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Abstract

With the aim of elucidating the mechanism of oxidative processes initiated by copper(ll)—carbohydrate interactions, new isatin—Schiff
base copper(ll) complexes, [GsdenH,0]ClO4-2H,0 (1), and [Cu{saepy,](ClO,),-2H,0 (2), whereisaen= N-[(3-indolin-2-one)]-1,3-
ethylenediamine andaepy= N-[(3-indolin-2-one)]-2-aminoethyl pyridine were isolated, and characterized by elemental analyses, UV-vis,
FTIR, EPR, and molar conductivity measurements. These imine ligands are capable of modifying selectively the environment of the copper(ll)
ionin apH controlled process, through keto—enolic equilibria similar to those occurring with carbohydrates. Therefore, the obtained complexes
had their catalytic activity in the oxidation of common carbohydrates (glucose, fructose and galactose) by molecular oxygen, compared to that
of an analogous complex [Ggépn](ClO4). (3), previously reported. The determined rate law, from kinetic curves of oxygen consumption,
showed a pseudo-first-order dependence both on the catalyst and substrate concentrations, followed by a saturation effect, for all the compound:
studied. Further, the pH profile indicated that reaction occurs significantly only in very alkaline medigmil@and some influence of ionic
strength (controlled by carbonate buffer) was also verified. The participation of very reactive intermediates in the oxidative degradation of the
substrates was monitored by EPR spin trapping, while final products were identified by capillary electrophoresis. An extensive mechanism is
proposed, explaining new kinetic studies as well as earlier data.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mellitus, cataracts, arteriosclerosis, Alzheimer, and aging in
general, leading to protein glycatid6,7], where different
Carbohydrate oxidation by molecular oxygen has been intermediates can cause severe injury. Enolization of
studied for many decad¢%-3], since some of the oxidized Amadori compounds (1-amino-1-deoxy-2-ketose deriva-
products formed, gluconic acid for instance, have a sig- tives) usually formed in this process is thought to play an
nificant economic impacf4]. Most of these carbohydrate important role, contributing to the generation of oxygen
oxidation reactions are performed in mild conditions, in the free radicals, and their subsequent oxidative damage to
presence of supported palladium and platinum catalysts,proteins[8]. Particularly, copper(ll) ions were verified to
which are environmentally less dangerous, and that canmarkedly increase the rate of those oxidative processes
replace stoichiometric oxidations with mineral oxidizing [9-11].
agents, in more severe conditidb$. Many earlier studies indicated that the initial formation
On the other hand, common pentose and hexose oxi-of a carbohydrate enediol, favored in alkaline medium, is es-
dations are implicated in many diseases, such as diabetesential for its further oxidation in the presence of metal ions
[12—14] However, most of those studies were carried out in
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at very high concentrations (16to 10~ mol dm3), when 2. Experimental
the metal is simultaneously precipitated as copper(l) oxide
[12-14] 2.1. Materials

Therefore, systematic studies that selectively change the
structural and electronic features in copper complexes, and Carbohydrate substrates used in the kinetic studies,
modulate their effect on catalytic properties could help to p(+)glucose (99%), and(—)fructose (99%), were ob-
clarify the reactivity of those metal centers toward carbohy- tained from Merck, and(+)galactose (99%) from Sigma
drate oxidation. Chemical Co. Isatin (98%), 1,3-diaminopropane, ethylene-

With the aim of elucidating the mechanism of oxidative diamine, 2-aminoethyl pyridine and catalase (from bovine
processes initiated by copper(ll)—carbohydrate interactions,liver) were purchased from Aldrich, and Cu,Zn SOD
we are studying some copper(ll) complexes with different from bovine erythrocytes was from Sigma Chemical Co.
ligands, capable of modifying the environment of the copper DMPO (2,2-dimethyl-pyrrolineN-oxide, from Aldrich) was
ion, and influencing its reactivity. previously purified as recommendgtlé]. DBNBS (3,5-

In a previous work, we have studied the oxidative degra- dibromo-4-nitrosobenzene-sulfonate) was prepared from
dation of uronates derived from glucose, catalyzed by 3,5-dibromosulphanilic acid and glacial acetic acid, by pro-
gluconate—copper(ll) complexes, and occurring in alkaline cedure already described in the literatfiré]. The standards
medium by a mechanism propagated by an enediol radicalxylonic acid, formic acid, glyceric acid, glycolic acid and
[15]. More recently, we focused on some copper(ll) com- cetyltrimethylammonium chloride (CTAB), usedin capillary
plexes with ligands derived from isatin, an endogenous in- electrophoresis experiments were purchased from Aldrich
dole that exhibit a keto—enolic equilibrium similar to that (Milwaukee, WI, USA). The reagent 3,5-dinitrobenzoic acid
showed by sugars (shown Bcheme }, and that are also  (3,5-DNB) was purchased from Merck (Darrmstadt, Ger-
able of generating reactive oxygen species. This internal many). Standard stock solutions were prepared at 1000 mg/L
equilibrium can modulate the reactivity of the metal cen- and stored in freezer until analysis. Electrolyte stock so-
ter related to it, facilitating its interaction with carbohydrate lutions of 3,5-DNB at 20 mmoldm? concentration and

substrates. CTAB at 10 mmol dnm3 concentration were prepared. The
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Scheme 1. Structure of complexes studied, and equilibria involving the corresponding keto—enolic tautomers.
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working electrolyte was comprised of 10 mmoldfn3,5-
DNB and 0.2 mmol dm3 CTAB, adjusted to pH 3.7 with a
0.1 mol dnt3 HCI solution. All other reagents were of ana-

