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Tyrosinase Models. Synthesis, Structure, Catechol Oxidase Activity, and Phenol
Monooxygenase Activity of a Dinuclear Copper Complex Derived from a Triamino
Pentabenzimidazole Ligand
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The dicopper(ll) complex with the ligantl,N,N',N',N"-pentakis[(1-methyl-2-benzimidazolyl)methyl]dipropy-
lenetriamine (LB5) has been synthesized and structurally characterized. The small size and the quality of the
single crystal required that data be collected using synchrotron radiation at 276 K(LBSYH20)][ClO4]4:

platelet shaped®1, a = 11.028 A,b = 17.915 A,c = 20.745 A ,a. = 107.44, f = 101.56, y = 104.89, V =

3603.7 B, Z = 2; number of unique datd,> 20(l) = 3447; number of refined parameters428; R = 0.12.

The ligand binds the two coppers nonsymmetrically; Cul is coordinated through five N donors and Cu2 through
the remaining three N donors, while two water molecules complete the coordination sphere. Cul has distorted
TBP geometry, while Cu2 has distorted SP geometry. Voltammetric experiments show quasireversible reductions
at the two copper centers, with redox potential higher for the {agdter (0.40 V) and lower for the CyNenter

(0.17 V). The complex binds azide in the terminal mode at the{&@Nter with affinity lower than that exhibited

by related dinuclear polyaminobenzimidazole complexes where this ligand is bound in the bridging mode. The
catechol oxidase activity of [G(LB5)]*" has been examined in comparison with that exhibited by(G&5)]*"

(L-55 = o,a’'-big{ bis[(1-methyl-2-benzimidazolyl)methyllamihen-xylene) and [Cy(L-66)]*" (L-66 = o,o'-

big{ bis[2-(1-methyl-2-benzimidazolyl)ethyllamihem-xylene) by studying the catalytic oxidation of 3,54et-
butylcatechol in methanol/aqueous buffer pH 5.1. Kinetic experiments show th#lt f&5)]*" is the most efficient
catalyst (rate constant 140 Ms™1), followed by [Cy(LB5)]*" (60 M~1 s71), in this oxidation, while [Cp(L-

66)]*" undergoes an extremely fast stoichiometric phase followed by a slow and substrate-concentration-independent
catalytic phase. The catalytic activity of [gl-66)]*", however, is strongly promoted by hydrogen peroxide,
because this oxidant allows a fast reoxidation of the dicopper(l) complex during turnover. The activity-of [Cu
(LB5)]** is also promoted by hydrogen peroxide, while that of JCt65)]*" is little affected. The phenol
monooxygenase activity of [G(LB5)]?" has been compared with that of [-55)]2" and [Cy(L-66)]?" by

studying the ortho hydroxylation of methyl 4-hydroxybenzoate to give methyl 3,4-dihydroxybenzoate. The LB5
complex is much more selective than the other complexes since its reaction produces only catechol, while the
main product obtained with the other complexes is an addition product containing a phenol residue condensed at
ring position 2 of the catechol.

type 3 copper proteins like hemocyanin and tyrosiridsén

A large number of dinuclear copper complexes have been general, _complexes derived from dinu_cleating ligands providin_g
reported recently as model compounds for the active sites of symmetrically arranged, three-coordinate copper centers with

nitrogen donors have been used, because this arrangement

* Author to whom correspondence should be addressed. simulates the coordination environment present in hemoc¥anin
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and tyrosinasé, although in the latter case the different
accessibility and reactivity of the two copper centers may even
reflect coordination asymmetpy.For this reason some of the
biomimetic models reported recently use nonsymmetric dinucle-
ating ligands to produce nonsymmetric dicopper compléd&ss.
We have recently developed a series of dinuclear copper
complexes derived fronm-xylyl tetrabenzimidazole ligands
which act as functional models for tyrosindsdn fact, their
reduced forms are able to mediate the regiospecific ortho

hydroxylation of exogenous phenols to catechols in the presence

of dioxygen. In order to broaden the scope of our approach
we are exploring the potentialities of other biomimetic systems
where some structural variation is introduced in the ligand. In
the present paper we report the biomimetic chemistry of a new
polyaminobenzimidazole ligand, LB5 (Chart 1). We describe
its synthesis, protonation equilibria, and copper(ll) complexation
properties and the preparation, X-ray structural characterization,
electrochemistry, and reactivity of the dinuclear complex'[cu
(LB5)(H20)]*". In particular, we report here comparative
studies on the catechol oxidase activity and phenol hydroxylase
activity between the present dicoppé&B5 system and the
dicopper-L-55 and—L-66 systems reported previously.
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Experimental Section

General Procedures. All reagents and solvents were of com-
mercially available reagent quality unless otherwise stated. Acetonitrile
(spectral grade) was distilled from potassium permanganate and dry
potassium carbonate; then, it was stored over calcium hydride and
distilled prior to use under an inert atmosphere. Dioxygen was dried
over a column of 3-A molecular sieves. Lactoperoxidase was obtained
from Sigma as a freeze-dried powder (R20.81). The ligands L-55
and L-66, as well as their copper complexes, methyl 4-hydroxybenzoate,
and methyl 3,4-dihydroxybenzoate were prepared as described
previously’® 2-(Chloromethyl)-1-methylbenzimidazole was prepared
following a known procedur& Preparation and handling of air-
sensitive or moisture-sensitive materials were carried out under argon
with standard Schlenk techniques.

Elemental analyses were from the microanalytical laboratory of the
Chemistry Department in Milano. NMR spectra were recorded on a
Bruker AC-200 spectrometer operating at 200 MHz. EPR spectra were
measured in frozen solutions using a Varian E-109 spectrometer
operating at X-band frequencies. UVisible spectra were measured
on a HP 8452A diode array spectrophotometer. Infrared spectra were
recorded on a Jasco FT-IR 5000 instrument. Analyses of the organic
mixtures resulting from the copper-mediated oxygenation of methyl
4-hydroxybenzoate were performed with a Perkin-Elmer 1020 LC PLUS
HPLC, equipped with a LC 235C diode array detector, using a Merck
LiChrosorb RP-18 column. The detector was set at 260 nm, and the
eluent was a 60:40 (v/v) mixture of methanol containing 1% acetic
acid and water. Using 4-hydroxybenzoic acid as standard for quantita-
tive analysis, with a flow rate of 0.75 mL/min, the retention times were
as follows: 4-hydroxybenzoic acid, 6 min; methyl 3,4-dihydroxyben-
zoate, 9 min; methyl 4-hydroxybenzoate, 13 min.

