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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 Brgnsted 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, | have contributed to several related collaboration projects (Appendices 171 4),

where my contributions are shown in the Experimental Sections.

0.2 Brgnsted Basicities and nucleophilic reactivities of pyrrolidines

and imidazolidinones

Equilibrium constants (K) for the proton transfer reactions from the CH acids (indicator
acids with known pK, 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
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The Brgnsted basicities of most pyrrolidines vary within 4 orders of magnitude (pKan from
16 to 20). However, prolinate Al is a much stronger Brgnsted base and the imidazolium
and trifluoromethyl substituted pyrrolidines A14 and A21 are much weaker bases. The
imdazolidinones A29¢A32 are weaker Brgnsted bases than substituted pyrrolidines

(Figure 0-1).
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Figure 0-1. pK,y values of pyrrolidines and imidazolidinonesn acetonitrile (20 °C)
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Benzhydrylium ions (Ar,CH") 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
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The linear-free-energy relationship Igk, (20 °C) = sy(N + E), where sy 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 Igk, and E correspond to the
nucleophile-specific parameter sy and the intercepts on the abscissa (Igk, = 0) represent
the nucleophilicity parameters N of the secondary amines. Figure 0-2 shows the linear

correlation between Igk, and corresponding E parameters of the reference electrophiles.
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Figure 0-2. Plot of Igk, 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 sy
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 (1
sy) 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 sy values around 1, in between ordinary pyrrolidines (0.53 < sy < 0.82) and
pyrrolidines with bulky substituents (0.98 < sy < 1.39).
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Figure 0-3. Plot of Igk, 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
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Figure 0-5. Plot of the rate constants for the reactions of secondary amines with benzhydrylium ion
E11 versus their Brgnsted 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 Igk,(20 °C) = sy(N + E)

The correlation line drawn in Figure 0-5 shows a fair correlation (R* = 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 Brgnsted basicities pKaq. From the Brgnsted 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 2i 3 orders of
magnitude more slowly than ordinary pyrrolidines of comparable basicity. Obviously the
steric retardation is much smaller for the Hayashi-Jgrgensen 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 A29i A32 (represented



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.

O Me
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] o, Me© Phj \ -
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X PFs

0.4 Appendix 2

Though the trityl group had previously been reported to be an electronically neutral
Substituent with a Hammett s ubgsoupbehawsasanconst ar
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 Jgrgensen-Hayashi
pyrrolidine-derived analogues indicates that the CPh3 group and the CPh,OSiMe3 group

exert similar electronic effects on the enamine and iminium intermediates of

organocatalytic reactions.
Reaction X H CPh CPh(OSiMe)

Ph/\/NQ £ OACHS ke 1.0 1/26 1/28
X

OTMS
Ph\/\&g/? + @; 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-(CH30),C¢Hs, N-2,4,6-(CHz)3CsHo,
N-4-(CH30)Ce¢H4, 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-(CH30),C¢Hs 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.

Herein:
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(*All nucleophiilcities determined in THF)

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 sy 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 (1 12 < E < 1D) for the cinnamoylimidazolium ions 4

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

8



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) Ui functionalization
of ketones or aldehydes through the formation of enamines (enamine activation) or
radical cations (SOMOI activation); (b) bi functionalization of enals via the formation of
U ,i bnsaturated iminium ions o r i functionalization of enals through the formation of
dienamines; (c) U ,i fanctionalization of 2,4i dienals via the formation of trienamines,
which undergo Dielsi Alder reactions with highly polarized electron-deficient olefinic

species, such as 3i alkenyl oxindoles, azlactones, and so on.!"

Enamines have been introduced as reagents in organic synthesis by Stork in the 1950s.™
As shown in Scheme 1  -alkyatioasyof cycéicrketones sred dMichaed
additions to acceptor substituted olefins.

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

Ha0"
@ + Mel —> —> (1954)

o) N 0
R EWG H HO R EwG (1956
+ 7 B ———
n n

EWG = CN; COR; COOR R =H; Me; CH,CH,CN n=1,2
The L-proline-catalyzed intramolecular aldol-condensation shown in Scheme 2 reported
in 1971 known as Hajosi Parrishi Ederi Saueri Wiechert reaction'® represents the first

asymmetric secondary amine catalyzed reaction.
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Scheme 2. The first asymmetric synthesis using secondary amine as organocatalyst
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Yamaguchi reported that the lithium prolinate-catalyzed addition of dimethyl malonate to
hex-2-enal in methanol led to a racemic adduct, *¥ whereas 59% ee was observed when
rubidium prolinate was used as a catalyst in chloroform."”

Scheme 3. The first iminium-activated conjugate addition in 1991 by Yamaguchi
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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 Jargensen and Hayashi published the first diarysilylprolinol-
catalyzed reactions, illustrated in Scheme 5.

Scheme 5. First application of diarysilylprolinols as organocatalysts
cat =

] Ar

(0]
| N\ 10% cat |
[11a] Jergensen * I§N'N S\_ — SPh N Ar
Ph H  oTms

1 0, 0,
yield 90%, 98% ee Ar = 3,5-CF3-C6H3

? soat QO Oj@
[11b] Hayashi H o N2 —— KH\/NOZ N OTT\’/:'S
yield 85%, 99% ee

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] ; f o r-adrijugabe,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

23 and

synthesized and applied as organocatalysts. As examples, the use of trity
triphenylsilyl®-substituted pyrrolidines as catalysts is shown in Scheme 6.

Scheme 6. Trityl and triphenylsilyl substituted pyrrolidines as catalysts
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R R
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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.

Pyrrolidines with unpolar and polar substituents in 2-position
(<2 (P (e (D (8 (o {0
v
N Yo N N Me By '( N N N
H f0) H H H H H H Ph

A1 A2 A3 A4 A5 A6 A7

N N N N N N
H H H H H H

A8 A9 A10 A11 A12 A13
o)
N~ CFs N N N N o
H H  OMe H © H  NHPr H
A14 A15 A16 A17 A18
Ph

H H T10°
A19 A20 A21
b CF; H H CF3
" Sw.
N
H s ©
CFs CFs
A22 A23

Pyrrolidines with bulky substituents in 2-position

- O Don O
N~ CPhs ™y Ph N Ph N ph N7 SiPhs
H H  OsiMe, H  OH Ho Ng H
25 A26 A27

A24 A A28

Imidazolidinones

o, o, s SNINZ SN
N . N K%N r%g
Z e
N)\ N)\é N p ” /
Ph H Ph H Ph H (0] Ph (0]
A29 A30 A31 A32

Figure 1. Amines investigated in this research
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Chapter 2: Synthesis of the secondary Amines A1¢A32

2.1 Synthesis of Pyrrolidines from L-Proline

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

with SOCI,/MeOH according to literature procedures

0\ © soci, [@_)\(o o K2C03(a0)
N Yo — "N

H, O MeOH , OMe

gave methyl prolinate A15.

L-Proline A15H* A15

Reduction of proline with LAH gave prolinol A12PY, which was Boc protected and
methylated with NaH/Mel to give prolinol methyl ether A13.5?

[;)\(O LAH Boc,0 Mel, NaH TFA OH"

N 5 —_— N — > N —> N N
|

H g H OH Boc ©OH !

Boc OMe H OMe

A1H A12 A12-Boc A13-Boc A13

The condensation of N-Boc-protected Al2 with phthalimide according to Mitsunobu

reaction afforded N-Boc A18, which was deprotected to give protonated A18.5?

BEIRCY:

|
Boc ©OH DIAD/PPh3 |

A12-Boc A18-Boc A18H*

N
Hz
CFsc00®
A18H* u
Y \

Ofg OO

2

CFyc00®

1eq 2eq
A18H*

T T T T T T T T T T T T T T T
8 7 6 5 4 3 2 1
3 (ppm)
Figure 2. The comparison of "H NMR spectra of A18H" and the quantitative deprotonation of A18H"

with DBU in CD;CN
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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 Al2 gave 1-Boc-2-(S)-pyrrolidinylmethyl
p-toluenesulfonate®, which reacts with pyrrolidine to give A10-Boc™, with azide anion
to give A11-Boc®®, and with imidazolide anion to give A20-Boc®®®. Deprotection of the
Boc group afforded A10, Al11, and A20, respectively.

4 Q O\/NO TFA OH" O\/NO

H N
—_— ! —_— ——
Boc H
A10-Boc A10
NaNj3 TFA OH"

—_— —_—— ——
N N
TsCl Y
— > >\ < Boc '3 H  Ns

N .
| pyridine |
oc OH B OTs

B oc A11-Boc A1
A12-Boc
-
N(\ NO O TFA - ~N
V5 e ()
— —_— —>
N N
\_ Boc H
A20-Boc A20

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

acetylene led to the formation of A19-Boc!?®, which was deprotected to yield A19.

Ph Ph

%N 1) TFA %N

= (D 2or (O
l}l —_— N —> N
Boc N3 cul Boc H
A11-Boc A19-Boc A19

n-Butylation of A20-Boc gave A21-Boc®®. The deprotection of the Boc group and counter

ion exchange with silver triflate gave A21-OTf.

© N “&N-—n-B + FeN—n-Bu
QA e O S 58 o (DY

l}l I}l OoTf
Boc Boc Br H
A20-Boc A21-Boc* Br 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 Brgnsted base in water than sodium bicarbonate.

A21H N

o ©
H2 Cl Br

J J ™ )W

=
(@}N~n-Bu
/
A21H* @\/N\/ + Na,COj
Hz o B
in D20 J ‘ "
LM_.A Mol

@N~n-Bu
A21 Q\/N\//

Q
H Br
| M in CD4CN ‘ " Jh |
—r—

T T T T T T T T T T T T T T T
9 8 7 6 5 4 3 2
3 (ppm)
Figure 3. Comparison of "H NMR spectra of A21H" in D,O, the quantitative deprotonation of A21H"
with sodium carbonate in D,O, and A21 in CD;CN

HoH CFs
N
—— > N Y — A23H*
|
Boc CF3
A23-Boc
FsC NCS
o H : CF3 1) TFA
NH,NH S 2) NHs(aq)
S 2R O\ SN Y X Z S Az
l}l o) N ) S
Boc Boc NH2 Boc CF,
A22-
A18-Boc A8-Boc Boc
1) TFA
2) OH-
—_—
N
H NH2
A8

N-Boc protected A18 reacted with hydrazine to give A8-Boc!*, which was combined with
1-isocyanato-3,5-bis(trifluoromethyl) benzene and 1-isothiocyanato-3,5-bis
(trifluoromethyl) benzene®" 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.®"*®

Protection of Al with ethyl chloroformate in methanol gave N-ethoxycarbonyl-protected
A15, which was treated with PhMgBr and then deprotected with KOH to give A2657.

