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Introduction

Polynuclear zinc-containing enzymes play multifaceted roles
in biological systems. Their nuclease activity is of paramount
importance, for example, the phosphatediesterase activity
towards RNA (RNaseH from HIV reverse transcriptase,[1]

P1 nuclease[2]). That is why understanding the detailed reac-
tion mechanisms of RNA cleavage by internal phosphoester

transfer (transesterification) has focused the attention of
many researchers since the first description of RNA strand
scission in the 1950s.[3] Thorough comprehension of this
mechanism will provide a solid basis for the rational design
of more efficient artificial dinuclear phosphodiesterases as
potential therapeutic agents. The zinc ion with its flexible
coordination sphere, fast ligand-exchange capacity, strong
Lewis acidity, lack of redox activity, and nontoxic nature ap-
pears to be the metal of choice for this purpose.

In spite of significant progress in the biomimetic complex
model approach,[4–6] the overall mechanism and the sub-
strate binding to the metal ions are still a matter of debate.
The reaction starts with nucleophilic attack by the 2’-oxygen
atom on the adjacent phosphorus center and yields a 2’,3’-
cyclic phosphate with a 5’-terminal hydroxy group
(Scheme 1). Different mechanisms for the behavior of indi-
vidual zinc hydrolases have been discussed in the litera-
ture.[7,8] Three modes of catalytic activation have been pro-
posed (Scheme 1a):[9,10] 1) Lewis acid activation: b mode,
substrate coordination via one or two phosphate oxygen
atom(s) to the metal(s), which also contribute to charge
neutralization and pentacoordinate phosphorus stabilization;
2) intramolecular general base formation: g mode, deproto-
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nation of the 2’-hydroxy group by a metal-coordinated hy-
droxide; 3) intramolecular general acid formation: d mode,
interaction with the 5’-oxygen atom of the leaving group by
a metal-coordinated water molecule. The main roles of the
zinc ion include the generation of a hydroxide nucleophile
at physiological pH by lowering the pKa of coordinated
water, the orientation and activation of the substrate
through metal coordination, and the stabilization of inter-
mediates.

To investigate further the catalytic activation mode of
zinc-containing nucleases, two new dinuclear zinc com-
plexes, [Zn2ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(m-OH)] ACHTUNGTRENNUNG(ClO4)2 (1) and [Zn2 ACHTUNGTRENNUNG(bpmp)-
ACHTUNGTRENNUNG(H2O)2]ACHTUNGTRENNUNG(ClO4)3 (2), with the ligand 2,6-bis ACHTUNGTRENNUNG[bis(2-pyridylme-
thyl)aminomethyl]-4-methylphenol (H-BPMP) have been
studied in a combined theoretical and experimental investi-
gation. First, the complexes were synthesized, structurally
characterized, and the pH-driven changes in metal coordina-
tion were analyzed in detail. Subsequently, the transesterifi-
cation of 2-hydroxypropyl p-nitrophenyl phosphate (HPNP),
an RNA model substrate, was studied in both water/DMSO
(70:30) and in pure DMSO to mimic the hydrophilic/lipo-
philic balance in the local environment of the active site,
which is an important enzyme requirement. In both media,
complex 1 efficiently promotes the hydrolysis of HPNP,
whereas complex 2 does not. Moreover, the kinetic data for
1 in the two media revealed different activities, which
seemed to indicate the presence of different mechanisms
that depend on the hydrophilic/lipophilic balance. To fulfill
the need for further information on substrate/intermediate/
product binding on biomimetic complexes, a multidisciplin-
ary investigation was carried out based on spectroscopic and
kinetic studies combined with full quantum theoretical cal-
culations on the real systems. This approach has allowed us
to gain more insight into the origin of the observed
medium-dependent behavior. Herein, we present the struc-
tures of the intermediates, which are supported by theoreti-
cal calculations, spectroscopic data (by using 1H, 31P NMR
spectroscopy), and mass spectrometric analysis (by using
ESI-MS). Finally, the catalytic cycles in the two media will
be discussed, providing new insights into the reactivity of
these zinc complexes.

Results

X-ray crystal structures
DiACHTUNGTRENNUNGnuclear ZnII–hydroxo complex
1·THF·0.67MeCN·0.33H2O :
Crystals that were suitable for
X-ray structure determination
were obtained by the slow dif-
fusion of THF into a solution
of 1 in acetonitrile at �20 8C.
The unit cell also contains one
molecule of the THF solvent
along with MeCN and H2O
which occupy the same posi-

tion in ratios of 2:3 and 1:3. The molecular structure of 1,
shown in Figure 1 with selected bond lengths and angles

supplied in Table 1, consists of a dinuclear complex in which
two ZnII ions are double bridged by the phenoxo group of
the BPMP ligand and by the hydroxo group. By using the
method of Addison et al.[11] to determine the geometry of
the pentacoordinated environment (t=0 for a regular
square pyramid and t=1 for a regular trigonal bipyramid),
the zinc ions can be described as adopting a distorted trigo-
nal bipyramid geometry with t=0.84 for Zn1 and t=0.93
for Zn2. The trigonal planes in the pentacoordinated sphere
of Zn1 and Zn2 are occupied by O1, N2, N3 and O1, N5,
N6, in which Zn1 and Zn2 are located out of the basal plane
by 0.261(0) and 0.262(5) N, respectively, towards the O2
atom. The axial positions of Zn1 and Zn2 are occupied by
O2 of the hydroxo bridge and N1 and N4, respectively, of
the corresponding tertiary amine. The Zn�O lengths in the
Zn2O2 unit are in the range of 1.986(3) to 2.032(3) N. The
four atoms, Zn1, Zn2, O1, and O2, are in the same plane
with a maximal deviation from the least-square plane of

Scheme 1. a) Catalytic activation strategies to cleave RNA. b) Transesterification of 2-hydroxypropyl p-nitro-
phenyl phosphate (HPNP) as a substrate model of RNA.

Figure 1. Ortep representation of the dicationic unit cell of 1. Hydrogen
atoms have been omitted for clarity except for the hydrogen atom of the
OH bridge.
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0.0362 N. The small Zn2-O1-Zn1 (96.04(2)8) and Zn2-O2-
Zn1 (98.82(1)8) angles lead to a short Zn1···Zn2 distance of
3.016(1) N compared with those of similar dibridged dinu-
clear zinc complexes with phenolate- (or alkoxo) and car-
boxylate-bridged ligands.[12,13]

Dinuclear ZnII–bisaqua complex 2·4H2O : Single crystals of 2
that were suitable for X-ray structure determination were
obtained from a mixture of acetone/water by slow evapora-
tion. Four molecules of water per complex were found in
the cell, and the molecular structure of the cation of 2 is
shown in Figure 2. The most important interatomic bond
lengths and angles are compiled in Table 2. The molecular
entity possesses a two-fold symmetry axis that passes
through the C5, C4, C1, and O1 atoms; the Zn and Zn’
atoms are on opposite sides of the phenolate ring plane.
Each zinc ion is pentacoordinated by one tertiary amine,
two pyridine groups and two oxygen atoms, one of which

comes from the phenoxo
bridge and the other is from a
molecule of water. The coordi-
nation sphere around zinc can
be described as a weakly dis-
torted square pyramid with a t

value of 0.28. The four posi-
tions in the basal plane are oc-
cupied by the N1, N2, N3, and
O2 atoms. The maximum devi-
ation from the least-squares
plane is 0.108(4) N and the
zinc atom lies 0.319(4) N out
of the basal plane. The dis-
tance from zinc to the equato-
rial atoms varies in a narrow
range from 2.043(3) to
2.188(4) N. The phenoxo

oxygen (O1) occupies the apical position with a Zn�O1
bond length of 2.036(2) N. The Zn-O1-Zn’ bond angle is
137.21(3)8 and the intermetallic distance is 3.791(1) N.

