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The catalytic efficiency of 10-amino[20]paracyclophane in the deacylation of p-nitrophenyl carboxylates
was investigated in 10.9 or 20.89%, (v/v) aqueous ethanol at 4=0.10 (KCl). The present catalyst exhibited marked
catalytic effects not only in the free amine but in the ammonium form. The observed saturation-type kinetics is
consistent with a reaction mechanism which involves pre-equilibrium complexation between the aminopara-
cyclophane and the substrate at a 1 : 1 molar ratio, followed by pseudo-intramolecular catalysis effected by the
amino group of the macrocycle. Studies on the inhibition effect by 1-dodecanol and the modification of the
catalyst by 2,4-dinitrofluorobenzene confirmed the effective binding ability of the present paracyclophane toward
hydrophobic substrates. The free amine form of the catalyst acted as an effective nucleophile to give the acylated
aminoparacyclophane as confirmed by the product analysis. On the other hand, the protonated amine form also
enhanced the ester degradation, retaining a turnover behavior. On the basis of the kinetic solvent isotope effect and
the exceedingly minor kinetic effect of [10-oxo[20]paracyclophan-22(23)-ylmethyl]trimethylammonium chloride
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in the ester degradation in the neutral pH region, a plausible reaction mechanism has been discussed.

[20]Paracyclophanes are synthetic macrocycles design-
ed to have a hydrophobic cavity of sizable diameter
into which an appropriate hydrophobic substrate can
be incorporated. Upon formation of the inclusion com-
plex, the cleavage of an ester bond of the incorporated
substrate is subjected to the catalysis by a functional
group or groups placed on the edge of a macrocyclic
skeleton. The previously developed catalysts in this
series, .., 10-hydroxy-11-hydroxyimino[20]paracyclo-
phane (1)%:2 and substituted 10-hydroxyimino[20]para-
cyclophanes,® have shown characteristic enzyme-like
behavior in the deacylation of p-nitrophenyl carbo-
xylates bearing a long aklyl chain. In those systems,
the reaction had to be carried out at relatively high
pH’s to observe moderate catalysis because of relatively
high pK, values of the hydroxyimino group. Another
macrocycle, 10-amino[20]paracyclophane (2), was pre-
pared previously by Murakami et al.®) and investi-
gated as for its catalytic efficiency in this work. Since
a free amino group is expected to act as either a nucleo-
phile or a general base and a protonated amino group as
either a general acid or an electrostatic catalyst in a
moderate pH region, some novel catalysis different from
those demonstrated by the hydroxyimino group would
be expected in this study.

Amino acid residues as components constituting many

enzymes often bear primary amine substituents. These
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amino groups play indispensable roles in the enzymatic
reactions in one way or another. While the aminolysis
of carboxylic esters is one of the most thoroughly investi-
gated reactions,® the catalytic roles of amino groups
seem less understood in the enzymatic reactions in spite
of their importance. In the present investigation, the
catalytic functions of an amino group placed in the
hydrophobic field are to be clarified to obtain a clue to
development of more elaborated enzyme model systems.

Experimental

Materials. 10-Amino[20]paracyclophane (2) was pre-
pared by a three-step procedure from 11-hydroxy[20]para-
cyclophan-10-one and isolated as the hydrochloride form.®
Preparation of [10-oxo[20]paracyclophan-22(23)-ylmethyl]-
trimethylammonium chloride (3) was described previously.®
p-Nitrophenyl dodecanoate (PNPL) and hexadecanoate
(PNPP) were the same as those described previously.:?
2,4-Dinitrofluorobenzene was obtained as a guaranteed re-
agent from Nakarai Chemicals, Ltd. 1-Dodecanol was also
obtained as a guaranteed grade from Nakarai Chemicals,
Ltd. and distilled in wvacuo before use. Deuterium oxide
(99.75%) and ethanol-d; (99%) were the products of E.
Merck AG and Commissariat al’ Energie Atomique de
France, respectively, and used without further purification.

