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that concept can be the odorant receptors. Most of them are composed by 
L-amino acids and for that reason our sense of smell is sensitive to the 
chirality of the odorant molecules, among other characteristics, as Louise 
Pasteur suggested long time ago.8 For instance, the (+)-enantiomer of the 
compound androstenone (Fig. 1.3) is produced by male-humans and, 
although many people described it as unpleasant and urinous smell, this 
compound has been marketed as a human female sex attractant. The (-)-
enantiomer apparently is no detectable for the olfactory humans sense and a 
drawback in the use of this compound as a sexual attractant is the fact that 
close to 50% of the people cannot smell either enantiomer.9 

  

Figure 1.3. Package of commercially available (+)-Androstenone and molecular 
structures of (+)-Androstenone and (-)-Androstenone. 

   More important is the different activity that can present both enantiomers 
of a determinate synthetic drug. Interactions of drugs with receptors, 
enzymes or binding sites have long been known to be stereoselective, and 
both pharmacodynamic and pharmacokinetic events contribute to the 
overall clinically observed stereoselectivity. The most common different 
effects observed are when the eutomer (the active enantiomer of a chiral 
molecule) is significantly more active than the distomer (the less active 
enantiomer) or when this last one is totally inactive. The problems in the 
administration of the drugs as racemate (equimolar mixture of a pair of 
enantiomers) appear when both enantiomers act as eutomers and have 
independent therapeutic effects, like in the case of quinine used as 
antimalarial and quinidine that is an anti-arrhythmic agent or even worse, 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
8 L. Pasteur, Memoire sur la fermentation appelee lactique, Comptes Rend. Acad. Sci. Paris 46:615, 
1858. 
9 J. P. Riehl, Mirror-Imatge Asymmetry: an Introduction to the Origin and Consequence of Chirality, 
Wiley-VCH, New Jersey, Canada, 2010. 
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when the distomer has harmful or undesirable effects. One example of this 
last type is the enantiomers of 3-methoxy-17-methylmorphinan 
(methorphan) (Fig. 1.4).10 The D-isomer, common known as 
dextromethorphan, is used as a cough suppressant (antitussive) and it is one 
of the active ingredients in many over-the-counter medicines, such as 
Bisolvon Antitusivo® (brand name in Spain). On the other hand, 
Levomethorphan is an opioid narcotic. 

 

Figure 1.4. D- and L-isomers of methorphan. 

   Other well-known example but with terrible consequences is the 
thalidomide.11 In the 1960s, this drug was administrated as racemic mixture 
to calm the nauseas during early pregnancy when only the (R)-isomer 
presents this activity and the (S)-one has teratogenic effect in foetus. The 
impact of this incident, that caused more than 10,000 birth defects 
worldwide, was the reason to change the regulatory laws for new-drugs 
approval. The United States Food and Drug Administration (FDA) ordered 
to test the pharmacological and toxicological activities of both enantiomers 
present in all racemic drugs as well as interconversion of enantiomers in 
animals and humans and forcing to the pharmaceutical companies to justify 
rigorously its use as racemate. This fact also had its impact in the scientific 
community because of the demand of highly efficient methods of 
asymmetric synthesis to obtain enantiomerically pure compounds. Although 
nowadays there are quite a lot of biologically active compounds used as 
racemic mixture like ibuprofen (in this case because ibuprofen racemizes in

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
10 A. K. Peepliwal, S. B. Bagade, C. G. Bonde, J. Biomed. Sci. and Res. 2010, 2, 29. 
11 R. Brynner, T. Stephens, Dark Remedy: the Impact of Thalidomide and its Revival as a Vital 
Medicine, Perseus Publishing, Cambridge MA, 2001. 
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the body), the production of enantiomerically pure drugs is increasing not 
only because of the important reasons explained above, but also because the 
cost of production of a single enantiomer is in most of the cases lower than 
the cost of the work necessary to elucidate the toxicological and 
pharmacokinetic profile of the undesired enantiomer.12  
    
   The requirements for practical asymmetric synthesis include high 
stereoselectivity, high rate and productivity, cost efficiency, operational 
simplicity, atom economy13 and environmental friendliness with low energy 
consumption. Among the different strategies of asymmetric synthesis, the 
enantioselective catalysis is the one with more advantages, compared with 
the rest of them. For instance, the resolution of a racemate, even being a 
good method when both enantiomers are desired, is a wasteful synthetic 
way when only one isomer is needed with lower atom economy compared 
with catalytic methodologies. The use of chiral auxiliaries involves additional 
steps of their attachment and detachment and in the case of using 
enantiopure starting materials from the chiral pool, its availability is limited. 
For that reasons the use of chiral catalysts14 in asymmetric synthesis is a 
highly valuable method for preparing optically active compounds.  

 

1.1. ASYMMETRIC CATALYSIS 

Catalytic asymmetric synthesis is one of the most important areas in organic 
synthesis and the design and development of new high-performance 
catalysts for applications in asymmetric catalytic reactions is one of the most 
interesting challenges for organic chemists. According to a promotional 
brochure from the chemical company BASF, more than 80% of globally 
produced chemicals are made using catalytic processes.15 The use of (ideally) 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
12 V. Farina, J. T. Reeves, C. H. Senanayake, J. J. Song, Chem. Rev. 2006. 106, 2734. 
13 B. M. Trost, Angew. Chem. 1995, 107, 285; Angew. Chem. Int. Ed. 1995, 34, 259. 
14 a) Catalytic Asymmetric Synthesis, I. Ojima, Ed., VCH Publishers, Cambridge, 1993. b) R. 
Noyori, Asymmetric Catalysis in Organic Synthesis, John Wiley and Sons, New York, 1999. c) 
Comprehensive Asymmetric Catalysis, Eds. E. N. Jacobsen, A. Pfaltz, H. Yamamoto, Springer, 
New York, 1999. d) P. J. Walsh, M. C. Kozlowski, Fundamentals of Asymmetric Catalysis, 
University Science Books, 2009. 
15 R. Noyori, Nature Chemistry 2009, 1, 6. 
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very small amount of a chiral catalyst produces a large amount of chiral 
product because one molecule of catalyst is able to transfer the chirality to a 
multiple molecules of prochiral or achiral substrate through a catalytic cycle.  

   Nowadays, asymmetric catalysis can be divided in three main blocks: 
biocatalysis or enzymatic catalysis, metal catalysis and organocatalysis (the 
use of low-molecular weigh organic molecules to catalyze organic 
transformations) (Fig. 1.5). This division is relatively new because for decade 
was generally accepted that only enzymes or metallic complexes could be 
efficient asymmetric catalysts. However, due to the explosion of the 
organocatalysis field in the last ten years has been made mandatory include 
it as one of the big branch of the asymmetric catalysis. 

 

Figure 1.5. Field of asymmetric catalysis represented as a composite of three 
blocks: bio-, metal- and organo-catalysis.  

   The present work is focused mainly in supported-organocatalysts that 
mediate organic transformations and two chiral metal-complexes catalyzed 
processes. Therefore, due to that enzymatic catalysis is beyond the scope of 
this PhD dissertation, will not be mentioned. 
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1.1.1. METAL CATALYSIS 

Despite the impressive growth of the organocatalytic processes in the last 
years, the use of chiral complexes based on transition metals or main group 
elements is one of the most general strategies used in asymmetric synthesis.  

   High proportion of asymmetric catalysts developed are organometallic 
compounds, where the catalytic activity is basically originated from the 
central metal and the stereoselectivity is due to the chiral ligands. In 
addition, the reactivity of complexes bearing a chiral ligand is enhanced in 
comparison to that with nonchiral ligand, due to the so-called “ligand 
acceleration effect”.16 In Figure 1.6 is illustrated a typical catalytic cycle 
where the catalyst formed by a metallic element and chiral organic ligands 
activates the achiral substrates A and B to transform them in the chiral 
product A-B.17 

 

Figure 1.6. General representation of a catalytic cycle involving a chiral 
organometallic catalyst.  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
16 a) E. N. Jacobsen, I. Marko, M. B. France, J. S. Svendsen, K. B. Sharpless, J. Am. Chem. Soc. 
1989, 111, 737. b) D. J. Berrisford, C. Bolm, K. B. Sharpless, Angew. Chem. 1995, 107, 1159; 
Angew. Chem. Int. Ed. 1995, 34, 1059. 
17 R.Noyori, M. Kitamura, T. Ohkuma, PNAS 2004, 101, 5356. 
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   The first industrial catalytic asymmetric synthesis was the production of 
(L)-DOPA ((L)-3-(3,4-dihydroxyphenyl)alanine). This process was able due 
to the discovery by William S. Knowles in 1968 of a chiral rhodium (Rh) 
complex to catalyze asymmetric hydrogenation reactions18 or in other 
words, he discovered the use of a metal complex as chiral catalyst. Before 
that, the industrial synthesis of the anti-Parkinsonian amino acid L-DOPA 
was carried out by Hoffman-LaRoche. There, they started the synthesis 
from vanillin to obtain racemic D,L-DOPA followed by its resolution and 
deprotection to give enantiopure L-DOPA. As is explained in the Nobel 
Lecture of Prof. Knowles,19 Monsanto Company was custom-
manufacturing the racemic intermediate to Hoffman-LaRoche. When 
Knowles and co-workers patented the (R,R)-DIPAMP-Rh(I) complex for 
the asymmetric hydrogenation of the enamide precursor of the amino acid, 
the known as Monsanto’s process (Scheme 1.1) was the only way to 
produce L-DOPA in 100% yield and 98% ee. The process has been also 
used for the production of more other %-amino acids as L-phenylalanime 

(96% ee) or L-triptophan (93% ee) and employed for other companies 
including Hoffman-LaRoche. 