1H NMR spectroscopic titration : To characterize the struc-
tural changes of complexes 1 and 2 and species distribution
in aqueous solution upon varying the pH, we performed a
detailed 1H NMR spectroscopic study in D2O/[D6]DMSO
(70:30). The 1H NMR spectrum of 1 shows eight resonances
that confirms the high symmetry of the dinuclear complex.
The 1H NMR spectrum has a singlet for the methyl protons
(d=2.0 ppm), two multiplets for the methylene protons (d=

3.6 and 4.0 ppm), a singlet for the two protons of the ben-
zene ring (d=6.8 ppm), and two doublets (d=7.4 and
8.7 ppm) and two triplets (d=7.5 and 7.9 ppm) that corre-
spond to the protons of the pyridine rings (see Figure S1a in
the Supporting Information). The 1H NMR spectrum of 2
shows two singlets, one for the methyl protons (d=1.8 ppm)
and one for the two protons of the benzene ring (d=

6.6 ppm). Broad resonances for the protons of the methyl-
ene group and the pyridine rings are also observed owing to
fast proton exchange of the water molecules coordinated to
the zinc ions on the NMR spectroscopy timescale. Upon ad-
dition of DCl to a solution of 1 (5 mm) adjusted to pH 8.5,
numerous changes were observed. Decreasing the pH leads
to broadening and changes in chemical shift of the signals
with a concomitant decrease in intensity. At around a pH of

Table 1. Selected bond lengths [N] and angles [8] for 1 from X-ray and theoretical data (in italics).

Zn1···Zn2 3.016(1) 3.026(9) Zn2-O1 2.032(3) 2.040(9)
Zn1�O1 2.025(3) 2.065(8) Zn2�O2 1.986(3) 2.027(5)
Zn1�O2 1.987(3) 2.010(8) Zn2�N4 2.194(4) 2.284(9)
Zn1�N1 2.200(4) 2.289(7) Zn2�N5 2.073(4) 2.137(0)
Zn1�N2 2.081(4) 2.134(4) Zn2�N6 2.071(5) 2.149(5)
Zn1�N3 2.066(5) 2.162(3)

O1-Zn1-O2 82.5(1) 83.6(6) O1-Zn2-O2 82.3(1) 83.8(8)
O1-Zn1-N1 89.8(1) 87.8(7) O1-Zn2-N4 88.3(1) 88.6(0)
O1-Zn1-N2 110.1(2) 112.1(9) O1-Zn2-N5 125.3(2) 127.1(5)
O1-Zn1-N3 122.3(2) 123.9(8) O1-Zn2-N6 112.4(2) 112.1(3)
O2-Zn1-N1 172.2(1) 171.5(1) O2-Zn2-N4 168.4(1) 167.6(2)
O2-Zn1-N2 104.2(2) 105.3(7) O2-Zn2-N5 99.6(2) 98.2(5)
O2-Zn1-N3 103.8(2) 105.8(4) O2-Zn2-N6 110.5(2) 113.9(3)
N1-Zn1-N2 79.4(2) 78.1(6) N4-Zn2-N5 80.2(2) 78.4(9)
N1-Zn1-N3 79.5(2) 78.6(5) N4-Zn2-N6 79.4(2) 78.0(1)
N2-Zn1-N3 122.8(2) 117.4(4) N5-Zn2-N6 117.5(2) 114.6(6)
Zn2-O2-Zn1 98.82(1) 97.1(4) Zn2-O1-Zn1 96.04(2) 94.96(2)

Figure 2. Ortep representation of the tricationic unit cell of 2. Hydrogen
atoms have been omitted for clarity except for the hydrogen atoms of the
water molecules.

Table 2. Selected bond lengths [N] and angles [8] for 2 from X-ray data.

Zn···Zn’ 3.791(1) Zn�N1 2.188(4)
Zn�O1 2.036(2) Zn�N2 2.073(4)
Zn�O2 2.043(5) Zn�N3 2.078(4)

O1-Zn-O2 99.3(1) O2-Zn-N3 98.9(2)
O1-Zn-N1 92.9(1) N1-Zn-N2 79.2(2)
O1-Zn-N2 104.0(1) N1-Zn-N3 80.9(1)
O1-Zn-N3 98.1(1) N2-Zn-N3 150.9(1)
O2-Zn-N1 167.7(1) Zn-O1-Zn’ 137.21(3)
O2-Zn-N2 96.1(2)
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5, the original spectrum of 2 in D2O/[D6]DMSO (70:30) was
obtained, and after addition of NaOD to the solution of 2
(5 mm), the spectrum of 1 was fully restored, which provides
evidence for the reversible interconversion of the two spe-
cies (Scheme 2). The pH-dependent (over the range of pH
6.0–8.5) 1H NMR spectroscopy chemical shifts of the
methyl, phenyl, and pyridinyl protons (d) show sigmoidal
behavior (Figure S2 in the Supporting Information). The
pKa was determined on the basis of a Schwarzenbach-type
analysis by using the equation d= db+KaACHTUNGTRENNUNG(da�d)/[H+], in
which Ka is the water deprotonation constant and da, db, and
d are the chemical shifts observed for species 1, 2, and the
mixture of the two in fast exchange, respectively.[14] A pKa

value of 7.60 ACHTUNGTRENNUNG(�0.03) was obtained, which is close to the pKa

values found for other dinuclear zinc(II) complexes.[15]

Catalysis : The catalytic activity of 1 and 2 was studied for
the transesterification of the RNA model substrate HPNP

at 25 8C. The reaction was monitored by following the in-
crease in the absorbance observed at 400 nm (release of 4-
nitrophenolate (PNPate)), as well as by 31P NMR spectros-
copy (formation of cycP, Scheme 1b). The reaction mixture
was also analyzed by ESI-MS and no further hydrolysis of
cycP was observed.

UV/Vis spectroscopic studies : The reaction was first per-
formed in a mixture of H2O/DMSO (70:30) without adjust-
ing the pH. In the presence of excess substrate the cleavage
reaction is catalyzed by 1, but HPNP transesterification by 2
was not observed over the period of one week. To reveal
the form of the active species in the HPNP transesterifica-
tion reaction, a kinetic study was carried out by changing
the pH of the 50 mm aqueous buffer/DMSO (70:30) solution
at 25 8C. The dependence of the reaction rate of HPNP
cleavage on pH in the presence of 1 and 2 is illustrated in
Figure 3. The value of kobs increased as the pH increased
from 6.0 to 8.0 and then decreased slightly at higher pH
values, which gave a sigmoidal curve for the cleavage reac-
tion. Both complexes 1 and 2 gave the same kobs values for
all of the pH values. This behavior gives evidence for the in-
terconversion of 2 into 1 and vice versa, which was already
shown by 1H NMR spectroscopy (see above). The data were
fitted by the nonlinear least-squares method and gave a pH
value of 7.40 ACHTUNGTRENNUNG(�0.02) at the inflection point, which is close to

the pKa value of 7.60 obtained
by the 1H NMR spectroscopy
titration. These observations
suggest that the active species
responsible for HPNP cleavage
is 1 and in the following de-
scription of the detailed kinetic
studies undertaken, it is only
this complex in water/DMSO
(70:30) without buffer or pH
adjustment that will be pre-
sented.

