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Hydrolysis at Neutral pH

Santanu Bhattacharya® and Praveen Kumar Vemula
Department of Organic Chemistry, Indian Institute of Science, Bangalore, India 560 012

sb@orgchem.iisc.ernet.in
Received April 16, 2005

RONNe 2, g
1] L
o P\E)o Catalyst o \OO
CTABr micelles @ *
NO,

N-N
CigHzg, AL N
Catalyst = 29~y H

X=CHy, S,NHor O

Herein we introduce tetrazole and its suitably designed derivatives as powerful ester-cleaving
reagents. By first performing a detailed ab initio computational study, we found that, in the side
chain of 5-alkyl-1H-tetrazoles, introduction of a heteroatom (e.g., N, O, or S at the a-position of the
tetrazole ring) raises the charge on the tetrazole nucleus significantly. All calculations have been
performed using restricted Hartree—Fock (RHF) and hybrid ab initio/DFT (BSLYP) methods
employing 6-31G* and 6-31+G* basis sets. To estimate the nucleophilicity of these reagents, the
charges on conjugate bases of various tetrazole derivatives have been calculated using natural
population (NBO) analysis in gas phase and in water. Free energy of protonation (fep) of the 1H-
tetrazole derivatives (1—7), free energy of solvation, AG,,, and the corresponding pK, values have
been calculated by self-consistent reaction field (SCRF) methods applying the polarized continuum
model (PCM). Since the calculation indicates that incorporation of heteroatom leads to enhanced
nucleophilicity in their deprotonated anionic tetrazole forms, a series of 5-substituted 1H-tetrazole
derivatives have been synthesized. These compounds indeed catalyze the hydrolysis of p-nitrophenyl
diphenyl phosphate (PNPDPP) and p-nitrophenyl hexanoate (PNPH) efficiently in cationic cetyl
trimethylammonium bromide (CTABr) micelles at pH 7.0 and 25 °C. The pseudo-first-order rate
constants (k.,s) were determined for each catalyst against both substrates. The experimental and
theoretical results show that, to achieve better ks values for the cleavage of PNPDPP and PNPH
under micellar conditions, charge on the N~ atom (nucleophile) of conjugate base is important.
Replacing the a-CH; in alkyl substituent with S (8), NH (4), or O (5) enhances the accumulation
of charge on N~ in conjugate bases of tetrazoles and subsequently increases their intrinsic
nucleophilic reactivity toward hydrolytic reactions. Significantly large rate enhancements were
observed for the cleavage of PNPDPP and PNPH at pH 7.0 in the presence of catalytic system
5/CTABr over background (only CTABr). Tetrazole 4 (a-isomer) showed 4—5-fold superior reactivity
over 6 (S-isomer) under identical conditions. Natural charges obtained from NBO analysis (B3LYP/
6-31+G*) are —0.94 and —0.852 on N~ in the conjugate bases of 4 and 6, respectively. This also
predicts that 4 is a better nucleophile than 6. All the newly synthesized tetrazole derivatives in
micellar media display true catalytic properties by cleaving several fold excess of substrates.

Introduction

There is continuous interest in the catalytic hydrolysis
of phosphate esters since highly toxic organophosphates
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(OP) belong to this class of compounds (Chart 1). The
chemical transformation of such toxic organophosphorus
compounds is also highly relevant,! as there is continuing
threat of the usage of chemical warfare. This mandates
discovery of new catalytic systems for the destruction of
chemical weapon stockpiles. From the work of several
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CHART 1. Structures of Some Toxic
Organophosphorus Compounds
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research groups over the past many years, a number of
reagents have been developed for dephosphorylation.?~4
However, there is still urgent need to design and develop
new reagents that are inexpensive and biodegradable and
show the catalytic turnover in dephosphorylation or
deacylation reactions at near neutral or physiological pH.

Earlier we reported the catalytic hydrolysis of phos-
phoric and carboxylic acid esters using 4-(dialkylamino)-
pyridine in various micellar aggregates.? We also exam-
ined the esterolytic properties of monoperoxypthalates??
and 1-hydroxybenzotriazoles® in various micellar ag-
gregates.

Published reports indicate that imidazole derivatives
act as potent nucleophiles in esterolytic reactions.” 1!
Since the chemical structure of imidazole is similar to
that of tetrazole, it occurred to us that the latter may be
worth examining as a nucleophile toward esterolysis
reactions. Compared to imidazoles, tetrazoles have sig-
nificantly lower pK, values. Thus, tetrazole has a pK, of
~4.9, while imidazole ionizes into its anionic form at pH
~14.5.1%2 Tt is the ionic tetrazolide species that are formed
at pH 7 that make them potent nucleophiles even at
neutral pH. In fact, a number of drugs that contain a

(1) (a) Yang, Y.-C. Acc. Chem. Res. 1999, 32, 109. (b) Yang, Y.-C.
Chem. Ind. 1995, May 1, 334. (¢c) Yang, Y.-C.; Baker, J. A.; Ward, J. R.
Chem. Rev. 1992, 92, 1729.

(2) (a) Bhattacharya, S.; Snehalatha, K. J. Org. Chem. 1997, 62,
2198. (b) Toullec, J.; Moukawim, M. Chem. Commun. 1996, 221. (c)
Yang, Y.-C.; Szafraniec, L. L.; Beandry, W. T.; Bunton, C. A. J. Org.
Chem. 1993, 58, 6964.

(3) Rojas, H. M.; Moss, R. A. Chem. Rev. 2002, 102, 2497 and
references therein.

(4) (a) Bhattacharya, S.; Snehalatha, K.; Kumar, V. P. J. Org. Chem.
2003, 68, 2741. (b) Clandia, S.; Rossi, P.; Felluga, F.; Formaggio, F.;
Palumbo, M.; Tecilla, P.; Toniolo, C.; Scrimin, P. J. Am. Chem. Soc.
2001, 123, 3169. (¢) Yan, J.; Breslow, R. Tetrahedron Lett. 2000, 41,
2059.

