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cyclic carbonate was thermally stable and showed no 
particular tendency toward olefin isomerization on silica 
gel. I t  can serve as a potential precursor for the oxyallyl 
synthon 6. 

(3) 

6 

Experimental Section 
Melting points were taken with a Thomas-Hoover capillary 

melting point apparatus and are uncorrected. Proton NMR 
spectra were determined in chloroform-d on a Bruker WH-270 
(270 MHz) spectrometer. Chemical shifts are reported in 6 units, 
parta per million (ppm) downfield from tetramethylsilane, which 
was used as the internal standard. Splitting patterns are desig- 
nated as: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet. 
Coupling constants are reported in hertz (Hz). Carbon (W) NMR 
spectra were determined on a JEOLCO FX-60 (15.4 MHz) 
spectrometer in chloroform-d. Infrared spectra (IR) were de- 
termined on a Perkin-Elmer 267 instrument and are reported in 
reciprocal centimeters. Maw spectra were obtained on an AEI-902 
instrument. 
44 (Phenylseleneny1)met hyll- 1,3-dioxolan-f-one (4). To 

a solution of diphenyl diselenide (20.0 g, 64 mmol) in 300 mL of 
absolute ethanol was added sodium borohydride (7.5 g, 197 "01) 
in small portions (to prevent excessive evolution of hydrogen). 
The sodium phenylselenide solution was then added to 3- 
chloro-1,2-propanediol(l3.6 g, 123 "01) in a 500-mL flask. The 
resulting yellowish orange solution was refluxed for 50 h. The 
excess selenide anion was quenched with 0.8 mL of dichloroacetic 
acid, and the reaction mixture was filtered to remove sodium 
chloride. The bulk of the ethanol was removed by rotatory 
evaporation, and the residue was partitioned between ethyl acetate 
(500 mL) and saturated sodium bicarbonate solution (100 mL). 
The aqueous phase was extracted with ethyl acetate (100 mL). 
The combined organic layers were washed with saturated aqueous 
bicarbonate (2 X 100 mL) followed by brine (100 mL) and then 
dried over anhydrous potassium carbonate. After removal of the 
solvent, 28.2 g (99%) of 3-(phenylselenyl)-l,2-propanediol was 
obtained as a yellow solid. This was not purified but carried on 
to the next step. 

A mixture of the crude diol (13.1 g, 57 mmol), dimethyl car- 
bonate (35 mL, 415 mmol), and sodium bicarbonate (0.3 g, 3.5 
"01) was refluxed for 2 h. The reaction mixture was then heated 
to 120 "C to distill the volatile components. The pot residue was 
dissolved in ether (300 mL), washed successively with water (2 
x 50 mL) and brine (50 mL), and then dried over anhydrous 
magnesium sulfate. After removal of solvent in vacuo, 13.5 g 
(92%) of the title compound was obtained as an orange oil. An 
analytical sample was obtained by flash chromatographf (25% 
ethyl acetate in hexane): 'H NMR 6 7.54 (m, 2 H), 7.30 (m, 3 H), 
4.78 (d of d of d of d, J = 8.8, 8.1, 6.6, 4.6 Hz, 1 H), 4.50 (d of 
d, J = 8.6, 8.1 Hz, 1 H), 4.14 (d of d, J = 8.6, 6.6 Hz, 1 H), 3.28 
(d of d, J = 13.2, 4.6 Hz, 1 H), 3.00 (d of d, J = 13.2, 8.8 Hz, 1 
H); IR (neat) 3070,3000,1801,1582,1480,1440,1392,1162,1062, 
772,740,690 cm-'. Mass spectrum, m l e  (relative intensity) M+ 

