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2.1 Introduction:  

 

 Enantiomerically active compounds are highly precious scaffolds and have garnered 

great attention in recent years. These compounds have been found to be active in various ranges 

of research fields,1 especially in the formulation of pharma products. Many contemporary 

medicinal drugs are chiral and require high levels of enantiopurity in clinical testing as 

demanded by governing bodies.2 Therefore, there has been ancient attention to synthetic 

approaches providing non-racemic products and with current speedy growth in the catalytic 

asymmetric synthetic procedures.  

 

 For various asymmetric transformations especially in pharmaceuticals, a range of 

homogeneous catalysts has been used in the past decades.3 Most of the preparative techniques 

reported so far are based on homogeneous modes that need excess loading of catalyst and 

strenuous purification techniques. On the other hand, enhancing catalytic potency and 

selectivity through dint of support synergism in heterogeneous catalysis is consistently 

remained an eye-catching approach, in particular, colossal exertions have been devoted towards 

the grafting of chiral organo-scaffolds on the solid supports for improving their catalytic 

competence and also to enable the recycling and reuse strategy of the catalyst. Despite the 

truth, the fairy turned out not to be real when it deals with asymmetric reactions.4,5  

 

 The foremost evidence of proline grafted on a solid support for asymmetric aldol 

synthesis dates back to the year 2003.6 L-proline has been in limelight on account of its natural 

abundance as well as a metal-free substrate which signifies important consideration in terms of 

economy in pharmaceuticals. Benaglia and co-workers4 have grafted L-proline onto a 

poly(ethylene glycol) (PEG) framework.7–9 Polystyrene (beads),10,11 Merrifield resin,12 ionic 

liquids,13–16 dendrimers17 and multi-wall carbon nanotubes (MWCNTs)18 are some other 

prevalent supports for L-proline. It always remains a confront particularly when mesoporous 

silica with flexible mesoporous surfaces, furnishes the best practicable solutions as support.19–

26 Based on the fascinating mass transfer reaction, higher surface area and the ease competence 

of grafting chiral organic scaffolds, mesoporous silica has been used as effectual support for 

L-proline and endures for alluring catalytic properties.27–29 

 

 To date, most of the reported methods for the synthesis of silica-supported L-proline 

catalysts involve multistep and somewhat complex syntheses, involving protecting/ 
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deprotecting steps i.e. protections of the secondary amine of L-proline through t-

butyloxycarbonyl (Boc) and carboxylic acid via esterification.30 In contrast to this, E. 

Kristensen et al.31 have reported polymer-supported proline as an organocatalyst utilizing 

unprotected proline, avoiding the protection/deprotection steps. In line with this, A. A. 

Elmekawy et al.32 and Z. An et al.33 have developed proline immobilized onto silica supports 

through a reaction between trans-4-hydroxy-L-proline and chloropropyl tethers not 

requirement for protecting groups. However, the downside of this process is to employ a very 

pricey organic substrate i.e., trans-4-hydroxy-L-proline. In the present work, In the current 

investigation, a remarkably effective and enantioselective catalyst has been synthesized by 

anchoring the L-proline chiral framework onto the silica matrix, denoted as L-proline-

(3amine)-f-SiO2, eluding the protection/deprotection steps. The as-synthesized catalyst was 

weigh-up against the asymmetric aldol reaction, demonstrating exceptional performance. 

Notably, the reaction proceeded with 100% conversion and achieved an enantioselectivity of 

> 99% for the S-isomer. Additionally, the catalyst displayed remarkable stability, maintaining 

its activity over seven consecutive recycling cycles without any loss of efficiency. 

 

 

Scheme 2.1 Formation of the L-proline chiral scaffold attached to the SiO2 matrix. 

 

2.2 Experimental section 

 

2.2.1 Synthesis of N-methyl-3-(trimethoxysilyl)propan-1-amine (NMAPTMS) grafted 

onto a silica matrix, CH3NH-f-SiO2: 

 

 A compound CH3NH-f-SiO2 was synthesized through a reported post-synthetic grafting 

method.34 In this approach, pre-activated calcinated silica (1.0 g) was introduced to dry toluene 

(10 mL) within a round-bottomed flask (RBF). The blend was subsequently raised to a reflux 

temperature and maintained under continuous stirring for a duration of 1 hour within an argon 

atmosphere. Following this, NMAPTMS (2.05 mmol, 0.39 mL) was gradually added drop by 

drop, with stirring maintained in the same environment. The reaction proceeded for a duration 
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of 24 hours, after which the solid was filtered and subjected to sequential washing with toluene 

and acetone. The resulting solid material was subsequently dried at 120 °C in a vacuum oven 

for a period of 12 hours. 

