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f two calixresorcinarene (RES) derivatives with nucleophilic
upper rims in the hydrolysis of carboxylate and sulfonate esters of

4-nitrophenol and 2,4-dinitrophenol have been investigated. Rate constants obey the complexation equation:

kobs ¼
kb � KS þ kc½Host�

KS þ ½Host�

Values of the dissociation constant (Ks) of the complexes are within the range exhibited by other systems such as
cyclodextrins–ester complexes. The reactions of sulfonate esters only exhibit inhibition by the macrocyclic hosts. The
reactions of the carboxylate esters exhibit catalysis and inhibition depending on the pH of the system. It is proposed
that the dimethylamino function in RES3 and RES5 behaves as a nucleophile to form a reactive acylammonium
species which subsequently decomposes and regenerates the catalytic amine.

In the reaction of substituted phenyl acetates with RES3 the effective charge on the leaving oxygen in the
complexed state (þ0.88) is slightly more positive than that in the free ester (þ0.70). The effective charge on the
leaving oxygen in the transition structure is substantially more positive (þ0.04 units) than in a model intramolecular
reaction of tertiary dimethylamines with aryl esters (�0.53 units). The influence of the host on the reaction in the
complex includes an electronic component which is ascribed to solvation of the transition structure of the rate-limiting
step by water molecules located within the cavity of the host. It is suggested that this solvation is stronger than that
occurring in the transition state for the model intramolecular reaction. Copyright # 2006 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894–3230/supplmat/
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INTRODUCTION

The study of concave, macrocyclic molecules as host
analogs of enzymes has enjoyed considerable success,
particularly of those derived from cyclodextrins1 and
calixarenes.2 In this paper we describe the synthesis of
water soluble cyclophane derivatives, that is, calixresor-
cinarenes RES3 and RES5, which possess a concave
region suitable to act as a receptor for substrate
complexation and hold functions which are potential
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nucleophilic catalysts, and their employment in structure-
reactivity investigations. The reason for choosing this
cyclophane structure is that it has the potential of being
modified easily on its rims with a variety of catalytic and
binding groups which could be useful in a future
combinatorial approach. Moreover, it can be cheaply
and easily prepared in large quantity. We believe that
design of highly active and selective artificial enzymes
could in future be assisted by combinatorial studies of
structural libraries of potential catalysts and identification
of the structure giving optimum activity.

The scope of the catalytic activity of RES3 and RES5
(structures are shown in Chart 1 together with those of
their precursors RES1, RES2, and RES4) is measured
against the fission of the carboxylate and sulfonate esters
displayed in Chart 2 (identity of substituted phenyl
acetates is shown in Table 3).
J. Phys. Org. Chem. 2006; 19: 630–636
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RESULTS AND DISCUSSION

The kinetics of the reactions of the esters 1–3 (S in
Scheme 1) at ca 0.01 mM in aqueous buffered solutions
containing an excess of the potential host molecule (Host,
i.e., RES3 and RES5) exhibited good pseudo first order
rate dependencies in the concentration of ester over at
least 90% of the total reaction. Generally the kinetics
obeyed a rate law (Eqn (1)) which is consistent with the
mechanism shown in Scheme 1.

kobs ¼
kb � KS þ kc½Host�

KS þ ½Host� (1)
S  +  Host Host S
Ks

PRODUCTS

kb kc

Scheme 1.

Figure 1. Reaction of RES3 and 4-nitrophenyl benzoate 1with in
at 25 8C and 0.1 M ionic strength (made up with KCl)

Copyright # 2006 John Wiley & Sons, Ltd.
In some instances, however, (when [Host] �KS, where
KS is the dissociation constant of the host-guest complex)
the rate constant, kobs, was linear in host concentration.

In the case of the 4-nitrophenyl carboxylate esters,
lowering the pH changed the effect from inhibition
(Fig. 1A) to catalysis (Fig. 1B), due to the background
hydrolysis (kb) becoming slower than the RES3 catalyzed
hydrolysis as the hydroxide ion concentration decreased,
as shown in Fig. 2.

