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In contrast to fully unsaturated 7-membered ring sulfur
heterocycles (thiepines), some of which extrude sulfur and
give the ring-contracted hydrocarbon even at room temper-
ature in solution, benzannulated thiopyrans (6-membered
sulfur heterocycles) require flash vacuum pyrolysis (FVP)
conditions in the gas phase at temperatures in the range of
1000-1200 °C to promote the corresponding reaction. Thus,
FVP of benzo[kl]thioxanthene (1) gives fluoranthene, and
naphtho[2,1,8,7-klmn]thioxanthene (6) gives benzo[ghi]-
fluoranthene (7). FVP of thioxanthone (9) gives fluorenone
(10), together with lesser amounts of dibenzo[b,d]thiophene
(11), from competing decarbonylation.

Flash vacuum pyrolysis (FVP) of aryl halides is known to
generate aryl radicals (•Ar) by homolytic cleavage of carbon-
halogen bonds at temperatures above 900 °C for Ar-Br and
above 1000 °C for Ar-Cl.1 Depending on the structure of the
arene, aryl radicals formed in this manner have been shown to
rearrange by 1,2-,2 1,3(peri)-,3 1,4-,4 and 1,5-shifts of hydrogens5

and/or to cyclize by intramolecular addition to the π-system of
another aromatic ring in the molecule.1 Our laboratory has
employed such chemistry extensively for the synthesis of highly

strained, geodesic polyarenes,1 including the first chemical
synthesis of C60 in isolable quantities.6

In an effort to expand the scope of this methodology, we
have begun looking for alternatives to aryl halides as sources
of aryl radicals in the gas phase under FVP conditions. Aromatic
sulfides first attracted our attention in this connection, because
the bond dissociation energy of the C-S bond in Ph-S-Ph
(78.3 kcal/mol)7 is reported to lie close to that of the C-Br
bond in Ph-Br (82.7 kcal/mol)8 and well below that of the
C-Cl bond in Ph-Cl (97.8 kcal/mol).8 The prevalence of
Ar-S-Ar′ structural subunits in the complex architectures of
many coals9 underscores the importance of learning about the
fundamental behavior of Ar-S bonds at high temperatures.

At the outset of this investigation, we were aware that
substituted thiepines suffer thermal ring contraction and des-
ulfurization under relatively mild conditions (e.g., Scheme 1);10

however, very little seems to be known about the thermal
chemistry of fully unsaturated 6- and 5-membered ring sulfur
heterocycles (thiopyrans and thiophenes, respectively).11 We
report here our findings on the high temperature chemistry of
representatives from both families.

Our examination of benzannulated thiopyrans began with the
FVP12 of benzo[kl]thioxanthene (1).13 At 1000 °C (0.25 mmHg),
the mass recovery is essentially quantitative, and sulfur extrusion
occurs to an extent of about 50%, giving the ring-contracted
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product, fluoranthene, and recovered starting material in an
approximate ratio of 1:1 (Scheme 2).14 Clearly, the energetic
requirements for this process greatly exceed those for the
corresponding loss of sulfur in the thiepine case (Scheme 1).
For reasons discussed below, the FVP of 1 was not examined
at higher temperatures.

Two additional compounds were detected as very minor
products in this pyrolysis. Several peaks in the 1H NMR
spectrum of the crude pyrolysate could be identified as arising
from small amounts of acephenanthrylene (2),15 an isomer of
fluoranthene, and even smaller peaks revealed trace amounts
of benzo[b]naphtho[1,2-d]thiophene (3),16)an isomer of 1.

