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Abstract—The copper complexes of 6A-(2-aminoethylamino)- and 6A-(3-aminopropylamino)-6A-deoxy-�-cyclodextrin catalyse the
hydrolysis of 4-tert-butyl-2-nitrophenyl dimethyl phosphate, with kinc=3.1×10−2 and 2.3×10−2 s−1, and Kd=4.3×10−4 and 1.2×10−3

M, respectively, in 0.05 M pH 7.0 HEPES buffer at 298 K. This corresponds to rate accelerations of more than 95 000 and 70 000
times for reaction of the cyclodextrin-bound species. © 2002 Elsevier Science Ltd. All rights reserved.

Cyclodextrins have been studied extensively as catalysts
and enzyme mimics.1 Much of this work has been
focussed on reactions of carboxylate esters2 but rela-
tively little has been concerned with the hydrolysis of
phosphate triesters. Natural3 and modified4 cyclodex-
trins are known to either inhibit, or only modestly
accelerate, breakdown of these organophosphates in
aqueous solutions. Even when reaction occurs, in some
cases the cyclodextrins are thereby phosphorylated, so
they are not acting as true catalysts. Organophosphates
such as paraoxon 1 are important as insecticides and
nerve agents.5 There is considerable interest in methods
for the catalytic breakdown of these compounds, for
the bioremediation of contaminated soil and water, and
the destruction of stockpiles of chemical warfare
agents.6 Therefore, we set out to develop cyclodextrin-
based catalysts for hydrolysis of phosphate triesters.

Various metal complexes are known to catalyse the
reactions of phosphate triesters.7–9 For example, the
Cu(II) complex of N,N,N �,N �-tetramethyl-1,2-

diaminoethane increases the rates of hydrolysis of
paraoxon 1 and the related compounds 2 and 3 by 2–3
orders of magnitude.9 Accordingly, in our studies we
employed the Cu(II) complexes of the modified �-
cyclodextrins 4-7,10 to exploit the catalytic properties of
the metal and the binding characteristics of the
cyclodextrins. The principal substrate chosen for this
investigation was the triester 8, in which the tert-butyl
group on the aromatic ring promotes complexation by
the cyclodextrin11 and the nitro group facilitates detec-
tion of the hydrolysis product 9 (Scheme 1).

The organophosphate 8 was produced by phosphoryla-
tion of 4-tert-butylphenol with dimethyl phosphoro-
chloridate,12 followed by nitration.13 Hydrolysis of this
compound was monitored at 435 nm, which corre-

Scheme 1.
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sponds to the �max of the phenoxide 9 (�=3700 M−1

cm−1). At this wavelength, the triester 8 shows negligi-
ble absorption. At 298 K, in 0.05 M HEPES buffer
containing 1% methanol, at pH 8.0 and 7.0, and in 0.05
M MES buffer containing 1% methanol, at pH 6.0,
hydrolysis of a 3×10−4 M solution of the triester 8
occurred in a pseudo-first order manner, with rate
constants (kun) of 2.3×10−6, 3.2×10−7 and <1×10−7 s−1,
respectively.14 By comparison, in the presence of the
Cu(II) complex of 6A-(2-aminoethylamino)-6A-deoxy-�-
cyclodextrin 4 (1×10−3 M),15 but under otherwise identi-
cal conditions, pseudo-first order rate constants (kobs)
of 4.6×10−2, 2.9×10−2 and 3.4×10−3 s−1 were observed
for the hydrolysis, corresponding to rate increases of
ca. 20 000, 91 000 and >34 000, respectively. For the
Cu(II) complex of 6A-(3-aminopropylamino)-6A-deoxy-
�-cyclodextrin 5, the corresponding values for kobs were
found to be 2.1×10−2, 9.9×10−3 and 1.0×10−3 s−1, show-
ing increases in hydrolysis rates of ca. 9000, 31 000 and
>10 000. By contrast, the Cu(II) complexes of the
cyclodextrins 6 and 7 had much less effect. When used
at a concentration of 1×10−3 M, at pH 7.0 they
increased the rate of hydrolysis of the triester 8 (kobs) by
factors of only 2800 and 380, respectively. While the
Cu(II) complexes of the cyclodextrins 4 and 5 were
found to be effective catalysts, their components were
not. At pH 7.0, 1×10−3 M solutions of �-cyclodextrin,
6A-(2-aminoethylamino)-6A-deoxy-�-cyclodextrin 4, 6A-
(3-aminopropylamino)-6A-deoxy-�-cyclodextrin 5,
Cu(II) and the Cu(II) complexes of 1,2-diaminoethane15

and 1,3-diaminopropane increased the rate of hydroly-
sis of the triester 8 by factors of only 2, 2, 2, 20, 10 and
40.

