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ABSTRACT 
 
 

DEVELOPMENT OF NOVEL CATALYTIC METHODOLOGIES FOR 
CARBON-CARBON BOND CONSTRUCTION 

 

Eymur, Serkan 

Ph.D., Department of Chemistry 

Supervisor: Prof. Dr. Ayhan S. Demir 

 

 December 2012, 195 pages 

 

Addition reactions of nucleophilic trifluoromethyltrimethylsilane (CF3TMS) to 

acyl phosphonates were investigated. Various acyl phosphonates reacted readily 

with CF3TMS in the presence of K2CO3 to give 1-alkyl-2,2,2-trifluoro-1-

trimethylsily- loxyethylphosphonate in 70-90% yields. When benzoyl 

phosphonates were used as starting material, after addition of CF3, the formed 

alcoholate undergoes phosphonate-phosphate rearrangement to form the acyl 

anion, followed by elimination of F- to give 1-aryldifluoroethenyl phosphates in 

87-97% yields. 

 

The proline–thiourea host–guest complex catalyzed intermolecular aldol reaction 

of aromatic aldehydes with cyclohexanone is developed. The anti-configured 

products were obtained in high yields and exclusively excellent 

enantioselectivities. The reaction is proposed to proceed according to a modified 

Houk–List model, in which the carboxylate moiety of the proline forms an 

assembly with the thiourea. These results clearly demonstrate the enormous effect 

of the thiourea on the reactivity and selectivity, even in an unconventional non-

polar reaction medium, without the need to use low temperatures. 
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A proline–thiourea host–guest complex is described as a good catalyst for the 

enantioselective nitro-Michael addition of aldehydes to nitroalkenes. The reaction 

is efficient with 5% of the thiourea, to give moderate to good enantioselectivity 

(up to 76% ee). High syn-selectivity was obtained with both branched and 

unbranched aliphatic aldehydes. This is the first example of self-assembly of 

organo- catalysts with an achiral additive in a Michael addition wherein 

aldehydes are utilized as donors. 

 

An aldol reaction catalyzed by a proline–thiourea host–guest complex in a 

nonpolar solvent shows excellent nonlinear effects. This proline–thiourea system 

has the ability to form a hydrogen-bonding network. The enantiomeric excess of 

proline in a solution can be significantly enhanced by its incorporation with a 

urea molecule into its solid racemate. This suggests a general and facile route to 

homochirality, which may be involved in the origin of chirality on earth. 

 

 

 

Keywords: Acyl anion, Umpolung, Acylphosphonate, Asymmetric Catalysis, 

Organocatalysis. 
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ÖZ 
 

 

KARBON-KARBON BAĞI OLUŞUMU İÇİN YENİ KATALİTİK 

METOTLARIN GELİŞTİRİLMESİ 

 
Eymur, Serkan 

Doktora, Kimya Bölümü 

   Tez Yöneticisi: Prof. Dr. Ayhan S. Demir 

 

Aralık 2012, 195 sayfa 

 
Nükleofilik triflorotrimetilsilan’ın (CF3TMS) açil fosfonatlara eklenme 

reaksiyonları incelenmiştir. Çeşitli açil fosfonatlar potasyum karbonat varlığında 

CF3TMS ile kolayca reaksiyona girerek 70-90% verim ile 1-alkil-2,2,2-trifloro-1-

trimetilsililoksietil fosfonatları oluşturmuştur. Başlangıç maddesi olarak benzoil 

fosfonatlar kullanıldığında, CF3 eklenmesinden sonra oluşan alkolat anyonu açil 

anyonu oluşturmak üzere fosfonat-fosfat düzenlenmesine uğmış ve flor ayrılması 

ile 87-97% verimle 1-arildifloroetenil fosfonatları oluşturmuştur.  

 

Pirolin-tiyoüre konuk-konak kompleksi katalizörlüğünde siklohekzanon ve 

aromatik aldehitlerin moleküller arası aldol reaksiyonu geliştirilmiştir. Anti- 

konfigürasyona sahip ürünler yüksek verim ve özellikle yüksek 

enansiyoseçicilikle elde edilmiştir. Reaksiyonun prolin’in karboksilat kısmı ile 

tiyoürenin bir birliktelik oluşturduğu değiştirilmiş Houk-List modeline göre 

ilerlediği önerilmiştir. Bu sonuçlar tiyoürenin düşük sıcaklık kullanılmasına 

ihtiyaç duyulmadan ve geleneksel olmayan apolar reaksiyon ortamlarında dahi 

reaktivite ve seçicilik üzerine muazzam etkisini açıkça göstermektedir.  

 



 vii 

Prolin-tiyoüre konuk-konak kompleksinin aldehitlerin nitro alkenlere 

enansiyoseçici nitro-Michael eklenmesi için iyi bir katalizör olduğu 

tanımlanmıştır. Reaksiyon, 5% tiyoüre ile orta ve iyi enansiyoseçicilik (76% ee) 

vermede etkilidir. Dallanmış ve dallanmamış zincirli aldehitlerde yüksek syn-

seçicilik elde edilmiştir. Bu, aldehitlerin verici olarak kullanıldığı Michael 

katılma reaksiyonlarında, kiral olmayan katkı maddeleri ile organokatlizörlerin 

kendiliğinden organize olmalarına ilk örnektir.  

 

Prolin-tiyoüre konuk-konak yapılarının katalizörlüğündeki aldol reaksiyonları 

polar olmayan çözücülerde çok iyi doğrusal olmayan etki göstermiştir. Bu prolin–

tiyoüre sistemleri hidrojen bağı ağı oluşturma becerisine sahiptir. Katı haldeki 

rasemik prolinin üre molekülü ile birleştirilmesi ile prolinin çözücüdeki 

enansiyomerik aşırılığı önemli miktarda arttırılabilir. Bu, belki de yer yüzündeki 

kiralitenin kaynağı olan homokiralite için genel ve basit bir yol önermektedir. 

 

 

 

Anahtar Kelimeler: Açil anyon, Umpolung, Açilfosfonat, Asimetrik Kataliz, 

Organokataliz. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

1.1 Catalytic C-C bond forming reactions 
 

The synthesis of urea from amonnium cyanate by Friedrich Wöhler in 1828 has 

been accepted as the turning point for the modern organic chemistry.1 Thenceforth, 

with this development, the numerous synthetic organic methods to construct new 

organic molecules have been established. Carbon-carbon (C-C) bond formation 

reactions have been the key point for all of organic reactions in the history of 

organic synthesis.2 However, the investigations of catalytic methods for carbon-

carbon bond formation, while creating functionality, remain a formidable 

challenge in the continuing development of efficient and reliable chemical 

processes. Due to the advantages of catalytic methods such as high atom 

economy,3 less polluting and workable simplicity, catalytic C-C bond forming 

reactions have garnered extensive attention in recent years. On the other hand, the 

developments of catalytic C-C bond construction methods still remain a challenge 

in organic synthesis. Therefore, it is foreseeable that the development of 

chemically useful catalytic methods of C-C bond construction has not yet been 

attained, and extra effort is needed to accomplish desirable transformations in 

organic chemistry.  

 

Forming or breaking bonds in organic synthesis have been frequently practiced by 

the combination of a Lewis acid-base pairs. The most sensitive spot of developing 

a new synthetic plan to get a desired molecule is classifying parts of molecule as 
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nucleophilic and electrophilic. Furthermore, an applicable retrosynthetic analysis, 

converting a synthetic target molecule into simple structures, requires 

identification of an appropriate synthon (“structural units within in a molecule 

which is related to possible synthetic operations”).3 While synthons do not appear 

as they are drawn, they help for the correct selection of the reagents. Once the 

synthons were defined, it is next necessary to figure out the synthetically 

equivalent reagents that are the real compounds fullfilling the role of synthon to 

perform the synthetic operation. For this, classification of functional groups for 

polar bond construction, namely “organizational format” (charge affinity pattern), 

was introduced by Evans.4 In this concept, the latent electrophilic or nucleophilic 

character of atoms in a carbon skeleton can be easily identified by using the 

descriptors as (+) and (-). 

 

 

1.1.1 Nonchiral catalytic C-C bond forming reactions via acyl anion chemistry 
 

1.1.1.1 Positional Polar Reactivity 
 

Seebach established a useful and powerful antithetic tool for identifying the 

electronic character of each atom in heteroatom containing carbon skeleton.5 As 

seen in Figure 1, the electronegativity differences between the carbon atoms and 

heteroatoms (O, N, and halides) produces inductive polarization which makes 

atoms in chain partially charged. That is, heteroatoms enforce an alternating donor 

(d) /acceptor (a) reactivity pattern on the carbon chain. The polarization renders 

acceptor properties at 1, 3, 5 positions and donor properties at 2, 4, 6 positions 

while the heteroatom with higher electronegativity is a donor (Figure 1.1). 
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Figure 1.1 General rule for the polarity of bond formation 

 

 

In Seebach’s notation, it is possible that polar disconnections can be applied to 

various target molecules. In a simple and ideal disconnections, a combination of 

electrophilic center (a, (+)) and nucleophilic center (d, (-)) is required. Because, 

many organic reactions, generating C-C bonds, are polar. For instance, charge 

affinity pattern and Seebach notation of β-hydroxy ketone 1 is outlined together 

with logical bond disconnections in Figure 1.2. It is clear that  the heteroatom in 

functional groups, like =O and –OH, powerfully bias the polar (bond pair) 

disconnections. 
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Figure 1.2 Charge affinity pattern and Seebach notation of β-hydroxy ketone 1 

 



 4 

Seebach notation of a simple ketone 2 is depicted in Figure 1.3. General charge 

affinity of carbonyl (C=O) group enables us to make possible polar disconnections 

as shown in Figure 1.3. Therefore, classical organic chemistry can make carbon 

skeleton with 1, 3 and 1, 5 functional group (FG) substitution patterns. With 

disconnections done, chemical reagents to achieve the desired polar transformation 

are necessary. However, some types of substitution pattern need a revised 

synthetic approach to carry out the desired transformation. 
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Figure 1.3 Seebach notation of a ketone 2 
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The analysis of the polar disconnections for α-hydroxy ketone 6 shows necessity 

of the combination of the two identical centers with different electronic nature 

(Figure 1.4, C). In reality, an acyl anion is impractical to produce in experimental 

set up due to the electronic nature of carbonyl group. However, acyl anions can be 

generated by mainly functional group manipulations that, in practice, convert 

electrophilic carbonyl to nucleophilic one. This is called “Umpolung”, which is 

defined by the International Union of Pure and Applied chemists as: “Any process 

by which the normal alternating donor and acceptor reactivity pattern of a chain, 

which is due to the presence of O or N heteroatoms, is interchanged.”6 The 

original meaning of the term has since been extended to the reversal of any 

commonly accepted reactivity pattern. Umpolung (polarity reversal) of carbonyl 

group (acyl anion equivalents) gives a powerful alternative to classical carbon-

carbon bond construction methods and adds new dimensions of flexibility to the 

design of synthetic targets. 
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Although acyl anions (d1 synthons) are not stable, they are traditionally 

synthesized by functional group manipulation and stoichiometric strong base 

deprotonation of the corresponding carbonyl compounds. As shown in Figure 1.5, 

Corey-Seebach reaction, in which lithiated dithiane 12 stabilized by the two sulfur 

atoms employs as an acyl anion nucleophile.7 Nucleophilic entities at the carbonyl 

center are generally called as masked “acyl anion” or “acyl anion equivalents”. 
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Figure 1.5 Dithiane Umpolung reactivity of carbonyl compound 

 

 

Well-known examples of acyl anion equivalents are shown in Figure 1.6. These 

equivalents rely on the carbanion stabilizing ability of certain functional groups. 

With these in hand, new disconnections, different from natural reactivity of the 

carbonyl group, are possible. Although ‘’acyl anion chemistry’’ is a promising 

area in organic chemistry, syntheses of these precursors are not economical in 

terms of atom and labor due to the multiple protections and deprotection steps. 

Therefore, recently impressive progress has been made in the catalytic methods for 

the generation of these useful umpolung entities.8 
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Figure 1.6 Popular examples of acyl anion equivalents 

 

 

This dissertation is mainly about the development of catalytic methods for C-C 

bond formation. Therefore, the stochiometric methods of acyl anion generation are 

not covered. With this in mind, the catalytically generated acyl anion equivalents 

will be the main topic for the following remaining part of this chapter. 

  

 

1.1.1.2 Benzoin condensation Reactions 
 

1.1.1.2.1 Cyanide ion catalyzed benzoin condensation 

 

Benzoin condensation, cyanide ion catalyzed dimerization of two aldehydes, was 

fortuitously discovered by Liebig and Wöhler in 1832.9 The benzoin condensation 
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is an important strategy to create new C-C bonds leading the formation of α-

functionalized carbonyl compounds. This unique process and its mechanism have 

been intensively studied. In 1903, Lapworth was the first to establish the 

mechanism of cyanide ion catalyzed benzoin condensation and to determine the 

formation of crucial carbanion intermediate 20.10 
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Figure 1.7 Benzoin condensation mechanism 

 

 

According to putative mechanism in the literature (Figure 1.7), this reaction 

occurs through the cyanide addition to the benzaldehyde (18) to yield 19. A proton 

transfer follows this from the α-position, producing a carbanion 20 (acyl anion 

equivalent), which is stabilized via resonance structures. Addition of carbanion 20 

to second molecule of an aldehyde occurs to form an unstable cyanohydrin of 

benzoin 21, which collapses to generate benzoin 23 and potassium cyanide 

(catalyst). Cyanide ion owes its ability to act as an effective catalyst in this 
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reaction to three properties: (1) it is a reactive nucleophile, (2) the cyanide group 

assists the formation of carbanion species through delocalization of the negative 

charge on the adjacent carbon, and (3) it acts as a good leaving group. 

 

Although one of the easiest and efficient ways to synthesize α-hydroxy ketones is 

benzoin condensation, it often suffers from inherent drawbacks. Benzoin 

condensation has a very limited substrate scope because the aromatic aldehydes 

with strong electron donating or electron withdrawing groups do not give the 

corresponding product with consistent yields. Moreover, cyanide ion does not 

catalyze the benzoin condensation between aliphatic aldehydes, since they tend to 

undergo an aldol condensation. Another drawback for benzoin condensation is 

incomplete conversion of reaction caused by reversible steps in the mechanism. 

Benzoin condensations under classical reaction conditions are also limited to the 

synthesis of symmetrical homobenzoins. 

 

As we counted several drawbacks for cyanide catalyzed benzoin condensation, it 

can be concluded that it is not possible to control regioselectivity when two 

different aldehydes are used. The benzoin condensation is reversible; therefore, the 

product distribution for dimerization of two different aldehydes is often 

determined by the relative thermodynamic stabilities of the four possible isomeric 

products. To exemplify the above discussion, it is better to examine cyanide ion 

catalyzed benzoin reaction of the two different aldehyde mixtures as shown in 

Figure 1.8. One can infer from the reaction mechanism, attacking of the acyl 

anion equivalent to another aldehyde in the reaction medium is responsible for the 

synthesis of the particular benzoin. When two different aldehydes are used, there 

will be two acceptor aldehydes for each generated acyl anion equivalents. If two 

different aldehydes were reacting in a kinetically equivalent way, then a statistical 

mixture of four products would observed. Consequently, this design fails to give 

the desired compound as sole product. 
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Figure 1.8 Product distribution for dimerization of two different aldehydes 

 

 

Even though the benzoin reaction has been known in the toolbox of organic 

chemistry for a long time, employment of this reaction in complex organic 

synthesis has been restricted due to its inherent drawbacks mentioned vide supra. 

Nevertheless, the nature of benzoin reaction inspires organic chemist to produce 

practical and easily accessible acyl anion precursors engaging in catalytic C-C 

bond-forming reactions.8,11 

 

1.1.1.2.2 Thiamine catalyzed benzoin condensation 

 

Numerous enzymes catalyze both nucleophilic acylation and benzoin condensation 

under mild conditions. Umpolung seems to be basis of these catalytic reactions. To 

catalyze reactions, enzymes facilitate a cofactor, thiamine pyrophosphate (TPP) 

(28).12 TPP is a thiazolium salt with three distinctive units: a pyrophosphate part, a 

thiazolium core, and a pyrimidine unit.  
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Figure 1.9 Thiamine Pyrophosphate structure 

 

 

Even though the TPP is mainly involved in a variety of carbon-carbon bond 

forming reactions, each unit has a special role in enzymatic catalysis. It was 

reported by Ukai in 1943 that thiazolium salts have ability to catalyze benzoin 

reaction.13 Mizuhara, later showed that thiazolium unit of thiymine is responsible 

for the catalytic activity of TPP.14 The function of thiamin diphosphate is smilar 

with the cyanide ion in the benzoin condensation. Based on this, Breslow 

presented in 1958 a mechanistic model for the thiazolium salt catalyzed benzoin 

condensation (Figure 1.10).15 
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Figure 1.10  Catalytic cycle of TPP dependent enzymes catalyzed benzoin 

condensation 
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According to the proposed mechanism, deprotonation of thiazolium salt 29 gives 

the resulting ylide 30 (in equilibrium with the singlet carbene) that attacks to the 

carbonyl group of the benzaldehyde (18). Rearrangement of the intermediate 31 to 

32 creates an umpolung of the carbonyl group. This umpolung enables the 

formation of the new C–C bond. The carbanion (d1-synthon) 32 attacks a new 

aldehyde to form 33 in stereoselective fashion (Stereoselectivity arises from the 

active site of an enzyme). A proton shift triggers a detachment of the acyloin 23. 

After 23 is released from enzyme active site, the catalyst 30 is now ready for 

another catalytic cycle. 

 

Explanation of mechanism of thiazolium salt catalyzed acyloin condensation has 

opened an avenue for a series of investigations for the new nucleophilic carbene 

based catalysts (NHC).16 It still remains challenge to achieve intermolecular cross-

benzoin condensation because of the competitive self-condensation of aldehydes. 

 

 

1.1.1.3 Catalytic Methods for generation of acyl anion equivalents  
	  

1.1.1.3.1 Brook Rearrangement 

 

The high migratory aptitude of silicon compared to carbon and hydrogen has 

enabled the study of a large number of silyl migrations to date.17 In 1952, Speier 

observed anionic [1,2]-silyl migration from oxygen to carbon.18 The reverse 

reaction, the intramolecular anionic [1,2]-silyl migration from carbon to oxygen 

was found and studied by Brook in the 1950s and 1960s.19 The migratory aptitude 

of silyl groups has since been observed to be more general, including whole family 

of [1,n]-carbon to oxygen silyl migration commonly referred to as Brook 

rearrangments (Figure 1.11). 
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Figure 1.11 [1,2] and [1,n]-silyl migrations 

 

 

Brook also studied the mechanism of this rearrangement. As seen in Figure 1.12, 

the proposed mechanism goes through formation of an acyl anion equivalent 42 

via deprotonation of a carbinol 39 followed by anionic [1,2]-Brook rearrangement. 

A carbanion-like species 42 quickly are protonated to afford alkoxysilane 43. 
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Figure 1.12 Brook rearrangement mechanism 
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According to thermodynamics, the strength of the oxygen-silicon bond (120-130 

kcal mol-1) compared to carbon-silicon bond (70-85 kcal mol-1) provide a driving 

force for [1,2]-Brook rearrangement from silylalkoxide 40 to silyloxy carbanion 

42.20 

 

It was found sixty years ago, [1,2]-Brook rearrangement has received great 

attention and been employed in various synthetic methodologies. In general, there 

are two important methods for the initiation of intramolecular silyl migration 

(Figure 1.13): [1,2]-Brook rearrangement is initiated by the deprotonation of α-

silyl alcohol 47 in the presence of base such as alkyl alkali metals (e.g. BuLi) or 

amines. Due to the limitation in the structural diversity of silyl alcohols like 47, 

only few aplications of base-promoted [1,2]-Brook rearrangement have been found 

in complex organic syntheses. Second, alternatively, any nucleophilic addition of 

alkyl metals 45 to acyl silanes 44 also initiates the [1,2]-Brook rearrangement.  
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Figure 1.13 Formation of α-silyl alkoxides 
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1.1.1.3.2 [1,2]-Brook Rearrangement of Acylsilanes  

1.1.1.3.2.1 Synthesis of Acylsilanes 

 

As far as the cross-benzoin reaction is concerned, the use of acylsilanes as acyl 

anion precursors based on the nucleophile promoted [1,2]-Brook rearrangement is 

one of the most practical and selective method available (Figure 1.13).21 

Therefore, acylsilanes are very useful compounds as unusual acyl anion 

precursors. However, synthetic protocols for the acylsilanes suffer from tedious 

steps and low yields. On the top of it, most of the time they are synthesized from 

the corresponding acyl anions which we eventually seek for.22  

 

There are many methods to construct the carbonyl carbon-silicon bonds, some of 

who is shown in Figure 1.14. As can be inferred from the Figure 1.14, availability 

of such starting materials has been a long-standing limitation of these methods by 

which we get acylsilanes. 
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Figure 1.14 Methods for the synthesis of acylsilanes 
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For instance, dithiane methodology (Figure 1.14-A), investigated by Brook23a and 

Corey23b, is the most utilized method for acylsilane synthesis. The main drawback 

of this method is the deprotection step from dithiane 48 to 44. Although the 

deprotonation of silyl 1,3-dithiane 48 to 44 is relatively easy, compounds like 44 

are highly sensitive to the reaction conditions due to the susceptibility of 

acylsilanes to hydrolysis. Therefore, extensive and practical method for the 

synthesis of acylsilanes is still in demand.   

