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Abstract: The asymmetric dihydroxylation procedure (AD) is applied to a variety of polyenes. 
In many cases excellent regioselectivities are obtained. The observed selectivities are rationalized 
in terms of electronic and/or steric effects inherent to the substrate, superimposed on the 
substrate's favorable or unfavorable interactions with the binding pocket of the AD ligand. 
Surprisingly, for medium and large ring olefins with trans-double bonds outstanding enantio- 
seleetivities are realized using the pyrimidine ligands. A hexaol of D 3 symmetry is prepared from 
all trans cyclododecatriene. 

The asymmetric dihydroxylation (AD) of olefins has become a useful process in organic synthesis. Recent 

studies 1 have illustrated the wide range of possible substrates for this reaction. The phthalazine ligands A 2a 

and the pyrimidine ligands B 2b can be used in the oxidation of five of the six olefin-classes with high 

enantioselectivity and with a stereoselection predictable by the mnemonic device (Scheme 1). 
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The broad range of olefin-types which are good substrates for the asymmetric dihydroxylation leads 

naturally to the question of regio selectivity in the case of polyolefins. In the recent syntheses of the lichen 

macrolide (+)-aspicilin, 3 the macrolide antibiotic (-)-A26771B, 4 and juvenile hormone 1115 selective di- 

hydroxylation of trienes plays a key role in the synthetic strategy. In all three cases, double bonds were 

oxidized with high regio- and stereoselectivity. 

Scheme 2: Asymmetric dihydroxylation as a key step in natural product syntheses. 
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Several reports on the selective asymmetric dihydroxylation of polyenes have already appeared. 6,7 Both 

the electronic and steric properties of the individual double bonds seem to be important factors affecting 

regioselectivity. Recent kinetic studies with olefins containing isolated double bonds found much higher rate 

constants for the oxidation of trans-l,2-disubstituted and trisubstituted olefins than for cis-l,2-disubstituted 

and terminal olefins, when using the phthalazine ligands A. 8 However, due to the potential importance of 

asymmetric dihydroxylation of polyolefins in synthesis, we have undertaken a more thorough study of the 

factors affecting regioselectivities in these polyene oxidations. Presented here are results from the asym- 

metric dihydroxylation of dienes and trienes representing a variety of substitution patterns, including 

polyenes in acyclic systems as well as those in normal, medium-sized, and large 9 rings. Another key vari- 

able explored is the effect of conjugation, or the absence of it, on site selectivity in these polyene oxidations. 

ACYCLIC POLYENES 

In unfunctionalized, nonconjugated polyenes the substitution pattern and the steric environment of the 

double bonds are the key factors in determining the regioselectivity. In the mono-dihydroxylation of 

squalene (which contains only trisubstituted double bonds, all of which are very similar) there is only a 

modest preference for oxidation of the terminal double bond, but the resulting ee is excellent. 10 In non- 

conjugated polyolefins with variously substituted double bonds the degree of substitution and its pattern are 

usually the prime determinants of the reactivity hierarchy. 
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Table 1: Asymmetric dihydroxylation of various conjugated polyenes in the presence on (DHQD) 2- 

PHAL at 0°C. 

Entry Substrate Diols E Yield 

OH OH 

1 n.CsH, ~ / ~ , ~ ~  n - C s H , ~ ~  n - C s H , ~ / ~ ~ O H  60% 

l a  OH l b  l c  
Ratio: J ~  • 1 

n-C5H11 nCsH11 OH 

2a 84%ee 2b 

OH OH 
3 B z O . ~ , j ~ . / ~  B Z O . v ~  ~ B z O , ~ ' ~ j  91% 

OH 3b OH 
3a >98%ee 3c 

Ratio: 1 ~  ' 1 

OH OH 
4 AooJ(CH2)6~,~/~ A o o J ( C H 2 ) 6 ~  A c o / ( C H 2 ) 6 ~  820/0 

4a OH OH 
95%ee 4b 94%ee 4C 

Ratio: ~ ' 1 
i 

AcO~ (CH2)7~ AcO/" (CH2)7"'11 I OH 
5 820/0 

5a OH 5b 
93%ee 

O OH O 

6 n_C5H1 , ~  , ~ v ~  H n_CsH11.,~'~_v~ H 50% 
OH 

6a 94%ee 6b 

For the trienes la  (Table 1, entry 1) and 2a (Table 1, entry 2), no products resulting from oxidation of the 

internal double bond are observed. In la, of the two "outside" double bonds the trans-disubstituted one is 

lbund to be the most reactive. In the corresponding cis-case 2a, only oxidation of the terminal bond is 
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observed. Although trans-double bonds are usually much more reactive than cis disubstituted or mono- 

substituted double bonds, no reaction of the trans-double bond is observed in this case, where it would lead 

to disruption of conjugation. However, this simple rational may not be the entire story for triene 2a since 

steric factors will tend to push the 3,4 and 5,6 olefinic links out of conjugation in any case. In fact, the kink 

in that part of the molecule would also be expected to disfavor its fit into the phthalazine ligand's binding 

pocket.ll Dienes 4a (Table 1, entry 4) and 5a (Table 1, entry 5) provide additional evidence for the pref- 

erence of the asymmetric dihydroxylation catalysts for trans-disubstituted double bonds. 

Electron withdrawing oxygen-substituents like the benzoyloxy group in 3a (Table 1, entry 3) have an 

important influence on the reactivity of the double bonds and can lead to high regioselectivities in the 

asymmetric dihydroxylation (see for example AD of geraniol derivatives in ref. 6b). If sterically accessible, 

the more electron rich double bond is the more reactive one. As the asymmetric dihydroxylation of 3a 

shows, good differentiation is also possible with conjugated dienes. When a strong electron withdrawing 

functionality is directly conjugated with a polyene system it usually has a dramatic effect on the regio- 

selectivity, directing attack (other things being equal) to the most distal double bond. Hence, dienal 6a 

undergoes dihydroxylation only at the distal double bond (Table 1, entry 6). 12 

Olefins with conjugated aromatic substituents are of particular interest as substrates for the asymmetric 

dihydroxylation since very high ee's are usually obtained. The putative attractive interactions 1 la,b between 

the aromatic substituents on the olefin and those in the asymmetric dihydroxylation catalyst make these 

substrates particular interesting from a mechanistic point of view. It has recently been shown that one 

aromatic substituent on the double bond greatly enhances the rates relative to those for olefins bearing only 

aliphatic substituents. The size of the aromatic group seems to play an important role. In the case of the 

dihydroquinidine phthalazine ligand in t-BuOH, 2-vinylnaphthalene reacts almost five times faster than 

styrene and about thirty times faster than 1-decene. 1 l a Molecular mechanics calculations 1 l b and NMR 

experiments I la suggest, that stacking interactions between the phthalazine ring system and the aromatic 

substituent as well as attractive edge-to-face interactions between the aromatic substituent and a methoxy- 

quinoline play an important role in the stabilization of the transition state 1 ld. The more intense interaction 

with the larger 2-vinylnaphthalene leads to a faster reaction. Various substituents in the 3 and 5 position of 

styrene decrease or increase the observed rates and ee's depending on their size. 13 However, in the reaction 

of conjugated dienes with aromatic substituents, the situation is more complex. 

In comparison to 7a, the 3,5-dimethyl substituted 8a shows a slightly greater preference for the double 

bond proximate to the aromatic ring, whereas di-tert-butyl substituted 9a reveals a strong shift toward the 

site distal to the aromatic ring (Scheme 3). The general preference for attack at the outer double bond is not 

surprising given that oxidation at the internal site leads to greater disruption of conjugation. It has recently 

been shown, that methyl groups in the 3 and 5 position of styrene enhance reaction rates and ee's, whereas 

tert-butyl substituents in both positions reduce reactivity and enantioselectivity, lId,13 The similarly 

substituted dienes 8a and 9a show, in comparison to the parent compound 7a, a better (8a) or worse (9a) fit 

into the binding pocket. 
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Scheme 3: Asymmetric dihydroxylation of conjugated aromatic dienes. The dihydroxylations were car- 

ried out at 0°C with dihydroquinidine phthalazine (DHQD2-PHAL) as ligand. The ee was 

only determined for the major product. 
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In contrast, in the ~-naphthyl substituted diene 10a the internal double bond is oxidized predominantly, 

implying that the "disruption of conjugation" effect (vide supra) has somehow been overcome. This prefer- 

ence for dihydroxylation of the internal double bond may be due to favorable stacking interactions between 

the naphthyl group and the binding pocket of the phthalazine ligand. In the case of attack at the external 

double bond, strong binding interactions are not feasible. Apparently, a phenyl group does not provide 

enough binding interaction to overcome the normally observed preference for minimizing disruption of 

conjugation. A contribution to these differences from differences in the conjugation energy of the dienes 

7a-10a can not be ruled out, but calculation of the hydrogenation energies (AM1) of the internal double 

bond suggest, that the "disruption of conjugation" effect is similar in dienes 7a-10a. 



1350 H. BECKER e t  al. 

As shown earlier, with diene l l a  and triene 12a (Scheme 4) only the double bond remote from the ester 

group is oxidized. 6a There is, no doubt, a "disruption of conjugation" component to this regioselectivity, but 

the preference for attack distal to the electron withdrawing ester group is also a big factor. 

Scheme 4: Asymmetric dihydroxylation of conjugated unsaturated esters. 6a 
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In polyenes, where the oxidation of any double bond would lead to disruption of conjugation, the 

selectivity of the asymmetric dihydroxylation should be forecast based on other applicable effects. For 

example, polyenes 13a and 14a (Scheme 5) react selectively at the double bond proximal to the aromatic 

group (binding pocket-effect) and distal to the ester group (electron withdrawing-effect). 

The ee's of 13b and 14b are exceptionally high (Scheme 5); only in the case of stilbene have ee's of this 

magnitude been observed. 2a Even with the pyrimidine ligands, usually not the preferred ligands for t rans-  

disubstitutcd olefins, high enantioselectivities are obtained. (DHQD)2-PYR and (DHQ)2-PYR show surpris- 

ingly different behavior with 13a. With (DHQ)2-PYR as ligand a much higher preference for oxidation of 

the double bond proximal to the phenyl group is found. Dihydroxylation of triene 14a proceeds with 

similarly high enantioselection and even higher regioselection. Also in this case only minor oxidation of the 

double bonds distal to the aromatic group is observed. 

Dihydroxylation of ketodienoic ester 15a (a highly electron-deficient substrate) is successful using the 

buffered variation of the asymmetric dihydroxylation (Scheme 6). 14 Diols 15b and 15c are formed with low 

regioselectivity but good enantioselectivity using the phthalazine ligands. Surprisingly, the pyrimidine 

ligands and also quinuclidine show an -6/1 selectivity for the double bond proximal to the keto group in 15a. 
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Scheme 5: Asymmetric dihydroxylation of polyenoic esters. The dihydroxylations were carried out with 

the indicated amount of ligand and an equal mol% of K2OsO4.2H20. The ee's were deter- 

mined only for the major products. With the phthalazine ligands, the amount of ent-13b or 

ent-14b produced is lower than 0.2%. The products shown are the enantiomers from those 

reactions with the DHQD-ligands. 

O ~ 0 ~ AD 

Ooc 

13a 

OH 0 OH 0 

13b 13c 

Ligand 13b (ee) 13c EYield 

1% (DHQD)2-PHAL 5 (99.5%+) 1 76% (11% starting material) 
1% (DH Q)2-PHAL 6.5 (99.5%+) 1 73% (10% starting material) 
1% (DHQD)2-PYR 6.5 (97%) 1 59% (28% starting material) 
1% (DHQ)2-PYR 16 (94%) 1 60% (24% starting material) 
5% Quinuclidine 10 1 23% (42% starting material) 

O OH O 

1 4a 14b 

Ligand T_.Yield 

1% (DHQD)2-PHAL 77% (ee=99.5%+) a (22% starting material) 
1% (DHQ)2-PHAL 75% (ee=99.5%+) a (20% starting material) 
5% Quinuclidine 26% a (55% starting material) 

a): The diols contained about 5% of regioisomeric diols in the (DHQD)2-PHAL and (DHQ)2-PHAL cases 

and about 10% in the quinuclidine case. 
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Scheme 6: Asymmetric dihydroxylation of ketodieneester 15a. The products shown are the enantiomers 

from those reactions with the DHQD-ligands. 

