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ABSTRACT 

 

ENANTIOSELECTIVE SYN THESIS OF FURYL-SUBSTITUTED 

PYRROLIDINES  

 

Araz, Mihrimah 

Master of Science, Chemistry 

Supervisor: Prof. Dr. ¥zdemir Doĵan 

 

August 2019, 67 pages 

 

Asymmetric 1,3-Dipolar Cycloaddition (DC) reactions of azomethine ylides are 

important for the synthesis of pyrrolidines. These reactions may give enantiomerically 

pure compounds in the presence of a chiral catalyst in a single step. Therefore, many 

groups have studied this reaction to synthesize aryl-substituted pyrrolidines in 

enantiomerically rich form. Although the aryl-substituted pyrrolidine synthesis is very 

common, the studies involving the heteroaryl-substituted pyrrolidines are quite rare. 

In general, groups studying these reactions mainly focus on the aryl-substituted 

pyrrolidines and include one or two examples involving the heteroaryl-substituted 

pyrrolidines. Therefore, it is important to synthesize different derivatives of 

heteroaryl-substituted pyrrolidines and develop a chiral catalyst that produces these 

compounds in high yields and enantioselectivities. Our group is also involved in this 

field and developed two different types of chiral ligands, one is known as ferrocenyl 

aziridinyl methanol (FAM ) and the other one is the phosphorous derivative of these 

ligands. Using both ligands, our group reported the enantioselective synthesis of aryl-

substituted pyrrolidines in good yields and enantioselectivities. In this thesis, we have 

applied our FAM  ligands (four diastereomers) and a new derivative, namely 1-

naphthyl ferrocenyl aziridinyl methanol (1-NFAM , also four diastereomers), in the 

enantioselective synthesis of furyl-substituted pyrrolidines by using 1,3-DC reaction 
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of azomethine ylides. Our studies showed that FAM  ligands can catalyze the 1,3-DC 

reaction of azomethine ylides to form furyl-substituted pyrrolidines in up to 87% yield 

and 72% enantioselectivity. 

 

Keywords: Asymmetric synthesis, Azomethine ylides, Furyl-substituted pyrrolidine 

derivatives.  
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¥Z 

 

FURĶL S¦BSTĶT¦YE PĶROLĶDĶN T¦REVLERĶNĶN ENANTĶOSE¢ĶCĶ 

SENTEZĶ 

 

Araz, Mihrimah 

Y¿ksek Lisans, Kimya 

Tez Danēĸmanē: Prof. Dr. ¥zdemir Doĵan 

 

Aĵustos 2019, 67 sayfa 

 

Asimetrik 1,3-dipolar halkasal katēlma tepkimeleri pirolidin sentezi iin ºnemli 

tepkimelerdir. Bu tepkimeler kiral katalizºr varlēĵēnda tek basamakta enantiomerik saf 

bileĸikler verirler. Bu sebeple birok grup bu tepkimeleri enantiomerik bakēmdan 

zengin aril s¿bstit¿ye pirolidin sentezlemek iin alēĸmēĸtēr. Aril s¿bstit¿ye pirolidin 

sentezi yaygēn olmasēna raĵmen heteroaril s¿bstit¿ye pirolidin ieren alēĸmalar 

olduka azdēr. Genelde bu tepkimeleri alēĸan gruplar esas olarak aril s¿bstit¿ye 

pirolidinlere odaklanmēĸlardēr ve bu alēĸmalarda heteroaril s¿bstit¿ye pirolidinlerin 

yalnēzca bir veya iki ºrneĵi bulunmaktadēr. Bu sebeple heteroaril s¿bstit¿ye 

pirolidinlerin farklē eĸitlerinin sentezlenmesi ve bu bileĸiklerin y¿ksek verimde ve 

enantioseicilikte sentezlenmesinde kullanēlan kiral katalizºrlerin geliĸtirilmesi 

ºnemlidir. Grubumuz da bu alanda alēĸmēĸ olup iki farklē kiral ligand geliĸtirmiĸtir. 

