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1. Introduction 
Stereochemical control presents a formidable chal- 

lenge to synthetic chemists in the design and devel- 
opment of synthetic methodology. In the past two 
decades impressive advances have been made in the 
design of reactions which allow high levels of stereo- 
selectivity not only with cyclic compounds, but also 
with conformationally flexible acyclic substrates. The 
stereocontrolled introduction of new stereogenic cen- 
ters is commonly based on n-facially selective addi- 
tion to a prochiral double bond. Such processes can 
be achieved by taking advantage of a facial bias 
imposed by preexisting stereochemical elements of 
substrates, powerful "reagent-controlled" synthetic 
protocols, or both.' For example, very highly stereo- 
selective additions of nucleophiles to aldehydes and 
ketones are routinely available, and have, in fact, 
represented one of the most powerful tools for the 
stereoselective construction of carbon-carbon bonds. 
Not surprisingly, stereoselective elaboration of car- 
bon-carbon double bonds has met with limited 
success. Synthetically useful levels of stereoselection, 
on the other hand, have been attained in the presence 
of a polar group, especially an oxygen substituent, 
a t  the allylic position. Subtle conformational (steric 
or stereoelectronic) constraints imposed by an alkoxy 
group or its attractive interaction with incoming 
reagents influence the stereochemical outcome of the 
process. Thus, a stereogenic allylic alkoxy site can 
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be exploited to exert a unique stereodirecting effect 
on adjacent pmchiral sp2 sites. In addition, the ready 
availability of optically pure allylic alcohols by enan- 
tioselective reduction of the corresponding ketones 
lends itself to practical asymmetric synthe~is?.~ 
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This article is primarily focused on acyclic stereo- 
control achieved by an allylic alkoxy group, with 
particular emphasis on stereoselective dihydroxyla- 
tion and its applications to stereoselective syntheses 
of bioactive natural products. In light of a recent, 
comprehensive review on heteroatom-directed ste- 
reoselective reactions (e.g., directed cyclopropanation, 
epoxidation, hydrogenation and ~arbometalation),~ 
this review is confined to 1,2-diastereoselection based 
on the conformational discrimination induced by an 
allylic alkoxy moiety without its prior coordination 
to an incoming catalyst or reagent. Those reactions 
where secondary allylic alcohols or ethers undergo 
cleavage during stereoselective transformations are 
also ex~luded .~  

Cha and Kim 

11. General Considerations 
Information on the relative energies of the pre- 

ferred conformations between the allylic stereocenter 
and the prochiral olefin functionality is crucial to  
mechanistic understanding. On the basis of the 
microwave spectroscopic analysis of propene, the 
minimum energy conformation is thought to  have a 
hydrogen atom eclipsing the double bond (rotamer 
l), which is favored over the bisected rotamer 2. In 
3-substituted propenes, there are two possible eclipsed 
conformations (skew 3 and syn 41, both of which are 
energetically favored over the bisected conformers 5 
and 6. The relative energies of the syn and skew 
conformations are very similar, with the difference 
estimated to be 0.1-0.4 kcal/mol.6 With the excep- 
tion of compounds such as 3-fluoropropene, 3-meth- 
oxypropene, and 3-cyanopropene, the skew confor- 
mation is slightly more stable than the syn. 

1 

eclipsed 
conformation 

H 

H 3 H  

H H  
2 

bisected 
conformation 

H H H H 'dH Hy&H R H Z H  H H H  

HL H H H  H H  R H  
3 4 

skew sYn 
5 6 

In addition to the allylic stereocenter, the presence 
of substituents on the olefin plays an important role 
in determining the overall conformational prefer- 
ences. These effects can be rationalized in terms of 
the allylic strain concept which was first advanced 
by Johnson in 1968.7,8 For example, the 2 substitu- 
ent at C-1 of the olefinic substrates is expected to 
greatly affect the relative stabilities of the various 
possible conformations due to allylic 1,3-strain. Specif- 
ically, the energy difference between the eclipsed and 
bisected conformations would decrease, and the rela- 
tive energies of the syn and skew conformers would 
be affected. Similar considerations are applicable to  
2-substituted olefins, although the effect of allylic 1,2- 

strain is often smaller than that of allylic 1,3-strain. 
These conformational considerations of the ground 

states have been extrapolated to the analysis of the 
transition state structures to  rationalize the observed 
stereochemical outcome of electrophilic addition to a 
C=C double bond adjacent to  a stereogenic center. 
In most cases, conformer 7 (H eclipsing) would be 
anticipated to be more stable than conformer 8. 
Approach of the electrophile from the less hindered 
face (opposite to  the largest group, L )  would result 
in the typically observed stereochemical outcomes. 

E+ 
t E' 

1 

E+ 

7 

€+ 

8 

The paradigm of this diastereofacial discrimination 
can be found in Kishi's landmark synthesis of 
m o n e n ~ i n . ~ ~  Hydroboration of olefins 9 and 11 took 
place with 8: 1 and 12: 1 diastereoselectivities, respec- 
tively. This result can be directly ascribed to  A''s31- 
strain.lOJ1 Along these lines, it has been found that 
electrophilic attack at (2)-alkenes often proceeds with 
higher diastereoselectivities than that at (E)-alkenes. 
The presence of a bulky 2-substituent is expected to 
greatly favor the population of conformer 7 over 
conformer 8. This additional conformational re- 
straint would be translated into higher selectivities 
for 2-olefins. 

G B n  
Me e 

(8:l ds) 

%,,,Bn 2.7;:;; 1. BH3, THF NEOH 

M6' 
9 10 

1. BH3, THF - 
H 

11 12 
(12:l ds) 

In studies with allylsilanes, however, Fleming 
noted that the opposite sense of diastereoselection 
may predominate where R, is hydrogen and M is 
relatively small (i.e., methyl).12 Here, allylic 1,2- 
strain is thought to  play an important role in 
determining the relative stabilities of conformers 7 
and 8 and, consequently, the stereochemical outcome. 

The intricate interplay between A(1,3)-strain and 
A(1,2)-strain can be seen in the stereochemistry of enol 
protonation reported by Zbiral: treatment of the 
2-enol ether 13 with HF gave primarily the aldehyde 
14 with the natural steroid configuration at  C-20, 
whereas protonation of the corresponding E-enol 
ether 16 proceeded with the opposite stereochemical 
outcome. l z b 9 l 3  The preferred conformation of the 
2-enol ether 13 is conformer 13A (which corresponds 
to the generalized conformation 7), which is expected 
to be more stable than 13B due to severe allylic 1,3- 
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strain. On the other hand, the E-enol ether 16 can 
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is suggested to be the preferred conformation of 
allylic benzoates.6J6 

Recently several stereoselective and useful trans- 
formations of allylic alcohols and derivatives have 
been documented and have resulted in many experi- 
mental and theoretical studies.17 In the succeeding 
sections representative examples of diastereoselective 
and synthetically useful transformations of allylic 
alcohol systems are described, together with the 
sense and degree of diastereoselection. In addition, 
synthetic applications in the stereocontrolled syn- 
theses of bioactive natural products are enumerated. 

5% MeCN, HF 0 "C g; g 
H 13 H 14 H 15 

4 1 1  I "+ 

adopt either conformation 16A or 16B, because the 
olefin substituent cis t o  the stereogenic center is 
hydrogen (vide supra). In this case, it is reasonable 
that conformer 16B (which corresponds to the gen- 
eralized conformation 8)  would be favored, since 
allylic 1,2-strain is minimized. Protonation from the 
less hindered a-face of the transition state arising 
from 16B would then afford aldehyde 15. 

d i M e ,  0 

. .  
16A H+ 165 

It should be noted that the underlying assumption 
of such conformational analysis is that the geometry 
of the transition structure is closely related to that 
of the ground state. This inference is well justifiable 
in the cases of exothermic reactions such as proto- 
nation and alkylation of enols or enolates. In fact, 
Evans has put forth a similar explanation in connec- 
tion with an interesting bisalkylation of succinamide 
enolates, as well as for enolate alky1ati0ns.l~" 

When electronically different substituents are 
present at the allylic stereogenic center, an interest- 
ing and complicated question as to the conforma- 
tional preference arises. An alkoxy or other polar 
substituent would exert both steric and stereoelec- 
tronic effects. For example, in the conformation 7 
when M = OR, or the related staggered conformation 
resulting from partial rotation (-30") of the allylic 
bond, the low-lying drco orbital overlaps with the 
alkene n orbital, and the electron density of the n 
bond gets diminished.15 Thus, it has been argued 
that 7 would be the less reactive conformation toward 
electrophilic attack with respect to other conformers 
such as 8 (M = OR). In conformer 8, overlap of the 
a*co and n orbitals is minimized. The population of 
the ground-state conformations may well be deli- 
cately balanced between 7 and 8, as the difference 
in energy between them is generally small. I t  is 
interesting to note that allylic ethers are known to 
exhibit conformational preference for 8, whereas 7 

Ill. Dihydroxylations 

A. Introduction 
In 1983 Kishi reported that osmium tetroxide 

dihydroxylations of allylic alcohols and ethers take 
place with synthetically useful levels of diastereose- 
lectivity. The relative stereochemistry between the 
resident alkoxy1 group and the newly introduced 
adjacent hydroxyl group of the major product is 
erythro (anti). Some representative examples are 
shown in Table l.l8J9 

In these and other related examples, several gen- 
eral trends were found. The extent of stereoselec- 
tivity observed for 2-olefins was higher than that for 
the corresponding E-olefins (see entries 1 and 2 vs 3 
and 4). With the exception of the acyl derivatives, 
the type of the protecting group on the allylic hy- 
droxyl functionality did not significantly affect dias- 
tereoselectivity. For the cases of acyl compounds, 
however, diastereoselectivity was found to diminish 
considerably or completely (see entry 5) .  The pres- 
ence of an allylic alkoxy stereocenter seems to be 
essential for preparatively useful levels of stereose- 
lectivity. For comparison, poor selectivity was ob- 
tained for osmylation of the allylic methyl derivative 
(entry 6). The stoichiometric osmylation procedure 
provided slightly higher stereoselectivity than the 
catalytic procedure. In order to  further enhance the 
selectivity, Kishi subsequently developed a slight 
modification of the stoichiometric procedure by em- 
ploying a low reaction temperature (-78 "C) and a 
diamine ligand.21,22 Addition of an amine, which is 
known to accelerate the rate of osmylation of olefins, 
allows the dihydroxylation to proceed with a reason- 
able rate at a low temperature. On the basis of these 
observations, along with the stereochemical outcome 
of osmylation of cyclic allylic alcohols (e.g., 2-cyclo- 
hexen-1-01], Kishi proposed a reactant-like transition 
structure model, as depicted in the H-eclipsed con- 
former 34. 

os04 

34 35 

As summarized in Table 2, the empirical rule 
advanced by Kishi seems to be applicable to  E-a,P- 
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Table 1. Representative Examples of Stereoselective 
Os04 Dihydroxylation of Allylic Alcohols and Related 
Systemsl*Js 

Entry Substrate Major Product Stereoselectivity 

1 

17: R1 =OH 6H 6: 1 
8: 1 18: R1 = Et 

B n O u l  B n O s ,  
2 

QH 
19 R1= OH 7 :  1 
20: R1 =Et 8: 1 

6 H  
23: R1 = OH 3 : 1  
24: R1 = Et 6 :  1 

BnO t 

B n O u H  B n O s H  

6 H  
27 1 : l  

Osmylation was carried out under catalytic conditionsM employing 
Os04 (0.05 equiv) and NMO (2.0 equiv) in acetone-water (8:l) at rt. 

unsaturated carbonyl compounds as well (entries 
1-4).18 However, caution is appropriate for Z-a,p- 
unsaturated carbonyl substrates, since osmylation of 
such systems (entry 5 )  has been found to breach 
Kishi’s stereochemical formulation. 

At the same time, Stork reported similar results 
for the osmylations of a,p-unsaturated esters (Table 
3).25 It is important to note that, in marked contrast 
to E-esters 36-38, osmylation of 2-ester 39 gave the 
syn, not anti, stereochemistry. These results were 
rationalized by invoking two different transition state 
models for E- and 2-esters (36A and 39A, respec- 
tively). The transition structure 36A is closely 
related to the generalized conformer 8. To account 
for the “opposite” stereochemistry of the Z-a,p- 
unsaturated carbonyl compound 39, Stork proposed 
the conformation 39A having an “outside” alkoxy 

Table 2. Some os04 Dihydroxylation Examples of 
y-Alkoxy-@-unsaturated Carbonyl SystemslB 

Entry Substrate Major Product Stereoselectivity 

1 A,.. BnO.. \BnO..\ n... 

.QBn .QBn 

10: 1 
HO 

BnO“ ‘ 

TBDPS TBDPS 
BnO“ . 

