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Abstract

Redox interaction between a transition-metal ion and a redox active amino acid side chain
such as the phenol group of tyrosine in several enzymatic systems has been discovered to
play a crucial role in biologically important processes. The tyrosyl radical, which directly
coordinates to the copper ion center, has recently been found in the active sites of galactose
oxidase (GAO) and glyoxal oxidase (GLO). In this article, model studies on the active site
of the enzymes are reviewed by summarizing reported information about the physicochemi-
cal properties and the redox functions of the Cu(Il) and Zn(II) complexes of the phenolate
and phenoxyl radical forms of the cofactor models as well as the organic cofactor models
themselves. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The tyrosyl radical has now been well-recognized to play a crucial role in several
enzymatic redox processes [1-3]. The R2 subunit of non-heme diiron enzyme
ribonucleotide reductase from E. coli is one of the most well-characterized examples
of such enzymes, where the tyrosyl radical, derived from Tyr 122 via the one-clec-
tron oxidation by the adjacent Fe(IIl)/Fe(IV)-oxo species (so-called intermediate
X), initiates the nucleotide-reduction process [1,2]. Tyrosyl radicals are also in-
volved as important intermediates in the redox processes of prostaglandin H
synthase and photosystem II, in which (porp™*)Fe(IV)=O (porp = protoporphyrin
IX) and a high valent manganese cluster are responsible for the tyrosyl radical
formation, respectively [1,2]. The tyrosyl radical, which directly coordinates to the
copper ion center, has recently been found in the active site of galactose oxidase
(GAO, EC 1.1.3.9) that catalyzes the oxidation of D-galactose and primary alcohols
to the corresponding aldehydes coupled to the reduction of O, to H,O, (Eq. (1))
[4-15].

RCH,OH + O, » RCHO + H,0, (1)

The crystal structure of galactose oxidase at 1.7 A resolution has clearly shown
that the tyrosine residue (Tyr 272) is covalently bound to the sulfur atom of
adjacent Cys 228 at the a-position of the phenol ring as illustrated in Scheme 1
[6,7]. This built-in organic cofactor serves as a one-electron redox center by
shuttling between the phenol and phenoxyl radical forms during the course of the
redox cycle; the alcohol-oxidation and the O,-reduction [8—12]. Thus, the active
species (fully oxidized state) of the enzyme is the Cu(Il)-phenoxyl radical of Tyr
272 that can oxidize alcohols to the corresponding aldehydes by the following
mechanism: (i) deprotonation from the —OH group of the bound substrates by the
phenolate group of Tyr 495, (ii) inner-sphere electron transfer from the deproto-
nated substrate to Cu(Il), and (iii) a-hydrogen atom abstraction of the resulting
ketyl radical by the phenoxyl radical of Tyr 272 species (the ordering of electron
transfer and hydrogen atom abstraction steps could be reversed) [11-15]. It is
further proposed that the fully oxidized state is reproduced from the fully reduced
state [Cu(I)—phenol] by the reaction with molecular oxygen that is transformed into
hydrogen peroxide as shown in Eq. (1). The interconversion between Cu(I) and
Cu(Il) states has also been demonstrated by X-ray absorption spectroscopy [16,17].
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Such a phenoxyl radical-copper catalytic motif has also been found in glyoxal
oxidase (GLO) from Phanerochaete chrysosporium and in the prokaryotic FbfB
protein [18-20].

The development of synthetic analogues of metalloenzyme active sites has
provided valuable insight into structures, physicochemical properties, and functions
of active intermediates in enzymatic reactions, which are often obscured by the
huge peptide backbones of the native enzymes. Model studies on GAO and the
related enzymes have also given valuable information about (i) the electronic effects
of the thioether group of the cofactor, (i) physicochemical properties of phenoxyl
radical species of the cofactor both in the metal-free form and in the metal
complexes, and (iii) the catalytic alcohol oxidation by Cu(Il)-phenoxyl radical
complexes. The purpose of this review article is to summarize such studies. Copper
complexes of simple phenol derivatives containing a metal binding site are not
included in this article.