The observed effect implies that the kinetic studies at
the pH where inhibition changes to catalysis are subject to
substantial error in measuring KS because Eqn (1)
predicts that changing [Host] has no effect on the
observed rate constant (when kb¼ kc). On the contrary, in
the hydrolysis of 4-nitrophenyl benzenesulfonate the
effect of RES3 was only inhibition. Although exper-
iments were carried out in a reduced pH range (11.70–
13.01), it may be predicted that, in this latter case, rate
inhibition will prevail also at lower pHs, owing to the
slope of the linear dependence of log kOH versus pH being
unit.

Previous work has shown that the values of KS for
dissociation of the 4-nitrophenyl ester complexes with
RES3 depend on the nature of the acyl function.3

However, the values of KS for RES hosts measured in this
creasing concentrations of RES3 at pH 12.7 (A) or pH 9.6 (B),

J. Phys. Org. Chem. 2006; 19: 630–636



Figure 2. pH-Dependence of the RES3-catalyzed (log kc)
and uncatalyzed (log kb) hydrolyses of esters 1, 2a, and 3.
Identification is as follows. Colors, lines and symbols: red, ester
1; black, ester 2a; blue, ester 3; solid lines refer to log kc
(circles); dashed lines refer to log kb (stars). Open symbols refer
to data from present work, closed ones to data from Ref. 3.
Line for the acetate/RES3 reaction is from Eqn (2) with kmax

c
from Table 3 and pKa¼8.49. kb values for all three esters
agree nicely with values for the hydroxide ion catalyzed fission
of the corresponding esters (ester 1: kOH¼ 3.95M�1 s�1, this
work, see Table 1; ester 2a: kOH¼9.5M�1 s�1, from Ref. 4;
ester 3: kOH¼1.6� 10�2M�1 s�1, from Ref. 5) [This figure is
available in colour online at www.interscience.wiley.com]
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work (shown in Table 1) indicate that in general fairly
strong binding takes place in ester complexes.

The pH-dependences of the kc term for the RES3-
catalysed fission of 4-nitrophenyl benzoate and acetate
should fit Eqn (2), corresponding to a simple ionization
taking place within the pH range explored (potentiometric
titration of RES3, and RES5 as well, gave good values of
the ionization constants Ka, suggesting that no significant
interaction occurred among the dimethylamino groups,
see Supplementary Material). The results for the 4-
nitrophenyl acetate and RES3 appear to fit Eqn (2) nicely,
but the kinetics of the benzoate seem to follow a flattened
sigmoid pH dependence with a relatively low slope (0.47)
over

kc ¼
kmax

c

10�pH=Ka þ 1
(2)

the entire range studied, at variance with 4-nitrophenyl
benzenesulfonate, whose dependence has unit slope. At
this stage, it is not possible to advance any simple
explanation about this fact; it seems reasonable, however,
that in the benzoate reaction specific host-guest inter-
action take place, most likely involving the dimethyla-
mino groups as nucleophiles. A tentative explanation
could be that, upon ionization, the RES3/benzoate
complex has a different behavior than the free RES3,
involving interaction between the ionizing functions. As
for 4-nitrophenyl benzenesulfonate, results are consistent
Copyright # 2006 John Wiley & Sons, Ltd.
with its ‘simple’ encapsulation into RES3 cavity,
followed by slower reaction of the host-guest complex
with hydroxide ion. This result is in line with the
moderate reactivity of aryl sulfonates toward amines.6

The pH-dependences of kc for the acetate and benzoate
esters are consistent with the neutral dimethylamino
functions being involved in the catalysis. It is likely that
the dimethylamino function in RES3 and RES5 behaves
as a nucleophile to form a reactive acylammonium
species which subsequently decomposes and regenerates
the catalytic amine (Scheme 2).
Comparison of macrocycle reactivity with that
of a model nucleophile

