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Abstract A binuclear copper complex, [Cu,(BPMP)
(OACc),][Cl04]-H,0, has been prepared using the binucle-
ating ligand 2,6-bis[bis(pyridin-2-ylmethylamino)methyl]-
4-methylphenol (H-BPMP). The X-ray crystal structure
reveals the copper centers to have a five-coordinate square
pyramidal geometry, with the acetate ligands bound
terminally. The bridging phenolate occupies the apical
position of the square-based pyramids and magnetic
susceptibility, electron paramagnetic resonance (EPR) and
variable-temperature  variable-field magnetic circular
dichroism (MCD) measurements indicate that the two
centers are very weakly antiferromagnetically coupled
(J = —0.6 cm™"). Simulation of the dipole—dipole-coupled
EPR spectrum showed that in solution the Cu—O—Cu angle
was increased from 126° to 160° and that the internuclear
distance was larger than that observed crystallographically.
The high-resolution spectroscopic information obtained has
been correlated with a detailed ligand-field analysis to gain
insight into the electronic structure of the complex. Sym-
metry arguments have been used to demonstrate that the
sign of the MCD is characteristic of the tetragonally elon-
gated environment. The complex also displays catecholase
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activity (ke = 15 £ 1.5 min~ !, Ky =64 £ 1.8 mM),
which is compared with other dicopper catechol oxidase
models.
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Introduction

Binuclear metalloenzymes are prevalent in nature, per-
forming a range of functions on various substrates [1].
Dimeric copper sites play an important role in the activa-
tion of biological oxygen [2—4], and the study of structural
and functional aspects of copper metalloenzymes via
model systems is a subject of intense research [5-10]. A
member of the family of dicopper proteins is catechol
oxidase, which features a type 3 copper center with two
proximate copper ions coordinated primarily by histidine
donors [11-13]. This enzyme catalyzes the two-electron
oxidation of o-diphenols to the corresponding quinones.
The X-ray crystal structure of the oxidized catechol oxi-
dase from sweet potato reveals a nitrogen-rich coordination
environment, with three histidine donors to each copper
[14]. The geometry about both copper centers is trigonal
pyramidal. In the oxidized Cu(II)-Cu(Il) form the metal—
metal distance is 2.9 A, while in the reduced form this
distance increases to 4.4 A. The mechanism proposed for
the catechol oxidases involves the oxidation of two mole-
cules of substrate per molecule of oxygen [13, 14]. It is
proposed that one molecule of catechol binds, and is oxi-
dized along with the two-electron reduction of the dicopper
center (Fig. 1). Subsequently, a second molecule of sub-
strate binds, along with one molecule of oxygen (bound as
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Fig. 1 Proposed catalytic cycle of catechol oxidase. (Redrawn from
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a peroxide in a u—n*:n> mode with a metal-metal distance
of 3.8 A determined by extended X-ray absorption fine
structure (XAFS) [12]), followed by the reoxidation of the
copper center. The catechol is then oxidized and released,
with regeneration of the active site. The precise binding
mode of the catechol is debated, with Eicken et al. [12]
proposing monodentate coordination, while Solomon et al.
[2] hypothesize a bidentate binding mode of the catechol.

Design and study of model complexes for catechol
oxidase and other type 3 copper centers has been an area of
much interest [6-10] and various nitrogen-containing
binucleating ligands have been used to generate dicopper
complexes [6, 15-18]. 2,6-Bis[bis(pyridin-2-ylmethyl-
amino)methyl]-4-methylphenol (H-BPMP), employed
previously to model catechol oxidase [19, 20], provides a
nitrogen-rich coordination set similar to that of the enzyme
(three nitrogen donors) and has previously furnished both
trigonal bipyramidal and square pyramidal geometries. A
hydroxo-bridged dicopper complex with BPMP™ has been
shown to display catecholase activity [19]. Various com-
plexes with other terminal ligating species have been
characterized [19, 21, 22]. Several structure—activity rela-
tionships have been identified from amongst the previously
reported catechol oxidase models. Specifically, a shorter
copper—copper distance and an accessible redox potential
appear to enhance reactivity, although these relationships
are not straightforward [5, 9]. Typically, however, the
spectroscopy of these dicopper model complexes has not
been investigated in detail.

Many other binuclear enzymes have been modeled with
bridging acetate moieties, which are displaced under
kinetic conditions [23-27]. Reported here is the structure
and catecholase activity of a dicopper complex of BPMP™
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with terminal, rather than bridging, acetate ligands, and the
spectroscopic characterization thereof via magnetic circu-
lar dichroism (MCD), electron paramagnetic resonance
(EPR) and magnetic susceptibility.

Materials and methods

All reagents were of analytical grade and were purchased
from Sigma-Aldrich unless otherwise stated. H-BPMP was
prepared according to literature methods [19].

Caution! Perchlorate salts of metal complexes are
potentially explosive and therefore should be prepared in
small quantities.

