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The pre vi ously de scribed chiral 2-acyloxathianes 5 (Scheme I) are used in two dif fer ent enantioselective
syn the ses of γ-butyrolactones.  In one syn the sis, Grig nard ad di tion, cleav age and re duc tion to carbinols
RR'C(OH)CH2OH is fol lowed by tosylation, malonate homologation, lactonization, and re moval of the
carbomethoxy group to give op ti cally ac tive  γ-lac tones.  A mod i fi ca tion of this syn the sis (Scheme I) leads to
op ti cally ac tive α-meth y lene-γ-lac tones.

In the sec ond syn the sis, re ac tion of a bromomagnesium enolate with ke tones 5 leads to β-hydroxyesters,
which, by ap pro pri ate se quences of re duc tion and cleav age (Scheme II) are con verted to op ti cally ac tive α- or
β-hydroxy-γ-lac tones.

γ-Butyrolactones [(5H)-3,4-Dihydro-2-furanones] and
2-methylene-γ-butyrolactones, many of them op ti cally ac tive, 
are of wide oc cur rence in na ture.  They dis play a va ri ety of in -
ter est ing bi o log i cal ac tiv i ties, such as antitumoral ac tiv ity1-6 

(al beit of ten as so ci ated with cytotoxicity), al ler genic ef -
fects,7,8 in hi bi tion of mi cro bial growth,9 in hi bi tion of plant
growth10 and both convulsant and anti-convulsant ac tiv ity.11

As a re sult, these com pounds have been ex ten sively re viewed
in the lit er a ture12  and have been at trac tive syn thetic tar gets.12e  

Here we re port the syn the ses of enantioenriched or
enantiopure 5,5 disubstituted (5H)-3,4-dihydro-2-furanones 
1a and 1b and their 3-methylene homologs  2a and 2b, and of
3- and 4-hydroxy-(3H)-4,5-dihydro-2-furanones 3a,c and
4a,c with ad di tional phenyl or methyl sub stitu ents at po si tions 
3 and 4, re spec tively.  The prep a ra tions, shown in Schemes I
and II, are based on our pre vi ously described13 syn the sis us -
ing a 1,3-oxathiane de rived chiral aux il iary.14  Com pounds
1a,15 1b,16 2b17 and 4c18 have pre vi ously been syn the sized in
op ti cally ac tive form.  Com pounds 2a,19 3a20 and 3c20a,c,21

have been de scribed as racemates; we have found no pre vi ous

reference to com pound 4a.

SYN THE SES

Ke tones 5 (a, R = C6H5
13, b, R = Me2CH22, c, R = CH3

23)
were ob tained by ad di tion of the lith ium de riv a tive of the par -
ent oxathiane14 (Ox-H, Scheme I) to RCHO fol lowed by ox i -
da tion13 or, in the case of 5a and 5b, by a re cently de vel oped24

syn the sis from Ox-Li and R-CN.  Ad di tion of methyl Grig -
nard re agent to 5a and 5b pro ceeded in high yield;
diastereomer ex cess (d.e.) of the prod uct was 96% for 6a and
80% for 6b (de ter mined by  1H NMR), but 6b could be pu ri fied 
up to 96% d.e. by chro ma tog ra phy.22  Cleav age and re duc tion
as pre vi ously de scribed13 yielded carbinols  (S)-7a and 
(S)-7b21 which were con verted cleanly to the cor re spond ing
pri mary p-toluenesulfonates.  Sub se quent re ac tion with
dimethyl sodiomalonate gave lac tones (R)-8a and (R)-8b, pre -
sum ably via an in ter me di ate epoxide.  Heating of 8 with aque -
ous dimethyl formamide25 gave the tar get lac tones (R)-1a and
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(R)-1b in one step (decarbalkoxylation).  When the ac ids
(R)-9a and (R)-9b, ob tained by hy dro ly sis of 8, were iso lated
and treated with form al de hyde and diethylamine, meth y lene
lac tones (R)-2a and (R)-2b were ob tained.

The en an tio mer ex cess (e.e.) of (R)-1a and (R)-2a as
mea sured by 1H NMR in the pres ence of a chiral shift re agent
was 96% and 93%, re spec tively, from oxathiane pre cur sors 6a
and 6b of 96% d.e., sug gest ing that there was lit tle or no
racemization in the elab o ra tion of 6 to 1a or 2a.  Ac cord ingly,
we as sume that the e.e. of 1b and 2b was close to that of the
start ing ma te rial 6, i.e. > 90%.  In the case of (R)-1a15a and
(R)-1b16a the above val ues agree rea son ably closely with the
op ti cal pu rity de ter mined by com par i son of their spe cific ro ta -
tions with those re ported in the lit er a ture.

The sec ond syn the sis to be de scribed in volves ad di tion
of the mag ne sium enolate of t-butyl ac e tate (Re for matsky re -
ac tion of t-butyl bromoacetate) to 5 (R = C6H5 or Me) 
(Scheme II).  Un for tu nately, un like the ear lier stud ied Grig -
nard ad di tions, this re ac tion (and that of other enolates stud -
ied27) was found not to be highly stereoselective.

Per haps in ter nal chelation of the re agents in ter feres with 
che late for ma tion with the oxathianyl ketone 5 which seems to 
be es sen tial for high stereoselectivity.28  The high est
diastereoselectivity was 78:22 for R= C6H5 (10a) and 88:12
for R = CH3 (10c).

