
Synthesis, Molecular Structure, and Reactivity of Dinuclear Copper(II) Complexes with
Carboxylate-Rich Coordination Environments

Richard C. Holz,* John M. Bradshaw, and Brian Bennett

Department of Chemistry and Biochemistry, Utah State University, Logan, Utah 84322

ReceiVed June 26, 1997

The dinucleating ligandN,N′-(2-hydroxy-5-methyl-1,3-xylylene)bis(N-(carboxymethyl)glycine) (CH3HXTA) has
been used to synthesize the dinuclear Cu(II) bis(pyridine) complex Na[Cu2(CH3HXTA)(Py)2]‚1.5(1,4-dioxane)
(Na(1)): triclinic space groupP1h (a ) 12.550(3) Å,b ) 13.413(3) Å,c ) 13.540(4) Å,R ) 117.12(2)°, â )
104.70 (2)°, andγ ) 92.13(2)°). The structure shows two distinct distorted square pyramidal Cu(II) centers with
each Cu(II) ion bound by two carboxylate oxygen atoms, one amine nitrogen atom, a phenolate oxygen atom,
and one pyridine nitrogen atom. The Cu--Cu separation is 3.531 Å, and the Cu1-O1-Cu2 angle is 123.7°. The
phenyl ring of the CH3HXTA ligand is twisted relative to the Cu1-O1-Cu2 plane, and the resulting dihedral
angle is 44.2°. The electronic absorption spectrum of1 in aqueous solution at pH 3 suggests a shift toward
trigonal bipyramidal Cu(II) coordination in solution. Spectral titration of Na[Cu2(CH3HXTA)(H2O)2] with L
(where L) pyridine or sodium cyanide) results in complexes with terminal L groups. These exogenous ligands
appear to bind in a positive cooperative stepwise fashion. Variable-temperature magnetic susceptibility data for
1 indicate that the Cu(II) ions are antiferromagnetically coupled (-2J ) 168 cm-1). X-band EPR spectra of an
aqueous solution of1 shows isotropic signals withg ) 2.14, while a powdered sample of1 provides no EPR
spectrum. A∆Ms ) 2 transition atg ) ∼4.5, expected for weakly magnetically coupled Cu(II) ions, is not
observed for powdered samples but is observed for a methanolic solution sample of1. On the basis of these
data, the two Cu(II) ions are antiferromagnetically coupled in the solid state but due to a coordination geometry
change become weakly ferromagnetically or antiferromagnetically coupled in solution.1H NMR studies on a
methanol solution of1 are consistent with weak spin-coupling in solution.

Introduction

The synthesis and characterization of dinuclear Cu(II) com-
plexes have received a great deal of attention due to their
presence in hemocyanin, tyrosinase, laccase, and ascorbate
oxidase.1-5 Dinucleating ligands that contain a phenolate donor
group have been used extensively to model these dinuclear Cu-
(II) metalloprotein active sites. The majority of these complexes
contain pyridine, imidazole, benzimidazole, or pyrazole groups
as terminal ligands. These complexes serve as excellent models
for dicopper(II) centers found in enzymes with histidine-rich
coordination environments; however, few systematic investiga-
tions of dicopper(II) centers in carboxylate-rich coordination
environments have been reported.6 This is surprising since
many di- and trinuclear metalloprotein active sites have been
recognized to have carboxylate-rich coordination environ-
ments.7-10 The least-explored subclass of these enzymes are
the di- and trinuclear metallohydrolases.9-11 Crystallographi-
cally characterized enzymes that fall into this group include

phospholipase C,12 alkaline phosphatase,13 inositol monophos-
phatase,14 DNA polymerase 1,15 the ribonuclease H domain of
HIV-1 reverse transcriptase,16P1 nuclease,17 urease,18 the purple
acid phosphatases,19-21 and the aminopeptidases.22-25 These
multinuclear hydrolases play critical roles in hydrolyzing some
of the most important molecules in life such as DNA, phos-
pholipids, and polypeptides.4,7,8,10,26,27 They are therefore key
players in carcinogenesis, tissue repair, and protein degradation
processes. Dinuclear metallohydrolases are also involved in the
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degradation of agricultural neurotoxins as well as several
chemical warfare agents.28-30