CAUTION! While none of the perchlorate complexes reported in
this paper hae proven to be heat- or shock-sensgi only small
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amounts of materials should be prepared and handled. Care is grams at 25t 0.1 °C were recorded in the region froml to —1 V
recommendedl. versus Ag/Ad, the sweep rate being varied from 10 to 200 mV¥, &n
N,N,N’,N’,N"-Pentakis[(1-methyl-2-benzimidazolyl)methyl]dipro- order to gain information on the reversibility and the number of
pylenetriamine (LB5). A mixture of dipropylenetriamine (0.26 mL, electrons of the electron-transfer process. The electrode processes are
1.85 mmol), 2-(chloromethyl)-1-methyl benzimidazole (2.08 g, 11.53 diffusion-controlled, as was ascertained from the variation of the current
mmol), anhydrous sodium carbonate (1.6 g), and dry acetonitrile (100 peak as a function of temperature, which gave temperature coefficients
mL) was refluxed with stirring in the dark for 48 h. After cooling to  lower than 2%.
room temperature, the precipitate was filtered off and washed several Single-Crystal X-ray Structure Determination of [Cu(LB5)-

_times with small amountsf of apetonitrile. '_I'he solid was then_poured (H20),][CIO 4]a. The crystals of the dicopper(ll) complex of LB5 used
into water (20 mL) and stirred in order to dissolve the inorganic salts. j, X-ray analysis were grown by slow evaporation of a methanol
The undissolved white solid was collected by filtration and dried under .| tion of the complex. In spite of many attempts, we were not able

vacuum (yield 70%). Anal. Calcd forgHsNiz1.5H0: C, 69.67; to obtain single crystals of a size suitable for collecting data using

g' 63? N, 2dQ.d72. thr)]und: g ?g'chS; H, 6.t73||;' N,t'20.8$ihMp: 205 q conventional X-ray sources. Furthermore, the crystals lose crystallinity
ec, thé mp did not change by turther crystaflization of the compound. o, long exposure to the X-ray beam, even when sealed in a glass

; -
Ilgo(glujloll;;uy)l'sf)m 1 1 416115;2151%%4%52133;8 1533 ’ 715215 87§§426 6 capillary tube. These problems were overcome by collecting data using
’ ’ ! i ! ! J ’ ! ! ! ‘synchrotron radiation at the ELETTRA X-ray diffraction beam-line.

IH NMR (CDCk): & 1.47 (m, 4H, CCHC), 2.25 (t, 4H, CHN), 3.36 .
e The rotation method (60 frames of)3was used. A platelet-shaped
(s, 3H, CHN), 3.39 (s, 12H, ChN), 3.62 (s, 2H, NChbenzimidazole), light-blue crystal of dimensions 0.4 0.1 x 0.02 mm was sealed in a

3.83 (s, 8H, NChbenzimidazole), 7.87.4 (m, 15H, benzimidazolyl- thin glass capillary tube, and data were collected at 276 K with a

H), 7.6—7.7 (m, 5H, benzimidazolyl-H). . .
g wavelength of 0.80 A and a Mar Research imaging plate (18 cm) at a
[CUALBS)(HO)ICIO . The ligand LBS (0.31 g, 0.35 mmol) 0ot 76 cm  The exposure time for each frame was 60 s. A

was dissolved in methanol~15 mL) with stirring. Then, Cu- . .
(ClO4),.6H,0 (8 mmol) dissolved in water (2 mL) was added. A green- total of 6929 refle_ctlons were collected, 344.7 of which, ha_\\/ing
20(l), were used in the subsequent calculations. A lowering of the

blue precipitate immediately formed. The mixture was concentrated o . o . .
to about half-volume under vacuum, and the product was collected by "€flection intensity with increasing Bragg angle was apparent. -Unit

filtration, washed with small amounts of water and diethyl ether, and ce!parameters_am= 11.028b=17.9I5,c= 20-745510‘: 107}-;43'
dried (yield> 90%). Anal. Calcd for GHsN1CwClLOwaH,0: C, A = 101.56, y = 104.89 for the P1 space groupy = 3603.7 &, Z
42.27,H, 452; N, 12.57. Found: C, 41.89; H, 4.36; N, 12.61. IR — 2 Mw = 1574, Dcac = 1.45 gcm °. Data were reduced by the
(Nujol mull), cr%: 3450, 1618, 1504, 1328, 1296, 1262, 1250, 1095, Program DENZO? The structure was solved by conventional Patterson

1011’ 975, 9401 932’ 917’ 843, 7471 723’ 625. NS [MeCN'/lmax, and Fourier methods and refined by the Ieast-squares mé&thode
nm (e, M~ cmr3)]: 248 (43 000), 274 (44 000), 280 (40 500), 320 sh final refinement of 428 parameters, treating anisotropically only the
(3700), 670 (300), 795 (320). Cu and Cl species and including the H atom contribution, held constant,

[Cux(LB5)(N3)][ClO 4]5.2H;0. This adduct was obtained by adding ~ 9ave anR index of 0.12 R, = 0.16). Complete tables of atomic
a solution of sodium azide (0.04 mmol) in a few milliliters of methanol Parameters and bond lengths and angles are included as Supporting
to [Cly(LB5)(H-0)4[CIO4]4 (0.04 mmol) dissolved in a 2.5:1.0 (viv)  Information.
mixture of methanol/acetonitrile (30 mL) with stirring. The solution Ligand-Binding Studies. Spectrophotometric titrations of the
turned immediately to dark green. It was concentrated to a small binding of azide to [Cy(LB5)]*" were performed by adding small
volume, and diethyl ether was added to form a precipitate. This was amounts of a concentrated solution of the ligand in methanol to a
filtered off, washed with small amounts of water, and dried under solution of the complex in 8:1 (v/v) methanol/acetonitrile. The data
vacuum (yield~ 75%). Anal. Calcd for GHs7N16CWCl30:22H,0: were analyzed as described previous#if. Similar titration experiments
C,45.19; H, 4.54; N, 16.53. Found: C, 45.29; H, 4.38; N, 16.31. IR were carried out using methanolic sodium hydroxide solutions.
(Nujol mull), cm™: 3500, 2077, 1615, 1501, 1344, 1324, 1294, 1248,  inetics of 3,5-Diert-Butylcatechol Oxidation. The kinetic
1096, 1010, 982, 939, 932, 913, 774, 741, 723, 666.—ui¢ [MeCN;
Amax, NM (€, M~ cm™3)]: 274 (44 500), 280 (41 000), 388 (1850), 680
sh (330), 780 (350).

Potentiometric Determinations. Potentiometric determinations of

experiments were followed spectroscopically using a magnetically
stirred, thermostated, 1-cm-path-length cell and a HP8452 A diode array
spectrophotometer. The temperature during the measurement was kept
constant at 2& 0.1°C. The solvent employed for the kinetic reactions

LBSf in tr(;e gﬁsence and ind the rr])rzsec?ce Qg Eoﬁpeg\(‘!) ionstere was a 30:1 (v/v) mixture of methanol/agueous phosphate buffer (50
performed with apparatus and methods described elsewinesg m mM) pH 5.1, saturated with atmospheric oxygen. The concentration

of_ an 80:20 (v/v) dioxane/water mixture made Q.l M in ioni_c strength of the copper complexes [ELB5)]*, [CU'A(L-55)]*, [Cu'(L-66)]**,

with NaClIQ, at 29.8 K. The electrodes were dipped férh in the and [CU(CIOy),] during the catalytic measurements was kept atd..3

above solvent mixture before the system was standardized, by a10-5 M while that of the substrate was varied from 0.07 to 15 mM

procedure described eliewhére\lernst’s. equation was strictly obeyed The formation of quinone was followed by observing .the increase c.)f

