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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 1-4),

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 imidazolidinones in 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 (&
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 2—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 A29—-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
N
] o, Me© Phj \ -
N PFs  MeOH (ﬁ)
l + Ph Cl>f‘ N
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H, | o
X PFs

0.4 Appendix 2

Though the trityl group had previously been reported to be an electronically neutral
substituent with a Hammett substituent constant of o = 0, the trityl group behaves as an
electron-withdrawing substituent in 2-position of pyrrolidine, which we explain by negative
hyperconjugation. This effect rationalizes why the trityl-substituted enamine is 26 times
less nucleophilic than the parent analogue and the trityl substituted iminium ion is 8 to 12
times more electrophilic than the parent analogue.

Comparison of the reactivities of the 2-trityl-pyrrolidine-derived enamine and the
2-trityl-pyrrolidine-derived iminium ion with the corresponding 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,(OSiMes)

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:
/=\

CH
H;CO b CHj3 /N N 3
= H4C HsC \FCHa
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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 (-12 < E < -10) 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) a—functionalization
of ketones or aldehydes through the formation of enamines (enamine activation) or
radical cations (SOMO-activation); (b) B—functionalization of enals via the formation of
a,B—unsaturated iminium ions or y—functionalization of enals through the formation of
dienamines; (c) ¢,B—functionalization of 2,4—dienals via the formation of trienamines,
which undergo Diels—Alder reactions with highly polarized electron-deficient olefinic

species, such as 3—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, they were used for a-alkylations of cyclic ketones and Michael
additions to acceptor substituted olefins.

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

Ha0"
@ + Mel —> —> (1954)

o] N 9]
R EWG H HO R EwG (1956
+ / —_— —
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 Hajos—Parrish—Eder—Sauer—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]; for a,B,y,0-conjugate iminium activation see [17]; for reactivity of enamines see [18];
for [2+2] cycloaddition see [19]; mechanistic studies of enamine mediated reactions see
[20]; for pH-efficiency relationship study see [21]; for the comparison with
imidazolidinones see [22]).

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

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)-(—)-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 A1-A28
generally differ less than 2 ppm and are slightly downfield-shifted from that of the parent
compound A2 [6(C4) = 25.0 and &(C5) = 46.5]. The strongest downfield-shift of C4 is
observed for the 2,2-dimethyl substituted pyrrolidine A5 [6(C4) = 29.0] whereas the
strongest downfield-shift of C5 is observed for 2—triphenylsilyl pyrrolidine A28 [6(C5) =
49.3]. Analogously 6(C4) and &(C5) of the imidazolidinones A29-A32 are almost

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
o/ ppm Cc2 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
AT 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
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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

27.9
26.0
30.8
30.8
30.8
29.2
29.2
29.0
28.6
29.2
27.6
26.4
28.1
29.2

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 C1H-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!®®



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
300-600 nm, while the amines A, the ammonium ions AH" and the indicators CH are

transparent in this region.

(Titration Method) A + CH 2 AH" + C™:

Solutions containing the indicator acids CH were titrated with stock solutions of amine A,
while the spectra in the range of 300-600 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).

_ [AHT][CT]
= TajicH] W
Since
[AH™] = [C"] = [CH]o-A/A
[A] = [A]o — [CH]o-A/A;
[CH] = [CH]o — [CH]o-A/As
Then the equilibrium constant K can be expressed by equation (2).
o [c
(2)

~ (AL, - [ D(CH], - [CD
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):

pKan(A) = pK,(CH) + IgK 3)

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 C3H-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, A15-A20, A22—-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° Individual pKyy  Averaged pKay
Al C1H 3.07 24.02 24.02
A2 C2H 3.35x 107 19.89 19.89
A3 C2H 1.62 x 10°° 19.57 19.57
A4 C2H 8.92 x 107° 19.31 19.31
A5 C2H 1.30 x 10°* 19.47 19.47
A6 C2H 2.04x107° 18.67 18.67
A7 C2H 559 x 107 18.11 18.13

C3H 2.47 18.14
A8 C2H 3.19x 107 19.86 19.86
A9 C2H 2.82x107° 19.81 19.81
A9H" C6H 3.46 x 107* 8.15 8.15
A10 C2H 4.81x107° 20.04 20.04
A1l C3H 7.65x 107" 17.63 17.66
C4H 1.93 17.68
A12 C2H 4.28 x10°° 18.99 18.99
A13 C2H 3.28x107° 18.88 18.88
Al4 C5H 421 x10™" 12.63 12.63
A15 C3H 7.56 x 107° 16.63 16.63
C4H 1.72 x 107" 16.63
A16 C2H 1.14 x 10°° 18.42 18.38
C3H 6.11 18.34
A17 C3H 2.72x 107" 17.18 17.18
C4H 6.19 x 107" 17.18
A18 Cc3” 2.28" 18.11 18.12
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c4” 5.53° 18.13

Al19 C3H 1.72 x 107" 16.99 16.94
C4H 3.13x 10" 16.89

A20 C3H 9.78 x 10°° 16.74 16.74
C4H 2.26 x 107" 16.75

A21 C6H 3.38x 107" 11.14 11.14

A22 C3H 3.97 x 107" 17.35 17.31
C4H 7.64 x 107" 17.27

A22™ —° 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 107" 16.80 16.79
C4H 247 x 107" 16.78

A25 C3H 7.21 x 107" 17.61 17.61
C4H 1.68 17.62

A26 C3H 4.36 x 10" 17.39 17.39
C4H 9.82 x 107* 17.38

A27 C3H 1.14 x 1072 15.81 15.79
C4H 2.46 x 1072 15.78

A28 C3H 1.17 17.82 17.81
C4H 2.57 17.80

A29 C5H 6.72 x 107* 11.84 11.83
C6H 1.64 11.83

A30 C6H 1.06 x 107" 10.63 10.63

A31 C6H 8.61 x 1072 10.54 10.54

A32 C6H 1.22 x 107" 10.70 10.70

2 K as defined in equation 3; ° Obtained by titrating AH* into solutions of deprotonated indicators C™. ¢ By
following the absorbance of A22™ in the titration with DBU (pKay = 24.31).

The basicity constants in Figure 6 show that the basicity scale in acetonitrile covers the
range from 10-24, 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.
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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

acceptors with 1-, 0-, and n-nucleophiles .
lgk,(20 °C) = sy(N + E) 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
A1-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 A1-A32 with the quinone methides E3-E7
and benzhydrylium ions E8—E19 were determined photometrically in acetonitrile at 20 °C.
The disappearance of the colored electrophiles (346 nm < Apax= 646 NmM) was monitored

by time-resolved UV-Vis spectroscopy.

The kinetic investigations of all reactions were performed with a high excess of the
amines over the electrophiles (= 10 equivalents) resulting in pseudo-first-order kinetics.
As a consequence, a mono-exponential decay of the absorbances of the electrophiles
was observed, from which the first-order rate constants kops (™) were derived by a least
squares fitting of the function A; = Ajexp(—konst) + 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™), 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

0.8 20 r
06 Kops = 1.10 x 105 [A13] + 0.4
— 15 | =
E Kops = 10.2 81 5x T 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-L™) with E9 (4.28 x 10°® mol-L™"); right: determination of the second order rate constant for reaction
of A13 with E9

The second order rate constants for the reactions of A1, A3-A13, A15-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 (k-;[F]). There are three different cases which have to be considered:

Case 1: If k.y < 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-, and k, are first-order rate constants.

T,

ko > ka[A] > k4 ka[A] > ko > k4
Case 2: If k.y > ky > kg[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-; > 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 F—»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 E1-E7
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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.

®
Q- OO ) =
+
” N N

A2 E8
in CH,Cl, in CH3CN
30 . 30 L kObS = 1.18 X 105 [A2]
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20 b o 20 R2=0.9988
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0 1 1 1 0 ! ! 1
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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-3, and Kkqs 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

IN
L]

Kops / 577

N
T

O L L J
0 0.0004 0.0008 0.0012
[A27] / mol-L~!
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 107° 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
_ 003 -
PR Y 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-L™" [A2] / mol-L™

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 107> 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
T 4 k... =4.37 x 103 [A27] -
| Kops = 4.33 x 10° [A27] - 0.0004 obs = 4.37 X 10° [A27]
_3 R? = 0.9908 _3t R2 = 0.9993
» n
\m2 - \mz -
<1} =1t
0 1 ] 0 1 ]
0 0.0003 0.0006 0 0.0004 0.0008
[A27] / mol-L™! [A27] / mol-L™"

Figure 13. Comparison of the reaction between A27 and E13 (left: 5.10 x 107° M; right: 5.29 x 107° 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 oo _ <
CF; + + X
N | in MeCN ®/
H Me,N NMe, R NZ SR O O N
Me,N NMe, H

A14 E13 H*
(@) N (b) © N
© P
t-Bu N t-Bu N

15 D1 D2
_ 4.92mM - 2. 25 mM _ 4.45 mM
" 1 »n I!/)
505 505 $05

0 0.0008 0.0016 0.0024 0.0004 0.0008 0.0012 0.0003 0.0006 0.0009
[A14] I 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 107> 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
A29-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 A29-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

—
QO
~
—
O
~

7

[EEY

A (592 nm)
o
(63

A (586 nm)
o
(&)

O L ] 0 L 1
0 200 400 0 200 400
t/s t/s
Figure 16. (a) Nonreproducible kinetics of the reactions of A29 (1.78 x 10™* 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 107> 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 107 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 1072 M) was

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

Table 3 summarizes that most reactions of the secondary amines with benzhydrylium
ions followed second-order kinetics in acetonitrile in the absence of any additive. As
indicated in the last column of Table 3, in several cases 2,4,6-trialkylated pyridines were
added in order to get second-order kinetics with rate-determining attack of the amine at
the carbenium center.

Figure 18 shows that the second-order rate constants (Igk,) for the attack of the amines a
at the electrophiles E7—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
(& 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 A29-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.
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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

(M~s™)
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 1.33x10° 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.®* ¢!

Ig k, = 0.442pK,, — 2.46
R? =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 (A1-A28) and
imidazolidinones (A29-A32), it is not possible to select a single reference electrophile for
the characterization of the nucleophilic reactivities of all investigated amines (A1-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 A1-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 2—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 A29-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

om parameters'® of the 2-substituents.

8 r
H 7 1
22 F
6
20 F .
T 25}
x“’ 8 ity
18 F =
ERE
16 F . |
Ig k, = -5.050,, + 5.58 A4
= o
¥ T pKyy=-11.70, +19.0 At 2 | R2=0.228
. RIz:o_l572 . . o e A24
12 1 1 1 1 N N ' ,
02 -01 0 01 02 03 04 05 02 01 0 01 02 03 04 05
O o,

Figure 23. Hammett plot between pK,y and o, of substituents at C-2 positon of pyrrolidine ring (left);
Hammett plot between the rate constants for the reactions of A with E11 and oy, of substituents at C-2
positon of pyrrolidine ring (right).
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17 - : ' 5.0 : ' '
-0.2 0.0 0.2 0.4 -0.2 0.0 0.2 0.4
On Om

Figure 24. Hammett plot between pK,y and oy, of substituents at pyrrolidin-2-ylmethyl positon (left);
Hammett plot between the rate constants for the reactions of A with E11 and o, of substituents at
pyrrolidin-2-ylmethyl positon (right)

The corresponding Hammett p values for the rate constants (-5.05 in Fig. 23 and -1.61
in Fig. 24) are somewhat smaller than those for the correlations of pKas with o, (-11.7 in
Fig. 23 and -4.04 in Fig. 24). The much lower quality of the correlations for the
pyrrolidines with substituents at C-2 position of pyrrolidine ring (Fig. 23) compared to the
plots in Fig. 24 indicates that other effects (steric effect, etc.) beyond electric effect play a
more important role when the substituents are located closer to the react center nitrogen
atom. We have also analyzed to corresponding correlations with Taft's aliphatic
substituent constants o, 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
20 |
5
s18 |
16 | 3}
x A14
« Ig k, =-0.9100" + 6.03
14 | PKyy=-2160"+19.9 > | 0 0 oms o
R2=0.702 A4 '
° eA24
12 1 1 1 1 ) 1 1 1 i
) -1 0 1 2 3 -2 -1 0 1 2 3
o log

Figure 25. Taft plot between pKay and o of substituents at C-2 positon of pyrrolidine ring (left); Taft
plot between the rate constants for the reactions of A with E11 and o of substituents at C-2 positon of
pyrrolidine ring (right)
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Figure 26. Taft plot between pKyy and o of substituents at pyrrolidin-2-ylmethyl Jpositon (left); Taft plot
between the rate constants for the reactions of A with E11 and o 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

53



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 (N1-H1-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 A29-A32 can be looked at as 2-amido substituted pyrrolidines
(Scheme 12).
-1_-1

Scheme 12. Comparison of Brgnsted basicities and rate constants (M"s ) of the reactions of A16 and
A29-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 A29-A32 reduces basicity by 7-8 pK, units and nucleophilic reactivity
by 6-9 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
lone pair of the NH group with the 1 orbital of the carbonyl group and thus reduce
basicity and nucleophilicity of imidazolidinones (Crystal structure of A29H" in Fig. 37
shows the angle between N1-H1 and the plane N2-C4-0O1 is 88.7° and the distance
from N1 to N2—C4 is 2.2 A). In addition, the two nitrogen atoms in A29-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 diffusion—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
2 DKy = 10.54
4
3
2
1
£
0
-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 = —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 *H and **C NMR chemical shifts (3)
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 (0.040-0.063 mm) or
Sigma-Aldrich aluminium oxide 90 active neutral (0.063—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.

Q\(g @ '"H NMR (400 MHz, DMSO-dg) & 2.96 (dd, J = 8.5, 5.7 Hz, 1H), 2.88 (ddd, J =
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), 1.54-1.40 (m, 1H), 1.44-1.31 (m, 1H).

3C NMR (101 MHz, DMSO-d6) 5 176.8, 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, CDCl5) & 3.08-2.94 (m, 2H), 2.85-2.72 (m, 1H), 1.91-1.62 (m,
" 3H), 1.24-1.13 (m, 1H), 1.11 (d, J = 6.3 Hz, 3H).

13C NMR (75 MHz, CDCls) & 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) 6 2.99 (ddd, J =10.2, 7.3, 5.4 Hz, 1H), 2.81 (dt, J =
10.2, 7.4 Hz, 1H), 2.60 (td, J = 8.4, 6.8 Hz, 1H), 1.88-1.78 (m, 1H), 1.77-1.64 (m,

2H), 1.56 (br, 1H), 1.57—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).

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

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.!

() 'H NMR (400 MHz, CDCl3) & 3.00-2.94 (m, 2H), 1.85-1.73 (m, 2H), 1.56—1.45 (m,
2H), 1.14 (s, 6H).

13C NMR (101 MHz, CDCl5) 8 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, CDsCN) & 7.40-7.32 (m, 4H), 7.31-7.24 (m, 4H), 7.19-7.13
" (m, 2H), 3.91-3.84 (m, 1H), 3.72 (d, J = 10.3 Hz, 1H), 2.90 (dtd, J = 10.0, 5.1, 2.4

Hz, 1H), 2.82—-2.75 (m, 1H), 1.85 (br, 2H), 1.78-1.58 (m, 3H), 1.34-1.20 (m, 1H).

3C NMR (101 MHz, CD3CN) & 145.7, 145.5, 129.4, 129.3, 129.1, 129.0, 127.1, 127.0,

62.7,59.4,47.1, 31.7, 26.0.

HRMS (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, CDCl5) & 3.06 (m, 1H), 2.96-2.82 (m, 2H), 2.68 (ddd, J =

12.4, 4.9, 0.9 Hz, 1H), 2.59 (ddd, J = 12.4, 7.5, 0.9 Hz, 1H), 1.90-1.58 (m, 3H),
1.35 (br, 2H), 1.35-1.21 (m, 1H).
3C NMR (101 MHz, CDCls) 8 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, CD3sCN) 8 3.10 (p, J = 6.9 Hz, 1H), 2.86 (ddd, J = 10.0, 7.2,
. 5.8 Hz, 1H), 2.72 (dt, J = 9.9, 7.2 Hz, 1H), 2.23-2.16 (m, 1H), 2.16 (s, 6H), 2.10

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

13C NMR (101 MHz, CDsCN) 5 66.4, 57.1, 46.8, 46.2, 30.8, 25.8.

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 (AQH*OT{")

\ \
—_—
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\t‘; '"H NMR (400 MHz, CDCls) & 7.49 (br, 2H), 3.94-3.81 (m, 1H), 3.40 (it, J = 8.4,
v 9" 4.2 Hz, 2H), 2.62—2.39 (m, 2H), 2.27-2.14 (m, 1H), 2.14-2.01 (m, 2H), 1.68 (ddt,

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

13C NMR (101 MHz, CDCl3) 8 59.9, 57.4, 45.6, 45.2, 28.1, 23.8.

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, CDCl3) 8 3.20 (dtd, J = 8.3, 7.0, 5.2 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), 2.59-2.43 (m, 5H),
2.37-2.29 (m, 1H), 1.95 (br, 1H), 1.87 (dddd, J=12.4, 8.6, 7.3, 5.5 Hz, 1H), 1.80-1.63 (m,
6H), 1.32 (ddt, J =12.2, 8.7, 6.9 Hz, 1H).
*C NMR (101 MHz, CDCl;) & 62.4, 57.6, 54.8, 46.3, 30.3, 25.2, 23.6.

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
1072 mbar, rt, distillate condensed under liquid nitrogen cooling bath) to afford A11 (560
mg, 4.44 mmol, 57.6%) as a colorless oil.
Q\,Ns '"H NMR (400 MHz, CDCl5) & 3.35-3.12 (m, 3H), 3.02-2.85 (m, 2H), 1.95 — 1.64

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

3C NMR (101 MHz, CDCls) 8 57.9, 56.4, 46.8, 29.2, 25.7.
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, CD3CN) & 3.38 (dd, J = 10.7, 4.7 Hz, 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), 2.90-2.71 (m, 2H),

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

13C NMR (101 MHz, CDCl;) 5 65.4, 60.9, 47.0, 28.5, 26.4.

'H NMR (599 MHz, CDCl3) 8 3.51 (dd, J = 9.9, 3.7 Hz, 1H), 3.34-3.26 (m, 2H), 2.99-2.92

(m, 1H), 2.86 (dt, J = 10.5, 6.7 Hz, 1H), 2.20 (br, 2H), 1.88-1.74 (m, 2H), 1.74-1.64 (m,

1H), 1.48-1.40 (m, 1H).

3C NMR (151 MHz, CDCl3) 5 64.9, 59.3, 46.6, 27.8, 26.3.

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.
Q\/OME '"H NMR (400 MHz, CDCls) & 3.35-3.25 (m, 1H), 3.31 (s, 3H), 3.26-3.18 (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), 1.83-1.58 (m, 3H), 1.41-1.27 (m, 1H).
13C NMR (101 MHz, CDCl3) & 76.4, 59.0, 57.8, 46.6, 27.9, 25.4.
'H NMR (400 MHz, CDsCN) & 3.28 (s, 3H), 3.26-3.09 (m, 3H), 2.84 (ddd, J = 9.8, 7.0, 5.7
Hz, 1H), 2.76 (ddd, J = 9.9, 7.3, 6.6 Hz, 1H), 1.82 (br, 1H), 1.80-1.55 (m, 3H), 1.38-1.24
(m, 1H).
3C NMR (101 MHz, CDsCN) & 77.5, 58.9, 58.5, 47.1, 29.0, 26.0.
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Preparation of 2-(Trifluoromethyl)pyrrolidine (A14)

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

O 'H NMR (400 MHz, CD;Cl) 8 3.70-3.59 (m, 1H), 3.05—-2.97 (m, 2H), 2.08-1.82
H (m, 4H), 1.81-1.68 (m, 1H).

13C NMR (101 MHz, CD5Cl) 8 127.1 (q, J = 279.2 Hz), 58.8 (q, J = 29.6 Hz), 47.3, 26.0 (q,

J=1.8 Hz), 25.7.

F NMR (376 MHz, Chloroform-d) 5 -76.90 (d, J = 8.1 Hz).

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 'H NMR (400 MHz, CDsCN) & 3.66 (dd, J = 8.6, 5.6 Hz, 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), 2.08-1.97
(m, 1H), 1.82-1.64 (m, 3H).
3C NMR (101 MHz, CDsCN) 5 176.7, 60.5, 52.3, 47.7, 30.8, 26 4.

Preparation of (S)-N,N-Dimethylpyrrolidine-2-carboxamide (A16)
The crude product of A16 was synthesized by the procedure reported by Diakos,*? which
was kept in vacuum (1 x 10~ mbar) at 0 °C for 30 mins. A quick distillation (60 °C, 1 x 107
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.
e, HNMR (400 MHz, CDCls) 5 3.83 (dd, J = 8.5, 6.1 Hz, 1H), 3.13 (ddd, J = 10.7,
W5 7.1,5.3Hz, 1H), 2.98 (s, 3H), 2.92 (s, 3H), 2.85-2.75 (m, 1H), 2.75 (br, 1H),
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2.10-1.99 (m, 1H), 1.80-1.52 (m, 3H).

13C NMR (101 MHz, CDCls) 5 174.3, 58.3, 47.9 36.5, 35.8, 30.8, 26.6.

IR (neat, ATR probe, cm'l): 3410, 2950, 2874, 1624, 1504, 1394, 1257, 1153, 1086, 1059,
883.

HRMS (EI): m/z calculated for C;H14N,O*" (M™): 142.1101, found: 142.1099.

HRMS (ESI): m/z calculated for C;H:sN,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 'HNMR (300 MHz, CDCls) 8 7.59 (br, 1H), 3.66 (dd, J = 9.1, 5.3 Hz, 1H), 3.14

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), 2.16—1.98 (m, 1H), 1.84 (dt, J = 12.5, 6.1 Hz, 1H), 1.72-1.58 (m,
2H), 1.47 (h, J = 7.4 Hz, 2H), 0.86 (td, J = 7.4, 0.7 Hz, 3H).
3C NMR (75 MHz, CDCl;) 8 175.0, 60.7, 47.3, 40.5, 30.8, 26.2, 22.9, 11.4.
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 181.3-182.4 °C).

'"H NMR (400 MHz, CD3CN) d 7.88-7.76 (m, 4H), 4.05-3.92 (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), 2.24-2.13 (m, 1H), 2.13-1.89 (m, 2H),
1.81 (ddt, J =12.8, 9.8, 8.7 Hz, 1H).
*C NMR (101 MHz, CDsCN) & 169.5, 161.4 (q, Jc s = 33.3 Hz, CO, ), 135.3, 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 'H NMR (599 MHz, CDCl3) & 7.93 (s, 1H), 7.86—7.80 (m, 2H), 7.47-7.38 (m,

Q\,K:’N 2H), 7.35-7.29 (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), 1.85-1.66 (m, 2H), 1.51 (ddt, J = 12.7, 8.7, 7.0 Hz, 1H).
13C NMR (151 MHz, CDCl3) & 147.7, 130.9, 128.9, 128.2, 125.8, 120.7, 58.1, 55.5, 46.7,
29.2, 25.6.
IR (neat, ATR probe, cm™): 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.

A_D IH NMR (599 MHz, CDCl) & 7.51 (s, 1H), 7.03 (s, 1H), 6.97 (s, 1H), 3.94 (dd,

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

3C NMR (151 MHz, CDCl3) 8 137.5, 129.5, 119.4, 59.0, 52.7, 46.6, 29.2, 25.3.
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")

e
N FeN—n-Bu Pl AgOTf Q\
4/ n-BuBr HCI NaHCOj3(aq) ®N—n-Bu g H N °
(DN e (G G narcogeg (Y S My 8
eN

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 (s, 1H), 7.48 (t, J = 1.8 Hz, 1H), 7.43 (t, J =
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

" =78, 5.2 Hz, 1H), 3.19-3.03 (m, 2H), 2.15 — 2.00 (m, 1H), 1.91-1.79 (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).
13C NMR (101 MHz, CDsCN) & 136.8, 123.8, 123.5, 121.3 (q, J = 320.3 Hz), 60.0, 52.7,
50.4, 48.1, 32.4, 29.0, 25.0, 19.9, 13.6.
IR (neat, ATR probe, cm™): 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 CF303S (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*CF3;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.
'H NMR (599 MHz, CDCl3) & 8.04 (s, 2H), 7.57 (s, 1H), 7.40 (br, 1H),
OV X Q 3.59-3.52 (m, 1H), 3.45-3.36 (m, 1H), 3.35-3.26 (m, 1H), 3.16-3.09
(m, 1H), 2.92-2.81 (m, 1H), 2.01-1.87 (m, 2H), 1.79-1.68 (m, 1H),
1.65-1.55 (m, 1H).
3C NMR (151 MHz, CDCl3) 8 183.8, 142.3, 131.7 (q, J = 35.8 Hz), 123.4 (q, J = 272.7 Hz),
122.7,117.4,59.6, 51.0, 46.3, 28.6, 27.4.
IR (neat, ATR probe, cm'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 C14H1sN3FeS*" (M*): 371.0885, found: 371.0885.
HRMS (ESI): m/z calculated for C14H16N3FsS™ (M + H*): 372.09636, found: 372.09626;
calculated for C14H14N3sF¢S™ (M — 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 183.0-184.4 °C).
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. "HNMR (400 MHz, CD;0D) 8 8.07 (s, 2H), 7.50 (s, 1H), 3.73 (ddt, J =
OVTVQ 8.9, 7.5, 3.8 Hz, 1H), 3.62-3.44 (m, 2H), 3.42-3.22 (m, 2H), 2.24-1.95
" ore, O (m, 3H), 1.80 (dg, J = 12.6, 8.4 Hz, 1H).
13C NMR (101 MHz, CDs0OD) & 163.1 (q, J = 34.6 Hz, CFsCO,), 158.5, 143.2, 133.1 (q, J
= 33.1 Hz), 124.8 (g, J = 272.2 Hz), 119.4-119.1 (m), 118.2 (q, J = 293.0 Hz, CF3CO,),

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) 8 7.36-7.32 (m, 6H), 7.29-7.23 (m, 6H), 7.21-7.16
N (m, 3H), 4.73 (dd, J = 8.3, 6.7 Hz, 1H), 2.78-2.65 (M, 2H), 2.05 (dtd, J = 12.8, 8.2,

6.9 Hz, 1H), 1.63-1.56 (M, 1H), 1.56 — 1.49 (m, 1H), 1.46 (br, 1H), 1.09 (ddt, J = 15.8,

11.7, 7.4 Hz, 1H).

13C NMR (151 MHz, CDCl3) 8 146.4 (br), 130.3 (br), 127.7, 126.1, 64.1, 61.4, 46.8, 29.2,

25.9.

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

'"H NMR (400 MHz, CDsCN) & 7.52—7.46 (m, 2H), 7.38-7.33 (m, 2H), 7.32-7.15
N o, (m, 6H), 4.19-4.07 (m, 1H), 2.89 (ddd, J =9.7, 7.8, 6.4 Hz, 1H), 2.77 (ddd, J =
9.8, 7.0, 4.9 Hz, 1H), 1.61-1.45 (m, 2H), 1.44-1.31 (m, 2H), —0.08 (s, 9H).
3C NMR (101 MHz, CDsCN) & 148.8, 147.6, 128.9, 128.5, 128.4, 127.8, 127.6, 127.4,

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

Ph

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

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

O '"H NMR (400 MHz, CDsCN) 8 7.55-7.50 (m, 2H), 7.44—7.37 (m, 2H), 7.37-7.24
Ko™ (m, 5H), 7.23-7.16 (M, 1H), 4.60—4.52 (m, 1H), 3.06-2.94 (m, 1H), 2.86-2.77

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

3C NMR (101 MHz, CDsCN) & 144.4, 144.1, 129.5, 129.1, 128.8, 128.2, 127.8, 127.3,

76.2,65.7, 48.1, 28.9, 27.4.

'H NMR (599 MHz, CDCl3) 8 7.59-7.55 (m, 2H), 7.52—7.48 (m, 2H), 7.32=7.27 (m, 4H),

7.20—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), 1.80-1.53 (m, 5H).
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3C NMR (151 MHz, CDCls) & 148.3, 145.6, 128.4, 128.1, 126.6, 126.5, 126.0, 125.7,
77.2,64.6, 46.9, 26.4, 25.7.

Preparation of (S)-2-(Azidodiphenylmethyl)pyrrolidine (A27)
Amine A27 was prepared following the procedure by Shi./*

. 'H NMR (400 MHz, CDCls) & 7.53-7.47 (m, 2H), 7.42—7.27 (m, 7H), 7.27-7.21
H%™ (m, 1H), 4.35 (t, J = 7.1 Hz, 1H), 3.03-2.93 (m, 2H), 2.11 (br, 1H), 1.79-1.55 (m,
4H).
3¢ NMR (101 MHz, CDCI3) 6 142.8, 142.3, 128.6, 128.3, 128.1, 127.6, 127.3, 127 1,
75.3, 65.4, 47.3, 28.1, 26.2.

HRMS (ESI): m/z calculated for 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, 70.2 mmol) in diethylether (100 ml) at -78 °C
was added s-BuLi (60.0 ml, 70.2 mmol; 1.17 M solution in cyclohexane). The reaction
mixture was stirred for 6 h at =78 °C and then dimethoxydiphenylsilane (17.1 g, 70.0
mmol) was added at -78 °C. The stirring solution was allowed to slowly warm to room
temperature overnight. Then, phenyllithium (137 ml, 70.6 mmol; 0.515 M solution in
dibutylether) was added at —78 °C. The stirring reaction mixture was warmed to 0 °C over
a period of 6 h. After water (80 ml) had been added, the organic layer was separated and
the aqueous phase was extracted with diethyl ether (3 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 ethanol (500 ul, 8.56 mmol) in
ethyl acetate (10.0 ml) at ambient temperature was added acetyl chloride (560 pl,
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, CDCl3) 7.6 —7.60 (m, 6H), 7.44—7.40 (m, 3H), 7.39-7.35
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), 1.80-1.65 (m, 2H),
1.60-1.52 (m, 1H), 1.42 (br, 1H).
13C NMR (151 MHz, CDCl5) & 136.2, 134.1, 129.8, 128.1, 49.3, 46.8, 29.2, 26.9.

Preparation of (S)-5-Benzyl-2,2,3-trimethylimidazolidin-4-one (A29)
The crude product of A29 was prepared following the reported procedure by Ahrendt,®*"!
which was purified by column chromatography on silica gel (ethyl acetate) to afford A29 as
a clear oil.

N 'H NMR (400 MHz, CDsCN) & 7.33-7.19 (m, 5H), 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).
3C NMR (101 MHz, CDsCN) & 174.0, 139.8, 130.3, 129.2, 127.2, 76.3, 60.3, 38.8, 27.5,
25.3, 25.2.

Preparation of (2S,5S)-5-Benzyl-2-(tert-butyl)-3-methylimidazolidin-4-one (A30)
The crude product of A30 was synthesized according to the procedure by Paras,® which
was purified by column chromatography on silica gel (ethyl acetate) to afford A30 as
colorless solid.

N 'H NMR (400 MHz, CD5Cl) & 7.33-7.16 (m, 5H), 4.06—4.01 (m, 1H), 3.73-3.63
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) & 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 — 2:1) to afford A31 as a clear oil and A32 as a colorless

solid.
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'H NMR (400 MHz, CDsCl) & 7.33-7.19 (m, 5H), 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) & 7.31-7.17 (m, 5H), 6.16 (d, J = 3.1 Hz, 1H),

)”///
LW C] 5.88-5.86 (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, CD4Cl) & 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.®
o 'H NMR (400 MHz, Chloroform-d) & 8.51-8.20 (m, 2H), 7.78-7.64 (m, 2H),
N 5,26 (s, 1H).

13C NMR (101 MHz, Chloroform-d) 5 149.2, 132.8, 128.7, 125.3, 110.8, 28.0.

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

_ o °C NMR (101 MHz, CDCl) & 144.9 (dtdd, J = 255.7, 8.5, 5.8, 4.5 Hz), 143.7
(dtt, J = 261.9, 13.2, 5.2 Hz), 139.9-136.9 (m), 108.8, 101.9 (td, J = 15.7, 4.6 Hz), 16.9—
16.7 (m).
F NMR (377 MHz, CDCl;) d -138.6——138.8 (m), —-146.3 (tt, J = 20.9, 3.9 Hz), -157.2—
-157.4 (m).
HRMS (El): m/z calculated for CoHiN2Fs™ (M*"): 232.0054, found: 232.0052.

Fi EF '"H NMR (400 MHz, Chloroform-d) 5 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."*
N 'H NMR (599 MHz, CDCl3) 5 5.10 (s, 1H), 4.42—4.32 (m, 2H), 1.36 (t, J = 7.2
cl
Ag;é_%ooa Hz, 3H).
13C NMR (151 MHz, CDCls) 5 162.1, 144.9 (dd, J = 253.5, 14.6 Hz), 144.5 (dd, J = 252.7,
15.5 Hz), 115.0 (t, J = 18.9 Hz), 112.5, 108.9 (t, J = 16.4 Hz), 64.7, 32.0, 14.0.

F NMR (377 MHz, Chloroform-d) 3 -138.5--138.6 (m), —139.5—-139.7 (m).

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.*”
For '"H NMR (400 MHz, CDCl5) 8 5.09 (s, 1H), 4.39 (qq, J = 7.2, 3.6 Hz, 2H), 1.38
S @a=72Hz 3,

"7 13C NMR (101 MHz, CDCl) 5 162.2, 147.2-136.3 (m, 5C), 112.6, 105.86—
105.31 (m, 1C), 64.7, 31.8, 14.0.
F NMR (376 MHz, Chloroform-d) 5 -=139.91— -140.05 (m), =150.00 (tt, J = 20.8, 2.8 Hz),

-159.47—-159.67 (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)
DVOUVTOODONNTOOODONUOITITNTDON®MDODNDONNIWOO®©
DO RNNVOONOOUWUVLOBLIILIITIIINNNOOOOYLLILLLITNM
AN AN ANAANANANANANAN AN AN AN AN AN NS S ST ST T S r T o
RN

O\(O
N
ho o%k® a1
"H NMR (400 MHz, DMSO-d6)
th I
dad <ed
Al ol ol e i
T T T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0
5 (ppm)
©
© 0 00N
~ N N O — ©
- © < MmN

O
N
@K®

H o) A1

"H NMR (101 MHz, DMSO-d6)

T T T T T T T T T T T T T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 0
5 (ppm)

81



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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(S)-3-Butyl-1-(pyrrolidin-2-yImethyl)-1H-imidazol-3-ium trifluoromethanesulfonate
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(S)-1-(3,5-Bis(trifluoromethyl)phenyl)-3-(pyrrolidin-2-ylmethyl)thiourea (A22)
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(S)-2-((3-(3,5-Bis(trifluoromethyl)phenyl)ureido)methyl)pyrrolidin-1-ium

2,2,2-trifluoroacetate (A23H")
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2-Tritylpyrrolidine (A24)
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(S)-2-(Diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine (A25)
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(S)-Diphenyl(pyrrolidin-2-yl)methanol (A26)
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(S)-2-(Azidodiphenylmethyl)pyrrolidine (A27)
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2-(Triphenylsilyl)pyrrolidine (A28)
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(S)-5-Benzyl-2,2,3-trimethylimidazolidin-4-one (A29)
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(2S,5S)-5-Benzyl-2-(tert-butyl)-3-methylimidazolidin-4-one (A30)
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(2S,5S)-5-Benzyl-3-methyl-2-(5-methylfuran-2-yl)imidazolidin-4-one (A31)
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(2R,5S)-5-Benzyl-3-methyl-2-(5-methylfuran-2-yl)imidazolidin-4-one (A32)
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2-(4-Nitrophenyl)
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2-(Perfluorophenyl)malononitrile (C5H)
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Ethyl 2-(4-chloro-2,3,5,6-tetrafluorophenyl)-2-cyanoacetate (C4H)
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Ethyl 2-cyano-2-(perfluorophenyl)acetate (C3H)
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7.2 Experimental Section for Kinetic Measurements

7.2.1 General

Measurements with the Stopped-Flow UV-Vis Spectrometer

The kinetics of the fast reactions (t;, < 40 s) of amines A with benzhydrylium ions
(E8-E17) and quinone methides (E1-E7) were followed by UV/vis spectroscopy by using
a stopped-flow spectrophotometer system (Applied Photophysics SX.18MV-R or SX20
Stopped Flow Spectrometers; 5 or 10 mm light path). Stock solutions were prepared in
anhydrous acetonitrile, freshly distilled over phosphorus pentoxide. Alternatively, stock
solutions in dichloromethane were prepared, which was freshly distilled from calcium
hydride. The kinetic runs were initiated by mixing equal volumes of acetonitrile (or
dichloromethane) solutions of the amines and the electrophiles. The temperature of the
solutions during the kinetic studies was maintained to 20 + 0.2 °C by using circulating bath

cryostats.

Measurement with Conventional UV-Vis Spectroscopy

Anhydrous acetonitrile was freshly distilled from phosphorus pentoxide under an
atmosphere of dry nitrogen. The rates of slow reactions of amines A with electrophiles E
(tyz > 40 s) were determined by using a J&M TIDAS diode array spectrophotometers
controlled by Labcontrol Spectacle or TidasDAQ 3.8.1 software and connected to Hellma
661.502-QX quartz Suprasil immersion probe (5 mm light path) via fiber optic cables and
standard SMA connectors. The temperature of the solutions during the kinetic studies was

maintained to 20 £ 0.1 °C by using circulating bath cryostats.
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7.2.2 Kinetics in Acetonitrile

Potassium L-prolinate (A1)

Z_BYO t-Bu / O F 20 oC
E (0) ® in MeCN
-Bu (5% DMSO)

Al E3

Table 5. Kinetics of the reaction of Al with E3 (stopped-flow method, detection at 346 nm)

[A1]/ M [E3]/ M Kops /'S '

. O [ Ky =2.53 x 10° [AL] + 1.10
3.84 x 10 2.20 4 r R2 = 0.9978
5.38 x 107" 2.53 .3
6.92x10"  2.30x10° 2.92 22
81
8.45x 107" 3.32 =~ 0 , ,
9.99 x 107 3.75 0 0.0005 0.001

k,=253x10°M s [AL]/M

o !Bu z 20 °C
N + .
n ok® o NO, in MeCN

-Bu (5% DMSO)
Al E4

Table 6. Kinetics of the reaction of Al with E4 (stopped-flow method, detection at 368 nm)

[Al]/M [E4]/M Kobs /'S™ 6 [ Ky =4.77 x 103 [A1] +0.28
256 x 10" 1.50 -4 Re=0.9996
3.84x10™ 5 2.13 %

L, 154x10 22
7.68 x 10 3.91
8.97 x 10" 4.59 0 ' '
0 0.0005 0.001
ke=4.77x10°M "™ [Al]/M
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H

0
Wi -

Ph 20 °C
—_—
0 NMe;,  in MeCN
Ph

(5% DMSO)

Al
Table 7. Kinetics of the reaction of A1 with E5 (stopped-flow method, detection at 512 nm)
[Al]/ M [E5]/ M Kops /S~
2.05x 10" 1.00 x 10" Zg Kops = 4.09 x 104 [A1] + 1.86
3.06 x 107 1.45 x 10* - R2 = 0.9994
410 x 107 " 1.88 x 10"
. 134x10 .
5.12 x 10 2.30 x 10
6.15x 107 2.70 x 10* 0 ' ' ' '
" L 0 0.0002 0.0004 0.0006 0.0008
7.17 x 10 3.10 x 10

k, =4.09 x 10° M "5

[AL]/M

5 POR ST
+ —
%((D OMe i) MeCN

(5% DMSO)

Al E6
Table 8. Kinetics of the reaction of Al with E6 (stopped-flow method, detection at 412 nm)
[Al]/ M [E6] /M Kobs / S '
2.05x 10" 2.25 x 10° 150 Kope = 1.39 x 105 [A1]
-4 1 . —-6.25
3.06 x 10 3.66 x 10 % 100 R? = 0.9996
410 x 107 " 4.98 x 10 3
. 1.93 x 10 ) & 50
5.12 x 10 6.49 x 10
6.15 x 10 7.97 x 10 0 ' ' ' '
0  0.0002 0.0004 0.0006 0.0008
7.17 x 107 9.32 x 10" [A1]/M
k»=1.39x10°M s’
0o O 2
E in MeCN
(5% DMSO)
Al E7
Table 9. Kinetics of the reaction of Al with E7 (stopped-flow method, detection at 376 nm)
[Al]/ M [E7]/M Kobs / S '
2.05% 10" 3.80 x 10" 250 1 kg =2.31 % 10° [Al]
3.06 x 107 6.01 x 10" o 200 o
. . £ 150 R2=0.9994
4.10 x 10™* ) 8.55 x 10* 2100
. 209x107 , <
5.12 x 10 1.07 x 10 50
-2 2 0 1 1 1 ]
6.15x 10 1.31x10 0 0.0002 0.0004 0.0006 0.0008
7.17 x 107 1.57 x 10°

k,=2.31x10°M s

[A1]/M
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Al

®
0, QI Q) 2
+ —
bo3 &4 N N

N
H

E8

in MeCN
(5% DMSO)

Table 10. Kinetics of the reaction of Al with E8 (stopped-flow method, detection at 632 nm)

[Al]/M [E7]/M Kobs /'S 800 _k0b5:6_438X3%06 [AL] -
4.16 x 10°° 1.65 x 10° -
. , 7, 000 T Re=0.9994
6.66 x 10° 3.30 x 10 = I
L, 404x107 \ 5400
9.15 x 10 4.94 x 10 200
1.16 x 107 6.40 x 10° 0 : . .

k,=6.41x 10° M "5’

0  0.00004 0.00008 0.00012

[A1]/M

Table 11. Determination of the parameters N and sy for Al in acetonitrile

Electrophile E ko/M s
3 8
E3 -15.03  2.53x10 2 | lgk;=068E+13.49
E4 -14.36 4.77 x 10° o6 R?=0.9885
X
E5 -13.39 4.09 x 10* o5
E6 -12.18 1.39 x 10° 4
E7 -11.87 2.31 x 10° 3 S
] -16 -15 -14 -13 -12 -11 -10 -9
ES -10.04 6.41 x 10 E

N =19.95sy =0.68
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Pyrrolidine (A2)

t-Bu Z F 20°C

(3 XTI =

E 10) in MeCN
t-Bu

A2 E3

Table 12. Kinetics of the reaction of A2 with E3 (conventional UV-Vis method, detection at 346 nm)

[A2]/ M [E3]/ M Kops /'S '
0.04
1.63x10° 154 x 107 430x10° 03
|
2.38x10™ 1.46 x 107 8.04x10° oo
3.33x10™ 152 x 107° 1.33x 1072  Xg01
4.23x 107" 1.53 x 107 1.92 x 107 0 . . . .
5.16 x 10™* 1.55 % 107° 254 x 1072 0 0.0002 0.0004 0.0006 0.0008
5.90 x 107 1.51x 107 3.09 x 107 [A21/M
t-Bu z 20 °C
(3 XY Qs
N o;,/\‘No2 in MeCN
t-Bu
A2 E4
Table 13. Kinetics of the reaction of A2 with E4 (stopped-flow method, detection at 368 nm)
[A2]/ M [E4]/ M Kobs /' S ' 0.06
= =3
2.36 x 10 7.98 x 10 | - 0.04
3.54 x 107 160x 107"
472 %107 2.06 x 107° 2.43x10°° =002
5.91 x 107 3.34x10°° 0 . - - -
_4 = 0  0.0002 0.0004 0.0006 0.0008
7.09 x 10 4.45 x 10 [A2] / M
R0, 25
N o N” in MeCN
Ph '
A2 E5

Table 14. Kinetics of the reaction of A2 with E5 (stopped-flow method, detection at 512 nm)

[A2] /M [E5]/ M Kobs / S '
Kops = 2.12 x 103 [A2]

=z =
1.65 x 10 2.85x 10 1 —6.81 x 102

2.48 x 107 459 x 107" o R? =0.9996

3.31x 107 1.59 x 107 6.23 x 10" 505

413 x 107" 8.07 x 10" 0 , , ,
531 x 10 1.06 0 00002 0.0004 0.0006

k,=212x 10°M 5™ [A2]/ M
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Table 15. Kinetics of the reaction of A2 with E6 (stopped-flow method, detection at 412 nm)

[A2]/ M [E6]/ M Kops /'S '
- - kops = 6.31 x 103 [A2] —
1.65 x 10 9.45 x 10 3 8.57 x 10-2
2.48 x 107 1.48 Z, Rz = 0.9994
331x10"  1.65x 107 2.01 2
4.13x10™ 2.55 0 . . ;
4.96 x 10° 3.02 0 0.0002  0.0004  0.0006

S— A2]/M
k,=6.31x 10°M s [A2]

Ph =
0. E
N
H Y in MeCN

Ph
A2 E7
Table 16. Kinetics of the reaction of A2 with E7 (stopped-flow method, detection at 376 nm)
[A2]/ M [E7]/ M Kobs /' S '
165x 10" 1.56 6 Kobs = 1-%2 g 3?39[952] -0.27
2.48 x 107 2.41 24
331x10°  1.64x10° 3.32 £,
4.13 x 10 4.28 0 . .
4.96 x 107 5.14 0 0.0002 0.0004 0.0006

kp=1.09 x 10°M"-s™" [A2]/M

®
(3
e
H N I\{ in MeCN

/

A2 E10
Table 17. Kinetics of the reaction of A2 with E10 (stopped-flow method, detection at 616 nm)
[A2] /M [E10]/ M Kobs /' S ' s = 1.06 % 10° [AZ]
472x10° 4.09 x 10" 150 -9.39
7.09 x 107° 6.63x10° £ 100 R#=1.0000
9.45 x 10°° 470 x 107° 9.08 x 10" K: 50
1.18 x 107 1.16 x 10° 0 . .
1.42 x 107* 1.42 x 10° 0 0.00008 0.00016

ko= 1.06x 10° M5 [A2]/M
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Table 18. Kinetics of the reaction of A2 with E11 (stopped-flow method, detection at 620 nm)
A2]/ M E11]/M Kobs / S
[AZ] [E11] b 200 | Kobs =2.78 x 10° [A2]
2.36x107° 5.47 x 10° -11.0
3.54 x 107 874x10' w0 [ RE=09991
-5 -6 2 2100 -
4.72 x 10 2.29 x 10 1.19 x 10 N 50
5.91x 107 1.56 x 10° 0 . ,
7.09 x 107° 1.85 x 10° 0 0.00004 0.00008
[A2]/ M

k,=2.78x 10° M "5

Table 19. Determination of the parameters N and sy for A2 in acetonitrile

Electrophile E ko/M s
= -16.38  3.25x 10'™
E2 -16.11 4.82 x 10*¥
E3 -15.03 -
EA 14.36 ] o5 | lgk, ;220;63.55731.33
E5 -13.39 2.12 x 10° 2
E6 -12.18 6.31 x 10* T35
E7 -11.87 1.09 x 10° 15 .
ES -10.04 1.18 x 10°®@ -165 -12.25 -8
E9 -9.45 3.50 x 10°® E
E10 -8.76 1.06 x 10°
E11 -8.22 2.78 x 10°

N =18.58 sy = 0.61

W'Second-order rate constants k, were taken from literature
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2-Methylpyrrolidine (A3)

O QO G s
in MeCN
A3 E8
Table 20. Kinetics of the reaction of A3 with E8 (stopped-flow method, detection at 632 nm)
[A3]/ M [E8]/ M Kobs / S
4.49%x 10" 1.89 x 10" 200 kops =5.53 x 10*[A3]
-4 1 150 - 542
8.98 x 10 4.52 x 10 T, R2 =0.9993
1.35x 107 . 690x10" 100
., 159x10 . < 5
1.80 x 10 9.29 x 10
2.25x 107 1.21 x 10° 0 ' ' '
" 5 0 0.001 0.002 0.003
2.70 x 10 1.43 x 10 [A3]/ M
k,=553x10"M s
G
in MeCN
A3 E9
Table 21. Kinetics of the reaction of A3 with E9 (stopped-flow method, detection at 635 nm)
[A3]/ M [E9]/M Kobs / S '
225x 10" 2.63 x 10" 300 k. =1.67x 105 [A3] -
- 13.3
4.49 x 107* 6.25 x 10" T, 200 R = 0.9989
6.74 x 10 9.70 x 10" 7
1.62x10° 5100
8.98 x 10™* 1.36 x 10°
3 2 O 1 ]
1.12>10 1.72>10 0 00005 0001 0.0015
1.35x 107 2.16 x 10 [A3]/ M
ko=1.67x10°M s '
\ in MeCN
A3 E10
Table 22. Kinetics of the reaction of A3 with E10 (stopped-flow method, detection at 616 nm)
[A3]/ M [E10]/ M Kobs / S~
1.35x 10 ° 3.61 x 10" 300 kops = 4.22 x 10° [A3] —
_ 22.3
2.25x 107 7.08 x 10* T, 200 R2 = 0.9997
3.14x 107" " 1.11 x 10° i
4 1.35x 10 , ~> 100
4.04 x 10 1.48 x 10
4.94 x 10™ 1.86 x 107 0 ' '
o ) 0 0.0002 0.0004 0.0006
5.84 x 10 2.25%x 10

k,=4.22x10°M s

[A3] /M
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A3 Ell

Table 23. Kinetics of the reaction of A3 with E11 (stopped-flow method, detection at 620 nm)

[A3]/ M [E11]/ M Kops /'S '
1.35x 10" 1.11 x 10° 1288 Koy = 1.15 x 10° [A3]
2.25x 107 204x10° o . goéggo
i , o =0,
3.14 x 10 6 10 x 10° 3.11x 10 % 400
4.04 x10™ 4.04 x 10° 200
4.94 x 107 5.21 x 10° 0 ' ' '
Y , 0 00002 0.0004 0.0006
5.84 x 10 6.24 x 10 [A3]/M

k,=1.15x 10° M "5

Table 24. Determination of the parameters N and sy for A3 in acetonitrile

i =T o1
Electrophile E k, /M s 6.5 lgk, = 0.71E + 11.85

E8 -10.04 5.53 x 10” 6 R?2 = 0.9956

E9 -9.45 1.67 x 10° 35.5

E10 -8.76 4.22 x 10° 5

E1l1l -8.22 1.15 x 10° 4.5 . - -

-105 95 -85 -75
N =16.78 sy=0.71 £
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(R)-2-1sopropylpyrrolidine (A4)
®
) s
N N~ in MeCN
A4 | OF

Table 25. Kinetics of the reaction of A4 with E8 (stopped-flow method, detection at 632 nm)

[A4]/ M [E8]/ M Kobs / S
7.47 x 107 2.25 10 | Kobs =3.42x 10*[A4] — 0.30
4 T R2 = 1.000
1.12 x 10 3.51 o
1.49 x 10™ 5.41x 10°° 4.81 ES
1.87 x 107 6.08 0 . . .
224 x 107* 7.35 0 0.00008 0.00016 0.00024
K =342x100 M s [A4]/M

O OO0
E' mMeCN

A4 E9
Table 26. . Kinetics of the reaction of A4 with E9 (stopped-flow method, detection at 635 nm)

[A4]/ M [E9]/M Kobs /' S 30

7.47 x 107 6.29 Kops =9.94 x 10% [Ad] — 1.22
4 1 T 20 R? =0.9972

1.12 x 10 1.01 x 10 o
1.49 x 107 3.56 x 10°° 1.33 x 10" 10
1.87 x 107 1.70 x 10* 0 , , ,
2.24 x 107" 2.14 x 10* 0 0.00008 0.00016 0.00024

k,=9.94x 10°M s [A4]/M

( N TR

Table 27. . Kinetics of the reaction of A4 with E10 (stopped—flow method, detection at 616 nm)

[A4] /M [E10]/ M Kobs / S '

50 [ Ky = 2.55 x 10° [A4]

4.98 x 10™° 1.01 x 10" 40 -2.29

7.47 x 107 1.70 x 10* 30 R?=0.9993

9.96 x 10 500x10°  2.33x 10" 5 ig

1.25x 107" 2.93 x 10" 0 . . .
1.49 x 107* 3.56 x 10* 0 0.00005 0.0001 0.00015

k,=255x10° M .5 [Ad4] /M
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Table 28. Kinetics of the reaction of A4 with E11 (stopped-flow method, detection at 620 nm)

[Ad]/ M [E11]/ M Kops /'S ' 150
- . Kops = 7.18 x 105 [A4] —
4.98 x 10 2.76 x 10 8.17
7.47 x 107 4.54 x 10" Tﬁ 100 R? = 0.9997
9.96 x 107 5.00 x 107° 6.38 x 10" -2 50
1.25 x 107 8.08 x 10" 0 ! ! '
1.49 x 107 9.92 x 10" 0  0.00005 0.0001 0.00015

S [A4]/M
k,=7.18 x 10° M s

Table 29. Determination of the parameters N and sy for A4 in acetonitrile

Electrophile E ko/M s 9
lgk,=0.71E + 11.67
- ) 2

E8 10.04 3.42 x 10 o7 R? = 0.9960

E9 -9.45 9.94 x 10° ES '/./,/0

E10 -8.76 2.55 x 10°

E11 -8.22 7.18 x 10° 3 ' ' '

-10.5 9.5 -85 75
N = 16.44 sy = 0.71 E
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2,2-Dimethylpyrrolidine (A5)

20 °C
—_—
in MeCN
AS E9
Table 30. Kinetics of the reaction of A5 with E9 (stopped-flow method, detection at 635 nm)
[A5]/ M [E9]/ M Kobs / S
=7
5.60 x 10 1.44 8 |Kyps =2.72 x 103 [A5] — 0.11
9.33x10™ 2.41 T 6 R?=0.9999
1.31x107° " 3.46 24
. 1.52 x 10 N
1.68 x10°° 4.44 2
2.05 x 107 5.47 0 ' '
3 0.0009 0.0018 0.0027
2.43 x 10 6.52

k,=272x10°M s

[A5]/M

Table 31. Kinetics of the reaction of A5 with E10 (stopped—flow method, detection at 616 nm)

oy e
\ +

N in MeCN
H

[A5]/ M [E10]/ M Kobs / S
373x 10" 2.34 15 k. =7.89 x 10° [A5]
5.60 x 107" 413 7, 10 e O os
7.46 x 107 5.46 3 '
9.33x 107 1.93x 107 6.77 <0
. X .
. O 1 J
-3
1.12x 10 8.51 0 0.0005 0.001 0.0015
1.31x 107 9.79 [A5]/M

k,=7.89x 10°M s

ey
in MeCN

AS
Table 32. Kinetics of the reaction of A5 with E11 (stopped—flow method, detection at 620 nm)
[A5]/ M [E11]/M Kobs / S '

1.87 x 107 3.00 30 [ kyps =2.46 x 104 [A5] — 1.69

-4 R2 =0.9994
3.36 x 10 6.56 720
4.85x 107 " 1.03 x 10" i

. 1.28 x 10 ) 210
6.34 x 10 1.37 x 10
7.83x 10 1.74 x 10* 0 ' '

-3 N 0.0004 0.0008 0.0012
9.33 x 10 2.15x 10

k,=2.46x 10°M .5

[A5]/M

141



Table 33. Kinetics of the reaction of A5 with E12 (stopped-flow method, detection at 612 nm)

20 °C

NO in MeCN

[A5]/ M [E12]/ M Kops /'S '
= 100
1.87 x 10 8.83 80 kobs =7.18 x 104 [A5] _
3.36 x 107" 1.94 x 10" — 4.42
. L » 60 R?2 = 0.9992
4.85 x 10 " 3.14 x 10 2 40
. 1.53 x 10 . N
6.34 x 10 4.10 x 10 20
7.83x 107 5.12 x 10* 0 ' '
R . 0 0.0005 0.001
9.33 x 10 6.28 x 10 [A5]/ M
kp=7.18x 10°M-s™"
_20°C_
N~ in MeCN
AS E13
Table 34. Kinetics of the reaction of A5 with E13 (stopped-flow method, detection at 605 nm)
[A5]/ M [E13]/ M Kobs / S '
1.87 x 107" 2.18 x 10° 200 Ky = 1.78 x 108 [A5] —
3.36 x 10 4.88 x 10* - 150 12.3
o ) o R2 = 0.9980
4.85 x 10 " 7.25 % 10 2100
) 9.56 x 10 , N
6.34 x 10 1.00 x 10 50
7.83x 107 1.24 x 10 0 ' '
. 0 0.0005 0.001
9.33 x 10 1.57 x 10? [A5]/ M

k,=1.78x 10°M s
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A5 E14

Table 35. Kinetics of the reaction of A5 with E14 (stopped-flow method, detection at 613 nm)
[A5]/ M [E14]/ M Kobs /' S '
1.12x10° 8.60 x 10" 400 rkgps = 1.33 x 10° [A5] —
) 56.0
1.49 x 107 149x10° 300 R = 0,966
1.87x 107 Lipx1g® 198 100 3200
. X . 2
2.24 x 107 248x10° 100
2.61x 107 2.88 x 10 0 ' ' '
R , 0 0.0001 0.0002 0.0003

2.98 x 10 3.40 x 10 [A5] /M

k,=1.33 x 10° M~

T -1
‘S

Table 36. Determination of the parameters N and sy for A5 in acetonitrile

Electrophile E ko/M s
E9 29.45 272 x 10° " [lgk,=0.76E + 10.62
E10 -8.76 7.89 x 10° 5 R =0.9973
E11 -8.22 2.46 x 10" k=]
E12 -7.69 7.18 x 10* 3
E13 ~7.02 1.78 x 10° 2_10.5 85 65 _4'5
E14 -5.89 1.33 x 10° E

N =13.96 sy =0.76
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2-Benzylpyrrolidine (A6)

s
in MeCN

N
H
A6
Table 37. Kinetics of the reaction of A6 with E8 (stopped-flow method, detection at 632 nm)
[A6] / M [E8]/ M Kops / S '
760x10° 5.57 28 Kope = 7.21 x 10¢ [A6]
1.52 x 107 1.07 x 10* T - 018
. . © 30 R2 = 0.9994
2.28 x 10 " 1.59 x 10 £20
B 5.29 x 10 . 2
3.04 x 10 2.16 x 10 10
i 1 0 1 J
3.80x 10 2.75x10 0 0.00025 0.0005
4.56 x 10™* 3.27 x 10" [A6]/ M
k,=7.21x10°M s
OO0 2
N
0 in MeCN
A6 E9
Table 38. Kinetics of the reaction of A6 with E9 (stopped-flow method, detection at 635 nm)
[A6]/ M [E9]/ M Kobs /'S
7.60x10° 1.70 x 107 150 1y =229 x 105 [A6]
152 x 107 3.30 x 10 7100 —Lar
L Rz =0.9994
2.28x10™ " 5.01 x 10" 3
., 5.06x10 . = 50
3.04 x 10 6.75 x 10
B 0 1 J
4 1
3.80 x 10 8.65 x 10 0 0.00025 0.0005
4.56 x 107 1.03 x 10° [A6]/M
ko=2.29%x10°M s '
20 °C
yl in MeCN
A6
Table 39. Kinetics of the reaction of A6 with E10 (stopped—flow method, detection at 616 nm)
[A6]/ M [E10]/ M Kobs / S~
7.60x 10° 2.77 x 10" 300 k. =4.51x 105 [A6] —
_ 7.46
1.52x 107 6.13 x 10" T, 200 R2 = 0.9996
2.28x10™ . 9.30 x 10" 3
» 4.67 x 10 , ~£ 100
3.04 x 10 1.30 x 10
-4 2 0 L g
3.80 x 10 1.65x%x 10 0 0.00025 0.0005
456 x 107 1.98 x 10° [A6] /M

k,=451x10°M s
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Table 40. Kinetics of the reaction of A6 with E11 (stopped-flow method, detection at 620 nm)

[A6]/ M [E11]/ M Kops /'S '
475%10° 4.80 x 10" 300 1 Kops =1.33 x 10° [A]
712 x 107 823x 10 T 200 Re = 0 6594
950x10° s L15x10° Z100
1.19 x 107 1.45 x 10°
1.42 x 107 1.76 x 10° 0 ' ' '

0  0.00006 0.00012 0.00018
1.66 x 107 2.06 x 10° [A6]/ M

k,=1.33x 10° M "5

Table 41. Determination of the parameters N and sy for A6 in acetonitrile

H -1 -1 —
Electrophile E ko/M s 6.5 lg k, = 0.66E + 11,53
E8 -10.04 7.21 x 10° 6 | R2 =0.9822
E9 ~9.45 2.29 x 10° <55 |
E10 -8.76 4.51 x 10° 5
E1l1l -8.22 1.33 x 10° 4.5 1 ' '
-10.5 -9.5 -85 75
N = 17.43 sy = 0.66 E
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(S)-2-Benzhydrylpyrrolidine (A7)

@
NeeaeQETS
+
N N~ in MeCN

N
H
A7

ES8

Table 42. Kinetics of the reaction of A7 with E8 (stopped-flow method, detection at 632 nm)

[A7]/ M [E8]/ M Kops /'S '
270x 10" 6.73 50 [ kg, =2.67 x 104 [A7]
4.04 x 107 1.02 x 10" T gg R = 8"3395
539x10° o 138x10 22
8.09 x 107 2.06 x 10* 10 | | |
1.08 x 10°° 2.80 x 10° 0 oows 000 oouis
1.35x 107 3.57 x 10 [A7]/M

k,=2.67x10°M s

s

O O _20°C

in MeCN
A7 E9
Table 43. Kinetics of the reaction of A7 with E9 (stopped-flow method, detection at 635 nm)
[A7] /M [E9]/M Kobs / S ' 50 ] )
135x 107 9.60 40 Kops = 6'%82 - 2)999@7] +1.28
2.02 x 107 1.34 x 10" %
270x10*  473x10°  177x10' 5
3.37x10™" 2.17 x 10" 0 . . .
4.04 x 107 2.59 x 10* 0 0.00015 0.0003 0.00045

k, = 6.08 x 10° M "5~

[A7]/M

.

in MeCN

H I
A7 E10
Table 44. Kinetics of the reaction of A7 with E10 (stopped-flow method, detection at 616 nm)
[A7] /M [E10] /M Kobs / S '
8.09x10° 1.12 x 10" 60 k. =1.57 x 105 [A7] — 1.36
1.21 x 107 178x 10" 1 40 R?=0.9999
1.62 x 10 " 2.42 x 10" i
4 6.60 x 10 L 220
2.02 x 10 3.04 x 10
2.43x 10™ 3.68 x 10* 0 ' ' '
i L 0 0.0001 0.0002 0.0003
2.83 x 10 4.31x 10

[A7]/M

k,=1.57x 10° M s
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Table 45. Kinetics of the reaction of A7 with E11 (stopped-flow method, detection at 620 nm)

[A7]/ M [E11]/ M Kops /'S '
539x10° 1.97 x 10" 128 Ky = 4.30 x 108 [A7] -
8.09 x 10 2.97 x 10" - 4.71
v 60 R2 = 0.9980

1.08 x 107* " 4.10 x 10* 2 40

. 4.49 x 10 ) N
1.35 x 10 5.24 x 10 20
1.62 x 107 6.47 x 10" 0 ' '

B . 0 0.0001 0.0002
1.89 x 10 7.78 x 10 [A7]/M

kp=4.30 x 10° M -s™"
_20°C_

Q.