(5) (a) Bhattacharya, S.; Kumar, V. P. J. Org. Chem. 2004, 69, 559.
(b) Bhattacharya, S.; Snehalatha, K. Langmuir 1995, 11, 4653.

(6) (a) Bhattacharya, S.; Praveen Kumar, V. Langmuir 2005, 21,
71. (b) Kumar, V. P.; Ganguly, B.; Bhattacharya, S. J. Org. Chem. 2004,
69, 8634.

(7) Heitmann, P.; Husung-Bublitz, R.; Zunft, H. J. Tetrahedron
1974, 30, 4137.

(8) Tonellato, U. J. Chem. Soc., Perkin Trans. 2 1976, 771.

(9) (a) Fu-Chih, H.; Galemmo, R. A., Jr.; Jhonson, W. H., Jr.; Poli,
G. B.; Morrissette, M. M.; Mencel, J. J.; Warus, J. D.; Campbell, H.
F.; Nuss, G. W.; Carnathan, G. W.; Van Inwegen, R. G. J. Med. Chem.
1990, 33, 1194. (b) Anderson, D. W.; Campbell, M. M.; Malik, M.
Tetrahedron Lett. 1990, 31, 1755.

(10) Bernstein, P. R.; Vacek, E. P. Synthesis 1987, 1133.

(11) Yoshida, C.; Tanaka, K.; Hattori, R.; Fukuoka, Y.; Komatsu,
M.; Kishimoto, S.; Saikawa, I. J. Antibiot. 1986, 39, 215.

(12) (a) Eicher, T.; Hauptmann, S. The Chemistry of Heterocycles;
Thieme: New York, 1995. (b) Gapinski, D. M.; Roman, C. R.; Rinkema,
L. E.; Fleisch, J. H. J. Med. Chem. 1988, 31, 172.
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CHART 2. Structures of Tetrazoles (1-7) and
Substrates (PNPDPP and PNPH) Used in This
Work
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tetrazole ring, which acts as a metabolically stable
surrogate for carboxylic acid function, are known.12-13
Tetrazole is important in coordination chemistry as a
ligand as well. However, nothing is known about the
esterolytic potency of tetrazoles, although the literature
on tetrazoles is expanding rapidly.'*

To explore the potential of the catalytic activity of
5-substituted 1H-tetrazoles (2—6, Chart 2) toward es-
terolytic reactions, we first performed a detailed ab initio
and B3LYP density functional hybrid calculations. Since
conjugate bases (N~ form) of these tetrazoles are nucleo-
philic and should mediate such hydrolytic reactions,
detailed computational analyses of charge localization on
N~ of conjugate bases of each of 1—6 in gas phase and in
water were performed. The corresponding free energies
of protonation (fep) were also computed.

In this report, we present the optimized geometries,
fep values, computed pK, values, and natural charges of
each tetrazole to rationalize the intrinsic nucleophilicity
of these reagents using ab initio restricted Hartree—Fock
and hybrid ab initio DFT (BSLYP) methods. To examine
the effectiveness of such computational predictions and
to develop catalysts for the hydrolysis of p-nitrophenyl
diphenyl phosphate (PNPDPP) and p-nitrophenyl hex-
anoate (PNPH), we also synthesized 2—6. We present the
results of the experimental kinetic studies at pH 7.0 for
the hydrolysis of PNPDPP and PNPH performed under
pseudo-first-order conditions in the presence of excess of
each of 2—6 in cationic cetyltrimethylammonium bromide
(CTABr) micelles. The results of the hydrolysis mediated
by these reagents in the cleavage of excess substrates at
pH 7.0 demonstrating their true catalytic properties are
also included.

Results and Discussion

Computational Methods. All the ab initio Hartree—
Fock and B3LYP density functional hybrid method®
calculations reported in this work were performed using
the Gaussian 98 suite program.'® The geometries of
5-substituted 1H-tetrazoles (1—6) have been located and
optimized at the level of restricted Hartree—Fock (RHF)

(13) Singh, H.; Chawla, A. S.; Kapoor, V. K.; Paul, D.; Malhotra, R.
K. Prog. Med. Chem. 1980, 17, 151.

(14) Butler, R. N. In Comprehensive Heterocyclic Chemistry; Katritz-
ky, A. R., Rees, C. W., Scriven, E. F. V., Eds.; Pergamon: Oxford, UK.,
1996; Vol. 4.

(15) Becke, A. D. J. Chem. Phys. 1993, 98, 1372.



5-Substituted 1H-Tetrazoles as Esterolytic Reagents

and DFT (B3LYP) using the 6-31+G* basis set.!” All
structures were completely optimized without any sym-
metry restrictions. For all systems studied, vibrational
frequency calculations were carried out to confirm that
they converged to true minima. The conformers were
defined as true minima by diagonalization of their
Hessian (force constant) matrixes at the same level and
making sure that all frequencies are real. Optimized
geometries from the RHF level were taken as initial
geometries to minimize at the BSLYP level. In general,
the fully optimized geometries from prior calculations
were used as starting points for calculations using the
higher-level basis sets. Natural charges were computed
based on the natural bond orbital (NBO) localization
procedures developed by Weinhold et al.®

For the sake of simplicity, we define the deprotonation
enthalpy of the neutral protonated forms of tetrazoles as
free energy of protonation of the negatively charged
species. Fep values were obtained from the difference
between the calculated total energies of the neutral
molecule and that of the derived anion, following Dewar’s
definition.! Essentially, we consider the cases as in the
instances when we deal with isodesmic processes (e.g.,
ROH + MeO~ — RO~ + MeOH) and internal comparisons
of the energy differences.?’

To assess the relative validity of the basis sets and to
evaluate the influence of electron correlation and diffuse
functions, we calculated the pK, of 7, for which the
experimental pK, in water is known.?! We used the
B3LYP/6-31+G* level to calculate the gas-phase depro-
tonation free energy and solvation free energies by self-
consistent reaction field (SCRF) methods applying the
polarized continuum model (PCM). This method requires
less CPU time than the MP2 method. The calculated pK,
is found to be 5.47, and the experimental pK, is 5.49,
which shows a deviation of —0.02.2! Recently, Friesner
has used similar DFT and SCRF methods to calculate
the pK.,’s of various tetrazole derivatives. This enabled
an accurate computation of the pK, values, which showed
only a mean observed deviation of +0.6 from the mea-
sured pK, values.??