O ~ 0 ~ buffered-AD 

o O'C 

15a 

OH 0 OH 0 

O OH O OH 

15b 15c 

Ligands 15b 15c 7_, Yield 

2% (DHQD)2-PHAL 56 (97% ee) 44 (97% ee) 63% (30% starting material) 

2% (DHQ)2-PHAL 60 (97% ee) 40 (97% ee) 59% (25% starting material) 

2.5% (DHQD)2-PYR 83 (90% ee) 17 (89% ee) 60% (31% starting material) 

2.5% (DHQ)2-PYR 86 (91% ee) 14 (90% ee) 63% (28% starting material) 

5% Quinuclidine 86 14 34% (56% starting material) 

Etretinate (16a), an aromatic analog of retinoic acid used as a treatment for acne, is an interesting 

example of a complex, conjugated polyene where many different selectivity determining factors are involved 

(Scheme 7). Remarkably, dihydroxylation of the trisubstituted double bond next to the carboethoxy group is 

favored in this case. The double bond adjacent to the aromatic group, favored in the oxidation of 13a and 

14a, reveals little reactivity in 16a probably due to the high steric demand of the two ortho-methyl groups. 
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Scheme 7: Asymmetric dihydroxylation of etretinate (16a). Because of the low solubility of 16a, tert- 

butyl methyl ether was used as cosolvent. To minimize the influence of over oxidation, the 

asymmetric dihydroxylation reactions were stopped at incomplete conversion. The products 

shown are the enantiomers from those reactions with the DHQD-ligands. 
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- -  - -  O H ~  0 ~ ~ ~ L ~ ~ o  ~ z OHO 
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16d 16e 

Ratio [%] 
ligand 16b 16c 16d 16e Yield 

2%(DHQD)2-PHAL -2 7 19 72 (82%ee) 58% (2% tetrols, 30% 16a recovered) 

2% (DHQ)2-PHAL 6 10 19 65 (82%ee) 43% (5% tetrols, 46% 16a recovered) 

5% Quinuclidine 8 34 49 9 19% (15% tetrols, 63% 16a recovered) 

SMALL CYCLES 

Cyclic dienes 17a and 18a (Table 2, entry I and 2) show a surprisingly high differentiation between the 

methyl and the iso-propyl substituted double bonds. ~-Terpinene 17a (Table 2, entry I) is dihydroxylated at 

the more accessible methyl substituted double bond with a preference of 8:1 and with an ee of 86% for the 

major product 17b. The isomeric non-conjugated diene T-terpinene 18a (Table 2, entry 2) shows an even 

higher regioselectivity and enantioselectivity. In comparison, the asymmetric dihydroxylation of terpinolene 

19a (Table 2, entry 3) proceeds with only fair selectivity for the trisubstituted olefin. 

Kinetic measurements reveal that simple acyclic trisubstituted double bonds usually react about ten times 

faster than tetrasubstituted analogs. 8 However, in this cyclic system (19a) the reaction rate of the tetra- 

substituted double bond, while still substantially slower, is closer to that for its trisubstituted neighbor. 

Applying our mnemonic device for rationalizing face selectivity (Scheme I) to ¢x-terpinene 17a or y- 

terpinene 18a, the methyl or the iso-propyl group are pointing into the southwest quadrant. This is believed 
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Table 2: Asymmetric dihydroxylation of readily available monoterpenes in the presence of (DHQD) 2- 

PHAL. 

Entry Substrate Diols ~ Yield 

1 HO" 78% 

17a 17b 17c 
86%ee 

Ratio: [ ~  : 1 

2 OH 84% 

OH 

18a 18b 18c 
96%ee 

Ratio: > [ ~  : 1 

3 80% 

OH 

H 
19a 19b 19c 

92%ee 
Ratio: I - - ~  : 1 

to correspond to the region where an attractive interaction between substrate and ligand can take place. For 

example, this probably plays an important role in the asymmetric dihydroxylation of 1-phenyl-l-cyclo- 

hexene,2,15 where the very high enantioselectivity of >99% with the (DHQD)2-PHAL ligand is observed. 

The methyl groups in 17a and lSa are too small to have a good interaction with the binding pocket, but the 

results prove that they are better for this role than the iso-propyl substituents. Actually, the iso-propyl 

substituent in these systems probably acts more like a t-butyl substituent since steric interactions will force 

the methyls to lie above and below the plane of the cyclohexadiene rings in 17a and 18a. We have pre- 

viously established that olefins with branched substituents (e. g. t-butyl), especially when that substituent 

must reside in the "southwest" binding pocket, usually give low ee's with the phthalazine ligands. 
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MEDIUM AND LARGE RINGS 

For cyclic polyenes in normal- and medium rings and with only cis-disubsfituted double bonds, very poor 
enantioselectivity is usually observed. 16 As expected, medium and large ring polyenes with at least one 

Table 3: Asymmetric dihydroxylation of medium and large ring olefins. The yields for reaction in the 

presence of (DHQD)2-PYR are between 75% and 95%. 17,18 

ee [%] 

Entry Substrate Diol(s) (DHQD)2- (DHQD)2- 
PYFI PHAL 

20a OH 20b 

21a l b  

3 88 a'c 69 

22a b 

Hq 

2311 23b 

24a 24b 

OH 
.Q. 

8 95 b 58 

27a 27b 

a In theses cases the reactions were stopped at low conversion, 2] 
b See reference 19 
c See reference 20. 
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trans-double bond are much better substrates for the asymmetric dihydroxylation (Table 3). 

Surprisingly, in all cases investigated, the pyrimidine ligands give far better enantioselectivity than the 

phthalazine ligands. Usually, only terminal olefins are satisfactorily oxidized in systems using pyrimidine 

ligands. 2b However, especially in the 12-membered cycles t,t,t-l,5,9-cyclododecatriene (21a) (Table 3, entry 

2) and cyclododecene (2,4a) (Table 3, entry 5) as well as in the 16-membered t-8-cyclohexadecenone (27a) 

(Table 3, entry 8) very high enantioselectivity is observed. In all cases with both cis and trans double bonds, 

only oxidation of the trans double bond is observed. 17 In three cases, (Table 3, entry 5, 6, and 8), cis/trans 

Table 4: Influence of the ligand on the diastereofacial selectivity of the second dihydroxylation. 23 

Ligand 

H O ~ ' , , , , I  Quinuclidine (DHQ)2-PYR (DHQD)2-PYR 

..... OH 97 99.7 25 ~,,,,,OH 28a . . . . . .  m e s o  

HO ..... 

3 0.3 ;'5 21b 

199.4% d,,J 
28b ~2 

T_,Yield 61% 72% 65% 

~ l ~ C ~  "~ 89 99 11 

, , ~ , "  e s o  . . . . . .  FIJo,,,,~Oo, 
" ~  i~'~ t~l~R , , t ~  " 11 1 89 29 

a0b C2 
EYield 80% 85% 81% 

H ~HO, t~R , ' ~ '  O ~ " ~  t'-) 74 99 4.5 

, ' ~ "  32a . . . . . .  
HO,,,,,(~-,~ 0 

31 ~,~ t.~,"~,. ,,d 26 1 95.5 

32b 
EYield 87% 85% 80% 
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mixtures were used. Under 'standard' asymmetric dihydroxylation conditions, only in the 15-membered 

case (Table 3, entry 6) was diol from the dihydroxylation of the cis olefin observed. 18 

To minimize kinetic resolution of the product diols, the reaction of cyclic olefins with more than one 

trans double bond was performed at low conversion. 21 However, under the 'normal' asymmetric di- 

hydroxylation conditions (see Experimental Part: Typical procedure for the asymmetric dihydroxylation), for 

t,t,t-cyclododecatriene 21a and c,t,t-cyclododecatriene 22a, higher enantiomeric excesses are observed. 22 

Using the standard conditions, a 98-99% ee for diol 21b (Table 3, entry 2) and 94% ee for diol 22b (Table 3, 

entry 3) are realized. At even higher degrees of conversion, diol 21b can be obtained enantiomerically pure, 

whereas with 22b, a maximum of 95% ee is reached even at very high conversion. 

In both cases, the second dihydroxylation step is slower than the first. In contrast to diol 21b, the two 

remaining double bonds in 22b are not equivalent. In 21b, the minor S,S-enantiomer reacts faster in the 

presence of (DHQD)2-PYR than the major R,R-enantiomer, which leads to improvement of the enantiomeric 

excess up to enantiomeric purity. In 22h however, competing oxidation of the remaining cis and trans 

double bond lead to a "steady state" enantiomeric excess of about 95%. 

The intrinsic diastereofacial preference of diol 21b or the protected derivatives 29 and 31 can be shown 

by further diastereoselective dihydroxylation (Table 4). All reactions were performed with enantiopure (ee > 

99.5%) starting materials. In all three cases, the meso compound is favored. 24 The intrinsic diastereofacial 

selectivity can be enhanced by (DHQ)2-PYR (matched pair 25) or reversed by (DHQD)2-PYR (mismatched 

pair). Also in this application, pyrimidine ligands are the most effective. 26 The matched cases, leading to 

meso compounds, were carried out in the presence of 1% (DHQ)2-PYR/I% K2OsO4.2H20, the mismatched 

Scheme 8: Lowest energy conformations of diol 21b and acetonide 29 found by molecular mechanics 

calculation. 27 

  s.ace 2s s ,ace 

.... O H  si, si-face si, si-face 

21 b 29  
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with 5% (DHQD)2-PYR/5% K2OsO4.2H20. Nevertheless, in the mismatched cases the reactions are, espe- 

cially with diol 21b, considerably slower. 

The observed selectivities explain the kinetic resolution observed in the oxidation of t,t,t-cyclo- 

dodecatriene 21a. The major R,R-diol 21b reacts slowly in the presence of (DHQD)2-PYR, whereas the 

minor S,S-enantiomer ent-21h reacts faster, resulting in enhancement of the enantiomeric excess up to 

enantiomeric purity. 

The direction of selectivity can be rationalized by molecular mechanics calculations. 27 The lowest 

energy structure for diol 21b shows that the remaining two double bonds present their si, si-faces to the 

outside and their re, re-faces to the inside of the ring, suggesting that attack form the re,re-face is less 

favorable (Scheme 8). In the case of diol 21b, the lowest energy conformation is 8.7 kJ/mol lower than the 

lowest energy conformation with a re, re-face of a double bond exposed to the outside. In acetonide 29, the 

energy difference is considerably smaller (1.1 kJ/mol), which is consistant with the lower intrinsic diastereo- 

selectivity. 

Nonselective dihydroxylation of all three double bonds in the four possible 1,5,9-cyclododecatrienes 

should lead to mixtures of hexaols. Of the 12 possible diastereomeric hexaols (8 pairs of enantiomers and 4 

meso compounds) 28 only 2 diastereomers can be obtained from t,t,t-l,5,9-cyclododecatriene (21a) (Scheme 

9). 

Scheme 9: The 12 diastereomeric hexaols from the four possible 1,5,9-cyclododecatrienes. 

m o s o  m e s o  
C3v Cl C2 cl Cs C2 

.,oso Cs : Cl C2 ..r.s~o CS C~ O3 
,, 

8 pairs of enantiorners 
4 m e s o  

T_.: 20 Stereoisomers 
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Starting from enantiomerically pure diol 21b double dihydroxylation furnishes 2 diastereomeric 

hexaols. 29 After acetylation, using the result with quinuclidine as reference, one finds that the C 2 symmetric 

hexaacetate 34 is strongly favored over the D 3 symmetric product 33. 31a In the presence of (DHQ)2-PYR 

only traces of the highly symmetric hexaacetate 33 are found, whereas (DHQD)2-PYR furnishes a 1:2 mix- 

ture of 33 and 34 in 94% overall yield (Table 5). 

Table 5: Bis-Dihydroxylation of dienediol 2lb. 30 

Ligand 

AcO,,,,0r~,,,~ Quinuclidine (DHQ)2-PYR (DHQD)2-PYR 
I ' l l  ~ ,,,,,OAc 2.5 0.4 36 

,,,OH .- £)3 
OAc 33 . . . . . .  

