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optically pure (+) D Co(en) 3
3 + is produced in 50% en and 26% 

pure in 100% en. They tried to explain these results in terms 
of a mechanism involving direct substitution of a complex 
nature. However, we feel the data are better explained in terms 
of electron-transfer catalysis by Co(en)32+ . Busch et al. noted, 
in fact, that some Co" is produced when KCoEDTA is dis­
solved in ethylenediamine. 

When KCoEDTA was dissolved in 50% en, we found, in 
accord with the previous work, the production of Co(en) 3

3 + 

within a short time. However, in the presence of added H2O2 
or EDTA, the reaction did not proceed significantly in several 
hours. Moreover, added Co(C104)2 accelerated the reac­
tion. 

Thus we propose the mechanism 

CoEDTA- + Co(en) 3
2 + — Co(en) 3

3 + + CoEDTA 2 " (1) 

CoEDTA 2 - + 3en — Co(en) 3
2 + + EDT A4~ (2) 

Note that only ~ 1 X 1 0 - 4 M C o " is necessary for a 5-minute 
half life. The stereoselectivity demonstrated for reaction 1 leads 
to the stereoselectivity of the overall reaction. 

It remains to be learned whether significant discrimination 
will be observed in systems where both reactants carry charges 
of the same sign. 
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Formation of Sulfinyl Oxide and Singlet Oxygen in the 
Reaction of Thianthrene Cation Radical and 
Superoxide Ion 

Sir: 

Recently much attention has been focussed on photooxy-
genation via a non-singlet-oxygen mechanism.1 Some of the 
cases have been suggested to involve an electron-transfer 
process to produce the substrate cation radicals and/or su­
peroxide ion in photosensitized oxygenation with a dike-
tones,1,2 Rose Bengal,3 or 9,10-dicyanoanthracene (DCA).4 

Foote has originally proposed that the oxidation proceeds 
through the direct coupling of substrate cation radicals and the 

superoxide ion.5 This sequence was applied to the DCA-sen-
sitized oxygenation of alkenes and sulfides.43 However, it seems 
to us that these ion radicals may undergo annihilation by 
electron transfer from the superoxide ion to cation radicals to 
produce singlet oxygen which gives indirect oxidized products 
rather than direct coupling to produce dioxetanes or peroxy 
intermediates (eq I) .6 , 7 

D+' + V = C ^ 2 I (D 
~—D + O2 

6-0 

1 2 

On the other hand, more recently, Tang8 and Landis9 have 
proposed a new route for non-singlet-oxygen photooxygenation, 
in which the cation radical reacts with triplet oxygen and 
propagates radical-chain oxidation for the Barton's reagent10 

catalyzed oxygenation of dienes, such as ergosteryl acetate, 
and for the photosensitized oxygenation of azines, respectively. 
Especially, the former case is clearer because of definite im­
plication of cation radicals in the reaction system. 

Therefore, to elucidate the possibilities of the oxidation 
through direct coupling of the cation radical and superoxide 
ion, it is necessary to use both stable ion radicals. Now this 
communication reports the first example in which the reaction 
of the sulfur cation radical and superoxide anion radical gave, 
not only singlet oxygen by the annihilation reaction, but also 
direct coupling. 

We initiated our investigation using the thianthrene cation 
radical perchlorate ( 1 ) " and KO2 as the superoxide anion 
radical. The reaction of 1 and KO2 to give sulfinyl oxide (2)12 

is evidenced by the change in products as a function of added 
diphenyl sulfide, which was the original method used by 
Foote12a and Martin.12c In a typical experiment, 1-2 mmol of 
1 and 4 mmol of KO2 in 50 cm3 of acetonitrile were added to 
the freeze-pump-thaw flask, separately, and the flask was 
evacuated. The solution of 1 was then transferred into the 
suspension of KO2. The color of the solution of 1 (violet, Xmax 
546 nm) soon disappeared with vigorous evolution of oxygen. 
The evolved oxygen was measured by manometer and the re­
action mixture was analyzed by GLC. Two products, thian­
threne and thianthrene 5-oxide, were obtained in comparable 
yields, but thianthrene 5,5-dioxide unexpectedly was not de­
tected. Treatment of an acetonitrile solution of 20 mmol of 
diphenyl sulfide and 4 mmol of KO2 with a solution of 1 mmol 
of 1 rapidly gave 17% diphenyl sulfoxide with a comparable 
yield of thianthrene 5-oxide. Parallel studies with Na2C>2 were 
also carried out under similar conditions. The yields of thian­
threne 5-oxide were half of those in the absence of diphenyl 
sulfide (see Table I). 

