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sections. (These contain all independent atoms in structures 
composed of close-packed planes perpendicular to the c axis.) 
Figure l a  shows that Lio.osYC1 is derived directly from YCl 
(also R h )  by random substitution of lithium in about 20% 
of the TAP interstices between double-chlorine layers. A clear 
decrease of 0.023 (3) A in the interlayer Y-Y distance ac- 
companies reduction of the slabs, though increasing Y-Cl and 
Cl-Cl separations caused an overall increase in c. Isostructural 
Li,GdCl has also been found recently.” 

A carbide M’CICo.s, M’ = Sc, Y, analogous to ZrC100,4 is 
also stable, but in this case, the phase appears stoichiometric 
and the size of the non-metal requires substitution in TAP, 
not tetrahedral positions between the double-metal layers. 
Second-nearest-neighbor interactions appear responsible for 
the reordering of the layers into a one-slab repeat structure, 
Figure le. The isostructural compound ZrXCo,5 also forms 
with ZrCl and ZrBr.’* 

Alkali-metal intercalates are also formed with interstitial 
(tetrahedral) oxygen in both 3R- and 2H-M10,1YC10 and with 
TAP carbon in 1T-M10,2YCb,s. These are depicted in Figure 
1 b,c,d, respectively. The two oxide structures may be formed 
with all the alkali metals (except 2H-Lio,,YC10) and corre- 
spond to the placement of the alkali metal in either TAP or 
trigonal-prismatic (TP) interstices, respecti~e1y.l~ In contrast, 
intercalates of layered transition-metal disulfides generally 
occur with either TAP and T P  coordination only for a single 
alkali metal.14 The 3R structure type again represents the 
direct derivatization of the parent YCl. Depending on con- 
ditions, either the 3R or 2H type (and occasionally both) can 
be obtained with Y203 and YC13 as reactants but only the 3R 
type when YOCl is used. High concentrations of M’Cl pro- 
duce only the 3R type, with a clear nonstoichiometry in 3R- 
K,YClO, -0.1 1 < x < 0.25, judging from the c axis depen- 

(1 1) Meyer, G., private communication, 1983. 
(12) Ziebarth, R. P.; von Winbush, S.; Corbett, J. D., unpublished research, 

1983. 
(13) Substantial amounts of a IT-Cs,YCIO are also formed (not shown; 

ABAC ordering in the parent slab with Cs in TP coordination). Ad- 
ditional very weak reflections suggest a superstructure in (I and 6 and 
possible cesium ordering. 

(14) Rouxel, J. In “Intercalated Layer Materials”; E v y ,  F., Ed.; D. Reidel: 
Dordrecht, Holland, 1979; p 201. 

dence on KCl concentration; this probably occurs with other 
alkali metals as well. Oxidation of either M,YClO type 
structure with I2 in CH3CN generates YOCl, the 3R phase 
yielding a well-crystallized sample in the new YOF type 
structure (YOCl is normally PbFCl type). The 3R phase 
reversibly picks up water from moist air to form a probable 
monohydrate (1T) for at least K and Rb but not Li. Liquid 
water gives slow oxidation to YOCl together with a striking 
exfoliation. 

The new 1T-ScClCo,5 and YCICo,s are isostructural with 
lT-TaSCo.s and also occur as intercalates with alkali metals 
with retention of the 1T form, Figure Id. (TaSCo,s intercalates 
evidently occur in other  structure^.'^) Both the introduction 
of carbon into all TAP sites in M’Cl and the intercalation step 
provide striking reductions in the metal-metal distances within 
the slabs, i.e., by 0.0793 ( 5 )  and 0.131 (8) A in the intra- and 
interlayer distances between YCl and K,,26YClCo.s. The in- 
tercalated carbides are readily decomposed by water. More 
details will be published in full articles.16 

