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The phenomenon of catalysis has been utilized by mankind for many centuries. However, it wasn’t 

until 1811 that Kirchhof conducted the first formal experiment on catalysis. He found that sugar 

was formed from starch in the presence of a small amount of sulfuric acid which could be recovered 

after the reaction.1 Davy discovered that a hot platinum wire maintained the combustion of alcohol 

or ether vapors in the presence of air without the metal being chemically changed.2 These findings 

finally led to the invention of the miner’s safety-lamp.3 Soon after, this heterogeneous process was 

also described by his cousin who prepared finely-divided platinum that acted in the same manner 

but at room temperature.4 Around the same time, Thénard approached the concept of catalysis based 

on his results obtained from experiments with hydrogen peroxide although he never coined it as 

such.5 Dulong and Thénard then further investigated Döbereiner’s experiments where a stream of 

hydrogen gas over platinum sponge could be ignited.6 Mitscherlich drew some important 

conclusions about the formation of ether and water from alcohol in the presence of sulfuric acid.7 

All these observations led the influential chemist Berzelius to formulate a new term: catalysis. In 

1835, he described it in the following way:8 

“This new force, which was unknown until now, is common to organic and 

inorganic nature. I do not believe that this is a force entirely independent of the 

electrochemical affinities of matter; I believe, on the contrary, that it is only a 

new manifestation, but since we cannot see their connection and mutual 

dependence, it will be easier to designate it by a separate name. I will call this 

force catalytic force. Similarly, I will call the decomposition of bodies by this 

force catalysis, as one designates the decomposition of bodies by chemical 

affinity analysis.” 

The first Nobel Prize in chemistry in the field of catalysis was awarded to Ostwald in 1909. In 

Ostwald’s Nobel lecture, Berzelius was honored as a master in the art of formulating chemical 

concepts.9 In 1912, Sabatier (along with Grignard) obtained the same prize for his method of 

hydrogenating organic compounds in the presence of finely disintegrated metals.10 
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The first organocatalytic transformation was described by Wöhler and Von Liebig. They found the 

benzoin condensation during their research on bitter almond oil.11 Zinin further developed this 

reaction in the laboratories of Von Liebig.12 

The first asymmetric synthesis was claimed by Marckwald in the year 1904.13 He was able to 

decarboxylate 2-ethyl-2-methylmalonic acid in the presence of a chiral base, brucine, to obtain an 

optically active product. A few years later, Bredig and Fajans found that the decarboxylation of 

camphorcarboxylic acid in the presence of a chiral catalyst, nicotine, showed clear differences in 

decomposition rates for the two substrate antipodes, (R)- and (S)-camphorcarboxylic acid.14 This 

can be regarded as the first organocatalytic asymmetric synthesis. 

Since these early discoveries, advances in organic synthesis have often depended on advances in 

catalysis. In particular, the seminal work of Knowles, Noyori and Sharpless;15 Chauvin, Grubbs and 

Schrock;16 Ertl;17 and of Heck, Negishi and Suzuki,18 whom were all honored with the Nobel Prize 

in 2001, 2005, 2007 and 2010, respectively, should be mentioned. 

This thesis will give an introduction to the field of asymmetric organocatalysis and copper-

catalyzed multicomponent reactions. The synthesis of chiral silylated pyrrolidines and their use as 

organocatalysts, the application of chiral Brønsted acids in organocatalyzed stereoselective 

synthesis of α-amino acids and copper-catalyzed four-component reactions will be described 

thereafter. 

��� �
���������������������
�
�

After the first report on asymmetric organocatalysis, only a small number of additional examples 

were described during the twentieth century. Initial experiments on asymmetric alkylation of 

enamines were conducted by Yamada in 1969.19 Soon after, a catalytic intramolecular aldol reaction 

involving enamine intermediates was described by Eder, Sauer and Wiechert at Schering AG;20a,b 

and by Hajos and Parrish at Hoffman-LaRoche.20c,d The treatment of triketone 1 with a catalytic 

amount of (S)-proline (2) and subsequent acid mediated condensation led to the desired bicyclic 

compound 3 with an enantiomeric ratio of 94.5:4.5 (Scheme 1). 

 
Scheme 1: The Hajos-Parrish-Eder-Sauer-Wiechert reaction. 
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In 2000, List, Lerner and Barbas III reported on the use of (S)-proline (2) in direct intermolecular 

asymmetric aldol reactions. They obtained the cross aldol products in good yields and with 

enantiomeric ratios of up to 98:2 (Scheme 2). A drawback of this protocol is the high amount of 

catalyst required and its poor solubility in common organic solvents.21 

 
Scheme 2: The first organocatalytic intermolecular aldol reaction. 

At nearly the same time, MacMillan introduced an enantioselective organocatalytic Diels-Alder 

reaction. Based on the classic concept of Lewis acid catalysis, they envisaged that the reversible 

formation of iminium ions from α,β-unsaturated carbonyl compounds and secondary amines might 

cause a LUMO-lowering activation of the substrate (Figure 1).22 Interestingly, earlier work on 

amine-catalyzed asymmetric Diels-Alder cycloadditions by Serebryakov seemed to remain 

unnoticed.23 

 
Figure 1: Concepts for carbonyl activation. 

Several chiral secondary amines were screened in the Diels-Alder reaction between α,β-unsaturated 

aldehydes 7 and cyclopentadiene (8) and imidazolidinone 9 proved to be most successful 

(Scheme 3). A wide variety of substrates were tolerated in this transformation, giving the products 

in good yields, high endo/exo- and high enantiomeric ratios.22 

 
Scheme 3: An organocatalytic Diels-Alder reaction. 
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The last two examples account for the beginning of a new era in the field of asymmetric catalysis: 

organocatalysis. It is generally defined as catalysis with low molecular weight organic molecules 

where a metal is not part of the active principle. Over the past decade it has become a powerful third 

strategy next to previously established metal- and biocatalytic methods for the synthesis of optically 

active compounds. 

Given that the field has grown so rapidly and the number of publications concerning the concept of 

organocatalysis is enormous, it is useful to classify reactions into four groups: Lewis base, Lewis 

acid, Brønsted base and Brønsted acid catalysis.24 Not all catalysts can be categorized and some 

possess acidic and basic properties, making them bi- or multifunctional catalysts. Each case has to 

be properly assessed to draw conclusions on the mode of activation. 

The next subchapters will give an introduction on the four areas. The emphasis will focus on Lewis 

base and Brønsted acid catalysis as the main part of the later presented experimental work can be 

classified as such. 

����� ����
���
��
�����
�
�

A simplified principle of Lewis base catalyzed reactions is shown in Figure 2. The Hajos-Parrish-

Eder-Sauer-Wiechert reaction and the transformations described by List and MacMillan (see 

Chapter 1.1) can be designated to this mode of activation. The Lewis base catalyst (B) reacts with 

substrate (S) through nucleophilic addition to form an active nucleophile or electrophile. This 

adduct further transforms into the product (P) and the catalyst is released to continue in the 

subsequent catalytic cycle.25 Important developments in terms of catalyst design and applications 

where a covalent interaction of Lewis base catalyst and substrate is crucial will be illustrated in the 

following subchapter. Importantly, additional interactions like hydrogen bonding often play a 

pivotal role. 

 
Figure 2: General principle of Lewis base catalysis. 
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Several important C-C bond forming reactions catalyzed by (S)-proline have been described since 

its use as an organocatalyst in the intermolecular aldol reaction in 2000. For example, an aldol 

reaction between hydroxyacetone and aldehydes to form anti-1,2-diols was developed.26a Also, 

ketones and α-unsubstituted aldehydes were used as acceptors in aldol reactions.26b Self-

aldolization of acetaldehyde was accomplished by Barbas III.26c Moreover, the aldol reaction 

between two aldehydes,26d aldehydes and activated carbonyl acceptors,26e dicarbonyls,26f and 

dioxanones (as dihydroxyacetone equivalents) and aldehydes26g were established.26h 

List described the first direct organocatalytic three-component Mannich reaction using (S)-proline 

to give the desired β-amino-ketones in yields of up to 90% and enantiomeric ratios of up to 98:2.27a 

Hydroxyacetone can be employed to form syn-1,2-amino alcohols.27b Amino acid derivatives were 

obtained in good yields and high enantioselectivities when preformed N-PMP-protected imino ethyl 

glyoxylate was reacted with aldehydes in the presence of (S)-proline.27c,d Hayashi reported a one-

pot cross-Mannich reaction of aldehydes. Due to the instability of the resulting β-amino aldehydes, 

the reaction mixture was treated with NaBH4 to form the corresponding β-amino alcohols.27e 

Westermann and Enders simultaneously disclosed the synthesis of protected amino sugars and 

derivatives.27f,g Another milestone discovery was the (S)-proline catalyzed Mannich reaction of 

acetaldehyde with N-Boc-imines. This exceptionally enantioselective reaction led to valuable 

products with broad synthetic applications.27h–j 

Another important reaction in organic synthesis is the Michael addition reaction.28 The first Michael 

addition using enamine-catalysis with (S)-proline was described by List.29a The γ-nitro ketones, 

obtained from cyclohexanone and β-nitrostyrene in good yields and high diastereoselectivities, 

could not be produced in an enantiomeric ratio exceeding 61.5:38.5. Enders was able to increase 

this ratio to 88.0:12.0 by changing the solvent from DMSO to MeOH.29b Generally, (S)-proline 

catalyzed Michael additions seem to be less enantioselective and therefore many catalysts have 

been designed to increase the stereoselectivity of these transformations. 

In addition to C-C bond formations, C-N and C-O bonds in the α-position of carbonyl compounds 

can be connected by (S)-proline catalysis.30 Based on these results, (S)-proline can be considered as 

the basic module for organocatalysts.31 Many of the organocatalysts known today stem from this 

natural amino acid but other rationally designed compounds can also serve as Lewis base type 

catalysts. 

Catalytic reactions performed with Lewis bases are mostly founded on only three modes of 

activation (Figure 3).30,32 Enamine catalysis is widely used to effect enantioselective carbonyl 

α-functionalization. Two types of catalysts can be distinguished in this case. Once the enamine is 
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formed, it attracts an electrophile through hydrogen bonding or electrostatic interactions (structure 

B) facilitating a Re-face attack to give the (R)-product (structure C). The other possibility is that one 

side of the enamine intermediate (structure D) is sterically hindered and thus allowing for a 

preferred Si-face attack to give the (S)-product (structure E).26h An alternative view of this mode of 

activation is given by Seebach.33 The first example of SOMO catalyzed α-functionalization was 

reported by MacMillan.34 In this case, the enamine is oxidized to give an electrophilic species F 

which reacts with a variety of weakly nucleophilic SOMOphiles. This leads to structure G. Another 

main part of Lewis base catalysis is based on iminium catalysis.35 α,β-Unsaturated carbonyl 

compound 7 reacts with the secondary amine to form an iminium ion H which is attacked by a 

nucleophile from the sterically less hindered side to eventually give structure I. Recently, some 

γ-functionalizations of α,β-unsaturated carbonyl compounds 13 that proceed through a dienamine K 

have been realized.36 
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Figure 3: Different modes of action in Lewis base catalysis. 

Superior results to (S)-proline catalyzed Michael additions were achieved with diamines as shown 

by Barbas III and Alexakis. Both pyrrolidine-based catalysts 16 and 17 were effective to give high 

yields and satisfactory stereoselectivities in the addition of carbonyl compounds 14 to nitroolefins 

15 (Scheme 4).37a,b It is interesting that the use of hydroxyacetone also led to the desired 

1,4-adducts, but with opposite diastereoselectivity (high anti/syn-ratio instead of high syn/anti-

ratio).37c 
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Scheme 4: Michael addition reaction catalyzed by diamines 16 and 17. 

MacMillan utilized his second generation catalyst for iminium activation in a highly stereoselective 

Friedel-Crafts reaction. First generation catalyst 9 proved to be ineffective in the Friedel-Crafts 

alkylation of indoles. On the other hand, with imidazolidinone 20 the iminium formation is favored 

because the nitrogen lone pair is positioned away from the sterically hindered site and thus more 

accessible than in 9. Various substrates were tolerated to give the alkylated indoles 21 in good 

yields (up to 94%) and enantiomeric ratios of up to 98.5:1.5 (Scheme 5).38 

 
Scheme 5: MacMillan’s second generation catalyst 20. 

Imidazolidinone 20 has become a widely applicable catalyst for several iminium- or enamine-type 

transformations, for example the Mukaiyama-Michael reaction,39a conjugate hydride reductions,39b 

α-halogenation of carbonyl compounds32b or even organo-cascade reactions.39c 

Another versatile catalyst was simultaneously introduced by Yamamoto, Ley and Arvidsson.40 

Tetrazole 26 is easily synthesized starting from (S)-proline and has the advantage of better solubility 

in common organic solvents. This (S)-proline analog was successfully applied in an aldol reaction 

of ketones and chloral (22) or chloral hydrate (23) (eq. (1) in Scheme 6).40a The synthesis of 

α-aminooxy carbonyl compounds was also accomplished by Yamamoto (eq. (2)).40b Ley 

successfully employed 5-pyrrolidin-2-yltetrazole (26) as an organocatalyst in the Mannich reaction 

of carbonyl compounds and N-PMP-protected imino ethyl glyoxylate 28 (eq. (3)).40c Catalyst 

loadings as low as 5 mol% were used in these reactions. Arvidsson exploited this catalyst in an 
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aldol reaction (eq. (4)) and performed computational studies in order to explain the increase of 

reactivity of the tetrazole catalyst.40d,e Other transformations like an O-nitroso aldol/Michael 

reaction,41a the addition of ketones to nitroolefins41b or the conjugate addition of nitroalkanes to 

enones41c have since been reported. Recently, an interesting application of this proline derivative 

was described. Continuous-flow microreactor systems were used to accelerate aldol and Mannich 

reactions. This can be especially appealing for industrial applications as reaction scale-up with these 

systems is straightforward.41d 

 
Scheme 6: Use of 5-pyrrolidin-2-yltetrazole (26) in various transformations. 

Along the same lines, Hayashi proposed the use of 4-siloxyproline 30 as a more soluble catalyst 

(Figure 4). When comparing this compound to (S)-proline, a much higher reactivity was observed in 

the α-aminooxylation of carbonyl compounds, O-nitroso aldol/Michael and Mannich reaction. 

Thus, shorter reaction times and lower catalyst loadings were needed for completion of the 

transformations without compromising on stereoselectivity.42 

 
Figure 4: Hayashi’s 4-siloxyproline 30. 

Soon thereafter, Jørgensen and Hayashi simultaneously developed undoubtedly the most versatile 

organocatalyst known today. Jørgensen used TMS-protected diarylprolinol derivative 32 in an  
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α-sulfenylation reaction of aldehydes (Scheme 7). Due to their instability, it was necessary to 

reduce the aldehydes in situ. The corresponding alcohols 33 were obtained in high yields and 

excellent enantioselectivities.43a Furthermore, Hayashi applied 32 as a catalyst for the asymmetric 

Michael addition of aldehydes 12 to nitroolefins 15.43b 

 
Scheme 7: First applications of the Jørgensen-Hayashi catalyst 32. 

In addition to C-S and C-C bond forming reactions, C-N, C-O, C-F, C-Cl and C-Br bonds in the 

α-position of carbonyl compounds have been formed with this remarkable compound. Excellent 

reviews have reported on the progress that was achieved with the Jørgensen-Hayashi 

catalyst.26h,30,32a,44 Other silicon-containing catalysts have also been developed and used in various 

transformations.45 

The Michael addition of carbonyl compounds to nitroolefins has become a benchmark reaction for 

the evaluation of new organocatalysts. Wang showed that pyrrolidine sulfonamide 35 served as an 

efficient organocatalyst not only in α-aminooxylation,46a Mannich,46b α-sulfenylation46c or 

α-selenylation46d reactions, but also in Michael additions of aldehydes to nitroolefins (Scheme 8).46e 

Cheng studied the effect of chiral ionic liquids and achieved high yields and stereoselectivities with 

36.47 Bifunctional catalyst 37 was developed by Tang. This pyrrolidine-based thiourea showed 

remarkable properties especially due to the ability of thioureas to coordinate to the nitro group, thus 

controlling the orientation of the substrates leading to high stereoselectivity of the product.48 
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Scheme 8: Several rationally designed organocatalysts for Michael additions to nitroolefins. 

Following the first example of a peptide-catalyzed aldol reaction by Reymond in 2003,49 

Wennemers developed the exquisitely active tripeptide 38 to catalyze the aldol reaction between 

acetone (4) and aldehydes 5 (Scheme 9). This tripeptidic catalyst was found using a strategy for the 

rapid identification of organocatalyzed bimolecular reactions developed by the same group.50a Only 

1 mol% of catalyst was used to achieve excellent yields and enantioselectivities of up to 95.5:4.5 

er.50b A remarkable catalyst loading of only 0.1 mol% was recently published in the conjugate 

addition of aldehydes to nitroolefins.51 

 
Scheme 9: Peptide 38 as organocatalyst in aldol reactions. 

Numerous other examples of peptide-catalyzed reactions have been demonstrated and reviewed by 

Miller.52 

Interestingly, despite the efforts of Knoevenagel, Dakin, Kuhn, Langenbeck, Stork and others 

concerning enamine- and iminium-type transformations from the late nineteenth and twentieth 

century,53 no asymmetric version of the Knoevenagel condensation had been described until 

recently. Easily synthesized cinchona amine catalysts like 41 were applied in the reaction of 

racemic α-branched aldehydes 39 and malonates 40 using benzene-1,3,5-tricarboxylic acid as 
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additive (Scheme 10). The Knoevenagel condensation products were obtained in high yields and 

enantiomeric ratios of up to 95.5:4.5.54 

 
Scheme 10: The first catalytic asymmetric Knoevenagel condensation. 

Organocatalysis has not only been used in relatively simple transformations as described above. 

Enders especially has pioneered the realm of catalytic asymmetric multicomponent domino 

reactions. In 2006, his group reported on the synthesis of tetra-substituted cyclohexene 

carbaldehydes using a Michael/Michael/aldol reaction sequence (Figure 5). Jørgensen-Hayashi 

catalyst 32a was capable of catalyzing each step of this triple cascade. The first conjugate addition 

takes place between linear aldehyde 12 and nitroolefin 15. The catalyst is set free by hydrolysis and 

can form an iminium ion with α,β-unsaturated aldehyde 7 which in turn reacts in the next Michael 

addition with 34. An intramolecular aldol reaction of 43 subsequently forms intermediate 44 and 

through hydrolysis and elimination of water the 6-membered cycle 45 with four newly formed 

stereocenters is released and the catalyst enters the next catalytic cycle. A wide variety of substrates 

was tolerated to give the desired products in moderate yields (up to 58%), good 

diastereoselectivities (up to 9.9:0.1) and complete enantiocontrol (>99.5:0.5 in all cases).55 
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Figure 5: Enders’ triple cascade cycle. 

The last example demonstrates that organocatalysis serves as a powerful tool to construct 

complicated structures in a highly stereoselective manner. Excellent reviews by Christmann and 

Enders give an overview on the scope and limitations of organocatalysis in total synthesis.56 The 

combination of organocatalysis and photoredox catalysis has lately been introduced by MacMillan 

and is an emerging field.57 

����� ����
������
�����
�
�

The general principle of Lewis acid catalyzed reactions is depicted in Figure 6. The Lewis acid 

catalyst (A) reacts with substrate (S) by accepting an electron pair to form an active species which 

further transforms into the product (P). The catalyst is released to continue in the subsequent 

catalytic cycle. 
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Figure 6: General principle of Lewis acid catalysis. 

Lewis acid catalysis includes catalysis by boron (although considered as metalloid),58 

carbocations,59 silylium ions (also considered as metalloids)60 and phosphonium cations.61 Chiral 

phosphonium salts have recently been successfully applied in several asymmetric transformations. 

Although hydrogen bonding probably plays a crucial role in the reaction pathway (thus making it a 

Brønsted acid catalyst), it will be discussed here. 

The P-spiro-tetraaminophosphonium salt 47 was synthesized from (S)-valine and applied in a Henry 

reaction between aldehydes 5 and nitroethane (46) (Scheme 11). An array of 10 different aldehydes 

was tolerated to give the nitro alcohols 48 in good yields and excellent stereoselectivities.62a Other 

applications in a direct Mannich-type reaction62b and the use of chiral phosphonium salts under 

phase transfer conditions in the amination of β-ketoesters have been reported.62c 

 
Scheme 11: First highly stereoselective phosphonium salt catalyzed Henry reaction. 

Another major field in asymmetric organocatalysis is the use of quaternary ammonium salts, R4N
+, 

in phase transfer reactions. Strictly speaking, phase transfer catalysis with fully substituted 

ammonium cations does not belong in the realm of Lewis acid catalysis. These cations do not 

possess an empty orbital to accept an electron pair, and thus are not Lewis acids. Nevertheless, it 

will be shortly introduced here. 

The first efficient asymmetric alkylation of an indanone derivative using N-benzylcinchoninium 

chloride was developed by a group at Merck in 1984.63 The first practical asymmetric synthesis of 

α-amino acids using the same approach was introduced by O’Donnell.64 Lygo and Corey 
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independently further extended this area.65 Their alkaloid-based catalysts 51 proved effective in the 

alkylation of glycine Schiff base 49 with alkyl bromides 50 to form the protected 

α-amino acids 52 in good yields and high stereoisomeric ratios (Scheme 12). Acidic hydrolysis of 

52 afforded the free amino esters. Products with the opposite absolute configuration were obtained 

by using the cinchonine instead of the cinchonidine 51 derived catalysts without compromising on 

the stereoselectivities. 

 
Scheme 12: Three generations of alkaloid-based phase-transfer catalysts. 

Maruoka and Ooi emerged as leaders in this field after their report on newly developed 

C2-symmetric chiral phase-transfer catalyst 53 in 1999 (Figure 7).66a The catalyst displayed 

outstanding activity in alkylation of glycine Schiff base 49 and several other reactions. A 

particularly remarkable feature of the reactions was the low catalyst loading. Only 1 mol% (instead 

of the usual 10 mol% for the conventional alkaloid-based catalysts) was sufficient to obtain 

excellent results in terms of yield and stereoselectivity. A further advance was made with the 

powerful quaternary ammonium bromide 54. It possesses straight-chain-alkyl groups and is even 
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effective with catalyst loadings as low as 0.01-0.05 mol% in the alkylation of 49 to form α-alkyl 

and α,α-dialkyl-amino acids.66b 

 
Figure 7: Maruoka’s phase-transfer catalysts 53 and 54. 

In summary, this type of catalysis enables alkylation and dialkylation of glycine Schiff base to 

produce natural and unnatural α-amino acid derivatives and gives rise to numerous other 

transformations to give products in high yields and stereoselectivities.67 
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The IUPAC definition of a Brønsted base is a molecular entity capable of accepting a hydron 

(proton) from an acid (i.e. a “hydron acceptor”) or the corresponding chemical species.68 A general 

picture of Brønsted base catalysis is given in Figure 8. A pro-nucleophile (S-H) is deprotonated by 

the base to render a species (BH+S-) with enhanced nucleophilicity. This species further transforms 

into the product (P) and the catalyst is released to continue in the subsequent catalytic cycle. In 

contrast to Lewis base catalysis, reactions with Brønsted bases rely on non-covalent interactions of 

the substrate-catalyst adduct in the transition state. A few important asymmetric organocatalytic 

examples will be described here. 

 
Figure 8: General principle of Brønsted base catalysis. 

Since the interaction of the Brønsted base catalyst and substrate results in an ion pair and the 

asymmetric outcome of the reaction relies on the nature of the chiral catalytic component of the 
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intermediate, effective catalysts often incorporate an additional site with hydrogen-bond donor 

ability. Nevertheless, these bifunctional Brønsted base/Brønsted acid catalysts will be discussed 

when the basic center proved crucial for effective catalysis and the catalytic cycle involves a base-

promoted deprotonation step. Synergistic activation of the nucleophile and electrophile often leads 

to highly effective transformations with low catalyst loadings. 

Cinchona alkaloids seem to have properties to fulfill these requirements and the first catalytic 

reaction was described by Bredig almost 100 years ago. He obtained an enantiomeric ratio of only 

55.0:45.0 in the hydrocyanation of aldehydes in the presence of quinidine.69a In 1960, Pracejus 

found a stereoselective method to form α-phenyl propionic acid ester (87.0:13.0 er) when using 

phenylmethylketene, methanol and only 1 mol% of acetylquinidine.69b Various publications by 

Wynberg69c during the second half of the twentieth century showed the broad applicability of 

cinchona alkaloid based catalysis, with a stereoselective β-lactone synthesis as perhaps the most 

eminent example.69d 

Cinchona alkaloids like 55 and 56 are successful catalyst in numerous asymmetric transformations 

due to their bifunctional nature (Figure 9). They possess multiple sites suitable for further 

modification and thus fine-tuning for specific requirements of reactions like the Mannich, Michael, 

Henry or aza-Henry reaction is possible. Furthermore, few examples of stereoselective C-O-, C-N-, 

C-S- and C-P-bond forming reactions have been reported.70 The desymmetrization of cyclic meso-

anhydrides leading to optically active hemiesters using these types of alkaloids has also been 

described.71 

 
Figure 9: Bifunctional cinchona alkaloids. 

In 1990, Inoue employed a dipeptide in the stereoselective synthesis of cyanohydrins. Cyclo[(S)-

phenylalanyl-(S)-histidyl] (58) is easily synthesized starting from the corresponding protected 

amino acids (benzyloxycarbonyl)-(S)-phenylalanine and (S)-histidine methyl ester. Use of only 

2 mol% of this catalyst in the addition of hydrogen cyanide (57) to aldehydes 5 led to enantiomeric 
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ratios of up to 98.5:1.5 (Scheme 13). After derivatizing the cyanohydrins to the appropriate esters, 

the conversion and enantiomeric ratio were determined by 1H NMR spectroscopy or GC.72 

 
Scheme 13: Asymmetric addition of hydrogen cyanide to aldehydes catalyzed by dipeptide 58. 

The addition of hydrogen cyanide to imines is part of the oldest method known for the synthesis of 

α-amino acids: the Strecker synthesis.73 Lipton utilized a similar dipeptide as Inoue but with 

guanidine as basic moiety for the addition of hydrogen cyanide (57) to N-benzhydryl imines 60 

(Scheme 14).74a Corey also developed a guanidine-based catalyst for this reaction.74b High yields 

and enantiomeric ratios of the N-substituted α-amino nitriles 63 were obtained in both cases. 

Treatment with 6N HCl at elevated temperatures gave the corresponding α-amino acids. 

 
Scheme 14: Asymmetric Strecker synthesis catalyzed by guanidine derivatives 61 and 62. 

Interestingly, subsequent studies by Kunz revealed that the results reported by Lipton were not 

reproducible and that 61 did not induce enantioselective addition of hydrogen cyanide to imines.75 

The characteristics of chiral guanidines comprise high pKa values and the ability to form dual 

hydrogen bonds which make these type of compounds feasible catalysts for many asymmetric 

transformations.76 
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Brønsted acid catalysis is based on non-covalent interactions as well. The general asymmetric 

Brønsted acid catalysis through directed hydrogen bonding will shortly be introduced in this 
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section. More specific acid catalysis with chiral Brønsted acids constitutes the main topic of this 

part. A general picture is delineated in Figure 10. The chiral Brønsted acid (A-H) protonates the 

substrate (S) and forms a chiral ionic pair that further transforms into the product (P) and releases 

the catalyst for subsequent action. This asymmetric counterion-directed catalysis (ACDC, a term 

introduced by List) has become a viable concept in the recent past.77 

 
Figure 10: General principle of Brønsted acid catalysis. 

Activation of electrophiles through hydrogen bonding is abundant in the field of biocatalysis.78 

Inspired by this type of activation, Jacobsen introduced a small molecule catalyst capable of 

forming double hydrogen bonds. Chiral Schiff bases 65a-c bearing urea or thiourea moieties were 

able to catalyze the addition of hydrogen cyanide (57) to a wide variety of imines forming α-amino 

nitriles in high yields and excellent enantiomeric ratios (Scheme 15).79 The addition to ketimines to 

form quaternary α-amino acid derivatives was also achieved.80 Additional transformations like the 

Mannich81a or aza-Baylis-Hillman81b reaction were performed with 65d.82 

 
Scheme 15: Jacobsen’s catalysts 65a-c in the asymmetric Strecker reaction. 

Takemoto reported that a thiourea-based catalyst 68 was effective in the Michael addition of 

malonates 67 to nitroolefins 15 (Scheme 16). Their investigations showed that the thiourea and 

tertiary amino group both should be present within the molecule to obtain satisfying rates and 
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enantioselectivities.83 Compound 68 thus possesses Brønsted acidic as well as Brønsted basic 

properties. The electron withdrawing CF3-groups make the N-H protons more acidic and therefore 

better hydrogen bond donors. They also polarize the adjacent H atoms, which in turn facilitates 

interaction with the sulfur which may make the catalyst more rigid and explain the high 

stereoselectivities that are achieved with thiourea-based catalysts. Early studies about this paradigm 

had been conducted by Schreiner.82a,g,84 

 
Scheme 16: Asymmetric Michael addition catalyzed by Takemoto’s catalyst 68. 

The versatile Seebach compound, TADDOL (71),85 was first successfully applied as an 

organocatalyst in the asymmetric hetero-Diels-Alder reaction. When 1-amino-3-siloxy diene 70 was 

reacted with aldehyde 5 in the presence of catalyst 71, cycloadduct 72 was constructed and directly 

transformed into dihydropyrone 73 upon treatment with acetylchloride (Scheme 17).86 The diol, 

derived from tartaric acid, is believed to activate the carbonyl compound by single hydrogen bond 

donation. Most likely, intramolecular H-bonding increases the acidity of the other O-H bond and the 

proximity of aryl groups further defines the orientation of substrate by steric and electronic 

interactions.58b,82d These two features, Brønsted acidity and aryl groups allowing for π-π 

interactions with the substrate, are also present in chiral phosphoric acid catalysts. 

 
Scheme 17: Hetero-Diels-Alder reaction catalyzed by chiral diol 71. 
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Phosphoric acids are stronger Brønsted acids than the previously discussed (thio)ureas and diols. In 

2004, Akiyama and Terada simultaneously reported the first asymmetric synthesis using BINOL-

based phosphoric acids as catalysts. They both performed a Mannich reaction with preformed 

imines 60 to produce the desired β-amino carbonyl compounds 76 and 78 (Scheme 18).87 

 
Scheme 18: Mannich reactions catalyzed by chiral phosphoric acids 75a and 75b. 

