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minor unidentified products (no olefinic carbon was observed by 
I3C NMR). This was then subjected to column chromatography 
(silica gel) to give a mixture of 1 and 2 (13.0 g, 35.8 mmol, 77% 
yield) (101 petroleum ether-ethyl acetate as eluant) as a white 
solid (mp 60-62 OC): IR (KBr disk) 2950,2880,1450,1295,1260, 
1245,1190,1160,1130,1090,1060,1020,930,865,820,790,740, 
670 an-'; mass spectrum, mle (relative intensity) 362 (M+, C&212, 

A mixture of 1 and 2 was subjected to column chromatography 
on a silica gel 60 prepacked column (Merck, size A) with petroleum 
ether aa eluant to give each of pure 1 and 2, the former being eluted 
at f i t .  1: mp 79-80 O C  (recrystallized from n-hexane); 'H NMR 
(CDC13) 6 1.2-2.4 (m, 8 H), 2.5-3.1 (m, 2 H), 3.75-4.0 (m, 1 H), 
4.1-4.35 (m, 1 H); I3C NMR (CDC13) 6 30.6 (t), 31.1 (d, CI), 32.1 
(d, CI), 34.3 (t), 36.9 (t), 39.8 (t), 47.8 (d, CH), 54.5 (d, CH). 2: 
mp 67-68 "C (recrystallized from n-hexane); 'H NMR (CDC13) 
6 1.80 (t, 4 H), 1.95-2.3 (m, 4 H), 2.5-2.85 (m, 2 H), 4.25-4.6 (m, 
2 H); 13C NMR (CDC13) 6 33.2 (d, CI), 33.4 (t), 38.1 (t), 47.6 (d, 
CH). 
Anal. Calcd for CJ-II2I5 C, 26.55; H, 3.34; I, 70.11. Found for 

1: C, 26.51; H, 3.41; I, 69.85. Found for 2 C, 26.47; H, 3.38; I, 
69.99. 

Iodination of COD in Acetonitrile (MeCN). A solution of 
iodine (7.61 g, 30 mmol) and COD (2.16 g, 20 mmol) in MeCN 
(50 mL) was stirred at 25 "C for 24 h The mixture was then added 
to aqueous NaCl(l50 mL) and extracted with chloroform. The 
extract was treated as described above and the residue was 
subjected to column chromatography to give a mixture of 1 and 
2 (1.45 g, 4.0 mmol,20% yield; n-hexane as eluant) and a mixture 
of 3 and 4 (2.31 g, 7.88 mmol, 39% yield; ethyl acetate as eluant), 
both aa solids. The HPLC analysis revealed the ratios of 112 and 
314 to be 46/54 and 50150, respectively. Mixture of 3 and 4: mp 
65-85 "C; IR (KBr disk) 3400 (s), 3110,2980 (s), 2900,1640 (s), 
1545 (s), 1450,1370,1305,1185,1170,1130,825,695 cm-'; mass 
spectrum, m/e (relative intensity) 293 (M+, Cl,,H161N0, 4), 234 
(M+ - NHCOMe - H, 3), 166 (M+ - I, 78), 107 (M+ - I - NHCOMe 

A mixture of 3 and 4 was subjected to column chromatography 
on a silica gel 60 prepacked column (Merck, size A) with 1:l 
benzene-hexane as eluant to give pure 3 and 4 each as a white 
solid, the latter being eluted at first. 3: mp 136-137 "C dec; 'H 
NMR (CDC13) 6 1.0-2.30 (m, 9 H), 1.94 (9, 3 H), 2.64 (quintet, 
1 H), 3.70-4.25 (m, 2 H), 5.60 (8 ,  br, 1 H); 13C NMR (CDC13) 6 
23.4 (q), 30.7 (d), 30.8 (t), 32.9 (t), 33.4 (t), 36.5 (t), 47.4 (d), 48.6 
(d), 58.8 (d), 169.8 ( 8 ) .  4 mp 125-126 OC; 'H NMR (CDC13) 6 
1.25-2.24 (m, 8 H), 1.90 (8, 3 H), 2.362.84 (m, 2 H), 4.0-4.40 (m, 
2 H), 5.88 (8, br, 1 H); 13C NMR (CDC13) 6 23.2 (q), 25.7 (t), 31.8 
(t), 31.8 (t), 35.9 (d), 39.3 (t), 44.6 (d), 48.0 (d), 53.9 (d), 169.8 (9). 

Anal. Calcd for Cl,,Hl,JNO: C, 40.97; H, 5.50, N, 4.78; I, 43.29. 
Found for 3 C, 40.81; H, 5.58; N, 4.84; I, 43.08. Found for 4: C, 
41.01; H, 5.59; N, 4.60; I, 43.32. 

