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The Diels-Alder reaction of the cyclic methylene compound 3 with 
cyclopentadiene at ambient temperature leads to the adducts 4 
and 5 with more than 95% face and more than 96% ex0 selec- 
tivity. The structure of the products has been verified by chemical 
correlation as well as by X-ray diffraction analysis of the Diels- 
Alder adduct 4. The mixture of 4 and 5 was converted to optically 
active ( + )-norbornenone 12.face Selectivity was dramatically de- 
creased by Lewis acid catalysis with TiC12(iPr0)2 or AlEtC12 at 
lower temperatures. 

The Diels-Alder reaction is one of the most investigated areas of 
asymmetric synthesis2! The achievement of high asymmetric in- 
duction normally requires Lewis-acid catalysts and low tempera- 
tures”. For example, the degree of asymmctric induction observed 
in the Diels-Alder reactions of chiral acrylates is large only when 
the cycloadditions are promoted by Lewis acids, while the corre- 
sponding thermal reactions occur with only modest stereoselectiv- 
itics. Only very few examples are known where high asymmetric 
induction was achieved under thermal conditions4’. 

We now report on a highly asymmetric Diels-Alder re- 
action which neither requires catalysts nor low tempera- 
tures. Starting from our  concept of “Captodative Olefins in 
Normal and Inverse Diels-Alder  reaction^"^' we synthesized 
3 as a chiral olefin bearing the c,d-substituents in the ring. 
Olefin 3 was expected to undergo a x-face selective cycload- 
dition with cyclopentadiene. In contrast to chiral acrylates 
where Lewis acid complexation is essential to reach high 
ee’s, conformational restriction is intrinsic to the dioxolan- 
one moiety. Olefin 3 was also synthesized independently by 
Seebach and Zimmermann6). 

Bromination of the dioxolanone 1 [from pivalaldehyd and 
(S)-( +)-lactic acid, separation of the main isomer by means 
of two recrystallizations, d.e. = 92%]” with NBS in reflux- 
ing CC14 gave 2 in nearly quantitative amounts. NMR meas- 
urements of 2 revealed that only one isomer was formed. 
Subsequent dehydrohalogenation under standard condi- 
tions (NEt,, CC14, reflux) leads to 3 in good yields. The 
exclusive formation of 2 is due to the greater stability of l a  
compared to l b .  The a-centered radical is stabilized both 
by the electron-donating ether group and the electron - 
withdrawing carboxy substituent. Similar effects have been 
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Asymmetnsche Induktion in der Diels-Alder-Reaktion von (2574.  
tert-Butyl-5-methyIen-l,3dioxolan4on ’) 

Die Diels-Alder-Reaktion der Methylenverbindung 3 mit Cyclo- 
pentadien bei Raumtemperatur fiihrt zu den Addukten 4 und 5 
mit mehr als 95proz. Seitendifferenzierung und 96proz. exo-Se- 
lektivitat. Die Struktur der Produkte wurde sowohl durch che- 
mische Folgereaktionen als auch durch eine Rontgenstruktur- 
analyse von 4 bestimmt. Eine Mischung aus 4 und 5 wurde zum 
optisch aktiven (+)-Norbornenon 12 abgebaut. Katalyse mit 
TiC12(iPrO)2 sowie AIEtCI2 bei niedrigen Temperaturen verringert 
dramatisch die Seitendifferenzierung. 

Scheme 1 

HOOC p-TSS - +-: + HO Pentane 

S(+)-lactic acid 

NU,. apc 
- 0  

NBS, 8fJC 

CCI,. 98% yo CCI,, 60% 
1 -  0 
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observed with the NBS bromination of amido carboxy-sub- 
stituted valine derivates”. 

Cycloaddition of 3 to Cyclopentadiene 
Compound 3 was treated with an excess of cyclopenta- 

diene at room temperature. After three days at room tem- 
perature the Diels-Alder adducts were isolated in 86% yield. 
NMR analyses revealed that only two isomeric adducts had 
been formed in a ratio of 96:4 (Scheme 2). Several re- 
crystallizations of the mixture in Et?O/Pentane at - 30’C 
leads to a small amount of pure 4 [a]:: = 148.6 (c  = 0.88, 
CHC13). The structure of 4 has been verified by X-ray anal- 
ysis (Figure 1). The crystal contains two independent mol- 
ecules of the same enantiomer. They differ only marginally 
in the conformation of the heterocyclic five-membered ring 
(difference of the endocyclic torsional angles 0.8 - 4.7‘). 

