Inorg. Chem. 2002, 41, 3076—3083

Inorganic:Chemistry

* Article

Kinetic Study of the Oxidation of Catechol by Aqueous Copper(ll)
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The kinetics of the oxidation of catechol by aqueous copper(ll) have been studied as a function of reactant
concentrations at pH 6.4-7.2. To follow the reaction, a spectrophotometric method has been developed that
circumvents the problem of precipitation of decomposition products of the initial 0-quinone oxidation product. The
rate law shows that the reactive species is the monocatecholate complex of Cu", and that this species undergoes
rate-limiting intramolecular electron transfer with k = 1.9 x 1075 s (22 = 1 °C, u = 0.125 M NaClQ,). The
results have allowed a reanalysis of previous work on the autoxidation in the aqueous Cu'—catechol—dioxygen
system, and comparisons to mechanisms of copper(ll) oxidases.

Introduction the major enzymatic reaction pathway, and thatsinding

- to the enzyme at a nonmetal site. Evidence for this comes
A number of copper-containing enzymes are known to act . S .

. . .~ in part from metal-replacement experiméritswhich it was
as oxidases and oxygenases toward catechol and its deriva;

N . ; found that the Zh and Ni' forms of the enzyme are not
tives! The oxygenases have provided some of the impetus . ! o

. . . | active, but the Cbform has~19% of the activity of the
for studies on the reaction of Qvith Cu complexes and ) L .
the formation of (Cli),(052-) derivatives:-* which may be native enzyme toward oxidation of methylamine. The

. Ly S dependence of the rate on jCOfollows the Michaelis-

the active oxidizing species in these systems. The copper : . : s :
. . ; : Menten equation, witlk.,: being the same, within experi-
amine oxidases also are relevant to this chemistry because .
. . mental error, for the native and €éorms of the enzyme.

they have the cofactor 2,4,5-trihydroxyphenylalanine. Dooley . . - . . .
: o | - The difference in activity arises becau&gis 68 times larger

and co-workers identified a Cl—semiquinone valence

: : . for the Cd form. For the oxidation of the semiquinone form
tautomer in the latter system, and this type of tautomerism : :
o . of the cofactor by @ the rate increases in the order Cu-
has been mimicked in several model systémblowever,

o N ) . depletedx Cd' < zn'" < Cu". In general, Klinman and co-
it is somewhat ironic that more recent studies by Klinman 9 . .

. 7 worker$?have attributed these observations to structural and
and co-workershave suggested that this species is not on

electrostatic effects of the metal on the binding site of the
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Oxidation of Catechol by Agueous Copper(ll)

catalytic systems. This is illustrated by a reanalysis of the
autoxidation reaction, i.e., aqueous'Cti catechol+ O..
There probably are two reasons why the simplé'-€u

catechol reaction has not been studied previously. One is
that the reaction does not appear to proceed at a finite rate

under anaerobic conditions. The other problem is that
catechol oxidation products are known to precipitate from
near neutral aqueous solutions, so that normal spectropho
tometric analysis is not possible. The present study circum-
vents these problems by using a cobalt(lll) complex,
Co(NH)sN3?t, as a scavenger for aqueous copper(l) and by
monitoring the production of cobalt(ll) by standard analytical
methods. The choice of scavenger is dictated in part by the
fact that Co(NH)sNs?>" does not react with catechol on the
time scale of the copper(ll) reaction, and that it yields an
easily quantified product. The elucidation of the rate law
has given the composition of the reactive copper(ll) species
and provided considerable insight into the more complex
autoxidation mechanism.

Results

The reaction system under study can be summarized in
egs 1 and 2, without implying anything about the reactive
species or intermediates, where Q is thquinone, which
decomposes to insoluble products.

slow

2cd',,+ catecho— 2Cu, + Q (1)

2CU ,,+ 2CO(NH)NZ

H+

2cd',,+2cd' +
10NH," + 2HN; (2)

Then the overall reaction is given by eq 3. The reaction
appears to be the copper(ll)-catalyzed oxidation of catechol
by the cobalt(lll) complex and thus has a formal analogy to
the autoxidation in which @is the net oxidant.

2Co(NH)sN*" + catechol - Q + 2Cd',, + 10NH," +
2HN, (3)

Under the experimental conditions of [Co()EN3?"] <
[catechol], the concentrations of copper(ll) and catechol
remain essentially constant, so that the production of cobalt-
(1) is expected to have a simple linear dependence on time
until the cobalt(lll) is nearly consumed. As described in the
Experimental Section, the procedure involves the periodic
sampling of the reaction solution and spectrophotometric
analysis for Cb as the CH complex of 1-nitroso-2-
hydroxynaphthalene-3,6-disulfonate (NRS). Some typical
absorbancetime profiles are shown in Figure 1. The curves
in Figure 1 are calculated from numerical solutions of the
equations in the mechanism developed below.

