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Abstract: For a number of phosphoryltransfer enzymes, including the exonuclease subunit of DNA
polymerase I, a mechanism involving two-metal ions and double Lewis-acid activation of the substrate,
combined with leaving group stabilization, has been proposed. Inspired by the active site structure of this
enzyme, we have designed as a synthetic phosphoryl transfer catalyst the dicopper(II) macrocyclic complex
LCu2. Crystal structures of complexes [(L)Cu2(µ-NO3)(NO3)](NO3)2 (1), [(L)Cu2(µ-CO3)(CH3OH)](BF4)2 (2),
and [(L)Cu2(µ-O2P(OCH3)2)(NO3)](NO3)2 (3) illustrate various possibilities for the interaction of oxoanions
with the dicopper(II) site. 1 efficiently promotes the transesterification of dimethyl phosphate (DMP) in CD3OD,
kcat ) 2 × 10-4 s-1 at 55 °C. 1 is the only available catalyst for the smooth transesterification of highly inert
simple dialkyl phosphates. From photometric titrations and the pH dependence of reactivity, we conclude
that a complex [(L)Cu2(DMP)(OCH3)]2+ is the reactive species. Steric bulk at the -OR substituents of
phosphodiester substrates O2P(OR)2

- drastically reduces the reactivity of 1. This is explained with -OR
leaving group stabilization by Cu coordination, an interaction which is sensitive to steric crowding at the
R-C-atom of substituent R. A proposed reaction mechanism related to that of the exonuclease unit of DNA
polymerase I is supported by DFT calculations on reaction intermediates. The complex [(L)Cu3(µ3-OH)-
(µ-CH3O)2(CH3CN)2](ClO4)3 (4) incorporates a [Cu(OH)(OCH3)2(CH3CN)2]- complex anion, which might
be considered as an analogue of the [PO2(OCH3)2(OCD3)]2- transition state (or intermediate) of DMP
transesterification catalyzed by LCu2.

Introduction

Phosphoryl transfer reactions are ubiquitous in biology and
are usually catalyzed by metalloenzymes. Often two-metal ions
appear to be essential for catalytic function. An example is the
exonuclease subunit (Klenow fragment) of DNA polymerase I
from E. coli, which eliminates mismatched nucleotides by
phosphodiester bond hydrolysis (Scheme 1, R1 ) 3′-deoxyri-
bosyl, R2 ) 5′-deoxyribosyl, R3 ) H). In vitro the enzyme is
active with M1, M2 ) Mg2+, Zn2+, Co2+, or Mn2+.

The proposed mechanism shown in Scheme 1 is supported
by a crystal structure of the enzyme with a dinuclear Zn/Mg
active site and a bound deoxydinucleotide.1 The phosphodiester
unit of the dinucleotide interacts with the dimetal site by three
coordinative bonds such as shown in Figure 1, left. Metal ligand
distances are between 1.9 and 2.2 Å, and the two-metal ions
are 3.9 Å apart. The metal ions provide double Lewis-acid
activation of the phosphodiester substrate, activate H2O for
nucleophilic attack at P (formation of M-OH nucleophile at
neutral pH), and stabilize the OR1-leaving group. This or related
mechanisms might be of wide importance in enzymatic phos-
phoryl transfer and have subsequently been proposed for

phosphate monoester cleavage byE. coli alkaline phosphatase
(Scheme 1, R1 ) alkyl, R3 ) H),2 involving a transesterification
step, for restriction endonucleases,3 for DNA polymerases4

(Scheme 1, R1 ) P2O6
3-, R2 ) 5′-deoxy-ribosyl, R3 ) 3′-deoxy-

ribosyl), and was discussed as a possible mechanism of RNA
cleavage by ribozymes.5

The two-metal mechanism has, however, also been been
critically discussed, considering that the presence of two-metal
ions in the active site might (at least in some cases) be an artifact
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Scheme 1. Proposed Mechanism of Phosphodiester Hydrolysis
by the Exonuclease Subunit (Klenow Fragment) of DNA
Polymerase I
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of the high concentration of metal ion used to soak the crystal
prior to structure analysis, and the use of “nonnatural” metal
ions that might have different binding specifities. Biochemical
studies have been presented for the exonuclease subunit of DNA
polymerase I that support a one-metal mechanism under
“natural” conditions;6 others have shown the necessity of two-
metal ions7 for efficient catalysis.

Many important studies using simple coordination compounds
gave insight into various modes for two-metal activation of
phosphoryltransfer.8-10 In most cases, the substrates were
reactive phosphate esters, either with good leaving groups (such
as nitrophenolate) or with neighboring-OH as a catalytic
auxiliary group (as present in RNA), or supercoiled plasmid
DNA, which is activated by intrinsic strain. Although simple
dialkyl phosphates such as O2P(OCH3)2

- represent more ap-
propriate models for many biological phosphate transfer reac-
tions than activated aryl phosphates, very few examples of the
cleavage of such phosphates by synthetic reagents have been
reported. The reason is that these substrates are highly inert:

stoichiometric hydrolysis has been observed only with strongly
Lewis-acidic tri- and tetravalent metal ions at high temperature
or low pH.

It is obvious from the model studies that cooperation of two-
metal ions can significantly improve catalytic efficiency, in
particular by double Lewis-acid activation of the phosphoester
substrate by two-metal ions. However, reaction mechanisms
related to Scheme 1 are supported by experimental data only
in very rare cases. Bruice and co-workers reported very efficient
hydrolysis of a dialkyl phosphonate by cooperative action of
three La3+ ions and suggested an important contribution of the
metal ion in leaving group stabilization.11 Anchoring chinolyl
donors that preorganize the metal ions have been incorporated
in the substrate, and the reaction is stoichiometric because metal
ions are masked by the reaction products. Crystallograph-
ically characterized structural model complexes (dicopper(II),
dinickel(II)) for the unusual monodentate 1,1-bridging mode of
a phosphodiester were reported by Lippard and co-workers.12

We have communicated13 a preliminary study of a diuclear
macrocyclic Cu(II) complexLCu2, which promotes the cleavage
of dimethyl phosphate by alcohols.LCu2 is the only available
catalyst for the transesterification of simple dialkyl phosphates.
We have suggested that the unique reactivity of this complex
is related to a reaction mechanism similar to that proposed for
the Klenow fragment (Scheme 1). Therefore, the complex could
serve as a low molecular-weight model for the investigation of
the two-metal mechanism suggested for many phosphoryl
transfer enzymes. Here, we present a more detailed study on
the properties and reactivity of this complex.

Experimental Section

Materials and Methods. All reagents unless otherwise indicated
were of analytical grade and were used without further purification.
Sodium dimethyl phosphate (DMP) and sodium diethyl phosphate were
prepared by reported procedures.14 Lithium methyl p-nitrophenyl
phosphate was prepared as described.15

UV-vis spectra were measured on a Varian Cary 100-Bio UV-
visible spectrophotometer equipped with a temperature controller.
Electrospray ionization mass spectra were acquired using Waters ESI-
Q-TOF Ultima API device (mobile phase, acetonitrile; flow rate, 50
µL/min). HPLC analysis ofL was performed on a Waters Alliance
liquid chromatograph equipped with UV-vis detector. A Macherey-
Nagel Nucleosil C18 250× 4.6 mm column with gradients of CH3CN/
water was used. EPR spectra were recorded on a Bruker ESP 300E
spectrometer in methanol glass at 77 K.1H NMR spectra were acquired
using a Bruker AC200 spectrometer (200 MHz).