Scheme 2 I Re 

Figure 1. ORTEP plot of one independent molecule of 4. (The size 
of the ellipsoids represents a 33% probability.) The absolute con- 

figuration was assigned by chemical correlation 

different from the (1S,2R)-isomer described by Oppolzer et 
al. 3 4  . The stereochemical identity of the alcohol was con- 
firmed by conversion of 8 into the corresponding norbor- 
nenone 12 of known absolute configuration. Oxidative 
cleavage with buffered NaI049’ gave the ( +)-enantiomer of 

I I ketone 12 having [a]? = 1012 (c = 1.65, isooctane). The 
rotation value indicates about 90% enantiomeric excess’”’, 
which, considering the optical purity of the starting material, 
points to a selectivity in excess of 95% for the Diels-Alder 

Si 

n -foce selective addition reaction. 

Scheme 3 - 
4 . 5  + OH 

OH 90% 

Re-foce 

( 1  R.2R.4R) 

3 + 4 3  4 

( 1  S,ZR,4S) 

5 

(1 S.2S.4S) ( 1  R.2S.4R) 

6 7 

Treatment of the crude mixture of the adducts 4 and 5 
with LiAlH4 (LAH) afforded the alcohols 8 and 9. The NMR 
analysis revealed a 96.5: 3.5 ratio of the exolendo-(hydroxy- 
methy1)norbornenes. Removal of 9 by crystallization leads 
to optically active (1 R,2R)-2-hydroxybicyclo[2.2.l]hept-5- 
ene-2-methanol(8), [z]? = 117.8 ( c  = 2.75. CHC13) in 64% 
yield. Optical rotation, melting point, and NMR spectra are 

8 -  Na 10, 
&O [a] = 10120 

83% 
( 1 ~ , 4 ~ )  (c = b65.  isooctane) 

12 
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In order to examine the influence of Lewis acid catalysis 
were carried out the experiments with TiClz(iPrO)z as cat- 
alyst at -2O'C. The cycloaddition showed an increace in 
endolexo selectivity but a dramatic decrease in rc-jace selec- 
tivity. Workup furnished adducts 4, 5, and 6 in a ratio of 
59: 1 : 40 (62% yield). Reduction of this mixture with LAH 
afforded the alcohols 8 + 10:9 (ratio 98.5: 1.5 as determined 
by NMR and GC) in 90% isolated yield (Scheme 3). Similar 
results were obtained with AlEtCl? at -20 C as catalyst. 

The influence of high temperatures was demonstrated by 
performing the cycloaddition of 3 and cyclopentadiene at 
140 C in a sealed ampoule. After 4 h a 87:8: 5 mixture 
(65%) of adducts 4, 5, and 6 is obtained. These results are 
summarized in Table 1. 

Table 1.  Additions of 3 to cyclopentadiene 
- __ 

Entry Catalyst T/ C t/h Yield/% 4:5:6" 

1 none 25 72 86 96 4 - 
2 none 140 4 65 87 8 5 
3 TiCI2 (iPrO)zb' -20 24 62 59 1 40 
4 EtAICI2" -20 16 34 63 3 34 

a' Ratios were determined by 'H  or "C NMR. - b' 1.5 equiv. of 
catalyst was used with respect to 3. - 1 equiv. of catalyst was 
used with respect to 3. 

The results reported demonstrate that preparatively easily 
accessible methylenedioxolanone can be effectively used in 
thermal asymmetric Diels-Alder reactions. Neither Lewis 
acid nor low temperatures are required to obtain high dia- 
stereoselectivities. 
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Experimental 
All temperatures quoted are uncorrected. - I R  spectra: Perkin- 

Elmer 1700. - NMR spectra: Varian VXR 300 (TMS as internal 
standard). - MS: Varian Mat 212, 70 eV, 250 C. - GC: Siemens 
Sichromat 3, integrator Spectra Physics 4290, capillary column H P  
ultra 2. - Column chromatography: Si02  (Merck, Kieselgel60). - 
Optical rotations: Perkin-Elmer 241 polarimeter. 

X-rci! Crystal Structure Analysis vf the Spirocjclic Compound 4: 
Crystal data: C13H1803, molecular mass 222.3, monoclinic, spacc 
group P2,,  a = 12.800(3), h = 6.193(3), c = 16.130(5) A, /? = 

100.51(3) , Z = 4 (two independent molecules), d,,,, = 1.17 g . 
cm-3, p (Mo-K,) = 0.8 cm-' .  

