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Chapter 0

Introduction

Many attempts have been undertaken to construct a general reactivity scale that can be used to
classify the reactivity of both, organic and inorganic compounds. During the recent decades,
Mayr et al. have constructed a comprehensive nucleophilicity scale which is based on the
kinetics of the reactions of ©-, n-, and o-nucleophiles with benzhydrylium ions, structurally

related quinone methides, and diethyl benzylidenemalonates.!!!

The second-order rate constants of these reactions have been described by the linear free energy
relationship (Equation 1), where E is an electrophile-specific solvent-independent parameter,

and N and sy are solvent dependent nucleophile-specific parameters.
lghkr» (20°C)=sn (N+E) (D

Natural products comprise a rich source for bioactive molecules with medicinal relevance.
Many of these contain electrophilic scaffolds that covalently bind the active sites of conserved
enzymes.'?] Prominent examples include beta-lactams and beta-lactones which specifically
acylate serine residues in diverse peptidases.’! For our studies, we decided to investigate
penicillin G and the beta-butyrolactone as model compounds. To quantify and dissect the
differences in bioactivities, the kinetics of the reactions of beta-butyrolactam, beta-
butyrolactone and penicillin G (Figure 1) with reference nucleophiles have been analyzed with
a set of reference amines in pH-buffered aqueous solution at 37 °C. The relative reactivity of

beta-butyrolactam, beta-butyrolactone and penicillin G could therefore be elucidated.

0 0 0
Me Me S NH
Og\/Ph

Figure 1: Beta-butyrolactone and beta-butyrolactams studied in this work.

As a second project, in this work, equation 1 was used to characterize the ambident nucleophilic
reactivity of N,N-dialkylated anilines. N,N-Dialkylated anilines are highly important in organic

chemistry as they are used as activator for polymerisations'¥ as well as for the production of

1



dyes,®! pharmaceuticals and agricultural chemicals.®) Numerous kinetic studies on the
reactivities of amines,!”) azoles,!® and pyridines!® have been performed, but kinetic data for the

reactions of N,N-dialkylated anilines with carbocations are very limited to date.

RHC.-CHR

RH,C— N CH3R
- H+ R'
C4- attack forR' = N-adduct
RH,C. . R
-,C N CH,
+ E+ R + E+
ﬁ \
RHZC\N,CHzR RHZC\,*\‘I//CHR
E
+ E—H
R' R'
C2-attack Hydride
abstraction

Scheme 1: Possible reactions of N,N-dialkylated anilines with cationic electrophiles.

Using the system of Mayr et al., the reactivities of N,N-dialkylated anilines were studied with
benzhydrylium ions in acetonitrile and dichloromethane at 20 °C.!'! N N-Dialkylated anilines
can react with carbocations via four different pathways (Scheme 1). Beside the reaction at the
C2 and C4 ring carbon, both the attack of the nitrogen atom and hydride abstraction at the alkyl
group in alpha position to the nitrogen atom are possible. In this thesis, beside
N,N-dimethylaniline, various substitution patterns of the alkyl groups, as well as the influence

of different substituents at the aromatic ring were studied (Figure 2).

Me. .Me Me\ .
N

S O

Figure 2: N,N-Dialkylated anilines investigated in this work.



By studying the kinetics of their reactions with benzhydrylium ions, the reactivity at the
nitrogen atom of all studied N,N-dialkylated anilines was quantified. It was further possible to
study the reactivity at the C4 carbon ring atom of N,N-dimethylaniline, N,N-diethylaniline and
I-phenylpyrrolidine as well as the selective abstraction of an hydride of N,N-dimethylaniline

by using tritylium ions as alternative reference electrophiles.

N,N-Dimethylaniline is not only interesting in terms of its reactivity. Functionalization of
tertiary amines at the sp>-hybridized a-carbon has been an emerging field of organic chemistry
in recent years.['” Using this synthetic method for the introduction of an aryl moiety would
furnish benzylic amines, which are a common structural motif of market-relevant
pharmaceuticals.'!! Beside others, the work of Diels and Paquin from 1913! led us to a

synthetic approach (Scheme 2).

Me.,..Me DEAD Me. /\N,COZEt HCI (1 M) Me(  .H

N e N N
) Ph Ph HN A Ph
~CO,Et
b) N“H Lo AL R"\N)
R MeCN ~CO,iPr MeCN Il?

Scheme 2: a) DEAD mediated selective demethylation of N,N-dimethylaniline by Diels and
Paquin.!"?! b) Our synthetic approach for the functionalization of N,N-dimethylated anilines and

aliphatic tertiary amines.

According to a procedure from Diels and Paquin of 1913!'2] we treated N,N-dimethylated
anilines with diisopropyl azodicarboxylate (DIAD) to generate N-aminomethylated hydrazine-
1,2-dicarboxylates. These hydrazine-adducts react under acidic conditions with potassium
aryltrifluoroborates as nucleophiles to yield the corresponding cross coupling products. In
contrast to other procedures, this method works without addition of transition metal catalysts
or water under acid conditions. Thus, we herein report a transition metal-freel'’! two-step

synthesis of a-arylated amines from tertiary amines, DIAD and organotrifluoroborates.
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Summary

Kinetic and theoretical studies of beta-lactone reactivity — a quantitative

scale for biological application

The second-order rate constants (k2) for the reactions of beta-butyrolactone and penicillin G
were studied with a set of reference amines in buffered aqueous solution at 37 °C. In case of
these studies, several buffer systems were investigated. All buffers reacted with beta-
butyrolactone, but smallest conversion was found with triethanolamine (TEA). Different
product ratios of C1 vs. C3 attack on the beta-butyrolactone have been observed, depending on
the aliphatic or aromatic nature of the standard amine used (Scheme 1). The first-order rate
constants (kobs) obtained for the reaction of beta-butyrolactone with aniline were found to
correlate linearly with the concentrations of the anilines and second-order rate constants (kn)
could, therefore, be obtained with aromatic and aliphatic amines (example see Figure 1). In
correspondence with their weak proteome reactivity, monocyclic beta-lactams did not react
with our set of standard nucleophiles studied herein. Bicyclic beta-lactams, however, exhibited
a lower activation barrier, and thus, reacted with standard nucleophiles. The experimental
results were verified by theoretical studies using combined quantum mechanics/molecular

mechanics (QM/MM).

C1 attack

O

Me
C3 attack

Sn2 acylation
A 'j/ \: "

Me O Me O
L, oy
H H
rr o R
i Me O
HN OH HN OH |
i HOMNAPh
| H
(65 %) Me (70%) | (59 %)
XA o ors
HN OH HN OH | HO h‘l/\
: H Ph
(58 %)
Me (79 %) OMe (59 %)

Scheme 1: Products of the reactions of beta-butyrolactone with amines in HoO/MeCN 9/1 (v/v)
(yields refer to isolated products).
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Figure 1: a) Reaction of beta-butyrolactone with aniline in D,O/ds-DMSO 9/1 (v/v) at 37 °C.
b) Linear dependence of the first-order rate constant kops for the reaction of beta-butyrolactone
with aniline on the concentration of aniline at 37 °C (kobs for [aniline]ess = 0 corresponds to the
hydrolysis of beta-butyrolactone in triethanolamine (TEA)-buffered solution; not considered

for the depicted linear correlation).

Transition Metal-Free C-H Functionalization of Tertiary Amines:

Diisopropyl Azodicarboxylate Mediated a-Arylations

Aromatic and aliphatic tertiary methylamines RR’NCH>-H were converted to o-arylated
amines RR’NCH>—Ar in two steps. In the first step, tertiary methylamines and a slight excess
of diisopropyl azodicarboxylate (DIAD, 1.1 equiv.) reacted in acetonitrile to generate
N-aminomethylated hydrazine-1,2-dicarboxylates. These aminals were isolated with good
yields in the range of 71-95% (Table 1). The reaction time could be shortened by heating the
reaction mixture, as shown for the reaction of N,N-dimethyl-para-anisidine with DIAD (Table
1, entry 2 and 3). In an initial attempt, the para methyl substituted diisopropyl 1-((methyl(p-
tolyl)amino)methyl)hydrazine-1,2-dicarboxylate was reacted with 2-methylfuran and furnished

the desired a-arylated amine in good yield (Scheme 2). The scope of the reaction with



unfunctionalized arenes was, however, limited to this reaction. Reactions of these hydrazines
with potassium (hetero)aryltrifluoroborates at ambient temperature in the presence of one
equivalent of trifluoroacetic acid in acetonitrile furnished a-arylated amines (Figure 2). Also
tropinone was converted to different (hetero-aryl)methylated nortropinones (Scheme 3). Both

steps of the reaction sequence occurred without addition of a metal-based catalyst.

Table 1: Addition of DIAD to N,N-dimethylanilines.

~NT \N/\N/COZI'Pr
A (iPr)O_Ns JOL @HN‘CO iPr
| ot I@r N"owpy =
X X
DIAD
Aniline, X = Hydrazine Yield® (%)
4-Me 95 (4d,rt)
4-OMe 78 (2d, 1t)
81 (4 h, rflx)
H 86 (5d, rt)
4-F 88 (2d,rt)
4-Cl 74 (3 d, rflx)
4-Br 87 (3 d, rflx)
4-CO2Et 86 (2 d, rflx)
4-CN 71 (2d, rt)
2,4,6-(Me)3 87 (10 h, rflx)

[a] Yield of isolated product after column chromatography.

\N/\N/COZIPr ~N fe)
HN W
“COzPr | H O.__Me aaHCI(2M)
U CHCly
rt. 82%
Me Me

Scheme 2: Bronsted acid mediated a-arylation of diisopropyl 1-((methyl(p-
tolyl)amino)methyl)hydrazine-1,2-dicarboxylate with 2-methylfuran.
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Figure 2: a) DIAD-mediated aminomethylations of potassium benzofuran-2-yl trifluoroborate
by the ring-substituted N,N-dimethylaniline  derivatives. b) DIAD-mediated
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the furan-3-yl trifluoroborate yield the same product. [a] Reaction at >1 mmol scale. [b] With

0.74 equiv. TFA. [c] With 0.37 equiv. TFA.
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Quantification of the Nucleophilic Reactivities of /V,N-Dialkylated Anilines

The second-order rate constants (k2) for the reactions of N,N-dialkylated anilines were studied
with benzhydrylium and tritylium ions as reference electrophiles in acetonitrile and
dichloromethane at 20 °C by UV/Vis and '"H NMR spectroscopy. Product studies where
performed with para-unsubstituted N,N-dialkylated anilines, yielding triarylmethanes as result
of the attack at C4 carbon of the N,N-dialkylated anilines. The consumption of the electrophile
and the formation of the according triarylmethane was followed by time-resolved 'H NMR
spectroscopy. Applying UV/Vis spectroscopy, in most cases a bisexponential decay of the time-

dependent absorbance of the electrophiles was observed (Figure 3).

The measured rate constants correlated linearly with the electrophilicity parameters of the
respective electrophile allowing us to derive their nucleophilicity parameters N and sn for the
attack of the N,N-dialkylated anilin’s C4 and nitrogen atom (examples are shown in Figure 4).
The nucleophilic reactivities of the studied N,N-dialkylated anilines are in a comparable range
for the attack of the C4 carbon in acetonitrile and dichloromethane, respectively. For the attack
at the nitrogen atom, they cover a range of nearly 4 orders of magnitude (Figure 5). Furthermore,
second-order rate constants for the selective abstraction of a hydride from the CH3 group in
a-position of the N atom, were measured, by studying the kinetics of the reactions with tritylium

ions (Scheme 4).
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Figure 3: a) Reaction of N,N-dimethylaniline with (dma),CH" BFs~ in CH3CN at 20 °C. b) Plot
of the absorbance 4 at 605 nm vs. time for the reaction of N,N-dimethylaniline (¢ = 1.67 x
1073 M) with electrophile (dma)CH" (¢ = 1.16 x 107> M) in acetonitrile at 20 °C with the
calculated absorbance for the attack of the C4 carbon of N,N-dimethylaniline (green line; kobs =
1.48 x 1073 s71). b) Enhancement of the first seconds. The first absorbance drop can be described
by another monoexponential function and is assigned to the attack of the nitrogen atom of

N,N-dimethylaniline (red line; kobs = 2.28 x 1072 s71).
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Figure 4: Correlation of the rate constants Ig k> for the reactions of N,N-dimethylaniline
(squares) and N,N-diethylaniline (circles) at the C4 ring carbon with benzhydrylium ions in
acetonitrile at 20 °C with their electrophilicity parameters E. The N parameters are derived as
the intercepts on the abscissa (stroked line, N=—F at Ig k» = 0; N=5.83 for N,N-dimethylaniline
and N = 6.28 for N,N-diethylaniline), the sn parameters are the slopes of the correlation lines
(sn = 1.69 for N,N-dimethylaniline and sx = 1.64 for N,N-diethylaniline). The open symbols

were not used for the calculation of the correlation line.
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Scheme 4: Reaction of N,N-dimethylaniline with (ani);C" BF4~ in CD3CN at 20 °C. A second-

order rate constant k> = 2.71 x 1072 M ! s! was obtained.
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Chapter 1

Kinetic and theoretical studies of beta-lactone reactivity — a

quantitative scale for biological application

Elija N. Wiedemann, Franziska A. Mandl, Iris D. Blank,
Christian Ochsenfeld, Armin R. Ofial and Stephan A. Sieber

ChemPlusChem 2015, 80, 1673—-1679.
Abstract

Natural products comprise a rich source for bioactive molecules with medicinal relevance.
Many of these contain electrophilic scaffolds that bind conserved enzyme active sites
covalently. Prominent examples include beta-lactams and beta-lactones, which specifically
acylate serine residues in diverse peptidases. Although these scaffolds appear similar, their
bioactivities and corresponding protein targets vary. To quantify and dissect these differences
in bioactivities, the kinetics of the reactions of beta-butyrolactone with a set of reference amines
in buffered aqueous solution at 37 °C have been analyzed. Different product ratios of C1 vs. C3
attack on the beta-butyrolactone have been observed, depending on the aliphatic or aromatic
nature of the standard amine used. Quantum mechanics/molecular mechanics (QM/MM)
calculations revealed that a H3O" molecule has a crucial role in stabilizing C3 attack by aniline,
through coordination of the lactone ring oxygen. In agreement with their weak proteome
reactivity, monocyclic beta-lactams did not react with our set of standard nucleophiles studied
herein. Bicyclic beta-lactams, however, exhibited a lower activation barrier, and thus, reacted
with standard nucleophiles. This study represents a starting point for semiquantitative reactivity
scales for natural products, which, in analogy to chemical reactivity scales, will provide

predictions for electrophilic modifications in biological systems.
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Introduction

Natural products frequently exhibit diverse electrophilic moieties designed to trap nucleophilic
amino acid residues and thereby inhibit cellular proteins.'! Evolution has fine-tuned these
electrophiles to address a variety of cellular nucleophiles, e.g. in the active site of enzymes.
These taylored scaffolds include beta-lactams, beta-lactones, epoxides and Michael acceptors,
which vary in their reactivity and selectivity towards amino-, thio-, and hydroxyl-substituted

amino acids (Figure 1).

