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Stereoselective Hydrolysis of Amino Acid Esters in Branched or
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ABSTRACT: The viscosity behavior of modified poly(ethylenimine) derivatives and fluorescence behavior
of sulfonated fluorophore and binding behavior of sulfonated dye in branched or linear poly(ethylenimine)
derivatives showed characteristics of the structural nature of the polymers. Stereoselective hydrolysis of chiral
substrates was examined in branched or linear poly(ethylenimine) derivatives with covalently linked di-
peptide-containing histidine. A high stereoselective effect, ky /kp, = 3.6, is observed. Added copper ions influenced
both the rate and stereoselective ratio as catalyzed by the polymers with covalently linked active groups,
depending on the nature of the polymers. A large rate enhancement and a stereoselective preference also
are exhibited in the hydrolysis as catalyzed by N-decanoyl-L-histidine (I) or a dipeptide containing an L-histidyl
residue (IT) in the environment of branched or linear poly(ethylenimine) domain. The dipeptide catalyst revealed
the highest stereoselectivity, k. /kp = 8.6, in a linear poly{ethylenimine) derivative. The effect of the substrate
structure influenced both the rate constant and stereoselective ratio in the hydrolyses by the modified
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Introduction

Developments in the area of synthetic macromolecular
catalysts with enzymelike behavior are impressive.!™
However, there has been little study of stereochemical
effect with synthetic macromolecular catalysts although
the stereoselective preference is one of the most important
properties in many enzymatic actions.>'® Qur laboratory
has been involved in the stereochemical effect on the ca-
talysis in macromolecular systems as models for enzymatic
reactions.

In the previous article,** we first observed stereoselec-
tive preference of amino acid p-nitrophenyl esters hy-
drolysis by branched poly{ethylenimine)s with optically
active histidine moieties. Similar results have been re-
ported by others with imidazole-containing polymers.57
Following in this direction, this paper describes a high
stereoselective effect in the hydrolysis of chiral esters by
modified poly(ethylenimine) derivatives with a covalently
linked dipeptide substituent containing a histidyl residue.'®
Furthermore, this paper describes the results of the cat-
alytic activities of chiral ester hydrolysis in linear or
branched poly(ethylenimine) domains.'® The results of
quarternization of branched poly(ethylenimine) and of the
addition of surfactants on the kinetics of optically active
ester hydrolysis in the branched poly(ethylenimine)s were
reported previously,!*® indicating that the rate and ste-
reoselectivity are remarkably enhanced in the presence of
quaternized branched poly(ethylenimine) derivatives.
However, the branched poly(ethylenimine) has several
kinds of amino groups which occasionally made the be-

*To whom all correspondence should be addressed.
*Present address: Yamaguchi Women’s University, Sakuraba-
take, Yamaguchi 753, Japan.
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havior of catalysis puzzling. In contrast, linear poly-
(ethylenimine) has only secondary amino groups on the
polymer chain and this provides a simpler local macro-
molecular environment in aqueous solution than does the
branched polymer.

A comparison of rate constants and stereoselectivity of
the catalyst in the linear or branched polymer domains
provides some insight into the influence of local macro-
molecular environment on the behavior of the imidazole
nucleophile.

Experimental Section

A Jasco ORD/UV-5 spectropolarimeter was used to measure
specific rotation, [a]p, at room temperature.
Branched poly(ethylenimine) (PEI) and linear poly(ethylen-

imine) (PEI) with an average molecular weight of about 50 000
were gifts from Professor I. M. Klotz (obtained from Dow
Chemical Co.). These materials were purified by ultrafiltration
in an Amicon ultrafiltration apparatus, using a Toyo Roshi UK-50
ultrafilter. N-Decanoyl-L-histidine (I) was prepared and purified
by standard methods. CBZ-L-Leu-L-His (II) was prepared by the
reaction of the N-hydroxysucciniimide ester of N-[(benzoyl-
oxy)carbonyl]-L-leusine with L-histidine (Anal. Found: C, 59,30;
H, 6.60; N, 13.20. Caled: C, 59.68; H, 6.52; N, 13.92; mp 121-122
°C; [elp = +17.3°% 80% EtOH-H,0)."” Lauryl iodide was distilled
before use [bp 117 °C (1.1 mmHg)]. 1,8-Bis(dimethylamino)-
naphthalene, or “proton sponge” (from Aldrich Co.), was re-
crystallized from ethanol-water. 1-Ethyl-3-(3-(dimethyl-
amino)propyl)carbodiimide (Sigma Chemical Co.), L-histidine
methyl ester, CuCl, (Nakarai Chemical Co.), lauryl bromide, and
N-(2-bromoethyl)phthalimide (Tokyo Kasei Co.) were used
without further purification. The substrate p-nitrophenyl esters
of L-N-carbobenzoxyalanine (CBZ-Ala) and L-N-CBZ-phenyl-
alanine (CBZ-Phe) (from Sigma Chemical Co.) were used without
further purification. The preparation of D-CBZ-Ala nitrophenyl
ester has been described previously.!#? The other substrates, D-
and L-N-(methoxycarbonyl) (MOC)-Phe and D-CBZ-Phe were
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Chart I
0 0]
substrate (p-nitropheny! ester) 91—0—'c]—NH—c*H—!:I—o—®—NOQ
s
Ry A,
CBZ-Phe @cm @—cm
CBZ-Ala @cw CHz
MOC-Phe CHg @CHE
catalyst
Dec-L-His (I CHg(CH2)8CONHC HCHp—T—
coon HM 2N
CBZ-L-Leu-L-His (II) Q—CHZOCONHC*HCONHC*HCHZ—F——-\
CH2 LOOH gV
CH(CHa)2

