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Abstract

The kinetics of the hydrolysis of benzyl hydrogen phthalate 1 was studied at OH- concentration
within 0.05 and 0.5 M. The reaction does not manifest appreciable intramolecular catalysis. The
base catalyzed rate constant is about two orders of magnitude faster than the value predicted by
the Bronsted plot defined by aryl hydrogen phthalate esters. In the presence of hydroxypropyl-p-
cyclodextrin (HPCD) at NaOH = 0.45 M and at pH= 12.8 the observed rate constant for the
hydrolysis decreases as the HPCD concentration increases in a non-linear fashion. The kinetic
results are interpreted in terms of the formation of an inclusion complex of the ionized substrate
Kep #, with HPCD. In this complex the carboxylate group forms hydrogen bonds with the
hydroxyl groups at the rim of the cyclodextrin cavity and the ionised group of the cyclodextrin is
kept away from the reaction center due to electrostatic repulsion.
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Introduction

The study of intramolecular catalysis in model systems gives important information about
enzyme mechanisms.” It has been shown that the factors that favour the formation of the cyclic
intermediate have enormous influence on the reaction rates.® ? Cyclodextrins, which are cyclic
oligomers of a-D-glucose have a well defined cavity? and have been frequently used as
microreactors which can catalyze or inhibit organic reactions by including the substrate in their
cavity.* Intramolecular reactions are very much dependent on the relative position of the reacting
groups and the time that they are at the proper distance for reaction.’ Inclusion in the cavity of
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cyclodextrin may change the geometry of the substrate and so make intramolecular reactions
more favourable® or more unfavourable than the reactions of the free substrate.

The intramolecular reaction of monoaryl phthalate esters is strongly dependent on the pKa of
the leaving group (Big = -1.15)". This result can be attributed either to a mechanism involving a
tetrahedral intermediate, which has the leaving group departure as the rate determining step, or to
a concerted mechanism for carboxylate addition and phenol departure. For a stepwise
mechanism, a curved Bronsted plot is expected when the range of pK; of the leaving groups is
wide enough.® We therefore considered of interest a study of the kinetic of hydrolysis of benzyl
hydrogen phthalate 1 in water. Unfortunately this ester is too unreactive under conditions where
the intramolecular reaction can compete with the second order rate constant for the reaction of
OH" with the ester. On the other hand, the results for the kinetics of the hydrolysis of this
compound in basic solution, gives interesting information regarding the hydrolysis mechanism.

O

O

We also have studied the reaction in the presence of cyclodextrin because 1 and phenyl
hydrogen phthalate have similar structural characteristic and they should form similar complexes
with B-cyclodextrin. The addition of cyclodextrin significantly decreases the rate of hydrolysis
due to the formation of an inclusion compound with an unfavourable structure for the
intramolecular reaction of the substrate with the ionized hydroxyl group of cyclodextrin. On the
other hand, the reaction of an external OH" is also inhibited for steric as well as electrostatic
reasons. As a result the substrate is very resistant to basic ester hydrolysis.

Results and Discussion

Unless otherwise mentioned, all the kinetic studies were carried out in water containing 3.85 %
v/v acetonitrile (ACN) at 25 °C. At pH 1.00 and 8.00, we did not see any reaction in 7 days
indicating that the intramolecular catalyzed reaction has a rate constant smaller than 10 s™. The
reaction rate for the hydrolysis reaction was determined under pseudo first order conditions using
variable OH™ concentration in the range 0.05 to 0.5M (Table 1).

A plot of the observed rate constant vs OH" concentration (not shown) is linear and from the
slope, the second order rate constant for the hydrolysis reaction was calculated as
(3.13+0.06)x10° M™ s*. The intercept of his plot is zero within experimental error confirming
that the intramolecular catalyzed reaction is very inefficient.
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Table 1. Hydrolysis of benzyl hydrogen phthalate as a function of hydroxide ion concentration®

[NaOH],10% M Kobs, 10 51 P
5 1.496 + 0.007
10 3.01+£0.02
20 6.4+0.4

30 8.8+0.2

40 12.35 +0.07
48 15.0+0.3

50 15.2+0.8

% The reactions were measured at 278nm. The solvent contains 3.85% of acetonitrile.
Temperature 25 °C, ionic strength 0.5M (NaCl as compensating electrolyte). ® The errors are
standard deviations of two determinations.