O o) 0]
R™ R R R

R R R
B-lactones  monocyclic B-lactams  bicyclic B-lactams Michael acceptors epoxides

Figure 1: Common electrophilic motifs in natural products.

Beta-lactams are among the most potent antibiotics and they exert their cellular activity by
reacting with the active site serine in penicillin-binding-proteins (PBPs), thereby inhibiting cell
wall biosynthesis, and thus, bacterial viability.”) Importantly, monocyclic beta-lactams lack
pronounced protein reactivity.l*! However, scaffolds in which the lactam is activated by, for
example, sulfonylation (aztreonam) or as a bicycle (penicillins), exhibit desirable reactivity and
bioactivity.[*! The beta-lactones on the other hand, do not require activation in order to react
with serine and cysteine residues, which suggests that monocyclic lactones and lactams show
significantly different electrophilicities under physiological conditions.”) Previous ring-
opening studies with 3-alkylated beta-lactones revealed S-nucleophiles to require activation by
deprotonation for an efficient C3 attack, a mixed Sn2 reaction (attack at C3) and acylation

(attack at C1) with amines, and C1 or C3 attack in hydrolysis reactions (Figure 2).[%”]

C1 attack
R O m O OH
S\2 0 lati
N o —a— o I MR
R
Nu = CHR,, NR,, SR C3 attack Nu = NR,, OR
1forR=Me

Figure 2: Possible beta-lactone ring-opening pathways of different nucleophiles.

Due to a lack in reliable reactivity and selectivity profiles under physiological settings, the
identification of nucleophiles that distinguish between C1 vs. C3 attack, as well as an
explanation for the selectivity towards these two sites, has not been possible. In order to mimic

biological systems accurately, one must consider aqueous media as well as a series of
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nucleophiles that imitate the reactivity of active sites. A first step in this direction was the
evaluation of the alkylating potential of lactones as per their reaction rates with 4-(p-
nitrobenzyl)pyridine in water/dioxane mixtures.!”’ A crucial parameter for the determination of
natural product electrophilicities is the selection of suitable nucleophiles which can be described
by suitable kinetic equations. Previously, reactivities of structurally diverse carbocations and
neutral electrophiles were characterized with a set of reference nucleophiles, and the
corresponding second-order rate constants were evaluated according to the linear free energy
relationship Ig k(20 °C) = sn(N + E).’] While the electrophile-independent parameter, N, is a
measure of the nucleophilicity of a dissolved reactant, sn provides information about its
sensitivity towards changes in the electrophilicity of reaction partners. The electrophilicity £ is
a nucleophile-independent reactivity parameter. Because the same values of E is assigned to
the reference electrophiles (benzhydrylium ions and quinone methides) in different solvents, all
solvent effects on reactivity are considered in the nucleophilicity parameters N and s.

The kinetics of electrophilic compounds under physiological conditions has previously been
studied by different groups, for example, to derive the carcinogenic properties of lactones or
lactams from their alkylation potential.l”*) To determine reactivities of lactones and lactams
towards nucleophiles with known N and sx parameters,®™¥ we started with investigating the
reactions of beta-butyrolactone (BBL, 1) with a set of standard amino-substituted nucleophiles
(Figure 3) and determined its electrophilic reactivity, as well as the regioselectivity of
nucleophilic attack with experimental and theoretical methods. In agreement with their minimal
biological effects, monocyclic beta-lactams did not exhibit any reactivity with nucleophiles
6-8, whereas reactions occurred when the beta-lactam was part of a strained bicyclic ring
system. Because these reactions were performed under aqueous conditions, this study provides

a basis for a rational approach to fine-tuning electrophilic scaffolds as selective inhibitors in

NH NH
Me Me OMe
2 3 4 5

6 7

8

biological applications.

Figure 3: Standard amino-substituted nucleophiles used herein: aniline (2), m-toluidine (3), p-toluidine (4), p-

anisidine (5), benzylamine (6), 2-phenylethylamine (7), n-propylamine (8).
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Results and discussion
General considerations

To obtain a comprehensive picture of the reactivity of BBL (1) under physiological conditions,
we used a series of primary amines (Figure 3) in aqueous solution (D20) at 37 °C and a constant
pH. In these reactions mixtures, four different nucleophiles are capable of reacting with BBL:
water, hydroxide ions, the conjugate bases X of the buffer system, and the selected nucleophile
(Scheme 1).

Scheme 1. Reactions of BBL (1) with amines in buffered aqueous solutions.
oD O

oD O hydrolysis
)\/”\OD
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s X o (21
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)\/U\OD aneer )\/”\NDR

The rate law for the decay of the concentration of 1 (eq 1) has to consider the contributions of

all four reaction channels.

—d[1])/d¢ = (kw + kpo-[DO™] + kvutrer[buffer] + An[amine])-[1] (1)

Previous kinetic studies on the pH-dependency of BBL hydrolysis have shown that the non-
catalyzed reaction of 1 with water follows a first-order rate law with a first-order rate constant,
kw. Attack by hydroxide ions (OH") is only relevant at pH > 9, while acid catalysis accelerates
the hydrolysis only in the region of pH < 1.1 Blackburn and Dodds have shown that in buffered
solutions, the reaction of pyridines and imidazoles with B-propiolactone could be described by
equation 2a.['!! Significant increases in the rate of the 1 hydrolysis were only observed in the
presence of highly concentrated buffers (> 1.5 mol L™").['%] Based on the extensive work done
by Gresham on the ring opening of B-propiolactone by acetate or anions of inorganic acids, !
we expected that buffers do not only participate in the stabilization of the pH but that their
conjugate bases are also potential nucleophiles that are capable of attacking 1 (kvufrer[buffer]).[*]
As we found that the conjugate bases of the buffers indeed gave covalent adducts with 1 (see

Table 1), we extended equation 2a to equation 2b.
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k= kw + kpo-[DO7] + kn[amine] (2a)
k2 = kw + kpo [DO™] + kpufter[buffer] + An[amine]  (2b)
ki = kw + kpo-[DO] + kvutrer[ buffer] 3)

Owing the high initial concentration of water, the constant value of [DO] in buffered solution
and only partial consumption of buffer and amine, the concentrations of all four relevant
nucleophiles do not change significantly during the kinetic experiments. Consumption of 1 is,
therefore, expected to follow an exponential function, [1],=[1]o € ¥, in which & corresponds to
ki for hydrolysis of 1 in buffered aqueous solutions (eq 3) or to k> for the reaction of 1 in

buffered aqueous solutions of amines (eq 2b).

Reactivity of 1 in aqueous buffer solutions.

In a first step, we determined the rate of the consumption of 1 in a 9:1 mixture of D,O/de-DMSO
in the absence of standard amine nucleophiles using time-resolved '"H NMR spectroscopy. The
consumption of 1 through hydrolysis and the nucleophilic attack of different buffers (pH range
from 4.75 to 8.10) was investigated (Table 1). In each case, the consumption of 1 followed a
mono-exponential decay and produced a mixture of 3-hydroxybutyric acid (3-HBA) and the
buffer adduct (see Supporting Information). Least squares fitting with the function [1]; = [1]o X
e M yielded the first-order rate constants ki as defined by equation 3, which reflect the reactivity
of 1 towards the solvent at a constant pH for a 0.10 M buffer system.

The attack of 1 by buffer components was recorded by 'H NMR spectroscopy throughout
kinetic experiments (right column of Table 1) and independently confirmed by LC-HRMS
analysis (see Supporting Information). The presence of buffer changed the rate constant of the
consumption of 1 only within a factor of < 1.25 (Table 1, entries 2—5), compared with the non-
buffered hydrolysis of 1 (Table 1, entry 1), which agrees with minimal formation of adducts of
1. As illustrated in Table 1, entries 1-5, compound 1 reacted with all buffered aqueous solutions
at comparable rates, we decided to proceed with aqueous TEA solutions for further kinetic
investigations of reactions of 1 with primary amines. This is beneficial because the tertiary
amine TEA provides a constant pH of 7.75 which is similar to physiological conditions in living

cells (Table 1, entry 4).
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Table 1: Rate constants of consumption of 1 in buffered and non-buffered mixtures of D-O/ds-DMSO 9/1 (v/v) at
37 °C ([1]o = 25 mM, [buffer]o = 0.10 M,).

Ratio
entry buffer pH ki [s7!] tys [h] 3-HBA/buffer adduct
1 without buffer - 4,73 x 1075 [al 4.1 100/—
2 acetate 4.75 4.14 x 107 4.7 96/4
3 Na;HPO4/NaH,PO4  7.00 5.85x 107 33 86/14
4 TEA 775 547x10° 35 83/17 — 88/12["]
5 TRIS 8.10 5.79 x 107 33 79/21

[a] Comparison with data from Ref. [14]: With AH* = 87.6 k] mol ' and AS* =-77.9 J mol ! K™!, the second-order
rate constant for the hydrolysis of 1 is calculated to be (37 °C) = 1.1 x 1076 M s7!. Multiplying k(37 °C) with
[D,0] for the D,O/ds-DMSO 9/1 mixture in our experiment gives a first-order rate constant for the hydrolysis of
1 of kw(37 °C) = 5.5 x 1075 571, in sufficient agreement with the rate constant determined under our conditions. [b]
The ratio 3-HBA/buffer adduct increased during the course of the reaction (14 h) probably because of a subsequent
hydrolysis of the quaternary ammonium salt formed by C3 attack of TEA on 1 (for details see Supporting
Information, Section 3.1.5). TEA = triethanolamine, TRIS = tris(hydroxymethyl)aminomethane, 3-HBA =
3-hydroxybutyric acid.

Reactivity of 1 towards amines in aqueous solutions.

We commenced by studying the products of the reactions of 1 with a panel of nucleophilic
amines (aniline (2), m-toluidine (3), p-toluidine (4), p-anisidine (5), benzylamine (6) and
2-phenylethylamine (7), Figure 3) in aqueous solutions. Interestingly, we observed that the
amine structure directly influenced the preferred site of attack at 1. Aromatic amines opened
the lactone ring via a Sn2 attack at the C3 position of 1 (O-alkyl fission), yielding the beta-
amino acids, while primary aliphatic amines underwent acylation via reaction at the C1 site of

1 (O-acyl fission), forming 3-hydroxy amides (Scheme 2).
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Scheme 2. Products (2-p—7-p) of the reactions of 1 with amines 2—7 in HO/MeCN 9/1 (v/v) (yields refer to

isolated products).
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QM/MM studies on the C1 versus C3 selectivity of amine attack on 1

To explain the unexpected preference for either C1 or C3 attack of aliphatic and aromatic
amines on 1, we performed theoretical studies using a combined quantum mechanics/molecular
mechanics (QM/MM) approach with linear-scaling quantum-chemical methods (QM) (see e.g.
Ref. [15] and references therein).['®) The QM/MM method has been widely used to describe
complex reactions. Using this strategy, reaction mechanisms were calculated using both the
adiabatic mapping approach and the nudged elastic band method (for computational details see
Supporting Information). The composition of the calculated systems is illustrated for the

reaction of 1 with aniline (2) in Figure 4.
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Figure 4: Illustration of the calculated systems obtained by using the QM/MM approach, as exemplified for the
reaction of 1 with aniline (2). The reactants (depicted in atomic color) are part of the QM region (cyan; 156 atoms)
in which chemical reactions can be described. The remaining part is described by MM (Molecular Mechanics), in
which the region depicted in orange is optimized (including the QM region; overall 681 atoms) and the grey region

will be held fixed (2235 atoms in total).