Kinetic Measurements.® The deacylation rates of p-
nitrophenyl carboxylates were determined by measuring the
absorption at 400 nm either on a Hitachi 124 recording
spectrophotometer or on a Shimadzu-Bausch & Lomb
Spectronic 88 equipped with a Riken Denshi SP-G3
recorder. The procedure for the kinetic measurements was
essentially the same as those described previously.»»® Each
run was initiated by adding an appropriate amount of a
substrate dissolved in ethanol to a reaction medium which
was pre-equilibrated at an appropriate temperature in a
thermostatted cell set in the spectrometer. The reaction
medium was prepared by mixing appropriate amounts of
10-amino[20]paracyclophane, ethanol, potassium chloride,
and buffer salts. The initial substrate concentration was
always maintained at 1.00x 10-> M in order to make critical
comparisons of kinetic data possible, since the hydrolytic
rates of p-nitrophenyl carboxylates bearing a long alkyl chain
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were reported to vary by the change in their initial concen-
trations.”®

pH Measurements. The pH and pD values of reaction
mixtures were measured with a TOA HM-5A pH meter
equipped with a TOA GS-135C combined electrode. The
pH meter was calibrated by using a combination of appro-
priate aqueous buffer solutions. The pH values thus deter-
mined were converted into stoichiometric hydrogen ion
concentrations (—log[H*]) by titrating perchloric acid with
standard sodium hydroxide in the same solvent as used for
the kinetic runs (10.9 or 20.89%, (v/v) aqueous ethanol). The
difference between pH in 20.89%, (v/v) aqueous ethanol and
pD in 20.8%, (v/v) ethanol-d,-79.2%, (v/v) deuterium oxide
was directly estimated from the pH-meter readings measured
in phosphate buffer for both solvent systems.

Product Analysis.” A solution of 2 (14 mg) and PNPL
(50 mg) dissolved in a mixture of aqueous borate-carbonate
buffer (pH 9.4, x=0.1 with KCl, 800 ml) and ethanol (200
ml) was stirred at 40 °C for 58 h, and the mixture was ex-
tracted with ether (150 mlx6). The ether extracts were
washed with water (200 ml X 2), dried over sodium sulfate, and
evaporated to give an oil. The oily material was chromato-
graphed on a column (2.4 15 cm) of silica gel (Wakogel
C-100) with dichloromethane—benzene (1 :1) as an eluant
to afford ca. 4 mg of the acylated amine (4). The authentic
sample was prepared independently as follows for the identi-
fication of the product. A solution of 2 (20 mg) and dodeca-
noyl chloride (100 mg) in dry ether (25 ml) was stirred under
reflux for 8 h. The cooled solution was washed with 5%,
aqueous sodium carbonate (20 mlXx 3), 5%, aqueous sodium
hydroxide (20 mlx5), and then water (30 mlx2) in this
sequence. The usual work-up gave an oily material (ca. 40
mg) which was applied on a chromatographic column in a
manner as described above. The amide fraction eluted with
dichloromethane-benzene (1 : 1) was further purified by a
Hitachi 635 liquid chromatograph equipped with a column
of Hitachi gel 3019. Methanol was used as eluant and com-
ponents eluted were detected by UV absorption at 254 nm.
Spectral data identified the acylated amine (4) with the
isolated authentic sample (ca. 5 mg). IR (neat): 3280 (NH
str.), 1635 (amide C=O str.), and 1552 cm~! (amide NH
bend. and CN str.). NMR (CDCl;, TMS): 6 7.11 (s,
aromatic), 5.13 (broad d, NH), 3.51 (m, HCNHCO), 2.64
(t, benzyl methylene), 2.16 (t, CH,CO), and 1.9—0.8 (m,
methylene).

Results

The deacylation reaction of p-nitrophenyl carboxy-
lates was investigated in aqueous ethanol both in the
absence and in the presence of 2 as listed in Table 1.
The initial concentration of a substrate was adjusted
at 1.00 x 10~ M and total amount of 2 was in the same
concentration range. The pseudo-first-order rate con-
stants were obtained from the early stage, since good
first-order correlations were observed for that range
under the present conditions. While 2 showed little
catalytic effect in the degradation of substrates bearing
a comparatively short alkyl chain in a manner as ob-
served with 1,12 it showed marked rate acceleration
in the reaction of carboxylic esters bearing a longer
alkyl chain, such as PNPL and PNPP. The extents of
rate acceleration in the ester decomposition are 1380-
and 4750-fold for PNPL and PNPP, respectively, relative
to their spontaneous hydrolyses as shown in Table 2.

