
COMMUNICATIONS

1736 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3712-1736 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1998, 37, No. 12

Methoxide Coordination at the Pocket of
[CuIITpCum,Me] and a Simple Model for the Cu
Center of Galactose Oxidase**
Michael Ruf and Cortlandt G. Pierpont*

Functionalized hydrotris(pyrazolyl)borate ligands (TpR)
have been used to create protected transition metal coordi-
nation sites. Pyrazol nitrogen atoms resemble histidine donor
groups, and the TpR complexes of Fe, Cu, and Zn have

Experimental Section

8 : A solution of diyne 7 (121 mg, 0.43 mmol) and [W(�CCMe3)(OCMe3)3]
(12 mg, 6 mol %) in chlorobenzene (20 mL) was stirred under Ar at 80 8C
for 2 h. The solvent was removed in vacuo, and the residue purified by flash
chromatography (Merck silica gel, hexane/ethyl acetate 4/1). This led to the
recovery of some unchanged starting material 7 (12 mg, 10%) and afforded
the desired cycloalkyne 8 as colorless crystals (70 mg, 73%). M.p.� 106 ±
107 8C; 1H NMR: d� 4.14 (t, 4 H, J� 5.5 Hz), 2.53 (t, 4H, J� 5.6 Hz), 2.40
(m, 4H), 1.76 (m, 4 H); 13C NMR: d� 173.0, 77.8, 62.4, 34.8, 24.9, 19.0. MS:
m/z (rel intensity): 224 (<1, [M�]), 179 (<1), 166 (1), 152 (1), 137 (1), 129
(3), 111 (7), 101 (4), 78 (100), 66 (21), 55 (10), 41 (8); elemental analysis
calcd for C12H16O4 (224.3): C 64.24, H 7.18; found: C 64.14, H 7.15.
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provided both structural and functional models for bioinor-
ganic metal ions.[1] Basic ancillary ligands located in the
protected pocket may be displaced by protonation to create a
vacancy at the metal center. Hydroxide ions have been used,
but alkoxide ions offer advantages as they are stronger bases
that lead to superior leaving groups. In this communication we
describe the results of a study on methoxide coordination at
the pocket formed by the cumenyl-functionalized Tp ligand in
{CuIITpCum,Me}, and the formation of a simple analogue for the
copper center of galactose oxidase.

The addition of a methanolic solution of Cu(ClO4)2 to
{KTpCum,Me} dissolved in dichloromethane led to the formation
of [Cu{TpCum,MeCu(m-OMe)2}2] (1). Structural characterization
shows that the complex consists of a linear arrangement of
three Cu2� ions.[2] At the center of the molecule, a planar
[Cu(OMe)4]2ÿ anion is bridged to outer square-pyramidal
[CuTpCum,Me]� cations (Figure 1). Basal methoxide oxygen

Figure 1. Solid state structure of 1. Selected bond lengths [�] and angles
(8): Cu1 ± O1 1.948(3), Cu1 ± O2 1.947(3), Cu2 ± O1 1.922(3), Cu2 ± O2
1.917(3), Cu1 ± N2 2.030(3), Cu1 ± N3 2.038(3), Cu1 ± N1 2.486(4), O1-Cu1-
N2 165.2(1), O2-Cu1-N3 168.8(1).

atoms provide a mechanism for strong antiferromagnetic
exchange between the metal centers, resulting in a temper-
ature-invariant S� 1�2 magnetic moment of 1.82 mB for the
complex. The molecule is EPR-silent at room temperature in
the solid state and in toluene solution. In a toluene glass at
temperatures below 100 K a weak, featureless signal appears
at g� 2.26. The strong basicity of the methoxide ligands
of (1) has been used to form the sulfanyl derivative
[Cu(TpCum,Me){O(MeS)C6H4}] (2) on reaction with 2-(methyl-
sulfanyl)phenol.