O
@\(0 Cl)J\OEt O\(O PhMgBr KOH Ph
” —_— N —_— Ph —> N Ph
2 O MeOH OMe H OH
EtO/g
A1H* A15-CO,Et A26- COQEt A26

Amine A26 reacted with TMSOTf/triethylamine to give A25™@ with sodium azide in the

presence of trifluoroacetic acid to afford A27*, and with triphosgene and subsequent

hydrogenation to yield A7,

 TMSOTf Ph
NEt,
o> N Ph  A25
H OTMS
Oxph NaNj; Ph
N Ph TFA N Ph
H OH < —_— H N3 A27
A26
CO(OCCls), Ph H, Ph
NaOH N Ph o N
~ )0 P#c  H Ph
0 A7

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 A1712. Catalytic
hydrogenation of A16-Cbz and A17-Cbz gave A16 and Al7, respectively.

®)\_ 0 P o p“'t|r3°£ge”°' O\( NHMe, O H, OYO
N —_— . —> "N
H, o° Cbz bz

NMe2 Pd/C H NMe2

A1H A16-Cbz A16

o) o) o)
n-PrNH, Hy
y Py —
Cbz 0\@\ Cbz NHP-Pr pgc 4 NHn-Pr
NO,

A17-Cbz A17

Reduction of A16 with lithium aluminium hydride gave A9, which was protonated with

O\(O LAH HOTf [ @
N N > N

H NMe, H NMe, H, NMe,
A16 A9 A9H

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!*?.

[NH;OHICI
NN net, [ N PacH, [\
Br |
OH H
A3-OH A3

Pyrrolidine A4 was synthesized from L-valine in six steps. Reduction of L-valine gave
L-valinol*¥!, 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 %,

CH(CO,Et), COOEt
COOH CH,(COOEt
s N o N, v, LT

NH, NH, pyridine NHTs t-BuOK NHTs l}l
Ts
(0] i
0,
HBr(aq, 48%) pyridine LAH ( \
> OH N > N
NH c]
® ° Br H H
A4

N-Boc-protected pyrrolidine!* 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*™.

TMEDA AGCl
[ ) Boc,O [ ) BuLi  SiPhy(OMe);  PphLi (_)\ (;)\. K2C03(aq) O\
N T N > N~ SiPhg EtOH N~ SiPhg 227770 N7 TSiPhy
H

€]
Hz cl H

)
Boc éoc
A28-Boc A28H"* A28

Pyrrolidine A5 was synthesized in two different ways. Route 1: The Michael adduct from
nittomethane and methyl vinyl ketone® was reduced with zinc dust and aqueous

*1 The resulting cyclic nitrone was methylated with

ammonium chloride solution!
methylmagnesium bromide and reduced by catalytic hydrogenation to give A5P.
Route 2: The Michael adduct from 2-nitropropane and methyl acrylate® was reduced
with nickel(ll) chloride-sodium borohydride in methanol® to yield 5,5-dimethylpyrrolidin-

2-one, which was reduced by lithium aluminium hydride to give A5 2.
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Route 1 (e} [S7] [S8] [S9]

H2
\)]\ 0] Zn O\ CH3MgBr  H,0 (3; Pd/C o
MeNO, —— > O,N —_ = ﬁ/ — — N ~ — > (_)\
Na NH,CI (aq) ! THF | AcOH N
MeOH reflux 4 Oe OH H
5-nitropentan-2-one A5-OH A5
Route 2
0 NiCl,/NaBH, A LiAIH,
02N O,Me —> 0 N —_— .
MeOH THF reflux N
H H
A5

Hydroxylamine was combined with 1,4-dibromobutane to give N-hydroxypyrrolidine,
which was oxidized by mercury(ll) oxide to form a nitrone®. Its reaction with trityl anion
afforded A24-OH, which was reduced by hydrogen to form A242%3,

CHPh; on Ha o
{_ } HgO Z@> BulLi O\(\ NaOH(aq) O\(\
N ) > N by PUC_ LNy oh
OH

4
N |
Ioc o Ph H Ph

A24-OH A24

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-
55]

dihydro-2H-pyrrol, which was hydrogenated to yield A14%%,

HO OH
H
{ ). CFscOOE! s melea) [N pac, [ )
O ——> —_— Z~CF, —> CF
N N 3 N 3
NaH o)
A N H

/ A14

2.3 Synthesis of the Imidazolidinones A29¢A32

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

Q Q MeNH N
OH SOCl, @OMe 2 NH
MeOH

NH, NH; NH,

procedures.

Esterification of phenylalanine with SOCI,/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 A29¢A32.

Under activation of Brgnsted acid or Lewis acid, L-phenylalanine methylamide reacted
with acetone to give A29%%%"1 with pivalaldehyde to give A30PY and with 5-methyl-2-

5c]

fural to give a mixture of A31 and A32F9 which were separated by column

chromatography.
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0 0
(A QG
BN
PTSA H A29

@\}/ % Q\))\é Qj}é

NH <
FeCI3 H a30

w@w Q’bq

-

2.4 1°C Spectra of Secondary Amines

As shown in Table 1, the carbon chemical shifts of C4 and C5 of the pyrrolidines Ali A28

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

compound A2 [ U ( C4) = 25.0 and Uu(Ch) = -dhi@ofChis The s
observed for the 2,2-dimethyl substituted pyrrolidine A5 [ G ( C4) =her@a8 thé® | w
strongest downfield-shift of C5 is observed for 2i triphenylsilyl pyrrolidine A28 [ a ( C5) =
49. 3] . Anal ogously a(C4) and A29qAB253re atmbst t h e [

unaffected by variation of the substituents at C2.
Table 1. *C NMR chemical shifts of pyrrolidine ring and imidazolidinone ring in CDCl,

= R E%N/R
stl;z Bn"g N)zgl‘\jz
H H
ua / pp c2 C3 c4 C5
Al 62.8 31.3 26.2 47.1
A2 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
A7T” 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
A1l 57.9 29.2 25.7 46.8
A12 59.3 27.8 26.3 46.6

21



Al3
Al4

A15”

Al6
Al7
Al19
A20

A21”

A22
A24

A25”

A26
A27
A28

A29”

A30
A3l
A32

57.8
58.8
60.5
58.3
60.7
58.1
59.0
60.0
59.6
64.1
65.4
64.6
65.4
46.8
76.3
82.6
711
711

25.4
25.7
26.4
26.6
26.2
25.6
25.3
25.0
27.4
25.9
25.3
25.7
26.2
26.9
174.0
175.4
174.0
173.9

46.6
47.3
47.7
47.9
47.3
46.7
46.6
48.1
46.3
46.8
47.5
46.9
47.3
49.3
60.3
59.6
60.3
59.8

* measurement in DMSO-d6; **: measurement in CD3;CN
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Chapter 3: Brgnsted 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 pK, values of their conjugate
ammonium ions (also defined as pK4+ values of secondary amines) were determined in
acetonitrile. For that purpose, the CH acids C1Hi C6H were used as indicators, since
their pK, 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 *”\. The pK,values of

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

amines.
COOMe CN R F
COOEt
(3 3 j
OO -0 o
F F
C1H 23.53 C2H 21.36 C3H 17.75
F F F F
COOEt CN CN
cl F OZN@—<
CN CN CN
F F F F
C4H 17.39 C5H 13.01 C6H 11.61

Figure 4. pK, values of indicator acids in acetonitrile!®®
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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') have UV-Vis absorptions in the range of
300i 600 nm, while the amines A, the ammonium ions AH" and the indicators CH are

transparent in this region.

(Titration Method) A+ CH$ AH" + C':

Solutions containing the indicator acids CH were titrated with stock solutions of amine A,
while the spectra in the range of 30071 600 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[5.4.0Jundec-7-ene (DBU)
after titration. The absorption (A) of the solutions at a specific wavelength during the
titration and after quantitative deprotonation (As) was recorded.

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

(1).

L A A 0
A A
Since
[AH'] = [C'] = [CH]/@VA,
[A1=[AloT CH]o@VA
[CH] = [CH]oT CH]o@VA
Then the equilibrium constant K can be expressed by equation (2).
. #
T A K # ¢

According to equation (1), the individual equilibrium constants Ig K were then determined
from the slopes of a linear plot of [A][CH] vs [C']%. The basicity of amine A (pKay) is then
given by equation (3):

B A BN TG o

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')
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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 C3Hi C6H were synthesized by nucleophilic aromatic substitutions of electron
deficient fluorobenzenes with secondary carbanions following literature procedures
(Figure 5).

F NCvCOOEt E F
F. F NaH H,0 CN
> » Cl [59]
o . DMF COOEt
E F F
C3H 20%
F NC._ COOEt EF
F F NaH H,0 - CN
. . DMF cooet 601
H F F
C4H 32%
F NC._CN R F
F F NaH H,0 . CN
F F DMF CN [60]
; F F
NC._CN C5H 39%
> > 2 61
O,N DMF CN el
C6H 50%

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 pK, 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. In order to avoid almost quantitative deprotonation of the
indicator acid CH, the basicity of the amine should at maximum be one pK, unit higher
than that of the indicator. On the other side, pKas4 (A) should not be too low to achieve
sufficient deprotonation of the catalyst, which led to the range (pKan (C) ¢3 < pKan (A) <
pKan (C) + 1) for the equilibrium measurements.

As shown in Table 2, the indicator acids covered an acidity range from 11.6 < pK, < 23.5,
which allowed us to compare amines of widely differing basicity. In several cases (A7,
All, A15i A20, A22i A29) basicities were determined with two different indicators, and
the agreement was typically within 0.03 pKj, 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 K Individualpksy  AveragedpKan
Al C1H 3.07 24.02 24.02
A2 C2H 3.35x 10'? 19.89 19.89
A3 C2H 1.62 x 10'? 19.57 19.57
A4 C2H 8.92 x 10'° 19.31 19.31
A5 C2H 1.30 x 10'? 19.47 19.47
A6 C2H 2.04 x 10"° 18.67 18.67
A7 C2H 5.59 x 10'* 18.11 18.13

C3H 2.47 18.14
A8 C2H 3.19x 10'? 19.86 19.86
A9 C2H 2.82x10'° 19.81 19.81
A9H" C6H 3.46 x 10'* 8.15 8.15
A10 C2H 4.81x10'? 20.04 20.04
A1l C3H 7.65x 10" 17.63 17.66
C4H 1.93 17.68
A12 C2H 4.28 x 10'° 18.99 18.99
A13 C2H 3.28x10'° 18.88 18.88
Al4 C5H 4.21x10'" 12.63 12.63
A15 C3H 7.56 x 10'° 16.63 16.63
C4H 1.72 x 10'* 16.63
A16 C2H 1.14 x 10'° 18.42 18.38
C3H 6.11 18.34
A17 C3H 2.72 x10'" 17.18 17.18
C4H 6.19 x 10'* 17.18
A18 c3' 2.28" 18.11 18.12
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c4' 5.53° 18.13

A19 C3H 1.72 x 10" 16.99 16.94
C4H 3.13x 10'* 16.89

A20 C3H 9.78 x 10'° 16.74 16.74
C4H 2.26 x 10'* 16.75

A21 C6H 3.38 x 10'* 11.14 11.14

A22 C3H 3.97 x 10'* 17.35 17.31
C4H 7.64 x 10'" 17.27

A22' i f 7.04 25.16 25.16

A23 c3' 2.14 x 10*° 19.08 19.13
c4' 6.12 x 10*° 19.18

A24 C3H 1.12 x 10" 16.80 16.79
C4H 2.47 x 10'* 16.78

A25 C3H 7.21 x 10'" 17.61 17.61
C4H 1.68 17.62

A26 C3H 4.36 x 10'* 17.39 17.39
C4H 9.82 x 10'* 17.38

A27 C3H 1.14 x 10'? 15.81 15.79
C4H 2.46 x 10'° 15.78

A28 C3H 1.17 17.82 17.81
C4H 2.57 17.80

A29 C5H 6.72 x 10'* 11.84 11.83
C6H 1.64 11.83

A30 C6H 1.06 x 10'* 10.63 10.63

A31 C6H 8.61 x 10'? 10.54 10.54

A32 C6H 1.22 x 10'* 10.70 10.70

2 K as defined in equatioB; ® Obtained by titratingAH™ into solutions of deprotonated indicatdgs. © By
following the absorbance @f22' in the titration with DBU (an = 24.3152.