H Ph G\I I\D in MeCN
A7
Table 46. Kinetics of the reaction of A7 with E12 (stopped—flow method, detection at 612 nm)
[A7] /M [E12]/ M Kobs / S '
404 %107 2.58 x 10" 200 1y =9.80 x 105 [A7] - 15.1
6.74 x 10°° 503 x10° - 150 R?=0.9996
9.44 x 10 . 76lx10t 100
4 4.36 x 10 5 < g
1.21 x 10 1.04 x 10
1.48 x 107 1.30 x 10° 0 ' '
» , 0 0.0001 0.0002
1.75x 10 1.57 x 10 [A7]/M
k,=9.80x 10°M s '
Table 47. Determination of the parameters N and sy for A7 in acetonitrile
Electrophile E kK, /M s 3
E8 ~10.04 2.67 x 10° 7 lgk; = 0.67E + 11.12
. 6 R2 =0.9968
E9 -9.45 6.08 x 10 2 /
=25
E10 -8.76 1.57 x 10° 4
E11 -8.22 4.30 x 10° 3 - - -
E12 ~7.69 9.80 x 10° -10.5 95 -85 75
E

N =16.61 sy = 0.67
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(S)-Pyrrolidin-2-ylmethanamine (A8)

Ph
Z 20 °
II:II 0) in MeCN
P
A8 E7

Table 48. Kinetics of the reaction of A8 with E7 (stopped-flow method, detection at 376 nm)

[A8]/ M [E7]/ M Kobs / S 3 ] ]
1.93x 10" 643x10" Kons = gg?i 18_}”‘8]
2.89 x 107 1.07 2 R2 = 0.9982
3.85x 107" 1.61x 107 1.44 21
4.82x10™ 1.77 0 . .
5.78 x 10™* 2.18 0 0.0003 0.0006

k,=3.92x 10°M s [A8]/ M

Qo OO0 00 2%
E in MeCN
A8 E8

Table 49. Kinetics of the reaction of A8 with E8 (stopped-flow method, detection at 632 nm)

[A8]/ M [E8] /M Kops /'S
_ Kops = 6.03 x 104 [A8]
5 obs
5.78 x 10 2.69 10 ¢ 078
8.67 x 107° 4.46 % R2=0.9999
1.16 x 10 5.29 x 107 6.19 Eo7
1.45x 107" 8.00 0 , ,
1.73x 10 9.62 0 0.0001 0.0002

k,=6.03x 10°M s [A8]/M

Qnm, o SQELS
N
i in MeCN
A8 E9
Table 50. Kinetics of the reaction of A8 with E9 (stopped-flow method, detection at 635 nm)

[A8] /M [E9]/M Kobs / S ' 40 -
- Kops =1.70 x 105 [A8] — 1.82
5.78 x 10 8.31 30 L Rz =0.9983
8.67 x 10™° 1.28 x 10" A
\m 20 L
1.16x10*  567x107° 1.74 x 10 S
1.45x 10 2.29 x 10" 0 . .
1.73x 107 2.78 x 10" 0 0.0001 0.0002

k,=1.70x 10° M -s™" [A8] /M
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Table 51. Kinetics of the reaction of A8 with E10 (stopped-flow method, detection at 616 nm)

[A8]/ M [E10]/ M Kobs / S ' 50
- . Kops = 4.14 x 105 [A8]
3.85 x 10 1.24 x 10 Ta63
5.78 x 10 203x100 ©% R2 = 0.9998
7.71x107° 3.84x10° 2.81 x 10* £20
9.63x 10 3.65 x 10" 0 . .
1.16 x 1074 4.44 x 10* 0 0.00006 0.00012

k»=4.14x10°M"s™ [A8] /M

2 20 °C
{XNs; | —
N N No D MeCN
H | |
A8 E11

Table 52. Kinetics of the reaction of A8 with E11 (stopped-flow method, detection at 620 nm)

[A8] /M [E11]/M Kobs / S ' 150 [ k., =112 10° [A8] -
3.85x10"° 3.17 x 10" 11.0
578 x 10 546x 100 w10 R =0.9998
771x10°  382x10°  753x10' £ 50
9.63x 107 9.70 x 10 0 . . .
1.16 x 10°* 1.19 x 10° 0  0.00004 0.00008 0.00012

k,=1.12x 10° M s [A8]/ M

Table 53. Determination of the parameters N and sy for A8 in acetonitrile

Electrophile E Ko/ M s 6.5
E7 ~11.87 3.92 x 10° . lg kzgzzﬁggg“; §1-51
ES -10.04 6.03 x 10* <
E9 -9.45 1.70 x 10° =45
E10 -8.76 4.14 x 10° 35 ,
E1l -8.22 1.12 x 10° -12 -11 -10 -9 -8

N =17.24 sy = 0.67
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(S)-N,N-Dimethyl-1-(pyrrolidin-2-yl)methanamine (A9)

\ ®
QN QI D) 2
+ .
E N N~ in MeCN
A9 ES8
Table 54. Kinetics of the reaction of A9 with E8 (stopped-flow method, detection at 632 nm)
[A9]/ M [E8]/ M Kobs / S
1.04 x 10 8.09 801y e =9.25 x 10 [A9]
1.56 x 10™ 1.31 x 10* 7, 60 - 137
Y . 2 40 R2 = 0.9992
2.08 x 10 " 1.85 x 10 2
4 8.86 x 10 L X 20
3.12x 10 2.69 x 10 o . . .
4.16 x 107 3.69 x 10" 0  0.002 0.0004 0.0006
5.21x10™ 4.71 x 10" [A9] /M

k;=9.25x 10°M "5

®
\
QN (U ) 2
N T °N N” in MeCN
H

A9

E9

20 °C

Table 55. Kinetics of the reaction of A9 with E9 (stopped-flow method, detection at 635 nm)

[A9]/ M [E9]/M Kobs / S ' 500 -
- L Kops = 3.32 % 105 [A9] —
7.81 x 10 2.01 x 10 150 | 5 g7
1.30 x 107 3.80 x 10" v 100 | R? = 0.9996
182x10*  648x10° 543 x 10" 3 o0 |
2.34x 107 7.10 x 10* 0 . .
3.38x 107 1.07 x 10° 0 0.0002 0.0004

k,=3.32x10°M s

[A9]/ mol-L™!

®
\ 20 °C
IO
Z;" TN O O N’ inMeCN
A9 E10
Table 56. Kinetics of the reaction of A9 with E10 (stopped-flow method, detection at 616 nm)
[A9]/ M [E10] /M Kobs / S ' 400
1.04 x 10" 5.87 x 10" Kops = 6.58 x 10° [A9] —
- _ 300 10.1
1.56 x 107™* 9.33 x 10" P 200 R2 = 0.9989
2.08 x 107 5.49 x 107° 1.24 x 10° 2 100
2.60 x 10°* 1.63 x 10 0 . .
3.12x 107" 1.95 x 10° 0 0.0002 0.0004

k,=6.58 x 10° M .5~

[A9] / mol-L!
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|
A9 E1

@
\ 20 °C
(<N~ O 00 ey
N n Me
H N N
1

Table 57. Kinetics of the reaction of A9 with E11 (stopped-flow method, detection at 620 nm)

[A9]/ M [E11]/ M Kops /'S '
416x10° 5.73 x 10" 400 Kype = 1.86 x 105 [A9] —
5.10 x 10™° 7.64 x 10 T 300 o _13.3984
625%10° o, 9.98x10° 3200

. X - _~<°
8.33x 107 1.34 x 10° 100
1.04 x 10™ 1.71 x 10? 0 ' : :
4 , 0  0.00005 0.0001 0.00015

1.25 x 10 2.16 x 10

[A9]/M

k,=1.86x 10° M "5~

Table 58. Determination of the parameters N and sy for A9 in acetonitrile

Electrophile E Ko/ M. 7 r
. lgk, = 0.68E + 11.85
E8 -10.04 9.25x 10 6 | R2 = 0.9797
E9 -9.45 3.32 x 10° S
E10 -8.76 6.58 x 10° ST
E1l -8.22 1.86 x 10° 4 ' ' '
-11 -10 -9 -8
N =17.41sy=0.68 E
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(S)-1-(Pyrrolidin-2-ylmethyl)pyrrolidine (A10)

&NO

A10

20 °C
—_—
in MeCN

Table 59. Kinetics of the reaction of A10 with E7 (stopped-flow method, detection at 376 nm)

[A10] /M [E7]/ M Kobs / S 10 )
1.66x10° 1.79 g T EILAD 07042
2.49 x 107 2.83 ©» 6
332x10"  161x10° 3.90 B4
4.15x 107 5.03 (2) , , ,
498 x10™* 6.13 0 0.0002 0.0004 0.0006

k,=1.31x 10*°M s

[A10]/M

wEoNe ca soE

Table 60. Kinetics of the reaction of A10 with E8 (stopped—flow method, detection at 632 nm)

[A10] /M [E8]/ M Kobs / S ' a0 .
4.98x 107 7.25 g0 L kobs=1-7_21X21505 [A10]
7.47 x 107 1.16 x 10" ‘\w 0 | R? = 0.9999
9.96 x 10°° 4.89x10° 1.60 x 10" Lol
1.24 x 107* 2.01 x 10* 0 , , ,
1.49 x 107 2.43 x 10" 0  0.00005 0.0001 0.00015

k,=1.72x 10°M s

[A10]/ M

Z_B\,N() O O 20°C

Al

in MeCN

E9

Table 61. Kinetics of the reaction of A10 with E9 (stopped-flow method, detection at 635 nm)

[A10]/ M [E9]/M Kobs / S 100
_ 5 _
332 x 10° 156 x 10" 80 Kops = 5.483><o]£10 [A10]
4.98 x 107° 2.43 x 10* » 60 R2 = 0.9975
6.64x10°  331x10°  3.27x 10 3 ‘2‘8
8.30 x 10™° 4.16 x 10* 0 , ,
9.96 x 10™° 5.24 x 10" 0 0.00005 0.0001

k,=5.48 x 10° M .5

[A10]/ M
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m@ Y

Table 62. Kinetics of the reaction of A10 with E10 (stopped-flow method, detection at 616 nm)

[A10]/ M [E10]/ M Kops /'S '
332x10° 2.78 x 10" 100 fkos =1.05 ¢ 10 [AL0]
498 x 10°° 4.52 x 10" % R2 =1.0000
6.64x10°  329x10°  628x100 £ N[

8.30 x 10™° 8.00 x 10" 0 , ,
9.96 x 10™° 9.75 x 10* 0 0.00005 0.0001
k,=1.05x 10°M s [AL0]/M

20 °C
in MeCN
A10 E11

Table 63. Kinetics of the reaction of A10 with E11 (stopped-flow method, detection at 620 nm)

[A10]/ M [E11]/M Kobs /' S 400 -
=5 T Kops = 2.93 x 108 [A10] —
3.32x 10 7.80 x 10 300 | obs 18.2
4.98 x 107° 1.28 x 10° 2 200 R2 = 0.9993
6.64 x 107° 3.35x10°° 1.79 x 10° ~ 100 |
8.30 x 10 2.22 x 10° 0 . .
9.96 x 10°° 2.74 x 10° 0 0.00005 0.0001

k,=2.93x 10°M s [A10]/M

Table 64. Determination of the parameters N and sy for A10 in acetonitrile

Electrophile E kK, /M s

E7 -11.87 1.31 x 10° ! Ig k, = 0.64E + 11.68

ES -10.04 1.72 x 10° < 6 R7=0.9953

E9 -9.45 5.48 x 10° <5

E10 -8.76 1.05 x 10° A .
E11l -8.22 2.93 x 10° 12 11 -10 -9 -8

N =18.33 sy = 0.64
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(S)-2-(Azidomethyl)pyrrolidine (A11)

®
Qe O 00 225
H N N~ in MeCN

All

E8

Table 65. Kinetics of the reaction of A11 with E8 (stopped-flow method, detection at 632 nm)

[A11]/ M [E8]/ M Kops /'S ' )
- o Kops = 7.54 x 103 [A11] +0.12
6.08 x 10 5.84 x 10 15 R? = 0.9991
9.12x 10 7.97 x 10™ 2
122x10"  529x10° 1.02 H05
1.52x 107" 1.27 0 . .
1.82 x 107 1.49 0 0.0001 0.0002
[A11]/M

ky=7.54x10°M s

()~

% QOO 2
+ 1nMeCN

All E9
Table 66. Kinetics of the reaction of A11 with E9 (stopped-flow method, detection at 635 nm)
[A11]/ M [E9]/M Kobs / S ' 6 [k, =243 x 10°[AL]
6.08 x 10~ 2.00 +0.46
9.12 x 10°® 2.65 w4 Rz =0.9972
1.22 x 107 5.91 x 107 3.34 £2
1.52 x 107 4.14 0 . .
1.82 x 107 4.94 0 0.0001 0.0002

k,=2.43x10*M s

[AL11]/ M

in MeCN

A11
Table 67. Kinetics of the reaction of A11 with E10 (stopped—flow method, detection at 616 nm)
[A11]/ M [E10] /M Kobs / S ' 20 a8 10
6.08x 10" 338 g | w08 IAL
9.12 x 10 5.37 ‘;ﬂm 10 R2 = 0.9997
1.22x 107 5.93 x 107 7.23 .
1.52 x 107 9.27 0 . .
1.82x 107" 1.11 x 10" 0 0.0001 0.0002

k,=6.38x 10°M s

[A11]/ M
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A11

20 °C
in MeCN

Table 68. Kinetics of the reaction of A11 with E11 (stopped-flow method, detection at 620 nm)

[A11]/ M [E11]/ M Kops /'S ' 60
— 5
6.08x 107 1.01 x 10" Kope =192 ¥ 07 [ALL]
9.12 x 10 1.58 x 10* 40 R2 = 0.9999
1.22 x 107 593x10°  2.16 x 10" 520
1.52 x 107 2.75 x 10 0 - ;
5 =T = [Al1]/M
k,=1.92x10°M s
®
[, _20°G
H G\I D in MeCN
All E12
Table 69. Kinetics of the reaction of A11 with E12 (stopped-flow method, detection at 612 nm)
[A11]/ M [E12]/ M Kops /'S ' 100 -
4.05x10° 1.71x 107 g0 | Kobs= 4-76;11805 [AL1] -
6.08 x 10™° 2.69x 100 @ 60 | R? = 0.9997
8.11x 107 319x10°  361x100 & 407
20
1.01 x 107 4.63 x 10" 0 , ,
1.22 x 107 5.58 x 10" 0 0.00007 0.00014
kp=4.76 x 10° M -5~ [All]/M
‘ ‘ 20 °C
E O O in MeCN
All E13
Table 70. Kinetics of the reaction of A11 with E13 (stopped-flow method, detection at 605 nm)
All]l/M E13]/M Kobs / S~
IALL] [E13] o0 100 k.= 1.13 x 106 [A11] —
2.03x 107 1.81 x 10" 80 5.10
3.04x 107 290x 10"  © 60 R?=0.9995
4.05 x 10°° 201x10°  403x10° & ‘2‘8
5.07 x 10™° 5.15 x 10* 0 , ,
6.08 x 10° 6.39 x 10" 0 0.00004 0.00008
ko= 113X 10°M 5" [ALL]/M
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Table 71. Determination of the parameters N and sy for A11 in acetonitrile

Electrophile E ko /M s
E8 -10.04 7.54 x 10° ! lgk, = 0.73E + 11.22
E9 -9.45 2.43 x 10* 8 R?=0.9961
X7
5
E10 -8.76 6.38 x 10° =
4
E11l -8.22 1.92 x 10° 5
5
El2 ~7.69 4.76 <10 105 -95 85 75 65
E13 -7.02 1.13 x 10° E

N =15.43sy=0.73
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(S)-Pyrrolidin-2-ylmethanol (A12)

N
H

Al2

g

E8

20 °C
e
in MeCN

Table 72. Kinetics of the reaction of A12 with E8 (stopped-flow method, detection at 632 nm)

[A12]/ M [E8]/ M Kops /'S ' 8
6.29 x 10™° 1.31 Kops =2.90 x 10* [A12]
' . ' T © - 053
9.43 x 10 2.17 ~ 4 R2 = 0.9997
1.26 x 10 5.41x 107 3.11 S
1.57 x 107 4.05 0 . .
1.89 x 107* 4.93 0 0.0001 0.0002
kp=2.90x 10°M s’ [AL2]/M
X C)
N
N in MeCN
Al2 E9
Table 73. Kinetics of the reaction of A12 with E9 (stopped-flow method, detection at 635 nm)
[A12]/ M [E9]/M Kobs / S ' 20 -
=5 Kops = 7.89 x10% [A12]
6.29 x 10 4.51 s | s =T 5
9.43x107° 6.72 “ 10 R2 = 0.9992
1.26 x 107 5.45 x 10°° 9.28 £l
1.57 x 107" 1.18 x 10" 0 , ,
1.89 x 107 1.44 x 10" 0 0.0001 0.0002
ko= 789X 10°M 5" [AL2]/M
g in MeCN
Al2 E10
Table 74. Kinetics of the reaction of A12 with E10 (stopped-flow method, detection at 616 nm)
Al2] /M E10]/ M Kobs / S~
[A12] [E10] obs 40 Ky, =2.02 x 105 [A12]
524 x 107 8.96 30 - 1.67
7.34x 10 132x10° b R =0.9987
9.43x 107° 5.00 x 10°° 1.72 x 10* 2
1.15x 107 2.20 x 10" 0 . . .
1.36 x 107 2.57 x 10* 0 0.00005 0.0001 0.00015

k,=2.02x10°M s

[A12]/ M
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@
20 °C
(=0 OO0 iy
N N N~ In MeCN
H | |

Al12 E11

Table 75. Kinetics of the reaction of A12 with E11 (stopped-flow method, detection at 620 nm)

[A12]/ M [E11]/ M Kops /'S '

419 %107 1.70 x 10" 128 [ kabs = 4-9851_)1105 [A12] -

7.34x 107 2.97 x 10" » 60 R2 = 0.9931

9.43 x 10™° 435x10°  3.99 x 10" 240

1.15x 107 5.16 x 10" 28 I . | |

1.36 x 10™ 6.37 x 10° 0  0.00005 0.0001 0.00015
ky=4.98x 10°M s’ [A12]/ M

Table 76. Determination of the parameters N and sy for A12 in acetonitrile

Electrophile E Ky /M s 5
E8 -10.04 290 x 10° 7 L lgk,=0.67E+11.21
' ' 5 R2 = 0.9981
E9 -9.45 7.89 x 10°* = /a
E10 -8.76 2.02 x 10° 4
E1ll -8.22 4.98 x 10° 3 . , .
-105 95 -85 75
N = 16.74 sy = 0.67 c
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(S)-2-(Methoxymethyl)pyrrolidine (A13)

{ Y oMe O O _20°C_
E in MeCN

ES8

Table 77. Kinetics of the reaction of A13 with E8 (stopped-flow method, detection at 632 nm)

[A13] /M [E8]/ M Kobs /' S ' 8 ] )
449%x10° 1.70 el Kobs 'ff&i 11%_2[A13]
6.74 x 10 2.41 ‘c\nm 4 L R? =0.9975
8.99 x 10°° 4.42 % 10°° 3.20 £,
1.12x10™ 4.00 0 . . .
1.35x 10 4.95 0 0.00005 0.0001 0.00015

k,=3.60 x 10° M "5

[A13]/M

F}VOMe O O _20°C_
E in MeCN

E9

Table 78. Kinetics of the reaction of A13 with E9 (stopped-flow method, detection at 635 nm)

[A13]/ M [E9]/M Kobs / S ' 30
. Ky, =1.10 x 105 [A13] +
4.49 x 10 5.41 036
6.74 x 10 7.74 » 20 R2 = 0.9996
8.99 x 10™° 428x10°  1.02 x 10" 510
1.12x 107" 1.28 x 10" 0 : : .
135 x 10 153 x 10" 0  0.00005 0.0001 0.00015

k,=1.10x 10° M s

[A13]/M

(D ome 0%
g 1nMeCN

E10

Table 79. Kinetics of the reaction of A13 with E10 (stopped-flow method, detection at 616 nm)

[A13]/ M [E10] /M Kobs / S '
449 x107° 1.09 x 10" 60 Kobs = 2-631X0é05 [A13]
6.74 x 10™° 1.65 x 10" 240 R? = 0.9998
8.99 x 10™ 432x10° 226 x 10* 290
1.12x 107 2.85 x 10" 0 . . .
1.35 x 107* 3.45 x 10* 0 0.00005 0.0001 0.00015

k,=2.63x10°M s

[A13]/ M
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Z;BVOMe "
H

Al3 !

20 °C
—
in MeCN

Table 80. Kinetics of the reaction of A13 with E11 (stopped-flow method, detection at 620 nm)

[A13]/ M [E11]/ M Kops /'S ' 150
359 x 107 2.36 x 10" Kons =769 ¢ 10° [AL3]
5.39 x 107 371x100 0% R? = 0.9994
7.19x 107 3.56 x 107° 5.00 x 10" £ 50
8.99 x 10™° 6.46 x 10 0 , , ,
1.08 x 107* 7.91 x 10° 0 0.00004 0.00008 0.00012

k,=7.69x 10° M s

[AL13]/ M

Table 81. Determination of the parameters N and sy for A13 in acetonitrile

Electrophile E K,/ M "s™! 8

2 | lgk,=0.71E + 11,68

E8 -10.04 3.60 x 10° 5 R2 = 0.9927

E9 ~9.45 1.10 x 10° o '/,/'/‘

E10 -8.76 2.63 x 10° 4

E1l -8.22 7.69 x 10° 3 ' ' '
-10.5 95 -85 75

N =16.50 sy = 0.71 E
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2-(Trifluoromethyl)pyrrolidine (A14)

H

#Bu” N~ >z-Bu In MeCN
Al4 E13 D1

Table 82. Kinetics of the reaction of A14 with E13 and D1 ([D1] = 2.46 mM, stopped-flow method,
detection at 605 nm)

[A14] /M [E13]/ M Kops /'S '
9.33x10° 8.82x10° 0.1
1.87 x 107 1.92x102 o
2.80 x 107 3.72 x 1072 B00S

» 4.85x 10° ,
3.73 x 10 5.11 x 10 0 . . .
4.67 x 1074 7.54 x 1072 0 0.0002 0.0004 0.0006
560 x 107 1.00 x 107 [A14]/M
20 °C
CF3 O O By in MeCN
Al4 E13

Table 83. Kinetics of the reaction of Al4 with E13 and D1 ([D1] = 4.92 mM, stopped-flow method,
detection at 605 nm)

[A14]/ M [E13]/M Kobs /' S 15
3.39x 10" 4.65x 10°°
) } T o1
6.79 x 107* 1.37 x 107" o
1.01x 107 . 28x10"  £05
» 4.85 x 10 .
1.36 X 10 4.72 X 10 0 1 1 )
1.70 x 1072 6.94 x 107" 0 0.0008 0.0016 0.0024
2.04 x 107 9.73 x 107" [Al4]/M
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OO
CF3 + , — >
in MeCN

Al4 E13 D2

Table 84. Influence of the concentration of the base D2 on the kinetics of the reaction of A14 with E13
([A14] = 2.12 x 10™* M, [E13] = 4.85 x 10™° M, stopped-flow method, detection at 605 nm)

Entr
[D2] /M 08 r
y
1 1.12x10° 06
o
2 2.81x 107 i 0.4
3  561x10" oo |
5 2.25x107° 0 . .
6 4.49 x 107° 0 50 100
t/s
_20°C,
E CF3 NZN in MeCN
Al4

Table 85. Kinetics of the reaction of Al4 with E13 and D2 ([D2] = 1.12 mM, stopped-flow method,
detection at 605 nm)

[A14]/ M [E13]/M Kobs / S ' 1
1.70 x 10°* 8.09 x 10°° _ 08
3.39 x 107 179x107"  » 06
5.09 x 107 L, 313x107 204
. 4.85x 10 , 0.2

679 X 10 428 X 10 O 1 1 ]
8.48 x 107* 5.89 x 107" 0 0.0004 0.0008 0.0012
1.02 x 107 7.19 x 107 [A14]/M
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in MeCN
Al4 E13 D2

Table 86. Kinetics of the reaction of A14 with E13 and D2 ([D2] = 2.25 mM, stopped-flow method,
detection at 605 nm)

[A14] /M [E13]/ M Kobs / S 15
1.70 x 10™* 1.42 x 107"
T
3.39 x 10 2.86 x 10”" ‘
5.00 x 10 458 x 10" £0.5
» 4.85x107° . B
6.79 x 10 6.31 x 10 0 . . .
848 x 10° 8.43 x 10~ 0 00004 00008 0.0012
1.02 x 10 1.13 [Al4]/M
20 °C
+ ‘ ‘ fl
N CF3 O O in MeCN
A14

Table 87. Kinetics of the reaction of A14 with E13 and D2 ([D2] = 4.49 mM, stopped-flow method,
detection at 605 nm)

[Al4]/ M [E13]/M Kops /'S '
2 [ K, =145 x 103 [A14] -
-4 =T obs — -
1.70 x 10 2.28 x 10 15 3.32 x 10-2
3.39x 107 4.41x10" 2 Rz = 0.9990
5.09 x 107 4.85x 10°° 6.95 x 10 _230 c
6.79 x 107* 9.48 x 107" 0 . .
8.48 x 107* 1.20 0 0.0003 0.0006 0.0009

k,=1.45x 10°M s [A14]/ M
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_20°C
N CF3 (\N N/\ in MeCN

Al4

E15

Table 88. Kinetics of the reaction of A14 with E15 (stopped-flow method, detection at 612 nm)

[A14] /M [E15]/ M Kops /'S ' 3
476 x10° 288 x 10 6
|
9.33x 107 6.98 x 10" 24
1.34x 10 i 1.03 S
. 4.62 x 10
1.87 x 10 1.69 0 . ,
2.33x 107 297 0 0.0002 0.0004
-4 [A14]/ M
2.80 x 10 3.37
(€]
(e, + (\NN/\ ' D <
O\/ \,O t-Bu in MeCN
Al4 E15 D1

Table 89. Kinetics of the reaction of A14 with E15 and D1 ([D1] = 2.46 mM, stopped-flow method,
detection at 612 nm)

[A14] /M [E15]/ M Kobs / S
9.33x107° 1.10 6 | Kops =1.91x 10% [A14]
1.40 x 107 1.91 bl Re = 0.0993
187x10"  4.67x10° 2.82 £,
2.33x10™" 3.72 0 , , ,
2.80 x 107 4.66 0 0.0001 0.0002 0.0003

k,=191x10*M s

[A14]/ M

ey, 7 L
H 1nMeCN

Al4

E17

Table 90. Kinetics of the reaction of A14 with E17 (stopped-flow method, detection at 586 nm)

[A14] /M [E17]/M Kops /'S~ 40 -
-5
5.60 x 10 5.31 30 b
" i
8.40 x 10 9.83 290 |
1.12x 107 . larxi0t S
. 5.51 x 10 . 10 r
1.40 x 10 1.98 x 10 0 . ,
1.68 x 107 2.51 x 10* 0 0.0001 0.0002
1.96 x 107 3.16 x 10* [A24]/M
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CF3

Al4

t-Bu in MeCN

Table 91. Kinetics of the reaction of A14 with E17 and D1 ([D1] = 1.23 mM, stopped-flow method,
detection at 586 nm)

=
9[.2;43 /1:?5 = 1k2; 15101 ] zg ko =227 x 10°[AL4]

1.40 x 107 2.25 x 10 2 40 R2=0.9983

1.87 x 10 462x10° 323 x 10 = 90

2.33x10™" 4.39 x 10" 0 - - -
2.80 x 107 5.50 x 10" 0 00001 0.0002 0.0003

k,=227x10°M s

[A14] /M

N CF3

H
Al4

E18

CF3 20°C

in MeCN

Table 92. Kinetics of the reaction of A14 with E18 (stopped-flow method, detection at 592 nm)

[A14]/ M [E18] /M Kobs / S ' 250
- . Kops = 1.21 x 106 [A14]
4.66 x 10 4.83 x 10 _ 200 -6.28
7.00 x 10™° 8.01 x 10 » 150 R2=0.9983
i} i} 2100
9.33x 10°° 4.66 x 10°° 1.06 x 10° 50
1.17 x 10°° 1.37 x 10° 0 . . .
1.40 x 10~ 161 x 10° 0  0.00005 0.0001 0.00015

k,=1.21x 10°M s

[A14]/ M

Table 93. Determination of the parameters N and sy for A14 in acetonitrile

Electrophile E ko/M-s™" 8 lg k, = 0.73E + 8.202
E13 -7.02 1.45 x 10° 6 - R? = 0.9952
E15 -5.53 1.91 x 10° 24 /
E17 -3.85 2.27 x 10° ry
E18 -3.14 1.21 x 10° 0

N =11.34sy=0.73
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Methyl L-prolinate (A15)

O QTS
N :
H OMe in MeCN

AlS E8

Table 94. Kinetics of the reaction of A15 with E8 (stopped-flow method, detection at 632 nm)

[A15] /M [E8]/ M Kobs / S g -
- Kops = 6.57 x 103 [A15] + 1.11
1.34 x 10 2.14 6 R2 = 0.9922
2.67 x 107" 2.74 % A
4.01 x 107 1.34x 107° 3.68 2 ,
5.35x 107" 4.56 0 . .
6.68 x 107 5.62 0 0.0004 0.0008

k,=6.57x10°M ".s™" [A15] /M

. OO0 2

H OMe in MeCN
Al5 E9
Table 95. Kinetics of the reaction of A15 with E9 (stopped-flow method, detection at 635 nm)
[A15]/ M [E9]/M Kobs / S ' 40 )
134% 10" 7.97 a0 Kovs =247 4ng0 [A15]
2.67 x 107 1.04 x 10" ‘\w 20 R? = 0.9899
4.01x 10 1.35x10°  1.35x 10" 210
5.35x 107 1.70 x 10" 0 , ,
6.68 x 107" 2.12 x 10* 0 0.0004 0.0008

k=247 x10°M"-s™" [A15]/ M

(N0 . N e

H OMe N
AlS E10
Table 96. Kinetics of the reaction of A15 with E10 (stopped-flow method, detection at 616 nm)
[A15] /M [E10]/ M Kobs / S 80
1.34 x 10‘4 8.36 kobs =7.00 x 104 [A15]
. . - 60 -131

2.67 x 10 1.75%x 10 - 40 R2 = 0.9991

4.01x10™ 1.34x10°  2.61x 10" £ 50

5.35x 107 3.59 x 10* 0 . .

6.68 x 107* 4,59 x 10" 0 0.0004 0.0008

k,=7.00 x 10° M s’ [A15]/ M
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(N0

Al5

Table 97. Kinetics of the reaction of A15 with E11 (stopped-flow method, detection at 620 nm)

20 °C
i OMe in MeCN

[A15] /M [E11]/ M Kops /'S '
134 x 107 255 x 100 200 | kops = 2'21;11005 [A15]
3 T 150 G
2.67x 107" 5.42 x 10" % R? = 0.9989
-4 -5 1 a 100
4.01 x 10 1.26 x 10 8.12 x 10 2
5.35 x 10°* 1.12 x 10° 0 , ,
6.68 x 107 1.44 x 10° 0 0.0004 0.0008
ko=221x10°M 5 [AL5]/M
Table 98. Determination of the parameters N and sy for A15 in acetonitrile
Electrophile E ko/M s 8
E8 ~10.04 6.57 x 10° ! Ig k, = 0.82E + 12.04
6 R2 =0.9943
E9 ~9.45 2.47 x 10° o
E10 -8.76 7.00 x 10° 4
E11 -8.22 2.21 x 10° 3 ' ' '
-10.5 9.5 -85 -7.5
N = 14.75 sy = 0.82 E
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(S)-N,N-Dimethylpyrrolidine-2-carboxamide (Al6)

e s O =5
N +
H O

in MeCN
Al6 E8

Table 99. Kinetics of the reaction of A16 with E8 (stopped-flow method, detection at 632 nm)

[A16] /M [E8]/ M Kobs / S 100
1.08x 10" 132x10°  go | ‘T 1-280X_6;05 [A16]
2.16 x 10 2.39 x 10" © 60 R2 = 0.9903
324x10°  800x10°  3.60x100  F ‘2‘8
4.32x 107 4.47 x 10" 0 . .
5.41 x 107 6.14 x 10* 0 0.0003 0.0006

k,=1.08x10°M s [A16]/ M

Al6 E9

Table 100. Kinetics of the reaction of A16 with E9 (stopped-flow method, detection at 635 nm)

Al16]/ M E9]/ M Kops / S
[AL6] ) [ES] obs 300 [ Ky =3.70 x 105 [A16]
1.08 x 10 4.23 x 10" +1.59
216 x 10~ 791 x 10* W 200 R2 =(0.9979
3.24 x 107 5.63 x 107° 1.22 x 10° 5100
4.32x 107 1.66 x 10° 0 . .
5.41 x 107 1.99 x 10° 0 0.0003 0.0006

k,=3.70x 10° M s [A16]/M

in MeCN

- OOy 2
N

H O

Al6 E10

Table 101. Kinetics of the reaction of A16 with E10 (stopped-flow method, detection at 616 nm)

=T
[A16]/ M [E10]/ M Kobs / S 600 [ k. =7.67 % 10° [Al6]
1.08 x 10° 5.55 x 10" -31.0
- , T4 -
2.16 x 107 130 x 10° 400 R2 = 0.9995
3.24 x 10 8.94 x 107 2.17 x 10 2200
4.32x10™ 3.01 x 10 0 . ;
541 x 107 3.85 x 102 0 0.0003 0.0006

S— A16]/ M
kK,=7.67x10°M s [AL6]
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in MeCN

\ ®

N 20 °C
vy (T ) —
H O ITI ITI
Al6 E11

Table 102. Kinetics of the reaction of A16 with E11 (stopped-flow method, detection at 620 nm)

=T
[A16]/ M [E11]/M Kobs /'S 1500 © | 04 x 10° [ALS]
=7 Z —
1.08 x 10 1.74 x 10 = 1000 . _%89(;42
2.16 x 10°* " 4.29 x 10° > e
Y 9.67 x 10 ) 2500
3.24 x 10 6.53 x 10
4.32x 107" 8.33 x 10 0 ' '
0 0.0002  0.0004
k,=2.04x10°M"s™ [A16] /M

Table 103. Determination of the parameters N and sy for A16 in acetonitrile

El hil s
ectrophile E ko/M s Igk, = 0.67E + 11.82

7
ES -10.04 1.08 x 10° 6 R2 = 0.9843
E9 -9.45 3.70 x 10° -

=5

E10 -8.76 7.67 x 10°
E1l1l -8.22 2.04 x 10° 4 ' ' '
-10.5 95 -85 -75
N =17.61 sy = 0.67 E
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(S)-N-Propylpyrrolidine-2-carboxamide (A17)

®
Yo O
N .
H HNL + °N N” in MeCN

Al17 E9

Table 104. Kinetics of the reaction of A17 with E9 (stopped-flow method, detection at 635 nm)

[A17]/ M [E9]/ M Kops /'S '

20
= Kops = 1.68 x 104 [A17]
1.20 x 10 3.01 15 o 83
2.39x10™" 4.73 20 R2 = 0.9980
3.59 x 107 1.13x 107° 6.71 N :
478 x 10 8.82 0 , , ,
5.98 x 107 1.10 x 10" 0 0.0002 0.0004 0.0006
k= 1.68x 10°M s [AL7]/M
H HN O O in MCCN

Al17 E10
Table 105. Kinetics of the reaction of A17 with E10 (stopped-flow method, detection at 616 nm)

[A17]/ M [E10] /M Kobs / S ' 40

120x10° 3.76 Kops =3.87 x 10* [A17]
. — 30 -0.88
2.39 x 10 8.71 » R2 = 0.9983
~ 20
3.59 x 107 8.51x 10°° 1.26 x 10* 5 10
4.78 x 107 1.75 x 10" 0 . . .
598 x 107* 2.25 x 10" 0 0.0002 0.0004 0.0006
[A17]/ M

k,=3.87x10*°M s

A

€]
+ (T UL mowecs
N N- B MeCN
| |
E11

20 °C

Al7
Table 106. Kinetics of the reaction of A17 with E11 (stopped-flow method, detection at 620 nm)
[A17]/ M [E11]/M Kobs / S '

1.20x10° 1.18 x 10" 100 Ko =117 A0 TALT]

2.39x 107" 2.52 x 10" o R2 = 0.9996

350x 107  120x10°  392x100 B 0T

478 x 10 5.28 x 10 0 , , ,

5.98 x 10°* 6.79 x 10" 0 0.0002 0.0004 0.0006

k,=1.17 x 10° M "5~

[AL7]/ M
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HHN\\\ G\]

20 °C

I\D in MeCN

Table 107. Kinetics of the reaction of A17 with E12 (stopped-flow method, detection at 612 nm)

A17]/ M E12]/ M Kobs /' S
[AL7] . [E12] T 250 Ky, =3.04 x 105 [A17] —
1.20 x 10 2.93 x 10 200 7.84
2.39x10™" 6.45 x 10" » 150 R2 = 0.9998
3.59 x 107" 1.20 x 107° 9.98 x 10" 2 128
478 x 107" 1.38 x 10° 0 . . .
5.98 x 107 1.74 x 10° 0 0.0002 0.0004 0.0006

k,=3.04x 10° M "5

[AL7]/M

Table 108. Determination of the parameters N and sy for A17 in acetonitrile

Electrophile E K,/ M "s™! 7
§ Ig k, = 0.73E + 11.03
E9 -9.45 1.68 x 10 6 R2 = 0.9876
E10 -8.76 3.87 x 10° =5
E11 -8.22 1.17 x 10° 4
E12 -7.69 3.04 x 10° 3 ' ' '
-10 -9 -8 -7
N = 15.20 sy = 0.73 £
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(S)-2-(Pyrrolidin-2-ylmethyl)isoindoline-1,3-dione (A18)

o5 oy s 05 5

H, in MeCN

CF co2 CF3CO2
A18H Al8

The stock solution of A18 was achieved by quantitative deprotonation of A18H with DBU
base (Na1p/Npsy = 1.15 : 1).

wﬁ? g

Table 109. Kinetics of the reaction of A18 with E8 (stopped-flow method, detection at 632 nm)

=1
[A18] /M [E8]/ M Kobs / S k., =3.33x 104 [AL8] +

7.76x10° 3.77 1.18
2 =

103 x 10 ) 4.60 R2 = 0.9992

» 4.88 x 10

1.29 x 10 5.53

1.55 x 107 6.33 ' '
0.00008 0.00016

k,=3.33x10*M s [A18]/M

I

Table 110. Kinetics of the reaction of A18 with E9 (stopped—flow method, detection at 635 nm)

=T

7.76 x 10™° 1.13 x 10" +5.04

3 . 20 R? = 0.9997
1.03 x 10 463 x 10 1.33 x 10 ~
. X 8
1.29 x 107 1.55 x 10* =10
1.55x 107 1.75 x 10* 0 ' '
Fa—— 0 0.00008 0.00016
k,=8.06x10"M '-s [A18]/ M
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H

o ®
O 0
+ —_—
N e} }\1 N\ in MeCN
E10

Al18

Table 111. Kinetics of the reaction of A18 with E10 (stopped-flow method, detection at 616 nm)

[A18] /M [E10]/ M Kobs / S
517 x 10° 1.40 x 10" S0 ' kops =2.77 x 10°[A18]
6.47 x 10 1.80 x 10* 40T _o17

. : | R2 = 0.9979
7.76 x 107 srox1ge  210%10° 520

. X S
9.05 x 10°° 2,54 x 10" ~ 10
1.03 x 107* 2.84 x 10* 0 ' ' '
B . 0  0.00004 0.00008 0.00012

1.16 x 10 3.18 x 10 [A18] /M

k,=277x10°M s

0@ 2 20°C
(3N S ! in MeCN
| |

N
H
Al8 E11
Table 112. Kinetics of the reaction of A18 with E11 (stopped-flow method, detection at 620 nm)
[A18]/ M [E11]/M Kobs / S '
3.88x 107 2.48 x 10"
- L Kops = 7.35 x 105 [A18]

5.17 x 10 3.49 x 10 _ 100 0bs —~3.38
6.47 x 10°° 450x 100  © R?=0.9983
7.76 x 10 388x10°  522x100 & 2V
9.05x 107 6.35 x 10 0 . .
1.03x 107" 7.32 x 10* 0 0.00004 0.00008 0.00012
1.16 x 10™ 8.13 x 10 [A18]/M

k,=7.35x 10° M s
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N
H

Al18 E12

Table 113. Kinetics of the reaction of A18 with E12 (stopped-flow method, detection at 612 nm)

[A18]/ M [E12]/ M Kops /'S '

. 107 .16 x 10"
3.88 x 10 6.16 % 10 300 k,,, =2.06x 106 [AL8]
5.17 x 107 9.51 x 10" - 15.2

- - » 200 R? = 0.9980

6.47 x 107 1.16 x 10° 2 :
7.76 x 10™° 3.67 x 10°® 1.47 x 10° -2 100
9.05 x 107 1.70 x 10° 0 - - -
1.03 x 10°* 1.98 x 102 0  0.00004 0.00008 0.00012
1.16 x 107* 2.22 x 10° [AL8]/M

k, =2.06 x 10° M "5~

Table 114. Determination of the parameters N and sy for A18 in acetonitrile

Electrophile E Ky /M. 3
ES ~10.04 3.33 x 10° 7 lgk, =0.77E + 12.17
R? = 0.9981
E9 -9.45 8.06 x 10° 26 /./'/
=5
E10 -8.76 2.77 x 10° A
E11 -8.22 7.35 x 10° 3 . . .
E12 -7.69 2.06 x 10° -10.5 9.5 -85 75

N =15.90 sy =0.77
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(S)-4-Phenyl-1-(pyrrolidin-2-ylmethyl)-1H-1,2,3-triazole (A19)

Ph
G
S
H
A19 ES8

Table 115. Kinetics of the reaction of A19 with E8 (stopped-flow method, detection at 632 nm)

[A19] /M [E8]/ M Kobs / S 15

- - : Kops = 6.16 x 103 [A19]

3.89 x 10 4.03 x 10 1016

5.96 x 107 526x107 o 1 R? = 0.9997

7.95x 10 3.89x10°  653x107 05

9.94 x 10 7.79 x 107" 0 . .

1.19 x 1074 8.92 x 107" 0 0.00004 0.00008 0.00012

k,=6.16 x 10° M "5 [A19]/ M

&NN . O O _20°C_

in MeCN
A19 E9
Table 116. Kinetics of the reaction of A19 with E9 (stopped-flow method, detection at 635 nm)
[A19]/ M [E9]/M Kobs / S ' 4
— Kops = 1.54 x 104 [A19] + 0.50
5.30 x 10 1.35 _3 R? = 0.9969
7.95x 107° 1.71 2,
106x 10"  3.78x10° 2.08 &1
1.33x 107" 2.54 0 . .
1.59 x 107 2908 0 0.00008 0.00016
kp=1.54x 10°M s [AL9]/M
Ph
N in MeCN
H
Al19 E10

Table 117. Kinetics of the reaction of A19 with E10 (stopped-flow method, detection at 616 nm)

[A19]/ M [E10]/ M Kobs /' S ' 8
- Kops = 4.42 x 10% [A19]
3.98 x 10 1.81 g 360 % 10
5.96 x 10 2.60 2, R2 =0.9977
7.95x 107 3.91x 107 3.50 <,
9.94 x 107 4.31 0 . . .
1.19 x 107 5.34 0  0.00004 0.00008 0.00012

K=442x10°M 5 [A19]/M
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Ph
(k 20 °C
+
N [ ‘O ‘O ]mMeCN
H

Al19

Table 118. Kinetics of the reaction of A19 with E11 (stopped-flow method, detection at 620 nm)

[A19]/ M [E11]/ M Kops /'S '

20 ¢
_ Kops = 1.31 x 105 [A19]
5 obs
3.98 x 10 4.75 By ~ 0.50
5.96 x 107 7.23 % 0L Rz = 0.9993
7.95x10°  3.81x 107 9.89 Sl
9.94 x 107 1.27 x 10" 0 , , ,
1.19 x 10™* 1.50 x 10" 0 0.00004 0.00008 0.00012
Ky=131x10°M s [A19]/M
Ph
_20°C
N N in MeCN
N ()

Al9

Table 119. Kinetics of the reaction of A19 with E12 (stopped-flow method, detection at 612 nm)

[A19]/ M [E12]/ M Kobs / S ' 60 -
Kops = 3.37 x 105 [A19]

3.98x 107 1.22 x 10" ~ 158
5.96 x 107 184x100 =% [ Re=0.9987
7.95x 107 3.81 x 10°° 2.47 x 10* _\é‘g 20
9.94 x 107° 3.18 x 10* 0 , , ,
1.19 x 10™* 3.89 x 10" 0 0.00004 0.00008 0.00012

k,=3.37x 10° M s [A19] /M

Ph
(k 20 oC
E in MeCN
A19 E13

Table 120. Kinetics of the reaction of A19 with E13 (stopped-flow method, detection at 605 nm)

A19]/ M E13]/ M Kops / S '
IAL9] [E13] ove 80 k. =7.81x 105 [AL9]

2.65x 107 1.89 x 10" 60 2.06

3.98 x 10™° 2.87 x 10" o 10 R2 = 0.9997

5.30 x 107 262x10°  392x100 £y

6.63 x 10™° 5.00 x 10" 0 . : .
7.95 x 10 6.00 x 10 0  0.00003 0.00006 0.00009

A19]/ M
k,=7.81x10°M s [AL9]

176



Table 121. Determination of the parameters N and sy for A19 in acetonitrile

Electrophile E ko /M s
E8 -10.04 6.16 x 10° 8 lg k, = 0.72E + 10.96
E9 -9.45 1.54 x 10* o6 Re =0.9966
E10 -8.76 4.42 x 10° 24 /
E11 -8.22 1.31 x 10° ,
5
E12 ~7.69 3.37 x 10 105 95 -85 -75 -65
E13 -7.02 7.81 x 10° E

N =15.32sy=0.72
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(S)-1-(Pyrrolidin-2-ylmethyl)-1H-imidazole (A20)

= ®
O oG 2
+
H N N~ in MeCN
A20 ES8

Table 122. Kinetics of the reaction of A20 with E8 (stopped-flow method, detection at 632 nm)

[A20] /M [E8]/ M Kobs /' S ' 5
235x 10 * 141 Kops = 5.39 x 103 [A20] + 0.11
» -4 R2 = 0.9989
3.52 x 10 2.00 o
470 x 107 6.75x 10°° 2.60 22
5.87 x 10 3.26 0 . . . !
7.04 x 107 3.94 0  0.0002 0.0004 0.0006 0.0008

k,=5.39x 10° M s~ [A20]/ M

00D 2
N in MeCN
H

A20 E9
Table 123. Kinetics of the reaction of A20 with E9 (stopped-flow method, detection at 635 nm)
[A20]/ M [E9]/M Kobs / S ' 20
. Kops = 1.83 x 104 [A20] +
4 obs
2.35x 10 4,74 ; 15 0.36
3.52x 107" 6.82 210 R2=0.9988
470x 10"  581x10° 8.77 S
5.87 x 10™° 1.12 x 10" 0 . ! . .
704 x 107 133 x 10 0  0.0002 0.0004 0.0006 0.0008

— A20]/ M
k,=1.83x 10°M s [A20]

/
E in MeCN

A20 E10
Table 124. Kinetics of the reaction of A20 with E10 (stopped-flow method, detection at 616 nm)
[A20]/ M [E10] /M Kobs / S '
9.39x 10° 3.98 20 1 k... =3.66 x 10° [A20]

1.41 % 107 5.08 - 15 +0.18
» R2 = 0.9935

. ~ 10

raarge | OF0C o
. X .
0 1 1 ]

i 1
2.82x 10 1.06 x 10 0  0.00012 0.00024 0.00036
3.29%x10™ 1.24 x 10" [A20]/ M

k,=3.66x 10°M .5
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N
H
A20

20 °C
o ‘ ‘ ) ek

Table 125. Kinetics of the reaction of A20 with E11 (stopped-flow method, detection at 620 nm)

[A20]/ M [E11]/ M Kops /'S '
7.04%x10° 7.29 40 1 Kk, =1.18 x 10° [A20]
_4 L 30 - 117
1.64x 107 . 18x100 0
» 6.12 x 10 . 210
2.11 x 10 2.38 x 10 1
2.58 x 107 2.91 x 10* 0 ' ' '
o ) 0 0.00011 0.00022 0.00033
k,=118x10°M 5™
_20°C

I\D in MeCN

H
A20
Table 126. Kinetics of the reaction of A20 with E12 (stopped—flow method, detection at 612 nm)
[A20]/ M [E12]/ M Kobs / S '
7.04 x 10 1.70 x 10" 100 | Kavs =277 x 105 [A20]
1.17 x 107 2.91 x 10" o —2.90
~ A R2 =0.9998
1.64x 10 .  425x10' 2 50
4 5.30 x 10 L 2
211 x 10 5,53 x 10
-4 1 0 L !
2.58 x 10 6.89 % 10 0.00011 0.00022 0.00033
3.05x 107 8.16 x 10 [A20]/ M
ko=277%x10°M s '
_20°C
Z;k in MeCN
H
A20 E13
Table 127. Kinetics of the reaction of A20 with E13 (stopped-flow method, detection at 605 nm)
A20] / M E13]/ M Kobs / S '
[A20] . [E13] ore ] 250 k., =6.28 x 105 [A20] —
9.39 x 10 5.15 x 10 200 - 6.54
1.41x 107" 8.45 x 10" » 150 | R2 = 0.9985
1.88 x 10™ 8.00x10°  1.11x 10° £100 r
4 . 50
2.35x 10 1.39 x 10 0 . . .
2.82x10™ 1.72 x 10° 0 0.0001 0.0002 0.0003

k,=6.28x 10° M s~

[A20]/ M
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Table 128. Determination of the parameters N and sy for A20 in acetonitrile

Electrophile E ko /M s

3 8
E8 -10.04 5.39 x 10 Ig k, = 0.69E + 10.66
E9 -9.45 1.83 x 10* .6 R>=0.9917

X

E10 -8.76 3.66 x 10 =2, /
E11l -8.22 1.18 x 10° ,

5
E12 ~7.69 2.77x10 105 95 -85 -75 65
E13 -7.02 6.28 x 10° E

N =15.55 sy = 0.69
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(S)-3-Butyl-1-(pyrrolidin-2-ylmethyl)-1H-imidazol-3-ium trifluoromethanesulfonate
(A21)

(\N -n-Bu 20 oC
E N~ in MeCN

A21 E13
Table 129. Kinetics of the reaction of A21 with E13 (stopped-flow method, detection at 605 nm)
[A21]/ M [E13]/ M Kops /'S ' 25 (. = 2.7  10° [A21]

1.75x 10" 454 %10 2 - 0.09

2.62 x 107 660x10" 215 R? = 0.9959

3.50 x 107 6.82x10°  9.21x10” 3 o.é

4.37 x 107" 1.24 0 . . .

595 x 107 1.47 0 0.0002 0.0004 0.0006

A211/ M
k, =297 x 10°M s [A21]

K\]SI-D'}’[-BH 20 °oC
N
N~ in MeCN

N S)
H OTf
A21 E14
Table 130. Kinetics of the reaction of A21 with E14 (stopped-flow method, detection at 613 nm)
A21]/ M E14]/ M Kobs / S
[A21] [E14] obs 20 [k, =2.11 x 104 [A21]
1.05x 10" 1.62 15 - 0.69
1.57 x 107 2.66 210 Re=0.9994
2.10x 10 1.05x 10°° 3.54 < g
2.62x 107" 4.82 0 . . . .
6.30 x 10~ 126 x 10" 0  0.0002 0.0004 0.0006 0.0008

— A21]/ M
k,=2.11x 10*M s [A21]

= ISID-n—Bu _20°C
N +
N/\ in MeCN

N Sors
A21 E15
Table 131. Kinetics of the reaction of A21 with E15 (stopped-flow method, detection at 612 nm)
[A21]/ M [E15]/ M Kobs / S ' 6 ¢ k. =149  10° [A21]
1.05x 10" 1.18 B - 0.42
157 x 107 2.00 Lt Re=0.9906
2.10 x 107 9.90 x 10°° 2.53 2
2.62x 10 3.40 0 . .
315 x 10™ 4.38 0 0.00011 0.00022 0.00033

S— A21]1/ M
k,=1.49 x 10°M .5 [A21]
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(\N -n-Bu 20 °C
N~ + Ph Ph T
N OT N N in MeCN
H

A21

E16

Table 132. Kinetics of the reaction of A21 with E16 (stopped-flow method, detection at 645 nm)

[A21] /M [E16]/ M Kobs / S ' 80 - 5
1.75x10° 152 x 10" g | TR ITIAZ
2.62x 107 2.41 x 10" ‘\m 40 R2=0.9978
3.50 x 10 8.78x10°  3.43x 10" Lo L
437 x10™ 4.55 x 10* 0 , , ,
5.25 x 107 5.68 x 10 0  0.002 0.0004 0.0006
k,=1.20x 10°M s ' [A21]/M
1\@@'”'3“ CF3 20 °C
II\{I e()’I‘f in MeCN
A21 E17

Table 133. Kinetics of the reaction of A21 with E17 (stopped-flow method, detection at 586 nm)

[A21]/ M [E17]/M Kobs / S ' 40
- Kops = 1.33 x 105 [A21]
7.00 x 10 7.18 _ 30 el
1.05x 107 1.12 x 10 2 50 R2 =0.9956
140x 10"  484x10°  158x10° g
1.75 x 107 2.02 x 10* 0 . ! .
210 x 107 260 x 10* 0  0.00008 0.00016 0.00024
kp=1.33x10°M s [A2L]/M
®
&@N‘H-Bu F C CF3 20 °C
II\{I @OTf in MeCN
A21 E18

Table 134. Kinetics of the reaction of A21 with E18 (stopped-flow method, detection at 592 nm)

[A21]/ M [E18] /M Kobs / S ' 100
700 % 107 181 x 10" gg | Ko =309 4X_716°5 [A21]
1.05 x 107 2.72 x 10" » 60 r R? = 0.9954
140x 10  7.00x10°  373x100 & 40T
1.75x 107 4.87 x 10" 28 I , , ,
2.10x 10™ 6.15 x 10" 0  0.00008 0.00016 0.00024

k,=3.09x 10° M .5~

[A21]/ M
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Table 135. Determination of the parameters N and sy for A21 in acetonitrile

Electrophile E ko /M s
E13 -7.02 2.97 x 10° °r o
E14 -5.89 2.11 x 10* a4l /
E15 ~5.53 1.49 x 10° < , | lgk,=053E+7.132
E16 -4.72 1.20 x 10” = R2 = 0.9984
E17 -3.85 1.33 x 10° 0 - - -
E18 ~4.14 3.09 x 10° -8 6 o 4 -2

N =13.57 sy = 0.53

* Second-order rate constants k, for the reactions of A21 with E14 and E16 are not used for the

determination of the N and sy parameters.
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(S)-l-(3,5-Bis(trifluoromethyl)phenyl)-S-(pyrroIidin-2-y|methy|)thiourea (A22)

&N\« Q 1n213[ZgN
CF;

A22

Table 136. Kinetics of the reaction of A22 with E8 (stopped-flow method, detection at 632 nm)

[A22]/ M [E8]/ M Kops /'S '
1.11x 107 5.73x 10 " 2 Kops = 2.42 x 10 [A22]
4 . 15 +0.29
-4 -1 ~ l
2.21 x 10_4 6 20 x 10° 8.26 x 10_1 —*éo i
2.76 x 10 9.36 x 10 :
3.31x 10 1.09 0 ' '
3 0 0.0002 0.0004 0.0006
4.42 x 10 1.37 [A22] /M

ky=2.42x 10°M s

&wa Q e
CF, 1nMeCN

Table 137. Kinetics of the reaction of A22 with E9 (stopped—flow method, detection at 635 nm)

[A22] / M [E9]/M Kobs / S 6

_ Kops = 7.25 x 103 [A22] + 0.86
1.66 x 10* 2.06 4l R2 = 0.9998
2.21x 107 . 2.45 =

o 6.08 x 10 £, |
2.76 x 10 2.87 <
3.86 x 10™* 3.65 0 . .

