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The electrochemical, spectral, and chemical properties of a series of Cu(I1) and Co(I1) tetraazaannulene complexes of the ligand 
[Me4(RBzo)2[ 14]tetraeneN4I2- (R = H, C02CH3) were investigated. The copper complexes each had two irreuersible oxidation 
peaks centered at 0.37 and 0.87 V for R = H and at 0.54 and 1.05 V for R = C02CH3, whereas the cobalt(I1) complexes each 
exhibited three reuersible oxidations at 0.01,0.55, and 1.04 V for R = H and at 0.05,0.67, and 1.21 V vs. SCCE for R = C02CH3. 
The reduction values of the copper(I1) complexes were -1.39 V for R = H and -1.17 V vs. SSCE for R = C02CH3. The El!2 
values for the reduction of the cobalt complexes were -1.65 V for R = H and -1.45 V for R = C02CH3. A linear relationship 
in the difference in redox potentials between the first ligand oxidation and metal-centered reduction and the energy of the first 
visible transition suggested this band should be assigned as a ligand to metal charge transfer. Oxidation of the cobalt complex 
(R = H) by controlled-potential electrolysis resulted in an absorbance shift of the visible band from 16.8 X lo3 to 18.4 X lo’ cm-I 
after removal of the first electron and to 18.5 X lo’ cm-I after removal of the second electron. The second oxidation product 
exhibited an isotropic ESR spectrum with g = 2.0027 (*0.003). Oxidation of the copper complex (R = H) resulted in formation 
of a copper(I1) ligand coupled dimer, which exhibited an ESR signal with g,, = 2.149 (f0.002) and g, = 2.045 (k0.002). 
Electrolytic reduction of the copper complex (R = H) resulted in loss of the visible absorption band at 15.6 X lo3 cm-’, whereas 
reduction of the cobalt analogue resulted in a shift of the visible band from 16.8 to 15.9 X IO3 cm-l. The five-coordinate 
CO[M~~(CO~CH,BZO)~[  14]tetraeneN4].py complex gave ESR parameters of gll = 2.208 (*0.002), g, = 2.0021 (*0.0003), and 
A ,  = 74.80 (k0.5) X cm-I; the superoxide adduct that formed in the presence of O2 and pyridine gave ESR parameters of 
g,, = 1.998 (k0.002), g, = 2.086 (f0.002), A,,  = 8.95 (f0.5) X lo4 cm-’, and A ,  = 18.7 (f0.5) X lo4 cm-I. The coordination 
of the copper complex (R = H) with 0, was supported by the observation that the molar absorptivity of the visible band doubled 
upon stoichiometric addition of 0,. In addition, O2 was reduced at a more favorable potential (70-mV shift) at a surface-modified 
electrode containing a polymer film of Cu[Me4Bzo2[ 141 tetraeneN,]. 

Introduction 
Studies designed to characterize the interaction between sub- 

strates and metal centers in biological systems have long been of 
interest. One popular approach among inorganic chemists has 
been the design of metal complexes that mimic the properties of 
the active sites in metalloproteins. Over the last 10 years, our 
laboratories have carried out extensive studies of copper complexes 
that exhibit spectral and chemical properties similar to “type 11” 
or “nonblue” copper(II).l-S We have now extended our inves- 
tigation of metallo derivatives of the tetraazaannulene ligand 
shown in Figure 1 in an attempt to  further understand the  re- 
activity of the type I1 sites. This ligand system and its derivatives 
are particularly well suited as model compounds since they provide 
a stable N4 environment whose coordination closely resembles that 
of porphyrin systems as well as that of nitrogen-coordinated amino 
acid transition-metal complexes. Proteins represented by these 
two areas include myoglobin, hemoglobin and copper-zinc su- 
peroxide d i s m u t a ~ e . ~ - I ~  The first two systems are involved in 
reversible dioxygen binding, while superoxide dismutase is proposed 
to play a role in the disproportionation of superoxide ion in living 
cells. 

