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fact that only scalar coupling is observed in the Ta complexes 
whereas exchange coupling is predominant in the case of Nb 
derivatives. A more refined calculation of the vibrational fre
quencies (including electron correlation) and a more detailed model 
for the coupling (with a three-dimensional and three-particle 
treatment) would be needed to give a more quantitative account 
of the observed phenomena. 

In conclusion, two differences clearly appear between the Nb 
and Ta trihydrides: the existence in the Nb complex of first a 
thermally accessible dihydrogen state and second a low-frequency 
vibration which can account for the exchange coupling observa
tions. These two facts seem to be intuitively related and are in 
agreement with the observed fluxionality at "high temperature" 
(-100 to +100 0C according to the compounds) of the trihydride 
complexes exhibiting exchange coupling.1"3 A dihydrogen in
termediate is likely to be involved in the fluxional processes. In 
contrast, the tantalum derivatives are not fluxional.3 In order to 
establish a tighter connection between our two findings a more 
complete study of the potential surface including electron cor
relation is needed. Work in this field is presently in progress. 
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The photooxygenation of sulfides is responsible for the loss of 
activity of several important enzymes which are damaged in 
photodynamic action.1,2 Much attention has been devoted to the 
structures and reactivities of initially formed reactive intermediates 
such as persulfoxide 1, diradical 2, and thiadioxirane 3 inter
mediates in singlet oxygenation of sulfides (Scheme I).3"11 To 
our knowledge, no interaction between a sulfide-oxygen adduct 
and a metal ion, however, has been known. Meanwhile, a high-
valency iron oxo species as an active oxidant in the cytochrome 
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Table I. Cooxidation of Olefin in the Photooxidation of Diethyl Sulfide 
in the Presence of Fe(TPFP) 

hv/02/TPP/Fe(TPFP) 0 

^ S Et2SO + Et2SO2 + V-V 
>=</20°C y ^ 

reactn 
conditns" 

olefin 
(amt, equiv) 

Cl2O 

conv, 
epoxide 
yield/ % 

catalysr 
turnover 

1 
2 
3 
4 

5 
6 
7 
8 
9 

CH2Cl2/2 h 
CH2Cl2/4 h 
C5H5N/4 h 
no solvent/10 

n 
CH2Cl2/4 h CH2Cl2/4 h 
CH2Cl2/5 h 
CH2Cl2/1 h 
CH2Cl2/2 h 

cyclooctene (25) 
cyclooctene (50) 
cyclooctene (50) 
cyclooctene (50) 

norbornene (50) 
ci'.s-2-heptene (50) 
trans-2-heplene (50) 
cw-stilbene (100) 
styrene (50) 

36 
45 
36 
15 

42 
50 
48 
75 
64 

20 
30 
14 
20 

48 
28' 
5> 

nd* 
0.1* 

23 
54 
20 
80 

101 
51 
9 
-

<<D 
"The ratio of reactants, olefin/sulfide/porphyrin, is 10000/200/1 (run 1 

is 3000/120/1, run 8 is 2000/200/1, run 4 is 2000/400/1). Reactions were 
carried out in 20 mL, porphyrin concentration = 5 X 1Or* M (runs 6 and 7 
in 10 mL, porphyrin concentration = 2 X 10"4 M; run 8 in 6 mL, porphyrin 
concentration = 8 X 10"5 M). 6In each case, Et2SO and Et2SO2 were also 
obtained. 'Yields are based on sulfide consumed; nd is not detected. ''Ep
oxide produced/porphyrin used. 'The ratio of cis- and Irans-epoxide is 
82/18. ^OnIy trans-oxide was obtained. ' Benzaldehyde was not detected. 

P-450 mediated monooxygenases is thought to be involved in the 
model systems employing iron(III) porphyrin and chemical ox
idants such as iodosylbenzene13 (PhIO) and peracids.14 We report 
here the first example of an oxygen atom transfer from a peroxidic 
intermediate generated in singlet oxygenation of sulfide to metal 
ion affording metal oxo species, which is responsible for ep-
oxidation. 

