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Catalytic activity of aminomethylated calix[4]resorsinolarene aggregates
in hydrolysis of esters of phosphorus acids
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The reaction kinetics of aminomethylated calix[4]resorcinofarenes (AMC) with
p-nitrophenyl esters of phosphorus acids (EPA) in a water—DMF solution (30 vol.% DMF)
was studied by spectrophotometry and 3! P NMR spectroscopy in the presence and absence of
the nonionic surfactant Triton X-100. The AMC form aggregates of micellar and nonmicellar
types and are the catalysts for EPA hvdrolysis. The catalytic activity of the aggregates depends
on their structure, pH of the medium, and the nature of the solvent.

Key words: kinetics, micelles, aggregates, surfactants, aminomethylated calix{4]resor-
cinolarenes. esters of phosphorus acids, hydrolysis.

Calix[n]arenes (n = 4—8)1.2 containing various func-
tional groups at the "bottom” and "upper” rims of the
cavity formed by aromatic rings are "endo-receptors” 3
and models of enzymes. 48 At the same time, amphi-
philic water-soluble calix[njarenes possess the propertics
of surfactants. They are seif-organized to form, depend-
ing on the conformation, aggregates of micellar and
lamellar types? and, similarly to natural detergents. are
readily incorporated in micelles and bilayers formed by
other amphiphilic substances.1® However, the catalytic
activity of aggregates of calix{n]arenes and. in particular,
calix[4]resorcinolarenes is poorly studied 1113

The purpose of this work is to study the reactivity of
the aggregates of aminomethylated calix[4]resorci-
nolarenes (AMC, 1—4) in the reaction with 4-nitrophenyl
bis(chloromethyl)phosphinate (5), 4-nitrophenyl chloro-

methylethylphosphonate (6), and 4-nitropheny! di-
phenylphosphate (7) in aqueous DMF (30 vol.% DMF)
in the absence and presence of the nonionic surfactant
Triton X-100.

We have previously shown that in water—alcohol
solutions the reactions of AMC!3 and 2-amino-
methylphenols (AMP).}4 which are the structural units
of AMC, with esters of phosphorus acids (EPA) proceed
in two stages: the first stage produces phosphorylated
AMP or AMC, which then are hydrolyzed to the corre-
sponding acids, i.e., AMP and AMC are the catalysts for
EPA hydrolysis and model the action of esterases. Ac-
cording to the data of spectrophotometry and 3'P NMR
spectroscopy, the reactions of AMC with EPA in aque-
ous DMF studied in this work also proceed in two stages
by Scheme 1.
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Experimental

Compounds 1—4 !5 and substrates 5—7 16.17 were synthe-
sized bv known procedures. Stoichiometric uniformity of the
AMC corresponding to the product with the cis-orientation of
all aliphatic chains R' at the C atoms linking aryl groups was
monitored by the 'H NMR spectra; their physicochemical
properties are presented in our previous work.!3 The kinetics of
the reactions of compounds 1—4 and AMP with substrates 5—7
were studied by spectrophotometry (the first stage) and >'P NMR
(the second stage) under conditions of pseudo-first order with
respect 1o AMC and AMP, whose concentrations by at least an
order of magnitude exceeded the concentrations of EPA. The
formation of p-nitrophenoxide (A = 400 nm) was monitored
spectrophotometrically on a Specord UV-Vis spectrophoto-
meter at 25 °C, pH 8.0 and 10.9. (Y54 = 51075 mol L™\
31P NMR spectra were recorded on a Bruker MSL-400 instru-
ment with a working frequency of 161.97 MHz at 308 K.
The chemical shifts are presented refative to 85% H;PO,.
The observed rate constants (ku,,) were calculated by a
first-order equation. Using data of the functions kgps =
SiCamc.amp.surf) the bonding constants of the substrates (Kpgqa)-
the critical micelle concentrations (CM(C), and the rate con-
stants of reactions of the aggregates (the rate constants in the
micellar phase (k;)) were determined. With this purpose, we
used the equation for the calculation of the kinetic curves,
which reached a plateau, taking into account the partition of
the substrate between the bulk and micellar phase!$:

- kHlO + K KondCsurt . )
I+ KboudCSurf

kobs

Here kya0 (s71) is the rate constant of the reaction in the
water—DMF phase; Cs,¢ (mol L7Y) is the concentration of
AMC. AMP, or Triton X-100 corrected for CMC. The surface
tension of solutions was measured on a tensiometer by the
method of ring detachment, and the electroconductivity of
solutions was measured on a CDM-2d conductometer.