The rate constant for the transesterification reaction (kobs)
shows a first-order dependence on the concentration of 1 at
25 8C (0.5–3 mm, Figure S3 in the Supporting Information).
The second-order rate constant for 1 (kZn) determined from
the slope of the graph is 3.8P10�2

m
�1 s�1. The initial rate of

HPNP transesterification was also measured as a function of
the substrate concentration (0.5–15 mm, Figure 4). At a

Scheme 2. pH-driven interconversion between 12+ and 23+ .

Figure 3. pH versus rate profile for the transesterification of HPNP
(1 mm) catalyzed by 1 (^, 0.5 mm) and 2 (P , 0.5 mm) in an aqueous mix-
ture of buffer/DMSO (50 mm, 70:30) at 25 8C (MES: pH 5.5–6.5;
HEPES: pH 7.0–8.2; CHES: pH 8.5–10.0).

Figure 4. Saturation kinetics experiments for the transesterification of
HPNP catalyzed by 1 (0.5 mm) in a mixture of water/DMSO (70:30) at
25 8C.
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higher concentration of HPNP, saturation kinetics are ob-
served, which implies that the cleavage reaction proceeds
through a pre-equilibrium step between the complex and
the substrate. The experimental data points are fitted to the
Michaelis–Menten equation with K

m
=13.5 mm and kcat=

6.4P10�4 s�1 determined from the Lineweaver–Burk double-
reciprocal plot. The reciprocal of the Michaelis–Menten
constant gives the substrate binding constant, Kass=1/K

m
=

74m
�1. The uncatalyzed reaction of HPNP is relatively slow

under these conditions (kuncat=1.2P10�8 s�1, half-life=

670 days).[16] However, in the presence of 1 (0.5 mm) the
half-life decreases to 0.3 h, which means a �5.3P104-fold ac-
celeration compared with HPNP autohydrolysis (kcat/kuncat).
These values indicate a good catalytic activity and a moder-
ate binding affinity of HPNP for 1.[9]

Under the same conditions as those used for the catalysis
in H2O/DMSO (1.0 mm of HPNP and 0.5 mm of 1) the reac-
tion occurs rapidly in DMSO, which precludes the absorb-
ance measurement and the determination of the reaction
rate constant. Under dilute conditions the initial rate con-
stant kobs of this process is 6.85P10�4 s�1 (0.1 mm of HPNP
and 0.05 mm of 1 in DMSO), which corresponds to a �34-
fold acceleration compared with HPNP hydrolysis in H2O/
DMSO (kDMSO

obs /kH2O=DMSO
obs ).

1H and 31P NMR spectroscopic studies : 1H and 31P NMR
spectroscopy are suitable methods to study the binding of
the phosphate diester and/or cycP to 1. HPNP (1 or 5 equiv)
was added to a solution of 1 in a mixture of D2O/
[D6]DMSO (70:30). The 1H NMR spectra showed new sig-
nals that were attributed to PNPate and cycP with concomi-
tant high-field shifting and slight broadening of the complex
signals (Figure S1b in the Supporting Information), which
supports a symmetric bridging mode of the substrate on 1.
After hydrolysis of one equivalent of HPNP (dHPNP=

�5.2 ppm), the 31P NMR spectrum showed only one signal
shifted downfield (d1=18.4 ppm) relative to an authentic
cycP sample (d3=17.5 ppm, Figure 5a and c). With five
equivalents of HPNP, the signal (d2=17.9 ppm) in the
31P NMR spectrum was shifted upfield relative to d1 (Fig-
ure 5b). When authentic cycP (in its anionic form obtained
from the barium salt) was added to the sample that con-
tained 1 and HPNP (1 equiv), the slight shift from d1 to d2

was also observed, which provided evidence for the fast ex-
change between free and complexed cycP on the NMR spec-
troscopy timescale. These data suggest that cycP coordina-
tion to the dinuclear complex will remain symmetrical and
consequently the OH bridge of 1 is preserved. We noted
that the stereoisomers that result from the chiral cycP
cannot be distinguished by NMR spectroscopy under the
conditions of measurement.

In absolute [D6]DMSO the addition of HPNP (1 equiv)
induced drastic changes in the 1H NMR spectrum of 1. Two
characteristic signals at d=1.9 and 6.5 ppm that correspond
to Hmethyl and Hphen of the ligand BPMP were high-field shift-
ed and split in two with other broad resonances of the Zn2

complex, which indicated a strong modification of the com-

plex structure and the presence of different species in solu-
tion (Figure S4b in the Supporting Information). This fact is
supported by the 31P NMR spectrum in which three signals
are observed at d4=18.6, d5 =18.4, and d6=17.1 ppm (Fig-
ure 6a). When excess substrate was added, the signals at d4

and d5 disappeared, whereas a new signal at d7=14.3 ppm
that corresponds to the free cycP (Figure 6b) appeared. The
two signals at d6 and d7 remained stable for weeks and on
addition of further substrate only the proportion of free
cycP increased.

Figure 5. 1H-decoupled 31P NMR spectra of the reaction mixture in D2O/
[D6]DMSO (70:30) after hydrolysis of a) 0.5 mm and b) 2.5 mm of HPNP
by 1 (0.5 mm) at 25 8C, and c) an authentic cycP sample.

Figure 6. 1H-decoupled 31P NMR spectra of the reaction mixture in
[D6]DMSO after hydrolysis of a) 0.5 mm and b) 2.5 mm of HPNP by 1
(0.5 mm) at 25 8C.
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With an excess of HPNP in [D6]DMSO the 1H NMR
spectrum was simplified and only nine well-resolved signals
that were attributed to the Zn2 complex were present in the
d=6–9 ppm region (Figure 7). The resonances Ha–Hd were
assigned to the protons of two pyridine rings by 2D COSY
1H NMR spectroscopy at 25 8C. The triplet Hb shows cross-
signals with both multiplet Ha and triplet Hc resonances,
which allowed it to be ascribed to a b proton of the pyridine
ring, and Ha and Hc were assigned as a- and g-pyridine pro-
tons, respectively. The doublet Hd only displays a cross-peak
with resonance Hc, and thus it was attributed to a d-pyridine
proton. Resonances H1 to H4 were assigned to the protons
of two other pyridine rings, according to their relative inte-
gral intensity. The signal at d=6.4 ppm corresponds to two
Hphen protons. Two additional signals were observed at d=

6.8 and 8.1 ppm (*) that correspond to PNPate in solution.
Further useful information could be obtained from the

1H NMR spectrum in the d=1–2 ppm region in which three
resonances could be distinguished. The doublet at d=

