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Extended radical cation of diphenyl disulfide and oxidative
cyclization on a pentasil zeolite: an EPR study
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Incorporation of diphenyl disulfide (1) into a pentasil zeo-
lite (Na-ZSM5) results in the formation of the extended
radical cation, 1~1, as well as thianthrenium radical cation
(2~1) formed by oxidative cyclization. The stabilization of
1~1 on the internal surfaces of the zeolite is unprecedented
because in solution it is converted spontaneously into 2~1.
A mechanism for the conversion of 1~1 to 2~1 consistent
with processes observed on the internal surfaces of the
zeolite is proposed.

During the past 30 years the structures and catalytic properties
of zeolites have been investigated extensively and many chem-
ical reactions on the surface and in the micropores have been
studied.1–6 The generation of π-type radical cations and their
stabilization in the channels of pentasil zeolite at ambient tem-
peratures is an attractive application of zeolites.7,8 The resulting
radical cations have long lifetimes and, hence, can be investi-
gated by conventional spectroscopic techniques. The technique
may also generate σ-type neutral radicals; for example, oximes
were converted to iminoxyls via one-electron oxidation followed
by deprotonation.9,10 Further, selected substrates undergo
oxidative dehydrogenation, as exemplified by the generation
of anethole radical cation from p-propylanisole.11 In this com-
munication, we report the utility of zeolites in stabilizing
‘extended’ radical cations that, in solution, undergo spon-
taneous intramolecular cyclization reactions. Diaryl disulfide
radical cations have not been observed in solution because they
rapidly cyclize with dehydrogenation, forming thianthrenium
ions. For example, Giordan and Bock observed substituted thi-
anthrenium ions upon oxidation of para-substituted diphenyl
disulfides.12

Incorporation of 1 into the channels of pentasil zeolite
(Na-ZSM5) 13 gave rise to an EPR powder pattern characteristic
for organic free radicals containing heteroatoms. The observed
spectrum is quite complex (Fig. 1, top); its interpretation was
aided significantly by comparison with the EPR spectrum of a
zeolite sample into which an authentic sample of thianthrene
(2) had been sequestered (Fig. 1, bottom). The comparison
suggests that introduction of 1 into the zeolite produces two
distinct radical species. The EPR powder pattern at high field
(Fig. 1, top) closely matches that observed for 2~1 in the zeolite
(Fig. 1, bottom). The spectrum shows an orthorhombic powder
pattern with g11 = 2.0136, g22 = 2.0081 and g33 = 2.0024; the
average of the three principal g values, gavg = 2.0080, is in good
agreement with the isotropic g value (giso = 2.0084) measured
for 2~1 in solution,12 particularly when considering possible
minor g-factor changes due to host–guest interactions in the
zeolite. This feature is ascribed to 2~1.
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A second orthorhombic powder pattern (g11 = 2.0263,
g22 = 2.0090, g33 = 2.0022; gavg = 2.0125), characteristic for a free
radical (ion) with spin on sulfur, is assigned to the extended
radical cation, 1~1, of the precursor, a species not previously
reported. The observed gavg is in good agreement with the iso-
tropic g factor, giso = 2.0112, of 2,29-biphenyl disulfide radical
cation.14 The apparent resolution in the high field region of the

Fig. 1 X-Band powder EPR spectra obtained upon sequestering
diphenyl disulfide (1; top) or thianthrene (2; bottom) into Na-ZSM5.
The features assigned to the radical cations 1~1 and 2~1 are indicated
above the top and below the bottom spectrum, respectively.
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EPR spectrum (Fig. 1, top) could arise from either of two
sources: different linewidths for the two overlapping powder
patterns, or hyperfine splitting of the phenyl hydrogens of 1~1.
Couplings from phenyl hydrogens have been reported for
radical cations of α,ω-diphenylpolyenes.7

A mechanism for the complex conversion of 1 to 2~1 has not
been suggested. We propose a mechanism that appears to be
consistent with the constrained geometry within the zeolite and
with processes (oxidation, deprotonation) previously estab-
lished in this medium. We have excluded bimolecular processes
from consideration, as molecules and intermediates most likely
assume extended conformations and have limited mobility. We
propose a mechanism involving two successive, intramolecular,
electrophilic aromatic substitutions of diphenyl disulfide
dication (121) as shown in Scheme 1. This mechanism is consist-

ent with oxidation and deprotonation processes observed for 1
in solution and established for other substrates in the zeolite.
Some of the key intermediates deserve comment.

The disulfide radical cation, 1~1, is the logical first intermedi-
ate in any oxidation of 1, however elusive it may be in solution.
The fact that its EPR spectrum is observed along with the
cyclized species, requires that some zeolite sites sequester
this intermediate without the possibility of further reaction.
This suggests the existence of sites with a range of reactivities.
Pentasil zeolites have two kinds of pore systems, either straight
elliptical channels (5.2 × 5.7 Å) or sinusoidal ones, with nearly
circular diameter (ca. 5.5 Å). It is not clear what factors pro-
mote or prevent the cyclization of 1~1 to 2~1. The existence of
zeolite sites with varied reactivities is also supported by other
observations. For example, we have evidence for as many
as three distinct species in the oxidative aromatization of
2-methoxy-5,6,7,8-tetrahydronaphthalene.15

Concerning 121, two-electron oxidations in zeolites have pre-
cedent. Dialkyl disulfide dications have been observed previ-
ously by optical spectroscopy and conductivity measurements
following pulse radiolysis; these experiments were interpreted
as evidence that disulfide radical cations disproportionate, at an
essentially diffusion controlled rate, to disulfide and dication.12

