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ABSTRACT
An aza-crown ether ligand, 4,7,13,16-tetraethoxycarbonylmethyl-1,10-dioxa-4,7,13,16-tetraaza-18-C-6, was
synthesized and characterized in this work. The binary complex containing cerium ion (III) and the ligand was
determined by fluorescence technique and then used as catalyst in the hydrolysis of bis(4-nitrophenyl) phosphate
ester (BNPP). The experimental data indicate that the cerium (III) complex exhibited higher catalytic activity than
that of other catalytic systems in BNPP hydrolysis. Based on the experimental data, the intramolecular hydrolytic
cleavage mechanism was proposed and the correlative thermodynamic and kinetic data were determined by the
kinetic model established in this work.
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INTRODUCTION
Phosphate ester plays numerous critical roles in biological systems, such as information storage and utilization
(DNA/RNA), energy transduction (ATP), and cellular signaling communication [1]. Especially, phosphate esters
specific hydrolysis plays an important role in the metabolic processes of living organism. Previous studies on the
mechanism of phosphate ester hydrolysis have led to the development of a number of highly efficient artificial
enzymes [2-4]. These studies have provided information about the fundamental role of metal ions in promoting
hydrolytic reactions. Among these model compounds for among the lanthanides and it has been found to be
particularly effective in promoting phosphatase, lanthanide ion and its complexes have attracted much attention as
catalysts for phosphate ester hydrolysis [5,6] because of their extremely strong Lewis acidity, the conjunction of
higher oxidation state and charge density, coordination number, and rapid ligand exchange rates [7, 8]. These
characteristics make the lanthanide ions well-suited to be catalytic centers in the development of artificial enzymes
[9]. Cerium is unique phosphodiester hydrolysis and DNA hydrolysis [10-12].
In a great number of biomimetic models of hydrolytic metalloenzymes, macrocyclic polyamine metal complexes
employed in the catalyzing hydrolysis of phosphate esters have attracted considerable attention [13] due to the
unique properties of macrocyclic polyamine, such as stabilizing metal ions with appropriate radii, introducing
side-arms with different functional groups, which will exhibit different catalytic activities. Our research team has
been working hard to develop the biomimetic models for metalloenzyme with high efficiency [14-18]. In the
previous study, our research group also found that the two azamacrocyclic complexes can promote the hydrolytic
cleavage of BNPP efficiently [19-20]. In order to better elucidate the role of lanthanide ions and further understand
the mechanism of hydrolysis of phosphate esters catalyzed by the polyamine macrocyclic lanthanide (III) complex, a
new system made of cerium ion (III) and an aza-crown ether ligand was constructed and used as catalyst or the
phosphate ester hydrolysis in this work.
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EXPERIMENTAL SECTION
Instrumentation and materials
Fluorescence spectrum was carried out on Cary Eclipse spectrofluorophotometer (Agilent Technologies Co. USA.).
The elementary analysis was performed on a Carlo Erba 1106 elemental analyzer (Carlo-Erba Co. Italy). The pH of
the solution was determined by using a Radiometer PHM 26 pH meter fitted with G202C glass and K4122 calomel
electrodes (Shanghai photics apparatus Co. China). Melting points were determined on a Yanaco MP-500
micro-melting point apparatus (Yanaco-Mat Co. USA.) and uncorrected. UV-vis absorption spectrum and the kinetic
studies were carried out by a TU-1900 UV-vis spectrophotometer equipped with a thermostatic cell holder (Beijing
Purkinje General Instrument Co., Ltd., China).
The bis-(p-nitrophenyl) phosphate (BNPP) was purchased from Sigma Chemical Co. Other reagents used in the
experiments, unless otherwise indicated, were of analytical grade, and was purchased from Chongqing chemical Co.
The water used for kinetic experiments was doubly distilled water.
Synthesis of the ligand (L)
The synthesis method of the ligand, 4,7,13,16-tetraethoxycarbonylmethyl-1,10-dioxa-4,7,13,16- tetraaza-18-C-6
shown in figure 1, is based on the literature [21]. M. p. 58~59 0C. 1H NMR (CDCl3, TMS, 300 MHz) δ: 1.23~1.28 (t,
12H, 4×CH3), 2.81~2.93 (q, 16H, 8×NCH2), 3.42 (s, 8H, 4×NCH2CO), 3.50~3.54 (t, 8H, 4×OCH2), 4.12~4.17 (q,
8H, 4×COOCH2). Anal. calcd for C28H52N4O10: C, 55.61; H, 8.66; N, 9.26; Found: C, 55.62; H, 8.63; N, 9.96.
The preparation of the cerium (III) complex solution
The concentrated solution of cerium (III) nitrate and the ligand of 5×10-2 mol·dm-3 were prepared respectively in the
doubly distilled water, and adjusted by adding base as necessary to pH = 7.0. The cerium (III) metal aza-macrocyclic
complex solution of 5×10-3 mol·dm-3 was prepared by adding respectively the concentrated cerium nitrate and the
concentrated ligand solution of 10 ml in the beaker under stirring 10 h and 100oC, and then adding the mixture
solution to the volumetric flask of 100 ml, and diluting with buffer solution of pH = 7.0. Stock solution of BNPP
was prepared for a concentration of 2.0×10-2 mol·dm-3 in water.
Fluorescence spectra analysis
The fluorescence change of the cerium (III) ion was monitored with increase of the ligand in the solution of pH 7.0
under the condition of λex of 254nm, λem of 265-500 nm, 650 V and 5 nm slit.
Kinetic method
Kinetic studies were carried out as follows: the reactions were initiated by injecting the desired volume (30 µL) of
the substrate (BNPP) stock solution (2.0×10-2 mol·dm-3) into the reaction cuvette. The kinetics of the substrate
hydrolytic cleavage was monitored spectrophotometrically by the absorbance change of the product, p-nitrophenol,
at 400 nm. To obtain reliable trends in observed reaction rate (kobsd), measurements were performed within one day
by using the same cells and stock solutions. The substrate catalytic hydrolysis is considered to be observed
first-order reaction since the concentration of catalyst is at least 10 times higher than that of substrate BNPP. The
observed first-order rate constants were obtained by the least square method with the equation ln(A∞-At) = kobsdt +
ln(A∞-A0). Where, A0, At and A∞ were initial absorbance, absorbance of moment t and final absorbance of the
product of BNPP hydrolysis at 400nm, respectively. The data were obtained from the kinetic curves followed by up
95% or higher conversion of the substrate.

