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In recent years a number of Cu(II1) and Ni(II1) complexes 
have been characterized both in solutions and as solids.14 Both 
electrochemical and chemical methods were used to generate these 
oxidation  state^.^-^ The Cu(II1) complexes of o-phenylenebis- 
(biuret),Io tri-a-aminoisobutyric acid," dithiocarbamate,2 and a 
macrocyclic ligand12 were isolated and their crystal structures have 
been determined. Margerum and c o - ~ o r k e r s ~ , ~ * ~ ~  have carried 
out extensive studies on electron-transfer reactions involving 
Cu(II1) peptide complexes. Both outer- and inner-sphere 
mechanisms seem to be operative depending upon the nature of 
the reductant. In the oxidation of both Ir11'C163-'4 and Fe"- 
(CN)64-,15 where the chloro and cyano ligands are capable of axial 
coordination to the Cu(II1) complexes, a bridged mechanism was 
invoked, whereas in the oxidation of R u ( N H ~ ) ~ ~ +  and Ru- 
(NH3)5py:+6 (py = pyridine), an outer-sphere mechanism was 
suggested. 

From this laboratory we have also reported that the trivalent 
oxidation state of copper is stabilized by imine-oxime  ligand^.^*'^ 
The Cu(III).complexes of the ligands L1, L2, and L4 have been 
isolated, and that of L3 has been characterized in solution. These 
Cu(II1) complexes undergo facile electron transfer with iodide,I8 
Co1'EDTAI9 (EDTA = ethylenediaminetetraacetate), catechol, 
and h y d r o q ~ i n o n e , ' ~ ~ ~ ~  giving the initial Cu(I1) complex. Kinetic 
studies showed that both unprotonated (I) and protonated (11) 
forms of these complexes are present in aqueous acidic solu- 
tions. 17-20 
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Ni(II1) complexes are also well documented, and a few have 
been isolated: they are generally more stable in nonaqueous media 
than in aqueous solutions.8,21 The [Ni"'(cyclam)13+ complex 
(cyclam = 1,4,8,11 -tetraazacyclotetradecane) is relatively stable 
in aqueous solutions containing > 1 M HC104. Kinetic studies 
of the oxidation of [Ni"(cyclam)12+ by CO(I I I ) ?~  Ni(IV),23 and 
Ag(II)24 have been reported. An outer-sphere mechanism is 
believed to be operative in all of these reactions. 

Here we report the results of the kinetic studies of the oxidation 
of [Nill(cyclam)]z+ by four Cu(II1) imine-oxime complexes, 
[Cu"'L"]+ (n = 1-4). The square-planar structure of both the 
reductant and the oxidants as well as the absence of bridging atoms 
(only a protonated form of copper(II1) complexes is reactive) 
warrants the accommodation of an outer-sphere electron-transfer 
process. Application of the Marcus theoryz5 to these reactions 
gives a value for the self-exchange rate constant for the 
[CU"'/"HL"]~+/+ couples that can be compared with other Cu- 
(III/II)  exchange rates. 
Experimental Section 

Materials. [Ni"(cyclam)] (C104)2 was prepared by reacting Ni(CI- 
04)2.6H20 and cyclam (Strem Chemicals) and recrystallized from a 
methanol-water solvent. The Cu(I1) imine-oxime complex with L' was 
prepared according to the method of Addison et aLZ6 and recrystallized 
from water. Anal. Calcd for [Cu"HL1]C10,.2H20: C, 30.14; H, 5.29; 
N, 12.78; C1, 8.28; Cu, 14.50. Found: C, 30.33; H, 4.90; N, 12.80; C1, 
8.11; Cu, 14.70. The ligands L2, L3, and L4 were prepared first by 
nitrosation of diethyl ketone, benzyl methyl ketone, and 4-methyl-2- 
pentanone, respectively, and then by condensation of the nitroso ketone 
with 1,3-diaminopropane in the ratio of 2:l.I' The Cu(I1) complexes of 
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Table I. Variation of the Pseudo-First-Order Rate Constant with [Ni"(cyclam)12+ Complex Concentration" 
1 04[ [Ni"(cycIam)l2+], kobs, s-' 

