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Design and synthesis of new bidentate phosphoramidite ligands
for enantioselective copper-catalyzed conjugate addition of

diethylzinc to enones
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Abstract—Several thioaryl- and phosphino-phosphoramidite ligands have been synthesized from commercially available b-aminoalco-
hols. This new family of bidentate ligands are highly active in the enantioselective copper-catalyzed conjugate addition of diethylzinc
to both cyclic and acyclic enones showing moderate to good enantiomeric excesses of up to 81%.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Easily available thioaryl- or phosphine-phosphoramidite 1 and
2.
1. Introduction

The 1,4-conjugate addition of nucleophilic reagents to a,b-
unsaturated compounds is one of the most powerful meth-
ods for the formation of carbon–carbon bonds in organic
synthesis.1 Most efforts have been realized through the
development of copper2 and rhodium3 asymmetric conju-
gate addition of various alkylmetal (organozinc reagents,4

organoaluminium reagents5 and Grignard reagents)6 and
arylboronic acids7 to cyclic and acyclic unsaturated carbo-
nyls. Phosphoramidites have proved to be particularly effi-
cient in a wide range of catalyzed reactions.8 Although
monodentate phosphoramidites are commonly used in
Cu-catalyzed asymmetric conjugate addition of diorgano-
zinc reagents,9 only one example of bidentate phospho-
ramidites10 has been reported for that reaction.10d

Herein, we report the design and the synthesis of new
bidentate phosphoramidite ligands 1 and 2 derived from
commercially available b-aminoalcohols (Fig. 1). These
ligands have been evaluated in the enantioselective
copper-catalyzed conjugate addition of diethylzinc to both
cyclic and acyclic enones.
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2. Results and discussion

Various phosphoramidite ligands, bearing a BINOL moi-
ety along with various amine moieties, were synthesized
to study the influence of steric hindrance and rigidity to-
wards selectivity. Ligands 1a–f were synthesized following
the simple procedure described in Scheme 1. Mesylates
3a–c11 were treated with sodium thiocresolate to give thio-
ethers 4a–c. Then, reduction of the Boc group with LiAlH4

gave methyl amines 5a–c. Alternatively, 4b was deprotected
under classical conditions to afford amine 5d, which was
then converted under reductive amination conditions to 5d.

Ligands 1a–f were obtained from amines 5a–d and BINOL
following a classical procedure:12 PCl3 was reacted with
amines 5a–d in the presence of Et3N at 75 �C. Then, at
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Scheme 1. Synthesis of ligands 1a–f.
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Scheme 3. Synthesis of ligand 1g.

Table 1. Optimization of the reaction conditions with ligand 1a

O

or

Et2Zn(1.5 equiv)

O

Et

Solvent, T °C

2 mol% 1a, 2 mol% "Cu"

O

or

OEt

12

14 15

13

Entry Enone Cu
complex

Solvent Temp
(�C)

Time
(h)

Conv.a

(%)
eeb

(%)

1 12 Cu(OTf)2 Et2O rt 12 >99 56 (S)
2 12 CuTC Et2O rt 3 >99 54 (S)
3 12 CuTC Et2O 0 3 >99 72 (S)
4 12 CuTC Et2O �30 6 84 81 (S)
5 12 CuTC Toluene 0 3 90 57 (S)
6 14 CuTC Toluene �30 8 69 32 (R)
7 14 CuTC Toluene 0 3 90 57 (R)
8 14 CuTC Et2O 0 3 93 63 (R)

a Determined by GC analysis.
b Determined by chiral GC analysis (Lipodex E).
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�78 �C, a solution of BINOL and Et3N was added. Phos-
phoramidites were isolated in moderate yields after chro-
matography. Ligand 2 was obtained from mesylate 3b
following a similar procedure, except that Ph2PK was used
instead of sodium thiocresolate (Scheme 2). Ligand 1g was
obtained from protected (1R,2S)-1-amino-2-indanol 8 fol-
lowing a similar route (Scheme 3). Both phosphoramidites
were isolated in moderate yields after chromatography.

We then evaluated their potential in the enantioselective
copper-conjugate addition of diethylzinc on 2-cyclohexe-
none 12 and 5-methyl-3-hexen-2-one 14 (Table 1). We be-
gan the study with the thiocresol-phophoramidite ligand
1a derived from (S)-phenylalaninol and (S)-BINOL. When
we used 2 mol% of copper(II) triflate (Cu(OTf)2) as the pre-
catalyst and 2 mol% of 1a, addition of diethylzinc to 2-
cyclohexenone 12 in diethylether at room temperature
yielded (R)-adduct 13 in complete conversion after 12 h
and 56% ee (entry 1).

Replacement of the precatalyst by a more soluble copper
complex such as copper(I) thiophencarboxylate
(CuTC)9b,13 considerably accelerated the rate of the addi-
tion (3 h instead of 12 h) and increased the selectivity to
72% ee (entry 2). The choice of the solvent and the temper-
ature appeared to be important (entries 2–5). The selectiv-
ity proved to be dependant on the solvent and the
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substrate. For example, the best selectivity (81% ee) was
observed at �30 �C with 2-cyclohexenone (entry 4), while
in toluene the best result was obtained at 0 �C with enone
14. In the furthest studies, the reactions were carried out
at 0 �C, as the reaction was found to be sometimes very
slow at �30 �C in the presence of some substrates (e.g.,
12% conversion after 6 h with dimethylcyclohexenone,
Table 3, entry 1). The best results were obtained in Et2O
as the solvent (see for instance entries 3 and 5).

