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Abstract: The N,N¢-dioxide–Ni(II) complex has been developed
for the asymmetric Mukaiyama aldol reaction between glyoxal de-
rivatives and enolsilane which produced the 2-hydroxy-1,4-dicar-
bonyl compounds in moderate to high yields (up to 95%) with
excellent enantioselectivities (up to 95% ee). Based on the configu-
ration of the product and X-ray structure of the catalyst, a possible
transition state was proposed to explain the mechanism of the reac-
tion.
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The enantioselective aldol reaction of enolsilane with al-
dehyde and ketone (Mukaiyama aldol reaction) is one of
the most important synthetic tools for C–C bond forma-
tions.1 Since the pioneering work of Mukaiyama et al.,2 a
number of chiral catalysts have been developed for this re-
action, including both metal complexes3 and organocata-
lysts.4 Thus far, the aldol reaction of 1,2-dicarbonyl
compounds which led an approach for the formation of 2-
hydroxy-1,4-dicarbonyl compounds was well investigat-
ed.5 Since most of the studies focused on the reaction of
pyruvates, the glyoxal derivatives, which could be easily
synthesized from the corresponding ketones, have been
rarely reported. Therefore, the development of a new cat-
alyst system for this reaction is still interesting. As excel-
lent chiral scaffold,6,7 N,N¢-dioxide could coordinate with
many metals and exhibited great potential in many asym-
metric reactions. Recently, we have reported the applica-
tion of chiral Ni(II)-N,N¢-dioxide complex in the aza-ene-
type reaction between glyoxal derivatives 1 and enamide
2 (Scheme 1, eq. 1),7b and the Ni(II) complex showed
good ability for the activation of glyoxal derivatives and
strong asymmetry-inducing capability. As part of our on-
going program in exploring the application of N,N¢-diox-
ides, we herein reported the catalytic asymmetric aldol
reaction between glyoxal derivatives 1 and enolsilane 3
(Scheme 1, eq. 2). Excellent enantioselectivities (up to
95% ee) and moderate to high yields (up to 95%) were ob-
tained for a range of substrates.

Initially, the reaction between phenylglyoxal (1a) and
enolsilane 3a was selected as a model reaction, and N,N¢-

dioxide L1–Ni(BF4)2·6H2O complex showed good induc-
ing potential with ee value of 58% (Table 1, entry 1).
However, the exploration of counterions of the Ni(II)–L1
complex failed to accelerate the reaction (Table 1, entries
2 and 3). Next, the electronic and steric effects of the
ligand were examined. The results demonstrated that the
ligand L2 bearing electron-withdrawing group resulted in
relatively low ee value (Table 1, entry 4). Electron-donat-
ing substituent at the para position of aromatic amide sub-
unit had less improvement on the outcomes (Table 1,
entry 5). While the appropriate steric hindrance of the sub-
stituent on aniline influenced the enantioselectivity dra-
matically, 88% ee was obtained with L5 which was
derived from 2,6-diethylaniline (Table 1, entry 7 vs. en-
tries 1, 6 and 8).

Further studies on the chiral backbone moiety of the
ligand revealed that the enantioselectivity of the reaction
was improved to 92% ee, using L-proline-derived N,N¢-di-
oxide L7 instead of the (S)-pipecolic acid derivative L5
(Table 1, entry 9 vs. 7).

To further improve the enantioselectivity of the reaction,
several other reaction conditions such as solvent and tem-
perature were explored. Instead of CH2Cl2, the use of
DCE or CHCl3 led to a significant drop in the yield with
somewhat lower enantioselectivity (Table 1, entries 10

Scheme 1 Mukaiyama aldol and ene reaction
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and 11 vs. entry 9). Further lowering the temperature to
0 °C or reducing the catalyst loading to 5 mol%, the enan-
tioselectivity was maintained, but the reactivity decreased
obviously (Table 1, entries 12 and 13 vs. entry 9). Exten-
sive screening shown that the optimal conditions were 10
mol% L7–Ni(BF4)2·6H2O complex (molar ratio = 1:1),
0.1 mmol of phenylglyoxal (1a) and 0.15 mmol of enol-
silane 3a in 1.0 mL of CH2Cl2 at 30 °C.9

Under the optimal reaction conditions, substrate scope
was investigated, and the corresponding products were
gained in moderate to high yields with excellent ee values
in the range of 90–95% (Table 2). A variety of glyoxal de-
rivatives proved to be excellent aldol acceptors in this cat-

alyst system. Both the electronic and steric substituent in
the substrates had no obvious effect on the enantioselec-
tivity (Table 2, entries 1–9). The heteroaromatic glyoxal
could also be converted to the desired product in moderate
yield with excellent enantioselectivity (Table 2, entry 10).
Moreover, glyoxylate proceeded smoothly with 3a in 93%
yield with 94% ee (Table 2, entry 11). In addition, the sub-
stituted enolsilane 3b was also proved to be an effective
nucleophile, affording the adduct in 92% ee (Table 2, en-
try 12).

