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A novel hexaaza macrocycle bearing two hydroxyethyl pendants (L), 3,6,9,16,19,22-hexaaza-6,19-bis(2-hydroxyethyl)-
tricyclo[22,2,2,211,14]triaconta-1,11,13,24,27,29-hexaene, was synthesized as a potential binucleating ligand. The
corresponding Cu(II) complex [Cu2LCl2]Cl2‚5.5H2O was isolated as a blue crystal, triclinic, space group P1h, with a
) 9.4920(19) Å, b ) 4.783(3) Å, c ) 16.553(3) Å, R ) 63.87(3)°, â ) 86.10(3)°, γ ) 83.8(3)°, V ) 2072.8(7)
Å-3, Z ) 2, R1 ) 0.0658, and wR2 ) 0.1839. Both Cu ions adopt the geometry of a distorted trigonal bipyramid
in a pentacoordinated environment. A complexation study on the novel title complex has revealed that the alcoholic
OH groups of the complex Cu2L exhibit an obvious acidity with rather low pKa values at 25 °C. The Cu(II)-bound
alkoxides, which act as reactive nucleophiles toward the hydrolysis of 4-nitrophenyl acetate in 10% (v/v) CH3CN
at 25 °C, with I ) 0.10 (NaNO3) and pH 9.3, have shown a second-order rate constant, 0.41 ± 0.02 M-1 s-1, a
value that is approximately 10 times greater than the corresponding value for the mononuclear Cu(II) complex
formed by a relatively simple tripodal ligand (L1). The pH−rate profile gave a sigmoidal curve. The possible catalytic
mechanism has been proposed, and the reason for the high catalytic activity of the title complex has been discussed.

Introduction

In nature, some enzymes that promote phosphate ester
hydrolysis, such as alkaline phosphatase and nuclease P1,
are activated by two or more metal ions.1 It is found that
zinc ions work cooperatively in the catalytic hydrolysis. One
of the zinc ions may polarize a nucleophile, e.g., either water
or Ser-102 in the case of alkaline phosphatase, to attack an
ester bond, while the other zinc ion can act transiently as a
receptor for the leaving alcohol group. In the subsequent steps
the role of these zinc atoms may be reversed.2

Recently, the synthetic metal complexes acting as model
compounds for hydrolytic metalloenzymes have attracted
much attention.3-7 Much effort to design synthetic nucleases

or alkaline phosphatase to elucidate the mechanisms by
which metal ions promote hydrolysis has focused primarily
on mononuclear Zn complexes and Cu complexes.8-12

Kimura and co-workers studied the role of the alcohol
pendant of the alcohol-pendant-[12]aneN3-Zn(II) and
alcohol-pendant-[12]aneN4-Zn(II) complexes in the hy-
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drolysis of carboxyl and phosphate esters. It was found that
Zn(II)-assisted deprotonation of the alcohol pendant gives
an RO-Zn(II) function, which is a better nucleophile than
a Zn(II)-OH.9b Chin’s group has investigated the reactivities
and mechanisms of copper(II) hydroxide and copper(II)
alkoxide for the cleavage of phosphate diester, and discov-
ered that the copper(II) alkoxide-promoted transesterification
path was 2 orders of magnitude faster than the hydrolysis
path, i.e., the copper(II) hydroxide path.10a

However, few dinuclear metal complexes with macrocyclic
ligands bearing hydroxyethyl pendants have been reported
as models for alkaline phosphatases and nucleases.13 Fur-
thermore, enzymes always exhibit a certain degree of
flexibility and can bind the substrate by an induced fit
mechanism, whereas the biomimetic compounds are often
too rigid or too flexible.14 To mimic the cooperative
mechanism between the adjacent metal ions and the effect
of the flexibility of the structure of the enzymes, we have
designed and synthesized a novel dinucleating ligand with
two hydroxyethyl pendants containingp-xylyl spacers (see
Chart 1, L) and its dicopper complex. The incorporation of
thep-xylyl spacers into a macrocycle reduces the flexibility
of the macrocycle.15 In addition, we have strategically
appended two hydroxyethyl groups to macrocycle L2, and
hoped that the hydroxyethyl groups could be deprotonated
upon the coordination of Cu(II) to give a strongly nucleo-
philic RO--Cu(II) species, which is able to act as a catalytic
site in a fashion similar to that of the serine group in alkaline
phosphatases. Here we describe the synthesis of the first
alcohol-pendant macrocyclic ligand (L) and the crystal
structure of the dinuclear Cu(II) complex of this ligand. The
protonation constants of the ligand and stability constants
of the Cu(II) complexes were investigated. The Cu(II)
complex-catalyzed carboxylester hydrolysis was also studied.

Results and Discussion

Structure Description of [Cu2LCl 2]Cl 2‚5.5H2O. The
crystal structure of the dinuclear copper(II) complex consists

of the cationic unit [Cu2LCl2]2+, noncoordinated chloride
ions, and crystallization water molecules. The crystal data
and structural refinement parameters are displayed in Table
1. The selected bond lengths and angles are presented in
Table 2. Figure 1 shows an ORTEP drawing of the structure
of [Cu2LCl2]2+ with 30% probability thermal ellipsoids. Each
macrocycle binds two Cu(II) ions by its diethylenetriamine
moieties, which provide three nitrogen donors to each Cu(II)
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Chart 1

Figure 1. An ORTEP drawing (30% probability ellipsoids) of [Cu2LCl2]2+.
All hydrogen atoms are omitted for clarity.