The CH3OH2
+ concentration was determined using a Thermo-

ORION 420A pH meter equipped with an ORION 7103SC combination
(glass/calomel) electrode, calibrated with Acros Organic standard
aqueous buffers (pH) 4 and pH) 7). Values ofsspH16 were obtained
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Figure 1. Crystal structure of the [(L )Cu2(NO3)2]2+ complex cation of1.
Hydrogen atoms are omitted for clarity. One of the coordinated nitrate
ligands is disordered (N(10a), N(10b)). Selected bond lengths [Å] and angles
[deg]: Cu(1)---Cu(2) 4.78, Cu(1)-N(1) 2.128(4), Cu(1)-N(2) 1.944(4),
Cu(1)-N(3) 2.169(4), Cu(1)-N(4) 2.191(4), Cu(1)-O(1) 1.954(4), Cu(1)-
O(2) 2.500(4), Cu(2)-N(5) 1.946(4), Cu(2)-N(6) 2.155(4), Cu(2)-N(7)
2.228(4), Cu(2)-N(8) 2.209(4), Cu(2)-O(4) 1.907(5), Cu(2)-O(2) 2.524(4);
N(1)-Cu(1)-N(2) 86.4(2), N(3)-Cu(1)-N(4) 154.5(2), O(2)-Cu(2)-O(4)
76.4(2), N(5)-Cu(2)-N(6) 83.0(2), N(7)-Cu(2)-N(8) 152.6(2).
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by adding a correction constant of 2.24 to the experimental pH meter
reading, as reported by Bosch and co-workers.17b

Syntheses. L.0.25 g (0.67 mmol) of 3,8,16,21,27,28-hexaazatricy-
clo[21.3.1.110,14]-octacosa-1(27),10,12,14(28),23,25-hexaene-5,18-di-
ine,18 0.60 g (1.34 mmol) of 2,6-pyridinedimethyl ditosylate, and 5.00
g (47.2 mmol) of Na2CO3 were suspended in 100 mL of acetonitrile
and supersonicized for 2 h. After the mixture was stirred for 4 days at
room temperature, the solid was filtered off. The filtrate was reduced
to 50 mL. 20 mL of water was added dropwise under continuous
stirring. The white precipitate was filtered off, washed with water,
acetonitrile, and diethyl ether, and dried in vacum. Yield: 191 mg
(49%). ESI-MS: m/z 581 [L + H+]. 1H NMR (CDCl3): δ [ppm] )
7.11 (t, 4H, 3J ) 7.6 Hz), 6.80 (d, 8H, 3J ) 7.6 Hz), 4.69 (d, 8H, 2J
) 12.3 Hz), 3.97 (d, 8H, 2J ) 12.3 Hz), 3.93 (s, 8H). UV-vis: λmax

(ε M-1 cm-1); chloroform, 260 nm (9.56× 103). IR (KBr 4000-400
cm-1): ν̃ (cm-1) 3389 (s), 3059 (m), 2916 (m), 2841 (m), 1632 (m),
1591 (s), 1454 (s), 1373 (m), 1318 (m), 1277 (m), 1244 (m), 1205
(m), 1155 (m), 1107 (s), 1067 (m), 987 (m), 958 (m), 869 (m), 817
(s), 758 (m), 668 (m), 587 (m), 503 (m), 445 (m). Microanalysis
calculated forL ‚2H2O (%): C, 70.11; H, 6.54; N, 18.16. Found (%):
C, 70.37; H, 6.21; N, 17.87.

[(L)Cu 2(NO3)2](NO3)2‚2CH3OH (1). A methanolic solution of 16
mg (66µmol) of copper(II) nitrate trihydrate was added to a suspension
of 20 mg (33µmol) of L ‚2H2O in 2 mL of methanol with stirring. A
clear green solution was obtained. Layering with diethyl ether yielded
a green powder and some green crystals of1. The crystals were
mechanically separated from the powder. Yield: 5-20%. UV-vis: λmax

(ε M-1 cm-1); methanol/acetonitrile (1:1), 778 nm (160), 260 nm (1.46
× 104). IR (KBr 4000-400 cm-1): ν̃ (cm-1) 3336 (m), 2921 (m), 2852
(m), 1745 (w), 1729 (w), 1664 (m), 1600 (m), 1447 (m), 1383 (s),
1351 (m), 1256 (m), 1164 (m), 1082 (m), 1033 (m), 949 (m), 866 (w),
801 (m). Microanalysis calculated for [(L)Cu2(NO3)2](NO3)2‚2CH3OH
(%): C, 44.75; H, 4.35; N, 16.48. Found (%): C, 44.46; H, 4.00; N,
16.03.

[(L)Cu 2(µ-CO3)(CH3OH)](BF4)2‚2CH3OH (2). A methanolic solu-
tion of 23 mg (67µmol) of copper(II) tetrafluoroborate hexahydrate
was added to 20 mg (33µmol) of L ‚2H2O suspended in 2 mL of
methanol. The light blue suspension turned into a green solution when
15 mg of solid NaHCO3 was added with stirring. After 30 min, excess
NaHCO3 was removed by centrifugation and the solution was layered
with diethyl ether. X-ray quality green crystals of [(L )Cu2(µ-
CO3)(CH3OH)](BF4)2‚2CH3OH were obtained after 1 day. Yield: 30%.
UV-vis: λmax (ε M-1 cm-1); methanol, 747 nm (94), 336 nm (4.4×
103), 261 nm (1.71× 104). IR (KBr 4000-400 cm-1): ν̃ (cm-1) 3442
(m), 2925 (m), 2838 (m), 1604 (m), 1581 (m), 1471 (m), 1400 (m),
1310 (m), 1209 (m), 1165 (m), 1082 (s), 1059 (s), 959 (m), 908 (w),
881 (m), 827 (w), 789 (m), 760 (m), 688 (w), 519 (w), 457 (w).
Microanalysis calculated for [(L )Cu2(CO3)(CH3OH)](BF4)2‚2CH3OH
(%): C, 46.30; H, 4.66; N, 10.80. Found (%): C, 46.81; H, 4.83; N,
11.18.

[(L)Cu 2(1,3-µ-DMP)(NO3)](NO3)2‚CH3OH‚H2O (3). To 30 mg (49
µmol) of L ‚2H2O suspended in 4 mL of methanol were added 24 mg
(100 µmol) of Cu(NO3)2‚3H2O and 7.7 mg (52µmol) of NaDMP. A
green solution is obtained under stirring. Layering with diethyl ether
yields some blue-green crystals of [(L )Cu2(µ-DMP)(NO3)2](NO3)2. The
yield was too small for full characterization, and crystallization was
not reproducible.

