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ABSTRACT: Several chiral sulfonyl compounds were prepared using the
iridium catalyzed asymmetric hydrogenation reaction. Vinylic, allylic and
homoallylic sulfone substitutions were investigated, and high enantioselectiv-
ity is maintained regardless of the location of the olefin with respect to the
sulfone. Impressive stereoselectivity was obtained for dialkyl substitutions,
which typically are challenging substrates in the hydrogenation. As expected,
the more bulky Z-substrates were hydrogenated slower than the
corresponding E isomers, and in slightly lower enantioselectivity.

1. INTRODUCTION

The sulfonyl group has tremendous applications in C−C and
CC bond formation.1−3 In many cases, sulfones are
generated as intermediates toward CC bond forming
reactions: namely, the Julia reaction and the Ramberg-Bac̈klund
reaction, often used in the total synthesis of natural products.
These reactions have made this functional group a valuable
asset in multistep synthesis. In addition to being a temporary
auxiliary group, chiral sulfones also appear as units in
biologically active molecules: such as Remikiren, a renin
inhibitor drug.4 Therefore, asymmetric methods for their
preparation are highly desirable.
However, there are relatively few methods developed that

enable the preparation of chiral sulfones. Ag-mediated5 as well
as Cu-6 and Pd-catalyzed7 cycloadditions have furnished such
chiral cyclic sulfones in good enantioselectivity. Chiral Lewis
acid mediated and organo-catalyzed Diels−Alder reactions have
also produced the desired targets in high enantioselectivity. Rh-
catalyzed C−H insertions have been studied, with moderate to
high selectivities achieved.8−13

Efficient methods for the preparation of acyclic chiral
sulfones are even more scarce. Carretero et al. were among
the first to develop asymmetric conjugate addition to
unsaturated sulfones using Rh catalysis. Aryl boronic acids
were added to 1,2-disubstituted-α,β-unsaturated sulfones using
a Rh-(S,S)-Chiraphos catalyst. With this methodology, acyclic
chiral sulfones were synthesized with reasonable stereo-
selectivity.14,15 Later, Carretero and co-workers also utilized
this protocol to prepare acyclic analogues bearing quaternary
chiral centers.16 However, one limitation of that method was

the need for a 2-pyridyl group on the sulfone substrate in order
for the catalyst to be active.
Organocatalytic reactions, which are capable of producing

acyclic chiral sulfones in high enantioselectivity, have also been
developed. Excellent work by Alexakis17,18 and Deng19,20 have
produced several examples of synthesis of acyclic chiral
sulfones, by Michael addition of nucleophiles to vinyl sulfone
electrophiles. Asymmetric catalytic radical additions have also
been reported.21,22

Undoubtedly, the development of a universal and facile
method for preparation of both cyclic and acyclic chiral sulfones
is desirable. The homogeneous asymmetric reduction, in
particular, using Ir, Rh and Ru, is a very successful and well
studied area of chemistry.23−29 Iridium catalyzed asymmetric
hydrogenation of olefins has been an ever expanding field for
several years; both the substrate scope30−42 and number of
chiral catalysts43,44 have been greatly expanded and the
mechanistic aspects studied,45−49 by many groups. In particular,
the recent publication by Pfaltz et al. has confirmed the Ir(III)/
Ir(V) nature of the catalysts cycle, thereby validating previous
computational studies.48

Surprisingly, only a few examples of the preparation of these
versatile sulfones via reduction were reported in the literature.
The hydrogenation of acyclic β-ketosulfones have been
reported by several groups, where both Ru50−52 and Rh53

catalysts have been utilized to enantioselectively reduce the
keto-group. However, there are only a few examples in the
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literature, where it is the CC moiety which is reduced. Pfaltz
and Misun, using a semicorrin Co-catalyst, showed in two
examples that they were able to reduce an α,β-unsaturated
sulfone, using NaBH4 as the hydride source.54 Carretero et al.
have developed a good protocol for the conjugate reduction of
α,β-unsaturated sulfones using a Cu-(R)-BINAP catalyst. The
reaction is carried out in the presence of base and Ph3SiH is
used as the hydride source.55 The Ir-catalyzed hydrogenation
has proven a useful method for hydrogenation of unfunction-
alized as well as functionalized olefins,56,57 and we have recently
communicated the successful reduction of a number of cyclic,
vinylic and acyclic sulfones, via hydrogenation where ee’s of up
to 99% were achieved using Ir-catalysts developed in our
group.58

Here we report an extensive study of the substrate scope of
unsaturated sulfones using N,P-ligated Ir-catalysts. A wide
variety of substrates bearing an olefin one, two and three bonds
away from the sulfonyl group were studied. To our knowledge,
this is, thus far, the only methodology able to handle such a
broad range of sulfone substrates and still retain high
enantioselectivity.