In this reaction, H3O" stabilizes the transition state of the nucleophilic attack of aniline (2) at
C3 and thereby lowers the activation barrier by 28 kcal mol™! to 21 kcal mol™! (Figure 5).
Specifically, H;O" approaches the lactone ring oxygen to a minimum distance of 1.38 A,
forming a strong hydrogen bond (Figure 5, right), and thus, facilitating lactone ring opening. In
a subsequent step, aniline (2) forms a covalent bond with C3 and simultaneously protonates the
lactone oxygen to form a stable product (—17 kcal mol™! compared to initial state). In contrast,
in the case of C1 attack, H3O" protonates the lactone ring oxygen instead of aniline (2), leaving
aniline (2) protonated when forming the product. This product, however, is not stable (+13 kcal
mol~! compared to the initial state) and immediately regenerates the starting material (Figure
S7 in the Supporting Information of the publication). Owing to the dependence of this reaction
on H,O/H30", the reaction did not occur in nonaqueous solvents, such as acetonitrile and
DMSO (Figure S2, S3 and Table S1 in the Supporting Information of the publication). The
consumption of 1 with a rate constant of 7.9 x 10~ M~! s7! was observed, however, in D>0/d-

DMSO 9/1 (v/v) at 37 °C (Table 2).
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Figure 5: Calculated reaction profiles of the C3 attack of aniline (2) on 1 with (black) and without (black dashed)
H30" (left) with structures out of the QM/MM simulation for the starting material, transition and product state

(right).

On the other hand, nucleophilic attack of the aliphatic benzylamine (6) at C1 does not require
H30O" stabilization. Calculations demonstrate that attack at C1 and protonation of the lactone
ring by the amine is favored (activation barrier of 12 kcal mol™") over the attack at C3 (activation
barrier of 37 kcal mol™!; Table S1 in the Supporting Information of the publication). In the
transition state, the C1 atom is in a tetrahedral configuration and the lactone ring remains intact.
Subsequently, proton transfer from benzylamine (6) to the ring oxygen induces lactone opening.
If H30" is considered in these simulations, the reaction also occurs via the same tetrahedral
transition state, but H3O" protonates the ring oxygen instead. Finally, the positively charged

nitrogen transfers a proton to a nearby water molecule (Figure 6).
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Figure 6: Calculated reaction profiles of the C1 attack of benzylamine (6) on 1 with (black) and without (black
dashed) H;0" (left) with structures from the QM/MM simulation for the starting material, transition state and
product (right). Accounting for H3O" in the calculated system leads to barrier-free attack at C1; however, minor

product formation is also possible in the absence of H3O™ (left).

The computational data is in line with experimental measurements of the rate constants for the

reaction in the presence (5.8 x 107> M! s7!) and in the absence of water (2.5 x 10* M! s7!)
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(Figure S1 in the Supporting Information). These values demonstrate that C1 attack indeed
takes place, even in absence of H3O" and H,O (Figure S1 and S3 in the Supporting Information
of the publication). Since almost all naturally occurring beta-lactones exhibit bulky substituents
at the C3 position, the biologically relevant ring-opening reaction in enzyme active sites is
likely to be at the C1 position. This is supported by cocrystal structures of the thioesterase
domain of human fatty acid synthase inhibited by Orlistat!!”! as well as kinetic studies that show

rapid hydrolysis of the ester intermediate of lactone-bound enzyme.!'®]

Kinetic studies of the reactions of 1 with amine nucleophiles in buffered media

Next, reactivity studies were performed by following the kinetics of 1 turnover with the same
set of primary aliphatic amines and ring-substituted anilines in aqueous TEA-buffered solutions
(Table 2). To fully solubilize these molecules, a small amount of DMSO (10 vol%) was
necessary as a co-solvent. Again, the consumption of 1 followed a mono-exponential function,
[1]; = [1]o €™, from which k» was derived. By rearranging equation 4, kx can be calculated
from equation 5, in which £ is the first-order rate constant of the background reactions of 1 in
a mixture of TEA-buffered D>0O:ds-DMSO (9:1) (Table 1, entry 4) and [amine]efr corresponds

to the concentrations of the free amines at pH 7.75.

kz = ki + kn[amine]esr 4)
kn = (k2 — ki)/[amine]efr (5)
30 ¢
25 r
20 r

[S—
(9]
T

kg, =7.87 x 10* M! 57! x[aniline],
+5.49 x 105571

00 1 1 1 J

0.00 0.10 0.20 0.30 0.40
[aniline],/ M

Figure 7: Linear dependence of the first-order rate constant k» (= kobs) for the reaction of 1 with aniline (2) on the
concentration of 2 (kobs for [2]o = 0 corresponds to the hydrolysis of 1 in TEA-buffered solution; not considered

for the depicted linear correlation).
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Table 2: Second-order rate constants of the reactions of amines with 1 in 0.10 M TEA-buffered aqueous solutions

([1]0 =25 mM, pH 7.75 in D2,0/ds-DMSO 9/1 (v/v), at 37 °C, determined by 'H NMR spectroscopy).

nucleophile pKp?! NI sntP] kv M s
aniline (2) 9.4 12.99 0.73 7.9 (£0.5) x 1041
m-toluidine (3) 9.13 n.d. n.d. 9.9 x 10
p-toluidine (4) 8.92 13.00 0.79 1.4 % 10°
p-anisidine (5) 8.64 14.28[d<] 0.68[¢<] 1.6 x 1073
benzylamine (6) 4.64 13.44 0.55 5.8 x 107211
phenylethylamine (7) 4.11 13.40ld 0.57Md 1.1 x 1021

[a] From Ref. [19]. [b] Reactivity parameters N and sn (as defined in eq 1) of amines in water, from Ref. [20] [c]
Average kn of four kinetic runs at variable concentrations of 2, the same value for .y is obtained from the slope of
the linear correlation of k> vs [2]o (see Supporting Information, Section 4.1.5). [d] This work. [e] The previously
published nucleophilicity parameters for p-anisidine (5) (N =16.53, sx = 0.50) from Ref. [20] were revised in this

work (see the Supporting Information). [f] Rate constants of lower accuracy; an error of 15 % is assumed.

The linear dependence of the first-order rate constant k> on the concentration of aniline (2)
(Figure 7) is in agreement with the rate laws shown in equations 2a,b and 4. The intercept on
the ordinate matches, within experimental error, the first-order rate constant k1 (eq 3) for the
background reaction in TEA-buffered solution (Table 1, entry 4), which demonstrates that the
background reaction is not significantly affected by the presence of the amine. The consistency
of the determined A~ values is demonstrated by a Hammett analysis of the data for anilines,
which shows a good correlation of the rate constants A with the values of 6, (and om) of the
substituents at the anilines 2—5 (Ig Ax = —1.21 6 — 3.09, R? = 0.9906, see also Figure S30 in the

Supporting Information).

Ritchie characterized the relative leaving-group abilities of nucleophiles in the tetrahedral

intermediates 9 (equation 6) by analyzing the rate constants for the reactions of several

nucleophiles X (in water) with carbocations, N-acyl pyridinium ions and aryl esters.[*!!

0%

kx o
x—|—OAr — X+ L (6)
CHy HoC”~ “OAr
9

The relative rates for the expulsion of X are remarkably different for water and aniline (2)

compared to those for primary aliphatic amines: relative Ig &£ x: H>O (5.20) =2 (5.20) > BuNH»
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(1.21) > EtNH, (0.82).2! These results from kinetic measurements may provide an alternative
interpretation for the observed variation of regioselectivity of the attack of 1 by different
nucleophiles. For water and anilines, attack at C1 of 1 is highly reversible, whereas stable
products are formed by irreversible Sn2 reaction at C3 of 1 (see Scheme 2). In accordance with
this interpretation, the hydrolysis of (S)-1 in buffered solution at pH 7 was reported to give
selective inversion of the stereocenter to yield (R)-3-hydroxybutyric acid.['®! Although the
nucleophilicity of the primary amines 6 and 7 is in the same range as that of the anilines 2-5,
products of C1 attack at 1 were obtained with the primary alkylamines 6 and 7. This observation
is in accord with Ritchies’s Ig kx values for tetrahedral intermediates formed by nucleophilic
attack on carboxylic esters, which indicate that the primary aliphatic amines are 10*-fold weaker
nucleofuges than anilines or water.

Amines 2—7 employed in this study cover a relatively small range in nucleophilicity in water
(12.99 < N < 14.28), which corresponds to a reactivity difference of only a factor of 20 towards
a certain electrophile (if differences in sn are neglected). Because anilines attack at C3 while
aliphatic amines attack at Cl, rate constants for nucleophilic attack at 1 are additionally
influenced to a different extent by anomeric effects.!??!

Mayr’s reference electrophiles have been assigned the same value of E in different solvents.!!
It can be expected, however, that the use of solvent-independent £ parameters is not possible
for all electrophiles. If products with highly localized charges will be formed during
nucleophilic attack solvent-dependent E parameters will be required.[*’] In this work, the rate
constant of the reaction of 1 with benzylamine (6) decreases by a factor of 23 when changing
from aqueous solution to DMSO solution, although an increase in the rate constants by about
one order of magnitude (N/sx for benzylamine (6) in DMSO: 15.28/0.65) is expected when
assuming the same electrophilic reactivity of 1 in both solvents.® As a consequence, it is not
possible to determine a reliable £ parameter for C1 or C3 attack on 1. Hence, the discussion of
B-lactam reactivities in the following paragraph has been based on relative rate constants

towards amines.
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Electrophilic reactivity of beta-lactams

Monocyclic beta-lactams exhibit limited reactivity with enzyme active sites, while their bicyclic
analogs are potent antibiotics with pronounced protein reactivity.’! This physiological
observation is in agreement with our experimental and theoretical studies, which reveal no
turnover of 4-methyl-1-azetidin-2-one with nucleophiles due to an insuperable activation
barrier of 40-70 kcal mol™! (Table S2 and Figure S5 and S6 in the Supporting Information of
the publication). In contrast, penicillin G, which is a bicyclic beta-lactam, reacts with
benzylamine (6), 2-phenylethylamine (7) and n-propylamine (8) at significantly higher rates
ranging from 8 x 102 M s7! (for 6) via 9 x 102 M s7! (for 7) to 4 x 107! M! s7! (for 8), a
trend which was further confirmed by QM/MM calculations (Figure 8). These rates exceed
those observed for monocyclic lactones. Accordingly, the acylation products 10a,b of the
reactions of penicillin G with benzylamine (6) and n-propylamine (8) have been isolated and

characterized by NMR spectroscopy and HRMS (Scheme 3).

. —e— (1 attack 60—
80 —e— (1 attack
--m--  C3 attack n
60 . AN --m--  (C3attack
; \“ 404 ,’ Y,
= " /
(o] ! 0y — / - -
40 ] : \ —_— / [ 8
E ] . CE> )| n
M B . = i .
o / . © 20 , .
X 204 ! w 8 , "
; . L P N
T H . =, . .
- | \\I\N_‘ | 0 | | -
-20 - \\‘\‘
reaction coordinate -20- ) _
reaction coordinate

Figure 8: Calculated reaction profiles of n-propylamine (8) (left) and benzylamine (6) (right) with penicillin G.
The attack at C1 is shown in black and the attack at C3 in black dashed. Left: The first barrier represents the
reorientation of n-propylamine (8) during the approach towards penicillin G. The second barrier represents the

nucleophilic attack at C1 and C3 respectively.

Scheme 3. Products of the reactions of sodium penicillin G with amines 6 and 8 in H,O/MeCN 9/1 (v/v) (yields

refer to isolated products, only one diastereomer is shown).

o HOOC
NaO NH O
@]
N:ﬁ + RNH, S NHR
aq MeCN
S7s NH OTNH
OéK/Ph Ph
PenG 6 (R = CH,Ph) 10a (53 %)
8 (R = n-propyl) 10b (66 %)
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Conclusion

Electro- and nucleophilicity parameters have been obtained for a variety of compound classes,
to provide a prognostic value for chemical reactions.’® Natural products exhibit many
electrophilic motifs that have been customized by evolution to irreversibly bind the active sites
of enzymes. The corresponding biological activities are as diverse as these scaffolds and range
from anticancer to antibiotic properties. Recent drug-discovery efforts have focused on natural-
product-inspired covalent inhibitors; however, a quantitative scale to describe and parameterize
their reactivity under physiological conditions is currently lacking. We therefore used kinetic
experiments to evaluate pharmacologically relevant electrophilic scaffolds. Importantly, the
ambident reactivity of beta-butyrolactone (C1 vs. C3 attack) towards anilines and primary
aliphatic amines was explained by QM/MM calculations using linear-scaling QM methods.
Strikingly, these calculations revealed that H3O™ molecules are crucial for catalysis owing to
their stabilizing effects on the transition state of aniline attack at the C3 position of the lactone.
Although the energy path for this reaction is significantly lower than that of CI attack,
benzylamine (6) prefers C1 attack (with or without H3O" catalysis) owing to an insuperable C3
energy barrier. All of these calculations were supported by experimental data which confirmed
the influence of water for the corresponding reaction rates. The value of this platform has been
demonstrated in the direct comparison of beta-butyrolactone (1), 4-methyl-1-azetidin-2-one and
penicillin G. The phenomenological observation that penicillin G and beta-lactones are reactive
with protein active sites while monocyclic beta-lactams are weak binders could be proven
experimentally as well as theoretically. With this proof of principle study, the scope of

application can easily be expanded to other biologically-relevant electrophilic scaffolds.
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— Supporting Information —

Kinetic and theoretical studies of beta-lactone reactivity — a quantitative scale for

biological application

1. Supporting figure
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Figure S1: Decay of the concentration of BBL (determined by 'H NMR spectroscopy) while reacting with
benzylamine in an ageuous TEA-buffered reaction mixture at 37 °C (black curve, [BBL]y = 25 mM, [PhCH>NH]o
= 50 mM, [PhCHNH]or = 1.2 x 107 M, [TEA]o = 0.10 M, pH = 7.75, solvent D;O/DMSO-ds 9/1 (v/v), kobs =
6.2 x 107 57, ky = 5.8 x 1073 M~ s7!) and while reacting with benzylamine in de-DMSO at 37 °C versus time
(grey curve, [BBL]o = 25 mM, [PhCHoNH>]o = 50 mM, ky = 2.5 x 107 M~ s7) is shown.