The cobalt(ll) concentration in the reaction mixture (2.0
mL aliquots diluted 12.5 times to 25.0 mL) is related to the
absorbanceX) measured in a 1.0 cm cuvette by eq 4, where
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Figure 1. Variation of the absorbance of the &NRS) complex with
time during the reaction of aqueous 'C(0.72 mM) with catechol (0.63
mM) in the presence of (N)sCoNs?™ (0.34 mM) at pH 6.8@), 7.0 O),

and 7.4 {+). The curves are calculated from a simulation of the system
based on fourth-order Rung&utta numerical integration.

€ is the molar absorptivity of the ({o-NRS complex (1.48

x 10* M~ cm™). Since the rate of change of absorbance
equals the slope§ s of the linear region of the
absorbancetime plot, then taking the derivative of both
sides of eq 4 and substituting the numerical values gives the
rate of production of cobalt(ll) as eq 5. From the overall

diCd'] _ 12.5dA _

—4
& S = (8446 1098

(5)

reaction stoichiometry, the rate of formation of cobalt(ll),
the rate of disappearance of catechob@Ht), andS are
related by eq 6. In general, the rate of disappearance-of H
Cat is expected to be some function of the concentrations of

1d[Cd"] _  d[H,Cat]
2 dt dt

=(4.22x 10°%S (6)
Cu', H,Cat, and H as given generically by eq 7. In the
kinetic study, these concentrations were varied systematically,
and the changes i8 were used to evaluate the rate law.

d[H,Cat]

= K[CU"]MH,Catl[H P = (4.22x 10°%S (7)

The kinetic results are summarized in Table 1. It is
apparent for the first four runs at pH 6.4 and five runs at pH
7.0 thatS has a first-order dependence on [T, since
JCu"wt ! is reasonably constant over thes-fold change
in [Cu"ltor. In the following 11 runs at pH 7.0, the [Bat]
is varied by~10-fold and§Cu'"],,: * decreases as faat]
is increased. The final runs complete a pH variation study
so that the pH range 647.4 has been covered. The
JCu'"lr t goes through a maximum in the pH 6.6.8
region and decreases substantially by pH 7.4.

An understanding of the above observations is possible
when one recognizes that copper(ll) is complexed by catechol
under the experimental conditions to give Cu(Cat) and
Cu(Cat)?". The results qualitatively suggest that eithe?Cu
or Cu(Cat) is the reactive species. Then increasing
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Table 1. Kinetic Results for the Reaction of Aqueous Copper(ll) with T T T T T T T
Catechol in 0.025 M HEPES Buffer and 0.125 M Na@lO ook ]
[CuMo, [H2Cat], 10°S  10%9[Cu'le,  1CPS[Cu(Cat)], ogol ]
mM mM pH st M-1st M-1st ’
0.287 218 640 2.35 8.19 8.61 3 e i
0.574 218 640 472 8.22 8.80 — 0.60f- .
0.718 218 640 5.12 7.13 7.64 g0 Cu(Cat) .
0.861 218 640 8.08 9.38 9.94 2 oo e
0.144 436 7.00 1.04 7.22 11.5 g a0 e
0.369 436  7.00 2.30 6.23 9.66 g
0.861 436 7.00 5.78 6.71 9.80 = 030
0.900 436 7.00 6.57 7.30 10.6
1.08 436 700 852 7.89 11.2 020
0.718 1.09 7.00 6.60 9.19 9.75 PXT: SRR .
0.718 164 700 6.63 9.23 10.4 L , , , , . 1
0.718 2.18 7.00 5.05 7.03 8.40 2.0 40 6.0 8.0 10.0 12.0 14.0
0.718 272 7.00 5.15 7.17 9.07 [Catechol], mM
0.718 2.72 7.00 470 6.55 8.27 Figure 2. Copper(ll) species distribution for 0.72 mM total copper(ll) at
0.718 327 7.00 5.85 8.15 10.9 pH 7.0.
0.718 382 7.00 5.28 7.35 10.4
0.718 436 7.00 4.43 6.17 9.15 , , . , , . . , .
0.718 872 7.00 2.90 4.04 8.41 R J
0.718 11.6 7.00 235 3.27 8.13 6o b J
0.718 14.4 7.00 1.95 2.72 7.80 i |
0.718 218 6.60 6.25 8.70 9.14 °
0.718 218 6.80 6.63 9.23 10.0 sor . i
0.718 218 7.20 457 6.36 9.20 i ]
0.718 218 7.40 2.88 4.01 7.98 T, 40 | oo 1
aAll runs are at ambient temperature (221 °C) and contain 0.34 mM ; | oo o & ]
Co(NHs)sN3?™ scavenger for CuP Average of two runst Average of three =30 0
runs. [ T
20 F Sr —
or pH could decrease the rate by converting Qo the less i €0 i
reactive Cu(Cat), or by converting Cu(Cat) to Cu(&at) Lor T
A choice between these alternatives can be made by using |, , , , , . , , ,
the known formation constants for the system, as defined 010 020 030 040 [Cu?ggt)] Deb 070 080 050

