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Abstract: A heterogeneous bifunctional catalyst was synthesized by incorporating chiral amine and acid groups into silica. This catalyst 
showed modest reactivity and enantioselectivity (up to 60% ee) for the direct asymmetric aldol reactions. It is suggested that the suitable 
incorporation between the amine and the acid groups in the bifunctional solid catalyst is crucial for the reactivity and the chiral induction 
of the reactions. 
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The direct asymmetric aldol reaction is one of the most 
important C–C bond-forming reactions and has been widely 
used in constructing natural and nonnatural products [1]. A 
number of methods based on biological, organometallic, and 
organo-catalysis for this transformation have been reported 
[2]. Natural aldolases use combinations of acids and bases in 
their active sites to accomplish direct asymmetric aldol reac-
tions [3]. Recently, an interesting report on bifunctional inor-
ganic materials containing multiple catalytically active centers 
has highlighted the potential application of these materials to 
mimic aldolases [4], and some work relating to the concept 
for direct aldol reactions using the bifunctional catalyst with 
different active centers on solids has been carried out. How-
ever, the problem of developing a heterogeneous bifunctional 
catalyst for direct asymmetric aldol reactions still remains an 

open challenge [4,5]. Herein, we report bifunctional silica 
materials incorporated with the chiral amine and the acid 
groups for direct catalytic asymmetric aldol reactions, giving 
modest yields and enantioselectivities. 

The preparation of silica-supported bifunctional materials 
involves the synthesis of the silica precursor 4, which is then 
protonated with an acid (Scheme 1) [6]. Precursor 4 was 
characterized using infrared reflectance spectroscopy, 13C 
cross-polarization and magic-angle spinning solid-state nu-
clear magnetic resonance (NMR) spectroscopy, and thermo-
gravimetric and elemental analysis. Before grafting, the silica 
support (Qingdao Haiyang Chemicals Plant, China) showed a 
sharp peak at 3750 cm−1 [7], which is ascribed to the stretch-
ing frequency of free silanols. However, this IR peak disap-
pears after grafting 3 on silica. The results indicate that the 

Scheme 1   Synthesis of heterogeneous bifunctional catalyst 5 
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silanol groups are condensated with triethoxysilane groups of 
the amine, resulting in the formation of 4. In addition, the 
appearance of the bending C–H vibration at 2927 cm−1 further 
confirms that the (S)-N-(pyrrolidin-2-ylmethyl)-propan-1- 
amine group has been successfully grafted on the surface of 
silica. The 13C NMR spectrum exhibits a chemical shift at 9.8 
characteristic of the carbon that is attached to the silicon atom 
[8]. The chemical shift of the carbons of the alkyl carbon and 
the cyclic CH is observed in the region of 16–24, whereas the 
carbons of NHCH2 exhibit chemical shifts in the range of 
50–65 [9]. The results showed that the organic functional 
groups are intact after grafting. The loading of the functional 
group for the precursor is found to be about 0.45 mmol/g of 
dry SiO2, as determined using thermogravimetric analysis and 
elemental analysis. 

The heterogeneous bifunctional catalysts were then tested 
for the aldol reaction of acetone with p-nitrobenzaldehyde 
(Table 1). Catalyst precursor 4 gives the aldol product 8 with 
58% yield and 16% ee after 24 h (entry 1). However, to our 
delight, when a bifunctional catalyst formed upon the addition 
of 30% equivalents AcOH (pKa = 4.76) is used, both the reac-
tivity and the enantioselectivity of the reaction are increased 
to 75% and 36%, respectively (entry 2). Further increase in 
the acidity of the additive using CF3COOH (pKa = 0.23) in the 

reaction furnishes 8 with a significantly decreased yield and a 
slightly increased enantioselectivity (entry 3). However, the 
addition of a very strong organic acid, such as TsOH (pKa = − 
6.50), gives rise to product 8 with only 27% yield and 30% ee 
(entry 4).  