The catalytic activity of the hosts can be measured by the
ratio kc/KS which registers the difference in free energy
between the transition structure of the rate-limiting step
and the reactant state where host and ester substrate are
free.1 This ratio therefore could be compared with kNuc,
the second order rate constant for the model catalyst
CH3CONH(CH2)3N(CH3)2 (1-acetylamino-3-dimethyla-
minopropane, compound 4), which also measures the free
energy difference between reactants (free ester and
catalyst) and the transition state. The reactivities kNuc of
the model 4 against esters 1 and 2a are shown in Table 2.
In a previous report,3 the reactivity of trimethylamine was
employed as a model, suggesting that in the hydrolysis of
ester 2a the reaction flux taken by the intramolecular,
RES3-catalyzed route (as compared to the intermolecular
one) is some 99% of the total. For the dimethylamino
group of 4, pKa was estimated to be 9.137 (a pKa value of
9.23 has been reported for N-(3-dimethylaminopropyl)-
acrylamide.8) A further refinement of the model was
carried out as follows: for the intermolecular reactions of
a hypothetical dimethylamino group with a pKa of 8.49
(the same as that of RES3) with ester 2a the bimolecular
rate constant of 6.5� 10�3 can be calculated from that
of 4, assuming a bNuc of 0.9,9 and the respective pKa

values. Supposing that the same bNuc value holds also for
the aminolysis of aryl benzoates (Um et al.10 report a bNuc

of 0.85 for the reaction of 4-nitrophenyl benzoate and
secondary alicyclic amines), a rate constant of
1.1� 10�3 M�1 s�1 can be reckoned for ester 1 analo-
gously. Table 2 also shows the kNuc(calc) values
calculated for a dimethylamino nucleophile with
pKa¼ 8.94, model for the intermolecular reaction of
RES5, as well as the kc(corr) values (kc(corr)¼ kc/8, see
footnote e in Table 2). The comparison of model with host
reactivity is included in Table 2 and the ratio [(kc(corr)/
KS)/kNuc(calc)] shows that there are significant rate
enhancements in the ester hydrolysis catalyzed by RES3
andRES5 as compared with the model nucleophile (in the
less favorable case, i.e., the RES3 catalyzed hydrolysis of
4-nitrophenyl acetate 2a, the reaction flux taken by the
intramolecular route is some 97%).
J. Phys. Org. Chem. 2006; 19: 630–636



Table 1. Rate parameters for the hydrolysis of 4-nitrophenyl esters in the presence of calixresorcinarene hosts. Solvent water
ionic strength maintained at 0.1 M with KCl, 25 8Ca

[Host]/mM
b Host/ester pH kb (s�1) kc (s�1) Ks (mM

�1) Effectc kc/KS (M
�1 s�1)

RES3
0–60 1d 6.97 (3.30� 0.03)� 10�5 —e C
0–60 7.44 (5.37� 0.02)� 10�5 —e C
0–60 7.97 (5.89� 0.01)� 10�5 —e C
0–60 8.64 (1.76� 0.19)� 10�4 —e C
0–60 9.08 (2.95� 0.01)� 10�4 —e C
0–60 9.57 (4.40� 0.02)� 10�4 —e C
5–20 9.60 (1.41� 0.03)� 10�4 (4.41� 0.08)� 10�4 1.09� 0.13 C 0.40
2.5–20 10.51 (1.32� 0.02)� 10�3 (1.39� 0.01)� 10�3 —f —f