1.20 ppm (^, J=6.14 Hz) was assigned as the CH3 protons
of free cycP. The two doublet resonances at d=1.24 and
1.28 ppm («, J=6.2 and 6.1 Hz, respectively) integrated as
three protons each relative to the three Hmethyl protons of
the BPMP ligand and were attributed to two CH3 groups of
two coordinated cycP units. The resonance of the Hmethyl

protons at d=1.89 ppm is high-field shifted relative to 1.
These results suggest that the d6 signal in the 31P NMR spec-
trum corresponds to a Zn2 species in which two molecules
of the product cycP are coordinated to the zinc ions. Fur-
thermore, from an independent mixture of 1 and HPNP in a
ratio of 1:3 in acetone and after diffusion of diethyl ether,
we isolated the Zn2 species with two coordinated cycP mole-
cules as a powder (identified by the presence of the [Zn2-
ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)2]

+ ion in the ESI-MS and 31P NMR spectra in
[D6]DMSO the observed signal is at d=17.05 ppm, which
was comparable with the signal at d6 =17.1 ppm in Figure 6).
The 1H NMR spectrum of this compound is shown in Fig-

ure S5 in the Supporting Information. Signals that corre-
spond to complexed cycP form a multiplet, which results
from the superposition of two sets of protons. These features
support the hypothesis that there are two different coordina-
tion modes of cycP on the dinuclear zinc complex.

ESI-MS studies : The ESI-MS spectrum of the reaction solu-
tion that contain 1 (0.5 mm) and HPNP (0.5 mm, 1 equiv) in
a mixture of H2O/DMSO (70:30) showed two major signals
at m/z 816 (z=1) and 399 (z=2) for [Zn2 ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(m-OH)-
ACHTUNGTRENNUNG(cycP)]+ and [Zn2ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)]2+ , respectively, which cor-
responded to a complex in which the OH bridge is main-
tained with one molecule of cycP coordinated to the zinc
ions (Figure S6 in the Supporting Information). Two addi-
tional signals were present at m/z 777 (z=1) and 339 (z=2)
that corresponded to [Zn2ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(ClO4)]

+ and [Zn2-
ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(m-OH)]2+ , respectively, which result from the initial
Zn2 complex (Figure S7 in the Supporting Information).
When five equivalents of HPNP were added to the solution
of 1 in H2O/DMSO (70:30) after one day the ESI-MS spec-
trum showed two signals at m/z 880 (z=1) and 399 (z=2)
that were attributed to [Zn2 ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)ACHTUNGTRENNUNG(CH3COO)+Na]+

and [Zn2ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)]2+ , respectively (Figure S8).[17]

In absolute DMSO, the positively charged ESI-MS study
of HPNP hydrolysis by 1 showed some similarities with pre-
vious experiments. In the presence of one equivalent of
HPNP we observed signals from [Zn2ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)-
ACHTUNGTRENNUNG(HCOO)]+ and [Zn2ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)]2+ at m/z 843 (z=1) and
399 (z=2), respectively.[18] The signal from [Zn2ACHTUNGTRENNUNG(bpmp)ACHTUNGTRENNUNG(m-
OH)]2+ at m/z 339 (z=2) resulted from the initial [Zn2-
ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(ClO4)]

+ complex and the signal at m/z 935
(z=1) for the [Zn2 ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)2]

+ ion in which the Zn2

complex that does not have an OH bridge coordinates to
two cycP molecules were also detected (Figure S9 in the
Supporting Information). In the presence of five equivalents
of HPNP only one signal at m/z 935 (z=1) for the [Zn2-
ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)2]

+ ion was observed. The ESI-MS spectra of
all the species discussed are
presented in Figures S6–S9 of
the Supporting Information
along with the corresponding
theoretical isotopic patterns.

Theoretical results : We gained
more information on the inter-
mediates of both catalytic
cycles from DFT calculations.
To deal with such big systems,
we used a newly developed ap-
proach that involves the Gaus-
sian plane wave (GPW)[19] in
CP2K-QuickStep[20] (see the
Experimental Section). The
main features of the calculated
structure of 12+ are in good
agreement with the results ob-
tained by X-ray structural

Figure 7. 1H NMR spectrum of the reaction mixture in [D6]DMSO after hydrolysis of HPNP (2.5 mm) by 1
(0.5 mm) at 25 8C. Labeled resonances correspond to PNPate (*), free cycP (^), the Zn2 species formed in the
hydrolysis reaction according to the ligand scheme numbering, and to complexed cycP («).
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analysis, which confirms the validity of the chosen level of
theory (Table 1). First, we investigated the possible binding
mode of HPNP to 12+ . HPNP has three binding sites, the
two oxygen atoms of the phosphoester unit and the hydroxy
group on the alkyl arm. Therefore, the substrate can be co-
ordinated to the dimetallic unit in various ways. We selected
the more favorable binding mode[21] and the structure of
[Zn2ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(hpnp)]+ (VI, Figure 8) seemed to be a

good starting point for the subsequent transesterification re-
action. It presents a hydrogen bond between the hydroxy
group of the HPNP ligand (O7) and the hydroxo bridge
oxygen (O2) with also a weak interaction between O3 and
Zn1 that leads to a highly asymmetric HPNP ligand with a
Zn1�O3 distance of 2.79 N versus a Zn2�O4 distance of
2.17 N because of the steric hindrance between the HPNP
substrate and the BPMP ligand (short nonbonding distances
of the DFT-calculated structures are presented in Table 3).
Highlighting the flexible role of the BPMP ligand, HPNP
coordination induces structural rearrangement of the com-
plex. Thus, the obtained structure VI presents a strongly dis-
torted trigonal bipyramid geometry (t=0.66) for Zn1,
whereas Zn2 has a slightly distorted octahedral environ-
ment.

Next, we characterized the intermediates [Zn2 ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(m-
OH) ACHTUNGTRENNUNG(cycP)]+ , [Zn2ACHTUNGTRENNUNG(bpmp)ACHTUNGTRENNUNG(cycP)]2+ , and [Zn2 ACHTUNGTRENNUNG(bpmp)-
ACHTUNGTRENNUNG(cycP)2]

+ that were revealed by NMR spectroscopy and
ESI-MS measurements by means of DFT calculations
(Figure 9). Complex [Zn2 ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(m-OH)ACHTUNGTRENNUNG(cycP)]+ (V) shows

a structure similar to VI, but with shorter Zn�O bonds
(Zn1�O3 2.63 N, Zn2�O4 2.14 N, Table 3). For the [Zn2-
ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)]2+ complex, two different structures similar in
energy have been found: [Zn2 ACHTUNGTRENNUNG(bpmp)(m1,3-cycP)]2+ (IX) with
bidentate bridging (m1,3) coordination of cycP and [Zn2-
ACHTUNGTRENNUNG(bpmp)(m1,1-cycP)]2+ (X) with monodentate bridging (m1,1)
coordination. Bidentate structure IX is favored by 2 kcal
mol�1 with quite a long intermetallic bond length (3.47 N)
and shorter Zn�O bond lengths (Zn1�O3 2.05 N and Zn2�
O4 1.99 N) than the previous complexes (Table 3). Zn1
presents a distorted bipyramid trigonal environment with
O3 and N1 in the axial positions (t=0.79), whereas Zn2 has
a square pyramidal environment with N4 in the apical posi-
tion (t=0.28). Only 2 kcalmol�1 higher in energy, monoden-
tate complex X has a bipyramid trigonal environment for
Zn1 (t=0.72, with O3 and N1 still in axial positions) and a
square pyramidal environment for Zn2 (t=0.16 with N6 in
the apical position instead of N4). We notice that the BPMP
ligand arrangement is mostly the same for both complexes.
Finally, the [Zn2ACHTUNGTRENNUNG(bpmp)ACHTUNGTRENNUNG(cycP)2]

+ intermediate revealed by
ESI-MS in DMSO is structurally similar to V. Indeed, one
of the cycP ligands is monodentate bridging (m1,1) coordinat-
ed through the O3’ oxygen atom of the cycP (Zn1�O3’
2.31 N, Zn2�O3’ 2.12 N), whereas the second one is biden-
tate bridging (m1,3) coordinated (Zn1�O3 2.06 N, Zn2�O4
2.06 N).