Reference to Table I indicates that, at least from a stoi­
chiometric viewpoint, both the annihilation and direct coupling 
reactions occur. If the annihilation prevails, thianthrene and 
oxygen may be produced in quantitative yields. In the presence 
of diphenyl sulfide, thianthrene 5-oxide formation is apparently 
suppressed (entry III and V), and the yield of thianthrene is 
concomitantly increased. Furthermore, the yields of thian­
threne 5-oxide and diphenyl sulfoxide are approximately equal. 
Under these conditions, 1 is inert to oxygen, and thianthrene 
and diphenyl sulfide are not oxidized with KO2 or Na202. 
These results could be explained in terms of complete inter­
ception of sulfinyl oxide 2 by diphenyl sulfide. The mechanism 
is outlined in Scheme I. Hence, the reaction of 2 with thian­
threne obtained from the annihilation reaction was readily 
diverted by diphenyl sulfide. The intermediate 2 was also 
produced by the reaction of peroxide ion (O22 -) with 1, but the 
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Table I. Reaction of Thianthrene Cation Radical Perchlorate (1) 
with KO2 and Na2O2" l.o -

Entry System (^Z? 

I H2O 

II KO2 

III K02+excessPh2S 

IV Na2O2 

V Na,02+excessPh2S 

rix 
46 

43 

80 

59 

75 

Products 

3)00 
54 

47 

15 

34 

14 

Yields (%)b) 

Q ) Ph2S0 

17 

21 
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" The reaction was carried out with 1 -2 mmol of thianthrene cation 
radical perchlorate (1), 4 mmol of KO2 or Na2O2, and 20 mmol of 
Ph2S in MeCN. * Average of two experiments. 

yields of thianthrene 5-oxide and oxygen definitely decreased 
(entry IV), compared with those of entry II. This seems to be 
because 2 equiv of 1 is consumed in generating intermediate 
2 (Scheme I). Furthermore, entry V shows that oxygen does 
not evolve when diphenyl sulfide is present in the reaction 
system, in contrast to entry III. It can be seen that oxygen was 
formed only by the decomposition of sulfinyl oxide 2; so the 
addition of diphenyl sulfide completely suppressed the evolu­
tion of oxygen in entry V. On the other hand, the oxygen in 
entry II may be formed from both decomposition of sulfinyl 
oxide 2 and the annihilation by superoxide ion (02--)-

Competitive co-oxidation of pairs of para-monosubstituted 
diphenyl sulfides with 2 showed such a sulfinyl oxide to be 
electrophilic, with a p value of —0.94, while similar co-oxida­
tion of these sulfides with diethyl sulfinyl oxide produced by 
Rose Bengal sensitized photooxygenation gave a p value of 
-0.61.12f 

We now try to take an evidence of singlet oxygen formation 
spectroscopically in the reaction of 1 and KO2 or Na2C«2. Be­
cause of being both the most electrophilic and nucleophilic in 
the system, the chemical trapping method is not suitable. 13If 
our mechanism is correct, the oxygen produced by the reaction 
of 1 with KO2 is expected to be singlet oxygen, but not in the 
reaction with Na2O^. 

An acetonitrile suspension of a large excess of KO2 or Na2O2 
to the cation radical 1 was transferred to a quartz cell in a new 
type of spectrometer14 and, in the dark, an acetonitrile solution 
0.1 M in cation radical 1 was slowly added to the solution 
through a capillary tube to maintain generation of oxygen 
without vigorous bubbling. The solution was not stirred during 
spectral analysis. 

0 . 6 
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Figure 1. Emission spectrum observed in the reaction of thianthrene cation 
radical perchlorate (1) with KO2. 

Consequently, we obtained a strong emission from the re­
action of 1 and KO2, but no detectable emission from the re­
action of 1 and Na2O2, supporting our mechanism. The in­
tensity of emission is in proportion to the evolution of oxygen 
and the disappearance of color of 1 and is not detectable after 
their completion, in spite of a large excess of KO2 used.15 The 
emission spectrum in the reaction of 1 and KO2 is shown in 
Figure 1. In this spectrum, five characteristic peaks around 
480, 530, 580-600, 630, and 680 nm are distinguishable, so 
that the spectrum has a resemblance to that of the singlet 
oxygen luminescence spectrum previously reported, except for 
the different intensities of the peaks.16d'17 The emitter would 
not be the singlet state of thianthrene because of the small 
energy of the annihilation reaction.18 Actually, the emission 
maximum of thianthrene was not observed at 434 nm in 
present spectrum.20 We believe that the use of spectroscopy 
for the determination of the formation of singlet oxygen by the 
annihilation reaction was not reported previously.21 

It is noteworthy that the cation radical and superoxide anion 
radical underwent not only the annihilation reaction, but also 
the direct coupling reaction. 

Acknowledgment. The authors gratefully acknowledge 
Professor Christopher S. Foote for helpful discussions. 

