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� The hydrolysis of cyclic adenosine 3 ′,5 ′-monophosphate and 2 ′-deoxythymidylyl(3 ′-5 ′)2 ′-
deoxythymidine by Ce(NH4)2(NO3)6 was kinetically studied. The rate of hydrolysis was fairly pro-
portional to the concentration of [Ce IV

2 (OH)4]4+, showing that this is the catalytically active species.
According to quantum-chemical calculation, the two Ce(IV) ions in this [Ce IV

2 (OH)4]4+ cluster are
bridged by two OH residues. Upon the complex formation with H2 PO−

4 (a model compound for
the phosphodiesters), these two Ce(IV) ions bind the two oxygen atoms of the substrate and enhance
the electrophilicity of the phosphorus atom. The catalytic mechanism of Ce(IV)-induced hydrolysis of
phosphodiesters has been proposed on the basis these results.
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524 J. Sumaoka et al.

INTRODUCTION

Non-enzymatic hydrolysis of biologically important phosphodiesters
such as cyclic adenosine 3′,5′-monophosphate (cAMP), DNA, RNA, and
phospholipids has been attracting increasing interest, because of potential
applications to molecular biology, biotechnology, therapy, and others.[1] Su-
perb catalysts for the hydrolysis of RNA have been successfully obtained.[2]

However, other phosphoesters, especially cAMP and DNA, are so stable
that few catalysts can hydrolyze them at reasonable rates under physiolog-
ical conditions (the half-lives of the phosphodiester linkages of cAMP and
DNA in the absence of catalysts are estimated to be 400 thousand[3] and
200 million years,[4] respectively). About 10 years ago, it was found that
Ce(IV) ion is remarkably active for the hydrolysis of them under physio-
logical conditions.[5−10] No concurrent oxidation of cAMP and DNA was
detectable, indicating a strong potential for practical applications. The ac-
celeration accomplished by this metal ion was as large as 1011–1013 fold. Quite
interestingly and importantly, the catalytic activity of Ce(IV) for the hydrol-
ysis of both cAMP and DNA is overwhelmingly greater than those of other
metal ions. Furthermore, both reactions proceed via nucleophillic attack by
external OH−(or its relevant species), which is in contrast with intramolec-
ular attack by 2′-OH in RNA hydrolysis (transesterification).[5,7] Thus, they
have many features in common. Several spectroscopic studies have been al-
ready made on Ce(IV)/phosphodiester complexes.[11,12] Nevertheless, the
species responsible for the catalysis has not yet been pinned down and the
mechanism of catalysis by Ce(IV) is not completely clear. One of the most
significant obstacles is the fact that the Ce(IV) ions form complicated gel
of metal hydroxide at physiological pH, which has been preventing detailed
analysis of the reactions.

However, we have now found that highly acidic solutions of Ce(IV) are
free from the precipitation of gel and are appropriate for kinetic analysis.
Significantly, these solutions are sufficiently active for the hydrolysis of cAMP
and DNA, and their catalytic activities are similar to those of the metal hy-
droxide gel obtained at neutral pH. Furthermore, the concentrations of all
the Ce(IV)-derived species in these solutions can be calculated by using the
equilibrium constants which are available in the literature.[13] In this arti-
cle, the hydrolysis of cAMP and 2′-deoxythymidylyl(3′-5′)2′-deoxythymidine
(TpT) in these acidic solutions is kinetically studied in detail. The de-
pendence of hydrolysis rate on the concentration of each of the Ce(IV)-
derived species is analyzed, and the catalytically active species is determined.
The geometric structure and electric properties of this active species, as
well as those of its complex with a phosphodiester, are investigated by
ab initio quantum-chemical calculation. The reaction mechanism for the
Ce(IV)-induced hydrolysis of phosphodiesters is proposed in terms of these
results.
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Active Species for Ce(IV)-Induced DNA Hydrolysis 525

