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Oxidative ring contraction of 2-phenyl-1,3-dithiane in ZSM-5: restricted
mobility of 1,2-dithiolane radical cations in zeolite channels
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Incorporation of 2-phenyl-1,3-dithiane 1 into ZSM-5 gen-
erated 1,2-dithiolane radical cation 2·+, the EPR spectrum of
which shows an orthorhombic powder pattern (g1 = 2.0293,
g2 = 2.0193, g3 = 2.0030); each g component showed a
1:4:6:4:1 pattern (a1 = 10.5, a2 = 9.3 and a3 = 9.2 G) due to
coupling to four equivalent 1H nuclei, suggesting that the
pseudo-axial and 2equatorial a-protons undergo conforma-
tional equilibration whereas the sulfur centers are held
stationary on the EPR time scale.

In the past three decades the structures and properties of zeolites
have been extensively studied as prototypes of acidic industrial
catalysts.1–3 In addition, a wide range of organic radical cations
have been generated, either spontaneously or upon inclusion of
appropriate precursors into zeolites.4–8 Radical cations gen-
erated by this method typically have extended lifetimes and can
be studied by conventional spectroscopic techniques. We are
interested in zeolite-induced radical cation reactions; our
contributions to intra-zeolite chemistry include oxidative depro-
tonation,9 dehydrogenation10 and cyclization.11

In a recent study of diphenyl disulfide 3 we observed the EPR
spectrum of the ‘extended’ radical cation 3·+,11 even though this
species undergoes rapid conversion to thianthrenium ion 4·+ in
solution. In an attempt to observe the EPR spectrum of a
similarly elusive species, 2-phenyl-1,3-dithiane radical cation
1·+, we incorporated 1 into ZSM-5 (Scheme 1). The resulting
EPR spectrum supports the conversion of 1·+ to 2·+ and offers
unique insights into the mobility of this radical cation in the
zeolite channels.

Incorporation of 2-phenyl-1,3-dithiane 1 into Na-ZSM-5 at
room temperature produced an EPR spectrum that can be
interpreted as an orthorhombic powder pattern with g1 =
2.0293, g2 = 2.0193 and g3 = 2.0030; each g component
showed hyperfine coupling (hfc) due to four equivalent protons
(1:4:6:4:1 pattern, a1 = 10.5, a2 = 9.3 and a3 = 9.2 G; Fig. 1).
The average g value, gavg = 2.0172, is in reasonable agreement
with the isotropic g value, giso = 2.0183, reported for the radical
cation of 1,2-dithiolane, 2·+, in solution.12,13 Likewise, the
average hfc observed in the zeolite, aavg = 9.7 G, agrees well
with the isotropic coupling constant of 9.75 G reported for 2·+ in
solution.12,13 The identity of the species was confirmed by an
essentially identical EPR spectrum obtained upon incorporation
of an independently synthesized14 sample of 2 into ZSM-5.

The generation of 2·+ by oxidative ring contraction of 1 has
precedent in solution; either chemical or electrochemical
oxidation of 1 led to the debenzylated, ring-contracted species,
2·+.15–17 In fact, anodic oxidation of dithioacetals has been used
to remove the dithiane protecting group of carbonyl com-
pounds. The mechanism for the ring-contraction of dithiane

radical cations appears to be understood in general terms.15–17

This conversion has two principal elements, the formation of an
S–S bond and the detachment of the benzyl group. This
conversion is formulated typically via a disulfide dication.

1,2-Disulfide dications have been observed by fast time-
resolved spectroscopy in solution18 and have been invoked
recently in zeolite media.11 The formation of the S–S bond in
the 1,3-dithiane radical cation may favor the second oxidation
step. The benzyl function may be removed by two consecutive
nucleophilic displacements at the dication.15–17 In view of the
limited diameter of the ZSM-5 channels and the dimensions of
1 and its radical cation and dication, these species should not be
accessible to external nucleophiles. Instead, Lewis base sites
within the zeolite framework are the likely reagents.