 

Scheme 1.1. Monsanto L-DOPA process of synthesis.  

   The Nobel Prize award in 2001 to Prof. William S. Knowles and Prof. 
Ryoji Noyori "for their work on chirally catalyzed hydrogenation reactions" 
and Prof. Sharpless "for his work on chirally catalyzed oxidation 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
18 W. S. Knowles, M. J. Sabacky, Chem. Commun. 1968, 1445. 
19 W. S. Knowles, Angew. Chem. 2002, 114, 2096; Angew. Chem. Int. Ed. 2002, 41, 1998. 
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reactions",20 is the best illustration of the importance of metal complexes-
mediated asymmetric catalysis. As a curiosity, one year before, in 2000, the 
Swedish scientist Arvid Carlsson, join with Paul Greengard and Eric R. 
Kandel, was awarded with the Nobel Prize in Physiology or Medicine for his 
studies of dopamine neurotransmitters and how the administration of L-
DOPA (the precursor of dopamine) alleviate the symptoms of Parkinson’s 
disease.21  

   A large number of synthetic catalysts have been developed since then and 
there are some of them, called ‘privileged chiral catalysts’ (Fig 1.7),22 that are 
enantioselective for a wide range of organic reactions with different 
mechanisms.  

 

Figure 1.7. Some examples of ‘privileged’ chiral ligands and catalysts.  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
20 Nobel lectures: a) Ref. 14. b) R. Noyori, Angew. Chem. 2002, 114, 2106; Angew. Chem. Int. 
Ed. 2002, 41, 2008. c) K. B. Sharpless, Angew. Chem. 2002, 114, 2112; Angew. Chem. Int. Ed. 
2002, 41, 2024. 
21 From Nobel Lectures, Physiology or Medicine 1996-2000, Ed. Hans Jörnvall, World Scientific 
Publishing Co., Singapore, 2003. 
22 T. P. Yoon, E. N. Jacobsen, Science 2003, 299, 1691. 
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   One recent example that displays the powerful utility of metal-asymmetric 
catalysis is the synthesis of fostriecin.23 The synthesis is carried out through 
one enantio- and three diastereoselective reactions all using chiral catalysts 
and one different catalyst to establish each individual stereogenic unit (Fig. 
1.8). Fostriecin is an antitumor drug that because of its instability, the 
clinical trials were interrupted in phase I. However, there is still a great 
interest in routes to synthesize it and analogous those are more stable and 
that could have the same biological activity as fostriecin.24 

 

Figure 1.8. Chiral catalysts used in the asymmetric synthesis of fostriecin.  

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
23 K. Fujii, K. Maki, M. Kanai, M. Shibasaki, Org. Lett. 2003, 5, 733. 
24 D. Gao, G. A. O’Doherty, Org. Lett. 2010, 12, 3752. 
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   In the final stereochemical step of the mentioned synthesis, a Ruthenium 
(Ru)-p-cymene complex was used as precatalyst for the highly 
diastereoselective asymmetric reduction of the ynone A (Scheme 1.2), 
providing a >97:3 ratio of diastereomers.  

 

Scheme 1.2. Noyori reduction step in the synthesis of fostriecin.  

   This asymmetric transfer hydrogenation reaction, also known as Noyori 
reduction,25 is the reaction object of study in the Chapter VI of the present 
dissertation where is commented in more detail.  

 

1.1.2. ORGANOCATALYSIS 

By definition, organocatalysis is the acceleration of chemical reactions with a 
substoichiometric amount of an organic compound in absence of a metal 
element.26 As already has been mentioned, in the last ten years has being an 
exponential increase in the publications about this filed taking into account 
that in 2001 there were 5 publications about organocatalysis whereas in 2010 
were reported 509 and in the first quarter of 2011 there are already 154 
publications (Fig. 1.9).27 The fundamental advantages of organocatalysis are 
mainly related with the easier experimental procedures required with mild 
conditions. That involves low levels of chemical waste that means savings in 
time and energy and also in cost because usually organocatalysts are 
relatively inexpensive, compared with organometallic species. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
25 K. Matsumura, S. Hashiguchi, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 1997, 119, 8738. 
26!P. I. Dalko, L. Moisan, Angew. Chem. 2004, 116, 5248; Angew. Chem. Int. Ed. 2004, 43, 5138. 
27!Data from ISI Web of Knowledge-Web of Science Database. 
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Figure 1.9. Graph illustration of the number of publications and citations per year 
of organocatalysis topic.  

   In spite of the relative novelty of organocatalysis, organic molecules have 
been used as catalysts from the early age of synthetic chemistry.28 In 1932, 
Wolfgang Lagenbeck coined the term ‘Organic Catalyst’ (‘Organische 
Katalysatoren’),29 although was in the middle of 19th century when Justus 
von Liebig described the first organocatalytic reaction.30 This reaction was 
the transformation of dicyan into oxamide in the presence of an aqueous 
solution of acetaldehyde (Scheme 1.3). 

 

Scheme 1.3. Organocalytic oxamide synthesis. 

   One century after that, it was reported the first asymmetric 
organocatalyzed reaction with acceptable level of enantioselectivity.31 In the 
work of Pracejus, a cinchona derivative (O-acetylquinine) catalyzed the 
methanolysis of a ketene with 74% ee (Scheme 1.4).   

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
28 P. I. Dalko, Enantioselective Organocatalysis, Wiley VCH, Weinheim, 2007. 
29 a) A. Berkessel, H. Gröger, Asymmetric Organocatalysis: from Biomimetic Concepts to Applications 
in Asymmetric Synthesis, Wiley VCH, Weinheim, 2005. b) W. Lagenbeck, Angew. Chem. 1932, 45, 
97. 
30 J. von Liebig, Justus Ann. Chem. und Pharmacie, 1860!
31 H. Pracejus, Justus Liebigs Ann. Chem. 1960, 634, 9. 
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Scheme 1.4. Organocalytic methanolysis by O-acetylquinine. 

   In the 1970s, two independent groups from Schering Berlin32a and 
Hoffmann-LaRoche32b reported the L-proline-catalyzed asymmetric Robison 
annulation that provided key intermediates for the synthesis of natural 
products32 as well as a practical route to obtain the Wieland-Miescher 
ketone in enantioselective way (Scheme 1.5).33  

 

Scheme 1.5. Enantioselective L-proline catalyzed Robison annulation followed by 
the formation of Wieland-Miescher ketone. 

   This intramolecular aldol reaction also so-called Hajos-Parrish-Eder-
Sauer-Wiechert reaction marked a turning point in the field of 
organocatalysis and since then, high efficient organocatalysts and 
organocatalytic reactions have been described. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
32 a) U. Eder, G. Sauer, R. Wiechert, Angew. Chem. 1971, 83, 492; Angew. Chem. Int. Ed. 1971, 
10, 496. b) Z. G. Hajos, D. R. Parrish, Asymmetric synthesis of optically active polycyclic organic 
compounds. German patent DE 2102623, 1971. c) Z. G. Hajos, D. R. Parrish, J. Org. Chem. 
1974, 39, 1615. 
33 T. Bui, C. F. Barbas III, Tetrahedron Lett. 2000, 41, 6951. 
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   Since late 1990s articles on organocatalysis were more focused in the 
reaction per se that in the benefits of the catalysis by a small organic 
molecule. From then on, important contributions to this field have been 
described. The work of Yian Shi about enantiomeric epoxydation of a wide 
range of trans-olefins mediated by a chiral ketone derived from D-fructose 
using persulfate as O2 source is a good example,34 or the asymmetric 
Strecker reaction catalyzed by Schiff bases or by chiral bicyclic guanidine in 
the works of Eric Jacobsen35 and Elias Corey36 groups respectively, being 
the first examples of hydrogen-bonding catalysis. The simultaneous 
appearance in 2000 of two articles about catalytic reactions promoted by 
chiral secondary amines, via enamine from the group of Carlos Barbas III 
(Scheme 1.6A),37 and via iminium ion by the group of David MacMillan38 
(Scheme 1.6B) was the starting point for the organocatalysis boom, the 
conceptualization of the field39 and the discovery of new efficient 
organocatalysts as well as new modes of catalyst activation. 

