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We synthesized in three steps simple chiral bidentate NHC compounds that carry an achiral coordinating
group as N-substituent and revealed that they serve as efficient chiral auxiliaries for the copper-catalyzed
asymmetric conjugate addition of dialkylzinc to acyclic enones (up to 97% ee).

� 2009 Elsevier Ltd. All rights reserved.
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Recently, optically active N-heterocyclic carbene compounds
(NHC compounds) have attracted significant attention for their
application in asymmetric synthesis.1,2 In 1962, Wanzlick reported
the seminal study on the unique catalytic performance of NHC
compounds3 and, in 1968, Öfele reported the synthesis of NHC–
transition metal complexes.4 Subsequent to these studies, a stable
NHC was synthesized5 and the catalysis of NHCs has been inten-
sively studied.2,6,7 Furthermore, the ligating properties of NHC
compounds have attracted increasing attention because of the dis-
covery of unprecedented catalysis by transition-metal NHC com-
plexes, such as the ruthenium catalyst for olefin metathesis1c and
the palladium catalyst for C–C bond formation.1e Moreover, Bur-
gess and co-workers reported the asymmetric hydrogenation of al-
kenes using a Ir-chiral NHC complex as the catalyst.8a Since then,
various chiral-NHC ligands have been introduced, and their transi-
tion-metal complexes have been used as the catalysts for asym-
metric reactions such as hydrogenation,1b,8 olefin metathesis,1c,9

allylic substitution,1a,10 and the aerobic oxidation of alcohols.11

Conjugate addition to enones is a useful method not only for C–
C bond formation but also for the generation of a stereogenic cen-
ter. Thus, the asymmetric version of the conjugate addition has
been extensively studied,12 and chiral NHC–transition metal com-
plexes have also been found to be efficient catalysts for conjugate
addition reactions.13 Among the NHC ligands, bidentate NHC li-
gands bearing a chiral or dynamically induced chiral coordinating
N-substituent generally induce high asymmetry. Mauduit’s group
has reported that the addition of various dialkylzinc to cyclic enon-
es in the presence of 1a proceeds with high enantioselectivity (up
to 93% ee).13a,b Alexakis and co-workers have also reported that the
copper-mediated addition of Grignard reagents to b-substituted
cyclic enones in the presence of 1b proceeds with high enantiose-
lectivity.13e Moreover, Hoveyda and co-workers reported the
highly enantioselective addition of alkyl- and aryl-zincs and alkyl-
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and aryl-aluminums to b-substituted cyclic enones in the presence
of NHC derivatives 2 and 3, respectively (up to 97% ee).13c,d The N-
substituent of 3 is achiral but it is conformationally fixed to induce
an axial chirality upon the chelate formation.13d However, good
substrates for these addition reactions are mostly limited to cyclic
enones (Fig. 1).

On the other hand, it is known that, when the N-substituent in
4,5-trans-1,3,4,5-tetrasubstituted 4,5-dihydroimidazolium salts is
an arylmethyl group, the aryl group is anti to the vicinal C-substi-
tuent.13f,g,14 Thus, we expected that the NHC ligands 4, bearing an
achiral N1-(m-substituted o-hydroxy)benzyl and N3-aryl groups,
would form a broad chiral coordination sphere around the metal
center upon complex formation (Fig. 2 and Scheme 1) and that
the complex, dialkylzinc, and enone would combine therein to give
a postulated bimetallic intermediate in the conjugate addition.12,15

Moreover, it was expected that the ligands 4 could be synthesized
in a modular manner. Indeed, the ligands 4a–f were synthesized in
three steps from (1R,2R)-1,2-diphenylethyrenediamine (Scheme
1): (i) Buchwald amination,16 (ii) reductive amination, and (iii) imi-
dazolium formation.14b
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Figure 1. Previous examples of chiral bidentate NHC ligands.
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Figure 2. An expected structure of a metal–NHC complex
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Scheme 1. Synthesis of NHC ligands 4.

Table 2
Asymmetric conjugate reaction of dialkylzinc to acyclic enonesa
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With a series of imidazolium salts in hand, we first examined
the reaction of chalcone using diethylzinc, triethylaluminum, or
ethylmagnesium chloride as the alkylating agent in the presence
of Cu(OTf)2 and the imidazolium salt 4a in tetrahydrofuran (THF)
at �20 �C (Table 1, runs 1–3). The reaction with diethylzinc gave
among the best results (run 1). The use of the imidazolium salt
4b improved the enantioselectivity to 94%, albeit with moderate
yield (run 4). The use of N,N-dimethylformamide (DMF) as the sol-
Table 1
Optimization of the asymmetric addition reaction of diethylzinc to chalcone using
in situ prepared NHC–Cu complexes as the catalysta

Run Ligand 4/Cu/base (mol %) Solvent Temp (�C) Yieldb (%) eec (%)

1 4a 5/2.5/5.5 THF �20 >99 89d

2e 4a 5/2.5/5.5 THF �20 28 52
3f 4a 5/2.5/5.5 THF �20 24 8
4 4b 5/2.5/5.5 THF �20 35 94
5 4b 5/2.5/5.5 DMF �20 81 97
6 4b 5/2.5/5.5 DMF �10 95 97
7 4b 5/2.5/5.5 DMF rt 47 91
8 4c 5/2.5/5.5 DMF �10 52 82
9 4d 5/2.5/5.5 DMF �10 81 84

10 4e 5/2.5/5.5 DMF �10 69 85
11 4f 5/2.5/5.5 DMF �10 52 86
12 4b 2.5/2.5/2.8 DMF �10 93 97d