by eq 8, to determine the species whose concentrations_ - o _
Figure 3. Variation of the slope § from the kinetic runs with the

o > concentration of the monocatecholate complex of copper(ll) at various total
_ [Cu(Cat)][H*]Z _ [Cu(Cat),” ][H N catechol concentrations and pH 680 (6.6 (J), 6.8 @), 7.0 ©), 7.2 ),

[Cu?][H Ca] 27 [CuCanHcay ®  2d74®.

[Cat}ot, and [H'], which was solved by the iterative, Newton
change in a manner consistent with the kinetics. Severalmethod. Then the equilibrium concentration of2Cwas
studied®!! have given values foKy and Ky, which are in calculated from eq 11, and [Cu(Cat)] and [Cu(Gaf)were
good agreement and indicate that they are only mildly calculated from eq 8.
sensitive to ionic strength and temperature. The values
suggested by Smith et #.have been used hereKp = (C = [CulHT* 1)
—8.39, [ZKfz = —11.33, 25°C, u : 0.1 M). The .SpeCIES [H+]4+ Kfl[H+]2[H2Cat]+ Kflez[HZCat]z
concentrations were calculated with the assumptions that the
total copper(ll) and catechol concentrations are given by eqs  The species distribution curve in Figure 2 shows that only
9 and 10, the Cu(Cat) species shows a dependence on catechol

concentration that is consistent with the observed dependence

[Cul, = [CU?'] + [Cu(Cat)]+ [Cu(Caty’ ]  (9) of the rate on catechol concentration at pH 7.0. An analogous
pH distribution curve for the conditions of the pH dependence
[Cat],,, = [H,Cat] + [Cu(Cat)]+ 2[Cu(Cat)’"] (10) study also is consistent with Cu(Cat) as the reactive species,

. o . _ _ since significant amounts of Cu(Cgt) begin to form for
respectively. Combination of these equations gives a cubicpH > 6.8, Therefore, the rate is predicted to depend directly

1l

equation for uncomplexed p&at] in terms oK, K, [Culo, on [Cu(Cat)], and this is confirmed by the plot in Figure
, 3. Least-squares analysis givés = [(8.9 + 0.3) x
10) Murakami, Y.; Nak , K.; Tok , Bull. Chem. Soc. J i . . :
(10 19%?3%%69 (30?(;?;? ir%_ 10 M)c_) Jiﬁgé‘on, 5_ F.: V?/?Rson?([iﬂ_ ;,E_ " 10 7|[Cu(Cat)]. This expression fd8 can be substituted into
Chem. Soc., Dalton Tran4972 2614 (25°C, u = 0.10 M). eq 7 to give the rate law as eq 12.
(11) Balla, J.; Kiss, T.; Jameson, R.IRorg. Chem 1992 31, 58 (25°C,
(12) !JS;ittORM)E.; Martell, A. E.; Motekaitis, RVIST Critically Selected _ d[H2Cat_] = K[Cu(Cat)]= [(3.8 £ 0.1) x 10_5][Cu(Cat)]
Stability Constants of Metal Complexes Datahagersion 2; NIST: dt : ’
Washington, DC. (12)
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Scheme 1 A d[Cd"] _ ky[Cu(Cat)](Z,,[Cu'] + kfCa"]) N
Cu(Cat) —<k_>1 Cu* + Cate” dt (K [CU'] + kg COM])
Cate ™~ + Cu ‘—1> Cu* + Q A Cu(CaVIICT) (16)
koA CU'] + ki Co"]
Care = +Coll =2 Co 4 Q (I1). If either kzg[CU'"] > ko[ CO"] oF kg CO"] > kaoCu'],

this equation simplifies to eq 17, which is consistent with
the experimental rate law (eq 12). Comparison of eqs 12

i i ) ~and 17 shows thdt; = 1.9 x 10°s™1,
This very simple rate law came as something of a surprise

k
Cut + Cot ——= Co?* + Cu??

