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Introduction 

Organocatalysis has received a lot of attention in organic synthesis and in addition to 
other catalytic systems due to the advantages of these processes in terms of synthetic 
efficiency and sustainability1. Small enantiopure molecules are utilized as catalysts to 
achieve the target synthesis in a short and stereoselective manner in a wide range of 
solvents and for a broad scope of substrates. 

An organocatalytic Michael reaction is the nucleophilic addition of a carbanion or 
another nucleophile to an α,β-unsaturated carbonyl compound, catalyzed by primary or 
secondary amines via enamine intermediates. During the reaction a new carbon-carbon 
bond is formed.2 In year 1963 Stork et al3 demonstrated the use of enamines in 
stoichiometric reactions for α-functionalization of carbonyl compounds. The first 
catalytic approach to enamines was published in the early 1970ʼs simultaneously by two 
groups: Hajos and Parrish,4 and Eder, Sauer and Wiechert.5  

There are several methods for generating a new carbon-carbon bond, but the 
development of an asymmetric organocatalytic conjugate addition remains an important 
challenge in organic synthesis. 

This doctoral thesis is focused on an enantioselective organocatalyzed Michael 
addition applied for the synthesis of a cyclopropyl group containing compounds.  
A cyclopropane ring fragment can be found in many natural and synthetic compounds, 
and exhibit a wide range of biological activities. In the course of the work a general and 
straightforward method for the synthesis of β- and γ-amino acid precursors was 
developed. The reaction allowed the one-step introduction of a cyclopropane ring and 
two different nitrogen-containing functional groups into the target compound 
(Publications I and II). Additionally, the selective [3+2] annulation of cyclopropenones 
was investigated in order to afford chiral butenolides (Publication III). 
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Abbreviations 

Ar  aryl 

Asn  Asparagine 

Asp  L-aspartic acid 

Bn  benzyl 

Boc  tert-butyloxycarbonyl 

Bu  butyl 

Cy  cyclohexyl 

DBU  1,8-diazabicyclo[5.4.0]undec-7-ene 

DCE  1,2-dichloroethane 

DCM  dichloromethane 

DMAP  N,N-dimethylaminopyridine 

DME  1,2-dimethoxyethane 

d.r.  diastereomeric ratio 

ee  enantiomeric excess 

e.r.  enantiomeric ratio 

EWG  electron-withdrawing group 

GABA  γ-aminobutyric acid 

Gln  Glutamine 

HFIP  hexafluoroisopropanol 

Et  ethyl 

LG  leaving group 

Me  methyl 

MIRC  Michael-initsiated ring closure 
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nBu  normal butyl 

NMM  N-methylmorpholine 

iPr  isopropyl 

nPr  normal propyl 

PCC  pyridinium chlorochromate 

PG   protecting group  

Ph  phenyl 

pKa  acid dissociation constant at logarithmic scale 

Pro  L-proline 

PPTS  pyridinium para-toluene sulfonate 

PTC  phase transfer catalyst 

p-TsOH  para-toluenesulfonic acid 

R  unspecified substituent 

rt  room temperature 

TADDOL  α,α,α',α'-tetraaryl-1,3-dioxolane-4,5-dimethanol 

TBAI  tetrabutylammonium iodide 

tBu  tert-butyl 

TBS  tert-butyldimethysilyl 

TClCA  trichloroisocyanuric acid 

TEA  triethylamine 

TFA  trifluoroacetic acid 

TEMPO  2,2,6,6-tetramethylpiperidinoxy 

THF  tetrahydrofuran 

TMS  trimethylsilyl 

TS  transition state 
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1 Literature overview 

The Michael addition of aldehydes to nitroalkenes is of particular interest because of the 
valuable synthetic intermediates γ-nitro carbonyl compounds6 that are generated.  
The nitro group allows various asymmetric transformations into other functional groups 
leading to a variety of useful building blocks, such as chiral γ-amino alcohols7, γ-amino 
acids8, γ-butyrolactones9 and substituted pyrrolidines10,11.  

The literature overview covers the Michael reaction catalyzed by proline-based 
organocatalysts following the enamine pathway. 

1.1 Aminocatalytic Michael reaction 

The Michael reaction is a powerful tool in organic chemistry; during the Michael addition 
a new carbon-carbon bond is formed. The reaction itself is the nucleophilic addition of a 
carbanion or another nucleophile to an α,β-unsaturated carbonyl compound or to a 
double bond connected to a strongly electron-withdrawing substituent. In the 
asymmetric aminocatalytic Michael reaction, a chiral catalyst is used and the catalytic 
system involves enamine or iminium activation with chiral secondary or primary amines 
(Scheme 1).12 In the catalytic cycle an iminium ion I is generated by the reversible 
reaction between a chiral amine catalyst and a carbonyl compound. The formation of 
nucleophilic enamine intermediate II occurs because of the deprotonation at the  
α-position of the iminium ion, due to the increase of C-H acidity. Then a nucleophilic 
addition of the obtained enolate equivalent II to an electron poor double bond 
connected with a strongly electron-withdrawing substituent affords an α-substituted 
iminium ion III. After hydrolysis the Michael adduct IV is formed and the regenerated 
catalyst is ready to start a new catalytic cycle. 

 
Scheme 1. Catalytic cycle of the Michael reaction. 

The stereochemistry of the product is determined by facial selectivity of the 
nucleophilic attack of the enamine and can be explained by the limiting "electronic" or 
"steric" transition states (Figure 1). The geometry of the enamine (E or Z) is determined 
by the catalyst structure. The E-enamine is thermodynamically favored due to steric 
shielding and is predominant unless other interactions favor the Z-enamine (Figure 1). 
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The relative size of the two sides of the E-enamine depends on the carbonyl substituent 
X. The hydrogen from aldehyde starting material leads to the formation of the relatively 
more stable anti-rotamer; in the case of ketones, the less-hindered moiety is the double 
bond, which gives syn-rotamer, as long as other interactions are not involved. However, 
the stabilizing H-bonding in the transition state can force the formation of syn-rotamer 
in the case of aldehyde and anti-rotamer in the case of ketones.12 

 

Figure 1. The geometry of the enamine and transition states.12  

It may be concluded that in the catalytic enantioselective conjugate addition the 
preferred diastereoselectivity and enantioselectivity depend on electronic or steric 
interactions and the absolute configuration of the chiral catalyst. 

In 1981 the Michael addition of achiral enamines with aliphatic, alicyclic and 
arylsubstituted nitro olefins affording γ-nitroketones in good yields and excellent 
diastereoselectivities was published by Seebach and co-workers13. Morpholine was used 
to generate the (E)-enamine 1 (Scheme 2). To explain the excellent diastereoselectivity, 
they proposed a rule known as Seebach`s topological rule.13 (This general rule is 
applicable to many donor-acceptor π-systems.) 

 

Scheme 2. Michael addition of (E)-enamine to (E)-nitro olefin. 
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As shown in Figure 2, in aprotic media, under kinetic control, the preferred approach 
of two prochiral centers can be predicted (Figures 2a, 2b and 2c). All the existing bonds 
are staggered. The donor (enamine) (C=D)-bond is in a gauche (synclinal) arrangement 
between the (C=A) and the (C-H)-bonds of the acceptor (α,β-unsaturated system), with 
the H-atom, the smaller substituent on the donor component, in an anti (antiperiplanar) 
position with respect to the (C=A)-bond (Figure 2a). If the components can exist in (E/Z) 
(anti/syn)-isomeric forms (Figures 2b and 2c), the actual donor and acceptor atoms are 
situated close to each other (to minimize the charge separation or to allow for chelation 

of metal ions). 

 
Figure 2. Seebach`s topological rule.13 

In a Michael addition of enamine derived from the amine and carbonyl group to nitro 
olefin, the enamine double bond is in a gauche arrangement between the C=C and C-H 
bond (Figure 3). As the donor (enamine) and acceptor (α,β-unsaturated system) atoms 
are situated close to each other, the bigger substituent on enamine is an antiperiplanar 
position with respect to the C=A bond (Figure 1c), leading to the Re, Re approach and 
affording syn product. 

 

Figure 3. Seebach`s topological rule for a Michael addition of enamine to the acceptor.13 

The rule may not hold when very bulky groups R1, R2 and substituents on Y are present 
or the protic solvent is used an anti- rather than gauche-relationship, allowing better 
solvation of the donor and acceptor heteroatoms, is kinetically preferred. 

1.1.1 Asymmetric aminocatalytic Michael reaction 
Over the years, a significant number of different catalytic systems for a Michael reaction 
have been used14; in 2001 the organocatalytic version of a Michael reaction was 
developed independently by List et al15 and Betancourt and Barbas III16. The List group 
reported the proline-catalyzed Michael addition of unmodified ketones to nitro olefins 
with modest enantioselectivities (Scheme 3).14 
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Scheme 3. An L-proline 5 catalyzed Michael addition of ketones 4 to nitrostyrene 2a. 

Only a few months later, Betancourt and Barbas III published an  
(S)-2-(morpholinomethyl)-pyrrolidine 8 catalyzed Michael addition of aldehydes 7 to 
nitro olefins 2 (Scheme 4).16 The reaction proceeded in good yield (up to 96%) and in a 
high syn-selective manner (d.r. up to 98:2). They explained the high obtained  
syn-selectivity through an acyclic synclinal model, in which there are favorable 
electrostatic interactions between the partially positive nitrogen of the enamine and the 
partially negative nitro group in the transition state. The approach of the nitro olefin from 
the less hindered Si-face of the enamine would produce the observed stereochemistry.16 
The proposed transition state is depicted in Scheme 4. 

 

Scheme 4. (S)-2-(morpholinomethyl)-pyrrolidine 8 catalyzed Michael addition of 
aldehydes to nitro olefins. 

In 2005 Hayashi et al17 reported a diphenylprolinol silyl ether 10a catalyzed 
asymmetric Michael addition of aldehydes 7 and nitro alkenes 2 (Scheme 5); the adducts 9 
were obtained in nearly optically pure forms in almost all cases. The introduction of a 
siloxy group into the proline structure led to an increase in the catalytic activity, allowing 
a decrease in catalyst loading and shorter reaction times. The increase in catalytic activity 
can be explained by the effective formation of the corresponding enamine without the 
generation of the aminal, which would be formed in the case of diphenylprolinol. And 
the bulky diphenylsiloxymethyl group on the pyrrolidine ring promoted the selective 
formation of the anti-enamine and selective shielding of the Re-face of the enamine 
double bond. 
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Scheme 5. Catalytic asymmetric Michael reaction of aldehydes 7 and nitro alkenes 2. 

At the same time Jørgensen et al discovered that diphenylprolinol silyl ether is an 
effective organocatalyst for the Michael addition of aldehydes 7 to methylvinyl ketone 
11.18 They found that S-diarylprolinol silyl ether 12 catalyzed a Michael addition of 
aldehydes 7 to methylvinyl ketone 11 is highly stereoselective and all products were 
obtained in high yields and excellent enantiomeric excesses (Scheme 6). 

 

Scheme 6. Organocatalyzed enantioselective Michael addition of aldehydes 7 to 
methylvinyl ketone 11. 

They also investigated the effect of catalyst structure on the enantioselectivity of the 
reaction. They concluded that the asymmetric induction observed with catalyst  
S-diarylprolinol silyl ether completely relies on selective enamine conformation and 
steric shielding. The bulky aryl and silyl substituents of the catalyst can efficiently shield 
the Re-face of the favored E-configuration of the enamine leading to a Si attack. 