45 - (16), 44 (6), 43 (14), 41 (23), 40 (3), 39 (4); calcd for Cl&lo03Se 
m l e  257.9792, found m l e  257.9794. 
4-Methylene-l,t-dioxolan-%-one (1). Ozone wiu bubbled into 

a solution of 44 (phenylselenenyl)methyl]-l,3-dioxolan-2-one (4; 
3.0 g, 11.6 mmol) in 36 mL methylene chloride at -78 "C until 
a blue color persisted. After being purged with nitrogen, the 
reaction mixture was allowed to warm to room temperature. The 
solvent was removed in vacuo to give 3.0 g of the crude selenoxide 
as a white solid which was dissolved in 18 mL of 1,2-dichloroethane 
and added dropwise at a rate of 15 mL/h (via a syringe pump) 
to a refluxing solution (pot temperature 110-115 "C) of 25 mL 
of 1,2-dichloroethane and 2,horbornadiene (30 mL, 300 mmol). 
After the addition, refluxing was continued for 10 min, and the 
volatile components were removed by distillation. The orange 
residue (4.0 g) was then Kugelrohr distilled (50 "C, 0.25 mmHg) 
to give 650 mg (57%) of the methylene carbonate 1 as a low- 

- 258 (2), 171 (3), 91 (3), 87 (lo), 77 (3), 57 (loo), 56 (5), 55 (3), 
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melting waxy solid: mp 28-29.5 "C; 'H NMR 6 5.04 (d of d, J 
= 2.6, 2.2 Hz, 2 H), 4.91 (d oft, J = 4.0, 2.6 Hz, 1 H), 4.47 (d of 
t, J = 4.0, 2.2 Hz, 1 H); 13C NMR 152.8, 149.1, 87.1, 67.8; IR 
(CDC13) 1838, 1698,1353,1283,1137,1079,972,845 cm-'; mass 
spectrum, m / e  (relative intensity M+ - 100 (12),69 (l), 56 (4), 
44 (16), 42 (l), 40 (lo), 32 (1001, 30 (1); calcd for C4H403 mle 
100.0159, found m / e  100.0163. 
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The biochemical and pharmacological importance of 
numerous indole derivatives213 have served to maintain a 
continuing interest in the development of new and im- 
proved methods for the synthesis of the indole n u ~ l e u s . ~ ~ ~ ~ ~  
We became interested in this area in connection with our 
synthesis of analogues of pharmacologically important 
serotonin neurotoxins 5,6- and 5,7-dihydroxytryptamines?@ 
For the synthesis of these analogues we needed access to 
5,6- and 5,7-dihydroxyindoles as their methyl and benzyl 
ethers with various other substituents on the indole ring. 
The most suitable method for the synthesis of these indoles 
appeared to be the reductive cyclization of appropriate 
2,P-diniirostyrenes using Fe in HOAc. This method is 
widely used4 and is the most convenient one for the syn- 
thesis of N-unsubstituted alkoxyindoles. Although this 
method of constructing the indole nucleus is of broad 

(1) Presented in part at the 184th National Meeting of the American 
Chemical Society, Kansas City, MO, Sept 12-17,1982, Abstract ORGN 
208. 

(2) (a) 'Indoles"; Houlihan, W. J., Ed.; Wiley-Interscience: New York, 
Part I, 1972. (b) Jbid., Part 2,1972. (c) Ibid., Part 3,1979. (d) Cordell, 
G. A. "Introduction to Alkaloids"; Wiley-Interscience: New York, 1981; 
Chapter 9. (e) 'The Alkaloids, Chemistry and Physiology"; Manske, R. 
H. F., Ed.; Academic Press: New York, 1981; Vol. 20 and the earlier 
volumes. (f) Neuss, N. In "Chemistry of the Alkaloids"; Pelletier, S. W., 
Ed.; Van Nostrand-Reinhold New York, 1970; Chapter 9. (9) Stoll, A.; 
Hoffmann, A. Zbid., Chapter 10. (h) Heinzelman, R. V.; Szonyszkovicz, 
J. In "Progress in Drug Research"; Zucker, E. Ed.; Verlag: Basel, 1963; 
Vol. 6, pp 75-150. (i) Kobayashi, T.; Spande, T. F.; Aoyagi, H.; Witkop, 
B. J. Med. Chem. 1969,12,636-648. (j) Kozikowski, A. P. Heterocycles 
1981,16,267-291. (k) Achenbach, H.; Raffelsberger, B.; Addae-Mensah, 
I. Liebigs Ann. Chem. 1982, 830-844. 

(3) "Serotonin Neurotoxins"; Jacoby, J. H.; Lytle, L. D., Eds. Ann. 
N.Y. Acad. Sci. 1978, 305, 1-702. 