In order to get more insight into the mechanism of the hydrolysis reaction of this ester, we
have determined the second order rate constants for the base catalyzed hydrolysis of Z-aryl
hydrogen phthalates (Z= p-Me, m-Me, H, p-Cl and m-Cl). The data are collected in Table 2. For
comparison purposes, data for the hydrolysis of aryl benzoate esters are also shown in Table 2. It
can be seen that the carboxylate group decreases the rate of hydrolysis by about a factor of two.
With the data for the hydrolysis of aryl hydrogen phthalates (Table 2) a Bronsted plot can be
drawn, Figure 1, and from the slope the Bj; =-0.68 is obtained.

Table 2. Second order rate constants for the hydrolysis of Z-aryl hydrogen phthalates®

. Phthalate” Benzoate iy
kow, 107 s*M™ kow, 107 s M™ ¢

p-Me 1.92 +0.09 3.32 0.578

m-Me 25+0.2

H 31+0.1 5.60 0.554

p-Cl 6.1+0.5 12.42 0.487

m-Cl 145+0.7

% The reactions were measured at 278nm. The solvent contains 3.85% of acetonitrile.
Temperature 25 °C, ionic strength 0.5M (NaCl as compensating electrolyte). ® The errors are
standard deviations of at least 5 determinations. ¢ Taken from Kirsch, J.F.; Clewell,W.; Simon,
A. J. Org. Chem. 1968, 33, 127. ¢ Ratio between the rate constants for phthalate and benzoate.
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Figure 1. Bronsted plot for the basic hydrolysis of Z-aryl hydrogen phthalates. The pKa of the
phenols were taken from Jencks, W. P.; Gildrist, M. J. Am. Chem. Soc. 1968, 90, 2622 and from
.CRC Handbook of Biochemistry and Molecular Biology, Easman, G.. A. Editor, 3 Edition,
Cleveland, Ohio, CRC Press, 1977.

Considering that the pK, of benzyl alcohol can be estimated as 14.3,° we calculate the second
order rate constant for the hydrolysis of 1 as 2.7x10°> M™s™. This value is about two orders of
magnitude smaller than the experimental value. It is important to notice that the Bronsted plot
for the reaction of hydroxide ion with substituted phenyl acetates fall one order of magnitude
bellow that for the reaction with acetates of substituted alcohols.™

The discrepancy between the calculated and observed values may be explained taking into
account relevant discussion existent in the literature which indicate that for the hydrolysis of aryl
esters there is no barrier for the expulsion of the aryloxide leaving group, therefore the reaction
can be considered to be concerted. On the other hand, for the hydrolysis of esters with poorer
leaving groups, the mechanism of hydrolysis involves a tetrahedral intermediate.***%*314

The hydrolysis reaction of 1 was studied at pH=12.80 and at NaOH=0.45 M in the presence
of variable concentration of hydroxypropyl-B-cyclodextrin (HPCD) (Table 3). This compound is
a derivative of B-cyclodextrin, that have some of the primary and secondary hydroxyl groups
substituted with hydroxypropyl group. The HPCD that we used has an average degree of
substitution of 5.9. The chemical behaviour of HPCD is similar to that of the unsubstituted j3-
cyclodextrin.™

In all cases the reaction is inhibited by hydroxypropyl-p-cyclodextrin and the plot of kops VS
HPCD concentration is non-linear (Figure 2 is representative). On the other hand alpha and
gamma cyclodextrin do not affect the rate, which point to the importance of the size of the cavity
for the inhibition.
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Table 3. Effect of HPCD on the rate of hydrolysis of benzyl hydrogen phthalate®

(HP--CD], 10° M pH=12.80 [NaOH]=0.45 M
' Kops, 10 s Kops, 107 s

0.0 3.37 £0.05 13.8+0.4

1.0 3.32+0.07

2.5 12.3+0.4

3.0 3.12+0.01

5.0 2.84 + 003 10.8+0.2

7.0 2.64 +0.07

10.0 2.29 +0.06 9.32 +0.03

15.0 2.16 + 0.04 79+0.1

20.0 1.61 +0.03 7.03 +0.05

25.0 6.27 + 0.04

30.0 1.36 + 0.02 5.6+0.2

# The solvent contain 3.85% of acetonitrile. Temperature 25 °C, ionic strength 0.5M (NaCl as
compensating electrolyte), error are standard deviations of at least two determinations.
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Figure 2. Effect of HPCD on the hydrolysis of 1 at 25 °C. NaOH = 0.45 M.