;:‘Y‘EEESS‘SZ& ;I)_rc()J%[rHar% 3\];:;2?1:;(??2rgfgéetgsbtileng?;n:gdéalzglz te the characteristic quinone apso_rption band around 400. nm. In'order

both the protonation and stability constants. tc_> de_crease the t_effect_of noise in the abs_,orbance rgadlngs _dunng the
kinetic determinations, it was found convenient to monitor the difference

Voltammetric Measurements. Cyclic voltammograms were ob-
. - g . between the absorbance at 396 nm and that at a wavelength where the
n n AMEL model 473 multipolarograph h a three- . - .

tained by odel 473 multipolarograph equipped with a three absorbance remains negligible during the assay (700 nm). For the

electrode system, a 3-mm gold electrode as the working electrode, a”,. . .
platinum wire as the auxiliary electrode, and a AgfAgelectrode as dlcopper(ll)_ complexes Of. LBS, L-66, a_nd L-55, the reaCt.'On of which
the reference electrode. Complex solutions (0.5 mM) were prepared foIIows_ a biphasic behavior, the reaction rate was obtalne(_i from the
by dissolving the ligand (L) and copper(ll) perchlorate in Cu:L ratios slope_ in both pe_lrts of the trace at 396 nm. The conversion of the
reaction rate units fromdA/s to M/s was done using = 1500 M

of 1:1 and 2:1 in dry acetonitrile, using 100 mM tetraethylammonium - . .
perchlorate (TEAP) as the supporting electrolyte. Cyclic voltammo- €M * for DTBQ in methanol. In a separate set of experiments, the

(8) (a) Wolsey, W. CJ. Chem. Educl973 50, A335. (b) Raymond, K. (12) Otwinowski, B.Oscillation Data Reduction Progranin Proceedings

N. Chem Eng. New$983 61 (Dec 5), 4. (c)Chem. Eng. New$963 of the CCCP4 Study Weekend: Data Collection and Proces2hg
41 (July 8), 47. 30 January 1993; compiled by Sawer, L., Isaacs, N., Bailey, S.; SERC
(9) Fabbrizzi, L.; Kaden, T.; Perotti, A.; Seghi, B.; Siegfried,|horg. Daresbury Lab.: Daresbury, England; pp-582.
Chem 1986 25, 807. (13) Frenz, B. A.An Interactve Structure Solution Procedurdnraf-
(10) Sabatini, A.; Vacca, A.; Gans, Boord. Chem. Re 1992 120, 389. Nonius: Delft, The Netherlands, 1990.

(11) Sawyer, D. T.; Roberts, J. L[Experimental Electrochemistry for (14) Casella, L.; Gullotti, M.; Pallanza G.; Buga, Morg. Chem 1991,
ChemistsWiley: New York, 1974; p. 54. 30, 221.
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kinetic determinations were performed using the methanol/buffer Results and Discussion

solution saturated with 1 atm of oxygen. . . - . .
Detection of Hydrogen Peroxide in the Catalytic Reactions.To Ligand Synthesis and Binding Properties. The synthetic

detect the formation of hydrogen peroxide during the catalytic reaction, foute to LB5 is very simple, since it is based on the condensation
the development of the characteristic band fma = 353 nm;e = reaction between dipropylenetriamine and 2-(chloromethyl)-1-
26000 M cm?), upon reaction with 1, was monitored. The methylbenzimidazole in the presence of base. The original
oxidation reaction of DTBC in the presence of the different catalysts scope of producing a ligand with eight nitrogen donors stemmed
was carried out as in the kinetic experiments. When the absorbance atfrom the attempt to obtain trinuclear copper(ll) complexes which
396 nm, due to the formation of DTBQ, reached a value of 0.2 could act as synthetic models for the as yet incompletely
AU (using a path length of 1 cm), an equal volume of water was added. \ngerstood type 2type 3 trinuclear cluster present in the blue
The quinone formed was extracted three times using dichloromethanecopper oxidase® where a total of eight histidine imidazole
(removal of the quinone is necessary since it can oxidize iodide). The groups provide th,e protein ligands for the metal centers. It soon

water layer was acidified with 3O, to pH 2, and one-third volume : .
of a solution of KI (50 g/L) in water and 100 nM lactoperoxidase (to P€c@me clear that, as described below, only two copper(ll) ions

accelerate the oxidation of iodide by hydrogen perotidepre added.  @re tightly bound to LBS5 and occupy all the available ligand
In the presence of hydrogen peroxide, a band due to the formation of donor atoms. In spite of its symmetric structure, LB5 binds

I;~ develops. Since atmospheric oxygen can oxidize blank the two metal ions asymmetrically, providing an example of
experiments (without catalyst or without catechol) were also performed. ligand coordination asymmet®). It has been noticed that this
For the catalytic reactions performed in the presence of([CB5)]**, type of coordination asymmetry may be important in determin-

[Cux(L-66)]*", or [C(LB5)]*", no appreciable hydrogen peroxide ing the peculiar reactivity of a number of dinuclear metallo-
accumulation was found. Instead, when the reaction was performed proteins

in the presence of copper(ll) salt, the assay revealed a concentration Protonation and Stability Constants. In the range of-Log-
. : 0 . .
of hydrogen peroxide corresponding to above 80% of the quinone [H+] explored (from 3 to 9), seven protonation steps have been

formed in the catalytic reaction. . . .
Effect of Hydrogen Peroxide on the Kinetics of DTBC Oxidation. detected for LBS, with the cumulative Log of formation

The effect of HO, on the catalytic oxidation of DTBC was studied ~constants of 9.33 (0.01), 12.01 (0.01), 17.10 (0.01), 21.25 (0.02),
through observation of how the reaction rates, under the conditions 24.65 (0.5), 27.55 (0.5), and 30.03 (0.5), respectively (the eighth
used for the kinetic measurements, were altered by the presence ofprotonation step should have & pess than 2). The ligand
hydrogen peroxide in the reaction mixture. The concentration of DTBC, easily incorporates two copper(ll) ions in a stepwise process,
unless otherwise stated, was kept at 5 mM, while that of hydrogen and with different formation constants, according to the
peroxide was varied from 0 to 50 mM. The formation of DTBQ versus equilibria
time always followed a biphasic behavior. For the dicopper(ll)
complexes of LB5 and L-55 the reaction rates were obtained for both + . 2+ _
of the phases, while for [G(L-66)]*" only the rate in the second (slow) CU" L= [CuL] Log f110=9.85
phase could be obtained.

Study of the Catalase Activity of the Complexes. To observe 2CU" + L =[Cu,L]** Log B150=17.40
whether the dicopper(ll) complexes of LB5, L-66, and L-55 exhibited
catalase activity, a 0.1 M solution of hydrogen peroxide in methanol
was divided into four parts. One part was used as a blank, while the
others were incubated fa2 h each in the presence of a 18/ ) .
concentration of one of the dicopper(ll) complexes. At the end of the Showing, as it has been demonstrated by the crystal structure
incubation time, SuL of the incubated solutions were added to 2 mL  in the solid state (see below), that the two copper ions have
of a water solution acidified to pH 2 with430, and containing 5 g/L different coordination environments. Successively, an equilib-
of Kl and 100 nM lactoperoxidase. After a 15-min incubation time, rium corresponding to the deprotonation of a coordinated water
the spectra of the solutions were recorded using a 1-mm-path-lengthmglecule,
cuvette. The intensity of thes1 band developed at 353 nm was the
same as tha_t c_>f the blank for all three complexes, indicating negligible [CuzL(HZO)]4+ — [CuzL(OH)]3+ +H"
catalase activity.