RESULTS AND DISCUSSION

Hydrolysis of cAMP and DNA by Ce(NH4)2(NO3)6

in Acidic Solutions

When the pH of Ce(NH4)2(NO3)6 solution was lower than 2.5, there
existed no precipitates of Ce(IV) hydroxide in the solution. The absence
of colloidal particles in these solutions was confirmed by light-scattering
photometry using the instrument which can detect the particles, if any,
of diameter 15 Å or larger. The pseudo-first-order rate constant for the
disappearance of cAMP in the presence of Ce(NH4)2(NO3)6 (1 mM ) at
pH 2.0 and 30◦C is 1.5 × 10−3 s−1.[14] This value is smaller than the value
(4.7 × 10−3 s−1) at pH 7.0, but the difference is only 3-fold. The major prod-
uct was adenosine 3′-monophosphate, exactly as was the case at pH 7.0.[15]

The 3′-monophosphate, as well as the 5′-monophosphate, was gradually hy-
drolyzed to adenosine as the final product. No oxidative cleavage of the nu-
cleobase and the ribose was detectable. According to the redox titration de-
scribed in Experimental section, all the Ce(IV) ions in the solutions retained
their tetravalent states throughout the cAMP hydrolysis. No redox reactions
took place in the mixtures. Cyclic 3′,5′-monophosphates of guanosine, cy-
tidine, and uridine were also promptly hydrolyzed by Ce(NH4)2(NO3)6 at
pH 2.0.

The pH-rate constant profile for the hydrolysis of the dinucleotide TpT
by Ce(NH4)2(NO3)6 (10 mM) was also flat. The rate constant at pH 2.0 and
50◦C was 1.1 × 10−5 s−1, whereas the value at pH 7.0 was 5.3 × 10−5 s−1. The
product was mostly thymidine (pT and Tp, formed by the hydrolysis of TpT,
were rapidly hydrolyzed and not much accumulated). Thymine and other
oxidation products were not formed under these conditions (only when the
pH was lower than 1.4, thymine was slightly formed due to the oxidation
and thus the present kinetic studies were carried out at pH > 1.4). Essential
features of the hydrolyses of cAMP and TpT by Ce(NH4)2(NO3)6 in acidic
solutions are similar to those at pH 7.[5,7] In the absence of Ce(NH4)2(NO3)6,
neither cAMP nor TpT was hydrolyzed to a detectable extent, as expected
from their stabilities described above.

Kinetic Analysis of the Hydrolysis of cAMP by Ce(NH4)2(NO3)6

The equilibrium constants for the solvolysis of Ce(IV) were previously
reported at 25◦C and [NaClO4] = 3.0 M (see Eqs. (1–7)).[13] Thus the
concentrations of the Ce(IV)-derived species formed in reaction mixtures
([CeIV]4+, [CeIV(OH)]3+, [CeIV(OH)2]2+, [CeIV

2 (OH)2]6+, [CeIV
2 (OH)3]5+,

[CeIV
2 (OH)4]4+, and [CeIV

6 (OH)12]12+) can be calculated by using Q1,1,
Q1,2, Q2,2, Q2,3, Q2,4, and Q6,12 values. Here the Qx,y is defined by
Eq. (1).
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526 J. Sumaoka et al.

x CeIV + y H2O� [
CeIV

x (OH)y
]

(4x − y)+ + yH+

Qx,y =
[[

CeIV
x (OH)y

](4x − y)+]
[H+]y

[CeIV]x
(1)

The present kinetic analysis was achieved under the same conditions where
these Qx,y values were determined.

CeIV + H2O � [CeIV(OH)]3+ + H+ logQ1,1 = 1.1 (2)

CeIV + H2O � [
CeIV(OH)2

]2+ + 2H+ logQ1,2 = 0.3 (3)

2CeIV + 2H2O � [
CeIV

2 (OH)2
]6+ + 2H+ logQ2,2 = 3.6 (4)

2CeIV + 3H2O � [
CeIV

2 (OH)3
]5+ + 3H+ logQ2,3 = 4.1 (5)

2CeIV + 4H2O � [
CeIV

2 (OH)4
]4+ + 4H+ logQ2,4 = 3.5 (6)

6CeIV + 12H2O � [
CeIV

6 (OH)12
]12+ + 12H+ logQ6,12 = 15.4 (7)

The equilibrium concentrations of these Ce(IV)-derived species un-
der typical reaction conditions (pH 2.0 and [Ce(NH4)2(NO3)6]0 = 1 mM)
are presented in Table 1. The abundance of these species is in
the following order: [CeIV(OH)2]2+ > [CeIV

2 (OH)4]4+ � [CeIV(OH)]3+ >

[CeIV
2 (OH)3]5+ � [CeIV

6 (OH)12]12+ � [CeIV
2 (OH)2]6+ ≈ [CeIV]4+.