Iodination of COD in NJY-Dimethylformamide (DMF). 
The same scale reaction as in the case of CCll was carried out 
with DMF as solvent at 25 O C  for 24 h. After the usual workup 
procedure (addition of brine, washing with aqueous Na2S203, 
extraction with benzene), evaporation of the solvent left a yel- 
low-brown oil, which was passed through a short column of silica 
gel to remove resinous products. The eluent contained 5 (X = 
OCHO) and small amounts of 1 and 2, the former then being 
isolated by preparative TLC (101 petroleum ether-ethyl acetate, 
Merck silica gel 60 F-254 plate) as a pale yellow oil (7.84 g, 28 
mmol, 60% yield): IR 3040,2955,1730 (s), 1485,1430,1175 (s), 
1070, 1030, 990, 710, 655 cm-'; mass spectrum, m/e (relative 
intensity) 280 (M+, C8HI3IO2, 16), 251 (M+ - CHO, 9), 153 (M+ 
-I, 100); 'H NMR (CDCld 6 1.4-2.8 (m, 8 H), 4.62 (dt, 1 H), 5.40 
(dt, 1 H), 5.44-5.88 (m, 2 H), 8.12 (8, 1 H); 13C NMR (CDC13) 6 
23.6 (t), 27.1 (t), 30.8 (t), 34.6 (d, CI), 36.7 (t), 77.3 (d, COCHO), 
127.4 (d), 129.4 (d), 159.3 (d). 

Anal. Calcd for CgH13102: C, 38.59; H, 4.68. Found: C, 37.92; 
H, 4.70. 
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The construction of six-membered rings through 
Diels-Alder reactions is of immense importance in organic 
synthesis. It clearly would be desirable to have metho- 
dology available for the construction of linear polycyclic 
structures through repetitive [ 2 + 41 cycloadditions. We 
describe here a straightforward conceptual and experi- 
mental means of achieving this end, as well as ita elabo- 
ration as a general and convenient route to benzocyclo- 
butenes. 

Diethyl Acetylenedicarboxylate (DEAD) as a Bu- 
tatriene Cycloaddition Equivalent. In the course of 
work directed toward the synthesis of complex polycyclic 
hydrocarbons, we had need of a convenient approach to  
molecules of general structure 1.' Conceptually, at least, 
these may be obtained through repetitive 1,2,3-butatriene 
[2 + 41 cycloadditions, as shown in Scheme I. Cyclo- 
addition of butatriene to a l,&diene can, in principle, yield 
a cycloadduct which contains an exocyclic 19-dimethylene 
unit. This can react with a second molecule of butatriene, 
and the sequence should be repeatable indefinitely. Un- 
fortunately, direct use of butatriene in this reaction is not 
feasible due to its apparently weak dienophilicity2 and its 
propensity toward ~ligomerization;~ thus we perforce need 
some type of butatriene synthetic equivalent. The re- 
quirements for such a method are that i t  involve a good, 
readily available dienophile and that subsequent chemistry 
not involve strong acid, base, or high temperature, due to 
the sensitivity of polydehydro aromatic structures such as 
1. Since this is a linear approach, good to excellent yields 
are a necessity. 

In past years, a variety of reagents which may be con- 
sidered butatriene synthetic equivalents have been re- 
ported, with the purpose of synthesis of the 1,2-di- 
methylene unit.4 Most common is maleic anhydride, 
which usually is elaborated via acetate or amine oxide 
pyrolysis or via base-induced halide elimination. Such 
methods often are of moderate to  good efficiency, but 
because of the pyrolytic step or strong base, these did not 
seem suitable for multiple homologations. 

Our approach to this problem has been to use dimethyl 
or diethyl acetylenedicarboxylate (DMAD or DEAD) as 
butatriene synthetic equivalents; this is outlined in Scheme 
11. Several examples of the use of DMAD as a precursor 

(1) Preliminary report: Angus, R. O., Jr.; Johnson, R. P. "Abstracta 
of Papers", 17th Midwest Regional Meeting of the Americd Chemical 
Society, Columbia, MO, 1981; American Chemical Society Washington, 
DC, 1981. 

(2) (a) Although the corresponding retro [2 + 41 reaction is well- 
successful [2 + 41 cycloadditions to the central bond of a bu- 

tatriene are rare." (b) Ripoll, J. L.; Roueeaac, A.; Rouessac, F. Tetra- 
hedron 1978. 34, 19. (c) Reid, W.; Neidhardt, R. Justus Liebias Ann. . .  
Chem. 1970,-739, 165. 

(3) (a) Schubert, W. M.; Liddicoet, T. H.; Lanke, W. A. J. Am. Chem. 
SOC. 1954. 76. 1929. Ib) Wille. F.: Dorr. K.: Kerber. H. Justus Liebins , .  . ,  
Ann. Chem. i955, 591,.177. 