Interstitial nonmetals have also been found within some 
extended-chain structures that exhibit strong metal-metal 
bonding” and may be quite common. Nonetheless, a good 
number of other cluster and chain compounds show no X-ray 
evidence whatsoever for incorporation of any guest impurity 
atoms. 
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Reduction of mixtures of copper(I1) and 3,5-di-tert-butyl-o-benzoquinone (DTBQ) at  mole ratios of 1:2 in acetonitrile 
or dimethyl sulfoxide yields a copjw(1I)atecholato (DTBC)semiquinonato (DTBSQ) complex [Cu”(DTBC)(DTBSQ)-] 
and a CU”(DTBC)~” complex. These complexes, their oxidation products, and three mixed-ligand complexes [Cu”- 
(DTBC)(bpy), Cun(DTBC)(phen), and Cun(DTBC)(en)] have been characterized by cyclic voltammetry, optical spectroscopy, 
and ESR. The formation constants, Kf, for the Cu”(DTBC)(DTBSQ)- and CuI*(DTBC);- complexes have approximate 
values of 4 X lOI4 and 1.6 X 10” M-2, respectively. Formation of a stable copper(I1)semiquinonato complex as a redox 
intermediate provides another versatile 1 -electron pathway for the copper-catechol-quinone system, which may be pertinent 
to the redox chemistry of related systems in biology and to catalytic oxygen activation. 

Copper, which is an essential component of many oxidase 
and oxygenase enzymes,’-* appears to be required for lignin 

formation in  plant^,^ and its complexes catalyse oxidative 
delignification processes. lo Electrochemical studies indicate 
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that the catalytically active copper centers have redox po- 
tentials between +0.3 and -0.3 V vs. SCE. Because quinones 
accelerate the delignification rate," the interaction of their 
reduction products (semiquinones and catechols) with copper 
ions may be important to the catalytic process. Such com- 
plexes would provide a means to tune the redox potentials and 
to stabilize intermediate species during the delignification 
process. 

The redox properties of 3,5-di-tert-butyl-o-benzoquinone 
(DTBQ), its semiquinone (DTBSQ-), and its catechol 
(DTBCZ-) in aprotic media have been characterized in a 
previous paper.l* The structural and redox chemistry of the 
semiquinonato and catecholato complexes of iron,13*14 chro- 
m i ~ m , ' ~ . ' ~  manganese,19 and zincZo has been 
described. 

The present paper summarizes the results of an electro- 
chemical and spectroscopic characterization of stable DTBC2- 
and DTBSQ- complexes of Cu(I1) in acetonitrile. 

Experimental Section 

Equipment. The cyclic voltammetry and controlled-potential 
electrolyses were accomplished by use of a three-electrode potentiostat 
(Princeton Applied Research Model 173 potentiostat/galvanostat, 
Model 175 universal programmer, and Model 179 digital coulometer) 
and Houston Instrument Model 100 Omnigraphic X-Y recorder. 

Electrochemical measurements made use of a Brinkmann elec- 
trochemical cell that was equipped with a Beckman platinum-inlay 
working electrode (area 0.23 cm2) and a platinum-flag auxiliary 
electrode (contained in a glass tube with medium-porosity glass frit 
and filled with a concentrated solution of supporting electrolyte); a 
Ag/AgCl reference electrode (filled with aqueous tetramethyl- 
ammonium chloride solution and adjusted to 0.000 V vs. SCE) with 
a solution junction via a glass tube closed with a cracked-glass bead 
that was contained in a luggin capillary. Platinum-mesh working and 
auxiliary electrodes were used for the controlled-potential electrolyses. 

The UV-visible spectrophotometric measurements were made with 
a Cary Model 17D spectrometer, and the EPR spectra were obtained 
with a Bruker Model ER2OOD ESR spectrometer. 

(1) Brill, A. S.; Martin, R. D.; Williams, R. J. P. "Electronic Aspccts of 
Biochemistry"; Pullman, B., Ed.; Academic Press: New York, 1964; 
p 519. 

(2) Malkin, R.; Malmstrom, B. A. Adv. Enzymol. Relar. Areas Mol. Biol. 
1970, 177. 

(3) Persach, J., Aisen, P., Blumberg, W. E., Eds. "The Biochemistry of 
Copper"; Academic Press: New York, 1966. 