Table 1. Crystal Data and Structure Refinement for
[Cu2LCl2]Cl2‚5.5H2O

empirical formula C28H57Cl4Cu2N6O7.5

fw 866.68
temp 293(2) K
wavelength 0.71073 Å
cryst syst, space group triclinic,P1h
unit cell dimensions a ) 9.4920(19) Å,R ) 63.87(3)°.

b ) 14.783(3) Å,â ) 86.10(3)°.
c ) 16.553(3) Å,γ ) 83.86(3)°.

vol 2072.8(7) Å3

Z, calcd density 2, 1.389 g/cm3

abs coeff 1.331 mm-1

F(000) 906
cryst size 0.28× 0.26× 0.24 mm
θ range for data collection 1.37-24.97°
limiting indices 0e h e 11,-17 e k e 17,

-19 e l e 19
no. of reflns collected/unique 7670/7202 (Rint ) 0.0351)
completeness toθ ) 24.97 98.9%
abs correction empirical
max and min transmission 0.7530 and 0.6870
refinement method full-matrix least-squares onF2

no. of data/restraints/params 7202/0/462
goodness-of-fit onF2 1.065
final R indices [I > 2σ(I)] R1a ) 0.0658, wR2b ) 0.1833
R indices (all data) R1) 0.1099, wR2) 0.2217
largest diff peak and hole 0.812 and 0.456 e‚Å-3

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) |∑w(|Fo|2 - |Fc|2)|/∑|w(Fo)2|1/2.
w ) 1/[(Fo

2)2 + (0.1276P)2 + 2.6903P], whereP ) (Fo
2 + 2Fc

2)/3.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
[Cu2LCl2]Cl2‚5.5H2O

Cu(1)-N(2) 2.007(6) Cu(2)-N(6) 2.028(5)
Cu(1)-N(1) 2.054(5) Cu(2)-N(4) 2.055(5)
Cu(1)-N(3) 2.087(4) Cu(2)-N(5) 2.116(4)
Cu(1)-O(1) 2.177(5) Cu(2)-O(2) 2.186(5)
Cu(1)-Cl(1) 2.245(2) Cu(2)-Cl(2) 2.231(2)

N(2)-Cu(1)-N(1) 86.6(2) N(6)-Cu(2)-N(4) 85.1(2)
N(2)-Cu(1)-N(3) 85.5(2) N(6)-Cu(2)-N(5) 84.89(19)
N(1)-Cu(1)-N(3) 129.74(19) N(4)-Cu(2)-N(5) 123.7(2)
N(2)-Cu(1)-O(1) 80.6(2) N(6)-Cu(2)-O(2) 80.3(2)
N(1)-Cu(1)-O(1) 121.4(2) N(4)-Cu(2)-O(2) 127.2(2)
N(3)-Cu(1)-O(1) 106.04(19) N(5)-Cu(2)-O(2) 105.2(2)
N(2)-Cu(1)-Cl(1) 173.22(16) N(6)-Cu(2)-Cl(2) 171.52(16)
N(1)-Cu(1)-Cl(1) 95.99(17) N(4)-Cu(2)-Cl(2) 97.63(17)
N(3)-Cu(1)-Cl(1) 97.55(16) N(5)-Cu(2)-Cl(2) 100.09(15)
O(1)-Cu(1)-Cl(1) 92.73(18) O(2)-Cu(2)-Cl(2) 91.73(17)
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ion, and the rest of the coordinated atoms are a chloride anion
and an oxygen atom from the hydroxyethyl pendant. The
Cu1 atom lies 0.20 Å above the trigonal equatorial plane
formed by the N1, O1, and N3 with N1-Cu1-O1) 121.4°,
N1-Cu1-N3 ) 129.7°, and N3-Cu1-O1 ) 106.0°, while
the two axial sites are occupied by N2 and Cl1 with N2-
Cu1-Cl1 ) 173.2°. The Cu2 atom lies 0.24 Å above the
trigonal equatorial plane defined by the N4, O2, and N5
atoms with N4-Cu2-O2) 127.2°, N4-Cu2-N5 ) 123.7°,
and N5-Cu2-O2 ) 105.2°, while the two axial sites are
occupied by N6 and Cl2 with N6-Cu2-Cl2 ) 171.5°.
According to Mutterties16 and Galy,17 the values of∆ ) 0.29
for Cu1 and∆ ) 0.39 for Cu2 indicate that the coordination
geometries around the two copper ions are all distorted
trigonal bipyramidal and the distortion of Cu1 is more
obvious than that of Cu2. The two Cu(II) ions lie 8.22 Å
apart. Two phenyl rings of the Cu(II) complex are rather
close to each other, with the shortest distance 3.65 Å for
C13‚‚‚C21, and form a dihedral angle of 77.3° to each other.
Two hydroxyethyl groups and two coordinated chloride ions
are all located at the same side of the plane defined by the
nitrogen atoms of the macrocyclic ligand. The separation of
the two coordinated chloride ions is 8.12 Å. It is of interest
to compare the present structure with that of the Cu(II)
complexes with L1 and L2. In the Cu2L complex, the Cu-
O(alcohol) bond lengths (2.177 and 2.186 Å) are shorter than
the Cu-O distance of 2.286 Å in CuL1,18 which indicates
that the Cu-O bond is stronger than that of the latter
complex. Furthermore, the distance between the two Cu(II)
ions (8.22 Å) in Cu2L is longer than that in [Cu2L2(CH3-
CO2)2] (6.78 Å)19 and [Cu2L′Cl2] (6.95 Å),15 in which L′ is
a similar macrocyclic ligand, 1,4,7,16,19,22-hexamethyl-
1,4,7,16,19,22-hexaaza[9.9]paracyclophane. Therefore, the
presence of hydroxyethyl pendants in L makes the cavity
size of the macrocycle vary to a high degree with respect to
L2 and L′, and leads to a longer Cu‚‚‚Cu distance as a result.
Two kinds of hydrogen bonds occur in the structure. One of
the hydrogen bonds is formed between N5 and O6W (1-
x, -y, 1 - z), N5‚‚‚O6W ) 3.20 Å, and N5-H5‚‚‚O6W )
159.3°. The other kind of hydrogen bond exists between the
secondary amino group of the ligand and the coordinated
chloride, N1-H1‚‚‚Cl1 (-x, 1 - y, 1 - z), N1‚‚‚Cl1 ) 3.36
Å, and N1-H1‚‚‚Cl1 ) 137.8°. Hydrogen bond interactions
involving the alcohol OH are not found.