2. General methods and materials

All chemical reagents and solvents used for product studies were of reagent grade or of higher
purity and used without further purification as obtained from the commercial sources Alfa-
Aesar, AppliChem, Fluka/Sigma-Aldrich, Merck and Roth. Chemical reagents and solvents
used for kinetic NMR-studies were purified by destillation. Concentrations under reduced
pressure were performed by rotary evaporation at 40 °C. Yields refer to purified, dried and

spectroscopically pure compounds.

"H NMR and *C NMR spectra were recorded at (26 + 1) °C on Bruker Avance 360, Avance

500 and Avance III 500 spectrometers. 'H NMR kinetic measurements were performed on

Varian VNMRS 400 or Varian 200 spectrometers at 37 °C. Chemical shifts (6) were referenced
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to the residual proton or carbon signal of the deuterated solvent in ppm (ds-DMSO: 61 2.50, 0c
39.52; CDCls: 8 7.26, 8¢ 77.16; D20: 81 4.79).1 Coupling constants (J) are reported in Hertz
(Hz) and multiplicity is reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, m

= multiplet or unresolved.

3. Stability of p-butyrolactone (BBL) in different buffer systems -

Determination of first-order rate constants k;
3.1. Kinetic data

3.1.1. General

A 0.11 M buffer solution in D>O (540 uL) was mixed with a solution of BBL (60 uL of a 0.25
M solution in de-DMSO) in an NMR tube at 37 °C to produce a 9/1 (v/v) D20/ds-DMSO solvent
mixture. The conversion of BBL was monitored by using time-resolved 'H NMR spectroscopy.
Concentrations of BBL, [BBL],, were calculated from the ratio of the integral of the methyl
resonances of BBL (d, & = 1.70 ppm) to the integral of the methyl resonances in the range 6 =
1.43—-1.27 ppm.

The first-order rate constants kqbs (= k1 in equation (3) of the main text) were determined by
least-squares fitting of the exponential function [BBL]; = [BBL]o-exp(—kobst) + C to the time-
dependent [BBL]..

kobs = k1 = kw + kDO_[DO_] + kbuffer[bllffer] (3)

3.1.2. Hydrolysis of BBL without buffer

D0 (540 uL) and BBL (60 pL of a 0.25 M solution in de-DMSQO) were mixed in an NMR tube
at 37 °C. The conversion of BBL was monitored by using time-resolved 'H NMR spectroscopy.
Concentrations of BBL, [BBL];, were calculated from the ratio of the integral of the methyl
resonances of BBL (d, d = 1.70 ppm) to the integral of the methyl resonances assigned to 3-
hydroxybutanoic acid (3-HBA: d, d = 1.38 ppm).
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Figure S2: Exemplary time-resolved 'H NMR spectra of the hydrolysis of BBL in D;0/ds-DMSO 9/1 (v/v) at 37
°C (/[BBL]y = 25 mM). Start of the reaction (bottom), time-resolved topview of 'H NMR spectra (middle), showing
the decrease of BBL resonances and increase of 3-HBA resonances, and final 'H NMR spectrum after 40800 s

(top).
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Figure S3: Decay of the concentration of BBL in D;0/ds-DMSO 9/1 (v/v) at 37 °C versus time ([BBL]y = 25 mM,
pH = 7.00). The black line shows a mono-exponential fit of the data.

3.1.3. Hydrolysis of BBL in the presence of acetate buffer

Acetate buffer (540 pL of a 0.11 M solution of NaOAc/HOAc¢ in DO, pH 4.75) and BBL (60
uL of a 0.25 M solution in ds-DMSO) were mixed in an NMR tube at 37 °C. The conversion
of BBL was monitored by using time-resolved "H NMR spectroscopy. Concentrations of BBL,
[BBL];, were calculated from the ratio of the integral of the methyl resonances of BBL (d, 6 =

1.70 ppm) to the integral of the methyl resonances in the range 6 = 1.43—1.27 ppm.

0
NaOAC/AcOH buff oD O OAc O
D,0/dg-DMSO (9/1) oD oD
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Figure S4: 'H NMR spectrum (400 MHz) of BBL in an acetate-buffered reaction mixture after 60 h at 37 °C
([BBL]o = 25 mM, [AcOH]o = 0.10 M, pH = 4.75 in D>0/ds-DMSO 9/1 (v/v)).
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Figure S5: Decay of the concentration of BBL in an acetate-buffered reaction mixture at 37 °C ([BBL]o = 25 mM,
[AcOH]y=0.10 M, pH = 4.75 in D;0/ds-DMSO 9/1 (v/v). The black line shows a mono-exponential fit of the data.

3.1.4. Hydrolysis of BBL in the presence of phosphate buffer

0 P<
Oob O DO/ O O
0 phosphate buffer - M . DOM
oD oD

D,0/dg-DMSO (9/1)
BBL 3-HBA 3-PhosBA

Phosphate buffer (540 uL of a 0.11 M solution of NaHPO4/NaH,PO4in D,0O, pH 7.00) and
BBL (60 pL of a 0.25 M solution in ds-DMSO) were mixed in an NMR tube at 37 °C. The
conversion of BBL was monitored by using time-resolved 'H NMR spectroscopy.
Concentrations of BBL, [BBL],, were calculated from the ratio of the integral of the methyl
resonances of BBL (d, & = 1.70 ppm) to the integral of the methyl resonances in the range 6 =
1.43—1.27 ppm that were assigned to the formation of 3-HBA and 3-(phosphonooxy)butanoic
acid (3-PBA, Figure S13). C-4 attack of BBL by dihydrogenphosphate or hydrogenphosphate
ions to form 3-PBA is further corroborated by *'P NMR spectroscopic analysis of the reaction
mixture, in which the resonance at dp = 0.69 ppm was assigned to the formation of a phosphoric

acid ester (Figure S7).
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Figure S6: 'H NMR spectrum (400 MHz) of BBL in a phosphate-buffered reaction mixture after 49 h at 37 °C
(/[BBL]y = 25 mM, [NaH>POy]o+ [Na:HPOyJy = 0.10 M, pH = 7.00 in D;0/ds-DMSO 9/1 (v/v)).
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Figure S7: 3'P-{'H} NMR spectrum (162 MHz) of BBL in a phosphate-buffered reaction mixture after 49 h at 37
°C ([BBL]y = 25 mM, [NaH;POyJy + [Na;HPO4]o = 0.10 M, pH = 7.00, solvent D;0O/ds-DMSO 9/1 (v/v)). The
resonance at 6 = 1.23 ppm is assigned to the phosphate buffer, the resonance at & = 0.69 ppm is assigned to

3-(phosphonooxy)butanoic acid (3-PhosBA).
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Figure S8: Decay of the concentration of BBL in a phosphate-buffered reaction mixture at 37 °C ([BBL]y =
25 mM, [NaH>POyJo + [Na:HPOyJo = 0.10 M, pH = 7.00 in D;0/ds-DMSO 9/1 (v/v)). The black line shows a

mono-exponential fit of the data.
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3.1.5. Hydrolysis of BBL in the presence of triethanolamine buffer (TEA buffer)

TEA buffer (540 pL ofa 0.11 M solution of TEA/TEA-HCI in D0, pH 7.75) and BBL (60 uL
of a 0.25 M solution in de-DMSO) were mixed in an NMR tube at 37 °C. The conversion of
BBL was monitored by using time-resolved 'H NMR spectroscopy. Concentrations of BBL,
[BBL];, were calculated from the ratio of the integral of the methyl resonances of BBL (d, 6 =

1.70 ppm) to the integral of the methyl resonances in the range & = 1.43—1.27 ppm (Figure S9).

Beside 3-HBA, an adduct of BBL and TEA is formed. The 3-HBA/BBL-TEA-adduct ratio
increases from 5.0 to 7.5 during the reaction (14 h, Figure S11), however reaches 13.3 after

13 days (Figure S9).
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Figure S9: 'H NMR spectrum (400 MHz) of BBL in a TEA-buffered reaction mixture after 13 days at 37 °C
([BBL]y =25 mM, [TEA]o = 0.10 M, pH = 7.75 in D,0/ds-DMSO 9/1 (v/v)).
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Figure S10: Decay of the concentration of BBL in a TEA-buffered reaction mixture at 37 °C ([BBL]y = 25 mM,
[TEA]o = 0.10 M, pH = 7.75 in D:0/ds-DMSO 9/1 (v/v). The black line shows a mono-exponential fit of the data.
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Figure S11: Concentration profiles in a TEA-buffered reaction mixture of BBL at 37 °C ([BBL]o =25 mM, [TEA]
=0.10M, pH =7.75 in D,0/ds-DMSO 9/1 (v/v) (left) and 3-HBA/BBL-buffer adduct ratio (right).

3.1.6. Hydrolysis of BBL in the presence of tris(hydroxymethyl)aminomethane buffer
(TRIS buffer)

TRIS buffer (540 pL of a 0.11 M solution of TRIS/TRIS-HCI in DO, pH 8.10) and BBL (60
uL of a 0.25 M solution in ds-DMSO) were mixed in an NMR tube at 37 °C. The conversion
of BBL was monitored by using time-resolved "H NMR spectroscopy. Concentrations of BBL,
[BBL];, were calculated from the ratio of the integral of the methyl resonances of BBL (d, 6 =

1.70 ppm) to the integral of the methyl resonances in the range 6 = 1.43—1.27 ppm (Figure S11).
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BBL 3-HBA
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Figure S12: 'H NMR spectrum (400 MHz) of BBL in a TRIS-buffered reaction mixture after 9 d at 37 °C ([BBL]o
=25mM, [TRIS]o = 0.10 M, pH = 8.10 in D;0/ds-DMSO 9/1 (v/v)).
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Figure S13: Decay of the concentration of BBL in a TRIS-buffered reaction mixture at 37 °C ([BBL]y = 25 mM,
[TRIS]y = 0.10 M, pH = 8.10 in D;0/ds-DMSO 9/1 (v/v). The black line shows a mono-exponential fit of the data.
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4. Kinetics of the reaction of BBL with amines in TEA-buffered D>O/ds-

DMSO 9/1 (v/v) — Determination of second-order rate constants An

General procedure

A TEA-buffered (pH 7.75) solution of an amine (0.056 M) in D>O (540 puL) was mixed with a
solution of BBL (60 puL of'a 0.25 M solution in ds-DMSQO) in an NMR tube at 37 °C to produce
a 9/1 (v/v) D20/ds-DMSO solvent mixture. The conversion of BBL was monitored by using
time-resolved '"H NMR spectroscopy. Concentrations of BBL, [BBL],, were calculated from
the ratio of the integral of the methyl resonances of BBL (d, 8 = 1.70 ppm) to the integral of the

methyl resonances in the range & = 1.43—1.27 ppm.

The first-order rate constants kobs (= k2 in equation (4) of the main text) were determined by
least-squares fitting of the exponential function [BBL]; = [BBL]o-exp(—kobst) + C to the time-
dependent [BBL]..

kovs = k2 = k1 + kn[amine]esr 4)

According to equation (5) of the main text, i.e.
kn = (k2 — ki)/[amine]esr (5),

kn 1s then calculated from the experimentally determined k>, the first-order rate constant of the
BBL decay in TEA-buffered solution (k1 = 5.47 x 107 57!, see Section 3.1.5) and the effective
concentration of free amine at pH 7.75, [amine]esr, which is calculated according to Henderson

Hasselbalch equation with pKap+ values from Ref. [2].
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4.1. Kinetics of the reaction of BBL with aniline in TEA-buffered D,O/ds-DMSO 9/1 (v/v)

4.1.1. Reaction of BBL with [aniline]o = 50 mM
[BBL]o =25 mM,
[PhNH:]o = 50 mM, [PhNHa]egr = 50 mM,
[TEA buffer]o = 0.10 M, pH 7.75 in D20/ds-DMSO 9/1 (v/v), 37 °C.
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Figure S14: 'H NMR spectrum (400 MHz) of the crude reaction mixture after completion of the reaction of BBL
with aniline in a TEA-buffered D:>0/ds-DMSO 9/1 (v/v) solution.
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Figure S15: Decay of the concentration of BBL while reacting with aniline in a TEA-buffered reaction mixture at

37 °C ([aniline]y = 50 mM, kn = 8.50 x 107 M~ s7!). The black line shows a mono-exponential fit of the data.
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4.1.2. Reaction of BBL with [aniline]o = 74 mM
[BBL]o =25 mM,
[PhNH:]o = 74 mM, [PhNH:]esr = 74 mM,
[TEA buffer]o = 0.10 M, pH 7.75 in D20/ds-DMSO 9/1 (v/v), 37 °C.