AcO,,, .J,,o. ~ 
21 b '~'~ "]~ 97.5 99.6 64 

,,,,OAc 

C2 
OAe 

34 T, Y i e l d  9 2 %  9 3 %  8 9 %  

Figure 1: Single crystal X-Ray structure of the D 3 symmetric hexaacetate 33 in the solid state. Mol- 
ecules 3 and 4 (not shown) are similar to molecule 2 with some of the acetate groups slightly 
rotated. 

M o l e c u l e  1 M o l e c u l e  2 
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In the D 3 symmetric starting material 21a, the high symmetry is maintained both in the solid state 31b and 

in solution. 31c However, an X-ray crystallographic structure of the D 3 symmetric hexaacetate 33 shows that 

this high symmetry is not maintained in the crystal lattice (Figure 1). 32 Of the 4 independent molecules in 

the unit cell only molecule 1 approaches D 3 symmetry, whereas molecules 2, 3 and 4 adopt approximate C 2 

symmetry. 

For nearly all the medium and large ring cases examined here, the pyrimidine ligands give good to very 

good selectivity, whereas reactions with the phthalazine ligands, usually the favored ligands for trans-di- 

substituted double bonds, suffer from low selectivity and slow reactions. For the phthalazine ligands we 

have proposed a chiral L-shaped binding cleft consisting of a "floor" provided by the phthalazine ring system 

and an abutting, perpendicular "wall" provided by the methoxyquinoline moiety of the bystander alkaloid 

unit (Figure 2). 11 

Figure 2" Structure of the proposed osmaoxetane intermediate derived from styrene and (DHQD) 2- 

PHAL.I lb The hydrogen atoms are omitted for clarity. 

L-shaped binding cleft 

Otma~ettne ', line 

- ~ " ~  P~t ~ ( ~  halazine floor 
-y- 

Active alkaloid 
moiety 

The proposed mechanism enables very good transition state stabilization for most acyclic and "small 

ring" olefins, but also places limits on the size of certain substituents. Molecular mechanics calculations 27 

for all the medium and large ring substrates in this study reveal that the ring stands perpendicular to the 

trans double bond(s), making the rings too large to fit well into the pocket of the phthaiazine ligands in the 

ideal transition state geometry. The different topology of the pyrimidine ligands creates a more open binding 

cleft enabling the (DHQD)2-PYR and (DHQ)2-PYR ligands to offer a better fit for the medium and large ring 
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trans olefins which, unlike most olefins, present a rather peculiar three-dimensional shape. A three- 

dimensional representation of a possible osmaoxetane intermediate derived from t,t,t-cyclododecatriene and 

(DHQD)2-PYR is shown in Figure 3. 

Figure 3: Osmaoxetane from t,t,t-cyclododecatriene 21a and (DHQD)2-PYR calculated in manner 

similar to that used for the phthalazine analog lib. 

uinoline 

Y orthogonal 5-phenyl group 
Active alkaloid 
moiety 

The more splayed arrangement of the two alkaloid units around the pyrimidine core (l,5-related, c.f. the 

1,4-relationship in the phthalazine core) leads to a more open L-shaped binding cleft. Here the chiral pocket 

is not only provided by a polarized aromatic floor and the bystander methoxyquinoline but also receives a 

contribution from the 5-phenyl substituent on the pyrimidine-core. The twist of this phenyl group, found in 

an X-ray crystal structure of (DHQ)2-PyR33 and in molecular mechanics calculations 2b, seems to play an 

important role in the stabilization of the substrate in the binding pocket. In essence, this phenyl group 

appears to act as a "third boundary" further stabilizing the transition state for substrates which prefer to be in 

the pyrimidine binding pocket. Incidentally, the Corey-Noe "sandwich" mechanism 34 for the AD is impos- 

sible for these PYR ligands since the 2-phenyl substituent completely obstructs the binding pocket in their 

model. Ab initio calculations 35 show, as for the PHAL ligands, lid that for each alkaloid substituent the 

N=C-O-alkaloid dihedral angle must be near 0 °. This forces both methoxyquinoline systems to be on 

opposite sides of the 2,5-diphenyl pyrimidine core, making a "sandwich" interaction between the substrate 

and the two metho×yquinolines impossible in the PYR ligand system. 
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CONCLUSION 

This study reveals that the asymmetric dihydroxylation process (AD) can be highly selective when 

presented with a polyolefin target. We have tried to rationalize the various phenomena observed and a 

number of fundamental effects have been identified. However, one need only consider the results with 

etretinate (scheme 7) to realize that our predictive ability in these systems will often be poor. Taking all the 

factors discussed here and in earlier papers 6,7 into consideration, the major diol produced by AD of etretinate 

(16a) should have been 16c. The reasons: 1) it is a trisubstituted acyclic olefin (the PHAL ligand's favorite 

type); 2) it is thrice removed from the deactivating carboethoxy group; and 3) the double bond most distant 

from the carboethoxy group bears an aromatic substituent which cannot fit well into the PHAL binding 

pocket. In the event (see table in scheme 7), diol 16c is one of the minor products produced using the PHAL 

ligands. To make a stab at explaining this outcome, we can suggest that the o,o-disubstituted aryl group, 

forced to lie orthogonal to the conjugated tetraene system, also disables the binding pocket interactions 

necessary to facilitate attack on the central trisubstituted olefin (i.e., the route to diol 16e). One could go 

further with such rationalizations, but for now there is no getting around the fact that the actual major diol 

product (16e) results from attack at one of the two sites we predicted to be least reactive. 37 

EXPERIMENTAL PART 

For general experimental conditions see reference 1 l a. 
The determination of the ee was performed by analytical HPLC using Pirkle 1-A Ionic spherical silica (25 
cm x 4.6 mm I.D.) or Chiralcel OD-H, OB-H, OJ, OK, or OC (25 cm x 4.6 mm I.D.) columns respectively 
by analyzing the diols, dibenzoates, or MTPA36-esters. The UV-detector was set to 254 rim. GLC was 
performed on [3-cyclodextrin, J & W CDX-B (30 m x 0.32 mm I.D.), or J & W DB-5 (30 m x 0.32 mm I.D.) 
columns. 

Typical procedure for the asymmetric dihydroxylation reactions and work-up at 1 mmol scale in the presence 
of 1 mol% ligand and 1 mol% of K2OsO4.2H20: 
1 mol% ligand (8.0 mg in the phthalazine case, 8.9 mg in the pyrimidine case), K3Fe(CN)6 (990 mg, 3 
mmol), K2CO 3 (420 mg, 3 mmol), CH3SO2NH 2 (95 mg, 1 mmol), and K2OsO4-2H20 (3.7 rag, 1.0 mol%) 
were dissolved in 1:1 tert-butyl alcohol/water (5 mL of each) at room temperature. It was cooled to 0°C and 
the diene or triene was added. The mixture was stirred at 0°C; for work-up Na2S205 or Na2SO 3 (1.5 g) was 
slowly added and the suspension was warmed to room temperature while stirring vigorously. If not 
mentioned otherwise, CH2C12 or ethyl acetate (~20 mL) was added, and the aqueous layer was further 
extracted with CH2C12 or ethyl acetate (3 × 5 mL). The combined organic layers were dried over MgSO 4 
and then concentrated. The crude product was purified by flash chromatography on silica gel to obtain the 
ene diol. The absolute configuration of the diols (except 21b, 22b, 23b, and 24b) 20 was assigned by 
applying the mnemonic device (Scheme 1). 
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Polyenes la-6a,  17a-19a, 21a-25a, and 27a are commercially available. The conjugated aromatic dienes 
7a-10a were obtained by the Wittig-reaction of the corresponding benzylbromide with crotonaldehyde. 
Ester 13a was obtained from the commercially available acid; triene 14a was synthesized by the Wittig- 
Homer reaction of trans-triethyl-4-phosphono-2-butenoate and trans-cinnamaldehyde. Keto dieneester 15a 
was prepared by the Wittig-reaction of trans-4-oxo-ethylcrotonate (prepared by SeO 2 oxidation of trans- 
ethylcrotonate) with 1-triphenylphosphoranylidene-2-propanone. Etretinate (16a) was a gift from Dr. Percy 
Manchand of Hoffman-LaRoche; compounds 20a and 26a were provided by Dr. Alois Ftirstner (Max- 
Planck-Institut fiir Kohlenforschung/MiJhlheim an der Ruhr). 

( 3E,5R,6R ).5,6-Dihydroxyundeca- l,3-diene (lb): 
The AD-reaction was performed on triene la  (1 mmol) as described in the typical procedure (vide supra) 
using (DHQD)2-PHAL as ligand. The diols lb  and lc were obtained in 60% yield. 
lH NMR (400 MHz, CDCI3) 5:0.87 (m, 3H), 1.30 (m, 6H), 1.35 (m, 2H), 2.05 (s, 2H), 3.47 (m, 1H), 3.95 (t, 
J =  6.5 Hz, 1H), 5.15 (m, 1H), 5.25 (m, 1H), 5.68 (m, 1H), 6.33 (m, 2H). HRMS (FAB+/NBA) calculated for 
CI 1H2002 (MNa+), 207.1361; found, 207.1357. 

(2R,3E,5Z)-Undeca-3,5-dien-l,2-diol (2b): 
The AD-reaction was performed on triene 2a (1 retool) as described in the typical procedure (vide supra) 
using (DHQD)2-PHAL as ligand. Diol 2b was isolated with 48% yield. The ee was determined by HPLC 
analysis of the diol (Chiralcel OB-H, 5% i-PrOH/hexane, 0.5 ml/min). 
[t~]~ = +10.5 (c 0.71, CHCI3); IR (neat) v 3353 (br. s), 3004 (w), 2954 (s), 2926 (s), 2854 (s), 1460 (s), 
1317 (w), 1069 (s), 1019 (m), 983 (m), 947 (m), 869 (w) cm-l; 1H NMR (400 MHz, CDCI3) 5:0.87 (t, J = 
6.9 Hz, 3H), 1.30 (m, 4H), 1.37 (m, 2H), 2.17 (ddd, J = 14.6, 7.4, 1.4 Hz, 2H), 2.22 (s, 1H), 2.37 (s, 1H), 
3.51 (dd, J = 11.2, 7.4 Hz, 1H), 3.66 (dd, J = 11.2, 3.5 Hz, 1H), 4.30 (m, 1H), 5.47 (dt, J = 10.8, 7.6 Hz, 1H), 
5.61 (dd, J =  15.2, 6.4 Hz, 1H), 5.95 (dt, J =  11.2, 0.4 Hz, 1H), 6.60 (ddt, J =  15.3, 11.1, 7.0, 1.1 Hz, 1H); 
13C NMR (100 MHz, CDC13) 5: 14.0, 22.5, 27.8, 29.2, 31.4, 66.4, 73.1, 127.3, 127.8, 130.7, 133.9; UV 
Lmax=234 nm; HRMS (FAB+/NBA) calculated for C 11H2002 N (MNa+), 207.1361; found, 207.1354. 

(2E,4R,5R)-2,3-Dihydroxyhex-2-en-l-benzoate (3b): 
The AD-reaction was performed on diene 3a (1 mmol) as described in the typical procedure (vide supra) 
using DHQD2-PHAL as ligand. The diols were obtained with 91% yield. The ee was determined by HPLC 
analysis of the diol (Chiralcel OB-H, 5% i-PrOH/hexane, 1 ml/min). 
[~]25 = +2.2 (c 2.00, CHC13); IR (neat) v 3402 (br. s), 2968 (s), 2933 (w), 2876 (s), 1702 (s), 1602 (m), 1443 
(s), 1254 (s), 1111 (s), 969 (s), 713 (s) cm-1; IH NMR (400 MHz, CDCI3) 5:1.16 (d, J = 6.4 Hz, 3H), 2.72 
(s, 1H), 2.85 (s, IH), 3.64 (t, J = 6.4 Hz, 1H), 3.90 (m, 1H), 4.81 (d, J = 5.6 Hz, 2H), 5.83 (dd, J = 15.6, 6.4 
Hz, 1H), 5.97 (m, 1H), 7.42 (m, 2H), 7.52 (m, 1H), 8.02 (m, 2H); 13C NMR (100 MHz, CDCI3) 5: 18.9, 
64.7, 70.6, 76.6, 126.9, 128.4, 129.7, 129.9, 133.1, 133.4, 166.4; HRMS (FAB+/NBA) calculated for 
C13H1604 (MNa+), 259.0946; found, 259.0937. 