pH-Rate profiles for the reaction between 2 and PNPL
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Fig. 1. pH-Rate profiles for the deacylation of PNPL
as catalyzed by 2 in 20.89%(v/v) aqueous ethanol
(O) and in 20.8% (v/v) ethanol-d;-79.29%,(v/v) deuter-
ium oxide (A) at 40.0+0.1°C and x=0.10 (KCI)
with the initial concentrations: PNPL, 1.00x 10-® M;
2, 0.998x 105 M. Solid lines are theoretical curves
calculated by using parameters given in Table 3.
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Fig. 2. pH-Rate profiles for the hydrolysis of PNPL as
catalyzed by the specific base (hydroxide ion) in 20.8
% (v/v) aqueous ethanol (O) and in 20.8%(v/v)
ethanol-d;~79.29%, (v/v) deuterium oxide (A) at 40.0=
0.1°C and p=0.10 (KCl) with the initial PNPL
concentration of 1.00x 10~ M. The kinetic solvent
isotope effect (K /k®) is 0.47.

in 20.89, (v/v) aqueous ethanol and in 20.89, (v/v)
ethanol-d,—79.29, (v/v) deuterium oxide are a character-
istic sigmoid type for which the acid dissociation pro-
cess is responsible (Fig. 1). This feature is consistent
with the presence of two forms for the present catalyst,
i.e., protonated (2a) and free amine species (2b), the
latter being far more effective (Eq. 1). Figure 2 shows
the solvent isotope effect on the specific base catalyzed
hydrolysis of PNPL, plotted as log k4 vs. —log [H*]
or —log [D+].

HO-NH,+ —= HC-NH, (1)
(Ky)

The kinetic pK, values for the aminoparacyclophane in

the presence of PNPL and PNPP are listed in Table 3

along with their deacylation rates as catalyzed by the

two functional species, 2a and 2b. It must be noted
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TABLE 1. APPARENT FIRST-ORDER RATE CONSTANTS FOR THE H-NITROPHENOL RELEASE FROM f-NITROPHENYL
CARBOXYLATES IN THE PRESENCE OF 2 IN AQUEOUS ETHANOL AT 40.0+0.1°C anp x=0.10 (KCI)

—log [H+] [2]X105/M [S]® X 105M  kopeq X 10%/s~ —log [H+] [2]X105/M [S]® X 105/M  kopsq X 103/s-1
Substrate: PNPLY 6.830 0.998 1.00 0.363
6.30 0.998 1.00 0.387, 0.403 6.909) 0.998 1.00 0.423
6.39 0.998 1.00 0.403 6.959 0.998 1.00 0.583
6.42 0.998 1.00 0.300 7.100 0.998 1.00 0.587, 0.590
6.61 0.998 1.00 0.290, 0.333 7.389 0.998 1.00 1.01
6.82 0.998 1.00 0.370, 0.330 7.819) 0.998 1.00 1.65
6.89 0.998 1.00 0.473 7.879 0.998 1.00 2.35
7.00 0.300 1.00 0.148 8.359 0.998 1.00 3.54
7.00 0.400 1.00 0.190 8.619 0.998 1.00 4.21
7.00 0.500 1.00 0.271 8.879 0.998 1.00 4.83
7.00 0.700 1.00 0.348 9.039 0.998 1.00 5.13
7.00 0.800 1.00 0.398 9.159 0.998 1.00 5.15
7.00 0.900 1.00 0.490 9.55% 0 1.00 0.555
7.00 0.998 1.00 0.571 9.719 0.998 1.00 6.25
7.00 1.00 1.00 0.571 10.189 0 1.00 1.08, 1.07
7.00 1.10 1.00 0.692 10.619 0.998 1.00 8.17
7.00 1.20 1.00 0.833 10.65% 0 1.00 2.10
7.00 1.40 1.00 1.07 10.660 0 1.00 1.95
7.00 1.50 1.00 1.05 10.979 0 1.00 3.38
7.00 1.60 1.00 1.20 10.979 0.998 1.00 9.62
7.00 2.00 1.00 1.41 Substrate: PNPPe)
7.16 0.998 1.00 0.825 6.43 0.995 1.00 0.625
7.90 0.998 1.00 2.89 6.97 0.301 0.996 0.072
8.40 0.998 1.00 4.66 6.97 0.502 0.996 0.162
8.40 0 1.00 0.023 6.97 0.703 0.996 0.213
8.86 0.998 1.00 5.79 6.97 0.904 0.996 0.353
8.86 0 1.00 0.059 6.97 1.00 0.996 0.410
9.24 0.998 1.00 6.29 6.97 1.21 0.996 0.532
9.24 0 1.00 0.073 6.97 1.41 0.996 0.517
9.69 0.998 1.00 6.77 6.97 1.51 0.996 0.748
9.69 0 1.00 0.233 6.97 1.61 0.996 0.895
9.95 0 1.00 0.328 6.97 1.71 0.996 0.998
9.95 0.300 1.00 1.90 6.97 1.81 0.996 1.15
9.95 0.400 1.00 2.77 6.97 1.91 0.996 1.23
9.95 0.500 1.00 3.46 6.97 2.01 0.996 1.23
9.95 0.700 1.00 5.15 7.44 0.955 1.00 0.583
9.95 0.800 1.00 5.85 7.74 0.955 1.00 1.67
9.95 0.900 1.00 6.54 8.24 0.955 1.00 3.02
9.95 0.998 1.00 6.84 8.61 0.955 1.00 4.53
9.95 1.00 1.00 7.29 8.99 0.955 1.00 5.41
9.95 1.10 1.00 8.25 9.61 0.955 1.00 5.53
9.95 1.20 1.00 8.80 9.94 0.955 1.00 5.90
9.95 1.30 1.00 9.00 10.27 0.955 1.00 6.20
9.95 1.40 1.00 9.75 10.29 0 0.996 0.067
9.95 2.00 1.00 10.8 10.29 0.301 0.996 1.14
10.29 0 1.00 0.658 10.29 0.401 0.996 1.68
10.44 0.998 1.00 7.33 10.29 0.502 0.996 2.35
10.54 0.998 1.00 7.50 10.29 0.703 0.996 3.50
10.77 0 1.00 0.962 10.29 0.803 0.996 4.19
10.96 0 1.00 1.39 10.29 0.904 0.996 4.89
Substrate: PNPL® 10.29 1.00 0.996 5.77
6.330 0.998 1.00 0.250 10.29 1.11 0.996 5.54
6.589 0.998 1.00 0.303 10.29 1.21 0.996 6.38
6.670 0.998 1.00 0.326 10.29 1.31 0.996 6.64
6.829 0.998 1.00 0.347 10.29 1.41 0.996 6.92
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Deacylation of Carboxylic Esters by 10-Amino[20]paracyclophane