Dinuclear hydrolases utilize as their native metal ions every
first-row transition metal ion from Mn(II) to Zn(II) plus Mg-
(II). The lone metal ion of this group that does not occur
natively in any hydrolase is Cu(II); however, some Zn(II)
enzymes can be reactivated by substitution with Cu(II) ions.
For example, the aminopeptidase from bovine lens (blLAP) can
be partially activated by Cu(II) ions as can alkaline phos-
phatase.31 BlLAP has been crystallographically characterized
and contains a (µ-hydroxo)bis(µ-carboxylato)dizinc(II) core with
terminal carboxylates at each metal site along with a peptide
backbone carbonyl and a lysine amine nitrogen bound to one
of the Zn(II) ions.21,23,24,32,33 Crystallographic studies on the
aminopeptidase fromAeromonas proteolytica(AAP) revealed
a (µ-aqua)(µ-carboxylato)dizinc(II) core with one terminal
carboxylate and one histidine residue at each metal site.25 Both
Zn(II) ions in AAP appear to reside in a distorted five coordinate
geometry with a Zn-Zn distance of 3.5 Å. Remarkably, AAP
can be hyperactivated by 6.5 times upon the addition of 2 equiv
of Cu(II) to the apo-enzyme.34,35 To our knowledge, this is the
only Zn(II) enzyme that can be hyperactivated by Cu(II). Since
no physical or structural data for the Cu(II) substituted AAP
enzyme have been reported to date, structural modifications
leading to the hyperactivity of these metal-substituted enzymes
are unknown.
In an effort to model the carboxylate-rich coordination

environment of the hyperactive dicopper(II) center of AAP, we
have synthesized the dinuclear Cu(II) complex Na[Cu2(CH3-
HXTA)(Py)2]‚1.5(1,4-dioxane) (Na(1)) (where CH3HXTA )
N,N′-(2-hydroxy-5-methyl-1,3-xylylene)bis(N-(carboxymethyl)-
glycine). This complex has been characterized by X-ray
crystallography, electronic absorption, NMR, and EPR spec-
troscopies as well as magnetic susceptibility. The reactivity of
the previously reported Na[Cu2(CH3HXTA)(H2O)2] complex6

with simple anions such as pyridine and cyanide is also
discussed.

Experimental Methods

Synthetic Methods. All chemicals were purchased commercially
and used as received.N,N′-(2-hydroxy-5-methyl-1,3-xylylene)bis(N-
(carboxymethyl)glycine) was synthesized fromp-cresol, iminodiacetic
acid, and formaldehyde according to the method of Schwarzenbachet
al.36 with minor revisions as reported by Murchet al.37 The ligand
identity was confirmed by1H NMR spectroscopy.1H NMR (D2O: δ

4.70): CH3HXTA, δ 2.31 (s, 3 H), 3.26 (s, 8 H), 3.78 (s, 4 H), 7.06 (s,
2 H). Caution! It has preViously been reported that CH3HXTA can
cause allergic reactions.37

The general procedure for the synthesis of dinuclear Cu(II) com-
plexes of CH3HXTA has been previously reported.6 For Na[Cu2(CH3-
HXTA)(Py)2] (Na(1)), CH3HXTA (0.60 g; 1.2 mmol) was dissolved
in 20 mL of H2O. To this solution was added 0.96 g (2.4 mmol) of
Cu(II) perchlorate hexahydrate dissolved in 2 mL of H2O. The solution
immediately turned dark green (pH∼3.0). Acetone was added to this
solution causing precipitation of the Na[Cu2(CH3HXTA)(H2O)2] (Na-
(2)) complex. The resulting solid was redissolved in 20 mL of MeOH,
and a 10-fold excess of pyridine was added. Complex1 was
recrystallized by vapor diffusion of 1,4-dioxane into a filtered metha-
nolic solution of1. The analytical purity of1was checked by elemental
analysis (Atlantic Microlab, Inc.). Calcd for Na[Cu2(CH3HXTA)-
(Py)2]‚1.5(1,4-dioxane) (Na(1)) (C33H39Cu2N4O12Na): C, 47.54; H, 4.72;
N, 6.72. Found: C, 47.19; H, 4.80; N, 6.53.
Crystallographic Studies. Green rectangular crystals of1, suitable

for X-ray diffraction studies, were grown by vapor diffusion of 1,4-
dioxane into a methanolic solution of1. A suitable crystal was selected
and mounted in a 0.3 mm diameter X-ray capillary and centered
optically on a Seimens P4 diffractometer equipped with an LT-2a low-
temperature device that maintained the crystal at-100°C throughout
data collection. Autocentering of 25 reflections indicated a monoclinic
cell. Systematic absences in the data set led to the unambiguous
selection of the space groupP1h. Two standard reflections were
measured every 50 reflections and remained constant ((1%) throughout
the data collection. The copper atoms were located by direct methods,
and the remaining non-hydrogen atoms were located by subsequent
difference maps and refined anisotropically. Hydrogen atoms were
generated in idealized positions with fixed thermal parameters (0.08
Å2). A summary of the crystallographic data collection for1 is
presented in Table 1. The complete listings of the crystal data are
provided in the Supporting Information.
Physical Methods. Electronic absorption spectra were recorded on