The basicity constants in Figure 6 show that the basicity scale in acetonitrile covers the
range from 107 24, where most pyrrolidines are in the range 16 < pKsy < 20 and the
imidazolidinones are in the range 10 < pKay < 12. Thus, steric and electronic effects of
the 2-substituents generally reduce the basicity of the parent compound A2 by less than
4 pK, units. If one disregards the slightly higher basicity of the diamine A10,
2-trifluoromethylpyrrolidine Al14 is the only neutral pyrrolidine outside this range with a
basicity constant which is 7 pK, 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 Al 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 pKay units.

27



Al O\(O —
24.02 N
N Yo

2004 N . As [\ NH,

A9 O\/NMeZ
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Figure 6. pK,y 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)°*!
can be used to describe the rate constants for the reactions of carbocations and Michael

accept or-,%- amd n-noucleophiles .
1Qecm@# i 6 © (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 sy 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
Ali A32 (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.

t-Bu l = l t-Bu l = l t-Bu l = l F
(6] OMe (0) (6]

t-Bu t-Bu t-Bu
E1 (E=-16.11) E2 (E =-15.83) E3 (£ =-15.03)
IO POAS
o) NO, o) R R =NMe,, E5 (E=-13.39)
t-Bu Ph OMe, E6 (E = -12.18)
E4 (E =-14.36) H, E7 (E = -11.87)
®
L
E8 (E =-10.04) 9 (E = -9.45) E10 (E = -8.76)
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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 Ali A32 with the quinone methides E3i E7

and benzhydrylium ions E8i E19 were determined photometrically in acetonitrile at 20 °C.

The disappearance of the c o)hO64&nn)veas monitoredo phi | e s
by time-resolved UV-Vis spectroscopy.

The kinetic investigations of all reactions were performed with a high excess of the
amines over the electrophiles ( O 1 0 e g)udsultiagl irepseudo-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 ks (') were derived by a least
squares fitting of the function A; = A¢e X pkfwst) + C to the observed time-dependent
absorbances. According to the relation keps = kz[Nu], the first-order rate constants Kgps
were linearly dependent on the nucleophile concentrations [A], and the slopes
correspond to the second-order rate constants k, (M'* s'Y), as illustrated for the reaction

of amine A13 with E9 in figure 8.

fast

N
(o O L
ZOC O O A13H N O O N
in CH;CN

o
[ee]
N
o
1

06 Kops = 1.10 x 105 [A13] + 0.4
— 15 | =
£ Kops = 10.2 81 5x R#=0.9996
L 0.4
S
< 0.2

0 1 1 )

0 01 02 03 04 05 06 0 0.00005 0.0001 0.00015

t/s [A13]/ M

Figure 8. left: Determination of the pseudo-first-order rate constant for the reaction of A13 (4.49 x 10”

mol@'") with E9 (4.28 x 10°® mol@'Y); right: determination of the second order rate constant for reaction
of A13 with E9

The second order rate constants for the reactions of A1, A3i A13, A15i A23 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.
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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

H
R.IR K R. .R
R -R' A _Ar K No 2 - N
N + N == )\ solvent - H + )\
H ® K4 Ar Ar k2 Ar Ar
A E F G
k K
R. _R! \3 /R\ _R!
N N
H A HA
R\N,R R\®,R1
)\ + N
A Ar H>
G AHY

The reaction of A with E initially generates ammonium ion F, which may either directly
transfer a proton to amine A (ks) used in large excess, or undergo proton transfer to the
solvent (k;). 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 (ks A]) will be faster than the
reverse reaction (ki 2[F]). There are three different cases which have to be considered:

Case 1: If ki1 < kyor ks[A], the NC-bond formation (k) 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 k; and ks
are second-order rate constants, whereas k; 1 and k, are first-order rate constants.

T,

ko > ka[A] > k4 ka[A] > ko > k4
Case 2: If ki1 > ko > ks[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 k;1 > k3[A] > k», 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

G G
Case 2: k.1 > kx> k3[A] Case 3: k.4 > k3[A]l > ky
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 FY G
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 E1i E7
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2
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o
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0 K4 (o) OH
R? R2 R2
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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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Q- OO ) =
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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)

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 k, becomes greater than k; 1, and Kqps 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 kons 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-CF; substituted pyrrolidine Al4.

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

O\ﬁ _20°c
N Ph +
H N/

in MeCN

indicated.

A27

Kops / S" *
I
L]

N
T

O L L J
0 0.0004 0.0008 0.0012
[A27] / mold *
Figure 10. Plot of observed pseudo first order rate constants and the concentration of nucleophile for
the reaction between A27 and E13 (2.35 x 10'° M)

Deviations from the linear kqps 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.

- / O F —— N / O —
Z 5+ —_—
in MeCN N o NO, in MeCN

t-Bu t-Bu

A2 E3 A2 E4

0.04 0.06
-« 0.03 } “
5 o0 0.04
~ 002 | ~
s 50.02 }
~0.01 } =

o 1 1 ] 0 1 ]
0 0.0002 0.0004 0.0006 0 0.0004 0.0008
[A2] / mol@' * [A2] / mol@' *

Figure 11. Plot of pseudo first-order rate constants kqps 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.

® S
|
t8u” N7 tBu N
D1 D2

@ 20 °C
Oxph in MeCN O O %Pphh
+ — +
N Ph >N N~ SN N~ Ho Ny
N3 l | | |
A27 E13 G A27H
Ph
[ N >—+Ph
N3
® °
20 °C A
(D o T L e (T . e
N Ph N N~ N N~ N
Ho N | | D2 I | H
A27 E13 G D2H
[D2]/[E13]
11 equiv
21 equiv
g 54 equiv
c
o)
g 334 equiv
<
669 equiv
1291 equiv
O L L L L ]
0 3 6 9 12 15

t/s

Figure 12. Reaction of A27 (7.67x 10'® mol/L) with E13 (7.06 x 10'® 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).

X 20 °C X 20 °C
A27 +E13 + || E—— A27 +E13 + | —_—
NT in MeCN Z in MeCN

t-Bu N t-Bu

5.08 mmol/L 5.13 mmol/L
4 ¢ 4 y
= 3 1
| Kops =4.337 10°[A27] T 0. 00 Kops = 4.37 1 10° [A27] T 0.3

- 3 R2 = 0.9998 -« 3 F R2=0.9993
) )
\m2 - \mz -
=1t =1}

0 1 ] 0 1 ]

0 0.0003 0.0006 0 0.0004 0.0008
[A27] / mol@' * [A27] / mol@' 1

Figure 13. Comparison of the reaction between A27 and E13 (left: 5.10 x 10'® M; right: 5.29 x 10"° 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 Al4, which is a weaker Lewis and Brgnsted base due to the
electron-withdrawing CF3; group in 2-position.The kinetics of the reactions between Al4
and E13 are shown in Figure 14.

®
O [ mo <
e JTC, B
H MeN NMe, RZNZNR T Tnveon O O N
Me,N NMe, H
A14 E13 H*
(a) N (b) © N
© P
t-Bu N t-Bu N
15 D1 D2
- 4.92mM - 2. 25 mM . 4.45 mM
» 1 G )
F05 »05 F05
0 0.0008 0.0016 0.0024 0.0004 0.0008 0.0012 0.0003 0.0006 0.0009
[A14] /M [A14] /M [A14] /M

Figure 14. Kinetics of the reactions between A14 and E13 (4.85 x 10'° mol/L) with different base
additives
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The reaction of the CFs-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 x 10"® mol/L for the reaction with E15 and 1.23 x 10" *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 ks for the reaction of the better stabilized benzhydrylium ion E13
with excess Al4 does not linearly increase with the concentration of Al4, even in the
presence of 4.92 x 10'® M of D1. A concentration of 2.25 x 10'> M of D2 was also not
sufficient to achieve a linear correlation between kq,s with [A14] for the reaction of Al14
with E13 (Fig. 14b). A linear correlation of kq,s with [A14] was eventually observed in the
presence of 4.45 x 10'* M of D2 (Fig. 14c). With a pKa value of 15.00%?, collidine (D2) is
a stronger base than Al4 (pKsy = 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 x 10'® M. Since pyridine D1 is less basic (pKay = 12.8%
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.
D1
<_>\(:F3 4.92x10°3M O\Cpa

& “O o = O oW s C fl
+
©
CFs* M t-Bu i t-Bu
eN NMe, MeoN NMe, Me,N NMe,

A27 D1H*

D2

@ CF; 4.45x103M O\CFS

O\ fast X
O ® U0, v
MeoN NMe, MeoN NMe, 2 N

MeoN

A27 G D2H*

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
A29i A32

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 A29i A32 have
a sterically hindered reaction center by the substituents neighboring the NH group and
are less basic than Al4 (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.

SNNA SNENA
N o 20°C N o 20°C
Ph A +E18 —— Ph A +E17 ———
N N
H H

in MeCN in MeCN
A29 A29

—
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~
—
O
~

7

[EEY

A (592 nm)
o
(63

A (586 nm)
o
(&)

O L ] 0 L 1
0 200 400 0 200 400
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Figure 16. (a) Nonreproducible kinetics of the reactions of A29 (1.78 x 10'4 M) with E18 (1.36 x 10'°
M) (b) kinetics of the reaction of A29 (1.67 x 10'* M) with E17 (1.54 x 10'° M)

In the presence of 9.87 x 10'* M of D1, the reproducibility of the kinetics of the reaction of
A29 with E18 improved and a linear correlation between kq,s and [A29] was observed
(see 7.2.2). However, in the presence of a similar concentration of D1 (9.66 x 10™* M) Kops
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 x 10'* M of D2
also was not sufficient to achieve a linear correlation between kqps 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 x 10" M) was

present (Fig. 17c).
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Figure 17. Kinetics of the reactions between A29 and E17 (1.01i 1.33 x 10'° M) in the presence of the
weakly nucleophilic pyridines D1 and D2

40



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 (Igk,) for the attack of the amines a
at the electrophiles E71 E13 correlate linearly with the corresponding E parameters as
required by eq. (3), whereby the slopes correspond to the nucleophile-specific parameter
sy and the intercepts on the abscissa (Igk, = 0) represent the nucleophilicity parameters

N of the secondary amines A.

