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Abstract—A series of enantiomerically enriched 2-phosphonothiolane sulfoxides were obtained by diastereoselective S-oxidation
combined with kinetic resolution using a chiral oxaziridine. Enantioselective oxidation of the corresponding 2-phosphono-2,3-dide-
hydrothiolanes with the same oxidizing agent led to the corresponding sulfoxides with ee up to 98%.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Non-racemic a,b-unsaturated sulfoxides are known to
be interesting synthetic intermediates as asymmetric
Michael acceptors or dienophiles.1,2 They can be
obtained, among others, via a Horner–Wadsworth–
Emmons olefination using a-sulfinylphosphonates.3 In
particular, syntheses and synthetic applications of enan-
tiopure a-sulfinylphosphonates A4 and a-sulfinyl-
vinylphosphonates B5 have been published. On the
contrary, non-racemic cyclic a-sulfinylphosphonates
(C, D) have been less studied6 (Fig. 1).
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Figure 1.
In a preceding paper,7 some of us have described an
asymmetric synthesis of 2-dimenthylphosphonothiolane
S-oxide IV in three steps: a diastereoselective [2,3]-sig-
matropic rearrangement of the carbanion of O,O 0-
dimenthyl allylsulfenylmethanephosphonate I, a radical
cyclization of the intermediate (2-mercapto)but-3-enyl-
phosphonate II and then a stereoselective trans-S-oxida-
tion of III (Scheme 1).

Moreover, in another previous paper,8 we have
described a new convenient method of preparation
of racemic 2-dialkylphosphonothiolane S-oxides rac-2,
with different R groups, which consists of a
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Pummerer-phosphorylation of 1-oxothiolane with tri-
alkylphosphites, followed by a trans-oxidation of phos-
phonothiolanes rac-1 (Scheme 2).
Table 1. Asymmetric oxidation of phosphonothiolanes 1

Racemic

sulfide 1

Recovered sulfide (+)-1 Sulfoxide (+)-2

Yield

(%)

[a]D
a Ee

(%)

Yield

(%)

[a]D
a Ee

(%)

1a 49 +25.3 43b,c 46 +5.2 44b

1b 40 +4.9 75b 45 +6.9 ndd

1c 35 +18.8 25b 48 +8.0 24c

a See experimental part for the measurements conditions.
b Determined by HPLC.
c Determined by NMR.
dNot determined, but by extrapolation, ee should be close to (+)-1b.
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Scheme 2.
Due to the potential applicability of the non-racemic
cyclic a-sulfinylphosphonate IV as a chiral HWE re-
agent, it would be desirable to develop a more general
method of their preparation. This encouraged us to
investigate another asymmetric approach, that is, a di-
rect asymmetric S-oxidation of racemic sulfides 1 (rac-
1), using chiral oxidizing agents. Moreover, starting
from 2, we could also easily obtain8 the racemic unsatu-
rated cyclic sulfoxides rac-4 in two steps: treatment of
rac-2 with trifluoroacetic anhydride (conditions of the
Pummerer reaction) leading to the formation of the 2-
phosphonodidehydrothiolanes 3 (via a b-elimination at
the thionium ion step)9 and S-oxidation with NaIO4

(Scheme 3). Prepared in enantiomerically pure form,
the a,b-unsaturated sulfoxides 4 could be interesting chi-
ral Michael acceptors.
(RO)2 P

O
S

Cl
Cl

(RO)2 P
O

NaIO4

S (RO)2

(CF3CO)2O
NaI,

P
O

S

O

rac-1a

0.5 equiv.