M [CU"'L']+ [CU"'L2]+ [ CU"'L3]+ [CU"'L4]+d 
8.0 15.0 f 0.6 15.33 f 1.3 4.4 f 0.4 

10.0 
12.0 
20.0 
30.0 
40.0 
50.0 
56.0 
60.0 
80.0 

44.8 f 1.8 19.6 f 2.2 5.6 f 0.4 

87.0 f 4.7 37.4 f 2.0 10.4 f 0.8 

172.3 f 9.7 69.0 f 5.5 19.9 & 1.4 
97.5 f 9.3 

22.5 f 0.8 

56.0 f 2.7 

115.0 f 1.0 
31.0 f 3.6 

159.2 f 6.9 138.0 f 9.5 21 1.8 f 3.8 
270.0 f 8.5 

"Unless otherwise stated, [[CU"'L~]+]~ = 1.0 X lo4 M, [H+] = 0.10 M, f i  = 0.50 M (NaCIO,), and T = 25.0 f 0.1 OC. b[H+] = 0.05 M. 
c [ [ c u ~ ~ ~ ~ 1 ~ + 1  = 5.0 x 10-5 M. ~ [ [ c ~ ~ ~ ~ L I ~ + I  = 2.5 x 10-5 M. 

the ligands L2, L3, and L4 were prepared by reacting copper(I1) acetate 
with the corresponding ligand in 1:l.l mole ratio in methanol and were 
precipitated by addition of solid NaCIO,. The crude products were 
recrystallized from water or methanol-water solvent. Anal. Calcd for 

Found: C, 34.53; H, 5.38; N, 12.27; Cu, 14.15; CI, 7.81. Calcd for 
[Cu"HL3]CI04: C, 47.91; H, 4.40; N, 10.64; Cu, 12.07; CI, 6.73. Found: 
C, 47.79; H, 4.34; N, 10.54; Cu, 11.95; C1, 6.48. Calcd for 

Found: C, 37.34; H, 6.81; N, 11.49; Cu, 13.05; CI, 7.22. 
Solutions of the Cu(II1) complexes were prepared immediately before 

each kinetic experiment by addition of PbOz to an acidified solution 
M HC104) of the desired complex. At this acid concentration the Cu- 
( H I )  complexes were stable for several hours. However, at [H'] 2 0.1 
M decomposition is accelerated. Decomposition of Cu(II1) peptide 
complexes is also reported to be catalyzed by acid.27 A stock solution 
of [Ni"(cycIam)l2+ (0.012 M) was prepared by weight, and solutions for 
kinetic runs were made up by dilution from this stock. When high 
concentrations of the Ni(I1) complex were used, these were made up by 
weight. A stock solution of HCIOl was prepared by dilution of AR grade 
concentrated HCIO, and standardized against a standard NaOH solu- 
tion. A stock solution of NaCIO, was standardized, after passing a 
known volume through Amberlite IR-120 H resin, against a standard 
NaOH solution. 

Stoichiometric Studies. The stoichiometry of the reaction of the 
[Ni"(cyclam)J2+ complex with each of the [Cu"'L"]+ complexes was 
determined by using a Unicam SP 8000 UV-visible spectrophotometer. 
Solutions with known concentrations of both the reductant and the ox- 
idants were reacted at [H+] = 0.01 M. Various concentrations of the 
oxidants and the reductant were used with the initial ratio of [oxi- 
dant]:[reductant] being 1:1, 2:1, and 3:l. 

Kinetic Procedure. Kinetic measurements were made with a Hi-Tech 
stopped-flow spectrophotometer, Model SF-3L. The signal and the 
trigger pulse from the spectrophotometer was fed into a DL 901 transient 
recorder, where the information was stored in digital form and was 
displayed continuously on an oscilloscope. The transient recorder was 
interfaced to a HP 9825B minicomputer, which was used to analyze the 
absorbance data. The consumption of the Cu(II1) complexes [Cu"'L1]+, 
[Cu"'L2]+, and [Cu"'L4]+ was followed at A,,, = 515 nm. The disap- 
pearance of [Cu"'L']+ was monitored at A,,, = 527 nm. The molar 
absorption of each of these complexes is > I O 4  M-l cm-I. All kinetic 
experiments were performed under pseudo-first-order conditions with 
[[Ni~~(cy~lam)]~+] 1 ~O[[CU"'L"]+]~. [H'] was varied over the con- 
centration range 0.025-0.250 M. The ionic strength was maintained at 
0.50 M (NaC104) and the temperature at 25.0 f 0.1 OC. 