Seebach and Hayashi19 investigated various acidic additives in the Michael addition of 
propanal 7a to β-nitrostyrene  catalyzed by prolinol ether 10a. Their results showed that 
4-nitrophenol acts as the best additive in the addition of propanal to a series of different 
nitro alkenes, causing rate accelerations (reaction time decrease from 6 h to 15 min when 
nitrostyrene 2a was used), with retention of excellent stereoselectivity (Scheme 7). 

https://www.google.ee/search?q=stereoselectively&spell=1&sa=X&ved=0ahUKEwjB9_CF-KXdAhWICuwKHdvAAS0QkeECCCMoAA
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Scheme 7. The Michael addition in the presence of 4-nitrophenol. 

Ni et al20 designed a new water-soluble recyclable and highly active organocatalyst 14 
(Scheme 8). The reaction was carried out under mild conditions using 3 mol% of catalyst. 
The catalytic system was easily recovered and reused at least six times without significant 
loss of catalytic activity or stereoselectivities. 

 

Scheme 8. Diarylprolinol silyl ether salt catalyzed Michael addition on water.21 

Wennemers et al22 used the TFA salt of their tripeptide catalyst H-D-Pro-Pro-Xaa-NH2 
15 (Xaa=acidic amino acid) in the Michael addition of aliphatic aldehydes to nitro alkenes 
(Scheme 9). They showed that carboxylic acid plays a crucial role in coordinating and 
thereby orienting the nitro olefin into a position that allows for the excellent 
stereochemical induction that was observed for peptidic catalyst. Also the D-Pro-Pro 
motif was the major contributor to the high asymmetric induction of peptidic catalysts 
of the type H-D-Pro-Pro-Xaa-NH2 in which Xaa is an amino acid with a carboxylic acid in 
the side chain. 
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Scheme 9. Michael addition reactions of aldehydes to nitro olefins catalyzed by tripeptide 
TFA salt 15. 

They investigated the additive effects on the catalytic efficiency of peptides.  
The obtained results showed that no additives were necessary for the high catalytic 
efficiency of this tripeptide catalytic system. 

Wennemers and Duschmalé23 used tripeptides of the type Pro-Pro-Xaa as catalysts for 
a Michael addition of aldehydes 7 to α,β-disubstituted nitro olefins 16. In the presence 
of 5 mol% of either H-Pro-Pro-D-Gln-OH or H-Pro-Pro-Asn-OH, γ-nitroaldehydes 17 
bearing three consecutive stereogenic centers were obtained in good to excellent yields, 
diastereoselectivities, and enantiomeric excesses (Scheme 10). 

Scheme 10. Tripeptide catalyzed Michael addition of aldehydes to α,β-disubstituted nitro 
olefins. 

Eymur and Demir24 used a proline-thiourea self-assembled organocatalyst for the 
enantioselective Michael addition of aldehydes 7 to nitro alkenes 2 (Scheme 11). In the 
presence of 20 mol% of L-proline 5 and 5 mol% of thiourea 18, moderate to good 
enantioselectivity and high syn-selectivity were obtained in both branched and 
unbranched aliphatic aldehydes. When the reaction was carried out without the thiourea 
additive, the reaction was very slow (36 h, conversion ≤ 6%), with low stereoselectivity.  
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Scheme 11. Achiral thiourea 18 and L-proline 5 catalyzed Michael reaction. 

To explain higher syn-diastereoselectivities and enantioselectivities with respect to 
proline, they proposed a TS (Scheme 11). Due to hydrogen bonding between thiourea 
and carboxylic group of proline the selective formation of the anti-enamine is favored 
and its Re-face is shielded, leading to a Si attack. 

Various other chiral proline-based organocatalysts2,25 have been developed and 
screened for the Michael addition of aldehydes to nitro alkenes. As a powerful tool 
creating a new carbon-carbon bond, the aminocatalyzed Michael addition will remain 
developing field of research. 

1.1.2 Revised mechanism for the Michael addition of aldehydes to nitroalkenes 
catalyzed by diaryl prolinol silyl ether 
Mechanistic studies and the origin of stereoselectivity in the α-functionalization of 
aldehydes have been investigated by several research groups.19,26 Seebach and Hayashi19 
investigated an organocatalyzed Michael addition of aldehydes to nitroalkenes, in situ 
NMR studies led to the identification of a stable cyclobutane species, existing as a single 
diastereomer. They proposed that cyclobutane is an off-cycle resting state of the catalyst, 
by which the zwitterion intermediate is removed from the catalytic cycle resulting from 
a reversible attack of the enamine on the nitro olefin (Scheme 12). 

 

Scheme 12. The cyclobutane is an off-cycle resting state of the catalyst and reversibility 
of the formal [2 + 2] cycloaddition.19 
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Pihko et al27 published the revised mechanism for the Michael addition of aldehydes 
to nitroalkenes catalyzed by diaryl prolinol silyl ethers. They proposed that the 
dihydrooxarine oxide (OO) is the key intermediate in an organocatalytic Michael addition 
of aldehydes to nitroalkenes (Scheme 13). They demonstrated that the sluggish reaction 
rates observed in reactions with α-alkyl-substituted nitroalkenes are in fact due to slow 
protonation of the OO intermediate and not a result of the intrinsically lower reactivities 
of the nitroalkenes (Scheme 13). 

 

Scheme 13. Revised mechanism for the Michael addition of aldehydes to nitroalkenes 
catalyzed by diphenylprolinol silyl ether.27 

In conclusion, dihydrooxarine oxides (OO) are key on-cycle intermediates in the 
Michael additions of aldehydes to nitroalkenes catalyzed by diaryl prolinol ethers. 

1.2 Synthesis of cyclopropane ring-containing amino acid precursors 

The highly strained cyclopropane moiety is an important motif in many biologically active 
compounds.28 Several methods have been developed to obtain chiral cyclopropane ring-
containing compounds, such as the Simmons–Smith reaction29, using a transition  
metal-catalyzed reaction starting from carbene intermediates30 or organocatalysis.31  

This chapter will give a short overview of the use of organocatalytic Michael-initiated ring 
closure and the Kulinkovich reaction as a method of choice. 
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1.2.1 Michael-initiated ring closure (MIRC) 
The Michael-initiated ring-closing reaction is an efficient tool for the synthesis of 
cyclopropanes.32 Using chiral auxiliaries linked to the Michael acceptor has been the 
choice for asymmetric induction;33 recently the growing popularity of organocatalysis has 
merged: enantiomeric H-bond, amino- and PTC-catalysts have been used to achieve high 
enantioselectivity of the cyclization. Cyclopropanation reactions involving a conjugate 
addition to an electrophilic alkene to produce an enolate, which then subsequently 
undergoes an intramolecular ring closure, are defined as Michael-initiated ring-closure 
(MIRC) reactions (Scheme 14).33  

 

Scheme 14 . Michael-initiated ring-closure cyclopropanation reaction. 

Gaunt et al34 reported an enantioselective organocatalytic cyclopropanation reaction. 
During the reaction an α-bromo carbonyl compound undergoes SN2 displacement with 
tertiary amine catalyst to form a quaternary ammonium salt I: deprotonation with base 
will afford the ylide II, which undergoes conjugated addition to alkene to form enolate 
III, and intramolecular cyclization generates the cyclopropane (Scheme 15). 

 

Scheme 15. Proposed catalytic cycle. 
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The reaction was carried out in acetonitrile in the presence of 10-20 mol% of the 
quinine or quinidine series of cinchona alkaloid as catalysts. Cyclopropane derivatives 23 
were obtained in high yield and enantioselectivity (Scheme 16). The opposite enantiomer 
was also synthesized by using the quinidine-derived catalyst. Using acetamide as a 
Michael donor afforded cyclopropane in excellent yield and 93% ee. 

 
Scheme 16. Enantioselective organocatalytic cyclopropanation. 

Aitken et al35 showed that cyanosulfone 26 can be used as a Michael acceptor in the 
MICR cyclopropanation with methyl bromomalonate 27a. Using 10 mol% of bifunctional 
cinchona alkaloid 28, they obtained highly functionalized cyclopropane derivatives 29 in 
high yields and enantioselectivities (Scheme 17). 

Scheme 17. Asymmetric cyclopropanation of conjugated cyanosulfones. 
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Wang et al reported the synthesis of chiral diester substituted cyclopropanes 31 from 
α,β-unsaturated aldehydes 30 with bromomalonate 27.36 The reaction was catalyzed by 
chiral diphenylprolinol TMS ether 10a in the presence of 2,6-lutidine. 
Cyclopropanecarbaldehydes 31 were obtained in high enantio- and diastereo-selectivities 
(Scheme 18). 

 

Scheme 18. Diphenylprolinol TMS ether catalyzed cyclopropanation. 

Two groups simultaneously published a method for the enantioselective 
cyclopropanation of enals using benzyl chlorides as nucleophilic and electrophilic 
reagents.37,38 In general, benzyl halides are considered to be an electrophilic species, but 
adding strong EWGs, such as –NO2, on the ortho and/or para-positions of the aromatic 
ring changes the reactivity as a result of strong inductive and resonance effects, and in 
the presence of a weak base they could act as nucleophiles. Meazza et al38 reported the 
enantioselective cyclopropanation of enals using benzyl chlorides 32 as bifunctional 
reagents; cyclopropane derivatives 33a-c were obtained in good yields and 
enantioselectivities and with moderate to excellent diastereoselectivities (Scheme 19). 

 

Scheme 19. Asymmetric cyclopropanation catalyzed by diphenylprolinol silyl ether 10a. 

Screening of the substrate bearing other aromatic substituents showed that the 
cyclopropanation reaction requires two strong EWGs on the aromatic ring of the benzylic 
chloride in order to enhance the acidity and nucleophilicity of the benzylic position.  
They also proposed a plausible catalytic cycle for asymmetric cyclopropanation (Scheme 
20). The iminium ion I was generated by the reversible reaction between α,β-unsaturated 
aldehyde and chiral amine. The bulky group of catalyst shielded the Si-face of an  
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α,β-unsaturated iminium ion I. Intermediate III was formed by a nucleophilic attack of 
benzyl chloride predominantly on the Re-face of iminium ion I via a Michael addition, 
followed by an intramolecular ring-closing reaction between the enamine and the 
secondary alkyl chloride. After the hydrolysis of iminium ion III the desired product was 
formed and the catalyst was regenerated. 

 
Scheme 20. Plausible catalytic cycle for the enantioselective intermolecular 
cyclopropanation. 

Wang et al used diphenylprolinol TBS ether 10b for the synthesis of chiral 
trisubstituted diarylcyclopropanecarbaldehydes 35a-c from substituted benzyl chloride 
32 and α,β-unsaturated aldehydes 30.37 The reaction was carried out under mild 
conditions using 30 mol% of diphenylprolinol TBS ether 10b as a catalyst (Scheme 21). 
Trisubstituted diarylcyclopropane-carbaldehydes 35a-c were obtained in good to high 
yields and excellent enantioselectivities. 

Scheme 21. Diphenylprolinol TBS ether-catalyzed cyclopropanation. 
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Rapi et al39 reported the synthesis of cyclopropane derivatives 38 in high 
enantioselectivities using monosaccaharide-base chiral crown ether 37 as a phase 
transfer catalyst; four types of Michael acceptors were used: chalcones,  
2-acrylidenemolonitriles, 2-acrylidene-1,3-indandiones and 2-benzylidene-1,3-diphenyl-
1,3-propanediones. The reaction of benzylidenemalononitriles 36 with diethyl 
bromomalonate 27b in the presence of 15 mol% of sugar-based crown ether 37 resulted 
in chiral cyclopropane derivatives 38 with modest to good yields and with variable 
enantioselectivities (Scheme 22). The proposed mechanism for the formation of trans 
product under a phase transfer catalyzed condition is depicted in Scheme 23. 