[(L)Cu 3(µ3-OH)(µ-CH3O)2(CH3CN)2](ClO4)3‚CH3CN (4). To 6.0
mg (10µmol) of L suspended in 1 mL of acetonitrile was added 11
mg (30µmol) of Cu(ClO4)2‚6H2O in 1 mL of methanol, and a bluish-
green solution was obtained. After layering with diethyl ether, blue-
green crystals of [(L )Cu3(µ3-OH)(µ-CH3O)2(CH3CN)2](ClO4)3 were

obtained. Again, the yield was too small for full characterization, and
crystallization was difficult to reproduce.

In Situ Preparation of Complexes LM2 in Solution. By reaction
of L with 2 equiv of Cu(NO3)2‚3H2O or anhydrous CuBr2 in CD3OD
at 50 °C, green solutions are obtained. These solutions most likely
contain a mixture of complex species but are both active in DMP
transesterification, although they are about 5 times less efficient than
isolated crystals of1. On the basis of this observation, we performed
a qualitative test of transesterification activity by preparing a 2 mM
solution in CD3OD of L+1 or 2 equiv of anhydrous ZnBr2. The
solutions were used for catalytic assays as described for1/DMP with
reaction control by1H NMR spectroscopy. None of the in situ prepared
complexesL+2Zn2+ or L+Cu2++Zn2+ shows any transesterification
activity after 1 week at 55°C.

Catalytic Transesterification of Dialkyl Phosphates in CD3OD.
In a typical kinetic assay, 7.4 mg (50µmol) of sodium dimethyl
phosphate was added to 1 mL of a 2 mMstock solution of1 in CD3OD,
and the solution was transferred to an NMR tube. The sample was
kept at either 25 or 55°C, and1H NMR spectra were recorded in
appropriate time intervals. Conversion of O2P(OCH3)2

- to O2P(OCH3)-
(OCD3)- was followed by integration of the signals of released methanol
and residual methyl ester. The same procedure was applied to the
transesterification of other phosphodiesters.

pH Determination in CH 3OH. The pH values of methanolic
solutions were obtained with an ORION 7103SC combination (glass/
calomel) electrode at 25°C. pH meter reading was stable after about
30 s equilibration time. The recommended17b correction value 2.24 was
added to the pH meter reading to obtains

spH.

Spectrophotometric Titration. A solution of 1 (100 µM) was
prepared in methanol. Aliquots of stock solutions containing NaDMP
or CO2-free NaOCH3 (20 mM in methanol) were added with stirring.
Immediately after addition, a UV spectrum of the solution was taken
at 25°C. A volume correction of absorbance was not performed because
the total volume of added NaDMP or NaOCH3 does not exceed 2% of
the reaction solution.

Structure Determinations.Details of the crystal data and refinement
are given in Table 1. Intensities were collected using a Bruker AXS
CCD Smart 1000 (for3 and 4) or SIEMENS P3 (for1 and 2)
diffractometer, both with graphite-monochromated Mo KR radiation
(λ ) 0.71073 Å). Corrections for Lorentz and polarization effects were
applied. Absorption corrections were performed on the basis of multiple
scans of equivalent reflections using the SADABS routine. The
structures were solved by direct methods and refined by full-matrix
least-squares (SHELXTL-PLUS for1 and2; SHELXTL NT V.5.1 for
3 and4) anisotropically for all non-hydrogen atoms. Hydrogen atoms
were located in difference Fourier maps and refined isotropically.
Crystal data details for1, 2, 3, and4 are given in Table 1.

DFT Calculation. The calculations were performed using the
program package TURBOMOLE 5.7.19 We applied the B3LYP density
functional together with the LANL2DZ basis set with an effective core
potential for the copper atoms and the SVP all electron basis set for
all of the other atoms.

The computations started from the crystal structure of the
[(L )Cu2(DMP)(NO3)]2+ replacing the nitrate ion with a methanolate
ion. This starting structure was fully optimized in a vacuum. Further
vacuum minimum energy structures were obtained from starting
structures derived by modification of the latter (terminally coordinated
methanolate, bridging phosphate etc.). Minimizations were carried out
stepwise: First, the methanolate-oxygen-copper distance and the
O-Cu-O(phosphate) angle were fixed while all other degrees of
freedom were optimized. Subsequently, the fixed internal coordinates

(17) (a) Neverov, A. A.; Brown, R. S.Inorg. Chem.2001, 40, 3588-3595. (b)
Bosch, E.; Rived, F.; Roses, M.; Sales, J.J. Chem. Soc., Perkin Trans. 2
1999, 1953-1958.

(18) Warzeska, S.; Kraemer, R.Chem. Ber. 1995, 128, 115-119.

(19) Electronic Structure Calculations on Workstation Computers: The Program
System TURBOMOLE. Ahlrichs, R.; Bar, M.; Haser, M.; Horn, H.; Kolmel,
C. Chem. Phys. Lett.1989, 162, 165.
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were relaxed and the structures were fully optimized to a convergence
criterion of 10-6 au and 10-4 au/bohr for energy and gradient,
respectively.

Solvent effects were treated implicitly, making use of the conductor
like screening model (COSMO) as implemented in TURBOMOLE.
This approach is a dielectric continuum solvation model in which the
mutual polarization of the solute and the solvent is represented by
screening charges on the surface of the solute cavity. These charges
are derived under the simplified boundary condition that the electrostatic
potential vanishes for a conductor and then are scaled to account for
the finite dielectric constant of a real solvent (here methanol). All
minimum energy structures, exceptB, obtained from vacuum calcula-
tions were reoptimized in implicit methanol to 10-6 au and 10-3 au/
bohr for energy and gradient, respectively. ForB, no stable vacuum
minimum could be trapped. Thus, optimization of this structure in
implicit solvent started from the initial starting structure for the vacuum
calculations. Analytical second derivatives with subsequent normal-
mode analyses were carried out on the optimized structures to verify
the minima.

Results and Discussion

Ligand Synthesis. The synthesis of dinucleating octaaza
macrocycleL from a hexaazamacrocyclic precursor was com-
municated before but has not yet been described in detail.18 L
is obtained by N-alkylation with 2,6-pyridinedimethyl ditosylate
(2 equiv) in acetonitrile in the presence of Na2CO3 with up to
49% yield (Scheme 2). HPLC-MS analysis of the product
indicates formation of trace amounts (<5%) of “oligomeric”
byproducts, which could not be removed by crystallization or
column chromatography.

Metal Complex Synthesis.The dinuclear Cu(II) complex
[(L )Cu2(NO3)2](NO3)2‚2CH3OH (1) is obtained by reaction of
L with 2 equiv of Cu(NO3)2 trihydrate in methanol. This

complex, which is used as a phosphoryltransfer catalyst,could
be isolated in pure, crystalline form but only in low yield. We
attribute this low yield to a surprising kinetic stability of the
Cu(II) complexes ofL . Instead of smooth formation of the
thermodynamically most stable product, complex formation
might be under kinetic control. ESI spectra of a mixture ofL
and 2 equiv of Cu(NO3)2 in methanol display signals of
[(L )Cu]2+, [(L )Cu(OH-)(H2O)]+, and [(L )Cu2(NO3

-)2(OH-)]+,
while isolated crystals of1 in methanol show only signals of
the dinuclear species. The yield of1 could not be improved by
variation of reaction conditions (e.g., synthesis at prolonged
reaction time at 50°C).