PR 0 0.0002 0.0004
k,=7.25x10°M"s [A22] / M
N 20 °C
& 1 Q W
AEEeeg eatE
A 3
Table 138. Kinetics of the reaction of A22 with E10 (stopped—flow method, detection at 616 nm)
[A22] / M [E10] /M Kobs / S ' 6

- Kops = 1.76 x 104 [A22] —
6.62 x 10 1.13 . AE4 %102
9.94 x 10™° 1.69 o R2 = 0.9993
1.32x 107 4.86 x 10°° 2.30 52
1.66 x 107" 2.85 0 , ,
1.99 x 107™* 3.48 0 0.0001 0.0002

k,=1.76x 10°M .5 [A22]/ M
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N _20°C_
Z_L \“ Q in MeCN
A22 CFs

Table 139. Kinetics of the reaction of A22 with E11 (stopped-flow method, detection at 620 hm)

[A22]/ M [E11]/ M Kops /'S ' 10 -
= Kops = 4.11 x 10* [A22]
4.42 x 10 2.19 8 | £ 033
6.62 x 10°° 3.02 L6t R? =0.9980
8.83x 10 4.28x 10°° 3.96 24
1.10x 10 4.76 5 . . .
1.32x10™ 5.83 0  0.0005 0.0001 0.00015

k,=4.11x10*M s [A22] /M

[_BVN\“ Q _20°C_

N in MeCN

Table 140. Kinetics of the reaction of A22 with E12 (stopped—flow method, detection at 612 nm)

[A22]/ M [E12]/ M Kops /'S '

4.42 x 107 4.65 i ig kobszl.l_40x41205 [A22]

6.62x 107 7.07 215 | R? = 0.9983

8.83 x 107 4.41x 107 9.56 F10 ¢

1.10x 107" 1.24 x 10" g I . . |
1.32 x 107 1.45 x 10" 0 000005 00001 0.00015

kp=1.14x 10° M s [A22] /M

Table 141. Determination of the parameters N and sy for A22 in acetonitrile

Electrophile E ko /M -s™" 8
ES ~10.04 2.42 % 10° . Ig k, = 0.69E + 10.32
E9 ~9.45 7.25 x 10° 2 R?=0.9956
E10 -8.76 1.76 x 10° — 4
E11 -8.22 411 x10* 2 : : '
E12 ~7.69 1.14 x 10° 105 95 8.5 75

N =14.97 sy = 0.69
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(S)-1-(3,5-Bis(trifluoromethyl)phenyl)-3-(pyrrolidin-2-yImethyl)urea (A23)

H N CFs H CF HE®
NG L ) e i
H, 0 L, inMeCN N % + L:;\]O
o H CF,
CF;COO CF;CO0
A23H A23

The stock solution of A23 was prepared by quantitative deprotonation of A23H with DBU
base (Naisp/Npsu = 1.2 : 1).

20 °C
Z—B\'N\“ \Q in MeCN
CF,
A23

Table 142. Kinetics of the reaction of A23 with E8 (stopped-flow method, detection at 632 nm)

[A23]/ M [E8]/ M Kops /'S ' 10
- Kops = 5.44 x 10 [A23]
4.48 x 10 1.69 ] 8 = 0.87
6.72 x 107 2.67 © 6 R2 =(.9972
8.95 x 10™° 4.32 x 107 3.03 K ‘2"
1.12x10™ 5.19 0 . . .
1.34x 10™* 6.50 0 0.00005 0.0001 0.00015

k,=5.44x 10°M"-s™" [A23]/ M

QN T
H CF,

A23
Table 143. Kinetics of the reaction of A23 with E9 (stopped—flow method, detection at 635 nm)

[A23] /M [E9]/ M Kops /'S ' 25
_ Kops = 1.45 x 105 [A23]
448 x107° 4.88 , 20 190
6.72 x 10 765 215 R2 = 0.9927
. 4.28x 10 . 510 t
8.95 x 10 1.07 x 10 ~ 5|
1.12 x 107 1.47 x 10" 0 . ! .
P 0  0.00004 0.00008 0.00012
kp=1.45x 10°M s [A23]/ M
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et Q } T

CF,

Table 144. Kinetics of the reaction of A23 with E10 (stopped-flow method, detection at 616 nm)

[A23] /M [E10]/ M Kobs / S ' 50
448 x10° 9.16 40 Kabs = 3?88%05 [AZ3]
6.72x 107 1.61 x 10" ©» 30 Rz =0.9971
7.84x 107 412 x107° 2.06 x 10* K: ig
8.96 x 10™° 2.45 x 10* 0 . . .
1.23x 107 3.77 x 10* 0 0.00005 0.0001 0.00015

k,=3.68x 10° M s [A23] /M

Z;kN\“ Q 1n2h(:IZ(CZN
H CF,

Table 145. Kinetics of the reaction of A23 with E11 (stopped—flow method, detection at 620 nm)

[A23] /M [E11]/ M Kobs / S 80
3.36x10° 156 x 10" e [ T 8{112 205 [A23]
4.48 x 10 2.40 x 10 “ 0 R? = 0.9987
5.60 x 10°° 367x10°  3.21x10' £
6.72x 107 4.25 x 10" 0 : . .
8.96 x 10™° 6.07 x 10" 0  0.00003 0.00006 0.00009

k,=811x10°M "5 | [A23]/ M

Table 146. Determination of the parameters N and sy for A23 in acetonitrile

Electrophile E kK, /M s
lg k, = 0.64E + 11.16
ES -10.04 5.44 x 10" 7 Rz =0.9982
E9 ~9.45 1.45 x 10° o ; ./././'
E10 -8.76 3.68 x 10°
_ 5 3 1 1 J
E11 8.22 8.11 x 10 105 05 85 25
N = 17.50 sy = 0.64 E
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(S)-2-Tritylpyrrolidine (A24)

H N/ +Buy i1 MeCN
A24 Ell D1

Table 147. Kinetics of the reaction of A24 with E11 and D1 ([D1] = 5.83 mmol-L™", stopped-flow method,
detection at 620 nm)

=
[A24] ] I\/L [E11]/ M Kobs / S _z ey, = 1.97 * 101 [A24] +

3.23x 10 2.67 x 10 0.06 2.01 x 102

5.02 x 107 207x10% 2004 R?=0.9987

6.82 x 107 5.61x 107° 3.37x 107 _iéo_oz

8.61x 10 3.71x 10 0 . . .

1.04 x 1073 4.07 x 1072 0 0.0004 0.0008 0.0012
kp=1.97x 10"' M -s™" [A24]TM

cph3 /h G

-Bu” N> >zBy in MeCN
A24 E12 D1

Table 148. Kinetics of the reaction of A24 with E12 and D1 ([D1] = 5.83 mmol-L™", stopped-flow method,
detection at 612 nm)

[A24] | M [E12]/ M Kobs / S ' 0.2
=2 =2 ' Kops = 1.27 x 102 [A24] +
2.06 x 10 3.89 x 10 015 obs 13 x 10
3.43x 107 5.46 x 1072 % R2 = 0.9968
~ 0.1 :

4.80 x 107 459 x 10°° 7.05 x 1072 N 0.05
6.17 x 107* 8.86 x 1072 0 . .
7.55x 1074 1.09 x 10" 0 0.0004 0.0008

kp=1.27 x 10°M s [A24] / M
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®
(N) “CPhy; + < _+ |
H N N™ B

A24

E13

N 20 °C
. »
u N/ -Bu in MeCN
D1

Table 149. Kinetics of the reaction of A24 with E13 and D1 ([D1] = 5.83 mmol-L™", stopped-flow method,

detection at 605 nm)

[A24] /M [E13]/ M Kops /'S '
. e 04 i, =7.92x 102 [A24]
1.37 x 10 8.80 x 10 Cos b —223x10
2.06 x 107" 1.40 x 107" % o2 | R2 = 0.9996
2.74 x 107 470x10°  192x10" B ot |
3.43x 107" 2.50 x 107" . . | |
412 x 107" 3.05 x 10”" 0  0.00015 0.0003 0.00045
k,=7.92x 10°M s [A24] I M
®
f_j 20 °C
+ —»
N CPh; (N N7 in MeCN
H
o/ _O

A24

E15

Table 150. Kinetics of the reaction of A24 with E15 (stopped-flow method, detection at 612 nm)

[A24] | M [E15]/ M Kobs / S '
9.97x10° 8.83 50 T Kype = 1.14 x 105 [A24]
1.50 x 107 1.46 x 10" o 38 R = g:g‘;?g
Lo9x 107" o, 195x10 220
2.49 x 107 ' 2.58 x 10" 10 | | |
2.99 x 10™ 3.22x10' ’ 0 000012 0.00024 0.00036
3.49x 10 3.66 x 10 [A24]/ M

k,=1.14x 10° M s
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®
) .
NTTCPhs oy NN oY) 2SS
H o/ L_O  Bu” N >.By InMeCN

A24 E15 D1

Table 151. Kinetics of the reaction of A24 with E15 and D1 ([D1] = 4.66 mmol-L™", stopped-flow method,
detection at 612 nm)

[A24] /M [E15]/ M Kops /'S '
4.12x107 5.04 30 1 e = 116 x 105 [A24]
6.86 x 107 810x10° - g | }ff%fg ;802
9.60 x 10™° soaxgs 10X 10" P ol
1.23x 107" 1.42 x 10" =
1.51x 107 1.76 x 10* 0 - - '
178 x 107 210 x 10" 0 o.oo{cz&xzsqc/).c'\)/loou 0.00018

k,=1.16x 10° M "5

Table 152. Determination of the parameters N and sy for A24 in acetonitrile

Electrophile E Ky /M. 6
. lg k, = 1.39E + 12.73
E1ll -8.22 1.97 x 10 4 R2 = 0.9987
E12 ~7.69 1.27 x 10? <
E13 ~7.02 7.92 x 10 2
E15 -5.53 1.16 x 10° 0 ' ' ' '
9 -8 7 6 5
N =9.16 sy = 1.39 E
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(S)-2-(Diphenyl((trimethylsiIyI)oxy)methyI)pyrroIidine (A25)

. ors |

Table 153. Kinetlcs of the reaction of A25 W|th E9 and D1 ([D1]

detection at 635 nm)

20 °C
——

t Bu in MeCN

=4.86 mmoI-L'1, stopped-flow method,

[A25]/ M [E9]/ M Kops /'S '
503 x 10" 2.07x10" 1 Kype = 2.26 x 102 [A25]
o i 08 F +6.61 x 102
8.89 x 10 ’ 2.71 x 10 06 D7 = 0.9084
1.19 x 107° R 3.29 x 10™ %04
B 4.68 x 10 . s Y.
1.78 x 10 4.57 x 10 0.2
2.37x107° 5.96 x 10™" 0 ' ' '
- _ 0 0.001  0.002  0.003
2.96 x 107 7.44 x 107" [A25]/ M
kp=2.26x10°M s’
OTMS h\ _20°C
E in MeCN
A25
Table 154. Kinetics of the reaction of A25 W|th E10 and D1 ([D1] = 4.86 mmol-L™", stopped-flow method,

detection at 616 nm)

[A25]/ M [E10] /M Kobs / S '
3.92x10" 8.98x 10" i Kype = 2.67 x 108 [A25] — 0.15
5.22 x 107 1.24 T3 R? =0.9907
6.53 x 10 . 157 82

83 x 10 7.25%x 10 Lol X 1
7. .

-3 0 1 1 )

10410 2.80 0 00005 0001  0.0015
1.31 x 10 3.26 [A25]/ M

k,=2.67x10°M s
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Table 155. Kinetics of the reaction of A25 with E11 and D1 ([D1] =

OTMS

N Ph +
H Ph

A25

detection at 620 nm)

(1D : ‘ )+ 1)1
N O +-Bu 1nMeCN
! Ell

20 °C

4.86 mmol-L™", stopped-flow method,

[A25]/ M [E11]/ M Kops /'S '
2.40 x 10 ° 1.44 8 I Ky =5.30 x 10° [A25]
-4 6 - +3.5x%x102
3.59 x 10 1.93 T R? = 0.9952
479 x 107 R 2.52 4T
. 4.97 x 10 N
5.99 x 10 3.13 2 r
8.39 x 107 4.35 0 . . .
} 0 0.0004 0.0008 0.0012
1.08 x 10°° 5.91 [A25] / M
k,=5.30%x10°M s
OTMS ‘/\‘ h _20°C
H O O +-Bu in MeCN
A25
Table 156. Kinetics of the reaction of A25 With E12 and D1 ([D1]=4.86 mmoI~L_1, stopped-flow method,

detection at 612 nm)

[A25]/ M [E12]/ M Kobs / S '

111x 10" 1.31 15 g . =1.63 x 10 [A25]

4 -0.59
2.21 x 10 2.92 T 10t R? = 0.9993
3.32x10™ . 4.87 7

» 5.16 x 10 £ 5t
4.42 x 10 6.50
553 x 107 8.39 0 ' '

. L 0 0.0004 0.0008
6.64 x 10 1.03 x 10 [A25]/ M

k,=1.63x 10" M "-s™"
OTMS ‘/\‘ 20 °C
SR
A25 E13
Table 157. . Kinetics of the reaction of A25 with E13 (stopped-flow method, detection at 605 nm)
=T
[A25] / M [E13]/ M Kops / S 40 ri, =065 10° [AZ5] -
1.10 x 107" 8.32 30 2.44
1.65x 107 1.32 x 10" 2 00 Rz =0.99%
2.20 x 107 4.41x10°° 1.88 x 10" o 10
2.75x 107 2.43 x 10* 0 . .
3.30x10™ 2.93 x 10* 0 0.0002 0.0004
[A25] / mol-L!

k,=9.65x 10°M "5~
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®
OTMS _20°C
N Ph (N N7 in MeCN
oo Ph 0 (O

A25 E15
Table 158. Kinetics of the reaction of A25 with E15 (stopped-flow method, detection at 612 nm)
[A25] / M [E15]/ M Kobs /'S 300 [ K, =205 x 106 [A25]
4.40 x 10™° 7.27 x 10 _ 16.4
. , » 200 Rz = 0.9980

6.60 x 107 420 % 10° 1.22 x 102 2

. X . S
8.80 x 10°° 161x100 <10
1.10 x 107™* 2.10 x 10° 0 : -

P—— 0  0.00004 0.00008 0.00012
k;=2.05x10°M"s [A25]/M

Table 159. Determination of the parameters N and sy for A25 in acetonitrile

Electrophile E ko/M s
E9 =9.45 2.26 x 10° 8 Igk, = 0.98E + 11.79
E10 -8.76 2.67 x 10° o R?=0.9903
E11 -8.22 5.30 x 10° 54
E12 ~7.69 1.63 x 10* 2 r
E13 ~7.02 9.65 x 10" 0_10 9 8 7 6 5
E15 -5.53 2.05 x 10° E

N =12.03 sy =0.98
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(S)-Diphenyl(pyrrolidin-2-yl)methanol (A26)

Z_& O O 20 °C
Ph + —_—
H in MeCN

Table 160. Kinetics of the reaction of A26 with E9 (stopped-flow method, detection at 635 nm)

[A26] /M [E9]/ M Kobs / S ' 20 ] ]
442%x10° 5.40 s Fops = 548 » 107 [A26]
6.63 x 10 6.62 210 R2 = 0.9907
8.84 x 107" 4.39x107° 7.38 3 5
1.33x10°° 9.78 0 . .
1.77 x 107 1.28 x 10* 0 0.001 0.002

A26]/ M
k,=5.48 x 10° M s [A26]

W
H P in MeCN

A26 E10
Table 161. Kinetics of the reaction of A26 with E10 (stopped-flow method, detection at 616 nm)
[A26]/ M [E10]/ M Kobs / S ' 15
- Kops = 1.22 x 104 [A26]

2.31x 10 291 _ +1.66 x 102
3.46 x 10™ 4.19 » 10 R? = 0.9997
462 x10™ 467x10°° 5.57 £ 5
6.93 x 10 8.44 0 . .
9.24 x 107 1.13 x 10" 0 0.0005 0.001

k,=1.22x 10*M s [A26] /M

O - =
—_—
N in MeCN

H on
A26 E11
Table 162. Kinetics of the reaction of A26 with E11 (stopped-flow method, detection at 620 nm)
[A26]/ M [E11]/M Kobs / S '
1.15x 10" 4.72 40 Kype = 3.57 x 104 [A26]
2.31%x 107 8.37 —~ 30 +8.04x 102
k% R2=0.998
3.46 x 107 . 120x10 3 20
4 3.25x 10 L ~ 10
4.62 x 10 1.62 x 10
6.93 x 10 2.45 x 10" 0 ' !
. L 0 0.0005 0.001
9.24 x 10 3.35x 10 [A26] /M

k,=3.57x10°M s

H I\DmMeCN

A26
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Table 163. Kinetics of the reaction of A26 with E12 (stopped-flow method, detection at 612 nm)

[A26]/ M [E12]/ M Kops /'S '
5.77 x 10 4.45
1.15 x 107 7.73 100 | Koos = 7'510;11204 [A2]
2.31x 107 1.52 x 10" Em - R2 = 0,9989
3.46 x 10 408x10°  243x10" N
4.62x 10 3.32x 10" 0 . .
6.93 x 107 5.05 x 10" 0 0.0005 0.001
9.24 x 107 6.90 x 10" [A26]/M

k,=7.50 x 10° M .5

1—3\_ 20°C
Ph + N N- —_—
H in MeCN
A26
Table 164. Kinetics of the reaction of A26 with E13 (stopped—flow method, detection at 605 nm)
[A26]/ M [E13]/ M Kops /'S '
462 %107 6.27 60 Kope = 1.72 x 105 [A26]
9.24 x 10™° 1.35 x 10" =40 —2.28
o R2 = 0.9990
1.39x 107" o 2.09x 10" 8
) 4.85 x 10 £20
1.85x 107 2.95 x 10"
-4 1 0 1 1 )
2:31x10 3.75x10 0 00001 00002 0.0003
2.77 x 107" 4.58 x 10* [A26] / M

k,=1.72x 10°M s

20 °C
Z—B\'Ph i in McCN
H OH (\N N’\
A26 E15
Table 165. Kinetics of the reaction of A26 with E15 (stopped-flow method, detection at 612 nm)
[A26]/ M [E15]/ M Kobs / S '
4.04x10° 2.51 x 107 120 kyps = 7.64 x 10° [A26]
—5.58
5.77 x 107° 3.86 x 10* T 80 | R2 = 0.9992
7.50 x 10™° s  5.27x10' iy
- 3.89 x 10 L L 40 }
9.24 x 10 6.41 x 10
1.10x 10™* 7.80 x 10" 0 ' ' '
4 1 0 0.00005 0.0001 0.00015
1.27 x 10 9.20 x 10 [A26] /M
k,=7.64%x10°M s
®
Ph 20 °C
H OH Q N(/\O FBu” N >Bu
A26 E15 D1
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Table 166. Kinetics of the reaction of A26 with E15 and D1 ([D1] = 4.66 mM, stopped-flow method,
detection at 612 nm)

[A26]/ M [E15]/ M Kops /'S '
6.41x10° 4.35x 10! 300 1 Koo =802 % 107[21]
1.8 x 10 9.32x10° 200 R? = 0.9999
1.92 x 107 3.54x107° 1.44 x 10° 2100
257 x10™" 1.98 x 10° 0 , , ,
3.21x10™* 2.49 x 10° 0  0.0011 0.00022 0.00033

k,=8.02x 10° M -s™" [A26]/ M

Table 167. Determination of the parameters N and sy for A26 in acetonitrile

Electrophile E ko /M s
E9 -9.45 5.48 x 10° lg k, = 0.56E + 9.11
E10 -8.76 1.22 x 10°* N R?=0.9872
E11 -8.22 3.57 x 10" =)
E12 -7.69 7.50 x 10*
E13 ~7.02 1.72 x 10° 9 8 7 6 5
E15 -5.53 8.02 x 10° E

N =16.18 sy = 0.56
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(S)-2-(Azidodiphenylmethyl)pyrrolidine (A27)

A27

Ph in MeCN

Table 168. Kinetics of the reaction of A27 with E11 and D2 ([D2] = 5.08 mM, stopped-flow method,
detection at 620 nm)

[A27]/ M [E11]/ M Kops /'S ' 05
- - [k = 1.26 x 102 [A27] +
5.39 x 10 1.51 x 10 04 677 % 103
8.08 x 107* 1.96 x 107 » 0.3 R2 = 0.9938
1.08 x 107° 5.10 x 107° 2.25x 107" g g'i
1.35x 107 2.55x 10" o . . .
1.62 x 107 2.92 x 10" 0 0.0006 0.0012 0.0018

k,=1.26x 10°M "5

[A27] /M

A27

Ph +G\I

ID /d 20°C

in MeCN

Table 169. Kinetics of the reaction of A27 W|th E12 and D2 ([D2] = 5.08 mM, stopped-flow method,
detection at 612 nm)

[A27] | M [E12]/ M Kobs /' S
8.98 x 10° 6.61 x 10~ 03 Ik, =3.29 x 102 [A27] +
-4 -2 3.77x 102
1.80 x 10 4 9.79 x 10 1 S 0.2 = 0.9944
2.69 x 10 1.31 x 10° 2
3 4.97x10°° L 201
3.69 x 10 1.54 x 10
4.49 x 107 1.81 x 10™ 0 ' ' '
o » 0 0.0002 0.0004 0.0006
5.39 x 10 2.19x 10

k,=3.29 x 10°M s

[A27]/ M
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Table 170. Kinetics of the reaction of A27 with E13 (stopped-flow method, detection at 605 nm)

A27

E13

20 °C

N~ in MeCN

[A27]/ M [E13]/ M Kops /'S '
212 x 107 1.40 x 107"
3.18 x 10™° 213 x 107"
4.24 x 10 1.98 x 10 6
5.30 x 107 1.98 x 10"
T 4

6.36 x 107° 2.59 x 107" 2
8.48 x 107 i 2.92 x 107" 52

. 2.35x 107 L
1.06 x 10 3.26 x 10 0 . . .
1.59 x 107™* 5.05 % 107" 0 0.0004 0.0008 0.0012
212 x 107 6.44 x 107" [A27]/M
3.18 x 107 9.45 x 10™"
5.30 x 10° 2.36
1.06 x 1072 5.09
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H Ph * N in MeCN

A27

Table 171. Kinetics of the reaction of A27 Wlth E13 and D2 ([A27] =7.67 x 10 mmol-L™", ([E13] = 7.06
x 107 mmol-L™", stopped-flow method, detection at 605 nm)

Entr (D2]/ M

y

1 0 12

2 1.89 x 107°

3 3.78x 107 '

4 7.55x 107 08

5 1.51x 107

6 378x10°  AOF

7 1.89 x 107 0.4

8 3.78x107°

9 7.29x 107 0.2

10  1.02x10™ 0 1 ) S
11 2.03x 107 0 5 10 15 20
12 3.05x 107 t/s

13 4.06 x 10

E Ph " /Hj\ 1nZI?/IegN

A27

Table 172. Kinetics of the reaction of A27 Wlth E13 and D2 ([D2] = 5.08 mM, stopped-flow method,

detection at 605 nm)

=T
[A27]/ M [E13]/ M Kops / S 4 oy, = 4.33 x 10° [A27]
7.67 x 10 3.45x 10" -3 -3.61 x10*
w 2 =
1.53x 107" s  656x10" ~2 RP=0.9998
W 5.10 x 10 » R
2.30 x 10 9.87 x 10 1
537 x 107" 2.33 0 : ' '

k,=4.33x10°M".s™

0 0.0002  0.0004  0.0006
[A27]/ M
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Ph

A27

* +Bu in MeCN

Table 173. Kinetics of the reaction of A27 with E13 and D1 ([D1] = 5.13 mmol-L™", stopped-flow method,

detection at 605 nm)

[A27] /M [E13]/ M Kobs / S ' 5
144 %107 209 %10 4 | K= 4'370X21503 [A27]
2.87 x 10 975x 10" 3 R? = 0.9993

- - 22

431 %107 5.29 x 10°° 1.60 £
5.75x 107" 2.27 0 . . .
7.18 x 107* 2.90 0 0.00025 0.0005 0.00075

k,=4.37x10°M s

[A27]/ M

20 oC
NPh (\N N/\ in MeCN

A27
Table 174. Kinetics of the reaction of A27 with E15 (stopped-flow method, detection at 612 nm)

E15

[A27] | M [E15]/ M Kobs / S ' 30
6.36 x 10 ° 8.59 i Kops = 1-943X71905 [A27] -
8.48 x 10 132x100 22 R =0.9918
1.06 x 107 6.13x10°° 1.61 x 10" 10
1.27 x 107 2.03 x 10 0 . . .
1.48 x 107 255 x 10" 0  0.00005 0.0001 0.00015

k,=1.94x 10° M

.3_1

[A27] / mol-L!

Table 175. Determination of the parameters N and sy for A27 in acetonitrile

Electrophile E kK, /M s 6 lgk, = 1.22F + 12.05
E11 -8.22 1.26 x 10° 4 R2=0.9916
E12 ~7.69 3.29 x 107 3
E13 -7.02 4.33 x 10° ’
E15 -5.53 1.94 x 10° 0 ' : ' '
-9 -8 -7 -6 -5
N=9.90sy=1.22 £
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2-(Triphenylsilyl)pyrrolidine (A28)

D
N S‘Ph3 + in MeCN
A28

Table 176. Kinetics of the reaction of A28 with E9 (stopped-flow method, detection at 635 nm)

[A28]/ M [E9]/ M Kops /'S '
10

=2
3.16 x 10 2.50 8
4.73 x 10 2.88 » 6
6.31 x 10 3.59 g 4

.,  518x107° = 2
7.89 x 10 4.32 0 , , ,
9.47 x 107* 5.28 0 0.0005 0.001 0.0015
1.03 x 10°° 6.30 [A28] /M

peaT ey

SlPh3 + in MeCN
t—Bu

A28

Table 177. Kinetics of the reaction of A28 W|th E9 using D1 (([D1] = 5.13 mM, stopped-flow method,
detection at 635 nm)

[A28] / M [E9]/M Kobs / S ' g

509 x 107 504 Kops = 4.90 x 103 [A28] + 1.03
\ - 6 R2 = 0.9994
4.19 x 10~ 3.09 »
\w 4

5.23 x 107 473 % 10°° 3.60 N )
6.28 x 107* 4.14 0 . .
7.33x 107" 4.59 0 0.0004 0.0008

k,=4.90x 10° M s [A28]/ M

N SlPh3 + 20 °C
H in MeCN

A28
Table 178. Kinetics of the reaction of A28 with E10 (stopped—flow method, detection at 616 nm)

A28]/ M E10]/ M Kobs /'S '
[A28] . [E10] obs 50 [ kyp = 4.14 x 104 [A28]
2.37 x10” 10.1 40 +0.15
3.55 x 10 14.7 30 R2 = 0.9990
4.73 % 107 5.77 x 107 19.9 _fig
7.10x 107" 2.91 0 , , ,
8.28 x 107 3.48 0 00003 00006 0.0009

ko=414x10°M 5 [A28]/M
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A28

h\ 20 °C
_—>

t-Bu  in MeCN
Dl

Table 179. Kinetics of the reaction of A28 Wlth El0and D1 ([D1] = 2.57 mmol-L™", stopped-flow method,
detection at 616 nm)

[A28]/ M [E10]/ M Kops /'S '

6.98 x 10° 3.11
30 Kops = 3.96 x 104 [A28]
1.40 x 107 5.34 720 +0.12
- - R2 = 0.9984

2.09 x 107" 8.50 2
2.79 x 10™ 5.49x 107 1.10 x 10* S0

. X . X

0 1 J

3.49 x 107 1.41 x 10* 0  0.00015 0.0003 0.00045
4.19 x 107 1.67 x 10* [A28] /M

k,=3.96x 10°M "5

A28

E10

ﬁ 20 °C
—

t-Bu in MeCN
D1

Table 180. Kinetics of the reaction of A28 with E10 and D1 ([D1]=5.13 mmol-L™", stopped-flow method,
detection at 616 nm)

[A28] / M [E10] /M Kobs / S '
-5
6.98 x 10 2.67 20 | ks = 4,02  10° [A28]
1.40 x 10™* 5.26 - -0.19
22 =
2.09 x 107" " 8.34 3 Re=0.999¢
» 5.49 x 10 ) 210
2.79 x 10 1.10 x 10 .
3.49 x 10 1.37 x 10" 0 000025  0.0005
4.89 x 107 1.95 x 10" [A28] /M
k,=4.02x 10°M s
(. _20°C_
E : in MeCN
A28

Table 181. Kinetics of the reaction of A28 with E11 (stopped—flow method, detection at 620 hm)

[A28] /M [E11]/ M Kobs / S~ 40
— Kops = 7.29 x 104 [A28]
1.49 x 10 9.28 _ 30 —1.74
2.23x10™ 1.43 x 10" 2 00 Rz =0.9995
2.97 x10™ 5.10 x 10°° 1.98 x 10" ;310
3.72x 107 2.56 x 10" 0 . . .
4.46 x 10°* 3.07 x 10* 0 0.00015 0.0003 0.00045

k,=7.29x 10*M "5

[A28]/ M
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Table 182. Kinetics of the reaction of A28 with E12 (stopped-flow method, detection at 612 nm)

N
H

fm Tt

I\D in MeCN

[A28]/ M [E12]/ M Kops /'S '
744 x10° 1.03 x 10" Kops = 1.60 x 105 [A28] —
1.16 x 107 1.54 x 10" AR R :26§g956
1.49 x 107 colxige 202" 10" ;g 20
1.86 x 107 2.70 x 10" | | |
2.23 x 10_: 3.34 % 101 ° 0  0.00009 0.00018 0.00027
2.60 x 10° 3.94 x 10

k,=1.60 x 10° M "5~

[A28] / M

Table 183. Kinetics of the reaction of A28 with E13 (stopped-flow method, detection at 605 nm)

®

{simn, . _20°C_
H N I\II/ in MeCN

A28

|

E13

[A28] /M [E13]/ M Kobs /' S '
5.95 x 10 ° 3.54 x 10" 200 1 Kops =7.15 x 10° [A28]
-5 1 150 - 7.79
8.92 x 10 5.67 x 10 T R2 = 0.9991
L9x10" o 7E5x100 % 100
. X 7
1.49 x 10™* 9.79 x 10" 50
0 1 1 ]
-4 2
1.78 x10 1.21x10 0  0.00007 0.00014 0.00021
2.08 x 107 1.41 x 10°

k,=7.15x 10° M

.3_1

[a20] /M

Table 184. Determination of the parameters N and sy for A28 in acetonitrile

H —1 —1
Electrophile E ko /M 7 Igk, = 0.84E + 11.74
E9 -9.45 4.90 x 10° 6 R2 = 0.9744
E10 -8.76 3.96 x 10° o0
=4
E11l -8.22 7.29 x 10" 3
E12 ~7.69 1.60 x 10° 5 .
E13 -7.02 7.15 x 10° -10 -9 -8 -7 -6
E

N =14.00 sy = 0.84
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(S)-5-Benzyl-2,2,3-trimethylimidazolidin-4-one (A29)

th?— )\‘ (\NN’\ b\

D2

A29

20 °C

in MeCN

Table 185. Kinetics of the reaction of A29 with E15 and D2 ([D2] = 2.80 mM, conventional UV-Vis
method, detection at 612 nm)

[A29]/ M [E15]/ M Kops /'S '
_ _ Kops = 2.99 [A29]
vy 3 obs
3.03 x 10 2.71 x 10 ] 0.01 L7 % 103
6.05 x 107" 3.47 x 107° o R2 = 0.9985
4 - B £0.005
9.08 x 10 2.17 x 10 4.42 x 10 x
1.21 x10°° 5.37 x 107° 0 . '
151 x 10°° 6.97 x 10~ 0 0.0008 0.0016
kp=2.99M s [A29]/M
Phj\‘ ¥ 3C CF3+ h 200G
-Bu o in MeCN
A29 E17 D1

Table 186. Kinetics of the reaction of A29 with E17 and D1 ([D1]

method, detection at 586 nm)

[A29]/ M [E17]/M Kobs / S ' 003 -
1.24x 10" 1.01 x 107 7.07x107"
248x 10  101x10°  1.67x10° » 002 ¢
496x10°  1.26x10°  4.89x 10™ Foot t
7.42x 10" 1.26 x 10™° 9.38x10° 0 , ,
9.91 x 107 1.26 x 107° 1.56 x 107 0 0.0008 0.0016
124x10°  101x10°  225x 107 [A29]/M

= 0.966 mM, conventional UV-Vis
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20 °C

(0) N/
E)\ + * 1nMeCN

A29 E17
Table 187. Kinetics of the reaction of A29 with E17 and D2 ([D2] = 1.18 mM, conventional UV-Vis
method, detection at 586 nm)

[A29] /M [E17]/ M Kobs / S ' 0.1
144x10°  133x10°  6olx10°  _ 008
. » 0.06
2.87x 107" 1.33x 107 1.46 x 10° 2004
4.31x 10 1.33x10™ 3.10 x 107 =~ 0.02
7.19x 10™ 1.33x 107 6.45 x 1072 0 ) '
0 0.0005 0.001

[A29]/ M

O N/
Ph\j— W\
N)\
H

A29

20 °C

Table 188. Kinetics of the reaction of A29 with E17 and D2 ([D2] = 2.33 mM, conventional UV-Vis
method, detection at 586 nm)

[A29] /M [E17]/M Kops /S~ 0.1 Kops = 1.20 x 102 [A29]
142%10" L78x107 8'82 Syt
2.85% 10 5 351x107 50,04
4.27 x 107 18310 505x10% g0
5.70 x 10 6.96 x 1072 0 ' ' '

k,=1.20x 10°M ".s™"

0 00002 0.0004 0.0006
[A29]/ M

20 °C

thz\“ o S B T

E18

Table 189. Kinetics of the reaction of A29 with E18 (conventional UV-Vis method, detection at 592 nm)

[A29] / M [E18] /M Kobs / S ' 006 -
8.99 x 10™° 8.10 x 10° 1.32x 10°°

1.33x 107 7.98 x 107 1.61 x 10 » 004 1

1.77 x 107 7.95x 107 2.50 x 107 Som |

2.18x 10 7.84x10°  336x107° 0 . .
2.60 x 107 7.81x107° 4.58 x 107 0 0.0002 0.0004
2.97 x10™ 1.02 x 107 5.46 x 1072 [A29] /M
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ON/ F.C 2
CF A
N)\ “N NJ lN/
H

A29 E18

D1

Table 190. Kinetics of the reaction of A29 with E18 and D1 ([D1] = 0.99 mM, conventional UV-Vis

method, detection at 586 nm)

[A29] /M [E18]/ M Kobs / S 015 «
. _ ,
1.29x 10" 1.17x 10 1.79x 107 Kovs ,3573421?07[? 2
1.95x 107 1.17 x 10 4.24 % 107° o 01 R2=0.9994
260x10°  118x10°  668x107° 2005 |
3.24x 107" 1.17x10°  8.99x107° 0 , .
3.89 x 107 1.76 x10°  1.17x 10" 0 0.0002 0.0004
ke=3.79x 10°M s " [A29]/M
O, ®
thz‘—N 20 °C
o s
E 0 o 1nMeCN

A29

E19

Table 191. Kinetics of the reaction of A29 with E19 (stopped-flow method, detection at 523 nm)

=T
[A29] /' M [E19]/ M Kobs /'S 0 =216x 104 [A29]
9.62x 10" 1.15x 10" - 30 ~9.55
7] 2 —
1.28 x 107 L 177x100 =20 Re=09987
s 9.61 x 10 . K
1.60 x 10 2.48 x 10 10
1.92x 10 3.21 x 10" 0 ' !
0 0.001 0.002

k,=2.16x 10*M".s™

[A29]/ M

Table 192. Determination of the parameters N and sy for A29 in acetonitrile

Electrophile E ko /M s 5 Ig k, = 0.92E + 5.56
E15 553 2.99 4 R?=0.9983
E17 -3.85 1.20 x 107 ziﬁ
E18 -3.14 3.79 x 10° 1
E19 -1.36 2.16 x 10* 0 - - - ' ' !

N =6.04 sy =0.92

206



(2S,5S)-5-Benzyl-2-(tert-butyl)-3-methylimidazolidin-4-one (A30)

(0) N/ @
N)‘ﬁ N N~ AL in MeCN
H [ | N

A30 E13 D2

Table 193. Kinetics of the reaction of A30 with E13 and D2 ([D2] = 11.4 mmol-L™", conventional UV-Vis
method, detection at 605 nm)

[A30] /M [E13]/ M Kops /' S | 0.00006 Kyps =
= = 1.33 x 102[A30]
3.18 x 10 1.44 x 10 ~ 0.00004 103 105
5.44 x 10 Leex 105 178X 107 > R? =0.999
. X 3
9.13x 107" 2.25x107° ~2 0.00002
1.56 x 107° 3.10 x 107 0.00000 : '
0 0.0008  0.0016
kp=1.33x10°M s [A30]/ M
I T ENY
Ph + + | N .
N% (\N N/\ N in MeCN
H o/ O
A30 E15 D2

Table 194. Kinetics of the reaction of A30 with E15 and D2 ([D2] = 3.25 mmol-L™", conventional UV-Vis
method, detection at 612 nm)

[A30] /M [E13]/ M Kobs / S 0.003
— - . Kops = 1.38[A30]

1.97 x 10 1.86 x 10 6.42 x 10 — 0.002 361 x 104
| . r

3.04x 107" 2.24 x107° 774 x 107 Sm R2 = 0.9994

3.94x 107 1.86 x 10™° 8.95 x 107 ~°0.001

7.88x10°  224x10°  1.45x10° 0 . .

o 0 0.0004 0.0008
k,=1.38M 5™ [A30]/ M
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o,
+
N% in MeCN
H
A30 E17

Table 195. Kinetics of the reaction of A30 with E17 and D2 ([D2] = 2.71 mmol-L™", conventional UV-Vis
method, detection at 586 nm)

[A30] /M [E13]/ M Kobs / S '
1 10 _ 107 Kops = 3.94 x 10! [A30] —
2610 \ 3.06 > 10 , - 0.02 3.30 x 1073
2.35x 10” 5.46 x 10 & R2 = 0.997
3.12 x 107 1.53 x 10°° 9.39x 107 2001
3.88x 107" 1.19x 107 0 . . .
6.24 x 107 213 x 1072 0  0.00022 0.00044 0.00066

k,=3.94x 10" M -5’ [A30]/M

NN F:C _20°C,
SN g SN Y
N +B 1n e
H u

A30 E18 D1

Table 196. . Kinetics of the reaction of A30 with E18 and D1 ([D1] = 1.37 mmol-L™", stopped-flow
method, detection at 592 nm)

PO RSN Rl ST e
. . B ~1.97 x 10

2.73x 107 9.28 x 1072 ‘<\nw 0.2 R2 = 0.9964

400x 10"  1.04x10°  146x10"  ~F 01

5.46 x 107 2.13x 107" 0 - '
6.82 x 10~ 273 x 107" 0 0.00035 0.0007

[A30]/ M

k,=4.24 x 10°M s

Table 197. Determination of the parameters N and sy for A30 in acetonitrile

Electrophile E kK, /M s 35 lgk, = 1.12E + 6.08
E13 -7.02 1.33x10° 15 | Rp=09907
E15 -5.53 1.38 x
E17 ~3.85 3.94 x 10" 05 F
E19 -3.14 4.24 x 10° 25 . . .
N =544sy=1.12 8 0 E 4 2
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(2S,5S)-5-Benzyl-3-methyl-2-(5-methylfuran-2-yl)imidazolidin-4-one (A31)

O, v
N
th?ﬁﬁ/

A31

@
N \ ) n /ﬁ\ : 20 °C
N N - in MeCN
| | N
D2

E13

Table 198. Kinetics of the reaction of A31 with E13 and D2 ([D2] = 11.3 mM, conventional UV-Vis

method, detection at 586 nm)

[A31] /M [E13]/ M Kobs / S ' 0.03 K,y =2.68 x 10! [A31]
207x10° 509x10° - ~8.03x10¢
\ , » 0.02 R? = 0.9970
4.15 % 10 9.76 x 10 >
. 1.84 x 107° . 50.01
6.23 x 10 1.60 x 10
8.31 x 107 2.16 x 10 0 ' ' '

0 0.0003 0.0006 0.0009

k,=2.68 x 10* M5’

[A31]/M

E15 D2

Table 199. Kinetics of the reaction of A31 with E15 and D2 ([D2] = 2.99 mM, stopped-flow method,

detection at 612 nm)

[A31]/ M [E15]/ M Kobs / S ' 15
— — ' Kops = 1.33 x 103 [A31]
1.47 x 10 1.67 x 10 - 0B %102
2.94 x 107" 3.28 x 10" » R2 = 0.9954
4.41 x 107 0.49%x10°  5.05x 10 205
5.88 x 10* 7.31x 107" 0 . .
735 x 107 9.40 x 10" 0 0.0004 0.0008

k,=1.33x 10°M s

[A31]/M
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O,
N
Phj—g)\(\()_/?/

A31

®
F;C CF
| I N
D2

20 °C
—
in MeCN

Table 200. Kinetics of the reaction of A31 with E17 and D2 ([D2] = 1.98 mM, stopped-flow method,
detection at 586 nm)

[A31]/ M [E17]/ M Kops /'S ' 10
5B X10° T8 g [kes 1.6_30><61104 [A31]
1.96 x 10 2.34 L6 R? = 0.9952
2.94 x 107 9.45 x 10°° 4.25 £ g
3.92x10™ 5.70 0 - ;
4.90 x 107 251 0 0.00025 0.0005
[A31]/M

k,=1.63x 10°M s

Table 201. Kinetics of the reaction of A31 with E18 and D1 ([D1] =

i

A31

detection at 592 nm)

+Bu in MeCN

Ph

20 °C

D1

1.21 mM, stopped-flow method,

[A31]/ M [E18] /M Kobs / S '

1.11x 10" 1.04 x 10" 80 I Kops = 1-100X61205 [A31]
1.66 x 10™ 1.96 x 10* T jg R? = 0.9959
2.22 x 10 2.32 x 10* 2

Y 9.60 x 10°° ) ~ 20
3.33 x 10 3.53 x 10

O 1 1 ]

-4 1
4.44 x 10 4.92x10 0 00002 00004 0.0006
5.55 x 107 5.99 x 10" [A31]/M

k,=1.10x 10° M s

Table 202. Determination of the parameters N and sy for A31 in acetonitrile

Electrophile E ko /Ms™ 6 r Igk,=0.89E+7.80
E13 ~7.02 2.68 x 10" 4 Re=0.9859
E15 -5.53 1.33 x 10° E.,N
E17 -3.85 1.63 x 10* 2
E18 -3.14 1.10 x 10° 0 —

N =8.76 sy = 0.89
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(2R,5S)-5-Benzyl-3-methyl-2-(5-methylfuran-2-yl)imidazolidin-4-one (A32)

(0) N/ D

w15, 0 . . ﬁ 206,

N'C)T N N~ NN in MeCN

H | |
A32 E13 D2

Table 203. Kinetics of the reaction of A32 with E13 and D2 ([D2] = 7.68 mM, conventional UV-Vis
method, detection at 605 nm)

[A32] /M [E13]/M Kobs /'S~ 0.002 r k= 1.76 [A32]

=2 =2 +1.42x 1074
1.98 x 10 5.24 x 10 T 0.0015 aretee
3.97 x10™ L83 x 10 7.64 x 107" =, 0.001
.83 x ] S
557 x 107" 1.17 x 1078 =< 0.0005
7.16 x 107 1.40 x 107 0 ' -
0 0.0004 0.0008
ko=1.76 M".s™ [A32]/ M
0 ®
/
th?— ),,<\S/7/ (N O O N7 + /Hj\ N
o/ O N
A32 E15 D2

Table 204. Kinetics of the reaction of A32 with E15 and D2 ([D2] = 3.01 mM, conventional UV-Vis
method, detection at 612 nm)

=T
2.15x 107 3.84 x 1077 +1.18x 1072
o _2 R2 = 0.9814
3.59 x 10 " 5.69 x 10
» 2.06 x 10 B
5.02 x 10 8.09 x 10
6.46 x 107* 9.18 x 1072 : ' :
0.00022 0.00044 0.00066
kp=1.28x10°M".s™ [A32]/ M
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SN 2 20°C
thz}"'@y/ ’ F3(%‘NN"CFZ’ " /ﬁ\ in MeCN
H ! [ N
A32 E17 D2

Table 205. Kinetics of the reaction of A32 with E17 and D2 ([D2] = 1.98 mM, stopped-flow method,
detection at 586 nm)

[A32]/ M [E17]/ M Kops /'S ' Kope = 2.48 x 10° [A32]
197 x 10" 348x107 - 1 010
) 1 o R2 = 0.9963
2.75 x 107 4.90 x 10 =
» 1.01x 107 . 05 |
4.32 x 10 9.14 x 10
5.11 x 10°* 1.11 0 ' ' '

0 0.00018 0.00036 0.00054

k,=2.48x10°M s [A32] /M

o, v @
N F;C CF; X 20 °C
m 2,0 PO O S ) 2
N ! N N -B N B in MeCN
N Ph Ph ! -Bu
A32 E18 D1

Table 206. Kinetics of the reaction of A32 with E18 and D2 ([D2] = 1.33 mM, stopped-flow method,
detection at 592 nm)

=1
[A32]/ M [E18] /M Kobs / S 10 [ k. =189 x 104 [A32]

1.18x 10" 1.62 _ 8 - 0.60
1.97 x 107 3.00 © 6 R? = 0.9968

- _ 2 4
2.75x 107" 1.02 x 107 4.77 <
3.54 x 10" 6.21 0 . . .
4.32 x 107 7 45 0  0.00015 0.0003 0.00045

k,=1.89 x 10°M .5

[A32] /M

Table 207. Determination of the parameters N and sy for A32 in acetonitrile

H -1 _ -1
Electrophile E ko/M s . Ig k, = 1.00E + 7.39

E13 -7.02 1.76 R2 = 0.9893

E15 -5.53 1.28 x 107 = 3

E17 -3.85 2.48 x 10° 1

E18 -3.14 1.89 x 10* -1 ' ' ' ' '

75 -65 -55 -45 -35 -25
N = 7.39 sy = 1.00 E
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7.2.3 Kinetics in Dichloromethane
Pyrrolidine in CH,Cl; (A2)

aNerar ol
+

E in CH2C12
A2 E8

Table 208. Kinetics of the reaction of A2 with E8 in dichloromethane (stopped-flow method, detection at 639
nm)

[A2]/ M [E8]/ M Kobs / S ' 15 ¢
8.33x10° 7.16
T 10 F
1.25x10™ 8.17 2
- 3 5 [
1.67 x 10 4 5.94 x 10‘6 9.43 =
2.08x107* 1.07 x 10 0 ' ' '
" 1 0 0.0001 0.0002 0.0003
2.50 x 10 1.28 x 10 [A2] / M
[A2)7 / mol*- L™ [E8]/ M Kops / S " 15
-9
6.34 x 10 7.16 10
1.56 x 1078 8.17 ;é 5 Kyps = 9.93 x 107 [A2]2
-8
433x 107 1.07 x 10" 0 : - '
" L 0 3.5E-08 7E-08
6.25 x 10 1.28 x 10 (A2 M2
0. OO QD e,
E in CH2C12
A2 E9

Table 209. Kinetics of the reaction of A2 with E9 in dichloromethane (stopped-flow method, detection at 643
nm)

[A2]/ M [E9]/ M Kops /'S ' 40
8.33x10° 1.42 x 10" - 30
1.25x 107" 1.70 x 10" 20
-4 ~ 1 =< 10
2.08 x 10 2.64 x 10* 0 ' ' '
0 0.0001 0.0002 0.0003
2.50 x 107 3.32 x 10" [A2]/ M
[A2)° / mol*. L™ [E9]/ M Kops / S " »
6.34 x 10°° 1.42 x 10" -
i} © 20
1.56 x 107° 1.70 x 10* o -
. 4.00 x 10°° . 210 Kobs = 3-1211 %308 [A2]?
2.79 x 10° 2.14 x 10 :
R2=0.9998 |
433 %10 2.64 x 10* 0
0 3.5E-08 7E-08
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6.25 x 107° 3.32 x 10"

1 1 in CH Cl
Me Me 22

A2 E10

Table 210. Kinetics of the reaction of A2 with E10 in dichloromethane (stopped-flow method, detection at
625 nm)

=T
[A2] /M [E9]/M Kobs /'S 100 ry =299 x 105 [A2]

833x10° 2.13 x 10 _ 80 ~3.71

i . o 60 R2 = 0.9999
1.25 x 10 3.33x 10 ~ 40
1.67 x 107 8.19 x 10 4.63 x 10" =~ 20
2.08x 107 5.84 x 10" 0 - )

0 000014  0.00028

2.50 x 107 7.09 x 10" [A2]/M
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7.3 Experimental Section for pK,y Measurements

General for Titration

The amines A and protonated indicators CH were stored under an atmosphere of dry
argon (glove box). Stock solutions of A (or CH) were prepared in anhydrous acetonitrile,
which was freshly distilled from phosphorus pentoxide.

Diode array spectrophotometers (J&M TIDAS) controlled by Labcontrol Spectacle or
TIDASDAQ 3 (v3.8.1) software and connected to Hellma 661.502-QX quartz Suprasil
immersion probes (5 mm light path) via fiber optic cables and standard SMA connectors
were used for all measurements of equilibrium constants. The temperature of the
solutions during the titration was maintained to 20 + 0.1 °C by using circulating bath
cryostats.

For the titrations, a known volume of CH stock solutions was injected into a known (by
weight) amount of acetonitrile (step 0). Small volumes (V.) of A stock solution were
added into the acetonitrile solution to reach the proton transfer equilibrium step by step. In
the final step (step f), quantitative deprotonation of CH was accomplished by adding an
excess amount of DBU dissolved in acetonitrile. TBD was used in step f for the
quantitative deprotonation of C1 (pKay titration of A1) and A22 (pKay titration of A227).
Pyrrolidine was used in step f for the pKgy titration of A22.

During the titrations, the UV-vis spectra of the solutions were recorded. A wavelength,
where only the indicator C™ absorbs light, was chosen to monitor the reactions by following
the changes in the absorbance A of the acetonitrile solutions. The final absorbance As was
applied to calculate the concentration of the indicator [C"] at each step of the titration.
Together with known initial concentrations of the amines ([A]o) and protonated indicators

([CH]Jo), the equilibrium constants K are described by equation 2 for each step in a titration:
_ [cT]?
K= e e @
The pK,y of the colored anion A22™ was determined without adding an indicator by
direct titration with DBU (pKa 24.31 in MeCN, from literature’®?). For the pKay
determination of A18 and A23, proton transfer was reversed and solutions of

deprotonated indicators [C37] or [C47] and protonated amines [A18H"] or [A23H],

respectively, were used for the titrations.

215



Potassium L-prolinate (Al)

COOMe (\O’\

20 °C COOMe
E
UY@ [xli)y aMecN e xoy
A1H"

Table 211. Determination of the pKaH for A1 with C1H in acetonltrlle at 20 °C (detection at 407 nm). Stock solutions: AlK (5.0 mg) and 18-crown-6 (17.3 mg) in
25.0 mL MeCN; C1H (13.2 mg) in 10.0 mL MeCN; [TBD] = 6.58 x 102 mol L™ Step 0: 0.900 mL C1H stock solution in 19.3 g MeCN.

step V. /mL V /mL [C1H]o /M [Al]o / M A [C1T]/M [C1H] /M [A1]/M
0 - 25.455 2.08x107° 0 0 0 2.08x107° 0
1 0.500 25.955 2.04x10* 251x107° 0.046 2.48 x 10™° 1.79 x 107* 3.79x 107/
2 1.000 26.455 2.00x10™* 4.93x107° 0.087 4.66 x 107° 1.54 x 107 2.75x107°
3 1.500 26.955 1.97 x 10°*  7.26x107° 0.120 6.45 x 10™° 1.32x 107 8.14 x 107°
4 2.000 27.455 1.93x10°% 9.51x107° 0.147 7.92 x107° 1.14 x 10™* 1.59 x 10™°
5 2.500 27.955 1.90x 10* 1.17x10™* 0.169 9.08 x 10™° 9.87 x 10™° 2.60 x 10™°
6 3.000 28.455 1.86 x 10°* 1.38x 10™* 0.187 1.01 x 10™* 8.54 x 10™° 3.69 x 107°
7 3.500 28.955 1.83x10°% 158x 107" 0.202 1.09 x 10™* 7.40 x 107° 4.88 x 107°
f - 31.055 1.71x10°* 2.10x 107" 0.317 1.71 x 10™* 0 2.10x 10™*
[C1)2=
03 | 7 3.05[A1][C1H]
£ 1E-08 [ +6.78x10710
02 + IS R2=0.9972
< ' ~
‘t. 5E-09 K =3.05+0.07
01 f O,
O 0 1 1 1 ]
0 ) 4 6 0 1E-09 2E-09 3E-09 4E-09

t/ min [A1][C1H] / mol?L2

Owing to the low solubility of L-proline (A1H") in MeCN, only first 7 steps of the titration were used for the determination of the pKa.
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Table 212. Determination of the pK,4 for A1 with C1H in acetonitrile at 20 °C (detection at 407 nm). Stock solutions: A1K (5.0 mg) and 18-crown-6 (17.3 mg) in
25.0 mL MeCN; C1H (13.2 mg) in 10.0 mL MeCN; [TBD] = 6.58 x 102 mol L™ Step 0: 0.700 mL C1H stock solution in 19.6 g MeCN.

step V. /mL V/mL [C1H]o /M [Al]o / M A [C1T]/M [C1H] /M [Al]/ M
0 - 25.636 1.61x10" 0 0 0 1.61x 107" 0
1 1.000 26.636 1.55x 10"  4.90x107° 0.084 4.45 % 10™° 1.10 x 107* 453 x10°
2 1.500 27.136 1.52x 10" 7.22x107° 0.113 6.02 x 10° 9.16 x 10° 1.19 x 10™°
3 2.000 27.636 1.49x 10" 9.45x107° 0.137 7.28x107° 7.63 x107° 2.17 x 107
4 2.500 28.136 146 x10* 1.16x10™" 0.155 8.26 x 10™° 6.38 x 10™° 3.33x107°
5 3.000 28.636 1.44x10"% 1.37x10" 0.170 9.03x 10™° 5.35x 107° 4.64 x 107°
f - 31.136 1.32x10"% 210x10™* 0.248 1.32x 107" 0 2.10x 107
0.3 r A; (TBD) . 1E08 ' [crp-=
;:. 8E-09 3.09[A1X][C%ﬂ]
<0'2 _ £6E00 T "= 09974
01 b " 4E-09 K =3.09 +0.09
O, 2E-09
0 0 ' '
1 3 5 7 0 1.25E-09 2.5E-09
t/ min [A1][C1H] / mol2L2

Owing to the low solubility of L-proline (A1H") in MeCN, only first 5 titrations were used for the determination of the pKay,

K=3.07 +0.02
PKan(Al) = 24.02
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Pyrrolidine (A2)

CN CN

(Yo 0°C &) -
N Q' in MeCN Ez Q@O
A2 Cc2H A2H" cr

Table 213. Determination of the pK,y for A2 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A2 (16.8 mg) in 10.0 mL MeCN; C2H (15.2
mg) in 10.0 mL MeCN; [DBU] = 2.52 x 102 mol L™ Step 0: 0.900 mL C2H stock solution in 24.4 g MeCN.

step V. /mL V /mL [C2H], / M [A2]o/ M A [C2T]/M [C2H] /M [A2] /M
0 - 31.943 224 x 10" 0 0.000 0 2.239x 10 ° 0
1 0.250 32.193 222x10* 1.83x10™* 0.034 3.04 x 10™° 1.918 x 10* 1.53x 10"
2 0.500 32.443 221x10* 364x10" 0.048 4.29 x 10™° 1.776 x 10* 3.21x 10"
3 0.750 32.693 219x10* 542x10* 0.057 5.16 x 10™° 1.672x10* 4.90x 10™*
4 1.000 32.943 217x10*  7.17x107* 0.065 5.85 x 10™° 1587 x10* 6.59x 10™*
5 1.250 33.193 216 x10* 8.90x 10™* 0.071 6.42 x 10™° 1513x10* 8.25x10™*
6 1.500 33.443 2.14x10* 1.06x10° 0.077 6.91 x 10™° 1.448 x 10* 9.90x 10™*
f 2.200 34.143 210x10* 1.04x10° 0.232 2.10 x 10™* 0 1.04 x 107°
0.25 r 6E-09 r [C2 ]2 =
02 | 4; (DBU) o 3.37 x 102 [A2][C2H]
' S 4E-09 | -837x107M
015 r £ R2 = 0.9998
01 ®oE09 | K = (3.37 £ 0.02) x 107
0.05 | &
O 0 1 )
50 150 250 0 7.5E-08 1.5E-07
t/s [A2][C2H] / mol2L2
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Table 214. Determination of the pK,y for A2 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A2 (16.8 mg) in 10.0 mL MeCN; C2H

(15.2 mg) in 10.0 mL MeCN; [DBU] = 2.52 x 102 mol L. Step 0: 0.900 mL C2H stock solution in 21.6 g MeCN.

step V. /mL V /mL [C2H]o /M [A2]o/ M A [C2T]/M [C2H] /M [A2] /M
0 - 28.381 2.52x 10" 0 0 0 252x 10" 0
1 0.250 28.631 250x10* 2.06x10™* 0.036 3.38 x 10™° 2.16 x 10 1.72 x 107"
2 0.500 28.881 2.48x10* 4.09x 107 0.051 4.75 x 10™° 2.00x10* 3.61x107"*
3 0.750 29.131 246 x 10" 6.08x 107 0.062 5.74 x 10™° 1.88 x 107* 551 x 10
4 1.000 29.381 243 x10* 8.04x10™* 0.070 6.51 x 10™° 1.78 x 107* 7.39x 10
5 1.250 29.631 241x10* 996x 107 0.077 7.14 x 10™° 1.70 x 107* 9.25 x 10™*
6 1.500 29.881 2.39x10* 1.19x107° 0.083 7.69 x 10™° 1.62 x 107" 1.11 x 107°
f 2.200 30.581 2.34x10* 1.16x107° 0.251 2.34x 107 0 1.16 x 107°
03 ¢ [C2]2=
A; (DBU) ¢ 6E-09 F3.34 x 1072 [A2][C2H]
02 L %' -1.37x10°10
< ' E4E-09 | R2 = 0.9997
~ _ 2
01 E09 | K = (3.34+0.03) x 10
O,
O 0 1 J
50 150 250 0 9.5E-08 1.9E-07

[A2][C2H] / mol2L-2

K = (3.35+0.02) x 1072

PKan(A2) = 19.89
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2-Methylpyrrolidine (A3)

O, R 2 B, b
° ®
N mMecN N, Q@O
A3 C2H A3H"* C2”

Table 215. Determination of the pK,y for A3 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A3 (22.0 mg) in 10.0 mL MeCN; C2H (11.0
mg) in 10.0 mL MeCN; [DBU] = 4.77 x 10> mol L™". Step 0: 0.900 mL C2H stock solution in 20.9 g MeCN.

step V. /mL V/mL [C2H]o / M [A3] / M A [C27]/ M [C2H] / M [A3] /M
0 - 27.490 1.88 x 10° 0 0 0 1.88 x 10° 0
1 0.250 27.740 1.87x10% 2.33x10™ 0.025 2.29 x 10™° 1.64 x 107* 2.10 x 10™*
2 0.500 27.990 1.85x10"% 4.62x10™" 0.034 3.20 x 107° 153x10*  4.29x10™*
3 0.750 28.240 1.83x10* 6.86x 107" 0.041 3.85x107° 1.45x 10*  6.48x10™*
4 1.000 28.490 1.82x10* 9.07x 10™* 0.047 4.35 x 107° 1.38x10* 863x10*
5 1.250 28.740 1.80x10™* 1.12x107° 0.051 4.75 x 107° 1.33x 107 1.08 x 107°
6 1.500 28.990 1.79x10* 1.34x107° 0.055 5.08 x 107° 1.28 x 10™* 1.29 x 107°
f 1.800 29.290 1.77x10* 1.32x107° 0.190 1.77 x 10™* 0 1.32x 107°
0.2 r 4E-09 [C2)? =
Ap(DBU) 7 1.59 x 102 [A3][C2H]
0.15 | < 3E-09 ~1.25x10°!!
< 01 | Eopoo | R2 = 0.9998
4 5.6 B K = (1.59 + 0.01) x 1072
0.05 | 23 N 1E-09 |
O 1 O 1 ]
0 200 0 9E-08 1.8E-07
t/s [A3][C2H] / mol2L2
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Table 216. Determination of the pK,y for A3 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A3 (22.0 mg) in 10.0 mL MeCN; C2H (11.0
mg) in 10.0 mL MeCN; [DBU] = 4.77 x 102 mol L™ Step 0: 1.000 mL C2H stock solution in 22.7 g MeCN.

step V. /mL V/mL [C2H]o /M [A3]o/ M A [C27]/ M [C2H] / M [A3] /M
0 - 29.880 1.93x 10" 0 0 0 1.93x 10" 0
1 0.250 30.130 1.91x10"% 214x10™" 0.025 2.29 x 10™° 1.68 x 107* 1.91 x 107
2 0.500 30.380 1.89x10* 4.25x 107" 0.035 3.18 x 107 158 x10* 3.93x10*
3 0.750 30.630 1.88x10* 6.33x 107" 0.042 3.82x107° 1.50x10"% 594x10™*
4 1.000 30.880 1.86x10* 837x10™* 0.047 4.31 x 10™° 1.43 x107* 7.94 x 10
5 1.250 31.130 1.85x10% 1.04x107° 0.052 4.73 x 10™° 1.37 x10™* 9.90 x 10™*
6 1.500 31.380 1.83x10"% 1.24x107° 0.055 5.07 x 107° 1.33x 107" 1.18 x 107°
f 1.800 31.680 1.82x10"% 1.22x107° 0.198 1.82 x 10" 0 1.22 x 107°
0.25 4E-09 o =
As (DBU) o [C2]
02 t " 3E.09 | 1.64E-02[A3][C2H]
< - 2.37E-12

0.15 E 2E-09 | Rz =1.0000

01 | ] L K = (1.64 + 0.00) x 1072

0 1 1 J O 1 ]
0 100 200 300 0 9E-08 1.8E-07

t/s [A3][C2H] / mol?L2

K= (1.62 +0.03) x 1072
PKan(A3) = 19.57

221



2-Isopropylpyrrolidine (A4)

A

A4

in MeCN

20 °C ®
Q¢
H,

A4H"

ece

Table 217. Determination of the pK,y for A4 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A4 (17.4 mg) in 10.0 mL MeCN; C2H (13.2
mg) in 10.0 mL MeCN; [DBU] = 2.38 x 102 mol L™ Step 0: 0.700 mL C2H stock solution in 22.3 g MeCN.

step V. /mL V/mL [C2H]o / M [Ad]o / M A [C27]/ M [C2H] / M [A4] /M
0 - 29.072 1.66 x 10°° 0 0 0 1.66 x 10° 0
1 0.250 29.322 1.65x10% 1.31x10™" 0.014 1.24 x 107° 1.52 x 107" 1.19 x 107*
2 0.500 29.572 1.63x10* 2.60x 107 0.020 1.75x 107° 1.46 x 10  2.42x10™*
3 0.750 29.822 1.62x10* 3.87x10™* 0.025 2.12 x107° 1.41x10* 365x107"*
4 1.000 30.072 1.61x10* 5.11x10™"* 0.028 2.42 x 107° 1.36x10*  4.87x10™"
5 1.250 30.322 1.59x10* 6.34x 107" 0.031 2.67 x 10™° 1.33x10* 6.07x10™"
6 1.500 30.572 158x10* 7.54x10™* 0.033 2.88 x 107 1.29x10*  7.25x107*
f 1.900 30.972 156 x10*  7.44x 107" 0.180 1.56 x 107 0 7.44 x 107*
0.2 [C2]?=
4¢(DBU) 7 9E-10 | 8.95 x 107 [A4][C2H]
0.15 g -8.45x107"2
£6E-10 | R2 =1.000
< 0.1 =
; Tae10 | K =(8.95 +0.02) x 10
0.05 | 23 4 5 g
O L ) O 1 J
200 400 0 5.5E-08 1.1E-07
t/s [A4][C2H] / mol2L2
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Table 218. Determination of the pK,y for A4 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A4 (17.4 mg) in 10.0 mL MeCN; C2H (13.2
mg) in 10.0 mL MeCN; [DBU] = 2.38 x 10> mol L™". Step 0: 0.800 mL C2H stock solution in 22.3 g MeCN.

step V. /mL V/mL [C2H], / M [Ad]o /M A [C2T]/M [C2H] /M [A4] /M
0 - 29.172 1.89 x 10°° 0 0 0 1.89 x 10°° 0
1 0.500 29.672 1.86x10°% 259x10™ 0.020 1.78 x 107° 1.68 x 107* 2.41 x 107
2 1.000 30.172 1.83x10% 5.09x10™" 0.028 2.50 x 10™° 1.58 x 107* 4.84 x 107
3 1.500 30.672 1.80x10* 7.52x10™* 0.034 3.02x 10™° 1.50 x 107* 7.21x 10
4 2.000 31.172 1.77x10* 9.86x 107" 0.039 3.41x107° 1.43x10* 952x10"
5 2.500 31.672 1.74x10"% 1.21x10° 0.042 3.73x 10™° 1.37 x10™* 1.18 x 107°
f 3.000 32.172 1.72x10"% 1.19x107° 0.194 1.72 x 10" 0 1.19 x 1073
025 r [C2]2=
02 L 4r(DBY) 7,18E-09 | 8.88x 107 [A4][C2H]
' g ~4.66%10 11
<(0-15 - €1.2E-00 | R2 = (0.9999
01 S 6E-10 K =(8.88 +0.05) x 10
005 | ;2 3 4° o =T
0 1 1 J 0 | ) ,
0 100 200 300 0 6E-08 1.2E-07 1.8E-07
t/s [A4][C2H] / mol2L2

K =(8.92 +0.04) x 107
pPKan(A4) = 19.31
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2,2-Dimethylpyrrolidine (A5)

N CN
1_3-\“ + X 20°¢ @‘ + @
D e v GO
AS C2H ASH" C2”

Table 219. Determination of the pK,y for A5 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A5 (13.4 mg) in 5.0 mL MeCN; C2H (11.4
mg) in 10.0 mL MeCN; [DBU] = 3.69 x 102 mol L™, Step 0: 0.800 mL C2H stock solution in 20.4 g MeCN.

step V. /mL V/mL [C2H], / M [A5], / M A [C27]/ M [C2H] / M [A5] / M

0 - 26.754 1.78 x 10" 0 0 0 1.78 x 10°* 0
1 0.250 27.004 1.77x10*  250x 107" 0.023 2.01 x107° 157x10* 230x10"
2 0.500 27.254 1.75x 10" 496 x10™ 0.033 2.83x107° 1.47x10*  467x10"
3 0.750 27.504 1.73x10"% 7.37x10" 0.040 3.41x107° 1.39x10*  7.03x10"
4 1.000 27.754 1.72x10"% 9.74x10™* 0.045 3.87x107° 1.33x10* 9.35x10™"
5 1.250 28.004 1.70x 10"  1.21x107° 0.050 4.27 x 107° 1.28x10*  1.16x107°
6 1.500 28.254 1.69x 10"  1.43x107° 0.054 4.60 x 107° 1.23x10* 1.39x107°
f 1.900 28.654 1.66x 10"  1.41x107° 0.194 1.66 x 107* 0 1.41x107°
0622 i 4; (DBU) 7 24E-09 _1.27x[1%g2][,26\5—][C2H]
015 | (:‘_gl.GE—O9 B _R62280>.<9%)%?

