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A new family of achiral 3,3 ,5,5 -tetrasubstituted-2,2 ,6,6 -tetrahydroxy biphenyl ligand 4 was developed.
The axial chirality of the ligand could be induced by the chelation of 2,20 ,6,60-tetrahydroxy groups with
(R)-BINOL-Ti(OiPr)2 to form an axially chiral bimetallic titanium catalyst 9. Compared with (R)-BINOL-
Ti(OiPr)2 catalyst, this novel catalyst 9 exhibited excellent activity and enantioselectivity for the
carbonyl-ene reaction of methylstyrene and ethyl glyoxylate. 3,30 ,5,50-Tetrasubstituted groups showed
a remarkable effect on both enantioselectivity and yield. With 9d prepared from 3,30 ,5,50-tetramethyl-
2,20 ,6,60-tetrahydroxy biphenyl 4d as the catalyst, the best result, up to 97.6% ee and 99% yield, was
obtained. Additionally, the bimetallic catalyst 9 also showed better catalytic capability than the
corresponding monometallic catalyst.

� 2009 Elsevier Ltd. All rights reserved.
The design and development of novel and effective chiral
ligands for enantioselective reactions are of the fundamental
aspects in asymmetric catalysis, and have attracted a great deal
of attention from both academic research and industry. Thousands
of ligands with various chiral elements have been developed and
applied in many catalytic asymmetric reactions to produce enanti-
omerically pure compounds.1

Among them, axial chirality is one of the important stereogenic
elements used for the development of chiral ligands.2 In general,
there are two necessary preconditions for axial chirality in biaryl
molecules, that is, a rotationally stable biaryl axis and the presence
of different ortho substituents on both sides of the biaryl axis.

Recently, we are interested in a new family of axially achiral
biaryl, which has four constitutionally identical substituents
groups at the ortho positions of the biphenyl axis. This type of mol-
ecule has three C2 symmetric factors in its structure, but no axial
chirality due to the molecular symmetry. However, when the four
identical substituents are linked pairwise by two bridges, the axial
chirality of the molecule is induced, so a pair of enantiomers is
formed, which is different from traditional axially chiral molecules
(Fig. 1, 1).3 If the four substituents are of the coordination group
and coordinated to metal ions, one pair of enantiomeric complexes
would be formed. If we introduce a chiral element in the four coor-
dination groups (Fig. 1, 2) or an additional chiral ligand (Fig. 1, 3) to
the metal ions, one of the two possible diastereomeric bimetallic
complexes with different axial chirality in biphenyl backbone
should be formed in preference to the other, and in some cases,
only one of the two bimetallic diastereomers might be formed
ll rights reserved.
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because of the different energies of the two diastereomers. These
chiral bimetallic complexes would provide new reactivity patterns
and physical properties that could not be achieved with similar
monometallic complexes, and neighboring metal ions would be ex-
pected to cooperate in promoting the reaction.4

With this axial chiral catalyst design concept of the former case
(Fig. 1, 2), we have successfully developed a new family of tetraox-
azolinyl biphenyl ligands, in which a chiral element was intro-
duced in the oxazoline coordination group. When they chelated
with Pd(II), a stable axial chirality of the biphenyl backbone was in-
duced and only one of the two diastereomer complexes was
formed. This chelation-induced axially chiral Palladium complex
system with tetraoxazoline ligands showed excellent catalytic
activities and enantioselectivities in the Wacker-type cyclizations.5

Herein, using our axial chiral catalyst design concept of the later
case mentioned above (Fig. 1, 3), we would like to report a new
family of achiral ortho-tetrahydroxy biphenyl ligand 4 (Fig. 2)
and its complexation and application to the enantioselective
carbonyl-ene reactions. Since four substituted groups at 3,30,5,50-
positions are near the metal reaction center, when 4 is complexed
to metal ion, the bimetallic catalyst so formed (Fig. 1, 3) is
expected to have a better effect on catalytic activities and
enantioselectivities.

Achiral ligand 4 can be readily prepared. 4a, 4b, and 4e were
prepared as reported methods.6 3,30,5,50-Tetrabromo-2,20,6,60-tet-
rahydroxy biphenyl 4c was readily synthesized as following
(Scheme 1): bromation of 2,20,6,60-tetramethoxy biphenyl with
Br2 (4.4 equiv) in the presence of HOAc (0.3 equiv) gave bromized
compound 57 in quantitative yield. Then, 3,30,5,50-tetrabromo-
2,20,6,60-tetrahydroxy biphenyl 4c8 was obtained by the deprotec-
tion of 5 with BBr3 (4.4 equiv) in quantitative yield.
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Figure 1. The inducement of the axial chirality of the axially achiral biaryl.
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Figure 2. Axially achiral ortho-tetrahydroxy biphenyl ligands 4a–e.
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Scheme 2. The synthesis of ligand 4d.
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Scheme 3. The synthesis of the axially chiral bimetallic titanium catalysts 9a–e.
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Preparation of the 3,30,5,50-tetramethyl-2,20,6,60-tetrahydroxy
biphenyl 4d was as following (Scheme 2): firstly, chloromethyla-
tion of 2,20,6,60-tetramethoxy biphenyl with paraformaldehyde
(30 equiv) in the mixture acid of phosphoric acid, concentrated
hydrochloric acid, and acetic acid (V = 1:1:1, 0.01 M) afforded
product 69 with 94% isolated yield. Then, reduction of 6 by NaBH4

gave 3,30,5,50-tetramethylated compound 710 in 99% yield. After the
deprotection of 7 with BBr3 (4.4 equiv), 4d11 was obtained in quan-
titative yield.