Phenol Hydroxylation. The procedure followed basically that . .
reported for the studies employing the dicopper(l) complexes of L-55 0ccurs with a & of about 4. On the basis of the crystal
and L-667¢ The dicopper(l) complex of LB5 was prepared in situ by ~ Structure, it is likely that this equilibrium involves the copper-
mixing and heating under an inert atmosphere the ligand (0.05 mmol) (Il) center coordinated to three nitrogen donors of LB5 and two
and [Cu(MeCN)][CIO4] (0.1 mmol) in dry acetonitrile (30 mL). After water molecules. The rather lowKpvalue, similar to that
cooling, a solution of tetra-butylammonium 4-carbomethoxyphenolate,  reported for the formation of a bridging dicopperéBydroxide
or methyl 4-hydroxybenzoate, (0.05 mmol) in dry, degassed acetonitrile complex!’” can be tentatively attributed to the high positive
(~3 mL) was added via gas-tight syringe. The solution of the ligand, charge of the complex and the low basicity of the benzimidazole
n Ithf presence of th; tcodpper(') Conl‘plfx' b’“zcame 3t’e”°W' tThe”' t_r:;: ligands involved in the coordination of this CuNnit.
solution was exposed to dioxygen (1 atm) at room temperature, wi X-ray Structure of [Cu 5(LB5)(H20),][CIO J]s. The crystal

stirring. Samples (1 mL) for HPLC analysis were withdrawn at various
times. Each sample was evaporated to dryness and decomposed witﬁ’f the complex of formula [CHLBS)(H20),][ClO4]4+7.6H,0-

2 M aqueous BSQ;, (4 mL). The phenolic derivatives were extracted O-SCH%QH is built up by _[CQ(LB5)(HZO)2]4+ cations, perchlo-
with chloroform (3x 5 mL). The combined organic extracts were ~rate anions, crystallization water, and §&»H molecules. A
washed with water saturated with 0, (2 mL) and rotary-evaporated ~ side view of the cation, together with the numbering scheme
to dryness. The residue was then dissolved in a few milliliters of for Cu and the coordinated donors, is given in Figure 1. LB5
methanol, a known amount of 4-hydroxybenzoic acid as internal acts as an octadentate dinucleating ligand, coordinating Cul
standard was added, and the solution was analyzed by HPLC. Thethrough five N donors and Cu2 through the remaining three N
actual recovery of organic material was never above about 80% of the yonors. Two water molecules complete the Cu2 coordination
amount of phenol initially reacted. The figures reported as yields are

normalized to 100% recovery. (16) (a) Solomon, E. |.; Baldwin, M. J.; Lowery, M. Chem Re. 1992
92, 521. (b) Messerschmidt, AAdv. Inorg. Chem 1993 40, 121.
(15) Jenzer, H.; Jones, W.; Kohler, Bl. Biol. Chem 1986 261, 15550. (17) Menif, F.; Reibenspies, J.; Martell, A. iorg. Chem1991, 30, 3446.

(CUE* + [CuL]*" =[Cu,L]** Log K = 7.55)
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2680 2840 3000 gauss

Figure 2. ESR spectrum of [CLB5)]*" recorded in frozen aceto-
nitrile solution at—150 °C.

Figure 1. Side view of the cation [CLB5)]** showing the coordina-

tion geometry about the two copper ions. The numbering scheme for . L .
copper and coordinated donors is also shown. tetrakis[(2-benzimidazolyl)methyl]-2-hydroxy-1,3-diaminopro-

pane, containing either chloride or thiocyanate counterions, have

sphere. Thus, both copper ions are five-coordinated. The been reported, where the hydroxy group does not lose the
approach of Mutterties and Guggenbertfewhich uses the  proton? In these complexes, the hydroxy group acts as either
shape-determining dihedral angig is the best way to decide @ terminal or a bridging ligand, depending upon the nature of
the actual geometry of the five-coordination sphere about the the accompanying anion(s). In some of the dinuclear complexes
metal center. The angles has a value of 53°1for the ideal in this series, significant differences between the coordination
trigonal bipyramid (TBP) and 0°Cor the square pyramid (SP).  geometries about the two Cu centers are found. Recently, only
For Cul this value is £4 showing that Cul has a distorted TBP ~ a few examples of nonsymmetric dinucleating ligands have been
geometry with two benzimidazole residues (NI, N3) and the reported, which provide different sets of N donors and, hence,
tertiary amine N12 donor in the equatorial positions, whereas a coordination asymmetry in the dinuclear model (see, e.g., refs
third benzimidazole residue (N5) and the tertiary amine N11 2d,e). However, in all of the above dinuclear complexes, both
donor occupy the axial positions (Figure 1). Equatorial bond copper(ll) ions need exogenous ligands for completing their
angles deviate slightly from the expected 12the largest coordination sphere. In this respect, the structure of the-[Cu
deviation being 13 whereas the N5Cu—N11 is 177.6(5). (LB5)(HO),]*" cation is the first example where one metal ion
The sum of the equatorial bond angles at Cul is 35&Bowing completes its coordination only with five endogenous donors.
that the metal ion is essentially in the mean plane of the Spectroscopic and Ligand-Binding Properties of [Cuy-
equatorial donors. For the same kind of donor, the axial (LB5)(H20)2*". The electronic spectrum of the [&uB5)]**
distances are significantly shorter than the equatorial ones. Incomplex recorded in C¥CN solution exhibits, besides the
fact, the Cut-N5 axial distance of 1.95(1) A is shorter than the intense UV absorptions below 300 nm, due to benzimidazole
equatorial Cu-N1 and CutN3 distances, which are 2.03(1) & — &* transitions, a poorly defined absorption of moderate
and 2.05(1) A, respectively. Analogously, the axial €Ml11 intensity between 300 and 400 nm, which can be attributed to
and the equatorial CtiN12 distances are 2.09(2) and 2.20(1) o(amino)— Cu(ll)?* andz(benzimidazole}—~ Cu(ll)?2 LMCT
A, respectively. Thes value of 3 indicates that the coordina-  transitions, and two weaker and partially resolved bands in the
tion geometry about Cu2 is distorted SP, where two benzimi- visible region, near 670 and 800 nm. The presence of two d
dazole residues, the amine N13 donor and the O2 waterbands in this range agréésvith coordination geometries close
molecule, occupy the basal positions, whereas the O1 waterto trigonal bipyramidal for the Cu(ll) center bound to five LB5
molecule occupies the apical position (Figure 1). The basal nitrogen donors and to square pyramidal for the Cu(ll) center
donors are coplanar withit0.03 A, and the Cu2 displacement  bound to three LB5 donors, with acetonitrile replacing the water
out of their mean plane toward O1 is 0.245(1) A. The apical molecules bound in the solid-state structure. The EPR spectrum
Cu2-0l distance of 2.27(1) A is significantly longer than the of the complex in frozen CECN solution is interesting, since
basal Cu2-02 one of 2.05(2) A. The Cu2N(benzimidazole) it exhibits a resolved hyperfine structure in tjeregion, with
distances are 1.93(1) and 1.95(1) A, close to the correspondingsix discernible lines with an average splitting of 76 G (Figure
axial distance CutN5, whereas the Cu2N13 is 2.13(1) A. 2). This feature may arise from the overlap of two sets of peaks,
The propylene spacer between N12 and N13 atoms has a nearlgorresponding to two different, but similar, Cu(ll) centers in
zigzag conformation leading the two copper ions 8.019(3) A tetragonal environments, with the following simulated EPR
away. parameters: (a; = 2.232(5),|A| = 137(5) x 104 cm™%; (b)