Preparation of [Cuy(BPMP)(OAC),][ClO4]-H,0 (1)

A solution of H-BPMP (240 mg, 0.45 mmol), copper
acetate hydrate (165 mg, 0.9 mmol) and sodium perchlo-
rate hydrate (63 mg, 0.45 mmol) in methanol (30 ml) was
stirred at 313 K for 30 min. The dark green mixture was
then allowed to stand at room temperature. A blue/green
microcrystalline precipitate formed (270 mg, 67%). Slow
evaporation of an acetonitrile solution yielded diffraction-
quality crystals of [Cuy(BPMP)(OACc),][ClO4]-H,O (1).
Elemental analysis: calculated for C37;H4NgO;oCICu,: C,
49.80; H, 4.63; N, 9.42. Found C, 49.70; H, 4.42; N,
9.15%.

IR spectroscopy was performed with a PerkinElmer
Spectrum 2000 Fourier transform IR spectrometer with a
Smiths DuraSamplIR II attenuated total refelection dia-
mond window. Absorption spectra were measured with a
Varian Cary50 Bio UV/vis spectrophotometer using 10-
mm quartz cuvettes. Magnetic susceptibility studies in
solution were undertaken with a Bruker AMXS500 instru-
ment at 298 K for a sample dissolved in acetonitrile.
Appropriate diamagnetic corrections were used [28].

Single-crystal X-ray structure determination

Cell constants were determined by a least-squares fit to the
setting parameters of 25 independent reflections measured
with an Enraf-Nonius CAD4 four-circle diffractometer
employing graphite monochromated Mo Ko radiation
(0.71073 1&) and operating in the @ — 26 scan mode. Data
reduction was performed with the WINGX [29] package.
Crystallographic data are reported in Table 1. The structure
was solved using SIR92 [30] and refined using full-matrix
least-squares analysis against F> with SHELXL-97 [31].
The hydrogen atom of the water solvate was located from
the difference map. All non-hydrogen atoms were refined
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Table 1 Crystal data Empirical formula

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Calculated density
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Limiting indices
Reflections collected/unique
Completeness to 0 = 24.98
Refinement method
Data/restraints/parameters
Goodness of fit on F?

Final R indices [/ > 2a(])]
R indices (all data)

Largest diffraction peak and hole

C37H4,CICu3NGO 9
892.29

293(2) K

0.71073 A
Monoclinic

C2/c

a = 11.0692) A

b = 26.654(7) A

¢ =13.422(3) A
3,954.2(15) A3

4

1.499 Mg m™
1.207 mm ™!

1,840

0.6 mm x 0.3 mm x 0.2 mm
1.53-24.98°
0<h<13,0<k<3l,-15<I<15
3,663/3,473 (R;, = 0.0570)
99.8%

Full-matrix least squares on F*
3,473/0/261

0.999

R, = 0.0592, wR, = 0.1337
R, = 0.1566, wR, = 0.1718
0.503¢ and —0.638¢ A~

o = 90°
p = 93.093)°
7 = 90°

with anisotropic displacement parameters. The perchlorate
counterion was disordered. Drawings of molecules were
produced with ORTEP3 [32].

Crystallographic data (without structure factors) for the
structure reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-65358. Copies of the data
can be obtained free of charge from the CCDC (12 Union
Road, Cambridge CB2 1EZ, UK; Tel: +44-1223-336408;
Fax: +44-1223-336003; e-mail: deposit@ccdc.cam.ac.uk;
Web site: http://www.ccdc.cam.ac.uk).

EPR spectroscopy

Continuous-wave X-band EPR spectra of 0.1 mM solutions
of 1 in methanol were recorded at 120 K, 2-mW power,
using a Bruker Biospin Elexsys E580 EPR spectrometer
fitted with a super high Q cavity. Magnetic field and
microwave frequency calibration were achieved with a
Bruker ER 036 M Teslameter and a Bruker microwave
frequency counter, respectively. Temperatures were con-
trolled using a flow-through cryostat in conjunction with a
Eurotherm (B-VT-2000) variable-temperature controller

(120-140 K). Spectrometer tuning, signal averaging and
subsequent spectral comparisons were performed with
Bruker’s Xepr (version 2.3) software. Computer simulation
of the EPR spectrum was performed using Molecular
Sophe (version 2.0.97) running on a personal computer
with the Mandriva operating system (2007.0). Figures were
generated using gnuplot (http://www.gnuplot.info).

Magnetic susceptibility

Magnetic susceptibility measurements were made at the
School of Chemistry, Monash University, Australia, using
a Quantum Design MPMS SQUID magnetometer with an
applied field of 1 T as a function of temperature (ranging
from 2 to 300 K). The crystalline samples were enclosed in
a calibrated gelatin capsule positioned in the center of a
drinking straw fixed to the end of the sample rod. Effective
magnetic moments, per mole, were calculated using the
relationship pfepr = 2.828(XmT)1/2, where y,, is the suscep-
tibility per mole of complex. Fitting of the experimental
magnetic susceptibility data was performed using Octave
(http://www.gnu.org/software/octave/) and the results were
plotted with gnuplot.