(4) Osterberg, R. Coord. Chem. Rev. 1974, 12, 309. 
( 5 )  Ulrich, E.; Markley, J. L. Coord. Chem. Rev. 1978, 27, 109. 
(6) Fee, J. A. Srrucr. Bonding (Berlin) 1975, 23, 1. 
(7) (a) Gray, H. B.; Coyle, C. L.; Dooley, D. M.; Grunthauer, P. J.; Hare, 

J. W.; Holwerda, R. A.; McCardle, J. V.; McMillin, D. R.; Rawlings, 
J.; Rosenberg, R. C.; Sailasuta, N.; Solomon, E. I.; Stephens, P. J.; 
Wherland, S.; Wuezbach, J. A. Ado. Chem. Ser. 1977, No. 162, 145. 
(b) Malmstrom, B. G. Ibid. 1977, No. 162, 173. (c) Percht, I.; Farver, 
0.; Goldberg, M. Ibid. 1977, No. 162, 179. (d) Bereman, R. D.; 
Ettinger, M. J.; Kosman, D. K.; Kurland, R. J. Ibid. 1977, No. 162,263. 

(8) Malmstrom, B. G.; Ryden, L. "Biological Oxidations"; Singer, T. P., 
Ed.; Interscience: New York, 1968; p 415. 

(9) Bonner, W. D. Annu. Rev. Plant Physiol. 1957,8.427. 
(10) Landucci, L. L. Tappi 1979, 62, 71. 
(11) Obst, J. R.; Landucci, L. L.; Sanyer, N. Tappi 1979.62, 55. 
(12) Stallings, M. D.; Morrison, M. M.; Sawyer, D. T. Inorg. Chem. 1981, 

20, 2655. 
(13) Buchanan, R. M.; Kessel, S. L.; Downs, H. H.; Pierpont, C. G.; Hen- 

dricbon, D. N. J. Am. Chem. SOC. 1978,100,7894. 
(14) Jones, S. E.; Leon, L. E.; Sawyer, D. T. Inorg. Chem. 1982,21,3692. 
(IS) Downs, H. H.; Buchanan, R. M.; Pierpont, C .  G. Inorg. Chem. 1979, 

18, 1736. 
(16) Bosserman. P. J.; Sawyer, D. T. Inorg. Chem. 1982, 21, 1545. 
(17) Cooper, S. R.; Koh, Y. B.; Raymond, K. N. J. Am. Chem. SOC. 1982, 

104. 
(18) Cass, M. E.; Green, D. L.; Buchanan, R. M.; Pierpont, C. G. J .  Am. 

Chem. Soc., in press. 
(19) Chin, D.-H.; Sawyer, D. T.; Schaefer, W. P.; Simmons, C. J. Inorg. 

Chem. 1983, 22, 752. 
(20) Bodini. M. E.; Copia, G.; Robinson, R.; Sawyer, D. T. Inorg. Chem. 

1983, 22, 126. 

Inorganic Chemistry, Vol. 22, No. 20, 1983 2791 

0. 4mM DTBQ 

b. 2mM Cun(C10,+)26H20 

+2.0 +LO 0 -1.0 -2.0 
E, V vs SCE 

Figure 1. Cyclic voltammograms in MeCN (0.1 M TEAP) of (a) 
3,5-di-tert-butyl-o-quinone (DTBQ), (b) C U " ( C ~ O , ) ~ - ~ H ~ O ,  (c) 1:2 
combination of C U " ( C ~ O ~ ) ~ . ~ H ~ O  and DTBQ, and (d) 1:2 Cu"- 
(C1O4)y6H2O-DTBQ after the addition of 1.5 electrons (by reductive 
electrolysis) per DTBQ (scan rate 0.1 V s-l; Pt electrode (area 0.23 
cm2)). 

Reagents, The Cu(I1) source was C U ~ ~ ( C ~ O , ) ~ - ~ H ~ O  (G. Frederick 
Smith), dried in vacuo at room temperature. The other reagents, which 
included 3,5-di-tert-butyl-o-benzoquinone (DTBQ) (Aldrich), tet- 
raethylammonium perchlorate (TEAP) (G. Frederick Smith), cop- 
per(1) chloride (Aldrich) dried in vacuo, and acetonitrile (Burdick 
and Jackson Laboratories, "distilled in glass"), were used without 
further purification. 