A carbonate complex [(L )Cu2(µ-CO3)(CH3OH)](BF4)2 2 was
prepared fromL , Cu(BF4)2‚6H2O, and NaHCO3 in methanol.
Many attempts to isolate phosphate ester complexes ofLCu2

were unsuccessful, except for the case of dimethyl phosphate
complex3, which could, however, not be fully characterized
because it was obtained in very low yield and its crystallization
was not reproducible. The trinuclear complex [(L )Cu3(µ3-OH)-
(µ-CH3O)2(CH3CN)2](ClO4)3 4 is formed by reaction ofL and
3 equiv of Cu(ClO4)2‚6H2O and is considered as a complex of
LCu2 with a transition state analogue of dimethyl phosphate
transesterification (see below). Again, the synthesis of this
complex was difficult to reproduce.

We have prepared complexes ofL with Zn2+ ions in situ by
mixing L and 2 equiv of the metal salt in MeOH or CD3OD at
55 °C. We could not isolate the complexes, but UV spectro-
photometry indicates that, as in the case of Cu2+, a 1:1 complex
forms rapidly and additional metal ion is incorporated only after
prolonged heating of the solution. None of the complexes
L+2Zn2+ andL+Cu2++Zn2+ prepared in CD3OD solution had
any activity in DMP transesterification at 55°C.

Table 1. Crystal Data and Structure Refinement for 1, 2, 3, and 4

1 2 3 4

empirical formula C38H44Cu2N12O14 C40H48B2Cu2F8N8O6 C39H48Cu2N11O15P C44H52Cl3Cu3N11O15

formula weight 1019.93 1037.56 1068.93 1271.94
crystal size (mm3) 0.30× 0.32× 0.35 0.35× 0.38× 0.30 0.22× 0.08× 0.03 0.24× 0.18× 0.06
crystal system monoclinic monoclinic orthorhombic orthorhombic
space group P21/c P21/c Pbca Pnma
a (Å) 18.151(4) 10.323(5) 14.5986(16) 18.8716(10)
b (Å) 14.728(3) 13.178(7 20.862(2) 18.4126(9)
c (Å) 16.064(3) 31.611(17 28.726(3) 14.8895(8)
R (deg) 90 90 90 90
â (deg) 96.93(3) 94.41 90 90
γ (deg) 90 90 90 90
volume 4263(2) 4287.5(38) 8748.7(16) 5173.7(5)
Z 4 4 8 4
temperature (K) 170 170 100(2) 173(2)
R indices (all data) R1) 0.1313, wR2) 0.1625 R1) 0.0658, wR2) 0.1499 R1) 0.1485, wR2) 0,1239 R1) 0.0637, wR2) 0.1141
GOF onF2 1.015 0.986 0.821 1.005

Scheme 2. Synthesis of L and HPLC-MS Analysis of Reaction
Producta

a The peak atm/z ) 1161 is attributed to trace of a covalent “dimer”
formed by reaction of two molecules of the hexaazamacrocycle with four
molecules of the ditosylate.
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Metal Complex Structures. It is evident from previous
structural studies20 on the dicopper(II) complexes ofL that the
coordination geometry of the Cu ions depends on the presence
or absence of a bridging coligand. In the presence of bridging
ligands, the coordination of Cu ions is elongated octahedral with
four short in-plane bonds and two elongated apical bonds to
the sp3 nitrogens of the tetradentate diazapyridinophane-type
subunit. Such a coordination is comparable to that reported
for mononuclear Cu(II) complexes of 2,11-diaza[3.3](2,6)pyrid-
inophanes.21

In the absence of a bridging coligand, however, an octahedral
coordination by addition of two monodentate coligands at each
Cu inLCu2 is sterically hindered. In such complexes, the copper
ions display five coordination with strong rhombic distortion
of the basal plane.20 These complexes have a very high tendency
to incorporate bridging anions.

The structure of the [(L )Cu2(NO3)2]2+ cation of1 is shown
in Figure 1. The Cu(II) ions are four-coordinated by the
pyridinophane subunits ofL . Additionally, each Cu forms a
short bond to a nitrate oxygen atom, Cu(1)-O(1) and Cu(2)-
O(4), respectively. A bridging nitrate oxygen O(2) may be
considered as a sixth ligand at Cu, but the interaction is rather
weak (Cu-O ≈ 2.5 Å). The N3-O basal plane displays a
significant rhombic distortion, similar to the five-coordinate
LCu2 complexes.20 The solution structure of1 in MeOH glass
appears to be similar because an EPR signalg⊥ ) 2.13 with
strong rhombic splitting is observed.

In the carbonate complex2 (Figure 2), the Cu-O bonds to
the bridging carbonate O(2)-atom are much shorter as compared
to 1, and the Cu ion coordination is best described as distorted
octahedral with elongation along the N(sp3)-Cu-N(sp3) axes.
This structure is important with respect to the proposed Klenow
fragment mechanism (Scheme 1) because it confirms the unusual
1,1-µ coordination mode of an oxoanion together with the
coordination of a CH3OH solvent molecule (which is a potential
nucleophile) in the model complex. The Cu-Cu distance of
4.18 Å in 2 is somewhat larger than the Mg-Zn distance of
3.9 Å in the dinucleotide complex of the Klenow fragment.

Structural data of poor quality were obtained for the dimethyl
phosphate complex [(L )Cu2(1,3-µ-DMP)(NO3)](NO3)2 (3) (Fig-

ure 3), which crystallized from a methanolic 1:1 mixture of1
and NaDMP. While dimethyl phosphate coordinates by O(1) and
O(2) in a 1,3-bridging fashion, the nitrate ligand forms only one
short Cu(1)-O(5) bond (distance of O(5) to Cu(2) is 3.007 Å
and thus nonbonding). This results in a mixed coordination of
the Cu ions, elongated octahedral Cu(1) and five-coordinate Cu(2).

The trinuclear complex4 (Figure 4) can be described asLCu2

incorporating an anionic [Cu(µ-OH)(µ-OCH3)2(NCCH3)2]-

complex fragment. Macrocycle-bound Cu(1) and Cu(2) have
an elongated octahedral coordination, and the coordination of
Cu(3) is between square planar and trigonal bipyramidal. This
structure is relevant to the mechanistic discussion (see below)
because [Cu(µ-OH)(µ-OCH3)2(NCCH3)2]- might be considered
as a transition state analogue of dimethyl phosphate transes-
terification by CD3OD, a reaction which is efficiently catalyzed
by LCu2. Moreover, there are analogies between complex4
and the proposed transition state stabilization in phosphodiester
hydrolysis by the Klenow fragment of DNA polymerase I and
phosphate monoester transesterification byE. coli alkaline
phosphatase.

