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Abstract: Single enantiomer 2-hydroxy-3-butenyl tosylate is a key
precursor for single enantiomer 3,4-epoxy-1-butene and 3-butene-
1,2-diol. The epoxide results from ring-closure of the hydroxy-
tosylate while the diol is obtained through the intermediacy of the
corresponding cyclic carbonate. This latter sequence avoids the loss
of enantiomeric purity observed through direct hydrolysis.
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Enantiomerically enriched 3-butene-1,2-diol (1) and vari-
ous simple derivatives have been utilized for the prepara-
tion of a number of interesting chiral products, including
2-deoxy-D-ribose,! oscillatoxin A,? (R)-y-caprolactone, 5-
HETE, leukotriene B,, lipoxin-B,? HIV protease inhibitor
intermediates,* (—)-bestatin,’ (=)-bulgecinine,® and (-)-tu-
liparin B.’

Early preparations of enantiomerically enriched diol 1 uti-
lized multi-step syntheses from chiral pool materials such
as D-mannitol,® L-ascorbic acid,’ or tartaric acid.!® More
recent preparative methods of note include the hydrolytic
kinetic resolution (HKR) of 3,4-epoxy-1-butene (2)'! and
the hydrolysis of racemic 2 using palladium-catalyzed dy-
namic kinetic resolution.'?> The HKR methodology is par-
ticularly noteworthy, as enantiomerically pure epoxide 2
can be obtained using HKR technology (run past 50%
conversion) while enantiomerically pure diol 1 can be ob-
tained using two sequential (but opposite in enantioselec-
tivity) HKR reactions, using enantiomerically enriched
epoxide 2 from the first HKR as substrate for the second.
The enantiomeric purity of the diol itself cannot be readily
enhanced, as it is a liquid.

The primary monotosylate of 3-butene-1,2-diol (3) is of
interest as an alternative source for these enantiomerically
enriched products, as it can be envisioned as a precursor
of both 3-butene-1,2-diol (1) and 3,4-epoxy-1-butene (2).
Tosylate 3 can be readily prepared in high enantiomeric
purity by either enzymatic'? or chemical (Sharpless epoxi-
dation) resolution processes.'* Enantiomerically enriched
3 is one of the very few derivatives of 3-butene-1,2-diol
that we have been able to crystallize to enantiomeric puri-
ty. Indeed, the mixture of S-3 and the enantiomeric acetate
R-4 (Equation 1) obtained from the enzymatic esterifica-
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tion reaction of racemic 3'3 can be crystallized to remove
the acetate and then recrystallized to obtain pure S-3 with
good recovery in >99% ee even starting with material as
low as 80% ee. The antipodal R-3 can be obtained in
>99% ee from the mother liquors (see experimental).

crystallize
N N /\(\
/\;(\OTS + /Y\OTS o ¥ oTs

H OH AcO H H OH
S-3 R-4 S3
>90% ee >90% ee >99% ee
Equation 1

Conversion of 3 to 3,4-epoxy-1-butene (2) has been ef-
fected on small scale by neat treatment with powdered po-
tassium hydroxide and immediate distillation.®® The main
complication with this protocol is the isolation of the vol-
atile epoxide and its potential hydrolysis to the diol. Our
optimized conditions for preparative scale utilized potas-
sium carbonate in a high-boiling solvent (ethylene gly-
col), which allows the direct distillation of the epoxide
from the reaction mixture. Drying and redistillation at at-
mospheric pressure afforded a 67% yield of highly pure S-
2 from S$-3 with no loss of enantiomeric purity
(Equation 2).