Protonation Constants and Stability Constants.The
potentiometric curve for L‚6HBr is illustrated in Figure 2.
The titration curve of this ligand reveals that there is an
inflection point ata ) 2.0 (a ) number of moles of added
base per mole of ligand), which indicates that the two tertiary
nitrogen atoms are of very low basicity and release their
protons easily into aqueous solution at low pH. The buffer

region occurring at higher pH corresponds to the neutraliza-
tion of the remaining four ammonium groups of the ligand.
The titration data were analyzed for equilibria 1-4. The
protonation constantsK1-K4 (RH+ is the activity of H+ ) are
defined as follows:

The resulting calculated protonation constants of L in
comparison with those of 2-[bis(2-aminoethyl)amino]ethanol
are given in Table 3. The species distribution for the L‚6HBr
system is displayed in Figure 3a, and H4L4+ predominates
from pH 2 to pH 6.

The potentiometric titration data for the investigation of
the complexation constants of L with Cu(II) are obtained
by NaOH titration of L‚6HBr in the presence of Cu2+ ions.
In a solution containing Cu(II) (2.0 mmol) and L‚6HBr (1.0
mmol), the titration curve reveals two inflections ata ) 6
anda ) 8, respectively, as shown in Figure 2. The inflection
at a ) 6 is remarkable, corresponding to the completion of
the neutralization of the six ammonium ions in diethylene-
triamine moieties that are easily deprotonated to form
dinuclear complexes. The inflection ata ) 8 indicates the
deprotonation of another two titrable protons from [Cu2L]4+.
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Figure 2. Potentiometric titration curves for L‚6HBr and 2:1 molar ratios
of Cu(II):L‚6HBr (a ) number of moles of NaOH added per mole of ligand,
I ) 0.10 M at) 25 °C).

Table 3. Comparison of Protonation Constants of L and the Relative
Tripodal Ligand, Cu(II) Complexation Constants of the Two Ligands,
and Deprotonation Constants of the Corresponding Complexes withI )
0.1 at 25( 0.1 °C

L L1 L L1

log K1 11.57 11.7a log K(CuL) 15.57 15.68b

log K2 8.96 logK(CuHL) 8.07
log K3 8.34 6.92a log K(CuH2L) 4.90
log K4 7.43 logK(Cu2L) 6.64
log K5 <2 2.2a pKa1 7.60 8.5b

log K6 <2 pKa2 8.07 10.6b

aFrom ref 11.b From ref 18, Ka1 ) [CuH-1L1]RH+/[CuL1]. Ka2 )
[CuH-1L1(OH)]RH+/[CuL1].

L + H+ h HL+ K1 ) [HL+]/[L] RH+ (1)

HL+ + H+ h H2L
2+ K2 ) [H2L

2+]/[HL +]RH+ (2)

H2L
2+ + H+ h H3L

3+ K3 ) [H3L
3+]/[H2L

2+]RH+ (3)

H3L
3+ + H+ h H4L

4+ K4 ) [H4L
4+]/[H3L

3+]RH+ (4)
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Four major species, [CuL]2+, [Cu2L]4+, [Cu2H-1L] 3+, and
[Cu2H-2L]2+, are believed to exist in aqueous solution, owing
to the crystal X-ray analysis and electrospray mass spec-
trometry (ES-MS) experiments.

