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Abstract: A new catalytic asymmetric tandem -alkenyl 

addition/proton shift reaction of silyl enol ethers with ketimines was 

serendipitously discovered in the presence of chiral N,N'-dioxide/Zn
II
 

complexes. Proton shift preferentially occurred than silyl shift after -

alkenyl addition of silyl enol ether to ketimine. A wide range of -

amino silyl enol ethers were achieved in high yields with good to 

excellent ee values. Control experiments suggested that the 

Mukaiyama-Mannich reaction and tandem -alkenyl addition/proton 

shift reaction were competitive reactions in the current catalytic 

system. Meanwhile, the obtained -amino silyl enol ethers could be 

easily transformed into -fluoroamines containing two vicinal 

tetrasubstituted carbon centers. 

Silyl enol ethers are isolable and versatile intermediates 

serving as convenient carbonyl equivalent donors in organic 

synthesis due to their high reactivity and operability, which have 

enabled broad synthetic utilization.
[1]

 In our previous studies on 

silyl enol ethers, several types of reactions were realized by 

using chiral Lewis acid catalysts, including [2+2] cycloaddition 

between alkynones and cyclic silyl enol ethers,
[2]

 [4+2] 

cycloaddition of silyloxyvinylindoles with ,-unsaturated -

ketoesters
[3]

 and so on.
[4]

 To further expand the application of 

silyl enol ethers, we explored a reaction of silyl enol ethers with 

imines which anticipated Mukaiyama−Mannich reaction to afford 

the corresponding -amino carbonyl compounds.
[5-7]

 The 

reaction of cyclopentanone-derived silyl enol ether 1a and isatin-

derived ketimine 2a underwent -alkenyl addition of silyl enol 

ether to C=N double bonds of imine in the presence of the chiral 

N,N-dioxide-metal complex, forming a zwitterionic intermediate 

A, subsequent silyl group shift
[5b,8]

 from oxygen atom to nitrogen 

atom and rapid desilylation afforded the Mukaiyama−Mannich 

product 4a (Scheme 1, path a). Actually, to our surprise, a 

mixture of -amino ketone and -amino silyl enol ether (3a) was 

serendipitously observed. We conceived that proton shift of the 

intermediate A took place to give the unexpected product 3a 

(Scheme 1, path b). 

The unexpected skeletal reorganization triggered our 

interest. To the best of our knowledge, the α-alkenyl addition of 

silyl enol ether to imine followed by proton shift has not been 

reported previously.
[9]

 Herein, we wish to describe a chiral N,N-

dioxide/Zn
II
 complex

[10]
 catalyzed enantioselective tandem α-

alkenyl addition/proton shift process between silyl enol ethers 

and ketimines to give the desired enantiopure -amino silyl enol 

ethers with high efficiency. 

 

Scheme 1. Two pathways of the reaction of cyclopentanone-derived silyl enol 

ether 1 with isatin-derived ketimine 2a. 

After the preliminary investigation between silyl enol ether 

1a and ketimine 2a (see Table S1−S3 in the SI for more details), 

we found that the reaction proceeded smoothly in CH2Cl2 at 

35 C with L2-RaPr2-Zn(OTf)2 as the catalyst and 3a was 

obtained in 86% yield and 92% ee (Table 1, entry 1). Decreasing 

the steric hindrance of the amide moiety improved the 

enantioselectivity, however, sharply decreased yield of 3a and 

increased yield of byproduct 4a were observed (entry 3 vs 

entries 1 and 2). Changing the reaction temperature to 40 C in 

CH2ClCH2Cl, the substrate 2a was completely transformed into 

3a within 3 hours, giving the same yield and ee value of 3a 

(entry 4 vs entry 2). To our delight, the yield of 3a could be 

increased to 85% without loss of the enantioselectivity (95% ee) 

by employing isopropanol as the additive (entry 5). Decreasing 

the steric hindrance of silyl group from TBS to TES and TMS, 

increased yields of Mukaiyama-Mannich byproduct 4a were 

obtained (entries 5-7). It may because the large repulsion 

between TBS and Boc group of the amine make the proton shift 

favored to give the product 3a. 

 

Figure 1. Ligands used in this study. 
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Table 1. Optimization of the reaction conditions. 