28 

4 1  I 

5 

BnO 

6 0  (antisyn) X 
3 2  R1,R2= C(Me)2 
33: R1=R2= Bn 

BnO 

group, whereas Kishi invoked the participation of 
39B by analogy to the dipolar model of Cram’s rule.26 

OSOd 

36A os04 39A 

11 OSOd 

396 
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Table 3. Stereoselective o s 0 4  Dihydroxylations of 
y-Alkoxy-@-unsaturated Esters% 
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unsaturated carbonyl compounds, a useful predictive 
tool can be found in Kishi's empirical formulation 
that the major product of osmylation has the newly 
introduced, adjacent hydroxy group anti to the resi- 
dent alkoxy (or hydroxy) stereocenter. The stereo- 
selectivity is given in the ratio of anti to  syn.lg Unless 
noted otherwise, dihydroxylation was carried out 
under catalytic conditions employing N-methylmor- 
pholine N-oxide (or trimethylamine N-oxide) as coox- 
idant at room temperature.20 Mention should be 
made that trioxo Os(VI11) glycolate is most likely 
involved in osmylations under homogeneous catalytic 
NMO conditions.20c Recent examples, where double 
stereodifferentiation is examined, are discussed in a 
separate section (Tables 14 and 15). 

1. Monosubstituted Olefins (Table 5) 
Dihydroxylation of monosubstituted olefins has 

been shown to proceed with moderate to  excellent 
stereoselectivity ranging from 50% to  100% ds. 

2. 1,2-Disubstituted Nonconjugated Olefins (Tables 68) 
( I )  Comparison of E- and 2-2,2-Disubstituted Ole- 

fins (Table 6). Most of the literature reports on 
dihydroxylation of allylic alcohols and ethers examine 
1,2-disubstituted olefins. Recall that the stereose- 
lectivity for 2-1,2-disubstituted olefins was higher 
than that for the corresponding E-olefins where an 
allylic alcohol or ether is present at the sole stereo- 
center in the molecule (see Table 1).18 

Comparisons of structurally more complex E- and 
2-pairs are shown in Table 6. Not surprisingly, the 
same trend is no longer observed for the allylic 
systems containing multiple stereocenters where 
there exists another competing or overriding steric 
element (entry 9 vs entry 10). Striking are entries 5 
and 12, which illustrate the effects of a homoallylic 
substituent on the stereochemical outcome. These 
interesting results can be rationalized by the applica- 
tion of Kishi's empirical model (46 34). As pointed 
out by Danishefsky for entry it is conceivable 
that the bulky benzoate group (vis-&vis the smaller 
hydroxyl group) partially shields attack from the 

Entry Substrate Major Product Stereoselectivity 

36 

37: R1 = H 
38: R1 = CH(0Et)Me (EE) 

1 : o  

I : o  
1 : o  

3 + 2  EE 0,Me x: 
39 0 :  1 

Table 4. Stereoselective os04 Dihydroxylations of 
1,l-Disubstituted Olefinsz7 

Entry Substrate Major Product Stereoselectivity 

HO 

1 

40: R1 = Et 
41: Rq = i-Pr 

42: R2 = H 
43: R2 = AC 
44: R2 = TBS 

5 : l  
17: 1 

35: 1 
16:  1 
6 :  1 

HO Bn 

1 : 028 

Subsequently, Evans found that osmylation of 1,l- 
disubstituted olefins also proceeds with exceptionally 
high stereoselectivity (Table 4).27 There appears to  
be a general correlation between the diastereoselec- 
tivity and the relative size difference between R1 and 
the alkoxy moiety (entry 1). 

B. Recent Examples 
Since Kishi and Stork independently made initial 

reports on the diastereoselective osmylation of allylic 
alcohols and related systems, there have appeared a 
large number of analogous examples.29 The increas- 
ing importance of carbohydrates and related polyhy- 
droxy compounds as useful tools in elucidating or 
controlling complex biological processes and as syn- 
thetic targets has undoubtedly stimulated consider- 
able interest in stereoselective dihydroxylation. Re- 
cent literature examples are compiled in Tables 
5-15, according to the olefin substitution patterns. 
In nearly all cases, with the single exception of %a,/% 

"anti" attack 
by Os04 

46 

"anti" attack 
by Os04 

I 
Os04 

47 
(when R, = H) 

os04 

I 
pyranose t -F* t 

48 

pyranose--- :w: 
49 

(when R, = H) 
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Table 5. Dihydroxylation of Monosubstituted Olefinsa 

Cha and Kim 

Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

1 Rl  

4 : 1 (80%) 30 

N*O r L  
R1 =Me 
R1= Ph 3 : 1 (74%) 
R1 = C02Et 3 : 1 (83%) 

2 R1 =Me 3 : 1 (38%) 31 
R1 = CH20Bn 3 : 1 (80%) 
R1 = C02Et 3 : 1 (38%) 

5 : l  32 

OR, R2=Bn 10 : 1 (90%) 33a 
R*=TBS 12 : 1 (85%) 33b 

5d 9 : 1 (88%) 34 

6 

R3 = P-OAc 19 : 1 (82%)b 35 
R3 = CX-OBZ 1 : 0 (78%)b 

7 QTBS 

ArNH 1 : 0 (98%) 36 
TBS 

8 QBn 

6 : l  37 

4 : 1 (90%) 38 

14 

QR5 
R5=H 
R5 = Bn 

Me0,C“ 
MEM 

15 

TBSO 

3 : 1 (94%) 39 

1 : 0 (79%) 47 
5 : 1 (92%) 40 

3 : 1 (75%) 41 
4 : 1 (96%) 

6 : 1 (90%) 42 

1 : 0 (94%) 43’ 
dBn 

a. Unless noted otherwise, dihydroxylation was carried 
out under catalytic conditions (ref. 20) using N-methyl- 
morpholine N-oxide or trimethylamine Koxide as a 
co-oxidant. 

b. Dihydroxylation took place with concomitant TBDPS 
migration to the terminal hydroxyl group and partial 
acetate migration. No benzoate migration was found. 

conditions in pyridine at -25 “C. 
c. Osmylation was carried out under stoichiometric 

otherwise preferred “anti” (from the allylic oxygen) 
face of the eclipsed conformer 46.83 For the corre- 
sponding E-isomer (entry ll), such steric hindrance 
to Os04 attack could be avoided if the olefin adopts 
the alternate conformation 47 (E O-eclipsed con- 
former 351, which should also provide the “erythro” 
isomer. The potential importance of the O-eclipsed 
conformer has been noted earlier for related E- 
alkenes (when R, = H) in section 11. Of course, the 
O-eclipsed conformer would be unlikely for 2-alkenes 
on steric grounds. The identical consideration would 
account for complete lack of selectivity in entry 10 
(conformer 481, in comparison with entry 9 (con- 
former 49). The noticeable difference in diastereo- 
selectivity between p- and a-benzyloxy groups in 

entry 5 might also be attributed to steric crowding 
in the “anti” face of the H-eclipsed conformer by the 
a-benzyloxy group. 

(2) Z-l,2-Disubstituted Olefins (Table 7). The 
conspicuous difference in stereoselectivity of the 
galactose and glucose configurations in entries 8 and 
10 is in accord with the above-mentioned rationaliza- 
tion. Entry 11, an exception to Kishi’s empirical rule, 
could be rationalized in terms of the H-eclipsed 
conformer as well. In contrast, an exceptionally high 
selectivity was obtained for a related E-compound 
(Table 8, entry 20). 

Where allylic stereocenters are present at  both 
ends of the C=C double bond, their effects are 
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Table 6. Dihydroxylation of 1,2-Disubstituted Olefins-Comparison between E- and 2-Olefins 
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Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

R i = H , R 2 =  H 4 : 1 (65%) 31 

R 3 = H  7 : 1 (57%) 40 
R3 = Bn 3 : 1 (92%) 

x 0 0  7 

H 
B n O * . k O m H  7 : 1 (92%) 39 

11 

R5=TBS 15 : 1 1 5da 

13 B n O w  Bn o+ 

0 
6Bn 

R2 
R1 =Me, R2= H 6 : 1 (80%) 30 

R1 = H. R2 = H 7 : 1 (34%) 31 
R1 =Me, R2 = Me 12 : 1 (70%) 

4 O A -  

R3 = H 7 : 1 (67%) 40 

7 : 1 (82%) 39 

1 : 1 (77%) 44 

asbOsmylation was carried out under stoichiometric conditions in 4:l THF-pyr (a) at -20 "C or (b) -35 "C. 

additive. As observed for entry 1, poor selectivity 
arises when the two allylic stereocenters exert op- 
posite n-facial preference. Use of a tertiary amine, 
which is known to accelerate the rate of osmylation, 
allows the reaction to proceed at  a reasonable rate 
at a lower temperature and with enhanced selectivity 
(entry 3). Exceptionally high stereoselectivity was 
obtained for bis-allylic compounds (entry 7) and 
related Cz-symmetric derivatives (e.g., Table 8, entry 
27, and Table 9, entries 5 and 7). Saito and Mori- 
wake provided an attractive explanation for excellent 
levels of n-face differentiation on the basis of the 
staggered conformer 50, in which the two bulky 
substituents, -Oms, are placed anti to each other?2,84 

In 50, one of each of the n-faces is clearly shielded in 
the resulting topography. The finding that dihy- 
droxylation of acetonide 55 afforded a 2:l mixture of 
56 and its isomer (compared to -1:O selectivity for 
53) was cited to support the pivotal role of conformer 
50. Interestingly, subsequent osmylation of 51a,b 
was also highly selective to  give 52a,b as single 
isomers. On the basis of extensive NMR studies 
Marshall and Gung recently reported that the bis- 
OTBS allylic compounds have a more profound 
preference for the O-eclipsed form than the monoal- 
lylic counterparts, although the conformation of both 
compounds is not rigid.85 In any event, the use of 
bis-allylic compounds such as 50 and 53 holds 
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considerable synthetic potential in “two-directional 
chain’’ stereoselective s y n t h e s e ~ . ~ ~ * , ~  

Cha and Kim 

TBSO yc 

TBSO A, 
50 

TBSO 

H+, 

TBSO 

53 

oso4 NMO e R  - 
1 : O d s  TBSO &I 

RO 
51a,b: R = Ac or Bn 

(Table 7, entry 7) 

1 : O d s  

RO 

52a,b: R = Ac or Bn 

1 : O d s  

54 
(Table 9, entry 7) 

(3) E-l,2-Disubstituted Olefins (Table 8). Dihy- 
droxylations of these olefins were found to proceed 
with moderate to excellent selectivities as well. 
Again, better selectivity was obtained for a galactose 
derivative than the glucose counterpart (entries 3 and 
5) ,  as was the case for Z-olefins (Table 7, entries 8 
and 10). The additive effect of two allylic stereo- 
centers is apparent in entries 11 and 12. In the 
“mismatched” situation where the two stereocenters 
exert opposite directing influences, the superior 
directing influence of an alkoxy1 or hydroxyl group 
with respect to an acyloxy substituent was utilized 
(entry 14). 

In entries 23 and 24, stereoselectivity was signifi- 
cantly enhanced when a long unbranched chain (i.e., 
R1 = n-pentyl) is attached to the double bond for the 
(RS,&> diastereomer, compared to  (Rs,Sc). Solladie 
rationalized this observation in terms of the confor- 
mations 57 and 58 for the (Rs,Sc) and (RS$C) 
isomers, re~pectively.~~ He argued that, in the former 
conformer, the preferred “anti” attack by Os04 en- 
counters repulsion by the axial sulfur lone pair. 
Osmylation of the corresponding methoxy derivatives 
(entries 25 and 26), as well as /3-hydroxysulfones, was 
shown to  result in low diastereoselectivity of 2:1.86 
The directing effect by the chirality of remote sul- 
foxides has previously been reported by H a ~ s e r . ~ ~  
Catalytic osmylation of the diastereomeric sulfoxides 
59A and 59B and subsequent acetylation furnished 

the diastereomeric diacetate sulfones as the sole 
products in each case. The intrinsic “anti” diaste- 
reofacial selectivity imposed by the allylic amide 
group was determined to be 3:2 by catalytic dihy- 
droxylation of sulfone 59C. Johnson also reported 
very highly stereoselective dihydroxylation of the 
cyclic allylic /3-hydroxysulfoximine 60, where osmy- 
lation was believed to be directed by the neighboring 
sulfoximine, as well as the complementary “anti” 
effect of the allylic hydroxyl group.88 However, ex- 
tension of sulfoximine-directed osmylation to the 
preparation of enantiomerically pure acyclic diol 
ketones was less successful. 