Many more reactions using similar BINOL-derived phosphoric acids have been developed 

following these two seminal reports. Several features of this type of catalyst proved necessary for 

efficient asymmetric transformations (Figure 11). The rigid C2-symmetric binaphthyl moiety forms 

the chiral backbone of the molecule. Substituents in the 3,3’-position of this backbone can be 

adjusted to achieve ideal steric and electronic properties for the desired transformation. 

Furthermore, both enantiomers of BINOL are commercially available and numerous methods for 

introducing substituents in the 3,3’-position of the binaphthyl backbone have been described. The 

key aspect in most cases, however, is the dual function of the phosphoric acid. Its Brønsted acidic 

and Lewis basic site readily enable substrate activation.88 

 
Figure 11: Properties of BINOL-based phosphoric acids 75. 

Other chiral phosphoric acid structures have also been developed (Figure 12). For example the 

TADDOL-based compound 79 was used by Akiyama in a Mukaiyama-type Mannich reaction.89a 

Antilla introduced the vaulted 3,3’-biphenanthrol-based 80 for use in the addition of amides and 

imides to imines.89b,c Another alternative was found by Terada. Phosphorodiamidic acid 81 

catalyzed the Mannich reaction albeit with low enantiomeric ratios (up to 78.0:22.0).89d A more 

twisted backbone was obtained when the partially hydrogenated BINOL (H8-BINOL) was 
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implemented (compound 82). Gong and others found some exquisite applications for this type of 

catalyst. Among them are the Biginelli,89e hetero-Diels-Alder,89f Mannich,89g,h and Friedel-Crafts89i 

reaction. 

 
Figure 12: Chiral phosphoric acids 79-82. 

Catalysts 79-81 have been moderately successful but not yet found broad application. Catalyst 82 

has turned out to be more fruitful in several applications, but derivative 75 is undoubtedly the most 

versatile Brønsted acid catalyst and will therefore be discussed in more detail. 

In 2004, Terada employed the sterically hindered 3,5-dimesitylphenyl-substituted catalyst 75c in the 

Friedel-Crafts reaction between furan 83a and N-Boc aldimines 60 (Scheme 19). The 

furan-2-ylamines 84 were obtained in high yields and in a highly enantioselective fashion. It is 

noteworthy that the reaction could be performed on a 1 g scale with only 0.5 mol% of catalyst 

without compromising on yield (95%) or enantioselectivity (98.5:1.5 er).90 

 
Scheme 19: The first asymmetric phosphoric acid catalyzed Friedel-Crafts reaction. 

Another interesting chiral phosphoric acid catalyzed Friedel-Crafts reaction towards functionalized 

indole derivatives was introduced by You (Scheme 20). Imines derived from aromatic aldehydes 

were the main substrates used, but one aliphatic example was presented (albeit with lower yield and 

enantioselectivity, 56% and 79.0:21.0 er, respectively). N-Tosyl and N-brosyl were used as 

protecting groups on imines 60. In general, this procedure represents an efficient chiral acid 

catalyzed method to form 3-indolyl methanamine derivatives 85.91a An interesting chiral phosphoric 

acid catalyzed Friedel-Crafts reaction of indole and α-aryl enamides to form quaternary carbon 
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centers was developed by Zhou.91b Also, Friedel-Crafts reactions for the functionalization of 

pyrroles in the 2-position using the same activation mode were described.91c,d 

 
Scheme 20: Asymmetric organocatalytic synthesis of indole derivatives 85. 

List and Rueping then simultaneously made a breakthrough in the field with the organocatalytic 

reduction of ketimines 64 (Scheme 21). List introduced a bulky substituent on the backbone of the 

phosphoric acid which proved applicable for many transformations (for a detailed study concerning 

the use of TRIP (75e) as an organocatalyst, see Chapter 2.2.3). Merely 1 mol% of catalyst and 

slightly elevated temperatures (35 °C) in toluene were sufficient for the reduction of a large number 

of N-PMP-protected ketimines 64 (11 examples, up to 98% yield, up to 96.5:3.5 er) in the presence 

of 1.4 equivalents of Hantzsch ester 86.92a Rueping performed the same reaction and reached 

somewhat lower enantiomeric ratios of amines 89 (13 examples, up to 91% yield up to 92.0:8.0 er) 

employing 20 mol% of catalyst 75f in benzene at 60 °C.92b MacMillan disclosed the 

ortho-triphenylsilyl variant 75g of the BINOL-based catalyst for the reductive amination of ketones 

87 (27 examples). Molecular sieves were necessary to trap the water formed during imine formation 

and which disrupted the hydride reduction step. The desired amines 89 were obtained in yields of 

up to 92% and enantiomeric ratios of up to 98.5:1.5.92c 
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Scheme 21: Brønsted acid catalyzed synthesis of enantiomerically enriched amines 89. 

The Pictet-Spengler reaction is a powerful method to form tetrahydroisoquinoline and tetrahydro-β-

carboline structures. The first acyl-Pictet-Spengler reaction catalyzed by a chiral thiourea was 

described by Jacobsen.93a List then found that also chiral phosphoric acids can catalyze this 

transformation. At that time, Jacobsen and List both concluded that the use of simple substrates 

were unsuccessful because they were inactive under the applied conditions. To overcome this 

limitation, List employed the Thorpe-Ingold effect and used geminally disubstituted tryptamines 90 

as substrates that effectively led to the desired carboline derivatives 91 (Scheme 22).93b To 

surmount the disadvantages of the N-acyl (Jacobsen) and the two ester groups (List), Hiemstra 

found that N-sulfenyltryptamines are suitable substrates as the sulfenyl group is easily introduced 

and removed.93c These methods were applied in the total synthesis of (+)-yohimbine93d and 

(–)-arboricine93e among others. Further breakthroughs like the use of N-benzyltryptamines and even 

tryptamine itself as starting material were established by Hiemstra93f and Jacobsen,93g respectively. 

 
Scheme 22: Chiral phosphoric acid catalyzed Pictet-Spengler reaction. 
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The acidity of the phosphoric acids described above is sufficient to activate reactive substrates, 

which somewhat constitutes a limitation of this type of catalysis. Stronger acids would be desirable 

and Yamamoto achieved this by introducing a “NTf” group into the phosphoric acid. N-Triflyl 

phosphoramide 94a was used in the Diels-Alder reaction between ethyl vinyl ketone (92) and 

siloxydienes 93 to yield the cyclic adducts 95 in enantioselectivities of up to 96.0:4.0 er 

(Scheme 23).94 

 
Scheme 23: N-Triflyl phosphoramide 94a in the asymmetric Diels-Alder reaction. 

The first activation of a carbonyl compound was also accomplished with N-triflyl phosphoramides. 

The Nazarov reaction is a versatile method for the synthesis of five-membered rings. The 

interesting optically pure cyclopentanone products are formed by an electrocyclic reaction 

(Scheme 24). The major cis-products 97a could be easily isomerized into the trans-product 97b by 

basic alumina without affecting the enantioselectivity, thus, this method provides access to both 

diastereomers with high enantioselectivity.95 

 
Scheme 24: First Brønsted acid catalyzed enantioselective electrocyclic reaction. 

The broad range of applications of chiral phosphoric acid catalyzed reactions also includes i.a. aza-

ene-type,96a Strecker,96b Baeyer-Villiger,96c aza-Henry,96d Kabachnik-Fields96e,f and carbonyl-ene96g 

reactions. Weaker Brønsted acids have also been developed for some specific applications 

concerning acid sensitive substrates. The carboxylic acids 98 and 99 display two examples of such 

catalysts (Figure 13).97 
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Figure 13: Chiral carboxylic acids 98 and 99. 

Brønsted acid catalysis has also become relevant in cascade and multicomponent reactions.56,88d 

Furthermore, the combination of chiral Brønsted acid and metal catalysis has received growing 

attention. A review by Rueping gives an overview of this exciting area.98 

Important observations concerning the synthesis and purification methods of the phosphoric acids 

have been made. In a report by Ishihara, it was shown that both Ca[75]2 and H[75] catalyze a 

Mannich reaction (Figure 14). Distinct differences were observed when the phosphoric acids were 

washed with HCl after purification on silica gel. Therefore it is of high importance to affirm 

whether the reaction is promoted by a metal salt of the phosphoric acid or the phosphoric acid 

itself.99 

 
Figure 14: Chiral phosphoric acid or its metal salt as catalyst? 

Organocatalysis has become a powerful method to construct stereocenters in a highly 

enantioselective fashion. Although many protocols still have limitations, further studies will most 

probably bring improvements in these cases. With the toolbox of organocatalysis still growing and 

the progress of mechanistic insight, it will be exciting to investigate unexplored reactions or even 

find novel activation modes. 
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This section will elucidate some important advances in multicomponent reactions (MCRs) and 

focus on the work by Chang and Fokin who are pioneers in the field of copper-catalyzed 

multicomponent reactions. 
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The cycloaddition of azides and alkynes is a very useful method to form triazoles and can be 

considered as a click reaction.100 A thermally induced Huisgen addition leads to an approximate 1:1 

mixture of 1,4- and 1,5-regioisomers. The copper-catalyzed reaction between terminal alkynes and 

azides results exclusively in 1,4-disubstituted 1,2,3-triazoles 104 (eq. (1) in Scheme 25).101 

Surprisingly, when Chang utilized sulfonyl instead of alkyl- or aryl-substituted azides and terminal 

alkynes in the presence of amines and catalytic amount of copper, amidines 105 were produced in 

high yields. Copper(I) iodide (103a) was chosen as catalyst and the reaction had a broad scope in 

terms of all substrates giving the amidines in yields of up to 99% (eq. (2)).102a The use of 

phosphoryl azides led to phosphoryl amidines.102b 

 
Scheme 25: Different pathways (1) and (2) depending on azide 101. 

The mechanism of this transformation was intensely studied and is depicted in Figure 15. The initial 

step is similar to the “regular” copper-catalyzed azide-alkyne cycloaddition (CuAAC). A copper 

acetylide species A is formed when a terminal alkyne is treated with a base in the presence of Cu(I). 

Only one copper atom is shown although more than one copper atom is most likely involved in the 

catalytic cycle.103 After coordination of tosyl azide (101a) to A, stepwise formation of triazole C 

takes place. Ring-chain isomerization leads to the formation of an active ketenimine E which can be 

trapped with a suitable nucleophile to produce adduct F.104 Ideal trapping conditions to form 

triazole D were developed by Chang and Fokin and others.105 Thus, by choosing the right basic 

additives and appropriate temperature, it is possible to control the product distribution. 
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Figure 15: Proposed mechanism for the Cu-catalyzed three-component reaction. 

The addition of a nucleophile to the active ketenimine species E embodies the potential of this 

reaction. A large number of nucleophiles have been found to form a broad scope of products.106 The 

next subsections will introduce some remarkable examples concerning the use of N-nucleophiles 

and O-nucleophiles. Thereafter, a few miscellaneous examples will be highlighted and at last four-

component reactions will be covered. 
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After the first example of a copper-catalyzed three-component coupling reaction of sulfonyl azides, 

terminal alkynes and N-nucleophiles by Chang (see Scheme 25), many more were reported and 

some will be discussed here. 

Cyclic amidines such as 106 and 107 were obtained when 1,n-aminoalkynes were reacted with 

sulfonyl azides in the presence of a copper catalyst (Figure 16). It was found that the reaction did 

not follow the same path as in the intermolecular version as other metals also catalyzed the 

transformation. Ru3(CO)12 showed the highest efficiency and a tandem reaction involving 

intramolecular hydroamination was proposed.107 
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Figure 16: Examples of 5- and 6-membered cyclic amidines. 

An interesting procedure to form 5-arylidene-2-imino-3-pyrrolines 109 was described by Wang 

(Scheme 26). 2-Acyl aziridines 108 were selected as coupling partners for the copper catalyzed 

three-component reaction. Uncyclized products were delivered when the reaction was performed in 

CH2Cl2. Elevated temperatures in acetonitrile were needed to form the desired cyclic products 109 

with only trace amounts of uncyclized amidine.108 

 
Scheme 26: Synthesis of pyrroline-derivatives 109. 

The synthesis of indole-derivatives 111 was achieved by following a similar approach developed by 

Chang to produce indolines.109a A wide variety of 2-ethynylanilines 110 reacted with tosyl azide 

(101a) in the presence of CuBr and a base towards the reactive ketenimine following the general 

mechanism (see Figure 15). The ketenimine was then attacked in an intramolecular fashion to form 

the indole ring which in turn reacted with a range of nitroolefins 15 to yield the desired products 

111 (Scheme 27). The testing of these compounds in biological screening as an HCT-116 inhibitor 

showed promising results.109b 

 
Scheme 27: A three-component reaction towards indole-derivatives 111. 

Other examples of this type of multicomponent reaction include the synthesis of 2-imino-1,2-

dihydroquinolines and 2-imino-thiochromenes,110a the use of ammonium salts as facile coupling 

partners,110b the synthesis of 2-alkylidene-1,2,3,4-tetrahydropyrimidines,110c substituted 

benzimidazoles110d,e and N-sulfonylacetamidines.110f 



�������������

40 

����� 
�""��#
�����$��� �'���#
��"������ 
��"����� &�������
� �	�
�����������(���
)�*��	������$���
������#+�����"'���
�

An appealing alternative amide synthesis was independently developed by Chang and Fokin. 

Reactions of terminal alkynes 100 and sulfonyl azides 101 in the presence of triethylamine as base 

and a catalytic amount of copper(I) iodide delivered the N-sulfonyl amides 112 under aqueous 

conditions (Scheme 28).111a Fokin simultaneously reported the same sequence with slightly adjusted 

conditions. For example, the addition of 2 mol% of TBTA (113) accelerated the reaction.111b,c 

 
Scheme 28: Copper-catalyzed hydrative amide synthesis. 

The Pinner reaction constitutes a viable method to form imidates although some limitations such as 

low yields and limited substrate scope are present.112 Chang introduced the synthesis of these 

compounds in high yields using a mild method where terminal alkynes 100, sulfonyl azides 101 and 

alcohols 114 react in the presence of triethylamine and catalytic amounts of copper(I) iodide 

(Scheme 29). Further modifications towards amidines (and subsequent desulfonylation) and 

N-allylic sulfonamides (by Pd-catalyzed rearrangement) were also presented.113 

 
Scheme 29: Synthesis of N-sulfonylimidates 115. 

Other examples where an O-nucleophile was employed were disclosed in the synthesis of 

2-iminocoumarins and 2-iminodihydrocoumarins.114 
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Reaction partners other than nitrogen or oxygen nucleophiles have also been utilized in the copper-

catalyzed multicomponent reaction. Chang developed a protocol for the functionalization of pyrrole 

derivatives under mild conditions (Scheme 30). Copper(I) chloride was found to be the best copper 

source to catalyze the transformation. A broad scope of substrates reacted to give the target 

compounds 117 in high yields.115a 

 
Scheme 30: Copper-catalyzed 2-functionalization of pyrroles under mild conditions. 

Only one additional example that leads to the construction of a C–C bond by using a carbon 

nucleophile to trap the reactive ketenimine intermediate has been described to date. Zhang showed 

that β-ketoesters were efficient coupling partners in the copper-catalyzed three-component reaction 

to produce 4-arylsulfonimino-4,5-dihydrofuran derivatives.115b 

An intriguing example of trapping the ketenimine intermediate, formed as an intermediate after the 

copper-catalyzed azide-alkyne cycloaddition, was shown by Fokin (Scheme 31). This one-step 

procedure furnished the four-membered heterocyclic N-sulfonylazetidin-2-imines 118 and was 

tolerant of a wide variety of alkyne-, azide- and imine-substrates which underlines the versatility of 

this reaction.116a A route towards azetidiniminium and azetidinimine analogs of β-lactams using 

different approaches was already described by Ghosez in the 1970s and 1980s.116b–d 

 
Scheme 31: Synthesis of azetidinimines 118. 

Additional examples in which formal [2+2] cycloadditions of in situ generated 

N-sulfonylketenimines takes place were reported by Xu, Wang, Shang and Ma. Xu utilized 

carbodiimides to deliver 2-(sulfonylimino)-4-(alkylimino)azetidine derivatives.117a Phosphorus-
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containing amidines were prepared by Wang.117b Shang made use of phenolic imines to form an 

azetidinimine which was attacked by the phenolic oxygen in an intramolecular fashion. This 

eventually led to benzoxazoline-amidines.117c Ma recently reported the synthesis of 

2-iminooxetanes that could be further reacted towards functionalized pyrrolidinone and maleimide 

derivatives.117d 
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The α-functionalization of amidines or imidates with different electrophiles represents an 

interesting approach to form aldol-, Michael-, Mannich-type or other products. Highly 

diastereoselective reactions of cyclic amidines with aldehydes were investigated by Magnus.118a In 

2004, Ellman demonstrated the use of the tert-butanesulfinyl group as chiral auxiliary in the 

diastereoselective alkylation of acyclic 119 to afford amidines 120 (Scheme 32). Further 

transformations of the amidines to aldimines, ketimines and amines that include α- and 

β-stereocenters were achieved. Moreover, the asymmetric synthesis of (6R,7S)-7-amino-7,8-

dihydro-α-bisabolene was established.118b Few examples of diastereoselective alkylation of 

phosphoryl amidines were shown by Chang.102b 

 
Scheme 32: First diastereoselective alkylation of preformed acyclic amidines. 

Kobayashi found a highly diastereoselective Mannich-type reaction when sulfonylimidates 115 

were treated with catalytic amounts of DBU in the presence of imines 60 (Scheme 33). Bulky 

groups on the imidate part (R4 = 2,5-xylyl, R5 = iPr) proved optimal to reach high yields and 

diastereoselectivities. Methyl acrylate and azodicarboxylate as Michael acceptors were also 

successfully employed as electrophiles in this transformation.119 Chiral N’-tert-butanesulfinyl 

imidates represent also suitable substrates for further modification (for example the synthesis of 

β-amino acid derivatives) as presented by De Kimpe.120a–c An enantioselective organocatalytic 
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Michael reaction between N-tosylimidates and Michael acceptors was accomplished by Barbas 

III.121 

 
Scheme 33: DBU-catalyzed Mannich-type addition of sulfonylimidates 115. 

The first one-pot procedure towards α-functionalized imidates was developed by Chang. Ethyl 

glyoxylate (122) was the only electrophile (among others tested) that led to the desired four-

component adduct. Various terminal aryl alkynes 100, sulfonyl azides 101, alcohols 114 and ethyl 

glyoxylate (122) reacted in the presence of triethylamine as base and catalytic amount of copper(I) 

iodide to furnish α-aryl-β-hydroxy imidates 123 in high yields (Scheme 34).122 

 

Scheme 34: Copper-catalyzed four-component reaction to form α-functionalized imidates 123. 

Wang reported the use of nitroolefins as suitable electrophiles in a similar copper-catalyzed four-

component reaction (Scheme 35). This work was established independently and at the same time as 

we conducted related experiments at KAIST (see Chapter 2.3 for more details).123a Variations of all 

four substrates were tolerant to the reaction conditions and yielded γ-nitro imidates 124.123b 

 
Scheme 35: Copper-catalyzed four-component coupling with nitroolefins. 



�������������

44 

Morita-Baylis-Hillman adducts 125 also served as electrophiles in the four-component coupling 

reaction. The substrate scope was broad and gave the desired products 126 in very satisfactory 

yields (Scheme 36). Furthermore, a possible mechanism was described by Wang.124 

 
Scheme 36: Copper-catalyzed four-component coupling with Baylis-Hillman adducts. 

With many multicomponent reactions already available in the chemist’s toolbox, such as the 

Biginelli (3CR),125 Hantzsch (4CR),126 Mannich (3CR),27i,j,127 Passerini (3CR),128 Petasis (3CR),129 

Strecker (3CR)73 and Ugi (4CR) reactions,130 it has been shown that the multicomponent reaction 

introduced here is surely an appealing additional example. This relatively new development of 

multicomponent reactions based on the well-known CuAAC reaction has rapidly grown to a viable 

method to form highly functionalized products. 
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The tert-butoxycarbonyl (Boc) group can be used to direct α-lithiation to give a nucleophilic 

species which can be trapped by electrophiles to provide α-functionalized carbamates. This 

approach has often been applied in asymmetric synthesis.131 The enantioselective synthesis of 

2-substituted Boc-pyrrolidines was effected through deprotonation with a combination of 

sec-butyllithium (sBuLi) and (–)-sparteine (128). Electrophiles like TMSCl, aldehydes, ketones and 

dimethylsulfate among others were used by Beak to form the desired products 129 in high yields 

and enantioselectivities (Scheme 37).132 Intensive studies of this transformation have been 

conducted by several groups.133 Moreover, the Boc group is easily installed and removed.134 

 
Scheme 37: Asymmetric synthesis of 2-substituted pyrrolidines. 

This constitutes a convenient method to synthesize silylated pyrrolidines, however, the applications 

of such structures are quite rare. West utilized 2-dimethylphenylsilyl-substituted pyrrolidines to 

furnish dihydroxyquinolizidines, which involves a silyl-directed Stevens [1,2]-shift of ammonium 

ylides as crucial step.135 Skrydstrup found an alternative synthesis of (R)-N-Boc-2-(diphenylmethyl-

silyl)pyrrolidine in the study towards silicon-containing peptide mimics.136 
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The research objective for this project was based on earlier investigations by Bolm concerning 

silicon chemistry. Bolm was the first to find a synthetic method to form α-trialkylsilyl-substituted 

α-amino acids through rhodium-catalyzed N-H insertion reactions. These compounds can be 
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considered as tert-leucine analogs and they were successfully implemented in a dipeptide.137 Other 

related compounds such as α-silyl-substituted α-hydroxyacetic acids,138a,d silicon-containing 

dioxolanones138b and silylated 1,2,4-triazin-5-ones138c were also synthesized. Planar-chiral 

ferrocene-based silanols 130 were catalytically used as ligands in zinc-mediated aryl transfer 

reactions to give diarylmethanols 131 in up to 81% yield and up to 95.5:4.5 er (Scheme 38).139 

 
Scheme 38: Ferrocene-based silanols 130 as chiral ligands. 

The purpose of this research was to synthesize silicon-containing compounds in an enantioselective 

fashion and to use them as organocatalysts. At the outset of this study it was envisaged that 

pyrrolidine-based structures 132 could meet those goals (Figure 17). These structures are analogous 

to the highly versatile organocatalysts (S)-proline (2) and the Jørgensen-Hayashi catalyst 32. 

 
Figure 17: Established organocatalysts 2 and 32 and silylated pyrrolidine 132. 

The following subchapters will discuss the synthesis of various N-Boc-protected silylated 

pyrrolidines, the deprotection thereof and their application as organocatalysts. 
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The synthesis of N-Boc-pyrrolidine (127) was accomplished following a procedure described in the 

literature. The reaction of readily available pyrrolidine with di-tert-butyl pyrocarbonate in the 

presence of the Steglich-catalyst DMAP delivered the desired product 127 in quantitative yield.140 

The subsequent α-functionalization was achieved by a slightly adjusted protocol, which was 

established by Beak, O’Brien and others (see Chapter 2.1). Some important precautions had to be 

taken into account to obtain reproducible yields and enantioselectivities. The molarity of sBuLi 

should be ascertained by titration prior to use.141 (–)-Sparteine (128) should be distilled before use 

to remove impurities and water. It was sufficient to treat the chlorosilanes 133 with a base (K2CO3) 
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before adding it to the reaction mixture, although distillation proved to be more effective. Possibly 

present acids and silanols were removed this way.142 The order of addition was also found to play a 

key role in the process. First, an ethereal solution of (–)-sparteine (0.75 M) was cooled to –78 °C 

with the help of an iPrOH/dry ice bath. sBuLi was then slowly added with a syringe and the mixture 

was stirred for 15 min. A solution of N-Boc-pyrrolidine (127) in diethyl ether (1.0 M) was 

subsequently added and the mixture was stirred at –78 °C for another 4 hours. It was then crucial to 

add the electrophile slowly. A convenient addition method of the ethereal chlorosilane solution 

(1.0 M) was effected with the aid of a syringe pump (an addition speed of ~20 mL/h was selected). 

The substrates were employed with 1.05 equivalents relating to the N-Boc-pyrrolidine. Furthermore, 

the temperature should be maintained at –78 °C overnight and the mixture should be allowed to 

reach room temperature shortly before the work-up procedure. Eventually, intensive investigations 

led to an array of silylated pyrrolidines 134a–d (Scheme 39). The trimethylsilyl-substituted product 

134a was obtained in 74% yield and an enantiomeric ratio of 96.5:3.5, which is in accordance with 

the literature.132 The dimethylphenyl derivative 134b was produced in 93% yield and with a slightly 

higher enantiomeric ratio than reported by West (97.0:3.0 er compared to 92.5:7.5 er).135 Reaction 

with diphenylmethylsilyl chloride turned out to give product 134c in 93% yield and with the best 

enantioselectivity (97.5:2.5 er). Surprisingly, the triphenylsilyl-substituted N-Boc-pyrrolidine 134d 

was accessed in lower yield and almost racemic form. Latter evidence was gained after HPLC 

analysis of the corresponding benzoyl derivative as no suitable HPLC conditions were found for 

134d (see Chapter 2.1.3 for the derivatization). The low yield and enantiomeric ratio probably 

occurred due to the low solubility of triphenylsilyl chloride in diethyl ether at such low 

temperatures. Racemic mixtures of the silylated pyrrolidines 134a–c were synthesized following the 

same procedure but with TMEDA instead of (–)-sparteine. The resulting racemic samples were used 

to find suitable separation conditions for HPLC analysis (see Chapter 4.4 for further details).143a 

 
Scheme 39: Synthesis of N-Boc-protected silylated pyrrolidines 134a–d. 

Strohmann found an elegant way to synthesize enantiopure (S)-N-Boc-2-triphenylsilylpyrrolidine 

(134d). In independent studies it was shown that the use of dimethoxydiphenylsilane (135) led to 

intermediate 134e, which was not isolated. Subsequent nucleophilic substitution with phenyllithium 
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(136) gave the desired product 134d in moderate yield (50%, Scheme 40). Enantiopure samples 

were obtained after recrystallization.143b 

 
Scheme 40: An alternative approach towards N-Boc-2-(triphenylsilyl)pyrrolidine (134d). 

Further studies focused on the synthesis of silanol-containing pyrrolidine derivatives. Preliminary 

results were obtained by Özçubukçu.144 Experiments on the synthesis of silane 134f were 

reproduced in 64% yield although it was found that the silane was unstable on silica gel and was not 

obtained in pure form (Scheme 41). The eventual goal was to oxidize the Si-H bond to the desired 

silanol 134g. This was envisaged to be accomplished by oxidation methods with for example 

KMnO4 (developed by Lickiss)145a or Ir-catalysis (developed by Lee and Chang).145b Moreover, the 

impure silane decomposed into a mixture of unidentified compounds and no silanol product was 

obtained by any means. The free silanol is particularly desirable due to its higher acidity compared 

to its carbinol analog, which makes it a better hydrogen bond donor with probable advantageous 

features.146 

 
Scheme 41: A possible route towards silanol 134g. 

An alternative approach to produce silanol derivatives was undertaken with cyclotrisiloxane 138 as 

silicon electrophile. Sieburth reported on the application of cyclic diphenyl- and dimethylsiloxanes 

with primary, secondary and tertiary organolithium reagents to form the corresponding silanols in 

good yields.147 Several attempts using this method were conducted but led to the desired product in 

poor yield (Scheme 42). With TMEDA (137) as diamine ligand silanol 134g was formed in 29% 

yield and racemic form. Surprisingly, the reaction with (–)-sparteine (128) gave the product in only 

10% yield with an enantiomeric ratio of 77.0:23.0. 
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Scheme 42: Use of cyclotrisiloxane 138 to form silanol 134g. 

A similar electrophile was employed to test if the yield could be increased compared to the previous 

method. Trapping the lithiated pyrrolidine, which was generated using the established procedure, 

with diphenyldimethoxysilane (135) yielded a mixture of N-Boc-protected 2-(methoxydiphenyl-

silyl)pyrrolidine 134e and N-Boc-2-(diphenylhydroxy)pyrrolidine (134g) (Scheme 43). The mixture 

was then treated with hydrochloric acid, which led to removal of the Boc-group and hydrolysis of 

the methylsilyl ether to form the hydrochloric salt 139a. Intensive investigations about the treatment 

of N-Boc-protected silylated pyrrolidines with acids will be given in the next subchapter. 

Unfortunately, treatment of 139a with base afforded a mixture of products and no free amino silanol 

was observed. 

 
Scheme 43: Formation of amino-silanol 139a. 

The hydrolysis of the Si-Cl bond constitutes one of the most commonly employed methods to 

furnish silanols. However, all attempts to make chlorosilyl-substituted pyrrolidines starting from 

dichlorodiorganylsilanes failed. 

Experiments towards the synthesis of a “reversed” Jørgensen-Hayashi catalyst 132a were initiated 

(Figure 18). This compound might possess similar steric properties compared to the original catalyst 

but differs in electronic nature mainly due to the presence of silicon in α-position to the nitrogen. 
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Figure 18: The Jørgensen-Hayashi catalyst 32a and its reversed analog 132a. 

The first step towards this goal was achieved by reacting lithiated pyrrolidine with 

tert-butoxydiphenylsilyl chloride (133b).148 By employing TMEDA (137) as achiral diamine ligand 

in the deprotonation step, product 134h was formed as a racemic mixture (Scheme 44). Suitable 

conditions to promote deprotection of the amine without affecting the silyl ether are yet to be found. 

 
Scheme 44: The first attempt towards a “reversed” Jørgensen-Hayashi catalyst 134h. 
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Acid mediated cleavage of the tert-butoxycarbonyl group is an established procedure to deprotect 

N-Boc amines and proceeds in three steps (Figure 19).134b The carbamate A is first protonated at the 

most basic oxygen to produce carboxonium ion B. The second step contains a heterolytic 

O-tert-butyl-bond cleavage to yield neutral species C and tert-butyl cation D. Carbamic acid C is 

unstable and readily decarboxylates to form the free amine E. The tert-butyl cation D is 

simultaneously deprotonated and gives isobutylene G.149 

 
Figure 19: E1-Elimination of the tert-butoxycarbonyl group. 