In a typical experiment, a dichloromethane solution of diethyl 
sulfide (8.5 X 10-2 M) and norbornene (50 equiv) was photoir-
radiated at 20 0C with tetraphenylporphine (TPP, 5.5 X IQr4 M) 
as sensitizer under an oxygen flow by employing a catalytic amount 
of (tetrakis(pentafluorophenyl)porphyrinato)iron(III) chloride 
(Fe(TPFP)). The resulting mixture was subjected to analytical 
GLC and GC-MS. Norbornene oxide was apparently produced 
in 48% yield, together with diethyl sulfoxide (90%) and diethyl 
sulfone (5%) (Table I, run 5). Very similar results were also 
obtained with cyclooctene (runs 1-4). Control reactions reveal 
that all of the components, the sulfide, singlet oxygen (1O2),

15 and 
Fe(TPFP),16 are essential for epoxidation. Addition of a radical 
trap (triphenylmethane) did not have any influence on epoxidation. 
The results are summarized in Table I. 
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Table II. Nucleophilic Character (XKu) of Oxygen-Transfer Agents Derived from Thianthrene 5-Oxide 

(X5-D (XO O5X) (XO 
SOSO2 (El, Nu) 

OXEI 
SSO SOSO (E!) SSO2 (Nu) 

run 

1' 
2 
3 
4 
5' 
6 
T 

oxygen-transfer reaction 

H2O2Zl N NaOHZC6H6Z20 0C 
Et2SZ'O2ZCH2Cl2Z20 0C 
PhIOZCH2Cl2Z20 °C 
Fe(TPFP)ZEt2SZ'O2ZCH2Cl2Z20 0C 
m-CPBAZCH2Cl2Z20 0C 
Fe(TPFP)ZPhIOZCH2Cl2Z20 0C 
H2O2Zl N HClZEt2OZ20 0 C 

total 
yield, % 

0.25 
5.31 

10.2 
5.26 

27.0 
15.6 
3.27 

SSO2, nNu 

0.886 
46.0 
47.8 
33.2 
22.4 
29.6 
0.652 

abs yield," 

SOSO, 

20.7 
78.2 
42.7 
78.2 
15.0 

IiM 

"El 

SOSO2, 
nNu> "El 

20.9 
trace 
2.48 
29.0 
0.298 

1.00 
1.00 
0.70 
0.68 
0.36 
0.28 
0.06 

" Represents amount of conversion of thianthrene 5-oxide into SSO2, SOSO, and SOSO2 products determined by GLC on a fused silica capillary 
column, using diphenyl sulfone as internal standard. 4MoIe fraction of amount of nucleophilic attack, i.e., nNJ(nNll + nEl); SOSO2 represents 
double-oxygen-transfer product either via the sequence SSO (OxH) -» SOSO (OXNJ -» SOSO2 or via the sequence SSO (OXNJ -*• SSO2 (OxE1) - • 
SOSO2, so that the yield of SOSO2 is equally added to /iNu and to «B. 'Reference 18. 
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(Tetrakis(p-anisyl)porphyrinato)iron(III) chloride and its phenyl 

derivatives are also able to catalyze epoxidation of norbornene 
(epoxide: 40% and 30% yields, respectively). The high efficiency 
of Fe(TPFP) as a catalyst might be due to the greatly enhanced 
stability by fluorination of the porphyrin ring and formation of 
a more electrophilic oxene complex.17 

Since less nucleophilic olefins such as stilbene and styrene were 
scarcely oxidized (Table I, runs 8 and 9), the active oxidizing 
reagent in the epoxidation reaction seems to have an electronic 
nature. Thianthrene 5-oxide was used as a useful chemical monitor 
for clarifying the electrophilic character of the oxygen-transfer 
agent.18 As expected, the iron oxo species (FeIV==0(TPFP)'+) 
derived from the Fe(TPFP)ZPhIO system17 gave essentially 
electrophilic attack (Xm ~ 0.28) (Table II, run 6). In the singlet 
oxygenation of diethyl sulfide in the presence of Fe(TPFP), the 
0.68 value of XNu (run 4) may suggest the intermediacy of both 
the persulfoxide intermediate (Xm ~ 1) (run 2) and an elec
trophilic oxidant. 