(4) For example: (a) Ottenbrite, R. M.; Alston, P. V. J. Org. Chem. 
1974,39,1115. (b) Cope, A. C.; Ciganek, E. Org. Synth. 1959,39 40. (c) 
Bailey, W. J.; Roeenberg, J. J. Am. Chem. SOC. 1955, 77, 73. (d) Mid- 
dlemas, E. D.; Quin, L. D. J. Org. Chem. 1979,44, 2587. (e) Butler, D. 
N.; Snow, R. A. Can. J. Chem. 1972,50, 795. 
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Scheme I 

Notes 

CH,OH 

COOEt CH,OH 
6 1 

COOEt 

COOEt 
9 10 

11 1 2  

" (a) LiAlH,, Et,O; (b) Me,SiCl, NaI; (c) Zn/Cu, ether; 
(d) 2 (1 equiv). 

to the 18-dimethylene functionality have been r e p ~ r t e d . ~  
Typically, we have found the diethyl ester DEAD to give 
slightly higher yields in the hydride reduction step (vide 
infra). Cycloaddition of DEAD (2) with 1,3-butadiene, 
followed by LiAlH4 reduction, yielded the known diol 4.e 
This was converted to diiodide 5 with Me3SiI, or 
Me3SiC1/NaI, following the procedure of Olah.' The 
diiodide was not isolated but was immediately added to 
a stirred suspension of zinc-copper couple, maintained a t  
ambient temperature. The workup afforded triene 6 (80% 
yield), identical with a sample prepared through the amine 
oxide pyrolysis r 0 ~ t e . ~ ~ 1 ~  

Preparation of higher homologues was accomplished by 
straightforward repetition of this four-step sequence. 
Cycloaddition of 6 or its homologue 9 with DEAD pro- 
ceeded smoothly a t  40-50 OC in benzene to afford the 
dehydro aromatic esters 7 and 10. DDQ oxidation of these 
led to the expected aromatic structures. 

7 D D Q  
COOEt 

COOEt 
13 

10 D DQ ' 6JQgooEt 
COOEt 

14 

Several difficulties are worthy of note in this homolo- 
gation sequence. Intermediate diols 8 and 11 proved 
troublesome because a substantial fraction (10-30%) of 
product from LiA1H4 reductions was entrained in the in- 
organic residues, regardless of the workup procedure. 
Continuous extraction of the residue with refluxing ether 

improved yields significantly. Second, we found that lit- 
erature Zn-Cu couple preparationsa often gave variable 
yields in the elimination steps. To circumvent this, we 
developed a new preparation, which invariably yielded a 
highly reactive couple in a matter of a few minutes. The 
procedure involves covering a mixture of zinc dust and 
CuS04-5H20 with dry DMF under nitrogen. A rapid and 
exothermic reaction yields the Zn-Cu couple, ready for use 
in the elimination step. Details are given in the Experi- 
mental Section. 

Synthesis of Benzocyclobutenes 
This homologation procedure also provides a general and 

exceptionally simple route to benzocyclobutenes.g Pho- 
tocyclization of 6, followed by oxidation, has been reported 
by Fonken'O some years ago. In the present work, cycli- 
zation of homologues 9 or or 12 through Vycor-filtered 

hi 

16 15 

12- I I I I 
17 18 

irradiation of dilute pentane solutions led smoothly to 
crystalline polydehydro aromatics 15 and 17. Neither has 
been reported previously. DDQ oxidation yielded the 
known naphtho[b]- and anthro[b]cyclobutenes. 

This overall sequence thus allows straightforward con- 
version of a diene moiety into a benzocyclobutene in six 
steps, with all reactions proceeding in >80% yield. A 

I DEAD Rx ~ l ~ ~ ~ l  Nal ' 
R 4 Z n - C "  

similar sequence has been accomplished by T h ~ m m e l , ~ ~  
using dimethyl cyclobutenedicarboxylate as the dienophile. 
The present approach avoids the frequently troublesome 
decarboxylation step. 

Experimental Section 
General Methods. Melting points are corrected. NMR spectra 

were obtained on Varian EM-360 or JEOLCO FX-9OQ spec- 
trometers, with chemical shifts reported in parts per million 
downfield from Me4Si. All new compounds gave satisfactory 
combustion analysis and/or high-resolution mass spectra. 

Dimethyl and diethyl acetylenedicarboxylate (DMAD and 
DEAD) were prepared from the commercially available mono- 
potassium salt of acetylenedicarboxylic acid." 