 

Scheme 22. Crown ether catalyzed MIRC reaction of diethyl bromomalonate with 
benzylidenemalononitriles.  

 

Scheme 23. Proposed mechanism for the formation of trans-product. 
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Our research group has previously investigated an enantioselective  
spiro-cyclopropanation reaction in collaboration with Prof. Malkov, the results of a 
Michael-initiated ring closure between oxindole derivative 39 (alkylidene oxindoles and 
3-chlorooxindoles) and unsaturated α-halo-β-dicarbonyl compounds 40 (Scheme 24)40 or 
α,β-unsaturated aldehydes41 were reported. 

 

Scheme 24. Quinine-derived thiourea catalyzed spirocyclopropanation. 

Quinine-derived thiourea was the best for this reaction, providing high 
stereoselectivity in both cascade steps. Si-facial selectivity for the major diastereoisomer 
was observed. To broaden the scope of spirooxindoles 42, a Michael-initiated ring 
closure cascade reaction between 3-chlorooxindole 43 and unsaturated 1,4-dicarbonyl 
44 compounds was developed (Scheme 25).42 

Scheme 25. Michael-initiated ring closure. 
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The chlorooxindole nitrogen atom was protected with Boc to increase the acidity of 
the C–H bond at C3 and provide the opportunity for the formation of additional H-bonds 
between the catalyst and the substrate. The spiro-products 42 were obtained in 
moderate yields and with very high diastereo- and enantioselectivities; in all cases, 
uncyclized Michael adduct was observed. 

1.2.2 Kulinkovich reaction 
In the Kulinkovich reaction43,44,45 a Grignard reagent reacts with titanium(IV)isopropoxide 
affording a thermally unstable diethyltitanium compound, which undergoes β-hydride 
elimination, leading to the formation of titanacyclopropane A1 which then reacts with 
the ester, affording the intermediate C. The 1,2-insertion of the carbonyl group of the 
ester occurs at the less hindered carbon-titanium bond, because of unfavorable 
repulsion between the ester and R1 group in the transition state. After elimination of an 
alkoxy group a β-metallated ketone D is formed. An intramolecular nucleophilic addition 
to the keto function leads to the formation of complex E titanium(IV)tetraalkoxide, which 
then reacts with 2 equivalents of Grignard reagent to regenerate a 
dialkoxytitanacyclopropane. The product F exists in the form of a magnesium alkoxide; 
after hydrolysis the expected product G is formed (Scheme 26). 

 

Scheme 26. Catalytic cycle of titanium-mediated cyclopropanation reaction.45 

The first report on enantioselective Kulinkovich hydroxycyclopropanation was 
published by Corey et al;46 enantiomeric excesses of up to 78% were achieved with the 
TADDOL-derived chiral catalyst; since then there has been progress in the development 
of asymmetric Kulinkovich hydroxycyclopropanation. Kulinkovich et al47 investigated  
the dependence of the stereoselectivity of the cyclopropanation reaction of  
γ,γ-diphenyl-γ-butyrolactone and carboxylic esters 47 with alkylmagnesium bromides in 
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the presence of titanium(IV)TADDOLates 49. An improved enantioselectivity of  
cis-1,2-disubstituted cyclopropanols 48 was obtained (Scheme 27). 

 
Scheme 27. Cyclopropanation of trifluoroisopropyl alkanoates 47. 

Recently Hurski et al48 reported the diastereoselective hydroxycyclopropanation of 
alkenes 50 bearing a stereocenter in the allylic position. Cyclopropanols 52 were 
obtained with up to 94:6 diastereoselectivity and in good yields (up to 86%). 

 

Scheme 28. The diastereoselective synthesis of cyclopropanols 52 from alkenes 50. 

There are two modifications from the Kulinkovich reaction for the direct synthesis of 
cyclopropylamines 56. In the Kulinkovich-Szymoniak reaction49 alkylnitriles 53 are used 
for the synthesis of primary cyclopropylamines 56 (Scheme 29). 

Scheme 29. Synthesis of cyclopropylamines from alkanenitriles. 

Szymoniak et al50 demonstrated the application of the reaction by synthesizing  
Boc-protected aminocyclopropanecarboxylic acid (Scheme 30).  
Aminocyclo-propanecarboxylic acid (ACC), its ethyl-substituted derivative and 
(guanidinylmethyl)-substituted derivative are natural products and have important 
biological activities (Figure 4).51 
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Scheme 30. Synthesis of Boc-protected aminocyclopropanecarboxylic acid 59. 

 

Figure 4. 1-aminocyclopropanecarboxylic acid and its naturally occurring derivatives. 

In the second reaction known as a Kulinkovich-de Meijere reaction,52,53,54  
N,N-dialkylamides and dialkylformamides 63 are used for the preparation of 
cyclopropylamines 64 (Scheme 31). The reaction required 1 equivalent of Ti(OiPr)4, as 
using standard Kulinkovich reaction conditions 0.2 equivalents afforded poor yield 
compared to the reaction, when a stoichiometric amount of titanium(IV)iso-propoxide 
was used. 

 

Scheme 31. Synthesis of cyclopropylamines from N,N-dialkylamides. 

Kordes et al55 reported the synthesis of methanoamino acid starting from  
N,N-dibenzylcarboxamides 65. The amide was cyclopropanated by the addition of 
various alkylmagnesium bromides, affording a mixture of two expected diastereomers 
66 with moderate yield. Over several steps, the obtained cyclopropylamines were 
transformed to N-Boc-protected aminocyclo-propanecarboxylic acid methyl esters 67 
(Scheme 32). 

 

Scheme 32. Cyclopropanation of N,N-dibenzylcarboxamides. 
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They also developed a method for the synthesis of γ-aminobutyric acid (GABA)  
analog 74. One example is depicted in Scheme 33.55 The inclusion of two of the  
γ-aminobutyric acid backbone carbon atoms into a cyclopropane ring provides 
conformationally restricted GABA analogs (Figure 5); its structural analogues are of great 
interest for the treatment of diverse neurodegenerative disorders, including Parkinson’s 
and Alzheimer’s diseases.56  

Figure 5. Cis and trans isomers α,β-methano-GABA.57 

 

Scheme 33. Synthesis of GABA analog. 

Aitken et al57 reported a Kulinkovich–de Meijere reaction where they used a chiral 
amide 75; the reaction showed high trans stereoselectivity, providing access to  
non-racemic trans cyclopropylamines 76. Enantiomerically pure N-protected  
trans-β,γ-methano-GABA derivative 77 was synthesized over four steps (Scheme 34). 

Scheme 34. Synthesis of enantiomerically pure trans-β,γ-methano-GABA derivative 77. 

1.2.3 Summary of the synthesis of cyclopropane ring-containing amino acid 
precursors 
Amino acids containing cyclopropane moiety58 in their backbone are versatile building 
blocks for the synthesis of bioactive compounds. However, the synthesis often requires 
several steps and enantiopure starting material, and thus the methods for the 
preparation of cyclopropane ring-containing compounds in enantiomerically pure form 
are still evolving. 

1.3 [3+2] annulation of cyclopropenones  

Cyclopropenone59 is an amphiphilic molecule, which can react with both nucleophilic and 
electrophilic reagents. In the resonance structure a negative charge on an oxygen atom 
leads to enhanced nucleophilicity of the oxygen atom compared to ordinary carbonyl 
compound. Cyclopropenones can undergo various types of ring-opening annulation.  



30 

 

Scheme 35. The resonance structure of cyclopropenone. 

During the ring-opening [3+2] annulation, in which CN, CC, CO, CS, NN, NO, 

and CC bonds couple with cyclopropenones, five-membered rings are formed.  

The insertion of a carbonyl group into a cyclopropenone CC bond will afford  
2-furanones (butenolides). The butenolide core is an important motif of various natural 
compounds.60 This chapter will give a short overview of the [3+2] annulation of 
cyclopropenones with a carbonyl group. 

Kröner et al found that cyclopropenone 78 and its alkyl- and aryl-substituted 
derivatives dimerize upon heating (100 °C) to a spirolactone 79 with yields between 40% 
and 50%. In the model system they investigated catalytic amount of Pd(II), Pt(0) and 
Ru(0); in most cases the yield of spiroproduct 79 was low.61 But by changing the catalytic 
system to Cu(I) bromide, the spirolactone 79 was obtained in 84% yield. They also 
proposed a possible mechanism for the generation of spirolactones from two equivalents 
of cyclopropenone 78 in the presence of Cu(I) bromide (Scheme 36). 

 

Scheme 36. Cu(I)-catalyzed [3+2] annulation of cyclopropenone 78 and proposed 
mechanism. 

Recently, two groups have published the Ag(I)-catalyzed [3+2] annulation of 
cyclopropenones 78 with amides. Ren et al62 reported the AgSbF6-catalyzed annulation 
of cyclopropenones 78 with formamides 80; the reaction occurs via β-carbon elimination 
followed by an intramolecular nucleophilic attack affording γ-aminobutenolides 81 with 
high yields. The reaction is limited by the substituents on the nitrogen atom; bulkier 
groups afforded low yield and with free formamide there was no reaction. The plausible 



31 

reaction mechanism is shown in Scheme 37. The species I was produced by the reaction 
of cyclopropenone with Ag catalyst, and then the 1,2-addition of carbonyl of formamide 
to cyclopropenone followed by a ring-opening process generated amphiphilic 
intermediate III, which underwent intramolecular nucleophilic addition to release the 
[3+2] annulation product.62  

 

Scheme 37. Ag(I)-catalyzed [3+2] annulation of cyclopropenones 78 and formamides 80. 

Suzuki et al63 used the AgOTf for the ring-opening [3+2] annulation of 
cyclopropenones 78a with amides, obtaining 5-amino-2-furanones with moderate to 
high yield up to 98%. They also showed that N,N-dimethylthioformamide 82 can react 
under similar conditions (Scheme 38). The presence of a 10 mol% of AgOTf resulted in 
the formation of the expected [3+2] annulation product 83 and product 84 with 
eliminated dimethylamino group. 

 

Scheme 38. AgOTf catalyzed annulation of cyclopropenones 78a with thioformamide 82. 
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Lin et al64 published an organocatalyzed [3+2] annulation of cyclopropenones 78 and 
β-ketoesters 85 (Scheme 39). The reaction mechanism is explained by the formation of 
enol intermediate I through the deprotonation of β-ketoester by base; then in  
situ-formed nucleophilic oxygen anion attacks the carbonyl group of cyclopropenone, 
realizing the ring-opening process and affording a Michael addition acceptor II, and then 
an intramolecular Michael addition takes place affording intermediate III, after 
protonation racemic product is formed. 

 

Scheme 39. Organocatalyzed [3+2] annulation of cyclopropenones 78 and β-ketoesters 
85. 

Du et al65 used a chiral Lewis base to catalyze a [3+2] cycloaddition of cyclopropenones 
with isatins. A chiral prolinol-derived pyridine catalyst afforded spirooxindole  
furan-2-ones in high yields and good e.r. values (Scheme 40). 
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Scheme 40. [3+2] cycloaddition of diaryl cyclopropenones 78 with isatins 87 catalyzed by 
chiral Lewis base 88. 