U 

57 

Table 8 
entry 23 

(RSSC) 

Os04 
“anti” attack 

58 

Table 8 
entry 24 

(ww 

1 .  oso4 
?;- Me3NO ?Ac 

y S v h  2 s  v O 2 P h  

HCOCCI, AcO HCOCCI, 
5 4 A  

5 4 8  

3. 1,2-Djsubstjtuted Olefins Beahg a Conjugated 
Carbonyl Group (Tables 9- 11) 

(1) E-/3-Momsubstituted q/3- Unsaturated Carbonyl 
Compounds (Table 9). No special comment is neces- 
sary for entries 1-13. For E-1,2-disubstituted alk- 
enes, the presence of a conjugated carbonyl group 
seems t o  have no significant influence on diastereo- 
selectivity (e.g., Table 9, entry 1, vs Table 6, entry 1; 
Table 9, entry 9, vs Table 8, entry 3; Table 9, entry 
10, vs Table 8, entry 8). On the other hand, the 
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Table 7. Dihydroxylation of Z-l,2-Disubstituted Olefins 

Chemical Reviews, 1995, Vol. 95, No. 6 1769 

Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

OBn 

Os04, pyr, -35 "C 6 : 1 (71%) 
OsO4, achiral diamine, -80 "C 18 : 1 (70%) 

Os04, NMO, DABCO, 5 'C 3 : 1 (71%) 4 8 ' ~ ~  

6 

B n O L T B D P S  

5 : 1 (100%) 51 

8 

20 : 1 (80%) 53 

_ -  

He, 

2 0 4 -  
1 : 0 (78%) 47 

>g::& 

1 : 0 (890/,) 49 

OZH 
0- - 

9 : 1 (69%) 50 

P TBS 

7 

R5=CH20Ac 1 : 0 (79%) 52 
Rg=CHzOBn 1 : 0 (72%) 

1 : 3 (57%) 54 

a. Osmylation under catalytic conditions did not proceed in the absence of DABCO. 
6. N,N-Bis(mesitylmethy1)-1 ,Pdiaminoethane was used as the achiral amine ligand. 

apparent, albeit modest, preference for the syn diol 
product in entry 15 is surprising and difficult t o  
explain. A rare reversal of the stereochemical out- 
come under stoichiometric and catalytic osmylation 
conditions was also reported (entry 14). 
(2) Z-/3-Monosubstituted a,/3- Unsaturated Carbonyl 

Compounds (Table lo), and Comparison of E- and 
Z-/3-Monosubstituted Unsaturated Esters (Table 
11). A limited number of examples available in the 
literature indicate that dihydroxylation of 2-p- 
substituted a,p-unsaturated carbonyl compounds 
results in the irregular stereochemical outcome, as 
was previously noted by Kishi (vide supra). The 
complete reversal in facial selectivity for Table 11, 
entry 2, from those of Table 11, entry 1, and Table 6, 
entry 12, is most striking. 

To probe the origin of these intriguing stereochem- 
ical outcomes, Danishefsky determined the solid- 
state conformation of entry 2 (Table 11) by X-ray 
crystallography. The measured dihedral angle of the 
C-C double bond and the allylic C-0 of 162" 

corresponds to the antiperiplanar conformer implied 
in structure 61.15d In this antiperiplanar conforma- 
tion, the attenuation of electron density due to 
overlap between the n-system of the double bond and 
O*C-O is avoided. When the electron-withdrawing 
ester functionality is present, this stereoelectronic 
effect might become important in osmylation. Mind- 
ful of the limitations associated with relying on 
ground-state conformations to account for the ster- 
eochemical outcome, Danishefsky nevertheless pointed 
out that the less hindered, /3-attack on conformer 61 
would nicely accommodate the observed facial ste- 
reoselection. Interestingly, the solid-state conforma- 
tion of the corresponding E-isomer (Table 11, entry 
1) is synplanar with the pertinent dihedral angle of 
-6.5". It should be noted that the synplanar con- 
former 62 (see also 47) corresponds to the 0-eclipsed 
conformation 35. The observed "anti" stereochemis- 
try can be rationalized by the less hindered, a-attack 
on the synplanar conformer 62. The preference of 
the synplanar conformation of type 35 over the 
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Table 8. Dihydroxylation of E-1,2-Disubstituted Olefins 
Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

1 

ACO-Et 

QAc Et 
6 : 1 (94%) 55 

I , . O B n  BnO.. 

3 

3 : 1 (76%) 56 
MeO" 

982 5 

Me0 1 : 0 (89Yo) 15b 

7 

7 : 1  56 

9 4 

O$$( 
3 : 1 (74%) 58 

11 B n O . . h  .-0 4 
MeO" 

H Bn 

6 : 1 (79%) 59 

l3 (f- 
3 : 1 (79%) 60 0 

61 

12 : 1 (53%) 64 

19 

2 

AcO*Et 

5 : 1 (82%) 55 

4 

H 
4 : 1 (64%) 56 

6 QTBS 

8 : l  57a 

8 

H 

Bn 9 : 1 (83%) 40a 

10 

H 

1.5 : 1 (76%) 58 

2 : 1 (70%) 59' 

l4 

3 : 1 (75%) 60' 0 

0 QTBS 16 

E,,- 

3 : 1 (75%) 62 

OH 20 

1 : o  65 BoMoYDPS (Bn)BOC 
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Table 8 (Continued) 
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Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

21 +o 22 A c O ~  

3 : 1 (85%) 66 N . ~  3 : 1 (83%) 86 

1 

23 

R, = Me 4 : 1 (74%) 67 
R1= Ph 3 : 1 (90%) 
R1 = n-C5H11 5 : 1 (75%) 

R1= Me 4 : 1 (70%) 67 
R1 = Ph 3 : 1 (90%) 
R1 = n-CSH11 19 : 1 (74%) 

26 0 ?Me 
pTol 

2 : l  67 2 : l  67 
e 

25 

28 

68 

2 
TBSO 

Rs= CHzOAc 1 : 0 (87%) 52 5 : l  

a. Both double bonds undewent stereoselective dihydroxylation in accord with Kishi's formulation. 
b. The major product has the a,a-diol configuration, Le. antito the aikoxyl group. 
c. The stereochemistry of the major product has the a,a-diol, i.e. anti to the free hydroxyl group. 
d. Osmylation was carried out under stoichiometric conditions in the presence of (CPrNHCH2)2 in CHzC12 at -78 OC. 

H-eclipsed conformation of type 34 (see also 46) in 
the cases of E-a$-unsaturated carbonyl compounds 
could be attributed to  stereoelectronic effects dis- 
cussed above. 

0 s 0 4  

I 
,.C02Me 

MeO.G?.  furan (whenR,>H 0 ..Rc 

RIO i.e., C02Me) 
61 when 

Rt =COZMe Ill R, = H; 

Table 1 1  
entry 2 

Table 1 1  
entry 1 

I s2 
oso4 

4. 1,l-Disubstituted Olefins (Table 12) 

In all of the dihydroxylation reactions of 1,l- 
disubstituted olefins which are shown in Table 12 
(and in Table 4), an exceptionally high degree of 
diastereoselection is apparent, and could be a direct 
consequence of additional conformational constraints 
imposed by A(1,2)-strain. The substituent S (see con- 
former 63) at the double bond can be an alkyl or an 
ester group. In retrospect, the finding that 1,l-di- 

substituted olefins undergo osmylation with the 
highest diastereoselectivity is not surprising. The 
preference for the synplanar conformer 64 over the 
H-eclipsed conformer 63 would be anticipated in 
consideration of A(1,2)-strain. The presence of poten- 
tial A(lI2)-strain should also impede the interconver- 
sions between various conformers. Consequently, 
n-facial discrimination is expected to develop more 
fully, and result in an overall enhanced selectivity. 
Inasmuch as the product of entry 6 is 65, it formally 
represents the opposite sense of the Kishi formula- 
tion. It is tempting to speculate that this complete 
reversal of diastereoselectivity is due to overriding 

os04 Os04 

t -- 
RO 

63 64 

S is large 
when (Le., entry 6) '1 

"anti" attack 
QBn by Os04 65 

66 
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Table 9. Dihydroxylation of E-a&Unsaturated Carbonyl Compounds 

Cha and Kim 

Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

5 

1 1  

13 

N-0 

5 : 1 (43%) 31 
-0,Me 

QO 

2 : 1 (91%) 69 
'&02Et 
catalytic 
stoichiometric' 12 : 1 (87%) 

E t O 2 C A  O2Et 

13 : 1 (71%) 70 BnO 

Et02C& O2Et 

l : Q  52 TBSO 

MeO" 02Me 

a-OBn 9 : 1 (91%) 72 
P-OBn 6 : 1 (99%) 

QBn n l  

M e O * \ O m B n  

Bn 

4 : 1 (87%) 73 

HO+ 02et 

2 

5 : 1 (82%) 24b 

6 : 1 (98%) 69 

4 

R1= TBS 
Ri -MPM 5 : 1 (75%) 
Rl=MOM 3 : 1 (73%) 
R1 = AC 4 : 1 (79%) 
R1 = Me 7 : 1 (64%) 

6 

0 OBn 0 
7 : 1 (88Oh) 70' 

8 

+*02Me 

k 3 : 1 (75%) 71 

10 

OpMe 

Bn 17 : 1 (96Y0) 40a 

12 

Bn 
Bn02C 

OBn 
1 1  : 1 (87%) 73 

14 

stoichiometric 1 : 3 (85Y0) 74 
cat Os04, f-BOOH 6 : 1 (55%) 

a. Osmyhcn was carried out under stoichiometric conditions in the presence of TMEDA at -78 "C. 
b. Both double bonds underwent stereoselective dihydroxylation in accord with Kishi's formulation. 

constraints imposed by A(l%train. Especially when 
R, = H and S is very large, the favored conformation 
could be conformer 66; the ensuing ''anti" (to the 
allylic oxygen) attack would provide the observed 
stereochemical outcome. Further studies of correlat- 
ing the bulkiness of the double-bond substituent, S, 
with stereoselectivity should provide interesting re- 
sults. 

5. Trisubstituted Olefins (Table 13) 
Although only limited data have been reported for 

trisubstituted olefins, it is likely that the exception- 
ally high stereoselectivity obtained for osmylation of 
1,l-disubstituted olefins would be observed for E-1,1,2- 
trisubstituted olefins as well. Indeed, the E-1,1,2- 
trisubstituted olefins have been found to  undergo 
highly selective dihydroxylation (entry 1; see also 
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Table 10. Dihydroxylation of Z-a&Unsaturated Comyoundbi 
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Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

2 : 3 (94%) 39 

1 

x 0 0  3 1 : 4 (84%) 40b 

BnO-“ w 3 : 2 (98%) 39 

Table 11. Dihydroxylation of @-Unsaturated Esters-Comparison between E- and 2-Olefins 

Entw Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

1 

R1 =TBS 25 : 1 1 5da 

2 

4 

2 : 1 (91%) 69 

stoichiometrica 12 : 1 (87%) 69 

3 Q  0 L O 2 E t  

catalytic 3 : 1 (73%) 75 

5 OR2 6 

-0,Me 
R2=Bn 3 : 1 (70%) 28bb 

R z = H  7 : 1 (70%) 
Rz=BOM 2 : 1 (76%) 

8 

R1 =TBS 0 : 1 (92%) 15da 

cat a I yt i c 1 : 1 (96‘Yo) 69 
75 

RP=Bn 1 : 1 (85%) 28b 
Rz=BOM 1 : 1 (85%) 

0A 2 : 1 (83%) 58b K 2 : l  58b 
I . .  , 

a. Osmyiation was carried out under stoichiometric conditions in the presence of TMEDA at -78 “C. 
b. When R2 = H, the product was isolated as the lactone. 

Table 3, entry 2). On the other hand, the stereochem- 
ical outcome for the corresponding 2-trisubstituted 
olefins is difficult to  predict (Table 13, entries 2-6). 

C. Double Stereodifferentiation 
With the recent landmark discovery of a practical 

asymmetric dihydroxylation by S h a r p l e s ~ , * ~ - ~ ~  an 
interesting question arises whether or  not the in- 
trinsic diastereofacial selectivity of allylic alcohols 
and derivatives can be raised or overridden by the 
use of a chiral ligand in “matched” and “mismatched” 
pairing. Results of such double differentiation are 
listed in Tables 14 and 15. 