Bu kiral ligandlar ferosenil aziridinil metanol (FAM) ligandlarē ve bu ligandlarēn 

fosforlu t¿revleridir. Bu ligandlarē kullanarak grubumuz verimi ve enantioseiciliĵi 

iyi olan aril s¿bstit¿ye pirolidinlerin enantioseici sentezini rapor etmiĸtir. Bu alēĸma 

kapsamēnda furil s¿bstit¿ye azometin ylidlerin 1,3-dipolar halkasal katēlma 

tepkimeleri metal ile koordine olan ve grubumuz tarafēndan sentezlenen ferosenil 

aziridinil metanol (FAM) olarak adlandērēlan ve dºrt diastereomeri bulunan ligandlar 

ve bu ligandlarēn t¿revleri olan ve 1- naftil ferosenil aziridinil metanol (1-NFAM ) 
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olarak adlandērēlan yine dºrt diastereomeri olan ligandlar varlēĵēnda 

gerekleĸtirilmiĸtir. ¢alēĸmamēzdaki analiz sonularēna gºre FAM  ligandlarē 

kullanēlarak yapēlan asimetrik 1,3-dipolar halkasal katēlma tepkimeleri ile %87 verime 

ve %72 enantioseiciliĵe kadar ulaĸan furil s¿bstit¿ye pirolidin yapēlarē elde 

edilmiĸtir. 

 

Anahtar Kelimeler: Asimetrik sentez, Azometin yilidler, Furil s¿bstit¿ye pirolidin 

t¿revleri. 
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CHAPTER 1  

 

1. INTRODUCTION  

 

1.1. Enantiomerically pure compounds  

 Chirality is an important property of asymmetry based on molecular symmetry. 

When the molecule and its mirror image are non-superposable, it is called as a chiral 

molecule. This property of molecule is important in many areas such as biochemistry, 

organic chemistry and especially pharmaceutical chemistry because our biological 

molecules are chiral molecules such as DNA, amino acids and sugars. Also, these 

mirror images are called enantiomers (Figure 1). They have same physical and 

chemical properties such as boiling or melting point, polarity, density etc. However, 

their odour, flavour and most importantly their biological activities can be different. 

 

 

Figure 1. Enantiomers 

 

 The artificial sweetener aspartame has two enantiomers. Whereas D-aspartame 

is tasteless, taste of L-aspartame is sweet.1 In addition, R-(-)-carvone smells like 

spearmint while S-(-)-carvone smells like caraway.2 When chiral molecules are used 
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as drugs, they may behave differently. For example, for treatment of rheumatoid 

arthritis, D-penicillamine is used in chelation therapy while L-penicillamine is toxic 

because of its inhibition of action of pyridoxine, an essential B vitamin.3 Therefore, 

synthesis of enantiopure compounds is important. 

 Enantiomerically pure compounds can be synthesized using different methods. 

Those include along with resolution of racemates, the synthetic transformation from 

enantiopure starting compound and the stereoselective reactions using chiral reagents 

or auxiliaries,4 metal catalysts, organocatalysts and biocatalysts. Recently, the most 

commonly used methods are metal catalyst (metal-chiral ligand) and organocatalysts. 

Use of chiral catalyst is preferable because small amount of a chiral catalyst can 

produce a large amount of enantiopure product. 

1.2. Asymmetric Cycloaddition Chemistry 

 As well as cyclic organic compounds, heterocyclic compounds are important 

in organic chemistry. Heteroatom in the ring gives these heterocyclic compounds 

physical and chemical properties different from that of all-carbon-ring analogs. They 

are found in numerous natural products and biochemical systems such as nucleic acids 

which carry the genetic information. Also, pigments, vitamins and antibiotics are 

examples of heterocycles like hallucinogens. These heterocyclic compounds can be 

used as drugs, pesticides, dyes and plastics.5 In addition, they may show different 

biological activities. Therefore, especially five-membered N-heterocycles are very 

important for scientist. The cycloaddition reaction is one of the common and efficient 

method for synthesizing heterocycles in high stereoselectivity in a single step. 

