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The frequency shift caused by “0 and I80 on the symmetric and antisymmetric >SOt 
vibrational stretching modes of 2,2-dioxo-1,3,2-dioxathianes (six-membered-cyclic sulfate 
esters) is shown to be dependent on whether the oxygen isotope is located in an axial or 
equatorial site. This observation allows enantiomeric [160, “0, ‘*Olsulfate monoesters of 
chiral 1,3-diols, such as (3R)-butane-1,3-diol, to be distinguished by infrared spectroscopy 
after cyclization to the isotopomeric mixture of (4R)-methyl-2.2-dioxo-1,3,2-dioxa- 
thianes. 0 1988 Academic Press. Inc. 

INTRODUCTION 

A general strategy has been developed for the synthesis of chiral [i60, “0, 
i80]sulfate monoesters, with the goal of determining the stereochemical course of 
chemical- and enzyme-catalyzed sulfuryl transfer reactions (I). Although this 
method of synthesis gives [i60, “0, ‘*O]sulfate monoesters of known absolute 
configuration, a method of stereochemical analysis is required in order to deter- 
mine the chirality of the product of a reaction. We now report a method for 
determining the chirality of [i60, 170 i80]sulfate monoesters using Fourier trans- 
form infrared (FTIR)’ spectroscopy.’ 

RESULTS AND DISCUSSION 

The frequency of an ir vibrational mode is markedly affected by isotopic substi- 
tution (2). Thus in sulfur dioxide substitution of one 160 by **O leads to a shift of 
the symmetric and antisymmetric stretching modes by 30 and 19 cm-‘, respec- 
tively (3). In order to explore the conformational effect of igO on the symmetric 
and antisymmetric >SOZ stretching modes in six-membered cyclic sulfate esters, 
2,2-[i80]dioxo-1 ,3,2-dioxathiane 1 was initially prepared from 2-0x0-1,3,2-dioxa- 
thiane by oxidation with ruthenium [i804]tetroxide (4). Since this should exist as 
an equilibrium mixture of the chair conformations with igO in the axial la and 
equatorial le sites, it should provide a direct demonstration of the effect of confor- 

i Abbreviation used: FTIR, Fourier transform infrared 
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FIG. 1. (a) The FTIR spectrum of the antisymmetric and symmetric>S02 stretching region of 2,2- 
[‘80]dioxo-1,3,2-dioxathiane and (b) the same spectrum after deconvolution with an enhancement 
factor of 1.68 and linewidth at half height of 5 cm-’ for the antisymmetric >SO* stretching region and 
an enhancement factor of 1.50 and linewidth at half height of 4 cm-’ for the symmetric >S02 stretching 
region. 

mation on the isotope shift of the >SOZ symmetric and antisymmetric stretching 
frequencies. 

The FTIR spectrum of 1 is shown in Fig. la (the I80 site is only about 60% 
enriched). It is evident from this spectrum that the isotope shift on both the 
symmetric and antisymmetric modes of the X02 group is conformationally de- 
pendent, but the isotope shift is greater and the linewidth narrower in the symmet- 
ric stretching mode. Separate deconvolution of these two spectral regions gave 
the resolution-enhanced spectrum shown in Fig. lb. In order to assign the confor- 
mations responsible for the two symmetric and antisymmetric >S [160, 180] 
stretching vibrations, the cis- and [runs-cyclic sulfite esters 2 and 3, derived from 
(3R)-butane-1,3-diol and thionyl chloride, were oxidized with ruthenium [‘*OJte- 
troxide to give the isotopomeric cyclic [180]sulfate esters. Since this oxidation is 
known to proceed with retention of configuration at sulfur (4) the c&sulfite 2 
must give the (Rs)-[i80]sulfate 4, and the trans-sulfite 3 must give the (Ss)- 
[i80]sulfate 5. A s expected, each isotopomer possesses only one symmetric and 
one antisymmetric >SOZ stretching vibration (data in Table 1) since the confor- 



SPECTROSCOPIC ANALYSIS OF CHIRAL SULFATE MONOESTERS 285 

TABLE 1 

The Effect of Oxygen Isotopic Substitution on the Symmetric and Antisymmetric >SOz Stretching 
Frequencies of (4R)-Methyl-2,2-dioxo-1,3,2-dioxathianes 

Symmetric Antisymmetric 
Isotope stretching A for symmetric stretching A for antisymmetric 

frequency stretching mode frequency stretching mode 
Axial Equatorial (cm-‘) (cm-0 (cm-‘) (cm-l) 

‘60 ‘60 1201 - 1414 - 
‘60 “0 1192 9 1401 13 
“0 ‘60 1186 15 1407 7 
‘60 ‘80 1183 18 1392 22 
‘80 ‘60 1172 29 1401 13 
“0 ‘80 1170 31 1384 30 
‘80 “0 1163 38 1389 25 
‘80 ‘80 1157 44 1378 36 

Note. A is the isotope shift from the >S1602 frequency. 

mation with the methyl group equatorial is strongly preferred. The values differ 
slightly from those observed for 2,2-[‘80]dioxo-1,3,2-dioxathiane 1 (by about 1 
cm-‘), but allow the assignments to be made unambiguously as shown in Fig. 1. 

The cis- and trans-cyclic [i80]sulfite esters 6 and 7 have also been prepared 
from (3R)-butane-1,3-diol and [lsO]thionyl chloride. Oxidation of these and the 
cyclic sulfite esters 2 and 3 with ruthenium PO&, [1704]-, or [1804]tetroxide 
allowed eight isotopomers to be prepared and the frequency of their symmetric 
and antisymmetric stretching vibrations to be determined. These are shown in 
Table 1 together with the isotope shift from the >SOZ symmetric and antisymmet- 
ric vibrational frequencies. As expected the isotope shift caused by i*O is about 
twice the isotope shift caused by 170, and the isotope shifts are approximately 
additive. The difference in the isotope shift observed when the heavy oxygen 
isotope is in the axial compared with the equatorial position is gratifyingly large. 
Moreover, since each of the diastereoisotopomeric pairs are easily distinguish- 
able, especially in the symmetric stretching mode, ir spectroscopy should provide 
a means for distinguishing between enantiomeric PO, l’0, i80]sulfate monoes- 
ters. 