 

Scheme 1.6. L-proline catalyzed intermolecular asymmetric aldol reaction (A) and 
asymmetric Diels-Alder reaction using MacMillan catalyst (B). 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
34 Y. Tu, Z. Wang, Y. Shi, J. Am. Chem. Soc. 1996, 118, 9806. 
35 M. Sigman, E. N. Jacobsen, J. Am. Chem. Soc. 1998, 120, 4901. 
36 E. J. Corey, M. J. Grogan, Org. Lett. 1999, 1, 157. 
37 B. List, R. A. Lerner, C. F. Barbas III, J. Am. Chem. Soc. 2000, 122, 2395. 
38 K. A Ahrendt, C. J. Borths, D. W. C. MacMillan, J. Am. Chem. Soc. 2000, 122, 4243. 
39 D. W. C. MacMillan, Nature 2008, 455, 304. 
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   The molecular structures of the mentioned organocatalysts and some 
additional representative ones are shown in Figure 1.10. 

 

Figure 1.10. Molecular structure of some representative organocatalysts. 
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1.1.2.1. ORGANOCATALYSTS CLASSIFICATION 

There are two main ways of classifying organocatalysts depending on the 
interaction catalyst-substrate29a (Fig. 1.11) or according to their acid/base 
reactivity40 (Fig. 1.12).  

 
 

 

Figure 1.11. Organocatalysts classification into ‘Covalent catalysis’ or ‘non-covalent 
catalysis’. 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
40 J. Seayad, B. List, Org. Biomol. Chem. 2005, 3, 719. 
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Figure 1.12. Organocatalytic cycles according to the organocatalysts acid/base 
reactivity classification. 

Brønsted Base Catalysis 

Using a Brønsted base organocatalyst,41 the catalytic cycle (bottom-left Fig. 
1.12) is initiated via a (partial) deprotonation of a pro-nucleophile substrate 
(H-Substrate) to render a new species with enhanced nucleophilicity 
(Substrate!) due to the formation of a ion-pair that maintains the chiral 
environment during the reaction (in the case of chiral Brønsted bases). 

   Due to this ion-pair formation, this type of catalysis is “non-covalent”. The 
most common chiral Brønsted bases used in organocatalysis are terciary 
amines, imidazols, amidines, guanidines or alkaloids such as cinchona (Fig. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
41 For a recent review, see: C. Palomo, M. Oiarbide, R. López, Chem. Soc. Rev. 2009, 38, 632. 
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1.13-left).42 The use of chiral Brønsted bases is in most cases as a part of 
Brønsted base-hydrogen bonding bifuctional catalyst, which activates the 
pro-nucleophile by deprotonation while the substrate is activated by 
hydrogen-bond interactions (Fig. 1.13-righ).43  

 

Figure 1.13. Examples of Brønsted base chiral organocatalysts. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
42 For reviews focused on cinchona alkaloid-derived catalysts, see: a) Y.-C. Chen, Synlett, 
2008, 13, 1919. b) G. Bartoli, P. Melchiorre, Synlett, 2008, 12, 1759. c) L. Jiang, Y.-C. Chen, 
Catal. Sci. Technol., 2011, DOI: 10.1039/C0CY00096E. 
43 For some examples of Brønsted base-H-bonding bifuctional catalysts, see: a) J. Wang, H. 
Li, W. Duan, L. Zu, W. Wang, Org. Lett. 2005, 7, 4713. b) F.–Z. Peng, Z.–H. Shao, B.–M. 
Fan, H. Song, G.–P. Li, H.–B. Zhang, J. Org. Chem.  2008, 73, 5202. c) P. Li, S. Wen, F. Yu, 
Q. Liu, W. Li, Y. Wang, X. Liang, J. Ye, Org. Lett. 2009, 11, 753. 
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Brønsted Acid Catalysis  

In this case, the activation of this type of non-covalent catalysis is though the 
protonation of the substrate or via hydrogen bonding interactions (Fig. 1.12 
bottom-right). These interactions activate the nucleophilic attack lowering 
the electronic density of the electrophile. This kind of catalysis by H-
bonding has becoming a powerful methodology for asymmetric 
transformations and there are described a large of number of efficient 
organocatalysts.44 The catalysts commonly used are ureas, thioureas, diols or 
chiral amides and carboxylic acids. Recently, has been demonstrated the 
efficiency and highly selectivity showed by relatively strong chiral Brønsted 
acid catalysts like binaphthol-derived phosphoric acids.45 To form hydrogen 
bonds that allow the asymmetric catalysis, these catalysts have modest 
acidity (pKa ~ 30-5), low dimerization potential and induce directionality 
within the substrate. There are many asymmetric reactions mediated by 
chiral Brønsted acid organocatalysts as Mannich, Michael, Henry or Diels-
Alder among others. As example, in catalytic enantioselective Morita-Baylis-
Hillman reaction (Scheme 1.7),46 BINOL-derived Brønsted acid promotes 
the conjugate addition step and remains hydrogen-bonded to the resulting 
enolate in the enantioselectivity-determining aldehyde addition step. 

 

Scheme 1.7. Enantioselective reaction catalyzed by BINOL-derived Brønsted acid. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
44 For reviews about Brønsted acids, see: a) A. G. Doyle, E. N. Jacobsen, Chem. Rev. 2007, 
107, 5713. b) Akiyama, T. Chem. Rev. 2007, 107, 5744. c) H. Yamamoto, D.  Nakashima, Acid 
Catalysis in Modern Organic Synthesis, Vol, 1, Wiley-VCH, Weinheim, 2008. d) A. Zhang, P. R. 
Schreiner, Chem. Soc. Rev. 2009, 38, 1187. e) H. Xu, S. J. Zuend, M. G. Woll, Y. Tao, E. N. 
Jacobsen, Science, 2010, 327, 986. 
45 a) T. Akiyama, J. Itoh, K.Yokota, K. Fuchibe, Angew. Chem. 2004, 116, 1592. b) D. 
Uraguchi, M. Terada, J. Am. Chem. Soc. 2004, 126, 5356. c) D. Uraguchi, K. Sorimachi, M. 
Terada, J. Am. Chem. Soc. 2004, 126, 5356. d) S. Schenker, A. Zamfir, M. Freund, S. B. 
Tsogoeva, Eur. J. Org. Chem. 2011, 11, 2209. 
46 N. T. McDougal, S. E. Schaus, J. Am. Chem. Soc. 2003, 125, 12094. 
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Lewis Acid Catalysis 

Although is the common activation associated to metal catalysis, there are 
also organic catalysts that can be considered Lewis acids that activates 
nucleophilic substrates.40 The most important organocatalytic Lewis acids 
are phase-transfer catalysts and the catalysis is also non-covalent, although the 
mechanism of phase-transfer catalyst is unique because promotes reactivity 
altering the properties of the reactants but also involves transport 
phenomenon. There are several enantioselective phase transfer catalyzed 
reactions as %-alkylation of glycine derivatives or aldol or Michael 

reactions.47  

   The first application of a chiral-transfer catalyst with good enantioselective 
results was developed in Merck in 1984 (Scheme 1.8).48 The catalyst was a 
N-benzyl cinchoninium salt for the asymmetric %-methylation of indanones. 

 

Scheme 1.8. Asymmetric phase-transfer catalyzed reaction. 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
47 For reviews and publications on Lewis acid organocatalysis, see: a) K. Maruoka, T. Ooi, 
Chem. Rev. 2003, 103, 3013. b) M. J. O’Donnell, Acc. Chem. Res. 2004, 37, 506. c) Y. Shi, Acc. 
Chem. Res. 2004, 37, 488. d) D. Yang, Acc. Chem. Res. 2004, 37, 497. e) T. Ooi, K. Maruoka, 
Angew. Chem. 2007, 119, 4300; Angew. Chem. Int. Ed. 2007, 46, 4222. f) O. Sereda, S. 
Tabassum, R. Wilhelm, Topics Current Chem. 2009, 291, 86. g) X. Wang, Q. Lan, S. Shirakawa, 
K. Maruoka, Chem. Commun. 2010, 46, 321. 
48 U.-H. Dolling, P. Davis, E. J. J. Grabowski, J. Am. Chem. Soc. 1984, 118, 446. 
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Lewis Base Catalysis 

As Lewis base (B: in top-left Fig. 1.12), the organocatalysts activates the 
substrate by attaching to it via nucleophilic addition or substitution (on top-
left Fig. 1.12). Therefore, the Lewis bases are included in the covalent-catalysis 
classification of the organocatalysts and depending on the Lewis base, the 
different modes of activation convert the substrates either into activated 
nucleophiles or electrophiles. The use of Lewis bases in organocatalysis are 
the most widely studied strategy to date and implies the reversible attach of 
the catalyst to the substrate and final product allowing high turnover 
number of the catalyst. Chiral amines are the Lewis bases more used in 
organocatalysis, so-called aminocatalysis, and activate the substrate though 
different modes as enamine catalysis, iminium ion catalysis or by iminium ion 

radicals, also called SOMO (Singly Occupied Molecular Orbital) catalysis). 

