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Abstract

5-(Phenylthio)pyrano[3,2-c][1]benzopyrans (6) were successfully synthesized in high yield by the reaction of
5-phenylthio-4-penten-1-ol (5) and salicylaldehyde (1) in benzene in the presence ofp-toluenesulfonic acid and
trimethyl orthoformate.trans,trans-Isomer6a andcis,cis-isomer6d were produced as major products from (E)-
5 and (Z)-5, respectively. Treatment of6a with lithium 4,40-di-tert-butylbiphenyl or Raney Ni (W-4) lead to
trans-pyrano[3,2-c][1]benzopyran4b which is very difficult to make by direct cycloaddition using unsubstituted
4-penten-1-ol (2b). © 2000 Elsevier Science Ltd. All rights reserved.

Keywords:cycloaddition; intramolecular Diels–Alder reaction;o-quinonemethide; 5-(phenylthio)pyrano[3,2-c][1]benzopyran;
pyrano[3,2-c][1]benzopyran.

We have been investigating the generation and reaction ofo-quinonemethides under mild conditions
in order to widen their application in organic synthesis.1 Previously, we reported that salicylaldehyde
(1) reacted with alcohol2a in benzene in the presence ofp-TsOH and trimethyl orthoformate at room
temperature to givetrans-4a in high yield as a single stereoisomer (Scheme 1).2

Scheme 1.
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In general, the cycloaddition between various salicylaldehydes and 5-methyl-4-alken-1-ols proceeds
very efficiently; however, the reaction between1 and 4-penten-1-ol (2b) does not take place at all, even
in refluxing benzene for 5 days.3 The failure of the reaction with2b may be attributed to the low electron
density at the olefinic moiety, as can be predicted from the mechanistic character of inverse electron
demanded [4+2] cycloaddition.1 We then anticipated that unsubstituted pyranobenzopyran4b may be
obtained by employing phenylthio-substituted olefinic alcohol5 instead of2b followed by desulfurization
of the primary cyclization product. Furthermore, we were interested in the reactivity and stereochemical
nature of the cycloaddition of disubstituted olefins.

Simple radical addition of thiophenol to 4-pentyn-1-ol afforded 5-phenylthio-4-pentenol5 as a ca.
1:1 mixture of (E)- and (Z)-isomers.4 The individual stereoisomers were prepared by the stereoselective
hydrogenation of 5-(phenylthio)-4-pentyn-1-ol or its THP ether.5

The cycloaddition reactions were carried out by stirring a solution of alcohol5 (1.0 mmol), aldehyde
1 (1.2 mmol), trimethyl orthoformate (1.2 mmol), andp-TsOH (0.2 mmol) in benzene. The reaction
proceeded smoothly and the products6a–d were isolated by silica gel column chromatography and were
characterized by spectroscopic data. The product6a was easily isolated by silica gel column chroma-
tography; however, the others were difficult to separate from each other. The results are summarized in
Table 1.6

Table 1
Reaction of salicylaldehyde (1) with alcohol5

Reaction of salicylaldehyde with a 52:48 mixture of (E)- and (Z)-alcohols5 afforded a mixture of
tricyclic stereoisomers6a–d in 80% combined yield at room temperature, the isomeric ratio of6 not
being correlated with that of5 (entry 1). A long reaction period (entry 2), or high reaction temperature
(entry 3), did not greatly affect the diastereomer ratio of the products. Reaction of1 with a 86:14 mixture
of (E)- and (Z)-5 afforded tricyclic compounds6a as a major product at room temperature (entry 4) and
similar behavior was observed in refluxing benzene (entry 5). Interestingly, reaction of1 with pure (Z)-5
afforded a considerable amount of6aas well as6d at both temperatures (entries 6 and 7).

Since the intramolecular cycloaddition by this method usually proceeds through anexo transition
state, such unusual stereoselectivities should be significant enough to attract much attention from both
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synthetic and mechanistic viewpoints. To shed light on the unusual stereoselectivity of this cyclization,
we investigated the isomerization behavior of5 and6.