TasLE 1. continued

—log [H*] [2]x105/M [S]® X 105/M  kopsq X 103/s1 —log [H¥] [2]x105/M [S]® X 105/M  kypsq X 103/s71
10.29 1.51 0.996 7.00 Substrate: PNPP?
10.29 2.01 0.996 7.72 6.38 0.955 1.00 1.66
10.67 0.955 1.00 6.23 6.81 0.955 1.00 2.20
10.79 0.955 1.00 6.16 7.38 0.955 1.00 3.59
7.86 0.955 1.00 4.16
a) Initial concentration of a p-nitrophenyl carboxylate. b) Buffer systems: KH,PO,-Na,B,O, for —Ilog [H+*]
values of 6.0—9.0; Na,CO,-Na,B,0, for —log[H+]1>9.0. Solvent: 20.8%(v/v) aqueous ethanol. c) Buffer

systems: KH,PO,-Na,HPO, for —log[D*] values of 6.33—7.87; KH,PO,-Na,B,O, for —log[D+] values of 8.35—
9.15; Na,CO; for —log[D+]>9.55. Solvent: 20.8% (v/v) ethanol-d;-79.2%,(v/v) deuterium oxide. d) —Ilog[D+].
e) Buffer systems: KH,PO,-Na,B,O, for —log[H+] values of 6.0—9.0; Na,CO;-Na,B,O, for —log[H+]>9.0 but
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Na,CO; for —log[H+]=10.29. Solvent:
Solvent: 10.99%,(v/v) aqueous ethanol.

TABLE 2. RATE ENHANCEMENT EFFECTED BY 10-AMINO-

[20]PARACYCLOPHANE (2) IN THE DEACYLATION
orF PNPL anp PNPP2 °
10+ o) 7
b -
Substrate [2]x109M  kom® K g 5 °
=
None 0.49-0.00% -
PNPL { 0.998 6839 } 1380 g ]
None 0.12 5
PNPPO { o 570 } 4750 &
a) Solvent, 20.8% (v/v) aqueous ethanol; #=0.10(KCl);
40.010.10°C. b) kop=Fknya/[OH"]. ¢) ko= (kobsa— 0 )

knya)/[2). d) [PNPL]y=1.00x10-5M; —log[H+]=
9.95—10.97 e) [PNPL],=1.00x10-5M; —log[H+]=
9.95. f) [PNPP],=0.996 X 10-5 M; —log[H+]=10.29.

that the kinetic pK, value decreases with the decrease
in an ethanol content, even though it is little effected
by a small change in the alkyl-chain length of the sub-
strates. 'The equilibrium solvent isotope effect (pK,®
—pK,®) is 0.20. The kinetic solvent isotope effects
for reactions of PNPL with 2a and 2b, £ /k®)  are
0.67 and 1.09, respectively.

