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a b s t r a c t

A series of new chiral phosphonite ligands were evaluated for the palladium-catalyzed asymmetric
Suzuki–Miyaura cross-coupling reactions of aryl chlorides. Ligand 4 gave 91% yield and 78% ee with
0.5 mol % catalyst loading for the coupling of aryl boronic acid and aryl chloride in 5 h. When the catalyst
loading was lowered to 0.1 mol % the same reaction gave 75% yield and 76% ee.

� 2011 Elsevier Ltd. All rights reserved.

The Suzuki–Miyaura cross-coupling reaction is one of the most
widely used method for preparing biaryl bonds.1 The widespread
availability of aryl chlorides contributes to the utility of this reac-
tion in synthetic organic chemistry.1a–d The asymmetric variant re-
mains an important challenge2 due to the importance of axially
chiral biaryls in synthetic applications,3a–d including pharmaceuti-
cal,3e,f material,3g and supramolecular3h chemistry. So far a few
examples on catalytic enantioselective versions have been re-
ported.4–6

Recently, Lassaletta and Uozumi reported on highly efficient
asymmetric cross-couplings. Lassaletta and co-workers utilized a
novel C2-symmetric bis-hydrazone ligand,7a and Uozumi devel-
oped a polymer-supported catalyst.7b While their procedures
achieved valuable enantioselectivities there is still room for
improvement especially in terms of catalyst loadings and reaction
times. In these prior works a minimum of 5 mol % of catalyst and
24 h of reaction time was necessary, though Uozumi was able to
reuse their catalyst 4 times.

We previously reported on the pentaarylbenzene phosphine
ligand 1 palladium-catalyzed Suzuki–Miyaura coupling of aryl chlo-
rides.8 The well-organized array of aromatic rings was demon-
strated to play an enhancing role in the catalytic cycle.9,10

Phosphine 1 catalyzed the reaction of 2-chloro-3-methoxybenzal-
dehyde with ortho-tolylboronic acid to form the unsymmetrical
tri-ortho-substituted biaryl11 in >99% yield with 0.1 mol % catalyst
loading (Scheme 1).

In this Letter, we describe three new phophonites that promote
the asymmetric cross-coupling of aryl chlorides with low catalyst
loading and short reaction time. The pentatolylbenzene moiety
feature found in 1 was appended with chiral biaryls to give 2, 3,
and 4 (Fig. 1). Phosphonite 4 was found to give the axially chiral
tri-ortho-substituted biaryl12 in 75% yield and 76% ee with a

0.1 mol % catalyst loading (catalyst turnover = 750) and 5 h reac-
tion time.

The chiral phosphonite 2,13 3,14 and 415 were synthesized from
bromide 616 via iodide 510a as shown in Scheme 2. Lithiation of io-
dide 5 smoothly occurred in toluene at �78 �C, and it was followed
by reaction with 1,2-dibromobenzene, giving 6 in 89% yield.8 Initial
efforts to convert 6 to the desired ligands 2, 3, and 4 proved diffi-
cult presumably due to the sterically hindered carbanion.17 After
several attempts, the use of phosphorous trichloride was found
to give access to desired phophonites. The addition of PCl3 followed
by (R)-1,10-binaphthyl-2,20-diol was conducted in one-pot under
an argon atmosphere. Purification by silica gel column chromatog-
raphy gave 2 in 43% yield. Similarly the reactions of (R)-3,30-di-
methyl-1,10-binaphthyl-2,20-diol14 and (S)-9,100-biphenanthrene-
90,10-diol15 afforded 3 in 69% yield and 4 in 70% yield. These
compounds readily dissolved in CHCl3, CH2Cl2, benzene, toluene,
and THF. Compounds 2, 3, and 4 proved to be stable solids as con-
firmed by the lack of observed phosphorous oxide in 31P NMR after
workup and purification. Presumably the large pentatolylbenzene
moiety provides a degree of robustness to these ligands, protecting
the phosphorous lone-pair from oxidation.18

