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Abstract : The anodic oxidation of p-methoxyphenols in the presence of vinyl sulfides gives high yields of 

dihydrobenzofurans arising via a formal 1,3-cycloaddition reaction of the vinyl sulfide and the 

anodically generated phenoxonium ion. 

The discovery of new, versatile, and efficient methods of forming carbon-carbon bonds is a prevalent theme 

in organic synthesis. It has recently been demonstrated that chemical and electrochemical oxidations of phenol 

derivatives provide relatively efficient means of effecting certain carbon-carbon bond-forming reactions.’ One class 

of reactions affords substituted dihydrobenzofurans such as 3 via formal 1.3-cycloaddition reactions of electron- 

rich styrene derivatives to phenoxonium ions. Even though high yields of dihydrobenzofurans were often obtained, 

the scope of the olefinic component was limited to electron-rich styrene derivatives.‘** Dihydrobenzofurans 

analogous to3 were not formed in the oxidative cyclization with other olefins (i.e., styrene, cyclohexene) even when 

the olefinic component was employed in large excess (5 10 equiv.). 

One goal of our current efforts has been to expand the versatility of the reaction by replacing the styrene 

component with other olefins, thus affording dihydrobenzofurans without aryl substitution at the 2-position. It has 

been reported that ethyl vinyl ether adds oxidatively to p-methoxyphenol to afford a dihydrobenzofuran3 Aside 

from low yields, a 20-fold excess of the vinyl ether was employed in the reaction. Furthermore, we have not been 

able to obtain even low yields of dihydrobenzofurans from electrochemical oxidation of p-methoxyphenol in the 

presence of S-IO equivalents of several other vinyl ethers. One potential problem in using vinyl ethers as substrates 

in these reactions is their acid sensitivity. The phenol radical cation is highly acidic4 and could be causing acid- 

catalyzed decomposition of the vinyl ether moiety. Vinyl sulfides are less sensitive to acids, yet could serve as 

electron-rich substrates to react with the chemically or electrochemically generated phenoxonium ions. We report 

herein the reaction of phenyl vinyl sulfides with phenoxonium ion intermediates. These reactions afford 2- 

thiophenyldihydrobenzofurans, often in excellent yields.5 
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Addition of iodobenzene his-trifluoroacetate (1 equiv.) to an acetonitrile solution of p-methoxyphenol (1 

equiv.) and phenyl vinyl sulfide (2 equiv.) gave the dihydrobenzofuran 4a. which was isolated by silica gel 

chromatography in 35% yield. Although this was our first successful example of a cycloaddition reaction of an 

oxidized phenol with something other than an electron-rich styrene derivative, the modest yield was disappointing. 

However, an 88% yield was obtained in this system when the reaction was conducted electrochemically. The constant 

current anodic oxidation of p-methoxyphenol was performed at 0°C in 8: 1 acetonitrile/glacial acetic acid with lithium 

perchlorate as the supporting electrolyte in the presence of phenyl vinyl sulfide (2 equiv). The reaction progress was 

monitored by TLC (20% ethyl acetate/hexane) which showed essentially a spot-to-spot conversion with a current 

efficiency of 83%. The dihydrobenzofuran, 4s, was obtained by crystallization (88%),6 and the unreacted vinyl 

sulfide was recovered (80%) by simple chromatography of the mother liquors. Other reactions proceeded similarly,6 

except flash chromatography was used for purifying the product. 
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We next examined the effect of phenol and olefin substitution on the yield of the oxidative cycloaddition. 

Anodic oxidation of 3-methyl-4-methoxyphenol in the presence of phenyl vinyl sulfide gave 4b (72%). The anodic 

cycloaddition of this phenol with a monosubstituted vinyl sulfide, 1 -thiophenyl-1-butene (- 4: 1 trunsl cis ) afforded 

a -3:l mixture of two inseparable dihydrobenzofuran derivatives 4c and 4d in 69% yield.’ Both of these products 

were converted to the benzofuran 5 by heating with p-toluenesulfonic acid in benzene. The stereospecificity of this 

chemistry was examined using 1 -thiophenyl- 1 -pentene,* enriched in the &-isomer, in the anodic cycloaddition 

reaction. Thus, electrochemical oxidation of 3-methyl-4-methoxyphenol with a 3:1 cidtruns mixture of l- 

thiophenyl-l-pentene mixture afforded a 3:l tram/& cycloadduct mixture, 4e and 4f.8 This is nearly identical to 

the ratio of truns to cis isomers found in experiments in which the vinyl sulfide was mostly trans. Thus, this 

chemistry most reasonably proceeds in a stepwise manner via nucleophilic attack of the vinyl sulfide on the 

phenoxonium ion followed by ring closure and aromatization (see 1 + 2 + 3). Furthermore, a 3-methyl group on 

the phenol has a small effect on the yield. 
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4c R = CH3CH2 4d R = CH3CH2 
4e R = CH3(CH& 41 R = CH3(CH& 