2.5–20 11.52 (1.39� 0.01)� 10�2 (3.89� 0.26)� 10�3 3.60� 0.30 I 1.08
2.5–20 12.69 (1.91� 0.02)� 10�2 (1.53� 1.14)� 10�2 6.24� 1.08 I 2.45
2.5–20 2a 8.57 (6.21� 0.01)� 10�5 (3.48� 0.78)� 10�3 43� 15 C 0.081
2.5–20 9.60 (4.72� 0.01)� 10�4 (9.30� 1.40)� 10�3 28� 7 C 0.33
2.5–20 10.60 (3.34� 0.01)� 10�3 (1.08� 0.13)� 10�2 15� 6 C 0.69
2.5–20 10.95 (1.30� 0.02)� 10�2 (7.19� 0.15)� 10�3 2.5� 1.2 I 2.90
2.5–20 11.34 (3.02� 0.01)� 10�2 (1.07� 0.06)� 10�2 5.8� 1.1 I 1.84
5–20 3e 11.70 (6.91� 0.04)� 10�5 (1.04� 0.01)� 10�5 4.06� 0.01 I 0.00256
5–20 12.00 (1.38� 0.01)� 10�4 (3.47� 0.12)� 10�5 3.06� 0.15 I 0.0113
5–20 12.69 (7.79� 0.03)� 10�4 (1.87� 0.09)� 10�4 2.56� 0.19 I 0.073
5–20 13.01 (1.38� 0.01)� 10�4 (3.54� 0.22)� 10�4 3.62� 0.25 I 0.098

RES5
5–20 1 10.51 (1.40� 0.01)� 10�3 (5.21� 1.43)� 10�4 9.7� 3.6 I 0.053
2.5–20 11.48 (1.39� 0.01)� 10�2 (8.51� 1.7)� 10�4 4.8� 1.4 I 0.177
2.5–20 12.03 (4.05� 0.02)� 10�2 (3.19� 1.85)� 10�3 3.5� 0.6 I 0.091
2.5–20 12.69 (1.90� 0.01)� 10�1 (1.12� 0.48)� 10�2 3.7� 0.3 I 3.02
5–20 2a 10.51 (4.18� 0.01)� 10�3 (1.39� 0.60)� 10�2 34� 30 C 0.41
2.5–20 11.48 (4.16� 0.02)� 10�2 (3.09� 0.05)� 10�2 2.5� 0.4 I 12.4
2.5–20 12.03 (1.29� 0.01)� 10�1 (9.28� 0.94)� 10�2 1.9� 2 I 48.8
2.5–20 12.69 (5.16� 0.02)� 10�2 (3.30� 0.20)� 10�1 13� 3 I 25.6

a Concentration of esters ca 0.01 mM.
b Each determination from at least four data points.
c C¼ catalysis; I¼ inhibition.
d Second order rate constant for hydroxide ion attack on the benzoate ester measured in the range of [KOH] 0.05–0.1 M is (3.95� 0.04) M

�1s�1 at 0.1 M ionic
strength maintained with KCl, 25 8C.
e The rate constants kobs� kb at [RES3]¼ 60 mM were normalized to the value kc¼ 4.4� 10�4 s�1 for pH 9.60. It is assumed that KS << [RES3] under these
conditions.
f No effect of host concentration in the range studied.

Scheme 2. Proposed mechanism for catalysis by RES3 and
RES5
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Effective charges during reactions in the
presence of RES3

The values of KS, kmax
c and kmax

c /KS for reaction of
substituted phenyl acetates corresponding to the plateau
Copyright # 2006 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2006; 19: 630–636
,

region of the pH-dependence of the reaction of RES3
are recorded in Table 3 together with kOH for the non-
catalyzed reaction.

KS, kmax
c and kmax

c /KS obey Brønsted Eqns (3)–(6):

log kOH ¼ �0:34 � 0:10 pKArOH
a þ 3:63 � 0:67 (3)

logKS ¼ �0:18 � 0:10 pKArOH
a þ 0:73 � 0:69 (4)

log kmax
c ¼ �0:84 � 0:11 pKArOH

a þ 4:25 � 0:80 (5)

log
kmax

c

KS

� �
¼ �0:67 � 0:16 pKArOH

a þ 4:97 � 1:16

(6)

The effective charge maps11 of the reaction of RES3
and hydroxide ion with substituted phenyl acetates may
be derived from Eqns (3)–(6) and are illustrated in
Scheme 3. The effective charges for the hydroxide ion
reaction with free acetate esters are similar to those
determined from previous measurements.12 The com-
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plexation step exhibits only a small beq corresponding
to only a slight increase in positive effective charge on
the phenolic oxygen; this implies that only a small
component of the driving force of the complexation
process involves an electrophilic interaction with the
complexed ester.