In order to establish the method for the stereochemical analysis of chiral PO, 
170, ‘*O]sulfate monoesters based on FTIR spectroscopy (SJ- and (R&3(R)- 
butan-l-ol-3[i60, 170, t80]sulfate were prepared as outlined in Scheme 1. cis- and 
trans-4(R)-Methyl-2-[180]oxo-l ,3,2-dioxathianes 6 and 7 were oxidized separately 
with ruthenium [t704]tetroxide (prepared in situ from ruthenium dioxide, sodium 
periodate, and “O-water) (4), giving 4(R)-methyl-2[(S)-“0, t80]dioxo-1 ,3,2-di- 
oxathiane 8 and 4(R)-methyl-2[(R)-“0, ‘80]dioxo-l ,3,2-dioxathiane 9, respec- 
tively. 

The hydrolytic cleavage of 4-methyl-2,2-dioxo- I,3 ,Zdioxathiane has been ex- 
tensively studied, but no conditions were found which gave exclusive cleavage of 
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SCHEME 1. The synthesis of (S,)- and (I?,)-[(160, “0, ‘sOlsulfate esters. Reagents: i, Ru1704 (from 
RuOz, NaI04, and HJ’O); ii, NH3,MeOH; iii, NaN02, aq AcOH. a), “0; 0, l*O. 

the primary C-O bond (5). Ammonia in methanol, however, gave the desired 
mode of ring cleavage, the primary amines 10 and 11 being isolated virtually 
quantitatively. The corresponding primary alcohols 12 and 13 were obtained by 
treatment of the amines with nitrous acid in 83% yield. 

It was necessary to develop a stereospecific method for the cyclization of the 
enantiomeric [i60, 170, i80]sulfate monoesters 12 and 13. Lack of precedent for 
the formation of cyclic sulfate esters from acyclic sulfate monoesters led to the 
exploration of several possible reagents. Only two were found: namely, triflu- 
oromethanesulfonic anhydride and sulfuryl chloride; the latter gave better 
yields and has been used throughout. 

In order to investigate whether there was any isotope exchange during cycliza- 
tion, 3(R)-butan-l-01-3[1sO]sulfate was prepared from 5 and cyclized with sulfuryl 
chloride. The ammonia chemical ionization mass spectrum of the cyclic sulfate 
revealed a molecular ion at m/z 172 only (M, for C4HeS04 * NH: is 170 and 
C4HgS0j’80 * NH: is 172), suggesting that cyclization had occurred by activation 
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SCHEME 2. The mechanism of cyclization of (lR)-3-hydroxymethylpropyl sulfate. 

of the primary alcohol followed by intramolecular displacement by the sulfate 
monoester (Scheme 2). This mode of cyclization was confirmed by the natural 
abundance 13C NMR spectrum of the cyclic sulfate which showed C-l to be split 
into two resonances at 71.784 and 71.749 ppm, the endocyclic IgO causing an 
upfield shift of 0.035 pm as expected (6), and in a 2 : I ratio of intensity after 
correcting for the IgO enrichment of the sulfate monoester; thus no loss of isotope 
had occurred. It was of interest to investigate the FTIR spectrum of the mixture of 
isotopomeric cyclic sulfate esters. As expected three absorption bands were ob- 
served in both the symmetric and antisymmetric >SOZ stretching regions (Fig. 2). 
For the isotopomer containing IgO in the C-O-S bridge the symmetric and anti- 
symmetric >SOZ absorption bands were at 1201 and 1414 cm-‘, respectively, i.e., 
identical (at 1 cm-’ resolution) to those for 4(R)-methyl-2,2-dioxo-1,3,2-dioxa- 
thiane (and consequently not resolved from a small amount of unlabeled mate- 
rial). Thus a heavy oxygen isotope in the C-O-S bridge of the cyclic sulfate ester 
leaves both the symmetric and antisymmetric X02 stretching frequencies unper- 
turbed. 

Since none of the S-O bonds are broken in the cyclization of 3(R)-butan-l-01-3- 
sulfate with sulfuryl chloride the cyclization should proceed stereospecifically for 
a chiral [i60, 170, ‘80]sulfate with retention of configuration. In order to confirm 
this prediction the [(S)-r60, “0, i80]sulfate ester 12 and the [(R)J60, “0, 
180]sulfate ester 13 were cyclized with sulfuryl chloride and the FTIR spectra of 
the isotopomeric mixture of cyclic sulfate esters measured. The spectra of the 
symmetric and antisymmetric :SOz stretching vibrations are shown in Fig. 3. 

Scheme 3 shows the mixture of isotopomeric 4(R)-methyl-2,2-dioxo- 1,3,2-di- 
oxathianes that should be formed by cyclizing the (S,)- and (R,)-chiral [160, “0, 
*80]sulfate esters 12 and 13 with retention of configuration at sulfur by the mecha- 
nism outlined in Scheme 2. If all three isotopes were fully enriched only the three 
isotopomers shown on the top row of each set would be obtained, but in practice 
the ““O-site” consists of a substantial amount of I60 and IgO, and therefore nine 
isotopomeric species should be formed; the igO site is 99 atom% IgO. The symmet- 
ric and antisymmetric >S02 stretching frequencies are shown for each isotopo- 
mer. 

The spectra shown in Figs. 3a and 3b are easily distinguishable. This is because 
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FIG. 2. The FTIR spectrum showing the symmetric and antisymmetric X02 stretching frequencies 
of the isotopomeric mixture obtained by cyclizing 3(R)-butan-l-01-3[180]sulfate with sulfuryl chloride. 
The spectral resolution was enhanced by Fourier deconvolution: for the symmetric stretching region a 
linewidth of 12 cm-r and an enhancement factor of 1.5 were used, whereas for the antisymmetric 
stretching region a linewidth of 20 cm-l and an enhancement factor of 2.0 were used. The symmetric 
and antisymmetric :SOz stretching frequencies at 1201 and 1414 cm-‘, respectively, coincide with 
those for unlabeled 4(R)-methyl-2,2-dioxo-1,3,2-dioxathiane. The scale is in cm-‘. l , l*O. 

the peaks for the [i70aX, 160,,]- and [180aX, 170,,]-isotopomers are absent in Fig. 3a 
and present in Fig. 3b, whereas the peaks due to the [i60aX, i70,,]- and [170aX, 
180,,)-isotopomers are present in Fig. 3a and absent in Fig. 3b. In addition the 
ratio of the intensities of the peaks for the [i80aX, i60,,]- and [i60aX, t80,,]-isotopo- 
mers are different in the two spectra. 