259 e lactone (mM)

—— lactone calc. (mM)

204

Kops = kp = 1.07 x 104 s
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0 T T T T T T T T T T
0 10000 20000 30000 40000 50000
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Figure S16: Decay of the concentration of BBL while reacting with aniline in a TEA-buffered reaction mixture at
37 °C ([aniline]y = 74 mM, kn = 7.07 x 107 M~ s7!). The black line shows a mono-exponential fit of the data.

4.1.3. Reaction of BBL with [aniline]o = 0.10 M
[BBL]o =25 mM,
[PhNHz]o = 0.10 M, [PhNH:2]etr= 0.10 M,
[TEA buffer]o = 0.10 M, pH 7.75 in D20/ds-DMSO 9/1 (v/v), 37 °C.

259 e lactone (mM)
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—
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Figure S17: Decay of the concentration of BBL while reacting with aniline in a TEA-buffered reaction mixture at
37 °C ([aniline]o = 0.10 M, kn = 8.23 x 10 M s7). The black line shows a mono-exponential fit of the data.
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4.1.4. Reaction of BBL with [aniline]o = 0.30 M
[BBL]o =25 mM,
[PhNHz]o = 0.30 M, [PhNH:2]etr= 0.30 M,
[TEA buffer]o = 0.10 M, pH 7.75 in D20/ds-DMSO 9/1 (v/v), 37 °C.
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Figure S18: Decay of the concentration of BBL while reacting with aniline in a TEA-buffered reaction mixture at
37 °C ([aniline]o = 0.30 M, kn = 7.88 x 10 M~ s7). The black line shows a mono-exponential fit of the data.

4.1.5. Determination of the second-order rate constant ky for the reaction of BBL with
aniline
Table S1: Rate constants for the reactions of BBL with aniline at 37 °C at pH 7.75 in D20/ds-DMSO 9/1 (v/v) at

variable aniline concentrations.

[aniline]o (M) kops (s7) kv (M7 s™h

5.0 x 1072 9.72x 103  8.50x10*

7.4 %1072 1.07 x10%  7.07 x 104

1.0 x 107! 1.37x10* 823 x10*
3.0 x 10" 291 x10*  7.88x10*
averaged kn 7.92 x 107
Standard dev +5.4 %107
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The averaged kn is in excellent agreement with the kA~ derived from the slope of the linear

correlation of kobs with [aniline]o shown in Figure S19.

3.0x10%
2.5x10
-4 _|
~ 2.0x10 Ko (5)
® 15104 —— kg calc. (s
2 ] o kot hydrolysis in TEA-buffered solution (s™)
g 1041044 (not used for correlation)
501054 k=787 x 10“M s x [aniline] + 5.49 x 10° s~
0 : ; . . . . . ,
0.0 0.1 0.2 0.3 0.4

[aniline]y (M)

Figure S19: Corelation of kops with [aniline]y. For comparison also kops of hydrolysis in TEA-buffered solution is

plotted.

The average value kn(aniline) = 7.92 (£ 0.54) x 10*M! s7! is used in Table 3 of the main text.
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4.2. Kinetics of the reaction of BBL with m-toluidine in TEA-buffered D>O/ds-DMSO 9/1
(v/v)

[BBL]o =25 mM,
[m-tol-NHz]o = 50 mM, [m-tol-NHz]esr = 50 mM,
[TEA buffer]o = 0.10 M, pH 7.75 in D0/de-DMSO 9/1 (v/v), 37 °C.
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Figure $20: 'H NMR spectrum (400 MHz) of the crude reaction mixture after completion of the reaction of BBL
with m-toluidine in a TEA-buffered D>0/ds-DMSO 9/1 (v/v) solution.
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Figure S21: Decay of the concentration of BBL while reacting with m-toluidine in a TEA-buffered reaction mixture
at 37 °C (ky=9.90 x 10 M s7!). The black line shows a mono-exponential fit of the data.
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4.3. Kinetics of the reaction of BBL with p-toluidine in TEA-buffered D>0/ds-DMSO 9/1
(v/v)

[BBL]o =25 mM,
[p-tol-NHz]o = 50 mM, [p-tol-NHz]err = 50 mM,
[TEA buffer]o = 0.10 M, pH 7.75 in D,O/ds-DMSO 9/1 (v/v), 37 °C.
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Figure $22: 'H NMR spectrum (400 MHz) of the crude reaction mixture after completion of the reaction of BBL
with p-toluidine in a TEA-buffered D;O/ds-DMSO 9/1 (v/v) solution.
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Figure $23: Decay of the concentration of BBL while reacting with p-toluidine in a TEA-buffered reaction mixture
at 37 °C (kn = 1.35 x 1073 M s7!). The black line shows a mono-exponential fit of the data.
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4.4. Kinetics of the reaction of BBL with p-anisidine in TEA-buffered D>0/ds-DMSO 9/1
(v/v)

[BBL]o =25 mM,
[p-ani-NHaz]Jo = 50 mM, [p-ani-NHz]etr = 50 mM,
[TEA buffer]o = 0.10 M, pH 7.75 in D,O/ds-DMSO 9/1 (v/v), 37 °C.
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Figure $24: 'H NMR spectrum (400 MHz) of the crude reaction mixture after completion of the reaction of BBL
with p-anisidine in a TEA-buffered D:0/ds-DMSO 9/1 (v/v) solution.
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Figure $25: Decay of the concentration of BBL while reacting with p-anisidine in a TEA-buffered reaction mixture
at 37 °C (kn = 1.62 x 1073 M s7!). The black line shows a mono-exponential fit of the data.
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4.5. Kinetics of the reaction of BBL with benzylamine in TEA-buffered D,O/ds-DMSO 9/1

(v/v)

[BBL]o = 25 mM,
[PhCHNH:]o = 50 mM, [PhCHoNH: Jer = 1.2 mM,
[TEA buffer]o = 0.10 M, pH 7.75 in D20/d6-DMSO 9/1 (v/v), 37 °C.
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Figure $26: 'H NMR spectrum (400 MHz) of the crude reaction mixture after completion of the reaction of BBL
with benzylamine in a TEA-buffered D,O/ds-DMSO 9/1 (v/v) solution.
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Figure S27: Decay of the concentration of BBL while reacting with benzylamine in a TEA-buffered reaction
mixture at 37 °C (kn = 5.8 x 107 M s7!). The black line shows a mono-exponential fit of the data.

Due to the small concentration of unprotonated benzylamine under reaction conditions, we
proofed the formation of N-benzyl-3-hydroxybutanamide by HPLC-HRMS (ESI) analysis of
the reaction mixture. Calcd. for C11HisNO2 [M+H]": m/z=194.11756; found: m/z=194.11753.
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4.6. Kinetics of the reaction of BBL with phenylethylamine in TEA-buffered D>O/ds-
DMSO 9/1 (v/v)

[BBL]o =25 mM,
[PhCH2CH2NHz]o = 50 mM, [PhCH2CH2NHz]esr = 0.36 mM,

[TEA buffer]o = 0.10 M, pH 7.75 in D20/ds-DMSO 9/1 (v/v), 37 °C.
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Figure $28: 'H NMR spectrum (400 MHz) of the crude reaction mixture after completion of the reaction of BBL
with phenylethylamine in a TEA-buffered D;0/ds-DMSO 9/1 (v/v) solution.
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Figure §29: Decay of the concentration of BBL while reacting with phenylethylamine in a TEA-buffered reaction
mixture at 37 °C (kn = 1.1 x 107 M s7!). The black line shows a mono-exponential fit of the data.

Due to the small concentration of unprotonated phenylethylamine under reaction conditions,

we proofed the formation of 3-hydroxy-N-phenethylbutanamide by HPLC-HRMS (ESI)

analysis of the reaction mixture. Calced. for C12HisNO, [M+H]": m/z = 208.13321; found: m/z
=208.13317.
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4.7. Rate constants for the reactions of BBL with amines

Table S2: Rate constants for the reactions of BBL with different amines at 37 °C and pH 7.75 in D>0/ds-DMSO
9/1 (v/v).

benzyl-  phenylethyl-

aniline m-toludine  p-toluidine p-anisidine amine amine
pKant 4.60 4.87 5.08 5.36 9.36 9.89
Cett (M) - 50x102  50x10% 50x102 1.2x10° 3.6x10*
ks (s7) - 1.04 x 10* 1.22x10* 135x10* 62x10° 59x107

InMtsh)  7.92x10% 990 x 10* 1.35x103 1.62x10°% 58x103 1.1x107?

Om OF G 1°) 0 —0.07 —0.17 -0.26 - -

[a] Average value, see Section 4.1. [b] From Ref. [3]

4.8. Hammett plot for the reactions of BBL with anilines
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Figure §30: Hammett plot of the reaction of BBL with anilines at 37 °C and pH 7.75 in D;0/ds-DMSO 9/1 (v/v),
with data from Table S2.
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5. Kinetics of the reaction of BBL with benzylamine in de-DMSO

[BBL]o =25 mM,
[PhCH2NHz]o = 50 mM, in de-DMSO, 37 °C.
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Figure $31: 'H NMR spectrum (200 MHz) of the crude reaction mixture after completion of the reaction of BBL
with benzylamine ds-DMSO solution.
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Figure S32: Decay of the concentration of BBL while reacting with benzylamine ds-DMSO at 37 °C (left).
Determination of the second-order rate constant by plotting time versus Y = ([NuJo—[E]o) " In([E]o([E]:
+[Nujo—[E]o)/[NuJo[E],) (kn = 2.5 x 107 M 57!, evaluated from data for the first half-life; right).
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6. Determination of second-order rate constants of the reaction of sodium

penicillin G with various amines in D.O/ds-DMSO 9/1 (v/v)

General procedure

A TEA-buffered (pH 7.75) solution of an amine (0.056 M) in D>O (540 puL) was mixed with a
solution of penicillin G (60 puL of a 0.25 M solution in ds-DMSQO) in an NMR tube at 37 °C to
produce a 9/1 (v/v) DoO/DMSO solvent mixture. The conversion of penicillin G (PenG) was
monitored by using time-resolved 'H NMR spectroscopy. Concentrations of PenG, [PenG],,
were calculated from ratio of the integral of the aromatic protons (7.63 to 7.40 ppm, m, 5 H; 15
H respectively, if the nucleophile also gave signals in this range) to all protons of the bicyclic

moiety (5.67 ppm, d,J=3.9 Hz, 1 H and 5.59 ppm, d, /= 3.8 Hz, 1 H).

The first-order rate constants kobs (= k2 in equation (4) of the main text) were determined by
least-squares fitting of the exponential function [PenG]; = [PenGJo-exp(—kobst) + C to the time-
dependent [PenG]..

kovs = k2 = k1 + kn[amine]esr 4)

According to equation (5) of the main text, i.e.
kn = (k2 — ki)/[amine]esr %)

kn 1s then calculated from the experimentally determined k>, the first-order rate constant of the
PenG decay in TEA-buffered solution (k1 = 3.3 x 107 s7!, see Section 7.1) and the effective

concentration of free amine at pH 7.75.
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6.1. Consumption of sodium penicillin G in TEA-buffered solution — Determination of the

first-order rate constant k;

TEA buffer (540 pL of a 0.11 M solution of TEA/TEA-HCI in D0, pH 7.75) and penicillin G
(60 uL of a2 0.25 M solution in ds-DMSO) were mixed in an NMR tube at 37 °C. The conversion
of penicillin G was monitored by using time-resolved '"H NMR spectroscopy. Concentrations
of penicillin G, [PenG],, were calculated from ratio of the integral of the aromatic protons (7.63
to 7.40 ppm, m, 5 H) to all protons of the bicyclic moiety (5.67 ppm, d, J=3.9 Hz, 1 H and
5.59 ppm, d, J=3.8 Hz, 1 H).

[PenG]lo =25 mM,
[TEA buffer]o = 0.10 M, pH 7.75 in D20O/ds-DMSO 9/1 (v/v), 37 °C

HO HO
0
N NH OH
TEA buffer /K(g
S NH > S (@]
o D,0/dg-DMSO (9/1) O~_NH
PenG
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Figure S40: Exemplary time-resolved 'H NMR spectra of the hydrolysis of penicillin G in TEA-buffered D>O/ds-
DMSO 9/1 (v/v) at 37 °C ([penicillin G]o = 25 mM, pH = 7.75). Start of the reaction (bottom), time-resolved
topview of 'H NMR spectra showing the decrease of the followed penicillin G resonances (middle), and final 'H
NMR spectrum after 40407 s (top).
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Figure $41: Decay of the concentration of penicillin G in a TEA-buffered reaction mixture at 37 °C. The black

line shows a mono-exponential fit of the data.

