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Abstract     
The synthesis of either mono- or bis-adducts via Michael reaction between active methylene 
compounds and α,β-unsaturated reagents is reported. These processes are catalyzed by two 
heterogeneous basic catalysts, namely KG-NEt2 and KG-TBD. Both catalysts show good 
catalytic efficiency and can be reused several times fully preserving their efficiency. The process 
could be efficiently performed under continuous flow conditions obtaining promising results in 
term of yield and selectivity. 
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Introduction    
 
The search for new, efficient and low-cost catalysts for organic transformation represents a basic 
area of research.1-3 In this context heterogeneous catalysts are gaining importance as they 
represent a smart tool to carry out environmentally acceptable organic processes. While solid 
catalysts are mainly exploited in petrochemical and bulk chemistry transformations,4-5 there has 
been a great effort in the last decades to accomplish the synthesis of fine chemicals by means of 
heterogeneous catalysis.  
 As part of our ongoing interest in the preparation, characterization and use of catalysts 
supported on solid materials,6-9 we have synthesized two silica-supported organic bases, namely 
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triethylamine and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), to study their behavior in 
heterogeneous catalyzed reactions. These bases are routinely used as homogeneous catalysts to 
promote Michael reactions between active methylene compounds and α,β-unsaturated reagents. 
This reaction represents indeed one of the most efficient methods for C-C bond formation and its 
wide application in organic synthesis is well documented.10 These reactions are usually 
performed in the presence of strong bases (i.e. alkali metal alkoxides and hydroxides),11 
transition metal complexes,12 solid acids (i.e. alumina and clays),13-15 and Lewis acids (i.e. SnCl4, 
TiCl4 and ZrCl4).

16-18 More recently, TBD,19 silica-supported organic bases,20 enzymes21 and 
microsized cerium chloride22 have been used to efficiently catalyze these reactions.     
 
 
Results and Discussion    
 
We report herein the preparation of two different organic bases anchored on silica gel (KG-NEt2 
and KG-TBD – Figure 1) pivoting on literature procedures23-24 and their use as catalysts in the 
reaction between an α,β-unsaturated compound and an active methylene reagent. Remarkably, it 
is possible to steer the selectivity towards either mono-alkylated products 3 or bis-alkylated 
adducts 4 depending on the strength of the basic catalyst (Scheme 1).  
 

 
 
Figure 1. KG-NEt2 and KG-TBD structures. 
 

 
Scheme 1. Mono- and bis-adducts obtained by reacting active methylene compounds and 
α,β-unsaturated reagents. 
 
 These reactions were also performed in a continuous flow reactor. This strategy offers 
significant improvements compared to conventional batch processes due to a precise control of 
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residence time, heat and mass transport, and is thus a route to minimize wastes and develop more 
efficient and sustainable syntheses.25  
 In a preliminary batch experiment, the model reaction of butenone (1a -10 mmol) and 
pentane-2,4-dione (2a -10 mmol) in toluene (10 mL) with 0.9 g of KG-NEt2 (10% mol - loading: 
1.1 mmol/g) has been carried out at room temperature. Upon 5 hours, the mono-alkylated 
Michael product 3aa was isolated in a poor yield (9%) with high selectivity (100%). In order to 
boost conversion of substrate seeking to maintain similarly high selectivity, reactions were 
carried out at higher temperatures. Results are summarized in Table 1. 
 
Table 1. Influence of the temperature on both yield and selectivity in the reaction of butenone 
with pentane-2,4-dione (1/1 molar ratio) 

Entry T (°C) 2a conversion (%) 3aa yield (%) 3aa selectivity (%) 
a 25 9 9 100 
b 50 56 51 91 
c 75 79 63 80 
d 100 97 70 72 

 
 By carrying out the reaction at 50 °C a remarkable increase of the yield was observed (51%, 
entry b) together with a good level of selectivity (91%). On the contrary, reactions carried out at 
higher temperatures showed slightly better yields with concomitant loss of selectivity (entries c 
and d).  
 We next investigated the amount of catalyst (Table 2). 
 