It should be noted that the linewidth and extinction coefficient for different 
isotopomers are significantly different. This is well illustrated in Fig. 2 where the 
[180 ax, i60,,)- and [i60aX, 180,,]-isotopomers must be present in equimolar 
amounts. If peak intensities are used to quantify the stereochemical analysis this 
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SCHEME 3. The cyclization of (SJ- and (R,)-[‘60, “0, ‘80Jsulfate esters 12 and 13 with retention of 
configuration at sulfur. I f  the three isotopes were fully enriched only the three isotopomers shown in 
the top row of each set would be formed, but since the “170-site” contains substantial amounts of I60 
and ‘80, nine isotopomers will be formed as shown from each chiral sulfate. a,, “0; 0, ‘$0. 

fact must be taken into account. It is much simpler and more accurate to look for 
the presence and absence of the isotopomers containing “0 in the symmetric 
>SOz stretching frequency region of the spectrum. In the set of isotopomers 
derived from the chiral [(S)-“j0, “0, ‘*O]sulfate ester 12 the [16O8X, “O,,]-isotopo- 
mer (1192 cm-‘) should be well resolved, whereas the [“OaX, ‘80,,] will not. In the 
set of isotopomers derived from the chiral [(R)-160, “0, ‘80]sulfate ester 13, the 
S8Qm “O,,]-isotopomer (1163 cm-‘) should be well resolved, whereas the [“OaX, 
160,,]-isotopomer (1186 cm-‘) should be only partially resolved. Thus the enantio- 
merit excess can be calculated from the absorbance at 1192 and 1163 cm-’ after 
taking into account their relative extinction coefficients. In practice the analysis 
becomes more accurate by subtracting out the spectra of other isotopomers that 
contain weak bands at these frequencies. For example the [160, ‘60]-isotopomer 
shows a weak band at 1192 cm-’ (see Fig. 2) which interferes with the quantitative 
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FIG. 3. The FTIR spectra showing the symmetric and antisymmetric >SOz stretching frequencies of 
the isotopomeric mixture obtained by cyclizing, with sulfuryl chloride. (a) 3(R)-butan-I-ol-3[(S)J60, 
“0, i80]sulfate 12 in which the ““0-site” consists of 37.4 atom% 160, 36.4 atom% “0, and 26.2 
atom% isO and(b) 3(R)-butan-1-ol-3[(R)-i60, “0, ‘*O]sulfate 13 in which the ““0-site” consists of 36.0 
atom% 160, 37.1 atom% “0, and 26.9 atom% l*O, The spectra were determined as described in the 
legend to Fig. 2. The scale is in cm-‘. 0, “0; l , ‘*O; @, I60 + isO; 0, I60 + “0 + ‘*O. 

analysis of the [160ax, 170,,]-isotopomer, but this can easily be removed by sub- 
tracting the spectrum of the [160, 160]-isotopomer until the symmetrical >SOZ 
stretching frequency at 1201 cm-l has been removed. As expected the cyclization 
occurs stereospecifically within this experimental limit. 

EXPERIMENTAL PROCEDURES 

All solvents and reagents were purified and dried by conventional procedures. 
Melting points were determined using a Kofler block and are uncorrected. Mass 
spectra were recorded on a VG 16F mass spectrometer. Proton magnetic reso- 
nance spectra were recorded on a Bruker AM 500 Fourier transform spectrometer 
at 500.13 MHz. i3C NMR spectra were recorded on the same spectrometer at 
125.77 MHz using a i3C dedicated probe using broadband proton decoupling. All 
chemical shifts are reported as positive for resonances downfield of the reference 
signal of external tetramethylsilane. The infrared spectra were recorded on a 
Perkin-Elmer 1750 Fourier transform infrared spectrometer with a Perkin-Elmer 
7300 professional computer at a resolution of 1 cm-‘. 
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(3R)-Butane-1,3-diol (Aldrich), [LY]$ -22.05” (c 1, EtOH) contains 15% of the 
(3S)-enantiomer as determined by the method of Anderson and Shapiro (7). The 
highest recorded optical rotation of (3R)-butane-1,3-diol is [cv]~ -31.6” (c 1, 
EtOH) (8). 

2-Oxo-1,3,2-dioxathiane. 1,3-Propanediol(500 mg, 6.58 mmol) was dissolved in 
dry ether (23 ml) containing dry pyridine (1.15 mol, 14.2 mmol). To this solution 
stirred at 0°C was added dropwise a solution of thionyl chloride (0.52 ml, 7.12 
mmol) in ether (8 ml). The mixture was stirred at room temperature for 1 h and 
then extracted with saturated sodium bicarbonate solution (8 ml) and brine (8 ml). 
The ether solution was dried (MgSOd), filtered, and evaporated to leave the prod- 
uct (350 mg), R,-(ether) 0.20, v,, (SO) 1195 cm-‘, & (CDCl3) 1.63 (lH, d quintet, 
5-H,, 2JHH 15 Hz, 3JHH 2 Hz), 2.50 (lH, m, 5-H,), 3.86 (2H, m, 4-H, + 6 - H,), 
4.93 (2H, m, 4H, + 6H,). 

