
/ . Am. Chem. Soc. 1984, 106, 4667-4670 4667 

same, from 0.950 in both free donors to 1.032 in complexed HOH 
and 1.038 in complexed MeOH. 

By Koopman's theorem, the HOMO energies of the anions can 
be compared with the experimental vertical electron affinity (EA), 
as given in Table III. The HOMO energies for nonsolvated anions 
obtained from the calculations with the 4-31+G basis set are 
consistently too bound, by 16 to 35 kcal/mol relative to the ex­
perimental EA. We note that the electron affinities given by the 
4-31+G calculations for all monosolvated anions (and by ex­
periment for HO"--HOH32) are larger than those for the bare 
anions by approximately the value of -AH°0,i- F° r acetylide, the 
HOMO is not the a orbital that the solvent bonds to, or that the 
proton was removed from in formation of the anion, but rather 
the ir orbitals, for both the bare and monosolvated cases. The 
energies of both the acceptor and w orbitals increase by approx­
imately -A/f° 0 1 in this case. 

The MNDO method30 does not give reliable results for the 
energies or structures of the anion-alcohol complexes. The typical 
hydrogen bond length for RO"--HOR is 2.65 A, and the bond 
strength is 4 to 8 kcal/mol, with no discernable trend paralleling 
the experimental data. The acetylide complex MeOH • • "C^CH 
is calculated to be unbound by 32 kcal/mol. The poor performance 
of the MNDO method involving localized anions and hydrogen 
bonds is a known flaw, however.30 

Conclusions 
The hydrogen bond strengths of a number of anions bound to 

alcohols in the gas phase have been quantitatively shown to be 

(30) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899. 
Dewar, M. J. S.; Rzepa, H. S. Ibid. 1978, 100, 784. Program No. 353, 
Quantum Chemistry Program Exchange, Indiana University, Bloomington IN 
47405. 

(31) Taft, R. W.; Gurka, D.; Joris, L.; Schleyer, P. v. R.; Rakshys, J. W. 
J. Am. Chem. Soc. 1969, 91, 4801. 

(32) Golub, S.; Steiner, B. Chem. Phys. 1968, 49, 5191. 
(33) Wells, P. R. Prog. Phys. Org. Chem. 1968, <5, 111. 

The one-electron reduction of dioxygen yields superoxide ion 
(O2"-) in biological1 and chemical systems.2 In aqueous media 
the dominant chemistry of O2"* is that of a strong Bransted base 
(O2""- + HA —- '/2H2O2 + V2O2

 + A"), whereas in aprotic media 
O2"- also acts as an effective nucleophile. In particular, O2"-
undergoes facile nucleophilic addition to carbonyl carbon atoms 
that are bonded to electron-withdrawing leaving groups (acid 

(1) Fridovich, I. "Advances in Inorganic Biochemistry"; Eichhorn, G. L., 
Marzilli, L. G., Eds.; Elsevier/North-Holland: New York, 1979; pp 67-90. 

(2) Sawyer, D. T.; Valentine, J. S. Ace. Chem. Res. 1981, 14, 393. 

a linear function of the acid/base character of the acceptor and 
donor species, as well as being affected by the electronegativity 
of the atoms involved. Enolates are oxyanion acceptors like al-
koxides in this respect, while localized carbanions are significantly 
more weakly bound than expected on the basis of acidity alone. 
The first solvent molecule can invert reactivity orders in some 
cases. 

In solution, the available thermochemical data on hydrogen 
bonds29 deals largely with neutral-neutral species, with only a 
limited amount of data for halide/donor complexes. Linear 
free-energy relationships are observed for hydrogen bond strengths 
in solution, with acid/base and electronegativity being separate 
factors in correlating the data.31 Both the gas-phase and solution 
data indicate that hydrogen bonding is an attenuated function of 
the acid/base character of the species involved for a given reactive 
site, but the lack of quantitative acidity data in solvents such as 
CCl4 where hydrogen bonding can be measured presents problems 
in such an analysis. In the gas phase, the lack of solvent not only 
obviates such problems but results in maximal effects due to the 
lack of solvent competition for the reactive site. 
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chlorides, acid anhydrides, and esters).3 The present paper 
summarizes the results of a systematic study of the chemial re­
activity of superoxide ion in aprotic solvents with dissolved carbon 
dioxide. 