When the intrinsic diastereoselectivity of an allylic 
ether in osmylation was matched with the enantio- 
facial selectivity of a chiral catalyst, DHQ-OAc (68) 

or DHQ-CLB (701, the expected enhancement of 
selectivity was found (Table 14, entries 1-4). Re- 
cently Cozzi and Hirama independently examined the 
matching and mismatching of the substrate-directed 
diastereoselectivity with chiral ligands including the 
Cz-symmetric bispyrrolidines 79 and 80, in addition 
to DHQD-OAc (67), DHQD-CLB (69), and 70 
(entries 5- 14).69,75 The inherent “anti” selectivity 
noted previously was improved 4-fold by the influence 
of an achiral amine in a low-temperature stoichio- 
metric osmylation (entries 7 and 8). Use of a chiral 
amine gave rise to further enhancement of ap- 
proximately 45-50:1, when the ligand and substrate 
were matched (entries 10 and 13). In the mis- 
matched cases, however, only poor (r2:l) syn selec- 
tivity was observed (entries 12 and 14). 
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quinuclidine 

dihydroquinidine di hydroquinine 

when R = H 
(DHQD) (DHQ) 

when R = H 

67: R = Ac 

69: R = COC&-pCI 

71: R = 

68: R = Ac 

70: R = COCeH4-pCI 

72: R = 

(DHQD-OAc) (DHQ-OAc) 

(DHQD-CLB) (DHQ-CLB) 

(DHQD-MEQ) (DHQ-MEQ) 

Table 12. Dihydroxylation of 1,l-Disubstituted Olefins 

The effect of hydroxy protecting groups was next 
examined (entries 15-26). It is particularly note- 
worthy that the acetate (entries 21-23) and the 
methyl ether (entries 24-26) proved to be very 
amenable to asymmetric dihydroxylation. When an 
acyl protecting group is utilized, the intrinsic "anti" 
selectivity can evidently be overridden by a judi- 
ciously chosen chiral ligand (see also Table 15, entries 
15-18). On the other hand, the poor substrate- 
controlled diastereofacial selectivity of the Z-a,p- 
unsaturated ester was scarcely changed in asymmet- 
ric dihydroxylation (Table 14, entries 27-33). 

Striking improvements including the refinement of 
chiral ligands and the experimentally important 
transition from stoichiometric to catalytic asymmetric 
dihydroxylation have been made by Sharpless and 
c o - w ~ r k e r s . ~ ~ - ~ ~  In particular, the use of 1,4-bis(9- 
0-dihydroquinidinyl)phthalazine, (DHQDkPHAL 
(73) or 1,4-bis(9-O-dihydroquininyl)phthalazine, 

Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

R1 = Ac; R2 = Bn 1 : 0 (85%) 76a 
R1 =Bz; R ? = H  1 : 0 (85%) 

t-Bu xiOt-Bu 3 

e '0 

60 : 1 (94%) 77 

5 

1 : 0 (100%) 28a 

2 

BnO 

1 : 0 (63%) 76b 

4 

*Et 10 : 1 78 

QBn 
a. Osmylation was carried out under stoichiometric 0 : l  79a 

conditions in 2:l pyr-THF at -78 "C. 
Table 13. Dihydroxylation of Trisubstituted Olefins 

Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 

2 

2 : l  81 

'+ 
3 QTBS 

m B n  

15 : 1 (89%) 80 

O&O,Me 

8 : 1 (70%) 30 
2 : 3  82 

e 
R1 = Bn 2 : 1 (91%) 28b 

6 T  5 

R1 = Bn 3 : 1 (85%) 28b 
R1= BOM 
R1=H 1 : 1.2 (95%)8 

2 : 1 (94%) 
a. The osmylation product was isolated as the y-lactone. 
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Table 14. Double Stereodifferentiation in Asymmetric Dihydroxylation of Chiral Olefins 
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Entry Substrate Ligand Conditions Anti/Syn Selectivity Ref 
Yield 

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
17 

18 
19 
20 

21 
22 
23 

24 
25 
26 

27 
28 
29 
30 
31 
32 
33 

OBn 

h O , E t  

R1= MPM 

R1 =Me 

TMEDA stoich. -78 OC 
quinuclidine stoich. -20 "C 
DHQ-OAc (68) stoich. -20 "C 
DHQ-CLB (70) stoich. -20 "C 

none 
none 
quinuclidine 
TMEDA 

DHQD-OAc (67) 
DHQD-CLB (69) 
DHQD-CLB (69) 
DHQ-CLB (70) 
RR- 79 
SS80 

none 
RR- 79 
ss-80 

none 
RR 79 
SS80 

none 
RR- 79 
ss-80 

none 
RR- 79 
ss-80 

cat. rt 
cat. rt 
stoich. -20 OC 
stoich. -78 OC 
stoich. -20 OC 

cat. rt 
stoich. -20 OC 
stoich. -78 OC 

stoich. -20 "C 

stoich. -78 "C 

cat. rt 
stoich. -78 "C 
stoich. -78 OC 

cat. rt 
stoich. -78 "C 
stoich. -78 OC 

cat. rt 
stoich. -78 OC 
stoich. -78 OC 

cat. rt 
stoich. -78 OC 
stoich. -78 OC 

none cat. rt 
quinuclidine stoich. -20 OC 

DHQD-CLB (69) stoich. -20 OC 
DHQ-CLB (70) stoich. -20 "C 
RR- 79 stoich. -78 OC 
ss-80 stoich. -78 OC 

DHQD-OAc (67) stoich. -20 "c 

3 : l  (70%) 28b 
4 :  1 (51%) 75 
7 :  1 (50%) 

11 : 1 (88%) 

2 :  1 (91%) 69 
3 : l  (73%) 75 

10: 1 (40%) 75 

20 : 1 (SOY0) 75 
45 : 1 (SOYO) 

12: 1 (87%) 69 

2 : 1 (75%) 
1 : 1.2 (44%) 

1 : 2  (95%) 
50: 1 (96Yo) 69 

6 : 1 (98Yo) 69 
9 :  1 (97%) 
1 : 3  (96%) 

5 : 1 (75%) 69 
20: 1 (94%) 

1 : 3  (91%) 

4 :  1 (79%) 69 

1 :17 (93%) 

7 :  1 (64%) 69 
5 0 : l  (73%) 
1 :15 (72%) 

23: 1 (97%) 

1 : 1 (66%) 75 
1 : 1 (43%) 
1 : 1.5 (l0OYo) 
1 : 1.2 (84%) 

2.5: 1 (91%) 
2 :  1 (98%) 69 
1 : 1 (94%) 

(DHQ)2-PHAL (74) as the chiral catalyst has given 
excellent stereoselectivity under catalytic conditions. 

phthalazine (PHAL) 

73: R1= DHQD 74: R1= DHQ 
(DHQD)rPHAL (DHQ),-PHAL 

In addition, these catalytic asymmetric dihydroxy- 
lations are easy to perform, especially since a mixture 
of all the osmylation ingredients is now commercially 
available as AD-mix-#? (containing 73) and AD-mix-a 
(containing 74). Results of catalytic and stoichio- 
metric asymmetric dihydroxylations are summarized 
in Table 15. In entries 1-9, Sharpless assessed 
several different ligands in matched and mismatched 

asymmetric dihydroxylations. Excellent "anti" se- 
lectivity was obtained by the phthalazine ligand 
(DHQDkPHAL (73) for the matched case (entry 4). 
In the mismatched examples, the pyrimidine deriva- 
tive (DHQ)2-PYR(OMe)3 (78) gave a synthetically 
useful, although less spectacular, level of diastereo- 
selectivity (entry 9). 

R20&Rz 

NxN 
diphenylpyrimidine (PYR): Ar = Ph 
PYR(OMe)3: Ar = 3,4,54rimethoxyphenyI 

75: R2 = DHQD 

77: R2 = DHQD 

76: R2 = DHQ 

78: R2 = DHQ 
(DHQD)z-PYR (DHQ)z-PY R 

(DHQD)2-PY R(OMe)3 (DHQ)z-PYR(OMe)3 
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Table 15. Additional Examples of Double Stereodifferentiation 
Entry Substrate Ligand Conditions AntVSyn Selectivity Ref 

(Yield ) 

10 
11 
12 
13 
14 

15 
16 
17 
18 

20 
21 
22 
23 

24 

25 
26 
27 

28 
29 

quinuclidine cat. rt 
DHQD-CLB (69) 
DHQ-CLB (70) 
(DHQD)2-PHAL (73) 
(DHQD)2-PYR (75) 

(DHQ)rPHAL (74) 
(DHQ)z-PYR (76) 
(DHQ)2-PYR(OMe)3 (78) " 

(DHQD)2-PYR(OMe)3 (77) " 

N-0 
none cat. rt 

DHQD-MEQ (71) stoich. rt 
DHQD-MEQ (71) cat. rt 

(DHQD)rPHAL (73) Cat. rt 
(DHQ)?-PHAL (74) cat. rt 

A c O ~  

N-0 
none cat. rt 
DHQ-MEQ (72) cat. rt 
(DHQD)z-PHAL (73) cat. rt 
(DHQ)rPHAL (74) cat. rt 

QBn 
DABCO cat. 5 OC 
pyridine stoich. -35 OC 
(R,R') diamine 81 stoich. -80 OC 
(s,s) diamine 82 stoich. -50 0C 

QBn bBn 

( R R )  diamine 81 stoich. -80 OC 

&Bn AMOM 
none cat. rt 
(DHQ)z-PHAL (74) cat. 0 'c 
(DHQD)z-PHAL (73) cat. 0 'C 

3: 1 (85%) 92 
10 : 1 (87%) 
1 : 1 (85%) 
39: 1 (84%) 
7 : 1 (goo/.) 
12 : 1 (89Yo) 

1 : 4 (86%) 
1 : 7 (90%) 

1 : 1.3 (52%) 

3: 1 (85%) 66 
8: 1 (52%) 
4: 1 (48%) 
24: 1 (53%) 
1 : 8 (62%) 

3 : 1 (83%) 66 
1.1 : 1 (66%) 
49 : 1 (82%) 
1 :19 (85%) 

3: 1 (71%) 48 
6: 1 (60%) 

5 : 1 (5% conversion) 
58 : 1 (64'70) 

18: 1 (63%) 48 

3: 1 (99Oh) 63 
7: 1 (50%) 
1 : 1  

bBn 6MOM 

none cat. rt 4 :  I (93%) 63 
(DHQD)2-PHAL (73) cat. 0 'C a 
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Table 15 (Continued) 
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Entry Substrate Ligand Conditions Anti/Syn Selectivity Ref 
(Yield) 

B n O . . L  

MeO. OpMe 

30 none cat. rt 9 :  1 (91%) 72,93 
31 DHQ-CLB (70) cat. 0 OC 21 : 1 (87%) 
32 DHQD-CLB (69) cat. 0 OC 1.3: 1 (87%) 

B n O . . x , . O B n  

33 
34 
35 

7 :  1 (99%) 72,93 cat. rt none 
16 : 1 (87%) DHQ-CLB (70) cat. 0 OC 

DHQD-CLB (69) cat. 0 “C 3 :  1 (87%) 

MeO” ‘ O b C 0 , M e  

li” 0 0  “..e 0,Me 

none cat. i-l 1 : 2 (94%) 72,93 
36 yo-* 
37 DHQD-CLB (69) cat. 0 “C 1 : 5 (87%) 
38 DHQ-CLB (70) cat. 0 OC 1 : 1.6 (87%) 

+02Et 

39 none cat. rt 2 :  1 94 
40 (DHQD)*-PHAL (73) Cat. fl 20 : 1 
41 (DHQ)z-PHAL (74) cat. fl 1 :10 

a. The osmylation reaction with AD-mix-P containing 73 was less than 10% completed even afler 7 days. 

Wade investigated a similar set of experiments and 
reported good levels of matched and mismatched 
diastereoselectivity (entries 10- 14)? Larger quan- 
tities of the osmium reagent and the ligand were 
necessary than in the typical Sharpless catalytic 
procedure, presumably due to chelation of the dihy- 
droisoxazole nitrogen with the osmate(VI) ester and 
the resulting low rate of catalyst turnover. As noted 
above for Table 14, entries 21-23, the acetate 
protecting group furnished the highest level of se- 
lectivity (entries 13 and 14 vs 17 and 18). 

In other recent examples reported by Marshall, 
asymmetric dihydroxylation has met with limited 
success (entries 25-29).63 In entry 29, it is conceiv- 
able that incorporation of the substrate into the 
active site of the AD-mix reagent is impeded on steric 
grounds. In addition, an allylic oxygen substituent 
appears to  retard the rate of asymmetric dihydroxy- 
l a t i ~ n . ~ ~  

Brimacombe examined the asymmetric dihydroxy- 
lation of the carbohydrate-derived a,B-unsaturated 
esters (entries 30-38). In matched examples (entries 
31 and 34), the diastereoselectivity was enhanced. On 
the other hand, in each mismatched example (entries 
32 and 351, the chiral ligand had little impact on the 
inherent diastereofacial preference of the allylic 
substrate. Table 15, entry 36 (= Table 9, entry 15) 
shows a modest preference for the syn diol product, 
and thus represents one of a very few exceptions to  
the Kishi empirical rule. 

In synthetic studies of 1,4-linked C-disaccharides, 
Kishi reported that the intrinsic diastereoselectivity 
of 6:l for the dihydroxylation could be raised to 58:l 
by the method of Coreygle employing N,iV’-bis(mesi- 
tylmethyl)-(R,R’)-1,2-diphenyl-l,2-diaminoethane (81) 

I I  

R, R-79 s, s-80 

R,R-diamine (81) 

S,S-diamine (82) 



1778 Chemical Reviews, 1995, Vol. 95, No. 6 

(stoichiometric OSOS, CH&, -80 “C, 1 day; entries 
20-23).22 In the mismatched example, the S,S’- 
antipode 82 failed to  override the substrate-directed 
diastereofacial preference; the overall selectivity was 
5:l in the extremely sluggish osmylation process (less 
than 5% conversion at -50 “C after 1 week). Inter- 
estingly, when achiral N,”-bis(mesitylmethyl)-1,2- 
diphenyl-l,2-diaminoethane was used as the ligand, 
synthetically useful 18:l selectivity was obtained 
under otherwise identical conditions. 