To calculate the pK, values of molecules 2—6, we have
considered the thermodynamic cycle shown below. The

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K,
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.11.3; Gaussian, Inc.: Pittsburgh,
PA, 2002.

(17) Hehre, W. J.; Radom, L.; Schleyer, P. v. R. Ab Initio Molecular
Orbital Theory; Wiley & Sons: New York, 1986. For description of basis
sets and references, see pages 63—91.

(18) (a) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1983, 78, 4066.
(b) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985,
83, 735.

(19) Dewar, M. J. S.; Dieter, K. M. J. Am. Chem. Soc. 1986, 108,
8075.

(20) Ponomaraev, D. A.; Takhistov, V. V. J. Chem. Educ. 1997, 74,
201.

(21) Gabrecht, W. L.; Herbst, R. M. J. Org. Chem. 1953, 28, 1269.

(22) Klicic, dJ. J.; Friesner, R. A.; Liu, S. Y.; Guida, W. C. J. Phys.
Chem. A 2002, 106, 1327.
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thermodynamic cycle yields eq 1, in which the aqueous
pK, for the acid N—H is given by

AG,, = AG,, + AG™ (N7) + AG™* (H") -
AG™Y (NH) (1)

At a given temperature T, the pK, is then given by
pK, = AGaq/2.303RT + 2.36 (2)

The gas phase fep value and solvation free energy were
calculated by using the same level of theory. The free
energy of solvation in water can be obtained with
reasonable accuracy using SCRF methods.?? In this
study, the solvent effects were estimated using Tomasi’s
SCRF procedure.?* The effect of solvation in water on the
relative free energies was estimated by using the polar-
ized continuum model (PCM option of Gaussian 98).2> A
dielectric constant (¢) of 78.39 (water) was used in the
solvation calculations, at the BSLYP/6-31+G* level. The
solvation-free energy of the proton taken from the
experimental AG™4 (H*) is equal to —254 kcal/mol.28
Since the kinetic experiments were performed in water,
we computed the natural charges in water with the NBO
localization procedures.

A Ggas _ +
NH —mM N +
A GM (NH) AGMI(N) AGM (H*)
AGaq } N
NH —— > N N H

Design. To develop highly potent reagents for the
cleavage of organophosphorus compounds, several re-
search teams have designed a number of catalysts by
modifying the solubility and binding efficiency toward the
micellar aggregates. However, usage of quantum me-
chanical calculations in the design of novel catalysts is
indeed rare. Previously, Moss et al. developed?” various
iodosoarene carboxylates as efficient reagents in hydroly-
sis of PNPDPP in cationic micelles. Modifications such
as inclusion of carbonyl group, alteration of the ring size,
etc., allowed development of better catalyst for the
cleavage of PNPDPP.?” However, to date there have been
no reports that describe the design of catalyst based on
the charge on active nucleophile as predicted from

(23) (a) Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027. (b)
Structure and Reactivity in Aqueous Solutions; Cramer, C. J., Truhlar,
D. G., Eds.; ACS Symposium Series 568; Washington, DC, 1994. (C)
Rivali, J. L.; Rinaldi, D. In Computational Chemistry, Review of Current
Trends; Leszczynski, J., Ed.; World Scientific Publishing: Singapore,
1996. (d) Orozco, M.; Alhambra, C.; Barril, X.; Lopez, J. M.; Busquets,
M. A,; Lugue, F. J. J. Mol. Model. 1996. (e) Cramer, C. J.; Truhlar, D.
G. In Solvent Effects and Chemical Reactivity; Tapia, O., Bertran, J.,
Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1996.

(24) (a) Miertus, S.; Scrocco, E.; Tomasi, J. J. Chem. Phys. 1981,
55, 117. (b) Pascual-Ahuir, J. L.; Silla, E.; Tomasi, J.; Bonaccorsi, R.
J. Comput. Chem. 1987, 8, 778.

(25) (a) Miertus, S.; Tomasi, J. Chem. Phys. 1982, 65, 239. (b) Cossi,
M.; Barone, V.; Cammi, R.; Tomasi, J. Chem. Phys. Lett. 1996, 255,
347. (c) Wiberg, K. B.; Rablen, P. R.; Rush, D. J.; Keith, T. A. J. Am.
Chem. Soc. 1995, 117, 4261. (d) Tomasi, J.; Persico, M. Chem. Rev.
1994, 94, 2027.

(26) Reiss, H.; Heller, A. J. Phys. Chem. 1985, 89, 4207.

(27) Moss, R. A.; Wilk, B.; Krogh-Jespersen, K.; Blair, J. T,
Westbrook, J. D. J. Am. Chem. Soc. 1989, 111, 250.
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computational studies for such hydrolysis reactions.
Here, for the first time we report design of improved
catalysts based on analyzing the natural charge on active
nucleophile (N7) by ab initio and density functional
methods.

Published reports show that imidazole derivatives act
as nucleophiles in hydrolytic reactions.® Since the chemi-
cal structure of tetrazole is similar to that of imidazole,
we thought it might act as a potent nucleophile toward
esterolysis reactions. Tonellato has shown?® that imidazole
deprotonation in cationic micelles occurs at pH > 11.
Therefore, the hydrolysis is only effective at high pH
conditions. It is well-known that the acidity of the
tetrazoles falls in the range of that of a carboxylic acid.?®
Accordingly, one can expect that due to lower pK, values,
tetrazole can act as a better nucleophile at neutral pH.