2,2-[‘80]Dioxo-l,3,2-dioxathiune 1. Sodium periodate (93 mg, 0.44 mmol) was 
stirred in 180-water (50 ~1) for 5 min and then ethanol-free chloroform (chloroform 
distilled from phosphorus pentoxide) (0.75 ml) was added. Ruthenium dioxide 
hydrate (32 mg, 0.19 mmol) was added and the mixture stirred rapidly until it had 
changed from black to a pale green solution (15 min). The solution was cooled to 
O”C, then a solution of 2-0x0-1,3,2-dioxathiane (19.6 mg, 0.16 mmol) in chloroform 
(distilled from PZOs) (0.5 ml) was added. The mixture was allowed to warm to 
room temperature and stirred for 10 min before the reaction was quenched by 
addition of isopropanol (1 ml). The mixture was diluted with chloroform (10 ml) 
and filtered. The filtrate was dried (MgSO& and evaporated to leave a yellow oil. 
Flash chromatography with ether as eluant gave the title compound (8 mg, 36%) as 
a colorless oil, Rf (ether) 0.25, which recrystallized from ether-hexane, mp 62°C. 
6u (CDClJ 2.15 (2H, quintet, 3JHH 6 Hz), 4.75 (4H, t, 3J~H 6 Hz) v,,, (S1602, 
symmetric) 1202 cm-‘, (S160e’80,, symmetric) 1172 cm-‘, (S160a180,, symmetric) 
1184 cm-‘, (S1602, antisymmetric) 1417 cm-‘, (S’60e180, antisymmetric) 1405 
cm-‘, (S’60a’80,, antisymmetric) 1397 cm-‘. 

2,2-[“O]Dioxo-1,3,2-dioxathiune. Sodium periodate (186 mg, 0.88 mmol) was 
stirred in “O-water (100 ~1) for 5 min and then ethanol-free chloroform (1.5 ml) 
added. Ruthenium dioxide hydrate (10 mg, 0.06 mmol) was added and the mixture 
stirred rapidly to give a pale green solution. A solution of 2-0x0- 1,3,2-dioxathiane 
(38 mg, 0.32 mmol) in chloroform (0.5 ml) was added to the solution at room 
temperature. The mixture was stirred until the green color reappeared (1 h) and 
then quenched with isopropanol (1 ml). The mixture was filtered, and the filtrate 
dried (MgSO& and evaporated to leave an oil. Flash chromatography with ether as 
eluant gave the title compound as a colorless oil (20 mg, 45%), Rf (ether) 0.25, 
which crystallized from ether-hexane, mp 62°C. au (CDC13) 2.15 (2H, quintet, 
3JHH 6 Hz), 4.75 (4H, t, 3J~~ 6 Hz); vrnax [symmetric; S1602 1202, S160a170, 1193, 
S160e170, 1187, S160a180, 1184, S160e180, 1172 cm-‘], [antisymmetric; S1602 1417, 
S160e170, 1411, S160a170, 1406, S160e180, 1406, S160a’80, 1397 cm-‘]. 

cis- and tram-(4R)-Methyl-2-oxo-1,3,2-dioxuthiunes 2 and 3. (R)-1,3-Butanediol 
(257 mg, 2.85 mmol) was dissolved in dry ether (10 ml) containing pyridine (0.5 ml, 
6.18 mol). The mixture was cooled to 0°C and a solution of thionyl chloride (370 
mg, 3.11 mmol) in dry ether (3.5 ml) added dropwise. The mixture was stirred at 
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room temperature for 1 h and then extracted with saturated sodium bicarbonate 
solution (2.5 ml) and brine (2.5 ml). The ether layer was dried (MgSOJ, filtered, 
and evaporated to give a colorless oil (200 mg). The cis- and trans-isomers of the 
title compound were separated by flash chromatography by elution with ether- 
hexane (v/v, 1: 1) to give two fractions, (a) the trans-isomer 3 (117.5 mg, 30%), Rf 
(ether-hexane, 1 : 1) 0.44,& (CDC&) 1.29 (3H, d, Me, 3JHH 6.3 Hz), 1.69 (lH, dq, 
5-H, 2JHH 14.3 Hz, 3JHH 2.2 Hz), 2.19 (lH, m, 5-H), 3.89 (IH, m, 6-H), 4.97 (lH, 
m, 6-H), 5.10 (lH, m, 4-H); 6~ (CDC13) 21.25 (q, CH3), 33.39 (t, C-5) 57.47 (t, C-6), 
64.15 (d, C-4); v,,, (SO& 1194 cm-‘, [aln -12.35 (c 1, CHC4); and (b) The cis- 
isomer 2 (72.5 mg, 19%), Rf (ether-hexane 1: 1) 0.23,&r (CDCIJ 1.47 (3H, d, Me, 
3JHH 6.3 Hz), 1.77 (IH, dq, 5-H, 2J~~ 14.2 Hz, 3J~~ 3.4 Hz), 1.99 (lH, m, 5-H), 
4.35 (lH, m, 6-H), 4.52 (lH, m, 6-H), 4.59 (lH, m, 4-H); 6~ (CDC13) 21.39 (q, 
CH3), 31.11 (t, C-5), 63.48 (t, C-6), 74.11 (d, C-4); v,,, (SO,) 1247 cm-‘, (SO,) 1196 
cm-l; [a]n - 1.68 (c 1, CHC4). 

[‘*O] Thionyl chloride. Phosphorus pentachloride (1.11 g, 5.32 mmol) was placed 
in a Carius tube and the tube evacuated. [1802]sulfur dioxide (250 ~1, 5.32 mmol) 
was transferred into the Carius tube (cooled in liquid N2) attached to a vacuum 
line and the tube sealed. The mixture was left in the tube at room temperature for 
2 days and then opened and the liquid used without purification. 