The effective charge measured for the transition
structure of the rate limiting step (þ0.04) is substantially
more positive than that found in the intramolecular attack
by the dimethylamino group on the ester in substitu-
ted phenyl 4-N,N-dimethylaminobutyrates and 5-N,N-
dimethylaminovalerates and the intermolecular reaction
between phenyl acetates and trimethylamine.13 The
difference in effective charge of 0.57 units between
RES3 (þ0.04) catalysis and that of the intramolecular
reaction (�0.53) corresponds to 34% of the total charge
change on the phenolic oxygen (1.7 units) from reactant
to product states.

The increased positive charge in the transition structure
of catalysis by the RES3 could be due to an electrophilic
component providing a stronger interaction than that in
the transition state in the non-host reaction. It is possible
that the negative charge developing in the oxyanion-like
transition structure (Scheme 4) interacts with electro-
philes (E) in the host-guest complex causing a net
reduction of observed negative charge. The reduced
negative charge on the departing ether oxygen in the
transition structure of the intramolecular reaction has
precedence in the proteinase catalyzed hydrolysis of
esters which are proposed to arise from electrophilic
interactions between peptide NH groups in the protein
architecture and the oxyanion-like transition structure.14

The identity of the electrophilic interacting group (E)
could be the NH of the amido function of RES3 but it
could equally well be non-bulk water molecules
accompanying the ester in the host-guest complex. In
either case the results suggest that such interaction is
more effective at withdrawing electrons than in the
transition structure of the reaction in free solution.

Positive increases in charge are observed in transition
structures during hydrolysis of esters in the presence of
xanthines (þ0.54 compared with þ0.3 in the non-
catalyzed reaction).15 This smaller positive increase in
charge is probably due to the xanthines not possessing
suitable structure to accept water molecules and thus not
providing a significant solvation difference from that in
the non-catalyzed reaction. There is even less difference
in solvation between the transition state of the reaction in
water and that of the reaction of ester complexed with
micelle16 where the ester function reacts in a water-like
region of the micelle.

It is interesting to compare results for RES3 with those
for the other poly-dimethylamino substituted resorcinar-
ene (RES5) investigated here. In principle, the overall
length of the chains bearing the catalytic dimethylamino
groups (which is reflected in their distance from the
hydrophobic cavity of the host) could influence their
J. Phys. Org. Chem. 2006; 19: 630–636



Table 3. Rate and equilibrium parameters for the hydrolysis of substituted phenyl acetates in the presence of RES3 hosta

Ester pKa pH lb kb
c Ks

d kmax
c

c kmax
c /Ks

e Effectf kOH
g

4-NO2(2a) 7.11 —i 400 — 28� 7 11.0� 0.4 0.33 C 9.53j

2,4-(NO2)2(2b) 4.11 7.01 356 0.0635� 0.0072 71� 22 (1.2� 0.3)� 104 199 C 620
2-Cl-4-NO2(2c) 5.45 10.58 396 9.26� 1.20 12.4� 0.9 1980� 6 160 C 24.4
2,3,5-Cl3(2d) 6.43 11.00 305 11.2� 0.3 —h —h —h Ch 11.4
4-Cl-2-NO2(2e) 6.46 9.58 428 0.565� 0.069 11.9� 0.5 19.3� 0.33 1.62 C 172
2,4,5-Cl3(2f) 6.72 11.00 312 10.8� 0.2 3.4� 1.3 8.17� 0.29 2.38 I 10.8
2,5-Cl2(2g) 7.51 10.52 300 17.8� 0.3 11.7� 3.2 7.77� 1.3 0.667 I 53.8
4-CHO (2h) 7.66 10.58 327 3.35� 0.05 —h —h —h Ih 6.58
2,3-Cl2(2i) 7.70 10.52 300 13.5� 0.2 12.5� 3.3 4.56� 1.1 0.365 I 40.7
4-Cl-3-NO2(2j) 7.75 9.58 400 0.30� 0.17 12.7� 9.4 3.22� 1 0.254 C 8.00
3,4,5-Cl3(2k) 7.68 11.00 310 11.4� 0.3 4.6� 1.4 5.15� 0.59 1.13 I 11.4
3-CHO (2l) 8.00 11.52 351 13.2� 0.2 2.1� 0.7 7.66� 0.44 3.74 I 4.0
4-CH3CO (2m) 8.05 10.58 321 2.50� 0.02 38� 19 0.953� 0.5 0.0247 I 6.6
2,3,4-Cl3(2n) 7.63 11.00 312 8.58� 0.09 5.1� 0.6 4.01� 0.18 0.782 I 8.6