The complexation constants of L with Cu(II) ion, i.e.,K
andKa, are defined as follows:

To rationalize the model selection and data process, several
different analysis processes were conducted and evaluated.
In the first case, the deprotonation species were set to be
the dinuclear complexes [Cu2H-1L]3+ and [Cu2H-2L]2+; i.e.,
the species in eqs 5-10 were included. In the second case,
the deprotonation species were set for both dinuclear and
mononuclear complexes; i.e., the species in eqs 5-10 and
[CuH-1L]+ were included. In the third case, all possible
deprotonated species, and hydroxide species; i.e., the species
in eqs 5-10 and [Cu2H-1L] 3+, [Cu2(OH-)H-2L]+, and
[Cu2(OH-)2H-2L] were included. In the first case, reasonable
results were given by BEST, with aσ fit value optimized to
be 0.025. However, in other cases, the additional species were
calculated to be less than 1 ppm in concentration. Thus, we
chose the first case as the most rational one.

Figure 3b displays the species distribution as a function
of pH at a total Cu(II) concentration of 2 mM and total L
concentration of 1 mM at 25°C. The dinuclear complex
[Cu2L]4+ is the predominant species over the pH range 5-7
(maximum at pH 6, 87.1%). [Cu2H-1L] 3+ and [Cu2H-2L] 2+

are the major complexes in solution at pH> 7. As
demonstrated in Figure 3, the mono-deprotonated [Cu2H-1L]3+

has a favorable pH of 7.6, above which it is gradually
converted to [Cu2H-2L] 2+, and [Cu2H-2L] 2+ predominates
at pH> 9. The structural formulas of the major species are
displayed in Scheme 1.

ES-MS spectra for [Cu2LCl2]Cl2‚5.5H2O were used to
assist the investigation of the species in aqueous solution.
The presence of the species with deprotonated hydroxyethyl
pendants, [Cu2H-2L] 2+ (m/z ) 311.3), is indicated with a
relative abundance of 20% at pH 7 in Figure 4a. Peaks
corresponding to hydroxide complexes are not found in this
spectrum. The ES-MS spectrum for [Cu2LCl2]Cl2‚5.5H2O at

pH 8.5 is shown in Figure 4b. Besides the species [Cu2H-2L]2+

with a relative abundance of 42% (m/z ) 311.3) and
[Cu2H-2L (CH3OH)2]2+ with a relative abundance of 100%
(m/z ) 342.1), a weak peak atm/z ) 685.1 assigned to the

L + Cu2+ h [CuL]2+ K(CuL) ) [[CuL]2+]/[L][Cu 2+] (5)

[CuL]2+ + H+ h [CuHL]3+

K(CuHL) ) [[CuHL]3+]/[[CuHL] 2+]RH+ (6)

[CuHL]3+ + H+ h [CuH2L]4+

K(CuH2L) ) [[CuH2L]4+]/[[CuHL] 3+]RH+ (7)

[CuL]2+ + Cu2+ h [Cu2L]4+

K(Cu2L) ) [[Cu2L]4+]/[[CuL] 2+][Cu2+] (8)

[Cu2L]4+ h [Cu2H-1L]3+ + H+

Ka1 ) [Cu2H-1L
3+]RH+/[Cu2L

4+] (9)

Cu2H-1L
3+ h Cu2H-2L

2+ + H+

Ka2 ) [[Cu2H-2L]2+]RH+/[[Cu2H-1L]3+] (10)

Figure 3. (a) Species distribution graph as pH for the 1.0 mM L‚6HBr
system at 25°C andI ) 0.1(NaNO3). (b) Species distribution graph as pH
for the 1.0 mM L‚6HBr + 2.0 mM Cu(II) system at 25°C andI ) 0.1-
(NaNO3).

Scheme 1

Li et al.

1810 Inorganic Chemistry, Vol. 41, No. 7, 2002



alkoxide complex [Cu2H-2L(CH3OH)(CH3O-)]+ is observed.
It indicates that the coordinated chlorides of the title complex
can be substituted by CH3OH and CH3O- when CH3OH is
used as eluent, and a substitution of Cl- by OH- and H2O
in water solution should be possible. All these species were
confirmed by good agreement between the observed and
calculated isotopic distributions. Figure 4c shows the typical
examples for the comparison between the experimental and
calculated isotopic distribution for the peaks atm/z ) 311.3
and 342.1. The observed results mentioned above indicate
that the deprotonation of hydroxyethyl bound to Cu(II) is
much easier than that of a water molecule bound to Cu(II).

The obtained logK and the deprotonation constant pKa

for Cu2L at 25°C are listed in Table 3. The most significant
finding is the rather facile deprotonation of the alcoholic
function with pKa1 ) 7.60 at 25°C, which is lower than the
value for the mononuclear CuL1 complex (pKa1 ) 8.5)

(Table 3). It is of interest to note the low pKa value is close
to that found by Kimura et al. for the Zn(II) complex with
pKa1 ) 7.40 at 25°C9c and implies that the title complex is
preferably a stronger nucleophile to attack an ester bond in
catalytic hydrolysis.