Diethyl 3,6-Dihydrophthalate (3). Reaction of butadiene 
(20 g, 0.37 mol) and DEAD (42.5 g, 0.250 mol) at 40-45 "C in a 
pressure bottle for 5-6 days afforded 57.2 g (98%) of the adduct 
3 as a colorless liquid: bp 90-95 OC (0.8 torr); 'H NMR (CDC13) 
6 5.78 (s, 2 H), 4.27 (4, 4 H), 3.01 (br s, 4 H), 1.27 (t, 6 H); I3C 

(neat) 2980,2900,2880,2830,1720,1680, 1645,1255,1055 cm-'; 
mass spectrum, m/e 224.105 31 (CI2Hl6O4 requires 224.104 86). 

l,2-Bis(hydroxymethyl)-3,6-dihydrobenzene (4). Diethyl 
ester 3 was reduced with a twofold molar excess of LiAlH4 in ether 
at 0 OC. Hydrolysis with 1 M K2C03(aq) and a standard workup 

NMR (CDC1,) d 167.4 (C=O), 132.0, 122.0, 60.5, 27.1, 13.6; IR 

(5 )  (a) Talma, A. G.; Goorhuia, J. G. M.; Kellogg, R. M. J. Org. Chem. 
1980,45,2544. (b) Beetz, T.; Kellogg, R. M. J. Am. Chem. SOC. 1973,95, 
7925. 

(6) Gaoni, Y.; Schoef, N. Bull. SOC. Chim. Fr. 1977, 485. 
(7) Olah, G. A.; Narang, S. C.; Gupta, B. G. B.; Malhotra, R. J. Org. 

Chem. 1979,44, 1247. 

(8) Simmons, H. E.; Cairns, T. L.; Vladuchick, S. A.; Hoiness, C. M. 

(9) Reviews: (a) Klundt, I. L. Chem. Rev. 1970, 70,471. (b) Thummel, 

(10) Fonken, G. J.; Garrett, J. M. Tetrahedron Lett. 1969, 191. 
(11) Huntreae, E. H.; Lesslie, T. E.; Bomstein, J. "Organic Syntheses"; 

Org. React. 1973,20, 82-3 and references therein. 

R. P. Acc. Chem. Res. 1980, 13, 70 and references therein. 

Wiley: New York, 1963; Collect. Vol. IV, pp 329-30. 



Notes 

afforded the diol (92%) as a crystalline solid mp 46-47 "C (lit! 
mp 47-48 OC); 13C NMR (acetone-d6) 6 131.8, 124.9, 61.6, 29.6. 
Preparation of Zinc-Copper Couple. Dry DMF was added 

dropwise quickly under nitrogen to a magnetically stirred intimate 
mixture of fiiely powdered CuS0,-5H20 and Zn dust (k10 molar 
ratio) until the surface was just covered. An exothermic reaction 
ensued, and the mixture immediately became black. Slight ex- 
ternal cooling was used in the preparation of large quantities. 

After cooling, the mixture was diluted with ether and used 
directly in elimination reactions. Attempted use of anhydrous 
CuSO, in thia procedure did not lead to efficient couple formation. 
4,5-Dimethylenecyclohexene (6). A mixture of diol 4 (3.60 

g, 25.7 mol) and sodium iodide (11.6 g, 77.0 mmol) in 450 mL of 
dry ether was stirred under nitrogen at 25 OC and treated dropwise 
with chlorotrimethylsilane (Me,SiCl, 16.4 mL, 128.4 mmol). After 
1 h, TLC analysis showed no remaining diol, and the mixture was 
transferred during 45 min via cannula to a stirred suspension of 
Zn-Cu couple (125 mmol) in 50 mL of ether. After 2 h more, the 
mixture was filtered, washed with saturated NaHCO,(aq) (4 X 
100 mL), dried (MgSO,), and concentrated to afford 2.4 g (82%) 
of essentially pure 6, bp 65-71 "C (60 torr) [lit.u bp 73-74 "C 
(85 torr)]. 
Diethyl 1,4,5,8-Tetrahydro-2,3-naphthalenedicarboxylate 

(7). A solution of diene 6 (2.4 g, 23 mmol) and DEAD (4.0 mL, 
22 mmol) in benzene (100 mL) was heated at 40-50 "C for 4 h 
and then concentrated to yield 5.69 g (94%) of adduct 7, which 
was recrystallkd from hexane: mp 176178 "C; 'H NMR (CDClJ 
6 5.81 (m, 2 H), 4.27 (9, 4 H), 2.89 (br s, 4 H), 2.58 (br s, 4 H), 
1.31 (t, 6 H, CH,); '% NMR (CDClJ 6 167.9 (C=O), 132.5, 124.0, 
121.8,61.0,32.4,30.2,14.1; IR (KBr) 2980, 2880,2840,2815,1725, 
1660,1255,1065,1035 cm-'; mass spectrum, m/e  276 (M'), 230 
(base), 201, 129, 125, 98; high-resolution mass spectrum, m / e  
276.13606 (C16Hzo04 requires 276.136 16). Anal. Calcd for 
C16Hm04: C, 69.55; H, 7.295. Found: C, 69.34; H, 7.25. 
2,3-Bie(hydroxymethyl)-1,4,5,8-tetrahydronaphthalene (8). 