 

Entry
[a]

 ligand Si additive 
t 

[h] 

Yield [%]
[b] 

3/4a 

Ee [%]
[c] 

3 

1 L2-RaPr2 TBS ─ 7 86/13 92 

2 L2-RaEt2 TBS ─ 7 68/27 95 

3 L2-RaMe2 TBS ─ 7 44/52 95 

4
[d]

 L2-RaEt2 TBS ─ 3 68/31 95 

5
[d][e]

 L2-RaEt2 TBS i-PrOH 3 85/14 95 

6
[d][e]

 L2-RaEt2 TES i-PrOH 9 76/22 95 

7
[d][e]

 L2-RaEt2 TMS i-PrOH 5 0/90 - 

[a]
 
Unless otherwise noted, the reactions were carried out with 2a (0.10 mmol), 

1a (1.5 equiv), metal salt (5 mol%), ligand (5 mol%), solvent (0.1 M) and 4 Å 

MS (50 mg). MS = molecular sieve. [b] Isolated yields. [c] Determined by 

HPLC on a chiral stationary phase. [d] CH2ClCH2Cl (0.6 mL) was used at 

40 °C instead of CH2Cl2. [e] i-PrOH (1.0 equiv) was added. 

With the optimized conditions established (Table 1, entry 5), 

a series of isatin-derived ketimines 2 were probed to react with 

1a, giving the corresponding proton shift products 3a‒3f in high 

yields with excellent ee values (Scheme 2, 8390% yields, 94

95% ee). Other isatin-derived ketimines with different protecting 

groups of the nitrogen atom, such as -Cbz and -CO2Et, gave a 

little decreased yields and enantioselectivities which was likely 

attributed to the decreased steric hindrance compared with the 

Boc group. In addition, the low reactivities of aryl and -SO2
t
Bu 

protected ketimines could not give the target products (see 

Table S3 in the SI for details). The absolute configuration of 

product 3a was determined to be S by X-ray crystallography 

analysis.
[11]

 A gram-scale reaction between 1a (6 mmol) and 2a 

(4 mmol) provided 3a in 86% yield with 95% ee.
[12]

 

 

 

Scheme 2. Substrate scope of ketimines
[a]

. [a] Unless otherwise noted, all 

reactions were performed with L2-RaEt2/Zn(OTf)2 (1:1, 5 mol%), 1a (0.15 

mmol), 2 (0.10 mmol), 4 Å MS (50 mg) and i-PrOH (1.0 equiv) in CH2ClCH2Cl 

(0.6 mL) at 40 C. Yields are those of the isolated products. Chiral-phase 

HPLC analysis was used to determine ee values. [b] 4.0 mmol scale of 2a.  

 

 

Scheme 3. Substrate scope of silyl enol ethers
[a]

. [a] Unless otherwise noted, 

all reactions were performed with L3-PiMe2/Zn(OTf)2, 1a (0.15 mmol), 2a (0.10 

mmol), 4 Å MS (50 mg) and i-PrOH (1.0 equiv) in CH2ClCH2Cl (0.6 mL) at 

40 C. [b] L2-PiEt2 was used as ligand. [c] L2-PiMe2 was used as ligand. [d] 1 

(0.20 mmol). [e] D.r. was determined by HPLC or 
1
H NMR analysis. [f] Isolated 

yield of major diastereoisomer. 

Subsequently, we turned our attention to broadening the 

substrate scope of the silyl enol ethers (Scheme 3). Four-, six- 

and seven-membered cyclic silyl enol ethers were tolerated in 

this reaction and afforded the desired products 3g-3i in 21−71% 

yields with 87−93% ee. 1-Indanone-derived substrates could be 

smoothly transformed into the corresponding products 3j-3m in 

good yields (6890%) with excellent ee values (9093%). -

Substituted cyclic silyl enol ethers were also tested in the current 

catalytic system. The silyl enol ethers bearing -methyl, benzyl, 

and chloro-alkyl underwent the reaction smoothly, delivering 

3n−3p in 61−77% yields, 8:1−>19:1 d.r. and 94−97% ee. Based 

on the experimental results (see Table S5 in the SI for more 

details), a kinetic resolution process of -substituted cyclic silyl 

enol ethers was proposed to explain the observed 

diastereoselectivities. The absolute configuration of the product 

3n was determined to be S,R by X-ray crystallography 

analysis.
[11]

  

We next explored the tandem -alkenyl addition/proton shift 

reaction between pyrazolinone-derived ketimines
[13]

 and silyl 

enol ethers (Scheme 4). Under the optimized conditions (see 

Table S6 in the SI for detailed screening of the reaction 

conditions), 98% yield with 93% ee of 6a could be obtained. 

Changing the substituent at C3-position of ketimine 5 from 

methyl to phenyl, the desired product 6b was obtained in 84% 

yield with 92% ee. The absolute configuration of product 6b was 

determined to be R by X-ray crystallography analysis.
[11]
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Cyclohexanone-derived cyclic silyl enol ether was also explored 

in the current catalytic system, providing the corresponding 

products 6c in 98% yield with 84% ee. 1-Indanone-derived cyclic 

silyl enol ethers reacted with 5a smoothly, delivering 6d in 

excellent yield (95%) and ee value (97%). Only 24% yield and 

73% ee of 6e was obtained when 1-tetralone-derived silyl enol 

ether was utilized. Besides, ,-dimethyl cyclopentanone- and 

γ,γ-dimethyl cyclohexanone-derived silyl enol ethers were also 

suitable nucleophiles to give the desired products 6f and 6g in 

93% yield with 68% ee and 91% yield with 75% ee, respectively. 

