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PREFACE 

 

 

The aim of this thesis work is to design nanohybrid materials based on biomolecules 

and hydrotalcite-like materials with total control over the immobilisation through the 

understanding of organic/inorganic interaction nature. The overall goal is to provide new 

nanohybrid materials with application as catalysts in interesting reactions to pharmaceutical 

and fine chemical industry. Furthermore, the results presented in this thesis are of relevance 

for the use of amino acids, poly amino acids and more complex biomolecules immobilised in 

inorganic matrices as heterogenised catalysts or in other potential applications such as 

regenerative medicine or bio-engineering. This work therefore focuses on synthesis and 

characterisation of nanohybrid materials based on L-Leucine, L-Proline and synthesised Poly-

L-Leucine in rehydrated hydrotalcite in order to understand the organic/inorganic 

interaction. Moreover, understanding of the immobilisation nature of the synthesized 

materials is evaluated through the chemical properties using them as catalysts. In this context, 

the catalytic activity is evaluated in asymmetric Julía-Colonna epoxidation reaction, direct 

asymmetric aldol reaction, Claisen-Schmidt reaction and Claisen-Schmidt-Juliá-Colonna 

one-pot reaction whose products are interesting in pharmaceutical and fine chemical 

industries. 

This thesis is divided into five chapters which contain a brief summary of the more 

relevant results from our research.  

Chapter 1 contains a brief introduction to the physical and chemical properties of 

amino acids, poly amino acids and hydrotalcite-like materials, principal synthesis 

methodologies presented in the literature and the catalytic applications of these materials, as 

well as the scope of this thesis. 

Chapter 2 shows the synthesis and characterisation of nanohybrid materials based on 

L-Leucine and L-Proline immobilised in hydrotalcite-like materials. In this Chapter is 

explained the nature of organic/inorganic interaction between the immobilised amino acids 

and the rehydrated hydrotalcite according to the methodology used for their synthesis.  
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Chapter 3 contains the catalytic behaviour of the nanohybrid materials synthesised in 

Chapter 2 divided in two parts: firstly, L-Leucine/hydrotalcite materials as catalyst in 

asymmetric Julía-Colonna epoxidation reaction of the chalcone and secondly, L-

Proline/hydrotalcite materials in direct asymmetric aldol reaction of 4-nitrobenzaldehyde and 

acetophenone. 

Chapter 4 presents the synthesis of Poly-L-Leucine by ring opening polycondensation 

method using triethylamine, water and hydrotalcite as initiators, as well as it presents the 

immobilisation of synthesised Poly-L-Leucine in rehydrated hydrotalcite through an anionic 

exchange protocol. In this chapter the organic/inorganic interaction of the immobilisation 

was in-deep studied through the physical properties of the immobilised and non-immobilised 

Poly-L-Leucine. 

Chapter 5 discusses the use of rehydrated Hydrotalcite, Poly-L-Leucine and their 

nanohybrid materials as catalyst in asymmetric Juliá-Colonna epoxidation reaction and 

Claisen-Schmidt reaction. A preliminary study in the use of immobilised Poly-L-Leucine as 

the catalyst in one-pot Claisen-Schmidt-Julía-Colonna reaction is included in this chapter. 

Chapter 6 presents a summary of this thesis. 

 

This thesis presents the research I have conducted at the Heterogeneous Catalysis 

Research Group - CATHETER - from the Chemical Engineering Department at Universitat 

Rovira i Virgili during the period 2007-2011 under the supervision of Prof. Dr. Jesús E. 

Sueiras and Dr. Anna María Segarra. The research was performed in collaboration with the 

Institut de Tècniques Energètique from Universitat Politécnica de Catalunya and the 

Dipartamento di Ingegneria Chimica e di Process “G.B Bonino” from Università degli studi di 

Genova, where some characterisation experiments were performed. We gratefully 

acknowledge the financial support of the Universitat Rovira i Virgili and Fundació URV 

(predoctoral scholarship), Ministerio de Educación de España (Mobility Scholarship. 

TME2009-00414), Ministerio de Ciencia e Innovación de España (CTQ2009-12520-C03-

02; NYAM–MICINN) and Generalitat de Catalunya (PAI2009A). 

Tarragona, Spain. 2012 
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LIST OF MATERIALS USED IN THIS DOCUMENT 

 

Materials Abbreviations 

Abbreviation/ Symbol Name 

HT Hydrotalcite-like material 

L-Leu L-Leucine 

L-Pro L-Proline 

PLL Poly-L-Leucine 

LL/HT L-Leucine immobilised in hydrotalcite 

LP/HT L-Proline immobilised in hydrotalcite 

PLL/HT Poly-L-Leucine immobilised in hydrotalcite 

 

 

Materials Abbreviations (Methods of synthesis) 

Material Name Method of synthesis 
Location in the document 

Chapter Section 

HTasym As-synthesised HT containing nitrate anions Co-precipitation 2 2.1.1 

HTcc Calcined HT Calcination  2 2.1.1 

HTrus Rehydrated HT under ultrasound treatment Rehydration 2 2.1.1 

HTCl As-synthesised HT containing chloride anions Co-precipitation 2 2.1.1 

HTClus As-synthesised HT containing chloride anions after ultrasound treatment Sonication 2 2.1.1 

LL/HTrus-A1 L-Leu immobilised in HTrus  Anion exchange 1 2 2.1.1 

LL/HTClus-A1 L-Leu immobilised in HTClus Anion exchange 1 2 2.1.2.1 

LL/HTrus-A1 L-Leu immobilised in HTrus  Anion exchange 2 2 2.1.2.1 

LL/HTClus-A2 L-Leu immobilised in HTClus Anion exchange 2 2 2.1.2.1 
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XVI 

LL/HTrus-R1 L-Leu immobilised in HT using HTcc as precursor Reconstruction 1 2 2.1.2.2 

LL/HTr-R2 L-Leu immobilised in HT using HTcc as precursor Reconstruction 2 2 2.1.2.2 

LP/HTrus-A1 L-Pro immobilised in HTrus  Anion exchange 1 2 3.1.2.1 

LP/HTClus-A1 L-Pro immobilised in HTClus Anion exchange 1 2 3.1.2.1 

LP/HTrus-A1 L-Pro immobilised in HTrus  Anion exchange 2 2 3.1.2.1 

LP/HTClus-A2 L-Pro immobilised in HTClus Anion exchange 2 2 3.1.2.1 

LP/HTrus-R1 L-Pro immobilised in HT using HTcc as precursor Reconstruction 1 2 3.1.2.2 

LP/HTr-R2 L-Pro immobilised in HT using HTcc as precursor Reconstruction 2 2 3.1.2.2 

LP/HT-C L-Pro intercalated in HTasym Co-precipitation 2 3.1.2.3 

LP/HTus-C L-Pro intercalated in HTasym after ultrasound treatment 
Co-precipitation + 

sonication 
2 3.1.2.3 

NCA Monomer molecule in ROP Dehydration  2 2.1.1 

PLL# Synthesised PLL at r.t. during 4 days (# = 1-3) using triethylamine as initiatior ROP 4 2.1.2 

PLL#3d 
Synthesised PLL 

 at r.t. during 3 days (# = 1-3) using triethylamine as initiatior 
ROP 4 2.1.2 

PLL#60 Synthesised PLL at 60ºC during 4 days (# = 1-2) using triethylamine as initiatior ROP 4 2.1.2 

IPL3 PLL3 immobilised in HTrus Anionic exchange 1 4 3.1.2 

IPL260 PLL260 immobilised in HTrus Anionic exchange 1 4 3.1.2 

PLL4 Synthesised PLL at r.t. during 4 days  using water as initiatior ROP 4 4.1.1 

PLL5 Synthesised PLL at r.t. during 4 days  using HTrus as initiatior in stoichiometric amount ROP 4 4.1.1 

PLL6 Synthesised PLL at r.t. during 4 days  using HTrus as initiatior in excess ROP 4 4.1.1 

PLLC Commercial PLL Commercial available - - 

IPLC PLLC immobilised in HTrus Anionic exchange 1 4 3.1.2 
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Diagram of methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
C  

LPaq = 0.6, 0.3 and 0.15 M 

 

 
Co-precipitation method 

(C) 

 
Mg(NO3)2·6H2O (1.2 M) 

Al(NO3)3·9H2O (0.6 M) 

NaOH (2M). pH = 10,5 

65ºC, overnight 

 

 
LP/HT-C1 
LP/HT-C2 
LP/HT-C3 

 

 
30 min.  

PLL = 166.7 mg 
HTrus 

 

 
IPL3 
IPL260 
IPLC 

 500 mg HT + 
biomolecule 

 
Anionic exchange method 

(A) 

 
A1 

30 min.  
AAaq = 1.1 or 3* mmol 

 

 
  LL/HTrus-A10.22 
*LL/HTrus-A10.44 
*LL/HTClus-A10.04 

 

LP/HTrus-A10.07 
*LP/HTrus-A10.14 
*LP/HTClus-A1<0.01 

 
A2 

3h, 80ºC 
AAaq = 6.4 mmol 

 
LL/HTrus-A21.09 
LL/HTClus-A20.16 

 

LP/HTrus-A20.57 
LP/HTClus-A20.01 

 
R1 

Sonication 1h 
 

 

 
 

R2 

 

LL/HTr-R20.92 

 

LP/HTr-R20.70 

 250 mg HTcc 
6.4 mmol AA 

80ºC, 3h 

 
Reconstruction method 

(R) 
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CHAPTER 2 

 

 

SYNTHESIS AND CHARACTERISATION OF NANOHYBRID MATERIALS 

BASED ON L-LEUCINE AND L-PROLINE IMMOBILISED ON HYDROTALCITE-

LIKE MATERIALS 

 

 

Recently, considerable attention has been focused on the synthesis of new nanoscale 

materials which are chemically bound in an organised way. The nanomaterials often exhibit 

unique physical and chemical properties that are dramatically different and/or complementary from 

their component materials. In this way, the understanding of the interactions between all 

components provides a new paradigm in the efficient design and synthesis of functional 

nanostructure materials according with their future applications. This chapter attempts to 

rationalise the design, synthesis and characterisation of nanohybrid materials based on L-Leu and 

L-Pro using different preparation methods. Moreover, location and nature of the immobilised 

amino acid were further investigated to clarify the role of the immobilisation conditions in the 

stability of the L-Leu and L-Pro immobilised on HT-like materials.    

 

1.  Initial considerations 

2.  Nanohybrid materials based on L-Leucine immobilised on 

hydrotalcite-like materials 

            2.1  Experimental 

            2.2  Results and discussion 

3.  Nanohybrid materials based on L-Proline immobilised on 

hydrotalcite-like materials 
          3.1  Experimental 

          3.2  Results and discussion 

4.  Conclusions 

     References 
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1. Initial Considerations 

 

Nowadays, there is a considerable attention focused in the synthesis of nanohybrid 

materials which often exhibit extraordinary high synergistic and complementary behaviour 

between two components [1,2]. In this way, investigation and understanding of 

organic/inorganic interaction between bioactive molecules and the surface of inorganic 

materials have permitted  their use as catalysts, carriers for drug delivery and geochemical 

supports [3-8]; however, organic/inorganic interactions remain incompletely understood. 

Many bioactive molecules (e.g. peptides, sugars, AAs, proteins, nucleic acids) are anions under 

natural and basic pH values so their interaction with positively charged solids should allow 

nanohybrid materials with strong interactions. One of this kind of materials are the HTs which 

are a family of naturally occurring layered clays which have low or null toxicity, good 

biocompatibility and high capacity of anion swelling. These properties have made the HTs 

interesting materials for applications in pharmaceutical, cosmetic, biochemistry, catalysis and 

even medical fields [7,9-11]. 

Due to the excellent anion exchange properties, HTs have been used as support in 

synthesis of nanohybrid materials. In this context, AAs which are anions in certain pH 

conditions, and have relative low molecular weight, have been immobilised in HTs. Particularly, 

understanding the interaction nature between AAs and HTs materials allows important 

information for the study of more complex organic matters such as peptides, proteins or 

hormones. In this context, many works have been reported using intercalation of AAs in HTs 

by three main methodologies: co-precipitation [7,12-18], ion-exchange [4,19] and 

reconstruction [3,20,21]. Using the co-precipitation method, immobilisation degrees between 

0.35 mmol of glutamate/mol Al3+ and 1.09 mol Phe/ mol Al3+ have been reported. Choudary et 

al. reported the immobilisation of L-Pro in HT Mg/Al (3/1) using an anionic exchange 

protocol of 24 hours at 65ºC obtaining an immobilisation ratio of 0.06 mol Proline/mol Al3+ 

[4]. Finally, by reconstruction method Narita et al. reported the highest immobilisation ratio 

(2.45 mol Phe/ mol Al3+) in a synthesis which spent 14 days [21]. About the nature of the 

interaction, nowadays it is well known that immobilisation of AAs in HTs structures is pH 

dependent, nevertheless other factors such as the kind of HTs, conditions of synthesis, and 
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physical and chemical properties of the used AAs afford diverse materials which could be 

different among themselves. In this chapter we present the synthesis of nanohybrid materials 

based on L-Leu and L-Pro immobilised in HTs. Different synthetic procedures and their effects 

in the nature of the inorganic/organic interaction was studied to evaluate: i) the role of the 

immobilisation time and the relationship between the immobilisation  speed and the strength 

and kind of basic centers in the HT; ii) the role of the HT precursor in the immobilisation 

process and iii) the nature of the AA structure in the immobilisation process.  

 

 

2. Nanohybrid materials based on L-Leucine immobilised in hydrotalcite-like materials 

 

In this section, nanohybrid materials were synthesised by anion-exchange and 

reconstruction method. The organic/inorganic interaction was investigated by EA, ICP, XRD, 

FT-IR, Raman, 13C, 27Al MAS NMR and thermal evolution using TG/DTA analyses and in 

situ FT-IR under outgassing conditions at increasing temperature*. In this section our interest 

was focused on clarifying the role of the protocol conditions in the synthesis of diverse kinds of 

L-Leu/HT materials with controllable location of the immobilised L-Leu. 

 

2.1 Experimental 

2.1.1 Synthesis of HTs 

Mg-Al hydrotalcite with Mg/Al molar ratio = 2 containing nitrates [21] and chloride 

anions [22] were synthesised by co-precipitation method at constant pH = 10,5 and at room 

temperature. The obtained materials were named HTasym and HTCl respectively. After drying 

process, HTCl was sonicated for 1 hour, while HTasym was decomposed by calcination at 450ºC 

overnight in air atmosphere. The calcined HT (HTcc) was rehydrated under inert atmosphere 

using decarbonated water and ultrasound treatment for 1 hour. The obtained materials were 

named: HTClus and HTrus respectively. 

 

 

                                                           
* A complete description of equipment and analytic methods is presented in Annex 2. 
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2.1.2 Synthesis of LL/HT materials 

The nanohybrid materials were prepared by ion-exchange and reconstruction methods 

using deinonised-decarbonated water under Ar atmosphere as follows: 

 

2.1.2.1 Anionic-exchange method (Method A) 

Two procedures were used to synthesise LL/HTx-Ayz materials. First, 500 mg of HT 

was added to a solution containing 320 or 160 mg (3.0 or 1.1 mmol, respectively) of L-Leu. The 

mixture was stirred during 30 min at room temperature (method A1). Second, 500 mg of HT 

were added to a solution containing 840.4 mg (6.4 mmol) of L-Leu. The mixture was stirred fot 

3 hours at 80ºC (Method A2). In all cases, Ar atmosphere and deionised-decarbonated water 

were needed. Obtained materials were denoted as LL/HTx-Ayz, where x corresponds to the 

kind of HT (rus and Clus), y indicates the procedure followed (1 or 2) and z the amount of 

immobilised L-Leu determined by EA and ICP analyses. Materials synthesised by this method 

were named: LL/HTrus-A10.44, LL/HTrus-A10.22, *LL/HTClus-A10.04, LL/HTrus-A21.09 and 

LL/HTClus-A20.16. 

 

2.1.2.2 Reconstruction method (Method R) 

Two procedures were used to synthesise LL/HTx-Ryz materials using in both cases 250 

mg of HTcc added to a solution containing 736.9 mg (6.4 mmol) of L-Leu. First, L-Leu-HTcc 

mixture was treated by sonication during 1 h and stirred during 30 min. After this process, the 

slurry was stirred during 3 h more at 80ºC. The obtained material was named LL/HTrus-R10.95 

(Method R1). Second, HTcc-L-Leu mixture was stirred during 3 h at 80ºC (Method R2). The 

obtained material was named LL/HTr-R20.92.  

Schematic representations of all synthetic methods are presented in Scheme 1. 

                                                           
* LL/HTCl-A10.04 material was synthesized using 3 mmol of L-Leu. 
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Scheme 1 Summary of the synthesis methods 

 

2.2 Results and discussion 

Using the methodologies described below it was possible to study the organic/inorganic 

interaction in the synthesised LL/HT materials. Molecular formulae of all LL/HT materials are 

presented in Table 1. 

Table 1 Characterisation data of HT and LL/HT materials 

Entry Materiala Molecular Formulaeb 

1 HTasym [Mg2.53Al1.00(OH)7.07](CO3
2-)0.85(NO3

-)3.15.0.89H2O 

2 HTcc Mg2.53Al1.00(O)x(CO3
2-)0.32(NO3

-)0.10 

3 HTrus [Mg2.53Al1.00(OH)7.07](CO3
2-)1.18(NO3

-)0.10.1.10H2O 

4 HTCl [Mg2.31Al1.00(OH)6.62](CO3
2-)0.84(Cl-)0.52.0.91H2O 

5 L-Leu C6H13NO2 

6 LL/HTrus-A10.22 [Mg2.63Al1.00(OH)7.25](Leu)0.22(CO3
2-)2.36(NO3

-)0.10.1.34H2O 

7 LL/HTrus-A10.44 [Mg2.63Al1.00(OH)7.25](Leu)0.44(CO3
2-)2.30(NO3

-)0.10.1.34H2O 

8 LL/HTClus-A10.04 [Mg2.31Al1.00(OH)6.62](Leu)0.04(CO3
2-)1.77(Cl-)0.52.0.79H2O 

9 LL/HTrus-A21.09 [Mg2.39Al1.00(OH)6.79](Leu)1.09(CO3
2-)1.19(NO3

-)0.10.1.34H2O 

10 LL/HTClus-A20.16 [Mg2.31Al1.00(OH)6.62](Leu)0.16(CO3
2-)1.77(Cl-)0.52.0.88H2O 

11 LL/HTrus-R10.95 [Mg2.63Al1.00(OH)7.25](Leu)0.95(CO3
2-)3.34(NO3

-)0.10.2.03H2O 

12 LL/HTr-R20.92 [Mg2.63Al1.00(OH)7.25](Leu)0.92(CO3
2-)2.99(NO3

-)0.10.1.80H2O 

 
A1 

30 min.  
LLaq = 1.1 or 3* mmol 

 

 500 mg HT + LLaq 
HT = HTrus or HTCl 

 
LL/HTrus-A10.22 
*LL/HTrus-A10.44 
*LL/HTClus-A10.04 

 
A2 

3h, 80ºC 
LLaq = 6.4 mmol 

 LL/HTrus-A21.09 
LL/HTClus-A20.16 

 
Anionic Exchange method 

(A) 

 
R1 

Sonication 1h 
 

 250 mg HTcc 
6.4 mmol LL 

80ºC, 3h 

 
 

LL/HTrus-R10.95 

 

 
 
R2 

 

 
Reconstruction method 

(R) 

 
 

LL/HTr-R20.92 
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aSynthesis Conditions: Anionic exchange 1 (A1): HT and a solution of L-Leu were mixed and 
stirring during 0.5 h at r.t. Anionic exchange 2 (A2): HT and a solution of L-Leu were mixed and 
stirring for 3 h at 80ºC. Reconstruction 1 (R1): HTcc and a solution of L-Leu were mixed and 
sonicated for 1 h, following by stirring during 3 h at 80ºC. Reconstruction 2 (R2): HTcc and a 
solution of L-Leu were mixed and stirred for 3 h at 80ºC.  bCalculated by EA and ICP analysis. 
Water content was calculated by TG/DTA.  cHT = hydrotalcite. HTasym = As-synthesised HT. 
HTcc = Calcined HT. HTrus = rehydrated HT under ultrasound treatment. HTCl = As-
synthesised HT containing chloride anions. HTClus = HTCl after ultrasound treatment. 

 

 

2.2.1 X-ray diffraction and High Resolution TEM* results 

2.2.1.1 Nanohybrid synthesised by anionic exchange method 

XRD patterns of nanohybrid materials synthesised by anionic exchange are presented in 

Figure 2. In all cases, the obtained materials exhibit the characteristic diffraction  peaks of the 

meixnerite structure (JCPDS 35-0965). In agreement with Cavani et al., HTrus which mainly 

contains hydroxyl anions presented the main diffraction peak at 11.4 2θ corresponding to a 

d003=7.7 Å [23] (Figure 2a), whereas in the case of HTClus, this parameter was calculated as 

d003=7.9 Å (Figure 2d).  

XRD pattern of LL/HTClus-A10.04 and LL/HTClus-A20.16 (Figures 1f and 1g) confirmed 

that L-Leu molecules could not be highly exchanged by chloride anions (Table 1, entries 8 and 

10); moreover, these results show that basic centers located on the HT surface are not strong 

enough to immobilise highly amount of L-Leu molecules. 

XRD pattern of LL/HTrus-A1 nanohybrid materials (Figure 1b) shows that d003 

remained unchanged at 7.7 Å even after the anion exchange process. This observation indicates 

that L-Leu was immobilised on the edges of the HTrus layers. The effect of the increasing 

amount of immobilised L-Leu is also observed in the XRD patterns through the loss of HTs 

crystallinity (Figure 2a-c). 

                                                           
* All HRTEM analyses presented in this thesis were performed at Institut de Tècniques Energètique from 
Universitat Politècnica de Catalunya (Spain) in collaboration with Prof. Dr. Jordi Llorca. 
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Figure 1 (left) XRD patterns of a) HTrus, b) LL/HTrus-A10.22, c) LL/HTrus-A10.44, d) LL/HTrus-A21.09, e) 
HTClus, f) LL/HTClus-A10.04 and g) LL/HTClus-A20.16. (Right) XRD pattern in the 2θ range: 3-20º. 

 

Increasing time and temperature of synthesis to obtain LL/HTrus-A21.09 also increased 

the amount of immobilised L-Leu to 1.09 mol L-Leu/mol Al3+. In this case the main diffraction 

peak shifted to 4.4 2θ indicating increase of the interlayer space up to 19.9 Å. This finding 

shows that increase of the time and  temperature of synthesis favour the swelling of the HT 

structure permitting the immobilisation of L-Leu molecules in its interlayer space.  Loss of 

crystallinity in all nanohybrid materials was due to the decrease of the layers lengths by 

ultrasound effect. 

HRTEM images of HTrus, LL/HTrus-A10.22, LL/HTrus-A10.44 and LL/HTrus-A21.09 are 

presented in Figure 2. HTrus image (Figure 2a) shows aggregated layers up to about 100 nm in 

length with interlayer space around 7.6 Å as it was deduced by FT analysis.  

HRTEM images of LL/HTrus-A10.22 and LL/HTrus-A10.44 (Figure 2a and 2b) show the 

layered morphology indistinguishable from that of the starting HT material. Moreover, any 

variation of the interlayer space indicates that the HT structure has not been altered by the 

presence of L-Leu, as well as L-Leu has not been incorporated into the HT layers. In contrast, 

HRTEM image of LL/HTrus-A21.09 (Figure 2d) exhibits a quite distinctive morphology. HT 

layers are no longer well-preserved and they show a low-order layer arrangement. Interlayer 

space was calculated by FT analysis in 19.2-19.8 Å recorded over all sample agreeing with the 

XRD analyses. 
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a) 

  

b)  

 
c) 

  

d) 

  
Figure 2 HRTEM images of the nanohybrids synthesised by anionic-exchange method: a) HTrus, b) 

LL/HT rus-A10.22, c) LL/HTrus-A10.44 and d) LL/HTrus-A21.09. 

 

2.2.1.2 Nanohybrid synthesised by reconstruction method 

XRD patterns of nanohybrid materials synthesised by reconstruction method are 

presented in Figure 3.  

LL/HTrus-R10.95 (Figure 4b) and LL/HTr-R20.92 (Figure 3c) materials also exhibit an 

increased interlayer space up to around 20 Å. HRTEM images of the nanohybrid materials 

synthesised by this protocol (Figure 4) do not conserve the layer morphology of their HT 

precursor. Moreover, a detailed HRTEM analysis reveals interlayer spacing at 22.5-22.6 Å 

indicating that the immobilisation of L-Leu molecules occurs in the interlayer space from the 

HT. In addition to basal planes at 22.5-22.6 Å, both LL/HTrus-R10.95 and LL/HTr-R20.92 

materials depicts lattice fringes at 14.8-14.9 Å. 
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Figure 3 XRD patterns of (a) HTrus, b) LL/HTrus-R10.95 and c) LL/HTr-R20.92. Inset: XRD pattern in the 2θ 
range: 3-20º. 

 

a) 

  

b) 

  
Figure 4 HRTEM images of the nanohybrids synthesised by reconstruction method: a) LL/HTrus-R10.95 and 

b) LL/HTr-R20.92. 

 

2.2.2 FT-IR and Raman spectroscopy results* 

Skeletal FT-IR and Raman spectra of L-Leu, HTClus and HTrus are presented in Figure 5. 

FT-IR spectrum of commercial available L-Leu in KBr (Figure 5a, left) shows the zwitterionic 

nature of L-Leu. Bands due to ν(NH3
+) and their deformations are detected at 3058, 2130, 

1610 and 1516 cm-1. Asymmetric, νa(COO-), and symmetric, νs(COO-), stretching bands of COO- 

group are detected at 1581 and 1407 cm-1. The broad band at 3378 cm-1 has been assigned to 

O…H interaction between different molecules of L-Leu, while the bands at 2957 and 2871 cm-1 

correspond to the CH3 stretching vibrations. In the Raman spectrum (Figure 5a, right), bands 

around 2886, 1227 and 835 cm-1 are due to CH stretching modes. Bands due to COO- group 

                                                           
* All FT-IR spectra presented in this thesis were performed in Dipartamento di Ingegneria Chimica e di Processo 
“G.B. Bonino” form Università di Genova (Italy) during Mr. Miranda research stay. This stay was supervised by 
Prof. Dr. Gianguido Ramis in collaboration with Prof. Dr. Elisabetta Finocchio. 
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are detected at 1454, 1297, 1129, 835, 776 and 553 cm-1, while bands due to NH3
+ group are 

detected at 2987, 1625, 1583 and 1187 cm-1 [24,25].  

5001000150020002500300035004000

a

b

c

2957

 

3470
 

790

 

669

 1610 3058 

1581 
 

1516

 1407

 

1630
 

1384

 

3000

Warenumber (cm-1)
 

50010001500200025003000 100

a

b

c

2987 1583 

 

1297

 

1187

 

1062
 

556

 

153

 

696

2886
 

835
 

1455 

Raman warenumber (cm-1)
 

Figure 5 Skeletal FT-IR (left) and Raman (right) spectra of a) L-Leu, b) HTClus and c) HTrus. 

Skeletal FT-IR spectra of HT materials (Figure 5b and 5c, left) show a strong band 

between 3600 and 3000 cm-1 attributed to the twisting vibration of physisorbed water, CO3
2--

H2O bridging mode of the carbonate anions, vibration of the structural -OH groups and 

characteristic stretching modes of M-OH species [26]. In the low frequency, bands at 880 and 

669 cm-1 are characteristic for the ν4 (in-plane bending) and the ν2 (out-plane deformation) of 

CO3
2- ions. Bands at 790 and 554 cm-1 with their deformations at 925 and 1050 cm-1 are due to 

OH- groups influenced by Al3+. While bands at 635, 600 and 590 cm-1 are assigned to Al-OH 

groups influenced by Mg2+ ions. The broad band at 1630 cm-1 is due to the HOH bending 

vibration of physisorbed water. Higher intensity in bands at 3000 and 1384 cm-1 in HTrus 

demonstrated higher reactivity of the basic centres which can interact easily with atmospheric 

CO2 during its manipulation [10,27]. In the Raman spectra (Figure 5a and 5b, right), the 

interlayered carbonate ions are detected as a very strong and sharp band at 1061 cm-1 due to ν1 

mode and a very weak band at 694 cm-1 due to ν4 mode of CO3
2- ions. The band at 556 cm-1 is 

due to hydroxyl groups associated with mainly Al3+ metal, but also influenced by probably one 

Mg2+ in its coordination environment [26]. Finally, although the band at 153 cm-1 cannot be 

formerly assigned, this signal is likely related to framework vibrations [28]. 
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2.2.2.1 Nanohybrid materials synthesised by anionic exchange method 

Although basicity of the HTs is affected by the nature of the anions located in the 

interlayer space [22], we use HTCl because the anion exchange of Cl- in the interlayer is difficult. 

So, as an approximation, surface of HTCl presents basic sites where the L-Leu can interact. 

Nevertheless, FT-IR (left) and Raman (right) spectra of LL/HTClus-A10.04 do not present 

evidence of L-Leu immobilisation suggesting that from a general point of view, the 

immobilisation process does not occur on the surface of the HT material (Figure 6c). However, 

FT-IR spectrum of LL/HTClus-A20.16 material, which was synthesised during 3 hours at 80ºC, 

presents some differences respect to its HT precursor (Figure 6d, left). At high frequency, the 

bands at 2957 and 1581 cm-1 are possibly due to some L-Leu molecules interacting with HT 

material. At low frequency, differences in the bands at 970, 790 and 553 cm-1 respect to HT 

precursor suggest changes in the Al-OH species. These changes could be due to an increase in 

the water content, presence of higher amount of OH- anions and some L-Leu molecules 

immobilised in the HT structure. However, Raman spectrum of LL/HTClus-A20.16 does not 

present any evidence of immobilised L-Leu (Figure 6d, right). 

FT-IR spectra of nanohybrid materials synthesised using HTrus material besides the 

vibracional bands typical of the HT precursor, previously discussed, and the sharp components 

attributed to L-Leu which indicate its successful immobilisation. LL/HTrus-A10.22 FT-IR and 

Raman spectra (Figure 6f) exhibit bands due to immobilised L-Leu with small intensity which 

are according to the EA results (Table 1, entry 6), nevertheless, this effect makes the 

interpretation of the interaction nature difficult. Moreover, LL/HTrus-A10.44 and LL/HTrus-

A11.09 spectra exhibit the bands due to C-H stretching mode at 2957 (νCH) and 2871 cm-1 

(νCH3) confirming the higher immobilisation of the L-Leu. 

FT-IR spectrum of LL/HTrus-A10.44 material (Figure 6g, left) exhibits the νa(COO-) and 

νs(COO-) stretching at 1560 and 1407 cm-1 respectively, while bands due to NH3
+ group were not 

clearly detected. These findings show that immobilisation process occurred by anionic exchange 

between anionic L-Leu and the OH- groups located on the HT edges. In a similar way, in the 

FT-IR spectrum of LL/HTrus-A21.09 material (Figure 6h, left) the νa(COO-) stretching at 1560 cm-1 

indicates the presence of the anionic L-Leu. An exhaustive study of this spectrum also shows 

small bands at 1581, 1610 and 1516 cm-1 due to COO- and NH3
+ groups of the zwitterionic L-
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Leu. Decrease in the band due to CO3
2- species at 1384 cm-1 in LL/HTrus-A10.44 and LL/HTrus-

A21.09 materials suggests that the incorporation of the L-Leu in the materials causes the 

displacement of physisorbed water and the competition with the adsorption of CO3
2- anions 

[18,29]. 
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Figure 6 Skeletal FT-IR (left) and Raman (right) spectra of a) L-Leu, b) HTCl, c) LL/HTClus-A10.04, d)  
LL/HT Clus-A20.16, e) HTrus, f) LL/HT rus-A10.22, g) LL/HTrus-A10.44 and h) LL/HTrus-A21.09. 

 
Raman spectra of LL/HTrus-A10.44 and LL/HTrus-A21.09 materials (Figure 6g and 6h, 

right) present bands at 2886, 1227 and 835 cm-1 due to CH stretching modes. In the case of 

LL/HTrus-A10.44 material (Figure 6g, right) no strong conclusion could be drawn due to low 

intensity of the bands. In LL/HTrus-A21.09 Raman spectrum (Figure 6h, right) bands at 1471 

and 1455 cm-1 due to COO- group in pure L-Leu shifted to 1464 and 1449 cm-1, respectively. 

As well as the relative intensity between both bands changes after immobilisation. These shifts 

suggest the presence of two kinds of COO- groups in L-Leu (anionic and zwitterionic). Changes 

in the relative intensity also indicate that both kinds of COO- are interacting with the HT 

structure, anions located in the interlayer space and/or other L-Leu molecules. Moreover, 
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relative intensity of the band at 1061 cm-1 due to CO3
2- species decreased after L-Leu 

immobilisation confirming the lower incorporation of atmospheric CO2 in the HT structure.  

 

2.2.2.2 Nanohybrid materials synthesised by reconstruction method 

FT-IR (left) and Raman (right) spectra of nanohybrid materials synthesised by 

reconstruction method are presented in Figure 8. FT-IR spectrum of LL/HTr-R20.92 (Figure 8d, 

left) was completely consistent with the spectrum of pure L-Leu (Figure 7a). The broad bands 

at 3064 cm-1 and around 2700 cm-1 are assigned to stretching vibration and Fermi resonance 

modes of the NH3
+ group, respectively. As well, the band at 2130 cm-1 resembles to the similar 

band in the spectra of amine hydrochlorides and is due to a combination band of asymmetric 

deformation and hindered rotation of NH3
+ groups [30]. The relative intensity of the band at 

2130 cm-1 and the peaks assigned to NH3
+ group decreased following immobilisation. A 

possible explanation is the formation of H-bonds between the NH3
+ group and the oxygen 

atoms of the HT layers. Additionally, bands due to νa(COO-) and νs(COO-) stretching were detected 

at 1581 and 1407 cm-1 similar to pure L-Leu. Although bands due to anionic L-Leu are not 

ruled out, it is clear that immobilised L-Leu using HTcc without ultrasound treatment occurs 

mostly in its zwitterionic form.  
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Figure 7 Skeletal FT-IR (left) and Raman (right) spectra of a) L-Leu, b) HTrus, c) LL/HTrus-R10.95 and d) 
LL/HT r-R20.92. 

 
One possible explanation of this effect is because during the synthesis of LL/HTr-R20.92, 

L-Leu molecules were interacting with the -OH groups of the forming HT layers, while the 

positively charge of the layer was compensated by OH- anions. Raman spectrum of LL/HTr-

R20.92 material (Figure 7d, right) presents bands at 2886, 1227 and 835 cm-1 due to CH 
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stretching modes. The band at 1455 cm-1 due to COO- group remains unchanged after 

immobilisation process, while band at 1471 shifted to 1464 cm-1 after immobilisation. 

Moreover, detection of broad bands at 1186 cm-1 and shifted band at 1125 cm-1 due to NH3
+ 

group demonstrated the immobilisation of both zwitterionic and anionic L-Leu molecules. 

FT-IR and Raman spectra of LL/HTrus-R10.95 (Figure 7c) did not present significant 

differences respect to LL/HTrus-A21.09 one. The band due to νa(COO-) stretching shifted to lower 

frequencies from 1581 down to 1560 cm-1, while the bands corresponding to ν(NH3
+) was not 

detected. In a similar way as LL/HTrus-A21.09, this finding suggests that the immobilisation of 

the L-Leu occurs in its anionic form, in greement with Aisawa et al. who studied the influence 

of the pH in the immobilisation of Phe in HT materials [15]. Only two differences in the 

Raman spectrum of LL/HTrus-R10.95 were detected in comparison with the LL/HTrus-A21.09 

one. First, the band at 1297 cm-1 due to the inplane deformation mode of the –OH, and second, 

the band at 1187 cm-1 due to the NH3
+ group were not detected confirming that the 

immobilization occurs mainly in the anionic form. In general, FT-IR and Raman spectra of 

nanohybrid materials synthesised by reconstruction method show that using ultrasound 

treatment during the synthesis of nanohybrid materials affords materials where the L-Leu 

molecules are immobilised in their anionic form.  

Additionally, in accordance with Nakamoto [31], a difference between the asymmetric 

and symmetric stretching vibration frequencies [Δν = νa(COO-) - νs(COO-)]  gives information about 

the symmetry of the interaction between the COO- group and the hydroxylated layers, which is 

similar to salt-like compounds [32]. Table 2 summarises the findings to LL/HT materials 

according with the characterisation data. 
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Table 2 Summary of characterisation data for LL/HT materials 

Material 
Synthesis 

methoda 

Immobilisation 

Location in the 

HTb 

νa(COO-)
c νs(COO-)

c Δνd 
L-Leu 

structuree 

Kind of 

interaction 

with HTf 

L-Leu - - 1582 1407 175 Z - 

LL/HTClus-A10.04 A1 -g - - - - - 

LL/HTClus-A20.16 A2 -g - - - - - 

LL/HTrus-A10.22 A1 Edges DDh DD - DD DD 

LL/HTrus-A10.44 A1 Edges 1560 1408 152 A Brinding 

LL/HTrus-A21.09 A2 Interlayer space 
1560 

1581 

1408 

1408 

152 

173 

A 

Z 

Brinding 

H-bonding 

LL/HTrus-R10.95 R1 Interlayer space 1560 1407 152 A Brinding 

LL/HTr-R20.92 R2 Interlayer space 1581 1407 175 Z H-bonding 
aImmobilisation conditions: See table 1. A=Anionic exchange method and R=Reconstruction method. b 
Determined by XRD analysis. cDetermined directly of the FT-IR spectra. dΔν = νa(COO-) - νs(COO-). eBased on 
presence of NH3

+ group by FT-IR. Z= zwitterionic and A= Anionic. fΔνL-Leu> Δνnanohyb. = bidentate interaction; 
ΔνL-Leu< Δνnanohyb. = bridging interaction. According to Nakamoto [31]. gNot immobilisation. hDD= Difficult to 
determine. 

 

2.1.3 MAS NMR spectroscopy results 

As exposed below, higher amount of immobilised L-Leu were obtained using 80ºC for 3 

hours of magnetic stirring in both the methodologies used (anionic exchange and 

reconstruction). For this reason, the nature of the interaction using 27Al and 13C MAS NMR 

was investigated for LL/HTrus-A21.09, LL/HTrus-R10.95 and LL/HTr-R20.92 nanohybrid materials. 

Figure 8 shows the 27Al MAS-NMR spectra of HTrus, LL/HTrus-A21.09, LL/HTrus-R10.95 and 

LL/HTr-R20.92 materials. 
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Figure 8 27Al-MAS NMR of a) HTrus, b) LL/HTrus-A21.09, c) LL/HTrus-R10.95 and d) LL/HTr-R20.92. 

In agreement with several authors [33-35], 27Al MAS-NMR spectrum of HTrus (Figure 

8a) exhibits a signal at 9 ppm due to the octahedral coordinated Al, while two small signals at 
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105 and 81 ppm are attributed to extra framework tetrahedral Al atoms still present after 

rehydration process. Additionally, any detectable variation in the coordination of Al atoms after 

immobilization of L-Leu suggests that the interaction between L-Leu and the HT layers does 

not occur directly with Al atoms.  

13C MAS-NMR results of the nanohybrid are showed in Table 3. 13C MAS-NMR 

results of pure L-Leu (Table 3, entry 1) exhibits typical signals attributed to its zwitterionic state 

where signal at 177 ppm is due to the carboxylic acid group. Cα and Cβ were detected at 55 and 

44 ppm, respectively, while a broad band at 26 ppm is due to the Cγ and Cδ. The broad band 

effect is due to the different conformations of the pure L-Leu. 

In LL/HTrus-A21.09 and LL/HTrus-R10.95 results (Table 3, entries 2 and 3) the signal due 

to the COO- group shifted to 186 ppm. Shifting of this signal and small variations in the other 

carbon signals confirmed that L-Leu was immobilised in anionic form in the HTrus precursor 

[20]. 

Table 3 13C MAS NMR characterisation of LL/HT nanohybrid materialsa 

 

Entry Material COO- Cα Cβ Cγ Cδ 

1 L-Leu 176 55 44 26 26 

2 LL/HTrus-A21.09 
186 

177b 
56 48 27 24 

3 LL/HTrus-R10.95 186 58 49 27 25 

4 LL/HTr-R20.92 
177 

186b 
56 48 27 25 

 a See 13C MAS-NMR spectra in Annex 3, Fig. 1. bLess intense signal. 

In agreement with FT-IR and Raman results, a small band at 177 ppm in LL/HTrus-

R10.95 13C MAS NMR spectrum suggests that a small amount of zwitterionic L-Leu is also 

immobilised in the material. On the other hand, LL/HTr-R20.92 material (Table 3, entry 4) 

shows two signals at 186 and 177 ppm. Relative intensities of these two signals show that 

zwitterionic L-Leu was mainly immobilised using this protocol  
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2.2.4 Thermal evolution of HT and LL/HT materials  

Thermal behaviour of the HTasym, HTrus and LL/HTrus nanohybrid materials was 

examined by simultaneous TG/DTA experiments. Figure 9 shows the TG (left) and DTA 

(right) curves of the HTasym and HTrus materials. According to Yang et al. decomposition of 

inorganic interlayer anions occurs from around 190ºC up to 580ºC divided in two main weight 

loss. The first occurs from 190 to 390 ºC with a total decomposition of ~11.5% of physisorbed 

water and some CO2 molecules and a second from 390 to 580ºC with a total decomposition of 

~88.5% of the total CO2 contained in the HT structure [36]. In our case, HTasym exhibits three 

main regions over the temperature range 30-230ºC, 230-472ºC and 472-900ºC, which involves 

a total weight loss of 44.3%. In comparison with Yang et al. first weight loss from 30-230ºC of 

4.2% is due to the interlayer water in the HT structure, together with a relative smaller amount 

of NO3
- and CO3

2-. The second distinct weight loss from 230-472ºC of 31.3% is due to the 

evolution of H2O, CO2 and NO2 species, resulting from desorption of the OH- groups. In this 

range, two heat flows centered at 355 and 443ºC were detected.  A first small heat flow ranged 

in 230-380ºC has a weight loss of 8.1% which agrees with the literature to the removal of H2O 

associated to Al-(OH)-Mg OH- groups [36]. A second heat flow presents the main weight loss 

of the material (23.2%). In this temperature range the dehydroxylation of Mg2+OH- and 

Al3+OH- species occurs. Finally, weight loss of 8.9% between 472-900ºC is due to the removal 

of CO3
2- and NO3

- from the destroyed HT structure. 

