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Chapter 0: Summary 

 

0.1 General 

 

The purpose of this thesis is to provide a physical basis for the design of organocatalytic 

reactions using secondary amines. For that reason the Brønsted basicities and 

nucleophilic reactivities of pyrrolidines and imidazolidinones substituted by groups with 

different steric and electronic effects, which are the main classes of secondary amine 

organocatalysts, have been investigated.  

In addition, I have contributed to several related collaboration projects (Appendices 1ï4), 

where my contributions are shown in the Experimental Sections. 

 

0.2 Brønsted Basicities and nucleophilic reactivities of pyrrolidines 

and imidazolidinones 

 

Equilibrium constants (K) for the proton transfer reactions from the CH acids (indicator 

acids with known pKa values) to pyrrolidines and imidazolidinones were determined by 

spectrophotometric titration in acetonitrile at 20 °C (Scheme 0-1).  

Scheme 0-1. Proton transfer reaction of secondary amines with CH acids 

 

The Brønsted basicities of most pyrrolidines vary within 4 orders of magnitude (pKaH from 

16 to 20). However, prolinate A1 is a much stronger Brønsted base and the imidazolium 

and trifluoromethyl substituted pyrrolidines A14 and A21 are much weaker bases. The 

imdazolidinones A29ςA32 are weaker Brønsted bases than substituted pyrrolidines 

(Figure 0-1). 
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Figure 0-1. pKaH values of pyrrolidines and imidazolidinones in acetonitrile (20 °C) 
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Benzhydrylium ions (Ar2CH
+
) and structurally related quinone methides were employed 

as reference electrophiles for comparing the nucleophilic reactivities of pyrrolidines and 

imidazolidinones by measuring the second-order rate constants for their reactions with 

these amines in acetonitrile. 

Scheme 0-2. Reactions of secondary amines with benzhydrylium ions and quinone methides in 
acetonitrile at 20 °C 

 
The linear-free-energy relationship lgk2 (20 °C) = sN(N + E), where sN and N are 

nucleophile-specific parameters and E is an electrophile-specific parameter, was 

employed to define the nucleophilic reactivities of pyrrolidines and imidazolidinones, 

whereby the slopes of the linear correlations between lgk2 and E correspond to the 

nucleophile-specific parameter sN and the intercepts on the abscissa (lgk2 = 0) represent 

the nucleophilicity parameters N of the secondary amines. Figure 0-2 shows the linear 

correlation between lgk2 and corresponding E parameters of the reference electrophiles. 
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Figure 0-2. Plot of lgk2 versus the corresponding electrophilicities of the benzhydrylium ions and 
quinone methides for the reactions of pyrrolidines with reference electrophiles in acetonitrile at 20 °C 
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The almost parallel correlation lines in Figure 0-2 (numerically expressed by similar sN 

values) illustrate that the relative nucleophilicities of these pyrrolidines are independent of 

the electrophilicity of the reaction partners. Figure 0-3 shows, however, that the slopes (Ḭ 

sN) for the pyrrolidines with bulky substituents in 2-position are steeper, i.e., their 

reactivities are more affected by variation of the reaction partner than those of ordinary 

pyrrolidines. All imidazolidinones are less nucleophilic than the investigated pyrrolidines 

and have sN values around 1, in between ordinary pyrrolidines (0.53 < sN < 0.82) and 

pyrrolidines with bulky substituents (0.98 < sN < 1.39). 
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Figure 0-3. Plot of lgk2 versus the corresponding electrophilicities of the benzhydrylium ions for the 
reactions of pyrrolidines with reference electrophiles in acetonitrile at 20 °C 
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Figure 0-4. Reactivity parameters for 2-substituted pyrrolidines and imidazolidinones in acetonitrile 



 

6 

 

lg k2 = 0.442pKaHī 2.46
R² = 0.922

-4

-2

0

2

4

6

8

10 12 14 16 18 20 22 24

lg
 k

2
(E

1
2
)

pKaH  

Figure 0-5. Plot of the rate constants for the reactions of secondary amines with benzhydrylium ion 
E11 versus their Brønsted basicities; The correlation line is based on the reactivities of pyrrolidines 
identified by circles (i.e. excludes pyrrolidines with bulky substituents and imidazolidinones); open 
symbols refer to the rate constants which have not been directly measured but were calculated by the 
linear-free-energy relationship lgk2(20 °C) = sN(N + E) 

The correlation line drawn in Figure 0-5 shows a fair correlation (R
2
 = 0.92) between the 

rate constants of the reactions of the 2-substituted pyrrolidines represented by circles 

(pyrrolidines with bulky substituents represented by triangles are excluded) with 

benzhydrylium ion E11 versus the Brønsted basicities pKaH. From the Brønsted coefficent 

of this correlation one can see that 44% of the differences in basicity are reflected in the 

transition states of their reactions with E11. Figure 0-5 furthermore shows that the 

trityl-(A24) and azidodiphenylmethyl-substituted pyrrolidines (A27) react 2ï3 orders of 

magnitude more slowly than ordinary pyrrolidines of comparable basicity. Obviously the 

steric retardation is much smaller for the Hayashi-Jørgensen catalyst A25, which is 

located only by a factor of 40 below the correlation line. The nucleophilicities of the 

diphenylprolinol A26 and triphenylsilyl-substituted pyrrolidine A28 are only marginally 

smaller than expected from their basicities. The imidazolidinones A29ïA32 (represented 
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by open triangles) react much more slowly than all pyrrolidines included in this 

investigation.  

0.3 Appendix 1 

 

We have synthesized a series of substituted Cinnamaldehyde-derived iminium ions and 

studied their structures in the solid and liquid phases. The kinetics of the reactions of 

iminium ions with the ketene acetals allowed us to determine their electrophilicities, which 

cover almost 5 orders of magnitude, reflecting the strong effect of the substituents at the 

aromatic ring of the cinnamaldehydes on the electrophilicity of the corresponding iminium 

ions, which is in line with the substituent effects on the structures of the iminium ions 

elucidated by the crystal structures. 

 

0.4 Appendix 2 

 

Though the trityl group had previously been reported to be an electronically neutral 

substituent with a Hammett substituent constant of ů å 0, the trityl group behaves as an 

electron-withdrawing substituent in 2-position of pyrrolidine, which we explain by negative 

hyperconjugation. This effect rationalizes why the trityl-substituted enamine is 26 times 

less nucleophilic than the parent analogue and the trityl substituted iminium ion is 8 to 12 

times more electrophilic than the parent analogue. 

Comparison of the reactivities of the 2-trityl-pyrrolidine-derived enamine and the 

2-trityl-pyrrolidine-derived iminium ion with the corresponding Jørgensen-Hayashi 

pyrrolidine-derived analogues indicates that the CPh3 group and the CPh2OSiMe3 group 

exert similar electronic effects on the enamine and iminium intermediates of 

organocatalytic reactions. 

Reaction X H CPh3 CPh2(OSiMe3) 

 

krel 1.0 1/26 1/28  

 

krel 1.0 12 19  
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0.5 Appendix 3 

 

The ability to modulate the nucleophilicity and Lewis basicity of N-heterocyclic carbenes 

is pivotal to their application as organocatalysts. Herein we examine the impact of the 

N-substituent on nucleophilicity and Lewis basicity. Four N-substituents popular in NHC 

organocatalysis have been examined, N-2,6-(CH3O)2C6H3, N-2,4,6-(CH3)3C6H2, 

N-4-(CH3O)C6H4, and N-t-butyl groups. From these studies it is clear that the 

nucleophilicity is strongly affected by the nature of this substituent, with the 

N-2,6-(CH3O)2C6H3 group giving one of the most nucleophilic imidazolylidene NHCs 

reported to date and the t-butyl one of the least. This difference in nucleophilicity is 

reflected in the catalyst efficiency observed with a recently reported trienyl ester 

rearrangement. 

 

 

0.6 Appendix 4 

 

2-Cinnamoylimidazolium ions 4 have been synthesized by treatment of 

2-cinnamoylimidazoles with methyl triflate. They were characterised by NMR and mass 

spectroscopy, in one case also by X-ray analysis. The kinetics of their reactions [and also 

those of cinnamoyl fluoride (1)] with stabilized carbanions and silyl ketene acetals 

(reference nucleophiles) were measured photometrically. The correlation log k (20 °C) = 

sN(E + N) was used to calculate the electrophilicity parameters E of the cinnamoyl 

azolium ions 4 from the resulting second-order rate constants k and the previously 

reported N and sN parameters of the reference nucleophiles. All 2-cinnamoylimidazolium 

ions 4 were found to be 2-4 orders of magnitude more electrophilic than cinnamoyl 

fluoride (1) showing that the direct attack of nucleophiles at 1 can be avoided if sufficient 

concentrations of 4 are produced in the NHC-catalysed reactions of 1 with nucleophiles. 

From the range of electrophilicity (ī12 < E < ī10) for the cinnamoylimidazolium ions 4 

one can derive that only nucleophiles stronger than N å 7 will react with 4 at 20 °C in 



 

9 

 

reasonable time, suggesting that in NHC-catalysed reactions of cinnamoyl fluoride (1) 

with silyl enol ethers (typically 4 < N < 7), enolate ions, produced by fluoride-induced 

desilylation of silyl enol ethers, are the active nucleophiles. 

Plausible catalytic cycle for the NHC-catalysed reaction of cinnamoyl fluoride with 

1-(trimethylsiloxy)-cyclohexene: 
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Chapter 1: Introduction and Objective 

 

1.1 Secondary Amines as Organocatalysts 

 

Organocatalysis refers to the acceleration of organic reactions by substoichiometric 

amounts of organic compounds (organocatalyst), such as amines, carbenes, ylides, and 

so on. Because of their wide applications for the functionalization of carbonyl 

compounds, chiral secondary amines are considered as one of the most useful class of 

organocatalysts. Secondary amine catalysis can be employed for: (a) Ŭïfunctionalization 

of ketones or aldehydes through the formation of enamines (enamine activation) or 

radical cations (SOMOïactivation); (b) ɓïfunctionalization of enals via the formation of 

Ŭ,ɓïunsaturated iminium ions or ɔïfunctionalization of enals through the formation of 

dienamines; (c) Ů,ɓïfunctionalization of 2,4ïdienals via the formation of trienamines, 

which undergo DielsïAlder reactions with highly polarized electron-deficient olefinic 

species, such as 3ïalkenyl oxindoles, azlactones, and so on.
[1]

   

 

Enamines have been introduced as reagents in organic synthesis by Stork in the 1950s.
[2]

 

As shown in Scheme 1, they were used for Ŭ-alkylations of cyclic ketones and Michael 

additions to acceptor substituted olefins. 

Scheme 1. Use of enamines as reagents and reactive intermediates by Stork 

 

The L-proline-catalyzed intramolecular aldol-condensation shown in Scheme 2 reported 

in 1971 known as HajosïParrishïEderïSauerïWiechert reaction
[3]

 represents the first 

asymmetric secondary amine catalyzed reaction.   
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Scheme 2. The first asymmetric synthesis using secondary amine as organocatalyst 

 

Yamaguchi reported that the lithium prolinate-catalyzed addition of dimethyl malonate to 

hex-2-enal in methanol led to a racemic adduct,
 [4a] 

whereas 59% ee was observed when 

rubidium prolinate was used as a catalyst in chloroform.
[4b]

 

Scheme 3. The first iminium-activated conjugate addition in 1991 by Yamaguchi 

 

In the last two decades, numerous new types of secondary amines were synthesized and 

applied as organocatalysts. Among them, the most important classes are substituted 

pyrrolidines and imidazolidinones. 

In the beginning of this century, MacMillan and coworkers reported applications of chiral 

imidazolidinones as catalysts for enantioselective cycloadditions and electrophilic 

aromatic substitutions.   

Scheme 4. Imidazolidinones as organocatalysts in iminium-activated reactions by MacMillan 
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Till today, imidazolidinones have been applied as catalysts in more than two hundred 

publications (for enamine activated reactions see [6]; for crystal structure and 

conformation studies of the catalysts and enamine and iminium intermediates see [7]; for 

SOMO activated reactions see [8]; for reactivity studies of enamine intermediates and 

iminium ions see [9]; for proton catalysis of iminium formation see [10]). 

In 2005, the groups of Jørgensen and Hayashi published the first diarysilylprolinol- 

catalyzed reactions, illustrated in Scheme 5.  

Scheme 5. First application of diarysilylprolinols as organocatalysts 

 

Since then diarysilylprolinols became the most successful catalysts in the pyrrolidine 

family, which so far were applied in more than four hundred publications (for further 

enamine mediated reactions see [12]; for iminium mediated reactions see [13]; for single 

crystal study see [14]; for dienamine activation see [15]; for trienamine activation see 

[16]; for Ŭ,ɓ,ɔ,ŭ-conjugate iminium activation see [17]; for reactivity of enamines see [18]; 

for [2+2] cycloaddition see [19]; mechanistic studies of enamine mediated reactions see 

[20]; for pH-efficiency relationship study see [21]; for the comparison with 

imidazolidinones see [22]).  

In view of the success of diarysilylprolinol catalysts, some structural analogs were 

synthesized and applied as organocatalysts. As examples, the use of trityl
[23]

 and 

triphenylsilyl
[24]

-substituted pyrrolidines as catalysts is shown in Scheme 6. 

Scheme 6. Trityl and triphenylsilyl substituted pyrrolidines as catalysts 

 

Applications of other substituted pyrrolidines as organocatalysts are shown in Scheme 7.
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Scheme 7. Other 2-substituted pyrrolidines as organocatalysts 
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1.2 Goals of this Work  

 

As shown in chapter 1.1, numerous secondary amines as organocatalysts have been 

applied for a variety of reactions. In order to obtain insights in the relationship between 

catalytic efficiency and structure of the amines, in this work, basicities and 

nucleophilicities of pyrrolidines and imidazolidinones substituted by groups with different 

steric and electronic effects were studied in acetonitrile. These amines are depicted in 

Figure 1. 

 

Figure 1. Amines investigated in this research  
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Chapter 2: Synthesis of the secondary Amines A1ςA32  

2.1 Synthesis of Pyrrolidines from L-Proline 

 

Most pyrrolidines were synthesized from commercially available L-proline. Esterification 

with SOCl2/MeOH according to literature procedures
 [30]

 gave methyl prolinate A15. 

 

Reduction of proline with LAH gave prolinol A12
[31]

, which was Boc protected and 

methylated with NaH/MeI to give prolinol methyl ether A13.
[32]

  

 

The condensation of N-Boc-protected A12 with phthalimide according to Mitsunobu 

reaction afforded N-Boc A18, which was deprotected to give protonated A18.
[33]

 

 

 
Figure 2. The comparison of 

1
H NMR spectra of A18H

+
 and the quantitative deprotonation of A18H

+
 

with DBU in CD3CN 
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The clean quantitative deprotonation of A18H
+
 in acetonitrile was achieved with DBU 

base (Figure 2). However, the resulting amine A18 is only stable in highly diluted solution 

and side reactions turned up during attempts to remove the solvent. 

 

Tosylation of N-Boc-protected A12 gave 1-Boc-2-(S)-pyrrolidinylmethyl 

p-toluenesulfonate
[34]

, which reacts with pyrrolidine to give A10-Boc
[35]

, with azide anion 

to give A11-Boc
[36]

, and with imidazolide anion to give A20-Boc
[28]

. Deprotection of the 

Boc group afforded A10, A11, and A20, respectively.   

 

The copper-catalyzed 1,3-dipolar cycloaddition of N-Boc-protected A11 with phenyl 

acetylene led to the formation of A19-Boc
[25]

, which was deprotected to yield A19. 

 

n-Butylation of A20-Boc gave A21-Boc
[28]

. The deprotection of the Boc group and counter 

ion exchange with silver triflate gave A21-OTf.  

 

The quantitative deprotonation of A21H
+
 with sodium carbonate in water does not provide 

the target amine A21. When the much weaker basic and less nucleophilic sodium 

hydrogen carbonate was applied to remove the proton, pure A21 was obtained whose 

NMR spectrum is shown in Figure 3. The fact that the full deprotonation of A21H
+
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requires more than 40-equivalents of sodium bicarbonate shows that A21 is a slightly 

stronger Brønsted base in water than sodium bicarbonate. 