There are different ways to synthesize butenolides, the above-mentioned 
cyclopropane-carbonyl coupling, which was conducted under basic conditions using 
organic base64,65 or a metal catalyst, but the straightforward method for the synthesis of 
enantiomerically enriched butenolides through a [3+2] annulation of cyclopropenones 
has remained mostly unexplored. 



34 

2  Aims of the present work 

The general aim of the present work was to broaden the scope of Michael donors for 
asymmetric organocatalytic Michael reaction to obtain amino acid precursors and to 
investigate various organocatalytic activation modes for the synthesis of chiral 
butenolides. Specific aims of this thesis were: 

 Investigate the asymmetric organocatalytic synthesis of a cyclopropane-containing 

Michael adduct starting from 1-(2-oxoethyl)cyclopropyl acetate 93; 

 Use amine-functionalized cyclopropylacetaldehyde derivative in a Michael 

reaction to obtain β- and γ-amino acid precursors; 

 Investigate different catalytic systems for the [3+2] annulation of  

1,2-diphenylcyclopropen-3-one 78 and 3-oxo-3-phenylpropanoate 85. 
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3 Results and discussion 

3.1 Synthesis of alkylidenecyclopropanes (Article I) 

The scope of the carbonyl Michael donors used in an asymmetric aminocatalytic reaction 
is wide, but to the best of our knowledge, aldehydes containing cyclopropane moiety had 
not previously been used at the time we started this project. The general idea of the 
synthesis of cyclopropane-containing aldehydes through a catalytic Michael addition is 
depicted in Scheme 41.  

 

Scheme 41. Proposed reaction for the formation of cyclopropane-containing Michael 
adduct. 

We started the synthesis of 1-(2-oxoethyl)cyclopropyl acetate 93 from commercially 
available starting material 3,3-diethyloxypropionate 90. A Kulinkovich reaction of  
3,3-diethyloxypropionate furnished the cyclopropanol 91 in quantitative yield. Acylation 
of the hydroxyl group afforded cyclopropyl acetate 92, which was treated with PPTS to 
cleave the acetal and aldehyde 93 was formed with a 46% overall yield (Scheme 42). 

 
Scheme 42. The synthesis of 1-(2-oxoethyl)cyclopropyl acetate. 

The preliminary experiments for the Michael addition were carried out between 
aldehyde 93 and nitrostyrene 2a in DCM at room temperature in the presence of  
20 mol% catalyst and 20 mol% of co-catalyst. In the first attempt to obtain a Michael 
adduct, 20 mol% of pyrrolidine and 20 mol% of diethylthiourea were used. The racemic 
product was obtained in 58% yield (Table 1, entry 1). The NMR spectroscopic data 
showed the β-elimination of the acetate group and the formation of double bond 
(Scheme 43), affording α,β-unsaturated carbonyl compound 95a derived from Michael 
adduct 94a via elimination. To avoid the elimination, we tried to protect the hydroxyl 
group in compound 91 as benzyl ether, using 2 equivalent benzyl bromide, 1.5 equivalent 
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sodium hydride and a catalytic amount of TBAI; unfortunately a mixture of products was 
obtained. We decided to move on to an acyl-protected aldehyde. 

 
Scheme 43. Michael addition of 1-(2-oxoethyl)cyclopropyl acetate to nitrostyrene. 

 

Figure 6. Catalysts and co-catalysts screened for the synthesis of alkylidene cyclopropane 
derivatives. 

Then various organocatalysts were investigated in a model reaction between 
aldehyde 93 and nitrostyrene 2a (Scheme 43). To our surprise, using the most widely 
used diphenylprolinol silyl ether 10a, there was no reaction (Table 1, entry 4).  
The additional activation of the Michael acceptor (nitrostyrene) with achiral thiourea 100 
was necessary (Table 1, entry 2). The combination of an achiral secondary amine 96 with 
chiral squaramide derivatives 98 and 99 resulted in racemic product with slow reaction 
(Table 1, entries 5 and 6). The chiral squaramide derivative 97, which contained both 
aminocatalytic and H-bonding catalytic moieties, was also found to be inactive (Table 1, 
entry 7). A stronger H-bond donor thiourea 18 as a co-catalyst afforded similar yield and 
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enantioselectivity to diethylthiourea 100 (Table 1, compare entries 2 and 8). Using 
dichloroethane as a solvent decreased the yield to 24% (Table 1, entry 9). The optimal 
ratio of aldehyde 93 and nitrostyrene 2a was 3:1 (compare entries 10 and 11) 
respectively. 

Tabel 1. Screening of the reaction conditions.a 

 
Entry Amino-

catalyst 
H-bonding 

catalyst 
Time, d Solvent Yield, % ee,b % 

1 96 100 4 CH2Cl2 58 rac 
2 10a 100 4 CH2Cl2 34 90 
3 10a 100 8 toluene 15 89 
4 10a - 4 CH2Cl2 -c nd 
5 96 99 1 CH2Cl2 52 rac 
6 96 98 6 CH2Cl2 38 rac 
7 97 - 9 CH2Cl2 -c nd 
8 10a 18 3 CH2Cl2 32 92 
9 10a 18 1 C2H4Cl2 24 87 

10d 10a 18 1 CH2Cl2 58 93 
11e 10a 18 1 CH2Cl2 41 89 

aReaction conditions: compound 93 (1.0 equiv.), compound 2a (1.0 equiv.), 
aminocatalyst (20 mol%) and H-bonding catalyst (20 mol%) in CH2Cl2 were stirred at 
ambient temperature. bEnantiomeric excess was determined by chiral HPLC analysis 
from isolated product. cNo reaction. dThe ratio between aldehyde 93 and nitrostyrene 2a 
was 3:1. eThe ratio between aldehyde and nitrostyrene was 1:3. 

Next, we screened the effects of various co-catalysts on the model reaction (Table 2). 
It is known from the literature that an acidic co-catalyst accelerates the reaction 
considerably, affording Michael adducts in high yields and selectivities.18,26 We 
investigated the effect of additional basic and acidic additives. Adding 20 mol% of K2CO3 
afforded lower enanioselectivity (ee 81%, Table 2, entry 3) while an additional amount 
of p-TsOH (Table 2, entry 4) resulted in a mixture of products. An aminocatalyst 10b 
containing a sterically more demanding tert-butyldiphenylsilyl group did not influence 
the stereoselectivity and a minor decrease in the yield was observed (Table 2, entry 5). 
Benzoic acid 101 or its derivatives afforded similar enantioselectivities (ee from 91-92%) 
and yields (Table 2, entries 6-8), except 3,5-dinitrobenzoic acid 101a, which gave a very 
slow reaction and the yield was not determined. The best results were obtained in the 
presence of 4-nitrophenol 102 (Table 2, entries 9 and 11), a minor decrease in the yield 
was observed when tert-butyldiphenylsilylprolinol 10b was used as a catalyst (Table 2, 
entry 11). 
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Tabel 2. Screening of the co-catalyst.a  

Entry Amino-
catalyst 

Co-
catalyst 

Time, d Solvent Yield, % ee,b % 

1 10a 18 3 CH2Cl2 32 92 
2c 10a 18 1 CH2Cl2 41 89 
3d 10a 18 1 CH2Cl2 43 81 
4e 10a 18 1 CH2Cl2 mixture nd 
5c 10b 18 1 CH2Cl2 36 89 
6c 10a 101 1 CH2Cl2 43 91 
7 10a 101a 1 CH2Cl2 -f 91 
8 10a 101b 1 CH2Cl2 40 92 
9 10a 102 1 CH2Cl2 60 93 

10c 10a 102 1 CH2Cl2 58 93 
11c 10b 102 1 CH2Cl2 56 92 

aReaction conditions: compound 93 (1.0 equiv.), compound 2a (1.0 equiv.), 
aminocatalyst (20 mol%) and co-catalyst (20 mol%) in CH2Cl2 were stirred at ambient 
temperature for 24 h. bEnantiomeric excess was determined by chiral HPLC analysis from 
isolated product. cThe ratio between aldehyde and nitrostyrene was 1:3. dAn additional 
amount of K2CO3 (20 mol%) was added to the reaction mixture. eAn additional amount 
of p-TsOH (20 mol%) was added to the reaction mixture. fThe yield was not determined. 

With optimal conditions in hand, aldehyde 93 (1 equiv.), nitrostyrene 2a (1 equiv.), 
diphenylprolinol silyl ether 10a (0.2 equiv.) and 4-nitrophenol 102 (0.2 equiv.) in DCM at 
room temperature, the influence of different substituents in the aromatic core of nitro 
olefins 2 was investigated (Table 3). We were also interested in the catalytic activity of 
thiourea 18 and did parallel scope screening with it (Table 3, entries 3, 5, 8, 11, 13  
and 15). 
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Table 3. Scope of the reaction.a 

 
Entry Ar Time, d Product Yield, % ee,b % 

1 Ph 1 95a 60 93 
2 4-ClC6H4 1 95b 38 95 
3c 4-ClC6H4 1 95b 50 93 
4 2-ClC6H4 1 95c 38 95 
5c 2-ClC6H4 1 95c 50 91 
6 2-BrC6H4 1 95d 42 99 
7 4-MeOC6H4 1 95e 27 87 
8c 4-MeOC6H4 6 95e 23 84 
9 4-(F3CO)C6H4 1 95f 50 96 

10 4-NO2C6H4 1 95g 35 97 
11c 4-NO2C6H4 4 95g 36 86 
12 2-naphthyl 1 95h 34 92 
13c 2-naphthyl 4 95h 42 87 
14 2-thienyl 1 95i 27 85 
15c 2-thienyl 4 95i 39 81 

aReaction conditions: compound  93 (1.0 equiv.), compounds 2a-i (1.0 equiv.), 
aminocatalyst 10a (20 mol%) and co-catalyst 102 (20 mol%) in CH2Cl2 were stirred at 
ambient temperature for 24 h. bEnantiomeric excess was determined by chiral HPLC 
analysis from isolated product. cThiourea 18 was used instead of 4-nitrophenol and the 
ratio between the aldehyde and nitro olefin was 1:3. 

Electron-donating and -withdrawing groups of the nitro olefins did not have a 
noticeable effect on the reaction and the obtained products were isolated in similar 
yields (from 23-60%) and enantioselectivities (ee from 81-99%). Slightly decreased 
selectivities were observed in the reaction with methoxy- and 2-thienyl substituted nitro 
olefins (Table 3, entries 7,8,14 and 15). Using thiourea 18 as a co-catalyst and a higher 
ratio of nitro olefins afforded better yields (Table 3, entries 3,5,13 and 15). 

In conclusion, the synthesis of alkylidenecyclopropane aldehydes 95 via an 
aminocatalytic Michael addition to nitro olefins 2 with moderate yields and in high 
enantiomeric purity up to 99% was described. The stereoselectivity of the reaction is 
determined by the nonracemic aminocatalyst and additional activation of the Michael 
acceptor is needed. 
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3.2 Synthesis of β- and γ-amino acid precursors (Article II) 

Having obtained good results with the 1-(2-oxoethyl)cyclopropyl acetate 93, we 
investigated a similar organocatalytic approach; we intended to synthesize  
amine-functionalized cyclopropylacetaldehyde derivative to avoid β-elimination of the 
acetate group and achieve a direct synthesis of β- and γ-amino acid precursors  
(Scheme 44). 

 

Scheme 44. Proposed reaction for the synthesis of amino acid precursors. 