Previously we reported16 the redox properties of a series of 
nickel(I1) tetraazaannulenes based on the ligand depicted in Figure 
1 and a surface-modified-electrode studyi7 that involved char- 
acterization of electrodes which support thin films of oxidatively 
electropolymerized nickel(I1) tetraazaannulene complexes. In  the 
work reported here, the  spectral, electrochemical and chemical 
properties of both cobalt(I1) and copper(I1) tetraazaannulenes 
are reported. Specifically, n values were determined by coulometry 
for a number of electrochemical processes, spectra of oxidized and 
reduced species as  well as parent complexes were recorded, 
electronic absorption assignments were made on the  basis of a 
model proposed by Lever and coworkers,Is and the  reaction of 
Co(I1) complexes with O2 to form C0(III)-02- complexes and 
the reaction of 02- with Cu(I1) to form Cu(II)-02- complexes 
were investigated by electron spin resonance (ESR) and optical 
spectroscopy. In addition, the reactivity of 02- with electropo- 
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lymerized films of the Cu(I1) complex (R = H) was examined 
by using cyclic voltammetry. 

Experimental Section 

Materials. Cu[Me4Bzo2[ 14]tetraeneN4], CU[M~~(CO,CH,BZO)~- 
[14]tetraeneN4], Co[Me4Bzo2[14]tetraeneN4], and Co[Me4- 
(C02CH3Bzo)2[ 14]tetraeneN4] were prepared by previously reported 
 method^.^^,'^ Elemental analyses were satisfactory in all cases and are 
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Figure 1. [HzMe4(RBzo)z[14]tetraeneN4]. 
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Figure 2. Cyclic voltammogram of Cu[Me4Bzoz[ 14]tetraeneN4] in a 
0.10 M TBAH-CHzCl2 solution. The scan rate was 200 mV/s and the 
potential was measured vs. SSCE. 

included as supplemental material. All manipulations of cobalt(I1) 
complexes were carried out in a rigorously dry and OZ-free atmosphere 
by utilizing a Vacuum Atmosphere Dri-Lab equipped with a Dri-Train. 

Aldrich Gold Label acetonitrile and Fisher Spectraanalyzed methylene 
chloride were dried for 48 h over 4-A molecular sieves and degassed with 
anhydrous N2 before use. Pyridine was refluxed for 10 h over potassium 
hydroxide and distilled at atmospheric pressure under nitrogen. All other 
solvents were reagent grade and used without further purification. 
Tetraalkylammonium salts were purchased from Southwestern Analytical 
Chemicals, Inc., dried overnight at 70 OC under vacuum, and used 
without further purification. 

Physical Measurements. Elemental analyses were performed by At- 
lantic Microanalytical Services. Electronic absorption spectra were ob- 
tained in either acetonitrile or methylene chloride solutions by using 
matched 1-cm or 0.1-cm quartz cells and were recorded with a Cary 14 
spectrophotometer. ESR spectra were recorded with either a JEOL 
Model PE-1X spectrometer or a Varian E-3 spectrometer. The gvalues 
were measured relative to diphenylpicrylhydrazyl (DPPH), g = 2.0036 * 0.0003. 

Cyclic voltammetric measurements were carried out as previously 
described.16 IR compensation was used. Tetraethylammonium per- 
chlorate (TEAP) and tetrabutylammonium hexafluorophosphate 
(TBAH) were used as electrolytes. Controlled-potential electrolysis ex- 
periments were carried out in the Vacuum Atmosphere Dri-Lab and were 
effected with a PAR 173 potentiostat and a PAR 176 coulometer. A 
three-electrode system was employed, consisting of a Pt-wire-mesh 
working electrode, a Pt-wire counter electrode and a Pt-wire reference 
electrode. 