 
Figure 3. Comparison of 

1
H NMR spectra of A21H

+
 in D2O, the quantitative deprotonation of A21H

+
 

with sodium carbonate in D2O, and A21 in CD3CN 

 

N-Boc protected A18 reacted with hydrazine to give A8-Boc
[33]

, which was combined with 

1-isocyanato-3,5-bis(trifluoromethyl) benzene and 1-isothiocyanato-3,5-bis 

(trifluoromethyl) benzene
[37]

 to give N-Boc protected A23 and A22. Removing the Boc 

group under acidic conditions and subsequent deprotonation gave A7 and A22. Amine 

A23 was stored as protonated salt, because it is only stable in highly diluted solution. The 

clean quantitative deprotonation of A23H
+
 in acetonitrile was achieved with DBU base. 
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The deprotonation of A23H
+
 with saturated aqueous sodium bicarbonate solution as 

reported in the literature failed.
[37,38]

 

Protection of A1 with ethyl chloroformate in methanol gave N-ethoxycarbonyl-protected 

A15, which was treated with PhMgBr and then deprotected with KOH to give A26
[39]

.  

 

Amine A26 reacted with TMSOTf/triethylamine to give A25
[11a]

, with sodium azide in the 

presence of trifluoroacetic acid to afford A27
[40]

, and with triphosgene and subsequent 

hydrogenation to yield A7
[41]

. 

 

N-Protection of A1 with benzyl chloroformate and esterfication with 4-nitrophenol gave 

1-benzyloxycarbonyl-2-(4-nitrophenyloxycarbonyl)-(S)-pyrrolidine, which reacted with 

dimethylamine and n-propylamine to give N-Cbz protected A16 and A17
[42]

. Catalytic 

hydrogenation of A16-Cbz and A17-Cbz gave A16 and A17, respectively.  

 

Reduction of A16 with lithium aluminium hydride gave A9
[42]

, which was protonated with 

triflic acid to give A9H. 
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2.2 Synthesis of Pyrrolidines from other Precursors 

 

Racemic A3 was prepared by catalytic hydrogenation of the cyclic hydroxylamine A3-OH, 

which was obtained by the reaction of hydroxylamine with 1,4-dibromopentane
[43]

. 

 

Pyrrolidine A4 was synthesized from L-valine in six steps. Reduction of L-valine gave 

L-valinol
[44]

, which was first N,O-ditosylated with tosyl chloride and then combined with 

diethyl malonate. After ester cleavage with concentrated hydrobromic acid and 

decarboxylation, the protonated amino acid (R)-1-carboxy-4-methylpentan-3-aminium 

bromide was obtained, which cyclized in pyridine to give (R)-5-isopropylpyrrolidin-2-one. 

Its reduction with litium aluminium hydride gave A4
 [45]

. 

 

N-Boc-protected pyrrolidine
[46]

 was deprotonated with BuLi/TMEDA and subsequently 

treated with dimethoxyldiphenylsilane and phenyllithium to give N-Boc protected A28, 

which gave A28 after deprotection of the Boc group
[47]

. 

 

Pyrrolidine A5 was synthesized in two different ways. Route 1: The Michael adduct from 

nitromethane and methyl vinyl ketone
[48]

 was reduced with zinc dust and aqueous 

ammonium chloride solution
[49]

. The resulting cyclic nitrone was methylated with 

methylmagnesium bromide and reduced by catalytic hydrogenation to give A5
[50]

. 

Route 2: The Michael adduct from 2-nitropropane and methyl acrylate
[51]

 was reduced 

with nickel(II) chloride-sodium borohydride in methanol
[52]

 to yield 5,5-dimethylpyrrolidin- 

2-one, which was reduced by lithium aluminium hydride to give A5
 [53]

. 
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Hydroxylamine was combined with 1,4-dibromobutane to give N-hydroxypyrrolidine, 

which was oxidized by mercury(II) oxide to form a nitrone
[54]

. Its reaction with trityl anion 

afforded A24-OH, which was reduced by hydrogen to form A24
[23a]

. 

 

The product from the combination of deprotonated 1-vinyl-2-pyrrolidinone and ethyl 

trifluoroacetate was treated with hydrochloric acid to give 5-trifluoromethyl-3,4- 

dihydro-2H-pyrrol, which was hydrogenated to yield A14
[55]

. 

 

2.3 Synthesis of the Imidazolidinones A29ςA32 

 

The imidazolidinones were constructed from (S)-(ī)-phenylalanine following literature 

procedures. 

 

Esterification of phenylalanine with SOCl2/MeOH gave L-phenylalanine methyl ester. 

Treatment with methyl amine yields in L-phenylalanine methyl amide, which is a key 

intermediate for the synthesis of A29ςA32. 

 

Under activation of Brønsted acid or Lewis acid, L-phenylalanine methylamide reacted 

with acetone to give A29
[5a,5b]

, with pivalaldehyde to give A30
[5d]

 and with 5-methyl-2- 

fural to give a mixture of A31 and A32
[5c]

, which were separated by column 

chromatography. 
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2.4 13C Spectra of Secondary Amines 

 

As shown in Table 1, the carbon chemical shifts of C4 and C5 of the pyrrolidines A1ïA28 

generally differ less than 2 ppm and are slightly downfield-shifted from that of the parent 

compound A2 [ŭ(C4) = 25.0 and ŭ(C5) = 46.5]. The strongest downfield-shift of C4 is 

observed for the 2,2-dimethyl substituted pyrrolidine A5 [ŭ(C4) = 29.0] whereas the 

strongest downfield-shift of C5 is observed for 2ïtriphenylsilyl pyrrolidine A28 [ŭ(C5) = 

49.3]. Analogously ŭ(C4) and ŭ(C5) of the imidazolidinones A29ςA32 are almost 

unaffected by variation of the substituents at C2. 

Table 1. 
13

C NMR chemical shifts of pyrrolidine ring and imidazolidinone ring in CDCl3 

 

ŭ / ppm C2 C3 C4 C5 

A1
*  

62.8 31.3 26.2 47.1 

A2
[56] 

46.5 25.0 25.0 46.5 

A3 54.7 33.8 25.9 46.9 

A4 66.2 29.9 25.7 47.0 

A5 59.0 39.7 29.0 46.2 

A7
** 

62.7 31.7 26.0 47.1 

A8 61.3 29.3 26.0 46.8 

A9
** 

57.1 30.8 25.8 46.8 

A10
 

57.6 30.3 25.2 46.3 

A11 57.9 29.2 25.7 46.8 

A12
 

59.3 27.8 26.3 46.6 
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A13 57.8 27.9 25.4 46.6 

A14 58.8 26.0 25.7 47.3 

A15
** 

60.5 30.8 26.4 47.7 

A16 58.3 30.8 26.6 47.9 

A17 60.7 30.8 26.2 47.3 

A19 58.1 29.2 25.6 46.7 

A20 59.0 29.2 25.3 46.6 

A21
** 

60.0 29.0 25.0 48.1 

A22 59.6 28.6 27.4 46.3 

A24 64.1 29.2 25.9 46.8 

A25
** 

65.4 27.6 25.3 47.5 

A26 64.6 26.4 25.7 46.9 

A27 65.4 28.1 26.2 47.3 

A28 46.8 29.2 26.9 49.3 

A29
** 

76.3 ī 174.0 60.3 

A30 82.6 ī 175.4 59.6 

A31 71.1 ī 174.0 60.3 

A32 71.1 ī 173.9 59.8 

*: measurement in DMSO-d6; **: measurement in CD3CN 
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Chapter 3: Brønsted Basicities of Substituted Pyrrolidines 

and Imidazolidinones 

 

3.1 General 

 

In order to correlate the nucleophilic reactivities of the pyrrolidines and imidazolidinones, 

which are measured in acetonitrile, with their basicities, the pKa values of their conjugate 

ammonium ions (also defined as pKaH values of secondary amines) were determined in 

acetonitrile. For that purpose, the CH acids C1HïC6H were used as indicators, since 

their pKa values have previously been reported by Leito and coworkers (Figure 4). 

Compared to colored OH and NH acids, carbon acids have particular advantages as 

indicators. Because of the highly delocalized charge in the colored carbanions, traces of 

water or other ions in the medium do not disturb the measurements
 [57]

. The pKa values of 

the carbon acid used as indicators cover the whole range of the basicities of investigated 

amines. 

 

Figure 4. pKa values of indicator acids in acetonitrile
[58]
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3.2 Titration Method  

 

The basicities of the secondary amines A were measured by spectrophotometric titration 

using indicators CH, the anions of which (C
ī
) have UV-Vis absorptions in the range of 

300ï600 nm, while the amines A, the ammonium ions AH
+
 and the indicators CH are 

transparent in this region. 

 

(Titration Method) A + CH ᵮ AH
+
 + C

ī
: 

Solutions containing the indicator acids CH were titrated with stock solutions of amine A, 

while the spectra in the range of 300ï600 nm were recorded. The number of titration 

points per experiment ranged from 5 to 10. Full quantitative deprotonation of the carbon 

acids CH was subsequently achieved by adding the strong bases 

1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 

after titration. The absorption (A) of the solutions at a specific wavelength during the 

titration and after quantitative deprotonation (Af) was recorded.  

For each step of the titration, the equilibrium constant K can be calculated by equation 

(1). 

╚
Ἃ( Ἅ  

Ἃ Ἅ(
                                                                 ρ 

Since  

[AH
+
] = [C

ī
] = [CH]0ÖA/Af 

  [A] = [A]0 ī [CH]0ÖA/Af  

  [CH] = [CH]0 ī [CH]0ÖA/Af 

Then the equilibrium constant K can be expressed by equation (2). 

ὑ  
#

! Ἅ Ἅ( #
                                            ς 

According to equation (1), the individual equilibrium constants lg K were then determined 

from the slopes of a linear plot of [A][CH] vs [C
ï
]
2
. The basicity of amine A (pKaH) is then 

given by equation (3): 

 

Ðὑ Ἃ Ðὑ Ἅ( ÌÇὑ                                                      σ 

 

Since the free amines A18 and A23 are only stable in highly diluted solution, their 

basicities were determined by titration of their ammonium salts A18H
+
 and A23H

+ 
with 

the colored anions of the indicators (C
ī
)  
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3.3 Synthesis of the Indicators 

 

The indicators C1H and C2H were synthesized by former members of the group. The 

indicators C3HïC6H were synthesized by nucleophilic aromatic substitutions of electron 

deficient fluorobenzenes with secondary carbanions following literature procedures 

(Figure 5). 

 

Figure 5. Synthesis of indicators by nucleophilic aromatic substitutions 

The crude products were recrystallized several times (details see experimental part in 

Chapter 7) to get pure crystalline products, which were used as indicators.   
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3.4 Results 

 

Though the pKa values of the used indicators were measured at 25 °C by Leito and 

coworkers, all proton transfer equilibria were measured at 20 °C, the temperature used 

for the kinetic measurements.
[58] 

In order to avoid almost quantitative deprotonation of the 

indicator acid CH, the basicity of the amine should at maximum be one pKa unit higher 

than that of the indicator. On the other side, pKaH (A) should not be too low to achieve 

sufficient deprotonation of the catalyst, which led to the range (pKaH (C) ς3 < pKaH (A) < 

pKaH (C) + 1) for the equilibrium measurements.  

As shown in Table 2, the indicator acids covered an acidity range from 11.6 < pKa < 23.5, 

which allowed us to compare amines of widely differing basicity. In several cases (A7, 

A11, A15ïA20, A22ïA29) basicities were determined with two different indicators, and 

the agreement was typically within 0.03 pKa units, and never deviated by more than 0.1 

pKa units. 

 

Table 2. Acid dissociation measurement results of amines A in acetonitrile at 20°C  

Amine Indicator Ka Individual pKaH Averaged pKaH 

A1 C1H 3.07 24.02 24.02 

A2 C2H 3.35 × 10
ī2

 19.89 19.89 

A3 C2H 1.62 × 10
ī2

 19.57 19.57 

A4 C2H 8.92 × 10
ī3

 19.31 19.31 

A5 C2H 1.30 × 10
ī2

 19.47 19.47 

A6 C2H 2.04 × 10
ī3

 18.67 18.67 

A7 C2H 5.59 × 10
ī4

 18.11 18.13 

 
C3H 2.47 18.14  

A8 C2H 3.19 × 10
ī2

 19.86 19.86 

A9 C2H 2.82 × 10
ī2

 19.81 19.81 

A9H
+
 C6H 3.46 × 10

ī4
 8.15 8.15 

A10 C2H 4.81 × 10
ī2

 20.04 20.04 

A11 C3H 7.65 × 10
ī1

 17.63 17.66 

 
C4H 1.93 17.68  

A12 C2H 4.28 × 10
ī3

 18.99 18.99 

A13 C2H 3.28 × 10
ī3

 18.88 18.88 

A14 C5H 4.21 × 10
ī1

 12.63 12.63 

A15 C3H 7.56 × 10
ī2

 16.63 16.63 

 
C4H 1.72 × 10

ī1
 16.63  

A16 C2H 1.14 × 10
ī3

 18.42 18.38 

 C3H 6.11 18.34  

A17 C3H 2.72 × 10
ī1

 17.18 17.18 

 C4H 6.19 × 10
ī1

 17.18  

A18 C3
ī
 2.28

 b
 18.11 18.12 
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 C4
ī 

5.53
 b
 18.13

 
 

A19 C3H
 

1.72 × 10
ī1

 16.99
 

16.94 

 C4H 3.13 × 10
ī1

 16.89  

A20 C3H 9.78 × 10
ī2

 16.74 16.74 

 C4H 2.26 × 10
ī1

 16.75  

A21 C6H 3.38 × 10
ī1

 11.14 11.14 

A22 C3H 3.97 × 10
ī1

 17.35 17.31 

 C4H 7.64 × 10
ī1

 17.27  

A22
ï
 ïï

c
 7.04 25.16 25.16 

A23 C3
ī 

2.14 × 10
1 b

 19.08 19.13 

 C4
ī 

6.12 × 10
1 b

 19.18
 

 

A24 C3H
 

1.12 × 10
ī1

 16.80
 

16.79 

 C4H 2.47 × 10
ī1

 16.78  

A25 C3H 7.21 × 10
ī1 

17.61 17.61 

 C4H 1.68 17.62  

A26 C3H 4.36 × 10
ī1

 17.39 17.39 

 C4H 9.82 × 10
ī1

 17.38  

A27 C3H 1.14 × 10
ī2

 15.81 15.79 

 C4H 2.46 × 10
ī2

 15.78  

A28 C3H 1.17 17.82 17.81 

 C4H 2.57 17.80  

A29 C5H 6.72 × 10
ī2

 11.84 11.83 

 C6H 1.64 11.83  

A30 C6H 1.06 × 10
ī1

 10.63 10.63 

A31 C6H 8.61 × 10
ī2

 10.54 10.54 

A32 C6H 1.22 × 10
ī1

 10.70 10.70 
a K as defined in equation 3; b Obtained by titrating AH+ into solutions of deprotonated indicators C

ï. c By 

following the absorbance of A22
ï in the titration with DBU (pKaH = 24.31)[62]. 

 

The basicity constants in Figure 6 show that the basicity scale in acetonitrile covers the 

range from 10ï24, where most pyrrolidines are in the range 16 < pKaH < 20 and the 

imidazolidinones are in the range 10 < pKaH < 12. Thus, steric and electronic effects of 

the 2-substituents generally reduce the basicity of the parent compound A2 by less than 

4 pKa units. If one disregards the slightly higher basicity of the diamine A10, 

2-trifluoromethylpyrrolidine A14 is the only neutral pyrrolidine outside this range with a 

basicity constant which is 7 pKa units smaller than that of the parent pyrrolidine. On the 

other hand, charged substituents have a large effect on the basicity. Thus, the negative 

charge of the carboxylate group in A1 increases the basicity of the pyrrolidine by 4 orders 

of magnitude, while the positive charge of the imidazolium group in A21 reduces the 

basicity by almost 9 pKaH units.  



 

28 

 

 
Figure 6. pKaH values of secondary amines in acetonitrile (20 °C)  
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Chapter 4: Nucleophilic Reactivities of substituted 

Pyrrolidines and Imidazolidinones 

 

4.1 General 

 

Mayr and coworkers demonstrated that the linear free energy relationship (equation 4)
[63]

 

can be used to describe the rate constants for the reactions of carbocations and Michael 

acceptors with ˊ-, ů-, and n-nucleophiles . 

