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Here we present a transitionmetal-free synthesis of a rigid,
orthogonally functionalized bicyclic sulfone, starting from
readily available reagents. The transformation proceeds
via a tandem vinylogous 1,2-addition/anionic oxy-Cope
sequence, followed by a second vinylogous ketone addi-
tion. Stereochemical assignments suggest that the anionic
oxy-Cope reaction proceeds exclusively through a boat-
shaped transition state. The product of the two-step
sequence canbe further functionalized through subsequent
chemo- and diastereoselective transformations, suggesting
possible applications in medicinal chemistry or materials
chemistry.

Butadiene sulfone (3-sulfolene, 1) is an inexpensive (∼10¢/g)
4-carbon building block that has been extensively used for
the preparation of functionalized dienes, via deprotonation,
alkylation, and cheletropic removal of SO2.

1 The conjugate
base of 1 has also been reported to participate in 1,4-addition
reactions with a variety of simple Michael acceptors.2 We
hypothesized that the use of bifunctional electrophiles such as
bis-alkylidene ketones might expand the range of structures
accessible from 1, by permitting cascade or tandem reactivity.3

To explore this possibility, we studied the reactivity of 1
with the readily available bis-alkylidene ketone 2.4 The
presence of two Michael acceptors in 2 suggested that
butadiene sulfone might engage in two sequential conjugate
additions to afford meso-ketone 3.5 Alternatively, we con-
sidered that the reduced steric hindrance at the ketone in 2

(relative to other R,β-unsaturated carbonyl systems) might
allow for a variety of transformations proceeding from
nucleophilic attack at the carbonyl function.

In the event, treatment of a solution of ketone 2 and
sulfone 1 with LiHMDS at -78 �C resulted in attack from
the γ-position of the sulfone anion directly to the ketone
of 2 (Scheme 1).6 When the reaction was quenched at low
temperature, the major isolated product was the tertiary
alcohol 4b. Treatment of 4b with a second equivalent of
LiHMDS initiated an anionic oxy-Cope rearrangement,7,8

affording keto-sulfone 5 as a single diastereomer. Further
experimentation revealed that we could access 5 in a single
step, by allowing the mixture of 1, 2, and LiHMDS to
warm to room temperature prior to aqueous workup.
While we cannot completely rule out the possibility that
a portion of 5 was produced by the alternative conju-
gate addition pathway, both the high diastereomeric excess
and our demonstration of 4 as a valid intermediate sug-
gest that the majority of 5 was formed via the tandem
vinylogous 1,2-addition/anionic oxy-Cope reaction indi-
cated in Scheme 1.9

SCHEME 1. Rapid Access to Bicyclic Sulfone 6 fromButadiene

Sulfone
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Reaction of keto-sulfone 5withmore LiHMDS resulted in
a second attack from the γ-position of the sulfone to the
ketone, leading to the formation of alcohol 6, once again as a
single diastereomer.10 Sulfones 5 and 6were somewhat sensi-
tive to silica gel chromatography, complicating our attempts
to document the overall yield. We therefore reduced the
electrophilic vinyl sulfone function, affording 7 in a 50%
yield over 3 steps (average of 79% per step).

Although the conjugate base of 6 could in principle engage
in a second anionic oxy-Cope reaction (leading to 3), this was
not observed. Analysis of the structure of 6 (vide infra)
suggests that the two olefins are too far removed from one
another to participate in a concerted rearrangement.

The synthesis of structures like 6 from butadiene sulfone is
unprecedented in the synthetic literature. Therefore, the
connectivity and relative stereochemistry of this product
was carefully established by a series of 1D and 2D NMR
experiments. Particularly interesting from this data were the
large coupling constants observed in several of the signals of
the proton NMR spectrum, as well as several strong cross-
peaks in the NOESY spectrum (Figure 1A). Taken together,
our data suggested that the two bridgehead protons, as well
as H-6, H-5R, and the hydroxyl group, occupied pseudoaxial
positions around the alkyl ring. These assignments were
supported by molecular modeling calculations, and were
later confirmed byX-ray crystallographic analysis of a single
crystal of 6.11 The presence of such large vicinal couplings in
both 6 (J6-5R=13 Hz) and 7 (J6-5R=13 Hz; J3-2=13 Hz)
also suggests that these structures are conformationally
rigid, at least on the NMR time scale.