prepared and purified by standard method.!#® These esters were
characterized by their melting points, C, H, and N analyses, and
specific rotation, which were in good agreement with those from
the literature. The purity of these esters was also confirmed from
the kinetic analyses. 2-p-Toluidinylnaphthalene-6-sulfonate
(TNS) (Sigma Co.) was recrystallized from a 2% NaOH solution,
and the sodium salt was dried under vacuum at 25 °C for 24 h.
Formulas of the substrates and catalysts (I-II) are presented in
Chart I. Methyl orange (Tokyo Kasei Co.) was recrystallized from
MeOH-H,0.

Modification of Polymers. Lauryl branched poly(ethylen-
imine) (L(15)-PEI) (III) and lauryl linear poly(ethylenimine)
(L(15)-PEI, L(24)-PEI, L(37)-PEI, and L(50)-PEI) (IV-VII).
Corresponding lauryl iodide was added to branched or linear
poly(ethylenimine) in absolute ethanol containing a “proton
sponge”. The resulting solution was stirred at 50 °C for 24 h. The
polymer-containing solution was dialyzed against 40% ethanol-
water and then against water. The aqueous solution was lyo-
philized. Integration of the proton magnetic resonance (*H NMR)
spectrum of the products in D,0 indicated a corresponding mole
of lauryl groups per residue mole of polymer, respectively. Thus,
the modified polymer may be represented by the following
stoichiometric formulas: L(15)-PEI (III), (C;H,N),.(C1oHos)0.15m
m = 1400; L(15)-PEI (IV), (CQH4N)m(ClgH25)O,15m, m = 1400;
L(24)-PEI (V), (CoHN),.(C1oHas)g 24m, m = 1400; L(37)-PEI (VI),
(CZH4N)m(012H25)0.37m! m = 1400, L(50)-PEI (VII), (CzH4N)m'
(CI2H25)0.50m! m = 1400.

Quaternized Lauryl Branched Poly(ethylenimine)
(Q(lGO}-L(ZS)-PEI) (VIII) and Quaternized Lauryl Linear
Poly(ethylenimine) (Q(155)-L(15)-PEI, Q(146)-L(24)-PEI,
Q(133)-L(37)-PEl, and Q(120)-L(50)-PEI) (IX-XII). The
quaternized polymer with free primary amines (VIII) was prepared
by the following four-step procedures as described in a previous
paper:1¥»f (1) introduction of protected primary amines by re-
action of N-(2-bromoethyl)phthalimide with polymer in absolute
ethanol; (2) alkylation of polymer with C;;Hss groups by reaction
with laury]l bromide in absolute ethanol; (3) quaternization of
polymer with dimethyl sulfate; (4) removal of the phthalimide
protecting groups by treatment with hydrazine in absolute ethanol
and release of primary aminoethyl group (C,HgN) in the polymer.
Quaternized lauryl linear poly(ethylenimine)s IX-XII were pre-
pared by quaternization of lauryl-linear poly(ethylenimine)s IV-
VII with dimethyl sulfate. Integration of the 'H NMR spectra
of the polymer dissolved in D,0 indicated the following stoi-
chiometric composition: Q(160)-L(25)-PEI (VIII), (C;H,N),,-
(Ci2Hag)o 25m(CoHeN)g 10m(CHg) 1 6omClms m = 1400; Q(155)-L-
(15)"PEI (IX)1 (C2H4N)m(012H25)0.15m(CH3)1'55mclm, m = 1400,
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Q(146)-L(24)-PEI (X), (CoH4N)(C12Has)o.24m(CHah1 46mClm, m =
1400; Q(133)-L(37)-PEI (XI&2H4N),,,(C12H25)0‘37,,,(CH3)1 33mCls
m = 1400; Q(120)-L(50)-PEI (XII), (CoHyN),(CioHss)os0m-
(CH3)120mClm! m = 1400.

Acetyl lauryl branched poly(ethylenimine) (Acy}(30)-L(15)-PEI)
(XIII) and acetyl quaternized lauryl branched poly(ethylenimine)
(Acyl(25)-Q(160)-L(25)-PEI) (XIV). The general procedure
followed was that described in a previous papers.!4 This ace-
tylation was carried out with polymers III and IV. These modified
polymers were purified by the same ultrafiltration procedure as

for poly(ethylenimine) (PEI or PEI). The extents of acetylation
(C,H;30) were determined from peak area in the respective 'H
NMR spectra. Stoichiometric compositions for the acetylated
derivatives are as follows: Acyl(30)-L(15)-PEl (XIII),
(CZH4N)m(c12H25)0.15m(CZH30)0.30m, m= 1400; Acyl(25)-Q(160)-
L(25)-PEI (XIV), (CoHN) n{(Ci2Has)a 25m(CoHyN)g 10m{CHghy gom-
(CZH;;O)O,%,,,CI,,,, m = 1400.