Although trifluoroacetic acid is commonly used for Boc removal, it did not seem the right choice 

for the N-Boc silylated pyrrolidines. Its use resulted in low yield of deprotected pyrrolidine and 

residues of trifluoroacetic acid in the product (detected by 19F NMR) could not be removed by basic 

washing or column chromatography.150 Experiments with in situ generated hydrochlorid acid 

through hydrolysis of acetylchloride with dry ethanol in dry ethyl acetate did not show promising 
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results. However, this method was employed by West and Strohmann to afford the hydrochloric 

salts of the amines.135,143b Another deprotection method is thermolysis, but this resulted in 

decomposition of the substrates.151 Treatment with hydrochloric acid saturated diethyl ether showed 

partial deprotection of the substrate and when an excess of concentrated hydrochloric acid was 

added, full conversion of the N-Boc-pyrrolidines was observed. Solving the substrates 134a–d in 

hydrochloric acid saturated diethyl ether at 0 °C, subsequent slow addition of 10 equivalents of 

concentrated hydrochloric acid and stirring for 12 hours was disclosed as optimum. Strangely, the 

TMS-substituted N-Boc-pyrrolidine 134a yielded only 18% of the desired hydrochloric salt, 

whereas the other derivatives 134b–d afforded the products 139c and 139d in quantitative yield and 

139e in 92% yield (Scheme 45).143a Further efforts to optimize the yield of 139b were not 

undertaken. 

 
Scheme 45: Acid-mediated cleavage of the Boc-group. 

Continuative investigations focused on the enantiomeric enrichment of the hydrochloric acids 139c 

and 139d by recrystallization. Numerous methods were tested and unfortunately, no suitable 

conditions were found to enrich 2-(dimethylphenylsilyl)pyrrolidine hydrochloric salt (139c). On the 

contrary, enantiopure samples of 139d were obtained when the compound was dissolved in a 

mixture of CH2Cl2/MeOH (9:1) and the solvent was slowly evaporated in a test tube in the course of 

a few days. The collected crystals were then derivatized to determine the enantiomeric excess by 

HPLC analysis on a chiral stationary phase (Scheme 46). Therefore, the hydrochloric salt was 

treated with benzoyl chloride (140) in the presence of triethylamine as base to quantitavely yield the 

N-benzoyl-protected silylated pyrrolidines 141a–c.143a Attempts to benzoyl protect amino silanol 

139a remained unfruitful. 

 
Scheme 46: Benzoyl protection of hydrochloric salts 139c–e. 
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Moreover, crystals of 139d were subjected to X-ray structure analysis to confirm the absolute 

configuration.152 Indeed, the stereocenter had (S)-configuration as shown in Figure 20. The same 

result was attained by Strohmann.143 

 

Figure 20: Crystal structure of 139d.153 Ellipsoids at the 50% level. 

Treatment of the hydrochloric salts 139c and 139d with base afforded the corresponding free 

amines as colorless oils in quantitative yield without loss of stereoinformation (Scheme 47). The 

enantiopurity of the free amines 132b and 132c was affirmed by HPLC analysis after derivatization 

to the corresponding benzoyl analogs according to the above described procedure (however with 1.3 

equivalents of both benzoyl chloride and triethylamine).143a 

 
Scheme 47: Treatment with base to afford free amines 132b and 132c. 
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Since the first organocatalytic addition of aldehydes to nitroolefins was described by Hayashi, 

intensive investigations have focused on this transformation (see Chapter 1.1.1). With the 

enantiopure silylated pyrrolidine 132c in hand, this Michael addition seemed a good model reaction 

to test its reactivity and stereoinduction. Based on studies in the literature, an action mode for the 

silicon-containing organocatalyst as depicted in Figure 21 was proposed. The catalytic cycle is 

initiated by the formation of iminium-type structure A. Favorable electronic effects of the silicon 
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might play a role in stabilizing the positive charge of this structure. Enamine B is then formed from 

intermediate A. The E-configuration of B is preferred due to the bulkiness of the silicon moiety. 

The silicon also supports the orientation of the incoming electrophile, a nitroolefin, and provides the 

basis for enantioselective C-C bond formation. Subsequently, the product is released and the 

catalyst is liberated to enter in the next catalytic cycle. 

 
Figure 21: Proposed mechanism for the Michael addition catalyzed by 2-silylated pyrrolidine 132c. 

The initial experiment of the Michael addition of propanal (12a) to β-nitrostyrene (15a) in THF at 

room temperature gave a satisfactory yield of 65%, diastereomeric ratio of 64:36 and an 

enantiomeric ratio of 84.0:16.0. From this promising starting point, solvent screening experiments 

were conducted. Running the reaction at 0 °C with 10 equivalents of propanal (12a) in THF gave 

the desired γ-nitro aldehyde 34a in 91% yield and good stereoselectivity (entry 1, Table 1). Diethyl 

ether was also a suitable solvent for the transformation (entry 2). The reaction performed in 

1,4-dioxane gave inferior results (entry 3). In nonpolar solvents such as n-hexane, a reaction time of 

only 5 hours was needed to give the product in high yield and good enantioselectivity (entry 4). 

Similar results were obtained in toluene after 17 hours (entry 5). Dichloromethane also served as 

appropriate solvent to give the Michael adduct in 96% yield, 97:3 dr but only 73.5:26.5 er (entry 6). 

In protic and aprotic polar solvents, the reaction became inefficient in terms of yield and 

enantioselectivity (entries 7 and 8). The absolute configuration was confirmed by comparison with 

optical rotation values reported in the literature (see Chapter 4.6 for further details). 
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Table 1: Solvent screening experiments for the Michael addition reaction. 

 
a) Reaction conditions: 12a (5 mmol), 15a (0.5 mmol) and 132c (0.05 mmol) were stirred in solvent (1.5 mL) at 0 °C. 

b) Yield after column chromatography. c) Determined by 1H NMR spectroscopic analysis of the crude product. 

d) Determined by HPLC analysis using a chiral stationary phase (er values of the syn diastereomer are given). 

A subsequent study focused on the substrate scope of this Michael reaction. Several substitution 

patterns on the phenyl ring of the nitroolefin were employed, but surprisingly gave much lower 

yields and stereoselectivities. Not only halogen substitution in the 2- and 4-position of 

β-nitrostyrene (entries 1–3, 6 and 7, Table 2), but also 4-methyl- and 4-methoxy-substituted 

β-nitrostyrenes and (E)-2-(2-nitrovinyl)furan (entries 4, 5 and 8) gave unsatisfactory results. The 

addition of acid did not improve the outcome of the reaction.154 Racemic samples for determining 

appropriate HPLC conditions were synthesized using pyrrolidine as catalyst and dichloromethane as 

solvent. 
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Table 2: Substrate scope of the Michael addition reaction with THF as solvent. 

 
a)–d) as in Table 1. 

This undesirable outcome demanded additional solvent screening investigations. The attention was 

especially drawn to solvent mixtures. A mixture of n-hexane and THF, as the two best sole nonpolar 

and polar solvents, was chosen as starting point. A ratio of 5:1 gave superior results over a 1:1 and 

1:5 mixture in the reaction between propanal (12a) and β-nitrostyrene (15a) (entries 1–3, Table 3). 

The best result however, was obtained with a solvent mixture of toluene and THF in a 5:1 ratio 

(entry 4). When 4-fluoro-β-nitrostyrene (15b) was used as Michael acceptor, the latter mixture also 

turned out to be the best (entries 5 and 6). Other polar-nonpolar solvent mixtures were tested with 

4-chloro-β-nitrostyrene (15c). When n-hexane was used in combination with THF, 1,4-dioxane and 

phenetole as ethers, the desired product 34c was formed in high yield and stereoselectivity (entries 

7–9). Again, toluene mixed with THF (5:1 ratio) proved most effective to give 34c in 99% yield, 

95:5 dr and 93.0:7.0 er (entry 10). The other solvents investigated showed similar or slightly 

inferior results, but were not chosen due to practical reasons (entries 11–13). 
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Table 3: Mixed solvent screening experiments for the Michael addition reaction. 

 
a)–d) as in Table 1. The reaction was stopped after e) 17 h; f) 22 h; g) 19 h. 

The results shown in Tables 1–3 were obtained in cooperation with Jörres and the experiments were 

repeated at least once to confirm their reproducibility.155 

In addition to the 4-fluoro- and 4-chloro-substituted β-nitrostyrenes (entries 6 and 10, Table 3), also 

4-bromo-β-nitrostyrene (entry 1, Table 4) was tolerated in the Michael addition performed in a 5:1 

mixture of toluene and THF. Nitroolefins with electron donating properties on the phenyl moiety 

gave diastereomeric and enantiomeric ratios above the 93.5:6.5 level and the reaction was 

completed after 22 hours in these cases (entries 2 and 3). 2-Fluoro- and 2-chloro-substituted 

β-nitrostyrenes reacted readily to give the desired compounds 34g and 34h in high yields and 

stereoselectivities (entries 4 and 5). When a heterocyclic nitroolefin was employed, the yield and 

diastereoselectivity were still high, but the enantioselectivity dropped slightly (entry 6). A longer 
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reaction time was needed when the Michael addition was performed with butanal instead of 

propanal but no compromises in terms of yields and stereoselectivities were made (entries 7 and 

8).143a 

The hydrochloric salt 139d did not catalyze the reaction. Catalyst 132b with the less bulky 

dimethylphenylsilyl group gave lower stereoselectivities and therefore was not further investigated. 

Table 4: Substrate scope of the Michael addition reaction with toluene:THF (5:1) as solvent mixture. 

 
a)–d) as in Table 1. 

This study represents the first effective transformation catalyzed by a silylated pyrrolidine where 

the silicon is positioned in α-position to the nitrogen. Similar results were obtained independently 

by Strohmann.143 
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Attempts to find additional reactions catalyzed by silylated pyrrolidines were subsequently 

undertaken. It was envisaged that hydroxyacetone might function as a suitable substrate in a 

Michael reaction. Along the same lines with the activation mode of Alexakis’ diamine, iminium and 

enamine intermediates A and B can be proposed (Figure 22).37c A Lewis base/Lewis acid 

interaction between oxygen and silicon was hypothesized and should facilitate the formation of 

enol/enamine B. This interplay could “lock” the enamine nucleophile in a rigid transition state to 

leave only one side sterically unhindered for the incoming electrophile. 

 
Figure 22: Proposed activation mode for hydroxyacetone. 

Unfortunately, the proposed mechanism was not confirmed by the experiments. The reaction 

between hydroxyacetone (14a) and β-nitrostyrene (15a) was performed in ethereal and chlorinated 

solvents and gave the product 18a in 59-84% yield with low diastereoselectivity in essentially 

racemic form (entries 1–3, Table 5). The reaction became sluggish at lower temperature but gave a 

slightly higher diastereoselective ratio and an enantiomeric ratio of 65.5:34.5 (entry 4). 

Table 5: Experiments with hydroxyacetone (14a) as donor component. 

 
a) Reaction conditions: 14a (5 mmol), 15a (0.5 mmol) and 132c (0.05 mmol) were stirred in solvent (1.5 mL) at rt. 

b)–d) as in Table 1. e) Reaction was run for 24 hours at 0 °C. 

The Mannich reaction between cyclohexanone (14b) and preformed imine 60a was tested with 

silylated pyrrolidines 132c, 139a, 139d and (S)-proline (2). Proline catalyzed the reaction to provide 

the product in 44% yield, approximately 1:1 dr and 85.5:14.5 er for the syn diastereomer (entry 1, 
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Table 6). Intensive studies by Barbas and Houk revealed that 3-pyrrolidinecarboxylic acid 

derivatives mainly gave anti Mannich products compared to the usually observed syn selectivity 

when proline is employed as catalyst.156 Surprisingly, both triorganylsilylated pyrrolidines 132c and 

139d catalyzed the reaction to give the anti product, but unfortunately in racemic form (entries 2 

and 3). Compound 139a can be considered as a proline analog, but also in this case no 

enantioselectivity was observed (entry 4). Perhaps the formation of siloxane upon loss of water 

inhibits stereoselection in this case. An ongoing project focuses on gaining additional information 

on the interactions between the catalyst and substrates in order to comprehend the behavior of this 

type of compounds. 

Table 6: Mannich reaction with various catalysts. 

 
a) Reaction conditions: 14b (5 mmol), 60a (0.5 mmol) and catalyst (0.05 mmol) were stirred in solvent (1.5 mL) at rt. 

b)–c) as in Table 1. d) Determined by HPLC analysis using a chiral stationary phase. e) 3 mmol; f) 15 mmol of 

cyclohexanone (14b) was used. 
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Fluorine is the most electronegative of all the elements and therefore exhibits remarkable features. 

It is also the 13th most abundant element in the earth’s crust occurring most importantly in the 

mineral fluorspar, CaF2. Besides plenty other inorganic fluorine-containing compounds, only 

around 30 naturally occurring organofluorines are known.157 The number of synthetic compounds 
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containing a C-F bond, though, is vast and the properties of these structures seem invaluable in 

pharmaceuticals, crop protection products and at home. Around 20% of all pharmaceuticals contain 

fluorine and fluoro agrochemicals account for even more than 30% of the total market. 

5-Fluorouracil (143) was the first fluorine-containing drug introduced in 1957 (Figure 23). The 

pyrimidine derivate is used as a potent drug for the treatment of cancer. Today, fluoxetine (144) 

(Prozac®) and ciprofloxacin (145) (Cipro®) belong to the best selling prescription drugs bearing at 

least one fluorine atom. The first is used as antidepressant and latter is an antibacterial agent. These 

are merely three examples out of a large array of fluorine-containing drugs.158 

 
Figure 23: Examples of important fluorine-containing drugs. 

Three blockbuster agrochemicals are displayed in Figure 24. The first is an insecticide named 

fipronil (146) and was launched in 1993 by Rhône-Poulenc. The triazole-containing epoxiconazole 

(147) was developed by BASF and is used as a fungicide active ingredient. Trifluralin (148) 

represents a herbicide which was first registered in 1963 and despite its suspected carcinogenicity, it 

is still widely used in some countries.159 

 
Figure 24: Examples of important fluorine-containing agrochemicals. 

These examples emphasize the importance of fluorine incorporation in organic compounds. It is 

evident that fluorine substitution alters the electronic and steric properties of a molecule. Further 

detailed studies on the effect of such compounds are necessary to improve their efficacy and to 

reduce their impact on the environment. Moreover, the search for new methods to introduce fluorine 

into organic structures and the synthesis of new compounds bearing fluorine-containing moieties 

remain the focus in recent research.160 
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Several synthetic methods to generate trifluoromethylated compounds in an enantioselective fashion 

have been developed.161 The first organocatalytic Friedel-Crafts reaction of indoles with ethyl 

trifluoropyruvate was demonstrated by Török and Prakash (Scheme 48). Cinchona alkaloids were 

found to catalyze the Friedel-Crafts reaction to give the desired alcohols 150 in high yields and 

enantioselectivities. Cinchonine (55a) and cinchonidine (56a) proved most effective and provided 

either enantiomers of the product. Several substituted indole derivatives also reacted without 

affecting the yield and stereoisomeric outcome of the reaction.162 

 
Scheme 48: Enantioselective organocatalytic hydroxyalkylation of indoles. 

Various other examples of reactions with trifluoromethyl ketones as electrophiles catalyzed by 

chiral hydrogen donor catalysts have been developed. Among them are a carbonyl-ene reaction96g 

and numerous Friedel-Crafts reactions.163 

The synthesis of fluorine-containing amino acids has attracted quite some attention in the synthetic 

community over the past decades. These structures play an important role in biological and peptide 

chemistry. The unique properties of fluorine including high electronegativity, high lipophilicity and 

steric size are the main reasons for their broad application in these fields.164 Several racemic 

processes to synthesize α-trifluoromethyl-substituted amino acids have been described.165 Only a 

few diastereomeric approaches have been reported so far, but with moderate success.166 However, a 

highly selective Friedel-Crafts reaction was developed by Török (Scheme 49). A chiral protecting 

group was employed to effect a diastereoselective addition to imine 151a. The strong Brønsted acid 

TfOH catalyzed the Friedel-Crafts aminoalkylation and subsequent Pd-catalyzed hydrogenolysis 
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cleaved the benzyl group to yield the target amino esters 152 and 153 in enantiomeric ratios of up to 

99.0:1.0. Both enantiomers of the ethyl trifluoropyruvate were accessible to allow the 

stereoselective synthesis of either enantiomer of the product.167 

 
Scheme 49: Triflic acid catalyzed aminoalkylation of indoles 19 and pyrroles 116. 

Recently, Enders presented an organocatalytic enantioselective Strecker synthesis of quaternary 

α-trifluoromethyl amino nitriles 155 (Scheme 50). Trimethylsilyl cyanide (154) was used as a 

cyanide source. Takemoto’s catalyst 68 emerged as the best catalyst for this transformation to give 

the desired compounds in high yields and enantioselectivities. In some cases, enantiopure samples 

were obtained after recrystallization. In addition to various phenyl-substituted imines, also alkyl-

substituted ones reacted readily. However, the extreme long reaction time of up to 27 days is a 

disadvantage of this procedure. As representative example, one amino nitrile was deprotected and 

subsequently hydrolyzed to give the free α-trifluoromethyl amino acid in 75% yield.168 

 
Scheme 50: Strecker synthesis of quaternary α-trifluoromethyl amino nitriles 155. 

The research objective of this project was to develop an organocatalytic enantioselective method to 

synthesize α-trifluoromethylated amino acid derivatives 156 (Figure 25). The first goal was to 

synthesize various imines 151b–e according to literature procedures.165b,169 Nucleophilic addition to 
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the imine carbon was then envisaged to occur in a stereoselective fashion mediated by a suitable 

organocatalyst. 

 
Figure 25: Trifluoropyruvate derived imines 151b–d and quaternary α-trifluoromethyl amino acid derivatives 156. 

����� *���'�
�
��	����	�����"���3���������
�

Trifluoropyruvates 149 served as substrates towards the desired imines. In accordance with 

literature procedures,165b they readily reacted with carbamates 157a, 157b and amide 157c to form 

the stable hemiaminals 158a–d. These compounds were obtained as solids in quantitative yield after 

evaporation of the solvent (Scheme 51). 

 
Scheme 51: Synthesis of trifluoromethylated hemiaminals 158. 

Special caution was needed to conduct the subsequent step towards imines 151. Hemiaminal 158 

was dissolved in diethyl ether and cooled to 0 °C. Trifluoroacetic anhydride and pyridine were 

simultaneously added with the help of a syringe pump (~2 mL/h).170 Over a period of two hours a 

white solid formed, which was quickly filtered off. The filtrate was then treated with dry n-hexane 

and left in a fridge overnight. Pyridinium trifluoroacetate crystals were formed, filtered off and after 

evaporation of n-hexane, the crude products were distilled in high vacuum to give the imines 

151b–e in high yields (Scheme 52). The products are highly hygroscopic and were stored in a glove 

box to circumvent addition of water that would lead to the hemiaminals 158. 
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Scheme 52: Dehydration of 158a–d to form the desired imines 151b–e. 
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The development of alternative synthetic methods to produce α-silyl α-amino acids is still highly 

desirable.137b A report by Uneyama revealed that organolithium reagents effectively added to 

trifluoropyruvate imines to give alkylated fluorinated α-amino acids.171 Along the same lines, 

silyllithium species 159 was reacted with N-Boc-protected ethyl trifluoropyruvate imine 151b 

(Scheme 53). Dimethylphenylsilyllithium (159) was prepared from the corresponding chlorosilane 

and elemental lithium according to literature procedures.172 Unfortunately, no desired product 156a 

was detected, which can be explained by competitive electrophilicity of the ester moiety or even the 

nitrogen. However, none of these alternative products were isolated. A comprehensive overview on 

the addition of organometallic compounds to α-imino esters is given by Kozlowski.173 

 
Scheme 53: The synthesis of silicon-containing amino acid derivate 156a failed. 

Preliminary experiments using Lewis base catalysis to form α-trifluoromethyl α-amino acid 

derivatives were then undertaken. Cyclohexanone (14b) was chosen as carbonyl donor compound 

with pyrrolidine (160), the Jørgensen-Hayashi catalyst 32a or (S)-proline (2) as organocatalyst in a 

Mannich-type reaction (Scheme 54).174 Additionally, propanal was tested under these conditions. 

Unfortunately, α-functionalization of cyclohexanone or propanal was not accomplished in any case. 
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Scheme 54: Various conditions to effect a Mannich reaction were unsuccessful. 

On the contrary, when indole 19a was used as a nucleophile in the presence of trifluoroacetic acid 

as a Brønsted acid catalyst, small amounts of aminoalkylated indole were isolated (Scheme 55). The 

N-Boc protecting group was also cleaved during the course of the reaction to give the free amino 

ester 152a in 18% yield. 

 
Scheme 55: Achiral Brønsted acid catalyzed Friedel-Crafts reaction. 

Organocatalytic enantioselective functionalization of indoles has been intensely studied.175 Brønsted 

acid catalysts mainly dominate this field. Deng described the Friedel-Crafts reaction of indoles with 

aryl and alkyl imines in the presence of a cinchona alkaloid derived thiourea.176a You used the 

stronger BINOL-based phosphoric acids to accomplish the same reaction, however an alkyl imine 

did not react very efficiently and gave the product in moderate enantioselectivity.91a Hiemstra also 

employed chiral phosphoric acids in the Friedel-Crafts reaction of indoles and glyoxylate imines to 

form α-amino acid derivatives.89i You synthesized α-amino acid derivatives through a three-

component reaction with indoles and in situ formed imines in the presence of a chiral phosphoric 

acid.176b Ma followed a similar approach using trifluoroacetaldehyde hemiacetal and amines to form 

the imines, which reacted with indoles in one-pot.163b Other electrophiles have also been utilized in 

the chiral Brønsted acid catalyzed Friedel-Crafts reaction of indoles. Among them are carbonyl 

compounds,163a,c–f α,β-unsaturated carbonyl compounds177 and nitroolefins.178 
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Based on these reports and the preliminary result shown in Scheme 55, several other achiral and 

chiral Brønsted acids were tested in the aminoalkylation reaction with trifluoromethyl-substituted 

imines. The reaction did not proceed in the absence of a catalyst, even after long reaction times 

(entry 1 and 2, Table 7). Also, use of 10 mol% cinchonidine (56a) did not lead to any desired 

product (entry 3). When Cbz-protected imine 151c was reacted with indole in the presence of 

Takemoto’s catalyst 68, the product was formed in 12% yield, but as a racemic mixture (entry 4). 

The yield with sulfonamide 161 as catalyst was moderate (54%), but also gave a racemic mixture of 

the product (entry 5).179 Diphenyl phosphate (162) activated imine 151c to give 52% yield of the 

product (entry 6). Chiral phosphoric acid 75d catalyzed the reaction to afford 156d in 54% yield 

with an enantiomeric ratio of 68.0:32.0 at room temperature (entry 7). Stronger phosphoric acid 

derivative 163 yielded 65% of functionalized indole 156c, even when the reaction was conducted at 

–40 °C (entry 8).180 Chiral N-triflyl phosphoramide 94b was an effective catalyst for the 

transformation at –78 °C, but unfortunately the target compound was produced as an almost 

racemic mixture (entry 9).181 
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Table 7: Screening of various Brønsted acid catalysts in the Friedel-Crafts aminoalkylation of indole (19a). 

 
a) Reaction conditions: 19a, 151 (1.2 equiv.) and catalyst (0.06 equiv.) were stirred in solvent (0.1 M) at the indicated 

temperature. b) Yield after column chromatography. c) The R:S ratio was determined by HPLC analysis using a chiral 

stationary phase. d) 10 mol% of catalyst was used. 

Additional experiments revealed that the Friedel-Crafts reaction in the presence of a BINOL-

derived phosphoric acid was completed after 3 hours at –78 °C. Some solvents were screened with 

the versatile TRIP catalyst 75e and the reaction went smoothly in diethyl ether, THF and 
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dichloromethane to give the product in 94%, 80% and 64% yield, respectively (up to 95.5:4.5 er, 

entries 1-3, Table 8). The best result in terms of yield and stereoselectivity was obtained with 

toluene as solvent (99% yield and 96.0:4.0 er, entry 4). 

Table 8: Solvent screening experiments for the TRIP (75e) catalyzed Friedel-Crafts reaction. 

 
a)–c) as in Table 7. 

Subsequent studies focused on a survey of various chiral phosphoric acids and imines. It turned out 

that the TRIP catalyst 75e was by far the best for the reaction of indole (19a) with N-Boc-protected 

ethyl trifluoropyruvate imine 151b (entry 1, Table 9). Alternative substitution patterns on the 

BINOL backbone made the reaction less efficient (16-78% yield) and less stereoselective (up to 

70.0:30.0 er, entries 2-6). In some cases opposite stereomeric induction was observed (entries 2 and 

4), although it remained on an unsatisfactory level. Substrates with other protecting groups on the 

imine nitrogen were also tested. The Cbz protecting group was tolerant to the conditions applied to 

give the quaternary α-amino acid derivative 156d in 71% yield and 86.5:13.5 er (entry 7). 

Surprisingly, when a benzoyl group was installed in the imine substrate, the product was formed in 

high yield but as a racemic mixture (entry 8). The use of methyl imino ester 151e resulted in 

inferior results compared to the ethyl ester (entry 9).182 The calcium salt of the TRIP catalyst also 

catalyzed the reaction between indole and N-Boc imine 151b, however in lower yield (80%) and 

with slightly lower enantioselectivity (94.5:5.5 er). Racemic mixtures of the products were 

synthesized with diphenyl phosphate (162). The resulting racemic samples were used to find 

suitable separation conditions for HPLC analysis (see Chapter 4.8). 
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Table 9: Survey of chiral phosphoric acids for the Friedel-Crafts reaction. 

 
a)–c) as in Table 7. 

The optimized conditions were then employed to expand the scope of the reaction (Table 10). It is 

known that the nucleophilicity of indoles strongly depends on the substitution pattern.183 It was 

found that various substitutions were tolerated in the transformation, for example, 5-halogenated 

indoles gave the products in excellent yields (entries 1-3). However, in the case of 5-bromoindole 

the yield was slightly lower (85%, entry 3) as compared to the 5-fluoro- and 5-chloro-substituted 

ones (both 99%, entries 1 and 2). The enantiomeric ratios were all on the same level (96.0:4.0 er for 

the 5-fluoro and 95.5:4.5 for both the 5-chloro and 5-bromo derivative). Electron rich indoles also 

reacted readily to give the adducts in 99% yield and with high enantioselectivities (entries 4 and 5). 

Methyl indole-5-carboxylate needed prolonged reaction time, yielding 65% of product 156l with an 
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enantiomeric ratio of 94.5:5.5 after 10 hours (entry 6). With substituents in the 6- and 7-position of 

the indole (entries 7-9) the reaction went smoothly, giving the best result in terms of 

enantioselectivity (97.5:2.5 er) for 156n. N-Methyl indole reacted sluggishly and gave the product 

in poor yield and low enantioselectivity (entry 10). This confirms that the free N-H is necessary for 

coordination to the Lewis basic oxygen of the phosphoric acid, bringing the substrates in close 

proximity and allowing them to stereoselectively form a new C-C bond.91b,d,182 Indoles with 

substituents in the 2-position did not react under these conditions, probably due to steric hindrance. 

  



��
���
�������
��

����

71 

Table 10: Scope of the TRIP catalyzed Friedel-Crafts reaction. 

 
a)–c) as in Table 7. d) The reaction was stopped after 10 h. 

In compounds with a trifluoromethyl group directly adjacent to a stereogenic center, the possibility 

of self-disproportionation of enantiomers (SDE) has to be taken into account. Therefore, special 

care should be taken in collecting the entire product after column chromatography.184a SDE was not 

observed upon sublimation under high vacuum at room temperature.184b 

Unfortunately, although most products were solid, no suitable crystal was obtained to perform 

X-ray crystal structure analysis. An alternative method to determine the absolute configuration was 
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applied: electronic circular dichroism (ECD) spectroscopy. Hence, a conformational search for a 

representative example, compound (S)-156c, was performed using the program Spartan ’02.185 The 

theoretical ECD spectrum (B in Figure 26) was obtained after geometry optimization of all 

conformers and TD-DFT186 calculations applying the B3LYP functional187 and the 6-311++G** 

basis set with the program Gaussian09.188 The experimental ECD spectrum of 156c (96.0:4.0 er) 

was recorded at room temperature using a 1.08·10-3 mol/L solution in acetonitrile (path length 

0.1 cm) on an AVIV 62DS circular dichroism spectrometer (A in Figure 26). The experimental 

spectrum A is close to the mirror image of the Boltzmann weighted spectrum B, disclosing the 

absolute configuration of 156c to be assumably R. The absolute configuration of the other products 

156d and 156f–p was also assigned as R based on analogy and the same algebraic sign of the 

optical rotation (see Chapter 4.8). The theoretical calculations and plotting of the theoretical and 

experimental data were performed by Mersmann.182 

 
Figure 26: A) Experimental ECD spectrum of 156c. B) Averaged calculated ECD spectrum of (S)-156c. 

Deprotection of the 6-chloro derivative 156n was accomplished with an excess of TFA in 

dichloromethane (Scheme 56). After basic workup, the free amino ester 152b was obtained in 98% 

yield and without loss of stereoinformation.182 
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Scheme 56: Deprotection of 156n with TFA to form 152b. 

These results represent the first chiral Brønsted acid catalyzed Friedel-Crafts reaction to form 

quaternary α-amino acids bearing a trifluoromethyl group in high yields and 

enantioselectivities.182,189 

Promising results were also obtained when pyrrole (116a) was employed as nucleophile in the 

Friedel-Crafts reaction (Scheme 57). Both N-Boc- and N-Cbz-protected imines 151b and 151c 

reacted towards 2-funtionalized pyrroles 164a and 164b in moderate to good yields and 62.0:38.0 

and 73.5:26.5 er, respectively. 