With the relative stereochemistry of 6 (and thus 5) estab-
lished, we considered the anionic oxy-Cope reaction that
led to the formation of 5. The two enantiomers of 4a could
conceivably engage in [3,3] sigmatropic rearrangement

through a total of 8 different transition states (i.e., 2 enantio-
meric sets of 4). One enantiomeric series of these is shown in
Scheme 2,12 wherein the two allylic methyl groups in 4a have
been arbitrarily colored blue and red to emphasize the fact
that two of the transition states (I and II) involve a different
diastereotopic alkene to the other two (III and IV).

While one might have predicted the two chair-shaped
transition states (TS-I and TS-IV) to be more favored,13

the observed product (5) suggests that the reaction proceeds
through one of two possible boat-shaped transition states
(TS-II or TS-III). The experiment described here does
not allow a distinction between the relative energies of the
O-equatorial or O-axial transition states. However, we note
that TS-II is best oriented to benefit from stabilization
through chelation (via the alkoxide and one of the sul-
fone oxygen atoms) to the lithium counterion.14 Additional

FIGURE 1. Structural information for 6, obtained from solution-
and solid-state analyses: (A) coupling constants (blue) and NOE
enhancements (green) observed by NMR; (B) X-ray structure of 6,
showing the dihedral angles that correspond to the large vicinal
coupling constants.

SCHEME 2. Possible Transition States Leading from 4a to 5
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support for the involvement of a chelated lithium counterion
comes from the observation that 1 and 2 fail to react cleanly
in the presence of NaHMDS, KHMDS, or KHMDS with
18-crown-6.15

The second vinylogous attack at the ketone is also of
interest, given the high level of diastereoselectivity observed
in the conversion of 5 into 6. As illustrated in Scheme 3, the
preferential selection of one diasteotopic face of the ketone is
likely due to steric factors. In the most probable reaction
pathway leading to the observed product (6), the allylic anion
can easily approach the carbonyl group. By contrast, in the
most likely pathway leading to the other possible diastereo-
mer of the observed product (i.e., epi-6), the β-position of the
sulfone would suffer an unfavorable contact with the alkene.
Chelationmay play a role here as well, by helping to position
the carbonyl group in 5 close to the two sulfone oxygen
atoms.

The apparent rigidity of 6, together with its orthogonal
functionalization, suggests that it could be a useful inter-
mediate for the generation of structurally predictable (or at
least easily calculable) targets for use in medicinal chemistry,
functional materials, or supramolecular systems. We there-
fore explored the further functionalization of the periphery
of the bicyclic structure.We found that conjugate addition of
methyl amine to the vinyl sulfone function in 6 occurred
smoothly to afford a single diastereomer of product (8), as
anticipated on steric grounds.16 Similarly, deprotonation of
the saturated alkyl sulfone (7) and reaction with benzyl
bromide led to a single diastereomer of 9. Protection of the
alcohol was not required. The orientation of the benzyl
substituent was confirmed by X-ray crystallography,11 and
is consistent with an exo approach by the electrophile.

Turning our attention toward functionalization of the
carbocyclic ring, we found that we could cleanly remove
the allylic alcohol function by treatment with RuCl3 and
oxone17 to provide ketone 10 in good yield. This intermediate
could lead to a variety of derivatives functionalized at both
C-4 and C-5. Alternatively, we found that a two-stage

ozonolysis/Pinnick18 procedure preserved the stereogenic
center at C-4, affording the R-hydroxy acids 11 and 12.
The low overall yield for the preparation of 11 is largely
due to purification issues; the less polar acid 12 was isolated
in substantially improved yield.