2 3
N=N  pH7O  N=N ey
6 N N4 —> N_N —<— N N
NG T T
R R R

In this report, we utilize 5-substituted tetrazoles (2—
6) as catalysts in the hydrolysis of PNPDPP and PNPH.
Since ester hydrolysis experiments have been carried out
in cationic micellar aggregates, it is important to design
catalysts that can bind to micelles more efficiently.
Tetrazole (1) is a highly polar water-soluble compound.
Accordingly, to enhance their binding affinity toward the
micelles in water, a long hydrophobic chain in 2—6 is
attached. The electronic factor was also considered in this
design. If esterolytic activity stems from tetrazolyl anion,
then electronic variation of net charge on the tetrazole
ion (conjugate base) should influence the nucleophilicity
of these tetrazole derivatives.?® By performing quantum
mechanical calculations, we have found that insertion of
a heteroatom such as S, NH, or O at the a-position of
the side chain of 5-alkyl-1H-tetrazole enhances the
charge on the tetrazole ring. Analysis of theoretical and
experimental kinetic data enables us to draw a compari-
son on the effect of charge on the nucleophilicity of these
reagents. This in turn allows a prediction of the reactivity
of the tetrazole derivatives toward hydrolysis of PNPDPP
and PNPH. To test the effect of the location of heteroatom
in the 5-alkyl side chain of tetrazoles, the corresponding
p-isomer (6) of 4 was also prepared. Synthetic routes of
these reagents 2—6 are given in Scheme S1 (Supporting
Information).

Theoretical Calculations. Accounting for solvent
effects computationally is a challenging task. Rate con-
stants are sensitive to small free energy changes. There
are uncertainties in heats of formation from even high-
level calculations, which apply to isolated molecules and
themselves do not provide evidence on structural effects
on entropy. However, these concerns should not preclude
computational studies in this direction. Especially with
the development of statistical Monte Carlo and quantum
mechanical methods, it is possible to gauge the role of
solvents with significant accuracy.?® Although continuum
models may not be the best in analyzing esterolysis

(28) McManus, J. M.; Herbst, R. M. J. Org. Chem. 1959, 24, 1643.

(29) (a) Gilson, M. K.; Honig, B. H. Proteins 1988, 4, 7. (b) Jorgensen,
W. L. Acc. Chem. Res. 1989, 22, 184. (¢) Cramer, C. J.; Truhlar, D. G.
Chem. Rev. 1999, 99, 2161.
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FIGURE 1. Fully optimized structures of various tetrazole
derivatives, 2—6, and their conjugate bases with B3LYP/
6-31+G* method in gas phase.

4

reactions, there is an advantage in using continuum
models, in that it speeds up computation considerably.
Accordingly, we have applied quantum mechanical meth-
ods to predict the experimental results.

Ab Initio and DFT Calculations. Various 5-substi-
tuted tetrazoles (2—6) have been optimized at RHF/
6-31+G* and B3LYP/6-31+G* levels of theory. Fully
optimized geometries of these compounds are shown in
Figure 1. A preliminary guess for all calculations was
taken from geometries optimized by using RHF/6-31G*.
All molecules have been optimized without any symmetry
constraints. To analyze the reliability of the level of
theory and basis sets to optimize tetrazole derivatives,
initially we optimized 1H-tetrazole (1) with RHF, MP2,
and DFT (B3LYP) by using two different basis sets,
6-31G* and 6-31+G*. The calculated and experimental
(from crystal structure) geometry parameters for 1 and
its conjugate base tetrazole ion are given in Tables S1
and S2 (Supporting Information), respectively. It is
known that HF-predicted bond lengths are usually
underestimated?®® and the MP2 predicted bond lengths
are usually overestimated.3°32 The B3LYP-predicted
geometries manifest best agreement with the experimen-
tal geometries.??33 The data in Table S1 and S2 disclose
that MP2-predicted geometries are closer to the BSLYP
geometries than the RHF geometries. The basis set
effects on the calculated geometries are generally small.
These results are consistent with the results observed

(30) Johnson, B. G.; Gill, P. M. W_; Pople, J. A. J. Chem. Phys. 1993,
98, 5612.

(31) (a) Murray, C. W.; Laming, G. J.; Handy, N. C.; Amos, R. D.
Chem. Phys. Lett. 1992, 199, 551. (b) Handy, N. C.; Murray, C. W.;
Amos, R. D. J. Phys. Chem. 1993, 97, 4392.

(32) Rauhut, G.; Pulay, P. J. Phys. Chem. 1995, 99, 3093.

(33) (a) El-Azhary, A. A.; Suter, H. U. J. Phys. Chem. 1995, 99,
12751. (b) El-Azhary, A. A. Spectrochim. Acta 1996, 52A, 33. (c) El-
Azhary, A. A. Acta Chem. Scand. 1995, 49, 11. (d) El-Azhary, A. A,;
Suter, H. U.; Kubelka, J. J. Phys. Chem. A 1998, 102, 620.
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TABLE 1. Calculated Free Energies of Protonation and
pK, Values for 2—6 at BBLYP/6-31+G* Levels in Water
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TABLE 2. Computed Natural Charges on N~ Atom in
Conjugate Bases of 2—6 at Different Levels of Theory

free energy of

amphiphile protonation® pK.b
2 328 4.95
3 321 4.21
4 330 5.83
5 322 4.36
6 324 5.31

@ Energies are in kcal/mol. ® Calculated in water by using
dielectric constant (€) of the solvent, 78.39.

by El-Azhary et al. in the case of the tetrazole geometry
optimization.?3d We observed closer resemblance in the
geometries with the results obtained at the B3LYP/
6-31+G* level, and hence we used the same method for
further calculations.

We calculated fep values for 2—6 at BSLYP method
with 6-31+G* basis sets. Calculated fep values were 328,
321, 330, 322, and 324 kcal/mol for 2, 3, 4, 5, and 6,
respectively (Table 1). Among this series, 4 has the
highest and 3 has the lowest fep value. In general, the
inclusion of a lipophilic chain (C,Hj,11X—) bearing a
heteroatom (X) at the 5-position lowers the fep values
with the exception of 4. This implies that deprotonation
is more favorable for 3, 5, and 6 compared to 2. Catalytic
strengths of individual tetrazoles also depend on their
pK, values. It is therefore worthwhile to compute the pK,
values for 2—6, as these are important data for predicting
their catalytic potencies toward hydrolytic cleavage of
PNPDPP and PNPH in micelles. For this purpose, the
computation of the relative pK, for these molecules
provides a better comparison.