During our synthetic studies of castanospermine 
and 6,7-diepicastanospermine, we examined the asym- 
metric dihydroxylation of a y ,d-epoxy-a,P-unsatur- 
ated ester (entries 39-40g4 Whereas the intrinsic 
“anti” diastereoselectivity induced by the epoxy group 
was 2:1, this epoxide was amenable to  the directive 
influence of the chiral ligand in both matched and 
mismatched cases. 

Cha and Kim 

D. Permanganate Dihydroxylation 
It is pertinent to  mention that dihydroxylation by 

KMn04 of allylic ethers also exhibits the “anti” 
selectivity in a manner similar to  osmylation, al- 
though the yield is often inferior.96 For example, in 
1970 Szarek reported that treatment of olefin 83 with 
aqueous potassium permanganate gave diol 84 as the 
sole product.97 As shown in Table 7, entry 2, exclusive 
“anti” selectivity was obtained for catalytic osmyla- 
t i ~ n . ~ ~  There have appeared two additional compari- 
son studies: both KMn04 and os04 dihydroxylations 
of olefin 85 (Table 11, entry 3) gave the anti diol in 
3: 1 selectivities. Similar results were obtained for 
olefin 86 (from Table 12, entry 5 ) .  

of these allylic systems. However, these reagents 
have the opposite electronic preference: given similar 
steric environments, electron-withdrawing substitu- 
ents in the olefin appear to  accelerate the perman- 
ganate oxidations, whereas the same substituents 
retard the reaction of olefins with osmium tetroxide.” 
This electronic preference by permanganate is well 
illustrated by an elegant synthetic application de- 
veloped by Walba in the permanganate-induced 
oxidative cyclization of 1 , 5 - d i e n e ~ . ~ ~ - ~ ~ ~  Oxidation of 
enantiomerically pure dienoate 87a (4’S,5‘R) afforded 
the tetrahydrofuran diols 88a and 89a in a 3:l ratio 
and 65% yield. The major product 88a arose from 
attack of permanganate on the re face (bottom face) 
of the conjugated double bond. The diastereofacial 
selectivity was raised to a 9:l ratio by use of Oppolz- 
er’s sultam 8%. 

87a 
KMn04 
-30% 1 
(65%) 

R e a t t a x  : x a n a c k  

0. 

KMn04 t (40%) 

83 
KMn04 1 : 097 

or Os04,NM0 1 : 0 (78O/0)~~ 
87b ” 

Q- - Q O  OH 

O&O,Et 
QH 

KMn04 3 : 1 (20%)~~ 
3 : 1 (73%)75 

‘&02Et 
85 

or Os04,NM0 
Os04, stoich., 10 : 1 (40%) 
quinuclidine -20 “C 

QH QH 
86 

KMn04, 9 : 1 (60°/i)28a 
dicyclohexyl-18s-6 

or Os04,NM0 1 : 0 (100%)*8* 

Thus, comparable diastereofacial selectivity has 
been observed for the KMn04 and Os04 oxidations 

We have taken advantage of the opposite electronic 
preference by osmium tetroxide in our synthetic 
studies of a-pyrone polyene mycotoxins, which are 
described in detail in a later section. The similarity 
in the stereochemical outcome for the permanganate 
and osmylation reactions of allylic ethers should be 
taken into account in mechanistic analysis. 

E. Stereocontrol by Allylic Amino Substituents 
In marked contrast to  the large number of inves- 

tigations concerning n-facial diastereoselection by 
allylic alkoxy groups, the effect of allylic nitrogen 
substituents has received scant attention. Dihy- 
droxylations of secondary allylic amines, amides, and 
carbamates are summarized in Table 16. Notwith- 
standing two exceptions (entries 1 and 101, osmyla- 
tion of allylic amino derivatives generally proceeds 
with poor to  moderate diastereofacial selectivity. In 
entries 2 and 13, secondary or tertiary amines exhibit 
modest “syn” selectivity, but the opposite facial 
selectivity was found in entry 1. Mechanistic analy- 
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Table 16. Dihydroxylation of Allylic Amines, Amides, and Carbamates 
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Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 
(antiis yn) (antikyn) 

1 BnQ 

B n O . . a  

1 : 0 (71%) 102a 

3 ?]HCOPh 
MeO,C* 

1.6 : 1 (91%) 104 

4 : l  105 

7 0 YHCOCCI, 
HC- 

1.5 : 1 104 

11 

t-BuO,C* 

TBS 

Os04, NMO, THF-H20 1 
Os04, NMO, CPOH 1 
stoich. Os04 1 

OsO4, NMO, i-PrOH 1 

: 1  108 

: 1 (77%) 109 

: 2.5 (97%) llOb 

: 1  112 
: 5  
: 10 

: 2d 112 

mmTr = monomethoxytrityl; Pf = 9-phenylfluoren-9-yl 

sis is complicated by the known complexation of 
tertiary amines with osmium tetroxide. Thus, a 
parallel analogy of n-facial diastereoselection by 
allylic alcohols and ethers t o  the corresponding 
amines would be inoperative. 

Dihydroxylations of allylic amides and carbamates 
also proceed in a stereoirregular manner: preferences 
for either anti products (entries 3-11) or syn products 
(entries 12-16) were observed. It is interesting to 
note that poor selectivity was obtained even for a 1,l- 
disubstituted olefin (entry 16), whose analogous 
allylic ether systems (cf. Tables 4 and 12) afford 
exceptionally high selectivity. In entry 14, scientists 
at  Abbott Laboratories were able to  improve the 
selectivity by changing the solvent from the standard 
THF-water mixture to  2-propanol. Stoichiometric 

2 mmTrN .. 
W D M T r  

Os04, NMO 1 : l  103 
Os04, DHQD-CLB (69) 1 : 4 (86Oh) 

?]HCOPh 4 

PhOzS 
1.5 : 1 (94%) 87 

GO,Me 
3 : 1 (73%) 107 

r r  1 : 0 (50%) 108 

13 

Me0,C h C O N H ,  

KMn04, -25 OC 1 : 2 (75%) l l l C  
OsO4, NMO 1 : 1 (90%) 
OsO4,DHQ-MEQ(72) 1 : 2 (90%) 
Os04, DHQD-MEQ (71) 3 : 1 (90%) 

Os04,NM0,i-PrOH 1 : 2 112 
Os04, a DHQD ligand 1 : 6 
OsO4,aDHQligand 3 : 1 

a. The osmylation products include the anti diol (61%) and 
the corresponding Noxide (10%). 

b. Dihydroxylation was achieved by buffered KMn04 
oxidation, and the product was isolated as an 
inseparable mixture of two y+lactols (derived from 
concomitant oxidation of the primary alcohol. 

c. The diol products were isolated as the corresponding 
y-lactones, following treatment with triethylamine. 

d. The stereochemical assignment is tentative. 

osmylation was also found to raise syn selectivities, 
which was attributed to the deleterious intervention 
of osmium glycolate species under catalytic con- 
ditions.89d3112 Sharpless asymmetric dihydroxylation of 
the corresponding E-olefin was also examined (entry 
15); use of a quinidine-derived ligand gave the threo 
t o  erythro diastereomers in a 6:l ratio, whereas the 
erythro isomer was the major product (3:l) when a 
quinine-derived ligand was used. It is interesting to 
note that this result is not in accord with the 
Sharpless enantioselectivity mnemonic.'13 On the 
other hand, the double stereodifferentiation results 
shown in entries 2 and 13 (involving allylic amines) 
are predicted by the Sharpless mnemonic. Further 
systematic studies are necessary to adequately assess 
the directive effect by allylic nitrogen substituents. 
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F. Mechanistic Considerations 
In the over 100 examples listed in Tables 1-15, 

the uniform “anti” diastereofacial selectivity can be 
seen for osmylation of allylic alcohols and ethers, with 
the exclusion of Z-a,P-unsaturated carbonyl com- 
pounds. Since the mechanism of cis-dihydroxylation 
by os04 is not well u n d e r s t o ~ d , ~ ~ J ~ ~  construction of 
an exact working model to  account for the observed 
“anti” diastereoselectivity is fraught with uncertain- 
ties. Nonetheless, several working models of consid- 
erable predictive value have been advanced. Implicit 
in these working hypotheses is the basic premise that 
the product-determining step is the irreversible, 
competitive attack by osmium tetroxide at the olefin 
n-faces, presumably via [3 + 21 cycloaddition or 
oxametallocyclobutane formation. In addition, a 
substrate-directed reaction involving chelation of 
Os04 with an allylic hydroxyl group is deemed to be 
unlikely. Despite the two examples 90 and 91 (cf. 
92) where such chelation was impli~ated,l’~J’~ no 
compelling kinetic evidence has appeared thus far. 

Cha and Kim 

6 :  1ds 90 

Os04 HO* 
y o  pyr H ; p  

HO-’ 

91 3 :  1ds 

A A 
92 3 :  l d s  

On the basis of theoretical studies of nitrile oxide 
cycloadditions to  allylic ethers, Houk extended the 
“inside alkoxy” transition state model 93 to osmyla- 
tion, which could be regarded as a refinement of the 
picture 35.117J18 The computational prediction that, 
unlike the ground-state conformation, the preferred 
transition state has a staggered geometry is the 
cornerstone of Houk’s model: it can be generalized 
as 93 and 94 for electrophilic and nucleophilic addi- 
tions to olefins, respectively. I t  should be noted that 
the structure 94 is closely related to the Felkin-hh 
model. As stated in the previous section, both 
conformations 93 and 94 are also anticipated to  be 
favored on minimization of torsional strain and 
stereoelectronic grounds. In the case of nitrile oxide 
cycloadditions, Houk argued that alkyl substituents 
at the stereocenter prefer the sterically least encum- 
bered “anti” conformation, while an allylic ether 
group prefers the “inside” conformation due to sec- 
ondary orbital interactions: the alkoxy preference for 
inside vis-a-vis outside orientation was rationalized 
in terms of minimized repulsion between the allylic 
oxygen and the nitrile oxygen. 

Houk model 

E+ 

t NU: 

(Outside) j (Inside) (Inside) L. 1.‘ 

L (Anti) 

93 

Vedejr model 

0 s 0 4  
t 

H 

95a 

oso4 
A 

“?-*c X 

96 

Kishi model 

- Os04 
cf. 34 = A 

H (Outside) 

(Anti: electron acceptor) 

94 

Os04 
L 

H 

or 
CH3 

95b 

Recently, Vedejs questioned the dominant control- 
ling role of the hyperconjugative effects.llg In osmy- 
lation studies of 3-penten-2-yl derivatives containing 
bulky donor (X = PhMezSi) and bulky acceptor 
(RS02, along with t-BuMezSiO) substituents at the 
allylic position, all of the 2-alkenes showed the “anti” 
selectivity, irrespective of a a-donor or a-acceptor 
substituent. For E-alkenes, the “anti” preference was 
found for compounds bearing an allylic oxygen sub- 
stituent, whereas those with a third-row element 
exhibited the opposite diastereofacial selectivity. 
These interesting results, which are summarized in 
Table 17, prompted Vedejs to  stress the importance 
of steric effects exerted on the substrates by the 
osmium reagent and associated ligand(s). For E- 
alkenes, steric requirements of osmium ligands are 
dominant, and conformations 95a or 95b are preva- 
lent with the allylic hydrogen near osmium. The 
choice between 96a and 95b is governed by the 
relative size of an allylic substituent (with respect 
to  methyl). For 2-alkenes, on the other hand, the 
sterically dominant interactions are proposed to lie 
between the R, substituent (i.e., methyl) and the 
allylic substituent. As indicated in 96, the “inside” 
allylic hydrogen orientation is clearly favored on 
steric grounds. Ligand interactions are reduced by 
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Table 17. Dihydroxylation of CI-I&H=CHCH(X)C&llBa 

Entry Isomer X Selectivity (anti:syn) 

1 Z PhMepSi 3.6 : 1 

3 2  PhS02 4.0 : 1 

5 z  MeS02 4.9 : 1 

7 2  PhS 5.3 : 1 

9 2  t BuMepSiO 1.6 : 1 

1 1  2 CH3C02 2.3 : 1 

Entrv Isomer X Selectivitv (anti:svn) 

2 E  PhMepSi 1 : 1.9 

4 E  PhS02 1 : 3.6 

6 E  MeS02 1 : 4.6 

8 E  PhS 1 : 2.0 

10 E t-BuMepSiO 1.6 : 1 

12 E CH3CO2 1.6 : 1 

distorting the osmium reagent toward the unsubsti- 
tuted olefin side. 