On the basis of the absolute configuration of the product
and the X-ray structure of L6–Ni(II) complex which have
been reported by our group,7b a possible transition state
was proposed.3c,f As shown in Figure 1, the ligand provid-
ed the carbonyl oxygens and N-oxides for coordination.
Meanwhile, the glyoxal derivative tends to chelate to the
nickel by carbonyl groups in bidentate fashion. The TS1
was considered as the favorable transition state in which

Table 1 Optimization of the Reaction Conditionsa

Entry Metal L Solvent Yield (%)b ee (%)c

1 Ni(BF4)2·6H2O L1 CH2Cl2 85 58

2 Ni(ClO4)2·6H2O L1 CH2Cl2 84 53

3 Ni(acac)2 L1 CH2Cl2 12 8

4 Ni(BF4)2·6H2O L2 CH2Cl2 76 21

5 Ni(BF4)2·6H2O L3 CH2Cl2 83 54

6 Ni(BF4)2·6H2O L4 CH2Cl2 88 83

7 Ni(BF4)2·6H2O L5 CH2Cl2 90 88

8 Ni(BF4)2·6H2O L6 CH2Cl2 87 71

9 Ni(BF4)2·6H2O L7 CH2Cl2 94 92

10 Ni(BF4)2·6H2O L7 DCE 73 89

11 Ni(BF4)2·6H2O L7 CHCl3 67 85

12d Ni(BF4)2·6H2O L7 CH2Cl2 63 92

13e Ni(BF4)2·6H2O L7 CH2Cl2 61 92

a Unless otherwise noted, all reactions were carried out with phenyl-
glyoxal (1a, 0.1 mmol) and enolsilane 3a (0.15 mmol) at 30 °C under 
N2 in CH2Cl2 (1.0 mL) for 24 h.
b Isolated yield.
c Determined by chiral HPLC.
d The reaction was performed at 0 °C for 30 h.
e Conditions: 5 mol% catalyst was used for 30 h.
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Table 2 Substrate Scope for the Catalytic Asymmetric Mukaiyama 
Aldol Reactiona

Entry R 3 Product Yield (%)b ee (%)c

1 Ph 3a 5a 94 92

2 2-MeC6H4 3a 5b 88 92

3 3-MeC6H4 3a 5c 95 93

4 4-MeC6H4 3a 5d 65 90

5 3-MeOC6H4 3a 5e 74 93

6 3-ClC6H4 3a 5f 74 93

7 4-ClC6H4 3a 5g 70 91

8 4-FC6H4 3a 5h 85 92

9 4-BrC6H4 3a 5i 77 95 (S)d

10 2-furyl 3a 5j 63 91

11 OEt 3a 5k 93 94 (S)d

12 Ph 3b 5l 67 92

a All reactions were carried out with glyoxal derivatives 1 (0.1 mmol) 
and enolsilane 3 (0.15 mmol) at 30 °C under N2 in CH2Cl2 (1.0 mL) 
for 20–28 h.
b Isolated yield.
c Determined by chiral HPLC.
d The absolute configuration of 5i7b and 5k8 were determined to be S 
by comparison with literature data.
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the aldehyde moiety of glyoxal was bound in the equato-
rial position. Enolsilane attacked from the less hindered
Si-face to afford the corresponding S product, since the
2,6-diethylphenyl group on the ligand effectively shielded
the other face. While in TS2, the ketone group located at
the equatorial position which resulted in the steric hin-
drance between R of the substrate and the 2,6-diethylphe-
nyl group of the ligand.

Figure 1 Proposed transition state for Mukaiyama aldol reaction

In summary, we have developed an efficient chiral L7–
Ni(II) complex catalyst for the enantioselective Mukai-
yama aldol reaction of glyoxal derivatives as well as gly-
oxylate. Excellent enantioselectivities (up to 95% ee) and
moderate to high yields (up to 95%) were obtained for a
range of substrates. Meanwhile, a proposed transition
state was depicted. Further efforts are being devoted to ap-
plying the catalyst to other reactions.

Supporting Information for this article is available online at
http://www.thieme-connect.com/ejournals/toc/synlett.
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(9) General Procedure for the Asymmetric Mukaiyama 
Aldol Reaction between Glyoxal Derivative 1a and 
Enolsilane 3a:
Ligand L7 (0.01 mmol) and Ni(BF4)2·6H2O (0.01 mmol) 
were dissolved in CH2Cl2 (0.5 mL) and stirred at 30 °C for 1 
h. Then the solvent was removed and glyoxal derivative 1a 
(0.1 mmol) was added. After adding CH2Cl2 (1.0 mL) and 
enolsilane 3a (0.15 mmol), the mixture was stirred at 30 °C 
for 24 h under N2 atmosphere. Then, THF (2.0 mL) and 1 N 
HCl (1.0 mL) were added to the reaction mixture. After 
stirring at r.t. for 30 min, this solution was poured into a 
separatory funnel and diluted with Et2O (5.0 mL) and H2O 

(1.0 mL). After mixing, the aqueous layer was discarded and 
the ether layer was washed with sat. aq NaHCO3 (5.0 mL) 
and brine (5.0 mL). The resulting ether layer was dried over 
anhyd MgSO4, and concentrated in vacuo. The crude 
product was chromatographed on silica gel to give the 
desired adduct 5a: 94% yield; 92% ee {determined by HPLC 
analysis with a Chiral OJ-H column, hexane–2-PrOH 
(80:20), 1.0 mL/min, UV = 254 nm; tR1 = 18.6 min, 
tR2 = 20.5 min); [a]D

25 +11.9 (c 0.454, in CH2Cl2}; 1H NMR 
(400 MHz, CDCl3): d = 3.37–3.49 (m, 2 H), 4.04 (d, J = 6.0 
Hz, 1 H), 5.68–5.73 (m, 1 H), 7.46–7.55 (m, 4 H), 7.58–7.66 
(m, 2 H), 7.95–8.01 (m, 4 H) ppm.
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