TG/DTA curves of HTrus exhibit two main regions over the temperature range 30-

245ºC and 245-900ºC, which involve a total weight loss of 42.9%. The first weight loss of 

20.4% from 30-245ºC exhibits three heat flows centered at 93, 195 and 234ºC, respectively. 

The first heat flow ranging between 30-130ºC with a weight loss of 5.3% is due to physisorbed 

H2O on HT surface, while the other two heat flows ranging 130-245ºC with a weight loss of 

15.1% are due to interlayer NO3
-, CO3

2- and H2O. The second main weight loss of 22.5% from 

245-900ºC is due to the evolution of H2O, CO2 and NO2 species, together with the 

dehydroxylation of the HT structure. Shifting of the second weight loss to lower temperature 

and any heat flow over 392ºC confirmed that interlayer OH- groups reduce the thermal 

resistance of the HT structure. Moreover, this shifting confirmed that the content of CO3
2- in 
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the HT structure (Table 1) is due to contamination by manipulation and storage which is not 

mainly contained in the interlayer space from HTs.  
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Figure 9 TG (left) and DTA (right) thermal analysis of HTasym and HTrus. 

Figure 10 shows the FT-IR spectra in KBr of HTasym outgassing at increasing 

temperature. Between room temperature to 220ºC, the band at 1637 cm-1 due to H2O 

deformation disappears while a broad band at 3378 cm-1 decrease slightly due to water loss of 

the HT structure agreeing with the TG/DTA results. One of the bands due to CO3
2- ions 

initially detected at 1401 cm-1 shifted up to 1519 cm-1. No changes were observed above 1000 

cm-1 in this temperature range. 

1000200030004000

r.t.

50

90

130

175

220

260

300

330

360

400

450

500

 
3378

 
1384

1401

 

1519

 
669

 
880

Warenumber (cm-1)
 

Figure 10 FT-IR spectra of HTasym outgassing at increasing temperature in KBr. 

In the range of 260-360ºC the two characteristic bands of the interlayer CO3
2- anions 

were stabilised at 1530 and 1320 cm-1 agreeing with Yang et al. observations who explain that 

upper 300ºC the interlayer water is loss and the CO3
2- begins to interact more strongly with the 

backbone of the HT structure [36]. Decreasing of the bands at 880, 835 and 669 cm-1 
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demonstrated both the elimination of CO2
3- and changes in the Al(OH) and Mg(OH) species. 

Finally, in the temperature range of 360-500ºC the HT structure is destroyed. Remained bands 

at 3660 cm-1 and below 1000 cm-1 are due to M-OH vibration of metal oxides. The band at 

1384 cm-1 indicated that NO3
- anions are thermally resisted to higher temperature, as it was 

confirmed by AE (Table 1, entry 2). Moreover, any change in the coordination of NO3
- anions 

was detected by FT-IR. 

Figure 11 shows the FT-IR spectra of HTrus at increasing temperature. As explained in 

the experimental part, HTrus was obtained using HTasym as precursor and synthesizsd under Ar 

atmosphere after calcination at 450ºC. Thermal behavior of HTrus is similar to that of HTasym. 

At lower frequencies, a band at 1384 cm-1 is assigned to the NO3
- anions even present after 

calcination of the sample (Table 1, entry 3). Althoug the vibration modes of the CO3
2- species 

shifted at higher frequencies as the temperature increases, nevertheless the position of the bands 

(1560 and 1420 cm-1) are not the same as the precursor material. This finding agrees with the 

TG/DTA results which showed that CO3
2- species are located mainly on the edges of the HT 

structure. Changes in the interlayer anions are also detected in the 1000-650 cm-1 region where 

the lower amount of OH-, CO3
2- and NO3

- produces differences in the spectra around 669 and 

880 cm-1. 
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Figure 11 FT-IR spectra of HTrus outgassing at increasing temperature in KBr. 

TG/DTA curves and FT-IR spectra of L-Leu at increasing temperature are showed in 

Figures 12 and 13, respectively. Figure 13 shows that thermal evolution of L-Leu exhibits two 

main regions over the temperature range 30-319ºC and 319-400ºC, which involve total 

decomposition of the amino acid. First weight loss is divided in two ranges, between 30-206ºC 
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and 206-319ºC. In the range 30-206ºC the weight loss was 0.27% and it is due to a small 

quantity of water retained in L-Leu structure. The absence of structural changes in the L-Leu in 

FT-IR spectra below 175ºC confirmed this finding (Figure 13).  
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Figure 12 TG/ DTA thermal analysis of L-Leu. 
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Figure 13  FT-IR spectra of L-Leu outgassing at increasing temperature in KBr in the frequency region of 
(left) 4000-1178 cm-1 and (right) 1178-600 cm-1.  

 
In the range of 206-319ºC occurs the main weight loss (81.6%) centered at 304ºC. FT-

IR spectra in this range shows the decomposition of the L-Leu, where only the broad bands 

around 1600 and 1400-600 cm-1 due to carboxylate species arise from the decomposition. 

Above this temperature, Figure 13 shows a second weight loss of 18.1% centered at 360ºC. 

Presence of this weight loss suggests the formation of secondary L-Leu structure due to the 

thermal exposition. At this point, Basiuk reported that the pyrolysis of L-Leu affords a group of 

polymer and cyclic compounds [37] while Choi et al. did not detected formation of these 

compounds to the pyrolysis of L-Leu [38]. In any case, under our experimental conditions band 

due to polymerisation was not observed. In fact, above 300ºC no band was detected due to 

vacuum effects over the sample. 
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Thermal evolution of nanohybrid materials synthesised using HTrus as precursor is 

presented in Figures 14-17. First of all, TG/DTA curves of LL/HTrus-A21.09 material exhibit 

three main regions over the temperature range 30-255ºC, 255-384ºC and 384-900ºC (Figure 

14), which involve a total weight loss of 59.0%. Increase of the weight loss respect to the HTrus is 

due to immobilisation of the L-Leu in the material. In this case, three heat flows in the range 30-

255ºC centered at 87, 155 and 215 ºC, respectively, were detected. First and second heat flows 

are due to H2O physically adsorbed on HT surface with a weight loss of 12.0%. In the 

temperature range of 50-175ºC, the FT-IR spectra (Figure 15) exhibit a band at 3058 cm-1 

which was not clearly detected in the air KBr experiment and is due to ν(NH3
+). Since a general 

point of view, in this range LL/HTrus-A21.09 material is substantially stable. Shifting of the band 

at 3460 cm-1 to 3547 cm-1 is due to loss of water. From 203 to 255ºC, TG/DTA curves exhibit a 

weight loss of 5.6% which suggests the condensation of zwitterionic L-Leu in the material, as 

well as, the elimination of NO3
- and CO3

2- anions content in the HT structure. Condensation 

of the zwitterionic L-Leu agrees with the FT-IR spectra at 220 and 260ºC which present a small 

shoulder band at 1650 cm-1 and it was not detected anymore above that temperature range. 

According to Whilton et al. this newly detected band is characteristic of the amide group 

forming likely through an in situ condensation of the zwitterionic AA [12]. 

In the range 255-384ºC, the weight loss was 24.1%. FT-IR spectra recorded between 

300-360ºC do not present any evidence of immobilised L-Leu at lower frequency (Figure 15, 

right). Nevertheless a band remained around 2961 cm-1 due to ν(CH) vibrations and a new 

small band detected at 2168 cm-1 indicated that decomposition products are still present at 

higher temperature. Finally, the third main weight loss of 15.84% occurs above 384ºC. 

According with HTrus results discussed below, elimination of CO2 from CO3
2- species occurs 

over that temperature. FT-IR spectra present the total decomposition of immobilised L-Leu 

above 400ºC followed by the thermal destruction of the HT structure (Figure 15). 
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Figure 14 TG (left) and DTA (right) thermal analysis of LL/HTrus-A21.09, LL/HT rus-R10.95 and LL/HTr-
R20.92. 
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Figure 15 FT-IR spectra of LL/HTrus-A21.09 outgassing at increasing temperature in KBr in the frequency 
region of (left) 4000-1178 cm-1 and (right) 1178-600 cm-1. 

 
TG/DTA curves of LL/HTrus-R10.95 exhibit a total weight loss of 59.3% divided into 

three main regions: 30-241ºC, 241-366ºC and 366-900ºC (Figure 14). In a similar way as 

LL/HTrus-A21.09, the first weight loss of 15.2% involves elimination of physisorbed water, NO3
- 

and CO3
2- anions content in the HT structure. The second weight loss of 26.8% is due to the 

dehydroxylation of the HT layers and the decomposition of L-Leu molecules and the third 

weight loss of 17.3% is due to the total decomposition of L-Leu and elimination of inorganic 

anions remaining in the HT structure. FT-IR spectrum of LL/HTrus-R10.95 (Figure 16) recorded 

at room temperature and under outgassing conditions showed that the band around 1570 cm-1 

due to COO- group is divided into two broad bands at 1576 and 1560 cm-1. Additionally any 

detected band due to NH3
+ group suggests that anionic L-Leu molecules could be interacting in 

two different forms with the HT structure, one inside the HT structure and two outside, on the 

edges of the HT layers. Characteristic signals of L-Leu were not detected any more above 220ºC 
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at lower frequency (Figure 16b), while bands due to ν(CH) remaind up to 400ºC. HT structure 

was totally destroyed above 400ºC. 
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Figure 16 FT-IR spectra of LL/HTrus-R10.95 outgassing at increasing temperature in KBr in the frequency 
region of (left) 4000-1178 cm-1 and (right) 1178-600 cm-1. 

Finally, TG/DTA curves and FT-IR spectra at increasing temperature of LL/HTr-R20.92 

material show interesting findings in agreement with all experimental data reported here 

(Figures 14 and 17, respectively). The total weight loss of LL/HTr-R20.92 was 57.5% divided in 

three regions: 30-214ºC, 214-273ºC and 273-900ºC. Weight loss of 3.3% between 214-273ºC 

is compared with the FT-IR spectra at 220 and 260ºC. In this case, presence of well formed 

band at 1650 cm-1 and a small component at 1605 cm-1 due to νC=O and δNH of a amide 

group were detected. These bands as well the decrease of the broad band around 3064 cm-1 

(νNH3
+) confirmed the poly-condensation of the L-Leu molecules.  
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Figure 17 FT-IR spectra of LL/HTr-R20.92 outgassing at increasing temperature in KBr in the frequency 

region of (left) 4000-1178 cm-1 and (right) 1178-600 cm-1. 
 

In accordance with 13C-MAS NMR, FT-IR and Raman spectra recorded in air, 

LL/HTr-R20.92 is formed mainly by zwitterionic L-Leu which favours the condensation of L-
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Leu molecules. Main weight loss of 41.0% in the range 273-900ºC presents two heat flows, the 

first centered at 360ºC is due to dehydroxylation of HT layers, elimination of NO2, CO2 and 

total decomposition of the L-Leu; and the second weight loss centered at 415ºC is due to 

elimination of inorganic anions remained in the HT structure.  

In LL/HTrus-R10.95 material which mainly contains anionic L-Leu the main weight loss 

was centered at 306ºC, while for LL/HTrus-A21.09 and LL/HTr-R20.92, the main weight losses 

were centered at 322 and 360ºC respectively. These findings permitted to conclude that: first, 

anionic L-Leu replaces the OH- interlayer anions making less thermally stable the HT structure 

and second, this effect stabilised the total charge of the HT layers preventing the co-

intercalation of inorganic anions. In this case, high content of CO3
2- detected by EA is due to 

contamination of the sample by atmospheric CO2 in the remaining accessible basic centers. On 

the other hand, condensation of zwitterionic L-Leu in LL/HTrus-A21.09 and LL/HTr-R20.92 agree 

with Bujdák et al. who explained that polycondensation of AAs could occur by the formation of 

catalytic active centers on the alumina surface [39-41]. In that context, nowadays, it is well 

accepted that a cyclic anhydride dipeptide is formed from zwitterionic AAs supported on 

alumina. Here, we propose that thermal polycondensation of L-Leu starts between two closed 

immobilised zwitterionic L-Leu where HTs acts as the catalysts through stabilisation of the L-

Leu. As it was discussed before, in this work only two materials have immobilised zwitterionic 

L-Leu (LL/HTrus-A21.09 and LL/HTr-R20.92), and in both cases it could be detected the 

formation of a peptide bond around 220ºC (Band at 1650 cm-1). No band associated with 

cyclic-PLL was detected in FT-IR spectra at increasing temperature because at higher 

temperature the materials have higher movement of water molecules origining the ring-opening 

reaction. In the case of LL/HTrus-R10.95 material, thermal polymerisation could not be detected 

because the immobilisation of L-Leu occurs by anionic interactions without any immobilisation 

of zwitterionic L-Leu that impossibility the initiation of the poly-condensation reaction.  

 

2.2.5 Nature of the organic/inorganic interaction 

All characterisation data reported in this section show that variations in the 

immobilisation protocol permit to obtain materials with different characteristics which are 

represented in Scheme 2. As it is well know, HT materials exhibit memory effect, which permits 
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the reconstruction of the HT stucture after its calcination. We synthesised two materials by 

reconstruction method (LL/HTrus-R10.95 and LL/HTrus-R22.99). LL/HTrus-R10.95 was synthesised 

under ultrasound treatment while LL/HTr-R20.92 was synthesised without it. We propose that 

rehydration and immobilisation processes occur at the same time. While the HT layers are 

forming the positive charge is compensated with OH- groups located in the interlayer space. 

Under conventional method without ultrasound treatment (R2), the immobilisation of L-Leu 

agrees with Nakayama et al. who explained that the immobilisation occurs by H-bonding 

between the NH3
+ group of the zwitterionic Leu with water and/or OH- groups of the HT 

layers [20]. Nevertheless, when the immobilisation is performed under ultrasound treatment 

(R1), most of the L-Leu was immobilised in the anionic form. This behaviour is explained 

because during the synthesis of LL/HTrus-R10.95 more basic and accessible centres are formed in 

the material [10]. These “new” basic constantly-forming centres permit the compensation of 

the positive charge with anionic L-Leu molecules. As discussed below, in the case of LL/HTr-

R20.92, compensation of the positive charge was performed by OH- and also NO3
- and CO3

2- 

anions, although immobilisation of some anionic L-Leu molecules is not ruled out. On the 

other hand, nanohybrid materials synthesised by anionic exchange method (LL/HTrus-A10.22, 

LL/HTrus-A10.44 and LL/HTrus-A21.09) have strong basic centers which were obtained before the 

immobilisation process. In this case, the immobilisation of the anionic L-Leu occurs up to all 

accessible centres are compensated, permitting also the immobilisation of some zwitterionic L-

Leu molecules.  In all cases, the immobilisation of the L-Leu in the interlayer space occurs 

because the increasing of the temperature favours the swelling of the HT material. Finally, in all 

materials reported here, the L-Leu could interact with the HT surface, but washes after 

synthesis removed most of these molecules, as it was verified using HTClus as precursor 

(LL/HTClus-A10.04 and LL/HTClus-A20.16 materials).  
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Scheme 2 Schematic representation of the LL/HT materials obtained by the different protocols. 
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3.  Nanohybrid materials based on L-Proline immobilised in Hydrotalcite-like materials 

 

Between the 21 natural occurring AA, Pro is the exception because it has a secondary 

amine forming an imino group fixed rigidly in a pyrrolidine ring. In this section, we present the 

synthesis of nanohybrid materials based on L-Proline (L-Pro) and Mg-Al HTs (LP/HT) by co-

precipitation, anionic exchange and reconstruction methods. The materials were characterised 

by EA, ICP, XRD, FT-IR, Raman, 13C, 27Al MAS NMR and thermal evolution using TG/DTA 

analyses and in situ FT-IR under outgassing conditions at increasing temperature. 

 

3.1 Experimental  

3.1.1 Synthesis of HTs 

Mg-Al hydrotalcite (HT) with Mg/Al molar ratio = 2 containing nitrates and chloride 

anions were synthesised by co-precipitation method according to the method exposed in section 

2.1.1. 

3.1.2 Synthesis of LP/HT materials 

The nanohybrid materials were prepared by anionic-exchange, reconstruction and co-

precipitation method using dionised-decarbonated water under Ar atmosphere as follows:  

3.1.2.1 Anionic-exchange method (Method A) 

Two procedures were used to synthesize LP/HTx-Ayz materials following the 

methodology described in section 2.1.2.1. Obtained materials were named: LP/HTrus-A10.07, 

LP/HTrus-A10.14, *LP/HTClus-A1<0.01, LP/HTrus-A20.57 and LP/HTClus-A20.01. 

3.1.2.2 Reconstruction method (Method R) 

Two procedures were used to synthesise LL/HTx-Ry materials following the 

methodology described in section 2.1.2.2. The obtained materials were named: LP/HTrus-R10.60 

and LP/HTr-R20.70.  

3.1.2.3 Co-precipitation method, LP/HTx-Cyz Samples 

                                                           
* LP/HTCl-A10.03 material was synthesised using 3 mmol of L-Pro. 
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Mg-Al hydrotalcite (HT) with Mg/Al molar ratio = 2 was prepared by the conventional 

co-precipitation method at 65ºC in the presence of a L-Pro solution as follows: two solutions 

containing Mg(NO3)2·6H2O (1.2 M) and Al(NO3)3·9H2O (0.6 M) were dissolved in 150 cm3 

of water and added dropwise into a beaker containing a 150 cm3 of a L-Pro solution with 

known concentration (0.6, 0.3 and 0.15 M). The pH was kept at 10,5 by adding a NaOH 

solution (2M). After the addition of the reactants, the slurry was aged at 65ºC overnight under 

vigorous stirring in Ar atmosphere. The obtained materials were filtered and washed with large 

amounts of deionised-decarbonated water to remove Na+, NO3
- and non-immobilised L-Pro 

molecules. Obtained materials were denoted as LP/HT-Cy, where y is a number between 1 and 

3 and indicates the initial concentration of L-Pro. Materials synthesised by this method were 

named: LP/HT-C1, LP/HT-C2 and LP/HT-C3 respectively. 

A schematic representation of all synthesis methods is presented in Scheme 3.

 

 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



3 Nanohybrid materials based on L-Proline and HT-like materials 

3.1 Experimental 

 

79 

 

 
Scheme 3 Summary of the synthesis methods of LP/HT materials. 
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3.2 Results and discussion  

Nanohybrid materials based on L-Pro and HTs were synthesised by anion-exchange, 

reconstruction and co-precipitation method to study: i) the role of the immobilisation time and 

the relationship between the immobilisation speed and the strength and kind of basic centres in 

the HT; ii) the role of the HT precursor in the immobilisation process and iii) the nature of the 

L-Pro structure in the immobilisation process. Molecular formulae of synthesised nanohybrid 

materials are presented in Table 4. 

Table 4 Molecular formulae of HT and LP/HT materials 

Entry Materiala,b Molecular Formulaec 

1 HTasym [Mg2.53Al1.00(OH)7.07](CO3
2-)0.85(NO3

-)3.15.0.70H2O 

2 HTcc Mg2.53Al1.00(O)x(CO3
2-)0.32(NO3

-)0.10 

3 HTrus [Mg2.53Al1.00(OH)7.07](CO3
2-)1.18(NO3

-)0.10.0.70H2O 

4 HTCl [Mg2.31Al1.00(OH)6.62](CO3
2-)0.84(Cl-)0.52.0.67H2O 

5 LP/HTrus-A10.07 [Mg2.54Al1.00(OH)7.08](Pro)0.07(CO3
2-)2.79(NO3

-)0.10.0.70H2O 

6 LP/HTrus-A10.14 [Mg2.54Al1.00(OH)7.08](Pro)0.14(CO3
2-)2.27(NO3

-)0.10.0.70H2O 

7 LP/HTCl- A1<0.01 [Mg2.31Al1.00(OH)6.62](Pro)<0.01(CO3
2-)1.56(Cl-)0.52.0.67H2O 

8 LP/HTrus-A20.57 [Mg2.54Al1.00(OH)7.08](Pro)0.57(CO3
2-)1.40(NO3

-)0.10.0.70H2O 

9 LP/HTCl-A20.02 [Mg2.31Al1.00(OH)6.62](Pro)0.02(CO3
2-)1.08(Cl-)0.52.0.67H2O 

10 LP/HTrus-R10.60 [Mg2.54Al1.00(OH)7.08](Pro)0.60(CO3
2-)2.57(NO3

-)0.10.0.70H2O 

11 LP/HTr-R20.70 [Mg2.54Al1.00(OH)7.08](Pro)0.70(CO3
2-)2.34(NO3

-)0.10.0.70H2O 

12 LP/HT-C1 [Mg2.63Al1.00(OH)7.08](Pro)0.02(CO3
2-)0.85(NO3

-)2.99.0.74H2O 

13 LP/HTus-C1d [Mg2.63Al1.00(OH)7.08](Pro)0.01(CO3
2-)1.21(NO3

-)2.60.0.74H2O 

14 LP/HT-C2 [Mg2.63Al1.00(OH)7.08](Pro)0.01(CO3
2-)0.98(NO3

-)3.43.0.74H2O 

15 LP/HT-C3 [Mg2.63Al1.00(OH)7.08](Pro)0.01(CO3
2-)0.86(NO3

-)3.04.0.74H2O 
aSynthesis Conditions: Anionic exchange 1 (A1): HT and a solution of L-Pro were mixed and stirring for 0.5 h at 
r.t. Anionic exchange 2 (A2): HT and a solution of L-Pro were mixed and stirring for 3 h at 80ºC. Reconstruction 
1 (R1): HTcc and a solution of L-Pro were mixed and sonicated during 1 h and stirred for 3 h at 80ºC. 
Reconstruction 2 (R2): HTcc and a solution of L-Leu were mixed and stirred for 3 h at 80ºC. Co-precipitation 
(C): Mg-Al HT was precipitated in the presence of L-Pro. bHT = hydrotalcite. HTasym = As-synthesized HT. 
HTcc = Calcined HT. HTrus = rehydrated HT under ultrasound treatment. HTCl = As-synthesized HT 
containing chloride anions. HTClus = HTCl after ultrasound treatment.  cCalculated by EA and ICP analysis in 
materials synthesized by method A and B. Calculated by AE, TG/DTA and ICP analysis in materials synthesised 
by method C. Water content was calculated theoretically according with Miyata. Ref [42]. dUltrasound treatment 
(1h) was used after the material synthesis. 

 

3.2.1 X-ray diffraction results 

3.2.1.1 Anion exchange method 

The XRD patterns of nanohybrid materials synthesised by anionic-exchange method 

are presented in Figure 18. In all cases, the obtained materials exhibit the characteristic 

diffraction peaks of the meixnerite structure (JCPDS 35-0965). As a reference, the XRD 
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patterns of precursor HTs are shown in Figure 18a and 18e. As exposed for the LL/HT 

materials, HTClus as precursor immobilised low amount of L-Pro indicating that L-Pro is not 

immobilised on the HT surface (Figure 18f and 18g). The XRD pattern of LP/HTrus-A10.07 and 

LP/HTrus-A10.14 nanohybrid materials (Figure 18b and 18c) show that the d003 basal spacing of 

precursor HT material remained unchanged after the immobilisation process. Nevertheless, 

increasing of immobilised L-Pro amount decreases the crystallinity of the HTs due to 

defoliation of the layers. The XRD pattern of LP/HTrus-A20.57 exhibits a broad band around 5.6 

2θ indicating an interlayer space of 15.8 Å. In comparison with the analogue material using L-

Leu, LP/HTrus-A20.57 increase of the immobilised L-Pro amount is due to intercalation of the 

AA in the interlayer space from the HT material. 
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Figure 18 XRD patterns of (a) HTrus, b) LP/HTrus-A10.07, c) LP/HTrus-A10.14, d) LP/HTrus-A20.57, e) HTClus, 
f) LP/HTClus-A1<0.01 and g) LP/HTClus-A20.01. (Right) XRD pattern in the 2θ range: 3-20º. 

 

3.2.1.2 Reconstruction method 

XRD patterns of nanohybrid materials synthesised by reconstruction method are 

presented in Figure 19. LP/HTrus-R10.60 and LP/HTr-R20.70 materials also exhibit increase in the 

d003 diffraction peak from the HT precursor to around 15 Å indicating the immobilisation of L-

Pro in the interlayer space of the HT. As an approximation, the molecular size of pure L-Pro is 

2.8 Å in width, 5.5 Å in length and 6.0 Å in thickness.* This size, in comparison with the 3.0 Å 

of the interlayer space of the starting HTrus, suggests that the immobilised L-Pro occurs in 

multi-layers even in a vertical orientation in the interlayer space, as exposed by Aisawa et al. for 

the immobilisation of Phe in HT materials [21].  

                                                           
* Calculated using the GaussView program implemented in the Gaussian 03 
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Figure 19 XRD patterns of (a) HTrus, b) LP/HTrus-R10.60 and c) LL/HTr-R20.92. Inset: XRD pattern in the 2θ 
range: 3-20º. 

 

3.2.1.3 Co-precipitation method 

The XRD patterns of nanohybrid materials synthesised by co-precipitation method 

(LP/HT-C1, LP/HT-C2 and LP/HT-C3) present a wide main diffraction peak in the d003 

range of 8.9-7.8 Å (Figure 20).  
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Figure 20 XRD patterns of a) HTasym, b) LP/HT-C1, c) LP/HTus-C1, d) LP/HT-C2 and e) LP/HT-C3 in the 
2θ range 3-26º. 

Variations in the interlayer space respect to HTasym suggest the immobilisation of the L-

Pro occurs in the interlayer space. According to TG/DTA results (Table 4, entries 12-15) 

amount of L-Pro immobilised by co-precipitation method are the lowest. Increase of the 

interlayer space with low amount of immobilised L-Pro suggests that L-Pro is immobilised in 

oblique form respect to the layers through reorganisation of the water molecules and the 

inorganic co-intercalated anions (CO3
2-, NO3

- and OH-) as observed Yuan et al. to 

immobilisation of Cys in HTs [16]. 
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To evaluate the stability of the immobilised L-Pro, LP/HT-C1 was sonicated for 1 hour 

to obtain the LP/HTus-C1 material. The XRD pattern of this nanohybrid material is showed in 

Figure 20c. Increases of the crystallinity of the sample as well as a shift of the 003 diffraction 

peak to higher 2θ angles is explained because a part of the immobilised L-Pro is way out of the 

material (Table 4, entries 12,13). That effect suggests most of the immobilised L-Pro mainly 

occurs by anionic exchange with the immobilisation of L-Pro stabilised by weak interactions.  

 

3.2.2 FT-IR and Raman spectroscopy results 

Skeletal FT-IR (left) and Raman (right) spectra of L-Pro are presented in Figure 21. FT-

IR spectrum of commercially available L-Pro in KBr (Figure 21, left) show a complex group of 

bands due to ν(CH) and ν(NH) vibrations between 3200 and 1900 cm-1. The typical bands at 

3059, 1560 and 1169 cm-1 are due to the ν(NH2
+) modes. Bands at 1624 and 1377 cm-1 are due 

to νa(COO-) and νs(COO-) stretching, while bands at 2367, 1408 and 1291 cm-1 are assigned to 

ν(CH) and ν(CN) modes. The band at 3417 cm-1 corresponds to the stabilisation of the L-Pro 

structure by either N-H…O=C or N…H-O intramolecular H-bonds showing the zwitterionic 

state of the pure L-Pro.  
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Figure 21 Skeletal FT-IR (left) and Raman (right) spectra of pure L-Pro. 

 

Figure 22 shows the most stable structure for the pure L-Pro in solid state in accordance 

with Marino et al. [43]. 
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Figure 22 Schematic representation of the most stable conformation of the pure L-Pro according to 
reference [43]. 

In the Raman spectrum of pure L-Pro (Figure 21b) the bands at 1452 (complex) and 

1374 cm-1 are due to scissoring and wagging vibrations of the CH2 groups, while few sharp 

bands between 1285 and 1237 cm-1 are assigned to other deformation modes of the methylenic 

group [44]. The corresponding asymmetric and symmetric stretching bands are observed at 

3004 and 2985 cm-1 and, at 2950, 2935 and 2900 cm-1 respectively [45]. In the range 1100-800 

cm-1 the ring stretching modes fall, the most intense band at 898 cm-1 being assigned to 

symmetrical ring breathing mode. The quite complex band pattern around 1250 cm-1 has been 

assigned to stretching and deformation modes for the C-C and C-N of the L-Pro ring, partially 

overlapping. The weak bands at 1548 and 1174 cm-1 are due to NH2
+ scissoring and N-H 

twisting deformation modes [44]. COO- group is characterised by bands at 1626 (broad), and 

1400 cm-1, tailing towards lower frequencies and overlapping with CH2 deformation modes, 

due to νa(COO-) and νs(COO-) vibrations [46]. Detection of the bands at 1626 and 1548 cm-1 shows 

the zwitterionic nature of the pure L-Pro. 

 

3.2.2.1 Anion-exchange method 

FT-IR and Raman spectra of nanohybrid materials of LP/HTClus-A1<0.01 and 

LP/HTClus-A20.01 materials (Figures 23g ,23h, 23g and 23h) agree with the EA results due to 

their low quantity of immobilised L-Pro. At this point although immobilisation on surface in 

LL/HTClus-A20.16 was observed, using L-Pro it was not detected. That effect is explained by the 

pKa of the L-Pro which is 10.64 while in L-Leu is 9.74. In this context, for immobilisation of L-

Pro strong basic centres in the HT material are needed.  
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Figure 23 (left) FT-IR spectra of a) L-Pro, b) HTrus, c) LP/HTrus-A10.07, d) LP/HTrus-A10.14, e) LP/HTrus-
A20.57, f) HTClus, g) LP/HTClus-A1<0.01 and h) LP/HTClus-A20.01.(right) FT-IR spectra in the frequency region 

1700-1200 cm-1.  
  

From a general point of view, immobilised L-Pro affords signal with low intensity due 

the restrictions in the freedom degree of the L-Pro molecules making difficult the correct 

identification. FT-IR spectrum of LP/HTrus-A10.14 (Figure 23d) exhibits the band around 2920 

cm-1 due to the ν(CH) stretching of the L-Pro which shifts respect to the pure L-Pro. At lower 

frequency, the band due to νa(COO-) shifts from 1624 to 1574 cm-1 and the band due to ν(NH2
+) 

mode shifts from 1560 to 1524 cm-1. Shifts of these bands suggests: first, the immobilisation of 

the L-Pro in the HT precursor, and second, L-Pro structure changes after immobilisation 

possibly by formation of anionic L-Pro. Changes around 790 and 554 cm-1 after immobilisation 

show that interaction with L-Pro also affects the Al-OH species. The Raman spectrum of 

LP/HTrus-A10.14 (Figure 24d) exhibits weakened bands from the L-Pro with significant shifts 

and broadening after immobilisation. In particular, at high frequency, ν(CH) bands are 

broadened and shifted towards lower frequency. Moreover, the broad and weak component and 

2900 cm-1 (symmetric νCH2 mode) is clearly shifted to 2878 cm-1 and becomes the strongest 

band in this spectral region. These effects can be explained by the interaction of the CH2 groups 
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with the HT surface and are consistent with findings of Sheena et al. who reported the SERS 

spectrum of Pro interacting parallel with Ag surface [45]. Moreover, the bands assigned to 

COO- stretching and deformation modes are strongly perturbed: the high frequency 

component almost disappears as well as the component at 641 cm-1. New broad absorption 

grows at 1410 and 870 cm-1. The former can be assigned to νs(COO-) stretching, whereas the latter 

has been reported also by Podstakwa et al. and assigned tentatively to δ(COO-) modes [46]. The 

frequency shift and the broad band shape can be taken as the evidence that COO- groups are 

changing their coordination mode following intercalation, in agreement with FT-IR data. 

These findings confirm the interaction of COO- groups with the HT layers. Moreover, some 

changes were detected in the relative intensity of the bands at 1056 cm-1, due to CO3
2-, and the 

one at 556 cm-1, due to OH- anions. Variations in these bands and detection of new bands at 

1410 and 870 cm-1 suggest the elimination of CO3
2- anions from the interlayer space due to the 

successful immobilisation of L-Pro [26].  

FT-IR spectrum of LP/HTrus-A20.57 material (Figure 23e) exhibits a series of bands 

around 2920 cm-1 which are due to ν(CH) from L-Pro. Shifting respect the pure L-Pro due to 

interactions between CH groups with HT layers. At lower frequency the band at 1560 cm-1 due 

to NH2
+ group decreases its relative intensity while a new component was detected at 1524 cm-1 

due to a ν(NH) vibration interaction with the HT precursor. At 1624 cm-1 the band due to 

COO- group from the L-Pro does not change after immobilisation suggesting that although a 

part of the L-Pro could be immobilised in the anionic form, increasing of the time and 

temperature during its synthesis favoured the immobilisation mostly in zwitterionic form. 

Raman spectrum of LP/HTrus-A20.57 material (Figure 24e) also presents perturbations of 

the CH stretching and deformation modes possibly by interaction with the HT precursor. 

Moreover, the bands due to zwitterionic L-Pro are strongly reduced in intensity, while the 

bands assigned to νs(COO-) stretching around 1400 cm-1 becomes stronger with respect to the pure 

L-Pro and slightly shifts in position. As in the previous case, this effect can be explained by the 

coordination of the COO- group with the HT layers, which suggests the main interaction 

occurring through the anionic L-Pro, followed by the L-Pro interaction in its zwitterionic form, 

as reported in FT-IR discussion.  
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Figure 24 Raman spectra of a) L-Pro, b) HTrus, c) LP/HTrus-A10.07, d) LP/HTrus-A10.14, e) LP/HTrus-A20.57, f) 
HTClus, g) LP/HTClus-A1<0.01 and h) LP/HTClus-A20.01(left) at increased intensity scale in the frequency region 

3100-2800 cm-1 and (right) 1700-100 cm-1.   
 

3.2.2.2 Reconstruction method 

FT-IR and Raman spectra of LP/HTrus-R10.60 and LP/HTr-R20.70 materials are showed 

in Figures 25 and 26. In FT-IR LP/HTrus-R10.60 spectrum (Figure 25c), the band due to ν(CH) 

from L-Pro shifted to lower frequency for the interaction of the L-Pro with the HT layers. At 

lower frequency, the band due to νa(COO-) shifted to 1577 cm-1, while a component at 1524 cm-1 

attributed to N-H interaction was detected. Any presence of the band at 1624 cm-1 due to 

COO- group of zwitterionic L-Pro indicated that L-Pro was mainly immobilised in its anionic 

form. Additionally, the bands at 1050 and 790 cm-1 due to Al-OH bonds were perturbed after 

immobilisation indicating that interaction between L-Pro and HT precursor affects the OH- 

located in the interlayer space of the HTrus. On the other hand, FT-IR spectrum of LP/HTr-

R20.70 (Figure 25d) did not present variation in the νa(COO-) or ν(NH2
+) which remained at 1624 

and 1560 cm-1 respectively, indicating the immobilisation of L-Pro in its zwitterionic form. 

However, detection of the band at 1524 cm-1 indicates the presence of L-Pro interaction with 

the HT precursor.  
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Raman spectra of LP/HTrus-R10.60 and LP/HTr-R20.70 materials are similar to the 

LP/HTrus-A20.57 ones. Evidence of the immobilisation by anionic interactions was found by the 

lower intensity of the band at 641 cm-1 due to COO- of the zwitterionic L-Pro and the two new 

bands at 1410 and 870 cm-1 assigned to νs(COO-) stretching of the immobilised L-Pro. 
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Figure 25 (left) Skeletal FT-IR spectra of a) L-Pro, b) HTrus, c) LP/HTrus-R10.60 and d) LP/HTr-R20.70 (right) 
Skeletal FT-IR spectra in the frequency region 1700-1200 cm-1.  
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Figure 26 Raman spectra of a) L-Pro, b) HTrus c) LP/HTrus-R10.60 and d) LP/HTr-R20.70 (left) at increased 
intensity scale in the frequency region 3100-2800 cm-1 and (right) 1700-100 cm-1. 

 

3.2.2.3 Co-precipitation method 

FT-IR spectra of nanohybrid materials synthesised by co-precipitation method are 

presented in Figure 27.  

From a general point of view, LP/HT-C materials present practically undetectable 

immobilised L-Pro according to TG/DTA results (Table 4, entries 12,14-15). FT-IR spectra of 

all synthesised nanohybrid materials exhibit two strong bands at 1360 and 1380 cm-1 which are 

due to the co-intercalated CO3
2- and NO3

- anions. 
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FT-IR observations in comparison with TG/DTA results show that increasing of the L-

Pro in the initial solution did not increase the amount of immobilised L-Pro. 
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Figure 27 (left) Skeletal FT-IR spectra of (a) L-Pro, (b) HTasym, (c) LP/HT-C1, (d) LP/HTus-C1, (e) LP/HT-
C2 and (f) LP/HT-C3. Skeletal FT-IR spectra in the frequency region 1800-1200 cm-1.  

Figure 27b shows the FT-IR spectrum of LP/HT-C1, where the bands around 2920 

cm-1 and the broad band at 1617 cm-1 could indicate the presence of L-Pro. For this group of 

materials not much conclusions could be drawn, nevertheless the absence of a band around 

1528 cm-1 due to the N-H interaction with HT layers suggests that the immobilisation of L-Pro 

could mainly occur in its zwitterionic form, which agrees with the XRD results to oblique 

immobilisation. In the FT-IR spectrum of the LP/HT-C1 after ultrasound treatment 

(LP/HTus-C1) decreasing of the band around 1600 cm-1 suggests that exfoliation of the HT 

layers favouring the de-interlacation of the zwitterionic L-Pro (Figure 27d). Raman spectra of 

this group of nanohybrid materials do not present any evidence of L-Pro due to their lower 

immobilisation degree*  

As it was explained for LL/HT materials, the difference between νa(COO-) and νs(COO-) 

gives information about the symmetry of the interaction between the COO- groups with metal 

surfaces, which is similar to salt-like compounds [31,43]. In this context, shifting in the COO- 

bands suggests that the immobilisation process occurred by the formation of chelating 

(bidentate) complexes between the anionic L-Pro and the Al-OH in the HT material. Table 5 

presents a summary of the FT-IR findings and the proposed structure for the LP/HT materials 

according to Nakamoto and Marino´s observations.  

 

                                                           
* See the Raman spectra of LP/HT-C materials in Annex 3, Figure 2. 
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Table 5 Summary of characterisation data for LP/HT materials 

Entry Material 
Synthesis 

methoda 

Immobilization 

Location in the 

HTb 

νa(COO-)
c νs(COO-)

c Δνd 
L-Pro 

structuree 

Kind of 

interaction 

with HTf 

5 L-Pro - - 1624 1378 246 Z - 

6 LP/HTrus-A10.07 A1 Edges DDg DD - A DD 

7 LP/HTrus-A10.14 A1 Edges 1574 1377 197 A Bidentate 

8 LP/HTCl-A1<0.01 A1 -h - - - - - 

9 LP/HTrus-A20.57 A2 Interlayer space 
1624 

1574 
1379 

245 

195 

Z 

A 

H-bonding 

Bidentate 

10 LP/HTCl-A20.01 A2 -h - - - - - 

11 LP/HTrus-R10.60 R1 Interlayer space 1577 1377 200 A Bidentate 

12 LP/HTr-R20.70 R2 Interlayer space 1624 1379 245 Z H-bonding 

13 LP/HT-C1 C Interlayer space 1624 1378 246 Z H-bonding 

14 LP/HTus-C1 C + us DD DD DD - - DD 

15 LP/HT-C2 C DD DD DD - - DD 

16 LP/HT-C3 C DD DD DD - - DD 
aImmobilisation conditions: See table 4. A=Anionic exchange method, R=Reconstruction method and C=Co-
precipitation method. us = Ultrasound treatment. bDetermined by XRD analysis. cDetermined directly of the FT-IR 
spectra. dΔν = νa(COO-) - νs(COO-). eBased on shifting of COO- group by FT-IR. Z= zwitterionic and A= Anionic. fΔνL-Pro< 
Δνnanohyb. = Bidentate interaction; ΔνL-Pro~ Δνnanohyb. = H-bonding interaction, according to Nakamoto [31]. gNot 
immobilisation. hDD=Difficult to determine.  

 

3.2.3 MAS NMR spectroscopy results 

MAS NMR evaluation was performed using LP/HTrus-A20.57, LP/HTrus-R10.60 and 

LP/HTr-R20.70 nanohybrid materials which have the highest amount of immobilised L-Pro. 

Table 6 shows the 27Al and 13C MAS-NMR results for LP/HTrus-A20.57, LP/HTrus-R10.60 and 

LP/HTr-R20.70 nanohybrid materials.  

 

Table 6 13C MAS NMR characterisation of LP/HT nanohybrid materialsa 

 
Entry Material Aloh COO- Cα Cβ Cγ Cδ 

1 HTrus 9 - - - - - 

2 L-Pro - 176 63 47 33 26 

3 LP/HTrus-A20.57 9 
184 

164* 
65 49 33 28 

4 LP/HTrus-R10.60 9 183 65 49 33 28 

5 LP/HTr-R20.70 9 
173 

187* 
66 50 34 29 

 aSee 27Al and 13C MAS-NMR spectra in Annex 3, Figures 3 and 4. bLess intense signal. 
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Any variation in the signal at 9 ppm due to the octahedral coordination of the Al 

atoms after immobilisation process indicates that the interaction between L-Pro and the 

HT layers does not occurs directly in the Al atoms.  

The 13C MAS-NMR result for pure L-Pro (Table 6, entry 2) shows the typical signals 

attributed to its zwitterionic form. Sifting of the signal due to COO- group from 176 to 187 

ppm in LP/HTr-R20.70 material demonstrates the immobilisation of anionic L-Pro by anion-

exchange method, nevertheless the high intensity of the signal at 173 ppm shows that using 

this method, the immobilisation of zwitterionic L-Pro is favoured.  

In the case of LP/HTrus-R10.60 material, the band corresponding to COO- group shifts 

from 176 to 184 ppm due to the anionic interaction with the HT precursor, while presence of 

two signals due to COO- group in LP/HTrus-A20.57 confirmed  the co-existence of both anionic 

and zwitterionic L-Pro in this material, where the anionic L-Pro was mainly immobilised. 

Additionally, shifting of the CH bands indicates that the immobilisation process allows L-Pro 

molecules with less freedom degree due to their interaction with the HT structure. 

 

3.2.4 Thermal evolution of LP/HT materials 

Thermal behaviour of L-Pro, LP/HTrus-A20.57, LP/HTrus-R10.60 and LP/HTr-R20.70 

materials was examined by simultaneous TG/DTA experiments and FT-IR at increasing 

temperature under outgassing conditions (Table 7 and Figures 28 and 29). 