 

 

1.1.1.3.2.2 Catalytic Reactions of Acylsilanes as Acyl Anion Precursors 

 

Nucleophilic catalysts for [1,2]-Brook rearrangement of acylsilanes have been 

actively studied in the last decade. Thiazolium carbenes, metallophosphites and 

cyanide anions, are most known examples of nucleophlic catalyts that are used to 

initiate the Brook rearrangement (general example are shown in Figure 1.15).24 

Their nucleophilic functions and anion stabilization properties are same as cyanide 

anion in benzoin condensation. 
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Figure 1.15 Nucleophilic catalytic additions to acylsilanes 
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 Scheidt demonstrated that Brook rearrangement can be induced by carbenes 

(neutral Lewis base) as shown in Figure 1.16-A.25 According to proposed 

mechanism; carbene catalyst 53, generated in situ via deprotonation, attacks to the 

acylsilane 54 and initiates the Brook rearrangement. Desilylation of intermediate 

55 produces Breslow intermediate 56 that does the nucleophilic additions to 

Michael acceptor 57 to yield aryl ketones 59. 
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Figure 1.16 [1,2]-Brook rearrangement initiated by nucleophilic catalysts 
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Cyanide ion initiated the Brook rearrangement of acylsilanes was firstly reported 

by Degl’Innocenti.26 They showed that acylsilane 44 reacts with α,β-unsaturated 

carbonyl derivatives 57 to give 1,4-dicarbonyl compounds 61 in the presence of 

catalytic amount of cyanide ion (Figure 1.16-B). Proposed mechanism for this 

transformation involves generation of silyloxy nitrile intermediate 60 via 

successively a cyanation and a Brook rearrangement. This reaction was one of the 

first examples of a catalyzed reaction of acylsilanes. 

 

The silyloxy nitrile anions like 60 generated by cyanide ion added to acylsilanes 

are interesting intermediates for the numerous organic reactions. Compared to the 

acylation and alkylation reactions of these intermediates like 60, the analogous 

carbonyl addition reactions have been limited to few applications under catalytic 

conditions. Johnson researched cyanide ion promoted silyl benzoin reactions to 

synthesize unsymmetrical protected benzoin compounds like 67 with good 

regioselectivity (Figure 1.17).27 
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As shown in Figure 1.17, the proposed mechanism of the reaction is basically 

same as the classical benzoin condensation catalyzed by the cyanide (Figure 1.7) 

or the thiamine (Figure 1.10). The cross silyl benzoin reaction relies on the 

generation of an acyl anion equivalent 64 by addition of cyanide to an acylsilane 

62 followed by [1,2]-Brook rearrangement. Upon attack of 64 to the desired 

aldehyde, secondary oxyanion 65 is obtained. [1,4]-silyl transfer and a subsequent 

retro-cyanation yield the desired silyl-benzoin product 67. On the other hand, 

Johnson later demonstrated that counterion (M+) in MCN catalysis is highly 

critical, and that one lanthanum tricyanide (La(CN)3) was identified as the optimal 

catalysts after screening of various metal cyanides.28 

 

In summary, acyl silanes are not only useful acyl anion precursors but also good 

catalysts to achieve regioselective benzoin type products in one step. Nowadays, 

cyanide catalyzed silyl benzoin reaction have played a prominent and practical role 

in cross-benzoin condensation reactions.29 It is a well-established method utilizing 

catalytic generation of acyl anion equivalents. Nevertheless, the major limitation 

of the acylsilane chemistry is its complexity and difficult availability of the 

starting acylsilanes as mentioned before. The starting material synthesis is a multi-

step process and the deprotection of the dithiane requires superstoichiometric 

amonuts of Hg(II) salts. Recently published alternative method for acylsilane 

synthesis also stem for the use of stoichiometric amount of a strong base in 

anhydrous solvents under strict temperature control.30 With all these in mind, there 

is always a need for a practical and easily accessible acyl anion precursor that can 

engage in catalytic C-C bond forming reactions. 

 

 

 

 

 



 21 

1.1.1.3.3 Generation of Acyl Anion Equivalents from Acylphosphonates 

 

Phosphorus, like silicon in the Brook rearrangement, has the ability to migrate 

from carbon to oxygen and oxygen to carbon.31 It has been already established that 

base-catalyzed addition of dialkyl phosphites to acylphosphonates followed by a 

deprotonation of α-hydroxyphosphonates led to such phosphonate-phosphate 

rearrangements. This is a similar to the [1,2]-Brook rearrangement of acylsilanes.32 

Kurihara and co-workers showed that deprotonated cyanophosphates 70 can be 

effective nucleophilic partners to aldehyde electrophiles as shown in Figure 1.18, 

route A.33 However, same study reported that with R1 being electron-rich aromatic 

and aliphatic groups cyano-phosphate anions like 70 are not useful as acyl anion 

analogous. In route B, surprisingly, cyano-phosphate anions 70 could be 

catalytically generated from acylphosphonates 69 (Figure 1.18).  
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Figure 1.18 Access to cyanophosphate anions 

 

 

Demir et al. have found that acylphosphonates are new generation of potent acyl 

anion precursors. These precursors undergo nucleophile-promoted phosphonate-

phosphate rearrangement to provide the corresponding acyl anion equivalents as 

reactive intermediates (Figure 1.19).34 
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Figure 1.19 Generation of acyl anion equivalents from acylphosphonates via 

Phosphonate-phosphate rearrangement 

 

 

The proposed mechanism, shown in Figure 1.20, resembles benzoin reaction 

mechanism and its congeners. Cyanide ion promoted rearrangement affords the 

critical acyl anion equivalent 73, which reacts with aldehyde 74 to give the 

intermediate adduct 75. This adduct undergoes a [1,4]-O,O-phosphate migration 

leading to retrocyanates as usual to give the desired benzoin product 77. 
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Figure 1.20 Mechanism of cross-benzoin reaction via cyanide ion promoted 

generation of acyl anions from acylphosphonates 
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This method provides a highly practical and flexible access to all isomers of cross 

benzoins except for R1 = alkyl and R2 = alkyl combination. Beside this exception, 

the introduced method had no drawbacks for the synthesis of cross-unsymmetrical 

benzoins. In any case, a meaningful chemical synhesis for alkyl-alkyl cross-

unsymmetrical benzoin has not been introduced yet. 

 

One of the most pronounced advantages of acylphosphonates over acyl silanes is 

that acylphosphonates are easily synthesized. Furthermore, acylphosphanates are 

readily available on a multigram scale from acyl chlorides and trialkyl phosphites 

via Arbuzov reaction without using any special condition or apparatus (Figure 

1.21).35 Acylphosphonates have superior stability under laboratory conditions over 

acylsilanes.    
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Figure 1.21 Synthesis of acylphosphonate via arbuzov reaction 

 

 

One of the challenges in this area (organic synthesis) is aldehyde-ketone acyloin 

reaction due to the low electrophilic and enolizable nature of ketones. Although 

the nucleophilic carbene catalyzed intramolecular coupling reactions of aldehydes 

and ketones have been studied,36 corresponding intermolecular catalytic couplings 

remained unsolved until recent examples from our research group. In this study, 

the first catalytic intermolecular aldehyde-ketone coupling via acylphosphonate 

was developed (Figure 1.22).37 It was examined the reaction of 
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benzoylphosphonate 72 with potent electrophile 2,2,2-trifluoroacetophenone (79), 

which furnished the expected coupling product 80 in 87% yields. The proposed 

mechanism proceeds through similar steps with the cross-benzoin rections that are 

mediated with acylsilanes and acylphosphonates. 
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Figure 1.22 Catalytic intermolecular aldehyde−ketone coupling via 

acylphosphonates 

 

Recent reports showed that protonation of acyl anion equivalents from 

acylphosphonates furnished cyanohydrin O-phosphates in high yields (Figure 

1.23).38 The acylphosphonate 72 reacts with the cyanide ion in DMF, resulting acyl 

anion intermediate 81. Protonation of 83 leads to cyanohydrin O-phosphates 84, 

which is equivalent to an aldehyde under the appropriate hydrolysis conditions. 

This study, in turn, the direct reduction of carboxylic acids to aldehydes under 

aqueous conditions. 
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Synthesis of cyanohydrins, versatile synthetic building block for a variety of 

pharmaceutically desirable compounds, has gained great attention.39 Due to several 

functional groups on one carbon atom in cyanohydrins; the functional 

transformations provide easy access to many compounds. Therefore, a plethora of 

methods has been devoted to the synthesis of these targets. 

 

Historically, the method for the synthesis of cyanohydrins is the addition of a 

cyanide ion to the corresponding carbonyl compounds as shown in Figure 1.24, 

route A.40 Although route A has been widely used, other alternative methods have 

been developed to protect resulting hydroxyl group in situ. (Figure 1.24, route B). 

In route B, two sequential C-C bond formations take place via cyanide ion 

promoted carbanion generation and its subsequent reaction with the electrophilic 

carbon center. 
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Figure 1.24 Methods for the synthesis of cyanohydrins 

 

 

A one-pot reaction, shown in Figure 1.25, has been developed to get 

polyfunctionalized tertiary carbinols by Demir. In this reaction, two new C-C 
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bonds from acylphosphonate 87 and ethylcyanoformate (88) was made under mild 

conditions in good to excellent yields.41 
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Figure 1.25 Cyanide ion promoted addition of acyl phosphonates to ethyl 

cyanoformate 

 

 

The proposed catalytic cycle for this transformation is outlined in Figure 1.26. 

The addition of cyanide anion to acylphosphonate 89 generates the intermediate 

alkoxide 92, which rearranges to the carbanion 93 that reacts with the ethyl 

cyanoformate (90) to give the product 91. While ethyl cyanoformate provides 

ethyl carboxylate to the acyl anion, it also keeps a catalytic amount of cyanide ion 

present in the reaction medium. 
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Figure 1.26 Proposed catalytic cycle for synthesis of tertiary carbinols via tandem 

carbon-carbon bond formations 

 

 

The classical route to O-trimethylsilyl-protected cyanohydrins is the addition of 

TMSCN to the aldehydes (or ketones), which only takes place in the presence of 

Lewis acid catalysis (i.e. ZnI2).42 When considering the value of O-trimethylsilyl-

protected cyanohydrins, we can see in the literature that catalysis has been reported 

hundreds of times.43 Demir et al. investigated the scope of the addition of TMSCN 

to acylphosphonate for the synthesis of interesting precursors, α-

trimethylsilyloxynitrile 94. It is found that TMSCN adds to acylphosphonate in 

high yield without a catalyst (Figure 1.27).44 The enhanced reactivity of 

acylphophonates was attributed to the presence of phosphonate moiety, which 

interacts with TMSCN. The interaction, in between silicon (lewis acid) and the 

lone pair on oxygen in P=O moiety, activates both partners in the reaction. 
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Figure 1.27 Uncatalyzed addition of TMSCN to acylphosphonates 

 

 

To conclude this part of the introduction, acylphosphonates are found as effective 

acyl anion equivalents with respect to yields, purity of product, and reaction times 

in cross benzoin reactions. These reagents are superior over acylsilanes in terms of 

easy availability. Moreover, one can synthesize any benzoin derivative in a few 

hours starting from acylchlorides without using any special apparatus or taking any 

special precautions. It is for seen that acylphosphonates will be highly useful and 

original, addition to the known methods of bond forming reactions via acyl anion 

equivalents based on the steps this research has taken so far. 
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1.2 Organocatalytic Asymmetric C-C Bond Formation Reactions 
 

Enantiopure compounds have attracted widespread interest from both the academic 

and, the commercial communities due to the fact that enantiomers of the same 

compound can display different biological activities. The well known examples of 

the different biological activity of enantiomeric compounds are the Timolol and 

Propoxyphene (Figure 1.28).45 In the case of Timolol, S-enantiomer was found to 

be an adrenergic blocker, while the other enantiomer is ineffective. Alternatively, 

the S-isomer of Propoxyphene is an analgesic while the other shows an antitussive 

property. 
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Figure 1.28 Examples of enantiomers 

 

 

About 70 % of the new small-molecule drugs that the United States Food & Drug 

Administration (FDA) approved in 2007 contain at least one stereogenic center.46 

Therefore, it is higly desirable to construct enantiopure compounds. Scientific 
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communities, in turn, continuously explore new methods to produce their unique 

handedness. An increasing demand for chiral compounds has encouraged intensive 

research to improve methods for synthesizing such compounds. An array of 

synthetic methods that result in the desired transformation and control the absolute 

stereochemistry of stereogenic centers created as a result of the synthetic 

operations is called asymmetric synthesis. 

 

Historically, enantiomerically enriched compounds (in any chemical asymmetric 

synthesis for a compound it is extremely difficult to get 100% one-enantiomer of 

the compound. Therefore, the term “enantiomerically enriched” is used) were 

synthesized by two main methods: (1) chemical transformation of enantiomerically 

enriched precursors deriving directly or indirectly from nature's chiral pool, (2) 

resolving a racemic mixture of the two enantiomers (kinetic resolution). Both of 

these methods have actually severe drawbacks, the former method demands 

stoichiometric amounts of a suitable precursor, and the latter method, naturally, 

yields only up to 50% of the desired enantiomer (except for meso compounds). 

 

Asymmetric catalysis, in which chiral catalyst transfers chirality information 

through a well-described transition state to an achiral substrate, is a third approach 

for asymmetric induction. For this purpose, transition metal complexes (containing 

at least one stereogenic center) and enzymatic systems have been employed in 

asymmetric catalysis in the last five-decades.47 Transition metal complexes with 

chiral ligands that the metal center can coordinate to the substrate one wants to do 

a chiral transformation. Either electronic or steric effects transfer the chirality from 

the ligand to the substrate. The 2001 Nobel Prize for chemistry was awarded to 

Knowles, Noyori and Sharpless for their seminal work in this field.48 

 

Even though transition metal catalysts have been employed in various applications, 

their potential drawbacks, i.e., high toxicity, high price, and less stability have 
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pushed the chemists towards an inspection of nature’s way of asymmetric 

induction, namely biocatalysis. Biocatalysis (enzymatic catalysis) is the use of 

natural catalysts, which are biomolecules evolved in nature to achieve the speed 

and coordination of a multitude of chemical reaction necessary to develop and 

maintain life, and to carry out chemical transformations on organic compounds. 

The development of enzymatic catalysis has grown tremendously in industrial 

production of chiral chemicals in recent years.49 However, due to the molecular 

complexity and unstability of enzymes, applications of biocatalysis are generally 

limited. 

 

For the past 10 years, the concept of organocatalysis (concatenation of the terms 

organic + catalysis) has appeared as a distinct strategy for addressing challenges in 

asymmetric organic synthesis.50 The term organocatalysis refers to a form of 

catalysis, whereby the rate of a chemical reaction is increased by an organic 

catalyst that does not contain a metal atom. Compared to the other asymmetric 

catalysis (enzymes or transition metal catalysts), organocatalysis definitely 

introduces some important advantages to the organic synthesis. Firstly, they are 

inexpensive and most of them (amino acids, alkaloids, and carbohydrates) are 

naturally available as single enantiomers. Secondly, since they do not contain toxic 

metals, they are environmentally friendly. Moreover, they are generally stable to 

air and moisture. Therefore, the field of organocatalysis has flourished. 

 

The history of organocatalysis began with the discovery of oxamide synthesis from 

dicyan and water in the presence of acetaldehyde by German chemist Justus von 

Liebig in 1859.51 Nearly sixty years later, the term “organic catalyst” was coined 

by Langenbeck and he published a series of papers using small organic molecules 

as catalysts.52 Although these seminal works had initiated two main categories in 

organocatalysis, “covalent catalysis” and “non-covalent catalysis”, they were not 

used to produce chiral compounds (asymmetric catalysis). 
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The first example of asymmetric organocatalytic reactions was introduced by 

Bredig and Fiske in 1912.53 They investigated that cinchona alkoloids accelerates 

the rate of addition of HCN to benzaldehyde. However, their enantiomeric excess 

(ee) values were below 10%. In the early 1960’s, Pracejus reported quinine 

catalyzed asymmetric ketene metanolysis reaction.54 As shown in Figure 1.29, 1 

mol% of compound 102 catalyzed the methanolysis of ketene 100 to produce the 

methyl ester 101 in 40% ee. 
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Figure 1.29 Compound 102 catalyzed the methanolysis of ketene 100 

 

 

A breaktrough in organocatalysis came in 1971, when two industrial groups led by 

Hajos at Roche® and Wiechert at Schering® discovered L-Proline 107 catalyzed 

intramolecular aldol reaction to afford bicyclic compound 104 with a high levels 

of enantioselectivity (Figure 1.30).55 This reaction, recognized later as the Hajos-

Parrish-Eder-Sauer-Wiechert reaction, is regarded as a milestone for the field of 
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asymmetric organocatalysis. However, there was no attention given to the 

importance of this reaction in terms of organocatalysis until early of this 

millennium. Giving the encouraging breakthrough reported in 1970’s, synthetic 

chemists seem not to pay attention to the concept of organocatalysis. 
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Figure 1.30 Hajos-Parrish-Eder-Sauer-Wiechert reaction 

 

 

1.2.1 Classification of Organocatalysis 
 

Over the past decade, increasing efforts have been devoted to develop and 

synthesize new organocatalysts for asymmetric C-C bond formation reactions. 

Organocatalysts, containing C, O, N, sometimes P and/or S atoms, accelerate 

organic reactions by activating electrophiles or nucleophiles. It should be noted 

that perfect classification of organocatalysis with only one methodology is not 

easy due to the diversity of mechanisms of the organocatalytic reactions.  
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Recently, most but not all organocatalysts have classified by List as Lewis bases, 

Lewis acids and Brønsted bases, Brønsted acids according their functions in 

reactions (Figure 1.31).56 Lewis base catalysts B: start the catalytic cycle via 

nucleophilic attack to the substrate S to form complex B-S, which undergoes a 

reaction to afford another complex B-P. After releasing the product P, the catalyst 

recycles for further turnover. Similarly, Lewis acid catalysts A activate 

nucleophilic substrates S: to achieve chemical transformation and gives product P. 

Brønsted base and acid catalysts accelerate reactions via (partial) deprotonation or 

protonation processes. 

 

 

 
 

Figure 1.31 Classification of simplified organocatalytic cycles by List 

 

 



 36 

Macmillan later focused on the importance of organization of the organocatalysis 

regarding generic mode of activation of catalytic systems as shown in Figure 

1.32.57 A generic mode of activation is related to a reactive species that can 

affiliate with many reaction types with consistently high levels of 

enantioselectivity. Such reactive species can be generated from the interaction of a 

chiral catalyst with simple functional groups of substrates (i.e. aldehyde, ketone, 

olefin or imine) in a highly organized and predictable manner. The significance of 

generic activation modes arise from the fact that once established, extrapolation of 

the new concept for the design of new enantioselective transformations becomes 

straightforward. 
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Figure 1.32 Organization of the organocatalysis regarding generic mode of 

activation of catalytic systems 
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The “enamine” and “iminium” catalysis are the most frequently encountered 

generic modes of activation in asymmetric organocatalysis. The enamine catalysis 

concept is based on the capacity of a chiral amine 123 to react reversibly with an 

aldehyde or ketone 121 to form a nucleophilic enamine 124, leading to an overall 

increase in energy of the Highest Occupied Molecular Orbital (HOMO), thus 

mimicking the HOMO-raising ability of Lewis acids (Figure 1.33). The 

transiently formed enamine species can then facilitate enantioselective α-carbonyl 

functionalization with various electrophiles. 
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Figure 1.33 Enamine catalysis concepts 

 

 

The iminium catalysis concept is based on the notion that upon condensation of α, 

β-unsaturated aldehyde 125 with a chiral amine 123, an iminium ion 127 is 

produced as reactive intermediate (Figure 1.34). This transformation leads to an 

overall energy decrease of the substrate’s Lowest Unoccupied Molecular Orbital 

(LUMO), which promotes a variety of enantioselective organocatalytic 

transformations, and is in contrast to the enamine activation (HOMO activation). 
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Figure 1.34 Iminium catalysis concepts 

 

 

In other classification by Berkessel, organocatalysts are categorized as covalent 

catalysts and non-covalent catalysts according to bond formation between catalysts 

and substrates within the catalytic cycle.58 Covalent catalysts activate organic 

reactions through covalent bond formation with substrates. Enamine and iminium 

catalysis are two important examples of covalent catalysis. Non-covalent catalysts 

activate substrates through non-covalent interactions, such as protonation or 

hydrogen bonding. 