The hydrolysis of cAMP in acidic solutions was sufficiently fast and
fair first-order kinetics was always obtained up to high conversion. As
shown by the open circles in Figure 1a, the pseudo-first-order rate con-
stant kobs monotonously increased with increase in the initial concentra-
tion of Ce(NH4)2(NO3)6. Here, the pH was kept constant at 2.0. All the
experimental points fairly fit the solid line (vi), which shows the equilib-
rium concentration of the bimetallic hydroxo-cluster [CeIV

2 (OH)4]4+. The
dotted lines (iv) and (v) referring to the equilibrium concentrations of

TABLE 1 Distribution of CeIV-Derived Species at pH 2.0,
25◦C, and [Ce(NH4)2(NO3)6]0 = 1 mM ([NaClO4] = 3.0 M )

CeIV-derived species Mole fraction (%)

[CeIV]4+ 0.0034
[CeIV(OH)]3+ 4.2
[CeIV(OH)2]2+ 67
[CeIV

2 (OH)2]6+ 0.0035
[CeIV

2 (OH)3]5+ 1.1
[CeIV

2 (OH)4]4+ 28
[CeIV

6 (OH)12]12+ 0.1
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Active Species for Ce(IV)-Induced DNA Hydrolysis 527

[CeIV
2 (OH)2]6+ and [CeIV

2 (OH)3]5+, respectively, have similar shapes as the
line (vi). These three species are the candidates for the catalytically active
species. On the other hand, the lines (i–iii) for [CeIV]4+, [CeIV(OH)]3+, and
[CeIV(OH)2]2+ were too flat to satisfy the experimental results, and the line
(vii) for [CeIV

6 (OH)12]12+ was too steep. These four species cannot be the
active species. Note that the shapes of these lines are concretely determined
a priori only by the Qx,y values, pH, and [Ce(NH4)2(NO3)6]0. On the other
hand, the positions of lines are vertically movable by varying the catalytic rate
constants of the corresponding Ce(IV)-derived species.

The pH dependence of the rate constant of hydrolysis is shown by the
open circles in Figure 1b ([Ce(NH4)2(NO3)6]0 is kept constant at 1 mM).
The profile is rather flat from pH 1.4 to 2.1. All the experimental points are
consistent with the shapes of the theoretical lines for the equilibrium concen-
trations of [CeIV(OH)2]2+ (iii), [CeIV

2 (OH)4]4+ (vi), and [CeIV
6 (OH)12]12+

(vii). The concentrations of the other four species rapidly decrease with
increasing pH and are inconsistent with the experimental data (the line
(i) and the line (iv) are completely superimposed with each other). Of
the seven Ce(IV)-derived species in the mixtures, only the tetracationic
bimetallic hydroxo-cluster [CeIV

2 (OH)4]4+ agrees with both of the analyses
in Figures 1a and 1b, which are independent from each other. It is con-
cluded that this species should be responsible for the hydrolysis of cAMP by
Ce(NH4)2(NO3)6.[16]

The assignment of [CeIV
2 (OH)4]4+ to the catalytically active species

for the hydrolysis has been further confirmed by Figure 1c. Here, both
[Ce(NH4)2(NO3)6]0 and pH were varied randomly and independently. As
shown by the open circles, the plot of hydrolysis rate vs. the equilibrium con-
centration of [CeIV

2 (OH)4]4+ fairly fits the solid straight line which passes
through the origin. From its slope, the second-order catalytic rate con-
stant of this dinuclear cluster is evaluated to be 2.7 M −1 s−1. However,
there is no linear relationship between the hydrolysis rate and the concen-
tration of [CeIV(OH)2]2+ (the closed circles). Although this mononuclear
Ce(IV) species is abundant in the reaction mixtures, it cannot be the active
species.[16] The ternary reaction system involving two of these monomeric
Ce(IV) species (and the substrate) is unfavorable due to notable loss of en-
tropy. This argument is consistent with the following theoretical studies. No
linear relationship was observed between kobs and the concentration of any
other Ce(IV)-derived species.