The potentiometric investigation of equimolar Cu(II) ion
and L‚6HBr is also carried out by NaOH titration. There is
an inflection ata ) 4 in the 1:1 system, revealing that Cu-
(II) ion readily forms a mononuclear complex with the
deprotonated ligand. The species concentration distribution
as a function of pH depicted in Supporting Information
Figure 1 indicates that the deprotonated species [CuH-1L]+

becomes predominant between pH 9 and pH 10.5.
4-Nitrophenyl Acetate Hydrolysis Catalyzed by the

Cu2L Complex. The activity of the Cu2L complex in the
catalytic hydrolysis of carboxylester has been investigated.
Since the phosphomonoesters underwent slow hydrolysis

Figure 4. (a) Electrospray mass spectrum of the complex [Cu2LCl2]Cl2‚5.5H2O at pH 7. The peakm/z ) 311.3 is assigned to [Cu2H-2L]2+, m/z ) 348.1
to [Cu2LCl2]2+, andm/z ) 731.0 to [Cu2LCl3]+. (b) Electrospray mass spectrum of the complex [Cu2LCl2]Cl2‚5.5H2O at pH 8.5. The peakm/z ) 311.3
corresponds to [Cu2H-2L]2+, m/z ) 218.9 to [Cu2LCl] 3+, m/z ) 342.1 to [Cu2H-2L(CH3OH)2]2+, m/z ) 658.1 to [Cu2H-2LCl]+, and m/z ) 685.1 to
[Cu2H-2L(CH3OH)(CH3O-)]+. (c) Comparison of the observed (traces) and calculated (bars) isotopic distributions for the peaks atm/z ) 311.1 and 342.1
in the ES-MS spectra of the complex.
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with Cu2L similar to that of other Zn(II) or Cu(II) complexes,
the carboxylester 4-nitrophenyl acetate (NA) was used as
substitute.9b,c,11 The hydrolysis of NA (0.25-2.0 mM)
catalyzed by Cu2L with concentrations varying from 0.25
to 2.0 mM atI ) 0.10 and pH 7.3-9.3 in 10% (v/v) CH3-
CN aqueous solution at 25°C was followed by measuring
the absorbance of released 4-nitrophenolate (NP) at 400 nm.
The initial slope method was applied on the data processing
procedure, as previously described in the literature.8,9b,c

To elucidate the mechanism of the present Cu2L complex-
catalyzed NA hydrolysis, we measured hydrolysis velocities
both at constant NA concentration with varied total Cu(II)
complex concentration and at constant total Cu(II) complex
concentration with varied NA concentration. The blank
hydrolysis process without the title complex as promoter was
studied at each corresponding pH, which gave the spontane-
ous hydrolysis constant, known asνbuffer. Initial velocities
(νtotal) were measured by following the absorbance at 400
nm, increasing up to 5% of the extent of reaction. Since the
concentrations of both the substrate NA and the promoter
Cu2L were essentially kept constant during the measurement,
the absorbance increased linearly (correlation coefficient
>0.99), with the slope beingνtotal. The value ofνCu2L was
obtained by eliminating the effect of the buffer asνtotal -

νbuffer. When the total Cu(II) complex concentration was set
to be constant, the observed rate constantkobswas calculated
from the slope of the straight lineνCu2L/[Cu(II) complex]total

vs [NA]. This indicates that the rate is first order with respect
to the substrate. On the other hand, at the same pH, when
[NA] was set to be constant,kobs was also measured in the
presence of various concentrations of Cu2L (0.25-2.0 mM).
The plot ofνCu2L/[NA] vs [Cu(II) complex]total gave another
straight line, with the slope denoted askobs, which testified
that the rate is also first order with respect to the Cu2L
complex. Hence, we concluded that the Cu2L-promoted
hydrolysis is first order with respect to both the Cu2L
complex and NA, which is consistent with the previously
reported Zn(II) complex-hydrolyzed carboxylester. The initial
rate constantkin, observed rate constantkobs, and second-
order constantkcat are defined as follows:

The second-order rate constantkcat for Cu2L is 0.41 M-1

s-1 at pH 9.3, calculated from the slope of the straight line
kobs vs [Cu(II) complex]total (see Figure 5) with the aid of
the species distribution diagram, and the correspondingkcat

values of NA hydrolysis catalyzed by some other Cu(II)
complexes are listed in Table 4. As indicated in Table 4,
the [Cu2L]4+ complex is one of the most active catalysts for
NA hydrolysis.

The first-order constantskcat are plotted as a function of
pH, and the resulting sigmoidal curve is shown as Figure 6.
This indicates a kinetic process controlled by an acid-base

equilibrium, accelerated significantly when pH is over 7.8,
which is consistent with the pKa1 (7.60) and pKa2 (8.07)
values for the deprotonation of hydroxyethyl pendants of the
title complex that were independently measured by poten-
tiometric pH titration. Therefore, the promoter species are
concluded to be the deprotonated species, [Cu2H-1L] 3+ and
[Cu2H-2L] 2+.

To examine whether the whole process is catalytic
hydrolysis or transesterification, we followed the release of
NP up to more than one circle with NA concentration set to
be 6.0 mM and Cu(II) complex concentration only 0.2 mM
in buffer solution (pH 9.3) following the absorbance at 400
nm at 25°C. The resultingνtotal vs time curve revealed that
the rate constant for Cu2L was identical to the initial rate
constant determined above. Thus, the mechanism was
catalytic hydrolysis.