The elaboration of addition products 10a and 10c to the
corresponding β-hydroxy-γ-lactones is summarized in the top
row of Scheme II.  Ester 10a was purified to 99% d.e. by
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HPLC.  Cleavage and reduction (as described earlier13a) gave
diol ester (S)-11a. Surprisingly the best method for cleaving
this ester was by a suspension of sodium bicarbonate in
methanol, which yielded essentially enantiomerically pure β-
 hydroxylactone  (S)-4a in 78% yield from 11a. Purification of
10c by HPLC was less effective and the maximum d.e.
achieved for this intermediate was 84%. Further elaboration
shown in Scheme II yielded (R)-4c [via (R)-11c] of 90% e.e. It
appears that some increase in enantiomeric purity occurred
during the chromatography of (R)-11a and/or (R)-4c.29

The sec ond row of Scheme II de picts the con ver sion of
in ter me di ates 10 to α-hydroxy-γ-lac tones 3. Crys tal line diol
12a was ob tained by re duc tion ei ther of diastereomerically
pure 10a (vide su pra) or of the 78:22 diastereomer mix ture
fol lowed by recrystallization. Di rect cleav age and ox i da tion
(al de hyde to acid) of this ma te rial gave lactone 3a in only 33% 
yield. We there fore de cided to pro tect the pri mary hydroxyl
group by acetylation to 13a (silyl pro tec tion with TBDMS
proved in suf fi ciently ro bust). Cleav age of 13a in the usual
way13 fol lowed by chlorite ox i da tion30 gave acid (S)-14a
which was con verted , by base hy dro ly sis of the ac e tate func -
tion fol lowed by acid i fi ca tion, to lactone (S)-3a whose e.e.,
de ter mined by a chiral shift re agent, was over 98%. The
α-methyl an a log 3c was syn the sized sim i larly. In this case,
crude 10c (88:12 diastereomer ra tio) was re duced to crys tal -
line 12c which was pu ri fied to 98% d.e. by recrystallization.
Be cause of the low mo lec u lar weight and re sult ing sol u bil ity
of the ac e tate in ter me di ates, it proved more ad van ta geous to
benzoylate 13c prior to cleav age and ox i da tion to (R)-14c.
Hy dro ly sis of this es ter was ef fected by a sus pen sion of po tas -
sium car bon ate in meth a nol; sub se quent acid i fi ca tion yielded
lactone (R)-3c with 96% e.e.

EX PER I MEN TAL

Nmr spec tra were re corded in CHCl3. The d.e. of 6a and
6b was cal cu lated based on the in te gra tion of the 1H nmr sig -
nals of the pro ton at C(2). The re sults of the nmr chiral shift
ex per i ments with 1a and 2a are based on the sig nals of the
methyl groups in 1H NMR. Melting points were ob served on
an electrothermal melt ing point ap pa ra tus and are un cor -
rected. The syn the ses of 7a13a and 7b22 have been re ported
else where.

(S)-2-Phenyl-1-tosyloxy-2-propanol (Tosylate of 7a)
To 317 mg of (S)-7a13a  in 2 mL dry pyridine un der ni tro -

gen at 0 °C, 530 mg (2.70 mmol) p-toluenesulfonyl chlo ride in 
2 mL dry pyridine was added dropwise, stirred over 30 min at
0 °C, then the re ac tion flask was placed in a re frig er a tor (4 °C)

over night.  Af ter 20 mL Et2O and 10 mL ice wa ter were added
with brief stir ring, the or ganic layer was sep a rated, washed 3
times with 2 N aque ous HCl (5 mL each) fol lowed by sat u -
rated aque ous NaCl (5 mL), dried over Na2SO4, and con cen -
trated to give 727 mg of tosylate as an oil.

1H NMR: δ 1.54 (s, 3H), 1.92 (bs, 1H), 2.42 (s, 3H), 4.07 
(s, 2H), 7.26-7.43 (m, 7H), 7.66-7.71 (m, 2H).

(R)-3-Carbomethoxy-5-methyl-5-phenyl-3,4-dihydro(5H)-
furan-2-one [(R)-8a]

In a two-necked flask equipped with a re flux con denser,
so dium metal (80 mg, 3.48 mmol) in one piece was added to 5
mL dry meth a nol un der ni tro gen. Af ter all the metal was dis -
solved, 0.4 mL (3.48 mmol) dimethyl malonate was added
dropwise from a sepa ra tory fun nel. The so lu tion was heated to 
boil ing and 416 mg of the above tosylate in 2mL THF was
added dropwise over 30 min. The re ac tion mix ture be came
darker af ter the ad di tion. Refluxing was con tin ued for 4 h,
then the sol vents were re moved un der vac uum. The res i due
was treated with sat u rated aque ous NH4Cl (10 mL), and the
so lu tion ex tracted 4 times with Et2O (10 mL each). The com -
bined or ganic so lu tion was washed with 10 mL sat u rated
aque ous NaCl, dried (Na2SO4), and con cen trated to give 450
mg of crude liq uid prod uct. 1H NMR (2.59-2.97, m, -CH2-) in -
di cated the pres ence of (R)-8a. The crude ma te rial was di -
rectly used in the fol low ing re ac tions.