We have previously demonstrated that fluoranthene inter-
converts with acephenanthrylene (2) at 1100 °C in the gas phase
by a 5/6-ring swap rearrangement, 15 the mechanism for which
we believe involves a hydrogen shift and benzene ring contrac-
tion (Scheme 3.17

In view of this known isomerization pathway, it would be
reasonable to assume that 2 is formed in the FVP of 1 as a
secondary rearrangement product from the primary product,
fluoranthene. We cannot rule out the possibility, however, that
a competing pathway from 1 might also lead to “benzyne” 4,
which would be expected to ring contract to carbene 5 and then
cyclize to 2 by insertion into an ortho C-H bond on the phenyl
substituent (Scheme 4).18

The formation of benzo[b]naphtho[1,2-d]thiophene (3), albeit
only in trace amounts, suggests that the initial step in the
fragmentation of 1 may involve stepwise homolytic cleavage
of just one C-S bond. Those molecules in which sulfur
dissociates first from the naphthalene ring will generate a freely
rotating intermediate that can cyclize to 3 before it loses sulfur.
Rupture of the second C-S bond to lose sulfur from the •S-Ar
radical thus appears to be more difficult than dissociation of

the first C-S bond in the Ar-S-Ar substrate, and that may
account for the unexpected robustness of this heterocycle,
relative to typical Ar-Br.

A second benzannulated thiopyran, naphtho[2,1,8,7-klmn]thio-
xanthene (6),19 was also subjected to FVP. Again, sulfur
extrusion was found to promote aryl-aryl bond formation,
giving the corresponding ring-contracted hydrocarbon, ben-
zo[ghi]fluoranthene (7). As in the pyrolysis of thiopyran 1,
however, the primary product begins to suffer skeletal isomer-
ization even before the temperature is high enough to effect
50% conversion of the starting material. The 5/6-ring swap
rearrangement in this case produces cyclopenta[cd]pyrene (8),20

which becomes the major product at temperatures in the
1150-1200 °C range (Scheme 5 and Figure 1). The isomer-
ization of 7 to 8 under FVP conditions at 1100 °C is already
well documented.20

Heterocycle 6 must be heated to a significantly higher
temperature than heterocycle 1 to induce loss of the sulfur atom.
The greater rigidity of the intermediate formed by the first C-S
bond scission in 6, relative to that in 1, may contribute to this
difference in reactivity and is in accord with our tentative
conclusion (Vide supra) that rupture of the second C-S bond
is rate limiting.
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FIGURE 1. Product composition from flash vacuum pyrolysis of
naphtho[2,1,8,7-klmn]thioxanthene (6).
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The process of sulfur extrusion from a thiopyran under FVP
conditions to form a ring-contracted hydrocarbon resembles the
high temperature decarbonylation of aromatic ketones.21 To gain
an appreciation for the relative difficulties of these two high
energy transformations, we subjected thioxanthone (9) to FVP
at 1100 °C (0.25 mmHg). Analysis of the product mixture by
1H NMR spectroscopy revealed fluorenone (10, from loss of
sulfur), dibenzo[b,d]thiophene (11, from loss of CO), and
recovered starting material in a ratio of 3:1:2 (Scheme 6). Thus,
sulfur extrusion is about 3 times more facile than decarbony-
lation in this case. The recovery of thioxanthone (9) in significant
amounts reinforces the emerging picture that sulfur extrusion
and decarbonylation are both more demanding energetically than
the thermal homolysis of aryl bromides and aryl chlorides.

Thermal extrusion of sulfur from a thiophene should be
even more costly energetically than sulfur extrusion from a
thiopyran, because thiophenes enjoy an aromatic stabilization
that the 6-membered ring heterocycles do not.22 In keeping
with this prediction, we found that benzo[b]naphtho[1,2-
d]thiophene (3)16 survives FVP at 1100 °C (0.25 mmHg)
unchanged. As a point of comparison, the corresponding
ketone, 7H-benzo[c]fluoren-7-one (12) has previously been
observed to decarbonylate under these conditions, yielding
fluoranthene (Scheme 7).21g