Calculation of pK, Values. Computing the absolute
pK. from first-principle theory is tough, in part because
of the difficulty in computing accurate gas-phase depro-
tonation free energies and also because of the large
magnitude of solvent effects for charged ions.3* Fortu-
nately, trends in pK, values for similar compounds
suggest more accurate predictions,?*>¢~¢ although ratio-
nalizing differences in some simple series (e.g., the
methylated amines) continues to be challenging.3+3%
Several attempts have been made to predict the exact
pK. value for systems of particular interest by developing
new parameters and by fitting the computational results
with experimental ones using linear regression analysis.?¢

In this report, we compare the trends of calculated pK,
values for 2—6 using the thermodynamic cycle described

(34) (a) Chen, Y.; Noodleman, L.; Case, D. A.; Bashford, D. ¢J. Phys.
Chem. 1994, 98, 11059. (b) Richardson, W. H.; Peng, C.; Bashford, D.;
Noodleman, L.; Case, D. A. Int. J. Quantum Chem. 1997, 61, 207. (c)
Florian, J.; Warshel, A. J. Phys. Chem. B 1997, 101, 5583. (d)
Schiitirmann, G. Quant. Struct.-Act. Relat. 1996, 15, 121. (e) Schiiiir-
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RHF/6-31+G* B3LYP/6-31+G*

molecule gas phase in water gas phase in water
2 —0.917 —0.967 —0.823 —0.858
3 —0.941 —0.978 —0.846 —0.878
4 -1.032 -1.074 —0.908 —0.94
5 —1.038 -1.07 —0.914 —0.94
6 —0.92 —0.962 -0.818 —0.852

in the Computational Methods section. It is important
to note that the aim here is not to calculate the absolute
pK. values alone. Instead, we are interested in finding
the trend in this series of compounds. We computed the
pK. value for 2—6 at the B3LYP/6-31+G* level (gas-
phase deprotonation free energies and solvation free
energies were computed at this level of theory). To find
the reliability of this level of computation of the pK, of
different tetrazole derivatives, we compared the calcu-
lated pK, values with the experimental ones known for
122 and 7.2! By using the B3LYP/6-31+G* level of theory,
we obtained theoretical pK, values that are in excellent
agreement with the experimentally determined pK,
values for these two molecules. Computed pK, values of
1 and 7 are 4.96 and 5.47, respectively, while their
experimental pK, values are 4.9 and 5.49, respectively.

The computed pK, values for 2—6 are presented in
Table 1. The data in Table 1 reveal that replacing the
a-CH; at the side chain of 5-alkyl-1H-tetrazoles with S
(8) or O (5) leads to lowering of the pK, compared to
5-tetradecyl-1H-tetrazole. On the other hand, replacing
a- or 5-CH, with -NH (4 and 6, respectively) leads to an
increase in the pK, compared to 2. Although the elec-
tronegativity of N is higher than that of S, it is not clear
why the pK, of 4 is higher than that of 8. The hydrogen
bonding involving -NH in 3 may be responsible for this.
It should be noted that these pK, values are calculated
in bulk water. Generally, in cationic micellar aggregates,
the pK, values are lower than those in water.® Since these
tetrazoles have low pK, values, at pH 7.0 all of them
should be in their deprotonated, conjugate base forms
where the experiments have been performed. Therefore,
at pH 7.0 the effective ionization of tetrazoles is complete
and then the concentration of the nucleophilic species
(N7) of the tetrazoles would be almost comparable. It may
be emphasized that pK, calculation here aims to guar-
antee the presence of ionic tetrazolate species at neutral
pH and there is no apparent correlation of that with the
nucleophilicity. This implies that estimation of intrinsic
nucleophilicity of these conjugate bases is important,
which contributes to the differences in the catalytic
strengths of 2—6.

Since N~ is the reactive nucleophilic species, the charge
on the N~ atom?” gives an idea of the intrinsic nucleo-
philicity of the conjugate bases. To find out the extent of
charge accumulation on the N~ of 2—6 conjugate bases,
natural population analysis was performed. Relative
natural charges calculated at RHF/6-31+G* and B3LYP/
6-31+G* levels in gas phase and in water are given in
Table 2. Since kinetic experiments were carried out in

(37) Since charge generated upon deprotonation is localized between
N; and Ny due to resonance form, cumulative charge on these atoms
is taken as N~ charge.
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aqueous media, it is more realistic to compare charges
obtained from the NBO analysis. Therefore, throughout
our discussion we use these data. It is clear that replacing
the a-CH;, at the side chain of 5-alkyl-1H-tetrazoles with
electron-donating heteroatoms such as S, NH, or O leads
to increase in the charge on N~ in tetrazole rings. On
the other hand, replacing 5-CH; with NH does not alter
the charge on N~ significantly. Similar trends were
observed when gas-phase computations were considered
as well. Order of charge accumulation on N™is 2 ~ 6 <
3 <4~ 5. Our experimental kinetic data (Table 3) indeed
show that the observed pseudo-first-order rate constants,
kops for each 2—6, are in excellent agreement with
theoretical predictions (see below).

Experimental Study. Synthesis. Different 5-substi-
tuted 1H-tetrazoles were synthesized following the pro-
cedure outlined in Scheme S1 (Supporting Information).
First, n-tetradecyl bromide was converted to the corre-
sponding nitrile (8) or thiocyanate (9) by nucleophilic
substitution reaction with NaCN and KSCN, respec-
tively, in aqueous ethanol under refluxing conditions.
Then 8 and 9 were converted to the corresponding
5-substituted 1H-tetrazoles, 2 and 3, in 78 and 81%
yields, respectively, using a modified procedure developed
by Sharpless.?® Compound 5 was synthesized in 63% yield
starting from n-tetradecyl cyanate employing a similar
procedure as adopted for 2 and 3 (Scheme S1). The
tetrazole 4 was synthesized from n-tetradecyl aldehyde
(11) via Schiff base formation with 5-aminotetrazole
hydrochloride followed by reduction with sodium boro-
hydride. Compound 6 was synthesized from n-tetradecyl
aldehyde via Schiff base formation with 5-aminoaceto-
nitrile followed by reduction with sodium borohydride.
Then the product, 12, was converted to the target
tetrazole by a similar procedure as used for the prepara-
tion of 2. The final products and intermediates were
characterized by different spectroscopic methods and
elemental analysis (Supporting Information).
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hydrolytic reactions on the substrates in micellar condi-
tions under pseudo-first-order conditions, but also the
intrinsic reactivity of each tetrazole, the second-order rate
constants, k3, had to be determined. However, the deter-
mination of the ks values for a given micelle-bound
catalyst and substrate is less obvious. Therefore, we first
present the rate constants obtained under pseudo-first-
order conditions and then address the determination of
ko values in a micelle-mediated reaction.

