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a b s t r a c t

Treatment of 1,4-dihydroxythioxanthen-9-one with iodic acid gives, depending on the reaction condi-
tions, predominantly either thioxanthen-1,4,9-trione or, unexpectedly, 2-(5-oxofuran-2(5H)-yliden)-1-
benzothienyl-3(2H)-one. The latter is obtained in 60% yield.

� 2010 Elsevier Ltd. All rights reserved.
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Scheme 1. Oxydation of 1,4-dihydroxythioxanthen-9-one (1) by HIO3.
Iodic acid (HIO3) is used as a reagent in various organic reac-
tions1 including mild oxidation and aromatic iodination, in the lat-
ter case acting as an iodine-centered electrophile—an equivalent of
the synthon IO2

þ.2 Earlier 1,4-dihydroxythioxanthen-9-one (1) was
shown to be oxidized quantitatively by potassium bromate3 or cer-
ium ammonium nitrate4 into thioxanthen-1,4,9-trione (2).
Attempting to perform this reaction using HIO3 as the oxidant,
we found that, in addition to 2, the red-colored substance 3 was
formed which was easily separated by TLC on silica gel (Scheme
1). The IR spectrum of 3 demonstrated vibration bands due to con-
jugated C@C (1611 cm�1) and C@O (1678 and 1778 cm�1) bonds,
the latter indicating the presence of an ester group. The 1H NMR
spectrum of 3 contained six signals, the most characteristic being
two doublets at 6.44 and 8.57 ppm, mutually coupling with
J(HH) = 5.4 Hz. The 13C NMR spectrum indicated that compound
3 possessed one carbon atom less than the starting material and
two of the 12 carbons present, judging from their chemical shifts
(167.3 and 188.0 ppm), were carbonyl carbons. Accordingly, the
mass spectrum of 3 displayed a molecular ion with m/z = 230,
being 14 amu less compared to the starting compound. Since the
structure of 3 could not be proved on the basis of the above analyt-
ical and spectral data, an X-ray study5 was carried out. This
revealed that 3 was the previously unknown 2-(5-oxofuran-
2(5H)-yliden)-1-benzothienyl-3(2H)-one (3) (Fig. 1) which was
ll rights reserved.
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present as the Z-isomer. This isomer was calculated (DFT/PBE/3z)
to be 6.1 kcal/mol more stable compared to the E-isomer.6,7
Figure 1. ORTEP view of compound 3 (Z-isomer).
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Table 1
Optimization of the transformation of 1 into 3a

Entry HIO3 (equiv) Temp. (�C) Time 1:2:3b

1 1.2 20 50 min 1:15:30
2c 1.2 20 50 min 1:50:97
3 1.2 0 4 h 1:11:33
4 3.4 0 40 min 1:4.5:11
5d 3.5 0 50 min 1:50:3

a In all experiments 0.12 mmol of 1 and 6 mL of the acetone–water (5:1) were
used.

b Ratio determined by 1H NMR spectroscopy in DMSO-d6.
c Under argon.
d Using 2 as the starting material.
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The molecule 3 is planar within ±0.046 Å. The furanone ring
bond lengths are similar to those of 3-(5-oxofuran-2(5H)-yli-
dene)-1-benzofuran-2(3H)-one8 and the thiophene geometry is
identical to that of 4,40,5,50,7,70-hexachlorothioindigo.9 Crystals of
3 are packed into stacks due to p���p interactions between the ben-
zene-furan and thiophene-thiophene moieties; the interplanar dis-
tance is 3.36 Å and the intercentroid distances are 3.558 and
3.659 Å. Weak C–H���O hydrogen bonds, C4–H���O3 (intramolecular,
C–H 0.97(2), H���O 2.47 Å, C–H���O 114(2)�) and C70–H���O3 (inter-
stack, C–H 0.93(2), H���O 2.38(2) Å, C–H���O 142(2)�) were observed.
The short interstack S10���S10 contact of 3.4857(5) Å is noteworthy.

Seeking optimized conditions to transform 1 into 3, it was found
that furanone 3 was not formed when using wet HIO3 at room tem-
perature without solvent or in water, with only oxidation of 1 to 2
occurring. The reaction in aqueous organic solvents (DMSO, DMF,
acetone, ethanol, acetonitrile, THF, acetic acid) led to mixtures of
quinone 2 and furanone 3, the latter being formed predominately
in a 5:1 acetone–water mixture (see Table 1). Thus, using this sys-
tem at room temperature for 40–50 min and employing a nearly
equimolar reagent ratio, compound 3 was formed in twice the
amount compared to 2 (entry 1). Carrying out the reaction under
argon somewhat accelerated the transformation but did not
change the ratio of 2 to 3 (entry 2). This ratio changed in favor of
3 on lowering the temperature to 0 �C (entry 3) but a three-fold in-
crease in HIO3 quantity did not affect the result appreciably (entry
4). It should be noted that reaction of 2 with HIO3 gave only traces
1
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Scheme 2. Suggested mechanism of the transformation
of 3, probably, owing to partial reduction of 2 into 1 and subse-
quent transformation of the latter into 3 (entry 5), thus testifying
that 2 was not an intermediate en route from 1 to 3. The optimized
reaction conditions afforded 3 in 60% yield.10