2. Organic cofactor models (apo-enzyme model)
2.1. Neutral and anionic (phenolate) forms

One of the most interesting features of the enzyme is the existence of the
thioether linkage between Tyr 272 and Cys 228 (Scheme 1). Then a question arises
why galactose oxidase and the related enzymes employ such a modified amino acid
residue instead of a simple tyrosine. The redox potential of galactose oxidase is
estimated to be 400—500 mV vs. NHE [10], that is significantly lower than that of
free tyrosine in solution (930 mV) or tyrosine in enzymatic systems (760—1000 mV)
[21,22]. Such a negative shift of the redox potential has been attributed in part to
the electron-donating nature of the thioether group of the cofactor [23]. On the
other hand, Babcock, Whittaker, and co-workers reported that about 25% of the
spin density delocalizes into the sulfur atom of Cys 228 in the radical state of the
apo-enzyme, thus demonstrating the electron-sharing conjugative effect of the
thioether group of the cofactor [24,25]. In order to obtain further insight into the
electronic effects of the thioether group of the cofactor, physicochemical properties
of simple cofactor models (1H and 2H) have been examined (vide infra) [24,26-28].

Selected analytical data of cofactor models 1H and 2H are summarized in Table
1 together with those of p-cresol (3H) for comparison [28]. The up-field shifts of the
aromatic protons of 1H and 2H (except H-3 of 1H) as compared to those of 3H
indicate that the methylthio substituent has a somewhat electron-donating nature in
both the neutral and anionic forms.

H, Hy
4
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2 CH CH,
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Table 1
Selected analytical data of 1H, 2H and p-cresol (3H) and their anionic forms [28]

Compound 'H-NMR/s5? UV-vis pK.°© E?2, vs. SCE

;”max /nmb /de

H-3 H-5 OH

1H 7.12 6.91 6.87 250 295 9.6 +1106
2H 7.07 6.89 6.62 252 292 9.9 +955
3H 7.00 7.00 6.66 223 280 10.4 +1474
1~ 6.65 6.57 - 268°¢ 338 - —246
2- 6.53 6.52 - 270°¢ 334 - —326
3~ 6.72 6.72 - 251 321 - —146

450 mM in CD5CN; the phenolate form was generated in the NMR tube by adding 4 equiv. of
NMe,OH.

®In CH5CN; the phenolate form was generated in the UV cell by adding 10-fold excess of NMe,OH.

¢ Determined by ordinary spectrophotometric titration in a 0.1 M aqueous buffer solution containing
1% CH;OH.

4 One-electron oxidation potential determined by SHACV method in CH;CN containing 0.1 M
NBu,ClO,; the anionic form was generated in the cell by adding a slight excess of NMe,OH.

¢ Shoulder.

Since the phenol derivatives gave irreversible cyclic voltammograms due to the
instability of the corresponding phenoxyl radicals in solution, the one-electron
redox potentials have been determined by the SHACV (second-harmonic ac
voltammetry) method [28]. The E¢, values thus determined are listed in Table 1.
Introduction of methylthio group into the ortho position of the phenol ring causes
a negative shift of ES, by hundreds mV, also suggesting the eclectron-donating
nature of the substituent.

The pK, values of the phenolic protons seems somehow abnormal, since the
methylthio substitution causes an increase in the acidity of the phenol proton by
about one pH unit (1H, 9.6; 3H, 10.4) despite the electron-donating nature of the
substituent. A decrease in the pK, value of p-alkylthio substituted phenols as
compared to that of phenol itself was also reported [29]. This phenomenon has been
explained by taking account of the fact that the sulfide group can stabilize negative
charge when connected with a conjugated system, so-called 2pr—3dn conjugation
[23]. The PM3 calculations supported such possibility; net atomic charges of the
sulfur atoms in 1H and 1~ are + 0.064 and — 0.04, respectively [27,28].

2.2. Metal-free phenoxyl radicals

Absorption spectra of the radical species of compound 1H and p-cresol (3H) can
be obtained by pulse radiolysis in an alkaline aqueous solution (Fig. 1) [27,28].
p-Cresol shows a characteristic absorption band at around 400 nm due to the
phenoxyl radical [30]. In contrast to the case of p-cresol, a model compound 1°
gives a very broad absorption band from 600 to 900 nm together with strong bands
at around 350 and 400 nm (Fig. 1). The absorption spectrum of 1° in solution is
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Fig. 1. Transient absorption spectra obtained by the pulse radiolysis of 1H and 3H in an N,O-saturated
aqueous solution (pH 11) containing NaN; (0.1 M) [28].

very close to that of the oxidized apo-galactose oxidase [10], indicating that 1H is
a good model of the active site cofactor of apo-galactose oxidase [27,28]. Whittaker
and co-workers obtained essentially the same spectrum of 1° by UV-irradiation in
propionitrile—butyronitrile matrix at 77 K [26].