Results and Discussion

The plots of kg for the reaction of 5 with AMC 1-3
and 2-dimethylaminomethyl-4-isononylphencl (8) vs.
their final concentrations (4 1074—3+ 1073 mol L™} in
a 30% (vol.) solution of DMF at pH 8.0 have a nonlin-
ear character and reach a plateau (the Michaelis func-
tion) (Fig. 1), which indicates the formation of aggre-
gates that bind the substrate. To increase the solubility of
AMC, the reactions were carried out in the presence of
the nonionic surfactant Triton X-100 (5- 1073 mol L™y,
which possesses a high solubilizing capability with re-
spect to macrocyclic compounds.!?

It is known?® that Triton X-100 forms micellar ag-
gregates also in water~-dimethylformamide solutions. To
reveal the influence of this surfactant on the reactivity of
AMC, we studied the function kg, = A Cgy) for the
reaction of 5 with 2 (30 vol.% DMF, Came = 4° 107
mol L~!, pH 8.0), whose shape is unusual for the sys-
tems containing the nonionic surfactant and nucleo-
phile. 1t was found that for the concentrations of Triton
X-100 from 1-10~3 to 1.3- 1072 mol L™} the kg, value
is constant and equal to 1.8 - 1072 5~!, ie., Triton X-100

kobs * IO_Z/S—‘I

(1)
=)

0 4 8 12 Camc- 107%/mol L™

Fig. 1. Observed rate constants of the reaction (kg,) of sub-
strate 5 with compounds 1 (7)., 2 (2, 3 (3. and 8 (# as
functions of their concentration in a 30% (vol.) aqueous solu-
tion of DMF, pH 8.0, Csyr = 0.005 mol L™, 25 °C.

in a concentration of 5-1073 mol L™} does not affect
the reactivity of AMC. In the region of surfactant con-
centrations from 2-1072 to 5+ 1072 mol L™, &g is
1.2- 1072 57!, The k. value decreases in this system,
most likely, because of the formation of mixed aggre-
gates or structural rearrangements of Triton X-100 mi-
celles, which occur, as is known,2! after a surfactant
concentration of 1-1072 mol L™ was achieved. The
measurement of the electroconductivity of solutions at
different concentrations of Triton X-100 (Capmc =
4-107% mol L™}, 30 vol.% DMF) showed an inflection
point (CMC) at a concentration of the surfactant equal
to 1.5- 1072 mol L1, By contrast, the plot kps = A Csyp)
for the reactions of 5 with 8 and 2-dimethylami-
nomethylphenol (9) (30 vol.% DMF, Camp =
6+ 1073 mol L™1, pH 8.0) is typical of micelie-catalyzed
reactions (CMC = 2.6-107% and 1.05- 1073 mol L™,
Kiona = 69 and 65 Lmol™!, k, = 1.6-107! and
5-1072 571, respectively).

As seen in Fig. I, the reactivity of AMC depends on
the hydrophobicity of R!. This is probably explained by
the different types of aggregates that formed. Taking into
account that AMC exists in a solution in a cone-like
conformation,?? we may assume that 2 and 3 form in a
solution aggregates of micellar type with hydrophobic
radicals (R! = CgH g, C, Hy;)? or are incorporated into
Triton X-100 micelles similarly to mixed micelles.Z3
Using Eq. (1), we found the parameters of the micelle-
catalyzed reactions of § with 2, 3, and 8 (Table 1).

