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Abstract: Ketene dithioacetals undergo a Sharpless-type
asymmetric oxidation using (+)-DET, Ti(OiPr)4, and cumene
hydroperoxide to give the trans bis-sulfoxides 4a-f with
essentially complete control of enantioselectivity and dia-
stereoselectivity. The high enantioselectivity is a conse-
quence of carrying out two asymmetric processes on the
same substrate. However, this should lead to the formation
of a small amount of the meso isomer but none was isolated.
From monitoring the enantioselectivity of the monoxide over
time, it was concluded that small amounts of the meso
isomer must be formed. The inability to isolate this com-
pound could be because it acted as a ligand on titanium and
remained tightly bound even upon workup.

Ketene dithioacetals are useful intermediates in or-
ganic synthesis as they are able to participate in a variety
of [3 + 2] and [4 + 2] cycloaddition reactions.1 The
corresponding mono- or bis-sulfoxides are potentially
capable of performing such reactions with good to excel-
lent diastereocontrol,2 thus leading to products with high
enantiomeric excess after deprotection. Indeed, we have
shown that chiral ketene dithioacetal bis-sulfoxides
undergo inter-3 and intramolecular4 [3 + 2] nitrone
cycloadditions and [4 + 2] Diels-Alder5 reactions with
essentially complete diastereocontrol. In addition, the
ketene dithioacetal bis-sulfoxides also undergo highly
diastereoselective nucleophilic epoxidation reactions, and
the intermediate epoxides react stereospecifically with
amines to generate enantiopure R-aminoamides.6 In the

above cases, the ketene dithioacetal bis-sulfoxides were
prepared by either a Wittig-Horner reaction with phos-
phonate 1 or an aldol-type reaction with bis-sulfoxide 2
(Scheme 1).

Although we have developed efficient and highly enan-
tioselective routes to 1 and 2, we questioned whether the
ketene dithioacetal bis-sulfoxides could be prepared more
directly and in higher yield by oxidation of ketene
dithioacetals 3 (Scheme 2). A further motivation for this
strategy came from the sensitivity of dithiane dioxides 1
and the precursor of 2 to acid/Lewis acid (present in the
oxidation process), which resulted in a facile Pummerer
reaction leading to partial decomposition and thus re-
duced yields. Such processes were clearly not possible
with ketene dithioacetals 3. Although there were numer-
ous examples of asymmetric oxidation of 1,3-dithianes
with substituents in the 2-position, to give mono-sulfox-
ides with good ee7 and bis-sulfoxides with essentially
complete selectivity,5b,c,6,8 there were no examples of the
asymmetric oxidation of ketene dithioacetals. We there-
fore embarked on this study.

A range of ketene dithioacetals was prepared by
Peterson olefination of dithiane 59 with aldehydes and
ketones. These substrates were then subjected to our
previously developed conditions for oxidation of 1,3-
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SCHEME 1. Possible Routes to Ketene
Dithioacetal Bis-sulfoxides

SCHEME 2. Route to Ketene Dithioacetal
Bis-sulfoxidesa

a Reagents and conditions: (i) n-BuLi, THF, -78 °C to rt; (ii)
Ti(OiPr)4 (0.5 equiv), (+)-DET (2 equiv), PhC(Me)2OOH (4 equiv),
CH2Cl2, -40 to -20 °C.
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dithiane derivatives, and the results are presented in
Table 1. We were delighted to find that good yields and
essentially complete enantioselectivity were obtained
with all substrates without exception. While we had
previously employed chiral shift reagents to determine
the enantiomeric excess, we discovered that excellent
separation of the two enantiomers of the polar bis-
sulfoxides could be achieved by chiral HPLC.

The reactions have to be carefully monitored to ensure
maximum conversion of the mono-sulfoxide to the bis-
sulfoxide with minimum over-oxidation to the sulfoxide-
sulfone.