The cobalt(I1) complexes and all oxidized or reduced complexes were 
sealed in spectral cells and quartz ESR tubes just prior to their removal 
from the dry box. ‘H” cells containing the cobalt(I1) complexes were 
prepared inside the Dri-Lab, tightly sealed, and removed from the Dri- 
Lab, and cyclic voltammetry measurements were run vs. SSCE for direct 
comparison to measurements on copper(I1) and nickel(I1) analogues. 
The SSCE electrode was placed in the cell side arm that was isolated 
from the main compartment by a fine frit. No noticeable interferences 
from air were noted. Cobalt(I1) complexes in ESR tubes were oxygen- 
ated with air at T 2 -78 OC with use of a dry ice-2-propanol slush in 
order to insure exposure to dioxygen at a low temperature. 

Generation of superoxide [OZ-] was accomplished by controlled-po- 
tential electrolysis of oxygen-saturated acetonitrile solutions containing 
0.10 M TEAP-as electro&te,zo and superoxide concentrations were de- 
termined by measuring the absorbance at 40.0 X lo3 cm-’ (e = 1460 M-’ 
cm-I). 

(20) Ozawa, T.; Hanaki, A.; Yamamoto, H. FEBS Lett. 1977, 74, 99. 
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Figure 3. Cyclic voltammogram of C O [ M ~ ~ ( C O ~ C H ~ B ~ O ) ~ [  14ltetrae- 
neN4] in a 0.10 M TEAP-CH,CN solution. The scan rate was 200 
mV/s and the potential was vs. SSCE. 
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Figure 4. Cyclic voltammogram of C O [ M ~ ~ ( C O ~ C H ~ B ~ O ) ~ [  14ltetrae- 
neN4] in a 0.10 M TEAP-CHzCI2 solution (+++) and in a 0.10 M 
TBAH-CHZClz solution containing 10% pyridine (-). The scan rate 
was 200 mV/s and the potential was vs. SSCE. 

Films of the copper(I1) tetraazaannulene complex, Cu[Me4Bzoz- 
[ 14]tetraeneN4], were prepared by oxidative electropolymerization during 
repetitive scanning from +1.2 to -1.5 V vs. SSCE in methylene chloride 
solutions containing 1 X lo-, M Cu[Me4Bzoz[ 14]tetraeneN4] and 0.10 
M TBAH as the supporting electrolyte as previously described for 
nickel(I1) tetraazaannulene films.” 

Results 
Electmcbemistry. The electrochemical behavior of both copper 

complexes was similar to that of the nickel analogues in that two 
irreversible ligand-based oxidations and a reversible reduction 
associated with the metal center were observed (Figure 2). 
However, the positions of the cyclic voltammetric waves had 
changed as indicated by the potentials given in Table I. The 
oxidation waves were about 100 mV more negative and the re- 
versible reduction waves were about 300 mV more positive for 
the copper complexes than for analogous nickel species. The 
positions of the waves of copper complexes were also solvent- 
dependent. In acetonitrile, the oxidation waves were about 100 
mV less positive and the reduction waves were about 50 mV more 
positive than in methylene chloride. Controlled-potential elec- 
trolysis of Cu[Me4Bzo2[ 141 tetraeneN,] in methylene chloride 200 
mV beyond the first oxidation waves and 200 mV beyond the 
reduction wave yielded n values of 0.95 and 1.02, respectively. 
Prior to electrolysis, the color of the solution was green. After 
electrolysis the color of the oxidized solution was orange and the 
reduced solution was yellow. 

The electrochemical behavior of the cobalt(I1) tetraazaan- 
nulenes in acetonitrile was unique in comparison to that observed 
for the copper and nickel analogues. As shown in Figure 3, the 
redox processes, including the two ligand-based oxidations and 
a metal-centered oxidation, exhibit reversible behavior. The 
additional oxidation wave a t  0.01 V vs. SSCE corresponds to the 
Co(III/II)  couple. The difference in peak potentials, Up, for 
all three oxidations were in the 60-70 mV range, a value consistent 
with theory for a reversible, one-electron-transfer processes; 
however, Up increased to about 90 mV for the reduction process 
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Table I. Electrochemical Data for M[Me,(RBzo),[ 14]tetraeneN4] (R = H, C02CH3) Complexes" 
redcn 

oxidn potential: V potentiaI,b V 
M"L - M"'L ML - M(L)+ M(L)+ - M(L)2+ M"L - MIL 

Cu[Me4Bzo2[ 141 tetraeneN,] 
CH2C12-0.1 M TBAH 0.46 1 .oo -1.46 (60) 
AN-0.1 M TEAP 0.37 0.87 -1.39 (60) 