1) K,CO3
2 ot X
H OH ethylene gy ©
glycol
2) distill
S3 S-2
>99% ee >99% ee
Equation 2

The conversion of tosylate 3 to the diol was more chal-
lenging than initially expected. In most circumstances
treatment of a terminal diol monotosylate with aqueous
base readily affords the diol through hydrolytic ring-open-
ing of the intermediate epoxide. Unfortunately, the pro-
pensity of 2 to open in a regiorandom manner under basic
conditions causes significant loss of enantiomeric purity,
affording the diol 1 by treatment of 3 with aqueous hy-
droxide in as little as 5% ee.'” Indeed, no simple hydration
conditions have been found which will avoid some loss of
enantiomeric purity.'’ Thus, we decided to find a method
which would not involve the epoxide and would leave the
stereogenic center undisturbed. The approach taken was
to displace the tosylate with a hydroxyl surrogate under
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non-basic conditions. It is known that carbonate can func-
tion as a masked hydroxyl nucleophile for displacement
reactions.'® Unfortunately, this reagent is too basic for our
circumstances, as its reaction with 3 results in epoxide for-
mation as indicated above. However, we found that the
less basic potassium bicarbonate effectively displaces the
tosylate of 3 without affecting the stereogenic center. The
reaction in alcoholic solvents is rather slow, affording a
mixture of cyclic carbonate 5 and a mixed carbonate 6
from the alcohol solvent (Equation 3).

/X\OTS KHCO, /Ag(\o + /X\OCOOCH3

H OH MeOH H o—§ H OH
o
53 S5 56
Equation 3

More satisfactory conditions were obtained when using
DMSO as solvent, as the reaction was complete after heat-
ing to 60 °C overnight. (S)-Vinyl ethylene carbonate (S-5)
was obtained in 74% yield from S-3 after distillation with
no loss of enantiomeric purity (Equation 4). The actual
course of this reaction is not particularly clear. Possibili-
ties include direct displacement of the tosylate with potas-
sium hydrogen carbonate followed by further reaction
with the secondary alcohol (or the alcohol solvent), reac-
tion of potassium bicarbonate with the secondary alcohol
of 3 (or solvent alcohol) with subsequent displacement of
the tosylate, or reaction of the secondary alcohol of 3 (or
of the alcohol solvent) with in situ generated carbon diox-
ide followed by displacement of the tosylate with the thus
generated carbonate anion. The latter explanation may be
the most likely, as similar reactions have been shown to be
accelerated under a carbon dioxide atmosphere.'®®

KHCO3

A oTs /As(\o
H ‘o DMSO H o—§

60 °C o)
S-3 S5
>99% ee >99% ee
Equation 4

The carbonate can be cleaved to the diol 1 by treatment
with 50% aqueous potassium hydroxide by heating to
60 °C for two hours. Isolation of the diol proved problem-
atic due to its water solubility. Treatment of the reaction
mixture with ethyl acetate resulted in precipitation of the
salts, which could be readily removed by filtration. How-
ever, the strongly basic conditions resulted in small
amounts of transesterification between the product 1 and
ethyl acetate, resulting in contamination of the desired
product with the various acetates of 1, which were diffi-
cult to separate from the desired product. A solvent survey
indicated that isopropanol was a desirable replacement for
ethyl acetate, as it completely precipitated the salts while
avoiding any transesterification. Simple distillation of the
isopropanol and distillation of the residue under reduced
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pressure afforded an 83% yield of highly pure S-1 (>99%)
from S-5 on >50 g scale with no loss of enantiomeric pu-
rity (Equation 5).

/Y\O 1) 50% KOH A(\OH
H o& 2) -PrOH H OH
)
55 51
>99% ee >99% ee
Equation 5

Thus, either of the enantiomers of epoxide 2 or diol 1 can
be readily obtained with absolute retention of configura-
tion from the appropriate enantiomer of 2-hydroxy-3-
butenyl tosylate (3).