236.96 (MW = 235.73, in CECN, fragment GoHgN2OCuU];
224.01 [MW = 224.75, in CKCN, fragment GH11N3Cul].

lytical grade, purchased from different sources, and the sol-2.2.2. [Cu(isaepy)](ClO4)2-2H20 (2)

vents were of chromatographic purity. Deionized water from  This compound was analogously prepared, by the same
a Milli-Q (Millipore, Bedford, MA, USA) or a Barnstead D procedure described for compoutidin this case, the cor-
4700 apparatus was used in the preparation of all solutions. responding ligand was obtained from isatin (5mmol) and

2.2. Syntheses of the copper(ll) complexes

2-aminoethylpyridine (5mmol) with 74% vyield (930 mg,
3.7mmol), from which brown crystals were collected, af-
ter metallation under constant stirring, during 12 hours, in

Caution Although the prepared species were shown to be ethanolic solution, at pH 7.5-8. This precipitate formed
very stable, perchlorate salts of metal complexes with organicwas filtered off, washed with cooled ethanol and ethyl
ligands are potentially explosive, and should be very carefully ether, and dried in vacuum for 6 hours. Yield: 86% (2.44 g,

handled, only in small amounts.

3.2mmol). Found: C, 45.69; H, 3.52; N, 10.08%. Calc.

Copper(ll) isatin—imine and diimine complexes were syn- for CzgH26NgO2CU(ClOy)2-2H,0: C, 44.98; H, 3.76; N,
thesized by condensation reaction of the amine ligands10.45%. Ay = 110.0 Scrdmol~! in water solution, and

ethylenediaminedp), or 2-aminoethyl pyridinedpy) with
isatin (sa), followed by coordination to copper(ll) ions,

56.0 S cmd mol~1 in methanolic solution (both at 298 K). IR
(cm™L, KBr): 3438 m,u(OH); 3354 w,v(NH): 3081-2995

added as perchorate salt, according to general procedure iw, v(CgzH) and v(C=C); 1725 s,1(CO); 1614 sp(C=N);

the literature[18], with suitable modifications. The analo-
gous complex (compound, in Scheme } obtained from

1574 s,y(N—H); 1444 m(C-0); 1094 and 624 s)(CI-0).
MS (ESI+):m/z = 565.12 [MW = 565.15, in CECN, frag-

1,3-diiminepropanepn) and isatin has been recently inves- ment GoH2sNgO2Cu]; 563.12 [isotopic pattern (€&©5)

tigated[19].

monocation]; 312.02 [MW = 312.81, in GEN, fragment

C15H11N3OCU].
2.2.1. [Cu(isaen)(KHO)]CIO4-2H,0 (1)

Isatin (5mmol) were dissolved in ethanol (0.050d
and the solution pH adjusted to 5.5 with concentrated chlo-
ridric acid. Freshly distilled ethylenodiamine (5 mmol) was Elemental analyses were performed at the Central
slowly added to this solution, maintained under stirring for Analitica of our Institution, using a Perkin—Elmer 2400
4 hours. The reaction was monitored by TLC using the mix- CHN Elemental Analyser. The mass spectrometric mea-
ture EtOAc/CHCI; (20%, v/v) as eluent. After this period, surements were performed using a high resolution hydrid
yellow crystals formed were filtered off, and washed with quadrupole @) and orthogonal time-of-flight (Tof) mass
cooled ethanol and ethyl ether. This compound was thenspectrometer (QqTof from Micromass, UK) operating in
dried in vacuum for 1 hour, protected from light. Yield: 78% the positive ion electrospray ionization mode. The nebulizer
(738 mg, 3.9 mmol). Afterwards, the ligand prepared was dis- temperature was 20, and the cone voltage was 40V.
solved in ethanol (0.020 dnd), and the pH was adjusted to  Infrared spectra of the complexes obtained were recorded in a
7.5-8 with sodium acetate solution. Copper(ll) perchlorate BOMEM 3.0 instrument, in the range 4000—-400ciyusing
hexahydrated (3.9 mmol) dissolved in water (0.005dm KBr pellets. Electronic spectra were registered in a Beckman
was slowly added, under constant stirring. Immediately, a DU-70 spectrophotometer, or an Olis modernized-Aminco
fine brown precipitate was formed, and kept under stirring DW 2000 instrument, with termostated cell compartment.
for more 2 hours. The solution was then cooled, and the EPR spectra were recorded in a Bruker EMX instrument, op-
precipitate was filtered, and washed with cooled ethanol erating at X-band frequency, using standard Wilmad quartz
and ethyl ether. The final copper(ll) complex was dried in tubes, at 77 K. DPPHu,o’-diphenyl-picrylhydrazyl) was
vacuum, and recrystallized from ethanol/ethyl ether solu- used as frequency calibrarg € 2.0036) with samples in
tion. Yield: 90% (1.299g, 3.5mmol). Found: C, 30.40; H, frozen methanol/water (4:1, v/v) solution, at 77 K. Usual
3.95; N, 10.89%. Calc. for fgH12N302 Cu(ClQOy)-2H,0: conditions used in these measurements were:2.00f gain,