The bis(3,5-di-ter~-butylcatecholato)copper(II) complex, Cu"- 
(DTBC)?-, was prepared by a previous method2' and in situ by the 
combination of copper(1) chloride with 2 equiv of DTBQ and ex- 
haustive controlled-potential electrolysis at  -0.55 V vs. SCE in 50 
mL of deaerated supporting electrolyte solution. The electrosynthesized 
complex, on the basis of UV-visible, electrochemical, and NMR (in 
Me#O-d6) measurements, was identical with chemically synthesized 
Cu"(DTBC);-. The mixed-ligand complexes, Cu"(DTBC)(bpy), 
Cu"(DTBC)(phen), and Cu"(DTBC)(en) (where bpy represents 
bipyridine, phen = 1 ,lo-phenanthroline, and en = ethylenediamine), 
were prepared by the method of Brown.22 The purity of these 
complexes was confirmed by their infrared spectra. Identical species 
were prepared in situ by the electrochemical reduction at  -0.55 V 

(21) Pfeiffer, P.; Simons, H.; Schmitz, E. 2. Anorg. AlIg. Chem. 1948, 256, 
318. 

(22) Brown, D. G.; Hughes, W. J.; Kneer, G. Inorg. Chim. Acta 1980, 46, 
123. 
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Table I. Redox Reactions for CopperCatechol-Semiquinone- 
Quinone Systems0 

A.  MeCN (0.1 M TEAP) 
+1.03 V 

-0.45 V 
Cu(1) + e' I__ Cuo (2) 

-0.18 V 
-0.53 V 

DTBQ + e- DTBSQ- ( 3) 
-0.43 V 
-1.50 V 

-1.40 V 
DTBSQ- + e- e DTBCZ- (4) 

-0 .25 V 
Cu(1) + 2DTBQ + 2e-- [CU'(DTBSQ),- 

CU'~(DTBC)(DTBSQ)-] (5) 
-0 A 0  V . 

cu"(DTBSQ)(DTBC)- + e- C U ~ ~ ( D T B C ) , ~ -  ( 6 )  
-0.30 V 

0.00 v 
CuII(DTBC)(DTBSQ)- ---+ Cu(1) + 2DTBQ + 2e- ( 7 )  

B. Me,SO (0.1 M TEAP) 
-0.12 v 

Cu(I1) + 2e' Cuo 
+0.18 V 
-0.35 V 

-0.21 v CU~?DTBC)(DTBSQ)- + e- CU'~(DTBC),~- (9 )  

-0.08 V 

-0.35 V 
CU~~(DTBC)(DTBSQ)- - CUII(DTBSQ)+ + 

+0.34 V 

+0.26 V 

C. Me,SO (0.1 M TEAP);Mixed-Ligand 
(Phenathroline-DTBC) Complex 

DTBQ + 2e- Cu(I1) + 2DTBQ + 3e- (10) 

-1.04 V 

-0.33 V 
CuII(DTBC)(phen) + H,O + e- 

Cul(phen)+ + DTBCH- + OH- (11) 
+0.06 V 

-0.04 V 
CuII(DTBC)(phen) Cu"(phen)'+ + 

DTBQ + 2e- (12) 

a Voltammetric peak potentials are for a platinum electrode (0.1 
V s-')  and are vs. SCE. 

vs. SCE of 1:1:1 mole ratios of Cu'C1:DTBQ:L (L = bpy, phen, en). 
The 3,5-di-rert-butyl-o-semiquinone anion radical (DTBSQ-) was 
formed in MeCN and Me2S0 by controlled-potential electrolysis of 
DTBQ at -0.65 V vs. SCE. 