Most of the dinucleating ligands for copper(ll) reported in
the literature have a spacer, either possessing or not possessing9) See, for instance: Paul, P. P.; Tyekla; Faroog, A.; Karlin, K. D.;

a further coordinating group, and separating two structurally l_ri:'r Sn Zubieta, JJ. Am. Chem. S0499Q 112, 2430 and references
identical arms, so that the two resulting copper(ll) centers have (20) operhausen, K. J.; Richardson, J. F.; Buchanan, R. M.; McCusker, J.
the same set of donot$P1° The coordination geometry is very M.; Hendrickson, D. N.; Latour, Jnorg. Chem.1991, 30, 1357.

often distorted SP, and only rarely is a distorted TBP geometry (21) Lever, A. B. P. Ininorganic Electronic Spectroscopynd ed.;
Elsevier: Amsterdam, 1984; p 355.

0 H NG
observed® However, recently, dicopper complexes\gN,N',N'- (22) Dagdigian, J. V.; McKee, V.; Reed, C. Aorg. Chem 1982 21,
1332.
(18) Mutterties, E. L.; Guggenberger, L.J. Am. Chem. Sod974 96, (23) Hathaway, B. JStruct. Bondingl984 57, 55. Yokoi, H.Chem. Lett

1748. 1973 1023.
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g1 = 2.276(5),|A)| = 140(5)x 104 cm. However, this would Table 1. Voltammetric Data at 23C for 0.5 mM Copper(ll)

imply a change in stereochemistry for the Gudenter, from Complexes with LB5, in Copper(ll):Ligand Ratios of 1:1 and 2:1, in
TBP to SP, and therefore it is to be considered that, alternatively, Acetonitrile Solution, with 100 mM TEAP as Supporting

the EPR signal may originate from a weak exchange interaction Electrolyte, and at 50 mv'$

between the Cu(ll) centef$2> The hyperfine pattern would [Cu(LB5)]2* [Cuy(LB5)]*F
result from coupling with two Cu nuclei, with the seventh line Epe, V vs NHE- 10103 10313 10113
overlapped with the broad, envelope near 3100 G. EPR |p:’#A 27 26 25
spectra similar to that of the [G{LB5)]*" cation have been Eps, V vs NHE? +0.242 +0.483 +0.230
observed for other dinuclear Cu(ll) complexes with-€Tu 1Pay 1A 2.3 0.8 20
separations of 7:38.0 A (in the solid state}® this seems to E° = (Epe + Epa)/2° 0.173 0.398 0.172

support the dimer interpretation of the signal. Even thoughwe . . .
. . _ . g The maximum error is£0.007 V on peak potentials and10%
did not observe the forbiddefim = 2 transition at half-field, on peak currents. Considering the redox electronic transfers as they

this transition may be difficult to detect when the coupling is \,ere reversible.
weak.

The addition of azide to an 8:1 methanol/acetonitrile solution
of [Cup(LB5)(H20),][ClO4]4 (the complex is poorly soluble in
pure methanol) produces the characteristic appearance of LMCT
bands in the near-UV spectral region. At lows[it[Cu] ratios,
up to about 1:1, thénax of the LMCT band is located at 396
nm (Ae ~ 2200 M~ cm™1). An adduct with this stoichiometry
has been isolated also in the solid state. At higher azide
concentrations thénax of the LMCT band progressively shifts
to 392 nm, with a parallel increase of intensity. An isosbestic T
point at about 336 nm is maintained in the binding of the first, b)
high-affinity azide molecule. The binding constatit= 3 x
10* M~1is lower than those found for the dinuclear complexes
derived from L-55 and L-66° likely because, as shown by the
symmetric shape of the LMCT band, azide behaves as a terminal
ligand to a single copper(ll) center of [guB5)]*", while it 1Al
binds as a bridging ligand to the dicopper(ll) complexes of L-55
and L-66. There is little doubt that azide is bound to the copper- 800 400 0
(I) center carrying only three nitrogen donors of LB5; both
the Lewis acidity and the accessibility of this center are much £ 3. Cycic voltamn::)\;rvasr;::ifo 5 mM copper(ll) complexes
higher than those of the other copper(ll) ion. The LF spectrum ~'gure =. a . o ne XE
of the azide addpct confirms that no significant structural change \;V(')tlﬂtli‘gf :/Cit(;‘loEggrr(llllil.llI'?'ETPthSIOSSU%fp(gI?ti:II’-I-; ;gcét(r%)lyztél’ Ie?t %%emtgle
has occurred with respect to the precursor complex. and recorded at 25C.

The different behavior toward azide between JCB5)]*"
and [Cy(L-55)]*" or [Cuy(L-66)]*" is reproduced in titrations  reduced copper(l) complexes. In addition, successive scans did
with OH™ to yield dicopper(Il}-hydroxo species. Inthe present not reveal a different behavior so that these peaks refer to the
case, spectrophotometric titration of the complex with metha- reduction of copper(1l) and to the oxidation of copper(l) species.
nolic sodium hydroxide gives rise to the appearance of a single As shown by the data in Table 1, where the redox potentials
hydroxide-to-Cu(ll) LMCT band at 356 nm, while two LMCT  toward NHE are reported°aq (acetonitrile) vs NHE (water)
bands characterized the hisdfydroxo) arrangement attained by  being 0.6377 and from Figure 3, the [Cu(LBR] complex
the adduct formed by [G{L-55)]** and [Cu(L-66)]*".7° gives a single reduction peak at relatively low potential, while