C, 29.64; H, 3.97; N, 10.47%Ay = 107.8ScrAmol~ 1 in and 15 G modulation amplitude. The pH of the solutions was
water solution, and 55.4 S &mol~1 in methanolic solution monitored in a Digimed DMPH-2 instrument, coupled to a
(both at 298 K). IR (crm?, KBr): 3433 m,»(OH); 3318 and combined pH electrode, from Ingold or Radiometer. Appro-
32721, v(NH); 2954-2894 w, (GzH) andv(C=C); 1709 s, priate buffer solutions were used to calibrate the instrument.
v(CO); 1590 spy(C=N); 1618 s,v(C—N); 1574 s,u(N—H); Conductivity experiments with the complexes studied (in
1449 m,v(C-0); 1088 and 629 sy(ClI-0). MS (ESI+): 1 mmoldnT3 aqueous solution) were carried out in a
m/z = 293.03 [MW = 293.81, in acetonitrile; 1gH11N3O2 Digimed DM-31 instrument, using a 10.0 mmol diKCl
Cu-CH3CNJ; 295.03 [isotopic pattern (G&%%) monoca-  solution as standard (specific conductivity = 143,29cnT
tion]; 269.03 [MW = 269.77, in CEOH: CioH12N30Cu); for aqueous solution or 0.144S cm‘lfororganic solutions,
252.01[MW =252.03,in CBICN, fragment GgH11N30Cu]; both at 298 KJ20]. All capillary electrophoresis experiments

2.3. Physical measurements
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were conducted in a P/ACE 5510 system, from Beckman 3. Results and discussion

Coulter Instruments (Fullerton, CA, USA), equipped with a

diode array detector set at 254 nm, and a temperature controB.1. Characterization of the catalysts prepared

device set at 25C. The data acquisition and treatment

software was supplied by the manufacturer (Beckman New isatin—Schiff base copper(ll) complexes, [Saén
P/ACE System Gofdl Software). Fused-silica capillaries (H20)]ClO4-2H,0 (1) and [Cu{saepy»](ClO4)2-2H20 (2)

with dimensions of 57cm total length (50cm effective (shown inSchemes 1 and)2were isolated from ethanol so-
length), 75um i.d. and 365 o.d. were used. Samples were lution, and characterized by elemental analyses, conductiv-
injected hydrodynamically, at 0.5psi pressure during 3s. ity measurements, UV-vis, IR and EPR spectroscopy. Their
The system was operated under constant voltage conditionspectroscopic properties were then compared to those of com-
and reverse polarity{25 kV). Working electrolyte solutions  pound3, [Cu(isapn)](ClO4),, previously describefl9], in
were prepared fresh daily and membrane filtered prior to use.order to correlate structural features and catalytic activity in
At the beginning of the day, the capillary was conditioned the oxidation of carbohydrates.

by pressure flushes of 1 mol dfiNaOH solution (5min),

deionized water (5min) and electrolyte solution (10 min) 3.1.1. Infrared spectra

followed by a electrokinetic flush of electrolyte solution The spectra of [Cugaer)(H20)]ClO4-2H,0 (1) and
(—25kV during 10min). In between runs, the capillary [Cu(isaepy2](ClO4)2-2H20 (2), registered in KBr pellets,
was just replenished with fresh electrolyte solution (2 min showed the expected characteristic bands of imine and

flush). diimine compounds, as indicated in experimental section.
The bands observed at 3318 and 3272¢nfor 1, and
2.4. Kinetic studies 3354cnt! for 2 were attributed tov(N—H), and those

around 3081-2954 cm, for both complexes, to(Csp—H)

