z-D-
alaninate, Z-D-NH-CH(-CHj3)-CO-0") can also rebind
on the above-mentioned subsite with a smaller affinity
than that of the L-antipode, which would produce a
weaker competitive inhibition. Such a potential product
inhibition could be qualitatively substantiated by the
following inhibition studies. The addition of potassium
Z-L-alaninate solubilized with 18-crown-6 on the cat-
alyzed reaction of 3 over {1}, and that of potassium Z-
D-alaninate on the reaction of 2, actually displayed typ-
ical competitive inhibition plots, respectively, as shown
in Figs. 5 and 6. Hence, this hypothesis qualitatively
explains the remarkable decrease in the catalytic activ-
ity for 2 in the range of low concentration of 2, which
results in an inversion of the stereoselectivity.

Kinetics: According to the above-mentioned mech-
anisms, the rate law of 2 over {1} (Eq. 2), that includes
the inhibitory effect by the product, can be derived from
the ordinary Michaelis-Menten equation under the pres-
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ence of a competitive inhibitor (Eq. 1), as follows:
kcat[catalyst][substrate]

Ky (1 + -IL?) + [substrate]

Rate = (1)

Here, [I] is the concentration of the competitive in-
hibitor in the reaction mixture, and K; is an competi-
tive inhibition constant between {1} and I. Similarly,

Fig. 5. Competitive inhibition by Z-L-alaninate on the
catalyzed reaction of 3 over the cavities {1}. In-
hibitor: Potasssium Z-L-alaninate solubilized with
18-crown-6. Open circle: No inhibitor. Closed circle:
Inhibitor concentration, 1.0x1073 moldm™3. KL=
5.795x10° moldm™3

the following equation can be obtained:

kcat[catalyst][2]

kobsa = . (2)
o Km(1+%i{i)+[2]

Here, [IL]; is the concentration of the inhibitory prod-
uct (Z-L-alaninate) at time ¢, and Kj; is the com-
petitive inhibition constant between {1} and I;. The
stoichiometry of the reaction requires that the amount
of I, formed by time ¢ should be equal to the amount
of consumed nucleophile by time ¢ Hence, [I.]; can be
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Fig. 6. Competitive inhibition by Z-D-alaninate on
the catalyzed reaction of 2 over the cavities {1} In-
hibitor: Potassium Z-D-alaninate solubilized with 18-
crown-6. Open circle: No inhibitor. Closed circle:

Inhibitor concentration, 1.0x107% moldm™3. Kip=
2.688%10* moldm™3
written as
[IL]e = [Nu]o{1 — exp(—kobsa X t)}. 3)

Here, [Nujp is the initial concentration of the nucle-
ophile. The substitution of Eq. 3 into Eq. 2 gives

_ keat [catalyst] (2]
kobsa = P ( + Nulo{T— e,?{)m Kobsd X t)}) e 4)

The magnitude of the kypsq value for 2 over {1} and
that of ¢ (1000—1600 s) under the usual determination
conditions of kopsq makes the exp(—kobsd X t) term negli-
gibly smaller than 1, which leads to an [I.] that is nearly
[Nu]o. Therefore, Eq. 4 can be roughly approximated

as kcat[catalyst][2]

Km (1 %L) +[2

A similar derivation leads to the following equation
for the kypsa of 3 over {1}:

kcat[catalyst][3]

Km (1 + %]—) +[3

On the other hand, the k,psq for the catalyzed reac-
tion of the meso-substrate (4) over {1} is more compli-
cated to formulate than that for the L-substrate shown
as Eq. 2. This is because 4 has two probable adsorp-
tion modes: one is such that the Z-L-alanyl moiety of
4 binds onto a subsite with a Lewis acid site to attach
to it; another is such that the Z-D-alanyl moiety, on
the contrary, binds onto the subsite to attach to the
acid site. The former adsorption mode provides cataly-
sis with a intrinsic Michaelis constant (Kp,;) and a rate
constant (kcatr.) to give the Z-L-alanine 2,4-dinitrophenyl
ester and Z-D-alaninate as reaction products; the latter

()

kobsd =

(6)

kobsa =
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mode, however, provides catalysis with another intrin-
sic Michaelis constant (Ky,p) and another rate constant
(kcatp) to yield Z-D-alanine 2,4-dinitrophenyl ester and
Z-L-alaninate. The application of a steady state method
to the reaction system derives Eq. 7. This deviation is
similar to that of the usual Michaelis-Menten equation
for a bi-substrate reaction, wherein reverse reactions
can be negligible:

kobsa =
kcatL [Catalyst] [4] kcatD [Catalyst] [4]

KL + (1 + _lefng> 4 Kump+ (1 + —mﬂﬁmL) [4]

(7)

If competitive inhibition by the reaction products (Z-
L-, and -D-alaninate) takes place, as in the above-men-
tioned catalysis, Ky and Kpp should be corrected by
the factor (1+[I.]¢/ Ki.+[Ip]:/ Kip), respectively, to give

obed = kcasL[catalyst][4]
Ko (”%*%) + (14 f )
+ kcatp [catalyst][4] .
Ko ( Ll [E]D_> (1 + T{mn) 4]

(8)