(4) (a) Sundberg, R. J. 'The Chemistry of Indoles"; Academic Press: 
New York, 1970; Chapter 3. (b) Brown, R. K. In ref 2a, Chapter 2. (c) 
Spande, T. F. In ref 2c, Chapter 1. (d) Kutney, J. P. In 'The Total 
Synthesis of Natural Products"; ApSimon, J., Ed.; Wiley-Interscience: 
New York, 1977; Vol. 3, pp 274-278. 

(5) (a) Norlander, J. E.; Catalane, D. B.; Kotian, K. D.; Stevens, R. M.; 
Haky, J. E. J. Org. Chem. 1981,46, 778-782 and references 4a-r cited 
therein for a list of representative recent references. (b) Somei, M.; 
Shoda, T. Heterocycles 1982, 17, 417-423. 

(6) Sinhababu, A. K.; Borchardt, R. T., manuscripts in preparation. 
For example, synthesis of 4-methyl-, 7-methyl-, and 4,7-dimethyl-5,6- 
dihydroxytryptamines and 4-methyl-, 6-methyl-, and 4,6-dimethyl-5,7- 
dihydroxytryptamines. 
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scope, it suffers from poor yields: usually 35-50%, and 
cumbersome purification procedures. Many examples are 
known, including our target methoxy- and especially 
(benzyloxy)indoles,7 where the yields are much lower. The 
only modification8 of this important method that has been 
developed so far is the catalytic hydrogenation using Pd/C 
in the presence of a suitable acid. Although this modifi- 
cation allows isolation of indoles often in good yields, it 
is not applicable to the synthesis of (benzy1oxy)indoles. 

Consideration of the possible mechanismsgJO of reductive 
cyclization of 2,P-dinitrostyrenes to the corresponding in- 
doles by Fe/HOAc suggests that poor yields in this reac- 
tion, in general, may be due to intermolecular reactions 
involving basic (neutral or negatively charged) interme- 
diates and the starting material, giving rise to dimeric 
and/or intractable polymeric byproducts." As silica gel 
binds polar materials strongly, we thought that by con- 
ducting the Fe/HOAc-induced reductive cyclization in the 
presence of silica gel in a nonpolar solvent, it should be 
possible to maintain the relatively nonpolar but reactive 
starting material in the solvent phase and the polar in- 
termediates on the silica gel surface, thereby minimizing 
interactions between the polar and the nonpolar species 
and also between polar intermediates themselves. In this 
paper we describe a modification of the Fe/HOAc method 
based on the abovementioned considerations which allows 
conversion of a variety of 2,@-dinitrostyrenes to the cor- 
responding indoles in high yields. 

Results and Discussion 
We found that when a mixture of the alkoxydinitro- 

styrene, Fe, and HOAc is refluxed in a nonpolar solvent 
system (benzene-cyclohexane or toluene) in the presence 
of silica gel (column chromatography grade, 70-270 mesh) 
the reaction is complete in less than 1 h, and the corre- 
sponding alkoxyindole is produced in a high state of purity 
with dramatic improvements in yields over the Fe/HOAc 
method. Isolated yields for a variety of indoles containing 
methoxy, methylenedioxy, or benzyloxy groups were gen- 
erally in the neighborhood of 90% (Table I). Significantly, 
the reductive cyclization of la proceeded in 93% yield, and 
no dimer was formed, in contrast to the formation of a 
dimeric byproduct in 14% yield by the Fe/HOAc me- 
thod.12 

The amounts of silica gel reported in Table I are the 
minimum amounts that were necessary for optimum yields. 
I t  was desirable to find reaction conditions that require 
a minimum of silica gel, especially for relatively large-scale 
operations, for two reasons: first, to minimize the volume 

(7) For example, 4-methyl-, 7-methyl-, and 4,7-dimethyl-5,6-bis(ben- 
zy1oxy)indoles and 4-methyl-, 6-methyl-, and 4,6-dimethyl-5,7-bis(ben- 
zy1oxy)indoles. 

(8) Heubner, C. F.; Troxell, H. A.; Schroeder, D. C. J. Am. Chem. SOC. 

(9) (a) Reference 4a, pp 182-183. (b) Brown, R. K. In ref 2a pp 

(10) March, J. 'Advanced Organic Chemistry", 2nd ed.; McGraw-Hill: 
New York, 1977; pp 1125-1126. 