Well-resolved solution ESR spectra of 1° and 2* were obtained under photolysis
in the ESR cavity of a solution of 1H or 2H containing dicumyl peroxide [28]. In
Fig. 2 are shown the solution ESR spectra of 1° and 2°. The g values of 1° and 2°
(2.0060 and 2.0052, respectively) are very close to that of the cofactor radical
(2.0055) in the apo-enzyme [19]. Hyperfine coupling constants (hfc) determined by

(A)
96

Fig. 2. (A) A solution ESR spectrum of 1° obtained under photolysis in the ESR cavity of a toluene
solution of 1H (2.0 M) containing 1.0 M dicumyl peroxide at — 30°C; microwave frequency 9.09 GHz;
modulation frequency 100 kHz; modulation amplitude 0.5 G; microwave power 8 mW, and (B) a
solution ESR spectrum of 2° obtained under photolysis in the ESR cavity of a benezene solution of 2H
(2.0 M) containing 1.0 M dicumyl peroxide at 25°C; microwave frequency 9.45 GHz; modulation
frequency 100 kHz; modulation amplitude 0.5 G; microwave power § mW [28].
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Table 2
Isotopic g values and proton hyperfine coupling constants (G) for the phenoxyl radicals [28]

Radical g A, Asy Ay e As.y Ag

1% 2.0060 1.7¢ 0.3 8.6 0.5 3.1¢
2% 2.0052 2.8° 0.7 9.6 0.9 3.9n
3% - 6.1 1.4 12.3 1.4 6.12

2 At —30°C in toluene.

b At 25°C in benzene.

¢ Taken from: W.T. Dixon, R.O.C. Norman, J. Chem. Soc. (1964) 4857.
4 Not reported.

¢ For 2-SCH;.

fFor 2-H.

& For 6-H.

b For 6-CH;.

the computer simulation for 1° and 2° are listed in Table 2 together with those of
phenoxyl radical of p-cresol (3°). The isotropic hfc values for 1° in solution agree
with those estimated from the reported anisotropic hfc values obtained from the
powder ESR spectrum [24]. It is obvious that the total spin density at the 3-, 4-, 5-,
and 6-positions in 1° and 2° decreases significantly as compared to that of 3°. These
results indicate that a relatively large amount of the spin density delocalizes into the
sulfur atom of the methylthio group [28].

Semiempirical molecular orbital calculations (PM3) on compound 1H and its
anionic (17) and radical (1°) forms have revealed the electronic effect more clearly
[27,28]. Fig. 3(A) shows the bond orders in the optimized structures of 1H, 1—, and
1°. The bond orders of C(1)-O(8), C(5)-C(6), and C(2)-S(9) increase in going from
1H to 1°, while those of C(1)-C(2), C(4)-C(5), and C(1)-C(6) decrease. These
results indicate that the o-quinonoid canonical form (Scheme 2) partially con-
tributes to the stabilization of the radical species, though the bond-order changes of
C(2)-C(3) and C(3)-C(4) are very small. The calculated spin density of 1° is
compared with that of the phenoxyl radical of p-cresol (3°) in Fig. 3(B) [27,28]. The
spin densities at C(4), C(6), and O(8) are diminished by introduction of a
methylthio substituent into the 2-position of p-cresol, while the unpaired electron is
distributed among C(2) and S(9) to a considerable extent. These results are
consistent with the well documented electron-sharing conjugative effect of sulfide
groups (Scheme 2) [23].