a Shimadzu UV-3101PC spectrophotometer. Low-temperature dual
mode EPR spectroscopy was performed using a Bruker ESP-300E
spectrometer equipped with an ER 4116 DM dual mode X-band cavity
and an Oxford Instruments ESR-900 helium flow cryostat. All spectra
were recorded at a modulation frequency of 100 kHz and modulation
amplitude of 1.26 mT (12.6 G) with a sweep rate of 10 mT s-1. EPR
spectra were recorded at microwave frequencies of about 9.65 GHz:
precise microwave frequencies were recorded for individual spectra to
ensure preciseg-alignment. Other EPR running parameters are
specified in the figure legends for individual samples.1H NMR spectra
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Table 1. Summary of Crystallographic Data for
Na[Cu2(CH3HXTA)(Py)2]‚1.5(1,4-dioxane)

empirical formula C33H39N4O13Cu2Na
fw 849.8
cryst system triclinic
space group P1h
a (Å) 12.550(3)
b (Å) 13.413(3)
c (Å) 13.540(4)
R (deg) 117.12(2)
â (deg) 115.73(2)
γ (deg) 92.13(2)
V (Å3) 1747.1(8)
Z 2
Fcalc (g cm-3) 1.615
µ (mm-1) 1.303
radiation Mo KR (λ ) 0.710 73 Å)
temp (°C) -100
residuals:a R; Rw 0.063; 0.059

a R) Σ||Fo| - |Fc||/Σ|Fo|; Rw ) [(Σw(|Fo| - |Fc|)2/ΣwFo2)]1/2; w )
1/σ2(|Fo|).
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were recorded in methanol solution on a Bruker ARX-400 spectrometer.
Chemical shifts (in ppm) were referenced to the residual protic solvent
signal. Elemental analyses were performed by Atlantic Microlabs, Inc.
(Norcross, GA). Magnetic susceptibility data were recorded over the
temperature range 10-300 K at a measuring field of 2.0 kOe with an
SHE Corp. VTS-50 SQUID susceptometer interfaced to an IBM 9000
computer system. Calibration and operating procedures have been
reported elsewhere.38

Results and Discussion

Enzymes containing dinuclear copper centers play important
roles in nature such as the oxidation of organic molecules
coupled to the reduction of dioxygen, reduction of nitrogen
oxides, dioxygen transport, and hydrolysis chemistry.3,4 Con-
sequently, the characterization of their structure and function
is a problem of outstanding importance. A fundamental and,
as yet, largely unexplored issue is the determination of the
structural and magnetic properties of dinuclear copper(II) centers
in carboxylate-rich coordination sites.6 Carboxylate ligands
provide Lewis acidities markedly different from those of the
more common nitrogen-based ligands which, in turn, will alter
the reactivity of the metal centers. Therefore, the synthesis and
structural characterization of dinuclear metal complexes with
carboxylate-rich coordination environments will provide insight
into the physical properties of dinuclear metalloenzymes with
similar coordination environments.
Structural Studies. X-ray diffraction studies were carried

out on Na[Cu2(CH3HXTA)(Py)2]‚1.5(1,4-dioxane) (Na(1)).
Compound 1 crystallizes in the space groupP1h. Two
[Cu2(CH3HXTA)(Py)2]- complexes are found in the unit cell
along with two sodium ions and one and one-half 1,4-dioxane
molecules that form an intricate bonding network. Hydrogen
bonds are formed between the lattice water molecules and the
carboxylate carbonyl oxygen atoms. The bound carboxylate
oxygen O2 forms a hydrogen bond with a lattice water molecule
resulting in the longest Cu-O carboxylate bond distance (1.985
(4) Å). In addition, the sodium atoms present in the unit cell
are five coordinate with a distorted trigonal bipyramidal
coordination geometry. Na(1) is bound by four carboxylate
oxygen atoms and a 1,4-dioxane oxygen atom. Two of the
carboxylate and a 1,4-dioxane oxygen atom make up the
equatorial plane while the remaining two carboxylate oxygen
atoms are in the axial positions. All of the Na(I) bond distances
are between 2.287 and 2.403 Å, which is typical for sodium-
oxygen bond distances.
A thermal ellipsoid drawing of the anion of1 with a partial