Kinetic Analysis of the Hydrolysis of TpT by Ce(NH4)2(NO3)6

Similar kinetic analysis was carried out on the hydrolysis of TpT
by Ce(NH4)2(NO3)6 at 25◦C and [NaClO4] = 3.0 M (Figure 2). Only
hydrolytic product (thymidine) was formed (vide ante). In Figure 2a,
[Ce(NH4)2(NO3)6]0 was varied with the pH kept constant, whereas Figure 2b
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528 J. Sumaoka et al.

shows the pH dependence of hydrolysis rate ([Ce(NH4)2(NO3)6]0 is kept
constant). In both figures, the experimental points fairly fit the theoretical
line (the solid one) showing the equilibrium concentration of the bimetallic
hydroxo-cluster [CeIV

2 (OH)4]4+. No other Ce(IV)-derived species satisfy the
experimental results. Consistently, kobs linearly increased with increasing con-
centration of [CeIV

2 (OH)4]4+ when both [Ce(NH4)2(NO3)6]0 and pH were
varied independently (the open circles in Figure 2c). On the other hand, the
plot of kobs vs. [CeIV(OH)2]2+ never fit a straight line which passes through
the origin (the closed circles). It is strongly indicated that [CeIV

2 (OH)4]4+ is
also the catalytic species for TpT hydrolysis, as is the case in the hydrolysis of
cAMP.

Quantum-Chemical Studies on the Catalytically Active

[CeIV
2 (OH)4]4+Cluster and Its Complex with Phosphodiester

According to ab initio calculation, [CeIV
2 (OH)4]4+ is stable when the two

Ce(IV) ions therein are bridged by two hydroxide groups. Its optimized struc-
ture is presented in Figure 3a.[17] All of the two Ce(IV) atoms and these two
bridging OH groups (both the oxygen atoms and the hydrogen atoms) are
located in one plane. The whole structure of the cluster has C2 symmetry
with respect to the straight line connecting the two OH groups. The distance
between the two Ce(IV) atoms is 3.848 Å. This value is fairly in accord with the
Ce-Ce distance (3.6 Å) in the 2:1 Ce(IV) complex of diphenyl phosphate,
which was evaluated by EXAFS study.[11] It is noteworthy that a bimetallic
Ce(IV) cluster of the same composition is quite unstable when there ex-
ists only one OH bridge between the two Ce(IV) atoms and another OH is
bound to either of the two Ce(IV) ions. Upon optimizing the geometry of
this bimetallic cluster by the quantum-chemical calculation, the OH-bridge
was spontaneously cleaved and accordingly the cluster was decomposed to
two [CeIV(OH)2]2+ molecules.

As a model compound of phosphodiesters for the calculation, H2PO−
4

was employed since the phosphoesters mostly exist as monoanion under the
reaction conditions (the pKa value of the phosphodiester linkage of TpT is

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
FIGURE 1 Plots of logarithm of the pseudo-first-order rate constant of cAMP hydrolysis at 25◦C
([NaClO4] = 3.0 M ) vs. (a) the initial concentration of Ce(NH4)2(NO3)6 and (b) the pH. The pH
was kept constant at 2.0 in (a), whereas [Ce(NH4)2(NO3)6]0 was constant at 1 mM in (b). The solid
line (vi) is the theoretical one showing the concentration of the proposed active species [CeIV

2 (OH)4]4+
(the right-handed ordinate). The dotted lines are the theoretical ones for (i) [Ce]4+; (ii) [CeIV(OH)]3+;
(iii) [CeIV(OH)2]2+; (iv) [CeIV

2 (OH)2]6+; (v) [CeIV
2 (OH)3]5+, and (vii) [CeIV

6 (OH)12]12+. All the theo-
retical lines were calculated using the equilibrium constants that were determined under the same condi-
tions as the reaction conditions (25◦C and [NaClO4] = 3.0 M).[13] In (c), both [Ce(NH4)2(NO3)6]0 and
pH were varied independently from each other, and the rate constants were plotted vs. the equilibrium
concentrations of [CeIV

2 (OH)4]4+ (the open circles) and [CeIV(OH)2]2+ (the closed circles).
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530 J. Sumaoka et al.