To understand whether the cooperation exists between Cu-
(II) ions for binuclear Cu(II) complexes of L in the catalytic
ester hydrolysis, we determined the rate constant of mono-
nuclear Cu(II) complex (Cu:L) 1:1)-catalyzed NA hydroly-

νtotal ) νCu2L + νbuffer ) kin[NA]

νCu2L ) kobs[Cu(II) complex]total[NA] ) kcat[Cu2H-2L][NA]

νbuffer ) (kOH-[OH-] + ...)[NA]

Figure 5. Typical dependence of observed pseudo-first-order rate constants
for hydrolysis of NA on the total concentration of Cu2L with I ) 0.1 (NaNO3

at 25°C in the presence of 10% (v/v) CH3CN, correlation coefficient>0.99.

Figure 6. pH-rate profile for the second-order rate constants of NA
hydrolysis with the Cu2L complex at 25°C andI ) 0.1 (NaNO3) in 10%
(v/v) CH3CN.

Table 4. Comparison of Hydrolysis Rate Constants,kcat (M-1 s-1), for
Cu2L and Other Complexes atI ) 0.1 M (NaNO3), pH 9.3, and 25°C
in 10% (v/v) CH3CN

promoterd kcat promoterd kcat

Cu2L 0.41( 0.02 [Cu(dipy)(H2O)2] 0.16a

CuL 0.23( 0.01 CuL1 0.043b

Cu2L2 0.027( 0.02 [12]aneN3-Zn 0.14c

a From ref 10d.b From ref 18.c From ref 9c.d The actual nucleophiles
are deprotonated Cu(II) complexes and a Zn(II) complex.
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sis at the same conditions as that catalyzed by binuclear
Cu(II) species (Cu:L) 2:1). The value was 0.23 M-1 s-1,
nearly half the value of Cu2L, which demonstrates that each
Cu(II) ion active center takes effect individually in catalytic
hydrolysis of NA.

To further investigate the role of the hydroxyethyl pendants
for the title compound in the catalytic ester hydrolysis, the
rate constant of NA hydrolysis catalyzed by a Cu(II) complex
with a macrocylic ligand without hydroxyethyl pendants
(Cu2L2) was also determined to givekcat ) 0.027 M-1 s-1

at pH 9.3, in which Cu(II)-OH is only an active nucleophile.
Comparing the kinetic data for both Cu2L and Cu2L2, the
rate constant of Cu2L is approximately 15 times greater than
the corresponding value of Cu2L2 (see Table 4). These results
suggest that a Cu(II)-bound alkoxide is a better nucleophile
than a Cu(II)-bound hydroxide. On this basis, we suggest
the possible overall reaction mechanism depicted in Scheme
2.9,11

First, the hydroxyethyl pendants bound to the Cu(II) ion
at the active center deprotonate to yield a nucleophile to
attack the electrophilic center of NA, while a hydrogen atom
of the water molecule bound to Cu by substitution of the
coordinated Cl- acts as a receptor for the leaving groups.
Then the Cu(II)-bound hydroxide acts as a nuclophile to
attack the “acyl intermediate” to reproduce the active species
to recycle the hydrolysis. It is worth pointing out that the
rate constant of Cu2L is approximately 10 times greater than
the corresponding value (kcat ) 0.043 M-1 s-1) of the CuL1
complex (see Table 4),18 and for the individual Cu center,
even near the corresponding value for the very reactive
mononuclear alcohol-pendant-[12]aneN3-Zn(II) complex.
The greater catalyzed hydrolysis reactivity of Cu2L compared
to that of CuL1 may be due to the Cu-O bond length (2.18
Å) in the former complex being shorter than that in the latter
complex (2.28 Å). As a result, the hydroxyethyl alcohol in
the former complex can be easily deprotonated upon Cu(II)
coordination with a lower pKa1value of 7.6 to yield a strongly
nucleophilic R-O--Cu(II) species. It may be due to the

fact that the macrocyclic metal complex, especially benzyl
and polar groups in the complex, construct the lipophilic and
hydrophilic environment favorable of binding the substrate
and stabilization leaving group. All these results help to
explain the intrinsic role of the hydroxyethyl group in
alkaline phosphatase hydrolysis.