(R)-3-Carboxy-5-methyl-5-phenyl-3,4-dihydro(5H)furan-2-
one [(R)-9a]

A so lu tion of 285 mg of (R)-6a and 0.27 g KOH in 2 mL
wa ter was boiled for 4 h. Con cen trated hy dro chlo ric acid
(2mL) in wa ter (3 mL) was then added, and the so lu tion was
ex tracted 4 times with CH2Cl2 (6 mL each). The com bined ex -
tracts were washed with 6 mL of sat u rated aque ous NaCl,
dried (Na2SO4) and con cen trated to yield 131 mg of crude liq -
uid prod uct. The pro ton nmr spec trum showed the pres ence of
two diastereomers of (R)-9a in a ra tio of 65/35. This ma te rial
was used di rectly for the next re ac tion.

1H NMR: δ 1.71 (s, mi nor), 1.79 (s, ma jor), 2.70-2.94
(m, ma jor + mi nor), 3.44-3.94 (m, ma jor + mi nor), 7.23-7.47
(m, ma jor + mi nor).

(R)-3-Methylene-5-methyl-5-phenyl-4,5-dihydro(3H)furan-
2-one [(R)-2a]

A mix ture of 131 mg of crude (R)-9a, 0.36 mL form al de -
hyde (37% in wa ter), and 0.7 mL diethylamine was refluxed
for 0.5 h. Wa ter (10 mL) was added, and the mix ture was ex -
tracted 4 times with Et2O (6 mL each). The com bined or ganic
lay ers were washed with 6 mL aque ous NaCl, dried (Na2SO4),
and con cen trated to yield 111 mg of crude prod ucts. Pu ri fi ca -
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tion by flash col umn chro ma tog ra phy on sil ica gel with
EtAc/hex anes (15/85) gave 63 mg (44% from (S)-7a) of the
pure liq uid lactone (R)-9a. The pro ton NMR spec trum in the
pres ence of the chiral shift re agent Eu(hfc)3 (hfc = 3-
 heptaflourobutanoyl cam phor) in di cated 93 ± 2% e.e.

1H NMR: δ 1.71 (s, 3H), 3.14 (t,  J = 2.5 Hz, 2H),  5.62 (t,  
J = 2.5 Hz, 1H),  6.24 (t, J = 2.8 Hz, 1H), 7.23-7.39 (m, 5H). 
13C NMR: δ 30.0 (CH3), 42.6 (CH2), 83.9 (C), 122.5 (CH2),
124.1 (CH), 127.6 (CH), 128.6 (CH), 135.0 (C), 144.5 (C),
169.6 (C).  [α] D

20 -11.3, [α] 578
20  -12.1, [α] 546

20  -15.5 and  [α] 436
20

-44.3 (c = 1.2, CHCl3 ).  
[Lit.19d  1H NMR (CDCl3): δ 1.68 (s, 3H), 3.13 (dd, J =

1.0, 3.0 Hz, 2H), 5.69 (dd, J = 1.0, 3.0 Hz, 1H), 6.18 (dd, J =
1.0, 3.0 Hz, 1H), 7.20 (s, 5H).  13C NMR19a: δ 30.16 (q), 42.69
(t), 83.98 (s), 122.66 (t), 124.18 (2d), 127.73 (d), 128.68 (2d),
135.09 (s), 144.61 (s), 176.17 (s) for the racemate].

(R)-5-Methyl-5-phenyl-3,4-dihydro (5H) furan-2-one
[(R)-1a]

A so lu tion of 165 mg of (R)-8a, two drop lets of wa ter,
and 3 mL DMF was refluxed for 12 h. The re ac tion mix ture
was di luted with 20 mL wa ter, and ex tracted 3 times with Et2O 
(6 mL each). The com bined ether ex tracts were washed with
10 mL aque ous NaCl, dried (Na2SO4), and con cen trated to
give 62 mg of crude prod uct which was pu ri fied by flash chro -
ma tog ra phy on sil ica gel with EtAc/hex anes (30/70) to yield
33 mg (43% from (S)-7a) of pure liq uid (R)-1a. The pro ton
nmr spec trum in the pres ence of the chiral shift re agent
Eu(hfc)3 showed 96 ± 2% e.e., which agrees with the value of
[α]D com pared to that re ported in ref er ence 15a.

1H NMR: δ 1.70 (s, 3H), 2.35-2.64 (m, 4 H), 7.24-7.37
(m, 5H). 13C NMR: δ 28.8 (CH2), 29.3 (CH3), 36.0 (CH2), 86.8
(C), 124.0 (CH), 127.5 (CH), 128.5 (CH), 144.2 (C), 176.4
(C). [α]D

20 + 69.7, [α] 578
20   + 72.7, [α] 546

20  + 81.7 and [α] 536
20  + 141.1 

(c = 0.7, CHCl3) [Lit15a [α]D
25 + 72.4 (c = 1.5, CHCl3); lit.15b 1H

NMR: δ 1.72 (s, 3H), 2.39-2.71 (m, 4 H) 7.27-7.40 (m, 5H).
13C NMR: δ 28.9 (C-2), 29.3 (CH3), 36.1 (C-3), 86.8 (C-4),
124.0, 127.6, 128.5, 144.2 (C-Ar), 176.3 (C-1)].

(R)-3-Carbomethoxy-5-methyl-5-(1′-methyl)ethyl-(3)H-4,5-
dihydro-2-furanone [(R)-8b]

Crude liq uid prod uct (R)-8b (319 mg) was ob tained
from 220 mg of (S)-7b21 by the pro ce dure de scribed for
(R)-8a. The pro ton nmr spec trum in di cated the pres ence of
two diastereomers in a ra tio of 38/62.