FIGURE 2 Plots of logarithm of the pseudo-first-order rate constant of TpT hydrolysis at 25◦C
([NaClO4] = 3.0 M ) vs. (a) the initial concentration of Ce(NH4)2(NO3)6 and (b) the pH. The pH
was kept constant at 2.0 in (a), whereas [Ce(NH4)2(NO3)6]0 was constant at 10 mM in (b). The solid
and the dotted lines are the theoretical lines (see the legend for Figure 1). In (c), the rate constants were
plotted vs. the equilibrium concentrations of [CeIV

2 (OH)4]4+ (the open circles) and [CeIV(OH)2]2+ (the
closed circles) using the data in (a) and (b).
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Active Species for Ce(IV)-Induced DNA Hydrolysis 531

0.4, according to the previous titration by 31P-NMR).[5a] Figure 3b shows the
optimized structure of the complex between H2PO−

4 and the [CeIV
2 (OH)4]4+

cluster having two bridging OH groups (the structure depicted in Figure 3a).
This complex is stable, and the free energy change for its formation, eval-
uated by the theoretical calculation, is −20.31 kcal mol−1. The two oxygen
atoms of H2PO−

4 are coordinated to each of the two Ce(IV) atoms, and the
Ce-O distance for both of the coordination is 2.132 Å. The charge (+2.57) on
the phosphorus atom in this complex is remarkably greater than the value of
free H2PO−

4 (+1.89), confirming that the electrons on this atom are notably
withdrawn by the Ce(IV) ions. As the result, the electrophilicity of this reac-
tion center is enhanced. The positive charges of two Ce atoms in the complex
are 2.26 and 2.27. Upon the complex formation, the symmetric structure of
the bimetallic Ce(IV) cluster in Figure 3a is slightly distorted so that the two
Ce(IV) atoms are pushed towards the H2PO−

4 and form two coordination
bonds with their two oxygen atoms. However, the Ce-Ce distance (3.727 Å)
is almost unchanged during these processes.

FIGURE 3 The optimized structures determined by the ab initio quantum-chemical calculations.
(a) [CeIV

2 (OH)4]4+ involving two OH bridges, (b) 1:1 complex between H2PO−
4 (a model compound of

phosphodiester) and [CeIV
2 (OH)4]4+, (c) the ternary complex between H2PO−

4 and two [CeIV(OH)2]2+
molecules. The bond length and the interatomic distance are in Å unit.
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532 J. Sumaoka et al.

For the purpose of comparison, the calculation was also carried out on
the 1:2 complex between one H2PO−

4 molecule and two [CeIV(OH)2]2+ clus-
ters. In the optimized structure of this ternary system, each of the two oxy-
gen atoms of H2PO−

4 is coordinated to either of these two [CeIV(OH)2]2+

molecules (Figure 3c). The Ce-O distances are 2.198 Å. The two Ce atoms are
sufficiently far away from each other (the distance is 6.634 Å) and thus these
two [CeIV(OH)2]2+ clusters behave as independent species. This 1:2 complex
is quite unstable in comparison with the 1:1 complex between H2PO−

4 and the
dinuclear [CeIV

2 (OH)4]4+ cluster in Figure 3b. The free energy change for
its formation, evaluated by the calculation, is only –11.04 kcal mol−1, which
is far less favorable than the corresponding value (–20.31 kcal mol−1) for the
latter complex. The charge of P atom is +2.50, which is by 0.07 unit smaller
than the value in the complex of the bimetallic cluster [CeIV

2 (OH)4]4+. It is
highly unlikely that this ternary complex is making a significant contribution
to the phosphodiester hydrolysis.