CH2C12-0.1 M TBAH 0.61 1.13 -1.22 (90) 
AN-O.1 M TEAP 0.54 1.05 -1.17 (60) 

C U [ M ~ ~ ( C O ~ C H ~ B Z O ) ~ [  14]tetraeneN4] 

Co[Me,Bzo,[ 141 tetraeneN4] 
CH2CI2-O.l M TBAH 0.14 (140) 0.76 1.09 
AN-O.1 M TEAP 0.01 (60) 0.55 (60) 1.04 (60) -1.65 (90) 

Co[ Me4(C02CH3B~o)2[ 141 tetraeneN4] 
CH2C12-0.1 M TBAH 0.13 (120) 0.84 1.20 
AN-0.1 M TEAP 0.05 (60) 0.67 (60) 1.21 (65) -1.45 (80) 

Ni[Me4Bzo2[ 14]tetraeneN41c 
CH2C12-0.1 M TBAH 0.49 1.16 
AN-0.1 M TEAP 0.45 1 .oo -1.73 (60) 

Ni[Me4(C02CH3Bzo)z[ 141 tetraeneN4lC 
CH2C12-O.l M TBAH 0.63 1.28 
AN-O.1 M TEAP 0.59 1.19 -1.51 (60) 

'Volts vs. SSCE. Scan rate = 200 mV/s. bNumbers in parentheses refer to AE, values. Absence of a value indicates the wave was irreversible. 
cSee ref 16. 

Table 11. Electronic Absorption Bands for M[Me4(RBzo)2[ 14]tetraeneN4] (R = H, C02CH3) Complexesa 
D, other transitions 

10' cm-l (e, M-l cm-I) pmX, lo3 cm-' (e, M-' cm-I) 
complex CHZC12 AN CHzCl2 AN 

Cu[ Me4Bzo2[ 141 tetraeneN,] 15.85 (1200) 15.87 (8101 24.39 (10950) 24.51 (9600) 

CU[M~,(CO~BZO)~[  14]tetraeneN4] 15.70 (1 300) 

Co[Me4Bzo2[ 14]tetraeneN4] 17.21 (8210) 

C O [ M ~ ~ ( C O ~ C H ~ B Z O ) ~ [  141 tetraeneN4] 16.69 (9930) 

Ni[Me4Bzo2[ 14]tetraeneN41b 17.09 (6300) 

Ni[Me4(C02CH3B~o)2[ 141 tetraeneNJb 16.84 (9900) 

'Spectra were obtained by using lo4 M solutions. bReference 16. 

assigned as the Co(II/I)  couple. Quasi-reversible behavior is 
expected for redox couples that change coordination numbers in 
their two oxidation state forms. 

The electrochemical behavior in methylene chloride was quite 
different, as shown in Figure 4a. The Co(III/II) couple now 
becomes quasi-reversible (PEP = 140 mV) and the ligand-based 
oxidation waves also become irreversible as found in the nickel(I1) 
and copper(I1) complexes. Addition of pyridine to the methylene 
chloride solution failed to induce the reversible electrochemical 
behavior found in acetonitrile solutions (Figure 4b), indicating 
that the presence of a coordinating ligand does not account for 
the reversibility observed for the Co(I1) complexes in acetonitrile. 
In addition, cyclic voltammograms obtained in D M F  with 0.1 M 
TEAP as supporting electrolyte were similar to those obtained 
in 0.1 M TBAH-CH2C12 solutions, indicating that the reversibility 
in CH$N is most likely a solvent effect. Controlled-potential 
electrolysis of Co[Me4Bzo2[ 14]tetraeneN4] in acetonitrile 200 mV 

. ,  
26.60 (22 sooj 
32.26 (10 800) 
35.46 (15 500) 
40.65 (23 200) 