cis- and trans-(4R)-4-Methyl-2-[‘80] oxo-1,3,2-dioxathianes 6 and 7. The crude 
mixture of [180]thionyl chloride (5.32 mmol) and phosphorus [180]oxychloride 
(5.32 mmol) was dissolved in dry ether (20 ml) and added dropwise to a solution of 
(R)-1,3-butanediol(0.96 g, 10.64 mmol) in dry ether (70 ml) at 0°C containing dry 
pyridine (2.15 ml, 26.6 mol). The mixture was stirred at room temperature for 15 
min and then extracted with saturated sodium bicarbonate solution (8 ml) and 
brine (8 ml). The ether layer was dried (MgSOd), filtered, and evaporated to leave 
an oil. Flash chromatography using ether-hexane (v/v, 1: 1) as eluant gave the 
cis- and trans-isomers of the title compound as two fractions: (a) the trans-isomer 
(137 mg, 19%), Rf(ether-hexane, 1 : 1) 0.44, 6n (CDCl3) 1.29 (3H, d, Me, 3J~~ 6.3 
Hz), 1.69 (lH, dq, 5-H, 2JHH 14.3 Hz, 3JHH 2.2 Hz), 2.19 (IH, m, 5-H), 3.89(1H, m, 
6-H), 4.97 (lH, m, 6-H), 5.10 (lH, m, 4-H); v,,, (S180,) 1159 cm-‘; (b) the cis- 
isomer (157 mg, 21%), Rf(ether-hexane, 1 : 1) 0.23, 8u (CDC13) 1.47 (3H, d, Me, 
3J~~ 6.3 H), 1.77 (IH, dq, 5-H, 2J~~ 14.2 Hz, 3J~~ 3.4 Hz), 1.99 (lH, m, 5-H), 4.35 
(lH, m, 6-H), 4.52 (lH, m, 6-H), 4.59 (lH, m, 4-H); v,,, (S180,) 1204 cm-‘, 
(S18O& 1159 cm-’ 

(4R)-Methyl-2,2:dioxo-1,3,2-dioxathiane. Sodium periodate (0.74 g, 3.5 mmol) 
was added to water (1 ml) and then chloroform (6 ml) added. To the rapidly stirred 
mixture was added ruthenium dioxide hydrate (36 mg, 0.21 mmol). After the 
mixture had turned pale green, a solution of (4R)-methyl-Zoxo-1,3,2-dioxathiane 
(0.22 g, 1.62 mmol) in chloroform (1 ml) was added. The mixture was stirred 
rapidly until it turned green again (1 h) and then quenched with isopropanol(1 ml). 
The mixture was filtered, and the filtrate dried (MgS04) and evaporated to leave 
an oil. Flash chromatography using ether as eluant gave the title compound (188 
mg, 70%) as a colorless oil, Rf (ether) 0.35, au (CDC13) 1.49 (3H, d, Me, 3JHH 6.3 
Hz), 1.88 (lH, m, 5-H), 2.17 (lH, m, 5-H), 4.58 (lH, m, 6-H,), 4.80 (lH, m, 6-H,), 
5.07 (lH, m, 4-H); vmax (S602, symmetric) 1201 cm-‘, (S602, antisymmetric) 1414 
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cm-r; m/z 170 (NH3 C.I.); C4H&G04 * NH: requires m/z 170; [a]n + 1.15 (c 1, 
CHQ). 

(4R)-Methyl-2(S)-2,2[‘70]dioxo-l,3,2-dioxathiune. Sodium periodate (86 mg, 
0.40 mmol) was stirred in i70-water (50 ~1) for 5 min and then chloroform (1 ml) 
added. To the rapidly stirred mixture was added ruthenium dioxide hydrate (30 
mg, 0.17 mmol). When the solution was pale green it was cooled to 0°C and a 
solution of trans(4R)-methyl-2-oxo-1,3,2-dioxathiane 3 (17.5 mg, 0.13 mmol) in 
chloroform (0.5 ml) added. The mixture was allowed to warm to room tempera- 
ture, stirred for 10 min, and quenched with isopropanol (1 ml). The mixture was 
diluted with chloroform (10 ml) and filtered. The filtrate was dried (MgS04) and 
evaporated to leave an oil. Flash chromatography (eluting with ether) gave the 
title compound as a colorless liquid (19 mg, 96%), Rf(ether) 0.35, vrnax [symmetric; 
Si602 1201, S160a170, 1192, Sr60ai80, 1183 cm-‘], [antisymmetric; Sr602 1414, 
S160a170, 1401, S160a180, 1392 cm-‘]; m/z (NH3 C.I.) 170 (38.0%), 171 (35.6%), 
172 (26.4%); C4H&03170 * NH: requires m/z 171. 

(4R)-Methyl-(2R)-2,2-[‘70]dioxo-Z,3,2-dioxathiane. To a solution of ruthenium 
[170,Jtetraoxide (0.17 mmol) prepared as above was added a solution of cis-(4R)- 
methyl-2-oxo-1,3,Zdioxathiane 2 (17.5 mg, 0.13 mmol) in chloroform (0.5 ml). 
Workup as above gave the title compound as a colorless liquid (17 mg, 86%), Rf 
(ether) 0.35, vrnax [symmetric; S1602 1201, S160e170, 1186, S160a180, 1172 cm-l], 
[antisymmetric; Sr602 1414, S160e170, 1407, S160e’80, 1401 cm-‘]; m/z (NH3 CL) 
170 (44.1%), 171 (32.7%), 172 (23.2%); C4HsS03r70 * NH: requires m/z 171. 

(4R)-Methyl-(2S)-2,2-[‘80]dioxo-l,3,2-dioxathiune 5. To a solution of ruthenium 
[‘80&etraoxide (0.19 mmol) prepared as above was added a solution of truns-(4R)- 
methyl-2-oxo-1,3,2-dioxathiane 3 (22 mg, 0.16 mmol) in chloroform (0.5 ml). 
Workup as before gave the title compound as a colorless oil (19 mg, 77%), Rf 
(ether) 0.35, v,,~ [symmetric; Sr602 1201, S160a180, 1183 cm-r], [antisymmetric; 
S1602 1414, S160a’80, 13921; m/z (NH3 C.I.) 170 (24.5%), 172 (75.5%); 
C4H8S0j180 . NH: requires m/z 172. 

(4R)-Methyl-(2R)-2,2-[1*O]dioxo-Z,3,2-dioxuthiune 4. To a solution of ruthe- 
nium [‘*OJtetraoxide (0.19 mmol) prepared as above was added a solution of cis- 
(4R)-methyl-2-oxo-1,3,2-dioxathiane 2 (22 mg, 0.16 mmol) in chloroform (0.5 ml). 
Workup as before gave the title compound as a colorless oil (20 mg, 81%), Rf 
(ether) 0.35, vrnax [symmetric S1602 1201, S160e180, 1172 cm-‘], [antisymmetric; 
S1602 1414, S160e*80, 1401 cm-‘]; m/z (NH3 C.I.) 170 (37.7%), 172 (62.3%), 
C4HsS03180 . NH: requires m/z 172. 