The saturation-type kinetics was observed as exem-
plified by the correlation between concentration of
aminocyclophane 2b and rate constant for the deacyla-
tion of PNPL (Fig. 3). These results are consistent
with a reaction mechanism which involves pre-equi-
librium complexation of the aminoparacyclophane and
the substrate at a 1 : 1 molar ratio, followed by the
pseudo-intramolecular catalysis effected by the amino

20.89% (v/v) aqueous ethanol. f)

Buffer system: KH,PO,-Na,B,0..

[2b] X 105/M

Fig. 3. Saturation-type kinetics for the reaction of PNPL
with 2b in 20.89, (v/v) aqueous ethanol at 40.0+0.1
°C, £=0.10 (KCl), and —log[H*]=9.95 with the in-
itial substrate concentration of 1.00x 10-®* M. Solid
line is the theoretical curve calculated by using pa-
rameters listed in Table 5.

group of the paracyclophane.

The addition of 1-dodecanol resulted in the depression
of the catalytic efficiency of 2 in the degradation of
PNPL and PNPP, while the alcohol alone (10-¢ M,
10-fold amount of the substrates) did not show any
effect on the hydrolysis of both substrates.

The extent of inhibition by 1-dodecanol increased with
the increase in its concentration, and both PNPL- and
PNPP-systems show a similar behavior (Fig. 4). On
the other hand, 2,4-dinitrofluorobenzene (DNFB) in-

TABLE 3. ACID DISSOCIATION CONSTANTS OF THE PROTONATED AMINO GROUP OF 2 AND RATE CONSTANTS
FOR THE DEGRADATION OF PNPL AnD PNPP As GATALYZED BY CONJUGATED FUNCTIONAL SPECIES 2a AND 2b®)

Ethanol content

Substrate [2] x 105/M For® /M-15-1 k(aay X 104/5~1

o (v/v) kgry X 10%/s71 rK,
PNPL 0.998 20.8 0.49-0.00 1.4+0.5 6.65+0.10 8.07
PNPL®) 0.998 20.8 1.06+0.00 2.1+0.3 6.11+0.31 8.25
PNPP 0.995 20.8 0.12 2.4+0.2 6.14+0.43 8.26
PNPP 0.995 10.9 — 1.0+0.1 4.74+0.14 7.08

a) [Substrate]q=1.00x10-5M; 40.0+0.1 °C; x4=0.10 (KCIl). pK,-Values were evaluated graphically for the first
approximation from the corresponding pH-rate profiles (see Fig. 1), and k() and k¢ values as well as pK,
were determined from computations which provide best fits to the corresponding kinetic (pH-rate) data. b)
The second-order rate constant for the specific base catalyzed hydrolysis in the absence of 2; kog=Fknyq/[OH]
or kuya/[OD-]. c¢) In 20.89 (v/v) ethanol-d;-79.29%, (v/v) deuteruim oxide.
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Fig. 4. Inhibition of the 2-catalyzed degradation of

PNPL (O) or PNPP (A) by l-dodecanol in 20.89,
(v/v) aqueous ethanol at 40.03-0.1 °C, x=0.10 (KCl),
and —log[H+]=10.29 with the initial concentrations:
PNPL, 0.997x10-5M; PNPP, 0.996x 10-°M; 2,
1.00 x 105 M.

TABLE 4. THE EFFECT OF CHEMICAL MODIFICATION OF 2
WITH 2,4-DINITROFLUOROBENZENE IN THE CATALYTIC
DEGRADATION oF PNPL®)

[2] x 10° [DNFB] x 10° Incubation time kqopsq X 10%
M M s—1
None None — 1.53

1.00 None — 62.7
1.00 0.515 24 16.7
1.00 0.515 60 16.3
1.00 1.03 24 1.03
1.00 1.03 60 1.11
1.00 5.15 24 1.13
1.00 5.15 60 0.92

a) [PNPL],=1.00X 10~ M; solvent, 20.8%, (v/v) aqueous
ethanol; £=0.10(KCl); —log[Ht]=9.26; 40.0=+0.1°C.

hibited the aminoparacyclophane-catalyzed reaction in
a manner different from 1-dodecanol. The pre-incuba-
tion of 2 with DNFB resulted in an appreciable reduc-
tion of the catalytic efficiency as listed in Table 4.
Examination of the effects of incubation time and
DNFB concentration on the reaction rate confirms that
the amino group of 2 reacted quantitatively with DNFB
at a 1 : 1 molar ratio in 24 h. It must be noted that
the dinitrophenylated aminoparacyclophane reduced
the rate of PNPL decomposition even below the cata-
lyst absence level.

