MICROREVIEW

DOI: 10.1002/ejic.200601091

Ten Years of a Biomimetic Approach to the Copper(II) Radical Site of
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An overview of recent progress in the modeling of the cop-
per(ll)-phenoxyl entity of the metalloenzyme Galactose Ox-
idase (GO) is presented. GO is an enzyme that is extremely
engineered by nature: its active site exhibits several unusual
features, such as a coordinated tyrosyl radical, post-transla-
tionally modified amino acids, and n-stacked residues. Un-
derstanding each of these particularities has posed a chal-
lenge for chemists, who have consequently developed sev-
eral biomimetic complexes during the last decade. The prop-
erties of representative complexes are described herein, with

special emphasis given to copper(ll) complexes involving
tripodal ligands. All these biomimetic compounds have been
developed with the aim of better understanding biologically
relevant problems. I show here that the structural attributes,
reactivity, electronic properties, self-processing, and many
other properties of GO can be addressed successfully using
model complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Various strategies are used by metalloproteins to store
and transfer electrons in biochemical processes.l!! In the
simplest case, the number of metal ions required for the
reaction matches the number of electrons to be transferred.
This is illustrated by tyrosinases that catalyze the hydroxyla-
tion of phenols, which have an active site that contains two
copper ions. An organic cofactor could also complete the
metal-driven electron transfer, as in copper amine oxidases
that catalyze the oxidative deamination of amines using to-
paquinone. It has been shown recently that some metalloen-
zymes are able to generate an organic radical cofactor di-
rectly on their own peptidic chain to complete metal-driven
electron transfers.[>31 Galactose oxidase (GO), whose active
site includes a tyrosyl radical coordinated to a copper(Il)
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ion, is a prototypical enzyme of this class and is a fascinat-
ing example of synergy between a metal and a radical to
perform oxidation reactions. The metal-radical array in
these systems is much more than an association, and the
advantage of maintaining a tyrosyl radical close to the
metal ion is that hydrogen abstraction from a C—H bond by
radicals is energetically favored over a hydrogen atom trans-
fer to an inorganic metal-based oxidant (the thermo-
dynamic affinity of a tyrosyl radical for a hydrogen atom is
high).[I The tyrosyl radical in GO thus performs the hydro-
gen atom abstraction while the metal ion is involved in a
classical single electron transfer. GO is an enzyme that is
extremely engineered by nature: its active site exhibits sev-
eral unusual features such as post-translationally modified
amino acids and m-stacked residues, and understanding
each of these particularities poses a challenge for biologists
and chemists alike. In studies aimed at understanding this
enzyme, biochemists commonly use directed mutagenesis
while chemists use a biomimetic approach. The latter con-
sists of synthesizing and characterizing abiotic compounds
that exhibit some or all of the enzyme’s features. The devel-
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opment of mimics of GO began in 1996, and has contrib-
uted significantly to an enhanced understanding of the
spectral properties, structural attributes, and even reactivity
of its active site. Two reviews concerning the first-genera-
tion models of both the active Cu''-phenoxyl and inactive
Cu'-phenolate forms of the GO active sitel>® appeared in
the literature in 2000.

Several complexes involving phenoxyl moieties coordi-
nated to other divalent metal ions, or even trivalent metal
ions, have also been synthesized. Many of these have been
described by Wieghardt et al., and were reviewed in 2001.[7]
These studies gave a lot of insights into the properties of
coordinated phenoxyl radicals. More recently, a review fo-
cused on the aerobic oxidation of various substrates cata-
lyzed by copper and manganese radical complexes has been
published by the same group.® In this review I will briefly
present the literature prior to 2000 and then focus my atten-
tion on more recent Cu''-phenoxyl complexes. As a pre-
amble, an overview of the biochemical properties of the GO
active site is given. I then describe the properties of repre-
sentative complexes that have been used as models of GO,
with special emphasis on copper(Il) complexes involving
tripodal ligands, as their rich chemistry has been extensively
studied by several groups. Next, I present the biologically
relevant problems that have been addressed and solved by
biomimetic studies, and finally I describe GO-inspired sys-
tems dedicated to the storage of three oxidizing equivalents
(i.e. complexes containing either two phenoxyl radicals co-
ordinated to a single copper ion, or a single phenoxyl radi-
cal coordinated to two copper ions).

Galactose Oxidase

The most important aspects of GO chemistry have been
recently reviewed, so only a brief presentation of the essen-
tial facts will be given here.” 'l Galactose oxidase is an
extracellular type IT mononuclear copper protein (68 kDa)
of fungal origin. GO catalyses the two-electron oxidation
of a wide range of primary alcohols to their corresponding
aldehydes with the concomitant reduction of molecular
oxygen to hydrogen peroxide. The apparent paradox — a
two-electron oxidation performed by a single copper ion —
is explained by the involvement of another redox center,
namely a tyrosyl radical from the protein, during the cata-
lytic cycle. The physiological role of GO is not clear, al-
though it could be involved in the production of H,O, for
further use as an co-oxidant for lignin- and cellulose-de-
grading peroxidases and could also provide an antibiotic
defense within the rhizosphere.['”!

Structure of the Active Site

GO has been crystallized and its X-ray crystal structure
was reported about ten years ago (Figure 1).['%13] Its active
site comprises a copper atom in a distorted square-based
pyramidal geometry with Tyr495 occupying the axial posi-
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tion. HisS81, His496, Tyr272, and an exogenous ligand
(H,O or acetate, replacing the substrate) coordinate the
copper in equatorial positions. The most striking feature of
this complex is the cross-linking of Tyr272 to Cys228
through a thioether bond at the ortho position of the OH
group, which presumably lowers the tyrosyl/tyrosine redox
potential. The indole ring of Trp290 is m-stacked with
Tyr272 and is believed to control the access to the active
site and shield the Cys-Tyr cofactor from exposure to sol-
vent. The enzyme can exist in three well-defined oxidation
levels: the Cu'l-tyrosyl radical oxidized form, an intermedi-
ate Cu'l-tyrosinate form, and the reduced Cul-tyrosine
form. Only the former and latter forms are catalytically
active. The Cu"/Cu' redox couple has been estimated to be
—0.24 V vs. Fc*/Fc at pH 7,['*15] while the tyrosyl/tyrosinate
one has been estimated to be 0.01 V vs. Fc*/Fc. The Cull-
tyrosyl radical and the fully reduced copper(I) form un-
dergo a rapid bimolecular comproportionation that affords
the catalytically inactive Cu'l-tyrosinate form.!!3]

Cys228

- .

Figure 1. X-ray crystal structure of the active site of GO (adapted
from ref.[%]).

The Cu''-tyrosinate form possesses spectroscopic signa-
tures that are typical of mononuclear copper(Il) complexes,
while the reduced form is EPR-silent and colorless. Exten-
sive spectroscopic studies on the active oxidized form have
shown that the radical is mainly harbored by the equatori-
ally bound Tyr272 residue. Strong antiferromagnetic ex-
change coupling between the tyrosyl radical and the para-
magnetic copper(Il) ion results in a diamagnetic ground
state, with a singlet-triplet splitting greater than
200 cm'.['T A value of 752 cm™! has recently been reported
from TD DFT calculations.!”l GO exhibits an unusually
intense optical spectrum with absorption bands at around
445 and 800 nm® that are assigned to m—m* transitions of
the tyrosyl radical.l® !:!71 The enzyme is relatively stable in
this form, with a half life (¢,,,) of 7.2 days for its self-decom-
position.[9]

Eur. J. Inorg. Chem. 2007, 2379-2404



Biomimetic Approach to the Cu''-Radical Site of Galactose Oxidase

MICROREVIEW

Free Radical Catalysis

Catalysis by GO proceeds according to a ping-pong turn-
over reaction.['®19 In the first half-reaction the alcohol sub-
strate binds to the oxidized Cu''-radical active site and re-
duces both redox centers [tyrosyl radical and copper(II)
ion], and the aldehyde product is released. This aldehyde
product, which has a low affinity for the complex, is then
released into the medium. In the second half-reaction, the
Cu'-tyrosine site binds O, and reduces it to H,O,, thus re-
generating the initial Cu''-tyrosyl radical state. A proposed
catalytic mechanism is shown in path A of Fig-
ure 2.19-11,18-21]

The catalysis is initiated by a weak (almost collisional)
association with the substrate. The structure of GO reveals
a shallow channel through which substrates bound by
Phel94, Phed464, Arg330, and Trp290 reach the catalytic
site. Reaction over a wide range of concentrations shows
that the enzyme is saturable with a dissociation constant
of 71 mm for the formation of the initial complex with D-
galactose.'” This low affinity, which is a consequence of a
quite open active site, is consistent with a lack of substrate
selectivity. In contrast, the enzyme strictly constrains the
orientation of the substrate in its active site, thereby al-

lowing a stereospecific abstraction of the pro-S hydrogen
by the nearby tyrosyl radical. Modeling galactose coordi-
nated to the copper(Il) ion of the native enzyme shows that
the pro-a-S-hydrogen is located at a hydrogen-bonding dis-
tance from Tyr272 (ca. 2.5 A), while the pro-R hydrogen is
away from the pro-radical cofactor.'l] The steric con-
straints that lead to this stereoselectivity are not limited to
galactose, as similar selectivity as been demonstrated for
any substrate bearing a branched B-C. After binding of the
substrate to the copper equatorial position, the first step
involves a proton transfer (step 1, Figure 2).[>?l Deprotona-
tion of the alcohol is facilitated by copper coordination
and a short H-OTyr495 bond (estimated to be around
2.8 A).1231 This process occurs with a low barrier (nearly
isothermic), on a nanosecond timescale, due to the opti-
mized hydrogen-bonding geometry and the close matching
of tyrosine pK, and coordinated alcohol pK,. Two crucial
facts result from this first step: the Cu''-substrate interac-
tion is strengthened and the C—H bond energy of the depro-
tonated substrate is lowered by 10 kcalmol!. The second
step involves a hydrogen-atom transfer from the alkoxide
substrate to the equatorial Tyr272 radical (step 2, Figure 2).
This is the major rate-limiting step (at high O, concentra-
tions) in the whole catalytic pathway, as reflected by the
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Figure 2. Free radical catalysis by mature GO (A) and self-processing of the pre-form of GO (B) (adapted from ref.['>3% respectively).
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large kinetic isotope effect (KIE) of 7.7 for D-galactose (an
even larger KIE of 22 has been reported for 1-O-methyl-a-
D-galactopyranoside)!!®! and the fact that GO remains es-
sentially fully oxidized during turnover. The large non clas-
sical KIE of 22 as well as a strong temperature dependence
of the KIE are clear evidence of the tunneling of a hydrogen
atom in the rate-limiting step.

The free activation energy for hydrogen abstraction has
been estimated to be 13.6 kcalmol™'. An optimized struc-
ture for the transition state can be obtained from B3LYP
calculations:!?? it has a five-atom cyclic structure in which
the O—H bond length is 1.24 A while the C—H bond length
is stretched to 1.36 A. The hydrogen atom is then transfer-
red perpendicularly to the phenol ring plane, in agreement
with a © character of the radical. Mechanism-based inacti-
vation of GO by ultrafast radical probes confirms that a
short-lived substrate ketyl radical anion results from the H-
abstraction (hydrogen abstraction is rate limiting).>l The
ketyl radical then reduces the metal center (single-electron
transfer; step 3, Figure 2) and is released to allow O, bind-
ing (step 4, Figure 2).[0-11.18-21.25]

Quantitative structure—activity relationship correlations
using the steady-state rate data for the oxidation of benzyl
alcohol derivatives have revealed that the three elementary
events, namely proton transfer, single electron transfer, and
hydrogen-atom abstraction, are asynchronous components
of the whole catalytic process rather than distinct kinetic
intermediates.l*>>”! The difficult-to-oxidize nitro derivatives
as well as pyranosides and physiological substrates exhibit
a large substrate KIE associated with a negligible solvent
KIE: C-H bond cleavage (hydrogen-atom abstraction) is
here fully rate limiting. In contrast, the easier-to-oxidize
methoxybenzyl alcohols exhibit a smaller substrate KIE
and a non-negligible solvent KIE, thus reflecting a small
proton transfer contribution in the transition state and a
pronounced single electron transfer character for substrate
oxidation.

The re-oxidation step of GO (step 4, Figure 2) is a re-
markable example of two-electron chemistry catalyzed by
dioxygen, as the ratio of superoxide released does not ex-
ceed one for 2000 turnovers. Kinetic data have shown that
re-oxygenation of the GO active site occurs with a rate con-
stant of around 8 X 10° M 's!' at 277 K.['81 However, the
high instability of the oxygenated complex makes this step
much less certain than the former, in spite of a main role
for the enzyme being formation of hydrogen peroxide.

Radical Cofactor Formation

GO is a secretory protein, which means that its matura-
tion requires several successive steps: cleavage of a signal
sequence that directs translocation, metal binding, and co-
factor processing. The structure of a metal-free unprocessed
pre-form of the protein has been described recently.?8! Its
active site does not contain the Cys-Tyr cross-link, and
Cys228 has been found oxidized into a sulfenic acid. This
latter modification likely arises from oxidative damage to
2382
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the protein. Conversion of this pre-form into the catalyti-
cally active form appears to be a self-processing event that
requires only copper and O,.[*’1 Copper in both oxidation
states induces cross-linking and radical cofactor formation,
but with very different time scales [¢,, = 3.9 s at pH 7 with
copper(I) and 5.1 h with copper(Il)]. The Cu'-dependent
biogenesis reaction may thus more closely resemble the
physiological process.”® A mechanism for this reaction,
which involves initial copper(I) binding to the pre-form to
afford a trigonal copper(I) complex that reacts with O,, has
been proposed recently (Figure 2, B). The resulting species
is a reactive Cu'™-O,~ compound that abstracts a hydrogen
atom from Cys228 and releases H,O,. The thiyl radical
then attacks the €-C ring carbon of Tyr272, and rearomati-
zation occurs by proton and electron transfer to the metal.
At this stage, the fully reduced form of the mature GO is
obtained. This then readily undergoes two-electron oxi-
dation by O, to give the catalytically active Cu'l-tyrosyl
radical form of the enzyme and H,O,.