Finally, we explored the installation of functional groups
other than methyl at C-6. Many different bis-alkylidene
ketones can be accessed following simple procedures;19

reaction with sulfone 1 by the protocol described here should
lead to a variety of differently substituted bicyclic sulfones.
To test this hypothesis, we examined the reaction of 1 with
both amore sterically demanding bis-alkylidene ketone (13a)
and a diaryl bis-alkylidene ketone (13b). Both reactions pro-
vided the expected products (14, Scheme 4) in similar overall
yield to that observed for 6. Remarkably, even the bis-dienyl
ketone 13c was a competent substrate for this reaction,
affording tetraene 14c in modest yield over two steps.

Althoughonly ahandful of derivatizationsof 6arepresented
here, it is nonetheless apparent that a wide range of potentially
useful structures can be accessed efficiently. For example,
β-amino sulfones (such as 8) are of interest in medicinal
chemistry applications due to the greatly attenuated basicity

SCHEME 3. Proposed Origin of the Diastereoselective Prefer-

ence for the Transformation from 5 to 6

SCHEME 4. Chemoselective Functionalization of the Bicyclic

Sulfone
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of the amine nitrogen, relative to other secondary amines.20

Similarly, γ-carbonyl sulfones (such as 10) can potentially
be converted to sulfonamides by the procedure of Sellstedt
and Almqvist;21 sulfonamides are found in a large number
of successful drug molecules. Finally, molecular docking
studies in our laboratory22 suggest that bicyclic R-hydroxy
acids of the kind typified by 11 and 12 (but containing amine
or guanidine groups at C-6) might be useful inhibitors
of sialidase enzymes. We are currently investigating these
potential inhibitors.

Experimental Section

1. Synthesis of 5. Butadiene sulfone (1) (4.20 g, 35.6 mmol)
and ketone 2 (4.80 g, 43.6 mmol) were dissolved in tetrahydro-
furan (300mL), and the solutionwas cooled to-78 �C.A freshly
prepared solution of LiHMDS (39.2 mmol) in tetrahydrofuran
(60mL)was added via cannula. The reactionmixturewas stirred
for 30 min at -78 �C, then removed from the cooling bath and
stirred 1 h at room temperature. The reaction was quenched by
the addition of 10% aqueous HCl (50 mL), and the mixture was
partially concentrated in vacuo at 30 �C. The resulting yellow
solutionwas partitioned between 10%aqueousHCl and chloro-
form. The organic fraction was washed with brine and dried
withNa2SO4 then concentrated in vacuo at 30 �C to provide 7.80
g of sulfone 5 as a yellow oil. The crude product was carried to
the next step with no further purification. IR (film) 1694, 1303,
1133, 971 cm-1; 1HNMR (500MHz) δ 6.89 (dq, J=16, 7Hz, 1
H), 6.12 (dq, J=16, 2 Hz, 1 H), 6.11-6.00 (m, 2 H), 3.78-3.63
(m, 3 H), 2.92 (dd, J= 16, 5 Hz, 1 H), 2.74-2.65 (m, 1 H), 2.55
(dd, J=16, 8Hz, 1H), 1.89 (dd, J=7, 2Hz, 3H), 1.14 (d, J=7
Hz, 3 H); 13C NMR (125 MHz) δ 198.6 (C), 144.0 (CH), 132.1
(CH), 129.1 (CH), 124.2 (CH), 69.1 (CH), 56.6 (CH2), 43.1
(CH2), 29.9 (CH), 18.5 (CH3), 16.8 (CH3); MS (ESþ) m/z 253
(4), 251 (100); HRMS calcd for C11H16O3S (MþNa) 251.0718,
found 251.0715.

2. Synthesis of 6.Compound 5 (crude, 7.80 g, 34.2 mmol) was
dissolved in tetrahydrofuran (400 mL), and the solution was
cooled to-78 �C.A freshly prepared solution of LiHMDS (37.6
mmol) in tetrahydrofuran (60 mL) was added via cannula. The
reaction mixture was stirred for 30 min at-78 �C then removed
from the cooling bath and stirred 5 h at room temperature. The
reaction was quenched by the addition of 10% aqueous HCl
(100 mL), and the mixture was partially concentrated in vacuo.
The resulting red solution was partitioned between 10% aqu-
eous HCl and chloroform. The organic fraction was washed
with brine, dried with Na2SO4, and concentrated in vacuo at
30 �C to provide 8.20 g of crude vinylsulfone 6 as a yellow oil.