The catalyzed oxidation af(+)glucosep(—)fructose and and v(Cg—H), while the corresponding bending were
p(+)galactose was performed under pseudo-first-order condi-verified in the 990-750cmt range. The characteristic
tions. Kinetic measurements were carried out in a GILSON ,,(C=N) was found at 1590 cn for 1, and 1614 cm? for
oxygraph apparatus (Medical Electronics Inc. USA), mon- 2, being observed at 1591 cthfor 3. A strong band found
itoring the oxygen consumption during the catalytic oxi- around 1700cm! is characteristic of/(C=0) from five-
dation of carbohydrates. A Clark platinum electrode was member lactam groups, and that around 1590-157C @h
used as @ probe, with internal reference Ag/AgCl, and y(N—H). A characteristic broad band in th¢O—H) range
YSI membrane (from Yellow Spring Instruments Co.), us- was observed, indicating the presence of water molecules, or
ing saturated KCI solution between the electrode and the that some amount of the enol-form of these complexes was
membrane. A standard cell was utilized in these experi- also present. Additional bands observed around 1090 and
ments, with total volume of 1.8 mL, closed by a capillary 625cnt?! are characteristic of non-coordinated perchlorate
cap with no oxygen exchange through the atmosphere, andions. Based on these spectroscopic data and the elemental
wrapped in a thermostat bath at (298:00.1) K. Sodium  analysis results, compléxwas isolated predominantly in the
dithionite was used to calibrate the oxygraph. The solubil- enol-form (structuré B, in Scheme }, while for complex2
ity of oxygen was taken as 244moldm3 O, dissolved in  the keto-form was prevalent (structu24, in Scheme }, in
pure water, at 298 K21]. The experiments were performed the solid state.
in alkaline medium, using 250 mmol dri carbonate buffer
(NapCOsz/NaOH), at pH (12.@: 0.2), previously treated with ~ 3.1.2. Conductivity measurements
Chelex resin to eliminate any metal traces. The stock solu-  The conductivity measurements of the studied complexes
tion of catalysts was 1.0 mmol driin carbonate buffer,and  in deionized water or methanol, at 298K, as indicated in
adequate volumes were added to oxygraph cell, to make theexperimental section, are consistent with a 1:1 electrolyte,
suitable final concentration of catalyst in the range®ltp for both the compound$ and2 [20]. The pH measured in
10~4mol dnt3. The stock solutions of carbohydrates were 1 mmoldnt3 aqueous solution was 5.6 and 5.9-6.0, respec-
usually 0.10 moldm? in water, and a constant volume of tively, for compoundd and2, indicating the occurrence of
18uL was added to oxygraph cell, to give the final concen- equilibria very dependent on protonation. Here a tautomeric
tration of 1.00 mmoldms3. In the experiments with varied formdifferentfrom thatisolated in solid state is predominant,
concentrations of the carbohydrate, a 2.00~2 mol dm 3 and ascribable probably to structufésand2B, respectively,
stock solution was used, adding adequate volumes to ob-for 1and2, in Scheme 1Enolic equilibrium of this type, also
tain final concentrations from 18 to 10-2 mol dm3. When observed with the free indole, depends strongly on the pH of
pH values were varied, NaOH solutions were used to ad- the solution.
just the pH in the range 8.0 to 12.0. All the measurements
were done at least in triplicate and deviations in values of 3.1.3. Electronic and EPR spectra
rate constants were5% as indicated, estimated by repeated Electronic spectra of [Cigaen(H20)]CIO4-2H,0 (1)
experiments. and [Cu{saepy2](ClO4)2-2H20 (2) were carried out in
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Table 1 Table 2
EPR parameters for the complexes prepared in frozen methanol/water (4:1,Rate constants observed in glucose, fructose and galactose oxidation by
v/v) solution, at 77 K molecular oxygen, catalyzed by the complexes studied
Compound EPR parameters Compound Kobs (1072571)
gL an AL (G) Aj(0*cm™Yy g /4 (cm) Glucose Fructose Galactose
[Cu(isaenH20]CIO;4 (1) [Cu(isaenH20]CIO4 (1) 1.91 137 181
pH~5 2059 2278 285 225 102 [Cuisaepy2](ClO4)2 (2) 2.72 275 141
pH11  2.057 2.234 192 116 [Cu(isapn)](ClO4)2 (3) 1.66 124 052
pH<3  2.083 2421 131 185 Reaction conditions: [Substrate] = 1.1110~3moldm 3, and [OH] =
[Cu(isaepy2](Cl04)2 (2) (2.2 0.8) x 10~2mol dmi3, corresponding to pH (1248 0.2), at (25.0+
pH~5 2.082 2503 15.8 132 188 0.2)°C.
pH 11 2.054 2.236 186 120
pH<3 2.082 2425 130 187
[Cu(isapn](CIOa4)2 (3)* pH suggest substantial modification in the environment of
pg 15 22-%961_) 22-353%) 14.2 gg ifg copper(ll) center, as a consequence of the keto—enolic equi-
BH <3 2086 2420 130 186 librium presented in the ligand structurgcheme }, as al-
= Ref.[19] ready observed with compound [Gsgpn)](CIO4)2 (3). In
ef.[19].

this case, the ratig);/A; changes from 188 cm in acid pH
to 118 cm in basic pH, indicating a geometry change from

aqueous solution, and showed characteristic bands expected distorted tetrahedron to a more square-planar or tetragonal
for this type of copper(Il) complexg&2]. The corresponding ~ Structure around the copper(ll) ig24]. Similar data were
maximum wavelengths were observed at 207 and 242 nmobtained for the new complexes studied ($eble J). If the

(¢ = 9.1 and 8.9x 10°mol~tdm?cm™1) for 1, and at 206 EPR parameters at pH 5 and 11 are compared, more signifi-

and 247 nm4 = 1.3 and 5.6x 10°mol~tdm?cm1) for 2; cant changes were observed for com#dkan for complex
corresponding internal ligand transitions 47 w, or n — 1. Therefore, depending on the pH one of the species predom-
m*) detected at 298 nme(= 2.2 x 103 mol~1dmecm1), inates in solution, that is, the keto-form at more acidic pH,
and 456nm, £ = 536 mol-1dm*cm1), for compound and the enol-form in very alkaline medium. From these data,
1, and at 406nm¢( = 1.2 x 10°mol~tdmicm™1), for it was also verified that athh< 3 all the studied complexes

2, were attributed to LMCT transitionsw(— dm). The seem to be decomposed to a common species, exhibiting the
characteristic d—d band fol appears at 675nme (= same EPR parameters.