This investigation also has been motivated by a desire to identify 
activated carbon dioxide species in biological reactions such as 
the vitamin K dependent carboxylation of glutamic acid residues 
of prothrombin.4-6 One proposal6 is that the carboxylating species 

(3) Sawyer, D. T.; Gibian, M. J. Tetrahedron 1979, 35, 1471. 
(4) Stenflo, J. J. Biol. Chem. 1947, 249, 5527. 
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on the basis of the vibrational spectroscopy and the hydrolysis products of (Me4N)2C2O6 (the isolated reaction product). 
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is formed by the reaction of carbon dioxide with superoxide ion 
and that the reactive species may be peroxobicarbonate [HOO-
C(O)O"] or peroxodicarbonate anion (C2O6

2") or a species derived 
from them. Carbon dioxide or carbonic acid also influence other 
reactions that involve the superoxide ion, and the species CO3"-
and CO2"- have been invoked.7"10 

Previous work has shown that passing a mixture of CO 2 and 
water vapor at 10 0 C through a bed of metal superoxide, M O 2 

(M = K, Na) , produces peroxodicarbonate salts, M2C2O6.11 Little 
or no reaction takes place in the absence of water vapor, and the 
reaction has been postulated to proceed via the reaction of CO 2 

with a hydrated metal peroxide (M2O2-XH2O, the product of 
water-induced disproportionation of MO 2) . This is consistent with 
an alternative synthesis of metal peroxodicarbonates by reaction 
of C O 2 with alkaline solutions of hydrogen peroxide.12 

Experimental Section 

Equipment. Conventional electrochemical instrumentation, cells, and 
electrodes were employed for the cyclic voltammetric and coulometric 
measurements.13 A Vacuum Atmospheres Corp. inert atmosphere 
glovebox was used for the storage and preparation of solutions of tetra-
methylammonium superoxide [(Me4N)O2]. A Pine Instruments Co. 
Model RDE 3 dual potentiostat, Model PIR rotator, and glassy carbon 
ring-disk electrode were used to make the kinetic measurements. Raman 
spectra were obtained with a Spex Industries Ramalog 6 laser Raman 
spectrometer. Mass spectra of gaseous products were obtained with a 
Nicolet Analytical Instruments FT/MS-1000 spectrometer (1.9-T su­
perconducting solenoid magnet). 

Chemicals and Reagents. Burdick and Jackson "distilled in glass" 
acetonitrile (MeCN), dimethylformamide (DMF), and dimethyl sulf­
oxide (Me2SO) solvents were used as received for most experiments. 
When necessary, acetonitrile was further dried by passing it through a 
column of Woeim N Super I alumina to obtain a solvent that contained 
less than 1 mM H2O (on the basis of the cathodic voltage limit at a Pt 
electrode). Tetraethylammonium perchlorate (TEAP) from G. Frederick 
Smith Chemical Co. was dried in vacuo and used as the supporting 
electrolyte (0.1 M TEAP) in the electrochemical experiments. Carbon 
dioxide (99.9% grade) from Liquid Carbonic was dried by passage 
through a column of Drierite (CaSO4). Tetramethylammonium super­
oxide [(Me4N)O2] (>99% pure) was prepared by a solid-state metathesis 
process and extraction into liquid ammonia.14 

Methods. The reactivity of dissolved CO2 with O2"- was monitored 
by measurement with cyclic voltammetry at a glassy carbon electrode of 
the dioxygen that was produced in the absence and presence of dissolved 
CO2 (aliquots of CO2-Saturated Me2SO). The stoichiometry of the 
reaction was determined by constant current coulometric generation of 
O2"- at a platinum mesh electrode in 0.1 M TEAP/DMF (the potential 
of the working electrode during the electrolysis was ca. -0.9 V vs. SCE). 
The end point of the coulometric titration was determined by measuring 
the limiting current for oxidation of O2"- to O2 at a platinum rotated-disk 
electrode. 