Bonding parameters within the T-shaped Cu(2)(OCH3)2O(1)H
fragment are related to those of the P(OCH3)2O moiety (P-
OCH3 1.87 Å, P-O 1.52 Å) in P(OCH3)3O2

2-, the ab initio

(20) Warzeska, S.; Kraemer, R.Chem. Commun. 1996, 499-500.
(21) (a) Fronczek, F. R.; Mamo, A.; Pappalardo, S.Inorg. Chem.1989, 28,

1419-22. (b) Che, C. M.; Li, Z. Y.; Wong, K. Y.; Poon, C. K.; Mak, T.
C. W.; Peng, S. M.Polyhedron1994, 13, 771-6. (c) Krueger, H. J.Chem.
Ber. 1995, 128, 531-9.

Figure 2. Left: molecular structure of the [(L )Cu2(µ-CO3)(CH3OH)]2+ complex cation of2. Hydrogen atoms are omitted for clarity. Right: Cu2(µ-
CO3)(CH3OH) unit. Selected bond lengths [Å] and angles [deg]: Cu(1)---Cu(2) 4.18, Cu(1)-N(1) 2.030(3), Cu(1)-N(2) 1.982(3), Cu(1)-N(3) 2.391(3),
Cu(1)-N(4) 2.329(3), Cu(1)-O(2) 2.025(2), Cu(1)-O(4) 1.975(3), Cu(2)-N(5) 1.932(3), Cu(2)-N(6) 2.115(3), Cu(2)-N(7) 2.291(3), Cu(2)-N(8) 2.381(3),
Cu(2)-O(1) 1.897(2), Cu(2)-O(2) 2.284(2); N(1)-Cu(1)-N(2) 87.38(11), N(3)-Cu(1)-N(4) 145.87(10), O(2)-Cu(1)-O(4) 91.47(10), Cu(1)-O(2)-
Cu(2) 152.29(10), N(5)-Cu(2)-N(6) 84.47(10), N(7)-Cu(2)-N(8) 149.05(9), O(1)-Cu(2)-O(2) 62.54(8).

Figure 3. Crystal structure of the [(L )Cu2(1,3-µ-DMP)(NO3)]2+ complex
cation of3. Hydrogen atoms are omitted for clarity. Selected bond lengths
[Å] and angles [deg]: Cu(1)-O(1) 1.922(4), Cu(1)-N(2) 1.978(5), Cu(1)-
O(5) 1.996(4), Cu(1)-N(4) 2.008(5), Cu(1)-N(1) 2.352(5), Cu(1)-N(3)
2.435(5), Cu(2)-O(2) 1.883(4), Cu(2)-N(6) 1.924(5), Cu(2)-N(7) 2.169(5),
Cu(2)-N(5) 2.218(5), Cu(2)-N(8) 2.227(5); O(1)-Cu(1)-N(2) 174.5(2),
O(1)-Cu(1)-O(5) 90.31(17), N(2)-Cu(1)-O(5) 93.40(19), O(1)-Cu(1)-
N(4) 89.47(19), N(2)-Cu(1)-N(4) 87.4(2), O(5)-Cu(1)-N(4) 171.9(2),
N(1)-Cu(1)-N(3) 143.75(18), O(2)-Cu(2)-N(6) 168.86(19), O(2)-
Cu(2)-N(7) 107.17(18), N(6)-Cu(2)-N(7) 83.8(2), N(5)-Cu(2)-N(8)
153.07(19).
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calculated structure of the energy-rich intermediate of dimethyl
phosphate methanolysis22 (Scheme 3).

Solution Chemistry of Cu(II) Complexes of L. Complex
formation in methanol/chloroform (the latter was added to
improve solubility ofL ) was followed by spectrophotometric
titration of L with a solution of copper(II) nitrate. A 1:1
L-Cu(II) complex is formed smoothly and rapidly. EPR spectra
of frozen solution are well resolved and indicate formation of

a single species withg| ) 2.29 andA| ) 154 G, typical for
in-plane N2O2-coordination of Cu(II).23 Therefore, we assume
an elongated octahedral coordination by one diazapyridinophane
subunit and two solvent (or nitrate) coligands, with in-plane
coordination by the latter O-donors and two pyridine N atoms.

Incorporation of a second Cu(II) ion is more difficult to
achieve and requires prolonged heating to 50°C. Distinct
spectral changes are observed but are no longer indicative of a
smooth conversion.

To investigate the interaction of1 with dimethyl phosphate
in solution, we have performed a UV-vis titration of the
complex with NaDMP in methanol. Interaction ofLCu2 with
oxoanions is generally followed on the basis of a broad
absorbance in the range 300-350 nm (ε in the order of 4000
M-1 cm-1), which we interpret as an oxygen-to-copper(II)
charge-transfer band. In case of1, the band is very broad and
appears as a shoulder centered at about 325 nm. On addition of
up to ∼1 equiv of DMP to1, the shoulder decreases continu-
ously (Figure 5, right), suggesting the formation of a 1:1LCu2-
DMP complex. Addition of more DMP smoothly generates a
new species with an absorbance maximum at 310 nm (ε310 )
4200 M-1 cm-1), but complete conversion (i.e., no further
increase of 310 nm absorbance) requires large excess (>20
equiv) of DMP. Because the same changes of absorbance with
isosbestic points are observed, when the 1:1LCu2-DMP
solution is titrated with 0-1 equiv of NaOCH3 (Figure 5), we
conclude that a methanolate complex [(L )Cu2(DMP)(OCH3)]2+

is formed in both cases, by addition of either 1 equiv of OCH3
-

or a large excess of DMP, which is a weak base and
deprotonates a Cu-coordinated MeOH solvent molecule. In
Figure 5, left, spectra are selected that correspond to the addition
of 0 to ∼0.6 equiv of NaOCH3 to the 1/DMP 1:1 mixture.
Titration curves obtained on subsequent NaOCH3 addition no
longer pass the isosbestic points, and absorbance no longer
increases linearly (Figure 5). Frozen methanolic solutions
containing 1 and excess NaDMP show poorly resolved,
complicated EPR spectra.