Main Classes of Model Compounds for the GO Active Site

The discovery of a Cu'-phenoxyl radical entity in the
GO active site has stimulated a number of chemists to in-
corporate this unknown unit in coordination complexes.
For phenoxyl radicals to exist as more than a transient in-
termediate in solution, the ortho and para positions of the
phenol must be blocked by groups that give increased steric
protection or resonance stabilization.3!] The phenoxyl radi-
cals are strongly colored — they exhibit characteristic ab-
sorption bands in the regions between 400 and 450 nm and
above 600 nm that are attributed to m—m* transitions —
which makes them easy to detect.[*?) During the last decade
many efforts have thus been made to incorporate such
modified phenols in ligands, leading to the isolation of
complexes able to model (functionally or structurally) the
GO active site. The main ligand scaffolds developed will
be listed below, together with the general properties of the
corresponding copper(Il) complexes. The following no-
menclature will be used: H,L» for a ligand y possessing x
acido-basic sites and [Cu(H.L”)(X).] for the copper(Il)
complex of H, I bearing z coordinated exogenous ligands
(X being an anion or solvent molecule). For clarity, the
overall charge of the ligands and complexes is omitted.
When the oxidation number of the copper ion is not indi-
cated it is +2.

Salen Ligands

A wide number of copper(Il) complexes of salen-type li-
gands have been described so far, therefore the discussion
here will be limited to general considerations and complexes
specifically designed to model the GO active site,?3 43 in
other words those bearing a sterically bulky substituent at
the ortho and para positions of each phenol to prevent
bis(pu-phenolate) dimer formation and to stabilize a phen-
oxyl radical (Figure 3). The copper(Il) ion in these com-

Eur. J. Inorg. Chem. 2007, 2379-2404



Biomimetic Approach to the Cu''-Radical Site of Galactose Oxidase

MICROREVIEW

R. /™ R
N N
{Bu OH HO {Bu
OH
O O tBu tBu
N
NN =N N= R=H: H,L3
R = CH3: HoL4
OH HO Bu OH HO fBu
1 — 7 N
H,L g N N
P iPr
2 tBu OH HO Bu
H,L
tBu tBu
H,L5
NH HN AN NS AN NS
tBu OH HO tBu tBu OH HO Bu Bu OH HO {Bu
tBu tBu tBu Bu tBu tBu
H,LE H,L’ H,oL8

Figure 3. Salen-based ligands: H,L' (ref.[*3), H,L? (ref.3*3)) H,L3 (ref.3%37), H,L* (ref.®), H,L> (ref.37), H,L® (ref.1340)) H,L’

(ref137:39:400) H,L¥ (ref137),

plexes is tetracoordinate in a square planar or tetrahedral
geometry, as shown by their X-ray crystal structures and
EPR spectroscopy. The flexibility and degree of distortion
from square planar towards a tetrahedral geometry can be
modulated by the nature of the linker between each salicyl-
idene moiety. The electrochemical behavior of salen com-
plexes is characterized by two oxidation waves at potentials
higher than 0.3V vs. Fc*/Fc {[Cu(L?*)],33 [Cu(L%)],B"
[Cu(L7)],137:3949 and [Cu(L®)]P7}, corresponding to the
successive formation of mono- and bis(phenoxyl) radical
species (Table 1). The reduced salen complexes {[Cu-
(L3H]136381 and [Cu(L%)JI3*4%1} exhibit a similar oxidative
behavior, although they are much more easily oxidized. On

a spectroscopic point of view, the UV/Vis spectra of the
salen complexes is dominated by intense charge-transfer
(CT) transitions at around 400 nm (¢ > 8000 M 'cm™'),
while the reduced salens exhibit a much less intense phenol-
ate-to-copper CT (¢ < 2000 M 'cm™"). Both exhibit low in-
tensity copper(Il) d-d transitions at wavelengths higher
than 500 nm. Upon one-electron oxidation, the highest in-
tensity bands of the salen complexes are shifted towards
higher wavelengths (Table 1). The UV/Vis spectra of the
Cu'-phenoxyl complexes of reduced salen complexes are
more similar to those of uncoordinated phenoxyl radicals,
with classical n—n* transitions at around 400-450 and 600—
700 nm (Table 1). Stack et al. have also measured the NIR

ATable 1. Properties of some Cu''-phenoxyl radical complexes of salen ligands.

a] V vs. Fc*/Fc. [b] A [nm] (¢ [M 'cm™']). [c] The properties of the one-electron-oxidized forms of [Cu(L")] and [Cu(L*)] are not reported.

Complex E UV/Visl?! Solvent Ref.
[Cu(Lh)] n.d. 370 (11300), 611 (263) DMFE 331
[Cu(L?)] 0.62 n.d. CH,CN [34,35]
[Cu(L)] 0.11, 0.45 410 (1880), 594 (900) CH,CL/DMSO 13637
[Cu(L%)] 0.16, 0.32 450 (1960), 650 (1370) CH,Cl, [38]
[Cu(L9)] 0.31, 0.79 306 (4160), 405 (11440), 500 sh (820) CH,Cl, 137
[Cu(L%)] 0.08, 0.21 n.d. CH,CI, [39.40)
[Cu(L7)] 0.45, 0.65 376 (12400), 565 (600) CH,Cl, 37.39.40]
[Cu(L?)] 0.65, 0.83 402 (17750), 445 (24600) CH,Cl, 137
Complex! EPR signall] UV/Visl®! Solvent Ref.
[Cu(L?)] silent (77 K) featureless CH,CN [34.,35]
[Cu(L*)] silent (4 K) 384 (4050), 626 (3310) CH,Cl,/DMSO 3637
[Cu(L%)] silent (4 K) 370 (11760), 552 (7250) CH,Cl, 137
[Cu(L%)] silent (77 K) 413 (3000), 527 (3100), 607 (3400) CH,Cl, 39,40]
[Cu(Lo)] signal at g =2 405 (5800), 418 (5800), 476 sh, 592 (1300) CH,CI, 39.40]
[Cu(L7)] silent (4 K) 345 (11400), 558 (5500), 1750 (2400) CH,CI, [37.39..40]
[Cu(L7)] S=132 354 (8170), 380 sh (7510), 443 (10700), 562 br. (2030), 800 br. (2010) CH,Cl, [37,39.40]
[Cu(L¥)] silent 4K) 444 (21800), 577 (3530) CH,Cl, 1371
[Cu(L?")] =312 420 (16600), 446 (18900), 550 sh (4500), 900 br. (4300) CH,Cl, 137

[

[

d] X-band. The Cu''-phenolate complexes exhibit an S, = % signal.
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spectra of [Cu(L®)] and [Cu(L7)] and found intense transi-
tions at 1600 and 1750 nm, respectively, attributed to phe-
nolate-phenoxyl charge transfers.?*#%1 All the Cu''-mono-
phenoxyl radical complexes were found to be EPR-silent as
the result of a magnetic coupling between the coordinated
radical and the metal spins.

The first use of salen copper(I) complexes to mimic the
reactivity of GO towards alcohol oxidation was reported in
1986 by Katajima et al.*3! Unfortunately, no evidence for a
“true” GO-like reactivity, such as phenoxyl radical forma-
tion, was shown in the reaction of the copper(Il) complex
of H,L'! with alcohols.[*3! Stack et al. revisited these kinds
of complexes 10 years later. He reported that the copper(II)
complex of H,L! is able to catalyze the aerobic oxidation
of benzyl alcohol into benzaldehyde with high turnovers
(1300 at 295 K in 20 h).3+351 The ligand structure was im-
proved to achieve such reactivity: the phenolate moieties
were ortho- and para-substituted by electron-donating
groups to stabilize the phenoxyl radical, and a significant
tetrahedral distortion was induced around the copper atom
[thus stabilizing the copper(I) ion] by using a binaphthyl
linker. They showed experimentally that the active species
is the Cu'-phenoxyl form of the complex. The substrate
adduct was a five-coordinate square-pyramidal Cu'-phen-
oxyl complex (further theoretical studies on its reactivity
are presented below). Oxidation of the initial Cu'-phenol-
ate complex into the catalytically active Cu'-phenoxyl radi-
cal species, however, requires addition of a strong oxidant.
For this reason we have synthesized the copper(Il) complex
of the reduced salen ligand H,L3.[36371 This complex is
much more readily oxidizable, as judged by its redox poten-
tial, which is around 0.5V lower than for Stack’s model
complex (Table 1). The Cu'-phenoxyl complex leads to the
oxidation of several unactivated primary alcohols (such as
methanol) into aldehydes in the presence of catalytic
amounts of base; secondary alcohols are not affected.(!
More recently, copper(Il) complexes of reduced salen li-
gands have also been described by Palaniandavar et al.
(H,LHB8 as well as Stack et al.[3%:4% [Cu(L9)], for instance,
was shown to model the acceleration of the reaction rate
by substrate binding as does GO. Its “true” salen complex
derivative [Cu(L”)], however, does not exhibit such reactiv-
ity. In another approach, we focused our interest on de-
veloping planar scaffolds such as H,L> and H,L? to stabi-
lize copper(Il) coordinated bis(phenoxyl) radicals.31 The
Cu'-phenoxyl radical complex of [Cu(L?®)] has been further
utilized by other groups*!! for different purposes.”*?! A pen-
tadentate reduced salen ligand, which could be oxidized
into a Cu''-phenoxyl radical species, as shown by its EPR-
silence and mw-n* transitions at 390 and 408 (¢ >
1000 M 'ecm™) and 600-900 nm (¢ < 1000 M 'cm™'), has
also been described by Neves et al.[43]

Imino-, Thio-, and Semiquinonate Ligands

Wieghardt et al.l** 3!l have contributed widely to the de-
velopment of an extraordinary class of model compounds
for GO that involves imino-, thio-, and semiquinonate li-
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gands (Figure 4). These are much more easily oxidizable
(the phenolate oxidation potentials are negative vs. Fc*/Fc,
which makes them oxidizable by air; Table 2) than other
classes of ligands, and are so stable in their radical form
that structural characterization could be envisaged. Some
of these complexes were also found to be efficient catalysts
for the aerobic oxidation of alcohols. Mixing the tridentate
ligand H,L® with copper(Il) in the presence of triethylamine
and air affords the EPR-silent dinuclear Cu'l-phenoxyl
complex [Cu(L*)],, which exhibits absorption bands at 408
and 650 nm (Table 2).*4 The mononuclear Cu''-phenoxyl
complex [Cu(L'")(NEts)] was obtained under similar con-
ditions by replacing H,L? with H5L'? and structurally char-
acterized.[*] The tridentate ligand is coordinated to a single
copper(Il) ion and the fourth coordination site is occupied
by an NEt; molecule. This complex is also EPR-silent as a
result of an antiferromagnetic coupling between the radical
and the metal spin (J estimated at —137 cm™!). Both
[Cu(L*)], and [Cu(L!*)(NEts)] were found to be very ef-
ficient catalysts for the aerobic oxidation of alcohols. Inter-
estingly, treatment of a solution of copper(I) and H;L'®
neutralized by NEt; with pure dry O, yielded crystals of a
copper(Il) complex containing a bound superoxide ion, an
intermediate suggested in the catalytic pathway of GO. Re-
cently, H,L!!, the selenium analogue of H,L’, has been de-
scribed.’!! This ligand reacts with copper ions in the pres-

B e

X =8 (HoL%), NH (H3L"%), Se (H,L")

NN

O\ /O

X = NH (HyL'?), S (H,L"%)

NEt3 Bu tBu
[Cu(L"**)(NE;)] [Cu(L?9]
Bu tBu
tBu i S i Bu

JO— |u/<|3
IO/ClU\ )

tBu\©/S~ i _Bu
fBu Bu  [Cu(l®)],

Figure 4. Thioiminosemiquinone ligands and their copper(Il) com-
plexes: H,L? and [Cu(L%)], (ref.*¥), H5L'® and [Cu(L'*)(NEts)]
(ref#3), H,LL'" (refP), HLL'> and [Cu(L'*)] (refH), H,L!
(ref.481),
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Table 2. Properties of some copper(Il) complexes of imino- and thiosemiquinone ligands.

Complex E, 1 EPR signal®  UV/Visl Solvent Ref.
[Cu(L”)], 1.26,41 0,291 S=0 400 sh, 408 (8000), 424 sh, 650 (660) CH,Cl, (4]
[Cu(L'O)(NEt)]  —1.06,4 0,141 S=0 nd. CH,CI, 145]
[Cu(L')] —1.42,14 066,191 -0.06,[4 041 S=0 320 (5100), 478 (6400), 981 (1200) CH,Cl, 146]
[Cu(L')] 0.62 (irr), 0.99 (irr) unstable unstable CH,Cl, [48]

[a] V vs. Fc*/Fc. [b] X-band. [c] A [nm] (¢ [M 'cm']). [d] Reduction waves. [¢] Irreversible processes. The potentials correspond to the E,?

values obtained from the cyclic voltammetry curve of [Cu(L'%)].

ence of different amines to give rise to a variety of mono-,
di-, and even trinuclear complexes that exhibit distinct reac-
tivities towards alcohol oxidation.

The coordinated tetradentate ligand H,L!? can exist in
five oxidation levels (each of which has been fully charac-
terized), two of which are paramagnetic monoradicals and
another is a diamagnetic diradical.*®! [Cu(L'?)] (and its
zinc analog) selectively oxidizes primary alcohols in a stoi-
chiometric fashion under anaerobic conditions to yield the
corresponding aldehyde and a protonated form of the two-
electron-reduced catalyst. This latter complex can reduce
molecular dioxygen into H,O,, thus regenerating [Cu(L'%)].
This makes oxidation of alcohols into aldehydes catalytic
under aerobic conditions. H,L'3, the sulfur analogue of
H,L'2, has been described along with its copper(Il) com-
plexes.[*8] Electrochemical experiments showed that the co-
ordinated o-thioetherphenolate moieties could be oxidized
into phenoxyl radicals. Unfortunately, the oxidized species
are very unstable and do not allow further spectroscopic
characterization.