1H NMR 0.83-1.09  (m, ma jor + mi nor), 1.28 (s, ma jor),
1.39 (s, mi nor), 1.63-2.58 (m, ma jor + mi nor), and oth ers.

(R)-3-Carboxy-5-methyl-5(1-methyl)ethyl-(3H)-4,5-dihydro
-2-furanone [(R)-9b]

Liq uid prod uct (R)-9b (41 mg, 27% over all from (S)-7b) 
was ob tained from 172 mg crude (R)-8b by the pro ce dure de -
scribed for (R)-9a. The pro ton nmr spec trum in di cated two
diastereomers in a ra tio of 41/59.

1H NMR: δ 0.91-1.01 (m, ma jor + mi nor), 1.30 (s, ma -
jor), 1.40 (s, mi nor), 1.78-2.03 (m, ma jor + mi nor), 2.16-2.55
(m, ma jor + mi nor), 3.70-3.84 (m, ma jor + mi nor), 8.7 (bs).
13C NMR: ma jor: δ 16.7 (CH3), 17.0 (CH3), 21.2, (CH3), 35.1
(CH2), 37.3 (CH), 46.9 (CH), 89.3 (C), 171.3 (C), 172.2 (C);
mi nor: 16.9 (CH3), 17.2 (CH3), 23.2 (CH3), 34.2 (CH2), 36.9
(CH), 47.6 (CH), 89.9 (C), 171.5 (C), 172.4 (C).

(R)-3-Methylene-5-methyl-5-(1′-methyl)ethyl-(5H)-3,4-
dihydro-2-furanone [(R)-2b]

By the pro ce dure de scribed for (R)-2a, 30 mg (88%,
78% e.e.) of liq uid prod uct (R)-2b was ob tained from 41 mg of 
(R)-9b30. A pure sam ple was ob tained by chro mato graphic pu -
ri fi ca tion on sil ica gel with Et2O/pentane. [α]D

20 -1.67 (c + 0.6,
CHCl3).

1H NMR: δ 0.87 (d, J = 6.8 Hz, 33H), 0.93 (d, J = 6.8 Hz,
3H), 1.27 (s, 3H), 1.86  (sep tet, J = 6.8 Hz, 1H), 2.55 (A of
ABXY, J = 17.1 Hz, JAX  = JBX = 2.4 Hz, 1H), 2.79 (B of
ABXY, JAB = 17.1 Hz, JBX = JBY = 2.9 Hz, 1H), 5.56 (ABX, JXA

= JXB = 2.5 Hz, 1H),  6.16 (ABY, JYB = JYA = 2.8 Hz, 1H) [lit.30

1H NMR: δ 0.97 (d, J = 6.75 Hz, 3H), 1.02 (d, 6.75, 3H), 1.37
(s, 3H), 1.50-2.25 (m, 1H), 2.68-2.88 (m, 2H), 5.71 (t, J = 3.0
Hz, 1H), 6.22 (t, J = 3.0 Hz, 1H) for the racemate]. 13C NMR: δ
16.9 (CH3), 23.2 (CH3), 37.1 (CH), 37.5 (CH2), 86.4 (C),
121.8 (CH2), 136.5 (C). 

(R)-5-Methyl-5-(1′-methyl)ethyl-(3H)-4,5-dihydro-2-
furanone [(R)-1b]

Ac cord ing to the pro ce dure de scribed for (R)-1a, the
crude liq uid prod uct (R)-9b (147 mg) yielded 53 mg of crude
prod uct which was pu ri fied to give 25 mg [17.5% over all from 
(S)-7b (90% d.e.] of (R)-1b.16

1H NMR: δ 0.89 (d, J = 6.9 Hz, 3H), 0.95 (d, J = 6.8 Hz,
3H), 1.27 (s, 3H), 1.76-2.15 (m, 3H), 2.31-2.72 (m, 2H).
[lit.16a  1H NMR: δ 0.92 (d, J = 7 Hz, 3H), 0.97 (d, J = 7 Hz,
3H), 1.28 (s, 3H), 1.6-2.7 (m, 5H)]. 13C NMR: δ 17.0 (CH3),
17.1 (CH3), 21.6 (CH3), 29.2 (CH2), 37.1 (CH), 89.6 (C),
173.3 (C). [α]D

20 - 8.5 (c = 0.75, CHCl3) [lit.
16a [α]D

21 - 10.2 (c =
1.07, CHCl3); lit16b [α]D

20 10°  (c = 0.64, CHCl3)] 92.4% e.e. by
nmr de ter mi na tion us ing Eu(hfc)3; 83% on the ba sis of [α]D.