@ Springer


http://www.ccdc.cam.ac.uk
http://www.gnuplot.info
http://www.gnu.org/software/octave/

502

J Biol Inorg Chem (2008) 13:499-510

Magnetic circular dichroism

MCD spectra of a 4.8 mM solution of 1 in an ethanol/
methanol (50:50) glass in a 1-mm path-length quartz cell
were measured at +5 T with an Oxford Instruments
Spectromag instrument using a Hamamatsu R669 photo-
multiplier tube detector, with a Lastek-designed MCD
instrument [33]. Variable-temperature variable-field data
were collected at 1.7, 4.13, 6, 10, 20 and 50 K at fields
between 0 and 5 T at 615 nm.

Catecholase assays

Catecholase activity was measured against 3,5-di-fert-bu-
tylcatechol (3,5-DTBC). Kinetic assays were conducted in
acetonitrile (80% saturated with 1 atm O,) at 298 K and
formation of product was monitored at 410 nm
(e = 1,900 M~! cmfl) [19]. Under these conditions no
formation of quinone was observed in the absence of the
copper complex. In substrate-dependent measurements, the
concentration of 1 was held constant at 2.5 x 107> M, and
the concentration of 3,5-DTBC was varied between 2.5 and
25 mM. For measurement of complex dependence, the
concentration of 3,5-DTBC was held constant at 25 mM,
and the concentration of 1 was varied between 12.5 and
62.5 uM.

Results
X-ray crystal structure of 1

An ORTEP representation of the crystal structure of 1
(Table 1) is shown in Fig. 2, with selected bond lengths and
angles given in Table 2. The crystal structure reveals a
twofold symmetry axis, such that only half a molecular unit
is crystallographically unique. Each copper atom is bound by
three nitrogen atoms, the tertiary amine and two pyridines,
and by two oxygen atoms from the phenoxo bridge and the
terminal acetate. The geometry of the copper centers is that
of a distorted square pyramid, with the apical position
occupied by the bridging phenoxo oxygen. The degree of
distortion from square pyramidal towards trigonal bipyra-
midal can be quantified using the parameter 7, where
T = (f — 2)/60, and o and f are the two basal angles [34]. In
an ideal square pyramidal complex t = 0, while in an ideal
trigonal bipyramid t = 1. Applying this method to 1 gives
T = 0.157, indicating a small deviation from square pyra-
midal geometry. The square plane is defined by N1, N2, N3
and O2 with the copper atom 0.187 A out of the plane
towards the apical O1. The copper-ligand distances in the
square plane are very similar, with a mean value of 1.99 A,
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Fig. 2 a ORTEP plot of [Cuy(BPMP)(OAc),][Cl04]-H,O (1), where
H-BPMP is 2,6-bis[bis(pyridin-2-ylmethylamino)methyl]-4-methyl-

phenol. Thermal ellipsoids shown at 40% probability. b 1 with the
first coordination sphere labeled

typical of equatorial bond lengths in similar complexes [19,
20, 35, 36]. The distance between the copper and the bridging
phenoxo in the axial position is the longest of the copper—
ligand bonds, at 2.173 A. The Cu—Cu distance is 3.916 A
and the Cu—O-Cu’ angle is 128.65°. This metal-metal dis-
tance is among the longer distances observed in copper
dimers, and similar to that observed in other singly bridged
five-coordinate binuclear complexes [19, 21, 35-38]. The
bridging phenolate ring is twisted relative to the Cu—O-Cu’
plane with a torsion angle of 46.7°. The solvent water is
hydrogen-bonded to the terminally bound acetate (Table
S1). Overall, the structure is similar to that reported for the
dicopper complex of the BPMP™ ligand with terminally
bound water molecules [19].
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Table 2 Selected bond distances and angles of [Cuy(BPMP)(OAc),]
[C104]-H,0 (1), where H-BPMP is 2,6-bis[bis(pyridin-2-ylmethyla-
mino)methyl]-4-methylphenol

Cu(1)-0(2) 1.938 (4) Cu(1)-N(2) 2.050 (5)
Cu(1)-N(3) 1.979 (6) Cu(1)-O(1) 2.173 3)
Cu(1)-N(1) 1.986 (5)

Cu(1)---Cu(1’) 3.916 Cu(1)-O(1)-Cu(1’)  128.65
0Q2)-Cu(1)-N(3) 944 (2)  C(5)-0(1)-Cu(l)  115.67 (16)
0Q2)-Cu(1)-N(1)  982(2)  CO-N()-Cu(l)  116.2 (4)
N@)-Cu(D-N(1) 1588 (2)  C(3)-N(1)-Cu(l) 123.6 (5)
0Q2)-Cu(1)-N(2) 1683 (2)  C(19-0(2)-Cu(l)  117.3 (4)
N@)-Cu()-N(2) 820(3)  C(8)-NB3)-Cu(l) 1265 (5)
N(D-Cu()-N(@2) 822(2)  C(4)-N3)-Cu(l) 1143 (5)
0(2)-Cu(D-0(1)  98.15 (19) C(T)-N2)-Cu(l)  109.8 (4)
N@)-Cu(DH-0(1) 10543 (17) C8)-NQ2)-Cu(l)  104.9 4)
N(D)-Cu(1)-O(1) ~ 89.55 (17) C(6)-N(2)-Cu(l)  108.4 (4)
N(@2)-Cu(1)-O(1)  93.6 (2)