1.2.1. 1,3-Dipolar Cycloaddition (1,3-DC) Reactions 

 1,3-Dipolar Cycloaddition (1,3-DC) reaction of azomethine ylides like Diels-

Alder reaction is the most efficient method to construct five-membered N-heterocyclic 

compounds. This reaction is a highly atom economical process because two new 

carbon-carbon bonds and up to four stereogenic centers can be formed at the same 

time.6 In this type of reaction, 1,3-dipole also known as ylide, 4ˊ electron component, 
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reacts with a dipolarophile, 2ˊ electron component. In scheme 1, pyrrolidine formation 

by 1,3-DC reaction of an azomethine ylide with a dipolarophile is given as an example. 

 

 

Scheme 1. Pyrrolidine formation by 1,3-DC reaction 

 

1.2.1.1. 1,3-Dipoles or Ylides 

 General representation of 1,3-dipoles is óa-b-cô structure (Figure 2). They have 

a delocalized electron over three atoms and a positive charge. Also, Pichon and co-

workers stated that 1,3-dipoles should include 3 atoms with at least one heteroatom.7 

There are two main groups of 1,3-dipole which are allyl-anion type and 

propargyl/allenyl-anion type.  

 The allyl-anion type of 1,3-dipole has a bent structure. It has four electrons in 

three parallel pz orbitals which are perpendicular to plane of the dipole. The central 

atom óbô can be oxygen, nitrogen or sulphur. Two resonance forms are obtained in 

octet structure. In these structures, three centers have an electron octet. Also, other 

two resonance forms in which óaô or ócô atom has an electron sextet can be obtained 

(Figure 2 and 3).8 
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Figure 2. The resonance structures of 1,3-dipoles 

 

On the other hand, the propargyl/allenyl-anion type of 1,3-dipole has a linear 

structure. Unlike allyl-anion type of 1,3-dipole, in this type the central atom óbô can 

be just nitrogen. In addition, the former orbital is not directly involved in the resonance 

structures because this type has an extra ˊ electron located in the plane orthogonal to 

the allenyl anion type molecular orbital (MO) (Figures 2 and 4).8 
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Figure 3. The allyl -anion type 1,3-dipoles 
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Figure 4. The propargyl/allenyl-anion type 1,3-dipole 

 

 Azomethine ylides are one type of allyl-anion type 1,3-dipoles. They are 

nitrogen-based dipoles. Pyrrolidines and pyrrolines, five-membered N-heterocycles, 

can be synthesized by 1,3-DC reaction of azomethine ylide. By this reaction, four new 

stereocentres can be obtained with high stereo- and regioselectivity. Therefore, 

azomethine ylides are common reagents used in total synthesis and pharmaceuticals. 

They are produced in situ and trapped immediately with dipolarophiles because they 

are very reactive and unstable (Scheme 1).9 

 In this thesis work, 1,3-DC reactions of heteroaryl-substituted azomethine 

ylide with different dipolarophiles were studied to synthesize furyl-substituted 

pyrrolidine which is a five-membered N-heterocycle.  

1.2.1.2. Dipolarophile  

 In order to produce heterocyclic rings from azomethine ylides in a concerted 

mechanism, dipolarophiles are used in 1,3-DC reactions. They are 2ˊ electron 

systems. There are many different types of dipolarophiles such as alkenes, ketones, 

allylic halides, alkynes and so on as shown in Figure 5. 
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Figure 5. Different types of dipolarophiles used in 1,3-DC reaction 

 

1.2.1.3. Pyrrolidine  

 Pyrrolidines, five-membered heterocycles (Figure 6), are found in many 

natural products and pharmaceuticals. Their synthesis is very important for scientists 

because they are biologically active compounds. There are many methods to 

synthesize pyrrolidines. An effective way to synthesize pyrrolidines is 1,3-DC 

reaction of azomethine ylides with dipolarophiles in the presence of a metal catalyst. 