15.67 (800) 23.53 (10800) 
25.77 (19300) 
32.47 (15900) 
40.98 (21 700) 

17.30 (7375) 18.66 (8 190) 
18.48 (12390) 
24.33 (9280) 
26.60 (19290) 
31.15 (22370) 

16.83 (9210) 21.28 (13200) 
23.09 (14900) 
25.91 (20 320) 
29.85 (20980) 
37.04 (22210) 

17.15 (6250) 25.38 (23 600) 
26.74 (15 500) 
30.03 (6700) 
30.96 (6600) 
37.45 (22 900) 

16.89 (8700) 22.73 (20 100) 
24.15 (22 900) 

26.84 (18900) 
32.79 (9 900) 
36.10 (15200) 
41.32 (24 100) 
23.53 (7 500) 
26.04 (1 2 600) 
32.26 (12700) 
41.67 (17 500) 
18.80 (7290) 
18.52 (1 1030) 
24.45 (14070) 
27.17 (20340) 
32.26 (26 200) 
21.28 (13640) 
23.36 (15 100) 
26.45 (27 980) 
30.03 (17 770) 
37.74 (17000) 
26.54 (36 250) 
26.81 (20000) 
29.94 (7 500) 
37.74 (27 100) 
43.68 (27 500) 
23.53 (24500) 
37.74 (40000) 

beyond the first oxidation wave and 200 mV beyond the reduction 
wave yielded n values of 0.98 and 0.95, respectively. The red color 
of the cobalt(I1) solution changed to pinkish orange upon oxidation 
and green upon reduction. Cyclic voltammograms run after 
electrolysis were similar to those obtained before electrolyses. 

Comparison of the M(II/I)  potentials for the parent complexes 
indicated that the potentials fell in the order Cu(I1) > Co(I1) > 
Ni(I1). The ligand-based oxidations followed the order Co > Ni  
> Cu. Thus, oxidations and reductions shifted in different orders, 
due possibly to the intervening Co(III/II)  redox couple. 

Electronic Spectra. Visible and ultraviolet data covering the 
range 11 X lo3 to 40 X lo3 cm-' have been summarized in Table 
11. A comparison of absorption maxima in both acetonitrile and 
methylene chloride indicated a weak solvent dependence with the 
energy maxima falling a t  slightly higher energies in acetonitrile. 
The lowest energy visible transition has previously been assigned 
as a ligand to metal change transfer (LMCT)16 and within each 
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Table 111. ESR Parameters for 0, Adducts of Cobalt(II1) Comulexes" 
complex g, 104~,co,e cm-' 1o4AIlC0,e cm-' i04AIlN,c cm-' 

Co[Me,Bzo,[ 1 4]tetraeneN4J.py 2.252 2.0039d 89.73 14.10 
Co[Me,Bzo,[ 141 tetraeneN4].py(0,) 1.997 2.074 10.22 17.25 
CO[M~, (CO~CH~BZO)~[  141 tetraeneN,].py 2.208 2.021d 74.80 11.57 
Co[Me4(C0,CH3Bzo),[ 141 tetraeneN,].py(O,) 1.998 2.086 8.95 18.68 

"Toluene-CH,CI, (1 : l  v/v) solutions at 77 K. bError is f0.002, unless otherwise noted. cError is f l .  dError is f0.0003 

ligand derivative series ( R  = H ,  R = C02CH3) ,  the energy 
maxima fell in the sequence Co(I1) > Ni(I1) > Cu(I1). In ad- 
dition, the L M C T  energy maxima for the metallo complexes 
containing the ligand with the electron-withdrawing substituent 
R = C 0 2 C H 3  are found at  lower energy than those with R = H. 
One point to note is the large difference in the molar absorptivity 
of the LMCT band between copper and the other two metal 
derivatives. Clearly, in the case of copper, the transition is less 
favorable. 