Figure 8. Calculated structure of [Zn2 ACHTUNGTRENNUNG(bpmp)ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(hpnp)]+ (VI).

Table 3. Selected bond lengths [N] of DFT-calculated structures.

Zn1···Zn2 Zn1�O3 Zn2�O4 Zn1�O2
or Zn1�O3’

Zn2�O2
or Zn2�O3’

12+ 3.03 – – 2.01 2.03
II 3.09 3.01 2.33 1.94 1.96
III 3.10 2.13 2.10 2.13 2.08
IV 3.08 2.19 2.08 2.10 2.04
V 3.18 2.63 2.14 2.08 2.08
VI 3.07 2.79 2.17 2.05 2.07
VII 3.38 2.08 2.09 3.52 2.34
VIII 3.43 2.13 2.21 3.39 2.22
IX 3.47 2.05 1.99 – –
X 3.28 – – 2.25 2.04
XI 3.13 2.64 2.11 2.10 2.22
XII 3.27 2.05 1.95 4.43 3.38
XIII 3.24 2.06 2.06 3.56 2.37

Figure 9. The calculated geometries of intermediates observed by ESI-
MS.
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Discussion

To investigate the zinc-containing RNase mechanism, dinu-
clear zinc model compounds 1 and 2 were studied as poten-
tial catalysts of HPNP transesterification. In a mixture of
water/DMSO 1H NMR spectroscopic studies revealed that 1
and 2 are reversibly interconverted upon acid/base titration
(pKa around 7.60, Scheme 2). The pH-dependence of the
HPNP transesterification ability of 1 and 2 in the water/
DMSO medium (pH optimal around 8–9, Figure 3) indicates
that only complex 1 is suitable for HPNP hydrolysis. More-
over, to modulate the lypophilic/hydrophilic balance, the
catalytic activity was studied under both aqueous (water/
DMSO) and nonaqueous (DMSO) conditions. In all cases
that involve excess HPNP, 1 shows multiple turnovers with-
out loss of activity, which demonstrates that no product in-
hibition occurs during the catalytic cycle. The difference in
reactivity between 1 and 2 can be explained by observing
features of the catalytically active complex 1. Complex 1
allows a bridging coordination of the substrate owing to a
short Zn···Zn distance (3.016(1) in 1 vs. 3.791(1) N in 2), it
also possesses an easily accessible metallic center (the
change in coordination sphere from trigonal bipyramidal in
1 to square pyramidal in 2 increases the steric bulk around
the zinc center), and it may involve the bound hydroxo as a
general base. These requirements must play a major role in
the catalysis, as already discussed by different groups for
other series of complexes.[4,22]

Based on the UV/Vis, 1H, and 31P NMR spectroscopies,
and ESI-MS analysis results, as well as on theoretical calcu-
lations, we next present and discuss the mechanisms of
HPNP transesterification catalyzed by complex 12+ in aque-
ous (Scheme 3) and nonaqueous (Scheme 4) media.

Mechanism of transesterification in the aqueous medium :
According to ESI-MS analysis, when one or more equiva-
lents of substrate are added to 1 in aqueous solution, the
dominant species are 12+ and V complexes. The presence of
12+ demonstrates that the OH bridge is stable or regenerat-
ed during the catalytic process. The absence of any complex
formed between 1 and HPNP stresses the high reactivity of
such an intermediate. The theoretical calculations led us to
propose a substrate coordination mode (cf. the section on
Theoretical results) and other plausible intermediates
(Figure 10) in the catalytic cycle (Scheme 3).

A bidentate bridging coordination mode through two
oxygen atoms of the phosphodiester group is proposed for
the HPNP substrate and cycP product. This mode is sup-
ported by 1H and 31P NMR spectroscopy measurements that
show high-field shifted 1H NMR spectra relative to 1 with
preservation of its symmetrical structure, and one downfield
shifted phosphorus signal relative to an authentic cycP
sample. This phosphodiester coordination mode has already
been suggested or observed for some artificial dinuclear
phosphodiesterases.[4,6,8, 12,15,23–25]

As previously discussed, the hydroxypropyl arm in VI
(Figure 8 and the section on Theoretical results) is oriented

towards the OH bridge at a distance of 1.91 N. This hydro-
gen bond facilitates substrate deprotonation by the hydroxo
bridge. However, an explicit additional base is needed to
generate experimentally revealed species V. We added a hy-
droxide anion in the proximity of 12+ that can contribute to
the substrate deprotonation process (intermediate II).[26]

Indeed, by capturing the bridging hydroxy proton, this exog-
enous base induces hydrogen-bond shortening (from 1.91 N
in VI to 1.61 N in II) and the substrate can later be depro-
tonated through the OH bridge (Scheme 3).

Afterwards, we investigated the intermediates of possible
two-step mechanisms. First, the deprotonation of HPNP fol-
lowed by P�O bond formation or vice versa; however, the
formation of any intermediates could not be confirmed.
Therefore, we assume that a concerted mechanism leads to
the formation of intermediates with a pentacoordinated
phosphorus atom (complexes III and IV, Scheme 3). In this
II!III step, the BPMP ligand kept the same structure apart
from an elongation of the Zn1�N2 length (from 2.12 N in II
to 2.40 N in III) and this single modification allowed the
ligand to adapt to the marked shortening of the Zn�O
length (Zn1�O3 2.13 N and Zn2�O4 2.10 N, Table 3). Thus,
the positively charged dinuclear center stabilizes and neu-
tralizes the negative environment of the phosphorus atom
more efficiently. To support this idea, calculations without
the ligand BPMP have been performed and no stable penta-
coordinated phosphorus intermediates were ever detected.
In complex III, the pentacoordinated phosphorus atom ex-
hibits trigonal bipyramid geometry with a long axial P�O
bond length (P�O5 1.95 N, P�O7 1.86 N). The water mole-
cule that is generated is kept within the complex environ-
ment through a hydrogen bond to the hydroxo bridge. This
bond can be easily broken to lead to the formation of inter-
mediate IV. The structural strain in compound III as a result
of the hydrogen bond between O7 and the OH bridge is re-
duced in IV (O7�H 1.89 N versus 1.72 N in III), and the
complex relaxes towards a more asymmetric structure in
which the Zn1�O3 length is elongated (2.19 N), whereas the
Zn2�O4 length is shortened (2.08 N, Table 3). Moreover,
the new P�O7 bond is shortened (1.82 N), whereas the

Figure 10. Calculated structures of intermediates in a mixture of H2O/
DMSO.
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breaking P�O5 bond lengthens (2.10 N). In the last step,
after the PNPate group leaves, compound V loses the cyclic
phosphate and the initial 12+ complex is regenerated.