 

ÌÇὯ ςπ Ј# ί ὔ Ὁ                       (4) 

 

In equation (4), the solvent-independent electrophilicity parameter E characterizes the 

strengths of electrophiles; the solvent-dependent nucleophilicity parameter N 

characterizes the strengths of the nucleophiles and the sensitivity parameter sN is a 

nucleophile-dependent slope parameter. More than 1100 nucleophiles and 300 

electrophiles are summarized in the freely accessible database: 

http://www.cup.uni-muenchen.de/oc/mayr/DBintro.html.  

Following earlier strategies in the Mayr group, the nucleophilic reactivities of the amines 

A1ïA32 (Figure 7) were calculated by equation (4) from the second order rate constants 

of their reactions with benzhydrylium ions and quinone methides of known 

electrophilicities.  

 

http://www.cup.uni-muenchen.de/oc/mayr/DBintro.html


 

30 

 

 

Figure 7. Electrophilicity parameters of benzhydrylium ions and quinone methides 
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4.2 Kinetic Method  

 

The kinetics of the reactions of the amines A1ïA32 with the quinone methides E3ïE7 

and benzhydrylium ions E8ïE19 were determined photometrically in acetonitrile at 20 °C. 

The disappearance of the colored electrophiles (346 nm Ò ɚmax Ó 646 nm) was monitored 

by time-resolved UV-Vis spectroscopy.  

 

The kinetic investigations of all reactions were performed with a high excess of the 

amines over the electrophiles (Ó 10 equivalents) resulting in pseudo-first-order kinetics. 

As a consequence, a mono-exponential decay of the absorbances of the electrophiles 

was observed, from which the first-order rate constants kobs (s
ï1

) were derived by a least 

squares fitting of the function At = A0exp(īkobst) + C to the observed time-dependent 

absorbances. According to the relation kobs = k2[Nu], the first-order rate constants kobs 

were linearly dependent on the nucleophile concentrations [A], and the slopes 

correspond to the second-order rate constants k2 (M
ï1

 s
ï1

), as illustrated for the reaction 

of amine A13 with E9 in figure 8.  
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Figure 8. left: Determination of the pseudo-first-order rate constant for the reaction of A13 (4.49 x 10
-5

 

molÖL
ī1

) with E9 (4.28 x 10
-6

 molÖL
ī1

); right: determination of the second order rate constant for reaction 
of A13 with E9 

The second order rate constants for the reactions of A1, A3ïA13, A15ïA23 and A26 

with electrophiles were determined by this method. In all these measurements, a linear 

correlation between the concentrations of the amines A and the observed rate constants 

kobs was observed, which allowed us to determine the second-order rate constants for the 

reactions of amines with electrophiles. More complex kinetics were observed for the other 

amines as discussed below. 



 

32 

 

4.3 Reaction Mechanism  

 

The mechanism for the reactions of amines A with benzhydrylium ions is described in 

Scheme 8: 

Scheme 8. Mechanism for the reactions of amines A with benzhydrylium ions 

 
The reaction of A with E initially generates ammonium ion F, which may either directly 

transfer a proton to amine A (k3) used in large excess, or undergo proton transfer to the 

solvent (k2). Though the latter step will be usually be endergonic due to the lower basicity 

of most solvents compared to the amines F, reversibility of this step can be neglected 

since proton transfer from the protonated solvent to a (k4[A]) will be faster than the 

reverse reaction (kī2[F]). There are three different cases which have to be considered: 

Case 1: If kī1 < k2 or k3[A], the NC-bond formation (k1) is rate-determining. The reaction 

follows second order kinetics, first order in A and first order in E. Under pseudo 

first-order-conditions ([A] >> [E]), a linear increase of the first-order rate constants with 

the concentration of the amine A should be observed. The free energy diagrams for the 

reactions in case 1 are shown in Scheme 9. 

Scheme 9. Free energy diagrams for the reaction in case 1. Please note that the heights of the 
barriers in this scheme do not directly correlate with the rates of the individual reactions, since k1 and k3 
are second-order rate constants, whereas kī1 and k2 are first-order rate constants. 

 
Case 2: If kī1 > k2 > k3[A], the proton transfer from F to the solvent to give G is 

rate-determining. Under pseudo first-order-conditions, the first-order rate constants will 

depend on the concentration of F and the protophilicity of the solvent (Scheme 10). This 
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case should only be encountered in highly basic solvents and results in second-order 

kinetics, first order in A and first order in E. 

Case 3: If kī1 > k3[A] > k2, the proton transfer from F to A to give G is the rate-determining 

step. The reaction follows third-order kinetics, second order in A and first order in E. 

Under pseudo first-order-conditions ([A] >> [E]), the first-order rate constants increase 

with the square of the concentration of the amine A (Scheme 10).  

Scheme 10. Free energy diagrams for the reaction in cases 2 and 3 

 
The reactions of amines A with quinone methides can be expected to proceed in a similar 

way as the reactions with benzhydrylium ions (Scheme 11). Since the isomerization FŸG 

cannot proceed intramolecularly, either the solvent or another amine must serve as a 

proton shuttle. 

Scheme 11. Mechanism for the reactions of amines A with quinone methides E1ïE7 

 

Figure 9 shows that the pseudo-first order rate constants for the reactions of pyrrolidine 

(A2) with the benzhydrylium ions E8 and E9 in dichloromethane do not increase linearly 
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with the concentration of pyrrolidine, indicating operation of mechanism case 2 with a 

transition state which involves more than one pyrrolidine molecule. 
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Figure 9. Kinetics of the reactions of pyrrolidine A2 with electrophiles E8 (top) and E9 (bottom) in 
dichloromethane (left) and acetonitrile (right) 

[64]
 

On the contrary, in acetonitrile the reactions follow second order kinetics. Due to the 

higher basicity of acetonitrile compared to dichloromethane, the proton transfer rate 

constant k2 becomes greater than kī1, and kobs increases linearly with the concentration of 

A2 (Figure 9). 

 

For that reason, acetonitrile was used for all kinetic investigations. However, also in 

acetonitrile, not all reactions of amines with the reference electrophiles followed 

second-order kinetics.  

 

As exemplified in Figure 10 for the reaction of A27 with the benzhydrylium ion E13, 

deviations from the linear kobs versus [A] correlations were generally observed in the 

reactions of the pyrrolidines A24, A25, A27, and A28 carrying bulky substituents in 
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2-position as well as in the reaction of the weakly basic 2-CF3 substituted pyrrolidine A14. 

Reversibility of the initial attack of the amine at the benzhydrylium ions was thus 

indicated. 
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Figure 10. Plot of observed pseudo first order rate constants and the concentration of nucleophile for 
the reaction between A27 and E13 (2.35 × 10

ī6
 M) 

 

Deviations from the linear kobs versus [A] correlations were also observed in the reactions 

of pyrrolidine A2 with the quinone methides E3 and E4. Thus deprotonation is generally 

rate determining in the reactions of secondary amines which initially form 

thermodynamically unstable zwitterions. 
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Figure 11. Plot of pseudo first-order rate constants kobs versus the concentration of amines for the 
reactions of A2 with E3 and E4 
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4.4 Kinetics in the Presence of Sterically Shielded Pyridines 

 

The reaction between A27 and E13 (Figure 11) follows case 2 type kinetics. A second 

molecule of amine A27 was needed to remove the proton from the initially formed 

ammonium ion. However, the upper line of Figure 12 shows that the benzhydrylium ion 

E13 is only consumed to a small extent by 10 equivalents of the sterically shielded 

pyrrolidine A27. Attempts to shift this equilibrium by adding aliphatic tertiary amines 

(trimethylamine, ethyldimethylamine, ethyldisopropylamine) were unsuccessful, because 

these amines reacted with E13 (probably via hydride transfer) with similar rates as A27. 

In contrast, the substituted pyridines D1 and D2 did not react with E13. As shown by the 

lower graphs in Figure 12, addition of large quantities of E2 shifted the reaction of A27 

with E13 to the product side.  
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Figure 12. Reaction of A27 (7.67× 10
ī5

 mol/L) with E13 (7.06 × 10
ī6

 mol/L) in presence of different 
amounts of D2. 
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As depicted in Figure 13, collidine (D2) can also suppress the reversibility of the first step 

of the case 2 (Scheme 8) mechanism resulting in a second-order reaction, first order with 

respect to E13 and first order with respect to pyrrolidine A27. A confirmation for this 

interpretation comes from the observation that the same rate constants were obtained 

when collidine (D2) or the tert-butyl substituted pyridine D1 were used as additives 

(Figure 13). 
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Figure 13. Comparison of the reaction between A27 and E13 (left: 5.10 × 10
ī6

 M; right: 5.29 × 10
ī6

 M) 
with D1 and D2 as additives 

 

Deviations from second-order kinetics were not only observed, however, in reactions of 

pyrrolidines with low Lewis basicity due to bulky substituents in 2-position, but also in the 

case of pyrrolidine A14, which is a weaker Lewis and Brønsted base due to the 

electron-withdrawing CF3 group in 2-position.The kinetics of the reactions between A14 

and E13 are shown in Figure 14. 
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Figure 14. Kinetics of the reactions between A14 and E13 (4.85 × 10
ī6

 mol/L) with different base 
additives 
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The reaction of the CF3-substituted pyrrolidine A14 with E18 the most electrophilic and 

Lewis-acidic benzhydrylium ion of this series followed second order kinetics (see last 

column of Table 3). In contrast, the less electrophilic (and less Lewis acidic) 

benzhydrylium ions E17 and E15 only reacted by second-order kinetics, when an 

additional base was present. In these cases, addition of the di-tert-butyl-methyl 

substituted pyridine D1 (2.46 × 10
ī3 

mol/L for the reaction with E15 and 1.23 × 10
ī3 

mol/L 

for the reaction with E17) was found to be sufficient for obtaining pseudo-first order 

kinetics in the reaction of E17 and E15 with more than 10 equivalents of A14. Figure 14a 

shows, however, that kobs for the reaction of the better stabilized benzhydrylium ion E13 

with excess A14 does not linearly increase with the concentration of A14, even in the 

presence of 4.92 × 10
ī3

 M of D1. A concentration of 2.25 × 10
ī3

 M of D2 was also not 

sufficient to achieve a linear correlation between kobs with [A14] for the reaction of A14 

with E13 (Fig. 14b). A linear correlation of kobs with [A14] was eventually observed in the 

presence of 4.45 × 10
ī3

 M of D2 (Fig. 14c). With a pKaH value of 15.00
[62]

, collidine (D2) is 

a stronger base than A14 (pKaH = 12.63) which explains the observation that 

second-order kinetics for the reaction of E13 with A14 ware obtained in the presence of 

D2 at a high concentration 4.45 × 10
ī3

 M. Since pyridine D1 is less basic (pKaH = 12.8
[65]

) 

than D1 in acetonitrile, one can explain, why D1 is less efficient as a proton acceptor. A 

rationalization of the different kinetics in Fig.14a and Fig.14c is shown in Figure 15. 

 

Figure 15. Change of mechanism in the reactions of A14 with E13 using D1 and D2 as additives 
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4.5 Kinetic Measurements of the Reactions of Imidazolidinones 

A29ïA32 

 

According to the discussion in 4.4, both steric hindrance and electron withdrawing effects 

will reduce the Lewis basicity of the amines and lead to kinetics in which deprotonation of 

the initially formed ammonium ions is rate determining. Imidazolidinones A29ïA32 have 

a sterically hindered reaction center by the substituents neighboring the NH group and 

are less basic than A14 (Table 2). As a consequence, even the initial attack of the 

imidazolidinones at the highly reactive benzhydrylium ions E17 and E18 is reversible as 

illustrated in Figures 16 and 17. 

Figure 16a shows traces for three reactions of A29 with E18 performed under exactly the 

same conditions (concentrations etc.), i.e., the kinetics of the reaction of A30 with E18 

without additives are not reproducible. Figure 16b shows that the benzhydrylium ion E17 

is only consumed to a small extent when combined with 11 equivalents of A29. 
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Figure 16. (a) Nonreproducible kinetics of the reactions of A29 (1.78 × 10

ī4
 M) with E18 (1.36 × 10

ī5
 

M) (b) kinetics of the reaction of A29 (1.67 × 10
ī4

 M) with E17 (1.54 × 10
ī5

 M) 

In the presence of 9.87 × 10
ī4

 M of D1, the reproducibility of the kinetics of the reaction of 

A29 with E18 improved and a linear correlation between kobs and [A29] was observed 

(see 7.2.2). However, in the presence of a similar concentration of D1 (9.66 × 10
ī4

 M) kobs 

for the reaction of the better stabilized benzhydrylium ion E17 with A29 did not linearly 

increase with the concentration of A29 (Fig. 17a). A concentration of 1.18 × 10
ī3

 M of D2 

also was not sufficient to achieve a linear correlation between kobs and [A29] for the 

reaction of A29 with E17 (Fig. 17b). Clean second-order kinetics were observed for the 

reactions of A29 with E17, however, when a high concentration of D2 (2.33 × 10
ī3

 M) was 

present (Fig. 17c). 
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Figure 17. Kinetics of the reactions between A29 and E17 (1.01ï1.33 × 10
ī5

 M) in the presence of the 
weakly nucleophilic pyridines D1 and D2 
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4.6 Correlation Analysis 

 

Table 3 summarizes that most reactions of the secondary amines with benzhydrylium 

ions followed second-order kinetics in acetonitrile in the absence of any additive. As 

indicated in the last column of Table 3, in several cases 2,4,6-trialkylated pyridines were 

added in order to get second-order kinetics with rate-determining attack of the amine at 

the carbenium center. 

Figure 18 shows that the second-order rate constants (lgk2) for the attack of the amines a 

at the electrophiles E7ïE13 correlate linearly with the corresponding E parameters as 

required by eq. (3), whereby the slopes correspond to the nucleophile-specific parameter 

sN and the intercepts on the abscissa (lgk2 = 0) represent the nucleophilicity parameters 

N of the secondary amines A.  

3

4

5

6

7

-12 -11 -10 -9 -8 -7 -6

lg
 k

2

E  

Figure 18. Plot of lgk2 versus E of the reactions of pyrrolidines A with reference electrophiles E in 
acetonitrile at 20 °C 

The almost parallel correlation lines in Figure 18 (numerically expressed by similar sN 

values) illustrates that the relative nucleophilicities of these pyrrolidines are independent 

of the electrophilicity of the reaction partners. Figure 19 shows, however, that the slopes 

(Ḭ sN) for the pyrrolidines with bulky substituents in 2-position are steeper, i.e. their 

reactivities are more affected by variation of the reaction partner than the those of 

ordinary pyrrolidines. All imidazolidinones A29ïA32 are less nucleophilic than the 
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investigated pyrrolidines and have sN values around 1, in between ordinary pyrrolidines 

and pyrrolidines with bulky substituents. 