 

The rest of introduction part is mostly dedicated to the further explanation of the 

enamine catalysis, since it is closely related to our work.  
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1.2.2 Enamine Catalysis 
 

 The catalysis of carbonyl transformations via formation of enamine intermediates 

by using primary or secondary amines as catalysts is called “enamine catalysis”.59 

Enamine catalysis, originally reported by Stork, can be regarded as a catalytic 

version of the classical enamine chemistry.60 

 

As shown in Figure 1.35, in such catalytic cycle, carbonyl compound 128 reacts 

with an amine 123 to provide the enamine 130 under dehydration conditions. The 

catalytically generated enamine 130 is able to give addition reactions with 

different electrophiles (X=Y) to afford corresponding iminium ion 132. Hydrolysis 

of the iminium ion 132 with in-situ-generated water yields the α-substituted 

carbonyl products 133. In enamine catalysis, enolizable aldehydes or ketones are 

converted to more activated nucleophiles by HOMO raising activation mechanism. 

The HOMO of the resultant enamine 130 is higher than its aldehyde (or ketone) 

128 and thus activated toward combination with the LUMO of an electrophile. 
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Figure 1.35 General mechanism of the enamine catalysis 

 

 

The catalytic potential of enamine catalysis for intermolecular enantioselective 

direct aldol reactions between ketones and aldehydes was introduced by List.61 

Since then, there have been extensive efforts to develop new asymmetric enamine 

catalysts. Although a wide variety of organocatalysts and organocatalytic reactions 

have been reported in this field, only general organocatalytic methodologies that 

use enamine formation for enantioselective “Aldol” and “Michael addition” 

reactions will be discussed in detail in the following chapters due to the relevance 

to the work of the author of this dissertation. 
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1.2.2.1 Enantioselective Organocatalytic Aldol Reactions by Enamine 
Catalysis 
 

The aldol reaction is one of the most commonly applied methods for C-C bond 

constructions in both nature and synthetic organic chemistry.62 The strategy of this 

reaction combines two relatively simple molecules into a structurally complex one 

by creating β-hydroxy carbonyl structural unit found in many natural and non-

natural pharmaceutically important compounds. Therefore, the investigations of 

efficient strategies for asymmetric catalysis involving small organic molecules for 

aldol reactions have been an extensively growing field of asymmetric synthesis. 

 

The Hajos-Parrish-Eder-Sauer-Wiechert reaction is the first example of enamine 

catalyzed asymmetric aldol reaction. As seen in Figure 1.36, formation of the 

enamine intermediate 135 between ketone 103 and L-proline leads to acceleration 

of reaction rate and also helps to control stereochemistry of the aldol product.  

 

 

 

 



 43 

Me

O O

O
DMF, rt

Me

Me

N O

O

Me N O

O

Me

iminium ion enamine

N

HO2C
Me

OH

O
O

O

Me

OH

93% ee

L-Proline
3 mol%

L-Proline

103

104

134 135

136

CO2H CO2H

 
 

Figure 1.36 Mechanism of the Hajos-Parrish-Eder-Sauer-Wiechert reaction 

 

 

On the other hand, since the mechanism of this cyclization was not fully 

understood, the potential of this method was not realized at the time of discovery. 

The mechanistic aspects (transition state) of this intramolecular aldol reaction 

remain a matter of debate. However, there are varieties of proposed transition 

states recognized by people in this field (Figure 1.37). 
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Figure 1.37 Proposed transition states for the Hajos-Parrish-Eder-Sauer-Wiechert 

reaction 

 

 

As seen in Figure 1.37, Hajos’s proposed transition state (TS) 137 involves an enol 

attacking a carbonyl avtivated by proline.55b Hajos model did not involve an 

enamine that was proposed to be intermediate. With the connection of the 

nonlinearity studies, Agami and co-workers proposed a side-chain enamine 

mechanism.63 Agami’s model 138 involves two proline molecules; one is engaged 

in enamine formation whereas the other one acts as a proton-transfer mediator. In 

another mechanistic proposal, Swaminathan’s model 139, that favors a 

heterogenous aldol mechanism on the crystal surface of the proline.64 However, 

most of proline-catalyzed aldol reactions work in completely homogenous media. 

Therefore, Houk proposed one-proline enamine mechanism 140, in which the 

transition state is highly stabilized by hydrogen bond donation from the carboxylic 

acid moiety to the ring acceptor carbonyl group, with concurrent development of 

partial iminium and carboxylate ions on the proline.65 
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List and co-workers introduced the possibility of using L-proline, simple organic 

molecule, as a catalyst for the direct asymmetric intermolecular aldol reaction 

between acetone and a variety of aldehydes (Figure 1.38). Although they tested a 

variety of different amino acid derivatives as catalyst, L-proline was found to be 

the most efficient catalyst to get maximum enantioselectivity. Primary amino 

acids, such as L-Histidine and L-Valine, and acyclic secondary amino acids did not 

give desired product in appreciable yields. Therefore, they proposed that both the 

pyrrolidine ring and the carboxylate moiety are necessary for effective catalysis to 

occur.   
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Figure 1.38 Direct asymmetric intermolecular aldol reactions 

 

 

As seen in Figure 1.39, although phenylalanine was good catalyst for the 

intramolecular aldolization, simple amino acids are not effective catalysts for the 

intermolecular aldol reaction. Further screening of cyclic amino acids with diffrent 

ring sizes demonstrated that proline is the best catalyst whereas six-membered 

pipecolic acid (154) is ineffective catalyst. N-methylproline (155) was found to be 
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inactive for the intermolecular aldolization. This further supports the mechanism 

going through an enamine intermediate. The essential role of carboxylate moiety 

was revealed from the result obtained with prolinamide (156). Even though this 

catalyst did not yield the desired product after 2h, the aldol product was obtained 

with low enantioselectivity after several days. 
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Figure 1.39 Screening of catalysts for direct asymmetric intermolecular aldol 

reactions   
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There are several reasons that contribute to effective proline’s role in 

organocatalysis. First, it is inexpensive and available in both enantiomeric forms 

(D and L). Second, similar to general acid-base enzymatic catalysis, it acts as 

bifunctional catalysts. Modes of action in proline-catalysis are shown in Figure 

1.40. 
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Figure 1.40 Modes of action in proline-catalysis 

 

 

Interestingly, List and co-workers have also reported that there were no non-linear 

effects in proline catalyzed aldol reactions in contrast to earlier proposals. 

Addition to this observation, isotopic labelling studies also provide an 

experimental support for single proline enamine mechanism and Houk’s similar 

DFT-model of the transition state of the intramolecular aldol reaction.65  
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With these studies in hand, List et al. proposed enamine catalysis mechanism as 

shown in Figure 1.41. The mechanism involves carbinolamine, iminium ion, and 

enamine intermediates. The most important intermediates of this cycle are the 

iminium ion 159 and the enamine 160. Iminium ion formation effectively leads to 

lowering of LUMO energy of the system. Thus, generation of enamine via α-

deprotonation becomes more facile. Therefore, enanime intermediate 160 reacts 

with the aldehyde to give enantiomerically enriched aldol product 163 via 

transition state TS 109. In transition state 109, acceptor carbonyl group, which is 

protonated by carboxylic acid part of proline, is anti with respect to the (E)-

enamine double bond. Shortly afterwards, a similar transition state for the 

intramolecular aldolization proposed by Houk and co-workers.65 
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Figure 1.41 Proposed mechanism of the proline-catalyzed intermolecular aldol 

reaction 
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One of the main difficulties of proline catalyzed intermolecular aldol reaction is 

formation of oxazolidinone 158 from aldehyde or ketone subsrates and proline 

(Figure 1.42). Rather than the enamine, thermodynamically favored the 

oxazolidinone constitutional isomer of the enamine, in which one C-O and one C-

H-σ-bond is gained at the expense of one C-C-π bond and one O-H-σ bond, is 

formed. Oxazolidinone has been described to be a parasitic dead end as it was 

proposed to decrease the concentration of the active catalytic species.66 This 

potential parasitic side reaction makes using high catalyst loadings necessary to 

afford acceptable yields. 
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Figure 1.42 Parasitic off-cycle equilibrium 

 

 

The L-proline-catalyzed direct aldol reaction has been extended to ketones other 

than acetone. Selected examples of the substituted ketone donors are shown in 

Figure 1.43.67 Generally, the donor ketone was needed in very high 

concentrations. Therefore, the direct aldol reaction was limited to only simple 

ketones, such as cyclohexanone (167) and cyclopentanone (168), for practical 

synthesis. In most cases, the anti aldol products 166 were more favored compared 

to the syn products. The E enamine is the only possibility for cyclic ketones. The 
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suitable orientation of the aldehyde when approaching enamine 154, therefore, 

leads to the diastereoselectivity.  
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Figure 1.43 Typical Substituted ketone donors in asymmetric enamine catalysis 

 

 

The field of proline catalyzed enantioselective aldol reactions between a variety of 

donor and acceptor molecules have witnessed a new era of asymmetric 

organocatalysis with an impressive pace. Design and development of numerous 

new catalysts based on L-proline skeleton have also attracted considerable interest 

for last decades. 

 

Some important examples of proline based organocatalysts used in enamine 

catalyzed direct aldol reactions are shown in Figure 1.44.68 Considering its low 

price and commercial availability, it is clear that L-proline would be a first-choice 

catalyst for enantioselective aldol reactions. In addition to this, great efforts are 
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devoted to the design and synthesis of novel catalysts that are catalyzing reactions 

more selectively than proline. Despite the excellent results obtained in some of 

these catalysts shown in Figure 1.44, the time consuming nature of this 

modification processes may significantly reduce their applicability. 
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1.2.2.2 Enantioselective Organocatalytic Michael Reactions by Enamine 
Catalysis 
 

Besides aldol reactions, Michael reactions and variants have also been carried out 

in the presence of organocatalysts with superior selectivities. The importance of 

Michael reactions comes from the fact that the resulting molecules will have two 

or more functionalities and stereogenic centers. The Michael reaction of carbon-

centered nucleophiles with nitroalkenes, for example, is one such reaction that is 

catalyzed by organocatalysts as shown in Figure 1.45.69 
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Figure 1.45 The Michael reaction of carbon-centered nucleophiles with 

nitroalkenes 

 

 

Wynberg discovered the first catalytic enantioselective Michael addition reaction 

in 1975.70 Since then, the Michael reaction has been regarded as one of the most 

powerful method for C-C bond formation. Among the variety of different 

approaches to yield Michael adducts, the organocatalytic approach has become 

very popular in recent years since it enables us to construct three stereocenters in 

only one step. 

 

Organocatalytic Michael addition reactions generally go through electrophile or 

nucleophile activation. The possible activation modes for Michael addition 

reactions are shown in Figure 1.46. The majority of organocatalysis of the 
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Michael reactions are enamine catalysis, which involves generated enamine 

intermediates that react with a wide variety of electrophiles.  
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Figure 1.46 Organocatalysis of the Michael reactions 

 

 

A wide variety of Michael acceptors have been successfully used in the 

organocatalytic enantioselective Michael addition reaction, such as β-

nitrostyrenes, α,β-unsaturated carbonyl compounds and alkylidene malonates. 

Among these reactions, Michael addition of aldehydes to β-nitrostyrenes is 

particularly attractive since it generates valuable synthetic intermediates. In 2001, 

the first organocatalytic asymmetric Michael addition of unmodified aldehydes to 

nitroolefins was launched by Betancort and Barbas (Figure 1.47).71 They used (S)-

2-(morpholinomethyl)-pyrrolidine (200) as a catalyst.This reaction yields a variety 

of γ-formyl nitro products like 199 from diferent starting materials in high yields 
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with moderate enantioselectivity. The products all had syn-diastereoselectivity. To 

explain syn selectivity, they proposed a transition state based on an acyclic 

synclinal model 201. In this model, there are favorable electrostatic interactions 

between the partially positive nitrogen of the anti-enamine and the partially 

negative nitro group in the TS 201.  
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Figure 1.47 The first organocatalytic asymmetric Michael addition of unmodified 

aldehydes to nitroolefins 

 

 

Further, (S)-pyrrolidine sulfonamide 204 has been introduced by Wang to serve as 

an efficient catalyst for Michael addition reaction of aldehydes and ketones to 

trans-β-nitrostyrenes as shown in Figure 1.48-A.72 Later, Hayashi has shown that 

diphenylprolinol trimethylsilyl ether (207), which is easily synthesized from 

commercially available diphenylprolinol in a single step, is highly effective 

catalyst in the addition of aldehydes to nitroalkenes (Figure 1.48-B).73 Notably, 

both alkyl- and aryl-substituted nitroalkenes are appropriate Michael acceptors in 

this system. The Michael adducts were obtained in nearly optically pure form in 

almost all cases. Wennemers and co-workers have developed a highly 
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enantioselctive Michael reaction of aldehydes and nitroolefins by using tripeptide 

catalyst 209 as shown in Figure 1.48-C.74 
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Figure 1.48 A literature selection of organocatalytic Michael addition reactions 

 

 

Inspired by these precedents, the development of new organocatalyts for this 

excellent reaction has received great attention. Selected examples of proline-based 

organocatalysts, which are used in asymmetric conjugate additions of aldehydes 

and ketones to nitroalkenes, are shown in Figure 1.49.75 
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Figure 1.49 A literature selection of proline based organocatalysts used in 

enamine catalyzed asymmetric Michael addition reactions 

 

In spite of the considerable efforts that have been devoted to improve the 

selectivity and catalyst activity by the synthesis of a wide variety of proline 

derivatives, it should also be noted that the design and synthesis of several of these 

proline based catalyts is quite complicated. Therefore, the identification and 

development of structurally simple catalytic systems is an ongoing challenge. 

 

 

1.2.3 Asymmetric amplifications in Enantioselective Catalysis 
 

Chirality displayed by organic molecules that are present in living organisms 

constitutes a distinct and scientifically challenging set of observations. This 

geometric preferences favoring one enantiomer over its mirror image are obvious 

in the observed structures of amino acids, sugars, and the biopolymers that they 

form. Understanding how the origins of biomolecular homochirality took place has 
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fascinated both scientists and laymen since Pasteur showed that salts of tartaric 

acid exist as mirror image crystals.76 

 

Although Wynberg and Feringa77 recognized the implications of performing 

asymmetric reactions in the presence of non-enantiopure mixtures, the non-linear 

effect (NLE) of asymmetric reactions was first quantified by Kagan and co-

workers.78 Kagan reported the first example of a reaction showing a non-linear 

effect between the enantiopurity of the chiral catalyst and the product. Since then, 

many examples of this nonlinear behavior have been demonstrated,79 and the use 

of non-enantiopure catalyst mixtures is rapidly becoming a common mechanistic 

tool based on Kagan’s work. 

 

Linear behavior in asymmetric catalysis is expected to be that the product 

enantiopurity is linearly proportional to the catalyst enantiopurity. On the other 

hand, nonlinear behavior in asymmetric catalysis is typically reported as product 

enantioselectivity (eeprod) vs catalyst enantiomeric excess (eecat) as seen in Figure 

1.50. In many asymmetrical stereoselective syntheses, eeprod is not always 

proportional to eecat employed in the reaction. If eeprod is higher than eecat, (+)-NLE 

(Asymmetric Amplification) is obtained with amplified enantioselectivity. 

Conversely, if eeprod is lower than eecat, (-)-NLE (Asymmetric Depletion) is 

obtained with depleted enantioselectivity. 
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Figure 1.50 Relationships between enantioselectivity of the reaction product and 

enantiomeric excess of the chiral catalyst  

 

 

In 1986, Kagan et al.78 investigated the non-linear relationship in the Sharpless 

asymmetric epoxidation with titaninum (IV) isopropoxide and scalemic 

(nonracemic) diethyl tartarate (220) (DET) (Figure 1.51-A). In the oxidation of 

geraniol (219) a (+)-NLE was observed between the enantiopurity of (R,R)-DET 

and the product epoxide 221. The ee values of the epoxide were greater than those 

calculated for a linear correlation based on the ee values of the scalemic (R,R)-

DET. In the same report, the asymmetric oxidation of sulfide 222 by a “water 

modified Sharpless reagent in the presence of scalemic (R,R)-DET on the other 

hand revealed the presence of a negative non-linear effect when (R,R)-DET of up 

to 70% ee was used (Figure 1.51-B). In this case, the ee values of the products 

were found to be lower than calculated for a linear correlation with eeDET. 
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Figure 1.51 (a) Sharpless asymmetric epoxidation (b) oxidation of sulfide 222 

 

 

Kagan and co-workers interpreted the positive and negative detected NLE by 

proposing a diastereomeric association of chiral ligands outside and/or inside the 

catalytic cycles. The empirical models for NLEs focused on diastereomeric 

interactions between chiral ligands (L) and metal (M). With this, the monomeric 

chiral ligand - metal interaction would display a linear autoinduction. On the other 

hand, if two chiral enantiomeric ligands are associated on a metallic center, three 

different catalytic species form, which would not guarantee a linear autoinduction. 

Four basic models were proposed by Kagan: (1) ML2 including bimetallic 

dimerization of (M-L), (2) reservoir effect model which is the most generalized 

model, (3) ML3, and (4) ML4 model. To understand, only ML2 and the reservoir 

effect model will be covered in this introductory part. 
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In ML2 system, shown in Figure 1.52, fast ligand exchange among two 

enantiomers occur on a metallic center, giving rise to three different complexes; X, 

Y, and Z in their steady states. Each steady state complex undergoes an 

irreversible rate-determining step to generate a product in which the enantiomeric 

complexes, X and Y, produce their enantiomeric products, and the meso complex, 

Z, produces racemic products. 

 

 

 
Figure 1.52 Schematic respresantation of ML2 system 

 

For example, in the Sharpless epoxidation, it was proposed that the heterochiral 

dimer (MLRLS) was more stable and less active than the homochiral species 

(MLSLS and MLRLR). So, the heterochiral dimer removes some racemic DET from 

the catalytic cycle, thereby leaving enantioenriched (R,R)-(+)-DET in the medium 

to take part in the catalytic cycle, hence leading to a (+)-NLE. Similarly, in the 

sufide oxidation mentioned above, it was suggested that the heterochiral dimer 

more reactive than the homochiral species to explain the (-)-NLE. 

 



 62 

As shown in Figure 1.53, Kagan’s reservoir effect model, the most generalized 

model, is based on formation of two different catalytic species when two 

enantiomers are mixed in solution: (i) inactive reservoir catalysts and (ii) active 

catalysts. The inactive reservoir catalyst with ee of reservoir (eeres), consists of 

aggregated ligand-metal complexes in which heterochiral complexes are 

predominantly present due to their thermodynamic stabilities. Meanwhile, the 

active catalyst with eeeff consisting of a monomeric metal – ligand complex, 

undergoes its catalytic cycles. Assuming that two catalytic species are in 

equilibrium each other, eeeff would be amplified due to the disposition of 

monomeric catalyst to form heterochiral complexes. 