A titration of 1 with NaOCH3 in the absence of DMP reveals
only minor spectral changes from 0 to 1 equiv of base, and the
spectrum of proposed product (L )Cu2(OCH3) is different from
that of (L )Cu2(OCH3)(DMP). (L )Cu2(OCH3) converts smoothly
to (L )Cu2(OCH3)2 at 1-2 equiv of NaOCH3 (Figure 6), with a

Figure 4. Crystal structure of the [LCu3(µ-OH)(µ-CH3O)2 (CH3CN)2]3+

cation of 4. A crystallographic mirror plane passes through O(1), Cu(2),
N(5), and N(6). Hydrogen atoms are omitted for clarity. Selected bond
lengths [Å] and angles[deg]: Cu(1)---Cu(1) 4.328(5), Cu(1)---Cu(2)
3.0021(6), Cu(1)-O(1) 2.1718(5), Cu(1)-O(2) 1.872(2), Cu(1)-N(1)
2.393(3), Cu(1)-N(2) 1.952(3), Cu(1)-N(3) 2.337(3), Cu(1)-N(4) 2.147(3),
Cu(2)-O(1) 1.984(3), Cu(2)-O(2) 1.902(2), Cu(2)-N(5) 2.017(4), Cu(2)-
N(6) 2.296(5); Cu(1)-O(1)-Cu(1) 170.20(2), O(1)-Cu(1)-O(2) 78.91(1),
O(2)-Cu(1)-N(2) 174.52(1), O(2)-Cu(1)-N(4) 103.49(1), N(1)-Cu(1)-
N(3), 147.70(1), N(2)-Cu(1)-N(4) 81.62(1), Cu(2)-O(1)-Cu(1) 92.40(9),
Cu(1)-O(2)-Cu(2) 105.40(1), O(2)-Cu(2)-O(2) 165.85(1), O(2)-Cu(2)-
O(1) 83.17(7), O(2)-Cu(2)-N(5) 94.97(8), O(2)-Cu(2)-N(6) 95.03(9),
N(5)-Cu(2)-N(6) 89.90(2), O(1)-Cu(2)-N(5) 149.89(2), O(1)-Cu(2)-
N(6) 120.21(2), C(19)-O(2)-Cu(1) 126.5(2), C(19)-O(2)-Cu(2) 127.2(2).

Scheme 3. [Cu(OH)(OMe)2(CH3CN)2]- Complex Anion and Ab
Initio Calculated Structure of [(CH3O)3PO2]2-, the Energy-Rich
Intermediate of Dimethyl Phosphate Methanolysis22

Figure 5. Left: spectrophotometric titration of a methanol solution of1/DMP (0.1 mM each) with NaOCH3 (0-0.6 equiv) in 0.1 equiv steps. Right:
absorbance diagram at 310 nm of a methanolic solution of1 (0.1 mM) on addition of 0-1 equiv of DMP, and on subsequent addition of 0-1 equiv of
NaOCH3 (in 0.1 equiv steps).
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characteristic maximum of the bis(methanolate)complex at 335
nm (ε335 ) 4200 cm-1). No significant spectral changes are
observed on addition of>2 equiv of NaOCH3. Also, the
spectrum at 2.2 equiv of NaOCH3 does not change significantly
on addition of 25 equiv of NaDMP, indicating that DMP does
not strongly compete with the second OCH3

- for LCu2 binding.
For the bright green carbonate complex2, only a very broad

shoulder located at about 335 nm is observed, with significant
absorbance at>400 nm, similar to the case of (L )Cu2(OCH3)2.

In addition to the spectrophotometric studies, we have
performed pH measurements in the methanolic solutions,
following a more recently recommended method17b using a
standard glass electrode calibrated with aqueous buffers and a
correction value of+2.24 added to the pH meter reading. We
had some problems with the reproducibility of these measure-
ments, but data quality was sufficient for the determination of
approximate pKa values for some of the solution species
involved by measuring their half neutralization. A pKa ) 4.9
((0.2) of HDMP at 1 mM concentration in methanol (no salts
added) was determined by titration of NaDMP with the strong
acidp-toluenesulfonic acid. As expected, this value is somewhat
higher than the one reported (3.95) for phosphoric acid diphenyl
ester.17a pKa ) 6.0 ((0.2) ofLCu2(CH3OH) was derived from
the pH value at half neutralization of1. From the pH titration
of LCu2DMP (1 mM), formed in situ from1 and NaDMP, with
NaOCH3 (Supporting Information), pKa values of 8.5 ((0.3)
and∼12 (corresponding to the pH on addition of 0.5 and 1.5
equiv of NaOCH3) were derived for the equlibriaLCu2(DMP)/
LCu2(DMP)(OCH3) + H+ and LCu2(DMP)(OCH3)/LCu2-
(OCH3)2 + H+ (Supporting Information).

Conversion ofLCu2(OCH3) or LCu2(DMP)(OCH3) to LCu2-
(OCH3)2 requires strongly basic conditions, and the pKa value
could not be determined accurately. A summary of the suggested
acid-base equilibria in the presence of DMP is given in Scheme
4.

A calculated pH-dependent distribution of the three complex
species of Scheme 4 supports a smooth conversion of
LCu2(DMP) into LCu2(DMP)(OCH3) on half neutralization to
pH 8.5, while formation ofLCu2(OCH3)2 becomes significant
at pH > 11.

Catalytic Transesterification of Dimethyl Phosphate in
CD3OD. The activity of isolated complex1 for the transesteri-
fication of the dimethyl phosphate (DMP) was followed by1H
NMR spectroscopy ind4-methanol. Reaction solutions typically
contained 2 mM1 and 50 mM sodium dimethyl phosphate.
Significant broadening of the (CH3O)2PO2

- doublet (coupling
with 31P nucleus) is attributed to coordination to paramagnetic
Cu(II), with rapid exchange of the phosphodiester ligand on
the NMR time scale. Even at-50 °C, it was not possible to
distinguish coordinated and excess “free” phosphate by NMR
spectroscopy. In a D2O solution of1 (2 mM) and DMP (50
mM), only sharp P-OCH3 signals are observed and DMP does
obviously not coordinate to Cu. We have previously shown20

that LCu2 in aqueous solution readily incorporates hydroxide
even at rather low pH values<2. (L )Cu2(OH) does not form a
DMP complex in water and is consequently not a hydrolysis
catalyst, which contrasts to the behavior of (L )Cu2(OCH3) in
methanol.

Transesterification of DMP is followed by release of CH3OD
(Figure 7). Identity and ratio relative to DMP of reaction
products (CH3O)(CD3O)PO2

- and (CD3O)2PO2
-, which differ

only in their isotope composition, is confirmed by mass

(22) Uchimaru, T.; Tsutzki, S.; Storer, J. W.; Tanabe, K.; Taira, K.J. Org.
Chem.1994, 59, 1835-1843.

(23) Peisach, J.; Blumberg, W. E.Arch. Biochem. Biophys.1974, 165, 691-
708.

Figure 6. Left: spectrophotometric titration of1 (0.1 mM) in methanol with NaOCH3 (in 0.2 equiv steps; only the curves for 1-2.5 equiv of NaOCH3 are
shown). Right: absorbance diagram at 350 nm for addition of 0-2.5 equiv of NaOCH3 to 1 (0.1 mM).