Fungal galactose oxidase (GOase) catalyzes dioxygen
oxidation of primary alcohols to aldehydes.[3] It is among an
interesting class of metalloenzymes that catalyze a two-
electron oxidation process with a single redox active metal ion
(copper in this case) at the active site. Crystallographic and
EXAFS characterization have revealed that in the partially
oxidized inactive (GOaseSEMI) and fully oxidized active
(GOaseOX) forms of the enzyme the CuII ion has a square-
pyramidal geometry.[4] An unusual cysteinyl-tyrosine ligand

(Tyr272, Cys228) that is coordinated to the Cu center through
the tyrosine oxygen atom at a basal site provides additional
redox activity at the metal ion.[5] Two other basal sites are
occupied by histidine nitrogen atoms, and the apical site
contains the oxygen atom of a normal tyrosine molecule
(Tyr495). The remaining basal site adjacent to the Tyr272
oxygen atom is the site of substrate coordination.[6] Oxidation
of GOaseSEMI to form active GOaseOX occurs at the cysteinyl-
tyrosine unit. Sykes has determined that the oxidation
potential of this tyrosine molecule is unusually negative,
0.40 V (versus normal hydrogen electrode (NHE), pH 7.5),[5]

where tyrosine and phenolate ligands typically undergo
oxidation at potentials closer to 1.0 V.[9] Substrate oxidation
occurs with dioxygen reduction [Eq. (1)].[10]

Metal coordination and the cysteinyl substituent both
contribute to the negative shift in the oxidation potential of
Tyr272, placing it at a value that enables reoxidation by
dioxygen or superoxide in the activation step.

Structural characterization of the sulfanyl derivative (2) has
shown that the Cu center has a square-pyramidal geometry in
which the phenolate oxygen atom and two pyrazol nitrogen
atoms occupy basal coordination positions (Figure 2).[11]

The sulfur atom of the 2-(methylsulfanyl)phenolate ligand

Figure 2. Crystal structure of 2. Selected bond lengths [�] and angles (8):
Cu ± O 1.900(4), Cu-S 2.394(2), Cu ± N1 2.023(5), Cu ± N3 2.026(5), Cu ± N2
2.319(4), C40 ± O 1.334(8), C41 ± S 1.719(6), S ± C46 1.795(8), C40 ± C41
1.315(9), C41 ± C42 1.456(9), C42 ± C43 1.385(11), C43 ± C44 1.318(11),
C44 ± C45 1.367(10), C40 ± C45 1.447(9), O-Cu-N1 170.9(2)8, S-Cu-N3
157.7(1).

occupies the fourth basal site with a Cu ± S bond length of
2.394(2) �, a relatively short value for a thioether.[12] In this
respect 2 differs from the enzymatic Cu center, but structural
features and properties of the complex may provide insights
on GOaseSEMI and GOaseOX.
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Electrochemical characterization of 2 shows irreversible
oxidation of the phenolate ligand at a potential of �0.61 V
(CH2Cl2, vs. ferrocene/ferrocenium (Fc/Fc�)). This value is
more positive than the reduction potentials of pendant
phenoxyl ligands that contain electron releasing alkyl sub-
stituents.[7, 13±15] Also, it is roughly 0.6 V more positive than the
reduction potential of the enzymatic GOaseOX tyrosyl
group,[5] despite the structural similarity. A feature of the
enzymatic site that may contribute to the more negative
Tyr272 reduction potential is charge-transfer pairing with the
indole ring of tryptophane-290.[6] The cumenyl substituent of
the apical pyrazole ring of 2 could potentially form a similar
interaction with the phenolate ring.[16] However, as the
structure shows, the pairing interaction is blocked by the
methyl group bonded to the sulfur atom, and the other
isomeric form of the molecule, with the methyl substituent on
the opposite face of the plane, is disfavored by interactions
with other cumenyl substituents. Model studies indicate that
the thiomethyl substituent may shift the coordinated pheno-
late oxidation potential by roughly ÿ0.2 V.[15] The strong
negative shift in the enzymatic reduction potential points to a
profoundly important contribution from the tryptophane
interaction.