2. RESULTS AND DISCUSSION
2.1. Asymmetric Hydrogenation of β,β-Disubstituted

Vinyl Sulfones. In our initial study, a number of chiral
Crabtree-type, [(N,P)Ir(COD)]+[BArF]

− catalysts, bearing
either an oxazoline (ligands 1a and 1b), imidazole (ligand 2)
or thiazole (ligands 3−5) N,P-ligands (Figure 1) were screened

in the asymmetric hydrogenation of model sulfone 6c.58,59 We
found that the iridium catalyst with thiazole-phosphine ligand 4
offered the best performance, hydrogenating 6c to full
conversion and in 96% ee (Figure 2). We have also shown

previously, that the catalyst bearing ligand 4 is highly active and
enantioselective in the hydrogenation of a number of terminal
olefins and unsaturated heterocycles.38,60

Encouraged by this result, we were interested in further study
of the scope of the reaction by varying the substituents on the
sulfone. It has been found that the Cu and Rh reactions are
sensitive to this substitution.15,55 A variety of E-sulfones (6a−e)

were prepared and evaluated with the [(4)Ir(COD)]+[BArF]
−

catalyst (Table 1). It was found that the enantioselectivity

remained high for the alkyl and aryl substituents in our study
(89−96% ee, entries 1−5). Both the relatively unencumbering
n-Bu and the sterically demanding 2,6-dimethylbenzene groups
afforded a drop in selectivity relative to the benzyl group
(entries 1 (n-Bu) and 5 (2,6-dimethyl)). Carbocyclic
derivatives, benzene and cyclohexyl had similar performances
and only a 2% drop in ee was observed (entries 2 and 4). In
addition to E-sulfones, Z-sulfones were also prepared with the
same sulfone substitution (7a−e). We used the optimal iridium
catalyst ([(4)Ir(COD)]+[BArF]

−) to study the asymmetric
hydrogenation of substrates with different substitution at the
sulfones (Table 1). In the case of a benzyl substituent, the
enantioselectivity remains equally high as in it did for the E-
isomer (compare entries 3 and 8, Table 1). However, in
contrast with the results observed for the E-isomers, a phenyl
group leads to a greater drop in enantioselectivity than in the
case of the E-isomer (compare entries 4 and 9, Table 1).
However, for the cyclohexyl group, the ee remains constant
(compare entries 2 and 7, Table 1). A similar decrease in ee is
observed for the n-Bu group (entry 6). The Z-2,6-dimethyl
derivative, however, was found to be unreactive under the
chosen conditions, most likely due to excessive steric bulk in
two adjacent quadrants (see Origins of Selectivity).
Since the benzyl substituent at the sulfone proved to be the

best substrate, it was kept constant for the evaluation of a series
of E-sulfones with different substitution patterns at the β-
position, using [(4)Ir(COD)]+[BArF]

− (Table 2). The bulk of
the R1 group displayed a minor effect on selectivity. Increasing
the bulk of the R1 group from n-Bu to i-Pr or Cy led to slightly
lower enantioselectivities (entries 1−3). However, the asym-
metric reduction of sulfone 8e (entry 5) underwent low
selectivity (30% ee) and reactivity (27% conv.). The
substitution on the aromatic ring of the substrate (entry 7)
with an electron-donating group or electron-withdrawing

Figure 1. Catalysts and corresponding ligands used in this study.

Figure 2. Asymmetric hydrogenation of model sulfone 6c.

Table 1. Asymmetric Hydrogenation of E- and Z-Vinyl
Sulfones with Different Substitution at Sulfonea

aReaction conditions: 0.25 mmol of substrate, 0.5 mol % catalyst, 2
mL of CH2Cl2, 50 bar of H2, 17 h, rt.

bConversion, determined by 1H
NMR spectroscopy. No side products were detected. cDetermined by
chiral HPLC or GC analyses. dSee ref 58.
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groups (entries 8−9) had little influence on the selectivity or
the reactivity: all gave full conversion and excellent
enantioselectivities (92−96% ee). An increase in the size of
the R2 group, from Me to n-Bu, also had very little influence on
the enantioselectivity of the reaction (entries 6 and 10).
Next, we studied Z-sulfones with a variety of substitution

patterns at the β-position using [(4)Ir(COD)]+[BArF]
− (Table

3). Compared with the results in Table 2 (entries 1, 3, 6, and

10), the reactivity of Z-sulfones (Table 3, entry 1−4) was lower
than that of E-sulfones. Nonetheless, Z-sulfones were hydro-
genated in similar enantioselectivities (74−96% ee). This
meant that we could use one catalyst to hydrogenate the E-
and/or Z-sulfones to produce either desired enantiomer, be it
the (S)- or (R)-enantiomer, with similar enantioselectivity.
2.2. Asymmetric Hydrogenation of γ,γ-Disubstituted

Allylic Sulfones. Encouraged by the results achieved for β,β-
disubstituted vinyl sulfones, we continued to study γ,γ-
disubstituted allylic sulfones.