An electrosynthesis of C2O6
2" was accomplished by the generation of 

O2"- at a platinum mesh electrode in 0.1 M TEAP/MeCN while O2 and 
CO2 were simultaneously bubbled through the solution. After the elec­
trosynthesis was completed (20 mA current for 70 min in a 60-mL 
solution volume), 25 mL of water was added to the solution. It was then 
titrated with 1.00 M HCl to determine the number of moles of base 
produced per mole of O2"- generated. 

(5) Shah, D. V.; Suttie, J. W. Biochem. Biophys. Res. Commun. 1974, 60, 
1397. 

(6) (a) Esnouf, M. P.; Green, M. R.; Hill, H. A. O.; Irvine, G. B.; Walter, 
S. J. Biochem. J. 1978, 174, 345. (b) Esnouf, M. P.; Fainey, A. I.; Freen, 
M. R.; Hill, H. A. O.; Okolow-Zubkowska, M. J.; Walter, S. J. "Biological 
and Clinical Aspects of Superoxide and Superoxide Bismutase"; Bannister, 
W. H., Bannister, J. V., Eds.; Elsevier/North-Holland: New York, 1980; pp 
72-83. 

(7) Stauff, J.; Sander, U.; Jaeschke, W. "Chemiluminescence and 
Bioiuminescence"; Cornur, M. J., Hercules, D. M., Lee, J., Eds.; Plenum Press; 
New York, 1973; pp 131-140. 

(8) Hodgson, E. K.; Fridovich, I. Arch. Biochem. Biophys. 1976,172, 202. 
(9) Puget, K.; Michelson, A. M. Photochem. Photobiol. 1976, 24, 499. 
(10) Michelson, A. M.; Durosay, P. Photochem. Photobiol. 1977, 25, 55. 
(11) Firsova, T. P.; Molodkina, A. N.; Morozova, T. G.; Aksenova, I. V. 

Russ. J. Inorg. Chem. (Engl. Transl.) 1963, 8, 140. 
(12) Jones, D. P.; Griffith, W. P. / . Chem. Soc., Dalton Trans. 1980, 2526. 
(13) Chin, D.-H.; Chiericato, G., Jr.; Nanni, E. J„ Jr.; Sawyer, D. T. J. 

Am. Chem. Soc. 1982, 104, 1296. 
(14) Sawyer, D. T.; Calderwood, T. S.; Yamaguchi, K.; Angelis, C. T. 

Inorg. Chem. 1983, 22, 2577. 
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Figure 1. Cyclic voltammograms in dimethylformamide (0.1 M tetra­
ethylammonium perchlorate) of 0.9 mM O2 (solid line) and of 0.9 mM 
O2 plus 10 mM CO2 (dashed line). Measurements were made with a 
platinum electrode (area, 0.23 cm2) at a scan rate of 0.1 V s"1; temper­
ature, 25 0C. 

Yields of dioxygen were determined by injecting known amounts of 
carbon dioxide into a solution with a known concentration of electro-
generated O2"- (freed of dioxygen by bubbling with argon). The quantity 
of oxygen that was liberated was determined by immediately measuring 
the diffusion current for reduction of dioxygen at a platinum rotated-disk 
electrode. 

Isolation of C02/02"- Reaction Products. In the glovebox 50 mg (0.5 
mmol) of finely ground (Me4N)O2 was added to 10 mL of MeCN (dried 
by passage through alumina) in a 25-mL volumetric flask. A small 
Teflon-covered stirring bar was added, and the flask was sealed with a 
rubber stopple. After the solution was stirred to dissolve most of the 
(Me4N)O2, the sealed flask was removed from the glovebox and C02(g) 
was bubbled through the solution by use of stainless steel entrance and 
exit needles in the stopple. The reaction, which was rapid and accom­
panied by the effervescence of an evolved gas, produced a voluminous 
white precipitate. In several preparations a transient orange color 
formed, particularly on the surface of any suspended solid (Me4N)O2 that 
remained undissolved. (The formation of orange-colored salts has been 
reported previously.)12 The white solid was recovered by transfer of the 
contents in the flask to a test tube, with centrifugation. The supernatant 
solution was removed with a pipet, and the tube was sealed with Parafilm 
or a rubber stopple pierced by a needle. The hygroscopic product was 
then quickly placed in the glovebox for storage. Anal. (Galbraith 
Laboratories, Knoxville, TN). Calcd for [(CH3J4N]2C2O6, C10H24N2O6: 
C, 44.76; H, 9.02; N, 10.44. Found: C, 44.42; H, 9.18; N, 10.37. 