(4R)-Methyl-(2S)-2,2-[‘70, ‘80]dioxo-Z,3,2-dioxuthiune 8. To a solution of ru- 
thenium [r704]tetraoxide (52 pmol) produced as above was added a solution of cis- 
(4R)-methyl-2-[180]oxo-1,3,2-dioxathiane 6 (6 mg, 44 pmol) in chloroform (0.2 
ml). Workup as above gave the title compound as a colorless oil (4 mg 59%), Rf 
(ether) 0.35, vrnax [symmetric; S160a180, 1183, S170a180, 1170, S1802 1157 cm-l], 
[antisymmetric; S160a180, 1392, S170,‘80, 1384, S1802 1378 cm-‘]. 

Use of a catalytic amount of ruthenium dioxide. Sodium periodate (210 mg, 0.98 
mmol) was stirred with r70-water (133 ~1) for 5 min and then chloroform (2 ml) 
added. To a rapidly stirred mixture was added ruthenium dioxide hydrate (7 mg, 
40 pmol). After the mixture had turned pale green, a solution of cis (4R)-methyl-2- 
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[180]oxo-1,3,2-dioxathiane 6 (50 mg, 0.36 mmol) in chloroform (1 ml) was added. 
Rapid stirring was continued until the green color returned (1 h) and then the 
reaction was quenched with isopropanol (1 ml). Workup as above gave the title 
compound as a colorless oil (44 mg, 79%), Rf (ether) 0.35, v,,, [symmetric 
S’60a180, 1183, SL70a1*0, 1170, S’802 1157 cm-‘], [antisymmetric; S160a180, 1392, 
S170a180, 1384, S’*O, 1378 cm-‘]; m/z (NH3 CL) 172 (34.7%), 173 (35.8%), 174 
(29.5%); C4HsS0Q70180 * NH: requires m/z 173. 

(4R)-Methyl-(2R)-2,2,-[‘70, ‘80]dioxo-I,3,2-dioxarhiune 9. To a solution of ru- 
thenium [‘70&etraoxide (0.25 mmol) prepared as above, was added a solution of 
truns-(4R)-methyl-2-[180]oxo-l,3,2-dioxathiane 7 (29 mg, 0.21 mmol) in chloro- 
form (1 ml). Work up as above gave the title compound as a colorless oil (20 mg, 
61%), Rf (ether) 0.35, Y,, [symmetric S160e180, 1172, S170e180, 1163, S1802 1157 
cm-‘], [antisymmetric; S’60e’80, 1401, S170e’80, 1389, S’802 1378 cm-‘]. 

Use of a catalytic amount of ruthenium dioxide. Sodium periodate (304 mg, 1.42 
mmol) was stirred with “O-water (152 ~1) for 5 min and then chloroform (2 ml) 
was added. To the rapidly stirred mixture was added ruthenium dioxide hydrate 
(24 mg, 0.14 mmol). After the mixture had turned pale green, a solution of truns- 
(4R)-methyl-2-[180]oxo-l ,3,2-dioxathiane 7 (67 mg, 0.49 mmol) in chloroform (2 
ml) was added. Rapid stirring was continued until the green color returned (1 h). 
Workup as above gave the title compound as a colorless oil (67 mg, 88%), Rf 
(ether) 0.35, vmax [symmetric S160e180, 1172, S170e180, 1163, S1802 1157 cm-‘], 
[antisymmetric; S160e180, 1401, S’70,180, 1389, S1802 1378 cm-‘]; m/z (NH3 C.I.) 
172 (35.2%), 173 (36.8%), 174 (28.5%); C4HgS02170180 * NH: requires m/z 173. 

(4)-Methyt-2,2-[180~]dioxo-1,3,2-dioxuthiune. To a solution of ruthenium 
[1804]tetraoxide (32 mg, 0.19 mmol) prepared as above was added a solution of 
trans-(4R)-methyl-2-[180]oxo-l,3,2-dioxathiane 1 (24 mg, 0.17 mmol) in chloro- 
form (0.5 ml). Workup as above gave the title compound as a colorless oil (19 mg, 
70%), RJ(ether) 0.35, v,,,~~ [symmetric; S’60e’80, 1172, S’802 1157 cm-‘], [antisym- 
metric; S160e180, 1401, S802 1378 cm-‘]. 

(lR)-3-Amino-I-methylpropyl [180]sulfute. (4R)-Methyl-(2S)-2,2-[180]dioxo- 
1,3,2-dioxathiane 5 (37 mg, 0.24 mmol) was dissolved in dry methanol (10 ml), and 
the solution cooled to 0°C and then saturated with gaseous ammonia. The solution 
was left stirring in the ice bath, allowed to warm to room temperature overnight, 
and then evaporated to afford the title compound as a white powdery material (41 
mg, lOO%), mp 165-170°C. &(D20) 1.24 (3H, d, CH3, 3Jnu 7 Hz), 1.83 (2H, m, 
2-H), 3.00 (2H, dt, 3-H, 3JHH 7 Hz, 4Jnn 2 Hz), 4.44 (lH, m, 1-H). 

(lR)-3-Hydroxy-I-methylpropyl [180]su&zte (pyridium salt). (lR)-3-Amino-l- 
methylpropyl [180]sulfate (41 mg, 0.24 mmol) was dissolved in water (0.45 ml) and 
acetic acid (0.15 ml). To the stirred solution at 0°C was added sodium nitrite (62 
mg, 0.90 mmol). The mixture was stirred at 0°C for 7 h then evaporated to dry- 
ness. ‘H NMR analysis (60 MHz) showed the reaction to be incomplete; therefore 
the reaction was repeated by using a further addition of the reagents on the same 
scale. The mixture was allowed to warm to room temperature overnight and then 
evaporated to dryness. 