Proposed Mechanism of the Hydrolysis of Phosphodiesters

The present kinetic studies have concluded that [CeIV
2 (OH)4]4+ is the

active species for the hydrolysis of cAMP and DNA in acidic solutions. Of all
the Ce(IV) ions in the mixtures, only less than half is forming this bimetallic
hydroxo-cluster (see Table 1: [CeIV(OH)2]2+ is the most abundant species).
Even under these conditions, [CeIV

2 (OH)4]4+ governs the whole reaction.
The catalytic activity of this bimetallic cluster must be sufficiently large,
in comparison with the activities of the other species. Upon the complex
formation of the phosphodiester with this Ce(IV) cluster, its two oxygen
atoms are coordinated to each of the two Ce(IV) ions in the cluster (Figure
3b). This bidentate coordination is consistent with the results of previous
core-level photoelectron spectroscopy[12] on the complex formation between
diphenyl phosphate and Ce(IV). Because of this coordination, the electrons
of phosphodiester are greatly withdrawn by the Ce(IV) cluster. The struc-
ture of [CeIV

2 (OH)4]4+ is suitable for this complex formation so that the
Ce-Ce distance is little altered on the coordination of H2PO−

4 (3.848 Å →
3.727 Å).

On the basis of these results, the mechanism of the phosphodiester hy-
drolysis is proposed as depicted in Figure 4.[18] First, the Ce(IV)-bound hy-
droxide ion attacks the phosphorus atom as the electrophilic center.[19] Since
the phosphodiester residue is strongly activated by its bidentate coordination
to the two Ce(IV) ions, this intramolecular reaction is efficient. The positive
charges in [CeIV

2 (OH)4]4+ stabilize the negatively charged transition-state
of the hydrolysis. On the breakdown of the pentacoordinated intermediate,
the water bound to the Ce(IV) ions functions as acid catalyst and assists
the removal of leaving group from the phosphorus atom. Notable D2O sol-
vent isotope effect (2.0) observed for this reaction[5a] is probably associated
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Active Species for Ce(IV)-Induced DNA Hydrolysis 533

FIGURE 4 Proposed mechanism for the hydrolysis of phosphodiester by bimetallic hydroxo-cluster
[CeIV

2 (OH)4]4+.

with the proton-transfer in this process. Consistently, various dinuclear and
trinuclear metal complexes are far more active for phosphoester hydrolysis
than are the corresponding mononuclear complexes.[20,21] Many enzymes
for phosphodiester hydrolysis also involve two or three metal ions at their
active center.[22] The proposed mechanism of catalysis is further supported
by previous core-level photoelectron spectroscopy[12] showing that the 2p
orbital of P atom of diphenyl phosphate in its Ce(IV) complex is far more
stable than those in the complexes of diphenyl phosphate with other metal
ions. Apparently, the Ce(IV) ion withdraws electrons from the phospho-
diester in far greater extent than do the other metal ions, and drastically
enhances the electrophilicity of the P atom.[23] The results of quantum-
chemical calculation in this article provide strong supports for these
arguments.

CONCLUSION

Among various non-enzymatic catalysts hitherto proposed, only Ce(IV)
ion can hydrolyze cAMP and DNA at reasonable rates under physiological
conditions. The bimetallic hydroxo-cluster [CeIV

2 (OH)4]4+ is the catalytically
active species, as shown by the present kinetic analysis on the hydrolysis in
acidic solutions. Although the concentration of this cluster is not necessar-
ily large, it governs the reaction due to its large catalytic rate constant. It is
proposed that the stable phosphodiester linkages are strongly activated by
the cooperation of two Ce(IV) ions in this cluster. According to quantum-
chemical theoretical studies, the two Ce(IV) ions at around 3.8 Å distance
in this dinuclear Ce(IV) cluster bind two non-bridging oxygen atoms of the
phosphodiester linkages, and notably withdraw electrons from this linkage.
The electron-withdrawing activity of Ce(IV) is overwhelmingly greater than
those of the other metal ions. The phosphorus atom in the phosphodi-
ester linkage thus activated is efficiently attacked by the Ce(IV)-bound
hydroxide, resulting in the hydrolytic scission of the linkage. The origin
of remarkable catalysis of Ce(IV) for phosphodiester hydrolysis has been
for the first time quantitatively clarified. When the hydrolyses are carried
out at around pH 7, similar acid-base cooperation should occur in higher
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aggregates of [CeIV
2 (OH)4]4+. The results in the present article should be

useful for design of still more effective catalysts for biologically important
phosphodiesters.[24]