-2

-1

0

1

2

3

4

5

6

7

-11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1

lg
 k

2

E  

Figure 19. Plot of lgk2 versus E of the reactions of pyrrolidines carrying bulky substituents in 2-position 
and imidazolidinones with reference electrophiles E in acetonitrile at 20 °C 

 

 

 

Table 3. Nucleophilicity determination of the investigated amines A 

Amines Electrophiles k2 (M
ī1

s
ī1

) Aditives N sN 

 

E2 no reaction 

 

19.95 0.68 

E3 2.53 × 10
3 

E4 4.77 × 10
3
 

E5 4.09 × 10
4
 

E6 1.39 × 10
5
 

E7 2.31 × 10
5
 

E8 6.41 × 10
6
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E1 3.25 × 10
1 a

 

 

18.58 0.61 

E2 4.82 × 10
1 a

 

E3 not linear 

E4 not linear 

E5 2.12 × 10
3
 

E6 6.31 × 10
3
 

E7 1.09 × 10
4
 

E8 1.18 × 10
5 a

 

E9 3.50 × 10
5 a

 

E10 1.06 × 10
6
 

E11 2.78 × 10
6
 

 

E8 5.53 × 10
4
 

 

16.78 0.71 

E9 1.67 × 10
5
 

E10 4.22 × 10
5
 

E11 1.15 × 10
6
 

 

E8 3.42 × 10
4
 

 

16.44 0.71 

E9 9.94 × 10
4
 

E10 2.55 × 10
5
 

E11 7.18 × 10
5
 

 

E9 2.72 × 10
3
 

 

13.96 0.76 

E10 7.89 × 10
3
 

E11 2.46 × 10
4
 

E12 7.18 × 10
4
 

E13 1.78 × 10
5
 

E14 1.33 × 10
6
 

 

E8 7.21 × 10
4
 

 

17.43 0.66 

E9 2.29 × 10
5
 

E10 4.51 × 10
5
 

E11 1.33 × 10
6
 

 

 

 

E8 2.67 × 10
4
 

 

16.61 0.67 

E9 6.08 × 10
4
 

E10 1.57 × 10
5
 

E11 4.30 × 10
5
 

E12 9.80 × 10
5
 

 

E7 3.92 × 10
3
 

 

17.24 0.67 

E8 6.03 × 10
4
 

E9 1.70 × 10
5
 

E10 4.14 × 10
5
 

E11 1.12 × 10
6 

 

 

 

 

 

 

E8 9.25 × 10
4
 

 

17.41 0.68 

E9 3.32 × 10
5
 

E10 6.58 × 10
5
 

E11 1.86 × 10
6
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E7 1.31 × 10
4
 

 

18.33 0.64 

E8 1.72 × 10
5
 

E9 5.48 × 10
5
 

E10 1.05 × 10
6
 

E11 2.93 × 10
6
 

 

E8 7.54 × 10
3
 

 

15.43 0.73 

E9 2.43 × 10
4
 

E10 6.38 × 10
4
 

E11 1.92 × 10
5
 

E12 4.76 × 10
5
 

E13 1.13 × 10
6
 

 

E8 2.90 × 10
4
 

 

16.74 0.67 

E9 7.89 × 10
4
 

E10 2.02 × 10
5
 

E11 4.98 × 10
5
 

 

E8 3.60 × 10
4
 

 

16.50 0.71 

E9 1.10 × 10
5
 

E10 2.63 × 10
5
 

E11 7.69 × 10
5
 

 

E13 1.45 × 10
3
 D2 11.34 0.73 

E15 1.91 × 10
4
 D1 

E17 2.27 × 10
5
 D1 

E18 1.21 × 10
6
  

 

E8 6.57 × 10
3
 

 

14.75 0.82 

E9 2.47 × 10
4
 

E10 7.00 × 10
4
 

E11 2.21 × 10
5
 

 

E8 1.08 × 10
5
 

 

17.61 0.67 

E9 3.70 × 10
5
 

E10 7.67 × 10
5
 

E11 2.04 × 10
6
 

 

E9 1.68 × 10
4
 

 

15.20 0.73 

E10 3.87 × 10
4
 

E11 1.17 × 10
5
 

E12 3.04 × 10
5
 

 

E8 3.33 × 10
4
 

 

15.90 0.77 

E9 8.06 × 10
4
 

E10 2.77 × 10
5
 

E11 7.35 × 10
5
 

E12 2.06 × 10
6
 

 

E8 6.16 × 10
3
 

 

15.32 0.72 

E9 1.54 × 10
4
 

E10 4.42 × 10
4
 

E11 1.31 × 10
5
 

E12 3.37 × 10
5
 

E13 7.81 × 10
5 
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E8 5.39 × 10
3
 

 

15.55 0.69 

E9 1.83 × 10
4
 

E10 3.66 × 10
4
 

E11 1.18 × 10
5
 

E12 2.77 × 10
5
 

E13 6.28 × 10
5
 

 

E13 2.97 × 10
3
 

 

13.57 0.53 

E14 2.11 × 10
4 b

 

E15 1.49 × 10
4
 

E16 1.20 × 10
5 b 

E17 1.33 × 10
5
 

E18 3.09 × 10
5
 

 

E8 2.42 × 10
3
 

 

14.97 0.69 

E9 7.25 × 10
3
 

E10 1.76 × 10
4
 

E11 4.11 × 10
4
 

E12 1.14 × 10
5
 

 

E8 5.44 × 10
4
 

 

17.50 0.64 

E9 1.45 × 10
5
 

E10 3.68 × 10
5
 

E11 8.11 × 10
5
 

 

E11 1.97 × 10
1
 D1 9.16 1.39 

E12 1.27 × 10
2
 D1 

E13 7.92 × 10
2
 D1 

E15 1.16 × 10
5
 D1 

E15 1.14 × 10
5 c

  

 

E9 2.26 × 10
2
 D1 12.03 0.98 

E10 2.67 × 10
3
 D1 

E11 5.30 × 10
3
 D1 

E12 1.63 × 10
4
 D1 

E13 9.65 × 10
4
  

E15 2.05 × 10
6
  

 

E9 5.48 × 10
3
  16.18 0.56 

E10 1.22 × 10
4
  

E11 3.57 × 10
4
  

E12 7.50 × 10
4
  

E13 1.72 × 10
5
  

E15 7.64 × 10
5 c

  

E15 8.02 × 10
5
 D1 

 

 

 

 

 

 

E11 1.26 × 10
2
 D2 9.90 1.22 

E12 3.29 × 10
2
 D2 

E13 4.33 × 10
3
 D2 

E13 4.37 × 10
3 c

 D1 

E15 1.94 × 10
5
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E9 4.90 × 10
3
 D1 14.00 0.84 

E10 3.96 × 10
4
 D1 

E10 4.14 × 10
4 c

  

E10 4.02 × 10
4 c

 D1 

E11 7.29 × 10
4
  

E12 1.60 × 10
5
  

E13 7.15 × 10
5
  

 

E15 2.99 D2 6.04 0.92 

E17 1.20 × 10
2
 D2 

E18 3.79 × 10
2
 D1 

E19 2.16 × 10
4 

 

 

E13 1.33 × 10
ī2

 D2 5.44 1.12 

E15 1.38 D2 

E17 3.94 × 10
1
 D2 

E18 4.24 × 10
2
 D1 

 

E13 2.68 × 10
1
 D2 8.76 0.89 

E15 1.33 × 10
3
 D2 

E17 1.63 × 10
4
 D2 

E18 1.10 × 10
5
 D1 

 

E13 1.76 D2 7.39 1.00 

E15 1.28 × 10
2
 D2 

E17 2.48 × 10
3
 D2 

E18 1.89 × 10
4
 D1 

[a]: literature reported date
[63]

 [b]: Second-order rate constants k2 for the reactions of A21 with E14 and 
E16 were not used for the determination of the N and sN parameters. [c]: Comparative measurements 
of the Second-order rate constants k2 under different conditions of additives (concentrations of 
additives see 7.2). 
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Figure 20. Reactivity parameters for 2-substituted pyrrolidines and imidazolidinones in acetonitrile 
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Chapter 5: Discussion 

 

Correlations between nucleophilic reactivities and Brønsted basicities (so-called 

Brønsted correlations) have been a main topic of Physical Organic Chemistry since the 

1930s. It is well known that seperate lgk vs. pKaH correlations are obtained when the 

nature of the central atom of the nucleophiles is varied.
[66]

 However, in recent work we 

reported that lgk vs. pKaH correlations are even very poor when  only N-centered 

nucleophiles of different structures are considered.
[63, 67] 

lg k2 = 0.442pKaHī 2.46
R² = 0.922
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Figure 21. Plot of the rate constants for the reactions of A with E11 versus their Brønsted basicities 
The correlation line is based on the reactivities of pyrrolidines identified by circles (i.e. excludes 
pyrrolidines with bulky substituents and imidazolidinones). Rate constants characterized by open 
symbols were calculated by eq. (3) because their direct measurement is not possible due to the lacking 
thermodynamic driving force or their extremely high speed (A1). 

Because of the wide structural variation of the pyrrolidines (A1ïA28) and 

imidazolidinones (A29ïA32), it is not possible to select a single reference electrophile for 

the characterization of the nucleophilic reactivities of all investigated amines (A1ïA32). In 

order to compare nucleophiles of widely differing reactivities, we have generally regarded 
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the nucleophilicity parameter N as defined by eq. (3). Table 2 shows, however, that 

several of the secondary amines have widely differing sN values with the consequence 

that their N values may differ significantly even if similar rate constants have been 

measured in reactions with certain electrophiles. For that reason, we have plotted the 

rate constants for the reactions of the amines A1ïA32 with benzhydrylium ion E11 

against the corresponding pKaH values in Figure 21. The open symbols in Figure 21 refer 

to the rate constants which have not been directly measured but were calculated by eq. 

(3). The reliability of these extrapolations is justified by the high quality of the correlations 

in Figures 18 and 19. 

The correlation line drawn in Figure 21 shows a fair correlation (R
2
 = 0.92) between the 

rate constants of the reactions of the 2-substituted pyrrolidines represented by circles 

with benzhydrylium ion E11, while pyrrolidines with bulky substituents (represented by 

triangles) are excluded. From the Brønsted coeffient of this correlation one can see that 

44% of the differences in basicity are reflected in the transition states of their reactions 

with E11. Figure 21 furthermore shows that the trityl-(A24) and azidodiphenylmethyl- 

substituted pyrrolidines (A27) react 2ï3 orders of magnitude more slowly than ordinary 

pyrrolidines of comparable basicity. Obviously the steric retardation is much smaller for 

the Hayashi-Jørgensen catalyst A25, which is located only by a factor of 40 below the 

correlation line. The nucleophilicities of the diphenylprolinol A26 and triphenylsilyl- 

substituted pyrrolidine A28 are only marginally smaller than expected from their 

basicities. 

The imidazolidinones A29ïA32 (represented by open triangles) react much more slowly 

than all pyrrolidines included in this investigation. This can only partially be due to their 

lower basicity, since the pyrrolidine A21, which has a similar basicity reacts much faster. 

Obviously, steric retardation is most effective in the reactions of MacMillan generation 2 

catalyst A31, followed by MacMillan generation 1 catalyst A29. Steric effects also retard 

the reactions of the 2-furyl substituted imidazolidinones A30 and A31, among which the 

trans-isomer is 20-times less reactive because there is a substituent on both faces of the 

5-membered ring. 

 

A different analysis of steric effects on nucleophilic reactivities can be based on the 

comparison of pyrrolidines A2, A3, and A5. Table 4 and Figure 22 show that one 

2-methyl group reduces Brønsted basicity and nucleophilic reactivity by a factor of 2, 

which may be assigned to a statistical effect. While the second 2-CH3 group has almost 
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no effect on basicity, the nucleophilic reactivity towards benzhydrylium ions is reduced by 

approximately two orders of magnitude.  

 

Figure 22. Comparison of the Brønsted basicities of A2, A3, and A5 

Table 4. Comparison of the second order rate constants k2 (M
ī1

s
ī1

) for the reactions of A2, A3 and A5 
with electrophiles E8-E11 

k2 A2 A3 A5 

E8 1.18 × 10
5
 5.53 × 10

4
 - 

E9 3.50 × 10
5
 1.67 × 10

5
 2.72 × 10

3
 

E10 1.06 × 10
6
 4.22 × 10

5
 7.89 × 10

3
 

E11 2.78 × 10
6
 1.15 × 10

6
 2.46 × 10

4
 

 

Since 2-methyl-pyrrolidine A3 and 2-isopropyl-pyrrolidine A4 have similar basicities and 

nucleophilicities, we can conclude that the differences between the 2-monosubstituted 

pyrrolidines characterized by circles in Figure 21 are predominantly due to electronic 

effects.  

As a consequence, the basicities (Figures 23 and 24 left) as well as the rate constants for 

the reactions of these pyrrolidines (systems with bulky substituents in 2-position excluded) 

with reference electrophile E11 (Figures 23 and 24 right) correlate fairly with the Hammett 

ům parameters
[68]

 of the 2-substituents.   

lg k2 = ī5.05ům + 5.58
R² = 0.228
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pKaH= ī11.7ům + 19.0
R² = 0.572
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Figure 23. Hammett plot between pKaH and ům of substituents at C-2 positon of pyrrolidine ring (left); 
Hammett plot between the rate constants for the reactions of A with E11 and ům of substituents at C-2 
positon of pyrrolidine ring (right). 
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lg k2 = ī1.61ům + 5.99
R² = 0.805
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Figure 24. Hammett plot between pKaH and ům of substituents at pyrrolidin-2-ylmethyl positon (left); 
Hammett plot between the rate constants for the reactions of A with E11 and ům of substituents at 
pyrrolidin-2-ylmethyl positon (right) 

The corresponding Hammett ɟ values for the rate constants (ī5.05 in Fig. 23 and ī1.61 

in Fig. 24) are somewhat smaller than those for the correlations of pKaH with ům (ī11.7 in 

Fig. 23 and ī4.04 in Fig. 24). The much lower quality of the correlations for the 

pyrrolidines with substituents at C-2 position of pyrrolidine ring (Fig. 23) compared to the 

plots in Fig. 24 indicates that other effects (steric effect, etc.) beyond electric effect play a 

more important role when the substituents are located closer to the react center nitrogen 

atom. We have also analyzed to corresponding correlations with Taft's aliphatic 

substituent constants ů
*[68b]

. Figures 25 and 26 show that these correlations are of similar 

quality, we have not pursued these correlations further. 

pKaH= ī2.16ů* + 19.9
R² = 0.702
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Figure 25. Taft plot between pKaH and ů
*
 of substituents at C-2 positon of pyrrolidine ring (left); Taft 

plot between the rate constants for the reactions of A with E11 and ů
*
 of substituents at C-2 positon of 

pyrrolidine ring (right) 
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pKaH= ī0.781ů* + 19.9
R² = 0.725
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Figure 26. Taft plot between pKaH and ů

*
 of substituents at pyrrolidin-2-ylmethyl positon (left); Taft plot 

between the rate constants for the reactions of A with E11 and ů
*
 of substituents at 

pyrrolidin-2-ylmethyl positon (right) 

Though alkyl carboxylates are stronger bases in acetonitrile [pKa(CH3CO2H) = 23.51] 

than 2-substituted pyrrolidine A3 [pKa(A3H
+
) = 19.57] (Fig. 27), protonation of A1 occurs 

at nitrogen to give a zwitterion, as shown in the crystal structure of 4-hydroxyproline
*[69]

. 

The short distance between H1 and O1 marked in Figure 28 stabilizes the zwitterion and 

explains, why the prolinate anion A1 is a stronger Brønsted base as well as a stronger 

nucleophile than the parent pyrrolidine. 

 

Figure 27. Comparison of the Brønsted Basicity and Nucleophilicity (krel vs E11) of the Prolinate Anion 
and its Building Blocks (Acetonitrile, 20 °C)

[58,70]
 *measured at 25 °C  

 

Figure 28. Single crystal structure of 4-hydroxyproline
[69] 

As shown in Figure 29, the amino-substituted pyrrolidines A8ςA10 are slightly stronger 

Brønsted bases than 2-methyl pyrrolidine (A3), whereas the hydroxyl and 

                                                   
*
 Crystal structure of the parent proline generally include an additional HCl molecule.

[71]
 

2.06 Å 
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methoxyl-substituted pyrrolidine A12 and A13 are slightly weaker Brønsted bases.  

Their reactivities toward electrophile E11 differ only slightly. While the 

aminomethyl-substituted pyrrolidine A8 is a marginally stronger Brønsted base than the 

dimethylaminomethyl-substituted pyrrolidine A9, the nucleophilic reactivity of A8 is 

smaller than that of A9. Analogonsly, the hydroxylmethyl-substituted pyrrolidine A12 is a 

stronger Brønsted base than methoxylmethyl-substituted pyrrolidine A13, whereas the 

nucleophilic reactivity of A12 is smaller than that of A13.   

 

Figure 29. Comparison of Brønsted basicities and rate constants for the reactions of 2-substituted 
pyrrolidines with E11 in acetonitrile at 20 °C 

The unexpected observation that the less basic N,N-dimethylamino-substituted 

pyrrolidine A16 has a similar nucleophilic reactivity as the N,N-dimethylaminomethyl 

substituted pyrrolidine A9 (Figure 30) can be assigned to intramolecular hydrogen bridge 

in the ammonium ion initially formed during electrophilic attack at A16. This bond is 

marked in the structurally related tripeptide in Figure 31. The corresponding interactions 

with the secondary amide in A17 and the ester A15 are obviously less important.  

 

Figure 30. Comparison of basicities and nucleophilic reactivities towards E11 of A15ςA17 and A9 

 

Figure 31. Single crystal structure of tripeptide
[72] 

Figure 32 shows that the aryl urea-substituted pyrrolidine A23 has a slightly weaker 

Brønsted basicity and nucleophilic reactivity than 2-methyl-pyrrolidine (A3), whereas the 

2.28 Å 

1.76 Å 



 

54 

 

change from the urea to the thiourea derivative A22 reduces the Brønsted basicity and 

nucleophilic reactivity by two orders of magnitude. The phthalimidyl-substituted 

pyrrolidine A18 is one order of magnitude less basic than A23, while their nucleophilic 

reactivity is similar. 1,2,3-Triazole- and 1-imidazole-substituted pyrrolidines A19 and A20 

have similar Brønsted basicities and nucleophilic reactivities, whereas butylation of 

imidazole (A21) reduces the Brønsted basicity by 5.6 orders of magnitude and the 

nucleophilic reactivity by a factor of 172. Trifluoromethyl-substituted pyrrolidine A14 is 31 

times more basic but 4 times less nucleophilic than A21. 