 
Scheme 57: Friedel-Crafts reaction of pyrrole (116a). 
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A multicomponent reaction is an important tool to construct complex molecules in one-pot. It is 

generally defined as a procedure where three or more substrates react to form a product, 

incorporating all or most of the atoms of the substrates.190 MCRs are especially interesting because 

they offer a wide variety of products. The number of potential products increases with the Xth power 

of the number of starting materials N, e.g. a three-component reaction potentially gives rise to N3 

products, a four-component reaction to N4 products and so on. In contrast to multistep synthesis, 
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this approach is much faster and efficient. MCRs are also of great interest for large scale 

applications because they can reduce the E factor (kg waste per kg product) and thus it is desirable 

to further develop this type of reactions.191 

A project proposal was established in the context of an exchange program supported by the German 

Academic Exchange Service (DAAD). The project was to be developed at KAIST in the Republic 

of Korea under the supervision of Chang, and copper-catalyzed multicomponent reactions were 

chosen as main topic of the project. 
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Chang developed highly efficient copper-catalyzed three-component reactions to produce amidines, 

imidates and amides by reacting terminal alkynes, sulfonyl (or phosphoryl) azides and amines, 

alcohols or water, respectively. Many other applications to form a wide variety of products using 

this approach have been described since (see Chapter 1.2). Part of this research was to focus on the 

exploration of alternative nucleophiles with which the intermediate ketenimine 165 could react. 

N-Nucleophiles have been widely used (see Chapter 1.2.1) and it was envisaged that N-methyl 

amides 166 could serve as suitable substrates to form adduct 167 (Scheme 58). Interestingly, very 

few examples are known where C-nucleophiles are utilized (see Chapter 1.2.3). Here, the use of 

cyanide should be examined to potentially form 168, which could serve as a precursor for α-keto 

acids. Other interesting nucleophiles could be nitroalkanes. They would readily be deprotonated 

under the reaction conditions and might react with the ketenimine 165 to form β-nitro imines 170. 

 
Scheme 58: Potential alternative N- and C-nucleophiles in the copper-catalyzed three-component reaction. 
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As our research on this project started, merely one example of copper-catalyzed four-component 

reaction involving CuAAC was known. In that case, ethyl glyoxylate served as a suitable 

electrophile to form α-functionalized imidates. This project focused on a survey of alternative 

electrophiles with α-imino ester 28 as probable example to form the desired adducts 171 (Scheme 

59). 

 
Scheme 59: α-Imino ester 28 as electrophile in the copper-catalyzed four-component reaction. 
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Prior results obtained by Chang showed that the use of amides in the three-component coupling 

reaction did not lead to the desired compounds. Therefore, more electron rich amides were tested. 

N-Methylamides 166a and 166b were reacted with phenylacetylene (100a) and tosyl azide (101a) 

(synthesized from tosyl chloride and sodium azide)192 in the presence of copper(I) iodide in THF 

but no target compound was formed (entries 1 and 2, Table 11). Furthermore, the addition of bases 

like triethylamine, DABCO, DMAP or DBU did not lead to the desired product (entries 3–6). 

Changing the solvent from THF to dichloromethane did not have any effect (entry 7). When 

2,6-lutidine was utilized as base, 41% yield of triazole 172 was obtained after column 

chromatography (entry 8). This is in accordance with the results that were obtained for the synthesis 

of N-sulfonyl-1,2,3-triazoles.105a 
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Table 11: N-Methyl amides 166a–b as nucleophiles in the three-component reaction. 

 
a) Reaction conditions: 100a (0.5 mmol), 101a (0.6 mmol), 166 (0.6 mmol), 103a (0.05 mmol) and base (0.6 mmol) 

were stirred in THF (1.5 mL) at 25 °C. b) The conversion was determined by 1H NMR spectroscopy of the crude 

product with 1,1,2,2-tetrachloroethane as internal standard. c) Dichloromethane was used as solvent. d) Yield after 

column chromatography. 

Acetone cyanohydrin (173) is a convenient cyanide source and was utilized in the copper-catalyzed 

three-component reaction in an attempt to synthesize adduct 168a (Scheme 60).193a The addition of 

catalytic amount trimethylsilyl cyanide (154) should accelerate the reaction and presumably deliver 

a free cyanide anion in situ.193b Unfortunately, no desired product was obtained. 

 
Scheme 60: Attempt to use cyanide as a nucleophile in the three-component reaction. 

Additional attempts to form C-C bonds with a C-nucleophile in the three-component reaction were 

undertaken with nitromethane. Nitromethane is deprotonated by triethylamine and thus envisaged to 

be present as a nucleophilic anion under the basic reaction conditions. Surprisingly, no product was 

formed with copper(I) sources in various solvents (entries 1-7, Table 12). TBTA (113) is often used 

in copper(I) mediated processes to accelerate the catalysis.111c Even the addition of this ligand did 
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not have an effect on the outcome of the reaction (entries 3 and 4). When Cu(OTf)2 was used as 

catalyst, no conversion was observed. 

Table 12: Nitromethane (169) as nucleophile in the three-component reaction. 

 
a) Reaction conditions: 100a (0.5 mmol), 101a (0.6 mmol), 169 (0.6 mmol), [Cu] (0.05 mmol) and Et3N (0.6 mmol) 

were stirred in solvent (1.5 mL) at 25 °C. b) The conversion was determined by 1H NMR spectroscopy of the crude 

product with 1,1,2,2-tetrachloroethane as internal standard. c) 10 mol% of TBTA was added. d) A preformed mixture of 

CH3NO2/Et3N/THF was added. 

The search for alternative nucleophiles in the copper-catalyzed three-component remained 

unsuccessful and the focus of the research was therefore redirected towards copper-catalyzed four-

component reactions. 
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Initial experiments on the search for alternative electrophiles were conducted using the reaction 

conditions for the four-component coupling of terminal alkynes, sulfonyl azides, alcohols and ethyl 

glyoxylate as described by Chang (see Scheme 34, Chapter 1.2.4).122 N-PMP-protected imine 

glyoxylate 28 was prepared according to a procedure described in the literature,194 but its use did 

not lead to the target compound 171a (eq. (1) in Scheme 61). Recently, Barbas III used 

α,β-unsaturated carbonyl compounds in the organocatalyzed α-functionalization of preformed 
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imidates and this prompted us to further investigate these types of Michael acceptors as 

electrophiles in the copper-catalyzed four-component reaction.121 Although cyclohexenone (174) 

and cinnamaldehyde (7a) did not react towards the desired four-component product 175 or 176, 

respectively (eq. (2) and (3)), β-nitrostyrene (15a) was a suitable electrophile and furnished 

α-functionalized imidate 124a in 53% yield in the initial attempt (eq. (4)). 

 
Scheme 61: Various electrophiles in the copper-catalyzed four-component reaction. 

Additional experiments were then conducted to optimize the yield of this reaction. Copper(I) iodide 

(103a) was disclosed as best Cu(I) source among others tested and gave the desired product in 65% 

yield after 12 hours in THF (entries 1-4, Table 13). In this case, 13% of the unfunctionalized three-

component coupling product was also isolated. Copper(II) triflate catalyzed the transformation as 

well, but gave the γ-nitro imidate 124a in only 17% yield (entry 5). Other ethereal solvents were 

tested with copper(I) iodide as catalyst, but this led to lower yields of the product (entries 6 and 7). 

In a nonpolar solvent like n-hexane, the reaction was fully inhibited (entry 8). Chlorinated solvents 

and protic solvents were also not suitable for the reaction (entries 9-11). Among various amines 

tested, DBU showed no conversion whereas trioctylamine gave a satisfactory yield of 65% (entries 

12 and 13). However, triethylamine was the base of choice due to the lower cost and easier work-up 
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procedure. When the reaction time was extended to 24 hours with copper(I) iodide as catalyst, 

triethylamine as base and THF as solvent, the yield improved to 73% and no three-component 

coupling product was detected (entry 14).123a 

Table 13: Effect of Cu-source, solvent and base on the four-component reaction. 

 
a) Reaction conditions: 100a (0.6 mmol), 101a (0.6 mmol), 114a (2.5 mmol), 15a (0.5 mmol), [Cu] (0.05 mmol) and 

base (1.5 mmol) were stirred in solvent (1.5 mL) at 25 °C. b) Yield after column chromatography. c) The yield of 

unfunctionalized imidate (i.e. the three-component coupling product) is given in brackets. 

The optimized conditions were then used to investigate the scope of the Michael acceptor 15. 

Electronic variations in the 4-position of the phenyl ring of the nitroolefin did not have a great 

influence on the yield, nor did they affect the syn:anti ratio much (entries 1-6, Table 14). When 

trans-2-chloro-β-nitrostyrene was used, a slight increase in the syn:anti ratio was observed, which 

can be explained by the higher steric demand close to the newly formed stereocenter (entry 7). This 

is in agreement with previous findings by Kobayashi.119 A heterocycle containing electrophile was 

also tolerated to give the product in 61% yield and 57:43 syn:anti ratio (entry 8). The two 
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diastereoisomers of compound 124f were separated by column chromatography allowing for 

unambiguous assignments of the NMR signals to the syn and anti conformers of the product.123 

Table 14: Copper-catalyzed four-component reaction with variation of nitroolefin 15. 

 
a) Reaction conditions: 100a (0.6 mmol), 101a (0.6 mmol), 114a (2.5 mmol), 15 (0.5 mmol), 103a (0.05 mmol) and 

Et3N (1.5 mmol) were stirred in THF (1.5 mL) at 25 °C. b) Yield after column chromatography. c) Determined by 
1H NMR spectroscopy. 

Subsequent investigations explored the variation of the terminal alkyne. Different substitution 

patterns on phenylacetylene were tolerated to give the target compounds 124i–l in good yields and 

levels of diastereoselectivities of around 3:2 (entries 1-4, Table 15). When a more bulky electron-

donating substituent in the 4-position of the phenylacetylene was used, the yield dropped slightly, 

whereas the syn:anti ratio increased little (entry 5). 3-Ethynylthiophene participated smoothly in the 

four-component reaction (entry 6). As expected, aliphatic terminal alkynes merely reacted towards 

the unfunctionalized three-component imidate 115a (entry 7).122 This can be explained by the lower 
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acidity of the α-proton, thus the electronic nature of compound 115a inhibits the Michael 

addition.123 

Table 15: Variation of terminal alkyne 100 in the four-component reaction. 

 
a)–c) as in Table 14. 

A plausible mechanism for the copper-catalyzed four-component reaction is depicted in Figure 27. 

After formation of the triazole A by a CuAAC reaction of terminal alkyne 100, tosyl azide (101a), 

triethylamine and a copper(I) source, a ring-opening rearrangement and loss of nitrogen leads to the 

ketenimine intermediate B. Methanol attacks this electrophilic species to give a Michael donor 

adduct C, which is in equilibrium with structure D. In case that the α-proton is sufficiently acidic, 

which is not the case when R1 constitutes an aliphatic moiety (entry 7, Table 15), a Michael 

addition to nitroolefin 15 can occur and the α-functionalized four-component product 124 is 

formed.123a 
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Figure 27: Proposed mechanistic pathway for the four-component reaction. 

To gain further mechanistic insight, two experimental approaches towards the formation of the four-

component product 124a were set up by Na. The first represented the experimental procedure as 

described in Table 14 (eq. (1) in Scheme 62). The other approach used preformed imidate 115b and 

β-nitrostyrene (15a) under the same conditions (eq. (2) in Scheme 62). In all cases, the reaction was 

stopped after 30 min, 1, 2, 3, 4, 6, 8, 10, 12, 20 and 24 hours, respectively. The yield was then 

determined by 1H NMR spectroscopy with 1,1,2,2-tetrachloroethane as internal standard.123a,195 

 

Scheme 62: Two experimental approaches towards the four-component product 124a. 

The cumulated results obtained by this study are displayed in Figure 28. The data points obtained 

from equation (1) are shown as � and �. The dashed grey line represents the formation of the three-

component product which is generated prior to the four-component product (unbroken grey line). 

The four-component product generation starting from the preformed imidate 115b (data points are 

displayed as �, unbroken black line) was very similar to that of the one-pot procedure, suggesting 
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that the Michael addition of imidate 115 to the nitroolefin 15a is likely to be the rate-determining 

step in the copper-catalyzed four-component reaction.123a 

 
Figure 28: Comparative reaction profiles. 

It was envisaged that the bifunctional substrate 179 could lead to an interesting product under the 

copper-catalyzed multicomponent reaction conditions (Scheme 63). A Henry reaction between 

2-ethynylbenzaldehyde (5a) and nitromethane in the presence of submolar amounts of triethylamine 

gave the nitro alcohol 177 in 86% yield. This was immediately converted with mesyl chloride in the 

presence of a base to form intermediate 178, which transformed into (E)-1-ethynyl-2-(2-nitrovinyl)-

benzene (179).123a,196 

 
Scheme 63: Synthesis of (E)-1-ethynyl-2-(2-nitrovinyl)benzene (179). 



��
���
�������
��

����

84 

An interesting intramolecular reaction took place when compound 179 was reacted with tosyl azide 

(101a) and methanol (114a) in the presence of triethylamine and copper(I) iodide (103a) 

(Scheme 64). Heterocyclic 1,2-dihydroisoquinoline 180 was obtained in moderate yield and the 

reaction is assumed to follow the proposed pathway. It involves copper-acetylide species A and 

triazole intermediate B. After ketenimine formation, methanol attacks the electrophilic ketenimine 

carbon center to trigger the subsequent Michael addition reaction, which eventually leads to the 

target compound.123a 

 
Scheme 64: Synthesis of 1,2-dihydroisoquinoline 180 including a plausible mechanistic pathway. 

In further investigations to find terminal alkynes that do not bear an aromatic ring or that possess 

other interesting properties, substrates 100b–d were tested (Scheme 65). (Triisopropylsilyl)-

acetylene (100b) and cyclohexylacetylene (100c) merely reacted towards the unfunctionalized 

three-component reaction products 115c and 115d, respectively. No multicomponent coupling 

product was detected when 2-ethynylpyridine (100d) was used as substrate. 
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Scheme 65: Alternative terminal alkynes in the copper-catalyzed multicomponent reaction. 

* Determined by 1H NMR spectroscopy with 1,1,2,2-tetrachloroethane as internal standard. 

Surprisingly, in a single attempt to reduce compound 124a with molecular hydrogen in the presence 

of catalytic amounts of palladium on carbon, no primary amine 181 was obtained, but cyclized 

imidate 182 was isolated, albeit in low yield (Scheme 66). Further experiments will be necessary to 

obtain this interesting product in sufficient quantity as to allow for complete characterization. 

 
Scheme 66: Cyclization upon reduction of γ-nitro imidate 124a. 
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Metal catalysis has been established as a viable concept for efficient transformations in organic 

chemistry over the past decades. Since 2000, organocatalysis has complemented other fields of 

catalysis and has become an especially important approach in asymmetric synthesis. This work 

focused on the asymmetric synthesis of silylated pyrrolidines and their application as 

organocatalysts. Also, the enantioselective synthesis of quaternary α-amino acid derivatives bearing 

a trifluoromethyl moiety by chiral Brønsted acid catalysis was accomplished. The last project 

concentrated on the development of copper-catalyzed multicomponent reactions. 
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Silylated pyrrolidines were envisaged as potent organocatalysts due to their similarity to many well-

established Lewis base catalysts. Silicon-containing compounds are ubiquitous in organic 

chemistry, but often in catalysis a bulky silyl group merely serves as a protecting group. An 

organocatalyst where the silicon is directly attached to the pyrrolidine moiety was prior to this work 

unprecedented. A synthetic method, originally developed by Beak, was employed to effect 

asymmetric α-silylation of N-Boc-pyrrolidine (127).131–135 Various triorganylsilyl chlorides 133 

reacted after selective deprotonation of N-Boc-pyrrolidine (127) with sBuLi and (–)-sparteine (128) 

to give the target compounds 134a–d (Scheme 67). High yields and enantioselectivities were 

obtained in all cases except when triphenylsilyl chloride was applied as an electrophile. Acid 

mediated deprotection of the N-Boc-protected pyrrolidines 134 gave the corresponding hydrochloric 

salts 139b–e. (S)-(Diphenylmethylsilyl)pyrrolidine hydrochloric salt (139d) could be recrystallized 

to obtain enantiopure samples which were treated with base to afford the corresponding free amine 

132c.143 A limitation of this method is the use of stoichiometric amounts of (–)-sparteine (128). It 

has not been commercially available for over a year and only few practicable surrogates have been 

developed.197 



��������������������

88 

 
Scheme 67: Asymmetric synthesis of silylated pyrrolidines. 

Silylated pyrrolidine 132c was then successfully applied as organocatalyst in the Michael addition 

of aldehyde 12 to nitroolefin 15. The reaction was tolerant towards various substrates to give an 

array of γ-nitro aldehydes 34 in high yields, dia- and enantioselectivities (Scheme 68).143 

 
Scheme 68: Use of silylated pyrrolidine 132c as organocatalyst in the Michael addition of aldehyde 12 to nitroolefin 15. 

In conclusion, enantiomerically pure (S)-2-(diphenylmethylsilyl)pyrrolidine (132c) was synthesized 

in high yield by asymmetric synthesis. Its absolute configuration was determined by X-ray crystal 

structure analysis of the HCl salt. This Lewis base type catalyst bearing a silyl group directly 

attached to the pyrrolidine ring was successfully applied in asymmetric Michael addition reactions. 

The steric bulk and electronic properties of silicon play a pivotal role in the catalytic cycle.143 

Unfortunately, compound 132c did not induce enantioselectivity in the Michael reaction between 

hydroxyacetone and β-nitrostyrene or the Mannich reaction between cyclohexanone and a 

preformed imine. Further investigations are necessary to fully understand the interactions between 

the catalyst and substrates. 
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Initial experiments were conducted to form β-amino silanol 132d (Figure 29). The proton of this 

silanol should be more acidic than its carbinol analog, which would make it a stronger hydrogen 

bond donor. This feature is of great interest in asymmetric catalytic reactions. Moreover, 

transformation of 132d with BH3·THF might lead to a siloxazaborolidine which could be 

considered as the silicon analog of the established Corey-Bakshi-Shibata catalyst.198 

Moreover, amino alcohols are effective ligands in metal catalyzed reactions. Tertiary amino silanol 

183 might be synthesized by reduction of the corresponding N-Boc derivative.199 This compound 

could serve as a ligand in various asymmetric transformations, for example in zinc-mediated 

additions to carbonyl or imine compounds.200 Zinc could play an additional role of inhibiting 

siloxane formation as was shown by Strohmann.201 The desymmetrization of meso-anhydrides 

might also be catalyzed by this type of catalyst.71 

Earlier work focused on the synthesis of silaproline 184.202,203 Here, the silicon is positioned β to 

the nitrogen in the pyrrolidine ring. The synthesis of this amino acid was achieved in its protected 

form and ongoing work focuses on the cleavage of the protecting group to obtain the free amino 

acid 184. It will then be tested in common reactions that are Lewis base catalyzed. 

 
Figure 29: Various silicon-containing compounds with potentially interesting properties. 
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The second part of this work focused on organocatalytic synthesis of quaternary α-trifluoromethyl 

α-amino acid derivatives. Trifluoropyruvate imines 151 were selected as prochiral precursors for 

this purpose (Figure 30). They were generated following a method described by Burger.165b,169 

 
Figure 30: Trifluoropyruvate derived imine 151. 
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Chiral phosphoric acids were suitable catalysts in the asymmetric Friedel-Crafts aminoalkylation of 

indoles 19 (Scheme 69). Excellent yields and enantioselectivities of the protected α-amino acid 156 

were achieved with broad tolerance of indole substitution.182 

 
Scheme 69: Chiral phosphoric acid catalyzed Friedel-Crafts reaction with trifluoropyruvate derived imines 151b. 

The absolute configuration of a representative example was determined by comparison of calculated 

and measured ECD spectra and was assigned as R. Deprotection of the 6-chloro derivative with 

TFA was also demonstrated. The corresponding amino ester was obtained in 98% yield without loss 

of stereoinformation.182 

Initial experiments were performed with pyrrole as nucleophile in the Friedel-Crafts reaction. The 

2-functionalized pyrroles were furnished in up to 71% yield and up to 73.5:26.5 er. Further 

investigations will focus on the optimization of this Brønsted acid catalyzed reaction and the use of 

alternative 5-membered heterocycles like furan 83 and thiophene 185 (Figure 31). Moreover, the 

Friedel-Crafts reaction of 4,7-dihydroindole (186) would be desirable to form 2-functionalized 

indole derivatives after oxidation.163f,177g,178b 

Other types of activation might be implemented when oxindole 187 is employed. Various Lewis 

and Brønsted bases will be tested to effect enantioselective transformations with this substrate. If 

compound 187 bears a substituent in the 3-position, two adjacent quaternary stereogenic centers 

would be formed after reaction with trifluoropyruvate imines. The structural motif of oxindole is 

common in a variety of bioactive molecules and stereoselective organocatalytic synthesis of such 

fluorine-containing structures would be desirable.204 

 
Figure 31: Various substrates for Friedel-Crafts reactions and oxindole 187. 
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An extremely powerful reaction to form compounds with high functional density is the Morita-

Baylis-Hillman reaction.27j,205 The asymmetric version of an aza-Morita-Baylis-Hillman reaction 

with trifluoropyruvate imine 151 would be of great interest (Scheme 70). The transformation could 

be catalyzed by cinchona alkaloids or other Brønsted base catalysts. 

 
Scheme 70: The aza-Morita-Baylis-Hillman reaction with trifluoropyruvate imine 151. 

The first asymmetric synthesis of β-trifluoromethyl-β-lactones has recently been realized by Ye. A 

chiral N-heterocyclic carbene was used as a catalyst to perform a highly stereoselective formal 

[2+2] cycloaddition of ketenes and trifluoromethyl ketones.206 When imines are employed in the 

Staudinger synthesis, β-lactams are generated and some stereoselective organocatalytic approaches 

have been demonstrated by Lectka, Fu, Ye and others.207 The catalysts used in their work or 

compounds with similar properties might activate the substrates to stereoselectively form 

β-trifluoromethyl-β-lactam derivatives 191 when trifluoropyruvate imine 151 is employed 

(Scheme 71). 

 
Scheme 71: The Staudinger cycloaddition of ketene 190 and trifluoropyruvate imine 151. 
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The last project that was described in this work dealt with the development of copper-catalyzed 

multicomponent reactions. β-Nitrostyrenes 15 were found as suitable electrophiles in a four-

component reaction. In this transformation, terminal alkyne 100 and tosyl azide (101a) react 

towards a reactive ketenimine intermediate in the presence of catalytic amounts copper(I) iodide 

(103a) and triethylamine as base. Methanol then attacks the ketenimine to form an imidate which 

subsequently reacts in a Michael-type addition with the nitroolefin to form the target compound 124 

in yields of up to 74% (Scheme 72). The reaction was tolerant of a wide variety of terminal alkynes 

and nitroolefins. However, alkyl-substituted alkynes merely yielded the unfunctionalized three-
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component imidate. 1H NMR experiments were performed to further understand the mechanism of 

this reaction and it was concluded that the Michael addition of the imidate to the nitroolefin is most 

likely to be the rate-determining step. The reduction of the γ-nitro imidates with molecular 

hydrogen in the presence of catalytic amounts of palladium on carbon led to an interesting cyclized 

imidate. This reaction should be further investigated to improve the yield and substrate scope. 

 
Scheme 72: Copper-catalyzed four-component reaction to form α-functionalized imidates 124. 

An interesting intramolecular example was discovered when (E)-1-ethynyl-2-(2-nitrovinyl)benzene 

(179) was employed (Figure 32). 1,2-Dihydroisoquinoline derivative 180 was formed in 45% yield 

under the multicomponent reaction conditions. 

 
Figure 32: (E)-1-Ethynyl-2-(2-nitrovinyl)benzene (179) and 1,2-dihydroisoquinoline derivative 180. 

Future work could focus on the development of an enantioselective version of this transformation. 

Preliminary experiments with common chiral ligands for copper-catalysis (e.g. bisoxazoline 

ligands) showed no stereoinduction. This means that the copper does not seem to play a crucial role 

in the stereoselective bond forming process or the product racemizes under the reaction conditions. 

If the latter can be ruled out, it would be desirable to find a chiral catalyst that does not inhibit the 

copper-catalyzed imidate formation and leads to the desired stereoinduction in the addition step. 

Recent progress on unifying metal- and organocatalysis may be a promising starting point for this 

challenge.98 

Fokin found appropriate conditions for the formal [2+2] cycloaddition of the ketenimine 

intermediate and aldimines.116a Trifluoropyruvate imines 151 might also serve as suitable substrate 

to form trifluoromethyl-substituted azetidinimines 192 (Scheme 73). Alternatively, when an 

additional nucleophilic alcohol is added (as in the above described four-component reaction), 
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β-trifluoromethyl imidates might be formed. It would also be desirable to investigate the biological 

properties of such fluorine-containing compounds. 

 
Scheme 73: Copper-catalyzed [2+2] cycloaddition with trifluoropyruvate imine 151. 
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All air- or moisture-sensitive reactions were carried out under argon using standard Schlenk and 

vacuum line techniques.208 Glassware was heated under high vacuum with a heat gun and flushed 

with argon. Sensitive chemicals were kept under argon in a glove-box or refrigerator. 

!���� *��3���
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Solvents for anhydrous reactions were dried and purified according to standard techniques.142 

Acetone  HPLC grade acetone was dried over MS 4 Å. 

Acetonitrile  was purchased from Sigma-Aldrich and used as supplied. 

Chloroform  distilled from calcium hydride under an argon atmosphere. 

Dichloromethane distilled from calcium hydride under an argon atmosphere. 

Diethyl ether distilled from sodium (or Solvona) and benzophenone under an argon 

atmosphere. 

Methanol was purchased from Sigma-Aldrich and used as supplied. 

THF distilled from sodium (or Solvona) and benzophenone under an argon 

atmosphere. 

Toluene distilled from sodium (or Solvona) and benzophenone under an argon 

atmosphere. 

Dichloromethane, diethyl ether, ethyl acetate, n-hexane, methanol and n-pentane for column 

chromatography were distilled before use. 

!���� 
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Column chromatography was carried out using silica gel 40-63 μm. Analytical thin layer 

chromatography (TLC) was performed using precoated aluminium-backed plates (silica gel 60 F254) 

and visualized with UV radiation at 254 nm, iodine, by staining with a basic aqueous solution of 
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potassium permanganate (KMnO4), an acidic aqueous solution of ammonium molybdate 

tetrahydrate [(NH4)6Mo7O24]·4H2O and cerium sulfate tetrahydrate [Ce(SO4)]·4H2O or a solution of 

ninhydrin in n-BuOH/AcOH. 
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Melting points were measured in open glass capillaries on a Büchi B-540 apparatus and are 

uncorrected. 

61�
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�
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HPLC analysis was performed on an Agilent 1100-series or Agilent 1200-series system using chiral 

stationary phases from Chiral Technologies Ltd. 

�"������&��������

Optical rotations were measured on a Perkin Elmer PE-241 instrument at room temperature and are 

given in deg·cm3·g–1·dm–1. The measurements were carried out using a light frequency of 589 nm 

(D-line of a sodium vapor lamp) in a cuvette (length d = 10 cm). The concentration c is given in 

g·100 mL–1. 

�6�+%&�*"�����
��"��

1H NMR spectra were recorded on a Varian Mercury 300 (300 MHz), a Varian Inova 400 

(400 MHz), a Bruker FT AM 400 (400 MHz) or a Varian Unity 500 (500 MHz) spectrometer and 

are reported as follows: chemical shift δ (ppm) (multiplicity, coupling constant J (Hz), number of 

protons). Chemical shifts are referenced to the appropriate solvent peak or δ = 0.00 ppm for 

tetramethylsilane.209 The following abbreviations were used to describe peak splitting patterns when 

appropriate: br = broad, s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet, 

m = multiplet. Coupling constants are given in Hertz to the nearest 0.1 Hz. Unless otherwise stated 

the 1H NMR spectra were recorded at room temperature. 
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13C NMR spectra were recorded on a Varian Mercury 300 (75 MHz), a Varian Inova 400 

(100 MHz), a Bruker FT AM 400 (100 MHz) or a Varian Unity 500 (125 MHz) spectrometer. 

Chemical shifts are quoted in parts per million relative to the appropriate solvent peak or 

δ = 0.00 ppm for tetramethylsilane.209 Coupling constants are given in Hertz to the nearest 0.1 Hz. 

Assignment of spectra was carried out using DEPT, COSY and HETCOR experiments. Unless 

otherwise stated the 13C NMR spectra were recorded at room temperature. 
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19F NMR spectra were recorded on a Varian Mercury 300 (282 MHz) or a Varian Inova 400 

(376 MHz) spectrometer. Chemical shifts are quoted in parts per million. 
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29Si NMR spectra were recorded on a Varian Unity 500 (99 MHz) spectrometer. Chemical shifts are 

quoted in parts per million. 
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IR spectra were recorded on a Perkin-Elmer PE 1760 FT spectrometer. Only adsorption bands with 

intensity >50% are reported and quoted in wavenumbers (cm–1). 
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Mass spectra (EI and CI) were obtained on a Varian MAT 212 or a Finnagan SSQ 7000. The peaks 

are given in m/z and the intensity is given as a percentage of the base peak. ESI spectra were 

acquired on a Thermo Scientific LTQ Orbitrap XL. High resolution mass spectra were recorded on 

a Finnigan MAT 95 (EI) or a Thermo Scientific LTQ Orbitrap XL (ESI) spectrometer. 

 �
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Elemental analysis was performed using a Heraeus CHN-O-Rapid or an Elemantar Vario EL 

instrument. All values are given as mass percentages. 
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The following compounds were synthesized according to literature procedures: 

• N-PMP-protected imine glyoxylate 28194 

• Jørgensen-Hayashi catalyst 32a43 

• 4-Methoxy-N-(4-nitrobenzylidene)aniline (60a)210 

• Tosyl azide (101a)192 

• N-Boc-pyrrolidine (127)140 

• tert-Butoxydiphenylsilyl chloride (133b)148 

• Ethyl trifluoropyruvate imines 151b–d165b 
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General Procedure A 

To a solution of (–)-sparteine (128) (5.2 g, 22 mmol, 1.05 equiv.) in Et2O (30 mL) at –78 °C was 

added sBuLi (16.9 mL, 22 mmol, 1.3 M, solution in cyclohexane:hexane 92:8, 1.05 equiv.) 

dropwise. After 15 min a solution of N-Boc-pyrrolidine (127) (3.6 g, 21 mmol) in Et2O (20 mL) 

was added and the reaction mixture was stirred for 4 h. The appropriate silicon electrophile 

(22 mmol, 1.05 equiv.) in Et2O (20 mL) was then added by syringe pump (20 mL/h). The resulting 

yellow solution was kept at –78 °C overnight and was then stopped by addition of 5% H3PO4-

solution. The aqueous phase was washed with Et2O (3x 40 mL) and the combined organic extracts 

were dried over MgSO4, filtered, evaporated in vacuo and the crude product was purified by column 

chromatography. 