The PM3 calculations indicate that in the optimized molecular geometry of 1°,
the methylthio group stays in the same plane of the aromatic ring, while the methyl
group moves away from the plane in 1H and 1~ [27,28]. The dihedral angles
defined by C(1)-C(2)-S(9)-C(10) in 1H and 1~ are 70 and 60°, respectively [27,28].
The difference in the optimized structure between 1° and 1H or 1~ suggests an
increasing sp®-character of the sulfur atom in the radical state, and thus, the
contribution of the o-quinonoid canonical form as illustrated in Scheme 2. The
partial double bond character of the thioether linkage in the native cofactor was
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Fig. 3. (A) Bond orders of 1H, 1, and 1° calculated by the PM3 method [27,28]. (B) Spin densities of
3" and 1° calculated by the PM3 method [27,28].

also suggested by its similar molecular geometry in the enzyme active site [6]. The
relatively large negative shift of the E?, values of the model compounds having
methylthio group as compared to the corresponding phenol derivatives without the
substituent (Table 1) can also be attributed to both the electron-donating nature
and the radical stabilizing effect by electron spin delocalization into the methylthio
group, that is called electron-sharing conjugative effect. The SOMO and LUMO of
1° were also calculated by the PM3 method [28]. The SOMO orbital is located
mainly on the benzene ring [C(2), C(4), and C(6)], while the LUMO orbital remains
around the methylthio group. Thus, the very broad absorbance of 1° in Fig. 1 could
be attributed to an intramolecular charge-transfer from the benzene ring to the
methylthio group.

Hy Hy

CHy GHg
57

Scheme 2.
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3. Copper(II)—phenolate complexes (resting state model)

The first copper(Il) complex of the cofactor model was reported by Whittaker
and co-workers in 1993 [26,31]. It is a ternary complex consisting of a copper(I])
ion, 1= as the cofactor model, and N,N,N',N’,N"-pentamethyldiethylenetriamine
(PMDT) as a supporting ligand, [Cu"(PMDT)(17)](CIO;)-CH,OH [26]. The cop-
per complex has a square pyramidal structure in which basal plane is occupied by
three nitrogen atoms of PMDT and the phenolate oxygen of 1~ [26]. The sulfur
atom of the methylthio group of 1~, however, coordinates to the copper ion from
the axial position, making the coordination geometry somewhat different from that
of the native enzyme; in the enzymatic system, there is no coordinative interaction
between the sulfur atom and Cu(Il) [6]. This complex has a relatively weak
phenolate to Cu(Il) LMCT band at 525 nm (¢= 535 M~ ! ¢cm ~!) together with a
d—d band of Cu(Il) at 734 nm (e = 535 M~ ! cm ~ ') [26]. Treatment of this complex
in boiling CH;CN gave an ortho—ortho coupled dimer of 1H (1,H,), indicating an
inner-sphere electron transfer from 1~ to Cu(Il) to generate 1° and Cu(I) (Scheme
3) [26]. Instability of the radical intermediate has, however, precluded the detailed
studies on the redox reaction of the model complex.

Whittaker and co-workers have extended their model studies of GAO by
developing a new ligand 4H,, in which the cofactor moiety is incorporated into the
metal binding site consisting of a tertiary amine nitrogen, 2-pyridyl group, and
another phenol group as shown below [32]. This ligand has been designed to mimic
the N,O, donor set of the native enzyme [6]. A copper(Il) complex of this ligand
was obtained in a dimeric form, [Cul(4*>~),] containing a Cu}'O, core as the linker
group. The dimeric complex could be converted into the monomer, [Cu'(4>~)(Py)],
by adding an external ligand such as pyridine (Py) [32]. The generated monomer
complex exhibited a LMCT band at 475 nm (¢=1430 M~ ! ¢cm~!) due to the
equatorial phenolate coordination and showed a ESR spectrum typical for a
distorted square pyramidal structure [32]. The monomer complex shows irreversible
anodic peaks at 4+ 116 and + 463 mV vs. Ag/AgNO; (+ 753 mV vs. SCE) in
CH,;CN due to the one-electron oxidation of the phenolate groups [32]. Irreversibil-
ity of the electrochemical oxidation indicates that the phenoxyl radical of the
cofactor moiety is not so stable at ambient temperature.

Hs —|+ H, 1"

Lt CHACN, reflux Q @ ~h

o\f !
0 TS0
K AR
[Cu"PMDT(17)*

Scheme 3.



S. Itoh et al. / Coordination Chemistry Reviews 198 (2000) 3—-20 11

S S a%’
oo o

We have observed similar chemlstry using hgand 5H [28]. The copper(ll) complex
of SH was obtained as a dimeric form, [Cul(57),](PFs), (Fig. 4), that was
converted into the monomer, [Cu™(57)(Py)]*, by the addition of an external ligand
such as pyridine (Py) [28]. The monomer complex showed a phenolate to Cu(II)
LMCT absorption at 540 nm (¢=1320 M~' ecm~") and exhibited an ESR
spectrum that is typical for a square pyramidal geometry of Cu(II) [28].