Data collection: crystal sizc 0.5 x 0.6 x 0.5 mm; Enraf-Nonius 
diffractometer, monochromatized Mo-K, radiation, 1941 independ- 
ent reflexions in the range of 2.00 5 0 I 23.00 , @/ZO-scan, scan 
width (0.90 + 0.35 tan@)', scan speed 1.67 to 4.0 min-I. 

Structure analysis and refinement I": Structure solution by direct 
methods, refinement by a full-matrix least-squares method. H atoms 

were included in refincmcnt with a fixcd B (9.0 for methyl H's, 6.0 
for all others): 1728 reflexions with I ) 20(I), 397 variables, R = 

0.039, R, = (ZA2F/ZFo2)1 ' = 0.036, maximum shift/error rate 0.1 1. 
Further details of the structure are deposited at the Fachinfor- 

mationszentrum Energie Physik Mathematik, D-7514 Eggenstein- 
Leopoldshafen 2. These data are available with quotation of the 
registry numbcr CSD-53269, the authors, and the reference to this 
publication. 

Table 2. Positional parameters and U,, values of the heavy atoms 
in 4. Standard deviations arc given in parentheses 

Aturn 

01 
02 
03 
c1 
C2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
01' 
02' 
03' 
Cl' 
C2' 
C3' 
C4' 
C5' 
C6' 
C7' 
C8' 
C9' 
ClO' 
C11' 
C12' 
C13' 

- 

f 2 R . 5 R  I-S-Bromo-,'-tert-butyl-5-i~e1hyl-f ,S-dioxolan-4-oiir ( 2 ) :  A 
solution of 25 g (1 58 mmol) of dioxolanone 1 '' (diastcreomeric pu- 
rity 96%) and 28 g (158 mmol) of NBS in 200 ml CCI4 was heated 
untcr reflux for 2 h. After filtration and cvaporation of the solvent 
a semisolid mass :s obtained, which is purified by recrystallization 
in EtzO/Pcntane (36.7 g, 98%). m.p. 47'C. [a];; = 226.4 ( c  = 1.51, 
CHCI?). - I R  (CHC13): 3530-3280 cm ' (br.), 2980, 2940, 2920, 
2880, 1820, 1485, 1370, 1260, 1215, 1140, 1070, 965, 910, 650, 635, 
500. - 'H NMR (C6D6): 6 = 0.67 (s, 9H). 1.87 (s, 3H), 4.98 (s, 
1 H). - "C NMR (C,D,): 6 = 23.0, 26.9, 33.3, 89.7, 107.7, 166.8. - 
MS: no M '*. m/z  (YO) = 194 (l) ,  192 ( I ) ,  181 (2), 179 (2), 157 (6), 
129 (14), 100 (15), 87 (31), 70 (16), 57 (58), 55 (lo), 43 (loo), 41 (22). 

CRH,3Br03 (237.1) Calcd. C 40.53 H 5.53 
Found C 38.73 H 5.58 

(~S~-2- t e r t -ButyI -S -n i r thy le i~e -  /,3-dio.xolun-l-or7e (3): To 36.7 g 
(155 mmol) of 2 in 300 ml of CCI4 was added 24 g (237 mmol) of 
NEt,. The mixture was heated under reflux for 4 h, then filtered 
and cvaporated. The rcsidue was distilled and furnished 3 (14.5 g, 
6O%), b.p. 59-60 C/6 Torr. [a32 = -14.9 (c = 1.52, CHCIJ. - 
IR (CDCI):  3010 cm I, 2975, 2940, 2880, 1800. 1670, 1485. 1305, 
1130, 990. - 'H NMR (CDCI3): 6 = 0.98 (s. 9H), 4.84 (d, J = 

2.7 Hz, 1 H), 5.09 (d. J = 2.7 Hz, 1 H), 5.47 (s, 1 H). - "C NMR: 
6 = 22.8, 35.9, 90.6, 109.5, 144.6, 162.6. - MS: m/z (YO) = 156 ( I ,  
M "), 86 (3, 71 (Y), 57 (loo), 43 (24), 42 (22), 41 (37). 

