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The OsO4 catalyzed asymmetric dihydroxylation of substituted trans-stilbene derivatives using 9-O-acet-
yldihydrocinchonidine as chiral ligand gives the corresponding diols with lower enantioselectivity in the
case of substrates containing electron-donating and electron-withdrawing substituents. The Hammett
correlations of the enantiomeric ratios exhibit non-linear plots, in accordance with the conclusion that
the reaction involves a 1,3-dipolar type [3+2] cycloaddition transition state.

� 2008 Elsevier Ltd. All rights reserved.
The Sharpless catalytic asymmetric dihydroxylation (AD) of ole-
fins using OsO4 and cinchona alkaloid derivatives is a very useful
synthetic transformation.1 Though the stereochemical outcome of
the AD reaction can be readily predicted,1 the mechanism of this
useful reaction is not clearly understood.2–10 Most of the mecha-
nistic proposals advanced for this reaction are based on two basic
themes: a concerted [3+2] cycloaddition7,8 and a stepwise process
involving a [2+2]-like insertion with subsequent rearrangement6

(Scheme 1). There has been overwhelming evidence in support of
the [3+2] mechanism.6 We report here evidence for the [3+2]
mechanism for the AD reaction, which is in accordance with the
proposal that the origin of the ligand acceleration is due to the abil-
ity of the ligand to make OsO4 an efficient 1,3-dipole.8

The effect of substituents on the double bond of olefins on the
stereochemical outcome has been reported for catalytic asymmet-
ric dihydroxylation reactions.1 The effect of the size of substituents
on the regioselectivity of Sharpless AD reactions has also been
reported.11 However, the enantioselectivities in these cases would
be subjected to unpredictable steric effects. Very recently, AD reac-
tions of a series of substituted styrenes were studied and a con-
cave-type Hammett plot was interpreted on the basis of a change
in the mechanism of the hydrolysis of the osmate ester intermedi-
ate going from electron-donating to electron-withdrawing substit-
ll rights reserved.

: +91 40 3012460.
y).
uents.12 We investigated the mechanism of the AD reaction using
substituted trans-stilbene derivatives.

Initially, we studied the substituent effects on the mechanism of
the AD reaction with different trans-stilbenes ( 5a–d) using the
excellent ligand (DHQD)2–PHAL (1) (Scheme 2). This ligand gives
the diols ( 6a–d) with maximum enantioselectivities in the case
of electron-donating as well as electron-withdrawing substituents.
These selectivities might be due to the reaction proceeding
through a ligand-assisted pathway to the maximum extent. The
results are summarized in the Table 1. Since the Sharpless ligand
(DHQD)2–PHAL leads to the saturation point of enantioselectivi-
ties, we chose the 9-O-acetyldihydrocinchonidine13 (2) (Fig. 1) as
the chiral ligand, (Scheme 3, Table 2). Previously, it was reported
that the corresponding cinchonine derivatives gave substantially
lower enantioselectivities under stoichiometric conditions but
these authors did not report the % ee of the products.14

We first examined the dihydroxylation of trans-stilbene under
various conditions (Scheme 3). It was observed that on using
5 mol % of 2 along with 2 mol % of K2OsO2(OH)4, the selectivity
was better (91% ee, Table 2, entry 4) when the reaction was carried
out at 25 �C in the solvent mixture of tBuOH (15 ml) and H2O
(15 ml). Lower selectivity was realized in the solvent mixture of
tBuOH (70 ml) and H2O (35 ml) (Table 2, entry 5), indicating that
the ligand-unassisted (direct dihydroxylation) addition of OsO4 to
the olefin would take place to a greater extent under these condi-
tions. Previously, Sharpless et al.10a noted the poor solubility of
substituted stilbenes in the tBuOH/H2O solvent system during their
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Scheme 2. Asymmetric dihydroxylation of 4-substituted trans-stilbenes using ligand 1.
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Scheme 1. Schematic representation of the concerted [3+2] mechanism and the stepwise osmaoxetane mechanism.

Table 1
Asymmetric dihydroxylation of trans-stilbenes using (DHQD)2–PHAL as liganda,b,c

Entry product eed (%) Yielde (%)

1 6a 97 93
2 6b >98 95
3 6c 99 90
4 6d 99 89

a All the reactions were carried out using trans-stilbene (1 mmol).
b In each case 2 mol % of potassium osmate and 2 mol % of ligand were used.
c All the experiments were carried out using tBuOH (5 mL)/H2O (5 mL) at 25 �C

for 16 h.
d All the enantiomeric purities were based on HPLC analysis.
e Yields are of isolated and purified products.
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Scheme 3. Asymmetric dihydroxylation of trans-stilbene using ligand 2.
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kinetic studies of the dihydroxylation of olefins. We also encoun-
tered such difficulties during the present studies and hence we
ran these reactions using increased quantities of solvents com-
pared to those used in synthetic asymmetric dihydroxylation reac-
tions. Also, we used another organic solvent in addition to tBuOH/
H2O to dissolve the stilbene derivatives (Scheme 4).