The fast-scan cyclic voltammetry of [Cu'(57)(Py)]" gave a reversible wave at
+ 370 mV vs. Ag/AgNO; (+ 660 mV vs. SCE) at a scan rate of 100 V s—! [28].
However, no reversible wave for complex [Cu'(6~)(Py)]", in which ligand 6H has
no methylthio group, has been observed even at a faster scan rate (300 V s 1) [28].
This result clearly indicates that the stability of the radical species of [Cu'{(57)-

Fig. 4. orRTEP drawing of [Cu}(57),](PFy),. The counter anions are omitted for simplicity [28].
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(Py)]™* is higher than that of [Cu'(6)(Py)]* due to the radical stabilizing effect of
the methylthio group as mentioned above. Furthermore, the oxidation peak poten-
tial of [Cu'(57)(Py)]™" is about 200 mV lower than that of [Cu™ (6 )(Py)]* (623 mV
vs. Ag/AgNO;) [28]. This result can also be explained by taking account of both the
electron-donation effect and electron-sharing conjugation (radical stabilization)
effect by the methylthio group as mentioned above. Delocalization of the negative
charge of the phenolate moiety into the methylthio substituent also resulted in a
positive shift of the redox potential at the copper site (—622 and — 591 mV
Ag/AgNO; for [Cu(67)(Py)]" and [Cu"™(57)(Py)]*, respectively) [28].

1,4,7-Triazacyclononane (TACN) and its derivatives have been widely used as the
ligands in coordination chemistry. Although several kinds of transition-metal
complexes supported by the TACN ligands involving one, two or three phenol
groups have been reported by Wieghardt and co-workers [33], we herein focused on
the Cu(Il) and Zn(II) complexes of the TACN derivatives as the model for GAO
[34-36].

R

a2

¢
Y oy YU

All the ligands (R'=Me or '‘Bu and R?= Me, ‘Bu, OMe, or SMe) afforded
monomeric penta-coordinated Cu(Il) complexes with a square pyramidal structure,
in which the phenolate group occupies the equatorial position [34,35]. The cop-
per(Il) complexes exhibit the ligand to metal charge transfer (LMCT) transition at
450-530 nm (¢=1000—-2000 M ~! cm ') and the ESR spectra (frozen solution at
77 K) are consistent with a d , — , ground state (g,>g, > 2.0, 4;=150-170 G)
with a minor rhombic perturbatlon [35]. As expected from the results of [Cu'(4* ~)-
(Py)] [32], the Cu(Il) and Zn(II) complexes of the ligands containing p-methyl
substituent (R?>= Me) exhibit an irreversible oxidation process in the ordinary
cyclic voltammetric measurement [35]. However, the Cu(Il) and Zn(II) complexes

28
o \\/

2364 "

Scheme 4.
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of the p-tert-butyl substituted ligands, 7R"BuH and 8H, show a reversible redox
process at around 500 mV vs. SCE [35].

An alcohol adduct of the Cu(II) complex of 7B H was successfully isolated and
its structure has been determined by X-ray crystallographic analysis [34]. As
illustrated in Scheme 4, the ternary complex has a square pyramidal structure, in
which the basal plane is occupied by two nitrogen atoms of the ligand, the
phenolate oxygen of the cofactor moiety, and the oxygen atom of the alkoxide,
while the third nitrogen atom of the ligand coordinates to Cu(Il) from the axial
direction [34]. Bulk electrolysis of the benzyl alcohol adduct (+ 370 mV vs. SCE in
CH;CN) produced benzaldehyde in 46% yield [34]. Although the mechanistic
details are not clear at present, it is interesting to note that there is a hydrogen
bonding interaction between one of the benzylic proton of the bound substrate and
the phenolate oxygen of the cofactor, which may play an important role in the
alcohol oxidation by phenoxyl radical species.

[Cu"9™)]

Scheme 5.

A series of Cu(Il) complexes with N-alkylsalicylaldimine derivatives have also
been reported as the model for GAO [37-39]. The Cu(Il) diphenolate complex has
a significantly distorted square planar coordination geometry with a N,O, donor set
[37-39]. The ESR spectra of the Cu(Il) complexes are similar to that of GAO,
whereas the electronic spectra and the electrochemical properties differ significantly
[37] (Scheme 5).