CRHI;O1 (156.2) Calcd. C 61.52 H 7.74 
Found C 61.61 H 7.79 
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Thermal Diels-Alder Rcaction of 3 to Cyclopentadiene (Method 
A ,  see Table 1, Entry 1): A mixture of 0.78 g (5.0 mmol) of 3 and 
1.65 g (25 mmol) of freshly distilled cyclopentadiene was stirred 
under Argon for 6 h at  room temperature. Another portion of 
1.65 g (25 mmol) cyclopentadiene was added, and stirring was con- 
tinued for additional 66 h. After consumption of 3 (according to 
GC) dicyclopentadiene was removed by evaporation (b. p. 40 '30 .2  
Torr). The residue was purified by chromatography (30 g SOz, 1.  
100 ml Hexane, 2. 100 ml CH,CI,) to give adducts 4 and 5 (0.95 g, 
86%). Isomeric ratio 96:4 according to "C NMR. Analytical data 
for the mixture. - I R  (CDC13): 3560 cm-' ,  3070, 2980, 1790, 1370, 

12.4 Hz, 1 H), 1.37 (dm, J = 9 Hz, 1 H), 2.02 (br. d, J = 9 Hz, 1 H), 
2.22 (dd, J = 3.6; 12.4 H r  1 H), 2.55. 2.52 (br. s, 1 H), 2.87, 2.72 (br. 

1175. - 'H NMR (CeD,): 6 = 0.80, 0.85 ( s ,  9H), 1.21 (dd, J = 4; 

S ,  I H). 4.81. 4.87 ( s ,  1 H). 5.96, 5.92 (dd. J = 3.0; 5.5 Hz, 1 H). 6.24, 
6.15 (dd, J = 3.1; 5.6 HZ, 1 H). - I3C NMR (C,D,): 6 = 23.2, 23.3; 
34.3, 34.4; 39.7, 40.6; 42.1, 41.4; 47.0, 49.5; 48.7, 48.9; 85.4, 84.8; 
107.2, 106.9; 132.9, 131.3: 139.9, 141.0; 175.7, 174.0. - MS: m/; 
(Yo) = 222 (1, M"), 80 (2). 79 (2), 69 (7), 67 (5) .  66 (loo), 57 (4), 
41 (6). C12H1803  (222.3) Calcd. C 70.25 H 8.16 

Found C 70.00 H 8.27 

A small amount of pure 4 could be obtained by successive re- 
crystallizations of the mixture in EtzO/Pentane at -30 C. M.p. 

After reduction (see below), G C  and NMR showed a 96.5:3.5 

Method B (see Table 1, Entry 3): A solution of 3 (0.78 g, 5.0 mmol) 
in 5 ml of CHzC12 was treated with 7.5 ml of a 1 M solution of 
TiC12(iPrO)z in CH2C12 and 1.65 (25 mmol) of cyclopentadiene at 
-2O'C. Stirring at -20°C was continued for 24 h. Workup gave 
4, 5, and 6 (0.69 g, 62%). Isomeric ratio 59: 1 :40 ("C NMR). No 
separation of isomers was possible by means of chromatographic 
methods. Isomers 4 and 5 were identified by comparison of the 
NMR of the adducts obtained by Method A. - NMR spectra of 
compound 6: 'H NMR (CD,):  6 = 0.82 (s, 9H), 1.20 (dd, J 1 3.5; 
12.5 Hz, 1 H), 1.37 (dm, J = 9 Hz, 1 H), 2.11 (br. d, J = 8.6 Hz, 
1 H), 1.96 (dd, J = 3.6; 12.4 Hz, 1 H), 2.66 (br. s, 1 H), 2.89 (br. s, 
1 H), 4.78 ( s ,  1 H), 6.04 (dd, J = 3.0; 5.5 Hz. 1 H), 6.21 (dd, J = 3.0; 
5.6 Hz, 1 H). - "C NMR (C,D,): 6 = 23.3, 34.4, 40.0, 42.3, 47.3, 
51.5, 84.6, 107.6, 133.5, 139.7, 176.1. 

Reduction of this mixture (see below) furnished the two enanti- 
omeric e ~ o -  and endo-norbornenemcthanol derivates (8 + 10:9) in 
a 98.5: 1.5 ratio, according to G C  and "C NMR. 

Method C (see Table 1, Entry 4): Olefin 3 was treated with 1.0 
cquiv. of AlEtC12 and cyclopentadiene as described above. After 
16 h workup gave adducts 4, 5, 6 (0.38 g, 34%). The isomeric 
ratio (63:3:34) was determined by G C  and NMR. The chemical 
shifts of the NMR spectra were identical with those obtained by 
Method B. 

Method D (see Tablc I ,  Entry 2): Heating of 3 (0.78 g, 5.0 mmol) 
and cyclopentadiene (3.30 g, 50 mmol) at 140 C for 4 h in a sealed 
glass ampoule furnished 4, 5, and 6 (0.72 g. 65%). The ratio deter- 
mined by NMR was 87:S:5. 