 

Figure 32. Comparison of the Brønsted basicities of pyrrolidines A3, A14 and A18ςA23 the rate 
constants of their reactions with E11 in acetonitrile at 20 °C 

 
Figure 33. Comparison for the Brønsted basicity decrease (in acetonitrile) by introduction of two 
phenyl groups  

Comparison of the Brønsted basicities of the pyrrolidines in the upper line of Figure 33 

with those in the bottom line shows that introduction of two phenyl groups in the side 

chain reduces the basicity by one to two orders of magnitude. Comparison of A6 and A7 

shows that the change from benzyl to benzhydryl substitution reduces the basicity by a 
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factor of three, whereas the trityl group reduces the basicity by fast 2 orders of magnitude 

relative to A6. 

The analogous substituent effects on nucleophilic reactivities are shown in Figure 34 for 

the reactions of amines a with electrophile E11. The benzhydryl-substituted pyrrolidine 

A7 is 2.7 times less nucleophilic than 2-methylpyrrolidine (A3), whereas the 

diphenylhydroxymethyl group reduces the reactivity by one order of magnitude more than 

hydroxylmethyl group (A26 vs A12). Large steric effects on nucleophilic reactivities are 

found in the comparison A24/A6 (factor 6750) and A27/A11 (factor 1520). 

 

Figure 34. Comparison for the second order rate constants of the reactions of A with E11 by 
introduction of two phenyl groups 

Figure 35 shows that the basicities of the 2-alkyl-substituted pyrrolidines correlate fairly 

with Taft's steric parameters Es.
[68b]

   

pKaH = 0.522Es + 19.8
R² = 0.919
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Figure 35. Correlation between pKaH and Es of substituted pyrrolidines 
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Figure 36 shows crystal structures of pyrrolidines with bulky groups in 2-position.  

 

Figure 36. Crystal structures (with CCDC numbers) of pyrrolidines with bulky substituents in 2-position 

Whereas the amino group in the four structures on the right is schielded by two gauche 

aryl groups, the intramolecular hydrogen bridge (N1ïH1ïO1) fixes the OH-group in 

gauche position to the amno group and thus accounts for the weaker reduction of 

nucleophilic reactivity of A26 (Fig. 34). 
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The imidazolidinones A29ïA32 can be looked at as 2-amido substituted pyrrolidines 

(Scheme 12). 

Scheme 12. Comparison of Brønsted basicities and rate constants (M
ς1

s
ς1

) of the reactions of A16 and 
A29ïA32 with E11 in acetonitrile at 20 °C  

 

Scheme 12 illustrates that the marked in-plane dialkylamido group in the 

imidazolidinones A29ïA32 reduces basicity by 7ï8 pKa units and nucleophilic reactivity 

by 6ï9 orders of magnitude compared to A16, which indicates that the in plane 

N,N-dialkylamido group in the imidazolidinones is a much stronger electron acceptor than 

the N,N-dialkylamido group in 2-position of the pyrrolidine A16.  

 

Figure 37. Crystal structure of protonated A29 

The planar arrangement of the amido group may lead to an interaction of the nitrogen 

lone pair of the NH group with the ˊ
*
 orbital of the carbonyl group and thus reduce 

basicity and nucleophilicity of imidazolidinones (Crystal structure of A29H
+
 in Fig. 37 

shows the angle between N1ïH1 and the plane N2ïC4ïO1 is 88.7° and the distance 

from N1 to N2ïC4 is 2.2 Å). In addition, the two nitrogen atoms in A29ïA32 are in 

geminal position and may undergo different anomeric interactions in the nonprotonated 

and protonated imidazolidinones. 
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Figure 38 shows the intersection of the extrapolated correlation lines of Figure 19 with the 

horizontal line at lgk2 = 9, i.e. where the reactions become diffusionïcontrolled (called 

Ediff). One can see that the ordering of these intersections reflects the relative pKaH values 

of the amines.  
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Figure 38. Extrapolations of the lgk2 vs E correlations to the diffusion limit (k2 = 10
9
 Lmol

ī1
s
ī1

)  

 
A plot of these intersections (Ediff) against the Brønsted basicities of pyrrolidines and 

imidazolidinones (Fig. 39) shows a much better correlation than the analogous plot in 

Figure 21, from which only C2-disubstituted compounds (A5, A29) and the amines with 

small sN parameter (0.56 for A26, 0.53 for A21) deviate. The origin of this correlation has 

so far not been understood. 
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Ediff = ī0.643pKaH + 8.4
R² = 0.926
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Figure 39. Correlation between Brønsted basicity of secondary amines and their Ediff values 
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Chapter 6: Conclusion  

 

The kinetic and thermodynamic data presented in this investigation can be used for 

optimizing the conditions for reactions catalyzed by secondary amines. The low 

nucleophilicities of the imidazolidinones, shown in Fig. 20 explain, for example, why they 

generally do not react with nonactivated carbonyl groups and require the presence of 

Brønsted acids, most commonly trifluoroacetic acid. Fine-tuning of the Brønsted acids is 

now possible by consideration of the pKa values of the cocatalyzing Brønsted acids and 

the electrophilicity of the carbonyl substrate. On the other hand, many pyrrolidines are 

much more nucleophilic than the imidazolidinones and may react with carbonyl 

compounds without Brønsted acid activation. Brønsted acids may even be detrimental 

because they deactivate the pyrrolidines by protonation. 

 

The analysis of steric and electronic substituent effects on nucleophilicity and basicity 

presented in this work can furthermore be used as a guide for designing organocatalysts 

with new structural motives. 
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Chapter 7 Experiment 

7.1 Synthesis and Analytics 

7.1.1 General 

7.1.1.1 Analytics  

1
H NMR and 

13
C NMR spectra were measured on Bruker Avance 400 MHz, Varian 600 

MHz, or Bruker Avance 800 MHz spectrometers. The 
1
H and 

13
C NMR chemical shifts (ŭ) 

are given in ppm and calibrated to residual solvent peaks. Coupling constants are given in 

Hz. Multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, 

pent = pentet, sext = sextet, m = multiplet and br = broad. The assignments of individual 

NMR signals were based on additional 2D-NMR experiments (gHSQC, gHMBC, and 

NOESY). HRMS spectra were determined on a Finnigan MAT 95 mass spectrometer. IR 

spectra were recorded on a FTIR Spectrometer SPECTRUM BX II (Perkin Elmer). 

 

7.1.1.2 Synthesis  

Flash column chromatography was performed on Merck silica gel 60 (0.040ï0.063 mm) or 

Sigma-Aldrich aluminium oxide 90 active neutral (0.063ï0.200 mm) using compressed 

air. Thin layer chromatography (TLC) was performed using Merck silica gel 60 F254 

aluminum plates. Eluted plates were visualized using a 254 nm UV lamp and/or by 

treatment with a suitable stain followed by heating. Concentration under reduced pressure 

was performed on a rotary evaporator with a water bath temperature of 40 °C. Starting 

materials and reagents were purchased from Sigma-Aldrich or ABCR and were used as 

supplied or, in the case of some liquids, distilled. Solvents were distilled or dried prior to 

use over appropriate drying agents: dichloromethane (calcium hydride), diethyl ether 

(sodium/benzophenone), tetrahydrofuran (sodium/benzophenone), toluene (sodium 

hydride), and acetonitrile (phosphorus pentoxide). Solvents for filtration, chromatography, 

and recrystallization were purchased from Fisher and used as received. 

Pyrrolidine (A2) was purchased (ABCR) and freshly distillated over calcium hydride. 

Pyrrolidine A6 was purchased (ABCR) and used as received. 

L-Valinol was synthesized by a procedure reported by Mckennon.
[44]

  

N-Boc-L-prolinol and 1-Boc-2-(S)-pyrrolidinylmethyl p-toluenesulfonate were prepared 

according to a literature procedure.
[34]

  

1-Benzyl 2-(4-nitrophenyl) (S)-pyrrolidine-1,2-dicarboxylate was synthesized by a 

procedure reported by Diakos.
[42]  
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tert-Butyl pyrrolidine-1-carboxylate (N-Boc pyrrolidine) was prepared following the 

literature procedure by Kerrick.
[46]

  

 

7.1.2 Syntheses of Secondary Amines 

 

Preparation of Potassium L-prolinate (A1) 

L-Proline (0.890 g, 7.73 mmol) was loaded into a 25 ml Schlenk flask, which was 

subsequently dried by high vacuum, filled with nitrogen atmosphere and cooled with ice 

bath. A saturated solution of potassium tert-butoxide (1.30 g, 11.6 mmol) in anhydrous 

tetrahydrofuran was added. The mixture was intensely stirred for 2 hrs at 45 °C. The 

suspension was filtrated and the residue was washed with anhydrous tetrahydrofuran 

under nitrogen atmosphere. 1.07 g white solid (93%, decomposed at 214 °C) as product 

was obtained after high-vacuum drying.  

1
H NMR (400 MHz, DMSO-d6) ŭ 2.96 (dd, J = 8.5, 5.7 Hz, 1H), 2.88 (ddd, J = 

10.4, 7.1, 5.0 Hz, 1H), 2.46 (dt, J = 10.3, 7.0 Hz, 1H), 1.72 (dq, J = 12.0, 7.6 Hz, 

1H), 1.57 (ddt, J = 11.8, 8.1, 5.7 Hz, 1H), 1.54ï1.40 (m, 1H), 1.44ï1.31 (m, 1H).  

13
C NMR (101 MHz, DMSO-d6) ŭ 176.8, 62.8, 47.1, 31.3, 26.2.  

 

Preparation of 2-Methylpyrrolidine (A3) 

 

Compound A3-OH was prepared according to the modified procedure by Cicchi.
[43]

 

1,4-Dibromopentane (5.25 ml, 38.5 mmol) and dimethylamine hydrochloride (14.6 g, 179 

mmol) were dissolved in 180ml trimethylamine. The solution was refluxed for 16 h at 90 °C. 

The residue, from removing the solvent under vacuum, was purified by column 

chromatography on silica gel (EtOAc/MeOH 10:1) to afford A3-OH, which was mixed with 

palladium on carbon (1.70 g) in 160 ml of acetic acid under hydrogen atmosphere. The 

suspension was kept stirring for 24 h at ambient temperature and then filtrated through 

celite. The filtrate was mixed with 20 ml of trifluoroacetic acid and the whole was 

concentrated. The residue was dissolved in 55 ml of 6 M NaOH solution. The aqueous 

phase was extracted with diethyl ether (2 × 60 ml) and dichloromethane (2 × 60 ml). The 

organic phases were combined and the solvent was removed under reduced pressure to 
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provide the crude product, which was distilled (1 bar, 88-90 °C) to afford A3 (2.43 g, 28.5 

mmol, 74.1%) as a colorless oil.  

1
H NMR (300 MHz, CDCl3) ŭ 3.08ï2.94 (m, 2H), 2.85ï2.72 (m, 1H), 1.91ï1.62 (m, 

3H), 1.24ï1.13 (m, 1H), 1.11 (d, J = 6.3 Hz, 3H). 

13
C NMR (75 MHz, CDCl3) ŭ 54.7, 46.9, 33.8, 25.9, 21.4. 

HRMS (EI): m/z calculated for C5H12N
+
 (M + H

+
): 86.0964, found: 86.0964.  

 

Preparation of (R)-2-Isopropylpyrrolidine (A4) 

 

Amine A4 was prepared by a modified procedure described by Tseng.
[45]

 L-Valinol (11.8 g, 

114 mmol) was dissolved in 200 ml of pyridine. p-Toluenesulfonyl chloride (87.5 g, 459 

mmol) was added in portions under ice cooling bath. The mixture was stirred at ambient 

temperature for 24 h and then was poured onto an ice-water mixture (300 ml). The 

aqueous phase was extracted with dichloromethane (4 × 200 ml). The combined organic 

phase was successively with 10% HCl (3 × 200 ml), saturated copper sulfate solution (2 × 

200 ml), water (1 × 200 ml), saturated bicarbonate solution (2 × 200 ml) and brine (4 × 100 

ml). After drying (MgSO4) and removal of the solvent under vacuum, the residue was 

purified by column chromatography on silica gel (pentane/ethyl acetate 2:1 to 3:2). The 

obtained compound (S)-3-methyl-2-((4-methylphenyl)sulfonamido)butyl p-tosylate (26.0 g, 

63.2mmol) was mixed with diethyl malonate (30.4 g, 190mmol) and potassium 

tert-butoxide (21.3 g, 190mmol) in 600 ml of tetrahydrofuran. The solution was refluxed for 

1 h and the solvent was removed under vacuum. The residue was mixed with 100 ml of 

brine. The aqueous phase was extracted with ethyl acetate. The combined organic phase 

was concentrated.  

The residual mixture was mixed with 100 ml of 48% HBr aqueous solution and the whole 

mixture was refluxed for 18 h.  

After removal of the solvent under reduced pressure, the residue was dissolved in 250 ml 

of pyridine. The solution was refluxed for 24 h and the concentrated to provide the crude 

product of (R)-5-isopropylpyrrolidin-2-one, which was first purified by column 

chromatography on silica gel (chloroform/methanol 5:1) and then by a quick distillation (2 

× 10
-3

 mbar, 120 °C) as a colorless oil. 
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The obtained (R)-5-isopropylpyrrolidin-2-one (4.90 g, 38.5 mmol) was mixed with lithium 

aluminium hydride (2.20 g, 58.0 mmol) in 70 ml of anhydrous tetrahyrofuran. After 18 h 

refluxing, 10 ml of 20% KOH solution was dropped into the mixture under ice cooling bath. 

The suspension was filtrated and the filtrate was dried and concentrated to afford the 

crude product, which was distilled (48 mbar, 62 °C) to provide A4 (1.89 g, 16.7 mmol, 

14.6%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3) ŭ 2.99 (ddd, J = 10.2, 7.3, 5.4 Hz, 1H), 2.81 (dt, J = 

10.2, 7.4 Hz, 1H), 2.60 (td, J = 8.4, 6.8 Hz, 1H), 1.88ï1.78 (m, 1H), 1.77ï1.64 (m, 

2H), 1.56 (br, 1H), 1.57ï1.40 (m, 1H), 1.27 (dtd, J = 12.0, 9.1, 7.6 Hz, 1H), 0.96 (d, J = 6.6 

Hz, 3H), 0.89 (d, J = 6.7 Hz, 3H). 

13
C NMR (101 MHz, CDCl3) ŭ 66.2, 47.0, 34.2, 29.9, 25.7, 20.8, 20.1. 

HRMS (EI): m/z calculated for C7H16N
+
 (M + H

+
): 114.1277, found: 114.1278. 

 

Preparation of 2,2-Dimethylpyrrolidine (A5)  

Method 1 

 

5-Nitropentan-2-one was synthesized following the procedure by Alderson.
[48]

 

5-Methyl-3,4-dihydro-2H-pyrrole 1-oxide was prepared from 5-nitropentan-2-one 

according to the procedure by Pou.
[49]

 Compound A5-OH was synthesized by treatment of 

nitrone with methylmagnesium bromide following the procedure by Ali.
[50]

 

The obtained A5-OH (4.50 g, 39.1 mmol) and palladium on carbon (450 mg) were mixed 

in 60.0 ml of acetic acid. The mixture was stirred overnight under hydrogen atmosphere at 

ambient temperature, filtrated through celite and concentrated. The residue was dissolved 

in 3.00 ml of water. The solution was dropped into 200 g potassium hydroxide in a closed 

250 ml flask. Amine A5 was collected by a quick distillation (1 × 10
-3 

mbar, rt, distillate 

condensed under liquid nitrogen cooling bath) to afford A5 (810 mg, 8.17 mmol, 20.9%) as 

a colorless oil.  