After controlled-potential electrolysis, the electronic absorption 
spectra of the oxidation and reduction products were compared 
to that of the parent complex, C O [ M ~ , ( C O ~ C H ~ B Z O ) ~ [  14ltet- 
raeneN,]. The spectra consisted of a large number of intense 
charge-transfer transitions from the near-infrared region to the 
ultraviolet region. Upon reduction, the visible band at  16.8 X lo3 
cm-I was red-shifted to 15.8 X IO3 cm-I. However, the opposite 
trend was observed upon oxidation: the LMCT band was blue- 
shifted to 18.4 X l o3  cm-'. 

Comparison of the electronic absorption spectrum of Cu- 
[Me4Bzo,[ 14]tetraeneN4] to that of the reduced complex indicated 
a loss of the visible absorption maximum a t  15.6 X l o3  cm-I 
following reduction. Upon oxidation, the visible band was red 
shifted from 15.9 X lo3 to 15.7 X IO3 cm-l. 

Electron Spin Resonance. The ESR spectrum of the Cu- 
[Me4Bzo2[ 14]tetraeneN4] obtained in a frozen methylene chlo- 
ride-toluene glass a t  77 K was typical of a copper(I1)-N, envi- 
ronment with gll = 2.155 ( f0 .002)  and g, = 2.056 (f0.002). 
Following controlled-potential electrolysis 200 mV beyond the first 
oxidation wave, an ESR signal with g values 2.149 (f0.002) and 
2.045 (f0.002),  respectively, was obtained. Clearly the metal 
species in solution was still copper(I1). This is explained by 
coupling of ligand-based radicals to form dimeric species as 
outlined in eq 1 . I 7  As expected, the reduced copper complex was 

(1) 

diamagnetic due to formation of a dl0 copper(1) species. 
In determining the reactivity of Cu(I1) complexes with su- 

peroxide, both the spin-Hamiltonian parameters and the optical 
data for Cu [Me4Bzo2[ 141 tetraeneN,] following successive ad- 
ditions of superoxide ion were tabulated. Addition of superoxide 
ion (1 : 1) resulted in a doubling of the molar absorptivity, followed 
by a gradual decrease in successive additions, with the value never 
reaching that of the original complex. However, the ESR pa- 
rameters remained virtually unchanged following successive ad- 
ditions of superoxide, with only slight changes being observed for 
both the g and A values. 

The ESR spectra of Co[Me4Bzo2[14]tetraeneN4] and Co- 
[Me4(C02CH3Bzo),[ 14]tetraeneN4] were typical of coblat(I1) 
macrocycles. Both complexes exhibited broad, ill-defined spectra 
in neat solvents, but in the presence of an axial base, such as 
pyridine, they gave spectra consistent with five-coordinate co- 
balt(I1) (see Figure 6 in supplementary material). The cobalt(II1) 
complex generated by controlled-potential electrolysis was ESR 
silent, as expected, but the second oxidized product did yield an 
isotopic ESR signal, with a g value of 2.0027 consistent with a 
cobalt(II1)-ligand radical structure. Addition of oxygen to 
five-coordinate pyridine adducts a t  low temperature (-78 "C) 
resulterd in formation of a six-coordinate cobalt(II1) superoxide 

derivative, as indicated by the ESR specturm (see Figure 7 in 
supplementary material). The ESR parameters for the five-co- 
ordinate pyridine adducts and the superoxide species are given 
in Table 111. The five-coordinate pyridine complexes exhibited 
g, > gll and A, ,  values between 75 X and 90 X IO-, cm-I, 
while six-coordinate superoxide adducts exhibited gl < gll, while 
Allco values decreased to approximately 20 X lo-, cm-'. 