A solution of diethyl ester 7 (6.09 g, 22.1 mmol) in ether was added 
dropwise at 0 "C to a stirred mixture of LiALH, (1.68 g, 44.1 mmol) 
in dry ether (450 mL). After 4 h more at ambient temperature, 
the mixture was hydrolyzed at 0 OC with a large excess of 1 M 
K2C03(aq). The copius white precipitate was carefully fiitered. 
Concentration of the dried ether layer afforded 2.62 g of diol 8. 
Continuous extraction (5 days) of the inorganic residue with 
refluxing ether gave an additional 0.962 g (total 85% yield) of 
diol. Data for 8 mp 147-149 "C; 'H NMR (acetone-d6) 6 5.75 
(br s,2 H), 4.09 (br s,2 H), 3.07 (br s,4 H), 2.66 (br s,4 H), 2.53 
(br s, 4 H); 13C NMR (acetone-&) 6 131.6, 125.0,123.6,60.9,31.5, 
30.8; IR (KBr) 3600-3050,2864,2835,2803,1665,1442,1052,980 
cm-'; mass spectrum, m / e  192 (M'), 174, 143 (base), 131, 91; 
high-resolution maas spectrum, m/e 192.114W (C12Hl602 requires 
192.11503). Anal. Calcd for C&&: C, 74.69; H, 8.389. Found 
C, 75.02; H, 8.48. 
2,3-Dimethylene-l,4,5,8-tetrahydronaphthalene (9). Diol 

8 (2.35 g, 12.2 mmol) and NaI (3.67 g, 24.4 mmol) in 300 mL of 
dry ether and 50 mL of dry THF was treated dropwise with 
MeaSiCl (77.8 mL, 61.1 mmol). The mixture was added to freshly 
prepared Zn-Cu couple (60 mmol) in ether. A workup as above 
afforded the product as a colorless liquid, which was used im- 
mediately in the subsequent step. The spectral data were as 
follows: 'H NMR (CDClJ 6 5.68 (m, 2 H), 5.06 (br d, 2 H), 4.71 
(br d, 2 H), 2.72 (br 8 ,  4 H), 2.48 (br s, 4 H); 13C NMR (CDCI,) 
6 145.4,124.2,124.1,108.2,37.9,30.8; IR (neat) 2955,2920,2890, 
2870,2840,2805,1645,1630,1425,880 cm-'; mass spectrum, m/e  
158 (M+), 143,128,115,91 (base); high-resolution mass spectrum, 
m/e  158.109 11 (C12H14 requires 158.109 55). 
Diethyl 1,4,5,8,9,10-Hexahydroanthracene-2,3-di- 

carboxylate (10). Crude 9, from above, was treated with DEAD 
(1.96 mL, 12.2 mmol) in 50 mL of benzene at 40-50 "C during 
4 h. Concentration of solvent and recrystallization from ether- 
hexane yielded 2.21 g (55% overall from diol 8) of 10 as colorless 
crystals: mp 99-103 "C; 'H NMR (CDCl,) 6 5.63 (br 8, 2 H, 
C=CH), 4.20 (q,4 H), 2.85 (br s, 4 H), 2.54 (br s,4 H), 2.41 (br 
8, 4 H), 1.25 (t, 6 H); 13C NMR (CDCl,) 6 167.9 (C=O), 132.6, 
124.3, 123.1,121.9,61.1,35.2,32.1,30.5,14.1; IR (KBr) 2980,2875, 
2815,1723,1244,1058,1033 cm-'; mass spectrum, m/e  328 (M+), 
282 (base), 252,210; high-resolution mass spectrum, m/e 328.167 32 
(CmHNO4 rquires 328.167 47). 
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2,3-Bis(hydroxymethyl)- 1,4,5,8,9,10-hexahydroanthracene 
(11). Diethyl ester 10 (1.45 g, 440 mmol) was reduced as above 
with LiAlH, (344 mg, 8.80 mmol) in ether-THF (to improve 
solubility). The organic layer yielded 336 mg of product, and 
continuous extraction (5  days) of the inorganic residue yielded 
an additional 301 mg of product (total 60%). Data for diol 11: 
mp 210-213 "C; 'H NMR (Me2SO-d6) 6 5.66 (br s,2 H), 4.06 (br 
8, 2 H, OH), 3.23 (br s,4 H), 2.65 (br s,4 H), 2.51 (br s,4 H), 2.39 
(br s,4 H); '% NMR (Me@O-d6) 6 130.3,124.2, 122.9,122.7,59.8, 
34.9,33.1,30.0; IR (KBr) 3600-3050,2860,2796,1410,1040,998, 
978, 958 cm-'; mass spectrum, m/e  244 (M') 226, 210, 195; 
high-resolution mass spectrum, m/e 244.14656 (C1&m02 requires 
244.14633). 
23-Dimethylene 1,2,3,4,5,8,9,10-octahydroanthracene (12). 