References and Notes 
(1) P. D. Bartlett in "Organic Free Radicals", W. A. Pryor, Ed., Academic Press, 

New York, 1978, p 15. 
(2) N. Shimizu and P. D. Bartlett, J. Am. Chem. Soc, 98, 4193 (1976); P. D. 

Bartlett and J. Becherer, Tetrahedron Lett., 2983 (1978). 
(3) C. W. Jeftord and A. F. Boschung, HeIv. Chem. Acta, 60, 2673 (1977). 
(4) (a) J. Ericksen, C. S. Foote, and T. L. Parker, J. Am. Chem. Soc, 99, 6455 

(1977); (b) W. Ando, T. Nagashima, K. Saito, and S. Kohmoto, J. Chem. 
Soc., Chem. Commun., 154 (1979); (c) I. Saito, K. Tamoto, and T. Matsuura, 
Tetrahedron Lett., 2899 (1979); (d) N. Berenjian, P. de Mayo, F. H. Phpenix, 
and A. C. Weeden, ibid., 4197 (1979). 

(5) C. S. Foote, A. A. Dzakpasu, and J. W.-P. Lin, Tetrahedron Lett., 1247 
(1975). 

(6) E. A. Mayeda and A. J. Bard, J. Am. Chem. Soc, 95, 6223 (1973). 
(7) T. Matsuura, Tetrahedron, 33, 2869 (1977). 
(8) R. Tang, H. J. Yue, J. F. Wolf, and F. Mares, J. Am. Chem. Soc, 100, 5248 

(1978). 
(9) M. E. Landis and D. C. Madoux, J. Am. Chem. Soc, 101, 5106 (1979). 

(10) D. H. R. Barton, R. K. Haynes, G. Lecherc, P. D. Magunus, and I. D. Menzies, 
J. Chem. Soc, Perkin Trans. T, 2055 (1975). 

(11) E. A. C. Licken, J. Chem. Soc, 4963 (1962); Y. Murata and H. J. Shine, J. 
Org. Chem., 34, 3368 (1969). 

(12) <a) C. S. Foote and J. W. Peters. Adv. Photochem., 6, 129 (1968); J. Am. 
Chem. Soc, 93, 3795 (1971). C. S. Foote and M. K. Kacher, Photochem. 
Photobiol., 29, 765 (1979). (b) R. W. Murray and S. L. Jindal, J. Org. Chem., 
37, 3516 (1972). (c) E. J. Corey and C. Ouannes, Tetrahedron Lett., 4263 
(1976). (d) J. C. Martin and L. D. Martin, J. Am. Chem. Soc, 99, 3511 (1977). 
(e) J. O. Edwards, R. H. Pater, R. Curi, and F. D. Furia, Photochem. Photo­
biol., 30, 63 (1979). (f) W. Ando, Y. Kabe, and H. Miyazaki, ibid, 31, 191 
(1980). 

(13) Under the reaction conditions, the electron-transfer oxidation initiated by 



4528 Journal of the American Chemical Society / 102:13 / June 18, 1980 

the thianthrene cation radical also occurred and gave the same oxidized 
products or product distribution of singlet oxygen. Cf. C. S. Foote, Abstracts 
of Joint Seminar on Chemi- and Bio-energized Processes, Sao Paulo, Brazil, 
1978, p 42. Singlet oxygen is quenched by superoxide ion; so the detection 
of it by chemical trapping is less effective. Cf. W. C. Danen and R. L. Arudi, 
J. Am. Chem. Soc, 100, 3944 (1978), and references therein. 

(14) H. Inaba, Y. Shimizu, and Y. Tsuji, Jpn. J. Appl. Phys., Suppl., 14, 23 (1975); 
H. Inaba, Y. Shimizu, Y. Tsuji, and A. Yamagishi, Photochem. Photobiol., 
30, 169(1979). 

(15) The possibility that the emissions originate from singlet oxygen produced 
by the disproportionation of superoxide ion has been eliminated: E. A. 
Mayeda and A. J. Bard, J. Am. Chem. Soc, 96, 4023 (1974). 

(16) (a) A. U. Khan and M. Kasha, Nature (London), 204, 241 (1964); J. Am. 
Chem. Soc, 88, 1574 (1966). A. U. Khan, Science, 168, 476 (1970). A. 
U. Khan and M. Kasha, J. Am. Chem. Soc, 92, 3293 (1970). (b) R. B. Brown 
and E. A. Ogryzlo, Proc Chem. Soc. London, 117 (1964). K. Furukawa, 
E. W. Gray, and E. A. Ogryzlo, Ann. N. Y. Acad. Set., 171, 175 (1970). (c) 
H. H. Selinger, J. Chem. Phys., 40, 3133 (1964). (d) M. Nakano, T. Noguchi, 
K. Sugioka, H. Fukuyama, M. Sato, Y. Shimizu, Y. Tsuji, and H. Inaba, J. 
Biol. Chem., 250, 2404 (1975). M. Nakano, K. Takayama, Y. Shimizu, Y. 
Tsuji, H. Inaba, and T. Migita, J. Am. Chem. Soc, 98, 1974 (1976). 