Symmetry transformations used
to generate equivalent atoms, —x + 1,y, —z + 3/2, —x,y, —z + 1/2

IR spectroscopy

The IR spectrum of the solid complex indicates a number
of ligand stretches in the 1,610—1,400—cm_1 range (1,427,
1,442, 1,473, 1,486, 1,609 cm_l) [39, 40]. The asymmetric
and symmetric carboxylate bands are prominent at 1,583
and 1,395 cm™', respectively. The bands are broad and
intense and differ in energy by 188 cm™', which is at the
borderline of the values expected for bridging bidentate
and monodentate coordination [41]. This value is consis-
tent with the observation of a hydrogen bond between the
terminally bound acetate and the solvent water molecule
[41], as observed in the crystal structure. The additional
strong peak at 1,078 cm™' is attributed to the perchlorate
counterion.

Visible spectroscopy

In acetonitrile the main features are at 414 nm
(e =917 M~! cm_l) and 704 nm (e = 136 M! cm_l),
corresponding to the ligand-to-metal charge transfer
(LMCT) transition between the bridging phenoxo and the
copper, and the d—d transitions, respectively. In methanol/
ethanol the bands are blueshifted, such that the LMCT
transition is obscured by the intraligand charge transfer
transitions, and the d-d band occurs at 642 nm
(e =243 M! cm_l). The spectra are consistent with the
square pyramidal geometry about the copper centers
determined crystallographically.
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Fig. 3 Electron paramagnetic resonance spectrum of 1 measured at
120 K, v = 9.5399 GHz: a experimental spectrum and b computer
simulation. Details of the spectra have been enlarged by x30 and x8
in the regions of approximately 150 and approximately 270 mT,
respectively

EPR spectroscopy

The anisotropic EPR spectrum shown in Fig. 3 is typical of
a copper dimer system with dipole—dipole coupling
between the two centers. In addition to the allowed tran-
sitions around g = 2, the formally forbidden AM, = £2
transitions are also observed around g = 4.3. Computer
simulation of the experimental spectrum (Fig. 3a, red) with
an axially symmetric spin Hamiltonian (Eq. 1) and the spin
Hamiltonian parameters listed in Table 3 yields the spec-
trum shown in Fig. 3b (blue).

2
H=Y (BB-giSi+S Ai-1L)—2]S-S,+5 J 5.

7 1)

The g and A matrices (g = 2.235 > g, = 2.065 and
A =179 x 107* cm™! >A =15 x 1074 cm_l) for
each Cu(Il) center are consistent with a tetragonally elon-
gated square pyramidal geometry around the copper ions.
A weak exchange interaction (J ~ —0.6 cm_l) was
required to adequately simulate the spectrum. Although the
sign of the coupling constant could not be determined from
the EPR spectra, the magnetic susceptibility measurements

@ Springer



504

J Biol Inorg Chem (2008) 13:499-510

Table 3 Parameters from fitting the magnetic susceptibility, electron
paramagnetic resonance (EPR) and variable-temperature variable-
field (VTVH) magnetic circular dichroism (MCD) spectra

Parameter Value
Magnetic susceptibility

J(em™Y —0.6
EPR

gl 2.235
81 2.065
Ap (x107* em™) 179
AL (x107* em™) <15®
VTVH MCD"

Percentage xy polarization 85.4
Percentage z polarization 15.6

# Upper limit, value uncertain
® B, — E transition at 615 nm

(see below) indicate that the centers are weakly antiferro-
magnetically coupled (J < 0). The last term in Eq. I
describes the anisotropic exchange or dipole—dipole inter-
action and can be related to the internuclear Cu—Cu
distance and their relative orientation [42]. The crystallo-
graphic data give an angle of 126° for the Cu-O1-Cu
angle, which will be the angle between the molecular z-
axes, assuming that the tetragonal axis is coincident with
the Cu-Ol1 direction. The simulations were optimum for a
somewhat larger angle of 160°, which would indicate that
the structure is more open in solution. The simulation gives
a Cu—Cu distance of 4.58 A greater than that observed in
the crystal structure (3.916 10\), in agreement with an
increase in the Cu—O1-Cu angle, although it is noted that
this value must be an overestimate as it is greater than the
combined Cu-O1 distances of 2.173 A. It has previously
been noted that estimates of Cu(II)-Cu(Il) separation from
dipole—dipole coupling are typically overestimated owing
to the unpaired electron spin being delocalized over the
d,>_> orbital rather than at a point position, so (1/r7) is less
than the distance between atomic positions [43]. The
apparent increase in distance could also indicate some level
of flexibility of the complex in solution.