Results 
The ratio of the concentration of [CU~~'L"]+ consumed to that 

of [Ni"(cyclam)12+ initially present is in agreement with eq 1, 
indicating a stoichiometry of 1:l. 

[Ni11(cyclam)]2+ + [CU"'L"]+~ - 

[CU"HL~]CIO~*H~O: C, 34.83; H, 5.62; N, 12.49; CU, 14.17; CI, 7.90. 

[C~"HL~]C104*5Hz0: C, 37.12; H, 6.23; N, 11.54; CU, 13.09; CI, 7.30. 

H+ 

[Ni"'(~yclam)]~+ + [Cu"HL"]+ (1)  

Pseudo-first-order plots were linear to beyond 3 half-lives, and 
the magnitude of the pseudo-first-order rate constant, kobs, does 
not vary with variation of the initial concentration of the Cu(II1) 
complex. 
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Figure 1. Plot of the second-order rate constant (k2,  M-' s-I) against 
[H+] (T = 25.0 f 0.1 "C, ionic strength p = 0.50 M (NaC104)): (A) 
[Cu"'L1]+; (B) [Cu"'L2]+; (C) [Cu"'L3]+; (D) [Cu"'L4]+. 

Table 11. Formal Electrode Potentials of [Cu"L"]+ Complexes at pH 
0 and the Rate Constants for Their Reduction by [Ni"(~yclam)]~+ at 
25.0 f 0.1 OC 

E O ,  10-5kq, E O ,  i0-5k3, 
complex V" ~ - 2  SI' complex V" M-2 s-1 

[Cu"'L1]+ 1.16 3.67 f 0.20 [Cu"'L3]+ 1.10 1.82 f 0.15 
[Cu"'L2]+ 1.17 4.47 f 0.30 [Cu"'L4]+ 1.05 0.62 f 0.02 

= 0.10 M (NaC10,). 

The results in Table I show that the magnitude of kobs varies 
linearly with the concentration of the Ni(I1) complex. This is 
consistent with a first-order dependence on the Ni(I1) complex 
concentration as expressed in eq. 2. 

kobs = k 2 [  [Ni11(cyclam)]2f] ( 2 )  
The pseudo-first-order rate constant varies with [H'], and a 

plot of the second-order rate constant k2 ( k 2  = k0bs/2[ [Ni"(cy- 
clam)12']) aganst [H+] is shown in Figure 1. A first-order 
dependence of k2 on [H+] is deduced. From these findings the (27) Rybka, J. S.; Margerum, D. W. Inorg. Chem. 1981, 20, 1452. 
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- - d[[cu" 'L"]+]~  - 
dt 

k5Kl K2[ [Ni"(cy~lam)]~+]  [ [ C U ~ ' ~ L " ] + ] ~ [ H + ] ~  
(12) 

1 + Kl[H+] + K1K2[H+l2 

Under the conditions of the [H'] employed it seems that K l -  
[H'] >> 1 + KIK2[H+l2 and eq 12 reduces to the form of eq 13, 
which is of the same form as the experimental rate law. By 
comparison of eq 3 and 13 it can be seen that k3 = k5K2. 

rate law for the reduction of each of the four Cu(II1) complexes 
by [Ni1'(cyclam)12+ is given by eq 3. The values of the third-order 

d[[cu"'L"]+]~ - = k 3 [  [Ni11(cyclam)12+] [ [CU' '~L"]+]~[H+] 
dt 

(3) 

rate constant k3,  obtained from the slopes of the plots of Figure 
1, are collected in Table 11. 
Discussion 

The dependence of the [Ni11(cyclam)]2+-[Cu111Ln]+ reactions 
on H+ concentration, almost certainly, arises from protonation 
of oxime oxygens, possibly with formation of hydrogen bonding 
(structure 11) as is known for the Cu(I1) analogues.26 [Ni"(cy- 
clam)12+ could not be held responsible for the H+ dependence as 
this complex does not enter into deprotonation-protonation 
equilibria over the employed H+ concentration.22 