Conclusion
A novel macrocyclic ligand with two hydroxyethyl

pendants and its dicopper complex have been synthesized.
The solution complexation study by potentiometric titration
on the Cu(II) complexes of L has revealed that a stable 2:1
Cu(II) complex is formed, which has rather low pKa values
of 7.60 and 8.07 at 25°C and I ) 0.1 (NaNO3). X-ray
diffraction analysis of the title complex indicates that the
Cu(II) ions adopt trigonal-bipyramidal geometry, the Cu-O
bond lengths are longer than that of CuL1, and the Cu‚‚‚Cu
distance is longer than that of Cu2L. ES-MS analysis of the
aqueous solutions of the Cu(II) complex provided evidence
for the existence of Cu(II)-bound alkoxide species. 4-Nitro-
phenyl acetate hydrolysis promoted by Cu2L complex
showed a second-order rate constant of 0.41 M-1 s-1, which
is approximately 10 times greater than that of the mono-
nuclear copper complex of a relatively simple tripodal ligand
(L1). The preference of the copper(II) alkoxide-catalyzed
ester hydrolysis over copper(II) hydroxide-catalyzed hy-
drolysis was proved by kinetic experiments and shows
evidence for the stronger nucleophilic ability of the copper-
(II) alkoxide than copper(II) hydroxide. In the catalytic
reaction, the R-O--Cu(II) function acts as nucleophile in
the first step of NA hydrolysis, giving an acyl intermediate,
which is subsequently hydrolyzed via intramolecular attack
of a Cu(II)-OH function. However, intermolecular attack
by external water or hydroxide should not be ruled out.

Experimental Section
Instrumentation. C, H, and N analyses were made on a Perkin-

Elmer 240C elemental analyzer.1H and 13C NMR spectroscopic
measurements were performed on a Brucker AM-500 NMR
spectrometer. ES-MS spectra were recorded on an LCQ system
(Finngan MAT) by injecting the diluted aqueous solution of the
title complex using 1:1 methanol/water solvent as the mobile phase.
The spray voltage and capillary temperature were set at 4.5 kV
and 200°C, respectively.

Syntheses.2-[Bis(2-aminoethyl)amino]ethanol (L1) was prepared
as described in the previous literature.20 L2 was synthesized
according to the procedure reported by Martell.21 Other reagents
were of analytical grade from commercial sources and were used
without any further purification. The synthetic path of L and its
Cu(II) complex is shown in Scheme 3. First L1 reacted with
terephthaladehyde to give Schiff base, followed by reduction with
NaBH4 to yield L, and then the Cu2L complex was synthesized by
reaction of L and CuCl2. These procedures are described below in
detail.

3,6,9,16,19,22-Hexaaza-6,19-bis(2-hydroxyethyl)tricyclo-
[22.2.2.211,14]triaconta-1,2,9,11,13,15,21,24,27,29-decaene.A solu-
tion of 98% terephthaladehyde (0.9973 g, 7.44 mmol) in MeCN
(80 mL) was added dropwise to a stirred solution of 2-[bis(2-

(20) Bobylev, V. A.; Chechik, V. O.Zh. Obshch. Khim. 1990, 60 (12),
2721-2725.

(21) Chen, D.; Martell, A. E.Tetrahedron1991, 47 (34), 6895-6902.

Scheme 2
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aminoethyl)amino]ethanol (1.0937 g, 7.44 mmol) in MeCN (80 mL)
at 0°C over a period of 4 h. A white precipitate and an amount of
sticky products were produced simultaneously after the reaction
mixture was allowed to stir for additional an 12 h at 0°C. The
white precipitate was filtered out, and the filtrate was kept for
several days at-5 to 0 °C. During the period at low temperature
for crystallization, the sticky products and white precipitate appeared
again, and the same procedure was repeated as mentioned above.
All the solid products were combined and washed with MeCN,
and dried in a vacuum desiccator over silica gel. The 500 MHz
13C NMR spectrum of the product in CD3OD/D2O (in Figure 7)
showed peaks atδ 53.7 and 58.6 (NCH2CH2OH), 52.8 and 57.5
(NCH2CH2N), 127.9 and 136.9 (phenyl), and 163.8 (CHdN),
suggesting that the macrocyclic Schiff base is an expected product
(yield 0.85 g, 1.74 mmol, 47%). ES-MS (4.5 kV, 200°C): m/z )
491.3 for [HL]+. Anal. Calcd for C28H38N6O2‚2H2O (526.7): C,
63.85; H, 8.04; N, 15.96. Found: C, 63.86; H, 7.97; N, 15.49.

3,6,9,16,19,22-Hexaaza-6,19-bis(2-hydroxyethyl)tricyclo-
[22.2.2.211,14]triaconta-1,11,13,24,27,29-hexaene (L‚6HBr and L).
Sodium borohydride (0.5803 g, 15.39 mmol) was added in small
portions to a suspension of the Schiff base (1.560 g, 4 mmol) in
absolute ethanol (100 mL) with stirring at 45°C. After the addition
of the NaBH4 was complete, the reaction solution was stirred for
10 h and then cooled. The reaction mixture was evaporated to
dryness under reduced pressure. H2O (3 mL) and CH2Cl2 (25 mL)
were added to the mixture to extract the product. The organic phase
was filtered, and the filtrate was evaporated to dryness. The residue
was mixed with 48% HBr (3.0 mL) in an ice bath, the white

precipitate formed was recrystallized from a mixture of H2O/MeOH
(5 mL/25 mL), and the product (L‚6HBr) was dried in a desiccator
over silica gel (yield, 2.78 g, 3.12 mmol, 78%). The 500 MHz13C
NMR spectrum in D2O gave peaks atδ 45.5 (CH2 attached to
phenyl), 52.1 and 55.6 (NCH2CH2OH), 52.7 and 59.2 (NCH2CH2N),
and 128.5 and 138.1 (phenyl). Anal. Calcd for C28H46N6O2‚6HBr
(984.2): C, 34.17; H, 5.13; N, 8.56. Found: C, 34.03; H, 5.29; N,
8.29. The hexaaza macrocyclic ligand (L) was obtained according
to the following method: Equivalent numbers of moles of L‚6HBr
and NaOH were dissolved in a small volume of water and cooled,
and then CH2Cl2 was added to extract the product. A white powdery
product was obtained when the organic phase was evaporated to
dryness.