(17) Nakano et al.16d have mentioned that the change of solvent from aqueous 
solution to benzene converted the spectrum of singlet oxygen with five 
peaks (480, 520-530, 570, 620-640, 670 nm) into one prominent peak 
at ~465 nm. Similarly, in our spectrum, the maximum peak is at 480 
nm. 

(18) The singlet state of thianthrene is 2.48 eV,20 but the energy of annihilation, 
AH0 , is ~1.84 eV according to19 AH° = eE°(MA~-) - e£°(D/D+-) + 0.16 
eV where ^ ( A / A - - ) for oxygen is -0.75 V vs. SCE and E°(D/D+.) for 
thianthrene is +1.25 V vs. SCE. 

(19) L. R. Faulkler, H. Tachikawa, and A. J. Bard, J. Am. Chem. Soc, 94, 691 
(1972); ref 6. 

(20) J. M. Bonnier and R. Jardon, J. Chim. Phys. Physicochim. Biol., 68, 428 
(1971); C. P. Keszthelyi, J. Am. Chem. Soc, 96, 1243 (1974). 

(21) Although singlet oxygen was generated, diphenyl sulfide and thianthrene 
were not oxidized by singlet oxygen under the conditions. Cf. M. Matsumoto 
and K. Kuroda, Abstracts of Symposium on Photochemistry, Sendai, Japan, 
1977, p 4; ref 12. 

Wataru Ando,* Yoshio Kabe, Shohei Kobayashi 
Department of Chemistry, The University of Tsukuba 

Sakura-mura, Ibaraki 305, Japan 

Choichi Takyu, Akio Yamagishi, Humio Inaba 
Research Institute of Electrical Communication 

Tohoku University, Sendai 980, Japan 
Received February 4, 1980 

Aromatic Protonation. 6.1 The Rearranged Ion of 
Monoprotonated 1,6-Methano[10]annulene. Evidence for 
the Presence of a Cyclopropylcarbinyl Cation Moiety 

Sir: 

The protonated aromatic hydrocarbon l,6-methano[10]-
annulene (I)2 is, in view of its methano bridge, a potential 
source of cyclopropylcarbinyl cations. We reported that 
treatment of 1 with FSO3H-SbF5-SO2ClF at -120 0C yields 
the stable monocation 2, but that, on raising the temperature 
to —60 0C, the dication 3, containing the cyclopropyldicarbinyl 

H1O 

U 
8 6 

PPM<6) 

n^AMNl in^mmyV* HlI^ i J ^ V ' I i>*> A*-»-At»* , X ^ >i<t*<( 

TMS 

150 100 
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50 

Figure 1. 1H NMR (100 MHz) spectrum (A) and 13C proton noise de­
coupled NMR spectrum (B) of ion 5 in FSO3H-SO2ClF at -60 0C. 

Figure 1, and the chemical shifts, coupling constants, and as­
signments4 are compiled in Table I. 

Both the 1H and 13C NMR spectra show three types of 
signals, viz., the aliphatic ones, those of a disubstituted benzene 
moiety,5 and one of the carbocationic center. Comparison of 
the aliphatic 1H and 13C NMR data with those of, e.g., the 
bisected ions 76 and 87 reveals the presence in 5 of a cyclo­
propylcarbinyl cation moiety. 

H i f 

H «.si 
4.45H 

dication moiety 4, is formed.1 A decade ago Winstein and 
Warner reported on the monocation 2, using FSO3H, and 
briefly indicated a slow rearrangement to another species at 
-60 0C.3 We now report on the rearrangement of 2 to the 
stable cation 5, containing the cyclopropylcarbinyl moiety 6. 
Addition of 1 in SO2ClF to a solution of FSO3H-SO2ClF (1:1 
v/v) at ca. -100 0C in an NMR tube resulted in an orange-
colored solution of 2. At -60 0C ion 2 rearranges slowly (in 
~1 h) to ion 5 (dark red), as was established by NMR spec­
troscopy. The 1H and 13C NMR spectra of 5 are shown in 

H 

3.57 H 

H ^ 

3.6« H 

<ij_ _* 

LL 

(176) 

• 1.70 
"CH 3 

\ 2(1.7 

/ "' 
»/56 . * (1»7) 

H 3 " 

;CH3 

The rearrangement of 2 to 5 may be rationalized in terms 
of ring closure (in 2) between C(I) and C(6) after which the 
bridge methano group wanders over the "naphthalenium" 
skeleton probably via a [1,2] and subsequent [1,4] sigmatropic 
shift (see Scheme I), although two subsequent [1,3] shifts 
cannot be ruled out a priori. Quenching of the ion solution of 
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