The solid product was analyzed for base by the addition of 50-100 mg 
to 50 mL of water followed by titration with 1 M HCl. The peroxide 
content was determined by titration with 0.01 M KMnO4 and by addition 
to an acidified solution of KI followed by titration with Na2S2O3. Sam­
ples were decomposed by reaction with degassed acidic KMnO4 and 1 
M HClO4 solution in vacuo and the evolved gases (mainly CO2 and trace 
amounts of O2) were analyzed by mass spectrometry and by manometry 
with Ba(OH)2 used to absorb the CO2. The solid was examined by 
infrared (KBr pellet) and Raman spectroscopy. Because the solid 
product is hygroscopic, samples were prepared in the glovebox (or loaded 
into vials in the glove box) to avoid exposure to water. 

Kinetic Measurements by Ring-Disk Voltammetry. The rate of re­
action of CO2 with O2

-- in Me2SO and DMF (each 0.1 M in TEAP) was 
measured with a rotated ring-disk electrode under pseudo-first-order 
conditions (at least a 10-fold excess of CO2). The data were analyzed 
by the procedures described by Albery and Hitchman15 to obtain the 
pseudo-first-order rate constant, Ar1. 

Results 
The solid line of Figure 1 illustrates the cyclic voltammetric 

reduction of O2 to O2"* (negative voltage scan) and the reoxidation 
of the latter (reverse scan). When excess CO 2 is present the O2 

peak current is enhanced by almost a factor of 2 and the peak 

(15) Albery, W. J.; Hitchman, M. L. "Ring-Disk Electrodes"; Clarendon 
Press: Oxford, 1971. 
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Table I. Stoichiometrics for the Reaction of O2"- with CO2, and 
Chemical Analyses for the Isolated Reaction Product, (Me4N)2C2O6 

A. Reaction Stoichiometries 

mol of 
CO2 per 

mol of O2"-0 

mol of HCl 
required to 

titrate reaction 
products per 
mol of O2"-" 

mol of O2 

produced 
per mol of 

O2--
4 

obsd 1.03 ± 0.07 0.9 ± 0.1 0.46 ± 0.04 
predicted by 1.00 1.00 0.50 

eq 1 

B. Chemical Analyses of Isolated (Me4N)2C2O6 

mmol base''/ 
g product 

mmol O2
2"'/ 

g product 

obsd 

2.98 ± 0.02° 

0.2 ± 0.14 

calcd for 
(Me4N)2C2O/ 

2.98 

1.49 

calcd for 
(Me4N)HCO3 

2.96 

0 

"Average of five runs. * Average of three runs. c Assumes a "(OC-
( = 0 ) O O C ( = 0 ) 0 ) - configuration as in K2C2O6,

12 and that (C2O6
2" + 

2H+ — 2CO2 + H2O2). ''Titration of sample with standardized HCl 
to pH 4.5. 'Titration of sample in 1 M H2SO4 with 0.01 M KMnO4. 

for reoxidation of O2
-- is eliminated (dashed line). The increase 

in the peak reduction current is characteristic of a reaction in which 
O2 is regenerated to produce the net effect of a two-electron 
irreversible reduction of O2. When the experiment of Figure 1 
is done in MeCN the reverse scan shows an irreversible anodic 
peak (£ p a = +1.3 V vs. SCE); in DMF, an irreversible anodic 
peak occurs at +0.9 V vs. SCE for the reverse scan. 