Scheme 4. Suggested Protonation Equilibria of LCu2 in
Methanolic Solution in the Presence of DMP

Figure 7. 1H NMR spectra of reaction solutions containing 50 mM DMP
and 2 mM1 in D3COD at 25°C: (a) broad signal of (CH3O)2PO2

-; (b)
released CH3OD at 3.39 ppm; and (c) residual CD2HOD pentet of deuterated
solvent.
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spectrometry (LDI-MS, ESI-MS). After quantitative conversion
to (CD3O)2PO2

- in 3 days at 55°C, Cu2+ was masked by
addition of aqueous Na2CO3, and a single31P NMR peak at
3.9 ppm (br,31P-2H coupling not resolved) versus external
H3PO4 is observed. This is consistent with a diester product
((CH3O)2PO2

- 4.0, (CH3O)PO3
2- 7.1, (CH3O)3PO 1.9 ppm in

the same medium). These observations support a nucleophilic
substitution mechanism at phosphorus with a CH3O- leaving
group and CD3O- as incoming nucleophile. Experimental obser-
vations rule out an alternative pathway with nucleophilic attack
of CD3O- at a carbon atom of DMP, which would produce the
monoester (CH3O)PO3

2- (not observed by mass spectrometry)
and dimethyl ether-d3 (expected at 3.2 ppm but not observed in
1H NMR if the reaction is performed in a sealed NMR tube).

For reaction times<10 days at 25°C, an approximately linear
increase of methanol concentration (determined by integration
of 1H NMR signals) with time is observed, corresponding to 7
turnovers after 9 days without loss of catalyst activity. Cleavage
rate increases linearly with concentration of catalyst1 (1-3
mM) at a constant DMP concentration of 50 mM (Supporting
Information). Because the cleavage rate is nearly the same for
10, 25, and 50 mM DMP, theLCu2 catalyst (2 mM) is saturated
with substrate and we can readily calculatekcat ) 9((3) × 10-6

s-1 at 25°C, the cleavage rate constant of DMP substrate bound
to LCu2. At 55 °C, kcat increases to 1.2((0.5) × 10-4 s-1. In
view of the hydrolytic stability of DMP,LCu2 very efficiently
promotes the transesterification with a half-life of the catalyst
bound DMP of about 100 min at 55°C.

The extrapolated first-order rate constant for uncatalyzed P-O
bond cleavage by hydroxide at pH 7 in water at 25°C is in the
order of 10-18 s-1.8a Data for methanolysis of DMP are not
available but may lie in the same range because the second-
order rate constant of diphenyl phosphate cleavage by CH3O-

is very close to the value for the hydroxide reaction in water.17a

In control experiments, copper(II) nitrate, (2,2′-bipyridine)-
Cu(NO3)2, freeL , and the in-situ prepared mononuclear complex
(L )Cu(NO3)2 did not cleave DMP, and no trace of methanol
was detectable after 4 weeks. Cleavage of simple dialkyl
phosphates by M2+ complexes has not been observed before.
Few examples for the hydrolysis of dimethyl phosphate by
strongly Lewis-acidic tri- and tetravalent metal ions have been
reported, in stoichiometric reactions and often at high temper-
ature or low pH. Examples include Co(III) (t1/2 (DMP) ) 40
days, 60°C, pH 5.9),24 Ce(IV) (t1/2 (DMP) ) 22 min, 60°C,
pH 1.8),25 and Mo(IV) (t1/2 (DMP) ) 18 d, 70°C, pH 4.0).26

Exploring the dependence of the DMP transesterification rate
on pH was complicated by the use of deuterated methanol and
elevated temperature (55°C) to avoid very long reaction times
in the kinetic assays. While the published method for pH deter-
mination using a glass electrode applies to CH3OH and 25°C,
we are not aware of recommendations for CD3OD and for tem-
perature changes in this context. We therefore have attempted
to compare solutions of1 (2 mM) and NaDMP (50 mM) in
CH3OH and CD3OD, respectively. We adjusted thes

spH in the
CH3OH medium by addition NaOCH3 or p-toluenesulfonic acid
stock solutions. We then added the same amount of NaOCD3

andp-toluenesulfonic acid to the reaction solution in CD3OD
and measured the rate of DMP cleavage in these solutions.

Rates in CD3OD are related to thesspH values of correspond-
ing CH3OH solution in Figure 8. Included in this diagram is a
pH-dependent speciation curve for (L )Cu2(DMP)(OCH3), cal-
culated using pK1 ) 8.5 and pK2 ) 12 for the acid/base
equilibria in Scheme 4. It is difficult to predict how the
deuterated solvent, the elevated temperature, and the higher ionic
strength affect the pK values and pH measurement. Note,
however, that the shape of this speciation curve is similar to
that of the pH-rate dependence in Figure 8. Therefore, we
consider (L )Cu2(DMP)(OCH3) as the active species. The pH
rate profile in Figure 8 is not consistent with either a free
CD3OD or a free CD3O- nucleophile. In the latter case, the
rate should increase 10-fold when pH increases by one unit;
even if this effect is partially compensated by a decrease in
concentration of the active complex species, it cannot be fitted
to the profile.

Catalytic Methanolysis of Other Phosphodiesters.To
explore the influence of the alcoholate (RO-) leaving group on
catalytic rate, we have replaced DMP by various other phos-
phodiesters O2P(OR)2-. Transesterification was followed by1H
NMR spectroscopy, and formation of mono-transesterified
products in the initial stage of the reaction was confirmed by
electrospray mass spectrometry. Saturation of the catalyst was
confirmed by observation of similar rate constants at 10 and
50 mM substrate concentration. Absolute and relativekcat values
are listed in Table 2. In phosphodiester cleavage, there is usually
a strong dependence of rate constants on the pKa of the alcohol
leaving group. A linear dependence of logk on pKa is observed
in hydroxide cleavage,8a and the hydrolysis of dimethyl
phosphate (extrapolated data, pKa methanol) 15.50) is 5-6
orders of magnitude slower than that of bis(p-nitrophenyl)-
phosphate with pKa (nitrophenol)) 7.16. A similar factor in

(24) Kim, J. H.; Chin, J.J. Am. Chem. Soc.1992, 114, 9792.
(25) Moss, R. A.; Ragunathan, K. G.Chem. Commun.1998, 1871-1872. (26) Kuo, L. Y.; Barnes, L. A.Inorg. Chem.1999, 38, 814-817.

Figure 8. Left: s
spH values given in this figure were adjusted by adding methanolic stock solutions of NaOCH3 or p-toluenesulfonic acid to1/NaDMP

(2/50 mM) in methanol. Reactions solutions were prepared by adding the same amount of NaOCD3 or p-toluenesulfonic acid (stock solutions in CD3OD)
to 1/NaDMP (2/50 mM) in CD3OD. Initial rate (dc/dt) at 55 °C of DMP cleavage in the CD3OD reaction solution is related to thesspH values of the
corresponding CH3OH solutions. Right: calculated pH-dependent speciation of (L )Cu2(DMP)(OCH3), % of totalLCu2, based on the first and second pKa

values 8.5 and 12 of (L )Cu2(DMP).
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rate constant has been reported for Co(III)-promoted dimethyl
phosphate and bis(p-nitrophenyl)phosphate hydrolysis;8a that is,
rate accelerations by the metal are comparable for substrates
with good and poor leaving groups. This trend is qualitatively
confirmed by the observation that metal ions or complexes that
efficiently cleave phosphodiesters with good leaving groups
usually do not cleave simple dialkyl phosphates or that this
reaction is too slow to be detected. Metal promoted methanolysis
of phosphodiesters is less well explored, but recent studies by
Brown and co-workers17a,27indicate that, for example, lanthanide

ions are efficient promoters of aryl phosphate methanolysis or
cyclophosphate ring opening, while simple-O-alkyl substi-
tutents are not released.