β-H ydroxy Es ter 10a
A mixture of 880 mg (32.9 mmol) of magnesium

turnings, 4.00 g (13.2 mmol) of 2-benzoyl-1,3-oxathiane 5a14

and 1.50 g (15.8 mmol) of anhydrous MgCl2 in ca. 200 mL dry
THF was refluxed under dry nitrogen for 30 min. The mixture
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was allowed to cool to ambient temperature and then a small
iodine crystal was added to activate the magnesium surface.
To the resulting yellowish solution was added 2.13 mL (13.8
mmol) of t-butyl bromoacetate in ca. 30 mL of THF over 10
min at 32 °C. After being stirred for 4 h, the reaction mixture
was poured into 50 mL of cold saturated aqueous NH4Cl. The
aqueous layer was extracted with 3 × 100mL of ether and the
combined organic layer was washed with 30 mL of saturated
aqueous NaCl and dried (MgSO4). Concentration of the
solvent gave 5.64 g of crude products as a yellow oil. The
diastereomer ratio of 10a was determined by 1H NMR to be
78:22. This material was purified by flash chromatograph
(5:95 EtOAc/petroleum ether) on silica gel to give 3.63 g
(8.63 mmol, 63%) of 10a as a mixture of two diastereomers.
Further purification by HPLC (6:94 EtOAc/petroleum ether)
gave 2.21 g (5.26 mmol, 40%) of diastereomerically pure
β-hydroxy ester (S)-10a (99.4:0.6 by 1H NMR):

1H NMR: δ 0.91 (d, J = 5.0 Hz, 3H), 1.17 (s, 3H), 1.28 (s, 
9H), 1.34 (s, 3H), 2.96 and 3.08 (AB, J = 17.5 Hz, 2H), 3.37
(dt, J = 5.0, 12.5 Hz, 1H), 4.59 (s, 1H), 5.09 (s, 1H), 7.24-7.36
(m, 3H), 7.52 (d, J = 10 Hz, 2H) and oth ers. 13C NMR: δ 22.1,
22.7, 24.4, 27.9, 29.7, 31.5, 34.8, 41.8, 42.4, 43.1, 50.7, 76.7,
77.8, 81.5, 85.7, 126.5, 127.4, 142.2, 171.9.  Anal. calcd. for
C24H36SO4: C, 68.53; H, 8.63; S, 7.62. Found: C, 68.46; H,
8.74; S,7.40.

(3S)-t-Butyl 3,4-Dihydroxy-3-phenylbutanoate (11a)
To a so lu tion of 765  mg (5.61 mmol) of NCS in ca. 100

mL of  80% aque ous acetonitrile so lu tion was added, se quen -
tially, 988 mg (5.81 mmol) of AgNO3 and 1.112 g (2.65 mmol) 
of oxathiane 10a in 10 mL of CH3CN at -5 °C. Af ter stir ring
for 10 min, the re sult ing white pre cip i tate was fil tered off. The 
fil trate was stirred for 20 min and treated, suc ces sively, at 1
min in ter vals, with sat u rated aque ous Na2SO3, sat u rated aque -
ous Na2CO3, and sat u rated aque ous NaCl (2 mL of each). The
mix ture was fil tered and the fil ter cake was washed with
Et2O-hexanes (1:1). To the fil trate was added 1.40 g of NaBH4

and the re sult ing so lu tion was stirred for 1 h at am bi ent tem -
per a ture and then quenched with ac e tone. The re ac tion mix -
ture was fil tered, con cen trated, ex tracted, with 3 x 50 mL
ether, dried (MgSO4) and con cen trated to yield 850 mg of
crude prod ucts as a yel low oil. Pu ri fi ca tion by flash chro ma -
tog ra phy (20:80 ethyl ac e tate/chlo ro form) on sil ica gel gave
362 mg (54%) of diol (S)-11a and 410 mg (77%) of sultines
(cf. ref 13). A small sam ple was fur ther pu ri fied by
recrystallization from EtOAc-pentane (9:1) [α] D

20 +15.0 (c =
4.2, EtOH), mp 84-85 °C.

Anal. calcd. for C14H20O4: C, 66.64; H, 7.99. Found: C,
66.74; H, 7.85.  1H NMR: δ 1.26 (s, 9H), 2.24 (dd, J = 4.8, 8.8
Hz, 1H), 2.86 and 3.01 (AB, J = 15.6 Hz, 2H), 3.53 and 3.63

(A'B', J = 1.5, 4.6, 11.6 Hz, 2H), 2.77 (d, J = 1.4 Hz, 1H),
7.23-7.47 (m, 5H) and oth ers. 13C NMR: δ 27.7, 42.2, 70.4,
75.9, 81.9, 125.3, 127.3, 128.2, 142.8, 172.6.

(S)-4-Hydroxy-4-phenyl-3,4-dihydro(5H)-furan-2-one [(S)-4a]
A mix ture of 140 mg (0.555 mmol) of diol (S)-11a and

790 mg of NaHCO3 in 25 mL of MeOH was stirred. The prog -
ress of the hy dro ly sis was fol lowed by TLC. Af ter 3 h, 6 mL of 
sat u rated aque ous NH4Cl was added  and the MeOH was evap -
o rated. The aque ous layer was ex tracted with 3 × 15 mL of
Et2O and the com bined or ganic layer was dried (MgSO4) and
con cen trated to leave 105 mg of crude prod ucts. Pu ri fi ca tion
by flash chro ma tog ra phy on sil ica gel (30:70, ethyl ac e -
tate/hex anes) gave 77 mg (0.432 mmol, 78%) of crys tal line
lactone (S)-4a. Its enantiomeric pu rity was de ter mined by
means of a chiral shift ex per i ment [4a/Eu(hfc)3 = 0.2) to be 
~100% e.e; mp 77-78  °C, [α]D

20 -30.7 (c = 3.92, EtOH).
1H NMR: δ 2.81 (ABX, JAX = 1.1,  JAB = 17.3 Hz, 1H),

3.02 (AB, JAB = 17.3 Hz, 1H), 4.40 (XY, JXY = 9.9 Hz, 1H),
4.46 (AXY, JAX = 1.1, JXY  = 9.9 Hz, 1H), 7.30-7.39 (m, 5H).
13C NMR: δ 43.5, 78.2, 79.85, 125.0, 128.5, 128.9, 140.2,
175.9.