Magnetic susceptibility

SQUID data indicated that the complex behaves as a
simple paramagnet, and obeys the Curie-Weiss law
(Fig. 4; v ' vs. T, red circles). The yuT versus T plot
(Fig. 4, blue crosses) shows a small decrease at low tem-
peratures and the magnetic susceptibility was numerically
calculated on the basis of the spin Hamiltonian given in
Eq. 1 without the hyperfine interaction and the parameters
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Fig. 4 Magnetic susceptibility data of 1. Experimental data points
(circles), XM_I versus 7T (fit, J = —0.6 cm_l) and ymT versus T (plus
symbols) [fits, green (J =0 em™Y), blue (J = —0.6cm™') and
magenta (J = =2 cm™ Y]

8iso =223 and J = —0.6 cm ™! (Fig. 4, blue line). Theo-
retical curves for J =0 cm™' (green) and —2 cm™!
(magenta) are also shown in Fig. 4, which show that the fit
is quite sensitive to the value of J in the —2JS,-S, term, but
is weakly dependent on the S;-J-S, term. Thus, there is very
weak antiferromagnetic coupling between the two copper
ions. From the relationship y,,T = Ng”f%/2k, an isotropic g
of 2.22 is obtained. The p.g corresponds to a magnetic
moment of 1.93 pg per copper center. Although this value
is higher than the theoretical value of 1.73 g, it is within
the range typically observed for copper(Il) complexes [44—
46]. Solution-state susceptibility measurements in aceto-
nitrile yielded a magnetic moment of 2.63 pg (1.87 pg per
copper), in good agreement with the SQUID data.

MCD spectroscopy

The MCD spectra (Figs. 5, 6) reveal intense transitions, a
negative peak centered at 615 nm (16,260 cmfl), and a
weaker positive peak at 734 nm (13,625 cm™'). The
observation of a high-energy negative band and a lower-
energy positive band is typical for d—d bands of five-
coordinate copper systems [47]. The AA/A ratio of
approximately 0.2 at 615 nm is consistent with d—d bands.
In the IR region weak negative and positive bands are
apparent at approximately 910 nm (10,990 cm™') and
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Fig. 5 The absorption (&) and magnetic circular dichroism (MCD;
Ag) spectra measured at 1.7 K, 5 T. The MCD intensity in the IR
region is multiplied by a factor of 10

approximately 1,500 nm (6,670 cm™"),
(Fig. 5).

The variable-temperature variable-field MCD (Fig. 7)
data of the complex measured at 615 nm at the indicated
temperatures reveal superimposable curves, indicative of
an § = 1/2 system. The data could be approximately fitted
to the simple Eq. 2 [48], yielding g = 2.15, in good

agreement with the EPR and magnetization data:
gpH
Ag o tanh | =— |. 2
& o tan ( 5 kT) (2)

However, using the formalism of Neese and Solomon
[49] and Solomon et al. [5S0] and fixing the g values to

respectively
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Fig. 6 Variable-temperature MCD of 1 in the visible region. Spectra
measured at 5 T at 1.7, 4.13, 6, 10, 20 and 50 K
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Fig. 7 Variable-temperature variable field MCD of 1 measured at
615 nm at the temperatures indicated, fitted to Eq. 3 with the
parameters given in Table 3

those obtained from the EPR data allows additional infor-
mation on the polarization of this transition to be
determined:

T 2n
Ae vy
F_4TES// ZNI
0 0
X (zx<sx>,M$§f (S, M+ lz<sz>,.M;§f) sin0d0dedr.
(3)

Here I; are the directional cosines, (S;) are the spin
expectation values and M?jff are the products of two electric
dipole transition moments (see supplementary material).
The fit of the variable-temperature variable-field data
yields the polarization parameters given in Table 3,
indicating that this transition is predominantly xy-
polarized. The variable-temperature variable-field fit is
insensitive to the small values of J. Unlike the EPR spectra,
the weak coupling does not affect the electronic spectra and
the interpretation of the MCD spectra can proceed in terms
of isolated copper centers.

Ligand-field analysis: local environment
of the Cu(Il) ion

The [Cu,(BPMP)(OAc),]* dimer has C, symmetry with the
rotational axis bisecting the Cu—O1-Cu angle, making the
local environment of the two Cu(Il) ions equivalent
(Fig. S1). The geometry approximates a square pyramid
with the Cu(Il) slightly above the plane with equatorial
bond lengths of 1.94-2.05 A and a longer axial bond of
2.173 A to O1. The departure from strict square pyramidal
geometry includes angles from the axial to equatorial
ligands which range from 90° to 105° and the highly
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anisotropic © bonding. However, it is instructive to first
consider the copper site from the point of an idealized Cy,
symmetry. Using standard techniques [51], one can express
the d-orbital energies in terms of the e, and e, bonding
angular overlap model (AOM) parameters. In terms of the
angle o between the apical to equatorial ligands, the d-
orbital energies are given by

Bi(x* —y?*): 3sin*ae, +sin’2ae,

A2 1/4(1 43 cos2a) e, + e4(a)

By (xy) : 3/2sin’ae,

E(xz,yz):  3/2sin*2ue, +2(cos? o+ cos® 2a)e, + ex(a)