To conclude this section, the most striking facts about the
mechanism of catalysis are the basic role of the hydroxo
bridge/auxiliary base pair, and the stabilization of the penta-
coordinated intermediates by the dizinc center associated
with the flexibility of BPMP.

Mechanism of transesterification in the nonaqueous
medium : In the nonaqueous medium, substrate deprotona-
tion requires the bridging hydroxy to accept a proton, which
leads to the destruction of the bridge (compound VIII,
Figure 11) without any possible regeneration by an external
base. Thus, this deprotonation step has to be considered as

the first step of an initialization process that leads to the cat-
alytic cycle. The mechanism proposed in Scheme 4 presents
the initialization steps, compounds VI through to IX, and
highlights the catalytic cycle itself, compounds IX to XIII
(Figure 11).

The binding mode of HPNP (species VI) has already
been discussed (see above). Deprotonation of the nucleo-
philic hydroxy moiety is concomitant with attack on the
phosphorus atom, which leads to the formation of complex
VII. However, in contrast with the aqueous media, the pen-
tacoordinated phosphorus intermediate cannot be consid-
ered as viable and VIII is obtained by PNPate elimination
from VII. This resulting complex presents a water molecule
weakly bonded to the Zn2 atom (Zn2�O2 2.22 N, Table 3).
Zn1�O2 bond cleavage allows a strict trigonal bipyramid

environment for Zn1 with N1
and O3 in the axial positions
(t=0.99). The elimination of
this water molecule leads to
the formation of IX, which is
the first complex involved in
the catalytic cycle.

According to DFT calcula-
tions and evidence from NMR
spectroscopy, the species [Zn2-
ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(cycP)]2+ presents two
conformers in equilibrium,
complex IX with a bidentate
mode of coordination of cycP

Scheme 3. Proposed mechanism for the HPNP transesterification reaction catalyzed by 12+ in H2O/DMSO based on experimental data and DFT calcula-
tions. (Species V was characterized by 1H and 31P NMR spectroscopy and by ESI-MS analysis.)

Figure 11. Calculated structures of intermediates in DMSO.
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and complex X with a monodentate mode of coordination
of cycP. Both the small energy difference of 2 kcalmol�1 and
the absence of structural rearrangements strongly support
the low activation energy for this bidentate/monodentate
bridging mode equilibrium. This process is similar to the
“carboxylate shift” already established from theoretical cal-
culations and experiments on model compounds of zinc en-
zymes in which a carboxylate group close to the phosphate
group can shift from monodentate bridging to other binding
modes (monodentate terminal, bidentate chelating, and bi-
dentate bridging) through a low-energy process.[27] To sup-
port this hypothesis, a temperature-dependent 31P NMR
spectroscopy measurement (between �10 and �40 8C in
[D6]acetone) was performed. After hydrolysis of HPNP
(1 equiv), the 31P NMR spectrum showed three signals
(Figure 6) at room temperature, the signal at d6 was attribut-
ed to XIII,[28] and two other signals at d4 and d5 were attrib-
uted to the IX and X forms. The coalescence of the d4 and
d5 signals at 40 8C clearly validates the presence of two spe-
cies in equilibrium (kc=27.2 s�1 at 25 8C). With further de-
creases in temperature ([D6]DMSO/[D6]acetone) progres-
sive decoalescence of the signals was observed until at

�48 8C four signals are seen (Figure S10 in the Supporting
Information). This behavior can be rationalized by exchange
phenomenon, which includes the observation of isomers
owing to chiral cycP. The monodentate bridging binding
mode of phosphodiester to two metal ions similar to X has
already been observed[24,29] or proposed.[22,30] But, to our
knowledge, it is the first time that a “phosphate shift” has
been brought to the fore in phosphate-containing zinc
model compounds. The Zn2 ion in IX and X has square pyr-
amidal coordination with a sixth available position (see
above). However, if the substrate has no access to this sixth
available position in IX owing to steric hindrance of the
ligand, in complex X it can easily bind to Zn2 leading to in-
termediate XI. This compound is analogous to VI except
that the hydroxo bridge is replaced by the P�O bridge of
the cycP molecule. Similarly, the substrate hydroxypropyl
arm is oriented towards the P�O4’ bond of the cycP at a dis-
tance of 1.96 N. However, complex XI exhibits a more reac-
tive structure than VI, which is its hydroxo bridge analogue
owing to a stronger Lewis acid activation through shorter
Zn�O bonds (Zn1�O3 2.64 N in XI versus 2.79 N in VI and
Zn2�O4 2.11 N in XI versus 2.17 N in VI, Table 3) and a

Scheme 4. Proposed mechanism for the HPNP transesterification reaction catalyzed by 12+ in DMSO based on experimental data and DFT calculations.
(Species IX, X, and XIII were characterized by 1H and 31P NMR spectroscopy and by ESI-MS analysis.)
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better conformation for P�O7 bond formation (P�O7
3.68 N in XI versus 3.74 N in VI). Then, complex XI under-
goes transesterification to form XII the same way as VI did
during the initialization stage. In fact, no pentacoordinated
phosphorus species between XI and XII were revealed by
theoretical calculations, in the same manner as between VI
and VII. Next, PNPate elimination yields XIII in which
cycP protonation induces elongation of the Zn1�O3’
(3.56 N) and Zn2�O3’ (2.37 N) bonds to favor product re-
lease (Table 3). To give an account of the multiple turnovers,
we assume that there is an equilibrium between complex
XIII and species IX and X. In the presence of an excess of
cycP, this equilibrium would be shifted towards XIII. The
31P NMR spectroscopy measurements support this hypothe-
sis: after the hydrolysis of HPNP (1 equiv), we detected
XIII in a ratio of 1:3 relative to IX and X, but after the ad-
dition of an excess of cycP, this ratio increases. Note that
after the hydrolysis of HPNP (1 equiv), we also identified
12+ (ESI-MS) and the fact that X reacts faster with the sub-
strate than complex 12+ . Moreover, upon addition of HPNP
to XIII, the catalytic cycle restarts until the hydrolysis of the
substrate is complete. To the best of our knowledge, the
only example of two cycP molecules coordinated to a dime-
tallic center was published by Tsang et al.[25] Two cycP mole-
cules were coordinated in a bidentate bridging mode to two
La3+ ions. However, it is the first bidentate bridge with a
monodentate bridging coordination mode proposed.

In conclusion, for a DMSO medium, we have proposed a
novel type of mechanism for the transesterification reaction.
The first step corresponds to OH bridge destruction and the
second step is a cycle in which diphosphate complexes are
the key intermediates.