7 r

CF3

CF;

E7 E8 E9 E10 E11 E12 E13

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

Figure 18. Plot of Igk, 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 sy
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
(I 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 A291 A32 are less nucleophilic than the
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investigated pyrrolidines and have sy values around 1, in between ordinary pyrrolidines

and pyrrolidines with bulky substituents.

Ph
Ph

P A Mg
N N N SIPh3 N

_. H A;0TMS

H Az

H

H A; Ph

E18

E17

(E13

-10

-11

E

Figure 19. Plot of Igk, 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

SN

N
19.95

Aditives

(MI lsl l)
no reaction
2.53 x 10°

ka

Electrophiles

Amines

0.68

E2

E3

4.77 x 10°

E4

4.09 x 10*

ES

1.39 x 10°

E6

2.31 x 10°

E7

6.41 x 10°

E8
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) El 3.25x 102 18.58 0.61
N E2 4.82 x 10*?
Az E3 not linear
E4 not linear
E5 2.12 x 10°
E6 6.31 x 10°
E7 1.09 x 10*
ES 1.18 x 10°*
E9 3.50 x 10°?
E10 1.06 x 10°
E11 2.78 x 10°

W E8 5.53 x 10" 16.78 0.71
H E9 1.67 x 10°
A E10 4.22 x 10°
E11 1.15 x 10°

)., ¢ E8 3.42 x 10° 16.44 0.71
H E9 9.94 x 10°*
A E10 2.55 x 10°
E11 7.18 x 10°

O\ E9 2.72x 10° 13.96 0.76
N E10 7.89 x 10°
" E11 2.46 x 10°
E12 7.18 x 10*
E13 1.78 x 10°
E14 1.33 x 10°

E8 7.21 x 10° 17.43 0.66
EG bn E9 2.29 x 10°
E10 4.51 x 10°
E11l 1.33 x 10°

Ph E8 2.67 x 10° 16.61 0.67
N by E9 6.08 x 10°*
AT E10 1.57 x 10°
E1l 4.30 x 10°
E12 9.80 x 10°

o E7 3.92 x 10° 17.24 0.67
N ES 6.03 x 10°
As E9 1.70 x 10°
E10 4.14 x 10°
E11l 1.12 x 10°

N nwe, E8 9.25 x 10" 17.41  0.68
N E9 3.32 x 10°
A E10 6.58 x 10°
E11l 1.86 x 10°
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.Q E7 1.31 x 10" 18.33 0.64
@V ES 1.72 x 10°
A0 E9 5.48 x 10°
E10 1.05 x 10°
E11 2.93 x 10°

o ES 7.54 x 10° 15.43 0.73
ﬁ E9 2.43 x 10*
ATt E10 6.38 x 10°
E11 1.92 x 10°
E12 4.76 x 10°
E13 1.13 x 10°

E8 2.90 x 10° 16.74 0.67
N on E9 7.89 x 10*
Az E10 2.02 x 10°
E11 4.98 x 10°

E8 3.60 x 10" 16.50 0.71
N bwe E9 1.10 x 10°
A E10 263 x 10°
E11 7.69 x 10°

Qm E13 1.45 x 10° D2 11.34 0.73

A E15 1.91 x 10* D1
E17 2.27 x 10° D1

E18 1.21 x 10°

Q\(o E8 6.57 x 10° 14.75 0.82
qoe E9 2.47 x 10*
E10 7.00 x 10*
E11l 2.21 x 10°

%NM% E8 1.08 x 10° 17.61 0.67
Ho O E9 3.70 x 10°
e E10 7.67 x 10°
E11l 2.04 x 10°

o E9 1.68 x 10" 15.20 0.73
N~ E10 3.87 x 10
M E1l 1.17 x 10°
E12 3.04 x 10°

OYQ E8 3.33 x 10" 15.90 0.77
\ E9 8.06 x 10*
?V 0 E10 2.77 x 10°
A E11 7.35 x 10°
E12 2.06 x 10°

(zh E8 6.16 x 10° 15.32 0.72
N E9 1.54 x 10°*
@V " E10 4.42 x 10*
A9 E11 1.31 x 10°
E12 3.37 x 10°
E13 7.81 x 10°
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(—)VN@N E8 5.39 x 10° 1555 0.69
N E9 1.83 x 10*
A20 E10 3.66 x 10"
E11 1.18 x 10°
E12 2.77 x 10°
E13 6.28 x 10°
“on E13 2.97 x 10° 13.57 0.53
?VNJQ?\ E14 2.11 x 10°°
A21 E15 1.49 x 10"
E16 1.20 x 10°°
E17 1.33 x 10°
E18 3.09 x 10°
. H E8 2.42 x 102 14.97  0.69
¢ @ E9 7.25 x 10
A22 E10 1.76 x 10"
E1l 4.11 x 10*
E12 1.14 x 10°
oy H E8 5.44 x 10;‘ 17.50 0.64
g Q/ E9 1.45 x 10
A23 E10 3.68 x 10°
E11 8.11 x 10°
QC% E11 1.97 x 10" D1 9.16 1.39
L3 E12 1.27 x 10° D1
E13 7.92 x 10° D1
E15 1.16 x 10° D1
E15 1.14 x 10°°
Ph E9 2.26 x 107 D1 12.03 0.98
N Srws E10 2.67 x 10° D1
E11l 5.30 x 10° D1
E12 1.63 x 10* D1
E13 9.65 x 10*
E15 2.05 x 10°
Qﬁfé‘h E9 5.48 x 10° 16.18 0.56
H o OH E10 1.22 x 10*
e E11l 3.57 x 10*
E12 7.50 x 10*
E13 1.72 x 10°
E15 7.64 x 10°°
E15 8.02 x 10° D1
Q\ﬁpphh E1l 1.26 x 101Z D2 9.90 1.22
HoN, E12 3.29 x 10° D2
i E13 4.33 x 10° D2
E13 4.37 x 10°°¢ D1
E15 1.94 x 10°
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[\ E9 4.90 x 10° Dl 1400 084

N SiPhg 4
g E10 3.96 x 10 D1
E10 4.14 x 10*°
E10 4.02 x 10*° D1
E11 7.29 x 10*
E12 1.60 x 10°
E13 7.15 x 10°
N E15 2.99 D2 6.04 0.92
rt)i E17 1.20 x 10° D2
P e E18 3.79 x 10° D1
E19 2.16 x 10*
W, E13 1.33x 10'° D2 544 1.12
fi‘w)% E15 1.38 D2
P e E17 3.94 x 10 D2
E18 4.24 x 10° D1
NV E13 2.68 x 10" D2 8.76 0.89
x)ﬁ E15 1.33 x 10° D2
e E17 1.63 x 10 D2
E18 1.10 x 10° D1
o/ E13 1.76 D2 739 1.00
= E15 1.28 x 10° D2
e E17 2.48 x 10° D2
E18 1.89 x 10* D1

[a]: literature reported date™ [b]: Second-order rate constants k, 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 k, 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 Brgnsted basicities (so-called
Brgnsted correlations) have been a main topic of Physical Organic Chemistry since the
1930s. It is well known that seperate Igk vs. pKay correlations are obtained when the
nature of the central atom of the nucleophiles is varied.'®® However, in recent work we
reported that Igk vs. pKay correlations are even very poor when only N-centered

nucleophiles of different structures are considered.®* ¢!

Igk, = 0.442pK, T 2. 46
R2 = 0.922

Ig k, (E12)

10 12 14 16 18 20 22 24
pKaH

Figure 21. Plot of the rate constants for the reactions of A with E11 versus their Brgnsted 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 (A1l).

Because of the wide structural variation of the pyrrolidines (Ali A28) and
imidazolidinones (A291 A32), it is not possible to select a single reference electrophile for
the characterization of the nucleophilic reactivities of all investigated amines (A1l A32). 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 sy 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 Ali A32 with benzhydrylium ion E11
against the corresponding pKan 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* = 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 Brgnsted 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 2i 3 orders of magnitude more slowly than ordinary
pyrrolidines of comparable basicity. Obviously the steric retardation is much smaller for
the Hayashi-Jgrgensen 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 A291 A32 (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 Brgnsted basicity and nucleophilic reactivity by a factor of 2,

which may be assigned to a statistical effect. While the second 2-CHj; 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.
N N N

A2 A3 A5
2+ 1.3+

19.87 —> 1957 —> 19.44

pKan in acetonitrile

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

Table 4. Comparison of the second order rate constants k, (M'*s' ") for the reactions of A2, A3 and A5

with electrophiles E8-E11

ka A2 A3 A5
E8 1.18x10° 5.53x 10" -

E9 3.50x10° 1.67 x10° 2.72x 10°
E10 1.06x10° 4.22 x10° 7.89 x 10°
E1l1 2.78x10° 1.15x10° 2.46 x 10"

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

8m parameters!®® of the 2-substituents.

8 -
24 | [ FY Q\R
H 7}
22
6
A8
20 F A3 ({0 S5 |
xﬁ AG.A4 \LIH_J,
518 | LY Ny
ERE
16 } 3 |
Ig k, = 15.050,, + 5.58 A4
L - 40 2=0. o
14 F oK, = 71 103+ 1.0 e 21 R#=0.228
L RI2 - 0:572 L L L . J .A24
12 1 L L L L L L J
-02-01 0 01 02 03 04 05 02 -01 0 01 02 03 04 05
um ljI'ﬂ

Figure 23. Hammett plot between pK,y an d , of substituents at C-2 positon of pyrrolidine ring (left);
Hammett plot between the rate constants for the reactions of A with E11 an d , af substituents at C-2
positon of pyrrolidine ring (right).
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20 r 6.5
A8 R=NH, O\/R R
A9 = N - Q\/
R ® H A9 R—NMGQ H
o A6 R=Ph
[ ]
19 } o A12 R=0OH 6.0 F A3 R=H
Y T A8 R=NH
& A13 R=OMe = 2 e A13 R=OMe
- ° —
& A6 R=Ph <
o 4
o
18 F 55}
- 40 At1 e [
PKaw= T 4, 0103 R=N; lgk,=71.618, +599 Al
R2=0.918 R? = 0.805 R=Na
17 1 1 J 5.0 L L J
-0.2 0.0 0.2 0.4 -0.2 0.0 0.2 0.4
V. U

Figure 24. Hammett plot between pK.y a n d,, ofi substituents at pyrrolidin-2-ylmethyl positon (left);
Hammett plot between the rate constants for the reactions of A with E11 an d |, éf substituents at
pyrrolidin-2-ylmethyl positon (right)

The correspondi n g foHkemteednstants ( val @® Fi g. 1.&13
in Fig. 24) are somewhat smaller than those for the correlations of pKgy Wi t h( 1.7 in
Fig. 23 aim &g. P43 .TlRedmuch 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 & . Figures 25 and 26 show that these correlations are of similar

quality, we have not pursued these correlations further.