in view of earlier studies on the autoxidation reactibbyut d[cad'] _

more detailed comparisons will be made later. The rate law da 2k[Cu(Cat)] 17)
eliminates bimolecular rate-controlling electron transfer ) ) i
between C& and HCat, or C&* and Cu(Cat). A mechanism One test of the proposal in Scheme 1 is to estimate the

consistent with the rate law is described in Scheme 1, where€auilibrium constan, = ki/k-, and show thak-, does
Cd" and CU represent Co(NKJsNz2" and any copper(ll) not exceed the diffusion-controlled limit-Q0° s7%). Since
species, respectively, Q is the quinone, and the semiquinonecc’pper(”) is a rather weak oxidizing agent, it is reasonable

radical anion (Cat) is taken to be fully deprotonated, since t© &xpect thal, will be quite small, but the value dt
its Pk, = 513 requires thatk; > 1074 The magnitude ofK; can be

This scheme predicts that the rate of formation of cobalt- €Stimated from a combination of the thermodynamic infor-
(Il) is given by eq 13. mation for reactions 1821.

The steady-state con_centration o_f Cas given by eq 14, Cuz+aq +e = Cu+aq (18)
where the last expression on the right

| CU* 4+ H,Cat= Cu(Cat)+ 2H" (19)
d[Co] _ Il + Il .
a  elCoTliCuT] HedCoT]iCar ] (13) HCat + H' + & = H,Cat (20)
(Cat ] = ky[Cu(Cat)] _ HCat =H" + Cat~ (21)
K_4[CU™] + Ky CU'] + ko C0"] The values 0E°15 = 0.15 V, Ko = 4 x 10°° M~1,0-12 and
k,[Cu(Cat)] K21 = 10">M~113are reasonably well established, and only

E°;0 needs to be estimated. There are several ways to make
this estimate. Mentasti et & .noted that, for 1,4-dihydroxy-
benzene systems, there is a difference-6f38 V between

) the two-electron reduction to the quinone and the one-
[CU"] + kedCOl). This should be true because all (.Df th.e electron reduction of the semiquinone and applied this to
rate constants are expected to be at or near the dn‘fusmn—1 2-dihydroxybenzene systems to obt&i, = E°(HCat/
controlled limit (10 to 1@ M1 s71), but the concentration H’ZCat)Jr 0.38= 1.17 V. Steenken and Nébmbtainede®-

of Cu' will be at a low, steady-state value, while the other (Cat*/CaF*.) _ 0_4'3 V. f.rom measurements at pH 13.5, and
SPECIES are in the IQ to.1(T3 M range. The sjteady—state this can be combined witK,; and the ionization constant
concentration of Cuis given by eq 15, in which [Caf] of Heat™ (107233 M~%)22 to obtainE®, = 1.06 V. Kimura et
from eq 14 has been substituted to give the second eXpreSSiO%I}G used the oxidation kinetics of catechol in acidic solution
in eq 15. This expression can be simplified by noting that and Marcus theory to estimat®(H,Cat*/H,Cat) = 1.10

V, and this can be combined with the acid dissociation

kzz[CU”] + kza[COHI]

has been simplified by the condition thiat,[Cu™] < ko

1l o—
[Cu'] = ky[Cu(Cat)]+ ky[CuT][Cat” ] _ constant of HCat* (~10 M) to obtainE°,, = 1.04 V.
k_,[Caf] + k,[Ca"] The fact that the last two estimates are derived from quite
different approaches but are in good agreement suggests that

ky[Cu(Cat)](Z,,[Cu'] + k[ Co™])
kk_[Cu(Cat)]+ kg Co" (K, CU'] + ko C0"])

(15) it is reasonable to tak&°,; ~ 1.05 V. Then one obtains
kilk-1 =2 x 102 Mandk.; =1 x 100 M1 s1 As
expected k-, is large, but still well below the diffusion-

the results below show thai < k[Co"], while the other ~ controlled limit so that the reaction pathways in Scheme 1

rate constant times concentration factors in the denominatorare entirely viable.

Of_ eq 15 have Slmllar magnitude. There_fdxgg_l[Cu(Ca_t)] (14) Mentasti, E.; Pelizzetti, E.; Barrocchi, £.Chem. Soc., Dalton Trans

will be small relative to the other terms in the denominator. 1977 132.

Substitution from eq 14 and the simplified form of eq 15 (15) Steenken, S.; Neta, B. Phys. Cheml979 83, 1134.
(16) Kimura, M.; Yamabe, S.; Minato, Bull. Chem. Soc. Jpri981, 54,

into eq 13 gives eq 16 for the rate of production of cobalt- 1699.
(17) Hale, J. M.; Parsons, Rirans. Faraday Sacl963 59, 1429 and
(13) Steenken, S.; O'Neil, RB. Phys. Chem1977, 81, 505. references therein.
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Scheme 2 Scheme 3
ks K =1x1012
—_— P ! »
Cu(cﬂt) -~ Cu (Cat ) CUH(Cat) —— CUI + Cats