First, a large selection of substrates bearing different sulfone
groups, ranging from the simple noncoordinating alkyl sulfones
to coordinating heteroaromatic sulfones and small to bulky
substituents on the sulfones were evaluated (Table 4). These

sulfones can be used in further reactions to form the olefinic
CC bond. For example, sulfones with an aliphatic
substitution pattern can be used in the Ramberg-Bac̈klund
reaction to form the CC bond and sulfones with aromatic
substituents can be used in the Julia olefination to form a
different CC bond.
The asymmetric hydrogenation of these sulfones were

carried out under conditions using [(4)Ir(COD)]+[BArF]
−.

Full conversion and excellent enantioselectivities (96−99% ee,
entry 3−10) were achieved for all noncoordinating sulfones.
Unfortunately, the sulfones bearing benzothiazo-2-yl (entry 1)
and 2-pyridyl (entry 3) proved to be unreactive under these
conditions. This was possibly due to heteroaromatic sulfones
coordinating to the iridium catalyst.
Dialkyl allyl sulfones gave better enantioselectivities (Table

5) using ligand 1a (entries 1 and 2). With substituted aryl
groups good to excellent enantioselectivities are achieved.
However, bulky 2-MeC6H4 and electron withdrawing groups

Table 2. Asymmetric Hydrogenation of E-β,β-Disubstituted
Vinyl Sulfonesa

entry sulfone R1 R2 conv. (%)b ee (%)c

1 8ad n-Bu Me >99 93 (+)(R)
2 8b i-Pr Me >99 71 (+)
3 8c Cy Me >99 86 (+)
4 8de COOMe Me 23 89 (+)
5 8ee CH2OH Me 27 30 (−)
6 6cd,f Ph Me >99 96 (+)(S)
7 8fd 4-MeOC6H4 Me >99 92 (+)
8 8gd 4-ClC6H4 Me >99 96 (+)
9 8hd 4-CF3C6H4 Me >99 95 (+)
10 9 Ph n-Bu >99 91 (+)

aReaction conditions: 0.25 mmol of substrate, 0.5 mol % catalyst, 2
mL of CH2Cl2, 50 bar of H2, 17 h, rt. bConversion, determined by 1H
NMR spectroscopy. No side products were detected. cDetermined by
chiral HPLC or GC analyses. dSee ref 58. ePh on the sulfone not Bn.
fReproducible on a 1 g scale, giving the product in 98% yield after
purification (see Supporting Information)

Table 3. Asymmetric Hydrogenation of Z-β,β-Disubstituted
Vinyl Sulfonesa

entry sulfone R1 R2 conv. (%)b ee (%)c

1 10a n-Bu Me >99 93 (−)(S)
2 10b Cy Me 15 82 (−)
3 7c Ph Me 61 96 (−)(R)
4 10c Ph n-Bu 50 74 (−)

aReaction conditions: 0.25 mmol of substrate, 0.5 mol % catalyst, 2
mL of CH2Cl2, 50 bar of H2, 17 h, rt. bConversion, determined by 1H
NMR spectroscopy. No side products were detected. cDetermined by
chiral HPLC or GC analyses.

Table 4. Asymmetric Hydrogenation of E-Allylic Sulfones
with Different Substitution at Sulfonea

aReaction conditions: 0.25 mmol of substrate, 0.5 mol % catalyst, 2
mL of CH2Cl2, 50 bar of H2, 17 h, rt.

bConversion, determined by 1H
NMR spectroscopy. No side products were detected. cDetermined by
chiral HPLC or GC analyses. dNo reaction.
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(4-ClC6H4) required more catalyst (entries 4 and 6,
respectively).
2.3. Asymmetric Hydrogenation of Diallyl Sulfone. To

test the scope and limitations further, 13a was subjected to
hydrogenation (Figure 3). With the use of the standard
procedure, as developed on the previous substrates, the double
allylic sulfone was reduced fully and selectively to the chiral
diastereomer (13b) in 96% ee. This procedure would be of
great value to those who are interested in the synthesis of
symmetrical compounds bearing two chiral centers.
2.4. Asymmetric Hydrogenation of E-Homoallylic

Unsaturated Sulfones. To further study the substrate
scope, E-homoallylic unsaturated substrates with two different
substitutions at the sulfone were prepared (Table 6). Benzyl
and 2,6-dimethyl phenyl were chosen as R-group at the sulfone
for two reasons. First, sulfones with these two groups gave
excellent enantioselectivities for vinylic and allylic substrates,
therefore limiting the variability to that stemming from the
olefin-sulfone distance. Second, these two substituents allow for
further applications: forming CC bond via Ramberg-
Bac̈klund reaction (entry 1, benzyl) and Julia olefination
(entry 2, 2,6-dimethyl phenyl). As expected, these two
homoallylic sulfones were reduced with full conversion and
excellent enantioselectivities (94−99% ee).
2.5. Asymmetric Hydrogenation of an α,β-Substituted