Kinetics were performed under pseudo-first-order con-
ditions, monitoring the appearance of p-nitrophenoxide
ion by UV—visible spectroscopy at 400 nm, in 0.05 M
HEPES buffer, pH 7.0, 25 + 0.1 °C, using [substrate] =
1.25 x 107 M and [catalyst] = 1.25 x 10~* M at different
CTABr concentrations. The buffer solutions were also
contained 1.0 vol % CHsCN. Pseudo-first-order rate
constants, k.ps, were determined for the cleavage of both
PNPH and PNPDPP at each combination of [CTABr]/
[catalyst]. The kqs values were generally within 3%
relative deviation from their mean value for all the
catalytic formulations. Determination of full rate con-
stant versus [CTABr] profiles for the cleavage reactions
of PNPH and PNPDPP in micellar aggregates allowed
assessment of the ester cleavage abilities of 2—5. The
plots of &qs versus [CTABr] for the cleavage of PNPDPP
by 2—5 gave maxima for all the catalysts at [CTABr] =
5 mM (Figure 2). These kinetic rate profiles obtained are
characteristic of micelle-catalyzed reactions in aqueous
solutions. Addition of CTABr to reaction medium causes
progressive increase in the rate of hydrolysis up to a
point, where the concentration of catalyst per micelle
reaches a maximum. Subsequent addition of the CTABr
causes a decrease in the observed reaction rate. This may
be due to dilution of the catalyst in the Stern layer of
micelles.

TABLE 3. Rate Constants (kops, s~ 1) for the Hydrolysis
of PNPH and PNPDPP Catalyzed by Various
5-Substituted 1H-Tetrazoles, 1—6 in CTABr Micelles®

—m—2
—e—3
—A—4
—wv—5

30 '\
25 /
A A
4 A

2 4 l 6 8 10 I 12 I 14
10° [CTABr], M

FIGURE 2. Plots of kgs for the hydrolysis of PNPDPP
(1.25 x 107° M) by catalysts 2—5 (1.25 x 10~* M) as a function
of [CTABr] at pH 7.0 (0.05 M HEPES) and 25 °C. Lines were
drawn to show the trend.

Kinetic Studies in Micelles. Because it is important
to determine not only the rate constants (k) for

(38) Demko, Z. P.; Sharpless, K. B. J. Org. Chem. 2001, 66, 7945.
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PNPDPP PNPH
103 [CTABr], 103 kops, 102 Rops,
entry catalyst M? g le Frel® g le Frel®
1 none 10.0 0.01 1 0.007 1
2 1 none°® 0.04 - 0.056 -
3 1 10.0 0.2 20 0.3 43
4 2 5.0 6.4 640 8.1 1157
5 3 5.0 12.7 1270 16.0 2290
6 4 5.0 22.7 2270 32.5 4643
7 5 5.0 30.7 3070 36.5 5215
8 6 5.0 6.0 600 7.9 1129

@ Conditions: 0.05 M HEPES buffer, pH = 7.0; 25 + 0.1 °C;
[substrates] = 1.25 x 1075 M, [catalyst] = 1.25 x 107¢ M. ® The
CTABr concentration at which maximum %qps was observed. € Eops
was taken from the kq,s vs [CTABr] profiles. All kinetic runs were
carried out with freshly made solutions. Each kinetic experiment
was carried out thrice, and the values of ks were within 3%
relative deviation from the value reported. Average values of Zgps
are given in the table. ¢ k.o = kobs/ko, where kg is the rate constant
for the hydrolysis of substrates in the CTABr micelles at pH 7.0
buffer. ¢ This kinetic study was done in 0.05 M HEPES buffer,
pH = 17.0.

The values of &y, for the cleavages of PNPDPP and
PNPH by each catalyst are shown in Table 3. When the
molar ratio of catalyst to CTABr was fixed at 1:40, we
observed the best &, values for each catalyst, 2—6. Table
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3 provides a comparison of the cleavage abilities of all
the catalysts under pseudo-first-order conditions. The
ratio kops/kcras: (kre) reveals the catalytic capacities of the
tetrazoles compared to background cleavage rates at
identical pH and temperature in CTABr micelles alone.
Tetrazoles 3, 4, and 5 are found to be highly potent
catalysts in CTABr micelles affording more than 3 orders
of magnitude of rate accelerations. When compared to
the hydrolysis rates at pH 7.0 alone (in the absence of
CTABEY), the relative rate accelerations were even larger.
Comicellar 5/CTABr displayed the highest esterolytic
activity among all the catalytic systems toward both
PNPDPP and PNPH.

The ~30-fold superiority of the catalytic system
2/CTABr (entry 4, Table 3) over 1/CTABr (entry 3, Table
3) for the cleavage of both substrates indicates that the
tetradecyl chain incorporated in 2 significantly promotes
its transfer into micelles compared to 1.3° The rate
accelerations could be due to the enhanced concentration
of ionized nucleophilic groups and substrate molecules
at the micellar surfaces.t=®

The kqps values increased in the order 2 <3 <4 <5
although all catalysts have the same alkyl chain and
hence comparable hydrophobicity. Indeed the inherent
nucleophilic reactivities of 2—5 also increase in the same
order as predicted by computation. However, it is possible
that the rate differences in Table 3 could be due to
differences in transfer effects and not due to inherent
reactivities. Precise delineation of these factors requires
determination of the binding affinities (transfer from
water into micelles) of these lipophilic catalysts into
CTABr micelles.