Fig. 1 The structure of the aza-macrocyclic ligand
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Fig. 2 Fluorescence spectra of the complex with increasing amounts of the ligand at pH 7.0 and T = 25◦C
λex = 254 nm, [Ce3+] = 5×10–6 mol·dm-3, [ligand] = 5.0×10–3 mol·dm-3, ligand supplement 5 µL per scan, a~g: 0~30 µL

RESULTS AND DISCUSSION
Composition of the binary complex
Fluorescence method is becoming increasingly popular due to their easy use in solution as well as for their high
sensitivity and selectivity. Fluorescent spectroscopy can also be used to study the interaction between metal ion and
ligand. When the binding interaction between metal ion and ligand occurs, the fluorescence intensity of the system
will enhance or weaken. This means the energy transfer occurs between the metal ion and ligand, which causes
complexes fluorescence intensity to be weakened or enhanced [22]. In order to demonstrate the interaction between
metal ion and ligand, the change of the fluorescence intensity of the system with addition of the ligand in the metal
ion solution was analyzed in the present system. The fluorescent spectra was obtained at a fixed concentration of
cerium ion and shown in figure 2. From this figure, it can be seen that the fluorescent intensity of the cerium ion
decreases apparently upon the addition of the ligand, which indicates that there must have interactions between
metal cerium ion and ligand.
The experimental results show that the fluorescence intensity of the metal cerium (III) ion reduced greatly with the
addition of the ligand and the ligand is most probably a quencher agent of the fluorescent cerium (III). Therefore,
when the concentration of ligand is fixed and is ten times higher than that of the cerium ion, the composition of the
complex can be deduced from the following formula.
The reaction equation can be expressed as:
nM + L = MnL
The chemical equilibrium constant can be expressed as:
K = [MnL] / [M] n [L]

(1)

According to eq.(1) give:
lg [MnL] = n lg[M] +lg[L] + lgK

(2)