TACN Ligands

The macrocycle 1,4,7-triazacyclononane (TACN) coordi-
nates one metal ion through its three amine groups and
can be further derivatized to incorporate one, two, or three
additional coordinating groups such as phenols (Figure 5).
Many mono- and bis(phenolate) copper(Il) complexes have
been structurally characterized that show a five-coordinate
copper(Il) ion in a slightly distorted square-pyramidal ge-
ometry. A coordination number of six can be achieved by
addition of exogenous bidentate ligands such as Ph,acac.5?
In all of the structures the phenolate donor(s) reside(s) in
the equatorial plane (cis to each other if two are present),
while one amine nitrogen coordinates weakly in the axial
position.

Tolman et al. reported one of the first model compounds
for the Cu'l-radical site of GO using this TACN framework,
namely the copper(Il) complex [Cu(L!'’)(CH5CN)], in
1996.53:34 Tts Cu'-phenoxyl radical form was found to be
relatively stable in CH,Cl,, as judged in the cyclic voltam-
mograms by the reversible signal at 0.31 V (vs. Fc¢*/Fc) ob-
tained for the phenoxyl/phenolate redox couple. It is EPR-
silent as the result of a magnetic coupling between the radi-
cal and the metal. No more phenolate-to-copper CT transi-
tions are observed at 538 nm in the radical complex
[Cu(L">)(CH5CN)]. Instead, absorption bands typical for

Eur. J. Inorg. Chem. 2007, 2379-2404

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R
< X
la s
N N
Ve
A HO
HO
Bu Bu
tBu R’
R = Me, R' = OMe; HL'* HL'®

R = iPr, R = tBu: HL'®

Bu OH T\N(

S

H2L17 {Bu OMe
R
Bu
OH
Bu  OH T\N

N )
AN
R HO

R

R=OMe: HsL"® ;g
R = fBu: HsL"®

Figure 5. Ligands based on the TACN scaffold: HL!'* (ref.[5?)),
HL'S (ref.53341), HL6 (ref.5%), H,L!7 (ref.57)), H,L'®19 (ref.5).

phenoxyl radicals are observed at 410 and 672 nm (Table 3).
The benzyl alkoxide adduct [Cu(L'5)(benzyl alkoxide)] has
been crystallized and shows an Ophenolato’ " H-Csubstrate 10-
teraction similar to that proposed for GO during enzyme
turnover. More recently, the Cu'-phenolate complexes of
HL" and HL'® have been isolated with the aim of modeling
the reduced form of the GO active site.>>! Their reactivity
towards molecular dioxygen will be discussed below.

This TACN scaffold has been developed concomitantly
by Wieghardt et al.: the Cu'-bis(phenolate) complex
[Cu(L'7)] and its counterpart phenol-phenolate complex
[Cu(HL'7)] could be isolated from the ligand H,L'7.571 The
CV curves of [Cu(L!7)] exhibit two ligand-centered oxi-
2385
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Table 3. Properties of some Cu''-phenoxyl radical complexes of TACN ligands.

Complex E, UV/Visl®! Solvent Ref.
[Cu(L'*)(Phsacac)] -0.33 334 (16700), 358 (16400) CH,Cl, 2]
[Cu(L'3)(CH;CN)] 0.31 342 (3600), 538 (1440), 660 sh (600) CH,Cl, (53,541
[Cu(L'7)] -0.10, 0.14 314 (22000), 458 (1450), 698 (210) CH,Cl, 571
[Cu(HL')) 0.14 312 (7300) CH,Cl, 57
[Cu(HL')) -0.06, 0.12 326 sh, 445 (1500), 680 br. (300) CH;CN 1561
[Cu(H,L'®)] 0.26 321 sh, 565 br. (1200) CH,Cl, 1561
[Cu(HL™)) 0.15, 0.38 305 sh (11000), 348 sh, 428 (1100), 694 br. (230) CH;CN 1561
[Cu(H,L')] 0.44 321 (1700), 707 sh, 822 sh CH,Cl, 1561
Complex EPR signalll UV/Vis®! Solvent Ref.
[Cu(L'*)(Phjacac)] S=1 304 (24000), 352 (22000), 412 (6100) CH,Cl, 1521
[Cu(L>)(CH;CN)] silent (77 K) 410 (4000), 422 sh (3800), 672 (1000) CH,Cl, [53.54]
[Cu(L!7)] silent (77 K) 309 (18000), 418 (5400), 530 (2300) CH,Cl, 571
[Cu(HL')] silent (77 K) 312 (15000), 413 sh (6800), 431 (8500), 535 (1200) CH,Cl, 571
[Cu(L7)] S=32 319 (24000), 431 (15000), 485 (3500) CH,Cl, 571
[Cu(HL'®)] silent 300 (14000), 326 sh, 414 (4300), 600 sh CH;CN 1561
[Cu(H,L®] silent 300 (21000), 328 sh, 411 (6100), 432 (7600) CH,Cl, 1561
[Cu(HL™)] silent 387 sh, 402 (2800), 420 sh, 548 br. (1400), CH;CN (6]
[Cu(H,L™)] silent 309 (10000), 407 (3600), 424 (3500), 645 br. (850) CH,Cl, 1561

[a] V vs. F¢*/Fe. [b] A [nm] (¢ [M 'em™']). [c] X-band. The Cu"-phenolate complexes exhibit an S¢, = V% signal.

dation waves, while a single wave is observed for [Cu(HL!7)]
(Table 3). The electrochemically generated Cu''-phenoxyl
complexes [Cu(L'7)] and [Cu(HL'7")] are X-band EPR-sil-
ent (Table 3), which may be interpreted either by an antifer-
romagnetic exchange, which yields an S, = 0 ground state,
or large ZFS parameters of an S; = 1 ground state.

The  phenol-bis(phenolate)  copper(Il)  complexes
[Cu(HL'81)] and phenolate-bis(phenol) copper(Il) com-
plexes [Cu(H,L'®!%)] have also been isolated from the li-
gands H;L'%!'° (Figure 5).1°°1 The tris(phenol) form was
found not to be stable in solution for prolonged periods.
The phenol-bis(phenolate) and phenolate-bis(phenol) forms
can interconvert easily by adding one equivalent of base or
acid. The X-ray crystal structure of [Cu(HL'®)] shows that
one phenol unit is not coordinated to the metal ion. The
CV curves of [Cu(HL'®!9)] exhibit two one-electron trans-
fer waves in the —0.06 to 0.38 V range assigned to the suc-
cessive oxidation of each phenolate moiety. [Cu(H,L'®!9)],
which possess a single phenolate moiety, exhibit a single
wave in the 0.26-0.44 V potential range (Table 3). EPR
spectroscopy reveals that [Cu(HL'®1%")] and [Cu(HL!8:1%)],
similar to [Cu(L!7)] and [Cu(HL!7")], are difficult to detect
as they are EPR-silent (Table 3). They exhibit features in
their UV/Vis spectra (Table 3) at around 400 nm (¢ values
ranging between 2000 and 6000 M 'cm™') and in the 500
800 nm region (& values lower than 1300 m'cm™). The in-
tensity of the 400-nm absorption increases significantly
upon protonation and its position is shifted bathochrom-
ically. This shows that protonation affects the electronic
structure of the Cu'-phenoxyl chromophore. The electronic
hole of the phenoxyl radical in the [Cu(HL!®1%")] complexes
is thus proposed to be delocalized over both the phenoxyl
and the phenolate moieties, whereas the spin of the un-
paired electron of the phenoxyl radical is more localized on
one aromatic ring in [Cu(H,L'81)].
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Tripodal Ligands

Several research groups have adapted the well-known
tripodal aromatic framework bis(pyridyl)alkylamine con-
nected to a single phenol (N3O donor set), or mono(pyri-
dyl)alkylamine attached to two phenols (N,O, donor set),
for GO chemistry (Figure 6).°87° The ligand framework
has been extensively studied and modulated by modifing (i)
the length of the alkyl chain linking the pyridine and the
pivotal nitrogen, (ii) the steric bulk provided by the ortho
substituent of the phenol, (iii) the electronic properties of
the para substituent of the phenol, and (iv) the basicity of
the pyridine donors. A number of monomeric or dimeric
complexes have been prepared from different copper(Il)
salts. The potential of an N,O, aliphatic tripodal ligand,
where the pyridine has been replaced by a primary amine
and one phenol by a hydroxyl, to mimic the GO active site
was explored by Hahn et al. in 2001.7¢1 The copper(II)
complex of this ligand was isolated as a dimer that exhibits
a phenolate-centered electrochemical activity. Since the co-
ordination chemistry of tripodal aromatic ligands has been
widely described during the last decade and now allows the
rational design of new complexes, it will be presented in
more detail than that of other ligands.

Mononuclear Cu'-phenolate complexes of general for-
mula [Cu(LN°)(X)] can be obtained from N;O ligands in
the presence of NEt; if the following conditions are ful-
filled: large steric bulk (zert-butyl group) provided by the
ortho substituent of the phenol®>¢11 and/or use of a cop-
per(I) salt containing a strong monoanionic donor
X~."L721 Many of these complexes have been structurally
characterized by X-ray crystallographyl>® ¢1.64.69.7L.72] apd
show that the copper(I]) ion is pentacoordinate, with a sol-
vent or exogenous anion that completes the N3O donor set
of the ligand (Figure 7). The phenolate donor can bind
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Figure 6. Formulae of some representative tripodal ligands: HL?% 23 (ref38l), HL>*25 (ref.3%), HL?® (ref[o%)), HL?7-2® (reflo!), HL?
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H,L% (ref681), H,L*! (ref.®%)).

either in an equatoriall®®-61:646% or axiall>%:71.72 position.
The respective influence of the phenolate para substituent
and alkyl linker arm length on the position of this phenol-
ate have been well documented by Palaniandavar et al. and
Fenton et al. (see below). The relative extent of the trigonal-
bipyramidal distortion is indicated by the value of 7, which
represents the degree of trigonality within the structural
continuum between square-planar and trigonal-bipyrami-
dal structures.’" z is usually lower than 0.35 for these com-
plexes, which shows that the geometry around the metal ion
is predominantly square pyramidal with a slight distortion
towards trigonal bipyramidal [58-61:64.69.71.721 ' A sample
structure is given in Figure 7. In the Cu'-phenolate com-
plexes of HL?%23 1591 as well as the Cu''-phenol complexes
of HL20 and HL26,[58’6O] the Cu*Nmethylpyridine bond is
longer than the Cu—Nyigine One, which is ascribed to steric
hindrance around the methylpyridine nitrogen. All these
complexes exhibit a phenolate-to-copper CT transition and
less intense d—d transitions as a lower energy tail (A, >
600 nm, Table 4) in their UV/Vis spectra. A, of the CT
transition is shifted according to the electronic properties
of the phenolate substituent (from 565nm for

20 23
[CuL)NCH;CN)] to 517 nm for [Cu(L=)(CH;CN)]). The Figure 7. X-ray crystal structures of copper(Il) complexes of tripo-

EPR spectrum is characterized by a signal that is typical — dal ligands [Cu(HL32)(CH;CN)] (ref®), [Cu(L32)(CH;CN)]
for mononuclear copper(Il) species (S = '4; Table 4). (ref164), [Cu(L3%)], (ref1), and [Cu(L3®)], (ref.58)).

[Cu(HL*){CH,CN)]

Eur. J. Inorg. Chem. 2007, 2379-2404 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2387



MICROREVIEW F. Thomas
Table 4. Properties of some Cu''-phenoxyl radical complexes of tripodal ligands.