(+)-1a

+

(+)-2a

Ox =

[α]D = +25.3 [α]D = +5.2

Ox

(CF3CO)2O (RO)2 P
O

S (RO)2 P
O

S
O

rac-2a-c

3a-c rac-4a-c

NaIO4

Et2O
0°C-rt, 24h

Scheme 3.
This paper describes our results concerning a stereose-
lective S-oxidation of the phosphonothiolanes rac-1
under kinetic resolution conditions and also an enantio-
selective oxidation of their unsaturated derivatives 2-
phosphono-2,3-didehydrothiolanes 3, both using as a
chiral oxidizing agent (+)-(2S,8aR)-8,8-dichloro-camp-
horsulfonyloxaziridine, developed by Davis et al.10
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Scheme 4. Absolute configurations are arbitrarily drawn.
2. Results and discussion

The starting 2-phosphonothiolanes rac-1a–c were pre-
pared from 1-oxothiolane according to the Pummerer-
phosphorylation reaction8 mentioned above (Scheme
2). The only conceivable way to get enantioenriched
sulfoxides from the racemic chiral thiolanes 1 is a kinetic
resolution based on a preferential oxidation of one of
the two enantiomers, together with the exclusive forma-
tion of the trans-sulfoxide. To our knowledge, kinetic
resolution of sulfides by incomplete enantioselective oxi-
dation into sulfoxides has been reported only in a few
cases. However, two diastereomeric sulfoxides have
been obtained when the starting sulfide already con-
tained a stereogenic center11 (kinetic resolution strate-
gies using non-enzymatic procedures have been
recently reviewed12). To this end, compound 1a was
treated with half an equivalent of oxaziridine (noted
here Ox) in carbon tetrachloride at room temperature.
The reaction led to the enantiomerically enriched prod-
uct (+)-2a and unreacted sulfide (+)-1a, both with enan-
tiomeric excesses of about 43% (Table 1, Scheme 4).
To correlate the ee values of both compounds, the
recovered enantioenriched sulfide (+)-1a was oxidized
with NaIO4 to the corresponding sulfoxide (-)-2a of a
nearly the same [a]D (but with an opposite sign) as the
sulfoxide (+)-2a obtained by oxidative kinetic resolution
(Scheme 4). Similarly, nearly the same specific rotation
with an opposite sign was also observed for the unre-
acted sulfide 1a and the sulfide obtained by deoxygen-
ation of the enantioenriched sulfoxide (+)-2a with the
system NaI/(CF3CO)2O (Scheme 4).13 Although the
enantiomeric excesses are moderate, it is noteworthy
that such a transformation which combines a kinetic res-
olution and a simultaneous full diastereoselectivity is
not common.
The same conditions for the kinetic resolution were then
applied to the compounds rac-1b,c. Yields and enantio-
meric excesses of the unreacted sulfides and sulfoxides
obtained from the three racemic substrates rac-1a–c
are listed in Table 1. Half an equivalent of chiral oxidant
Ox was used in order to stop the conversion at about
50% which was confirmed by 31P NMR of the crude



Table 2. Asymmetric oxidation of phosphono(didehydrothiolanes) 3

Sulfide 3 Sulfoxide (+)-4

Product Yield (%) [a]D
a Ee (%)

3a 4a 70 + 76.7 90b

3b 4b 78 + 64.8 83b

3c 4c 76 + 60.5 >98b

a See experimental part for the measurements conditions.
b Determined by NMR.
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mixture of 2 and unreacted 1. Since in all cases, no trace
of the corresponding sulfone resulting from dioxidation
of sulfide 1, has been detected in the crude mixture (31P
NMR and TLC), no kinetic resolution occurring by a
possible sulfoxide to sulfone oxidation has been
considered.14