Dipeptide-Containing Poly(ethylenimine) Derivatives XV,
XVI, and XVII. Equivalent molar CBZ-L-Leu-L-His (II) and
1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide were added to
an aqueous solution of poly(ethylenimine) derivatives L(15)-PEI
(1I1), L(15)-PEI (IV), and Q(160)-L(25)-PEI (VIII) at pH 6.0. The
resulting solution was stirred at room temperature for 10 days.
The aqueous solution was lyophilized. Integration of the 'H NMR
spectrum in D,O indicated 0.07 mol of dipeptide groups (Cy-
H,;:N,O,) per residue mole of polymer. Thus, modified polymers
may be represented by the stoichiometric formula: dipeptidyl
lauryl branched poly(ethylenimine) [CBZ-L-Leu-L-His(7)-L-
(15)-PEI (XV)], (C;H N),,,(C12Ha5)0.15m(CanHasN¢Ogdo.g7m, m = 1400;
dipeptidyl lauryl linear poly(ethylenimine) [CBZ-L-Leu-L-His-
(7)-L(15)-PEI (XVD)], (CaHN) 1,(C1oHas)o 15m(CaoHzsNaO o g7ms m
= 1400; dipeptidy! quaternized lauryl branched poly(ethylenimine)
[CBZ-L-Leu-L-His(7)-Q(160)-L(25)-PEI (XVII)], (C,H4N),-
(C1oH35)0.25m(CoHeN)o 10m( CaoHosN4O Do.67m(CHa) 1,60 Climy m = 1400.

Kinetic Measurements. Reaction rates were followed, at pH
7.3 in 0.01 M Bis-Tris buffer and at pH 8.0 in 0.01 M Tris buffer,
at 25 °C by the appearance of p-nitrophenolate ion, measured
by increased absorbance at 400 nm as recorded with an Hitachi
Model 124 spectrophotometer. A stock solution of 0.03 M sub-
strate was prepared in dioxane and a stock solution of 0.02 M
catalyst was prepared in 80% ethanol-water or dimethyl sulfoxide.
The reference cell contained appropriate controls to measure the
cleavage of nitrophenyl ester in the presence of all other con-
stituents except the polymer. Pseudo-first-order rate constants
(kopsa) were calculated from the variation of log (A. — A,) versus
time () by use of the least-squares methods. Correlation coef-
ficients were above 0.999.

Nuclear Magnetic Resonance Spectra. Resonance was
scanned in an Hitachi-Perkin-Elmer R20 instrument, operating
at 60 MHz, with an associated data collecting unit (Hitachi A-
1600). Samples in D,0O were prepared at a concentration of
approximately 9% by weight. Each final spectrum was the result
of 100-350 scans.

Viscosity Measurement. Measurements were performed in
0.01 M Bis-Tris buffer at pH 7.3 at 25 + 0.01 °C. An Ubbelohde
dilution-type viscometer was used.

Fluorescence of TNS. Fluorescence spectra were measured
by an Hitachi MPF-2A instrument at 25 °C. Solutions were
prepared in 0.01 M Bis-Tris buffer at pH 7.3. Excitation was 320
nm and emission was 435-445 nm. All the emission spectra was
corrected with guinidine sulfate.

Extent of Binding of Sulfonated Dye to Modified Poly-
(ethylenimine)s. Binding of methyl orange by these polymers
was measured by an equilibrium dialysis method!® at 25 °C. All
the solutions were prepared in 0.01 M Bis-Tris buffer, pH 7.0.

Results and Discussion

Viscous Behavior of Modified Poly(ethylenimine)s.
The viscous behavior of branched and linear poly(ethyle-
nimine) derivatives is illustrated in Figure 1. The reduced
viscosity is fairly independent of the concentration in all
cases except the quaternized polymers. Comparing poly-
mers, one finds that the reduced viscosity at high con-

centration of these polymers increases in the order PEI
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Figure 1. Reduced viscosity as a function of concentration for
poly(ethylenimine) derivatives in 0.01 M Bis-Tris buffer, pH 7.3
at 25 °C: (0) PEL (@) L(15)-PEI (II1); (0) L(15)-PEI (IV); (a)
Q(160)-L(25)-PEI (VIII); (a) Q(155)-L(15)-PEI (IX).

Table 1
Fluorescence Intensity® of TNS in the Presence of Modified
Poly(ethylenimine) Derivatives

polymer I I
PEIL 0.0 0.0
PEI 0.0 0.0
Acyl(30)-L(15)-PEI (XIII) 42.5 1.00
L(15)-PEI (V) 42.9 1.01
Acyl(25)-Q(160)-L(25)-PEI (XIV) 62.3 1.48
Q(155)-L(15)-PEL (IX) 18.3 0.43
Q(146)-L(24)-PEI (X) 79.8 1.89
Q(133)-L(37)-PEI (XI) 77.3 1.74
Q(120)-L(50)-PEI (XII) 68.0 1.61

¢ Measurement conditions: pH 7.3, 0.01 M Bis-Tris buffer, 25
°C; [polymer] = 1.2 X 10 residue molar, [TNS] = 1 X 10 M;
excitation wavelength, 320 nm, emission wavelength, 435-445 nm.
b Relative intensity of fluorescence for XIII (Iy): I,y = I/I,.