Complex E, UV/Visl® Solvent Ref.
[Cu(L2°)(CH;CN)] 0.02 565 (1040) CH,CN (58]
[Cu(L2)(py)] 0.01 546 (950) CH,CN (58]
[Cu(HL2)(CH5CN)] >0.8 400 br. (320), 590 br. (230) CH,CN (58]
[Cu(L2")(CH;CN)] 0.15 553 (935), 950 (180) CH,CN (58]
[Cu(L2")(py)] 0.17 531 (750), 850 (180) CH,CN (58]
[Cu(HL2)(CH5CN)] >0.8 600 (180) CH,CN (58]
[Cu(L22)(CH;CN)] 0.20 305 (3400), 535 (920), 930 (130) CH,CN (58]
[Cu(L23)(CH;CN)] 0.70 390 (11200), 517 (636) CH,CN (58]
[Cu(L24)(Cl)] 0.14 519 (1400) CH,CN (9]
[Cu(L2)(CI)] 0.19 544 (800) CH,CN [59]
[Cu(L26)(CH;CN)] 0.05 564 (870), 660 sh (550) CH,CN (60}
[Cu(L?)], n.d. 522 (2990) CH,CN fo1]
[Cu(L¥)(OAC)] 0.05 473 (880), 660 (220) CH,CN f61]
[Cu(L28)(CH;CN)] 0.35 559 (1090) CH,CN f61]
[Cu(L®)], n.d. 520 (2800) CH,CN (62)
[Cu(L®)(OAC)] 0.03 490 (970), 690 (240) CH,CN (62)
[Cu(L¥)], 0.45 471 (440), 875 (165) CH,CN (63]
[Cu(L*)(py)] 0.00 556 (560), 900 (310) CH,CN (63]
[Cu(L3)], 0.66 466 (230), 870 (150) CH,CN (63]
[Cu(L3)(py)] 0.14 530 (640), 900 (250) CH,CN (63]
[Cu(L3%)], 0.70 (irr.) 413 (2550), 480 sh, 650 sh, 764 sh CH,Cl, [63]
[Cu(L3¢)(CH5CN)] 0.11, 0.49 (irr.) 476 (1820) CH;CN [63]
[Cu(HL3")(OAC)] 0.20 470 (1300) CH;CN/CH,Cl, [66]
[Cu(L3®)], -0.14, 0.12 302 (16700), 445 (4330), 650 br. (1600) CH,Cl, [60]
[Cu(L3*®)(py)] -0.16 310 (20000), 488 (1400) CH;CN 58]
[Cu(HL*)(OAc)] 0.08 393 (20000), 500 sh (760), 600 br. (510) CH;CN/CH,Cl, [58,67]
[Cu(L*)(py)] -0.08 305 (6300), 401 (15000), 500 sh (1210), 700 br. (300) CH;CN 58]
[Cu(L4)], n.d. 453 (2000), 680 (200) CH;CN e8]
[Cu(L*)(py)] 0.10, 0.33[ 466 (1360), 710 (100) CH;CN e8]
[Cu(L*")(CH;CN)] -0.07 450 (1000) CH;CN [e9]
Complex EPR signall! UV/Visl®! Solvent Ref.
[Cu(L2")(CH,CN)] s=1 426 (5100), 552 (560) CHACN (58]
[Cu(L2*)(py)] s=1 406 (8200) CH;CN (58]
[Cu(L2")(CH;CN)] s=1 416 (1900), 650 (500) CHACN (58]
[Cu(L2")(py)] s=1 417 (3500), 660 (800) CH;CN (58]
[Cu(L?**)(CH;CN)] unstable unstable CH;CN (58]
[Cu(L?**)(CH;CN)] unstable unstable CH;CN 58]
[Cu(L2*)(CI)] s=1 418 (3500), 666 (420) CH,CN (59)
[Cu(L2)(CI)] S=1 406 (2000), 664 (410) CH,CN (9]
[Cu(L2)(CH,CN)] S = 427 (3070), 580 (225) CH,CN (60}
[Cu(L27)(NO5)] silent (77 K) 415 (1790), 867 (550) CH,CN f61]
[Cu(L25)(NO>)] silent 411 (2440), 675 (300) CH,CN f61]
[Cu(L2*)(CH,CN)] silent (123 K) 424 (1920), 870 (920) CH,CN (2]
[Cu(L3*)(CH,CN)] silent (100 K) 418 (2300), 605 (400)E! CH,CN (3]
[Cu(L**)(py)] silent (100 K) 420 (6060), 583 (1370) CH,CN (3]
[Cu(L3")(CH;CN)] nd 420 (3200), 620 (350)E! CH,CN (3]
[Cu(L*")(py)] silent (100 K) 400 (1125), 687 (30011 CH,CN (3]
[Cu(L3%)(CH;CN)] S=172 439 (16700), 620 (600) CH,CN (6]
[Cu(HL3"")(OAc)] unstable unstable CH;CN/CH,Cl, [66]
H,L3 + Cu(ClO,),! silent 403 (2000), 654 (400) CH,CN/CH,Cl, 1661
[Cu(L3)], silent 416 (3370), 530 (1510), 850 (740)L! CH,Cl, (60}
[Cu(L**)(py)] S=1 425 (1000) CH,CN (58]
[Cu(L3*")(CH;CN)] S=1n 426 (3600), 650 (540)t! CH,CN (58]
[Cu(HL¥)(OAc)] silent (100 K) 410 (19000) CH,CN/CH,Cl,  [5867)
[Cu(L**)(py)] S=1 390 (15300) CH,CN (58]
[Cu(L“)(py)] silent 418 (2100), 720 (100) CH,CN [68]
[Cu(L*1)], 5=0 478 (4500) CH,CN (9]

[a] V vs. Fc*/Fc. [b] A [nm] (¢ [M 'cm™!]). [c] At —40 °C. [d] X-band. The Cu'-phenolate complexes exhibit an S¢, =
[Cu(L?")]5, [Cu(L?31)],, [Cu(L39)],, [Cu(L*®)], and [Cu(L*)], (dimeric species). [e] Generated by copper(Il) oxidation. [f] Underestimated
due to its low stability. [g] Obtained by a disproportionation reaction. No structure reported.

When the complexation reaction is performed with a
copper(II) salt that does not contain a strong monoanionic
donor and ligands that bear a phenol without steric bulk at
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its ortho position, dimeric species of general formula
[Cu(LN:9)], are obtained.l®-63-71-75] X_ray structural analy-
sis of [Cu(L3%)], has shown that the two copper ions are
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square pyramidal but slightly distorted towards trigonal bi-
pyramidal (Figure 7).191 The copper ions are bridged by the
oxygen atoms of two phenolates, one from each ligand,
which can occupy either a mixed axial/equatoriall®>71-731 or
exclusively equatoriall®2-63-73.74 position in the coordination
polyhedron of each copper(Il) ion. The two copper ions in
these structures are separated by 3.1-3.2 A and exhibit
either an S = 1 signal or no signal at all in their EPR spec-
trum, which indicates that the copper(Il) spins interact
magnetically (Table 4).161:6271-741 The CuOCuO core is al-
most planar when the phenolate coordinates one copper
atom in the axial position, while it shows a slight “butter-
fly” structure when it coordinates exclusively in the equato-
rial position.

The copper(Il) complexes isolated from N,O, ligands in
the presence of NEt; are usually dimeric species of general
formula [Cu(LN-9)], irrespective of the bulkiness of the
phenolate o-substituent.l*¥:9-¢71 One example of a mononu-
clear [Cu(LN=92)(X)] structure has been characterized by X-
ray diffraction as a biomimetic model of GO,!"% while many
others have been obtained by adding coordinating solvents
or bases to the [Cu(LN>2)], dimers.[*3-¢575 Even though the
chemical formula [Cu(LN9?)], seems similar to that of
[Cu(LN0)],, significant differences can be observed be-
tween the two. In the [Cu(LN>2)], dimers, for example, the
geometry around the copper(Il) ion is more distorted
towards trigonal bipyramidal (z = 0.35 for [Cu(L>®)], shown
in Figure 7) and the intermetallic distance is shorter
(2.869 A for [Cu(L*®)],). Consequently, the CuOCuO core
is not flattened as in [Cu(L™°)], but shows a marked “but-
terfly” structure (with a dihedral angle of 126° for [Cu-
(L3®)],). The dimers are EPR-silent (Table 4) as a result of a
strong antiferromagnetic interaction between the copper(Il)
ions that we have estimated to be —189 cm™' for [Cu-
(L3 and =31 cm™! for [Cu(L39)],.[%] The presence of
two phenolates per ligand makes the phenolate-to-copper
CT transition more intense than in the [Cu(LN°)(X)] and
[Cu(LN9)], complexes (Table 4). Wel®”) and Fukuzumi et
al.1%8 have isolated dimeric copper(Il) complexes of N,O,
ligands possessing two differentiated phenolate arms. In
H,L*, for example, one phenolate bears an electron -with-
drawing nitro group while the other possesses an electron-
donating methoxy group. We have shown that the electron-
donating methoxyl group compensates more efficiently than
the nitro group for the electron deficiency on the bridging
oxygen atom. The substitution thus orients the position of
the phenolate groups in [Cu(L*")], according to their elec-
tronic properties.[%”)

In general, conversion of the dimers [Cu(LN>??)], and
[Cu(LN:9)], into monomeric structures can be promoted by
addition of exogenous donor ligands (pyridine, acetate) or
protons,18-:61-63.65.67.68.73-75] 1y the case of [Cu(LN*)],, oxi-
dation (chemical or electrochemical) has also been shown
to induce this dimer-to-monomer conversion.[1-631 Dissoci-
ation constants can be obtained from spectrophotometric
titration of [Cu(LN*?)], in the presence of pyridine or ace-
tate. Steric repulsions caused by the 6-methyl groups of the
pyridine nucleus significantly lower (one to two orders of
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magnitude) the stability of the dimers,'*?! while an increase
in the length of the alkyl linker arm does not significantly
affect the dissociation constant.[’>74 The most striking fea-
ture is the influence of the phenol para substituent: in the
presence of pyridine, the dimer [Cu(L>?)], exhibits a dissoci-
ation constant 100 times lower than that of [Cu(L3#)],. This
fact is consistent with an increased steric bulk at the phe-
nolate ortho position caused by the methylthio group in
[Cu(L3**)], compared to a hydrogen atom in [Cu(L3?)],.[4
The coordination sphere has also been found to influence
the solution behavior of the dimers. Thus, [Cu(L3®)], re-
mains dimeric in CH;CN while no such structures could be
detected in the solution of the Cu-phenolate complex of
HL?, which suggests a greater stability of the [Cu(LN-97)],
dimer than [Cu(LN:°)],.[58!

Addition of one molar equivalent of proton [relative to
the copper(Il) concentration] to the Cu'’-phenolate com-
plexes [Cu(LN>92)],, [Cu(LN=C)],, and [Cu(LN:°)(X)] results
in the formation of the corresponding Cu''-phenol com-
plexes [Cu(HLN-92)(X)] and [Cu(HLN-C)(X)], as judged by
the mononuclear copper(Il) signal observed in the final
EPR spectrum.[8:63-67.731 The protonation state of these
complexes can be confirmed by UV/Vis spectrophotometry
as [Cu(HLN-92)(X)] and [Cu(HLN°)(X)] lack the phenol-
ate-to-copper CT transition and only the copper(Il) d—d
transitions at around 600 nm are observed (Table 4). The
copper(II) atom exhibits essentially the same geometry as in
the mononuclear Cu'-phenolate complexes, in other words
square planar slightly distorted towards trigonal bipyrami-
dal (Figure 7). The X-ray crystal structures of the
[Cu(HL?%-23)(CH5CN)] complexes (ligand with a N5O do-
nor set) show that the phenol moiety systematically occu-
pies the more labile axial position in the copper coordina-
tion sphere, regardless of the substituent.’®! The axial
Cu-O distance is wusually longer than 24A in
[Cu(HL2* 23)(CH,CN)], while it is around 2.2 A for axially
coordinated phenolates. The phenol group thus only coor-
dinates the copper ion weakly. We have recently shown that
deprotonation of the complex [Cu(HL3*?)(CH;CN)], in
which the phenol is axial, induces an isomerization (Fig-
ure 7):[%4 the phenolate moiety coordinates in an equatorial
position in the deprotonated complex [Cu(L3*?)(CH5;CN)].
19F NMR spectroscopy allowed us to determine a rate con-
stant of 3000 = 100 s™! for the following equilibrium at 7 =
226 K:

[Cu(HL32)(CH;CN)]' + [Cu(L32)(CH;CN)]> =
[Cu(L*2)(CH,CN)]! + [Cu(HL32)(CH,CN)P2

where superscripts 1 and 2 represent the two distinct com-
plexes that interconvert.

This rate constant is large, thereby indicating that proton
transfer and/or molecular rearrangement is extremely
rapid.

In the crystal structures of [Cu(HL37)(OAc)]®* and
[Cu(HL3*%)(0OA)]1®! (N,O, ligands) only one phenol is pro-
tonated. The ligand in [Cu(HL3°)(OAc)] possesses two dif-
ferentiated phenolic arms: since the electron-donating effect
of OCHj relative to NO, makes deprotonation of the hy-
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droxyl group more difficult, only that exhibiting the highest
pK, (and thus the lowest oxidation potential) is protonated.
This provides evidence for the geometric control of the two
different phenolic arms.[7]

The electrochemical behavior of the mononuclear
[Cu(L?*32)(X)] complexes shows an anodic, one-electron

redox wave that corresponds to the oxidation of the phenol-
ate moiety to a phenoxyl radical (Figure 8). The oxidation
potentials and the chemical stability of the Cu''-phenoxyl
radical complexes [Cu(L?°23)(X)] are strongly correlated to
the 6" Hammet Of the phenolate p-substituent (£}, ranges be-
tween 0.01 and 0.70 V vs. Fc*/Fc, Table 4):1°81 The more

A
R
R R'
0.5x =
ome
\ N oM B
N O [Ny (] Tove e
—= B /C{J\O/ \N \
AN ) =\ G,
[ Ve AN
— / N
R
[Cu(L**)], [Cu(L***")(py)] S = CH3CN: [Cu(L?Z8)(CH,CN)]
S = py: [Cu(L2*%)(py)]
-1le +1e || -1e +1e”
+1e” -1e”
R
OMe or tBu
S = CH3CN or pyridine
B OMe OMe OMe
0.5x tBu
Bu O\ /N/ N\ ! tBu
NE: SO _ by \
N u\o\o/ N —_— \" N U\O\py
N\ 4 tBu /
{Bu Bu
MeO MeO
OMe
[CulL*)tz [Cu(L**)(py)]
+1e’ﬂ-1e’ +1e‘ﬂ-1e‘
OMe OMe OMe
0.5x K@\ tBu
( ! Bu .O\ ,N/ AN tBu
N \Cu/ — N\ /O’
== Ol == _Cu~—_
\ - \O' 0] N N~ \ %7
s tBu N\
tBu 1Bu
MeO
e OMe MeO
[Cu(L™): [Cu(L™)(py)]

Figure 8. Solution and oxidative chemistry of the copper(Il) complexes of HL?026, HL3*-3! and H,L3.
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electron-donating substituent affords the more stable radi-
cal. In addition, a dependence of the radical stability on the
N-donor properties has been observed within the
[Cu(L***3)(CI)] and [Cu(L?%2)(CH5CN)] series.>%-%% Thus
the weaker N-donor ability of the 2-methylpyridine group
compared to pyridine strongly destabilizes the radical com-
plex. The electrochemically (or chemically) generated radi-
cal species are either EPR silent or exhibit an S = 1 signal
(Table 4), thereby showing that the phenoxyl group remains
coordinated to the copper(Il) ion.[8 ¢4

The dinuclear species [Cu(L3%3")], (Figure 8) exhibit an
anodic peak, E 2, in their CV curves at +0.45 and +0.66 V,
respectively, which is associated with a cathodic peak, E.°,
at much lower potential values (+0.03 and +0.12 V respec-
tively). These E,* values are much higher than those of the
mononuclear complexes [Cu(L3%3Y)(py)] (py = pyridine;
Figure 8, Table 4, E;» = +0.00 and +0.14 respectively) due
to the lower electron density on the bridging phenolate oxy-
gen atom. In addition, the E,° values for the dimers are
close to those obtained for the monomers [Cu(L3%3")(py)].
We therefore concluded that the dimers are converted into
the monomeric form [Cu(L2°3!")(X)] upon oxidation (Fig-
ure 8).163]