First, tricyclic compounds6a and6d were heated in benzene at reflux in the presence ofp-TsOH.
According to1H NMR measurements,6a isomerized slowly to give a ca. 1:1 mixture of6a and6b after
36 h, whereas6d completely changed to6c in 5 h. According to the molecular orbital calculations (AM1,
kcal/mol),7 6c (�25.42) has less heat of formation energy than6d (�21.49), and that of6b (–25.67) is
very close to that of6a (�25.40). These data suggest that both6a and6d are the kinetic products of the
cycloaddition reaction. It is worth noting that the above isomerization took place only at the C-5 carrying
the phenylthio group, absolutely not at the B/C ring junction.

Next, we examined the isomerization of alcohol5 (Scheme 2). The (E)- or (Z)-5 was isomerized to
a mixture of (E)- and (Z)-isomers at room temperature, and 2-(phenylthio)tetrahydro-2H-pyran7 was
obtained from both the alcohols under refluxing conditions.

Scheme 2.

The reaction between1 and the (E)- and (Z)-mixtures of5 was monitored by1H NMR spectra in
benzene-d6 at room temperature. Compound6a was generated rapidly, whereas6d was generated in
less than 5% of6a at the early stage. It was observed that (E)-5 was consumed rapidly, whereas (Z)-5
remained until a later stage of the reaction.

Therefore, the stereochemical outcome of the cycloaddition reaction mentioned before could be
rationalized as follows. (E)-5 and (Z)-5 afforded6a and6d as major products, respectively; however,
6a was also obtained from the reaction of pure (Z)-5 with 1, as a result of the isomerization of (E)-5 to
(Z)-5 under the reaction conditions (Scheme 2).

The characteristic feature of the cycloaddition could be accounted for by assuming four transition
state modelsTS-1 (E-exo), TS-2 (E-endo), TS-3 (Z-exo), andTS-4 (Z-endo) in the concerted mechanism
(Fig. 1). In general,exo-type transition statesTS-1 andTS-3 may be more favored, and this is the case
for the reactions of alkyl substituted olefin. On the other hand, vinyl sulfide5 afforded6aand6d as major
products throughTS-1 andTS-4. Coefficient values calculated by the AM1 method are shown in Fig. 2.7

These results indicate that transition states are stabilized by an interaction between the sulfur atom and
the carbonyl carbon ofo-quinonemethide inexo-typeTS-1andendo-typeTS-4, whereasTS-2andTS-3
have no orbital interaction.8 Consequently, vinyl sulfide would preferTS-1 andTS-4 to provide6a and
6d.

Fig. 1.
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Fig. 2.

As mentioned earlier, direct cycloaddition of1 and2b does not take place at all. Therefore, if the
C-5 thiophenyl group of6 can be removed efficiently, this approach should become a useful method for
producing4b. Phenylthio-substituted compound6awas treated with Raney Ni (W-4)9 in ethanol at room
temperature to give tricyclic compound4b as a single stereoisomer in high yield (Scheme 3).10 The same
product was also obtained by treatment of6a with LiDBB11 prepared from 4,40-di-tert-butylbiphenyl
and lithium metal.

Scheme 3.

In summary, we have found that the reaction of (E)- and (Z)-alcohols5 with 1 furnished phenylthio-
substituted tricyclic compounds6a and6d, respectively, as major products in high yields, and that6d
can be efficiently isomerized to the more thermodynamically stable isomer6c. By desulfurization of6a,
unsubstituted product4b was easily obtained, which was difficult to make from the reaction of1 with 2b.
As phenylthio-substituted compounds can be reductively lithiated, as shown in Scheme 3 for example,
which makes them useful intermediates for a variety of transformations, the present method should be
applicable to the synthesis of substituted pyranobenzopyrans in natural products.
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