At the outset of our study the availability of 2 led us to investi-
gate its performance as a chiral ligand in palladium-catalyzed
asymmetric Suzuki–Miyaura reactions. The reactions were carried
out in the presence of [Pd2(dba)3�CHCl3] (dba = dibenzylideneace-
tone) and 2 (Scheme 3). As coupling partners, 2-(2-chloro-3-
methoxyphenyl)-1,3-dioxolane 7 and ortho-tolylboronic acid 8
were chosen because of their availability. The chemical yield and
enantiomeric excess of the axially chiral product (S)-2-(6-meth-
oxy-20-methyl biphenyl-2-yl)-1,3-dioxolane19 were surveyed in
several conditions (Table 1).20

In entries 1 and 2, the catalyst system at 75 �C in THF and KF
smoothly gave the coupling adduct in 96% yield, although the yield
at 50 �C decreased to 44%. In entries 2–4, the ratio of 2 to palladium
(P/Pd ratio) was varied between 1.2, 2.0, and 3.0 to little effect. In
entry 5 the reaction proceeded with 0.1 mol % catalyst loading,
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giving 99% yield and 40% ee. Of the bases evaluated in entries 6–11,
the significance of CsF is striking, giving coupling in 96% yield and
46% ee. In entry 14, 92% yield and 45% ee were produced with a
catalyst loading of 0.1 mol %.

The configurational stability of (S)-2-(6-methoxy-20-methyl
biphenyl-2-yl)-1,3-dioxolane at the reaction temperature of the
coupling was surveyed. The mixture of (S)/(R) = 66:34 ratio was re-
fluxed in THF for 12 h, to give 68:32. In addition, (S)/(R) = 68:32 was
heated in toluene for 12 h at 90 �C, to give 66:34. There is virtually no
erosion of ee under these conditions thus we presume that the biaryl
has kept its configuration under the reaction conditions.

Next, we evaluated the performance of ligands 2, 3, and 4 (Table
2). In the reaction of halide 7 with boronic acid 8 with THF and KF
under P/Pd = 2, phosphonite 3 gave 65% ee compared to 2 (41% ee)
(entries 1 and 2). When the mol % of ligand 3 and 4 rose to 1.5 (P/
Pd = 3) the starting material 7 disappeared by TLC monitoring

within 5 h, and the product was given in 69% ee and 72% ee, respec-
tively (entries 3 and 4). Conducting the reaction in toluene with
CsF the % ee values were 74 with 3 and 78 with 4 (entries 5 and
6). This is slightly better as compared with the % ee using THF
and KF. In entry 7, the catalyst loading of 0.1 mol % with 4 achieved
75% yield and 76% ee, consuming the starting material 7 within 5 h.
The coupling partners of arylboronic acid were changed to o-anis-
ylboronic acid 10 (entries 8 and 9)21 and 1-naphthylboronic acid
11 (entries 10 and 11). Although the starting halide 7 was
consumed within 5 h through entries 8–11, the highest enantiose-
lectivities recorded was 52% ee.22 Asymmetric cross-coupling of
2-chloro-3-methoxy benzonitrile 923 with 1-naphthylboronic acid
11 in entry 12 was carried out with phosphonite 4, and the reaction
proceeded within 3 h in 87% yield and 33% ee.

In summary, chiral phosphonite 2, 3, and 4 were developed and
evaluated for the asymmetric Suzuki–Miyaura cross-coupling

Figure 1. Phosphonite 2, 3, and 4.

Scheme 2. Synthetic routes to 2, 3, and 4.

Scheme 3. Asymmetric Suzuki–Miyaura reaction of 7 with 8.

Scheme 1. Synthesis of a biaryl in the presence of 1.
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reaction of aryl chlorides. These new phosphonite ligands afforded
a catalytic system with very low loading (0.5 mol %) and with
shortened reaction times compared to previous studies (now ca.
5 h). Under these conditions up to 91% yield and 78% ee were
achieved for one set of coupling partners. Additionally, the asym-

metric coupling of 7 with 8 with 0.1 mol % catalyst loading and li-
gand 4 within 5 h gave the resulting chiral biaryl in 75% yield and
76% ee. These results demonstrate a significant advance in the effi-
ciency of the asymmetric cross-coupling reaction of aryl chlorides
with aryl boronic acids to give chiral biaryls. Ongoing efforts to en-

Scheme 4. Asymmetric Suzuki–Miyaura reaction with aryl chlorides.