FT-IR spectra of L-Pro at increasing temperature (Figure 28) below 90ºC and at higher 

frequency show changes in the band at 3417 cm-1 due to loss of N…H interactions by water loss 

contained in the pure L-Pro, while at lower frequency the bands at 1560 cm-1 due to ν(NH2
+) 

and at 1380 cm-1 due to νs(COO-) vibration are becoming stronger. At 130ºC the relative intensity 

of the band at 3417 cm-1 decreases while a new band at 3675 cm-1 is evidenced. Decrease of this 

band is due to the progressive elimination of the H-bonding interactions of the L-Pro while new 

species containing a non-H-bonded O-H is forming.  At lower frequencies, bands due to COO- 

(1624 and 1377 cm-1) and NH2
+ (1560 and 1169 cm-1) groups decreased progressively with 

increasing temperature. At 220ºC a decomposition product is formed. According with 

Moldoveanu, formation of the bands at 2974, 2875 and 1442 cm-1 due to vibrations of CH and 

CH2 groups, and the strong bands at 3675(νOH), 1632 (νC=N) and 1377 cm-1 (νC=O) 
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suggest the formation of a tetrahydro-piperidine structure [47]. Finally above 300ºC no band 

due to L-Pro is detected. 

 
Table 7 TG/DTA transformation temperatures and weight losses of L-Pro, LP/HTrus-A20.57, LP/HTrus-R10.60 

and LP/HTr-R20.70 materialsa 

Entry Material 
Temperature 

range, ºC 

Max. 

ºC 

Weight 

loss, % 
Observations 

1 L-Pro 

30-192 - 0.1 *Loss of water absorbed in the L-Pro structure. 

192-315 
270 

290 
89.8 *Decomposition of L-Pro structure. 

315-900 - 10.0 
*Decomposition of remained CO, CN and CC 

species 

2 
LP/HTrus

-A20.57 

30-145 - 9.9 *Loss of water absorbed in the HT structure. 

145-250 216 6.3 
* Loss of water, CO2 and NO2 from the HT, initial 

decomposition of L-Pro. 

250-900 
332 

405 
35.1 

*Decomposition of immobilized L-Pro 

*Deshydroxylation of HT layers 

3 
LP/HTrus

-R10.60 

30-191 - 12.7 * Loss of water absorbed in the HT structure. 

191-260 216 4.9 
* Loss of water, CO2 and NO2 from the HT, initial 

decomposition of L-Pro. 

260-900 
362 

405 
30.6 

*Decomposition of immobilised L-Pro 

*Deshydroxylation of HT layers 

4 
LP/HTr-

R20.70 

30-178 - 10.8 * Loss of water absorbed in the HT structure. 

178-240 212 6.8 
* Loss of water, CO2 and NO2 from the HT, initial 

decomposition of L-Pro. 

240-900 
350 

390 
35.1 

*Decomposition of immobilised L-Pro 

*Deshydroxylation of HT layers 
aSee TG/DTA curves in Annex 3, Figures 5 and 6. 

Thermal evolution of the nanohybrid materials synthesised at 80ºC and 3 hours of 

magnetic stirring are presented above. TG/DTA results of LP/HTrus-A20.57 material (Table 7, 

entry 2) exhibits a total weight loss higher than the HTrus one (42.9%) which indicates the 

immobilisation of L-Pro in the material. Moreover, in all cases total decomposition of the L-Pro 

molecules occurs above 332ºC indicating that immobilisation of L-Pro in HTrus increases its 

thermal resistance. 

FT-IR at increasing temperature of LP/HTrus-A20.57, LP/HTrus-R10.60 and LP/HTr-

R20.70 are presented in Figure 29 and Annex 3 (Figure 7).  

From a general point of view, thermal evolution of this group of sample is close among 

themselves. Difference in the shape of the bands is due to vacuum effect. In all materials, 

decrease of the band at 1560 cm-1 due to NH2
+ group decreases with increasing temperature, 
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above 90ºC this band while some changes occurs in the band at 3470 cm-1 due to water loss 

from the HT structure. Structural changes observed above 170ºC in the band at 790 cm-1 are 

due to progressive elimination of water from the interlayer space from the HTs. At 220ºC 

relative intensity of all bands decreases due to elimination of CO2, NO2, H2O from the HT 

structure and NH3 and CO2 from the immobilised L-Pro [47]. Above 260ºC, two bands at 

2168 and 2157 cm-1 were detected suggesting the formation of an isocyanide structure that is 

strongly interacting with the M-OH surface [48]. 
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Figure 28 FT-IR spectra of L-Pro outgassing at increasing temperature in the frequency region of (left) 
4000-1178 cm-1 and (right) 1178-600 cm-1.  
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Figure 29 FT-IR at increasing temperature of LP/HTrus-R10.60. 
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3.2.5 Nature of the organic/inorganic interaction 

In general, determination of the interaction nature between L-Pro and HTs is difficult 

due to the rigidity of the C-C bonds of L-Pro. Nevertheless based on all characterisation data 

and also by comparison with LL/HT materials one reliable proposal could be done which is 

presented in Scheme 4. In a similar way as LL/HT materials, the high-basic active centers in the 

HTs were obtained by ultrasound treatment permiting the immobilisation of the L-Pro by a 

quick ionic exchange reaction in just 30 minutes (LP/HTrus-A10.07 and LP/HTrus-A10.44 

materials). Any variation in the interlayer space from the HTrus demonstrated that the 

immobilisation occurs on the edges of the HTrus. Evidence of immobilised L-Pro in zwitterionic 

form in LP/HTrus-A10.44 and defoliation of the HT layers after immobilisation suggests that the 

anionic exchange occurs in a first step up to compensation of all accessible basic centres, after 

that, immobilisation of zwitterionic L-Pro could occur. Stabilisation of zwitterionic L-Pro 

occurs by H-bonding with water and/or other L-Pro molecules. Lower immobilisation ratio of 

L-Pro, in comparison with L-Leu, indicate that immobilisation of L-Pro requires strong basic 

centres located in the interlayer space on the edges of the HT layers. Practically nil amount of 

immobilised L-Pro in HTClus material shows that immobilisation on the HT surface is not 

possible. Increase of the time and temperature of synthesis (LP/HTrus-A20.57, LP/HTrus-R10.60 

and LP/HTr-R20.70) permitted the immobilisation of the L-Pro in the interlayer space from the 

HTs. Increase of the interlayer space in LP/HTrus-R10.60 up to 15.3 Å indicated the 

immobilisation of the L-Pro in the interlayer space. In this case the strong basic centres 

constantly formed in the material favour the generation of anionic L-Pro and its interaction 

with the HT structure. In addition, the rigidity and non-polar structure of the L-Pro limit its 

freedom degree after interaction with the HT (13C MAS NMR results). As a result of this 

conformation, the immobilisation occurs in a parallel orientation with respect to the HT layers 

stabilised by NH…OH interaction between the imino group and M-OH species in the HT 

layers, limiting also the immobilisation of most L-Pro moleucles. Similar conclusions were 

presented by Mateo Marti et al. [49] to L-Pro immobilised over copper surfaces. Finally, taking 

into account the size of the pure L-Pro (2.8 Å in width, 5.5 Å in length and 6.0 Å in thickness) 

increases of the interlayer space up to 15.3 Å suggest that the immobilised L-Pro is forming a 

bilayer accommodation in the HTrus. In the case of LP/HTrus-A20.57 and LP/HTr-R20.70 
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materials, XRD patterns also showed increase of the interlayer space up to 15.8 and 14.8 Å 

respectively. Increasing of this distance and the detection of stretching modes of zwitterionic L-

Pro suggest that the immobilisation of the L-Pro into the interlayer space could occur in two 

ways: vertical when the zwitterionic form is present and parallel respect to the layers for anionic 

interactions between L-Pro and M-OH species from the layers. Additionally, immobilisation of 

L-Pro in the interlayer space increases the thermal resistance of the L-Pro from 280 to around 

350ºC. Finally, co-precipitacion method allows materials (LP/HT-C1, LP/HT-C2 and 

LP/HT-C3) where the L-Pro is immobilised in lower amount with the co-incorporation of 

nitrates and carbonates anions. The low amount of L-Pro in the materials makes the 

characterisation by most of the characterisation techniques more difficult, nevertheless XRD 

results showed that the 003 diffraction peak is formed by different interlayer spaces between 7.8 

to 8.9 Å. This effect is explained because the incorporation of other anions reorganises the 

position of the zwitterionic L-Pro on the material. Moreover, the ultrasound treatment after co-

precipitation showed the easy elimination of the zwitterionic L-Pro.  
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Scheme 4 Schematic representation of synthesised LP/HT materials 
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4. Conclusions 

 

Syntheses of HTs with controllable basicity are an excellent opportunity to study the 

organic/inorganic interaction of AAs with anionic inorganic supports. In this context, using 

ultrasound treatment during the rehydration of calcined HT affords more accessible OH- 

centres which increase the basicity of the entire material. This methodology permits the 

immobilisation of AAs in higher degree than similar methods previous published. Approaching 

the high basicity of the HTrus, immobilisation of L-Leu and L-Pro was possible by a quick 

anionic exchange method performed in just 30 minutes (Method A1). The immobilisation 

occurs through anionic AAs with the OH- anions from the HTs in a first moment since all 

accessible centres are compensated. If there is excess of AAs in the media, the immobilisation 

can also occurs by the interaction of AAs by H-bond with water, inorganic anions and/or other 

AA molecules located on the edges of the HT structure. This interaction protects the material 

from the CO3
2- incorporation; nevertheless excessive exposition of the material to the air 

permitted the reaction of the M-OH on surface with atmospheric CO2.  

Increases of the time and temperature of synthesis permitted the swelling of the material 

and the incorporation of the AAs forming bilayers in the interlayer space (Method A2). 

Although using L-Leu this immobilisation occurs by anionic L-Leu, using L-Pro zwitterionic 

conformation was also detected. At this point, the nature of the AAs is important; L-Leu has a 

linear structure with a pKa of 9.74 which facilitate the interaction with basic centres. 

Nevertheless, L-Pro has a rigid cyclic structure which limits its freedom degree, but also has a 

pKa of 10.64. This property means that immobilization of anionic L-Pro only occurs though 

anionic exchange only with highly active basic centres.  

The role of the ultrasound treatment to obtain highly active centres was evaluated by 

reconstruction method. Using ultrasound treatment before the immobilisation (Method R1) 

the nature of the nanohybrid material changed. Immobilisation of anionic L-Pro in the 

interlayer space is a reliable evidence of the basic strength in HTrus. On the other hand, using 

reconstruction method without ultrasound treatment (Method R2), the immobilisation 

occurred mainly by H-bonding interaction between AAs with water and inorganic anions 

located in the interlayer space. It was also observed that the swelling effect of the HTrus 
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permitted the immobilisation of higher amount of L-Pro. As a control probe, immobiliation of 

L-Leu and L-Pro was performed using HTClus obtaining practically nil immobilisation degree, 

this experiment was indicative that AAs are immobilised in the interlayer space and/or on the 

edges of the HT layers, but not on the surface where the basic centers are weak in strength. 

Additionally, it was demonstrated that immobilisation of L-Pro using co-precipitation 

method does not permit to obtain a stable nanohybrid material, because the compensation of 

the charges during the process occurs by the strongest NO3
- anions present in the medium. 

Moreover, ultrasound treatment after co-precipitation permits the elimination of the 

immobilised zwitterionic L-Pro.  

In all cases the nature of the immobilisation and also the orientation of the immobilised 

anionic AAs were evaluated. In this context, L-Leu interacts with M-OH species forming 

brinding-like coordination. According to the XRD results, the immobilisation could occurs in a 

vertical or oblique orientation respect to the HT layers. On the other hand, L-Pro interacts by 

forming a bidentate-like coordination with the M-OH species. Moreover, the unfavoured steric 

effect was compensated by H-bonding formed between the N-H imino group and the M-OH 

species in the HT. This conformation suggests that the immobilisation of anionic L-Pro occurs 

in a parallel orientation respect to the HT layers. When the AAs were immobilised in 

zwitterionic form, the orientation depends on the chemical environment in the interlayer space 

from the HT. 

In general the immobilisation of L-Leu and L-Pro allows materials with higher thermal 

resistance than in the pure state. Moreover, interestingly and to the best of our knowledge, we 

reported for the first time the polycondensation of L-Leu catalysed by HT. In this topic, it is 

necessary for the immobilisation of both anionic and zwitterionic L-Leu in the interlayer space 

of the HT increase the temperature up to around 230ºC.  

Finally, a part of the results presented in this section were included in two articles which 

are currently under revision: 

• “L-Leucine Immobilised in Hydrotalcite-like Materials. Understanding of the Immobilisation 

Nature” Ronald-Alexander Miranda, Elisabetta Finocchio, Francisco Medina, Gianguido 

Ramis, Jesús E. Sueiras, Jordi Llorca and Anna M. Segarra 
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• “Nanohybrid Materials Based on L-Proline and Hydrotalcites as Catalysts for Direct 

Asymmetric Aldol Reaction” Ronald-Alexander Miranda, Elisabetta Finocchio, Francisco 

Medina, Gianguido Ramis,  Jesús E. Sueiras and Anna M. Segarra 

 

References 

[1] J.-H. Choy, S.-Y. Kwak, J.-S. Park, Y.-J. Jeong and J. Portier. J. Am. Chem. Soc. 1999, 121, 1399 

[2] Q. Zhenlan, Y. Heng, Z. Bin and H. Wanguo. Colloids and Surfaces A: Physicochem. Eng. Aspects. 

2009, 348, 164 

[3] S. Vijaikumar, A. Dhakshinamoorthy and K. Pitchumani. Appl. Catal. A. 2008, 340, 25 

[4] B.M. Choudary, B. Kavita, N. Sreenivasa Chowdari, B. Sreedhar and M. Lakshmi Kantam. Catal. Lett. 

2001, 78, 1 

[5] H. Nakayama. Phosphorus Res. Bull. 2009, 23, 1 

[6] M.B.A. Rahmana, M. Basri, M.Z. Hussein, M.N.H. Idris, R.N.Z.R.A. Rahman and A.B. Salleh. Catal. 

Today. 2004, 93-95, 405 

[7] J.-H. Choy, S.-Jin Choi, J.-M. Oh and T. Park. Appl. Clay Sci. 2007, 36, 122 

[8] M. Meng, L. Stievano and J. F. Lambert. Langmuir. 2004, 20, 914 

[9] M. Del Arco, E. Cebadera, S. Gutiérrez, C. Martín, M.J. Montero, V. Rives, J. Rocha and M.A. Sevilla. J. 

Pharm. Sci. 2004, 93, 1649 

[10] R. J. Chimentaõ, S. Abelló, F. Medina, J. Llorca, J. Sueiras, Y. Cesteros and P. Salagre. J. Catal. 2007, 252, 

249 

[11] R. Morales Borgesa, G.G. Carbajal Arizaga and F. Wypychc. Biochem. Eng. J. 2009, 48, 93 

[12] N.T. Whilton, P.J. Vickers and S. Mann. J. Mater. Chem. 1997, 7, 1623 

[13] T. Hibino. Chem. Mater. 2004, 16, 5482 

[14] M.X. Reinholdt and R.J. Kirkpatrick. Chem. Mater. 2006, 18, 2567  

[15] S. Aisawa, S. Takahashi, W. Ogasawara, Y. Umetsu and E. Narita. J. Sol. Stat. 2001, 162, 52 

[16] Q. Yuan, M. Wei, Z. Wang, G. wang and X. Duan. Clay and Clay Miner. 2004, 52, 40 

[17] M.X. Reinholdt, P.K. Babu and R.J. Kirkpatrick. J.Phys.Chem.C. 2009, 113, 3378 

[18] S. Aisawa,  S. Sasaki, S. Takahashi, H. Hirahara, H. Nakayama and E. Narita. J. Phys. Chem. Sol. 2006, 

67, 920 

[19] Á. Fudala, I. Pálinkó and I. Kiricsi. Inorg. Chem. 1999, 38, 4653 

[20] H Nakayama, N. Wada and M. Tsuhako. Int. J. Pharm. 2004, 269, 469 

[21] S. Aisawa,  H. Kudo, T. Hoshi, S. Takahashi, H. Hirahara, Y. Umetsu and E. Narita. J. Solid State Chem. 

2004, 177, 3987 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



Chapter 2: Synthesis and characterisation of nanohybrid materials based on L-Leu and L-Pro 

immobilised in HT 

 

100 

[22] M. Jobbágy and A.E. Regazzoni. J. Phys. Chem. B. 2005, 109, 389 

[23] F. Cavani, F. Trifirò and A. Vaccari. Catal. Today. 1991, 11, 173 

[24] P.F.F. Filho, P.T.C. Freire, K.C.V. Lima, J.M. Filho and F.E.A. Melo. Cond. Mat. Mtrl. Sci. 2007, 

arXiv:0704.2792v1 

[25] B.J.M. Rajkumar and V. Ramakrishnan. J. Raman Spectrosc. 2000, 31, 1107 

[26] J.T. Kloprogge and R.L. Frost. J. Sol. State Chem. 1999, 146, 506 

[27] S. Miyata. Clay and Clay Miner. 1983, 31, 305 

[28] J. Pérez-Ramírez, G. Mul and J.A. Moulijn. Vibrational Spectroscopy. 2001, 27, 75 

[29] A.R. García, R.B. de Barros, A. Fidalgo and L.M. Ilharco. Langmuir. 2007, 23, 10164 

[30] N.B. Colthup, L.H. Daly and S.E. Wiberley. “Introduction to Infrared and Raman Spectroscopy” 3rd Ed. 

Elsevier, Amsterdam, 1990. ISBN-13: 978-0121825546 

[31] K. Nakamoto. “Infrared and Raman spectra of inorganic and coordination compounds”. 5th Ed. John Wiley 

& Sons, New York, 1997. ISBN 0-471-19406-9 

[32] M. Kakihana, T. Nagumo, M. Okamoto, and H. Kakihana. J. Phys. Chem. 1987, 91, 6128 

[33] A. Béres, I. Pálikó, J.-C. Bertrand, J.B. Nagy and I. Kiricsi. J. Mol. Struct. 1997, 410-411, 13 

[34] J. Rocha, M. del Arco, V. Rives and M. Ulibarri. J. Mater. Chem. 1999, 9, 2499 

[35] F. Rey, V. Fornes and J.M. Rojo. J. Chem. Soc. Faraday Trans. 1992, 88, 2233 

[36] W. Yang; Y. Kim, P.K.T. Liu, M. Sahimi and T.T. Tsotsis. Chem. Eng. Sci. 2002, 57, 2945 

[37] V.A. Basiuk. J. Anal. Appl. Pyrolysis. 1998, 47, 127 

[38] S.-S. Choi, and J.-E. Ko. J. Anal. Appl. Pyrolysis. 2010, 89, 74 

[39] J. Bujdák and B.M. Rode. Orig. life Evol. Bioph. 1999, 29, 451 

[40] J. Bujdák and B.M. Rode. Catal. Lett. 2003, 73, 797 

[41] J. Bujdák and B.M. Rode. J. Peptide Sci. 2004, 10, 731 

[42] S. Miyata. Clay and Clay miner. 1975, 23, 369 

[43] T. Marino, N. Russo and M. Toscano. J. Phys. Chem. B. 2003, 107, 2588 

[44] S. Stewart and P.M. Fredericks. Spectrochimica Acta Part A. 1999, 55, 1641 

[45] Y.S. Mary, L. Ushakumari, B. Harikumar, H.T. Varghese and C.Y. Panicker. J.Iran Chem. Soc. 2009, 6, 

138 

[46] E. Podstawka, Y. Ozaki, and L.M. Proniewicz. Applied Spectroscopy. 2004, 58, 570 

[47] Serban C. Moldoveanu, “Pyrolisis of organic molecules with applications to health and enviroment issues” in 

Techniques and instrumentation in analytical chemistry - Vol 28. Elsevier, Amsterdam, 2010, ISBN 

0167-9244 

[48] T. Montenari, E. Finocchio and G. Busca. J. Phys. Chem. C. 2011, 115, 937 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



4 Conclusions 

 

 

101 

[49] E. Mateo Marti, S.M. Barlow, S. Ha and R. Raval. Surf. Sci. 2002, 501, 191 

 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



 

102 

 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



 
 
 

1 

CHAPTER 1 

 

 

INTRODUCTION AND SCOPE 

 

The rapid increase in the field of biohybrid materials, that exhibit improved structural and 

functional properties, is attracting more and more attention not only for researchers of different 

disciplines (biotechnology, medicine, pharmacy, nanotechnology, engineering etc.) but also for the 

industry. The results obtained by the scientific community offer valuable opportunities for diverse 

applications which cover areas as different as drug delivery systems, bio-sensing devices, green 

nano-composites and bio-catalysis. On the other hand, oxidation reactions are among the most 

significant processes in the chemical industry and epoxides are important intermediates both in 

bulk and fine chemical synthesis.  

Using bio-hybrid materials for catalysis involve several challenges: i) the tunable system 

synergically enhanced by their two components must obtain deliverable properties that are 

unattainable from only one of the two components, ii) the catalytic systems must lead an excellent 

catalytic performance,  iii) the processes must be designed to improve the efficiency of the chemical 

reaction and iv) the bio-hybrid catalyst must be designed so that they can be recovered and reused, 

and, in this way, ensure the environmental and economic viability of the process. Taking these 

factors into account, we considered various hypotheses of work focused on the synthesis, 

characterisation and catalytic applications of bio-nanohybrid materials. The academic challenges 

for this thesis were being defined in this paper where, following the hierarchy of goals to be met in 

any study of research, the first of which was to know the state of the art. 

Therefore, this section attempts to provide the reader with a general overview of the principal 

concepts highlighted in this thesis. 

 

1. Bio-nanohybrid materials 

1.1 Hydrotalcite-like materials 

1.2 Amino acids and poly-aminoacids 

1.3 Bio-nanohybrid materials based on AAs, PAAs and HTs.  
2. Bio-nanohybrid materials as catalysts in asymmetric synthesis 

2.1 Juliá-Colonna asymmetric epoxidation reaction 

2.2 Direct asymmetric aldol reaction 

2.3 One-pot reactions 

3. Scope of this thesis 
      References 
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1. Bio-nanohybrid materials

 

Biological systems are usually cleverly designed to combine many optimised parallel 

processes, which are dynamically connected to each other in harmony. Therefore, the 

scientists have found inspiration in nature for breakthroughs in current technologies. From 

the point of view of materials science, nature always creates functional optimised structures 

based on the self-assembly of unit materials [1].Therefore, self-assembly processes as observed 

in biological systems can be a practical tool for the fabrication of advanced materials such as 

bio-inorganic hybrid solids.  

Bio-nanohybrid materials result from the combination of molecular or polymeric 

species of biological origin and inorganic nano-structured materials. These new solids have 

emerged with force in the last years as an interdisciplinary topic on the border between 

nanotechnology, material and life sciences. They are of great interest due to their versatile 

applications in diverse areas as regenerative medicine, nanocomposite materials engineering, 

catalysis, etc [2-5]. In addition, bio-nanohybrid materials are interesting for industrial 

applications since they are derived from abundant, cheap, and ecological sources. One of the 

most important reasons because the bio-nanohybrid materials have received attention is 

because they not only often exhibit high complementary properties between their assembled 

components but also present new and interesting properties due to a synergistic effect [6-7]. 

In catalysis, immobilisation of biomolecules permits to obtain solid materials which can be 

used as catalysts and provide numerous opportunities for recovering and recycling them from 

reaction environments [8]. 

Several solid materials such as polymers [9-10], micro/mesoporous materials [11-14] 

and clays [3,15-16] have been employed as solid supports to biomolecules. In some cases, these 

bio-nanohybrid materials presented successful activity as chiral catalysts in asymmetric 

reactions [3,17-18]. Nevertheless, bio-nanohybrid catalysts have two principal disadvantages. 

First, the insufficient stability of the immobilised biomolecule due to leaching of the metal 

and/or the biomolecule and second, the low catalytic activity respect to the homogenous 

phase due to poor accessibility of the active sites for the substrate, steric effect of the matrix or 

deactivation of the active center.  
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The bottom-up self-assembly process from well-designed units is one of the best 

strategies for the construction of bio-nanohybrids. Usually, this approach involves routes 

based on soft chemistry such as the sol-gel process which permits to entrap a large number of 

organic and bio-organic molecules in matrixes derived from precursor monomers, 

intercalation between the lamella of 2D solids or inclusion in 3D nano-structures, or by the 

grafting to the organic counterpart through the covalent bonds on the surface of inorganic 

solids. Combination of two of these routes could be also required to provide the hybrid 

materials with the desired structural and functional properties.  

Although, bio-nanohybrid materials can be synthesised under liquid media [19-20], 

our study was focused on the immobilisation of biomolecules onto solid supports (Table 1) 

specifically onto a family of naturally occurring layered clays named hydrotalcite-like materials 

(HTs). 

 

Table 1 Immobilisation methods of biomolecules onto solid supports. 

Immobilisation methods Comments / troubles 

Biomolecules supported by physical adsorption 

 

Strict control of support porosity 

Diffusion troubles 

Limited application 

Biomolecules supported by adsorption 

 

Potential competition with solvents and/or 

substrates 

Limited applications 

Biomolecules supported by ionic interaction 

 

Anionic or cationic 

Potential competition with ionic substrates and/or 

salts 

Biomolec
. 

Biomolec
. Biomolec

. 

Biomolec
. Biomolec

. 

Biomolec
. 

Biomolec. 

Biomolec
. 

Biomolec
. 
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Biomolecules supported by covalent bond 

 

Organic, polymeric and inorganic matrixes  

Higher application 

Catalysts supported by intercalation 

 

Layer materials like cationic or anionic clays 

Potential competition with other ions in solution 

 

1.1  Hydrotalcite-like materials 

HTs are a class of synthetic two-dimensional nanostructured anionic clays whose 

structure can be described as containing brucite-like layers, Mg(OH)2, where a fraction of the 

octahedrycally coordinated Mg2+ (6-fold coordinated to OH-) have been replaced 

isomorphously by trivalent cations, giving positively infinite charged hydroxyl layers. This 

positively charged net is compensated by CO3
2- anions, which lie in the interlayer region 

between two brucite-like layers. In the free space of this interlayer water and other anions are 

randomly located with a high degree of mobility (Figure 1) [21-22]. 

 
Figure 1 Structure of HT [Mg6Al 2(OH)16CO3] [23]. 

 

HTs are characterised by the general formula [M2+
1-xM3+

x(OH)2]b+[An-
b/n].mH2O , 

where M2+ (M = e.g. Mg, Fe, Co, Cu, Ni or Zn) and M3+ (M = e.g. Al, Cr, Ga, Mn or Fe) are 

various divalent and trivalent metal ions; A is an anion of charge n such as CO2
3-, Cl-, NO3

- or 

Biomolec. 

Biomolec
. 

Biomolec
. 
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organic anions. The value of x is equal to the molar ratio of the M2+/(M2+ + M3+)  and is 

generally in the range 0.2 – 0.33. The x value determines the layer charge density and the 

anion exchange capacity. The anions can be exchanged by other inorganic, organic or metallo-

organic anions and even by biologically active molecules containing ionisable acidic groups.  

The most interesting properties of HTs and their mixed oxides (obtained by 

calcinations of HTs) may be summarised as follows [22-31]: 

• High surface area (100-300 m2/g) 

• Homogeneous dispersion of the thermally stable elements also in reducing conditions, with 

formation of very small and stable metal crystallites.  

• Cation-exchange ability of the brucite layers, which allows synthesising different materials 

by ionic exchange procedures. 

•  Anion-exchange ability of the interlayer, which allows increasing or reducing the basicity 

of the HTs and immobilising many organic molecules in the interlayer space. 

• Swelling as the consequence of their smooth flexible structure with relatively few 

interlayer bonding. 

• As host material in order to create inorganic-organic host-guest hybrid structures with 

desirable physical and chemical properties, in which the brucite-like layers may impose a 

restricted geometry on the interlayer guests leading to enhanced control of 

stereochemistry, rates of reaction, and product distributions.  

• Synergistic effects between the components, due to the intimate interdispersion, which 

favours, for example, the development of unusual basic or hydrogenating properties. It is 

worth nothing that basic properties depend significantly on composition and calcination 

temperature. 

• Memory effect, which allows reconstruction of the original structure by contact with 

aqueous solutions containing various anions. 

• Low cost because high technologies or expensive reagents are not necessary to their 

synthesis. 

• Low toxicity due to their biocompatibility with naturally occurring molecules.  
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1.1.1 Synthesis of HTs 

HTs can be found in nature as minerals or readily synthesised in the laboratory. In 

nature they are formed from the weathering of basalts or precipitation in saline water source. 

Unlike silicate-based clays, HTs are not found in large or commercially useful deposits. In the 

laboratory, there are different methods for synthesising HTs such as co-precipitation [32], 

urea reduction [33], salt-oxide method [34], hydrothermal [34] and sol-gel [35] methods, but 

the most frequently used is the co-precipitation method.  

The co-precipitation method is based on the slow addition of a mixed solution of 

divalent and trivalent metal salts to an alkaline solution which leads to the co-precipitation of 

the two metallic salts. Formation of the HTs is based on the condensation of hexa-aqua 

complexes in solution that form the brucite-like layers containing both metallic cations [22]. 

Interlayer anions either arise from the counter-anions of the metallic salts, or anions from the 

alkaline solution. At high pH, hydroxyl ions are prevalent and therefore can be intercalated 

[36]. At low pH the synthesis proceeds by a more complex pathway and is not complete. This 

effect is indicated by the formation of an amorphous compound which has different chemical 

composition than its starting materials. In order to obtain well organized phases, the 

preparation conditions have to be optimised for the desired product. In general to form well 

ordered HT structures a pH range between 8 and 10 is required [37]. 

One of the advantages of this method is the precipitation occurs at lower pH than in 

the absence of M2+, thus there is less risk of the incorporation of unwanted CO2 by the 

reaction mixture. Such uptake of CO2 is a major nuisance in HT synthesis because it gives rise 

to carbonate, which is the most strongly held anion within the HT interlayer region. 

Thermal decomposition of Mg-Al HTs leads to a well dispersed mixture of 

magnesium and aluminium oxides (MgAlOx). These mixed oxides are formed with very small 

crystal size and are stable to thermal treatments. Moreover, calcined oxides show the memory 

effect, a property by which they can recover the original layered structrure if they come into 

contact with water vapor or are immersed in water under decarbonated atmosphere 

(rehydration or reconstruction method). This leads to meixnerite [Mg6Al2(OH)18] which is a 
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more basic material because that is HTs intercalated with OH- as compensating anions in the 

interlayer (Scheme 1). 

 
Scheme 1 Synthesis of meixnerite [Mg6Al 2(OH)18] [23]. 

 
1.1.2 Accesibility of the Brönsted-Base sites in rehydrated hydrotalcites 

Accesibility of the OH- groups in rehydrated HTs has been determined by its activity 

as solid base catalysts. Nowadays, it is well-known that active sites in HTs are located on the 

edges of the layers, which are only a minor part of the Brönsted-base groups present in the 

HTs. de Jong et al. reported that the activity of the rehydrated HTs involves both the 

counteranion OH- between the layers and the reconstructed layers of the HT. Several 

characterisation data demonstrated that rehydration of a previously calcined HT allows more 

active and accessible basic centres than by other methods [38,39]. Moreover, Medina et al. 

studied the rehydration of the mixed oxide via three methods demonstrating that rehydration 

process under ultrasound treatment was an effective method to maximise the accessibility and 

utility of the OH- anions [40]. They explained that phenomena because ultrasound treatment 

permits the formation of small HT nanolayers with irregularities along the platelets. In 

general, a common problem using more active HTs is the competition between anions and 

the incorporation of CO2 in their structure, for this reason, manipulation of the materials 

under an inert atmosphere is usually crucial. 

 

1.1.3 Ion-exchange properties 

The HTs can modify their chemical structure and their physic-chemical properties by 

exchange of the anions located in the interlayer space. In this context, the anion-exchange is 
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the most common method for the incorporation of organic anions into the HT structure. 

Monovalent anions can be exchanged easily in the follow order: OH- > F- > Cl- > Br- > NO3
-. 

However, divalent anions such as SO4
2- and CO3

2- have higher selectivity than monovalent 

ones. Due to the relatively easy capacity of the NO3
- to be exchanged, HTs containing NO3

- 

are the most suitable precursors for anion exchange syntheses. In general, the anion-exchange 

reaction of organic molecules is carried out by simply dispersing the precursor HT in aqueous 

solution containing an excess of the organic anion to be incorporated. The organic anion of 

interest must be stable at the pH of exchange [37]. 

So, biocompatibility, variable chemical composition, ability to intercalate organic 

anions, nanosize and alkaline character of the HTs have permitted the generation of a new 

kind of nanohybrid materials with pharmaceutical, biochemical and catalytic applications [1-

4,41-42]. Particularly, nanohybrid materials based on Mg/Al HT allow the design and 

synthesis of a large number of hybrid materials by changing the interlayer anions via anion 

exchange procedures. Anionic biomolecules such as DNA [43-44], ATP [30], nucleotides 

[43-44], vitamins [42], drugs [45-48], pesticids [41,49], amino acids [3,16,50-54], enzymes 

[55-56] and polymers [52,57-59] are some examples of organic and bio-organic molecules 

immobilised in HTs. 

 

1.2  Amino acids and poly-amino acids 

Amino acids (AAs) are carboxylic acids that contain at least an amine group. AAs play 

central roles as building blocks of proteins and as intermediates in metabolism. AAs are 

classified as α, β, γ, and so on, according to the location of the amine group on the carbon 

chain that contains the carboxylic acid function. (Fig. 2) 

 
Figure 2 α, β and γ amino acids. 

Although more than 700 different AA are known to occur naturally, a group of 20 of 

them demand special attention. All the AAs precursors of proteins are α-AAs, and all of them 

contain a primary amino function and conform to the general structure, the unique exception 
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is proline (Pro), which is a secondary amine with an amino nitrogen into a five-membered 

ring*. AAs are amphoteric substances, meaning they contain an acidic functional group and a 

basic functional group. This bifunctionality allows AAs to have amphiprotic properties. The 

carboxylic acid group (-COOH) can be deprotonated to become a negative carboxylate (-

CO2
-), an α-amino group (NH2-) can be protonated to become a positive α-ammonium 

group (+NH3-). Each AA has a characteristic isolectric point (pI) which is the pH value at 

which the AA bears no net charge and the zwitterionic specie is the predominant form 

adopted by the AA; and two pK values (pKa1 for deprotonation of the -COOH and pKa2 for 

a second deprotonation from the α-ammonium groups) (Scheme 2) [60]. In solid state AAs 

exist as zwitterions as presented in Annex 1. 

OH

OR

+H3N  

-H+

+H+  O-

OR

+H3N  

-H+

+H+  O-

OR

H2N  

Species present in strong 

acid 
 

Zwitterion: 

predominant species in 

solutions near 

neutrality 

 
Species preset in strong 

base 

Scheme 2 Amphoteric behaviour of amino acids in acid, neutral and base solution. 

 
The most important behaviour of AAs is that under certain conditions the amine 

group of one molecule and the carboxyl group of a second one can react together joining the 

two AAs by an amide bond (peptidic bond) to form peptides or poly-amino acids (PAAs). 

Natural PAA (proteins) are copolymers of α-AA linked together, through amide 

bonds, in a well-defined sequence, which characterises their primary structure. Intra- and 

intermolecular interactions between the functional groups of the residual AAs lead to 

organised higher order (secondary, tertiary, and quaternary) 3D structure, which are 

responsible for the extremely selective and quantitative catalytic properties as well as the 

mechanical performance of proteins [60]. 

                                                           

* A complete list of the nature occurring amino acids is included in Annex 1, Table 1. 
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1.2.1 Synthesis of poly-amino acids 

Biological systems produce proteins that possess the ability to self-assemble into 

complex, yet highly ordered structures [61]. These remarkable materials are PAA copolymers 

that derive their properties from precisely controlled sequences and compositions of their 

constituent AA monomers. There has been recent interest in developing synthetic routes for 

preparation of mimics of these natural polymers as well as wholly artificial PAA sequences for 

applications in catalysis [62-64] and biotechnology [65-66]. Although there are different 

methods to synthesize PAA [67], ring-opening polymerisation (ROP) of α-amino acid-N-

carboxyanhydrides (NCA) is the most economic and common technique used even for large 

scale preparation of PAA [68].  

 
1.2.1.1 Ring opening polymerisation 

ROPs are traditionally initiated using many different nucleophiles and bases, the most 

common being primary amines and alkoxides anions [69]. Primary amines, being more 

nucleophylic than basic, are good general initiators for ROP of NCA monomers (1). Tertiary 

amines, alkoxides, and other initiatiors that are more basic than nucleophilic, have found use 

since they are, in some cases, able to prepare polymers of high molecular weight where primary 

amine initiator cannot. Optimal polymerisation conditions have often been empirically 

determinated for each NCA and thus there have been no universal initiator or conditions by 

which to prepare PAAs (2) from any monomer [65]. This is in part due to the different 

properties of individual NCAs and their polymers (e.g. solubility) but is also strongly related 

to the side reactions that occur during polymerisation.  

The most likely pathways of ROP from NCAs are known as “amine mechanism” and 

the “active monomer mechanism” [69-71]. In amine mechanism (Scheme 3) the initiation 

occurs by nucleophilic attack of the initiator at the anhydride carbonyl carbon, followed by 

opening of the NCA ring. The resulting carbamate endgroup may lose carbon dioxide, after 

which the resulting amino endgroup propagates the polymerisation. When the 

decarboxylation is slow, the propagation may proceed via the carbamate mechanism. Both 
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propagation mechanisms yield the same polymer with one amino group and one initiator such 

as endgroups of the chain. 
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Scheme 3 Amine mechanism for NCA polymerisation (Nu-H = nucleophilic initiator) [69]. 

 

On the other hand, in the monomer mechanism (Scheme 4) the initiation occurs by 

deprotonation of an NCA by a base, which then becomes the nucleophile that initiates the 

chain growth. Propagation can proceed via either the amine mechanism (Scheme 3), or via 

nuchleophilic attack of a newly formed NCA anion on the N-acyl NCA endgroup (3) 

(Scheme 4). In the second case, polymer chains are obined without incorporation of the 

initiator with an amino group at one end and N-acyl NCA group at the other end of the chain 

[65,69].  

One inherent problem in conventional ROP is that there is no control over the 

reactivity of the growing polymer chain-end during the course of the polymerisation. Once an 

initiator reacts with a NCA monomer, it is no longer active in the polymerisation and the 

resulting primary amine, carbamate, or NCA anion endgroup is free to undergo a variety of 

undesired side reactions as should be cyclic-PAA chains [72-73]. 
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Scheme 4 Activated monomer mechanism for NCA polymerisation (B = Base initiator) [69]. 

 
Another problem is the one of purity. Although most NCA are crystalline 

compounds, they typically contain traces of acid, hydrochloric acid, or isocyanates that can 

quench propagating chains. The presence of other adventitious impurities, such as water, can 

cause problems by acting as chain transfer agents or even as catalysts for side-reactions. 

Overall, the sheer abundance of potential reactions present in reaction media makes it 

difficult to achieve a living polymerisation system where only chain propagation occurs [68]. 

Moreover, on the top of these inconvenients, ROP is an useful route to synthesise 

PAA with potential catalytic and biological applications since 1) PAAs are readily, and 

reproducibly, produced in large (multigram to kilogram) quantities, 2) chain length, AA 

sequence, and composition are predictably varied in the PAAs by straightforward adjustment 

of monomer and initiator concentration and order of addition, 3) the desired endgroup can 

be modified by the use of different kind of initiators, 4) PAAs are obtained in high purity with 

complete removal of the solvent, bases or other chemicals employed during the synthesis, 5) 

PAAs are free from biological contaminants and 6) the reaction conditions can be modified 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



1. Bio-nanohybrid materials  

1.2 Amino acids and poly-amino acids 

 

13 

(initiator, monomer/initiator ratio, temperature, solvent and kind of NCA) to improve the 

desired properties of the synthesised PAA. 

 

1.2.1.2 Thermal polycondensation 

In general, clays are known as minerals with particular suitability for adsorption and 

catalytic processes. They were probably present on the primitive earth crust after weathering 

products of volcanic rocks [74]. Clay minerals could, therefore, have played a crucial role in 

the molecular evolution of bio-organic compounds (AAs, PAAs, sugars, nucleosides and 

nucleic acids) in chemical evolution [76-77]. The catalytic activity of some clay minerals to 

promote oligomerisation of PAA precursors was confirmed [78]. Nowadays, it is well known 

that clay minerals catalysed PAA formation in a rather complex combination of various 

reactions (AA dimerization, cyclic anhydride formation and PAA chain elongation), 

mechanism and reaction conditions. 

 
Figure 3 Glycine activation on clay particle edge leading to a) Gly2 formation and b) formation of DKP 

from Gly2 activated on clay particle edge [79]. 
 

Bujdák and Rode have reported several works about the role of the clay minerals in the 

peptide bond formation catalysis. Using different kind of clays and glycine (Gly) as the model 

molecule, they detected two main products: diglycine (Gly2) and diketopiperazine (DKP), the 

cyclic anhydride of Gly2 with yields up to 5% using talc and hectorite [79]. In both cases, the 
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principal product was DKP which is formed from the biomolecular reaction after the 

activation of one reactant species on the edge of the clay material (Figure 3) [79].  

 

1.3 Bio-nanohybrid materials based on AAs, PAAs and HTs.  

As it is exposed below, HTs are excellent guest materials to a large variety of inorganic 

and organic molecules [36]. Particularly, the interaction of organic and biological species with 

HTs is critical in such diverse fields as catalysis, drug delivery, and geochemical transport [80-

84]. Some of these nanohybrid materials including AAs, carboxylic species, PAAs, large 

proteins and natural organic matter molecules, occur as anions at neutral to basic pH values. 

They are thus expected to interact strongly with solids materials having positive structural or 

pH dependent charges [31]. In this context, the intercalation of AAs and PAAs in HTs has 

been investigated because the resulting compounds are nanostructured materials with new 

functional properties. These bio-nanohybrid materials are attractive to industrial application 

because they are both environmentally and economically interesting. 

 

1.3.1 Synthesis of AAs immobilised in HTs (AA/HTs) 

Although there are few studies about the immobilisation of AAs in HTs, they 

described the synthesis of nanohybrid materials by three main methods: 1) anion-exchange of 

a precursor HT; 2) direct synthesis by co-precipitation and 3) reconstruction of a calcined 

HT precursor. In the case of the immobilisation of PAA in HTs, to the best of our 

knowledge, just four articles have been published. In there, immobilisation process was 

performed by two main methods: thermal polycondensation and co-precipitation.  