The responsibility of the [Cu"'L"]+ complexes for the H+ de- 
pendence finds support in electrochemical studies. The peak 
potential average values E,  ( E ,  = 1/2(Epa + E,)) of all of the 
[Cul"Ln]+ complexes are pH-dependent. E,  varies with the pH 
according to eq 4, where a plot of E,  vs pH is linear with a slope 

E, = Eo - 0.059pH 

[CuiilLn]+ + H+ + e- + [ C U ' ~ H L ~ ] +  

(4) 

( 5 )  

of -59 f 3 mV for the four c o m p l e x e ~ . ~ J ~  This clearly indicates 
that one proton is involved in the electrode reaction (eq 5). 
Linearity of plots of E,  vs pH hold over the pH 1.2-5.0 range. 
The electrode reaction (eq 5 )  could be divided into steps, fast 
protonation of a [Culi1L"]+ complex followed by electron transfer. 
In the oxidation of iodide18 by [Cuil'L']+ a proton-dependent 
pathway was found, and the protonation of [Cul"L1]+ is the only 
alternative. The absence of a reaction pathway independent of 
H+ shows that the reaction between [Ni"(~yclam)]~+ and an 
unprotonated [Cu1"L"]+ complex is an uphill reaction. This is 
in agreement with the decrease in the electrode potential of these 
complexes with increasing pH. The pKa of [Cu"HL"]+ is - 10 
as indicated by their spectrophotometric  titration^.'^ This value 
is close to the pK, of -10.6 reported for CUI'((DMG)H)?~ 
((DMG)H2 = dimethylglyoxime). 

A reaction sequence that is compatible with the observed ki- 
netics may be described by eq 6 and 7. From eq 6 and 7 the rate 

[Cu"'L"]+ + H+ [CU"'HL"]~+ K, (6) 
ki 

[CU"'HL"]~+ + [Ni"(~yclam)]~+ - 
[Cu"HL"]+ + [Nii'1(cyclam)]3+ (7) 

law given in eq 8 could be derived. Equation 8 reduces to the form 

d [ [Cu"'L"] +] - k4K1 [ [ Ni"(cyclam)] 2+] [ [CU"'L"]+]T[ H+] - - 
dt 1 + K1 [H'] 

(8) 
of eq 9 if 1 >> Kl[H+], and by comparison of eq 3 and 9 it would 
seem that k3 = k4Kl. 

d [  [cUi"Ln]l]~ - = k4K1[ [Ni(cyclam)12+l [[Cu"'L"l+l [H+l 
dt 

(9) 

An alternative reaction sequence may involve the reaction 
between the diprotonated Cu(II1) complex and the Ni(I1) re- 
ductant (eq 6, 10, and 11). 

[ C U ~ ~ ' H L " ] ~ +  + H+ F= [ C U ~ " H ~ L " ] ~ +  K2 (10) 

ks 
[ C U " ~ H ~ L " ] ~ +  + [Ni"(~yclam)]~+ - 

[ C U ' ~ H ~ L ] ~ +  + [Nii11(cyclam)]3+ (1 1) 

From eq 6, 10, and 11  the rate law of eq 12 is derived. 

(28) Dyrssen, D.; Hennichs, M. Acta Chem. Scand. 1961, 15, 47. 

d [ [ CU"'L"] '1 T - = k5K2[ [ Ni"(cyclam)] 2+] [ [ CU''~L"] +] T[ H+] 
dt 

(13) 
Attempts were made to determine K, and K2, but these have 

been unsuccessful so far. The slow decomposition of [Cu'"L"]+ 
complexes as well as [Cu"HL"]+ complexes at relatively high acid 
concentration made these attempts fruitless. However, it seems 
that K1 is very small as indicated by the linearity of the k2 vs [H+] 
plots up to [H'] = 0.25 M. 