Table IA summarizes (a) the reaction stoichiometry for the 
constant-current coulometric titration of known amounts of CO2 

with O2
-- in 0.1 M TEAP/DMF, (b) the moles of base produced 

per mole of O2
-- in the electrosynthesis experiments in 0.1 M 

TEAP/MeCN, and (c) the yields of dioxygen produced when a 
known amount of carbon dioxide is added to solutions of O2

-- under 
an argon atmosphere. The results for chemical analyses of the 
product that is produced by reaction of (Me4N)O2 with CO2 in 
dry acetonitrile are summarized in Table IB. The low yield of 
H2O2 from (Me4N)2C2O6 when it is dissolved into H2O and 
acidified is in contrast to the stoichiometric release of H2O2 that 
is observed for K2C2O6 (C2O6

2" + 2H+ — 2CO2 + H2O2).12 

Apparently, the aqueous dissolution process promotes nucleophilic 
displacement of HOOC(O)O" with some subsequent hydrolysis 
to CO2 and H2O2.16 The infrared and Raman spectral data for 
the isolated solid [(Me4N)2C2O6], K2C2O6,12'17 and tetra-
methylammonium bicarbonate [(Me4N)OC(O)OH] are tabulated 
in Table II. 

The pH titration of a dilute aqueous solution of the solid product 
exhibits two pH plateaus (pATal = 6.2, pKa2 = 10.3). A value for 
pA"al (16 0C) of 6.0 has been previously reported,18 which is about 
0.3 unit smaller than the pKA value for CO2. The titration curves 
closely resemble those of bicarbonate ion, and it is not possible 
to discriminate between the two solely on the basis of the measured 
pKa values. 

Analysis of the data obtained with the rotated ring-disk 
electrode in air-saturated 0.1 M TEAP/Me2SO yields a pseu-

(16) Combination of solid Na2O2 and (Me4N)Cl followed by dissolution 
in H2O and then acidification and analysis for H2O2 give a yield of about 50%. 
Two possible reaction paths for intramolecular degradation of (Me4N)2C2O6 
upon dissolution in H2O are 

(Me4N)2C2O6 + H2O — 2HOC(O)O" + H2C=O + Me3NH+ + Me4N
+ 

(a) 

C2O6
2" + H2O — HOC(O)O" + HOOC(O)O" — 2HOC(O)O" + V2O2 

(b) 

Both of these degradation processes preserve the base content, and, in support 
of the first one, an amine color results upon dissolution of (Me4N)2C2O6 in 
H2O. 

(17) Giguere, P. A.; Lemaire, D. Can. J. Chem. 1972, 50, 1472. 
(18) Sorokina, M. F.; Khomutov, N. E. Russ. J. Phys. Chem. (Engl. 

Trans!.) 1976, 50, 915. 

do-first-order rate constant, ^1, whose value ranges from 2.6 (900 
rpm) to 5.5 s_1 (2500 rpm). The apparent second-order rate 
constant (k2 = kx/[CO2] with [CO2] = 3.0 mM) has a value of 
1.4 ± 0.5 X 103 M"1 s"1. Because theory predicts that the rate 
constant should be independent of the rotational speed, the ex­
perimental results indicate that the system is more complex than 
the single-step reaction model assumed by the mathematical 
analysis. Accordingly, the calculated value of the apparent sec­
ond-order rate constant is only approximate, but the results clearly 
indicate that the reaction of O2"- with CO2 is rapid. 

Discussion and Conclusions 
The stoichiometric data and product analyses that are sum­

marized in Table I indicate that the overall net chemical reaction 
between O2"- and CO2 is 

2O2-- + 2CO2 — C2O6
2" + O 2 (1) 

or its electrochemical equivalent. 

O2 + 2e" + 2CO2 — C2O6
2 ' (2) 

The infrared and Raman spectra of the reaction product from the 
combination of O2"- and CO2 exhibit similarities to those previously 
reported for K2C2O6,

12,17,19 but there are significant differences. 
The rarity of IR-Raman coincidences is consistent with the planar 
C2h symmetry that has been proposed.12,17 However, the infrared 
spectrum of (Me4N)2C2O6 exhibits a pair of peaks whose peak 
separation and relative intensity strongly resemble those of tet-
ramethylammonium bicarbonate, except that they occur at fre­
quencies that are 20 cm"1 lower [extended exposure of 
(Me4N)2C2O6 to H2O vapor causes these to shift to the frequencies 
for (Me4N)OC(O)OH]. 

The strong Raman bands at 1000 cm"1 for the C2O6
2" group 

of (Me4N)C206 has a frequency that is some 110 cm"1 higher 
than the Raman lines observed for K2C2O6.