It was worthy to note that acyclic silyl enol ether could also be 

transformed into the corresponding product 6h in 40% yield with 

99% ee. 

 

 

Scheme 4. Substrate scope for silyl enol ethers with pyrazolinone-derived 

ketimines
[a]. [a] Unless otherwise noted, all reactions were performed with L2-

Ra(OMe)2/Zn(NTf2)2, 1 (1.5 equiv), 5 (0.05 mmol) and 4 Å MS (25 mg) in 

CH2ClCH2Cl (0.6 mL) at 40 C. [b] At -20 C. [c] At 0 C. [d] L = L2-PiEt2. [e] L 

= L2-RaMe2. 

To show the synthetic utility of this methodology, the 

fluorination of -alkenyl addition/proton shift products was 

carried out. -Fluoroamine motif
[14]

 is an important skeleton 

which is found in numerous of drug candidates.
[15]

 Manipulating 

the -amino silyl enol ethers 3a, 3b and 3d with Selectfluor in 

acetonitrile at room temperature within 30 min afforded the chiral 

-fluoroamines 7−9 in 80−87% yields, 10:1−>19:1 d.r. with 

maintained ee values, which contained two vicinal 

tetrasubstituted carbon centers (Scheme 5).
[11]

 

To gain insight into the mechanism of tandem -alkenyl 

addition/proton shift in the current catalytic system, control 

experiments were studied. No Mukaiyama-Mannich byproduct 

4a was observed when treating 3a under the standard 

conditions with or without silica gel for 18 h (Scheme 6a). 

Additionally, when a tagged product of 3a-d2 was mixed with 1a 

and 2a under the optimized conditions, only trace amount of 

tagged 4a-d2 was detected (see Scheme S7 in the SI). These 

experimental results indicated that the Mukaiyama−Mannich 

reaction is a competitive reaction in this system, the possibility of 

Mukaiyama−Mannich product comes from 3a is ruled out. To 

make clear the proton shift process, isotopic labeled 1h-d1 (90% 

D) reacted with 5a in dichloromethane-d2, affording the product  

 

Scheme 5. The fluorination of the -alkenyl addition/proton shift products. 

 

Scheme 6. Control experiments and deuterium labeling studies.  

6i with >70% D on the nitrogen atom of the formed amine which 

revealed that the H of NHBoc come from silyl enol ether indeed 

(Scheme 6b). In addition, the same H/D ratio (26% D) was 

observed in the products 6j and 6i when a cross-over 

experiment was conducted by treating the mixture of 1h-d1 and 

1f under the optimized conditions at 40 °C in CD2Cl2 (Scheme 

6c). When 1h-d1 and 1f severally reacted with 5a in the 

presence of L2-PiEt2/Zn(NTf2)2 for 10 min and then they were 

mixed to stir for another 10 min, <20% D of 6j and >50% D of 6i 

were observed (Scheme 6d). These results proved that the 

proton shift in this reaction underwent an intermolecular process, 

and the inference was also in accordance with the experimental 

result that the addition of isopropanol could improve the yield of 

3a (Table 1, entry 5). Isopropanol may act as a medium of 

transmitting proton from carbon atom to nitrogen atom.  

In summary, we have serendipitously discovered and 

developed the first catalytic asymmetric tandem -alkenyl 

addition/proton shift reaction of silyl enol ethers with ketimines 

by utilizing chiral N,N-dioxide/Zn
II
 complexes as the catalysts, 
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affording a wide range of -amino silyl enol ethers in up to 98% 

yield and 99% ee. The desired products could be easily 

transformed into -fluoroamines with high diastereo- and 

enantioselectivities under mild conditions. Deuterium labeling 

study suggested a key proton shift was involved in this reaction. 

Further studies on the mechanism of this reaction are ongoing. 
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We have developed an efficient route to the synthesis of optically β-amino silyl enol 

ethers via -alkenyl addition/proton shift process of silyl enol ethers to ketimines. 

Good to excellent enantioselectivities with a broad substrate scope were achieved 

catalyzed by chiral N,N'-dioxide/Zn
II
 complexes. Deuterium labeling study 

suggested a key proton shift process was involved in this reaction. This case 

provides an easy access to enantiopure β-fluoroamines with two vicinal 

tetrasubstituted carbon centers.  
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