6.2. Kinetics of the reaction of sodium penicillin G with benzylamine in TEA-buffered
D»0/ds-DMSO 9/1 (v/v)

[PenG]lo =25 mM,
[PhCH2NHz]o = 50 mM, [PhCHoNH2]err = 1.2 mM,
[TEA buffer]o = 0.10 M, pH 7.75 in D20/de-DMSO 9/1 (V/V), 37°C
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Figure §42: Decay of the concentration of penicillin G while reacting with benzylamine in a TEA-buffered

reaction mixture at 37 °C (kn = 8.1 x 1072 M s7!). The black line shows a mono-exponential fit of the data.
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6.3. Kinetics of the reaction of sodium penicillin G with phenylethylamine in TEA-buffered
D»0/ds-DMSO 9/1 (v/v)

[PenG]lo =25 mM,
[PhCH2CH2NH2]o = 50 mM, [PhCH2CHoNH2]err = 0.36 mM,
[TEA buffer]o = 0.10 M, pH 7.75 in D20O/ds-DMSO 9/1 (v/v), 37 °C
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Figure §43: Decay of the concentration of penicillin G while reacting with phenylethylamine in a TEA-buffered

reaction mixture at 37 °C (kn = 8.6 x 1072 M~ s7!). The black line shows a mono-exponential fit of the data.
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6.4. Kinetics of the reaction of sodium penicillin G with n-propylamine in TEA-buffered

D»0/ds-DMSO 9/1 (v/v)

[PenG]o =25 mM,
[n-PrNH2]o = 50 mM, [n-PrNHz]esr = 0.058 mM,
[TEA buffer]o=0.10 M, pH 7.75 in D2O/ds-DMSO 9/1 (v/v), 37 °C
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Figure S44: Decay of the concentration of penicillin G while reacting with n-propylamine in a TEA-buffered
reaction mixture at 37 °C (kn = 4.5 x 107 M~ s7!). The black line shows a mono-exponential fit of the data.

6.5. Rate constants for the reactions of sodium penicillin G with different aliphatic amines

Table S3: Rate constants for the reactions of penicillin G (PenG) with different aliphatic amines at 37 °C and pH

7.75.
benzylamine phenylethylamine n-propylamine
pKant 9.36 9.89 10.68
Cett (M) 1.2x107 3.6 x10* 5.8x 1073
kobs (s71) 1.3x10* 6.4 x 107 5.9x 1073
n(Mts™) 8.1 x1072 8.6 x 1072 4.5x10"
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7. Determination of /V and sx parameters of amines in H.O

The nucleophilic reactivities of 2-phenylethylamine and p-anisidine in water were determined
by using the benzhydrylium method as described previously.!*! Second-order rate constants for
the attack of OH™ ions at the colored reference electrophiles (k2,0n-) have previously been
reported.”) As outlined in more detail previously,*! the second-order rate constants for the
attack of the amine at the benzhydrylium ions (kn) in equation S1 can be obtained from the

slope of a linear plot of k1w (equation S2) vs the amine concentration (equation S3).

kobs = kw + k2,00 [OH] + kn[amine] (S1)
kiy = kobs — k2,01 [OH | = kobs — k1y, on- (S2)
kiy = kw + kn[amine] (S3)

The following benzhydrylium tetrafluoroborates were used as reference electrophiles for the
determination of the nucleophilicity parameters N and sn of the amines according to equation

(1) in the main text.

reference electrophile abbreviation E parameter®

“ (dma),CH" ~7.02
Me 2 N N M62
“ (pyr).CH* ~7.69

O O
W i
N N

T

(ind),CH" —8.76

-

[a] from Ref. [6]
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7.1. Phenylethylamine

Table S4: Reaction of phenylethylamine with (dma)CH'BFs (at 20 °C in water, cosolvent: 1 vol-% CH;CN,
stopped-flow, detection at 607 nm).

E = (dma)>,CH BF s ; Nu = phenylethylamine

[EloM)  [Nulo(M)  [Nulex(M) [OH](M) [Nulew/[Elo kos(s')  kiyon-(s') k(s

7.11 %103 557x10* 384x10* 1.73x10* 5 1.35 2.26 x 1072 1.33
7.11x10°  1.67x103 135x10°% 3.23x10* 19 5.67 4.24 <1072 5.63
711 %105 2.79x10°3  236x10°% 428 x10* 33 10.1 5.60 x 1072 10.04
7.11 %103  390x103 339x10°% 513x10* 48 15.0 6.72 x 1072 14.93
7.11 %103 501 %103 443x10°% 586x10* 62 19.6 7.68 x 1072 19.52

pKp (PhCH2CH2NH») = 4.11171
kron-=131 M1 g1 Bl

n=4.51x10°M"'s7!

25+

20+
y =4512.6x - 0.4549
2 _
—~ 15 r? = 0.9998
)
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Figure 845: Determination of the second-order rate constant kn = 4.51 x 10° M ™' 57! from the dependence of the

first-order rate constant k;y on the concentration of phenylethylamine.
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Table S5: Reaction of phenylethylamine with (pyr),CH'BF; (at 20 °C in water, cosolvent: 1 vol-% CH;CN,
stopped-flow, detection at 607 nm).

E = (pyr):CH'BF; ; Nu = phenylethylamine

[Elo(M) [Nulo(M)  [Nulr(M)  [OHT(M)  [Nulew/[Elo  kovs(s")  Kiyon=(s)  kiy(s')

1.37x10° 454 x10* 3.01x10* 1.53x10* 22 0.411 7.41 x 103 0.404
1.37x10°  1.36x10° 1.07x10° 2.88x10* 79 1.48 1.40 x 1072 1.47
1.37x10°  227x10° 1.89x10° 3.83x10* 138 2.81 1.86 x 102 2.79
1.37x10°  4.09x10° 3.56x10° 526x10* 261 6.00 2.55 %1072 5.97

pKs (PhCH,CH2NH;) =4.11
kron-=48.5 M g1 3]

in=173x10°M"'s!

6 - .
y = 1726.3x - 0.2867
r? = 0.9952
< 44
>
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=
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Figure S46: Determination of the second-order rate constant kn = 1.73 x 10° M~ ' 57! from the dependence of the

first-order rate constant k; v on the concentration of phenylethylamine.
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Table S6: Reaction of phenylethylamine with (thq)CH'BF4 (at 20 °C in water, cosolvent: 1 vol-% CH;CN,
stopped-flow, detection at 607 nm).

E = (thq):CH BF4,; Nu = phenylethylamine

[Elo(M) [Nulo(M)  [Nuler(M)  [OHTM)  [Nulew/[Elo  kos(s)  kiyon- (s hiy(s™)

1.27x10°  1.67x103 135x10° 3.23x10* 106 1.33 7.63 x 1073 1.32
1.27x10°  2.79x103  236x10° 428 x10* 185 2.32 1.01 x 102 2.31
1.27x10°  390x103 339x10° 513x10* 266 3.35 1.21 x 1072 3.34
1.27x10° 501 x103 442x10° 586x10* 347 4.62 1.38 x 102 4.61

pKs (PhCH,CH2NH;) =4.11
kron-=23.6 M~ g1 3]

n=1.06x10°M"'s!

y = 1059.6x - 0.1583
r?=0.997

k1\|r (3-1)

T T T T T 1
0.000 0.002 0.004 0.006
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Figure S47: Determination of the second-order rate constant kn = 1.06 x 10° M~ ' 57! from the dependence of the

first-order rate constant k; v on the concentration of phenylethylamine.

59



Table S7: Reaction of phenylethylamine with (ind)CH'BF4 (at 20 °C in water, cosolvent: 1 vol-% CH;CN,
stopped-flow, detection at 607 nm).

E = (ind):CH BF s ; Nu = phenylethylamine

[Elo(M) [Nulo(M)  [Nulr(M)  [OHT(M)  [Nulew/[Elo  kovs(s")  Kiyon=(s)  kiy(s')

1.80 x 10° 557 x10* 3.84x10* 1.73x10* 21 0.193 1.87 x 103 0.191
1.80 x10°  1.67x10° 1.35x10° 3.23x10* 75 0.646 3.49 x 103 0.643
1.80 x 10° 279 %102 236x10° 428 x10* 131 1.07 4.62 %107 1.07
1.80 x 10>  3.90x10° 3.39x10° 5.13x10* 188 1.58 5.54 x 1073 1.57
1.80 x 10>  5.01x10° 4.42x10° 586x10* 246 2.09 6.33 x 103 2.08

pKs (PhCH,CH2NH,) =4.11
kron-=10.8 M~ g1 3]

kn=466 M 57!

254

2.0 y = 465.9x + 0.002
r? = 0.9992

k1 % (3-1)

0.5+

oo+——+——— - -
0.000 0.001 0.002 0.003 0.004 0.005

[Phenylethylamine]qs (M)

Figure $48: Determination of the second-order rate constant ky = 466 M ' s from the dependence of the first-

order rate constant kv on the concentration of phenylethylamine.
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Table S8: Reaction of phenylethylamine with (jul),CH BF; (at 20 °C in water, cosolvent: 1 vol-% CH;CN,
stopped-flow, detection at 630 nm).

E = (jul):CH'BF4 ; Nu = phenylethylamine

[Elo(M)  [Nulo(M)  [Nulex(M) [OHT(M) [Nulew/[Elo kos(s™) kiyon- (s kiy(sh)

277x10°  557x10* 384x10*% 1.73x10* 14 0.0621 594 x10* 6.15x1072
277x10°  1.67x10°%  135x10° 3.23x10* 49 0.233 1.11 %103 232x 107!
277%10°  2.79x10°3  236x10° 428 x10* 85 0.378 1.47 103 377 x 107!
277%10° 501 %103  442x10° 5.86x10* 160 0.774 2.02x103 772 x 107!

pKs (PhCH,CH2NH;) =4.11
kron-=3.44 M g1 3]

n=175M"'s"!

0.8

y =174.79x - 0.0118

0.6 r?=0.9972

0.4

k1\y (5-1)

0.2+

oo+——1— 17— - - - -
0.000 0.001 0.002 0.003 0.004 0.005

[Phenylethylamine]qs (M)

Figure §49: Determination of the second-order rate constant kn = 175 M ' 5! from the dependence of the first-

order rate constant kv on the concentration of phenylethylamine.
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Table S9: Rate Constants for the reactions of phenylethylamine with different benzhydrylium ions as reference
electrophiles (20 °C, in water).

reference electrophile E parameter kn (20 °C) M's7h
(dma),CH" ~7.02 451 % 10°
(pyr):CH" 7,69 1.73 % 10°
(thq),CH" 822 1.06 x 103
(ind),CH" 876 4.66 % 102
(jul).CH* -9.45 1.75 x 10?

Reactivity parameters for phenylethylamine (in water): N = 13.40; sy = 0.57

4.0+
35 y=0.573x + 7.68
r? = 0.996
=
‘; 3.0 .
k]
2.54
200———7—-v—"7-—"-"v-—-—7—""—"F—7"—7"
-10.0 95 -9.0 -8.5 -8.0 -75 -7.0 -6.5

Figure $50: Plot of log ky vs. the electrophilicity parameters E for the reactions of benzhydrylium ions with
phenylethylamine.
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7.2. p-Anisidine

Table S10: Reaction of p-anisidine with (dma),CHBFy (at 20 °C in water, cosolvent: I vol-% CH;CN, stopped-
[flow, detection at 607 nm).

E = (dma),CH'BF4; Nu = p-anisidine

[Elo(M)  [NuJo(M) [Nuletr [OH]M)  [Nulew[Elo  kas(s)  kiyon-(s)  hiy(s™)

1.90x10% 1.33x10° 133x103 1.63x10° 7 106 2.13x10*%  1.06 x 102
1.90 x 104 3.98x10° 3.98x103 2.82x10°¢ 21 351 3.69 x 10%  3.51 x 10?
1.90 x 104 6.64 x10° 6.64x10° 3.64x10° 35 587 477 x10%  5.87 x 102
1.90 x 104 929 =102 9.29x103 4.30x10° 49 856 5.64 x10%  8.56 x 10?

pKg = 8.7012
kron-=131 M1 g1 Bl

n=9.37x10* M s7!

1000+

800+ y = 93655x - 22.076

r? = 0.999

200

T T T T T T T T T 1
0.000 0.002 0.004 0.006 0.008 0.010

[p-Anisidine]q¢

Figure S51: Determination of the second-order rate constant kn = 9.37 x 10 M~! 57! from the dependence of the

first-order rate constant k;y on the concentration of p-anisidine.
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Table S11: Reaction of p-anisidine with (pyr)CH'BF4 (at 20 °C in water, cosolvent: 1 vol-% CH3;CN, stopped-

[flow, detection at 607 nm).

E = (pyr):CH'BF ; Nu = p-anisidine

[EloM)  [NuJo(M) [Nuler ~ [OHTM) [Nulew[Elo  kos(s)  kiyou-(s) k(s

295x10° 1.33x103 1.33x103 1.63x10° 45 14.6 7.90 x 10 1.46 x 10!

295x10° 398x103 398x103 2.82x10° 135 933 1.37 x10*  9.33 x 10!

295x10° 6.64x103 6.64x103 3.64x10° 225 167 1.76 x 10*  1.67 x 10?

295x10° 929x103 9.29x103 4.30x10° 315 229 2.09 x 10 2.29 x 10?

295x10° 1.19x102 1.19x102 4.87x10° 405 288 236x10%  2.88 x 10?
pKs = 8.70

kron- =48.5 M 711

kn=2.57x 10°M 5!

3004
y = 25711x - 12.207
r? = 0.996
< 200
)
>
~
1004
L]
0 T T T T T 1
0.000 0.005 0.010 0.015

[p-Anisidine]qss

Figure S52: Determination of the second-order rate constant kn = 2.57 x 10 M~' 57! from the dependence of the

first-order rate constant k;v on the concentration of p-anisidine.
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Table S12: Reaction of p-anisidine with (ind),CH'BF (at 20 °C in water, cosolvent: 1 vol-% CH3;CN, stopped-

[flow, detection at 607 nm).