Table 1
Effect of chiral ligand 2 on the asymmetric coupling conducted via Scheme 3a

Entry Mol % of Pd2(dba)3 Mol % of 2 Base Solvent Tempb (�C) Timec (h) Yield (%) eed (%)

1 0.5 1.2 KF THF 50 5 44 30 (S)
2 0.5 1.2 KF THF 75 5 96 33 (S)
3 0.5 2.0 KF THF 75 7 99 42 (S)
4 0.5 3.0 KF THF 75 5 97 34 (S)
5e 0.05 0.12 KF THF 75 7 99 40 (S)
6 0.5 1.2 KF Toluene 75 3.5 84 47 (S)
7 0.5 1.2 K2CO3 Toluene 75 4 37 48 (S)
8 0.5 1.2 Na2CO3 Toluene 75 4 24 50 (S)
9f 0.5 1.2 Cs2CO3 Toluene 75 6 16 59 (S)
10 0.5 1.2 (C2H5)3N Toluene 75 5 33 43 (S)
11 0.5 1.2 CsF Toluene 75 5 96 46 (S)
12 0.5 1.2 CsF Toluene 90 4 99 48 (S)
13 0.5 1.2 CsF Toluene 110 4 >99 42 (S)
14 0.05 0.12 CsF Toluene 90 4 92 45 (S)

a All reactions were performed in accordance with the representative procedure in Ref. 20, unless otherwise noted.
b Oil bath temperature.
c The reactions were stopped when the complete formation of Pd black was observed and/or when the starting materials disappeared on TLC monitoring.
d The absolute configuration is shown in parenthesis.
e The concentration of the aryl chloride was 0.83 M.
f The starting aryl chloride was recovered in 79%.

Table 2
Effect of 2, 3, and 4 on the asymmetric coupling conducted via Scheme 4a

Entry Base/solvent Ligand Mol % of Pd2(dba)3 Mol % of ligand Halide Arylboronic acid Tempb (�C) Timec (h) Yield (%) eed (%)

1 KF/THF 2 0.25 1.0 7 8 75 7 84 41 (S)
2 KF/THF 3 0.25 1.0 7 8 75 6 79 65 (S)
3 KF/THF 3 0.25 1.5 7 8 75 4 90 69 (S)
4 KF/THF 4 0.25 1.5 7 8 75 5 94 72 (R)
5 CsF/toluene 3 0.25 1.0 7 8 90 4 93 74 (S)
6 CsF/toluene 4 0.25 1.0 7 8 90 5 91 78 (R)
7 CsF/toluene 4 0.05 0.2 7 8 90 5 75 76 (R)
8 e CsF/toluene 3 0.25 1.0 7 10 90 5 92 37 (S)
9 e CsF/toluene 4 0.25 1.0 7 10 90 5 91 47 (R) g

10f CsF/toluene 3 0.25 1.0 7 11 90 4 63 47
11f CsF/toluene 4 0.25 1.0 7 11 90 4 55 52 h

12 CsF/toluene 4 0.25 1.0 9 11 90 3 87 33 i

a All reactions were performed in accordance with the representative procedure in Ref. 20, unless otherwise noted.
b Oil bath temperature.
c The reactions were stopped when the starting aryl chloride was consumed on TLC monitoring.
d The absolute configuration is shown in parenthesis.
e The absolute configuration was determined on the basis of the proline-derived diamine in Ref. 21
f The values of % yield and % ee were calculated after the recrystallization was operated.
g ½a�21

D = �16.9 (c 0.50, CDCl3).
h ½a�22

D = �2.24 (c 0.49, CDCl3).
i ½a�22

D = +39.8 (c 0.50, CDCl3).
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hance the enantiomeric excess capability of chiral phosphonite li-
gands while retaining low catalyst loading and shortened reaction
times will be reported in due course.
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