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The enantiopure threo hydrobenzoins and their deriva- 
tives have found a variety of uses in asymmetric synthe- 
sis as chiral ligands,l as chiral building blocks: and as 
chiral auxi l iar ie~.~ At present the applications for these 
enantiopure diols are limited by their high price. 

Previous routes to enantiopure hydrobenzoins in- 
clude: enzymatic  method^,^-^ reduction of benzil and 
benzoin: resolution of hydrobenzoing and its mono- 
ester,1° and asymmetric dihydroxylation (AD) of truns- 
stilbene.ll Since our original AD procedure for stilbene,lla 
much better ligands KDHQD12-PHA.L and (DHQI2-PHALl 
have been developed.12 These ligands are especially 
effective for stilbene and we describe here a dramatically 
improved procedure for the AD of this olefin. 

As in the original procedure,lla N-methylmorpholine 
N-oxide (NMO) was employed as the cooxidant, for it 
allows the reaction to be run at  a very high concentration. 
By using the new (DHQDIz-PHAL ligand we found that 
only 0.25 mol % of ligand was adequate to achieve 99% 
ee. This should be compared to the 90% ee realized in 
the original procedure using 20 times as much of the first- 
generation p-chlorobenzoate ligand. In addition only half 
the amount of osmium catalyst (cf. 0.2 mol % here and 
0.4 mol % in ref l la)  was necessary to realize an efficient 
and complete reaction. The optimal stilbene concentra- 
tion was 2-2.5 M.13 If the stilbene concentration is more 
than 2.5 M, there is a drop in ee (for example, at 10 M 
the ee of the diol is only 90%). The solvent selection was 
also optimized. Acetone was replaced with t-BuOH to 
further lower the solubility of stilbene, thus approximat- 
ing the “slow addition” conditions for high ee.14 The use 
of t-BuOH also decreases the solubility of hydrobenzoin 
making workup easier. 

0.25 mol% Ligand, 2 0.2 molo/o K20~02(OH)d & 
I NMO (60% in water), OH 

t-BuOH, r.t. 
1 Kg 1.04 Kg (99%-) 
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With these modifications, we successfully conducted a 
kilogram-scale AD of stilbene in a 5 L flask. The reaction 
was carried out by stirring at room temperature a 
suspension of 1 kg of truns-stilbene, NMO, 0.25 mol % of 
ligand, and 0.2 mol % of potassium osmate in a solvent 
system of t-BuOH and H20 (the HzO enters with the 
technical grade aqueous NMO solution). After 14 h, the 
crystalline stilbene had been completely digested and 
transformed to the powdery hydrobenzoin. The workup 
merely consists of adding Tiron (4,5-dihydroxy-1,3-ben- 
zenedisulfonic acid, disodium salt monohydrate from 
Aldrich, to sequester the osmium) and water (to further 
decrease the solubility of the diol) followed by filtration. 
This produces enantiopure hydrobenzoin in 76% yield 
(910 g) and 99% ee. Following acidic extraction of the 
ligand, concentration affords an additional 130 g of 99% 
ee hydrobenzoin, for a combined yield of 1.04 kg (87% 
yield and 99% 

In conclusion, 1 kg of stilbene was converted to 1.04 
kg of enantiopure hydrobenzoin in a process requiring 
little more than stirring and filtration. This simple and 
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was separated and then washed with 0.5 M sulfuric acid (2 x 
250 mL). To these combined acidic extracts was added 500 mL 
of CHzClz, and this mixture was stirred while sodium carbonate 
was added until the pH of the aqueous phase had been raised 
to ca. 10 or 11. The CHzClz phase was washed with water, dried 
over MgS04, and concentrated to give 10 g of (DHQDh-PHAL 
(95% recovery). Meanwhile, another 130 g of (R,R)-l,l-diphenyl- 
1,a-ethanediol was obtained from the ethyl acetate phase after 
evaporation of the solvent (11% yield, 99% eel, for an overall 
yield of 87% (1.04 kg). The enantiomeric excess was determined 
by HPLC analysis of the bis-MTPA ester of diol on Chiralcel 
OD column. Mp 148-150 "C; [ah +95" (c 0.87, EtOH). IH NMR 
(400 MHz, CDCl3): 6~ 7.22 (m, 6H), 7.11 (m, 4H), 4.67 ( 8 ,  2H), 
3.00 (br, 2H). 13C NMR (100 MHz, CDCld: 6c 139.79, 128.09, 
127.89, 126.92, 79.07. 
(S,S)-(-)-1,2-Diphenyl-l,2-ethanediol: Mp 148-150 "C. 

[U]D +95.2" (C 1.28, EtOH).l' 

efficient solid-to-solid procedure should prove to be 
practical on an industrial scale and will hopefully make 
the enantiopure hydrobenzoins more available. 

Experimental Section 
General. Melting points are uncorrected. lH and 13C NMR 

spectra were recorded in CDC13 on a Bruker AMX 400 instru- 
ment. 
(R,Zt)-(+)-1,2-Diphenyl-l,2-ethanediol. A 5 L round-bot- 

tomed flask, equipped with a large magnetic stir bar, was 
charged with 10.89 g (0.25 mol %) of (DHQD)z-PHAL, 1 kg (5.6 
mol) of trans-stilbene, 1.4 L of 60% aqueous N-methylmorpholine 
N-oxide (aqueous NMO, Aldrich), and 2.24 L of tert-butyl alcohol. 
The flask was placed in a water bath (initially a t  about 20 "C 
and no further efforts were made to control the temperature). 
Under stirring, 4.12 g (0.2 mol %) of potassium osmate(VI) 
dihydrate was added (caution, see footnote 16). The reaction 
mixture was then stirred until all the stilbene was consumed 
(about 14 h, monitored by TLC" 1. The reaction was quenched 
by the addition of 10 g of 4,5-dihydroxy-1,3-benzenedisulfonic 
acid, disodium salt monohydrate (Tiron, Aldrich) followed by 
stirring a t  rt for 3 h. The resulting mixture was poured into 3 
L of water and stirred for another 3 h. The crude product was 
collected by filtration and washed with water until colorless. 
After drying under vacuum, 910 g of (R,R)-1,2-diphenyl-l,2- 
ethanediol was obtained as a white powder (76% yield, 99% eel. 
To recover the ligand, the largely aqueous filtrate was stirred 
with 2 L of ethyl acetate for 1 h. The resulting organic phase 

(15) The detailed procedure is only given for (R,R)-hydrobenzoin, 
but (8,s)-hydrobenzoin was also made on a kilogram scale following 
the identical procedure (but using (DHQ)z-PHAL as ligand) and with 
essentially the same yield and ee. 
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(16) On one occasion at this kilogram scale, the osmium catalyst 
was added as osmium tetraoxide which led to a too rapid reaction and 
an exotherm to ca. 50 "C. Being mild and limited, this self-heating 
excursion was not dangerous but did substantially reduce the ee and 
the yield. Therefore we recommend using only the potassium osmate 
salt for these large scale applications employing concentrated condi- 
tions and NMO as oxidant. Another implication of this result is that 
for reactions above the 1 kg scale it may become necessary to add even 
the salt form of the catalyst in portions over a period of time, and/or 
provide for heat removal other than the passive, ambient temperature 
water bath utilized here. 

(17) Excessive reaction times will result in some overoxidation, with 
benzaldehyde and benzoin as the byproducts. 