Amine-functionalized cyclopropylacetaldehyde derivative 108 was prepared from 
benzyl alcohol 103.66 The Michael addition of benzyl alcohol to acrylonitrile was followed 
by a Kulinkovich-Szymoniak reaction.67 Then the amino group was protected with a  
Boc-protection group. The benzyl group was removed from the oxygen atom. The 
oxidation of the hydroxyl group with Dess-Martin periodinane afforded the desired 
amine-containing cyclopropanecarbaldehyde 108 in an 18% overall yield (Scheme 45). 

 

Scheme 45. Synthesis of amine-containing cyclopropanecarbaldehyde 108. 
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Table 4. Screening of oxidation reagents. 

 
Entry Oxidation 

reagent 
Additive T, oC Time, min Yield, % 

1 TEMPO TClCA -20 → 0 35 59 
2 PCC Celite® rt 260 66 
3 Dess-Martin 

periodinane 
NaHCO3, 3Å MS rt 30 84 

There are examples where TEMPO is used as an oxidation reagent to obtain aldehyde 
from primary alcohols.68 Using TEMPO for oxidation led to the formation of an expected 
aldehyde 108 with a moderate 59% yield. We turned our attention to other oxidation 
reagents. PCC afforded a higher yield of 66%, but the crude mixture contained 
inseparable side products with polarities similar to those of aldehyde 108 (Table 4,  
entry 2). Finally, when Dess-Martin periodinane was used an 84% yield of aldehyde 108 
was obtained. 

Next, we focused our attention on screening for reaction conditions, we knew from 
our previous work (Publication I) that a reaction between the cyclopropane containing 
aldehyde and nitro olefins would not proceed without a co-catalyst. Different 
aminocatalysts and co-catalysts were screened for the model reaction between the 
aldehyde 108 and nitrostyrene 2a (Scheme 46). As is shown in the reaction scheme, the 
obtained aldehyde 109a was reduced in situ for the corresponding alcohol 110a, because 
isolating the aldehyde 109a in small scale afforded insufficient yield. Later, the isolation 
of aldehyde 109a was demonstrated in a larger 1.0 mmol scale. 

 

Scheme 46. Synhesis of β- and γ-amino acid precursors. 

Jørgensen-Hayashi type catalysts 10a and 10b with various H-bonding co-catalysts 
were tested, such as 4-nitrophenol, achiral thioureas and Takemotoʼs thioureas  
(Figure 7). The best diastereoselectivity and enantioselectivity were achieved with the 
combination of tert-butyldiphenylsilylprolinole 10b and thiourea 18. The study revealed 
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that a prolinol derivative 10b with a sterically more demanding TBS-group is clearly 
beneficial in terms of diastereoselectivity and enantioselectivity and decreasing the 
catalyst loading to an equal amount of co-catalyst did not affect the selectivity; only a 
minor decrease in the yield was observed. A detailed optimization procedure is described 
in Article II. 

 

Figure 7. Aminocatalysts and co-catalysts screened for the synthesis of β- and γ-amino 
acid precursors. 

Next, the scope of the reaction was investigated. The yields and ee values of the 
conjugated addition of cyclopropylacetaldehyde derivative 108 and nitro alkenes are 
presented in Table 5. Electron-donating and -withdrawing groups of the nitro olefins did 
not have any noticeable effect on the reaction selectivity; the obtained products were 
isolated in similar yields (from 56-78%), in high diastereoselectivities (dr 89:11-95:5) and 
in high enantioselectivities (ee 98-99%). In the case of meta- and ortho-bromo phenyl 
substituted nitro olefins, the reaction times were longer and the yields were lower due 
to steric hindrance (Table 5, entries 3 and 5). The cause of the long reaction time in the 
reaction between aldehyde 108 and para-nitro-phenyl substituted nitro olefin (Table 5, 
entry 6), was low solubility of the nitro olefin in DCM. 

Heteroaromatic nitro olefins afforded lower diastereoselectivities (dr 80:20-88:12, 
Table 5, entries 7-9) which is distinctive to electron-rich aromatic substituents.  
The lowest enantioselectivities were obtained with pyridyl- and naphthyl-substituted 
nitro alkenes (Table 5, entries 9, 10); in the case of nitro alkene 2m, higher catalyst 
loadings were needed to obtain the full conversion and the product was isolated as an 
aldehyde 109m due to its high polarity. With ester-substituted nitro alkene 2o (Table 5, 
entry 12), an excellent enantioselectivity was retained for both isomers (ee 99% and  
ee 92%); the low diastereoselectivity might have been due to epimerization of the  
α-position of the carboxyl group. To avoid possible lactonization, the product was 
isolated as an aldehyde 109o. The reaction proceeded more slowly with aliphatic 
substrate 2p (table 5, entry 13) and the product was isolated as an aldehyde 109p.  
An α-substituted nitro olefin did not react, which corresponds to previously published 
work by Pihko et al.27 
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Table 5. Scope of the reaction between aldehyde 108 and nitro alkenes 2.a 

 

Entry R1 R2 Time Product Yield, % drb ee,c% 

1 C6H5 H 25 h 110a 74 95:5 99 

2 4-MeO-C6H4 H 28 h 110e 70 89:11 98 

3 2-Br-C6H4 H 49 h 110j 65 95:5 99 

4 4-Cl-C6H4 H 2 d 110b 78 95:5 98 

5 3-Br-C6H4 H 46 h 110k 56 94:6 99 

6 4-NO2-C6H4 H 79 h 110g 69 95:5 98 

7 furan-2-yl H 1 d 110l 79 80:20 97 

8 2-thienyl H 29dh 110i 75 86:14 94 

9 pyridine-3-yl H 6 d 110m 56e 88:12 93 

10 naphthalene-1-
yl 

H 5 d 110h 74 85:18 93 

11 C6H5-CC H 1 d 110n 86 69:31 97/65 

12 CH3CH2O(O)C H 47 h 110o 57e 72:28 99/92 

13 C6H11 H 7 d 110p 47e 83:17 99 

14 C6H5 CH3 7 d 110q g   

15 (CH2)4 7 d 110r g   
aReaction conditions: compound 108 (1.2 equiv.), compounds 2a-r (1.0 equiv.), 
aminocatalyst 10b (10 mol%) and co-catalyst 18 (10 mol%) in CH2Cl2 (0.38 M) were stirred 
at ambient temperature for 24 h. For the reduction NaBH4 (1.5 equiv) was used in MeOH 
at room temperature. bDiastereomeric ratio was determined from the crude mixture by 
1H NMR spectroscopy for aldehyde 109. cEnantiomeric excess was determined by chiral 
HPLC analysis from isolated product 110. d15 mol% of 10b/18 was used. eProduct was 
isolated as aldehyde 109 m/o/p. gNo reaction.  
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The relative and absolute stereochemistry of the alcohol 110j was established by  
single-crystal X-ray diffraction and the other compounds in the series were assigned by 
analogy (Figure 8).  

 

Figure 8. X-ray structure of alcohol 110j. 

Based on the geometry of the anti-product (2R,3S configuration), a possible 
mechanism of a Michael addition between the cyclopropylacetaldehyde derivative 108 
and nitro olefin 2 was proposed (Figure 9). The anti-configured Michael products are not 
very common. In 2004 Alexakis et al published a Michael addition of hydroxyacetone and 
nitro olefins, where they obtained anti-selectivity.69 The formation of anti-configuration 
Michael products can be explained by the Z configuration70 of the reactive enamine, 
which can be stabilized by intramolecular hydrogen bonding.71 Z-configuration of 
enamine is caused by hydrogen bonding between the nitrogen atom of the pyrrolidine 
ring and the NH of the HNBoc group (Figure 9, I). According to Seebach`s topological rule, 
the absolute stereochemistry is determined by a sterically less hindered nucleophilic 
attack from the Re-face of the enamine on the Si-face of the nitro olefin to give the 
product with a 2R,3S configuration (Figure 9, TS). From previous mechanistic studies26 it 
is known that the key intermediate in the Michael reaction is a six-membered 
dihydrooxazine oxide OO; in our case its supports the C2 R-configuration. The OO 
intermediate hydrogen bonding between the carbamoyl group from the cyclopropane 
species and the nitrogen atom from the enamine will force the cyclopropyl- and aryl- (R1) 
substituents in cis to each other II. 
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Figure 9. Proposed mechanism for the Michael addition.  

The synthesis of β- and γ-amino acid was continued by MSc Mikk Kaasik and published 
in his master theses (Scheme 47). The aldehyde 109a was converted to the 
corresponding Boc-protected β-amino acid 113; further reduction of the nitro group 
afforded γ-amino acid 114, and two different methods were used for the reduction. 

Scheme 47. Synthesis of β- and γ-amino acid.72 

In conclusion, we have developed a method for the synthesis of β- and γ-amino 
precursors 109/110 via an aminocatalytic Michael addition to nitro olefins 2 with 
moderate to good yields (47-86%) and in good to high diastereo- and enantioselectivities 
(dr 69:31-95:5; ee 93-99%). 
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3.3 Study of the asymmetric organocatalalyzed [3+2] annulation of 
cyclopropenone and β-ketoester (Article III) 

Inspired by the study of the non-asymmetric organocatalyzed [3+2] annulation of 
cyclopropenone and β-ketoester reported by Lin et al64, we were interested in the 
asymmetric version of the reaction. To explore the activation methods of the synthesis 
of chiral butenolide 86, four different catalytic approaches were investigated: 
bifunctional thiourea catalysis, chiral base catalysis, aminocatalysis and phase-transfer 
catalysis. 

 

Scheme 48. Catalysts screened for the synthesis of butenolide 86. 

In the first approach, we assumed the enolization of the β-ketoester 85 in the 
presence of a bifunctional catalyst. Unfortunately, product 86 was not formed by the 
amino acid-derived thiourea 115 and alkaloid-based thiourea 116 (Table 6, entries 1 and 
2). We concluded that the nitrogen atoms in catalysts structures were not basic enough 
to enolize the β-ketoester. The addition of a base did not improve the situation (Table 6, 
entry 3). This might have been due to the similar pKa values of catalyst 116 and  
β-ketoester 85 (respectively 12.3973 and 14.274 in DMSO), as the deprotonation by DBU 
is competitive between the catalyst and β-ketoester 85. 
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Table 6. Catalyst screening for the asymmetric synthesis of butenolide 86.a 

 
Entry Catalyst Base Yield, % ee,b % 

1 115 - - - 
2 116 - - - 
3 116 DBU - - 
4 117 - 62c racd 
5e 118 - 31 6 
6f 119 DABCO nd rac 
7f 120 K2CO3 31 6 
8f 120 DIPEA traces rac 
9g 120 DBU 52 rac 
10 121 50% aq KOH 28 10 
11h 122a 50% aq KOH 13c 6 
12 122b 50% aq KOH 17c rac 
13 122c 50% aq KOH 22c 14 
14 122d 50% aq KOH 8 24 
15i 122d 50% aq KOH 49 rac 
16j 122d 50% aq KOH 40 rac 
17k 122d 50% aq KOH 18 rac 
18 123 50% aq KOH 12 10 
19 124 50% aq KOH 29c rac 

aReaction conditions: compound 78 (1.5 equiv.), compound 85 (1.0 equiv.), catalyst (20 
mol%) and the base (20 mol%) in CH2Cl2 (0.1 M) were stirred at rt for 24 h. bEnantiomeric 
excess was determined by chiral HPLC from the isolated product 86. cConversion was 
determined from the ratio of compound 86 to 85 by 1H NMR spectroscopy in the crude 
mixture. dEnantiomeric excess was determined by chiral HPLC for the sample isolated by 
preparative TLC from the crude mixture. eReaction  at 60 oC. fReaction time 10 days. 
gReaction time 5 h. hReaction time 1 h. iReaction in THF. jReaction in DME. kReaction in 
toluene at 0 oC. 