(8R,9R,l OE)-8,9-Dihydroxydodec- l O-en- l-yl-acetate (4b): 
Diene 4a (lmmol) was dihydroxylated according to the typical procedure with (DHQD)2-PHAL as ligand. 
A mixture of diols 4b and 4e was obtained in 82% yield, The compounds were seperated by column 
chromatography. The ee of 4b was determined by HPLC analysis of the bis-MTPA ester (Chiralcel OD-H, 
1% i-PrOH/bexane, 1 ml/min). 
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[ix] 25 = +10.4 (c 1.63, CHC13); IR (neat) v 3425 (br. s), 2926 (s), 2854 (s), 1737 (s), 1446 (m), 1382 (m), 
1368 (m), 1239 (s), 1040 (s), 969 (m) cm-1; 1H NMR (400 MHz, CDCI3) 5:1.28 (m, 8H), 1.43 (m, 2H), 1.57 
(m, 2H), 1.68 (dd, J = 6.4, 1.4 Hz, 3H), 2.00 (s, 3H), 2.55 (s, 2H), 3.37 (m, 1H), 3.79 (t, J = 6.9 Hz, 1H), 
4.00 (t, J =  6.8 Hz, 2H), 5.43 (m, 1H), 5.72 (m, 1H); 13C NMR (100 MHz, CDC13) 5: 17.9, 21.0, 25.5, 25.8, 
28.5, 29.1, 29.5, 32.8, 64.6, 74.6, 76.2, 129.5, 130.5, 171.3; HRMS (FAB+/NBA) calculated for C14H2604 
(MNa+), 281.1729; found, 281.1720. 

(8E,10R,11R)- 10,11 -Dihydroxydodec-8-en- 1-yl-acetate (4c): 
The ee was determined by HPLC analysis of the bis-MTPA ester (Chiralcel OD-H, 1% i-PrOH/hexane, 1 
m//min). 
[c0 25 = -6.2 (c 0.68, CHCI3); IR (neat) v 3431 (br. s), 2926 (s), 2855 (s), 1737 (s), 1453 (w), 1367 (m), 1239 
(s), 1040 (s), 969 (m) cm-l; 1H NMR (400 MHz, CDC13) 5:1.12 (d, J = 6.4 Hz, 3H), 1.29-1.38 (m, 8H), 
1.58-1.64 (m, 2H), 2.02 (s, 3H), 2.03 (m, 2H), 2.19 (s, IH), 2.35 (s, 1H), 3.60 (m, 1H), 3.77 (t, J =  7.0 Hz, 
1H), 4.03 (t, J = 6.8 Hz, 2H), 5.42 (ddt, J = 7.3, 2.9, 1.4 Hz, 1H), 5.74 (m, 1H); 13C NMR (I00 MHz, 
CDCI 3) 5: 18.9, 21.0, 25.8, 28.5, 28.9, 28.9, 29.0, 32.2, 64.6, 70.9, 77.9, 129.1,135.0; HRMS (FAB+/NBA) 
calculated for C 14H2604 (MNa+), 281.1729; found, 281.1719. 

(9Z,11R,12,R)- ll,12-Dihydroxytetradec-9-en-l-yi-acetate (Sb): 
The AD-reaction was performed with diene 5a on 1 mmol scale as described in the typical procedure (vide 
supra) using (DHQD)2-PHAL as ligand. Diol 5b was isolated with 82% yield. The ee was determined by 
1H NMR analysis of the bis-MTPA ester. 
[ct]~ 5 = +6.3 (c = 1.82, CHC13); IR (neat) v 3402 (br. s), 3004 (w), 2933 (s), 2855 (s), 1730 (s), 1460 (m), 
1367 (m), 1247 (s), 1118 (w), 1040 (s), 969 (s) cm-1; 1H NMR (400 MHz, CDCI3) 5:0.94 (t, J =  7.4 Hz, 
3H), 1.26-1.34 (m, 12H), 1.57 (m, 2H), 2.01 (s, 3H), 2.05 (m, 2H), 2.50 (s, 1H), 2.70 (s, 1H), 3.32 (m, 1H), 
4.01 (t, J = 6.8 Hz, 2H), 4.16 (t, J = 8.4 Hz, 1H), 5.33 (m, IH), 5.56 (m, 1H); 13C NMR (100 MHz, CDC13) 
5: 10.1, 21.0, 25.6, 25.8, 27.9, 28.5, 29.1, 29.1, 29.2, 29.4, 64.7, 70.8, 76.4, 128.6, 134.8, 171.4; HRMS 
(FAB+/NBA) calculated for C16H3004 (MH+), 287.2222; found, 287.2230. 

(2E,4R,5R)-4,5-Dihydroxydec-2-enal (6b): 
The AD-reaction was performed on aldehyde 6a (1 mmol) as described in the typical procedure (vide supra) 
using 5mo1% (DHQD)2-PHAL as ligand. Diol 6b was isolated with 50% yield. The ee was determined by 
HPLC analysis of the dibenzoates (Chiralcel OK, 0.25% i-PrOH/hexane, 0.5 ml/min). 
[t~]25 = +40.7 (c = 1.30, CHC13); IR (neat) v 3402 (br. s), 2933 (s), 2861 (s), 1687 (s), 1460 (m), 1374 (m), 
1118 (s), 1083 (s), 976 (s) cm-1; IH NMR (400 MHz, CDC13) 5:0.87 (m, 3H), 1.30 (m, 6H), 1.52 (m, 2H), 
2.56 (br. s, 1H), 3.08 (br. s, 1H), 3.58 (br. s, 1H), 4.24 (br. s, 1H), 6.37 (ddd, J = 15.7, 7.9, 1.6 Hz, 1H), 6.84 
(dd, J =  15.7, 4.8 Hz, 1H), 9.56 (d, J =  7.9 Hz, 1H); 13C NMR (100 MHz, CDCI3) 5: 14.0, 22.5, 25.3, 31.7, 
33.2, 73.9, 74.0, 132.4, 156.0, 193.6; MS (FAB+/NBA) calculated for C10H1803 (MH+), 187.1334; found, 
187.1339. 

(2R,3R,4E)-5-Phenyl-2,3-dihydroxypent-4-ene (7b): 
The AD-reaction was carried out on diene 7a (0.2 retool) as described in the typical procedure (vide supra) 
using (DHQD)2-PHAL as ligand. The yield of 7b and 7c was 83%; the diols were seperated by flash 
chromatography. The ee was determined by HPLC analysis of the diol (Chiralcel OD-H, 5% i-PrOH/ 
hexane, 1 ml/min). 
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[tx] 25 = -15.5 (c 0.34, CHC13); IR (neat) v 3374 (br. s), 3025 (w), 2968 (m), 2919 (m), 1458 (w), 1453 (m), 
1375 (m), 1260 (m), 1055 (s), 969 (m) cm-1; 1H NMR (400 MHz, CDCI3) ~: 1.22 (d, J = 6.4 Hz, 3H), 2.34 
(s, 2H), 3.74 (q, J = 6.4 Hz, 1H), 4.02 (t, J = 6.8 Hz, IH), 6.18 (dd, J = 15.9, 7.0 Hz, 1H), 6.67 (d, J = 16.0 
Hz, 1H), 7.26 (m, 1H), 7.32 (m, 2H), 7.38 (m, 2H); 13C NMR (100 MHz, CDC13) 5: 19.0, 70.9, 77.8, 126.5, 
128.0, 128.3, 128.6, 132.9; HRMS (FAB+/NBA) calculated for Cl1H140 2 (MNa+), 201.0892; found, 
201.0870. 

(2R,3R,4E)-Phenyi-2,3-dihydroxyhex-4-enoate (7c): 
[~X]2D 5 = +8.8 (c 0.57, CHC13); IR (neat) v 3424 Cor. s), 2918 (s), 1716 (s), 1446 (m), 1375 (w), 1275 (s), 1118 
(s), 1068 (s), 1026 (m), 962 (m), 713 (s) cm-l; 1H NMR (400 MHz, CDC13) ~i: 1.70 (dd, J = 6.5, 1.6 Hz, 3H), 
2.52 (s, 1H), 2.91 (s, 1H), 3.84 (s, 1H), 4.11 (s, 1H), 4.31 (dd, J = 11.7, 6.4 Hz, 1H), 4.46 (dd, J = 11.7, 3.8 
Hz, 1H), 5.56 (dd, J = 7.4, 1.6 I-Iz, 1H), 5.79 (dd, J = 6.5, 0.8 Hz, 1H), 7.43 (m, 2H), 7.54 (m, 1H), 8.03 (m, 
2H); 13C NMR (100 MHz, CDC13) 5: 17.9, 65.9, 72.9, 73.2, 128.4, 129.3, 129.7, 129.7, 129.8, 130.4, 133.2, 
166.9; HRMS (FAB+/NBA) calculated for C13H1604 (MNa+), 259.0946; found, 259.0934. 

(2R,3R,4E)-5-(3',5'-Dimethyl)phenyl-2,3-dihydroxypent-4-ene (Sb): 
The AD-reaction of diene 8a was performed on 1 mmol scale using (DHQD)2-PHAL as ligand; the yield of 
the diols were 82%. Pure 8b could be obtained by chromatography on a Chromatotron (hexane/ethyl acetate 
4/1). The ee was determined by HPLC-analysis of the diol (Chiralcel OD-H, 5% i-PrOH/hexane, 0.8 
rnl/rnin). 
[~x]~ = +5.1 (c 0.919, CHC13); IR (KBr) v 3340 (s), 3255 (s), 3022 (m), 2939 (m), 1312 (s), 1146 (s), 990 
(m), 883 (m), 781 (s) cm-t; IH NMR (400 MHz, CDC13) 5:1.19 (d, J = 6.3 Hz, 3H), 2.29 (s, 6H), 2.93 (s, 
hr., 2H), 3.69-3.74 (m, 1H), 3.98 (t, J = 7.0 Hz, 1H), 6.13 (dd, J = 15.9, 7.1 Hz, 1H), 6.58 (d, J = 16.0 Hz, 
1H), 6.89 (s, 1H), 6.99 (s, 2H); 13C NMR (100 MHz, CDC13) ~: 18.9, 21.2, 70.9, 77.8, 124.4, 127.9, 129.6, 
132.9, 136.2, 138.0; HRMS (FAB+/NBA) calculated for C13H1802 (MNa+), 229.1205, found 229.1199. 

(2R,3R,4E).5.(3',5'.Di-tert-butyl)phenyl-2,3-dihydroxypent-4-ene (9b): 
The AD-reaction of 9a was carried out on 0.75 mmol scale with (DHQD)2-PHAL as ligand; the diols 9b and 
9e are obtained in 76% yield. Pure 9b could be obtained by chromatography on a Chromatotron 
(hexane/ethyl acetate 4/1). The ee was determined by HPLC-analysis (Chiralcel OD-H, 1% i-PrOH/hexane, 
0.5 ml/min, 254 nm). 
mp 124°C; [ct]~ = -4.7 (c 0.898, CHC13); IR (KBr) v 3390 (s, br.), 2966 (s), 2905 (m), 2867 (m), 1596 (s), 
1364 (s), 1057 (s), 1021 (s), 976 (s), 708 (s) cm-l; 1H NMR (400 MHz, CDC13) ~i: 1.22 (d, J = 6.3 Hz, 3H), 
1.31 (s, 18H), 2.23 (d, J =  3.8 Hz, 1H), 2.33 (d, J =  3.6 Hz, 1H), 3.73-3.78 (m, 1H), 3.99-4.03 (m, 1H), 6.15 
(dd, J = 15.9, 7.2 Hz, 1H), 6.68 (d, J = 15.9 Hz, 1H), 7.22 (d, J = 1.6 Hz, 2H), 7.33 (t, J = 1.7 Hz, 1H); 13C 
NMR (100 MHz, CDCI3) 5: 19.0, 31.4, 70.9, 78.0, 120.9, 122.4, 127.5, 134.1, 136.1, 151.1; HRMS 
(FAB+/NBA) calculated for C 19H3002 (MNa+), 313.2144; found, 313.2155. 