(S)-Diol 12a
To a suspension of 271 mg (7.14 mmol) of LiAlH4 in

20 mL of dry ether was added dropwise 1.10 g (2.62 mmol,
99% d.e) of β-hydroxy ester 10a in 10mL of dry ether.
After refluxing for 2h, the reaction mixture was quenched
with a minimum amount of water. The resulting white
precipitate was filtered and the cake was washed with
Et2O. The filtrate was dried (MgSO4) and concentrated to
give 851 mg (93% yield) of crude crystalline 13a.
Recrystalliza tion from CHCl3-pentane (3:7) gave 794 mg
(87% yield) of dias tereomerically pure diol 12a: mp
143-144 °C. Anal. calc'd for C20H30SO3: C, 68.53; H, 8.63.
Found C, 68.72; H, 8.63.

1H NMR: δ 0.88 (d, J = 7.5 Hz, 3H), 1.07 (q, J = 12.5 Hz,
1H), 1.23 (s, 3H), 1.35 (s, 3H), 1.60-1.72 (br m, 1H),
1.72-1.90 (br m, 2H), 2.18 (dt, J = 5.0, 15.0 Hz, 1H), 2.25-2.38 
(m, 1H), 2.83 (bs, 1H), 3.37 (dt, J = 5.0, 10 Hz, 1H), 3.45-3.66
(br m, 2H), 3.86 (s, 1H), 5.04 (s, 1H), 7.20-7.38 (m, 3H),
7.44-7.54 (m, 2H) and oth ers. 13C NMR: δ 22.0, 22.7, 24.4,
29.7, 31.4, 34.7, 38.9, 41.6, 43.2, 50.9, 59.4, 77.8, 78.9, 86.4,
126.3, 127.1, 127.8, 142.45.

Monoacetate (S)-13a (X = CH3CO)
 To a so lu tion of 406 mg (1.16 mmol, 98% d.e.) of diol

12a and a cat a lytic amount of 4-dimethylaminopyridine in 3
mL of CH2Cl2 was added 5 mL of ace tic an hy dride at 0 °C. Af -
ter stir ring for 1 h, the above re ac tion mix ture was poured into
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20 mL of ice wa ter, the aque ous layer was ex tracted with 4 ×
10 mL of CH2Cl2, and the com bined or ganic layer was washed 
with 15 mL of sat u rated aque ous NaHCO3, dried (MgSO4) and 
con cen trated to leave 464 mg of monoacetate 13a whose
diastereomeric pu rity was de ter mined by 1H NMR to be 98% d.e.

1H NMR: δ 0.89 (d, J = 6.4 Hz, 3H), 1.24 (s, 3H), 1.32
(s, 3H), 1.90 (s, 3H), 2.32 and 2.42 (ABXY, JAB = 14.1, JAX =
6.4, JBX = 5.7, JAY = JBY  = 8.6 Hz, 2H), 3.38 (dt, J = 4.3, 10.5
Hz, 1H), 3.99 and 4.12 (ABXY, JXY = 11.0 Hz, 2H), 4.98 (s,
1H), 7.22-7.38 (m, 3H), 7.46-7.53 (m, 2H) and oth ers. 13C
NMR: δ 20.5, 21.8, 22.3, 24.0, 29.3, 31.0, 34.3, 35.1, 41.2,
42.9, 50.4, 60.7, 76.4, 77.3, 85.9, 125.9, 126.7, 127.5, 141.4,
170.5.

(2S)-4-Acetoxy-2-hydroxy-2-phenylbutanoic acid 14a (X = 
CH3CO) and Lactone (S)-3a

To a so lu tion 506 mg (3.79 mmol) of NCS, 649 mg (3.82 
mmol) of AgNO3 and 318 mg (3.79 mmol) of NaHCO3 in 40
mL of 80% aque ous acetonitrile so lu tion was added 425 mg
(108.mmol, 98% d.e) of the monoacetate of 13a in 15 mL of
acetonitrile. Af ter stir ring for 10 min, the white pre cip i tate
formed was fil tered and the fil trate was stirred for an ad di -
tional 15 min. Sat u rated aque ous Na2SO3 and sat u rated aque -
ous NaCl (2 mL of each) were succesively added to the above
so lu tion, and the pre cip i tate formed was re moved by fil tra -
tion. To the fil trate was added 4.0 mL of 3-methyl-2-butene
and a so lu tion of 980 mg (8.67 mmol, 80% pu rity) of NaClO2

and 1.18 g (8.67 mmol) of KH2PO4 in 20 mL of wa ter at am bi -
ent tem per a ture. Af ter vig or ous stir ring for 40 min, the sol -
vent was con cen trated to leave a mix ture of crude prod ucts
and wa ter. This ma te rial was first ex tracted with 3 x 20 mL
hex anes and then 3 x 20 mL of CH2Cl2 and the re main ing
aque ous layer was con tin u ously ex tracted with 300 mL CHCl3

for one day. The com bined CH2Cl2 and CHCl3 ex tracts were
con cen trated to leave 674 mg of crude acid 14a as a mix ture of 
oil and crys tals (succinimide). This ma te rial was dis solved in
5 mL of 1 N NaOH so lu tion and the re sult ing mix ture was
stirred for 1 h, acid i fied with 2 N aque ous HCl and ex tracted
with 3 x 30 mL of ether. The com bined or ganic layer was dried 
(MgSO4) and con cen trated to leave 179 mg of crude lactone
3a. Pu ri fi ca tion by flash chro ma tog ra phy on sil ica gel (30:70
EtOAc/hex anes) gave 117 mg (61%) 3a. Its enantiomeric pu -
rity was de ter mined by means of a chiral shift [Eu(hfc)3] ex -
per i ment to be >98% e.e.

