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Abstract: A tridentate water-soluble phosphotriester ligand has been synthesized. Kinetics
studies have shown that divalent metal ions dramatically enhance the rate of hydrolysis of such
phosphotriester at 25 °C and pH 8.0 via intramolecular nucleophilic attack by a metal bound
hydroxide.

Acceleration of enzymic reactions can be attributed to specific effects such as entropic advantage,
transition-state binding, and chemical catalysis by neighboring groups.] The study of simple model
systems has served to probe the relative importance of such effects and as a test of perceived insight into a
particular mechanism.2 Many of the enzymes that catalyze the hydrolysis of phosphate esters or
phosphoryl group transfer reactions require divalent metal ions for activation.3-3 Although there have
been numerous reports on phosphate esterase model systems that addressed the role of metal ions in the
hydrolysis of phosphomonoesters and phosphodiesters,G'm surprisingly only few model systems
addressed hydrolysis of neutral phosphotriesters.! 1-13  As part of our investigation of the effect of
neighboring metal complexes on the rate of hydrolysis of phosphotriesters, we wish to report the
synthesis of a water soluble phosphotriester 2 in which a dramatic rate acceleration of hydrolysis by metal
ions has been observed. In such model systems, metal ions are strongly chelated to the tridentate amine
ligand and believed to initiate nucleophilic attack at phosphorus by a metal-coordinated water molecule or
hydroxy group, resulting in rate enhancements of 105-106 folds relative to uncatalyzed reactions.
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Phosphotriester 2 was synthesized from 2,6-bis-(bromomethyl)pyridine upon treatment with two
equivalents of 2-(methylamino)ethanol in anhydrous acetonitrile to produce a clear oil 2,6-bis-[(2-
hydroxyethyl)methylamino-methyl]pyridine 1. Compound 1 was converted into the desired cyclic
phosphotriester upon treatment with one equivalent of 4-nitrophenylphosphoro dichloridate in anhydrous
methylene chloride under high dilution conditions (Scheme 1). Analytical and spectral data for
compounds 1 and 2 are consistent with the assigned structures. 14

Formation constants for the 1:1 complexes of 2 with divalent metal ions were calculated according to
the method of Pjerrum 135 and are presented in Table I. Thermodynamic deprotonation constants of metal-
bound water, pKa(H20), were determined by potentiometric pH-titration of the metal complexes.

Table I. Formation Constants for Metal Complexes of 2 at 25 °C, and Observed (and Relative) Rate
Constants for the Hydrolysis of 2-M at 25 °C and pH 8.0, i = 0.2 (NaClO4).

Metal KfM-ha PK,(H0)P kobs (s™1) krel
None 2.4x 109 1.0
Zn2+ 2.5x 105 8.1 1.5x 10-3 6.3 x 105
Cul+ 29x 109 7.8 1.8 x 10-2 7.5 x 106
Co?+ 1.3 x 107 75 L1x 103 4.6x 105
NiZ+ 1.9 x 106 8.3 1.7 x 10-3 7.0 x 105

3 Determined at pH 8.0 and [metal] = [Ligand] = | mM.
b pKa for the reaction: 2-M(H20) 2 2-M(OH) + Ht.

Rate enhancement of the hydrolysis of 2 by Zn2+, Cu2+, Co2+, and Ni2+ was studied at 25 °C
and pH 8.0. The reaction progress was monitored by following the changes in absorbance at 405 nm
(Amax of 4-nitrophenolate anion, NP-). A typical hydrolysis procedure involves immediate monitoring of
the absorbance after rapid injection of 1.5 mL of 0.02 mM aqueous solution of 2 into 1.5 mL of HEPES
buffer solution containing 0.02 mM of the metal ion (the ionic strength was maintained at 0.2 with
NaClO4). Reference experiments were carried out under identical conditions except in the absence of
metal ions. Reactions were generally followed to more than 90% completion. Based on 31P NMR
spectroscopy, subsequent hydrolysis of the produced phosphodiester 3 was too slow to be detected under
these conditions. Observed rate constants (kobs) of the hydrolysis reactions were determined by the log
plot method with correlation coefficients of >0.99. Kinetics results are summarized in Table I. Possibility



of hydrolysis of the phosphotriester by uncomplexed metal ions was ruled out since under similar reaction
conditions free metal ions failed to hydrolyze diethyl(4-nitrophenyl)phosphate, an analogous
phosphotriester lacking the tridentate ligand. Moreover, intermolecular catalysis of diethyl(4-
nitrophenyl)phosphate by metal complexes of 2,6-bis-(aminomethyl)pyridine have shown only 102-103
fold enhancements over uncatalyzed hydrolysis. 16

pH-Dependence of the hydrolysis reactions was studied over a pH range of 6.5-9.0. All reactions
displayed sigmoidal pH-rate profiles with inflection points around the pka(H20) of the metal complex, of
the type observed in a number of phosphate ester hydrolyses promoted by metal complexes.l7 Such
profiles are indicative of the involvement of a metal-hydroxy intermediate in the rate determining step.

The results of this work have shown that (1) dramatic rate enhancements of phosphate ester
hydrolysis (105-106) are observed in metal complexes in which the metal is forced to lie in the vicinity of
the phosphate group; (2) the kinetically reactive species is the metal-hydroxide complex. These
observations should be considered in the design of future model systems.
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