Then we investigated the catalytic activity of chiral bases. The catalyst 117 was chosen 
due to its high Brønsted basicity and its ability to act as a hydrogen bond donor (primary 
hydroxyl group in the core structure). The strong bases 117 and 118 afforded racemic 
product with moderate (Table 6, entry 4) or low (Table 6, entry 5) yields. 

Amino-catalysts 119 and 120 turned out to also be unsuitable for this reaction, 
affording product in very low selectivity (Table 6, entries 6-9). The obtained results 
proved the proposed reaction mechanism.64  

Next, we turned our attention to phase-transfer catalysis. Four different  
phase-transfer catalysts were tested. An amino acid-derived phosphonium salt 121 
catalyzed reaction with additional base afforded product 86 with low yield and 
enantioselectivity (Table 6, entry 10). The highest enantiomeric purity of 86 was achieved 
with Cinchona alkaloid derived ammonium salt 122d with additional base (Table 6,  
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entry 14). However, bifunctional Cinchona alkaloid-based thiourea 123 and codeine 
derivative 124 failed to perform (Table 6, entries 15-16). 

Having determined the potential catalytic system (122d in CH2Cl2/aq KOH), we started 
exploring the influence of various substituents at the nitrogen atom of the alkaloid 
catalyst 122. Four different R-groups were tested and all four catalysts 122a-d performed 
quite similarly (Table 6, entries 11-14), the conversion varied between 13-22%.  
The bulkiest, anthracen-9-yl group at the nitrogen atom made the catalyst more 
selective, affording the highest ee value (24%). The reaction was also conducted in 
different solvents (Table 6, entries 15-17). This had some effect on the reaction rate 
(conversions were between 18% and 49%), while the obtained product 86 was racemic. 

Finally, in order to improve the conversion, the influence of the loading of the base 
was investigated. Increasing the amount of base to a 0.6 equivalent afforded almost full 
conversion; the isolated yield was 54% without loss in selectivity. Further increasing it 
made the reaction faster, but selectivity dropped to 15%. We concluded, that a 0.6 
equivalent of aqueous KOH was optimal in our catalytic system. There are two 
competitive pathways for the reaction: a base-catalyzed background reaction leading to 
the racemic product, and a PTC-catalyzed asymmetric reaction. The stronger the base we 
used, the higher conversion of the product 86 we got, while the enantioselectivity of the 
reaction declined. 

The study revealed that in principal the use of phase-transfer catalysis could be the 
method of choice as the highest enantiomeric purity of compound 86 was achieved with 
cinchona alkaloid-derived ammonium salt 122d in a CH2Cl2/aq KOH biphasic system, but 
further investigation is needed. 
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Conclusions 

The organocatalytic Michael reaction of a cyclopropane-ring containing compounds was 
investigated and conditions for the selective formation of different addition products 
were established. Various asymmetric organocatalytic methods for [3+2] annulations of 
diphenylcyclopropenone and β-ketoester were investigated. The following features of 
organocatalytic Michael addition and [3+2] annulation were explored and improved: 

A method for the asymmetric synthesis of alkylidenecyclopropane derivatives 95a-i 
through the organocatalytic Michael addition was developed. Alkylidenecyclopropane 
derivatives 95a-i were obtained in high enantiomeric purities (85–99% ee). All reactions 
were highly enantioselective and the substitution pattern did not influence the 
selectivity. 

A general straightforward method for the synthesis of β- and γ-amino acid precursors 
110 was developed. The reaction allowed the one-step introduction of a cyclopropane 
ring and two different nitrogen-containing functional groups into the target compound.  

The organocatalytic conjugate addition of cyclopropylacetaldehyde derivative 108 to 
nitro olefin 2 was used to synthesize Boc-protected β-amino acid 113 and γ-amino acid 
114. 

Various asymmetric organocatalyzed [3+2] annulations of diphenylcyclopropenone 78 
and β-ketoester 85 were investigated, resulting in the formation of chiral ethyl  
2-(5-oxo-2,3,4-triphenyl-2,5-dihydrofuran-2-yl) acetate 86 with moderate to high yield. 

In spite of various asymmetric organocatalytic methods and optimization procedures 
applied to achieve enantioselectivity, the enantiomeric purity of the product 86 
remained low. The best results were obtained using sterically demanding PTC catalyst 
122d in a biphasic system of DCM and aqueous KOH. A dependence between the base 
loading, reaction time and selectivity was observed: a higher base loading afforded faster 
reaction and lower enantioselectivity. 
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4 Experimental 

Full assignment of 1H and 13C chemical shifts was based on the 1D and 2D FT NMR spectra 
measured on a Bruker Avance III 400 MHz instrument. Residual solvent signals were used 
[CDCl3 δ = 7.26 (1H NMR), 77.16 (13C NMR)] as internal standards. The 1H NMR peaks are 
reported as follows: s = singlet, br = broad singlet, d = doublet, t = triplet, q = quartet and 
m = multiplet. High resolution mass spectra were recorded on an Agilent Technologies 
6540 UHD Accurate Mass Q-TOF LC/MS spectrometer using AJ-ESI ionization. IR spectra 
were recorded on a Bruker Tensor 27 FT infrared spectrophotometer. Optical rotations 
were obtained using an Anton Paar GWB Polarometer MCP 500. Chiral HPLC was 
performed using ether Chiralpak AS-H (250 x 4.6 mm), Lux Amylose-2, Chiralcel OD-H 
(250 x 4.6 mm) or Chiralpak AD-H (250 x 4.6 mm) columns. Precoated silica gel 60 F245 
plates from Merck were used for TLC, whereas for column chromatography silica gel 
Kieselgel 40-63 μm was used. Purchased chemicals and solvents were used as received. 
DCM and EtOAc were distilled over phosphorous pentoxide. Reactions sensitive to 
oxygen or moisture were conducted under an argon atmosphere in flame-dried 
glassware. 

General method for the aminocatalytic Michael addition of cyclopropane-containing 
aldehyde to nitroalkenes (Publication I) 
To aldehyde 93 (0.35 mmol) was added 4-nitrophenol 102 (0.07 mmol), nitro alkene 2 
(0.35 mmol), and a solution of catalyst 10a (0.07 mmol) in CH2Cl2 (0.2 mL). The mixture 
was stirred at r.t. until completion of the reaction (TLC monitoring). The mixture was 
diluted with CH2Cl2 (6 mL) and washed with aq 1M NaOH (6 mL) and brine (6 mL). After 
concentration under reduced pressure, the crude product was purified by column 
chromatography (EtOAc-hexane, 1:10) to afford alkylidenecyclopropane 95. 

2-Cyclopropylidene-4-nitro-3-phenylbutanal 95a 
Yellow oil; yield 60% (46 mg); Rf = 0.42 (EtOAc-hexane, 2:5); ee 93%, determined by HPLC 
[Chiralcel OD-H; hexane:iPrOH 8:2; 1 mL/min, 230 nm, tr = 27.19 min (major), tr = 24.69 

min (minor)]. [𝛼] 25
𝐷

= -84.0 (c 0.075, MeOH); IR (neat): ν = 2831, 1680, 1553, 1431, 1216, 

700 cm-1. 1H NMR (400 MHz, CDCl3): δ = 9.67 (s, 1 H), 7.34-7.21 (m, 5 H), 5.11 (dd, J = 12.7, 
8.9 Hz, 1 H), 4.97-4.90 (m, 1 H), 4.83 (dd, J = 12.7, 7.1 Hz, 1 H), 1.58-1.44 (m, 4 H) ppm. 
13C NMR (101 MHz, CDCl3): δ =192.0, 149.4, 137.8, 130.3, 129.1, 128.0, 127.9, 77.2, 42.5, 
3.5, 1.8 ppm. HRMS (ESI): calcd. for C13H14NO3

+ [M + H]+ 232.0968; found 232.0971. 

General methods for the organocatalytic Michael addition of cyclopropylacetaldehyde 
derivative to nitroalkenes (Publication II) 
General Procedure A: In a 1.5 mL reactor, aldehyde 108 (1.2 equiv., 37 mg, 0.19 mmol), 
nitro olefin 2 (1 equiv., 0.15 mmol), cocatalyst 18 (10 mol%, 7.7 mg, 0.015 mmol), and 
catalyst 10b (10 mol%, 5.7 mg, 0.015 mmol) were dissolved in CH2Cl2 (0.4 mL).  
The reaction mixture was stirred for 1–7 d at room temp. and then it was diluted with 
MeOH (3 mL), and cooled to 0 °C. NaBH4 (8.8 mg, 0.23 mmol) was added, and the reaction 
mixture was stirred at room temp., for 25 min. The reaction was quenched with satd. aq. 
NH4Cl solution (3 mL), and then the mixture was diluted with water (3 mL), and extracted 
with CH2Cl2 (3 × 10 mL). The combined organic extracts were dried with Na2SO4, filtered, 
and concentrated. The crude product was purified by silica gel column chromatography 
using a mixture of CH2Cl2/EtOAc or hexane/EtOAc. 
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tert‐Butyl N‐{1‐[(2R,3S)‐1‐Hydroxy‐4‐nitro‐3‐phenylbutan‐2‐yl]cyclopropyl}-
carbamate 110: Synthesized according to general procedure A. The product was isolated 
(41 mg, 74 %) as a white crystalline solid, as a mixture of diastereoisomers (dr 95:5) with 
an ee of 99 % for the major diastereoisomer [HPLC: Lux Amylose‐2; hexane/iPrOH, 85:15; 

1 mL/min; 25 °C; 230 nm; tR = 7.4 (minor), tR = 8.9 (major) min]. [𝛼] 25
𝐷

= –9.5 (c = 1.00, 

acetone), m.p. 173–176 °C. IR: ν = 3349, 3270, 1681, 1556, 1368, 1285, 1257, 1166, 1066, 
1032, 763 cm–1. 1H NMR (400 MHz, [D6]acetone): δ = 7.35–7.26 (m, 4 H), 7.26–7.20 (m, 1 H), 
6.84 (s, 1 H), 5.68–5.57 (m, 1 H), 4.96 (t, J = 12.5 Hz, 1 H), 4.35 (dd, J = 7.5, 4.5 Hz, 1 H), 
3.58 (td, J = 11.7, 4.2 Hz, 1 H), 3.36–3.24 (m, J = 10.1 Hz, 1 H), 3.23–3.09 (m, 1 H),  
1.49–1.45 (m, J = 4.2 Hz, 1 H), 1.44 (s, 9 H), 1.05–0.94 (m, 3 H), 0.94–0.87 (m, 1 H) ppm.  
13C NMR (101 MHz, [D6]acetone): δ = 158.6, 140.3, 129.4, 129.1, 128.1, 80.2, 80.0, 63.7, 
51.7, 45.4, 32.0, 28.5, 14.85, 14.77 ppm. HRMS (ESI): calcd. for C18H27N2O5

+  
[M + H]+ 351.1914; found 351.1895. 