 

1.3.1.1 Anionic exchange method 

Anion exchange method consists in a suspension of HTs in a solution of the salt of 

AA to be intercalated and stirring during a determinate time. Inert atmosphere is necessary to 

prevent the contamination with atmospheric CO2. Although this method is the most 

common for preparation of organo-HTs, to the best of our knowledge, there are just two 

examples in the literature using this protocol in the immobilisation of AAs. Fudala et al. 
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immobilised L-Tyrosine (L-Tyr) and L-Phenylalanine (L-Phe) in Zn/Al-HT ratio 3:1 during 

24 hours of synthesis at 60ºC. Their results showed that the AAs were located in the 

interlayer space of the HT. They reported the shift of the d(003) reflection of HT from 8.9 Å 

for the as-synthesised HT up to 17.5 Å for L-Tyr/HT or 18 Å for L-Phe/HT (Figure 4) [16]. 

 
Figure 4 Spatial arrangement of the intercalated ions of a) L-Phe and b) L-Tyr in HTs according to 

reference [16]. 
 

In addition, Choudary et al. studied the immobilisation of the sodium salt of L-Pro 

with Mg/Al-HT ratio 2:1 during 24 hours at r.t. obtaining a material without any variation in 

the d(003) reflection and with a content of L-Pro calculated as 0.06 mol L-Pro/mol Al3+. No 

variation in the d(003) reflection was attributed to the location of the L-Pro molecules on the 

edge of the HT structure [53]. 

 
1.3.1.2 Direct synthesis – Co-precipitation method 

Co-precipitation method for the direct synthesis of HT containing simple inorganic 

anions has been developed over a number of years [29,37,85] and a similar procedure is used 

for organo-HTs: the M2+ and M3+ hydroxide layers are nucleated and grown from an aqueous 

solution containing the anion that is to be incorporated into the HT. This anion must have 

an affinity for the hydroxide layers, otherwise the counter anions of the metal salts may also be 

incorporated, thus contaminating the HT. For this reason, metal nitrate is commonly utilised 

because of the low selectivity of HTs towards this anion [85]. As exposed below, the control 

over the pH of the forming HTs layers is important. Moreover, the pH value should be 
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adjusted around the value at which M2+ and M3+ hydroxides precipitate and where the organic 

species are in anionic form. The usual direct synthesis procedure involves crystallisation of the 

co-precipitation product for about 18 hours at temperatures in the range of 25-100ºC. 

To the best of our knowledge, there are 13 works reporting that, including the 

immobilisation of AAs in HTs by co-precipitation method. Table 2 summarises the co-

precipitation conditions of all these works. 

 
Table 2 Synthesis condition of AAs immobilised in HTs by direct synthesis method. 

HT  

(M2+/M3+ ratio) 
AA pH 

Time 

(h) 

Temperature 

(ºC) 

Immobilisation 

degree  

(mol AA/mol Al3+) 

Ref. 

Mg/Al 2:1 
Asp  

Glu 
12 24 65 

0.70 

0.65 
[58] 

Mg/Al 2:1 

Mn-Al 2:1 

Ni/Al 2.1 

Zn/Al 2:1 

Zn/Cr 2:1 

Phe 

10 

9 

8 

8 

9 

DS 40 

0.42 

0.80 

1.00a 

0.83 

0.64 

[54] 

Mg/Al 2:1 Pro 11.5 24 65 0.06 [53] 

Mg/Al 3:1 Several 10 DS DS DS [86] 

Mg/Al 2:1 Asp 
10 

12 
6 100 

0.47 

0.32 
[87] 

Mg/Al 2:1 Asp 12.5 6 100 0.43 [88] 

Mg/Al 3:1 

Ni/Al 3:1 
Ala, Try 

10 

8 
14 80 DS [89] 

Zn/Al 2:1 
Phe 

Gly 
9 DS 25 

0.70 

0.27 
[52] 

Mg/Al 2:1 Cys 10 24 65 0.90 and 0.98b [90-91] 

Mg/Al 2:1 Glu 

8 

9 

10 

11 

12 

DS 50 

0.68 

0.68 

0.70 

0.48 

0.30 

[92-93] 

Mg/Al 2:1 Met 10 24 80 DS [94] 

DS = Does not specified. aHydroxy double salt was presented in the obtained material. bReported in two 

articles. 

 
In 2001, Aisawa et al. reported one important advance in the understanding of the 

organic/inorganic interaction by co-precipitation method. They investigated the formation 

process of Phe/HTs nanohybrid materials. Using Mg/Al-HT they found that at the end of 
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the co-precipitation process the d(003) reflection had increased from 7.9 Å to 8.6 Å. This 

expansion in the interlayer space indicated that the anionic Phe was arranged by electrostatic 

force of attraction inside of the lamellar HT structure. Moreover, they also found that during 

the co-precipitation process the anionic Phe substituted the NO3
- and/or OH- ions by ion-

exchange reaction being temporarily oriented vertically with respect to the basal layer [54] 

(Figure5).  

 
Figure 5 XRD pattern and schematic models of the formation process of Phe/Mg-Al HT (pH 10) 

precipitate. a) Precipitate after 3 min, b) 10-25 min and c) final precipitate [54]. 
 

A similar behaviour was found for Mn/Al, Zn/Al and Zn/Cr HT based nanohybrid 

materials. In all cases the d(003) reflection increased respect to the HT precursor indicating 

the incorporation of the Phe in the interlayer space but also that Phe anions could adopt a 

bilayer-like arrangement oriented in an approximately perpendicular direction with respect to 

the HT layers (Figure 6). These observations were confirmed five years later by Aisawa´s 

group [52]. 
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Figure 6 Schematic model of the intercalation of Phe into various HTs: Mn/Al (pH 9), Zn/Al (pH 8) and 

Zn/Cr (pH 9) according with reference [54]. 
 

Yuan et al. reported the immobilisation of L-aspartic acid (L-Asp) and L-cysteine (L-

Cys) in Mg/Al-HT by co-precipitation at different pH values (See the AA structures in 

Annex 1). They found that orientation, structure and nature of the AA immobilised depend 

on the pH. In their case, increasing the pH from 10 to 12, increases the interlayer space of the 

HT from 9.3 Å to 12.4 Å. The L-Asp exists principally such as a monovalent anion at pH 10 

and such as a bivalent anion at pH 12.5. Therefore, they explained this phenomenon due to 

the oblique orientation of L-Asp influenced for the attraction –NH3
+ and the adjacent –

COO-, as well as, the repulsion between –NH3
+ and the HT layers at pH 10. The remaining 

positive charge of the HT layers was neutralised by the coexistent NO3
- ion within the 

interlayer space. In the case of the nanohybrid synthesised at pH 12, the existence of two 

negative charges permitted the vertical orientation of the L-Asp molecules in the interlayer 

space due to the electrostatic forces between the carboxylic groups and the host layers [87-88]. 

In addition, Reinholdt´s group using Glutamate (Glu) [69,92] and Duan´s group 

using Cys [90-91] reached the same conclusion and now it is well known that pH and 

temperature, during the aging process, play an important role in the immobilisation of AAs in 

HTs.  

 

1.3.1.3 Reconstruction method 

Miyata reported that a HT can be regenerated after thermal decomposition in the 

presence of the anion to be incorporated [85]. This so-called memory effect property of HTs 

provides an effective synthetic route for immobilising organic and inorganic anions into HTs. 

An advantage of this method is to avoid the incorporation of competing inorganic counter 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



1. Bio-nanohybrid materials  

1.3 Bio-nanohybrid materials based on AAs, PAAs and HTs 

 

19 

anions into the HTs layers. However, the inclusion of carbonate anions from atmospheric 

CO2 into the interlayer space of HTs remains as a problem.  

In this context, reconstruction method is the easier methodology to immobilise AAs 

in HT. Nevertheless, to the best of our knowledge, there are only three works which report 

this methodology. In 2004, Aisawa et al. immobilised Phe and other AAs in Zn/Al-HT using 

time of synthesis up to 14 days at different pH values. Their results indicated that the amount 

of the AA intercalated depends on the structure of the AA and the carbon number of the side-

chain. In agreement with Newman et al. [72], Aisawa explained that AA was oriented 

vertically in a bilayer way in the interlayer space from the HTs and stabilised by hydrophobic 

interactions at pH 7.0 increasing the interlayer distance up to 13.8 Å [51]. 

In the same year, Nakayama et. al. reported that although L-Leucine (L-Leu) exists as 

an anion in the reaction solution at pH 10, the intercalation could be performed in their 

zwitterionic form also favouring the co-intercalation of anions such as OH- and CO3
2-. To 

prove this, they presented the 13C NMR chemical shift values of different forms of the L-Leu 

in aqueous solution, and they compared them with the resulted chemical shift values from the 

13C MAS NMR spectra of the biohybrid material (Table 3). Based on the chemical shift values 

and line width of the 27Al MAS NMR spectra, which are very sensitive to the environment of 

Al, they also suggested that the intercalation of Leu occurs without the deformation of the 

HTs layers after the reconstruction method [33]. 

Finally, Pitchumani et al. reported the synthesis of L-Proline (L-Pro)/HT nanohybrid 

material in 24 hours. Although they did not allow important information about the nature of 

the immobilisation, they used this material as the catalyst for the asymmetric Michael 

addition [3]. 

The literature shows that either the synthetic conditions or the methodology used are 

of capital importance for the nature and properties of the final biohybrid material affecting 

the orientation and  the location of the AAs and the structural properties of the layered 

double hydroxide support. However, there are not any in-depth study that related different 

synthetic procedure with the nature of interactions between the AAs and the HTs solid 

support. 
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Table 3 13C NMR chemical shift values of Leu at different ionic state and HT/Leu [32]  
Leu in aqueous solution 

 δ (ppm) 

 COOH Cα Cβ Cγ Cδ 

H
C

COOH

C
H2

CH
CH3

CH3

+H3N α
β

δ

δ
γ

 

176.5 54.9 41.9 26.6 23.5 

H
C

COO-

C
H2

CH
CH3

CH3

+H3N α
β

δ

δ
γ

 

178.1 56.0 42.4 26.8 23.5 

H
C

COO-

C
H2

CH
CH3

CH3

H2N α
β

δ

δ
γ

 

184.7 57.1 46.4 27.0 23.9 

Biohybrid Leu/HT 

 δ (ppm) 

 COOH Cα Cβ Cγ Cδ 

H
C

COO-

C
H2

CH
CH3

CH3

+H3N α
β

δ

δ
γ 176 55 42 25 24 

 
 

1.3.2 Synthesis of PAAs immobilised in HTs (PAA/HTs) 

The biohybrid materials can be also derived from the combination at the nanometre 

scale of naturally occurring polymers (biopolymers) with inorganic solids. In the 

bionanohybrid context, nature can supply an abundant and wide range of biomacromolecules 

from renewable sources for the preparation of a large variety of materials. For example, the 

biopolymers can be extracted directly from the biomass (cellulose, starch, pectin, etc), 

synthesised from one or more bio-derivative monomers (polylactic acid, polyamino acid), or 

produced by microorganisms (polyhydroxibutirate). And also, nature can provide with bio-

inspiration in how the structural control provides diverse functionalities. Therefore, we can 

find in the literature a large number of synthesised bio-nanocomposites considered as bio-

inspired materials because they try to mimic the hierarchical arrangement of the components 

in nature to achieve similar properties [95]. 

The singular properties of the HTs [96] favour the incorporation of small, negatively 

charged organic molecules into the gallery spaces between the brucite layers. They can 
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incorporate successfully not only AAs but also terephthalate [97], long chain fatty acids[98], 

organic dyes [99], BINOL [3] and sufonate-like intercalants [100] among many others. 

Although studied for many years [101], HTs have not been used as much in polymers or 

biopolymers and their influence on such matrices is quite poorly known. They show some 

advantages compared to the cationic ones such as montmorillonite clays (MMT) due to a 

more versatile chemical composition and tunable charge density, allowing multiple 

interactions with the polymer [102]. By that reason, it is possible to incorporate into HTs a 

wider variety of polymers and biopolymers [103]. The introduction, as in the rest of the thesis, 

focuses on the PAAs as biopolymers for the synthesis of nanobiohybrid materials mainly by 

two methodologies: Thermal polycondensation and co-precipitation.  

 
1.3.2.1 Thermal polycondensation 

The thermal polycondensation of the AAs permits the in situ polymerisation of the 

intercalated AA monomers. To the best of ourknowledge, Mann et al. reported the unique 

example in the literature for the synthesis of PAA-HTs [58]. The protocol consisted in 

heating a previously synthesised Asp/HT nanohybrid material up to 220ºC for 48 hours in 

air. As the result, they observed the formation of Poly(α,β-Asp) (5) which proceeded via a 

polysuccinimide intermediate (4) (Scheme 5). 

CO2H
H2N

CO2H

N

O

O

OH-

O

H
N

CO2
-O

N
H

-O2C

n

HeatHeat

(4) (5)  
Scheme 5 Thermal polycondensation of Asp to poly(α,β-Asp) [58]. 

 

1.3.2.2 Co-precipitation method 

Althoug different kinds of biopolymers have been immobilised in HTs (proteins 

[57,104], DNA [43-44,104], enzymatic extracts [105] and lipids [106]) there are few 

examples of the PAAs immobilisation. In this context, poly(α,β-Asp) [58], Phe2 [52], Gly2, 

Gly3 [50,52] and Gly4 [50] are the PAA immobilised in HTs. The two most important 

findings in the immobilisation of PAAs in HTs were first, Gly2-4 were immobilised in their 

zwitterionic form without any change in the interlayer space from the Mg/Al-HT [50]  and 
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second, Gly2-3 could be immobilised in the interalayer space from Zn/Al-HT in a horizontal 

orientation respect to HT layers [52]. 

The poly(α,β-Asp)/HTs synthesised by Mann et al. by coprecipitation method gave a 

laminated nanocomposite with an average interlayer separation of 15.1 Å as denoted the XRD 

data and with Mg/Al molar ratio of 1.2. This material also presented irregularly shaped 

aggregates of plate-like particles with very smooth surface textures. The presence of the 

biopolymer was determined by FT-IR spectra [58].  

On the other hand, the works of Nakayama [50] and Aisawa [52] et al., where 

intercalated di-, tri- and oligo-AAs into HTs, are much easier to characterise than PAAs, 

showed two important findings that could be extended to the PAA-HT biohybrids. 

Nakayama et al. observed by 13C NMR data that the oligo glycines, Gly2-4, immobilised in the 

HTs were in their zwitterionic form without observing any change in the interlayer space 

from the Mg/Al-HT precursor [50]. And Aisawa et al. proposed that the disposition of the 

oligo-glycine, Gly2-3, in the interlayer space of the Zn/Al-HT solid follows a horizontal 

orientation respect to the HTs layers [52]. However, it is important to take into account that 

these facts can not be generalised to the other poly-AAs due to the intrinsic structural 

differences and diverse properties of the constituents AAs (Annex 1). Any study of the 

immobilisation in HTs of oligo-AAs derived of other AAs such as Leu have been found. 

 

 

2.  Bio-nanohybrid materials as catalysts 

 

Many enzymes are remarkable asymmetric catalysts, performing highly efficient and 

selective reactions. Aspiring to imitate enzymatic efficiency, chemists have transformed AAs 

into countless auxiliaries, ligands and catalysts. In the majority of examples, the AA is used 

purely as a source of chirality and both the amine and acid functionality are altered or 

eliminated. Unmodified AAs and PAAs have been used much less frequently as asymmetric 

organocatalysts. Early studies of PAA-based catalysis appear to have been focused on two ends 

of a spectrum of possible catalysts: First, small conformationally rigid AAs and cycli1c di-
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PAAs (DKP), and second, we can find large PAAs which, thanks to their increased size, likely 

adopt a specific tertiary structure in solution. Hajos and Wiechert reported the use of Pro as a 

catalyst for the Robinson annulations as early as 1970 [64]. Inoue used DKP as catalysts in the 

Strecker reaction in early 1980s [107] while, Juliá and Colonna employed PAAs (>10 AAs in 

length) as epoxidation catalysts [108]. In this context, in many cases AAs and PAAs act as 

chemeo, region and enanioselective catalysts, nevertheless, they have the same disadvantage 

than the conventional homogeneous catalysts: the difficult encountered when trying to 

separate the reaction product from the catalyst and from any reaction solvent. This problem 

arises because the most commonly used separation method, distillation, requires elevated 

temperatures unless the product is very volatile. AAs and PAAs are thermally sensitive, usually 

decomposing below 200ºC. Moreover, other conventional processes such as chromatography 

or extraction also lead to catalyst loss.  

On the other hand, solid bio-catalysts are rather limited in the nature of their active 

sites and thus the scope of reactions that they can accomplish. In general, although solid 

catalysts present lower conversions and selectivities than homogeneous catalysts, they are 

interesting from an economic and environmental (“green”) point of view, because they can be 

quickly and easily handed, stabilised and separated from the products and often recycled 

several times [8]. Thus, the motivation factors for creating recoverable bio-catalysts are large. 

Silica, alumina, clays, ionic liquids and highly cross-liked polymers are the standard support to 

create a bio-hybrid catalyst from AAs and PAAs. At this point, the goal is not only use the 

organic moiety as the active site and the solid to provide avenues to recovery and possibly 

recyclability of the organic active site [17,109], but also take advantage of potential synergies 

between host-guest interactions to improve the properties of the biohybrid catalyst. 

 

2.1 Juliá-Colonna asymmetric epoxidation reaction 

α,β-Unsatured ketone also called chalcones belong to the flavonoid families which are 

synthesized in plants performing diverse physiological functions such as attractants of 

pollinators, UV protectors, and insect repellents [110]. They have found numerous 

applications as pesticides, food additives, photoprotectors in plastics, sunscreen agents, and a 

plethora of interesting biological activities (antimalarial [111], ant-inflammatory [112], 
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cytotoxic [113], anticancer [114-115], diuretic, and choleretic [116]) have been reported. In 

this context, treatment of α,β-unsatured ketones with hydrogen peroxide under basic 

conditions yield epoxy ketones, although a transformation known as the Weitz-Scheffer 

reaction. Weitz-Scheffer reaction begins with conjugate addition of the peroxide (or other O-

nucleophilic species) to the Cα of the α,β-unsatured ketone (6) forming an hydroperoxyde 

enolate (7). Attack of the enolate on the peroxide oxygen generates the epoxide product (8) 

and releases a leaving group (Scheme 6) [117]. 

R1 R2

R3 O
HOO-

R1 R2

O O-

R3

O

H

HO-
R1 R2

R3
O

O

(6) (7) (8)  
Scheme 6 Weitz-Scheffer reaction. 

 
In the last decades, Weitz-Scheffer and the later developed Juliá-Colonna epoxidation 

reaction have been very interesting reactions since chiral, non-racemic epoxides may serve as 

building blocks for the synthesis of a wide variety of optically active compounds. Several 

examples have been published to illustrate the value of such building blocks (Scheme 7). 
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Scheme 7 Pharmaceutical products obtained by chiral epoxy-ketones [118-122]. 
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Asymmetric Juliá-Colonna epoxidation reaction of α,β-unsatured ketones, such as 

chalcone (9), using a synthetic PLA as catalyst was reported by first time in 1980 [123]. Few 

years later, Poly-L-Leucine (PLL) proved to be a most efficient catalyst [21,124]. The original 

reaction conditions consisted in a triphasic system: aqueous hydrogen peroxide containing 

sodium hydroxide, a water immiscible organic solvent such as hexane or toluene, and the solid 

PLL (Scheme 8).  

 

Ph Ph

O
Poly-L-Ala

Ph Ph

O

O

(9)

H2O2 - NaOH(aq)

Toluene, 48h, r.t.

(10)

Yield 77%
ee 76%

 
 

Scheme 8 Juliá-Colonna epoxidation reaction of chalcone [123]. 
 

However, “Three-phase” Juliá-Colonna reaction did not gain more popularity for 

three main reasons. Firstly, the optimum catalyst was not commercially available in large 

quantities. Secondly, the transformation appeared to be limited to enones of the type (E)-

Ar1CH=CHCOAr2, i.e. close relative chalcone. Thirdly, the catalyst forms a gel in the 

reaction mixture, which filters very slowly making difficult the recovery of the catalyst after 

completion of the reaction [108,124]. To overcome some of these limitations improved 

conditions for the enantioselective epoxidation were developed by Roberts et al.: biphasic 

conditions [125], PaaSiCat (PaaSiCat = PAAs anchored onto Silica as Catalyst) [126] and 

the addition of percarbonate as co-catalyst [127]. Using the biphasic or the PaaSiCat 

conditions it is even possible to epoxidise substrates with active hydrogen atoms adjacent to 

the carbonyl group. Nevertheless, activation of the used catalyst is needed to maximise both 

rate and stereoselectivity. This activation consisted of stirring the PAAs in a mixture of 

NaOH(aq) and toluene for 1–5 days and PLL had to be recovered by adsorption over silica 

(PaaSiCat protocol) [126,128]. Roberts et al. also reported the polyethylene glycol (PEG)-

bound PLLs as catalyst under the biphasic conditions obtaining conversions up to 80% with 

ee 98% in 24 h of reaction [129]. Despite of all progress, from an economical point of view the 

various improved procedures of the Juliá-Colonna epoxidation reaction are still hampered. 
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Most of the problems are related to the PAAs used as catalyst, especially the necessity of rather 

large quantities of the catalyst, the time-consuming of the catalyst, which has to be carried out 

separately [130] and difficulties in the work-up process due to the gel-like nature of the 

catalyst [131]. Beside these problems related to the method the availability of highly active 

catalyst is limited. 

Inspired by Robert´s works, Tang et al. reported one series of PLLs easy handing as 

catalyst of (E)-chalcone under biphasic conditions. Using immobilised PLL to silica gel 

functionalised with primary 3-aminopropyl groups (AMPSi) (Figure 7), the enantioselectivity 

increased with the degree of polymerisation of PLL, reaching 93% ee and 90% yield when 

n=45. Moreover, the enantioselectivity was not affected by changing the reaction conditions, 

such as oxidants and solvents. Attempts to recycle the catalyst were made. And washing PLL 

with MeOH after each consecutive run, the organocatalyst was succesfully reused 10 times 

kepping similar activity and selectivity [132,133]. 

O
Si

O OEt
N
H

NH2

i-Pr

O

n

Silica
gel

 
Figure 7 Silica gel-AP-PLL. 

 

More recently, Tang et al. also reported the synthesis and application of a novel PLL 

catalyst called [3-apmim][X]-PLL with an imidazolium group in one side of the chain (11) 

(Scheme 9) [134]. Using this new recyclable catalyst, yields of 99% with ee up to 96% in 15 

min. of reaction were reported.  
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THF, r.t.

[3-apmim] [X]

X = Cl-, Br-, BF4
- [3-apmim] [X]-PLL

(11)

(1)

 
Scheme 9 Preparation of 1-(3-aminopropyl)-3-methylimidazolium-PLL [134]. 
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2.1.1 Three-phase system for Juliá-Colonna epoxidation using a phase-transfer co-catalyst (PTC) 

 

Geller et al. reported an improved preparation of the PLL catalyst by a non-specified 

high-temperature polymerisation of L-Leu-NCA (1). With this ht-PLL in combination with 

tetrabutylammonium bromide (TBAB) as a phase transfer co-catayst (PTC), no preactivation 

of the PAA was unnecessary [135-137]. The reaction time could be reduced dramatically and 

in some cases even the enantioselectivity was increased. Using chalcone as substrate, the 

reaction was finished after 7 min. with conversion to (10) over 99% and ee of 94% (Scheme 

10). Using other substrates that were previously difficult to epoxidise, conversions to of 40-

99% and ees of 68-94% were obtained after 2-18 h.  

Ph Ph

O
ht-PLL

Ph Ph

O

O

H2O2 - NaOH(aq)

Toluene, TBAB Conversion >99%
7 min., r.t. ee 94%

(9) (10)  
Scheme 10 Three-phase System for Juliá-Colonna Epoxidation Using a PTC [137]. 

 

2.1.2 Mechanistic considerations 

The Weitz-Scheffer epoxidation of electro-deficient alkenes by alkaline hydrogen 

peroxide is the achiral progenitor of Juliá-Colonna epoxidation. Early studies of Weitz-

Scheffer epoxidation showed that the rate had a first order dependency on the concentration 

of both hydroperoxide ion (HOO-) and the electron-deficient alkene [117]. Roberts and 

Kelly et al. also reported kinetic studies of the Juliá-Colonna reaction [64,138-139]. They 

exposed that Juliá-Colonna epoxidation reaction occurs by and steady-state random 

bireactant mechanism, which implicates alternative pathways to the ternary complex and, 

importantly, postulates that the pathway A, where the complex PLL:HOO- formed in the 

first instance, is kinetically preferred to the pathway B (Figure 8) [140]. 
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PLL:HOO- PLL:Chalcone

PLL:HOO-:Chalcone

PLL:3-hydroperoxy-chalcone enolate

Epoxychalcone

-OH, PLL

Chalcone

Chalcone

Pathway A Pathway B

 
Figure 8 Kinetic scheme for chalcone oxidation by hydrogen peroxide anion catalysed by PLL [140]. 

 
This type of mechanism is sequential; that is, all substrates must bind to the catalyst to 

form a central complex (PLL-HOO-:Chalcone) before the formation of the hydroperoxide 

enolate of chalcone which eventually forms epoxychalcone. Moreover, in Kelly-Roberts model 

enone binding is carried out by the NH groups of two adjacent AAs, whereas the third one is 

involved in the binding/delivery of the hydroperoxide. 

These three NHs implicated in catalysis do not need to include the N-terminus, but 

may as well be derived from residues 2, 3 and 4 (Figure 9). In these studies Roberts and Kelly 

indicated that the reaction proceeds via a fast reversible addition of hydrogen peroxide anion 

to form the final non-racemic epoxide (Scheme 11). 

Thus, the role of the catalyst is the stabilisation of the initially formed enolate through 

the oxi-anon hole formed by the amidic groups located near to the N-terminus of PAA. This 

stabilisation is higher for one of the two enantiomeric enolate intermediates, favouring kinetic 

resolution of the racemic mixture. 
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Figure 9 Model for the binding of the chalcone peroxyenolate to NH-2 and NH-3 and of the peroxide 

moiety to NH-4 [104]. 
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Scheme 11 Mechanism scheme for Weitz-Scheffer and Juliá-Colonna epoxidation: fast hydroperoxide 

addition to chalcone, followed by fast rotation of enolate (12) and slow ring closure to the epimeric 
epoxides (E)- and (Z)-13 [138]. 

 

2.2 Direct asymmetric aldol reaction 

Aldol reaction is one of the most powerful methods of forming C-C bonds. The 

ability to control the absolute configurations of the newly formed estrogenic centre is of 

paramount importance for the synthesis of natural products. In general, control of 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



Chapter 1: Introduction and scope 

 

 

30 

stereochemistry has been accomplished diasteromerically through the use of chiral aldehyde as 

starting materials, stoichimetric chiral auxiliaries attached to the donor enolate [141], chiral 

metal catalysts and chiral bio-organocatalysts [142]. 

In this context, L-Pro can be regarded as the simplest “enzyme” and, in addition to the 

aldol reaction, it has been successfully applied to many other reactions such as Robinson 

annulations, Mannich reactions, Michael reactions, direct eletrophilic α-aminations, Diels-

Alder reactions, Baylis-Hillman reactions, aza-Morita-Baylis-Hillman reactions, α-

selenenylation, oxidation, chlorination and others [142-146]. Taking into account that there 

are much information about different kind of aldol reactions this section will be focused just 

in the intramolecular aldol reaction using L-Pro and their nanohybrid materials as catalysts. 

 

2.2.1 Intramolecular asymmetric aldol reaction 

Catalytic antibodies that mediate asymmetric aldol reactions in a fashion similar to 

Type I aldolases have been reported by Lerner and Barbas III´s groups. Based on these studies 

and the Hajos-Wechert reaction, List and Barbas III et al. investigated the use of Pro as a 

catalyst for the intermolecular aldol reaction between acetone, 4-nitrobenzaldehyde (14) 

[147] and other aldehydes [148] (Scheme 12). 

H

O

NO2

O

DMSO

OH

NO2

O

+ L-Proline (20 mol%)

r.t. 24h
Yield 68%
ee  76%

(14)  
Scheme 12 Intramolecular Asymmetric Aldol Reaction catalysed by L-Pro [147]. 

 
In Lerner, List, Barbas III and subsequent works, there have found that 5-membered 

ring and carboxylate of the catalyst is required to maintain good activity and 

enantioselectivity. Moreover, nowadays is well known that aldol reaction occurs via an 

enamine mechanism (Scheme 13), where the L-Pro provides two “active centres” the 

nuclophilic amino group and the carboxylate group which acts as an acid/base co-catalyst. In 

the preferred transition state the large R group takes the position away from the enamine 

substituents, leading to re-facial selectivity. 
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Scheme 13 Enamine mechanism for the asymmetric direct aldol reaction [148]. 
 

Although L-Pro is arguably the most efficient and versatile small organic molecule 

that catalyses direct aldol reaction, the rather poor solubility of L-Pro in organic solvents 

limits its applications as catalyst [149]. To overcome this limitation, two mainly 

improvements have been reported; the first, the synthesis of new L-Pro derivatives more 

soluble in common organic solvents [142] and the second, the anchoring of L-Pro or L-Pro 

derivatives on insoluble materials such as alumina [18], clays [3,53,150], ionic liquids [151-

152], silica [153] or organic polymers [154-156] obtaining new non air-sensitive, easy 

handling, recovering and reusable catalytic systems.  

L-Pro and its structural analogues have been demonstrated to be powerful catalysts for 

a large variety of reactions. However, primary AAs-promoted enamine catalysis is rather 

limited. List and Barbas III reported that in the direct intramolecular asymmetric aldol 

reaction of acetone and (14) [147-148], unlike L-Pro, primary AAs such as Val and Phe were 

poor catalysts. Scheme 14 shows the catalytic cycle of the intermolecular aldol reaction 

catalysed by primary AAs. It has long been thought that a secondary enamine (15) is better 

stabilied by hyperconjugation, whereas a primary amine (16) gives the predominant imine 

form (17). For primary AAs to serve as efficient catalysts in enamine catalysis, effective 

tautomerization of their imine (17) form to the enamine form (15) is absolutely essential 

[97].  
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Scheme 14 Primary AA-promoted intermolecular aldol reactions via the enamine mechanism [7] 

 
For example, L-Ala induces excellent levels of diastereoselectivity and 

enantioselectivity in the aldol reaction between cyclic ketones as aldol donor and aromatic 

aldehydes as aldol acceptor [157]. L-Try in water media shows the highestactivity and 

selectivity in the aldol reaction of acetones. Lu et. al. reported yields up to 91% with 

enantioselectivities up to 96% using L-Try as the organocatalyst [158] and they demonstrated 

the high potential of some primary AAs in the aldol reactions [159].  On the other hand,  

PLAs and PLLs also are able to perform efficiently asymmetric aldol reaction, but the 

selectivity and yield obtained decreases as the length of the PAAs increases and it is necessary 

very long reaction time (upper to 96 h) [160-161]. 

 

2.2.1.1 Aldol reaction catalysed by supported L-Pro 

During several years, increasing affords have been devoted to immobilisation, recovery 

and reuse of L-Pro after the reaction occurs [148]. L-Pro is inexpensive and available in both 

enantiomeric forms, so its immobilisation could be considered useless. It should be noted that 

immobilisation of Pro is expensive, because a Pro derivative is used as precursor material, 

usually a hydroxyl-N-substitued-L-Proline, and several synthetic steps may be necessary for its 

immobilisation. To counterbalance this point, the immobilisation of pure L-Pro onto solid 

materials should be a solution from an economical point of view, nevertheless the 
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immobilisation occur by one of the active amino or carboxylic group which are responsible of 

the activity and enantioselectivity. For this reason, the supported derivative Pro material 

should be easily recovered and reused many times with unchanged reactivity and selectivity. 

However, at least two “driving forces” for Pro immobilisation may be considered. The first 

one is that Pro is used up to 30 mol%, which can be regarded as a large amount of catalyst, 

especially if the reaction is carried out on multigram scale. Moreover immobilisation of Pro 

may enhance its activity and stereoselectivity. The second “driving force” is that an improved 

Pro immobilisation strategy may be then applied to a more expensive organocatalyst and, 

hence, its recovery and re-use could be of still higher value, from an economical point of view, 

so increasing the greenness of the process. Finally, immobilisation gives the possibility to 

explore modifications in the properties of the supported catalysts by employing specific 

characteristics of the support. 

Scheme 15 summarises some effective hybrid materials based on Pro for asymmetric 

aldol reaction between acetone and the aldehyde (14) and (18). There are three general 

concepts behind these catalysts. The first is that replacement of the carboxylic acid 

functionality present in Pro modulates the acidity and/or solubility of the catalyst, for 

example (23) and (25) [162]; the second is that a catalyst with C2 symmetry reduces the 

number of stereoisomeric transition states available, for example (19) [163], (21) [153], (22) 

[152], (24) [154] and thereby potentially increasing the enantioselectvity [164], and the third 

is that permits the immobilisation of non modified L-Pro on inorganic materials,  for example 

(20) [18]. 
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Scheme 15 Pro and Pro derivatives catalysing aldol additions of acetone with 14 and 18. 
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30 mol% 21 

1st run: C 100%, ee 38% 
2nd run: C 48%, ee 37% (21) 
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The results of the Scheme 15 show the critical role of both amino and carboxylate 

group not only in the activity but also in the asymmetric induction of the aldol products. The 

variation in activity or enantioselectivity in the asymmetric aldol reaction respect to the pure 

L-Pro (68 and 76%, respectively [147]) can be also due to involvement of the support in the 

mechanism of the reaction. Zamboulis et al. observed that the derivatives of L-Pro anchored 

on silica by a covalent bond as catalyst followed the usual enamine mechanism of the pure L-

Pro because both NH- and COOH-Pro moieties remained free after the immobilisation 

precess. However, the activity and selectivity decreased because of acidic silanol groups present 

on the surface of the pores interfere, competed with the carboxylic acid group of Pro for the 

oxygen of the aldehyde (scheme 16) [153]. 

 
Scheme 16 Simplified presentation of the competition between the silanol and COOH groups of L-Pro 

according to reference [153]. 
 

Li et al. also observed a direct effect of the support in the selectivity of the aldol 

reaction of acetone with (14) [18]. They anchored the L-Pro on γ-Al2O3 as catalyst. The 

inversion in the enantioselectity showed by the hybrid catalyst was explained because the 

carboxylic group of the immobilised L-Pro participates interacts with the support.  

Thus while the amine group of the immobilised L-Pro activates acetone, the hydroxyl 

groups on γ-Al2O3 activates the carbonyl of (14) through H-bonding instead of the carboxylic 

group of the immobilised L-Pro (Figure 10).  

 
Figure 10 Assumed intermediate complex of the asymmetric aldol reaction catalysed by L-Pro 

immobilised on γ-Al 2O3 [18]. 
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This conformation favors the Si face attack of enamine on the pro-chiral aldehyde 

resulting in formation of the corresponding (S)-product [18]. 

 

2.2.2 Aldol reaction catalysed by HTs 

Many works have been reported using non-calcined HTs in a large number of base-

catalytic reactions [21,165-166]. Particularly, HTs have been used as catalyst in aldol reaction 

under aqueous media [23]. Under aqueous conditions, surface OH- species abstracts the acidic 

hydrogen of an aliphatic aldehyde as a pro-nucleophile to generate a carbanion intermediate, 

which can be paired with the cationic surface of the HTs. According with Figueras and 

Corma et al. HTs have base sites with a pKa value of at least 11 [167-168], which depressed 

the dehydration of the aldol products, leading to high selectivity for the putative 3-hydroxy 

aldehydes (26). 3-Hydroxy aldehydes can react with another aldehyde to afford the 

corresponding hemiacetal compounds by a base-catalyzsed mechanism (Scheme 17) [169]. 
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Scheme 17 Proposed mechanism for rehydrated HTs catalysing aldol reaction of aliphatic aldehydes in 

aqueous media [23]. 
 

In general, although activity and selectivity of aldol condensations of aliphatic and 

aromatic compounds depend of the nature on reagents and catalysts, the solvent used during 

the synthesis plays an important role in both activity and selectivity.  
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2.2.3 Aldol reaction catalysed by L-Pro immobilised on HTs 

To the best of our knowledge, there are three examples using L-Pro immobilised in 

HTs as catalysts in Aldol reaction. Choudary et al. reported the synthesis of L-Pro 

immobilised in Mg/Al-HT (3:1) as catalyst in Aldol, Henry, Michael and cyanosilysation 

reactions obtaining high conversions but with poor enantioselectivities. However they did not 

study the nature of the immobilisation or the host-guest interactions. So, they did not propose 

any mechanistic interpretation [53].  

Pitchumani et al. developed the asymmetric Michael reaction between β-nitrostyrene 

and nitromethane catalyzed by the same biohybrid catalyst than Choudary et al. [3]. They 

concluded that the synergistic effect of the host-guest interaction between L-Pro and the HTs 

allowed increasing conversion but with inversion of the asymmetric induction. In a similar 

way than Zamboulis et al. [153], Pitchumani interpreted their results because of the hydroxyl 

groups of the HTs actives the alkene by polarizing the double bond and a nucleophilic attack 

of the enamine to alkene takes place to form intermediate (27), which undergoes subsequent 

hydrolysis to yield the Michael adduct (Scheme 18).  
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Scheme 18 Enamine-type mechanism for L-Pro/HT-catalysed Micheal addition of acetone to β-nitro 

styrene proposed by Pitchumani et al. [3]. 
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2.3 One-pot reactions 

Multireaction in a single pot is considered as an ideal chemical process due to 

operational simplicity and the minimisation of energy input, time, solvents and reagents 

which translate to substantial economic and environmental benefits [170]. A significant 

problem in one-pot synthesis is the mutual destruction of reagents. To overcome this 

problem, several attractive methods, for example, the anchoring active gel materials have been 

developed [171]. However, solid reagents still suffer from deactivation by interaction between 

opposing anchored reagents and require expensive dopants as active sites as well as a tedious 

preparation method. Particularly, although synthesis of α,β-epoxy ketones has been studied 

since 1980, there are few examples using one-pot process. 

Shi et al. reported the one-pot synthesis of α,β-epoxy ketones using acetophenones and 

arylaldehydes [172]. Under their reaction conditions yields up to 92% were obtained. 

Nevertheless, the protocol included use of methanol as solvent and long time of synthesis (24 

h) as well as the formation of complex side-products. Although two of the problems (toxic 

solvent and long time of synthesis) of the Shi et al. protocol were minimesed by use of 

ultrasound treatment [173], the low reactivity of some arylaldehydes and the not complete 

reaction of the formed chalcone were still present. 

 

2.3.1 Claisen-Schmidt reaction 

Claisen-Schmidt reaction between benzaldehyde derivatives (28) and acetophenone 

(29) is a valuable C-C bond-forming reaction to obtain α,β-unsaturated ketones (Scheme 19). 

This reaction is catalysed by acids and bases under homogenous conditions [174-176]. 

Homogeneous reactions present several hurdles, such as catalyst recovery and waste disposal 

problems. In this respect, heterogeneous catalysts are considered as an eco-friendly alternative 

[177-181]. 

To the best of our knowledge, there are just three examples using rehydrated HTs as 

catalysts in Claisen-Schmidt reaction. López et al. reported the synthesis of chalcone using 

(28) and (29) in a protocol that included DMF as solvent at 0ºC during 6 hours of reaction 

[182]. Under their reaction conditions 80% of yield was obtained. 
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(28) (29)  
Scheme 19 Claisen-Schmidt condensation between benzaldehyde and acetophenone. 

 

Hargrove-Leak et al. using Li-Al rehydrated HTs achieved conversion around 55% in 

1 hour of reaction between 2-hydroxyacetophenone and benzaldehyde [177]. Moreover, one 

complete study was developed by Corma et al. who studied the synthesis of chalcones of 

pharmaceutical interest throught the Claisen-Schmidt condensation between benzaldehydes 

and acetophenones [183]. They found that Mg/Al (3:1) mixed oxide with water content of  

35 wt% was the optimised solid-base catalyst, and could be used in the synthesis of several 

chalcones with anti-inflamatory, antineoplasic, and diuretic activities; in all cases excellent 

activity and selectivity were reported.  

 

2.3.2 Claisen-Schmidt-Juliá-Colonna asymmetric one-pot reactions 

As exposed below, asymmetric epoxidation is a remarkably powerful organic 

transformation, which can efficiently establish two stereogenic centres in one simple 

operation. About asymmetric one-pot synthesis of α,β-epoxy ketones, Choudary et al. 

developed a bifunctional nanocrystalline aerogel-MgO catalyst for synthesising chiral epoxy 

ketones using (+)-diethyl tartrate as chiral auxiliary and toluene as solvent [184]. The 

synthesis was evaluated in a tandem reaction starting with the Claisen-Schmidt reaction of 

benzaldehydes and ketones followed by asymmetric epoxidation to afford chiral epoxy ketones 

with moderate yields and moderate to high enantioselectivities. However, although the time 

of synthesis was increased up to 36 h, they demonstrated that one-pot reaction allowed better 

results permitting the recycling of the catalyst fifth times without any appeared deactivation. 

Ling et al. reported the first example of a combination of condensation and epoxidation 

process for the synthesis of chiral epoxy ketones using cinchona as catalyst [185]. However, 

the enantioselectivity varied from moderate to high while the yields are generally just 

moderate, furthermore, the expensive chiral catalyst may be difficult to isolate from the 

reaction system and to be reused. Recently, Yang et al. reported the use of imidazolium-
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modified PLLs (Scheme 9) as catalyst in one-pot reaction of (28) and (29) [181]. Using the 

biphasic epoxidation conditions, they could obtain high enantioselectivity with satisfactory 

yields in 72 h of reaction. The most important contribution of Yang et al. protocol was the 

possibility of recovering and recycling catalysts tenth times with slight decrease of yield since 

70 up to 64% and the enantioselectivity since 97 to 93% [186]. 
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3.  Scope of this thesis 

 

This introduction clearly shows the interest in the synthesis of bio-nanohybrid 

materials which have been used in different fields. In this context, our hypotheses were 

focused on design, synthesis and characterisation of novel bio-nanohybrid materials as 

catalysts in enantioselective reactions of interests to the fine-chemical and pharmaceutical 

industries. One in-depth study of the physical and chemical properties of the synthesised bio-

nanohybrid materials could allow novel materials with desirable stability used as catalyst 

permitting the easy and clean separation of the reaction media. Moreover, the complete 

understanding of the interactions between the biomolecules and the hydrotalcite support 

would permit the synthesis of more complex bio-nanohybrid materials with versatile 

applications in different fields. 