The dynamic behaviour of 2·+ in the internal voids of the
zeolite is also unusual. The g factor anisotropy of 2·+ at room
temperature indicates that this species is not tumbling or
rotating rapidly on the EPR time-scale. On the other hand, the
conformational re-orientations (‘flickering’) of the methylene
group (C4) is still fast, based on the equivalence of the pseudo-
axial and 2equatorial a-protons at C3 and C5. This implies that
one or both sulfur centers bearing spin and charge are held
rigidly in a potential well or are ‘attached’ covalently to the
zeolite network, whereas the mobility of the trimethylene
segment is unaffected by the ‘anchoring’ of the sulfur centers
(Scheme 2). This observation establishes an interesting differ-

Scheme 1

Fig. 1 Room temperature EPR spectrum obtained upon sequestering 1 into
ZSM-5. The spectrum is interpreted as an orthorhombic powder pattern with
g factors g1 = 2.0293, g2 = 2.0193 and g3 = 2.0030, split into 1:4:6:4:1
patterns (a1 = 10.5, a2 = 9.3 and a3 = 9.2 G) due to coupling with four
equivalent 1H nuclei. The spectrum is assigned to radical cation 2·+.
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ence between the dynamicas of 2·+ in the zeolite and in solution.
In solution, the flickering can be arrested without causing g
factor anisotropy;12,13 in contrast, the zeolite spectrum shows
significant g factor anisotropy even when flickering rapidly.

The dynamics of 2 and its radical cation are well-documented
in fluid solutions as a function of temperature. The five-
membered ring of 2 is slightly twisted around the S–S bond; the
sulfur lone pairs are aligned at a dihedral angle of ca. 30°.19

Oxidation of 2 results in a subtle structure change; the sulfur
lone pairs (and the S–CH2 bonds) in 2·+ become eclipsed,
facilitating the delocalization of spin and charge between the
sulfur centers. The planar arrangement of the CH2–S–S–CH2
segment forces the bridging methylene group out of plane; a
planar structure is a low-lying transition state between two
equivalent ‘envelope’ conformers. At room temperature, the
conformers equilibrate rapidly causing the four a-protons to be
equivalent (a = 9.75 G, 4H). The inversion slows down with
decreasing temperature; the pseudo-axial and 2equatorial 1Hs
become non-equivalent at 180 K (a = 16.25 G, 2H; a = 3.9 G,
2H).

The low temperature dynamic behavior of 2·+ in the zeolite is
similar. At 77 K, the flickering of the methylene group is
sufficiently slowed to render the a-protons non-equivalent;
each g component shows a triplet of triplets (Fig. 2). As in the
room temperature spectrum, the splitting is well resolved in the
downfield component. However, the g tensor of 2·+ remains
orthorhombic, similar to that at room temperature.

The severely restricted mobility of 2·+ in the zeolite channels
was unexpected. Because of its relatively small size (Fig. 3), we
had expected 2·+ to tumble freely in the zeolite channels. Several
radical cations of comparable size showed essentially isotropic
spectra; for example, the sharp lines observed for 2,3-dime-
thylbut-2-ene radical cation in silicalite (a = 11.8 G; 11 of 13
lines are detected) are compatible with essentially free rotation
of this radical cation.20,21 In pentasil zeolites, the corresponding
spectra have considerably greater linewidths, apparently due to
interaction with the zeolite host and the resulting reduced
mobility. Of course, the rotation of bulkier molecules is
expected to be hindered; this is confirmed, for example, by the
broad(ened) lines observed for anethol radical cation10 or by the
anisotropic (powder type) spectra of iminoxyls in ZSM-5.9

Concerning the question of whether the radical cation, 2·+, is
‘held’ in a potential well or covalently linked to the zeolite
network, we can exclude the second possibility. The covalent

link would most likely involve bonding of one sulfur atom to the
zeolite. The resulting aggregate would be unsymmetrical; its
spin density would be localized at the unattached sulfur center,
creating a species in which only one CH2 group is coupled. This
is clearly incompatible with the EPR spectrum.

In summary, the formation of 1,2-dithiolane radical cation,
2·+, upon inclusion of 2-phenyl-1,3-dithiane, 1, into Na-ZSM-5
shows several interesting features. The removal of the benzyl
function requires nucleophilic displacement; since the inter-
mediate is not accessible to an external nucleophile, Lewis base
sites within the zeolite framework are the likely reagent. The
orthorhombic g tensor of 2·+ in the zeolite indicates that the
radical cation is held in a coulombic well within the network of
oxygen centers; however, intramolecular processes, such as the
ring inversion of the b-methylene group, are unaffected.
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Scheme 2

Fig. 2 Low-temperature (77 K) EPR spectrum of 2·+, an orthorhombic
powder pattern with g1 = 2.0298, g2 = 2.0190 and g3 = 2.0023. Each g
component is split into triplet of triplets (interaction with two non-
equivalent groups of two 1H nuclei), a1 = 16.2 and 4.9, a2 = 13.3 and 4.6
and a3 = 14.7 G, unresolved.

Fig. 3 Molecular modeling visualizing the docking of 1,2-dithiolane radical
cation, 2·+, optimized at the UHF/6-31G* level of theory, inside the straight
channels of ZSM-5.
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