In general, small amount of metal catalyst can produce large number of chiral 

pyrrolidines. 

 

 

Figure 6. Structure of pyrrolidine 
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1.2.1.4. Organocatalyst and Metal-based Catalyst 

            There are two types of catalysts being used for asymmetric synthesis.  

Organocatalysts are low molecular weight organic molecules and small amount of 

organocatalyst can catalyze a chemical reaction. Organocatalysts have important roles 

in the construction of enantiopure compounds.10 Their low toxicity and insensitivity 

to moisture and oxygen are advantages in synthesizing pharmaceutical 

intermediates.11  

           Other catalyst is the metal-based chiral catalyst. Chiral ligands forming 

complexes with transition metals provide the chiral environment for the asymmetric 

synthesis.  

1.3. Mechanistic Approach to 1,3-Dipolar Cycloaddition Reaction 

             Huisgen and his colleagues stated that mechanism of 1,3-DC reactions is a 

concerted process.12 They also claimed that the reaction needs small activation 

enthalpy to produce cycloadduct and the reactions of 1,3-dipoles with alkene are 

stereospecifically suprafacial. Therefore, their studies showed that the 1,3-DC 

reactions proceed through a concerted pathway. In the concerted 1,3-DC reaction, the 

stereochemistry of final cycloadduct and that of dipole and dipolarophile are 

invariable. When trans-dipolarophile reacts with dipole, trans-cycloadduct is obtained. 

To get only cis-cycloadduct, cis-dipolarophile should be used (Figure 7).  

             On the other hand, at the beginning, Firestone claimed that 1,3-DC reactions 

have stepwise mechanism via diradical intermediate.13 However, in this mechanism, 

180Á rotation of C-C bond takes place in diradical intermediate state so the mixture of 

cis- and trans- cycloadduct can be obtained (Figure 8). Therefore, the stereospecifity 

of the reaction is ruined. At the end, Firestone accepted that 1,3-DC reactions proceed 

through concerted mechanism.14   
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Figure 7. Concerted mechanism of 1,3-DC reaction 

 

 

Figure 8. Stepwise mechanism of 1,3-DC reaction 

 

 The transition state of concerted 1,3-DC reaction is controlled by frontier 

molecular orbitals (FMO) of dipole and dipolarophile. Based on the FMO energies 

between dipole and dipolarophile interactions, Sustman stated that there are three 

types of 1,3-DC reaction (Figure 9).15 
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Figure 9. The classification of 1,3-DC reactions based on FMOs 

 

 In type 1 reactions, there is an interaction between HOMOdipole and 

LUMOdipolarophile and for carbonyl ylide, azomethine imines and azomethine ylides; 

this type of reaction is representative. 

 In type 2, both energy gaps of dipole and dipolarophile are similar. As a result, 

two-way interactions can take place. One of them is HOMO of dipolarophile and 

LUMO of dipole. The other one is LUMO of dipolarophile with HOMO of dipole. 

This is typical for nitrones, nitrile oxides and azides. 

 In the case of type 3, HOMOdipolarophile interacts with LUMOdipole. Nitrous oxide 

or ozone reacts with dipolarophiles via this type of interactions. 

 Electron-donating or electron-withdrawing groups on dipolarophile or dipole 

can affect 1,3-DC reaction. Because these groups can change FMO energies. As a 

result, 1,3-DC reaction can proceed in different HOMO-LUMO pathways ï either type 

1, type 2 or type 3. In type 1, electron-withdrawing group (EWG) on dipolarophile 

reduces the energy of LUMOdipolarophile so the reaction is accelerated. However, when 

dipolarophile including electron-donating group (EDG) is used, reaction is decelerated 

because of the raised energy of HOMOdipolarophile.
16 In the case of type 2, both EDG 

and EWG groups on dipolarophile accelerate the reaction as EDG raise energy of the 