labeling scheme is shown in Figure 1. Selected bond distances
and angles are collected in Table 2. Each Cu(II) ion in1 is
bound by two carboxylate oxygen atoms, one amine nitrogen
atom, the phenolate oxygen atom, and one pyridine nitrogen
atom. Four of the five Cu(II)-ligand bond lengths for each
Cu(II) ion in 1 are nearly equal (1.945-2.027 Å) while one
bond length for each Cu(II) ion is significantly longer (2.132
and 2.129 Å, respectively) suggesting these bonds are in the
axial position of a square pyramid. The Cu1-O1 (µ-phenoxo
oxygen) bond is 2.005(4) Å while the Cu2-O1 bond is 1.999-
(3) Å indicating that the oxygen of the bridging phenolate is
equatorial for both Cu1 and Cu2. The Cu1-O1-Cu2 angle is
123.7° while the phenyl ring of the CH3HXTA ligand is twisted
relative to the Cu1-O1-Cu2 plane, and the resulting dihedral
angle is 44.2°. Using the method of Muetterties and Guggen-

berger,39 the geometry of each Cu(II) center was determined.
The shape-determining dihedral angle e3 for a tetragonal pyramid
is 0.0° whereas a trigonal bipyramid has an e3 angle of 53.1°.
For 1, the dihedral angle e3 for Cu1 is 7.4° whereas for Cu2 it
is 6.1°. On the basis of these data, the Cu(II) centers in1 exhibit
slightly distorted square pyramidal geometries.
The Cu--Cu separation in1 is 3.531 Å. This Cu--Cu

separation is the shortest of the four known related singly
bridged dicopper(II) complexes.6,40-42 [Cu2(BBIP)(H2O)2]3+

(where BBIP ) 2,6-bis[(bis(benzimidazolylmethyl)amino)-
methyl]-p-cresol) has a Cu--Cu separation of 3.875 Å,
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K.; Hendrickson, D. N.; Latour, J.-M.Inorg. Chem.1991, 30, 1357-
1365.

Figure 1. ORTEP drawing of the [Cu2(CH3HXTA)(Py)2]- anion
showing a partial numbering scheme (carbon and hydrogen atoms are
not labeled for clarity).

Table 2. Selected Bond Lengths (Å) and Bond Angles (deg) for
Na[Cu2(CH3HXTA)(Py)2]‚1.5(1,4-dioxane)a

Bond Lengths
Cu1-O1 2.005(7) Cu2-O6 1.956(9)
Cu2-O1 1.999(9) Cu2-O7 2.129(6)
Cu1-N1 2.018(8) Cu1-N30 1.999(9)
Cu2-N2 2.027(8) Cu2-N40 2.006(9)
Cu1-O2 2.132(8) Cu1‚‚‚Cu2 3.531(6)
Cu1-O3 1.945(7)
Na1-O4 2.317(11) Na1-O5A 2.367(6)
Na1-O8A 2.403(6) Na1-O9A 2.287(9)
Na1-O80 2.355(10)

Bond Angles
N1-Cu1-O1 94.6(3) N2-Cu2-O1 93.7(4)
N1-Cu1-O2 83.4(3) N2-Cu2-O6 84.4(4)
O1-Cu1-O2 95.1(3) O1-Cu2-O6 150.0(2)
N1-Cu1-O3 84.0(3) N2-Cu2-O7 83.8(3)
O1-Cu1-O3 149.8(3) O1-Cu2-O7 94.9(3)
O2-Cu1-O3 114.5(3) O6-Cu2-O7 114.5(3)
N1-Cu1-N30 174.0(4) N2-Cu2-N40 175.2(4)
O1-Cu1-N30 91.0(3) O1-Cu2-N40 91.0(4)
O2-Cu1-N30 94.3(3) O6-Cu2-N40 91.7(4)
O3-Cu1-N30 92.0(3) O7-Cu2-N40 95.3(3)
Cu1-O1-Cu2 123.7(4)
O4-Na1-O80 95.4(3) O4-Na1-O5A 95.2(3)
O80-Na1-O5A 82.6(3) O4-Na1-O8A 88.6(3)
O80-Na1-O8A 93.3(3) O5A-Na1-O8A 174.7(4)
O4-Na1-O9A 137.0(4) O80-Na1-O9A 127.3(4)
O5A-Na1-O9A 87.3(3) O8A-Na1-O9A 92.4(3)