The reductant [Ni"(~yclam)]~+ is known to have a square- 
planar structure in aqueous acidic solutions.2g A change to 
octahedral geometry, however, seems to be induced in basic 
media.30 Under the conditions of acid concentrations employed 
here, the square-planar structure is likely to be maintained. A 
square-planar structure is also known for Cu(II1) complexes in 
the solid The structure of the Cu(II1) imine-oxime 
complex [Cu1"L2]+, isolated from an acidic solution (pH 3.7) as 
a perchlorate salt, has been determined.31 The copper ion is bound 
to the four N atoms, but the Cu-N bond lengths are not sig- 
nificantly shorter than those determined for the [Cu"HL']+ 
complex.32 Support for the square-planar geometry in solution 
is usually derived from the absence of ESR signals for these 
complexes. Axial coordination to Cu(II1) complexes, however, 
seems to operate in electron-transfer reactions when the reductant 
is capable of offering a bridging ligand as has been shown in the 
oxidation of Ir111C163-14 and Fe1'(CN)6".l5 The formation of a 
five-coordinate species in the transition state of these reactions 
is not surprising as low-spin d8 complexes, more often than not, 
undergo substitution by an associative mechanism.33 In the 
reactions dealt with here, since only the protonated forms of the 
Cu(II1) complexes, [CU'~'HL"]~+, are reactive, it is likely that the 
two oxime oxygens are hydrogen-bonded, as in the corresponding 
Cu(I1) complexes,26 and are thus not available for bridging the 
two reaction centers. These arguments seem to make an outer- 
sphere mechanism for the [Ni11(cyclam)]2+-[Cu11iLn]]+ reactions 
a plausible suggestion. An outer-sphere mechanism was also 
suggested for the oxidation of [Ni"(cyclam)12+ by [CO"'OH]~+ 
and [NiiVLlZ+ 23 (H2L = 3,14-dimethyl-4,7,10,13-tetraazahex- 
adeca-3,13-diene-2,15-dione dioxime) in spite of the hydroxo ligand 
and unprotonated oxime oxygens on the two oxidants, respectively. 

It may also be argued that an inner-sphere mechanism in which 
the two reactants are bridged by a water molecule could operate. 
However, both complexes showed no tendency to be penta- 
coordinated even in the solid state.31 

The outer-sphere nature of the electron transfer between 
[Ni1'(cyclam)12+ and the protonated forms of the [CUL"]+~I  
complexes may be tested by applying the Marcus theoryZS as shown 
in eq 14 and 15, where K12 is the equilibrium constant of the redox 

kl2 = (kllk22K12n1'2 (14) 

(15) k f =  (log K d 2 / 4  log (k11k22/z2) 

reaction, k l  and k22 are the self-exchange rate constants for the 

(29) Anichini, A,; Fabbrizzi, L.; Paoletti, P.; Clay, R. M. Inorg. Chim. Acta 
1977, 24, L21, 

(30) Kaden, T. A.; Lotz, T. J. Helu. Chim. Acta 1978, 61, 1376. 
(31) Al-Sogair, F.; Sulfab, Y.; Ito, T. Unpublished results. 
(32) Bertrand, J .  A,; Smith, J .  H.; VanDerveer, D. G. Inorg. Chem. 1977, 

16, 1484. 
(33) Basolo, F.; Pearson, R. G. Mechanisms of Inorganic Reactions. A 

Study of Meral Complexes in Solution; Wiley: New York, 1967; 
Chapter 4.  
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Plot of log k3 vs log ( k l l K I A  for the oxidation of [Ni"(cy- 
by copper(II1) imine-oxime complexes: (A) [Cu"'L']+; (B) 
+; (C) [Cu"'L3]+; (D) [Cu"'L4]+. 

redox couples of each reagent, 2 is the collision frequency in 
solution, usually taken as 10" S-I, and f is given by the expression 
in eq 15. This form of the Marcus relationship was found to be 
suitable for reactions between redox couples of the same charge 
type, as the reactions described here, because the work terms to 
a large extent cancel each other. 