At this point, we planned to develop in this thesis the following aspects:   

 

1. Investigate the nature of the immobilisation organic/inorganic in bio-nanohybrid 

materials based on L-Leu, L-Pro and PLL immobilised in hydrotalcite-like materials 

 

 

 

 

 

 

 

 

 

 

 

 

 

Synthesis of hydrotalcite-

like materials 

Characterisation of 

materials 

Analysis and discussion of 

results 

Understanding of the 

organic/inorganic 

interaction 

Election of AA  
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2. Evaluate catalytically synthesised bio-nanohybrid materials in aldol condensations 

and/or asymmetric Juliá-Colonna epoxidation reactions. Design of a chiral catalytic 

system that can be easily recovered from the products and reused. 
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materials 
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interaction 
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CHAPTER 3 

 

 

 

NANOHYBRID MATERIALS BASED ON AAs AND HTs AS CATALYSTS IN FINE 

CHEMISTRY REACTIONS 

 

 

Biohybrid nanostructured materials based on the combination of laminar inorganic solids 

such as HTs and naturally occurring AAs have received considerable attention due to their 

importance in regenerative medicine, nanocomposite materials engineering and catalysis. In 

addition, they find industrial interest since they are derived from abundant, cheap, and ecological 

sources. The biohybrids not only often exhibit high complementary properties between their 

assembled components but also present new and interesting properties due to a synergistic effect. 

These new materials, easily recovered, may represent a big breakthrough in the pharmaceutical 

industry and fine chemistry compared to currently used homogeneous catalysts which are difficult to 

separate causing that the purification of the products requires several stages. This chapter attempts to 

use LL/HT and LP/HT nanohybrid materials as catalysts and to rationalise how the synthesis 

protocol influence their catalytic activity. 

 

1.  Initial considerations 

2. LL/HT nanohybrid materials as catalysts in asymmetric Juliá-

Colonna epoxidation reaction 

               2.1  Experimental 

              2.2  Results and discussion 

              2.3  Preliminary conclusions 

3.  LP/HT nanohybrid materials as catalysts in direct asymmetric aldol 

reaction 

3.1  Experimental 

               3.2  Results and discussion 

               3.3  Preliminary conclusions 

4.  Conclusions 
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1. Initial Considerations  

 

Fine chemistry and enantioselective organocatalysis has received much attention in 

recent years and has become increasingly important in the production of novel catalytic systems 

and chiral molecules. In this context, enzymes are highly efficient biocatalysts in living systems 

so that chemists around the world have been inspired in these bio-systems to synthesise, modify 

or functionalise biomolecules to imitate Nature. AAs form complex bio-structures such as 

peptides and have a chiral carbon in their structure. These characteristics have been used to 

design catalytic systems which are efficient and selective. The most important findings in the 

use of AAs or AA derivatives as organocatalysts were published by Wierchert and Hajos´s 

groups who reported the use of L-Pro as the catalyst of Robinson annulations [1,2], Inoue et al. 

who used diketopiperazines as catalysts in Streker reactions [3] and Juliá-Colonna´s groups who 

employed PAAs as epoxidation catalysts [4]. Since these findings several improvements to the 

initial catalytic systems have been reported [5-8]. 

Particularly, although some reports have been published about the immobilisation of 

unmodified AAs in HTs, to the best of our knowledge, just three publications have reported the 

use of AA/HT materials as catalysts. In 2002, Choudary et al. reported the synthesis of L-Pro 

immobilised in HTs (LP/HT) as catalysts for C-C bond-forming reactions (Aldol, Henry and 

Cyanosilylation reactions), nevertheless any relation between catalysts structure and catalytic 

results were performed, moreover the nature of the interaction was not studied [9]. Pitchumani 

et al. in 2008 reported the synthesis of LP/HT and its use as catalyst in Michael reaction 

between β-nitrostyrene and acetone obtaining total conversions with lower enantioselectivities 

[10]. In 2010, they reported the synthesis of Methionine immobilised in HT as the catalyst in 

chemoselective O-methylation of phenols and esterification of catboxylic acids with dimethyl 

carbonate obtaining total conversion after 6 h of reaction [11]. This chapter is focused in the 

catalytic evaluation of LL/HT and LP/HT nanohybrid materials as a part of the understanding 

of the organic/inorganic interaction nature. LL/HT materials were used for the first time as the 

catalyst in Juliá-Colonna epoxidation reaction where the disposition of the AAs in the support 

and the hindered environment provided to the AAs by the support itself confers catalytic 

properties to the inactive pure AAs. Moreover, LP/HT materials were used as catalysts in direct 
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asymmetric aldol reaction where the synergistic effect of the obtained nanohybrid was the 

responsible of the high activity and selectivity. 

 

 

2. LL/HT nanohybrid materials as catalysts in asymmetric Juliá-Colonna epoxidation 

reaction 

 

Asymmetric Juliá-Colonna epoxidation reaction of chalcone catalysed by PAAs (See 

Scheme 10 in Chapter 1, Section 2.1.1) has a relevant importance since its obtained epoxide 

products are needed reagent in the synthesis of important chiral drugs (eg. Taxol, cancer 

chemotherapy [12]; (+)-Clausenamide, antiamnaesic agent [13]; Statin, cholesterol-lowering 

drug [14]; or (+)-Fenoprofen, treatment of rheumatoid arthritis [15]).  

Although the Juliá-Colonna epoxidation mechanism is not clear at all, experimental 

works and molecular modelling suggest that the α-helicity of the PLL determines the epoxide 

configuration through face-selective delivery of a hydroperoxide anion. Five L-Leu residues were 

found sufficient to catalyse the Juliá-Colonna epoxidation of chalcone with 96-98% ee [16]. In 

addition, the COOH-terminal group of the PLL seems not participate in the catalytic process.  

Taking all this into consideration, we explored the possibility to use the LL/HT 

nanohybrid materials which have different physical properties as catalysts in asymmetric Juliá-

Colonna epoxidation reaction. The obtained results show that design of nanohybrid materials 

with specific physical properties helps achieving higher activity and selectivity in the catalytic 

reaction of interest than the pure PLL.  

 

2.1 Experimental 

2.1.1 Synthesis of LL/HT materials 

Synthesis of LL/HT nanohybrid materials was performed by anionic exchange (A) and 

reconstruction (R) method as was described Chapter 2, section 2.1.2.1 and 2.1.2.2. Table 1 

shows a list of the nanohybrid materials used in this section. 

Table 1 LL/HT nanohybrid materials used as catalysts in asymmetric Juliá-Colonna epoxydation 
reaction  

Entry Materiala,b Synthesis Main Molecular formulaed 
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method Location in the 
HTc 

1 L-Leu - - C6H13NO2 

2 HTrus - - [Mg2.53Al1.00(OH)7.07](CO3
2-)1.18(NO3

-)0.10.1.10H2O 

3 LL/HTrus-A10.08
e A1 Edges [Mg2.63Al1.00(OH)7.25](Leu)0.08(CO3

2-)1.70(NO3
-)0.10.1.11H2O 

4 LL/HTrus-A10.22 A1 Edges [Mg2.63Al1.00(OH)7.25](Leu)0.22(CO3
2-)2.36(NO3

-)0.10.1.34H2O 

5 LL/HTrus-A10.44 A1 Edges [Mg2.63Al1.00(OH)7.25](Leu)0.44(CO3
2-)2.30(NO3

-)0.10.1.34H2O 

6 LL/HTrus-A21.09 A2 Interlayer space [Mg2.39Al1.00(OH)6.79](Leu)1.09(CO3
2-)1.19(NO3

-)0.10.1.34H2O 

7 LL/HTrus-R10.95 R1 Interlayer space [Mg2.63Al1.00(OH)7.25](Leu)0.95(CO3
2-)3.34(NO3

-)0.10.2.03H2O 

8 LL/HTr-R20.92 R2 Interlayer space [Mg2.63Al1.00(OH)7.25](Leu)0.92(CO3
2-)2.99(NO3

-)0.10.1.80H2O 
aSynthesis Conditions: Anionic exchange 1 (A1): HT and a solution of L-Leu were mixed and stirring for 0.5 hour at r.t. 

Anionic exchange 2 (A2): HT and a solution of L-Leu were mixed and stirring for 3 h at 80ºC. Reconstruction 1 (R1): HTcc 

and a solution of L-Leu were mixed and sonicated during 1 h, following by stirring for 3 h at 80ºC. Reconstruction 2 (R2): 

HTcc and a solution of L-Leu were mixed and stirred for 3 h at 80ºC.  bHT = hydrotalcite. HTrus = rehydrated HT under 

ultrasound treatment, HTr = rehydrated HT. cDetermined.by XRD. dCalculated by EA and ICP analyses. Water content was 

calculated by TG/DTA. cLL/HTrus-A10.08 was synthesised by method A1 using 75 mg (0.57 mmol) of L-Leu.  

 

2.1.2 Asymmetric Juliá-Colonna epoxidation reaction 

Typical asymmetric Juliá-Colonna epoxidation reaction was performed in a tube of 10 

mL where synthesisd LL/HT containing 0.44 mmol of L-Leu, tetrabutylammonium bromide, 

TBAB, (0.042 mmol), NaOH 5 M (0.43 ml) and hexane (3 ml) were mixed. Subsequently 

H2O2(aq) (0.19 ml) and chalcone (1) (0.24 mmol) were added. The mixture was stirred during 90 

minutes at room temperature. After that time, the mixture was diluted in 1 ml of ethylacetate to 

work-up the reaction. The catalyst (solid phase) was washed several times with hexane and 

separated by centrifugation. The organic fraction was dried with MgSO4. Then, the solvent in 

the organic phase was evaporated. The product was identified by 1H NMR: 

 

trans-(2R,3S)-Epoxy-1,3-diphenyl-propan-1-one (2) 

1H NMR (400 MHz, CDCl3): δ = 4.01 (s, 1H), 4.23 (s,1H), 

7.32-7.45 (m,7H), 7.54 (d, 1H), 7.94 (d, 2H) ppm. The 

enantiomeric excess (ee) determined by chiral HPLC 

(ChiralPak IA column, EtOH/ hexane = 25/75, UV 254 nm, flow rate 1 mL/min. (S,R)-

isomer, t(S,R) = 7.6 min and (R,S)-isomer, t(R,S) = 10.6 min. 

 

 

O
O
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2.2 Results and discussion 

2.2.1 Preliminary studies 

To the best of our knowledge, we were the first to employ pure L-Leu in the Juliá-

Colonna asymmetric epoxidation reaction, although with low activity and no enantioselectivity 

(Table 2).  

Table 2 Preliminary studies using L-Leu as catalyst 
O O

O

Catalyst

H2O2, NaOH(aq)

(2R,3S)-trans-epoxychalcone(E)-Chalcone
(1) (2)  

Entrya 
Catalyst 

L-Leu (mg) 

Co-

catalysts 
Solvent t (h) %Cb %eec 

1 58 - Acetone 48 - - 

2 58 - Acetonitrile 48 - - 

3 58 - Dichloromethane 48 3.0 NDd 

4 58 - Toluene 48 5.5 ND 

5 58 - Hexane 48 60.1 0.5 

6 - - Hexane 48 8.0 - 

7 58 TBAB Hexane 3 9.4 ND 

8 58 - Hexane 3 3.7 ND 

9 - TBAB Hexane 3 <1.0 ND 

10 116 TBAB Hexane 3 14.4 0.3 
aReaction Conditions: L-Leu as catalyst, 0.43 ml NaOH 5M, 0.19 ml H2O2 (30 wt%), 0.24 mmol 1, 

0.042 mmol TBAB and 3 ml solvent at r.t. Total diasteroselectivity towards trans-epoxychalcone. 
b%C calculated by 1H NMR. c%ee determined by chiral HPLC. dND= not determined. 

Entries 1-5 in Table 2 show the direct relation between solvent polarity and conversion. 

In this case decrease of the polarity allows higher conversions at 48 hours of reaction. According 

with Carrea et al. asymmetric Juliá-Colonna epoxidation reaction requires the formation of the 

hydroperoxide anion by deprotonation using NaOH. The hydroperoxide anion is stabilised by 

the catalysts before the reaction with the chalcone to form the epoxychalcone [17]. In this 

context, formation of hydroperoxide anion and stabilisation with the catalyst occurs in the 

aqueous phase, so the use of polar solvent prevents this stabilisation decreasing the total 

conversion. As showed in Table 2, entry 5, the use of hexane which has nil dipolar moment 

permitted the formation of the epoxychalcone in 60%. Moreover, presence of two phases 

(aqueous and organic) limits the time of contact between the chalcone, soluble in organic phase, 

and the hydropexide-L-Leu complex, formed in aqueous phase, increasing the time of reaction. 
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In that context, following the methodology published by Geller et al. we use 

tetrabutylammoniun bromide (TBAB) [18] as a phase transfer co-catalysts to reduce the time of 

synthesis. Although the activity of the pure L-Leu in hexane and using TBAB as the co-catalyst 

was not so high (9.4 % of conversion of chalcone in 3 hours), it improved significantly the 3.7% 

of conversion obtained without TBAB in the same reaction conditions (Table 2, entries 7 and 

8). In order to know whether the reaction requires stabilisation by interaction of hydroperoxide 

anion with the L-Leu, two experiments were peformed: the first experiment carried out without 

the presence of L-Leu afforded practically nil conversion (Table 2, entry 9). In the second 

experiment the quantity of L-Leu employed was 116 mg instead of the usual 58 mg and the 

conversion increased to 14.4% (Table 2, entry 10). The L-Leu showed moderate activity in the 

epoxidation reaction. In all cases, the diastereoselectivity was towards trans-epoxychalcone but 

no enantioselectivity was observed. According with Kelly et al. the enantioselectivity is due to 

the binding of a complex specie PLL-HOO-:chalcone which is stabilised and orientated 

although interaction with the five L-Leu terminal monomer of the PLL [19-20]. In that 

context, pure L-Leu cannot orientate the chalcone to form a specific enantiomer.  

 

2.2.2 Catalytic Results 

Figure 1 shows the catalytic results using LL/HT materials as catalysts. In the 

heterogeneised reaction using LL/HTrus-A10.22 as catalyst the presence of TBAB also improved 

notably the conversion from 5% to 41% of conversion towards trans-1,2-epoxy-1,3-diphenyl-

propan-1-one. Moreover, the asymmetric Juliá–Colonna epoxidation reaction requires a strong 

base such as NaOH to activate the hydrogen peroxide generating the hydroperoxide anion. The 

HTrus contains stronger and accessible −OH interlayer anions, as was exposed in Chapter 2. 

Therefore, HTrus support could also work as a base of the reaction after immobilisation of L-

Leu. Nevertheless, the low conversion (7 %) shows that the basic centers still present in the 

HTrus are not enough or not accessible at all to deprotonate the hydrogen peroxide. 

As it was reported in the preliminary part, pure L-Leu showed a low activity toward the 

trans-1,2-epoxy-1,3-diphenyl-propan-1-one (9%) with nil enantioinduction capacity. In the 

case of HTrus the conversion was also low (6%). Our results contrast together with thus 

obtained by Fraile et al. [21] and Kaneda et al. results [22]. They used the Mg10Al2(OH)24CO3 
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material as the catalyst in the α,β-ketone isophorone epoxidation obtaining a 99% conversion. 

The Kaneda´s work exposed two main findings: first, decreases of the Mg/Al molar ratio in HT 

decrease the catalytic activity. And second, the hydroxyls of the synthesised materials play an 

important role in the conversion; nevertheless they reported one experiment using Na2CO3 as 

catalyst which allows catalytic activity (53%). This result suggests that the interlayer carbonate 

anions also contribute significantly to the epoxidation reaction.  
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Figure 1 LL/HT-catalyzed epoxidation of chalcone 
Reaction Conditions: 0.44 mmol L-Leu contained in LL/HT material, 0.43 ml NaOH 5M, 0.19 ml H2O2 (30 

wt%), 0.24 mmol 1, 0.042 mmol TBAB and 3 ml hexane, 90 minutes at r.t. Total diasteroselectivity towards trans-

epoxychalcone. %C calculated by 1H NMR. %ee determined by chiral HPLC. *In the absence of TBAB. **In the 
absence of NaOH. 

In our case, using LL/HT materials, increases in the immobilised L-Leu amount on the 

edges from the HT (Method A1), also increased the conversion from 18% obtained using 

LL/HTrus-A10.08 up to 85% using LL/HTrus-A10.44. These results are explained by the formation 

of the complexes L-Leu:chalcone and/or L-Leu:HOO− in neighbouring positions on the HTrus. 

This fact facilitates the nucleophilic attack by the hydroperoxide anion on the chalcone double 

bond to generate the peroxy-enolate [20]. However, due to the location of the L-Leu in this 

group of materials the chiral induction was nil. On the other hand, LL/HTrus-A11.09 presented 

enantioselectivity toward the product trans-(R,S)-epoxy-1,3-diphenyl-propan-1-one (12%). 

Taking into account that the immobilisation of the L-Leu occurs in the interlayer space of the 

HTs, the enantioselectivity is attributed to the synergistic effect between HTrus and the 

immobilizsed L-Leu, where L-Leu distributed in a more restricted space between the layers 
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favour the chiral induction as the PLL. However, the moderate conversion (16%) is attributed 

to the lower accessibility of the chalcone up to immobilised L-Leu molecules.  

One interesting but slight effect was found using LL/HTrus-R10.95 and LL/HTrus-R20.92 

as catalysts. In the case of LL/HTrus-R10.95 the conversion decreased to 11% while in LL/HTrus-

R20.92 this decreased was to 14%. As it was extensive explained in Chapter 2, A2 method allows 

materials where the L-Leu immobilisation occurs in both anionic and zwitterionic form; by R1 

method the immobilisation mainly occurs through anionic L-Leu, while by R2 method the 

immobilisation is mostly in its zwitterionic form. These differences could be affected by the 

catalytic behaviour. In LL/HTrus-A21.09 the high amount of immobilised L-Leu created an 

environment in the interlayer space, where the chalcone molecules that can access to the 

immobilised L-Leu can be converted. Moreover, the material also contains zwitterionic L-Leu 

molecules stabilised by H-bonding, which could be working together with the anionic ones 

permitting the chiral induction. In the case of LL/HTrus-R10.95 the material not only has lower 

amount of immobilised L-Leu but also the immobilisation mostly occur through anionic L-Leu. 

The most separate distribution of L-Leu in the interlayer space impairs both conversion and 

chiral orientation. Finally, using LL/HTrus-R20.92 the not organised immobilisation of 

zwitterionic L-Leu in the interlayer space reduces the catalytic activity, increasing slightly the 

enantioselectivity in comparison with LL/HTrus-R10.95 which has a similar immobilisation 

degree. 

As a summary, this section shows the catalytic behaviour of LL/HT nanohybrid 

materials using as the model reaction the asymmetric Juliá-Colonna epoxidation reaction of 

chalcone. The results showed that both L-Leu and HTrus are poor active catalysts in our reaction 

condition, nevertheless the synthesised nanohybrid exhibited an excellent synergistic effect 

reflected by the activity towards the epoxy-chalcone product (85%). The catalytic results also 

showed the importance of the immobilisation location. L-Leu immobilised on the edges of the 

HT precursor, bringing to an increase in the activity with increasing of the immobilised amount 

of L-Leu but without any induction. Nanohybrid materials where the L-Leu was immobilised in 

the interlayer space showed a decrease in the conversion due to the lower accessibility of the 

chalcone molecules into the interlayer space, nevertheless, this kind of location of the L-Leu 

restricted the freedom degree permitting the asymmetric induction. Moreover, the presence of 
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both anionic and zwitterionic immobilised L-Leu favours the conversion and the 

enantioselectivity. 

 

 

 3. LP/HT nanohybrid materials as catalysts in direct asymmetric aldol reaction 

 

L-Pro is a secondary cyclic, pyrrolidine-based AA which catalyzes C-C bond-forming 

reactions. In that context, Aldol reaction is arguably one of the most important C-C bond-

forming reactions in nature, by imitating the class I aldolase enzyme through and enamine 

mechanism [23]. The reaction generally produces moderate to good enantioselectivity in an 

efficient way. In the Capter 1, section 2.2, Scheme 3, it has been shown the bifunctional effect 

of the L-Pro acting as the catalyst. While the amine group acts as a Lewis base catalyst that 

facilitates iminium- and enamine-base transformations, the carboxyl group further contributes 

to stabilise a 6-membered ring by acting as a general Brönsted co-catalyst (Figure 2) [24]. 

N

O

HO
H

OR

H
re-facial attack  

Figure 2 6-membered transition state in direct asymmetric aldol reaction using L-Pro as catalyst. 

As explained in Chapter 2, immobilisation of L-Pro in HT precursors occurs through 

an anionic exchange reaction between the carboxylate group and OH-s located in the interlayer 

and/or on the edges position from on the HTs. In that context, our interest was focused on the 

study and understanding of the catalytic behaviour of immobilised L-Pro which does not have 

the carboxylic group accessible to act as the co-catalyst in the direct asymmetric aldol reaction. 
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3.1 Experimental 

3.1.1 Synthesis of LP/HT materials 

Synthesis of LP/HT nanohybrid materials was performed by anionic exchange (A), 

reconstruction (R) and co-precipitation (C) methods as it described Chapter 2, sections 3.1.2.1, 

3.1.2.2 and 3.1.2.3. Table 3 lists the nanohybrid materials used in this section. 

Table 3 LP/HT nanohybrid materials used as catalysts in asymmetric Juliá-Colonna epoxydation 
reaction  

Entry Materiala,b 
Synthesis 

method 

Main 

Location in the 

HTc 

Molecular formulaed 

1 L-Pro - - C5H9NO2 

2 HTasym - - [Mg2.53Al1.00(OH)7.07](CO3
2-)0.85(NO3

-)3.15.0.89H2O 

3 HTrus - - [Mg2.53Al1.00(OH)7.07](CO3
2-)1.18(NO3

-)0.10.1.10H2O 

4 LP/HTrus-A10.14 A1 Edges [Mg2.54Al1.00(OH)7.08](Pro)0.46(CO3
2-)2.27(NO3

-)0.10.0.70H2O 

5 LP/HTrus-A20.57 A2 Interlayer space [Mg2.54Al1.00(OH)7.08](Pro)0.57(CO3
2-)1.40(NO3

-)0.10.0.70H2O 

6 LP/HTrus-R10.60 R1 Interlayer space [Mg2.54Al1.00(OH)7.08](Pro)0.60(CO3
2-)2.57(NO3

-)0.10.0.70H2O 

7 LP/HTr-R20.70 R2 Interlayer space [Mg2.54Al1.00(OH)7.08](Pro)0.70(CO3
2-)2.34(NO3

-)0.10.0.70H2O 

8 LP/HT-C1 C Interlayer space [Mg2.63Al1.00(OH)7.08](Pro)0.02(CO3
2-)0.85(NO3

-)2.99.0.74H2O 

9 LP/HTus-C1e C + us NDf [Mg2.63Al1.00(OH)7.08](Pro)0.01(CO3
2-)1.21(NO3

-)2.60.0.74H2O 
aSynthesis Conditions: Anionic exchange 1 (A1): HT and a solution of L-Pro were mixed and stirring for 0.5 hours at r.t. 
Anionic exchange 2 (A2): HTs and a solution of L-Pro were mixed and stirring for 3 hours at 80ºC. Reconstruction 1 (R1): 
HTcc and a solution of L-Pro were mixed and sonicated for 1 h and stirred for 3 h at 80ºC. Reconstruction 2 (R2): HTcc and a 
solution of L-Pro were mixed and stirred for 3 hours at 80ºC. Co-precipitation (C): Mg-Al HT was precipitated in the 
presence of L-Pro. bHT = hydrotalcite. HTasym = As-synthesised HT. HTrus = rehydrated HT under ultrasound treatment.  
cDetermined by XRD. dCalculated by EA and ICP analysis in materials synthesised by method A and B. Calculated by AE, 
TG/DTA and ICP analysis in materials synthesised by method C. Water content was calculated theoretically according to 
Miyata. Ref [25]. eUltrasound treatment (1 h) was used after the material synthesis. fND = Not determined. 

 

3.1.2 Direct asymmetric aldol reaction 

Typical direct asymmetric aldol reaction was performed in a tube of 40 mL under Ar 

atmosphere. A given amount of LP/HT nanohybrid material containing 15 mg of immobilised 

L-Pro (0.13 mmol) was added to the tube containing acetone (3) (13 mmol, 0.6 mL) and the 

indicated solvent. The mixture was stirred during 10 min and 4-nitrobenzaldehyde (4) (0.30 

mmol, 45.4 mg) was added.  The resulting mixture was stirred at room temperature for the 

indicated time and then worked up using ethylacetate. The reaction product was separated by 

centrifugation, and the catalyst (solid phase) was washed with ethylacetate. The aldol product 

was dried with anhydrous MgSO4 and concentrated under reduced pressure. The crude aldol 
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product was purified by silica-gel column chromatography with a 3:1 hexanes:EtOAc mixture as 

eluent to give the product. The obtained aldol product was determined by 1H NMR: 

 

(4R)-(4-Nitrophenyl)-4-hydroxy-2-butanone (5)  

 1H NMR (400 MHz, CDCl3): δ = 2.21 (s, 3H), 2.84 (m, 2H), 

3.69 (d, 1H), 5.26 (m, 1H), 7.52 (d, 2H), 8.20 (d, 2H) ppm. The 

ee determined by chiral HPLC (ChiralPak IA column, EtOH/i-

PrOH/Hexane = 33/17/50), UV 254 nm, flow rate 0.8 mL/min. R-isomer, tR = 8.5 min and S-

isomer, tS = 8.1 min. 

 

Other aldol products were determined as follow:  

(4R)-(2-Nitrophenyl)-4-hydroxy-2-butanone (6) 

 1H NMR (400 MHz, CDCl3): δ = 2.23 (s, 3H), 2.73-3.1 (m, 2H), 

3.79 (brs, 1H), 5.65-5.67 (m, 1H), 7.41 (t, 2H), 7.66 (t, 1H), 7.87-

7.96 (dd, 2H) ppm. The ee determined by HPLC (ChiralPak IA, i-

PrOH/Hexane = 30/70), UV 254 nm, flow rate 1.0 mL/min. R-isomer, tS = 13.1 min and S-

isomer, tS = 9.5 min. 

 

(4R)-(4-chlorophenyl)-4-hydroxy-2-butanone (7) 

1H NMR (400 MHz, CDCl3): δ = 2.18 (s, 3H), 2.82 (m, 2H), 

3.46 (brs, 1H), 5.11 (m, 1H), 7.29 (m, 4H) ppm. The ee 

determined by HPLC (ChiralPak IA, i-PrOH/Hexane = 10/90), 

UV 254 nm, flow rate 1.0 mL/min. R-isomer, tR = 16.9 min and S-isomer, tS = 20.9 min. 

 

(4R)-(4-phenyl)-4-hydroxy-2-butanone (8) 

1H NMR (400 MHz, CDCl3): δ = 2.18 (s, 3H), 2.82 (m, 2H), 3.37 

(brs, 1H), 5.15 (m, 1H), 7.28-7.35 (m, 5H) ppm. The ee 

determined by HPLC (ChiralPak IA, i-PrOH/Hexane = 15/85), 

UV 254 nm, flow rate 1.0 mL/min. R-isomer, tR = 10.7 min and S-isomer, tS = 11.4 min. 

OHO

NO2

OHO

O2N

OHO

Cl

OHO
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3.2 Results and discussion 

3.2.1 Preliminary studies 

The catalytic properties of LP/HT nanohybrid materials were evaluated in the direct 

asymmetric aldol reaction between 3 and 4 (Scheme 2).  

H

O

NO2

O

OH

NO2

O OH

NO2

O

++
Catalyst

r.t.

(5)
R-Aldol product S-Aldol product

(3) (4)  

Scheme 1 Direct aldol reaction between 4-nitrobenzaldehyde and acetone. 

In order to understand the role of the immobilisation of L-Pro in HTs, the preliminary 

study was focused in to find the reaction conditions where L-Pro had good activity and 

selectivity, but HTrus was inactive. These results are summarised in Table 5. 

Table 4 Asymmetric direct aldol reaction of 4-nitrobenzaldehyde and acetone. Influence of the solvent  

 

 

 

 

In agreement with several authors, we found that the use of organic solvents achieves 

high activity and enantioselectivity [26-27]. Using large amount of water declines the 

enantioselectivity to 4.0% because water molecules prevent the efficient stabilisation of the 6-

membered transition state necessary to the formation of the chiral enamine [28]. Under neat 

conditions both conversion and enantioselectivity were high (97.4 and 63.0% respectively). In 

all cases the selectivity towards the aldol product was high and the α,β-unsatured ketone was 

determined as the unique side-product. 

In contrast, using HTrus as catalysts in the presence of THF the activity was practically 

nil, while under neat conditions the conversion increased up to 98.5%. The high catalytic 

Entrya Catalyst Solventb %Cc %Sd %eec 

1 L-Pro - 97.4 97.7 63.0 

2 L-Pro Water 99.0 99.6 4.0 

3 L-Pro DMF 97.7 98.1 70.8 

4 L-Pro THF 99.2 89.2 63.6 

5 HTrus - 98.5 96.1 -2.6 

6 HTrus THF 3.5 ND ND 
aReaction condition: 13 mmol (3), 0.30 mmol (4), Catalyst (15 mg L-Pro or 50 mg 
HTrus). T: 25ºC. Time: 24 h. b2.5 mL of solvent was used. cDetermined by 1H NMR. 
dSelectivity towards to 4-Nitrophenyl-4-hydroxy-2-butanone. eDetermined by chiral 

HPLC, enantiomer excess of (R)-Enantiomer (5). ND = Not Determined 
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activity under water conditions was reported by Kaneda et al., who explained this effect because, 

the OH- groups in the rehydrated HT act efficiently as Brönsted base sites initialising the aldol 

reaction [29]. Moreover, the role of the solvent is crucial in this reaction. As explained Tichit et 

al., the acidity of the solvent reduces the activity of the HT by poisoned of the strong basic 

centres [30]. In front of these results, our aim was to evaluate the catalytic behaviour of the 

immobilised L-Pro and the synergistic effect of the synthesised nanohybrid materials; for this 

reason, we selected THF as the solvent in order to eliminate the activity of the HTrus 

maintaining the high enantioselectivity of the L-Pro. 

 

2.2.2 Catalytic results 

Table 5 summarises the results obtained using LP/HT nanohybrid materials as catalysts. 

From a general point of view immobilized L-Pro in HTs conserved its high activity and 

selectivity. As explained below, direct asymmetric aldol reaction is catalysed by a nucleophile 

group and co-catalysed through a carboxylate group. This demonstrated that using LP/HT 

materials, the reaction is initialised through the amine group of the immobilised L-Pro and co-

catalysed by the HT layers. In a first moment, the L-Pro starts the reaction by the nucleophilic 

attack of the amino group on the carbonyl carbon of (3); the dehydration of (3) generates the 

enamine intermediate while the aldehyde carbonyl group of (4) is activated by one OH- group 

on the HT layers. After these interactions, the subsequent deprotonation, C-C bond formation 

and hydrolysis take place to obtain the aldol product.  

Using LP/HTrus-A10.14 as the catalyst (Table 5, entries 6,7) the activity is as high as using 

free L-Pro even at 12 hours of reaction. In this case, the immobilised L-Pro is located on the 

edges of the HT layers facilitating the accessibility of the substrate to the nucleophic amino 

group. However, in LP/HTrus-A20.57 materials, the substrate needs to penetrate in the HT 

structure increasing the time necessary for that the reaction occurs (Table 5, entries 9). 

Interestingly, differences in the nature of the immobilisation afforded variation at 12 

hours of reaction. LP/HTrus-R10.60 material which contain mainly anionic L-Pro presented 

conversion of 21.8% in comparison to LP/HTr-R20.70 where the immobilisation mainly 

occurs through zwitterionic L-Pro, which presented conversion of 9.5% at 12 hours of 
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reaction (Table 5, entries 11, 13, respectively). Decreasing of the conversion shows the 

important role of the electron lone pair of the amino group in reaction initiation. In the 

case of LP/HTr-R20.70 material, the zwitterionic L-Pro does not have aney lone pair available 

to the nucleophilic attack decreasing the conversion at 12 hours of reaction. This 

observation was confirmed using LP/HT-C1 material, which has low converstion at 24 hours 

(37.3%) attributed to three factors: low amount of immobilised L-Pro, presence of zwitterionic 

L-Pro and difficult accessibility up to immobilised L-Pro molecules; nevertheless after 

ultrasound treatment, the conversion increase up to 81.8% indicating that both, elimination of 

zwitterionic L-Pro and defoliation in the material favoured the accessibility to the active centers 

from the material which were located on the edges of the HT structure after ultrasound 

treatment (Table 5, entry 15).  

Table 5 LP/HT nanohybrid materials-catalysed Asymmetric direct aldol reaction of 4-nitrobenzaldehyde 
and acetone. 

Entrya Catalyst 
Reaction time 

(h) 
%Cb %Sb,c %eed 

1 - 24 - - - 

2 L-Pro 24 99.2 89.2 66.5 

3 L-Pro 12 84.1 91.9 66.4 

4 L-Pro 6 30.3 87.0 66.5 

5 HTrus
e 24 3.5 ND ND 

6 LP/HTrus-A10.14 24 95.6 83.3 5.7 

7 LP/HTrus-A10.14 12 85.8 94.0 4.9 

8 LP/HTrus-A20.57 24 99.9 92.4 -12.8 

9 LP/HTrus-A20.57 12 17.5 95.8 ND 

10 LP/HTrus-R10.60 24 84.2 94.9 -15.0 

11 LP/HTrus-R10.60 12 21.8 92.5 ND 

12 LP/HTr-R20.70 24 78.5 94.5 -11.2 

13 LP/HTr-R20.70 12 9.5 94.7 ND 

14 LP/HT-C1 24 37.3 89.7 -13.9 

15 LP/HTus-C1 24 81.8 93.0 6.9 
aReaction condition: 13 mmol (3)., 0.30 mmol (4), Catalyst (containing 15 mg L-Pro) in THF during 

the indicated time at r.t.. bDetermined by 1H NMR. cSelectivity towards 4-Nitrophenyl-4-hydroxy-2-

butanone. dDetermined by chiral HPLC. Enantiomer excess towards (R)-Enantiomer (5). e50 mg 

HTrus was used. 
 

From the point of view of the asymmetric induction, the low enantioselectivity using 

LP/HTrus-A10.14 materials is explained by the stabilisation of the enamine intermediate occurs 

by OH- groups located on the edges from the HT structure (9) preventing the stabilisation of 
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the 6-membered transition state, but also because the orientation of the aromatic aldehyde 

depends of the repulsion with the hydrophilic HT layers [30].  

When the L-Pro is immobilised in the interlayer space from the HTs, the interaction 

between substrate and OH- groups located in the interlayer space stabilises the interaction 

permitting the increase of the enantioselectivity and even the inversion of this parameter (11) 

[31] as was also observed by Li et al. using L-Pro immobilised on γ-Al2O3 [32]. In comparison 

with List [26], Pitchumany [10] and Li´s [32] works, we propose a mechanism for the aldol 

reaction catalysed by LP/HT materials in Scheme 2 where the amino group of the L-Pro 

activates the acetone while the carbonyl group of the aldehyde is stabilised by the hydroxyl 

groups on the HT layers (10).  
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Scheme 2 Proposed mechanism for the LP/HTrus-catalysed Direct Asymmetric Aldol Reaction between 

acetone and aromatic aldehydes. 
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In order to evaluate the stability of the immobilised L-Pro, the recovery of the material 

was performed during four consecutive runs and the results are summarised in Table 6. The 

results showed the low stability of the immobilised L-Pro during four consecutive runs. This 

behaviour was expected according to the characterisation data which indicated that interaction 

between L-Pro and HT layers requires strong basic centres. In this case, each run was performed 

for 24 hours, so the time of synthesis favours the swelling of the HT and also the deintercalation 

of the L-Pro, thus reducing the activity of the material after four consecutive runs. 

Table 6 Stability of the LP/HTrus-A20.57 nanohybrid material. 

Run %Cb %Sb,c %eed 

1 99.9 94.4 -12.8 

2 83.2 98.4 -10.9 

3 51.0 84.6 -15.8 

4 42.9 86.7 -13.5 

aReaction condition: 13 mmol (3), 0.30 mmol (4), LP/HTrus-A20.57 as 
catalysts, 2.5 mL THF, 24 h at r.t. bDetermined by 1H NMR. 
cSelectivity towards 4-Nitrophenyl-4-hydroxy-2-butanone. dDetermined 

by chiral HPLC. Enantiomer excess towards (R)-Enantiomer (5). 

In order to evaluate the effect of the aromatic substitution in the enantioselectivity, 

LP/HTrus-A20.57 nanohybrid material was also evaluated as the catalyst using three different 

aldehydes (6), (7), (8) and (3) under the same reaction conditions and the results are showed in 

Table 7. 

Table 7 Asymmetric direct aldol reaction of acetone with aldehydes catalysed by free L-Pro and L-Pro 
immobilised on HTs. 

Entrya,b Aldehyde Product %Cb,c %Sc,d %eee 

1 
H

O2N

O

 
 

O2N

OHO

 
6 

 

99.9  
(67.9) 

99.9 
(99.9) 

-11.3 
(82.2) 

2 

H

O

Cl  
 
 

OHO

Cl  
7 
 

99.9  
(50.1) 

85.8 
(99.9) 

-18.0 
(81.0) 
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3 
H

O

 
 

OHO

 
8 

99.9 
(99.9) 

81.6 
(76.3) 

-5.66 
(75.9) 

aReaction condition: 13 mmol 3, 0.30 mmol of (6), (7) or (8), Catalyst (containing 15 mg L-Pro) and 
2.5 mL THF. T: 25ºC. Time: 24 h. bValues in brackets correspond to results in homogenous phase. 
cDetermined by 1H NMR. dSelectivity towards to aldol products. eDetermined by chiral HPLC, 
enantiomer excess of (R)-Enantiomers.  

 

Results in Table 7 show that the L-Pro immobilised in HTrus permitted to obtain the 

aldol products with higher conversions than using pure L-Pro, as also shown Table 5. From a 

general point of view, increase of the conversion is explained because in LP/HTrus-A20.57 

material, the swelling property of the HT layers favoured the accessibility of the substrates up to 

the immobilised L-Pro molecules. Moreover, increasing and inversion of the enantioselectivity 

using (6) and (7), respect to (8), could be explained because the electrophilic nature of the 

substituted group in the aromatic aldehyde favours its interaction with the positively charged 

HT layers. 

As a summary, this section helped us d understands the nature of the immobilisation 

between L-Pro and HT through the catalytic activity of the synthesised nanohybrid materials. 

Under our reaction conditions, the synthesised nanohybrid materials showed an excellent 

synergistic effect over both activity and enantioselectivity of the aldol product. In a similar way 

than as the LL/HT materials, location of L-Pro plays an important role in the catalytic results. 

Immobilisation of the L-Pro on the edges of the HTs (LP/HTrus-A10.14 material) favours the 

accessibility permitting to reduce the reaction time in a similar way as with pure L-Pro. On the 

other hand, when the L-Pro is immobilised in the interlayer space (LP/HTrus-A20.57, LP/HTrus-

R10.60 and LP/HTr-R20.70 materials) the required reaction time increased due to the 

neccesity of the reagents to penetrate in the HT structure. In this aspect, the parallel 

immobilisation of the anionic L-Pro in the HT layers increases slighly the activity due to 

the proximity with the M-OH which act as co-catalysts. This kind of immobilisation 

increased the conversion causing also the inversion of the enantioselecivity. When 

zwitterionic L-Pro was presented in the material, the activity decreased suggesting that 

zwitterionic L-Pro cannot act as catalytst because it does not have the electron lone pair on 

the amino group to do it. The catalytic activity of nanohybrid materials synthesised by co-
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precipitation method (LP/HT-C1) was also evaluated. The results confirmed the previous 

discussion, L-Pro immobilised by co-precipitation method does not permit to obtain a stable 

nanohybrid material, because the compensation of the charges is mostly due to strongest NO3
- 

anions present in the medium. On the other hand, ultrasound treatment after co-precipitation 

permitted the elimination of zwitterionic L-Pro present in the nanohybrid material and the 

defoliation of the layers exposing the immobilised L-Pro on the edges of the HT structure. 

The stability of the LP/HTrus-A20.57 material was evaluated in four consecutive runs 

showed that slight changes in the basicity of the HTrus de-immobilised the L-Pro losing its 

activity during all the process. On the other hand, LP/HT nanohybrid material also exhibits 

synergistic effect towards other kind of aromatic aldehydes, where the catalytic results showed 

higher activity and comparable selectivity in contrast with pure L-Pro. 

 

 

4. Conclusions 

 

The catalytic results presented in this section provide an example of the potential of the 

synergistic effect between AAs and HTs. Where the nature of the host-guest interaction is the 

key to:  i) Improve the catalytic properties of the L-Pro biohybrid nanoestructurated solids. 

Nevertheless, this effect is unique to each nanohybrid material. LL/HT materials showed that 

the presence of anionic and zwitterionic L-Leu in the interlayer space of the HTs creates a 

chemical environment comparable to the α-helical conformation of PLL favouring the 

asymmetric induction. On the other hand, the zwitterionic form of L-Pro in the L-Pro 

biohybrid materials can not provide the electron lone pair necessary for activation of the 

acetone. As a consequence and due to the mechanistic requirements the activity in the direct 

aldol reaction of acetone decreases significantly. ii) Ensure the success of the recovery and reuse 

of the catalyst. The zwiterionic form of the AAs has demonstrated to interact more weakly with 

the HT type supports than the anionic form of the AAs. As a result, the AAs in the zwitterionic 

form are lost under ultrasonic treatment of the biohybrid material or during the different 

consecutive runs in the catalytic reaction.  
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As a general trend, the immobilisation of AAs into lamellar anionic clays such as HTs 

favours the conversion of the reactants in different types of catalytic reactions and facilitates 

the separation and washes after reaction by simple centrifugation or filtration.  

The control over the immobilization process has also an important role in the 

obtention of the desired properties of the bionanohybrid material. For example, the 

immobilisation in the edges of the HT layers facilitate the interaction with the reagents 

increasing the conversion, while although immobilisation in the interlayer space from the 

HT makes the accesibility of the reagents to the catalyst more difficult, the enantiomeric 

induction was slighty increased. 

• “Novel nanohybrid materials based on L-Leucine on hydrotalcite clays: Asymmetric 

epoxidation reaction of chalcone” Ronald-Alexander Miranda, JordiLlorca, Elisabetta 

Finocchio, Gianguido Ramis, Francisco Medina, Jesús E.Sueiras, Anna M. Segarra. 

Catal. Today. 2011, 172, 48. 