188 mortdm*cm1), and it was not observed for com-

pound2, mostly because of its very low solubility in water.  3.2. Kinetic studies

In a previous related wor23], some metal complexes with

isatin-3-hexamethyleneiminylthiosemicarbazone ligand  Kinetic experiments monitoring the oxygen consumption

were reported, showing very similar data, typically with in the oxidation of fructose, glucose or galactose showed

intra-ligand bands at 261, 289 and 361 nm, LMCT bands at that the studied complexes [Gs#en(H20)]CIO4 (1) and

400 and 448 nm, and the-e d band around 601 nm. Forour [Cu(isaepy2](ClO4)2-2H,0 (2) can act as a catalyst in this

former prepared compleg, [Cu(isapni](ClO4)2, the cor- reaction. In previous studies, the catalytic activity of a sim-

responding maximum wavelengths were observed, respecdlar complex, also exhibiting an isatin—Schiff base ligand,

tively, at 242 nm; 303 and 402 nm, with a shoulder at 434 nm, [Cu(isapn](ClO4)2 (3) has been already observe®]. Re-

while the d—d band appears at 688 nm, in DMF solufi]. actions were carried out in aqueous solution, at pH 12.0
EPR spectra of complexesl and 2 in frozen controlled by carbonate buffer (250 mmol df), at (25.0+

methanol:water (4:1, v/v) solutions showed a characteristic 0.2)°C. Experimental curves of {xonsumption versus time

profile of an axial environment around the copper(ll) center, were shown irFig. 1, for glucose, fructose, and galactose as

with ag); > g1 (as shown iffable J). substrates, in the presence of all the studied complexes. These
The empirical ratigg)|/A) is frequently used to evaluate curves indicated that fructose was the most reactive substrate,

tetrahedral distortions in tetragonal structures of copper(ll) and that major differences in the catalytic activity were ob-

compounds, where the ratig /A close to 100 cm indicates  served in the case of galactose. A first-order dependence of

a roughly square-planar or tetragonal structure around thethe initial reaction rate with the catalyst concentration was

copper(ll) ion, and values from 170 to 250 cm are indicative observed for all substrates, followed by a saturation effect at

of a distorted tetrahedral symmetry around the copper(ll) ion [catalysts]>2.0< 10~° moldm 3 or>1.0x 104 mol dnm 3,

[24]. Based on these data, complesxhibited a more tetrag-  respectively, to fructose and galactose oxidation.

onal symmetry with the unpaired electron in theé-y¢ or- Based on these data the corresponding observed rate con-

bital, while complex2 showed geometry more closely to a stant for these catalysts was calculated, as showWalie 2

distorted tetrahedron. In compounds of this type, with alig-  The variation of the initial rate with concentrations of sub-

and derived from isatin, changes in the rafjg’ A, with the strate and OH was also verified, for the fructose oxida-
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Fig. 2. (A) Dependence of initial rate on fructose concentration, in the pres-
ence of catalyst, [Cu(isae)H,0](ClO4), 0.110 mmol dm®. Reaction at

o6 | /A /-\ T = (25.04 0.1)°C, and pH 12.0, in carbonate buffer (250 mmold
27 [ ]

(B) Dependence on [OH concentration. Reaction at = (25.0 +
0.1)°C, [Cu(saen(H,0)](ClO,), 0.110 mmoldm?, and [Fructose] =
Ve 1.00 mmol dn3.

—=&— [Cu(isapn)]
—@— [Cu(isaen)]
—&— [Cu(isaepy)]

I centration followed by a saturation effect, as shown in
0.0 5.0>:10'5 1.0;10"’ 1A5>:10"' 2.0;10"‘ 25;10"‘ 3A0x|10"‘ 35;10"‘ Fig. 2A-. ) ] . ]
© [cut], mol dm® On klne_tlc experiments at d|fferenF pH values, it was ob-
served a first-order dependence of initial rate with [QH
Fig. 1. Oxygen consumption in carbohydrate oxidation catalyzed by differ- concentration (shown irFig. 2B), with V; = ky + ks
entisatin—Schiff base copper(ll) complexes. Influence of catalyst concentra- [OH—], whereky = (8_70 + 0_05) x 1079 moldm—3 5—1,
tion on initial rate. [Hexose] = 1.00 mmol dr. (A) Fructose, (B) glucose, andkz = (5.26+ 0.05) x 10651 Additionally, these data
ﬁnd(C) galactose. R%act|on§m(25.0i0.1)°c,and pH 12.0,in carbonate showed a non-catalyzed step, wily = (0.65+ 0.03) x
uffer (250 mmol dim®). 6 31 . .
10~°moldm™s™-, attributed to the base-catalyzed enoliza-
tion catalyzed by [Cugaer)(H20)]ClO4-2H20 (1), which tion of the substrate. This value is consistent with earlier
seems to be the most reactive compound. Similarly to what literature dataks = 5.65x 10~>moldm3min~1 = 0.94 x
was observed for the catalyst dependence, the kinetic curvesl0~® mol dm2 s~1) for the enolization step, in thefructose
exhibited also a first-order dependence on substrate con-oxidation[12].