Table 2. Influence of the catalyst amount on both yield and selectivity in the reaction of 
butenone and pentane-2,4-dione (1/1 molar ratio) 

Entry Catalyst (mol %) 2a conversion (%) 3aa yield (%) 3aa selectivity (%) 
a 10 56 51 91 
b 5 55 50 91 
c 2.5 32 30 94 

 
 Gratifyingly, the same yield value together with an high level of selectivity was observed by 
halving the catalyst amount (51% and 91% respectively, entry a); reducing further the amount of 
KG-NEt2 to 2.5 mol% preserved the high selectivity but proved to be detrimental for the yield 
(30%, entry c). 
 The influence of the solvent was then considered by testing acetonitrile, isopropanol and 
water in the model reaction. The reaction carried out in acetonitrile showed very low conversion 
(15%), whereas the same yield value observed with toluene was found with the other two more 
polar solvents (52 and 50% using isopropanol and water respectively). In these two cases 
however selectivity dropped to lower levels (84 and 70% respectively). 
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 With best conditions in our hands (catalyst: 5% mol, 5 hours, 50 °C, toluene), we have then 
investigated the recycling of the heterogeneous catalyst (Table 3). 
 
Table 3. Catalyst recycle 

Entry Run 2a conversion (%) 3aa yield (%) 3aa selectivity (%) 
a 1 55 50 91 
b 2 54 48 89 
c 3 53 47 89 
d 4 54 49 91 
e 5 54 48 89 

 
 At the end of each reaction, the KG-NEt2 catalyst has been recovered by filtration and reused 
for the next run upon a simple toluene washing (10 mL). We were pleased that the catalyst 
efficiency in terms of yield and selectivity remains fully preserved for the first five cycles. We 
then unambiguously confirmed that the catalyst is a heterogeneous species by applying the well 
known “hot filtration test”.26  
 The second aim of the project has been to identify a suitable combination of catalyst and 
reaction conditions to selectively obtain bis-alkylated products 4. Even by increasing the reaction 
time, the reaction temperature and the butanone/pentane-2,4-dione ratio it was not possible 
however to achieve good yield and selectivity of the target compound with the KG-NEt2 catalyst. 
We ascribed this lack of reactivity to the low basicity of the catalyst; consequently we decided to 
prepare an heterogeneous catalyst, as KG-TBD, bearing a stronger base to perform this process. 
An encouraging result was achieved by carrying out the reaction in toluene for 5 hours at room 
temperature with 5 mol% of the catalyst with the tethered guanidine moiety (loading: 0.6 
mmol/g) and with a 3/1 molar ratio of butenone/pentane-2,4-dione. We were then delighted to 
recover bis-adduct 4aa in 91% yield and to observe almost complete selectivity towards this 
product (97%). On the contrary, by carrying out the reaction with a lower reagent ratio, a 
decrease in both yield and selectivity were observed.  
 We have then evaluated the influence of the catalyst amount on the efficiency of the process 
and results are reported in Table 4. 
 
Table 4. Influence of the catalyst amount on both yield and selectivity in the reaction between 
butenone pentan-2,4-dione (3/1 molar ratio) 

Entry Catalyst (mol %) 2a conversion (%) 4aa yield (%) 4aa selectivity (%) 
a 10 100 84 84 
b 5 94 91 97 
c 2.5 86 85 99 

 



Issue in Honor of Prof. Dr. Manfred Schlosser  ARKIVOC 2015 (iv) 107-116 

 Page 111 ©ARKAT-USA, Inc. 

 From the data reported we can conclude that by halving the catalyst amount (2.5 mol%, entry 
c) a lower yield was observed but the same very high selectivity was preserved; on the contrary, 
by doubling the KG-TBD amount, full conversion of pentane-2,4-dione was registered but both 
yield and selectivity were reduced (84% each, entry a). This behavior could be ascribed to the 
formation of cyclized products (not identified) due to intramolecular aldol condensation (Figure 
2).  
 