The data of Table 4 show that for ester hydrolysis
reaction in comicelles there is no significant difference
in the binding constant (K;,) values of a particular
substrate. The substrate partitioning is not influenced
by the changes in the molecular structure of the catalysts
2—5 in comicelles. However, the ks values are very
different for a given substrate under identical reaction
conditions as a different catalyst is employed. Hence, the
increase in kg, values is not due to differences in their
substrate binding affinities, but can be attributed to the
differences in intrinsic reactivities of the catalysts.
Calculated natural charges on N~ of 2—5 clearly indicate
that replacement of o-CHs in the side chain of 5-alkyl-
1H-tetrazole with a heteroatom increases the charge
accumulation on N~ species in tetrazole, which results
in enhanced nucleophilicity. However, the ks values for
the cleavage of PNPDPP by 4/CTABr and 5/CTABr are
2.27 x 10725 1and 3.07 x 1072 57!, respectively. Though
the conjugate bases of 4 and 5 carry equal charges, such
a difference is not very surprising, since 4 can associate
through hydrogen bonding, which may alter the nucleo-
philicity of N~ in 4. To test whether the position of
heteroatom in the substituted chain affects the intrinsic
reactivity of the tetrazoles, we prepared 6 in which the
B-CHy of the alkyl chain was substituted by a NH. 4 (o-
isomer) shows superior reactivity over 6 (f-isomer)
toward the cleavage of both substrates in CTABr mi-
celles, which can be explained by the different natural

(39) Hierl, M. A.; Gamson, E. P.; Klotz, L. M. J. Am. Chem. Soc.
1979, 101, 6020.
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charges on N~ of their conjugate bases: —0.94 and
—0.852, respectively.

Inherent Reactivity. To understand the reasons for
rate enhancements of these esterolytic reactions in
CTABr micelles, additional kinetic experiments were
necessary. Since we wanted to compare the second-order
rate constants &, in aqueous phase and in micellar phase,
we calculated the ky values in bulk water simply by
dividing the ks values by the total concentration of the
catalyst. In the case of catalytic homomicelles, only one
type of surfactant is present, but comicelles bring out the
problem of dilution of the catalyst in the micelles made
of cosurfactant (e.g., CTABr). Therefore, the relative ratio
of [cosurfactant]/[catalyst] does influence the rate of these
hydrolytic reactions.

TABLE 4. Kinetic and Thermodynamic Parameters for
the Cleavage of PNPDPP and PNPH by 1 in Water and
by Comicelles of 2—5 with CTABr®

PNPDPP PNPH

103 Riim, Kb, 10%2kg,  10%kiim, Kb, 102 ks,
catalyst s71°® M1 M1lg1lb g7lb M1 M1lg1e

1¢ - - 3.2 - - 4.5
2 7.76 3718 115 9.44 4791 14.0
3 15.65 3408 23.2 19.1 3993 28.3
4 33.88 3450 50.1 38.45 4580 56.9
5 37.54 3547 55.6 43.2 4405 63.9

@ Conditions: Kinetic cleavage experiment at pH 7.0, 0.05 M,
HEPES buffer using solutions containing increasing amounts of
catalyst and CTABr with [catalyst]/[CTABr] ratios of 1:40, 1:30,
and 1:20 for each catalyst 2—5, using either PNPH or PNPDPP
as a substrate. © ki, and k2 were calculated by fitting with the
Michaelis—Menten equation. See the text for details. ¢ The ks was
determined in bulk water (kops/[catalyst]), [catalyst] = 1.25 x 10~
M at pH 7.0 (0.05 M HEPES buffer).

To determine the second-order rate constants in mi-
cellar pseudophase, further kinetic experiments were
carried out at pH 7.0 in 0.05 M of HEPES buffer with
solutions containing increasing amounts of catalyst and
CTABr with molar ratios to the catalyst 40, 30, and 20
using either PNPH or PNPDPP as substrate. The corre-
sponding rate-concentration profiles showing saturation
behavior are shown in Figure 3. Analysis of the curves
using the Michaelis—Menten equation®’ by fitting the &g
versus [catalyst] data allows the estimation of (i) the %y,
the rate constants for the substrate being fully incorpo-
rated into the micellar aggregates and (ii) the apparent
binding constants, Kj,, for PNPH or PNPDPP in different
comicelles. The ks values for these reactions in micellar
pseudophase were calculated*! using the equation

ky = ki Var ID'1,/ID,, (1 + [H'VK,)  (3)

where Vy is the molar volume, [D!],, is the total concen-
tration of the micellized CTABr, [Df,, is the concentration
of the tetrazole amphiphile, and K, is the dissociation
constant for the catalyst at pH 7.0 at which kinetic
reactions were performed. We have used a Vy value 0.37
dm? mol~! for CTABr micelles.*’ The [DY,/[D1,, takes into

(40) Scrimin, P.; Tecilla, P.; Tonellato, U.; Bunton, C. A. Colloids
Surf., A 1998, 144, 71.

(41) (a) Bunton, C. A.; Scrimin, P.; Tecilla, P. J. Chem. Soc., Perkin
Trans. 2 1995, 419. (b) Mancin, F.; Tecilla, P.; Tonellato, U. Langmuir
2000, 16, 227.
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FIGURE 3. Hydrolysis of substrates at pH 7.0, 0.05 M HEPES buffer solutions containing various amounts of catalyst and
CTABr with [catalyst]/[CTAB] ratios of 1:40, 1:30, and 1:20. (A) PNPDPP cleavage catalyzed by 5. (B) PNPH cleavage catalyzed
by 5. (C) PNPDPP cleavage catalyzed by 4. (D) PNPDPP cleavage catalyzed by 2.

account the dilution of the reactive tetrazole amphiphile
in the CTABr comicelles, and the term (1 + [H']/K,)
denotes the fraction of the dissociated catalyst at pH 7.0.
The kum and K;, values for cleavage reactions of both
substrates by these reagents have been tabulated in
Table 4.