Voltammetric Data. The reduction processes of the LB5 the [Cw(LB5)]*" complex gives an additional peak at more
complexes, studied in 1:1 and 2:1 Cu(ll):ligand ratios, were positive potential. It is important to note that the potentials
electrochemically quasireversible, the anodic peak being far pertaining to the second peak of the fuB5)]*" voltammo-
away from the theoretical value of 60 mV for a one-electron gram are very similar to those of the single peak present in the
transfer and the cathodic and anodic potentials varying with voltammogram of [Cu(LB5%", which means that the copper-
the sweep rates. Additional complications arise for the appear-(ll) ion involved in the five-nitrogen arrangement is always
ance of absorption peaks on the gold electrode surface. Thereduced at the same potentials and is only slightly influenced
reduction processes involve the transfer of one electron for eachby the second copper(ll) ion in the three-nitrogen environment.
step, as indicated by the variation of the peak current as aln Table 1, the calculateB’(Cw?*/Cu®) values for the mono-
function of the square root of the potential sweep rate. Anodic and dinuclear LB5 complexes are also reported, assuming their
peaks with comparable currents were detected at more positiveredox transfers as reversitite.
potentials, which are not the potential of free copper(ll), thus  Catechol Oxidase Activity. The catalytic oxidation of
avoiding the complications due to dismutation reactions of the catechol and, in particular, 3,5-ti+t-butylcatechol (DTBC) has
been widely studied as a model reaction for the catecholase

(24) Yokoi, H.Chem. Lett1973 1023. ‘ activity of tyrosinas@?9-2%:30 When the reactions were performed
(29) g%)f?eltgoluos%T(-bF;-'?: 'éﬁ‘ﬁ'gg\évsﬂ %?-ﬁgﬁgﬁgﬁgg”b’?ﬂgﬁg- gngm using methanol saturated with atmospheric oxygen as solvent,
1978 17, 444. (c) Haddad, M. S.; Hendrickson, D. .hhorg.. Chem at 20°C, the dicopper(ll) complexes of LB5, L-55, and L-66

1978 17, 2622.

(26) (a) Mandal, S. K.; Thompson, L. K.; Newlands, M. J.; Gabe, E. J.; (27) Kratochvil, B.; Lorah, E.; Garber, G\nal. Chem1969 41, 1793.
Lee, F. L.Inorg. Chem199Q 29, 3556. (b) Tandon, S. S.; Thompson,  (28) Bond, A. M.Modern Polarographic Methods in Analytical Chemistry
L. K.; Bridson, J. N.; Dewan, J. Gnorg. Chem 1994 33, 54. Marcel Dekker: New York and Basel, 1980; p 182.
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Figure 4. Rates in the first phase of DTBQ production at different ) ) .

DTBC concentrations. The reactions were performed in a 30:1 (v/v) Figure 5. Rates in the second phase of DTBQ production at different

mixture of methanol/agqueous phosphate buffer (50 mM) pH 5.1 at 20 DTBC concentrations. The reactions were performed in a 30:1 (v/v)

+ 0.1°C. The concentration of the copper(Il) complexes was:NB mixture of methanol/agueous phosphate buffer (50 mM) pH 5.1 at 20
=+ 0.1°C. The concentration of the copper(ll) complexes wag\B

reacted with DTBC stoichiometrically, or with extremely Iow |y for the need to bind the catechol substrate in a bridging

catalytic efficiency after the stoichiometric reaction. In order ,o4e  such adducts have been isolated previously for the L-55
to observe catalytic rather than stoichiometric reactions, a small and L-66 complexe& but we have been unable to obtain them
amount of an aqueous buffer had to be added to the methanok, sufficiently pure form for the LBS complex so far. In the

solution. An aqueous buffer at pH 5.1 was used, since at pH ¢qhner catalyzed oxidation of catechols, dioxygen is often
near neutrality we found that the contribution of the noncatalytic (eq,ced to hydrogen peroxi@®:3! The following mechanisms

o_xidation of DTBC became_ nonnegligible. For a_II three ere proposed by Chyn and Urbach to explain their experi-
dicopper(ll) complexes the quinone produced versus time CUrve antal dat#a

follows a biphasic behavior. The reactions occur with a first

stoichiometric fast phase followed by a slower reaction. For mechanism |

both phases, it is possible to obtain the reaction rates and observe

the rate dependence on the concentration of DTBC, as shown  Cu'---Cu' + DTBC— Cu---CU + DTBQ + 2H" (1)
in Figures 4 and 5, respectively. Applying the Michaelis

Menten approach it is possible to characterize the kinetic Cu--Cu + 0,— Cu'(0,)* CU' 2
behavior in most cases using the paramektesisKy, andkea/
Kw, the values of which are reported in Table 2. The dicopper- cd'(0y)* cu' +2H" —cu'--cd' + H,0, (3)

(1) complex of L-66 differs significantly from the other catalysts
since its reaction rate in the first step is extremely fast and can mechanism I
be evaluated only at low DTBC concentration (Figure 4). This
prevents a good estimation kif; andkca;, So that only the zatio initial step: CU---Cu' + DTBC —
keafKw is reported in Table 2. Moreover, with [gilL-66)]*, | | +
the rate in the second phase is low and independent of substrate Cu--Cu +DTBQ+2H" (1)
concentration in the [DTBC] range 0-1.5 mM (Figure 5). For
[Cux(LB5)]*t and [Cy(L-55)]*", a clean substrate saturation
behavior could be observed in both phases. These complexes Wy 92— I |
are much more efficient catalysts for catechol oxidation than ~ CU (02)” Cu” + DTBC— Cu--+Cu + DTBQ + H,0,
simple copper(ll) perchlorate salt (Table 2). However, the (4)
reaction of [Cy(LB5)]*" showed an indication of substrate
inhibition at very high DTBC concentration.

For the three dinuclear complexes the DTBC oxidation rate
was found to depend linearly on the catalyst concentration, while

for simple mononuclear complexes the rate depends on the h in Sch 1 Thi h | s a diff i
square of the copper(ll) concentrati##3! This shows that the as shown In Scheme L. IS Scheme also reports a difieren

reaction needs the cooperation of two close copper centers, quit ycle.(path ©), .Whi?’h resembles that of the enzyme tyrosinase,
: P : pp qui él; which the oxidation of two molecules of DTBC by dioxygen

(29) (a) Oishi, N.; Nishida, Y.; Ida, K.; Kida, ®ull. Chem. Soc. Jph98Q occurs without release of hydrogen peroxide. What discrimi-
53, 2847. (b) Demmin, T. R.; Swerdloff, M. D.; RogiM. M. J. Am. nates between pathways a and b is the reactivity of the
ghim- DSOCSth?l 102 5(/93 I('C)Mca?:e”atm’ Ub: T;mburigiﬁ_s.;\ggtato, Cu'(0)? Cu'" intermediate, since it can react with protons,

. A.; De Stefani, A.; Vidali, M.; Fenton, D. Hnorg. im. Acta f . . .
1083 69, 45. (d) Casella, L: Gullotti, M : Pessina, C.. Pintar, A according to pathway a (first mechanism), or with the catechol,

Gazz. Chim. Ital1986 116 41. (e) Malachowski, M. R.; Davidson, ~ according to pathway b (second mechanism).

redox cycle: Cli--Cu + 0,—CUu'(0,)> Cu'  (2)

Formation of hydrogen peroxide during the catalytic turnover
can provide a further route to the catalytic reaction since it can
compete with dioxygen in the reoxidation of the dicopper(l)
complex. The different mechanisms can be grouped together,

Més% I3nor29. 9Chim. Actal989 163 199. (f) Speier, GJ. Mol. Catal. The presence of a fast initial phase agrees with both

1 7, 259. i ince it i ivi .

