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Atropos phosphoramidites with the D2-symmetric biphenyl backbone were diastereoselectively prepared
with ease from achiral tetrahydroxy biphenyls. This type of ligands is proved to be highly efficient in the
Cu-catalyzed conjugate additions of diethylzinc to a,b-unsaturated ketones and nitroalkenes. The unique
D2-symmetric backbone endows the ligands with an excellent chiral environment.
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Figure 1. Phosphoramidites with C2-symmetric backbone.
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Axial chirality is considered to be the fundamental basis for
useful reagents and catalysts in asymmetric synthesis because
of its excellent chirality transfer property.1 Chiral ligands based
on the C2-symmetric biaryl backbone are the most widely used
axially chiral compounds,2 and some of them have been success-
fully applied in industry.3 In particular, phosphoramidites with a
C2-symmetric biaryl backbone have become a very important
class of ligands in the last decade and are frequently employed
in many catalytic asymmetric transformations.4 Alexakis reported
an efficient phosphoramidite ligand 1 with induced atropoisomer-
ism on a flexible biphenol unit (Fig. 1).5 The prominent role
played by well-defined atropoisomerism of a binaphthol moiety6

or a biphenol moiety7 in efficient catalysis has been reported as
well (compounds 2 and 3 in Fig. 1). However, for the latter cases,
particularly in the case of compound 3, it is often necessary to
introduce resolution steps with limited yields to prepare the de-
sired key intermediate enantiomers, atropos binaphthols, or
biphenols, and the undesired enantiomers could not be used effi-
ciently.8 In addition, these ligands with different biaryl backbones
do not always show high enantioselectivity in different catalyses
and substrates.5–7

In order to develop efficient and widely applicable ligands pos-
sessing the characteristic features of both inherent and induced
atropoisomerism,5–7 and to make sufficient use of the key interme-
diate enantiomers of the ligands, we searched for an alternative ap-
proach in the development of efficient phosphoramidite ligands
with a novel design concept.

Recently, a family of axially achiral biaryls having four constitu-
tionally identical substituents at the ortho positions of the biphe-
nyl axis caught our attention (Fig. 2). When the four identical
substituents are linked pairwise by two bridges, a pair of D2-sym-
metric enantiomers is formed with stable axial chirality.9 To the
ll rights reserved.
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best of our knowledge, this form of D2-symmetric atropos scaffold
remains unexplored in the design of chiral ligands.

Inspired by the axially chiral molecules mentioned above, we
designed a new type of dibridged biphenyl phosphoramidites 5
with a D2-symmetric backbone that can be prepared with ease
from achiral tetrahydroxybiphenyls 4 (Scheme 1). For this new
type of ligands 5, four isomers with the configuration of aR/aS
and trans/cis, respectively, are possible. We expected that one of
the four isomers should dominate the others during the prepara-
tion due to the induction of the chiral amine segment, and the
undesired isomers could be degraded to achiral tetrahydroxybi-
phenyls 4 with ease for recycle.10 Furthermore, it was expected
that a ligand that is based on the D2-symmetric backbone with
more coordination sites and different chiral environments might
provide higher enantioselectivities than those based on the C2-
symmetric backbone.
achiral compound aS aR

Figure 2. D2-symmetric dibridged molecules.

http://dx.doi.org/10.1016/j.tetlet.2010.04.033
mailto:wanbin@sjtu.edu.cn
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet


(aR)-trans-5a

(aR)-trans-5b

(aR)-trans-5c

Figure 3. Crystal structures of the dibridged ligands.
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Scheme 1. Preparation of dibridged phosphoramidites with D2-symmetric
backbone.
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First, we attempted to synthesize ligand 5a from achiral
2,20,6,60-tetrahydroxybiphenyl 4a and (S,S)-dichlorophosphino-
(bis(1-phenylethyl))amine (Scheme 1). As expected, a mixture con-
taining one major isomer, one minor isomer, and two trace isomers
was obtained in 45% yield and the ratio of the major isomer to the
minor ones was determined to be 3.8:1 by 31P NMR.11 The major
and minor isomers were isolated by preparative HPLC. The config-
uration of the major isomer was assigned as (aR)-trans by X-ray
analysis12 (Fig. 3, (aR)-trans-5a), and that of the minor isomer
was assigned as (aR)-cis by 31P NMR determination.13 This result
shows that one of the two possible axial chiralities was induced
by the chiral amine segment during the ligand preparation. Simi-
larly, ligands 5b–d were prepared from 4b–d14 as a mixture of four
isomers with one isomer dominating the others. It was found that
the major isomers of 5b–d could be easily separated by crystalliza-
tion directly from the mixture in up to 35% yield.15 The (aR)-trans
configuration of the major isomers could be further proved by the
X-ray analysis of 5b and 5c12 (Fig. 3, (aR)-trans-5b, (aR)-trans-5c).
Furthermore, no racemization of these isomers was observed after
refluxing in toluene under nitrogen atmosphere for 12 h, showing
the high stability of the axial chirality of the ligands. In addition,
as expected, all the ligands 5a–d could be readily degraded to achi-
ral tetrahydroxybiphenyls 4 in 85–90% yields in one-pot on treat-
ment with H2O2, followed by ring opening with LiAlH4.10 This
result indicates that key intermediates 4 of the undesired isomers
can be recovered.