(11) The only experimental support for this assumption is found in 
Harley-Mason's observation that in the conversion of 1A to 2A (Table 
I) using Fe/HOAc, a highly insoluble dimeric indole is also formed as a 
byproduct in 14% yield.12 

(12) Harley-Mason, J. J. Chem. SOC. 1953, 200-203. 
(13) Borchardt, R. T.; Bhatia, P. J. Med. Chem. 1982, 25, 263-271. 
(14) Dallacker, F.; Bernabei, D. Monatsh. Chem. 1967,98, 785-797. 
(15) Benigni, J. D.; Minnie, R. L. J. Heterocycl. Chem. 1965, 2, 

(16) Schlossberger, H. G.; Kuch, H. Chem. Ber. 1960,93, 1318-1323. 
(17) Mulligan, P. J.; LaBerge, S. J. Med. Chem. 1970,13, 1248-1249. 
(18) Lee, F. G .  H.; Dickson, D. E.; Suzuki, J.; Zirnis, A., Manian, A. 

1963, 75,5887-5890. 

479-484. 

387-392. 

A. J. Heterocycl. Chem. 1973, 10, 649-654. 
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of the reaction mixture and second, to increase the ease 
of recovery of the product indole during workup from the 
mixture of silica gel and iron-derived solid byproducts. 
The amount of silica gel required for the optimum yields 
of the indoles depended upon the polarity of the nonpolar 
solvent system. For example, use of benzene alone in place 
of 1:3 benzene-cyclohexane required larger amounts of 
silica gel. The type of nonpolar solvent system required, 
in tum, was dictated by the nature of the dinitrostyrene. 
Thus the use of cyclohexane alone as the nonpolar solvent 
system was quite effective for the synthesis of the methoxy 
and (methy1enedioxy)indoles but not for the (benzyl- 
oxy)indoles. 

It is surprising that application of the reaction condi- 
tions, which furnished 5,6-bis(benzyloxy)indole (2H) in 
94% yield, gave 5,7-bis(benzyloxy)indole (25) in only 
40-45% yield. With toluene as the nonpolar solvent and 
a t  reflux temperature, the yield of 25 could be increased 
to 75% (Table I). Interestingly, synthesis of 4-methyl-, 
6-methyl-, and 4,6-dimethyl-5,7-bis(benzyloxy)indoles also 
required toluene under reflux; however, the yields were 
92%, 78%, and 90%, respe~tive1y.l~ It is possible that 
the presence of a methyl group ortho to the nitrovinyl 
moiety minimizes, through steric hindrance, by product- 
formation arising from Michael addition a t  the carbon @ 
to the nitro group. 

The above results, including the observation that no 
dimer was formed in the conversion of 1A to 2A, lend 
support to our original premise for using silica The 
efficacy of silica gel, when used together with a nonpolar 
solvent system, in preventing byproduct formation is un- 
doubtedly due to its ability to  bind polar (neutral or 
charged) intermediates, which minimizes intermolecular 
reactions involving these intermediates.21 

Experimental  Section 
General Methods. Iron powder (reduced, N.F. M electrolytic) 

was purchased from Mallinckrodt. Silica gel used for the reactions 
as well as for chromatography was 70-270 mesh (silica gel 60, 
Brinkmann). The 2,B-dinitrostpenes were synthesized by the 
literature methods (see Table I). Melting points were determined 
in a Thomas-Hoover capillary melting point apparatus and are 
uncorrected. 