Discussion 
have developed a model for 

analyzing charge-transfer spectra on the basis of redox potentials. 
The model relates the energy of the transition to the difference 
in redox potential between that of the metal and of the ligand. 
A linear correlation (correlation coefficient = 0.995) is observed 
between the energy of the lowest visible absorption band maximum 
and the difference between the peak potential for ligand oxidation 
and the potential for metal reduction in nickel, cobalt, and copper 
tetraazaannulenes, suggesting these are LMCT in nature. The 
remaining electronic transitions correlate with the type of ligand 
derivative. For example, for R = C02R,  the nickel(II), copper(I1) 
and cobalt(I1) complexes exhibit complementary bands a t  23.5 
X lo3, 23.5 X IO3, and 23.4 X lo3 cm-I, respectively, while parent 
( R  = H )  complexes have an analogous set a t  25.6 X lo3, 24.5 
X lo3, and 24.5 X lo3 cm-I, respectively. The only exception to 
these intraligand absorptions is an additional visible transition for 
each cobalt(I1) complex with an absorption maximum a t  18.8 X 
lo3 cm-' (R = H )  and 21.3 X l o3  cm-' (R = CO,CH,). The 
additional absorptions are most likely ligand to metal charge- 
transfer (LMCT) transitions, similar in assignment and origin 
to the first LMCT but to a higher energy d level. This inter- 
mediate LMCT band is present in all the cobalt complexes, re- 
gardless of their oxidation states. However, the energy maxima 
for both the first and second L M C T  band shift in accord with 
the oxidation state of the cobalt and the maxima fall in the 
expected order of Co(II1) > Co(I1) > Co(1). 

Electrochemistry. The redox properties of a number of tran- 
sition-metal complexes based on H2[Me4(RBzo),[ 141 tetraeneN,] 
have been investigated. The most detailed studies were carried 
out with complexes of nicke1,2'-22 r h o d i ~ m , ~ ~ . ~ ,  r h e n i ~ m , ~ ~ , ~ ,  and 
palladium.24 In most cases, irreversible ligand oxidations were 
observed; however, in the case of rhodium and rhenium carbonyl 
d imers  [Rh(C0)2 ]2Me4Bzo2[  14 ] t e t r aeneN4  and  [Re-  
(CO),]zMe4Bzoz[ 14]tetraeneN4, the first oxidation was reversible. 
In addition, Dabrowiak has reported evidence for reversibility of 
the first ligand oxidation wave for the nickel complex using ac 
polarography.2' Perhaps the most unusual of the series studied 
so far has been the reversibility found for Co[Me4Bzo2[ 14ltet- 
raeneN4] in acetonitrile as previously illustrated (see Figure 3). 
The cyclic voltammogram was unusual in the sense that all redox 
processes including two ligand oxidations were reversible. The 
reason for reversible vs. irreversible redox behavior of the ligand 
may be related to the degree of metal-ligand electronic interac- 
tions. For the cobalt case, the molecular orbitals that describe 
the metal-ligand electronic interactions may provide a mechanism 
that stabilizes the ligand free radical formed upon oxidation. The 
mechanism may invovle stabilization due to the higher positive 
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charge (+3 for cobalt) or the metal center may act as an electron 
sink equilibrating the electron distribution through the whole 
molecule. Evidence for greater metal-ligand interaction can be 
noted from data in Table 11, where the molar absorptivity for the 
LMCT transition is lowest for the copper complex and the largest 
for the cobalt complex. 

Superoxide Adducts. The formation of superoxide adducts of 
cobalt(II1) tetraazaannulenes was postulated by Goedkin and 
co -w~rke r s , ' ~  but positive evidence regarding their existence was 
not presented. The results reported here indicate, a t  low tem- 
perature and in the presence of an axial base, addition of dioxygen 
to the cobalt(I1) tetraazaannulene complexes resulted ,in the 
formation of six-coordinate cobalt(II1) superoxide adducts. The 
ESR parameter for both the five-coordinate pyridine adducts and 
the six-coordinate superoxide species were similar to those found 
for five-coordinate Co(I1) and superoxide adducts of cobalt(II1) 
porphyrins.25,26 