Comparison of the parameters of the reactions cata-
iyzed by AMC (CMC = 4-1073—7.6-10—° mol L™,
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Table 1. Parameters of the reaction? of substrate § (pH 10.9)
with AMC 2—4, AMP 8, and calix{4|resorcinolarene tetra-
anion 11

Com- CMC ke Koong
pound /mol LI /s /L mol™!
2 4-1073 7.1-1072 940

3 7.6 1073 6.3-1072 1200

8 1.0-10¢ 28-1077 140

4 1.4-1074 7.2-1073 440
2° 2.0-10°3 44-1072 1370
11¢ 6.0-1073 1.7-1073 2120
24 1.8-1075 5-107% 5370

“pH 80. Triton X-100, 30 vol.% DMF, 25 °C. # The CMC
values determined by the surface tension method in the absence
of Triton X-100 at pH 8 and 25 °C are 5- 1073 mol L™} for 2
and 1+ 107 mol L™} for 3. ¢ Reaction with substrate 6 (pH 10.9,
Triton X-100, 30 vol.% DMF. 25 °C). 9 See Ref. 13.

Kyong = 1200—940 L mot™!) and AMP micelles (CMC =
1-107% mol L1, Kyong = 140 L mol™!) (see Table 1)
shows that the AMC micelles are formed much more
easily and bind the substrates much more strongly, and
their catalytic activity is 2.5-fold higher than that for
AMP miceiles. The function kg, = A Capp) for reaction
of 5 with 9, which has no hydrophobic group, is linear in
the region of the studied concentrations of 6+ 107%—
3-1073 mol L™'; the bimolecular constant of this reac-
tion is 1.7 L mol™!'s™!. Unlike 9, the kinetic curve for
the reaction of 5 with AMC 1 (R! = Me) reaches a
plateau, i.e., macrocyclic calixarene 1 forms aggregates
that bind the substrate. In this case, aggregates are

kops * 102/57!
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Fig. 2. Observed rate constants of the reaction (k) of com-
pounds 5 with 2 (/) and 4 (2) (Camc = 4- 107 mol L7!) as
functions of the pH of their 30% (vol.) aqueous solutions of
DMF at Cs,,¢ = 0.005 mol L™1, 25 °C.

probably formed due to the intermolecular hvdrogen
bonds between the functional groups of AMC and Triton
X-100. These aggregates are formed at concentrations an
order of magnitude higher than those for AMC micelles.
They bind the substrate more weakly and are ~10 times
less reactive (see Table ). The Kyqng and CMC values
for these aggregates almost coincide with similar param-
eters for the AMC aggregates that are formed in a
water—isopropyl alcohol mixture (pH 9.0).13

The study of the plot A, = ApH) (Fig. 2) for the
reactions of § with 2 and 4 showed that the shift of pk|
to a more acidic region due to micelle formation is
responsible for the high reactivity of micellar aggregates
of 2 as compared to that of aggregates of 4. In the case
of AMC 2, this results in the appearance of reactive
anionic species already at sufficiently low pH.

In the absence of a surfactant, at a ratio of
AMC : NaOH of 1 : 8 (pH 10.9), we also obtained the
nonlinear functions kg,s= A Capmc) for the reactions of 2
and 4 with 6 (Fig. 3). In this case, we observed kinetic
curves of two types: the Michaelis function for the
reactions of micellar aggregates of AMC 2 (see Fig. 3
and Table 1) and the extreme function of AMC 4.
Similar behavior of calixarene tetraanions with Rt = Me,
R? = H (10) and the hydrophobic substituent R! =
CgH}s. R2 = H (11) has been described by us previ-
ously!!-12: these results are presented in Fig. 3 for
comparison. The calixarene tetraanions with R! =
CH;—C¢H,3;, which form "head-to-head” aggregates
when kinetic aggregation is achieved,?® had an extreme
kinetic profile. In the case of 4, the kinetic curve drops
at a concentration of 6+ 107% mol L™!, which coincides

Kops * 103/57)
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Fig. 3. Observed rate constants (k) of the reaction of com-
pound 6 with 2 ( /), 4 (2. and calix|4]resorcinolarene tetraarions
11 (3) and 10 (% as functions of their concentrations at
pH 10.9, 25 °C.
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with the inflection in the plot of the electroconductivity
of solutions vs the concentration of 4 determined by the
conductometric method under identical conditions. The
CMC values for 2 and 3 in DMF (30 vol.%) at pH 8 and
10.9 in the absence of Triton X-100, which were ob-
tained by the measurement of the surface tension of the
solutions, well coincide with the kinetic data (see
Table 1).