The same procedure was applied for the synthesis of racemic silylated pyrrolidines using TMEDA 

instead of (–)-sparteine. 
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Prepared from N-Boc-pyrrolidine (127) and trimethylsilyl chloride according to general 

procedure A and obtained as a colorless oil in 74% yield after column chromatography 

(n-pentane:Et2O = 95:5; Rf = 0.24). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 99:1, 0.5 mL/min, tret: 8.2 (R), 8.6 (S) min. 

1H NMR (300 MHz, CDCl3): δ = 0.02 (s, 9H), 1.43 (s, 9H), 1.65-1.85 (m, 3H), 1.90-2.05 (m, 1H), 

3.05-3.32 (m, 2H), 3.35-3.60 (m, 1H) ppm. 

1H NMR (400 MHz, CDCl3, 55 °C): δ = 0.05 (s, 9H), 1.46 (s, 9H), 1.72-1.82 (m, 3H), 1.93-2.06 

(m, 1H), 3.11-3.19 (m, 1H), 3.22-3.30 (m, 1H), 3.45-3.57 (m, 1H) ppm. 

1H NMR (400 MHz, C6D6, 75 °C): δ = 0.20 (s, 9H), 1.50-1.60 (m, 12H), 1.70-1.83 (m, 1H), 

3.09-3.25 (m, 2H), 3.45-3.60 (m, 1H) ppm. 

13C NMR (75 MHz, CDCl3): δ = –2.2, 26.0, 27.9, 28.5, 47.0, 47.6, 78.4, 154.9 ppm. 

13C NMR (100 MHz, CDCl3, 55 °C): δ = –2.0, 25.7, 28.1, 28.7, 47.0, 47.9, 78.7, 154.8 ppm. 

13C NMR (100 MHz, C6D6, 75 °C): δ = –1.5, 26.4, 28.8, 29.0, 47.5, 48.5, 78.5, 154.7 ppm. 

MS (CI, methane): m/z (%) = 244 ([M+H]+, 1), 200 (7), 186 (25), 172 (100), 142 (9), 114 (20), 

101 (2), 73 (4). 

The spectroscopic data are in accordance with those reported in the literature.132 
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Prepared from N-Boc-pyrrolidine (127) and dimethylphenylsilyl chloride according to general 

procedure A and obtained as a colorless oil in 93% yield after column chromatography 

(n-pentane:Et2O = 95:5; Rf = 0.50). 

HPLC analysis: Chiralpak AD, n-heptane:iPrOH = 99:1, 1.0 mL/min, tret: 4.5 (R), 5.0 (S) min. 
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1H NMR (400 MHz, CDCl3): δ = 0.38 (s, 6H), 1.44 (s, 9H), 1.49-1.59 (m, 1H), 1.63-1.74 (m, 2H), 

1.86-1.95 (m, 1H), 3.01-3.07 (m, 1H), 3.41-3.52 (m, 2H), 7.31-7.38 (m, 3H), 7.51-7.53 (m, 2H) 

ppm. 

1H NMR (400 MHz, CDCl3, 55 °C): δ = 0.38 (s, 3H), 0.39 (s, 3H), 1.45 (s, 9H), 1.52-1.78 (m, 

3H), 1.84-1.98 (m, 1H), 2.99-3.08 (m, 1H), 3.40-3.56 (m, 2H), 7.29-7.37 (m, 3H), 7.49-7.56 (m, 

2H) ppm. 

13C NMR (100 MHz, CDCl3): δ = –3.9, –3.0, 25.6, 28.1, 28.6, 46.8, 47.6, 78.8, 127.6, 128.9, 

133.8, 137.9, 154.6 ppm. 

13C NMR (100 MHz, CDCl3, 55 °C): δ = –3.9, –3.0, 25.4, 28.1, 28.6, 46.8, 47.7, 78.7, 127.5, 

128.8, 133.8, 137.9, 154.4 ppm. 

29Si NMR (99 MHz, CDCl3): δ = –3.20 ppm. 

IR: ν = 701, 735, 773, 819, 1110, 1168, 1249, 1366, 1405, 1452, 1478, 1689, 2876, 2971 cm–1. 

MS (EI): m/z (%) = 306 ([M+H]+, 4), 248 (57), 232 (9), 228 (1), 204 (100), 172 (25), 135 (97), 57 

(50). 

The spectroscopic data are in accordance with those reported in the literature.135 
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Prepared from N-Boc-pyrrolidine (127) and diphenylmethylsilyl chloride according to general 

procedure A and obtained as a colorless oil in 93% yield after column chromatography 

(n-pentane:Et2O = 9:1; Rf = 0.40). 

HPLC analysis: Chiralpak AD, n-heptane:iPrOH = 99:1, 1.0 mL/min, tret: 5.4 (R), 6.1 (S) min. 

Optical rotation: ����
�� = +51.5 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3): δ = 0.67 (s, 3H), 1.15-1.55 (m, 10H), 1.62-1.73 (m, 1H), 1.77-1.90 

(m, 1H), 1.92-2.14 (m, 1H), 3.00-3.17 (m, 1H), 3.32-3.60 (m, 1H), 3.85-4.00 (m, 1H), 7.30-7.43 (m, 

6H), 7.50-7.65 (m, 4H) ppm. 
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1H NMR (400 MHz, CDCl3, 55 °C): δ = 0.68 (s, 3H), 1.33 (s, 9H), 1.44-1.56 (m, 1H), 1.63-1.74 

(m, 1H), 1.81-1.91 (m, 1H), 1.97-2.09 (m, 1H), 3.03-3.11 (m, 1H), 3.44-3.55 (m, 1H), 3.90-3.97 (m, 

1H), 7.31-7.42 (m, 6H), 7.56-7.61 (m, 4H) ppm. 

1H NMR (400 MHz, C6D6, 75 °C): δ = 0.67 (s, 3H), 1.21-1.28 (m, 2H), 1.29 (s, 9H), 1.57-1.65 (m, 

2H), 2.90-2.99 (m, 1H), 3.30-3.43 (m, 1H), 3.79 (t, J = 7.6 Hz, 1H), 7.07-7.15 (m, 6H), 7.51-7.58 

(m, 4H) ppm. 

13C NMR (100 MHz, CDCl3): δ = –4.2, –3.4, 24.5, 25.7, 28.3, 28.6, 46.6, 46.6, 78.5, 79.2, 127.5, 

129.1, 129.1, 133.8, 134.6, 134.8, 135.4, 154.3, 154.7 ppm. 

13C NMR (100 MHz, CDCl3, 55 °C): δ = –3.7, 25.2, 25.3, 28.5, 28.8, 46.9, 46.9, 78.9, 127.7, 

129.0, 129.2, 134.8, 135.0, 135.8, 154.7 ppm. 

13C NMR (100 MHz, C6D6, 75 °C): δ = –3.0, 26.1, 28.8, 29.6, 47.5, 47.6, 78.8, 127.8, 129.3, 

129.4, 135.4, 135.5, 136.8, 154.8 ppm. 

IR: ν = 486, 700, 727, 792, 1109, 1168, 1250, 1366, 1404, 1452, 1478, 1687, 2874, 2973 cm–1. 

MS (CI, methane): m/z (%) = 369 ([M+H]+, 2), 368 ([M]+, 7), 310 (31), 290 (10), 296 (12), 266 

(17), 235 (30), 234 (100), 197 (13), 105 (2). 

CHN analysis (C22H29NO2Si): calcd.: C: 71.89, H: 7.95, N: 3.81; found: C: 72.02, H: 8.14, 

N: 4.30. 

8�9#�#����#����.���������#�#8���"'����
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Prepared from N-Boc-pyrrolidine (127) and triphenylsilyl chloride according to general 

procedure A and obtained as a white solid in 66% yield after column chromatography 

(n-pentane:Et2O = 9:1; Rf = 0.42). 

Mp.: 126-129 °C. 

HPLC analysis: No suitable conditions were found for this compound. The enantiomeric ratio was 

determined after deprotection and conversion to the corresponding benzoyl-protected derivative. 
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1H NMR (300 MHz, CDCl3): δ = 1.00-1.30 (m, 10H), 1.63-1.78 (m, 1H), 1.90-2.16 (m, 2H), 

3.13-3.28 (m, 1H), 3.40-3.60 (m, 1H), 4.24-4.38 (m, 1H), 7.30-7.49 (m, 10H), 7.54-7.74 (m, 5H) 

ppm. 

1H NMR (400 MHz, C6D6, 75 °C): δ = 1.16 (s, 9H), 1.23-1.32 (m, 2H), 1.62-1.80 (m, 2H), 

2.95-3.05 (m, 1H), 3.30-3.44 (m, 1H), 4.11-4.23 (m, 1H), 7.06-7.17 (m, 10H), 7.60-7.70 (m, 5H) 

ppm. 

13C NMR (75 MHz, CDCl3): δ = 24.4, 25.8, 28.1, 29.3, 46.1, 46.6, 78.6, 79.4, 127.6, 129.3, 135.0, 

136.2, 153.7, 154.4 ppm. 

13C NMR (100 MHz, C6D6, 75 °C): δ = 26.3, 28.7, 30.5, 46.9, 47.5, 79.0, 128.0, 128.4, 129.5, 

130.1, 135.6, 135.7, 136.9, 154.6 ppm. 

IR: ν = 699, 737, 766, 869, 901, 1066, 1105, 1166, 1252, 1364, 1402, 1427, 1678, 2974 cm–1. 

MS (CI, methane): m/z (%) = 431 ([M+H]+, 3), 430 ([M]+, 8), 372 (41), 356 (15), 352 (9), 328 

(19), 297 (58), 296 (100), 259 (15). 

CHN analysis (C27H31NO2Si): calcd.: C: 75.48, H: 7.27, N: 3.26; found: C: 75.24, H: 7.06, 

N: 3.16. 
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Prepared from N-Boc-pyrrolidine (127) and diphenyldimethoxysilane (135) or cyclotrisiloxane 138 

according to general procedure A and obtained as a colorless oil after column chromatography 

(n-pentane:Et2O = 4:1; Rf = 0.41). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 9:1, 0.8 mL/min, tret: 10.9 (S), 18.8 (R) min. 

1H NMR (400 MHz, CDCl3): δ = 1.42 (s, 9H), 1.62-1.72 (m, 2H), 1.83-2.04 (m, 2H), 2.96-3.05 

(m, 1H), 3.43-3.51 (m, 1H), 3.54-3.61 (m, 1H), 5.60 (br s, 1H), 7.35-7.46 (m, 6H), 7.65-7.75 (m, 

4H) ppm. 

1H NMR (400 MHz, C6D6, 75 °C): δ = 1.18-1.28 (m, 1H), 1.34 (s, 9H), 1.60-1.82 (m, 3H), 

2.85-2.94 (m, 1H), 3.22-3.32 (m, 1H), 3.47 (t, J = 9.0 Hz, 1H), 5.52 (br s, 1H), 7.18-7.25 (m, 6H), 

7.77-7.84 (m, 4H) ppm. 
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13C NMR (100 MHz, CDCl3): δ = 26.0, 28.3, 28.4, 47.6, 48.7, 79.9, 127.5, 127.6, 129.6, 129.8, 

134.1, 134.7, 134.7, 156.1 ppm. 

13C NMR (100 MHz, C6D6, 75 °C): δ = 26.3, 28.8, 29.0, 48.0, 49.8, 79.9, 127.9, 129.9, 130.0, 

135.3, 135.4, 136.2, 156.4 ppm. 

IR: ν = 505, 704, 739, 869, 1067, 1116, 1166, 1252, 1310, 1419, 1476, 1681, 2875, 2925, 2972, 

3051, 3385 cm–1. 

MS (EI): m/z (%) = 370 ([M+H]+, 2), 352 (5), 312 (51), 296 (15), 292 (2), 268 (100), 236 (31), 199 

(90), 77 (10). 

CHN analysis (C21H27NO3Si): calcd.: C: 68.26, H: 7.36, N: 3.79; found: C: 67.96, H: 7.36, 

N: 4.12. 

�#����#����.���������#�#8����#����.���"'����
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Prepared from N-Boc-pyrrolidine (127) and tert-butoxydiphenylsilyl chloride (133b) according to 

general procedure A (with TMEDA as diamine ligand) and obtained as a colorless oil in 40% yield 

after column chromatography (n-pentane:Et2O = 9:1; Rf = 0.41). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 99:1, 0.6 mL/min, tret: 9.2, 10.5 min. 

1H NMR (400 MHz, CDCl3): δ = 1.25 (s, 9H), 1.42 (s, 9H), 1.65-1.90 (m, 2H), 1.95-2.30 (m, 2H), 

2.98-3.07 (m, 1H), 3.32-3.64 (m, 1H), 3.85-4.12 (m, 1H), 7.34-7.50 (m, 6H), 7.68-7.90 (m, 4H) 

ppm. 

13C NMR (100 MHz, CDCl3): δ = 27.3, 27.5, 28.2, 28.4, 31.9, 32.1, 46.2, 48.6, 73.9, 79.0, 127.4, 

129.5, 134.4, 135.2, 136.4, 154.6 ppm. 

IR: ν = 703, 757, 892, 1025, 1051, 1114, 1182, 1243, 1366, 1412, 1476, 1664, 2925, 2974, 3068, 

3376 cm–1. 

MS (CI, methane): m/z (%) = 426 ([M+H]+, 4), 368 (22), 352 (8), 324 (21), 296 (57), 292 (39), 

268 (7), 255 (5), 236 (100), 199 (29), 139 (9). 

CHN analysis (C25H35NO3Si): calcd.: C: 70.55, H: 8.29, N: 3.29; found: C: 71.08, H: 8.21, 

N: 3.07. 
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General Procedure B 

To an ice-cooled solution of silylated N-Boc-pyrrolidine 134 in HCl-saturated Et2O (0.5 M) was 

added dropwise aqueous HCl-solution (37%, 10 equiv.). The mixture was allowed to reach room 

temperature and was stirred overnight. Et2O was then evaporated and the aqueous phase extracted 

with CH2Cl2 (3x). The combined organic extracts were dried over MgSO4, filtered and concentrated 

in vacuo to afford the desired product. 

The same procedure was applied for the synthesis of racemic silylated pyrrolidines HCl salts. 

8�9#�#8������'��
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Prepared from (S)-N-tert-butoxycarbonyl-2-(trimethylsilyl)pyrrolidine (134a) according to general 

procedure B and obtained as a white solid in 18% yield. 

1H NMR (400 MHz, CDCl3): δ = 0.24 (s, 9H), 1.60-2.15 (m, 4H), 2.58-2.75 (m, 1H), 3.20-3.40 

(m, 2H), 9.07 (br s, 1H), 9.85 (br s, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = –3.0, 25.0, 27.3, 46.1, 49.0 ppm. 

The spectroscopic data are in accordance with those reported in the literature.135 
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Prepared from (S)-N-tert-butoxycarbonyl-2-(dimethylphenylsilyl)pyrrolidine (134b) according to 

general procedure B and obtained as a white solid in quantitative yield. 

1H NMR (400 MHz, CDCl3): δ = 0.62 (s, 3H), 0.63 (s, 3H), 1.67-1.90 (m, 2H), 1.91-2.07 (m, 2H), 

2.86-2.98 (m, 1H), 3.18-3.32 (m, 2H), 7.35-7.44 (m, 3H), 7.57-7.63 (m, 2H), 9.09 (br s, 1H), 9.96 

(br s, 1H) ppm. 
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1H NMR (400 MHz, CDCl3, 55 °C): δ = 0.51 (s, 3H), 0.54 (s, 3H), 1.59-1.96 (m, 4H), 2.81-2.95 

(m, 1H), 3.15-3.30 (m, 2H), 7.20-7.32 (m, 3H), 7.46-7.54 (m, 2H), 8.87 (br s, 1H), 9.53 (br s, 1H) 

ppm. 

13C NMR (100 MHz, CDCl3): δ = –5.7, –4.2, 24.5, 27.1, 46.1, 48.3, 127.5, 129.3, 133.4, 134.0 

ppm. 

13C NMR (100 MHz, CDCl3, 55 °C): δ = –5.5, –4.1, 24.5, 27.2, 46.2, 48.5, 127.6, 129.4, 133.5, 

134.2 ppm. 

29Si NMR (99 MHz, CDCl3): δ = –3.40 ppm. 

The spectroscopic data are in accordance with those reported in the literature.135 
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Prepared from (S)-N-tert-butoxycarbonyl-2-(diphenylmethylsilyl)pyrrolidine (134c) according to 

general procedure B and obtained as a white solid in quantitative yield. 

Mp.: 218-219 °C. 

Optical rotation: ����
�� = +36.0 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3): δ = 0.92 (s, 3H), 1.68-1.88 (m, 3H), 2.03-2.13 (m, 1H), 2.84-3.04 

(m, 2H), 3.23-3.34 (m, 1H), 7.32-7.43 (m, 6H), 7.54-7.61 (m, 2H), 7.67-7.74 (m, 2H), 9.01 (br s, 

1H), 9.82 (br s, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = –6.0, 25.1, 28.4, 46.5, 46.9, 128.1, 128.2, 130.1, 132.1, 132.5, 

134.9, 135.0 ppm. 

IR: ν = 699, 738, 804, 1018, 1108, 1268, 1400, 1425, 1602, 2702 cm–1. 

MS (EI): m/z (%) = 268 ([M–Cl]+, 1), 267 ([M–HCl]+, 2), 239 (7), 197 (8), 150 (7), 105 (6), 70 

(100). 

CHN analysis (C17H22ClNSi): calcd.: C: 67.19, H: 7.30, N: 4.61; found: C: 67.11, H: 7.36, 

N: 4.62. 
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Prepared from (S)-N-tert-butoxycarbonyl-2-(triphenylsilyl)pyrrolidine (134d) according to general 

procedure B and obtained as a white solid in 92% yield. 

Mp.: 244-245 °C. 

1H NMR (300 MHz, CDCl3): δ = 1.64-1.92 (m, 3H), 2.21-2.34 (m, 1H), 2.62-2.92 (m, 2H), 

3.57-3.73 (1H), 7.32-7.49 (m, 9H), 7.60-7.71 (m, 6H), 8.15 (br s, 1H), 10.35 (br s, 1H) ppm. 

13C NMR (75 MHz, CDCl3): δ = 25.2, 28.8, 45.6, 47.2, 128.5, 130.3, 130.5, 136.3 ppm. 

IR: ν = 699, 743, 1113, 1395, 1428, 1590, 2839 cm–1. 

MS (EI): m/z (%) = 330 ([M–Cl]+, 2), 329 ([M–HCl]+, 4), 301 (8), 259 (12), 212 (15), 181 (13), 

105 (9), 70 (100). 

CHN analysis (C22H24ClNSi): calcd.: C: 72.20, H: 6.61, N: 3.83; found: C: 72.10, H: 6.76, 

N: 3.83. 
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Prepared from (S)-N-tert-butoxycarbonyl-2-(diphenylhydroxy)pyrrolidine (134g) according to 

general procedure B and obtained as a white solid. 

Optical rotation: ����
�� = +0.07 (c = 1, MeOH). 

1H NMR (400 MHz, DMSO-d6): δ = 1.74-2.01 (m, 4H), 3.05-3.19 (m, 2H), 3.26-3.33 (m, 1H), 

3.39 (br s, 1H), 7.38-7.50 (m, 6H), 7.61-7.66 (m, 2H), 7.73-7.78 (m, 2H), 8.88 (br s, 1H), 9.55 (br s, 

1H) ppm. 

13C NMR (100 MHz, DMSO-d6): δ = 24.6, 27.0, 46.4, 46.9, 127.9, 130.2, 130.2, 133.8, 134.0, 

134.2 ppm. 

IR: ν = 695, 712, 737, 876, 915, 986, 1119, 1158, 1370, 1428, 1588, 2920, 3331 cm–1. 
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HRMS (ESI): m/z calcd. for C16H20ClNOSi [M–Cl]+: 270.2400, found: 270.4167. 

CHN analysis (C16H20ClNOSi): calcd.: C: 62.83, H: 6.59, N: 4.58; found: C: 62.71, H: 6.67, 

N: 4.62. 

General Procedure C 

To an ice-cooled mixture of silylated pyrrolidine HCl salt 139 (0.075 mmol) in Et2O (1.5 mL) was 

added dropwise Et3N (24.0 μL, 0.172 mmol, 2.3 equiv.) and benzoylchloride (140) (20.0 μL, 

0.172 mmol, 2.3 equiv.). The reaction mixture was stirred at 0 °C for 30 min and then allowed to 

reach room temperature (30 min). The reaction was stopped by addition of sat. aqueous NaHCO3-

solution. The aqueous phase was washed with CH2Cl2 (3x 3 mL) and the combined organic extracts 

were dried over MgSO4, filtered, evaporated in vacuo and the crude product was purified by column 

chromatography. 

The same procedure was applied for the synthesis of racemic benzoyl-protected silylated 

pyrrolidines. 
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Prepared from (S)-2-(dimethylphenylsilyl)pyrrolidine HCl salt (139c) according to general 

procedure C and obtained as a colorless oil in quantitative yield after column chromatography 

(n-pentane:Et2O = 7:3; Rf = 0.21). 

HPLC analysis: Chiralpak AD, n-heptane:iPrOH = 95:5, 1.0 mL/min, tret: 10.3 (R), 14.7 (S) min. 

Optical rotation: ����
�� = +193.7 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3): δ = 0.46 (s, 3H), 0.52 (s, 3H), 1.55-1.84 (m, 3H), 1.97-2.06 (m, 1H), 

3.04 (dt, J = 6.4, 10.2 Hz, 1H), 3.33-3.40 (m, 1H), 3.87 (t, J = 8.9 Hz, 1H), 7.31-7.40 (m, 8H), 

7.57-7.62 (m, 2H) ppm. 

13C NMR (100 MHz, CDCl3): δ = –3.5, –2.9, 26.8, 28.0, 48.0, 50.9, 127.1, 127.6, 128.0, 129.0, 

129.6, 134.0, 137.3, 137.4, 169.2 ppm. 
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IR: ν = 485, 664, 701, 752, 790, 885, 1068, 1112, 1252, 1308, 1428, 1607, 1718, 2920, 2966, 3064 

cm–1. 

MS (CI, methane): m/z (%) = 309 ([M]+, 7), 294 (14), 232 (100), 204 (1), 174 (1), 135 (6), 105 (9). 

CHN analysis (C19H23NOSi): calcd.: C: 73.74, H: 7.49, N: 4.53; found: C: 73.25, H: 7.50, N: 4.98. 
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Prepared from (S)-2-(diphenylmethylsilyl)pyrrolidine HCl salt (139d) according to general 

procedure C and obtained as a colorless oil in quantitative yield after column chromatography 

(n-pentane:Et2O = 1:1; Rf = 0.40). 

HPLC analysis: Chiralpak AD, n-heptane:iPrOH = 9:1, 1.0 mL/min, tret: 9.1 (R), 11.1 (S) min. 

Optical rotation: ����
�� = +36.0 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3): δ = 0.78 (s, 3H), 1.60-1.73 (m, 2H), 1.85-1.96 (m, 1H), 2.08-2.18 

(m, 1H), 2.98-3.07 (m, 1H), 3.30-3.39 (m, 1H), 4.31 (t, J = 8.8 Hz, 1H), 7.17-7.23 (m, 2H), 

7.27-7.49 (m, 9H), 7.60-7.65 (m, 2H), 7.69-7.75 (m, 2H) ppm. 

13C NMR (100 MHz, CDCl3): δ = –2.9, 26.7, 28.5, 46.9, 50.7, 127.0, 127.6, 127.6, 127.9, 129.0, 

129.2, 129.5, 134.7, 135.0, 136.2, 137.0, 169.1 ppm. 

29Si NMR (99 MHz, CDCl3): δ = –6.62 ppm. 

IR: ν = 490, 662, 700, 725, 791, 927, 1068, 1100, 1250, 1425, 1575, 1622, 2871, 2919, 2968, 3049, 

3066 cm–1. 

MS (CI): m/z = 372 ([M+H]+, 43), 371 ([M]+, 57), 356 (38), 322 (17), 294 (100), 266 (7), 197 (10), 

105 (13). 

CHN analysis (C24H25NOSi): calcd.: C: 77.58, H: 6.78, N: 3.77; found: C: 77.45, H: 7.13, N: 4.18. 

 �
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Prepared from (S)-2-(triphenylsilyl)pyrrolidine HCl salt (139e) according to general procedure C 

and obtained as a white solid in quantitative yield after column chromatography 

(n-pentane:Et2O = 4:1; Rf = 0.20). 

Mp.: 159-160 °C. 

HPLC analysis: Chiralpak AD, n-heptane:iPrOH = 9:1, 1.0 mL/min, tret: 9.0 (R), 13.8 (S) min. 

1H NMR (400 MHz, CDCl3): δ = 1.54-1.65 (m, 2H), 1.84-1.96 (m, 1H), 2.06-2.17 (m, 1H), 

2.93-3.04 (m, 1H), 3.23-3.31 (m, 1H), 4.57 (t, J = 8.7 Hz, 1H), 6.90-6.96 (m, 2H), 7.10-7.22 (m, 

3H), 7.23-7.34 (m, 9H), 7.59-7.68 (m, 6H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 26.8, 29.4, 45.9, 50.6, 126.9, 127.5, 127.7, 129.2, 129.3, 134.2, 

136.1, 136.9, 168.9 ppm. 

IR: ν = 663, 698, 734, 784, 1103, 1194, 1423, 1617 cm–1. 

MS (EI): m/z (%) = 434 ([M+H]+, 39), 433 ([M]+, 100), 356 (59), 328 (55), 259 (87), 181 (32), 105 

(73), 77 (20). 

CHN analysis (C29H27NOSi): calcd.: C: 80.33, H: 6.28, N: 3.23; found: C: 80.01, H: 6.37, N: 3.21. 
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To a solution of (S)-2-(dimethylphenylsilyl)pyrrolidine HCl salt (139c) (0.35 g, 1.70 mmol) in 

CH2Cl2 (5 mL) was slowly added aqueous NaOH (8.5 mL, 17.0 mmol, 2 M, 10 equiv.). The 

reaction mixture was stirred overnight. The organic phase was separated and the aqueous phase 

extracted with CH2Cl2 (3x 10 mL). The combined organic extracts were dried over MgSO4, filtered 

and evaporated in vacuo to afford the title compound as a colorless oil in quantitative yield. 

1H NMR (400 MHz, CDCl3): δ = 0.34 (s, 3H), 0.34 (s, 3H), 1.34-1.46 (m, 1H), 1.50 (br s, 1H), 

1.52-1.75 (m, 2H), 1.80-1.89 (m, 1H), 2.36 (dd, J = 7.2, 11.0 Hz, 1H), 2.64-2.73 (m, 1H), 2.97-3.04 

(m, 1H), 7.33-7.38 (m, 3H), 7.53-7.58 (m, 2H) ppm. 
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13C NMR (100 MHz, CDCl3): δ = –5.0, –4.9, 26.5, 28.3, 48.5, 48.9, 127.6, 128.9, 133.8, 136.9 

ppm. 

IR: ν = 647, 700, 733, 775, 829, 893, 936, 1068, 1112, 1249, 1427, 2823, 2868, 2955, 3048, 3068 

cm–1. 

MS (EI): m/z (%) = 205 ([M]+, 3), 190 (2), 177 (21), 148 (2), 70 (100). 

CHN analysis (C12H19NSi): calcd.: C: 70.18, H: 9.32, N: 6.82; found: C: 69.43, H: 9.37, N: 7.08. 
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Prepared from (S)-2-(diphenylmethylsilyl)pyrrolidine HCl salt (139d) following the same procedure 

as for (S)-2-(dimethylphenylsilyl)pyrrolidine (132b) and obtained as a colorless oil in quantitative 

yield. 

Optical rotation: ����
�� = +0.7 (c = 1, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 0.61 (s, 3H), 1.39 (br s, 1H), 1.49-1.68 (m, 2H), 1.68-1.81 (m, 

1H), 1.90-2.04 (m, 1H), 2.69-2.81 (m, 2H), 2.97-3.08 (m, 1H), 7.32-7.44 (m, 6H), 7.56-7.66 (m, 

4H) ppm. 

13C NMR (75 MHz, CDCl3): δ = –6.0, 26.6, 28.6, 47.3, 49.0, 127.9, 127.9, 129.4, 129.4, 134.9, 

135.0, 135.5, 135.7 ppm. 

IR: ν = 488, 521, 668, 700, 730, 787, 892, 1067, 1111, 1252, 1386, 1427, 2867, 2956, 3047, 3066 

cm–1. 

MS (EI): m/z (%) = 268 ([M+H]+, 1), 267 ([M]+, 1), 197 (4), 181 (3), 105 (5), 70 (100). 

CHN analysis (C17H21NSi): calcd.: C: 76.35, H: 7.91, N: 5.24; found: C: 75.95, H: 7.97, N: 5.55. 
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General Procedure D 

A solution of silylated pyrrolidine 132c (13.4 mg, 0.05 mmol, 0.1 equiv.) and the aldehyde (5.00 

mmol, 10.0 equiv.) in toluene:THF (5:1, 1.5 mL) was cooled to 0 °C and stirred for 30 min under an 
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atmosphere of Ar. Then, the nitroolefin (0.50 mmol) was added and the reaction was monitored by 

TLC analysis. When full conversion was indicated, the reaction was stopped by the addition of aq. 

1 M HCl. The aqueous layer was extracted with CH2Cl2 (3x 2 mL), and the combined organic 

extracts were dried over MgSO4, filtered and concentrated in vacuo. After determination of the 

diastereomeric ratio by 1H NMR spectroscopy, the product was purified by column 

chromatography. The enantiomeric ratio was measured by HPLC using a chiral stationary phase. 

8��)��9#�#%��'��#!#�����#�#"'������������8�!�9�

 

Prepared from propanal (12a) and trans-β-nitrostyrene (15a) according to general procedure D and 

obtained as a colorless oil in 96% yield after column chromatography (n-pentane:Et2O = 7:3; 

Rf = 0.25). 