   In enamine catalysis49 the nucleophile chiral amine reacts with an 
enolizable carbonyl compound forming a chiral enamine that is a more 
nucleophile compound. This can be considered as HOMO (Highest 
Occupied Molecular Orbital) activation.  

 

Scheme 1.9. Enamine and iminium ion catalysis. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
49 For reviews on enamine catalysis, see: a) W. Notz, F. Tanaka, C. F. Barbas III, Acc. Chem. 
Res. 2004, 37, 580. b) S. Sulzer-Mossé, A. Alexakis, Chem. Commun. 2007, 3123. c) S. 
Murkherjee, J. W. Yang, S. Hoffmann, B. List, Chem. Rev. 2007, 107, 5471. d) T. Kano, K. 
Maruoka, Chem. Comm. 2008, 5465. 
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   On the other hand, as LUMO (Lowest Unoccupied Molecular Orbital) 
activation, in iminium catalysis50 an %,&-unsaturated carbonyl compound 

form an iminium ion with the chiral amine, which acts as the electrophile. 
The iminium ion is a much better electrophile than the aldehyde itself, so 
the reaction is accelerated respect to the non catalyzed one as in the case of 
enamine formation (Scheme 1.9).  

   Enamine and iminium ion catalysis are two of the generic modes of 
activation more used in aminocatalysis. These two methodologies of 
activation are central theme in the work related to organocatalysis of this 
thesis, and will be analyzed in more detail in Chapter II and III.  

   The SOMO catalysis51 is a quite recent mode of activation introduced by 
the MacMillan’s research group in 2006 and consists in the selective 
generation of a reactive radical cation with three '-electrons by one-electron 

oxidation of an electron-rich (chiral) enamine. The electrophilicity of the 
singly occupied molecular orbital of that intermediate allows the reaction 
with weakly carbon nucleophiles at the %-carbon of the parent enamine 

(Scheme 1.10).39 

 

Scheme 1.10. SOMO activation mode. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
50 For reviews on iminium-ion catalysis, see: a) G. Lelais, D. W. C. Macmillan, Aldrichimica 
Acta 2006, 39, 79. b) A. Erkkilä, I. Majander, P. M. Pihko, Chem. Rev. 2007, 107, 5416.  
51 First SOMO catalysis application and first use as generic mode of activation: a) H-Y 
Young, J.-B. Hong, D. W. C. MacMillan, J. Am. Chem. Soc 2007, 129, 7004. For other 
important publications and highlights about SOMO catalysis, see: b) T. D Beeson, A. 
Mastracchio, J.-B. Hong, A. Ashton, D. W. C. MacMillan, Science 2007, 316, 582. c) S. 
Bertelsen, M. Nielsen, K. A. Jørgensen, Angew. Chem. 2007, 119, 7500; Angew. Chem. Int. Ed. 
2007, 46, 7356. d) P. Renaud, P. Leong, Science 2008, 322, 55. e) D. A. Nicewicz, D. W. C 
MacMillan, Science 2008, 322, 77. f) P. Melchiorre, Angew. Chem. 2009, 121, 1386; Angew. Chem. 
Int. Ed. 2009, 48, 1360. 
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   The SOMO activation requires that catalyst should undergo efficient and 
reversible enamine formation with high levels of control of enamine 
geometry and selective discrimination of olefin '-face. It is also important 

that the enamine undergoes selective oxidation in the presence of an amine 
catalyst, aldehyde or iminium ion. Despite to be a novel activation mode, 
the SOMO mechanism has been employed with success in a variety of 
enantioselective transformations, even avoiding drawbacks of some of them 
like in the intermolecular %-alkylations of aldehydes where low reactivity of 

alkyl halides is improved by SOMO activation.51f 

!

   The nucleophilic catalysis is also inside the covalent-activation group 
and can be promoted by tertiary chiral amines or phosphines via the 
corresponding ylides,52 acylamonium salts or chiral DMAP derivatives.53 
Another important group of these catalysts are N-heterocyclic carbenes.54  
Generally, in carbene catalysis the carbene catalyst reacts with the aldehyde 
forming the nucleophilic Breslow intermediate (Scheme 1.11) and 
facilitating thus the addition to an electrophile. 

 

Scheme 1.11. Carbene catalysis. 

   The heterogenization or immobilization of active compounds on supports 
or carriers are the best strategies to combine the properties of these catalysts 
showed with the possibility of its easy separation from the product solution 
and recycle maintaining their catalytic properties. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
52 For reviews, see: a) S. France, D. J. Guerin, S. J. Miller, T. Lectka, Chem. Rev. 2003, 103, 
2985. b) M. J. Gaunt, C. C. C. Johanson, Chem. Rev. 2007, 107, 5596. c) T. Hashimoto, K. 
Maruoka, Chem. Rev. 2007, 107, 5656. d) E. M. McGarrigle, E. L. Myers, O. IIla, M. A. Shaw, 
S. L. Riches, V. K. Aggarwal, Chem. Rev. 2007, 107, 5841. 
53 a) J. Miller, Acc. Chem. Res. 2004, 37, 601. b) R. P. Wurz Chem. Rev. 2007, 107, 5570. 
54 About chiral carbenes catalysis, see: a) D. Enders, T. Balensiefer, Acc. Chem. Res. 2004, 37, 
534. b) J. S. Johnson, Angew. Chem. 2004, 116, 1348; Angew. Chem. Int. Ed. 2004, 43, 1326. c) 
D. Enders, O. Niemerier, A. Henseler, Chem. Rev. 2007, 107, 5606. d) N. Marion, S. Diez-
Gonzalez, S. P. Nolan, Angew. Chem. 2007, 119, 3046; Angew. Chem. Int. Ed. 2007, 46, 2988. 
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1.2. SUPPORTED CATALYSTS 

As has been mentioned at the beginning of the present general introduction, 
the high increase of demand for enantiopure chiral chemicals have led in the 
last decades to the development of a huge amounts of chiral metal 
complexes for the homogeneous asymmetric catalysis of great number of 
organic reactions. But although the asymmetric catalysts are every time more 
used in industrial processes, there is still a limited use of them because of 
the high economical cost of metals and chiral ligands as well as the cost in 
energy and waste in separation of metal complexes from reaction mixture. 
Another drawback is the no-tolerated presence of any metal traces especially 
in the production of fine chemicals and pharmaceuticals. For a large scale or 
industrial asymmetric processes, the stability of the catalyst join its easy 
separation from the products and the possibility of reuse are important 
aspects to be considered. The immobilization of catalytic species on a solid 
support represents a solution for these problems.55 That characteristic is 
enhanced when organocatalysts are used since their non-metallic nature 
confers less toxicity and more economic costs to the industrial, as well as 
allows the use of mild reaction conditions and prevents the possible 
leaching (or coming off) of toxic metal to the organic product.  

   The term catalyst immobilization can be defined as a ‘transformation of a 
homogeneous catalyst in a heterogeneous one, which is able to be separated 
from the reaction mixture and preferably be reused for multiple times’.55e 

The desirable properties of a supported catalyst are the combination of the 
positive aspects of homogeneous catalyst like high activity and 
reproducibility, and those of heterogeneous catalyst for instance the stability 
and reusability. The principal objectives to immobilize a catalyst onto a 
support are a simple reaction work-up, easy recovery and its possible 
recycle, although other reasons can lead to support a catalytic compound. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
55 For reviews, see: a) D. E. De Vos, I. F. J. Van-kelecom, P. A. Jacobs, Chiral Catalyst 
Immobilization and Recycling, Wiley-VCH, Weinheim, 2000. b) R. A. Sheldon, H. Bekkum, Fine 
Chemicals through heterogeneous Catalysis, Wiley-VCH, Weinheim, 2001. c) J. A. Gladysz, Chem. 
Rev. Special Issue: Recoverable Catalysts and Reagents 2002, 102, 3215. d) P. McMorn, G. 
Hutchings, Chem. Soc. Rev. 2004, 33, 108. e) K. Ding, Y. Uozumi, Handbook of Asymmetric 
Heterogeneous Catalysis, Wiley-VCH, Weinheim, 2008. f) P. Barbaro, F. Liguari, Heterogenized 
Homogeneous Catalysts for Fine Chemicals Production Catalysis by Metal Complexes, Springer, 
Heidelberg, Vol. 33, 2010.!
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To improve the stability during the reaction or better reactivity or selectivity 
due to the change in structure can be good examples. In principle, it is 
expected that the heterogenized catalysts will be less reactive compared with 
the homogeneous counterpart because of the increase in the steric 
hindrance caused by the support making the active sites less accessible, but 
not always is the case.56 If the chemically modified homogeneous ligand has 
been properly designed, the supporting process does not perturb the 
reaction site and the target catalytic process can take place in an essentially 
homogeneous environment.55f The linker or spacer also takes an important 
role solving problems of reactivity not only related to accessibility. It can 
create a microenvironment around the active site of the catalyst more 
beneficial to reactivity than the provided only by the support (Fig. 1.14).57 

 

Figure 1.14. Schematic representation of supported catalytic species. 