Previously it had been shown that a linear correlation existed 
between the Co(III/II) redox couple and the ability of a complex 
to bind d i~xygen .~ '  The relationship was based on redox couples 
determined in neat pyridine. Examination of the redox behavior 
of Co[Me4Bzo2[ 14]tetraeneN4] in neat pyridine indicated that 
the Co(III/II)  couple was irreversible. The reduction occurred 
at  E ,  = -0.92 V, while the oxidation peaked a t  E, = -0.27 V vs. 
SSCE. The irreversibility was probably related to a rapid change 
from a six-coordinate bis(pyridine) adduct for the Co(II1) complex 
to a five-coordinate one upon reduction back to a Co(I1) species. 
However, the reduction potential was quite negative, suggesting 
that the complex would bind dioxygen very strongly. As expected, 
exposure of a 10% pyridine-methanol solution containing 1 X lo4 
M Co[Me4Bzo2[ 14]tetraeneN4] in a low-temperature optical cell% 
at -78 "C to O2 (0.5 Torr) resulted in an immediate disappearance 
of the 16.3 X lo3 cm-l band of the Co(I1) complex and the 
appearance of a 18.3 X lo3 cm-l absorption band characteristic 
of a Co(II1) species. Unfortunately, the spectral change was 
irreversible (e.g. in vacuo), indicating that, even a t  -78 OC, the 
02- intermediate only had a transient lifetime and the species 
continued to react to produce a Co1"[Me4Bzo2[ 14ltetrae- 
neN4].2py+ adduct. 

adduct is based on spectral and electrochemical evidence. As noted 
in the results section, the molar absorptivity value doubled upon 
addition of a stoichiometric quantity of 0, to Cu[Me4Bzo2- 
[14]tetraeneN4] in acetonitrile. This suggests that a 1:l Cu(1I):Oc 
adduct has formed, as outlined in eq 2. Continued addition of 

Cu[Me4Bzo2[14]tetraeneN4] + 02- - 
(02-.Cu[Me4Bzo2[ 14]tetraeneN4]) (2) 

02- resulted in a slow decrease in the absorbance a t  15.63 X lo3 
cm-I and in a small decrease in the intensity of the EPR signal. 
The origin of this effect is unknown but it may be due to formation 
of a bis(superox0) species or to formation of Cu(1). Valentine 
and c o - ~ o r k e r s ~ ~  observed a more dramatic EPR signal intensity 
change for a saturated macrocyclic ligand copper(I1) complex 
when the superoxide to copper(I1) ratio was greater than 1:l and 
attributed the decrease to deprotonation of the ligand. 

The spectral data suggesting the interaction of 02- with Cu- 
[Me4Bzo2[ 14]tetraeneN4] are supported by the catalytic reduction 
of O2 and 0, a t  electropolymerized films of (Cu[Me4Bzo2[14]- 
tetraeneN4]), on a platinum electrode. In Figure 5a, the elec- 
trochemical response of the 02/02- couple a t  a bare Pt electrode 
has been compared to the same process a t  a Pt electrode modified 
with an electropolymerized {Cu[Me,Bzo,[ 141 tetraeneN,]], film 
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Figure 5. Cyclic voltammogram of 02-saturated solutions containing 0.10 
M TEAP-CH3N for a bare platinum electrode (-. -) and for a platinum 
electrode modified with {Cu[Me,Bzo,[ 14]tetraeneN4]], by oxidative 
electropolymerization (-). 

(Figure 5b). The catalytic nature of the film has been indicated 
by a more favorable 02/02- reduction potential, which shifts 70 
mV from that observed for a bare Pt electrode. Furthermore, the 
diminished current observed for the reoxidation of 0, indicates 
a loss of redox equivalents when compared to the bare electrode 
case. The loss in equivalents is probably due to reduction of Cu(1I) 
in the film to Cu(I), which then transfers its electron to 0, 
forming OZ2- and Cu(I1). Thus, the electrode functions cata- 
lytically by two mechanisms. The Cu(I1) initially coordinates 02, 
weakly facilitating its reduction to O,, and then upon its reduction 
to Cu(1) at  a more negative potential, further reduces 0, to OZ2-. 
Reportedly, activation of O2 a t  surface-modified electrodes con- 
taining metallophthalocyanines involves initial formation of su- 
peroxide species followed by electrochemical reduction to per- 
o x i d e ~ . ~ ~  

We are currently studying the details of both catalytic O2 and 
C 0 2  reduction a t  surface-modified electrons of metallo- 
tetraazaannulenes. 
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