8 r OA1
24 o A1 O\ O\R
22 F
20 F
®
S18 |
16 | 3}
- o i A14
lgk,= 1T 0U0"9 6.G3
14 b pKy= T 2 +1809 s | 9 L 0oso °
R2=0.702 A4 '
° eA24
12 1 1 1 1 1l 1 1 1 J
) -1 0 1 2 3 -2 -1 0 1 2 3
0* lj*

Figure 25. Taft plot between pKay and G of substituents at C-2 positon of pyrrolidine ring (left); Taft
plot between the rate constants for the reactions of A with E11 an d  ofisubstituents at C-2 positon of

pyrrolidine ring (right)
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20 A9 R=NMe, O\/R 6.5 O\/R
o ® =
A8 R=NH, N A9 R=NMe, N
3 R=H H ° H
A6 R=Ph
A12 R=OH ° 8 R=
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° [ ]
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0 1 2 3 0 1 2 3
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Figure 26. Taft plot between pKy and (0 of substituents at pyrrolidin-2-ylmethyl Jpositon (left); Taft plot
between the rate constants for the reactions of A with E11 an d of substituents at
pyrrolidin-2-ylmethyl positon (right)

Though alkyl carboxylates are stronger bases in acetonitrile [pKy(CH3CO,H) = 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 ™.
The short distance between H1 and O1 marked in Figure 28 stabilizes the zwitterion and
explains, why the prolinate anion Al is a stronger Brgnsted base as well as a stronger

nucleophile than the parent pyrrolidine.

[\ i O\(O
N~ Me )]\ O@ H o@

H
A3 A1
pKan 19.57 23.51 24.02

N(sy)  16.78(0.71) 16.90(0.75)*  19.95(0.68)
Kee 1.0 2.8 82

Figure 27. Comparison of the Brgnsted Basicity and Nucleophilicity (k. vs E11) of the Prolinate Anion
and its Building Blocks (Acetonitrile, 20 °C)**" *measured at 25 °C

HO,

[69]

Figure 28. Single crystal structure of 4-hydroxyproline

As shown in Figure 29, the amino-substituted pyrrolidines A8¢A10 are slightly stronger
Bronsted bases than 2-methyl pyrrolidine (A3), whereas the hydroxyl and

" Crystal structure of the parent proline generally include an additional HCl molecule."
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methoxyl-substituted pyrrolidine A12 and Al13 are slightly weaker Brgnsted bases.
Their reactivities toward electrophile E11 differ only slightly. While the
aminomethyl-substituted pyrrolidine A8 is a marginally stronger Brgnsted 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 Brgnsted base than methoxylmethyl-substituted pyrrolidine A13, whereas the
nucleophilic reactivity of A12 is smaller than that of A13.

N N N N N N
H H H H H H

A10 A8 A9 A3 A12 A13
pKoy  20.04 19.86 19.81 19.57 18.99 18.88
ke =~ 2.5 0.97 1.6 1.0 0.43 0.67

Figure 29. Comparison of Brgnsted 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.

N N N N
H [=] H OMe
17 A15

H NMe, H HN~ip,
A16 A9 A
pKan 18.38 19.81 17.18 16.63
ko( with E11, M's™")  2.04 x 10° 1.86 x 108 1.17 x10° 2.21 x 10°

Figure 30. Comparison of basicities and nucleophilic reactivities towards E11 of A15¢A17 and A9

Figure 31. Single crystal structure of tripeptide!™

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

Brgnsted basicity and nucleophilic reactivity than 2-methyl-pyrrolidine (A3), whereas the
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change from the urea to the thiourea derivative A22 reduces the Brgnsted 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 Brgnsted basicities and nucleophilic reactivities, whereas butylation of
imidazole (A21) reduces the Brgnsted 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.

Iz
O
4
O
ZT
mﬁi
ZI

G- T

H
CFs CF,
A3 A23 A18 A22
PKan 19.57 19.13 18.12 17.31
ko (with E11, M's™") 1.15x 108  8.11 x 10° 7.35x 10° 4.11 x 10*
Ph
=
N ~N FoN
O\/N\N (_)\/N\// O\ (LN\// /\/\
N N N CF3 N
H H H H
A19 A20 A14 A21
PKan 16.94 16.74 12.63 11.14
ko (with E11, M's")  1.31x 105 1.18 x 10° 1.89 x 107 6.85 x 10%"

Figure 32. Comparison of the Brgnsted basicities of pyrrolidines A3, A14 and A18¢A23 the rate
constants of their reactions with E11 in acetonitrile at 20 °C

H  Ph
A3 A12 A6 A1
pKay  19.57 18.99 18.67 17.66

+28 l +4ol +76l +74l
N N OH °N OTMS CPh3
H H Ph H P N N Ns

A7 A26 A25 A24 A27
PKaH 18.13 17.39 17.61 16.79 15.79

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

Comparison of the Brgnsted 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 AG6.

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).

@\ ?Vo” @ (_)V

P
A3 A12 A11

ky(with E11, s"™M™")  1.15 x 10° 4.98 x 10% 1.33x1o6 1.92 x 10°

+2,7l +13.9l +6750¢ +1520¢
[—)\/ 0\4 [_)XOTMS O\CPhs [—)\4

ky(with E11, s™M™")  4.30 x 105 3.57 x 104 5.30 x 10° 1.97 x 102 1.26 x 102

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 Eg.[°®"!

20 r
19 }
p
v 18
o
17
H pK,, = 0.522E, + 19.8
A24 R2=0.919
16 L L J
-6 -4 ) 0

ES
Figure 35. Correlation between pK,4 and E; of substituted pyrrolidines
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Figure 36 shows crystal structures of pyrrolidines with bulky groups in 2-position.

741093073
CCDC number

CF
[ )., ph 8
N Cpn N Ph
| OH OTMS
Bn
H Q\
Ph NHBn TMSO NHBn
\
OH
676278174 80366475

N
: OTMS (o) (o).
N02 N CPh3 N /S|Ph3

H
< \ \
H Ph H Ph Ph
883666!76 7126171234 822235177

R = cyclobuthyl substituent

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 (N1iH1i O1) 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 A29i A32 can be looked at as 2-amido substituted pyrrolidines
(Scheme 12).

Scheme 12. Comparison of Bransted basicities and rate constants (M's") of the reactions of A16 and
A297 A32 with E11 in acetonitrile at 20 °C

O /
o .l ) N
DAY RjN)\R
H

Me,N H
A16 A29-A32
PKan 18.38 10.5to0 11.8
log kp(with E11)  6.31 —-3.10 to +0.48

Scheme 12 illustrates that the marked in-plane dialkylamido group in the
imidazolidinones A29i A32 reduces basicity by 77 8 pK, units and nucleophilic reactivity
by 619 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.

Hy o2

A29H*
677214[78]
(CCDC number)

Figure 37. Crystal structure of protonated A29

The planar arrangement of the amido group may lead to an interaction of the nitrogen
l one pair of t he MiHitalgf teucprbonyli grohp andhtleus reduce
basicity and nucleophilicity of imidazolidinones (Crystal structure of A29H" in Fig. 37
shows the angle between N1i H1 and the plane N2i C4i O1 is 88.7° and the distance
from N1 to N2i C4 is 2.2 A). In addition, the two nitrogen atoms in A29i A32 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 Igk, = 9, i.e. where the reactions become diffusioni controlled (called
Eqirr). One can see that the ordering of these intersections reflects the relative pK,4 values

of the amines.

OTMS
—éph

O\R R= Me SiPh;  Ph CPhyCPhyN;

N A3 A28 A25 A24 A27

H PKar 19.57 17.81  17.61 16.7935.79

\ e

9 S XS s

A31
pKoy = 10.54

-10 -8 -6 -4 -2 0 2
E

Figure 38. Extrapolations of the Igk, vs E correlations to the diffusion limit (k, = 10° Lmol''s'")

A plot of these intersections (Egix) against the Brgnsted 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 sy 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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Egir =1 0.643pK,, + 8.4
R2 = 0.926

-8 1 1 1 1 )
10 13 16 19 22 25

pKaH
Figure 39. Correlation between Brgnsted basicity of secondary amines and their Egi; 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
Brgnsted acids, most commonly trifluoroacetic acid. Fine-tuning of the Brgnsted acids is
now possible by consideration of the pK, values of the cocatalyzing Brgnsted 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 Brgnsted acid activation. Brgnsted 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
'H NMR and "*C NMR spectra were measured on Bruker Avance 400 MHz, Varian 600

MHz, or Bruker Avance 800 MHz spectrometers. The 'Hand>*C NMR chemi c al

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 Il (Perkin Elmer).

7.1.1.2 Synthesis

Flash column chromatography was performed on Merck silica gel 60 (0.0407 0.063 mm) or
Sigma-Aldrich aluminium oxide 90 active neutral (0.063i 0.200 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.*4

N-Boc-L-prolinol and 1-Boc-2-(S)-pyrrolidinylmethyl p-toluenesulfonate were prepared
according to a literature procedure.®!

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

procedure reported by Diakos."?
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tert-Butyl pyrrolidine-1-carboxylate (N-Boc pyrrolidine) was prepared following the

literature procedure by Kerrick.!*®!

7.1.2 Syntheses of Secondary Amines

Preparation of Potassium L-prolinate (Al)

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.

ng © 'HNMR (400 MHz,DMSO-dg) 4 2.96 (dd, J = 8.5,
Hoo 10.4,7.1,5.0 Hz, 1H), 2.46 (dt, J = 10.3, 7.0 Hz, 1H), 1.72 (dqg, J = 12.0, 7.6 Hz,

1H), 1.57 (ddt, J = 11.8, 8.1, 5.7 Hz, 1H), 1.54i 1.40 (m, 1H), 1.4411.31 (m, 1H).

3C NMR (101 MHz, DMSO-d6) Ui 176.8, 62.8, 47.1, 31.3, 26.2.

Preparation of 2-Methylpyrrolidine (A3)

Me,NH-HCI

B NEt, O\ Pd/C, H, O\
—_— Me ——>» Me

N N
90 °C 16h OH AcOH24h  H

A3.0H A3
Compound A3-OH was prepared according to the modified procedure by Cicchi.”?!
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 x 60 ml) and dichloromethane (2 x 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.

{ e '"H NMR (300 MHz, CDCl;) U 13.94@n8 2H), 2.85i 2.72 (m, 1H), 1.91i 1.62 (m,
" 3H), 1.241 1.13 (m, 1H), 1.11 (d, J = 6.3 Hz, 3H).

13CNMR(?SMHZ,CDCIg) a 54. 7, 46. 9, 33. 8, 25. 9, 21. 4.

HRMS (EI): m/z calculated for CsHy,N™ (M + HY): 86.0964, found: 86.0964.