Acid 14a (succinimide signals deducted)
1H NMR: δ 1.87 (s, 3H), 2.28 (ABX, J = 4.5, 11.4 Hz,

1H) and 2.60 (J = 5.9, 11.4 Hz, 1H), 4.16 (d, J = 4.9 Hz, 1H),
4.19 (dd,  J = 2.1, 5.6 Hz, 1H), 7.18-7.33 (m, 3H), 7.52-7.59

(m, 2H), 9.18 (bs, 2H).

(S)-3-Hydroxy-3-phenyl-(5H)3,4-dihydro-furan-2-one (S-3a)
[α] D

23-56.6 (C 4.4, EtOH) 1H NMR: δ 2.53 and 2.68
(ABXY, JAB = 13.1 Hz, 2H), 4.15 and 4.41 (ABXY, JXY = 9.0,
JAX = 7.0, JBX  = 7.0 Hz, JAY = 5.0, JBY = 8.0 Hz), 7.27-7.41 (m,
5H). 13C NMR: δ 38.5, 65.1, 77.0, 125.2, 128.6, 128.7, 139.6,
178.0. [Lit.20d  δ 2.35 (m,1H), 2.90 (m, 3H), 7.0-8.0 (m, 5H).
Lit.20c reports Jgem 13.4 Hz and 9.1 Hz for H(3) and H(4),
respectively.]

Es ter 10c 
This compound was ob tained sim i larly as 10a from 5c23

in 89% yield and 76% d.e. The diastereomer ex cess was en -
riched to 84% by HPLC (6:94, EtOAc/hex anes) pu ri fi ca tion.

1H NMR (CDCl3): δ 0.92 (d, J = 6.48 Hz, 3H), 1.27 (s,
3H), 1.31 (s, 3H), 1.41 (s, 3H), 1.43 (s, 9H), 2.45, 2.68 (AB, J
= 15.5 Hz, 2H), 3.38 (dt, J = 4.3, 10.5 Hz, 1H), 4.9 (s, 1H) and
oth ers. 13C NMR (CDCl3): δ 22.0, 22.7, 23.5, 24.3, 28.1, 29.7,
31.3, 34.6, 41.6, 42.6, 42.9, 50.7, 73.0, 77.6, 81.1, 85.2, 171.8.

(2R)-t-Butyl 3,4-Dihydroxy-3-methylbutanoate [(R)-11c] 
This compound was similarly prepared from 10c as 11a

from 10a (vide supra). The resulting oil-water mixture was
first extracted with 2 x 25 mL of hexanes and then 3 x 25 mL
of CH2Cl2 and the remaining aqueous layer was continuously
extracted with 300 mL of chloroform for one day. The
combined CH2Cl2 and CHCl3 extracts were concentrated to
leave 1.70 g of crude products as a mixture of oil and crystals
(succinimide). Most of the succinimide was crystallized out
by dissolving in ether-hexanes (1:1) and filtering.
Concentration of the filtrate gave 892 mg of crude 11c as an
oil. This material was further purified by flash
chromatography on silica gel (50:50, EtOAc/hexanes) to give
644 mg (3.49 mmol, 65%) of pure diol 11b.

1H NMR: δ 1.18 (s, 3H), 1.44 (s, 9H), 2.29 (AB, J = 15.5
Hz, 1H) and 2.57 (ABX, J = 1.23, 15.5 Hz, 1H), 3.38 and 3.43
(A'B', J = 11.2 Hz, 2H). 13C NMR: δ 23.7, 27.9, 42.8, 69.3,
71.6, 81.5, 172.3.

(R)-4-Hydroxy-4-methyl-(3H)-4,5-dihydro-2-furanone
[(R)-4c]

Com pound (R)-11c (288 mg) was lactonized by the pro -
ce dure de scribed above for 11a to give 144 mg (R)-4c af ter pu -
ri fi ca tion by flash chro ma tog ra phy. Its enantiomeric pu rity
was de ter mined by means of a chiral shift ex per i ment
[4c/Eu(hfc)3 = 0.22] to be 90% e.e.

1H NMR: δ 1.51 (d, J = 1.2 Hz, 3H), 2.58 (ABXY, JAX  =
JAY = 1.4, JAB = 17.5 Hz, 1H),  2.64 (AB, JAB = 17.5 Hz, 1H),
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4.14 (XY, JAX = 1.2, JXY = 9.6 Hz, 1H), 4.26 (XY, JAY = 1.4,
JXY = 9.6 Hz, 1H). 13C NMR: δ 24.4, 43.2, 74.3, 79.6, 176.8.
[Lit.18 1H NMR: δ 1.51 (s, 3H), 2.54-2.68 (AB, 2H), 2.54-2.68
(AB, 2H), 2.76 (s, 1H), 4.13-4.29 (AB, 2H).  13C NMR: δ 25.2, 
43.8, 74.9, 80.0, 176.6.]