   The choice of the support is crucial because its properties can influence in 
the catalyst behaviour. The solubility profile, cost, commercial availability, 
degree of functionalization and the possible participation of the support 
backbone in the reaction are important features of the support to take into 
account.58 The strategies of immobilization of an asymmetric catalyst 
depend on whether the modifications are made on the reaction medium 
(multiphase catalysis on nonconventional media) or on the catalyst structure (catalyst 

heterogenization). 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
56 For some reported examples where the immobilized catalyst has better performance than 
the non-supported one, see: a) M.S. Sigman, E. N. Jacobsen, J. Am. Chem. Soc. 1998, 120, 
4901. b) M.S. Sigman, P. Vachal, E. N. Jacobsen, Angew. Chem. 2000, 112, 1336; Angew. Chem. 
Int. Ed. 2000, 39, 1279. c) R. Annunciata, M. Benaglia, M. Cinquini, F. Cossi, G. Tocco, Org. 
Lett. 2000, 2, 1737. d) P. Vachal, E. N. Jacobsen, J. Am. Chem. Soc. 2002, 124, 10012. e) S. A. 
Selkälä, J. Tois, P. M. Pihko, A. M. P. Koskinen, Adv. Synth. Catal. 2002, 344, 941.  
57 For first publication demonstrating the importance of the spacer in polymer supported 
catalysis, see: P. L. Anelli, B. Czech, F. Monatarani, S. Quici, J. Am. Chem. Soc. 1984, 106, 861. 
58 F. Cozzi,!Adv. Synth. Catal. 2006, 348, 1367.!
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1.2.1. IMMOBILIZATION OF ASYMMETRIC HOMOGENEOUS 

CATALYSTS IN NON-CONVENTIONAL MEDIA 

In this case, the system is formed by the catalyst and some non-
conventional reaction medium, as can be fluorous phase, ionic liquid or 
supercritical carbon dioxide (scCO2).59 Aqueous phase is also included in 
this group of systems that act as mobile carrier. That methodology presents 
a ‘green’ advantage because normally these mediums are environmentally 
benign solvents. The catalysis can be carried out in monophasic conditions 
but also under biphasic combinations as for instance aqueous or 
fluorous/organic, with different effects in the reaction. Usually it is formed 
a biphasic system where the organic product is immiscible in one of the 
phases being easily isolated and recovered by phase separation. 

   The catalyst immobilization in water60 has experimented a great interest in 
recent years because water is abundant, nontoxic and cheap and due it low 
miscibility with most of organic compounds is very useful in biphasic 
catalysis. Furthermore, the incorporation of anionic groups such as 
sulphonates, cationic groups as quaternary ammonium ions (Fig. 1.15) or 
neutral hydrophilic groups as polyethers make the chiral ligands soluble in 
water favouring its catalytic performance and avoiding the inconvenient 
poor water compatibility of catalyst and organic substrates. 

 

Figure 1.15. Water-soluble versions of bisdiphenylphosphinopentane (BDPP) 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
59 a) B. E. Hanson, Liquid biphasic enantioselective catalysis, pp. 81-96 in Chiral Catalyst 
Immobilization and Recycling, Eds. D. E. De Vos, I. F. J. Van-kelecom, P. A. Jacobs, Wiley-
VCH, Weinheim, 2000. b) R. T. Baker, S. Kobayashi, W. Leitner, Adv. Synth. Catal. Special 
Issue: Multiphase Catalysis, Green Solvents and Immobilization 2006, 348 (12 + 13), 1371. 
60 For reviews, see: a) U. M. Lindstroem, Chem. Rev. 2002, 102, 2751. b) C. J. Li, Chem. Rev. 
2005, 105, 3095. c) C. J. Li, L. Chen, Chem. Soc. Rev. 2006, 35, 68. d) C. J. Li, T.–H. Chan, 
Comprehensive Organic Reactions in Aqueous Media, John Wiley & Sons, Hoboken, 2007. 
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   In the approach using fluorous phase-separation techniques,61 the 
perfluorous solvents used are chemically inert an immiscible with most 
organic solvents and also water at ambient temperature, but the miscibility 
increase with the temperature. This thermotropic solubility feature allows a 
monophasic reaction increasing the temperature followed by a two-phase 
separation when gets cool. Similar with the use of water, the catalyst has to 
be modified in order to be soluble in the fluorous phase and therefore easily 
separated and reused after reaction. This goal can be achieved incorporating 
fluorocarbon moieties (called ‘fluorous ponytails’) to the structure of the 
homogeneous catalyst. The most common fluorous ponytails used are linear 
or branched perfluoroalkyl C6-C12 chains that may contain other 
heteroatoms. (Fig. 1.16)62 

 

Figure 1.16. Fluorous modifications in common pyrrolidine structures. 

   Enantioselective catalysis in ionic liquids63 and in supercritical fluids 
(SCF)64 has generated a considerable interest during the last years. Ionic 
liquids are salts with a melting point below 100 ºC and no vapour pressure. 
Their structure (Fig. 1.17) is composed by organic cations with weakly 
coordinated inorganic anions. Physical or chemical properties of the ionic 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
61 For representative examples, see: a) I. T. Horváth, J. Rábai, Science 1994, 266, 72. b) E. 
Wolf, G. Van Koten, B. J. Deelman, Chem. Soc. Rev. 1999, 28, 37. c) I. T. Horváth, 
Immobilization by Other Liquids: Fluorous Phases, in Applied Homogeneous Catalysis with 
Organometallic Compounds, Wiley-VCH, Weinheim, 2002. d) G. Pozzi, I. Shepperson, Coord. 
Chem. Rev. 2003, 242, 115.!
62 a) E. J. Corey, C. J. Helal, Angew. Chem. 1998, 110, 2092; Angew. Chem. Int. Ed. 1998, 37, 
1986. b) F. Fache, O. Piva, Tetrahedron Asymmetry 2003, 14, 139. 
63 For reviews, see: a) T. Welton, Chem. Rev. 1999, 99, 2071. b) J. Dupont, R. F. de Souza, P. 
A. Z. Suarez,!Chem. Rev. 2002, 102, 3667. c) H. Zhao, S. V. Malhotra, Aldrichimica Acta 2002, 
35, 75. d) J. Muzart, Avd. Synth. Catal. 2006, 348, 275. e) V. I. Parvulescu, C. Hardacre, Chem. 
Rev. 2007, 107, 2615.    
64 For reviews, see: a) R. Noyori, Supercritical fluids, Chem. Rev. Thematic Issue 1999, 99, 353. b) 
G. Musie, M. Wei, B. Subramaniam, D. H. Busch, Coord. Chem. Rev. 2001, 219-221, 789. c) D. 
J. Cole-Hamilton, Adv. Synth. Catal. 2006, 348, 1341.   
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liquid can be fine-tuned by changing its structural constituents. They belong 
to highly polar solvents being immiscible with nonpolar ones. Just like the 
two methodologies explained above, the reactions in ionic liquids can be 
performed in one or two phases. In the case of biphasic way, generally the 
catalyst remains dissolved in the ionic liquid during the separation and both 
can be reused again. 

 

Figure 1.17. Structure of [omim]BF4- ionic liquids (in blue). 

   In the case of SCF, the main advantage is the excellent miscibility with 
gases being suitable for reactions involving gases such as hydrogenation or 
hydroformylation reactions where the solubility of the gaseous reactant can 
be rate limiting. A SCF is a state of a certain compound above the critical 
point, whereupon it demonstrates properties like a gas and like a liquid in as 
a homogeneous phase (Fig. 1.18). At this point the matter is a liquid-like gas. 
In the case of scCO2, above its critical point that is at Tc = 31.1 ºC and Pc = 
73.8 bar, both liquid and gas carbon dioxide coexist. The solubility of 
organic substrates and products in scCO2 is high but, on the other hand, 
organometallic catalysts have low solubility in scCO2 and that allows to the 
easy separation of the catalyst to the reaction mixture. 

 

Figure 1.18. (From left to right): A chamber containing carbon dioxide as liquid 
and gas (two phases visible). Increasing the temperature and pressure the two 

phases merge to become a supercritical fluid. 
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1.2.2. IMMOBILIZATION OF CHIRAL HOMOGENEOUS 

CATALYSTS: CATALYST HETEROGENIZATION 

The immobilization of a chiral catalyst can be done by covalent or non-
covalent attachment of a ligand, preassembled complex or organocatalyst to 
the support. Nevertheless, during the immobilization process can occur 
numerous problems affecting the performance of the catalyst. That includes 
undesired interactions between the support and the catalyst, the distortion 
of the optimal geometry of the catalyst by the support, limited accessibility 
of the active sites, or a weak linkage between support and catalyst or, in the 
case of organometallic complexes, the metal and supported ligand.65  

   An optimal solid support should have some important features66 as: 
- be mechanically robust,  
- stable to temperature variations, 
- with accessible sites to the reagents, 
- acceptable loadings, 
- acceptable bead size, when is applicable, to facilitate its separation 

by filtration and, 
- be stable in diverse media. 