The residue was flash chromatographed on silica (eluting with ethanol) to give a 
white semi-solid (67 mg). This was dissolved in methanol/water (v/v, 5: 1) and 
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stirred with pyridinium Dowex to give a glassy material (81 mg), 6u (D20) 1.25 
(3H, d, CH3, 3Jnn 7 Hz), 1.72 (2H, q, 2-H, 3JHH 7 Hz), 3.57 (2H, t, 3-H, 3JHH 7 Hz), 
4.49 (lH, sextet, I-H, 3Juu 7 Hz), 8.00 and 8.55 (5H, m, &HsN). 

Cyclization of (lR)-3-hydroxy-I-methylpropyl [‘80]sulfate. The pyridinium salt 
of (lR)-3-hydroxy-I-methylpropyl [‘*O]sulfate (0.20 mmol) was dissolved in dry 
acetonitrile (10 ml), the solution cooled to -35”C, and then sulfuryl chloride (55 
plO.68 mmol) added dropwise. The mixture was brought quickly to room temper- 
ature. TLC showed the presence of cyclic sulfate, Rf (ether) 0.35. The solution 
was evaporated and the residue partitioned between water (5 ml) and ether (3 x 5 
ml). The combined ether extracts were dried (MgS04), filtered, and evaporated to 
leave a colorless liquid (11 mg). Flash chromatography (by elution with ether) 
gave an isotopomeric mixture of pure cyclic sulfate (10 mg, 27% overall yield from 
(4R)-methyl-(2S)-2,2-[‘80]dioxo-l ,3,2-dioxathiane), 6c (CDC13) (125 MHz) 20.75 
(CH3), 30.87 (C-5), 71.749 (180-C-6, 33% C-6), 71.784 (160-C-6, 67% C-6), 82.44 
(C-4); v,,~ [symmetric; S1602 1201, S’60a180, 1183, S’60e180, 1172 cm-‘], [anti- 
symmetric; S1602 1414, S160e180, 1401, S’60a180, 1392 cm-‘]; m/z (NH3 C.I.) 170 
(24.7%), 172 (75.3%); C4HsS03’*0 * NH: requires m/z 172. 

(IR)-3-Amino-I-methylpropyl [(R)-160, ‘70, 180]sulfate II. (4R)-Methyl-(2R)- 
2,2-[170, 180]dioxo-l,3,2-dioxathiane 9 (37 mg, 0.24 mmol) was dissolved in dry 
methanol (10 ml), and the solution cooled to 0°C and then saturated with gaseous 
ammonia. The solution was left stirring in the ice bath and allowed to warm to 
room temperature overnight. The solution was then evaporated to afford the title 
compound (41 mg, lOO%), au (D20) 1.24 (3H, d, CH3, )Juu 7 Hz). 1.83 (2H, m, 
2-H), 3.00 (2H, dt, 3-H, 3JHH 7 Hz, 4JHu 2 Hz), 4.44 (IH, m, 1-H); mp 165- 
170°C. 

(lR)-3-Hydroxy-1-methylpropyl [(R)-160, 170, ‘80]sulfate (pyridinium salt) 13. 
(lR)-3-Amino-I-methylpropyl [(RPO, 170, ‘*O]sulfate 11 (4 mg, 0.24 mmol) was 
dissolved in water (0.45 ml) and acetic acid (0.15 ml). To the stirred solution at 0°C 
was added sodium nitrite (62 mg, 0.90 mmol). The mixture was left stirring in the 
ice bath and allowed to warm slowly to room temperature overnight. The mixture 
was then evaporated to dryness. 

The residue was flash chromatographed on silica eluting with ethanol to give an 
oil, Rf (methanol) 0.71. This material was converted to the pyridinium salt by 
dissolving the product in a mixture of methanol and water (v/v, 5 : 1) and stirring 
the solution with pyridinium Dowex for 15 min. The solution was filtered, the 
Dowex washed with methanol, and the combined filtrate and washings evaporated 
to leave an oil (44 mg, 73%), an (D*O) 1.25 (3H, d, CH3. 3Juu 7 Hz), 1.72 (2H, q, 2- 
H, 3JHH 7 Hz), 3.57 (2H, t, 3-H, 3JH~ 7 Hz), 4.49 (IH, sextet, l-H, 3J~~ 7 Hz), 8.00 
and 8.55 (5H, m, C5HSN). 

Cyclization of (lR)-3-hydroxy-1-methylpropyl [(R)-160, 170, ‘80]sulfate 13. The 
pyridinium salt of (lR)-3-hydroxy-I-methylpropyl [(R)-160, 170, ‘80]sulfate 13 (44 
mg, 0.17 mmol) was dissolved in dry acetonitrile(l0 ml), the solution cooled to 
-35”C, and then sulfuryl chloride (55 &0.68 mmol) added dropwise. The mixture 
was brought quickly to room temperature. TLC showed the presence of cyclic 
sulfate, Rf (ether) 0.35. The solution was evaporated and the residue partitioned 
between water (5 ml) and ether (3 x 5 ml). The combined ether extracts were dried 
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(MgS04), filtered, and evaporated to leave a colorless liquid (13 mg). This was 
flash chromatographed (eluting with ether) to give pure cyclic sulfate as an isoto- 
pomeric mixture (10 mg, 37%) (26% overall yield from (4R)-methyl-(2R)-2,2-[“O, 
‘80]dioxo-l ,3,2-dioxathiane), 6c (CDCl,) (125 MHz) 20.73 (CHj), 30.85 (C-5), 
71.76 (180-C-6, 45% C-6), 71.80 (160-C-6, 55% C-6), 82.46 (C-4); vrnax [symmetric; 
S’602 1201, S60e”0, 1186, S’60a’80, 1183, S’60e’80, 1172, S’70e’80, 1163, S802 
1157 cm-‘], [antisymmetric; S’602 1414, S’60e’70,, 1407, S’60e’80, 1401, S’60a’80, 
1392, S’70e’80, 1389, S’802 1378 cm-‘]; m/z (NH3 C.I.) 172 (36.3%), 173 (36.5%), 
174 (27.2%); C4HsS02’70’80 . NH: requires m/z 173. 