 

2.2.2 Synthesis of L-Proline methyl ester:  

 

 In this method, L-proline (8.7 mmol, 1g) was added to dry methanol (10 mL) and was 

kept untouched till the reaction mixture converted clear. Subsequently, the reaction mixture 

was cooled to a range of 0 to 5 °C, and thionyl chloride (SOCl2) (9.5 mmol, 1.136 g) was 

carefully added drop by drop. Afterward, the mixture was subjected to stirring at room 

temperature throughout the entire night. Subsequent to this, the solvent was eliminated, and the 

resulting product was subjected to washing with ether. The product was then subjected to 

vacuum drying, yielding L-proline methyl ester in the Zwitterionic form, containing an amine. 

The aim is to require a free amine form; therefore, a basic condition was provided via the 

addition of a saturated solution of NaHCO3 (sodium bicarbonate) in it and extracted the organic 

aliquots in the ethyl acetate solution. The excess solvent was removed through evaporation to 

get a pure product. The progress of the reaction was tracked using TLC with a solvent mixture 

of methanol and water (7:3). 

 

2.2.3 Synthesis of L-proline grafted onto 2amine-functionalized silica, L-proline-

(3amine)-f-SiO2: 

 

 The substance CH3NH-f-SiO2 (1.0 g) was suspended within toluene (10 mL) and 

subjected to continuous stirring while being heated for 1 hour at a reflux temperature, all under 

an argon atmosphere. Following this, L-proline methyl ester (2.05 mmol, 0.264 g) was 

introduced into the reaction mixture under the previously mentioned conditions. The reaction 

was allowed to proceed for a span of 12 hours. Subsequently, the solid catalyst was separated 

through filtration, then rinsed successively with deionized water and ethanol. The resulting 

material was eventually dried in an air oven at 120 °C for a duration of 12 hours. 
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2.2.4 General reaction condition:  

 

 The effectiveness of the L-proline-(3amine)-f-SiO2 catalyst was evaluated in the 

context of an asymmetric aldol reaction. In this regard, a catalyst quantity of 0.5 g was 

combined with 4-nitrobenzaldehyde and acetone within a three-neck round-bottomed flask. 

The mixture was then allowed to equilibrate at 25 °C while being continuously stirred for a 

duration of 2 hours under an argon atmosphere. After the recovery of the catalyst through 

filtration, the conversion rate was determined using HPLC coupled with a UV detector to 

analyze the crude product. Additionally, the enantiomeric excess of the resulting product was 

gauged using chiral-phase HPLC analysis. The chiral-phase HPLC setup involved utilizing a 

Chiralpak OJ-H column.35 Moreover, testing other aldehydes such as 4-Methyl benzaldehyde 

and benzaldehyde yielded lower results (i.e., 0.21% for 4-Methyl benzaldehyde and 1.01% for 

benzaldehyde) under the optimized conditions. 

 

2.3 Results and discussion:  

 

2.3.1 13C CP MAS NMR spectra 

 

 

Figure 2.1 13C CP MAS NMR spectra of L-proline-(3amine)-f-SiO2. 

 

 A solid-state 13C CP MAS NMR spectrum has been performed to provide chemical 

information regarding the condensation of CH3NH-f-SiO2 and L-proline organic scaffold. 13C 
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CP MAS spectrum of the L-proline-(3amine)-f-SiO2 catalyst [Figure 2.1] showed a peak at 

163.71 ppm corresponding to the carbonyl group, confirming the successful tethering of proline 

to the silica surface. The other peaks were observed at 52.61, 33.24, 21.43 and 9.73 ppm, which 

are assigned to the MAPTMS linker and proline ring.33  

 

2.3.2 X-ray diffraction pattern 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 XRD patterns (a) pure silica (b) CH3NH-f-SiO2 (c) L-proline-(3amine)-f-SiO2. 

 

 The powder XRD is an imperative technique to determine the crystallinity of the as-

prepared samples. XRD patterns of pure silica, CH3NH-f-SiO2 and L-proline-(3amine)-f-SiO2 

are given in Figure 2.2 For all the samples, typical 100, 110, and 200 reflections are observed, 

which can be assigned to the specific hexagonal arrays of 1-dimensional channel structures. 

