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ABSTRACT

The design and development of a novel class of chiral sulfur�olefin hybrid ligands with high synthetic feasibility are described. These new
sulfoxide�olefin ligands showed excellent catalytic activities and enantioselectivities (up to 98% ee) in rhodium-catalyzed asymmetric 1,
4-addition reactions of aryl boronic acids to R,β-unsaturated carbonyl compounds.

In transition-metal-mediated asymmetric catalysis, chir-
al ligands play an essential role in efforts to achieve
excellent stereoselectivity. For this reason, design and dis-
covery of novel effective chiral ligands remain an impor-
tant focus ofmodern synthetic chemistry.1 Recently, chiral
olefins have attracted considerable attention as new steer-
ing ligands and have evoked great interest from the
chemical society.2�5 Nevertheless, despite the fact that
heteroatom�olefin hybrid ligands generally exhibit in-
creased coordination ability to transition metals, their
development and use in asymmetric catalysis is far less
extensive than that of diene ligands; only rare examples of
pnictogen-based olefin analogues have been disclosed in
the literature.6 On the other hand, catalytic asymmetric
transformations applying sulfur-based ligands have been
more intensively investigated in recent years.7 Compared

to the phosphorus- or nitrogen-containing ligands, chiral
sulfur ligands present advantages of easy synthesis, high
stability, and special S-stereogenic control. Therefore, it is
reasoned that a structurally proper olefin containing het-
eroatomic sulfur could possibly act as a previously
unexplored sulfur-olefin hybrid class ligand, which should
offer new opportunities for asymmetric applications. Very
recently, we discovered that simple and readily available
chiral sulfinamide-olefins can display great catalytic
activities and enantioselectivities in rhodium-catalyzed
1,4-addition reactions.8
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Chiral sulfoxides are an intriguing class of molecules.9

During recent years, they have been successfully utilized as
chiral ligands in various kinds of transition-metal-cata-
lyzed asymmetric reactions.9a,b,10 The sulfinyl group is
perfectly featured with both an intrinsic stereogenic center
and binding site tometals. Inspired by these elegant works,
we envisioned probing sulfinyl-based olefin ligands.
To fulfill this idea, one simple design is to assemble molec-
ules that have both sulfinyl and olefin groups attached to a
benzene ring in a 1,2-fashion. As outlined in Scheme 1,

upon coordination to the metal, the sulfinyl function-
ality can be expected to serve as a nice stereodirecting
group, thus providing effective asymmetric inductions.
Herein, we disclose the first example of chiral sulfinyl-
based olefin ligands and their potential in asymmetric
catalysis.

Initially, to examinewhether the use of a designed ligand
could lead to catalysis in asymmetric reactions, compound
1a (R1 = R2 = H) was first prepared using 2-bromoben-
zaldehyde as the starting material in two steps,11 and we
evaluated it in Rh-catalyzed conjugate addition of phenyl
boronic acid to 2-cyclohexenone. The reaction proceeded
smoothly at 60 �C in the presence of 1a (3.3 mol %) under
aqueous K3PO4/dioxane and went to completion in
30 min,12 giving the corresponding product in 98%
yield, albeit with low enantioselectivity (8% ee).
When the corresponding sulfoxide ligand where the

vinyl group in 1a has been hydrogenated was used, the
reaction did not occur even after 6 h. This result clearly
indicates the necessity for the olefin donor to be present on
the ligand. Encouraged by these findings, we decided to
synthesize a series of new sulfoxide�olefin ligands bearing
different R1 and R2 substitutents.

As illustrated in Scheme 2, the synthesis of structurally
diverse sulfoxide-olefin ligands cangenerallybeaccomplished
in three concise steps. Horner�Wadsworth�Emmons reac-
tion of the resulting phosphonate 3with the corresponding

Scheme 2. Synthesis of Sulfoxide�Olefin Ligands 1

Figure 1. Sulfoxide�olefin ligands with diverse structures.

Scheme 1. Chiral Sulfoxide�Olefin Ligand Proposal
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aldehyde under microwave irridation for 30 min afforded
mainly trans-stilbene derivatives 4 in good yields. Treat-
ment of 4 with nBuLi at �78 �C, followed by addition of
(S)-thiosulfinate 5, led to the desired molecules13 (see
Figure 1 for representative structures).