    

Method 2 

 



 

65 

 

Methyl 4-nitropentanoate was synthesized following the procedure by Leinisch.
[51]

 

5,5-Dimethylpyrrolidin-2-one was prepared from methyl 4-nitropentanoate according to 

the procedure by Osby.
[52] 

5,5-Mimethylpyrrolidin-2-one was reduced by lithium aluminium 

hydride following the procedure by Moffett.
[53]

  

1
H NMR (400 MHz, CDCl3) ŭ 3.00ï2.94 (m, 2H), 1.85ï1.73 (m, 2H), 1.56ï1.45 (m, 

2H), 1.14 (s, 6H). 

13
C NMR (101 MHz, CDCl3) ŭ 59.0, 46.2, 39.7, 29.0, 26.3. 

HRMS (EI): m/z calculated for C6H13N
¶+ (M¶

+
): 99.1043, found: 99.1043. 

 

Preparation of (S)-2-Benzhydrylpyrrolidine (A7) 

Amine A7 was prepared according to the procedure by Claudio.
[41]

  

1
H NMR (400 MHz, CD3CN) ŭ 7.40ï7.32 (m, 4H), 7.31ï7.24 (m, 4H), 7.19ï7.13 

(m, 2H), 3.91ï3.84 (m, 1H), 3.72 (d, J = 10.3 Hz, 1H), 2.90 (dtd, J = 10.0, 5.1, 2.4 

Hz, 1H), 2.82ï2.75 (m, 1H), 1.85 (br, 2H), 1.78ï1.58 (m, 3H), 1.34ï1.20 (m, 1H).  

13
C NMR (101 MHz, CD3CN) ŭ 145.7, 145.5, 129.4, 129.3, 129.1, 129.0, 127.1, 127.0, 

62.7, 59.4, 47.1, 31.7, 26.0. 

HRMS (EI): m/z calculated for C17H20N
+
 (M + H

+
): 238.1590, found: 238.1589. 

 

Preparation of (S)-Pyrrolidin-2-ylmethanamine (A8) 

 

Compound A8-Boc was synthesized following the procedure reported by Cao.
[33]

 

Compound A8-Boc (2.90 g, 14.5 mmol) was dissolved in a mixture of trifluoroacetic acid 

(10 ml) and dichloromethane (20 ml). The solution was stirred overnight at ambient 

temperature. The residue, from removing the solvent under reduced pressure, was mixed 

at 0 °C with 20 ml NaOH solution (6 M). The aqueous phase was extracted with 

dichloromethane (5 × 20 ml). The combined organic phases were dried (MgSO4) and 

concentrated. The crude product was distilled (20 mbar, 73-75 °C) to provide A8 (500 mg, 

4.99 mmol, 34.4%) as a colorless oil.  

1
H NMR (400 MHz, CDCl3) ŭ 3.06 (m, 1H), 2.96ï2.82 (m, 2H), 2.68 (ddd, J = 

12.4, 4.9, 0.9 Hz, 1H), 2.59 (ddd, J = 12.4, 7.5, 0.9 Hz, 1H), 1.90ï1.58 (m, 3H), 

1.35 (br, 2H), 1.35ï1.21 (m, 1H).  

13
C NMR (101 MHz, CDCl3) ŭ 61.3, 47.4, 46.8, 29.3, 26.0. 
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Preparation of (S)-N,N-Dimethyl-1-(pyrrolidin-2-yl)methanamine (A9) 

The crude product of Amine A9 was synthesized following the procedure reported by 

Diakos,
[42]

 which was kept in vacuum (1.1 mbar) for 1 h at 0 °C. A quick distillation (rt, 

1 × 10
ς3 

mbar, distillate condensed under liquid nitrogen cooling bath) was proceeded to 

provide A9 as a colorless oil. 

1
H NMR (400 MHz, CD3CN) ŭ 3.10 (p, J = 6.9 Hz, 1H), 2.86 (ddd, J = 10.0, 7.2, 

5.8 Hz, 1H), 2.72 (dt, J = 9.9, 7.2 Hz, 1H), 2.23ï2.16 (m, 1H), 2.16 (s, 6H), 2.10 

(dd, J = 11.9, 5.8 Hz, 1H), 1.83ï1.57 (m, 3H), 1.27 (ddt, J = 12.0, 8.6, 6.8 Hz, 1H).  

13
C NMR (101 MHz, CD3CN) ŭ 66.4, 57.1, 46.8, 46.2, 30.8, 25.8. 

IR (neat, ATR probe, cm
-1

): 3335, 2945, 2864, 2823, 2774, 1633, 1530, 1458, 1396, 1342, 

1261, 1195, 1168, 1149, 1100, 1033, 908, 841, 812, 731. 

HRMS (EI): m/z calculated for C7H17N2
+
 (M + H

+
): 129.1386, found: 129.1385.  

 

Preparation of (S)-2-((Dimethylamino)methyl)pyrrolidin-1-ium 

trifluoromethanesulfonate (A9H
+
OTf

ī
) 

 

Amine A9 (0.236 g, 1.84 mmol) was dissolved in 5 ml of anhydrous diethyl ether. Triflic 

acid (0.207 g, 1.38 mmol) was dissolved in 5 ml of anhydrous diethyl ether. The triflic acid 

solution was dropped into the solution of A9 under ice cooling bath. The precipitate was 

filtrated and dried under vacuum to afford product A9H
+
 with quantitative yield as a 

colorless solid (mp 107.0ς109.0 °C). 

1
H NMR (400 MHz, CDCl3) ŭ 7.49 (br, 2H), 3.94ï3.81 (m, 1H), 3.40 (tt, J = 8.4, 

4.2 Hz, 2H), 2.62ï2.39 (m, 2H), 2.27ï2.14 (m, 1H), 2.14ï2.01 (m, 2H), 1.68 (ddt, 

J = 12.5, 7.2, 6.1 Hz, 1H).  

13
C NMR (101 MHz, CDCl3) ŭ 59.9, 57.4, 45.6, 45.2, 28.1, 23.8. 

 

Preparation of (S)-1-(Pyrrolidin-2-ylmethyl)pyrrolidine (A10) 

 

Compound A10-Boc was synthesized in analogy to the reported procedure by Hendrie.
[35]

 

1-BOC-2-(S)-pyrrolidinylmethyl p-toluenesulfonate (3.04 g, 8.55 mmol) and pyrrolidine 

(2.67 g, 37.5 mmol) were dissolved in 30 ml of anhydrous DMSO. The solution was kept 
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overnight at 50 °C. After mixing with 50 ml of water, the mixture was extracted with diethyl 

ether (3 × 50 ml). The residue, resulting from removal of the solvent in vacuo, was purified 

by column chromatography on silica gel (EtOAc/MeOH 4:1) to afford A10-Boc (2.14 g, 

8.41 mmol, 98.4%). The obtained A10-Boc (2.14 g, 8.41 mmol) was dissolved in a mixture 

of dichloromethane (30 ml) and 10 ml of trifluoroacetic acid. The solution was stirred 

overnight at ambient temperature. After removing the solvent under reduced pressure, 

diethyl ether was added into the residue. The mixture was filtrated and the residue was 

washed with diethyl ether to provide A10H
+
 with quantitative yield, which was dissolved in 

10 ml of 1M NaOH solution at 0 °C. The aqueous phase was extracted with 

dichloromethane (5 × 30 ml). The combined organic phase was dried (MgSO4) and 

concentrated. The residue was first kept under vacuum (1 mbar) at 0 °C for 1 h and then a 

quick distillation (60 °C, 4 × 10
ς3 

mbar, distillate condensed under liquid nitrogen cooling 

bath) was proceeded to provide A10 (725 mg, 4.70 mmol, 58.1%) as a colorless oil.  

1
H NMR (400 MHz, CDCl3) ŭ 3.20 (dtd, J = 8.3, 7.0, 5.2 Hz, 1H), 2.97 (ddd, J = 

10.1, 7.3, 5.9 Hz, 1H), 2.83 (ddd, J = 10.1, 7.7, 6.6 Hz, 1H), 2.59ï2.43 (m, 5H), 

2.37ï2.29 (m, 1H), 1.95 (br, 1H), 1.87 (dddd, J = 12.4, 8.6, 7.3, 5.5 Hz, 1H), 1.80ï1.63 (m, 

6H), 1.32 (ddt, J = 12.2, 8.7, 6.9 Hz, 1H).  

13
C NMR (101 MHz, CDCl3) ŭ 62.4, 57.6, 54.8, 46.3, 30.3, 25.2, 23.6. 

 

Preparation of (S)-2-(Azidomethyl)pyrrolidine (A11) 

 

Following the procedure by Dahlin crude A11-Boc was prepared,
[36]

 which was purified by 

column chromatography on silica gel (n-pentane/ethyl acetate 10:1). Ammonium A11H
+
 

was synthesized from A11-Boc according to the reported method by Luo.
[25]

 The obtained 

A11H
+
 (1.85 g, 7.70 mmol) was mixed with 25 ml of 6 M NaOH solution under ice cooling 

bath. The aqueous phase was extracted with dichloromethane (3 × 30 ml). The organic 

phase was dried and concentrated. The residue was purified by a quick distillation (4 × 

10
ī3

 mbar, rt, distillate condensed under liquid nitrogen cooling bath) to afford A11 (560 

mg, 4.44 mmol, 57.6%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3) ŭ 3.35ï3.12 (m, 3H), 3.02ï2.85 (m, 2H), 1.95 ï 1.64 

(m, 4H), 1.42 (ddt, J = 12.2, 8.6, 6.5 Hz, 1H). 

13
C NMR (101 MHz, CDCl3) ŭ 57.9, 56.4, 46.8, 29.2, 25.7. 

HRMS (EI): m/z calculated for C5H11N4
+
 (M + H

+
): 127.0978, found: 127.0980. 
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Preparation of (S)-Pyrrolidin-2-ylmethanol (A12) 

Amine A12 was synthesized by direct reduction of L-proline with lithium aluminium 

hydride as a colorless oil, which was pioneered by Vogl.
[31]

  

1
H NMR (400 MHz, CD3CN) ŭ 3.38 (dd, J = 10.7, 4.7 Hz, 1H), 3.30 (br, 2H), 3.27 

(dd, J = 10.8, 6.9 Hz, 1H), 3.09 (qd, J = 7.0, 4.8 Hz, 1H), 2.90ï2.71 (m, 2H), 

1.82ï1.54 (m, 3H), 1.33 (ddt, J = 11.9, 8.5, 6.9 Hz, 1H). 

13
C NMR (101 MHz, CDCl3) ŭ 65.4, 60.9, 47.0, 28.5, 26.4. 

1
H NMR (599 MHz, CDCl3) ŭ 3.51 (dd, J = 9.9, 3.7 Hz, 1H), 3.34ï3.26 (m, 2H), 2.99ï2.92 

(m, 1H), 2.86 (dt, J = 10.5, 6.7 Hz, 1H), 2.20 (br, 2H), 1.88ï1.74 (m, 2H), 1.74ï1.64 (m, 

1H), 1.48ï1.40 (m, 1H). 

13
C NMR (151 MHz, CDCl3) ŭ 64.9, 59.3, 46.6, 27.8, 26.3. 

 

Preparation of (S)-2-(Methoxymethyl)pyrrolidine (A13) 

 

The preparation of A13-Boc from N-Boc-L-Prolinol follows the procedure described by 

Krishna.
[32]

 Compound A13-Boc (11.6 g, 53.9 mmol) was mixed with 10 ml of 

trifluoroacetic acid and 100 ml of dichloromethane. The solution was stirred overnight at 

ambient temperature and concentrated. The residue was mixed with 20 ml of 2.5 M HCl 

solution. The aqueous phase was washed with diethyl ether (2 × 30 ml) and neutralized 

with 4 M NaOH solution till pH value of the solution was above 10. The aqueous phase 

was then extracted with dichloromethane (5 × 30 ml). The combined organic phase was 

dried (Na2SO4) and concentrated. The rude product was distilled (52 mbar, 70-80 °C) to 

afford A13 (4.47 g, 40.2 mmol, 74.6%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3) ŭ 3.35ï3.25 (m, 1H), 3.31 (s, 3H), 3.26ï3.18 (m, 

2H), 2.91 (ddd, J = 10.2, 7.1, 5.8 Hz, 1H), 2.82 (ddd, J = 9.9, 7.4, 6.4 Hz, 1H), 

1.93 (br, 1H), 1.83ï1.58 (m, 3H), 1.41ï1.27 (m, 1H).  

13
C NMR (101 MHz, CDCl3) ŭ 76.4, 59.0, 57.8, 46.6, 27.9, 25.4. 

1
H NMR (400 MHz, CD3CN) ŭ 3.28 (s, 3H), 3.26ï3.09 (m, 3H), 2.84 (ddd, J = 9.8, 7.0, 5.7 

Hz, 1H), 2.76 (ddd, J = 9.9, 7.3, 6.6 Hz, 1H), 1.82 (br, 1H), 1.80ï1.55 (m, 3H), 1.38ï1.24 

(m, 1H). 

13
C NMR (101 MHz, CD3CN) ŭ 77.5, 58.9, 58.5, 47.1, 29.0, 26.0. 
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Preparation of 2-(Trifluoromethyl)pyrrolidine (A14) 

The preparation of A14 was following the procedure by Schevchenko.
[56]

  

1
H NMR (400 MHz, CD3Cl) ŭ 3.70ï3.59 (m, 1H), 3.05ï2.97 (m, 2H), 2.08ï1.82 

(m, 4H), 1.81ï1.68 (m, 1H). 

13
C NMR (101 MHz, CD3Cl) ŭ 127.1 (q, J = 279.2 Hz), 58.8 (q, J = 29.6 Hz), 47.3, 26.0 (q, 

J = 1.8 Hz), 25.7. 

19
F NMR (376 MHz, Chloroform-d) ŭ ī76.90 (d, J = 8.1 Hz). 

 

Preparation of Methyl L-prolinate (A15) 

 

Amine A15 was synthesized through direct esterification of amino acid in analogy to the 

documented method by Brenner.
[30]

 Thionylchloride (2.50 ml, 34.5 mmol) was dropped 

into a solution of L-proline (2.48 g, 21.5 mmol) in 20 ml of MeOH under ice cooling bath. 

The mixture was refluxed for 4 h and concentrated under vacuum. The residue was 

neutralized with saturated K2CO3 solution, and the aqueous phase was extracted with 

chloroform. The organic phase was concentrated to afford the crude product, which was 

first purified by column chromatography on silica gel (chloroform/methanol 10:1) and then 

by a quick distillation (1 × 10
ī3 

mbar, rt, distillate condensed under liquid nitrogen cooling 

bath) to afford A15 (1.65 g, 12.8 mmol, 59.4%) as a colorless oil. 

1
H NMR (400 MHz, CD3CN) ŭ 3.66 (dd, J = 8.6, 5.6 Hz, 1H), 3.65 (s, 3H), 2.95 

(dt, J = 9.9, 6.6 Hz, 1H), 2.80 (dt, J = 10.1, 6.6 Hz, 1H), 2.27 (s, 1H), 2.08ï1.97 

(m, 1H), 1.82ï1.64 (m, 3H).  

13
C NMR (101 MHz, CD3CN) ŭ 176.7, 60.5, 52.3, 47.7, 30.8, 26.4. 

 

Preparation of (S)-N,N-Dimethylpyrrolidine-2-carboxamide (A16) 

The crude product of A16 was synthesized by the procedure reported by Diakos,
[42]

 which 

was kept in vacuum (1 × 10
ī3

 mbar) at 0 °C for 30 mins. A quick distillation (60 °C, 1 × 10
ī3 

mbar, distillate condensed under liquid nitrogen cooling bath) was proceeded to provide 

A16 (2.85 g, 20.0 mmol, 71.2%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3) ŭ 3.83 (dd, J = 8.5, 6.1 Hz, 1H), 3.13 (ddd, J = 10.7, 

7.1, 5.3 Hz, 1H), 2.98 (s, 3H), 2.92 (s, 3H), 2.85ï2.75 (m, 1H), 2.75 (br, 1H), 
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2.10ï1.99 (m, 1H), 1.80ï1.52 (m, 3H).  

13
C NMR (101 MHz, CDCl3) ŭ 174.3, 58.3, 47.9 36.5, 35.8, 30.8, 26.6.  

IR (neat, ATR probe, cm
-1

): 3410, 2950, 2874, 1624, 1504, 1394, 1257, 1153, 1086, 1059, 

883.  

HRMS (EI): m/z calculated for C7H14N2O
¶+ (M¶

+
): 142.1101, found: 142.1099.  

HRMS (ESI): m/z calculated for C7H15N2O
+
 (M + H

+
): 143.1179, found: 143.1178. 