Attention should be drawn to recent results re- 
ported by Fleming and Panek that osmylation (cata- 
lytic conditions) of both (E)- and (2)-crotylsilanes 97 
and 88 proceeds with moderate to good levels of anti 
s e l e ~ t i v i t y . ~ ~ ~ ” , ~  This stereochemical outcome is at 

97 QH 
a: R = i-Pr, Rt = Me, R, = H 
b: R = Ph, Rt = Me, R, = H 

d: R = Ph, Rt = H, R, = Me 

2:l 
12: 1 
6 : l  
5 : l  

c: R = i-Pr, Rt = H, R, = Me 

Me 
Y3 

-0,Me 
SiMezPh 

98 

1. Os04 
MesNO, 0 ‘C 

2.5% H C I  
x h  

e 

26: 1 (98%) 

0 O k  
OH 

:F: R3S (Anti) 

L cf. w J 
a: R1 = H, R3Si = SiMe3, X = Me, Y = H 27 : 1 (60%) 
b: R l  = H, R3Si = Sit-BuMep, X = Me, Y = H 120 : 1 (62%) 
c: R1 = H, R3Si = Sit-BuMep, X = H, Y = Me 4.7 : 1 (452) 
d: R1 = R3Si = Sit-BuMep, X E: Me, Y = H 10 : 1 (92%) 
e: R l  = Ac, R3Si = SiMe3, X = Me, Y = H 4.5 : 1 (63%) 
f: R1 = Ac, R3Si = Sit-BuMez, X = Me, Y = H 7.0 : 1 (61%) 
g: R1 = Ac, R3Si = Sit-BuMep, X = H, Y = Me 1.4 : I (94%) 

variance with a slight syn preference reported by 
Vedejs for osmylation of (E)-3-penten-2-yl compounds 
bearing a third row element at the allylic stereocenter 
(vide supra). Discrepancy can be attributed to the 
relative stabilities of conformers 96a and 96b with 
respect to  the size of the alkyl substituent. For larger 
alkyl compounds, conformation 7 (where L = SiMe2- 
Ph, M = R) is favored over conformation 8 on steric 
grounds, and the major product arises from addition 
of osmium reagent anti to the silyl group.12 Panek 

also reported highly diastereoselective dihydroxyla- 
tion of the corresponding allylic alkoxy silanes 99 to  
predominantly afford anti products.139c Highest anti 
stereoselection was obtained for the allylic alcohols 
(R1= H). As the trialkylsilyl group becomes larger, 
the anti selectivity increases. The (2)-crotylsilanes 
gave considerably lower selectivities than the corre- 
sponding E-isomers. The anti-stereochemistry ob- 
served in osmylation of the alkoxy silanes 99 was 
rationalized in terms of the transition state model, 
where the trialkylsilane being the largest and best 
a-donor group adopts an orientation antiperiplanar 
to  the p orbitals of the C=C bond and the OR1 group 
occupies the “inside” position. 
As noted in the previous section, Kishi model 34 

is reactant-like, and closely resembles the known 
ground-state conformation of allylic ethers. Also 
delineated was a tantalizingly close correlation be- 
tween the X-ray crystallographic ground-state con- 
formations of several structurally complex alkenes 
and the stereochemical outcome of their osmyla- 
ti on^.'^^ In addition to  the two examples 61 and 62 
(discussed in detail in section ILB), Danishefsky also 
provided the X-ray crystal structure of an E-1,2- 
disubstituted olefin (Table 8, entry 5) ,  whose solid 
ground-state Conformation has the allylic hydrogen 
in eclipse with the double bond.15b’c More recently 
Brimacombe undertook four additional X-ray struc- 
ture determinations: the two mono-substituted ole- 
fins (Table 5, entries 12 and 13, where R4 = R5 = H) 
and a Z-a,/?-unsaturated ester (Table 11, entry 8). All 
assume an eclipsed conformation having the smallest 
group, the allylic hydrogen, eclipsing the double 
bond.120J21 On the other hand, the E-a,P-unsaturated 
ester (Table 9, entry 10) has been shown to possess 
a synplanar conformation, which coincides with the 
X-ray structure of ester 62 .120a  

Notwithstanding the implicit theoretical limita- 
tions, these ground-state conformations in the solid 
state provide satisfactory explanations for the ob- 
served diastereofacial selectivities for all cases- 
excellent selectivity for Table 8, entry 5 (especially 
with respect to  the analogous glucose configuration, 
i.e., Table 8, entry 3), and strikingly different ste- 
reoselectivities of Table 5, entries 12 vs 13, along with 
Table 9, entry 10, vs Table 11, entry 7. For Table 5 ,  
entry 13, for example, the approach of Os04 from the 
preferred direction “anti” to  the allylic oxygen (Kishi 
model) suffers from nonbonded interactions with the 
3,4-O-isopropylidene group, and, consequently, re- 
sults in lower selectivity. On the other hand, rela- 
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Table 18. Dihydroxylation of Cyclic Allylic Ethers 

Cha and Kim 

Entry Substrate Selectivity (Yield) Ref Entry Substrate Selectivity (Yield) Ref 
(antikyn) (antikyn) 

P, 1 

R1 = H, CHzOH, CH3 

6 : l  122 Me 
-27 : 1 

Brio> 
BnO &02Ma 1 : 0 (92%) 124 

r? 7 

R2=COArl 1 : 6 126 - 1 :  12 
R ~ = C O I B U  1 : 4 
R ~ = C O A C  1 : 3.5 
R 2 = H  1 : 2  
R2 = Bn 1 :  1 
R2=TBDPS 2 : 1 

2 

R i  = H, CHzOH, CH3 4 Me 3 : l  122 
-10 : 1 HO 

4 COOMe 

6 

HO 4 1 : 0 (66%) 125' 

8 

R j "  Qr: 
R 3 = H  1 : 0 (92%) 127 
R3=OH 1 : 0 (84?'0) 
RJ=OAC 1 : 0 (83%) 

R4= H 1 : 0 (90%) 127' 
R ~ = A c  6 : 1 (82%) 

R2 = AC 5 : 1 (87%) 12Ed 
R2 = t-BuC(0) 3 : 1 (91%) 

l : o  129' 

14 

3 : l  130 

H "eH 1 : 0 (55%) 132 

16 

6H 

20 : 1 (97%) 131 

l7 TBSon 
B n O . y . ' O A c  

TBS 10 : 1 (600/,) 133' 
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Table 18 (Continued) 
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Selectivity / Yield Ref Entry Substrate Selectivity Yield Ref Entry Substrate 
(anti/syn) (antl/syn) 

18 

kOpMe 

2 : 1 (9170) 134g 
6 : l  

6 

R6=OMS 1 : 8 (80%) 138 
Re=OC02Me 1 : 3 (84%) 
R6 = CI 1 : 1.5 (94%) 
Rr = OBn 1.3 : 1 (76%) 

1 : 0 (85%) 1Xh 

2.5 : 1 (64%) 137 
2.0 : 1 (57%)’ 
1.2 : 1 (88%) 
1.1 : 1 (84%) 

a. The major product was the P,fbdiol, Le., anti to the C-1 

b. Dihydroxylation was canied out under stoichiometric 

c. The major product was the a,a-diol, Le., anti to -OR4. 
d. When R2 = Ac, some acyl transfer to the primary alcohol 

8. Osmylation product took place anti to the acetate. 
f. The major product was the a,a-diol, Le., anti to -0TB.S. 
g. In both cases, the major product was the a.a-diol, Le., 

h. The tetrol was obtained as a sole product. 
i. There were additionai products resulting from 

alkoxy and syn to the C-4 acetate. 

conditions in pyridine. 

took place. 

anti to -OR5 and syn to -0Bn. 

dihydroxyiation at the trisubstituted double bond. 

tively unimpeded access to the double bond is avail- 
able for such “anti” attack by os04 in Table 5, entry 
12. 

In the Kishi model lies the basic assumption that 
osmylation takes place preferentially on the olefin 
face opposite to the allylic oxygen. Although the 
effect is not always large, there appear few excep- 
tions.l* This “anti” preference has been further 
corroborated by recent examples of dihydroxylations 
of conformationally rigid, cyclic compounds (Table 
18). 

Of special interest are those examples where di- 
hydroxylation proceeds from the sterically more 
congested face of the molecule. This contrasteric 
“anti” approach is illustrated in entries 6, 7, and 9. 
In the gibberellin compounds (entries 8-10), the 
a-face of the A-ring has been demonstrated to be the 
more sterically hindered Entry 7 indicates 
that the alkoxy group (in particular, -0TBDPS) can 
negate steric hindrance more effectively than the 
acyloxy group. It is also apparent that an increase 
in the steric bulk of the acyl protecting group does 
not result in an increased kinetic preference for anti 
attack (see also entry 11). The presence of the la,2a- 
diol product in entry 10 is unexpected. In entry 18, 
the larger directive effect by -0Ac than by -OH is 
surprising, especially against the effect of the allylic 
-0Bn group. While excellent diastereoselectivity 
was observed for bis-dihydroxylation of a diene (entry 
20), the dienes in entry 21 showed surprisingly poor 
selectivities. The interesting results of entry 22 were 
rationalized in terms of the nonplanar cyclobutene. 
In addition, the effect of solvents on facial stereose- 
lectivity was also r e ~ 0 r t e d . l ~ ~  

When all these data are taken together, some 
useful empirical, albeit oversimplified, correlations 

emerge, which allow for reliable stereochemical pre- 
dictions even for osmylations of structurally complex 
substrates by carefully examining the local environ- 
ment of the preferred conformation imposed by an 
allylic oxygen substituent. For nonconjugated, mono- 
substituted, and 2- or E-1,2-disubstituted olefins 
bearing an allylic oxygen substituent, the “anti” 
attack on the H-eclipsed conformer 34 originally 
advanced by Kishi is consistent with the general 
trends of diastereoselection reported in the literature. 
For 1,l-disubstituted or E-1,1,2-trisubstituted olefins, 
1,a-allylic strain would result in a different preferred 
conformation, the “inside-alkoxy” conformer 36A. 
This model accounts for the considerable enhance- 
ment of diastereoselectivity observed by Evans, when 
the size difference between the allylic substituent OX 
(or OH) and L is maximized.27 The stereochemistry 
of osmylation of E- and Z-a,/hnsaturated carbonyl 
compounds can best be accommodated by Danishef- 
sky’s analysis based on stereoelectronic consider- 
ations, as well as solid-state conformations estab- 
lished by X-ray structure  determination^.'^^ Thus, 
synplanar and antiperiplanar conformers 62 and 61 
are proposed for E- and 2-substrates, respectively. 
In view of the apparent stereochemical vagaries in 
the osmylation of 2-a,p-unsaturated carbonyl com- 
pounds, circumspection is required in predicting the 
stereochemical outcome, but syn diols might well be 
the major isomers. 

G. Synthetic Applications 
1. (-)- Hikizimycin 

One of the early applications of stereocontrolled 
dihydroxylations in natural product synthesis was 
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reported by Secrist in a synthesis of a protected 
derivative 101 of hikosamine, the 4-aminoundecose 
portion of hikizimycin ( Hikizimycin (100) 

Cha and Kim 

,,%;osamine 

HO- 

H OH 

11 

H2N 

H 
cytosine 

hikosamine 
HO HZ 

hikizimycin (anthelmycin) 
(100) 

(also named anthelmycin), isolated from Streptomyces 
longissimus and Streptomyces A-5, is a powerful 
anthelmintic agent.141 A key step involved the 
formation of the C-6-C-7 double bond by the Wittig 
olefination of aldehyde 103 with the carbohydrate 
phosphonium salt 104. Dihydroxylation of the E- 
olefin 102 should proceed with excellent stereoselec- 
tivity, inasmuch as the two allylic stereocenters 
reinforce each other's directive effect. 

AcO , 

101 \ 

BnO 
BnO 102 

/ 
n 

103 104: R1 = +PPh3 B i  

Generation of the ylide from 104 (1 equiv of n-BuLi, 
2:l THF-HMPA, -65 "C), followed by addition of 
aldehyde 103, gave exclusively 2-olefin 105 in 50% 

-65 "C. 
103 lo4 

105 
101 

! 2. Ac20, pyr 

1. H2, PdIC 102 
MeOH-aq HCI 

BnO 

106 

yield. Subsequent azido reduction (LiAlHd, followed 
by isomerization (hv, PhSSPh, cyclohexane), gave a 
3:2 mixture of the 2- and E- olefins. Chromato- 
graphic separation and N-acetylation afforded pure 
102. Subsequent osmylation under catalytic condi- 
tions produced diol 106 as a sole isomer in 78% yield. 
Global deprotection of the benzyl and cyclohexylidene 
groups was then accomplished by hydrogenation in 
acidic methanol. Finally, peracetylation furnished 
methyl peracetyl-a-hikosaminide (101) in 47% overall 

Recently, Schreiber described a two-directional 
chain synthetic strategy, in which the nascent chain 
is simultaneously homologated at  both termini, in 

yieid.142 

QBz 
107: R1 = P-N3 
108: R1 = a-OH 

QBn 109 

Et02C- ' \ 0,Et 

bBn 
110 

an elegant synthesis of (-)-hikizimycin (loo), as we1 
1 as a suitably protected hikosamine derivative 107.'O 
The key feature lies in replacement of the C-4 amino 
group with a hydroxyl group with inversion of con- 
figuration and recognition of the C2-symmetry ele- 
ment present in the resulting C-2-C-11 fragment 
109. The latter in turn was prepared from bis-allyl 
ester 110 by a two-directional synthesis employing 
two sets of olefination-osmylation steps. 