The asymmetric Cu-catalyzed conjugate addition of dialkylzinc
reagents to a,b-unsaturated ketones has become a powerful car-
bon-carbon bond-forming method, and axially chiral phospho-
ramidite was found to be one of the most useful ligands for this
reaction.16 Thus, our axially chiral dibridged biphenyl phospho-
ramidite ligands 5 were preliminarily applied to the Cu-catalyzed
asymmetric 1,4-addition reaction with substrates 6a–c (Table 1).
First, we tested both (aR)-trans-5a and (aR)-cis-5a to see how the
cis and trans configurations influence the catalysis. As a result, both
Table 1
Cu-catalyzed conjugate addition reactions of enones with dibridged phosphorami-
dites

O

Ph

O

Ph

O

Ph

6a 6b 6c

EWG ∗ EWG

Cu(OAc)2•H2O (1.0 mol%)
L (2.0 mol%), 1.2 eq ZnEt2

Toluene, -30 ºC
1~15 h

Et

c~a7c~a6

Entry Substrate Ligand Yielda (%) eeb (%)

1 6a (aR)-cis-5a 85 96 (R)
2 6b (aR)-cis-5a 80 83 (S)
3 6c (aR)-cis-5a 79 82 (R)
4 6a (aR)-trans-5a 82 97 (R)
5 6b (aR)-trans-5a 85 86 (S)
6 6c (aR)-trans-5a 76 87 (R)
7 6a (aR)-trans-5b 86 98 (R)
8 6b (aR)-trans-5b 90 97 (S)
9 6c (aR)-trans-5b 84 96 (R)

10 6a (aR)-trans-5c 78 94 (R)
11 6b (aR)-trans-5c 90 93 (S)
12 6c (aR)-trans-5c 82 99 (R)
13 6a (aR)-trans-5d 74 91 (R)
14 6b (aR)-trans-5d 91 87 (S)
15 6c (aR)-trans-5d 77 93 (R)

a Isolated yields.
b Determined by HPLC and GC analyses.



Table 3
Comparison of 5b with reported biaryl phosphoramidites in Cu-catalyzed conjugate
additions

Entry Substrate ee (%)

14c 24c,16j 38,18a (aR)-trans-5b

1 6a 96 97 99 98
2 6b 82 93 — 97
3 6c — 92 — 96
4 8a 66 82 94 96

Figure 4. Plausible chiral environment in catalysis.
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cis and trans isomers gave excellent enantioselectivities for 2-
cyclohexenone (6a) with 96% and 97% ee, respectively (entries 1
and 4). For other substrates 6b–c, (aR)-trans-5a afforded good
enantioselectivities, while (aR)-cis-5a afforded slightly lower
enantioselectivities (entries 2, 3, 5, and 6). The substituents on
the ligands apparently had an influence on the catalysis. Methyl-
substituted (aR)-trans-5b was the best choice among these ligands.
It is noteworthy that all substrates 6a–c afforded enantioselectivi-
ties that were equal to or higher than 96% ee when (aR)-trans-5b
was used (entries 7–9). Ethyl-substituted (aR)-trans-5c and allyl-
substituted (aR)-trans-5d also provided good to excellent enanti-
oselectivities (entries 10–15).