E = (ind);CH ' BF4,; Nu = p-anisidine

[Elo(M) [NuJo (M) [NuJerr [OHTM)  [Nulew[Elo  koos(s)  kiyon-(s) k(s

323x10°  1.33x103 1.33x103 1.63x10° 41 13.0 1.76 x 1073 13.0

323x10° 398x103 398x103 2.82x10° 123 28.8 3.04 %1073 28.6

323x10°  6.64x103 6.64x103 3.64x10° 205 48.1 393 %107 48.1

323x10° 929x103 929x103 431x10° 288 62.7 4.65 x 107 62.7

323x10°  1.19x102 1.19x102 4.87x10° 370 75.1 526 %1073 75.1
pKs = 8.70

kron-=10.8 M 711

kn=5.96x10° M 57!

80
(]
y =5963.4x + 5.9337
60
o
> 404
~
20
0 T T T T T |
0.000 0.005 0.010 0.015

[p-Anisidine]gs

Figure S53: Determination of the second-order rate constant kn = 5.96 x 10° M ' 57! from the dependence of the

first-order rate constant k;v on the concentration of p-anisidine.
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Table S13: Rate constants for the reactions of p-anisidine with different electrophiles (20 °C).

reference electrophile E parameter ky (20 °C) (M s7h
dma),CH* -7.02 9.37 x 10*
(
(pyr):CH* ~7.69 2.57 x 104
(ind),CH" 876 5.96 x 103

Reactivity parameters for p-anisidine (in water): N = 14.28; sn = 0.68

log ky

5.0 N
y = 0.6789x + 9.70
r?=0.991
4.5
4.0
35 T T T T T T T T T 1
-9.0 -8.5 -8.0 -7.5 -7.0 -6.5

Figure $54: Plot of log ky vs. the electrophilicity parameters E for the reactions of benzhydrylium ions with

p-anisidine.
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Chapter 2

Transition Metal-Free C-H Functionalization of Tertiary Amines:

Diisopropyl Azodicarboxylate Mediated a-Arylations

Abstract

Aromatic and aliphatic tertiary methylamines RR’NCH>-H were converted to a-arylated
amines RR’NCH»-Ar in two steps. In the first step, tertiary methylamines and diisopropyl
azodicarboxylate (DIAD) reacted in acetonitrile to generate N-aminomethylated hydrazine-1,2-
dicarboxylates. Reactions of these hydrazines with potassium (hetero)aryltrifluoroborates at
ambient temperature in the presence of one equivalent of trifluoroacetic acid in acetonitrile
furnished a-arylated amines. Both steps of the reaction sequence occurred without addition of

a metal-based catalyst.

Introduction

Functionalization of tertiary amines at the sp>-hybridized o.-carbon has been an emerging field
of organic chemistry in recent years.!'! Using this synthetic method for the introduction of an
aryl moiety would furnish benzylic amines, which are a common structural motif of market-
relevant pharmaceuticals.?! Several methods for the arylation of amines were developed,
therefore, which generally rely on the use of stoichiometric or catalytic amounts of metal salts
or nucleophilic organometallics.l*®! With exception of a few reports, which focus on oxidative
cross couplings of 1,2,3,4-tetrahydroisoquinolines (THIQs) with indoles and phenols,!”! to the
best of our knowledge, metal-free a-CH-arylations of tertiary amines under mild conditions
have not been reported.!!d5-11]

In this context, dialkyl azodicarboxylates (DAADs) appeared attractive reagents because they
possess electrophilic as well as oxidative properties.'”l This combination of features had
already been used by Diels and Paquin in 1913, who demethylated N,N-dimethylaniline by
addition of dimethyl azodicarboxylate to form aminal A, which was then hydrolyzed
(Scheme 1).13-16]

N-Demethylation of tertiary amines and alkaloids!'*!”! remained the sole application of the

oxidative o-amination of tertiary amines by DAADs for many decades./'®!
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Ns .CO,R o e i
N 2 Ph—N—N triazane

CH;, DAAD CH, N-CO,R 2Witterion
l ~H* l fast
H3C\N/\N/C02R fast +C|:H3 /COZR |
b HN <——  Ph—N—N ammonium
| \ .
Ph HN\CozR rearrangement ~G.. NHCOR ylide
A
l Hy0*
Diels (1913, R = Me)!'3a
" i Mechanism of A formation studied

H
1 N. _CO,R
Ph—N + + N7 2 . _ 15
CH, H)J\H RO,C H by Huisgen (1954, R = Et)[']

Scheme 1. Demethylation of N,N-dimethylaniline through addition of dialkyl
azodicarboxylates (DAADs) and subsequent hydrolysis.

Previous work:

Li(2009) R!
12009 R DEAD R R3

R3
R2 N + / Cul (5 mol-%) RzN\/

THF

Nishib: hi (2012
ishibayashi ( ) . NHBoc RMgBr ,
—N —_— )>—R
N Boc Et,0 or THF N

n=12 Ar Ar
Hu (2013) E1 ] h A piap L‘U Ach
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R F* 'so,ar DMF R SOLAr
Akiyama (2016) DEAD X-Nuc
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HoH X =H, SiRy, SnBu; 1 NUC
-----------
R"' .~
ar R'<, . -COPr N" °H
R« A NN R
N T N +
L, RHNo P Pro,C., =N .
R 2P N COsiPr
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Scheme 2. Intermolecular CC bond-forming reactions upon DAAD-mediated oxidation of

tertiary amines.

In 2009, first examples of intermolecular CC bond-forming reactions were disclosed by Li and
Xu, who successfully applied oxidative C(sp®)-H bond amination by diethyl azodicarboxylate
(DEAD) for Cul-catalyzed alkynylations of aliphatic tertiary methylamines (Scheme 2).!""]
Transition metal catalysis was found to be dispensable when acidic pronucleophiles or

otherwise activated nucleophiles were used for DAAD-mediated o-functionalizations of
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tertiary amines:'?°! Nishibayshi exploited the Lewis acidity of Grignard reagents (2.2 equiv.) in
azodicarboxylate-mediated a-arylations of cyclic tertiary amines.!! Hu showed that a mixture
of diisopropyl azodicarboxylate (DIAD) and CH acidic acceptor-substituted
fluoromethylsulfones selectively fluoromethylated NCH3 groups of tertiary aliphatic amines. !
DMSO as a highly polar solvent turned out to be beneficial when Akiyama and co-workers used
structurally diverse nucleophiles (silylated enol ethers, CH acids, allylstannanes etc.) in
combination with DEAD as the oxidant to functionalize the C-1 position of THIQs. These
authors suggested that the basicity of the dicarboxyhydrazide anion was a further crucial factor
for achieving high yielding reactions of the THIQ-DEAD addition products with the
investigated (pro)nucleophiles.**]

Herein, we report on a transition metal-free!**! two-step synthesis of a-arylated amines from

tertiary amines, DIAD, and organotrifluoroborates (Scheme 2).

Results and Discussion

In agreement with a recent study,'*’ the aminals 2a—i were isolated with good yields in the
range of 71-95% when the ring-substituted N,N-dimethylanilines 1a—i and a slight excess of
DIAD (1.1 equiv.) were combined in acetonitrile (Table 1).[>>] Heating the reaction mixture to
reflux shortened the reaction time for the generation of 2b from two days to 4 h and was helpful
when preparing the ai-aminated anilines that carried electron-withdrawing groups.

As typically observed for amides or carbamates,**? the broad, unresolved signals in the 'H
and '*C NMR spectra (CDCls, 27 °C) of hydrazine-1,2-dicarboxylates 2a—i indicate hindered
rotations around the N-C bonds in (H)NN-CO and (R)(N)N-CO groups. Significantly improved
resolutions and signal-to-noise ratios of the resonances were achieved when the NMR spectra
of the hydrazine-1,2-dicarboxylates 2a—i were acquired in de-DMSO at 90 °C (Supporting

Information).
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Table 1. Addition of DIAD to N,N-dimethylanilines 1a—i.

~N

\

. iP
NN CO,iPr

N\ (Pr)O__Ns )Ok . N\ HN\COz/‘Pr

\ > + jo( N" oGP gy

1a-i DIAD 2a-i
Aniline X= Hydrazine Yield® (%)
la 4-Me 2a 95 (4d,rt)
1b 4-OMe 2b 78 (2 d, rt)

81 (4 h, rflx)

1c H 2c 86 (5d, rt)
1d 4-F 2d 88 (2d, rt)
le 4-Cl 2e 74 (3 d, rflx)
1f 4-Br 2f 87 (3 d, rflx)
1g 4-COzEt 2g 86 (2 d, rflx)
1h 4-CN 2h 71 (2d, 1t)
i 2,4,6-(Me); 2i 87 (10 h, rflx)

% Yield of isolated product after column chromatography.

Previous work by Nishibayashi showed that acidic conditions facilitate the formation of
electrophilic species from aminals,?”! such as 2, which should be interceptable in CC bond-
forming reactions by sufficiently nucleophilic arenes.”®! In an initial attempt, 2-methylfuran
and 2a were used as substrates to probe the formation of an a-arylated amine. The
5-aminomethylated 2-methylfuran was isolated in 82% yield when aq HCI1 (2 M) was added to

an equimolar solution of the reactants in chloroform (Scheme 3).

\N/\N,COZIPI’ ~N o)
HN |/
~CO,iPr . H O _Me aaHCI@2M)

T e

Me 2a rt.

Scheme 3. Bronsted acid mediated a-arylation of 2a with 2-methylfuran.

However, further studies with indoles, thiophenes and methoxy-substituted benzenes, signalled
a very limited scope of this transformation. Aminomethylated arenes were only obtained in

yields of <35%. In addition, diarylmethanes formed as major by-products owing either to
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subsequent reactions of the initially formed o-arylated amines or to the presence of
formaldehyde in the solutions caused by decomposition of 2a.

Kinetic investigations by Berionni, Mayr, and co-workers had shown that the reactivities of
arenes Ar-H increased by more than three orders of magnitude when a trifluoroborate
substituent was introduced at the m-system.!*”! The fact that potassium aryltrifluoroborates Ar-
BF3K are generally synthesized from ArB(OR), and KHF> at low pH provides evidence for the
stability of the Ar-BF5~ ions under acidic reaction conditions.[**?] Both properties of ArBFsK,
enhanced reactivity of the m-system and their stability towards Brensted acids, led us to
hypothesize that potassium aryltrifluoroborates might be suitable substrates for transition
metal-free reactions with the DIAD-activated anilines 2.5!

In a first series of experiments, hydrazine-1,2-dicarboxylate 2a was combined with potassium
benzofuran-2-yltrifluoroborate (3a) in presence of stoichiometric amounts of Bronsted or Lewis
acids (Table 2). The a-arylated N,N-dimethyl-p-toluidine 4a formed in the presence of all
examined acids and was isolated in 70 to 94% yield (Table 2, entries 1-5). Changing from
aqueous hydrochloric acid to an ethereal HCI solution shortened the reaction time and increased
the yield of 4a from good to excellent (entries 1,2). When trifluoroacetic acid (TFA) was used
as the acid, the reactants were quantitatively converted within 2 h at ambient temperature and
4a was isolated in 94% yield (entry 3). The a-arylations of 2a to form 4a could also be achieved
when the Lewis acids ZnBr> or BF3-OEt; were used. The yields of the Lewis acid mediated
reactions were, however, considerably lower than those for the Brensted acid mediated versions
(entries 4,5). Nevertheless, it is noteworthy that 59% of 4a were obtained when only 25 mol-%
of BF3-OEt; were employed (entry 6), which indicates a potential for developing catalytic

versions of this transformation.
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Table 2. Optimization of the a-arylation of 2a by potassium benzofuran-2-yltrifluoroborate

(3a) to yield 4a.?

\N/\N,CoziPr ~N \ (@)
HN O acid
“COuPr + KF3B—( —_—
MeCN, r.t.

Me 22 3a Me 4a
Entry Acid Reaction time  Yield® (%)
1 aqHCI2 M) 2h 70
2 HCICMinEuO) 12h 94
3 CF;COOH 2h 94
4 ZnBr 2h 90
5 BF;-OEt: 24 h 79
6 BF3-OEt;,° 24h 59

% Reaction conditions: 2a, 3a, acid (1 equiv.), MeCN, ambient temperature.
® Yield of isolated product after column chromatography.

© With 25 mol-% of BF3-OEt.

Under the optimized reaction conditions (Table 2, entry 3), we tested the scope of further
N-aminomethylated hydrazines 2 in the reaction with potassium benzofuran-2-yltrifluoroborate
(3a). Electron-donating or electron-withdrawing groups at the para-position of the phenyl rings
in 2a—h did not significantly affect the efficiency of the arylation by 3a (Figure 1). The arylation
was scalable as demonstrated by the good yield obtained for the p-bromo-derivative 4f (isolated
in 75% yield when starting with 1.5 mmol educts). Hydrazine-1,2-dicarboxylates 2g and 2h
selectively underwent aminomethylation reactions with the trifluoroborate 3a to give 4g and
4h, respectively, which showed that the electrophilic sites of CO2Et and CN groups were
compatible with our standard reaction conditions. The success of the 2,4,6-trimethylaniline
derivative 2i to generate product 4i when treated with 3a exemplifies the robustness of this
a-functionalization of tertiary amines towards steric hindrance in the vicinity of the amino
group’s nitrogen.