The crude product was typically carried to the next step with
no further purification. Alternatively, an analytically pure
sample could be obtained through flash-column chromato-
graphy (dichloromethane:ethyl acetate 10:1) followed by recrys-
tallization from aminimum amount of ethyl acetate and diethyl
ether. Mp 107-110 �C; IR (film) 3485 (br), 1282, 1132 cm-1; 1H
NMR (500MHz) δ 6.52 (dd, J=7, 2Hz, 1H), 6.49 (dd, J=7, 3
Hz, 1 H), 5.79 (dq, J= 15, 6 Hz, 1 H), 5.58 (dq, J=15, 2 Hz, 1
H), 3.53 (ddd, J=10, 3, 2Hz, 1H), 3.19 (dd, J=10, 8Hz, 1H),
2.97-2.85 (m, 1H), 2.02 (dd, J=13, 6Hz, 1H), 1.71 (dd, J=6,
2 Hz, 3 H), 1.70 (t, J = 13 Hz, 1 H), 1.24 (d, J = 6 Hz, 3 H);
13C NMR (125 MHz) δ 137.1 (CH), 133.7 (CH), 132.7 (CH),
125.9 (CH), 80.6 (C), 67.8 (CH), 57.8 (CH), 51.6 (CH2),
33.6 (CH), 19.6 (CH3), 17.8 (CH3); MS (ESþ) m/z 253 (4), 251
(100); HRMS calcd for C11H16O3S (M þ Na) 251.0718, found
251.0715.

3. Synthesis of 7.Compound 6 (crude, 4.50 g, 19.7 mmol) was
dissolved in tetrahydrofuran (300 mL). The solution was cooled
to 0 �C and LiAlH4 (1.87 g, 49.3 mmol) was added in three
portions over 5 min. The solution was warmed to room tem-
perature and stirred for 2.5 h. Wet sodium sulfate was added in
small portions over 5 min until gas evolution desisted. The
reaction mixture was filtered and washed with ethyl acetate
andmethanol. The filtrate was concentrated in vacuo to provide
4.20 g of crude sulfone 7 as yellow residue. Flash-column
chromatography of a 1.10 g sample of crude material (ethyl
acetate:dichloromethane:methanol 20:20:1) afforded 600 mg
(50% over 3 steps) of 7 as a thick yellow oil. IR (film) 3484
(br), 1290, 1102, 972 cm-1; 1HNMR (500MHz) δ 5.72 (dq, J=
15, 6Hz, 1H), 5.44 (dq, J=15, 2Hz, 1H), 3.28 (ddd, J=13, 13,
7 Hz, 1 H), 2.93 (dd, J = 10, 10 Hz, 1 H), 2.87 (ddt, J=13, 7, 2
Hz, 1 H), 2.82-2.76 (m, 2H), 2.11 (dd, J= 13, 7 Hz, 1 H), 1.97
(dddd, J=13, 13, 8, 7Hz, 1H), 1.83 (dd, J=13, 6Hz, 1H), 1.68
(dd, J=6, 2Hz, 3H), 1.45 (t, J=13Hz, 1H), 1.18 (d, J=7Hz,
3 H); 13C NMR (125 MHz) δ 134.4 (CH), 125.1 (CH), 82.3 (C),
69.4 (CH), 50.8 (CH2), 50.5 (CH), 49.9 (CH2), 35.9 (CH), 19.5
(CH3), 19.4 (CH2), 17.8 (CH3);MS (ESþ)m/z 253 (4), 251 (100);
HRMS (ESþ) calcd for C11H18O3S (M þ Na) 253.0874, found
253.0869.
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