HPLC analysis: Chiralcel OD-H, n-heptane:iPrOH = 9:1, 1.0 mL/min, tret: 25.4 (syn, major), 32.6 

(anti, major), 36.3 (syn, minor), 42.8 (anti, minor) min. 

Optical rotation: ����
�� = –37.7 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3, major diastereomer): δ = 0.98 (d, J = 7.1 Hz, 3H), 2.72-2.81 (m, 

1H), 3.81 (dt, J = 5.5, 9.2 Hz, 1H), 4.67 (dd, J = 9.3, 12.6 Hz, 1H), 4.80 (dd, J = 5.5, 12.6 Hz, 1H), 

7.16-7.19 (m, 2H), 7.25-7.36 (m, 3H), 9.70 (d, J = 1.7 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3, major diastereomer): δ = 12.1, 44.0, 48.4, 78.0, 127.9, 128.9, 

136.4, 202.1 ppm. 

1H NMR (400 MHz, CDCl3, minor diastereomer): δ = 1.20 (d, J = 7.1 Hz, 3H), 2.75-2.85 (m, 

1H), 3.81 (dt, J = 5.5, 9.2 Hz, 1H), 4.67 (dd, J = 9.3, 12.6 Hz, 1H), 4.80 (dd, J = 5.5, 12.6 Hz, 1H), 

7.16-7.23 (m, 2H), 7.25-7.36 (m, 3H), 9.52 (d, J = 1.7 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3, minor diastereomer): δ = 11.6, 44.7, 48.7, 77.3, 127.9, 128.9, 

136.8, 202.1 ppm. 

The spectroscopic data are in accordance with those reported in the literature.37a,211 
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Prepared from propanal (12a) and trans-4-fluoro-β-nitrostyrene (15b) according to general 

procedure D and obtained as a colorless oil in 93% yield after column chromatography 

(n-pentane:Et2O = 1:1; Rf = 0.30). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 98:2, 0.8 mL/min, tret = 35.8 (syn, minor), 

42.2 (anti, major), 47.1 (anti, minor), 49.3 (syn, major) min. 

Optical rotation: ����
�� = –36.3 (c = 1, CHCl3). 

1H NMR (300 MHz, CDCl3, major diastereomer): δ = 0.99 (d, J = 7.2 Hz, 3H), 2.69-2.81 (m, 

1H), 3.81 (dt, J = 5.3, 9.4 Hz, 1H), 4.64 (dd, J = 9.6, 12.9 Hz, 1H), 4.79 (dd, J = 5.3, 12.7 Hz, 1H), 

6.99-7.07 (m, 2H), 7.12-7.19 (m, 2H), 9.69 (d, J = 1.5 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, major diastereomer): δ = 12.0, 43.2, 48.3, 78.1, 115.9 (d, 

J = 21.5 Hz), 129.7 (d, J = 8.1 Hz), 132.4 (d, J = 3.4 Hz), 162.2 (d, J = 245.7 Hz), 202.0 ppm. 

1H NMR (300 MHz, CDCl3, minor diastereomer): δ = 1.21 (d, J = 7.2 Hz, 3H), 2.72-2.86 (m, 

1H), 3.81 (dt, J = 5.3, 9.4 Hz, 1H), 4.64 (dd, J = 9.6, 12.9 Hz, 1H), 4.79 (dd, J = 5.3, 12.7 Hz, 1H), 

6.99-7.07 (m, 2H), 7.12-7.23 (m, 2H), 9.52 (d, J = 1.7 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, minor diastereomer): δ = 11.6, 44.0, 48.7, 77.4, 115.9 (d, 

J = 21.5 Hz), 129.7 (d, J = 8.0 Hz), 132.7 (d, J = 3.3 Hz), 162.2 (d, J = 245.7 Hz), 201.8 ppm. 

IR: ν = 722, 838, 1110, 1162, 1228, 1380, 1435, 1511, 1553, 1604, 1723, 2920 cm–1. 

MS (EI): m/z (%) = 225 ([M]+, 7), 178 (52), 163 (33), 150 (20), 149 (22), 135 (39), 122 (88), 109 

(100), 96 (15), 55 (16). 

CHN analysis (C11H12FNO3): calcd.: C: 58.66, H: 5.37, N: 6.22; found: C: 58.61, H: 5.44, N: 6.35. 
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Prepared from propanal (12a) and trans-4-chloro-β-nitrostyrene (15c) according to general 

procedure D and obtained as a white solid in 99% yield after column chromatography 

(n-pentane:Et2O = 1:1; Rf = 0.28). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 98:2, 0.5 mL/min, tret: 55.3 (syn, minor), 

66.5 (anti, major), 73.8 (anti, minor), 77.6 (syn, major) min. 

Optical rotation: ����
�� = –30.5 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3, major diastereomer): δ = 0.98 (d, J = 7.4 Hz, 3H), 2.70-2.79 (m, 

1H), 3.80 (dt, J = 5.2, 9.3 Hz, 1H), 4.64 (dd, J = 9.8, 12.8 Hz, 1H), 4.80 (dd, J = 5.4, 12.8 Hz, 1H), 

7.10-7.15 (m, 2H), 7.29-7.34 (m, 2H), 9.68 (d, J = 1.7 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3, major diastereomer): δ = 12.1, 43.4, 48.2, 77.8, 129.1, 129.3, 

133.8, 135.1, 201.6 ppm. 

1H NMR (400 MHz, CDCl3, minor diastereomer): δ = 1.20 (d, J = 7.1 Hz, 3H), 2.73-2.84 (m, 

1H), 3.80 (dt, J = 5.2, 9.3 Hz, 1H), 4.64 (dd, J = 9.8, 12.8 Hz, 1H), 4.74-4.80 (m, 1H), 7.14-7.19 (m, 

2H), 7.29-7.34 (m, 2H), 9.51 (d, J = 1.4 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3, minor diastereomer): δ = 11.6, 44.0, 48.6, 77.1, 129.1, 129.3, 

133.8, 135.4, 201.6 ppm. 

The spectroscopic data are in accordance with those reported in the literature.211 
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Prepared from propanal (12a) and trans-4-bromo-β-nitrostyrene according to general procedure D 

and obtained as a white solid in 87% yield after column chromatography (n-pentane:Et2O = 1:1; 

Rf = 0.31). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 98:2, 0.5 mL/min, tret = 64.7 (syn, minor), 

78.3 (anti, major), 86.9 (anti, minor), 90.2 (syn, major) min. 

Optical rotation: ����
�� = –21.8 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3, major diastereomer): δ = 1.00 (d, J = 7.4 Hz, 3H), 2.71-2.83 (m, 

1H), 3.79 (dt, J = 5.3, 9.3 Hz, 1H), 4.65 (dd, J = 9.5, 12.9 Hz, 1H), 4.80 (dd, J = 5.2, 12.9 Hz, 1H), 

7.07 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 9.69 (d, J = 1.7 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3, major diastereomer): δ = 12.3, 43.5, 48.2, 77.8, 122.0, 129.7, 

132.1, 135.6, 201.6 ppm. 

1H NMR (400 MHz, CDCl3, minor diastereomer): δ = 1.21 (d, J = 7.4 Hz, 3H), 2.71-2.83 (m, 

1H), 3.75-3.84 (m, 1H), 4.61-4.82 (m, 2H), 7.11 (d, J = 8.5 Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 9.52 

(d, J = 1.6 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3, minor diastereomer): δ = 11.7, 44.1, 48.6, 77.0, 122.0, 129.7, 

132.2, 135.9, 201.6 ppm. 

The spectroscopic data are in accordance with those reported in the literature.43b 
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Prepared from propanal (12a) and trans-4-methyl-β-nitrostyrene according to general procedure D 

and obtained as a colorless oil in 98% yield after column chromatography (n-pentane:Et2O = 7:3; 

Rf = 0.30). 

HPLC analysis: Chiralcel OC, n-heptane:iPrOH = 9:1, 0.8 mL/min, tret = 36.0 (syn, major), 39.9 

(anti, minor), 42.0 (syn, minor), 47.0 (anti, major) min. 

Optical rotation: ����
�� = –21.8 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3, major diastereomer) δ = 0.99 (d, J = 7.4 Hz, 3H), 2.31 (s, 3H), 

2.70-2.80 (m, 1H), 3.78 (dt, J = 5.7, 9.1 Hz, 1H), 4.65 (dd, J = 9.4, 12.6 Hz, 1H), 4.77 (dd, 

J = 5.5, 12.6 Hz, 1H), 7.04 (d, J = 7.9 Hz, 2H), 7.14 (d, J = 7.7 Hz, 2H), 9.70 (d, J = 1.7 Hz, 1H) 

ppm. 

13C NMR (100 MHz, CDCl3): δ = 12.1, 21.1, 43.7, 48.5, 78.2, 127.8, 129.6, 133.2, 137.7, 202.2 

ppm. 

1H NMR (400 MHz, CDCl3, minor diastereomer): δ = 1.20 (d, J = 7.1 Hz, 3H), 2.31 (s, 3H), 

2.70-2.80 (m, 1H), 3.77 (dt, J = 5.7, 9.1 Hz, 1H), 4.73 (dd, J = 8.8, 12.6 Hz, 1H), 4.77 (dd, 

J = 6.4, 12.7 Hz, 1H), 7.04 (d, J = 7.9 Hz, 2H), 7.08 (d, J = 8.2 Hz, 2H), 9.52 (d, J = 1.9 Hz, 1H) 

ppm. 

13C NMR (100 MHz, CDCl3, minor diastereomer): δ = 11.8, 21.1, 44.6, 48.7, 77.5, 127.8, 129.6, 

133.6, 137.8, 202.3 ppm. 

The spectroscopic data are in accordance with those reported in the literature.212 
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Prepared from propanal (12a) and trans-4-methoxy-β-nitrostyrene according to general procedure 

D and obtained as a colorless oil in 93% yield after column chromatography (n-pentane:Et2O = 1:1; 

Rf = 0.30). 

HPLC analysis: Chiralpak AS, n-heptane:iPrOH = 7:3, 0.7 mL/min, tret = 18.8 (syn, major), 22.4 

(anti, major), 26.1 (syn, minor), 30.3 (anti, minor) min. 

Optical rotation: ����
�� = –18.9 (c = 1, CHCl3). 

1H NMR (300 MHz, CDCl3, major diastereomer): δ = 0.99 (d, J = 7.4 Hz, 3H), 2.66-2.78 (m, 

1H), 3.72-3.81 (m, 1H), 3.77 (s, 3H), 4.62 (dd, J = 9.4, 12.6 Hz, 1H), 4.76 (dd, J = 5.7, 12.6 Hz, 

1H), 6.85 (d, J = 8.7 Hz, 2H), 7.08 (d, J = 8.9 Hz, 2H), 9.68 (d, J = 1.7 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 11.9, 43.2, 48.5, 55.1, 78.2, 114.3, 128.3, 129.0, 159.1, 202.4 

ppm. 

1H NMR (300 MHz, CDCl3, minor diastereomer): δ = 1.19 (d, J = 7.1 Hz, 3H), 2.66-2.80 (m, 

1H), 3.72-3.81 (m, 1H), 3.77 (s, 3H), 4.62 (dd, J = 9.4, 12.6 Hz, 1H), 4.70-4.78 (m, 1H), 6.85 (d, 

J = 8.7 Hz, 2H), 7.08 (d, J = 8.9 Hz, 2H), 9.51 (d, J = 1.7 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, minor diastereomer): δ = 11.7, 44.2, 48.7, 55.1, 77.7, 114.3, 128.3, 

129.1, 159.1, 202.5 ppm. 

The spectroscopic data are in accordance with those reported in the literature.212 
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Prepared from propanal (12a) and trans-2-fluoro-β-nitrostyrene according to general procedure D 

and obtained as a colorless oil in 96% yield after column chromatography (n-pentane:Et2O = 3:2; 

Rf = 0.37). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 97:3, 0.8 mL/min, tret = 18.5 (syn, minor), 

21.0 (syn, major), 22.2 (anti, major), 22.8 (anti, minor) min. 

Optical rotation: ����
�� = –48.8 (c = 1, CHCl3). 

1H NMR (300 MHz, CDCl3, major diastereomer): δ = 1.01 (d, J = 7.2 Hz, 3H), 2.86-2.99 (m, 

1H), 4.03 (dt, J = 5.7, 9.3 Hz, 1H), 4.72-4.87 (m, 2H), 7.03-7.33 (m, 4H), 9.71 (d, J = 1.5 Hz, 1H) 

ppm. 

13C NMR (75 MHz, CDCl3, major diastereomer): δ = 12.1, 39.3, 47.2 (d, J = 1.9 Hz), 76.8 (d, 

J = 2.7 Hz), 116.0 (d, J = 22.1 Hz), 123.7 (d, J = 13.5 Hz), 124.6 (d, J = 3.5 Hz), 129.8 (d, 

J = 8.6 Hz), 130.4 (d, J = 4.5 Hz), 161.0 (d, J = 244.6 Hz), 201.9 ppm. 

1H NMR (300 MHz, CDCl3, minor diastereomer): δ = 1.22 (d, J = 7.2 Hz, 3H), 2.86-2.99 (m, 

1H), 4.08-4.16 (m, 1H), 4.72-4.87 (m, 2H), 7.03-7.33 (m, 4H), 9.54 (d, J = 1.0 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, minor diastereomer): δ = 11.5, 38.9 (d, J = 1.2 Hz), 47.7 (d, 

J = 1.4 Hz), 76.0 (d, J = 2.3 Hz), 116.1 (d, J = 22.6 Hz), 123.7 (d, J = 13.5 Hz), 124.6 (d, 

J = 3.5 Hz), 129.7 (d, J = 4.1 Hz), 129.8 (d, J = 8.6 Hz), 161.0 (d, J = 244.6 Hz), 201.7 ppm. 

IR: ν = 759, 1113, 1229, 1380, 1436, 1455, 1492, 1555, 1724, 2919 cm–1. 

MS (EI): m/z (%) = 225 ([M]+, 1), 178 (3), 163 (6), 150 (3), 149 (8), 135 (17), 122 (37), 109 (100), 

96 (12), 55 (25). 

CHN analysis (C11H12FNO3): calcd.: C: 58.66, H: 5.37, N: 6.22; found: C: 58.52, H: 5.59, N: 6.47. 
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Prepared from propanal (12a) and trans-2-chloro-β-nitrostyrene according to general procedure D 

and obtained as a colorless oil in 96% yield after column chromatography (n-pentane:Et2O = 3:2; 

Rf = 0.37). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 98:2, 0.6 mL/min, tret: 32.7 (syn, minor), 

40.2 (syn, major), 44.3 (anti, minor), 47.5 (anti, major) min. 

Optical rotation: ����
�� = –62.9 (c = 1, CHCl3). 

1H NMR (300 MHz, CDCl3, major diastereomer): δ = 1.02 (d, J = 7.4 Hz, 3H), 2.92-3.06 (m, 

1H), 4.34 (dt, J = 5.2, 9.3 Hz, 1H), 4.75-4.91 (m, 2H), 7.19-7.28 (m, 3H), 7.38-7.44 (m, 1H), 9.72 

(d, J = 1.5 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, major diastereomer): δ = 12.1, 40.6, 47.7, 76.6, 127.4, 129.0, 129.1, 

130.4, 134.3, 134.5, 201.9 ppm. 

1H NMR (300 MHz, CDCl3, minor diastereomer): δ = 1.20 (d, J = 7.2 Hz, 3H), 2.92-3.06 (m, 

1H), 4.46-4.55 (m, 1H), 4.72-4.91 (m, 2H), 7.19-7.31 (m, 3H), 7.38-7.44 (m, 1H), 9.60 (d, 

J = 1.5 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3, minor diastereomer): δ = 10.5, 39.7, 47.7, 75.4, 127.3, 128.2, 

129.1, 130.5, 134.3, 134.8, 201.6 ppm. 

The spectroscopic data are in accordance with those reported in the literature.213 
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Prepared from propanal (12a) and (E)-2-(2-nitroethenyl)furan according to general procedure D and 

obtained as a colorless oil in 88% yield after column chromatography (n-pentane:Et2O = 7:3; 

Rf = 0.42). 
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HPLC analysis: Chiralpak AS-H, n-heptane:iPrOH = 98:2, 0.9 mL/min, tret = 42.7 (syn, major), 

47.3 (syn, minor), 51.7 (anti, major), 73.7 (anti, minor) min. 

Optical rotation: ����
�� = –19.5 (c = 1, CHCl3). 

1H NMR (300 MHz, CDCl3, major diastereomer): δ = 1.07 (d, J = 7.2 Hz, 3H), 2.80 (dquin, 

J = 1.0, 7.5 Hz, 1H), 4.09 (dt, J = 6.6, 8.5 Hz, 1H), 4.69 (dd, J = 6.2, 12.9 Hz, 1H), 4.75 (dd, 

J = 8.5, 12.8 Hz, 1H), 6.17-6.19 (m, 1H), 6.30 (dd, J = 2.0, 3.2 Hz, 1H), 7.35 (dd, J = 0.8, 2.0 Hz, 

1H), 9.70 (d, J = 1.0 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, major diastereomer): δ = 10.9, 37.6, 47.0, 75.7, 108.7, 110.3, 142.6, 

149.9, 201.6 ppm. 

1H NMR (300 MHz, CDCl3, minor diastereomer): δ = 1.21 (d, J = 7.4 Hz, 3H), 2.81-2.90 (m, 

1H), 4.01 (dt, J = 5.7, 8.7 Hz, 1H), 4.69 (dd, J = 6.2, 12.9 Hz, 1H), 4.75 (dd, J = 8.5, 12.8 Hz, 1H), 

6.19-6.22 (m, 1H), 6.31 (dd, J = 2.0, 3.2 Hz, 1H), 7.36 (dd, J = 0.8, 2.0 Hz, 1H), 9.63 (d, J = 1.5 Hz, 

1H) ppm. 

13C NMR (75 MHz, CDCl3, minor diastereomer): δ = 11.3, 38.3, 47.0, 75.4, 108.5, 110.5, 142.6, 

150.1, 201.9 ppm. 

The spectroscopic data are in accordance with those reported in the literature.43b 
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Prepared from butanal and trans-β-nitrostyrene (15a) according to general procedure D and 

obtained as a white solid in 95% yield after column chromatography (n-pentane:Et2O = 7:3; 

Rf = 0.39). 

HPLC analysis: Chiralcel OD-H, n-heptane:iPrOH = 95:5, 0.7 mL/min, tret: 44.0 (syn, major), 46.5 

(anti, major), 54.1 (syn, minor), 88.5 (anti, minor) min. 

Optical rotation: ����
�� = –37.5 (c = 1, CHCl3). 
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1H NMR (300 MHz, CDCl3, major diastereomer): δ = 0.82 (t, J = 7.5 Hz, 3H), 1.44-1.56 (m, 

2H), 2.63-2.72 (m, 1H), 3.79 (dt, J = 5.1, 9.8 Hz, 1H), 4.63 (dd, J = 9.6, 12.6 Hz, 1H), 4.72 (dd, 

J = 5.1, 12.7 Hz, 1H), 7.15-7.21 (m, 2H), 7.25-7.38 (m, 3H), 9.70 (d, J = 2.5 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, major diastereomer): δ = 10.6, 20.3, 42.6, 54.9, 78.5, 127.9, 128.0, 

129.0, 136.8, 203.1 ppm. 

1H NMR (300 MHz, CDCl3, minor diastereomer): δ = 0.98 (t, J = 7.4 Hz, 3H), 1.44-1.56 (m, 

2H), 2.52-2.62 (m, 1H), 3.79 (dt, J = 5.1, 9.8 Hz, 1H), 4.63 (dd, J = 9.6, 12.6 Hz, 1H), 4.77-4.83 (m, 

1H), 7.15-7.21 (m, 2H), 7.25-7.38 (m, 3H), 9.48 (d, J = 2.7 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, minor diastereomer): δ = 11.4, 20.5, 44.0, 54.6, 77.9, 128.1, 128.2, 

128.7, 136.3, 203.2 ppm. 

The spectroscopic data are in accordance with those reported in the literature.37a 
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Prepared from butanal and trans-4-methyl-β-nitrostyrene according to general procedure D and 

obtained as a colorless oil in 90% yield after column chromatography (n-pentane:Et2O = 7:3; 

Rf = 0.39). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 95:5, 0.8 mL/min, tret: 19.2 (syn, minor), 

21.2 (anti, minor), 22.6 (anti, major), 23.6 (syn, major) min. 

Optical rotation: ����
�� = –32.9 (c = 1, CHCl3). 

1H NMR (300 MHz, CDCl3, major diastereomer): δ = 0.82 (t, J = 7.4 Hz, 3H), 1.44-1.56 (m, 

2H), 2.31 (s, 3H), 2.60-2.69 (m, 1H), 3.75 (dt, J = 5.1, 9.9 Hz, 1H), 4.59 (dd, J = 9.6, 12.6 Hz, 1H), 

4.69 (dd, J = 5.2, 12.6 Hz, 1H), 7.03-7.08 (m, 2H), 7.11-7.17 (m, 2H), 9.70 (d, J = 2.7 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, major diastereomer): δ = 10.6, 20.3, 21.0, 42.3, 55.0, 78.6, 127.8, 

129.7, 133.6, 137.7, 203.3 ppm. 
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1H NMR (300 MHz, CDCl3, minor diastereomer): δ = 0.97 (d, J = 7.4 Hz, 3H), 1.44-1.56 (m, 

2H), 2.30 (s, 3H), 2.50-2.59 (m, 1H), 3.75 (dt, J = 5.1, 9.9 Hz, 1H), 4.59 (dd, J = 9.6, 12.6 Hz, 1H), 

4.71-4.80 (m, 1H), 7.03-7.08 (m, 2H), 7.11-7.17 (m, 2H), 9.47 (d, J = 3.0 Hz, 1H) ppm. 

13C NMR (75 MHz, CDCl3, minor diastereomer): δ = 11.4, 20.5, 21.1, 43.8, 54.9, 78.0, 128.0, 

129.8, 133.9, 137.9, 203.4 ppm. 

The spectroscopic data are in accordance with those reported in the literature.154b 

�#6����.�#:#�����#!#"'����"�����#�#����8�<�9�

 

Prepared from hydroxyacetone (14a) and trans-β-nitrostyrene (15a) in solvent (see Table 5) 

according to general procedure D and obtained as a colorless oil after column chromatography 

(n-pentane:Et2O = 7:3; Rf = 0.35). 

HPLC analysis: Chiralcel OD-H, n-heptane:iPrOH = 9:1, 0.8 mL/min, tret: 20.7 (syn, minor), 36.2 

(anti, major), 43.2 (syn, major), 79.6 (anti, minor) min. 

1H NMR (300 MHz, CDCl3, major diastereomer): δ = 2.16 (s, 3H), 3.73 (d, J = 4.7 Hz, 1H), 4.03 

(dt, J = 3.0, 7.6 Hz, 1H), 4.52 (dd, J = 3.1, 4.6 Hz, 1H), 4.73 (dd, J = 7.1, 13.5 Hz, 1H), 5.02 (dd, 

J = 8.0, 13.5 Hz, 1H), 7.20-7.40 (m, 5H) ppm. 

13C NMR (75 MHz, CDCl3, major diastereomer): δ = 25.4, 45.6, 76.0, 76.9, 128.4, 128.6, 128.9, 

133.7, 206.2 ppm. 

1H NMR (300 MHz, CDCl3, minor diastereomer): δ = 2.05 (s, 3H), 3.71-3.75 (m, 1H), 3.79-3.87 

(m, 1H), 4.36-4.41 (m, 1H), 4.65 (dd, J = 8.2, 13.6 Hz, 1H), 4.82 (dd, J = 6.3, 13.6 Hz, 1H), 7.20-

7.40 (m, 5H) ppm. 

13C NMR (75 MHz, CDCl3, minor diastereomer): δ = 26.4, 46.8, 76.0, 78.6, 127.9, 128.4, 129.3 

137.1, 207.9 ppm. 

The spectroscopic data are in accordance with those reported in the literature.37c 

 �
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Prepared from cyclohexanone (14b) and imine 60a in solvent (see Table 6) according to general 

procedure D and obtained as a colorless oil after column chromatography (n-pentane:Et2O = 7:3; 

Rf = 0.35). 

HPLC analysis: Chiralpak AD, n-heptane:iPrOH = 87:13, 0.9 mL/min, tret: 32.1 (anti), 35.6 (anti), 

40.2 (syn), 43.4 (syn) min. 

1H NMR (300 MHz, CDCl3, major diastereomer): δ = 1.55-1.81 (m, 3H), 1.83-2.12 (m, 3H), 

2.26-2.46 (m, 2H), 2.77-2.88 (m, 1H), 3.66 (s, 3H), 4.50 (br s, 1H), 4.66 (d, J = 5.8 Hz, 1H), 

6.43-6.49 (m, 2H), 6.63-6.69 (m, 2H), 7.51-7.58 (m, 2H), 8.09-8.15 (m, 2H) ppm. 

13C NMR (75 MHz, CDCl3, major diastereomer): δ = 24.3, 27.6, 31.7, 42.2, 55.5, 56.9, 58.5, 

114.7, 114.9, 123.4, 128.3, 140.7, 146.8, 150.0, 152.3, 211.7 ppm. 

1H NMR (300 MHz, CDCl3, minor diastereomer): δ = 1.55-1.81 (m, 3H), 1.83-2.12 (m, 3H), 

2.26-2.46 (m, 2H), 2.77-2.88 (m, 1H), 3.66 (s, 3H), 4.50 (br s, 1H), 4.80 (d, J = 4.4 Hz, 1H), 

6.43-6.49 (m, 2H), 6.63-6.69 (m, 2H), 7.51-7.58 (m, 2H), 8.09-8.15 (m, 2H) ppm. 

13C NMR (75 MHz, CDCl3, minor diastereomer): δ = 24.8, 27.0, 28.7, 42.3, 55.5, 56.2, 57.9, 

114.6, 115.4, 123.4, 128.4, 140.7, 146.8, 149.9, 152.5, 210.7 ppm. 

The spectroscopic data are in accordance with those reported in the literature.27a 
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To a stirred solution of tert-butyl carbamate (157a) (1.17 g, 10 mmol) in CH2Cl2 (10 mL) was 

added methyl trifluoropyruvate (149b) (1.02 mL, 10 mmol) at room temperature. After 1 hour, the 
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solvent was evaporated in vacuo and the product was obtained as white crystals in quantitative 

yield. 

Mp.: 80 °C. 

1H NMR (300 MHz, CDCl3): δ = 1.46 (s, 9H), 3.94 (s, 3H), 5.39 (br s, 1H), 5.75 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –80.73 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 28.0, 54.7, 81.0 (q, J = 32.5 Hz), 82.6, 121.5 (q, J = 287.5 Hz), 

153.9, 166.7 ppm. 

IR: ν = 668, 739, 780, 829, 951, 978, 1048, 1121, 1153, 1254, 1369, 1712, 1753 cm–1. 

MS (CI, methane): m/z (%) = 274 ([M+H]+, 30), 258 (4), 218 (100), 156 (58). 

CHN analysis (C9H14F3NO5): calcd.: C: 39.57, H: 5.17, N: 5.13; found: C: 39.21, H: 5.16, 

N: 5.15. 

%��'����#>8����#����.���������9�����?#�)�)�#���	�����"��"�������8�:��9�

 

A solution of methyl 2-[(tert-butoxycarbonyl)amino]-3,3,3-trifluoro-2-hydroxypropanoate (158d) 

(2.7 g, 10 mmol) in diethyl ether (50 mL) was cooled to 0 °C under an Ar atmosphere. 

Simultaneously, pyridine (1.6 mL, 20 mmol, 2.0 equiv.) and trifluoroacetic anhydride (1.4 mL, 

10 mmol) were added to the solution with the help of a syringe pump (2 mL/h). The mixture was 

then stirred for another hour at 0 °C before removing the salts. The filtrate was then treated with 

n-hexane and left in a fridge overnight. The pyridinium trifluoroacetate crystals were filtered off 

and washed with n-hexane. After evaporation of the solvent, the crude product was distilled under 

high vacuum (Tb = 40 °C at 3.7·10–1 mbar) to afford a colorless liquid in 75% yield. 

1H NMR (300 MHz, CDCl3): δ = 1.58 (s, 9H), 3.95 (s, 3H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –70.27 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 27.9, 53.9, 85.5, 118.0 (q, J = 277.3 Hz), 155.5, 157.0, 166.6 

ppm. 

IR: ν = 686, 731, 844, 975, 1044, 1154, 1205, 1277, 1331, 1373, 1442, 1754, 2985 cm–1. 

This compound is very hygroscopic and no additional analytical data was obtained. 
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General Procedure E 

To a stirred solution of N-protected trifluoropyruvate imine 151 (0.075 mmol, 1.2 equiv.) in toluene 

(0.75 mL) was added TRIP (75e) (2.8 mg, 3.7·10–3 mmol, 0.06 equiv.) at room temperature under 

an Ar atmosphere. After stirring for 5 min, the reaction mixture was cooled to –78 °C and stirred for 

additional 10 min. Then, the indole derivative 19 (0.063 mmol) was added. After 3 h, water (3 mL) 

and CH2Cl2 (2 mL) were added and the mixture was allowed to reach room temperature. The phases 

were separated and the aqueous layer was extracted with CH2Cl2 (3x 3 mL). The combined organic 

extracts were dried over MgSO4, filtered and concentrated in vacuo. The product was then purified 

by column chromatography. 
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Prepared from indole (19a) and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 99% yield after column 

chromatography (n-pentane:ethyl acetate = 4:1; Rf = 0.27). 

Mp.: 134 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 9.2 (S), 10.4 (R) min. 

Optical rotation: ����
�� = +39.8 (c = 0.70, CHCl3). 

1H NMR (400 MHz, CDCl3): δ = 1.20 (t, J = 7.1 Hz, 3H), 1.37 (s, 9H), 4.20-4.32 (m, 2H), 5.92 

(br s, 1H), 7.10-7.22 (m, 4H), 7.72 (d, J = 8.0 Hz, 1H), 8.55 (br s, 1H) ppm. 

19F NMR (376 MHz, CDCl3): δ = –72.12 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.8, 28.1, 63.0, 64.9 (q, J = 29.4 Hz), 80.8, 106.8, 111.7, 119.7, 

120.3, 122.5, 124.2 (q, J = 285.5 Hz), 124.4, 124.6, 129.9, 136.1, 153.4, 166.5 ppm. 