a For labels, see the ORTEP drawing.
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[Cu2(BIMP)(CH3OH)2]3+ (where BIMP) 2,6-bis[((bis(1-me-
thylimidazol-2-yl)methyl)amino)methyl]-4-methylphenol) has a
Cu--Cu separation of 4.090 Å, [Cu2(BPMP)Cl2]+ (where BPMP
) 2,6-bis[[bis(2-pyridylmethyl)amino]methyl]-4-methylphenol)
has a Cu--Cu separation of 4.128 Å, and [Cu2(CH3HXTA)-
(H2O)2]- (2) has a Cu--Cu separation of 3.726 Å. The large
Cu--Cu separations for [Cu2(BBIP)(H2O)2]3+, [Cu2(BIMP)(CH3-
OH)2]3+, and [Cu2(BPMP)Cl2]+ have been attributed to steric
repulsions between the benzimidazole, imidazole, or pyridyl
groups, respectively, as well as the formation of two adjacent
five-membered rings.40-42 For [Cu2(CH3HXTA)(H2O)2]- steric
interactions between the terminal carboxylate groups are
minimal, so a subtle combination of long Cu-N amine distances
compared to the average equatorial Cu-O carboxylate distance
(2.020 vs 1.965) and the formation of two adjacent five
membered rings results in the large Cu--Cu separation.6 For1,
the Cu--Cu separation is decreased relative to2 because the
apical bond of the square pyramid is directed toward two
carboxylate oxygen atoms rather than the bridging phenolate
oxygen atom. This results in a decrease in the Cu1-O1 and
Cu2-O2 bond lengths providing a more acute Cu1-O1-Cu2
bond angle for1 compared to2. Cu--Cu separations for doubly
bridged complexes utilizing the 2,6-bis(methylamino)-p-cresol
group are typically in the range 2.9-3.3 Å.3

Electronic Absorption Spectra. The visible electronic
absorption spectra of1 and2 in aqueous solution at pH 3.0 are
shown in Figure 2. All of the complexes studied exhibited
absorptions in the 200-350 nm range that can be attributed to
ligand absorption bands and amine- or carboxylate-to-copper
ligand-to-metal charge-transfer bands (LMCT).6,37,42-44

Compound1 exhibits an absorption band at 435 nm (ε )
0.71 mM-1 cm-1) that is assigned to a phenoxo-to-copper
LMCT band. Similar absorptions were observed for several
related (µ-phenoxo)dicopper(II) complexes and were definitively
assigned by substitution of thepara-methyl group ofp-cresol
with electron-withdrawing or -donating groups.3,6 The visible
absorption spectrum of1 also contains a band at 750 nm (ε )
0.15 mM-1 cm-1) (Figure 2). This band is characteristic of
Cu(II) d-d transitions. The position of this band suggests that
the geometry about the Cu(II) ions is best described as trigonal
bipyramidal.45 This is in contrast to X-ray data that clearly

indicate that each Cu(II) ion resides in a distorted square
pyramidal environment. To determine the geometry of the Cu-
(II) ions in solution, a direct comparison of the energies of the
ligand field transitions in both the solution and solid states is
required. A solid-state (Nujol mull) electronic absorption
spectrum of1 was recorded (Figure 3). Two transitions are
observed at 430 and 650 nm that correspond to the phenoxo-
to-Cu(II) LMCT band and the Cu(II) d-d band, respectively.
The position of the d-d band for1 in the solid state is indicative
of a square pyramidal geometry for Cu(II). Thus, the distorted
square pyramidal geometry observed for1 in the solid state is
not maintained in solution. This geometrical change may be a
result of the relaxation of the twisted phenol ring relative to
the Cu1-O1-Cu2 plane.
To determine if the water ligands of2 could be replaced by

neutral or anionic ligands, we tested the binding of the
monodentate ligands pyridine and cyanide to2. Spectral
titration of 2 with pyridine causes a shift in the LMCT band
from 420 to 435 nm. These data suggest that2 can be converted
to 1 by the addition of pyridine. A plot of the absorbance
maximum between 420 and 435 nm (∆λmax) vs equivalents of
pyridine added reveals a sigmodial binding curve (Figure 4).
The position of the absorption band at 750 nm for2 assigned
to the copper d-d band does not change over the course of the

(43) Berends, H. P.; Stephan, D. W.Inorg. Chem.1987, 26, 749-754.
(44) Solomon, E. I.; Baldwin, M. J.; Lowery, M. D.Chem. ReV.

(Washington, D.C.)1992, 92, 521-542.

Figure 2. Visible electronic absorption spectra of (A) [Cu2(CH3HXTA)-
(H2O)2]- and (B) [Cu2(CH3HXTA)(Py)2]-.

Figure 3. Solid-state (Nujol mull) electronic absorption spectrum of
[Cu2(CH3HXTA)(Py)2]-. Inset: First derivative spectrum.