Cu(II) complexes having an axially coordinated phenolate group (Scheme 6, left,
X =SCN~, AcO") have been reported as models for axially coordinated Tyr 495
in the active site of GAO (see Scheme 1) [40,41]. The unusual occupation of the

Scheme 6.
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phenolate group in the axial site has been attributed to the steric constraint at
copper imposed by the 5,5,6-chelate ring sequence [40,41]. The n—mn interaction
between the organic cofactor (Tyr 272) and the indole ring of Trp 290 (see Refs.
[6,7]) has also been examined using Cu(Il) complexes of tris(3-arylpyra-
zolyl)hydroborate ligands as shown in Scheme 6 (right) [42,43]. Comparison of the
redox potentials of the organic cofactor moiety between the enzymatic system and
the model complexes has provided valuable insights into the role of the n—mn
stacking interaction in stabilization of the organic radical species [42,43].

4. Copper(IT)—phenoxyl radical complexes (active form model)

Six types of Cu(Il)-phenoxyl radical complexes have so far been reported as
models of the active form of GAO (Table 3) [35,38,44—46]. Chemical or electro-

Table 3
Physicochemical properties of Cu(Il)-phenoxyl radical complexes

Complex Jmax/DM (e/M~1 cm 1) Raman band/ ESR
cm~!
Cu complex Phenoxyl radical
[Cull(7Bv>) 410 (4000), 672 (1000) 1497 Silent ¢=2.00 for 7B
(CH3CN)]2+a
[Cu'(8 )] ** 398 (3900), 568 (2200), 646 1495 Silent e
(2200)
[Cul(9 )]+ e e Silent 2=2.0060 for 9~
[Cu'(10")(NO; )] ** 415 (1790), 867 nm (550) 1512, 1589 Silent g=2.0052 for 10
[Cul(11-)(12°)] F= 419 (4400), 907 (1200), 1037 —< Silent e
(1100)
[Cul (137 "), " 404 (8000) 1451, 1579, Silent e
1594, 1606
Active GAO 444 (5194), 800 (3211 1487, 1595,  Silent g=2.005 for Tyr™™!
1603
Active GLO! 448 (5700), 851 (4300) 1486, 1590, Silent g=2.0055 for Tyr’k
1604

“ Taken from Ref. [35].

® Phenoxyl radical of the Zn(II) complex.

¢ Not reported.

d Taken from Ref. [37,38].

¢ The anticipated phenoxyl radical absorption feature at ca. 400 nm is obscured by intense Schiff-base
ligand absorption.

"Taken from Ref. [46].

& Taken from Ref. [44].

" Taken from Ref. [45].

i Taken from Ref. [19].

I Ref. [8].

k Oxidized form of apo-enzyme [Cu(Il) free form].

! Taken from Ref. [10].



S. Itoh et al. / Coordination Chemistry Reviews 198 (2000) 3—-20 15

chemical one-electron oxidation of the corresponding Cu(Il)-phenolate complexes
has provided relatively stable Cu(Il)—phenoxyl radical complexes. All the Cu(Il)-
phenoxyl radical complexes exhibit a characteristic absorption band around 400
nm, which appears in the somewhat lower wavelength region than that of the native
enzymes (ca. 445 nm) [35,38,44—46]. One of the most characteristic features of the
active form of GAO and GLO is an intense absorption band extending over the
entire UV-vis—near IR spectral range [10]. This characteristic absorption band has
been attributed mainly to a tyrosinate (Tyr—495)—tyrosyl radical (Tyr*272) inter-lig-
and charge transfer transition [47]. However, such a characteristic absorption band
has also been obtained in model complexes [Cu™(10°)(NO;3)]™ and [Cu(11—
)(12°)]*, which lack a second phenolate ligand in it (Fig. 5) [44,46]. On the other
hand, the Cu(Il) complexes containing additional phenolate group such as [Cu'(9~
]+ and [Cull(13~°),]** exhibited no such absorption band in the longer wave-
length region [37,45].