IR: ν = 746, 872, 917, 978, 1028, 1152, 1188, 1257, 1291, 1369, 1483, 1717, 1751, 3370 cm–1. 
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MS (EI): m/z (%) = 386 ([M+H]+, 46), 330 (11), 313 (7), 270 (17), 257 (52), 239 (10), 213 (95), 

143 (26), 116 (9), 57 (100). 

HRMS (ESI): m/z calcd. for C18H21F3N2O4 [M+Na]+: 409.1346, found: 409.1335. 
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Prepared from indole (19a) and ethyl 2-{[(benzyloxy)carbonyl]imino}-3,3,3-trifluoropropanoate 

(151c) according to general procedure E and obtained as a white solid in 71% yield after column 

chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.28). 

Mp.: 108 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 3:2, 0.5 mL/min, tret: 12.6 (S), 16.3 (R) min. 

Optical rotation: ����
�� = +23.3 (c = 1.16, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.12 (t, J = 7.1 Hz, 3H), 4.11-4.32 (m, 2H), 5.04 (s, 2H), 6.36 

(br s, 1H), 7.05-7.30 (m, 9H), 7.59 (d, J = 7.9 Hz, 1H), 8.62 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –71.66 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.7, 63.5, 65.0 (q, J = 30.0 Hz), 67.1, 105.7, 111.9, 119.0, 120.3, 

124.1 (q, J = 285.0 Hz), 124.4, 124.8, 127.9, 128.1, 128.5, 135.9, 136.0, 153.9, 166.4 ppm. 

IR: ν = 698, 741, 855, 909, 987, 1023, 1185, 1253, 1424, 1460, 1496, 1729, 3390 cm–1. 

MS (EI): m/z (%) = 420 ([M]+, 85), 347 (22), 303 (47), 270 (4), 239 (16), 213 (5), 143 (14), 116 

(5), 91 (100). 

CHN analysis (C21H19F3N2O4): calcd.: C: 60.00, H: 4.56, N: 6.66; found: C: 59.83, H: 4.62, 

N: 6.65. 
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Prepared from indole (19a) and ethyl 2-(benzoylimino)-3,3,3-trifluoropropanoate (151d) according 

to general procedure E and obtained as a white solid in 96% yield after column chromatography 

(n-pentane:ethyl acetate = 7:3; Rf = 0.32). 

Mp.: 148-151 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 3:2, 0.5 mL/min, tret: 17.0, 48.4 min. 

1H NMR (300 MHz, CDCl3): δ = 1.18 (t, J = 7.2 Hz, 3H), 4.20-4.38 (m, 2H), 7.06-7.18 (m, 2H), 

7.26-7.32 (m, 2H), 7.42-7.57 (m, 4H), 7.69 (d, 1H), 7.83-7.87 (m, 2H), 9.05 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –70.77 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.8, 63.3, 65.0 (q, J = 30.0 Hz), 105.8, 112.1, 119.1, 120.4, 

122.4, 124.3 (q, J = 286.0 Hz), 124.5, 125.0, 127.2, 128.8, 132.2, 133.7, 136.2, 166.0, 166.5 ppm. 

IR: ν = 718, 755, 1031, 1188, 1270, 1339, 1382, 1479, 1510, 1677, 1747, 2920, 3398 cm–1. 

MS (EI): m/z (%) = 390 ([M]+, 13), 317 (10), 298 (3), 143 (18), 105 (100), 77 (52). 

HRMS (ESI): m/z calcd. for C20H17F3N2O3 [M+H]+: 391.1264, found: 391.1267. 
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Prepared from indole (19a) and methyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151e) according to general procedure E and obtained as a white solid in 73% yield after column 

chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.41). 

Mp.: 125-126 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 9.5 (S), 12.3 (R) min. 
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Optical rotation: ����
�� = +32.4 (c = 0.24, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.36 (s, 9H), 3.80 (s, 3H), 5.87 (br s, 1H), 7.10-7.36 (m, 4H), 

7.68-7.73 (m, 1H), 8.46 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –72.24 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 28.0, 53.5, 65.2 (q, J = 30.9 Hz), 80.9, 107.1, 111.7, 119.8, 120.6, 

122.7, 124.1 (q, J = 285.9 Hz), 124.2, 124.6, 136.0, 153.4, 167.0 ppm. 

IR: ν = 686, 746, 803, 862, 913, 971, 1010, 1052, 1088, 1117, 1160, 1227, 1256, 1370, 1435, 1460, 

1492, 1721, 3319, 3411 cm–1. 

MS (EI): m/z (%) = 372 ([M]+, 85), 316 (28), 313 (5), 257 (80), 256 (36), 239 (12), 213 (100), 143 

(24), 69 (35), 57 (97). 

HRMS (ESI): m/z calcd. for C17H19F3N2O4 [M+Na]+: 395.1189, found: 395.1190. 
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Prepared from 5-fluoroindole and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 99% yield after column 

chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.32). 

Mp.: 178-180 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 8.5 (R), 10.1 (S) min. 

Optical rotation: ����
�� = +17.6 (c = 0.85, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.20 (t, J = 7.2 Hz, 3H), 1.39 (s, 9H), 4.18-4.35 (m, 2H), 5.95 

(br s, 1H), 6.83-6.90 (m, 1H), 6.96-7.04 (m, 1H), 7.29-7.35 (m, 2H), 8.68 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –123.59 (s, 1F), –72.28 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.8, 28.1, 63.3, 64.8 (q, J = 29.5 Hz), 81.0, 104.5 (d, 

J = 25.3 Hz), 106.4, 110.9 (d, J = 26.2 Hz), 112.3 (d, J = 9.8 Hz), 124.1 (q, J = 285.8 Hz), 125.0 (d, 

J = 10.4 Hz), 126.3, 132.6, 153.4, 157.9 (d, J = 233.6 Hz), 166.3 ppm. 
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IR: ν = 668, 761, 801, 862, 913, 979, 1027, 1074, 1110, 1178, 1266, 1371, 1489, 1583, 1632, 1744, 

2934, 2983, 3403 cm–1. 

MS (EI): m/z (%) = 404 ([M]+, 59), 348 (15), 331 (10), 288 (18), 275 (56), 231 (100), 161 (32), 134 

(9), 57 (95). 

HRMS (ESI): m/z calcd. for C18H20F4N2O4 [M+H]+: 405.1432, found: 405.1436. 
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Prepared from 5-chloroindole and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as colorless oil in 99% yield after column 

chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.32). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 9:1, 0.5 mL/min, tret: 19.5 (S), 31.0 (R) min. 

Optical rotation: ����
�� = +19.4 (c = 0.66, CHCl3). 

1H NMR (400 MHz, CDCl3): δ = 1.20 (t, J = 7.1 Hz, 3H), 1.40 (s, 9H), 4.18-4.35 (m, 2H), 6.01 

(br s, 1H), 6.92-7.26 (m, 3H), 7.63 (s, 1H), 8.75 (br s, 1H) ppm. 

19F NMR (376 MHz, CDCl3): δ = –72.35 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.8, 28.1, 63.4, 64.8 (q, J = 29.5 Hz), 81.1, 106.1, 112.6, 118.9, 

122.8, 124.0 (q, J = 285.8 Hz), 125.8, 125.9, 125.9, 134.4, 153.3, 166.3 ppm. 

IR: ν = 759, 797, 872, 894, 979, 1026, 1109, 1164, 1260, 1372, 1490, 1728, 2931, 2983, 3395 

cm–1. 

MS (EI): m/z (%) = 420 ([M]+, 66), 364 (13), 347 (8), 304 (14), 291 (33), 273 (7), 247 (39), 177 

(10), 150 (2), 69 (2), 57 (100). 

HRMS (ESI): m/z calcd. for C18H20ClF3N2O4 [M+Na]+: 443.0956, found: 443.0950. 
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Prepared from 5-bromoindole and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 85% yield after column 

chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.45). 

Mp.: 174 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 7.8 (S), 9.4 (R) min. 

Optical rotation: ����
�� = +17.9 (c = 0.97, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.19 (t, J = 7.0 Hz, 3H), 1.42 (s, 9H), 4.15-4.36 (m, 2H), 6.12 

(br s, 1H), 6.68-6.80 (m, 1H), 7.08-7.17 (m, 2H), 7.74 (br s, 1H), 8.95 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –72.30 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.7, 28.1, 63.6, 64.9 (q, J = 29.8 Hz), 81.1, 105.2, 113.1, 113.3, 

121.6, 123.9 (q, J = 285.8 Hz), 125.1, 126.1, 126.3, 134.7, 153.4, 166.3 ppm. 

IR: ν = 797, 885, 916, 977, 1022, 1094, 1119, 1156, 1256, 1292, 1369, 1390, 1460, 1489, 1717, 

3360 cm–1. 

MS (EI): m/z (%) = 464 ([M]+, 20), 408 (5), 391 (2), 335 (18), 317 (4), 291 (27), 221 (4), 57 (100). 

HRMS (ESI): m/z calcd. for C18H20BrF3N2O4 [M+K]+: 503.0190, found: 503.0178. 
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Prepared from 5-methylindole and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 99% yield after column 

chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.40). 
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Mp.: 137 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 7.8 (S), 8.9 (R) min. 

Optical rotation: ����
�� = +39.2 (c = 1.10, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.22 (t, J = 7.2 Hz, 3H), 1.37 (s, 9H), 3.09 (s, 3H), 4.21-4.32 (m, 

2H), 5.86 (br s, 1H), 7.00-7.02 (m, 1H), 7.16-7.22 (m, 2H), 7.50 (br s, 1H), 8.37 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –72.09 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.8, 21.6, 28.1, 62.9, 64.9 (q, J = 28.8 Hz), 80.8, 106.6, 111.3, 

119.4, 124.2 (q, J = 285.5 Hz), 124.2, 124.3, 124.9, 129.7, 134.4, 153.4, 166.5 ppm. 

IR: ν = 794, 869, 909, 977, 1023, 1158, 1256, 1369, 1489, 1722, 3338, 3396 cm–1. 

MS (EI): m/z (%) = 400 ([M]+, 48), 344 (6), 327 (3), 284 (8), 271 (22), 253 (5), 227 (54), 157 (13), 

130 (6), 57 (100). 

HRMS (ESI): m/z calcd. for C19H23F3N2O4 [M+H]+: 401.1683, found: 401.1674. 

8�9#-�'����#>8����#����.���������9�����?#�#8:#���'�.�#�
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Prepared from 5-methoxyindole and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 99% yield after column 

chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.41). 

Mp.: 62 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 9.2 (S), 10.5 (R) min. 

Optical rotation: ����
�� = +42.1 (c = 0.54, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.23 (t, J = 7.2 Hz, 3H), 1.37 (s, 9H), 3.85 (s, 3H), 4.27 (q, 

J = 7.1 Hz, 2H), 5.82 (br s, 1H), 6.85-6.90 (m, 1H), 7.19-7.23 (m, 2H), 7.28-7.30 (m, 1H), 8.33 (br 

s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –72.14 (s, 3F) ppm. 
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13C NMR (75 MHz, CDCl3): δ = 13.9, 28.1, 55.8, 62.9, 64.5 (q, J = 29.7 Hz), 80.8, 101.7, 106.9, 

112.3, 113.0, 124.2 (q, J = 271.3 Hz), 124.7, 125.2, 131.1, 153.4, 154.4, 166.3 ppm. 

IR: ν = 758, 803, 911, 980, 1032, 1168, 1218, 1261, 1372, 1488, 1583, 1738, 2937, 2983, 3399 

cm–1. 

MS (EI): m/z (%) = 416 ([M]+, 100), 360 (13), 343 (3), 300 (12), 287 (21), 243 (76), 173 (10), 57 

(70). 

HRMS (ESI): m/z calcd. for C19H23F3N2O5 [M+H]+: 417.1632, found: 417.1633. 
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Prepared from methyl indole-5-carboxylate and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-

trifluoropropanoate (151b) according to general procedure E and obtained as white crystals in 65% 

yield after column chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.39). 

Mp.: 112-114 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 4:1, 0.5 mL/min, tret: 18.6 (R), 21.6 (S) min. 

Optical rotation: ����
�� = +7.7 (c = 2.06, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.19 (t, J = 7.1 Hz, 3H), 1.39 (s, 9H), 3.94 (s, 3H), 4.16-4.36 (m, 

2H), 6.17 (br s, 1H), 6.89-6.96 (m, 1H), 7.25-7.28 (m, 1H), 7.74-7.80 (m, 1H), 8.40-8.42 (m, 1H), 

9.10 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –72.44 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.7, 28.1, 51.9, 63.5, 64.9 (q, J = 30.0 Hz), 81.1, 107.2, 111.4, 

122.1, 122.1, 123.6, 124.0 (q, J = 286.0 Hz), 124.3, 126.3, 138.7, 153.5, 166.3, 168.0 ppm. 

IR: ν = 751, 822, 861, 916, 978, 1025, 1115, 1157, 1257, 1369, 1438, 1502, 1620, 1697, 2982, 

3329 cm–1. 

MS (EI): m/z (%) = 444 ([M]+, 48), 413 (6), 388 (10), 371 (8), 328 (6), 298 (8), 271 (100), 201 (6), 

57 (55). 
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HRMS (ESI): m/z calcd. for C20H23F3N2O6 [M+Na]+: 467.1400, found: 467.1389. 

8�9#-�'����#>8����#����.���������9�����?#�)�)�#���	�����#�#8;#	�����#�
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Prepared from 6-fluoroindole and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 97% yield after column 

chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.40). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 8.9 (S), 10.2 (R) min. 

Optical rotation: ����
�� = +9.5 (c = 1.43, CHCl3). 

1H NMR (400 MHz, CDCl3): δ = 1.17 (t, J = 7.1 Hz, 3H), 1.39 (s, 9H), 4.17-4.33 (m, 2H), 6.06 

(br s, 1H), 6.65 (br s, 1H), 6.83-6.88 (m, 1H), 7.17 (br s, 1H), 7.53-7.57 (m, 1H), 8.79 (br s, 1H) 

ppm. 

19F NMR (376 MHz, CDCl3): δ = –72.21 (s, 3F), –120.84 (s, 1F) ppm. 

13C NMR (100 MHz, CDCl3): δ = 13.7, 28.1, 63.4, 65.0 (q, J = 30.0 Hz), 80.9, 97.8 (d, 

J = 26.0 Hz), 106.1, 108.9 (d, J = 24.5 Hz), 120.1 (d, J = 8.1 Hz), 121.2, 124.1 (q, J = 287.5 Hz), 

125.0, 136.3 (d, J = 12.5 Hz), 153.4, 159.8 (d, J = 238.6 Hz), 166.5 ppm. 

IR: ν = 758, 914, 958, 1026, 1162, 1256, 1371, 1492, 1545, 1629, 1728, 2921, 2983, 3401 cm–1. 

MS (EI): m/z (%) = 404 ([M]+, 53), 348 (17), 331 (3), 288 (11), 275 (44), 257 (8), 231 (48), 161 

(19), 134 (7), 73 (2), 57 (100). 

HRMS (ESI): m/z calcd. for C18H20F4N2O4 [M+Na]+: 427.1251, found: 427.1246. 

 �



���������������������

133 

8�9#-�'����#>8����#����.���������9�����?#�)�)�#���	�����#�#8;#�'����#�
#�����#
�#��9"��"�������8�:;�9�

 

Prepared from 6-chloroindole and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 98% yield after column 

chromatography (n-pentane:ethyl acetate = 4:1; Rf = 0.31). 

Mp.: 122 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 8.9 (S), 10.5 (R) min. 

Optical rotation: ����
�� = +20.3 (c = 1.43, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.17 (t, J = 7.2 Hz, 3H), 1.39 (s, 9H), 4.16-4.35 (m, 2H), 6.05 

(br s, 1H), 6.92-7.07 (m, 2H), 7.16-7.24 (m, 1H), 7.54 (d, J = 8.7 Hz, 1H), 8.76 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –72.25 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.7, 28.1, 63.5, 64.9 (q, J = 30.0 Hz), 81.0, 106.2, 111.5, 120.0, 

120.8, 123.2, 124.0 (q, J = 287.7 Hz), 125.3, 128.4, 136.5, 153.4, 166.4 ppm. 

IR: ν = 669, 759, 912, 1023, 1165, 1216, 1258, 1372, 1491, 1726, 2919, 3439 cm–1. 

MS (EI): m/z (%) = 420 ([M]+, 27), 364 (13), 347 (2), 304 (8), 291 (30), 273 (4), 247 (40), 177 (8), 

150 (3), 112 (78), 57 (100). 

HRMS (ESI): m/z calcd. for C18H20ClF3N2O4 [M+Na]+: 443.0956, found: 443.0952. 

8�9#-�'����#>8����#����.���������9�����?#�)�)�#���	�����#�#8A#���'��#�
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Prepared from 7-methylindole and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 99% yield after column 

chromatography (n-pentane:ethyl acetate = 7:3; Rf = 0.47). 
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Mp.: 182-184 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 9.0 (S), 9.9 (R) min. 

Optical rotation: ����
�� = +21.9 (c = 0.67, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.18 (t, J = 7.2 Hz, 3H), 1.38 (s, 9H), 2.05 (br s, 3H), 4.14-4.33 

(m, 2H), 6.05 (br s, 1H), 6.90-7.04 (m, 2H), 7.25-7.28 (m, 1H), 7.49-7.52 (m, 1H), 8.47 (br s, 1H) 

ppm. 

19F NMR (282 MHz, CDCl3): δ = –72.10 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.8, 16.2, 28.2, 63.1, 65.0 (q, J = 29.8 Hz), 80.6, 106.5, 117.1, 

120.4, 121.1, 122.8, 124.2 (q, J = 285.8 Hz), 124.2, 125.3, 135.5, 153.3, 166.6 ppm. 

IR: ν = 731, 777, 860, 907, 982, 1034, 1149, 1190, 1256, 1292, 1370, 1446, 1485, 1711, 1752, 

2984, 3355 cm–1. 

MS (EI): m/z (%) = 400 ([M]+, 75), 344 (14), 327 (5), 284 (14), 271 (48), 227 (100), 157 (15), 130 

(5), 57 (43). 

HRMS (ESI): m/z calcd. for C19H23F3N2O4 [M+Na]+: 423.1502, found: 423.1496. 

8�9#-�'����#>8����#����.���������9�����?#�)�)�#���	�����#�#8�#���'��#�
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Prepared from N-methylindole and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 22% yield after column 

chromatography (n-pentane:ethyl acetate = 7.5:2.5; Rf = 0.56). 

Mp.: 125 °C. 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 9.9 (S), 12.9 (R) min. 

Optical rotation: ����
�� = +3.0 (c = 0.2, CHCl3). 

1H NMR (300 MHz, CDCl3): δ = 1.23 (t, J = 7.2 Hz, 3H), 1.37 (s, 9H), 3.79 (s, 3H), 4.27 (q, 

J = 7.1 Hz, 2H), 5.76 (br s, 1H), 7.12-7.34 (m, 4H), 7.76 (d, J = 8.2 Hz, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –72.20 (s, 3F) ppm. 
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13C NMR (75 MHz, CDCl3): δ = 13.8, 28.0, 33.1, 62.7, 64.9 (q, J = 31.5 Hz), 80.8, 105.8, 109.7, 

120.2, 120.3, 122.3, 124.2 (q, J = 287.2 Hz), 125.3, 128.6, 136.9, 153.4, 166.3 ppm. 

IR: ν = 675, 741, 774, 858, 901, 976, 1026, 1155, 1252, 1368, 1479, 1702, 1746 cm–1. 

MS (EI): m/z (%) = 400 ([M]+, 99), 344 (7), 327 (8), 284 (15), 271 (46), 227 (92), 157 (20), 130 

(4), 57 (100). 

HRMS (ESI): m/z calcd. for C19H23F3N2O4 [M+H]+: 401.1683, found: 401.1679. 

8�9#-�'����#>8����#����.���������9�����?#�)�)�#���	�����#�#8�
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Prepared from pyrrole (116a) and ethyl 2-[(tert-butoxycarbonyl)imino]-3,3,3-trifluoropropanoate 

(151b) according to general procedure E and obtained as a white solid in 37% yield after column 

chromatography (n-pentane:ethyl acetate = 8.5:1.5; Rf = 0.38). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 8.3 (R), 9.8 (S) min. 

1H NMR (300 MHz, CDCl3): δ = 1.31 (t, J = 7.2 Hz, 3H), 1.41 (s, 9H), 4.33 (q, J = 7.1 Hz, 2H), 

5.54 (br s, 1H), 6.15-6.19 (m, 1H), 6.31-6.36 (m, 1H), 6.80-6.84 (m, 1H), 9.22 (br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –73.18 (s, 3F) ppm. 

IR: ν = 708, 736, 798, 897, 981, 1027, 1061, 1159, 1290, 1368, 1488, 1736, 2984, 3379 cm–1. 

MS (EI): m/z (%) = 336 ([M]+, 24), 280 (9), 263 (12), 220 (15), 207 (100), 163 (35), 139 (4), 57 

(50). 

HRMS (ESI): m/z calcd. for C14H19F3N2O4 [M+H]+: 337.1370, found: 337.1373. 

 �
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Prepared from pyrrole (116a) and ethyl 2-{[(benzyloxy)carbonyl]imino}-3,3,3-trifluoropropanoate 

(151c) according to general procedure E and obtained as a white solid in 71% yield after column 

chromatography (n-pentane:ethyl acetate = 4:1; Rf = 0.38). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 4:1, 0.6 mL/min, tret: 13.6 (R), 17.6 (S) min. 

1H NMR (300 MHz, CDCl3): δ = 1.24 (t, J = 7.1 Hz, 3H), 4.28 (q, J = 6.7 Hz, 2H), 5.10 (s, 2H), 

5.75 (br s, 1H), 6.15-6.20 (m, 1H), 6.31-6.36 (m, 1H), 6.80-6.84 (m, 1H), 7.27-7.39 (m, 5H), 9.18 

(br s, 1H) ppm. 

19F NMR (282 MHz, CDCl3): δ = –72.78 (s, 3F) ppm. 

13C NMR (75 MHz, CDCl3): δ = 13.7, 63.5, 64.3 (q, J = 31.4 Hz), 67.7, 108.6, 109.6, 119.9, 121.2, 

123.2 (q, J = 287.0 Hz), 128.2, 128.4, 128.5, 135.5, 154.4, 165.3 ppm. 

IR: ν = 699, 757, 1029, 1062, 1098, 1222, 1259, 1374, 1457, 1504, 1741, 3391 cm–1. 

MS (EI): m/z (%) = 370 ([M]+, 30), 301 (3), 297 (46), 220 (1), 91 (100), 65 (12). 

HRMS (ESI): m/z calcd. for C17H17F3N2O4 [M+H]+: 371.1213, found: 371.1215. 

8�9#-�'����#�����#�#8;#�'����#�
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To a stirred solution of (R)-ethyl 2-[(tert-butoxycarbonyl)amino]-3,3,3-trifluoro-2-(6-chloro-1H-

indol-3-yl)propanoate (156n) (47 mg, 0.112 mmol) in CH2Cl2 (2 mL) at 0 °C was added 

trifluoroacetic acid (86 μL, 1.12 mmol, 100 equiv.). The reaction mixture was allowed to reach 

room temperature in the course of 3 hours and was quenched with so much saturated aq. 

NaHCO3-solution until the aqueous phase was basic. The phases were separated, and the aqueous 

layer was extracted with CH2Cl2 (3x 3 mL). The combined organic extracts were dried over 
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MgSO4, filtered and concentrated in vacuo. The product was obtained as a colorless oil in 98% 

yield after column chromatography (n-pentane:ethyl acetate = 3:2; Rf = 0.35). 

HPLC analysis: Chiralpak AD-H, n-heptane:iPrOH = 7:3, 0.5 mL/min, tret: 11.4 (S), 13.4 (R) min. 

Optical rotation: ����
�� = –8.1 (c = 1.3, CHCl3). 

1H NMR (400 MHz, CDCl3): δ = 1.25 (t, J = 7.1 Hz, 3H), 2.37 (br s, 2H), 4.22-4.37 (m, 2H), 7.11 

(dd, J = 1.9, 8.7 Hz, 1H), 7.35-7.38 (m, 2H), 7.73 (d, J = 8.7 Hz, 1H), 8.32 (br s, 1H) ppm. 

19F NMR (376 MHz, CDCl3): δ = –75.13 (s, 3F) ppm. 

13C NMR (100 MHz, CDCl3): δ = 13.9, 63.0, 64.3 (q, J = 29.0 Hz), 110.6, 111.3, 121.2, 121.6, 

123.6, 124.3, 124.8 (q, J = 285.5 Hz), 128.7, 136.7, 168.9 ppm. 

IR: ν = 758, 808, 907, 1020, 1166, 1213, 1244, 1337, 1372, 1400, 1456, 1540, 1617, 1738, 2926, 

2983, 3408 cm-1. 

MS (EI): m/z (%) = 320 ([M]+, 72), 304 (34), 247 (100), 177 (35), 152 (40), 142 (22), 117 (70). 

HRMS (ESI): m/z calcd. for C13H12ClF3N2O2 [M+H]+: 321.0612, found: 321.0616. 

!�7 *���'�
�
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General Procedure F 

To a mixture of CuI (103a) (9.5 mg, 0.05 mmol, 0.1 equiv.), p-toluenesulfonyl azide (101a) 

(118.5 mg, 0.60 mmol, 1.2 equiv.) and nitroolefin 15 (0.50 mmol) in THF (1.5 mL) was slowly 

added phenylacetylene (100a) (66 μL, 0.60 mmol, 1.2 equiv.), methanol (101 μL, 2.5 mmol, 

5.0 equiv.) and triethylamine (209 μL, 1.5 mmol, 3.0 equiv.) at room temperature under an N2 

atmosphere. After 24 hours, the reaction mixture was diluted with CH2Cl2 (3 mL) and quenched 

with sat. NH4Cl-solution (3 mL) and 1N HCl-solution (3 mL). The mixture was stirred for 

additional 30 minutes and then the layers were separated. The aqueous phase was extracted with 

CH2Cl2 (3x 6 mL). The combined organic extracts were dried over MgSO4, filtered and 

concentrated in vacuo. The residue was purified by column chromatography to afford the desired 

product. 
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Prepared from trans-β-nitrostyrene (15a) and phenylacetylene (100a) according to general 

procedure F and obtained as a yellowish solid in 73% yield (58:42 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.37). 

Mp.: 161-162 °C. 

1H NMR (400 MHz, CDCl3): δ = 2.35 (s, 1.5H), 2.41 (s, 1.5H), 3.48 (s, 1.5H), 3.77 (s, 1.5H), 

4.28-4.35 (m, 1.5H), 4.48-4.53 (m, 0.5H), 4.68-4.72 (dd, J = 4.6, 12.8 Hz, 0.5H), 4.91-4.97 (dd, 

J = 10.2, 12.8 Hz, 0.5H), 5.28 (d, J = 11.6 Hz, 0.5H), 5.52 (d, J = 11.9 Hz, 0.5H), 7.12-7.18 (m, 

5H), 7.29-7.42 (m, 6H), 7.55 (d, J = 8.3 Hz, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.84 (d, J = 8.3 Hz, 1H) 

ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.3, 21.4, 47.1, 47.2, 51.0, 53.0, 55.4, 56.0, 78.7, 79.0, 126.4, 

126.6, 127.8, 127.9, 128.0, 128.1, 128.4, 128.6, 128.8, 128.8, 129.0, 129.1, 129.3, 129.4, 129.4, 

134.2, 136.3, 136.6, 138.4, 143.6, 170.9, 172.9 ppm. 

IR: ν = 601, 686, 702, 738, 815, 947, 1017, 1092, 1154, 1254, 1290, 1302, 1379, 1438, 1456, 1496, 

1506, 1556, 1597, 1612, 1653 cm–1. 

HRMS (EI): m/z calcd. for C24H24N2O5S [M+H]+: 452.1406, found: 452.1409. 

%��'����#8!#	�����"'����9#!#�����#�#"'����#�#��
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Prepared from trans-4-fluoro-β-nitrostyrene (15b) and phenylacetylene (100a) according to general 

procedure F and obtained as a yellowish solid in 69% yield (54:46 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.34). 
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1H NMR (400 MHz, CDCl3): δ = 2.35 (s, 1.5H), 2.40 (s, 1.5H), 3.50 (s, 1.5H), 3.78 (s, 1.5H), 

4.25-4.34 (m, 1.5H), 4.46-4.52 (m, 0.5H), 4.65-4.70 (m, 0.5H), 4.88-4.94 (dd, J = 10.5, 12.8 Hz, 

0.5H), 5.22 (d, J = 11.6 Hz, 0.5H), 5.45 (d, J = 12.0 Hz, 0.5H), 6.81-6.85 (m, 1H), 6.97-7.02 (m, 

1H), 7.10-7.19 (m, 3.5H), 7.28-7.43 (m, 4.5H), 7.57 (d, J = 8.3 Hz, 1H), 7.67 (d, J = 7.4 Hz, 1H), 

7.82 (d, J = 8.3 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.4, 21.4, 46.4, 46.6, 51.1, 53.0, 55.5, 56.1, 78.6, 78.8, 115.7 

(d, J = 21.4 Hz), 115.8 (d, J = 21.4 Hz), 126.4, 126.6, 128.0, 128.5, 129.0, 129.2, 129.3, 129.4, 

129.6 (d, J = 8.2 Hz), 129.9 (d, J = 8.1 Hz), 132.1 (d, J = 3.1 Hz), 132.3 (d, J = 3.1 Hz), 134.0, 

134.1, 138.3, 138.4, 143.4, 143.7, 162.0 (d, J = 245.5 Hz), 162.3 (d, J = 245.7 Hz), 170.8, 172.7 

ppm. 

IR: ν = 604, 685, 736, 813, 839, 948, 1016, 1092, 1153, 1226, 1289, 1379, 1439, 1512, 1554, 1611 

cm–1. 

HRMS (EI): m/z calcd. for C24H23FN2O5S [M+H]+: 470.1312, found: 470.1313. 
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Prepared from trans-4-chloro-β-nitrostyrene (15c) and phenylacetylene (100a) according to general 

procedure F and obtained as a yellowish solid in 60% yield (56:44 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.43). 