L ~ _ -2
O%; _ s ] 58510 I K=(1.27 #0.01) x 10

0 ' ' 0 ' ' '
0 200 400 0 6E-08 1.2E-07 1.8E-07
t/s [A5][C2H] / mol2L2
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Table 220. Determination of the pK,y for A5 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A5 (13.4) mgin 5.0 mL MeCN; C2H (11.4

mg) in 10.0 mL MeCN; [DBU] = 3.69 x 10> mol L™". Step 0: 0.800 mL C2H stock solution in 20.8 g MeCN.

step V. /mL V/mL [C2H]o /M [A5]o/ M A [C2T]/M [C2H] /M [A5]/ M
0 - 27.263 1.75x 10°° 0 0 0 1.75x 10° 0
1 0.500 27.763 1.72x10"% 487x10™" 0.033 2.76 x 10™° 1.44 x 107* 459 x 107
2 1.000 28.263 1.69x10* 9.56x 107" 0.045 3.78 x 107 1.31x 107 9.18 x 10™*
3 1.500 28.763 1.66x10% 1.41x107° 0.053 4.49 x 10™° 1.21 x 107 1.36 x 107°
4 2.000 29.263 1.63x10* 1.85x10°° 0.060 5.04 x 107° 1.13x10* 1.80x107°
5 2.500 29.763 1.60x10* 2.27x107° 0.065 5.48 x 107° 1.05 x 107* 2.22x107°
f 2.900 30.163 1.58x10"% 2.24x107° 0.187 1.58 x 107™* 0 2.24 x 107°
0.2 3.6E-00 | [C2]? =
4 (DBU) o 1.34 x 102 [A5][C2H]
0.15 %'2.75-09 - -1.52x10°10
R2 = 0.9988
< 01 S18-09 | 5
& K = (1.34 +0.03) x 10
0.05 & 9E-10
O ] O 1 1 ]
100 200 300 0 8E-08 1.6E-07 2.4E-07
t/s [A5][C2H] / mol2L2

K = (1.30 + 0.03) x 1072

PKan(AS) = 19.47
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2-Benzylpyrrolidine (A6)

CN . CN
[ X Py o 20°¢ Z%X\,Ph + ©)
oo = T oo
A6 C2H A6H" C2

Table 221. Determination of the pK,y for A6 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A6 (10.3 mg) in 10.0 mL MeCN; C2H (12.9
mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10 mol L™". Step 0: 0.800 mL C2H stock solution in 20.6 g MeCN.

step V. /mL V/mL [C2H]o / M [A6], / M A [C27]/ M [C2H] / M [A6] / M
0 - 27.009 2.00 x 10°* 0 0 0 2.00 x 10°* 0
1 0.500 27.509 1.96x10% 1.16x10™* 0.008 6.55 x 10™° 1.90 x 107* 1.10 x 107*
2 1.000 28.009 1.93x10"* 228x10™" 0.011 9.13x107° 1.84x10°% 219x10™*
3 1.500 28.509 1.89x10* 3.36x 107" 0.013 1.10 x 10° 1.78 x 10*  3.25x10™*
4 2.000 29.009 1.86x10™*  4.40x 10™* 0.015 1.24 x 107° 1.74x10™*  4.28x10™*
5 2.500 29.509 1.83x10* 5.41x10™* 0.016 1.36 x 10™° 1.69x10* 528x107*
f 3.500 30.509 1.77x10* 523x10™* 0.210 1.77 x 10™* 0 523x 107
0.25 r 3E-10 [C2 ]2
02 | A (DBU) — 7 = 2.08 x 10°5[A][C2H]
% 2E-10 -2.29x10
- 0.15 £ R2 = 1.000
01 “: 1E-10 | K = (2.08 £ 0.00) x 10
0 ’_,._T—————J f 0 1 1 ]
0 200 400 0 3E-08 6E-08 OE-08
t/s [AB][C2H] / mol2L2
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Table 222. Determination of the pK, for A6 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A6 (10.3 mg) in 10.0 mL MeCN; C2H (12.9

mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10> mol L™". Step 0: 0.800 mL C2H stock solution in 21.0 g MeCN.

step V. /mL V/mL [C2H]o / M [A6]o / M A [C27]/ M [C2H] / M [A6] / M
0 - 27.518 1.96 x 10°° 0 0 0 1.96 x 10°° 0
1 0.500 28.018 1.93x10* 1.14x10™* 0.007 5.93 x107° 1.87 x107™* 1.08 x 107*
2 1.000 28.518 1.89x10°% 224x10™" 0.010 8.52 x 10™° 1.81x10™* 2.15x 10
3 2.000 29.518 1.83x10% 4.33x10™" 0.014 1.17 x 107° 1.71x 107" 4.21 x 107
4 3.000 30.518 1.77x10* 6.28x 107" 0.016 1.39 x 107 1.63x10* 6.14x10"
5 4.000 31.518 1.71x10* 811x10™* 0.018 1.56 x 10™° 156x10* 7.95x107*
f 4.900 32.418 1.66x10* 7.88x10™* 0.196 1.66 x 10~ 0 7.88 x 107
i [C27]?
0.2 A¢(DBU) 7, SE-10 =200 x 103[A6][C2H]
0.15 5 ~5.63x 10712
< E 2E-10 ¢ R2 = 0.9999
0.1 r o K = (2.00 + 0.01) x 107
005 ~ 1E-10 F
: L, 2 345 O,
O 1 0 1 )
80 280 0 6.5E-08 1.3E-07
t/s [A6][C2H] / mol2L2

K =(2.04 +£0.03) x 107
PKan(AB) = 18.67
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(S)-2-Benzhydrylpyrrolidine (A7)
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CN
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Table 223. Determination of the pK,y for A7 with C2H in acetonitrile (detection at 420 nm). Stock solutions: A7 (14.4 mg) in 10.0 mL MeCN; C2H (12.9 mg) in
10.0 mL MeCN; [DBU] = 3.26 x 102 mol L™ Step 0: 0.800 mL C2H stock solution in 18.7 g MeCN.

step V. /mL V/mL [C2H]o / M [A7]o / M A [C27]/ M [C2H] / M [A7] /M
0 - 24.591 2.19x 107" 0 0 0 2.19x 10" 0
1 0.500 25.091 215x 10" 1.21x10™* 0.005 4.06 x 10°° 2.11x 10™* 1.17 x 10™
2 1.000 25.591 211x10* 237x10™" 0.007 551 x 10° 2.05x 10™* 2.32x 107"
3 2.000 26.591 2.03x10* 456x10™* 0.009 7.25 % 107° 196 x 10*  4.49x10™*
4 3.000 27.591 1.96x10*  6.60x 107" 0.010 8.40 x 107° 1.87x10* 651x10"
5 4.000 28.591 1.89x10* 8.49x 107 0.011 9.36 x 10™° 1.79x 10*  8.39x10™*
f 4.500 29.091 1.86x10* 834x10™* 0.224 1.86 x 10™* 0 8.34 x 107
025 r 4.(DBU) 1.2E-10 [C2 72
¢ & =5.59 x 104[A7][C2H
02 r g 91l r 4315 x[lo-]l[2 :
015 | £ R2 =0.9997
< o1 | ~ 6E-11 K = (5.59 + 0.06) x 10™*
' i N 3E-11 | pKay = 18.11
0.05 5 3 4 5 IL_).
O T J 0 1 J
50 250 450 0 8E-08 1.6E-07
t/s [A7][C2H] / mol?L2
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F F F F
Ph CN 20 °C @B\,Ph CN
N r COOEt in MeCN N Ph . %
t in Me H Et
H Ph £ F 2 F F COO
A7 C3H ATH" Cc3
Table 224. Determination of the pK,4 for A7 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A7 (23.0 mg) in 10.0 mL MeCN, then 1.000

mL solution diluted in 10.0 mL MeCN; C3H (11.2 mg) in 10.0 mL MeCN; [DBU] = 4.05 x 102 mol- L. Step 0: 0.800 mL C3H stock solution in 17.8 g MeCN.

step V. /mL V /mL [C3H]o /M [A7]o / M A [C3T]/M [C3H] /M [A7]/ M
0 - 23.446 1.37 x 10" 0 0 0 1.37x10° 0
1 0.300 23.746 1.35x10"% 245x107° 0.059 2.16 x 10™° 1.14 x 107* 2.93x 107°
2 0.400 23.846 1.35x 10* 3.25x 107° 0.076 2.79 x 10™° 1.07 x 107™* 4.66 x 107°
3 0.500 23.946 1.34x10"% 4.05x107° 0.093 3.39x107° 1.00 x 10™* 6.57 x 107°
4 0.600 24.046 1.33x 10" 4.84x107° 0.108 3.97 x107° 9.38 x 10™° 8.70 x 107°
5 0.700 24.146 1.33x 10" 5.62x107° 0.123 4.50 x 107° 8.79 x 10™° 1.12 x 10™°
f 0.900 24.346 1.32x 10" 557 x107° 0.360 1.32 x 10™* 0 557 x 107°
04 - 4{DBU) ] 2.4E-09 [C3 T
03 | 4 = 2.42[AT][C3H]
- 5 —3.95x1071°
<02 + E 1200 | R2=0.9949
5 4 5 ‘T; K=2.42+0.10
0.1 1.2 O,
O L L 0 1 )
0 5E-10 1E-09
0 50 ¢ ,1500 150 [A7][C3H] / mol2L2
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Table 225. Determination of the pK,y for A7 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A7 (23.0 mg) in 10.0 mL MeCN, then 1.000
mL solution diluted in 10.0 mL MeCN; C3H (11.2 mg) in 10.0 mL MeCN; [DBU] = 4.05 x 102 mol- L. Step 0: 0.700 mL C3H stock solution in 17.2 g MeCN.

step V. /mL V /mL [C3H]o /M [A7]o /M A [C3T]/M [C3H] /M [A7] /M
0 - 22.583 1.24 x 107" 0 0 0 1.24 x 107" 0
1 0.300 22.883 1.23x10°% 254x107° 0.061 2.20 x 10™° 1.01 x 107" 3.37 x107°
2 0.400 22.983 1.22x10"% 3.37x107° 0.078 2.84 x 10™° 9.38 x 10™° 5.32x107°
3 0.500 23.083 1.22x10* 4.20x 107 0.095 3.44 x 10™° 8.72 x 10™° 7.56 x 107°
4 0.600 23.183 1.21x10"% 5.02x107° 0.110 4.01 x 10™° 8.11 x 10™° 1.01 x 10°°
5 0.700 23.283 1.21x10"% 5.83x107° 0.125 4.55 x 107° 7.52x107° 1.28 x 10™°
f 0.900 23.483 1.20x 10" 5.78x107° 0.328 1.20 x 107* 0 5.78 x 10™°
- 2.4E-09
0.4 A«(DBU) o [C37)?
03 L = = 2.53[A7][C3H]
: S —426x10710
<02 L E 1209 | Re=09927
= K=253+0.13
0.1 8
0 \ 0 1 ]
0 60 0 5E-10 1E-09

[A7][C3H] / mol2L-2

For A7 + C3H: K= 2.47 + 0.05
pKan = 18.14

PKan(A7) = 18.13 (average)
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(S)-Pyrrolidin-2-ylmethanamine (A8)

H

A8

CN

C2H

S0

20 °C
e B,
in MeCN H,
A8H"

CN

O0

C2

Table 226. Determination of the pK,y for A8 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A8 (19.3 mg) in 10.0 mL MeCN; C2H (15.8

mg) in 10.0 mL MeCN; [DBU] = 8.50 x 102 mol L™ Step 0: 0.800 mL C2H stock solution in 21.1 g MeCN.

step V. /mL V/mL [C2H]o / M [A8], / M A [C27]/ M [C2H] / M [A8] / M
0 - 27.645 2.39x107° 0 0 2.39x 107" 0
1 0.250 27.895 237x10* 1.73x10™* 0.033 2.94 x 10™° 2.08 x 10 1.43 x 107"
2 0.500 28.145 235x10* 3.42x10™" 0.047 4.14 x 10™° 1.93 x 107" 3.01x 10™*
3 0.750 28.395 2.33x10* 5.09x10™* 0.057 5.02 x 107° 1.83x10* 459x107*
4 1.000 28.645 231x10* 6.73x10™* 0.065 5.69 x 107° 1.74x10*  6.16x10™*
5 1.250 28.895 229x10* 834x10™* 0.071 6.25 x 10™° 1.66x10*  7.71x10™*
6 1.500 29.145 227x10* 9.92x10™* 0.077 6.73 x 10™° 159x10* 9.24x10™*
f 1.700 29.345 225x10* 9.85x10™* 0.256 2.25x 107 0 9.85x 107
03 6E-09 [C212=

A; (DBU) T 3.12 x 102[A8][C2H]

02 < 4E-09 | -9.02x 10"

< £ R2 = 0.9998

~ _ -2
01 r 345 6 T2E-09 | K = (3.12 + 0.02) x 10
2 )
O 1 1 ) 0 ) ,

7.5E-08
[A8][C2H] / mol2L-2

1.5E-07
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Table 227. Determination of the pK,y for A8 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A8 (19.3 mg) in 10.0 mL MeCN; C2H (15.8
mg) in 10.0 mL MeCN; [DBU] = 8.50 x 10> mol L™". Step 0: 0.900 mL C2H stock solution in 21.0 g MeCN.

step V. /mL V/mL [C2H]o / M [A8], / M A [C27]/ M [C2H] / M [A8] / M
0 - 27.618 2.69x 10°° 0 0 0 2.69x10°° 0
1 0.500 28.118 264x10* 3.43x10™" 0.050 4.37 x 10™° 2.21x10™* 2.99 x 10
2 1.000 28.618 260x 10" 6.73x10™" 0.069 6.05 x 10™° 1.99x10* 6.13x10™*
3 1.500 29.118 255x 10 993 x 107 0.082 7.17 x 10™° 1.84 x 107* 9.21 x 10™*
4 2.000 29.618 251x10* 1.30x107° 0.092 8.04 x 10™° 1.71x 107" 1.22 x 107°
5 2.500 30.118 247 x10* 1.60x107° 0.099 8.72x107° 1.60 x 107* 1.51 x107°
6 3.000 30.618 243 x10* 1.89x107° 0.105 9.25 x 10™° 1.50 x 107* 1.80 x 107°
f 3.300 30.918 241x10* 1.87x107° 0.274 2.41 x 107 0 1.87 x 10°°
03 ¢ e L [C2)2=
4¢(DBU) o B0 597 10 AgIC2H]
0 2 i % 8E-09 | -3.05 x ]_0*10
< £ 6E-09 | Rz = 0.999
01 L S 4E-09 K =(3.27 £ 0.03) x 1072
' AN
O, 2E-09 |
O 0 1 ]
50 150 250 0 1.4E-07 2.8E-07
t/s [A8][C2H] / mol2L2

K =(3.19 £ 0.07) x 1072
PKan(A8) = 19.86
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(S)-N,N-Dimethyl-1-(pyrrolidin-2-yl)methanamine (A9)
CN

\ o
- 20C BN
X o'o oy R O
A9 A9H* C2

Table 228. Determination of the pK,y for A9 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A9 (21.9 mg) in 10.0 mL MeCN; C2H (12.9
mg) in 10.0 mL MeCN; [DBU] = 1.75 x 10> mol L™". Step 0: 0.600 mL C2H stock solution in 18.6 g MeCN.

step V. /mL V/mL [C2H], / M [A9o/ M A [C27]/M [C2H] / M [A9]/ M
0 - 24.264 1.67 x 10" 0 0 0 1.67 x 10" 0
1 0.250 24.514 1.65x 10"  1.74x10™" 0.025 2.08 x 10™° 1.44 x 107 1.53x 107
2 0.500 24.764 1.63x10"  3.45x10™" 0.036 3.04x107° 1.33x 107 3.14x 10™*
3 1.000 25.264 1.60x10"*  6.76x10" 0.050 4.24 x 10™° 1.18 x 107* 6.34 x 107
4 1.500 25.764 157x10"%  9.94x10™ 0.060 5.04 x 10™° 1.07 x 107* 9.44 x 107
5 2.000 26.264 154x10"%  1.30x107° 0.067 5.60 x 10™° 9.81 x 107 1.24 x107°
f 2.900 27.164 1.49x10"*  1.26x107° 0.177 1.49 x 107 0 1.26 x 107°
2 A (DBU) ? = _2 71 % [1%‘22_[],:;][C2H]
015 | T 3B Ty 951010
< 01 L E gp09 | R?=0.9995
; 4.5 . K = (2.71 £ 0.03) x 1072
005 | 2 3 1E-09
0 ' ' 0 ' '
150 350 550 0 6.5E-08 1.3E-07
t/s [A9][C2H] / mol2L2

233



Table 229. Determination of the pK,y for A9 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A9 (21.9 mg) in 10.0 mL MeCN; C2H (12.9
mg) in 10.0 mL MeCN; [DBU] = 1.75 x 10> mol L™". Step 0: 0.800 mL C2H stock solution in 18.3 g MeCN.

step V. /mL V /mL [C2H]o /M [A9]o/ M A [C2T]/M [C2H] /M [A9]/ M
0 - 24.082 224 x107° 0 0 0 224 x 107" 0
1 0.500 24.582 2.20x 107* 3.47 x 10™* 0.042 3.56 x 10™° 1.84 x 107* 3.12x 10
2 1.000 25.082 2.15x107* 6.81 x 10™* 0.059 5.01 x 107° 1.65 x 107 6.31x 107"
3 1.500 25.582 211 x 107 1.00 x 107° 0.071 6.00 x 10™° 151 x 107" 9.41 x 10™*
4 2.500 26.582 2.03x 10 1.61x107° 0.086 7.29 x 10™° 1.30 x 107* 1.53 x107°
5 3.500 27.582 1.96 x 10™* 2.17 x107° 0.095 8.11 x 107 1.15x 107* 2.09 x 107°
f 4.400 28.482 1.89 x 10™* 2.10 x 107° 0.223 1.89 x 107* 0 2.10 x 107°
0.25 ¢ 4 (OBU) [C27]2=
i £ — o 2.92 x 102[A9][C2H]
0.2 % 6E-09 | _482x1010
015 r = R2 = 0.9989
01 | S.3E-09 | K =(2.92+0.06) x 10
0.05 )
O J 0 1 1 J
0 400 0 8E-08 1.6E-07 2.4E-07

[A9][C2H] / mol2L-2

K =(2.82 +£0.10) x 1072
pPKan(A9) = 19.81
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(S)-2-((Dimethylamino)methyl)pyrrolidin-1-ium trifluoromethanesulfonate (A9H")

\
® N-~
B - o
H,

Cé6H

CN

O

CN

° ! CN
20°C @I~ + ond )6
N 7® CN

H,

in MeCN

A9H,>* Cc6

Table 230. Determination of the pK,y for AQH" with C6H in acetonitrile at 20 °C (detection at 478 nm). Stock solutions: A9H" TfO™ (19.8 mg) in 10.0 mL MeCN;

C6H (8.9 mg) in 10.0 mL MeCN; [DBU] = 1.27 x 102 mol L™". Step 0: 0.200 mL C6H stock solution in 18.1 g MeCN.

step V. /mL V/mL [C6H]o / M [A9H™], / M A [C6T]/ M [C6H] / M [A9H'] / M
0 - 23.228 4.09 x 10 0 0 0 4.09 x 107° 0
1 0.600 23.828 3.99 x 107 1.79 x 107* 0.029 1.68 x 107° 3.82x 10™° 1.77 x 107*
2 1.100 24.328 3.91x 107 3.22x 107 0.037 2.18 x 10™° 3.69 x 10™° 3.20 x 107"
3 1.600 24.828 3.83x107° 459 x 107 0.042 2.48 x 107° 3.58 x 107° 4.56 x 107*
4 2.100 25.328 3.76 x 107° 5.90 x 107* 0.047 2.75 % 107° 3.48 x107° 587 x 107
5 2.600 25.828 3.68 x 107 7.16 x 10™* 0.051 2.99 x 107° 3.38x107° 7.13x 107
f 4.200 27.428 3.47 x 107 6.74 x 10™* 0.589 3.47 x 107° 0 6.74 x 107*
06 A4; (DBU) [C67]°=
F T 1Eqg | 346 % 10 [A9H][CEH]
04 | 5 +5.37x 10713
' £ R2 = 0.9990 L
< Sse12 | K = (3.46 + 0.06) x 10
02 t o
12345 o, pKaq = 8.15
O — 1 1 0 L )
40 240 440 0 1.25E-08 2.5E-08
t/s [A9H*][C6H] / mol2L 2
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(S)-1-(Pyrrolidin-2-ylmethyl)pyrrolidine (A10)

A0

Al0

20 °C NO
O~
in MeCN H,
A10H*

CN

C OO0

C2

Table 231. Determination of the pK,y for A10 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A10 (25.6 mg) in 10.0 mL MeCN; C2H

(11.0 mg) in 10.0 mL MeCN; [DBU]

=4.77 x 102 mol L™". Step 0: 0.900 mL C2H stock solution in 20.5 g MeCN.

step V. /mL V/mL [C2H]o / M [A10], / M A [C27]/ M [C2H] / M [A10] / M
0 - 26.981 1.92x 10" 0 0 0 1.92x 107 0
1 0.250 27.231 1.90 x 10™* 153 x 107" 0.033 3.23x 107 1.58 x 107* 1.20 x 107*
2 0.500 27.481 1.88 x 10™* 3.02x 10 0.046 4.44 x 10™° 1.44 x 107* 2.58 x 107
3 0.750 27.731 1.87 x 10™* 4.49 x 10 0.054 5.28 x 107° 1.34x 107 3.96 x 107*
4 1.000 27.981 1.85x 107 593 x107* 0.061 591 x 107° 1.26 x 10™* 5.34x 107
5 1.250 28.231 1.83x 107 7.35x 107 0.066 6.41 x 10™° 1.19 x 10™* 6.71 x 107
6 1.500 28.481 1.82x 107 8.74 x 107* 0.070 6.82 x 10™° 1.14 x 10™* 8.06 x 107
f 1.800 28.781 1.80 x 10™* 8.65x 107* 0.184 1.80 x 10™* 0 8.65x 107*
0.2 A (DBU 6E-09 | [C2]?=
r(DBU) T eg.gg 97 % 102[AL0][C2H]
0.15 & - i —10
& +1.26x 10
S 4E-09 ”
R2 = 0.9997
< 01 —3E-09 | -
o K = (4.97 £ 0.05) x 10
0.05 W2E-09 |
O1E-09 |
0 0 1
0 5.5E-08

[A10][C2H] / mol2L-2
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Table 232. Determination of the pKay for A10 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions
(20.7 mg) in 10.0 mL MeCN; [DBU] = 4.77 x 102 mol L™, Step 0: 0.900 mL C2H stock solution in 19.5 g MeCN.

: A10 (25.6 mg) in 10.0 mL MeCN; C2H

step V. /mL V/mL [C2H]o / M [A10], / M A [C27]/ M [C2H] / M [A10] / M
0 - 25.709 1.96 x 10°° 0 0 0 1.96 x 10°° 0
1 0.250 25.959 1.94 x 10™* 1.60 x 107* 0.035 3.16 x 10™° 1.62 x 107" 1.28 x 107™*
2 0.500 26.209 1.92 x 107 3.17 x 10™* 0.048 4.39 x 107° 1.48 x 107* 2.73x 107
3 0.750 26.459 1.90 x 10™* 4.70 x 107* 0.058 5.25 x 10™° 1.38 x 107™* 4.18 x 10™*
4 1.000 26.709 1.89 x 10™* 6.21 x 10™* 0.065 5.89 x 107° 1.30 x 10™* 562 x 107
5 1.250 26.959 1.87 x 10™* 7.69 x 107 0.070 6.41 x 10™° 1.23x 107" 7.05x 107
6 1.500 27.209 1.85 x 10™* 9.15x 10™* 0.075 6.83 x 10™° 1.17 x 10™ 8.47 x 107*
f 1.800 27.509 1.83 x 107 9.05 x 107* 0.201 1.83 x 10™* 0 9.05 x 107*
A¢ (DBU) 6E-09 [C2 ]2 =
0.2 r ¢ BE-09 [4.71 x 102[A10][C2H]
015 S 4E00 | +244x107T
' g R2 = 0.999
< O 1 | 6 ~ 3E'09 r '
0.0 , 3,47 TT2E-09 K = (4.71 + 0.02) x 1072
A e O, 1E-09
0 1 J 0 1 ]
50 150 250 0 5.5E-08 1.1E-07
t/s [A10][C2H] / mol2L2
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Table 233. Determination of the pK,y for A10 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A10 (25.6 mg) in 10.0 mL MeCN; C2H
(20.7 mg) in 10.0 mL MeCN; [DBU] = 4.77 x 102 mol L™, Step 0: 1.000 mL C2H stock solution in 19.9 g MeCN.

ste V. /mL V/mL [C2H]o / M [A10], / M A [C27]/ M [C2H] / M [A10] / M
p
0 - 26.318 2.13x10°° 0 0 0 2.13x10°° 0
1 0.250 26.568 211 x 107 1.56 x 107™* 0.036 3.35x 10™° 1.77 x 107* 1.23x 107"
2 0.500 26.818 2.09 x 107* 3.09 x 107" 0.049 4.60 x 107° 1.63 x 107 2.63x 10
3 0.750 27.068 2.07 x107* 4.60 x 107 0.059 5.48 x 10™° 1.52 x 107" 4.05x 10™*
4 1.000 27.318 2.05x107* 6.07 x 10™* 0.066 6.15 x 10™° 1.43x 107 5.46 x 107
5 1.250 27.568 2.03x 107 7.52 x 107 0.072 6.69 x 10™° 1.36 x 107 6.86 x 107*
6 1.500 27.818 2.01x107* 8.95x 107" 0.077 7.13x107° 1.30 x 10™* 8.24 x 10™*
f 1.800 28.118 1.99 x 10™* 8.85x 107* 0.214 1.99 x 107 0 8.85x 107"
i A; (DBU 6E-09 | [C2] =
0.2 r(DBU) ", eE.0 467 10 2[AL0][C2H]
0.15 r £ +1.16 x 10710
< o1 | ] = ;‘Egg R2 = 0.9999
, 3 4.3 b | K = (4.67 + 0.02) x 10
005 | 1 1, 2E-09
0 . . O 1E-09 |
0 1 J
50 150 250 0 5.5E-08 1.1E-07
t/s [A10][C2H] / mol?L2

238



Table 234. Determination of the pK,y for A10 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A10 (25.6 mg) in 10.0 mL MeCN; C2H
(20.7 mg) in 10.0 mL MeCN; [DBU] = 4.77 x 102 mol L™, Step 0: 0.900 mL C2H stock solution in 20.5 g MeCN.

step V. /mL V/mL [C2H]o /M [A10]o/ M A [C2T]/M [C2H] /M [A10]/ M
0 - 26.981 1.87 x 10°° 0 0 0 1.87 x 10°° 0
1 0.250 27.231 1.85 x 107 152 x 107" 0.034 3.20 x 10™° 1.53x 107" 1.20 x 107*
2 0.500 27.481 1.83 x 107 3.02x 107 0.046 4.36 x 107° 1.40 x 107* 2.58 x 107
3 0.750 27.731 1.82 x 107 4.49 x 107* 0.055 5.17 x 10™° 1.30 x 107* 3.97 x10™*
4 1.000 27.981 1.80 x 10™* 593 x107* 0.061 5.78 x 10™° 1.22 x 107 5.35x 107"
5 1.250 28.231 1.78 x 10™* 7.35 x 107 0.066 6.27 x 10™° 1.16 x 107* 6.72 x 107
6 1.500 28.481 1.77 x 10™* 8.74 x 107* 0.070 6.67 x 10™° 1.10 x 107 8.07 x 10™*
f 1.800 28.781 1.75x 107 8.65x 107" 0.185 1.75 x 10™* 0 8.65x 107*
0.2 6E-09 [C2)?=
4y (DBU) © BE-09 | 4.87 x 102[AL0][C2H]
0.15 < 4E-09 + +1.43x 10710
o
< 01 Egpog | R099%8
S oe09 | K = (4.87 £0.03) x 1072
0.05 o
O 1E-09 }
0 O 1 J
50 100 150 0 4.5E-08 9E-08
t/s [A10][C2H] / mol2L 2

K=(4.81+0.12) x 1072

PKan(A10) = 20.04
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(S)-2-(Azidomethyl)pyrrolidine (A11)

{ AN

N
H

All

F

F

F
C3H

Table 235. Determination of the pK,, for A11 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A11 (26.1 mg) in 10.0 mL MeCN; C3H
(25.4 mg) in 10.0 mL MeCN; [DBU] = 8.50 x 10> mol L™". Step 0: 0.500 mL C3H stock solution in 21.9 g MeCN.

F
20°C

e ———
~

F
CN ®\_ N CN
e D% 6
COOEt inMeCN  H, Z X COOEt
F

A11H* C3”

step V. /mL V/mL [C3H]o /M [A11], / M A [C3T]/M [C3H] /M [A11] /M
0 - 28.363 1.60 x 10° 0 0 0 1.60 x 10° 0
1 0.050 28.413 1.60 x 107 3.64 x 107° 0.072 2.61x10™° 1.34 x 107* 1.03x107°
2 0.100 28.463 1.60 x 107 7.27 x107° 0.121 4.41 x 10™° 1.16 x 107* 2.86 x 10™°
3 0.150 28.513 1.60 x 107 1.09 x 107* 0.159 5.76 x 10™° 1.02 x 10™ 512 x 10™°
4 0.200 28.563 1.59 x 107 1.45 x 107 0.188 6.81 x 10™° 9.12 x 10™° 7.68 x 107°
5 0.250 28.613 1.59 x 107 1.81 x 10™* 0.211 7.65x 107° 8.25 x 10™° 1.04 x 10™*
6 0.300 28.663 1.59 x 107 2.17 x107* 0.230 8.34 x 107° 7.53x107° 1.33x 107
7 0.350 28.713 1.58 x 10™* 2.52x107* 0.246 8.94 x 107° 6.91 x 10™° 1.63 x 107
8 0.400 28.763 1.58 x 107 2.88x107* 0.260 9.44 x 10™° 6.37 x 10™° 1.93x 10™*
9 0.450 28.813 1.58 x 10™* 3.23x107* 0.272 9.88 x 10™° 591 x 107 2.24 x 107*
10 0.500 28.863 1.58 x 10™* 3.58x107* 0.282 1.03 x 10™* 551 x 107 2.56 x 107
f 0.800 29.163 1.56 x 107 3.55x 107* 0.430 1.56 x 107 0 3.55x 10™*
0.4 A (DBU) 7.76 1[0C ?E]A21:1] [C3H]
. ¢ 76 x 10
o5 g B8 T _e4r 10 b
- ' £ R2 = 0.9978
0.2 o 5E-09 | K =(7.76£0.13) x 10
0 0 ' '
100 200 0 7.5E-09 1.5E-08

[A11][C3H] / mol2L 2
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Table 236. Determination of the pK,y for A11 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A11 (26.1 mg) in 10.0 mL MeCN; C3H
(25.4 mg) in 10.0 mL MeCN; [DBU] = 8.50 x 10> mol L™". Step 0: 0.500 mL C3H stock solution in 21.6 g MeCN.

step V. /mL V/mL [C3H]o /M [A11]o /M A [C3T]/M [C3H] /M [A11]/ M
0 - 27.981 1.63x 10" 0 0 0 1.63x 10" 0
1 0.100 28.081 1.62x10*  7.37x107° 0.121 437 x 10° 1.18 x 107* 3.00 x 10™°
2 0.150 28.131 1.62 x 107 1.10 x 107 0.159 574 x 10™° 1.04 x 107* 5.29 x 10™°
3 0.200 28.181 1.61x 107 1.47 x 107 0.188 6.82 x 10° 9.33x 107° 7.87 x 107°
4 0.250 28.231 1.61x 107" 1.83x 107 0.212 7.68 x 107° 8.43x107° 1.06 x 107™*
5 0.300 28.281 1.61x10* 219x10™ 0.231 8.38 x 10™° 7.71 x 10° 1.36 x 107*
6 0.350 28.331 1.61x10*  256x10™" 0.249 8.99 x 10™° 7.06 x 10™° 1.66 x 107
f 0.650 28.631 1.59x10"  253x107" 0.439 1.59 x 10™* 0 2.53x 107
0.5 12 =
04 i 9B-09 17 55 1[85?[,]6\11][CSH]
L 03 g 6E-09 _Filigofgggzw
0.2 72 300 | K = (7.55 +0.11) x 10™"
0.1 O
0 N 0 - - -
200 0 4E-09 8E-09 1.2E-08

[A11][C3H] / mol2L 2

For A1l + C3H: K = (7.65 + 0.10) x 10"

pKan(All) = 17.63

241



Z—LN3

N
H

All

F

F

C4H

Al1H*

F F
CN 20 °C N CN
COOEt inMeCN H, COOEt
F F F F

C4

Table 237. Determination of the pK,y for A11 with C4H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A11 (26.1 mg) in 10.0 mL MeCN; C4H
(15.3 mg) in 10.0 mL MeCN; [DBU] = 8.50 x 102 mol L™, Step 0: 0.500 mL C4H stock solution in 24.5 g MeCN.

step V. /mL V/mL [C4H]o / M [A11], / M A [C4AT]/ M [C4H] /M [A11] /M
0 - 31.670 8.17 x 107 0 0 0 8.17 x 10° 0
1 0.100 31.770 8.15 x 107 6.51 x 10™° 0.281 3.78 x 10™° 4.36 x 10™° 2.73x 107°
2 0.150 31.820 8.13x 107 9.75 x 10™° 0.356 4.78 x 107° 3.35x107° 4.97 x 10™°
3 0.200 31.870 8.12 x 10™° 1.30 x 107* 0.404 5.43 x 10™° 2.69 x 10™° 7.55 x 10™°
4 0.250 31.920 8.11 x 107 1.62 x 107 0.438 5.89 x 107° 2.22 x107° 1.03 x 10™*
5 0.300 31.970 8.09 x 10™° 1.94 x 107 0.462 6.22 x 10™° 1.88 x 10™° 1.32x 10™*
6 0.350 32.020 8.08 x 10™° 2.26 x 107* 0.481 6.47 x 10™° 1.61 x 10™° 1.61 x 107
f 0.650 32.320 8.01 x 107 2.24 x107* 0.595 8.01 x 107° 0 2.24 x107*
0.8 6E-09 [C4]2=
06 45 (DBU) 7 5E-09 I 1.93[A11][C4H]
' 456 < 4E-09  -9.13x10°10
< 04 2,3 E3E-09 | RF=09976
1 % e 09 K=1.93+0.05
0.2 § 1609 | pKan(All) = 17.68
O 1 ] O 1 1 ]
100 200 0 1E-09 2E-09  3E-09
t/s [A11][C4H] / mol?L"2

PKan (A11) = 17.66 (average)
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(S)-Pyrrolidin-2-ylmethanol (A12)

Al12

C2H

20 °C
in MeCN H,
AI2H"

0

Table 238. Determination of the pK,y for A12 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A12 (19.2 mg) in 10.0 mL MeCN; C2H

(13.2 mg) in 10.0 mL MeCN; [DBU] = 2.38 x 102 mol L. Step 0: 0.700 mL C2H stock solution in 19.4 g MeCN.

step V. /mL V/mL [C2H]o / M [A12], / M A [C27]/ M [C2H] / M [A12] / M
0 - 25.382 1.90 x 10°° 0 0.000 0 1.90 x 10° 0
1 0.250 25.632 1.89 x 10™* 1.85 x 107" 0.013 1.14 x 107° 1.77 x 107* 1.74 x 107*
2 0.500 25.882 1.87 x 10™* 3.67x 107 0.018 1.58 x 107° 1.71 x 10™* 3.51 x 107*
3 0.750 26.132 1.85x 107 5.45 x 107* 0.022 1.91 x 10™° 1.66 x 107 5.26 x 107
4 1.000 26.382 1.83x 107 7.20 x 10™* 0.025 2.17 x 10™° 1.61 x 10™* 6.98 x 107*
5 1.250 26.632 1.81x 107 8.91x10™* 0.027 2.39x 107 1.57 x 10™* 8.67 x 107
6 1.500 26.882 1.80 x 10™* 1.06 x 107° 0.029 2.59 x 10™° 1.54 x 10™* 1.03 x 107°
f 1.900 27.282 1.77 x 10™* 1.04 x 107° 0.201 1.77 x 10™* 0 1.04 x 107°
0.25 4;(DBU) 3 [C27)?=
0.2 T 6E.10 4.23 x 103[A12][C2H]
' LT -218x1002
0.15 £ R2 = 0.999
01 Loy K = (4.23 + 0.02) x 10
= +
O 1 1 J O 1 ]
100 200 300 0 8E-08 1.6E-07
t/s [A12][C2H] / mol2L"2
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Table 239. Determination of the pK,y for A12 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A12 (19.2 mg) in 10.0 mL MeCN; C2H

(13.2 mg) in 10.0 mL MeCN; [DBU] = 2.38 x 102 mol L™, Step 0: 0.470 mL C2H stock solution in 21.4 g MeCN.

step V. /mL V/mL [C2H]o / M [A12], / M A [C27]/ M [C2H] / M [A12] / M
0 - 27.696 1.17 x 10°° 0 0 0 1.17 x107° 0
1 0.250 27.946 1.16 x 10™* 1.70 x 107* 0.010 9.05 x 10™° 1.07 x 107* 1.61x 107"
2 0.500 28.196 1.15x 10™* 3.37 x 107 0.014 1.23x107° 1.03 x 107" 3.24x 107
3 1.000 28.696 1.13x 107 6.61 x 10~ 0.019 1.65 x 107° 9.66 x 10™° 6.45 x 107*
4 1.500 29.196 1.11 x 107 9.75x 107* 0.023 1.96 x 10™° 9.15 x 10™° 9.56 x 107*
5 2.000 29.696 1.09 x 10™* 1.28 x 107° 0.025 2.19x 10™° 8.73x 10™° 1.26 x 107°
6 2.500 30.196 1.07 x 10™* 1.57 x 107° 0.027 2.38x107° 8.36 x 10™° 1.55 x 107
f 2.900 30.596 1.06 x 107 1.55 x 107 0.122 1.06 x 10~ 0 1.55 x 107
0.15 ¢ [C2)2=

4; (DBU) " BE-10 14.34 x 103[AL2][C2H]
01 | < +5.32x 1012

< ' £ 4E-10 | R2 = 0.9999

0.05 , 3456 g 2E-10 | K =(4.34+0.02) x 107
O 1 J 0 1 )
0 100 200 300 0 6.5E-08 1.3E-07

t/s

[A12][C2H] / mol2L 2

K =(4.28 +0.05) x 107
PKan(A12) = 18.99
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(S)-2-(Methoxymethyl)pyrrolidine (A13)

CN CN

20 °C
Z;LOMG_F . T e Z?LOMG_F @
N (3L wweon OO
Al3 C2H A13H" (ov2

Table 240. Determination of the pK,y for A13 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A13 (15.7 mg) in 10.0 mL MeCN; C2H
(11.4 mg) in 10.0 mL MeCN; [DBU] = 3.69 x 10> mol L™". Step 0: 0.800 mL C2H stock solution in 20.2 g MeCN.

step V. /mL V/mL [C2H]o / M [A13], / M A [C27]/ M [C2H] /M [A13] /M
0 - 26.500 1.80 x 10°° 0 0 0 1.80 x 10°° 0
1 0.250 26.750 1.78 x 107 1.27 x 107™* 0.009 7.88 x 10™° 1.70 x 107* 1.20 x 107*
2 0.500 27.000 1.77 x 10™* 252 x 107" 0.013 1.11 x107° 1.66 x 107* 2.41 x 107
3 0.750 27.250 1.75 % 10™* 3.75x107* 0.016 1.35x 107° 1.62 x 107 3.62x10"
4 1.000 27.500 1.73x 107 4.96 x 107 0.018 1.54 x 107° 1.58 x 10™* 4.80 x 107*
5 1.250 27.750 1.72 x 10™* 6.14 x 10™* 0.020 1.71 x 10™° 1.55 x 107 597 x 107
6 1.500 28.000 1.70 x 10™* 7.30 x 10™* 0.022 1.85x 107° 1.52 x 10™* 7.12 x10™*
f 1.900 28.400 1.68 x 10™* 7.20 x 10™* 0.197 1.68 x 10™* 0 7.20 x 107*
0.25 4, (DBU) 4E-10 [C2]2=
£ o 3.21 x 1073[A13][C2H

02 r g 3E-10 -4.54[x 1011[2 ]

0.15 e -
Eoe10 | R2 = 0.999
01 - r'\1_| 5
' 10 L K =(3.21+0.01) x 10°
0.05 } 123456 QlElO ( )
O 1 J O 1 )
0 200 400 0 5.5E-08 1.1E-07
t/s [A13][C2H] / mol2L2
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Table 241. Determination of the pK,y for A13 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A13 (15.7 mg) in 10.0 mL MeCN; C2H
(11.4 mg) in 10.0 mL MeCN; [DBU] = 3.69 x 10> mol L™". Step 0: 0.800 mL C2H stock solution in 19.7 g MeCN.

step V. /mL V/mL [C2H]o /M [A13]o/ M A [C2T]/M [C2H] /M [A13]/ M
0 - 25.864 1.84 x 10° 0 0 0 1.84x 10° 0
1 0.500 26.364 1.81 x 107 259 x 107* 0.013 1.12 x 107° 1.70 x 107* 2.47 x 107*
2 1.000 26.864 1.78 x 10™* 5.07 x 107* 0.019 1.58 x 107° 1.62 x 107 4.92 x 107
3 1.500 27.364 1.74 x 10™* 7.47 x 107 0.022 1.89 x 107° 1.55 x 107* 7.28 x 107
4 2.000 27.864 1.71 x 10™* 9.78 x 10™* 0.025 2.15x 10™° 1.50 x 107* 9.57 x 10™*
5 2.500 28.364 1.68 x 107 1.20 x 107° 0.028 2.35x 107 1.45 x 107 1.18 x 107°
6 3.000 28.864 1.65x 107 1.42 x 107° 0.030 2.52x107° 1.40 x 10™* 1.39 x 107°
f 3.400 29.264 1.63x 107 1.40 x 107° 0.192 1.63 x 107 0 1.40 x 107°
0.25 ¢ A(DBU [C2)2=
02 | r(DBU) " 6E.10 [3:35 103[AL3][C2H]
£ -1.67x1012
0.15 € 4E-10 + R2=0.999
0.1 | o _ 3
= I K = (3.35+0.02) x 10
0.05 | 2345 6 & 2E-10
O 1 J 0 1 1 )
0 200 400 0 7E-08 1.4E-07 2.1E-07
t/s [A13][C2H] / mol?L 2

K=(3.28 +0.07) x 10°
PKan(A13) = 18.88
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2-(Trifluoromethyl)pyrrolidine (A14)
F F F F

{ 5 CN 20 °C [ 5 CN
NTCF; + F—{ }—( Rcr, + F—<: :>_<@
H CN inMeCN H, CN

F F F F

Al4 C5H Al4H" C5

Table 242. Determination of the pK,4 for A14 with C5H in acetonitrile at 20 °C (detection at 330 nm). Stock solutions: A14 (8.1 mg) in 10.0 mL MeCN; C5H (11.8
mg) in 10.0 mL MeCN; [DBU] = 3.99 x 10> mol L™". Step 0: 1.000 mL C5H stock solution in 20.8 g MeCN.

step V. /mL V /mL [C5H]o / M [A14], / M A [C5T]/ M [C5H] / M [A14] /M
0 - 27.463 1.85x 107 0 0 0 1.85x 10" 0
1 0.250 27.713 1.83 x 107 5.25 x 107° 0.078 2.91x 107 1.54 x 107* 2.34x 107°
2 0.500 27.963 1.82 x 107 1.04 x 107 0.127 4.75 x 107° 1.34x 107 5.66 x 107°
3 0.750 28.213 1.80 x 10™* 1.55 x 10~ 0.162 6.07 x 10™° 1.19 x 10™* 9.40 x 10™°
4 1.000 28.463 1.79 x 10™* 2.05x107* 0.189 7.08 x 107° 1.08 x 10™* 1.34x 10™*
5 1.250 28.713 1.77 x 10™* 2.53x107* 0.210 7.88 x 10™° 9.82 x 10™° 1.75x 10™*
6 1.500 28.963 1.76 x 10™* 3.02x107* 0.227 8.51 x 107° 9.04 x 10™° 2.16 x 10™*
7 1.750 29.213 1.74 x 10™* 3.49 x107* 0.241 9.04 x 10™° 8.36 x 10™° 258 x 107
8 2.000 29.463 1.73x 107 3.95x107* 0.253 9.48 x 10™° 7.78 x 107° 3.00 x 107*
f 2.200 29.663 1.71x 107 3.93x107* 0.457 1.71 x 10™* 0 3.93x10™
05 ¢ [C5]%=
04 | 4 (DBU) Y 9E-09 14 15 x 10-1[AL4][C5H]
' & -8.43x 10710
< 0.3 | g 6E-09 | R? = 0.998
02 | ~ )
"T3E-09 | K = (4.15 +0.07) x 10"
0.1 + O,
O ) 0 L )
0 600 0 1.2E-08 2.4E-08

[A14][C5H] / mol2L2
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Table 243. Determination of the pK,4 for A14 with C5H in acetonitrile at 20 °C (detection at 330 nm). Stock solutions: A14 (8.1 mg) in 10.0 mL MeCN; C5H (11.8
mg) in 10.0 mL MeCN; [DBU] = 3.99 x 10 “mol- L. Step 0: 0.800 mL C5H stock solution in 18.5 g MeCN.

step V. /mL V /mL [C5H]o / M [A14], / M A [C57]/ M [C5H] /M [A14] /M

0 - 24.337 1.67 x 10™° 0 0 0 1.67 x107* 0
1 0.250 24.587 1.65 x 107 5.92 x 107° 0.082 3.07 x107° 1.35x 107 2.85x107°
2 0.500 24.837 1.64 x 107™* 1.17 x 107* 0.132 4.91 x 10™° 1.15x 107" 6.81 x 10™°
3 0.750 25.087 1.62 x 10" 1.74 x 107* 0.166 6.19 x 10™° 1.00 x 107 1.12 x 10™
4 1.000 25.337 1.61x 10" 2.30x 107 0.191 7.11 x 10™° 8.94 x 10™° 1.59 x 107*
5 1.250 25.587 1.59 x 107* 2.84 x 107" 0.210 7.83x 10™° 8.07 x 10™° 2.06 x 107
6 1.500 25.837 1.57 x 10™* 3.38x 107" 0.225 8.39 x 107° 7.35x107° 2.54 x 107*
7 1.750 26.087 1.56 x 10~ 3.91x107* 0.238 8.85 x 107° 6.74 x 107° 3.02x 10"
8 2.000 26.337 1.54 x 107 4.42 x 10 0.247 9.21 x 10™° 6.23 x 107° 3.50 x 107*
f 2.200 26.537 1.53 x 107 4.39 x 10 0.411 153 x 107 0 4.39 x 107*

0.5 i [C5]2=

04 4r (DBU) " 9E-09 14 23 « 10"'[A14][C5H]

g -8.34x10°10
L 03 15618 g 6E-09 R? = 0.9987,
0.2 3 =
01 2 B 3E-09 | K = (4.23 £0.06) x 10™"
0 L 1 0 1 J
100 200 0 1.1E-08 2.2E-08
t/s [A14][C5H] / mol?L™2
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Table 244. Determination of the pK,4 for A14 with C5H in acetonitrile at 20 °C (detection at 330 nm). Stock solutions: A14 (8.1 mg) in 10.0 mL MeCN; C5H (11.8
mg) in 10.0 mL MeCN; [DBU] = 3.99 x 10 > mol L™". Step 0: 0.800 mL C5H stock solution in 21.3 g MeCN.

step V. /mL V/mL [C5H]o / M [A14]y/ M A [C5]/M [C5H] /M [A14]/ M
0 - 27.899 1.46 x 10" 0 0 0 1.46 x 10" 0
1 0.250 28.149 1.44%x10" 517x107° 0.072 2.67x107° 1.18 x 10™* 2.50 x 10™°
2 0.500 28.399 1.43x10"  1.03x107" 0.115 429 x107° 1.00 x 10™* 5.96 x 10™°
3 0.750 28.649 1.42x10"  152x107" 0.146 5.43x107° 8.77 x10™° 9.81x 107
4 1.000 28.899 1.41x10"  2.01x10" 0.168 6.24 x 10™° 7.83x107° 1.39x 107
5 1.250 29.149 1.40x 10"  250x107" 0.185 6.88 x 10™° 7.08 x 10™° 1.81x 107
6 1.500 29.399 1.38x10°* 297x10" 0.198 7.38x107° 6.45 x 10™° 2.23x 107
7 1.750 29.649 1.37x10"  3.44x10" 0.209 7.80 x 10™° 5.92 x 10™° 2.66 x 107"
8 2.000 29.899 1.36x10* 3.89x10™ 0.219 8.14 x 10™° 5.46 x 10™° 3.08x10™*
f 2.200 30.099 1.35x10"* 3.87x10" 0.363 1.35x 107" 0 3.87x10™*
0.4 A (DBU) [C5)2=
I —1
o oo (4207100
<02 E R? = 0.9985
o1 09 K = (4.26 +0.07) x 10"
O,
0 0 . .