> L(15)-PEI (IV) 2 Q(155)-L(15)-PEI (IX) > L(15)-PEI
(I1I) > Q(160)-L(25)-PEI (VIII), indicating that linear
poly(ethylenimine) derivatives have less compact structure
in aqueous solution than the corresponding branched
poly(ethylenimine) derivatives and also that apolar groups
on the polymers cause more compact structure. The shape

of the curve for Q(155)-L(15)-PEI (IX) shows a similar
trend to that for Q(160)-L.(24)-PEI (VIII) which is remi-
niscent of those of a linear, flexible polyelectrolyte in
salt-free or extremely dilute solution as described in a
previous paper.4

Fluorescence Behavior of TNS in Modified Poly-
(ethylenimine)s. The relative fluorescence of TNS in
aqueous solution of various poly{ethylenimine) derivatives
is listed in Table I. As is apparent in Table I, TNS, which
has been shown to be apolar fluorescent probe, is practi-

cally nonfluorescent in aqueous solution of PEI or PEI,
but fluorescent enhancement is observed in the polymers
with apolar groups. Thus, the observed TNS fluorescence
may be due to the binding of the fluorophore to the apolar
areas of polymer surface. Comparing polymers, the in-
tensity of fluorescence increases in the order Q(146)-L-

(24)-PEI (X) > Q(133)-L(37)-PEI (XD) > Q(120)-L(50)-
PEI (XII) > Acyl(25)-Q(160)-L(25)-PEI (XIV) > L-
(15)-PEI (IV) 2 Acyl(30)-L(15)-PEI (XIII) > Q(155)-L-

(15)-PEI (IX) > PEI = PEI In spite of the structural
difference between these polymers, the fluorescence in-
tensity of TNS for 15% laurylated linear poly(ethylen-
imine) (IV) is similar to that for the 15% laurylated
branched one (III). The intensity for polymer IV largely
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Figure 2. Extent of binding of methyl orange (MO) to poly-
(ethylenimine) derivatives in 0.01 M Bis-Tris buffer, pH 7.0 at

25 °C: (&) PEL (a) PEI; (0) L(15)-PEI (III); (®) L(15)-PEI (V).

decreases by quaternization as indeed is observed for
polymer IX. Interestingly, comparing the degree of al-
kylation for quaternized linear poly(ethylenimine) deriv-
atives, the fluorescence intensity of TNS exhibits no sig-
nificant relation with the degree of alkylation on the
polymer, indicating that the binding of TNS to these
polymers largely depends on the macromolecular envi-
ronment due to the degree of alkylation and quaternization
on the polymers.

Binding Behavior of a Sulfonated Dye by Poly-
(ethylenimine) Derivatives. The extent of the binding
of methyl orange (MO) by poly(ethylenimine) derivatives
as a function of the dye concentration is shown in Figure
2. Asis apparent in Figure 2, the extent of binding of MO
by branched PEI or linear PEI is insignificant in the
concentration ranged used. In contrast, binding of MO

by laurylated branched PEI (III) or laurylated linear PEI
(IV) progressively increased with increasing dye concen-
tration, where the difference in the binding behavior of the
dye between linear PEI and branched PEI was not ob-
served. This binding behavior of the dye by these laury-
lated polymers corresponds with the fluorescence behavior
of TNS in these polymers (Table I). Thus, hydrophobic
portion in these polymers provides a crucial effect on the
binding behavior in both branched and linear PEI
Stereoselective Hydrolysis of Chiral Esters by
Modified Poly(ethylenimine)s with a Covalently-
Linked Dipeptide Containing a Histidyl Residue.
Figure 3 illustrates the variation of pseudo-first-order rate
constants (k) and stereoselective ratio (L/D) for MOC-
Phe p-nitrophenyl ester catalyzed by polymers XV, XVI,
and XVII as a function of concentration of the polymer.
In all of these experiments the concentrations were
[polymer] >> [substrate]. The rate varied with increase
of polymer concentration, but the stereoselective ratio was
constant. The second-order rate constants (k) were
obtained from the linear slope in a graph of k.4 against
the polymer concentration. The k., values for various
experiments are shown in Table II. For polymer XVII,
Robsq at first increased with concentration of polymer and
then saturation appeared at a high concentration of
polymer. The kinetics of hydrolysis were, therefore, ana-
lyzed in a format similar to that used in enzymatic catalysis
as described in eq 1 and 2, where S represents substrate

ky ks
S+C ‘T—“ S.C — product + C (1)
Ky = (kg + ko) /Ry (2)
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Table 11
Second-Order Rate Constant (k) and Stereoselective Ratio (L/D) for Hydrolysis® of an Amino Acid p-Nitrophenyl Ester by
a Dipeptide-Containing Polymer

CBZ-Ala
p-nitrophenyl ester
107%k g, M7t min™!