For calculation of ks, we used 1 in bulk water and more
hydrophobic tetrazoles 2—6 in comicellar pseudophase.
Data in Table 4 show that, although there are some
differences in the reactivity of 5-substituted tetrazole
derivatives toward both substrates, they actually fall in
the same order. There is 1 order of magnitude enhance-
ment in the &y values in micellar conditions compared to
the &y value obtained in bulk water. This behavior is
obvious, because acceleration of k; values in micelles is
largely due to a high local concentration of the catalyst
in the relatively small aggregate volume. This finding is
consistent with earlier reports.*! It is noteworthy that
ks of 4 is ~5-fold greater than 6 toward the cleavage of
both substrates. This acceleration must originate due to
increase in the intrinsic reactivity, which can be due to
enhanced localization of charge on the N~ of conjugate
bases of 4 compared to that of 6. Thus, experimental and
theoretical results are in good agreement with each other.

Examination of True Catalytic Behavior: Turn-
over Experiments. To examine the true catalytic ef-
ficiencies of 2—6, kinetic runs were carried out in the
presence of excess substrate using either PNPDPP or
PNPH in CTABr micelles. At pH 7.0 and 25 + 0.1 °C,
[catalyst] = 2.5 x 107¢ M, [CTABr] =1 x 102 M, and
20- to 30-fold excess substrate over catalyst concentra-
tion, we observed a nearly quantitative monoexponential
release of p-nitrophenoxide ion with no indication of
“burst” kinetics.”® Figure 4 shows the time course of
cleavages of 30-fold excess PNPDPP and 20-fold excess
PNPH by catalyst 3. Both the plots confirm fast turnover.
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FIGURE 4. Time-dependent release of p-nitrophenoxide upon
hydrolysis of PNPH or PNPDPP by catalyst 3/CTABr in the
presence of excess substrate over catalyst. Conditions: 0.05
M HEPES buffer (pH 7.0), 25 + 0.1 °C, [3] = 2.5 x 107 M,
[CTABr] = 1 x 1073 M, and [PNPDPP] = 7.5 x 107> M or
[PNPH] =5 x 1075 M.

Notably, the catalytic effectiveness is still intact after the
hydrolysis of excess substrates. Analysis of time-depend-
ent formation of p-nitrophenoxide ion for the cleavage of
excess substrate reveals pseudo-first-order character of
the reaction in both cases.

On the basis of the monoexponential time course that
was observed, the following mechanism for the cleavage
of these substrate esters by tetrazole nucleophiles is
proposed. Since we did not observe “burst”-type kinetics,
there is no accumulation of N-phosphoryl or N-acyl
species in the reaction media. The hydroxide ion attack
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on to the N-phosphorylated or N-acylated species at the
cationic micellar surfaces must be fast, and it cleaves the
intermediate species rapidly to furnish hydrolyzed prod-
ucts diphenyl phosphate or hexanoate, concomitantly
regenerating the catalyst in the reaction media to be
available to react with a fresh substrate molecule.

Conclusions

In summary, the theoretical and experimental inves-
tigations together provide insights to understand the
catalytic abilities of the 5-substituted tetrazoles as
nucleophiles in the hydrolytic reaction of PNPH or
PNPDPP. By calculating the free energy of protonation,
pK. values, and charge accumulation on the reactive N~
of the conjugate bases of these tetrazoles, we find the
potential of these reagents. Attaching a hydrocarbon
chain with the tetrazole at the 5-position promotes their
binding to CTABr micelles efficiently, increasing the kg
values. More importantly, replacing the a-CH; in the
hydrocarbon chain with either S, NH, or O enhances the
accumulation of charge on N~ in conjugate bases of these
tetrazoles significantly. This in turn leads to increases
in intrinsic reactivity of these nucleophiles toward hy-
drolytic reactions of PNPDPP and PNPH. Position of
insertion of heteroatom in the chain is also important.
These amphiphilic 5-substituted tetrazoles are truly
catalytic in nature and have proven to be extremely
efficient for the cleavage of organophosphate and car-
boxylate esters.

In the present work it has been possible to isolate the
factors that influence deprotonation and reactivity in
water and in micelles. Both the hydrophobic substrate
esters and the tetrazoles (2—6) should be confined almost
exclusively in the micelles. This allows the theoretical
prediction of the experimental outcome with significant
accuracy. The findings of this investigation should there-
fore be useful for many research groups.

Experimental Section

General Methods. Melting points were determined using
open capillary tubes and are uncorrected. 'H NMR spectra
were obtained on a 300 MHz instrument. Chemical shifts (d)
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are reported in ppm downfield from the internal standard
tetramethylsilane (TMS). Double-distilled water was used for
kinetic studies.

Materials. All the chemicals, reagents, and solvents were
of the highest grade available commercially and were purified,
dried, or freshly distilled as required. PNPDPP was prepared
and purified by literature methods.*?

Kinetic Studies. Reaction mixtures were generated in a
quartz cuvette of 1-cm path length. The cuvette was filled with
0.5 mL of aqueous buffer (0.05 M HEPES, pH 7.0) containing
a known concentration of the catalytic system. The micellar
solution was equilibrated for 10 min in a thermostated cell
compartment (25 £ 0.1 °C) of the UV—visible spectrophotom-
eter. An appropriate aliquot (2.5 uL) of a stock solution of
PNPH or PNPDPP in CH3CN was added using a Hamilton
syringe. The reaction mixture was initiated by quick but
careful stirring, and the absorbance at 400 nm was recorded
as a function of time. The esterolysis obeyed pseudo-first-order
kinetics, and the rate constants were obtained by nonlinear
fit of the equation (A, — A))/(Aw — A;) = X where A. and A,
are the absorbances at infinite time and time ¢, respectively.
All kinetic experiments were carried out with freshly made
solutions. Each kinetic experiment was carried out thrice, and
we observed that the kg, values were within 3% relative
deviation from the value reported. Reactions involving excess
substrates were carried out, and these micellar reactions were
followed beyond 95% completion and each showed good first-
order kinetics (r > 0.999).
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