Figure 4. Plot of the absorbance maximum between 420 and 435 nm
(∆λmax) vs equivalents of pyridine added to [Cu2(CH3HXTA)(H2O)2]-

(1.0× 10-3 M) in methanolic solution.
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titration. The lack of an isosbestic point indicates that the
reaction of2 to 1 does not involve the discreet intermediate
[Cu2(CH3HXTA)(Py)(H2O)]-. Similarly, titration of2with an
aqueous solution of sodium cyanide does not alter the position
of the d-d band at 750 nm but shifts the LMCT band from
420 to 455 nm. A plot of the absorbance maximum between
420 and 455 nm (∆λmax) vs equivalents of cyanide added also
reveals a sigmodial binding curve (Figure 5) similar to that
observed for the addition of pyridine to2. These data indicate
that2 can also be converted to the dicyano dicopper(II) CH3-
HXTA complex [Cu2(CH3HXTA)(CN)2]3- (3) by the addition
of sodium cyanide.
The sigmodial nature of the titration curves of2with pyridine

or cyanide is indicative of a cooperative stepwise addition of
exogenous ligands to2; that is, the binding of one pyridine, for
example, affects the binding of the second pyridine molecule
(Scheme 1).46 Assuming infinite cooperativity, that is2 either
has all or none of the exogenous ligands bound, the following
equilibrium can be written:

Here X is either pyridine or cyanide andn is the number of
small molecule binding sites.46 Since infinite cooperativity is
not physically possible,n is typically an indicator of the degree
of cooperativity (i.e.n > 1 represents positive cooperativity).
Solving for the fractional dissociation constants provides eq 2,

whereK1 andK2 are the individual dissociation constants for L
andR is a constant. Fitting the data in Figure 4 to eq 2 provides
values forK1 andK2 that are 15.2 and 5.8 mM, respectively,
with ann value of 1.5. These data indicate that pyridine binds
to 2 very weakly and in a positive cooperative fashion.

Similarly, cyanide binds to2 very weakly (K1 ) 33.7 mM,K2

) 10.9 mM) and in a positive cooperative fashion (n ) 4.1).
These data indicate that pyridine binds more tightly to2 than
does cyanide, which is consistent with the fact that it would be
more difficult to add a negatively charged ligand to the Cu(II)
centers in2 since they are already in a highly negatively charged
environment. The positive cooperativity in ligand binding for
2 is likely the result of the phenoxo-linking group since this
moiety is flexible and can twist relative to the Cu1-O1-Cu2
plane upon ligand binding altering the Cu1-O1-Cu2 angle.
This may also perturb the oxygen of the bridging phenolate
changing its binding mode from axial to equatorial for one or
both Cu(II) ions.
Magnetic Properties. No X-band EPR signals could be

observed on a powdered sample of1 at either 77 K or room
temperature. These data are indicative of strong coupling
between the two copper centers in the solid state. Variable-
temperature magnetic susceptibility data for1 were collected
over the temperature range 10-300 K. The shape of theøm vs
T plot for 1 shows a maximum at 150 K indicative of
antiferromagnetically coupled Cu(II) centers. Simulation of the
data using a spin-exchange Hamiltonian,H ) -2JS1‚S2, where
S1 ) S2 ) 1/2 gives-2J ) 168 cm-1 consistent with the lack
of an observable EPR signal for a solid sample of1. The
exchange coupling in1 is due to the fact that theµ-phenoxo
oxygen bond is equatorial to both Cu2 and Cu1. In dinuclear
square pyramidal Cu(II) complexes of this type, the unpaired
electron resides in the dx2-y2 orbital.42,43,47 This coordination
mode provides significant orbital overlap between the magnetic
orbital dx2-y2 of Cu2 with the magnetic orbital dx2-y2 of Cu1 so
exchange coupling occurs.
The solution spectrum of1 at room temperature (Figure 6)

displays an isotropic signal withg ) 2.128 andA ) 6.87 mT.
Lowering the temperature to 77 K provided an essentially axial
EPR signal which was simulated using anS ) 1/2 spin
Hamiltonian, and the resulting fit providedgx, gy, andgz values
of 2.097, 2.116, and 2.323, respectively, and anAz(63Cu)) 16.2
mT (Figure 6). The X-band EPR spectra of a methanolic
solution of1 at 77 K also reveals a∆Ms ) 2 transition atg )
4.5 (Figure 7). The temperature dependence of all of the
observed signals between 4 and 70 K exhibited Curie law
behavior. These data suggest that the two Cu(II) ions in1 are
either weakly ferromagnetically or antiferromagnetically coupled
in solution, similar to met-hemocyanin.48 Computer simulation
of theg ∼ 2 signal does not match the experimental spectrum

(45) Hathaway, B. J.; Billing, D. E.Coord. Chem. ReV. 1970, 5, 143-
207.

(46) Segel, I. H.Enzyme Kinetics: BehaVior and analysis of rapid
equilibrium and steady-state enzyme systems,1st ed.; John Wiley &
Sons: New York, 1975; p 204.

(47) Nishida, Y.; Shimo, H.; Maehara, H.; Kida, S.J. Chem. Soc., Dalton
Trans.1985, 1945-1951.