 

 

 
Figure 1.53 Schematic respresantation of reservoir effect model system 
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In 1953, Frank80 described a reaction mechanism in which the chiral product acted 

as a catalyst in its own self-production (autocatalysis). The proposed mechanism 

did not contain any laboratory demonstration, but he explained the idea behind this 

mechanism as the chiral product can catalyze the production of the same 

enantiomeric product and inhibits the production of the other enantiomer. The first 

experimental proof of concept of autocatalytis was established by Soai and co-

workers.81 As seen in Figure 1.54, they reported that isopropylation of pryidine-3-

carboxyaldehyde (232) in the presence of catalytic amount of the reaction product 

230, amino alcohol, with 5% ee resulted in 42% yield with 55% ee, which is 

greater than that of the initial catalyst. The increased rate of reaction was resulted 

from the participation of the product in the reaction. 
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Figure 1.54 Isopropylation of pryidine-3-carboxyaldehyde (232) in the presence 

of catalytic amount of the reaction product 230 
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Later, Blackmond succesfully reported mechanistic details of the Soai reaction.82 

Blackmond and co-workers modified Kagan’s ML2 system to explain the 

asymmetric amplification as arising from an increased reactivity of the homochiral 

dimers versus the heterochiral dimer. As shown in Figure 1.55, it was proposed 

that all the dimeric species are equally stable and nonlinear effects can only arise 

when there is an excess of one enantiomer in the catalyst. 
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Figure 1.55 Blackmond’s mechanistic model for the Soai reaction  

 

 

Mechanistic model studies of Soai reaction help us to understand the evolution of 

homochirality. However, dialkyl zinc chemistry precludes the Soai reaction from 

being of prebiotic significance, because experimantal conditions of Soai reaction 

are unlikely to have appeared in a prebiotic environment. Therefore, the 
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cogitations on the types of transformations, which are responsible for the origin of 

the optical activity in living organisms, remain prevalent among scientists. 

 

It has been known for a decade that extraterrestrial amino acids have been detected 

on some meteorites with enantiomeric excesses of up to 9 %.83 Since then, the 

field of amino acid chemistry has assumed a plausible area for the evolution of 

biological homochirality. As mentioned before, NLEs could possibly be 

responsible for the origin of the homochirality in the earth. Blackmond introduced 

the first example of nonlinear effects in amino acid catalysis and co-workers in 

2004.84 It was observed amplification of enantiomeric excess in a proline catalyzed 

α-aminooxylation of propionaldehyde in CHCl3 under heterogeneous conditions. It 

should be emphasized that performing the same α- aminooxylation reaction in 

DMSO under homogeneous conditions does not show any nonlinear effect. These 

early observations of nonlinear effects in amino acid catalysis were analyzed by 

Blackmond85 and Hayashi86, to be due to “the equilibrium phase behavior model” 

of amino acids. 

 

The solid-solution phase behavior of non-enantiopure mixtures of amino acids 

have been studied extensively by Blackmond.87 According to these works, when 

equilibrium is established between solid and solution in a non-enantiopure mixture 

of most amino acids and solvent under isothermal conditions, this ternary system 

will consist of dissolved amino acid in the solution phase and two different solid 

phases: a racemate of D and L enantiomers (1:1 cocrystals), and a second solid 

phase of the pure enantiomer that is in excess. At a constant pressure and 

temperature, the composition of the solution phase at equilibrium, known as its 

eutectic, is fixed by the phase rule and can have an ee value anywhere between 0–

100% ee. In other words, the ee of the amino acid in solution was determined to be 

independent of the overall amino acid ee under thermodynamic conditions, which 

is at equilibrium. For instance, 50% ee is reported as the eutectic value for 
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scalemic proline in DMSO at 25 oC. As a result, under solid-solution equilibrium, 

this eutectic value thus dictates the solution ee for all values of scalemic proline ee 

employed, which in turn dictates the product ee that may be achieved in solution 

phase reactions catalyzed by proline.  

 

Ternary phase diagram for proline (Figure 1.56) shows that the eutectic ee vaule is 

directly related to the relative solubility of the racemate compared to the 

enantiopure compound in DMSO. High eutectic ee is obtained in cases where the 

racemate is much less soluble than the enantiopure compound. This solubility ratio 

between racemate and enantiopure compound has been denoted as a parameter 

termed α. The equation-1 succesfully developed for the prediction of eutectic ee 

value of chiral compound. The Equation 1 can readily be applied to simple 

solubility measurements on racemate and pure enantiomers. The eutectic point can 

easily be estimated without the time-consuming construction of a ternary phase 

diagram.  
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Figure 1.56 Ternary phase diagram for Proline in DMSO (taken from ref. 85) 
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Equation 1 (taken from ref. 84b) 

 

 

Hayashi and co-workers showed that eutectic ee in CHCl3 is indeed 99% and not 

50% ee as reported in DMSO. Additionally, for proline in EtOH and MeOH, the 

eutectic ee values are 58%, and 54%, respectively. This significant enhancement 

of the eutectic ee in CHCl3 is directly related to the relative solubilities of the 

enantiopure and racemic solid in a given solvent. Morover, the exact role of the 

solvent in altering the eutectic value of proline is also expalaind by Blackmond. 
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During the crystallization of racemic proline from CHCl3/EtOH, they were able to 

isolate a solvated proline that has one CHCl3 molecule with each racemate pair of 

proline molecules (Figure 1.57). The solubility of this racemate, which is 

effectively reduced by extensive hydrogen bonding, is less than enantiopure 

proline, which crystallizes from CHCl3 without incorporation of solvent. The 

authors also emphasized the exciting prospect of engineering the eutectic position 

by judicious choice of a small achiral molecule that can influence solubility 

behavior, for example, by means of hydrogen-bonding interactions. 

 

 
 

Figure 1.57 (a) The asymmetric unit of DL-Proline/chloroform (b) Structure of 

racemic proline crystallized from a CHCl3/CH3OH mixture, with one CHCl3 

molecule (black) incorporated per pair of proline molecules (taken from ref. 86). 

 

Recently, Blackmond and co-workers demonstrated that the eutectic composition 

of mixtures of L and D amino acids may be tuned by the addition of achiral 

additives, such as dicarboxylic acids, that are able to cocrystallize with chiral 

amino acids.87 They find that these systems yield new eutectic compositions of 

98% ee or higher. This work shows that as long as solid-liquid equilibrium is 
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maintained, a mixture of amino acid enantiomers will continue to exhibit its 

eutectic solution composition even in the face of slow racemization. Thus, these 

systems could afford highly enantioenriched aqueous solutions over an extended 

period of time.  

 

 

1.3 The aim of the work 
 

1.3.1 Addition of Trifluoromethyltrimethylsilane to Acyl Phosphonates 
 

In last few years,  many reports have been published concerning the new advances 

in the field of acyl anion chemistry. This suggests a reemerging interest in 

developing new catalyzed  methods involving d1 nucleophiles. Efforts to produce 

new acyl anion precursors and new transformations involving umpoled 

nucleophiles will undoubtedly be an active area of  research.  

 

Fluorinated and perfluoroalkylated organic compounds constitute important targets 

in many research fields. One of the most challenging synthetic problems is the 

introduction of a trifluoromethyl group in a mild manner. Therefore, the 

development of new methods for the introduction of trifluoromethyl groups onto 

organic molecules has received intensive attention. 

 

In this context, the aim of this part is the investigation of the the reaction of the 

trifluoromethyltrimethylsilane (CF3TMS) with acyl phosphonates. It was planned 

to gain a direct and uncatalyzed access to α-hydroxytrifluoromethylphosphonates.  
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1.3.2 Development of new supramolecular organocatalytic strategies for the 
enantioselective asymmetric C-C bond forming reactions 
 

The significant progresses made in enantioselective catalytic C-C bond forming 

reactions mostly depend on the careful and time-consuming optimization of the 

structure of the chiral catalyst to get the maximum enantioselectivity and catalytic 

activity. Suitable chemical modifications in the catalyst structure can often make 

unpredictable differences to the activity of the catalyst, expressly in terms of the 

enantioselectivity. Given the important advances made in high-throughput 

screening and analysis techniques, the slow step in the screening of chiral catalysts 

is the chemical synthesis of the catalyst. Therefore, great interest in new 

methodology that allows the synthesis of libraries of structurally diverse catalysts. 

 

The aim of this part is to develop new supramolecular organocatalytic systems 

(host–guest complex) for: 

 

(i) enantioselective direct aldol reactions of various aromatic aldehydes and 

cyclohexanone. 

 

(ii) enantioselective nitro-Michael addition of aldehydes to nitroalkenes. 

 

1.3.3 Nonlinear effects in proline–thiourea host–guest complex catalyzed aldol 
reactions in nonpolar solvents 
 

The presence of nonlinear effects in amino acid catalysis and its importance for the 

origins of homochirality in living organisms have long intrigued scientist. Early 

examples of nonlinear effects in amino acid catalysis were independently clarified 

by Blackmond85 and Hayashi86, to be due to the solid–liquid equilibrium of the 

amino acid catalyst. Since then, several nonlinearity studies have sought to explain 

and asymmetric amplifications in amino acid catalysis. Interest remains intense 
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with regards to how and why amino acids and structurally related systems 

function. 

 

The aim of this part is to study the asymmetric amplifications in proline–thiourea 

host–guest complex catalyzed aldol reactions in nonpolar solvents. 
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CHAPTER 2 

 

 

RESULTS AND DISCUSSION 
 

 

	  

2.1 Addition of Trifluoromethyltrimethylsilane to Acyl Phosphonates 
 

 

Partially fluorinated as well as perfluorinated organic compounds exhibit 

interesting properties88 that make them suitable for wide range of diverse 

applications.89 This justifies the steadily growing number of new organofluorine 

products which appear every year.90 In recent years, there have been several drugs 

where presence of fluorine is necessary for their activity as antiviral and anticancer 

agents. Therefore, organofluorine compounds are becoming increasingly useful for 

pharmaceuticals, agrochemicals and functional materials. 

 

 During the past few years, extensive research has been carried out to incorporate a 

fluorinated moiety into organic molecules by making carbon-fluorine (C-F) and 

carbon-trifluoromethyl (C-CF3) bonds.91 The most highly used method for the 

direct incorporation of trifluoromethyl moiety into organic molecules involves 

nucleophilic addition of trifluoromethyl anion to carbonyl compounds.  

 

For a long time, the development of nucleophilic trifluoromethylation has been 

hindered by instability of the naked trifluoromethyl anion because of a large 

Coulombic repulsion between the fluorine lone pairs and the anion on the carbon 
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atom. Due to this, a fluorine atom leaves the anion to form a stabilized singlet 

difluorocarbene (Figure 2.1).  
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Figure 2.1 Instability of the naked trifluoromethyl anion 

 

 

One of the most common strategies to stabilize the trifluoromethyl anion is to form 

a bond between CF3 and silicon, which produces a labile C-Si bond due to high 

polarization of the bond. On the heels of extensive research in this field, the use of 

CF3TMS (Ruppert-Prakash reagent) has emerged as an effective approach to get 

these desired transformations.92 It has also been reported that fluoride initiators, 

such as cesium fluoride (CsF) or tetra-n-butylammonium fluoride (TBAF), 

efficiently enhance trifluoromethyl anion formation via corresponding silicon 

activation.92b,93 It should be noted that, these reactions are not catalytic with 

respect to the moisture sensitive fluoride initiators used.  

 

Prakash et al. carried out extensive studies to develop varieties of easily accessible 

nucleophilic catalysts to promote such reactions.92 It was reported that oxygen-

containing nucleophiles (Lewis base catalysts), such as trimethylamine N-oxide 

236 and potassium carbonate (K2CO3) (237), are suitable initiators (or catalysts) in 

CF3TMS chemistry. As shown in Figure 2.2, with these methods, CF3TMS was 

added to numerous ketones and aldehydes to get TMS-protected 

trifluoromethylated alcohols.93b 
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Figure 2.2 Facile syntheses of TMS-protected trifluoromethylated alcohols 

 

 

Portella and co-workers developed a highly efficient method for the synthesis of 

α,α-difluoro-β-hydroxy ketones like 241 starting from an acylsilane 239, CF3TMS 

and an aldehyde (Figure 2.3).94 The key intermediate of this synthesis is a 

difluoroenoxysilane 240 generated from CF3TMS and acylsilanes via the Brook 

rearrangement of the alcohol adduct. Several approaches to difluoroenol silyl 

ethers have also appeared in the literature.95 
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Figure 2.3 Formation of difluoroenol silyl ethers from acylsilanes 
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As explained in the introductory part of this dissertation, we have shown that acyl 

phosphonates are potent acyl anion precursors and undergo cyanide (nucleophile) 

promoted phosphonate-phosphate rearrangement to generate the corresponding 

acyl anion equivalents as reactive intermediates. As an extension of earlier work 

from our group, we proposed to investigate the reaction of the CF3TMS 

(trifluoromethylation agent) with acyl phosphonates. With this, the plan was to 

gain a direct and uncatalyzed access to α-hydroxytrifluoromethylphosphonates. 

Moreover, we hoped that the CF3 group could supply considerable carbanion 

stabilization to provide 242, which can lead to a wide range of fluorinated 

carbinols upon reaction with electrophiles (Figure 2.4). The addition of TMSCN 

to acyl phosphonates encouraged us to apply the same strategy to the addition of 

CF3TMS to the acyl phosphonates. 
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Figure 2.4 CF3 additions to acylphosphonates 

 

 

As seen in Figure 2.5, diethyl isobutyryl phosphonate 243 was choosen as model 

substrate to test the feasibility of the method for the additon of trifluoromethyl 

anion to acyl phosphonates. Compound 243 was treated with CF3SiMe3 at room 

temperature in DMF, but no product formation was observed. Increasing the 

reaction temperature also failed to give the desired addition product. Next, 

nucleophilic trifluoromethylation was employed to incorporate a trifluoromethyl 

moiety into acylphosphonates. For generation of nucleophilic CF3 anion, to the 

reaction mixture of isobutyryl phosphonate (243) and CF3TMS was added a 
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catalytic amount (20% mol) of K2CO3 and the reaction was monitored by thin 

layer chromatography (TLC) for 2h. A product formation was observed. After 

work-up procedure, the crude product was purified by flash column 

chromatography and identified with NMR spectroscopy (Figure 2.6 and 2.7).  
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Figure 2.5 CF3TMS addition to isobutyryl phosphonate 243  

 

 

The characteristic peaks in NMR spectra evidenced the formation of the product 

244. The first identifier is CF3- peak at 13C-NMR. The CF3 carbon showed peaks 

at 123 ppm as a doublet of quartets. This splitting pattern arises from fluorine 

atoms and also from the phosphorus atom. The typical one-bond coupling 

constant 1JCF is in the range of 165 - 370 Hz and two-bond coupling constant 2JCP 

is in the range of 4-10 Hz. In our case, we observed that 1JCF as 287 Hz and JCP as 

10.1 Hz. The carbon next to CF3- group gives specifially a doublet of quartets at 

around 80 ppm. This carbon was split with phosphorus atom first and additionally; 

there was also a clear splitting of the doublet into a doublet of quartets with the 

fluorine atoms. The typical two-bond coupling constant 2JCF is in the range of 18 - 

45 Hz. In this case, we observed 2JCF as 27.5 Hz. In 1H-NMR, the singlet at around 

0.1 ppm is obviously for methyl groups in the OTMS. The compound also exhibits 

a characteristic peak in the 31P-NMR spectrum at 15.2 ppm.  
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Figure 2.6 13C NMR spectra of 244 
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Figure 2.7 1H NMR spectra of 244 
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The reaction was repeated by using 15-50% of K2CO3, sodium acetate (NaOAc), 

sodium bicarbonate (NaHCO3), and sodium carbonate (Na2CO3). K2CO3, NaOAc, 

and NaHCO3 afforded comparable yields. When Na2CO3 was used, no product was 

obtained. In all cases DMF, CH3CN, toluene, and THF were screened as solvents 

at various temperatures. The best yield obtained under the conditions of 1 

equivalent of acylphosphonate, 1.5-2 equivalent of CF3TMS, and 20% K2CO3 in 

DMF (100% conversion in 5 min) at room temperature. With these conditions in 

hand, we extended this reaction to a number of aliphatic phosphonates. As shown 

in Figure 2.8, desired products were obtained in 70-90% yields. 
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Figure 2.8 General reaction scheme of CF3TMS addition reaction to 

alkylkphosphonates 

 

 

As seen in Table 1, four different alkyl phosphonates were selected as starting 

materials for the mentioned reactions. The order we choose these compounds are 

that for example, in entry 1, compound 243 is neither that bulky nor that nacked. 

With the compound 243 producing 244, we immediately tried the compound with 

the bulkiest side chain 246. With this also giving the desired product, we tried the 

compound with relatively nacked side chain 248. The results are excellent for our 

purpose. 
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Table 1. The results of the addition of CF3TMS to different alkyl phosphonates 

 

Entry Acyl phosphonate Products 

  

Yield (%) 

1 

      
243 

  
244 

 

90 

2 

  
246 

  
247 

 

88 

3 

 
248 

 
249 

 

70 

4 

 
250 

 
251 

 

89 

 

 

 

Encouraged by the results obtained from aliphatic phosphonates, CF3TMS addition 

reactions to aryl phosphonates were studied. As shown in Figure 2.9, the reaction 

of aryl phosphonate 252 under the standard reaction procedure described above for 

aliphatic phosphonates furnished not the expected addition product 253 but rather 

1-phenyl-2,2-difluoroethenyl phosphate (254) in 96% yield. 

PO(OEt)2

TMSO
CF3
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Figure 2.9 General reaction scheme of CF3TMS addition reaction to aryl 

phosphonates 

 

 

The characteristic peaks in NMR spectra showed the formation of the product 254. 

The 1H NMR and 13C NMR spectra are shown in Figure 2.10 and Figure 2.11, 

respectively.  Having no peaks in the 0.5-0.0 ppm range proved an absence of 

TMS group in the structure. The carbon attached to the fluorine atoms showed 

peaks at 154 ppm as a doublet of doublet of doublets. This splitting pattern arises 

from fluorine atoms and also from phosphorus atom. Observing such a peak at 

such a high value ppm supports idea of presence of a double bond. The carbon 

next to OPO(OEt)2 group gives again a doublet of doublet of doublets at around 

113 ppm. The compound also exhibits a characteristic peak in the 31P-NMR 

spectrum at -4.6 ppm. This (-) value supports idea of presence of an O-P=O bond. 
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Figure 2.10 1H NMR spectra of 254  

 

 
Figure 2.11 13C NMR spectra of 254 

ppm (t1)
0.01.02.03.04.05.06.07.08.0

6.10

3.18

4.00

2.01
2.15

ppm (t1)
050100150200

ppm (t1)
150.0155.0160.0

ppm (t1)
111.0112.0113.0114.0115.0116.0

OPO(OEt)2
F

F
Me

OPO(OEt)2
F

F
Me



 82 

After characterizing compound 254, we wanted to optimize reaction conditions. It 

was started with catalyst screening; this reaction was repeated at room temperature 

in DMF by using various additives. Shown in Table 2, it was found that 0.2 

equivalent K2CO3 is necessary to obtain the desired product. NaOAc and NaHCO3 

also afforded high conversions compared to tertiary amines (triethylamine and 

cinchonidinium chloride). As it was observed in alkyl phosphonate cases, no 

product formation was observed when Na2CO3 is used. 

 

 

Table 2. The results of addition of CF3TMS to aryl phosphonate 252 using 

different catalysts 

 

Entry Catalyst (20%) Time Conversion (%) 

1 K2CO3 15 min 100 

2 CH3COONa 30 min 100 

3 NaHCO3 24 h 90 

4 Cinchonidinium chloride 24 h 35 

5 Et3N 24 h 25 

6 Na2CO3 24 h 0 

 

 

 

Having optimized K2CO3 as the optimum catalyst for the reaction, the effect of 

solvents on the reactivity of the reaction was screened (Table 3). The best 

conversion was obtained with DMF in only 15 min. In the case of CH3CN, THF, 

or toluene, the conversion rate decreased. By using toluene and THF, the reaction 

was carried out at -20 and -40 °C and was monitored by TLC; even at -40 °C slow 

formation of the product was observed. In summary, despite many attempts to 
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obtain the addition product 253, compound 254 was always isolated as sole 

product. 

 

In all cases, from crude 1H-NMR spectra, the trace amount of addition product 253 

was observed, but it was failed to isolate it. To identify whether the formation of 

the elimination product occured during the reaction, at the workup step, or during 

the purification step; we carried out several control experiments and found that the 

elimination reaction takes place during the reaction (the reaction was monitored by 

TLC and 1H-NMR). 

 

 

Table 3. CF3TMS Addition to benzoyl phosphonate 252 in different solvents 

 

Entry Solvent Time 

 (h) 

Temp. 

(0C) 

Conv. 

 (%) 

1 DMF 15 min. rt 100 

2 CH3CN 16 rt 70 

3 THF 24 rt 65 

4 THF 24 -20 10 

5 THF 24 -40 10 

6 Toluene 24 rt 40 

7 Toluene 24 -20 15 

 

 

In order to obtain further insight into the scope of the reaction, a series of 

electronically diverse aryl phosphonates were treated with CF3TMS in DMF as 

shown in the Table 4. The reaction gave excellent results for electronically diverse 

range of aromatic acyl phosphonates. Substituents at the ortho-position do not give 
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any steric problems. Not only electron-withdrawing substituents but also electron-

donating substituents gave excellent yields. Various substitutions at all positions 

we tried were tolerated.  