Having identified these optimal reaction conditions, we
screened various chiral ligands to determine the most effi-
cient ones (Table 2). Firstly, because this bidentate ligand
possessed two chiral moieties,2a we evaluated ligand 1b de-
rived from (R)-BINOL and (S)-phenylalaninol. 56% enan-
tiomeric excess was obtained for the addition of diethylzinc
to 2-cyclohexenone (entry 2) instead of 72% obtained with
1a (entry 1). This clearly shows the mismatched effect
occurring in ligand 1b. Secondly, the absence of a stereo-
genic centre on the amine moiety of the phosphoramidite
ligand led to a slight decrease in selectivity (65% ee, entry
3). Moreover, when a more bulky group such as a tert-but-
yl was introduced (1e, entry 5), lower activity (72% of con-
version) and selectivity (56% ee) were observed. The
Table 2. Enantioselective copper-catalyzed conjugate addition of diethyl-
zinc to cyclic and acyclic enones with ligand 1a

O

or

Et2Zn (1.5 equiv)

O

Et

Et2O, 0 °C

2 mol% ligand, 2 mol% CuTC

O
or

OEt

12

14 15

13

Entry Enone Ligand Time (h) Yielda (%) ee (%)b

1 12 1a 3 >99 72 (S)
2 12 1b 4 96 56 (R)
3 12 1c 3 93 65 (R)
4 12 1d 2.5 >99 30 (R)
5 12 1e 6 72 56 (S)
6 12 1f 4 54 66 (S)
7 12 1g 3 >99 47 (R)
8 12 16 3 >99 0
9 12 2 3 97 53 (S)

10 14 1a 3 93 63 (R)
11 14 1c 5 80 33 (S)
12c 14 2 4 66 5 (S)

a Determined by GC analysis.
b Determined by chiral GC analysis (Lipodex E).
c Reaction performed in toluene.
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substitution of the N-methyl group in ligand 1a by a benzyl
group (ligand 1f, entry 6) did not allow to increase the
selectivity (66% ee), but led to a dramatic loss of activity
(only 54% of conversion after 4 h). In order to reduce the
flexibility of the chiral chelating side chain at the amine
moiety, we introduced the indane framework (ligand 1g).
Whereas ligands 1a and 1g were similar in activity, the
selectivity observed with 1g was much lower, reaching only
47% ee (entry 7). This had been confirmed by the use of
ligand 16 possessing a thiomethylether aryl group as chelat-
ing side chain. No selectivity was observed in this case (en-
try 8). Finally, ligand 2, to which the initial thioaryl
chelating group has been replaced by a diphenylphosphine
function, was evaluated. In this case, the activity remained
similar but the selectivity decreased to 53% ee (entry 9).
Concerning the addition of diethylzinc to the acyclic enone
14, a rapid screening of the ligands showed that 1a pro-
vided the best stereoselectivity (63% ee, entry 10) while
the diphosphine analogue 2 yielded poor results both in
activity and selectivity (entry 12).

Having established the best ligand for the conjugate addi-
tion, we then evaluated the activity of ligand 1c towards
other cyclic enones (Table 3). In the case of more hindered
substrates, such as 4,4-dimethylcyclohexenone, a moderate
conversion was obtained after 6 h at 0 �C with 78% ee (en-
try 1). Addition of Et2Zn to 2-cycloheptenone (entry 2) was
achieved over 6 h with 64% ee. We next screened several
Table 3. Enantioselective copper-catalyzed conjugate addition of diethyl-
zinc to cyclic and acyclic enones with ligand 1a

Entry Substrate Product Time
(h)

Conv.a

(%)
eeb

(%)

1

O O

Et

6 60 78
6c 12 80

2

O O

Et

6 96 64

3
Ph

O

Ph

OEt
1 >99 17

4
C5H11

O

C5H11

OEt
1 96 52

5

O OEt
3.5 93 63

6
NO2

NO2

Et

6 82 16

7 Ph
NO2

Ph
NO2

Et
4 >99 6

a Determined by GC analysis.
b Determined by chiral GC analysis (Lipodex E).
c Reaction performed at �30 �C.
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other Michael acceptors with acyclic enones and nitroalk-
enes.14 These substrates, which are known to be problem-
atic, were tested under identical conditions at 0 �C.
Whereas the high reactivity of the catalytic system was
found to be good for all substrates, we have been disap-
pointed in the moderate stereoselectivity of the addition.
63% ee was observed in the best case with acyclic enones
(entry 5). Moreover, lower enantioselectivities were obs-
erved for the nitroalkene family, with which no value over
16% ee was obtained (entries 6 and 7). These last results
clearly show the scope of use of this bidentate phosphor-
amidite family in the copper-catalyzed conjugate addition.
3. Conclusion

In conclusion, a new family of chiral bidentate phosphor-
amidite ligands was designed and synthesized easily in a
five-step procedure. High reactivities and good enantiose-
lectivities were obtained in the copper-conjugate addition
of diethylzinc to cyclic and acyclic enones using the thio-
aryl-phosphoramidite ligand 1c (up to 81% ee). A study
in the use of ligands 1c and 2 in asymmetric hydrogenation
is currently under progress and will be reported in due
course.
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