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In general it is difficult to study the hydrolysis of biologically
important phosphate diesters with poor leaving groups (e.g., DNA)
because of their enormous stability. Consequently, activated
phosphate diesters with good leaving groups (e.g., bis(2,4-
dinitrophenyl)-phosphate (BDNPP), bis(p-nitrophenyl)phosphate
(BNPP), 2-hydroxy-propylp-nitrophenyl phosphate (HPNP)) are
often used as substitutes for testing the reactivity of newly
developed artificial phosphodiesterases. However, the mechanism
for catalytic hydrolysis of phosphate diesters with good leaving
is not always the same as that for those with poor leaving groups.1

To this extent, 2′,3′-cyclic adenosine monophosphate (2′,3′-cAMP)
is an ideal substrate for studying the effects of catalysts on
hydrolyzing phosphate diesters with poor leaving groups since
the cyclic phosphate hydrolyzes almost as rapidly as BDNPP
under basic conditions due in large part to the five-membered
ring strain (Table 1). Here we compare the reactivity of three
Cu(II) complexes (1, 2, and3) for hydrolyzing 2′,3′-cAMP.2

2,9-Diamino-o-phenanthroline was synthesized according to a
literature procedure.3 [(2,9-Diamino-o-phenanthroline)CuCl2] was
prepared from a methanolic solution of CuCl2 and 2,9-Diamino-
o-phenanthroline. Copper complexes1, 2, and 3 were freshly
generated in water from the corresponding chlorides and 1 equiv
NaOH. Hydrolysis of 2′,3′-cAMP was monitored by HPLC as
described previously.4 The reaction solutions were buffered by
the metal complexes.5 A typical HPLC plot for 1-promoted
cleavage of 2′,3′-cAMP (0.05 mM) at pH 5 and 25°C is shown
in Figure 1. It is evident from the HPLC plot that the cleavage
reaction occurs hydrolytically producing 3′-AMP and 2′-AMP in
a ratio of about 16 to 1. This represents the most regiospecific
hydrolysis of the cyclic phosphate with a simple mononuclear

metal complex. An interesting dinuclear Cu(II) complex that
provides comparable regiospecificity for hydrolyzing 2′,3′-cAMP
has been recently reported.6 Surprisingly,1 is over 100 times more
reactive than even Ln(III) ions or complexes (Table 1).7

Potentiometric titration reveals that the pKa values of the
protonated metal-hydroxides in1, 2, and3 are 5.5, 7.0, and 8.2,
respectively.8 It is remarkable that the amino group in1 lowers
the pKa of the metal-bound water molecule given that it is an
electron-donating group. It appears that the amino group is acting
as a hydrogen bond donor to the metal-bound water molecule,
thereby lowering the pKa (1H). If the amine nitrogen was acting
as a hydrogen bond acceptor, the pKa of the coordinated water
molecule should have increased. To test this, we synthesized an
analogue of1H with the two hydrogen bond donating amine
groups replaced with two hydrogen bond accepting groups (4H).
As anticipated, the pKa of the metal-bound water in4H (7.7) is
significantly higher than that of1H (or the conjugate acid of2).9

To examine the possiblity of the intramolecular hydrogen
bondings in 1H, we determined the crystal structure of the
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Figure 1. HPLC traces of1 (1 mM) promoted cleavage of 2′,3′-cAMP
(0.05 mM) at 25°C, pH 5.0. Retention times are as follows: 3′-AMP )
3.5 min; 2′,3′-cAMP ) 7.5 min; 2′-AMP ) 8 min. Reaction times are
from foreground to background, 6, 30, 120, 306, and 630 s.

Table 1. Apparent Second-Order Rate Constants (M-1 s-1) for
Hydrolysis of Phosphate Diesters at 25°C

BDNPP (k) BDNPP (rel) 2′,3′-cAMP (k) 2′,3′-cAMP (rel)

OH 3.2× 10-3 1 1.1× 10-3 1
3 5.7(2)× 10-4 1.8× 10-1 5.1(2)× 10-3 4.6
2 8.0(2)× 10-1 2.5× 102 6.2(2)× 10-2 5.6× 10
1 2.0(1)× 10 6.3× 103 3.8(1)× 10 3.5× 104