HOMO whereas EWG lowers the energy of LUMO.17 In type 3, EDG on dipolarophile 
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raises the energy of HOMO of the dipolarophile. Consequently, the rate of the reaction 

increases.18 

1.4. 1,3-Dipolar Cycloaddition Reaction of Azomethine Ylides 

 Azomethine ylides are the kind of bent allyl anion-type 1,3-dipoles and they 

contain 4 electrons distributed over the ˊ orbitals of a C-N-C group.19 Generally, they 

are formed in situ due to their high reactivity. There are different ways to generate 

azomethine ylides, such as condensation of aldehyde with amine,20 photolysis or 

thermolysis of aziridines,21 deprotonation of iminium salts,22 or most commonly 

proton abstraction from imines (Scheme 2).23 

 

 

Scheme 2. Proton abstraction from imine 

 

1.5. Enantioselective 1,3-DC Reactions of Azomethine Ylides Using Chiral 

Catalysts 

 In the field of pharmaceuticals and agrochemicals, enantioselective synthesis 

is the key process to obtain enantiomerically pure compounds, because different 

enantiomers may have different biological activities. Using asymmetric catalysis for 

cycloaddition reactions, enantiomerically pure compounds can be synthesized in one 

step. This cycloaddition reaction is a very atom economical way to create more than 

one stereogenic centres and two ñC-Cò bonds in one step. 1,3-DC reaction of 

azomethine ylides with dipolarophiles in the presence of a chiral catalyst leads to the 

formation of pyrrolidines enantioselectively (Scheme 3). The catalyst used in the 

reaction is dissociated from the cycloadduct and it can be used for another catalytic 

cycle. 

 



 

 

 

12 

 

 

Scheme 3. Pyrrolidine synthesis using chiral catalyst 

 

In general, azomethine ylides of a-iminoesters are used in 1,3-DC reactions 

because they can be easily stabilized in the presence of a Lewis acid catalyst that 

coordinates easily to azomethine ylide. Different metals such as Ag, Cu and Zn can 

coordinate both to the ligand and azomethine ylide.  

  Since the first study reported by Grigg and co-workers in 1991,24 many groups 

studied 1,3-DC reaction of azomethine ylides using different chiral ligands and metals. 

Although Griggôs work did not involve using metal-ligand chiral catalyst in catalytic 

amount, it was the first study in literature. Using chiral manganese and cobalt 

complexes, enantioselectivity could be achieved in 1,3-DC reactions of azomethine 

ylides derived from a-iminoester. They obtained up to 96% ee and the yields were 

ranged between 45-84% (Scheme 4). 
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Scheme 4. Grigg and co-workers' study 

 

1.6. Asymmetric 1,3- Dipolar Cycloaddition Reactions Using Ferrocene-based 

Chiral Ligands in Literature  

 Ferrocene and its derivatives have been widely used since the discovery of 

ferrocene in 1950s.25 Due to structural inertness to many reaction conditions, it is used 

in all fields of organometallic chemistry. Ferrocene based chiral ligands have been 

used in asymmetric synthesis. Adequate rigidity, ease of derivatization, planar 

chirality when substituted with a chiral unit, steric bulkiness, thermal stability and 

tolerance to oxygen and moisture makes ferrocene derivatives a suitable chiral ligand 

for asymmetric synthesis.26   

 In one of the studies, chiral 1,2-P,N-bidentate ferrocene based ligand was used 

for 1,3-DC reactions involving different imines (precursors of intermediate 

azomethine ylides)  and dipolarophiles. This chiral ligand provided aryl-substituted 

pyrrolidine structures in up to 93% enantioselectivity (Scheme 5).27  
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Scheme 5. Utepova and co-workers' study 

 

 In other study, chiral ferrocene-based phosphineïphosphoramidite ligand 

having a stereogenic P-center was used for enantioselective Ag(I)-catalyzed [3+2] 

cycloaddition reaction of azomethine ylides. This catalyst system also provided aryl-

substituted pyrrolidines in up to 99% enantioselectivity (Scheme 6).28 

 

 