Diol 11 (182 mg, 0.7449 m o l )  was treated with N d  (223 mg, 1.490 
mmol) and Me3SiC1 (474 pL, 3.73 mmol) in 40 mL of THF. 
Elimination was effected by fresh Zn-Cu couple (3.7 mmol) in 
15 mL of anhydrous EhO. Recrystallization of the product from 
pentanes afforded 61 mg (39%) of 12 as a colorless solid mp 

H, C=CH2), 4.73 (d, 2 H, C=CH2), 2.81 (br s, 4 H), 2.51 (br s, 
4 H), 2.40 (br s,4 H); 'BC NMR (CDClJ 6 145.7,124.4,123.2,108.5, 
37.5,36.0,30.6; IR (CClJ 2960,2868,2840,2808,1655,1645,1631, 
1427,884 cm-'; mass spectrum, m/e 210 (M+ and base), 208,194, 
192,140; high-resolution mass spectrum, m/e 210.140 32 (C16H18 
requires 210.140 85). 
Diethyl 2,3-Naphthalenedicarboxylate (13). Compound 7 

(86 mg, 0.311 mmol) in benzene was added to DDQ (141 mg, 0.622 
mmol) in benzene. After 15 min, the mixture was concentrated 
and chromatographed over silica gel. Elution with EtOAehexane 
(1:4) gave 78 mg (92%) of 13: mp 54-55 "C (lit.12 mp 55 "C); 'H 
NMR (CDCl,) 6 8.15 (8, 2 H), 7.89-7.33 (m, 4 H), 4.33 (q,4 H), 
1.33 (t, 6 H); 13C NMR 6 167.7 (C=O), 133.4, 130.0, 128.9, 128.6, 
128.4, 61.6, 14.2. 
Diethyl 2,3-Anthracenedicarboxylate (14). Diester 10 (195 

mg, 0.5938 m o l e  was oxidized with DDQ (404 mg, 1.781 mmol) 
as above to afford 16 mg (84%) of 14: mp 99-100 OC; 'H NMR 
(CDCl,) 6 8.42 (s,2 H), 8.37 (8,  2 HI, 8.02-7.34 (m, 4 H), 4.38 (q, 

1540,1238,998,970 cm-'; mass spectrum, m/e 322 (M+) and base) 
276, 248, 247; high-resolution mass spectrum, m / e  322.119 28 
(C2,,H180, requires 322.120 51). 
1,4,5,8-Tetrahydronaphtho[b]cyclobutene (15). By use of 

a standard immersion-well apparatus, with a 450-W medium- 
pressure lamp, a solution of diene 9 (135 mg) in 200 mL of ar- 
gon-degassed spectrograde pentane was irradiated for 25 min 
through a Vycor filter. Concentration, and chromatography over 
silica gel (hexane elution) yielded 130 mg (96%) of 15 mp 78-81 
"C; 'H NMR (CDClJ 6 5.53 (br s,2 H), 2.49 (br s, 8 H), 2.34 (br 
s,4 H); 13C NMR (CDCl,) 6 139.0,124.3,31.8, 31.1,30.9; IR (CCl.,) 
2910,2875,2850,2815,1678,1428,1245 cm-'; mass spectrum, m/e 
158 (M+ and base), 143,129,115; high-resolution mass spectrum, 
m / e  158.10934 (C12H12 requires 158.109 55). 
Naphtho[b]cyclobutene (16). Hydrocarbon 1 5  (99 mg, 0.63 

mmol) was oxidized with DDQ (284 mg, 1.25 mmol) in benzene 
at 25 "C. Silica gel chromatography (hexane elution) yielded 80 
mg (81%) of 16: mp 86-87.5 "C (lit.', mp 84.5-86 "C); 13C NMR 
(CDC13) 6 144.7, 133.9, 128.0, 124.6, 120.3, 29.4. The 'H NMR 
spectrum was as reported.', 
1,4,5,8,9,1O-Hexahydroanthro[ b ]cyclobutene (17). Diene 

12 (40 mg) in argon-degassed spectrograde pentane was irradiated 
through Vycor for 20 min. Concentration and chromatography 
yielded 36 mg (90%) of 17: mp 143-145 "C; 'H NMR (CDC13) 
6 5.64 (8,  2 H), 2.52 (br s, 8 H) 2.44 (br s, 8 H); IR (CC,) 2915, 
2865,2810, 1660,1430 cm-'; mass spectrum, m/e  210 (M+ and 
base), 195,193,179,178,141,128; high-resolution mass spectrum, 
m/e  210.141 04 (Cl4HB requires 210.140 85). 
Anthro[b]cyclobutene (18). Cyclobutene 17 (23 mg, 0.11 

m o l )  in 2 mL of CC& WEM oxidized with DDQ (75 mg, 0.33 mmol). 
Silica gel chromatography yielded 18 mg (85%) of anthracene 18: 
mp >240 "C (lit. mp 245-247); 13C NMR 6 144.7, 122.5, 130.9, 

(12) Buckle, D. R.; Morgan, N. J.; Ross, J. W.; Smith, H.; Spicer, B. 