• “Nanohybrid Materials Based on L-Proline and Hydrotalcites as Catalysts for Direct 

Asymmetric Aldol Reaction” Ronald-Alexander Miranda, Elisabetta Finocchio, Francisco 

Medina, Gianguido Ramis,  Jesús E. Sueiras and Anna M. Segarra 
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CHAPTER 4 
 

 

 

SYNTHESIS AND CHARACTERISATION OF POLY-L-LEUCINE INITIALISED 

AND IMMOBILISED BY REHYDRATED HYDROTALCITE 

 

 

Knowledge of the physical properties and characteristics of the different PLLs, makes it 

possible to understand the activity and selectivity of the bioorganocatalytic system and also the 

selection and design of the biohybrid catalyst.  For this reason, it is necessary to make an effort to 

find the conditions of synthesis that permit to improve the catalytic properties of the PLL and also 

to facilitate a controlled immobilisation in the support. Unfortunately, this is not an easy task and 

it is sometimes difficult to acquire data, partly because of the limitations in the usual 

characterisation techniques. This chapter attempts to rationalise-connections between molecular 

structure and physical properties of the PLL and the nature of the interaction between PLLs and 

HTrus. To accomplish these goals two points were further investigated: first synthesis of PLLs by 

ROP reaction and second immobilisation of the synthesised polymers in the rehydrated 

hydrotalcite.  

 

1.  Initial Considerations 

2. Synthesis of PLL materials using triethylamine as initiator 

          2.1  Experimental 

          2.2  Results and discussion 

3.  Immobilisation of synthesised PLL in HTrus 

1.1 Experimental 
1.2 Results and discussion  

2. Synthesis of PLL using green initiators: water and HTrus  

2.1 Experimental 
2.2 Results and discussion 

5.  Thermal evolution of the synthesised materials 

6.  Conclusions 

     References 
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1. Initial considerations  

 

Nanohybrid materials based on PAAs immobilised onto inorganic materials are 

interesting for their potential applications in protein engineering, biomedicine and catalysis 

[1,2]. Particularly, PAAs are excellent organocatalysts in epoxidation reaction of α,β-unsatured 

ketones due to their excellent activity, selectivity and enantioselectivity [3]. Nevertheless, use 

of pure PAA as the catalyst presents two important limitations: the lengthy reaction time and 

the difficulty of recovering the gel- or paste-like catalyst formed after reaction [4]. In this 

context synthesis of novel nanohybrid materials based on designed PAAs presents an 

important contribution to the fine chemical/pharmaceutical industries.   

It has been mentioned above that the three NHs implicated in the asymmetric Juliá-

Colonna epoxidation reaction are located near to the N-terminus of PLLs. In addition, 

although three NHs do not need to include the N-terminus, higher activities and selectivities 

where observed when the PLLs used as catalyst had a NH2 as an N-terminus. In addition, the 

C-terminal group does not participate in the catalytic process [5-8]. These features have to be 

taken into account for the correct design and synthesis of the immobilised PAAs. 

PAAs are mostly synthesised by ring-opening polymerisation (ROP) [9-10] of α-

amino acid N-carboxyanhydrides (NCA) (1) initialised by nucleophilic species or bases [11-

13] (Scheme 1).  
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Scheme 1 Synthesis of PAA by ring-opening polymerisation of NCA 
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Trialkyl amines used as initiators are able to activate the NCA and to initiate the 

synthesis of PAAs with high molecular weight (Mw) [14] without incorporation of the 

initiator in the polymer structure [13]. However, due to their basic nature triethylylamines, 

such as triethylamine (pKa of 10.9), cause the cyclisation of the endgroups of the PAAs 

[13,15]. On the other hand, rehydrated HTs are strong basic material (pKa~11) [16-17]. 

They are potential candidates to be used as initiators in ROP to carry out the synthesis of 

nanohybrid materials in just one step. In adittion, nanohybrid materials based on PAAs and 

rehydrated HTs could be synthesised by immobilisation of the appropriate synthetic PAA 

exploting the intercalation properties from the HTs.  

In this context and in the view to future industrial applications, the present Chapter 

describes the synthesis by ROP and in-depth characterisation of suitable PLLs. Time of 

synthesis, kind of basic initiator and M/I ratio were modified to achieve the desidered physical 

properties in the synthesised PLLs. The obtained PLLs were immobilised by anionic-exchange 

method and compared with the immobilisation by simple ROP of NCA using HTrus as 

initiator. We focused all our discussion on the nature of the synthesised PLLs and also on the 

nature of the organic/inorganic interaction with the HTrus based on the characterisation 

results using EA, ICP, XRD, Raman, MALDI-TOF, ESI-TOF, FTIR at increasing 

temperature and TG/DT analyses. 

 

2. Synthesis of Poly-L-Leucine materials using triethylamine 

 

2.1 Experimental 

2.1.1 Synthesis of α-Leucine-N-carboxy anhydride (NCA)  

NCA was synthesised according to the method published by Ahn et al. as follows 

[18]: L-Leu (931 mg, 7,1 mmol) was suspended in anhydrous THF (10.5 ml, 10 wt.%) at 

increasing temperature to 55ºC. Separately, triphosgene (2,1 g, 7.1 mmol) was dissolved in 

anhydrous THF and added dropwise to the reaction mixture. The reactor was closed with a 

freshly prepared CaCl2 drying tube and vigorously stirred for 2 h. The obtained liquid was 

condensed by rotoevaporation and poured into a 10-fold excess amount of anhydrous n-
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heptane to precipitate NCA. NCA was separated by filtration, dried under vacuum at r.t. 

during 3h and characterized by 1H NMR (400 MHz, CDCl3): δ = 0.94-1.05 (m,6H), 1.66-

1.78 (m, 1H), 1.80-1.86 (m, 2H), 4.33-4.38 (m, 1H), 7.05 (s, 1H) ppm. 

 

2.1.2 Synthesis of PLLs 

PLL materials were synthesised by ROP immediately after NCA synthesis as follows: 

NCA (0.4 g, 2,55 mmol) was dissolved in dry 1,4-dioxane (7 mL) under Ar atmosphere at 

indicated temperature. Triethylamine was added according with the M/I ratio after 15 min of 

magnetic stirring. The reactor was closed with a freshly prepared CaCl2 drying tube and 

stirred during 3 or 4 days. MQ-water was added as work-up solvent and the mixture was 

stirred for 2 h more. Finally, the obtained solid was filtered and dried at 60ºC under vacuum.  

 

2.2 Results and discussion 

In this section the synthesis and characterisation of PLL using trietylamine as the 

initiator of ROP are presented. A complete list of synthesised PLL materials using 

triethylamine as initiator, including degree of polymerisation (DP), molecular weight (Mw) 

and poly-dispersion (PD) data are summarised in Table 1. 

Table 1 Synthesis of PLLs using triethylamine as initiator. 

Entry material 
Synthesis 

time (days) 

Temperature 

(ºC) 
M/I ratioa DPb,c Mwc PDc 

1 PLL160 4 60 10 5-42 2456 1.43 

2 PLL260 4 60 5 5-38 2303 1.49 

3 PLL1 4 25 10 5-42 2212 1.57 

4 PLL2 4 25 5 2-39 2405 1.51 

5 PLL3 4 25 2.5 2-33 2249 1.46 

6 PLL13d 3 25 10 4-42 2347 1.45 

7 PLL23d 3 25 5 3-40 2469 1.48 

8 PLL33d 3 25 2.5 3-40 2125 1.40 
aM/I= mmol NCA/mmol triethylamine. bDetermined by ESI-TOF MS analyses. cDetermined by 
MALDI-TOF analyses. 
 

PLL obtained after 3 days of synthesis presented similar characteristics as PLL 

synthesised during 4 days but the obtained amount were significantly lower, indicating that 

the reaction were incomplete. For this reason all our discussion was centered on PLLs 

synthesised in 4 days. However, if the reader is interested in the characterisation of the 
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PLL13d, PLL23d and PLL33d, Annex 3 (Figure 8) attachs the corresponding MALDI-TOF 

spectra. 

 

2.2.1 MALDI-TOF results 

MALDI-TOF MS is a powerful technique to identify PLL structure, nevertheless, the 

intensity of the peaks in the MALDI-TOF spectrum depends on the efficiency of the 

ionisation, type of apparatus, abundance of the ions, solubility of the sample, etc. For this 

reason, determination of polydispersion (PD) and molecular weight (Mw) with exactitude is a 

difficult task. In our case, synthesised polymers are similar among themselves, all of them are 

homopolymers synthesised by ROP under closely similar conditions, and so although physical 

properties of the obtained PLL are difficult to define with exactitude, some qualitative 

comparison could be done among them. PLL1, PLL2 and PLL3 were synthesised with 

variations in the M/I ratio as presented in Table 1. MALDI-TOF spectrum of PLL1 exhibits 

a regular series of peaks ranging from m/z values of 500 to around 5000 (Figure 1). The 

spectrum shows a bimodal frequency distribution which is attributed to the low solubility of 

the PLL chains in dioxane. As Kricheldorf explained, low solubility of the growing PLL 

prevents the formation of β-sheets PLL structures [19]. The inset spectrum shows that the 

entire spectrum is a repetition of a series of three peaks where the difference between each 

series is 113 Da due to a Leu residue. 

The first peak at 735 Da, in the inset spectrum, corresponds to a polymer of six 

monomers adducted with potassium, while the second peak at 773 Da corresponds to a 

dipotassium adduct after elimination of a proton (Table 2). High intensity of these two 

adducted peaks along the entire spectrum suggests that the obtained polymer is conformed 

mainly by linear PLL containing both carboxylic and amino endgroups also called living 

groups. A small peak at 779 Da is due to the presence of polymer chains containing an L-Leu-

NCA (NCA) endgroup in low quantity [13,20]. 
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Figure 1 MALDI TOF spectrum of PLL1. Inset: MALDI-TOF spectra in the m/z range: 730-950. 

 

Table 2 Mass of doped PLLs using ESI-TOF and MALDI-TOF MS 

Entry DP 

ESI-TOF MS (Da) a MALDI-TOF MS (Da) 

PLL + H/OH + H+ 
PLL + H/OH + 

K+ a 

PLL + H/OH – 

H+ + 2K 

PLL + H/NCA – 

H+ + 2K+ b 

1 2 244 ORc OR OR 

2 3 357 OR OR OR 

3 4 470 OR 547 OR 

4 5 583 622 661 ND 

5 6 697 735d 773 779 

6 7 810 848 886 912 

7 8 923 961 999 1025 

8 9 1036 1074 1112 1138 

 …     

9 18 OR 2093 2130 2270 

10 19 OR 2206 2243 2383 
aH/OH corresponds to PLL containing living groups. bNCA corresponds to NC7H10O3. cOR = Out of 
detection range. dExample of calculation: 735 = 6*113 + (1 + 17) + 39 
 

Although kinetic studies were not included in this thesis, some conclusions around of 

NCA polymerisation could be drawn in comparison with Kricheldorf et al. findings [9,21]. 

Synthesis of PLL chains with molecular weight up to 4770 Da (42 monomers) and PD of 1.57 

suggest that the initiation step is not faster than the growing step. This means that not quick 

initiation step favours the growing of the polymer chain preventing both the formation of 

cyclic polymers and also the precipitation of PLL in a β-sheet structure [15]. Nevertheless, 

detection of polymer chains with low molecular weight suggests that under our reaction 

conditions, initiation and growing steps spend similar time reducing the length of the PLL 
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chains without formation of high amount of PLL containing NCA endgroups (Table 1, entry 

3).  

Figure 2 shows the MALDI-TOF spectra of PLL2 and PLL3. The spectra also present 

a bimodal frequency distribution similar to the PLL1 one. Both spectra are formed by a 

repetition of a series of three peaks with differences of 113 Da due to Leu residues. Peaks 

assignation is the same as PLL1 material which was described in Table 2. Detection of PLL 

containing NCA endgroup confirms the role of the triethylamine in the initiation step. 
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Figure 2 MALDI-TOF MS spectra of a) PLL2 and b) PLL3. Inset: MALDI-TOF spectra in the m/z range: 
730-950. 

 

Triethylamine as the initiator starts the ROP through deprotonation of NCA (1) 

forming a dimer (2) with a highly electrophylic N-acyl NCA endgroup and a nucleophilic 

carbamate group. Chain propagation can take place either through the carbamate mechanism 
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or via the activated monomer mechanism obtaining PLL containing NCA endgroups as 

mainly product (3) (Scheme 2). Detection of mainly PLL containing living groups (4) is 

explained by two effects: first, opening of the NCA ring by hydrolysis after synthesis* (Scheme 

3) and second, the presence of water traces contained in the synthesised NCA [3] (Scheme 4).  
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Scheme 2 Polymerisation via activated monomer mechanism to synthesize PLL containing a NCA endgroup 
[13,19]. R=CH2CH(CH3)2 
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Scheme 3 Hydrolisis of PLL containing NCA endgroup [13]. R=CH2CH(CH3)2 

 

In our case, the presence of PLL containing living groups as the main product is due to 

the nucleophilic attack of a water molecule at the anhydride carbonyl carbon, following by 

opening of the NCA ring to form a carbamic acid (5). At that point two possibilities could 

occur: first, decarboxylation of the carbamic acid to form PLL containing living groups (4) via 

the enamine mechanism (Scheme 4, route 1). Or second, due to the nucleophilic character of 

water, it can deprotonate the opened ring and stabilise the formed carbamic acid (5). In this 

way, carbamate PLL chain (6) can also act as a nucleophile and attacks a NCA molecule 

through the carbamate mechanism to form the PLL containing living groups (Scheme 4, route 

2) [13]. 

Finally, PLL3 spectrum (Figure 2b) exhibits one additional peak at 757 Da whose 

assignation is not clear, for one hand it could due to a potassium-sodium doping after 

elimination of a proton of the PLL containing living groups (H/OH) (e.g. 757 = 6*L-Leu + 

                                                           

* A comparison between PLL before and after hydrolysis is presented in Annex 3, Figure 9 and Table 1. 
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H/OH + K+ + Na+ - H+), and the other hand could due a cyclic-PLL chain detected by loss of 

a water molecule (e.g. 757 = 6*L-Leu + H/OH + 2K+ - H+ - H2O) [9,22]. Though, MALDI 

TOF MS is not enough to clarify these assignations. 
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Scheme 4 ROP to synthesise PLLs containing living groups via (route 1) enamine mechanism and (route 

2) carbamate mechanism [13,19]. R=CH2CH(CH3)2 

 

About ciclysation of PLL chains, Kricheldorf et al. reported the thermal 

polymerisation of NCA at 120ºC obtaining cyclic-PAA as the main product [20]; however no 

observation was reported by Geller et al. who used a primary amine as the initiator under 

unspecified high temperature of synthesis [23]. In that context, we wanted to obtain PLL 

containing living groups preventing the cyclisation of the chains. For these reasons, we chose 

to perform the reaction at 60ºC to investigate the effect of temperature in  ROP reaction. 

Two PLL materials were synthesised at 60ºC and named PLL160 and PLL260 respectively. 

MALDI-TOF spectra of both PLL are quite similar. Figure 3 shows the MALDI-TOF 

spectrum of PLL260*. MALDI-TOF results show that increases of the reaction temperature 

from 25ºC to 60ºC during the synthesis of PLLs at the same conditions does not affect, 

apparently, the structutal properties of PLLs which mainly contain living groups and a small 

quantity of PLL with NCA endgroups.  

                                                           

* MALDI-TOF spectrum of PLL160 is shown in Annex 3, Figure 10. 
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Figure 3 MALDI-TOF MS spectrum of PLL260. Inset: MALDI-TOF spectra in the m/z range: 730-950. 

 
In this case, the peak at 757 Da was also observed. The plausible assignation for this 

peak is PLL chains containing living groups after water loss (e.g. 757 = 6*L-Leu + H/OH + 

2K+ - H+ - H2O) which indicates the cyclisation of the PLL containing living groups (7) as 

observed Kricheldorf [20] to PLL synthesised a high temperature. A feasible mechanism for 

the synthesis of cyclic-PLL was reported by Kricheldorf et al. and it is showed in Scheme 5.  
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Scheme 5 Proposal mechanism to the synthesis of cyclic-PLL [20].  
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2.2.2 FT-IR and Raman Spectroscopy results 

Skeletal FT-IR (left) and Raman (right) spectra of PLL1, PLL2 and PLL3 are shown 

in Figure 4. FT-IR spectrum of PLL1 in KBr (Figure 4a, left) shows the alkyl C-H stretching 

and deformation bands at 2953, 2937, 2871 and 1467 cm-1. The band due to N-H stretching 

vibration and Fermi resonance is observed at 3300 cm-1, while the band at 3060 cm-1 is due to 

overtones and/or combinations of amide I modes. The characteristic bands of the peptidic 

bond are evidenced at 1654 and 1542 cm-1. The band at 1654 cm-1 is mainly associated with 

C=O stretching vibration and the backbone conformation of the α-helical structure (amide I) 

[24] and the band at 1542 cm-1 is mainly associated to N-H bending and C-N stretching 

vibrations (amide II). Detection of amide I and II bands around 1650 and 1550 cm-1 agrees 

with literature to peptide chains with α-helical conformations [25]. Broad effect in amide I 

band at higher frequency, in comparison with PLL2 and PLL3 FT-IR spectra, could be 

attributed to segments of PLL are not involved in H-bond interaction [26].  
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Figure 4 Skeletal FT-IR (left) and Raman (right) spectra of a) PLL1, b) PLL2 and c) PLL3. 
 

This observation agrees with MALDI-TOF analyses to PLLs containing NCA 

endgroups and strongly suggests that at room temperature ciclisation of the PLL chains was 

not observed. Interpretation of the spectrum below 1400 cm-1 is complex due to the presence 

of deformation bands from the C-N, C-C, C-N, C-O and N-H bonds. Raman spectrum of 

PLL1 (Figure 4a, right) shows bands between 2870 to 2961 cm-1 due to CH2 and CH3 

stretching vibrations. Amide I and II bands were detected at 1652 and 1452 cm-1 respectively. 

The bands below 1388 cm-1 correspond to deformations of C-N, C-C, C-N, C-O and N-H 

bonds. FT-IR and Raman spectra of PLL2 and PLL3 (Figure 4b,c) do not present any 

difference respect to PLL1 ones. 
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Figure 5 (left) shows FT-IR spectra of PLL160 and PLL260 which are similar to PLL 

synthesised at room temperature. At low frequency two new bands at 1778 (very small) and 

1719 cm-1 were detected. In order to further investigate the nature of these two bands, 

subtraction FT-IR spectrum of PLL160 minus PLL1 is presented in Figure 5c (left). Presence 

of a very intense band at 1719 cm-1 in comparison with amide I and II bands suggests the 

formation of cyclic structures in the polymer chain which possibly affects the growth of the 

chains. Moreover,  the absence of a band at 3300 cm-1 indicates that these kinds of PLL chains 

are not forming N…H interaction among themselves and they are probably  affecting the 

stability of α-helical conformation either. These findings are totally complementary to 

MALDI-TOF results for the presence of PLL containing NCA endgroups, and in agreement 

with Kricheldorf et al. who explained that thermal polymerisation of Poly-Sar is a complex 

process yielding numerous low molar mass species together with cyclic polypeptide structures 

[20]. It is not clear the presence of the band at 1778 cm-1 in the subtracted spectrum, but it 

could due to a C=O specie forming secondary PLL structures. Assignment of other bands in 

spectra 5a and b agrees with the assignment presented for PLLs synthesised at room 

temperature. Raman spectrum of PLL160 (Figure 5b, right) also presents bands due to 

secondary polymeric structures at 1780 and 1668 cm-1. Nevertheless no band at those 

frequencies was detected for PLL260. 
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Figure 5 Skeletal FT-IR spectra (left) of a) PLL160, b) PLL260, c) Subtracted spectrum [PLL160 – PLL1] 
and Raman spectra in the frequency range 1850-1000 cm-1 of a) PLL160 and b) PLL260. 
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3. Immobilisation of synthesised PLL in HTrus 

 

3.1 Experimental 

3.1.1 Synthesis of rehydrated hydrotalcite (HTrus) 

Rehydration of Mg-Al hydrotalcite (HT) with Mg/Al molar ratio = 2 was performed 

according with the method exposed in Chapter 2, section 2.1.1. 

 

3.1.2 Synthesis of Poly-L-Leu/HT materials 

Under Ar atmosphere, 5 mL of deionised-decarbonated water was added to a solid 

mixture containing 300 mg of freshly synthesised HTrus and 100 mg of the indicated PLL. 

The obtained mixture was sonicated during 30 min. After that time, the slurry was washed 

with THF for three times. The obtained solid was dried at 60ºC and named: IPL3 and IPL260.  

 

3.2 Results and discussion 

Based on the resuls obtained for the immobilisation of AAs in HTrus (Chapter 2) and 

taking into account the high catalytic activity of LL/HT and LP/HT nanohybrid materials 

synthesised by anion-exchange method (Chapter 3), in this section we discuss the synthesis 

and characterisation of nanohybrid materials based on the synthesised PLL immobilised on 

HTrus following this methodology. All our discussion was focused in the further investigation 

about the nature of organic/inorganic interactions between these two components.  

To evaluate the immobilisation properties of the PLL two materials were selected: 

PLL3 and PLL260. According with characterisation data presented below, PLL3 and PLL260 

have closer physical properties and lower DP values than their PLL materials homologues. All 

conclusions are drawn on the basis of the characterisation by AE, ICP, XRD, FT-IR, Raman, 

MALDI, ESI-TOF and thermal evolution using TG/DTA analyses and in situ FT-IR under 

outgassing conditions at increasing temperature. Molecular formulae of all nanohybrid 

materials synthesised in this report are presented in Table 3. 
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Table 3 Molecular formulae of HT and PLL/HT materials 

Entry PLL precursor Materiala,b Molecular Formulaec, 

1 - HTrus [Mg2.39Al1.00(OH)6.79](CO3
2-)1.13(NO2

-)0.10.1.10H2O 

2 PLL3 IPL3 [Mg2.39Al1.00(OH)6.79](Leu*)2.73(CO3
2-)2.28(NO2

-)0.10.0.70H2O 

3 PLL260 IPL260 [Mg2.39Al1.00(OH)6.79](Leu*)1.68(CO3
2-)5.20(NO2

-)0.10.0.70H2O 
aSynthesis Conditions: HTrus and PLL were suspended in 5 mL of deionised-decarbonated water and stirring for 0.5 
hour at room temperature. bHTrus = HT rehydrated under ultrasound treatment. cCalculated by EA and ICP 
analysis. Water content was calculated theoretically according with Miyata Ref [27]. Leu* = monomeric unit. 
 

3.2.1 X-ray diffraction and High Resolution TEM results 

XRD patterns of nanohybrid materials synthesised using PLL3 and PLL260 are 

presented in Figure 6. In all cases, the obtained materials exhibit the characteristic d003, d006 

and d009 diffraction peaks of the meixnerite structure (JCPDS 35-0965).  
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Figure 6 (left) XRD patterns of a) PLL3, b) IPL3, c) IPL260 and d) HTrus. (Right) XRD pattern in the 2θ 

range: 3-20º 
 

In agreement with Cavani et al., HTrus which mainly contain hydroxyl anions 

presented the main diffraction peak at 11.4 2θ corresponding to a d003=7.7 Å [28] (Figure 6d). 

XRD pattern of IPL3 and IPL260 (Figure 6b and 6c) showed new diffraction peaks 

corresponding to d003 at 7.5 2θ and d006 at 18.0 2θ reflection planes of HTs with immobilised 

PLLs. The two types of HT structure showed different interlayer spaces. While the interlayer 

space remained unchanged with respect to the meixnerite in one structure (7.7 Å), the space 

increased in size in the other one (11.2 Å) (Figure 6b and 6c, respectively). XRD pattern of 

PLL3 (Figure 6a) has a diffraction peak at 7.3 2θ and no present of any diffraction peak 

around 18.0 2θ was observed. So, the presence of significant amounts of non-intercalated 

PLLs in samples IPL3 and IPL260 was descarted. Figure 7 shows the HRTEM images of HTrus 

and IPL materials. 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



3. Immobilisation of synthesised PLL in HTrus 

3.2 Results and discussion – XRD and HRTEM results 

 

137 

a) 

  

b) 

  

c) 

  
Figure 7 HRTEM images of a) HTrus, b) IPL3 and c) IPL260. 

HRTEM image of HTrus (Figure 7a) shows aggregated layers up to 100 nm in length 

with interlayer space around 7.6 Å as it was deduced by FT analysis. Additionally, HRTEM 

images of IPL3 and IPL260 (Figure 7b and 7c) exhibit a morphology constituted by two types 

of mixed agglomerates, one of them containing disordered layers with interlayer space of 7.6 Å 

and the other one containing fine-grained structure poorly resolved with an interlayer space of 

11.0 Å. Taking into account the morphology and interlayer space values, disordered layers in 

the sample were identified with the HTrus precursor, whereas fine-grained aggregates 

confirmed the incorporation of PLL in the HT structure. 

 

3.2.2 MALDI-TOF results 

To identify the nature of the PLL structure immobilised in the HTrus, MALDI-TOF 

analyses were performed on IPL3 and IPL260 materials, and they are shown in Figure 8.  
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Figure 8 MALDI-TOF MS spectra of a) IPL3 and b) HTrus and c) IPL260. Inset: MALDI-TOF spectra in 
the m/z range a) 1180-1400 and c) 2080-2310 

 

From a general point of view, ionisation of both IPL3 and IPL260 is lower than the 

pure PLLs. This effect could be attributed to immobilisation of PLL in HTs which have low 

solubility and made the analysis more difficult. The peak at 701 Da in IPL3 spectrum is due to 

the α-ciano-4-hydroxycinnamic acid used as the matrix, while the peak at 723 Da in IPL260 

spectum is due to presence of HTrus, like other peaks detected between 660 and 1243 Da 

(Figure 8b).  

We proposal that presence of PLL containing living groups is because the 

immobilisation process occurs through an anionic/exchange reaction between the OH- anions 

located in the interlayer space and the carboxylate endside of the PLL. Moreover, presence of a 

small peak due to PLL containing NCA endgroups in IPL3 spectrum suggests that during the 

immobilisation process, HTrus can attack PLL chains containing NCA group via activated 

monomer mechanism (Scheme 2) immobilising the PLL chain conserving the NCA 

endgroup. Nevertheless relative intensity of this band suggests that living groups are favored to 

be immobilised in HTrus. To clarify this point, the non-immobilised PLLs of the liquid 

fraction obtained after separation by centrifugation of the nanohybrid solid was also 

characterised by MALDI-TOF (Figure 9). 

The inset spectrum of the non-immobilised fraction shows a series of eight main 

peaks, which were assigned as follows: 2093 and 2116 Da due to PLL containing living 

groups, 2147 and 2189 Da due to cyclic-PLL from PLL containing living groups, 2103 and 

2189 Da due to cyclic-PLL from PLL chains containing NCA endgroups, 2132 Da due to 
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PLL chains containing a C12H21N2O2 group and 2161 Da due PLL chains containing an 

excess of 46 Da in their structure.  

1000 2000 3000 4000
m/z  

Figure 9 MALDI-TOF MS spectra of none immobilised fraction of IPL260. Inset: MALDI-TOF spectra 
in the m/z range: 2080-2310. 

 

Comparison between spectrum showed in Figure 9 and assignation of pure PLL3 

(Table 2, entry 9) demonstrated that the immobilisation process occurs through PLL chains 

containing living groups. Less PLL containing living groups in the sample permitted to detect 

other PLL chains forming during the ROP. In this case detection of PLL containing a 

C12H21N2O2 cyclic group or PLL containing NCA endgroup with a additional mass of 46 Da 

show that ROP occurs by different routes obtaining a high number of different PLL chains. 

Presence of C12H21N2O2 cyclic group agrees with Dijk-Wolthuis et al. who proposed the 

formation of a 2,5-dioxopiperazine endgroup (8) using triethylamine as the initiator in the 

synthesis of poly-Lysine [13] (Scheme 6).  
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Additionally, detection of PLL containing NCA endgroup plus 46 Da could be due to 

the formation of a secondary PLL structure containing an uracil-type group (Scheme 7). 

Kricheldorf et al. also detected the formation of secondary cyclic-PLL structures in the 

synthesis of poly-L-Phenylalanine using N,N-dimethylaminopyridine as the initiator [15]. 

Nevertheless, thedetection of none of these peaks in the pure PLL3 (MALDI-TOF and FT-

IR spectra) also shows that ROP under our evaluated conditions allows mainly PLL chains 

containing living groups. 
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Scheme 7 Some possible uracil-kind PLL structure formed during the ROP reaction according to Ref 

[15]. R=CH2CH(CH3)2 
 

Taking into account that the obtained PLL were washed several times with THF and 

chloroform after immobilisation, PLL remaining in the materials should be stabilised through 

H-bonds or anionic interactions. Nevertheless, it is not possible to determine through 

MALDI-TOF MS the nature of the interaction between PLLs and HT materials because the 

sample preparation is performed in trifluoroacetic acid where the HT structure is destroyed. 

 

3.2.2 FT-IR and Raman spectroscopy results 

Under a general point of view, FT-IR specta of IPL3 and IPL260 (Figure 10b left and 

10c left) show the characteristic bands of both HTrus
* and PLL materials. Moreover, any 

                                                           

* A complete characterisation of HTrus material by FT-IR and Raman spectroscopy is showed in Chapter 2, 
section 2.2.3  
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detected change in the shape of Fermi N-H (3060 cm-1), amide I (1654 cm-1) and amide II 

(1542 cm-1) bands suggests that the immobilisation process does not affect the α-helical 

conformation of the PLL after immobilisation. Differences in the relative intensity of the 

band at 3300 cm-1 in both IPL materials reflect the amount of immobilised PLL, being higher 

in IPL3 (Figure 10b) than IPL260. This observation agrees with the EA results (Table 3, 

entries 2 and 3). 

About the nature of the immobilisation, FT-IR spectrum of IPL3 (Figure 10b) shows 

that H-interactions of both HTrus and PLL3 were slightly affected. The band at 3000 cm-1 in 

free PLL3 shifts to 3307 cm-1 when it is immobilised, while the band at 3470 cm-1 in HTrus 

shifts to 3446 cm-1 after immobilisation. Comparison of the relative intensity between amide I 

and II after immobilisation, shows that α-helical PLL3 is stabilised in the HT by H-bonding 

between the N-H and C=O groups from the backbone structure and the M-OH of the HT 

[29]. Moreover, changes at 790 cm-1 after immobilisation of PLL suggest that the interaction 

between the HTrus and PLL3 occurs by displacement of the OH- groups in the HT as it has 

been reported for less complex anionic organic molecules [30]. 

1000200030004000

a
 

3470

 

790
 

669

1630

1384
 

3000 

 

b

c

 

3307  

1654

 

1542
3446  

Warenumber (cm-1)
 

 

50010001500

694
 

b

c

153

 

1652  

1452

 552 

1061 a

Raman warenumber (cm-1)
 

Figure 10 Skeletal FT-IR (left) and Raman (Right) spectra of a) HTrus, b) IPL3 and c) IPL260 in the 
frequency range 1700-100 cm-1. 

Finally, the strong band observed at 1384 cm-1 is due to adsorbed CO3
2- anions in the 

HT structure during its manipulation. Furthermore, FT-IR spectrum of IPL260 (Figure 10c) 

does not present the band at 1719 cm-1 due to cyclic-PLL observed in the pure PLL260. 

Comparison of the relative intensities of the amide I and II bands after immobilisation of 

PLL260 also shows that the stabilisation of the α-helical PLL occurs by H-bonding 

interactions. Some changes in the lattice region after immobilisation also indicate that the 
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interaction between PLL and the HTs affects the M-OH bonds. All these findings agree with 

MALDI-TOF results which suggested that immobilisation process occurs through PLL 

chains containing living groups. Raman spectra of both IPL materials (Figures 10a and 10b 

right) do not present any change in the PLL structure after immobilisation. 

 

 

4. Synthesis of Poly-L-Leucine using green initiators: water and HTrus  

 

4.1 Experimental 

4.1.1 Synthesis of PLL materials 

PLL were synthesised according with the methodology described in section 2.1.2 

during 4 days at r.t. PLL4 material was synthesised using 91.6 µl of water as the initiator (M/I 

= 10). PLL5 and PLL6 materials were synthesised using 33.8 mg (M/I = 10) and 715 mg 

(M/I = 0.5) respectively. 

 

4.2 Results and discussion 

As it was explained before, presence of water traces during ROP allows PLL chains 

containing living groups. It also was exposed above that the HTs has basic and nucleophile 

properties that could permit its role as the initiator of the polymerisation reaction. The next 

step is to extend the synthesis and, also, the immobilisation process to other initiators such as 

water and HTrus and alternative immobilisation procedures to those discussed in the previous 

section. These ones have been chosen for their optimal synthetic properties but also to 

develop a more sustainable process under the environmental point of view. The list of all the 

PLL materials used in this section, including some of their properties like: Degree of 

polymerisation (DP), Molecular weight (Mw) and Poly-dispersion (PD) data are summarised 

in Table 4. 

Table 4 Synthesis of PLL using water and HTrus as initiator. 

Entry material 
M/I 

ratioa 
DPb,c Mwc PDc Molecular formulaed 

1 PLL4 10 5-42 2456 1.43  

2 PLL5 10 5-38 2303 1.49 [Mg2.53Al1.00(OH)7.07](Leu*)11.14(CO3
2-)0.38(NO2

-)0.10.1.10H2O 

3 PLL6 0.5 5-42 2212 1.57 [Mg2.53Al1.00(OH)7.07](Leu*)3.00(CO3
2-)1.96(NO2

-)0.10.1.10H2O 
aM/I = mmol NCA/mmol OH- available to act as initiator (1 mmol OH-/1 mmol HTrus). bDetermined by ESI-TOF 
MS analyses. cDetermined by MALDI-TOF analyses. dCalculated by EA and ICP analysis. Water content was 
calculated theoretically according with Miyata Ref [27]. Leu* = monomeric unit 
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4.2.1 MALDI-TOF results 

MALDI-TOF spectrum of PLL4 (Figure 11) shows a monomodal frequency 

distribution with a distinct maximum around 950 Da (8 monomers). According to 

Kricheldorf et al. monomodal distribution and decreasing of the Mw values is indicative of 

low solubility and/or precipitation of PLL chains during the synthesis [13]. The inset 

spectrum in Figure 11 shows that the entire spectrum is a repetition of a series of seven peaks 

separated by 113 Da. Peaks at 1073, 1112 Da and possibly the one at 1171 Da are due to 

adducts of PLL chains containing living groups. 
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Figure 11 MALDI-TOF MS spectrum of PLL4. Inset: MALDI-TOF spectra in the m/z range: 1050-1285. 

 

Presence of the other peaks is explained since a mechanistic point of view. PLL 

synthesised using water as the initiator has a similar behaviour than to those obtained through 

polymerisation using primary amines as the initiators. Presence of PLL containing living 

groups in PLL4 were formed via enamine and/or carbamate mechanism (Scheme 4) where 

water acts as a nucleophile and the initiation step is faster than the growing one. Moreover, 

low DP in PLL4 (Table 4, entry 1) demonstrated that water can also act as a base and initiate 

the ROP via the activated monomer mechanism (Scheme 2) forming PLL containing NCA 

endgroups. 

Peaks due to PLL containing NCA endgroups are evidenced at 1132, 1143 and 1157 

Da, respectively. On the other hand, although enamine mechanism allows PLL chains with 

high Mw, detection of the peak at 1132 Da shows the formation of cyclic-PLL chains which 

prevent the growth of the lengths by precipitation [9,22] (Scheme 6). The peak at 1171 Da 

could be also due to cyclic-PLL, though the assignment is no clear because has the same mass 
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as the PLL containing living groups dopped with sodium. Competition between all these 

reactions allowed polymers with lower Mw than PLLs synthesised using triethylamine as the 

initiator. The list of all peaks with their dopped correspondences are shown in table 5.  

Table 5 Calculated Masses (Da) of PLL4 by MALDI-TOF SM. 

Endgroup H/OH 
H/NCA + 
46Da 

H/NCA Cyclic 

DP + K+ + 2K+ - H+ + Na+ a + K+  + K+ 
+ H+ - 
H2O 

+ H+ 

7 847 886 833 1030 988 931 793 

8 960 999 946 1143 1101 1044 906 

9 1073 1112 1058 1256 1214 1157 1019 

10 1186 1125 1171 1369 1327 1270 1132 

11 1299 1339 1284 1483 1441 1384 1245 

12 1413 1452 1397 1596 1554 1497 1358 
aMass at 1171.8 is calculated as 10*Leu + H/OH + Na+; nevertheless, it could be due to a cyclic polymer 
chain and calculated as 10*Leu + H/OH + K+- H2O. 

 

PLL5 and PLL6 were synthesised using HTrus as the precursor in M/I ratios of 10 and 

0.5 respectively. The MALDI-TOF spectrum of PLL5 is shown in Figure 12a. In a similar way 

as the non immobilised PLL4, the PLL5 spectrum exhibits a series of five peaks. The intense 

peak at 1073 Da corresponds to PLL containing living groups dopped with potassium, while 

the peak at 1171 is due to a sodium adduct. The small peak detected at 1143 Da corresponds 

to PLLs containing a NCA endgroup plus 46 Da which is similar to the PLL chains observed 

in the non immobilisated aqueous fraction of IPL3 (Figure 9 and Scheme 7). While the peaks 

at 1101 and 1132 Da are due to PLL containing NCA endgroup and cyclic-PLL, respectively. 

In comparison with other authors [12-13,31], we may infer that the presence of several kinds 

of PLL structures is due to the basic nature of HTrus which initiates the polymerisation via a 

monomer activated mechanism (Scheme 2). Nevertheless, intensity of the peaks in the inset 

spectrum suggests that ROP was mainly directed by enamine/carbamate mechanism. 

Figure 12b shows the MALDI-TOF spectrum of PLL6. In this case, PLL6 was 

synthesised using excess of HTrus in M/I ratio of 0.5. MALDI-TOF spectrum of PLL6 is 

formed by a series of four main peaks at 1073, 112, 1143 and 1186 Da as they are represented 

in the inset spectrum. The representative peaks at 1073 Da and the one at 1112 Da are due to 

potassium adducts of PLL chains containing living groups. The peak at 1143 Da is due to 

uracil-kind PLL and PLL containing NCA endgroups, which are formed via activated 
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monomer mechanism without incorporation of the HT in the final structure. Moreover, 

characterisation data suggest that formation of PLLs containing living groups and cyclic-PLLs 

occurs in two steps: first, the ROP is initiated via enamine mechanism obtaining polymer 

chains with an amino and a carboxilate-HT endgroup and second, remnant PLLs containing 

NCA endgroups are hydrolysed after ROP as exposed in Scheme 3.  
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 Figure 12 MALDI-TOF MS spectrum of a) PLL5 and b) PLL6. Inset: MALDI-TOF spectra in the m/z 

range 1060-1285.  
 

4.2.2 FT-IR and Raman spectroscopy results 

FT-IR spectra of PLLs synthesised using water (PLL4) and HTrus (PLL5 and PLL6) as 

initiators are presented in Figure 13 and 15. FT-IR spectrum of PLL4 (Figure 13) exhibits a 

complex group of bands in comparison with the other synthesised PLLs. To further 

investigate the difference in the PLL structure, subtractions spectra were performed and 

presented in Figure 13.  
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Figure 13 Skeletal FT-IR spectra of a) PLL4, b) Subtracted spectrum [PLL4 – PLL3] and c) PLL3 in the 
frequency region of (left) 4000-2000 cm-1 and (right) 1900-1000 cm-1.  
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Figure 13b corresponds to subtraction spectrum of PLL4 minus PLL3 to obtain the 

bands due to new PLL chains, while Figure 13c corresponds to PLL3 spectrum. At higher 

frequency bands due to N-H stretching vibration and Fermi resonance shift to 3285 and 3088 

cm-1 indicating differences in the H-bonding between PLL chains. At lower frequency, the 

amide I band centered at 1654 cm-1 exhibits new components at 1630 and around 1690 cm-1. 

Presence of the band at 1630 cm-1 with a second component around 1533 cm-1 agrees with 

Barlow et al. who exposed that shift of amide I and II bands at lower frequency is due to 

formation of β-sheet conformations [25]. Moreover, the possible formation of β-sheet PLL 

agrees with the low PD presented in Figure 3 and also with Kricheldorf who exposed that 

precipitation of β-sheet PLL increases the probability of parallel reactions to obtain cyclic 

polymeric structures [19]. The bands around 1690 cm-1 are due to C=O stretching vibrations 

of secondary PLL structures containing cyclic groups.  

In contrast with the FT-IR results, Raman spectrum of PLL4 (Figure 14) exhibits 

shifts of most of the bands below 1300 cm-1 as well as a complex series of new bands. An 

important change in the amide I band was detected as the appearance of a band at 1670 cm-1 

which is related with the band detected at 1669 cm-1 in FT-IR spectrum. Shifts of the band at 

1282, 1215, 1148, 1087 and 1040 cm-1 as well as the appearance of new bands at 1555, 1242, 

1112 and 1003 cm-1 are due to complex changes in the PLL structure, which according with 

FT-IR and MALDI-TOF results is formed by several PLL structures. 
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Figure 14 Raman spectra of a) PLL4 and b) PLL3 in the frequency range 1730-700 cm-1. 
 

FT-IR spectra of PLL5 and PLL6 are shown in Figure 15. FT-IR spectrum of PLL5 

presents the characteristic bands of PLL4. These results agree with MALDI-TOF 

observations which suggested that polymerisation using HTrus allows different kinds of PLL 
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structures where the main ones are due to PLLs containing living groups. Although the results 

are very similar between the ROP initiated by water and that initiated by  HTrus (M/I = 10), 

two differences were detected: first, the band due to N…H interactions shifts to higher 

frequency respect to PLL4 and it is centered at 3292 cm-1. Second, the amide I and II bands 

centered at 1654 and 1542 cm-1 due to PLLs containing living groups have higher relative 

intensity than the other amide I band centered at 1633 cm-1. These two differences 

demonstrated that using HTrus as  initiator, in small quantity, the formation of β-sheet 

polymers decrease, because the ROP is mainly directed via the enamine mechanism (Scheme 

4, route 1) where the initiation occurs by the highly reactive OH- anions located in the 

interlayer space of the HT. The Raman spectrum of PLL5 does not present any difference 

respect to the PLL4 one and any band due to HTrus was detected (Figure 15b, right). 

Subtraction FT-IR spectrum of PLL6 (Figure 15c, left) shows that ROP reaction allows a PLL 

of similar properties to PLL5, while Raman spectrum of PLL6 (Figure 15a, right) shows a new 

band at 1766 cm-1 associated to PLL chains containing NCA endgroups. Finally, the bands 

due to HTrus initiator are detected at 1062, 553 and 153 cm-1, respectively. 
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Figure 15 Skeletal FT-IR (left) and Raman (right) spectra of a) PLL5 and b) PLL6 in the frequency range 
1830-700 cm-1. c) corresponds to Subtracted FT-IR spectrum [PLL6 – HTrus]. 