   The anchoring of homogeneous asymmetric catalyst by non-covalent 
immobilization is an attractive approach from synthetically point of view 
due to the unnecessary modifications in the structure of the homogeneous 
specie. However the poor linkage obtained by adsorption or ion-pair formation 
through van der Waals interactions and their sensibility to solvent effects 
limits their use as immobilization strategies. Silica or mesoporous silicates 
materials such as MCM-41 or clays as montmorillonite are common used 
supports for this type of immobilization. Other interesting strategy that can 
be included in the non-covalently support of a catalyst is the encapsulation or 
‘ship in a bottle’ method. It consists in the assembling of the catalyst in the 
pores of mesoporous material or the entrapping of the complex by 
polymerization in a sol-gel process or in a polydimethylsiloxane (PDMS) 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
65 M. Heitbaum, F. Glorius, I. Escher, Angew. Chem. 2006, 118, 4850; Angew. Chem. Int. Ed. 
2006, 45, 4732. 
66 J. Tulla-Puche, F. Albericio, The Power of Functional Resins in Organic Synthesis, Wiley-VCH, 
Weinheim, 2008.!
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film. Mesoporous materials and zeolites are the usual supports employed. 
To avoid leaching, it is important that the openings of the pores of the 
support are smaller than the enclosed complex but, at the same time, if the 
pores are too small, difficult the access to the active sites compromising the 
good reactivity of the catalyst. Despite this, there are exceptions and in 
some cases the encapsulated complex leads to a better selectivity in 
comparison with the reaction performed in homogeneous way. For 
example, the encapsulation of Jacobsen catalyst in the zeolite MCM-2267 
results in an enhancement of the enantioselectivity in the epoxidation 
reaction of %-methylstyrene with sodium hypochlorite from 51% ee in 

homogeneous phase68 to a 91% ee (Scheme 1.12). In this case, the 
heterogenization of this catalyst not only was beneficial in terms of less 
expensive catalyst separation and recovery but in the enhancement in 
stability, activity and selectivity. 

!

Scheme 1.12. Enantioselective epoxidation of %-methylstyrene catalyzed by 

encapsulated Jacobsen catalyst.!

   The most common method to immobilize a chiral homogeneous catalyst 
is to anchor it covalently to a suitable support. This covalent linkage implies a 
modification in the structure of the chiral ligand or monomeric 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
67 G. Gbery, A. Zsigmond, K. J. J. Balkus, Catal. Lett. 2001, 74, 77.!!
68 E. N. Jacobsen, W. Zhang, A.R. Muci, J. R. Ecker and L. Deng, J. Am. Chem. Soc. 1991, 113, 
7063. 
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organocatalysts in order to create an anchoring position usually as far away 
as possible from the active site of the catalyst, in such a way that the support 
does not perturb the reaction site. The choice of the appropriate linker and 
support is essential to achieve minimal levels of undesired interactions and 
provide the same opportunities for selectivity control than homogeneous 
catalysts. Nowadays, the most used supports for covalent immobilization of 
monomeric catalytic species are inorganic oxides as silicas or zeolites,69 
nanostructures as nanotubes or nanoparticles70 (which are at its very peak) 
and organic polymers, in which is focused the present work. 

 

 

 

 

 

 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
69 For selected reviews and articles about immobilization on silica and related materials, see: 
a) J. M. Fraile, J. A. Mayoral, J. Serrano, M. A. Pericàs, Ll. Solà, D. Castellnou, Org. Lett. 2003, 
5, 4333. b) A. Corma, Cat. Rev. 2004, 46, 369. c) C. Li, Catal. Rev. 2004, 46, 419P. d) McMorn, 
G. J. Hutchings, Chem. Soc. Rev. 2004, 33, 108. e) D. Moelans, P. Cool, J. Baeyens, E. F. 
Vansant, Catal. Commun. 2005, 6, 307. f) J. M. Fraile, J. I. García, J. A. Mayoral, Coord. Chem. 
Rev. 2008, 252, 624. g) Y. Yang, B. Beele, J. Bluemel, J. Am. Chem. Soc. 2008, 130, 3771. h) N. 
Puretskiy, L. Ionov, Langmuir, 2011, 27, 3006. 
70 For selected publications about nanotubes, see: a) G. G. Wildgoose, C. E. Banks, R. G. 
Compton, Small 2006, 2, 182. b) S. Nakagaki, F. Wypych, J. Colloid and Interface 
Science 2007, 315, 142. c) E. V. Rybak-Akimova, O. E. Voronina, J. Wikstrom, Chem. Carbon 
Nanotubes 2008, 2, 81. For reviews about supporting on metallic-nanoparticles, see: a) D. 
Astruc, F. Lu, J. R. Aranzaes, Angew. Chem. 2005, 117, 8062; Angew. Chem. Int. Ed. 2005, 44, 
7852.  b) A.-H. Lu, E. L. Salabas, F. Schueth, Angew. Chem. 2007, 119, 1242; Angew. Chem. Int. 
Ed. 2007, 46, 1222. c) M. A. Newton, Chem. Soc. Rev. 2008, 37, 2644. d) R. J. White, R. Luque, 
V. L. Budarin, J. H. Clark, D. J. MacQuarrie, Chem. Soc. Rev. 2009, 38, 481. e) A. Schaetz, O. 
Reiser, W. J. Stark, Chem. Eur. J. 2010, 16, 8950. 
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1.2.2.1. POLYMER-SUPPORTED CHIRAL CATALYSTS 

The field of polymer-supported chiral catalysis71 has become popular during 
the last decades with great importance due mainly to the easy separation and 
reuse of such species. The important work on solid-phase synthesis72 
published by Robert Bruce Merrifield in the 1960s (importance recognized 
with the Nobel Prize in 1984), was the start point for the developing of high 
number of catalytic compounds supported onto polymers, either insoluble 
or soluble. It is hardly surprising that the Merrifield’s publication in the 
Journal of American Chemical Society is inside the Top 20 Most Cited 
articles published by the journal in all its history.73  

   The use of polymeric supports sometimes involves a lowering in the 
activity of the immobilized catalysts compared with its non-supported 
version because the heterogeneous nature of the supported catalyst leads to 
a poor interaction with the substrates in solution. Nevertheless, a great 
number of polymer-supported catalyst have been developed showing 
excellent activity and selectivity. In some cases, the environment created by 
the polymer, linker and catalyst leads to a better results in asymmetric 
transformations in comparison with the homogeneous counterpart.71h,j  

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
71 For reviews about polymer-supported catalyst, see: a) J. Clark, D. Mcquarrie, Handbook of 
Green Chemistry & Technology, Blackwell Publ, London, 2002. b) N. E. Leadbeater, M. Marco, 
Chem. Rev. 2002, 102, 3217. c) C. A. McNamara, M. J. Dixon, M. Bradley, Chem. Rev. 2002, 
102, 3275. d) M. R. Buchmeiser, Polymeric materials in organic synthesis and catalysis, Wiley-VCH, 
Weinheim, 2003. e) M. Benaglia, A. Puglisi, F. Cozzi, Chem. Rev. 2003, 103, 3401. f) R. Haag, 
S. Roller, Immobilized Catalysts, in Topics in Current Chemistry, ed. A. Kirsching, Springer, 
Heidelberg, 2004. g) B. M. L. Dioos, I. F. J. Vankelecom, P. A. Jacobs, Adv. Synth. Catal. 
2006, 348, 1413. h) S. Itsuno, N. Haraguchi, Heterogeneous Enantioselective Catalysis Using Organic 
Polymeric Supports in, Handbook of Asymmetric Heterogeneous Catalysis, eds. K. Ding, Y. Uozumi, 
Wiley-VCH, Weinheim, 2008. i) M. Benaglia, Recoverable and Recyclable Catalysts, John Wiley & 
Sons, Chichester, 2009. j) C. Jimeno, S. Sayalero, M. A. Pericàs, Covalent Heterogenization of 
Asymmetric Catalysts on Polymers and Nanoparticles in, Heterogenized Homogeneous Catalysts for Fine 
Chemicals Production Catalysis by Metal Complexes, eds. P. Barbaro, F. Liguari, Springer, 
Heidelberg, Vol. 33, 2010. 
72 R. B. Merrifield, J. Am. Chem. Soc. 1963, 85, 2149. 
73 From searching for ‘most cited articles’ in ‘all time’ in the web of J. Am. Chem. Soc. !
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Soluble Polymer-Bound Catalysts   

The immobilization of catalytic species onto soluble polymers is a useful 
strategy because combine the easy recovery by precipitation and subsequent 
filtration of the supported catalyst with the homogeneous environment 
present during the reaction. It also allows the analysis of the supported 
catalysts by common methodologies in solution as NMR, MS, TLC, which 
is generally not possible with insoluble supports as inorganic solids or 
insoluble organic polymers.71i Despite the mentioned advantages, some 
problems are associated with the use of soluble polymers. One of them is 
related to the recovery of the supported catalyst. Usually, large amount of 
solvent are necessary to obtain a quantitative recovery of it and in some 
cases sticky mixtures are achieved making difficult its recovery and reuse. In 
the case of supported organometallic complexes, the recovery process 
enhance the probability of metal leaching during the washing cycles and co-
precipitation of by-products that contaminate the recovered catalyst and 
reduce its activity. The soluble polymers generally used as supports, are 
polyethylene glycol (PEG)-type as MeOPEG5000 and non-crosslinked 
polystyrene (PS).  