Comparison of the two mechanisms in the different media :
Previous work (without transition metals) published in the
literature has revealed a significant acceleration of the rate
of alkaline hydrolysis of different mono- or diester phos-
phates in aqueous solution on addition of dipolar solvents,
such as DMSO.[31] The level of DMSO can reach 98%. The
most striking experimental fact from our results is probably
the speed and efficiency of the catalyzed transesterification
reaction in pure DMSO compared with in the DMSO/aque-
ous medium. An explanation can be obtained from the com-
parison of the two corresponding mechanisms. First, let us
compare the key step of these reactions, the P�O bond for-
mation, that is, the II!III step (Scheme 3) in aqueous
medium and the XI!XII step (Scheme 4) in DMSO.[32] The
thermodynamic cost is clearly more favorable in DMSO
than in the aqueous medium, 6.7 versus 10.2 kcalmol�1. So,
the key step should be faster in the mechanism proposed for
the DMSO medium. Another limiting step that we can
focus on is the product-release step. Once more, the pro-
posed mechanisms favor faster kinetics in DMSO from a
thermodynamic point of view (11.0 kcalmol�1 between XIII
and IX (Scheme 4) versus 30.6 kcalmol�1 between V and 12+

(Scheme 3)). Finally, the major difference is the role of the
bridge as a base and its eventual regeneration. In the aque-

ous medium case, the OH bridge acts as a relay base, and
consequently, a basic medium is needed to regenerate it.
Thus, the role of the OH bridge is not only structural; its im-
portance is as a result of its role as a relay base. This hy-
pothesis is confirmed by the fact that fixation of the sub-
strate is detected by 31P NMR spectroscopy of 2 despite its
lack of reactivity. In the organic medium, to enter the cycle
from IX to XIII, destruction of the OH bridge is required
and it is replaced by a phosphate bridge that allows the
phosphate to play the role of proton acceptor. Thus, the
cycle runs thanks only to the phosphate that replaces OH/
water in the role of relay base. The mechanism of Scheme 4
is not observed in an aqueous medium according to data ob-
tained by NMR spectroscopy because the characteristic
complexes with two phosphates were not detected. The pas-
sage from complex VIII to complex IX concomitant with
the release of water seems unlikely in a water medium. The
mechanism in the DMSO medium (which does not need a
basic medium) is very efficient thanks to the substrate. This
pathway is clearly a good candidate for explaining the mech-
anism in the buried active sites found in enzymes.

Conclusion

A detailed hydrolytic activity study has been carried out on
two dizinc model systems (1 and 2) that undergo pH-driven
interconversion. Hydrolysis of HPNP as a substrate model
for RNA was promoted by 1, but no activity was observed
over one week with 2 despite the fixation of the substrate,
as shown by 31P NMR spectroscopy. These results give direct
experimental evidence of the requirements of the transes-
terification reaction, which are Zn···Zn separation, accessi-
bility of the substrate, and a hydroxo ligand bound to zinc.

Complex 1 has good activity that is considerably en-
hanced compared with the spontaneous hydrolysis rate (104

in water/DMSO (70:30)), and multiple turnover without sig-
nificant loss of activity, which demonstrates that no product
inhibition occurred during the catalytic cycle. According to
the catalytic conditions (nonaqueous and aqueous/DMSO),
complex 1 exhibits different behavior. The synergistic inter-
disciplinary approach used herein allowed the substrate/
product-binding mode on the dinuclear dizinc core to be dis-
cerned along with the role and the identity of the key spe-
cies involved. In the mixed aqueous/DMSO medium, com-
plex 1 undergoes multiple turnover and retains its initial
double-bridged structure. The presence of an additional hy-
droxide ion from the solvent helps substrate deprotonation.
The pentacoordinated phosphorus intermediate IV is stabi-
lized by the short Zn···Zn distance (3.08 N). The cyclic phos-
phate product is reversibly coordinated to the complex and
substituted by the substrate upon addition of excess sub-
strate. In the organic medium, the mechanistic scenario
starts in the same way, but without regeneration of the OH
bridge. Five consecutive intermediates (IX–XIII) were cal-
culated for the catalytic cycle. The equilibrium between IX
and X provides evidence for the two bridging modes of the
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cyclic phosphate. The presence of additional substrate led to
the formation of XIII, which has two cyclic phosphates coor-
dinated in an unusual way.

The bridging OH group available in 1 plays a key role in
the aqueous medium as a relay base, which emphasizes the
need for a basic medium. On the other hand, the OH bridge
is replaced by the substrate itself as a proton acceptor in the
nonaqueous medium.

For this important transesterification reaction, our results
show that multiple viable catalytic strategies are to be con-
sidered that depend on the hydrophilic/lipophilic balance in
the local environment of the active site. This improved un-
derstanding of the mechanism will assist the engineering of
artificial hydrolases.

Experimental Section

General information : NMR spectra (1H and 31P) were recorded by using
a Bruker Avance 300 spectrometer at 300 MHz for 1H and at 121.5 MHz
for 31P. Chemical shifts are reported in ppm, and for 1H NMR spectra,
chemical shifts were referenced to the solvent signal, and for 31P NMR
spectra, 85% phosphoric acid was used as the external reference. The IR
spectra were recorded by using a Nicolet Magna-IR 550 spectrometer.
Electrospray mass spectra were recorded by using an Esquire 3000 plus
Bruker Daltonics and/or Quattro LCZ Waters-Micromass instrument
with a nanospray inlet. Solution pHs were measured at 25 8C with a Met-
rohm 713 pH meter equipped with a Metrohm combined LL micro pH
glass electrode that was calibrated with standard pH buffer solutions. Ki-
netic measurements were recorded by using a quartz cuvette (1.0 cm)
and a Varian Cary 50 UV-Visible spectrophotometer equipped with a
Peltier thermostatting accessory.

Materials : The preparation of H-BPMP has been described previously.[33]

The RNA model substrates HPNP and cycP were synthesized according
to previously described procedures.[34] Commercially available DMSO
was freshly distilled and stored over molecular sieves (3 N). Other com-
mercial starting materials and solvents were of analytical grade and were
used without further purification.

Caution! Although no problems were encountered, suitable care and pre-
cautions should be taken when handling perchlorate salts.

Complex 1: A solution of Zn ACHTUNGTRENNUNG(ClO4)2·6H2O (211 mg, 0.56 mmol) in
CH3CN (5 mL) was added dropwise to H-BPMP (150 mg, 0.28 mmol)
dissolved in CH3CN (5 mL) and the mixture was stirred for 10 min at
room temperature. NEt3 (80 mL, 0.57 mmol) was then added and the so-
lution was stirred for another 30 min at room temperature. The solvent
was partially removed under reduced pressure and the resulting solution
(7 mL) was allowed to stand overnight at �20 8C. The white powder that
formed was collected by filtration and colorless crystals that were suita-
ble for X-ray diffraction were obtained by slow vapor diffusion of THF
into a saturated solution of 1 in CH3CN at �20 8C. 1H NMR (300 MHz,
[D6]DMSO, 25 8C): d=2.04 (s, 3H), 3.55–3.65 (m, 4H), 3.97–4.10 (m,
8H), 6.71 (s, 2H), 7.56–7.59 (m, 4H), 7.62–7.67 (m, 4H), 8.06 (td, J-
ACHTUNGTRENNUNG(H,H)=6.0 Hz and J ACHTUNGTRENNUNG(H,H)=1.7 Hz, 4H), 8.90 ppm (d, J ACHTUNGTRENNUNG(H,H)=4.7 Hz,
4H); IR (KBr): ñ=1608 (C=N py), 1480, 1440 (C�C py), 1082, 621 cm�1

(ClO4); MS (ESI, CH3CN): m/z : 777 (z=1, [Zn2 ACHTUNGTRENNUNG(bpmp) ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(ClO4)]
+

), 339 (z=2, [Zn2 ACHTUNGTRENNUNG(bpmp)ACHTUNGTRENNUNG(m-OH)]2+); elemental analysis calcd (%) for
C33H34N6O2Zn2·2ClO4·0.5C4H8O (1·0.5C4H8O) (911.8): C 46.06, H 4.16, N
9.21; found: C 46.10, H 4.28; N 9.19.