In the second part of our study, we examined the S-oxi-
dation of the 2-phosphono-2,3-dehydrothiolanes 3a–c
with the same oxaziridine Ox (Scheme 5). The racemic
sulfoxides samples of rac-4a–c were prepared by oxida-
tion of the corresponding 3a–c with sodium periodate.
Yields, specific rotation values and enantiomeric ex-
cesses of non-racemic unsaturated sulfoxides 4a–c are
listed in Table 2. It should be pointed out that in con-
trast to the oxidation of racemic 1a–c excellent enantio-
meric excesses up to 98%, were observed in these cases.
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Scheme 5.
We succeeded in the isolation of a single crystal of sulf-
oxide (+)-4c and determined its structure by X-ray dif-
fraction analysis (Fig. 2). We thus were able to assign
the (S)-configuration at the sulfur atom for (+)-4c.
Figure 2. X-ray structure of sulfoxide (+)-4c.
In conclusion, a series of enantiomerically enriched
2-phosphonothiolane sulfoxides were obtained by dia-
stereoselective S-oxidation combined with kinetic reso-
lution using a chiral oxaziridine. Enantioselective
oxidation of the corresponding 2-phosphono-2,3-dide-
hydrothiolanes with the same oxidizing agent led to
the corresponding sulfoxides with ee up to 98%. Investi-
gations related to the use of the latter as Michael accep-
tors are in progress in our laboratories.
3. Experimental

3.1. General remarks

Most of reactions were carried out under nitrogen with
magnetic stirring, unless otherwise specified and moni-
tored by TLC using silica plates. Synthesized products
were purified by column chromatography on silica gel
or crystallized if necessary. Solvents were dried by distil-
lation prior to use. The NMR spectra were recorded in
CDCl3, with a �Bruker DPX 250�, �Bruker AV 200� or a
�Bruker DRX 400� spectrometer. The chemical shifts (d)
are expressed in ppm relative to TMS for 1H, 13C nuclei,
the coupling constants (J) are given in Hz; conventional
abbreviations are used. Optical rotation values were
measured on a Perkin-Elmer-241 photopolarimeter for
the sodium D line at 20 �C. The infrared spectra were re-
corded with a spectrometer ATI Mattson Infinity 60 AR
FTIR on the liquid film, m (cm�1) are given. Mass spec-
tra were recorded with a Finnigan MAT 95 Voyager
Elite spectrometer in chemical ionization. Enantiomeric
excesses of non-racemic compounds were determined by
NMR spectroscopy using (R)-(+)-t-butyl(phenyl)phos-
phinothioic acid15 as a chiral solvating agent or have
been measured by chiral HPLC.

3.2. Synthesis of 2-phosphono-2,3-didehydrothiolanes 3.
General procedure

The 2-phosphonothiolane S-oxide 2 (2mmol) was dis-
solved in dry ether (10mL) under nitrogen and cooled
to 0 �C. To this solution, trifluoroacetic anhydride
(0.57mL, 4mmol) was added dropwise with stirring.
The cooling bath was removed and the resulting solu-
tion was stirred overnight at room temperature. The
solution was then poured to a 10% solution of NaHCO3

(ca. 15mL) and the resulted mixture was stirred for
15min. The layers were separated and the aqueous layer
was extracted with ethyl ether. The combined organic
solutions were dried over MgSO4 and evaporated. The
crude product was purified by column chromatography
using CH2Cl2/MeOH in gradient as eluent, or used di-
rectly in the oxidation reactions.

3.2.1. 2-Diethoxyphosphono-2,3-didehydrothiolane 3a.
Yellow oil, yield = 89%. 31P NMR (161.98MHz,
CDCl3) d = 12.6 1H NMR (250MHz, CDCl3) d =
1.36 and 1.35 (2t, J = 7.1, 6H, 2 · CH3), 2.94 (m, 2H,
CH2), 3.37 (t, J = 8.8, 2H, CH2), 4.07 (m, 4H,
2 · OCH2), 6.47 (dt, J = 14.8, 3.3, 1H, C@CH). 13C
NMR (50.3MHz, CDCl3) d = 15.9 (d, J = 6.5,
2 · CH3), 31.4 (d, J = 6.7, CH2), 36.2 (d, J = 19.6,
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CH2), 63.4 (d, J = 5.6, 2 · OCH2), 129.4 (d, J = 200.1,
PC), 139.9 (d, J = 12.9, PC@CH). HRMS (MH+) Calcd
for C8H16PSO3: 223.0557 Found: 223.0552.