(30) (a) Chyn, J. P.; Urbach, F. Inorg. Chim. Actal991, 189 157. (b) rﬂechanlslms,tsmcedlt[l)s_r(élg t(?rtr:le Llllght'reactIVIty ?[f thef Co?ﬁ.er
Rockcliffe, D. A.; Martell, A. E.Inorg. Chem.1993 32, 3143. (1) complex towar . The kinetic parameters for this

(31) Balla, J.; Kiss, T.; Jameson, R. IRorg. Chem.1992 31, 58 phase (Table 2) show that the order of reactivity of the
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Table 2. Kinetic Parameters for the Catalytic Oxidation of DTBC in Methanol/Aqueous Buffer pH 5.1 &€20

first step second step
complex Keat (579) KealKm (M~1s79) Ku (MmM) Keat (57%) KealKm (M~1s7%) Kw (mM)
[Cux(LB5)]** 0.31+0.01 590+ 30 0.52+ 0.04 0.035t 0.001 60+ 5 0.59+ 0.05
[Cuy(L-55)]+* 1.40+ 0.06 900+ 90 1.5+0.2 0.33+0.01 140+ 10 24+0.2
[Cux(L-66)]*4+ 9300+ 800
[CuJ?* 2
Scheme 1 0.6 -
cu(ll).....Cu(ll) = o6 (Cu (L6
DTBC 2
—
2 H,0 ﬁ
DTBQ g'
2 H* path d o
2,
path a E
©
Cu(l).....Cu(l) ’;’gﬁ =~
0. DTBQ —
/ H,0, 15
ath b
P [H,0,] (mM)
Figure 6. Dependence of the reaction rates in the second phase of
pTec DTBQ formation on the concentration of hydrogen peroxide. The
I reactions were performed in a 30:1 (v/v) mixture of methanol/aqueous

phosphate buffer (50 mM) pH 5.1 at 20 0.1 °C. The concentration
of the copper(ll) complexes was 18Vl while that of DTBC was 5
mM.

Cu(l1)(0,)* Cu(l)

complexes is [Cy(L-66)]*" > [Cup(L-55)]*" > [Cup(LB5)]**.
The very high reactivity of the L-66 complex is due to its high jnstead of reacting with dioxygen prefers to react with hydrogen
redox potential. In fact, the Cu(ll)/Cu(l) redox potentials in  peroxide, following path d. For [G(L-55)]*", the reaction rate
acetonitrile solution are 0.64 V for L-66,0.39 V for L-55", is slightly reduced in the presence of hydrogen peroxide, at least
and 0.40 and 0.17 V for LB5. The lower reactivity of [Eu  at relatively low oxidant concentration. Probably the oxygen-
(LB5)]** with respect to [Ci(L-55)]** is probably due also to  ation of the dicopper(l) complex is very fast and, therefore, the
the necessity to release one of the coordinated benzimidazoleintermediate prefers to react with,@ath b) rather than with
ligands at the Cublcenter in the binding of catechol. H,0; (path d). The decrease in the observed rate could be due
The reactivities in the second phase are lower. Fop(IGU  to the partial transformation of the dicopper(ll) complex into

55)I*" and [Cy(LB5)]**, the reaction rates depend on the the less reactive peroxide adduct, according to the reaction
catechol concentration, indicating that the substrate reacts in(reverse of path a)

the rate-determining step (rds) of the reaction. This excludes

path a, where the steps after the fast reduction of the dicopper- Ccu'--Cu' + H,0,— CU'(0y)* Cu' + 2H"  (5)
(I) species are independent of DTBC. Considering that
pathway b is valid, the rds is step 4. For u66)]*", the The rate of DTBC oxidation in the presence of jliB5)]*"

rate independence of substrate concentration indicates that thes catalyst shows J@, saturation behavior (Figure 6). This is
rds is the formation of the dioxygen adduct (reaction 2). This likely due to a change in the rds of the reaction. At lowCH
is confirmed by the strong dependence of the reaction rate of concentration, the reaction follows the normal cycle, since the
this complex on the oxygen concentration. Using a methanol/ contribution of the route provided by this oxidant (path d) is
buffer solution saturated with 1 atm of oxygen, instead of air low. As the hydrogen peroxide concentration increases, the
oxygen, the reaction rate was found to increase 3-fold, while importance of this path and, hence, the rate progressively
for [Cux(L-55)]*" and [Cy(LB5)]*" the rate increase was less increase. When the hydrogen peroxide concentration is higher
than 10%. The low rate of formation of the dioxygen adduct than 5 mM, reoxidation of the dicopper(l) complex by®4 is
of the L-66 complex is probably due to its high redox potential, faster than catechol oxidation by the dicopper(ll) complex. Thus,
which indicates that the Cu(l) state is more stable. the latter process becomes rate-limiting and the rate becomes
In order to study the effect of hydrogen peroxide in the independent of kD, concentration. The observation that at high
catechol oxidation reaction, the kinetics were followed under H,O, concentration the rate depends on the catechol concentra-
conditions close to DTBC saturation in the presence of variable tion also in the range above 5 mM where, withoyQ4, DTBC
amounts of HO,. The rates for the second phase of the reaction is under saturation conditions (Figure 5) agrees with the
as a function of hydrogen peroxide concentration are reported hypothesis of a change in the rds of the reaction. The estimate
in Figure 6. For [Cy(L-66)]*" the rate is strongly affected by  of ks for the catalytic oxidation of DTBC by D, is pos-
H,0,, and a linear dependence between the rate as@, H sible at low oxidant concentration and gives the valuet/8
concentration was found. The estimatgghfor this processis ~ M™1s™L
504+ 1 M~1s L This behavior can be associated with the slow  Since hydrogen peroxide is not decomposed by the(ICu
reoxidation reaction of the dicopper(l) intermediate, which 55)}*", [Cuy(L-66)]*", and [Cy(LB5)]*t complexes, its presence



Tyrosinase Models Inorganic Chemistry, Vol. 37, No. 3, 199%61

Scheme 2 Table 3. Oxygenation of Methyl 4-Hydroxybenzoate Mediated by
H H H Dicopper(l) Complexes
[Culj OH OH complex temp{C) time(h) P(%) C((%) M (%)
0. + Using Phenolate
2 0~©—COOM¢: [Cus(LB5)]2 20 0.2 56 44
COOMe OOMe OOMe 20 3 51 49
20 20 50 38 12
[Cup(L-66)]2" 2 23 2 1 4 95
P N M —40 26 70 30 trace
. . . _ . [Cup(L-55)]?" 2 23 2 40 2 58
in the catalytic cycle when dioxygen is used as the oxidant :
e . Using Phenol
should be detectable if it accumulates. As shown in Scheme [cy,(B5)2*
1, hydrogen peroxide is formed when DTBC oxidation occurs (L:1p 20 1 83 17
according to pathway a or b, but it can be consumed in the 20 20 82 12 6
reoxidation of the dicopper(l) complex (path d). In order for (2:1p 20 1 80 20
20 14 73 13 14