Few data concerning the oxidation behavior of the phe-
nolate complexes of N,O, ligands exist.’8:63:65-69.74 The
Cu'-phenoxyl complex of HL*' has been obtained by treat-
ing the ligand with one equivalent of Cu(ClO,),'6H,0. A
dimeric structure [Cu(L*")], with two Cu"-phenoxyl radical
molecules bridged by phenolato groups has been proposed
for this complex.[®! It is EPR-silent as the result of an anti-
ferromagnetic exchange coupling mediated by the phe-
nolato bridges. We have proposed a similar structure for the
radical complex [Cu(L3*)], (Figure 8).[°! The mononuclear
Cu'-phenoxyl complex [Cu(L3**)(py)] (Figure 8) was gener-
ated by both chemical oxidation and electrolysis®’ and was
found to be much less stable than [Cu(L?*)(py)], which pos-
sesses a similar phenoxyl moiety.*8! This suggests a lower
stability of the radical entity formed with HLN:: ligands
compared to HLN:© ligands in spite of their lower oxidation
potentials (the difference of oxidation potentials may be
at least partially due to the difference of overall charge of
the complex). The radical complex [Cu(L3¢)(CH;CN)]
has been synthesized by chemical oxidation of
[Cu(L3%)(CH;CN)] with silver acetate.[°”] It was found to be
EPR-active, which was interpreted as evidence for a weak
ferromagnetic or a dipole-dipole interaction between the
copper(Il) and the axial phenoxyl radical spins. The electro-
chemically generated [Cu(HL3%)(OAc)] species was found
to be relatively stable, in agreement with the reversible re-
dox process observed on the electrolysis timescale.[°”] Such
behavior suggests that no chemical reaction, for example
protonation-deprotonation, is associated with the electron
transfer, as expected for the oxidation of a protonated phe-
nol.’71 The radical has thus been proposed to be located on
the equatorial nitrophenolate group.[®”)

The Cu''-phenol complexes [Cu(HL™?)(X)] exhibit high
oxidation potentials (>0.8 V, Table 4) and irreversible cyclic
voltammograms,3-5%-63 which can be ascribed to two facts.
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In uncoordinated phenoxyl radicals, it has been shown that
(i) the phenoxonium/phenoxyl redox couple is lower than
that for phenoxyl/phenol and (ii) a proton transfer is associ-
ated with the electron transfer,””] which means that the
Cu'-phenoxyl radical system cannot be generated from
Cu'-phenol complexes. On the other hand, reversible redox
waves are observed within the —0.5 to 0.0 V range for these
complexes {for example at E,, = -0.39 V vs. Fc*/Fc¢ for
[Cu(HL?")(CD)]}.PT These waves are attributed to the Cu'Y/
Cu! redox couple. Their relatively high values suggest that
the ligand in these Cu''-phenol complexes can efficiently
accommodate the copper(I) redox state. In addition, this
value is close to that reported for the coordinated phenoxyl/
phenolate couple {reversible system at E;, = +0.02V vs.
Fc*/Fc for [Cu(L?")(CH5CN)]} in the presence of NEt;.[®]
For comparison, the Cu'/Cu' redox potential is -0.24 V in
GO vs. Fc*/Fc, while the tyrosyl/tyrosinate one has been
estimated to be —0.01 V vs. Fc*/Fc at neutral pH.['>13] The
thermodynamic gap between the Cu'/Cu' and phenoxyl/
phenolate redox couples of [Cu(HL?>')(CI)] and
[Cu(L?")(CH;3CN)], respectively, is thus close to that mea-
sured for GO (0.25 V).

Emerging Classes of Model Compounds for the GO Active
Site: Peptide Ligands

A general limitation for the use of chemical analogues of
metalloenzyme active sites is their low water-solubility and
their poor enantioselectivity when catalyzing reactions.
Moreover, structural and reactivity studies on metalloprote-
ins have revealed that the properties of their active sites de-
pend on more than the metal coordination sphere. Model-
ing the second-sphere interaction in order to improve the
biological relevance of complexes mimicking the metallop-
rotein active sites is therefore a new challenge. An emerging
approach that accounts for these factors is the use of oligo-
peptides as ligands. While the copper(Il) coordination
chemistry of oligopeptides has been extensively studied,
much less is known about the incorporation of biologically
relevant radicals in such peptides.

The peptidic approach to modeling the active site of GO
has been pioneered by Kojima et al.l’® Their approach con-
cerns the use of cyclic tripeptides such as Boc-Gly-e(His-
Tyr-OEt) (e is an ethylene bridge) that incorporate both a
tyrosine and a histidine ligand for the copper ion. A 2:1
ligand:metal complex is predominantly formed in solution
whose structure involves a square-pyramidal monomer
complex coordinated to two imidazole nitrogens atoms, two
phenolate oxygen atoms, and one external water or solvent
molecule. Its electrochemical behavior shows an irreversible
ligand-centered oxidation process at +0.91 V vs. Fc¢*/Fc at-
tributed to the phenoxyl/phenolate redox couple. This value
is much higher than that of GO, which shows that the radi-
cal is not stable.

Five years later, two reports by Berkessel’” and our-
selves® appeared in the literature, both of which concern
the synthesis of peptides designed to stabilize phenoxyl rad-
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icals generated on their side chains. Berkessel et al. used
a strategy based on combinatorial synthesis using peptide
chemistry.”! The general design of the solid-phase-bound
decapeptide library is shown in Figure 9. A Pro-Gly se-
quence is included in order to induce a hairpin that makes
the X;—X4 residues orient properly to chelate a copper(Il)
ion. These four positions (X;—X4) are occupied in a combi-
natorial manner by histidine, tyrosine, modified cysteine
(cross-linked with a di-tert-phenol moieties), or a modified
TEMPO (stable nitroxide radical). Incubation of the solid-
phase-bound library with copper results in a color change,
which indicates metal binding. The His-rich sequences gave
blue beads, Tyr-rich sequences pale yellow to green com-
plexes, while the presence of the modified TEMPO in the
peptide resulted in an orange coloration. The solid-phase-
bound peptide libraries were screened for their activity
towards benzyl alcohol and 3-methoxybenzyl alcohol oxi-
dation. A pronounced sequence-dependence of the catalytic
activity was observed: the most active ligands were those
incorporating the modified TEMPO group, which allow up
to six turnovers. No deactivation of the catalyst due to oxi-
dative demetalation was observed, and characterization of
the (radical) copper complexes is currently in progress.

@ HNCO—F—G—X;—X—G—P |
| ACNH—X—G—X;—G |

X = in a combinatorial way: i

| 1Bu fBu |
: Ly ]
| o §—NH =0

s .

;&N,J;(a, N !

) H s} '
: > modified TEMPO ;
i modified Cys !

P—H—A—H—G

X = Tyr (HaL*?) or lysine-phenol:

R = Bu (HL®)
b R = OMe (HL™)
0 .
NH
ey
HN ;
o]

Figure 9. Formulae of peptide ligands. The top structure is adapted
from ref.[”! and the bottom one from ref.[8]
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In another approach, we have used cyclic decapeptides
incorporating two proline-glycine sequences to induce [-
turn hairpins.!®°! The resulting peptide conformation is con-
strained into an anti-parallel B sheet and functionalization
is achieved above the plane of this motif by two histidines
and two amino acids X; and X, [X; and X, being either
tyrosines (H4L*?) or a lysine-phenol conjugate (H,L*344)].
Potentiometric titrations have shown that deprotonation of
the phenol moieties requires a pH higher than 12 (the corre-
sponding pK, values range between 8.96 and 11.34, de-
pending on the amino acid X). At pH 12.2 only the deca-
peptides incorporating a lysine-phenol conjugate exhibit re-
versible signals [E;, = -0.03V for R = ¢Bu (L*}) and
-0.20 V vs. Fc*/Fc for R = OMe (L*)], thereby showing
that the stability of the oxidized species is noteworthy. This
stability is confirmed by electrochemical oxidation of the
peptides, which affords EPR-active species whose spectra
are typical of phenoxyl radicals. These compounds are
among the first radical-peptides to be generated and persist
in solution long enough to be characterized. Evaluation of
their coordination chemistry is currently in progress.

Emerging Classes of Model Compounds for the GO Active
Site: Calix|6]arene Ligands

Another platform, namely calix[6]arenes, has been pion-
eered by Reinaud et al.B" In these systems, a four- or five-
coordinate metal ion is constrained in a mononuclear envi-
ronment that preserves a binding site buried inside a hydro-
phobic pocket accessible to small molecules. In order to get
model compounds for the GO active site, the calix[6]arene
core has been functionalized with one phenol and three N-
methylimidazole groups. In the copper(I) complex, the
metal ion is pentacoordinate and has a square-pyramidal
geometry. The phenolate oxygen and one solvent molecule
(acetonitrile) bind in equatorial positions, while the three
N-methylimidazole nitrogens complete the pyramid. The
solvent is buried in the conic cavity of the calixarene in a
trans position relative to the phenolate group, which caps
the copper(II) complex. The Cu''-phenoxyl radical complex
was found to be able to mediate the stoichiometric two-
electron oxidation of benzyl alcohol. This reaction is pro-
moted by coordination to the copper and proceeds in an
inner-cavity process.

Modeling the Properties of the GO Active Site

Influence of the Cys-Tyr Crosslink

In order to better understand the influence of the Cys-
Tyr crosslink on the properties of the redox-active Tyr272
residue of the enzyme, Itoh et al. have synthesized a series
of 2-methylsulfanylphenols.”¥ These compounds exhibit
oxidation potentials that are much lower than those of the
nonsubstituted parent phenols, with, for example, a drop of
0.35V on going from the 4-methylphenol to the 4-methyl-
2-methylsulfanylphenol. Such behavior is interpreted in
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terms of the electron-sharing conjugative effect of the meth-
ylsulfanyl substituent.

The corresponding phenoxyl radicals have been gener-
ated by pulse radiolysis. The 4-methylphenoxyl radical spe-
cies exhibits two intense absorptions in its UV/Vis spectrum
at around 400 nm corresponding to n—n* transitions. The
UV/Vis spectrum of the 4-methyl-2-methylsulfanylphenoxyl
radical also shows such absorptions at around 400 nm, but
exhibits an additional strong absorption band at 850 nm.
The origin of this latter absorption has been attributed to
an intramolecular charge transfer from the benzene ring to
the methylsulfanyl group. It is important to note that this
lower-energy feature is quite similar to that of the enzyme
in its radical form. It has been proposed that the larger ¢
value obtained for GO arises from an interligand charge
transfer from the Tyr272 radical to Tyr495.82 EPR spec-
troscopy has revealed that a methylsulfanyl substituent in-
duces larger g-tensor values for the phenoxyl radical due to
the large spin-orbit coupling on the sulfur atom (g = 2.0060
for the 4-methyl-2-methylsulfanylphenoxyl radical; g =
2.0036 for the 2,4,6-trimethylphenoxyl radical).’ A large
amount of spin density thus delocalizes over the sulfur
atom of the methylsulfanyl substituent.

Some copper(Il) complexes bearing coordinated 2-(alkyl-
sulfanyl)phenoxyl radical derivatives have been synthesized
(Figure 10).134:61:62.83.841 The complex [Cu(L*)(ppb)], for ex-
ample, which is obtained by treating one equivalent of 2-
hydroxy-5-methyl-3-(methylsulfanyl)benzaldehyde with one
equivalent of tris(3-phenylpyrazolyl)borate (ppb) and cop-
per(IT), can be oxidized into a radical species. The 2-alkyl-
sulfanylphenol moiety has also been incorporated into
Schiff bases (H,L?)** and tripodal ligands (HL?7-2¢, H,L4°)
[61-68] and the corresponding mononuclear Cu'l-phenoxyl
complexes characterized. The UV/Vis spectra of all the
non-Schiff base species typically exhibit both the strong ab-
sorption bands at around 400 nm and the NIR feature
above 800 nm that were observed in the 2-(methylsulfanyl)-
phenols. In the Schiff-base series, the anticipated phenoxyl
radical absorption feature at 400 nm is obscured by intense
ligand absorption bands. All the Cu'-phenoxyl species were
found to be X-band EPR-silent as a result of a magnetic
coupling between the copper(IT) and the radical spins.

It has previously been proposed by Stack et al. that salen
complexes fail to reproduce the high turnovers of GO be-
cause of their inability to form stable copper(I) com-
plexes.’4351 A pentadentate NO,S, ligand (H,L*) that in-
corporates ortho-(alkylsulfanyl)phenol moieties has there-
fore been prepared.®>! A major difference between this li-
gand and most of the previous ones is that the sulfanyl
groups here are designed to coordinate the copper atom,
which is expected to both lower the phenol oxidation poten-
tial and increase the redox potential of the Cu"/Cu' couple.
Unfortunately, the X-ray crystal structure of its copper(Il)
complex [Cu(L*¢)] shows that the occupied electron-donat-
ing sulfur p orbitals are aligned to bond to the copper cen-
ter rather than m-conjugated with the phenolates, and that
the copper(II)-sulfur bonds are long (>2.4 A). Its high oxi-
dation potentials (+0.47 and +0.62 V vs. Fc*/Fc) confirm
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[Cu(L*)]

Figure 10. Copper(Il) complexes of ligands possessing a 2-(alkyl-
sulfanyl)phenoxyl moiety: [Cu(L**)(ppb)] (ref.[¥) and [Cu(L?*°)]
(ref.183]),

that the sulfur groups behave as electron-withdrawing
groups. The reduction wave, which is attributed to the Cu'/
Cu' couple, is observed at —1.23 V, close to the value re-
ported for binaphthyl-salen complexes such as [Cu(L?)]; all
attempts to isolate the copper(I) complex were unsuccess-
ful.

Modelling the Tyr-Trp n—=n Interaction

The X-ray crystal structure of the GO active site has re-
vealed that the redox-active tyrosine is m-stacked with the
indole ring of a neighboring tryptophan Trp290 residue.
This interaction has been modeled in several ways by
Halcrow et al.[8%% In one approach, they synthesized 3,4-
benzo-8,9-(3’-hydroxy-4'-methylsulfanylbenzo)bicyclo-
[4.4.1]undeca-3,8-dien-11-one (HL*") and its ethylene acetal
HL*® (Figure 11).8¢37] The ketone adopts a boat/chair con-
formation while the acetal exhibits a chair/chair conforma-
tion with layered benzo rings. The oxidation potential,
which is 0.15 V lower for HL*® than for HL*’, may suggest
that the m—m interaction contributes to the thermodynamic
stability of the oxidized species, although an alternative ex-
planation is that the identity of the bridgehead group
(ketone vs. acetal) has an effect on the p-orbital energy. As
this suggestion has not yet been quantified, the authors still
entertain both possibilities. The cyclic voltammograms also
revealed an improved reversibility for HL*’, which could be
attributed to both an intramolecular O-H-+S hydrogen
bond that would hinder deprotonation of the oxidation
product and steric protection afforded by the intramolecu-
lar m—m interaction.