The disproportionation of 1~1 is favored by the formation of a
sulfur–sulfur double bond in 121. An intermediate of this type
is consistent with the failure of bis(p-nitrophenyl) disulfide to
undergo oxidative cyclization;16,17 the strong electron withdraw-
ing nature of the p-nitro moiety can hardly be expected to sup-
port either the dication or electrophilic aromatic substitution.
In essence, the net conversion of 1 to 2~1 involves the loss of
three electrons and two protons, a net conversion equivalent
to the generation of anethole radical cation from p-propyl
anisole.11

It is interesting to note that the EPR spectrum of 2~1 gener-
ated by incorporating 1 into ZSM-5 (Fig. 1, top) is significantly

Scheme 1
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stronger than that generated by incorporating 2 (Fig. 1,
bottom). We attribute this discrepancy to the fact that the two
precursors have different shapes and, therefore, are incorpor-
ated into the zeolite with different degrees of ease. An X-ray
diffraction analysis showed 2 to be a rigid non-planar molecule
with a flap angle of ca. 1288.18 On the other hand, 1 is flexible,
can adopt an extended conformation and, hence, is readily
sequestered into the zeolite. The thianthrene radical cation, 2~1,

is nearly planar with a flap angle of 1748.19 Once formed, this
species is readily accommodated in the zeolite. We note, how-
ever, that more intense EPR spectra of 2~1 have been obtained
by incorporating 2 into H-ZSM-5 at elevated temperatures or
into zeolites with larger pore sizes (H-mordenite).20,21

In conclusion, we have demonstrated that a radical cation
(1~1), that is known to undergo spontaneous intramolecular
cyclization with dehydrogenation in solution, can be stabilized
in pentasil zeolite. However, the oxidative cyclization of 1 to 2~1

is not completely suppressed on the internal surfaces of a
pentasil zeolite, suggesting the existence of sites with different
reactivities in ZSM-5. We propose an intramolecular mechan-
ism for the cyclization process, that is consistent with processes
previously observed in the zeolite. We are extending these
investigations to additional disulfides as well as diselenides.

Acknowledgements
Support of this work by the National Science Foundation
through grants NSF CHE-9414271 and CHE-9714850 and
two NSF equipment grants is gratefully acknowledged. We
are indebted to Drs D. Corbin (DuPont Company) and
V. Ramamurthy (DuPont Company/Tulane University) for a
generous sample of Na-ZSM-5.

References
1 Zeolite Chemistry and Catalysis, ed. J. A. Rabo, ACS Monogr., 1976,

171.
2 Intra-Zeolite Chemistry, ed. G. D. Stucky and F. D. Dwyer, ACS

Monogr., 1983, 218.
3 Zeolite Chemistry and Catalysis, Proceedings of International

Symposium, ed. P. A. Jacobs, N. I. Jaeger, L. Kubelkova and
B. Wichterlova, Elsevier, Amsterdam, 1991.

4 Zeolite Microporous Solids: Synthesis, Structure, and Reactivity,
ed. E. G. Derouane, F. Lemos, C. Naccache and F. R. Rebeiro,
Kluwer Academic Publishers, Dordrecht, 1991.

5 Y. Izumi, K. Urabe and M. Onaka, Zeolite, Clay, and Heteropoly
Acid in Organic Reactions, Verlag Chemie, Weinheim, 1992.

6 Radicals on Surfaces, ed. A. Lund and C. J. Rhodes, Kluwer
Academic Publishers, Dordrecht, 1995.

7 V. Ramamurthy, C. V. Casper and D. R. Corbin, J. Am. Chem. Soc.,
1991, 113, 594.

8 C. V. Casper, V. Ramamurthy and D. R. Corbin, J. Am. Chem. Soc.,
1991, 113, 600.

9 P. S. Lakkaraju, J. Zhang and H. D. Roth, J. Chem. Soc., Perkin
Trans. 2, 1993, 2319.

10 P. S. Lakkaraju, J. Zhang and H. D. Roth, J. Phys. Chem., 1994, 98,
2722.

11 P. S. Lakkaraju, D. Zhou and H. D. Roth, Chem. Commun., 1996,
2605.

12 J. Giordan and H. Bock, Chem. Ber., 1982, 115, 2548.
13 EPR samples were prepared by stirring 2–3 mg of the substrate with

70 mg of zeolite (Na-ZSM5, thermally activated by calcination
at 500 8C for 12 h, and stored under argon) in 10 ml of 2,2,4-
trimethylpentane for 2 h. The loaded zeolite is collected by filtration,
washed with hexane and dried under vacuum (0.001 Torr).



J. Chem. Soc., Perkin Trans. 2, 1998 1121

14 G. F. Pedulli, P. Vivarelli, P. Dembech, A. Ricci and G. Seconi,
Int. J. Sulfur Chem., 1973, 8, 255.

15 J. L. McPhail, P. S. Lakkaraju and H. D. Roth, unpublished work.
16 M. Bonifacic, K. Schafer, H. Mockel and K.-D. Asmus, J. Phys.

Chem., 1975, 79, 1496.
17 M. Bonifacic and K.-D. Asmus, J. Phys. Chem., 1976, 80, 2426.
18 S. B. Larson, S. H. Simonsen, G. E. Martin, K. Smith and S. Puig-

Torres, Acta Crystallogr., Sect. C, 1984, 40, 103.
19 H. Bock, A. Rauschenbach, C. Näther, M. Kleine and Z. Havlas,

Chem. Ber., 1994, 127, 2043.

20 A. Corma, V. Fornes, H. Garcia, V. Marti and M. A. Miranda,
Chem. Mater., 1995, 7, 2136.

21 J. V. Folgado, H. Garcia, V. Marti and M. Espla, Tetrahedron, 1997,
53, 4947.

Paper 8/00341F
Received 13th January 1998

Accepted 13th February 1998