 
In general, these results explain the appearance of MALDI-TOF spectra of PLL4, 

PLL5 and PLL6. According with Kricheldorf, less formation of β-sheet PLL prevents the 

arrangement of cyclic secondary structures and also decreases the Mw of the final polymer 

[19]. In other words, using water and HTrus as the initiator, the kinetics of the reaction are 

different. Water permits a faster initiation step than the propagation. As a result of the faster 

initiation, it is favoured the precipitation of β-sheets and formation of a cyclic secondary 
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structure is favoured. On the other hand, HTrus favours the propagation step. Using excess of 

HTrus ROP is highly favoured via activated monomer mechanism afforded higher amount of 

cyclic ended PLLs.  

 

4.2.3 X-ray diffraction and High Resolution TEM results 

XRD patterns PLL4, PLL5 and PLL6 are shown in Figure 16a. The XRD pattern of 

PLL6 exhibits the typical signals due to HT structure with a new band at 7.6 2θ which could 

indicate the increasing of the interlayer space up to 11.6 Å in a similar way as the IPL materials 

(Figure 6). For this reason HRTEM experiments were also performed with these materials 

and they are shown in Figures 16b and 16c. 
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Figure 16 a) XRD patterns of PLL4, PLL5 and PLL6. b) HRTEM images of PLL5 and c) PLL6. 

HRTEM analysis to PLL5 (Figure 16b) exhibits two kind of morphologies similar to 

those observed for IPL3 and IPL260 materials (Figures 7b and 7c). On one hand, a fine-

grained fraction that likely corresponds to PLL, which is the most abundant. On the other 

hand, a more crystalline phase with a layered morphology, less abundant is ascribed to HT 

layers with lattice fringes at about 11.2 Å (inset figure). Increase of the interlayer space 
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indicates that intercalation of PLL into HT has likely occurred. HRTEM image of PLL6 are 

similar to the IPL3 and IPL260 ones, where HT in the sample has two kinds of interlayer 

spaces, one at 7.6 and the other at 11.4 Å indicating the intercalation of the PLL in the HT 

structure. Moreover, both the lattice fringes are recorded over well crystalline parts of the 

PLL6 material and it was no observed any free PLL. 

 

5. Thermal Evolution of the synthesised materials 

5.1 Thermal evolution of synthesised PLL 

In situ FT-IR at increasing temperature and simultaneous TG/DTA analyses were 

examined to investigate the thermal stability of PLL materials before and after immobilisation 

and also PLL materials initialised by water and HTrus. Figure 17 shows the FT-IR spectra of 

PLL3 under outgassing conditions at increasing temperature. As shown MALDI-TOF 

analysis, PLL3 are mainly formed by PLL containing living groups, so comparison of the 

relative intensity between amide I and II allows important information about the thermal 

stability of the α-helical conformation. Between 25 and 260ºC, spectra of PLL3 do not 

present any important structural changes. At higher frequency, the band at 3300 cm-1 shifts to 

3306 cm-1 due to progressive loss of water retained in the PLL structure, while at lower 

frequency, amide I band at 1654 cm-1 becomes narrower with increasing temperature. 

Relationship in the relative intensity between amide I and II ratio of the spectra shows that 

constant loss of water increases the intermolecular N-H interactions in the α-helical 

conformation making it more stable*. Above 300ºC progressive decreasing of the bands 

around 2900 cm-1 and small changes in the amide II band at 1542 cm-1 suggests loss of N-H, 

C-C and C-N bonds, possibly by elimination of CO, C4H8, NH3 and HNCO species [32]. At 

360ºC, intensity of the amide II band decreases and shifts to 1541 cm-1, while new bands are 

formed at 3680 and 1629 cm-1, these changes suggest the formation of keto-enolic structures 

containing N-H bonds as decomposition products. At 450ºC the α-helical conformation 

collapses and the PLL is decomposed above 500ºC. 

FT-IR spectra at increasing temperature of PLL260 (Figure 17b) show some 

differences respect to the PLL3 one. From a general point of view the PLL structure is stable 

                                                           
* See relationship between amide I and II bands at increasing temperature in Annex 3, Table 2. 
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below 400ºC, while in PLL3 the PLL structure is conserved up to 450ºC. In the temperature 

region of 25ºC-220ºC, spectra show a decrease of the bands around 3480 cm-1 and at 3300ºC, 

indicating a constant loss of water, CO, C4H8, NH3 and HNCO species. At lower frequency, 

a decrease in the intensity of the component at 1719 cm-1 decrease is due to the loss of thermal 

stability of the secondary PLL structures.  
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Figure 17 FT-IR spectra under outgassing conditions at increasing temperature in KBr of a) PLL3, b) 
PLL260 and c) PLL4 in the frequency region of (left) 3773-2300 cm-1 and (right) 1890-1170 cm-1.  
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Comparison between relative intensity of the amide I and II is complex, because 

amide I band in PLL260 is attributed to the α-helical PLL and other secondary components, 

however, this relationship shows destabilisation of the PLL structure during all thermal 

evolution. Between 220 and 360ºC formation of a band at 3676 cm-1, shifting of the band at 

3300 to 3310 cm-1and total loss of the component at 1719 cm-1, are due to decomposition of 

secondary PLL structures formed during the synthesis. At 360ºC a small shoulder band was 

detected around 1629 cm-1 due to the formation of decomposition structures. Between 360 

and 400ºC a widening of the amide I band and its shift to higher frequency is due to the 

formation of C=O species which are not parts of the α-helical PLL. PLL structure is 

decomposed above 400ºC.  

FT-IR spectra of PLL4 at increasing temperature are shown in Figure 17c. In the 

temperature range 25-220ºC, the band at 3285cm-1 shifts to 3270 cm-1, while the band due to 

amide I at 1630 cm-1 increases its intensity. As explained below, loss of water increases the 

intermolecular N-H interactions, in this case of the β-sheet conformation. The component 

observed at 1692 cm-1 between 220 and 300ºC is due to secondary structures formed during 

the synthesis of PLL4. Above 330ºC the band at 3270 cm-1 shifts to 3310 cm-1, a small band is 

formed at 3674 cm-1 while the amide I band at 1692 cm-1 drastically decreases. This finding 

agrees with Kricheldorf who suggested that PLL containing β-sheet conformations are less 

stable than the α-helical ones [3]. In our observations, decomposition of β-sheet PLL occurs 

around 330ºC while α-PLL structure decomposition occurs above 400ºC. In the same way as 

PLL260, a relationship in the relative intensity of amide I and II bands at increasing 

temperature, shows destabilisation during all thermal treatment (See Annex 3, Table 2). 

Simultaneous TG/DTA analyses of PLL3, PLL260 and PLL6 were also evaluated in 

order to confirm the results obtained by FT-IR. Table 6 summarises the TG/DTA results. 

TG/DTA results are totally consistent with FT-IR findings.  

Table 6 TG/DTA transformation temperatures and weight losses of PLL3, PLL260 and PLL4a 

Entry Material 
Temperature 

range, ºC 

Max. 

ºC 

Weight 

loss, % 
Observations 

1 PLL3 

25-319 - 7.79 *Loss of water absorbed in the PLL structure. 

319-478 451 91.45 *Decomposition of α-PLL structure. 

478-900 - 0.76 
*Decomposition of remained CO, CN and CC 

species 
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2 PLL260 

25-287 255 6.14 *Loss of water absorbed in the PLL structure. 

287-328 - 3.28 *Decomposition of secondary PLL structures. 

328-900 

374 

 

435 

91.01 

*Decomposition of remained species from secondary 

PLL structure 

*Total decomposition of α-PLL structure. 

3 PLL4 
25-430 397 70.33 *Decomposition of β-sheet PLL structure. 

430-900 445 25.43 *Mainly decomposition of α -PLL structure. 
aSee TG/DTA curves in Annex 3, Figure 11. 

 

PLL4 material exhibits two closer main weight losses centered at 397 and 445ºC 

(Table 6, entry 3). Although very close weight losses make the quantification difficuly, this 

finding shows that ROP initialised by excess of water allows higher quantity of cyclic and 

complex PLL than α-helical PLL conformations. 

 

 

5.2 Thermal evolution of PLL/HTrus nanohybrid materials 

Thermal behaviour of the nanohybrid materials synthesised by immobilisation of PLL 

in HTrus and nanohybrid materials synthesised using HTrus as the initiator are presented in 

this section.* FT-IR spectra at increasing temperature of IPL3 and IPL260 materials are showed 

in Figure 18. Figure 18a shows the FT-IR spectra of IPL3 material at increasing temperature. 

From 25ºC to 260ºC the band at 3378 cm-1 decreases and shifts to 3513 cm-1 due to water loss 

from the HT structure. Relationship between the relative intensities of the amide I and II 

bands at increasing temperature shows that the α-helical conformation increases its stability 

up to 170ºC, and above that temperature, the water eliminated from the HT structure 

interacts with the PLL structure destabilising its α-helical conformation**. This behaviour was 

also confirmed by the shift of the band due to N-H stretching from 3303 cm-1 to 3308 cm-1. 

At lower frequency, the bands at 1336 and 669 cm-1 decrease due to elimination of CO2 from 

the HT structure. Below 1000 cm-1, changes in the bands at 780 and 925 cm-1 are due to 

changes in the Al-OH bonds by loss of the inorganic anions located in the interlayer space, 

but it also could be due to changes in the interaction between PLL and HT structures. From 

260 to 360ºC the band at 3308 cm-1 shifts back at 3304 cm-1 indicating stabilisation of the 

PLL structure, while the band at 3513 cm-1 shifts to 3568 cm-1 due to continue loss of water 

                                                           

* A complete description of the thermal behaviour of HTrus is presented in Chapter 2, section 2.2.5. 
** See relationship between areas of amide I and II bands at increasing temperature in Annex 3, Table 2. 
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since the OH- anions from the HT. In this temperature range the relative intensity of the 

amide I and II bands does not present any variation indicating stability of the α-helical PLL. 

Finally, in the temperature range 360-550ºC and centered around 400ºC the decomposition 

of the PLL is evident by the disappearance of the amide I and II bands. At 2167 cm-1 a new 

band is formed after decomposition of PLL structure, indicating the formation of C=O 

species interacting strongly with the oxide surface formed by the thermal treatment. Decrease 

of the decomposition temperature of the PLL3 after immobilisation is because the excessive 

presence of water from the HT during the thermal evolution destabilises the α-helical 

conformation by forming new N-H and O-H bonding between the AA residues and the 

water molecules.  
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Figure 18 Skeletal FT-IR at increasing temperature of a) IPL3 and b) IPL260 in the frequency region of 
(left) 3773-2300 cm-1 and (right) 1890-1170 cm-1. 

FT-IR spectra at increasing temperature of IPL260 are shown in Figure 18b. The 

thermal evolution of this material is also divided into three main temperature ranges. In the 

temperature range of 25-170ºC the N-H interactions become stronger by elimination of 
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water from the PLL structure. These changes were observed by an increase of the intensity of 

the band at 3303 cm-1 and narrow amide I and II bands. Elimination of CO2 from the HT 

material is also observed at this temperature through a decrease in intensity of the band at 669 

cm-1. Comparison of the relative intensity of the amide I and II bands in this temperature 

range confirms a similar behaviour for the free PLL3 material, confirming that HTrus only 

immobilises PLL containing living groups. Moreover, below 170ºC the α-helical 

conformation is perturbed by water from the HT structure. In the temperature range of 170-

300ºC the band at 3470 cm-1 shifts at higher frequency and it is stabilised at 3550 cm-1. 

Decrease of the intensity of the bands around 2900 cm-1 indicates loss of species containing C-

H bonds, nevertheless the absence of any detectable change in amide I and II bands suggests 

decomposition of secondary PLL structures obtained in low quantity. Changes at 790 and 

925 cm-1 are due to elimination of OH group from the HT structure. 

Finally, in the temperature range of 330-500ºC the PLL decomposes. TG/DTA 

results of IPL3 and IPL260 (Table 7) are in agreement with all FT-IR results. Nevertheless, 

although no band due to PLL structure was detected above 400ºC, TG/DTA results from 

IPL260 material exhibit a heat flow at 455ºC which is attributed to the CO2 left in the sample 

according to the EA results (Table 3, entry 3). In the same way as  PLL3, a decrease of the 

decomposition temperature of the PLL260 after immobilisation is due to the presence of water 

during the thermal evolution.  

Table 7 TG/DTA transformation temperatures and weight losses of PLL3, PLL260 and PLL4a 

Entry Material 
Temperature 

range, ºC 

Max. 

ºC 

Weight 

loss, % 
Observations 

1 IPL3 

25-240 
168 

220 
13.70 *Loss of water, CO2 and NO2 from the HT 

240-900 422 43.23 
*Dehydroxylation of the HT and decomposition of 

the PLL structure. 

2 IPL260 

30-272 234 9.84 *Loss of water absorbed in the PLL structure. 

272-900 

408 

 

455 

44.92 

*Dehydroxylation of the HT and decomposition of     

the PLL structure. 

*Elimination of CO2 remained from the HT 

structure. 
aSee TG/DTA curves in Annex 3, Figure 12. 

Thermal evolution of PLL materials synthesised using HTrus as the initiator (PLL5 

and PLL6) are presented in Figures 19 and 20. FT-IR spectra at increasing temperature of 
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PLL5 are shown in Figure 19a. From a general point of view, FT-IR spectra of PLL5 are 

similar to the PLL4 ones (Figure 15c), nevertheless some changes at increasing temperature 

were observed. At 330ºC, the band due to N-H stretching was stable at 3290 cm-1 while in 

PLL4 it was detected at 3312 cm-1 at the same temperature. At low frequency the amide I 

band at 1654 cm-1 was more intense than the one at 1630 cm-1 showing the higher stability of 

the α-helical PLLs. Above 360ºC the PLL decomposes. This result, in comparison with PLL4 

and TG/DT analyses, suggests that spectrum at 360ºC in PLL5 is not dependable and the 

total decomposition occurs around 400ºC.  
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Figure 19 Skeletal FT-IR at increasing temperature of a) PLL5 and b) PLL6 in the frequency region of 
(left) 3773-2300 cm-1 and (right) 1890-1170 cm-1. 

 
TG/DT analysis (Figure 20) exhibits a total weight loss of 91.56% indicating that 

8.48% of the total weight is due to HTrus. Theoretical content of HTrus value is 12.42% which 

in agreement with the TG results and suggests that around 70% of the HTrus contribute with 

the formation of PLL containing living groups via enamine mechanism. The part of the HTrus 

that does not form PLL with living groups is because ROP reaction can also occur via 

activated monomer mechanism forming PLL with NCA endgroups. DTA results show that 
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the main weight loss presents two heat flows. According with FT-IR results, the first heat flow 

centered at 388ºC is mostly due to decomposition of PLL containing NCA endgroups while 

the second one at 440ºC is due to decomposition of PLL containing living groups.  
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Figure 20 TG (left) and DT (right) experiments of PLL5 and PLL6. TG/DTA curves of HTrus is showed 
as a reference. 

 

 

6. Conclusions 

 

Synthesis and characterisation of PLL using triethylamine, water and HTrus as 

initiators were further investigated together with an extensive investigation of the thermal 

stability of the synthesised materials. ROP reaction using triethylamine as the initiator allows 

PLL chains containing NCA endgroups as the main product via a monomer activated 

mechanism, nevertheless under our synthesis conditions, traces of water in the NCA 

monomer and hydrolysis after PLL synthesis permitted to obtain PLL chains containing 

living groups as the main product. Rising in the temperature synthesis up to 60ºC increased 

the length of PLL via enamine mechanism, producing cyclisation of PLL chains; moreover, 

high temperatures also gave high reactivity to the ROP which could produce high amount of 

PLL containing NCA endgroups via monomer activated mechanism. We also used water as 

the initiator to further understand the role of water in the ROP reaction and to compare it 

with the synthesis of PLL using triethylamine and HTrus as the initiator. Characterisation data 

confirmed the double effect of water in ROP: water acts as a nucleophile attacking the NCA 
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monomer and starting the reaction via enamine mechanism, nevertheless, water also acts as a 

base deprotonating NCA monomer starting a secondary ROP via activated monomer 

mechanism. Competition of both mechanisms allowed a complex series of PLL structures 

containing living and NCA endgroups, but also the possible formation of β-sheet structures 

and other cyclic species which reduced the Mw of the obtained PLL. Thermal evolution of 

PLL synthesised using triethylamine as the initiator shown temperature resistance up to 

500ºC, while PLL synthesised using water as initiator showed lower thermal resistance due to 

presence of secondary PLL structures which descomposed below 400ºC.  

We also presented here, the synthesis of PLL using HTrus as the initiator. Two 

materials were synthesised to understand the role of the HTrus used as initiator in ROP, one of 

them using lower amounts of HTrus (M/I = 10) and the second one using excess of initiator. 

Similar to PLL synthesised using water, ROP of PLL using lower amount of HTrus was 

directed by three possible mechanisms: enamine, carbamate and monomer activated, 

producing different PLL structures. Our results show that around of 70% of the used HTrus 

produces PLL containing an amino and a HT-carboxylate endgroups. Using HTrus in excess 

(M/I = 0.5), ROP enamine and monomer activated mechanism were favoured and several 

secondary PLL structures were obtained in a similar way as using water as the initiator. In 

both cases, obtained PLL were immobilised in the interlayer space of the HT and stabilised by 

H-bonding interaction between the PLL structures and the HT layers. 

Further investigation about the nature of the PLL after immobilisation in HTrus 

indicates that the cationic nature of the HT layers permitted the immobilisation of PLL 

containing living groups by an anionic exchange reaction through OH- anions located in the 

interlayer space and the carboxylate group of the PLL. This means that the immobilisation 

process is favoured only for PLL containing living groups as it was evaluated by MALDI-TOF 

and FT-IR experiments. The results also indicated that immobilisation of PLL occurs in the 

interlayer space from the HTrus without destabilisation of the α-helical conformation. 

Moreover, the PLL chains were stabilised by H-bonding between the backbone α-helical PLL 

structure and the M-OH from the HT structure. Detection of cyclic-PLL immobilised in 

HTrus could due to nucleophile attack of the OH- from the HTrus to the NCA ended group of 

PLL chains. That attack favors the growing of PLL chains and also induces the cyclisation of 
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the synthesised PLLs. This attack favours the growth of PLL chains and also induces the 

cyclisation of the synthesised PLLs. Further investigation on the role of the initiator in the 

synthesis of PLL allows a better understanding of the immobilisation nature of PLL in HT 

precursor, which could be escalated to more complex structures such as proteins and enzymes 

immobilised in other inorganic supports. Moreover, bio-nanohybrid materials based on 

complex biomolecules and HT supports allow an interesting topic about the use of these 

kinds of materials in several fields. 

Finally, synthesis and characterisation of PLL and PLL/HT materials presented in 

this section was included in one article which is currently under revision: 

•  “Synthesis and Characterisation of Poly-L-Leucine Initialised and Immobilised by 

Rehydrated Hydrotalcite. Understanding of the Stability and Interaction Nature”. Ronald-

Alexander Miranda, Elisabetta Finocchio, Francisco Medina, Gianguido Ramis, Jesús E. 

Sueiras, Jordi Llorca and Anna M. Segarra 
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CHAPTER 5 

 

 

 

NANOHYBRID MATERIALS BASED ON PLL AND HTs AS CATALYSTS IN FINE 

CHEMISTRY REACTIONS 

 

 

Industry favours heterogeneous catalytic processes over the homogeneous ones. Many 

reports have shown  that it is possible to design and produce new chiral catalytic systems that have 

obvious advantages over their homogeneous counterparts: they are easy handling, they can induce 

asymmetry, they can be removed from the reaction mixture by simple separation methods and, in 

many cases, they can be recycled and reused. The asymmetric epoxidation of α,β-unsaturated 
ketones is an important organic transformation  since the resulting chiral epoxy ketones are 

versatile precursors to many natural products and drug molecules. In the direction of 

heterogenisation, PAAs immobilised on naturally occurring clay minerals, designed and 

synthesised by simple process of anchoring, can be considered as a potential effective and efficient 

solution. 

This chapter describes, for the first time, the used of the synthesised PLLs/HTs as a truly 

recyclable bionanohybrid catalyst in the asymmetric Juliá-Colonna epoxidation reaction of α,β-
unsaturated ketones and, as a step beyond, in the one-pot production of chiral α,β-epoxides from 
benzaldehydes and acetophenones.  

 

1.  Initial Considerations 

2.  PLL/HT Nanohybrid Materials as Catalyst in Asymmetric Juliá-

Colonna Epoxidation Reaction 

              2.1  Experimental 

              2.2  Results and discussion 

3.  PLL/HT Nanohybrid Materials as Catalyst in Claisen-Schmidt-Juliá-

Colonna- Reaction 

             3.1  Experimental 

             3.2  Preliminary results and discussion 

4.  Conclusions 
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1. Initial Considerations  

 

The catalytic asymmetric epoxidation provides a way of transforming unsatured 

molecules into optically enriched epoxides. Through different synthetic routes the chiral 

epoxide can be also transformed in awide number of symmetric and asymmetric drugs of 

industrial interest [1-11].  

Synthetic PAAs like PLLs are known as excellent catalysts for the asymmetric Juliá-

Colonna epoxidation reaction [12,13], obtaining enantiomerically enriched α,β-epoxy 

ketones. Nevertheless, the original triphasic protocol (PAA-aqueous phase-organic phase) had 

two important problems, the lengthy reaction time and the difficulties in recovering the gel or 

paste-like catalyst obtained after reaction. To overcome these limitations Roberts et al. 

reported a non-aqueous biphasic system using organic bases and anhydrous urea-hydrogen 

peroxide [14] and a PAA on Silica as the catalyst (PaaSiCat) protocol [15]. Under PaaSiCat 

protocol the reaction time was reduced to 4 hours and yielded optically active epoxydes with 

enantioselectivity up to 97 % ee. Roberts et al. also reported the synthesis of PLLs immobilised 

on polyethylene glycol (PEG)-PLL obtained conversions up to 80% with enantioselectivities 

of 98% in 24 hours of reaction [16]. In spite of these improvements,  the potential industrial 

application of these protocols have still some problems related with the time consuming 

catalyst  pre-activation, which has to be carried out separately and difficulties in the work-up 

process. Other important improvements were achieved by Geller et al. who presented a 

modified triphasic protocol, in which addition of a phase transfer co-catalyst (PTC) improved 

the reaction rates up to 30 minutes using Poly-L-leucine-1,3-diaminopropane as the catalyst 

[17]. Using that protocol no separate pre-activation of the catalyst was required. The 

heterogenised catalysts shown in the literarature permitted the recovery and reuse of the 

catalytic system, making the heterogenised PLL catalyst preferred over the non immobilised 

PLL ones. However, the catalytic epoxidation required long reaction times or the PLL was 

functionalised by long synthetic protocols. Adittionaly, although Juliá-Colonna epoxidation 

mechanism is not clear in all its aspects, several studies suggest that the five terminal L-Leu 

residues of the α-helical PLL play an important role in its catalytic activity and 
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enantioselectivity. These results also suggest that COOH-terminal group does not participate 

in the catalytic process [13, 18]. 

On the other hand, Claisen-Schmidt condensation is a kind of aldol condensation 

which provides a way to obtain α,β-unsatured ketones. α,β-Unsaturated ketones also called 

chalcones are synthesised in Nature by plants and have many uses in pharmaceutical and fine 

chemical industries [5, 19-23]. Artificially, synthesis of chalcones is usually performed 

through Claisen-Schmidt condensation using alkaline hydroxides or sodium ethoxide with 

reaction times of 12-15 hours (Scheme 1) [24]. 

Nowadays, environment-friendly solid base materials such as HTs have been used as 

catalysts in Claisen-Schmidt reaction to replace soluble bases and hydroxides, preventing also 

collateral reactions [25-26]. In that context, several authors have published different protocols 

for the synthesis of chalcones. Tichit et al. reported the kinetic study on the synthesis of 

chalcone using MgO and rehydrated HTs [27]. Rehydrated HTs showed better conversion 

and selectivity than MgO. Tichit explained this behaviour because the hydroxyl anions 

located on the edges of the HTs play an important role in the initial activation by 

deprotonation of acetophenone. Moreover, the role of the solvent in this reaction was also 

investigated confirming that acidity in solvents reduces the activity of the HTs by poisoning 

of the strong basic centers. De Jong et al. and Medina et al. reported the synthesis of different 

more active HT materials showing that variations in the rehydration process leads to materials 

with more or less amounts of active basic centers and with different basic strength [28-29]. 

Specifically Medina et al., developed a new hydrotalcite type by rehydration of the mixed 

oxides under ultrasounds, which contains stronger and more accessible OH interlayer anions 

as active basic sites [30]. One disadvantage of using HTs as the catalyst in C-C bond-forming 

reactions is the acid-base character of the layers. Both, strong basic centers and metals located 

on the surface are able to catalyse side-reactions such as self-condensation of ketones or 

condensation between the reagent and the formed chalcone [27]. Regrettably not much 

information about secondary products has been reported. 

In this context, it seemed interesting to apply the immobilised PLL catalysts (Chapter 

4) in the Juliá-Colonna epoxidation reaction under PTC/triphasic conditions. And also, in 

the Claisen-Schmidt-Juliá-Colonna one-pot reaction (Scheme 2). Moreover, the immobilised 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



Chapter 5: Nanohybrid materials based on PLL and HT as catalysts in fine chemistry reactions 
 
 

164 

catalytic reactions would provide excellent stability of the bionanohybrid catalysts, 

complementary host-guest synergistic effect and a clean economic methodology for 

sinthesising chiral epoxide compounds. 

H

O

H

O O

R R R R

base

NaOH, H2O2

O

R R

O

Chalcone-like compound

Epoxychalcone-like compound

Catalyst

Claisen-Schmidt

Juliá-Colonna epoxidation

 
Scheme 1 Claisen-Schmidt-Juliá-Colonna one-pot reaction

 

2. PLL/HT Nanohybrid Materials as Catalyst in Asymmetric Juliá-Colonna Epoxidation 

Reaction 

 

2.1 Experimental 

2.1.1 Synthesis of PLL and PLL/HT materials 

PLL materials were synthesized by ROP using triethlyamine as the initiator in 

accordance with the protocol presented in Chapter 4, sections 2.1.1 and 2.1.2. Rehydrated 

Hydrotalcite under ultrasound treatment (HTrus) was obtained in accordance with the 

protocol exposed in Chapter 2, section 2.1.1 [30]. PLL/HT nanohybrid materials were 

prepared by anion-exchange method as described in Chapter 4, section 3.1.2. Table 1 shows a 

list of the PLLs and PLL/HT nanohybrid materials used in this section. One additional 

PLL/HT materials was synthesised following the protocol exposed in Chapter 4, section 3.1.2 

using commercially available PLL supplied by Acros Organics (Ref. 327580010) whose 

synthesis was reported by Geller et al. in reference [22]. A schematic representation of 
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synthesised PLL (PLLS) containing living groups and commercially available PLL (PLLC) is 

presented in Figure 1. 

Table 1 Synthesis of PLLs used as catalysts 

Entrya Material T / ºC M/I ratio 
Monomer 

Distributionb,c 
Mwc PDc 

1 PLLC
d - - 5-39 2343 1.26 

2 PLL1 25 10 2-39 2212 1.57 

3 PLL2 25 5 2-39 2405 1.51 

4 PLL3 25 2.5 2-37 2249 1.46 

5 PLL1d 25 10 5-42 2275 1.47 

6 PLL160 60 10 5-42 2456 1.43 

7 PLL260 60 5 5-38 2303 1.49 
aSee details for synthesis conditions in Chapter 3, sections 2.1.1 and 2.1.2. bDeterminate by ESI-TOF MS 
analyses. cDeterminate by MALDI-TOF analysis. dSee details of synthesis in Ref [22] ePLL was washed several 
times with chloroform after synthesis. 
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Figure 1 Molecular structures of poly-amino acids a) PLLC from Acros Organics and b) synthesised 

PLLS 

 

2.1.2 Asymmetric Juliá-Colonna epoxidation reaction 

The asymmetric epoxidation reaction was performed in a tube of 10 mL where 

synthesised PLL or PLL/HTrus (200 wt.% of PLL, 100 mg), tetrabutylammonium 

bromide, TBAB, (0.004 mmol, 1.3 mg), NaOH 2M and toluene (0.5 mL) were mixed. 

Subsequently, H2O2(aq) (30 wt%, 40.6 µL) and chalcone (0.036 mmol, 7.7 mg) were added. 

The mixture was stirred at room temperature for the indicated time. The mixture was 

then diluted in 1 mL of ethylacetate for work-up. The liquid phase was separated by 

centrifugation and extracted into ethyl acetate. The catalyst (solid phase) was washed 

several times with toluene. The organic fraction was dried with MgSO4 and separated by 
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filtration. Then, the solvent in the organic phase was evaporated. The reusability of the 

catalysts was assessed by reusing them for five consecutive runs. The products were 

identified by 1H NMR.  

 

trans-(2R,3S)-Epoxy-1,3-diphenyl-propan-1-one (1) 

1H NMR (400 MHz, CDCl3) δ = 4.01 (s, 1H), 4.23 (s,1H), 7.32-

7.45 (m,7H), 7.54 (d, 1H), 7.94 (d, 2H) ppm. The ee of trans-

(2R,3S)-(1) was determinated by chiral HPLC (ChiralPak IA 

column, EtOH/hexane = 25/75),  UV 254 nm, flow rate of 1mL/min.. (S,R)-isomer, t(R,S) 

= 7.6 min. and (R,S)-isomer, t(R,S) = 10.6 min. 

 

trans-(2R,3S)-Epoxy-1,4-diphenylbutan-1,4-one (2) 

1H NMR (400 MHz, CDCl3) δ = 4.49 (s, 2H), 7.52 (m,4H), 

7.65 (m,2H), 8.06 (m, 4H) ppm. The ee determinated by HPLC 

(ChiralPak IA column, i-prOH/hexane = 10/90), UV 254 nm, 

flow rate of 1 mL/min. (S,R)-isomer, t(R,S) = 18.8 min. and (R,S)-isomer, t(R,S) = 29.6 min. 

 

trans-(3R,4S)-Epoxy-4-phenyl-2-butanone (3) 

1H NMR (400 MHz, CDCl3) δ = 2.16 (s, 1H), 3.47 (d,1H), 3.98 

(d,1H), 7.35-7.24 (m,5H) ppm. The ee determinated by HPLC 

(ChiralPak IA column, i-prOH/hexane = 10/90), UV 254 nm, flow 

rate of 1 mL/min. (S,R)-isomer, t(R,S) = 24.5 min. and (R,S)-isomer, t(R,S) = 32.5 min. 

 

trans-(2R,3S)-1-phenyl-3-phenylsulfonyl-oxirane (4) 

 1H NMR (400 MHz, CDCl3) δ = 4.19 (d, 1H), 4.59 (d,1H), 

7.28-7.24 (m,2H), 7.38-7.32 (m, 3H), 7.65-7.60 (m, 2H), 7.76-

7.71 (m, 1H), 8.02-7.98 (m, 2H) ppm. The ee determinated by 

HPLC (ChiralPak IA column, i-prOH/hexane = 10/90), UV 254 nm, flow rate of 0.4 

mL/min. (S,R)-isomer, t(R,S) = 45.3 min. and (R,S)-isomer, t(R,S) = 20.9 min. 
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2.2 Results and discussion 

2.2.1 Asymmetric catalytic Juliá-Colonna epoxidation with non immobilised PLLs 

As explained in Chapter 4, differences in the synthesis conditions (temperature, M/I 

ratio) do not affect structural properties and the Mw of the PLLSyn which in all cases are 

similar to those of the commercial PLLC (Table 1). PLLS synthesised at room temperature 

presented monomer distributions with oligomers from two residues (Table 1, entries 2-4). For 

the catalytic application, the more soluble oligomers were removed after washing with 

chloroform (Table 1, entry 5). One study about the influence of the solvent in the 

immobilisation process was also reported in this section and the results are summarised in 

Annex 3, Table 3 and Figures 13-15. 

The methodology used for PLL synthesis turned out to be of crucial importance for all 

the developed Juliá–Colonna protocols [24]. The different PLL synthesised were therefore 

tested using the standard test reaction of chalcone (5). The results were compared with those 

of PLL under the same conditions (Table 2). 

 
Table 2 Asymmetric epoxidation reaction catalysed by PLL 

Ph Ph

O

Catalyst
Ph

O

Ph
O

H H
Ph

O

Ph
O

H H

(E)-(5)

H2O2 - NaOH(ac)

Toluene
trans-(R,S)-(1) trans-(S,R)-(1)  

Entrya Catalyst Conversion (%)b e.e. (%)b 

1 - < 2 - 

2 L-leu < 2 - 

3 NCA < 2 - 

4 PLLC 85 95 

5 PLL1 27 87 

6 PLL2 45 85 

7 PLL3 37 91 

8d PLL1 99 93 

9 PLL160 91 94 

10 PLL260 90 92 
aStandard conditions: Chalcone 7.7 mg (0.036 mmol), catalyst 100 mg (200 wt.% of  PLL#), H2O2 97.2 µL (30 
wt.%, 28.5 equiv.), NaOH 2 M 75.6 µL (4.2 equiv.), TBAB 1.3 mg (0.004 mmol) in toluene (0.5 mL); 1.5 h 
reaction time, room temperature. Total diastereoselectivity towards trans-(1). bDetermined by 1H NMR. 
cEnantiomeric excess towards the trans-(2R, 3S)-(1) determined by chiral HPLC. dUsing PLL previously washed 
with chloroform. 

 

UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF NOVEL BIO-NANOHYBRID MATERIALS: CATALYTIC APPLICATIONS IN REACTIONS OF INTEREST 
TO THE FINE-CHEMICAL/PHARMACEUTICAL INDUSTRIES 
Ronald Alexander Miranda Acevedo 
Dipòsit Legal: T. 189-2013 
 



Chapter 5: Nanohybrid materials based on PLL and HT as catalysts in fine chemistry reactions 
 
 

168 

In agreement with Geller‘s studies, polymers synthesised at increasing temperature 

(PLL160 and PLL260) were considerably more active in the asymmetric epoxidation than those 

synthesised at room temperature and slightly more active than the PLLC. PLLS synthesised at 

room temperature showed  lower activity due to the presence of oligomers with a smaller sized 

chain (<5 monomers). Nevertheless, after the dimmers, trimmers and tetramers were 

eliminated by means of chloroform washing, the conversion rate and enantioselectivity 

increased significantly, up to 99% and 93%, respectively (Table 2, entry 8). 

This is because the oligomers with less than five monomers do not have any catalytic 

properties, as proposed by Berkessel et al. [31]. In order to optimise the reaction conditions, 

further epoxidation reactions were carried out to maximise the activity of all PLLS. Table 3 

shows the results. 

 
Table 3 Optimisation of asymmetric epoxidation reaction conditions catalysed by PLL 

Entrya Catalyst Conversion (%)b ee (%)c 

1 - < 4 - 

2 L-leu < 4 - 

3 NCA < 4 - 

4 HTrus 6 - 

5 PLLC 97 92 

6 PLL1 98 90 

7 PLL2 98 92 

8 PLL3 98 93 

9 PLL160 94 94 

10 PLL260 95 93 
aStandard conditions: (E)-(5) 7.7 mg (0.036 mmol), catalyst 100 mg (200 wt.% of PLL#), H2O2 40.6 
µL (30 wt.%, 11.9 equiv.), NaOH 2 M 0.18 mL (10 equiv.), TBAB 1.3 mg (0.004 mmol) in toluene 
(0.5 mL); 0.5 hour reaction time, room temperatura. Total diastereoselectivity towards trans-(1). 
bDetermined by 1H NMR. cEnantiomeric excess towards the trans-(2R, 3S)-(1) determined by chiral 
HPLC. 

Interestingly, for all PLLS, the optimised methodology reduced the reaction time to 30 

min. In addition, the synthesised catalysts were highly active yet did not require previous 

chloroform washing. These interesting results can be explained according to the mechanistic 

studies of Colonna et al. (Scheme 2) [32]. Colonna et al. found that both hydrogen peroxide 

and the substrate exhibit inhibitory behaviour due to the competition of different pathways. 

Nevertheless, under our conditions, kinetic saturation could be overcome by decreasing 
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competition and favouring the formation of the PLL:HOO-:chalcone complex which leads to 

the formation of trans-(2R,3S)-(1).  

 

HOO-

HOO-

PLL PLL:HOO-:(5)

PLL:chalcone

PLL:HOO-
(5)

trans-(R,S)-(1)

(5)

 

Scheme 2 Mechanism of PLL-catalysed asymmetric epoxidation reaction 

To widen the scope of the new catalysts (PLL260 and IPL260), some further 

epoxidation reactions were carried out to broaden the substrate range using the same 

conditions as chalcone (Table 4). As the test substrates were chosen those exhibited low 

reactivity under standard triphasic conditions [7,15,32] and much faster conversions under 

new triphasic/PTC conditions [17].  

Table 4 Epoxidation of different enones 

Entrya Product 
Conversion  

(%)d 

ee  

(%)e 

Time referent 

experiment (min.) 

1b 
(R,S)-(2) 

> 99 (> 99) 62 (92) 
8 

2c 99 61 

3b 
(R,S)-(3) 

39 (65) 62 (64) 
60 

4c 32 64 

5b 
(R,S)-(4) 

30 (82) 19 (68) 
120 

6c 22 13 

aStandard conditions: 0.036 mmol substrate, 200 wt.% of catalyst, H2O2 40.6 µL (30 wt.%, 
11.9 equiv.), NaOH 2 M 0.18 mL (10 equiv.), TBAB 1.3 mg (0.004 mmol) in toluene (0.5 
mL); 0.5 hour reaction time, r.t. bPLL260. cIPL260. dDetermined by 1H NMR. eEnantiomeric 
excess towards the trans-(2R,3S)-epoxide determined by chiral HPLC and 1H NMR; results 
of Ref. [17] experiments are given in brackets. 

The new catalysts in the triphasic/PTC conditions showed slightly higher activity 

when the reaction was performed using the non immobilised catalyst. Also, they show similar 

enantioselectivities in either PLL260 or IPL260 catalysts. On the other hand, the trans-1,4-

diphenyl-2-butene-1,4-dione shows activities comparable with to those reported in Geller and 

coworker’s results, but the enantioselectivities are significantly lowers (Table 4, entries 1 and 
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2). It is important take into account that the reaction times in the epoxidation of phenyl 

trans-styryl sulfone (Table 4, entries 3 and 4) and phenyl trans-4-phenyl-3-buten-2-one 

(Table 4, Entries 5 and 6) are two and four time lower, respectively, than in Geller’s 

experiment. In addition, the NaOH/TBAB ratio is different. Taken together these facts could 

explain the poorer activity observed with the PLL260 and IPL260 catalysts. 

Due to the similar catalytic properties in the optimised conditions of the differents 

synthesised catalysts showed in Table 3, the polymer PLL260 and the immobilised 

counterpartner, IPL260, were selected the model catalysts.  

 

2.2.2 Asymmetric catalytic Juliá-Colonna epoxidation with nanohybrid PLLs: reusability of 

nanohybrid materials 

We studied the potential of IPL260 and IPLC nanohybrid materials in the asymmetric 

epoxidation reaction of (5) in which both materials were synthesised following the same 

immobilisation procedure. We evaluated the new nanohybrid catalyst or synzymes under 

optimised conditions for 1 hour of reaction (Figure 2). The activity of the basic catalyst 

Mg/Al 2:1 rehydrated under ultrasounds (HTrus) was also tested in the epoxidation reaction 

of (5) in Chapter 3 presenting a very poor activity (6%). 
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Figure 2 Reusability of IPLC (green) and IPL260 (blue). Reaction conditions: 10 equiv. NaOH 2M, 11.9 

equiv. H2O2 (30 wt.%), during 1 hour at r.t. Total diastereoselectivity and enantioselectivity towards 
trans-(R,S)-(1). 
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Figure 2 shows that the activity and selectivity of the IPLC and IPL260 nanohybrid 

materials decreases slightly in the first run if compared to the corresponding non immobilised 

PLLC and PLL260. In the case of the nanohybrid based on synthesised PLL, PLL260, 

comparable values for activity and stereoselectivity were obtained from the second run. These 

remained constant after the organic phase was removed by simple centrifugation, and the 

epoxidation-recycling cycle was repeated for at least five consecutive runs. 

A remarkable difference in reusability was observed when the nanohybrid material was 

prepared from PLLC. The conversion rate and enantiomeric excess decreased significantly 

upon reuse. This was due to leaching of the PLLC because no basal peaks of the (003) and 

(006) planes of the PLL intercalated into HTrus were observed in the XRD pattern of the IPLC 

after five consecutive runs (Figure 3). The decrease in activity using IPLC as the catalyst 

confirmed the poor stabilisation of PLLC onto HTrus, because of the absence of C-terminal 

groups in the PLLC.  

10 20 30 40 50 60 703

 

d003 = 7.7Å

d003 = 11.0Å

2-theta (grades)
 

Figure 3 XRD patterns of a) IPL260 and b) IPLc after five consecutive runs. � Basal peaks of (003) and 
(006) plane of HT with immobilized PLL. Additional peaks correspond to sodium carbonate phase 

(JCPDS: 19-1130) 
 

After the final run, used catalysts were also characterised by HRTEM. These results 

show differences between the fresh and reused IPL260 and IPLC catalysts (Figure 4). The 

interlayer space of HTrus in the IPL260 material is better preserved after five consecutive runs 

(Figure 4b). Nevertheless, the HRTEM image of reused IPLC catalyst also reveals that the 

lattice fringe at 11.1 Å observed in the fresh catalyst disappeared after the fifth consecutive 

run. Interestingly, the (003) plane of the HT structure was centered at 7.6 Å (Figure 4d). 
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These results are in agreement with the XRD analysis of the reused IPL260 and IPLC catalysts 

(Figure 3), which indicates that IPLC material, containing PLLC without any C-terminal 

groups, is no longer intercalated between the HT layers. 

a) 

 

b)  

 

c) 

 

d) 

 

Figure 4 HRTEM images of (b) IPL260 and (d) IPLC after five consecutive runs. Fresh (a) PLL260 and (c) 
PLLC are showed as a reference. 