The oxidation of 3c10 was studied in more detail. At
the end of the reaction, in addition to the bis-sulfoxide
4c, the mono-sulfoxide 6c was isolated in 7% yield and
85% enantiomeric excess. Based on our belief that the
second oxidation would also occur with substantial
reagent control and with minimal influence from the
existing sulfoxide, we expected to find substantial quan-
tities of the meso bis-sulfoxide. From the Horeau prin-
ciple, we would expect to obtain 14% of the meso bis-
sulfoxide if the second oxidation occurred with the same
level of reagent control.11 However, we were unable to
isolate this material. A similar situation arose in the
oxidation of 1,3-dithianes bearing ester and phosphonate
moieties in the 2-position: the trans bis-sulfoxides were
obtained with high enantiomeric excess but none of the
meso isomers were isolated.6,8 The bis-sulfoxides of these
substrates are sensitive to acid-catalyzed decomposition
via a Pummerer reaction, and in these cases, we assumed
that the meso isomer decomposed more readily than the
C2 isomer as it is substantially more acidic.12 However,
this could not be a viable explanation in the current study

as both the meso and C2-symmetric bis-sulfoxides were
expected to be equally stable, as there is no C-2 proton,
and therefore, the bis-sulfoxides cannot decompose through
an acid-catalyzed Pummerer reaction.

There are three possible explanations for the current
observation: (1) the meso bis-sulfoxide is not formed to
any appreciable extent because the stereochemistry of
the initial sulfoxide does influence the second oxidation;
i.e. the second oxidation is subject to both substrate and
reagent control; (2) the meso bis-sulfoxide is oxidized to
the sulfoxide-sulfone more rapidly than the C2 isomer;
or (3) the meso bis-sulfoxide acts as a bidentate ligand
to titanium (Figure 1) and remains tightly bound even
on workup.

Of the three possibilities, the first explanation seemed
the more reasonable as the meso bis-sulfoxide had never
been observed and only by leaving the reaction for
extended periods of time was any of the sulfone-sulfoxide
ever obtained. To determine which of the explanations
was most likely, we attempted to prepare the meso bis-
sulfoxide 7c. However, treatment of 3c with m-CPBA
only gave the dl isomer 4c, indicating that there was a
substantial degree of substrate control in favor of the
trans isomer. To prepare the meso compound, we there-
fore needed to control the second oxidation through
reagent control. The Sharpless-type reagent employing
(+)-DET showed a high degree of reagent control in the
oxidation of dithiane 3c to the (R)-mono-sulfoxide 6c
(ratio of R/S was 93:7). We reasoned that the meso isomer
7c should therefore be favored by employing the opposite
enantiomer of DET in the second oxidation, if reagent
control was able to overcome substrate control (Scheme
3).

In the event, treatment of the (R)-mono-sulfoxide of
86% enantiomeric excess (obtained from (+)-DET) with
the Sharpless-type reagent employing (-)-DET led to the
trans bis-sulfoxide, but again without isolation of any of
the meso isomer (Scheme 4). This indicates that substrate
control dominates over reagent control in the second
oxidation. However, we could not achieve complete mass
balance and so the possibility remained that the meso
isomer was formed but not isolated.

To test whether the second oxidation is subject to both
substrate control and reagent control (Scheme 5), we
decided to monitor the enantiomeric excess of the mono-
sulfoxide 6c over time. If no meso isomer is formed and
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TABLE 1. Oxidation of Ketene Dithioacetals 3a-f

substrate time (h) yielda (%) eeb,c (%)

3a 5.5 65 98d

3b 6 62 >99
3c 20 75 >99e

3d 24 73 >99
3e 21 71 >99
3f 18 60 >98f

a Isolated yield. b Enantiomeric excess determined by chiral
HPLC (see the Supporting Information for details). c Absolute
configurations of 4b and 4d were determined by comparison of
[R]D with the literature6 and assigned (R,R). All others assigned
by analogy. d Enantiomeric excess of monoxide 6a was found to
be 82% by chiral HPLC for the major geometric isomer. e Enan-
tiomeric excess of monoxide 6c was found to be 85% by chiral
HPLC. f Enantiomeric excess was determined by NMR using the
Pirkle chiral shift reagent. This represents the limits of detection
of the other enantiomer by this method.