(ZR)-3-Amino-I-methylpropyl [(S)-[160, “0, ‘80]sulfate 20. (4R)-Methyl-(2S)- 
2,2-[170, ‘80]dioxo-l,3,2-dioxathiane 8 (37 mg, 0.24 mmol) was dissolved in dry 
methanol (10 ml), and the solution cooled to 0°C and then saturated with gaseous 
ammonia. The solution was left stirring in the ice bath and allowed to warm to 
room temperature overnight. The solution was evaporated to afford the title com- 
pound (41 mg, lOO%), Bn (D,O) 1.24 (3H, d, CH3, 3Jnn 7 Hz), 1.83 (2H, m, 2-H), 
3.00 (2H, dt, 3-H, 3JHH 7 Hz. 4Jnu 2 Hz), 4.44 (IH, m, 1-H); mp 165-170°C. 

(lR)-3-Hydroxy-1-methylpropyl [(S)-160, 170, 180]sulfate (pyridinium salt) 12. 
(lR)-3-Amino-1-methylpropyl [(S)-‘0, 170, ‘80]sulfate 10 (41 mg, 0.24 mmol) was 
dissolved in water (0.45 ml) and acetic acid (0.15 ml). The stirred solution was 
cooled to 0°C and then sodium nitrite (62 mg, 0.90 mmol) was added. The mixture 
was left stirring in the ice bath and allowed to warm slowly to room temperature 
overnight. The mixture was then evaporated to dryness. 

The residue was flash chromatographed on silica eluting with ethanol to give an 
oily material, Rf (methanol) 0.71. This material was converted to the pyridinium 
salt by dissolving the product in a mixture of methanol and water (v/v, 5 : 1) and 
stirring the solution with pyridinium Dowex for 15 min. The solution was filtered, 
the Dowex washed with methanol, and the combined filtrate and washings evapo- 
rated to leave an oil (50 mg, 83%), 6~ (D20) 1.25 (3H, d, CH3, 3J~~ 7 Hz), 1.72 (2H, 
q, 2-H, 3JH~ 7 Hz), 3.57 (2H, t, 3-H, 3JHH 7 Hz), 4.49 (lH, sextet, I-H, 3Jnu 7 Hz), 
8.00 and 8.55 (5H, m, CSHSN). 

Cyclization of(ZR)-3-hydroxy-I-methylpropyl [(S)-160, “0, ‘80]sulfate 12. The 
pyridinium salt of (lR)-3-hydroxy-1-methylpropyl [(S)-‘60, 170, 180]sulfate (50 
mg, 0.23 mol) was dissolved in dry acetonitrile (10 ml), the solution cooled to 
-35°C and sulfuryl chloride (55 p&O.68 mmol) added dropwise. The mixture was 
brought quickly to room temperature. TLC showed the presence of cyclic sulfate, 
Rf (ether) 0.35. The solution was evaporated and the residue partitioned between 
water (5 ml) and ether (3 x 5 ml). The combined ether extracts were dried 
(MgSOJ, filtered, and evaporated to leave a colorless liquid (17 mg). This was 
flash chromatographed (eluting with ether) to give pure cyclic sulfate as an isoto- 
pomeric mixture (13 mg, 42%) (35% overall yield from (4R)-methyl-(2S)-2,2-[‘70, 
I801 dioxo- 1,3 ,Zdioxathiane); u,.,,~~ [symmetric; S1602 1201, S160a’70, 1192, 
S’60a’80, 1183, S160e’80, 1172, S170a180, 1170, S1802 1157 cm-‘], (antisymmetric; 
S1602 1414, S’60e’80, 1401, S160a’70, 1401, S’60a’80, 1392, S’70a’80, 1384, S802 
1378 cm-l]; m/z (NH3 C.I.) 172 (35.8%), 173 (37.2%), 174 (27.0%); 
C4HgS0~170’80 . NH: requires m/z 173. 

(ZR)-3-[1801Hydroxy-l-methylpropyl sulfate. (lR)-3-Amino-1-methylpropyl sul- 
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fate (41 mg, 0.24 mmol) was dissolved in ‘*O-water (0.15 ml) and acetic acid (0.15 
ml). To the stirred solution at 0°C was added sodium nitrite (62 mg, 0.90 mmol). 
The mixture was Ieft stirring in the ice bath, allowed to warm to room temperature 
overnight, and then evaporated to dryness. 

The residue was flash chromatographed (eluting with methanol) to give an oil 
(15 mg, 36%), @(methanol) 0.73,& (DzO) 1.25 (3H, d, CH3, 3Juu 7 Hz), 1.72 (2H, 
q, 2-H, 3Juu 7 Hz), 3.57 (2H, t, 3-H, 33uu 7 Hz), 4.49 (lH, sextet, I-H, 3J~H 7 Hz); 
Gc(CD30D) (125 MHz) 21.55 (CH3), 40.78 (C-2), 59.42(‘8O-C-3, 60% C-3), 59.44 
(160-C-3, 40% C-3), 74.41 (C-l): m/z (-FAB) 169 (50%), 171 (50%). 

Cyclization of (IR)-3-[‘*O]hydroxy-I-methylpropyl sulfate. (1R)-3-1’80]Hy- 
droxy-1-methylpropyl sulfate (15 mg, 87 pmol) was dissolved in dry acetonitrile (5 
ml), the solution cooled to -35”C, and then sulfuryl chloride (10 ~1, 0.12 mmol) 
added dropwise. The mixture was brought quickly to room temperature. TLC 
showed cyclic sulfate, Rf (ether) 0.35. The solution was evaporated and the resi- 
due rinsed with ether. The ethereal solution was evaporated and the residue flash 
chromatographed (eluting with ether) to give 4.5 mg (34%) of cyclic sulfate; vrnax 
[symmetric; S1602 1201 cm-i], [antisymmetric; S1602 1414 cm-‘]; 6c (CDC&) 20.75 
(CH3), 30.87 (C-2), 71.77 (C-3), 82.43 (C-l). 
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