Results 

Electrochemistry. Figure 1 illustrates the cyclic voltam- 
mograms for acetonitrile solutions of 3,5-di-tert-butyl-o- 
quinone (DTBQ), C U ~ ~ ( C ~ O , ) ~ . ~ H ~ O  (Cu(II)), and the 1 :2 
combination of Cu(I1) and DTBQ and its reduction product. 
The redox reactions for these processes and for similar ones 
in dimethyl sulfoxide are summarized in Table I. The re- 
duction of DTBQ in the presence of Cu(I1) (Figure IC) occurs 
at  a peak potential 0.31 V more positive than that of a met- 
al-free solution and occurs in two steps. (A small cathodic 
peak ( N 5%) appears at  -0.55 V, the height of which is de- 
pendent on the residual water content of the solvent.) For the 
1:2 Cu(I1)-DTBQ combination, a cathodic peak is not ob- 
served at  -1.50 V, in contrast to the case for free DTBQ 
(Figure la). Also, this combination does not exhibit a sharp 
anodic peak for the reverse scan, which is observed for free 
Cu(I1) and is due to the oxidation of Cu metal at  -0.18 V 
(Figure lb). The two cathodic peaks at -0.25 and -0.4 V of 
Figure IC yield the anodic peaks at  0.00 and -0.30 V, re- 
spectively. 

+ 

I I I I 

i 

J 

I I I I 
1 +1.0 0 -1.0 -2.0 - 2  

E, V vs SCE 
Figure 2. Cyclic voltammograms in Me2S0 (0.1 M TEAP) of (a) 
2.0 mM Cu"(DTBC)(bpy), (b) 2.0 mM Cu"(DTBC)(phen), and (c) 
2.0 mM Cu"(DTBC)(en) (scan rate 0.1 V s-I; Pt electrode (area 0.23 
an2)). 

The controlled-potential reduction of the 1:2 Cu(11)-DTBQ 
combination solution at  -0.25 V, which requires 1.5 electrons 
per DTBQ, yields an air-sensitive green solution. The latter 
exhibits a reduction peak at  -0.4 V (Figure Id) and an oxi- 
dation peak at  0.00 V for initial negative and positive scans, 
respectively. 

Controlled-potential reduction of this green solution at -0.4 
V requires 0.5 electron per DTBQ to give an extremely air- 
sensitivie product that is colorless and does not exhibit any 
cathodic electrochemistry. (Its rest potential is -0.45 V; the 
voltammogram for an initial positive scan is identical with the 
reverse scan of Figure IC). 

Controlled-potential oxidation at  +0.25 V of the colorless 
product solution (from reductive electrolysis of a 1:2 Cu- 
(11)-DTBQ coimbination at -0.45 V) requires 1.5 electrons 
per DTBQ to give a yellow solution. The latter exhibits a 
cyclic voltammogram that is equivalent to that for the starting 
solution (after reduction of free Cu(II), Figure IC). 

A 1 : 1 Cu(I1)-DTBQ combination exhibits a cyclic voltam- 
mogram that is similar to that of Figure IC for the 1:2 com- 
bination, but it has an additional sharp anodic peak for the 
reverse scan (analogous to that for the reverse scan after 
reduction of free Cu(I1)). 

The cyclic voltammograms of the Cu"(DTBC)(bpy), 
Cu"(DTBC)(phen), and Cu"(DTBC)(en) complexes in 
MeZSO are illustrated in Figure 2. An initial negative scan 
yields a 1-electron reduction peak at approximately -1.0 V 
for the Cu"(DTBC)(bpy) and Cu"(DTBC)(phen) complexes 
and at -1.5 V for the Cu"(DTBC)(en) complex. This re- 
duction peak is coupled to a 1-electron oxidation at  approx- 
imately -0.3 V (scan reversal after the reduction peak yields 
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an equally intense oxidation peak (Figure 2)). Similar elec- 
trochemistry is observed for the first two complexes in CH3CN 
and DMF. The Cu"(DTBC)(bpy) and Cu"(DTBC)(phen) 
systems exhibit a 2-electron oxidation at approximately +0.05 
V in all three solvents. The Cu"(DTBC)(en) complex un- 
dergoes two 1-electron oxidations in Me2S0 and DMF. Be- 
cuase Cu"(DTBC)(en) is insoluble in CH3CN, meaningful 
electrochemical data could not be obtained. The redox re- 
actions for the Cu"(DTBC)(phen) complex in Me2S0, which 
are representative of this group of mixed-ligand Cu(I1) com- 
plexes, are summarized in Table IC. 