MOC-Phe
p-nitrophenyl ester
107284, M1 min-?

CBZ-Phe
p-nitropheny! ester
1072k gy, M min!

polymer L L/D L D L/D L D L/D
CBZ-L-Lue-L-His(7)-L(15)-PEI (XV) 3.93 2.08 1.9 8.76 3.04 2.9 9.78 2.75 3.6
CBZ-L-Leu-L-His(7)-L(15)-PEI (XVI) 0.59 0.49 1.2 1.63 0.71 2.3

CBZ-L-Leu-L-His(7)-Q(160)-L(25)-PEI (XVII) 211 1.63

13 431 1.93 2.2

¢ Reaction conditions: pH 7.30, 0.01 M Bis-Tris buffer, 25 °C; [polymer] = 0-5 X 107 residue molar, [substrate] = 2 X 105 M.

Table III
Kinetic Parameters for Hydrolysis® of the p-Nitrophenyl
Ester of CBZ-Ala and MOC-Phe by Dipeptide-Containing
Polymer XVII®

1072nky/ K,
substr . oL M
p-nitrophenyl kg, min™! 103Ky/n, M M- min-!
ester L D L/D L D L/D L D L/D
CBZ-Ala 267 213 1.3 643 648 1.0 4.15 329 13
MOC-Phe 5.71 2.86 2.0 7.61 834 0.91 7.50 3.43 2.2

%Reaction conditions: pH 7.30, 0.01 M Bis-Tris buffer, 25 °C;
[polymer] = 0-10 X 107 residue molar, [substrate] = 2 X 107° M.
bXVIL: CBZ-L-Leu-L-His(7)-Q(160)-L(25)-PEI.

and C represents one catalytic site on the polymer.l® The
kinetic constants k, and Ky;/n, where n is the number of
catalytic sites on one molecule of polymer, can be evaluated
when saturation kinetics are obtained, as has been ob-
served for polymer XVII (Figure 3C). Values of these
parameters are listed in Table III.

As is apparent in Table II, the highest stereoselectivity
(L/D = 3.8) is observed for hydrolysis of CBZ-phe p-
nitrophenyl ester by polymer XV. The variation in both
hydrolysis rate and stereoselectivity between the polymers
is fairly large, indicating that the rates and stereoselectivity
are affected by the specific interaction of polymer and
substrate. The stereoselectivity depends on the structure
of the substrate. The stereoselective ratios for MOC-phe
D-nitrophenyl ester, which is the isomer of CBZ-Ala p-
nitrophenyl ester, were greater than those for CBZ-Ala
p-nitrophenyl ester in all cases examined. Nevertheless,
it is apparent that the polymer containing a L-histidine
residue stereoselectively hyrolyzes the L enantiomer of the
substrates, p-nitrophenyl esters of CBZ-Ala, CBZ-Phe, and
MOC-phe in all cases. As is apparent in Table III, the
larger part of the stereoselectivity in the second-order rate
parameter nk,/ Ky, is contributed by k, for both substrates,
indicating that the stereoselective control is mainly de-
termined by acyl transfer to the imidazole function at the
active site of the optically active polymer. Thus, the amino
acid residue next to the imidazole contributes to an in-
crease in the stereoselectivity by increasing the rate of the
hydrolysis of one enantiomer, perhaps by apolar interaction
or hydrogen bonding.

The Effect of Metal Ion on Hydrolysis Rate and
Stereoselectivity by Dipeptide-Containing Poly-
(ethylenimine)s. It had occurred to several investigators
that metal complexes might accelerate the hydrolysis rate
and the stereoselective preference in the hydrolysis of
amino acid p-nitropheny! esters.®'%13 Thus, we also ex-
amined the potential of this approach for dipeptide-con-
taining polymers.

Table IV shows pseudo-first-order rate constants (kgpeq)
and stereoselective ratio (D/L) for hydrolysis of MOC-Phe
as catalyzed by these polymers in the presence of copper

ions. As is apparent in Table IV, added copper ions

showed increases in both the rate and the stereoselective
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Figure 3. Variation of pseudo-first-order rate constant (kgpsq)
and stereoselective ratio (L/D) for hydrolysis of D- and L-MOC-Phe
p-nitrophenyl ester as a function of poly(ethylenimine) derivative
concentration. [substrate] = 2 X 10 M; pH 7.3, 0.01 M Bis-Tris
buffer, 25 °C; (®) b-form, (O) L-form of substrate; (A) CBZ-L-
Leu-L-His(7)-L(15)-PEI (XV), (B) CBZ-L-Leu-L-His(7)-L(15)-PEI
(XVI), (C) CBZ-L-Leu-L-His(7)-L(15)-PEI (XVII).