Discussion

10-Amino[20]paracyclophane is characterized by two
functions: a hydrophobic binding site formed by poly-
methylene chains and a benzene ring, and a catalytic
center provided by an amino group. In fact, dinitro-
phenylation of 2 with DNFB, which is the potent re-
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Ky’ ky!

S + 2 —= (S—2a) - P, )
(hydrolysis)
K “H K”H
Kb a
S +2b — (S—2b) — P, 3)
(aminolysis)

l khyd

P,
P,: Carboxylate and p-nitrophenolate ions,

P,: carboxylate, p-nitrophenolate, and regenerated 2a,
P,: p-nitrophenolate ion and acylated 2.

Scheme 1.

agent to modify an essential amino group of enzymes,!?)
resulted in the complete disappearance of catalytic ef-
fect. Accordingly, it is evident that the amino group
placed on the paracyclophane skeleton plays an indis-
pensable role in the catalytic degradation of the carbo-
xylic esters. Formation of an inclusion complex be-
tween 2 and the substrate was confirmed by the inhi-
bition experiment with Il-dodecanol. The catalytic
efficiency exhibited by 2 gradually decreases with the
increase in inhibitor concentration as shown in Fig. 4.
Since the inhibitor and the substrate (PNPL or PNPP)
bear a hydrophobic alkyl chain of similar length, they
can compete with each other in occupying the hydro-
phobic cavity of the catalyst.

In consistent with the pH-rate correlation (Fig. 1)
and the saturation-type kinetics (Fig. 3), the reaction
scheme is given by Scheme | in a manner similar to
those applied to the hydroxyiminoparacyclophane cata-
lysis described previously.?) This reaction scheme
means that the pre-equilibrium complexation of the
aminoparacyclophane with the substrate ata 1 : 1 molar
ratio is followed by the pseudo-intramolecular catalysis
to decompose the substrate. Reactions 2 and 3 in
Scheme 1 can be treated separately by analyzing the
kinetic data obtained in sufficiently lower and higher
pH regions, respectively, relative to the pK, value of
the catalyst. The binding constant K, and the rate
constant for substrate decomposition k, were computed
by the nonlinear least-squares method to obtain best
fit to the kinetic data (see Appendix). The rate con-
stants of simple hydroxide-catalyzed hydrolysis (kyg4)
were obtained independently from kinetic runs in the
absence of the catalyst (Table 5).

Nucleophilic Catalysis in the Higher pH Region.lV)

In general, the free amine takes part in the decomposi-
tion of carboxylic esters in two different ways;3 the
general base catalysis to give the same product as ob-
served in the corresponding spontaneous hydrolysis,
and the direct nucleophilic attack of the amino group on
the ester carbonyl to give the acylated amine. When
both substrate and amine bear long hydrocarbon chains,
the overall rate of ester degradation was accelerated
drastically due to the mutual hydrophobic interaction
which facilitate to place the amino group in a close
vicinity of the ester carbonyl.”1? At the same time,
the aminolysis becomes the major reaction among com-
peting ones. Similar proximity effect is expected for
the present paracyclophane system and the amino group
attacks on the ester carbonyl as confirmed by the prod-
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TABLE 5.

Deacylation of Carboxylic Esters by 10-Amino[20]paracyclophane
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KINETIC PARAMETERS FOR THE DEACYLATION REACTIONS OF PNPL ano PNPP

AS CATALYZED BY 2b®

Substrate —log[H+] knya X 104/s71 ko X 102/s71 Ky x10-3/M—1 uw»
PNPL 9.95 3.28 2.40 59 4.32x10-¢
PNPP 10.29 ca. 0.1—0.5 1.38 100 2.76 x10-¢

a) [PNPL],=1.00x10*M and [PNPP],=0.996x10-5M; solvent, 20.8% (v/v) aqueous ethanol; 40.0+0.1 °C;

£=0.10 (KCI).