General Procedure B: In a 1.5 mL reactor, aldehyde 108 (1.2 equiv., 37 mg, 0.19 mmol), 
nitro olefin 2 (1 equiv., 0.15 mmol), cocatalyst 18 (10 mol‐%, 5.7 mg, 0.015 mmol), and 
catalyst 10b (10 mol%, 5.7 mg, 0.015 mmol) were dissolved in CH2Cl2 (0.4 mL).  
The reaction mixture was stirred for 1–7 d at room temp., and then the mixture was 
directly purified by silica gel column chromatography using a mixture of heptane/EtOAc. 
 
tert‐Butyl N‐{1‐[(2R,3S)‐4‐nitro‐1‐oxo‐3‐phenylbutan‐2‐yl]-cyclopropyl}-carbamate 
109: Synthesized according to general procedure B. The product was isolated (299 mg, 
86 %) as a white solid. The enantiomeric purity was retained as 98 % ee  [HPLC: Chiralpak 
AD-H; hexane/EtOH, 9:1; 1 mL/min; 25 °C; 210 nm; tR = 6.44 (minor), tR = 7.28 (major) 
min]. IR: ν = 3384, 2979, 1715, 1555, 1434, 1367, 1270, 1161, 1031, 701 cm–1.1H NMR 
(400 MHz, CDCl3): δ = 9.44 (d, J = 2.1 Hz, 1 H), 7.35–7.27 (m, 3 H), 7.25–7.21 (m, 2 H), 5.65 
(dd, J = 13.0, 4.4 Hz, 1 H), 5.02 (s, 1 H), 4.83 (dd, J = 12.9, 9.9 Hz, 1 H), 3.96 (td, J = 10.5, 
4.2 Hz, 1 H), 2.25 (d, J = 11.5 Hz, 1 H), 1.45 (s, 9 H), 1.35–1.29 (m, 1 H), 0.97–0.80 (m, 3 H) 
ppm. 13C NMR (101 MHz, CDCl3): δ = 201.2, 155.9, 136.9, 129.4, 128.4, 128.3, 80.4, 79.0, 
61.4, 42.8, 31.0, 28.4, 15.2, 14.2 ppm. HRMS (ESI): calcd. for C18H25N2O5

+  
[M + H]+ 349.1758; found 349.1794. 
 
(2R,3S)-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-4-nitro-3-phenyl-butanoic acid 
11372  
tert‐Butyl N‐{1‐[(2R,3S)‐4‐Nitro‐1‐oxo‐3‐phenylbutan‐2‐yl]-cyclopropyl}-carbamate 109 
(41 mg, 0.12 mmol) was dissolved in MeCN (350 μL, 0.33 M), and aq NaH2PO4 (90 μL, 0.83 
M) was added. The reaction mixture was cooled to 0oC. 35% aq H2O2 (10 μL) and aq 
NaClO2 (216 μL, 0.94 M) were added. The mixture was stirred for 30 min at room. temp., 
and then Na2S2O3 was added, and the reaction mixture was stirred at room temp. for 1 h. 
Then it was diluted with aq NaHCO3 (3 mL, 1 M) and aq NaH2PO4 (3 mL, 0.83 M), and 
extracted with CH2Cl2 (5 x 4.5 mL). The combined organic extracts were dried with 
MgSO4, filtered, and concentrated to give the product (38 mg, 86%) as a white solid. 

[𝛼] 25
𝐷

= –31.0 (c = 0.05, CHCl3), m.p. 95–97 °C. IR: ν = 3445, 2979, 1712, 1553, 1498, 1456, 

1368, 1165, 1078, 759, 700 cm–1. 1H NMR (400 MHz, CDCl3): δ = 7.25–7.09 (m, 5H),  
5.68–5.60 (m, 1 H), 4.74–4.62 (m, 1 H), 3.90 (td, J = 10.8, 4.3, Hz, 1 H), 2.18 (d, J = 11.5, 
Hz, 1 H), 1.62 (s, 1 H), 1.46 (s, 9 H), 0.94 (dt J = 11.2, 6.4 Hz, 1 H), 0.85 (dt, J = 10.0, 6.5 Hz, 
1 H), 0.76 (dt, J = 11.0, 5.5 Hz, 1 H) ppm. 13C NMR (101 MHz, CDCl3): δ = 182.2, 156.1, 
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138.0, 128.8, 128.3, 128.0, 80.4, 79.1, 56.8, 43.9, 32.0, 28.5, 16.9, 13.7 ppm. HRMS (ESI): 
calcd. for C18H24N2O6Na+ [M + Na]+ 387.1527; found 387.1529. 
 
(2R,3S)-4-amino-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-3-phenyl-butanoic 
acid 114 (method 1)72 
(2R,3S)-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-4-nitro-3-phenylbutanoic acid 113 
(48 mg, 0.13 mmol) was dissolved in MeOH (4.8 mL, 0.55 M), and a suspension of  
Raney-Ni (300 mg) was added. The mixture was stirred for 23h at ambient temperature, 
under an H2 atmosphere. The reaction mixture was filtered through Celite®, and the 
filtrate was washed with aq MeCN (75 mL, MeCN/H2O 2:1). The filtrate was concentrated 
and the crude product was purified by reversed phase column chromatography [gradient 
H2O/AcOH (2000/1)/MeCN] to give the product (36 mg, 82%) as a white solid.  

[𝛼] 25
𝐷

= –2.2 (c = 0.26, H2O), m.p. 150–155 °C. IR: ν = 3419, 2978, 2931, 2879, 1713, 1581, 

1496, 1455, 1391, 1367, 1170, 1076, 762, 701 cm–1. 1H NMR (400 MHz, D2O): δ = 7.43–7.28 
(m, 5H), 4.28–4.14 (m, 1 H), 3.33–3.15 (m, 2 H), 2.19 (d, J = 10.8, Hz, 1 H), 1.45 (s, 9 H), 
1.27–1.17 (m, 1 H), 1.01 (dt, J = 11.9, 6.4 Hz, 1 H), 0.90 (dt, J = 10.3, 6.3 Hz, 1 H),  
0.82–0.72 (m, 1 H) ppm. 13C NMR (101 MHz, D2O): δ = 178.1, 157.5, 138.3, 129.1, 128.4, 
128.0, 80.8, 59.2, 43.9, 43.2, 31.6, 27.7, 15.7, 12.6 ppm. HRMS (ESI): calcd. for 
C18H27N2O4

+ [M + H]+ 334.1965; found 335.1973. 
 
(2R,3S)-4-amino-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-3-phenyl-butanoic 
acid 114 (method 2)72 
(2R,3S)-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-4-nitro-3-phenylbutanoic acid 
113 (24 mg, 0.07 mmol) was dissolved in MeOH (5 mL) under an argon atmosphere, and 
Pd/C (5%, 27 mg) was added. The reaction mixture was stirred for 7 d under H2 
atmosphere. The reaction mixture was filtered through Celite®, and the filtrate was 
washed with CH2Cl2/(MeOH/NH3) (4:1). The filtrate was concentrated to give the product 
(12 mg, 55%) as a white solid. 
 
General method for the synthesis of ethyl 2-(5-oxo-2,3,4-triphenyl-2,5-dihydrofuran-2-
yl)-acetate 86 (Publication III) 
To a 4 ml test tube was sequentially added cyclopropenone 78 (30.9 mg, 0.15 mmol),  
β-ketoester 85 (19.2 mg, 0.1 mmol), catalyst (0.02 mmol, 20 mol%), base (0.2–5.0 equiv), 
and solvent (1 ml). The reaction mixture was stirred at room temperature for the 
indicated time. Completion of the reaction was monitored by TLC and 1H NMR 
spectroscopy. The solvent was removed under reduced pressure and the crude mixture 
was purified by flash column chromatography on silica gel to afford the pure product 86, 
eluent petroleum ether – EtOAc, 20:1. Colorless oil. 1H NMR spectrum (400 MHz, CDCl3), 
δ = 7.34–7.42 (m, 5H), 7.29–7.34 (m, 1H), 7.20–7.27 (m, 7H), 6.82–6.85 (m, 2H), 4.16  
(qd, J = 7.1, J = 4.7 Hz, 2H), 3.40 (d, J = 15.4 Hz, 1H), 3.28 (d, J = 15.4 Hz, 1H), 1.22  
(t, J = 7.1 Hz, 3H) ppm. 13C NMR spectrum (101 MHz, CDCl3), δ = 171.9, 168.3, 162.9, 
137.2, 131.7, 129.7, 129.4, 129.3, 129.0, 128.8, 128.7, 128.3, 127.5, 125.7, 87.0, 61.3, 
40.1, 14.3 ppm. HRMS (ESI): calcd. for C26H23O4 [M + H]+ 399.1591; found 399.1599. 
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Table 7. Supporting information concerning compounds discussed in the thesis but not 
presented in the Experimental section can be found in the corresponding publications. 

Entry Compound number 
in thesis 

Compound number in publication 

I II III 

1 2a 5a 2a  

2 10a 6a 3  

3 10b 6b 7  

4 12  12  

5 18 10b 10  

6 78   1 

7 85   2 

8 86   3 

9 90 1   

10 91 2   

11 92 3   

12 93 4 1a  

13 95a 11a   

14 95b 11b   

15 95c 11c   

16 95d 11d   

17 95e 11e   

18 95f 11f   

19 95g 11g   

20 95h 11h   
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21 95i 11i   

22 97 9   

23 98 8   

24 99 7   

25 100 10a   

26 102  9  

27 108  1b  

28 109  5a  

29 110a  6a  

30 110b  6d  

31 110e  6b  

32 110g  6f  

33 110h  6j  

34 110i  6h  

35 110j  6c  

36 110k  6e  

37 110l  6g  

38 110m  6i  

39 110n  6k  

40 110o  6l  

41 110p  6m  

42 110q  6n  

43 110r  6o  

44 111  8  



55 

45 112a  13a  

46 112b  13b  

47 115   I 

48 116   II 

49 117   III 

50 118   IV 

51 119   V 

52 120   VI 

53 121   VII 

54 122a   VIIIa 

55 122b   VIIIb 

56 122c   VIIIc 

57 122d   VIIId 

58 123   IX 
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Abstract 
Organocatalytic Asymmetric Michael Addition to Cyclopropyl 
Derivatives 

There is a continuous demand for new efficient methods that can be applied for the 
synthesis of enantiopure compounds. Asymmetric organocatalytic synthesis is widely 
used method for the synthesis of chiral compounds. This thesis is focused on an 
enantioselective organocatalyzed Michael addition applied for the synthesis of a 
cyclopropyl group containing compounds. During the study conditions for the selective 
formation of different addition products were established. The highly strained 
cyclopropane moiety is an important motif in many biologically active compounds. 
Several methods have been developed to obtain chiral cyclopropane ring-containing 
compounds. Quite often the synthesis requires several steps and enantiopure starting 
material, thus the preparation methods of cyclopropane ring-containing compounds in 
enantiomerically pure form still pose a challenge. 

The results of this thesis are divided into three chapters. The first study describes the 
synthesis of alkylidenecyclopropane derivatives via an asymmetric aminocatalytic 
Michael addition of aldehyde to nitroalkene derivatives. The novelty of the approach lies 
in the use of 1-(2-oxoethyl)cyclopropyl acetate 93, as an aldehydes containing 
cyclopropane moiety had not been previously used as Michael donor in the Michael 
reaction. The developed method offers a new possibility to obtain several 
multifunctional compounds that have a broad synthetic utility. 

The second chapter presents the use of amine-functionalized 
cyclopropylacetaldehyde as Michael donor for the synthesis of amino acid precursors. 
This allows the one-step introduction of the cyclopropane ring, as well as two different 
nitrogen-containing functional groups into the target compound. We have developed a 
general straightforward route to β- and γ-amino acid precursors. 