1H NMR (400 MHz, CDCl3): δ = 2.37 (s, 1.5H), 2.42 (s, 1.5H), 3.53 (s, 1.5H), 3.79 (s, 1.5H), 

4.24-4.35 (m, 1.5H), 4.45-4.52 (m, 0.5H), 4.64-4.70 (dd, J = 4.5, 12.9 Hz, 0.5H), 4.87-4.95 (dd, 

J = 10.4, 12.9 Hz, 0.5H), 5.22 (d, J = 11.8 Hz, 0.5H), 5.44 (d, J = 11.8 Hz, 0.5H), 7.06-7.22 (m, 

4.5H), 7.24-7.45 (m, 5.5H), 7.56 (d, J = 8.2 Hz, 1H), 7.66 (d, J = 6.9 Hz, 1H), 7.82 (d, J = 8.2 Hz, 

1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.5, 21.6, 46.6, 46.7, 51.0, 52.9, 55.6, 56.2, 78.4, 78.7, 126.3, 

126.6, 128.0, 128.5, 128.8, 128.9, 128.9, 129.0, 129.2, 129.2, 129.3, 129.4, 129.4, 129.5, 133.6, 

133.8, 133.9, 134.0, 134.8, 135.0, 138.2, 138.2, 143.3, 143.7, 170.5, 172.4 ppm. 
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IR: ν = 681, 743, 813, 915, 946, 1015, 1091, 1152, 1187, 1253, 1292, 1378, 1438, 1493, 1553, 

1597 cm–1. 

HRMS (ESI): m/z calcd. for C24H23ClN2O5S [M+H]+: 487.1089, found: 487.1093. 
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Prepared from trans-4-bromo-β-nitrostyrene and phenylacetylene (100a) according to general 

procedure F and obtained as a yellowish solid in 65% yield (54:46 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.37). 

1H NMR (400 MHz, CDCl3): δ = 2.38 (s, 1.5H), 2.41 (s, 1.5H), 3.52 (s, 1.5H), 3.78 (s, 1.5H), 

4.24-4.31 (m, 1.5H), 4.43-4.50 (m, 0.5H), 4.63-4.67 (dd, J = 4.5, 12.9 Hz, 0.5H), 4.86-4.92 (dd, 

J = 10.4, 12.9 Hz, 0.5H), 5.21 (d, J = 11.6 Hz, 0.5H), 5.43 (d, J = 11.7 Hz, 0.5H), 6.99-7.03 (m, 

1H), 7.12-7.21 (m, 2.5H), 7.27-7.44 (m, 6.5H), 7.55 (d, J = 8.4 Hz, 1H), 7.65 (d, J = 6.9 Hz, 1H), 

7.81 (d, J = 8.3 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.5, 21.5, 46.6, 46.7, 50.9, 52.8, 55.6, 56.2, 78.4, 78.7, 121.9, 

122.4, 126.4, 126.7, 128.2, 128.6, 129.0, 129.0, 129.3, 129.5, 129.5, 129.7, 129.9, 131.9, 132.0, 

133.9, 134.0, 135.5, 135.7, 138.3, 138.4, 143.5, 143.8, 170.6, 172.5 ppm. 

IR: ν = 603, 686, 707, 739, 814, 948, 1012, 1092, 1155, 1184, 1254, 1289, 1378, 1440, 1492, 1554, 

1621, 2951 cm–1. 

HRMS (EI): m/z calcd. for C24H23BrN2O5S [M+H]+: 532.0493, found: 532.0499. 

 �
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Prepared from trans-4-methyl-β-nitrostyrene and phenylacetylene (100a) according to general 

procedure F and obtained as a yellowish solid in 58% yield (57:43 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.41). 

1H NMR (400 MHz, CDCl3): δ = 2.04 (s, 1.5H), 2.18 (s, 1.5H), 2.37 (s, 1.5H), 2.42 (s, 1.5H), 3.52 

(s, 1.5H), 3.78 (s, 1.5H), 4.26-4.34 (m, 1.5H), 4.49-4.55 (m, 0.5H), 4.67-4.71 (dd, J = 4.6, 12.6 Hz, 

0.5H), 4.90-4.96 (dd, J = 10.3, 12.6 Hz, 0.5H), 5.29 (d, J = 11.6 Hz, 0.5H), 5.52 (d, J = 11.8 Hz, 

0.5H), 6.96 (d, J = 7.9 Hz, 1H), 7.05 (d, J = 8.1 Hz, 1H), 7.10-7.19 (m, 3.5H), 7.30-7.45 (m, 4.5H), 

7.57 (d, J = 8.3 Hz, 1H), 7.70 (d, J = 7.1 Hz, 1H), 7.85 (d, J = 8.3 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 20.9, 21.0, 21.3, 21.4, 46.7, 46.8, 50.9, 52.9, 55.4, 56.0, 78.7, 

79.1, 126.4, 126.6, 127.7, 127.8, 127.9, 128.4, 128.8, 129.0, 129.1, 129.3, 129.4, 129.5, 133.2, 

133.4, 134.3, 134.4, 137.3, 137.7, 138.4, 138.5, 143.1, 143.6, 171.0, 173.0 ppm. 

IR: ν = 603, 686, 706, 736, 816, 1018, 1092, 1155, 1254, 1288, 1313, 1379, 1439, 1555, 1595, 

1613, 2952 cm–1. 

HRMS (EI): m/z calcd. for C25H26N2O5S [M+H]+: 466.1562, found: 466.1558. 
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Prepared from trans-4-methoxy-β-nitrostyrene and phenylacetylene (100a) according to general 

procedure F and obtained as a yellowish solid in 62% yield (55:45 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.37 and 0.27 (syn and anti diastereoisomer, 

respectively). 

Mp.: 99-100 °C. 
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1H NMR (400 MHz, CDCl3, syn isomer): δ = 2.34 (s, 3H), 3.59 (s, 3H), 3.71 (s, 3H), 4.15-4.22 

(m, 1H), 4.55-4.59 (dd, J = 4.7, 12.6 Hz, 1H), 4.78-4.84 (dd, J = 10.2, 12.4 Hz, 1H), 5.15 (d, 

J = 11.6 Hz, 1H), 6.60 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 7.03-7.11 (m, 3H), 7.21-7.28 

(m, 4H), 7.75 (d, J = 8.4 Hz, 2H) ppm. 

13C NMR (100 MHz, CDCl3, syn isomer): δ = 21.5, 46.6, 53.1, 55.0, 56.1, 79.2, 114.1, 126.7, 

127.9, 128.2, 128.5, 129.0, 129.4, 129.4, 134.4, 138.5, 143.7, 158.9, 173.1 ppm. 

IR: ν = 596, 610, 686, 816, 837, 947, 1033, 1092, 1153, 1181, 1254, 1289, 1380, 1439, 1515, 1554, 

1612 cm–1. 

HRMS (FAB): m/z calcd. for C25H26N2O6S [M+H]+: 482.1512, found: 482.1512. 

1H NMR (400 MHz, CDCl3, anti isomer): δ = 2.37 (s, 3H), 3.52 (s, 3H), 3.77 (s, 3H), 4.24-4.29 

(m, 2H), 4.45-4.51 (m, 1H), 5.46 (d, J = 11.6 Hz, 1H), 6.83 (d, J = 8.7 Hz, 2H), 7.18 (d, J = 8.6 Hz, 

2H), 7.32-7.44 (m, 5H), 7.57 (d, J = 7.9 Hz, 2H), 7.67 (d, J = 7.0 Hz, 2H) ppm. 

13C NMR (100 MHz, CDCl3, anti isomer): δ = 21.5, 46.5, 51.2, 55.1, 55.5, 78.9, 114.2, 126.0, 

126.5, 128.4, 128.9, 129.0, 129.2, 129.3, 129.4, 134.5, 138.6, 143.2, 159.3, 171.2 ppm. 

IR: ν = 603, 683, 707, 735, 813, 949, 1033, 1092, 1155, 1182, 1254, 1289, 1313, 1344, 1379, 1439, 

1514, 1554, 1596, 1612, 2953 cm–1. 

HRMS (FAB): m/z calcd. for C25H26N2O6S [M+H]+: 482.1512, found: 482.1512. 
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Prepared from trans-2-chloro-β-nitrostyrene and phenylacetylene (100a) according to general 

procedure F and obtained as a yellowish solid in 61% yield (66:34 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.36). 

Mp.: 142-143 °C. 

1H NMR (400 MHz, CDCl3): δ = 2.35 (s, 1.5H), 2.41 (s, 1.5H), 3.50 (s, 1.5H), 3.80 (s, 1.5H), 

4.34-4.40 (dd, J = 4.5, 12.6 Hz, 0.5H), 4.73-4.79 (dd, J = 4.2, 12.1 Hz, 0.5H), 4.90-5.04 (m, 2H), 
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5.47 (d, J = 10.9 Hz, 0.5H), 5.62 (d, J = 10.6 Hz, 0.5H), 7.00-7.06 (m, 1H), 7.12-7.22 (m, 4H), 

7.27-7.45 (m, 5H), 7.60 (d, J = 8.2 Hz, 1H), 7.71 (d, J = 6.7 Hz, 1H), 7.82 (d, J = 8.4 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.4, 21.5, 43.0, 43.1, 50.7, 52.2, 55.4, 56.1, 78.1, 126.4, 126.7, 

127.3, 127.6, 128.1, 128.3, 129.0, 129.0, 129.2, 129.2, 129.3, 129.4, 129.4, 130.1, 133.8, 134.2, 

134.3, 134.3, 138.4, 138.5, 143.3, 143.6, 170.8, 172.5 ppm. 

IR: ν = 683, 705, 744, 761, 814, 915, 946, 975, 1017, 1037, 1091, 1152, 1187, 1254, 1289, 1378, 

1438, 1479, 1495, 1554, 1610 cm–1. 

HRMS (ESI): m/z calcd. for C24H23ClN2O5S [M+H]+: 487.1089, found: 487.1079. 
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Prepared from (E)-2-(2-nitroethenyl)furan and phenylacetylene (100a) according to general 

procedure F and obtained as a yellowish solid in 61% yield (57:43 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.33). 

1H NMR (400 MHz, CDCl3): δ = 2.37 (s, 1H), 2.39 (s, 1.5H), 3.64 (s, 1.5H), 3.79 (s, 1.5H), 

4.20-4.26 (dd, J = 3.0, 12.8 Hz, 0.5H), 4.41-4.61 (m, 2H), 4.88-4.96 (dd, J = 10.2, 12.9 Hz, 0.5H), 

5.33 (d, J = 11.3 Hz, 0.5H), 5.46 (d, J = 11.4 Hz, 0.5H), 5.92 (d, J = 3.3 Hz, 0.5H), 6.05 (dd, 

J = 1.9, 3.3 Hz, 0.5H), 6.28 (dd, J = 1.9, 3.3 Hz, 0.5H), 6.33 (d, J = 3.2 Hz, 0.5H), 7.19-7.43 (m, 

7H), 7.61 (d, J = 6.9 Hz, 1H), 7.64 (d, J = 8.3 Hz, 1H), 7.78 (d, J = 8.3 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.4, 21.4, 40.6, 41.3, 49.6, 50.8, 55.8, 56.1, 76.0, 76.7, 108.3, 

109.5, 110.1, 110.4, 126.5, 126.7, 128.1, 128.5, 128.9, 129.0, 129.2, 129.4, 129.4, 129.5, 133.8, 

134.3, 138.4, 138.5, 142.5, 142.8, 143.3, 143.6, 148.9, 150.0, 170.9, 172.0 ppm. 

IR: ν = 557, 603, 686, 707, 738, 815, 947, 1015, 1092, 1156, 1259, 1289, 1317, 1377, 1439, 1495, 

1556, 1595, 1613, 2952 cm–1. 

HRMS (FAB): m/z calcd. for C22H22N2O6S [M+H]+: 442.1199, found: 442.1195. 



���������������������

144 

%��'����#8!#	�����"'����9#!#�����#�#"'����#�#��
���������������8��!�9�

 

Prepared from trans-β-nitrostyrene (15a) and 4-fluorophenylacetylene according to general 

procedure F and obtained as a yellowish solid in 67% yield (61:39 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.38). 

1H NMR (400 MHz, CDCl3): δ = 2.35 (s, 1.5H), 2.41 (s, 1.5H), 3.47 (s, 1.5H), 3.78 (s, 1.5H), 

4.21-4.31 (m, 1.5H), 4.49-4.56 (m, 0.5H), 4.66-4.71 (dd, J = 4.7, 12.8 Hz, 0.5H), 4.89-4.95 (dd, 

J = 10.1, 12.8 Hz, 0.5H), 5.26 (d, J = 11.7 Hz, 0.5H), 5.52 (d, J = 11.6 Hz, 0.5H), 6.81-6.86 (m, 

1H), 7.08-7.18 (m, 4.5H), 7.23-7.34 (m, 3.5H), 7.39-7.41 (m, 1H), 7.55 (d, J = 8.3 Hz, 1H), 

7.66-7.69 (m, 1H), 7.83 (d, J = 8.3 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.4, 21.4, 47.2, 47.3, 50.2, 52.2, 55.5, 56.1, 78.6, 78.9, 115.4 

(d, J = 21.3 Hz), 116.3 (d, J = 21.5 Hz), 126.4, 126.6, 127.9, 128.1, 128.2, 128.7, 128.8, 129.2, 

129.4, 130.0 (d, J = 3.3 Hz), 130.1 (d, J = 3.4 Hz), 130.8 (d, J = 8.2 Hz), 131.0 (d, J = 8.1 Hz), 

136.1, 136.4, 138.3, 138.3, 143.3, 143.8, 162.1 (d, J = 245.9 Hz), 162.8 (d, J = 247.1 Hz), 170.7, 

172.6 ppm. 

IR: ν = 597, 686, 813, 848, 1091, 1153, 1226, 1290, 1380, 1510, 1553, 1611 cm–1. 

HRMS (EI): m/z calcd. for C24H23FN2O5S [M+H]+: 470.1312, found: 470.1310. 
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Prepared from trans-β-nitrostyrene (15a) and 4-methylphenylacetylene according to general 

procedure F and obtained as a yellowish solid in 64% yield (59:41 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.42). 
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1H NMR (400 MHz, CDCl3): δ = 2.18 (s, 1.5H), 2.33 (s, 1.5H), 2.35 (s, 1.5H), 2.41 (s, 1.5H), 3.47 

(s, 1.5H), 3.77 (s, 1.5H), 4.27-4.34 (m, 1.5H), 4.50-4.56 (m, 0.5H), 4.66-4.70 (dd, J = 4.6, 12.7 Hz, 

0.5H), 4.90-4.96 (dd, J = 10.3, 12.8 Hz, 0.5H), 5.25 (d, J = 11.6 Hz, 0.5H), 5.47 (d, J = 11.5 Hz, 

0.5H), 6.96 (d, J = 8.0 Hz, 1H), 7.07-7.33 (m, 8.5H), 7.41-7.43 (m, 1H), 7.55-7.59 (m, 1.5H), 7.84 

(d, J = 8.3 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 20.9, 21.0, 21.4, 21.4, 47.1, 50.6, 52.5, 55.4, 56.0, 78.7, 79.0, 

126.3, 126.6, 127.7, 128.0, 128.1, 128.6, 128.8, 128.8, 129.1, 129.4, 130.0, 131.0, 131.2, 136.4, 

136.7, 137.6, 138.4, 138.7, 143.1, 143.6, 171.2, 173.2 ppm. 

IR: ν = 599, 686, 703, 816, 836, 948, 1018, 1092, 1154, 1187, 1255, 1289, 1313, 1379, 1439, 1495, 

1513, 1555, 1601, 1619, 2951 cm–1. 

HRMS (EI): m/z calcd. for C25H26N2O5S [M+H]+: 466.1562, found: 466.1558. 
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Prepared from trans-β-nitrostyrene (15a) and 4-trifluoromethylphenylacetylene according to 

general procedure F and obtained as a yellowish solid in 73% yield (64:36 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.42). 

1H NMR (400 MHz, CDCl3): δ = 2.35 (s, 1.5H), 2.41 (s, 1.5H), 3.49 (s, 1.5H), 3.79 (s, 1.5H), 

4.22-4.36 (m, 1.5H), 4.52-4.58 (dd, J = 10.7, 12.4 Hz, 0.5H), 4.69-4.74 (dd, J = 4.7, 12.8 Hz, 0.5H), 

4.92-4.97 (dd, J = 10.1, 12.9 Hz, 0.5H), 5.36 (d, J = 11.7 Hz, 0.5H), 5.61 (d, J = 11.9 Hz, 0.5H), 

7.09-7.19 (m, 4H), 7.24-7.37 (m, 2.5H), 7.41-7.56 (m, 3.5H), 7.68 (d, J = 8.2 Hz, 1H), 7.82-7.86 

(m, 2H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.4, 21.4, 47.0, 50.7, 52.8, 55.7, 56.3, 78.4, 78.8, 123.7 (q, 

J = 270.5 Hz), 125.3 (q, J = 3.6 Hz), 126.3 (q, J = 3.7 Hz), 126.4, 126.7, 127.9, 128.1, 128.4, 128.9, 

128.9, 129.2, 129.5, 129.6, 129.7, 129.8, 130.5, 131.0 (q, J = 32.3 Hz), 135.8, 136.1, 138.1, 138.3, 

143.5, 143.9, 170.0, 171.9 ppm. 
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IR: ν = 559, 686, 704, 815, 853, 946, 1018, 1070, 1091, 1128, 1155, 1257, 1327, 1380, 1556, 1609 

cm–1. 

HRMS (EI): m/z calcd. for C25H23F3N2O5S [M+H]+: 520.1280, found: 520.1284. 
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Prepared from trans-β-nitrostyrene (15a) and 4-phenoxyphenylacetylene according to general 

procedure F and obtained as a yellowish solid in 74% yield (57:43 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.41). 

Mp.: 129-130 °C. 

1H NMR (400 MHz, CDCl3): δ = 2.36 (s, 1.5H), 2.42 (s, 1.5H), 3.49 (s, 1.5H), 3.80 (s, 1.5H), 

4.24-4.37 (m, 1.5H), 4.52-4.57 (dd, J = 11.0, 12.4 Hz, 0.5H), 4.67-4.71 (dd, J = 4.6, 12.8 Hz, 0.5H), 

4.91-4.96 (dd, J = 10.2, 12.8 Hz, 0.5H), 5.25 (d, J = 11.6 Hz, 0.5H), 5.50 (d, J = 11.8 Hz, 0.5H), 

6.79 (d, J = 8.6 Hz, 1H), 6.88 (d, J = 7.7 Hz, 1H), 7.02-7.19 (m, 7H), 7.24-7.42 (m, 6H), 7.57 (d, 

J = 8.3 Hz, 1H), 7.64 (d, J = 8.6 Hz, 1H), 7.85 (d, J = 8.2 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.4, 21.5, 47.2, 47.4, 50.3, 52.4, 55.4, 56.1, 78.7, 78.9, 118.5, 

118.9, 119.5, 123.4, 123.9, 126.4, 126.7, 127.8, 128.0, 128.1, 128.2, 128.5, 128.7, 128.8, 129.2, 

129.4, 129.6, 129.8, 130.4, 130.7, 136.3, 136.6, 138.4, 138.5, 143.2, 143.7, 156.2, 156.6, 156.9, 

158.0, 171.0, 172.9 ppm. 

IR: ν = 598, 686, 755, 815, 845, 874, 947, 1017, 1092, 1153, 1242, 1288, 1313, 1378, 1438, 1456, 

1488, 1506, 1556, 1589, 1617, 1699 cm–1. 

HRMS (EI): m/z calcd. for C30H28N2O6S [M+H]+: 544.1668, found: 544.1664. 
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Prepared from trans-β-nitrostyrene (15a) and 4-tert-butylphenylacetylene according to general 

procedure F and obtained as a yellowish solid in 56% yield (63:37 syn:anti) after column 

chromatography (n-hexane:ethyl acetate = 3:1; Rf = 0.40). 

 1H NMR (400 MHz, CDCl3): δ = 1.20 (s, 4.5H), 1.33 (s, 4.5H), 2.34 (s, 1.5H), 2.40 (s, 1.5H), 3.47 

(s, 1.5H), 3.77 (s, 1.5H), 4.26-4.34 (m, 1.5H), 4.49-4.56 (m, 0.5H), 4.65-4.69 (dd, J = 4.6, 12.7 Hz, 

0.5H), 4.90-4.96 (dd, J = 10.3, 12.7 Hz, 0.5H), 5.25 (d, J = 11.5 Hz, 0.5H), 5.47 (d, J = 11.6 Hz, 

0.5H), 7.06-7.17 (m, 5H), 7.23-7.43 (m, 5H), 7.54 (d, J = 8.3 Hz, 1H), 7.59 (d, J = 8.3 Hz, 1H), 

7.82 (d, J = 8.3 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.4, 21.5, 31.1, 31.2, 34.3, 34.5, 47.1, 47.2, 50.5, 52.6, 55.4, 

56.0, 78.8, 79.0, 125.3, 126.3, 126.4, 126.7, 127.7, 128.0, 128.1, 128.2, 128.6, 128.8, 128.9, 129.1, 

129.4, 131.0, 131.1, 136.5, 136.7, 138.5, 138.6, 143.1, 143.6, 150.7, 151.8, 171.2, 173.2 ppm. 

IR: ν = 592, 619, 686, 704, 738, 815, 847, 948, 1018, 1092, 1155, 1185, 1254, 1289, 1314, 1335, 

1379, 1438, 1456, 1496, 1556, 1596, 1620, 2868, 2904, 2952, 2967, 3033 cm–1. 

HRMS (EI): m/z calcd. for C28H32N2O5S [M+H]+: 508.2032, found: 508.2037. 
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Prepared from trans-β-nitrostyrene (15a) and 3-ethynylthiophene according to general procedure F 

and obtained as a yellowish solid in 69% yield (60:40 syn:anti) after column chromatography 

(n-hexane:ethyl acetate = 3:1; Rf = 0.40). 

Mp.: 135-136 °C. 
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1H NMR (400 MHz, CDCl3): δ = 2.35 (s, 1.5H), 2.40 (s, 1.5H), 3.47 (s, 1.5H), 3.78 (s, 1.5H), 

4.19-4.31 (m, 1H), 4.34-4.38 (m, 0.5H), 4.52-4.57 (m, 0.5H), 4.64-4.68 (m, 0.5H), 4.88-4.94 (m, 

0.5H), 5.38 (d, J = 11.4 Hz, 0.5H), 5.65 (d, J = 11.8 Hz, 0.5H), 6.99-7.00 (m, 1H), 7.07-7.20 (m, 

5H), 7.22-7.33 (m, 3H), 7.36-7.39 (m, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.4, 21.5, 46.5, 47.1, 47.4, 48.6, 55.4, 56.0, 78.6, 78.7, 124.8, 

125.5, 125.6, 126.4, 126.6, 126.9, 127.2, 127.3, 127.8, 127.9, 128.0, 128.2, 128.7, 128.8, 129.2, 

129.4, 134.1, 134.3, 136.3, 136.4, 138.2, 138.4, 143.2, 143.7, 170.7, 172.6 ppm. 

IR: ν = 598, 686, 704, 735, 774, 816, 952, 1018, 1092, 1150, 1158, 1185, 1233, 1268, 1315, 1379, 

1439, 1456, 1496, 1554, 1596, 1620, 2951, 3032, 3108 cm–1. 

HRMS (EI): m/z calcd. for C22H22N2O5S2 [M+H]+: 458.0970, found: 458.0973. 

8�9#�#-�'����#�#8�#�����3����9���$����8�A79�

 

To a stirred mixture of 2-ethynylbenzaldehyde (5a) (989 mg, 7.6 mmol) and nitromethane (2.1 mL, 

38.1 mmol, 5.0 equiv.) under a N2 atmosphere was slowly added triethylamine (209 μL, 1.5 mmol, 

0.2 equiv.) at room temperature. After 16 hours, the solvent was evaporated and the residue was 

directly subjected to column chromatography (86% yield, n-hexane:ethyl acetate = 5:1; Rf = 0.29). 

To the resulting Henry-product (841 mg, 4.4 mmol) in CH2Cl2 (0.5 M) was slowly added MsCl 

(410 μL, 5.3 mmol, 1.2 equiv.) and triethylamine (1.5 mL, 11.1 mmol, 2.5 equiv.). Water (10 mL) 

was added after 24 hours and the aqueous phase was extracted with CH2Cl2 (3x 10 mL). The 

combined organic extracts were then washed with 1N HCl (10 mL), dried over MgSO4, filtered and 

concentrated in vacuo. The crude residue was purified by column chromatography to give the 

desired product as a yellow solid in 80% yield (n-hexane:ethyl acetate = 10:1; Rf = 0.34). 

1H NMR (400 MHz, CDCl3): δ = 3.53 (s, 1H), 7.39-7.48 (m, 2H), 7.56-7.63 (m, 2H), 7.73 (d, 

J = 13.7 Hz, 1H), 8.45 (d, J = 13.7 Hz, 1H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 80.4, 84.6, 123.8, 127.3, 129.2, 131.3, 131.7, 133.9, 136.5, 

138.3 ppm. 

IR: ν = 604, 646, 691, 758, 847, 965, 1212, 1257, 1283, 1348, 1477, 1500, 1517, 1593, 1629, 3268 

cm–1. 
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HRMS (EI): m/z calcd. for C10H7NO2 [M+H]+: 173.0477, found: 173.0480. 
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To a mixture of CuI (103a) (9.5 mg, 0.05 mmol, 0.1 equiv.), p-toluenesulfonyl azide (101a) 

(118.5 mg, 0.60 mmol, 1.2 equiv.) and (E)-1-ethynyl-2-(2-nitrovinyl)benzene (179) (87 mg, 

0.50 mmol) in THF (1.5 mL) was slowly added methanol (101 μL, 2.5 mmol, 5.0 equiv.) and 

triethylamine (209 μL, 1.5 mmol, 3.0 equiv.) at room temperature under a N2 atmosphere. After 

24 hours, the reaction mixture was diluted with CH2Cl2 (3 mL) and quenched with sat. 

NH4Cl-solution (3 mL) and 1N HCl-solution (3 mL). The mixture was stirred for additional 

30 minutes and then the layers were separated. The aqueous phase was extracted with CH2Cl2 

(3x 6 mL). The combined organic extracts were dried over MgSO4, filtered and concentrated in 

vacuo. The residue was purified by column chromatography to give the desired product as a white 

solid in 45% yield (n-hexane:ethyl acetate = 3:1; Rf = 0.26). 

1H NMR (400 MHz, CDCl3): δ = 2.32 (s, 3H), 3.73 (s, 3H), 4.27-4.31 (dd, J = 5.1, 12.5 Hz, 1H), 

4.45-4.50 (dd, J = 10.0, 12.5 Hz, 1H), 5.49 (s, 1H), 6.21-6.25 (dd, J = 5.2, 10.0 Hz, 1H), 6.96 (d, 

J = 7.6 Hz, 1H), 7.10-7.24 (m, 5H), 7.56 (d, J = 8.4 Hz, 2H) ppm. 

13C NMR (100 MHz, CDCl3): δ = 21.5, 56.4, 57.5, 75.8, 90.1, 124.9, 125.5, 125.7, 126.2, 127.6, 

129.0, 129.1, 131.4, 136.2, 144.1, 149.7 ppm. 

IR: ν = 540, 621, 682, 755, 814, 970, 1011, 1088, 1166, 1197, 1245, 1269, 1289, 1354, 1380, 1490, 

1556, 1598, 1641 cm–1. 

HRMS (FAB): m/z calcd. for C18H18N2O5S [M+H]+: 374.0936, found: 374.0934. 
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Ac  acetyl 

BINOL 1,1’-bi-2-naphthol 

Bn  benzyl 

Boc  tert-butoxycarbonyl 

br  broad 

Bs  brosyl (p-bromobenzenesulfonyl) 

Bu  butyl 

Bz  benzoyl 

calcd.  calculated 

Cbz  carboxybenzoyl 

CI  chemical ionization 

conc.  concentrated 

CuAAC copper-catalyzed azide-alkyne cycloaddition 

d  days 

DAAD  Deutscher Akademischer Austausch Dienst (German Academic Exchange Service) 

DABCO 1,4-diazabicyclo[2.2.2]octan 

DBU  1,8-diazabicyclo[5.4.0]undec-7-ene 

DMAP  4-(dimethylamino)pyridine 

DMF  dimethylformamide 

DMSO  dimethyl sulfoxide 

dr  diastereomeric ratio 

ECD  electronic circular dichroism 

ed.  edition 

Ed.  editor 

EI  electronic ionization 

eq.  equation 

equiv.  equivalents 

er  enantiomeric ratio 

ESI  electrospray ionization 

FAB  fast atom bombardment 
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GC  gas chromatography 

HPLC  high-performance liquid chromatography 

HRMS  high resolution mass spectrometry 

iPr  isopropyl 

iPrOH  isopropyl alcohol 

IR  infrared 

KAIST  Korea Advanced Institute of Science and Technology 

KHMDS potassium bis(trimethylsilyl)amide 

LUMO  lowest unoccupied molecular orbital 

m  multiplet 

M  molar (mol/L) 

MCR  multicomponent reaction 

min  minutes 

Mp  melting point 

MS  mol sieves 

NMR  nuclear magnetic resonance 

Np  naphthyl 

Nu  nucleophile 

o/n  overnight 

PG  protecting group 

PMP  p-methoxyphenyl 

ppm  parts per million 

q  quartet 

quant.  quantitative 

rt  room temperature 

RWTH  Rheinisch-Westfälische Technische Hochschule 

s  singlet 

sat.  saturated 

sBuLi  sec-butyllithium 

SDE  self-disproportionation of enantiomers 

SOMO  singly occupied molecular orbital 

t  triplet 

Tb  boiling point 

tret  retention time 

TADDOL α,α,α’,α’-tetraaryl-2,2-dimethyl-1,3-dioxolan-4,5-dimethanol 

TBS  tert-butyldimethylsilyl 



������������
�

153 

TBTA  tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine 

tBu  tert-butyl 

Tf  triflyl (trifluoromethanesulfonyl) 

TfOH  triflic acid 

TFAA  trifluoroacetic anhydride 

THF  tetrahydrofuran 

TMEDA tetramethylethylendiamine 

TMSCl trimethylsilyl chloride 

TMSCN trimethylsilyl cyanide 

TRIP  3,3’-bis(2,4,6-triisopropylphenyl)-1,1’-binaphthyl-2,2’-diyl hydrogenphosphate 

Ts  tosyl (p-toluenesulfonyl) 
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