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Abstract: Via asymmetric Diels-Alder reactions, large scale preparations of enantiomeri- 
cally pure norbornane-2-carboxylic acids were carried out. Oxidative degradation fur- 
nlshed2-norbornanone and 3-methyl-2-norbornanone which gave the title compounds via 
stereoselective alkylations, subsequent Wittig reactions and reductions. 

East Indian sandalwood oil, obtained by steam distillation from the heartwood of Santalum album 

L, is highly prized in perfumery 1. Its sweet woody fragrance is due mainly to the two major components 

(+)-e-santalol (50-60 %) and (-)-(Z)-/]-santalol (1) (20-25 %). Numerous minor components, including 

(-)-(E)-/J-santalol (2) and (-)-/]-santalene (3), also contribute to the characteristic overall odor cha- 
racter 2. 
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For (+)-e-santalol several partial syntheses are known 3. Concerning total syntheses, work so far 

was mainly concentrated on the essentially odorless (-)-#-santalene (3) 4. To our surprise, we found no 

report on an EPC synthesis of the important fragrance #-santalol (1) in the literature. Accordingly, we 

concentrated our efforts mainly on this compound. As it is prone to racemization via carbocation rear- 

rangement, we have also prepared its enantiomer ent-1, and in addition the double bond isomers 2 and 

ent-2. Our plan for the syntheses of 1 - 3 was based on the well-known preference for exo-attack in 

alkylations of norbornanones 5. 

The requisite enantiomerically pure 3-methyl-2-norbornanones 8b and ent-8b were prepared by 

oxidative degradation from the norbornene carboxylic acids 6a, 6b and their enantiomers. These 

compounds were obtained by asymmetric Diels-Alder reactions. As was previously described, (R)-pan- 

tolactone 6 and (S)-2-hydroxy-N-methyl-succinimide 7 (Scheme 1) are highly efficient chiral auxiliaries 

that allow the preparation of a variety of 5-norbornene-2-carboxylic acids. Using this technique, the 

diastereomerically pure esters 5a and 5b and corresponding diastereomers of the enantiomeric series 

were prepared 6,7. Saponification with LiOH/THF/H20 gave the enantiomerially pure acids 6a, 6b, 

and their enantiomers 8 which were catalytically reduced to the saturated acids 7a, 7b, and their 

enantiomers, respectively, in quantitative yield (Scheme 2). 
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Entry into the natural santalol series was gained by oxidative degradations. Thus, deprotonation of 

7b with LDA and oxidation of the enolate with oxygen in the presence of triethyl-phosphite gave the 

corresponding a-hydroxy-acid 9. The reaction was clean but not complete. Fortunately, the starting ma- 

terial was easily recovered by filtrative chromatography on silica 10. Reduction, and periodate cleavage 

of the resultant diol gave 3-exo-methyl-2-norbornanone (8b) {[a]D = -51.5 (19 *C, c = 1.35, chloro- 

form)} in excellent overall yield of 81% (corr.). The enantiomeric ketone ent-8b was prepared by alkyl- 

ation of (+)-2-norbornanone (ent-8a) (88 %). This important intermediate was prepared from the satu- 

rated acid ent-7a by the same route as described above for 7b (87 %). An alternative route involved 

treatment of ent-7a with permanganate 11, to give the corresponding a-hydroxy-acid (70 %), reduction 

to the diol, and periodate cleavage (94 %). 
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(a) i. 2.2 ¢quiv of LDA/L0 equiv of DMPU/O2/2.0 cquiv of P(OEQ 3, THF, -90 °C, iL LLMH 4, THF, reflux, 2 h, i i i. t.1 cquiv 
of NalO4, water/EtOH 5:1, rt, 40 rain (i-iii: 81%); (b) NaN(SiMc3) 2, Xylol, reflux; (c) H20/H +, rt, 4 h (b,c: 69 %); (d) 1.1 
equiv of (EtO)2OPCH(CH3)CO2Et/1.05 equiv of KN(SiMe.-3)2/5.0 equiv of 18-crown-6, THF, -90* to -60 *C, 4 h (75 %); (e) 
1.05 equiv of Ph3PC(CH3)CO2Et, THF, reflux, 6 h (74 %); (t) 1.03 equiv of PIg3PCHMe2Br/NaNH 2, THF, rt, 5 rain (70 %); 
(g) i. 1.5 equiv of CH2Br2/4.0 equiv of Za/1.1 equiv of TiCI 4, THF, rt, 12 h, ii. 2.2 equiv of DIBAH, CH2C! 2, -78 * to 0 *C, 12 
h (Mi: 61%); (h) 1.5 equiv of CH2Br2/4.5 equiv of Zn/l.1 equiv of TiCI 4, THF, rt, 4 d (80 %). 