preference for the linear polymer XVI as described in a
previous paper.}4¢ In contrast, added ions showed de-
creases in both the rate and stereoselectivity for the
branched polymer XV. It is clear that histidine and pri-
mary amino groups in the polymer play a role in creating
sites with a high affinity for Cu?*. For the linear poly-
(ethylenimine) X VI, which has no primary amino groups
on the polymer, the histidine groups on the polymer may
be responsible to the copper ion effect. In contrast, for
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Table IV
Pseudo-First-Order Rate Constant (k,,g) and Stereoselective
Ratio (L/D) of Hydrolysis® of the p-Nitrophenyl Ester of
MOC-Phe by PEI Derivatives

substr no metal Cu?*¢
p-nitro- kobsdi kobsdv
polymer® phenyl ester min?  min™
CBZ-L-Leu-L-His(7)-L(15)-PEI (XV) L 2.65 0.78
D 1.05 0.56

L/D 2.5 1.4
CB2Z-L-Leu-L-His(7)-L(15)-PEI (XVI) L 0.33 0.89
D 0.22 0.51

L/D 1.5 17

¢Reaction conditions: pH 8.0, 0.01 M Tris buffer, 25 °C. ®[polymer]
= 2 X 1078 residue molar; [substrate] = 2 X 10% M. ¢[{CuCly] = 2 x 107
M; L-histidine content in the polymer:Cu®** = 1:1.

the branched poly(ethylenimine) XV, which has primary
amino and histidine groups on the polymer, both groups
on the polymer may be responsible to the copper ion effect.
Thus, the decreasing effect of copper ions on both the rate
and the stereoselectivity for ester hydrolysis in the
branched polymer may be due to the inhibition of the
active primary amino groups on the branched polymer by
added copper ions. )

Stereoselective Hydrolysis of Chiral Esters by
Catalysts in Modified Linear Poly(ethylenimine)
Derivatives. Stereoselective hydrolysis of Moc-phe p-
nitropheny! ester was examined in the presence of modified
poly(ethylenimine) with catalyst I and II. In all of the
experiments the relative concentrations were [polymer] >
[catalyst] > [substrate]. The pseudo-first-order rate
constant (..g) are shown in Table V. As is apparent, in
the absence of catalyst, linear PEI shows a smaller £ eq
by a factor of about 15-40 than branched PEI, which has
reactive primary amino groups on the polymer. Inter-
estingly, after the removal of primary amino groups by
acylation of the branched poly(ethylenimine) and the at-
tachment of nonpolar groups by alkylation, linear PEI with
nonpolar groups becomes more effective than the branched
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polymer in the hydrolysis of the ester with both of the
catalysts. For example, the hydrolysis rate with both
catalysts I and II is in the order L(15)-PEI (IV) > Acyl-
(30)-L(15)-PEI (XIII). However, stereoselectivity (L/D)
does not show any large differences between linear PEI
and the branched polymer.

More extensive kinetic measurements were also made,
therefore, with the linear PEI derivatives. The hydrolysis
rates of MOC-Phe p-nitrophenyl ester catalyzed by CBZ-
L-Leu-L-His (II) or Dec-L-histidine (I) in polymers IX-XII
were measured under conditions where initial concentra-
tion of catalyst (C,) > initial concentration of substrate
(Sg). A substantial difference in rate between the L-form
and D-form of substrate was observed upon addition of
catalyst II. The rate curves for each substrate showed
saturation behavior. The kinetics of hydrolysis were an-
alyzed by an extention of the kinetics equation used in
enzymatic catalysis. If C represents catalyst and P, rep-
resents polymer domain, then one may writel4?

k k',

S + C-Pq 7—_ S.C.Py; —> product + C-P;  (3)
K= (k. + k%) kY (4)

where C.P, indicates the polymer-catalyst complex. For
Co>» Sy

Bonsa = B%Co/(K'm + Cp) (5)

The kinetic constants k% and K can be evaluated when
saturation kinetics are observed for both substrate and
complex, as indeed has been seen for S-C.P4. Values of
these parameters are listed in Table VI. As Table VI
indicates, the highest stereoselectivity (L/D = 8.6) is ob-
served for hydrolysis of MOC-Phe p-nitrophenyl ester by
CBZ-L-Leu-L-His (II) in the presence of Q(146)-L(24)-PEI
(X). The values of the dissociation constant (K% decrease
with increasing extent of nonpolar groups, reflecting in-
creased binding affinity for the substrate. However, there
is little change in the stereoselectivity for K’y with in-

Table V
Pseudo-First-Order Rate Constant (k,,q) and Stereoselective Ratio (L/D) for Hydrolysis® of the p-Nitrophenyl Ester of
MOC-Phe by a Catalyst Containing a Histidyl Residue in the Presence of Polymer

cat. I cat. IT
Lok 10k o, min'! 10k g, min’!

polymer L L D L/D L D L/D
PEI 0.02 0.15 0.13 1.2
PEI 0.43 0.60 0.55 1.1
Acyl(30)-L(15)-PEI (XIID) 0.06 0.79 0.52 1.5 0.33 0.08 4.1
L(15)-PEI (IV) 0.41 32.5 14.1 2.3 24.6 3.10 7.9
Acyl(25)-Q(160)-L(25)-PEI (XIV) 0.40 29.5 14.0 2.1 29.1 4.10 71
Q(155)-L(15)-PEI (IX) 0.46 15.5 7.50 2.1 7.54 1.04 75

s Reaction conditions: pH 7.3, 0.01 M Bis-Tris buffer, 25 °C; [polymer] = 2 X 107 residue molar, [substrate] = 2 X 105 M, [catalyst] =