13g 4b 1/1/1.1 DMF �10 99 (98)d,h 97 (97)d,h

14 4b 0.1/0.1/0.1 DMF �10 50 90
15 4b 1/0/0 DMF �10 21 64

a Reaction was carried out with a molar ratio of chalcone (0.1 mmol), diethylzinc
(0.15 mmol), and solvent (0.5 mL) in the presence of the described amounts of
ligand, Cu(OTf)2, and t-BuONa under N2.

b Isolated yield.
c Determined by HPLC with DAICEL CHIRALCEL AD-H (hexane/i-PrOH = 99:1).
d The absolute configuration of the product was S. (See Ref. 18.)
e Triethylaluminum was used.
f Ethylmagnesium chloride was used.
g The reaction was run on a 0.5-mmol scale.
h The reaction was run on a 5.0-mmol scale.
vent remarkably improved both the enantioselectivity and the
chemical yield (run 5). Moreover, the reaction at �10 �C provided
a better result (97% ee, 95%) (run 6). The reactions at room temper-
ature reduced the enantioselectivity and yield (run 7). The reac-
tions were further examined using 4c–f as the ligands at �10 �C,
but no improvement was observed in enantioselectivity and
chemical yield (runs 8–11). We next examined the reaction using
reduced catalyst loading (runs 12–14). The reactions proceeded
without diminishing enantioselectivity even at 1 mol% catalyst
loading (run 13). The reaction could be carried out even on a
5 mmol scale.17 However, further reduction of catalyst loading
diminished both the enantioselectivity and yield (run 14). The
reaction in the absence of copper salt was slow and less enantiose-
lective (run 15).

Under the optimized reaction conditions, we examined the con-
jugate addition reaction of dialkylzinc to various acyclic enones
(Table 2). The reactions with chalcone derivatives proceeded with
high enantioselectivities (up to 97% ee), irrespective of dialkylzinc
(runs 1–6). The reactions of E-alkenyl phenyl ketones (R1 = alkyl)
also proceeded with high enantioselectivities (94–95% ee) and
yields (90–>99%) (runs 7–9). In contrast, the conjugate addition
to benzal acetone (R2 = Me) showed almost no enantioselectivity
(run 10). However, the use of n-BuLi as the base was found to in-
duce a reversed enantioselectivity, albeit with low selectivity
(run 11). Thus, we examined the reaction using ligands 4c–f in
the presence of n-BuLi in THF, and a moderate enantioselectivity
of 69% was obtained when 4f was used (run 12). An identical
enantioselectivity was also obtained in the reaction of 5-methyl-
3-hexen-2-one (run 13).

As aforementioned, conjugate addition to cyclic enones often
proceeds with high enantioselectivity, while the selectivity of the
addition to acyclic substrates is generally lower due to the s-cis/
s-trans conformational flexibility.12,20,21 However, some of the
O
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Run R1 R2 R3 Time (h) Yieldb (%) ee (%)

1 p-Cl-C6H4 Ph Et 2 >99 97c,d

2 p-MeO-C6H4 Ph Et 12 62 96c,d

3 Ph p-Cl-C6H4 Et 2 >99 97c

4 Ph p-MeO-C6H4 Et 12 56 96d,e

5 Ph Ph Me 12 86 95c

6 Ph Ph i-Pr 2 54 92c

7 Me Ph Et 2 90 95f

8 i-Pr Ph Et 2 >99 94g

9 n-Pentyl Ph Et 2 90 94f

10 Ph Me Et 12 62 2
11i Ph Me Et 24 67 �7
12j Ph Me Et 24 70 �69h,k

13j i-Pr Me Et 24 39l 69m,n

a Reaction was carried out with a molar ratio of enone (0.5 mmol), dialkylzinc
(0.75 mmol), and DMF (2.5 mL) under N2 at �10 �C.

b Isolated yield.
c Determined by HPLC with DAICEL CHIRALCEL AD-H (hexane/i-PrOH = 99:1).
d The absolute configuration of the product was S. (See Ref. 18.)
e Determined by HPLC with DAICEL CHIRALPAC IA (hexane/i-PrOH = 90:10).
f Determined by HPLC with DAICEL CHIRALCEL OD-H (hexane).
g Determined by GLC with CP CP-CHIRASIL-DEX CB (30 m), 120 �C, 35 cm/s.
h Determined by HPLC with DAICEL CHIRALCEL AD-H (hexane/i-PrOH = 99.5:0.5).
i The reaction was run in THF with n-BuLi as the base.
j The reaction was run in THF with n-BuLi as the base in the presence of 4f.
k The absolute configuration of the product was R. (See Ref. 18.)
l Determined by GLC using bicyclohexyl as the internal standard.

m Determined by GLC with SUPELCO GAMMA-DEX 225 (30 m), 55 �C, 50 cm/s.
n The configuration of the product has not been determined.
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reactions that proceed through a highly ordered transition state
proceed with high enantioselectivity.12,15,20 Although the mecha-
nism of the present reaction is unclear, it is likely that the reaction
also proceeds through an ordered transition state, from the catalyst
structure bearing a precoordinating substituent. Thus, we exam-
ined the reaction of 2-cyclohexen-1-one; however, the reaction
showed poor selectivity.22 This result suggests that a p-complex
intermediate formed from the s-cis isomer of enone participates
in the present reaction.15b

In conclusion, we introduced new bidentate NHC ligands that
can be prepared in a modular fashion, and we revealed that they
serve as efficient chiral auxiliaries for the copper-catalyzed asym-
metric conjugate addition reaction of dialkylzinc to acyclic enones.
We believe that this study expands the utility of chiral bidentate
NHC ligands in asymmetric synthesis.
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