The third chapter describes the study of the asymmetric organocatalyzed [3+2] 
annulation of cyclopropenone and β-keto ester. The aim of the study was to investigate 
various organocatalytic activation modes for the synthesis of chiral butenolides. Four 
different catalytic approaches were investigated: bifunctional thiourea catalysis, chiral 
base catalysis, aminocatalysis and phase-transfer catalysis. The study revealed that in 
principal the use of phase-transfer catalysis could be the method of choice, but further 
investigation is needed. 
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Lühikokkuvõte 
Tsüklopropaani derivaatide asümmeetriline organokata-
lüütiline Michaeli liitumisreaktsioon 

Aina kasvav nõudlus enantiomeerselt puhaste ainete järele sunnib teadlasi otsima nii 
uusi meetodeid kui ka leidma sobivaid lähteühendeid nende sünteesimiseks. 
Asümmeetrilised organokatalüütilised reaktsioonid on laialt levinud meetodid kiraalsete 
ühendite saamisel. Organokatalüüsi kõrval on käesolevas doktoritöös teiseks läbivaks 
teemaks tsüklopropaani ringi sisaldavad ühendid. Tsüklopropaani fragment on levinud 
struktuurielement bioloogiliselt aktiivsetes ühendites. Sageli hõlmab  tsüklopropaani 
fragmenti sisaldava kiraalse ühendi süntees mitut etappi ja enantiomeerselt puhta 
lähteaine kasutamist. Seega on aktuaalne töötada välja sünteesimeetodeid uute seda 
tüüpi ühendite saamiseks.  

Antud töös uuriti asümmetrilist organokatalüütilist Michaeli liitumisreaktsiooni 
tsüklopropaani fragmenti sisaldava aldehüüdi 93 ja nitroolefiinide vahel. Töötati välja 
enantioselektiivne organokatalüütiline meetod kasutades kiraalset aminokatalüsaatorit, 
mille efektiivsust tõstis sobiva vesinikdonoorse akiraalse ko-katalüsaatori lisamine. 
Michaeli liitumisreaktsiooni tulemusena saadi alkülideen tsüklopropaani derivaate kõrge 
enantiomeerse puhtustega (ee 85-99%), reaktsiooni käigus elimineerius atsüülrühm. 

Vältimaks võimalikku elminieerumisreaktsiooni sünteesiti aminorühma sisaldav 
tsükloropaankarbaldehüüd 108, ning viidi läbi organokatalüütiline Michaeli  
liitumis-reaktsioon sünteesitud aldehüüdi ja niroolefiinide vahel. Reaktsiooni 
tulemusena saadi β- ja γ-aminohapete eelühendid kõrge diastereo- ja enantiomeerse 
puhtusega (d.r. kuni 95:5 ja ee 93-99%). 

Asümmeetrilised organokatalüütilised kaskaadreaktsioonid on levinud meetodid 
kiraalsete heteroaromaatsete ühendite saamiseks. Seetõttu keskenduti töö teises osas 
asümmeetrilise organokatalüütilise sünteesimeetodi leidmisele tsüklopropenooni ja  
β-ketoestri vahelise liitumisreaktsiooni jaoks. Uuriti nelja erinevat asümmeetrilise 
aktiveerimise meetodit kiraalse produkti saamiseks: bifunktsionaalne tiouurea katalüüs, 
aluskatalüüs, aminokatalüüs ja faaside-vaheline katalüüs. 

Uuritud meetoditest osutus sobivaks asümmeetriline faaside-vaheline katalüüs. 
Valitud meetod vajab täiendavat uurimist, kuna katalüüsi käigus saadud produkti 
enantiomeerne puhtus jäi madalaks. 
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Appendix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication I 

 
Reitel, K.; Lippur, K.; Järving, I.; Kudrjašova, M.; Lopp, M.; Kanger, T. Asymmetric 
Aminocatalytic Michael Addition of Cyclopropane-Containing Aldehydes to Nitroalkenes. 
Synthesis 2013, 45, 2679-2683. 
 
Reprinted with permission from Thieme. 
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Publication II 

Kaasik, M.; Noole, A.; Reitel, K.; Järving, I.; Kanger, T. Organocatalytic Conjugate Addition 
of Cyclopropylacetaldehyde Derivatives to Nitro Olefins: en Route to β- and γ-Amino 
Acids. European Journal of Organic Chemistry 2015, 8, 1745-1753. 

Reprinted with permission from Wiley. 
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�������������������������� �!" #�$��%&�� '())# #���*$"�!�+��+"!��' �!)',")'-'�#.� #.'/ �0# ���!'*#�/1'�2�& ' �34��)54(6#��(�#)/7#889��/#8:;�<(� &�0��!':;�<9=� 2'# '!:;�<>.��?=�.#��:;�<��)@A�#/9���'�B;�<9'"C��)/1DEFGHIJGKGLMNONPQOJRGSLGTTOKOIHPUVGLLEOHFNMNKSVNPWVOHIGJOTNXYZ[\]̂\]_̀abZ\̀c_d̀d̀e_fd̀\_Zdgh_̂adf]\̂c_̀c]i_̂bf_ZajcdZ_[h_̀gkd\[\edZ_[[Y_ZcdlaZ\f]\j̀ghmn ào \̂be_̀\Z_c_[YcdZ_hYffaĉdZpdZi_a[̂a_Zcd\̀ i_hkaà gala[b\]agmqidh_[[\ohcia\̀abhca]d̀ĉ\gjZcd\̀ \rciaZYZ[\]̂\b]_̀a d̂̀es_hoa[[_hco\gdrrâàc̀ dĉ\eàbZ\̀c_d̀d̀erj̀Zb>� ��)&� #��tMJLIuEIuGHSNKGHTNIvKGVIHFIKRSEEOHFNMNKSVNwxIvEyzxO{SyzGHTNO|yVSV}SESTEOHFN~I�OHFKIOKNvHO�vSESGJKO{OKMuEIxOLS��GEOIvNVSKRITNRG{S}SSHTS{SLIuSTxIEKRSGNMVVSKEOJNMHKRSNONIxJMJLIuEIuGHSN�KRSUOVVIHN�UVOKRESGJKOIHz���Q��twQOJRGSLyOHTvJSTEOHFJLINvES~z���KEGHNOKOIHyVSKGLyJGKGLMNSTTSJIVuINOKOIHIxTOG�IJIVyuIvHTNz���KRS�vLOH�I{OJRESGJKOIHz���TIv}LSGL�MLGKOIHIxFLMJOHSz���ESGEEGHFSVSHKIxLGJKIHSNz���GHTVONJSLLGHSIvNIKRSEVSKRITNz�ROJRRG{S}SSHES{OS�ST}M�SLLONNOSE�����I�S{SEzVGHMIxKRSNSVSKRITNGESLOVOKSTOHKRSOENv}yNKEGKSNJIuSzGHTOH{IL{SKRSvNSIxS|uSHNO{SKEGHNOKOIHVSKGLNIERG�GETIvNNKGEKOHFVGKSEOGLN��RSESxIESzHS�GHTSxxOJOSHKVSKRITNxIEKRSOHKEITvJKOIHIxGJMJLIuEIuGHSxEGFVSHKvHTSEVOLTJIHTOKOIHNJIHKOHvSKI}S{SEMOVuIEyKGHK�WVOHIGJOTNuLGMGJSHKEGLEILSGNKRS�}vOLTOHF}LIJ�NIxLOxS���RSMGESKRS�SMNKGEKOHFVGKSEOGLNxIEuSuKOTSNMHyKRSNONzGHTGLNIxIEKRSNMHKRSNONIx{GEOIvNLSGTJIVuIvHTNxIEKRSuRGEVGJILIFOJGLOHTvNKEMKRGKJIHKGOHGVOHIGJOTxvHJKOIHGLOKOSN��HHGKvEGLwGHTHGKvEGL~�yGVOHIGJOTNRG{S}SSHNMHKRSNONST}MG�GyQOJRGSLGTTOKOIHNz���G�OEOTOHSIESuI|OTSIuSHOHFNzJGE}SHSyJGKGLMNSTvVuILvHFESGJKOIHNzI|OTGKOIHSKJ����WLKRIvFRHvVSEIvNVSKRITNRG{S}SSHESyuIEKSTxIEKRSxIEVGKOIHIxKRSt��}IHTOH�yGVOHIGJOTNzKRSOHKEITvJKOIHIxGJMJLIuEIuGHSEOHFGKKRSuINOKOIH�KIKRSHOKEIFSHESVGOHNGJRGLLSHFS�QGHMHGKvEGLGHTNMHKRSKOJJROEGLGVOHIGJOTNJIHKGOHyOHFGJMJLIuEIuGHSJIESRG{S}SSHOTSHKOxOSTw�OFvES�~������HNuOEST}MKRSvHO�vSuEIuSEKOSNOHKEITvJST}MKRSJMJLIyuEIuGHSEOHFKIG�OTS{GEOSKMIxTOxxSESHKJIVuIvHTNz�S�G� SuGEKVSHKIxtRSVONKEMz�GLLOHH�HO{SENOKMIx�SJRHILIFMzW�GTSSVOGKSS��z�GLLOHH�����z¡NKIHOG¡yVGOL�KIHON��GHFSE¢KKv�SSRKKu�PP����JRSV�KKv�SSPJRSV£SHUvuuIEKOHFOHxIEVGKOIHxIEKRONGEKOJLSONG{GOLG}LSIHKRS¤¤¤ vHTSERKKu�PPT|�TIO�IEFP�������PS¥IJ�����������¦§̈©ª©«̈¬©®̄°©±²³́z��������� µ����¤OLSMy�t��SELGF¶V}�·tI��¶GWz¤SOHRSOV ����

cd\̀_[ê\j]h¹̧º»¹bkjc\¼YZ_̂k\̀Y[_fd̀\_̀g d̀ĉ\½d̀c\ciac_̂eacZ\f]\j̀ghmn[[cia]̂\gjZchoâadh\[_cagd̀ e\\gYda[ghodcif\gâ_cac\a¼Za[[àcà_̀cd\b_̀ggd_hcâa\bha[aZcdldcdahmESJSHKLMESuIEKSTGNOVuLSQOJRGSLyGTTOKOIHESGJKOIHIxJMyJLIuEIuMLGJSKGLTSRMTSTSEO{GKO{S³�KIHOKEIGL�SHSN±wUJRSVS�~������RONNOVuLSESGJKOIHzuEIVIKST}MJROEGLNSJyIHTGEMGVOHS¾GHT¿yHOKEIuRSHILzTSLO{SESTGNSEOSNIxGL�yMLOTSHSJMJLIuEIuGHSNÀOHVITSEGKSKIFIITMOSLTNw�����Á~�OKRROFRSHGHKOINSLSJKO{OKOSNw�����Á¯̄~��RS�ySLOyVOHGKOIHIxKRSGJSKGKSFEIvuS|JLvTSTKRSuINNO}OLOKMIxKRSxIEVGKOIHIxTOGNKSESIONIVSENzGHTKRSuEITvJKNJIvLT}SvNSTGN}vOLTOHF}LIJ�NxIExvEKRSEKEGHNxIEVGKOIHNzuEIy{OTOHFGHS|JSLLSHKNKGEKOHFuIOHKxIExvEKRSENKvTOSN�
�OFvES��tMJLIuEIuGHSyJIHKGOHOHFGVOHIGJOTNÂ  tÃ IuGTSyJGE}I|MLGNS�
UJRSVS���ES{OIvN�IE�Â�QUÃKEOVSKRMLNOLML�
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Publication III 

 
Reitel, K.; Kriis, K.; Järving, I.; Kanger, T. Study of asymmetric organocatalyzed [3+2] 
annulation of cyclopropenone and β-ketoester Chemistry of Heterocyclic Compounds 
2018, 54, 929-933. 
 
Reprinted with permission from Springer. 
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