2 X 10¢ M.

Table VI
Kinetic Parameters for Hydrolysis® of the p-Nitrophenyl Ester of MOC-Phe by Dipeptide Catalyst CBZ-L-Leu-L-His (IT) in
the Presence of Quaternized Linear Polymers

%,, min~! 10Ky, M 1073k’ /Ky, min™t M-!

polymer L D L/D L D L/D L D L/D
Q(1565)-L(15)-PEI (IX) 1.43 0.27 5.3 2.38 3.38 0.71 6.01 0.80 7.5
Q(146)-L(24)-PEI (X) 11.1 1.59 7.0 1.40 1.72 0.83 79.3 9.24 8.6
2.94b 1.74% 1.7t 0.87% 1.30° 0.67° 33.8° 13.3 2.5

L 10.3° 5.05° 2.1¢ 1.29¢ 1.26° 1.0¢ 79.8° 40.1¢ 2.0°
Q(183)-L(37)-PEI (XI) 7.14 1.23 5.8 1.34 1.69 0.77 53.3 7.28 73
Q(120)-L(50)-PEI (XII) 4.55 0.81 5.6 1.00 1.30 0.77 45.5 6.23 7.3
Acyl(25)-Q(160)-L(25)-PEI (XIV) 4.76 0.77 6.2 1.36 1.73 0.77 35.0 4.45 7.9

s Reaction condition: pH 7.30, 0.01 M Bis-Tris buffer, 25 °C, [polymer] = 2 X 1073 residue molar, [substrate} = 2 X 10 M, [catalyst] =
0-2.7 X 10* M. ®Substrate was p-nitrophenyl ester of CBZ-Ala. °Catalyst was Dec-L-His (I).
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creasing extent of nonpolar groups on the polymer. In-
terestingly, the stereoselective ratio (L/D) for k% and for

k’y/ K’y shows a maximum value for Q(146)-L(24)-PEI
{X). The kinetic activation step, represented by k', is
crucial for an effect on the hydrolysis rate and the ste-
reoselective ratio in these polymer domains.

Hydrolysis rate and stereoselectivity in quaternized
branched PEI Acyl(25)-Q(160)-L(25)-PEI (X1V) is fairly
similar to those in the Q(120)-L(50)-PEI (XII), which has

the most alkylated linear PEI, revealing that both poly-
mers have a similar contribution from both k% and K’y
in the macromolecular environment. Alternatively, com-
paring catalysts I and II in the same polymer domain (X),
the stereoselectivity is more enhanced by catalyst II than
by catalyst I in all cases. This trend is primarily a re-
flection of decreased rate, represented by k%, for the hy-
drolysis of the D-MOC-Phe with Dec-L-His (I) in com-
parison to the rate for the hydrolysis of the same substrate
with CBZ-L-Leu-L-His (II).

In addition, stereoselectivity depends on the structure
of the substrate (Table VI). In the same polymer domain
(X) the stereoselective ratio for the MOC-phe p-nitro-
pheny! ester is greater than that for the CBZ-Ala p-
nitrophenyl ester, which is an isomer of the former. As
is apparent in Table VI, the larger part of the difference
in the stereoselectivity for the substrate can be attributed
to k%. It is possible, therefore, that a specific interaction
of the imidazole group in the catalyst with substrate at the
transition state in these polymer domains is crucial for an
effect on the stereoselectivity in these hydrolytic reactions,
as well as for the stereoselective hydrolysis by modified
poly(ethylenimine)s with covalently-linked dipeptide
(XV-XVII, Table II).

Conclusions

Stereoselective hydrolysis of chiral substrates as cata-
lyzed by an optically active imidazole moiety in the hy-
drophobic environment of poly(ethylenimine) derivatives
with both linear and branched backbones was examined,
where the hydrophobic environment on the polymer pro-
vided a crucial role for the stereoselective hydrolysis re-
action. A large rate enhancement and a stereoselective
preference were exhibited in the hydrolysis catalyzed by
L-histidine residues in the hydrophobic domain of mac-
romolecules in which a significant difference of structural
nature between linear and branched polymer was not ob-
served.

Entrapped L-histidine moieties in the macromolecular
domains had a larger catalytic ability for stereoselective
preference than the covalently linked L-histidine moieties
on the macromolecules, indicating that the entrapped
histidine catalyst in the hydrophobic macromolecular
domains can be found in a better location for stereose-
lective hydrolysis than the covalently linked catalyst on
the macromolecules. Furthermore, the dipeptide catalyst
containing L-histidine in the macromolecular domains had
more pronounced stereoselectivity than the corresponding
monopeptide catalyst,!* where the effect of the substrate
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structure greatly influenced much both the rate constant
and stereoselective preference in the hydrolysis.

It will be of interest to see if this stereoselectivity is
manifested with other substrates and whether it can be
further enhanced by alternative active catalysts on the
modified macromolecules.