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

CH,(COOEt), CH(CO,Et), COOEt
TsCl t-BuOK
OH —— OTs —— > .
(¢}

NH, pyridine NHTs THF 1h reflux NHTs N

rt 24h Ts

L-valinol

(0]

HBr (aq, 48%) pyridine LiAH,
A4

Amine A4 was prepared by a modified procedure described by Tseng.!*® 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 x 200 ml). The combined organic
phase was successively with 10% HCI (3 x 200 ml), saturated copper sulfate solution (2 x
200 ml), water (1 x 200 ml), saturated bicarbonate solution (2 x 200 ml) and brine (4 x 100
ml). After drying (MgSO,) 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 agueous 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

x 10 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.
(}( 'H NMR (400 MHz, CDCl3) 0 2. 9% 102d7d3d5,4 Hz, 1H), 2.81 (dt, J =
10.2, 7.4 Hz, 1H), 2.60 (td, J = 8.4, 6.8 Hz, 1H), 1.88i 1.78 (m, 1H), 1.777 1.64 (m,
2H), 1.56 (br, 1H), 1.57i 1.40 (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).
BCNMR (101 MHz,CDCl;) & 66.2, 47.0, 34.2, 29.9,
HRMS (EI): m/z calculated for C;H1gN™ (M + H'): 114.1277, found: 114.1278.

Preparation of 2,2-Dimethylpyrrolidine (A5)

Method 1
o) [48] [49] [50]
Hz
\)J\ o Zn O\ CH3MgBr  H,0 O\ Pd/C
MeNO, ———— ON A~ ——— (e~ L (N T (X
Na NH,CI (aq) h THF h AcOH N
MeOH reflux 4 Og OH H

5-nitropentan-2-one AS-OH AS
5-Nitropentan-2-one was synthesized following the procedure by Alderson.!®
5-Methyl-3,4-dihydro-2H-pyrrole 1-oxide was prepared from 5-nitropentan-2-one
according to the procedure by Pou.”® Compound A5-OH was synthesized by treatment of
nitrone with methylmagnesium bromide following the procedure by Ali.!*"!

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 x 10 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

1 NiCl,/NaBH, 40\ LiAIH, o
O2N O,Me — > O N - > g
MeOH THF reflux N
H H

A5
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Methyl 4-nitropentanoate was synthesized following the procedure by Leinisch."

5,5-Dimethylpyrrolidin-2-one was prepared from methyl 4-nitropentanoate according to
the procedure by Osby.®? 5 5-Mimethylpyrrolidin-2-one was reduced by lithium aluminium
hydride following the procedure by Moffett.!
BN 'H NMR (400 MHz, CDCls) U 723.94QnQ 2H), 1.85i 1.73 (m, 2H), 1.56i 1.45 (m,

2H), 1.14 (s, 6H).
13CNMR(lOlMHz,CDCIg) a 59. 0, 46. 2, 39. 7, 29. 0, 26. 3.

HRMS (EI): m/z calculated for CgH1sN™ (M™): 99.1043, found: 99.1043.

Preparation of (S)-2-Benzhydrylpyrrolidine (A7)
Amine A7 was prepared according to the procedure by Claudio.!*"
(O~ '"H NMR (400 MHz, CDsC N) {1782 (t,0H), 7.31i 7.24 (m, 4H), 7.191 7.13
" (m, 2H), 3.911 3.84 (m, 1H), 3.72 (d, J = 10.3 Hz, 1H), 2.90 (dtd, J = 10.0, 5.1, 2.4
Hz, 1H), 2.827 2.75 (m, 1H), 1.85 (br, 2H), 1.78i 1.58 (m, 3H), 1.347 1.20 (m, 1H).
13CNMR(lOlMHz,CD3CN) a 145. 7, 145. 5, 129. 4, 129. 3,
62.7,59.4,47.1, 31.7, 26.0.
HRMS (El): m/z calculated for C17H2oN™ (M + H): 238.1590, found: 238.1589.

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

O\/NHZ —>TFA @\/NHZ —>N30H(GQ) O\/NHZ
N N

A8-Boc A8BH* A8

Compound A8-Boc was synthesized following the procedure reported by Cao.
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 x 20 ml). The combined organic phases were dried (MgSO,) 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.
Q\,NHZ '"H NMR (400 MHz, CDCl;) U 3. 06 (iM@.82 (h,12H), 2.62 (dd8l,6) =

12.4, 4.9, 0.9 Hz, 1H), 2.59 (ddd, J = 12.4, 7.5, 0.9 Hz, 1H), 1.901 1.58 (m, 3H),
1.35 (br, 2H), 1.357 1.21 (m, 1H).
CNMR (101 MHz,CDCl;) & 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,*? which was kept in vacuum (1.1 mbar) for 1 h at 0 °C. A quick distillation (rt,

1 x 10 mbar, distillate condensed under liquid nitrogen cooling bath) was proceeded to

provide A9 as a colorless oil.

QV\N\ 'H NMR (400 MHz, CD;CN) U 3J.=5.9 Hz( 1), 2.86 (ddd, J = 10.0, 7.2,
. 5.8 Hz, 1H), 2.72 (dt, J = 9.9, 7.2 Hz, 1H), 2.23i 2.16 (m, 1H), 2.16 (s, 6H), 2.10

(dd, J=11.9,5.8 Hz, 1H), 1.83i 1.57 (m, 3H), 1.27 (ddt, J = 12.0, 8.6, 6.8 Hz, 1H).

C NMR (101 MHz,CDsCN) U 66. 4, 57.1, 46.8, 46. 2,

IR (neat, ATR probe, cm™): 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 C;H7N," (M + H'): 129.1386, found: 129.1385.

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

trifluoromethanesulfonate (A9H*OTY')

\ \
—_—
N Diethyl ether N °
H H2 oTf

A9 A9H®

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 107.0¢109.0 °C).

@V\g\ 'H NMR (400 MHz, CDCls) U 7. 49 (i18.81,(m, 2H),)3.40 (18 J 984,
i 9" 4.2 Hz, 2H), 2.62i 2.39 (m, 2H), 2.27i 2.14 (m, 1H), 2.147 2.01 (m, 2H), 1.68 (ddt,

J=125,7.2,6.1 Hz, 1H).

BCNMR (101 MHz,CDCl;) & 59.9, 57.4, 45.6, 45. 2,

Preparation of (S)-1-(Pyrrolidin-2-ylmethyl)pyrrolidine (A10)
OTs Pyrrolidine O TFA O NaOH (aq) 0
H

N N
DMSO h CH,Cl,12h N

|
Boc 50 °C 12h Boc H,

A10-Boc A10H* A10
Compound A10-Boc was synthesized in analogy to the reported procedure by Hendrie.*®
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 x 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 x 30 ml). The combined organic phase was dried (MgSO,) 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 x 10<° mbar, distillate condensed under liquid nitrogen cooling
bath) was proceeded to provide A10 (725 mg, 4.70 mmol, 58.1%) as a colorless oil.
O 'H NMR (400 MHz, CDCl;) t 3. 2=08.3(7d 5@ Hz, 1H), 2.97 (ddd, J =

N 10.1,7.3,5.9 Hz, 1H), 2.83 (ddd, J=10.1, 7.7, 6.6 Hz, 1H), 2.5971 2.43 (m, 5H),
2.371 2.29 (m, 1H), 1.95 (br, 1H), 1.87 (dddd, J=12.4, 8.6, 7.3, 5.5 Hz, 1H), 1.80i 1.63 (m,
6H), 1.32 (ddt, J =12.2, 8.7, 6.9 Hz, 1H).
BCNMR (101 MHz,CDCl;) U 62.4, 57.6, 54.8, 46. 3,

Preparation of (S)-2-(Azidomethyl)pyrrolidine (A11)
Q\/N:, TFA @\/M NaOH(aq) O\/M

e TS el :

A11-Boc A11H* A1
Following the procedure by Dahlin crude A11-Boc was prepared,®® 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.?® The obtained
Al11H" (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 x 30 ml). The organic
phase was dried and concentrated. The residue was purified by a quick distillation (4 x
10"® mbar, rt, distillate condensed under liquid nitrogen cooling bath) to afford A11 (560
mg, 4.44 mmol, 57.6%) as a colorless oil.
Lo 'H NMR (400 MHz, CDCl;) U 13.123n% 3H), 3.02i 2.85 (m, 2H), 1.957 1.64

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

BCNMR (101MHz,CDCl;) & 57.9, 56.4, 46.8, 29.2,
HRMS (El): m/z calculated for CsH11N4™ (M + HY): 127.0978, found: 127.0980.
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Preparation of (S)-Pyrrolidin-2-ylmethanol (A12)

Amine Al12 was synthesized by direct reduction of L-proline with lithium aluminium

hydride as a colorless oil, which was pioneered by Vogl.*"

Do 'H NMR (400 MHz, CDsCN) U 3 J318.7,@.d iz, 1H), 3.30 (br, 2H), 3.27
H (dd, J = 10.8, 6.9 Hz, 1H), 3.09 (qd, J = 7.0, 4.8 Hz, 1H), 2.90i 2.71 (m, 2H),

1.82i 1.54 (m, 3H), 1.33 (ddt, J = 11.9, 8.5, 6.9 Hz, 1H).

BCNMR (101 MHz,CDCl;)) © 65.4, 60.9, 47.0, 28.5,

'HNMR (599 MHz, CDCl;) U 3 .X%=D.9,(3.d idz, 1H), 3.341 3.26 (m, 2H), 2.991 2.92

(m, 1H), 2.86 (dt, J = 10.5, 6.7 Hz, 1H), 2.20 (br, 2H), 1.881 1.74 (m, 2H), 1.741 1.64 (m,

1H), 1.481 1.40 (m, 1H).

BCNMR (151 MHz,CDCl;) U 64.9, 59.3, 46.6, 27.8,

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

]
TFA CF4CO, NaOH(aq)
— > \® R
N N

OMe CHyCly rt 12h H OMe H OMe

|
Boc 5

A13-Boc A13H* A13

The preparation of A13-Boc from N-Boc-L-Prolinol follows the procedure described by
Krishna.®® 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 HCI
solution. The aqueous phase was washed with diethyl ether (2 x 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 x 30 ml). The combined organic phase was
dried (Na,SO,) 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.
Oon 'H NMR (400 MHz, CDCl;)  t 13.253n, 1H), 3.31 (s, 3H), 3.261 3.18 (m,

H 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), 1.83i 1.58 (m, 3H), 1.417 1.27 (m, 1H).
CNMR (101 MHz,CDCl;) U 76.4, 59.0, 57.8, 46. 6,
'HNMR (400 MHz, CDsCN) U 3. 28 13.69,(m,3H),)2.84 (&ld, 269.8,7.0,5.7
Hz, 1H), 2.76 (ddd, J = 9.9, 7.3, 6.6 Hz, 1H), 1.82 (br, 1H), 1.801 1.55 (m, 3H), 1.38i 1.24
(m, 1H).
¥C NMR (101 MHz,CDsCN) 4 77.5, 58.9, 58.5, 47.1,
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Preparation of 2-(Trifluoromethyl)pyrrolidine (A14)

The preparation of A14 was following the procedure by Schevchenko.®®

O 'H NMR (400 MHz, CDsC | ) i 3.59 (n7, @H), 3.05i 2.97 (m, 2H), 2.08i 1.82
H (m, 4H), 1.81i 1.68 (m, 1H).