(5)-2-Hydroxy-3-butenyl Tosylate (S-3)

A ca. 1:1 mixture of (S)-2-hydroxy-3-butenyl tosylate (S-3, >95%
ee) and (R)-2-acetoxy-3-butenyl tosylate (R-4, >95% ee, 185.55 g,
combined 0.70 mol maximum) from an enzymatic esterification
resolution reaction!® was dissolved in toluene (85 mL, 1 mL/g of 3)
at ambient temperature. Heptane (85 mL, 1 volume) was added with
vigorous stirring. The mixture was stirred at r.t. for 30 min at which
time crystallization had begun. The mixture was cooled to 4 °C
overnight and the resulting precipitate was collected, washed with
cold toluene, and dried to afford 61.41 g of 3 contaminated with
about 1% of 4. The filtrate and wash were set aside for further use.
Recrystallization of the precipitate from warm (ca. 40 °C) toluene
(122 mL, 2 mL/g) by cooling to 4 °C afforded 53.13 g (31%) of
>99% ee S-3 free of any detectable acetate. 'H NMR (CDCl,): § =
7.800 (2 H,d,J=8.25Hz),7.356 (2H,d,J=8.19 Hz), 5.751 (1 H,
ddd, J=5.38, 10.46, 16.55 Hz), 5.378 (1 H, br d, J=17.05 Hz),
5.247 (1 H, br d, J=10.48 Hz), 4.396 (1 H, m), 4.066 (1 H, dd,
J=3.39,10.20 Hz), 3.906 (1 H, dd, J = 7.41, 10.22 Hz), 2.451 3 H,
$),2.276 (1 H, d, J = 4.50 Hz). Anal. Calcd for C,H,,0,S: C, 54.53;
H, 5.82; N, 0. Found: C, 54.84; H, 5.86; N, <0.3. Chiral HPLC
[250 x 4.6 mm Chiralcel OB (Chiral Technologies), 90:10 hexane—
i-PrOH, 1 mL/min, 254 nm): #z = 30.9 min (S-3), tz = 41.3 min (R-
3). [a]p*® -8.10 (c 1.05, MeOH).

The initial filtrate and wash were stripped to afford 123.97 g of R-4
and S-3 in about a 75:25 ratio, respectively. This material can be
freed of 3 by the selective reaction of the secondary hydroxyl with
succinic anhydride and extractive removal of the resulting succinate
half ester.!” Deacylation of R-4 (concd HCI/MeOH)!” and recrystal-
lization as above afforded R-3 in 35% overall yield with >99% ee.

(5)-3,4-Epoxy-1-butene (S-2)

Ethylene glycol (2610 mL) was charged to a three-neck round bot-
tom flask, which was placed under full vacuum for 1.5 h to remove
any residual water. S-3 (652.5 g, 2.69 mol) was added and the mix-
ture was stirred until most of 3 had dissolved. Then, K,CO; (400 g,
2.89 mol, 1.08 equiv) was added and the reaction mixture was
stirred at r.t. for 2 h to completely consume 3. After the reaction was
complete, vacuum was slowly applied to distill the desired product.
A double trap was employed to capture the distillate, with the first
trap filled with ice water and the second with i-PrOH/dry ice. Both
receiving flasks were cooled to below —75 °C using i-PrOH/dry ice.
The distillation was started at 100 mm Hg and the vacuum was re-
duced at a rate of approximately 20 mm Hg every 15 min until
reaching 50 mm Hg and distilled for 2.5 h. The stirring rate was ad-
justed to assist in the reduction of foaming. The vacuum was further
decreased to 10 mm Hg and the mixture was stirred vigorously for
2 h to afford additional material for a total of 167.8 g (90%) of S-2.
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The distilled material was dried with Na,SO,, filtered and re-dis-
tilled at atmospheric pressure to further purify the product. The
H,0/S-2 azeotrope (36.3 g) was collected as a forerun at 50-62 °C,
and S-2 (126.5 g, 67%) was collected at 63 °C. Chiral GC analysis
indicated >99% chemical purity and 99.4% ee. 'H NMR (CDCl,):
8=5.522 (1 H, m), 5.298 (2 H, m), 3.345 [1 H, m (5), J = 3.15 Hz],
2967 (1 H, t, J=4.43 Hz), 2.657 (1 H, dd, J=2.31, 5.17 Hz).
Chiral GC [30 m X 0.25 mm Cyclosil-B (J & W Scientific), 0.25 pm
film thickness, 40 °C, 7 min; 40-120 °C, 70 °C/min; 120 °C, 12
min, 8.0 psi, 7 min; 8.0-13.0 psi, 80 psi/min; 13.0 psi, 7.72 min]:
1x(S-2) 6.37 min, tx(R-2) 6.67 min. [a]p> +9.6 (¢ 6.33, i-PrOH). The
literature value for S-2 is [a]p> +8.3 (¢ 6.96, i-PrOH).%