k_

k
Cu(Cate) + Cu' —2= 2Cu* + Q 1@»1@3\\\ %

k -
CuCat)+ Co™ —E Co® + Cu* + Q Cul(Cats)
Cu* + CoM o Cot + Cu2* simplifies to the experimental rate lawkf 3 < ks [Cu"] +

ks3gCa'"'], in which case the experimental rate constagis

Some qualitative guidance as to reasonable magnitudeézr?lm_tlhe previous discussion, it is probable tkat> 10°
for k-1, ke, and kes is available from previous studies. M 'S and the experimental conditions have [Ga< 0.3
Meyerstein and co-workéfsound rate constants in the range MM, S0 that the inequality needed to simplify eq 22 requires
of (2—4) x 10° M~ s for the oxidation of aqueous Chy thatk_3 < 30 s'*. This can be combined with the experi-
several substituted aliphatic radicals. These are strongefMental value oks to calculate thaks = kg/k-3 > 107,
oxidants than Cat, and give products with CaC bonds, If the mechanism in Scheme 2 is viable, then the above
but provide some indication thatka; of 1 x 10/ M~1 s magnitude ofKs should be reasonable. One way to assess
is not unexpected. Analogies ke, may be drawn from the ~ this is shown by the cycle in Scheme 3. The formation
reactions of various radicals with aqueougCwhich have ~ constant of the Ce-Cat™ complex is given by = Ko/Ky

rate constants in the range of (6:5) x 106 M1 57119 > 10’ ML, For conventional ligands, such as OBr—, NHa,
However, the oxidation of Cat by Cl?*4q is marginally and olefins, the analogous formation const@ngse <10*
spontaneouss ~ 0.03 V at pH 7) and [Cliad ~ 106 M, M™%, and studies with simple catechols in our laboratdry

while the dominant species Cu(Cat) and Cu(€atyre even have failed to dete_ct complexatiok(< 10?). Therefore, _
weaker oxidizing agents. The magnitude kf may be Kg > 107 seems quite Qnomalpus, unlgss there is something
assessed from studies of the reduction of Co{#, Co- very special about the interaction of Quith the catecholate
(NH2)sX2" (X = F-, CI-, Br), and CH'(N)s** complexes ~ radical. If the argument is reversed, aiigl is taken to be

by organic radicals for which the rate constants are in the <10° M™%, thenK; = 10°° and there will be_ insignificant
range of 16to 10* M~! 57120 From these observations, it &mounts of the Cu-Cat~ complex present in the system.

seems probable that the conditigg[Co"] > kp[Cu'] is The general conclusion from this analysis is that thé-Cu

applicable for the reduction of eq 16 to eq 17. semiquinone complex is too unstable to be a significant
The above considerations predict that the simplification Intermediate in the aqueous coppertitatechol system.

of eq 15 actually requires the condition thak_,[Cu(Cat)] I—!owever,'a CU—sgmmumone species has be.en |dent$f|e(_d

< kokeg[CO"]2 With rate constant values of 1.9 1075, 1 during the interaction of a copper amine oxidase and its

x 107, 1.4 x 10% and 16, respectively, and typical cofactor 2,4,5-trihydroxyphenylalanine (TOPA). A major

concentrations of [Cu(Cat}} 0.6 mM and [C#] = 0.3 mM difference with the catechol system is that reduction of the

the first term in the inequality is-100 times smaller than ~ SeMiquinone is-0.4 V more favorable for TOPAS and this
the second. Therefore, the simplification is justified for at MakesKi~ 10°times larger. Then, with a normal magnitude
least 90% of the reaction, K is =10, for Ky, the value ofKs would be~1073 for TOPA. This
Recent studiés” have identified valencetautomer equi- estimate does not take into account that th&YCul reduction
libria between LCU!(R-Cat) and LCU(R-Cat) species, may be more favorgb_le iq Fhe enzyiié* These princ_iples
where L is an ancillary ligand and R-Cat is a catechol ofmcreas_mg the oxidizability of the categhol derlvapve and
derivative. This suggests the possibility that the mechanismthe reducibility of th? Clihave been exploited by Kaim and
in Scheme 1 might be modified to involve a 'CZat) co-worker:éa to qbtam measuraple values kg for a NS
intermediate, as shown in Scheme 2. donor ancillary ligand and substituted catechol/semiquinone
ligands in THF and toluene.
The results of the present study may provide some useful
. guidance for the autoxidation reaction, i.e., aqueous-€u
catechol+ O,. The two systems are analogous in that the
O, has been replaced here by Co(NeMs?*. This simplifies
the situation by avoiding the possible complication of
complexation of Cuby the oxidant, so that the differences
between the two systems will reflect the effect of complex-