The reactivity of the micellar aggregates of AMC at
pH 10.9 in the absence of a surfactant is much higher
than that of the nonmicellar aggregates. As seen in
Table 1 and Fig. 3, the catalytic activity of the functional
AMC micelles is almost threefold higher than that for
11. The Kyong and CMC values for the micellar aggre-
gates 2, 3, and 11 formed in the presence and absence of
the surfactant are approximately the same and have an
order of 107 and 107>, respectively. Their values are
comparable to similar parameters of the AMC micelles
in a water—isopropyl alcoho! mixture!3 at pH 10.9. The
reactivity of the micellar aggregates of AMC in a water—
DMF mixture is an order of magnitude higher than that
for a water—isopropyl alcohol mixture (see Table 1).

The kinetics of the reactions of compounds 1-3 and
9 with substrate 7 in a water—DMF mixture (30 vol.%
DMF) was also studied by 3P NMR. which made it
possible to calculate the rate constants of the second stage
of the reaction. The study of the kinetics of the reac-
tion of 9 (Cy = 1.4-107! moiL™!) with 7 (C; =
2-107% motL™") in a water—DMF mixture at pH 9
showed that a phosphorylated intermediate (—18.8 ppm)
and dipheny! phosphate (12) (—11.2 ppm) are formed,
similarly to that described previously,?S along with the
disappearance of the chemical shift (*!'P &) of substrate 7
(—19.5 ppm). However, unlike water—alcohol media, the
intermediate is virtually not accumulated in the solution.
The kyys values of the decomposition of substrate 7 and
the formation of 12 are very close and equal to 3- 1073
and 2- 1073 s™!, respectively. This tendency is enhanced
for AMC, for which at pH 8 and 9 only the second
reaction step (the hydrolysis of the intermediate
(—18.6 ppm) and the formation of 12 (—11.2 ppm))
was detected. The changes in the intensities of the
3P NMR signals in time for the reaction of 2
(C; = 1.5-1072 mol L™!) with substrate 7 (C; =
2-1073 moi L™!) at pH 8 are presented in Fig. 4 as an
example. The observed rate constants of the decomposi-
tion of phosphorylated AMC and the formation of 12
calculated by a first-order equation are |.1-1073 s7!
(r = 0.993) and 0.94-1073 s~! (r = 0.998) at pH 8,
whereas at pH 9 in the presence of Triton X-100, they
amount to 4.3+ 1073 and 3.9- 1073 s™!, respectively. The
ko values for the hydrolysis of 7 and the formation of 12
in a borate buffer (30 vol.% DMF, pH 9.2) are
equal and amount to 7+10™* s~!. The phosphorylated
AMC are much less stable than the phosphorylated
calix{4}resorcinolarenes and AMP. The kinetic data ob-
tained by 3'P NMR for substrate 7 show that the hydroly-
sis of phosphorylated compound 2 (kg = 4.3- 1073 s7h

[ (rel. units)
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Fig. 4. Changes in the intensities of the 3'P NMR signals during
the reaction of 2 (C; = 1.53-1071 mol L™%) with 7 (Cy =
21073 molL™") in a 30% (vol.) water—dimethylformamide
solution at pH 8, 33 °C. Chemical shifis 2!P NMR, 5: —18.6 ( /),
~11.2(2.

proceeds by an order of magnitude more rapidly than that
of 11 (kg = 4.4-107* s71) and 20-fold more rapidly
than that for phosphorylated aggregate 9 (kg = 2+ 1074
s™1), i.e., the intramolecular catalysis of the hydrolysis of
the phosphorylated macrocycles is much more efficient
than the hydrolysis of their structural units.23

Thus, the study of the reactivity of AMC in reactions
with EPA in a water—DMF mixture (30 vol.% DMF)

showed that AMC that form aggregates of the micellar

and nonmicellar types more efficiently catalyze EPA
hydrolysis than their structural units AMP. The catalytic
activity of the AMC aggregates depends on their struc-
ture, pH of the medium, and solvent nature.
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