This data confirms that the ordered structure is retained throughout the grafting procedure.36  
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2.3.3 Transmission electron microscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 HR-TEM image (a) pure silica (b) L-proline-(3amine)-f-SiO2 

  

 HRTEM images of pure silica and L-proline-(3amine)-f-SiO2 catalyst are presented in 

Figure 2.3. Spherical or a more regular form of morphologies can be clearly observed [Figure 

2.3 (a)]. TEM images reveal that the structural arrangement of pristine silica remains 

unchanged following the introduction of organic modifications[Figure 2.3 (b)].37   

  

 

 

 

 

(a) 

(b) 
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2.3.4 BET analysis  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 (A) N2 adsorption−desorption isotherms of (a) pure silica (b) CH3NH-f-SiO2 (c) L-

proline-(3amine)-f-SiO2 (B) BJH pore size distributions of (a) pure silica (b) CH3NH-f-SiO2 

(c) L-proline-(3amine)-f-SiO2. 

 

Table 2.1 Textural parameters of catalysts 

  

 Figure 2.4 (A) and (B) present the N2 adsorption-desorption isotherms and BJH pore 

size distributions of pure silica, CH3NH-f-SiO2, and L-proline-(3amine)-f-SiO2 samples. 

Evidently, all three samples display type IV isotherms, indicative of the maintained ordered 

mesoporous configuration of the silica gel. The data in Table 2.1 reveal a gradual reduction in 
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BET surface area, indicating the effective integration of these organic frameworks onto the 

silica matrix.38 

 

2.3.5 FTIR spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 FTIR spectra of (A) pure silica (B) CH3NH-f-SiO2 (C) L-proline-(3amine)-f-SiO2. 

 

 Figure 2.5 shows the FTIR spectra of pure silica, CH3NH-f-SiO2 and L-proline-

(3amine)-f-SiO2. FTIR spectrum of pure silica [Figure 2.5 (A)] exhibited characteristic strong 

bands at 1094 and 804 cm-1, these peaks were associated with the asymmetric and symmetric 

stretching vibrations of Si-O-Si bonds. Furthermore, a broad peak at 3444 cm-1 and a strong 

peak at 1643 cm-1 were assigned to surface -OH groups of mesoporous silica39. Successful 

functionalization with the MAPTMS linker was substantiated by rolling out of a new peak at 

2924 cm-1 in the FTIR spectrum of CH3NH-f-SiO2 [Figure 2.5 (B)] due to characteristics of -

CH2 stretching vibrations of the propyl chain. Besides this, the peak at 1643 cm-1 was shifted 

to 1645 cm-1 which confirms the formation of the –C-O-Si group.40 Moreover, the intensity of 

surface hydroxyl groups at 3440 cm-1 was found to be receded as a result of the successful 
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functionalization of some of the –OH groups by the MAPTMS linker. On the other hand, in 

the FTIR spectrum of L-proline-(3amine)-f-SiO2, very infirm bands at 3434, and 1642 cm−1 

are observed, which can be assigned to N–H (secondary amine) stretching, and C=O group, 

respectively of L-proline.37 The weak intensity of these peaks could be attributed to the 

comparatively low concentration of proline attached to the silica matrix through the MAPTMS 

linker. 

 

2.3.6 Elemental analysis 

 

 Quantification of the elements loaded in silica was performed using elemental analysis 

(CHN): Carbon, 5.92%; Hydrogen, 3.58% and Nitrogen, 2.53%. These results confirm that 

proline successfully was tethered via the MAPTMS linker onto the surface of silica.36  

 

2.4 Catalytic activity: 

 

 The direct asymmetric aldol reaction catalyzed by L-proline-(3amine)-f-SiO2 is shown 

in Scheme 2.2  

 

 

Scheme 2.2 Asymmetric aldol reaction catalyzed by L-proline-(3amine)-f-SiO2. 
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2.4.1 Effect of temperature 

 

As shown in Table 2.2, the catalytic activity of the prepared catalyst was assessed 

through a comparison with asymmetric aldol reaction, employing varying temperatures and 

utilizing 4-nitrobenzaldehyde and acetone as initial substrates. It is clear from the Table 2.2 

that 100% conversion is achieved for the temperature range of 0 C to 50 C. however, the 

selectivity oscillates between 89.11% and 99.10% where the maximal selectivity (99.10%) is 

observed at a temperature of 25 C which was considered as the preferred temperature for the 

further investigation. 

 

Table 2.2 Effect of temperature on asymmetric aldol reaction. 