First of all it must be noted that this scheme will not
produce the experimental rate law if thgk 5 step is treated
as a rapidly maintained equilibrium because all the subs
quent steps are bimolecular and one of them must be rate
limiting. Therefore, the rate law has been developed using
steady-state assumptions for [Cu({Jatand [Cuf]. The
predicted rate of formation of Cois given by eq 22. This

I (Il
d[Co™] _ ka[Cu(Cat)](Zg[Cu’] + 2ksg[Co™]) (22) (20) Cohen, H.; Meyerstein, OJ. Chem Soc., Dalton Tran$977, 1056.
- 1l I Espenson, J. H.; Shimura, M.; Bakac,lAorg. Chem1982 21, 2537.
ot k—3 + (k32[Cu 1+ k33[C0 ) (21) Kamau, P.; Jordan, R. Biorg. Chem2001, 40, 3879 and references
therein.

(22) Kamau, P.; Jordan, R. Biorg. Chem 2002 41, 884-891.

(18) Navon, N.; Golub, G.; Cohen, H.; Meyerstein, Organometallics (23) Schwartz, B.; Dove, J. E.; Klinman, J.Blochemistry200Q 39, 3699.
1995 14, 5670. (24) DeFelippis, M. R.; Murthy, C. P.; Faraggi, M.; Klapper, M. H.
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Oxidation of Catechol by Agueous Copper(ll)

Scheme 4
Cu(Cat) b, Cut + Care™

ko,

Cu* + 02 - Cu(02)+
k—()z
k

Cu(Oy) +Cu(Cat) —» Cu* + C"+0,7+Q
ks
Cul! + Catm —2» Cu* +Q
. . ks it 2-
CuOyt + Cut —> 2Cu" + O,

ation of Cu by O.. The autoxidation has been studied by
Jameson and co-workétsinder conditions similar to those
used here. The major difference in the rate laws for the two
systems is that the autoxidation is half-order inp][@hile

the rate is independent of [Co(NJgN3?"] in the present
study. Jameson and co-workers also proposed that thg, [Cu
pH, and [catechol] dependence of the rate indicated pathway
involving the catecholate anion and the mono- and biscat-
echolate complexes of @uwhile only Cu(Cat) seems to be
reactive when Co(NJsN3?" is the oxidant. Before we
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Figure 4. Variation of the rate of autoxidation for the aqueous'€u
catechot-O; system determined by Jameson and co-workers (ref 11) with
the concentration of the monocatecholate complex of copper(ll) at various
total CU' and catechol concentrations and pH 43,4.9 (4), 5.1 (+), 5.3

(), 5.5 ©), and 5.7 ).

gproduction of @* (i.e.,, HO,) and is given by eq 24.

oy
dt

= k,[Cu(Cat)][Cu(Q) '] + k[Cu'][Cu(0,)"] (24)

address the latter difference, the mechanism in Scheme 4 isSubstitution from the steady-state solutions (see the Sup-
suggested to explain the I dependence, while retaining  porting Information) gives eq 25. If the experimental rate
some steps analogous to those in Scheme 1 and thoséas a first-order dependence on [Cu(Cat)], then this can be
proposed by Jameson. obtained from eq 25 ikj{Cu(Cat)] > k_o,. Then eq 25
For the sake of simplicity, the proton equilibria that convert
k4{ ko

Cat™ to HCat and Q% to H,O, have been omitted. The
Ks
simplifies to eq 26. This rate law predicts the half-order

reaction of Cat with Cu' (kx) has been retained as a
dependence on [{Pfound by Jameson and co-workers if

termination step because €un its various forms, is the
dominant oxidant compared to other possibilities such as Cu-
the first term is larger than the second (i.dukéo/ks)[O2]
> k). However, it predicts a first-order dependence on

(Ox)" or O,. Steady-state assumptidhdor [Cat~], [Cu-
(Ox)™], and [Cu'] lead to a quadratic equation for [Clof
{ k1k4k0
ks

the general form of eq 23 (see the Supporting Information),

[Cu(Cat)] rather than the more complex dependence sug-
gested by Jameson. To test this, the published tabulatéd data
on the pH dependence at various catechol concentrations and
representative graphical data on the total' @ependence
have been analyzed according to the prediction of eq 26.
The result® in Figure 4 show that a simple first-order
dependence is reasonably consistent with these data and there
are no systematic deviations that would be expected if higher
order terms suggested by Jameson et al. were contributing.
A least-squares analysis giveskikooks)2 = (2.8 4+ 0.08)

x 1072, The value ok; determined here arlh, ~ 6 x 10°
M~ s determined by Mi and Zubetter?” allow one to
calculate thaky/ks = 6.9 x 1078