88.5-90 OC; 'H NMR (CDClS) 6 5.68 (8 ,  2 H, C-CH), 5.07 (d, 2 

4 H), 1.38 (t, 6 H); '3C NMR (CDC13) 6 167.7 (C=O), 133.0,131.0, 
130.4, 128.4, 128.0, 127.8, 126.7,61.6, 14.2; IR (CCld) 2982, 1725, 

A. J.  Med. Chem. 1973,lc 1334-9. 
(13) Cava, M. P.; Shirley, R. L. J.  Am. Chem. SOC. 1960,82, 654-6. 
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128.0,126.0,124.9,119.8,29.8. The lH NMR was as reported.14 

Acknowledgment. We are grateful to the Northwest 
Area Foundation of the Research Corp. for support of this 
research and to Catherine Hawtrey for technical assistance. 

Registry No. 3, 14503-20-9; 4,65774-75-6; 5,84040-97-1; 6, 
54290-41-4; 7, 84040-98-2; 8, 84040-99-3; 9, 84041-00-9; 10, 
84041-01-0; 11, 84041-02-1; 12, 84041-03-2; 13, 50919-54-5; 14, 
84041-04-3; 15, 84041-05-4; 16, 6827-31-2; 17, 84041-06-5; 18, 
65957-35-9; DEAD, 762-21-0; butadiene, 106-99-0. 

(14) Thummel, R. P.; Cravey, W. E.; Nutakul, W .  J. Org. Chem. 1978, 
43, 2473. 

Stereochemistry of the Diels-Alder Reaction of 
Cyclopentadiene and 3,3,3-Trifluoropropene 

Bruce Gaede* and Terry M. Balthazor 

Monsanto Agricultural Products Company, Research 
Deparment, St. Louis, Missouri 63166 

Received May 28,1982 

One of the earliest reports of the Diels-Alder reaction 
notes the preference for endo addition by substituted 
dienophiles.’ Alder and Stein first attributed the endo 
preference to overlap of the ?r system of unsaturated 
dienophile substituents with the ?r system of the diene’ and 
later to overlap of the nonbonded electrons of the sub- 
stituent with the ?r system of the diene.2 Since then other 
investigators have invoked various explanations for the 
endo preference, including the effect of unsaturated sub- 
stituents on frontier orbitals,3a steric effects?,’ the effect 
of “strong intermolecular attractive forcesn,8 electrostatic 
effects? or a combination of these effects.1° 

The trifluoromethyl substituent exerts a unique influ- 
ence on a dienophile since it lacks ?r electrons, yet it exerts 
an electron-withdrawing effect on a par with that of the 
usual dienophile substituents. McBee has made an ex- 
tensive study of the effect of fluorine and fluorinated 
substituents on the Diels-Alder reaction of cyclopentadiene 
with olefinsgJ1 (eq 1). The case of 3,3,3-trifluoropropene 

2 1 
3 

a, X = H; b, X = C0,H; c, X = C0,Et; d, X = CH,OH 

(1) Alder, K.; Stein, G. Angew. Chem. 1937,50,510. 
(2) Alder, K.; Windemuth, E. Chem. Ber. 1938, 71, 1939. 
(3) (a) Fleming, I. “Frontier Orbitals and Organic Chemical 

Reactions”; Wiley: London, 1976; pp 106-107. (b) Cruse, W. B. T.; 
Fleming, I.; Gallagher, P. T.; Kennard, 0. J. Chem. Res., Synop. 1979, 
372. 

(4) Woodward, R. B.; Hoffman, R. T h e  Conservation of Orbital 
Symmetry”; Verlag Chemie: Weinheim/Bergstr., Germany, 1970; pp 
145-146. 

(5) Kakushima, M.; Scott, D. G. Can. J .  Chem. 1979,57,1399. 
(6) (a) Houk, K. N. Tetrahedron Lett. 1970,2621. (b) Houk, K. N.; 

Luskus, L. J. J. Am. Chem. SOC. 1971,93,4606. 
(7) (a) Mellor, J. M.; Webb, C. F. J. Chem. SOC., Perkin Trcrhs. 2 1974, 

17. (b) Cantello, B. C. C.; Mellor, J. M.; Webb, C. F. Ibid. 1974, 22. 
Mellor, J. M.; Webb, C. F. Ibid. 1974, 26. 