 
 
Figure 2. Possible by-products derived from intramolecular aldol condensation of 4aa adduct. 
 
 With the two complementary methodologies to obtain either mono- or bis-adduct products 
using the same reagents by simply switching the heterogeneous catalysts and the molar ratio of 
substrates, we have then conceived to perform the reaction under continuous flow conditions.  
 For continuous flow experiments a simple process was set up using two empty HPLC 
columns (6.0 cm length x 0.8 cm inner diameter) packed with the two catalysts. Two pulsation-
free syringe pumps were connected to the reactor allowing a precise control of the flow rate of 
the solution of each reagent; the two columns were placed in a GC oven in order to carefully 
control heating (Figure 3). 
  

 
Figure 3. Schematic diagram of the reactor setup for the continuous flow process. 
 
 By carrying out the model reaction between butenone and pentan-2,4-dione (1:1 molar ratio) 
with KG-NEt2 catalyst in toluene at 50 °C with a residence time of 15 minutes, product 3aa was 
obtained in 20% yield with a selectivity value of 93%. Pivoting on this result, the reaction was 
further investigated through a systematic variation of key parameters such as temperature and 
residence time. The best result was achieved by performing the reaction at 50 °C and increasing 
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the residence time to 50 minutes tuning flow rates; the yield raised to 55% and a good level of 
selectivity was preserved (92%).  
 The best conditions to synthesize bis-alkylated product 4aa were found flowing at room 
temperature butenone and pentane-2,4-dione in a 3:1 molar ratio through the column fitted with 
KG-TBD catalyst with a residence time of 40 minutes. Using this continuous flow process 4aa 
was formed with 93% yield and 98% selectivity. 
 Finally we investigated the scope of the reaction under continuous flow conditions (Table 5). 
 
Table 5. Preparation of various mono- and bis-adducts derived from the reaction between active 
methylene compounds and α,β-unsaturated reagents 

 
Reagents Catalyst 

 
R1 R2 R3 R4 3 yield [sel] 

(%) 
4 yield [sel] 

(%) 

1a2a KG-NEt2 Me H COMe Me 55 [92] - 
1a2b KG-NEt2 Me H COMe OEt 50 [95] - 
1a2c KG-NEt2 Me H NO2 OEt 87 [92] - 
1b2a KG-NEt2      -(CH2)3-  COMe Me 71 [97] - 
1a2a KG-TBD Me H COMe Me - 93 [99] 
1a2b KG-TBD Me H COMe OEt - 91 [98] 
1a2c KG-TBD Me H NO2 OEt - 96 [99] 
1b2a KG-TBD      -(CH2)3-  COMe Me 88 [97] - 

 
 The results of Table 5 show that the mono-addition of active methylene compounds and 
α,β-unsaturated reagents can be accomplished with good yields (50-87%) and selectivities 
(92-97%) using KG-NEt2 catalyst; by varying the reaction temperature and the relative flux of 
reagents it is possible to synthesize bis-adduct products 4 simply switching the desired catalyst 
column with very high yields (91-96%) and excellent selectivities. It is worth noting that 
2-cyclohexenone delivers selectively mono-adduct product 3 only using both catalysts; the 
second addition of a 2-cyclohexenone molecule on the mono-addition product do not occur 
probably owing to the increased steric hindrance. 
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Conclusions    
 
We reported that KG-NEt2 and KG-TBD heterogeneous materials can be employed as catalysts 
with tunable basic strength to synthesize either mono- or bis-adduct products via Michael 
reaction of active methylene compounds and α,β-unsaturated reagents by slightly modifying 
reaction conditions. Remarkably, both processes can be carried out under continuous flow 
conditions simply by switching the feeding of reagents to the column with the desired catalyst. 
Through this approach it is possible to alternatively synthesize either mono- or bis-adduct 
products with very high yields and excellent selectivities by varying residence time and molar 
ratio of reagents. 
    
