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Macrocyclic Enzyme Model System: Catalysis of Ester Degradation
by a [20]Paracyclophane Bearing Nucleophilic and
Metal-binding Sites

By Yukito MURAKAMI* YASUHIRO Aovama, Masaak: Kipa, and Jun-icar KiKucHr
(Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Fukuoka 812, Japan)

Summary When the [20]paracyclophane (1) bearing
oxime and imidazole groups is bound to Cu?* ion with the
latter species in a moderate pH region, the resulting Cull
complex shows esterase-like activity; the un-ionized
oxime group is acylated with the assistance of the co-
ordinated Cu?* ion.

PrEvIOUSLY, we have reported on the catalytic activity of
the [20]paracyclophane (2) bearing an imidazole group! and
noticed a novel aspect of its catalytic function as a result of
the introduction of an oxime group and incorporation of
Cu?+ ion. The reaction of carboxypeptidase A (CPA) has
been claimed to proceed through the formation of a mixed
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anhydride intermediate if a carboxylic ester is employed
as a substrate.? The suggested mechanism for CPA
catalysis involves nucleophilic attack by the y-carboxylate
of glutamate-270 on the substrate carbonyl activated by
co-ordination of Zn2?t ion. We report here that the bi-
functional [20]paracyclophane (1)} can be co-ordinated to
Cu?t ion through its imidazole group and the catalytic mode
of the (1)-Cul! complex in ester degradation is similar to the
suggested mechanism for CPA [activation of the carbonyl
group of the bound substrate by metal co-ordination and the
concurrent attack on it by the nucleophile (the un-ionized
oxime group)].
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In the absence of Cu?t ion, both (1) and (2) (5-0 x 10~
mol 171) effectively deacylated a hydrophobic ester, p-
nitrophenyl hexadecanoate (PNPP; initial concentration
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10 x 10®*mol1-1); the imidazole group of the para-
cyclophanes acts as a nucleophile since the reaction ceases
under the present conditions upon complete acylation of the
imidazole group of (2).} The initial rate constants for
reactions with (1) and (2) are quite similar in magnitude in
ethanol (10-99, v/v)—dioxan (1-0%, v/v)-water (pH 8-12 and
@ 010 with KCl) at 40°C: 337l mol~*s! for (1) and
3571mol~1s! for (2). A small amount of Cu(NOj),
drastically reduces the (2)-catalysed reaction rate (Figure),
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Figure. Kinetic effects of Cu?+ ion in the deacylation of

p-nitrophenyl hexadecanoate (1-0 X 10-% mol 1-!) as catalysed
by (1) (@, 5:0 x 10~® mol 1-1) and (2) (O, 50 x 10-®* mol 1-1) in
ethanol (10-9% v/v)-dioxan (1-0%,v/v)-water; pH 8-12 and
p 0-10 (KCl) at 40-0 °C: %, = v3/([C][PNPP]), where v; stands
for observed initial rate and C for either (1) or (2).

suggesting that Cu2?* undergoes co-ordination with the
imidazole group and hence its nucleophilicity is nearly
completely masked. The (2)-Cul! complex formed is pre-
sumably highly stable since the presence of Cu2?t only in
twice the amount of (2) is sufficient to cause rate-levelling
(Figure). The (1)-catalysed reaction shows a similar
kinetic feature upon addition of Cu?*tion. Therate constant
decreases as [Cu?t] increases until it reaches ca. 1-0 x 1075
mol 17! and further increase in [Cu?t] has no effect on the
rate. The Cu?*-saturated rate constant for catalysis by (1)
is, however, significantly larger (ca. 15-fold) than that for
catalysis by (2). The result strongly suggests that the
imidazole group of (1) is also co-ordinated to Cu?t and
the nucleophilic attack of the oxime group is responsible
for the ready deacylation of PNPP; acylation of the
oxime group was confirmed by product analysis.§

As for the (1)-Cul! complex, both Cu?* ion and the oxime
group may be placed in the proximity of each other in
accordance with a CPK molecular model, so that some
interaction between these would be expected. However,
ionization of the oxime group via such interaction can be

T A hygroscopic material, prepared by oximation of (2) with hydroxylamine and purified by repeated high pressure liquid chromato-
graphy and gel filtration chromatography; it gave satisfactory analytical and molecular weight data.