¥CNMR (101 MHz, CD:C | ) U 1J2=279.2 HZ), §8.8 (g, J = 29.6 Hz), 47.3, 26.0 (q,

J=1.8Hz), 25.7.

F NMR (376 MHz, Chloroform-d) 4 T 7 6@ =810Hz) d ,

Preparation of Methyl L-prolinate (A15)

@\(o socl, ® 0 o KsCOs(aq) 0
N N o —— N

°
H, O MeOH reflux 4h H, OMe H OMe

L-Proline AtSH* At5
Amine A15 was synthesized through direct esterification of amino acid in analogy to the
documented method by Brenner.B% 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 K,COg3 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 x 10"*mbar, rt, distillate condensed under liquid nitrogen cooling
bath) to afford A15 (1.65 g, 12.8 mmol, 59.4%) as a colorless oil.
o 'HNMR (400 MHz, CDsCN) U 3 .J6 8.6, §.6dHz,, 1H), 3.65 (s, 3H), 2.95
" oue (dt, J=9.9, 6.6 Hz, 1H), 2.80 (dt, J = 10.1, 6.6 Hz, 1H), 2.27 (s, 1H), 2.081 1.97
(m, 1H), 1.821 1.64 (m, 3H).
3C NMR (101 MHz,CDsCN) U 176.7, 60.5, 52.3, 47.7,

Preparation of (S)-N,N-Dimethylpyrrolidine-2-carboxamide (A16)
The crude product of A16 was synthesized by the procedure reported by Diakos,*? which
was kept in vacuum (1 x 10"® mbar) at 0 °C for 30 mins. A quick distillation (60 °C, 1 x 10"®
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.
we, 'HNMR (400 MHz,CDCl) & 3 .J88.5,6.1 iz, 1H), 3.13 (ddd, J = 10.7,
W0 7.1,5.3Hz, 1H), 2.98 (s, 3H), 2.92 (s, 3H), 2.85i 2.75 (m, 1H), 2.75 (br, 1H),
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2.101 1.99 (m, 1H), 1.80i 1.52 (m, 3H).

CNMR (101 MHz,CDCl;) & 174.3, 58.3, 47.9 36.5,
IR (neat, ATR probe, cm™): 3410, 2950, 2874, 1624, 1504, 1394, 1257, 1153, 1086, 1059,
883.

HRMS (EI): m/z calculated for C;H1,N,O™ (M™): 142.1101, found: 142.1099.

HRMS (ESI): m/z calculated for C;H1sN,O" (M + H"): 143.1179, found: 143.1178.

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

os ¢ ¢

O\«O NH,Pr NH Hy NH
EEE—— —_—
N N CHCI3rt12h N b Pd/C N
Cbz Cbz AcOHrt24h H O
A17-Cbz A17

4211 -Benzyl

Amine A17 was synthesized in analogy to the procedure reported by Diakos.
2-(4-nitrophenyl) (S)-pyrrolidine-1,2-dicarboxylate (2.00 g, 5.40 mmol) and propylamine
(2.00 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
Al17-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 HCI 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 x 30 ml) and ethyl acetate (2 x 30 ml). The combined organic phase was
dried (MgSO,) and concentrated. The residue was kept in vacuum (1 x 10"* mbar) at 0 °C
for 30 mins. A quick distillation (110 °C, 1 x 10'* mbar, distillate condensed under liquid
nitrogen cooling bath) was proceeded to provide A17 (700 mg, 4.48 mmol, 83.0%) as a
colorless oil.
o MNMR(B00MHz,CDCl}) & 7.59 ( (d, J=911}5)3Hz, BH),8.64

H o (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), 2.161 1.98 (m, 1H), 1.84 (dt, J = 12.5, 6.1 Hz, 1H), 1.721 1.58 (m,
2H), 1.47 (h, J = 7.4 Hz, 2H), 0.86 (td, J = 7.4, 0.7 Hz, 3H).
BCNMR (75MHz,CDCl;) & 175.0, 60.7, 47.3, 40.5,
IR (neat, ATR probe, cm™): 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 CgH17N,O" (M + HY): 157.1335, found: 157.1334.
HRMS (ESI): m/z calculated for CgH17N,O" (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")

o3 = o3

O GH,Cl,, overnight, rt O CcF,co,

A18-Boc At8H"
Compound A18-Boc was synthesized following the reported method by Cao.?* 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 181.3i 182.4 °C).

'"H NMR (400 MHz, CDsC N) U1 7776 (8,8H), 4.05i 3.92 (m, 3H), 3.87
O\j@ . (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), 2.24i 2.13 (m, 1H), 2.13i 1.89 (m, 2H),
1.81 (ddt, J =12.8, 9.8, 8.7 Hz, 1H).
BCNMR (101 MHz,CDsCN) U 169 . Bce=3B.8Hz, GO, ), 185.3,133.0,124.1,
118.0 (q, Jcr = 295.0 Hz, CF3), 60.5, 46.1, 39.2, 28.4, 23.6.

CF4CO,

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

Ph Ph Ph
o Ex EN cox N
a
O\/M Cul, DIPEA N~p/ O\/ HeCOslad) 3(aq) Nepf
'\.l Toluene/t BuOH CH,Cl, rt 12h N
Boc 02 rt 48h Boc H, cacoz H
A11-Boc A19-Boc A19H* A19

Amine A19 was synthesized according to a modified procedure by Luo.”*® Compound
Al1-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

71



removal of the solvent under vacuum, the residue was neutralized with saturated K,CO3
solution (20 ml) and extracted with ethyl acetate (3 x 40 ml). The combined organic
phases were dried (NaSO,) 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.
o 'HNMR (599 MHz, CDCl;) U 7. 93 (i 880 (n, 2H), 7.4777.38 @n,

Q\,K:’N 2H), 7.351 7.29 (m, 1H), 4.46 (dd, J = 13.6, 4.5 Hz, 1H), 4.24 (dd, J =13.6, 7.9

H 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), 1.851 1.66 (m, 2H), 1.51 (ddt, J = 12.7, 8.7, 7.0 Hz, 1H).
13C NMR (151 MHz, CDCly) a 147. 289, 12821298, 120.7, 58.1, 55.5, 46.7,
29.2, 25.6.
IR (neat, ATR probe, cm™): 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 CizH17Ns" M+ H+): 229.1448, found: 229.1446.

Preparation of (S)-1-(Pyrrolidin-2-ylmethyl)-1H-imidazole (A20)

=
PN Y N
O\/N\// CH,COCI @\/NJ Na,COs(aq) O\/N\/
N ° — > N
H

N
I
Boc EtOH rt 12h H, Cl

A20-Boc A20H* A20

The crude product of A20-Boc was synthesized following the reported method by Luo'®®,
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
Na,CO3 solution. The aqueous phase was extracted with chloroform (5 x 30 ml). The
combined organic phase was concentrated to afford A20 (200 mg, 1.32 mmol, 33.2%) as
a slightly yellow oil.

OVN/QN 'HNMR (599 MHz,CDCl;) 4 7.51 (s, 1H), 7.03 (s, 1H

N J=13.7,5.0 Hz, 1H), 3.84 (dd, J = 13.8, 7.8 Hz, 1H), 3.38 (m, 1H), 2.98i 2.87
(m, 2H), 1.89 (dddd, J = 12.5, 8.6, 7.4, 5.2 Hz, 1H), 1.83i 1.68 (m, 2H), 1.40 (ddt, J = 12.6,
9.0, 7.2 Hz, 1H).

CNMR (151 MHz,CDCl;) o 137.5, 129.5, 2929258, 59.0, 52.
IR (neat, ATR probe, cm™): 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 CgH1aNs™ (M + HY): 152.11822, found: 152.11822.

Preparation of (S)-3-Butyl-1-(pyrrolidin-2-ylmethyl)-1H-imidazol-3-ium
trifluoromethanesulfonate (A21 OTf')

>
N FeN—n-Bu Pl AgOTf Q\
4/ n-BuBr HCI NaHCOj3(aq) ®N—n-Bu g H N °
O\/N\/ — O\,N\// — .y O\/N\// — < ] oTf
®N

N 90°C1h N S MeOH rt N 52 MeCN
Boc ||30c Br overnight H rt 5h "‘\’J
A20-Boc A21-Boc Brr A21Br A21 0TF

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 HCI 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'.
The obtained A21 Br' (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 (255 mg, 0.714 mmol, 17.9%)
as brown oil.

O\ '"H NMR (400 MHz, CDsCN) & 8. 65 ( §31.8He)H), 723 (t4J8= (t ,
e i <\N:” 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), 3.19i 3.03 (m, 2H), 2.15 2.00 (m, 1H), 1.91i 1.79 (m, 4H),
1.57 (dg, 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).
3C NMR (101 MHz, CDsCN) U 136. 8, 123.J83208R2%4,6%0,527,21. 3 (
50.4, 48.1, 32.4, 29.0, 25.0, 19.9, 13.6.
IR (neat, ATR probe, cm™): 3471, 3142, 2961, 2922, 2852, 1632, 1565, 1467, 1251, 1225,
1162, 1028, 758.
HRMS (ESI): m/z calculated for C1,H2,N3" (M): 208.18082, found: 208.18077; calculated
for CF;03S' (OTf'): 148.95257, found: 148.95237.
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Preparation of
(S)-1-(3,5-Bis(trifluoromethyl)phenyl)-3-(pyrrolidin-2-yImethyl)thiourea (A22)
Compound A22H*CF;CO," was synthesized following the procedure described by Cao.?”!
The obtained A22H'CF;CO, 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.

'HNMR (599 MHz,CDCl;) & 8.04 (s, 2H), 7.

OV X \Q 3.59i 3.52 (m, 1H), 3.45i 3.36 (m, 1H), 3.35i 3.26 (m, 1H), 3.16i 3.09
(m, 1H), 2.92i 2.81 (m, 1H), 2.01i 1.87 (m, 2H), 1.79i 1.68 (m, 1H),

1.651 1.55 (m, 1H).

CNMR (151 MHz,CDCl;) U 183. 8, 1M35.8H7),12341q, J= 2724 Hz),

122.7,117.4,59.6, 51.0, 46.3, 28.6, 27.4.

IR (neat, ATR probe, cm'l): 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 C14H1sNsFeS™ (M™): 371.0885, found: 371.0885.