0 8.5E-09 1.7E-08
[AL4][C5H] / mol2L-2

K=(4.21 £0.05) x 10
pKan(A14) = 12.63

249



Methyl L-prolinate (A15)

F F F F
ome o ¢ @) ove o
N + F ~— N + F ©
H O COOEt inMeCN H, O COOEt
F F F F
Al5 C3H Al15H" C3

Table 245. Determination of the pK,y for A15 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A15 (35.6 mg) in 10.0 mL MeCN; C3H
(18.9 mg) in 10.0 mL MeCN; [DBU] = 3.69 x 10> mol L™". Step 0: 0.500 mL C3H stock solution in 20.3 g MeCN.

step V. /mL V/mL [C3H]o /M [A15], / M A [C3T]/M [C3H] /M [A15] / M

0 - 26.327 1.29 x 107 0 0 0 1.29 x 1077 0
1 0.050 26.377 1.28 x 10™* 5.22 x 107° 0.046 1.65x 107° 1.12 x 107™* 3.57 x 10™°
2 0.100 26.427 1.28 x 10™* 1.04 x 107 0.068 2.43 x 10™° 1.04 x 107 8.00 x 10™°
3 0.150 26.477 1.28 x 10™* 1.56 x 10~ 0.084 2.99 x 10™° 9.79 x 10™° 1.26 x 10™*
4 0.200 26.527 1.28 x 10™* 2.08x107* 0.097 3.44 x 107° 9.32 x 107 1.73x 10™*
5 0.260 26.587 1.27 x 10™* 2.70 x 107* 0.109 3.89 x 107° 8.85 x 10™° 2.31x10™
6 0.300 26.627 1.27 x 10™* 3.11x107* 0.116 4.14 x 107° 8.58 x 10™° 2.69x 107
7 0.350 26.677 1.27 x 10™* 3.62x107* 0.124 4.42 x 107° 8.27 x 10™° 3.17x 10"
8 0.400 26.727 1.27 x 10™* 4.13x 10 0.131 4.67 x 107° 8.00 x 10™° 3.66 x 107*
f 0.600 26.927 1.26 x 10™* 4.09 x 107* 0.352 1.26 x 107 0 4.09 x 10

04 r [C3]?=

As (DBU) " 2E-09 [7.56 1072[A15][C3H]

03 r g ~3.44 %101

<02 | E R2=1.00 K = (7.56 + 0.01) x 107
' 3 ~  1E-09 f _
i 34 567 ‘ PKa(A15) = 16.63
0.1 L2 §
O 1 J 0 1 1 ]
0 200 400 0 1E-08 2E-08 3E-08
t/s [A15][C3H] / mol2L2
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Table 246. Determination of the pK,, for A15 with C4H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A15 (35.6 mg) in 10.0 mL MeCN; C4H
(13.1 mg) in 10.0 mL MeCN; [DBU] = 2.76 x 10> mol L™". Step 0: 0.500 mL C4H stock solution in 20.8 g MeCN.

step V. /mL V/mL [C4H]o / M [A15], / M A [C4AT]/ M [C4H] /M [A15] / M

0 - 26.963 8.22 x 10™° 0 0 0 8.22x107° 0
1 0.050 27.013 8.20 x 10™° 5.10 x 107 0.143 1.87 x107° 6.34 x 10™° 3.24 x 10™°
2 0.100 27.063 8.19 x 10™° 1.02 x 107 0.203 2.66 x 10™° 553 x 107° 7.53x107°
3 0.150 27.113 8.17 x 10™° 1.52 x 107 0.245 3.20 x 107° 4.97 x 107° 1.20 x 10™*
4 0.200 27.163 8.16 x 10™° 2.03x107* 0.276 3.60 x 107° 4.55 x 107° 1.67 x 10™*
5 0.250 27.213 8.14 x 10™° 2.53x107* 0.300 3.93x107° 4.21 x107° 2.14 x 107
6 0.300 27.263 8.13x 107 3.03x107* 0.321 4.20 x 107° 3.93x107° 2.61x10™"
f 0.500 27.463 8.07 x 107 3.01x107* 0.617 8.07 x 107° 0 3.01x10™"

08 r 2E-09 [C4]2=

A¢ (DBU) ¢ 1.72 x 10"'[A15][C4H]
0.6 r < - 6.98 x 1012
£ R2=1.0

< 04 | = 1E09 | K = (1.72 £ 0.00) x 10”"

02 | 5 pKan(A15) = 16.63

0 0 1 )
0 0 5.5E-09 1.1E-08

[AL15][C4H] / mol2L2

pKan(A15) = 16.63
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(S)-N,N-Dimethylpyrrolidine-2-carboxamide (A16)

[_HN\

Al6

_20°C °C ®\ N

C2H

Al6H"

.O in MeCN H

Table 247. Determination of the pK,y for A16 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A16 (30.3 mg) in 10.0 mL MeCN; C2H

(12.9 mg) in 10.0 mL MeCN; [DBU] =

1.72 x 102 mol L™". Step 0: 0.600 mL C2H stock solution in 18.6 g MeCN.

step V. /mL V/mL [C2H]o / M [A16], / M A [C27]/ M [C2H] / M [A16] / M
0 - 24.264 1.67 x 107 0 0 0 1.67 x 107 0
1 0.500 24.764 1.63 x 107 430 x 107" 0.008 6.78 x 10™° 1.57 x 107 4.23 x 107
2 1.000 25.264 1.60 x 107 8.43 x107* 0.012 1.02 x 10™° 1.50 x 10™* 8.33x10™
3 1.500 25.764 1.57 x 10™* 1.24 x 107° 0.015 1.26 x 10™° 1.44 x 107 1.23x 107°
4 2.000 26.264 1.54 x 107 1.62 x 107° 0.017 1.47 x 10™° 1.39 x 10™* 1.61 x 107
5 2.500 26.764 151 x 107 1.99 x 107° 0.019 1.62 x 107° 1.35x 107 1.97 x 107°
f 3.400 27.664 1.46 x 107 1.93 x 107° 0.171 1.46 x 107 0 1.93x 107°
0.2 A4; (DBU) 3E-10 [C2]?=
015 7 1.09 x 10[A16][C2H]
. S 2E10 FO- 3.02x101!
< o1 = R2 =(.9983
™ 1E-10 | K = (1.09 + 0.03) x 107
0.05 q
0 0 ' '
0 1.4E-07 2.8E-07

[A16][C2H] / mol2L-2
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Table 248. Determination of the pK, for A16 with C2H in acetonitrile at 20 °C (detection at 420 nm). Stock solutions: A16 (30.3 mg) in 10.0 mL MeCN; C2H
(12.9 mg) in 10.0 mL MeCN; [DBU] = 1.72 x 102 mol L. Step 0: 0.600 mL C2H stock solution in 18.1 g MeCN.

step V. /mL V/mL [C2H]o /M [A16]o/ M A [C2T]/M [C2H] /M [A16]/ M
0 - 23.628 1.71x 10°° 0 0 0 1.71x10° 0
1 1.000 24.628 1.64 x 107 8.65x 107" 0.012 9.78 x 10™° 1.55 x 107 8.55x 107*
2 2.000 25.628 1.58 x 10™* 1.66 x 107° 0.017 1.44 x 107° 1.44 x 107* 1.65x 107°
3 3.000 26.628 1.52 x 107 2.40 x 107° 0.021 1.75 x 107° 1.34 x 107 2.38x 107°
4 4.000 27.628 1.46 x 107 3.08 x 107° 0.024 1.98 x 107° 1.27 x 107™* 3.07 x 107°
5 5.000 28.628 1.41 x 107 3.72x107° 0.026 2.16 x 10™° 1.20 x 107* 3.70 x 107°
f 6.000 29.628 1.37 x 107 3.60 x 107° 0.162 1.37 x 10™* 0 3.60 x 107°
0.2 [C2)2=
4; (DBU) 7, 4g-10 | 1.20 x 10°[AL6][C2H]
0.15 < ~-6.93x 10
< 0.1 = R2 = 0.9979
00 " 2E-10 | K = (1.20  0.03) x 107
.05 3
0 O 1 J
0 2.25E-07 4.5E-07

[A16][C2H] / mol2L2

For A16 + C2H: K= (1.14 + 0.05) x 10
pKay = 18.42
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Table 249. Determination of the pK,, for A16 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A16 (30.3 mg) in 10.0 mL MeCN; C3H

(12.6 mg) in 10.0 mL MeCN; [DBU] = 1.72 x 10> mol L™". Step 0: 0.600 mL C3H stock solution in 19.7 g MeCN.

step V. /mL V /mL [C3H]o /M [A16], / M A [C3T]/M [C3H] /M [A16] / M
0 - 25.664 1.06 x 10°* 0 0 0 1.06 x 10°° 0
1 0.050 25.714 1.05 x 107" 4.14 x 10™° 0.101 3.68 x 10™° 6.86 x 10™° 4.67 x 107°
2 0.100 25.764 1.05 x 107" 8.27 x 107 0.177 6.40 x 10™° 4.11 x 10™° 1.87 x 107
3 0.150 25.814 1.05 x 107" 1.24 x 107™* 0.221 8.02 x 10™° 2.47 x 10™° 4.36 x 10™°
4 0.200 25.864 1.05 x 107 1.65 x 107 0.244 8.83x 107 1.64 x 10™° 7.65x 107°
5 0.250 25.914 1.05 x 107 2.06 x 107* 0.255 9.24 x 10™° 1.21 x 107° 1.13x 10™*
6 0.300 25.964 1.04 x 10™* 2.46 x 107* 0.262 9.49 x 10™° 9.45 x 107° 1.51 x 10™*
7 0.400 26.064 1.04 x 10™* 3.27x107* 0.269 9.73 x 107 6.59 x 107° 2.30 x 107
8 0.500 26.164 1.04 x 107 4.07 x 10 0.272 9.84 x 10™° 5.09 x 107° 3.09 x 107*
f 1.000 26.664 1.02 x 10™* 4.00 x 107 0.280 1.02 x 10™* 0 4.00 x 107*
As (DBU . [C3]*=
03 g4 (OBY) ", 1E-08 [ 6.88[A16][C3H]
3 -957 %1010
< 02 E R2=0.9978
& OE-09 K =6.88 +0.13
0.1 8
0 0 1 J
0 8E-10 1.6E-09

[A16][C3H] / mol2L-2
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Table 250. Determination of the pK,, for A16 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A16 (30.3 mg) in 10.0 mL MeCN; C3H
(12.6 mg) in 10.0 mL MeCN; [DBU] = 1.72 x 10> mol L™". Step 0: 0.600 mL C3H stock solution in 19.4 g MeCN.

step V. /mL V /mL [C3H]o /M [A16]o/ M A [C3T]/M [C3H] /M [A16]/ M

0 - 25.282 1.07 x 10° 0 0 0 1.07 x 10°° 0
1 0.020 25.302 1.07 x 107* 1.68 x 107° 0.043 1.56 x 107° 9.14 x 10™° 1.23x107°
2 0.040 25.322 1.07 x 10™* 3.37x107° 0.082 3.01x107° 7.69 x 107° 3.59 x 107°
3 0.060 25.342 1.07 x 107* 5.04 x 107° 0.117 4.30 x 10™° 6.39 x 10™° 7.49 x 107°
4 0.080 25.362 1.07 x 107* 6.72 x 10™° 0.149 5.46 x 10™° 5.21 x 10™° 1.26 x 107°
5 0.100 25.382 1.07 x 107* 8.39 x 107 0.175 6.42 x 10™° 4.25 x 10™° 1.98 x 107°
f 0.600 25.882 1.05 x 107 8.23x107° 0.286 1.05 x 10~ 0 8.23x10™°
0.4 [C3]?=
03 A¢ (DBU) L 4E-09 5.34[A16][C3H]

: £ -5.07 x 10710

' ~ 2E-09
0.1 & K =5.34 +0.29

O,
0 0 1 J
0 4.25E-10 8.5E-10

[A16][C3H] / mol2L-2

For A16 + C3H: K = 6.11 + 0.77
pKay = 18.34

PKan(A16) = 18.38 (average)
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(S)-N-Propylpyrrolidine-2-carboxamide (A17)
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Table 251. Determination of the pK,, for A17 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A17 (20.6 mg) in 10.0 mL MeCN; C3H
(12.6 mg) stock solution in 10.0 mL MeCN; [DBU] = 1.75 x 102 mol L. Step 0: 0.600 mL C3H stock solution in 19.3 g MeCN.

step V. /mL V /mL [C3H]o /M [A17]o / M A [C3T]/M [C3H] /M [A17]/ M

0 - 25.155 1.08 x 10° 0 0 0 1.08 x 10°° 0
1 0.025 25.180 1.08 x 10™* 1.31x107° 0.026 9.35 x 107° 9.82 x 10™° 3.74 x 107°
2 0.050 25.205 1.07 x 10™* 2.62x107° 0.042 1.54 x 10™° 9.20 x 10™° 1.07 x 10™°
3 0.100 25.255 1.07 x 10™* 5.22 x 107° 0.067 2.44 x 10™° 8.29 x 10™° 2.79 x 107°
4 0.150 25.305 1.07 x 10™* 7.82x107° 0.085 3.08 x 107° 7.62 x107° 4.74 x 107°
5 0.200 25.355 1.07 x 10™* 1.04 x 10™* 0.099 3.60 x 107° 7.09 x 107° 6.81 x 10™°
6 0.250 25.405 1.07 x 10™* 1.30 x 107 0.110 4.00 x 107° 6.66 x 107° 8.98 x 10™°
f 0.750 25.905 1.05 x 107 1.27 x 10™* 0.287 1.05 x 107 0 1.27 x 10™*

04 2E-09 [C3]2=

A; (DBU) o 2.72 x 10"'[A17][C3H]
03 | — T -2.47 %1071
£ i R2 = 0.9998
<02 r ~ 1E-09 K = (2.72 +0.02) x 10”"
6 Lounn |
01 f NEPETS 3 PKay =17.18
1 =
0 1 0 1 1 J
0 200 0 2E-09 4E-09 6E-09
t/s [A17][C3H] / mol2L2
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Table 252. Determination of the pK,, for A17 with C4H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A17 (20.6 mg) in 10.0 mL MeCN; C4H

(10.3 mg) in 10.0 mL MeCN; [DBU] =

1.75 x 102 mol L™". Step 0: 0.500 mL C4H stock solution in 19.1 g MeCN.

step V. /mL V /mL [C4H]o / M [A17]o / M A [C4AT]/ M [C4H] /M [A17] /M
0 - 24.800 7.02x 107 0 0 0 7.02x 10™° 0
1 0.025 24.825 7.02 x 10™° 1.33x107° 0.076 1.02 x 107 6.00 x 10™° 3.11x 107°
2 0.050 24.850 7.01 x 107 2.65x 107° 0.126 1.68 x 10™° 5.33x107° 9.68 x 107°
3 0.075 24.875 7.00 x 107° 3.98 x 107 0.165 2.20 x 10™° 4.80 x 10™° 1.77 x 10°°
4 0.100 24.900 7.00 x 107° 5.30 x 107° 0.196 2.62x107° 4.37 x 107° 2.67 x107°
5 0.125 24.925 6.99 x 107° 6.61 x 10™° 0.222 2.97 x 10™° 4.02 x 107° 3.64 x107°
6 0.150 24.950 6.98 x 107° 7.93x 107° 0.243 3.26 x 107° 3.73x107° 4.67 x 107°
f 0.550 25.350 6.87 x 107° 7.80 x 10™° 0.514 6.87 x 10™° 0 7.80 x 107°
0.6 A¢ (DBU) [C?—]z =
—_— N 6.19 x 10" '[A17][C4H
04 2 1e09 (TS
< g R2 = 0.9991 .
0 L4 6 < 5E-10 | K = (6.19 + 0.10) x 10
| : N pKay =17.18
O 1 ) 0 1 )
200 400 0 9E-10 1.8E-09
t/s [A17][C4H] / mol2L2

PKa(A17) = 17.18 (average)
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(S)-2-(Pyrrolidin-2-ylmethyl)isoindoline-1,3-dione (A18)

mi‘§ - C}%F & e Fﬁ‘§ e
@ N —_— N + F
COOEt i COOEt
Ez o) F F in MeCN g ['e) F F
A18H" C3” Al18 C3H

Table 253. Determination of the pK,y for A18 with C3™ in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A18H'CF;CO," (10.3 mg) in 10.0 mL
MeCN; C3K" (5.4 mg) in 25.0 mL MeCN. Step 0: 2.000 mL C37K" stock solution in 17.7 g MeCN.

step V. /mL V/mL [C3]o/M [A18H7], / M A [C3T]/M [C3H] /M [A18H'] / M
0 - 24.519 5.55 x 10°° 0 0.167 555 x 10°° 0 0
1 0.100 24.619 553 x 107° 1.22 x107° 0.141 4.69 x 10™° 8.45 x 10™° 3.71x 107°
2 0.200 24.719 551 x 107° 2.42 x 107 0.123 4.11 x 10™° 1.40 x 107° 1.02 x 107
3 0.300 24.819 5.49 x 107° 3.62x107° 0.110 3.67 x107° 1.82 x 107 1.80 x 10™°
4 0.400 24.919 5.46 x 107° 4.80 x 107° 0.101 3.36 x 107° 2.11x107° 2.69 x 107°
5 0.500 25.019 5.44 x 107° 5.98 x 107° 0.093 3.10 x 107° 2.34x107° 3.63x107°
6 0.600 25.119 5.42 x 107° 7.15 % 107° 0.087 2.90 x 10™° 2.52x107° 4.63 x107°
7 0.700 25.219 5.40 x 107° 8.30 x 10™° 0.082 2.73x107° 2.67 x 107 5.63 x 107
8 0.800 25.319 5.38 x 107° 9.45 x 107° 0.078 2.58 x 10™° 2.79 x 10™° 6.66 x 107°
9 0.900 25.419 5.36 x 107° 1.06 x 10™* 0.074 2.46 x 10™° 2.90 x 10™° 7.69 x 107°
10 1.000 25.519 5.34 x 10™° 1.17 x 107™* 0.071 2.35x 10™° 2.98 x 10™° 8.74 x 10™°

02 r 4o 3 3E-09  [A18H7[C3 ] =
0.15 = 2.28[C3H]?
: ) T 2E-09 F -595x107"

< 01 56789 10 = R =0.9931 K =2.28 £ 0.07

005 | % 1809 PKan =18.11
<
0 L L — 0 L )
300 400 500 0 5E-10 1E-09
t/s [C3H]? / mol2L2
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Table 254. Determination of the pK,y for A18 with C4 in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A18H'CF;CO," (10.3 mg) in 10.0 mL
MeCN; C4 K" (5.1 mg) in 25.0 mL MeCN. Step 0: 1.000 mL C4 K" stock solution in 18.8 g MeCN.

step V. /mL V/mL [C4H]o /M [A18H]o/ M A [CAT]/M [C4AH] /M [A18HT]/ M
0 - 24.919 2.45x10° 0 0.204 2.45x10° 0 0
1 0.100 25.019 2.44 x 10™° 1.20 x 107° 0.161 1.93x 107° 5.13 x 107° 6.83 x 107°
2 0.250 25.169 2.43 x107° 2.97 x 107° 0.131 1.57 x 10™° 8.56 x 107° 2.12 x107°
3 0.500 25.419 2.40 x 107° 5.88 x 107° 0.106 1.27 x 10™° 1.13x 107 4.75 x 107°
4 0.750 25.669 2.38x107° 8.74 x 10™° 0.091 1.10 x 10° 1.28 x 10™° 7.46 x 107°
5 1.000 25.919 2.36 x 107° 1.15 x 107 0.082 9.82 x 107° 1.38 x 10™° 1.02 x 10™*
6 1.250 26.169 2.34x107° 1.43 x 10™* 0.075 8.95 x 107° 1.44 x 10° 1.28 x 10™*
0.25 ~ LSE-09 r  [Al18H*][C4]=
= 5.53[C4H]?2
02 = 1E-09 | —5.56x10°" 4
0.15 S R2 = 0.9883
0.1 T 5E-10 | K =5.53 0.30
0]
0.05 . pKay =18.13
O 1 J — 0 1 1 )
100 300 500 0 7E-11 1.4E-10 2.1E-10
t/s [C4H]? / mol2L2

pKan(A18) = 18.12 (average)
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(S)-4-Phenyl-1-(pyrrolidin-2-ylmethyl)-1H-1,2,3-triazole (A19)
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Table 255. Determination of the pK,y for A19 with C3H in acetonitrile at 20 °C (detection at 350 nm). Stock solutions: A19 (12.1 mg) in 10.0 mL MeCN; C3H
(25.4 mg) in 10.0 mL MeCN; [DBU] = 8.50 x 102 mol L™, Step 0: 0.700 mL C3H stock solution in 21.2 g MeCN.

step V. /mL V /mL [C4H]o / M [A19], / M A [CAT]/M [C4H] /M [A19] / M
0 - 27.672 2.30x 107* 0 0 0 2.30 x 10°* 0
1 0.500 28.172 2.26x107* 9.41 x 10™° 0.028 3.17 x 107° 1.94 x 107 6.23 x 10™°
2 0.750 28.422 2.24 x107* 1.40 x 107 0.038 4.26 x 107° 1.81 x 10™* 9.72 x 10™°
3 1.000 28.672 2.22x107* 1.85 x 107 0.045 5.14 x 107° 1.71 x 10™* 1.33x 107
4 1.250 28.922 2.20 x 107* 2.29x107* 0.052 5.89 x 107° 1.61 x 107 1.70 x 10™*
5 1.500 29.172 2.18 x107* 2.73x107* 0.058 6.53 x 10™° 153 x 10™* 2.07 x 107
6 1.750 29.422 2.16 x 107* 3.15x 107" 0.063 7.10 x 10™° 1.45 x 107 2.44 x 107*
f 2.040 29.712 2.14 x107* 3.12x107* 0.189 2.14 x 107 0 3.12x 10"
0.2 A; (DBU) [C3]2=
7' 6E-09 172 x 10'[A19][C3H]
0.15 g ~-1.19x10°°
£ 4E-09 R2 = 0.9965
< 01 S 6 = K = (1.72 + 0.05) x 10”"
4 T
0.05 2,3 & 2809 PKay =16.99

2E-08 4E-08
[AL19][C3H] / mol2L~2
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Table 256. Determination of the pK,y for A19 with C4H in acetonitrile at 20 °C (detection at 350 nm). Stock solutions: A19 (12.1 mg) in 10.0 mL MeCN; C4H
(15.3 mg) in 10.0 mL MeCN; [DBU] = 8.50 x 102 mol L™, Step 0: 0.500 mL C4H stock solution in 22.5 g MeCN.

step V. /mL V/mL [C4H]o / M [A19], / M A [C4AT]/M [C4H] /M [A19] / M
0 - 29.126 8.88x10° 0 0 0 8.88x 10™° 0
1 0.250 29.376 8.81 x 10™° 451 x 107 0.065 1.42 x 107° 7.39 x 107 3.09 x 107°
2 0.500 29.626 8.73x 10™° 8.94 x 10™° 0.119 2.60 x 10™° 6.13 x 10™° 6.34 x 10™°
3 0.750 29.876 8.66 x 10™° 1.33x 107 0.152 3.33x107° 5.34 x 107° 9.98 x 10™°
4 1.000 30.126 8.59 x 107° 1.76 x 10™* 0.175 3.85x107° 4.74 x 107° 1.37 x 10™*
5 1.250 30.376 8.52 x 107° 2.18 x107* 0.194 4.25 x107° 4.27 x 107° 1.76 x 10™*
6 1.500 30.626 8.45 x 107° 2.60 x 107* 0.208 4.56 x 107° 3.89 x 107° 2.14 x 107
f 1.800 30.926 8.37 x 107 257 x107* 0.382 8.37 x 107 0 257 x 107
05 ~ 3E-09 [C47]2 =
04 | A (DBU) T 3.11 x 10" '[A19][C4H]
< 2E-09 -5.28x10°10
- 03 | E R2=0.999
02 r T 1E-09 | K =(3.11+0.04) x 10
<
01 O,
O 0 1 J
0 2 4 6 0 4.5E-09 9E-09
t/ min [A19][C4H] / mol?L 2
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Table 257. Determination of the pK,y for A19 with C4H in acetonitrile at 20 °C (detection at 350 nm). Stock solutions: A19 (12.1 mg) in 10.0 mL MeCN; C4H
(15.3 mg) in 10.0 mL MeCN; [DBU] = 8.50 x 102 mol L™". Step 0: 0.500 mL C4H stock solution in 23.5 g MeCN.

step V. /mL V/mL [C4H]o /M [A19]o/ M A [C4T]/ M [C4H] /M [A19] / M
0 - 30.398 8.51x10° 0 0 0 851 x10° 0
1 0.500 30.898 8.38x 107 8.58 x 10™° 0.111 2.43 x10™° 5.94 x 10™° 6.15 x 10™°
2 0.750 31.148 8.31x 107 1.28 x 107* 0.142 3.12x 10™° 5.19 x 10™° 9.64 x 10™°
3 1.000 31.398 8.24 x 10™° 1.69 x 107 0.166 3.64 x107° 4.60 x 10™° 1.32x 107"
4 1.250 31.648 8.18 x 10™° 2.09 x 107* 0.184 4.03 x 10™° 4.15 x 10™° 1.69 x 107*
5 1.500 31.898 8.11 x 10™° 249 x 107* 0.198 4.34 x 107° 3.78 x 107 2.06 x 107
f 1.800 32.198 8.04 x 10™° 2.47 x 107* 0.367 8.04 x 10™° 0 2.47 x 107*
0.4 r A (DBU) 3809 [CaT =
™ 3.14 x 10" '[A19][C4H]
03 r < 2E-09 | ~5.77 x 10710
<02 | 3 42 £ R2 = 0.9989
. 5 =
o1 L ! 5 1809 | K = (3.14 + 0.06) x 10~
0 1 1 J 0 1 1 J
0 2 4 6 0 3E-09 6E-09 9E-09
t/ min [A19][C4H] / mol?L2

For A19 + C4H: K= (3.13+0.02) x 10™"
pKan = 16.89

pKan(A19) = 16.94 (average)
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(S)-1-(Pyrrolidin-2-ylmethyl)-1H-imidazole (A20)

@ N CN 20 °C FI\; BN
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Table 258. Determination of the pK,y for A20 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A20 (5.3 mg) in 10.0 mL MeCN; C3H (11.4
mg) in 10.0 mL MeCN; [DBU] = 4.70 x 10> mol L™". Step 0: 0.700 mL C3H stock solution in 19.8 g MeCN.

step V. /mL V /mL [C3H]o /M [A20], / M A [C3T]/M [C3H] /M [A20] / M
0 - 25.891 1.10 x 107 0 0 0 1.10x 1077 0
1 0.100 25.991 1.10 x 107 1.35 x107° 0.018 6.52 x 107° 1.03 x 10™* 6.96 x 107°
2 0.200 26.091 1.10 x 10™* 2.69 x 107° 0.030 1.05 x 10™° 9.91 x 10™° 1.64 x 10™°
3 0.300 26.191 1.09 x 10™* 4.01 x 107 0.039 1.38 x 10™° 9.53 x 10™° 2.63x107°
4 0.400 26.291 1.09 x 10™* 5.33x107° 0.047 1.66 x 10™° 9.22 x 10™° 3.68x107°
5 0.600 26.491 1.08 x 10™* 7.94 x 10™° 0.059 2.10 x 10™° 8.69 x 10™° 5.84 x 107°
6 0.800 26.691 1.07 x 10™* 1.05 x 107 0.069 2.46 x 10™° 8.25 x 10™° 8.05 x 10™°
7 1.000 26.891 1.06 x 107 1.30 x 107 0.078 2.75 % 107° 7.88 x 107° 1.03 x 10™*
f 1.300 27.191 1.05 x 107 1.29 x 107 0.297 1.05 x 107 0 1.29 x 10™*
04 r [C3]2=
Ay (DBU) ¢ 9g-10 |9.78 x 1072[A20][C3H]
03 r g ~470x 1071
<02 } 2 6E-10 I Re=0.9981
. & 10 K =(9.78 £ 0.19) x 107
. o 5 ™ _ L
0 1 J o 1 1 ]
0 200 400 0 3E-09 6E-09 9E-09
t/s [A20][C3H] / mol2L2
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Table 259. Determination of the pK,4 for A20 with C4H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A20 (5.3 mg) in 10.0 mL MeCN; C4H (11.8
mg) in 10.0 mL MeCN; [DBU] = 4.70 x 10> mol L™". Step 0: 0.500 mL C4H stock solution in 18.5 g MeCN.

step V. /mL V/mL [C4H]o / M [A20], / M A [C4AT]/ M [C4H] /M [A20] / M

0 - 24.037 8.30 x 10™° 0 0 0 8.30 x 10™° 0
1 0.100 24.137 8.27 x 10™° 1.45 x 107° 0.060 7.95 x 107° 7.47 x 10™° 6.57 x 107°
2 0.200 24.237 8.23 x 10™° 2.89 x 107° 0.098 1.29 x 107° 6.94 x 10™° 1.60 x 10™°
3 0.300 24.337 8.20 x 10™° 4.32 x 107 0.129 1.70 x 107° 6.50 x 10™° 2.62 x 10™°
4 0.400 24.437 8.17 x 107 5.74 x 107° 0.154 2.03x107° 6.14 x 10™° 3.70 x 107°
5 0.500 24.537 8.13x 107 7.14 x 10™° 0.175 2.31x107° 5.82 x 107° 4.83 x107°
6 0.600 24.637 8.10 x 107 8.54 x 107° 0.193 2.56 x 107° 5.55 x 107° 5.98 x 107°
7 0.700 24.737 8.07 x 107 9.92 x 107 0.209 2.77 x 10™° 5.30 x 10™° 7.15x 107°
8 0.800 24.837 8.04 x 10™° 1.13x 10™* 0.224 2.96 x 10™° 5.08 x 10™° 8.33x 107
9 0.900 24.937 8.00 x 10™° 1.26 x 10™* 0.236 3.13x107° 4.87 x 107° 9.52 x 10™°
10 1.000 25.037 7.97 x 107° 1.40 x 107 0.248 3.28x107° 4.69 x 107° 1.07 x 10™*
f 1.200 25.237 7.91x 107 1.39 x 107* 0.598 7.91 x 10™° 0 1.39 x 107

08 ¢ [C4]2=

A; (DBU) «1.2E-09 2.26 x 10"'[A20][C4H] »
0.6 | %' -837x10-11 K = (2.26 + 0.04) x 10
<04 + £ 8E-10 R2 =0.9972 pKay = 16.75
10 I
02 L 23456789 5 4E-10 |
1 = pKan(A20) = 16.74 (average)
0 1 J O 1 )
0 200 400 0 2.75E-09 5.5E-09
t/s [A20][C4H] / mol2L2
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(S)-3-Butyl-1-(pyrrolidin-2-ylmethyl)-1H-imidazol-3-ium trifluoromethanesulfonate (A21)

(\N'H-Bu K\ _ B

. CN 20 °C AN n-Bu CN
H CN in MeCN H, CN
A21 C6H A21H" C6

Table 260. Determination of the pK,y for A21 with C6H in acetonitrile at 20 °C (detection at 478 nm). Stock solutions: A21TfO™ (4.9 mg) in 25.0 mL MeCN; C6H
(6.0 mg) in 10.0 mL MeCN; [DBU] = 1.48 x 102 mol L™". Step 0: 0.100 mL C4H stock solution in 18.6 g MeCN.

step V. /mL V /mL [C6H]o / M [A21], / M A [C6T]/ M [C6H] / M [A21] / M
0 - 23.764 1.35x 107° 0 - - 1.35x 107° 0
1 0.200 23.964 1.34 x 107° 458 x 107° 0.039 2.33x10° 1.11 x 107 2.25x 107°
2 0.250 24.014 1.33x 107° 571 x107° 0.045 2.69 x 107° 1.07 x 10™° 3.02x107°
3 0.300 24.064 1.33x 107° 6.84 x 10°° 0.051 3.02x107° 1.03 x 107 3.81x107°
4 0.350 24.114 1.33x 107° 7.96 x 10°° 0.056 3.36 x 107° 9.93x 107° 4.60 x 107°
5 0.400 24.164 1.33x 107° 9.08 x 107° 0.062 3.70 x 107° 9.57 x 107° 5.38 x 107°
6 0.450 24.214 1.32x 107° 1.02 x 10™° 0.067 4.03x107° 9.21 x 107° 6.16 x 107°
f 0.550 24.314 1.32x 107° 1.01 x 10™° 0.220 1.32x 107 0 1.01 x 10™°
025 A (DBU) 211 [C67]2=
02 L N 3.36 x 10"'[A21][C6H] o
| g LSELL T 351102
- o —
- 0.15 £ 1em | R2 = 0.9826
01 r — K =(3.36+0.22) x 10”"
oo | | 2 3458 9 5E-12 | ( )
0 L Il O ! |
0 300 600 0 3E-11 6E-11
t/s [A21][C6H] / mol?L2
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Table 261. Determination of the pK,y for A21 with C6H in acetonitrile at 20 °C (detection at 478 nm). Stock solutions: A21TfO™ (4.9 mg) in 25.0 mL MeCN; C6H
(6.0 mg) in 10.0 mL MeCN; [DBU] = 1.48 x 102 mol L™". Step 0: 0.100 mL C4H stock solution in 18.5 g MeCN.

step V. /mL V/mL [C6H]o / M [A21], / M A [C6T]/M [C6H] / M [A21] / M
0 - 23.637 1.36 x 10° 0 - - 1.36 x 10° 0
1 0.200 23.837 1.34 x 107° 4.60 x 107° 0.039 2.33x10° 1.11 x107° 2.28 x 107°
2 0.250 23.887 1.34 x 10™° 5.74 x 107° 0.045 2.70 x 10™° 1.07 x 107° 3.04 x 107°
3 0.300 23.937 1.34 x 10™° 6.87 x 10°° 0.051 3.03x107° 1.04 x 10° 3.85x107°
4 0.350 23.987 1.34 x 10™° 8.00 x 107° 0.056 3.38x107° 9.98 x 107° 4.62 x 107°
5 0.400 24.037 1.33x 107° 9.13x 107° 0.062 3.72x107° 9.61 x 10™° 5.40 x 107°
6 0.450 24.087 1.33x 107° 1.02 x 10™° 0.068 4.05 x 107° 9.26 x 107° 6.20 x 107°
f 0.550 24.187 1.33x107° 1.02 x 107° 0.221 1.33x107° 0 1.02 x 107
025 4, (DBU) 2E-11 r [C67]2=
0.2 o 3.39 x 107 '[A21][C6H]
: ‘\II 1.5E-11 -3.74 x 10712
215 E 1En R? =0.9842
0.1 = K =(3.39+0.21) x 10"
0.05 § 5E-12 |
0 0 1 ]
0 3E-11 6E-11

[A21][C6H] / mol2L2

K=(3.38+0.02) x 10"
pKan(A21) = 11.14
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(S)-1-(3,5-Bis(trifluoromethyl)phenyl)-3-(pyrrolidin-2-ylmethyl)thiourea (A22)

F F
Z—LNI_;KI C 20 oC Z_BVN\? CF3 r (SN
Q : COOEt in MeCN i, Q F:F COOEt
CF, CF;
A22 C3H A22H" Cc3

Table 262. Determination of the pK,y for A22 with C3H in acetonitrile at 20 °C (detection at 350 nm); Stock solutions: A22 (9.3 mg) in 10.0 mL MeCN; C3H (12.6
mg) in 10.0 mL MeCN; [pyrrolidine] = 7.02 x 10 mol L™". Step 0: 0.800 mL C3H stock solution in 20.7 g MeCN.

step V. /mL V /mL [C3H]o /M [A22], / M A [C3T]/M [C3H] /M [A22] /| M
0 - 27.136 1.33x 107 0 0 0 1.33x 10" 0
1 1.000 28.136 1.28 x 10™* 8.90 x 107 0.034 3.72x 107 9.11 x 10™° 5.18 x 10™°
2 1.300 28.436 1.27 x 10™* 1.14 x 10™* 0.039 4.30 x 107° 8.40 x 10™° 7.15x 107°
3 1.600 28.736 1.26 x 10™* 1.39 x 10™* 0.044 4.79 x 107° 7.77 x 107° 9.15 x 10™°
4 1.900 29.036 1.24 x 10™* 1.64 x 107 0.047 5.20 x 107° 7.24 x 107° 1.12 x 10™*
5 2.200 29.336 1.23x 107 1.88 x 10™* 0.050 553 x 107° 6.78 x 10™° 1.32x 10™*
f 2.300 29.436 1.23x 107 1.87 x 10™* 0.112 1.23x 107 0 1.87 x 10™*
- 6E-09 [
015 Ayg (Pyrrolidine) Y BE-09 | [C3]°=
(‘“_. 3.97 x 10"'[A22][C3H]
0.1 | E S 4E-09 | -513x10°10
< = 3E-09 | R2 = 0.9992 K = (3.97 £ 0.07) x 10”"
0.05 —2E-09 |
3 1E-09 | pKan = 17.35
0 o 1 )
0 2 4 6 0 5.5E-09 1.1E-08
t/ min [A22][C3H] / mol?L2
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H H F.F
S F F S
[ NNy oc (@YN CN
CF CN 20 °C < CF
N HN\Q e c1—Q—< — N HNQ 3o+l €)
F F

COOEt in MeCN o COOEt
F
A22 CF; C4H A22H" CF; Cc4

Table 263. Determination of the pK,y for A22 with C4H in acetonitrile at 20 °C (detection at 350 nm). Stock solutions: A22 (9.3 mg) in 10.0 mL MeCN; C4H (11.9
mgq) in 10.0 mL MeCN; [pyrrolidine] = 7.02 x 102 mol L. Step 0: 0.700 mL C4H stock solution in 21.1 g MeCN.

step V. /mL V/mL [C4H]o / M [A22], / M A [C4AT]/ M [C4H] /M [A22] I M
0 - 27.545 1.02 x 107 0 0 0 1.02 x 10° 0
1 1.000 28.545 9.87 x 10™° 8.77 x 10™° 0.178 4.39 x 107° 5.48 x 10™° 4.38 x 10™°
2 1.500 29.045 9.70 x 10™° 1.29 x 107* 0.212 523 x 107° 4.47 x 107° 7.71 x10™°
3 2.000 29.545 9.54 x 107° 1.70 x 10™* 0.233 5.75 x 10™° 3.79 x 10™° 1.12 x 10™
4 2.500 30.045 9.38 x 10™° 2.08x107* 0.249 6.13 x 10™° 3.25x107° 1.47 x 10™*
5 3.000 30.545 9.23x107° 2.46 x 107* 0.259 6.38 x 10™° 2.85x 107° 1.82 x 10™*
f 3.200 30.745 9.17 x 107 2.44 x 107* 0.372 9.17 x 10™° 0 2.44 x 107*
04 ¢ Ay (Pyrrolidine) - 6E09 | [C4)2=
03 | L 00T [7.64 x 1071 [A22][C4H]
: 5 +8.97 x 107!
<02 | EAR0 T Re=0.9096
o K = (7.64 +0.09) x 10”"
01 L L 2E-09 | ( )
' O, pKan = 17.27
0 O 1 1 J
0 2 4 6 0 2E-09 4E-09 6E-09
t/ min [A22][C4H] / mol2L2

pKan(A22) = 17.31 (average)
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(S)-(3,5-Bis(trifluoromethyl)phenyl)((pyrrolidin-2-ylmethyl)carbamothioyl)amide (A22")

H H
S 20 °C NS
(A O (I~ ;QCR - O®
A22 DBU

CFy 4
Q inMeCN  H N

CF, A22"  CF, DBUH"

Table 264. Determination of the pKay for A22-H" with DBU in acetonitrile at 20 °C (detection at 350 nm); Stock solutions: A22 (8.0 mg) in 10.0 mL MeCN,;
DBU (22.5 mg) in 10.0 mL MeCN,; [TBD] = 7.33 x 10 *mol- L™, Step 0: 1.000 mL A22 stock solution in 18.5 g MeCN.

step V. /mL V /mL [A22],/ M [DBU],/ M A [A227]/ M [A22] /' M [DBU]/ M
0 - 24.537 8.78 x 10™° 0 0 0 8.78 x 10™° 0
1 0.100 24.637 8.74 x 10™° 6.00 x 10™° 0.039 1.82 x 10™° 6.93 x 10™° 4.18 x 10™°
2 0.200 24.737 8.71x10™° 1.19 x 107* 0.057 2.66 x 107° 6.05 x 10™° 9.29 x 10™°
3 0.300 24.837 8.67 x 10™° 1.79 x 107* 0.069 3.25x 10™° 5.42 x 107° 1.46 x 107
4 0.400 24.937 8.64 x 107° 2.37x107* 0.078 3.68 x107° 4.95 x 107° 2.00 x 107
5 0.500 25.037 8.60 x 107° 2.95x107* 0.086 4.03 x 107° 457 x 107° 2.55x 107
6 0.600 25.137 8.57 x 10™° 3.53x107* 0.092 4.31 x 107° 4.26 x 107° 3.10 x 107"
7 0.700 25.237 8.54 x 107° 4.10 x 10 0.097 4.53 x 107° 4.00 x 107° 3.65x 107"
8 0.800 25.337 8.50 x 10™° 4.67 x 107 0.101 4.72 x 107° 3.78 x107° 4.19 x 107*
9 0.900 25.437 8.47 x 10™° 523 x107* 0.104 4.89 x 107° 3.58 x 107° 4.74 x 107*
10 1.000 25.537 8.44 x 107° 579 x107* 0.107 5.03 x 107° 3.41x107° 528 x107*
f 1.400 25.937 8.31x 10™° 5.70 x 107* 0.177 8.31x 10™° 0 5.70 x 10™*

02 A¢(TBD) o 24E08 1 1a22)DBU] =
015 | 2 6.79[A22]2
- = +6.99 x 10710
< 01 } @ 12E-08 | R*=0.9998
= K=6.79+0.04
005 | %
0 0 1 ]
50 0 1.3E-09 2.6E-09

[A22712/ mol?L2
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Table 265. Determination of the pKa for A22-H" with DBU in acetonitrile at 20 °C (detection at 350 nm). Stock solutions: A22 (8.0 mg) in 10.0 mL MeCN;
DBU (22.5 mg) in 10.0 mL MeCN; [TBD] = 7.33 x 10 mol- L™". Step 0: 1.000 mL A22 stock solution in 18.3 g MeCN.

step V. /mL V/mL [A22],/ M [DBU],/ M A [A227]/ M [A22] /' M [DBU]/ M
0 - 24.282 8.87 x 10™° 0 0 0 8.87 x 10™° 0
1 0.100 24.382 8.84 x 10™° 6.06 x 10™° 0.039 1.84 x 107° 6.99 x 10™° 4.22 x 10™°
2 0.200 24.482 8.80 x 10™° 1.21 x10™ 0.058 2.68 x 10™° 6.11 x 10™° 9.39 x 10™°
3 0.300 24.582 8.76 x 10™° 1.80 x 107* 0.070 3.25x 10™° 552 x 10™° 1.48 x 107™*
4 0.400 24.682 8.73x 10™° 2.40 x 107* 0.079 3.68 x 107° 5.05 x 10™° 2.03x10™
5 0.500 24.782 8.69 x 10™° 2.98 x107* 0.086 4.01 x 10™° 4.69 x 10™° 2.58 x 10™*
6 0.600 24.882 8.66 x 10™° 3.56 x 107* 0.092 4.28 x 107° 4.38 x 10™° 3.14 x 107
7 0.700 24.982 8.62 x 10™° 414 x 107" 0.097 4.51 x 10™° 4.12 x 10™° 3.69 x 107
8 0.800 25.082 8.59 x 107° 4.71 x 10 0.101 4.70 x 107° 3.89 x 107° 4.24 x 107*
9 0.900 25.182 8.55 x 107° 528 x 107* 0.104 4.86 x 107° 3.69 x 107° 4.80 x 107*
10 1.000 25.282 8.52 x 107° 5.85x 107" 0.107 5.00 x 107° 3.52x107° 5.35x 107
f 1.400 25.682 8.39 x 107 5.75x 107" 0.178 8.39 x 107° 0 5.75x 107"
2.4E-08
0.2 ¢ (TBD) o [A22][DBU] =
015 2 7.29[A227)2
' g9 10 ) +434x 10710
< 01 4567 D 12608 | Re=09998
|2 3 = K =7.29+0.03
0.05
;_\:I‘
0 Il Il 1 ) O ! 8
100 200 300 400 0 1.3E-09 2.6E-09
t/s [A227]2/ mol?L2
K=7.04+0.25

PKan(A22) = 25.16
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(S)-1-(3,5-Bis(trifluoromethyl)phenyl)-3-(pyrrolidin-2-yImethyl)urea (A23)

F F
[—LNY CF, 20°C_ Z—LN‘? CF, CN
N7 EN HN +OF
2 COOEt in MeCN Rans COOEt
CF, CF,
A23H° C3 A23 31

Table 266. Determination of the pKgy for A23 with C3™ in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A23H'CF3;CO; (8.4 mg) in 10.0 mL MeCN,;
C3K" (5.4 mg) in 25.0 mL MeCN. Step 0: 2.000 mL C3K" stock solution in 18.0 g MeCN.

step V. /mL V/mL [C3 7o/ M [A23H7], / M A [C3T]/ M [C3H] /M [A23H7]/ M
0 - 24.901 5.47 x 10™° 0 0.164 5.47 x 10™° 0 0
1 0.100 25.001 5.45 x 107° 7.16 x 10°° 0.155 5.15 x 10™° 3.01 x 107° 4.15 x 107°
2 0.200 25.101 5.42 x 107° 1.43 x 10™° 0.149 4.94 x 107° 4.82 x 107° 9.44 x 107°
3 0.400 25.301 5.38 x 107° 2.83x107° 0.140 4.67 x 107° 7.15x107° 2.11x107°
4 0.600 25.501 5.34 x 107° 4.21 x107° 0.134 4.47 x 107° 8.69 x 107° 3.34x107°
5 0.800 25.701 5.30 x 107° 557 x 107° 0.130 4.32 x 107° 9.81 x 107° 4.59 x 107°
6 1.000 25.901 5.26 x 107° 6.91 x 10™° 0.126 4.19 x 107° 1.07 x 10™° 5.84 x 107°
02 r o SE-09 r [A23HY][C3] =
1, = 2.10 x 101 [C3H]?
0.15 3 4 5 6 ; 2E-09 | ~—3.00x 101
3 R2 = 0.9959
< 01 =2 '
0.05 & 1E-09 T K = (2.10 £ 0.08) x 10"
<
0 1 O 1 1 ]
200 300 0 4E-11 8E-11 1.2E-10
t/s [C3H]? / mol2L2
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Table 267. Determination of the pKay for A23 with C3™ in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A23H"CF;CO,™ (8.4 mg) in 10.0 mL MeCN;
C3K" (5.4 mg) in 25.0 mL MeCN. Step 0: 2.000 mL C3K" stock solution in 19.7 g MeCN.

step V. /mL V/mL [C3o/ M [A23H7], / M A [C3T]/ M [C3H] /M [A23H7] / M
0 - 27.064 5.03x10° 0 0.149 5.03x10° 0 0
1 0.200 27.264 4.99 x 107° 1.31x107° 0.135 4.56 x 107° 4.33x107° 8.80 x 107°
2 0.400 27.464 4.96 x 107° 2.61x107° 0.127 4.31 x 10™° 6.47 x 107° 1.96 x 107°
3 0.600 27.664 4.92 x 107° 3.88 x 107 0.122 4.13 x 10™° 7.88 x 107° 3.09 x 10™°
4 0.800 27.864 4.89 x 107° 5.14 x 10™° 0.118 3.99 x 10™° 8.98 x 10™° 4.24 x 10™°
5 1.000 28.064 4.85x 107° 6.38 x 10™° 0.114 3.87 x107° 9.81 x107° 5.40 x 10™°
025 3 2AB-09 1 ragan[ca] =
02 = 2.17 x 10Y[C3H]?
Ay T 1.6E-09 F -4.06x10!!
0.15 1 ™ '
o 345 2 R =0.997 K = (2.17 + 0.06) x 10"
=T C;) 8E-10 |
0.05 %
0 1 O 1 ]
100 200 0 5E-11 1E-10
t/s [C3H]? / mol2L2

For A23H" + C3: K= (2.14 + 0.04) x 10"
pKay = 19.08
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H2 HN COOEt H + Cl
in MeCN £ F COOEt
CF, CF;

A23H* 4 A23 C4H

Table 268. Determination of the pK, for A23 with C4™ in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A23H"'CF;CO," (8.4 mg) in 10.0 mL
MeCN; C4 K* (5.1 mg) in 25.0 mL MeCN. Step 0: 1.000 mL C4 K" stock solution in 19.4 g MeCN.

step V. /mL V /mL [C4T]o/ M [A23H7], / M A [C4AT]/ M [C4H] /M [A23H7] /M
0 - 25.682 2.38x107° 0 0.198 2.38x107° 0 0
1 0.250 25.932 2.36 x 10™° 1.73x107° 0.175 2.11x 10™° 2.50 x 107° 1.48 x 107°
2 0.500 26.182 2.33x107° 3.42 x 107 0.165 1.98 x 10™° 3.53x107° 3.07 x107°
3 0.750 26.432 2.31x107° 5.08 x 107° 0.158 1.90 x 10° 4.15 x 107° 4.66 x 107°
4 1.000 26.682 2.29 x 107° 6.71 x 10™° 0.152 1.83x 107 4.61 x107° 6.25 x 107°
5 1.250 26.932 2.27 x 107° 8.31x107° 0.147 1.77 x 10™° 4.96 x 107° 7.81x107°
6 1.500 27.182 2.25x107° 9.88 x 10™° 0.143 1.73x 107 5.24 x 107° 9.35 x 10™°
0.25 ¢ , N 2.4E-09 [A23H[C4 ] =
0.2 0, , = 6.14 x 10Y[C4H]?
01t [ 2sa TL6E09 | -128x10°10
< O, R2 = 0.9912
0.1 f o
005 | s OE10 T K = (6.14 £ 0.29) x 10"
' <
0 1 1 0 1 )
100 200 300 0 1.4E-11 2.8E-11
t/s [C4H]? / mol2L2
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Table 269. Determination of the pKa for A23 with C4 in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A23H'CF;CO, (8.4 mg) in 10.0 mL
MeCN; C4 K* (5.1 mg) in 25.0 mL MeCN. Step 0: 1.000 mL C4 K" stock solution in 19.1 g MeCN.

step V. /mL V /mL [C4T]o/ M [A23H7]y/ M A [C4T]/M [C4H] /M [A23H] /M
0 - 25.300 242 x 10 0 0.199 2.42 x 10™° 0 0
1 0.250 25.550 2.39 x 107 1.75 x107° 0.177 2.15x 10™° 2.43 x 107° 1.51 x107°
2 0.500 25.800 2.37 x 107 3.47 x 107 0.167 2.02 x 10™° 3.46 x 107° 3.12x 10™°
3 0.750 26.050 2.35x107° 5.15 x 107° 0.160 1.94 x 10™° 4.08 x 107° 4.74 x 10™°
4 1.000 26.300 2.32x107° 6.81 x 10™° 0.154 1.87 x 10™° 4.55 x 107° 6.35 x 107°
5 1.250 26.550 2.30 x 107° 8.43 x107° 0.149 1.81 x 107 4.92 x 107° 7.94 x 10™°
0.25 | ) o 18E-09 r [A23H[C4] =
0.2 0 | S 6.09 x 10Y[C4H]?
' 2 — N N
015 | =3 4 s T R62-7_60X9;a; K = (6.09 + 0.25) x 10"
'O . O 9E-10 e
. +I o N
0.05 | § K =(6.12+0.03) x 10
0 ' L — 0 . . pKay =19.18
100 200 300 0 1.25E-11 2.5E-11

t/s

[C4H]? / mol2L2

pKan(A23) = 19.13 (average)
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(S)-2-Tritylpyrrolidine (A24)

F

20°C @L

F
CN
CPh; + F -
3 : COOEt inMeCN N
F F 2

A24H" C3

CN
©

FE F
CPhy + FQ—(
F F

COOEt

Table 270. Determination of the pK,y for A24 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A24 (7.1 mg) in 10.0 mL MeCN; C3H (11.4
mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10> mol L™". Step 0: 0.700 mL C3H stock solution in 18.4 g MeCN.

step V. /mL V /mL [C3H]o /M [A24], / M A [C3T]/M [C3H] /M [A24] I M
0 - 24.110 1.19x 10" 0 0 0 1.19x 107 0
1 0.500 24.610 1.16 x 10™* 4.60 x 107° 0.047 1.66 x 107° 9.96 x 10™° 2.94 x 10™°
2 1.000 25.110 1.14 x 107 9.02 x 107° 0.070 2.44 x 10™° 8.95 x 10™° 6.58 x 10™°
3 1.500 25.610 1.12 x 10™* 1.33x 107 0.084 2.96 x 10™° 8.21 x 10™° 1.03 x 10™*
4 2.000 26.110 1.09 x 10™* 1.74 x 107 0.095 3.34x107° 7.61x107° 1.40 x 10™*
5 2.500 26.610 1.07 x 10™* 2.13x107* 0.104 3.64 x 107° 7.10 x 10™° 1.76 x 10™*
6 3.000 27.110 1.05 x 107 251 x107* 0.111 3.88x107° 6.67 x 107° 2.12x 107
7 4.000 28.110 1.02 x 10™* 3.22x107* 0.121 4.24 x 107° 593 x 107 2.80 x 107
8 5.000 29.110 9.82 x 107 3.89x107* 0.128 4.48 x 107° 5.34 x 107° 3.44 x 107"
f 5.300 29.410 9.72x 107 3.85x 107" 0.277 9.72 x 10™° 0 3.85x 107

03 8809 r  [C3P=
A; (DBU) ™ 1.12 x 10" [A24][C3H]
02 $2E-09 | -6.64x10°"
£ R2 = 0.9996 »
< . = K = (1.12 + 0.01) x 10
dor 1E-09 |
5 pKay = 16.80
0 0 1 ]
50 t /2550 0 1E-08 2E-08

[A24][C3H] / mol2L2
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Table 271. Determination of the pK,4 for A24 with C4H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A24 (7.1 mg) in 10.0 mL MeCN; C4H (11.8
mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10> mol L™". Step 0: 0.500 mL C4H stock solution in 18.9 g MeCN.

step V. /mL V /mL [C4H]o / M [A24], / M A [C4AT]/ M [C4H] /M [A24] I M

0 - 24.546 8.13x10° 0 0 0 8.13x10° 0
1 0.250 24.796 8.05 x 10™° 2.28 x 10™° 0.091 1.20 x 10™° 6.85 x 10™° 1.08 x 10™°
2 0.500 25.046 7.97 x 10™° 452 x 107° 0.143 1.89 x 107° 6.08 x 10™° 2.63x107°
3 0.750 25.296 7.89 x 107° 6.72 x 10™° 0.180 2.37 x10™° 5.52 x 10™° 4.35 x 10™°
4 1.000 25.546 7.81x107° 8.87 x 10™° 0.206 2.72x107° 5.09 x 107° 6.15 x 10™°
5 1.250 25.796 7.74 x 107° 1.10 x 10™* 0.227 3.00 x 107° 4.74 x 107° 7.98 x 107°
6 1.500 26.046 7.66 x 107° 1.30 x 107 0.244 3.23x107° 4.44 x 107° 9.82 x 10™°
7 1.750 26.296 7.59 x 107° 1.51 x 107 0.259 3.41x107° 4.18 x 107° 1.17 x 10™*
8 2.000 26.546 7.52 x107° 1.71 x 10™* 0.271 3.58 x 107° 3.94 x107° 1.35x 10™*
9 2.500 27.046 7.38x107° 2.09 x 107* 0.290 3.83x107° 3.55 x 107° 1.71 x 10™*
f 2.800 27.346 7.30 x 107° 2.07 x107* 0.553 7.30 x 10™° 0 2.07 x 107

08 2B-09 1 [Cca)r=

A; (DBU) Y 2.47 x 107 '[A24][C4H] ,

0.6 r < -3.62 x 101 K=(2.47 +£0.01) x 10

<04 | 789 E1go9 |  R?=1.000 PKan = 16.78
56 -
02 } |2 34 ‘Er)
0 , = 0 . . pKan(A24) = 16.79 (average)
50 250 0 3.25E-09 6.5E-09
t/s [A24][C4H] / mol2L-2
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(S)-2-(Diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine (A25)

F F . F F CN
OTMS CN 20°C_ [@\_ _OoTMS
COOEt in MeCN COOEFEt
Ph F F H, Ph F

A25 C3H A25H" C3”

Table 272. Determination of the pK,4 for A25 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A25 (7.1 mg) in 10.0 mL MeCN; C3H (11.4
mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10> mol L™". Step 0: 0.700 mL C3H stock solution in 19.1 g MeCN.

step V. /mL V /mL [C3H]o /M [A25], / M A [C3T]/M [C3H] /M [A25] / M
0 - 25.000 1.14 x 107 0 0 0 1.14x 1077 0
1 1.000 26.000 1.10 x 10™* 8.39 x 10™° 0.112 3.92x107° 7.08 x 10™° 4.47 x 107°
2 1.500 26.500 1.08 x 10™* 1.23x 107 0.138 4.84 x 107° 5.95 x 107° 7.51x107°
3 2.000 27.000 1.06 x 107 1.62 x 107 0.157 5.50 x 107° 5.09 x 107° 1.07 x 10™*
4 2.500 27.500 1.04 x 107 1.98 x 10™* 0.170 5.96 x 107° 4.44 x 107° 1.39 x 10™*
5 3.000 28.000 1.02 x 10™* 2.34x107* 0.180 6.30 x 10™° 3.90 x 107° 1.71 x 10™*
6 3.500 28.500 1.00 x 10™* 2.68x107* 0.187 6.55 x 10™° 3.48 x107° 2.02x10™
7 4.000 29.000 9.86 x 10™° 3.01x107* 0.192 6.72 x 10™° 3.14 x 107 2.34x 107
f 4.300 29.300 9.76 x 10™° 2.98 x107* 0.279 9.76 x 10™° 0 2.98 x 107
0.3 B Af (DBU)_ 6E-09 B [C37]2 =
o 7.21 x 10 '[A25][C3H]
02 4 5 6 7 < 4E-09 | - 8.27E-10
< 3 £ R2 = 0.9971
= _ -1
01 F 'c'v_->| 2E-09 | K=(7.21+0.17) x 10
O, pKan = 17.61
0 1 1 0 1 1 1 J
50 150 250 0 2E-09 4E-09 6E-09 8E-09
t/s [A25][C3H] / mol?L2
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FF . F F
N %MS . >>:<< CN 20 °C ({\? %Ms N Cl@_éN
H Ph ¢ E COOEt in MeCN H, Ph ¢ E COOEt

A25 C4H A25H" c4

Table 273. Determination of the pK,4 for A25 with C4H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A25 (7.1 mg) in 10.0 mL MeCN; C4H (11.8
mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10> mol L™". Step 0: 0.500 mL C4H stock solution in 19.0 g MeCN.

step V. /mL V/mL [C4H]o / M [A25], / M A [C4AT]/ M [C4H] /M [A25] / M
0 - 24.673 8.09 x 10™° 0 0 0 8.09 x 10™° 0
1 0.500 25.173 7.93x 107 4.33x107° 0.203 2.69 x 10™° 5.24 x 107° 1.64 x 10°
2 0.750 25.423 7.85x 107° 6.43 x 10™° 0.269 3.56 x 10™° 4.29 x 10™° 2.87 x107°
3 1.000 25.673 7.77 x 107° 8.50 x 10™° 0.316 4.19 x 10™° 3.59 x 10™° 4.31x 10™°
4 1.250 25.923 7.70 x 107° 1.05 x 107 0.351 4.65 x 107° 3.04 x 107° 5.86 x 107°
5 1.500 26.173 7.63x107° 1.25 x 107 0.377 5.00 x 107° 2.62x107° 7.50 x 107°
6 1.750 26.423 7.55 % 107° 1.44 x 107 0.397 527 x 107° 2.29 x 10™° 9.18 x 10™°
7 2.000 26.673 7.48 x 107° 1.64 x 107 0.412 5.46 x 107° 2.02x107° 1.09 x 10™*
f 2.300 26.973 7.40 x 107° 1.62 x 107 0.558 7.40 x 10™° 0 1.62 x 107
06 r 4E-09 - [C4)2=
A-(DBU
r(DBU) o 1.68[A25][C4H]
04 | 45,67 LW 782E10
£ i R2 = 0.9961
< 0 ~ 2E-09 K = 1.68 + 0.05
- 3 1E-09 | pKan = 17.62
0 1 J 0 1 )
0 100 200 300 0 1.25E-09 2.5E-09
t/s [A25][C4H] / mol?L2

pKan(A25) = 17.61 (average)
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(S)-Diphenyl(pyrrolidin-2-yl)methanol (A26)

F F
Ph 20 °C Ph CN
%Ph + F—<: :>_<COOE PIVIRN (I? Ph + F—<: :>—<@
t in Me
H OH H, OH F F COOEt

A26 A26H" C3”

Table 274. Determination of the pK,y for A26 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A26 (9.7 mg) in 10.0 mL MeCN; C3H (11.4
mg) in 10.0 mL MeCN; [DBU] = 3.26 x 102 mol L™, Step 0: 0.700 mL C3H stock solution in 20.7 g MeCN.

step V., /mL V /mL [C3H]o /M [A26], / M A [C3T]/M [C3H] /M [A26] / M
0 - 27.036 1.06 x 10°° 0 0 0 1.06 x 10°° 0
1 0.250 27.286 1.05 x 107 3.51x 107 0.061 2.17 x 10™° 8.31x 10™° 1.34 x 107°
2 0.500 27.536 1.04 x 107 6.95 x 10™° 0.093 3.32x107° 7.06 x 107° 3.63x107°
3 0.750 27.786 1.03x 107 1.03 x 10™* 0.115 4.10 x 107° 6.19 x 10™° 6.23 x 107°
4 1.000 28.036 1.02 x 10™* 1.37 x 10™* 0.131 4.65 x 107° 5.54 x 107° 9.00 x 10™°
5 1.250 28.286 1.01 x 10™* 1.69 x 107 0.143 5.08 x 107° 5.02 x 107° 1.18 x 10™*
6 1.500 28.536 1.00 x 10™* 2.01x107* 0.152 5.42 x 107° 4.60 x 107° 1.47 x 107
7 1.750 28.786 9.93 x 107 2.33x107* 0.160 5.69 x 107° 4.24 x 107° 1.76 x 10™*
8 2.000 29.036 9.84 x 107 2.64 x107* 0.166 591 x 107° 3.93x107° 2.05x 107
f 2.300 29.336 9.74 x 10™° 2.61x 107" 0.274 9.74 x 10™° 0 2.61x 10"
[C3]2=