{ The deacylation of PNPP with (1) ceases completely upon acylation of the imidazole and oxime groups of (1).

The rate of acyla-

tion of the oxime group is ca. 10-fold smaller than that of the imidazole (ref. 1 and the ref. in footnote §).

§ The reaction of (1) (18 mg) with PNPP (26 mg) in the presence of Cu(NOy), [a 10-fold excess amount over that of (1)] was carried
out under essentially the same conditions as in the kinetic runs and the resulting cyclophane was purified by gel filtration chromato-
graphy: yield 10 mg; v 1750 cm~! (C=0), indicative of an acylated oxime group (¢f. Y. Murakami, Y. Aoyama, and K. Dobashi, J.C.S.

Perkin 11, 1977, 32).
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ruled out since an ionized [20]paracyclophane oxime loses
its nucleophilicity completely upon formation of a stable
complex with Cu?*+.3 Consequently, the (1)-Cul! complex
as its catalytically active form involves the imidazole
group co-ordinated to Cu?* and the un-ionized oxime. The
reactivity of the oxime group in (1)-Cu' is surprisingly high
toward PNPP for an un-ionized form and may be assisted
by Cu?t. To make this point clear, the pseudo-first-order
rate constants (kops) were determined for deacylation of
PNPP (10 x 1078 moll-!) in the presence of wvarious
amounts of (1)-Cu!l at pH 8:12 together with the corres-
ponding rate constants in the presence of the ionized
[20]paracyclophane oxime (3) measured at pH 11-61.9
Both systems exhibited typical saturation-type kinetics,
consistent with a mechanism which involves pre-equili-
brium complexation of cyclophane with substrate (binding
constant, K), followed by pseudo-intramolecular acyl
transfer (rate constant, %) from the bound substrate to the
un-ionized oxime group of (1)-Cu®! or to the ionized oxime
group of (3)* (Scheme): for (1)-Cull! system, K = 0-91
X 1051 mol~! and % = 87 x 1073s7!; for (3), K =21
X 1051 mol~1 and %4 = 3-8 X 107%s71. The Cu?t-assisted

X
$ + ¢ == (80)
P P

ScueMe. C, (1)-Cullor (3); S, substrate; &,, rate of spontaneous
hydrolysis of PNPP; P, hydrolysis products; P’, acylated
cyclophane and phenol.

b
w0
5:0 x 10~ mol1-1); (3), 44 x 10~® mol 1-2.
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nucleophilic reaction of the un-ionized oxime in (1)-Cull
with bound PNPP proceeds with a rate constant comparable
to or even larger than that for the ionized oxime group in
(3). The catalytic effect of Cu?* ion cannot be explained in
terms of the simple charge effect, since such an unusual
nucleophilic reactivity of the un-ionized oxime was not
observed for a closely related [20]paracyclophane oxime (4)
bearing a quaternary ammonium group although (4) is a
powerful nucleophilic—electrostatic bifunctional catalyst in
alkaline media in which the oxime proton is dissociated.4
A similar [20]paracyclophane oxime (5) bearing a proton-
ated imidazole group also failed to exhibit such unusual
reactivity.

In conclusion, the present (1)-Cul! complex demonstrates
the following novel catalytic feature in the light of a sug-
gested mechanism for CPA. (i) A single cyclophane
skeleton, which bears both the nucleophile and bound
metal, may possess efficient deacylation ability toward a
hydrophobic carboxylic ester. (ii) The substrate ester is
brought into the proximity of the catalytic centre by the
non-covalent hydrophobic interaction, Cu?t playing no
significant role in the substrate-binding process since (1)-
Cul! and (3) have comparable binding constants with
PNPP. (iii) Reactivity of the poor nucleophile (the un-
ionized oxime group) is enhanced most plausibly by marked
activation of the substrate carbonyl group through co-
ordination with Cu2* ion in the transition state as shown in

(6).

(Received, 23vd January 1978; Com. 061.)

Correlations of kops with concentrations of (1)-Cu™® and (3) were obtained in ethanol (10-9%; v/v)-dioxan (1-09, v/v)-water at
10 (KCl) and 40-0 °C. Maximum concentrations of the catalysts: (1), 4-6 X 10~® mol1-? ([Cu%*] was maintained constant at
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