With various sulfoxide�olefin ligands in hand, we then
turned our attention to survey their catalytic performance
(Table 1). In comparison with 1a bearing a terminal olefin,
most of ligands (1b�k) with anR2 substitutent attached to
the double bond showed dramatically improved enantios-
electivities while maintaining the same high catalytic activ-
ity (entries 2�11). Among them, ligands 1b, 1e, and 1k

performed equally well and gave a promising 90% ee
(entries 2, 5, and 11). When 1lwas applied to the reaction,
the yield became very low, and the ee value decreased to
only 48% (entry 12), suggesting that a sterically very bulky
R2 would disfavor the coordination and induction. To
understand whether the trans-stilbene structure is crucial,

ligands 1m and 1n derived from benzophenone and piva-
laldehyde respectivelywere examined.14As a result, the use
of these two ligands seriously hampered the reaction,
giving no or only trace amount of products (entries 13
and 14). We also investigated the substitution effect (R1)
on the central benzene ring moiety (1o�s, entries 15�19),
to our delight, the introduction of multimethoxy groups
(1p, 1q, and 1r) was beneficial (entries 16�18), the best
selectivity of 95% ee was obtained when ligand 1p was
employed (entry 16). Notably, replacing the tert-butyl
sulfinyl group in 1bwith p-tolylsulfinyl led to amuch lower
reaction stereocontrol (entry 20).

Given the encouraging results, the reaction conditions
were further explored (Table 2). The easily available
sulfoxide�olefin 1b was first chosen as a model ligand
(entries 1�11). The use of a noncoordinating solvent such
as CH2Cl2 or toluene provided low enantioselectivities
(entries 2 and 3). When THF was used, a slightly better
enantioselectivity was observed (entry 5). A careful survey
of inorganic bases led to the identification of K2HPO4 as
the best additive, affording the addition product with 94%
ee in THF (entry 12). Gratifyingly, an excellent enantios-
electivity of 97% ee was obtained by using the previously
recognized optimal ligand 1p (entry 13).

Table 1. Ligand Screeninga

entry ligand yieldb (%) eec (%)

1 1a 98 8 (S)

2 1b 99 90 (R)

3 1c 99 83 (R)

4 1d 93 86 (R)

5 1e 99 90 (R)

6 1f 93 80 (R)

7 1g 90 86 (R)

8 1h 99 87 (R)

9 1i 99 85 (R)

10 1j 95 89 (R)

11 1k 98 90 (R)

12 1l 4 48 (R)

13 1m

14 1n trace N.Dd

15 1o 81 70 (R)

16 1p 99 95 (R)

17 1q 99 93 (R)

18 1r 99 91 (R)

19 1s 99 88 (R)

20 6e 99 12f (R)

aReaction conditions: PhB(OH)2 (0.5 mmol), 2-cyclohexenone
(0.25 mmol), [Rh(C2H4)2Cl]2 (3 mol %, 1.5 mg), ligand (3.3 mol %),
and K3PO4 (1.5M aq, 83 μL, 0.5 equiv) in dioxane (0.5 mL) at 60 �C for
0.5 h. b Isolated yield. cDetermined by HPLC analysis on a Daicel
Chiralcel OJ-H column; the absolute configuration was determined by
comparison with known data. dNot determined. eThe optical purity of
this ligand was low (48% ee). fA retained 25% ee can be obtained if a
optically pure 6 could be used.

Table 2. Optimization of the Reaction Conditionsa

entry ligand base solvent yieldb (%) eec (%)