 

 

Table 4. The results of the addition of CF3TMS to different aryl phosphonates 

 

Entry Acyl phosphonate Products 

 

Yield (%) 

 

1 

 
252 

OPO(OEt)2
F

F
Me  

254 

 

92 

 

2 

 
255 

 
256 

 

95 

 

3 

 
257 

 
258 

 

92 

 

4 P

O
OEt

O
OEt

Me

 
259 

 
260 

 

97 

 

5 

 
261 

 
262 

 

87 
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 Table 7 (Continued)   

Entry Acyl phosphonate Products 

 

Yield (%) 

 

6 

 
263 

 
264 

 

91 

 

 

 

It should be stated that, under the standard procedures mentioned above, by using 

furoyl phosphonate 265, both elimination product 266 and CF3 addition product 

267 were obtained in equivalent amounts with almost 100% conversion based on 

crude 1H-NMR spectrum (Figure 2.12). Careful repetition of this reaction under 

various conditions (variation of temperature, amount of additives and solvents) 

resulted in no remarkable change on the product ratio. 
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Figure 2.12 Addition of CF3TMS to furoyl phosphonate 265 
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We have already discussed the mechanism of addition of CF3TMS to acyl 

phosphonates. Prakash and co-workers reported the formation of intermediates 

268-270 from TMSCF3 and potassium carbonate.93a As shown in Figure 2.13, it 

was proposed path “a”, wherein only a single anionic center of K2CO3 is involved 

in the attack of TMSCF3 to produce the trigonal bipyramidal intermediate 269 that 

can further forms the hexavalent intermediate 270 via expanding the valency of 

silicon, which has an empty d orbital. Alternatively, both anionic centers of K2CO3 

can be involved in the attack of two molecules of TMSCF3 to form a double 

trigonal bipyramidal intermediate 268, wherein the carbonate can occupy the axial 

positions of both the trigonal bipyramids (path b). 
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Figure 2.13 A possible mechanism for the formation of intermediates 268-270 

from TMSCF3 and potassium carbonate 
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Based on Prakash’s proposal, a possible mechanism for our reaction is shown in 

Figure 2.14. Subsequently, intermediate 268, 269, or 270 can attack to the acyl 

phosphonate to produce the corresponding intermediate 273 (in Figure 2.13, 269 

is taken as an example), which can then decompose to form the product 274 and 

regenerate the catalyst. In the case of benzoyl phosphonate (Figure 2.14-b), after 

the addition of CF3, a phosphonate-phosphate rearrangement occurs to generate 1-

phosphonoxy-2,2,2-trifluoroethyl carbanion (272), which was stabilized by the 

aryl ring. Then, the elimination of F- anion is preferred to form the stable 

conjugate product 273 as described. By the computational studies on 

enantioselective thiazolium-catalyzed benzoin reaction, Goldfuss96 reported that 

alkyl substitution disfavors but π-conjugation favors formation of the carbanionic 

d1- intermediate. The mixed product formation with furoyl phosphonate 265, 

which destabilized the carbanion, supported this suggestion. 
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Figure 2.14 A possible mechanism for the addition of TMSCF3 to acyl 

phosphonates 

  

 

The present approach enables us to synthesize these important difluorinated 

compounds. Ishihara et al.97 have been introduced the synthesis of these types of 

difluorovinylphosphates. It was reported the preparation of 1-substituted 2,2-

difluoroethyl phosphates or 1-hydroxyalkanephosphonates through the reaction of 

chlorodifluoromethyl ketones with dialkyl or diaryl phosphites. 1-Hydroxyalkane 

phosphonates are converted to enolphosphates by the treatment with triethylamine 
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or sodium methoxide in refluxing tetrahydrofuran. The applicability of these 

procedures is limited because of the complexity and difficult availability of the 

reagents. 

 

In conclusion, in this part of this dissertation, we have developed a convenient, 

one-pot procedure for preparing various 1-alkyl-2,2,2-trifluoro-1-

trimethylsilyloxyethyl phosphonates and 1-aryldifluoroethenyl phosphates starting 

from readily available acyl phosphonates and trifluoromethyltrimethylsilane under 

mild conditions. K2CO3 has been used as an effective catalyst in the nucleophilic 

trifluoromethylation reactions successfully, and its catalytic property has been 

improved further by using DMF as a solvent. Addition of the nucleophilic CF3 to 

acyl phosphonate furnished products in 70-90% yields. By using benzoyl 

phosphonates for the addition, phosphonate-phosphate rearrangement followed by 

fluorine elimination afforded products in 87- 97% yields. 

 

 

2.2 Development of new supramolecular organocatalytic strategies for the 
enantioselective asymmetric C-C bond forming reactions 
 

One of the cornerstones in chemistry nowadays is the synthesis and development 

of new and better catalysts that allow us to construct new molecules. This 

approach has been fullfilled by a carefully and time consuming optimization of 

many catalysts. The most common approach has been to design modular ligands 

and/or the modification of previous catalysts. 

 

Since the rediscovery of proline as organocatalyst by List, Barbas and Lerner, the 

use of proline and amino acid derivatives as organocatalysts have grown 

exponentially. These initial reports not only provided a simple solution to one of 

the most important problems in catalytic asymmetric synthesis, but also attracted a 
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great deal of attention to the use of small organic molecules as catalysts in organic 

chemistry. 

 

Although proline is a rather good catalyst, it is not without some potential 

drawbacks, such as low solubility in typical organic solvents, potential side 

reactions and established parasitic equilibria with substrates that make using high 

catalyst loadings necessary to achieve acceptable conversions,66 low selectivities 

with planar aromatic aldehydes in direct aldol reactions, and low reactivity and 

enantioselectivities when is used as enamine catalyst with aldehydes. Therefore, 

considerable effort has been devoted to the development of proline analogs in 

order to improve their reactivity, selectivity and scope.  

 

Considering the practical synthetic issues, the carboxylic acid moiety of proline 

has been targeted as a site for modification. Its reactivity and selectivity is 

enhanced in custom-made catalysts, even though the identification of a good 

catalyst requires the synthesis of various analogs of a proposed design in order to 

identify the optimum one. Moreover, the improved catalysts are usually obtained 

through the modification of proline with chiral molecules with additional 

functionality, and are much more precious than the proline itself.58 

 

In the way ‘‘to make a good asymmetric catalyst perfect’’, the role of suitable 

additives, or co-catalysts, can be crucial in enhancing the reactivity and 

stereoselectivity of the catalytic system. In 2006, Shan and co-workers have shown 

that using chiral diols as additives can improve the enantioselectivity of proline 

catalyzed aldol reactions, probably through their involvement in the transition 

state, via formation of a hydrogen bonding network (Figure 2.15-a).98 Later, 

Miller showed the cooperative effect of a co-catalyst in a proline-catalyzed Baylis–

Hillmann reaction where the proline and co-catalyst were proposed to interact in a 

transition state assembly, forming a catalytic system that was ‘‘greater than the 
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sum of its parts’’.99 Recently, Clarke elegantly developed an improvement in the 

reactivity and selectivity of a proline-derived amide decorated with a hydrogen 

bond acceptor site, which could then self-assemble with hydrogen bond donor 

additives, thereby improving a poor catalyst into a very good one in a Michael-

type addition of ketones to nitro olefins (Figure 2.15-b).100 
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Figure 2.15 A literature example of self-assembly of organocatalysts 

 

 

Supramolecular chemistry has wittnessed an emergent power in chemistry since 

the pioneering works of Lehn.101 Supramolecular self assembly units have been 

used as a catalyst in organocatalytic reactions.98-100 In the field of organometallic 

chemistry, Breit and co-workers  have showed that the use of supramolecular 

interactions as hydrogen bond can be used to improve an existent catalyst, 

obtaining amazing results in the enantioselective hydrogenation.102 With those 
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ideas in mind, we envisioned an easy method to generate new catalysts by auto 

assembling different units by supramolecular interactions. 

 

 

2.2.1 Direct enantioselective aldol reactions catalyzed by a proline–thiourea 
host–guest complex 
 

Proline catalyzed direct aldol reactions have been shown experimentally and 

theoretically to proceed through enamine intermediates, in which the transition 

state is highly stabilized by hydrogen bond donation from the carboxylic acid 

moiety to the electrophile, with concurrent formation of partial iminium and 

carboxylate ions on the proline as shown in Figure 2.16. Moreover, proline is 

known to exist as a zwitterion, which forms a highly insoluble network of 

hydrogen-bonded units. We anticipated that a chemical entity that selectively and 

strongly binds to the acetate functionality will; (1) interact with proline in solution, 

thus altering its solution properties and reactivity, (2) also bind to the transition 

state which lowers ints energy, thereby improving the selectivity of the reaction. 

Based on this initial proposal, we decided to investigate the use of a diarylthiourea 

moiety, because of its well known ability of strong and well-defined binding to 

carboxylates through hydrogen bonding.103 
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Figure 2.16 Houk model for the proline catalyzed intermolecular aldol reaction 
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In order to prove this concept, we made use of Schreiner thiourea 279 as a good 

self-assembly unit with carboxylate part of proline. As shown in Figure2.17, it 

was thought that proline-carboxylate could interact with thiourea in order to form 

supramolecular units that can enhance the catalytic properties of proline itself. 

 

 

276

N
H2

O

O

N

N
S

H

H

CF3

F3C

CF3

F3C

 
 

Figure 2.17 Supramolecular self-assembly organocatalysts 

 

 

Therefore, we studied this catalytic system in direct aldol reactions between cyclic 

ketones and aldehydes (Figure 2.18). We began the investigations with 

cyclohexanone (277) as the donor ketone and 4-nitrobenzaldehyde (150) as the 

acceptor aldehyde, since these starting materials are common components for such 

a system. 
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Figure 2.18 General reaction schemes for the direct enantioselective aldol 

reactions catalyzed by a proline–thiourea host–guest complex 

 

 

In the course of the initial solvent screening, it was shown that the use of polar 

solvents did not improve the results compared to proline catalysis by itself. The 

reaction in DMSO, which is a typical solvent for this type of reaction, resulted in 

the same level of selectivity and product purity with or without the urea additive. 

As shown in Table 5, when MeCN was employed, the reaction was still sluggish 

and the selectivity was low. This was, of course, expected considering the 

inefficiency of hydrogen bonding interactions in polar mediums. 
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Table 5. Initial Screening of Conditions for the Formation of Aldol 278 

 

Entry Solvent 

L-proline:thiourea 
279 
(%) 

 
Time 
(h) Conv (%) anti:syn ee 

(%) 
1 MeCN 20:20 16 28 71:29 92 

2 CHCl3 20:20 16 80 80:20 96 

3 Toluene 20:20 16 96 92:8 >99 

4 Hexane 20:20 12 99 90:10 99 

5 Hexane 20:5 12 99 91:9 99 

6 Hexane 20:0 36 24 68:32 83 

7a Hexane 20:20 12 37 81:19 93 

8b Hexane 20:20 12 97 86:14 98 

9 Hexane 10:10 16 96 90:10 99 

10 Hexane 5:5 16 30 90:10 99 

11 Toluene 5:5 16 44 90:10 99 

12 neat 5:5 16 85 93:7 97 

 

a. S-triptophan is used as the catalyst, b. S-tert-leucin is used as the catalyst 

 

 

When we switched to apolar solvents, both the efficiency and the selectivity were 

remarkably enhanced. Among the non-polar solvents used, toluene showed a 

slightly better selectivity, while the reaction proceeded faster and more clearly in 
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hexane. This observation is remarkable considering the solubility of proline in 

hexane. 

 

We also found that the relative amount of additive could be reduced without a loss 

in reactivity and selectivity (Table 5, entry 5); on the other hand, it was found that 

the amount of proline is important for the rate of the reaction without 

compromising the selectivity (Table 5, entry 10). The aldol reaction performed 

without solvent also furnished the product in high diastereoselectivity and 

enantioselectivity (Table 5, entry 12). When the reaction was carried out without 

the thiourea additive, the reaction was slow, with low stereoselectivity (Table 5, 

entry 6). We also found that primary amino acids like S-triptophan and S-tert-

leucin were very good catalysts for this transformation (Table 5, entries 7 and 8), 

although proline gave superior results. These results clearly demonstrate the 

enormous effect of the thiourea on the reactivity and selectivity, even when an 

unconventional non-polar reaction medium was used without lowering 

temperature. It is also noteworthy that the sense of diastereoselection is the same 

as that when proline is the sole catalyst (anti selectivity). 

 

Next, representative selections of aldehydes were investigated to determine the 

scope of this improved aldol protocol, as shown in Table 6. Hexane was chosen as 

the solvent, due to the faster reaction times and higher isolated yields compared to 

those of toluene, with similar levels of selectivity (Table 6, entries 1 and 3). A 16-

fold excess of the ketones used proved to be sufficient for reaction. The reactions 

with aldehydes bearing highly electron-withdrawing groups proceeded smoothly, 

with a good level of diastereoselectivity. 
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Figure 2.19 The direct enantioselective aldol reactions 

 

Table 6. Enantioselective direct aldol reaction of aldehydes and cyclohexanone 

 

Entry Aldehyde (R) Product Time (h) Yield (%) anti:syn a ee (%) b 

1 c 4-NO2Ph  
150 

281 24 75 92:8 >99 

2 4-NO2Ph 281 16 96 90:10 99 

3 c 3-NO2Ph  
282 

283 24 79 93:7 >99 

4 3-NO2Ph 
284 

285 16 94 92:8 >99 

5 4-CNPh 
286 

287 16 98 93:7 99 

6 4-CF3Ph 
288 

289 24 93 94:6 99 

7 4-ClPh 
290 

291 36 91 88:12 99 

8 4-BrPh 
292 

293 36 87 90:10 99 

9 2-ClPh 
294 

295 36 83 94:6 99 

10 Ph 296 48 79 88:12 98 

11 d 4-NO2Ar  
297 

298 16 93 60:40 97 

 
a. determined from crude 1H-NMR spectra, b. Determined by HPLC with 

appropriate chiral column, c. Toluene is used d. Cyclopentanone is used. 
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Furthermore, the nature of the proline–thiourea complex was studied by 1H-NMR 

experiments, with spectra being recorded in CDCl3 as solvent. The observed 

results of these experiments showed that the solubility of the proline–thiourea 

mixture in chloroform was much better than each compound alone. As shown in 

Figure 2.20, it was seen that following the addition of proline, the N–H protons of 

the thiourea 279 underwent a downfield shift due to the dominant interactions that 

may present in the complex via the formation of a hydrogen bonding network. 

 

 

 

 
  

Figure 2.20 The 1H NMR spectra of proline-thiourea complex 

 

 

N-H proton

N-H proton
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The data collected so far indicate that a specific proline–thiourea interaction may 

operate to afford an enantioselective reaction. The general stereochemical outcome 

of the reaction can be explained by the mechanism shown in Figure 2.21. It was 

proposed that the reaction would proceed according to a modified Houk–List 

model, in which the carboxylate moiety of the proline forms an assembly with the 

thiourea, in turn enhancing the reactivity and selectivity of the catalyst. This 

interaction between thiourea and proline increases the acidity of the carboxylic 

hydrogen of proline and at the same time stabilize the “chair” transition state 300. 

This is in aggrement with the stereoselectivity observed in the reaction. 

Furthermore, the thiourea is treated as a non-polar counterpart to proline, 

amplifying its solubility limits in non-polar solvents, such as hexane or toluene. 

The thiourea interacts with proline through two hydrogen bonds to form complex 

276. After a dehydration reaction with the ketone, iminium intermediate 298 or 

oxazolidinone intermediate 299 is generated. Deprotonation of 298 produces the 

enamine intermediate, which is more nucleophilic than the cyclohexanone because 

of its higher HOMO energy level. A new C-C bond is formed via transition state 

300. Finally, the product 278 with anti selevtivity is released via hydration of 

iminium 301, and complex 276 is regenerated. 
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Figure 2.21 Proposed catalytic reaction mechanism for the direct enantioselective 

aldol reactions catalyzed by a proline–thiourea host–guest complex 

 

 

In summary for this part, in this part of this dissertation, it was found that a 

proline–thiourea host–guest complex could catalyze direct enantioselective aldol 

reactions in non-polar solvents with high diastereoselectivity and 

enantioselectivity (up to 94:6 dr and 99% ee) better than proline. These results 

clearly demonstrate the enormous effect of the thiourea on the reactivity and 
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selectivity, even in an unconventional non-polar reaction medium, without a need 

for use of low temperatures.  

 

 

2.2.2 Self-assembly of organocatalysts for the enantioselective Michael 
addition of aldehydes to nitroalkenes 
 

The Michael addition reaction of carbon-centered nucleophiles to nitroalkenes is 

one such reaction that is catalyzed by organocatalysts. After the first 

organocatalytic asymmetric Michael addition of aldehydes to nitroalkenes was 

reported by Betancort and Barbas,104 extraordinary progress has been devoted to 

find more selective and efficient catalytic systems for these Michael reactions due 

to the fact that nitroalkanes are crucial intermediates in organic synthesis due to 

their ability to transform the nitro group into other useful functionalities. 

 

Even though L-proline has been described as a catalyst for direct asymmetric 

Michael reactions with aldehydes as the donor, poor enantioselectivity is typically 

observed. For example, as shown in Figure 2.22, Barbas noted that L-proline 

catalyzed direct Michael addition reactions of isovaleraldehyde (282) to trans-β-

nitrostyrene (283) provided only trace amounts of the Michael adduct 284 with 

low enantioselectivity. 
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Figure 2.22 Michael addition reactions of isovaleraldehyde (282) to trans-β-

nitrostyrene (283)  

 

 

In 2007, Clarke and Funtes introduced the first example of the self-assembly of 

organocatalysts for the direct Michael addition of ketones to nitroalkenes, wherein 

the addition of chiral additives to a chiral organocatalyst host can transform an 

unselective catalyst into a highly effective one through hydrogen-bonding 

interactions.100 Later, Zhao and Mandal reported that organocatalysts that were 

formed through the self-assembly of simple α-amino acids and alkaloid thiourea 

derivatives could be used as efficient catalysts for the nitro-Michael addition of 

ketones and nitroalkenes.105 This approach is not only beneficial in avoiding 

chemical synthesis, but it is also useful for constructing libraries of structurally 

diverse catalysts. To the best of our knowledge, there has been no report on the 

application of self-assembly of organocatalysts with an achiral additive in a 

Michael addition wherein aldehydes are utilized as donors. Therefore, we decided 

to investigate the use of proline–thiourea host–guest complex as a catalyst in direct 

asymmetric Michael reaction. As seen in Figure 2.23, the reaction between 
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isovaleraldehyde (282) and trans-β-nitrostyrene (283) was used as a model 

reaction system to screen different reaction conditions. 
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Figure 2.23 General reaction schemes for the direct asymmetric Michael reaction 

catalyzed by a proline–thiourea host–guest complex 

 

 

The reaction was allowed to perform at room temperature for 36 h in the presence 

of L-proline and Schreiner thiourea 279. As a prelude of our work, we examined 

our model reaction in different solvents. The screening results are summarized in 

Table 10. All reactions proceeded smoothly. As seen in Table 7, the first attempt 

in hexane achieved a good conversion but low enantioselectivity (entry 1). Under 

the same reaction conditions, a similar trend was observed for the other solvents, 

such as dioxane and chloroform. Screening of the solvents clearly showed that 

benzene as solvent gave the the best enantioselectivity (entries 9 and 11). Aiming 

at improving further our catalytic system, it was next surveyed the effect of an 

equivalent of the donor, and catalyst loading. From a practical point of view, the 
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Michael addition of aldehydes to β-nitrostyrene usually requires a large (10-fold) 

excess of the donor, due to competing aldol pathways. However, in our study, 3-

fold excess of donor aldehyde proved to be sufficient. Further studies indicated 

that by using only 5% mol thiourea, the reaction produced a good conversion 

without any decrease in enantioselectivity. When the reaction was carried out 

without the thiourea additive, the reaction was very slow, with a low 

stereoselectivity as expexted (entry 12). These results demonstrated the influential 

effect of the thiourea on both the reactivity and selectivity. 