In another approach, they have synthesized the ligand
L*, which contains an oxidizable dimethoxyphenyl substit-
uent.[®8°% In its copper(Il) complexes [Cu(L*’)(TpPh)] and
[Cu(L¥)TpCy)] {Tp = tris(3-arylpyrazolyl)hydroborate;
TpPh: R = phenyl, TpCy: R = cyclohexyl} the metal ion
2393
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[Cu(L®*)TpCy)]

Figure 11. Model compounds for the Tyr-Trp m—m interaction:
HL#” and HL* (ref3¢:87)) [Cu(L*)(TpCy)] and [Cu(L*’)(TpPh)]
(ref.[38-90]),

resides within the same square-pyramidal geometry. Never-
theless, a major difference exists between each complex: The
dimethoxyphenyl group in [Cu(L*)(TpPh)] takes part in a
n—7 interaction with a phenyl ring from the TpPh coligand
while no such interaction exists within [Cu(L*)(TpCy)].
The authors have shown that the m—r interaction exhibited
by [Cu(L*)(TpPh)] is retained following its one-electron
oxidation, although deconvolution of the voltammograms
led to the conclusion that this interaction has no measur-
able effect on the kinetic stability of the resultant aryl radi-
cal.

Recently, we have suggested a structural role for this in-
teraction:** The metal in [Cu(HL3?)(CH;CN)] has a
square-pyramidal geometry whose apical position is occu-

[Cu(L™>*)(Ch]

Y

N
Nil\/N{
Cu\
g o
L ]

Bu
tBu

[Cu(L'*)(Ph,acac)]

pied by the phenol moiety. In the deprotonated complex
[Cu(L*?)(CH5CN)], this phenolate group has shifted to an
equatorial position, which means that an isomerization is
induced by deprotonation. m-n stacking interactions be-
tween the phenolate and quinoline rings that have been de-
tected in the solid state are proposed to contribute, at least
partially, to the isomerization and thus the phenolate posi-
tioning.

In summary, the Tyr-Trp m—r interaction in GO is sup-
posed to have little or no effect on the chemical reactivity
of the tyrosyl radical, except to shield it from external sol-
vent. All these biomimetic studies thus suggest that the role
of this interaction in GO is structural rather than electronic
— it has been proposed recently that it may be involved
in maintaining the cofactor orientation that results in the
diamagnetic ground state of GO.[']

Understanding the Diamagnetic Ground State of the
Oxidized Form of GO

GO is EPR-silent in its copper(II)-tyrosyl radical form
as the result of an antiferromagnetic coupling between the
radical and the Cu'" spins.l'®! The relative orientations of
the magnetic orbitals of the Cu' ion (d,» ») and of the
phenoxyl radical (half-occupied n orbital) are expected to
determine the multiplicity of the electronic ground state
(Figure 12). Quantification of this orientation can be
roughly achieved by measuring the Cu'"™~-O-C bond angle
(a) and the dihedral angle (f) between the x,y plane at the
Cu'" ion and the phenyl ring of the radical ligand in the X-
ray crystal structures of Cu'-phenolate complexes (Fig-
ure 12). Wieghardt et al. have been able to tune these angles,
and thus the multiplicity of the electronic ground state, in
a series of copper(Il) complexes of TACN ligands.’?! In-
creasing the coordination number from five to six does not
change a significantly {125.2° in [Cu(L'?)(Cl)] vs. 129.2° in

B I Siot

0-90 1

RS T T

)/#8090@ ~130 90 0

~130 0 1

Figure 12. Models for the multiplicity of the ground state of GO (adapted from ref.>?).
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[Cu(L'*)(Phjacac)]}, whereas S decreases by nearly 10°
{27.4° in [Cu(L™)(CD] vs. 17.6° in [Cu(L'#)(Phsacac)]}.
These structural changes induce the inversion of the sign of
the magnetic coupling, from antiferromagnetic in
[Cu(L>)(CI)] to ferromagnetic in [Cu(L'*)(Phyacac)] (J =
16 +3 cm™! for the latter complex). In GO, the bond angles
a and ff are about 129° and 75°, respectively, consistent with
an antiferromagnetic coupling, as in [Cu(L'*")(Cl)].l'2-13-521

Structural Approaches to the GO Active Site [Axial
Copper(II)-Tyrosinate Bond and Coordinated Phenoxyl
Radical]

One of the first biomimetic approaches to the GO active
site involved modeling the axial copper(II)-tyrosinate bond.
Three groups have reported X-ray crystal structures of cop-
per(II) complexes involving unusually axially coordinated
phenolates as model compounds for GO.[8:71.72.91-93] The
ligands used in these studies possess a tripodal structure
with a pendent phenol arm that is substituted at its para
position by an electron-withdrawing nitro group. In the
copper(Il) complex [Cu(L>°)(CD)] (Figure 13), the geometry
around the metal center is square pyramidal, with two pyr-
idine nitrogens, one tertiary amine nitrogen, and an exoge-
nous ligand (chloride ion) in the basal plane. The phenolate
oxygen binds weakly in the apical position, thus making
this complex the first that reproduces the axial Cu-phenol-
ate bond of GO.’4 It was initially proposed that the apical
coordination of the phenolate is due to the introduction of
the nitro substituent para to the phenolate group, as in its
absence phenolates occupy the equatorial position.”!! The
polarity rule, which states that the more electronegative li-
gand will preferentially occupy the axial position of a te-
tragonal-based pyramid, was proposed to account for these
results in combination with crystal-packing forces. Lately,
Fenton et al. have published the X-ray crystal structure of
the copper(Il) complex of HL>!' (Figure 13),[71%?1 in which
the nitrophenolate occupies the equatorial position. These
contradictory results can be rationalized by considering the
size of the chelate rings, since a five/five/six-membered che-
late ring sequence is observed in Palaniandavar’s complexes
whereas a six/six/six-membered chelate ring sequence is ob-
served in Fenton’s complex. We have structurally charac-
terized the Cu-phenolate complexes of HL?* and
HL32.0864 Both ligands possess similar 2-zert-butyl-4-ni-
trophenol and pyridine moieties but differ in their third che-
lating arm (a pyridyl group for HL?? and a fluoroquinolyl
group for HL3?). The nitrophenolate moiety in
[Cu(L>)(CI)] is found to coordinate in an axial position
while in [Cu(L3?)(CH;CN)] it occupies the equatorial posi-
tion. Formation of an axial phenolate oxygen—copper bond
thus appears not only related to the electronic properties of
the phenolate para substituent but also to steric factors aris-
ing from the ligand and to the nature of the chelate rings
formed.

To duplicate and better understand the anion interac-
tions in the inactive enzyme and the spectral changes ac-
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Figure 13. Models for the axial copper-phenolate bond:
[Cu(LO)Cl)]  (refPV), [Cu(L5')SCN)] (ref2), [Cu(HL)-

(CH;CN)] and [Cu(L*?)(CH3CN)] (ref.%).

companying it, )Palaniandavar et al. have determined the
crystal structures of a series of [Cu(L>°)(X)] complexes (X
= ClO,4~, SCN-, CH;3CO,").I”?l Replacement of a weakly co-
ordinating ligand X by a strongly coordinating one in the
equatorial position has been shown to decrease the elec-
tronic interaction between the metal center and the axially
coordinated phenolate, and consequently contributes to a
lengthening of the axial Cu—O bond [2.186(2), 2.200(3), and
2.268(1) A for X = SCN-, XCH;CO, and CI', respectively].

With the aim of visualizing the effect of protonation of
the axial phenolate on the metal-ligand bonds, we have syn-
thesized the Cu''-phenol and Cu''-phenolate complexes of
HL?3 581 The phenolate complex [Cu(L>})(CI)] exhibits a
geometry that is roughly similar to that of [Cu(L>°)(CI)] de-
scribed by Palaniandavar et al.® We also reported the
X-ray crystal structures of the phenol complex
[Cu(HL?*)(CH;CN)], but as the exogenous ligand is dif-
ferent in the phenolate and phenol structures (an acetoni-
trile molecule in the former and a chloride ion in the latter)
it was difficult to estimate the influence of the protonation
of the axial phenolate on the equatorial bonds. We therefore
synthesized the copper(Il) complex of HL>2, which bears
an electron-withdrawing N-methylbenzimidazolium instead
of a nitro substituent.”®! The phenolate and phenol com-
plexes could be crystallized with the same exogenous ligand
(acetonitrile molecule). From the X-ray structure analysis,
it appears clear that deprotonation of the axial phenol
forces the metal to move out of the basal plane towards the
oxygen atom (as a consequence of a stronger axial bond),
2395
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and that both Cu—Nyiqine bond lengths increase, thereby
reflecting the weakening of the equatorial bonds
(Figure 14). Interestingly, the phenolate compound
[Cu(L*?)(CH5CN)] exhibits the shortest axial CU*OPhenolate
distance in the whole series of complexes [2.133(4) A].

\
/

___,%,,
T

Figure 14. Effect of the protonation of the phenolate moiety on the
bond lengths around the copper atom (reproduced from ref.[3]).

Several X-ray crystal structures of transition metal com-
plexes of ligands possessing iminosemiquinonate moieties
have been reported.[*>3] The first X-ray crystal structure
of coordinated phenoxyl radical was reported in 1996 by
Wieghardt et al.’! for a phenoxylchromium complex. The
crystal structure of a copper(Il)-coordinated phenoxyl radi-
cal was obtained in 2001.°7-%81 The complex [Cu(L>3),] has
been structurally characterized (Figure 15) and chemically
oxidized to [Cu(L3*)(L>*)]. The two ligands in
[Cu(L>3)(L>3)] are structurally inequivalent (Figure 15): one
(L>3) exhibits C—C, C-O, and C-N bond lengths that are
similar to those of [Cu(L33),], whereas in the second (L>%)

A Bu Bu
N N
N4 N4
Ph /CL{“ Ph Ph /Cu\” Ph
)N o jN o
Ph‘(r‘ Bu Ph N ! Bu
H H
Bu tBu
[Cu(lL®HLS)]
B Bu C Bu

1.407(6) 1.372(6) 1.383(6)

1.379(6) 1.399(5) 1.401(6)

Bu”1 460(6)) 1.449(6) Im

14264(5)//(0.

oy 194803)

Figure 15. Formula of [Cu(L**)(L**)] and its resonance structures
(A) and bond lengths of the phenolate moiety (B) and phenoxyl
radical moiety (C) coordinated to the copper(Il) ion of
[Cu(L>3)(L>*)] (adapted from ref.7]).
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the phenol C-O distance is significantly shorter and the two
adjacent C-C bonds and the Cu-O bond are longer than
those in [Cu(L*),]. The C-O distance of 1.264(5) A re-
ported for L3 emphasizes the C=0O character of this bond
it is 1.322(5) A in L53]. The other metal-ligand bonds in
[Cu(L>*)(L>3)] are significantly shorter than in [Cu(L%3),].
All these C-O and C-C bond lengths are in agreement with
the electronic structure depicted in Figure 15, where the un-
paired electron of the phenoxyl group is delocalized over
both ortho positions.

Reactivity of Copper(I) Complexes Towards O,

The catalytic reaction for GO occurs via a ping-pong
mechanism.” "l The first half-reaction involves binding
and oxidation of the alcohol substrate by the Cu'l-tyrosyl
radical form to yield aldehyde and the reduced copper(I)
state. In the second half-reaction dioxygen is bound and
reduced, releasing H,O, and the Cu''-tyrosyl radical form
of the enzyme. The first step has been studied extensively,
while very little is known about the dioxygen reactivation
step. It has been speculated that O, binds to the three-coor-
dinate copper(I) site to form a Cu''-superoxide species,
which evolves into a Cu'l-hydroperoxide-tyrosyl radical in-
termediate. A proton transfer from the axial tyrosine leads
to the release of H,O, and regeneration of the initial Cu'l-
tyrosyl radical form of the enzyme. With the goal of ob-
taining insights into the dioxygen reactivation step, Tolman
et al. have characterized Cul-phenolate complexes and
studied their reactivity towards O, by low-temperature
stopped-flow experiments.>> They have shown that the
copper(I) phenolate complex [Cu'(L'%)] has a four-coordi-

Ly
)[\N/\\N{ ( \CGN/Q

\
cu' \
S RS

tBu

{Bu
[cu'L®)

{Bu

tBu

[Cu'(L')(02)] [Cu'(L"%)15(02)
Figure 16. Reactivity of TACN complexes with O, (ref.[>)).
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nate geometry (Figure 16) while [Cu'(L'®)] adopts a planar
three-coordinate geometry. The average metal-ligand bond
lengths are 2.13 A in [Cu'(L'%)] and 2.05 A in [Cu(L'®)].
The former fits much better with the value of 1.99 A deter-
mined from EXAFS measurements in the enzyme, thereby
suggesting that a coordination number of about three is
more appropriate for the enzyme. [Cu'(L'%)] was found to
be too reactive with O, even at cryogenic temperatures, thus
precluding a detailed investigation. Mixing [Cu'(L'?)] with
excess O, produced dark-green solutions, while sub-stoi-
chiometric amounts of O, afforded a green solution that
reacted rapidly to form an intensely purple species.

This was interpreted in terms of the following reaction
sequence (see also Figure 16).