 

Insoluble Polymer-Bound Catalysts      

Insoluble resins are widely used as polymeric supports to heterogenize 
homogeneous catalysts. That supports are mainly polystyrene-based cross-
linker polymers. High degree of cross-linking (more than 5%) usually leads 
to better mechanical stability although compromise the accessibility of 
reagents to the active sites because low-swelling properties. Moreover, these 
macroporous resins have also a low loading capacity.71i On the other hand, 
the microporous resins, also known as gel-type resins have a cross-linked 
degree about a 1-2%. These gel-type supports are flexible polymeric 
networks that can expand or exclude solvent to accommodate the growing 
molecules present within the gel. The solvation of the resin (if it is well 
swelled) is crucial for rapid and complete transformations. When the resin 
beads are not well swollen in solvents, this can result in poor reaction site 
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accessibility and diminished reaction rates. The so-called Merrifield resin 
and its derivatives are the most widely used gel-type resin.  

   Merrifield resin is a divinylbenzene (DVB) crosslinked polystyrene matrix 
functionalized with chloromethylene groups (Fig. 1.19A). This chlorine at 
the benzylic position can be substituted via nucleophilic reactions by many 
functional groups, as for instance a phenylmethanol group (Wang resin, Fig. 
1.19B), thiol, amide or crown ether group, and also chiral molecules that act 
as organocatalysts or chiral ligands. These resins swell in non-protic solvents 
such as THF and DMF, halogenated and aromatic hydrocarbons, whereas 
do not swell properly in apolar aprotic solvents as alkanes and polar protic 
solvents as alcohols and water.74 

 

Figure 1.19. Structure and representation of Merrifield (A) and Wang resins (B).!

   To solve this lack of swelling property, Toy and Janda introduced a longer 
tetrahydrofuran-derived crosslinker making more flexible the polymer 
chains.75 This kind of resins are commercial available, called JandaJel® 
(Figure 1.20A) and can also be functionalized. Furthermore, the swelling in 
polar solvents of cross-linked PS resins can be enhanced introducing groups 
more compatible with such solvents. The easier way is incorporating a PEG 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
74 R. Santini, M. C. Griffith, M. Qi, Tetrahedron Lett. 1998, 39, 8951. 
75 P. H. Toy, K. D. Janda, Tetrahedron Lett. 1999, 40, 6329. 
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backbone (TentaGel®, Fig 1.20B) that can be also derivatized to obtain 
diverse sort of resins.76 In this case, the PEG moiety is anchored to a 
preformed PS matrix resin but, alternatively, this group can be incorporated 
cross-linking PEG with PS resin (similar to JandaJel® but with PEG as 
cross-linker). The swelling degree in polar solvents of these amphiphilic PS-
PEG resins is larger compared with the PS ones,77 enhancing the catalytic 
activity of active species supported onto PS-PEG resins in such solvents.78 

 

Figure 1.20. Structure and representation of JandaJel (A) and TentaGel resins (B).!

      

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
76 W. Rapp in, Combinatorial Peptide and Nonpeptide Libraries, A Handbook, Ed. G. Jung, Wiley-
VCH, Weinheim, 1996. 
77 M. Grøtli, C. H. Gotfredsen, J. Rademann, J. Buchhardt, A. J. Clark, J. Ø. Duus, M. 
Meldal, J. Comb. Chem. 2000, 2, 108. 
78 For PS-supported Pd-catalyst for Suzuki cross-coupling reaction see: a) J.-H. Kim, B.-H. 
Jun, J.-W. Byun, Y.-S. Lee, Tetrahedron Lett. 2004, 45, 5827. For amphiphilic resin supporting 
Pd-catalyst for Suzuki cross-coupling reactions see: b) J.-W. Kim, J.-H. Kim, D.-H. Lee, Y.-S. 
Lee, Tetrahedron Lett. 2006, 47, 4745. 
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   In our research group, there is a large experience in developing 
polystyrene-supported ligands for organometallic reactions (Fig. 1.21).79 
Most of these PS-supported ligands have been used in the asymmetric 
addition of alkyl and aryl zinc to aldehydes. Moreover, we have described 
the development of high number of pyrrolidine derivatives anchored onto 
polystyrene supports and their application as organocatalysts (Fig. 1.22).80 
The synthesis and evaluation of some of those supported ligands and 
organocatalysts are aims of the present dissertation and will be explained in 
more detail in the following chapters. 

 

Figure 1.21. Structure of PS-supported ligands developed by our group.!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
79 a) A. Vidal-Ferran, N. Bampos, A. Moyano, M. A. Pericàs, A. Riera, J. K. M. Sanders, J. 
Org. Chem. 1998, 63, 6309. b) M. A. Pericàs, D. Castellnou, I. Rodríguez, A. Riera, Ll. Solà, 
Adv. Synth. Catal. 2003, 345, 1305. c) D. Castellnou, Ll. Solà, C. Jimeno, J. M. Fraile, J. A. 
Mayoral, A. Riera, M. A. Pericàs, J. Org. Chem. 2005, 70, 433. d) D. Castellnou, M. Fontes, C. 
Jimeno, D. Font, Ll. Solà, X. Verdaguer, M. A. Pericàs, Tetrahedron 2005, 61, 12111. e) A. 
Bastero, D. Font, M. A. Pericàs, J. Org. Chem 2007, 72, 2460. 
80 a) D. Font, C. Jimeno, M. A. Pericàs, Org. Lett. 2006, 8, 4653. b) D. Font, A. Bastero, S. 
Sayalero, C. Jimeno, M. A. Pericàs, Org. Lett. 2007, 9, 1943. c) E. Alza, X. C. Cambeiro, C. 
Jimeno, M. A. Pericàs, Org. Lett. 2007, 9, 3717. d) D. Font, S. Sayalero, A. Bastero, C. Jimeno, 
M. A. Pericàs, Org. Lett. 2008, 10, 337. e) E.!Alza, C. Rodriguez-Escrich, S. Sayalero, A. 
Bastero, M. A. Pericàs, Chem. Eur. J. 2009, 15, 10167. f) E. Alza, M. A. Pericàs, Adv. Synth. 
Catal. 2009, 351,! 3051. g) E. Alza, S. Sayalero, X. C. Cambeiro, R. Martín-Rapún, P. O. 
Miranda, M. A. Pericàs, Synlett 2011, 4, 464. 
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Figure 1.22. Structure of PS-supported organocatalysts developed by our group.!

 

1,2,3-Triazole Moiety As Linker For Covalent Immobilization Of 

Catalytic Units 

“Click chemistry” is a term introduced by Sharpless et. al. in 2001, that 
describes the approach of chemistry processes to generate substances 
quickly and reliably by joining small units together.81 This ‘philosophy’ is 
inspired by the fact that nature also generates substances by joining small 
modular units. Inside the features of such processes are including the 
modularity of the reactions and very high yield obtained, because of 
thermodynamic stability. Moreover, the reaction has to be applicable to a 
broad scope of substrates and has to be stereospecific and ideally must 
generate inoffensive byproducts that can be removed by non-
chromatographic methods. The chemical transformations involving carbon-
heteroatom bond formation are the most common examples of click 
chemistry. Cycloadditions of unsaturated species, ring-opening reactions of 
strained heterocyclic electrophiles, carbonyl chemistry of the non-aldol type, 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
81 H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. 2001, 113, 2056; Angew. Chem. Int. 
Ed. 2001, 40, 2004. 
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or additions to carbon-carbon multiple bonds, are some examples of click 
reactions.  

   Azide-alkyne Huisgen dipolar cycloaddition reaction82 is the most popular 
click reaction and consists in Cu(I)-catalyzed reaction (CuAAC) to form 
regioselectively only 1,4-disubstituted-1,2,3-triazoles. The reaction can take 
place also by thermal activation that results in a mixture of 1,4 and 1,5 
regioisomers. When the reaction is catalyzed by Ru(II) (RuCAAC), can 
proceed with both terminal and internal alkynes and gives 1,5-disubstituted 
and fully 1,4,5-trisubstituted-1,2,3-triazoles (A, B and C in Scheme 1.13).83  

 

Scheme 1.13. 1,3-dipolar cycloadditions to form different substituted triazole rings. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
82 a) R. Huisgen, "Centenary Lecture - 1,3-Dipolar Cycloadditions". Proceedings of the Chem. Soc. 
London 1961, 357. b) R. Huisgen, 1,3-Dipolar Cycloaddition Chemistry, ed. A. Padwa, Wiley, New 
York, 1984. 
83 a) C. W. Tornøe, M. Meldal, in Proc. Second Intl. and seventeenth Amer. Peptide Soc. Symp., pp 
263-264, Eds. M. Lebl, R. A. Houghten, American Peptide Society and Kluwer Academic 
Press, San Diego, 2001. b) C. W. Tornøe, C. Christensen, M. Meldal, J. Org. Chem. 2002, 67, 
3057. c) V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless, Angew. Chem. 2002, 114, 
2708; Angew. Chem. Int. Ed. 2002, 41, 2596. For a recent review, see: d) J. E. Hein, V. V. 
Fokin, Chem. Soc. Rev.  2010, 39, 1302. 
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   The simplify mechanism of CuAAC is showed in Scheme 1.14. The key 
C–N bond-forming event takes place between the nucleophilic, vinylidene-
like b-carbon of Cu(I) acetylide I.1 and the electrophilic terminal nitrogen of 
the coordinated organic azide I.2 Finally, the triazole is released from Cu 
upon protonation of the terminal carbon, and the catalyst is regenerated.84  

 

Scheme 1.14. Mechanism of 1,3-dipolar cycloaddition CuAAC. 