2} 12 [Cu(Cat)f?0,]"?
(k_op + k[Cu(Cat)])}"?
k[Cu(Cat)] (25)

d[G,]
Cdt

a[Cu’]?—b[Cu’] —c=0 (23)
d[O,]
wherea = koks[O], b = kiks[Cu(Cat)], andc = (k-o2 + “Tq
ksj[Cu(Cat)]ki[Cu(Cat)]. This equation can be solved for
[Cu™] and the resultant substituted into the steady-state
expressions to obtain equations for the concentrations of the
other steady-state species in terms of known concentrations
However, this obviously will lead to complex equations, and
only limiting-case roots of eq 23 will be considered further,
to determine if Scheme 4 is capable of reproducing th§fo
dependence of the rate. Positive roots of eq 23 can be
obtained ifb? > 4ac, in which case [CU] = b/a, or 4ac >
b? in which case [Cl] = (c/a)¥2 The latter is the only
situation that will lead to a half-order dependence og].[O
With the assumption that [Cu@)] is small compared to

[O2], then the rate of consumption of,@quals the rate of

2} UZ[Cu(Cat)][OZ] Y2+ k,[Cu(Cat)] (26)

(25) In ref 11, it was assumed that the,, k-o2 reaction was a rapid
equilibrium and that the rates of initiation and termination were equal,
while a standard steady-state treatment for a chain reaction has been(26) Least-squares analysis of 49 data points to the one-parameter model
used here, as in the following reference: Moore, J. W.; Pearson, R. of eq 26 gave an insignificant 1.6% better standard error of the fit
G. Kinetics and MechanismsWiley and Sons: New York, 1981; p than the three-parameter model of ref 11, using the formation constants
390. Pilling, M. J.; Seakins, P. VRReaction KineticsOxford University from ref 11 in both cases.

Press: New York, 1995; p 221. (27) Mi, L.; Zuberbuer, A. D. Helv. Chim. Actal991, 74, 1679.
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It is possible to use the ratik/ks to estimatek,. Karlin was used for solutions of catechol, which were prepared daily. Stock
and co-workershave determined rate constants-dfc® M—* solutions of copper(ll) nitrate were prepared from Cughe3H,0
s at 25°C for several reactions of the typgQ@u'(O,”) + and analyzed by reaction with excess Kl and back-titration with

LnCu'(NCR) that are analogous kg. Since HO ligands are standardized sodium thiosulfate. Solutions of Naf&re stan-
less strongly complexing than NCGHoward Ct,2 and dardized by titrating the H released from Dowex X-8 cation-
provide less steric encumbrance than the ancillamgands, eXChang_e resin by an aliquot of the solution. i :
one might expect G(OH,)m to have a larger rate constant Analytical Method. The analysis for cobalt(ll) with NRS is

. based on the spectrophotometric detection of the cobalt(lIl) complex
than L,CU(NCR). Thereforeks can be expected to be in

) ) o of NRS2° A sample from the reaction solution was added to a
the range of10° to the diffusion-controlled limit of-10°. solution of phosphoric acid and NRS in a 25 mL volumetric flask.

Thenk, will be in the range of>6 to 6 x 10° M~'s™%. A solution of sodium acetate was added to adjust the pH, and
With the numerical values determined, it is possible to oxidation of Cd to Cd'" occurs at this stage. Then hydrochloric
test the assumption about the dominant term in eq 26, andacid was added to destroy the NRS complex of Ghbe solution
those used to develop eq 26. The initial concentration rangewas diluted to volume, and the absorbance was determined at 525
of O, (~0.3—1.3 mM) used by Jameson and co-workérs nmina1.00 cm path length cell on a Cary 219 spectrophotometer.
can be used to show that the first term in eq 26 &times A te§t for the effect of the final concentration oD, r_evealed _
greater than the second, even after 90% reaction at the Iowestlhat it should be<0.025 M, and 0.023 M was used. Previous studies
initial [O,]. Therefore, the first term generally is dominant suggest that the #°Q/NaO,CoHs buffer should be at pH 5:5

. . . . . 6.5, and a final concentration of NaCyHs of 0.73 M was used, to
in eq 26. A critical assumption in the development is that give a pH of 5.9. Tests of the hydrochloric acid concentration

4ac > b? in eq 23. After some rearrangement, it can be (0.20-2.2 M) revealed that interference from other NRS complexes
shown that this is equivalent to requiring th&o4O.] > was essentially eliminated for [HCIF 1.0 M, and a final
ki(ks/ks), and the numerical values show that the ratio of these concentration of 1.86 M was used. For solutions containing 0.014
terms is initially ~2 x 10° at the lowest [G]. Therefore, mM Co' and CU, it was found that the color of the ®e-NRS
this condition would be satisfied for 99% of the reaction. complex was fully developed for NRS concentrations from 0.20 to