Bis-osmylation of the starting material 110, which 
was prepared in two steps from L-(+)-diethyl tartrate, 
afforded tetrol 111 with high selectivity (see Table 
9, entry 5) .  After conversion of 111 to a tetrasilyl 
ether, terminus differentiation of the C2-symmetric 
chain was achieved by regioselective DIBAL-H (2.3 
equiv) reduction at -78 "C to give monoalcohol 112. 
The undecose chain of hikosamine was then con- 
structed sequentially in both directions to  produce 
ester 113. Unfortunately, the inherent anti selectiv- 
ity in bis-osmylation of 113 was shown to be mar- 
ginal. However, after the TBS protecting groups 
were replaced by acetonides, Sharpless asymmetric 
dihydroxylation of the resulting bis-acetonide 114 in 
the presence of DHQ-CLB (70)89,90 provided tetrol 
109 in good overall diastereoselectivity. Acid-cata- 
lyzed y-lactonization, followed by selective ketaliza- 
tions, DIBAL-H reduction and selective benzoyla- 
tions, then gave monoalcohol 108. With the C4 
hydroxyl group differentiated, the requisite nitrogen 
substituent was introduced to provide azide 107. 
Finally, a total synthesis of (-bhikizimycin (100) was 
accomplished by subsequent introduction of the cy- 
tosyl group, followed by glycosidation employing the 
sulfoxide activation method of K a h r ~ e . l ~ ~  
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OSO, H ?Bn H 

110 NMO (71 %) 

Et O z C w  H ban H 

111 , 1. TBSOTf 

1. Swern oxid 
2. Tebbe olefination 
3. DIBAL-H 

2.2.2 equiv 

(82Yo) 
1 DIBAL-H, -78OC 

4. Swern oxid R, QBn R, H 
5.  (EtO)2POCHLiCOzEt 

E t O & w  
R~ 6Bn 

1 0  
112: R2 = TBS 

Et0,C 

113:Rp=R3=TBS 

(76%) 
Os04, NMO, 70 

’09 G H  HO 

R3 = R4= H 
a ~ ~ ~ ~ ’  H’( R3 = R4 = C(Me)2 

1. DIBAL-H 

(34%) 
1 2. BzCi 

1 07 - 108 
I. Tf20, pyr 
2. F B u ~ N N ~  

steps 1 (81%) 

loo 

2. Palytoxin 
The olefination-dihydroxylation sequence was also 

employed by Kishi in his synthesis of p a l y t ~ x i n . l ~ ~ J ~ ~  
For example, the C-7-C-22 segment 115 bearing a 

challenging stereochemical array was prepared from 
the C-glycoside 116, derived from tri-O-benzyl-1,6- 
anhydro-D-glucose. 146 Olefin 116 was first converted 
into the phosphonium salt 117 in three steps, and 
subsequent Wittig olefmation with O-cyclohexylidene- 
D-glyceraldehyde (118) afforded the 2-olefin 119 in 
high yield. Osmylation then gave the desired anti 
diol 120 in 1 O : l  selectivity. 

Next the right-hand side chain was introduced by 
the chromium(I1)-mediated addition of E-iodoolefin 
122 to aldehyde 121.14’ Under carefully controlled 
reaction conditions, a 2:5 mixture of adducts 123 and 
124 was obtained in greater than 80% yield. The 
undesired alcohol 124 was then recycled by the 
oxidation-reduction sequence. Interestingly, in the 

SIR, 

116 117 

118 

B n O . . r , , Q B n  

6I-l 120 

;: ;;ii NaH 

3. Swern oxid 

0 BnO 
.OBn o& ..e HO BnO” 

121 122 1 CrC12,DMSO 

SIR, 

QBn + 

.OBn 

123: X = H SIR3 124 

t I  
1. Swem oxid. 2. LiBH4, TbCI3, MeOH 

1 23 115 (p,p-diol) + 125 (a,a-diol) 
a : X = H  1 3 
b:X=Ac 4 1 
C: X = COCF3 5 1 
d: X = COCeH5 10 1 

latter Luche reduction14* there exists a bell-shape 
correlation between the stereoselectivity and the size 
of a 1antha11ide.l~~ The highest (8:l) selectivity was 
obtained with Tbc13; TbC4 > EuCl3 Hoc13 > CeCl3 

ErCl3 > LaCl3. 
Finally, catalytic osmylation of alcohol 123a yielded 

a 1:3 mixture of 116a and 125a. Since the major 
product 125a had the undesired stereochemistry at 
the C-17 and C-18 positions, the free hydroxyl group 
of alcohol 123a was acylated so as to  minimize its 
directive effect. Indeed, dihydroxylations of all acyl 
derivatives 123b-d gave rise to  the desired diols 
115b-d in good selectivities. The best diastereofa- 
cia1 selection was achieved with the benzoate 123d 
in over 80% yield. 
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3. N-Acetylneuraminic Acid 
Recently, elucidation of the biological functions of 

neuraminic or sialic acids has been an active area of 
research. Danishefsky reported stereoselective syn- 
theses of N-acetylneuraminic acid (Neu5Ac, 126) and 
3-deoxy-D-manno-2-octulosonic acid ( D O ,  127) in 
enantiomerically pure form.43 In each compound the 

H ° K 2 H O H  HoeH 0 

Cha and Kim 

function then afforded olefin 133 in 81% overall yield 
from 130. In order to introduce the requisite diol 
functionality in the correct configuration, the olefin 
133 was converted (67%) to the 2-enoate 134 by 
employing Still's procedure.151 As described in Table 
11, entry 2, osmylation proceeded to furnish diol 135 
with high syn selectivity in 90% yield. Reduction of 
the ester function and perbenzoylation then gave the 
tetrabenzoate 136 (80%). Subsequent manipulations 
of the functional groups including the conversion of 
the furan ring to the carboxylic acid, 8 benzoyl 
migration triggered by TBS deprotection, and the 
installation of the C-5 amino group as an azide, 
afforded Neu5Ac (126). 

Osmium tetroxide hydroxylation of ent-133 pro- 
ceeded smoothly to  furnish the diol 137 as a single 
isomer (cf. Table 5 ,  entry 15), which was then 
successfully converted to  the natural enantiomer of 
KDO (127). 

Kacetylneuraminic acid KDO 
126 127 

stereocontrolled construction of the side chain was 
accomplished by osmylation with excellent selectivity. 
The starting material was found in the S-selenoal- 
dehyde 128.I5O Cyclocondensation with diene 129 in 
the presence of BFyEt20 at -78 "C afforded a 5:l 
mixture of cis- and trans-dihydropyrans (130 and 
131) in 76% yield. Luche reduction of 130, followed 
by addition of methanol through the action of CSA 
and subsequent TBS protection, gave rise to TBS 
ether 132. Oxidative elimination of the phenylseleno 

2.TFA 

0 
SePh 

129 128 130: R 1 =  POBZ 
131: R1 = wOBZ 

1. NaBH4, CeCl3, 
2. MeOH, CSA 
3. TBSOTf 

%Me %Me 

H202 

TBSO TBSO 
6Bz dBz 6ePh 
133 132 

2. Pb(0Ac)d 

TBSO +JOzMe 134 Bz 
TBSO 

steps 
126 - 

TBSO 

TBS 
Bz 

os04 - 
HO TBS 

ent-133 137 

4. a-Pyrone Polyene Mycotoxins 

Conspicuously missing in the synthetic applications 
is osmylation of 1 ,3-d iene~, l~~ which offers consider- 
able utility in one-step synthesis of polyhydroxylated 
compounds containing up to four additional contigu- 
ous stereocenters. Some years ago we initiated 
synthetic programs which built upon the regio- and 
stereoselective osmylation of 1,3-dienes. As target 
compounds we chose a group of a-pyrone polyene 
mycotoxins, most of which have been shown to 
function as potent inhibitors of mitochondrial F1,Fo- 
ATPase activity. They have found use in biochemical 
studies of oxidative phosphorylation. These poly- 
ketide-derived fungal toxins include verrucosidin 
(1381, citreoviridin (1391, citreoviral(140) (138-140, 
Chart l), aurovertins A-E (141), citreoviridinol 

Chart 1 

Me 

e 

Me." 

verrucosidin (138) 

0 citreoviridin (139) 

HO..yqH Me 

136 citreoviral (140) 
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Chart 2 
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Me0 

Me yo e 
Me 

R2O Me$- 0 ’ I  
aurovertins (141) 0 0 

isocitreoviridinol (144): R4 = a-OH 
epiisocitreoviridinol (145): R4 = POH 

Me 
E: R1 = Et, R2 = H, R3 = H 

C: R1 = Me, R2=Ac, R3= H 
D: R, = CH(OH)Me, R2 = Ac, R3 = H 

HO #d citreoviridinol (142): R4 = P-OH 

A: R1 = Et, R2 = Ac, R3 = Ac 
B: R i  = Et, R2 = AC, R3 = H 

epicitreoviridinol (143): R, = a-OH 

Me Me/”’ HO.. “y” ’ / / A ,  H e Me H O . Q L  

.. 
e 

H 0 I Me”’ 
0 3 0  

0 
neocitreoviridinol (146): R5 = OH, 
epineocitreoviridinol (147): R5 = Me, 

= Me 
= OH 

(142), epicitreoviridinol(143), isocitreoviridinol(144), 
epiisocitreoviridinol (145), neocitreoviridinol (146), 
epineocitreoviridino1(147), and asteltoxin (148)153-155 
(141-149, Chart 2). 

Inspection of these structures shows the close 
structural relationship between citreoviridin (139) 
and the metabolites 141-147. Citreoviridin (139) 
undergoes light-induced isomerization to afford iso- 
citreoviridin (154), which no longer shows any inhibi- 

139 light H O . 6  be 
.*’ / / / 
e 

Me” 

isocitreoviridin (154) 

HO..yqH 146 
S-exo/ 

f P-€-epoxide 150 

139 / , 

6-endo - 145 

Cf. auroverlin C 
a-€-epoxide 151 (1414) 

isomerization 1 yrone Ho**ue 6-endo - 142 

Me”’ e ..o 

6 - e n d y  144 

S-exo\ 1 A7 
Me”’ 

. .. 
P-Z-epoxide 153 

asteltoxin (148) 0 149 

tory activity of membrane-bound F1-ATpa~e. l~~ On 
the other hand, the putative biosynthetic intermedi- 
ate 149 (Chart 21, the 2-isomer of citreoviridin, has 
not been isolated as yet. In any event, it is hardly 
surprising that all of the previous synthetic studies 
of this family of interesting mycotoxins have been 
directed at citreoviridin (139) and/or citreoviral(140) 
as the common advanced precursors t o  compounds 

Citreoviridin (139) is formed from a C-18 polyketide 
and five C1 units derived from methionine. On the 
basis of elegant l80 isotope incorporation studies, 
Vleggaar has further shown that a monooxygenaseis 
involved in the formation of the tetrahydrofuran 
subunit of 139, and proposed a biosynthetic pathway 
involving the bisepoxide 155.154J61-163 As attractive 
as Vleggaar’s original biosynthetic postulate is, the 
epoxide function present in the tetrahydrofuran 
moiety 158 of verrucosidin (138) cannot be easily 
accommodated. Although 138 and 139 were isolated 
from different microorganisms, their closely related 
structural similarity suggests a common biosynthetic 
pathway in the formation of the tetrahydrofuran 
moieties. Thus, we proposed a slight modification of 
Vleggaar’s hypothesis, and invoked the intermediacy 
of the 2,5-dihydrofuran 159, which in turn would be 
derived from rearrangement of the vinyl epoxide 160 
(or 161P4 (Scheme 1). 

Consequently, we felt that a unified synthetic 
strategy for preparing these mycotoxins (138-147) 
could be evolved from the tetrahydrofuran subunit 
158 of verrucosidin (138). An acid-catalyzed ring 
opening of the epoxide function would give rise to diol 
157. Subsequent introduction of an epoxide func- 
tionality into the side chain would lead to the 
remaining metabolites 141-147. Hence we chose 
verrucosidin (138) as our first synthetic target. 