5 R = CH3CH2 

Initial experiments with di- and trisubstituted vinyl sulfides using the reaction conditions noted above gave 

somewhat lower yields of the respective dihydrobenzofuran. However, the yield of dihydrobenzofuran, 6, from p- 

methoxyphenol and I-thiophenylcyclohexene increased from 43% when the reaction was conducted at 0 OC to 69% 

at a reaction temperature of -15 “C. In the reaction of 2-thiophenyl-3-methyl-2-butene and p-methoxyphenol 

performed at -22 “C, a mixture 7 and 8 was obtained in a total yield of 62%. In these two examples, the highly 

substituted dihydrobenzofuran formed in the reaction apparently undergoes loss of thiophenol under the reaction 

conditions, leading to either benzofurans or ring-opened product. The products arising from loss of thiophenol (e.g., 

8) would undergo further oxidation under the reaction conditions. The loss of thiophenol should be minimized at 

a lower temperature, accounting for the temperature dependence on the yield noted above. 
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Although a 3-methyl group on the phenol had only a minimal effect on the yield of the dihyd~be~zofuran (3- 

methyl-4-methoxyphenol+ 4b-f), an electron-donating group at this position had a marked effect on yield. Reaction 

of 3,4-dimethoxyphenol, 9, with phenyl vinyl sulfide gave a low yield of the dihydrobenzofuran, 10, even when 15 

equivalents of the vinyl sulfide were used. lo The results recorded for 3-methyl-4-methoxyphenol suggest that this 

is not a steric effect. One possibility for the low yields of dihydrobenzofuran, 10, is that this product is unstable under 

the oxidation conditions. Whereas 4s is more difficult to oxidize than p-methoxyphenol (EplZ= 1.18 V vs. 1.06 V 

relative to AglAgCl), 10 has virtually the same oxidation potential as 3,4-dimethoxyphenol (Et,,,= 0.94 V vs. 0.95 

V relative to AglAgCl). Indeed, 2Ois rapidly consumed when it is reacted separately under the oxidation conditions. 

M=HS 

+ &C=CHSPh 
oc& 

9 16 (10%) 

If the low yield of dihydrobenzofuran, 10, arose solely from its further oxidation under the reaction 

conditions, then a non-oxidative generation of the phenoxonium ion intermediate would increase the yield of the 

reaction. Ionization of quinone monoketals serves as a complementary route to phenoxonium ion intermediates.lb 

Thus, when a mixture of 4,4-dimethoxy-2,Scyclohexadienone, lla, and phenyl vinyl sulfide (2 equiv.) in 

acetonitrilelacetic acid (10: 1) was heated at 55 OC, 4a was isolated in 56% yield. Although 4a was formed in 

significantly lower yield than that obtained via the anodic oxidation route, this non-oxidative chemistry was examined 

for generating the phenoxonium ion fromllb. In this case, the dihydrobenzofuran, 10, was formed in only 35% yield. 

Thus, the quinone ketal ionization route does complement the anodic cyclization method in cases in which the 

oxidative stability of the product is a problem. However, the lower yield of 10 (35%) versus 4a (56%) suggests that 

the 3-methoxyl group also Iowers the inherent reactivity of the phenoxonium ion in the cycloaddition reaction. 

lla R = H 4a R = H (56%) 
llbR=OCH3 10 R = OCH3 (35%) 

Since the thiophenyl group can be easily removed from the 2-thiophenyldihydrobenzofuran, the scope of the 

anodic cycloaddition reaction is markedly expanded by using vinyl sulfides as the olefrnic component. The reaction 

proceeds cleanly wisp-me~oxyphenoi derivatives lacking a 3-alkoxyl group using two equivalents of vinyl sulfide: 

the unreacted vinyl sulfide can be recovered in high yield. Performing the anodic ~ycIoaddition with one equivalent 

of the vinyl sulfide leads to a IO-158 reduction in the yield. When the dihydrobenzofuran produced is stable to the 

anodic oxidation conditions, the anodic oxidation protocol is preferred to either the iodobenzene his-trifluoroacetate 

oxidation or the quinone ketal ionization route (e.g., lla + 4a). However, for the production of dihydrobenzofurans 

such as 10 (see llb + 10 ), the quinone ketal ionization route serves as an alternative procedure. 11 
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