[Cul(L'9)] + O, = [Cu'(L15)(O,)] “green species”
[Cu(L")(O,)] + [Cu(L"3)] — [Cu"(L')](0,) “purple species”
2 X [Cu™(LP)(0,)] = [Cu'(L1?)]y(O,) + O, “purple species”
[Cu(L'3)]5(0,) — decomposition

The dark-green species [Cu(L'%)(O,)] exhibits A,y val-
ues at 416 (¢ = 4600) and 654 nm (1800 M ' cm™!), which are
slightly different than those of the corresponding and
fully characterized Cu'-phenoxyl radical species
[Cu(LY)(CH3CN)] [Amax = 410 (¢ = 4000) and 672 nm
(1000 m'em™"); Table 3].0* The Raman spectrum of
[Cu(L'3)(0O,)] is characterized by a peak at 1120 cm™!, for
the '°0, sample, which shifts to 1058 cm™! when %0, is
used. Based on comparison with literature data, this could
be attributed to the v(O-O) mode of a superoxidocop-
per(Il) complex (Figure 16). With mixed isotopically lab-
eled gas an additional sharp peak was observed at
1093 cm™!, without splitting, which suggests a symmetric
(n?) binding of the superoxide ligand (Figure 16). The
v(Cu-0,) mode was observed at 422 and 450 cm™!, while
additional features not sensitive to 30, substitution, corre-
sponding to a phenolate mode, are observed at approxi-
mately 1300 cm™! and in the region 1500-1700 cm™!. This
species is EPR-silent as the result of a magnetic coupling
between the copper(IT) and the superoxide ligand.

The purple species [Cul(L!%)],(0,), which exhibits mul-
tiple broad bands that are sensitive to '80-isotope substitu-
tion in the regions 500-550 and 700-850 cm !, could be de-
scribed as a peroxidodicopper complex (Figure 16). The un-
usual broadening of these signals is attributed to the exis-
tence of multiple conformational isomers that differ with
respect to the metal ion geometry and/or the relative ligand
donor disposition (Figure 15).

The peroxido species [Cu'(L!%)],(O,) prevails at all tem-
peratures while the superoxido one [Cu'(L'3)(O,)] cannot
be observed unless [Cu'(L!3)] is present in excess. In con-
trast, in most previously described systems the peroxido
compound is the stable species in the presence of excess O,
while the superoxido complex is no more than an interme-
diate. Such a difference may result from the presence of a
phenolate (and its electronic effect) or steric bulk provided
by the iPr and 7Bu substituents in HL'S. The light-green
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decomposition products are probably multinuclear cop-
per(Il)-containing species, although their exact nature is un-
known.

We have studied the reactivity of copper(I) complexes of
tripodal ligands that are precursors of stable phenoxyl radi-
cals with O,.191 The copper(I) complexes were generated in
situ and oxygenation was performed at 233 K. We have
shown in the case of the copper(I) complex of the N;O
ligands HL?® and HL?° that O, does not oxidize the phenol
into a phenoxyl radical. Instead, a Cu'l-phenolate complex
is obtained. In contrast, reaction of O, with the copper(I)
complex of the N,O, ligand H,L3® affords products whose
spectral properties are quite different to those of isolated
Cu'-phenolate and Cu-phenoxyl species. A highly reactive
transient species is then formed and decomposes in solu-
tion, although its nature remains unclear.

Radical Cofactor Formation: Reactivity of Tripodal
Ligands Towards Cu**

It has recently been shown that formation of the radical
cofactor of GO can be achieved by treating copper and O,
with the pre-form of GO.?%3% With the aim of better un-
derstanding the way in which copper(II) might be involved
in GO activation, we have studied the reactivity of several
tripodal ligands at various copper(I) [added as its
Cu(ClOy),*6H,0 salt], base, and dioxygen concentrations in
CH;CN.[®l Addition of 0—1 molar equivalents of Cu** to
the phenolate complex [Cu(L?*°)(CH5CN)] (ligand pos-
sessing a N3O donor set) or 1-2 molar equivalents of Cu?*
to the ligand HL? in the presence of NEt; results in dra-
matic color changes. No more changes were observed be-
yond two molar equivalents of added copper(Il). UV/Vis,
EPR, and electrochemical characterizations indicated that
the reaction product was the Cu''-phenoxyl radical complex
[Cu(L?*)(CH5CN)], which is quantitatively formed by
chemical oxidation of [Cu(L?°)(CH;CN)] by excess solvated
Cu?* according to:

[Cu(L?°)(CH;CN)] + Cu2* — [Cu(L**)(CH;CN)] + Cu*

A reverse titration, in other words addition of HL?® to
Cu?* in the presence of NEt;, showed that half an equiva-
lent of [Cu(L?*)(CH;CN)] is formed at a HL?%/Cu’*
ratio of 0.5, the remaining copper being in the Cu* redox
state. At one molar equivalent of added ligand,
[Cu(L?°)(CH;CN)] is formed quantitatively in a compro-
portionation reaction.

[Cu(L*)(CH;CN)] + Cu* + HL?

l NEt,

2 [Cu(L*CH;CN)]

Addition of one molar equivalent of Cu?* to the phenol
complex [Cu(HL?°)(CH;CN)] (N5O ligand) or two molar
equivalents of Cu”* to HL?® without base results in the for-
mation of less than 8% of [Cu(L?*)(CH;CN)]. This low
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yield for the Cu?*-promoted oxidation reaction is consistent
with an oxidation potential that is much higher for a phenol
than for a phenolate group. Similar results were obtained
when HL?*® was replaced by HL* (and also
[Cu(L?%)(CH5CN)] by [Cu(L*%)],), thus showing that the
nuclearity of the Cul-phenolate complex does not signifi-
cantly influence the Cu?**-promoted oxidation reaction.

A completely different behavior was observed upon treat-
ing HL?7 and HL?® (ligand possessing a N,O, donor set)
with Cu?*: as soon as copper is added a Cu'-phenoxyl radi-
cal complex is formed in a disproportionation reac-
tion.[03-60] The radical species [Cu(L3®*)], is formed quanti-
tatively in the presence of NEt; at two molar equivalent of
added Cu?*.1%% This species can also be formed in the ab-
sence of base, although it decomposes much faster. Ad-
dition of Cu?* to [Cu(L3®)], results in the formation of a
Cu'" bis(phenoxyl) species whose structure is proposed to
be the monomeric complex [Cu(L*#")(CH;CN)].

These results show that a change in the donor set of the
ligand can direct the reaction from comproportionation
towards disproportionation.

Ligands with N>O, donor set:
2 Cu"-0 —== Cu"-O" + copper(l)

Ligands with N3O donor set:
2 Cu™0 == Cu™-O" + copper(l)

A phenoxyl radical can thus be spontaneously formed by
adding small amounts of Cu’* to ligands possessing the
same donor set as this enzyme.

Metamorphosing a GO’s Reactivity by Using a Ligand
Possessing a Five-Atom Donor Set

A ligand built on a triiminocyclohexane scaffold (H,L34;
Figure 17) has been described by Walton et al.’”! The X-ray
crystal structure of its copper(Il) complex [Cu(L>*)] shows a
pentacoordinate metal ion that resides in a square-pyrami-
dal geometry as in GO. Unlike GO, however, which has a
four-atom donor set with the fifth position vacant for sub-
strate binding, no position seems to be available for sub-
strate binding (and subsequent catalytic activity) in
[Cu(L>%)] as the ligand already provides the five-atom donor
set. Nevertheless, [Cu(L>*%)] has been found to be active for
the oxidation of benzyl alcohol (the substrate being added
in its deprotonated alkoxide form) with molecular dioxygen
as co-oxidant.”! This result can be explained by consider-
ing the formation of an octahedral six-coordinate cop-
per(Il) complex in which the alcoholate is bound to the
metal (see Figure 17).

Reactivity Studies

Several Cu''-radical complexes have been found to be
active towards oxidation of various substrates; we present
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here the reactivity of selected complexes belonging to each
class. Theoretical approaches to catalytic mechanisms will
be presented in the next chapter.

In 1996 Tolman et al. described [Cu(L'°)(CH;CN)] as
one of the first model complexes for the GO active site.>!
Bulk electrolysis of [Cu(L'’)(CH5CN)] at a potential
slightly higher than E;, corresponding to the phenoxyl/
phenolate redox couple affords a relatively stable Cu''-
phenoxyl radical complex. The electrochemical behavior of
[Cu(L"'3)(benzyl alkoxide)] is characterized by a total loss of
reversibility of the redox wave corresponding to the phen-
oxyl/phenolate couple (E,* = —0.01 V vs. Fc*/Fc), as ex-
pected for an electrocatalytic process. In addition, bulk elec-
trolysis of [Cu(L')(benzyl alcoholate)] affords benzalde-
hyde in 46% yield, thus showing that the catalyst is only
active as its Cu'"-phenoxyl radical form and that it exhibits
a reactivity similar to that of GO towards the oxidation of
alcohols.

The mononuclear Cu'l-diphenolate complex [Cu(L'")]
described by Wieghardt et al. catalyzes the aerobic oxi-
dation of benzyl alcohol into benzaldehyde with a turnover
number of 95 (24 h in the presence of catalytic amounts of
base).’!l The proposed mechanism is similar to that re-
ported for GO, in other words the active species is a Cu'-
phenoxyl radical species. In the presence of copper(I) and
H,L'!, primary amines with a least one a-H atom undergo
an oxidative deamination reaction to yield Schiff base con-
densation products (17 turnovers in 24 h with benzylamine
as substrate). The copper(Il) complexes of H,L!'! are thus
interesting examples of functional models for both GO and
copper amine oxidase.

The copper(Il) complex [Cu(L'?)] {and its zinc analog
[Zn(L'?>)]} selectively oxidizes primary alcohols (methanol,
ethanol, benzyl alcohol) stoichiometrically under anaerobic
conditions in the presence of two equivalents of NEt; to
yield the corresponding aldehyde, two equivalents of
HNEt;*, and a protonated form of the two-electron-re-
duced catalyst (Figure 17, A).[*¢l No reaction was observed
when using secondary alcohols such as 2-propanol or di-
phenylcarbinol, or when replacing [Cu(L'?)] with [Cu(L'?)].
The mechanism involves reversible binding of an alkoxide
ligand to [Cu(L'*)] to afford a five-coordinate, square-
based-pyramidal complex where the axially bound phenol-
ate is cis to the phenoxyl moiety (Figure 17, A). Irreversible
oxidation of the substrate into a coordinated ketyl radical
anion is the rate-determining step, with a remarkable KIE
(kulkp) of 54 for the reaction of methanol with [Cu(L'?)].
The resulting intermediate is proposed to undergo a rapid
intramolecular one-electron transfer, with the formation of
aldehyde that dissociates. The ultimate electron acceptor is
the o-diiminoquinone moiety of the doubly protonated li-
gand. The two-electron-reduced catalyst then reacts with
molecular dioxygen to yield H,O, in the presence of pro-
tons, thus regenerating [Cu(L'?*)]. A copper(Il)-coordinated
superoxide intermediate is proposed (Figure 17, A). Up to
5000 turnovers in 50 h are achieved for aerobic oxidation
of methanol (turnover frequency of 0.03 s™'). In contrast,
the zinc analog is less efficient, with 170 turnovers achieved
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in 24 h (turnover frequency of 0.002 s™!), which is attributed
to a slower rate constant for hydrogen abstraction.

Itoh et al. have shown that [Cu(L?7")(NOs)] oxidizes ben-
zyl alcohol stoichiometrically to benzaldehyde following
pseudo-first-order kinetics.['%! The Cu'-phenol complex of
HL?” was recovered almost quantitatively at the end of re-
action. In addition, a KIE of 8 was reported when ap-ben-
zyl alcohol was used, which shows that hydrogen abstrac-
tion is the rate-determining step in the reaction.
[Cu(L?")(NO3)] could thus be considered as a functional
model of GO that stores two oxidative equivalents, one at
the radical and the other at the copper(Il) ion. It also stoi-
chiometrically oxidizes phenols into phenoxyl radicals and
1,4-cyclohexadiene into benzene without a redox reaction
at the metal center.'°!! Phenol substrates are oxidized much
faster than 1,4-cyclohexadiene in spite of the larger bond
dissociation energy of the former. In addition, the steric ef-
fects of the phenol substituents are significant, with the re-
activity order being 2.4,6-tri-zert-butylphenol < 2,6-di-terz-
butylphenol < 2,4-di-tert-butylphenol. This strongly sug-
gests that hydrogen atom abstraction from the phenol sub-
strates is significantly enhanced by the coordinative interac-
tion of the OH group to the metal ion center of the com-
plex.

Yamauchi et al.[®! and ourselves®®°7! have reported that
Cu'l-radical complexes of tripodal ligands possessing an
N,O, donor oxidize unactivated alcohols catalytically in the
presence of small amounts of base. Using [Cu(HL3*")(OAc)]
as catalyst, 80 turnovers were achieved in one day for the
oxidation of ethanol and 300 for the oxidation of benzyl
alcohol, although the secondary alcohol cyclohexanol was
not oxidized.[°”! This catalyst thus reproduces the chemose-
lectivity of GO. A KIE was observed for the oxidation of
benzyl alcohol, thereby suggesting that the rate-determining
step is hydrogen abstraction. Hydrogen peroxide could not
be detected, presumably due to its fast decomposition in
the basic medium used, although its presence could be de-
tected upon treating H,L3® with CuClL.