General Procedure for the Silica Gel Assisted Reductive 
Cyclization. A mixture of the 2@-djnitrwtyrene 1 (2 m o l ) ,  silica 
gel (see Table I for amounts), reduced iron powder (1.7 g for 1A-I, 
2.1 g for lJ), glacial HOAc (12 mL), and 20 mL of the nonpolar 
solvent system (see Table I) were refluxed under N2 for 1 h with 
efficient mechanical stirring. In each case a vigorous exothermic 
reaction ensued within 5 min of reflux, and the mixture turned 
dark (color varied). (The dark color disappeared after 15-20 min, 
indicating essential completion of reaction.) The mixture was 
then cooled to 25 "C, diluted with CH2C12, and filtered. The filter 
cake was washed thoroughly with 10% EgO in CH2C12 (for 2A- 
E,I) or with CH2C12 (for 2F-H,J). The combined filtrates were 
washed with sodium metabisulfite solution, NaHC03 solution 
(until aqueous layer was basic), and brine, dried (Na2S04), and 
then evaporated in vacuo to dryness. Indoles 2A-E were quite 
pure at this stage except for traces of colored impurities whereas 
indoles 2F-J were less pure. The crude indoles were chroma- 
tographed on a column of silica gel (3-6 g/mmol of 1 cyclized) 
with CH2C12 (for 2A-E,I) or CHzClZ-hexane (for 2F-H,J) to give 

solid product, pure by TLC (silica gel, Analtech; solvent CH2C12). 
The yields and melting points of the indoles are reported in Table 
I. 
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The Robinson annelation reaction is a time-tested me- 
thod for ring construction. I t  is generally conceded that 
the reaction of cyclohexanone enolates and simple alkyl 
vinyl ketones in an aprotic medium cause polymerization.' 
McQuillin was able to achieve annelation of dihydro- 
carvone (33%) using sodamide/ether and the %low" ethyl 
vinyl ketone releasing reagent diethylmethyl(3-0~0- 
penty1)a"onium iodide.2 Marshall and Fanta sought 
to obviate this difficulty by employing base catalysis in 
protic medium with subsequent isolation of the resultant 
ketol prior to dehydration. Application of this technique 
to dihydrocarvone and ethyl vinyl ketone provided a 49% 
yield of ketols la / lb  (7 3) (Chart I) derived from the 
thermodynamic enolate! Stork and Ganem have dem- 
onstrated that a-trialkylsilyl vinyl ketones permit the first 
step of the Robinson sequence, namely, the Michael ad- 
dition, to be accomplished in both protic and aprotic 
media.4 When applicable, the Robinson annelation se- 
quence can be conducted in acid mediums5 

Because we had a need for an efficient preparation of 
(+)-6-epi-a-cyperone, we chose to reinvestigate the aprotic 
annelation sequence of the thermodynamic enolates of 
2-methylcyclohexanones with simple alkyl vinyl ketones. 

Reduction of (+)-cawone with lithium bronze' provided 
(-)-dihydrocarvone, which was converted into its thermo- 
dynamic enolate by exposure to 0.9 equiv of lithium di- 
isopropylamide (LDA) in THF a t  20 "C for 24 h. Treat- 
ment of the enolate with ethyl vinyl ketone (EVK) at  -78 
"C followed by warming to ambient temperature provided, 
after chromatography, the known crystalline ketol la in 

(19) Sinhababu, A. K.; Borchardt, R. T., unpublished observations. 
(20) In recent years many applications of silica gel as a support for 

reagents have been made. For an excellent review on this and related 
topics see: McKillop, A.; Young, D. W. Synthesis 1979,401-425 481-500. 
The manner in which silica gel has been used in the present study does 
not, however, qualify silica gel as a support for a reagent, but there are 
certain similarities. 

(21) Cf.: (a) Sinhababu, A. K.; Borchardt, R. T. Tetrahedron Lett. 
1983,24, 227-230. (b) Sinhababu, A. K.; Borchardt, R. T. J.  Labelled 
Compd. Radiopharm., in press. 

0022-3263 f 8311948-3349$01.50/0 

(1) Gawley, R. E. Synthesis 1976, 771. 
(2) McQuillin, F. J. J .  Chem. SOC. 1955, 528. Howe, R.; McQuillin, F. 

(3) Marshall, J. A.: Fanta, W. I. J. O w .  Chem. 1964, 29, 2501. 
J. Ibid. 1955, 2423. 

(4) Stork, G.; Ganem, B. J. Am. Chem. SOC. 1973,95, 6152. 
(5) Heathcock, C. H.; Ellis, J. E.; McMurry, J. E.; Coppolino, A. 

(6) Professor Ganem has informed us that the aprotic reaction pro- 

(7) Mueller, R. H.; Gillick, J. G. J. Org. Chem. 1978, 43, 4647. 

Tetrahedron Lett .  1971, 4995. 

ceeds in 75% yield. 
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