FIGURE 1. Meso bis-sulfoxide binding to titanium.

SCHEME 3. Proposed Synthesis of Meso
Bis-sulfoxide 7c
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if the trans bis-sulfoxide 4c is formed with very high
enantiomeric excess, then in the second oxidation only
the (R)-enantiomer of the mono-sulfoxide reacts with
chiral oxidant to give the (R,R)-bis-sulfoxide 4c. Thus,
as the major (R)-enantiomer of the mono-sulfoxide 6c is
converted to the trans bis-sulfoxide 4c, the enantiomeric
excess of the remaining mono-sulfoxide 6c should gradu-
ally decrease over time and eventually the mono-sulfoxide
should be enriched in the (S)-isomer.

This experiment was therefore conducted (Table 2) but
instead of a gradual decrease in enantioselectivity of the
mono-sulfoxide 6c over time, the enantioselectivity re-
mained approximately constant! After 0.5 h, a 65% yield
of mono-sulfoxide 6c was obtained with 84% enantio-
meric excess, and after 24 h, a 33% yield of mono-
sulfoxide 6c remained with 80% enantiomeric excess. If
the reaction was conducted on a 100 g scale, after 0.5 h,

60 g of (R) and 5 g of (S) mono-sulfoxide 6c were present,
and after 24 h, 30 g of (R) and 3 g of (S) remained. While
we know that the (R)-enantiomer was converted to the
(R,R)-bis-sulfoxide, the loss of the (S)-enantiomer was a
mystery.

The only explanation we can offer to account for this
situation is that some meso bis-sulfoxide (R,S) is formed,
but it forms a tightly bound complex with titanium
(Figure 1) and so is never isolated. Our inability to
achieve good mass balance (despite testing different
workups, including using citric acid13) and the constancy
of the enantiomeric excess of the monoxide over time
support this view.

In conclusion, we have demonstrated that ketene
dithioacetals can be selectively oxidized to the trans bis-
sulfoxides in good yield with essentially complete control
over enantioselectivity. We believe that the high diaste-
reoselectivity observed is a consequence of tight binding
with titanium of the small amount of the meso diaste-
reomer formed, which effectively removes this isomer.
This explanation could also account for the high enantio-
and diastereoselectivities observed in the bis-sulfoxida-
tions of other dithiane derivatives.

Experimental Section

General Procedures for the Synthesis of Ketene Dithio-
acetals 3a-e. 2-Cyclohexylidene-1,3-dithiane 3c. 2-Tri-
methylsilyl-1,3-dithiane (3.00 g, 15.63 mmol) was dissolved in
THF (30 mL) under nitrogen with stirring. The solution was
cooled to -78 °C, and n-BuLi (1.6 M solution in hexanes: 11.70
mL, 18.73 mmol) was added. The solution was allowed to warm
to 0 °C over 5 h. The solution was re-cooled to -78 °C, and
cyclohexanone (2.06 mL, 19.88 mmol) was added. The solution
was allowed to warm to room temperature over 47 h. The
reaction solution was poured onto H2O (50 mL), extracted with
CH2Cl2 (5 × 50 mL), and dried (MgSO4), and the solvent was
removed under reduced pressure. Purification by column chro-
matography, on SiO2 (hexane/Et2O, 1:0-0.9:0.1), afforded 3c as
a colorless solid (1.922 g, 61%): mp (EtOH) 94-94.5 °C (lit.14

91.5-93.5 °C); 1H NMR (400 MHz, CDCl3) δ 1.55 (m, 6H), 2.13
(dtd, J ) 6.0 Hz, J ) 4.0 Hz, J ) 2.0 Hz, 2H), 2.46 (m, 4H), 2.86
(ddd, J ) 6.0, 4.0, 2.0 Hz, 4H); 13C NMR (100 MHz, CDCl3) δ
25.4, 26.8, 27.6, 30.5, 32.2, 114.0, 145.3; MS (EI) m/z 200 (M+),
125, 84.