The self-exchange rate constant k , ,  of [Ni" ' /"(~yclam)]~+/~+ 
has been measured, and a value of - lo3 M-I s-' is reported.34 
The self-exchange rate constant kz2 of [Cu"'/"HL"]*+/+ is not 
known. The value of K I 2 ,  for each cross-reaction, is calculated 
by using the standard electrode potential E", calculated from eq 
4 for the Cu(III/II) couples at pH 0 (Table 11), and the reported 
redox potential of the Ni(III/II) cyclam couple (0.97 V vs 
NHE).35 In the application of the Marcus theory the value for 
k3 (the second-order constant at [H+] = 1 M) was used. A value 
for k2* was calculated by using the log form of eq 10 assuming 
f = 1. The value of kZ2 was then used to calculatefand k22 until 
the best fit of log k3 vs log ( k l l K l &  was obtained as shown in 
Figure 2. This plot has a slope of 0.46, which is in reasonable 
agreement with the predicted value of 0.5. The self-exchange rate 
constant of the [ C U ~ ~ ' / ~ ~ H L " ] ~ + / +  couples with alkyl substituents 
is calculated as - 5  X I O 5  M-' s-]. A value of -7 X IO5 M-' s-I 
is estimated for the phenyl-substitued Cu(III/II) couple. The 
higher value of the self-exchange of the phenyl-substituted com- 
plexes probably results from the K system of the aromatic ring, 
which may facilitate electron transfer. This may explain the 
deviation shown by this complex from the linear free energy 
relationship shown in Figure 2. However, when the values of k22 
calculated for the alkyl- and the phenyl-substituted complexes were 
used to plot log k3 vs log (kllk22K121),  the point falls on the line, 
and the linear plot has a slope of 0.46 f 0.02 and an intercept 
of 0.22 i~ 0.19. The involvement of the aromatic ring in electron 
transfer has become more evident in the reactions of [Cu"'L"]+ 
with Co(phen)?+ (phen = 1,lO-phenanthroline). Only the reaction 
involving the Cu(II1) complex with the phenyl substituent was 
too fast to follow on the stopped-flow instrument.17 It is to be 
observed that the self-exchange rate constant of the 
[CU"~/~'HL"]~+/+ complexes is about 1 order of magnitude higher 
than the self-exchange constant of the Cu(III/II) peptide com- 

(34) McAuley, A,; Macartney, D. H.; Oswald, T. J. Chem. Soc., Chem. 
Commun. 1982, 274. 

(35) Brodovitch, J .  C.; McAuley, A,; Oswald, T. Inorg. Chem. 1982, 21, 
3442. 
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plexes determined by 'H NMR line broadening (5 .5  X IO4 M-I 
s-').~~ These differences in rate, probably, reflect the small 
changes in Cu-N bond lengths (<0.02 A) in the copper imine- 
oxime complexes compared to the large changes in the bond length 
(>0.1 A) of the copper peptide complexes between the $2 and 
+3 oxidation states." The self-exchange rate constant calculated 
for [CU~' ' /"HL']~+/+ was used to calculate its cross-reaction rate 
constant with catechol, and a fairly good agreement between the 
calculated (-4 X 106-M-2 s-l) and the observed values (5.2 X 
IO6  M-2 s-' ) w as found.I7 
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Acetazolamide (Acm) (Figure 1) is one of the most potent 
inhibitors of carbonic anhydrase enzyme.' It is used as a diuretic 
drug and in the treatment of glaucoma. Although the mechanism 
whereby Acm inhibits the carbonic anhydrase is not well un- 
derstood, direct binding studies using [3H]Acm showed that Acm 
acts by coordinating the Zn atom of the active site. The 
-SO2-NH2- seems to be the obvious candidate as the metal- 
chelating group.2 The sulfonamide N atom must occupy the 
fourth coordination site at the Zn environment, replacing the 
Zn-bound water molecule in the native enzyme. One oxygen atom 
of the sulfonamide group links weakly the metal to give a distorted 
(4 + 1) "tetrahedr~n".~ 

We have initiated studies on the coordination chemistry of Acm 
and derivatives with transition-metal and d'O metal ions in an 
attempt to examine their mode of binding. As this ligand possesses 
the both character of thiadiazolyl and sulfonamide derivatives, 
a goal of our current investigation is the understanding of the 
coordination behavior of a compound with both groups. We have 
reported previously the synthesis and characterization of M- 
( A c ~ ) ~ ( N H ~ ) ~  (M = Zn or C O ) . ~  The complex described here 
is the first structurally characterized complex of Acm. 

Finally, the crystal structure of this complex allows us to know 
where the deprotonation of the Acm takes place, since the liter- 
ature indicates there are two ionizable hydrogens in the Acm, but 
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