It has been known that cis olefin is significantly more reactive 
than trans olefin in epoxidation caused by the intermediary 
high-valency iron oxo species (FeIV=0(porph*+)) in iron(II) 
porphyrinZPhIO systems.19 Thus, cis- and trans-2-heptene were 
epoxidized in 23% and 5% yields, respectively. 

Moreover, Fe(TPFP) catalyzed the oxygen transfer from the 
persulfoxide intermediate to aniso\e-4-2H to yield p-methoxy-
phenol. GC-MS analysis of the resulting p-methoxyphenol showed 
63% content of deuterium, i.e., 63% of the NIH shift.20 The 
marked NIH shift exhibited by this system, similar to those 

(17) Chang, C. K.; Ebina, F. J. Chem. Soc, Chem. Commun. 1981, 778. 
(18) Adam, W.; Haas, W.; Sieker, G. J. Am. Chem. Soc. 1984,106, 5020. 
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Mansuy, D. J. Am. Chem. Soc. 1988, 110, 8462. 
(20) Kurata, T.; Watanabe, Y.; Katoh, M.; Sawaki, Y. J. Am. Chem. Soc. 

1988, UO, 7472. 

Table III. Hydroxylation of Anisole and NIH Shift 

OMe OMe OMe 
oxidant ^W. ^ L . ^OH 

OH(H) 

deuterium product ratios 
oxidant 

microsomes 
Fe(TPFP)ZEt2SZ1O2" 
Fe(TPFP)ZPhIO' 
Fe(TPP)ZPhIO' 
Fenton's reagent 

retention,' 

60* 
63 
72 
60 

% O 

9.1 
19.4 
27.3 
16.7 
84.0 

m 

O 
O 
O 
O 
O 

P 
89.9 
80.6 
72.7 
83.3 
16.0 

o/p 

0.10' 
0.24 
0.38 
0.20 
5.3* 

"Reference 20. 'Reference 21. 'Daly, J. W.; Jerina, D. M.; Wit-
kop, B. Arch. Biochem. Biophys. 1968, 128, 517. "The ratio of reac-
tants, sulfideZporphyrin, is 200Zl. The reaction was carried out in 3 
mL of anisole-4-2//, porphyrin concentration = 2 X 10"3 M. The D 
content of the starting material is 97%. 'Reference 17. Oefcoate, C. 
R. E.; Lindsay Smith, J. R.; Norman, R. O. C. J. Chem. Soc. B 1969, 
1013. *Norman, R. O. C; Radda, G. D. Proc. Chem. Soc. 1962, 138. 

observed with microsomes21 and iron(III) porphyrinZPhIO17 

systems (Table III), might confirm the intermediacy of Fe I V= 
0(TPFP) '+ . 

Consequently, the primary persulfoxide intermediate 1 is likely 
to transfer an outer oxygen atom to Fe(TPFP) to afford F e l v = 

0(TPFP)*+, which can oxidize olefin and sulfide to epoxide and 
sulfoxide (Scheme II). 

The reactivity for the oxidation by the Fe(TPFP)ZPhIO system 
increased in the expected order cyclooctene < norbornene « 

(21) Daly, J. W.; Guroff, G.; Jerina, D. M.; Udenfriend, S.; Witkop, B. 
Adv. Chem. Ser. 1968, 77, 279. 
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diethyl sulfide (1:1.3:10). The competition reaction of sulfide and 
olefin, therefore, resulted in a somewhat low efficiency of ep-
oxidation. 

Registry No. TPP, 917-23-7; Fe(TPFP), 36965-71-6; Fe I V(=0)(TP-
FP), 137364-06-8; Et2S, 352-93-2; Et2SO, 70-29-1; Et2SD., 597-35-3; 
O2, 7782-44-7; cyclooctene, 931-88-4; norbornene, 498-66-8; cis-2-
heptene, 6443-92-1; fra/w-2-heptene, 14686-13-6; as-stilbene, 645-49-8; 
styrene, 100-42-5; cyclooctene oxide, 286-62-4; norbornene oxide, 278-
74-0; a'.s-2-heptene oxide, 56052-93-8; «/wis-2-heptene oxide, 56740-07-9; 
(tetrakis(p-anisyl)porphyrinato)iron(III) chloride, 36995-20-7; (tetra-
phenylporphyrinato)iron(III) chloride, 16456-81-8. 
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It is of interest to us to explore the potential for oxidative 
chlorination of fullerenes, a class of compounds where rules of 
addition have only begun to be developed. We hope to learn how 
chlorination affects the chemistry of fullerene clusters and to 
explore substitution reactions on these systems. Fluorinated 
fullerenes have been reported recently.1 In this communication 
we report initial results on reactions of C60 with Cl2 under con
ditions where multiple addition produces species containing 12-15 
Cl/C60. Chlorine is extracted from these products by thermal, 
chemical, and electrochemical means, with regeneration of C60 