General Procedures for the Synthesis of Ketene Dithio-
acetal Dioxides 4. (1R,3R)-2-Cyclohexylidene-1λ4,3λ4-di-
thiane 1,3-Dioxide 4c. (+)-Diethyl tartrate (0.34 mL, 2.01
mmol) and titanium(IV) isopropoxide (0.15 mL, 0.50 mmol) were
dissolved in CH2Cl2 (5 mL) at room temperature under nitrogen
and stirred for 20 min. 2-Cyclohexylidene-1,3-dithiane was
dissolved in CH2Cl2 (1.0 mL) and added to the reaction mixture,
which was then cooled to -40 °C and stirred for 1 h. Cumene
hydroperoxide (80%; 0.76 mL, 4.01 mmol) was added, and the
mixture was stirred at -40 °C for 10 min and then allowed to
stand at -20 °C for 22 h. Distilled water (0.36 mL) was added
and the reaction mixture allowed to warm to room temperature
with stirring for 1 h. The reaction mixture was filtered through
a pad of Celite and washed well with CH2Cl2, and the solvent
removed under reduced pressure. Purification by column chro-
matography on SiO2 (hexane/Et2O/EtOH, 1:1:0-0:1:0-0:1:1)
afforded 4c as a colorless solid (173 mg, 75%): mp (EtOH/
hexane) 159.5-161 °C; [R]22

D -21.5 (c 1.0, CHCl3); IR (neat)
2919, 1042 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.69 (m, 2H),
1.75-1.88 (m, 4H), 2.53 (tt, J ) 9.0 Hz, J ) 5.0 Hz, 2H), 2.84

(13) Gao, Y.; Klunder, J. M.; Hanson, R. M.; Masamune, H.; Ko, S.
Y.; Sharpless, K. B. J. Am. Chem. Soc. 1987, 109, 5765-5780.
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Trans. 1 1992, 3219-3223.

SCHEME 4. Oxidation of Mono-sulfoxide 6c with
(-)-DETa

a Reagents and conditions: (i) Ti(OiPr)4 (0.5 equiv), (+)-DET (2
equiv), PhC(Me)2OOH (4 equiv), CH2Cl2, -40 to -20 °C; (ii)
Ti(OiPr)4 (0.5 equiv), (-)-DET (2 equiv), PhC(Me)2OOH (4 equiv),
CH2Cl2, -40 to -20 °C.

SCHEME 5. Proposed Route for Diastereo- and
Enantioselective Oxidation of 3c to Trans
Bis-sulfoxide 4c

TABLE 2. Monitoring the Oxidation of 3c over Time
(Conditions as in Table 1)

time (h)
mono-sulfoxide 6c
yielda (%), (ee, %)b

bis-sulfoxide 4c
yielda (%), (ee, %)b

0.5 65 (84) 4 (>99)
1 65 (88) 10 (>99)
4 65 (83) 12 (>99)
6 49 (86) 30 (>99)

14 36 (84) 50 (>99)
24 33 (80) 53 (>99)

a NMR yield. b Enantiomeric excesses were determined by chiral
HPLC.
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(m, 4H), 3.39 (dt, J ) 14.5 Hz, J ) 5.0 Hz, 2H), 3.53 (dt, J )
14.5 Hz, J ) 9.0 Hz, 2H); 13C NMR(100 MHz, CDCl3) δ 7.5, 25.9,
28.2, 32.7, 40.3, 135.5, 168.9; MS (EI) m/z 232 (M+), 215, 184;
HRMS (EI) found m/z 232.0594 (M+), C10H16S2O2 requires
232.0591.
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