(1R,2R,3E)-I -Naphthyl-l,2-dihydroxypent-3-ene (10c): 
The AD-reaction was performed with diene 10a (0.3 mrnol) analog described in the typical procedure (vide 
supra) using (DHQD)2-PHAL as ligand. The Diols 10b and 10c were isolated with 71% yield. 10c was 
purified byflash chromatography; the ee was determined by HPLC analysis of the diol (Chiralcel OD-H, 5% 
i-PrOH/hexane, 1 inl/min). 
mp 83°C; [¢x]~) 5 = -8.5 (c 0.90, CHC13); IR (KBr) v 3502 (w), 3324 (br. s), 3053 (w), 3018 (w), 1438 (s), 
1040 (s), 961 (s) cm-1; IH NMR (400 MHz, CDCI3) ~i: 1.59 (dq, J = 6.5, 0.9 Hz, 3H), 2.55 (s, 1H), 3.03 (s, 
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1H), 4.23 (t, J = 6.6 Hz, 1H), 4.62 (d, J = 6.9 Hz, 1H), 5.42 (m, IH), 5.60 (m, 1H), 7.37 (m, 3H), 7.80 (m, 
4H); 13C NMR (100 MHz, CDC13) 8: 17.8, 76.8, 77.7, 124.8, 126.0, 126.0, 126.1, 126.2, 127.7, 128.0, 
128.0, 129.1,129.5, 133.1,137.9; HRMS (FAB+/NBA) calculated for C15H1602 (MNa+), 251.1048; found, 
251.1040. 

(2E,4R,5R)-4,5-Dihydroxyhex-2-enoic acidethylester (lib): (see also supplementary material to ref. 6a) 
The AD-reaction (2 mmol scale) of ethyl sorbate (11a) in the presence of (DHQD)2-PHAL as ligand 
afforded diol l l b  in 78% yield. The ee was determined by HPLC analysis of the diol (Chiralcel OD, 8 % i- 
PrOH/hexane, 0.8 ml/min). 
[tx] 24 = +64.0 (c = 1.10, EtOH); 1H NMR (CDCI 3, 400 MHz) 8 1.25 (d, J = 6.3 Hz, 3H), 1.30 (t, J = 7.1 Hz, 
3H), 2.46 (br. s, 1H), 2.76 (br. s, 1H), 3.73 (quintet, J = 6.3 Hz, 1H), 4.07 (td. J = 5.6, 1.5 Hz, 1H), 4.21 (q. J 
= 7.1 Hz, 2H), 6.14 (dd, J = 15.3, 1.7 Hz, 1H), 6.92 (dd, J = 15.3, 5.2 Hz, 1H); 13C NMR (CDC13, 100 MHz) 
8 14.1, 18.9, 60.6, 75.5, 122.2, 146.8, 166.6; HRMS (FAB+/NBA) calculated for C8H1404 (MCs+), 
306.9946; found, 306.9952. 

(2E,4E,6R,7R)-6,7.Dihydroxyocta-2,4-dienoic aeidmethylester (12b): (see also supplementary material to 
ref. 6a) 
The AD-reaction of 12a was performed with (DHQD)2-PHAL as ligand at 5 mmol scale; the yield of diol 
12b was 93%. The ee was determined by HPLC analysis of the diol (Chiralcel OD, 8 % i-PrOH/hexane, 0.8 
rnl/min). 
mp 95°C; [~x]~ 4 = +73.9 (c = 1.02, EtOH); 1H NMR (CDC13, 400 MHz) 8 1.21 (d, J = 6.4 Hz, 3H), 2.38 (br. 
s, 1H), 2.61 (br. s, 1H), 3.66-3.72 (m, 1H), 3.76 (s, 3H), 3.97-4.02 (m, IH), 5.92 (d, J = 15.4 Hz, 1H), 6.10 
(dd, J = 15.3, 6.2 Hz, IH), 6.47 (dd, J = 15.3, 9.2 Hz, 1H), 7.28 (dd, J = 15.4, 11.1, 1H); 13C NMR (CDC13, 
100 MHz) 8 19.0, 51.6, 70.6, 76.6, 121.7, 129.7, 140,8, 143.6, 167.3; HRMS (FAB+/NBA) calculated for 
C9H1404 (MH+), 187.0970; found, 187.0976. 

(2E,4R,5R)-4,5-Dihydroxy-5-phenylpent-2-enoic acidethylester (13b): 
The AD-reaction of 13a was carded out at 1 mmol scale; with use of (DHQD)2-PHAL ligand the yield was 
76% (for yields with other ligands, see table in Scheme 5). The ratio of 13b and 14b was determined by 
NMR and GC (DB-5, 80°C). Cleavage of the crude mixture with H5IO 6 gave predominantly benzaldehyde. 
Pure 13b was obtained by chromatography on a Chromatotron (1 nun plate, hexane/ethyl acetate 3/1). The 
ee was determined by HPLC (OD-H, 10 % i-PrOH/hexane, 0.5 ml/min). By addition of racemate, the 
detection limit could be determined to be 99.5%. 
[tx]~ = +57.6 (c = 0.898, CHC13); IR (neat) v 3450 (br. s), 3033 (m), 2984 (m), 2903 (m), 1726 (s), 1454 
(m), 1308 (s) cm -1, 1H N-MR (CDCI 3, 400 MHz) 8 1.24 (t, J =  7.1 Hz, 3H), 3.29 (s, br., 1H), 3.34 (s, br., 1H), 
4.13 (q, J =  7.1 Hz, 2H), 4.35 (s, br., 1H), 4.49 (d, J =  6.7 Hz, 1H), 6.05 (dd, J =  15.7, 1.8 Hz, 1H), 6.71 (dd, 
J = 15.7, 4.4 Hz, 1H), 7.26-7.37 (m, 5H); 13C NMR (CDC13, 100 MHz) 5 14.2, 60.6, 75.3, 77.0, 122.2, 
126.9, 128.4, 128.6, 139.8, 145.9, 166.5; MS (FAB+/NBA) calculated for C13H1604 (MH+), 237.1127; 
found, 237.1122. 

(2E,4E,6R,7R)-6,7-Dihydroxy-7-phenylhept-2,4-dienoie aeidethylester (14b): 
The AD-reaction of 14a was performed at 0.7 mmol scale; with use of (DHQD)2-PHAL ligand the yield was 
77% (for yields with other ligands, see table in Scheme 5). The purity of crude 14b was -95% by NMR. 
Cleavage of the crude product with HsIO 6 gave predominantly benzaldehyde. Pure 14b could be obtained by 
chromatography on a chromatotron (1 mm plate, hexane/ethyl acetate 2/1). The ee was determined by HPLC 
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(OJ, 20 % i-PrOH/Hexane, 0.5 ml/min). By addition of racemate, the detection limit was found to be 99.5%. 

[o~]~ = +140.4 (c = 0.917, CHCI3); IR (neat) v 3420 (br. s), 3033 (w), 2984 (m), 2906 (m), 1711 (s), 1268 
(s), 1140 (s), 1046 (s), 702 (s) cm-1; 1H NMR (CDCI 3, 400 MHz) 8 1.27 (t, J =  7.1 Hz, 3H), 2.86 (s, br., 2H), 
4.17 (q, J = 7.1 Hz, 2H), 4.34 (t, J = 6.0 Hz, 1H), 4.50 (d, J = 6.8 Hz, 1H), 5.85 (d, J = 15.4 Hz, 1H), 5.90 
(dd, J =  15.3, 5.3 Hz, 1H), 6.36 (dd, J =  15.4, 11.1 Hz, 1H), 7.17 (dd, J =  15.4, 11.I Hz, 1H), 7.31-7.36 (m, 
5H); 13C NMR (CDC13, 100 MHz) ~ 14.2, 60.4, 76.0, 77.6, 121.8, 126.9, 128.3, 128.5, 129.2, 139.8, 139.8, 
143.4, 167.0; MS (FAB+/NBA) calculated for C 15 H 1804 (MH+), 263.1283; found, 263.1277. 

(2R,3R,4E)-2,3-Dihydroxy-6-oxohepta-4-enoic acidethylester (15b): 
The AD-reaction of 15a was performed with 2 eq of K3Fe(CN)6 and 2 eq of K2CO 3. Due to the low 
solubility of the starting material, t-BuOH/t-BuOMe/H20 0.5/0.5/1 was used as solvent. For workup, no 
Na2S205 or Na2SO 3 was added. In the case of (DHQD)2-PHAL as ligand, a mixture of 15b and 15c was 
obtained in 63% yield; 30% starting material was recovered. For yields with other ligands see the table in 
Scheme 6. The mixture of diastereomeric diols was separated from the starting material by flash-chromato- 
graphy on silica gel (hexane/ethyl acetate 1/1, then 1/2). The ratio of the diastereoisomers was determined by 
IH NMR and GC (DB-5, 5 rain 60°C, then 5°/min). The compounds were separated by flash-chromato- 
graphy (silica gel, hexane/ethyl acetate 1/2). The ee of the less polar 15b was determined by HPLC analysis 
of the diol (OD-H, 10% i-PrOH/hexane, 0.5 ml/min). 
[a]~ = +54.2 (c = 0.871, CHC13); IR (neat) v 3450 (hr. s), 2985 (m), 2908 (w), 1719 (s), 1705 (s), 1307 (s), 
1185 (s) cm-l; 1H NMR (CDC13, 400 MHz) 5 1.33 (t, J = 7.1 Hz, 3H), 2.30 (s, 3H), 2.57 (s, hr., 1H), 3.22 (s, 
br., 1H), 4.31 (q, J = 7.1 Hz, 2H), 4.27 (d, J = 2.6 Hz, 1H), 4.66 (t, J = 2.3 Hz, 1H), 6.37 (dd, J = 16.0, 1.7 
Hz, 1H), 6.84 (dd, J = 16.0, 4.7 Hz, 1H); 13C NMR (CDC13, 100 MHz) 6 14.1, 27.4, 62.5, 72.0, 72.9, 131.1, 
144.5, 172.1,198.4; MS (FAB+/NBA) calculated for C9H1405 (MH+), 203.0919; found, 203.0926. 

(2E,4R,5R)-4,5-Dihydroxy-6-oxohepta-2-enoic acidethylester (15c): 
The ee of the more polar 15c was determined by HPLC analysis of the diol (OC, 20% i-PrOH/hexane, 0.5 
ml/min). 
[a]~ 3 = +13.1 (c = 1.070, CHC13); IR (KBr) v 3500 (hr. s), 2992 (w), 1738 (s), 1696 (s) cm-1; IH NMR 
(CDC13, 400 MHz) 8 1.29 (t, J = 7.1 Hz, 3H), 2.31 (s, 3H), 3.9 (s, br, 2H), 4.27 (q, J = 7.1 Hz, 2H), 4.27 (d, J 
= 2.4 Hz, 1H), 4.73-4.75 (m, 1H), 6.12 (dd, J = 15.7, 1.8 Hz, 1H), 6.98 (dd, J = 15.7, 4.4 Hz, 1H); 13C NMR 
(CDC13, 100 MHz) 5 14.1, 26.0, 60.7, 71.3, 79.0, 122.2, 146.3, 166.4, 208.1; MS (FAB+/NBA) calculated 
for C9H 1405 (MH+), 203.0919; found, 203.0927. 