Then we investigated the complexation of 4 with Ti(IV). When 4
was added to 2 equiv (R)-BINOL-Ti(OiPr)2 and stirred at 60 �C for
0.5 h, 2,20,6,60-tetrahydroxy groups were linked pairwise by chela-
tion with metal Ti to give the compound 9 with bimetallic struc-
ture (Scheme 3).12

Then this new catalyst 9 prepared from the addition of axial
achiral biphenyl 4 to (R)-BINOL-Ti(OiPr)2 was evaluated by the
carbonyl-ene reaction (Scheme 4),13 since it was reported by
Mikami that dramatic increases in both yields and the ees could
be obtained by the addition of optically active ligands such as
(R)-BINOL to the (R)-BINOL-Ti(OiPr)2 catalyst compared with no
addition or addition of racemic ligands such as (±)-BINOL.14

Thus, (R)-BINOL and Ti(OiPr)4 (molar ratio = 1:1) were stirred in
dry toluene at rt for 30 min, and then, to this mixture 2,20,6,60-tet-
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Scheme 1. The synthesis of ligand 4c.
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rahydroxy biphenyl 4 (0.5 equiv) resolved in dry ether was added,
and stirred for another 0.5 h at 60 �C. At 0 �C, a-methylstyrene 10
(10 equiv) and freshly distilled ethyl glyoxylate 11 (20 equiv) were
added and stirred at 0 �C for 30 h. The results of the experiment
showed that bimetallic catalyst 9 showed higher enantioselectivity
and activity than catalyst (R)-BINOL-Ti(OiPr)2 (Table 1, entries
1–6), and the introduction of sterically bulky 3,30,5,50-tetrasubstit-
uents had a remarkable effect on enantioselectivity or/and yield
(Table 1, entries 2–6). The yields of the reaction were advanced
dramatically except 9c and 9e, which were presumed to be too
bulky in 3,30,5,50-positions and decreased the activity of the reac-
tion. When 9d containing 3,30,5,50-tetramethyl groups was used,
12 was obtained with the best result in 97.6% ee and 99% yield
(Table 1, entry 5).

Furthermore, addition of (R)-BINOL-Ti(OiPr)2 to 4d with the
molar ratio of 1:1 formed the monometallic catalyst 13d (Fig. 3),
with which catalyst, 96.1% ee and 90% yield were obtained (Table
1, entry 7). This result was slightly inferior to the corresponding
bimetallic catalyst 9d in both ee and yield (Table 1, entry 5).

Though there was not much direct information to prove the
inducement of axial chirality in biphenyl skeleton of bimetallic cat-
alyst 9, comparing our results with those of Mikami,14 it was sug-
gested that the R axial chirality of the biphenyl backbone was
induced in the complex 9, which resulted in more catalytic activity
and higher enantioselectivity than (R)-BINOL-Ti(OiPr)2.

The R axial chirality inducement process in complex 9 could be
suggested as follows: R axial chirality in biphenyl skeleton was
induced by (R)-BINOL when achiral tetrahydroxy biphenyl 4 was
chelated with 1 equiv (R)-BINOL-Ti(OiPr)2 to form monometallic
catalyst R,R-13 (Scheme 5), since 13 showed much better activity
and enantioselectivity compared with (R)-BINOL-Ti(OiPr)2 (Table
1, entry 7).14 The similar phenomenon was also reported by Vallée
and co-workers in the case of conformationally flexible biphenols,
of which the axial chirality was induced by a chiral activator, (R)-
BINOL-Ti(OiPr)2.17 R,R-13 was then chelated with another 1 equiv
(R)-BINOL-Ti(OiPr)2 to form bimetallic catalyst R,R,R-9 (Scheme
5), which showed better catalytic behavior than the corresponding
monometallic one.
Table 1
The carbonyl-ene reaction catalyzed by 9 and 13d complexa,15

Entry R (cat.) Yieldb (%) Eec (%)

1d — 74 90.0
2 H (9a) 99 93.1
3 Cl (9b) 99 91.3
4 Br (9c) 89 94.1
5 CH3 (9d) 99 97.6
6 CH3CH2 (9e) 91 96.8
7e CH3 (13d) 90 96.1

a The reaction was carried out with the molar ratio of 1/2/0.05 (10/11/9).
b Isolated yield.
c The ee was determined by HPLC on a chiral OJ column and absolute configu-

ration was assigned to be R by comparing with the literature.16

d Using (R)-BINOL-Ti(OiPr)2 as the catalyst.
e The catalyst 13d was formed by mixing (R)-BINOL-Ti(OiPr)2 and 4d with the

molar ratio of 1:1, the reaction was carried out with the molar ratio of 1/2/0.1 (10/
11/13d).
In conclusion, we have developed a new family of achiral
3,30,5,50-tetrasubstituted-2,20,6,60-tetrahydroxy biphenyl ligand 4.
The axial chirality of the ligand could be induced by the chelation
of 2,20,6,60-tetrahydroxy groups with (R)-BINOL-Ti(OiPr)2 to form
an axially chiral bimetallic titanium catalyst 9. And this novel
catalyst 9 exhibited excellent activity and enantioselectivity for
carbonyl-ene reaction of methylstyrene and ethyl glyoxylate
compared with (R)-BINOL-Ti(OiPr)2 catalyst system. 3,30,5,50-Tetra-
substituted groups showed remarkable effect on both enantio
selectivity and yield. With 9d prepared from 3,30,5,50-tetra-
methyl-2,20,6,60-tetrahydroxy biphenyl 4d as the catalyst, 97.6%
ee was obtained with 99% yield. Additionally, the bimetallic cata-
lyst 9 also showed better catalytic capability than the correspond-
ing monometallic one.
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