 

Preparation of (S)-N-propylpyrrolidine-2-carboxamide (A17) 

 

Amine A17 was synthesized in analogy to the procedure reported by Diakos.
[42] 

1-Benzyl 

2-(4-nitrophenyl) (S)-pyrrolidine-1,2-dicarboxylate (2.00 g, 5.40 mmol) and propylamine 

(1.00 g, 12.2 mmol) were dissolved in 30 ml chloroform. TLC was used to monitor the 

reaction till no starting material was left. The solvent was removed under reduced 

pressure. The residue was purified by column chromatography on aluminium oxide with 

chloroform (1% NEt3) as eluent to afford A17-Cbz as a colourless solid. The obtained 

A17-Cbz and palladium on carbon (330 mg) were mixed in 25 ml of acetic acid under 

hydrogen atmosphere. The suspension was stirred for 24 h at ambient temperature and 

then was filtrated through celite. The filtrate was concentrated and the residue was 

dissolved in 20 ml of 6 M HCl solution, which was firstly washed with ethyl acetate and 

then neutralized with 8 M NaOH to pH > 10. The aqueous phase was extracted with 

chloroform (3 × 30 ml) and ethyl acetate (2 × 30 ml). The combined organic phase was 

dried (MgSO4) and concentrated. The residue was kept in vacuum (1 × 10
ī3

 mbar) at 0 °C 

for 30 mins. A quick distillation (110 °C, 1 × 10
ī3 

mbar, distillate condensed under liquid 

nitrogen cooling bath) was proceeded to provide A17 (700 mg, 4.48 mmol, 83.0%) as a 

colorless oil. 

1
H NMR (300 MHz, CDCl3) ŭ 7.59 (br, 1H), 3.66 (dd, J = 9.1, 5.3 Hz, 1H), 3.14 

(dtd, J = 8.3, 6.7, 1.3 Hz, 2H), 2.96 (dt, J = 10.2, 6.8 Hz, 1H), 2.84 (dt, J = 10.1, 

6.3 Hz, 1H), 2.11 (br, 1H), 2.16ï1.98 (m, 1H), 1.84 (dt, J = 12.5, 6.1 Hz, 1H), 1.72ï1.58 (m, 

2H), 1.47 (h, J = 7.4 Hz, 2H), 0.86 (td, J = 7.4, 0.7 Hz, 3H).  

13
C NMR (75 MHz, CDCl3) ŭ 175.0, 60.7, 47.3, 40.5, 30.8, 26.2, 22.9, 11.4. 

IR (neat, ATR probe, cm
-1

): 3301, 3080, 2960, 2933, 2873, 2363, 1643, 1523, 1458, 1439, 

1381, 1344, 1254, 1150, 1100, 905, 816. 
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HRMS (EI): m/z calculated for C8H17N2O
+
 (M + H

+
): 157.1335, found: 157.1334. 

HRMS (ESI): m/z calculated for C8H17N2O
+
 (M + H

+
): 157.13354, found: 157.13350. 

 

Preparation of (S)-2-((1,3-Dioxoisoindolin-2-yl)methyl)pyrrolidin-1-ium 

2,2,2-trifluoroacetate (A18H
+
) 

 

Compound A18-Boc was synthesized following the reported method by Cao.
[33]

 A18-Boc 

(3.00 g, 9.08 mmol) was dissolved in a mixture of 10 ml trifluoroacetic aced and 25 ml of 

dichloromethane. The solution was stirred overnight at ambient temperature. The residue, 

from removing the solvent under reduced pressure, was mixed with 15ml diethyl ether. A 

colorless crystalline solid was formed, which was filtrated and dried under vacuum to 

provide A18H
+
 with quantitative yield (mp 181.3ï182.4 °C). 

1
H NMR (400 MHz, CD3CN) ŭ 7.88ï7.76 (m, 4H), 4.05ï3.92 (m, 3H), 3.87 

(dtd, J = 9.9, 6.9, 5.2 Hz, 1H), 3.39 (ddd, J = 11.7, 8.2, 6.9 Hz, 1H), 3.26 

(ddd, J = 11.7, 9.0, 6.0 Hz, 1H), 2.24ï2.13 (m, 1H), 2.13ï1.89 (m, 2H), 

1.81 (ddt, J = 12.8, 9.8, 8.7 Hz, 1H).  

13
C NMR (101 MHz, CD3CN) ŭ 169.5, 161.4 (q, JC,F = 33.3 Hz, CO2 ), 135.3, 133.0, 124.1, 

118.0 (q, JC,F = 295.0 Hz, CF3), 60.5, 46.1, 39.2, 28.4, 23.6. 

Preparation of (S)-4-Phenyl-1-(pyrrolidin-2-ylmethyl)-1H-1,2,3-triazole (A19) 

 

Amine A19 was synthesized according to a modified procedure by Luo.
[25]

 Compound 

A11-Boc (1.00 g, 4.42 mmol), phenylacetylene (600 mg, 5.87 mmol), copper (I) iodide 

(130 mg, 0.683 mmol) and DIPEA (0.77 ml, 4.53 mmol) were dissolved in a mixture of 40 

ml of toluene and 20 ml of tert-buthanol. The mixture was stirred under oxygen 

atmosphere for 48 h at ambient temperature. The suspension was filtrated and the filtrate 

was concentrated. The residue was purified by column chromatography on silica gel 

(n-penthane/ethyl acetate 3:1 to 2:3). 

The obtained A19-Boc was dissolved in a mixture of 4.6 ml of trifluoroacetic acid and 16 

ml of dichloromethane. The solution was stirred overnight at ambient temperature. After 
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removal of the solvent under vacuum, the residue was neutralized with saturated K2CO3 

solution (20 ml) and extracted with ethyl acetate (3 × 40 ml). The combined organic 

phases were dried (NaSO4) and concentrated to provide crude A19, which was purified by 

column chromatography on silica gel (methanol/ethyl acetate 1:10 to 1:1) to afford A19 

(500 mg, 2.19 mmol, 49.6%) as a white solid. 

1
H NMR (599 MHz, CDCl3) ŭ 7.93 (s, 1H), 7.86ï7.80 (m, 2H), 7.47ï7.38 (m, 

2H), 7.35ï7.29 (m, 1H), 4.46 (dd, J = 13.6, 4.5 Hz, 1H), 4.24 (dd, J = 13.6, 7.9 

Hz, 1H), 3.65 (m, 1H), 2.96 (t, J = 6.8 Hz, 2H), 2.69 (br, 1H), 1.97 (dddd, J = 

12.9, 8.5, 7.5, 5.4 Hz, 1H), 1.85ï1.66 (m, 2H), 1.51 (ddt, J = 12.7, 8.7, 7.0 Hz, 1H).  

13
C NMR (151 MHz, CDCl3) ŭ 147.7, 130.9, 128.9, 128.2, 125.8, 120.7, 58.1, 55.5, 46.7, 

29.2, 25.6. 

IR (neat, ATR probe, cm
-1

): 3329, 3130, 2959, 2871, 1609, 1555, 1483, 1464, 1439, 1403, 

1367, 1225, 1189, 1076, 1047, 973, 916, 810, 765, 695.  

HRMS (ESI): m/z calculated for C13H17N4
+
 (M + H

+
): 229.1448, found: 229.1446. 

 

Preparation of (S)-1-(Pyrrolidin-2-ylmethyl)-1H-imidazole (A20) 

 

The crude product of A20-Boc was synthesized following the reported method by Luo
[28]

,
 

which was purified by column chromatography on silica gel (ethyl 

acetate/methanol/trimethylamine 10:1:0.01). The obtained A20-Boc (1.00 g, 3.98 mmol) 

was added into a mixture of 10 ml of ethyl acetate, 1.2 ml of ethanol (20.3 mmol) and 

acetyl chloride (0.85 ml, 12.0 mmol). The solution was stirred overnight at ambient 

temperature. The formed precipitate was filtrated and dissolved in 20 ml of saturated 

Na2CO3 solution. The aqueous phase was extracted with chloroform (5 × 30 ml). The 

combined organic phase was concentrated to afford A20 (200 mg, 1.32 mmol, 33.2%) as 

a slightly yellow oil.  

1
H NMR (599 MHz, CDCl3) ŭ 7.51 (s, 1H), 7.03 (s, 1H), 6.97 (s, 1H), 3.94 (dd, 

J = 13.7, 5.0 Hz, 1H), 3.84 (dd, J = 13.8, 7.8 Hz, 1H), 3.38 (m, 1H), 2.98ï2.87 

(m, 2H), 1.89 (dddd, J = 12.5, 8.6, 7.4, 5.2 Hz, 1H), 1.83ï1.68 (m, 2H), 1.40 (ddt, J = 12.6, 

9.0, 7.2 Hz, 1H). 

13
C NMR (151 MHz, CDCl3) ŭ 137.5, 129.5, 119.4, 59.0, 52.7, 46.6, 29.2, 25.3. 

IR (neat, ATR probe, cm
-1

): 3303, 3112, 2962, 2872, 2190, 1646, 1552, 1507, 1443, 1402, 

1365, 1284, 1231, 1107, 1077, 1030, 910, 814, 725, 662. 
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HRMS (ESI): m/z calculated for C8H14N3
+
 (M + H

+
): 152.11822, found: 152.11822. 

 

Preparation of (S)-3-Butyl-1-(pyrrolidin-2-ylmethyl)-1H-imidazol-3-ium 

trifluoromethanesulfonate (A21 OTf
ī
)  

 

The mixture of A20-Boc (1.00 g, 3.98 mmol) and n-butyl bromide (3.70 g, 27.0 mmol) was 

stirred for 1 h at 90 °C. The residue from removal of volatiles under vacuum was dissolved 

in 20.0 ml of 0.6 M HCl solution in methanol. The solution was stirred overnight at ambient 

temperature and concentrated. The residue was diluted with 100 ml saturated sodium 

bicarbonate solution under ice cooling bath. The mixture was stirred for 2 h at 0 °C. The 

volatiles were removed under reduced pressure. 150 ml of acetonitrile was added into the 

residue. The suspension was filtrated and the filtrate was concentrated. The residue was 

mixed with 50 ml of dichloromethane. The whole mixture was filtrated and the solvent was 

removed under reduced pressure to afford A21 Br
ī
.  

The obtained A21 Br
ī
 (200 mg, 0.694 mmol) was mixed with silver tosylate (200 mg, 0.778 

mmol) in 8.00 ml of acetonitrile. The mixture was stirred for 5 h at ambient temperature, 

filtrated and concentrated. The residue was mixed with 10.0 ml dichloromethane. The 

mixture was filtrated and concentrated to afford A21 OTf
ī
 (255 mg, 0.714 mmol, 17.9%) 

as brown oil.  

1
H NMR (400 MHz, CD3CN) ŭ 8.65 (s, 1H), 7.48 (t, J = 1.8 Hz, 1H), 7.43 (t, J = 

1.8 Hz, 1H), 4.27 (qd, J = 14.3, 6.7 Hz, 2H), 4.15 (t, J = 7.3 Hz, 2H), 3.71 (qd, J 

= 7.8, 5.2 Hz, 1H), 3.19ï3.03 (m, 2H), 2.15 ï 2.00 (m, 1H), 1.91ï1.79 (m, 4H), 

1.57 (dq, J = 12.8, 8.0 Hz, 1H), 1.34 (dq, J = 14.8, 7.4 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H).  

13
C NMR (101 MHz, CD3CN) ŭ 136.8, 123.8, 123.5, 121.3 (q, J = 320.3 Hz), 60.0, 52.7, 

50.4, 48.1, 32.4, 29.0, 25.0, 19.9, 13.6. 

IR (neat, ATR probe, cm
-1

): 3471, 3142, 2961, 2922, 2852, 1632, 1565, 1467, 1251, 1225, 

1162, 1028, 758. 

HRMS (ESI): m/z calculated for C12H22N3
+
 (M): 208.18082, found: 208.18077; calculated 

for CF3O3S
ī 

(OTf
ī
): 148.95257, found: 148.95237. 
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Preparation of 

(S)-1-(3,5-Bis(trifluoromethyl)phenyl)-3-(pyrrolidin-2-ylmethyl)thiourea (A22) 

Compound A22H
+
CF3CO2

ī
 was synthesized following the procedure described by Cao.

[37] 

The obtained A22H
+
CF3CO2

ī
 was deprotonated with 25% ammoniac solution and 

extracted with ethyl acetate. The crude product from removal of the solvent was purified 

by column chromatography on silica gel (methanol) to provide A22 as a white solid.  

1
H NMR (599 MHz, CDCl3) ŭ 8.04 (s, 2H), 7.57 (s, 1H), 7.40 (br, 1H), 

3.59ï3.52 (m, 1H), 3.45ï3.36 (m, 1H), 3.35ï3.26 (m, 1H), 3.16ï3.09 

(m, 1H), 2.92ï2.81 (m, 1H), 2.01ï1.87 (m, 2H), 1.79ï1.68 (m, 1H), 

1.65ï1.55 (m, 1H).  

13
C NMR (151 MHz, CDCl3) ŭ 183.8, 142.3, 131.7 (q, J = 35.8 Hz), 123.4 (q, J = 272.7 Hz), 

122.7, 117.4, 59.6, 51.0, 46.3, 28.6, 27.4. 

IR (neat, ATR probe, cm
-1

): 3241, 2966, 2877, 1610, 1538, 1472, 1381, 1273, 1169, 1125, 

1107, 1005, 949, 908, 883, 847, 727, 699, 682. 

HRMS (EI): m/z calculated for C14H15N3F6S
¶+ (M¶

+
): 371.0885, found: 371.0885. 

HRMS (ESI): m/z calculated for C14H16N3F6S
+
 (M + H

+
): 372.09636, found: 372.09626; 

calculated for C14H14N3F6S
ī
 (M ï H

+
): 370.08181, found: 370.08222. 

 

Preparation of 

(S)-2-((3-(3,5-Bis(trifluoromethyl)phenyl)ureido)methyl)pyrrolidin-1-ium 

2,2,2-trifluoroacetate (A23H
+
) 

 

The crude product of A23-Boc was prepared following the reported procedure by Cao,
[37]

 

which was purified by column chromatography on silica gel (n-pentane/ethyl acetate 6:1 to 

3:2) to afford A23-Boc as a white solid. The obtained A23-Boc (1.70 g, 3.73 mmol) was 

dissolved in a mixture of 10 ml of trifluoroacetic acid and 40 ml of dichloromethane. The 

mixture was stirred for 2 h at ambient temperature. The crude product after removal of the 

solvent was recrystallized (ethyl acetate/ dichloromethane) to afford A23H
+
 (980mg, 2.09 

mmol, 56.2%) as a white solid (mp 183.0ï184.4 °C).  
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 1
H NMR (400 MHz, CD3OD) ŭ 8.07 (s, 2H), 7.50 (s, 1H), 3.73 (ddt, J = 

8.9, 7.5, 3.8 Hz, 1H), 3.62ï3.44 (m, 2H), 3.42ï3.22 (m, 2H), 2.24ï1.95 

(m, 3H), 1.80 (dq, J = 12.6, 8.4 Hz, 1H).  

13
C NMR (101 MHz, CD3OD) ŭ 163.1 (q, J = 34.6 Hz, CF3CO2

ī
), 158.5, 143.2, 133.1 (q, J 

= 33.1 Hz), 124.8 (q, J = 272.2 Hz), 119.4ï119.1 (m), 118.2 (q, J = 293.0 Hz, CF3CO2
ī
), 

115.8 (t, J = 4.0 Hz), 62.8, 46.6, 42.1, 28.3, 24.4. 

 

Preparation of 2-Tritylpyrrolidine (A24) 

Amine A24 was synthesized according to the procedure by Kano.
[23a]

  

1
H NMR (599 MHz, CDCl3) ŭ 7.36ï7.32 (m, 6H), 7.29ï7.23 (m, 6H), 7.21ï7.16 

(m, 3H), 4.73 (dd, J = 8.3, 6.7 Hz, 1H), 2.78ï2.65 (m, 2H), 2.05 (dtd, J = 12.8, 8.2, 

6.9 Hz, 1H), 1.63ï1.56 (m, 1H), 1.56 ï 1.49 (m, 1H), 1.46 (br, 1H), 1.09 (ddt, J = 15.8, 

11.7, 7.4 Hz, 1H).
 