(4)

where the orbitals are given Cy4, symmetry labels and the e,
e, and the e, (a) and e,(a) are the ¢ and 1 AOM parameters for
the equatorial and axial ligands, respectively [51]. Figure 8
shows how these energy levels split in C4, sSymmetry
(Fig. 8a) and how they change as a function of « relative to
the &’ ground state with the electron hole in the x* — y?
orbital (Fig. 8b). Fora = 90°, the geometry corresponds to a
holohedralized Dy, symmetry of a tetragonally elongated
octahedron, due to the even nature of the d orbitals. Of note
in Eq. 4 and Fig. 8 is that the relative energy of the d-orbital
states is moderately insensitive to this distortion for « = 90—
100° and that the z* state will be shifted to higher energy
when one considers that e, > e,(a) for the longer bond
length of the apical ligand. Importantly, the d orbitals are not
mixed by the Cy, ligand field, and the E(xz, yz) state remains
degenerate. The spin—orbit coupling splits this state (Fig. 8a,
right-hand side) and the double point group (Cly,). T notation
is used for the spin—orbit states [52] and the more usual
Mulliken symbols for the orbital-only states. The L.S,
component of the spin—orbit coupling acts within the
degenerate E state, resulting in a large relative MCD (AA/A),
while the lack of an inversion center in the complex will in
turn give rise to a large absolute MCD signal.

Considering initially an approximately D,;, symmetry,
one may use the perturbation formula given previously for a
tetragonally elongated copper(Il) complex [53, 54] for both
g values and MCD parameters. Using the first-order
expressions for the g values [54] with the experimental
g values (Table 3) and taking an average energy of the
E(xz,yz) and By(xy) states as approximately 15,000 cm™"
results in orbital reduction parameters of kj = 0.70 and
k, = 0.78. These values would imply more covalency in the
bond to the apical ligand.

Catecholase activity

Catecholase activity was measured in acetonitrile saturated
with oxygen (1 atm). The complex displays moderate
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Fig. 8 a The d” ligand-field states in C,, symmetry both with (right)
and without (left) spin—orbit coupling. The spin—orbit coupling
removes all but the Kramers degeneracy. Symmetry labels are for
the C,, single and Cj, double point groups, respectively. b The
ligand-field states as a function of « in units of e,, assuming e, =0.2¢,,
and equal equatorial and axial bonding parameters

catecholase activity (ke = 15 £ 1.5 min~'; Ky = 64 +

1.8 mM) with the activated catechol 3,5-DTBC, as shown
in Fig. 9a. The reaction rate is linearly dependent on the
concentration of the complex, indicating a first-order
dependence on catalyst concentration (Fig. 9b).
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Fig. 9 Substrate a and complex b dependence of oxidation of 3,5-di-
tert-butylcatechol by 1

Discussion
Assignment of the ligand-field spectrum

The MCD spectrum shown in Fig. 6 is dominated by the
transition to the ligand-field E state which contains
unquenched orbital angular momentum. The spin—orbit
split components of this state can be shown to have equal
and opposite signed C terms (see supplementary material)
which overlap to form a derivative-shaped signal or a
temperature-dependent pseudo-A term [47]. This shape
with the negative feature to higher energy is characteristic
for copper(Il) in a square pyramidal geometry, as discussed
in the supplementary material. The energy separation of the
spin—orbit split states would be expected to approach a
limiting value equal to the spin—orbit coupling constant 1
(approximately 830 cm™') in the strong tetragonal field
limit [55]. The peak positions of the main negative and
positive features are separated by approximately

Table 4 Gaussian resolution and assignment of the ligand-field
transitions in terms of the approximate Chy (Ca) point groups, the
angular overlap model (AOM) parameters that result from fitting the
assigned transitions and the g values calculated from the AOM
parameters

E(m™) MCD Absorption
AA? Aem™ A A (cm™h

I;(B)—
Ts(A)) 6,552 0.063 900 -
(B, 11,302 —0.140 2,249 -
I'(E) 14,198° 2.67 2,263 14.1 2,708
T4(E) 15,836 —6.16 2,942 244 3,047
AOM ey (cm™") e (cm™")
0 4815 1,290
N 6,115 1,695

&’ g g
Calc. 2.043 2.051 2.278

4 Arbitrary units
® MCD and absorption spectra fitted to same peak position

¢ ey, for all ligands except N1 which is saturated. In all cases e;, = 0

4 g-values calculated with the atomic positions from the crystal
structure and the above AOM parameters using an isotropic orbital
reduction parameter k = 0.7

2,500 cm ™. This larger than expected energy separation is
due to a shift in the apparent peak positions due to the
cancellation of the opposite signed signals. Simultaneously
fitting the low-temperature absorption and MCD spectra to
peaks that are parameterized by common peak positions
[56] (Fig. S2) gives the energy separation of 1,638 cm ™' in
Table 4.

Clearly the splitting of these states cannot be due to
spin—orbit coupling alone, with the further splitting being
due to the low-symmetry ligand field.