   The effect of the triazole linker in metal-based supported catalysts is 
attributed to its ability to form coordination complexes with metals, thus 
interfering in the normal reaction pathway (Scheme 1.15).79e 

 

Scheme 1.15. Performance of chiral amino alcohol ligands immobilized by direct 
substitution or by CuAAC in the phenylation reaction of aldehydes.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
84 For more complex mechanistic details, see reference 83d. 
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   In organocatalysis, on the other hand, the triazole group has been shown 
to be fundamental for high performance of the catalysts in water. The data 
suggest the creation of a polar microenvironment inside the large 
hydrophobic backbone that the polymer constitutes (Fig. 1.23).80d 

 

Figure 1.23. Representation of proline supported PS-resin as organocatalysts for 
aldol reaction in water with an aqueous microenvironment. 

   The immobilization of catalysts onto insoluble resins not only makes 
possible their recovery by simple filtration, recycle and re-use but also they 
can be efficiently employed in continuous flow processing.  

 

1.3. CONTINUOUS FLOW METHODOLOGY 

Although the synthesis in the laboratory is commonly carried out in 
standardised glassware in batch transformations, the use of continuous 
processes using flow reactors is being established every time more as an 
attractive methodology, not just exclusive for industrial context.85  

   The processes under continuous flow are generally more efficient than 
batch ones and offer much higher throughput per unit volume and per unit 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
85 For relevant reviews on continuous flow processes, see: a) A. Kirschning, W. Solodenko, 
K. Mennecke, Chem. Eur. J. 2006, 12, 5972. b) B. P. Mason, K. E. Price, J. L. Steinbacher, A. 
R. Bogdan, D. T. McQuade, Chem. Rev. 2007, 107, 2300. c) C. Wiles, P. Watts, Eur. J. Org. 
Chem. 2008, 1655. d) A. Kirschning, Chemstry in Flow Systems: Thematic Issue in, Beilstein J. 
Org. Chem. 2009, 5, 15. e) S. V. Luis, E. Garcia-Verdugo, Chemical Reactions and Processes Under 
Flow Conditions, RSC, Cambridge, 2010. f) J. Wegner, S. Ceylan, A. Kirschning, Chem. Commun. 
2011, 47, 4583. 
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time. Reactants are introduced continuously, reacting on maximum contact 
in a smaller reaction space, and the product emerge and is removed 
continuously from the reaction space. There is better control of process 
variables and the risk of side reactions is reduced. The reactor volume is 
determined by the flow rate and residence time of the materials rather than 
vice versa; therefore, vessels can be smaller and heat transfer and mixing are 
easier to control and waste levels are generally also lower.85e  

   One of the best features of these continuous flow systems is that using a 
series of different coupled packed-beds or chips (in the case of the micro 
flow reactors), multistep reactions can be arranged in a continuous 
sequence,86 with facile automation, reproducibility and safe conditions as the 
production of ibuprofen showed in Scheme 1.16.86c 

 

Scheme 1.16. The three-step, continuous-flow synthesis of ibuprofen using 
microreactors.!

   The benefits increase with the combination of miniaturized continuous 
flow systems with heterogenized catalysts for the study of chemical 
reactions because there is a simultaneous catalytic reaction and separation of 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
86!For recent examples, see: a) J. Yoshida, A. Nagaki, T. Yamada, Chem. Eur. J. 2008, 14, 
7450. b) I. R. Baxendale, S. V. Ley, A. Mansfield, C. D. Smith, Angew. Chem. 2009, 121, 4077; 
Angew. Chem. Int. Ed. 2009, 48, 4017. c) A. R. Bogdan, S. L. Poe, D. C. Kubis, S. J. 
Broadwater, D. Tyler McQuade Angew. Chem. 2009, 121, 8607; Angew. Chem. Int. Ed. 2009, 48, 
8547. d)!D. Webb, T. F. Jamison, Chem. Science, 2010, 6, 675. e) A. Sniady, M. W. Bedore, T. 
F. Jamison, Angew. Chem. 2011, 123, 9; Angew. Chem. Int. Ed. 2011, 50, 9. 
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the catalyst from the reaction media. The introduction of the catalyst within 
the reactor allows the pass of the reagents though the supported-catalyst 
bed providing a far higher catalyst to substrate ratio at any given time, not 
possible under batch conditions.55f  

   Several solid supports have been applied in continuous flow processes as 
clays or silica-based materials and ionic liquids or polymers supports, which 
are being used every time more in this methodology.87 The cross-linking 
degree in polymer immobilized catalysts is important in order to avoid 
pressure problem, thus to control the volume of the swollen polymer is a 
parameter to have in account.  

   Nowadays, thinking about an industrial application and for enhancing the 
efficiency of continuous flow reactors, the trend goes towards the design of 
structure beds based on a nano-scale up to the macro-geometry to 
overcome the drawbacks associated to the existing continuous flow systems 
using solid supports as stagnation zones, broad residence time distribution 
or blocked reactors and monolithic supports are the best structured 
materials known for this purpose.88 

   Recently, in our research group, it has been developed the application of 
several continuous flow systems in metal catalysis89 and also organocatalysis, 
these last group are part of the present thesis (chapters IIA and IV). In the 
first system (showed in Scheme 1.17), a vertical fritted and jacket-
thermostated Omnifit glass column (10 mm of bore size and 70 mm of 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
87 S. Ceylan, A. Kirsching, Organic Synthesis with Mini Flow Reactors Using Immobilized Catalysts in, 
Recoverable and Recyclable Catalysts, ed. M. Benaglia, John Wiley & Sons, Chichester, 2009. 
88 For some representative examples using monolithic supports and its application in flow 
chemisty, see: a) R. M. Heck, S. Gulati, R. J. Farratu, Chem. Eur. J. 2001, 82, 149. b) S. 
Zalusky, R. Olayo-Valles, C. J. Taylor, M. A. Hillmyer, J. Am. Chem. Soc. 2001, 123, 1519. c) 
U. Kunz, A. Kirschning, H.-L. Wen, W. Solodenko, R. Cecilia, C. O. Kappe, T. Turek, Catal. 
Today 2005, 105, 318. d) M. I. Burguete, A. Cornejo, E. Garcia-Berdugo, M. J. Gil, S. V. Luis, 
J. A. Mayoral, V. Martinez-Merino, M. Sokolova, J. Org. Chem. 2007, 72, 4344. e) K. 
Mennecke, R. Cecilia, T. N. Glasnov, S. Gruhl, C. Vogt, A. Feldhoff, M. A. 
Larrubia Vargas, C. O. Kappe, U. Kunz, A. Kirschning, Adv. Synth. Catal. 2008, 350, 717. 
89 For applications developed by our research group in continuous flow processes of PS-
supported organometallic complexes, see: a) M. A. Pericàs, C. I. Herrerías, Ll. Solà, Adv. 
Synth. Cat. 2008, 350, 927. b) D. Popa, R. Marcos, S. Sayalero, A. Vidal-Ferran, M. A. Pericàs, 
Adv. Synth. Cat. 2009, 351, 1539. c) J. Rolland, X. C. Cambeiro, C. Rodríguez-Escrich, M. A. 
Pericàs, Belstein J. Org. Chem. 2009, 5, 56.  
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maximum bed height) with a volume of 5.5 mL was used, which was loaded 
with the functionalized piperazine-based aminoalcohol supported on 
Merrifield resin for its use in the enantioselective alkylation of 
arylaldehydes.89a After pumping a solution of the corresponding aldehyde 
and diethyl zinc in toluene through the reactor, the products were obtained 
in 13.0 mmol h-1 per gram of resin with excellent enantioselectivities. 
Compared with the reaction in batch conditions, the use of continuous flow 
process mean a 24-fold reduction of time reaction with the advantage of 
possible regeneration of the catalyst with a simple washing protocol and its 
use in several consecutive alkylation reactions. 

 

Scheme 1.17. Schematic representation of continuous flow system used in the 
asymmetric addition of Et2Zn to aldehydes.!
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