Optical Spectroscopy. The UV-visible spectra of DTBQ, 
of its semiquinone anion (DTBSQ-), and of 3,5-di-tert-bu- 
tylcatechol (DTBCHJ and its anions have been presented in 
a previous paper.12 Figure 3 illustrates the UV-visible spectra 
for acetonitrile (0.1 M TEAP) solutions of DTBSQ-, CUI'- 
(DTBC)(DTBSQ)- [prepared by controlled-potential elec- 
trolysis at -0.25 V (1 electron per DTBQ) of a 1:2 Cu(1)- 
DTBQ combination], and Cu"(DTBC)'- [prepared by con- 
trolled-potential electrolysis at -0.40 V (1.5 electrons per 
DTBQ) of a 1:2 Cu(1)-DTBQ combination]. The spectrum 
of [Curr(DTBC)(DTBSQ)- - CU'(DTBSQ)~-] includes a 
band at 382 nm (E 5300 M-' cm-', per total ligand) (Figure 
3b) that has approximately two-thirds the intensity as that for 
free DTBSQ- (A,,, 376 nm, t 7500 M-' cm-'). In the case 
of Cu"(DTBC)$- (Figure 2c), the 382-nm band is almost 
absent. The spectrum for the oxidation product of Cu"- 
(DTBC)?- (oxidized at +0.25 V) is identical with that for free 
DTBQ. The reduction products for 1:l combinations of Cu'Cl 
and DTBQ have spectra that are similar to those for the 
reduction products of 1:2 combinations. 

ESR Spectroscopy. Figure 4 illustrates the ESR spectra 
at 77 K of C U " ( C ~ O , ) ~ . ~ H ~ O  and Cu"(DTBC)?- (Cu(I1) + 
2 DTBQ + 2 electrons/DTBQ at -0.4 V) in acetonitrile (0.1 
M TEAP). The spectrum for Cu"(DTBC)?- [gll = 2.24 (190 
G), g, = 2.05 (50 G)] is strikingly different from that for 
C U " ( C ~ O ~ ) ~ . ~ H ~ O  [gll = 2.41 (120 G), g, = 2.081. The 
Cu"(DTBC)(DTBSQ)- complex (Cu(I1) + 2 DTBQ + 1.5 
electrons/DTBQ at -0.2 V) is ESR inactive (only a weak 
signal that corresponds to ca. 5% Cu"(DTBC)?- is observed). 
Oxidation of Cu"(DTBC)$- at +0.25 V yields a product 
solution that is ESR silent. 

Discussion and Conclusions 
The electrochemical (Figure 1) and spectroscopic data 

(Figures 3 and 4) indicate that Cu(I1) forms stable complexes 
with DTBC2- and DTBSQ-. The electrochemical redox re- 
actions for Cu"(C1O4).6H20 (Figure lb), DTBQ (Figure la), 
and their 1:2 combination (Figure IC) are summarized in Table 
I. These are consistent with the controlled-potential electrolysis 
stoichiometries and the spectroscopic data. A self-consistent 
reduction sequence for a 1:2 Cu(I1)-DTBQ combination in 
MeCN is represented by reactions 1, 5 ,  and 6 of Table I. 

The absorption band at 382 nm in the optical spectrum for 
the reduction product of reaction 5 (Table I) is consistent with 
a single DTBSQ- in the formula of the complex [CUI'- 
(DTBC)(DTBSQ)-1. The absence of an EPR signal for this 
product species is consistent with antiferromagnetic coupling 
between Cu(I1) and DTBSQ-. The diamagnetism also could 
be explained by formulation of the product as Cu'(DTBSQ), 
with the electron spins of the two semiquonones antiferro- 
magnetically coupled. However, its optical spectrum and 
electrochemistry support the formulation as Cu'*(DTBC)- 
(DTBSQ)-. Furthermore, a broad band due to a d-d transition 
for Cu(I1) appears to be present in the near-IR region of its 
spectrum (Figure 3). 