in 50-80% isolated yield. 
Solid C60,

2 exposed to liquid chlorine at its normal boiling point 
in the absence of light, is converted to chlorinated products which 
are slightly soluble in the liquid. Quantitative conversions are 
achieved in about 1 day by passing liquid chlorine continuously 
over 30-150 mg of C60 on a glass filter. The extract is collected 
and reddish-brown noncrystalline solids are isolated by evaporation 
of chlorine and drying under vacuum. 

Mass spectra have been used to characterize alkylated6 and 
fluorinated1 derivatives of C60. Mass spectra of chlorinated C60 

showed C60 and Cl2, but ions from C60Cl* molecules were not 

'Permanent address: Department of Chemistry, Ben-Gurion University 
of the Negev, Beer-Sheva 84120, Israel. 
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Figure 1. IR spectra: (a) C6oCl120, deposited on KBr from C6H6, at 
ambient temperature; (b) C60CIi2O, after heating 1 h under vacuum at 
200 0C; (c) authentic C60. 

E(V) vs. A^AgCI 

Figure 2. Cyclic voltammogram (Pt button; sweep rate 500 mV/s; 
Ag/AgCl reference electrode) of 0.5 mM C60Cl116 in dried CH2Cl2 with 
0.1 M M-Bu4NBF4 (recrystallized from acetone and ether; dried under 
vacuum at 125 0C). Reduction of Cl2 under these conditions occurs near 
+0.5 V. 

detected. However, combustion analyses, IR spectra (i> C-Cl, 
850 cm-1, br), and carbon and chlorine binding energies from XPS 
spectra (Cl 2p 201.2 eV; C Is 286.1 eV with fwhm of 3.0 eV) 
are consistent with the presence of species with C-Cl interactions. 

In the absence of detailed information from mass spectra, we 
sought other means of determining whether chlorination yields 
products structurally related to C60. When C60Cl120

7 was warmed 
under vacuum in an IR spectrometer, the characteristic four-band 
pattern of C60

8 began to appear as the temperature reached 200 
0C (Figure 1), and by 350 0 C only C60 was detected. On a 
synthesis scale, C60Cl120, heated under vacuum to 550 0C, released 
80% of the chlorine as Cl2, leaving a residue which was purified 
by passage through alumina using toluene as eluent. The eluted 
product, characterized as C60, was isolated in 50% yield. Re
versible addition of phenylthiyl radicals to C60 has been reported.60 

Triphenylphosphine has been used to dehalogenate poly-
chlorinated aromatics.9 When toluene solutions of reddish-brown 
C60Cl120 and PPh3 were combined, the color rapidly changed to 
reddish. After purification, C60 was obtained in 80% yield. 

Cyclic voltammetry of C60Cl116 in dichloromethane (Figure 
2) on either glassy carbon or Pt working electrodes showed a broad 
irreversible wave near -0.2 V (vs Ag/AgCl) and three reversible 
waves characteristic of authentic C60.

3b'10 Controlled potential 
reduction on the cathodic side of the broad wave (at -0.45 V vs 
Ag wire) consumed electricity (10.6 F/mol) equivalent to that 
required for conversion of 91% of the Cl in C60Cl116 to Cl". C60 

was produced in the electrochemical cell and was isolated in 54% 
yield. 

Information obtained on reactivity of C60 with metal com
plexes11 and other studies12 suggest that unsaturation in C60 can 

(7) The fractional quantity of Cl emphasizes that this is not a formula but 
a representation of the average composition derived from elemental analysis. 
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