 

Table 7. The enantioselective Michael reaction of 302 and 303 under various 

conditions 

 
 

entry 
 

L-proline : 
279 (%) 

 
solvent 

 
equiv.of 
aldehyde 

 
Conv 
(%) 

 
syn:anti 

 
ee 

(%) 
 

1 20:20 Hexane 10 94 97:3 25 

2 20:20 Toluene 10 83 98:2 29 

3 20:20 Chloroform 10 87 98:2 35 

4 20:20 Chloroform 3 86 98:2 32 

5 20:10 Chloroform 3 85 98:2 32 

6 20:20 Dioxane 3 95 97:3 35 

7 20:20 cyclohexane 3 94 97:3 53 

8 20:20 benzene 3 99 97:3 76 

9 20:10 benzene 3 99 98:2 72 

10 20:5 benzene 3 98 97:3 76 
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Table 7. (continued) 
 

entry 
 

L-proline : 
279 (%) 

 
solvent 

 
equiv.of 
aldehyde 

 
Conv 
(%) 

 
syn:anti 

 
ee 

(%) 
 

11 5:5 benzene 3 90 98:2 72 

12 20:0 benzene 3 ≤ 6 95:6 nd 

 

 

With the optimized conditions in hand (Table 7, entry 10), a series of nitroalkenes 

and aldehydes were examined in order to establish the generality of the reaction 

and the results are summarized in Table 8. Unbranched aldehydes, such as 

propionaldehyde (308), butanal (315), and pentanal (318), gave the Michael 

addition in good yields and moderate to good enantioselectivities with excellent 

diastereoselectivities. We then continued to evaluate the scope of the reaction by 

testing the Michael addition of isovaleraldehyde (302) to various nitroalkenes, in 

which a good yield and moderate to good enantioselectivities were obtained. The 

reactions with nitroalkenes bearing not only phenyl, but also electron-rich and 

electron-deficient aryl groups on the nitroalkene proceeded efficiently, with a high 

diastereoselectivity. In all the cases, 5% mol thiourea was enough to obtain the 

best ee values. 
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Figure 2.24 The direct asymmetric Michael reaction 
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Table 8. The enantioselective Michael Addition of aldehydes to nitroalkenes 

 

 
Entry 

 
Aldehyde 

 
R` 

 
Yield 
(%) 

 
syn:anti 

 
ee 

(%) 
1 R= -CH3 

308 
H 

309 

85 93:7 76  (310) 

2 R= -CH3 

 

4-OMe 

311 

79 92:8 60  (312) 

3 R= -CH3 

 

4-Br 

313 

80 91:9 60  (314) 

4 R= -CH2CH3 
315 

H 

 

77 95:5 67  (316) 

5 R= -CH2CH3 4-Br 79 94:6 69  (317) 

6 R= -CH2CH2CH3 
318 

H 86 94:6 76  (319) 

7 R= -CH2CH2CH3 

 

4-OMe 50 93:7 44  (320) 

8 R= -CH2CH2CH3 4-Br 65 94:6 50 (321) 

9 R= -CH(CH3)2 
302 

H 88 97:3 75 (304) 

10 R= -CH(CH3)2 4-Br 80 97:3 60 (322) 

11a R= -CH3, -CH3 
323 

H 66 - 72 (324) 

 

        a. 20:20% L-Proline–thiourea 279 was used. 
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Interestingly, α-branched aldehydes, isobutyraldehyde (323), led to a good isolated 

yield and good enantioselectivity (Table 8, entry 11). Self-assembly of catalyst as 

a strategy for organocatalytic direct Michael addition reactions with β-nitrostyrene 

is known.98-100 However, to our best knowledge, our catalyst assembly based 

approach is the first example for the catalytic enantioselective formation of an 

important class of Michael products bearing quaternary carbons. 

 

As shown in Table 8, our supramolecular self-assembly organocatalyst always 

gives higher diastereoselectivity with respect to proline. To explain the 

stereochemical outcome of the reaction, a transition state 307 based on Seebach’s 

model106 was proposed as seen in Figure 2.25. In this model, the preferential 

formation of the anti-enamine with the double bond was oriented away from the 

bulky substituent at the 2-position of the pyrrolidine ring. Subsequently, the 

enamine reacts with the nitro olefin via an acyclic synclinal transition state. A 

bulky substituent at the 2-position of the pyrrolidine ring plays two important 

roles: it favors the selective formation of the anti-enamine and also shields its Re-

face. 
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Figure 2.25 Stereochemical outcome of the the direct asymmetric Michael 

reaction catalyzed by a proline–thiourea host–guest complex 
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Based on the experimental results and our previously reported studies, it was 

proposed that the reaction proceeds through an enamine mechanism as shown in 

Figure 2.26. 
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Figure 2.26 Proposed catalytic reaction mechanism for the direct asymmetric 

Michael reaction catalyzed by a proline–thiourea host–guest complex 
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To sum up, in this part, it was investigated that L-Proline-thiourea host guest 

complex is a good catalyst for the enantioselective direct nitro-Michael addition of 

aldehydes to nitroalkenes. Good selectivities were obtained even in an 

unconventional non-polar reaction medium at room temperature. The reaction is 

efficient with just 5% mol thiourea 279, in which moderate to good 

enantioselectivity and high syn-selectivity was obtained in both branched and 

unbranched aliphatic aldehydes. This is the first example of self-assembly of 

organocatalysts with an achiral additive in a Michael addition wherein aldehydes 

are utilized as donors. 

 

 

2.2.3 Nonlinear effects in proline–thiourea host–guest complex catalyzed aldol 
reactions in nonpolar solvents 
 

Asymmetric amplifications in heterogenous amino-acid catalysis are crucial in the 

evolution of homochirality in biological systems. Therefore, it has become an 

object of concentration. This phenomenon is interpreted as ternary phase 

behaviour of the non-enantiopure mixtures of amino acids in solvents by 

Blackmond85 and Hayashi86. Of the twenty-proteinogenic amino acids, only 

threonine and asparagine crystallize as “conglomerates” or separate enantiomeric 

solid phases. All of the others, including proline, cocrystallize in a 1:1 ratio of the 

enantiomers, known as a “racemic compound”. A solid phase, a solid phase of 

excess enantiomer, and a solution phase, which has a constant eutectic point in the 

composition, are three phases that are formed by scalemic proline under solid-

solution reaction conditions (in DMSO and CHCl3-EtOH).) The ee of the proline 

in solution is observed, thus, greatly independent of the overall proline ee under 

thermodynamic conditions that is at equilibrium. 
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In recent times, the ternary phase behaviour of proline is studied under non-

equilibrium conditions by Blackmond.84,85 According to this study, transition 

between a transient ‘kinetic conglomerate’ phase and the racemic compound 

formed by proline at equilibrium is detected provided that the two seperate 

enantiomers are mixed physically. This state shows that for catalysis under the 

indicated conditions, the proline ee of the solution is determined by a linear 

combination of the two-seperate enantiomers with a 0% of eutectic ee, which is 

similar to amino acids crystallizing as conglomerates. As the solid proline 

enantiomers start to dissolve, the proline ee of the solution is induced to rise by the 

solid-solution composition until the eutectic values of 50% ee is attained, which 

provides the equilibrium. This model provides Blackmond the first account of the 

origin of the negative nonlinear effects that were observed by Kagan and 

Blackmond in intra- and intermolecular aldol reactions, successsively. 

 

First-order kinetics is observed by the amino acid-catalyzed asymmetric aldol 

reaction between aldehydes and ketones regarding the amino acid. Therefore, the 

transition state of this reaction involves a single amino acid molecule. While the 

asymmetric amplifications in proline-catalyzed solution-phase reactions have 

attracted significant attention, proline–thiourea host–guest complex catalyzed aldol 

reactions in nonpolar solvents are still virgin regarding the investigation of how 

this system behaves under a solid-solution phase system. Inspired by the 

importance of nonlinear effects in asymmetric catalysis and its relevance to the 

origins of homochirality, we anticipated that proline–thiourea host–guest complex 

could show nonlinear effect in nonpolar solvents. 

 

For investigating the dependence of the product enantioselectivity on the 

enantiopurity of the proline catalyst in nonpolar solvents, the reaction of 

cyclohexanone and p-nitrobenzaldehyde in the presence of a proline (20% ee)–

thiourea complex [20:20(%)] was chosen as a model system (Figure 2.27). In 
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order to ensure experimental consistency, we used freshly purified starting 

materials in all experiments. In a first set of experiments, various solvents were 

tested for the direct aldol reaction (Table 9). By screening solvents, it was found 

that hexane gave the highest ee (entries 1–7). Additional optimizations were 

performed by changing the activities of starting materials. Our aim was to decrease 

the polarity of the reaction medium, which should change the ee and amount of 

proline in the solid–solution system. Two different methods were selected for 

decreasing the polarity; (1) decreasing the equivalents of ketone, which in turn 

would result in an increase in the ee but a decrease in the conversion (Table 9, 

entries 8–11), (2) the equivalents of ketone were kept at 16 fold, but the amount of 

hexane increased. As shown in entries 12–14, the ee increased while the 

conversion decreased. This result was first observed for the existence of a 

nonlinear effect between the ee of the proline and the ee of the product under 

solid–solution reaction conditions. 
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Figure 2.27 General reaction schemes for the direct enantioselective aldol 

reactions catalyzed by a proline–thiourea host–guest complex 
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Table 9. Screening of the solvent for an proline (20% ee)–thiourea 279 complex-

(20:20%)-catalyzed enantioselective direct aldol reaction of aldehydes 2 and 

cyclohexanone  

 

Entry Solvent 

 
Solvent 

(mL) 

 
Equiv. 

of 
ketone 

Time 
 (h) 

Conv 
(%) anti:syn ee (%) 

1 MeCN 1.6 16 24 50 70:30 16 

2 CHCl3 1.6 16 24 98 90:10 25 

3 Toluene 1.6 16 24 99 93:7 24 

4 Cyclohexane 1.6 16 24 99 94:06 29 

5 Dioxane 1.6 16 24 95 75:25 17 

6 CH2Cl2 1.6 16 24 73 90:10 23 

7 Hexane 1.6 16 24 99 93:7 32 

8 Hexane 1.6 16 16 99 94:6 32 

9 Hexane 1.6 8 16 69 90:10 45 

10 Hexane 1.6 4 16 12 96:4 55 

11 Hexane 1.6 2 16 ≤ 5 nd 56 

12 Hexane 3.2 16 16 62 92:7 46 

13 Hexane 6.4 16 16 29 95:5 48 

14 Hexane 9.6 16 16 13 97:3 51 

15 Hexane 1.6 16 16 ≤10 nd ≥19 

 

 

As shown in Table-10, the aldol reaction was repeated with L-proline with ee 

values ranging from 5% to 100% wherein the product was obtained with an 

increased ee value from 40% to 99% ee. These results proved again that the ee 

values of the product versus the ee values of proline show a very good positive 

nonlinear effect (Fig. 2.28). In all cases, the diastereomeric excess of the product 
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was very high. This solid-solution system behaves similar, which was reported by 

Blackmond and Hayashi with a ternary phase behavior of a non-enantiopure 

(scalemic) mixture of amino acids in solvents. 

 

 

Table 10. Relationship between the enantioselectivity of the reaction* and the 

enantiomeric excess of proline 

 

Entry ee of proline Conversion (%) anti:syn 
 

ee (%) 
1 5 22 97:3 40 

2 10 27 97:3 48 

3 20 29 96:4 53 

4 40 33 96:4 75 

5 60 32 97:3 91 

6 80 43 97:3 97 

7 100 75 95:5 ≥99 

 

* Proline – thiourea 279 complex-(20:20%)-catalyzed enantioselective direct aldol 
reaction of p-nitrobenzaldehyde and cyclohexanone  
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Figure 2.28 Relationship between the enantioselectivity of the reaction product 

and the enantiomeric excess of proline. 

 

 

It is rather interesting to know the enantiometric excess of the soluble proline 

during the reaction change. Hayashi et al. investigated the ee value of proline from 

the solid part of the solid-solution system. For obtaining information about this 

change the following experiments were carried out under the standard conditions 

shown in Table 11. 

 

The first experiment was started with L-proline (20 % ee) /thiourea (20/20 %), in 

hexane stirred for 16 h. According to previous work and the NMR spectra, 

structure A (Figure 2.29) was formed. Moreover, proline is known to exist as a 

zwitter-ion forming a highly insoluble network of hydrogen bonded prolines. We 

anticipated that a chemical entity, which selectively and strongly binds to acetate 

functionality, would (a) interact with proline in a solution, by altering its solution 

properties and reactivity and (b) also bind to the transition state in a stronger 
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fashion improving thereby the selectivity. The formation of structure A in a solid-

solution system was established by the mixing of L-proline (20% ee) with thiourea 

279 in hexane. After the filtration of the mixture followed by work up, the ee value 

of the isolated proline was found as 40% (entry 1). Then, as shown in entry 2, the 

proline-thiourea mixture was stirred for 30 minutes, and then cyclohexanone was 

added. After 16 h filtration and the work up procedure, the isolated proline showed 

77% ee (entry 2). In entry 3, after the addition of cyclohexanone and an additional 

30 minutes of stirring, p-nitro-benzaldehyde was added and stirring continued for 

16h. Using a similar method as described above, the isolated proline showed 49% 

ee. This decrease in ee can be explained in some part as follows: the initial ee of 

the proline in solution is high, but as the reaction proceeds via the TS B, the ee of 

proline in solution begins to decrease because the generated product acts as a 

polarized solvent to bring both D- and L-proline from the solid into the organic 

phase. That is, while the ee of proline in the initial solution is high, this ee in 

solution decreases as the reaction progresses due to the increased solubility of both 

D- and L-proline in the solvent, and forming products. By using racemic proline, 

the ee of the product was found as 8%. 
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Figure 2.29 (A) and (B): The proposed interaction of the thiourea moiety with 

proline in solution and in the transition state, respectively. 

 

 

Table 11. Determination of the soluble proline ee value during the experiment 

after 16h 

 

Entry ee of 
proline 
(initial) 

ee of proline 
(after) 

Proline : thiourea 
279 
(%) 

conditions 

 

1 

 

20 

 

40 

 

20:20 

 
in hexane 

 

2 

 

20 

 

77 

 

20:20 

in hexane with 
cyclohexanone 

 

3 

 

20 

 

49 

 

20:20 

in hexane with 
aldehyde and 
cyclohexanone 

 

4 

 

0 

(racemic) 

 

8 (ee of the 

product) 

 

20:20 

 

Same conditions as 
described in table 
1 

 

 



 117 

In order to decrease the solubility of the proline catalyst in the reaction mixture as 

the nonlinear effect expected to increase, the amount of urea is decreased 

(Condition B: 20:5; Cond. C; 20:10 proline (with various ee): urea %). Given the 

fact that under these reaction conditions a significant portion of the proline catalyst 

was not dissolved, the resulting dependence of the aldol product ee on the total 

proline ee is also shown in Figure 2.30. Furthermore, it is here that a constant 

aldol product ee over a wide range of total proline ee values in turn resulted in 

both cases. 
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Table 12. The ee value of the aldol reaction catalyzed by proline along with 

various ee values. 

 

entry Proline: 279 
(%) 

 
Solvent 

(mL) 

 
Proline ee 

(%) 
Product ee 

(%) 
1 20:5 3.2 5 18 

2 20:5 3.2 10 31 

3 20:5 3.2 20 45 

4 20:5 3.2 40 46 

5 20:5 6.4 40 49 

6 20:5 3.2 60 42 

7 20:5 6.4 60 49 

8 20:5 3.2 80 48 

9 20:5 6.4 80 48 

10 20:5 3.2 100 99 

11 20:10 3.2 5 19 

12 20:10 3.2 10 27 

13 20:10 3.2 20 43 

14 20:10 3.2 40 47 

15 20:10 3.2 60 47 

16 20:10 3.2 80 53 

17 20:10 3.2 100 99 

18 20:30 3.2 20 31 
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Figure 2.30 The ee value of the aldol reaction versus the ee of proline shows a 

constant ee value when increasing the ee value of proline 

 

This observation could be explained with the models that are described by 

Blackmond (for reactions in solutions).84 It was reported that due to the existence 

of an eutectic ee of proline (the eutectic value for proline in dimethyl sulfoxide 

(DMSO) at 25 0C is approximately 50%) under solid–solution equilibrium, this 

eutectic value dictates the enantiomeric excess of the solution for all the values of 

the scalemic proline ee employed, which in turn dictates the product ee that may 

be achieved in solution-phase reactions that are catalyzed by scalemic proline.   

 

In summary, with an aldol reaction between cyclohexanone and p-

nitrobenzaldehyde, we demonstrated that proline-thiourea complex catalyzed aldol 

reactions in non-polar solvent conditions exhibit ternary phase behavior. We 

showed a model based on simple solubility concepts that successfully rationalize 

the solution ee values for chiral compounds in solid–solution equilibrium. 
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CHAPTER 3 

 

 

EXPERIMENTAL 
 

 

NMR spectra were recorded on a Bruker DPX 400. 1H-NMR spectra are reported 

in ppm using solvent as an internal standard (CHCl3 at 7.26 ppm). Data are 

reported as (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet; coupling 

constant(s) in Hz; integration. Proton-decoupled 13C-NMR spectra were recorded 

on a 400 (100 MHz) spectrometer and are reported in ppm using solvent as an 

internal standard (CDCl3 at 77.0 ppm).Column chromatography was conducted on 

silica gel 60 (mesh size 40-63 µm). TLC was carried out on aluminum sheets 

precoated with silica gel 60F254 (Merck). 

 

3.1 Synthesis of TMS Protected 1-Alkyl-1-trifluoromethyl-1-
hydroxyphosphonates and 1-Aryl-difluoroethenyl Phosphates 
 

All commercially available reagents were used without further purification. K2CO3 

was stored at 80 oC. DMF was purified by distillation under vacuum and stored 

over 4A° Molecular Sieves. Visualization was accomplished with UV light and 

anisaldehyde or KMnO4 followed by heating. Acyl phosphonates were prepared 

according to well-established procedures and purified by vacuum distillation. All 

acyl phosphonates were stored in flasks under nitrogen and they were stable at 

least for months. 
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3.1.1 General Procedure for the Addition of TMSCF3 to Acyl Phosphonates: 
 

 

Acyl phosphonate (1 mmol) and TMSCF3 (1.5 mmol) in dry DMF (5 mL) were 

placed in a 10 mL Schlenk flask. To this solution was added dry K2CO3 (20%), 

and the mixture was stirred vigorously at room temperature. Completion of the 

reaction was monitored by TLC. The reaction mixture was then poured into brine 

solution (15 mL) and extracted with diethyl ether (2 X 25 mL). The combined 

organic layers were finally washed with brine solution, dried over anhydrous 

Na2SO4, and then solvent was removed under reduced pressure. The crude product 

was further purified by column chromatography (silica eluted with 4:1 

hexane/ethyl acetate) to afford pure TMS-protected 1-alkyl-1-trifluoromethyl-1-

hydroxyphosphonate and 1-Aryl-difluoroethenyl phosphate. 

 

3.1.1.1 Characterization of 244 

 

P

OTMS

O

O
O

2

4

5

6 7F3C1

3
8

9

 
Diethyl 1,1,1-trifluoro-3-methyl-2-trimethylsilyloxy butane-2-ylphosphonate 

(244): Yield 145 mg (70%), colorless liquid; IR (neat) : ν = 2981, 2958, 1457, 

1435, 1381, 1288, 1182, 1050, 1041, 980, 1020, 842, 762, 584, 503 s cm-1.; 1H 

NMR (400 MHz, CDCl3) δ 0.13 (s, 9H, Si(Me)3), 1.08 (d, J = 7.3 Hz, 3H), 1.12 (d, 

J = 7.3 Hz, 3H), 1.31 (t, J = 7.2 Hz, 6H, H-7,9), 2.10-2.28 (m, 1H, H-2), 4.03-4.21 

(m, 4H, H-6,8); 13C NMR (100 MHz, CDCl3) δ 0.8, 15.4 (d, JCP = 6.2 Hz), 16.5, 

17.2, 33.3, 61.2, 61.3, 61.4, 80.1 (dq, JCP = 164 Hz, JCF = 27.5 Hz, C-5), 123.2 (dq, 

JCF = 287 Hz, JCP = 10.1 Hz, C-4 ); 31P NMR (161 MHz, CDCl3) δ 15.2. Anal. 