7, 4E-09 }4.36 x 107'[A26][C3H]

£ -1.08 %101

£ R2 = 1.000 »

< 209 L K = (4.36 +0.01) x 10

5 PKay = 17.39

o 1 ]
0 4.05E-09 8.1E-09

[A26][C3H] / mol2L-2
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F F

C4

COOEt

Table 275. Determination of the pK,4 for A26 with C4H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A26 (9.7 mg) in 10.0 mL MeCN; C4H (11.8
mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10> mol L™". Step 0: 0.500 mL C4H stock solution in 19.8 g MeCN.

step V. /mL V/mL [C4H]o / M [A26], / M A [C4AT]/ M [C4H] /M [A26] / M
0 - 25.691 777 %107 0 0 0 777 x10° 0
1 0.200 25.891 7.71x10° 296 x107° 0.163 2.14 x 10° 557 x 107° 8.16 x 10°°
2 0.400 26.091 765x10° 587 x107° 0.255 3.34x107° 4.31x107° 2.53x107°
3 0.600 26.291 759x10°  8.74x107° 0.310 4.06 x 10™° 3.53x107° 4.68 x 10™°
4 0.800 26.491 753x10°  1.16x 107" 0.348 457 x107° 2.97 x 10™° 7.00 x 10™°
5 1.000 26.691 748x10°  1.43x107* 0.375 4.92 x107° 2.56 x 10™° 9.43x107°
6 1.250 26.941 741x10°  1.78x107* 0.399 5.22 x107° 2.19x107° 1.25x 107
7 1.500 27.191 734x10°  211x107" 0.415 5.44 x 10™° 1.90 x 10™° 1.57 x 107
8 1.750 27.441 727x10°  244x107" 0.427 5.59 x 10™° 1.68 x 10™° 1.88 x 107
9 2.000 27.691 7.21x10°  277x107" 0.436 571 x107° 1.50 x 10™° 2.19x 107
f 2.300 27.991 713x10°  274x107" 0.544 7.13x107° 0 2.74 x 107"
0.6 Ar (DBU) o [C4]?=
$78.9 2 4509 19.82x 101 [A26][C4H] .
0.4 34 S +2.91x1011 K =(9.82 +0.04) x 10
< 5 = e | R2 = 0.9999 oK = 17.38
0.2 g
0 ! ! ) - 0 1 . ' pKan(A26) = 17.39 (average)
100 200 300 0 1.1E-09 2.2E-09 3.3E-09

[A26][C4H] / mol2L2
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(S)-2-(Azidodiphenylmethyl)pyrrolidine (A27)

F F . F F CN

O O e BN 6

H N; g g COOEt in MeCN H, N; " COOEFEt
A27 C3H A27H" C3

Table 276. Determination of the pK,y for A27 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A27 (9.6 mg) in 10.0 mL MeCN; C3H (11.4

mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10> mol L™". Step 0: 0.700 mL C3H stock solution in 20.8 g MeCN.

step V., /mL V /mL [C3H]o /M [A27], / M A [C3T]/M [C3H] /M [A27] I M
- 27.163 1.05 x 107 0 0 0 1.05 x 10°° 0
1 0.500 27.663 1.03 x 107 6.23 x 10™° 0.021 7.31x10° 9.60 x 10™° 5.50 x 10™°
2 1.000 28.163 1.01 x 107 1.22 x 107" 0.029 1.03x107° 9.12 x 10™° 1.12 x 107*
3 1.500 28.663 9.97 x 10™° 1.80 x 10™* 0.036 1.24 x 107° 8.73x 107 1.68 x 107
4 2.000 29.163 9.80 x 10™° 2.37x107* 0.040 1.41 x 10° 8.39 x 10™° 2.22x10™*
5 2.500 29.663 9.64 x 107° 2.91x107* 0.044 1.55 x 107° 8.09 x 10™° 2.75x 107
6 3.000 30.163 9.48 x 107° 3.43x107* 0.048 1.66 x 10™° 7.81x107° 3.26 x 107"
7 3.500 30.663 9.32x107° 3.94x107* 0.051 1.76 x 10™° 7.56 x 107° 3.76 x 107*
8 4.000 31.163 9.17 x 107 4.43 x 10 0.053 1.85x 107° 7.32x107° 4.24 x 107*
9 4.500 31.663 9.03 x 107 4.90 x 10 0.055 1.93x 107° 7.10 x 10™° 4.71 x 107"
10 5.000 32.163 8.89 x 107 5.36 x 107* 0.057 2.00 x 10™° 6.89 x 10™° 5.16 x 107
f 5.300 32.463 8.81x 10™° 5.31x 107" 0.252 8.81 x 10™° 0 5.31x 107"
03 r A; (DBU) . [C3]2=
" 4E-10 }1.14 x 102[A27][C3H]
02 < -1.18x10°1
2 = -
< S St R2=0.999 K = (1.14 + 0.01) x 1072
0.1 F e T _
345678910 & pKay = 15.81
0 1 1 O 1 )
0 200 400 0 1.8E-08 3.6E-08
t/s [A27][C3H] / mol2L2
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OOEt in MeCN H2 N,

A27H"

F F
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F F

C4

COOEt

Table 277. Determination of the pK,y for A27 with C4H in acetonltrlle at 20 °C (detection at 333 nm). Stock solutions: A27 (9.6 mg) in 10.0 mL MeCN; C4H (11.8

mg) in 10.0 mL MeCN; [DBU]

=3.26 x 102 mol L™’

. Step 0: 0.500 mL C4H stock solution in 20.2 g MeCN.

step V. /mL V/mL [C4H], / M [A27]o/ M A [C4T]/M [C4H] /M [A27]/ M
0 - 26.200 7.62x107° 0 0 0 7.62x107° 0
1 0.250 26.450 755%x10°  3.26x107° 0.050 6.65x 10°° 6.88 x 10™° 259 x 107°
2 0.500 26.700 748x10°  6.46x107° 0.071 9.42 x 10°° 6.53 x 10™° 5.52 x 10™°
3 0.750 26.950 741x10°  9.60x107° 0.087 1.15x 10™° 6.26 x 10™° 8.45x 10™°
4 1.000 27.200 7.34x10° 1.27x10" 0.099 1.30 x 10™° 6.03 x 107° 1.14 x 107
5 1.250 27.450 7.27x10° 157x10" 0.109 1.43 x 10™° 5.84 x 10™° 1.43 x 107"
6 1.500 27.700 721x10° 1.87x10" 0.117 1.55 x 10™° 5.66 x 10™° 1.71 x 107"
7 1.750 27.950 7.14x10° 216x 10" 0.124 1.64 x 10™° 5.50 x 10™° 1.99 x 107
8 2.000 28.200 7.08x10° 245x10° 0.131 1.73x107° 5.35 x 10™° 2.27x 107"
9 2.250 28.450 7.02x10° 273x10" 0.137 1.81x107° 5.21 x 107° 2.55x 107
10 2.500 28.700 6.95x10°  3.00x 107 0.142 1.88 x 10™° 5.08 x 10™° 2.82x 10"
f 2.800 29.000 6.88x10°  297x 10" 0.521 6.88 x 10™° 0 2.97 x 107
0.6 A; (DBU) [C4?=
T 4E-10 [2:46 x 10 2[A27][C4H]
0.4 £ +4.60 x 10713 K = (2.46 + 0.00) x 107
< S el Re=1000 PKay = 15.78
0.2 §
0 0 , pKan (A27) = 15.79 (average)
0 7.5E-09 1.5E-08

[A27][C4H] / mol2L2
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2-(Triphenylsilyl)pyrrolidine (A28)

g 20 °C Nen
CN °
Qsmm + F—<: >—< . @SiPm + F—<: :>—<@
N COOEt inMeCN N COOEt
F F 2 F F

A28 C3H A28H" C3”

Table 278. Determination of the pK, for A28 with C3H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A28 (9.9 mg) in 10.0 mL MeCN; C3H (11.4
mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10> mol L™". Step 0: 0.700 mL C3H stock solution in 18.8 g MeCN.

step V. /mL V /mL [C3H]o /M [A28], / M A [C3T]/M [C3H] /M [A28] / M
0 - 24.619 1.16 x 10" 0 0 0 1.16 x 10 * 0
1 0.250 24.869 1.15 x 107" 3.02x 107 0.066 2.34x 10™° 9.16 x 10™° 6.82 x 107°
2 0.500 25.119 1.14 x 10™* 5.98 x 107° 0.110 3.91x107° 7.47 x 107° 2.08 x 107
3 0.750 25.369 1.13 x 10™* 8.88 x 10™° 0.142 5.04 x 107° 6.23 x 10™° 3.84 x107°
4 1.000 25.619 1.12 x 10™* 1.17 x 10™* 0.164 5.83 x 107° 5.33x107° 5.90 x 10™°
5 1.250 25.869 1.11 x 107 1.45 x 107 0.180 6.42 x 10™° 4.63 x107° 8.10 x 10™°
6 1.500 26.119 1.09 x 107 1.73 x 10™* 0.193 6.86 x 10™° 4.08 x 107° 1.04 x 10™*
7 1.750 26.369 1.08 x 10™* 1.99 x 10™* 0.202 7.20 x 10™° 3.64 x107° 1.27 x 10™*
8 2.000 26.619 1.07 x 10™* 2.26 x 107* 0.210 7.47 x 10™° 3.27x107° 1.51 x 10™*
f 2.290 26.909 1.06 x 107* 2.23x 107" 0.299 1.06 x 107 0 2.23x 10"
04 r [C3]2=
4; (DBU) 7, 6E-09 I 1.17[A28][C3H]
0.3 < -2.49x 10710
€ 4E-09 | R2=0.9995
<02 = K=1.17 +0.01
0.1 & 2809 PKay = 17.82
0 0 ' '
0 2.5E-09 5E-09

[A28][C3H] / mol2L-2
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Table 279. Determination of the pK,4 for A28 with C4H in acetonitrile at 20 °C (detection at 333 nm). Stock solutions: A28 (9.9 mg) in 10.0 mL MeCN; C4H (11.8
mg) in 10.0 mL MeCN; [DBU] = 3.26 x 10> mol L™". Step 0: 0.500 mL C4H stock solution in 21.0 g MeCN.

step V. /mL V/mL [C4H], / M [A28],/ M A [C4T]/M [C4H] /M [A28]/ M
0 - 27.218 7.33x107° 0 0 0 7.33x107° 0
1 0.100 27.318 731x10°  1.10x107° 0.077 1.01 x 10™° 6.30 x 10™° 9.00 x 10’
2 0.200 27.418 7.28x10°  219x107° 0.144 1.88 x 10™° 5.40 x 10™° 3.10x10°°
3 0.300 27.518 7.25x10°  3.28x107° 0.201 2.63x107° 462 x107° 6.44 x 10°°
4 0.400 27.618 7.23x10°  435x107° 0.248 3.24x 107 3.98x 107 1.11x 107°
5 0.500 27.718 7.20x10°  542x107° 0.287 3.75x 107 3.45x%x 107 1.67 x 10™°
6 0.600 27.818 7.17x10°  6.48x107° 0.318 416 x 10™° 3.02x 107 2.32x107°
7 0.700 27.918 7.15x10°  7.53x107° 0.344 4.49 x 107 2.65x 107 3.04x 107
8 0.800 28.018 7.12x10°  858x107° 0.364 4.76 x 107 2.37x107° 3.82x107°
f 1.100 28.318 7.05x10°  8.49x107° 0.539 7.05x 107 0 8.49 x 107°
0.6 A¢ (DBU) 3E-09 r  [C42=
7 2.57[A28][C4H]
0.4 S 2E-09 | ~6.64x10°1
< § RE=09%%, K =2.57 +0.02
0.2 g 1E-09 PKay = 17.80
0 - 0 - -

0 5.5E-10 1.1E-09
[A28][C4H] / mol2L2

pKan(A28) = 17.81 (average)
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(S)-5-Benzyl-2,2,3-trimethylimidazolidin-4-one (A29)

F F
O N/ CN
Ph )\\\ + F
N CN
H F F

A29 CSH

20 °C
in MeCN

HZ

A29H"

F F
CN
+ F ©
CN
F F

Cs

Table 280. Determination of the pK,y for A29 with C5H in acetonitrile at 20 °C (detection at 330 nm). Stock solutions: A29 (8.2 mg) in 10.0 mL MeCN; C5H (20.5
mg) in 10.0 mL MeCN; [DBU] = 4.62 x 10> mol L™". Step 0: 1.000 mL C5H stock solution in 21.3 g MeCN.

step V. /mL V/mL [C5H]o / M [A29], / M A [C57]/M [C5H] / M [A29] / M
0 - 28.099 3.14 x 10* 0 - - - 0
1 0.250 28.349 3.12x 10 3.31x107° 0.049 1.86 x 107° 2.93x 10" 1.45 x 107°
2 0.500 28.599 3.09 x 107" 6.57 x 10™° 0.073 2.75 % 107° 2.81x 107 3.82x107°
3 0.750 28.849 3.06 x 107* 9.77 x 10™° 0.091 3.44 x 107° 2.72x 107 6.33 x 107°
4 1.000 29.099 3.04 x107* 1.29 x 107 0.106 4.00 x 107° 2.64 x107* 8.91 x 10™°
5 1.500 29.599 2.98 x 107" 1.90 x 10™* 0.129 4.89 x 107° 2.50 x 107* 1.42 x 10™*
6 2.000 30.099 2.93x107* 2.50 x 107* 0.148 5.59 x 107° 2.38x 107 1.94 x 10™*
f 2.500 30.599 2.89x107* 2.46 x 107* 0.763 2.89 x 107 0 2.46 x 107*
1 4E-09 [C5]2=
4.(DBU N 6.64 x 102[A29][C5H]
0.8 £ ( ) %l 290K 1011
< 0.6 £ 5e09 | R2 = 0.9999
0.4 o ,
‘ K = (6.64 +0.04) x 10°
0.2 12 345 6 I("‘_B‘ ( )
0 1 O 1 ]
500 0 2.5E-08 5E-08

t/s

[A29][C5H] / mol2L-2
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Table 281. Determination of the pK, for A29 with C5H in acetonitrile at 20 °C (detection at 330 nm). Stock solutions: A29 (8.2 mg) in 10.0 mL MeCN; C5H (20.5

mg) in 10.0 mL MeCN; [DBU] = 4.62 x 10> mol L™". Step 0: 0.600 mL C5H stock solution in 18.4 g MeCN.

ste V. /mL V/mL [A29],/ M A [C5]/M [A29]/ M
p
0 - 24.010 221 x 107" - 0
1 c 24.510 2.16 x 10™* 7.66 x 10™° 0.069 2.64 x 107° 1.90 x 10™* 5.02 x 10™°
2 1.000 25.010 212 x 107 1.50 x 107* 0.097 3.71x 10™° 1.75 x 107* 1.13x 107"
3 1.500 25.510 2.08 x 107 221 x 107 0.117 4.46 x 10™° 1.63x 107 1.76 x 107*
4 2.000 26.010 2.04 x 107* 2.89x 107* 0.132 5.02 x 10™° 1.54 x 107* 2.39x 10
5 2.500 26.510 2.00 x 107* 3.54 x 107* 0.144 5.48 x 10™° 1.45 x 107* 2.99 x 107
f 2.800 26.810 1.98 x 10™* 3.50 x 107* 0.519 1.98 x 10™* 3.50 x 107*
06 r [C5]2=
A¢(DBU) N 6.80 x 102[A29][C5H i}
o ' o o 20 AZESH K = (6.80 £ 0.04) x 10°2
4 F [S] T
< e | R2 = 0.9999
02 - ~
3 K =(6.72 +0.08) x 1072
0 1 | ) a
0 500 0 225E-08  45E-08 PKan = 11.84

[A29][C5H] / mol2L-2
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Table 282. Determination of the pK,y for A29 with C6H in acetonitrile at 20 °C (detection at 478 nm). Stock solutions: A29 (8.2 mg) in 10.0 mL MeCN; C6H (9.3
mg) in 10.0 mL MeCN; [DBU] = 4.62 x 10> mol L™". Step 0: 0.200 mL C6H stock solution in 19.3 g MeCN.

step V. /mL V /mL [C6H]o / M [A29], / M A [C6T]/ M [C6H] / M [A29] / M

0 - 24.755 4.01x 10 0 - - - 0
1 0.250 25.005 3.97 x 107 3.76 x 107° 0.361 2.12 x107° 1.86 x 107° 1.64 x 107°
2 0.500 25.255 3.94 x 107 7.44 x 107° 0.483 2.84 x 10™° 1.10 x 10°° 4.60 x 10™°
3 0.750 25.505 3.90 x 107 1.10 x 107* 0.533 3.13x 10™° 7.70 x 10°°® 7.92 x 10™°
4 1.000 25.755 3.86 x 107° 1.46 x 107 0.557 3.27x107° 591 x 107° 1.13x 107
5 1.250 26.005 3.82x107° 1.81 x 10™* 0.570 3.34 x107° 4.78 x 107° 1.47 x 10™*
6 1.500 26.255 3.79 x 107 2.15x107* 0.577 3.39x107° 4.00 x 107° 1.81 x 10™*
7 1.750 26.505 3.75x107° 2.48 x 107* 0.581 3.41x107° 3.43x107° 2.14 x 107
8 2.000 26.755 3.71x107° 2.81x107* 0.582 3.41x107° 3.00 x 107° 2.47 x 107*
f 2.100 26.855 3.70 x 107 2.80 x 107* 0.631 3.70 x 107° 0 2.80 x 107

08 A¢ (DBU) 2E-09 [C6]2=

06 | ;4567 8 o 1.64[A29][C6H]

' 2 S -3.89x 107!
< 04 | E1E09 |  R2=09985
e K =1.64+0.03
0.2 T S PKay = 11.83
e aH — .
O r———J 1 1 J O 1 J
0 200 400 600 800 0 4E-10 8E-10
t/s [A29][C6H] / mol2L2

pKan(A29) = 11.83 (average)
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(2S,5S)-5-Benzyl-2-(tert-butyl)-3-methylimidazolidin-4-one (A30)

(@) / (@) /
N CN  20°C N CN
H CN N CN
2

in MeCN
A30 C6H A30H" C6"

Table 283. Determination of the pK,y for A30 with C6H in acetonitrile at 20 °C (detection at 478 nm). Stock solutions: A30 (8.4 mg) in 10.0 mL MeCN; C6H (9.3
mg) in 10.0 mL MeCN; [DBU] = 4.62 x 10> mol L™". Step 0: 0.200 mL C6H stock solution in 21.9 g MeCN.

step V. /mL V /mL [C6H]o / M [A30], / M A [C6T]/M [C6H] / M [A30] / M
0 - 28.063 354 x107° 0 - - - 0
1 0.250 28.313 3.51 x 107 3.01x 107 0.154 9.01 x 10™° 2.61 x 10™° 2.11x 10™°
2 0.500 28.563 3.48 x 107 5.97 x 107° 0.203 1.19 x 107 2.29 x 10™° 4.78 x 10™°
3 0.750 28.813 3.45x107° 8.88 x 10™° 0.235 1.37 x 107 2.08 x 10™° 7.50 x 107°
4 1.000 29.063 3.42 x107° 1.17 x 107 0.260 1.52 x 10™° 1.90 x 10™° 1.02 x 10™*
5 1.500 29.563 3.36 x 107 1.73 x 10™* 0.294 1.71 x 107° 1.65 x 10™° 1.56 x 107
6 2.000 30.063 3.31x107° 227 x107* 0.318 1.85x 107° 1.45 x 107° 2.08 x 107
f 2.100 30.163 3.29x 107 2.26 x 107* 0.565 3.29 x 107° 0 2.26 x 107*
06 [C6)2=
05 4¢(DBU) %, 410 |1.06 10~ [A30][CEH]
04 < +2.39x 101

- 0'3 £ R2 = 0.9999
02 & 2E-10 - K = (1.06 + 0.00) x 10"

[{e]
0.1 O,
O ] O 1 ]
0 200 400 600 0 1.55E-09 3.1E-09
t/s [A30][C6H] / mol2L2
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Table 284. Determination of the pK,y for A30 with C6H in acetonitrile at 20 °C (detection at 478 nm). Stock solutions: A30 (8.4 mg) in 10.0 mL MeCN; C6H (9.3
mg) in 10.0 mL MeCN; [DBU] = 4.62 x 10> mol L™". Step 0: 0.200 mL C6H stock solution in 20.3 g MeCN.

step V. /mL V/mL [C6H]o /M [A30]o/ M A [C6]/M [C6H] /M [A30]/ M
0 - 26.027 3.82x10° 0 - - - 0
1 1.000 27.027 3.68 x 107 1.26 x 107* 0.278 1.60 x 107° 2.08 x 10™° 1.10 x 107*
2 1.500 27.527 3.61x 107 1.86 x 107™* 0.315 1.81x107° 1.80 x 107° 1.68 x 107*
3 2.000 28.027 3.55x 107 2.43x107* 0.341 1.96 x 107° 1.58 x 107° 224 x 10™*
4 2.500 28.527 3.48 x 107 2.99 x 107* 0.359 2.07 x 10™° 1.42 x 107° 2.78 x 10™*
5 3.000 29.027 3.42 x107° 3.52x 107" 0.372 2.14 x 10™° 1.28 x 107° 3.31x107*
f 3.100 29.127 3.41 x 107 3.51x 107 0.593 3.41 x 10™° 0 3.51 x 10™*
0.8 r 6E-10 [C6]2=
A; (DBU) ! 1.05 x 10"'[A30][C6H]
06 < +1.40 x 10711
<04 | 2343 Eagqo 709
L " K = (1.05 + 0.01) x 10”"
02 ©
O,
0 1 1 ) 0 . ,
0 200 400 600 0 2.15E-09 4.3E-09

t/s [A30][C6H] / mol2L2

289



Table 285. Determination of the pK,y for A30 with C6H in acetonitrile at 20 °C (detection at 478 nm). Stock solutions: A30 (8.4 mg) in 10.0 mL MeCN; C6H (9.3
mg) in 10.0 mL MeCN; [DBU] = 4.62 x 10> mol L™". Step 0: 0.200 mL C6H stock solution in 19.2 g MeCN.

step V. /mL V/mL [C6H]o /M [A30]o/ M A [C6]/M [C6H] /M [A30]/ M

0 - 24.627 4.04 x 107 0 - - - 0
1 1.000 25.627 3.88 x 107 1.33x 10 0.280 1.63x107° 2.25x 10™° 1.17 x 107™*
2 1.500 26.127 3.80 x 10™° 1.96 x 107* 0.320 1.87 x107° 1.94 x 107° 1.77 x 107*
3 2.000 26.627 3.73x 107 2.56 x 107* 0.347 2.03x 10™° 1.71x107° 2.36 x 107
4 2.500 27.127 3.66 x 10™° 3.14 x 107 0.367 2.14 x 10™° 1.52 x 107° 2.93x 10"
5 3.000 27.627 3.60 x 107° 3.70 x 107* 0.381 2.22 x107° 1.37 x 107° 3.48 x 107"
f 3.100 27.727 3.58 x 107 3.69x107* 0.615 3.58 x 107° 0 3.69 x 107™*

08 6E-10 [C6]2=

A¢ (DBU) 7 1.06 x 10"'[A30][C6H]
06 | % 4E-10 | -1.35x%x101!
0 | 1 Po2e-10 | K = (1.06 £ 0.01) x 10”"
O,
O 1 ) 0 1 )
0 100 200 0 2.5E-09 5E-09
t/s [A30][C6H] / mol2L"2

K = (1.06 +0.00) x 10”"
pKan(A30) = 10.63
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(2S,5S)-5-Benzyl-3-methyl-2-(5-methylfuran-2-yl)imidazolidin-4-one (A31)

O / O /
N CN  20°C N CN
thz\“ 0 N OzN—©—< th?—% 0 + om—@—(@
N CN  in MeCN HW CN
2
A31 C6H A31H* Cc6

Table 286. Determination of the pK,y for A31 with C6H in acetonitrile at 20°C (detection at 478 nm). Stock solutions: A31 (13.8 mg) in 10.0 mL MeCN; C6H (8.9
mg) in 10.0 mL MeCN; [DBU] = 1.27 x 10> mol L™". Step 0: 0.200 mL C6H stock solution in 19.5 g MeCN.

step V. /mL V/mL [C6H]o / M [A31], / M A [C6T]/M [C6H] / M [A31] /M
0 - 25.009 3.80x 107 0 - - - 0
1 0.500 25.509 3.73x107° 1.00 x 107 0.231 1.33x107° 2.40 x 10™° 8.68 x 10™°
2 0.750 25.759 3.69 x 107 1.49 x 107* 0.270 1.55x 107° 2.14 x 10™° 1.33x 107"
3 1.000 26.009 3.66 x 107° 1.96 x 107 0.299 1.71 x 10™° 1.95x 107° 1.79 x 10™*
4 1.250 26.259 3.62x107° 2.43x107* 0.320 1.84 x 107° 1.79 x 10™° 2.25x107*
5 1.500 26.509 3.59 x 107° 2.89 x107* 0.338 1.94 x 107° 1.65 x 107° 2.69 x 107
6 2.000 27.009 3.52x107° 3.78x107* 0.365 2.09 x 10™° 1.43x 107° 357 x107*
f 2.200 27.209 3.50 x 10™° 3.75x107* 0.610 3.50 x 107° 0 3.75x 107"
08 r [C6]2=
06 47 (DBU) ™, 6810 I'g.59 x 102[A31][C6H]
: 5 -5.27 x 10714
< 04 EAE10 F Re=0.9995
0.2 g 2E-10 | K = (8.59 + 0.09) x 1072
0 0 1 1 J

0 2E-09 4E-09  6E-09
[A31][C6H] / mol2L~2
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Table 287. Determination of the pK,y for A31 with C6H in acetonitrile at 20°C (detection at 478 nm). Stock solutions: A31 (13.8 mg) in 10.0 mL MeCN; C6H (8.9
mg) in 10.0 mL MeCN; [DBU] = 1.27 x 10> mol L™". Step 0: 0.245 mL C6H stock solution in 20.0 g MeCN.

step V. /mL V /mL [C6H]o /M [A31]o/ M A [C6]/M [C6H] /M [A31]/ M
0 - 25.690 454 x 107 0 - - - 0
1 0.500 26.190 4.45 x 10™° 9.75x 10™° 0.253 1.48 x 107° 2.97 x 10™° 8.27 x 10™°
2 1.000 26.690 4.37 x 107 1.91 x10™ 0.326 1.90 x 10™° 2.46 x 10™° 1.72 x 107"
3 1.500 27.190 4.28 x 10™° 2.82x 107 0.371 2.16 x 10™° 2.12 x 10™° 2.60 x 10
4 2.000 27.690 4.21 x 10™° 3.69x 107 0.402 2.35x 107 1.86 x 107° 3.45x 10™*
5 2.500 28.190 4.13x107° 453 %107 0.426 2.48 x 10™° 1.65 x 10™° 4.28 x 10™*
f 2.750 28.440 4.10 x 10™° 4.49 x 107* 0.702 4.10 x 10™° 0 4.49 x 10
0.8 [C6]2=
4¢ (DBU) Y 8.63 x 102[A31][C6H]
06 % 6E'10 B + 509 X 10714
< 04 £ R2 = 0.9980
' &L 3E-10 | >
0.2 ° K=(8.63+0.22) x 10
0 0 1 J
0 3.55E-09 7.1E-09

[A31][C6H] / mol2L2

K=(8.61+0.02) x 1072
pKan(A31) = 10.54
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(2R,5S)-5-Benzyl-3-methyl-2-(5-methylfuran-2-yl)imidazolidin-4-one (A32)

5N CN  20°C N\ CN

Phj— ., 0 . ON_©_< —_— thz\’) 0 + ON—©—<@
N 2 @ ?

N N Ve CN

CN in MeCN
A32 CeH A32H" C6"

Table 288. Determination of the pK,y for A32 with C6H in acetonitrile at 20 °C (detection at 478 nm). Stock solutions: A32 (9.4 mg) in 10.0 mL MeCN; C6H (8.9
mg) in 10.0 mL MeCN; [DBU] = 1.27 x 102 mol L™ Step 0: 0.200 mL C6H stock solution in 20.1 g MeCN.

step V. /mL V /mL [C6H]o / M [A32],/ M A [C6T]/M [C6H] / M [A32] / M
0 - 25.773 3.69x10° 0 - - - 0
1 0.500 26.273 3.62 x 107 6.62 x 10™° 0.223 1.27 x 107° 2.35x107° 5.35x 107°
2 0.750 26.523 3.59 x 10™° 9.83x 107 0.261 1.48 x 107° 2.10 x 10™° 8.35 x 10™°
3 1.000 26.773 3.55x 107° 1.30 x 107 0.288 1.64 x 107° 1.91 x 10™° 1.13x 10™*
4 1.500 27.273 3.49 x 107° 1.91 x 107 0.327 1.86 x 107° 1.63 x 107° 1.73x 10™*
5 2.000 27.773 3.42 x107° 2.50 x 107* 0.352 2.00 x 10™° 1.42 x 10™° 2.30 x 107
f 2.200 27.973 3.40 x 107 2.49 x 107* 0.598 3.40 x 107° 0 2.49 x 107*
0.8 r 6E-10 [C67]2=
A (DBU) o 1.18 x 107'[A32][C6H]
0.6 < 410 L +1.18x 107!
s 4510 R2 = 1.000
<04 4,5 E -
1,2 2E10 | K = (1.18 + 0.00) x 10”"
02 t 8
0 ' 0 ' '
0 500 0 1.65E-09 3.3E-09
t/s [A32][C6H] / mol2L 2
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Table 289. Determination of the pK,y for A32 with C6H in acetonitrile at 20 °C (detection at 478 nm). Stock solutions: A32 (9.4 mg) in 10.0 mL MeCN; C6H (8.9
mg) in 10.0 mL MeCN; [DBU] = 1.27 x 10> mol L™. Step 0: 0.250 mL of C6H stock solution stock solution in 22.0 g MeCN.

step V. /mL V/mL [C6H]o /M [A32]o/ M A [C6]/M [C6H] /M [A32] /M
0 - 28.240 421 x107° 0 - - - 0
1 0.500 28.740 4.14 x 10™° 6.05 x 10™° 0.215 1.26 x 107° 2.88 x 10™° 4.79 x 10™°
2 1.000 29.240 4.07 x 107 1.19 x 107* 0.288 1.68 x 107 2.38x 10™° 1.02 x 107*
3 1.500 29.740 4.00 x 107° 1.75 x 10~ 0.333 1.95 x 107° 2.05x 107° 1.56 x 107
4 2.000 30.240 3.93x107° 2.30x 107* 0.364 2.12x107° 1.81 x 107 2.09 x 107
5 2.500 30.740 3.87 x107° 2.83x107* 0.387 2.26 x 10™° 1.61x107° 2.60 x 107
f 2.750 30.990 3.84 x107° 2.81x107* 0.657 3.84 x 10™° 0 2.81x 10"
1(DBU) 7 6E-10  [1.25 x 10'[A32][C6H]
0.6 < -1.81x1071
4 5 £ 4E-10 R2 = 0.999
< 04 , 3 = .
1 "0 2E-10 | K = (1.25 +0.02) x 10
0.2 8
0 1 1 0 | )
200 400 0 2.5E-09 5E-09

[A32][C6H] / mol2L2

K=(1.22+0.03) x 10"

pKan(A32) = 10.70
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Structures and Reactivities of Iminium Ions Derived from Substituted
Cinnamaldehydes and Various Chiral Imidazolidin-4-ones

Feng An,” Shyeni Paul,””! Johannes Ammer,"”! Armin R. Ofial,"”! Peter Mayer,*!

Sami Lakhdar,*'*" and Herbert Mayr'"!

Abstract: A series of a,B-unsaturated
iminium ions derived from substituted
cinnamaldehydes and C2- and C5-sub-
stituted chiral imidazolidin-4-ones
were isolated and characterized in so-
lution and in the solid state. The ki-
netics of the reactions of the iminium
ions with silyl ketene acetals were de-
termined in dichloromethane at 20°C.
The resulting second-order rate con-

Dedicated to Professor Francgois Terrier

stants were used to estimate the elec-
trophilicity £ of the iminium ions ac-
cording to the linear free energy rela-
tionship logk,(20°C)=sy(N+E). The
kinetics for the reactions of two of the
iminium ions with tributylphosphine
were studied by laser flash spectrosco-
py and their second-order rate con-
stants were found to agree within
a factor of 2.2 with those calculated

by using the linear free energy rela-

tionship above.

Keywords: cinnamaldehydes

imidazolidinones - kinetics - linear
free energy relationships - organo-

catalysis

1. Introduction

Chiral imidazolidinones belong to an important class of het-
erocycles with numerous applications in organic and bioor-
ganic chemistry. Their use in asymmetric synthesis has been
triggered by Seebach and co-workers’ discovery that imida-
zolidinones are excellent chiral auxiliaries for the synthesis
of enantiomerically enriched a-amino acids.!"!

In 2000, MacMillan and co-workers showed that the imi-
dazolidinone 1a and related compounds are effective cata-
lysts in iminium activated processcs,IZI e.g., for enantioselec-
tive reactions of o,f-unsaturated aldehydes with 1,3-dienes
(Diels-Alder reactions),”! nitrones (1,3-dipolar cycloaddi-

tions),’! and pyrroles (Friedel-

Crafts  reactions).!  Subse-

o N/ quently, an impressive number
Ph\)\:NK of chiral secondary amines has
H been used as catalysts in vari-

1a ous iminium-activated reac-

tions.”!
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Despite the tremendous efforts devoted to the develop-
ment of new organocatalytic processes, only a few investi-
gations have studied mechanistic aspects of these reac-
tions, and the identification of the intermediate iminium
ions has only recently been reported.”* The kinetics of the
reactions of iminium ions derived from cinnamaldehyde
with different nucleophiles have been studied, and their
electrophilicities have been determined using the linear
free energy relationship (1).%"!

lgk (20°C) = sy (E+N) (1)

In this equation, electrophiles are characterized by one
solvent-independent parameter, E, and nucleophiles by two
solvent-dependent parameters, N and sy.["”

Previously, we have studied the reactions of cinnamalde-
hyde-derived iminium ions with various nucleophiles and
found that variation of the amines yields iminium ions
which cover a reactivity range of 5 orders of magnitude.’*’!
We now report how substituents at the phenyl ring of cin-
namaldehyde and variation of the substituents at the imida-
zolidinone ring affect the structure and reactivity (electro-
philicity) of the iminium ions.

2. Preparation and Structures of the
Cinnamaldehyde Derived Iminium Ions

The substituted cinnamaldehydes 2 were synthesized by
Heck coupling as shown in Scheme 1 by following a proce-
dure by Pour and co-workers.'!! Only the homocoupling
product of the p-cyano-substituted iodobenzene was ob-
tained in our initial attempts to synthesize 2¢ by this
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2a 4-NO, 32
2b 3-NO, 88
2c 4-CN 85
2d 4-Me 99
2e 4-OMe 89

Scheme 1. Preparation of the substituted cinnamaldehydes 2a-e!'
DMF = N,N-dimethylformamide.

method. Finally, 2¢ was obtained in high yield when the re-
action was carried out in an oxygen atmosphere under oth-
erwise unchanged reaction conditions.

Treatment of the cinnamaldehydes 2 with equimolar
amounts of the imidazolidinonium hexafluorophosphate
(1a-HPF,) in methanol, as described by Tomkinson and co-
workers,”! gave the iminium ions 3. While the iminium
hexafluorophosphates of 3d, 3e, and 3f formed quantita-
tively, the iminium salts of 3a—c¢ were obtained as mixtures
with the starting materials. Two recrystallizations, first in di-
chloromethane and then in dichloromethane/diethyl ether
yielded pure hexafluorophosphates of 3a, 3b, and 3¢
(Scheme 2).

The iminium ion 3g was synthesized analogously but by
using perchlorate as the counteranion because 3g-PF;
turned out to be an instable salt (Scheme 3). In agreement
with Seebach and co-workers’ previous report,™ treatment
of the ammonium salt 1¢:HPF, with cinnamaldehyde 2i in
the presence of a catalytic amount of triethylamine (5%) in

0 Me
NN e
e Ph
| \j_ ) e ﬁ)“
+ Ph .
N —_— |
N MeOH
Ha |
%
2a—f 1a-HPFg (3a—f)-PF;
O, Me O, Me O, Me
N N N
NT ™ N7 ™
| | |
| o l |
O:N 3a 3b NC 3c
(NMR & x-ray) (NMR) (NMR & x-ray)

Q Me
N
e
|
I

Me’ MeQ MeN
3d 3e 3f
(NMR & x-ray) (NMR & x-ray) (NMR & x-ray)

Scheme 2. Preparation of the cinnamaldehyde-derived iminium hexa-
fluorophosphates 3 a-f-PFg.

H
H N (o] Me
N_ O Me ’ N
| N V-
AL >
Cloy Ha MeOH

3g-ClO,

5
s
Ph

2i 1b-HCIO, Ph

0 Me
N
J) phj 3 EtsN (5%) JI
+ = A - -
1 N é MeCH
Ph PF; H: © J
ref. [7b]
2i 1c-HPFg Ph™  3h-PFg

Scheme 3. Preparation of the iminium salts 3g-C10, and 3h-PF,.

methanol led to an exchange of the rert.-butyl group and
gave the iminium salt 3h-PF; as a mixture of two isomers
(E:Z=3:1).

Single crystals suitable for X-ray diffraction were ob-
tained by vapor diffusion of diethyl ether into the acetoni-
trile solutions of all iminium hexafluorophosphates (3a-
f)-PF, except 3b-PF, (Figure 1).!'?! As previously described

Figure 1. Crystal structures of the iminium ions 3a (left) and 3f (right)
(Counterion: PF,, only one molecule of the asymmetric unit is present-
ed for 3a, bond lengths in A).

for the parent system 3i™l the X-ray structures of the
hexafluorophosphates of 3 show that they exist as F iso-
mers and adopt the Houk conformation in which the ben-
zylic phenyl group faces the cis-Me group (Conformer A in
Scheme 4)." Conformer B, in which the phenyl ring resides
above the iminium m-system, which was suggested by Mac-
Millan to account for the enantioselectivity, was not detect-
ed for any of the crystals investigated./”" !l

The predominance of conformer A over B, which is also
indicated by the differences of the '"H NMR chemical shifts
of the two geminal methyl groups H4 and H5 (Ad(H4,HS)
in Table 1) can be rationalized by London dispersion (ben-
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Scheme 4. Different conformations of the iminium ions 3.

zene ring in contact with the cis-methyl group). Table 1
shows that these differences are slightly affected by the
nature of the para substituent in the iminium ions 3. Similar
observations have been made by Tomkinson and co-work-
ersl’ and investigated in detail by Seebach et al."*"!

Table 1. NMR chemical shifts (in ppm, CD;CN solutions) and bond lengths
(in pm, from X-ray structure analysis) of the cinnamaldehyde-derived imini-

um ions 3. (For numbering see Figure 1).

3 0% b & ) AS(H4,H5) d(N-  d(Cl- d(C2-
(H3) (C3) (C2) (C1) (@) C2) C3)
3a 8400 16400 12011 16810 .80 128.8/ 1422/ 134.3/

129.200 142,911 134,60
3b ca. 1629 1208 1687 0.84 - - -
8.2
3¢ 812 1632 1212 1686 085 129.1 1420 1346
3i 815 1667 1184 1681 0.89 129.711 142,310 135,11
3d 814 1669 1174 1677 090 1294 1415 1351
3e 809 1666 1155 1666 091 129.7/  140.5/ 135.8/
13070 142.21°0 134,10
3f 788 1652 1138 1614 092 1305 1406 1365

[a] In CD,Cl,; [b] The X-ray structures of 3a-PF; and 3e-PF, revealed two

molecules per asymmetric unit; [c] From ref. [7e].

One can see that the substituent at the phenyl ring has
a noticeable effect on the C2—C3 bond length of the imini-
um ions 3 (Table 1). The X-ray structures show that the imi-
nium ions 3a—f are almost planar (N-C1-C2-C3=180°) and
the iminium nitrogen atoms are not pyramidalized
(A(Dunitz)~0 A). Only the nitro-substituted phenyl ring of
3a is out of plane (11°), which indicates the lower impor-
tance of phenyl conjugation in this iminium ion.

3. Product from the Reaction of Iminium Salt
3a-PF; and the Ketene Acetal 4b

To study the electrophilic reactivity of 3a-h we chose the
silylated ketene acetals 4a and 4b as reaction partners,
which had previously been shown to be reliable reference
nucleophiles for this class of electrophiles.” The reaction
of 3a with 4b served as an example to investigate the prod-
uct of the reactions that should be studied kinetically.
Treatment of 3a with two equivalents of ketene acetal 4b
in CH,Cl, gave 5, which instantaneously desilylated to yield
6. This enamine was not isolated, but hydrolyzed and puri-
fied by column chromatography (EtOAc/n-pentane, 1:1) to
yield the aldehyde 7 (89%) as a mixture of two diastereo-
isomers in a ratio of 1:5 (Scheme 5). High diastereoselectiv-

Ph Ph

0 0
O;N PFg OzN
AN NCH ke, 2N NCHs
3a " x
+ Me;Si0 4+
0SiMes OSiMes o PFg™
o7 o™= 5
4a 4b desilylationl
Ph
O,N O;N o
20 2N NCH3
=, A
0, aq. workup 0
e} 0]
7 (89 %) 6

Scheme 5. Reaction of the iminium salt 3a-PF, with the silyl ketene
acetal 4b.

ity (up to 1:20) were previously obtained by MacMillan and
co-workers for the imidazolidinone-catalyzed enantioselec-
tive additions of ketene acetals to a,p-unsaturated alde-
hydes.["!

4, Kinetics

As shown in Table 2, the iminium ions 3 have absorption
maxima between 343 and 510 nm, the disappearance of
which allowed us to study the kinetics of their reactions
with nucleophiles photometrically. In the presence of
a large excess of the reference nucleophiles 4a or 4b,

Table 2. Absorption maxima (4,,,) and molar absorption coefficients (&)
of the iminium hexafluorophosphates 3 in dichloromethane at 20°C.

3 Amax [nm] e[M'em™)
3a (X=4-NO,) 350 159 10
3b (X=3-NO,) 343 118 10*
3¢ (X=4-CN) 352 1.57x 10
3i(X=H) 3701 1.62 % 10*
3d (X=4-Me) 388 236 10
3¢ (X=4-OMe) 426 2,66 10*
3f (X=4-NMe,) 510 5.42x 10
3¢l 371 1.63x 10
3h 372 3.62x10°

[a] Counterion=TfO ; Tf=trifluoromethanesulfonyl; from
[b] Counterion=CIO, .

ref. [7c].

pseudo-first-order kinetics were achieved, and the first-
order rate constants kg, (s ') were derived from the expo-
nential decays of the absorbances of the iminium ions 3
(Figure 2). Plots of k,, (s™') against the concentrations of
the nucleophiles 4 were linear with negligible intercepts as
required by the relation k,,=k,[4] (see Figure 2). Their
slopes correspond to the second-order rate constants k,
(M~'s™") which are summarized in Table 3.

The dihydrofuran 4a was 11-18 times more reactive than
the dihydropyran 4b, in agreement with previous investiga-
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Figure 2. a) Exponential decay of the absorbance at 343 nm during the
reaction of 3b (6.12x 107> M) with 4b (1.01x 107*m). b) Determination of
the second-order rate constant k, from the dependence of the first-order
rate constant k,, for the reaction of 3b with 4b on the concentration of
ketene acetal 4b (20°C in CH,Cl,).

Table 3. Second-order rate constants k, for the reactions of the iminium
ions 3 with the ketene acetals 4a and 4b (20°C, CH,Cl,, counterion=
PF,).

3 k.(4a) I,(4b) ky(4a)ik,(4b)  EW
M5 [M™"s7]
3a (X=4-NO,)  943x10° 5.72x10° 16.5 -5.9
3b (X=3-NO,)  648x10° 3.98x10° 16.3 —6.1
3¢ (X=4-CN) 7.53x10° 5.28x10° 14.3 —6.0
3i(X=H) 9.06x10°" 523510 17.3 —7.20l
3d (X=4-Me) 9.00x 10° 6.05x 107 14.9 -72
3e (X=4-O0Me)  2.38x10° 1.45%10° 16.4 —8.0
3f(X=4-NMe,) 2.07x10 1.31 15.8 —10.6
3gl 6.78x 10° 6.10% 107 11.1 -73
3h 9.71 % 10° 5.87x10° 16.5 -5.9
3j 1.49x 10" 6.78x10° 22,0 ~7.08
3k 8.13x10%  343x10% 237 —6.0¢!

[a] The E parameters for each iminium ion result from a least-squares
minimization of A’=X(log k,—s\(E+N))’ which uses the second-order
rate constants k, (this table) and the nucleophile-specific parameters N
and sy (for 4da: N=12.56, sy=0.70; for 4b: N=10.61, 5,=0.86) from
ref. [10b]; [b] From ref. [7c]: [c¢] This value has been slightly revised for
a larger data set (Ref. [9b]). For this discussion, we use the original
value E=-7.2, which reflects the reactivity toward the ketene acetals
4a and b, as the other E values in this table; [d] Counterion=ClO,";
data of lower quality, only the first half-life of the reactions followed the
monoexponential decay function that was used for the evaluation of
kops; [€] From ref. [8c].

tions.™®™! Substitution of the k, values (Table 3) and the
known N and sy parameters of 4a and 4b into Equation (1)
gave the electrophilicity parameters E for the iminium ions
3 by a least-squares minimization.

Figure 3 shows that the electrophilicities of the iminium
ions 3 cover almost five orders of magnitude with —5.9>
E>—-10.6. The cyano- and nitro-substituted iminium ions
3a, 3b, and 3¢ have similar reactivities and are ten times
more reactive than the iminium ion 3i, which is derived
from the parent cinnamaldehyde.

While the p-methyl-substituted iminium ion 3d has ap-
proximately the same electrophilicity as the parent iminium
ion 3i, the p-methoxy substituted iminium ion 3e is about
four times, and the dimethylamino-substituted analogue 3 f
is about 400 times less reactive than the parent 3i towards

Electro-
philicity E
;L A !Bu}\
Af A NESNF
54 | MeN N’\/\Q.x MeN” N7 °Ph
)I’S e
o 55/ pp O
+4 Ph
s
58 Ba(x=4NOp | _ L
-6 + | 60— 3c(Xx=4CN) 59 meN” NTTPn
6.1 3b(X=3-NOy)
1 3h
O en
7+ i X = l*’\f\
—72 3i (X=H) 75 MeN N7 Ph
~7.2 3d (X = 4-Me)
T o 3g
cal
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4 \ _Ph,_osiMe,
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+
ol N e
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-10.3 OIMPh
T 298 3¢ (x=4-NMey) | 107 o
\ J ~~
114 )\ M N0
o7 NTY
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Figure 3. Electrophilicities of iminium ions 3.

nucleophiles of sy~ 0.8. This low reactivity of 3f is due to
strong conjugation between the “push” (the dimethylamino
group) and the “pull” component (imidazolidinone). The
X-ray crystal structure of 3f depicted in Figure 1 shows
that the bond lengths in the iminium m-system and the
amino-substituted phenyl ring are highly affected by this
conjugation.

Substitution of the gem dimethyl groups at the C2 posi-
tion of the imidazolidinone ring (3i) by a styryl group leads
to the 10 times more reactive iminium ion 3h. An even
higher acceleration was previously observed when substitut-
ing the gem dimethyl groups (MacMillan first generation)
by a tert-butyl group (MacMillan second generation).”!

Substitution of the phenyl ring of the imidazolidinone in
3i by an indole ring (—3g) does not affect the electrophi-
licity at all. This result is in line with our recent report with
the Gilmour group,™ that introduction of three electron-
donating methoxy groups into the benzylic phenyl ring of
3i (—3j) had little effect on the electrophilicity (Table 3),
whereas perfluorination of the benzylic phenyl group (3i—
3k) increased the reactivity by a factor of 6-9.1%

OMe
MeOQ,
[e] o}
NMe F NMe
MeO ﬁ}“ F ),‘-

! F F
I F I
Clo, clo;

3 3k

==+
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Figure 4 shows a linear correlation between the electro-
philicity parameters £ of the iminium ions 3 and Ham-
mett’s 6 parameters."” The slope of 1.80 corresponds to
a reaction constant of p=1.44 for the reaction with ketene
acetals with an averaged sy of 0.80. According to this
p value, the electrophilic reactivities of the iminium ions 3
are more affected by the variation of the para substituents
than the reactivities of the aryl-substituted quinone me-
thides (0 =0.84)."

5 r
5 | @32
-7+
8
9 E=1.800,"-7.08
R?=0.9514
10
® 3f
11 ! . . . . . )
20 15 10 -05 00 05 10 15

Figure 4. Correlation of the electrophilicity parameter E of the iminium
ions 3 with Hammett’s 0,* parameters.

To examine the applicability of the electrophilicity pa-
rameters of the iminium ions 3 in reactions with other types
of nucleophiles, we have studied the kinetics of the reac-
tions of 3d and 3e with tributylphosphine (8). As these re-
actions proceed on the microsecond timescale, the recently
described laser-flash technique was used.™ For this pur-
pose, the enamino phosphonium ions 9d and 9e were gen-
erated by combination of 3d and 3e, respectively, with one
equivalent of 8 in dichloromethane as illustrated in
Scheme 6. Irradiation of these solutions with 7 ns laser
pulses (266 nm)!™ regenerated the iminium ions 3d and 3e.
In the presence of a large excess of PBu,, their absorbances
decayed monoexponentially to yield the first-order rate
constants k., which were plotted versus the concentrations
of the phosphine 8 to give the second-order rate constants

Ph By Ph
X - (7 nslaser x -
PFg pulse) PF;
SN NCHy L 2Nt NCH3
- A
*P(nBu)y B Bk) ®
nBu)s
9d.9% (= 15.49; s, =0.69) 3d, 3e
Iminium ions 3d (X = Me) 3e (X = OMe)
E -7.2 -8.0
keaed (-1 g7 5.25 x 10° 1.47 x 10°
kP M5 2.42 % 10° 1.16 x 10°
jealed jexp 22 13

Scheme 6. Laser-flash photolytic generation of the iminium ions 3d and
3e and comparison of the calculated (by Equation 1) and experimental
rate constants for their reactions with tributylphosphine (8).

k“*" shown in Scheme 6. From the electrophilicity parame-
ters E of 3d and 3e (Table 3) and the previously reported
nucleophilicity parameters for 8,'” one can calculate k'
for these reactions by Equation (1). Scheme 6 shows re-
markably good agreements between the experimental and
the calculated second-order rate constants, which indicates
the reliability of the iminium electrophilicities listed in
Table 3.

5. Conclusions

In conclusion, we have synthesized a series of substituted,
cinnamaldehyde-derived iminium ions 3 and studied their
structures in the solid and liquid phases. The kinetics of the
reactions of 3 with the ketene acetals 4a and 4b allowed us
to determine their electrophilicitics, which cover almost
five orders of magnitude, which reflects the strong effect of
the substituents at the aromatic ring of the cinnamalde-
hydes 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. As the rate constants for the reactions of the
iminium ions 3d and 3e with tributylphosphine (8), which
are calculated by Equation (1), are in good agreement with
the experimentally determined values, we conclude that the
electrophilicity parameters for the iminium ions 3, which
are reported in this work, can widely be applied for predict-
ing the reactivities of 3 with nucleophiles.

Experimental Section

Iminium Salts 3

Details on the preparation as well as spectroscopic and crystallographic
characterization of the iminium salts 3 are given in the Supporting Infor-
mation and in ref. [12].

Kinetics

Stopped-Flow UV/vis spectroscopy. The kinetics of the reactions of 3
with ketene acetals 4a and 4b were followed by UV/vis spectroscopy in
CH,Cl, by using a commercial stopped-flow spectrophotometer system
(Applied Photophysics SX.18MV-R). The kinetic runs were initiated by
mixing equal volumes of dichloromethane solutions of the nucleophiles
and the iminium salts. The temperature of the solutions during the ki-
netic studies was maintained at (20+£0.2)°C by using circulating bath
cryostats.

Conventional UV/vis spectroscopy: The rates of slow reactions of 4a and
4b with 3 (1,,>15-20 s) were determined by using a J&M TIDAS diode
array spectrophotometer controlled by Labcontrol Spectacle software
and connected to a Hellma 661.502-QX quartz Suprasil immersion
probe (5mm light path) via fiber optic cables and standard SMA con-
nectors. The temperature of the solutions during the kinetic studies was
maintained at (20+0.1) °C by using circulating bath cryostats.

Laser flash photolysis: Solutions of the precursor phosphonium salts 9
with Az =0.5-1.0 (ca. 1x10 *m) were irradiated with a 7 ns pulse
(266 nm, 30-60 mJpulse™') from a quadrupled Nd/YAG laser using
a xenon short-arc lamp as probe light. The system was equipped with
a fluorescence flow cell and a dosage pump, which allows the sample
volume to be completely replaced between subsequent laser pulses.
When the iminium ions 3d and 3e were generated in presence of a large
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excess of phosphane 8, monoexponential decays of the UV/vis absorban-
ces of the iminium ions at their absorption maxima were detected. Typi-
cally, 64 or more individual decay curves were averaged for noise reduc-
tion.

Evaluation of the kinetic measurements: Kinetics under first-order condi-
tions were achieved by applying an excess of the nucleophiles relative to
the iminium ions, that is, the ratio of [4 or 8],/[3],>9, was maintained in
all kinetic experiments. As a consequence, a monoexponential decay of
the absorbance of the iminium ion 3 was detected, from which the first-
order rate constant k. (s ') was derived by a least-squares fitting of the
function A, = Agexp(—kf)+C. According to the relation k,,,=k[Nu],
the first-order rate constants £, depended linearly on the nucleophile
concentrations [4 or 8], whereby the slopes correspond to the second-
order rate constants k, (M~'s™"). Details of the individual kinetic experi-
ments are given in the Supporting Information.
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—Experimental Section—

Reaction products

Preparation of the iminium hexafluorophosphates 3a-c

To a solution of (S)-5-benzyl-2,2,3-trimethylimidazolidin-4-one-HPFs (1b-HPFg) (364 mg,
1.00 mmol) in methanol (5 mL), cinnamaldehyde 2a (dissolved in 2 mL of CH,Cl,) or 2b,c
(1.50 equiv) was added dropwise at ambient temperature. The mixture was stirred for 2
days to obtain the title iminium salts as mixtures with the starting materials.
Recrystallizations from first dichloromethane and then MeCN-Et,0, yielded pure iminium
hexafluorophosphates 3a—c.

Preparation of the iminium hexafluorophosphate 3d

To a solution of (S)-5-benzyl-2,2,3-trimethylimidazolidin-4-one-HPFs (1b-HPFs) (364 mg,
1.00 mmol) in methanol (5 mL), aldehyde 2d (1.05 equiv) was added dropwise at ambient
temperature. The mixture was stirred overnight at ambient temperature and the
precipitate was isolated by filtration, washed (on the filter) with cold methanol (10 mL),
diethylether (10 mL), and dried in the vacuum. Single crystals were obtained by the
diffusion method (acetonitrile/diethylether).

Preparation of the iminium hexafluorophosphates 3e,f

To a solution of (S)-5-benzyl-2,2,3-trimethylimidazolidin-4-one-HPFs (1b-HPFg) (364 mg,
1.00 mmol) in methanol (5 mL), aldehyde 2 (1.05 equiv) was added dropwise at ambient
temperature. The mixture was stirred overnight at ambient temperature. After evaporation
the crude product was recrystallized from dichloromethane/diethyl ether. Single crystals
were obtained by the diffusion method (acetonitrile/diethylether).

3a: Yield: 413 mg (0.789 mmol), 79 %. *H NMR (400 MHz, CD,Cl,): & = 8.87 (dd, J =
10.6, 1.8 Hz, 1 H, 1-H), 8.40 (d, J = 15.2 Hz, 1 H, 3-H), 8.28 (d, J = 8.8 Hz, 2 H, Ar), 7.93
(d, J = 8.8 Hz, 2 H, Ar), 7.32-7.22 (m, 3 H, Ar), 7.15 (dd, J = 15.2, 10.6 Hz, 1 H, 2-H),
7.07-7.05 (m, 2 H, Ar), 5.20 (brt, J = 4-5 Hz, 1 H, 8-H), 3.55 (d, J = 4.8 Hz, 2 H, 9-H),

2.84 (s, 3 H, 16-H), 1.76 (s, 3 H, 4-H), 0.96 (s, 3 H, 5-H); *C NMR @ L6

N

(100.6 MHz, CD.Cl,): & = 168.1 (d, C-1), 164.1 (s, C-7), 164.0 (d, / ﬁ/,, °
9 “ 4

C-3), 151.3 (s), 138.7 (s), 133.5 (s), 132.6 (d), 130.4 (d), 130.1 (d), 2| s
©
129.4 (d), 125.0 (d), 120.1 (d, C-2), 87.0 (s), 65.1 (d, C-8), 37.9 (t, 3 e

C-9), 27.5 (g, C-4), 26.3 (g, C-6), 24.9 (q, C-5); HRMS (ESI+): calcd ©N
for C22H24N303+ [M+] 378.1812, found 378.1810.

3a
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3b: Yield: 366 mg (0.699 mmol), 70 %. 'H NMR (400 MHz, CD3CN): 6 = 8.78 (dd, J =
10.5, 2.0 Hz, 1 H, 1-H), 8.73-8.72 (m, 1 H, Ar), 8.47-8.44 (m, 1 H, Ar), 8.21-8.16 (m, 2 H,
Ar and 3-H), 7.83 (t, J = 8.0 Hz, 1 H, Ar), 7.39-7.22 (m, 5 H, Ar and 2-H), 7.13-7.11 (m, 2
H, Ar), 5.25 (brt, J = ca. 5 Hz, 1H, 8-H), 3.60 (dd, J = 14.7 Hz, 5.7 Hz, 1 H, 9-H), 3.48 (dd,
J=14.7Hz,4.2 Hz, 1 H, 9-H), 2.81 (d, J = 0.5 Hz, 3 H, 6-H), 1.73 (s, ]
3 H, 4-H), 0.89 (s, 3 H, 5-H); *C NMR (100.6 MHz, CDsCN): & = @\j&rﬁs
168.7 (d, C-1), 165.0 (s, C-7), 162.9 (d, C-3), 150.0 (s), 138.1 (d), ° ’
135.6 (s), 134.7 (s), 131.9 (d), 131.2 (d), 130.2 (d), 129.3 (d), 129.2
(d), 125.8 (d), 120.8 (d, C-2), 87.2 (s), 65.6 (C-8), 37.7 (C-9), 27.5
(C-4), 26.2 (C-6), 24.9 (C-5); HRMS (ESI+): calcd for CpH24N3O3*
[M*] 378.1812, found 378.1810.