1 1b K3PO4 dioxane 99 90

2 1b K3PO4 CH2Cl2 98 75

3 1b K3PO4 toluene 98 67

4 1b K3PO4 MeOH 89 88

5 1b K3PO4 THF 93 91

6 1b KOH dioxane 90 88

7 1b KF dioxane 94 92

8 1b Na2CO3 dioxane 91 92

9 1b K2CO3 dioxane 97 92

10 1b K2HPO4 dioxane 96 93

11 1b K2CO3 THF 97 93

12 1b K2HPO4 THF 97 94

13 1p K2HPO4 THF 99 97

14 1q K2HPO4 THF 99 94

15 1r K2HPO4 THF 99 93

aReaction conditions: PhB(OH)2 (0.5 mmol), 2-cyclohexenone
(0.25 mmol), [Rh(C2H4)2Cl]2 (3 mol %, 1.5 mg), ligand (3.3 mol %),
and base (1.5 M aq, 83 μL, 0.5 equiv) in the indicated solvent (0.5 mL)
at 60 �C for 0.5 h. b Isolated yield. cDetermined by HPLC analysis on a
Daicel Chiralcel OJ-H column.
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were>98%. See the Supporting Information for detailed ee values. For
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(14) An attempt to synthesize the corresponding ligand 1b with cis-
stilbene structurewas also carried out, and the productwas obtained in a
cis/trans ratio of 3:1. However, this cis-dominating ligand only gave the
reaction in 50%yield and 35%ee, also suggesting the important effect of
trans-stilbene structure on both yield and enantioselectivity.
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With the best ligand 1p, we next examined the substrate
scope of this rhodium-catalyzed asymmetric 1,4-addition
under the above optimized conditions. As presented in
Table 3, a wide range of arylboronic acids with varying

electronic and steric demands were successfully reacted
with R,β-unsaturated carbonyl compounds such as 2-cy-
clohexenone (7a), 2-cyclopentenone (7b), and 5,6-dihydro-
2-pyranone (7c), giving the corresponding addition pro-
ducts 8 with excellent enantioselectivities (94�98% ee)
in all cases. The nature of the substituent on the phenyl
ring of the arylboronic acid had very little effect on the
reaction stereoselectivity. Unlike in the previous obser-
vations with chiral olefin or related ligands,15 it is
worthy of note that the current catalytic system proved
equally suitable for both six- and five-membered
cyclic substrates. Unfortunately, when linear enone
(E)-2-heptenone was subjected to react with phenyl-
boronic acid, both low yield (34%) and selectivity
(21% ee) were afforded.
In summary, we have developed an unprecedented new

exciting class of sulfinyl-based olefin ligands for asym-
metric catalysis. By taking advantage of inherent stereo-
genic elements in the scaffold of the sulfoxide, readily
available chiral sulfoxide�olefins with simple molecular
framwork have shown great catalytic activities and enan-
tioselectivities as in rhodium-catalyzed asymmetric con-
jugate additions. This study revealed that the innovativeS-
stereogenic olefin ligands can also be as useful as other
classical asymmetric ligands.Further development ofmore
effective chiral sulfur�olefin hybrid ligands and their
applications in other asymmetric reactions is currently
underway in our laboratory.
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Table 3. [RhCl(C2H4)2]2/1p-Catalyzed Asymmetric Conjugated
Additiona

entry 7 Ar 8 yieldb (%) eec (%)

1 7a C6H5 8a 99 97

2 7a 4-MeC6H4 8b 99 96

3 7a 4-MeOC6H4 8c 99 95

4 7a 4-FC6H4 8d 94 98

5 7a 4-ClC6H4 8e 97 96

6 7a 3-MeC6H4 8f 96 97

7 7a 3-ClC6H4 8g 85 97

8 7a 3-MeOC6H4 8h 99 97

9 7a 2-MeC6H4 8i 31 94

10 7a 2-MeOC6H4 8j 53 96

11 7a 2-naphthyl 8k 99 97

12 7a 1-naphthyl 8l 97 98

13 7b C6H5 8m 98 96

14 7b 4-MeC6H4 8n 99 96

15 7b 4-ClC6H4 8o 95 95

16 7c C6H5 8p 91 96

aThe reaction was carried out with 0.25 mmol of enone/ester 7,
0.5 mmol of arylboronic acid in the presence of 3 mol % of
[RhCl(C2H4)2]2, 3.3 mol % of ligand 1p, and 1.5 M aq K2HPO4

(0.1 mL) in THF (1 mL) at 60 �C for 0.5�2 h. b Isolated yield.
cDetermined by HPLC analysis on Daicel chiral columns.

(15) For selected examples, see refs 4k, 5b, 5c, 6h, and 10f.