Stack et al. have studied the reactivity of [Cu(L®)] and
[Cu(L7)] with benzyl alcohol and 9,10-dihydroanthracene as
substrates.*?] Regardless of the substrate or complex, the
same overall stoichiometry of the reaction was observed:
two equivalents of complex oxidize one equivalent of sub-
strate, in other words the complex is effectively only a one-
electron oxidant. More surprisingly, the reaction of benzyl
alcohol with [Cu(L®)] proceeds 10 times faster than with
[Cu(L7)] despite the fact that the former is a significantly
weaker oxidant (AE = 0.37 V). These differences in rate
constants have been interpreted as being due to mechanistic
differences between the two reactions: The rate-determining
step is a simple bimolecular reaction between [Cu(L7)] and
benzyl alcohol, while an associative mechanism involving a
substrate-binding equilibrium prevails for the reaction of
[Cu(L®)] with PhCH,OH. The opposite behavior was ob-
served with 9,10-dihydroanthracene as substrate — the sim-
ple bimolecular reaction is observed between [Cu(L®)] and
9,10-dihydroanthracene and the substrate-binding equilib-
rium preceding a unimolecular reaction in the reaction of
2400
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[Cu(L7)] with 9,10-dihydroanthracene. Reactions that in-
clude a substrate-binding equilibrium are faster than those
occurring in simple bimolecular reactions due to the lower-
ing of the entropic cost of the rate-determining steps in-
duced by the substrate-binding equilibrium. The fact that
saturation behavior could be observed for the reaction of
[Cu(L7)] with 9,10-dihydroanthracene indicates that the
substrate-binding interaction is not associated with the
presence of a polar hydroxyl group but may arise from
either n—m stacking interactions or cation—m interactions (a
high concentration of substrate may also change the solvent
properties and thereby affect the reaction rates). 9,10-Dihy-
droanthracene reacts 25-300 times faster than benzyl
alcohol, as expected for the lower bond dissociation energy
of the former substrate. Large kinetic isotope effects were
observed for all the substrates (ky/kp > 5) with a remark-
able value of 19 for the reaction of [Cu(L7)] with benzyl
alcohol. These results show that the rate-determining step
in the reaction is the homolytic cleavage of the C-H bond
and that deprotonation of the alcoholic substrate probably
does not occur prior to hydrogen atom abstraction. Results
concerning the rate of reaction with 9,10-dihydroanthracene
also indicate that the hydrogen atom abstraction abilities of
the two Cu'-phenoxyl species are comparable. The prod-
ucts of this hydrogen abstraction step are a highly reactive
radical and the protonated form of the copper(Il) com-
plexes ([Cu(HL®)] or [Cu(HL")]). The activation energies,
and thus the rates for atom transfer reactions, were found
to be correlated to the strength of the O(phenolate)-H
bonds being formed in [Cu(HL®)] and [Cu(HL)].

Complex [Cu(L®)] thus models the acceleration of the
reaction rate upon substrate binding found in GO, although
in the enzyme the acceleration is amplified by several orders
of magnitude, presumably due to the formation of an ex-
tended hydrogen-bond network between the substrate and
GO and deprotonation of the substrate by Tyr495 prior to
hydrogen atom abstraction, which lowers the bond dissoci-
ation energy of its a-C-H bond.

Theoretical Approaches to Catalytic Mechanisms

Theoretical approaches to the oxidation of methoxide by
[Cu(L?))1921031 and [Cu(L3*)]1%4 (in their Cu''-phenoxyl
radical form) have been undertaken. Ab initio molecular
dynamics studies on [Cu(L?*)] have shown that the meth-
oxide adduct is a five-coordinate distorted pyramidal phen-
oxylcopper(IT) complex.['92:193 The methoxide binds in the
equatorial plane with a short Cu-O bond (1.93 A), whereas
the phenoxyl becomes an axial ligand with a much longer
Cu-O bond (2.54 A). This optimized structure is in good
agreement with the EXAFS data. The unpaired electron
switches from the axial to the equatorial position upon pro-
tonation of one phenolate (Figure 17, B). The p. orbital
hosting the unpaired electron in this structure is found to
be orthogonal to the d,. . orbital of the copper.l'®! In the
transition state, the structural rearrangements are concen-
trated on the substrate, which moves towards the equatorial
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oxygen. The unpaired electron that was previously located
on the phenoxyl oxygen (and sulfur atom) mainly moves to
the substrate, which may explain why this system only con-
verts aromatic but not aliphatic alcohols. The electron
transfer from the ketyl species to the copper ion then occurs
spontaneously upon relaxation, thereby suggesting that hy-
drogen atom abstraction and electron transfer take place
quasi-simultaneously, unlike in GO. A copper(I) compound
is obtained as the product of the hydrogen atom abstraction
step. Substantial geometric rearrangements are observed
upon going from the transition state to this compound: one
of the imine nitrogen moves away from the copper in such
a way that the whole aromatic system (naphthyl and phe-
nol) lies essentially in the same plane. The Cu' ion in the
resulting complex is tightly bound to one imine nitrogen
and the aldehyde substrate, with one phenol oxygen being
weakly bound as a third ligand. This suggests that release
of the substrate is difficult and that molecular oxygen may
bind when the aldehyde is still present.

DFT studies on [Cu(L>*)] have revealed that substrate
binding, as a sixth ligand, drives an intramolecular electron
transfer that reduces the phenoxyl radical back to phenolate
(Figure 17, C).[1% The substrate adduct is therefore for-
mally an octahedral Cu'-phenolate species, unlike in GO.
This dramatic difference can be explained in terms of a pro-
ton transfer that occurs only in GO. Thus, after binding, the
substrate transfers its alcohol proton to the axial tyrosinate
Tyrd95 residue that consequently coordinates only very
weakly to afford an almost square-planar copper center (see
part A of Figure 2, path 1). In [Cu(L>*)], proton transfer
leading to decoordination of a phenolate ring is prevented
by the rigidity of the ligand framework and substrate bind-
ing generates an octahedral copper center instead. The sub-
strate adduct of [Cu(L>*)] also exhibits a large spin density
on the methoxide oxygen, which indicates that it should be
best formulated as lying between the Cu™-OMe and Cu'-
OMe' limits. In the hydrogen-transfer transition state, the
SOMO is shifted to the carbon and rotated so that it points
towards the phenolate oxygen. The barrier is 11.9 kcalmol™!
above that of GO (estimated with CH3;OH as substrate),
which suggests a reduced activity of [Cu(L>*)] relative to
the enzyme and is consistent with a low turnover rate. A
weakly bound Cu'-aldehyde complex is obtained following
the hydrogen atom and electron transfer, then the aldehyde
is released and the metallic center is re-oxidized by molecu-
lar dioxygen into [Cu(L>*)].

Bio-Inspired Systems

From Coordinated Mono- to Bis(phenoxyl) Radicals

Copper(Il)-coordinated bis(phenoxyl) radicals have been
described by Wieghardt et al. and ourselves with two types
of ligands (TACN and salen).*7-36-571 This choice of ligand
was dictated by the geometry of the copper(Il) complexes:
both phenolate moieties occupy the equatorial positions in
the square-pyramidal copper(II)-TACN complex, while a
square-planar (slightly distorted towards tetrahedral) envi-
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ronment is observed around the copper(Il) ion in salen
complexes [phenolate axial ligation consequently does not
occur in any of these complexes, unlike copper(Il) com-
plexes of tripodal ligands].

The modular macrocycle TACN was used by Wieghardt
et al.;b%7] The ligands H;L'®!'? (Figure 5)°¢ exhibit two
one-electron transfer waves assigned to the successive oxi-
dation of each phenolate moiety in their CV curve. The
electrochemically ~generated Cu''-phenoxyl complexes
[Cu(HL'"#19)] and [Cu(HL'®!'")] could be obtained, but it
was not possible to obtain the diradical form of
[Cu(HL'®19")] even by performing controlled potential elec-
trolysis at 243 K. The diradical complex [Cu(L'")] (Fig-
ure 18) could be obtained from the ligand H,L!7.[571 It exhi-
bits signals in the broad field range at effective g factors
close to 5 and 3 in its EPR spectrum. This spectrum has
been interpreted by considering a ferromagnetic coupling
of Cu'! and each of the radicals that dominates the weaker
antiferromagnetic radical-radical interaction. Simulation
yielded a large D value of 0.4 cm™!, in agreement with a
strong dipolar interaction between the Cu' and coordi-
nated phenoxyl radicals. This situation thus contrasts
sharply with that of the Cu''-bis(iminosemiquinonate) di-
radical complex [Cu(L'?7)], which exhibits an S = 1/2
ground state.[*!

N
(2 Q
N/v\/N =N_ N=
T™Cu \Cu/
VRN Lcu
/do. 9 L, Bu Q .O Bu
\O (0]
Bu fBu tBu Bu
[Cu(L"*)] [Cu(L®**)]
o/

N
I

L]
S N, /O\ /N N
\ ,//Cu Cu\\_
7 N l I NT \ =
X ! ‘Tl S

[Cu(L5°*{(CH4CN),]

Figure 18. Bio-inspired system formally storing three oxidizing
equivalents: [Cu(L'7)] (ref 7)), [Cu(L¥)] (ref.B7), [Cu(L>*)-
(CH;CN),] (ref.[73)).

In another approach we have used salen-type ligands to
study the respective influence of the hybridization of the
nitrogens and flexibility of the linker between these two
atoms on the properties of the electrogenerated Cu'-phen-
oxyl and Cu'-bis(phenoxyl) radical complexes (Fig-
ure 18).371 The copper(Il) complexes used are those of
H,L3, H,L° and H,L7® (Figure 3). While [Cu(L7)] and
[Cu(L?®)] incorporate a rigid linker, [Cu(L?)] and [Cu(L>)]
contain a flexible one. The geometry around the metal ion
is planar for [Cu(L®)] and [Cu(L?)] while it is slightly dis-
torted towards tetrahedral for [Cu(L?)] and [Cu(L7)].
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The electrochemically generated monoradical species
[Cu(L*)], [Cu(L>)], and [Cu(L7-*)] are relatively stable and
X-band EPR-silent at 4-100 K, similar to other Cu'-phen-
oxyl salen complexes,?+33-3%43] thereby indicating that the
phenoxyl moiety remains coordinated to the copper atom.
The two-electron-oxidized species exhibit X-band EPR
spectra that depend strongly on the ligand structure. The
EPR spectra of [Cu(L7")] and [Cu(L?")] at 4 K exhibit sig-
nals that are distributed over the entire spectral width, sim-
ilar to the Cu'-bis(phenoxyl) radical complex [Cu(L'7")]
described by Wieghardt et al.>”71 A similar electronic struc-
ture is thus proposed, in other words a dominant ferromag-
netic coupling between the Cu'' and each of the radicals
that yields large D values. The EPR spectra of [Cu(L*")]
and [Cu(L>")] are completely different as they are the super-
position of two spectra, one typical of an organic radical
(narrow signal at g = 2.005) and the other corresponding
to a mononuclear copper(Il) complex. The ethyl linker is
thus too flexible to maintain both phenoxyl moieties coor-
dinated to the metal ion. The rigid linkers prevent decom-
plexation, regardless of whether the geometry around the
metal center is planar {{Cu(L®")]} or distorted towards tet-
rahedral {[Cu(L7")]}.

A Bridging Phenoxyl Radical in Dicopper(I) Complexes

In order to get a p-phenoxyldicopper(Il) system, a build-
ing block comprising at least one p-phenolatedicopper(Il)
entity has to be oxidized. As discussed above, tripodal li-
gands show a marked tendency to assemble as dimers (of
formula [Cu(LN9)], and [Cu(LN>2)],) that possess such a
core when the steric bulk at the o-position of the phenolate
is small to moderate (Figure 7). Unfortunately, we have
shown that oxidation of [Cu(L3%3)], affords the corre-
sponding mononuclear [Cu(L3%3!")(CH5CN)] species,®]
while oxidation of [Cu(L3%#!)], takes place at the nonbridg-
ing phenolate group to afford dimeric structures
[Cu(L¥41], with two Cu'-phenoxyl radical molecules
bridged by phenolato groups.>®%1 We have therefore syn-
thesized the dicopper(II) complexes of the dinucleating li-
gand HL> .73 Two complexes were isolated, whose struc-
tures depend on the amount of NEt; added during the syn-
thesis. [Cu(L>3)(CH5CN),] was obtained in the presence of
a single equivalent. This complex contains two copper(Il)
atoms with square-pyramidal geometries that are coordi-
nated to one p-phenolate oxygen and three nitrogens from
the ligand, and one nitrogen from an exogenous acetonitrile
molecule. The metal centers are separated by 4.059(5) A
and interact magnetically, as shown by the spin triplet reso-
nance in the EPR spectrum of this complex. [Cu(L>%)(u-
OH)] was isolated when two molar equivalents of NEt;
were used. Its structure differs from that of
[Cu(L>)(CH3CN),] in several points: the geometry around
the copper atom is trigonal bipyramidal, the exogenous ace-
tonitrile ligands are replaced by a single n-OH molecule,
and the intermetallic distance is much shorter [2.980(9) Al.
Consequently, the interaction between the copper(Il) atoms
2402
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in [Cu(L>®)(u-OH)] is strongly antiferromagnetic, as op-
posed to the ferromagnetic interaction observed in
[Cu(L3%)(CH5CN),]. These two complexes are oxidized to
the p-phenoxyl radical species [Cu(L>>)(u-OH)] and
[Cu(L>>)(CH5CN),] over the same potential range (0.36—
0.45V). The former was found to be much less stable than
the latter (the half-lives are <20s and 22.3 min, respec-
tively, at 298 K), thus showing that the reactivity is finely
tuned by the nature of the coordinating ligand. The EPR
spectrum of the most stable complex [Cu(L>>")(CH;CN),]
at 4 K exhibits a AMg = *3 transition at g = 8 that is the
signature of an S = 3/2 system. Its temperature dependence
shows that it corresponds to the ground state. The D value
(=0.056 cm™) is close to that reported for an excited S =
3/2 spin state in a triangular tricopper(IT) system, but much
higher than those reported for triradicals and lower than
those reported for copper(Il)-coordinated bis(phenoxyl)
radicals. Since tyrosyl radicals are ubiquitous in metalloen-
zymes, such species could be biologically relevant. In ad-
dition, Karlin et al. have recently proposed the involvement
of such species in a ligand cross-linking reaction promoted
by a hydroperoxidodicopper(Il) complex.[!?]

Conclusions

The biomimetic approach to the GO active site devel-
oped concomitantly by a number of research groups has led
to the synthesis and characterization of a wide range of
Cu'-phenoxyl complexes. Enormous progress has thus
been made from an entity that was unknown in coordina-
tion chemistry ten years ago. Many features of the GO
active site have been reproduced successfully, providing
valuable information on its spectroscopic signature, struc-
ture, and even reactivity. Replication of its oxidative chemis-
try has been achieved, although this reactivity is limited
compared to that of the enzyme. Recent results in this field
concerning bio-inspired complexes of aminyl radical li-
gands!'%%197] or theoretical calculations!!®® suggest that a
catalytic efficiency approaching that of the enzyme is con-
ceivable. This bio-inorganic story concerning coordinated
radicals is thus far from finished, and the number of articles
concerning radical metalloenzymes, specifically new cop-
per(Il)-radical metalloenzymes,['-1!] and metal-radical
complexes will increase further in the near future.
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