(2R•3R•4E•6E•8E)-2•3-Dihydr•xy-9-(2••3••6•-trimethy•-4•-meth•xyphenyl)-3•7-dimethy•-n•nan•i• acid 
ethylester (16e): 
The AD-reaction was performed with etretinate (16a) (1.4 mmol) similar as described in the typical pro- 
cedure (vide supra), but with 2 eq of K3Fe(CN) 6 and 2 eq of K2CO 3. Due to the low solubility of the start- 
ing material, t-BuOH/t-BuOMelH20 0.5/0.5/1 was used as solvent; with (DHQD)2-PHAL as ligand a 
mixture of diols was obtained in 58% yield. For yields with other ligands see table in Scheme 7. The ratio of 
the diols was determined by 1H NMR. Pure 16e could be obtained by chromatography on a Chromatotron 
(hexane/ethyl acetate 2/1). The ee was determined by 19F NMR and HPLC-analysis of the 2-mono-MTPA- 
ester (Chiralcel OD-H, 5% i-PrOH/hexane, 0.5 ml/min). 
mp 95°C; [a]~  = +31.0 (c 0.777, CHC13); IR (KBr) n 3320 (s, br.), 3004 (w), 2981 (m), 2929 (m), 2865 (m), 
1690 (s), 1312 (m), 1269 (s), 1106 (s) cm-1; 1H NMR (400 MHz, CDC13) 5:1.30 (t, J = 7.1 Hz, 3H), 1.37 (s, 
3H), 2.02 (d, J =  0.8 Hz, 3H), 2.13 (s, 3H), 2.21 (s, 3H), 2.26 (s, 3H), 2.94 (s, 1H), 3.08, (d, J =  5.9 Hz, 1H), 
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3.79 (s, 3H), 4.05 (d, J =  6.0 Hz, 1H), 4.23-3.34 (m, 2H), 5.83 (d, J =  15.2 Hz, 1H), 6.06 (d, J =  11.3 Hz, 
1H), 6.17 (d, J =  16.3 Hz, 1H), 6.56 (d, J =  16.0 Hz, 1H), 6.58 (s, 1H), 6.76 (dd, J =  15.2, 11.2 Hz, IH); 13C 
NMR (100 MHz, CDC13) 8: 11.8, 12.7, 14.2, 17.4, 21.4, 24.5, 55.5, 62.3, 74.5, 76.8, 109.9, 122.6, 125.9, 
127.0, 129.6, 130.1,133.8, 135.2, 135.9, 136.1,138.3, 172.7; HRMS (FAB+/NBA)calculated for C23H3205 
(MNa+), 411.2147; found, 411.2158. 

(1S,2R)-l,2-Dihydroxy-4-isopropyl-l-methylcyclohex-3-ene (17b): 
The AD-reaction of ¢x-terpinene (17a) in the presence of (DHQD)2-PHAL was performed on 0.5 mmol 
scale; the diols were obtained in 78% yield. The ee was determined by HPLC analysis of the mono-MTPA 
ester (Chiralcel OD-H, 0.5% i-PrOH/hexane, 1 ml/min). 
mp 43°C; [~]2v5 -42.2 (c 1.32, CHC13); IR (KBr) v 3352 (br. s), 2954 (s), 2875 (s), 1460 (s), 1417 (s), 1303 
(s), 1218 (m), 1146 (s), 1040 (s), 997 (s), 670 (s), 492 (s) cm-1; 1H NMR (400 MHz, CDC13) 8:0.98 (dd, J = 
6.8, 2.9 Hz, 6H), 1.17 (s, 3H), 1.55 (m, 1H), 1.77 (m, 1H), 1.97 (m, 1H), 2.10 (m, IH), 2.16 (m, 1H), 2.35 (s, 
1H), 2.50 (m, 1H), 3.76 (s, 1H), 5.40 (m, 1H); 13C NMR (100 MHz, CDC13) 8: 21.3, 21.4, 24.3, 24.4, 32.3, 
34.4, 70.1, 71.6, 119.5, 147.6; HRMS (FAB+/NBA) calculated for CIoHI802 (MNa+), 193.1204; found, 
193.1209. 

(1S,2R). 1,2-Dihydroxy-4-isopropyl- 1-methyl-4-cyciohexene (18b)" 
The AD-reaction of T-terpinene (18a) in the presence of (DHQD)2-PHAL was performed on 0.5 mmol scale; 
the diols were obtained in 84% yield. The ee was determined by HPLC analysis of the mono-MTPA ester 
(Chiralcel OD-H, 0.5% i-PrOH/hexane, 1 ml/min). 
mp 71°C; [a]~ -7.9 (c 2.04, CHC13); IR (KBr) v 3338 (br. s), 2961 (s), 2973 (s), 2897 (s), 1460 (s), 1424 
(s), 1360 (s), 1189 (m), 1132 (s), 1061 (s), 890 (s), 734 (s), 670 (s) cm-1; 1H NMR (400 MHz, CDCI3) 8: 
0.98 (dd, J = 6.8, 2.2 Hz, 6H), 1.19 (s, 3H), 2.13 (m, 5H), 2.23 (m, 1H), 2.28 (m, 1H), 3.62 (q, J = 5.7 Hz, 
1H), 5.28 (m, 1H); 13C NMR (100 MHz, CDC13) 8: 21.2, 21.3, 24.6, 32.5, 34.3, 37.1, 71.0, 73.1, 115.9, 
140.0; HRMS (FAB+/NBA) calculated for C10H1802 (MNa+), 193.1204; found, 193.1198. 

(1S,2R)-l,2-Dihydroxy-4-isopropenyl-l-methylcyelohexane (19b): 
The AD-reaction of terpinolene (19a) was done on 1 mmol scale with (DHQD)2-PHAL as ligand; the diols 
were obtained in 80% yield. The ee was determined by HPLC analysis of the mono-MTPA ester (Chiralcel 
OD-H, 0.5% i-PrOH/hexane, 0.7 ml/min). 
mp 66°C; [~x]~ +32.0 (c 1.00, CHCI3); IR (KBr) v 3340 (br. s), 2960 (s), 1460 (s), 1420 (s), 1297 (s), 1208 
(s), 1146 (s), 1040 (s), 996 (s), 670 (s), 492 (s) cm-l; 1H NMR (400 MHz, CDC13) 8:1.24 (d, J =  1.4 Hz, 
3H), 1.34-1.42 (m, 1H), 1.66 (d, J--- 5.2 Hz, 6H), 1.71 (m, IH), 2.15 (t, J =  5.9 Hz, 3H), 2.25 (m, 2H), 2.47 
(dd, J = 13.5, 4.1 Hz, 1H), 3.36 (s, 1H); 13C NMR (100 MHz, CDC13) 8: 20.1, 20.2, 25.4, 25.7, 34.2, 37.1, 
71.3, 75.3, 127.1; HRMS (FAB+/NBA) calculated for C10HIsO2 (MNa+), 193.1204; found, 193.1210. 

(lR,2R,5Z)-l,2-Dihydroxyeyelodee-5-ene (20b): 
The ee was determined by HPLC analysis of the bis-MTPA ester (Pirkle l-A, 0.25% i-PrOH/hexane, 1 
ml/min). 
mp 119°C; [~]~ = +8.4 (c = 0.765, CHCI3); IR (KBr) v 3274 (hr. s), 2996 (s), 2918 (s), 2847 (s), 1460 (s), 
1346 (m), 1175 (s), 1040 (s), 705 (s) cm-l; 1H NMR (400 MI-Iz, CDC13) 8:1.48-2.03 (m, 8H), 2.44 (m, 4H), 
3.74 (m, IH), 3.80 (m, 1H), 5.34 (m, 1H), 5.50 (m, 1H); 13C NMR (100 MHz, CDCI3) 8: 19.4, 23.6, 24.6, 
26.0, 30.5, 32.6, 69.2, 72.8, 129.3, 129.4; MS (FAB+/NBA) calculated for C10H1802 (MNa+), 193.1205; 
found, 193.1200. 
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( IR,2R,5E,9E)- 1,2-Dihydroxycyclododeca-5,9-diene (21b): 
For low conversion, 21 0.3 eq K3Fe(CN)6, 0.3 eq K2CO 3, and 0.5 eq CH3SO2NH 2 was used in t-BuOH/H20 
3/1. With (DHQD)2-PYR as ligand (6 mmol of olefin), 10% 21b was isolated. The ee was determined by 
GLC analysis (CDX-B column, 150°C) or by HPLC-analysis of the dibenzoates (Chiralcel OD-H, 1% i- 
PrOH/hexane, 0.5 ml/min). To prove the absolute configuration, it was hydrogenated to 24b (vide infra). 20 
mp 171°C; [o0~ = +137.9 (c = 1.213, MeOH); IR (KBr) v 3295 (br. s), 3025 (w), 2973 (s), 2946 (s), 2847 
(m), 1304 (m), 1138 (s), 1017 (s), 987 (s), 961 (s) cm-l; 1H NMR (DMSO-d 6, 250 MHz) ~ 1.40-1.72 (m, 
4H), 1.84-2.19 (m, 8H), 3.36-3.49 (m, 2H), 3.84 (hr. s, 2H), 4.95-5.19 (rn, 4H); 13C NMR (DMSO-d 6, 62.5 
MHz) ~ 28.7, 31.3, 31.6, 66.5, 130.3, 131.3; MS (FAB+/NBA) calculated for C12H2002 (MNa+), 219.1361; 
found, 219.1365. 

(IR,2R,5E,9Z)- 1,2-Dihydroxyeyclododeca-5,9-diene (22b): 
Low conversion conditions were used as described for 21b on 6 mmol scale. With (DHQD)2-PYR as ligand, 
13% 22b was isolated. The ee was determined by GLC analysis (DB-5 column, 260°C) of the bis-MTPA 
ester. To prove the absolute configuration, it was hydrogenated to 24b (vide infra). 20 
mp 171°C; [¢x]~ = +147.6 (c = 1.144, MeOH); IR (KBr) v 3270 (hr. s), 3083 (m), 2997 (s), 2854 (m), 1449 
(m), 1409 (m), 1187 (m), 1028 (m), 1015 (m), 984 (s), 704 (m) cm-1; 1H NMR (DMSO-d 6, 250 MHz) 
1.31-1.68 (m, 4H), 1.81-2.10 (m, 8H), 3.42-3.58 (m, 2H), 3.89 (br. s, 2H), 5.13-5.40 (m, 4H); 13C NMR 
(DMSO-d 6, 100 MHz) 5 23.3, 28.8, 30.4, 30.8, 32.4, 43.2, 66.3, 67.2, 128.4, 129.3, 131.6, 131.8; MS (FAB + 
/NBA) calculated for C12H200 2 (MNa+), 219.1361; found, 219.1365. 

( lR,2R,5Z,9Z)-l,2-Dihydroxycyciododeca-5,9-diene (23b): 
The AD-reaction of 23a in the presence of (DHQD)2-PYR was performed on 2 mmol scale; the diols were 
obtained in 91% yield. The ee was determined by GLC analysis (DB-5 column, 250°C) of the bis-MTPA 
ester. To prove the absolute configuration, it was hydrogenated to 24b (vide infra). 20 
mp 173°C; [~]~ +84.4 (c = 0.883, MeOH); IR (KBr) 3259 (br. s), 3002 (s), 2954 (s), 2862 (m), 1461 (m), 
1411(m), 1306 (m), 1038 (m), 1003 (m), 861 (m), 731 (s) cm-l; 1H NMR (DMSO-d 6, 400 MHz) ~ 1.26-1.32 
(m, 2H), 1.78-1.94 (m, 6H), 2.03-2.13 (m, 4H), 3.38-3.43 (m, 2H), 3.97 (d, J= 7.2 Hz, 2H), 5.26-5.33 (m, 
2H), 5.43-5.49 (m, 2H); 13C NMR (DMSO-d 6, 100 MHz) ~ 22.8, 26.8, 31.5, 67.3, 129.2, 129.4; MS 
(FAB+/NBA) calculated for C12H2002 (MNa+), 219.1361; found, 219.1366. 

(IR,2R)- 1,2-Dihydroxycyclododecane (24b): 

To 23b (89% ee) (121 mg, 0.617 mmol) in 30 ml MeOH, 70 mg 10% Pd on activated carbon was added, It 
was hydrogenated at atmospheric pressure overnight at room temperature. It was filtered through Celite and 
the solvent was evaporated. Purification by flash chromatography (silica gel, hexane/ethyl acetate 1/1) gave 
120 mg (0.599 mmol, 97%) of 24b as a colorless solid. It was recrystallized from ethyl ether/pentane (0°C). 