Calcd. for C12H26F3O4PSi: C, 41.13; H, 7.48. Found: C, 41.10; H, 7.45. 
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3.1.1.2 Characterization of 247 

 

P

OTMS

O

O
O

2

4

5

6 7F3C1

3
8

9

 
Diethyl 1,1,1-trifluoro-3,3 dimethyl-2-trimethylsilyloxy butane-2-

ylphosphonate (247): Yield 323 mg (89%), colorless liquid; IR (neat) : ν = 

2992, 1445, 1388, 1254, 1171, 1061, 1039, 991, 853, 755, 581, 497 s cm-1.; 1H 

NMR (400 MHz, CDCl3) δ 0.13 (s, 9H, Si(Me)3), 1.11 (s, 9H, C(CH3)3), 1.28 

(q, J = 14.6 Hz, 6H, H-7,9), 4.00-4.21 (m, 4H, H-6,8); 13C NMR (100 MHz, 

CDCl3) δ 0.0, 14.4, 14.6, 14.7, 14.8, 25.2, 37.5 (d, JCF = 4.4 Hz ), 60.6 (d, JCP 

= 7.7 Hz), 61.1 (d, JCP = 7.6 Hz ), 82.5 (dq, JCP = 160, JCF = 26.2 Hz, C-5), 

123.6 (dq, JCF = 292, JCP = 10.1 Hz, C-4); 31P NMR (161 MHz, CDCl3) δ 17.0. 

Anal. Calcd. for C13H28F3O4PSi: C, 42.85; H, 7.74. Found: C, 42.88; H, 7.78. 

 

 

3.1.1.3 Characterization of 249 

 

P

OTMS

O

O
O

F3C
2

1
3

4

5

6 7
 

Diethyl 1,1,1-trifluoro-2-trimethylsilyloxy propane-2-ylphosphonate (249): 

Yield 289 mg (90%), yellowish liquid; IR (neat) : ν = 2986, 1455, 1394, 1293, 

1171, 1051, 1026, 984, 847, 759, 579, 511 s cm-1.; 1H NMR (400 MHz, CDCl3) 

δ: 0.15 (s, 9H, Si(Me)3), 1.27 (t, J = 7.0 Hz, 6H, H-5,7), 1.60 (d, 3JPH = 15.2 Hz, 
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3H, H-1), 4.00-4.22 (m, 4H, H-4,6) ; 13C NMR (100 MHz, CDCl3) δ 1.1, 15.3 (d, 
3JCP = 3.1 Hz), 17.7, 62.0 (d, 2JCP = 7.4 Hz), 62.9 (d, J = 6.8 Hz), 75.0*, 122.0*; 31P 

NMR (161 MHz, CDCl3) δ 15.8. Anal. Calcd. for C10H22F3O4PSi: C, 37.26; H, 

6.88. Found: C, 37.21; H, 6.90. 

 

 

3.1.1.4 Characterization of 251 

 

P

OTMS

O

O
O

F3C
2

1

3

4

5

6

7 8

 
Diethyl 1,1,1-trifluoro-2-trimethylsilyloxy butane-2-ylphosphonate (251): 

Yield 295 mg (88%), colorless liquid; IR (neat) : ν = 2989, 1628, 1459, 1398, 

1293, 1258, 1165, 1030, 850, 560, 517 s cm-1.; 1H NMR (400 MHz, CDCl3) δ 0.15 

(s, 9H, Si(Me)3), 1.03 (t, J = 7.3 Hz, 3H, H-1), 1.28 (t, J = 7.3 Hz, 6H, H-6,8), 

1.91-2.02 (m, 2H, H-2), 4.03-4.20 (m, 4H, H-5,7); 13C NMR (100 MHz, CDCl3) 

δ 0.0, 6.1, 14.5 (d, JCP = 5.9 Hz), 24.7, 61.3 (d, JCP = 7.6 Hz), 61.6 (d, JCP = 6.9 

Hz), 77.0*, 123.0*; 31P NMR (161 MHz, CDCl3) δ 15.9. Anal. Calcd. for 

C11H24F3O4PSi: C, 39.28; H, 7.19. Found: C, 39.22; H, 7.20. 

 

 

*The C-peaks of CF3 and C-P can only be seen on 13C-HMBC 

experiments. 
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3.1.1.5 Characterization of 253 

 

O
F

F

P
O

O
O

1
2

3
4

5
6
7

8

9
10
11

12

H3C
13

 
Diethyl 2,2-difluoro-1-(4-methylphenyl) ethenyl phosphate (253): Yield 281 

mg (92%), colorless liquid; IR (neat) : ν = 2990, 2932, 1759, 1580, 1444, 1389, 

1269, 1147, 1033, 983, 889 s cm-1; 1H NMR (400 MHz, CDCl3) δ 1.21 (t, J = 6.5 

Hz, 6H, H-10,12), 2.29 (s, 3H, H-13), 3.93-4.12 (m, 4H, H-9,11), 7.11 (d, J  = 8.5 

Hz, 2H, H-2,4), 7.32 (d, J = 7.3 Hz, 2H, H-1,5); 13C NMR (100 MHz, CDCl3) 

δ 14.9 (d, 3JCP = 7.3 Hz), 20.2, 63.3 (d, 2JCP = 5.3 Hz), 113.3 (ddd, 2JCF = 55.5, 2JCF 

= 24.0, 2JCP = 9.0 Hz), 125.4, 125.5, 127.9, 128.0, 137.4, 154.7 (ddd, 1JCF  = 390, 
1JCF = 379, 3JCP = 7.6 Hz); 31P NMR (161 MHz, CDCl3) δ -4.6. Anal. Calcd. for 

C13H17F2O4P: C, 50.99; H, 5.60. Found: C, 51.03; H, 5.66.  

 

 

 

 

 

 

 

 

 

 



 125 

3.1.1.6 Characterization of 256 

 

O
F

F

P
O

O
O

1
2
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O
H3C
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Diethyl 2,2-difluoro-1-(4-methoxyphenyl) ethenyl phosphate (256): Yield 305 

mg (95%), colorless liquid; IR (neat) : ν = 2991, 2936, 1758, 1576, 1437, 1401, 

1267, 1135, 1022, 992, 898 s cm-1; 1H NMR (400 MHz, CDCl3) δ 1.28 (t, 6H, J = 

7.6 Hz, H-10,12), 3.82 (s, 3H, H-13), 4.01-4.19 (m, 4H, H-9,11), 6.90 (d, J = 9.1 

Hz, 2H, H-2,4), 7.43 (d, J = 7,9 Hz, 2H, H-1,5); 13C NMR (100 MHz, CDCl3) 

δ 14.9 (d, 3JCP = 6.5 Hz), 54.3, 63.6 (d, 2JCP = 5.8 Hz), 112.2 (ddd, 2JCF = 48.4, 2JCF 

= 17.4, 3JCP = 8.3 Hz), 120.6 (d, 3JCF = 5.6 Hz) 127.1, 154.5 (ddd, 1JCF = 387, 1JCF = 

376.8, 3JCP = 8.9 Hz), 158.8; 31P NMR (161 MHz, CDCl3) δ -4.6. Anal. Calcd. for 

C13H17F2O5P: C, 48.45; H, 5.32. Found: C, 48.43; H, 5.35. 

 

 

 

 

 

 

 

 

 

 

 



 126 

3.1.1.7 Characterization of 258 

 

O
F
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O

O
O
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F

 
Diethyl 2,2-difluoro-1-(4-flurophenyl) ethenyl phosphate (258): Yield 285 mg 

(92%), colorless liquid; IR (neat) : ν = 2971, 2920, 1748, 1584, 1447, 1382, 1360, 

1276, 1141, 1017, 981 s cm-1; 1H NMR (400 MHz, CDCl3) δ 1.17 (t, J = 6.7 Hz, 

6H, H-10,12), 3.87-4.09 (m, 4H, H-9,11), 7.07 (t, J = 8.5 Hz, 2H, H-2,4), 7.39-

7.59 (m, 2H, H-1,5); 13C NMR (100 MHz, CDCl3) δ 15.8 (d, 3JCP = 6.6 Hz), 64.8 

(d, 2JCP = 5.9 Hz), 111.5, 111,6, 111,7, 114.6 (d, 2JCF = 21.8 Hz), 125.4, 127.6, 

153.7 (ddd, 1JCF = 290, 1JCF = 284, 3JCP = 7.2 Hz), 161.5 (d, 1JCF = 249 Hz); 31P 

NMR (161 MHz, CDCl3) δ -4.5. Anal. Calcd. for C12H14F3O4P: C, 46.46; H, 4.55. 

Found: C, 46.41; H, 4.57. 
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3.1.1.8 Characterization of 260 
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Diethyl 2,2-difluoro-1-(2-methylphenyl) ethenyl phosphate (260): Yield 296 

mg (97%), colorless liquid; IR (neat) : ν = 2986, 2933, 1766, 1575, 1445, 1394, 

1267, 1143, 1029, 983, 886 s cm-1; 1H NMR (400 MHz, CDCl3) δ 1.12 (t, J = 7.0 

Hz, 6H, H-10, 12), 2.32 (s, 3H, H-13), 3.78-4.00 (m, 4H, H-9,11), 7.11-7.36 (m, 

4H, H-2,3,4,5); 13C NMR (100 MHz, CDCl3) δ 15.8 (d, 3JCP = 6.8 Hz), 19.4, 64.2 

(d, 2JCP = 5.8 Hz), 111.8 (ddd, 2JCF = 48.6, 2JCF = 17.7, 3JCP = 8.3 Hz), 125.6, 129.9, 

130.3, 130.4, 137.2 138.1, 154.2 (ddd, 1JCF  = 291, 1JCF = 277, 3JCP = 9.1 Hz); 31P 

NMR (161 MHz, CDCl3) δ -4.5. Anal. Calcd. for C13H17F2O4P: C, 50.99; H, 5.60. 

Found: C, 50.96; H, 5.62. 
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3.1.1.9 Characterization of 262 
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Diethyl 2,2-difluoro-1-(2-methoxyphenyl)ethenyl phosphate (262): Yield 280 

mg (87%), colorless liquid; IR (neat) : ν = 2982, 2930, 1768, 1577, 1445, 1393, 

1261, 1145, 1025, 978, 887 s cm-1; 1H NMR (400 MHz, CDCl3) δ 1.21, (t, J = 7.3 

Hz, 6H, H-10,12), 3.86 (s, 3H, H-13), 3.92-4.10 (m, 4H, H-9,12), 6.92 (d, J = 7.9 

Hz, 1H, H-2), 6.97 (t, J = 7.6 Hz, 1H, H-4), 7.33-7.43 (m, 2H, H-2,5); 13C NMR 

(100 MHz, CDCl3) δ 15.8 (d, 3JCP = 6.6 Hz), 55.6, 64.2 (d, 2JCP = 5.6 Hz), 109.5 

(ddd, 2JCF = 48.6, 2JCF = 19.9, 2JCP = 9.0 Hz), 111.0, 117.9 (d, 3JCP = 4.0 Hz), 120.4, 

131.4, 131.5, 154.4 (ddd, 1JCF = 289, 1JCF = 280, 3JCP = 9.0 Hz), 157.6; 31P NMR 

(161 MHz, CDCl3) δ -4.8. Anal. Calcd. for C13H17F2O5P: C, 48.45; H, 5.32. 

Found: C, 48.46; H, 5.35. 
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3.1.1.10 Characterization of 264 
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Diethyl 2,2-difluoro-1-(3-chlorophenyl) ethenyl phosphate (264): Yield 296 mg 

(91%), colorless liquid; IR (neat) : ν = 2986, 2932, 1765, 1575, 1445, 1388, 1266, 

1148, 1026, 989, 897 s cm-1; 1H NMR (400 MHz, CDCl3) δ 1.14, (t, J = 6.1 Hz, 

6H, H-10,12), 3.88-4.06 (m, 4H, H-9,11), 7.21-7.31 (m, 2H, H-2,5), 7.35-7.39 (m, 

1H, H-3), 7.44-7.48 (m, 1H, H-1); 13C NMR (100 MHz, CDCl3) δ 15.7 (d, 3JCP = 

7.4 Hz), 64.6 (d, 2JCP = 6.1 Hz), 110.2 (ddd, 2JCF = 48,2, 2JCF = 20.2, 2JCP = 9.3 Hz), 

126.7, 128.0, 129.8, 131.2, 132.3, 134.7, 154.5 (ddd, 1JCF = 293, 1JCF = 281, 3JCP = 

8.2 Hz); 31P NMR (161 MHz, CDCl3) δ -3.8. Anal. Calcd. for C12H14ClF2O4P: C, 

44.12; H, 4.32. Found: C, 44.08; H, 4.30.  
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3.2 Direct Enantioselective Aldol Reactions catalyzed by a Proline-Thiourea 
Host-Guest Complex 
 

 

3.2.1 General Procedure for the Enantioselective Direct Aldol Reaction 
 

 

L-proline (0.025 mmol, 2.9 mg), thiourea 279 (0.025 mmol, 12.5 mg) and 1.8 mL 

hexane were placed in a screw capped vial, then cyclohexanone (4 mmol, 0.4 mL) 

was added, in which the resulting mixture was stirred for 15 min at ambient 

temperature followed by addition of aldehyde (0.25 mmol) wherein stirring was 

continued until no further conversion was observed by TLC. After completion of 

the reaction, the reaction mixture was treated with saturated aqueous ammonium 

chloride solution and the whole mixture was extracted with ethyl acetate. The 

organic layer was washed with brine, dried and concentrated to give a crude 

residue, which was purified with column chromatography over silica gel using 

hexane-ethyl acetate as an eluent to afford pure product. Diastereoselectivity and 

conversion were determined by 1H NMR analysis of the crude aldol product. The 

enantiomeric excess of product was determined by chiral-phase HPLC analysis. 

The absolute configuration of aldol products were determined by comparing the 

values with those previously reported in the literature. 
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3.2.1.1 (S)-2-((R)-hydroxy(4-nitrophenyl)methyl)cyclohexan-1-one (281) 

 

O OH

NO2

 
Yield 96%; anti/syn = 90/10, anti- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

(ppm) 1.29-2.09 (m, 6H), 2.30-2.47 (m, 2H), 2.55-2.61 (m, 1H), 4.10 (s, 1H, -OH), 

4.87 (d, J = 8.4 Hz, 1H), 7.48 (d, J  =  8.0 Hz, 2H), 8.16 (d, J = 8.4 Hz, 2H); It was 

obtained in a maximum of >99% ee. The optical purity was determined by HPLC 

on chiralpak AD-H column [hexane/2-propanol 90.0:10.0]; flow rate 0.5 mL/min, 

anti: tminor = 48.3 min and tmajor = 64.9 min. 

 

 

3.2.1.2 (S)-2-((R)-hydroxy(3-nitrophenyl)methyl)cyclohexan-1-one (283) 

 

O OH
NO2

 
Yield 94%; anti/syn = 92/8, anti- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

(ppm) 1.33-2.10 (m, 6H), 2.32-2.48 (m, 2H), 2.58-2.64 (m, 1H), 4.14 (s, 1H, -OH), 

4.87 (d, J = 8.4 Hz, 1H), 7.50 (t, J = 8.0 Hz, 1H), 7.64 (d, J = 7.6 Hz, 1H), 8.12 (d, 

J = 7.6 Hz, 1H), 8.18 (s, 1H); it was obtained in a maximum of > 99% ee. The 

optical purity was determined by HPLC on chiralpak AD-H column [hexane/2-

propanol 95.0:5.0]; flow rate 1.0mL/min, anti: tmajor = 37.0 min and tminor = 47.9 

min. 
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3.2.1.3 (S)-2-((R)-hydroxy(4-cyanophenyl)methyl)cyclohexan-1-one (287) 

 

O OH

CN

 
Yield 98%; anti/syn = 93/7, anti- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

(ppm) 1.31-2.11 (m, 6H), 2.30-2.48 (m, 2H), 2.53-2.59 (m, 1H), 4.07 (s, 1H, -OH), 

4.82 (d, J = 8.4 Hz, 1H), 7.43 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.0 Hz, 2H); It was 

obtained in a maximum of 99% ee. The optical purity was determined by HPLC on 

chiralpak OD-H column [hexane/2-propanol 90.0:10.0]; flow rate 0.5 mL/min, 

anti: tminor = 47.8 min and tmajor = 60.3 min. 

 

 

3.2.1.4 (S)-2-((R)-(4-(trifluoromethyl)phenyl)(hydroxy)methyl)cyclohexan-1-

one (289)  

 

O OH

CF3

 
Yield 93 %; anti/syn = 94/6, anti- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

(ppm) 1.23-2.37 (m, 6H), 2.45-2.55 (m, 1H), 2.69-2.81 (m, 1H), 4.03 (t, J = 3.0 

Hz, 1H), 5.30 (d, J = 9.3 Hz, 1H), 7.40 (t, J = 7.2 Hz, 1H), 7.55-7.74 (m, 3H), It 

was obtained in a maximum of 99% ee. The optical purity was determined by 

HPLC on chiralpak OD-H column [hexane/2-propanol 95.0:5.0]; flow rate 

1.0mL/min, anti: tmajor = 12.4 min and tminor = 17.0 min. 
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3.2.1.5  (S)-2-((R)-hydroxy(4-chlorophenyl)methyl)cyclohexan-1-one (291) 

 

O OH

Cl

 
Yield 91% ; anti/syn = 88/12, anti- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

(ppm) 1.26-2.11 (m, 6H), 2.31-2.49 (m, 2H), 2.52-2.59 (m, 1H), 3.61 (s, 1H, -OH), 

4.76 (d, J = 8.4 Hz, 1H), 7.25 (d, J = 8.4 Hz, 2H), 7.31 (d, J = 8.8 Hz, 2H); It was 

obtained in a maximum of 99% ee. The optical purity was determined by HPLC on 

chiralpak AD-H column [hexane/2-propanol 90.0:10.0]; flow rate 0.5 mL/min, 

anti: tmajor = 26.5 min and tminor = 30.6 min. 

 

 

3.2.1.6 (S)-2-((R)-hydroxy(4-bromophenyl)methyl)cyclohexan-1-one (293) 

 

O OH

Br

 
Yield 87%; anti/syn = 90/10, anti- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

1.24-2.08 (m, 6H), 2.28-2.37 (m, 2H), 2.43-2.57 (m, 1H), 3.40 (s, 1H, -OH), 4.73 

(d, J = 8.4 Hz, 1H), 7.18 (d, J  = 8.0 Hz, 2H), 7.45 (d, J = 8.4 Hz, 2H); It was 

obtained in a maximum of 99% ee. The optical purity was determined by HPLC on 

chiralpak AD-H column [hexane/2-propanol 90.0:10.0]; flow rate 0.5 mL/min, 

anti: tminor = 31.3 min and tmajor = 36.4 min. 
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3.2.1.7 (S)-2-((R)-hydroxy(2-chlorophenyl)methyl)cyclohexan-1-one (295)  

 

O OH Cl

 
Yield 83%; anti/syn = 94/6, anti- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

1.51-2.09 (m, 6H), 2.28-2.46 (m, 2H), 2.63-2.70 (m, 1H), 3.92 (s, 1H, -OH), 5.34 

(d, J = 8.0 Hz, 1H), 7.19 (t, J = 7.6 Hz, 1H), 7.28 (d, J = 7.6 Hz, 1H), 7.31 (t, J = 

8.0 Hz, 1H), 7.53 (d, J = 7.6 Hz, 1H); It was obtained in a maximum of 99% ee. 

The optical purity was determined by HPLC on chiralpak OD-H column 

[hexane/2-propanol 95.0:5.0]; flow rate 0.5 mL/min, anti: tmajor = 19.7 min and 

tminor = 25.2 min. 

 

 

3.2.1.8 (S)-2-((R)-hydroxy(phenyl)methyl)cyclohexan-1-one (296)  

 

O OH

 
Yield 79%; anti/syn = 88/12, anti- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

1.25 –2.10 (m, 6H), 2.32-2.49 (m, 2H), 2.58-2.65 (m, 1H), 4.78 (d, J = 6.0 Hz, 

1H), 7.29-7.36 (m, 5H); It was obtained in a maximum of 98% ee. The optical 

purity was determined by HPLC on chiralpak OD-H column [hexane/2-propanol 

90.0:10.0]; flow rate 1.0 mL/min, anti: tmajor = 8.4 min and tminor = 12.4 min.  
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3.2.1.9 (S)-2-((R)-hydroxy(4-nitrophenyl)methyl)cyclopentan-1-one (298)  

 

                                                  

OHO

NO2
 

Yield 93%; anti/syn= 60/40, anti- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

(ppm) 1.50-2.03 (m, 4H), 2.25-2.48 (m, 3H), 4.78 (s, 1H, -OH), 4.84 (d,  J = 4.6 

Hz, 1H), 7.54 (d, J = 4.3 Hz, 2H), 8.21 (d, J = 4.3 Hz, 2H); It was obtained in a 

maximum of  97% ee. The optical purity was determined by HPLC on chiralpak 

AD-H column [hexane/2-propanol 95.0:5.0]; flow rate 0.5 mL/min, anti: tminor = 

96.0 min and tmajor = 99.4 min. 