The fluorescence intensity should be proportional to the concentration of phosphor in the diluted solution, so we can
obtain:
(3)
F0 = α [M0]；F = α [M]
According to the material balance, we can obtain:
[MnL] = ([M0]-[M])/n

(4)

Combination and rearrangement of eqs.(3) and (4) give:
[MnL] = (F0 − F)/ αn

(5)

Combination of eqs. (2), (3) and (5) gives:
lg(F0 − F) = n lgF+ lg[L] + lgK + lgαn – n lgα

(6)

When L concentration of the solution is constant, the rearrangement of eq.(6) gives:
lg(F0 − F) = n lgF + lgB

(7)

Where, L is the ligand, MnL is the binary complex, n is the combination number of cerium ion in the cerium (III)
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complex, F0 and F are the fluorescence of the cerium (III) ion in the aqueous solution and the ligand solution of the
constant concentration, respectively.
According to equation (7), a plot of log (F0−F) versus logF, which is shown as figure 3, is obtained by keeping the
ligand concentration (5.0×10−5 mol·dm-3) constant and changing the concentration of the metal ion. This figure gives
straight line with a slope of 1.06, and is well fitted to eq. (2). This result indicates that the ligand and cerium (III) ion
can form a stable complex according to the ratio of 1:1. Since the coordination number of the cerium (III) ion is
usually 8 or 9, and the two molecules of the ligand can supply only 6 donor atoms to cerium (III) ion, the binary is
containing at least two water molecules directly coordinated to the cerium (III) ion center. Therefore, the complex as
catalyst can combine aqueous complex and then form the aqueous species CeL(H2O)2.
The survey of the catalytic activity of the different systems
The catalytic activity of the different systems is shown in Table 1. The experimental results indicate that the ligand
shows no activity or BNPP hydrolysis. Cerium ion (III) solution shows low activity in our experimental conditions.
It is interesting that the system composed of cerium ion (III) and the ligand exhibit reproducible and remarkably
catalytic activity and stability in the phosphodiester cleavage. The observed first-order rate constant (kobsd) of the
BNPP catalytic cleavage is determined to be 4.52×10−4 s−1 in the solution system. Considering the spontaneous
hydrolytic cleavage of BNPP at 25°C and pH 7, the catalyst of the solution system composed of cerium ion (III) and
the ligand show an increase of the rate by 3 orders of magnitude compared to the cerium ion (III) salt in water, in
which the BNPP reaction rate is about 104 times faster than that of BNPP spontaneous hydrolysis [23] under similar
experimental conditions.
Table 1 kobsd (s-1) of BNPP hydrolysis catalyzed by the different systems
systems
-1

L

Ce3+

H2O

Ce3++L

1.43×10
4.52×10−4
1.2×10
-5
-3
25 C, pH=7.0, [BNPP] = 2.0×10 mol·dm , [L] = 1.0×10-3 mol·dm-3
[Ce3+] = 1.0×10-3 mol·dm-3
kobsd (s )

−11

No activity

−7

◦

2.8

lg(F0 - F)

2.6

2.4

2.2

2.0
2.0

2.2

2.4

2.6

lgF
Fig. 3 Estimation of the composition of the complex made of the ligand and Ce3+
λex=254 nm, [ligand]= 5.0×10-5 mol·dm-3 at pH = 7.0 and T = 25◦C.

BNPP binding assay
To clarify the interaction between the complex and BNPP in the solution, fluorescence studies were carried out in
this work. The fluorescence spectra of the cerium complex were monitored both in the presence and absence of
BNPP and the results shown in figure 4. This figure shows that the emission intensity of the complex decreases
apparently with the increasing concentration of BNPP. The obvious decrease of fluorescence intensity of the
complex by addition of BNPP indicates the strong binding occurs between the complex and BNPP molecule. The
binding of the complex and BNPP can lead to the photoelectron transfer from BNPP to the excited state of the
complex [24] and then the configuration change of the complex.
Mechanism of BNPP hydrolysis catalyzed by the cerium (III) complex
The result of BNPP binding assays proved the strong binding between BNPP molecule and metal cerium (III)
complex. Our previous studies demonstrated that the binding occurs between metal ion of the complex and the
phosphoryl oxygen atom of BNPP molecule [18-19]. To get more information about the reaction mechanism the
hydrolytic rate of the p-nitrophenyl phosphate ester (NPP) catalyzed by the complex was also investigated. The
experimental results show that the hydrolytic rate of the p-nitrophenyl phosphate ester (NPP) is ten times faster than
that of BNPP in the CeL(H2O)2 system.
On the basis of the above experiment results, the mechanism of BNPP cleavage catalyzed by the title complex is
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proposed in the following Scheme.