Quantifying the ligand field

The ligand field can be quantified using the four ligand-
field assignments given in Table 4 and the atomic positions
from the crystal structure. A coordinate system on the
metal can be defined in terms of the approximate Cj,
symmetry, and more importantly, the ligand reference
frames can be defined to reflect the local symmetry about
each of the metal-ligand bonds. Each ligating atom has an
aromatic/conjugated plane such that e, # 0, e, =0
(except for the saturated N1, where e, = e, = 0).
Using common e, and e, parameters for the O and N
ligating atoms, there are then four parameters that one can
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uniquely determine by the four observed transitions.
Using the spin—orbital parameter reduced from its free ion
value by k= 0.7 and fitting the e,/e, parameters by
minimizing the difference between the experimental and
calculated energy levels from a full matrix diagonaliza-
tion, we could reduce these energy differences to zero
with the parameters given in Table 4. The Cj, irreducible
representations are then projected onto the wavefunctions,
confirming the assignments. The wavefunctions can also
be used to calculate the g values explicitly using the
magnetic dipole moment operators (k;/; + g.s;) and these
are also given in Table 4. As expected the principal axes
are oriented such that g, is approximately in the direction
of Ol (rotated away by 8°) and g, and g, are within the
approximate plane defined by the equatorial ligands.
Although the e,/e, AOM parameters have been found
for inequivalent (non-symmetry-related) O and N ligands,
several remarks can be made. The values of e,/ ,(N) >
e,/-(0) reflect the longer Ol bond length and weaker
bond strength. The ratios of e,/e, are remarkably similar
(3.6 and 3.7 for N and O, respectively). These are
remarkably reasonable values with the approximation that
all N and all O ligands have the same radial (e,,)
parameters. This demonstrates that the transition energies
depend on the (angular) geometry and the implicit planes
that define the n-bonding anisotropy provided by the
crystal structure as well as on the radial parameters.

Spectroscopic studies

The combined MCD, EPR and magnetic susceptibility
information, taken together, confirm that the copper centers
in the complex are weakly antiferromagnetically coupled
(J = —0.6 cm™"). Weak coupling is expected, given that the
bridge between the two metals, the u-phenoxo, is in the
apical position of the square pyramids. The unpaired electron
is localized in the d,»_,» orbital, the lobes of which are
directed to the ligand atoms in the basal plane. Electron
overlap with the bridging oxygen is therefore negligible. The
consistency of the data in solution and solid states indicates
limited changes to the structure occur upon dissolution.

In contrast, the catechol oxidase active site is, similar to
tyrosinase and hemocyanin, a type 3 copper center [2, 9,
11, 12, 57]. That is, the copper centers are in nitrogen-rich
coordination environments and are strongly antiferromag-
netically coupled (and hence EPR-silent at X band).
Although 1 and catechol oxidases are thus spectroscopi-
cally dissimilar in the resting state, they are both able to
activate molecular oxygen to oxidize catechol substrates.

Catechol oxidase activity

3,5-DTBC has been widely employed as a substrate in
catecholase model complex studies. Owing to its low redox

Table 5 Comparison of catalytic parameters of selected catechol oxidase model systems and catechol oxidase from Ipomoea batatas

Complex keat 571 Ky (mM) Solvent
1-[CuBPMP(OAc),]* 0.25 6.4 CH;CN
[Cu,BPMP(1-OH))** [19] 0.024 1.49 CH;CN
[Cu,BPMP(OH,),1** [19] 0 - CH;CN/H,0 (80/20)
[Cu,Lp(u-OH)** [20] 0.006 8.8 CH;CN
[CusLocns (u-OH)** [20] 0.049 0.25 CH;CN
[Cu,(Hbhbmipo)(u-OAc)]** [61] 0.0045 - CH;CN
[Cuz(szbppnol)(,u—OAc)(HzO)z]2+ [59] 0.0079 0.79 MeOH/Tris pH 8 (30:1)
[Cun([22]prépz)(CO5)(H,0)],* [17] 0.124 0.176 MeOH
[Cu,L*(1-OH)** [5] 1.81 0.75 MeOH/Tris pH 8 (29:1)
[Cus(L,-O)(u-OH)]* [15] 1.52 11.17 CH;CN
[Cuy(L")(OH)(H,O)(EtOH)]* [58] 0.059 0.24 MeOH
Catechol oxidase from 1. batatas [12] 2,293* 2.5% 0.1 M sodium phosphate, pH 6.5
3,756 3.8