Thus, the conversions of 1 into 2 and 3 are, apparently, parallel
competing reactions both involving either HIO3 (activated addi-
tionally by protonation) per se, or different species of similar type,
produced by HIO3 and more active than it, operating as iodine-cen-
tered electrophiles. It can be assumed that the first of these reac-
tions proceeds via a mechanism similar to that suggested for the
oxidation of 1-naphthol by benzeneseleninic anhydride,11 or pyro-
catechol by a succinimidodimethylsulfonium cation,12 and also
phenols,13 and saturated alcohols and ketones by ortho-iodoxyben-
zoic acid,14 involving substitution of the hydroxy hydrogen with a
fragment which behaves as an electron-withdrawing leaving group
in the following stage (route A, Scheme 2).

Transformation of thioxanthenone 1 into furanone 3 involves an
unexpected and complex rearrangement of the molecular skeleton.
Comparing the structures of 1 and 3, it can be seen that the reorga-
nization consists of three principal changes of the structure: (a)
contraction of the heterocyclic fragment; (b) removal of one carbon
atom; and (c) formation of the furan ring, the changes (b) and (c)
both involving the hydroquinone fragment. It seems reasonable
that change (a) is the result of a cation rearrangement with con-
traction of the heterocycle via a 1,2-shift of either a phenylthiol
or benzoyl migrant group. For this to happen, protonation or addi-
tion of an electrophile ipso to one of the potential migrants should
occur. To check whether HIO3 operates as a protic acid in the first
stage, trifluoroacetic acid was used instead, being somewhat stron-
ger than HIO3 (pKa 0.23 and 0.77, respectively15). Compound 1 re-
mained intact thus indicating that HIO3 (or any other active
equivalent of IO2

þ generated by this acid) acts as an iodine-cen-
tered electrophile. More probable, as indicated in Scheme 2 (route
B), is the addition of HIO3 ipso to the sulfur atom followed by a 1,2-
shift of the phenylthiol fragment to give episulfonium cation 5 via
the intermediacy of arenium cation 4. The alternative migration of
the benzoyl group cannot be excluded but seems less likely due to
the following reasons. Addition of an electrophile ipso to the
phenylthiol group would appear not to be significantly more diffi-
cult, albeit easier than ipso to the benzoyl group. In this respect,
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isomerization of arenesulfonic acids generally requires less acidic
conditions than for aromatic ketones,16 being even more likely
for an arylthiol group. The phenylthiol group is a more efficient
1,2-migrant compared to the methyl group.17,18 At the same time,
and judging from a literature set of data,19 the migratory ability of
acyl groups can be estimated as being comparable to those of pri-
mary alkyl groups but less than PhSOn (n = 1, 2)20 and phenylthiol
groups.

The possibility of the subsequent stages depicted in Scheme 2
relies on literature analogies. The product of the 1,2-shift, cation
5, is transformed into compound 6 by either of the routes shown
in Scheme 2. Oxidation of the 1,2-diketone gives b,b0-diketocarb-
oxylic acid 7, which decarboxylates readily to produce diketo acid
8. As a result of ring-chain tautomerism, lactone-aldol 9 forms and
undergoes dehydration into diketone 10, which being a dihydro
precursor of the final product, gives 3 upon further reaction with
HIO3. The latter is known as an efficient reagent for the dehydroge-
nation of ketones.21 Overall, in conformity with Scheme 2, the con-
version of 1 into 3 consumes not less than 2 mol of HIO3, while in
the actual experiment 1.2 mol is used. However, one should bear in
mind that a significant amount of HIO3 is recycled via redox dismu-
tation of HIO2 formed during the course of reaction.22

As to the reasons why the competing formation of 2 and 3
changes in favor of the latter in going from water to aqueous or-
ganic media, two assumptions can be put forward. First, interaction
of HIO3 with an organic solvent (S) can produce the adduct
(HO)2OI–S+21 which is probably a softer electrophile compared
with HIO3 and, accordingly, may prefer to attack the carbon atom
(route B) as a softer nucleophilic center compared with the hydro-
xy oxygen atom (route A). Secondly, the decreased polarity of the
reaction medium favors route B, because, in intermediate 4 the po-
sitive charge is more or less dispersed, while in cation 11 it is vir-
tually concentrated on the oxygen atom.

In conclusion, treatment of 1,4-dihydroxythioxanthen-9-one
with HIO3 leads to rearrangement of the thioxanthen-9-one skele-
ton to give the benzothiophenylidenfuranone and 2-(5-oxofuran-
2(5H)-yliden)-1-benzothienyl-3(2H)-one (3) for the first time.
Compound 3 represents a basic molecular scaffold which can un-
dergo further structural modifications and investigation of the
properties of its functional derivatives.
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