uct analysis. The observed small isotope effect on the
specific rate constant, k&R)/kG5,=1.09 for PNPL as
shown in Table 3, is consistent with the direct nucleo-
philic attack by the amino group. For the nucleo-
philic displacement, the kinetic solvent isotope effect is
usually very close to unity: phenyl acetate with imi-
dazole, 1.07;1% p-nitrophenyl acetate with imidazole,
1.0;% and p-nitrophenyl acetate with trimethylamine,
0.9.19

The ester degradation was even slower than the
corresponding spontaneous hydrolysis in the presence
of the dinitrophenylated aminoparacyclophane. This
means that the modified paracyclophane can still in-
corporate the substrate and the incorporated substrate is
less susceptible to the nucleophilic attack by hydroxide
ion due to the steric hindrance effect exerted by the
bulkyl substituent. A similar state of affairs has been
noted by Bender et al. for the reaction between phenyl
acetates and dodecamethylcyclohexaamylose.’®)  Since
the present and related paracyclophanes may be re-
garded to exist largely in a monomeric form under the
kinetic conditions,® the inclusion complex is most
plausibly formed at a 1:1 molar ratio as shown in
Scheme 1. The cyclic skeleton of 2b shows a profound
tendency to bind the substrates in a manner similar
to those observed for other [20]paracyclophanes.l~3)
Thus, there is no doubt that [20]paracyclophane skele-
ton provides an effective hydrophobic binding site for
carboxylic esters bearing a long alkyl chain.

Another prominent feature found in the present study
is that the acyl transfer rates as catalyzed by the amino
group (2b) are comparable to those by the hydroxy-
imino group (1); £,=1.82x10-2 57! at 43.1 °C and pH
10.3 for PNPL, and 4.45x 102 s at 39.9 °C and pH
10.7 for PNPP with the hydroxyimino group in 10.99%,
(v/v) aqueous acetone.’) This result seems to be rather
surprising since the basicity of the hydroxyimino group
of 1 is greater than that of the amino group of 2b by
an order of approximately 10%. The large basicity as
well as the additional a-effect should in general enhance
the nucleophilic reactivity of the hydroxyimino group
relative to the amine. The complexation of 2b with
the substrate bearing a long alkyl chain may provide a
profound hydrophobic reaction field for the amino
group of 2b. This field effect (microsolvent effect) as
well as the proximity effect seems to enhance the nu-
cleophilicity of the amino group in the present system.

Rate Acceleration in the Neutral pH Region. The
present paracyclophane gave out an appreciable cata-
lysis in the degradation of PNPL and PNPP in a pH
region where the amino group is protonated predomi-
nantly and the spontaneous hydrolysis of the substrate
esters proceeds to a negligible extent. In an alkaline

b) A residual sum of squares for the computational procedure, see Appendix.