3.2.2. 2-Diisopropoxyphosphono-2,3-didehydrothiolane
3b. Yellow oil, yield = 95%. 31P NMR (161.98MHz,
CDCl3) d = 12.4 1H NMR (250MHz, CDCl3) d = 1.33
and 1.36 (2d, J = 6.3, 12H, 4 · CH3), 2.90 (m, 2H,
CH2), 3.34 (t, J = 8.7, 2H, CH2), 4.70 (m, 2H,
2 · OCH), 6.45 (dt, J = 11.9, 3.1, 1H, C@CH). 13C
NMR (50.3MHz, CDCl3) d = 23.5 (d, J = 5.0,
2 · CH3), 23.7 (d, J = 4.0, 2 · CH3), 31.4 (d, J = 6.7,
CH2), 37.2 (d, J = 19.7, CH2), 72.9 (d, J = 5.8,
2 · OCH), 130.6 (d, J = 202.0, PC), 139.6 (d, J = 13.1,
PC@CH).

3.2.3. 2-[2 0-(5,5-Dimethyl-1,3,2-dioxaphosphorinano]-2,3-
didehydrothiolane 3c. Yellow solid, mp = 102 �C,
yield = 96%. 31P NMR (161.98MHz, CDCl3) d =
7.2 1H NMR (250MHz, CDCl3) d = 1.12 (s, 3H,
CH3), 1.18 (s, 3H, CH3), 2.96 (m, 2H, CH2), 3.40 (t,
J = 8.8, 2H, CH2), 4.17 (m, 4H, 2 · OCH2), 6.56 (dt,
J = 11.8, 2.9, 1H, C@CH). 13C NMR (50.3MHz,
CDCl3) d = 21.5 (s, CH3), 21.8 (s, CH3), 32.7 (d,
J = 6.3, CCH3), 34.4 (d, J = 6.7, CH2), 37.3 (d,
J = 19.4.7, CH2), 76.5 (d, J = 4.5, 2 · OCH2), 129.7
(d, J = 196.2, PC), 139.8 (d, J = 12.7, PC@CH). IR
(KBr): 2967, 2937, 2876, 1582, 1257, 1032, 988, 793,
631cm�1. HRMS (MH+) Calcd for C9H16PSO3:
235.0557 Found: 235.0552.

3.3. Oxidation of 2-phosphonothiolanes 1 under kinetic
resolution. General procedure

The 2-phosphonothiolane 1 (1mmol) was dissolved in
dry carbon tetrachloride (20mL) and the oxaziridine
(149mg, 0.5mmol) was added in small portions with
stirring, at room temperature. The resulting mixture
was stirred overnight. The solvent was evaporated and
the residue was separated by column chromatography
using CH2Cl2/MeOH in gradient as eluent, affording
unreacted 2-phosphonothiolane 1 (as the first fraction)
and 2-phosphonothiolane S-oxide 2 (as the second frac-
tion). These two compounds, previously described in
racemic form,8 were identified by NMR (1H and 31P)
and their enantiomeric excesses determined by chiral
HPLC or by NMR spectroscopy.

3.3.1. 2-Diethoxyphosphonothiolane (+)-1a. Yield = 49%,
[a]D = +25.3 (c 1.0, acetone). HPLC: Daicel Chiralpak
AD-RH column (25/75 MeCN/H2O, flow rate 0.3mL/
min, 198nm, t = 25�C), t1 = 21.081min, t2 = 24.346min.
31P NMR (161.98MHz, C6D6) in the presence of (+)-t-
BuPhP(O)SH: d = 27.37 (minor) and 27.33 (major).

3.3.2. 2-Diethoxyphosphonothiolane 1-oxide (+)-2a.
Yield = 46%, [a]D = +5.2 (c 1.6, acetone). HPLC: Daicel
Chiralpak AD column (100% MeOH, flow rate 0.5
mL/min, 204nm), t1 = 8.961min, t2 = 9.514min.