Other organic acids whose pKa varies in the range of 
1.23–4.20 are also screened for the reaction with the bibifunc-
tional catalyst system. It is found that the reactivity and the 
enantioselectivity of the reaction with these organic acids are 
not as good as that with AcOH (Table 1, entries 2 and 5–7). 
The results strongly indicate that the suitable acid functional-
ity is crucial for the reactivity and the chiral selectivity in the 
reaction [10,11]. Interestingly, the catalyst functionalized with 
L-tartaric acid shows the same enantioselectivity as that func-
tionalized with racemic tartaric acid, and the chiral acid ex-
hibits somewhat a lower enantioselectivity than that with 
AcOH. The results demonstrate that the chiral group of an 
acid has no beneficial effect on the asymmetric induction in 
the reaction (entries 8–10) [11], suggesting that these groups 
are not involved in the transition state that determines the 
stereochemistry. In addition, the addition of Lewis acids gives 
the product with lower yield and enantioselectivity as com-
pared with the addition of AcOH (entries 11 and 12). 

Table 2   Direct asymmetric aldol reactions of aldehydes with ke-
tones catalyzed by heterogeneous bifunctional catalyst 5 

Aldehyde Ketone Product  t/h Y/% ee (%)

 
24 75 36 

 
40 78 31 

 
40 65 33 

 
46 67 60 

 
26 87a 20c

 
40 72b 26d

Reaction time: 24–46 h.  
a Isolated yield of the mixture of anti/syn product, with anti/syn molar 
ratio = 55/45.  

b Isolated yield of the mixture of anti/syn product, with anti/syn molar 
ratio = 50/50.  

c ee(syn) = 60%. 
d ee(syn) = 31%. 

Table 1   Direct asymmetric aldol reaction of acetone with p-nitro- 
benzaldehyde catalyzed by heterogeneous bifunctional 
catalyst 5 

Entry 
Acid 

(30 mol%) 
pKa t/h Y a/% ee b (%) 

1 no acid  24 58 16 
2 AcOH 4.76 24 75 36 
3 CF3COOH 0.23 40 37 40 
4 TsOH − 6.50 40 27 30 
5 PhCOOH 4.20 24 61 28 
6 HCOOH 3.45 24 71 27 
7 oxalic acid 1.23, 4.19 24 65 34 
8 L-tartaric acid 2.99, 4.40 24 69 33 
9 DL-tartaric acid 2.99, 4.40 24 68 33 

10 (R)-BINOL  24 40 17 
11 Zn(OAc)2  24 43 18 
12 Cu(OTf)2  24 25 11 

The aldol reactions were performed with 0.25 mmol p-nitrobenzalde-
hyde, 30 mol% catalyst, and 1 ml acetone at room temperature for 24–40 
h unless stated otherwise.  
a Isolated yield after separation by silica gel.  
b Determined by a high-performance liquid chromatograph (Chiralpak 
AD-H). 
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The solid catalyst, bifunctionalized with the amine and 
AcOH, was also examined with different aldehydes and ke-
tones (Table 2). The catalysts exhibit modest reactivity and 
enantioselectivity for the acyclic and the cyclic ketones; 
however, low or no diastereoselectivity is observed for the 
cyclic ketones. In the case of substituted benzaldehyde as the 
ketone acceptor, p-nitrobenzaldehyde affords the aldol prod-
uct with the highest yield and enantioselectivity. It is worth 
noting that isobutylaldehyde can give the product with 67% 
yield and 60% ee. 

To highlight the possible catalytic model of the bifunctional 
catalyst for the direct asymmetric aldol reactions, a plausible 
transition state of the reaction of acetone with 
p-nitrobenzaldehyde is suggested in Scheme 2. In the reaction, 
the amino group of pyrrolidine is responsible for the enamine 
formation with acetone, and through hydrogen bonding, the 
carbonyl group of the aldehyde is activated by the other pro-
tonated amine group. The Re face of the activated aldehyde is 
attacked by the enamine, resulting in a six-membered 
chair-like transition structure. The reactivity and the chiral 
induction of the aldol reaction are critically influenced by the 
cooperative effect between the amine and the acid groups in 
the catalysts. 

In summary, a heterogeneous catalyst bifunctionalized with 
the chiral amine and the acid groups has been developed for 
the direct asymmetric aldol reactions with modest yield and 

enantioselectivity. The synergistic effect between the amine 
and the acid groups is crucial for the reactivity and the enan-
tioselectivity in the reactions. Although there is a room for 
improvement in both the yield and the stereoselectivity, our 
findings may provide a general approach to prepare inor-
ganic–organic catalysts with bifunctional or multiple type of 
active centers for chiral synthesis.  
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Scheme 2   Plausible transition state of a model reaction mediated by 
the bifunctional catalyst 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