EXPERIMENTAL SECTION

Materials

cAMP and TpT were purchased from Sigma. Ce(NH4)2(NO3)6 was ob-
tained from Nacalai. Water was purified with a Millipore purification system
Milli-Q (the specific resistance >18.3 M� · cm−1) and sterilized immediately
before use. Throughout the experiments, great care was taken to avoid con-
tamination by natural enzymes.

Kinetic Measurements

Typical procedure for the hydrolysis of cAMP and TpT was as follows.
To 1.0 mL of 3.0 M NaClO4 solution, Ce(NH4)2(NO3)6 was added, and
then the pH of mixture was adjusted. The reaction was initiated by adding
10 µl of a stock solution of substrate. The reaction conditions (25◦C and
[NaClO4] = 3.0 M) are the same as those where the equilibrium constants
Qx,y in Eqs. (2)–(7) were determined in ref 13. The initial concentration
of cAMP or TpT was 0.1 mM. At appropriate interval, the reaction mixture
was analyzed by the reversed-phase HPLC (Merck LiChrospher 18(e) ODS
column, 25 cm). The eluent for the analysis of cAMP hydrolysis was 97:3 mix-
ture containing choline chloride as an ion-pair agent, whereas 93:7 water-
acetonitrile mixture was used for TpT hydrolysis. The HPLC peaks were as-
signed by coinjection with authentic samples. The change in pH during the
reactions was less than 0.1 unit. The rate constants for the hydrolysis of cAMP
were determined by pseudo-first-order plots. On the other hand, the hydrol-
ysis of TpT at 25◦C was slow so that the reaction rate was determined from
the initial slope of time-conversion curve. Duplicate or triplicate runs were
made and the differences between the rate constants obtained were within
10%. The absence of contamination by enzymes and others was confirmed
by repeated control experiments.

Light-Scattering Photometry

The aquesous solutions of Ce(NH4)2(NO3)6 (1 mM) at pH 2.0 were an-
alyzed by an Otsuka Electronics dynamic photoscattering FDLS-3000 spec-
trometer. This analyzer can detect, if any, the particles which are greater than
15 Å.
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Determination of the Concentration of Tetravalent Ce Ion

in the Reaction Mixtures

In order to confirm the lack of reduction of Ce(IV) to the trivalent ion
during the hydrolysis of cAMP and TpT, the concentration of Ce(IV) in
the reaction mixtures was directly determined by titration. A given amount
of FeSO4 was added to the mixture, and the resultant solution was back-
titrated with Ce(NH4)4(SO4)4 using o-phenanthroline as an indicator (its
Fe(II) complex is red, while the Fe(III) complex is light purple). At least
duplicate runs were made for each determination. The solutions of FeSO4

and Ce(NH4)4(SO4)4 were prepared immediately before use.

Quantum-Chemical Calculations

The GAUSSIAN 98 program was used,[25] and the geometries of all the
mono- and dinuclear clusters of Ce(IV), free H2PO−

4 and their complexes
were optimized in a gas phase at RHF level. The Gibbs free energies were
obtained by the density-functional-theory calculation with B3LYP level. Con-
tribution of the solvation effects was incorporated by the PCM on the rec-
ommended conditions.[26] In the geometry optimization, the basis function
for the P, O, C, and H atoms was 3 − 21 + G∗, while 6 − 31 + G∗ was used in
the Gibbs free energy calculation. The effective core potential methods were
applied to a 46-electron core ([Kr]4d) of the Ce(IV) atom.[27] The 4f, 5s,
and 5p orbitals were included as outer core and calculated by using the basis
set size of DZP.
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