(S)-Vinyl Ethylene Carbonate (S-5)

(8)-2-Hydroxy-3-butenyl tosylate (R-3, >99% ee, 241 g, 1.04 mol),
DMSO (166 mL), and KHCO; (208 g, 2.08 mol, 2.0 equiv) were
charged to a 500-mL flask. The solution was heated to 60 °C over-
night to completely consume 3 according to TLC analysis. The mix-
ture was cooled to ambient temperature and poured into 1040 mL of
EtOAc. The EtOAc solution was washed with four 420-mL portions
of H,O, and the combined aqueous washes were back-extracted
with two 625-mL portions of EtOAc. The combined organic solu-
tion was washed once more with H,O, dried with MgSO,, and con-
centrated. The residue was distilled at 13 mm Hg and the material
collected at 114 °C. This afforded 84.0 g (74%) of S-5 with 99.4%
chemical purity (GC) and 99.4% ee (chiral GC). 'H NMR (CDCl,):
6 =5917 (1 H, ddd, J=7.00, 10.38, 17.21 Hz), 5.526 (1 H, d,
J=17.02Hz),5.459 (1 H,d,J=10.37Hz),5.141 (1 H, q, /= 7.28
Hz), 4.614 (1 H,t,J=8.37 Hz), 4.171 (1 H, t, J = 7.84 Hz). Chiral
GC [30 m x 0.25 mm Cyclosil-B (J & W Scientific), 0.25 pm film
thickness, 120 °C isothermal]: g 15.26 min (R-5), tg 15.85 min (S-
5). [a]p*? -26.1 (c 1.15, MeOH).

(5)-3-Butene-1,2-diol (S-1)

(8)-Vinyl ethylene carbonate (S-5, 79.0 g, 0.69 mol) was charged to
a 1-L flask and cooled in an ice bath. A solution of potassium hy-
droxide (45.0 g, 0.80 mol, 1.15 equiv) in 45 mL of H,O was added
dropwise over 35 min. The ice bath was removed and the mixture
was heated to 60 °C for 2 h. After cooling to ambient temperature,
i-PrOH (370 mL) was added and the mixture was stirred for 20 min.
The inorganic salt precipitate was removed by filtration and the sol-
ids were washed with 50 mL of i-PrOH. The combined organic so-
lution was concentrated and the residue was distilled at 10 mm Hg
with material collected at 80 °C. This afforded 50.4 g (83% yield)
of §-1 with >98% chemical purity (GC) and 99.5% ee (chiral GC).
'HNMR (CDCl5): § =5.842 (1 H, ddd, J = 5.52, 10.51, 16.89 Hz),
5350 (1 H, dd, J=1.67, 17.08 Hz), 5.222 (1 H, dd, J = 1.07, 10.38
Hz), 4.250 (1 H, m), 3.670 (1 H, dd, J = 3.34, 11.26 Hz), 3.493
(1H,dd,J=7.42,11.26 Hz), 2.572 (2 H, br s). MS (EI): m/z =70
[M* - H,0], 57 [M* — CH,0OH]. Chiral GC [30 m X 0.25 mm
Cyclosil-B (J & W Scientific), 0.25 pm film thickness, 40 °C,

7 min, 40-120 °C, 70 °C/min, 120 °C, 12 min; 8 psi, 7 min, 8-80
psi, 13 psi/min, 80 psi, 7.72 min]: #; 14.28 min (S-1), #z 14.36 min
(R-1). [a]p?® —44.4 (c 3.02, i-PrOH).
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