When ranges of concentrations of the triester 8 and the
Cu(II) complexes of the cyclodextrins 4 and 5 were
used, saturation kinetics were observed, as is typical of
enzyme-catalysed reactions and characteristic of dis-
crete substrate binding and reaction processes. Under
these conditions, the rate constant for reaction of the
complexed triester 8 (kinc or kcat) and the equilibrium
constant for complexation of the triester 8 by the
metallocyclodextrin (Kd or Km) were determined to be
5.0×10−2 s−1 and 3.8×10−3 M at pH 8.0, and 3.1×10−2 s−1

and 4.3×10−3 M at pH 7.0, with the cyclodextrin 4, and
4.8×10−2 s−1 and 1.2×10−3 M at pH 8.0, and 2.3×10−2 s−1

and 1.2×10−3 M at pH 7.0, with the cyclodextrin 5. It
was not practical to determine the corresponding values
at pH 6.0 for two reasons. Firstly, at this pH the rates
of hydrolysis of the phosphate 8 are too slow to mea-
sure accurately when only low concentrations of metal-
locyclodextrin are used. Secondly, the conjugate acid of
the phenoxide 9 has a pKa of 7.48 at 303 K,16 so only
a small percentage of the hydrolysis product is
detectable as the chromophoric species 9 at pH 6.0.

Hydrolysis of the triester 8 by the metallocyclodextrins
is most probably brought about by metal-bound
hydroxide (Fig. 1).8,9 This is consistent with the pH
dependence observed in the kobs and kinc values
reported above. Water bound to copper in the complex
of the cyclodextrin 5 is reported to have a pKa of 7.84,10

and accordingly, with this system kobs increases by

Figure 1. Hydrolysis of the phosphate triester 8 by hydroxide
bound to copper in the complex with 6A-(3-aminopropyl-
amino)-6A-deoxy-�-cyclodextrin 5.

almost a factor of ten when the pH is increased from
6.0 to 7.0, but only by a factor slightly above two when
the pH is increased from 7.0 to 8.0.

Multiple turnover (>10) of the substrate 8 by the cop-
per complex of 6A-(3-aminopropylamino)-6A-deoxy-�-
cyclodextrin 5 was observed. Thus, the metallo-
cyclodextrin is a true catalyst for the hydrolysis. It was
also observed to be substrate selective. For example, it
had very little effect on the rate of hydrolysis of
paraoxon 1. It also displayed a low degree of stereose-
lectivity. The racemate 10 was prepared by sequential
treatment of phosphorus oxychloride with 4-tert-
butylphenol, 2-propanol and methanol, in the presence
of triethylamine, followed by nitration.17 Using the
triester 10 (3×10−4 M) and the Cu(II)–cyclodextrin 5
complex (either 1.0×10−3 or 1.5×10−4 M), in 0.05 M
HEPES buffer containing 1% methanol at pH 7.0 and
298 K, the rates of hydrolysis (kobs) of the enantiomers
differed by a factor of 1.5. Practical limitations pre-
vented an analysis of this stereoselectivity in terms of
the separate contributions of binding and reaction of
the bound species.

In summary, the Cu(II) complexes of the cyclodextrins
4 and 5 are effective catalysts for the hydrolysis of the
phosphate triester 8. At pH 7.0 and 298 K, they
increase the rate of reaction by more than 95 000 and
70 000 times (kinc/kun), respectively.
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oil (0.21g, 24%), which was further purified by bulb to
bulb distillation (oven temperature 200°C, 40 mmHg). 1H
NMR (CDCl3): � 1.25 (s, 9H), 1.26 (d, J=5.7 Hz, 3H),
1.30 (d, J=6.0 Hz, 3H), 3.80 (d, JP–H=11.7 Hz, 6H), 4.73
(m, 1H), 7.39 (dd, J=8.7, 1.2 Hz, 1H), 7.52 (dd, J=8.7,
2.4 Hz, 1H), 7.82 (dd, J=2.4, 1.2 Hz, 1H). 13C NMR
(CDCl3): � 30.9, 34.7, 53.3, 55.1 (d, JP–C=6.6 Hz), 74.6
(d, JP–C=6.3 Hz), 121.2 (d, JP–C=2.6 Hz), 122.2, 131.2,
140.6 (d, JP–C=6.8 Hz), 140.8 (d, JP–C=5.7 Hz), 148.7;

EI MS m/z (70 eV): 331 (M+, 25%), 316 (50), 290 (43),
274 (82), 243 (100), 180 (70), 105 (15), 91 (19), 77 (22).
Anal. calcd for C14H22NO6P: C, 50.76; H, 6.69; N, 4.23.
Found: C, 50.74; H, 6.41; N, 4.17. Chiral HPLC analysis
of the oil [Chromtech AB Chiral AGP 100×4 mm
column, eluting with 7.5% 2-propanol in 0.01 M aqueous
phosphate buffer (pH 7.0), flow rate 0.9 mL min−1]
showed two enantiomers with retention times of 45.6 and
51.8 min.
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