(48) Wilcox, D. E.; Long, J. R.; Solomon, E. I.J. Am. Chem. Soc.1984,
106, 2186-2194.

Figure 5. Plot of the absorbance maximum between 420 and 455 nm
(∆λmax) vs equivalents of sodium cyanide added to [Cu2(CH3HXTA)-
(H2O)2]- (1.0× 10-3 M) in methanolic solution.

[Cu2(CH3HXTA)(H2O)2]
- + nX T

[Cu2(CH3HXTA)(X) 2]
- (1)

Y)
[L] n

RK1K2 + [L] n
(2)

Scheme 1
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exactly in that the intensities of some features are not reproduced
accurately, even though the resonance positions are precisely
duplicated. There are two phenomena that likely account for
this. The first is the presence of an underlying∆Ms ) 2
transition that is predicted from the observation of its high-
field partner (note the very broad absorption centered at 4250
G) (Figure 6). The second phenomenon is that, in conjunction
with the∆Ms ) 2 transition, off-axis extrema will occur in the
EPR spectrum and lead to increased EPR absorption at field
values other than those at which the principalg-values occur.
However, double integration of theg ∼ 2 signal reveals that
this signal accounts for only∼3% of the spins in the sample.

1H NMR Spectroscopy. 1H NMR is a natural technique to
probe paramagnetic systems since only protons proximate to
the paramagnetic center are affected.49-51 Building on our initial
success using NMR spectroscopy to probe dinuclear Cu(II)
complexes,6,52-55 we have probed the structural and magnetic
properties of1 in methanolic solution. Spin-coupled Cu(II)
centers provide relatively sharp hyperfine shifted1H NMR

signals since they possess a diamagnetic (S) 0) ground state.56

Complex1 exhibits several sharp, hyperfine shifted1H NMR
signals in methanol solution at 300 K in the 120-0 ppm
chemical shift range (Figure 8, Table 3).52 Several of the
hyperfine shifted1H NMR signals observed for1 can be initially
assigned by inspection of their peak areas. Signals D (28 ppm),
E (14.0 ppm), F (13.1 ppm), and G (11.5 ppm) integrate to
4:2:2:3 protons, respectively (Table 3). These data, taken
together with the crystallographic results, suggest that signals
E or F and G arise frommeta-phenol and thepara-methylphenol
protons, respectively.
Definitive assignment of thepara-methylphenol protons

comes from selective replacement of thepara-methyl group of
1 with Cl which causes signal G to disappear. Assignment of
signals C, D, and F to the pyridineR-H, â-H, andγ-H protons
comes from replacement of the pyridine ligands with cyanide
which causes these signals to disappear. Assignment of the
remaining three signals comes fromT1 values and comparison
of the spectrum of1 with that of two related complexes,2 and

(49) Bertini, I.; Luchinat, C.NMR of Paramagnetic Molecules in Biological
Systems; Benjamin & Cummings: Menlo Park, CA, 1986.

(50) Bertini, I.; Turano, P.; Vila, A. J.Chem. ReV. (Washington, D.C.)1993,
93, 2833-2932.

(51) NMR Methodology for Paramagnetic Proteins; La Mar, G. N., de
Ropp, J. S., Eds.; Plenum Press: New York, 1993; Vol. 12, pp 1-78.

(52) Holz, R. C.; Brink, J. M.Inorg. Chem.1994, 33, 4609-4610.
(53) Holz, R. C.; Brink, J. M.; Rose, R. R.J. Magn. Reson. A1996, 119,

125-128.
(54) Holz, R. C.; Gobena, F. T.Polyhedron1996, 15, 2179-2185.
(55) Brink, J. M.; Rose, R. R.; Holz, R. C.Inorg. Chem.1996, 35, 2878-

2885.

Figure 6. X-band EPR spectra: (A) a methanolic solution of
[Cu2(CH3HXTA)(Py)2]- at 298 K, (B) a frozen methanolic solution of
[Cu2(CH3HXTA)(Py)2]- at 77 K; (C) simulation of (B) withgx, gy,
andgz values of 2.097, 2.116, and 2.323, respectively, and anAz(63Cu)
) 16.2 mT. Both spectra were recorded with 2 mW microwave power,
1.26 mT field modulation amplitude, 100 kHz modulation frequency,
and 12 mT s-1 field sweep rate.

Figure 7. X-band EPR spectrum of a frozen methanolic solution of
[Cu2(CH3HXTA)(Py)2]- at 77 K with a microwave power of 2.0 mW,
a modulation amplitude 1.26 mT, a modulation frequency of 100 kHz,
and a 5 mT s-1 field sweep rate.

Figure 8. 400 MHz1H NMR spectrum of [Cu2(CH3HXTA)(Py)2]- in
MeOD at 298 K.