Syntheses of sandalwood fragrances 539 

Alkylation of 8b with Stowell's iodide 12 followed by hydrolysis furnished the aldehyde 9 (69 % 

yield). Using suitable variants of the Wittig reaction, all the target compounds could be obtained from 

this intermediate. Thus, the reaction with propylidenetriphenylphosphorane gave the ketone 1213 in 

70 % yield. Reaction of 9 with PPh3C(CH3)COOEt (THF, reflux) furnished a 95:5 mixture of the (E)- 

and (Z)-enoates 11 and 10, respectively, from which pure 11 was obtained by LC (70 %). The pure (Z)- 

isomer 10 was prepared by reacting the aldehyde 9 with (EtO)2OPCH(CH3)COOEt under the condi- 

tions worked out by Still 14 (10:11 = 84:16) and subsequent LC separation (62 %). The highly hindered 

ketones 10-12 were cleanly transformed into the corresponding methylidene derivatives by application 

of Nozaki's method 15. Finally, reduction with DIBAH furnished the target compounds. 

The enantiomers ent-1 - ent-3 were prepared via the same route from ent-8b as starting material, 

except in the case of ent-12 which was subjected to Nozaki's method and, in addition, a Wittig reaction 

with Ph3CHLil7 (47 %). Optical rotations of the various isomers as well as published data are dis- 

played in the Table. Because of the notable discrepancies between our and previous results, we again 

isolated pure #-santal01 and #-santalene of 99 a% purity from sandalwood oil 18, essentially following the 

procedure of Brunke et al. 2c which, unlike the earlier procedure 2a, cannot cause racemization. The 

excellent agreement of the optical rotations of the natural and synthetic materials indicates a high 

degree of enantiomeric purity for the former. 

Fragrance properties of the various synthetic compounds are as follows: 1: Typical sandalwood 

scent, identical to that of the natural product; ent-l: No scent; 2: Scent similar to 1 but less intense; ent- 

2: No scent; 3/ent-3: Essentially no scent when freshly purified. After several months of storage, the 

previously odorless compounds developed a week smell. 

Table. Optical rotations of sandalwood constituents from various sources. 

I :  [~]D = -I09.4 (20 "C, 
[~]O = -I09.5 (20 "C 
{~]O = -90.5 (20 "C 

ent-~: e D = +105.3 (20 "C 

[e l  D = +108.4 (20 "C 
~: [~]D = -113.7 (21 "C 

ent-~: [e]D = +113.8 (21 "C 

3: [e]D = -107.8 (20 "C 
[e l  D = -108.89 (20 "C, 

[e l  D = -I12 (28 'C, 
[e l  D = -119 (20 "C, 

ent-3: [e]D = +108.6 (25 "C, 

[e]D = +119.5±I (20 "C, 

c = 0.7, methanol), 
c = 0.9, methanol), 
neat) a , 
neat) b , 

c = 1.0, methanol), 
c = 0.33, chloroform) 
c = 1.0, chloroform) 

c = 0.8, chloroform) 
c = 0.776, chloroform) 

c = 5.0, chloroform) 
c = 0.8, chloroform) 
c = 0.51, chloroform) 
c = 0.6, chloroform) 

synthet ic ,  th is  w. 
i so la ted,  th is  w. 
i so la ted,  re f .  2a 
synthet ic ,  th i s  w. 
synthet ic ,  th is  w. 
synthet ic ,  th i s  w. 
synthet ic ,  th is  w. 
i so la ted,  re f .  4a 

synthet ic ,  re f .  4a 
synthet ic ,  re f .  4c 
iso la ted,  re f .  18 
synthet ic ,  re f .  4b 
synthet ic ,  th is  w. 

(a) Density: 0.975 g/ml (20 °C); (b) Not normalized with respect to density. 
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