In our synthetic planning, we decided at the outset 
to  eschew our postulated biosynthetic precursor 159 
as the key synthetic intermediate. We were con- 
cerned that the epoxidation step would probably 
suffer from poor stereoselectivity. Indeed, Klein165 
and Marsha lP  have reported that m-CPBA or 

141-147.’57-160 
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Scheme 1 
(a) Vleggaar's biosynthetic postulate for 139. (b) Our modification of Vleggaar's biosynthetic postulate. 

(or m) 
160 161 

i rearr+nt 

Rc HZ0 M e . , A  Tc c__ epoxid. Me 

Me,' 
c_ 

H O . . U H  

157 

transition metal-catalyzed epoxidation of 162a-f 
results in primarily the undesired diastereomer. 

163 

e Me 

164 

a: R1 = H  mCPBA, CHzCIz, rt 1 : 20 
t-BuOOH, (acac)zMoOp 1 : 20 

PhH, reflux 
b: R1 =Ac mCPBA, CHzCI2, rt 1 : 2 

a: R1 = H m-CPBA, CH2CI2,O "C 1 : 9 
C: R1 = TBS " 1 : 3.0 
d: R1 = DPS " 1 : 1.9 
e: R1 =TIPS 'I 1 : 1.9 
f: R1 = MMTr '' I : 1.6 

It occurred to  us that an ideal precursor to verru- 
cosidin (138) could be found in the bicyclic lactone 
165, where all four contiguous stereocenters are 
imbedded in the correct relative configuration. The 
bicyclic lactone should be readily available from 
internal Michael reaction of butenolide 166, which 
in turn would be prepared regio- and stereoselectively 
by osmylation of the 6-hydroxy-Z,E-diene ester 167. 

HO 

138 a Me''' 

165 

a 
Me 

167 166 

Regioselective osmylation was expected to take place 
at  the distal C=C bond from the ester functionality. 
In addition, dihydroxylation should be accompanied 
by the butenolide formation, which would allow fur- 
ther elaboration in a stereocontrolled fashion. Fi- 
nally, excellent diastereofacial selectivity was antici- 

158 159 

pated, as osmylation of E-l,1,24risubstituted olefins 
proceeds in a stereoregular fashion (see section 1II.B). 

In a preliminary study, diastereocontrol in dihy- 
droxylation (catalytic conditions) was first examined 
with E-a$-unsaturated esters 168a-~.l~~ The dias- 
tereoselectivity was 10: 1 for one tetrahydropyranyl 
diastereomer, and 8:l for the other. In both cases, 
the resulting diols were converted smoothly by PPTS 
(in MeOH) to give lactone 169 as the major product. 
Interestingly, osmylation of the free alcohol 168c 
gave a single lactone, which was identical to  the 
major product 169. As noted in section II.B., our 
results are in accord with Evans' observation that 
diastereoselectivity is enhanced by maximizing the 
size difference between the allylic substituent OX and 
the methyl 

1. Os04, NMO 
2. (fora PPTS, & MeOH b) "'*.EH ""&: 

Me'' 0 Me," 
M e G 0 2 E t  - 

Me 

16816' 169 170 

a: X = THP 
b: X = THP' 
c : X = H  

10 : 1 
0 : l  
1 : o  

The dihydroxylation substrate 167 was readily 
prepared in enantiomerically pure form by the Wittig 
condensation of hydroxybutenolide 172 and keto- 
phosphorane 171, followed by methylation and Itsuno 

1. PhMe 
reflux 

2. DBU; 
G P h 3  + Hov - Me1 

(65%) Me 
171 172 ltsuno 

red. 
(70%) 

M e . . K H  
stem 

Me Rzw Me 
Me Me 

173: R1,Rz = 0 
( 167: R1 = OH, R2 = H 

[174: R+ = OTHP, RZ = HI 

1. Os04 
(7756)/ NMO, 0 "C 

2. NaHC03 

165 
Me&&e 1. DIBAL-H 

- 
2. Ph3P=CH2 - Me 

175 3. PdC12(PhCN)z 
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BH3 reduction of the prochiral dienone 173 in the 
presence of (S)-diphenylvalinol.168 The pivotal Os04 
dihydroxylation gave the desired butenolide 166 as 
a single isomer, which was then converted (77% 
overall) to  the lactone 165 after treatment with 
NaHC03. As was the case with 168a-c, the (diaster- 
eomeric) THP ethers 174 gave lower selectivity in 
osmylation: one diastereomer gave a 5:l diastereo- 
facial selectivity, while a 2:l ratio was found for the 
other. The lactone 165 was then converted by a 
standard method to give aldehyde 176. 

f i r  several attempts to couple aldehyde 176 with 
a pyrone segment were unsuccessful, we decided to 
adopt the elegant coupling protocol utilized by Ta- 
kano and co-w~rkers l~~ in their first synthesis of 
verrucosidin (vide infra). Enantiomerically pure 
ketone 177 was prepared from 6-ethyl-4-methoxy-3,5- 
dimethyl-a-pyrone (178). Aldol condensation of py- 
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of an acyloxyborohydride derived from N a B b  and 
d-tartaric acid in the presence of a lanthanide.170J71 
As noted previously by Kishi in his synthetic studies 
of pa ly to~ in , l~~  we also found that the stereoselec- 
tivity in reduction is affected by varying the effective 
ion radius of a lanthanide: SmCl3 (7:l) > PrCl3 (51) 
> CeC4 (3:l). Finally, treatment of the 7:l mixture 
of diols 182 and 183 with Martin's s u l f ~ r a n e l ~ ~  
stereospecifically afforded verrucosidin (138) and its 
C-7 epimer in the identical ratio.173 

Prior to the completion of our own synthetic stud- 
ies, Takano and co-workers reported a first total 
synthesis of verrucosidin, as well as of ~i t reovir idin.~~~ 
As summarized below, their syntheses started from 
divinylcarbinol184. Sharpless asymmetric epoxida- 
tion, followed by benzylation and stereoselective 
(>15:1) dihydroxylation (Table 13, entry 1) of the 
resulting allylic ether 185, afforded diol 186. Upon 
treatment with CSA, 186 underwent exo-cyclization 
to afford tetrahydrofuran 187 in 84% yield, whereas 
the corresponding acetate 188 was treated with SnCL 
to produce 189. Tetrahydrofuran 187 was then 
converted to diol 190, which represents a formal 
synthesis of citreoviral and ~itreoviridin. '~~ On the 
other hand, tetrahydrofuran 189 was successfully 
converted via the aldehyde 176 to verrucosidin (138). 

9Me QMe 

rac-179 177 

1. LiHMDS; 176 
2. TFAA, DBU 1 (64%) 

1 Reduction 

Me Me'" 

182: R2 =OH, R3 = H 0 
183: R~ = H, R~ = OH 

h m n ;  
sulfurane 

138 + C7-epimer 
(7 : 1) 

rone 177 and aldehyde 176, followed by dehydration 
to give dienone 180, and subsequent desilylation 
furnished a-hydroxy ketone 181. Both LAH or 
NaBK-CeCls reduction of 181 suffered from poor 
stereoselectivity, affording inseparable 1:2 and 3:2 
mixtures of 182 and 183, respectively. Ultimately, 
stereoselective (7:l) reduction was achieved by use 

1. Sharpless 
asymmetric 
epoxidation 

2. BnBr, NaH 
184 (65%) 

CSA 
H O . . K B n  - CH2CIz 

CSA 
H 0 . G  - CH2CIz 

Me.'. 
6H 

1 a7 

Me'" Ho**&02Et 

190 

steps 176 - 138 steps 

OBn 

185 
Os04 1 NMO 
(84Yo) 5 

186 

2. Hz, Pd(0H)z 

In following up our  biosynthetic hypothesis, treat- 
ment of epoxide 191 (cf. 176) with aqueous HClO4 in 
THF stereoselectively gave the diol 190, which was 
then converted to citreoviridin (139) and citreoviral 
(140).164J74 In summary,  we have developed a unified 
synthetic strategy for the citreoviridin family of the 
mycotoxins 138-147, which centers around the regio- 
and stereoselective dihydroxylation of the c-hydroxy- 
Z,E-diene ester 167. 
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0 
Me..+Q R, 

191: R1 =Me 

1 THF 
HCiOd 

(54%) 

steps citreoviridin (139) HO.. 

190: R1 = Me 
‘4 

141-147 [Cf. 192: R1 = H] 

The osmylation-based “butenolide-template” tactic, 
which we developed for a total synthesis of verruco- 
sidin (138), should also be useful in the synthesis of 
other polyoxygenated natural p r 0 d ~ c t s . l ~ ~  In par- 
ticular, analogous stereoselective dihydroxylation of 
an r-hydroxy-Z$-diene ester would offer an efficient 
solution to the considerable synthetic challenges 
posed by the presence of the two tertiary stereo- 
centers in the aglycon of erythromycin A (193).176-179 
In our retrosynthetic analysis for the seco acids 194 
and 195 of erythronolide A and 9(S)-dihydroeryth- 
ronolide A, respectively, we also recognized the 
possibility of utilizing the common synthetic inter- 
mediate 196. Enantiomerically pure lactone 196 
should be readily available by stereoselective osmy- 
lation of diene 198, followed by catalytic hydrogena- 

’ wH cladinose 

erythromycin A (193) 

erythronolide A seco acid (194): R1,Rz = 0 
9(S)-dihydroerythronolide A seco acid (195): 

R1 = H, Rz = OH a 

2. H2 at 5% RhIA1203 
(94%) 

(53%) 

+ HO 1 98 0,Me 

tion. Indeed, osmylation of the hydroxy diene ester 
198, a homolog of our  starting material 167 for 
verrucosidin (1381, gave butenolide 197 as a single 
isomer. The fourth contiguous stereocenter in 196 
was then introduced stereoselectively by catalytic 
hydrogenation of the butenolide 197. Not surpris- 
ingly, initial conversion of the polar hydroxy groups 
to the acetonide [R3, R4 = C(CH3)21 was necessary to 
achieve highly stereoselective (> 15: 1) hydrogenation 
to afford acetonide 196 in multigram scale.laO 

The key common intermediate 196 was then con- 
verted to the two compounds 202 and 203. Aldol 
condensation of these segments in the presence of 
MgBr2 afforded the aldol product 204 in 1 O : l  dias- 
tereoselectivity. Subsequent standard transforma- 
tions afforded the acetal 205, the fully assembled 
backbone of 9(S)-erythronolide A.181 

196 - 
(61%) 

199 200 

1. TsOH 1. TsOH, MeOH 

2. TBSOTf 3. TMSOTf 
1 MeOH 1 2. Swern oxid 

(80%) (77%) 

pMB 204 

1. DDQ (93%) 

3. Evans aldol 

TMS ,P h 

i-i 4 0  

lV. Stereochemical Control in Other 
Transformations 

Acyclic stereocontrol by an allylic alkoxy substitu- 
ent has also been achieved in other types of trans- 
formations. For example, they include (a) hydrobo- 
ration of allylic alcohols 206 to afford 1,3-diols 
207;182J83 (b) Diels-Alder reactions where an allylic 
oxygen substituent was placed either in a dienophile 
(e.g., 208) or a diene (e.g., 211) partner;ls4Ja5 ( c )  
nitrile oxide or nitrone cycloadditions to  allylic alco- 
hols and ethers 213;186-189 (d) iodohydrin formation 
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from (2)- or (E)-allylic alcohols 216, which has been 
shown to take place with high regio- and stereose- 
lectivity to produce 217;lgo and (e) a large number of 
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diastereoselective intramolecular reactions (halolac- 
tonization, haloetherification, amidohalogenation, 
etc.) of allylic alcohols and ethers 218 to give 219.1g1-lg3 

In conclusion, numerous acyclic allylic alcohols and 
related systems have been shown to undergo a wide 
variety of transformations with synthetically useful 
levels of stereochemical control. Future work will 
certainly result in many new methods for stereose- 
lectively functionalizing the allylic alcohol systems 
in an efficient synthesis of bioactive natural products. 

(a) Hydroboration 

Me Me 

206 207 

M~ M~ 1. ThBH2; Me Me 

TrO-OTr 
H b  OH bH 

TrO OTr 
206a 207a 

5:l  ds 

(b) Diels-Alder Reaction 

Oh? OAc TBSO OMe 

Ye 

* OAc +COzEt OAc 208 
A m  A + - 
0 0 AcO 

OMe Y 
Me 210 

4:l ds 

M? H 
H. $OMe 

Med OMe 
21 1 

21 2 
6:l ds 

(c) 1,3-Dipolar Cycloaddition 
OR OR 

21 3 21 4 21 5 

214a 
4:l ds 

(d) lodohydrin Formation 

- 
21 6 217 I 

a: R2= H, R,= Me, R,= H (93%) 99% ds 
b: R2= En, R,= Me, R,= H (91%) 90% ds 
c: R2= H, RI= H, R,= Me (77%) 77% ds 

(e) Haloetherification 

218 219 ’ 
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