Diol (R)-12c
Com pound 10c (2.03 g, 5.66 mmol) was re duced with

0.66 g LiAlH4 by the pro ce dure for 12a above to give 1.56 g
(93%) of crude (R)-12c. This ma te rial was recrystallized from
hex anes-CHCl3 (10 mL/0.5 mL) to give 1.15 g (69%) of pure
diol (R)-12c as white crys tals. The pu rity of this diol was de -
ter mined by 1H NMR to be 98% d.e, mp 103-10 °C.

1H NMR: δ 0.93 (d, J = 6.5 Hz, 3H), 1.29 (s, 6H), 1.42
(s, 3H), 2.56 (bs, 2H), 3.44 (dt, J = 4.3, 10.5 Hz, 1H), 3.74
(ABXY, J = 4.7, 5.7, 11.8 Hz, 1H), 3.83 (ABXY, J = 4.2, 8.1,
11.8 Hz, 1H), 4.86 (s, 1H) and oth ers. 13C NMR: δ 22.0, 22.6,
23.7, 24.2, 29.6, 31.3, 34.5, 38.7, 41.5, 43.1, 50.8, 59.2, 74.8,
77.6, 85.9.

Ben zo ate (R)-13c (R = C6H5CO)
To a so lu tion 951 mg (3.30 mmol) of diol (R)-12c and a

cat a lytic amount of 4-dimethylaminopyridine in 10 mL of
CH2Cl2 was suc ces sively added 2 mL of triethylamine and
0.58 mL (5.00 mmol) of benzoyl chlo ride. Af ter stir ring for 30 
min, the re ac tion mix ture was poured into 20 mL of ice wa ter,
the aque ous layer was ex tracted with 3 x 20 mL of CH2Cl2 and
the com bined or ganic layer was washed with sat u rated aque -
ous NaHCO3, dried (MgSO4) and con cen trated to leave 1.63 g
of crude prod ucts as an oil. This ma te rial was fur ther pu ri fied
by flash chro ma tog ra phy on sil ica gel (30:70), EtOAc/hex -
anes) to give 1.29 g (99%) of the pure ben zo ate 13c.

1H NMR: δ 0.91 (d, J = 6.4 Hz, 3H), 1.28 (s, 3H), 1.31
(s, 3H), 1.41 (s, 3H), 3.39 (dt, J = 4.3, 10.5 Hz, 1H), 4.54 (t, J
= 7.1 Hz, 2H), 4.84 (s, 1H), 7.38-7.59  (m, 3H), 8.01-8.07 (m,
2H) and oth ers. 13C NMR: δ 22.0, 22.6, 23.7, 24.2, 29.6, 31.3,
34.5, 36.1, 41.5, 43.1, 50.7, 61.5, 73.2, 77.5, 85.9, 128.2,
129.4, 130.4, 132.7, 166.4.

(1R)-2-Hydroxy-2-methyl-4-benzoyloxybutanoic acid
[(R)-14c]

The pro ce dure was sim i lar to that de scribed for 14a
above to pro duce 927 mg of the crude acid 14c as the ma jor
prod uct. This ma te rial was used with out fur ther pu ri fi ca tion.

1H NMR: δ 1.52 (s, 3H), 2.09 (ABX, J = 5.0, 14.0 Hz,
1H), 2.44 (ABX, J = 6.9, 14.0 Hz, 1H), 4.47 (d, J = 5.0 Hz,
1H), 4.50 (d, J = 1.5, 5.0 Hz, 1H), 5.57 (bs, 2H), 7.36-7.60 (m,
3H), 7.96-8.03 (m, 2H).

(R)-3-Hydroxy-3-methyl-(3H) 4,5-dihydro-2-furanone

[(R)-3b]
A mix ture of 927 mg of acid (R)-14c and 850 mg of

K2CO3 in 15 mL of dry meth a nol was stirred at am bi ent tem -
per a ture. The prog ress of the hy dro ly sis was fol lowed by
TLC. Af ter stir ring for 5.5 h and fil tra tion to re move K2CO3, 2
mL of 2 N aque ous HCl was added and the meth a nol was dis -
tilled at re duced pres sure to leave an aque ous layer. It was ex -
tracted with 6 x 20 mL of CH2Cl2 and the com bined ex tracts
were dried (MgSO4). Con cen tra tion of the sol vent af forded
178 mg of crude prod ucts. Pu ri fi ca tion by flash chro ma tog ra -
phy on sil ica gel (5:95 EtOH/CH2Cl2) gave 151 mg (1.51
mmol, 50% in three steps from ben zo ate 13c) of pure lactone
(R)-3c. Its op ti cal pu rity was de ter mined by a chiral shift ex -
per i ment [3c/Eu(hfc)3 = 0.71] to be 96% e.e..

1H NMR: δ 1.48 (s, 3H), 2.23 (ABXY, J = 4.5, JAX = 7.0,
JAB =13.0 Hz, 1H), 2.41 (ABXY, JBX  = JBY = 7.7, JAB = 13.0
Hz, 1H), 4.2 (ABXY, JAX = 7.1, JBX = 7.8, JXY = 9.2 Hz, 1H),
4.39 (ABXY, JAY  = 4.2, JBY = 8.2, JXY =9.2 Hz, 1H) [lit.21a 1H
NMR: δ 1.47 (s, 3H), 1.98-2.70 (m, 2H), 4.21 (s, 1H),
4.02-4.63 (m, 2H) for the racemate]. 13C NMR: δ 23.5, 36.6,
72.1, 85.2, 179.6.
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