* Enzyme activity is reported for catechol substrate, while the model complex refers to 3,5-di-fert-butylcatechol. Schematic diagram of the

complex is given in Fig. S3

® Substrate used is 4-methyl catechol, text are same as above

HLg is 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-fluorophenol, HLocyz is 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-methoxyphenol,
HbhbmipoN,N,N',N'-bis[(2-hydroxybenzyl)(N-methylimidazolyl)]-2-ol-1,3-propendiamine, =~ Hsbbppnol is  N,N'-bis(2-hydroxybenzyl)-N,
N'-bis(pyridylmethyl)-2-hydroxy-1,3-propanediamine, L’ 2-(pyridin-2-yl)-N-((3-(((2-(pyridin-2-yl)ethyl)(pyridin-2-ylmethyl)amino)methyl)- 1 H-
pyrazol-5-yl)methyl)-N-(pyridin-2-ylmethyl)ethanamine, [22]prdpz (9,22-dipropyl-1,4,9,14,17,22,27,28,29,30-decaazapentacyclo[22.2.1.1*7.
11114 11720 triacontane-5,7(28),11(29),12,18,20(30),24(27),25-octaene, L;—OH is 1,3-bis{N,N-bis(2-[2-pyridyl]ethyl) }amino-2-hydroxypro-
pane, HL' is 4-bromo-2,6-bis(4-methylpiperazin- 1-ylmethyl)phenol, Tris tris(hydroxymethyl)aminomethane
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potential, the substrate is readily oxidized and the bulky
substituents prevent further reactions such as ring opening.
Kinetic parameters of 1 and selected other catechol oxidase
model complexes with 3,5-DTBC and the enzyme itself are
reported in Table 5 [15, 58, 59]. Comparison is not
straightforward, owing to the use of various solvents,
temperatures and degrees of solvent oxygenation. The
model complexes are at least 3 orders of magnitude less
active than the enzyme.

By comparison with other dicopper catecholase model
complexes (Table 5), 1, shows moderate catecholase
activity. The Ky is rather large, though large Ky, values
seem typical of the faster model complexes, and indeed the
enzyme itself. The parameters are quite different from
those observed by Belle et al. [20] for complexes with the
same and similar ligands; however, given the impact that
small changes to the methyl group have on the activity of
the complexes, this is not unexpected [20, 60]. The iso-
structural bisaqua complex does not display catecholase
activity, while the corresponding p-hydroxo complex does
(Table 5), and it might be expected that the current com-
plex would be similarly inactive. However, the addition of
substrate to the hydroxo-bridged complex results in
cleavage of the bridge, evidenced by the development of an
EPR signal in the previously EPR-silent complex [60]. The
presence of a bridging hydroxo is evidently not necessary
for catecholase activity.

The presence of labile groups (such as acetate) which may
be displaced by the catechol substrate has, however, been
shown to be important. Neves et al. [59] found that addition
of excess acetate to an acetate-bridged catecholase model
moderately inhibited the reaction rate, implying that the
acetate and catecholate compete for a binding site in the
complex. In contrast, strongly coordinated ligands such as
chloride and bromide are not readily displaced and result in
catalytically inert complexes [9]. The terminally bound
acetate ligands must therefore, similarly to bridging acetates
[59, 61], be sufficiently labile to allow binding of the sub-
strate for oxidation. Additionally, it has been suggested that a
hydroxo group is required to remove the second proton of the
catechol and allow bidentate binding; this would explain the
inactivity of the bisaqua complexes [9, 18, 60]. An acetate
ligand would, however, contribute a negatively charged
moiety capable of facilitating this process.

The final relevant factor to catalysis is the metal-metal
distance. In the enzyme, a metal-metal distance of
approximately 3 A in the resting state is observed, and in a
model complex with a bridging catecholate (tetrachloro-
catecholate) a similar distance of 3.248 A [62] has been
determined, in contrast with the distance of approximately
3.9 A observed in the present structure. However, other
structures with tetrachlorocatecholate bound have sug-
gested that alternative binding modes are plausible [6, 63].

Specifically, Ackermann et al. [6] have reported structures
of three binuclear copper(I) complexes in which the
doubly deprotonated substrate is bound to one of the cop-
per centers and has hydrogen-bonding interactions with a
water ligand on the other copper center. These complexes
show Cu—Cu distances of more than 4 A, consistent with
the crystallographic and EPR metal-metal distances
determined for 1.

On the basis of the above, there are two possible
mechanisms for the observed activity of 1. In both cases,
the acetate ligand is likely to assist in deprotonation of the
substrate for binding. The catecholate may then bind in a
chelating fashion to one of the copper centers, followed by
oxidation. Alternatively, the complex may be sufficiently
flexible (the EPR metal-metal distance suggests that there
is some flexibility) to allow for a bridging coordination
followed by oxidation.

In summary, a dicopper complex of the ligand BPMP™
was presented as a model for catechol oxidase. The com-
plex has been characterized structurally, as well as
spectroscopically by MCD, magnetic susceptibility and
EPR. These techniques indicate that the copper centers are
weakly antiferromagnetically coupled (J/ = —0.6 cm™"),
due to the only bridging moiety being in the apical position
of each of the square pyramidal copper centers. The MCD
shows a strong pseudo-A term signal due to unquenched
excited state angular momentum arising from the approx-
imate tetragonal symmetry. We have demonstrated from
symmetry arguments that the sign of the MCD is a con-
sequence of this geometry. An in-depth ligand-field
analysis of the structure and the spectroscopy has eluci-
dated the electronic structure of the complex. Catecholase
activity confirms the relevance of the complex as both a
structural and a functional model for the active site of
catechol oxidase.
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