3c: Yield: 258 mg (0.512 mmol), 51 %. ‘H NMR (400 MHz, CD3CN): & = 8.77 (dd, J =
10.5, 2.0 Hz, 1 H, 1-H), 8.12 (d, J = 15.2 Hz, 1 H, 3-H), 8.00-7.98 (m, 2 H, Ar), 7.94-7.91
(m, 2 H, Ar), 7.35-7.23 (m, 4 H, Ar and 2-H), 7.11-7.08 (m, 2 H, Ar), 5.22 (brt,J=ca. 5
Hz, 1 H, 8-H), 3.57 (dd, J =14.7 Hz, 5.7 Hz, 1 H, 9-H), 3.48 (dd, J =14.7 Hz, 4.1 Hz, 1 H,
9-H), 2.80 (s, 3 H, 16-H), 1.72 (s, 3 H, 4-H), 0.87 (s, 3 H, 5-H); *C NMR o7 ,°
(100.6 MHz, CD3sCN): 8 = 168.6 (d, C-1), 165.0 (s, C-7), 163.2 (d, C-3), %'}/j
137.9 (s), 134.6 (s), 134.2 (d), 132.3 (d), 131.2 (d), 130.2 (d), 129.3 (d), I
121.2 (d, C-2),118.9 (s), 117.6 (s), 87.2 (s), 65.6 (d, C-8), 37.7 (t, C-9), 3 PPe
27.5 (g, C-4), 26.2 (q, C-6), 24.9 (g, C-5); HRMS (ESI+): calcd for N°¢
C23H24N30" [M"] 358.1914, found 358.1912.

3d: Yield: 477 mg (0.969 mmol), 97 %. 'H NMR (400 MHz, CDsCN): & = 8.65 (dd, J =
10.8,1.9 Hz, 1 H, 1-H), 8.14 (d, J =14.9 Hz, 1 H, 3-H), 7.82 (d, J = 8.3 Hz, Ar), 7.45 (d, J
= 8.0 Hz, Ar), 7.33-7.21 (m, 4 H, Ar and 2-H), 7.10-7.07 (m, 2 H, Ar), 5.16 (brt,J=ca. 5
Hz, 1 H, 8-H), 3.57 (dd, J = 14.7 Hz, 5.6 Hz, 1 H, 9-H), 3.48 (dd, J = oy 5
14.7 Hz, 3.6 Hz, 1 H, 9-H), 2.78 (s, 3 H, 10-H), 2.47 (s, 3 H, 16-H), 1.69 %’“ys
(s, 3 H, 4-H), 0.79 (s, 3 H, 5-H); *C NMR (100.6 MHz, CD3sCN): & = ’
167.7 (d, C-1), 166.9 (d, C-3), 165.3 (s, C-7), 148.4 (s), 134.9 (s), 132.8
(d), 131.9 (s), 131.5 (d), 131.1 (d), 130.0 (d), 129.2 (d), 117.4 (d, C-2),
86.3 (s), 65.0 (d, C-8), 37.1 (t, C-9), 27.5 (g, C-10), 26.1 (g, C-4), 24.8
(g, C-6), 22.2 (g, C-5); HRMS (ESI+): calcd for Cy3Hy7N,O [M] 347.2118, found
347.2115.

3e: Yield: 508 mg (0.999 mmol), quantitative. *H NMR (400 MHz, CDsCN): & = 8.55 (dd, J
=10.9, 1.9 Hz, 1 H, 1-H), 8.09 (d, J = 14.7 Hz, 1 H, 3-H), 7.94-7.90 (m, 2 H, Ar), 7.33-
7.27 (m, 3 H, Ar), 7.17-7.07 (m, 5 H, Ar and 2-H), 5.11 (brt, J = ca. 5 Hz, 1 H, 8-H), 3.95

3c
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(s, 3 H, 10-H), 3.57 (dd, J = 14.7 Hz, 5.7 Hz, 1 H, 9-H), 3.45 (dd, J = 14.7 Hz, 3.5 Hz, 1 H,
9-H), 2.77 (s, 3 H, 10-H), 1.66 (s, 3 H, 4-H), 0.75 (s, 3 H, 5-H); *°C w /8

NMR (100.6 MHz, CDsCN): & = 167.1 (s), 166.6 (d, C-1 and C-3), — TgNYj
165.5 (s, C-7), 135.6 (d), 135.0 (d), 131.1 (s), 130.0 (d), 129.1 (d), o o
127.5 (s), 116.5 (d), 115.5 (d, C-2), 85.8 (s), 64.7 (d, C-8), 56.9 (t, ,, 3
C-9), 36.9 (q, C-10), 27.5 (g, C-4), 26.0 (g, C-6), 24.8 (g, C-5): HRMS M*° s

(ESI+): calcd for C3H27N,0," [M*] 363.2067, found 363.2063.
3f: Yield: 521 mg (0.997 mmol), quantitative. "H NMR (400 MHz, CDsCN): 8 =8.20 (d, J =
11.3 Hz, 1 H, 1-H), 7.88 (d, J = 13.9 Hz, 1 H, 3-H), 7.80 (s, 2 H, Ar), 7.31-7.24 (m, 3 H,

Ar), 7.08-7.06 (m, 2 H, Ar), 6.89-6.83 (m, 3 H, Ar and 2-H), 4.92 (br s, 1 H, 8-H), 3.56
(dd, J =14.5Hz, 5.7 Hz, 1 H, 9-H), 3.36 (dd, J =145 Hz, 29 Hz, 1 : o

7 /8

H, 9-H), 3.21 (s, 6 H, 10-H), 2.74 (s, 3 H, 6-H), 1.59 (s, 3 H, 4-H),
0.67 (s, 3 H, 5-H); *C NMR (100.6 MHz, CDsCN): & = 166.3 (s, C-7),
165.2 (d, C-3), 161.4 (d, C-1), 157.3 (s), 135.6 (s), 131.1 (d), 129.7
(d), 128.8 (d), 122.8 (s), 113.8 (d, C-2), 110.1 (d), 84.1 (s), 63.6
(C-8), 40.9 (q, C-10), 36.1 (t, C-9), 27.5 (C-4), 25.8 (C-6), 24.7 (C-5);
HRMS (ESI+): calcd for Co4H30NsO" [M*] 376.2383, found 376.2379.

3-(4-Nitrophenyl)-3-(2-oxotetrahydro-2H-pyran-3-yl)propanal (7).

Silyl ketene acetal 4b (352 mg, 2.04 mmol) was added to a mixture of 3a (717 mg, 1.37
mmol) in CH,Cl, (20 mL) under nitrogen atmosphere. After stirring for 15 min, the
reaction mixture was poured into 20 mL water and extracted with CH,Cl, (2 x 20 mL).
The combined organic phases were washed with brine, dried (MgSO,) and filtered. After
evaporation of solvent under reduced pressure, components were separated by column
chromatography (silica gel, EtOAc/n-pentane 50/50 v/v): 7 (338 mg, 89 %); viscous liquid;
5:1 mixture of diastereoisomers.

'"H-NMR (300 MHz, CDCls): & = 9.71 (major) and 9.67 (minor) (s, 1 on

H, CHO), 8.19-8.14 (m, 2 H, Ar), 7.48-7.43 (m, 2 H, Ar), 4.35-4.07 0
(m, 2 H), 3.94-3.88 (m, 1 H), 3.34-3.07 (m, 2 H), 2.86-2.93 (m, 1 0

H), 1.97-1.52 (m, 4 H); **C-NMR of major diastereomer (75.5 MHz, o

CDCl3): & = 200.0 (CHO), 172.1, 148.5, 147.2, 129.7, 124.0, 68.9, 7

45.8, 44.6, 40.3, 22.6), 22.4; HRMS (El): calcd for Ci4H15s0sN [M*] 277.0950, found
227.0952.
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Kinetics

Kinetics of the reaction of the iminium triflate 3a with the silyl ketene acetal 4a

(in CH.Cl,, 20 °C, stopped-flow method, detection at 350 nm)

o
N
e
[e) .
/@j P®F6 + U/OSIMeS ke products
O2N 3a 4a
[El] (M) [Nu] (M) [NU]/[E] Kobs (S7)
6.25 x 10~ 2.20 x 10°° 35.2 312
6.25 x 10~ 2.75x107° 44.0 403
6.25 x 10~ 439 %107 70.3 529
6.25 x 10~ 5.49 x 107 87.9 640
6.25 x 10~ 6.59 x 107 105 726
6.25 x 10~ 7.69 x 107° 123 848
6.25 x 10~ 8.79 x 1072 141 955
1200 r
y = 94322x + 119.74
1000 | R? = 0.9966
800 r

kobs (5_1) 600

400 |

200 r

0
0.000 0.003 0.006 0.009
[Nu] (M) ———>

k,=9.43 x 10* M s™

308



Kinetics of the reaction of the iminium triflate 3a with the silyl ketene acetal 4b

(in CH.Cl,, 20 °C, stopped-flow method, detection at 350 nm)

O 7/
®
N

|
|

§
O.__OSiMe;
& ..
6 + products
4b

[El] (M) [Nu] (M) [NuJ/[El] Kobs (™)
5.38 x 10~ 5.54 x 10~ 10.3 7.45
5.38 x 107 1.11 x 107 20.6 9.65
5.38 x 10™ 1.66 x 107° 30.9 13.1
5.38 x 107 2.21x107° 41.1 15.8
5.38 x 107 2.77 x 107 51.5 19.7
5.38 x 10™ 3.22x107° 61.7 22.8
5.38 x 10™ 3.88x 107 72.1 25.7

30 r
y = 5718x + 3.7314
R? = 0.9952
20 r
kops (71
10
0

0.000 0.001 0.002 0.003 0.004
[Nu] (M) ——>

k,=5.72x 103 M s
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Kinetics of the reaction of the iminium triflate 3b with the silyl ketene acetal 4a
(in CH.Cl,, 20 °C, stopped-flow method, detection at 343 nm)

O,N ‘ P®Fe + (_/7/08“\/'63 ke products
3b
[El] (M) [Nu] (M) [Nu]/[E] Kobs (S7)
6.15 x 10~ 5.11 x 10 8.31 34.3
6.15 x 10~ 7.67 x107* 12.5 49.1
6.15 x 10~ 1.02 x 1073 16.6 67.3
6.15 x 10~ 153 x 1073 24.9 101
6.15 x 10™° 2.05x 107° 33.3 133
150
100
Kobs (3_1)
y = 64844x + 0.7093
50 f R? = 0.9994
0
0.000 0.002 0.003

[Nu] (M) ——>

k,=6.48 x 10* Mt s™
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Kinetics of the reaction of the iminium triflate 3b with the silyl ketene acetal 4b
(in CH.Cl,, 20 °C, stopped-flow method, detection at 343 nm)

Ko

O,N products
3b
[El] (M) [Nu] (M) [Nu]/[E] Kobs (S7)
6.12 x 10~ 252 %107 41.2 14.0
6.12 x 10~ 3.78 x 107 61.7 18.3
6.12 x 107 5.04 x 1072 82.4 23.9
6.12 x 10~ 7.56 x 1073 124 34.4
6.12 x 107 1.01 x 1072 165 44.3
6.12 x 10~ 1.51 x 1072 247 65.2
6.12 x 10™° 2.02 x 1072 330 83.3
100 r
75
kobs (3_1) 50 r
y = 3975.7x + 3.9664
o5 | R* = 0.9992
0
0.000 0.010 0.020 0.030

[Nu] (M) ———>

k,=3.98 x 103 M*'s™
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Kinetics of the reaction of the iminium triflate 3c with the silyl ketene acetal 4a
(in CH,Cl,, 20 °C, stopped-flow method, detection at 352 nm)

Q%

(0]
®
N
Oj
|
NC 3c

o Os_0siMe,
PFe 4 Q/ ke
- .

products

[El] (M) [Nu] (M) [NUJ/[EI] Kobs (S7)
5.09 x 10™ 5.11 x 107 10.0 35.5
5.09 x 107 7.67 x10™* 15.1 59.0
5.09 x 10 1.02 x 1073 20.0 75.9
5.09 x 10 153 x 1073 30.1 114
5.09 x 10 2.05x 107° 40.3 153

160 r
120
—1
Kops (577) 80 r y = 75293x - 1.0347
R? = 0.9989
40
0
0.000 0.002 0.003

k,=7.53x10*M*'s™

[Nu] (M) ———
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Kinetics of the reaction of the iminium triflate 3c with the silyl ketene acetal 4b
(in CH.Cl,, 20 °C, stopped-flow method, detection at 352 nm)

Q0
4%
Q
PFe +

o)
®
N
! 0. _OSiMe;,
| Ly :
_ =
NG 3c 4b

products
[El] (M) [Nu] (M) [Nu]/[E] Kobs (S7)
413 x10™ 2.04 x10°° 49.4 14.3
413 x 10 3.06 x 107 74.1 19.6
413 x 10 4.08 x107° 98.8 24.8
413 x 107 6.12 x 1073 148 36.5
413 x 107 8.16 x 107 198 47.3
413 x 107 1.22 x 1072 295 67.9
413 x 107 1.60 x 1072 387 88.0
100
y = 5284.3x + 3.6304
R? = 0.9998
75 F
Kobs (3_1) 50
25
0
0.000 0.005 0.010 0.015 0.020

[Nu] (M) ——>

k,=5.28 x 103 M s™
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Kinetics of the reaction of the iminium triflate 3d with the the silyl ketene acetal 4a
(in CH.Cl,, 20 °C, stopped-flow method, detection at 388 nm)

/
N

(0]
®V
)
o O _0SiMe,
‘ PFg + @/ ka
Me 3d 4a

products

[El] (M) [Nu] (M) [NuJ/[El] Kobs (™)
3.13x 107 2.38x107° 76.3 20.9
3.13x 107 2.98 x 107 95.2 25.7
3.13x 107 358 x107° 114 30.7
3.13x107° 4.77 x 1072 152 41.6
3.13x 107 5.96 x 10~ 190 53.0

60
y = 9000.7x - 1.0289
R? = 0.9989
40
Kops (s71)

20 r

0

0.000 0.002 0.004 0.006

[Nu] (M) ——— >

k,=9.00 x 103 Mt s™
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Kinetics of the reaction of the iminium triflate 3d with silyl ketene acetal 4b

(in CH.Cl,, 20 °C, stopped-flow method, detection at 388 nm)

/
N

Q%
d
0. _OSiMes
/@/H FS?:S + U/ k2 products
Me 3d 4b
[El] (M) [Nu] (M) [Nu]/[E] Kobs (S7)
3.41x10™ 5.92 x 10~ 174 3.43
3.41 x 10 8.88 x 107 260 5.23
3.41 x 107 1.15 x 1072 336 6.77
3.41 x 107 1.81 x 1072 532 10.6
3.41 x 107 2.66 x 1072 781 16.0
20 r
y = 605x - 0.1849
2 _
5 | R® = 0.9996
kobs (3_1) 10
5 L
0
0.000 0.010 0.020 0.030

[Nu] (M) ———>

k,=6.05x 10° M s™
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Rate constants for the reaction of Tributylphosphine 8 with 3d (precursor: 9d)
(in MeCN, 20 °C, laser flash photolysis, A = 388 nm)

Ph h Ph
o) v 0
PF: (7 ns laser PE< P(nBu)s
6 6 8
pulse)
N NCHg —— —* Nt NCH; — >
k
*P(nBu), X
9d 3d
-1
[Nu] (M) Kobs (S7)

1.47 x107°  2.76 x 10°
3.09x 107  6.45x 10°
484 %107  1.10x10*
6.29 x 10°  1.43 x 10*
8.02x 107  1.86x 10"

2.0E+04 r
1.8E+04 |
16E+04 |
14E+04 |
1.2E+04 |
1.0E+04 |
8.0E+03
6.0E+03 |
4.0E+03 |
2.0E+03 [
0.0E+00

K obs / S-1

K ops = 2.42 x 10° [Nu] — 8.73 x 10°

R?=0.9997

0 0.02 0.04 0.06 0.08 0.1
[Nu]/ M

k,=2.42 x 10° Mt s™
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(in CH.Cl,, 20 °C, stopped-flow method, detection at 426 nm)

/
N

Kinetics of the reaction of the iminium triflate 3e with the silyl ketene acetal 4a

e
lﬁ%,
/@/H FS?:B . @/OSiMe3 Ky
MeO 3e 4a
[El] (M) [Nu] (M) [Nu]/[E] Kobs (S7)

3.4x107° 2.38x10°° 70.1 5.58
3.4x107° 2.98 x 107° 87.6 6.85
3.4x107° 3.58 x 107 105 8.19
3.4 x107° 477 x107° 140 10.7
3.4 x107° 5.96 x 107 175 14.1
3.4x107° 7.15x 1073 210 16.7
3.4x107° 8.94 x 1072 262 21.1

25 r

y = 2382.2x - 0.2809
20 R® = 0.9988
15
kobs (3_1)

10

5 L

0

0.000 0.004 0.008

[Nu] (M) ———>

k,=2.38x 103 M s
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Kinetics of the reaction of the iminium triflate 3e with the silyl ketene acetal 4b
(in CH.Cl,, 20 °C, conventional UV-Vis method, detection at 426 nm)

Q0
4%
Q
PFe 4+

o)
®
N
' 0. _OSiMe,
| g :
—T
Moo 3e 4b

products
[El] (M) [Nu] (M) [Nu]/[E] Kobs (S7)

2.48 x 10~ 4.36 x 107 176 6.51 x 107*
2.48 x 107 6.55 x 107 264 9.23 x 107"
2.48 x 107 8.73x 107 352 1.24
2.48 x 107 1.09 x 1072 440 1.57
2.48 x 107 1.36 x 1072 548 1.98

2.5

y = 144.92x - 0.0066
20 | R? = 0.9985
kobs (3_1)
0.000 0.005 0.010 0.015

[Nu] (M) ———>

k,=1.45x 10°M*s™
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Rate constants for the reaction of Tributylphosphine 8 with 3e (precursor: 9e)
(in MeCN, 20 °C, laser flash photolysis, A =426 nm)

Ph

Ph

o) hv o)
MeO PFg w (7 ns| laser MeO PFg S//( P(nBu)s
k
*P(nBu); X
9e 3e
[Nu] (M) Kobs (57
1.85x10° 1.55x 10°
3.03x107%  2.46x10°
454 %x107%  4.45x10°
6.49 x 10°  6.76 x 10°
8.07x 107  8.59 x 10°
1.0E+04 r
9.0E+03 |
8.0E+03 |
7.0E+03
< 6.0E+03
7 5.0E+03 |
~ 40E+03 |
3.0E+03 | K ops = 1.16 x 10° [Nu] — 8.03 x 10?
2.0E+03 5
1.0E+03 R®=0.997
0.0E+00 L L !
0.02 0.04 0.06 0.08 0.1
[Nu]/ M

k,=1.16 x 10° Mt s™
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Kinetics of the reaction of the iminium triflate 3fwith silyl ketene acetal 4a
(in CH,Cl,, 20 °C, conventional UV-Vis method, detection at 510 nm)

)

O iMeg 2
‘ F%e + U/OSM k—> products
Me,N 3f 4a
[El] (M) [Nu] (M) [Nu]/[E] Kobs (S7)
1.08 x 10~ 8.25 x 107* 76.1 3.89 x 10
1.07 x 107° 1.09 x 1073 102 4.46 x 107
1.04 x 107° 1.58 x 1073 152 5.31 x 107
1.01 x 107° 2.05x 1073 203 6.44 x 107
1.00 x 107° 2.55x 1073 255 7.47 x 107
0.10
y = 20.746x + 0.0216
0.08 r R? = 0.9977
0.06 |
kobs (3_1)
0.04
0.02 F
0.00
0.000 0.001 0.002 0.003

[Nu] (M) ———

k,=2.07 x 10 Mt s™
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Kinetics of the reaction of the iminium triflate 3f with silyl ketene acetal 4b

(in CH.Cl,, 20 °C, stopped-flow method, detection at 510 nm)

! 0. _OSiMe;,
‘ P®FG + O/ ko products
Me,N 3 4b
[El] (M) [Nu] (m) [Nu]/[E] Kobs (57
1.09 x 107° 2.22 x107° 204 3.71x107°
1.06 x 107° 2.59 x 1073 245 427 x 107
1.05 x 107° 3.44 x 1072 326 5.26 x 107
1.06 x 107° 4.33%x107° 407 6.29 x 107
1.07 x 107° 5.28 x 107 489 7.69 x 1072
1.02 x 107 6.23 x 107° 611 9.03x 107
0.010 r
y = 1.3079x + 0.0008
0.006 f
Kobs (5_1)
0.004
0.002
0.000
0.000 0.002 0.004 0.006 0.008

[Nu] (M) ———>

k,=131M*s™?
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ABSTRACT: X-ray structures of enamines and iminium ions derived from
2-tritylpyrrolidine (Maruoka catalyst) and 2-(triphenylsilyl)pyrrolidine
(Bolm—Christmann—Strohmann catalyst) have been determined. Kinetic
investigations showed that enamines derived from phenylacetaldehyde and
pyrrolidine (R = H) or 2-(triphenylsilyl)pyrrolidine (R = SiPh,) have similar
reactivities toward benzhydryl cations Ar,CH' (reference electrophiles),

CHAr,

Ph Ph
_\\_N - AFZCH+ _k-. —(la)
X H SiPh;  CPhy
ke 1.0 072 0.038

while the corresponding enamine derived from 2-tritylpyrrolidine (R =

CPh;) is 26 times less reactive. The rationalization of this phenomenon by negative hyperconjugative interaction of the trityl
group with the lone pair of the enamine nitrogen is supported by the finding that the trityl group in the 2-position of the
pyrrolidine increases the electrophilic reactivity of iminium ions derived from cinnamaldehyde by a factor of 14. The
consequences of these observations for the rationalization of the reactivity of the Jorgensen—Hayashi catalyst (diphenylprolinol

trimethylsilyl ether) are discussed.

B INTRODUCTION

Enamine formation has emerged as a powerful mode of
activation in organocatalysis. This methodology is based on the
use of chiral secondary amines as catalysts to transform achiral
carbonyl derivatives into chiral enamines, which subsequently
react with electrophiles to yield enantioenriched a-function-
alized carbonyl compounds.' The design of effective catalysts
for enamine activation has commonly been based on two
factors: hydrogen bonding and steric shielding.”

The first factor, i.e., hydrogen bonding, was probed by List,
Barbas, and Lerner for proline-catalyzed enantioselective
intermolecular aldol reactions.® In this process, as well as in
many other proline-catalyzed reactions, the carboxylic proton
activates the electrophile through hydrogen bonding and directs
the electrophile to the Re face of the enamine (Scheme 1).

Scheme 1. Hydrogen Bonding and Steric Control in
Enamine Activated Reactions

Hydrogen-bond directing Steric effect

— A I A

:\N Ar N

N OSiMe; Ar

1b

Bolm, Christmann &
Strehmann

t
—‘;Q:-NE !
o

1a

List, Barbas & Lerner  Ley & Yamamoto 3 Hayashi & Jorgensen Maruoka

+
H—o o
YeX

=l
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The corresponding transition state was proposed by List and
Houk to rationalize the enantioselectivity in proline-catalyzed
reactions.” Inspired by this work, researchers have developed a
large number of bifunctional catalysts, which were expected to
operate by a mechanism similar to that for proline.®

The second factor, which has been employed for the
development of other generations of organocatalysts, is the
steric effect, and various pyrrolidines bearing a bulky
substituent at the 2-position were used for enamine-activated
reactions. Diphenylprolinol trimethylsilyl ether, for instance,
also known as the Jorgensen—Hayashi catalyst, has been shown
to be a powerful catalyst in enamine-activated reactions as well
as in many other modes of activation (Scheme 1).10emi6

Substitution of the trimethylsiloxy group in the Jorgensen—
Hayashi catalyst by a phenyl ring yields Maruoka’s catalyst 1a,
which showed high efficiency in enamine-activated asymmetric
benzoyloxylations and hydroxyaminations of aldehydes” but
gave only moderate yields and diastereoselectivities in Michael
additions of aldehydes to nitroolefins (Scheme 2).%*

Better yields and diastereoselectivities have been reported
simultaneously by Bolm et al. as well as by Christmann,
Strohmann, et al, when 2-silyl-substituted pyrrolidines were
used.® In particular, 2-(triphenylsilyl)pyrrolidine (1b) and 2-
(tert-butyldiphenylsilyl)pyrrolidine provided high diastereo-
and enantioselectivities.”

Christmann et al. have attributed the higher efficiency of 1b
compared with 1a to the larger steric effect (C—Si longer than



Scheme 2. Michael Addition of Propionaldehyde to
Nitrostyrene Catalyzed by the Pyrrolidines 1a,b**

Q‘CPha Q"'Sil‘—‘h:
H H

catalysts:
(S)-1a (S)-1b

(S)-1a (10 mol%) j\'jh\,uo 52 %,
— 2 dr78:22

o hexane, 4°C, 12 h H ! er98:2

HJH v pr SN0z )
Me o Ph

(S)-1b (10 mol%) : 97 %

hexane, 20 °C, 48 HJJ\_/\/NQZ dr95:5

n3|e er97:3

C—C) and higher polarization of the C—Si bond in comparison
to the C—C bond.** MP2 calculations by Mersmann, Raabe,
and Bolm showed that p-trimethylsilyl-substituted iminium
ions, analogues to those formed from 1b and aldehydes
(Scheme 3), are stabilized by the interaction of the Si—C o
bond with the 7% orbital of the C=N double bond.’

Scheme 3. Resonance Structures of f-Silyl-Substituted
Iminium Ion
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We now report on structural and kinetic investigations of the
role of trityl and triphenylsilyl substituents on the catalytic
activities of the corresponding pyrrolidine derivatives.

In previous work, we have shown that the reactivities of
benzhydrylium ions (Table 1), quinone methides, Michael

Table 1. Benzhydrylium Ions 4a—g Employed in This Work
and Their Electrophilicity Parameters E

oo

reactivity scales for electrophiles and nucleophiles covering
more than 35 orders of magnitude.’ This methodology has
now been employed to characterize the nucleophilicities of the
enamines 3 derived from phenylacetaldehyde (2) and the
pyrrrolidines lab and to compare them with that of the
corresponding enamine derived from the Jorgensen—Hayashi
catalyst.

B RESULTS AND DISCUSSION

Synthesis of the Enamines 3a—c. The enamines 3ab
were obtained as colorless crystals by condensation of the
racemic amines lab and phenylacetaldehyde 2 in dry toluene
inlghe presence of molecular sieves (4 A), as shown in Scheme
4.

Scheme 4. Synthesis of the Enamines 3a,b

(_)\ o] Q\x
oo A, .
H toluene, r.t., 40 min %
Ph molecular sieves (4 A)
Ph
1a (X = CPhy) 2 3a (68 %)
1b (X = SiPh;) 3b (58 %)

Single crystals suitable for X-ray diffraction were grown by
vapor diffusion of n-pentane into dichloromethane solutions of
3a,b."® Enamines 3a,b both have E-configured double bonds
and adopt the s-trans conformation, as shown in Figure 1.

Figure 1. X-ray structures of the enamines 3a (left) and 3b (right).

Benzhydrylium Ion E

4a X = NPh, —-4.72
4b X = N(CH,CH,),0 -5.53
4¢ X = N(Ph)(Me) -5.89
4d X = NMe, -7.02
4e X = N(CH,), -7.69
4f (n=2) H -8.22
48 (n=1) ()n -8.76

’ w UG e

“Electrophilicities E were taken from ref 10b.

acceptors, and iminium ions with n, 6, and 7 nucleophiles can
be described by the linear free energy relationship (1), where sy
and N are solvent-dependent nuc]eoghi]efspeciﬁc parameters
and E is an electrophilicity parameter.'’

log k,(20° C) = syy(E + N) (1)

By studying the rates of various electrophile—nucleophile
combinations, we have been able to establish comprehensive
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The olefinic bonds (C*=C”) of both enamines 3a,b have
comparable bond lengths, 1.347 and 1.339 A, respectively,
showing that the substituents at the 2-position of the
pyrrolidine ring do not significantly affect the structures of
the enamines. Accordingly, the Dunitz parameters'* for the
enamine nitrogen, which is defined as the distance between the
nitrogen and the center of the plane defined by the three
nitrogen ligands, were measured to be 0.04 and 0.09 A,
respectively, indicating that both enamines 3ab are almost
planar.

The NOESY spectra of 3ab (in CDCly) reveal strong
interactions between a-H and the 2-H as well as between f-H
and 5-H (see numbering in Table 2) and thus confirm that the
s-trans conformations observed in the crystals also dominate in
solution.

Though correlations between *C NMR chemical shifts and
charge densities have to be interpreted with caution, the
distance between the substituents X in the 2-position and C¥ is
so large that the increased shielding of C” in the order 3a < 3c
< 3b might be assigned to the relative electron densities on C.



Table 2. NMR Chemical Shifts for the Enamines 3a—c (in
CDCl,) and the Corresponding Iminium Ions 5a—c (in
CD,CN)

4 3

s o
N X

Ph._k
a(l ¢
Ph OA®
3a—c MeO' sac OMe
compd X a(C"3) 5(C”3) 5(C%5)
3a or 5a CPh; 136.9 98.0 178.0
3b or 5b SiPh, 1369 97.1 174.0
3c or 5¢ H 135.8¢ 97.4% 176.6

“From ref 12.

The differences are so small, however, that ground state effects
in enamines 3a—c cannot explain the different catalytic
activities of the corresponding pyrrolidines.

Products of the Reactions of the Enamines 3a,b with
Benzhydrylium lons. Combination of the enamines 3a—c
with the dimethoxybenzhydrylium tetrafluoroborate 4h-BF, in
dichloromethane at 20 °C resulted in quantitative formation of
iminium salts (5a—c)-BF, (Scheme 5), which crystallized from
a mixture of dichloromethane and n-pentane or acetone,
yielding crystals suitable for X-ray diffraction analyses (Figure

2}.15

Scheme 5. Reactions of the Enamines 3a—c with the
Electrophiles 4d,h,i

N il Bre
H O L, Tmmr
=
MeQ' rt. 30 min MeO OMe
Ph
3a (X = CPhy) 4h-BF, 5a (quantitative, dr 1 : 20)
3b (X = SiPhg) 5b (quantitative, dr 1 : 5)
3¢ (X=H) 5c (quantitative)
o]
Ph
1) CH,Cl, H
s (170
+ - .
(X= cpn,) 2)AcOH, H0 o g
4i-Cl 6a (39 %)
o}
Ph
BFY 1) CHCla, H
g A O
+ —_—
X= SlPh3) Me,N NMe, 2)ACOH HO o NMe;
4d-BF, 6b (38 %)

The iminium ions formed analogously from 3a and the
benzhydryl chloride 4i-Cl and from the combination of 3b and
the benzhydrylium tetrafluoroborate 4d-BF, were not isolated
but hydrolyzed with aqueous acetic acid to give the
corresponding aldehydes 6a,b (Scheme 5).

The X-ray structures depicted in Figure 2 show that the
major diastereoisomers of the iminium ions Sab have a syn
configuration and an E configuration about the C=N bond.
While lengthening of the C—Si bond from 1.889 A in enamine
3b to 1.924 A in iminium 5b can be explained by the
interaction of the C—Si & bond with 7% of the C=N bond in
5b (see above), the expected complementary lengthening of
the C=N bond in 5b due to electron donation into the 7%y
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orbital is not observed, as the C=N bond lengths are almost
the same in 5a (1.273 A), 5b (1.278 and 1.272 A), and 5c
(1.271 A).

Further evidence for the interaction of 6_g; with 7%y can
be derived from the *C NMR chemical shifts of C" of the
iminium ions § (Table 2). While §(C”) is exactly the same in
enamines 3a,b, C” is shifted to high field by 4 ppm in the silyl-
substituted iminium ion 5b in comparison to the trityl-
substituted analogue Sa. As the nitrogen atoms are coordinated
in a trigonal-planar fashion in enamines 3 (Figure 1) and in the
iminium ions § (Figure 2), geometrical differences cannot
account for the differences in chemical shifts. The observation
that 5(C”) is more shielded in 5b than in Sa,c can thus be
assigned to the electron-donating effect of the o_g bond.”

Kinetics. All kinetic investigations were carried out in
dichloromethane at 20 °C by following the disappearance of
the colored benzhydrylium ions 4a—g in the presence of more
than 10 equiv of the enamines 3a—c (first-order conditions).
The first-order rate constants k., were obtained by least-
squares fitting of the single exponential A; = Ay exp(—kg, t) to
the decays of the UV—vis absorbances of the electrophiles.

Plots of ky, (s™') against the concentrations of the
nucleophiles 3a—c were linear, as exemplified for the reaction
of 3a with 4¢ in Figure 3. Negligible intercepts for these plots
were found for the reactions which proceeded quantitatively,
while positive intercepts were found for the reactions which led
to an equilibrium (for details see the Supporting Information).
In both cases, the second-order rate constants k, were extracted
from the slopes of the plots of k,, against [3], (Table 3).

Figure 4 shows linear correlations between the logarithms of
the second-order rate constants (log k,) and the previously
published electrophilicity parameters E of the benzhydrylium
ions, as required by eq 1. The slopes of the correlation lines
yield the nucleophile-specific sensitivity parameters sy, and the
intercepts on the abscissa give the nucleophilicity parameters N,
which are given in Table 3.

The similar values of the slopes (0.93 < sy < 1.06) of the
correlation lines imply that the relative nucleophilicities of the
enamines 3a—c are only slightly affected by the reactivities of
the electrophilic reaction partner.

Lewis Basicities of the Enamines 3a—c. As the reactions
of the enamines 3a—c with some benzhydrylium ions
proceeded incompletely, we have also studied the correspond-
ing equilibrium constants by UV—vis spectroscopy.

Assuming proportionality between the absorbances and the
concentrations of the benzhydrylium ions, the equilibrium
constants for the reactions (eq 2) can be determined from the
initial absorbances (A;) of the benzhydrylium ions and the
absorbances at equilibrium (A) according to eq 3 and are given
in Table 4.

K
ArCH" + Nu = A,CH-Nu*

CH,Cl, (2)
_ [AnCH-Nu'] A4, -4
[A,CHY][Nu]  A[Nu] (3)

Equilibrium constants for the reactions of 3b with the
benzhydrylium ions 4e—g could be determined in this way, and
the ratio of the equilibrium constants for the reactions of 3b
with 4e and 4g (K,./Ky, = 3.70; log(K,./K,,) = 0.57) was in
good agreement with that derived from a statistical treatment of
the equilibrium constants for the reactions of these two



Figure 2. X-ray structures for the iminium ions 5a (left), b (center), and Sc (right). Hydrogens and the counterion BF,” are omitted for clarity.

0 kobs = 3.56 x 10% [3a] + 0.08

06 2 R? = 0.9985
05 15
‘ kops (57")
0.4 10
A 03 ST
! 0 - . g
02 0.0000 0.0002 0.0004 0.0006
01 [3a] (mol L) —
Kops = 14.5 571
0 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5
tls

Figure 3. Exponential decay of the absorbance A at 613 nm during the
reaction of 4¢ (1.12 x 1075 M) with 3a (4.01 X 10~ M). Inset: plot of
the rate constant k,,, versus [3a] (20 °C in CH,CL,).

Table 3. Second-Order Rate Constants k, for the Reactions
of the Benzhydrylium Salts 4a—g with the Enamines 3a—c in
CH,CL, at 20 °C

enamine electrophile ky/M™! 57! N, sy

3a (X = CPhy) 4a 7.66 x 10° 10.19, 1.06
4b 640 X 10*
4c 3.56 x 10*
4d 2.56 % 10°

3b (X = SiPh,) 4d 471 x 10* 11.77, 0.98
4e 8.97 x 10°
af 325 x 10°
4g 877 % 10°

3c (X =H) 4c 848 x 10°¢ 12.26, 0.93
4d 6.60 X 10*
4e 1.86 x 10*

“This value was determined under second-order conditions (small
excess of 3c).

benzhydrylium with a large number of Lewis bases (ALA =
0.70; see Table 4). For that reason, the difference of the Lewis
acidities of 4e and 4d (ALA = 1.16) could also be used to
calculate the equilibrium constant for the reaction of 3b with
4d (8.02 x 10* M™'), which is too large to be directly
measured.

From the ratio of the equilibrium constants for the reactions
of 3ab with 4d, we can now derive that the triphenylsilyl-
substituted enamine 3b is a 76 times stronger Lewis base than
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Figure 4. Plots of log k, for the reactions of the enamines 3a—c with
the benzhydrylium ions 4a—g versus their electrophilicity parameters E
in CH,Cl, at 20 °C.

Table 4. Equilibrium Constants K (M™') and Reaction Free
Energies AG® (IJ mol™") for the Reactions of the Enamines
3a—c with the Benzhydrylium Ions 4 in CH,Cl, at 20 °C

enamine Ar,CH" LA K AG®

3a (X = CPh,) 4d -9.30 1.05 x 10° -17.0
3b (X = SiPhy) 4d —9.30 (8.02 x 104" (-27.5)
4e —10.46 5.55 % 10° -21.0

4f —10.92 163 x 10° —180

4g —-11.16 1.50 x 10° -17.8

3¢ (X =H) 4e —10.46 1.87 x 10° —184

“LA = Lewis acidity derived from equilibrium constants for the
reactions of p- and m-substituted benzhydrylium ions with a variety of
Lewis bases (pyridines, phosphines, etc.). ALA values equal A(log K)
in dichloromethane at 20 °C.'® ¥Calculated as described in the text.

the trityl-substituted enamine 3a. The thermodynamic effect of
the triphenylsilyl stabilization is thus 4 times larger than the
kinetic effect derived from the relative rates of the reactions
with 4d (ky,/k;, = 18, Table 3).

While the reaction of 4e with the triphenylsilyl-substituted
enamine 3b is 2 times slower than the corresponding reaction



with the parent 3¢ (Table 3), the equilibrium constants for
these reactions showed that the triphenylsilyl-substituted
enamine 3b is an about 3 times stronger Lewis base than the
parent enamine 3c (Table 4), indicating that the hyper-
conjugative stabilization of the triphenylsilyl-substituted
iminium ion is not yet effective in the transition state of the
electrophilic additions to 3b.

Origin of the Trityl Effect. Why is the trityl-substituted
enamine 3a approximately 26 times less reactive than the
parent enamine 3c? Since the planar arrangement of the
nitrogen substituents in 3a was shown by X-ray analysis (Figure
1), we can exclude perturbation of the enamine resonance as
the origin of the low reactivity of 3a. Shielding will block one
face of the enamine 3a and can account for a reduction of the
nucleophilic reactivity by a factor of 2.

In order to rationalize the remaining effect, we must
conclude that the trityl group acts as an electron acceptor in
3a. However, when standard reactions to determine Hammett
constants had been employed, ie., reactions of substituted
benzoic acids with diphenyldiazomethane or alkylation of
phenolates with iodoethane, Hammett o constants close to 0
were found (Table 5).'” Consequently, the trityl group was
considered to be an electronically neutral substituent,
comparable to H.

Table 5. Determination of the Hammett ¢ Constant for the
Trityl Group®

]
+ R
- 353‘532 H%;@ products
S—N=N ph—7—N=N
Ph>_ PR
7 N\ _ 0,0 ks VAR
lo) - ——
35°C
X ky/M7! 57! ky/s7!
m-CH, 1.54 x 1072 7.70 % 107
H 1.83 x 107* 648 X 107*
m-Ph,C 1.85 x 1072 765 x 107
p-PhyC 2.01 X 1072 743 x 107
p-Cl 312 x 1072
p-Br 321 x 107 363 x 107*
m-Cl 290 x 107"
p-NO, 8.80 x 1072 5.08 x 107°

“Data from ref 17.

If, on the other hand, the trityl group really acted as an
electron acceptor in enamine 3a, and thus would be the major
reason for the reduced nucleophilicity of 3a, the opposite effect
should be operating in iminium ions: ie., iminium ions derived
from 2-tritylpyrrolidine would be expected to be more
electrophilic than the corresponding iminium ions derived
from the parent pyrrolidine.

Unfortunately, we have not been able to synthesize a
persistent iminium ion from 1b and phenylacetaldehyde. It was
possible, however, to prepare the cinnamaldehyde-derived
iminium ion 7a in analogy to a procedure described by
Gilmour and co-workers.'® The reaction of 7a-PF4 with the
cyclic ketene acetal 8a gave 71% of the conjugate addition
product 11 after aqueous workup (Scheme 6), in analogy to
our e]agrlier studies with other cinnamaldehyde-derived iminium
ions.
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Scheme 6. Reaction of the Trityl-Substituted Iminium Ion 7a
with the Silyl Ketene Acetal 8a in Dichloromethane at 20 °C

. MEgSiO\G i‘_ Phe N?
o Measio%\l o Ph;
o/ PFé
9

@
PhoazN

pFS  CPhy
Ta-PFg 8a
desilylation l
Ph =0 Ph N’?
-—
q\g\' aq. workup 'l\gg\' CPhg
11 (71 %) 10

Kinetic investigations of the reactions of 7a with the ketene
acetals 8a,b, following the previously described procedure,’
showed that 7a is indeed about 10 times more reactive than the
iminium ion 7¢ (Table 6).

Table 6. Comparison of the Electrophilic Reactivities of the
Iminium Ions 7a,c (k,/M™' s7', in CH,Cl, at 20 °C)

me\?@ Pro N
CPhs

Ta Tc
Iminium lons Nucleophiles

MagsiO@ Me;SiO._~

8a
g D

7a 1.00 x 10° 4.81 % 10*
7c 1.30 x 10%¢ 3.49¢

“From ref 19a.

These observations prompted us to rationalize the low
nucleophilic reactivity of the trityl-substituted enamine 3a by a
negative hyperconjugative effect, as depicted in Scheme 7.

Scheme 7. Negative Hyperconjugation in the Trityl-
Substituted Enamine 3a
{0

T

Sphs

This interaction, which reduces the nucleophilic reactivity of 3a,
is on the other hand a product-stabilizing factor in the
formation of the enamine 9 by nucleophilic attack at the
iminium ion 7a (Scheme 6) and thus explains the increase of
iminium reactivity by trityl substitution in the pyrrolidine.

Our postulate of a negative hyperconjugative effect of the
trityl group is not supported by geometrical parameters, as the
distance of the trityl group from the pyrrolidine ring (C3—C2
in Figures 1 and 2) is almost the same in the enamine 3a (1.574
A) as in the iminium ion 5a (1.577 A). Probably, the negative
hyperconjugative effect, which may explain the approximately 5
kJ mol™" difference in activation energies, is too small to be
visible in geometrical changes.

These observations have an important consequence for the
interpretation of the reactivities of iminium ions and enamines
derived from the Jorgensen—Hayashi catalyst.'>'® As shown in
Table 7, the CPh,(OSiMe;) substituent of the Jorgensen—



Table 7. Comparison of the Effects of the CPh,(0SiMe;)
Substituent (Jorgensen—Hayashi Catalyst) and CPh,
(Maruoka Catalyst) on the Nucleophilicities of Enamines
and Electrophilicities of Iminium Ions (k,, in CH,Cl, at 20
Oc)

Reaction X=H CPh, CPh,(OSiMe;)
ph/%/'Q + 4d 1.0 1/26 1/28¢
X
®
Ph ~N + 8b 1.0 12 19
X

“Calculated from k = 2.33 x 10° M~ s™! for the reaction of the 2-
(CPh,(OSiMe,))-substituted enamine with 4d in MeCN."? “Calcu-
lated from k = 67.0 M~ s™" for the reaction of the 2-(CPh,(OSiMe,))-
substituted iminium ion with 8b.'”*

Hayashi catalyst deactivates the enamine only slightly more
than the CPh, substituent in the Maruoka catalyst. Vice versa,
the CPh,(OSiMe;) group has only a slightly larger activating
effect on the iminium ion than the trityl group.

For these reasons our earlier explanation of the
CPh,(0SiMe;) effect by the electronegativity of oxygen'? can
only account for a minor fraction of the effect and we now
suggest that negative hyperconjugation of the CPh,(OSiMe;)
group also accounts for the reactivities of the intermediates of
“Jorgensen—Hayashi catalyzed” reactions.

B CONCLUSION

The X-ray structures of the enamines 3ab derived from the
reactions of phenylacetaldehyde with 2-tritylpyrrolidine (1a)
and 2-(triphenylsilyl)pyrrolidine (1b), respectively, indicate
almost perfect planarity of the enamine nitrogen and closely
resemble that previously reported”" for the analogous enamine
derived from the Jorgensen—Hayashi catalyst.

Equilibrium measurements showed that the hyperconjugative
interaction of oc_g with 7%y increases the Lewis basicity of
enamine 3b by a factor of 3 relative to that of the parent
compound 3¢, corresponding to a factor of 6 if the reduced
symmetry (two faces accessible in 3c) is taken into account.
This interaction is not yet effective in the transition states of the
electrophilic additions, as the silylated enamine 3b reacts with
the same rate as one face of the enamine 3c (Figure 5).

Though the trityl group had previously been reported to be
an electronically neutral substituent with a Hammett
substituent constant of ¢ & 0,' the trityl group behaves as
an electron-withdrawing substituent at the 2-position of

log ks (4d)
[ ) Ph
N .
Si-
N Ph
5 482 r
— 7 3 467 Ph
Ph 3b
Ph
4k _Ph _Ph
N C-Ph N~ G~Ph
337 OSiMes 341 Ph
3a
3k Ph Ph

Figure 5. Reactivities of the enamines 3a—c toward 4d (data from
Table 3 and ref 12).
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pyrrolidine, which we explain by negative hyperconjugation.
This effect rationalizes why the trityl-substituted enamine 3a is
26 times less nucleophilic than the parent analogue 3¢ and the
trityl substituted iminium ion 7a is 8—14 times more
electrophilic than the parent analogue 7c.

Comparison of the reactivities of the 2-tritylpyrrolidine-
derived enamine 3a and the 2-tritylpyrrolidine-derived iminium
ion 7a with the corresponding Jorgensen—Hayashi pyrrolidine-
derived analogues (Table 7) indicates that the CPh; group and
the CPh,0OSiMe; group exert similar electronic effects on the
enamine and iminium intermediates of organocatalytic
reactions. This similarity rules out specific interactions between
the OSiMe; group and the 7 system of the intermediate
enamines or iminium ions.

For that reason, the high stereoselectivity observed in
reactions catalyzed by the Jorgensen—Hayashi pyrrolidine can
be entirely assigned to a steric effect. Seebach and co-workers
have demonstrated that the enamines and iminium ions derived
from 2-(CPh,OSiR;)-substituted pyrrolidines preferred syncli-
nal-exo conformations, in which the silyloxy substituent shields
one face of the trigonal reaction center,”"™” Thus, steric effects
can also explain why even higher stereoselectivities have been
observed when the OSiMe; substituent was replaced by the
OSiPh,Me group.*'™*** While 2-tritylpyrrolidine (1a) cata-
lyzed stereoselective additions of aldehydes to nitrostyrenes less
efficiently than the Jorgensen—Hayashi catalyst,* high
enantioselectivities for la-catalyzed reactions have so far only
been reported for a-benzoyloxylations and hydroxyaminations
of aldehydes.” It is not clear whether the small number of
reports using la as an or§anC)u::atzzl)(st—"’ga’c'23 is due to its less
convenient accessibility’>* or its poorer performance in
comparison to the Jorgensen—Hayashi catalyst in other
enamine activated reactions.
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— Experimental Section—

Reaction products

(E)-1-((E)-3-phenylallylidene)-2-tritylpyrrolidin-1-ium hexafluorophosphate
(rac-7a-PFg)
Ph

O_Ti ? Et;N-HPFg N ph

N
N a H MeOH, 1 h, rt H o
H Ph | o | PFg
1a Ph

7a-PFg (71%)

The amine rac-la (332 mg, 1.06 mmol) and triethylammonium hexafluorophosphate
(0.26 g, 1.1 mmol) were dissolved in anhydrous methanol (3 mL), then cinnamaldehyde
(0.15 mL, 1.2 mmol) was added. After stirring the resulting mixture for 1 h at ambient
temperature the precipitated powder was filtrated, washed with diethyl ether and dried in
the vacuum to give 7a-PFs (430 mg, 0.750 mmol, 71 %) as a pale yellow powder.

'H NMR (400 MHz, CDsCN): 6 8.09 (d, J = 10.0 Hz, 1 H), 7.75-7.78 (m, 2 H), 7.60-7.65
(m, 1 H), 7.51-7.55 (m, 2 H), 7.47 (d, = 15.3 Hz, 1 H), 7.32-7.43 (m, 15 H), 7.06 (dd, J =
15.2 Hz, J=10.5Hz, 1 H), 6.11 (d, J = 8.6 Hz, 1 H), 3.79-3.87 (m, 1 H), 3.30-3.38 (m, 1
H), 2.65-2.76 (m, 1 H), 2.25-2.32 (m, 1 H), 1.67-1.77 (m, 1 H), 0.34-0.46 (m, 1 H).

3C NMR (100.6 MHz, CDsCN): & 168.1 (d), 162.8 (d), 143.3 (s), 135.2 (s), 134.5 (d),
131.6 (d), 131.1 (d), 130.5 (d), 129.7 (d), 128.4 (d), 119.3 (d), 73.5 (d), 64.0 (s), 55.9 (1),
29.9 (1), 22.3 (1).

HRMS (ESI): m/z calculated for Cs;,H3oN™ (7a): 428.2373; found: 428.2379.

3-(2-Oxotetrahydrofuran-3-yl)-3-phenylpropanal (11)

The iminium salt rac-7a-PFs (50.0 mg, 87.2 pmol) was dissolved in anhydrous
dichloromethane (5 mL) under inert gas atmosphere, then the silyl ketene acetal 8a (20.0
mg, 126 pmol) was added. After stirring the resulting mixture over night at ambient
temperature, deionized water was added. The organic layer was separated and the
aqueous one extracted with dichloromethane. The organic layers were combined, dried
(Na;S0,), the volatiles were evaporated and the residue was purified by flash column
chromatography on silica gel (pentane/ethyl acetate 10:1—2:1) to give rac-11 (13.5 mg,
61.9 umol, 71 %) as a viscous yellow liquid in a mixture of two diastereomers in the ratio
of 1:1.
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'H NMR (400 MHz, CDCls): & (9.73-9.74, 9.67-9.68) (m, 1 H), 7.21-7.34 (m, 5 H), (4.01—
4.16, 3.47-3.79) (m, 2 H), 3.59-3.69 (m, 1 H), (3.34-3.46, 2.81-3.09) (m, 3 H), (2.25—

2.33,1.99-2.11, 1.83-1.93) (m, 2 H).

13C NMR (100.6 MHz, CDCls): 6 200.8, 200.4, 177.9, 177.8, 140.7, 140.0, 129.2, 129.1,
128.4,128.2,127.8, 127.7, 66.7, 66.4, 47.7, 45.8, 43.9, 43.5, 39.9, 39.5, 27.3, 26.2.
HRMS (EIl): m/z calculated for C13H1405™ (M™): 218.0937; found: 218.0947

Kinetics

Kinetics of the reaction of the enamine 3¢ with 4c-BF,

(CH.ClI,, 20°C, stopped-flow, detection at 622 nm)

BFj;

H ©
Me .
N N
Ph Ph

+
Me

@

N

¢

Ph
4c-BF, 3c
Experiment [3clo [4c]o Ko
(mol L™ (mol L™ (L mol™*s™)
A 3.13x 107 1.18 x 10™° 8.37 x 10°
B 3.66 x 10 1.19 x 10° 8.45 x 10°
C 4.18 x 10™° 1.17 x 10° 8.30 x 10°
D 4.70 x 107° 1.22 x107° 8.55 x 10°
E 1.04 x 107 1.18 x 10° 8.71 x 10°
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All kinetic measurements of the reaction of 3c with 4c were performed under

second-order conditions. [4c]; was derived from the absorbance at 622 nm assuming the

validity of the Lambert-Beer law according to the relation [4c]; = A/(ed) with g(4c-BF,)

=1.42 x 10° L mol™* cm™* and d = 0.5 cm.
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Kinetics of the reaction of the iminium salt 7a-PF¢ with the ketene acetal 8a (CH,Cl,,

20°C, stopped-flow, A = 359 nm)

(@) P

N~ "C~ph OSiMe;
I Ph /
Ph

7a-PFg 8a
[7a] [8a] [7a]/[8a] Kobs
(mol L™ (mol L™) (s™
3.33x 10 1.22 x 1073 36.6 1.40
3.33x 10 1.46 x 103 43.8 1.63
3.33x 10 1.94 x 1073 58.3 2.11
3.33x 10 2.44 x 1073 37.2 2.62

Kops = 1.00 x 10° [8a] + 0.172
R? =0.9999

Kobs (3_1)

0.0000 0.0010 0.0020 0.0030

[8a] (mol L™y ———

k,=1.00x 103 M*'s™
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Kinetics of the reaction of the iminium salt 7a-PF¢ with the ketene acetal 8b (CH,Cl,

20°C, stopped-flow, A = 359 nm)

o) _Ph
NS OSiMes
I Ph y
Ph
7a-PFg 8b
[7a] [8b] [7a]/[8b] Kobs
(mol L™ (mol L™) (s™
3.33x 107 497 x 107 14.9 2.82 x 107
3.33x 107 7.45 x107* 22.4 3.99 x 107
3.33x 10 9.94 x 107 29.8 5.15 x 107
3.33x 10 1.24 x 1073 37.2 6.39 x 1072
3.33x 10 1.49 x 1073 44.7 7.56 x 107
3.33x 10 1.73x107° 52.0 8.75 x 107
3.33x 10 1.99 x 1073 59.8 9.97 x 1072
0.12
kops = 4.81 x 10" [8b] + 0.004
R? = 0.9999
0.09 r
kobs (™) 0.06
0.03
o 1 1
0.0000 0.0006 0.0012 0.0018
[8b] (mol L™') ————
k,=48.1 M*s™
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UV/vis spectrum of the iminium hexafluorophosphate 7a-PF¢

0,5 r

absorption
[an]
o

0,1

0
250

300 350

400 450

wavelength i, (nm)

Table S14. Determination of the absorption coefficient of 7a-PF¢

(5 mm light path, CH,Cl,, 20 °C).

[7a] A Amax = 359 nm
(mol L™
1.12 x 10~ 0.24
1.2 4
2.23x107° 0.48 .
y =20385x
3.32x 107 0.69 L 08 R2=0.9973
=
441x10°  0.90 50
<04
5.49 x 107° 1.10
0.2 -
0 ! . ‘
0 0.00002 0.00004 0.00006

Concentration (mol L-1)

£=20385L mol /0.5 cm™ = 40770 L mol™ cm™
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ABSTRACT: 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 the nucleophilicity and Lewis basicity.
Four N-substituents popular in NHC organocatalysis, namely,
the N-2,6-(CH;0),C¢H;, N-Mes, N-4-CH,;0C¢H,, and N-fert-
butyl groups, have been examined and found to strongly affect
the nucleophilicity. Thus, the N-2,6-(CH,0),C;H; group
provides the most nucleophilic imidazolylidene NHC reported
and the N-tert-butyl group one of the least. This difference in
nucleophilicity is reflected in the catalyst efficiency, as

observed with a recently reported trienyl ester rearrangement.

Herein: Nf=\N HiC
HiC~
__HyO et ’Nf \ CHg
e HaC ~ $CH3
~N__N CH,
HsC N=21. soH C‘Nv Ne16.54
N=23.00. “390 - Nz 2041

Njg  ® ' & °

@ © ©
|

- | | l I I~
I ! I

2
|

-Heterocyclic carbene (NHC) catalysis provides access to

a diverse range of intermediates for reaction dlscovery
Among others, the acyl anion equivalent,” homoenolates, acyl
azoliums® and acyl azolium enols/enolates’ are now routinely
exploited in increasingly sophisticated reaction designs. While
other Lewis base catalysts can access some of these classes of
intermediates, few access all.” Although the versatility of NHC
organocatalysis is striking, practical application requires highly
judicious catalyst selection. This can involve variation of the
heterocycle, with imidazole, triazole, and thiazole NHC catalysts
being common, although increasingly prevalent is N-substituent
modification to deliver optimal catalytic activity for a given
reaction design.” In the context of acyl anion-mediated reactions,
the role of the N-substituent has been investigated.””" In
contrast, an examination of NHC nucleophilicity as a function of
the N-substituent, to our knowledge, is yet to be reported.
Hence, catalyst design remains largely empirical.

Since 2009 we have reported a series of transformations
involving enol esters and enolic anhydrides.” In these studies, and
those from others using ester substrates, it is clear that the
required NHC catalysts are distinct from those suited to acyl
anion-mediated reactions.'®'”'" While Tolman electronic
parameters (TEPs), pK, values, and *C NMR studies give
information that is useful for catalyst selection,'” measures of
nucleophilicity are more scarce. Recently, as part of our studies
on reactivity scales for nucleophiles and electrophiles, we
reported the nucleophilicities of three common NHCs (SIMes,
IMes, and TPT; Figure 1)."*'* While this study addressed the
role of the heterocycle in nucleophilicity, the impact of the N-
substituent was not addressed. Herein, the dependence of the
nucleophilicity on the N-substituent is examined, with the

Previously: |Mes N=21.72 Enders TPT N = 14.07
(*All nucleophilicities determined in THF)
Previously: Ph
— )—N
Mes—Nw_-N-Mes Mes—MN~.-N-Mes ph—N N"F'h

SiMes IMes TPT
N =23.35 (THF) N=21.72 (THF) N=14.07 (THF)

H,CO

Hio N N-n LE I\O. 8:
OCH,4 CH 3

Figure 1. Overview of the study.

nucleophilicity, as well as the Lewis basicity, of NHCs bearing the
N-2,6-(CH;0),C¢H; (1a), N-Mes (1b), N-4-CH,0C:H, (1c),
and N-fert-butyl groups (1d) determined. These N-substituents
have been exploited in recent discoveries in NHC catalys-
is,™"5™'% particularly using ester substrates. The studies herein
demonstrate that the N-substituent plays a significant role in
defining the catalyst nucleophilicity, with 3 orders of magnitude
rate difference between la and 1d. Thus, the impact of the N-
substituent is at least as significant as the nature of the azolium
moiety in determining NHC nucleophilicity.

A series of p-quinone methide electrophiles (i.e., 2, 3, and 4)
were previously used to determine the nucleophilicity parame-
ters (N) of SIMes, IMes, and TPT (Figure 1). This was achieved
by exploiting the observation that the rate of addition of
nucleophiles to Michael acceptors or carbocations can be
predicted by eq 1:"
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log kygoc = si(N + E) (1)
In this equation, nucleophiles are characterized by a solvent-
dependent nucleophilicity parameter N and a sensitivity
parameter sy, while electrophiles are characterized by a
solvent-independent electrophilicity parameter E. To date, this
relationship has been used to examine 1039 nucleophiles and 272
electrophiles.”™

To determine the effect of the N-substituent on the
nucleophilicity, studies began with the preparation of the
required NHCs by deprotonation of the corresponding
imidazolium salts la—d-HI with KOt-Bu. Although triazolyli-
denes are more commonly exploited in NHC catalysis, the
impact on the nucleophilicity of changing between a
triazolylidene and an imidazolylidene has been previously
studied (vide supra), thus allowing trends to be extrapolated.
Since the nucleophilicities of the four new NHCs 1a—d are likely
to be within the range of those already reported, the reference
electrophiles 2a—c, 3a—d, and 4 used previously were employed
in this study (Table 1). These references are easily handled, have
absorption maxima monitorable in the presence of various
NHC:s, and cover a suitable range of electrophilicities.

Table 1. Reference p-Quinone Methides 2—4

electrophile (E) R E
Ph y 2a H -11.87
b OCH; -12.18
(o) R
N(CH -13.39
Bh < (CHz),
Bu P 3a NO, -1436
O G T 1583
° R 6.11
k. c OCH; -16.
d N(CH;), -17.29
4 - -17.90

Bu I 7 l
O N
Bu

“Electrophilicity parameters for 2—4 from refs 20b and 20c.