Electrochemical reduction of the Cu"(DTBC)(DTBSQ)- 
complex (reaction 6, Table I) causes the 382-nm band of 
Figure 3c to disappear and yields an ESR-active product 

Inorganic Chemistry, Vol. 22, No. 20, 1983 2793 

(Figure 4b). The ESR signal corresponds to the interaction 
of the unpaired electron with the Cu(1I) nucleus in axial 
symmetry and is consistent with formulation of the reduction 
product as Cu"(DTBC)?-. The high value of the coupling 
constant (All = 190 G) indicates that the unpaired spin density 
residues mostly in the metal orbitals, as has been observed for 
the Fe(II1) semiquinone ~omp1exes.l~ 

The small reduction peak at -0.55 V on curve c of Figure 
1 probably is due to free DTBQ that is formed from the 
hydrolysis of Cu"(DTBC)(DTBSQ)- by water (reduction of 
this DTBQ yields the original complex). 

Oxidation of CU"(DTBC)~" is a two-step process (reverse 
of reaction 6 plus reaction 7, Table I and Figure IC); the 
electron stoichiometry is confirmed by controlled-potential 
coulometry. The products of reaction 7 (Cu(1) and DTBQ, 
Table I) are confirmed by the electrochemistry and spec- 
troscopy of the product solution; there is an oxidation peak 
at +1.3 V for Cu(1) - Cu(I1). 

Stability Of Complexes. A rough measure of the stability 
of the copper(I1)-DTBC-DTBSQ complexes is provided by 
the shift in oxidation potentials (AE,,,,) for the bound DTBSQ- 
and DTBC2- groups relative to those for the free ligands. Such 
an estimate assumes that there is no interaction between 
DTBQ and Cu(I1) or Cu(1). The shift in potential for the 
oxidation of DTBSQ- in [Cu"(DTBC)(DTBSQ)- e CUI- 
(DTBSQ)2-] 

CU'(DTBSQ)~- - Cu(1) + 2DTBQ + 2e- 

relative to that for free DTBSQ- 
E,, = -0.43 v 

ER. = 0.00 v 
(13) 

DTBSQ- DTBQ + e- 
expressed as and roughly equal to the difference in 
half-peak potentials, AEp 2,ar provides a direct measure of the 
formation constant for ~u ' (DTBSQ)~-  

(14) 
0.43 - 14.6 log Kf = ~ = - - A 4 . a  

0.059/2 0.0295 

where23 

- - [Cu"(DTBC)(DTBSQ)- - Cu1(DTBSQ)2-] 
K /  = 

[Cu(I)][DTBSQ-I2 

This estimate assumes that CU'(DTBSQ)~- is thermodynam- 
ically equivalent to Cu"(DTBC)(DTBSQ)-. 

Similar arguments yield a basis for the estimation of the 
formation constant for CU"(DTBC),~-, KP Thus, the ratio 
of Kf to Kf is related to the difference in the peak potential 

- - I  

4 x 1014 

This follows from the Nernst expression for the oxidation of free 
DTBSQ- and the assumption that, at the half-peak potential, E,/,,,, 
[DTBQ] = [DTBSQ-] at the electrode surface: 

Substitution in this expression for [DTBSQ-] from the K; expression 

[CU'(DTBSQ-)~-] 'I2 

[Cu(I)] 1/2K;'/z 
[DTBSQ'] = 

gives 

At the half-peak potential, [Cu(I)] = [CUI(DTBSQ-)~-] at the electrode 
surface. Hence, the difference in half-peak potentials gives a measure 
of K;: 

( E p / ~ a ) m m p l e x  - (Ep/z.a)rimplc = AEp/2.a = log &' 
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Figure 3. Absorption spectra in MeCN (0.1 M TEAP) for 2.0 m M  
DTBSQ-, 1 m M  [Cu"(DTBC)(DTBS)-- c~l(DTBSQ)~-],aand 1.0 
m M  Cdl(DTBC)?-. Molar absorptivities are per total ligand con- 
centration. 