3.3.3. 2-Diisopropoxyphosphonothiolane (+)-1b. Yield =
40%, [a]D = +4.9 (c 2.0, acetone). HPLC: Daicel
Chiralpak AD-RH column (25/75 MeCN/H2O, flow rate
0.3mL/min, 193nm, t = 25�C), t1 = 41.094min, t2 =
44.662min.

3.3.4. 2-Diisopropoxyphosphonothiolane 1-oxide (+)-2b.
Yield = 45%; [a]D = +6.9 (c 3.0, acetone).

3.3.5. 2-[2 0-(5,5-Dimethyl-1,3,2-dioxaphosphorinano)]thio-
lane (+)-1c. Yield = 35%; [a]D = +18.8 (c 0.8, acetone).
HPLC: Daicel Chiralpak AD-RH column (40/60
MeCN/H2O, flow rate 0.2mL/min, 198nm, t = 25 �C),
t1 = 19.474min, t2 = 20.947min.

3.3.6. 2–[20-(5,5-Dimethyl-1,3,2-dioxaphosphorinano)]thio-
lane 1-oxide (+)-2c. Yield = 48%; [a]D = +8.0 (c 0.6,
CHCl3).

31P NMR (161.98MHz, C6D6) in the presence
of (+)-t-BuPhP(O)SH: d = 16.28 (major) and 16.26
(minor).

3.4. Oxidation of 2-phosphono-2,3-didehydrothiolanes 3:
Synthesis of racemic 2-phosphono-2,3-didehydrothiolane-
1-oxides 4. General procedure

Sodium metaperiodate (1.1equiv, 1.1mmol) was dis-
solved in a 1/1 mixture of water/EtOH (8mL) and under
stirring a solution of 2-phosphono-2,3-didehydrothio-
lane 3 (1.0mmol) in EtOH (4mL) was slowly added at
room temperature. The reaction was followed by TLC
(CH2Cl2/MeOH: 15/1). After reaction completion
(�3h) the solvents were evaporated. Then 2mL of water
were added, and the solution was extracted with dichlo-
romethane. The combined organic layers were dried
with MgSO4, and evaporated to afford the compound 4.

3.4.1. 2-Diethoxyphosphono-2,3-didehydrothiolane 1-
oxide rac-4a. Yellow oil, yield = 78%. 31P NMR
(161.98MHz, CDCl3) d = 9.3. 1H NMR (250MHz,
CDCl3) d = 1.39 (t, J = 7.1, 6H, 2 · CH3), 2.80–3.75
(m, 4H, SCH2, CH2), 4.05–4.30 (m, 4H, 2 · OCH2),
7.50 (dt, J = 11.3, 2.8, 1H, C@CH). 13C NMR
(50.3MHz, CDCl3) d = 16.1 (d, J = 6.5, CH3), 16.2 (d,
J = 6.3, CH3), 34.7 (d, J = 12.2, CH2), 52.5 (d, J = 7.0,
CH2), 62.8 (d, J = 5.8, OCH2), 63.1 (d, J = 5.3,
OCH2), 141.1 (d, J = 190.7, PC), 156.7 (d, J = 12.6,
PC@CH). HRMS (MH+) Calcd for C8H16PSO4:
239.0506 Found: 239.0509.

3.4.2. 2-Diisopropoxyphosphono-2,3-didehydrothiolane 1-
oxide rac-4b. Yellow oil, yield = 70%. 31P NMR
(161.98MHz, CDCl3) d = 7.8 1H NMR (250MHz,
CDCl3) d = 1.29–1.41 (m, 12H, 4 · CH3), 2.80–3.60
(m, 4H, SCH2, CH2), 4.62–4.87 (m, 2H, 2 · OCH),
7.45 (dt, J = 11.2, 2.7, 1H, C@CH). 13C NMR
(50.3MHz, CDCl3) d = 23.5 (d, J = 5.5, CH3), 23.6 (d,
J = 5.1, CH3), 23.8 (d, J = 4.0, 2 · CH3), 34.5 (d,
J = 18.1, CH2), 52.4 (d, J = 6.9, CH2), 71.9 (d, J = 6.0,
OCH), 72.3 (d, J = 5.7, OCH),142.0 (d, J = 192.6, PC),
156.0 (d, J = 12.7, PC@CH). HRMS (MH+) Calcd for
C10H20PSO4: 267.0819 Found: 267.0813.

