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ABSTRACT

Use of 0.25 mol % of the N,N,P-tridentate ligand containing the 2-quinolyl moiety (1 and 2) and 0.1 mol % of Cu(OTf)2 enabled the enantioselective
1,4-addition of dialkylzincs to cyclic enones to produce 1,4-adducts in up to 99% ee.

The enantioselective 1,4-addition of organometallic species
to enones is one of the most important asymmetric
carbon-carbon bond forming reactions in organic synthesis.1

Some reports on the enantioselective 1,4-addition of dialky-
lzincs to enones are available.2 Following the first report of
copper-catalyzed 1,4-addition of diethylzinc to enones by
Alexakis et al.,3 several reports of chiral phosphites,4

phosphoramidites,5 and other types of ligands, such as chiral
bis(oxazolines)6 and N-heterocyclic carbene ligands,7 have
emerged. For example, Escher and Pfaltz reported a new type
of chiral oxazoline-phosphate ligand,4a and Reiser and co-
workers reported bis(oxazoline) ligands6a for the asymmetric
1,4-addition of dialkylzinc to enones.8

We have developed O,N,O-tridentate ligands having the
Schiff base framework type I for use in various asymmetric
carbon-carbon bond forming reactions. Some examples
include the asymmetric silylcyanation of aldehydes,9 the
enantioselective addition of diketenes to aldehydes,10 and
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the enantioselective addition of dialkylzincs to aldehydes.11

Considering the affinity to transition metal, we designed and
synthesized new chiral N,N,P-tridentate ligands (type II).
Here we report newly designed N,N,P-tridentate ligands
(Scheme 1) and their application to the copper-catalyzed

enantioselective addition of dialkylzincs to enones.
The N,N,P-ligands were simply prepared as follows

(Scheme 2): Starting from �-amino alcohols such as L-valinol

(R ) i-Pr) and L-tert-leucinol (R ) t-Bu), ditosylation of
�-amino alcohols followed by the treatment of KOH afforded

substituted aziridines in high yield. The thus obtained
aziridines were treated with KPPh2 to give the corresponding
amino phosphines.12 Condensation of 2-quinolylcarbaldehyde
with these amino phosphines gave the desired N,N,P-ligands
in high yield.

Table 1 lists the optimized reaction conditions, such as

the amount of catalyst (Cu(OTf)2 and ligand), the reaction
temperature, and the substituent effect on the ligand (1: R
) i-Pr, 2: R ) t-Bu), in the reaction of 2-cyclohexen-1-one
with diethylzinc. We observed high enantioselectivity in both
cases of R ) i-Pr and t-Bu in this reaction. Even if the
catalyst load was decreased to 0.1 mol % of Cu(OTf)2 and
0.25 mol % of ligand, the reaction proceeded to afford (S)-
3-alkylcyclohexanone in 98% ee at -40 °C. In most of the
previously reported reactions, 1 mol % or more of catalyst
was necessary to obtain high ee. Compared with those
reported methods,1,2 our present catalyst system exhibited
high catalytic activity and enantioselectivity.

Regarding the utility of the 2-quinolyl moiety, Pfaltz and
co-workers pointed out an asymmetric Heck reaction and
asymmetric hydrogenation.13 The ligand having the 2-quinolyl
moiety exhibited higher ee than the one having the pyridyl
moiety. That is, when the pyridyl moiety was used instead
of the 2-quinolyl moiety under the same reaction conditions,
only 55% ee of product was obtained even if 1 mol % of
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Scheme 1

Scheme 2

Table 1. Enantioselective 1,4-Addition of Diethylzinc to
2-Cyclohexene-1-one (3)

entry R
Cu(OTf)2/mol

%a temp/°C time/h convn/%b ee/%b

1 i-Pr 1.0 0 5 >99 97 (S)
2 i-Pr 0.5 0 5 >99 97 (S)
3 i-Pr 0.2 0 5 >99 97 (S)
4 i-Pr 0.2 -20 5 >99 98 (S)
5 i-Pr 0.2 -40 5 66 99 (S)
6 i-Pr 0.1 0 5 89 96 (S)
7 i-Pr 0.1 -40 24 >99 98 (S)
8 t-Bu 1.0 0 5 >99 99 (S)
9 t-Bu 0.2 0 5 >99 95 (S)
10 t-Bu 0.1 0 5 95 95 (S)
11 t-Bu 0.1 -40 24 >99 96 (S)

a Cu(OTf)2:ligand ) 1:2.5. b The conversions and ee values were
determined by GC analysis (Supelco γ-DEX-225).
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Cu(OTf)2 and 2.5 mol % of chiral ligand were used.8b This
result clearly indicates that the 2-quinolyl moiety is essential
to achieve high enantioselectivity. It should be mentioned
that remarkable rate enhancement was observed by the
addition of N,N,P-ligands. That is, in the absence of ligands,
the product was obtained only in 31% conversion under the
same condition of entries 7 and 11 in Table 1 (>99%
conversion, 0.1 mol % of Cu(OTf)2, -40 °C, 24 h).