13
C NMR (151 MHz, CDCl3) ŭ 146.4 (br), 130.3 (br), 127.7, 126.1, 64.1, 61.4, 46.8, 29.2, 

25.9. 

 

Preparation of (S)-2-(Diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine (A25) 

Amine A25 was synthesized following the procedure reported by Marigo.
[11a]

  

1
H NMR (400 MHz, CD3CN) ŭ 7.52ï7.46 (m, 2H), 7.38ï7.33 (m, 2H), 7.32ï7.15 

(m, 6H), 4.19ï4.07 (m, 1H), 2.89 (ddd, J = 9.7, 7.8, 6.4 Hz, 1H), 2.77 (ddd, J = 

9.8, 7.0, 4.9 Hz, 1H), 1.61ï1.45 (m, 2H), 1.44ï1.31 (m, 2H), ī0.08 (s, 9H). 

13
C NMR (101 MHz, CD3CN) ŭ 148.8, 147.6, 128.9, 128.5, 128.4, 127.8, 127.6, 127.4, 

83.7, 65.4, 47.5, 27.6, 25.3, 2.6. 

 

Preparation of (S)-Diphenyl(pyrrolidin-2-yl)methanol (A26) 

Amine A26 was synthesized according to the method of Kanth.
[39]

  

1
H NMR (400 MHz, CD3CN) ŭ 7.55ï7.50 (m, 2H), 7.44ï7.37 (m, 2H), 7.37ï7.24 

(m, 5H), 7.23ï7.16 (m, 1H), 4.60ï4.52 (m, 1H), 3.06ï2.94 (m, 1H), 2.86ï2.77 

(m, 1H), 2.23 (br, 1H), 1.75ï1.54 (m, 3H), 1.52ï1.43 (m, 1H).  

13
C NMR (101 MHz, CD3CN) ŭ 144.4, 144.1, 129.5, 129.1, 128.8, 128.2, 127.8, 127.3, 

76.2, 65.7, 48.1, 28.9, 27.4. 

1
H NMR (599 MHz, CDCl3) ŭ 7.59ï7.55 (m, 2H), 7.52ï7.48 (m, 2H), 7.32ï7.27 (m, 4H), 

7.20ï7.14 (m, 2H), 4.60 (br, 1H), 4.26 (t, J = 7.7 Hz, 1H), 3.04 (ddd, J = 9.2, 6.8, 4.8 Hz, 

1H), 2.95 (dt, J = 9.2, 7.6 Hz, 1H), 1.80ï1.53 (m, 5H). 
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13
C NMR (151 MHz, CDCl3) ŭ 148.3, 145.6, 128.4, 128.1, 126.6, 126.5, 126.0, 125.7, 

77.2, 64.6, 46.9, 26.4, 25.7. 

 

Preparation of (S)-2-(Azidodiphenylmethyl)pyrrolidine (A27) 

Amine A27 was prepared following the procedure by Shi.
[40]

  

1
H NMR (400 MHz, CDCl3) ŭ 7.53ï7.47 (m, 2H), 7.42ï7.27 (m, 7H), 7.27ï7.21 

(m, 1H), 4.35 (t, J = 7.1 Hz, 1H), 3.03ï2.93 (m, 2H), 2.11 (br, 1H), 1.79ï1.55 (m, 

4H).  

13
C NMR (101 MHz, CDCl3) ŭ 142.8, 142.3, 128.6, 128.3, 128.1, 127.6, 127.3, 127.1, 

75.3, 65.4, 47.3, 28.1, 26.2. 

HRMS (ESI): m/z calculated for C17H19N4
+
 (M + H

+
): 279.16042, found; 279.16032. 

 

Preparation of 2-(Triphenylsilyl)pyrrolidine (A28) 

 

2-(Triphenylsilyl)pyrrolidin-1-ium chloride (A28H) was synthesized by the modified 

procedure reported by Bauer.
[47]

 To a stirred solution of N-Boc-pyrrolidine (10.0 g, 58.4 

mmol) and freshly distilled TMEDA (10.6 ml, 70.2 mmol) in diethylether (100 ml) at ī78 ÁC 

was added s-BuLi (60.0 ml, 70.2 mmol; 1.17 M solution in cyclohexane). The reaction 

mixture was stirred for 6 h at ī78 ÁC and then dimethoxydiphenylsilane (17.1 g, 70.0 

mmol) was added at ī78 °C. The stirring solution was allowed to slowly warm to room 

temperature overnight. Then, phenyllithium (137 ml, 70.6 mmol; 0.515 M solution in 

dibutylether) was added at ī78 ÁC. The stirring reaction mixture was warmed to 0 °C over 

a period of 6 h. After water (80 ml) had been added, the organic layer was separated and 

the aqueous phase was extracted with diethyl ether (3 × 100 ml). The combined ether 

extracts were dried (Na2SO4) and all volatiles were removed under reduced pressure. The 

residue was purified by column chromatography on silica gel (n-pentane/diethyl ether 9:1) 

to provide A28-Boc (15.0 g, 34.9 mmol, 59.8%) as a white solid.   

To a stirred solution of A28-Boc (1.00 g, 2.33 mmol) and ethanol (500 ɛl, 8.56 mmol) in 

ethyl acetate (10.0 ml) at ambient temperature was added acetyl chloride (560 ɛl, 

7.84 mmol) dropwise. The reaction mixture was then stirred overnight. The precipitate 

was filtrated and washed with ethyl acetate to provide A28H
+
Cl
ī
 as a white solid, which 

was deprotonated with saturated potassium carbonate solution (20 ml) and extracted with 
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chloroform (3 × 30 ml). The organic phase was dried (MgSO4) and concentrated to afford 

A28 (528 mg, 1.35 mmol, 57.7%) as white solid. 

1
H NMR (599 MHz, CDCl3) ŭ 7.6 ï7.60 (m, 6H), 7.44ï7.40 (m, 3H), 7.39ï7.35 

(m, 6H), 3.11 (dd, J = 10.6, 7.6 Hz, 1H), 3.01 (ddd, J = 10.7, 7.6, 4.5 Hz, 1H), 

2.76 (dt, J = 10.7, 7.7 Hz, 1H), 2.08 (ddt, J = 12.5, 8.0, 4.1 Hz, 1H), 1.80ï1.65 (m, 2H), 

1.60ï1.52 (m, 1H), 1.42 (br, 1H). 

13
C NMR (151 MHz, CDCl3) ŭ 136.2, 134.1, 129.8, 128.1, 49.3, 46.8, 29.2, 26.9. 

 

Preparation of (S)-5-Benzyl-2,2,3-trimethylimidazolidin-4-one (A29) 

The crude product of A29 was prepared following the reported procedure by Ahrendt,
[5a,5b]

 

which was purified by column chromatography on silica gel (ethyl acetate) to afford A29 as 

a clear oil. 

1
H NMR (400 MHz, CD3CN) ŭ 7.33ï7.19 (m, 5H), 3.67 (ddd, J = 8.7, 3.9, 0.7 Hz, 

1H), 3.11 (dd, J = 14.1, 3.9 Hz, 1H), 2.71 (dd, J = 14.1, 8.7 Hz, 1H), 2.69 (d, J = 

0.6 Hz, 3H), 1.21 (s, 6H).  

13
C NMR (101 MHz, CD3CN) ŭ 174.0, 139.8, 130.3, 129.2, 127.2, 76.3, 60.3, 38.8, 27.5, 

25.3, 25.2. 

 

Preparation of (2S,5S)-5-Benzyl-2-(tert-butyl)-3-methylimidazolidin-4-one (A30) 

The crude product of A30 was synthesized according to the procedure by Paras,
[5d]

 which 

was purified by column chromatography on silica gel (ethyl acetate) to afford A30 as 

colorless solid. 

1
H NMR (400 MHz, CD3Cl) ŭ 7.33ï7.16 (m, 5H), 4.06ï4.01 (m, 1H), 3.73ï3.63 

(m, 1H), 3.14 (dd, J = 13.7, 4.0 Hz, 1H), 2.92 (dd, J = 13.8, 7.7 Hz, 1H), 2.90 (s, 

3H), 1.68 (br, 1H), 0.82 (s, 9H). 

13
C NMR (101 MHz, CD3Cl) ŭ 175.4, 138.1, 129.8, 128.7, 126.8, 82.6, 59.6, 38.4, 35.1, 

30.8, 25.5. 

 

Preparation of (2S,5S)-5-Benzyl-3-methyl-2-(5-methylfuran-2-yl)imidazolidin-4-one 

(A31) and (2R,5S)-5-Benzyl-3-methyl-2-(5-methylfuran-2-yl)imidazolidin-4-one (A32) 

The crude product of the mixture of A31 and A32 was prepared following the reported 

procedure by Northrup,
[5c]

 which was purified by column chromatography on silica gel 

(ethyl acetate/n-pentane 1:1 ï 2:1) to afford A31 as a clear oil and A32 as a colorless 

solid. 
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1
H NMR (400 MHz, CD3Cl) ŭ 7.33ï7.19 (m, 5H), 6.09 (d, J = 3.2 Hz, 1H), 

5.88 (dt, J = 3.2, 1.1 Hz, 1H), 5.18 (d, J = 1.4 Hz, 1H), 3.78 (dd, J = 7.7, 4.3 

Hz, 1H), 3.25 (dd, J = 14.3, 4.2 Hz, 1H), 3.08 (dd, J = 14.3, 7.6 Hz, 1H), 2.63 

(s, 3H), 2.20 (s, 3H), 2.08 (br, 1H). 

13
C NMR (101 MHz, CD3Cl) ŭ 174.0, 153.5, 148.7, 137.3, 129.6, 128.8, 126.9, 111.0, 

106.6, 71.1, 60.3, 37.6, 27.1, 13.7. 

1
H NMR (400 MHz, CD3Cl) ŭ 7.31ï7.17 (m, 5H), 6.16 (d, J = 3.1 Hz, 1H), 

5.88 ï 5.86 (m, 1H), 4.93 (d, J = 1.4 Hz, 1H), 4.02 (dd, J = 7.7, 4.0 Hz, 1H), 

3.13 (dd, J = 13.8, 4.0 Hz, 1H), 2.93 (dd, J = 13.8, 7.4 Hz, 1H), 2.63 (s, 3H), 2.30 (br, 1H), 

2.22 (d, J = 1.1 Hz, 3H). 

13
C NMR (101 MHz, CD3Cl) ŭ 173.9, 153.5, 149.3, 137.8, 129.8, 128.6, 126.8, 110.4, 

106.4, 71.1, 59.8, 38.4, 27.2, 13.7. 
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7.1.3 Preparation of Indicators 

 

Preparation of 2-(4-Nitrophenyl)malononitrile (C6H) 

C5H was synthesized following the literature procedure.
[61]

  

1
H NMR (400 MHz, Chloroform-d) ŭ 8.51ï8.20 (m, 2H), 7.78ï7.64 (m, 2H), 

5.26 (s, 1H).  

13
C NMR (101 MHz, Chloroform-d) ŭ 149.2, 132.8, 128.7, 125.3, 110.8, 28.0. 

 

Preparation of 2-(Perfluorophenyl)malononitrile (C5H) 

The Crude product of C5H was synthesized following the procedure by Hull,
[60]

 which was 

purified by recrystallization first from ethanol/water mixture and then from 

benzene/n-Pentane mixture. 

1
H NMR (400 MHz, Chloroform-d) ŭ 5.32 (s, 1H).  

13
C NMR (101 MHz, CDCl3) ŭ 144.9 (dtdd, J = 255.7, 8.5, 5.8, 4.5 Hz), 143.7 

(dtt, J = 261.9, 13.2, 5.2 Hz), 139.9ï136.9 (m), 108.8, 101.9 (td, J = 15.7, 4.6 Hz), 16.9ï

16.7 (m).  

19
F NMR (377 MHz, CDCl3) ŭ ī138.6ïī138.8 (m), ī146.3 (tt, J = 20.9, 3.9 Hz), ī157.2ï

ī157.4 (m). 

HRMS (EI): m/z calculated for C9H1N2F5
¶+ (M¶

+
): 232.0054, found: 232.0052.  

 

Preparation of Ethyl 2-(4-chloro-2,3,5,6-tetrafluorophenyl)-2-cyanoacetate (C4H) 

C4H was synthesized according to the procedure by Vlasov.
[59]

  

1
H NMR (599 MHz, CDCl3) ŭ 5.10 (s, 1H), 4.42ï4.32 (m, 2H), 1.36 (t, J = 7.2 

Hz, 3H).  

13
C NMR (151 MHz, CDCl3) ŭ 162.1, 144.9 (dd, J = 253.5, 14.6 Hz), 144.5 (dd, J = 252.7, 

15.5 Hz), 115.0 (t, J = 18.9 Hz), 112.5, 108.9 (t, J = 16.4 Hz), 64.7, 32.0, 14.0.  

19
F NMR (377 MHz, Chloroform-d) ŭ ī138.5ïī138.6 (m), ī139.5ïī139.7 (m). 

 

Preparation of Potassium 

1-(4-chloro-2,3,5,6-tetrafluorophenyl)-1-cyano-2-ethoxy-2-oxoethan-1-ide (C4K) 
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To a stirred saturated solution of tert-butoxide (124 mg, 1.11 mmol) in diethyl ether, C4H 

(259 mg, 0.876 mmol) was dropped inside at 0 °C under nitrogen atmosphere. The 

precipitate was filtrated under nitrogen atmosphere and dried under vacuum to give C4K 

(218 mg, 0.653 mmol, 74.5%) as a white solid. 

 

Preparation of Ethyl 2-cyano-2-(perfluorophenyl)acetate (C3H) 

C3H was synthesized following the procedure by Hull.
[60]

  

1
H NMR (400 MHz, CDCl3) ŭ 5.09 (s, 1H), 4.39 (qq, J = 7.2, 3.6 Hz, 2H), 1.38 

(t, J = 7.2 Hz, 3H). 

13
C NMR (101 MHz, CDCl3) ŭ 162.2, 147.2ï136.3 (m, 5C), 112.6, 105.86ï

105.31 (m, 1C), 64.7, 31.8, 14.0. 

19
F NMR (376 MHz, Chloroform-d) ŭ ī139.91ï ī140.05 (m), ī150.00 (tt, J = 20.8, 2.8 Hz), 

ī159.47ïī159.67 (m). 

 

Preparation of Potassium 1-cyano-2-ethoxy-2-oxo-1-(perfluorophenyl)ethan-1-ide 

(C3K) 

 

To a stirred saturated solution of tert-butoxide (124 mg, 1.11 mmol) in diethyl ether, C3H 

(248 mg, 0.888 mmol) was dropped inside at 0 °C under nitrogen atmosphere. The 

precipitate was filtrated under nitrogen atmosphere and dried under vacuum to give C3K 

(120 mg, 0.376 mmol, 42.3%) as a white solid. 
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7.1.4 Copies of NMR and IR spectra 

 

Potassium L-prolinate (A1) 
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2-Methylpyrrolidine (A3) 
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(R)-2-Isopropylpyrrolidine (A4) 
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2,2-Dimethylpyrrolidine (A5) 
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(S)-2-Benzhydrylpyrrolidine (A7) 
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(S)-Pyrrolidin-2-ylmethanamine (A8) 
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(S)-N,N-Dimethyl-1-(pyrrolidin-2-yl)methanamine (A9) 
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89 

 

(S)-2-((Dimethylamino)methyl)pyrrolidin-1-ium trifluoromethanesulfonate 

(A9H
+
OTf

ī
) 
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(S)-1-(pyrrolidin-2-ylmethyl)pyrrolidine (A10) 
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(S)-2-(Azidomethyl)pyrrolidine (A11) 
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(S)-Pyrrolidin-2-ylmethanol (A12) 

 

 



 

93 
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(S)-2-(Methoxymethyl)pyrrolidine (A13) 
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2-(Trifluoromethyl)pyrrolidine (A14) 
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Methyl L-prolinate (A15) 
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(S)-N,N-Dimethylpyrrolidine-2-carboxamide (A16) 
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(S)-N-propylpyrrolidine-2-carboxamide (A17) 
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(S)-2-((1,3-Dioxoisoindolin-2-yl)methyl)pyrrolidin-1-ium 2,2,2-trifluoroacetate 

(A18H
+
) 
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(S)-4-Phenyl-1-(pyrrolidin-2-ylmethyl)-1H-1,2,3-triazole (A19) 
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(S)-1-(Pyrrolidin-2-ylmethyl)-1H-imidazole (A20) 

  

 














































































































































































































































































































































































































































































































