We ran the reaction in three different solvent systems. The diols
were obtained in 64–90% ee at 25 �C using the toluene/tBuOH/
H2O.16 Whereas, the reaction in acetone/tBuOH/H2O gave the diols
in 26–56% ee and the reaction using THF/tBuOH/H2O solvent sys-
tem gave the diols in 20–82% (Table 3). The selectivities were
low in these reactions. Previously, it was reported that use of the
t-butyl methyl ether/H2O solvent system gave a lower ee in the
asymmetric dihydroxylation of allyl bromide.1

Though the diol was obtained in reasonable chemical yields,
substantially lower enantioselectivities were realized with elec-
tron-donating and electron-withdrawing derivatives in all the sol-
vent systems (Table 3). A possible explanation is that in these



Table 2
Asymmetric dihydroxylation of trans-stilbenea,b,c,d

Entry K2OsO2(OH)4 (mol %) Ligand 2 (mol %) Diol-6c % eee Yieldf (%)

1 1.2 3 (1S,2S),74 75
2 2.0 5 (1S,2S),82 82
3 2.8 7 (1S,2S),82 83
4 2.0 5 (1S,2S),91 91
5 2.0 5 (1S,2S),38 80

a In entries 1–5, trans-stilbene (1 mmol) was used.
b In entries 1–3, the experiments were carried out at 0 �C for 12 h and in entries 4

and 5 the experiments were carried out at 25 �C for 12 h.
c A mixture of tBuOH (15 ml) and H2O (15 ml) was used as solvent in entries 1–4.
d In entry 5, a mixture of tBuOH (70 ml) and H2O (35 ml) was used as solvent.
e ee = enantiomeric excess, (based on [a]D �94.5 (c 0.998, EtOH), (1S,2S)-(�)-

diphenyl-1,2-ethane-1,2-diol15 and HPLC analysis).
f Yields are of isolated and purified products.
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Figure 2. Plots of log (enantiomeric ratio) vs Hammett r values.
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cases, direct dihydroxylation of the olefin by OsO4 could have
taken place to a greater extent compared to unsubstituted olefins,
leading to lower selectivity.1 Another possibility is that the second-
ary catalytic cycle (proposed by Sharpless et al.1a) involving the
corresponding osmate ester intermediate 4 could have taken place
to a greater extent in these cases, leading to lower enantioselectiv-
ity.1 These parallel processes would take place to a greater extent,
if the ligand-accelerated AD reaction path becomes difficult. The
1,3-dipole would find it difficult to react with the stilbene deriva-
tives containing electron-withdrawing substituents as transfer of
electrons from the olefin to the dipole is difficult in these cases
(T.S. 3, Fig. 1). In the case of stilbene derivatives containing elec-
tron-donating substituents, the transfer of electrons from the
dipole to the olefin would become difficult. Therefore, the ligand-
unassisted dihydroxylation or reaction through the secondary cat-
alytic cycle would take place to a greater extent in these cases,
resulting in lower enantioselectivities.

The lower enantioselectivities realized in these cases would also
lead to non-linearity in the correlation of log (enantiomeric ratio)
vs r (Fig. 2).17 Hammett correlations of the enantioselectivities
realized in different organic reactions have been reported.18 For
C6H4-X
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K3[Fe(CN)6]/K2C
K2OsO2(OH)4 (2 

Ligand 2  (5 mol
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Scheme 4. Asymmetric dihydroxylation of 4-s

Table 3
Asymmetric dihydroxylation of 4-substituted trans-stilbenes using 9-O-acetyldihydrocinch

Olefin (X=) Product Solvent (A)

Yieldf (%) eed (%) ef
r Yield

OMe, 5a 6a 80 64 4.55 65
Me, 5b 6b 76 66 4.88 60
H, 5c 6c 92 90 19.0 85
Cl, 5d 6d 85 76 7.33 62
CF3, 5e 6e 79 76 7.33 56

a In all the experiments olefin (1 mmol) was used.
b In each case 2 mol % of potassium osmate and 5 mol % of ligand were used.
c All the experiments were carried out at 25 �C for 12 h and solvent (A): toluene (20

(20 mL) and solvent (C): THF (20 mL)/tBuOH (20 mL)/H2O (20 mL) were used.
d The enantiomeric excesses were based on HPLC analysis.
e Yields are of isolated and purified products.
f er = enantiomeric ratio {(1S,2S)/(1R,2R)}.
example, in the case of specific asymmetric diethylzinc addition
to aromatic aldehydes, a linear Hammett plot was realized, with
more reactive substrates giving higher enantioselectivities.18c

In the present case, non-linear Hammett plots were realized.
The concave-shaped plot clearly indicates a change in mechanism
for the unsubstituted and substituted trans-stilbenes19 (Fig. 2). This
would be expected if the diols are produced through the L. OsO4

1,3-dipole (T.S 3) to a greater extent in the case of unsubstituted
stilbene and to a lesser extent in the case of stilbenes substituted
with electron-donating and electron-withdrawing substituents.
Thus, the results obtained in the present studies are in accordance
with the conclusion that the ligand acceleration effect on the cata-
lytic asymmetric dihydroxylation of olefins is due to the ability of
the ligand to convert OsO4 into an efficient 1,3-dipole upon
complexation for reaction with olefins.8,9
X-C6H4

C6H4-X

OH

HO

20-90% ee

O3 (3/3 eq)
mol%)

%) ,  solvent

6a-6e

ubstituted trans-stilbenes using ligand 2.

onidine (2) as the chiral liganda,b,c

Solvent (B) Solvent (C)

e (%) eed (%) ef
r Yielde (%) eed (%) ef

r

40 2.33 68 34 2.03
40 2.33 70 30 1.86
56 3.54 92 82 10.1
52 3.17 72 36 2.12
26 1.70 65 20 1.5

mL)/tBuOH (20 mL)/H2O (20 mL), solvent (B): acetone (20 mL)/tBuOH (20 mL)/H2O
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