for the oxidation of bound DTBC" in Cu"(DTBC)?- to bound 
DTBSQ- and the peak potential for the oxidation of free 
DTBC2- to free DTBSQ-24 

Kf 
0.059 log -7 

Kf A E , ,  = A.EP/2,, = 
[-0.30 - (-1.40)] = 1.10 (15) 

Hence 
[CU"(DTBC)~~-] 

[Cu(II)][DTBC2-I2 Kf = = (4 x 1018)~; = 1.6 x 1033 

~~ ~~ ~ ~ ~ 

(24) Consideration of the Nernst exprcss6ns for oxidation of Cu"(DTBC)?- 
and of DTBC2- and several assumptions yield the relation of eq IS. For 
the complex 

From 
[Cu"(DTBC)(DTBSQ)-] 

[Cu(II)][DTBCz-][DTBSQ-] 
Ki' E 

[Cu"(DTBC) (DTBSQ)-] 
K,'[Cu(II)][DTBC2-] 

[DTBSQ-1, = 

and from 
[Cu"(DTBC)z2-] 

Kf = 
[CU(II)][DTBC~-]~ 

[Cu"(DTBC)?-] 
[DTBC2-], = 

[CU(II)][DTBC~-]K~ 
Substitution of these quantities into the Nernst exprmsion and the 
assumptions (a) that at the half-peak potential for the complex [CU"- 
(DTBC)(DTBSQ)-] = [CU"(DTBC)~'] at the electrode surface and 
(b) that at the half-peak potential for the oxidation of free DTBCz- to 
DTBSQ- their concentrations at the electrode surface are equal will gjve 

(E~/Z~)DTBC* = E"DTBSQ-/DTBC> 
and yield 

Kf 
Ki' (Ep/Zs)c - (Ep/2,r)DTBCs = mp/Za 0.059 log - 

A reasonable estimate is that the formation reactions for Cut'- 
(DTBC)(DTBSQ)- and Cu'(DTBSQ); have equivalent thennodynam- 
ics and roughly equal formation constants; KY 'Y K[. Hence 

Kf 
AEp/2a 'Y 0.059 log 7 

Kf 

I 
2500 2900 3300 3700 4100 

FIELD (G)  

Figure 4. ESR spectra for MeCN solutions of (a) 2 m M  Cu"(C1- 
04)2m6H20 and (b) 2 m M  Cu"(DTBC)?- at 77 K. 

Reference to Figure 2 and Table IC indicates that the 
mixed-ligand complexes, Cu"(DTBC)(phen), Cu"(DTBC)- 
(bpy), and Cu"(DTBC)(en), strongly stabilize the copper(I1) 
state with respect to reduction. In the case of Cu"- 
(DTBC)(phen), the complexed Cu(I1) is reduced at -1.04 V 
vs. SCE to the Cu'(phen)+ complex, while free solvated Cu(I1) 
is reduced at -0.12 V to metallic copper. 

The present study confirms that Cu(I1) forms stable 
[Cu"(DTBC)?-] and [Cu"(DTBC)(DTBSQ)-] complexes in 
aprotic media and that their electrochemical interconversion 
is quasi-reversible, The electrochemistry is ligand based, and 
the copper redox chemistry occurs via electron transfer to and 
from the ligand. 

The interconversion of CU"(DTBC)~~- and Cu"(DTBC)- 
(DTBSQ)- and of Cu"(DTBC)(phen) and [Cu11(phen)2+ + 
DTBQ] in aprotic media resemble certain physiological pro- 
cesses, and the complexes may prove to be effective reaction 
mimics for superoxide dismutases, oxygen-transfer proteins, 
and electron-transfer proteins. The formation of stable cop- 
per-semiquinone complexes may indicate that stable 02- 
complexes of copper can be formed. Further studies of the 
reactions of these complexes with superoxide, peroxides, and 
dioxygen are in progress. 
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