(8) (a) Kobuke, Y.; Fueno, T.; Furukawa, J. J. Am. Chem. SOC. 1970, 
92,6548. (b) Kobuke, Y.; Sugimoto, T.; Furukowa, J.; Fueno, T. Ibid. 
1972,94,3633. 

(9) McBee, E. T.; Keogh, M. J.; Levek, R. P.; Wesseler, E. P. J. Org. 
Chem. 1973,38,632. 

(10) Auksi, H.; Yates, P. Can. J .  Chem. 1981,59,2510. 
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Figure 1. (a) 360-MHz ‘H NMR of the CHCF3 signal of major 
isomer 2a. (b) Computer simulation of 4J = 9.6 Hz, 2J = 9.6 Hz, 
J = 4.8 Hz, and 2J = 3.75 Hz. 

(la) is of particular interest since it shows the influence 
of the trifluoromethyl group unperturbed by other sub- 
stituents, but the stereochemical outcome of this reaction 
was not determined.lla We have repeated this reaction and 
undertaken a more thorough analysis of the results in order 
to provide firm data on the influence of the trifluoromethyl 
group on Diels-Alder stereoselectivity.12 

When an equimolar mixture of la and cyclopentadiene 
is heated at  135 “C for 84 h, a 4 1  mixture of two products 
is observed by 19F NMR. After removal of unreacted 
starting materials the mixture is analyzed by 360-MHz lH 
NMR, which resolves the CHCF3 signal of the major iso- 
mer and allows all coupling constants for this proton to 
be determined (Figure 1). The values of J = 9.6 Hz (q), 
J = 9.6 Hz (d), J = 4.8 Hz (d), and J = 3.75 Hz (d) are 
consistent with the values predicted for the endo isomer 
2a and inconsistent with those predicted for the exo isomer 
3a.13 

Experiments have been performed to determine if the 
observed ratio represents a kinetic or a thermodynamic 
mixture. Small samples of the reactants are heated a t  135 
“C for 5,17, and 40 h; in each case the same 4:l ratio of 
products is observed. Small samples of pure 2a and 3a are 
obtained by preparative gas chromatography. These are 
separately heated a t  135 “C for 22 h, whereupon analysis 
by gas chromatography reveals no isomerization of either 
sample. Thus, the 4:l ratio in favor of the endo isomer 

(11) (a) MCBee, E. T.; Hsu, C. G.; Pierce, 0. R.; Roberts, C. W. J. Am. 
Chem. SOC. 1955,77,915. (b) McBee, E. T.; HSU, C. G.; Roberts, C. W. 
Ibid. 1956, 78,3389. (c) McBee, E. T.; Roberts, C. W.; Hsu, C. G. Ibid. 
1956, 78,3393. (d) Braendlin, H. P.; Zielinski, A. Z.; McBee, E. T. Ibid. 
1962,84,2109. (e) Braendlin, H. P.; Grindahl, C. A.; Kim, Y. S.; McBee, 
E. T. Ibid. 1962,84, 2112. 

(12) Similar endo preference has recently been reported for the reac- 
tion of a methylene difluorocyclopropane with cyclic dienes. Dolbier, W. 
R., Jr.; Daly, D.; Smart, B. E. loth International Symposium on Fluorine 
Chemistry, Vancouver, BC, Aug 14,1982; Abstract No. 0-36. 

(13) Predicted coupling constants for the endo isomer 2a are JH = 
3-4 Hz, JHX = 9-10 Hz, and JwN = 2.5-5 Hz. For the exo isomer 3a 
they are Jc6 = 0-2 Hz, Jwx = 2.5-5 Hz, and JHN = 6 7  Hz. In bicy- 
clo[2.2.l]hept-2-enes the exo proton signals appear d o d i e l d  from the 
endo proton signals. The signal from the endo H6 of the minor isomer 
appears to be at  6 2.01, partially obscured by the signal from &X of the 
major isomer at  6 1.95, but is indeed upfield of the signal from the exo 
H6 of the major isomer at  6 2.72. The same argument is used to assign 

of the major isomer and the signals at 6 1.69 ( J = ~ N  = 12 Hz, J ~ G  = 5 
Hz, J6X-1 = 3.5 Hz) to & and the partly obscured signal at  6 1.38 to &N 
of the minor isomer. The coupling constants which are visible are con- 
sistent with the assignments. Gordon, A. J.; Ford, R. A. “The Chemist’s 
Companion”; Wiley: New York, 1972; pp 258,272,274. 

the signals at  6 1.95 ( J ~ x ~ N  = 12 Hz, J6x-5 = 10 Hz, Jax-1 = 3.75 HZ) to 
Hex and at  6 1.13 ( J 6 ~ 4 x  = 12 HZ, J6~4 = 5 HZ, J6N-l = 2.5 HZ) to H ~ N  
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