53'C. [XI? = + 148.6 (C = 0.87, CHCI,). 

mixture of alcohols 8 and 9. 

Reduction o f t  he Crude .4dduct Mirtures 
1. Adducts obtained b?: Method A .  (/R.ZR)-2-H~drox.vbic.y- 

clo/2.2.l]hept-5-ene-2-merhanol (8): Thc crude reaction mixture 
(0.97 g, 4.4 mmol) was stirred with LiAIH, (0.36 g, 9.5 mmol) in 
20 ml of EtzO at room temp. for 16 h. The reaction was quenched 
by addition of satd. aq. Na2S0,. Filtration, drying with MgSO,, 
evaporation of the solvent, and chromatographic workup ( E t 2 0 j  
EtOAc 1 :  I )  furnished alcohols 8 and 9 in a 96.5:3.5 ratio (0.51 g, 

82%). Two recrystallizations (Et20/Pentane) afforded pure 8 
(0.39 g, 64%), m.p. 46.5"C, [a]g = 117.8 (c = 2.75, CHCI,). - I R  
(CDCI,): 3700-3100 em-' (br.), 3060,2970,2880,1470, 1450, 1340, 

1 H), 1.34 (d, J = 9 Hz, 1 H), 1.43 (dm, J = 9 Hz, 1 H), 1.61 (dd, 
J = 3.5; 12.5 Hz, 1 H), 2.73 (br. s, 1 H), 2.81 (br. s, 1 H), 3.58 (d, J = 

11.4 Hz, 1 H), 3.64 (d, J = 11.4 Hz, 1 H), 4.25 (br. s, 2H), 6.06 (dd, 
J = 3; 6 Hz, 1 H), 6.29 (dd, J = 3; 6 Hz, 1 H). - "C NMR (CDCI,): 

(1,  M.4+'), 122 ( l ) ,  109 (16), 81 (9), 79 (13). 78 (4), 77 ( 5 ) ,  74 (4), 67 
(12), 66 (loo), 65 (10). 

1280, 910. - 'H NMR (CDCI,): 6 = 1.04 (dd, J = 3.3; 12.5 Hz, 

6 = 40.8,42.4, 48.6. 69.2, 81.9, 133.2, 140.0. - MS: m / z  (Yo) = 140 

CRHl202 (140.2) Calcd. C 68.55 H 8.63 
Found C 68.57 H 8.68 

2. Adducts obtained by  Method B: The crude adducts obtained 
by the TiClz(iPrO)2 promoted cycloaddition (1.00 g, 4.5 mmol) and 
successive reduction as described above gave a 98.5: 1.5 mixture of 
alcohols 8 + 10:9 (0.57 g, 90%). The NMR data of the main isomer 
are identical with those described above. 

(lR,4R)-Bicyclo/2.2.l/hept-5-en-2-one (12): NaIO, (0.93 g, 4.3 
mmol) was dissolved in 10 ml of H 2 0 ,  and pH 7 buffer was added 
(Na2HP04).  To this mixture a solution of 8 (0.60 g, 4.3 mmol) in 
8 ml of EtOH was given. Stirring was continued at room temp. for 
3 h, then 20 ml of H 2 0  was added, and the solution was continously 
extracted with pentane for 2 days. The pentanc extract was dried 
and distilled through a Vigreux column to remove solvent. The 
norbornenone was isolated by bulb-to-bulb distillation at 100"C/ 
50 Torr yielding 0.39 g (83%) of 12. [a]g = 1012 (c = 1.65, isooc- 
tane). - IR (neat): 3060 cm.. I, 2980, 2940, 1745, 1420, 1320, 1225, 
1160,1140,1120,1080,990,855,770,740,710. - ' H  NMR (CDCI,): 
6 = 1.83 (dd, J = 4.4; 16.5 Hz, 1 H), 1.92-2.00 (m, 2H), 2.20 (m, 
1 H), 3.00 (m, 1 H), 3.19 (br. s, 1 H), 6.11 (m, 1 H), 6.56 (dd, J = 2.5; 
5.5 Hz, 1 H). - "C NMR (CDCI,): 6 = 37.2, 40.1, 50.9, 55.8, 130.6, 
143.1. 215.5. 

CAS Registry Numbers 

1 :  81037-06-1 / 2: 116635-37-1 / 3: 113304-16-8 / 4: 116635-38-2 / 
5 :  116697-42-8 / 6: 116697-43-9 / 8: 116697-44-0 / 9: 82729-79-1 j 
10: 82729-80-4 / 12: 16346-63-7 / cyclopentadiene: 542-92-7 
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