 

 

3.3 Self-assembly of organocatalysts for the enantioselective Michael addition 
of aldehydes to nitroalkenes 
 

General procedure for the enantioselective Michael addition of aldehydes to 

nitroalkenes: L-proline (0.1 mmol, 11.5 mg), thiourea 279 (0.025 mmol, 12.5 mg), 

and 3.2 ml of benzene were placed in a screw-capped vial. Then aldehyde (1.5 

mmol) was added, in which the resulting mixture was stirred for 30 min at ambient 

temperature followed by the addition of nitroalkene (0.50 mmol), wherein stirring 

was continued until the completion of the reaction (TLC monitoring). After 

completion of the reaction, the reaction mixture was treated with a saturated 

aqueous ammonium chloride solution and the whole mixture was extracted with 

ethyl acetate. The organic layer was washed with brine, dried and concentrated to 

give a crude residue, which was purified by column chromatography over silica 

gel using hexane–ethyl acetate as an eluent to afford a pure product. 

Diastereoselectivity and conversion were determined by 1H NMR analysis of the 
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crude product. The enantiomeric excess of product was determined by chiral-phase 

HPLC analysis. The absolute configuration of the products was determined by 

comparing the values with those previously reported in the literature. 

 

 

3.3.1  2-Methyl-4 nitro-3-phenylbutyraldehyde (310) 

 

O

CH3

NO2H

 
Yield 85 %; syn/anti = 12/1; syn- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

1.01 (d, J = 7.3 Hz, 3H), 2.78–2.70 (m, 1H), 3.76 (td, J = 5.5 Hz, J = 9.2 Hz, 1H), 

4.65 (dd, J = 9.3 Hz, J = 12.7 Hz, 1H), 4.76 (dd, J = 5.5 Hz,  J = 12.7 Hz, 1H), 

7.14–7.10 (m, 2H), 7.33– 7.21 (m, 3H), 9.66 (d, J = 1.7 Hz, 1H); It was obtained in 

a maximum of  76% ee. The optical purity was determined by HPLC on chiralpak 

OD-H column , [hexane/2-propanol 80:20]; flow rate 0.8 ml/min, syn: tminor = 17.7 

min and tmajor = 22.6 min. 
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3.3.2  3-(4-Methoxyphenyl)-2-methyl-4-nitrobutyraldehyde (312)  

 

O

CH3

NO2H

OMe

 
Yield 79 %; syn/anti = 11/1; syn- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

1.01 (d, J = 7.3 Hz, 3H), 2.81–2.64 (m, 1H), 3.76 (s, 3H), 3.80 (dt, 1H, J = 5.6 Hz, 

J = 9.2 Hz, 1H), 4.60 (dd, J = 9.4 Hz,  J = 12.5 Hz, 1H), 4.80 (dd, J = 5.6, J = 12.6 

Hz, 1H), 6.89 (d, J = 8.7 Hz, 2H), 7.12–7.03 (d, J = 8.9 Hz, 2H), 9.69 (d, J = 1.7 

Hz, 1H); It was obtained in a maximum of  60% ee. The optical purity was 

determined by HPLC on chiralpak OD-H column , [hexane/2-propanol 85:15]; 

flow rate 1.0 ml/min, syn: tminor = 19.8 min and tmajor = 22.2 min. 

 

 

3.3.3  3-(4-Bromophenyl)-2-methyl-4-nitro-butyraldehyde (314)  

 

O

CH3

NO2H

Br

 
Yield 80 %; syn/anti = 10/1; syn- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

1.01 (d, J = 7.3 Hz, 3H), 2.93–2.62 (m, 1H), 3.91–3.67 (m, 1H), 4.65 (dd, J = 9.6 

Hz, J = 12.8, 1H), 4.80 (dd, J = 5.2 Hz, J = 12.8 Hz, 1H), 7.13–7.03 (m, 2H), 

7.52–7.45 (m, 2H), 9.70 (d, J = 1.5 Hz, 1H); It was obtained in a maximum of  

60% ee. The optical purity was determined by HPLC on chiralpak OD-H column, 
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[hexane/2-propanol 80:20]; flow rate 0.8 ml/min, syn: tminor = 17.7 min and tmajor = 

22.6 min. 

 

 

3.3.4  2-Ethyl-4-nitro-3-phenyl butyraldehyde (316)  

 

O
NO2H

H3C
 

Yield 77 %; syn/anti = 20/1; syn- diastereomer,  1H NMR (400 MHz, CDCl3) δ 

0.76 (dd, J = 7.5 Hz, J = 7.5 Hz, 3H), 1.48–1.38 (m, 2H), 2.66– 2.58 (m, 1H), 3.72 

(ddd, J = 9.7 Hz, J = 9.7 Hz, J = 4.9 Hz, 1H), 4.56 (dd, J = 12.8 Hz,  J = 9.7 Hz, 

1H), 4.65 (dd, J = 12.8 Hz, J = 4.9 Hz, 1H), 7.10–7.12 (m, 2H), 7.19–7.30 (m, 

3H), 9.65 (d, J = 2.6 Hz, 1H); It was obtained in a maximum of  67% ee. The 

optical purity was determined by HPLC on chiralpak OD-H column, [hexane/2-

propanol 80:20]; flow rate 0.8 ml/min, syn: tminor = 16.2 min and tmajor = 17.4 min. 
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3.3.5  3-(4-Bromophenyl)-2-ethyl-4-nitrobutanal (317) 

 

O
NO2H

H3C

Br

 
Yield 79 %; syn/anti = 17/1; syn- diastereomer,  1H NMR (400 MHz, CDCl3) δ 

0.77 (t, J = 7.5 Hz, 3H), 1.53–1.46 (m, 2H), 2.62 (m, 1H), 3.72 (dt, J = 4.8 Hz, J = 

9.9 Hz, 1H), 4.56 (dd, J = 9.9 Hz, J = 12.8 Hz, 1H), 4.67 (dd, J = 4.8 Hz, J = 12.8 

Hz, 1H), 7.02 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 9.65 (d, J = 2.3 Hz, 

1H); It was obtained in a maximum of  69% ee. The optical purity was determined 

by HPLC on chiralpak AD-H column, [hexane/2-propanol 95.5:1.5]; flow rate 1.0 

ml/min, syn: tmajor = 33.5 min and tminor = 59.4 min. 

 

 

3.3.6  2-(2-Nitro-1-phenylethyl)pentanal (319) 

 

 

O
NO2H

CH3
 

Yield 86 %; syn/anti = 15/1; syn- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

0.77 (t, J = 7.1 Hz, 3H), 1.20–1.06 (m, 1H), 1.37–1.21 (m, 2H), 1.50–1.40 (m, 

1H), 2.67 (tt, J = 3.2 Hz, J = 9.5 Hz, 1H), 3.73 (td, J = 5.3 Hz, J = 9.5, 1H), 4.70–
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4.56 (m, 2H), 7.16–7.11 (m, 2H), 7.34–7.24 (m, 3H), 9.66 (d, J = 2.8 Hz, 1H); It 

was obtained in a maximum of  76% ee. The optical purity was determined by 

HPLC on chiralpak OD-H column, [hexane/2-propanol 90:10]; flow rate 1.0 

ml/min, syn: tminor = 16.2 min and tmajor = 18.7 min. 

 

 

3.3.7  2-(1-(4-Methoxyphenyl)-2-nitroethyl)pentanal (320)  

 

O
NO2H

CH3

OMe

 
Yield 50 %; syn/anti = 14/1; syn- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

0.75 (t, J = 6.9 Hz, 3H), 1.49–1.10 (m, 4H), 2.64–2.67 (m, 1H), 3.63-3.75 (m, 1H), 

3.79 (s, 3H), 4.52 (dd, J = 9.3 Hz, J = 12.3 Hz, 1H), 4.62 (dd, J = 5.4 Hz, J = 12.6 

Hz, 1H), 6.81 (d, J = 9.0 Hz, 2H), 7.04 (d, J = 8.7 Hz, 2H), 9.63 (d, J = 3.3 Hz, 

1H); It was obtained in a maximum of  44% ee. The optical purity was determined 

by HPLC on chiralpak OD-H column, [hexane/2-propanol 90:10]; flow rate 1.0 

ml/min, syn: tminor = 20.4 min and tmajor = 22.9 min. 
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3.3.8 2-(1-(4-Bromophenyl)-2-nitroethyl)pentanal (321)  

O
NO2H

CH3

Br

 
Yield 65 %; syn/anti = 15/1; syn- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

0.75 (t, J = 7.2 Hz, 3H), 1.46–1.05 (m, 4H), 2.66-2.71 (m, 1H), 3.68-3.78 (m, 1H), 

4.54 (dd, J = 9.9 Hz, J = 13.2 Hz, 1H), 4.63 (dd, J = 5.1 Hz, J = 12.9 Hz, 1H), 7.00 

(d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 9.63 (d, J = 2.4 Hz, 1H); It was 

obtained in a maximum of  50% ee. The optical purity was determined by HPLC 

on chiralpak OD-H column, [hexane/2-propanol 90:10]; flow rate 1.0 ml/min, syn: 

tminor = 20.5 min and tmajor = 21.7 min. 

 

 

3.3.9  2-isopropyl-4-nitro-3-phenylbutanal (304)  

 

 

O
NO2H

H3C CH3  
Yield 88 %;  syn/anti = 38/1; syn- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

0.79 (d, J = 7.0 Hz, 3H), 1.01 (d, J = 7.2 Hz, 3H), 1.70–1.57 (m, 1H), 2.71-2.79 

(m, 1H), 3.81 (td, J = 4.4 Hz, J = 10.4 Hz, 1H), 4.48 (dd, J = 10.0 Hz, J = 12.5 Hz, 

1H), 4.58 (dd, J = 4.4 Hz, J = 12.5 Hz, 1H), 7.12–7.07 (m, 2H), 7.28– 7.17 (m, 
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3H), 9.84 (d, J = 2.4 Hz, 1H); It was obtained in a maximum of  75% ee. The 

optical purity was determined by HPLC on chiralpak OD-H column, [hexane/2-

propanol 97:03]; flow rate 0.7 ml/min, syn: tmajor = 28.1 min and tminor = 30.4 min.  

 

 

3.3.10   3-(4-Bromophenyl)-2-isopropyl-4-nitrobutanal (322) 

 

 

 

O
NO2H

H3C CH3

Br

 
Yield 80 %; syn/anti = 35/1; syn- diastereomer, 1H NMR (400 MHz, CDCl3) δ 

0.80 (d, J = 7.2 Hz, 3H), 1.04 (d, J = 7.2 Hz, 3H), 1.64-1.70 (m, 1H), 2.71–2.67 

(m, 1H), 3.80-3.86 (m, 1H), 4.52–4.44 (m, 1H), 4.65–4.59 (m, 1H), 7.01 (dd, J = 

8.4 Hz, J = 1.5 Hz, 2H), 7.42 (dd, J = 8.4 Hz, J = 1.5 Hz, 2H), 9.84 (d, J = 2.4 Hz, 

1H); It was obtained in a maximum of  60% ee. The optical purity was determined 

by HPLC on chiralpak OD-H column, [hexane/2-propanol 90:10]; flow rate 1.0 

ml/min, syn: tmajor = 15.7 min and tminor = 17.2 min. 
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3.3.11   3-(4-Bromophenyl)-2,2-dimethyl-4-nitrobutanal (324)  

 

 

O
NO2

H3C CH3  
Yield 66 %; 1H NMR (400 MHz, CDCl3) δ 1.00 (s, 3H), 1.13 (s, 3H), 3.80 (d, J = 

11.7 Hz, 1H), 4.70 (dd, J = 4.1 Hz, J = 12.9 Hz, 1H), 4.86 (dd, J = 11.4 Hz, J = 

12.9 Hz, 1H), 7.30–7.19 (m, 5H), 9.53 (s, 1H); It was obtained in a maximum of  

72% ee. The optical purity was determined by HPLC on chiralpak OD-H column, 

[hexane/2-propanol 80:20]; flow rate 1.0 ml/min, tmajor = 11.5 min and tminor = 16.6 

min. 

 

 

3.4 Nonlinear effects in proline–thiourea host–guest complex catalyzed aldol 
reactions in nonpolar solvents 
 

3.4.1 General procedure for the enantioselective direct aldol reaction 

 

Proline with a specific ee value (20% mol), thiourea 279 (20% mol) and 1.6 mL 

hexane were placed in a screw-capped vial. Cyclohexanone (4 mmol, 0.4 mL) was 

then added, and the resulting mixture was stirred for 15 min at ambient 

temperature followed by the addition of aldehyde (0.25 mmol) wherein stirring 

was continued until the completion of the reaction (TLC monitoring). After 

completion of the reaction, the reaction mixture was treated with saturated aqueous 

ammonium chloride solution and the whole mixture was extracted with ethyl 

acetate. The organic layer was washed with brine, dried, and concentrated to give a 
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crude residue, which was purified by column chromatography over silica gel using 

hexane–ethyl acetate as an eluent to afford the pure product. Diastereoselectivity 

and conversion were determined by 1H NMR analysis of the crude aldol product. 

The enantiomeric excess (ee) of product was determined by chiral-phase HPLC 

analysis. The absolute configurations for aldol products were determined by 

comparing the values with those previously reported in the literature. 

 

3.4.2 Determination of the enantiomeric excess of proline in solution 

Non-enantiopure proline was prepared by mixing known amounts of L- and D-

proline. Proline with a specific ee / thiourea  (20:20), in hexane was stirred for 16 

h. After filtration of the mixture followed by work-up, the ee value of the isolated 

proline was determined by HPLC. The HPLC-column used for analysiswas a 

Macherey-Nagel Nucleosil Chiral 1 column, eluent was a mix of an aqueous 

solution of 0.25 mMCuSO4 and 0.025 mM H2SO4 with 15% methanol, flow rate 

1.5 mL/min, temperature 50 oC, UV–vis detector at 250 nm (retention times: L-

proline, 6.5 min; D-proline, 18 min). 
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CHAPTER 4 

 

 

CONCLUSIONS 
 

 

 

4.1 Addition of Trifluoromethyltrimethylsilane to Acyl Phosphonates 
 

In this part of this dissertation, a convenient, one-pot procedure for preparing 

various 1-alkyl-2,2,2-trifluoro-1-trimethylsilyloxyethyl phosphonates and 1-

aryldifluoroethenyl phosphates starting from readily available acyl phosphonates 

and trifluoromethyltrimethylsilane was developed.107 Potassium carbonate 

(K2CO3) has been found to be an effective catalyst in the nucleophilic 

trifluoromethylation reactions. The catalytic activity of base has been improved 

further by using DMF as a solvent. Addition of the nucleophilic CF3 to alkyl 

phosphonate furnished products in 70-90% yields. By using aryl phosphonates for 

the addition, phosphonate-phosphate rearrangement followed by fluorine 

elimination afforded products in 87- 97% yields. This area or research, after these 

initial explorations, remains to be studied further. 

 

4.2 Development of new supramolecular organocatalytic strategies for the 
enantioselective asymmetric C-C bond forming reactions 
 

It was found that a proline–thiourea host–guest complex can catalyze direct 

enantioselective aldol reactions in non-polar solvents (e.g. hexane) with high 

diastereoselectivity and enantioselectivity (up to 94:6 dr and 99% ee) better than 

proline.108 These results clearly demonstrate the enormous effect of the thiourea on 

the reactivity and selectivity, even in an unconventional non-polar reaction 

medium, without a need for use of low temperatures.  
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It was also investigated that L-proline-thiourea host guest complex is a good 

catalyst for the enantioselective direct nitro-Michael addition of aldehydes to 

nitroalkenes.109 Good selectivities were obtained even in an unconventional non-

polar reaction medium at room temperature. The reaction is efficient with just 5 

mol % thiourea, in which moderate to good enantioselectivity and high syn-

selectivity was obtained in both branched and unbranched aliphatic aldehydes. 

With this study, it was demonstrated that the thiourea used as an achiral additive in 

Michael addition reactions in which aldehydes are utilized as donors for the first 

tmie in literature.  

 

4.3 Nonlinear effects in proline–thiourea host–guest complex catalyzed aldol 
reactions in nonpolar solvents 
 

To conclude this part, with an aldol reaction between cyclohexanone and p-

nitrobenzaldehyde, it was investigated that proline-thiourea complex catalyzed 

aldol reactions in non-polar solvent conditions exhibit ternary phase behavior.110 

We showed a model based on simple solubility concepts that successfully 

rationalize the solution ee values for chiral compounds in solid–solution 

equilibrium. 
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Figure A1. 1H NMR spectrum of 244 

 
Figure A2. 13C NMR spectrum of 244 
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Figure A3. 1H NMR spectrum of 247 

 

 

 
Figure A4. 13C NMR spectrum of 247 
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Figure A5.  1H NMR spectrum of 249 

 

 
 

Figure A6. 13C NMR spectrum of 249 

ppm (t1)
0.01.02.03.04.05.06.07.0

0

50000000

100000000

150000000

200000000

250000000

4.
00

8.
81

6.
06

3.
04

H3C PO(OEt)2

TMSO
CF3

ppm (t1)
050100150200250

0

10000000

20000000

30000000

40000000

50000000



 163 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A7.  HBMC spectrum of 249 
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Figure A8.  1H NMR spectrum of 251 

 

 

 
Figure A9. 13C NMR spectrum of 251 
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Figure A10.  HBMC spectrum of 251 
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Figure A11. 1H NMR spectrum of 258 

 

 

 

  
Figure A12. 13C NMR spectrum of 258 
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Figure A13. 1H NMR spectrum of 256 

 

 
 

Figure A14. 13C NMR spectrum of 256 
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Figure A15. 1H NMR spectrum of 253 

 

 
 

Figure A16. 13C NMR spectrum of 253 
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Figure A17. 1H NMR spectrum of 260 

 

 
 

 Figure A18. 13C NMR spectrum of 260 
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Figure A19. 1H NMR spectrum of 262 

 

 
 

Figure A20. 13C NMR spectrum of 262 
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Figure A21. 1H NMR spectrum of 264 

 

 
 

Figure A22. 13C NMR spectrum of 264 
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Figure A23. 1H NMR spectrum of 267 and 268 
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APPENDIX B 
 

HPLC 
 

 
Figure B1. HPLC chromatogram of rac-281 

 

 
Figure B2. HPLC chromatogram of enantioenriched 281 
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Figure B3. HPLC chromatogram of rac-283 

 
Figure B4. HPLC chromatogram of enantioenriched 283 
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Figure B5. HPLC chromatogram of rac-287   

 
Figure B6. HPLC chromatogram of enantioenriched 287 
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Figure B7. HPLC chromatogram of rac-289 

 
Figure B8. HPLC chromatogram of enantioenriched 289 
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Figure B9. HPLC chromatogram of rac-291  

 

 
Figure B10. HPLC chromatogram of enantioenriched 291 
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Figure B11. HPLC chromatogram of rac-293 

 

 
Figure B12. HPLC chromatogram of enantioenriched 293 
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Figure B13. HPLC chromatogram of rac-295  

 
Figure B14. HPLC chromatogram of enantioenriched 295 
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Figure B15. HPLC chromatogram of rac-190  

 
Figure B16. HPLC chromatogram of enantioenriched 190 
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Figure B17. HPLC chromatogram of rac-298 

 

 
Figure B18. HPLC chromatogram of enantioenriched 298 
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Figure B19. HPLC chromatogram of rac-304 

 

 
 

Figure B20. HPLC chromatogram of enantioenriched 304 
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Figure B21. HPLC chromatogram of rac-312 

 

 
Figure B22. HPLC chromatogram of enantioenriched 312 
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 Figure B23. HPLC chromatogram of rac-316 

 

 
Figure B24. HPLC chromatogram of enantioenriched 316 
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Figure B25. HPLC chromatogram of rac-317 

 

 
Figure B26. HPLC chromatogram of enantioenriched 317 
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Figure B27. HPLC chromatogram of rac-319  

 

 
 

Figure B28. HPLC chromatogram of enantioenriched 319  
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Figure B29. HPLC chromatogram of rac-320 

 

 
 

Figure B30. HPLC chromatogram of enantioenriched 320  
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Figure B31. HPLC chromatogram of rac-321 

 

 

 
Figure B32. HPLC chromatogram of enantioenriched 321 
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Figure B33. HPLC chromatogram of rac-304 

 

 
 Figure B34. HPLC chromatogram of enantioenriched 304 
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Figure B35. HPLC chromatogram of rac-322  

 
Figure B36. HPLC chromatogram of enantioenriched 322  
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Figure B37. HPLC chromatogram of rac-324 

 

 
Figure B38. HPLC chromatogram of enantioenriched 324 
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