Acknowledgment. M.N, thanks Prof. I. M. Klotz for
helpful discussions.

Registry No. I, 55258-10-1; I, 79778-48-6; TNS-Na, 53313-
85-2; CBZ-Phe-OC¢H,-p-NO,, 2578-84-9; CBZ-Ala-OC¢H-p-NO,,
1168-87-2; MOC-Phe-OCgH,-p-NO,, 1456-03-7; CuCly, 7447-39-4;
methyl orange, 547-58-0.

References and Notes

(1) Fendiler, J. H.; Fendler, E. J. Catalysis in Micellar and Mac-
romolecular Systems; Academic: New York, 1975.

(2) Kunitake, T.; Okahata, Y. Adv. Polym. Sci. 1976, 20, 159.

(3) Klotz, I. M. Adv. Chem. Phys. 1978, 39, 109.

(4) Overberger, C. G.; Cuter], A. C., Jr.; Kawakami, Y.; Mathias,
L. J.; Meenakski, A.; Tomono, T. Pure Appl. Chem. 1978, 50,
310.

(5) (a) Overberger, C. G.; Cho, I. J. Polym. Sci., Polym. Chem. Ed.
1968, 6, 2741. (b) Overberger, C. G.; Dixon, K. W. J. Polym.
Sci., Polym. Chem. Ed. 1977, 15, 1863.

(6) (a) Van der Eijk, J. M.; Nolte, R. J. M., Richters, V. E. M.;
Drenth, W. Recl. Tray. Chim. Pays-Bas 1981, 100, 222. (b)
Visser, H. G. J.; Nolte, R. J. M.; Drenth, W. Recl. Trav. Chim.
Pays-Bas 1983, 102, 419. (c¢) Visser, H. G. J.; Nolte, R. J. M.;
Drenth, M. Macromolecules 1985, 18, 1818.

(7) (a) Cho, IL; Shin, J.-S. Makromol. Chem. 1982, 183, 2041. (b)
Cho, L; Shin, J.-S. Makromol. Chem. 1983, 184, 147.

(8) (a) Spassky, N.; Reix, M.; Sepulchre, M.-O.; Guette, J.-P.
Makromol. Chem. 1983, 184, 9. (b) Spassky, N.; Reix, M.;
Sepulchre, M.-0.; Guette, J.-P. Makromol. Chem. 1983, 184,
17.

(9) (a) Yashiro, N.; Asakawa, K.; Tsuboyama, K. Kobunshi Ron-
bunshu 1982, 39, 549. (b) Yashiro, N.; Asakawa, K. Kobunshi
Ronbunshu 1985, 42, 43.

(10) Ghazali Harun, M.; Williams, A. Polymer 1981, 22, 946.

(11) Aglietto, M.; Ranucci, E., Ruggeri, G.; Gianni, P. Polymer 1985,
26, 1191.

(12) Yamskov, L. A.; Berejin, B. B.; Belchich, L. A.; Davankov, V.
A. Makromol. Chem. 1979, 180, 799.

(13) Barteri, M.; Pispisa, B. Makromol. Chem., Rapid Commun.
1982, 3, 715.

(14) (a) Nango, M.; Kozuka, H.; Kimura, Y.; Kuroki, N.; Ihara, Y.;
Klotz, I. M. J. Polym. Sci., Polym. Lett. Ed. 19890, 18, 647. (b)
Kimura, Y.; Nango, M.; Kuroki, N.; Thara, Y.; Klotz, I. M. J.
Polym. Sci., Polym. Symp. 1984, 71, 167. (c) Nango, M.; Ki-
mura, Y.; Thara, Y.; Koga, J.; Kuroki, N. Chem. Express 1986,
1, 232. (d) Nango, M.; Kimura, Y.; Thara, Y.; Kuroki, N. Nip-
pon Kagaku Kaishi 1987, 405. (e) Ihara, Y.; Kimura, Y;
Nango, M.; Kuroki, N. J. Polym. Sci., Polym. Chem. Ed. 1983,
21, 1535. (f) Kimura, Y.; Tanaka, A.; Nango, M.; Thara, Y.;
Kuroki, N. J. Polym. Sci., Polym. Chem. Ed. 1984, 22, 407. (g)
Nango, M.; Kimura, Y.; Kanda, S.; Koga, J.; Kuroki, N. Chem.
Lett. 1986, 229.

(15) Preliminarily presented by: Kimura, Y.; Nango, M.; Thara, Y.;
Kuroki, N. Chem. Lett. 1984, 429.

(16) Preliminarily presented by: Kimura, Y.; Kanda, S.; Nango, M.;
Thara, Y.; Koga, J.; Kuroki, N. Chem. Lett. 1984, 433.

(17) Inoue, T.; Nomura, K.; Kimizuka, K. Bull. Chem. Soc. Jpn.

1976, 49, 719.

(18) Klotz, I. M,; Royer, G. P.; Sloniewsky, A. R. Biochemistry
1969, 8, 4752,

(19) Nango, M.; Klotz, 1. M. J. Polym. Sci., Polym. Chem. Ed. 1978,
16, 1265.