Complex 2 : A solution of Zn ACHTUNGTRENNUNG(ClO4)2·6H2O (281 mg, 0.754 mmol) in
water (3 mL) was added dropwise to H-BPMP (200 mg, 0.377 mmol) dis-
solved in acetone (5 mL) and the mixture was stirred for 30 min at room
temperature. The solvent was partially removed under reduced pressure
and the resulting solution was allowed to stand overnight at +4 8C. The
white powder that formed was collected by filtration and was recrystal-

lized from hot water. 1H NMR (300 MHz, [D6]acetone, 25 8C): d=1.83 (s,
3H), 3.65 and 4.44 (d, JAB

ACHTUNGTRENNUNG(H,H)=12.3 Hz, 4H), 3.98 and 4.12 (d, JAB-
ACHTUNGTRENNUNG(H,H)=16.9 Hz, 4H), 4.45 and 4.62 (d, JAB

ACHTUNGTRENNUNG(H,H)=17.2 Hz, 4H), 6.63 (s,
2H), 7.05 (m, 2H), 7.24 (m, 2H), 7.67 (m, 6H), 8.12 (m, 2H), 8.48 and
8.80 ppm (d, JAB

ACHTUNGTRENNUNG(H,H)=5.1 Hz, 4H); IR (KBr): ñ=1609 (C=N py), 1485,
1440 (C�C py), 1070, 621 cm�1 (ClO4); elemental analysis calcd (%) for
C33H37N6O3Zn2·3ClO4·4H2O (2·4H2O) (1066.87): C 37.14, H 4.22, N 7.87;
found: C 37.30, H 4.30, N 7.69.
1H NMR spectroscopic titration : The protonation constant of zinc-coordi-
nated water was determined by 1H NMR spectroscopy. Samples of 1 and
2 (5 mm) were prepared in D2O/[D6]DMSO (70:30) and were used for
the pD NMR spectroscopy titration. The pD (pD=pH+0.4)[35] of the so-
lution was adjusted with DCl and NaOD solutions. The pH value ob-
tained corresponds to the reading on the pH meter, which was previously
calibrated with standard aqueous buffers. All pH-dependent NMR spec-
troscopy measurements were performed at 25 8C.

Kinetics : The rate of the HPNP transesterification reaction catalyzed by
1 and 2 was measured spectrophotometrically by monitoring the produc-
tion of PNPate at 400 nm (e =18500 dm3mol�1 cm�1) in a mixture of
50 mm buffer (0.1m NaClO4)/DMSO (70:30). The extinction coefficient
of PNPate in DMSO at lmax=440 nm is e =22500 dm3mol�1 cm�1. Typi-
cally, the reaction was initiated by injecting a concentrated solution of
HPNP (15 mL, 0.168m in H2O, final concentration 1.0 mm) into a solution
of zinc complex (2.5 mL, 0.5 mm) maintained at 25 8C. The solution of
zinc complex was buffered with MES (pH 5.5–6.5), HEPES (pH 7.0–8.2),
and CHES (pH 8.5–10), and the ionic strength was maintained with 0.1m

NaClO4. The first-order rate constants (kobs, s
�1) of the HPNP transesteri-

fication reaction catalyzed by the two zinc complexes were calculated by
the initial rate method. The absorbance was converted into concentration
by using Equations (1; with O.D. as optical density) to (3) and the initial
reaction rate (Vi, m s�1) was calculated from the plots of [PNPate]total
versus time. Vi divided by the concentration of HPNP gives kobs. The pKa

of 4-nitrophenol (PNP) at 25 8C was determined under these conditions
to be 7.15; this value was used to correct the degree of ionized PNP at
different pH values.

½PNPate�measured ¼
O:D:
e400nm

ð1Þ

pH 7:15þlog
½PNPate�measured

½PNP� ð2Þ

½PNPate�total ¼ ½PNPate�measuredþ½PNP� ð3Þ

Computational details : The quantum chemical calculations were per-
formed by using the CP2K-QuickStep[20] program at the DFT level with
the BLYP[36] functional. QuickStep is an implementation of the GPW[19]

method that is based on the Kohn–Sham formulation of DFT. It is a
hybrid method that uses a linear combination of Gaussian-type orbitals
to describe the Kohn–Sham orbitals, whereas an auxiliary plane waves
basis set is employed to expand the electronic charge density. The basis
set used was a double-zeta valence set of Gaussian orbitals[32] with a po-
larization set added for all atoms in conjunction with the Goedecker–
Teter–Hutter[37] pseudopotentials also for all atoms. The auxiliary PW
basis set was defined by a cubic box of (18 N)3 and by a density cut off of
300 Ry for the larger grid. Geometry optimizations were performed on
the entire system, except for the methyl group of HPNP (and cycP)
which was replaced by an hydrogen atom to limit the number of possible
intermediates. Cartesian coordinates for all of the calculated structures
are presented in the Supporting Information.

Crystallography : Crystals were mounted on a Bruker AXS-Enraf-Nonius
Kappa CCD diffractometer equipped with graphite-monochromated
MoKa radiation (l=0.71073 N) and a cryostream cooler. For both com-
pounds reflections were collected and corrected for Lorentzian and polar-
ization effects. Structures were solved by direct methods with the use of
the SIR92[38] software and refined by using the TeXsan[39] program pack-
age. All non-hydrogen atoms were refined with anisotropic thermal pa-
rameters. Hydrogen atoms were generated at idealized positions, or by
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using the Fourier difference, riding on the carrier atoms with isotropic
thermal parameters.

Crystal data for 1·THF·0.67CH3CN·0.33H2O :[40] Formula=

C38.33H44.67N6.67O11.33Cl2Zn2; Mw=981.10; monoclinic; space group P21/c ;
colorless block (0.32P0.23P0.22 mm); a=20.576(2), b=9.9097(8), c=

24.051(3) N; b =103.550(9)8 ; V=4767.5(8) N3; Z=4; 1calcd =1.359 gcm�3 ;
T=150 K; m ACHTUNGTRENNUNG(MoKa)=1.178 mm�1. A total of 36743 reflections were col-
lected. Final refinement with 649 variables led to R=0.0647 (for 6672 re-
flections, F=2s(F)), Rw=0.0925, goodness of fit S=1.70, max/min resid-
ual peaks=1.48/�1.21 eN�3.

Crystal data for 2·4H2O : Formula=C33H45N6O19Cl3Zn2; Mw=1066.87; or-
thorhombic; space group Pbcn ; colorless block (0.25P0.20P0.18 mm);
a=16.193(1), b=16.527(1), c=16.673(1) N; V=4462.1(4) N3; Z=4;
1calcd =1.588 gcm�3 ; T=293 K; mACHTUNGTRENNUNG(MoKa)=1.335 mm�1. A total of 52347
reflections were collected. Final refinement with 287 variables led to R=

0.0448 (for 2490 reflections, F=2s(F)), Rw=0.0562, goodness of fit S=

1.51, max/min residual peaks=0.53/�0.49 eN�3.

CCDC-619206 for 1 and CCDC-293669 for 2 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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