Eq. 8, however, cannot be further simplified, as in the
case of Eq. 5. This is because [I]; and [Ip]; cannot be
obtained independently using Eq. 3, though only their
sum is available, since the stoichiometry requires that
(1] + [In] = [NuJo {1 —exp( —kupsa x 1)}

Corrected Stereoselective Catalyses. Since
Egs. 5 and 6 contain unknown constants (intrinsic Ky, s,
K;, Kip), respectively, they cannot be mathematically
resolved by themselves. If the unknowns are obtainable
separately by other means, however, one could use these
equations practically to correct the apparent Ky, s and
kcat s for their intrinsic values. The inhibition of 3 over
{1} upon addition of Z-L-alaninate (Fig. 4) should be
kinetically represented with an additional [I.]/ K., term
into Eq. 6, as follows:

kcat[catalyst][3]

. )
Km<1+p?(—:l]]39+%) +(3]

kobsd =

The inhibitory effect of the constantly existing I
might be stronger than the generating Ip, since the
magnitudes of [I.] is of the same order as [Nu]o, and
is equal to the final concentration of Ip; Kj;, can be rea-
sonably assumed to be considerably smaller than Kjp in
magnitude, since the molecular recognition of the sub-
site for the Z-1L-Ala-N~-moiety in {1}might favor I,
more than Ip. This consideration makes the [Nuo/Kip
term negligible, compared to the [I]/Ki. term. Then,
Eq. 9 becomes equal to Eq. 1 in this case. Thus, the ap-
parent K; value observed in this inhibition (5.795x 107>
moldm™3 in Fig. 5) serves as the Ki.. Hence, the ap-
parent K, divided by {1+4[I.]:/KiL} gives the intrinsic
K, value for 2, (Table 1). A similar treatment as above
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gives the intrinsic K, for 3 and Kjp from the inhibition
of 2 over {1} with the addition of Z-D-alaninate. Sub-
stitutions of these intrinsic Ky, s, Ki., and K;ip values in
Eqgs. 5 and 6 correct the kgpsq values determined in the
catalyses of 2 and 3 over {1}, respectively. The correc-
tion on the catalyzed reaction of the meso-substrate 4
over {1} requires a further oversimplification. Figure 4
shows that the double reciprocal plot for 4 maintains
good linearity (r=0.994), and that it is nearly identi-
cal with that for 2, as compared with that for 3; these
findings imply that most of the meso-molecules take
the above-mentioned adsorption mode(a) to yield over-
whelmingly Z-D-Ala~O~. This means that kcatp and
[IL]: are negligible, and the Eq. 8 can be rewritten as

kcatL [catalyst][4]

kobsa = P (1 N [II\I{_?]IDE) N (1 N %:g) [4] (10)

Since the K,,;, should lie between zero and Kp,p, the
(14 K1/ Kmp) term then ranges from 1 to 2. Assuming
that the term is 1 or 2, substitution of Kip (2.688x10~*
moldm™3) into Eq. 10 gives both the lower and upper
limits of the corrected kopsq and Ky, for 4, respectively.
Their Linweaver-Burk plots were replotted in Fig. 7.
As can be seen there, an enantioselective catalysis for
2 over 3 is distinctly demonstrated throughout the en-
tire range of the substrate concentrations, though these
corrections depend on rather less accurate competitive
inhibition constants. This finding proves that the as-
sumptions concerning the above-mentioned mechanism
are appropriate, and also that the rough approximations
employed during the derivation procedures are reason-
able. Although a slightly inversed stereoselectivity is
still observed between the reactions for 3 and 4, this
rough correction would be sufficient to prove the pos-
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Fig. 7. Corrected Lineweaver-Burk plots for the reac-
tions of L-, D-, and meso-forms of the substrate over
the cavities {1}. Corrected kobsas are calculated us-
ing Egs. 5, 6, and 10 (see text). Open circle for 2.
Closed circle for 3. Open square for 4 (lower limit).
Closed square for 4 (upper limit).
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tulated catalytic mechanisms at the present stage. A
more detailed study concerning the product inhibition
phenomena, including that of meso-substrate, is now
being undertaken.

Conclusive Remarks.  The molecular footprint
catalytic cavities chirally imprinted displayed unprece-
dented catalytic features. They evidently exhibited an
enzyme-like enantioselective catalysis by a productive
binding and nonproductive binding mechanism, as well
as by a product inhibition phenomenon. The latter was
not caused by the adhesion of the reaction product, as
is often observed, but was brought about by rebinding
onto the acid site of a reaction product once released
from another subsite. Therefore, this inhibitory effect
might be referred to as being a most primitive negative
feed-back regulation of a catalytic site.!>!3 It should be
noted that these catalytic features were spontaneously
induced to the catalysts merely by the precise molecu-
lar recognition capabilities of the cavities with precise
complementary structures to the template; further, the
stereoselective catalysis for 4 over {1} might result in
an asymmetric synthesis wherein an achiral substrate
generates chiral products. An application of the asym-
metric synthesis with the product-regulation of catalysis
to the design of a catalytic system is in progress.

The authors would like to thank Dr. Takashi
Nakazawa for his helpful advice and NMR measure-
ments.
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