Unsaturated Sulfones. Moving the prostereogenicity α to
the sulfone had no negative influence on the high
enantioselectivity. Compound 15a was hydrogenated (Figure
4), producing 15b in 97 ee, exemplifying the diversity of this
asymmetric hydrogenation protocol.
2.6. Ramberg-Ba ̈cklund Reaction. As can be seen from

Table 7, the Ramberg-Bac̈klund reaction was performed on
three substrates having the chiral center at different distances
from the sulfone. The ee of the compounds remained
unaffected by the reaction. While the β-substituted compound
reacted to produce a good yield (entry 1), a somewhat lower
yield was observed for entries 2 and 3.

2.7. Origins of Selectivity. The selectivity model
originates from the proposed mechanism (supported by
experimental data and calculations) (Figure 5A), and focuses
on the steric requirements of structure (i), which is involved in
the rate- and enantio-determining migratory insertion step (ii).
If we consider the iridium complex used in this study (4)
(Figure 5B), it is clear that most of the steric environment
around the Ir arises from the aryl groups of the phosphine and
the phenyl group of the thiazole.
This becomes evident in structures C and D in Figure 5,

which show the steric requirements of the plane that the olefin
coordinates, trans to phosphorus. This plane can be divided
into four quadrants (Figure 5D,E), and it is clear that quadrant
(i) in Figure 5E is very sterically hindered by the phenyl group
of the thiazole, so much so that the olefin prefers to place its
smallest substituent, the hydrogen (Figure 5E) in this quadrant.

Table 5. Asymmetric Hydrogenation of E-γ,γ-Disubstituted
Allylic Sulfonesa

entry sulfone R ligand conv. (%)b ee (%)c

1 12a (CH2)4CH3 1a 72d 94 (+)
2 12b Cy 1a 62d 93 (−)
3 12c Ph 4 >99e 99 (−)
4 12d 2-MeC6H4 4 14f 84 (−)
5 12e 4-MeC6H4 4 >99e 96 (−)
6 12f 4-ClC6H4 4 >99f 96 (−)

aReaction conditions: 0.25 mmol of substrate, 2 mL of CH2Cl2, 50 bar
of H2, 17 h, rt. bConversion, determined by 1H NMR spectroscopy.
No side products were detected. cDetermined by chiral HPLC or GC
analyses. d1 mol % catalyst. e0.5 mol % catalyst. f2 mol % catalyst.

Figure 3. Asymmetric hydrogenation of diallyl sulfone.

Table 6. Asymmetric Hydrogenation of E-Homoallylic
Unsaturated Sulfonesa

entry sulfone R conv. (%)b ee (%)c

1 14a Bn >99 99 (−)
2 14b 2,6-MeC6H3 >99 94 (−)

aReaction conditions: 0.25 mmol of substrate, 0.5 mol % catalyst, 2
mL of CH2Cl2, 50 bar of H2, 17 h, rt.

bConversion, determined by 1H
NMR spectroscopy. No side products were detected. cDetermined by
chiral HPLC or GC analyses.

Figure 4. Asymmetric hydrogenation of α,β-substituted unsaturated
sulfone.

Table 7. Transformation of Chiral Sulfones by Ramberg-
Bac̈klund Reaction

entry sulfone yield (%)a ee (%)b E:Z

1d 16a n = 1 91c 96 (+)(R) 99:1
2d 16b n = 2 75c >97 (−) 99:1
3 16c n = 3 63 99 1:1

aIsolated yields. bDetermined by chiral HPLC or GC analyses. cOnly
the E-isomer was observed. dSee ref 58.
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This model has proved reliable to predict the stereochemical
outcome for the hydrogenation of a large variety of di- and
trisubstituted olefins and has also proved successful in this
study.
The results presented in Table 8 show that the stereo-

chemical outcomes of the hydrogenation products are in good

agreement with those found in the literature (entries 1−3, 6−
8). On the basis of tentative assignment by matching the sign of
the specific rotation and order of elution for major and minor
enantiomers from the chiral column, the stereochemistry of
some other hydrogenated sulfones was determined. These were
also found to be in agreement with predicted stereochemistry
(entries 4−5).

3. CONCLUSION
In this paper, we have reported the highly successful
hydrogenation of unsaturated sulfones using an N,P-ligated
Ir-catalyst. Excellent ee’s and high conversions were obtained
for vinylic, allylic and homoallylic sulfones. Low sensitivity to
size of the various substituent groups was observed. Overall, we
believe that the method described is highly flexible and
adaptable to preparative synthetic chemistry.
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