HRMS (ESI): m/z calculated for C14H16N3FsS™ (M + H*): 372.09636, found: 372.09626;

calculated for C14H14N3sFeS' (Mi 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")

FaC NCO

Ly nm —»O\/\(\Q —>O\/\\(

N NEt, CH,Cl, 2h rt

Boc THF rt 12h @ CF,
CF4CO,

A8-Boc A23-Boc A23H*
The crude product of A23-Boc was prepared following the reported procedure by Cao,®”
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 183.01 184.4 °C).
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CF3

Ov X Q 8.9, 7.5, 3.8 Hz, 1H), 3.62i 3.44 (m, 2H), 3.42i 3.22 (m, 2H), 2.24i 1.95
2 CF3C‘32 “* (m, 3H), 1.80 (dg, J = 12.6, 8.4 Hz, 1H).

3C NMR (101 MHz,CDsOD) & 1 83345 Hz, QF:CO,'), 158.5, 143.2, 133.1(q, J

= 33.1 Hz), 124.8 (g, J = 272.2 Hz), 119.4i 119.1 (m), 118.2 (q, J = 293.0 Hz, CFsCO,),

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.#

O, '"H NMR (599 MHz, CDCls) U 1 7.323n6, 6H), 7.29i 7.23 (m, 6H), 7.21i 7.16
H (m, 3H), 4.73 (dd, J = 8.3, 6.7 Hz, 1H), 2.78i 2.65 (m, 2H), 2.05 (dtd, J = 12.8, 8.2,

6.9 Hz, 1H), 1.637 1.56 (m, 1H), 1.56 i 1.49 (m, 1H), 1.46 (br, 1H), 1.09 (ddt, J = 15.8,

11.7, 7.4 Hz, 1H).

BCNMR (151 MHz,CDCl;) & 146.4 (br), 130.3 (br 292,

25.9.

Preparation of (S)-2-(Diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine (A25)
Amine A25 was synthesized following the procedure reported by Marigo.™?

'"H NMR (400 MHz, CDsC N) Ui 726 (8,2H), 7.38i 7.33 (m, 2H), 7.32i 7.15
N o, (m, 6H), 4.191 4.07 (m, 1H), 2.89 (ddd, J =9.7, 7.8, 6.4 Hz, 1H), 2.77 (ddd, J =
9.8,7.0,49Hz, 1H),1.611145(m,2H),1.44i1. 31 (m, 2H), 10.08
®C NMR (101 MHz, CDsCN) U 148 . 89, 1284,7128&, 127182127.6, 127.4,

83.7,65.4,47.5, 27.6, 25.3, 2.6.

Ph

Preparation of (S)-Diphenyl(pyrrolidin-2-yl)methanol (A26)

Amine A26 was synthesized according to the method of Kanth.?

O\éph 'H NMR (400 MHz, CDsC N) U7 750 (8,52H), 7.441 7.37 (m, 2H), 7.37i 7.24
N o™ (m, 5H), 7.23i 7.16 (m, 1H), 4.60i 4.52 (m, 1H), 3.06i 2.94 (m, 1H), 2.86i 2.77

(m, 1H), 2.23 (br, 1H), 1.75i 1.54 (m, 3H), 1.52i 1.43 (m, 1H).

3C NMR (101 MHz, CDsCN) & 144. 4, 144.1, 129.5, 1

76.2,65.7,48.1, 28.9, 27.4.

'H NMR (599 MHz, CDCl;) U 17.55%n9, 2H), 7.521 7.48 (m, 2H), 7.32i 7.27 (m, 4H),

7.201 7.14 (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), 1.801 1.53 (m, 5H).
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3C NMR (151 MHz, CDCls) ua 148. 3, 145. 6, 128. 4, 128. 1,
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./*

. 'H NMR (400 MHz, CDCls) Ui i 7.475n8 2H), 7.42i 7.27 (m, 7H), 7.27i 7.21
Hon™ (m, 1H), 4.35 (t, J = 7.1 Hz, 1H), 3.037 2.93 (M, 2H), 2.11 (br, 1H), 1.797 1.55 (m,
4H).
13CNl\/lR(:I_Oll\/lHZ,CDC|3) U 142. 8, 142. 3, 128. 6, 128. 3,
75.3, 65.4, 47.3, 28.1, 26.2.

HRMS (ESI): m/z calculated for C17H1gN," (M + HY): 279.16042, found; 279.16032.

Preparation of 2-(Triphenylsilyl)pyrrolidine (A28)
O TMEDA, BuLi  SiPh,(OMe), PhLi O\ E‘fgﬁi @\Siphs K,COs(aq) Qsmhs

N N~ SiPhy —_ >
Boc Diethyl -78°Ctort 78°Ctort  Boc EtOAc 1t H, ocl H
ether overnight 6h overnight
-78 °C 6h

A28-Boc A28H*CI A28
2-(Triphenylsilyl)pyrrolidin-1-ium chloride (A28H) was synthesized by the modified
procedure reported by Bauer.””! To a stirred solution of N-Boc-pyrrolidine (10.0 g, 58.4

mmol ) and freshly distilled TMEDA (10.6 ml, 70
was added s-BuLi (60.0 ml, 70.2 mmol; 1.17 M solution in cyclohexane). The reaction
mixture was stirred for 6h  at 178 AC thoxygHipherylsilane @d7.1nge 70.0

mmol ) was a d°@. dlk staring solutiéh was allowed to slowly warm to room

temperature overnight. Then, phenyllithium (137 ml, 70.6 mmol; 0.515 M solution in

di butylether) was added mnmixture& waBedtoDPCeovest i rr i n
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 x 100 ml). The combined ether

extracts were dried (Na,SO,) 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 ethan o | (500 ¢I, 8.56
et hyl acetate (10.0 ml) at ambient temperatu
7.84 mmol) dropwise. The reaction mixture was then stirred overnight. The precipitate

was filtrated and washed with ethyl acetate to provide A28H*CI' as a white solid, which

was deprotonated with saturated potassium carbonate solution (20 ml) and extracted with
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chloroform (3 x 30 ml). The organic phase was dried (MgSO,) and concentrated to afford
A28 (528 mg, 1.35 mmol, 57.7%) as white solid.
'H NMR (599 MHz, CDCl;) U 17760 @n, 6H), 7.44i 7.40 (m, 3H), 7.39i 7.35
N SiPhs (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), 1.80i 1.65 (m, 2H),
1.601 1.52 (m, 1H), 1.42 (br, 1H).

®CNMR (151 MHz,CDCl;) & 136. 2, 134. 1, 129. 8, 128.

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,®*"!
which was purified by column chromatography on silica gel (ethyl acetate) to afford A29 as
a clear oil.

N 'H NMR (400 MHz, CDsC N) U1 779 (8,%H), 3.67 (ddd, J=8.7, 3.9, 0.7 Hz,
thfu)i 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).
*C NMR (101 MHz, CDsC N) 178.0, 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,® which
was purified by column chromatography on silica gel (ethyl acetate) to afford A30 as
colorless solid.

o/ '"H NMR (400 MHz, CDsC | ) i 7.16 (n8 3H), 4.06i 4.01 (m, 1H), 3.73i 3.63
Phr%”)\é (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).
13C NMR (101 MHz, CD4CI) ti 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,®®? which was purified by column chromatography on silica gel
(ethyl acetate/n-pentane 1:1 i 2:1) to afford A31 as a clear oil and A32 as a colorless

solid.
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'H NMR (400 MHz, CDsC 1 ) i 7.10 .(n3, 8H), 6.09 (d, J = 3.2 Hz, 1H),

SNVZ
rw\/l 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
H
" “\' 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).
3C NMR (101 MHz, CDsCl) & 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.
o/ 'H NMR (400 MHz, CD4Cl) & 7.31i 7.17 (m, 5H), 6.16 (d, J = 3.1 Hz, 1H),

)”///
LW ¢ 5.8871 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).
3C NMR (101 MHz, CD4CI) U 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.®
ov  'H NMR (400 MHz, Chloroform-d) & 18.20%n, 2H), 7.78i 7.64 (m, 2H),
N 5,26 (s, 1H).

®C NMR (101 MHz, Chloroform-d) & 1 4 9 ,128.7, 1PR3211@®8, 28.0.

Preparation of 2-(Perfluorophenyl)malononitrile (C5H)
The Crude product of C5H was synthesized following the procedure by Hull,*® which was
purified by recrystallization first from ethanol/water mixture and then from
benzene/n-Pentane mixture.
CN

v ®CNMR (101 MHz, CDCl)) i 14 4 J925%.4 8.5 8, 4.5 Hz), 143.7
(dtt, J = 261.9, 13.2, 5.2 Hz), 139.9i 136.9 (m), 108.8, 101.9 (td, J = 15.7, 4.6 Hz), 16.91
16.7 (m).
FNMR (377 MHz,CDCl;) U 1i138868 (m).,J=1 28693 @tQ,
T157.4 (m).
HRMS (EI): m/z calculated for CoHiN,Fs™ (M™): 232.0054, found: 232.0052.

Fi EF 'H NMR (400 MHz, Chloroform-d) & 5. 32 (s, 1H).
F

Preparation of Ethyl 2-(4-chloro-2,3,5,6-tetrafluorophenyl)-2-cyanoacetate (C4H)
C4H was synthesized according to the procedure by Vlasov."*
R F o HNMR((99MHz,CDCl;) U 5. 10 {432(mi2H)) 1.36@ J=472
cl
Ag;é_%ooa Hz, 3H).
3C NMR (151 MHz,CDCl;) U 162 . 1 ,J=2353.%, 14% HZf),d4#.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.

F NMR (377 MHz, Chloroform-d) & 1i138856 (nm) 130139 ( &) .

Preparation of Potassium

1-(4-chloro-2,3,5,6-tetrafluorophenyl)-1-cyano-2-ethoxy-2-oxoethan-1-ide (C4K)

R F R F

®
CN t-BuOK CN K
—_—
Cl f Cl ©
Diethyl ether
COOEt g°c 1yh COOEt
FF FF
C4H 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.*”
- 'HNMR (400 MHz,CDCl;)) @ 5. 09 (s J=212H3.6Hz,2H)3.98 ( q(q,
S @a=72Hz 3,

" C NMR (101 MHz, CDCl;) U 1 6 2 i136.3 (r, 50),.122.6, 105.86i
105.31 (m, 1C), 64.7, 31.8, 14.0.
F NMR (376 MHz, Chloroform-d) & 118940105 (m) J=20B28Hz)0 (tt,

115974B9.67 (m).

Preparation of Potassium 1-cyano-2-ethoxy-2-oxo-1-(perfluorophenyl)ethan-1-ide
(C3K)

R F R F
: oN _tBuok : oN K®
" COOEt giféh¥Lether " %ooa

F F F F

C3H 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 O °C under nitrogen atmosphere. The
precipitate was filtrated under nitrogen atmosphere and dried under vacuum to give C3K

(2120 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 (Al)
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2-Methylpyrrolidine (A3)
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(R)-2-1sopropylpyrrolidine (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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(S)-2-((Dimethylamino)methyl)pyrrolidin-1-ium trifluoromethanesulfonate
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(S)-1-(pyrrolidin-2-yImethyl)pyrrolidine (A10)
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(S)-2-(Azidomethyl)pyrrolidine (A11)
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(S)-Pyrrolidin-2-ylmethanol (A12)
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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
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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)
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