Vi, umol dm3s™
E—
\
AN
||
\
L |

- 04-e

0.2

0.0
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Table 3 0,2+
Kinetic parameters for the fructose oxidation (1,110~ mol dm3) cat- -
alyzed by complexes 1 or 3 004
Compound Kinetic parameters u
ko ke ke 0.2
[Cu(isaen(H20)]CIO4 (1) 1.31x10°° 2.65x 1072  6.01x 10°
[Cu(isapn](ClO4)2 (3) 117x 105  2.99x 102 517x 103 047
Reaction conditions: [OH] = (2.2 0.8) x 10~2 mol dm2, corresponding ; 0,6
to pH (12.0+ 0.2), at (25.0+ 0.2)°C. =
. . -0,8
According to these data, the experimental global rate law
determined was: 10
_ [
Vi = {ko + (k1 + ko[cat])[OH™]}[fructose]
-1,2 T T T T
where kg = 1.3 x 10°s™! (neglected),k; = 2.65 x 000324 000328 000332  0,00336

102mol~tdm®s1, andk, = 6.01 x 10®mol~2dmPs1.

An analogous rate law has been obtained for the reaction cat-
alyzed by comple8, [Cu(isapn)]4t [19], and particularly, the
determined values for constarkg andk; were very close,

as shown inTable 3 Control experiments with copper per-
chlorate, or with a similar diimine—copper(ll) complex not
exhibiting a keto—enol equilibrium, showed that their activ-
ity are much lower than those of isatin-derivatiy&9].

In contrast, the constanits differ for both complexes. The
value calculated for complex [Cisaer)(H20)]™ (1) was a
little higher, (6.01+ 0.24) x 10° mol~?dmPs~1, than that
observed for compleg, (5.17+ 0.21)x 10° mol—2dm®s~1,
previously studied. Therefore, both processes the base
catalyzed carbohydrate enolization, as well as the metal-
catalyzed enediol formation are rate-determining steps, in
the range of concentrations used.

UT, K*

Fig. 4. Arrhenius curve, IN; (initial rate of oxygen consumption) versus
1/T (1/K), using catalyst, [Cu(isaefH,0](ClO4) = 0.11 mmol dm3, and
[Fructose] = 1.11 mmol dr. Reaction at pH 12.0, in carbonate buffer
(250 mmol dn73). Used:R = 8.3144 Jmot1 K1,

tion on the oxidation process, since carbonate radical anion
COg3*~ is a strong oxidant witle® = 1.78 V at pH 7.(025],
and has been reported as a product of oxidation of carbonate
anions by hydrogen peroxide, catalyzed by the Cu,Zn SOD
enzyme{26].

In addition, it was noticed a typical Arrhenius behavior
on the fructose oxidation catalyzed by[Cu(isaer)(H.O)]*
(seeFig. 4). From the curve IV (initial rate) versus 0, it

The initial rate showed also to be influenced by variations y X X X X
in carbonate buffer concentration, as showRim 3, indicat- ! N v ” el 'MM”MW i (A
ing a significant dependence on the ionic strength. However, WW M* 'M g0 o
these results can also be indicative of carbonate ion participa-
o M it \M WW me'v“ W'WMWWW ®
M\m WW"\ M
0,25 -
_— LT e el LW Wi o
0,204 /_ /
. - L WWW‘WW g, (O)
5 051 / ¢ .
o 1
% / 'MW'M%MWMm‘»‘-’k‘wmu&WW WWWM‘MW\WWW (E)
- 0,101
) Y wwwﬂ‘t\mwwwwwrw«m‘\, wwww\,w«vWWW,WMWﬂw (F)
0,05 [fructose] = 1.10 mmol dm™ -1
[Cuisaen)] = 110 umol dm® 3400 3420 3440 3460 3480 3500
0.00 Magnetic Field / G