Nitroalkenes are very important substrates for the asymmetric
Cu-catalyzed conjugate addition reaction with dialkylzinc re-
agents to prepare chiral amines.17 Several ligands have shown
good to excellent enantioselectivities for this kind of sub-
strate.17f,g,18b But for the axially chiral ligands, no good enantiose-
lectivity was reported with a wide scope of substrates. It was
reported that the catalysis with phosphoramidite ligands was
strongly affected by the steric and electronic elements of the sub-
strate.18 Therefore, we also applied our ligands 5 to this impor-
tant reaction (Table 2). First, we used 8a as the substrate to
examine the effect of the ligands. It was found that (aR)-trans-
5b afforded the highest enantioselectivity (96%) (entries 1–5).
Then, we applied (aR)-trans-5b to several other typical nitroalk-
ene substrates. To our delight, the ligand was widely applicable;
most of the substrates reacted in excellent enantioselectivities
(entries 6–13). In particular, for meta- and ortho-substituted sub-
strates 8c and 8d, much higher enantioselectivity was obtained
with (aR)-trans-5b than the reported ones with ligand 3 (entries
7 and 8). This ligand was effective also for the reactions of hetero-
aromatic nitroalkenes (8h and 8i) to give the addition products
with 96% ee and 99% ee, respectively (entries 12 and 13). For ali-
phatic nitroalkene (8j), however, only moderate enantioselectivity
was obtained (entry 14).

Comparing the results of (aR)-trans-5b with those of the re-
ported biaryl phosphoramidites 1–3 (Table 3), it can be seen that
ligand (aR)-trans-5b is a highly efficient and widely applicable li-
gand in Cu-catalyzed conjugate additions for the above-mentioned
three types of enones and nitroalkene.

A reaction model was proposed for rationalizing the high effi-
ciency and wide applicability of ligand (aR)-trans-5b based on its
Table 2
Cu-catalyzed conjugate addition of nitroalkenes

R
NO2

R
NO2Toluene, -45 ºC

1~6 h

Et

8a~i 9a~i

Cu(OAc)2•H2O (1.0 mol%)
L (2.0 mol%), 1.2 eq ZnEt2

Entry Substrate (R) Ligand Yielda (%) eeb (%)

1 8a (Ph) (aR)-cis-5a 92 61
2 8a (Ph) (aR)-trans-5a 92 74
3 8a (Ph) (aR)-trans-5b 89 96
4 8a (Ph) (aR)-trans-5c 83 83
5 8a (Ph) (aR)-trans-5d 90 90
6 8b (p-MeOC6H4) (aR)-trans-5b 87 97
7 8c (m-MeOC6H4) (aR)-trans-5b 88 92
8 8d (o-MeOC6H4) (aR)-trans-5b 77 85
9 8e (p-MeC6H4) (aR)-trans-5b 80 94

10 8f (p-ClC6H4) (aR)-trans-5b 89 92
11 8g (2-Naphthyl) (aR)-trans-5b 86 85
12 8h (2-Furyl) (aR)-trans-5b 86 96
13 8i (2-Thienyl) (aR)-trans-5b 91 99
14 8j (Cyclohexanyl) (aR)-trans-5b 77 62

a Isolated yields.
b Determined by HPLC and GC analyses.
crystal structure (Fig. 4). From the top view of the crystal structure
of (aR)-trans-5b, it is reasonable to speculate that when the Cu ion
was coordinated to one phosphine atom of the ligand, the benzyl
amine group attached to the other phosphine atom of the ligand
might provide a strong steric hindrance with the reaction field of
the catalytic transition states (Fig. 4, the left). However, the steric
hindrance for ligands 1–3 between the binaphthyl or biphenyl
backbone and the reaction field might be weaker than that for
(aR)-trans-5b (Fig. 4, the right for ligand 2). This might give a pos-
sible explanation for the apparent enantioselectivity increase and
wide applicability of (aR)-trans-5b compared with the reported li-
gands 1–3.

In conclusion, we have developed a novel class of atropos
dibridged biphenyl phosphoramidite ligands with the D2-sym-
metric backbone, which can be diastereoselectively prepared
from achiral tetrahydroxy biphenyls. Preliminary application of
this type of ligands shows that (aR)-trans-5b is a highly efficient
and widely applicable ligand in the Cu-catalyzed conjugate addi-
tion of diethylzinc to several kinds of a,b-unsaturated ketones
and disubstituted nitroalkenes, the enantioselectivities being
comparable or superior to those obtained with reported corre-
sponding C2-symmetric ligands. The unique D2-symmetric back-
bone endows the ligands with an excellent chiral environment
and the advantage of sufficient reusability of their key intermedi-
ates 2,20,6,60-tetrahydroxybiphenyls. Further applications of the
phosphoramidite ligands are in progress in our laboratory.
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