hydrogen peroxide to be detected, path d must be slower than
either path a or b. Thet assays performed on samples taken  2Reference 7d? Molar ratio of [phenol]:[C4] complex.© Value
from the catalytic reactions of [G(L-55)]**, [Cux(L-66)]**, neglecting excess phenol.
and [Cuy(LB5)]*" were never significantly different from blank
experiments, indicating that hydrogen peroxide does not ac- catechol, which remains the major product. The dicopper(l)
cumulate. Thus, either the catalytic reactions occur through the LB5 system, therefore, appears to be much more selective than
tyrosinase cycle (pathway c) or the®b produced is consumed ~ the parent L-55 and L-66 systems in the monooxygenase
in a fast reoxidation of the dicopper(l) complex (path d). By reaction. Also interesting is the observation that some mo-
contrast, as for the oxidation of catechol in wa¥eproduction nooxygenase activity is observed when simply the phenol,
of hydrogen peroxide by tth assay was confirmed by us in instead of its tetrm—butylammonium Sa't, is used (Table 3)
the oxidation of DTBC by copper(ll) salt in the methanol/buffer This reaction does not occur with [&U-55)]%" or [Cup(L-
pH 5.1 medium. 66)]** and can be accounted for by considering that the ligand
Phenol Monooxygenase Activity. The most important LB5 has nitrogen donors that are not involved in the complex-
biomimetic reaction characterizing tyrosinase models is the ation to the copper(l) centers and can be used as basic groups
hydroxylation reaction of exogenous phenols. Although a few to deprotonate the phenol.
copper systems capable of performing this transformation have ~The limitations to the reactivity of [G{LB5)]** seem to be
been reporte@® the only dinuclear copper complexes with ~connected with a distribution of the copper(l) centers among
relevance to tyrosinase for which the reaction has been several donor environments. Assuming two- or three-coordi-
characterized in some detail are those derived from L-55 and nated copper(l) centers, as is usually the case with ligands
L-66.7¢ The model reaction studied was the oxygenation of Similar to the coordinating arms present in LE5there are
methyl 4-hydroxybenzoat®) to methyl 3,4-dihydroxybenzoate ~ several possible isomeric forms of [£LB5)]?*. The presence
(C), because the presence of an electron-withdrawing substituen®f these isomers is indicated, for instance, by theNMR
on the phenol nucleus stabilizes the dicopper(titecholate  spectrum of the complex (in GBN) showing a downfield shift
product of the reaction to internal electron transfer, to yield (0.2—0.5 ppm) for all the CHland NCH groups of the ligand.
dicopper(l) and quinone, thereby preventing further redox and In the'H NMR spectrum of the adduct between the dicopper-
condensation reactivity. The only drawback of the reaction (I) complex of LB5 and methyl 4-hydroxybenzoate, three methyl
mediated by the dicopper()L-55 and dicopper(lyL-66 com- signals of comparable intensity for the phenolate ion can be
plexes was the finding that the bound catechol intermediate canobserved. This indicates that two or three types of phenolate
undergo a formal Michael addition process with unreacted adducts are present in solution, not all of them being suitable
phenol, to give methyl 2-[4-(carbomethoxy)phenoxy]-3,4-di- to undergo the ortho hydroxylation by reaction with molecular
hydroxybenzoate M) (Scheme 2§2¢ unless the reaction is  OXygen.
carried out at low temperaturé. Since the present LB5 system
exhibits catechol oxidase activity, it was of interest to investigate
its monooxygenase activity in the same reaction mediated by In the present work we have reported a new dinuclear

Conclusion

the parent L-55 and L-66 systems. complex characterized by nonsymmetric binding of the ligand
The results of experiments carried out under the same con-to the two copper(ll) centers and expanded upon the biomimetic
ditions as those reported for the L-55 and L-66 systérame chemistry of a related series of dinuclear complexes with

striking. The oxygenation of the tetrabutylammonium salt polyaminobenzimidazole donor sets in the context of the activity
of methyl 4-hydroxybenzoate mediated by the dicopper(l) of tyrosinase. These systems represent suitable models of the
complex of LB5 and dioxygen proceeds rapidly and selectively enzyme for their capacity to perform regiospecific ortho
to give only catechol, with no trace of the Michael adduct, even hydroxylation of exogenous phenols and to carry out complete
when the reaction is performed at room temperature (Table 3).reduction of dioxygen to water in the catalytic oxidation of
Formation of the latter adduct becomes apparent only after catechols. Also the latter feature is a characteristic of tyrosinase
reaction times of the order of 20 h and occurs with depletion of catalysis’*while with many synthetic copper catalysts dioxygen

(32) (a) Capdevielle, P.; Maumy, MTetrahedron Lett1982 23, 1573, (33) (a) Hendriks, H. M. J.; Birker, P. J. M. W. L.; van Rijn, J.; Verschoor,
1577. (b) Chioccara, F.; Di Gennaro, P.; La Monica, G.; Sebastiano, G. C.; Reedijk, JJ. Am. Chem. S0d.982 104, 3607. (b) Patch, M.
R.; Rindone, B.Tetrahedron1991, 47, 4429. (c) Sayre, L. M.; G.; Choi, H.; Chapman, D. R.; Bau, R.; McKee, V.; Reed, Clrfrg.
Nadkarni, D. V.J. Am. Chem. Sod.994 116, 3157. (d) Spodine, E.; Chem 1990 29, 110.
Manzur, J.Coord. Chem. Re 1991, 119 171. (e) Simadi, L. I. (34) (a) Solomon, E. I.; Lowery, M. DSciencel993 259 1575. (b)
Catalytic Actvation of Dioxygen by Metal Complexe&luwer: Sanchez-Ferrer, A.; Rodriguez-Lopez, J. G.; Garcia-Canovas, F.;

Dordrecht, 1992; Chapter 5. Garcia-Carmona, PBiochim. Biophys. Actd995 1247, 1.
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is reduced to hydrogen peroxide. The details of the biomimetic 55)I**. Thus, the different efficiency of the two systems
oxidations mediated by LB5, L-55, and L-66 complexes show depends on the mode of binding of dioxygen to the reduced
several differences in the behavior of the complexes, dependingspecies and the reactivity of the resulting adducts toward the
upon various factors, which include the redox potential of the catechol. On the other hand, [€L-66)]*" is more effective
Cu(ll)/Cu(l) couples, the binding affinity, and possibly the than [Cy(L-55)]?" in mediating the phenol ortho hydroxylation
binding mode of the two substrates of the reactions, the phenolicby dioxygen, while [C&(LB5)]?" is much more selective than
compound and dioxygen, to the dicopper units. The various both the other complexes; but the phenol hydroxylation has been
complexes bear advantages and disadvantages in individuaktudied only stoichiometrically so far. More detailed mecha-
aspects of their tyrosinase-like activities, and the relative nistic studies on this reaction, which are currently in progress
importance of the factors affecting these activities begins to in our laboratory, will improve our understanding of the
emerge from the behavior of the complexes in the catechol structure-function relationships ruling tyrosinase-catalyzed

oxidation reaction. Thus, the complex [€L-55)]*" is most reactions.
efficient in the catalytic oxidation of DTBC, followed by [Gu
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