12H 13H;
15 -
l " [ Active GAD
3
=
-2
)
© 1.0 ¢ 3
Q
e [
o
-e 450 L1 ac0 1000
g Wavalsngth fam)
£
< o5
0

00 600 800 1000
Wavelength {nm)

Fig. 5. UV-vis spectra of [Cu"'(10°)(NO; )]+ in CH;CN [46]. Inset: UV-vis spectra of the active form of
GAO [10].
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These results suggest that the inter-ligand charge transfer is not the only process
but 1—7*, MLCT and/or LMCT transitions should also be taken into account [44].
On the basis of the spectroscopic and theoretical examinations on the metal-free
phenoxyl radical species of the cofactor model compounds, we have attributed these
broad absorption bands above 800 nm to the intramolecular charge transfer from
the benzene ring to the methylthio groups in the phenoxyl radical species [28]. It is
interesting to note that the position and strength of the broad absorption band in
the visible to near IR region are significantly different in each Cu(Il) complex, as
shown in Table 3. The reason for such differences has yet to be clearly understood.

The Cu(Il) complexes of phenoxyl radical species as well as the active form of
GAO and GLO exhibit prominent peaks at around 1500 and 1600 cm~' in the
resonance Raman spectra [33,35]. These bands have been assigned to the modes v,
and vg, which predominantly include the C-O stretching and the C,,c—Ceta
stretching, respectively [33,35]. All the Cu(Il) complexes of phenoxyl radical species
are ESR silent, being consistent with magnetic coupling between the S = 1/2 Cu(Il)
ion and the S = 1/2 phenoxyl radical, although the type of coupling (antiferromag-
netic or ferromagnetic) is unclear [35]. On the other hand, the Zn(II) complexes
afford an isotropic ESR peak at g =2.0052-2.0060, which are very close to those
of the cofactor radicals (2.0055) in the enzyme active sites and also to that of the
metal-free phenoxyl radicals of the model compounds (see, Table 2) [19,28].
Examination of the hfc values of the benzylic methylene protons of the phenoxyl
radical species has indicated that the coordination geometry is not altered signifi-
cantly upon one-electron oxidation of the phenolate to phenoxyl radical form in the
Zn complex [36].

5. Alcohol-oxidation by phenoxyl radical complexes

[Cu™(9~")]* developed as a functional model of GAO has shown to catalyze
oxidation of primary alcohols to the corresponding aldehydes [37,38]. Turnover
numbers more than 10 has been achieved using O, as an electron acceptor [38]. A
significantly distorted square planar coordination geometry with the N,O, donor
set was proposed to be essential for enhancing the substrate binding process and the
alcohol-oxidation reaction [38]. Namely, the substrate binding leads to a five
coordinate square pyramidal structure that is favorable to Cu(Il) and the alcohol-
oxidation leads to the Cu(I) complex with a four coordinate tetrahedral geometry,
which is stabilized by the tetrahedrally distorted ligand environment [38]. A
hydroperoxo—Cu(Il) complex was proposed to be involved in the reaction of
Cu(I)-phenol and dioxygen to generate Cu(Il)-phenoxyl radical and H,O, [38].
However, more comprehensive studies are required to know the mechanistic details
of the alcohol-oxidation and the O,-reduction processes.

[Cull(137°),)** can also oxidize alcohols catalytically under aerobic conditions
[45]. In this reaction, only the phenoxyl radical sites in the dimer act as the oxidant
but no redox reaction takes place at the Cu(Il) site; thus, the two electrons from the
alcohol substrate are accepted by two phenoxyl radical sites in the dimer. This
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Fig. 6. (A) Plot of (kypsccuy — Kaec(cuy) V8- the benzyl alcohol concentration for the oxidation of benzyl
alcohol by [Cu"(10°)(NO;3)]* in CH;CN at 25°C [46]. Inset: pseudo-first-order plot for the oxidation.
(B) Plot of (Kops(zn) — Kdeezm) VS- the benzyl alcohol concentration for the oxidation of benzyl alcohol
by [Zn"(1")(NO5 )] " in CH3CN at 25°C [46]. Inset: second-order plot for the oxidation. kgecy,, and
Kgeo(zny are the rate constants of self-decomposition of the [Cu™(10°)(NO5)]* and [Zn"(10")(NO3)]*,
respectively.

mechanism is quite different from that of the proposed enzymatic mechanism with
respect to the redox behavior of Cu(Il) [11-15].