region where 2b is the dominant species, the rate plots
always deviated downwards, relative to the linear first-
order correlation line, because the catalytic amino group
was consumed along with the progress of reaction.
On the other hand, the rate plots deviated upwards
in the neutral pH region in a manner as observed in
the spontaneous hydrolysis of PNPP over the whole pH
range. In the cases of the hydrophobic substrates, such
as PNPL or PNPP, the substrate becomes progressively
free from the intermolecular aggregation along with the
progress of reaction because of the decrease of substrate
concentration.®) The kinetic behavior mentioned above
suggests that the deaggregated substrate is more favora-
bly incorporated into the paracyclophane. In the neu-
tral pH region, in addition, it is clear that the catalytic
group is not consumed during the course of reaction. The
protonated amino group most plausibly plays a catalytic
function by either of the following two mechanisms in
the hydrolysis of carboxylic esters. The first one is the
electrostatic catalysis effected by the positively charged
ammonium group which stabilizes the anionic tetra-
hedral intermediate. The alkaline hydrolysis of acetyl-
choline proceeds 32 times as fast as that of 2-(dimethyl-
amino)ethyl acetate.!® This acceleration effect was
attributed to the electrostatic stabilization of the anionic
tetrahedral intermediate by the positively charged am-
monium group of the former species. An appropriate
spatial orientation of an ammonium group relative to
an ester carbonyl was suggested to be responsible for
the development of such electrostatic catalysis.1? 1In
a previous work,? [10-hydroxyimino[20]paracyclophan-
22(23) - ylmethyl]trimethylammonium  chloride  was
found to enhance the deacylation of PNPL and PNPP
in an alkaline solution due to an electrostatic effect pro-
vided by the positively charged ammonium group. In
order to examine the possibility of electrostatic cataly-
sis by the protonated amino group of 2a, the kinetic
effect of [10-oxo[20]paracyclophan-22(23)-ylmethyl]tri-
methylammonium chloride (3) in the degradation of
PNPL was investigated under the following conditions:
pH 7.28; solvent, 20.89%, (v/v) aqueous ethanol; temp,
40.0 °C; ionic strength, 0.10 with KCl; initial concen-
tration of PNPL, 1.00x10-5 M..®) The observed first-
order rate constants (2.33 X 10-5 s~1 with 0.88 x 10-5 M
of 3, and 2.92 x 1075 s~1 with 1.53 x10-%* M of 3) are
much smaller than those observed in the presence of
2a, even though they are larger than that of the sponta-
neous hydrolysis (ca. 1.3 X 10-% s~1) under the same con-
ditions. Thus, it is concluded that contribution of elec-
trostatic effect may be ruled out under the present experi-
mental conditions, even if the structural difference be-
tween 2a and 3 needs to be taken into consideration. In
addition, the observed solvent isotope effect (0.67) seems
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to support this view, since no isotope effect would be
expected for the electrostatic catalysis which involves
no proton transfer process. An alternative mechanism
is the general acid catalysis'®) in which the ammonium
group of 2a attacks on the ester carbonyl as a general
acid and the nucleophilic attack of a water molecule
is facilitated accordingly. Even though the solvent deu-
terium isotope effect is usually greater than unity for
this mechanism, there are other examples in which the
isotope effect is smaller than unity: the dehydration
step of oxime formation, 0.30;1% the acid-catalyzed
addition of thiol to aldehyde, 0.59.20 Thus, the pro-
tonated amino group most plausibly attacks on the ester
carbonyl as a general acid catalyst. This work pre-
sents undoubtedly a novel type of catalysis in any sense
played by the protonated amino group placed on the
hydrophobic cyclic skeleton in the hydrolysis of carbo-
xylic esters.

In brief summary, the present aminoparacyclophane
demonstrated marked catalytic effects on the deacylation
of p-nitrophenyl carboxylates bearing a long alkyl chain
not only in the free base but also in the protonated form.
The nucleophilic attack of the free amino group of 2
on the ester carbonyl takes place pseudo-intramolecu-
larly upon complexation with the substrate, which af-
forded the acylated aminocyclophane. On the other
hand, the general acid catalysis is exercised by the pro-
tonated amino group of 2 in the deacylation of the same
substrates. Even though its absolute catalytic effi-
ciency is not so large as that of the free base group,
a characteristic turnover behavior was observed.

Appendix

Determination of Kinetic Parameters for Saturation-type Kinetics.
When the reaction is carried out in a sufficiently high pH
region relative to the pK, value of the catalyst, the predomi-
nant catalyst species is 2b and Scheme 1 can be simplified to
Scheme 2.

Ky ko
S+C == (5—C) =P

l knya

PI
Scheme 2.

The kinetic parameters given in Scheme 2 are evaluated by
the following computations. Abbreviations are made here
for convenience.

S: a substrate species

C: a catalyst species (2b)

S-C: a substrate-catalyst inclusion complex

P and P’: products

Ky,: a binding constant

ky: a catalytic rate constant for the aminolysis step
a rate constant for spontaneous or simple alka-
line hydrolysis

ky: an overall rate constant
Mass balances in consistent with Scheme 2 are established as
follows.

khyd:

[Slz = [S] + [S—C] )
[Clr = [C] + [S—C] ®

Yukito Murakami, Junzo Sunamoro, Hiroki Konpo, and Hiroshi Okamoto

[Vol. 50, No. 9

The binding constant is given by

_[S-C]

% = Tiq)

(6)
Combination of Egs. 4, 5, and 6 gives

[$—Cl = | (Sh-+ Gl + 3
2

— (111t ) — 4181l } )

The overall rate can be expressed as follows:

kgISIz = kuyalS] + k[S—C] ®)
/. 8=C] [5—C]
"‘”‘(1‘ 5Tr )""“* B ™ ®)

The equation derived by combination of Egs. 7 and 9 is
nonlinear with respect to parameters K, and k,. An iterative
calculation was performed to minimize the residual sum of
squares (U):

U= § {ky(obsd); — &y (caled) 2,

where # is the number of observations at different concentra-
tions of the catalyst and i is the observation-number index.

All calculation processes were programmed by means of
the Fortran language for use with a FACOM 270-20/30
electronic computer of the Computation Center of Nagasaki
University.
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