4710 J. Am. Chem. Soc.1999,121,4710-4711

10.1021/ja981227l CCC: $18.00 © 1999 American Chemical Society
Published on Web 05/05/1999



dichloro complex of1 (Figure 2A).10 The range of distances
required between a nitrogen donor and a chlorine acceptor for a
hydrogen bond in the solid state is 3.10-3.26 Å11 and both N-Cl
distances in Figure 2 are well within this range (3.13 and 3.17
Å). For comparison, a crystal structure of a Cu(II) complex where
the amino groups have been replaced by methyl groups has been
obtained. In the copper chloride complex of bathocuproine (2a,
Figure 2B)12 there is no possibility of hydrogen bonding inter-
actions and the distances between the chlorine atoms and the
methyl carbon atoms are considerably longer (3.62 and 3.53 Å,
respectively).

The reactivities of the free hyroxide and the three metal-
hydroxide complexes for hydrolyzing BDNPP and 2′,3′-cAMP
are listed in Table 1. At solution pH below the pKa of the
coordinated water molecules, complex1 is about 2× 104 times
more reactive than2 and about 4× 106 times more reactive than
3 for hydrolyzing 2′,3′-cAMP. Above the pKa of the coordinated
water molecules, complex1 is over 6× 102 times more reactive
than2 and over 7× 103 times more reactive than3 (Table 1).
The greater reactivity of1 cannot be due to an increase in the
equilibrium constant for complexation of the phosphate diester
since dimethyl phosphate does not significantly inhibit the reaction
up to 0.1 M. The simple mononuclear Cu(II) complex (1) is about
100-fold more reactive than the recently reported dinuclear
Cu(II) complex for hydrolyzing the cyclic phosphate.6

It is well-known thatcis-aquahydroxy metal complexes dimer-
ize and that the dimers are not reactive for hydrolyzing
phosphates.2e,4 The rate of hydrolysis of 2′,3′-cAMP increases
linearly with increase in concentration of1 or 2, indicating that
the metal complexes do not dimerize significantly under our
experimental conditions.4 Potentiometric titrations of1, 2, and4
at various concentrations also reveal that the metal complexes
do not dimerize.

We propose that the mechanism for1- and 2-promoted
hydrolysis of 2′,3′-cAMP involves intramolecular nucleophilic
attack by the metal-hydroxide on the coordinated phosphate
diester.2 The reason1 is more reactive than2 for hydrolyzing

2′,3′c-AMP may be because the amino group hydrogen bonds to
the OH group in5 (as in1H).13 This hydrogen bonding should
acidify the OH group, making it easier for this group to
deprotonate and thus facilitate the expulsion of the leaving group.
This deprotonation may well be coupled to solvent-mediated
protonation of the leaving group oxygen. The extent of this proton
switch at the transition state is expected to be greater for phosphate
diesters with poorer leaving groups.14 Hence the difference in the
reactivity of 1 and2 for hydrolyzing BDNPP is only about 20-
fold while that for 2′,3′-cAMP is about 600-fold (Table 1). The
lowering of the pKa in 1H is expected to lower the nucleophilicity
of the metal-hydroxide. However, this appears to be more than
compensated for by the subsequent ease in the deprotonation of
the OH group in5.

It is unlikely that the amino group is acting as a general base
catalyst to directly deprotonate the OH group in5 since its basicity
is expected to be too weak (For example, the pKa value of the
conjugate acid of 2-aminopyridinium is only-7.6.15). It is also
unlikely that the amino group is acting as a nucleophilic catalyst
for hydrolyzing 2′,3′-cAMP since6 does not hydrolyze to any
appreciable extent under the same experimental conditions used
to hydrolyze 2′,3′-cAMP to completion.

In conclusion,1 provides over (1× 109)-fold rate acceleration
over the background hydroxide rate (1 mM metal complex at pH
6, 25 °C) for hydrolyzing 2′,3′-cAMP by a novel mechanism.
Complex1 is by far the most reactive transition-metal complex
reported to date for hydrolyzing 2′,3′-cAMP.16
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Figure 2. Crystal structures (ORTEP representation; ellipsoids at 50%
probability level) of the dichloro complex of1 (A) and2a (B). The two
phenyl groups of bathocuproine in2ahave been omitted for comparison.

Communications to the Editor J. Am. Chem. Soc., Vol. 121, No. 19, 19994711