Under optimum conditions, that is, use of 0.1 mol % of
Cu(OTf)2 and 0.25 mol % of chiral ligand, we examined
the reaction of various cyclic enones, such as 2-cyclopenten-
1-one (4), 2-cyclohexene-1-one (3), 4,4-dimethyl-2-cyclo-
hexene-1-one (5), and 2-cyclohepten-1-one (6), with dime-
thylzinc and diethylzinc. Unfortunately, the reaction of
n-Bu2Zn with enones 3 and 4 gave n-butylated ketones in
low ee (12-36% ee) (entries 5, 6, 13, and 14, Table 2). We

suppose the bulkiness of subtituents of ligands and dialky-
lzincs totally affects the structure of the transition state at
which stage the enantioselection will be determined. For
2-cyclopenten-1-one (4), the effect of substituents R3 in the
ligand was remarkable, and enantioselectivity was increased
dramatically; that is, ee was increased from 58% to 92% (in

the case of Me2Zn) and from 44% to 93% (in the case of
Et2Zn) (entries 1-4, Table 2). In the case of enones 3 and
5, the nature of R3 did not markedly influence reactivity and
selectivity. For the reaction of 2-cyclohepten-1-one (6), the
ligand having an i-Pr group gave higher ee than the one
having a t-Bu group, contrasting the results of the reaction
of 2-cyclopenten-1-one (4) (entries 17-20, Table 2).

The reaction of an acyclic enone, chalcone, with Et2Zn
using 0.1 mol % of Cu(OTf)2 and N,N,P-ligands 1 and 2
gave the 1,4-adduct in 8% ee (36% yield) and 63% ee (52%
yield), as shown in Scheme 3.

The combination of Ni(acac)2-N,N,P-ligands 1 and 2
afforded the 1,4-adduct in 78% ee (82% yield) and 90%
ee (77% yield), respectively, as shown in Scheme 4.

Although a large amount of catalyst is required in the Ni
system, compared with the Cu system, our newly devel-
oped ligands 1 and 2, particularly ligand 2, have high
enantioselectivity even in combination with Ni (Scheme
4). It should be noted that in hitherto reported studies of
the utility of the Ni catalyst system in the enantioselective
addition of dialkylzincs to enones most involved the
addition to acyclic enones, and reports on the addition to
cyclic enones are few. Thus, this Ni catalyst system proved
to be useful for cyclic enones.

In conclusion, we have revealed a new entry of chiral
N,N,P-tridentate ligands that promote the highly enantiose-

Table 2. Enantioselective 1,4-Addition of Dialkylzinc to Cyclic
Enones

entry n R1 R2 R3 temp/°C convn/%a ee/%a

1 0 H Me i-Pr -20 74 58 (S)
2 0 H Me t-Bu -20 88 92 (S)
3 0 H Et i-Pr -40 70 44 (S)
4 0 H Et t-Bu -40 85 93 (S)
5 0 H n-Bu i-Pr -40 64 36 (S)
6 0 H n-Bu t-Bu -40 67 14 (S)
7 1 H Me i-Pr -40 59 99 (S)
8 1 H Me t-Bu -40 35 97 (S)
9 1 H Me i-Pr -20 88 98 (S)
10 1 H Me t-Bu -20 77 98 (S)
11 1 H Et i-Pr -40 >99 98 (S)
12 1 H Et t-Bu -40 >99 96 (S)
13 1 H n-Bu i-Pr -40 58 12 (S)
14 1 H n-Bu t-Bu -40 66 18 (S)
15 1 Me Et i-Pr -20 9 86 (R)
16 1 Me Et t-Bu -20 6 82 (R)
17 2 H Me i-Pr -40 44 88 (S)
18 2 H Me t-Bu -40 32 83 (S)
19 2 H Et i-Pr -40 61 79 (S)
20 2 H Et t-Bu -40 47 68 (S)

a The conversions and ee values were determined by GC analysis
(Supelco γ-DEX-225 for entries 1-16; Supelco �-DEX-225 for entries
17-20).

Scheme 3

Scheme 4
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lective 1,4-addition of dialkylzinc to enones (up to 99% ee)
in combination with Cu(OTf)2.14
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(14) A typical experimental procedure for asymmetric 1,4-addition is
as follows (Table 1, entry 8): A solution of Cu(OTf)2 (3.6 mg, 0.01 mmol)
and ligand (10.6 mg, 0.025 mmol) in dichloromethane (1.5 mL) was stirred
under an argon atmosphere at room temperature for 0.5 h. To the solution
was added 2-cyclohexen-1-one (96 mg, 1 mmol) followed by dropwise
addition of Et2Zn (1.5 mmol, 1.5 mL of 1.0 M solution in hexane) at 0 °C.
After stirring for 5 h at 0 °C, the reaction mixture was quenched with 1 N
HCl solution (2 mL) and was extracted with Et2O (10 mL × 3). The
combined organic layer was washed with saturated aq NaHCO3 and dried
over Na2SO4. After the solvent was evaporated, an oily residue was purified
by silica gel column chromatography (hexane/Et2O ) 4/1) to afford 106
mg (84%) of 3-ethylcyclohexanone (99% ee (S)). [R]D

28 -15.6° (c 1.0,
CHCl3) (lit.8e [R]D

26 -8.8° (c 1.6, CHCl3) for 82% ee (S)). Data of the
conversion and the ee value of the product were determined by chiral-
phase GC analysis with a γ-DEX-225 (Supelco) column (30 m × 0.25 mm).
The absolute configuration was determined by comparison with literature
values.8e
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