To demonstrate that the outcome of the reaction of NHCs
1a—d with the reference electrophiles are the expected Michael
adducts (i.e, 5a—d), preparatory studies were undertaken
(Scheme 1). Paralleling earlier reports, the reactions of NHCs
la—d with p-quinone methide 3b gave the adducts Sa—d in high
yields as the only isolable products. Structural confirmation was
obtained through regular spectroscopic methods as well as with
single-crystal X-ray diffraction for $d. Having confirmed the

Scheme 1. Synthesis of Sa—d and X-ray Structure of 5d

H3CO
5aR=
93% yield

H3C‘N\/N‘R

THF, it, 5 min 0

then HBF 4 u O
HO

1a-d

. —_— Ie) OCHj4
BF 4 CHj
1B HsC CH
4 o Bu 5 s N
5b,R =
o CH, . 88% yield
tBu CH3
3b OCH;4
5¢,R =
96% yield
HiC
5d "t
5d,R =
70% yield CHy
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formation of the expected adducts, attention was directed toward
the rates of these reactions.

The reactions of NHCs la—d with the reference p-quinone
methides 2—4 were studied in THF at 20 °C by photometric
monitoring of the disappearance of the colored quinone
methides in the presence of a large excess of the NHC to
achieve pseudo-first-order conditions. Least-squares fitting of the
exponential function A = A, exp(—k,,t) + C to the observed
time-dependent absorbances A of the quinone methide provided
the first-order rate constants k. The slopes of the linear
correlations between k. and the concentrations of 1 correspond
to the second-order rate constants k, listed in Table 2. The rate

Table 2. Second-Order Rate Constants and Nucleophilicity
Parameters for the Reactions of NHCs 1a—d with Reference
Electrophiles 2—4 in THF at 20 °C

NHC la-d E by [Lmol' s N, (sn)
H4CO x 10°
r—w@ % 2110 (049
HC™ 3¢ 1.62 % 10°
1a  H,CO 4 227 % 10°
__ HC 2a 3.46 < 107 21.50
HSC,N’,\—/\N 2b 1.52 % 10° (0.45)
" CHy  2¢ 3.02 % 10°
b HC 3a 5.62 % 10°
3b 5.01 x 10?
3¢ 3.15 % 107
3d 6.34 < 10!
4 5.86 = 10
’NF—WN 2b 6.70 x 10° 20.41
HC™ OOCHS 2 137 x 10° (0.46)
1c 1.41 x 10!
=\ chy 2b 1.46 x 107 16.54
”3°’NYN‘§§3H3 2¢ 2.42 % 10' (0.47)
1d ¢ 3e 3.10
4 2.10 % 107

constants k, were then used in association with the electro-
philicity parameters of 2—4 to construct correlation lines for the
four NHCs (Figure 2). As can be seen, in all cases good fits were
obtained, which allowed the nucleophilicity parameters to be
accurately determined.

The nucleophilicities of these newly characterized carbenes
can be compared with those of other NHCs and nucleophilic

H,CO
6 — 3!
Hae- NN
o
4 1a (O) HzCO
HsC
i_\
o Hie NN
= s CHs
g2 1b @) HaG
HSC’NVN\Q
0 . CH
1¢ (O) 0CH;
CHy
. . . , HG NN
-19 A7 -15 - -1 CH,
3 1d (&) 5

Electrophilicity (E)

Figure 2. Correlations of log k, vs electrophilicity parameters for the
reactions of NHCs 1a—d with p-quinone methides 2—4.



catalysts (Figure 3). From this comparison, it is clear that the
nucleophilicity is heavily influenced by the nature of the N-

AN HaCO
24 /\
HEC’N\/N
== = .
-N N‘Mes H5CO
-0 N = 23.00 (THF)
- N:zw.?z THF)
N M =21.72 (THF) e
T T -/
DABCO —. HgC‘NvN
N =18.80 (CH3CN) T 20 b CHj
1 HL
/\/I N = 21.50 (THF)
CJ\ N
=N \
~N_ N
N 1625 (CH;;CN) paU H,C ~
——y7 N=16.12 (THF) 16 * OCH;
PBugy i —_— N =20.41 (THF)
N=15.49, (CHZCIE)‘— L=
— N(CH,
L ( BE N,r—\ CHy
@: T 15 ' N__= HaC~ v -FCHJ
— DMAP 1d
74 N=15.90 (THF) N =1654 (THF)
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Figure 3. Nucleophilicities of 1a—d and other catalysts.

substituent. Thus, the most nucleophilic of the NHCs bears an
N-2,6-(CH;0),C¢H; substituent (i.e, la) and is more
nucleophilic than IMes. The least nucleophilic is the N-tert-
butyl NHC 1d, which is only moderately more nucleophilic than
the Enders carbene (TPT) and DBU. Interestingly, replacing a
single mesityl substituent with a methyl group has little impact on
the nucleophilicity of the catalyst (IMes, cf. 1b). Finally, a para
electron-donating substituent gives an NHC that is less
nucleophilic than either the N-Mes NHC 1b or the N-2,6-
(CH;0),C¢H; NHC 1a.

In previous studies, the Lewis basicities of NHCs have been
studied computationally because of an inability to determine
equilibrium constants from their interactions with p-quinone
methides. This is a result of their exceptionally high Lewis
basicity. To allow Lewis basicity to be determined in this study,
methyl cation affinities (MCAs), as defined in Figure 4, have
been calculated for NHCs la—d employing MP2/6-31+G-
(2d,p)//B86/6-31G(d), a method previously shown to result in
reliable MCAs."**'

Most strikingly, we found that the N-2,6-(CH,0),C.H;
substituent in 1a led to the most Lewis basic catalyst, with an
MCA some 28 k] mol ™" higher than that of the variant bearing a
single mesityl group (1b). Interestingly, the MCA of 1b was 23 k]
mol™ lower than that of IMes (MCA = 767 kJ mol™'),"
indicating that replacement of a mesityl group with a methyl

- =
hye-Na Mg AH = MCA no-N N+ @CH
@y >
6a-d CHs 1a-d
HyCO
CHa
R=
CH;
H4CO
1d,
772KJ mal-1 744kJ mol-1 738 kJ mol-1 719 kJ mol*

Figure 4. Gas-phase methyl cation affinities (MCAs) calculated at the
MP2/6-31+G(2d,p)//B98/6-31G(d) level of theory.
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group decreases the Lewis basicity while having little bearing on
the nucleophilicity. In contrast, switching from a methyl
substituent to a tert-butyl substituent has very little impact on
the Lewis basicity (719 kJ mol™" vs 718 kJ mol™' for R = CH,;
Figure 4)."” The dihedral angle between the imidazole and the
aromatic N-substituent indicates significant twisting out of plane
in both carbenes la and 1b (80.5° and 83.7°) and methyl
imidazoles 6a and 6b (69.5° and 88.9°). While some
planarization (1a — 6a) is observed, it is not sufficient to allow
through-space interactions of the ortho group and the azolium.
Studies from our group on NHC-catalyzed (4 + 2) annulations
show significant sensitivity to the N-substituent.”'™" To further
examine this sensitivity, the conversion of triene 7 to cycloadduct
8 was monitored over time using NHCs bearing the four N-
substituents examined herein (Figure S). Preliminary studies on

OCH, OCH,
g
10 mol % 9a—d HsCO
10,70l % KHMDS E10-C, :
D Q
7 o Hac N ,N LI Qa(O)
100

Conversion (%)

20
Time (min)

Figure 5. Conversion of ester 7 to diene 8 with catalysts 9a—d.

imidazolium-derived NHCs were hampered by kinetic difficul-
ties due to very high reaction rates. In contrast, monitoring with
the triazolium series of NHCs demonstrated that the reaction is
successful with the most nucleophilic triazolium-derived catalysts
9a and 9b and fails with N-substituents associated with the least
nucleophilic NHCs. These results are consistent with our
observations that NHC addition to esters is significantly more
challenging than that to aldehydes. The success or failure of this
reaction is correlated with the catalyst nucleophilicity and not its
Lewis basicity, with catalyst 9b likely to display similar Lewis
basicity to 9c but giving a significantly different reaction
outcome.

The capacity of NHCs to enable reactions that are unattainable
with other nucleophilic catalysts is associated with their unique
Lewis basicity and nucleophilicity profiles. As applications of
NHC:s in organocatalysis develop, the capacity to modulate these
properties takes on increasing importance. In recent years, the N-
substituents examined in this report have allowed new
discoveries in NHC catalysis. Herein we report that the N-2,6-
(CH,0),C4H, substituent gives one of the most nucleophilic
and Lewis basic NHC catalysts, while the impact of remote
electron-donating groups on the NHC properties is modest.
Finally, hindered alkyl groups give one of the least nucleophilic
and Lewis basic NHCs.

The studies reported herein demonstrate that the N-
substituent plays a significant role in defining catalyst
nucleophilicity. Together w1th the known role of heterocycle
selection in nucleophilicity,’> these studies demonstrate that



significant variation in catalyst properties is possible by
manipulation of these two parameters.
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— Experimental Section—

Kinetics

Kinetics of the reaction of 1a with 4 at 20°C in THF (diode array, A = 492 nm)

H3CO Bu 7
H C,[\/N ; > * (0] N
* Hco Bu Ei
[1a] (molL™) [4] (MolL™)  Kobs (S7) 0.4 [ ky,=2.266 x 102[1a] = 2.955 x 102

R?=0.9968

590x 10" 3.67x10° 1.05x107 03|
884x10" 367x10° 164x107" o2 |
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1.78x10° 3.58x10° 3.71x10™ 0

0 0.0005 0.001 0.0015 0.002
[1a] (mol L)

k,=2.27 x 10°L mol™ s™*

Kinetics of the reaction of 1a with 3c at 20°C in THF (stopped-flow, A = 430 nm)

H;CO Bu / O
HSC,E/\.N@ ' O;gj/\‘\owle
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Kinetics of the reaction of 1a with 2c at 20°C in THF (stopped-flow, A = 499 nm)

poge!
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*7 “Heeo Ph
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Kinetics of the reaction of 1a with 2b at 20°C in THF (stopped-flow, A = 450 nm)
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Determination of the parameters N and sy for 1a in THF
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Kinetics of the reaction of 1b with 4 at 20°C in THF (diode array, A = 490 nm)
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Kinetics of the reaction of 1b with 3d at 20°C in THF (stopped-flow, A = 486 nm)
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Kinetics of the reaction of 1b with 3¢ at 20°C in THF (stopped-flow, A = 390 nm)
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Kinetics of the reaction of 1b with 3b at 20°C in THF (stopped-flow, A = 375 nm)
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Kinetics of the reaction of 1b with 3a at 20°C in THF (stopped-flow, A = 375 nm)
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Kinetics of the reaction of 1b with 2¢ at 20°C in THF (stopped-flow, A = 499 nm)
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Kinetics of the reaction of 1b with 2b at 20°C in THF (stopped-flow, A =411 nm)
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Kinetics of the reaction of 1b with 2a at 20°C in THF (stopped-flow, A = 375 nm)
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Determination of the parameters N and sy for 1b in THF
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Kinetics of the reaction of 1c with 4 at 20°C in THF (diode array, A = 492 nm)
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[Ic](MmolL™) [4](molL™)  Kops (S7) 0.04 k= 1.407 x 10![1c] - 2.848 x 104
6.57x10" 358x10° 9.02x10° 003 0

9.86x 10  352x10° 1.39x102 Zg0p

141x10°  354x10° 191x102 ~gg

211x10° 3.49x10° 293x107 0 . . .
262x10° 354x10° 3.68x 107 M@y

k,=1.41 x 10" L mol™ s™*
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Kinetics of the reaction of 1c with 2c at 20°C in THF (stopped-flow, A = 499 nm)

3

Ph -
D)oo
3 +
" c’N\./- ¢) N(CHg),
Ph

[1c] (mol L™ [2c] (MolL™)  Kobs (S7) 25 ¢ kyy=1.373 x 103[1c] - 3.169 x 10!
6.08x10" 3.86x10° 556x10" 27 A

9.12x 10" 386x10° 9.25x10" £

1.22x10° 3.86x107° 120 < 0_;

1.52x10° 3.86x 10 1.78 0 . . . .
1.82 x 10_3 3.86 x 10_5 221 0 0.0005 e ?ﬁg:L_l) 0.0015 0.002
213x10° 3.86x107 2.85

k,=1.37 x 10°L mol™s™

Kinetics of the reaction of 1c with 2b at 20°C in THF (stopped-flow, A =411 nm)

3

Ph ~
(\N—QOCH
N 8 +
ne N~ o) OCHj
Ph

346

[1c] (mol L) [2b] (Mol L) Kons (™) 20 kn=6.695x 101¢] - 2.194
502x107 234x10° 199 | R 0.9936
8.89x 10 2.34x10° 357  Z |
1.18x10° 2.34x107° 5.70 <4
1.48x10° 2.34x107° 7.41 z _ : . . .
178x10° 234x10° 1.00 x 10* 0 0.0005 ” %ggllL_]) 0.0015  0.002
207%x10° 234x10° 1.30x 10"
k,=6.70 x 10°L mol™ s™*
Determination of the parameters N and sy for 1c in THF
Electrophile  E ko(Lmol's™ 5 g k= 046115+ 9.3577
2b -12.18  6.70 x 10° A R?=0.9977
2¢ 1339 137x10° 2|
4 -17.90  1.41 x 10 1
0 . . . .
-19 -17 -15 -13 -11
E
N =20.41
sn=0.46



Kinetics of the reaction of 1d with 4 at 20°C in THF (diode array, A = 492 nm)

Bu
e (0
—tBu
N/ * 0 N
Bu

HsC

[1d] (Mol L™) [4] (MolL™)  Kobs (S7) 0.002 ko, =2.099 x 10-[1d] - 3.199 x 10
3.86x10° 504x10° 8.05x107" _ e

597x10°  818x10° 121x10° Zog |

6.87x10° 544x10° 135x10° ~

847 x10° 582x10° 1.79x107° 0 . . . . .

0

0.002 0.004 0.006 0.008
[1d] (mol L)

0.01

ko =2.10x 107 L mol™ s™

Kinetics of the reaction of 1d with 3¢ at 20°C in THF (diode array, A = 384 nm)

B
e 10
—Ibu
.
e Y. 0 OCHj4
Bu

[1d] (mol L™) [Bc](molL™)  Kobs (7)) oy, = 3.105[1d] + 6.705 x 10°5
= — 0006 ¢ R?=0.9989
3.50 x 10 4.08x10° 1.16 x 10 0.005 |
= 0.004 +
9.51x 107  6.79x10° 2.97x10° T ypes |
1.40x 1072  6.66 x 10 450 x 107> £ 0.002 ¢
0.001
1.77x10° 579x10° 552x107° 0 - - - !
0 0.0005 0.001 0.0015 0.002
[1d] (mol L)

k,=3.10L mol™s™

Kinetics of the reaction of 1d with 2c at 20°C in THF (diode array, A = 499 nm)

Dv-e boRe

T

e Y 0 N(CH),
Ph

[1d] (mol L™ [2c] (MolL™)  Kops (57) 0.05 [ k. =2.418 x 10'[1d] - 6.182 x 10
R2=10.9996
730x10"  448x10° 168x107 %7
%, 003
1.02x10° 538x10° 204x10° % |
124x10°  491x10° 298x107 ~ ,,, |
1.84x10° 580x10° 4.39x 107 0 - - - -
1.99 x 10_3 5 25 x 10_5 4.73 x 10_2 0 0.0005 0.001 0.0015 0.002
: : : [1d] (mol L)
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Kinetics of the reaction of 1d with 2b at 20°C in THF (stopped-flow, A =411 nm)

Ph
(Ch-e T
—Ibu
+
hae Yo o OCHy
Ph

[1d] (mol L™ [2b] (Mol L™ keps (57) 04 ¢ k.= 1.459 x 10[1d] - 3.679 x 102
- - - R>=0.9973
7.49 x 10 4.46 x 10 6.94 x 10 03 |
112x10°  4.46x10° 1.30x107" Zo2 |
150%x10°  446x10° 1.77x107" To1 |
1.87x10° 4.46x10° 245x10™ 0 - - )
3 5 1 0 0.001 0.002 0.003
2.25 x 10 4.46 x 10 2.91 x 10 [1d] (mol L1
262x10°  4.46x10° 3.42x107°
k,=1.46 x 10°L mol™ s™*
Determination of the parameters N and sy for 1d in THF

Electrophile  E kp(Lmol™s™) 3 log k, = 0.4658E + 7.7762

2b 21218 1.46 x 107 2 ¢ RE=0.9798

~ 1 L

2c 1339 242x10" & |

3c -16.11 3.10 gL

4 -17.90 2.10x107% -2 '

-19 -17 -15 -13 -11
N = 16.54
sy =0.47
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Abstract

2-Cinnamoylimidazolium ions 4 have been synthesized by treatment of 2-cinnamoylimidazoles 8 with methyl triflate. They
were characterised by NMR and mass spectroscopy, in one case (4f) also by X-ray analysis. The kinetics of their reactions
[and also those of cinnamoyl fluoride (1)] with stabilised carbanions 9a—e and silyl ketene acetal 9f (reference nucleophiles)
were measured photometrically. The correlation log k(20 °C) = s (£ + N) was used to calculate the electrophilicity param-
eters 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 9. 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 electrophilic-
ity(—=12 < £ < —10) for the cinnamoylimidazolium ions 4 one can derive that only nucleophiles stronger than N~ 7 will react
with 4 at 20 °C in 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.

Keywords Kinetics - Organocatalysis - Nucleophilic carbenes - Reactivity - Electrophilicity

1 Introduction

N-Heterocyclic carbenes (NHCs) have been used as cata-
lysts for numerous C—C bond forming reactions [1-17].
Several of these transformations proceed via intermediate
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acyl azolium ions, a field of great current interest [13, 14,
18-45]. In 2009, Lupton et al. reported the N-heterocyclic
carbene (NHC) catalysed annulation of o,-unsaturated acyl
fluorides (1) with trialkylsilyl enol ethers (2) to afford dihy-
dropyranones (3) (Scheme 1) [18].

In addition to defining a new approach to o, p-unsaturated
acyl azoliums (4), these studies allowed the first f-additions
to these intermediates [18—24]. Subsequent studies by the
Monash group and others have uncovered annulations of the
o,B-unsaturated acyl azolium with alternate di-nucleophiles
or bifunctional partners ([18-24]; for selected annulations
with bifunctional partners, [25-32]).

A plausible mechanism for this reaction is depicted in
Scheme 1. The reaction of the NHC with the acyl fluoride 1
yields the acyl azolium ion 4 and fluoride ion (Step 1), which
desilylates the silyl enol ether 2. The resulting enolate ion
5 combines with the acyl azolium ion 4 to generate 6 (Step
2) [19, 33-36]. Subsequent tautomerisation yields the acyl
azolium ion 6’ (Step 3), which cyclises with formation of
the dihydropyranone 3 and regeneration of the NHC cata-
lyst (Step 4). While this mechanism is reasonable, alternate
scenarios can be envisioned that give rise to the same out-
come (for selected mechanistic contributions to the field of
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Scheme 1 Plausible catalytic cycle for the NHC-catalysed reaction of
acyl fluoride 1 with 1-(trimethylsiloxy)-cyclohexene (2)

NHC catalysis [36—45]). To test the viability of the proposed
mechanism and to explore the scope of this reaction princi-
ple we have addressed the following questions:

(1) Which NHCs are nucleophilic enough to react with acyl
fluorides?

(2) Are a,p-unsaturated acyl azolium ions generally more
electrophilic than the corresponding «,p-unsaturated
acyl fluoride, i.e., can background reactions be sup-
pressed?

(3) Which types of nucleophiles are able to attack at the
unsaturated acyl azoliums? Specifically, is the silyl enol
ether 2 or the desilylated enolate 5 the nucleophile in
this reaction?

In previous work, we had already reported the influence
of the substituents R on the nucleophilic reactivities of the
NHC:s ([46, 47]; for studies on the impact of the N-substitu-
ent in NHC organocatalysis see [48-51]). Furthermore, the
electrophilicity of the o,p-unsaturated acyl azolium ion 4a
(R=Me) has been determined in collaboration with Studer
et al. [36]. Building upon these studies, we now report a
kinetic analysis of the electrophilicities of a series of o,p-
unsaturated acyl azolium ions (4b—f) and of acyl fluoride 1
which allows the above questions to be answered.

2 Synthesis of the Acyl Imidazolium Triflates

Cinnamoylimidazolium triflates 4b—f were prepared in anal-
ogy to the previously reported synthesis of 4a [36]: Treat-
ment of the imidazoles 7b—f with n-butyl lithium and methyl
cinnamate gave the cinnamoyl-imdazoles 8b-f, which were
methylated with methyl triflate in diethyl ether at ambient

Me
N. 0o TfOe

L

[N\> 1)r|EuL| TMEDA
2) PhCH=CHCO,Me

[ MeOTi
>_<_\ Et;0

R THF, ~78-=20°C ph 20°C R Ph
Taf 8a—f da—f
R = Me: a; CgFs: b Mes: ¢; 4-MeOCgHy: d;

tBu: e; 2,6-(Me0),CeHy: 1.

Scheme 2 Synthesis of the cinnamoylimidazolium triflates 4b—f (for
4a, see [36])

\01
C> --{"-i-éoz — ﬁ:/z
F c17 /313:[w N1
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caz, ?\ i r ) A y
A — /0176\ 7___-54...‘;-._ o —
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) €20
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Fig. 1 ORTEP plot of the single crystal X-ray structure of 4f (repre-
sented by 50% thermal ellipsoids) [see Footnote 1]

temperature to give the acyl imidazolium triflates 4b—f
(Scheme 2).

Cinnamoylimidazolium triflate 4f was crystallised at
room temperature by vapour diffusion of pentane into a sat-
urated solution of 4f in dichloromethane and subsequently
analysed by single crystal X-ray crystallography (Fig. 1).!
The dihedral angle of 11° (O3-C4-C5-C6) in the X-ray
structure of 4f in Fig. 1 shows that the coplanarity of the
CC double bond and the carbonyl group is not significantly
disturbed by the bulky 2,6-dimethoxy-substituted phenyl
ring attached to N1 of the imidazolium ring. In this con-
formation, the carbonyl group can activate the conjugated
CC double bond for 1,4-additions almost as efficiently as in
the previously investigated acyl imidazolium electrophile 4a
[36], which showed a dihedral angle of 6° for the Michael-
acceptor unit. The plane of the imidazolium group in crystals

' CCDC 1532919 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre (for details on the isolation and
characterisation of 4f see Supporting Information).
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Scheme 3 Reactions of cinnamoyl fluoride (1) with the carbanions
9a and 9¢

03 r
‘ increase at 364 nm
o2 | Kops = 79.0-[9¢]
P r? = 0.9997
obs decrease at 312 nm
(s
o1 L Kops = 60.9-[9¢]
r? =0.9997
0 1 1 L J
0 0.001 0.002 0.003 0.004

[9c] (mol L") ——

05 Fig.3 Plot of the first-order rate constants k., versus the concentra-
tion of 9¢ for the reaction of 1 with 9¢ in DMSO at 20 °C
04
0.3 Table 1 Reference nucleophiles and their N and sy parameters in
A DMSO (data from Footnote 2)
02 O, O, Me3Si0O
CN o} CO,Et Q Y (]
o o of @ o X
o1 | CN o CO,Et d
o} o}
— —= - 9a 9b 9c 9d 9e of
0 : . ; X : ‘
280 300 320 340 360 380 400 420 440 460 480 N 1936  17.64 20.22 16.27 13.91 10.52
i (sy) (0.67) (0.73) (0.65) (0.77) (0.86) (0.78)
A (nm) in MeCN

Fig.2 UV-Vis spectra (smppcd—ﬂowﬂ method) during the reaction of
1 (5.08 % 107° M) with 9¢ (3.11 x 1073 M) in DMSO at 20 °C

of 4f is twisted by 40° relative to the adjacent carbonyl
group, similar to the corresponding twist in 4a (35°) [36].

3 Determination of the Electrophilicity
of the Acyl Fluoride 1

The reactions of the acyl fluoride 1 with the carbanions 9a
and 9c initially gave the unsaturated ketone 10’. It is not
clear whether this substitution proceeds through tetrahedral
intermediates or whether fluoride departs before the new
C—C bond is fully established. Tautomerisation of 10" gave
the enols 10, which were characterised by NMR spectros-
copy (Scheme 3). Under the conditions of the kinetic experi-
ments (9a and 9¢ were used in high excess over 1 to achieve
pseudo-first-order conditions) subsequent deprotonation
yielded the highly delocalised weakly basic enolate ions 11.

An isosbestic point was observed when 1 was combined
with 61 equivalents of 9¢ indicating that 10 does not accu-
mulate in the course of the reaction (Fig. 2). The fact that the
absorbance at A=312 nm (reactant 1) decreases 24% more
slowly than the A =364 nm absorbance increases (product
11) is due to the fact that the absorption band of 1 overlaps

with the signal of the developing product, in line with the
hypsochromic shift of the 312 nm maximum during the reac-
tion. The monoexponential increase of the concentration of
11 indicates the first-order dependence of the rate on the
concentration of 1, and the linear increase of the first-order
rate constants with the concentration of the carbanion 9
(Fig. 3) shows that CC-bond formation and not the subse-
quent proton transfer to give 11 is rate-determining. The
reaction thus follows second-order kinetics, first order in 1
and first order in 9.

4 Determination of the Electrophilicities
of the Acyl Azolium lons 4b-f

In order to quantify the electrophilicities of the acyl azolium
ions we have studied the kinetics of their reactions with the
carbanions 9a—e and the ketene acetal 9f (reference nucleo-
. 2
philes, Table 1).
As representative examples for the course of the reactions
of the acyl azolium ions with carbanions, we have investi-
gated the reactions of 4b and 4f with different potassium

2 Access to all reactivity parameters at http://www.cup.lmu.de/oc/
mayr/DBintro.html.
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Scheme 4 Formation of dihydropyranones 3 by the reactions of cin-
namoyl azolium ions with carbanions
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Scheme 5 Conjugate addition of the ketene acetal 9f to the acyl azo-
lium ion 4¢

(b)

give the lactone analogue of intermediate 6. As this reaction
was not carried out under basic conditions as the reactions
in Scheme 4, deprotonation of the lactone fragment does not
occur. As a consequence, cyclisation does not take place and
the reaction stops at the stage of 6. Methanolic workup con-
verts the corresponding acyl azolium ion into the methyl ester
12 (Scheme 5).

As the acyl azolium ions 4b—f (the analogous reaction
of 4a has previously been reported [36]) have UV-maxima
between 320 and 355 nm, the kinetics of their reactions with
the nucleophiles 9a—f could be followed photometrically in
DMSO solution (9a—e) or acetonitrile (9f, Fig 4a) using con-
ventional UV—Vis spectrometers with fiber optics or stopped-
flow instruments as described previously [36]. By using more
than 10 equivalents of the nucleophiles, pseudo-first order
conditions were achieved as shown by the monoexponential
decays of the absorbances of 4, which is illustrated for the
reaction of 4f with 9f in Fig. 4b. Figure 4¢ furthermore shows
exemplarily that k,, increases linearly with the concentration
of the nucleophiles 9, and the slopes of these correlations cor-
respond to the second-order rate constants &, listed in Table 2.

In numerous kinetic investigations we have shown that the
rate constants for the reactions of nucleophiles with carbenium
ions and electron-deficient n-systems can be expressed by
Eq. (1), where nucleophiles are characterised by two solvent-

()

14 ¢ ﬂ 12 ¢ 0.5
i | Kops = 3.02 x 1072-[9f] — 1.7 x 1075
: 1.0
0.4
1.0
A 08
0.8 (330 nm) s 0.3
A 0.6 10%Kobs
=4
°e s =253 %107 RPN
0.4 |
0.4
- i | 0.1
00 1 1 1 i 77 00 1 1 1 1 J 00 " 1 J
250 275 300 325 350 375 400 0 100 200 300 400 500  0.000 0.005 0.010 0.015
A(m) —— t (min) —— off —

Fig.4 a UV-Vis spectra during the reaction of 4f (1.24x 107
mol L™') with 9f (9.04x 107> mol L") in acetonitrile at 20 °C; b
determination of the first-order rate constant k,, from the decay of

salts as shown in Scheme 4. The mechanism of these reac-
tions corresponds to Steps 2—4 of Scheme 1.

A different type of product was observed in the reaction of
4¢-OTf with the ketene acetal 9f (Scheme 5). Since fluoride
ions are absent when a pregenerated acyl azolium triflate 4-
OTf is used, we can assume that 9f, which is considerably
more nucleophilic (N=10.52, Table 1) than the enol ether
2 (N=5.21 [52]), directly attacks the acyl azolium ion 4¢ to

the absorbance A at 330 nm with time; ¢ determination of the second-
order rate constant &, from the linear correlation of k,, with [9f]

dependent parameters, N and sy, and electrophiles are charac-
terised by the electrophilicity parameter E (for development
of this relationship see [52-54] and Footnote 2).

log k(20 °C) = sy(E + N) (1)
As shown in Fig. 5 for the reactions of 4b, 4c¢, and 4f
(and for all other acyl azolium ions in the Supporting
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Table 2 Second-order rate constants for the reactions of acyl fluoride
1 and acyl azolium ions 4a—-f with nucleophiles 9a—f in DMSO at
20 °C and the resulting electrophilicity parameters E

Electrophiles Nuc ky (L mol™' 571y E
1 9a 4.25x10% (—15.4)
9¢ 7.90% 10" (=17.3)
4a (R=Me)" 9a 2.29x10°° —11.52°
9b 5.84x10'P
9d 9.03%10%°
%¢ 2.75% 107"
of 6.19%1072b¢
4b (R=CFs) 9d 1.50x10° —10.09
%¢ 2.44%10°
of 6.34x107'¢
4c (R=Mes) 9a 2.12x10° —11.48
9b 3.15x10*
9d 7.78%10°
9%¢ 1.61x10°
o 7.39%1072¢
4d (R=4-MeOC.H,) 9a 8.97x10* —11.79
9h 1.78 x 10*
od 5.87x10°
9% 1.22x10°
9f¢ 3.47x1072¢
4e (R=1-Bu) 9a 8.23x 10* —11.80
9h 1.64x10*
9d 5.60%10°
9e 1.74x10°
of 2.56%x1072¢
4f (R=2,6-(Me0),CcHy)  9a 8.28x10* —12.02

9b 1.12x10*
9d 3.70x10°
%¢ 5.25% 10!
o 3.02%x107%¢

“Eq. (1) unreliable, see text
PData for 4a from [36]
“In acetonitrile

Information) all plots of (log k)/sy versus N are linear with
slopes close to 1.0. The fact, that the deviations from the cor-
relation lines in Fig. 5, where the slope of 1.0 was enforced,
are negligible, indicates that all reactions follow Eq. (1), i.e.,
the negative intercepts on the abscissa (log k=0) correspond
to the electrophilicity parameters E for the acyl azolium ions
4, which are listed in the last column of Table 2.

In accordance with unpublished work of the Miinchen
group, Eq. (1) does not work well for the reactions of
nucleophiles with acyl halides. The different electrophilic-
ity parameters E of 1, derived from its reactions with 9a and
9c¢ (first two entries in Table 2) also illustrate the limitations
of Eq. (1). Nevertheless, these numbers give an estimate for

10 r

(log kz)/sy

Nucleophilicity N ———

Fig.5 Plot of (log k)/sy versus N for the reactions of 4b, 4c¢, and 4f
with the reference nuceophiles 9; slopes of the correlations are fixed
to 1.0, as required by Eq. (1)

the electrophilic reactivity of cinnamoyl fluoride 1 and allow
us to answer the key questions raised above.

5 Conclusions

(1) Though Eq. (1) is not suitable for accurately predict-
ing rate constants for the reactions of acyl halides with
nucleophiles, the estimated E value for 1 in Table 2
suggests that 1 will react with all common imidazole-
and triazole-derived NHCs (14 < N <23) (see Footnote
2), though the reactions with triazole-derived carbenes
are expected to be slow.

(2) Comparison of the electrophilicities of 4a-f
(=12 < E<—10) with the approximate reactivity
parameter of 1 (E~ — 16) shows that acyl azolium ions
4a—f are considerably more reactive than 1, which can
also be derived from the directly measured rate con-
stants for their reactions with the malononitrile anion
9a (Table 2). As a consequence, background reactions,
i.e., the direct attack of nucleophiles at 1 will not take
place as long as sufficient concentrations of 4 are pro-
duced.

(3) From the electrophilicity parameters £ of 4a—f one can
derive that direct reactions of ordinary silyl enol ethers,
such as 2, with the acyl azolium ions 4a—f are unlikely
to occur at ambient temperature. From N=35.21 (and
sy=1.0) for enol ether 2 [52] and — 12 <E <—10 for
the acyl imidazolium ions 4a—f (Table 2) one can calcu-
late (Eq. 1) that the direct attack of 2 at 4a—f would lead
to 50% conversion within 1-70 days in | M solutions
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of the reactants at 20 °C. This calculation supports the
previously suggested mechanism for the NHC-catalysed
reaction of 1 with siloxycyclohexene 2 through the eno-
late 5 (Scheme 1). As shown in Scheme 5, the 10° times
more nucleophilic ketene acetal 9f (N=10.52) (see
Footnote 2) can directly attack at acyl azolium ions,
however, and does not require a prior fluoride-induced
desilylation. Thus, nucleophiles with N~ 10, including
suitably substituted enamines and methylated pyrroles
(see Footnote 2), can be expected to be reactive enough
to rapidly attack at acyl azolium ions but too sluggish
to undergo fast reactions with acyl fluorides and are,
therefore, considered promising candidates for further
NHC-catalysed reactions with acyl fluorides.
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— Experimental Section—
Reaction Products

(E)-2-(1-Hydroxy-3-phenylallylidene)malononitrile (10a)

fe) OH

dg-DMSO CF;COOH A CN
A o+ NCYCN 6 3 A + NC__CN
K r. t. CN
1 (1 equiv) 9a (2 equiv) 10a (1 equiv) 9a-H (1 equiv)

Acyl fluoride 1 (10 mg, 0.067 mmol) and malodinitrile potassium salt 9a (14 mg, 0.13 mmol)
were mixed in dg-DMSO (0.6 mL) at room temperature. Trifluoroacetic acid (20 mg, 0.18
mmol) was added to the mixture. The *H and **C NMR spectra showed the formation of 10a
and 9a-H.

10a: *H NMR (400 MHz, ds-DMSO) & 7.56—7.54 (m, 2 H), 7.41-7.32 (m, 4 H), 7.00 (d, J =
15.6 Hz, 1 H). **C NMR (100 MHz, ds-DMSO) & 181.7, 136.9, 135.3, 129.3, 129.0, 127.6,
121.5, 120.3, 120.0, 50.7.

9a-H: 'H NMR (400 MHz, ds-DMS0Q) & 4.44 (s, 2 H). *C NMR (100 MHz, de-DMSO) & 112.1,
8.5.

le} OH

dg-DMSO CN
NNE 4 NCYCN 6 AN
K r. t. CN

1 (1 equiv) 9a (3 equiv) 10a (1 equiv)

Acyl fluoride 1 (10 mg, 0.067 mmol) and malodinitrile potassium salt 9a (20.8 mg, 0.2 mmol)
were mixed in ds-DMSO (0.6 mL) at room temperature. The *H NMR and **C-NMR spectra
showed the formation of 10a.

'H NMR (400 MHz, de-DMSO) & 7.55-7.53 (m, 2 H), 7.41-7.32 (m, 3 H), 7.29 (d, J = 15.6 Hz,
1 H), 6.99 (d, J = 15.6 Hz, 1 H). **C NMR (100 MHz, d¢-DMS0) 5 181.7, 136.1, 135.4, 129.1,
128.9, 127.5, 123.9, 122.2, 121.0, 49.3.

Potassium (E)-5-ethoxy-4-(ethoxycarbonyl)-5-0xo0-1-phenylpenta-1,3-dien-3-olate
(11c-K)
0 OK
CO,E
Ph/\)J\F EtO,C.__COsEt dg-DMSO  Ph NN = + EtO,C.__CO,Et
+ e P CO,Et
K r.t
1 (1 equiv) 9c (2 equiv) 11c-K (1 equiv) 9c-H (1 equiv)
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Acyl fluoride 1 (10 mg, 0.067 mmol) and diethylmalonate potassium salt (26 mg, 0.13 mmol)
were mixed in dg-DMSO (6 mL) at room temperature. The *H and **C NMR spectra showed
the formation of compounds 10c-K and 9c-H.

10c-K: *H NMR (400 MHz, de-DMSO) & 7.82 (d, J = 15.7 Hz, 1 H), 7.47-7.45 (m, 2 H), 7.37—
7.33 (m, 2 H), 7.28-7.24 (m, 1 H), 7.14 (d, J =15.7 Hz, 1 H),3.94 (q, J = 7.1 Hz, 4 H), 1.13 (t,
J =7.1 Hz, 6 H). ®*C-NMR (101 MHz, de-DMSO) & 178.2, 169.4, 137.2, 132.4, 130.0, 128.6,
127.8, 126.9, 95.6, 57.4, 14.6.

9¢c-H: 'H NMR (400 MHz, ds-DMS0) 8 4.11 (q, J=7.1 Hz, 4 H), 3.47 (s, 2 H), 1.19 (t, J = 7.1
Hz, 6 H). *C NMR (101 MHz, d--DMSO0) & 166.5, 60.8, 41.2, 13.9.

OK
o EtO,C.__CO,Et dg-DMSO NN ~COEt  EtOC
/\)J\ + i Y ’ : Ph + > + 9c (1eq)
Ph F K r. t. CO,Et Et0,C
1 (1 equiv) 9c (3 equiv) 10c-K (1 equiv) 9c-H (1equiv)

Acyl fluoride 1 (10 mg, 0.067 mmol) and diethylmalonate potassium salt 9c¢ (40 mg, 0.20
mmol) were mixed in de-DMSO (6 mL) at room temperature, The *H and *C NMR spectra
showed the formation of compounds 10c-K, 9c-H and the remaining 9c.

10c-K: *H NMR (400 MHz, de-DMSO0) & 7.81 (d, J = 15.7 Hz, 1 H), 7.46—7.44 (m, 2 H), 7.36—
7.32(m, 2 H), 7.27-7.23 (m, 1 H), 7.13 (d, J = 15.7 Hz, 1 H), 3.93 (9, J = 7.1 Hz, 4 H), 1.13 (t,
J = 7.1 Hz, 6 H). ®*C-NMR (101 MHz, de-DMSO) 5 178.7, 169.6, 137.3, 132.3, 130.4, 128.7,
127.7,126.9, 95.4, 57.3, 14.6.

9¢-H: *H NMR (400 MHz, d¢-DMS0) 8 4.11 (g, J=7.1 Hz, 4 H), 3.47 (s, 2 H), 1.19 (t, = 7.1
Hz, 6 H). *C NMR (101 MHz, de-DMSO) 5 166.6, 60.8, 41.2, 13.9.

9¢: *H NMR (400 MHz, de-DMS0) & 3.76 (q, J = 7.1 Hz, 4 H), 3.54 (s, 1 H), 1.04 (t, J = 7.1 Hz,
6 H). **C NMR (101 MHz, de-DMS0) & 169.5, 61.2, 55.1, 15.4.
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Kinetics

Kinetics of the reactions of acyl fluoride 1 with nucleophiles 9a,c in DMSO

i NC. @ CN EtOC.Q COzEt
=z
Fm 9a 9c
in DMSO in DMSO
1
[1]/ mol-L™ [9a]/mol-L™  Kkeps /S~ A =348 nm
1.25x10° 4.68 x 107t 2
706 X 10—5 187 X 10_3 707 % 10—1 —~ 1.5 kObS :4251[98.] -0.1
250x10° 972x10" g !
312x102 124 05
) 0
3.75 %10 1.53 0 0.002 0.004
k, = 4.25 x 10° L-mol s+ [9a] (mol-L-1)
[1]/ mol-L™ [9c]/mol-L™  Keps /S~ A =364 nm
5.65x10* 3.75x 107
8.47 x 10™* 6.08 x 107
-3 —2 0.3 -
1.13>107 7.98x10 025 | kae=79.0[9¢] - 0.0
508 x10° 1.41x10° 1.04x10™ =~ 02
~ 015 -
1.70x10° 1.26x10" £ o; |
198x10° 147x10% 00| &7 | |
254 %102 1.93 x 107t 0 0.001 0.002 0.003
3.11x10° 2.39x 107 [5¢] (mol-L)
k,=7.9 x 10' L-molt.s™
[1]/ mol-L™"  [9c]/M Kops / S A =312 nm
5.65 x 10* 3.21 x 107 025 -
8.47x10% 503x102 __ 92 Fous = 609861200
 0.15
113x10° 657x10° . .
5.08 x 10° 1.41x10° 8.32x107 0.05
1.70x 102 1.01 x 107" 0
0 0.001 0.002 0.003
1.98x10°% 1.19 x 10™ [9¢] (mol-LY)
254 x10° 1.54x 10"
3.11x10° 1.86x10*
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Kinetics of the reactions of acyl azoliums 4b with nucleophiles 9d—f

OK OTMS
&w&/\ M Z>0
e
CeFs 4 of
in DMSO in DMSO in MeCN
4b]/mol-L™"  [9d]/mol-L™  Keps /S A =350 nm
[
144 %107 266 x 102
1.92 x 107 3.09 x 102 600 | Kons =150000[9d] +3
1.38x10* 240x10°  371x10° & 400
2.88x10°  469x10° £,y
3.36x10°  5.23x10° 0 ‘ ‘
384 x 1073 6.22 x 10° 0 0.002 0.004
[9d] (mol-LY)
k, = 1.5 x 10° L-mol™"-s™"
[4b]/mol-L” [9e]/mol-L™" Kobs / S A =350 nm
1.77 x 10°° 4.61
2.65x 107 6.96 16 | kg, =2438.1[9] + 0.5
1.25x10*  3.53x107° 9.55 o112 ¢
4.42 x 10°° 112x100 £8 7
4 L
5.30 x 107 1.32 x 10* .
6.18 x 107 1.56 x 10" 0 00025  0.005
[9e] (mol-L™1)
k, = 2.44 x 10° L-mol™*-s™*
[4b]/ mol-L™  [9f]/ mol-L™" Kobs / S A=335nm
1.13x10* 1.88x107° 1.15x 107 200
004
1.12x 10"  2.81x10° 1.82 x 1072 Kobs = 0.634[91] - 0.000
0.003
1.11x10*  3.71x107° 229x10° 3 © 000
1.10x10% 459x102  2.84x10° éoom
1.07 x 10*  5.37 x 1072 3.42 x107° 0
0 0.0025 0.005
k,=6.34 x 107 L-molt.s™ [9f] (mol-LY)
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Determination of E of azolium 4b

Electrophiles N (sn) ko /L-molt-s™ (Ig k2)/sn
of 10.52 (0.78) 6.34 x 107 —2.54 x 10"
%e 13.91 (0.86) 2.44 x 10° 3.94
od 16.27 (0.77) 1.50 x 10° 6.72
7 | (logky)/sy=N-10.09 °
G5
3L
2, E =-10.09
1 o
10 15
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Kinetics of the reactions of acyl azoliums 4c with nucleophiles 9a,b,d-f

. €] €]
Me O I I o) o o OWO QTMS
1 ! O O
N = : Y OF U 0. O Z>0
Ph
&?ﬂéj\/\ E NC-S-ON Me Me Me Me Me><Me
Mes ,. | 9a 9 od 9%e of
in DMSO in DMSO in DMSO in DMSO in MeCN
[4c]/mol-L™"  [9a]/mol-L™"  Kops /S A =350 nm
1.64x10°  3.16 x 10° 1000 .
_3 ) Kops = 211707.3[9a] - 31.3
L, 219x10 4.31 x 10 800
1.47 x 10 3 :5: 600 -
2.74 x 10° 551 x10° =
_\:3 400 +
3.28x10°  6.62 x 10? 200 -
0
~ 5 P 0 0.002 0.004
k,=2.12 x 10°L mol™-s [9a] (mol-L1)
[4c]/mol-L™ [9b]/mol-L™  Kops /S A =350 nm
1.76 x10°  5.81 x 10*
5 L 250 [k, =31471.69[9b] + 7.14
2.65 x 10 9.27 x 10
B 3.63x10°  1.20 x 10?
1.63 x 10 ,
4.41 x 10° 1.50 x 10?
5.30 x 107 1.74 x 10°
6.18 x 1073 1.98 x 102 0 0.003 0.006
[9b] (mol-L1)
k, =3.15 x 10*L mol™-s™*
[4c]/mol-L™" [9d]/mol-L™"  Keps /S A =350 nm
-3 1 80 -
2.14 %10 1.88x10 Ky, = 7775.8[9d] + 3.5
3.21x107° 2.89 x 10! .60
L, 427x10°  381x100 G40
1.63 x 10 , S
5.34 x 10" 4.52 x 10" 20 -
-3 1 0
6.41 x 10 5.39x 10 0 0.005
7.48 x 1073 6.05 x 10! [9d] (mol-L™1)

k,=7.78 x 10°L mol*.s*
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[4c]/mol-L™"  [9e]/mol-L™"  Kgps/S A =350 nm
200x10°  3.48x10™ 12 -k, =161.19[9] +0.04
301x10°  530x107 _ 0';

147 x10"  4.01x10° 6.91x10™ ‘"’; 06
501x10° 853x107% -
6.01x10° 994 x10" 0

k,=1.61 x 10°L mol*.s™

0.003
[9e] (mol-Lt)

0.006

[4c]/ mol-L™  [9f]/ mol-L™" Kobs / S A =350 nm
1.52 x 10™* 272x10° 2.18x107
0.0008 -
1.83x10*  4.03x10° 295x10™ 0.0005 Kobs = 0.0739[97] + 0
w 3 4 a
1.73 x 10 5.38 x 10 4.07 x 10 £ 00004
1.70 x 107 6.60x10° 512x10"* (0002
1.58 x 10™ 7.85%x10° 590x10™ 0
1.55x10"  896x10°  6.68x10™ 0 0.005 0ot
' ' ' [9f] (mol-L)
ky=7.39 x 10°L mol s
Determination of E of azolium 4c¢
Nucleophiles N (sn) ko/L-mol™-s™ (log ko)/sn
of 10.52 (0.78) 7.39x107° ~1.45
9e 13.91 (0.86) 1.61 x 10° 2.57
9d 16.27 (0.77) 7.78 x 10° 5.05
9b 17.64 (0.73) 3.15 x 10* 6.16
9a 19.36 (0.67) 2.12 x 10° 7.95
g " (log k;) /sy =N -11.48
56
= 4
> 2 E=-11.48
0
-2




Kinetics of the reactions of acyl azoliums 4d with nucleophiles 9a,b,d-f

©) ©

\ - 0 o OTMS
e | NC.@.CN 050 i
Q E N Me Me Me Me Me Me
4 OMe i in DglaSO in D9|\5I’80 in Dgl\';I’SO in DQI\ﬁSO in I\/IgefCN
[4d]/mol-L™ [9a]/mol-L™"  Kgps /S A =355nm
1.53 x 10° 1.55 x 102 500
_ " Kgps = 89729.1[9a] + 21.6
2.05x10° 207 x 102 400 °
256 x10°  258x10% 9, 300
1.54 x 107 , s
3.07x10° 2.96x 10 5 200
358x10° 3.38 x 10° 103
409 x 102  3.90 x 10° 0 0.0025 0.005
— o 1 [9a] (mol-L1)
ko =8.97 x 10*°L mol™*s
[4d]/mol-L™" [9b]/mol-L™"  Keps /S~ A =355 nm
1.92x10° 481 x 10"
289x10° 610 x 101 150 g . =17830.40[9b] + 9.21
. .10 %
, 385x107°  7.94x10"
2.28 x 10 .
481 x10° 9.53x10
577 x10°  1.14 x 10
6.74 x 10°  1.27 x 10° 0 0.0025  0.005
ko= 1.78 x 10° L mol*-s ! 19P1fmolL)
[4d]/ mol-L™" [9d]/ mol-L™"  Keps /S A =355 nm
-3 1
1.75x107  1.20x10 0 [ = 5871.2[9d] + 2.1509
263x10° 1.73x 10" A
% 30
350x10° 235x10° T
1.37 x 107 S
438x10° 2.82x10 10
3 3.32x10° 0 ‘ ‘
525x10 . 0 00025 0005
613x10° 37510 [9d] (mol-L )

k,=5.87 x 10°L mol*.s*
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[4d]/mol-L™" [9e]/mol-L™  Keps /S A =330 nm
1.94x10° 2.69x 107" 1 Kops = 121.92[9¢] + 0.0397
291x10°% 395x10* 08
% 0.6
154 x 10" 3.87x10° 526x10" Ty
484x10° 6.28x10" 0.2
_3 _1 0 | |
5.81x10 742x10 0 0.0025 0.005
k,=1.22 x 10°L mol™*-s™ [9¢] (mol-L1)
[4d]/mol-L™" [9f] /mol-L™"  Keps /S~ A =325 nm
1.14x10% 5.10x10° 1.98x107" 0.0005
00004 | Kobs = 0-0347[97] +0
1.14x 10" 6.34x10° 240x10™ —~
%, 0.0003
1.14x 10" 7.61x10° 2.65x10™ 200002
1.11x10% 871x10° 3.23x10™ 0.0001
-4 -3 4 0
1.10 x 10 9.86 x 10 3.63 x 10 0,005 0.01
K, =3.47 x 10°L mol*-s™? [9f] (mol-L1)
Determination of E of azolium 4d
Nucleophiles N (sn) ko /L mol™-s™ (log ko)/sn
of 10.52 (0.78) 3.47 x 10°° -1.87
9e 13.91 (0.86) 1.22 x 10? 2.43
ad 16.27 (0.77) 5.87 x 10° 4.89
9b 17.64 (0.73) 1.78 x 10* 5.82
9a 19.36 (0.67) 8.97 x 10* 7.39
10
8 (log ky) / sy =N -11.79
56
3 4
2 2 E=-11.79
0
-2

15

20
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Kinetics of the reactions of acyl azoliums 4e with nucleophiles 9a,b,d-f

Me O O o. 2 o o 2 o OTMS
NN E o 2 o
N " Negon 050 ~9
N\t-Bu ' ~ Me Me Me” ~Me Me” ~Me
9a 9b 9d 9e of
de : in DMSO in DMSO in DMSO in DMSO in MeCN
[4e]/ mol-L™" [9a]/mol-L™"  Keps /S A =345nm
152 %107 1.16 x 102
400 _
203 X 10—3 152 x 102 kObS - 823254[96.] - 79
1.64 x 107 5 53 x 10° , 300
. X P
3 2.08 x 102 om0 |
3.04 x 10 2.50x10° & |
355x10°  2.81x 10° 0 ‘ ‘
405x 102 3.22x10° 0 0.002 0.004
[9a] (mol-L1)
k, =8.23 x 10°L mol™-s™
[4e]/ mol-L™" [9b]/mol-L™"  Keps /S A =345 nm
2.03x10° 3.98 x 10* 150
3.04x10° 566 x 10 Kops = 16352.6[9b] + 7.5
, 405x10° 7.48x10
1.68 x 10 , .
5.06 x 10°  9.20 x 10
6.08 x 10°  1.07 x 10° 0 ‘ ‘ ‘
_3 ’ 0 00025 0005 0.0075
7.09x107  1.22x10 [9b] (mol-L-)
k,=1.64 x 10*L mol™-s™*
[4e]/ mol-L™" [9d]/ mol-L™  Keps /S~ A =345 nm
3 B
1.87x107 11910 4513 | Ko = 5599.170dl] + 1.7
2.81x10° 174x10' ~ %
375x10°  233x10°  Hon
1.68 x 10°* . i
468 x10° 2.79 x 10 10 -
3 1 0 : :
562x107 3.31x10 0 00025  0.005
6.56 x 10°  3.83x 10 [9d] (mol-L)

k,=5.60 x 10°L mol™*.s*
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[4e] / mol-L™" [9e]/mol-L™"  Keps /S~ A =345nm
1.77 x10°  3.42x 10™
265x10° 527 x 101 12 1 Ky =174.4[9€] + 0.1
' 09 -
1.64x10" 353x10° 672x10" %, 06
442x10° 833x107
5.30x10° 9.89x107 0 | |
6.18 x 107° 1.11 0 0.003 0.006
[9e] (mol-L1)
ko=1.74 x 10°L mol™"-s™
[4e]/ mol-L™" [9f] /mol-L™"  Kops /S A =320 nm
8.70x10° 3.29x10° 859x10™ 000025 | =0,0256[9f] + 0
879x10° 434x10° 117x10" 00088(132 i
862x10° 537x10° 141x10" g 0.0001 |
8.34x10° 6.64x10° 1.69x10" 0.00005 -
0 1 1 )
9.27x10° 7.85x10° 2.06x 10" 0 0.003 0006 0.009
kp=2.56 x 102 L-mol .5~ [9f] (mol-L™*)

Determination of E of azolium 4e

Nucleophiles N (sn) ko /L- mol™-s™ (log ko)/sy
of 10.52 (0.78) 2.56 x 107 —2.04
9e 13.91 (0.86) 1.74 x 10° 2.61
ad 16.27 (0.77) 5.60 x 10° 4.87
9b 17.64 (0.73) 1.64 x 10* 5.77
9a 19.36 (0.67) 8.23 x 10* 7.34

9 (log k,) / sy =N -11.80
7
%5
=3
21 E=-11.80
-1
-3

15




Kinetics of the reactions of acyl azoliums 4f with nucleophiles 9a, b, d-f

e 9 U o o 2_o OTMS
NW)\/\P*‘ E N E/\cf Z
MYC@ Qe L NS e e e
MeO i 9a 9b % of
af ' inDMSO in DMSO in DMSO in MeCN
mol- aj / mol- obs! S = nm
[4f]/mol-L™" [9a]/ mol-L™  Kops /S~ A = 345
1.77x10° 141 x 10° 7
236%x10° 195 x 102 Kops = 82760[9a] - 4
L, 295x10°  2.37x10°
1.70 x 10 , -
354x10° 291x10 I
413x10°  3.35x10°

k, = 8.28 x 10*L mol™*.s™*

[9a] (mol-L1)

kobs (S_l)

A =345 nm

Kops = 11206[9b] + 7

0 0.0025 0.005 0.0075

[9b] (mol-L1)

[4f] / . B
ol Lt [9b] / mol-L Kobs / S
1.98 x 10~ 2.85 x 10"
2.97 x 103 4.15 x 10*
Leox1gt 398X 10° 51810
. X
4.96 x 107 6.32 x 10°
5.95 x 107 7.28 x 10°
6.94 x 103 8.53 x 10*
k,=1.12 x 10*L mol™-s™*
41 /
m[oI]L'l [9d] / mol-L™ Kobs / S
1.76 x 10~ 7.25
2.63 x 103 1.08 x 10*
Leox10¢ 3L 10°  1.36 x 10
. X
4.39 x 107 1.74 x 10*
5.27 x 107 2.05 x 10!
6.15 x 103 2.34 x 10!

N
o

kobs (S-l)

[N
o

A =345 nm

| Kops = 3695.8[9d] + 0.9

k,=3.70 x 10°L mol™*-s™*

00025  0.005
[9d] (mol-L1)
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[4f] / mol-L™" [9e]/mol-L™"  Kops /S A=345nm
1.88x10° 1.01x107
04 -
282x10° 157x10" Kobs = 52.5[9] + 0.0
0.3 ¢
, 376x 10°  2.09x10% o
1.70 x 10 5 ) 202 -
4.71 x 10° 2.50 x 10” Lo
565x10° 3.01x10" 0 | |
6.59 x 10—3 3.53 x 10-1 0 0.0025 0.005
. S— [9e] (mol-L1)
k, =5.25 x 10*L mol™-s
[4f] / mol-L™"  [9f]/ mol-L™ Kobs / S A =330 nm
1.46 x10* 496 x10°  1.33x 107
. B . 0.0004 | kg, = 0.0302[9f] - 0
1.33 x 10 7.20 x 10 2.02 x 10 ~ 00003 -
1.24x10" 9.04x10°  253x10" g 00002 -
1.45x 10" 1.15x102% 3.27x10™ 0.0001 -
-4 -2 -4
1.33 x 10 1.36 x 10 3.96 x 10 0 0005 00L 0015
K, =3.02 x 10°L mol*.s™? [9f] (mol-L*)
Determination of E of azolium 4f
Nucleophiles N (sn) ko /L- mol™-s™ (log ko)/sy
of 10.52 (0.78) 3.02x 107 -1.95
%e 13.91 (0.86) 5.25 x 10* 2.00
ad 16.27 (0.77) 3.70 x 10° 4.63
9b 17.64 (0.73) 1.12 x 10* 5.55
9a 19.36 (0.67) 8.28 x 10* 7.34
8 (log k,) /sy =N -12.02
= 6
= 4
)
2 0 E=-12.02
-2 J

10

20
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Appendix 5 Correlation between the change of activation

energy and free energy change

Equation (4) and equation (5)" are two empirical equations which are developed based

on numerous kinetic and equilibrium measurements at 20 °C.
Igk,(20°C) = sy(N +E) (4)
gk (20°C) =LB+LA  (5)

The rate constant k and equilibrium constant K can be described with equation (6) and

equation (6).

KkBT —AG*
k= A e RT (6)
_46°
K = e Rt (7)

If we transform equation (6) and (7) into common logarithm form, we get equation (8) and

equation (9).

k= - 20 gkl g
gk= oo T8 ®
ok = — 26 9
8% = T3 303RT ©)

If we apply equation (8) for the reactions following second order kinetic and combine with

equation (4), we get equation (10).

kT
B (10

AG* = —2.303RTsy(N + E) + 2.303RTIg >

T Mayr, H.; Ammer, J.; Baidya, M.; Maji, B.; Nigst, T. A.; Ofial, A, R.; Singer, T. J. Am. Chem. Soc.
2015, 137, 2580-2599.
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If we apply equation (9) for the reactions following second order kinetic and combine with
equation (5), we get equation (11).

AG® = —2.303RT(LB + LA) (11)
The Gibbs energy diagram for the reactions of a certain nucleophile Nu with different
electrophiles E; and E; is shown in figure App. 5-1.

20°C
Nu+E; —> Nu—E,

]

Nu + E2 —_— NU_E2

Reactants

T Nu—E,
A(AG?)

| Nu—E,
products

Figure App. 5-1. Gibbs free energy diagram of the comparison for the reactions of one nucleophile Nu,
with different electrophiles E; and E,

According to equation (10):

A(AGF) = —2.303RTsy(E, — E,) (12)
According to equation (11):

A(AG®) = —2.303RT(LA, — LA,) (13)
Equation (12) divided by equation (13):

dAG* dE
TAG0 — Swﬂ (14)

Because AE/ALA is constant for the reactions with different nucleophiles, syreveals the
relative change between the Gibbs energy of activation and Gibbs energy of reaction
when a certain nucleophile reacts with different electrophiles. Because the change of
Gibbs energy of reaction between any nucleophile with two certain electrophiles keeps
constant according to equation (20), sy indicates also the change of Gibbs energy of

activation when a certain nucleophile reacts with different electrophiles.
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The correlation between the electrophilicity parameter and the Lewis acidity parameter of

benzhydrylium ions E8 to E18 is depicted in Figure App. 5-2.

20 °C in CH,Cl,

3 -
y =0.771x + 0.063
2 b R?=0.988
w
-7 F
-12 ' '
-15 -10 -5

LA

-12

20 °C in CH5CN

E =0.804LA + 0.633
R2=0.972

’/‘,,./’

-10 -5
LA

Figure App. 5-2. Correlation between the electrophilicity parameter and the Lewis acidity parameter of

benzhydrylium ions E8 to E18

The slope of the correlations of the electrophilicity versus Lewis acidity of benzhydrylium

ions in acetonitrile at 20 °C is around 0.8. On average, the change of the Gibbs free

energy of activation is about half of the change of the the Gibbs free energy of reaction

when sN parameter is about 0.65 and the change of the Gibbs free energy of activation

approximately equals the change of the Gibbs free energy of reaction when sy parameter

is1.2.
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