Dinuclear Copper Complex [Cu2LCl 2]Cl2‚5.5H2O. To an
aqueous solution (2 mL) containing CuCl2‚2H2O (0.0341 g, 0.20
mmol) was added a solution of L (0.0498 g, 0.10 mmol) in H2O (2
mL) dropwise with stirring at 60°C. After being stirred for 10
min, the reaction mixture turned blue. A blue block single crystal
was obtained for X-ray analysis by slow evaporation of the blue
solution for several days at ambient temperature. Anal. Calcd for
Cu2LCl4‚5.5H2O (866.7): C, 38.80; H, 6.63; N, 9.70. Found: C,
38.69; H, 6.33; N, 9.67.

X-ray Crystal Structure Determination. A blue crystal was
mounted onto a glass fiber. The data collection was performed on
the CAD4 X-ray diffractometer with graphite-monochromated Mo
KR radiation (λ ) 0.71073 Å) using theω/2θ scan mode at 293 K
in the range 1.37° e θ e 24.97°. The data were corrected for
Lorentz and polarization effects during data reduction using
XSCANS. The structure was solved by direct methods using
SHELXS-9722 and refined by full-matrix least-squares calculation
on F2 with SHELXL-97.23 The uncoordinated chloride ions and
crystalline water molecules were found disordered. The site
occupancy factors for O5W and O6W were fixed at 0.75, Cl3A
and Cl3B were fixed at 0.5, and Cl4A, Cl4B, and Cl4C were fixed
at 0.5, 0.25 and 0.25, respectively. All non-hydrogen atoms were
refined anisotropically. Full-matrix least-squares methods were used
to refine an overall scale factor and positional and thermal
parameters.

(22) Siemens, XSCANS (Version 2.1), Siemens Analytical X-ray Instru-
ments, Madison, WI, 1994.

(23) Siemens, SHELXTL (Version 5.0), Siemens Industrial Automation,
Analytical Instrumentation, 1995.

Scheme 3

Figure 7. 13C NMR spectrum of the macrocyclic Schiff base in CD3OD/
D2O at 298 K.
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Potentiometric Determination. Potentiometric measurements
of the protonation constants of the saturated hexaaza macrocyclic
ligand L and the stability constants of its Cu(II) complexes were
carried out with an Orion microprocessor ionalyzer-901 fitted with
an Orion 91-04 glass combination pH electrode at 25( 0.1 °C.
The ionic strength was 0.10 M, adjusted with NaNO3. Solutions
containing L‚6HBr (1 mmol) with and without CuSO4 (2 mmol)
were titrated with carbon dioxide-free standard NaOH (0.10 M)
solution to pH> 11. All solutions were carefully protected from
air by a stream of humidified nitrogen gas. Standard NaOH was
added by a spiral microinjector. The concentration of the CuSO4

solution was calibrated by standard EDTA, and double-distilled
water with a pH of about 6 was used. The temperature of the cell
was controlled by a thermostat. The complexation and protonation
constants were calculated using the program BEST.24 In addition,
solutions containing L‚6HBr (1 mmol) with CuSO4 (1 mmol) were
also titrated, and the data were treated with the same program.

Kinetic Studies. The hydrolysis rate of NA catalyzed by Cu2L
was measured by an initial slope method in 10% (v/v) CH3CN
aqueous solution at 25( 0.5 °C as described previously for Zn-
alcohol-pendant cyclen-catalyzed NA hydrolysis.9b,c,11,25Solutions
containing Tris (20 mM) buffer (pH 7.3-9.0) or CHES buffer (pH
9.3-9.6) were used, and the ionic strength was adjusted to 0.10 M

with NaNO3. For the initial rate determination, the following
procedure was employed. NA (0.25, 0.50, 0.75, 1.0, 1.50, 2.0 mM)
and Cu(II) complex (0.25, 0.50, 0.75, 1.0, 1.5, 2.0 mM) were mixed
in the buffer solution, and the UV absorption increase was recorded
immediately at 400 nm on a Shimadzu UV-3100 spectrophotometer.
The hydrolysis velocities were measured both at constant NA
concentration with varied total Cu(II) complex concentration and
at constant total Cu(II) complex concentration with varied NA
concentration. To check whether the NA hydrolysis was catalytic,
the substrate saturation kinetics were performed at pH 9.3 (buffered
with CHES) and 25°C with an ionic strength of 0.1 M (adjusted
with NaNO3). The NA concentration utilized was 6.0 mM, while
the metal complex concentration was 0.2 mM for [Cu2L]4+. All
the experiments were run twice, and the tabulated data represent
the average of these experiments. The rates of hydrolysis for
[CuL]2+ and [Cu2L2]4+ are also measured at pH 9.3 in the same
procedure mentioned above.
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