In this context, the properties of transesterification catalyst1
are rather unusual. Dimethyl phosphate and dibenzyl phosphate
have similar pKa values of the alcohol component in water
(methanol, 15.50; benzyl alcohol, 15.40),28 but dimethyl phos-
phate cleavage is 6 times faster. Apparently, the steric bulk of
the substituent has a strong influence on methanolysis rate con-
stant. Diethyl phosphate is even 100 times less reactive than
dimethyl phosphate, possibly due to a combination of steric
effects and a higher basicity of the ethoxide group (pKa ethanol
) 15.93). Surprisingly, bis(p-nitrophenyl)phosphate with a very
goodp-nitrophenolate leaving group due to the low pKa of the
corresponding phenol is converted at 40 times lower rate
constant than dimethyl phosphate. Such an inversion of reactivity
of dialkyl and diaryl phosphates has, to our knowledge, never
been observed before and is attributed to a very significant
influence of steric bulk at the alpha C-atom of the-OR sub-
stituent. In the substrate lithium methylp-nitrophenyl phosphate,
both methanolate (8 times slower than in case of DMP) and
p-nitrophenolate (7 times faster than in case of bis(nitrophenyl)-
phosphate) are released. Apparently, not only the steric effect
of the leaving alcohol but also overall steric crowding in the
transition state has a significant effect on catalytic rate constant.
An explanation of these observations would be a transition state
stabilization in phosphodiester methanolysis similar to that
proposed for the Klenow fragment, including metal coordination
of the alcoholate leaving group. According to molecular models,
coordination of a bulky nitrophenolate leaving group (in contrast
to methanolate) in phosphodiester methanolysis by1 is disfa-
vored by steric hindrance of nitrophenyl substitutents and CH2

groups of the macrocycle.

Mechanistic Discussion.The mechanism of phosphodiester
methanolysis catalyzed by1 must be compatible with the
following observations: very large rate enhancement for DMP
methanolysis, the reactive species is [(L )Cu2(OCH3){(RO)2-

Table 2. Absolute and Relative kcat Values for Methanolysis of
Phosphodiesters O2P(OR)(OR′)- Catalyzed by 1, in Dependence
on Leaving Group -ORa

−OR,−OR′ kcat [s-1] relative kcat

-OCH3 1.2× 10-4 1
-OCH2CH3 1.2× 10-6 0.01
-O-p-C6H4NO2 3 × 10-6 0.025
-OCH2C6H5 2 × 10-5 0.17
-OCH3, -O-p-C6H4NO2 1.5× 10-5, 2.2× 10-5 0.13, 0.18

a CD3OD, [1] ) 2 mM, [O2P(OR)2-] ) 50 mM, T ) 55 °C.

Scheme 5. Proposed Mechanism for the Transesterification of
(CH3O)2PO2

- in CD3OD Catalyzed by LCu2 (L is omitted for
clarity)

Scheme 6. Proposed Pathway of LCu2 Promoted Methanolysis of Dimethyl Phosphatea

a Energies of intermediates (L is omitted for clarity) were calculated by DFT methods.
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PO2}]2+, and attack of external methanol or methoxide at
coordinated phosphodiester is ruled out by the pH-rate-profile,
and steric bulk at theR-C-atom of the leaving group-OR
strongly reduces catalytic rate.

We suggest a reaction mechanism (Scheme 5) that is related
to the Klenow fragment mechanism (Scheme 1), in particular
with respect to the transition state stabilization.

The pKa value of coordinated MeOH in the complex
(L )Cu2(CH3OH) is in the order of 6, much higher than pKa ≈
1.6 of LCu2-coordinated water.15 Incorporation of bridging
OCH3

- could be somewhat disfavored for steric reasons.
Therefore, we suggest that the reactive complex [(L )Cu2(DMP)-
(OCH3)]2+ exists in an equilibrium of an “unproductive” species
A containing a bridging methanolate (and being structurally
related to3) and a productive speciesA′ in which bridging
methanolate is replaced by a 1,1-bridging DMP. Existence of
an energy-rich intermediate of a metal complex species in which
a P-O-CH3 group of DMP coordinates to Cu2+ in the ground
state, related to that observed in the Klenow fragment (Scheme
1), is confirmed by DFT calculation. Moreover, speciesB was
identified by DFT calculations as an intermediate rather than
transition state. A reaction pathway that includes the relative
DFT energies of speciesA, A′, andB is suggested in Scheme
6. Attempts to calculate the pathways including transition states
betweenA, A′, andB were unsuccessful. We believe that the
activation energies for the interconversion ofA andA′ or A′
and B, respectively, are low due to the outstanding tolerance
of Cu2+ to changes in coordinative bond distances (dynamic
Jahn-Teller effect) and coordination number (5 to 6 and vice
versa). As compared to the cleavage of free DMP by OH- in
water, the energy gap between ground state and trigonal-
bipyramidal phosphorane intermediate reduces from 3729 to 18
kcal/mol. Therefore, DFT calculations support the idea that the
proposed mechanism accounts for the dramatic rate enhancement
observed for DMP methanolysis by1.

Transition state (or intermediate)B is related to complex4
in which LCu2 “incorporates” a transition state analogue of
DMP methanolysis. Stabilization of the-OCH3 leaving group
by Cu2+ coordination would explain both the outstanding
reactivity of LCu2 and the strong dependence of O2P(OR)2-

cleavage rate on steric bulk of-OR. Chin8a pointed out that
up to 6 orders of magnitude rate acceleration by leaving group
stabilization can add up to the effects of double Lewis acid
activation, generation, and positioning of metal coordinated
nucleophile in dinuclear phosphoesterases. The very large rate
acceleration of DMP methanolysis by1 would be difficult to
explain without a contribution of leaving group stabilization.
Molecular models show that the Cu2+ coordination of bulky
-OR leaving groups inB is disfavored by interference with
the N-CH2-py methylene groups of the ligand.

Summary

The macrocyclic dicopper(II) complexLCu2 promotes ef-
ficiently the alcoholysis of dimethyl phosphate (DMP).LCu2

is the only complex of a divalent metal ion that is capable of
cleaving this highly inert substrate, and the only available
catalyst for the smooth transesterification of simple dialkyl
phosphates. The reactive species is the complex [(L )Cu2(DMP)-
(OCH3)]2+, and a mechanism is suggested that includes double
Lewis-acid activation, nucleophilic attack of coordinated OCH3

-

at P, and stabilization of the-OCH3 leaving group by Cu2+

coordination in the transition state (intermediate, respectively).
This reaction mechanism is related to the one assumed for

various phosphoryl transfer enzymes including the exonuclease
subunit (Klenow fragment) of DNA polymerase I. Even if1 is
not applicable to the cleavage of biological substrates in aqueous
systems, it supports the idea that cooperation of two divalent
metal ions in the proposed manner might be crucial for the
function of such enzymes, which often cleave phosphate esters
with poor O-alkyl leaving groups.
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