Oxidation of 3 with MCPBA and FVP of the corresponding
thiophene dioxide (13) also failed to produce fluoranthene.
Instead of losing SO2, the thiophene dioxide retains one oxygen

atom to produce benzo[b]naphtho[1,2-d]furan (14)23 in 64%
isolated yield. The remainder of the recovered material was
unchanged 13. Scheme 8 outlines a plausible mechanism for
this transformation. An analogous mechanism has previously
been proposed to explain the formation of dibenzofuran from
FVP of the parent dibenzothiophene dioxide.24

In conclusion, flash vacuum pyrolysis of benzannulated
thiopyrans has been found to cause the anticipated extrusion of
the sulfur atom and aryl-aryl bond formation to yield the ring
contracted hydrocarbon product. Unfortunately, the temperatures
required to achieve this chemistry are high enough to promote
5/6-ring swap rearrangements of the primary products, thereby
rendering the transformation ill-suited for applications in organic
synthesis. The thermal extrusion of sulfur from benzannulated
thiopyrans is found to be only slightly less demanding energeti-
cally than thermal decarbonylation of aromatic ketones, and a
new demonstration of the thermal stability of annulated thiophenes
is reported.

Experimental Section

Materials. Benzo[kl]thioxanthene (1) was synthesized in three
steps from 1,8-diaminonaphthalene according to the procedure of
De Luca et al.13 Naphtho[2,1,8,7-klmn]thioxanthene (6) was
synthesized in four steps from thioxanthone (9) according to the
procedure of Donovan and Scott.19 Thioxanthone (9) was obtained
from Aldrich Chemical Co. Benzo[b]naphtho[1,2-d]thiophene (3)
was synthesized in three steps from benzo[b]thiophene according
to the procedure of Tominaga et al.16 Benzo[b]naphtho[1,2-
d]thiophene dioxide (13)25 was synthesized in quantitative yield
from 3 by oxidation with meta-chloroperoxybenzoic acid according
to the procedure of Nelsen et al.26 All of the pyrolysis products
obtained in this work are known compounds; their NMR spectra
are readily available in standard databases and/or the chemical
literature.

Flash Vacuum Pyrolysis Details. All pyrolyses were run the
same way in the same apparatus,12 as described here for FVP
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TABLE 1. FVP of Naphtho[2,1,8,7-klmn]thioxanthene (6)

temp. (°C) starting material mass balance 6 7 8

1050 50 mg 36 mg 85.2 13.4 1.4
1085 50 mg 36.8 mg 81.0 19.0 0.0
1125 50 mg 30.6 mg 35.9 45.9 18.2
1200 40 mg 20.3 mg 3.2 37.8 59.0

J. Org. Chem. Vol. 73, No. 13, 2008 5121



thiopyran 6 was sublimed at a pressure of 0.2-0.6 mmHg into
a slow stream of nitrogen gas that carried the sample through a
hot quartz tube and into a trap cooled with liquid nitrogen. The
crude product was removed from the trap, weighed, and analyzed
directly by 1H NMR spectroscopy. The results of several runs
over a range of temperatures are summarized in Table 1.
Elemental sulfur was detected in the crude pyrolysate, but the
amount was not quantified.

Acknowledgment. Financial support of this work from the
Department of Energy and the National Science Foundation is

gratefully acknowledged. We thank Prof. K. Komatsu (Kyoto
University) for his support and encouragement of this work and
Restek Corp. for capillary GC columns and supplies. A.W.
thanks the JSPS for a fellowship to study abroad.

JO800379X

(25) Klemm, L. H.; Pou, S.; Detlefsen, W. D.; Higgins, C.; Lawrence, R. F.
J. Heterocycl. Chem. 1984, 21, 1293–1296.

(26) Nelsen, S. F.; Luo, Y.; Weaver, M. N.; Lockard, J. V.; Zink, J. I. J.
Org. Chem. 2006, 71, 4286–4295.

5122 J. Org. Chem. Vol. 73, No. 13, 2008