Scheme 6. Yu and co-workers' study 

 

 Zhou et al. reported another ferrocene derived P,S-bidentate ligand for the 

asymmetric 1,3-DC reaction yielding aryl substituted pyrrolidines in up to 93% 

enantioselectivity (Scheme 7).29 
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Scheme 7. Zeng and Zhou's study 

 

 Zhou et al. reported another study by using ferrocene based N,P-bidentate 

ligands which provided pyrrolidines in up to 98% enantioselectivity (Scheme 8).30 

 

 

Scheme 8. Use of ferrocene based N,P-bidentate ligand reported by Zhou group 

 

 Our group also studied 1,3-DC reactions of azomethine ylides by using 

ferrocenyl aziridinyl methanol (FAM ) chiral ligands with Zn used as the metal source 

and reported aryl-substituted pyrrolidines in up to 95% enantioselectivity (Scheme 

9).31 
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Scheme 9. Use of FAM  ligands in 1,3-DC reaction of azomethine ylides 

 

 Our group reported another study by using phosphorous derivatives of FAM  

ligands with Ag. This catalyst system gave aryl substituted pyrrolidines in up to 89% 

enantioselectivity (Scheme 10).32 

 

 

Scheme 10. Use of phosphorous derivative of FAM  ligands in 1,3-DC reaction of 

azomethine ylides 
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1.7. Metal Catalysed Asymmetric 1,3-Dipolar Cycloaddition Reactions Involving 

Heteroaryl Substituted Pyrrolidine Synthesis 

Heterocyclic compounds in general are biologically active compounds. 

Therefore, having heteroaryl group in pyrrolidine structure is expected to improve the 

biological activity of these compounds. As mentioned before the synthesis of chiral 

heteroaryl-substituted pyrrolidines is limited. One of these studies was reported by Oh 

and colleagues. This group used silver and copper as the metal sources with rather 

complex chiral ligand and reported 85% enantioselectivity with only tert-butyl 

acrylate for the furyl and thiofuryl-substituted pyrrolidines (Scheme 11, only two 

examples).33 

 

 

Scheme 11. Synthesis of furyl- and thiofuryl-pyrrolidines by Oh and co-workers 

 

Related with the heteroaryl-substituted pyrrolidine synthesis by 1.3-DC 

reaction, Carretero and co-workers reported up to 99% enantioselectivity of the 

product by using phosphorous based chiral ligand with Ag (Scheme 12, only two 

examples).34 
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Scheme 12. Carretero and co-workers' study 

 

In another study, Deng et al. used copper salt for 1,3-DC reaction to get 

heteroaryl substituted pyrrolidines in up to 97% enantioselectivity. They used both 

pyridinyl- and fluoro-substituted dipolarophile which is not a commonly used one 

(Scheme 13, only two examples).35 

 

 

Scheme 13. Deng and co-workers' study 
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1.8. Aim of The Study 

 Synthesis of pyrrolidines in enantiomerically pure forms by efficient and 

economical way is important due to biological activity of these compounds. 1,3-DC 

reaction of azomethine ylides is one of the best methods to synthesize pyrrolidine 

structures. In li terature, different metal catalysts (metal-chiral ligand) have been 

developed and used successfully for 1,3-DC reaction of azomethine ylides with 

dipolarophiles to synthesize aryl-substituted pyrrolidines. However, there are only a 

few examples reported in literature for the enantioselective synthesis of furyl-

substituted pyrrolidines using the same chemistry. Therefore, we aimed to explore this 

chemistry to synthesize variety of furyl-substituted pyrrolidines. In doing so, we 

wanted to use FAM  chiral ligands developed by our group. Besides, screening the 

known FAM  ligands, we also wanted to synthesize new 1-naphthyl-substituted 

derivative of these ligands (1NFAM , four diastereomers) in this thesis. Basically, total 

of 12 structurally and stereochemically different FAM  ligands (PFAM , CFAM , and 