In order to understand the lower activity during the first run with the IPL260 catalyst, 

simultaneous TG/DTA analyses of pure HTrus, fresh IPL260, IPL260 after first run and IPL260 

after the second consecutive run were performed. Table 5 shows the total weight loss from the 

TGA analysis for all these compounds. In concordance with the results shown in Chapter 2, 

section 2.2.4, HTrus exhibited total weight loss of 42.9%, while after immobilisation of PLL260 

the total weight loss increased to 52.1%. Differences in these values (9.25%) correspond to the 

initial content of PLL260 in the fresh IPL260.   

After the first run and several washes with ethylacetate and toluene, the content of 

PLL decreases to 1.57%, while after the second consecutive run, there are no significant 

leaching losses of the PLL. This fact could explain the different activity observed during the 
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first run of the epoxidation of chalcone using IPL260 as the catalyst due to the necessity of a 

pre-activation in the first run as also observed by Geller et al. [17]. 

 

Table 5 Total weight loss of IPL260 nanohybrid material used as catalyst 
Material Total weight loss (% w/w)a 

HTrus 42.9 

PLL260 100.0 

IPL260 52.1 

IPL260
 after 1st run 50.6 

IPL260 after 2nd run 49.6 
aResults obtained by TGA analysis  

 

 

3. PLL/HT Nanohybrid Materials as Catalyst in Claisen-Schmidt-Juliá-Colonna one-

pot Reaction 

 

3.1 Experimental 

3.1.1 Synthesis of materials 

Calcined hydrotalcite (HTcc) was obtained by calcination of as-synthesised HTs 

containing nitrate anions (HTasym) at 450ºC overnight. Rehydrated Hydrotalcite under 

ultrasound treatment (HTrus) was obtained in accordance with the protocol exposed in 

Chapter 2, section 2.1.1. PLL260 was synthesised by ROP using triethlyamine as initiator at 

60ºC in accordance with the protocol presented in Chapter 4, section 2.1.1 and 2.1.2. 

Immobilising of PLL260 in HTrus (IPL260) was performed by anion-exchange as described in 

Chapter 4, section 3.1.2.  

 

3.1.2 Claisen-Schmidt reaction 

Typical Claisen-Schmidt reaction was performed in a tube of 10 mL where 

benzaldehyde (40.5 µL, 0.39 mmol), acetophenone (44.4 µL, 0.37 mmol), water (315 µL) 

and the indicated catalyst were added. The mixture was stirred at indicated temperature 

for 3 hours. The mixture was diluted in 1 mL of ethylacetate for the work-up. The catalyst 

(solid phase) was washed several times with toluene. The organic fraction was dried with 
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MgSO4 and,separated by filtration. Then, the solvent in the organic phase was evaporated. 

Products were identified by 1H NMR.  

 

1,3-Diphenyl-2-propen-1-one (5)  

1H NMR (400 MHz, CDCl3) δ = 7.96-7.17 (m, 11H), 7.74 (d, 1H) 

ppm.  

 

Secondary prodcuts were also idenfified by 1H NMR as follow: 

1,3,5-Triphenyl-1,5-pentadione (6) 

1H NMR (400 MHz, CDCl3): δ = 7.95 (d, 4H), 7.55 (t, 

2H), 7.29-7.25 (m, 4H), 7.20–7.16 (m, 1H), 4.09-4.04 (m, 

1H), 3.50 (dd, 2H), 3.36 (dd, 2H) ppm.  

 

2-Benzyl-1,3-diphenylpropane-1,3-dione (7) 

1H NMR (400 MHz, CDCl3): δ = 7.88-7.90 (m, 4H), 7.51-7.55 

(m, 4H), 7.38-7.42 (m, 4H), 7.22–7.26 (m, 5H), 5.51 (t, 1H), 3.45 

(d, 2H) ppm.  

 

3.1.3 Claisen-Schmidt-Juliá-Colonna one-pot reaction 

In a tube of 10 mL, benzaldehyde (40.5 µL, 0.39 mmol), acetophenone (44.4 µL, 

0.37 mmol) MQ-water (315 µL) and the indicated catalyst were added. The mixture was 

stirred at 80ºC for 3 hours. After that time, the reaction mixture was cooled down to 

room temperature and TBAB (7.3 mg, 0.024 mmol), NaOH 5M (636 µL, 10 equiv.) and 

the indicated solvent (1 mL) were added. The mixture was fimally stirred for 10 minutes 

and H2O2(aq) (334 µL, 11.9 equiv.) was added. The mixture was stirred at room 

temperature for 1.5 hour more. To work-up the mixture it was diluted in 1 mL of 

ethylacetate. The catalyst (solid phase) was washed several times with toluene. The 

organic fraction was dried with MgSO4 and separated by filtration. Then, the solvent in 

the organic phase was evaporated. The crude organic fraction was purified by silica-gel 

column chromatography with a 10:1 hexanes:EtOAc mixture as theeluent to give the 

Ph

O

Ph

Ph

O

Ph

OPh

Ph

O

Ph

O

Ph
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different products. The trans-(2R,3S)-(1) was identified by 1H NMR (400 MHz, CDCl3): 

δ = 4.01 (s, 1H), 4.23 (s,1H), 7.32-7.45 (m,7H), 7.54 (d, 1H), 7.94 (d, 2H) ppm. The ee 

was determined by 1H NMR using Europium tris[3-

(heptafluoropropylhydroxymethylene)-(+)-camphorate] (Eu(hfc)3) as thechiral shift 

reagent. 

 

3.2 Results and discussion 

3.2.1  Claisen-Schmidt reaction 

The results obtained for the synthesis of (5) using different materials based on 

hydrotalcite-like compounds as catalysts are present in Table 6.  

These results showed that HTasym and HTcc were practically inactive catalyst under 

neat conditions after 3 hours of reaction or using dry toluene as thesolvent (Table 6, entries 1 

and 2). Nevertheless a slight increase in activity was observed by adding water to the reaction 

media (Table 6, entry 3). When the organic solvent was changed by water, the conversion 

increased to 54.3% in agrrement with Tichit et al. who exposed that increases of the activity 

are due to rehydroxylation and formation of active hydroxyl groups in the calcined 

hydrotalcite [15]. Moreover, increasing of the reaction temperature also increased the 

conversion up to 82.1% (Table 6, entry 5).  

From the point of view of the solvent, difference in the conversions with HTcc using 

toluene and water are explained by the acidity of the solvent. Toluene which has a pKa of 41,  

is attracted by strong basic centers presented in the HTs, this strong centers are the OH-s 

located on the edges of the HTs. while water with a pKa of 15.7 was attracted by the basic sites 

with medium strength. In other words, using toluene the active sites from the HTs are 

poisoned during the reaction. These facts conclude that the catalytic Claisen-Schmidt 

reaction is carried out through the stronger basic centers of the HTs susceptible of solvent 

poisoning. And low acidic solvents or neat conditions improved the activity of the HTcc as the 

catalyst. The HTrus as the catalyst also showed high activity and selectivity towards the 

desidere product (5) in under neat and water conditions but it was necessary to increase its 

concentration 15 wt% to 100 wt% respect to acetophenone (Table 6, entries 7 and 8). 
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Table 6 Claisen-Schmidt reaction 

Ph H

O

Ph

O
Catalyst

Ph

O

Ph Ph

O Ph

Ph

O

Ph Ph

O O

solvent, T
(5) (6) (7)

 

Entrya Catalystb 
Temperature 

(ºC) 
Solventc %Cd %S(5)

d,e %S(6)
d,e %S(7)

d,e 

1 HTasym 60 - - - - - 

2 HTcc 60 T - - - - 

3 HTcc 60 T + Wf 5.5 99.9 - - 

4 HTcc 60 W 54.3 99.9 - - 

5 HTcc 80 W 82.1 97.6 2.3 - 

6 - 80 W - - - - 

7 HTrus 80 - 26.7 99.9 - - 

8 HTrus
g 80 - 81.4 88.0 12.0 - 

9 HTrus
h 80 - 85.8 85.1 14.9  

10 HTrus
h 80 W 85.1 90.1 - 9.9 

11 IPL260
h 80 W 87.1 88.2 - 11.8 

12 PLL260 80 W - - - - 
aReaction conditions: 0.39 mmol of benzaldehyde, 0.37 mmol acetophenone and indicated catalyst (15 wt% 
respect to acetophenone) were mixed and stirred for 3 hours at indicated temperature. bHT= hydrotalcite; 
HTasym= As-synthesised HT; HTcc= calcined HT; HTrus= rehydrated HTs under ultrasound treatment; 
PLL260= Poly-L-Leucine synthesised by ROP at 60ºC; IPL260= immobilised PLL260 in HTrus by anion-exchange 
method. cT= toluene and W = water. dDetermined by 1H NMR. eS(X) indicates selectivity toward x compound, 
where x = 5, 6 and 7. (5), fUsing 35wt% of water respect to acetophenone. g100 wt% of catalyst was used. h200 
wt% of catalyst was used. 
 

About the selectivity, in most cases, the major product was chalcone (5) with the 

formation of the condensation side-products 1,3,5-Triphenyl-1,5-pentadione (6) and 2-

Benzyl-1,3-diphenylpropane-1,3-dione (7). In agreement with de Jong et al, detection of 

chalcone as the major product is due to the extraction of a proton from the α-carbon atom of 

the acetophenone by a strong base site on the HTs to form a reactive enolate [36]. This 

enolate attacks to the carbonyl group of the benzaldehyde to produce an intermediate 

alkoxide which form the aldol product by deprotonation of water from the HT interlayer 

space (Scheme 3). Moreover, detection of (6) and (7) suggests that condensation reaction 

between reagents with the formed chalcone also occurs [15]. 
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Scheme 3 Proposed catalytic mechanism of Claisen-Schmidt reaction using benzaldehyde, 

acetophenone and HT as catalyst 
 

PLL260 in the reaction conditions did not present any activity for the Claisen-Schmidt 

reaction (Table 6, entry 12). Nevertheless, IPL260 showed slightly better activity as the catalyst 

in Claisen-Schmidt reaction with HTrus. Therefore, the nanohybrid catalyst kept the 

appropriate active basic sites even after immobilisation of PLL260 (Table 6, entry 13). The 

bionanohybrid catalyst, as it has been explained in Chapter 4, could have totally o partially 

occupied the interlayered hydroxyl groups and/or OH- anions located on the edges of the 

HTs. In addition, the large chains of the PLLs make the acces to OH- anions of these 

materials quite difficult. So, at this point, seems that also the basic sites on the surface of the 

support could be involved in the catalytic process. 

 

3.2.2 Claisen-Schmidt-Juliá-Colonna one-pot reaction 

In accordance with the results previously shown and using the reaction conditions 

established in Section 2, Claisen-Schmidt-Juliá-Colonna one-pot reaction was also 

investigated. Preliminary results are summarised in Table 7 where the conversion given were 

calculated from acetophenone. 
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Table 7 Claisen-Schmidt-Juliá-Colonna one-pot reaction – Reusability of the catalyst 

Ph H

O

Ph

O
Catalyst

1. Claisen-Schmidt reaction

Ph

O

Ph

Ph Ph

O OPh

Ph

O

Ph

H H

O

Ph Ph

OO

Ph

Ph

O

Ph

H H

O

(5)

(6)

(2R,3S)-(1)

2. Juliá-Colonna reaction

(7)

(2S,3R)-(1)

 

Entrya Run %Cb %S(5)
b %SEpox(1)

b %eec %S(6)
b %S(7)

b 

1 

1 93.9 16.2 62.1 83.0 12.9 8.8 

2 81.4 43.1 40.1 56.5 16.8 - 

3 92.1 52.0 27.4 45.0 20.6 - 

4 90.4 61.4 23.1 41.9 15.5 - 

2 

1 d 80.4 87.0 - - - 13.0 

2 d 96.9 84.0 - - - 16.0 

3 d 90.5 79.4 - - 7.9 11.9 

4 100 29.0 51.9 75.7 8.1 11.0 

3 

1 e 99.9 - 99.9 79.9 - - 

2 98.7f 52.4 47.6 74.3 - - 

3 93.4f,g 57.6 42.4 69.0 - - 

4 69.2f,g 73.7 26.3 53.6 - - 

aReaction conditions of reusability catalytic test with four consecutive runs: 0.39 mmol of benzaldehyde, 
0.37 mmol acetophenone and indicated catalyst (25 wt% of PLL260 respect to benzaldehyde) were mixed 
and stirred for 3 hours 80ºC, after that time, the reaction was cooled to r.t. and H2O2 334 µL (30 wt.%, 
11.9 equiv.), NaOH 5 M 636 µL (10 equiv.) and TBAB 7.3 mg (0.024 mmol) were added. The reaction 
was stirred for 1.5 hour more. bDetermined by 1H NMR. cDetermined using Eu(hfc)3 by 1H NMR. 
dClaisen-Schmidt reaction without addition of reagents to Juliá-Colonna epoxidation. eUsing 150%wt of 
PLL260 respect to benzaldehyde. 

 
In the study of the Juliá-Colonna epoxidation (Chapter 4), it was shown that HTrus 

under water/toluene conditions was not active in the Juliá-Colonna reaction. 

The use of IPL260 as the unique catalyst in the one-pot reaction gave a conversion up 

to 93.9% with 62.1% of final selectivity to (1) with an enantioselectivity of 83%. (Table 6, 

entry 1 first run). Nevertheless, one-pot reaction afforded (6) and (7) as a side-product in low 

percentage due to condensation between acetophenone and (5) and benzaldehyde and (5), 

respectively (Scheme 4).  
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Scheme 4 Claisen-Schmitd-Juliá-Colonna one-pot reaction using IPL260 nanohybrid material as catalyst. 
The suggested active sites, in accordance with literature [33-36], are presented in brackets: OHs = OH- 

located on the edges of the HTrus. PLL260 = Immobilised PLL and M = HT surface. 
 

In order to investigate the stability of IPL260 in Claisen-Schmidt-Juliá-Colonna one-

pot reaction, the recovery and reusability of the catalyst was studied carrying out a standard 

reusability test. Nevertheless, the results showed that under the new reaction conditions the 

selectivity towards (1) were decreasing after the firts run down to 23.1% (Table 7, entry 1). To 

understand this unexpected behaviour of the catalyst, a new experiment was designed (Table 

7, entry 2) where after three consecutive runs performing only the Claisen-Schmidt reaction, 

the fourth consecutive run was a Claisen-Schmidt-Juliá-Colonna one-pot reaction. The 

results showed a significantly higher final selectivity towards (1) (51.9%) than the one 

observed in the fourth consecutive run of the standard reusability test (23.1%) but a slightly 

lower final selectivity towards (1) than in the first run of the standard reusability test (62.1%) 

(Table 7, entry 1). These results suggest loss of activity in the Juliá-Colonna epoxidation 

reaction probably because the immobilised catalyst is modified during the reaction. It also 

could explain the decreases of the enantioselectivity from 83.0% e.e. in the first run to 41.9 % 

e.e. (Table 7, entry 1). In order to investigate this hypothesis, a new experiment was performed 

(Table 7, entry 3). The amount of bionanohybrid catalyst IPL260 was increased. In these new 

reaction conditions, the stability and reusability of the catalyst were probed during four 

consecutive runs in the Claisen-Schmidt-Juliá-Colonna one-pot reaction. The results showed 
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total conversion and selectivity towards (1) in the first run. However, after 4 consecutive runs 

the selectivity decreased down to 26.3% as well as the enantioselectivity.  

In order to find an explanation for the observed results, characterisation of the IPL260 

nanohybrid material was evaluated by MALDI-TOF MS after the fourth consecutive run of 

the last experiment (Table 7, entry 3). The results are shown in Figure 5. 
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Figure 5 (left) MALDI TOF spectra of IPL260 a) before and b) after 4 consecutive reactions. (right) 
MALDI TOF spectra in the m/z range: 2085-2310. 

 

As explained in Chapter 4, section 2.2.1, fresh PLL260 is composed mainly by PLL 

chains containing living groups which are interacting with the HTrus after an anionic exchange 

reaction.  Figure 5a (Right) shows the most intense peak at 2093 Da which is due to a PLL 

chain of 18 monomers dopped with potassium, nevertheless this peak practically disappeared 

after the fourth reaction (Figure 5b, right), other peaks are related with PLL containing living 

and NCA endgroups (see Annex 3, Table 4). After the fourth consecutive run the spectrum 

shown in Figure 5b (Right) is formed by a series of 7 main peaks where the most intense is 

centered at 2189 Da. This peak is due to cyclic-PLL containing 19 monomers dopped with 

potassium. The peaks at 2116 and 2206 Da due to PLL containing living groups are still 

presented in the material.  

In contrast with the results obtained for the Juliá-Colonna reaction, where the catalyst 

showed high stability after 4 consecutive runs (section 2.2.3), in Claisen-Schmidt-Julia-

Colonna one-pot reaction the immobilised PLL is cyclised during the catalytic process. As 

explained in Chapter 4, the temperature during the first run and also the basicity of the 

support could be the responsible for the changes in the immobilised PLLs structure. As a 
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result, both the final selectivity towards product (1) and the enantioselectiviy decreased. In 

adittion the absence of living groups for the reused catalyst indicates that cyclic PLL chains are 

also able to catalyse the one-pot reaction but with less activity and enatioselectivity for the lack 

of an α-helical conformation [13,37].   

Finally, although MALDI-TOF is not a cuantitave technique, decreases of the peaks 

intensity after four consecutive runs suggests that cyclisation of PLL chains also decrease the 

strength of the H-bond interactions. This could indicate leaching of the PLL from the HTrus .   

From the point of view of the material, these results are interesting because novel bio-

nanohybrid materials based on PLL immobilised in HTs were reported by our group for the 

first time, and the understanding of their chemical properties is nowadays under investigation. 

As it was expressed at the beginning of this chapter, this section is just the preliminary 

study of IPL materials in Claisen-Schmidt-Juliá-Colonna one-pot reactions which needs to be 

further investigated. In this context, this topic is currently in progress in our group and the 

complete study will be performed by Ms. Dana Georgiana Crivoi. 

 

 

4. Conclusions 

 

The challenge in achieving a well-defined catalytic process is to develop recyclable 

catalysts that guarantee the expected activity and selectivity for a reasonable number of 

consecutive runs. We have managed to fulfill this goal in the asymmetric epoxidation of trans-

chalcone by preparing nanohybrid materials based on synthesised PLL and HTrus. PLL260 

material synthesised by ROP at 60ºC and using triethylamine as initiator resulted in a highly 

active PLL containing living groups with chain-lengths similar to those of PLLC. Moreover, 

immobilisation of PLL260 in HTrus by anionic-exchange method in just 30 minutes afforded a 

nanohybrid material which exhibited high activity and selectivity comparable to those of 

PLL260 and no catalyst pre-activation was necessary. The nanohybrid can be separated from 

the reaction mixtures by simple centrifugation. In this way, the catalyst can be recovered and 

reused keeping the same activity and enantioselectivity for at least five consecutive runs. In 

contrast, the nanohybrid based on the commercial PLL, IPLC, presented a significant leaching 
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of PLL and a notable loss of activity and selectivity upon reuse. The reusability and 

reproducibility of the catalytic system in this process makes it viable and practical in 

economical and technical terms. These nanohybrid materials, being of economic and 

environmental interest, should therefore receive considerable attention in future scale-up 

applications and be used as bioactive catalysts in other asymmetric reactions. 

Immobilisation of synthesised PLL in rehydrated HT affords an important family of 

nanohybrid materials which can act as bifunctional catalysts in interesting reactions to 

pharmaceutical and fine chemistry. This preliminary study shows the optimised conditions to 

Claisen-Schmidt reaction using HTcc, HTrus and IPL260. In this context, it was evaluated that 

some strong basic centers from the HTrus remained accessible after immobilisation of PLL 

permiting to catalyse C-C bond-forming reactions. Interestingly, the strong basic centres 

remained active after four consecutive reactions. Moreover, using IPL260 nanohybrid material 

as catalyst allowed both good conversion and selectivity towards trans-chalcone.  

Taking advantage of their excellent properties as reusable catalyst in Juliá-Colonna 

epoxidation reaction, IPL260 was used as catalyst in Claisen-Schmidt-Juliá-Colonna one-pot 

reaction where presented total conversion and selectivity conserving the good 

enantioselectivity of the pure PLL material. Nevertheless, decrease of the selectivity after first 

consecutive reaction indicated that the presence of NaOH at higher temperature during the 

Claisen-Schmidt reaction induces the cyclisation of the PLL forming a new less active catalyst 

which is not able to induce enantioselectivity in the formed trans-epoxy-chalcone. 

These results presented an important advance in the understanding of the nature of 

PLL materials and also in the physical and chemical properties of nanohybrid materials which 

are able to catalyse several kinds of important reactions in pharmaceutical and fine chemistry 

with good activity, selectivity and enantioselectivity. Nevertheless, this topic needs to be more 

studied in order to understand the reach of these novel nanohybrid materials. 

Finally, the total catalytic application of PLL/HT materials in the asymmetric 

Julía-Colonna epoxidation reaction was published in the article: 

“Asymmetric epoxidation of chalcone catalysed by reusable poly-L-leucine immobilised on 

hydrotalcite” Ronald-Alexander Miranda, Jordi Llorca, Francisco Medina, Jesús E.Sueiras, 

Anna M. Segarra. J. Catal. 2011, 282, 65. 
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CHAPTER 6 

 

 

SUMMARY OF THIS THESIS 

 

 

Bio-nanohybrid materials based on the combination of biomolecules and inorganic 

supports are interesting by their versatile applications in regenerative medicine, drug delivery, 

bio-engineering and catalysis. In that context, understanding of organic/inorganic 

interactions offers an important key to design new and more complex bio-systems with 

modified interactions. 

In this thesis, nanohybrid materials based on L-Leucine (L-Leu), L-Proline (L-Pro) or 

synthesised Poly-L-Leucine (PLL) immobilised in hydrotalcite-like materials (HTs) were 

synthesised looking for a clarification of the nature of their organic/inorganic interactions and 

their possible applications as heterogenised organocatalysts. 

HTs present properties which were approached in the immobilisation of 

biomolecules. In this aspect, increase of the basic character using ultrasound treatment during 

the rehydration of the calcined HTs afforded a material with stronger and more accessible 

basic centres than using other methodologies. Increasing of the basic character of the HT 

rehydrated under ultrasound treatment (HTrus) even permitted the immobilisation of L-Pro 

which has a high pKa of 10.6. Another important property of HTs is their excellent swelling 

which permitted the immobilisation of amino acids (AAs) or PLL chains in their interlayer 

space. As the catalyst, HTrus was active to C-C bond-forming reactions and did not present 

any loss of activity after four consecutive runs. In this context, presence of weak and strong 

basic centres permitted to design experiments where HTrus can act as the catalyst or lose its 

activity through changes in the used solvent. 

One important goal of this thesis was the total control over the immobilisation of 

biomolecules on the edges or in the interlayer space from the HT structure, but not on the 

surface. In all cases the immobilisation started with an anionic exchange reaction between the 

carboxylate group from the biomolecule and the more accessible OH- anions from the HTs. 

Although the interaction does not occur directly with the metals in the brucite-like structure, 
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this ionic interaction afforded stable nanohybrid materials with dependence on the basic 

character of the HT due to their zwitterionic nature. Increase of the temperature during the 

synthesis of materials favoured the swelling of the HT layers permitting the immobilisation of 

biomolecules in the interlayer space. In this topic, the nature of the organic/inorganic 

interaction depended on the method of synthesis. Moreover, the characterisation data showed 

that L-Leu and L-Pro could be immobilised in a bilayered conformation increasing the 

immobilisation capacity of HTrus. 

This thesis also included a complete description about the synthesis of PLLs and the 

role of the kind of initiator, monomer/initiator ratio and temperature of synthesis. Our 

results demonstrated that under our reaction conditions the synthesis of PLLs mainly formed 

by living groups using triethylamine as the initiator was possible. Additionally, the role of 

water in the media was clarified and now it is clear that although traces of water could initiate 

the ring-opening polycondensation (ROP), excess of water afforded PLL materials containing 

complex cyclic chains, possible β-sheet configurations and cyclisation of the entire PLL chain. 

On the other hand, lower amounts of HTrus could initiate the ROP and form PLL mainly 

containing living groups, nevertheless using an excess of HTrus complex collateral reactions 

were observed. 

We presented that the immobilisation of PLL in HTrus by an anionic exchange 

protocol in just 30 minutes was enough to obtain good stabilised nanohybrid materials. The 

basic character of the HTrus permitted the immobilisation of PLL through anionic interaction, 

but also the stabilisation of the α-helical conformation through H-bonding interactions with 

the HT layers. This kind of immobilisation did not affect the α-helical structure of the 

synthesised PLLs. Moreover, HTrus also favoured the opening of NCA endgroups present in 

some PLL chains increasing the immobilisation degree. 

In order to evaluate the chemical properties of the synthesised bio-nanohybrid 

materials, these materials were used in one of four reactions: asymmetric Julía-Colonna 

epoxidation reaction, asymmetric direct aldol reaction, Claisen-Schmidt reaction and Claisen-

Schmidt-Julía-Colonna one-pot reaction. In all cases controlled immobilisation of 

biomolecules in HTrus afforded materials with excellent synergistic behaviour. Materials based 

on L-Leu immobilised in HTrus (LL/HT) presented an interesting catalytic behaviour because 
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separately L-Leu and HTrus were not active in the asymmetric Juliá-Colonna epoxidation 

reaction. The results highlighted in this thesis showed that control on the location of 

immobilised L-Leu permitted to obtain materials with different catalytic properties. 

Immobilisation on the edges of the HTrus increased the accessibility and also the total 

conversion. Immobilisation in the interlayer space decreased the accessibility but induced 

slightly enantioselectivity towards (S,R)-epoxy-chalcone.  

Similar behaviour was observed using L-Pro immobilised in HTrus (LP/HT). In that 

case, the synergistic behaviour was observed because direct asymmetric aldol reaction requires 

both amino and carboxylic groups from the pure L-Pro. Immobilisation of L-Pro occurred 

through its carboxylate group; however, the activity towards aldol product was high due to the 

joint work between HTrus and the immobilised L-Pro. In the same way as LL/HT materials, 

immobilizstion in the interlayer space decreased the accessibility reducing the total conversion 

but increased the enantioselectivity showing inversion of this parameter. 

Finally, nanohybrid materials based on PLL immobilised in HTrus (IPL) presented 

excellent stability toward asymmetric Julía-Colonna epoxidation reaction of chalcone. 

Moreover, IPL nanohybrid materials were easily recovered and reused in four consecutive runs 

without significant leaching of the immobilised PLL. Nevertheless the thermally sensitive 

structure of the PLL made its use difficult in the Claisen-Schmidt reaction at 80ºC by the 

modification of the active centres from the PLL by cyclisation of the chains which reduce the 

activity and enantioselectivity of the formed trans-epoxy-chalcone.  

In general, immobilisation of biomolecules in HTrus, under controlled conditions, 

permitted to obtain nanohybrid material with different organic/inorganic interaction. 

Moreover, these bio-nanohybrid materials showed catalytic activity in interesting 

pharmaceutical and fine chemical reactions. LL/HT, LP/HT and IPL are ecofriendly 

nanohybrid materials, easy to synthesise through clean and efficient methodologies, and no 

pre-activation was needed when they were used as catalysts. Moreover, the complete 

understanding of the immobilisation nature opens the opportunity to synthesise more 

complex materials using proteins, enzymes or chiral ligands which could be used as the catalyst 

in several enantioselective reactions. 
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ANNEX 1 

 

 

GENERAL INFORMATION 

 

 
Table 1.1 Classification and properties of most common AA in the protein structures 

Aminoacid 

structure 
pI 

pKa1 

(α-COOH) 

pKa2 

(α-+NH3) 

 Aminoacid 

structure 
pI 

pKa1 

(α-COOH) 

pKa2 

(α-+NH3) 

AA with nonpolar side chains 

 
Glycine 

(Gly) 

6.06 2.35 9.78   
L-Alanine 

(Ala) 

6.01 2.35 9.87 

 
L-Valine 

(Val) 

6.00 2.39 9.74  
 

L-Leucine 

(Leu) 

6.01 2.33 9.74 

 
L-Isoleucine 

(Ile) 

6.05 2.32 9.76  
 

L-Methionine 

(Met) 

5.74 2.13 9.28 

 
L-Proline 

(Pro) 

6.30 1.95 10.64  
 

L-Phenylalanine 

(Phe) 

5.49 2.20 9.31 

 
L-tryptophan 

(Trp) 

5.89 2.46 9.41      

AA with polar but nonionised side chains 
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L-Asparagine 

(Asn) 

5.41 2.14 8.72  
 

L-Glutamine 

(Gln) 

5.65 2.17 9.13 

 
L-Serine 

(Ser) 

5.68 2.19 9.21  
 

L-Threonine 

(Thr) 

5.60 2.09 9.10 

AA with acidic side chains 

 
L-Aspartic acid 

(Asp) 

2.85 1.99 9.90  
 

L-Glutamic acid 

(Glu) 

3.15 2.10 9.47 

 

L-Tyrosine 

(Tyr) 

5.64 2.20 9.21  
 

L-cysteine 

(Cys) 

5.05 1.92 10.70 

AA with basic side chains 

 

L-Lysine 

(Lys) 

9.60 2.16 9.06  
 

L-Arginine 

(Arg) 

10.7

6 
1.82 8.99 

 
L-Histidine 

(His) 

7.60 1.80 9.33      
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ANNEX 2 

 

 

CHARACTERISATION TECHNIQUES 

 

 

Molecular formulae were calculated since elemental analyses (EA) and inductively coupled 

plasma analyses (ICP) results. EA were performed on an elemental analyser EA-1108 C.E. instrument 

from Thermo Fisher Scientific with a microbalance Mattler Toledo MX5. The analyses were carried 

out using atropine as patron and Vanadium as the additive to facilitate combustion. ICP analyses were 

performed in an ICP-OES Spectro Arcos FHS16 Instrument.  

Powder X-ray diffraction (XRD) patterns of the samples were performed on a Bruker-AXS 

D8-Discover diffractometer with 2θ angle ranging from 1º to 70º. Samples were dispersed onto low 

background Si (510) sampler holder. The data were collected with an angular step of 0.03º at 5s per 

step and sample rotation. CuKα radiation (λ = 1.54056 Å) was obtained from a copper X-ray tube 

operating at 40 kV and 40 mA. The crystalline phases were identified using JCPDS files. The 

interlayered spaces were analysed with the reflection bands of the (003) and (006) and calculated using 

the Bragg law.  High-resolution transmission electron microscopy (HRTEM) was performed at 

Institut de Tècniques Energètique from Universitat Politécnica de Cataunya (Spain) for Prof. Dr. 

Jordi Llorca who used a JEOL 2010F instrument equipped with a field emission source and working at 

an acceleration voltage of 200 kV. The point-to-point resolution of the microscope was 0.19 nm, and 

the resolution between lines was 0.14 nm. 

Fourier transform infrared spectra (FT-IR) were recorded with Nicolet Nexus Fourier 

Transform instrument provided with a DTGS KBr detector. Each analysis was performed using 100 

scans in the range 4000–400 cm-1 with resolution of 4 cm-1. For the analysis of skeletal vibrations KBr 

pressed disks were used. To spectra analysis OMNIC software provided by ThermoElectron 

Corporation was used.  Raman spectra were obtained using a Renishaw Raman in via reflex 

instrument. The polarized radiation (λ=785 nm) of a Ranishaw diode laser of 500 mW was used. A 

Laica DM2500 optical microscope was used to determine the analysed part of the sample. Ramascope 

was calibrated using a silicon wafer. Focus (maximum opening 100%) and power (50%) were carefully 

optimized in order to not alter the sample during the measurement. The spectral resolution was 2-

3cm-1; with an exposure time of 10 s and 5 accumulations for each run. 
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 13C and 27Al Magic Angle Spinning-Nuclear Magnetic Resonance (MAS-NMR) spectra were 

obtained on a Varian Mercury VXR-400S spectrometer operating at 104.2 MHz with a pulse width of 

1 ms. A total of 4000 scans were collected with a sweep width of 100 kHz and an acquisition time of 

0.2s. An acquisition delay of 1s between successive accumulations was selected to avoid saturation 

effects. 13C MAS NMR spectra were recollected using tetramethylsilane (TMS) as reference.  

MALDI-TOF analysis were performed using a Voyager-DE STR MALDI mass spectrometer 

(Applied Biosystems) equipped with nitrogen laser (emission wavelength 337 nm, pulse duration 3ns, 

20 Hz repetition rate). MALDI targets were prepared using a solution of 10 mg/mL of ɑ-ciano-4-

hydroxycinnamic acid (CHCA) in acetonitrile-0.1% TFA (1:1, v/v) as matrix solution. 10μL of 

material solution (1.5 mg/mL of a mixture TFA/chloroform 1:1, v/v) was mixed with 10 μL of matrix 

solution and 5μL of potassium trifluoroacetate in THF solution (1mg/mL). 0.5 μL of the resulting 

mixture was applied to each spot of the sample plate. Samples were dried at room temperature. Spectra 

were recorded in positive ion mode using 20kV acceleration voltage, delayed extraction (200 ns), 

reflector mode, grid voltage set to 66%, 0.002% guide wire voltage and an extraction delay of 200 ns. 

Survey spectra of the materials were obtained by accumulating data of 100 laser shots. External 

calibration was carried out using the protonated molecules of Leucine-enkephalin, substance P, 

neurotensin and ACTH (fragment 18-39).  

ElectroSpray Ionization Mass Spectrometry (ESI-MS) spectra in the direct infusion mode 

were recorded on a hybrid quadrupole/time-of-flight Qstar Pulsar mass spectrometer fitted with an 

IonSpray source. Samples were diluted in 70% formic acid to a final concentration of 10 μM. The 

instrument was calibrated using a 3mM solution of cesium iodide in a 2-propanol/H2O mixture (1:1, 

v/v).  

 

Thermal evolution 

Thermogravimetric analyses and Differential Thermal Analyses (TG/DTA) were measured 

on TGA7 instrument from Perkin Elmer. The analyses were carried out using a sample amount of 10 

mg under N2 atmosphere. The heating rate was 10ºC.min-1 within the range 30-900ºC.  

In situ IR experiments were achieved by using a conventional gas manipulation apparatus 

connected to the cell under static conditions and by transmission method. Self supporting disk of KBr 

pressed disk was heated outgassing up to 450ºC directly in the IR cell. The FTIR spectra were recorded 

at the specified temperatures with previous cooling of the disk at room temperature under vacuum 

(10-4 mbar).  
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ANNEX 3 

 

 

CHARACTERISATION RESULTS 

 

1. Characterisation results from Chapter 2 
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Figure 1 13C-MAS NMR of a) L-Leu, b) LL/HTrus-A21.09, c) LL/HTrus-R10.95 and d) LL/HTr-R20.92. 
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Figure 2 Raman spectra of a) L-Pro, b) HTrus c) LP/HTrus-R10.95 and d) LP/HTr-R20.92. Left: increase scale 
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Figure 3 27Al MAS NMR spectra of a) HTrus, b) LP/HTrus-A20.57, c) LP/HTrus-R10.60 and LP/HTr-R20.70 
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Figure 4 13C MAS NMR of a) L-Pro, b) LP/HTrus-A20.57, c) LP/HTrus-R10.60 and LP/HTr-R20.70 
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Figure 5 TG/DTA thermal experiment of L-Pro 
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Figure 7 FTIR at increasing temperature of a) LP/HTrus-A20.57, and b) LP/HTr-R20.70 
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Figure 8 MALDI TOF spectra of a) PLL13d, b) PLL23d and c) PLL33d 
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Figure 9 Hydrolysis effect in the synthesis of PLL 

 
Table 1 Correspondences of the peak showed in Figure 9 

Peak (Da) Correspondence Kind of endgroup 
1526 13*L-Leu + H/OH + K+ Living 
1549 13*L-Leu + H/OH + K+ - H2O Cyclic chain 
1554 12*L-Leu + H/NCA + K+ NCA 
1566 13*L-Leu + H/OH +2K+ - H+ Living 
1583 13*L-Leu + H/OH + H+ - H2O Cyclic chain 
1596 12*L-Leu + H/NCA + K+ + 46 Da NCA 
1611 12*L-Leu + H/NCA + H+ - H2O Cyclic chain 
1621 14*L-Leu + H/OH + H+ - H2O Cyclic chain 

1000 2000 3000 4000

 

n=7

 

n=10

 

n=25

m/z  
Figure 10 MALDI TOF spectrum of PLL160 

 

Table 2 Relationship between areas of amide I and II bands at increasing temperature 
PLL3 Amide I 

(cm-1) 

Amide II 

(cm-1) 

Amide I/ 

AmideII 

IPL3 Amide I 

(cm-1) 

Amide II 

(cm-1) 

Amide I/ 

AmideII T (ºC) T (ºC) 

60 1.45 0,82 1,76 60 0,28 0,14 1,97 

90 1.47 0,82 1,78 90 0,28 0,14 2,01 

130 1.51 0,83 1,81 130 0,28 0,14 1,98 

170 1.56 0,87 1,81 170 0,28 0,15 1,94 

220 1.600 0,87 1,83 220 0,29 0,15 1,93 

260 1,60 0,84 1,90 260 0,29 0,15 1,88 

300 1,62 0,84 1,90 300 0,29 0,15 1,88 

330 1,61 0,86 1,88 330 0,29 0,15 1,89 

360 1,46 0,84 1,26 360 0,28 0,15 1,89 

400 0,58 0,75 1,93     
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PLL260 Amide I 

(cm-1) 

Amide II 

(cm-1) 

Amide I/ 

AmideII 

IPL260 Amide I 

(cm-1) 

Amide II 

(cm-1) 

Amide I/ 

AmideII T (ºC) T (ºC) 

60 0,60 0,35 1,72 60 0,16 0,08 2,06 

90 0,60 0,35 1,73 90 0,16 0,08 2,08 

130 0,61 0,36 1,73 130 0,16 0,08 2,04 

170 0,63 0,36 1,73 170 0,16 0,08 2,03 

220 0,65 0,37 1,74 220 0,16 0,08 1,99 

260 0,67 0,38 1,78 260 0,16 0,09 1,80 

300 0,68 0,38 1,79 300 0,16 0,09 1,78 

330 0,68 0,37 1,83 330 0,16 0,09 1,74 

360 0,66 0,36 1,86 360 0,13 0,07 1,75 

400 0,37 0,19 1,94     
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Figure 11 a) TG and b) DTA experiments of PLL3, PLL260 and PLL4. 
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Figure 12 a) TG and b) DT analyses of IPL3 and IPL260. HTrus is showed as a reference. 

 

 

3. Characterisation results from Chapter 5 

 
In order to understand the influence of the solvent in the immobilisation of PLL 

materials in HTrus, and also in the catalytic activity of the obtained materials, modifications in 
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the protocol of immobilisation were performed and they are shown in Table 3 and Figures 13-

16. 

 
Table 3 Synthetic conditions of nanohybrid materials based on PLLs 

Entrya Materialb Method PLL 
Immobilisation 

solvent 
Immobilisation ratioc 

1 IPL260-1W 1 PLL260 Water 0.196 

2 IPL260-1T 1 PLL260 THF 0.082 

3 IPL260-2W 2 PLL260 Water 0.085 

4 IPL260-2T 2 PLL260 THF 0.130 

5 IPL260-3W
d 3 PLL260 Water 0.225e 

6 IPL260-3T 3 PLL260 THF 0.180 

7 IPLC-1W 1 PLLC Water 0.071 

8 IPLC-2W 2 PLLC Water 0.037 

9 IPLC-3W 3 PLLC Water 0.076 
aMethod 1: Magnetic stirring for 2 days at 80ºC. Method 2: Magnetic stirring for 1 hour at room 
temperature. Method 3: Ultrasound treatment for 30 minutes. bIPLWx-yz : W = numeration in accordance 
with M/I ratio (2 = M/I of 5 and C = commercial); x = temperature of synthesis; y = method of 
immobilization and z = W (water) or T (THF). cImmob. ratio = mg PLL/mg HTr. Calculated by 
thermogravimetric (TG/DT) analysis. dIPL260-3W correspond to IPL260 material exposed in Chapter 4 and 
5. eImmobilization ratio of 0.225 mg PLL/mg HTrus corresponds to a molecular formula of 
[Mg2.39Al1.00(OH)6.79](Leu*)1.68(CO3

2-)5.20(NO2
-)0.10.0.70H2O calculated by AE and ICP. 

 
Figure 13 XRD patterns of nanohybrid PLL/HTr materials: (a) HTr,, (b) IPLC-3W, (c) IPL260-3W, (d) 

IPL260-3T, (e) IPL260-2W, (f) IPL260-2T, (g) IPL260-1W and (g) IPL260-1T. � Basal peaks of (003) plane with 
PLL immobilized � Basal peaks of (003) and (006) planes from the starting HTr material. 
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Figure 14 Reusability of IPL260-1W and IPL260-1T. Reaction conditions: 10 equiv. NaOH 2M, 11.9 equiv. 

H2O2 (30 wt.%) for 1 hour at r.t.. Total diastereoselectivity towards trans-1,2-epoxy-1,3-diphenyl-
propane-1-ona 
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Figure 15 Reusability of IPL260-2W and IPL260-2T. Reaction conditions: 10 equiv. NaOH 2M, 11.9 equiv. 
H2O2 (30 wt.%) during 1 h at r.t.. Total diastereoselectivity towards trans-1,2-epoxy-1,3-diphenyl-

propane-1-ona 
 

 
Figure 16 Reusability of IPL260-3W and IPL260-3T. Reaction conditions: 10 equiv. NaOH 2M, 11.9 equiv. 

H2O2 (30 wt.%) for 1 h at r.t.. Total diastereoselectivity towards trans-1,2-epoxy-1,3-diphenyl-propane-1-
ona 
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Table 4 Correspondences of the peak to IPL260 before and after reaction 

IPL260 
MALDI-Tof Mass 

(Da) 
Assignation Kind of endgroup 

Before 

Reaction 

2093 18*Leu + H/OH + K+ Living 

2116 18*Leu + H/OH + Na+ + K+ - H+ Living 

2128 18*Leu + H/OH + 2K+ - H+ Living 

2142 17*Leu + H/NCA + 2K+ - H+ - H2O Cyclic chain 

2161 17*Leu + H/NCA + K+ + 46Da  NCA 

2171 19*Leu + H/OH + H+  Living 

2189 19*Leu + H/OH + K+ - H2O Cyclic chain 

After 

Reaction 

2103 17*Leu + H/NCA + K+  - H2O Cyclic chain 

2116 18*Leu + H/OH + Na+ + K+ - H+ Living 

2147 19*Leu + H/OH + H+  - H2O Cyclic chain 

2161 17*Leu + H/NCA + K+ + 46Da NCA 

2178 18*Leu + H/NCA + H+ - H2O Cyclic chain 

2189 19*Leu + H/OH + K+ - H2O Cyclic chain 

2206 19*Leu + H/OH + K+  Living 
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