3.4.3. 2-[2 0-(5,5-Dimethyl-1,3,2-dioxaphosphorinano]-2,3-
didehydrothiolane 1-oxide rac-4c. White solid,
mp = 116 �C, yield = 79%. 31P NMR (161.98MHz,
CDCl3) d = 4.2 1H NMR (250MHz, CDCl3) d = 1.05
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(s, 3H, CH3), 1.24 (s, 3H, CH3), 3.00–3.65 (m, 4H,
SCH2, CH2), 3.98–4.40 (m, 4H, 2 · OCH2), 7.55 (dt,
J = 11.5, 2.3, 1H, C@CH). 13C NMR (50.3MHz,
CDCl3) d = 20.7 (s, CH3), 21.7 (s, CH3), 32.3 (d,
J = 6.8, CCH3), 34.9 (d, J = 18.2, CH2), 52.3 (d,
J = 7.0, CH2), 76.5 (d, J = 6.5, OCH2), 77.4 (d, J = 6.4,
OCH2), 140.1 (d, J = 187.4, PC), 157.4 (d, J = 12.7,
PC@CH). IR (KBr): 3441, 2972, 2897, 1645, 1594,
1474, 1263, 1056, 843, 786cm�1. HRMS (MH+) Calcd
for C9H16PSO4: 251.0506 Found: 251.0509.

3.5. Asymmetric oxidation of 2-phosphono-2,3-didehyd-
rothiolanes 3: synthesis of non-racemic 2-phosphono-2,3-
didehydrothiolanes 1-oxide 4. General procedure

The oxaziridine (149mg, 0.5mmol) was dissolved in dry
carbon tetrachloride (8mL) and under stirring a solu-
tion of 2-phosphono-2,3-didehydrothiolanes 3 (0.5
mmol) in carbon tetrachloride (2mL) was slowly added
at room temperature. The reaction was followed by
TLC (CH2Cl2/MeOH: 15/1). After reaction completion
(�3h) the solvent was evaporated and the residue puri-
fied by column chromatography (CH2Cl2/MeOH: 50/1),
affording the compound 4.

3.5.1. 2-Diethoxyphosphono-2,3-didehydrothiolane 1-
oxide (+)-4a. Yellow oil, yield = 70%, [a]D = +76.7 (c
2.2, acetone). 31P NMR (161.98MHz, C6D6) in the pres-
ence of (+)-t-BuPhP(O)SH: d = 9.48 (minor) and 9.44
(major).

3.5.2. 2-Diisopropoxyphosphono-2,3-didehydrothiolane 1-
oxide (+)-4b. Yellow oil, yield = 78%, [a]D = +64.8 (c
1.0, acetone). 1H NMR (250MHz, C6D6) in the presence
of (+)-t-BuPhP(O)SH: d = 7.30 (m, C@CH major) and
7.24 (m, C@CH minor).

3.5.3. 2-[2 0-(5,5-Dimethyl-1,3,2-dioxaphosphorinano]-2,3-
didehydrothiolane 1-oxide (+)-4c. White solid,
yield = 77%, [a]D = +60.5 (c 1.0, acetone). 31P NMR
(161.98MHz, C6D6) in the presence of (+)-t-BuPh-
P(O)SH: d = 4.37 (minor non detected) and 4.28 (major).

The crystal structure of (+)-4c has been registered at the
Cambridge Crystallographic Data Centre and allocated
the deposition number CCDC 240024.
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