Table 3. Properties of the Observed Hyperfine-Shifted1H NMR
Resonances of Na[Cu2(CH3HXTA)(Py)2]‚1.5(1,4-dioxane)

signal assgnt
chem shift
(ppm)a

line widthb

(Hz) rel areac T1d (ms)

A NCH2CO2 95 10000 NDe >1
B NCH2CO2 48 ∼3500 NDe >1
C PyR-H 38 NDe NDe >1
D Pyâ-H 28 2000 4 >1
E Phâ-H 14.0 250 2 2
F Pyγ-H 13.1 230 2 3
G PhCH3 11.5 140 3 2

a All chemical shifts are in ppm relative to the residual solvent signal
at 3.4 ppm for H3COH. b Full width at half-maximum.cRelative areas
are based on the area of signals H.d T1 values were obtained at 400
MHz and 35°C. eNot determined.
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[Cu2(CH3HXTA)(OH)]2- (4).6 The 1H NMR spectrum of4
shows five hyperfine shifted signals at 60°C in D2O solution,
pH 10, and the assignment of each of the observed hyperfine
shifted signals has been previously reported.6 Comparison of
the chemical shift,T1 values, and relative integrations of signals
C (83 ppm) and C′ (65 ppm) of complex4 (both of which were
assigned to the diastereotopic methylene-CH2 acetate protons)
with signals A (95 ppm) and B (48 ppm) of1 is consistent
with the assignment of these signals to the diastereotopic
methylene-CH2 protons of the acetate arm. By default, signal
E is assigned to themeta-phenol protons.
Antiferromagnetically coupled dicopper(II) centers have a

singlet (S) 0) ground state and a triplet (S) 1) first excited
state that differ in energy by the exchange constant,J.56 That
hyperfine shifted signals are observed for these systems is due
to the proximity of the diamagnetic ground state and the first
excited state. Since the population distribution between these
two levels is dependent upon the temperature as well as the
magnitude ofJ,57 it follows that the temperature dependence
of the hyperfine-shifted1H NMR signals should correlate with
the magnitude of the spin-coupling interaction between the two
Cu(II) ions. Curie (contact shift decreases with increasing
temperature) or anti-Curie (contact shift increases with increas-
ing temperature) behavior has been previously shown to depend
on the magnitude ofJ. The temperature dependence of the
hyperfine shifted signals of1were recorded over the temperature
range 0-70 °C in methanol solution (Figure 9). All but one of
the hyperfine shifted signals sharpen and shift toward the
diamagnetic region as the temperature is increased following
the Curie law. Signal C sharpens and shifts away from the
diamagnetic region with increasing temperature since it is one

of the â-CH2 protons of the carboxylate arms which undergo
temperature-dependent proton exchange mechanisms. These
data indicate that the two Cu(II) ions in1 are either weakly
ferromagnetically or antiferromagnetically coupled consistent
with the EPR data.
In conclusion, we have synthesized a new dicopper(II)

complex containing aµ-phenoxo bridging ligand with terminal
carboxylate oxygen, amine nitrogen, and pyridine ligands and
have characterized this complex by X-ray crystallography,
electronic absorption, NMR, and EPR spectroscopies as well
as magnetic susceptibility. On the basis of these data, the two
Cu(II) ions are moderately antiferromagnetically coupled in the
solid states, but due to a coordination geometry change, become
either weakly ferromagnetically or antiferromagnetically coupled
in solution. 1H NMR studies on a methanol solution of1 also
indicate that the two Cu(II) ions are weakly spin-coupled in
solution. At the present time, we have not observed any
phosphatase or esterase activity toward commonp-nitrophenol
substrates by1. However, the conversion of [Cu2(CH3HXTA)-
(H2O)2]- to 1 is observed upon the addition of pyridine.
Complex2 can also be converted to [Cu2(CH3HXTA)(CN)2]3-

(3) by the addition of NaCN. In both cases, the water ligands
of 2 are displaced in a stepwise fashion. The stepwise binding
of exogenous ligands to2 mimics the first step in catalysis by
AAP in that it was recently established that substrate binds only
to the first metal binding site in AAP and not the second.58-60

While no spectroscopic or structural data are available for the
Cu(II)-substituted AAP or blLAP enzymes, the structural and
magnetic properties of the complexes reported herein may
provide insight into the structural properties of the active
dicopper(II) centers in AAP and blLAP. We are currently
probing the structural and magnetic properties of the hyperactive
dicopper(II) AAP enzyme.
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Figure 9. Temperature dependence of the hyperfine-shifted1H NMR
resonances of [Cu2(CH3HXTA)(Py)2]- in MeOD between 298 and
333 K.
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