12,17 Furthermore, the 
intense Raman line at 1000 cm"1 and the strong IR absorbance 
at 982 cm"1 for (Me4N)2C2O6 are characteristic of an anhydride 
linkage ( - C ( = 0 ) O C ( = 0 ) - ) 2 0 rather than the peroxide linkage 
of K2C2O6 ( - C ( = 0 ) O O C ( = 0 ) - ) (Raman lines at 907 and 888 
cm"1 and IR bands at 910, 868, and 851 cm"1). Furthermore, 
the multiplicity of carbonyl IR bands for (Me4N)2C2O6 (1730, 
1720, 1680, 1665, and 1640 cm"1) relative to the doublet for 
K2C2O6 (1750 and 1710 cm-1) indicates that the two carbonyls 
in the former are not equivalent. Hence, a reasonable formulation 
for the C2O6

2" group in (Me4N)2C2O6 is -OC(0)OC(0)00" 
rather than the peroxo bridge of K2C2O6 ("OC(O)OOC(O)O-). 

The fact that O2
-- readily adds to carbonyl carbon atoms that 

are bonded to electron-withdrawing groups and the report that 
O2"- adds to CO2 in the gas phase (in the presence of a third body 
to remove excess collisional energy)21,22 prompt us to conclude 
that the primary reaction in solution is the nucleophilic addition 
of O2"- to CO2. 

O 

Il (3) 
O2"' + CO2 = "0—C 00- (CO4"-) 

The CO4
-- radical should be an effective nucleophile toward a 

second CO2 molecule to give an adduct, C2O6--

CO4"' + CO2 " O — C — O — C — 0 0 ' 

The latter is subject to rapid reduction by a second O2
-- to give 

the dianion of the isolated product, (Me4N)2C2O6 

C2O6"' + O2"' — - " O — C — O — C — 0 0 " + 02 

(19) Karentnikov, G. S.; Sorokina, M. F. Russ. J. Phys. Chem. (Engl. 
Transl.) 1965,39, 187. 

(20) Bellamy, L. J. "The Infra-red Spectra of Complex Molecules", 3rd 
ed.; Chapman and Hall: London, 1975; pp 129-148. 

(21) Pack, J. L.; Phelps, A. V. J. Chem. Phys. 1966, 45, 4316. 
(22) Vestal, M. L.; Mauclaire, G. H. J. Chem. Phys. 1977, 67, 3758. 
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Table II. Infrared and Raman Spectral Bands for the Isolated 02
--/C02 Reaction Product [(Me4N)2C2O6] and for K2C2O6 and 

(Me4N)OC(O)OH" 

(Me2N)2C2O6,' 

Raman 

1413 

1250 
1186 
1000 vs 

920 

867 

668 
626 

' this work 

IR 

1730 
1720 
1680 
1665 
1640 

/53Ss 

1250 s. 

982 vs 

838 vs 

686 
643 

K2C2O6,
1 

Raman 

1737 w (1742) 

1331 s (1337) 

907 s (913) 
896 sh (893) 
SSS vs 
(861) 
853 w 

734 vw (731) 
704 s(710) 
633 vw 

449 m (450) 
(353) 

: previous work 

IR 

1750 vs (1750) 
1710 vs (1710) 

1337 vs (1337) 
1305 s 
1269 vs (1275) 

950 sh 
910 vs (910) 
(893) 

868 vs (865) 
851 vs (855) 
809 vs (810) 
795 vs (793) 

701 s(702) 
631 m (630) 

(282) 

(Me4N)OC(O)OH, 

Raman 

1672 

1025 

this work 

IR 

1695 
1665 
1640 

838 vs 

703 
662 

"Frequencies, cm"1. Bands assigned to the C2O6
2" group are italicized. The bands due to Me4N

+ are not listed. 'When a KBr pellet that contains 
the isolated product [(Me4N)2C2O6] is exposed to the ambient laboratory atmosphere (ca. 50% relative humidity) for 24 h, the infrared spectral 
bands at 1250 and 1338 cm"1 disappear and the two bands at 643 and 686 cm"1 are shifted to 662 and 703 cm"1 (the values that are observed for 
(Me4N)OC(O)OH). cFrom ref 12 (values in parentheses are from ref 17). 