Scheme

This Scheme indicates that the phosphoryl oxygen of BNPP molecule bind to the metal ion of complex, which will
facilitate the formation of the reaction intermediate containing BNPP molecule and the aqueous complex CeL(H2O)2
in the solution. In this process, the intermediate is stabilized and the negative charge of the substrate molecule is
dispersed by the coordination of phosphoryl oxygen to Ce (III) ion, and the water molecule combined with the metal
ion is activated by Ce (III) ion, which can promote an intramolecular nucleophilic reaction.
Kinetics of BNPP catalytic hydrolysis
Since the rate of BNPP spontaneous hydrolysis is much lower than that of catalytic hydrolysis, the products of
spontaneous hydrolysis of BNPP can be neglected in kinetic equations. Furthermore, the step (II) in Scheme is the
rate-determining step of the whole reaction. Hence, the rate equation of the catalytic reaction can be simplified as
follows:
Rate = kobsd [S]T = kcat[CeL*S]

(8)

According to the mass balance, we have:
[S]T= [S] + [CeL*S]

(9)

Combination and rearrangement of eqs.(8) and (9) give:
[ CeL* S]
k c at
[ S]
k obs d =
[ CeL* S]
1 +
[ S]
The association constants K can be expressed in terms of concentrations:
K=[ CeL*S] / [S][ CeL*]

(10)

(11)

where [CeL*] is the concentration of active species, combination of eqs.(10) and (11) leads to:

kobsd =

Kkcat[ CeL* ]
1 + K [ CeL* ]

(12)

Rearranging eq.(12) can result in:

1

kobsd

=

1

kcat

+

1
Kkcat [ CeL* ]

(13)

In the above equations, [S] and [S]T are the free and the total concentration of the substrate BNPP, respectively;
[CeR*] is the free concentration of the active species and can be substituted by the initial concentration; [CeL*S] is
the concentration of the reactive intermediate formed by the substrate and the hydrated complex.
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In order to prove the validity of the mechanism and mathematical model proposed above, the observed first order
rate constants (kobsd) of BNPP hydrolysis catalyzed by the catalytic system were obtained from the experiment with
different concentrations of the complex. Based on the experiment data and equation (13), the relationship between
1/kobs versus 1/[CeL*] was plotted in figure 5.
According to the intercept and slope of the straight line in figure 5 obtained by the linear fit of the least-square
method, the kcat of 4.50×10-1 s-1 and K of 5.11 ×10-4 mol-1·dm3 can be evaluated with eq.(13). The curve in figure 5
show a good linear relationship between the variables, with r2 > 0.99, which means that the reaction mechanism
proposed in Scheme and the mathematical model established above is reasonable.
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Fig. 4 Fluorescent spectra of the complex with increasing amounts of BNPP at pH 7.0 and T = 25◦C. λex=254 nm, [complex] = 5×10–5
mol·dm-3, [BNPP] = 5.0×10–3 mol·dm-3, BNPP supplement 5 µL per scan, a~g: 0~30 µL
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Fig. 5 Plot of 1/kobsd versus 1/[BNPP] in the solution of the complex CeL
[complex]=2×10-5 mol·dm-3 at pH=7.0, T=25◦C

CONCLUSION
In conclusion, the binary cerium (III) complex composed of cerium (III) ion and an aza-crown ether ligand in this
work exhibit excellent catalytic activity in the hydrolysis of BNPP at neutral pH value and 25℃ and the reaction rate
of BNPP hydrolysis increased by about 107 times compared with its spontaneous reaction rate. The interaction
between cerium complex and BNPP molecule was investigated by the fluorescence technique and the decreased
fluorescence intensity indicate the photoelectron transfer occurs between BNPP molecule and cerium complex.
Based on the experimental data, the hydrolytic cleavage of BNPP catalyzed by title complex was carried through
intramolecular pathway.
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