In order to determine whether the substrate is associated with the cavity of cyclodextrin, the
reaction was studied in the presence of alcohols that have been shown to compete for the cavity
of cyclodextrin.®® The data are shown in Table 4. We can see that with cyclohexanol, that has the
highest association constant, the rate increases and this is consistent with displacement of the
substrate from the cavity.
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Table 4. Observed rate constant for the hydrolysis of 1 in the presence of several alcohols?

Alcohol (K, M™1)° Concentration, 10° M Kops, 10 57
1-Propanol (4.47) 100.0 1.16 £ 0.03
2-Propanol (2.57) 102.1 1.00 £ 0.03
t-Butanol 100.9 1.38 £ 0.08
Cyclohexanol (688) 11.3 1.32 £0.02
Cyclohexanol 50.9 2.19+£0.04
Cyclohexanol 103.3 2.45+0.04
c 3.01+0.02
d 1.05 £ 0.05

[HPCD]=0.03M (unless otherwise noticed), [NaOH]e#=0.10M. The solvent contains 3.85% of
acetonitrile. Temperature 25 °C, ionic strength 0.5M (NaCl as compensating electrolyte), error
are standard deviations of at lest two determinations. ® Values within bracket are equilibrium
constants for the association with B-cyclodextrin taken from Rekharsky, M.V.; Inoue,Y. Chem
Rev. 1998, 98, 1875. © Reaction without HPCD and without alcohol. ¢ Reaction without alcohol.

Based on all these data we suggest the mechanism shown in Scheme 1. The anion of the
substrate associates with cyclodextrin probably through the aryl ring of the benzylic alcohol
leaving group (see below) and the associated compound react at slower rate than the free
compound. It should be noticed that HPCD has a pK of about 12.2*" so under the conditions of
this study is ionized

: H,C
Q Kep” g
o + — S
O
© O
Kpo[OH' ] kep[OH ]
@]
o + ©/CH20H
@]
(@]

Scheme 1
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The observed rate constant for Scheme 1 is given by equation 1 were Kcp is the rate constant
of the included substrate, Kcp ” is the association constant of the anion of the substrate with the
ionized HPCD.

— (kHO + kCD KCDA[HPCD])[OH _]

k
obs 1+ K,"[HPCD]

1)

The rate and equilibrium constants were calculated using eq 2 which have the same mathematical
form of eq 1 with a=kou[OH] b= kepKep [OHT and c= Kcp™.*® The calculated parameters are
given in Table 5.

a+b[HPCD]
obs — 4 Tiaim—~—~1 (2)
1+ c¢[HPCD]
It can be seen that Kcp ” is similar to the value obtained for phenyl hydrogen phthalate
(29+5) M™ ?° which probably means that the inclusion is similar for both compounds, namely
with inclusion of the substrate with the aryl ring inside the cavity. We can see in Table 5 that the
value of b is indistinguishable from zero at both OH" concentrations indicating that the rate of the
reaction of the included substrate is very small.

Considering b=0, eq 2 can be rearranged to eq. 3

1 1 ®lnpcp] 3)
a a

obs

Table 5. Rate and equilibrium constants calculated from non-linear fitting of the data to equation
2 and from linear regression according to equation 3

pH=12.80 [NaOH]=0.45 M
a (3.47 £0.09) x 10™ (1.37 £0.01) x 107
b 4 x 10™ +0.003 (2+3)x107°
c 48 + 16 52 +5
1/a (28 + 1) x 10° 7317
cla (151 + 9) x 10° (350 + 4) x 10?

A plot according to eq. 3 (Figure 3) is linear, confirming the small value of b=kcpKcp [OH
]. If we assume that b is smaller than 0.1a at the higher HPCD concentration used, we conclude
that kcp must be smaller that 2x10™* M™s™.
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Figure 3. Plot according to eq 3 for the hydrolysis of 1 in the presence of HPCD, NaHO=0.45
M.

At least two mechanisms are possible for the step characterized by the rate kcp in Scheme 1,
these are shown schematically in Schemes 2 and 3.

Scheme 2
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Scheme 3

The observed rate constant for the cyclodextrin-mediated reaction (kcp, Scheme 1) is given
by eq. 4 for the mechanism described in Scheme 2.

kep = KoK K, (4)

Menger has shown® that the hydrolysis of benzyl acetate is inhibited by B-cyclodextrin in
contrast with that of phenyl acetate that is catalyzed. He explain this result on the bases of a
mechanism like that shown in Scheme 2 were k. is the rate determining step in the case of a poor
leaving group such as benzyl alcohol wile k, is the rate determining step for aryl esters.