Reactions 4 and 5 should be favored relative to the reduction of 
CO4"- by O2"- to give CO4

2" 
and yield an acid-base titration curve that would closely parallel 
that for bicarbonate ion. 

coa 

0 

" 0 — C—00" + OP 
(6) 

"OC(O)OC(O)OO" + H2O + 2H+ — (HO)2C(O) + HOC(O)OOH 

because of strong electrostatic repulsion. However, to the extent 
that it occurs in parallel, the product will react with CO2 to give 
peroxodicarbonate, C2O6

2-

0 0 

, Il Il (7) 
CO4

2" + CO2 — - " 0 — C — 0 0 — C — 0 " 

The appearance of an orange color during the CO2-O2"- reaction 
may be due to the transient stability of CO4"- or C2O6

--. Another 
possibility is the transfer of an oxygen atom from CO4"- to O2"-
to form the ozonide ion (O3"-), followed by reaction of the latter 
with CO2 to form CO3"-23 with subsequent coupling to form 
peroxodicarbonate ion. An orange color also was observed in the 
syntheses of K2C2O6.12 The latter also can be prepared as a 
sky-blue product by the electrochemical oxidation of a concen­
trated aqueous solution of K2CO3,24 which presumably involves 
the one-electron oxidation of CO3

2" to form CO3"- followed by 
radical-radical coupling.25 

The chemical analyses of Table I also support an oxo-bridged 
(anhydride) linkage for the C2O6

2" group in (Me4N)2C2O6. Such 
a configuration would be extremely susceptible to hydrolysis 

H£ (9) 
CO2 + H2O 

HOC(O)O" HOOC(O)O" 

|HJG_ 
HOC(O)O" + H2O2 

(8) 

(23) Parkes, D. A. /. Chem. Soc, Faraday Trans. 1 1972, 68, 627. 
(24) Mel'nikov, A. Kh.; Firsova, T. P.; Molodkina, A. N. Russ. J. Inorg. 

Chem. (Engl. Transl.) 1962, 7, 637. 
(25) Khomutov, N. E.; Sorokina, M. F. Russ. J. Phys. Chem. (Engl. 

Transl.) 1964, 38, 846. 

Furthermore, the low assay for H2O2 after acidification of 
(Me4N)2C2O6 is consistent with eq 9 and also supports the con­
clusion that the isolated compound does not have the configuration 
of K2C2O6 (the latter yields CO2 and H2O2 upon acidification).12 

With respect to the identity of species that may arise by in­
teraction of CO2 and O2"- in biological systems, production of 
CO2"- by electron transfer from O2"- to CO2 is precluded because 
the reduction potential for CO2 in aprotic solvents is about 1.0 
V more negative than that for O2.26 Furthermore, in aqueous 
solution electron transfer from CO2"- to O2 is a rapid and complete 
reaction (k2 = 2.4 X 109 M"1 s"1).27 The CO4

-- species can arise 
by reaction 3. Likewise, peroxocarbonate (CO4

2") and peroxo-
bicarbonate (HOOC(O)O-) are plausible reactive intermediates. 
Formation of significant amounts of the "OC(O)OC(O)OO" 
dianion in biological systems is unlikely because of its tendency 
to hydrolyze to peroxobicarbonate, bicarbonate, and H2O2 (eq 
8). 

Acknowledgment. This work was supported by the National 
Science Foundation under Grant No. CHE-8212299. We also 
thank Professor Charles Wilkins and Ms. Carolyn Johlman for 
their assistance with the mass spectral analyses and Professor 
David Bocian and Mr. G. Alan Schick for their assistance with 
the Raman spectral analyses. 

Registry No. O2"-, 11062-77-4; CO2, 124-38-9; C2O6
2", 34099-48-4; 

(Me4N)2C2O6, 90867-11-1. 

(26) Amatore, C; Saveant, J.-M. /. Am. Chem. Soc. 1981, 103, 5021. 
(27) Adams, G. E.; Willson, R. L. Trans. Faraday Soc. 1969, 65, 2981. 