It should be noted that Jameson and co-workers proposed?-65 mM, and [NRS}= 0.32 mM in the final solution was routinely
a nonradical mechanism on the basis that acrylamide did notused- It also was determined that the absorbance of tHe-ORS
undergo polymerization when present during the autoxida- complex was stable under these c_ondltlons for at Ieas_t 24 h.
tion. However, Scheme 4 proposes a semiquinone intermedi- "¢ absorbance was found to increase linearly with thé Co
ate (Cat"). It seems possible that the acrylamide experiment ‘;028?3 't\;lat;?:j '{;}g\?\ég:%i’#;iﬁg gazgetgflgﬁgg% (t:ouu&fr?
was misleading because copper(ll) species ag@;dould a 1.00 crﬁ cuvette the absorbance i)s/ g?venﬁtlxyE 0.034+ (1..48
serve as efficient terminators for the radical polymerization. 10%[Co].

The solutions to be analyzed in the kinetic study will contain
both Co(OH)e?" and Co(NH)sNz?t, and it is essential for this

The results of this study show that aqueous copper(ll) is application that the CG6complex does not undergo electron transfer
capable of oxidizing catechol and that @nd its various W!th the C(_j'—N_RS _complex, or that this reaction is not competitive
complexes and reduced forms are not a necessary require‘-""th the air oxidation of the Cbcomplex. Lalof® has observed
ment. However, the latter do provide additional reaction that this reaction does occur with Co(JCI*" and Co(NH)e-

L . Br2*, but not with Co(NH)sNO,2". Under anaerobic conditions,
pathways that accelerate the oxidation. The observation tha‘i/ve have confirmed this observation for the first two complexes,

the simple reactions proceed via the compleX ©at) is and found that there is no reaction between CofMWz+ (0.16
consistent with the biological mechanisms which suggest thatmmy and Cé (0.17 mM) in the presence of NRS (0.32 mM).

Cu' activates the catechol for oxidation. The rate-controlling  Kinetic Method. The apparatus consisted of two Erlenmeyer
intramolecular electron transfer in the aqueous system isflasks closed by serum caps and connected in series by Teflon
consistent with the observation by Dooley and co-workers tubing. One flask was connected to an argon cylinder and the other
of a Cu—radical valence tautomer in copper amine oxidase to a three-way stopcock, which in turn was attached to Teflon tubing
systems. However, the mechanism proposed here for theextending below the liquid surface of the second flask and to a 5.0
autoxidation does not require any direct reaction between ML sampling syringe. The first flask contained the Cog}Ns>"

the complexed catechol and,@hat would be a simple and CU in 20 mL of solution. The second flask contained the

recedent for the amine oxidase mechanism of Klinman andcatechol iq 30 mL of solution and a stirring. bar. Both solutio.ns
Eo-workers&g also contained 0.025 M buffer (HEPES), adjusted to the required

pH with aqueous HCIQor NaOH, and NaCl®to adjust the ionic
strength. The tubing was adjusted so that both flasks and the
sampling syringe could be deoxygenated by bubbling argon. The
Materials. All chemicals were of reagent grade and used as reaction was initiated by adjusting the connecting tubing so that
supplied. Azidopentaaminecobalt(lll) nitrate was prepared by an the Cd'/Cu' solution was transferred by argon pressure into the
adaptation of the synthesis of Linhard and Flyg&es described  catechol solution.
previously?® Stock solutions of the cobalt(lll) complex and the
buffers HEPES and PIPES were prepared by dissolving a known (29) Sandell, E. BColorimetric Determination of Traces Metalinter-

i i science: New York, 1944. Haerdi, W.; Vogel, J.; Monnier, D.;
mass of the solid in a known volume of water. The same method Wenger, P. Etely. Chim. Acta1959 42, 2334, Saltzman, B. Bnal.
Chem 1955 27, 284.

(28) Linhard, M.; Flygare, HZ. Anorg. Allg. Chem195Q 262, 328. (30) Lalor, G. C.J. Inorg. Nucl. Chem1968 30, 1925;1969 31, 1783.

Conclusions

Experimental Section
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Periodically, 2.00 mL samples were withdrawn into the sampling ~ Acknowledgment. We are pleased to acknowledge the
syringe and then ejected into a 25.0 mL volumetric flask containing Natural Sciences and Engineering Research Council of
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reaction. At the end of the run, each sample was treated with 3.0

mL of 2.65 mM NRS, 5'0 ”.“L of 3.66 M sodium a_lcetate,_and 50 of the rate law for Scheme 4, leading to eqs 23 and 26. This material
mL of 9.3 M hydrochloric acid. Each sample was diluted with water . . ) i
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to 25.0 mL, and the absorbance at 525 nm was recorded in a 1.00
cm path length cuvette on a Cary 219 spectrophotometer. 1C010978C
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