  
Experimental Section 
 
General. All the reagents and solvents were purchased from Aldrich and used without further 
purification. Amorphous silica used to prepare catalysts was purchased from Merck (Kieselgel 
60, KG-60); prior to functionalization, the siliceous supports were dried at 300 °C for 15 hours. 
Elemental analyses to determine catalyst loading were performed using a Carlo Erba CHNS-0 
EA1108 Elemental Analyzer. Gas-chromatographic analyses were accomplished on a TraceGC 
ThermoFinnigan instrument (FID). 
 
KG-NEt 2. N,N-diethyl-3-aminopropyltrimethoxysilane (12.7 mmol, 3.0 g, 3.2 mL) was added to 
a suspension of previously dried KG-60 silica (3 g) in refluxing toluene (50 mL) and the mixture 
was kept under stirring for 1.5 h at the same temperature. Toluene and formed methanol were 
removed and the resulting solid was then poured again into refluxing toluene (50 mL) for 1.5 
hours. This sequence was repeated two times. The modified solid was filtered, washed in a 
Soxhlet apparatus with diethyl ether (20 mL) and dichloromethane (20 mL) and eventually dried 
at 110 °C. 
KG-TBD.  TBD (87.2 mmol, 1 g) was added to a solution of 
3-trimethoxysilylpropoxymethyloxirane (5.9 mmol, 1.3 mL) in dry DMF (10 mL) and the 
mixture was kept under stirring for 15 h at rt. The solution was then poured into a flask 
containing dry toluene (50 mL) and previously dried KG-60 silica (3.5 g). Τhe resulting slurry 
was refluxed for 1 h and then methanol and toluene were distilled out. This operation was 
repeated 3 times. The resulting solid was then filtered, washed with toluene (20 mL), methylene 
chloride (20 mL) and methanol (20 mL) and eventually treated for 24 h in a Soxhlet apparatus 
using a 1/1 diethyl ether/methylene chloride mixture to afford the desired heterogeneous catalyst 
upon 2 h of vacuum drying. 
Catalytic reactions under batch conditions. In a stirred batch reactor equipped with a 
condenser and a thermometer, toluene (10 mL), the selected active methylene compound (10 
mmol), the desired α,β-unsaturated reagent (10 mmol to synthesize compounds 3 or 30 mmol for 
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the synthesis of products 4) and the heterogeneous catalyst (0.9 g of KG-NEt2 for the synthesis 
of 3 or 0.8 g of KG-TBD for products 4) were stirred at either 50 °C (for compounds 3) or at rt 
(for the synthesis of products 4) for 5 hours. Then the solid catalyst was recovered by filtration 
and the reaction mixture was analyzed by high resolution capillary GC with a fused silica 
capillary column SPB-20 from Supelco (30 m x 0.25 mm) using decane as internal standard. The 
products were identified by comparing their spectral data with those reported in the 
literature.22,27-31 
Catalytic reactions under continuous flow conditions. A steel HPLC column (6.0 cm length x 
0.8 cm inner diameter) was packed with 1.5 g of the selected catalyst (KG-NEt2 for the synthesis 
of compounds 3 and KG-TBD for the synthesis of compounds 4). Two pulsation-free syringe 
pumps were connected to the reactor allowing a precise control of the flow rate of the toluene 
solution (0.9 mol/l) of both reagents. The reagents were passed through the reactor in 
stoichiometric ratio for the synthesis of compounds 3 and in a 3/1 ratio for the synthesis of 
compounds 4. Total residence time was 50 and 40 min respectively. The eluates were analyzed 
by high resolution capillary GC with a fused silica capillary column SPB-20 from Supelco (30 m 
x 0.25 mm) using decane as internal standard. 
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