a Ester concentration¼ 2.5� 10�5
M, temperature 25 8C, ionic strength 0.1 M (KCl), [RES3]¼ 0–20 mM. For each substrate at least seven data points were

obtained.
b Monitoring wavelength of reaction in nm.
c� 103 s�1; except for 4-NO2-phenyl acetate, kmax

c values were calculated from kc values assessed at the indicated pHs through the relationship kmax
c ¼ kc/FB,

where FB is the fraction of host present in its free base form calculated on the basis that pKa¼ 8.49, on the assumption that only the unprotonated form of RES3
is catalytically active (see footnote i).
d� 103

M
�1.

e
M
�1 s�1.

f C¼ catalysis; I¼ inhibition.
g

M
�1 s�1. Second order rate constant for attack of hydroxide ion on free ester (kb/[OH�]).

h Very little change in kobs with increase in [RES3] (kbi kc).
i Data from Table 1 for a range of pHs. kc fitted to log kc¼ log kmax

c � log(1þ 108.49-pH) from which kmax
c was obtained.

j Literature value:3 570 M
�1 min�1, that is, 9.5 M

�1 s�1 at 25 8C.
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cheme 3. Effective charge map for the reaction of substituted phenyl acetate esters with RES3 compared with those for
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Scheme 4. Cartoon of the transition structure in the reac-
tion of RES3with acetate esters; ‘E’ could be either NH of the
component amide or the proton from water molecules
present in the cavity
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complexing and/or catalytic ability. Comparison of kc and
Ks values for RES3 and RES5 displayed in Table 1
suggests that catalytic and complexing properties are
similar for both. A possible explanation is that the
aliphatic chains are flexible enough to allow the
dimethylamino groups to approach the ester function
of the guest molecule in a similar way; moreover, the
difference in length is also comparatively unimportant as
far as their complexing ability is involved. In any case,
values of the dissociation constants (Ks) of the complexes
are within the range exhibited by other systems such as
cyclodextrin-ester complexes.1
EXPERIMENTAL

The macrocycles described here possess, in general, very
high melting points and in some cases the temperature
characteristics were determined by differential scanning
calorimetry (DSC).

Kinetics were followed spectroscopically by using host
solution at a series of concentrations and constant pH and
ionic strength prepared by dilution of a stock solution of
host in buffer with an identical solution of buffer without
added host. Buffer reagents were of analytical grade. In a
number of instances, pH was maintained constant by
mechanical buffering achieved with a Radiometer pH-
Stat. Water was double distilled from glass and degassed
in vacuo. The reactions were initiated by adding a stock
solution of the ester (25mL) to host solution (2.5 mL) in a
silica cuvette in the thermostatted cell holder of a UV–
VIS spectrometer. The progress of the reaction was
monitored at constant wavelength and the change in
absorbance with time was fitted to a pseudo-first order rate
law by use of standard fitting techniques.

Calix-4-resorcinarene RES1 in the cone conformation
was prepared according to Hogberg’s method.17 Derived
calixarenes (RES2–5) were prepared as described in the
supplementary material, available in Wiley Interscience.
Copyright # 2006 John Wiley & Sons, Ltd.
Substituted esters (1–3, Chart 1) were obtained from
previous work from these laboratories.
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