T T T T
100 150 200 250

Fig. 5. Spin trapping EPR experiments, using DMPO (50 mmolYnas

[carbonate buffer], mmol dm™

Fig. 3. Influence of carbonate buffer concentration in the initial
rate of fructose oxidation. Reaction at (25.0 + 0.1)°C,
pH 12.0, [CuisaelH,0](ClIO4), 0.110mmoldm?, and [Fructose] =
1.00 mmol dn3,

scavenger. Spectrarecorded after 5 min of reaction, at £26.0)°C and pH
12.0, in phosphate buffer (25 mmol d®). [Substrate] = 1.00 mmol dn¥.
[Cu(isaenH,0] = 100pmol dm3: (A) fructose, (B) galactose, (C) glu-
cose; [Cuisaepy]?+ = 100pmol dm™3; (D) fructose, (E) galactose, (F) glu-
cose. Conditions: modulation amplitude = 1 G; Gain = 2:000°; eight
scans.
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was possible to estimate the activation energy of this processiose oxidation catalyzed by compl&x[Cu(isapn]?* [19],
as 1.1kJmot. This is a very low value, corresponding most no evidence of others adducts were detected. However, in

likely to the enolization of the substrate. Very similar value the case of substrates galactose and glucose, a further adduct
has been obtained in previous studies of uronate oxidation,with Ay = 15.8 andAy = 18.8 was also observed, for the

catalyzed by copper(ll)-gluconate comp[é&%]. reaction catalyzed by comple[Cu(isaen(H20]*, and it
was ascribed to the formation of GO radical anion, with
3.2.1. Detection of intermediates very similar reported hyperfine constaf@28]. In the case of

In order to detect intermediary species in these catalyzedcomplex2 [Cu(isaepy,]?*, this adduct was not observed,
oxidations of carbohydrates, EPR spin trapping experimentsdue probably to the low reactivity of this complex compared
were performed using DMPO as scavenger of free radicals.to 1. Those results are expected since glucose and galactose
Although the formation of oxygen free radicals in processes can form the corresponding aldonates, in addition to formiate

catalyzed by copper ions is a controversial subj2@i, in [29] that could explain the formation of GO radical.
the presence of DMPO formation of DMPO-OH adduct was
observed, in the fructose oxidation catalyzed by both com- 1 3

plexes, [Cuisaen]t (1) and [Cu{saepy,]?t (2), at pH 12.0 A 2y j RUCTOSE
in phosphate buffer 25 mmol drf, with typical parameters
An=An =14.9G (sefig. 5. As already observedinthe fruc- }
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Fig. 6. (A) Addition of catalase (18,000u) during kinetic run of fruc- |M v
tose oxidation (1.11 mmol dn?), catalyzed byl, [Cu(isae)H20](ClO4) | [ [ [ [
(0.11 mmol dnt3), and 2, [Cu(isaepy,](ClO4)2 (0.11 mmoldnt3). (B) (C)2.0 3.0 4.0 5.0 6.0 min
Addition of Cu,Zn Superoxide Dismutase (SOD, 15,000u) during ki-
netic run of fructose oxidation (1.11mmoldd), catalyzed by1, Fig. 7. Products detected by capillary electrophoresis in the hexose oxi-
[Cu(isaenH,0](ClO4) (0.11 mmoldnT3), and 2, [Cu(saepy,](ClOa4), dation catalyzed by the complexes studied. (A) [€an](ClO4)2 (3); (B)
(0.11 mmol dnt3). Both reactions (A and B) were performedTat (25.0 [Cu(isaenH20](ClOg4) (1). (C) is astandard mixture. Peak legend: (1) formic

+ 0.1)°C, and pH 12.0, adjusted with NaOH solution. acid; (2) glyceric acid; (3) glycolic acid; (4) xylonic acid; (*) non-identified.
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In further experiments, detection of carbon centered radi- in the oxidation of all substrates, catalyzed by complees
cals in these carbohydrate oxidations by DBNBS adduct for- or 3. Additionally, in the catalysis by, glycerate was also
mation was not verified, with the studied systems. DBNBS verified in the oxidation of all substrates, while xylonate was
was shown to be oxidized at the high pH value of reaction, detected only during the galactose oxidation. These prod-
possibly to a nitrosyl radical, showing a characteristic spec- ucts were identified by comparison with standard samples,

trum with three lines, withAy = 9 G (not shown)30]. At using spiking techniques; theoretical mobility calculations
lower pH (<10) these oxidations were very slow, and radical were also made. In analogous studies, but in acidic medium
formation was undetectable. (pH 4.0-4.8) and high temperature (X1%), galactonic acid

Superoxide radicals were qualitatively identified by addi- was detected as final product, by paper chromatography, in
tion of Cu,Zn SOD, causing a temporary suppression of the the galactose oxidation catalyzed by copper(ll) i{8Bg.
fructose oxidation, followed by a changing in the reaction  These results indicated a degradative oxidation of all the
rate, as shown ifig. 6A, for both catalystd and2. Analo- substrates, expected in a process that occurs with the partic-
gous experiments permitted to verify the formation of hydro- ipation of very reactive free radicals.
gen peroxide by addition of catalase during the kinetic run
(Fig. 5B). Both intermediates superoxide radical anion and 3.2.3. Mechanism proposed
hydrogen peroxide probably react afterwards with the copper  The experimental rate law indicated that enolization of
species, being dismutated or decomposed, respectively.  the substrate and the coordinated ligand is essential for the

process occur. A mechanism based on the steps shown in
3.2.2. Detection of products Scheme 2s proposed.