In order to establish if this is the reason for the inhibition observed in the reaction of
substrate 1, we determined the effect of HPCD on the basic hydrolysis of p-chlorophenyl
hydrogen phthalate, which has a much better leaving group than 1. As we can see in Figure 4,
the rate of hydrolysis of this substrate is also inhibited. The reaction of this substrate has
contribution from the intramolecular catalyzed reaction and the OH" catalyzed reaction, but we
can subtract the contribution from the intramolecular reaction since we know this rate from
previous work.?’ The results indicate that the reaction of OH™ with this ester is also strongly
inhibited, therefore we can discard the mechanism described in Scheme 2. The mechanism must
be the one shown in Scheme 3 were an external OH" react with the complexed substrate and this
reaction is slower than that corresponding to the substrate free in solution.

We suggest that the inhibition observed can be explained if the substrate forms a complex
with a structure as shown in Scheme 4. In this complex the carboxylate group form hydrogen
bond with an hydroxyl group at the rim of the cyclodextrin cavity. In this complex and the
ionized group of cyclodextrin, which is usually responsible for the catalysis in the hydrolysis of
esters, is forced to be located far from the reactive carbonyl ester due to electrostatic repulsion,

The attack of hydroxide ion to the reactive carbonyl group of the ester is difficult due to the
steric constraint imposed by the cyclodextrin and also for electronic repulsion with the
negatively charged oxygen at the rim of the cyclodextrin cavity. The formation of a complex like
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the one shown in Scheme 4 also explain the strong inhibition of the intramolecular catalysis in
the reactions of aryl hydrogen phthalates previously reported.?’
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Figure 4. Effect of HPCD on the hydrolysis of p-chlorophenyl hydrogen phthalate at 25 °C, ionic
strength 0.5 M NaHO=0.45 M, acetonitrile 3.85 %. The solid line was calculated using eg. 2 with

a=0.260, b=4.6 and c=52.
O
;O“H

‘0 O/

Scheme 4

Conclusions

The hydrolysis of benzyl hydrogen phthalate do not show a significant intramolecular catalysis
by the ionized carboxylate group and the rate of the base catalyzed hydrolysis is at least two
order of magnitude faster than the value calculated using the Bronsted plot defined by aryl
hydrogen phthalates. This behaviour is taken as evidence that this substrate react by different
mechanism than that of the aryl esters, and therefore it forms a tetrahedral intermediate. On the
other hand, the hydrolysis mediated by cyclodextrin is very inefficient due to the structure of the
complex of the substrate with the cyclodextrin. We suggest that it has the ionized hydroxyl of the
cyclodextrin rim located far from the reactive carbonyl group. The carboxylate group of the

ISSN 1551-7012 Page 136 ®ARKAT USA, Inc



Issue in Honor of Prof. R. Rossi and Prof. E. Rlveda ARKIVOC 2003 (x) 127-138

substrate that is hydrogen bonded to the non-ionized hydroxyl groups of the cyclodextrin forces
this group disposition.

Experimental Section

General Procedures. NMR were determined on a Brucker AC 200 and IR on a Nicolet 5XC
spectrometer. Aqueous solutions were made up from water purified in a Millipore apparatus.
Acetonitrile Merck HPLC was dried on Silica Gel 10 % p/v as described in the literature.*

HPCD (average degree of substitution 5.9, PM 1454) (Roquette) was a gift from Ferromet
S.A. Argentina and was used without further purification. The pH measurements were done at
controlled temperature and calibrated with buffers prepared according to the literature.?

The benzyl ester was prepared adding phthalic anhydride to a solution of sodium benzyl
oxide prepared from the reaction of benzyl alcohol with sodium in anhydrous ethyl ether at room
temperature. After 5 hs, a 2M solution of HCI in ether was added and the product isolated. Yield.
42 %, mp 104.4-105.4°C (Lit. 103-104).% The *C NMR, H NMR and IR are in agreement with
the literature data.

Kinetic procedures. The reactions were carried out in the thermostated cell of a conventional
spectrophotometer. The substrate dissolved in 100 uL of dry acetonitrile was added to 3 mL of a
water solution containing all the other ingredients. The wavelength used to monitor the reactions
was: 278 nm

The reactions of Z-aryl hydrogen phthalates were done in a Stopped-Flow apparatus with
unequal mixing as reported before.?

All reactions were run at (25.0 £ 0.1) °C and at constant ionic strength (0.5 M) using NaCl as
compensating electrolyte.
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