Diol 24b was also obtained by AD reaction of olefin 24a in 60% yield. The ee was determined by GLC 
analysis (DB-5 column, 150°C, the 5°C/min) of the bis-MTPA ester. 

o 22  mp 170 C; [~x] D = +28.6 (c = 1.004 CHC13); IR (KBr) v 3325 (br. s), 2946 (s), 2861 (m), 1468 (m), 1447 
1 1 (m), 1053 (m) cm- ; H NMR (DMSO-d~ 400 MHz) 5 1.17-1.32 (m, 16H), 1.44-1.56 (m, 4H), 3.40 (br. s, 

2H), 4.20 (br. s, 2H); 13C NMR (DMSO-d 6, 100 MHz) ~5 20.4, 22.5, 23.4, 23.7, 29.6, 70.0; MS (FAB+/NBA) 
calculated for C12H2402 (MNa +) 223.1674, found 223.1679. 
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(IR,2R)- 1,2-Dihydroxycyclopentadecane (25b): 
Olefin 25a was dihydroxylated on 1 mmol scale as described in the typical procedure. With (DHQD)2-PYR, 
diol 25b was isolated in 60% yield. The ee was determined by HPLC analysis of the bis-MTPA ester 
(Chiralcel OD-H, 100% hexane, 1 ml/min). 
mp 101°C; [a ]~  = +6.5 (c = 1.075 CHCI3); IR (KBr) v 3317 (hr. s), 2925 (s), 2847 (s), 1453 (s), 1346 (s), 
1260 (w), 1154 (w), 1026 (s), 855 (m), 677 (s) cm-1; IH NMR (CDCI 3, 400 MHz) 8 1.31-1.60 (m, 26H), 
1.90 (br. s, 2H), 3.73 (br. s, 2H). 13C NMR (CDCI3, 100 MHz) 8 22.8, 26.4, 26.6, 26.7, 27.0, 32.1, 73.6, 
73.7; MS (FAB+/NBA) calculated for C15H3002 (MNa +) 265.2144, found 265.2148. 

(lR,2R,9E)-l,2-Dihydroxycyciohexadec-9-ene (26b): 
Diene 26a was dihydroxylated according to the typicalprocedure with DHQD2-PYR as ligand on 4.5 mmol 
scale; as described for 21a, low conversion conditions were used. 2t 26b was obtained in 16% yield. The ee 
was determined by GLC analysis (DB-5 colunm, 250°C) of the bis-MTPA ester. 
mp 72°C; [Ot]2D 2 = +1.3 (C = 0.825, CHC13); IR (KBr) v 3400 (br. s), 2929 (s), 2853 (m), 1461 (m), 1081 (m), 
965 (m) cm-1; 1H NMR (CDCI 3, 400 MHz) 5 1.15-1.60 (m, 18H), 1.95-2.12 (m, 6H), 2.32 ('or. s, 2H), 3.47 
(br. s, 2H), 5.30 (t, J = 3.9 Hz, 2H); 13C NMR (100 MHz, CDCI3) 5 23.5, 26.9, 27.4, 28.5, 31.0, 32.1, 74.4, 
131.1; MS (FAB+/NBA) calculated for C 16H3002 (MNa+) 277.2144, found 277.2150. 

(7R,SR)-7,8-Dihydroxycyclohexadecanone (27b): 
The asymmetric dihydroxylation of 27a was carried out as described in the typical procedure on 0.5 mmol 
scale. The ee was determined by HPLC analysis of the bis-MTPA ester (Pirkle l-A, 1% i-PrOH/hexane, 1 
ml/min). 
mp 80°C; [a]~  = +9.9 (c = 0.755, CHC13); IR (KBr) v 3295 (hr. s), 2918 (s), 2854 (s), 2676 (w), 1702 (s), 
1460 (s), 1346 (m), 1018 (s), 969 (m), 670 (s) cm-l; IH NMR (400 MHz, CDC13) 5:1.25-1.56 (m, 22H), 
2.34 (m, 3H), 2.44 (m, 3H), 3.44 (br. s, 2H); 13C NMR (100 MHz, CDCI3) 5 22.7, 23.1, 23.4, 27.2, 27.2, 
27.4, 27.6, 27.6, 31.4, 32.0, 42.0, 42.2, 73.2, 73.7, 212.5; MS (FAB+/NBA) calculated for C16H3003 
(MNa +) 293.2093, found 293.2101. 

(1R,2R,5R,6R,9E)-l,2,5,6-Tetrahydroxycyclododec-9-ene (28b): 
The asymmetric dihydroxylation of 21b was carried out as described in the typical procedure on 0.5 mmol 
scale. Due to the high polarity of the tetrols 28a and 28b, the workup was changed. 
After addition of Na2S205, the aqueous phase was saturated with NaCI and extracted 5 times with a mixture 
of 50 ml CHC13 and 10 ml i-PrOH. The combined organic layers were dried by filtration through cotton. The 
mixture of tetrols was purified by flash chromatography (silica gel, hexane/i-PrOH 1/1) (65% yield with 
(DHQD)2-PYR as ligand; see also Table 4). The ratio of the diastereomers 28a and 28b was obtained by 
converting to the diacetonides and GC-analysis as described below. Pure tetrol 28b could be obtained by 
deprotection of diacetonide 30b in MeOH/HC1, workup with aqueous NaHCO 3 and flash chromatography 
(hexane/i-PrOH 1/1). The assignment of the relative configuration is trivial due to the optical activity of 28b 
and the lack of it for 28a (meso compound). 
mp 203°C; [~x]~ = +17.0 (c = 1.008, DMSO); IR (K.Br) v 3259 (br. s), 2946 (s), 2926 (s), 2853 (m), 1412 
(m), 1336 (m), 1128 (m), 1055 (s), 1033 (s), 985 (s), 851 (m), 673 (m) cm-1; IH NMR (DMSO-d 6, 400 
MHz) 5 1.22-1.32 (m, 4H), 1.42-1.47 (m, 2H), 1.60-1.69 (m, 2H), 1.93-2.03 (m, 2H), 2.04-2.09 (m, 2H), 
3.28 (t, J = 5.5 Hz, 2H), 3.39 (br. s, 2H), 4.03 (d, J = 5.0 Hz, 2H), 4.20 (d, J = 5.4 Hz, 2H), 5.30 (t, J = 4.0 
Hz, 2H); 13C NMR (DMSO-d6, 100 MHz) 5 26.8, 28.1, 32.7, 69.8, 69.9, 131.6; MS (FAB+/NBA) calculated 
for C12H2204 (MH+), 231.1596 found, 231.1599. 
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(1R,2R,SS,6S,9E)-l,2,5,6-Tetrahydroxycydododec-9-ene (28a): 
Tetrol 28a was obtained by asymmetric dihydroxylation of diol 21b (following the procedure described for 
28b) in the presence of (DHQ)2-PYR (4 mmol scale; yield 72%). After crystallization from i-PrOH/hexane, 
pure tetrol 28a was obtained. 
mp 151-155°C; [~]~ = 0.0, [c~]~35 = 0.0; IR (KBr) v 3345 (br. s), 2989 (w), 2945 (m), 2930 (m), 2860 (w), 
1442 (w), 1332 (m), 1299 (m), 1129 (m), 965 (m), 886 (m) cm-l; IH NMR (DMSO-d(v 250 MHz) 8 1.37- 
-1.53 (m, 6H), 1.65-1.79 (m, 2H), 1.95-2.19 (m, 4H), 3.28-3.36 (m, 2H), 3.45-3.49 (m, 2H), 4.05 (br. s, 
4H), 5.33 (t, J = 4.1 Hz, 2H); 13C NMR (DMSO-d 6, 100 MHz) 8 28.2, 28.7, 32.1, 68.5, 71.1, 131.6; MS 
(FAB+/NBA) calculated for C 12H2204 (MH+), 231.1596 found, 231.1600. 

( 1R,2R,5E,9E)- 1,2-lsopropylidenedioxycyclododeca-5,9-diene (29): 
Diol 21b (ee > 99.5%) (708 rag, 3.61 mmol) was dissolved in 50 ml of acetone, and 0.10 g of p-toluene- 
sulfonic acid monohydrate was added. After stirring for 30 minutes at room temperature, the mixture was 
poured into 50 ml of saturated aqueous NaHCO 3 solution and extracted once with 300 ml of ethyl acetate 
and twice with 100 ml of ethyl acetate. The combined organic layers were dried (MgSO4) and concentrated. 
Purification by flash chromatography furnished 851 mg (3.60 mmol, quant.) of acetonide 29 as colorless oil. 
[ct] 23 = +26.6 (c = 0.977, CHCI3); IR (neat) v 3022 (m), 2983 (s), 2848 (s), 1438 (m), 1378 (s), 1243 (s), 
1092 (s), 1009 (m), 974 (s) cm-t; IH NMR (CDC13, 400 MHz) 8 1.41 (s, 6H), 1.57-1.68 (m, 4H), 2.04-2.24 
(m, 8H), 4.03 (t, J = 2.3 Hz, 2H), 5.22-5.32 (m, 4H); 13C NMR (CDCI 3, 100 MHz) 8 27.0, 27.9, 30.8, 32.2, 
77.7, 107.4, 131.5, 133.7; MS (FAB+/NBA) calculated for C15H2402 (MH +) 237.1855; found, 237.1858. 

(lR,2R,5S,6S,9E)-l,2-5,6-Di(isopropylidenedioxy)cyclododec-9-ene (30a): 
Pure acetonide 30a was obtained from meso-tetrol 28a as a colorless oil in 96% yield. 

23 _ . [CX]2D 3 = 0.0, [¢X]365 - 0.0, IR (neat) v 2983 (s), 2932 (s), 2856 (m), 1443 (m), 1377 (m), 1239 (s), 1053 (s), 
981 (m), 889 (m), 843 (m) cm-l; IH NMR (CDC13, 250 MHz) 8 1.38 (s, 6H), 1.40 (s, 6H), 1.57-1.83 (m, 
8H), 2.04-2.14 (m, 2H), 2.24-2.33 (m, 2H), 3.67-3.72 (m, 2H), 3.82-3.90 (m, 2H), 5.36 (t, J = 3.9 Hz, 2H); 
13C NMR (CDC13, 62.5 MHz) 8 26.9, 27.5, 27.5, 30.4, 77.8, 79.6, 107.2, 132.3; MS (FAB+/NBA) cal- 
culated for C18H3004 (MNa+), 333.2042; found, 333.2046. 

( IR,2R,5R,6R,9E)- l,2.5,6-Di(isopropylidenedioxy)cyclododec-9-ene (30b): 
Compound 30b was prepared from a mixture of tetrols 28b and 28a (75:25) analog as described for 29 in a 
yield of 96%. Recrystallization from pentane (-20°C) furnished 59% of pure 30b. The assignment of the 
relative configuration is trivial due to the optical activity of diacetonide 30b (cf. assignment of tetrols 
28a/28b). 
mp 104°C; [~]~3 = -3.1, [~]~35 = -20.5, (c = 1.378, CHCI3); IR (KBr) v 2985 (s), 2931 (s), 2861 (s), 1370 
(s), 1036 (s), 870 (s), 511 (s) cm'l ;  IH NMR (CDCI 3, 250 MHz) 8 1.37 (s, 12H), 1.40--1.55 (m, 4H), 
1.78-2.10 (m, 6H), 2.24-2.31 (m, 2H), 3.64-3.70 (m, 2H), 3.78-3.83 (m, 2H), 5.34 (t, J = 3.5 Hz, 2H); 13C 
NMR (CDC13, 62.5 MHz) 8 22.1, 28.2, 28.3, 32.3, 78.5, 80.2, 108.6, 133.1; MS (FAB+/NBA) calculated for 
C18H3004 (MNa+), 333.2042; found, 333.2042. 