By capillary electrophoresis, it was possible to detect the ~ Assuming that Eq. (2) refers to a rapidly achieved
main products formed in the oxidation of the carbohydrates, keto—enol equilibrium involving the catalyst, with the prevail-
fructose, glucose, and galactd8é,32] As shown inFig. 7, ing enol-form at very high pH as verified by spectroscopic
the carboxylate anions formiate and glycolate were detectedtechniques, and that Egs. (1) and (3) are rate-determining

Fructose + OH = Fru-enediol + H,O Ki=ki/ k4 Q)
Cu'L + OH = Cu'Leyo  + H20 K Q)
Fru-enediol + Cu™Lepe’ — [(Fru-enediol)Cu™Lenol] ks 3)
[(Fru-enediol)Cu"Leno)] — Cu'Lenor + Fru-enediol® fast )

Catalyst Regeneration:

CuILcnol + 02 g 02.- + Cu“Lcnol (5)
H0; + Cu'Leng — Cu'Leno + OH® + OH (6)
0," + CulLeyy + H2O — CuLeny + HOy + OH %)

Reaction Propagation:

OH® + Fru-enediol — Fru-enediol® + H,O 8)
OH' + HCOO™ — CO," + H,0 ©)
CUHLenol + HZO2 - Cu[Lenol + HO?_. (10)

Reaction termination:

Fru-enediol® + O, — products + H,0, an

*Cu”Lc,.M is the enol form of the complex (stable in alkaline medium).

Scheme 2. Proposed mechanism for the carbohydrate oxidation catalyzed by isatin—Schiff base copper(ll) complexes.
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steps, the rate reaction is given by: Using different isatin—Schiff base ligands, capable of sta-
d[O2] bilizing copper ions in both oxidation states in very alkaline
—a - k[I[O 2] solutions, kinetic studies on copper-catalyzed oxidation of

common hexoses were performed. Based on these results,
wherel is the intermediary species involving interaction be-  an initial first-order dependence of reaction rate on catalyst
tween the substrate and the catalyst, [(Fru-enedidl)Gibl, concentration was observed, followed by a saturation effect.
which is rapidly decomposed into the corresponding reduced ynder zero-order dependence on catalyst, a first-order depen-
CUL species and Fru-enedtotadical, by internal electron  gence on substrate for all complexes studied was also verified,

transfer. At steady-state conditions d[t]&l0, and consistent with earlier data in the literature. Our kinetic stud-
ka[Fru-enediol][CU Leno] = K[I][O 2] ies also showed that the reaction occurs significantly only in
very alkaline solutions, when both complexes and substrates
Then, suffer enolization.
—d[O] _ 4 Steps in the proposed mechanism, under pseudo-first-
o - ka[Fru-enediol][CU Lenol order conditions, combine intramolecular electron transfer

with reduction of the copper ion by the coordinated reduc-
ing substrate, leading to substrate—enediol radical species, re-
d[Fru-enediol ) sponsible for the initiation of the process. In this scheme, the
[T]z ki[Fructose][OH'] — k_y[Fru-enediol] dependence of reaction rate on the copper catalyst is detected
only at very low concentrations, since afterwards the reaction
is autocatalytic, occurring through diverse radical species and
causing oxidative degradation of the substrates. This scheme
Therefore, is more comprehensive than those previously reported in the
literature, avoiding the catalyst leaking as insoluble oxide.

Also, from steps (1) and (3):

+ ko[Fru-enediol][CU Leno] = 0

k1[Fructose][OH]
k—1 4 k2[Cu" Lenol
Substituting this equation into the reaction rate expression: Acknowledgements
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[Fructose][OH], indicating that the process is independent stydies.

of copper complex concentration.
However, when [CliLeno] < k_1/k2 the equation as-
sumes the form:

_d[Og] _

k
= ( =2 ) ko[CU" Leno][Fructose][OH ]
dr k_1 [1] H.S. Isbell, H.L. Frush, Carbohydr. Res. 59 (1977) 25;
(b) J.V. Hunt, R.T. Dean, S.P. Wolff, Biochem. J. 256 (1988) 205.

According to this catalytic cycleScheme , and consid- [2] H. Roper, in: FW. Lichtenthaler (Ed.), Carbohydrates as Organic
ering the wide range of catalyst concentration used in our Raw Materials, VCH Verlag, 1991, p. 267.
studies, the global expression for initial reaction rate is con- [3] L. Benov, I. Fridovich, J. Biol. Chem. 273 (1998) 25741.
sistent with the experimental rate law previously determined, [4] S: Anastassiadis, A. Aivasidis, C. Wandrey, Appl. Microbiol.

o — . . Biotechnol. 61 (2003) 110.
Vi= {(kl + ko[cat])[OH ]}[frUCtose]' since in the used con- [5] Z. Khan, P.S.S. Babu, K. Din, Carbohydr. Res. 339 (2004) 133;

ditions (carbonate buffer, pH 12.3) [€leno] ~ [CuL]r, (b) AK. Das, Coord. Chem. Rev. 248 (2004) 81.
that is, the total concentration of the catalyst. The process is [6] M.B. Yim, H.S. Yim, C. Lee, S.-O. Kang, P.B. Chock, Ann. N.Y.
autocatalytic, being propagated by reactive oxygen species  Acad. Sci. 928 (2001) 48.
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