We have recently succeeded in demonstrating the importance of the redox cycle
of Cu(Il) as well as that of phenoxyl radical site for the efficient two-electron
oxidation of benzyl alcohol to benzaldehyde at a mononuclear Cu(Il)—phenoxyl
radical center in a model system [46]. Oxidation of benzyl alcohol by
[Cu(10*)(NO;5 )] " proceeded in CH;CN at ambient temperature to yield benzalde-
hyde and [Cu'(10H)]* quantitatively. The decay rate of [Cu'(10°)(NO;5)]* moni-
tored at 867 nm obeys pseudo-first-order kinetics and the plot of the
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pseudo-first-order rate constant k,qcy) vS. the benzyl alcohol concentration gives a
straight line as shown in Fig. 6(A). A large kinetic deuterium isotope effect
(k(Ewlke il = 6.8) was obtained when PhCH,OH was replaced by PhCD,OH,
indicating that the benzylic hydrogen atom abstraction is involved in the rate-deter-
mining step [46].

Oxidation of benzyl alcohol by [Zn'(10°)(NO;5)]* yielded benzaldehyde as the
oxidation by [Cu'(10*)(NO;)]*. In contrast to the case of [Cu"(10")(NO;)]*,
however, the decay rate of [Zn"(10°)(NO;)]* monitored at 887 nm due to the
Zn(Il) complex of the phenoxyl radical obeys second-order kinetics, and the
second-order rate constant k,uz, shows the second-order dependence on the
alcohol concentration (Fig. 6(B)). Furthermore, the yield of benzaldehyde was
nearly half of the yield of the copper case [46].

These results clearly show that the oxidation of benzyl alcohol by
[Cu(10°)(NO;)]*™ proceeds via the coordination of benzyl alcohol in the
monomeric form by formally a 2e~/2H* mechanism to give benzaldehyde and
Cu'(10H) quantitatively (Type I in Scheme 7) [46]. On the other hand, no redox
reaction is expected at the Zn(II) site. In such a case, two electrons can only be
accepted by phenoxyl radical sites in a dimeric form (Type II in Scheme 7) [46].
Thus, the reaction obeys second-order kinetics in the case of [Zn"(10°)(NO;)]™".
The latter mechanism of the zinc complex is very close to that of the Wieghardt’s
system mentioned above [45]. The enzymatic reaction has so far been considered to
proceed via the Type I mechanism [11-15]. Thus, the different kinetic formulations
between [Cu'(10°)(NO; )]+ and [Zn"(10°)(NO;)]* clearly demonstrate the impor-
tance of the redox cycle between Cu(l) and Cu(Il) as well as the interconversion

(Type Iy
Rew
Cu' (16 )(PRCHL07) - Culi 10HY
FhCHO
1) 1

Cu'107y + PhCH,OH

~A[CUTT 1A = Eopy 0 1E0 " 107

Lobatwy = ke KTROBL + kyey,

(Type 1)
bz

Za( 10 ) PRCH O ) % 2 —-T 2 Za"(10HD

K T PhCHO + PhCH,OH

Za''{10°) + PRCH,OH

—AIZa" 10" 1AL = Kz [Z00IE
Ropizan = 2k K ROHTY + 2z

Scheme 7.
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between the phenol and phenoxyl radical states for the efficient two-electron oxidation
of alcohols at the mononuclear copper site of GAO which is fixed in the protein matrix.

6. Summary

In this mini review article, the recent model studies on the active sites of galactose
oxidase (GAO) and glyoxal oxidase (GLO) have been summarized. Studies on the
physicochemical properties of organic cofactor models in both the phenol (phenolate)
and phenoxyl radical forms have indicated that the thioether group of the cofactor
has the 2pn—3dn electron conjugative effect as well as the electron-donating nature,
stabilizing the negative charge on the phenolate oxygen. The electron-sharing
conjugative effect in the radical from has also been demonstrated by the ESR
spectroscopy, electrochemical studies and the theoretical calculations.

A series of Cu(Il) complexes of phenolates and phenoxyl radicals of the cofactor
models have also been developed to uncover the important role of the metal ion center
both on the spectroscopic features and on the redox functions of GAO and GLO.
It has been demonstrated that the copper ion acts not only as the one-electron redox
center but also as a catalytic center to enhance the reactivity of the phenoxyl radical
species for the alcohol oxidation. The n—r stacking interaction between Trp 290 and
Tyr 272 in the enzyme active site has also been suggested to play important role for
the enzymatic reactions [6,7], which has yet to be fully understood in the model
systems.
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