(lR,2R,5E,9E)-l,2-Carbonyldioxycyclododeca-5,9-diene (31): 
Diol 21b (463 mg, 2.36 mmol) was dissolved in 50 ml of dry toluene at 50°C under N 2. It was cooled to 
room temperature and 570 mg (3.54 retool, 1.5 eq) of 1,1'-carbonyldiimidazole was added over a period of 
10 hours. After stirring overnight the reaction mixture was poured into a mixture of 25 ml H20 and 25 ml of 
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saturated aqueous NH4CI. The aqueous layer was 4 times extracted with 50 ml of ethyl acetate. The 
combined organic layers were washed with a mixture of 25 ml H20 and 25 ml of saturated aqueous 
NaHCO 3. The aqueous phase was extracted 4 times with 50 ml of ethyl acetate and the combined organic 
layers were dried with MgSO 4. Flash chromatography (silica gel, hexane/ethyl acetate 4/1) furnished 404 
mg (1.82 mmol, 77%) of carbonate 31 as colorless solid. 
mp lll°C; [tz] g2 = -148.6 (c = 0.738, CHC13); IR (KBr) v 3029 (w), 2983 (m), 2930 (s), 2910 (s), 2854 (m), 
1789 (s), 1432 (m), 1377 (m), 1166 (m), 1028 (m), 975 (m), 782 (m) cm-1; 1H NMR (CDC13, 250 MHz) 
1.48-1.64 (m, 2H), 1.85-2.17 (m, 6H), 2.18-2.39 (m, 4H), 4.65 (t, J =  4.2 Hz, 2H), 5.21 (t, J =  3.1 Hz, 4H); 
13C NMR (CDCI 3, 62.5 MHz) 6 27.5, 32.7, 32.8, 80.7, 131.7, 133.2, 154.3; MS (FAB+/NBA) calculated for 
C13H1803 (MNa+), 245.1154 found, 245.1157. 

(lR,2R,5S,6S,9E)-l,2-Carbonyidioxycyelododee-9.ene-5,6-diol (32a): 
The asymmetric dihydroxylation of carbonate 31 was carried out as described in the typical procedure (vide 
supra). The product was purified byflash chromatography (silica gel, hexane/i-PrOH 2/1). The product ratio 
was determined by conversion to the diacetonides 30a/30b. The mixture of carbonates was dissolved in 1 ml 
of MeOH, and 100 ~1 of trifluoroacetic acid was added. After refluxing for 60 min, the volatile components 
were removed in vacuo. The residue was dissolved in 1 ml of acetone and -10 mg ofp-toluenesulfonic acid 
was added. After 10 rain standing at room temperature, the reaction mixture was purified by preparative TLC 
(hexane/ethyl acetate 4/1) and analyzed by GC (175°C, DB-5). 
Pure carbonate 32a was obtained by using (DHQ)2-PYR ligand and isothermal crystallization from CH2C12/ 
ethyl ether/pentane. 
mp 141°C; [a]~ z = -17.0 (c = 1.004, MeOH); IR (KBr) v 3484 (s), 3281 (br. s), 3007 (w), 2940 (rn), 2866 
(w), 2840 (w), 1812 (rn), 1781 (s), 1179 (m), 1161 (m), 1025 (s), 1002 (m), 761 (m) cm-1; 1H NMR (DMSO- 
d 6, 400 MHz) ~ 1.18-1.27 (m, 1H), 1.46-1.69 (m, 4H), 1.79-1.93 (m, 3H), 1.99-2.17 (m, 3H), 2.25-2.35 
(m, 1H), 3.34-3.41 (m, 1H), 3.42-3.48 (m, 1H), 4.25 (d, J =  5.3 Hz, 1H), 4.27 (d, J= 6.2 Hz, 1H), 4.35--4.39 
(m, 1H), 4.49--4.55 (m, 1H), 5.32-5.46 (m, 2H); 13C NMR (DMSO-d 6, 100 MHz) ~5 26.5, 26.8, 28.6, 28.8, 
30.3, 31.9, 66.1, 70.8, 79.8, 82.0, 129.3, 133.0; MS (FAB+/NBA) calculated for C13H2005 (MH+), 257.1389 
found, 257.1386. 

( lR,2R,5R,6R,9E)- l,2-Carbonyldioxy-5,6-dihydroxy-9-cyelododecene (32b): 
Pure carbonate 32b (from diene 31) was obtained by using (DHQD)2-PYR ligand (1 mmol scale) and iso- 
thermal crystallization from CH2C12/ethyl ether/pentane. 
mp 130°C; [a] 22 = -41.5 (c = 0.988, MeOH); IR (KBr) v 3483 (s), 3330 (br. s), 2940 (s), 2867 (m), 1795 (s), 
1438 (m), 1178 (s), 1167 (s), 1123 (m), 1001 (s) cm-1; 1H NMR (DMSO-d 6, 400 MHz) ~ 1.30--1.46 (m, 1H), 
1.49-1.68 (m, 5H), 1.86-2.03 (m, 3H), 2.13-2.30 (m, 3H), 3.21-3.29 (m, 1H), 3.37-3.51 (m, 1H), 4.39 (d, J 
= 4.2 Hz, 1H), 4.48 (d, J = 4.6 Hz, 1H), 4.43-4.51 (m, 1H), 4.65-4.70 (m, 1H), 5.26-5.35 (m, 1H), 
5.46-5.54 (m, 1H); 13C NMR (DMSO-d 6, 100 MHz) ~i 25.3, 25.7, 26.7, 27.4, 30.2, 31.8, 70.1, 72.7, 79.8 
(2C), 128.6, 134.8; MS (FAB+/NBA) calculated for C13H2005 (MH+), 257.1389 found, 257.1384. 

(1R,2R,5R,6R,9R, lOR)- l,2,5,6,9,10.Hexaacetoxycyclododecane (33): 
The asymmetric dihydroxylation of 21b (ee > 99.5%) was performed on a 1 mmol scale as described in the 
General Procedure (using (DHQD)2-PYR), but 6 eq K3Fe(CN)6/6 eq K2CO3/3 eq CH3SO2NH2 were used. 
After 3 days at 0°C the reaction was quenched with Na2SO 3 and stirred for 2 h at room temperature. The 
solvent was removed in vacuo. The remaining water was removed aceotropically by adding 100 ml of 
CHC13 and evaporating under reduced pressure. 50 ml of warm (50°C) i-PrOH was added to the remaining 
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solid and the resulting slurry was filtered through Celite. The solid was extracted 2 times with 25 ml of 50°C 
i-PrOH and 3 times with 25 ml of 50°C MeOH. The solution was evaporated and dried under high vacuum. 
The residue was dissolved in 3 ml of dry CH2CI 2 and 1 ml of NEt 3, 1 ml of acetic anhydride, and 500 mg of 
4-dimethyl-aminopyridine were added. After stirring 1 hour at room temperature the reaction mixture was 
poured into 50 ml of saturated aqueous NaHCO 3. It was extracted 3 times with 50 ml of CH2C12. The 
combined organic layers were dried by filtration through cotton. The ratio of the hexaacetates 33 and 34 
were determined by GC analysis (200°C, DB-5) of the crude product. The hexaacetates were separated by 
flash chromatography (silica gel, hexane/ethyl acetate 1/1, and after elution of 33 hexane/ethyl acetate I/2) 
and crystallized from ethyl ether/pentane. The relative configuration of 33 was confirmed by X-ray cry- 
stallography. 
Crystals suitable for X-ray analysis were obtained by isothermal crystallization from ethyl ether/pentane. 
R F = 0.14 (hexane/ethyl acetate 1/1); mp 128°C; [Ct]2D 2 = -23.7 (C = 1.036, CHC13); IR (KBr) v 2952 (w), 
1740 (s), 1373 (m), 1239 (s), 1047 (m), 975 (m), 853 (w); 1H NMR (CDC13, 400 MHz) 5 1.81 (br. s, 12H), 
2.03 (s, 18H), 5.06 (br. s, 6H); 13C NMR (CDC13, 100 MHz) 5 21.0, 25.5, 73.0, 170.1; MS (FAB+/NBA) 
calculated for C24H36012 (MNa+), 539.2104 found, 539.2121. 

(1R,2R,5R,6R,9S,lOS)-l,2,5,6,9,10-Hexaacetoxycyciododecane (34): 
R F = 0.21 (hexane/ethyl acetate 1/1); mp 148°C; [~]~2 = -4.4 (c = 0.915, CHC13); IR (KBr) v 2960 (w), 
1742 (s), 1374 (m), 1241 (s), 1028 (m) cm-1; 1H NMR (CDCI 3, 250 MHz) 5 1.55-1.93 (m, 12H), 2.00 (s, 
6H), 2.01 (s, 6H), 2.03 (s, 6H), 4.97-5.04 (m, 2H), 5.12-5.t7 (m, 2H), 5.28-5.35 (m, 2H); 13C NMR 
(CDCI 3, 62.5 MHz) 5 20.7 (2C), 20.9, 22.9, 25.8, 26.4, 70.2, 70.4, 71.9, 170.0, 170.1, 170.2; MS 
(FAB+/NBA) calculated for C24H36012 (MNa+), 539.2104 found, 539.2113 

(1R,2R)-l,2-Dibenzoyioxycyclododecane (35): 
To 20 mg (0.100 mmol) of the (R,R)-dienediol 21b (ee > 99.5%) in 2 ml of dry ,,,,,OBz 
CH2C12 50 mg of DMAP (0.40 retool) and 35 txl of freshly distilled benzoyl 
chloride (42 mg, 0.30 mmol) were added at room temperature. After stirring for 2 
hours, the mixture was poured into 10 ml of 2 M aqueous HCI and extracted two 
times with 10 ml of CH2C12. The combined organic layers were washed with 
saturated aqueous NaHCO 3 (10 ml) and dried by filtration through cotton. Flash 35 
chromatography (silica gel, hexane/ethyl acetate 10/1) furnished 36.5 mg (0.089 mmol, 89%) of dibenzoate 
35 as colorless solid. 35 was recrystallized from ethyl ether/pentane. 
The CD spectrum (MeOH) showed a minimum at 237 nm and a maximum at 222 nm. 2° 
mp 92°C; [ct] 22 = -4.9 (c = 1.054, CHCI3); IR (KBr) v 2950 (s), 2935 (s), 2861 (s), 1717 (s), 1705 (s), 1283 
(s), 1109 (s), 716 (s) cm-1; IH NMR (CDCI 3, 400 MHz) 5 1.32-1.60 (m, 16H), 1.70-1.75 (m, 2H), 1.91- 
-1.98 (m, 2H), 5.60 (t, J = 2.7 Hz, 2H), 7.33 (t, J = 7.7 Hz, 4H), 7.33-7.48 (m, 2H), 7.95 (dd, J = 8.3, 1.3 
Hz, 4H); 13C NMR (CDC13, 100 MHz) 5 21.2, 23.5, 24.3, 28.0, 72.9, 128.7, 130.1, 130.6, 133.3; UV 
(MeOH) Xma x = 226 nm; MS (FAB+/NBA) calculated for C26H3204 (MH +) 409.2379, found 409.2379. 

(lR,2R,5R,6R,9E)-5,6-Dihydroxy-l,2-isopropylidenedioxy-9-cyclododecene (36): I - I O ~ , ~ ,  
The asymmetric dihydroxylation of 21b was performed with 1% ligand/l% K2OsO 4. 
2H20 or 5% ligand/5% K2OsO4.2H20. The ratio of the diastereomers was detected 
by conversion to the bis acetonides and GLC analysis (DB-5 column, 175°C). 
[¢X]2D 3 = -6.4 (c = 1.120, CHC13); IR (neat) v 3420 (br. s), 2983 (m), 2935 (s), 2858 
(m), 1441 (s), 1239 (s), 1090 (s), 922 (s), 733 (s) cm-1; 1H NMR (CDC13, 400 MHz) 36 
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8 1.39 (s, 3H), 1.40 (s, 3H), 1.50-1,89 (m, 8H), 2.03-2.12 (m, 1H), 2.18-2.25 (m, 2H), 2.31-2.37 (m, 1H), 
2.93 (br. s, 1H), 3.00 (br. s, 1H), 3.61 (br. s, 1H), 3.69-3.74 (m, 2H), 3.95 (q, J =  6.0 Hz, 1H), 5.31-5.46 (m, 
2H); 13C NMR (CDC13, 100 MHz) 8 28.2, 28.3, 28.5, 31.6, 33.0, 71.8, 78.3, 81.7, 108.3, 132.0, 132.8; MS 
(FAB+/NBA) calculated for C15H2604 (MNa+), 293.1729; found, 293.1734. 
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