1NFAM , each composed of four diastereomers) were screened with an aim to 

synthesize furyl-substituted pyrrolidines (Scheme 14). 
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Scheme 14. Metal-catalyzed asymmetric synthesis of furyl-substituted pyrrolidines 
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CHAPTER 2  

 

2. RESULTS AND DISCUSSION 

 

2.1. Synthesis of New 1-Napthyl-Ferrocenyl-Aziridinyl -Methanol (1NFAM) 

Ligands 

 1-NFAM  ligands were synthesized by following the literature procedure 

reported by Doganôs research group.36 This synthesis started with the Friedel-Crafts 

reaction of ferrocene and acryloyl chloride in the presence of a mixed Lewis acid 

Me3Al-AlCl3, which provided acryloyl ferrocene 3 in 97% yield. Then, bromination 

of acryloyl ferrocene 3 in DCM at -78ÁC, this protocol was developed by our group, 

gave the desired product 4 in 95% yield (Scheme 15).36 

 

 

Scheme 15. Synthesis and bromination of acryloyl ferrocene 

 

 The next step was the aziridine formation reaction by using the modified 

Gabriel-Cromwell reaction.37 First, dibromo compound 4 was stirred with 

trimethylamine to obtain a-bromoacryloyl ferrocene 5 by elimination of HBr. Then, 

addition of (R)-1-naphtylethylamine 6 to the reaction flask formed a diastereomeric 

mixture of aziridinyl ketones 7 and 8. These ketones were purified and separated easily 
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by flash column chromatography and obtained in 56% and 42% yields, respectively 

(Scheme 16). 

 

 

Scheme 16. Synthesis of aziridinyl ketones by Gabriel-Cromwell reaction 

 

 The last step for the synthesis of 1-NFAM  ligands was the reduction of the 

carbonyl group. This reduction was achieved under different reaction conditions by 

using a procedure developed by a Korean group.38 As a result, all four diastereomers 

of ketones 7 and 8 were obtained as shown in Scheme 17. In assigning the absolute 

configurations of 1-NFAM  ligands, we made analogy with our previously synthesized 

FAM  ligands based on NMR data and Rf  values on TLC.36 Ketone 7, first isomer on 

TLC, was reduced by NaBH4 at -78ÁC in MeOH to get 1-NFAM 1 chiral ligand 9 in 

92% yield. Using L-selectride as the reducing reagent in THF at -78ÁC, the same 

ketone 7 gave 1-NFAM 2 ligand 10 in 71% yield. On the other hand, reduction of the 

second ketone 8 by using LiAlH4 at 0ÁC in THF provided a diastereomeric mixture of 

1-NFAM 3 ligand 11 and 1-NFAM 4 ligand 12 in 28% and 62% yields, respectively, 

after flash column chromatography. 
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Scheme 17. Reduction of aziridinyl ketones 

 

 Besides 1-NFAM1-4 chiral ligands, CFAM1-4 and PFAM1-4 chiral ligands 

were also synthesized by using the same procedures. In order to synthesize PFAM1-

4 chiral ligands, (S)-1-phenylethylamine was used in aziridination step and in order to 

synthesize CFAM1-4 chiral ligands, (R)-cyclohexylethylamine was used in the 

aziridination step, the structures of these chiral ligands are shown in Figure 10. As a 

result of all these syntheses, total of 12 stereoisomerically and structurally different 

ligands were in hand to be tested in asymmetric 1,3-DC reactions of furyl-substituted 

azomethine ylides. 
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Figure 10. Structures of PFAM  and CFAM  ligands 

 

2.2. Synthesis of Furyl-Substitued Imino Ester 

 Methyl (E)-2-((furan-2-ylmethylene)amino)acetate, a furyl-substituted imino 

ester  13, was synthesized as reported in literature39 by using furfural and glycine 

methyl ester.39 The crude furyl-substituted iminoester 13 was pure enough to be used 

without any purification in 1,3-DC reaction (Scheme 18). 

 

 

Scheme 18. Synthesis of imino ester 13 

 

 
























































