 

 

 

 

 

  

 

 

2.4.2 Recyclability test 

 

The recyclability test is one of the imperative parameters apt to any heterogeneous 

catalytic system. Tethering of L-proline onto the silica matrix via MAPTMS linker makes the 

L-proline-(3amine)-f-SiO2 catalyst more stable in the reaction system. To examine the 

reusability for the direct asymmetric aldol reaction, the L-proline-(3amine)-f-SiO2 catalyst 

could be dexterously isolated from the reaction mixture by centrifugation. The overlaying 

organic part along with the product was separated from the underneath catalyst by effortless 

decantation, washed with ethanol several times and followed by oven drying overnight before 

employing for the next cycle. The reaction aliquot after each catalytic run was analyzed by 

HPLC with UV detector. The results of each catalytic run are tabulated in Table 3 and are 

depicted in Figure 2.6. For the asymmetric aldol reaction, the conversions in a fresh to the 

seventh cycle remain completely invariable i.e., 100%, however, a bit by bit drop in the 



Chapter 2 

39 | P a g e  
 

selectivity (i.e., 99.10% in a fresh to 97.26% after 7th recyclability test) (Table 2.3, Entry 0 to 

6) was observed. After the seventh cycle, the recycling of the L-proline-(3amine)-f-SiO2 

catalyst resulted in a diminutive decrease in activity from 100% to 95.39% in the tenth cycle. 

Meanwhile ee% continuously dropped from 99.10% in the first cycle to 94.85% in the tenth 

cycle. To the gratification, the L-proline-(3amine)-f-SiO2 catalyst could be reused seven 

consecutive cycles with absolutely zero % loss in conversion with minute decrease in 

enantioselectivity of aldol product proved to be having excellent stability and reusability. 

 

Table 2.3 Recyclability data of the asymmetric aldol reaction.  

 

   

 

 

 

 

 

 

 

 

Figure 2.6 Recyclability test of L-proline-(3amine)-f-SiO2 catalyst over asymmetric aldol 

reaction. 



Chapter 2 

40 | P a g e  
 

 

2.5 Plausible catalytic pathway for the asymmetric aldol reaction. 

 

 The plausible reaction pathway for the asymmetric aldol reaction using the L-proline-

(3amine)-f-SiO2 catalyst occurs via an enamine mechanism as shown in Figure 2.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 A plausible reaction pathway for the asymmetric aldol reaction using L-proline-

(3amine)-f-SiO2. 

 

 There is a ubiquitous perception that L-proline-based supported catalysts show structure 

reversal. Z. An et al.27 have indicated that the asymmetric aldol reaction between p-

nitrobenzaldehyde and acetone, catalyzed by L-proline, predominantly yielded the R isomer. 

However, in the present study, the sole presence of the S isomer as the primary product was 

observed. According to the proposed mechanism by Z. An and colleagues, the aldehyde likely 

attacks the enamine of the ketone in the proline-catalyzed homogeneous asymmetric aldol 

reaction. The re-attack on the anti-enamine R isomer by transition states is expected to be 

energetically more favorable than the syn-enamine's si-attack by transition states, leading to 

the production of the S isomer as the major outcome. In contrast, in present research involves 

L-proline immobilized onto silica supports, specifically L-proline-(3amine)-f-SiO2, where the 

mesoporous channels play a crucial role. These channels hinder the re-attack on the anti-

enamine, promoting the creation of an inverted configuration, as depicted in Figure 2.7. The 
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structure (a) exhibits more favorable than structure (b), possibly due to steric hindrance. The 

aldehyde becomes more electrophilic due to hydrogen bonding with an amine, as shown in 

Figure 2.7. The catalyst, L-proline-(3amine)-f-SiO2, offers stronger confinement because the 

amine group of the linker prefers to orient itself near the hydrophilic blocks. In the subsequent 

step, C-C bond formation ensues, leading to the predominant formation of the S isomer as the 

primary product.33  

 

2.6 Conclusion  

 

In conclusion, present study introduces an innovative approach for synthesizing an economical 

L-proline chiral scaffold integrated onto a silica matrix, bypassing the need for protection and 

deprotection procedures. This research presents a novel application of this synthesized catalyst 

in an asymmetric aldol reaction, eliminating the requirement for excessive organic solvents. 

The catalyst showcases remarkable efficacy, achieving complete conversion and an impressive 

enantioselectivity of S-isomer (> 99%). Additionally, present catalyst demonstrates exceptional 

recyclability, maintaining its performance over seven successive cycles without any loss of 

activity. 
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