Irreversibility in the oxidation of 2 may result from
dissociation of the thioether sulfur atom from the Cu center
in the oxidized form of the complex [Eq. (2)]. Oxidation to

the radical would then place increased positive charge on the
sulfur atom. The solid state structure of the (methylsulfanyl)-
phenolate unit of 2 shows that even in the reduced form there
is considerable double bond character in the Cring ± S bond.
The distance between S and the ring carbon C41 is 1.719(6) �,
considerably shorter than the distance of 1.795(8) � to the
methyl carbon atom, and the C40 ± O length of 1.334(8) � is
not significantly different from the values of chelated
catecholate ligands. Further, the phenolate ring shows a
subtle, but significant, pattern of short and long C ± C lengths.
The C40 ± C41 bond and the opposite C43 ± C44 bond
(1.315(9) and 1.318(11) �, respectively) are nearly the length
of localized double bonds. Adjacent C40 ± C45 and C41 ± C42
lengths are longer (1.456(9) and 1.447(9) �,respectively) and
the remaining two lengths in the ring are of intermediate
values (1.367(10) and 1.385(11) �).

A feature of 2 that sets it apart from the enzymatic center is
the coordination of a sulfur atom at the site that would
otherwise serve for enzymatic substrate binding. In fact, 2 is
formed by displacement of methanol from this coordination
site, and samples of the complex obtained from methanol
show that the sulfur atom is not displaced from the metal atom
by the alcohol. The plane of the Tyr272 phenyl ring of
GOaseSEMI is oriented perpendicular to the tetragonal plane
of the Cu center.[6] Rotation of the Cys-228 sulfur atom into
the substrate binding site would probably deactivate the

enzyme. Instead, it is held away by the cysteine link to the
protein, and also by the pairing interaction with Trp290.

The principal focus of interest in galactose oxidase has been
the copper ± (cysteinyl-tyrosine) interaction, but tryptophane-
290 is essential for active site function. Molecular modeling
has shown that it contributes to substrate selectivity through a
hydrogen-bonding interaction with the ring oxygen of d-
galactose.[8] Tryptophane-290 restricts rotation of the unique
cysteinyl-tyrosine ligand preventing irreversible sulfur coor-
dination at the active site, and the charge transfer interaction
with the ring of Tyr272 places the reduction potential at a
value that is appropriate for its oxidation by superoxide.

Experimental Section

1. Cu(ClO4)2 ´ 6H2O (429 mg, 15 mmol) dissolved in methanol (20 mL) was
added to {KTpCum,Me} (500 mg, 0.77 mmol)[17] dissolved in dichloromethane
(15 mL). The mixture was stirred and the green precipitate that formed was
separated by filtration. Compound 1 was obtained as a pale green
microcrystalline solid in 78 % (460 mg) yield. Crystals suitable for crystallo-
graphic characterization were grown by slow evaporation of a saturated
dichloromethane/methanol solution and obtained as the unstable dichloro-
methane solvate, [Cu{TpCum,MeCu(m-OMe)2}2] ´ 2CH2Cl2.

2. Compound 1 (100 mg, 0.065 mmol) was combined with two equivalents
of 2-(methylsulfanyl)phenol in a dichloromethane/methanol solution. The
green-brown mixture was filtered to remove polymeric Cu(OMe)2, and the
filtrate was slowly evaporated to give dark blue-green crystals of 2 in 50%
(53 mg) yield. Elemental analysis calcd: C 68.0, H 6.5, N 10.3; found: C 67.8,
H 6.9, N 10.2. UV/Vis (toluene): lmax (e)� 485 (1530), 756 nm (510);
magnetic moment (292 K) 1.81 mB.
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