Exclusive ipso-substitutions of the BF3K group in the reactions of 3a with 2a—i were indicated
by the diagnostic NMR chemical shift of {C-3) = 103.8-104.4 ppm in the aminomethylated
benzofurans 4a—i, which contrasts with the observation that bis(p-methoxyphenyl)methylium

ions reacted preferentially with the 3-position of benzofuran-2-yl trifluoroborate (3a).l>"!
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\N/\N,COZIF’r 1.3a ~N 2.0
HEl TFA |
| X "COo,Pr  MeCN, 23°C | Xy

/\X 2. aq workup XX
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\C;W@ e e @“EG
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\K;NY@ @ @

|
F 4d (82%) (84%) Br 4 (75%)
\N Q.
@% @”L@ L,
CO,Et 49 (92%) 4h (79%) /8;/1%:>

Figure 1. DIAD-mediated aminomethylations of potassium benzofuran-2-yl trifluoroborate
(3a) by the ring-substituted N,N-dimethylaniline derivatives 2a—i. [a] Reaction at >1 mmol

scale (see Experimental).

To define the scope of the potassium aryltrifluoroborates that can be used for substituting the
hydrazine moiety in 2, we studied further reactions of furyl, thienyl and phenyl derivatives
under the standard conditions (Figure 2).%

The reaction of 2a—c with potassium furan-2-yltrifluoroborate (3b) furnished moderate to good
yields of the 2-aminomethylated furans Sa—c. The 2-substituted furan Sb was also isolated when
2a was combined with potassium furan-3-yltrifluoroborate (3b”), a constitutional isomer of 3b.
This observation is in accord with previous reports on the attack of electrophiles at remote
positions of furanyl trifluoroborates.?”®! Instead of undergoing ipso-substitution different types
of carbocations reacted at C-H groups of the m-systems, that is, at the 5-position of 3b or the
2-position of 3b’. Subsequent protodeborylations then led in both cases to 2-substituted furans.
Analogously, the formation of 5b from both 3b and 3b’ as well as the formation of 5f~h by
C-5 attack of 2a,c,d at 3d can be explained.

While 5-methyl substituted 2-thienyltrifluoroborate (3e) gave only moderate yields of its
reactions with hydrazine derivatives 2a,b (— 5ij), the successful reactions of the same
electrophiles with phenyltrifluoroborates 3f,g to form products Sk—n further widened the scope

of this arylation reaction.
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\N/\N/COZIPr NN

o 1. TFA
~CO, MeCN, 23 °C
COPr, ArBFK  —— s
2. aq workup

X 2a-d 3b-g X 5a-n

5a (X = OMe, 51% from 3b)  5d (X = Me, 95%) 5f (X = Me, 84%)M
5b (X = Me, 96% from 3b) 5e (X =H, 37%) 5g (X = H, 91%)
5b (X = Me, 95% from 3b") 5h (X = o
5¢ (X = H, 68% from 3b) (X=F, 93%)
from 3e: from 3f: from 3g:
\N \ S \N \N o
/ )
(¢}
X X X

5i (X = OMe, 60%)
5j (X = Me, 62%)[!

5k (X = OMe, 89%)
51 (X = Me, 78%)

5m (X = OMe, 90%)
5n (X = Me, 93%)

Figure 2. DIAD-mediated a-(hetero)arylations of diisopropyl hydrazine carboxylates (yields
refer to isolated products after purification by column chromatography). [a] With 0.74 equiv.
TFA. [b] With 0.37 equiv. TFA.

Carbon-carbon  bond-forming reactions between DIAD-activated anilines and

organotrifluoroborates were also extended to C(sp®)-C(sp) cross couplings. The alkynylation of
2a by potassium phenylethynyltrifluoroborate (6) furnished propargylamine 7 (78% yield,

Scheme 4), which was previously obtained from 1a by using transition-metal catalysis.?**!

\N/\N,CoziPr

~
HN KF,B 1.TFA N/\Ph
o 3 MeCN, 23 °C
<> oo xPh

2. aq workup

Me 2a 6 Me 7 (78%)

Scheme 4. a-Alkynylation of DIAD-activated N,N-dimethyl-p-toluidine (2a).

Derivatization of natural products, such as alkaloids, is of particular interest for the
development of pharmaceuticals.’??! We have, therefore, isolated 2j, the addition product of
DIAD and tropinone (Scheme 5). Substitution of the hydrazine moiety of 2j by the benzofuranyl
group of 3a furnished within 24 h the (heteroaryl)methylated nortropinone 8a in 92% yield.
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Analogously, the reaction of 2j with 3d at ambient temperature delivered the 9-(2-thienyl)-
functionalized tropinone 8b (90% yield).

Me
N

Ax 1]
\ — N
o 0
DIAD | MeCN
3a \
8a (92%)

. e}
iPro,C. ™
NN 1.TFA
. _NH MeCN, 23 °C, 24 h
iPrO,C 2. aq workup
2j (80%) o 3d
NS
8b(90%) o

Scheme 5. Conversion of tropinone (1j) to (hetero-aryl)methylated nortropinones 8a,b via

DIAD-activated tropinone (2j).

In summary, additions of diisopropyl azodicarboxylate (DIAD) to aromatic and aliphatic
tertiary amines in acetonitrile generated aminomethylated hydrazine-1,2-dicarboxylates. The
insertion of DIAD in the C-H bond of an NCHj3 group thus provided a-aminations of tertiary
amines under mild conditions. The high reactivities of heteroaryl- and aryltrifluoroborates,
ArBF;K, as well as their stability under acidic conditions allowed us to transform the DIAD-

amine addition products to a series of a-arylated amines (Scheme 6).

1. ArBF3K
R R ~COLP TFA .
SNTH piap. NN MeCN,23°C R'™"ar
3 — ] |
R MeCN R HN “COLiPr 2. aq workup R'

Scheme 6. DIAD-amine addition products as relays for the transition metal-free a-arylation of

tertiary amines.

Several functional groups in the amine tolerated the arylation reactions with
organotrifluoroborates. Chloro- and bromoanilines could, thus, be used for further classical
palladium-catalyzed cross-couplings or functionalization reactions, while carboxylic ester or
cyano groups may serve as electrophilic sites for the addition of nucleophiles.

Both steps of the amination/arylation sequence from unfunctionalized to a-arylated amines

were efficient without adding a transition metal catalyst. The thus developed arylation method
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was also successfully applied for the introduction of heteroaromatic groups at C-9 of tropinone,

which underscores its potential for selective N-methyl functionalizations of alkaloids.!>¢!

Experimental Section

Typical procedure: The hydrazine-1,2-dicarboxylate 2f (619 mg, 1.54 mmol) was dissolved in
acetonitrile (5 mL). Subsequently, the potassium aryltrifluoroborate 3a (345 mg, 1.54 mmol)
and trifluoroacetic acid (120 pL, 1.57 mmol) were added dropwise within 1-5 min. The reaction
mixture was stirred at room temperature for 2 h. Then, the solvent was removed under reduced
pressure. The residue was treated with 2 M aq ammonia (20 mL) and extracted with CH>Cl
(3 x 20 mL). The combined organic layers were dried (NaxSQOs), filtered, and volatiles were
removed under reduced pressure. Finally, the crude product was purified by flash column
chromatography (SiO2, acetone/pentane gradient from 1/200 to 1/20): 4f (363 mg, 75%), light

yellow oil. See Supporting Information for product characterization.
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— Supporting Information —

Transition Metal-Free C-H Functionalization of Tertiary Amines:
Diisopropyl Azodicarboxylate Mediated a-Arylations

1. General
Analytics

"H NMR (600, 400, or 300 MHz), *C NMR (151, 101, or 75.5 MHz), and '°F NMR spectra (376
MHz) were recorded on Varian or Bruker NMR systems in ds-DMSO or CDCls. Chemical shifts in
ppm refer to the solvent residual signal in de-DMSO (81 2.50, ¢ 39.52 ppm)!>! or CDCl;3 (8n 7.26, 8¢
77.16 ppm)®! as internal standard or to external CFCls (8F 0.0 ppm), respectively. The following
abbreviations are used to describe the mutiplicities of 'H resonances: br s = broad singlet, s = singlet,
d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet, app = apparent. NMR signal
assignments are based on additional 2D-NMR experiments (COSY, HSQC, and HMBC).

Materials

Commercially available acetonitrile (Acros, 99.9%, Extra Dry, AcroSeal) was used as received.
Diisopropyl azodicarboxylate (DIAD; 94%, ABCR or Apollo) was purchased and used as received.

The following commercially available potassium aryl- or alkynyltrifluoroborates were used as
received: Potassium 3-furanyltrifluoroborate 3b’ (97%, Aldrich), potassium 2-thienyltrifluoroborate
3d (Aldrich), potassium phenyltrifluoroborate 3f (98%, Apollo), potassium 3,4-
(methylenedioxy)phenyltrifluoroborate 3g (97%, Aldrich), and potassium
(phenylethynyl)trifluoroborate 6 (95%, Aldrich). Potassium benzofuran-2-yltrifluoroborate 3a (90%,
Aldrich) was recrystallized from acetone/diethyl ether.

Potassium 2-furanyltrifluoroborate 3b, potassium trifluoro(5-methylfuran-2-yl)borate 3¢ and
potassium trifluoro(5-methylfuran-2-yl)borate 3e were synthesized from the parent heteroarenes by
subsequent treatment with n-BuLi, B(OiPr)3, and KHF> (6 equiv.) in analogy to a procedure described
in ref. [S2] The crude products were purified by recrystallization from acetone/diethyl ether.

Commercially available substituted N,N-dimethylanilines and tropinone were used as received. N,N-
Dimethyl-p-anisidine was prepared as described in ref. [S3]

4-(Dimethylamino)benzonitrile (1h) was synthesized from 4-aminobenzonitrile by reductive
methylation:[>* 4-Aminobenzonitrile (1.0 g, 8.5 mmol) was dissolved in 1,4-dioxane (100 mL). Zinc
powder (7.0 g) and 30% aq formaldehyde solution (3.5 mL, 38 mmol) were added. Subsequently,
acetic acid (12 mL, 0.21 mol) was added to the reaction mixture via a dropping funnel. The exothermic
reaction was controlled by cooling the reaction solution with an ice bath (0 °C). After another 12 h of
stirring at ambient temperature, the solution was neutralized by addition of ag NaOH solution. Solid
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residues were then removed by filtration. The aqueous phase was extracted with chloroform. The
combined organic layers were then dried (Na2SOs4), filtered, and concentrated in the vacuum, which
caused precipitation of 1h (1.20 g, 97%). 'H and '*C NMR data were in accord with those reported in

ref. [S5].

H NMR (400 MHz, CDCLs): & 3.03 (s, 6 H, NMez), 6.63-6.65 (m, 2 H, ArH), 7.45-7.48 (m, 2 H,
ArH). B3C NMR (101 MHz, CDCls): 5 40.1, 97.6, 111.5, 120.8, 133.5, 152.6.
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2. Preparation of 2a—j

General Procedure (GPI): The amine 1 was dissolved in MeCN and diisopropyl azodicarboxylate
(DIAD) was added dropwise under stirring. The reaction mixture was then stirred at room temperature,
if not indicated otherwise, for the indicated time. After the removal of volatiles under reduced pressure,
the crude product was purified by flash column chromatography by applying an acetone/pentane (or
acetone/isohexane) gradient (1/100 to 1/10).

Diisopropyl 1-((methyl(p-tolyl)amino)methyl)hydrazine-1,2-dicarboxylate (2a). According to
N /\N/Coz,'pr GP1, 2a was prepared from N,N-dimethyl-p-toluidine 1a (10 mL, 69 mmol) and
Hi DIAD (16 mL, 76 mmol) in MeCN (50 mL) by stirring the reaction mixture at
“CO,iPr ambient temperature for 4 days. After purification by column chromatography
(silica gel, acetone/isohexane 1/10; Rr= 0.33) 2a was obtained as a slightly orange

Me 22 colored viscous liquid (22.1 g, 95%).

H NMR (400 MHz, ds-DMSO, 90 °C): & 1.14 (br d, J = 6.2 Hz, 6 H, OCH(CH3),), 1.22 (d, J= 6.2
Hz, 6 H, OCH(CH:)), 2.19 (s, 3 H, Ar-Me), 2.92 (s, 3 H, NMe), 4.76 (sept, J = 6.2 Hz, 1 H,
OCH(CHs),), 4.84 (sept, J = 6.2 Hz, 1 H, OCH(CHj)>), 4.95 (br s, 2 H, NCH,N), 6.72—6.76 (m, 2 H,
ArH), 6.95-6.99 (m, 2 H, ArH).

13C NMR (101 MHz, ds-DMSO, 90 °C): § 19.3 (CHs, Ar-Me), 21.2 (CHs, OiPr), 21.3 (CHs, OiPr),
37.0 (CHs, NMe), 66.0 (CHa, NCH,N), 67.7 (CH, OiPr), 68.7 (CH, OiPr), 112.8 (CH), 125.3 (C),
128.7 (CH), 145.8 (C), 154.8 (C, COqiPr).

Diisopropyl 1-(((4-methoxyphenyl)(methyl)amino)methyl)hydrazine-1,2-dicarboxylate (2b).
~\ /\N”Cozipr According to GP1, 2b was prepared from N,N-dimethyl-p-anisidine 1b (3.09 g, 20.5
Y mmol) and DIAD (4.6 mL, 22 mmol) in MeCN (20 mL) by stirring the reaction
“CO,Pr mixture at reflux temperature for 4 h. After purification by column chromatography

2b was obtained as a brown viscous liquid (5.86 g, 81%)).

2b
OMe H NMR (400 MHz, ds-DMSO, 90 °C): & 1.14 (br d, J= 6.2 Hz, 6 H, OCH(CHs),),

1.21 (d,J=6.2 Hz, 6 H, OCH(CH3)2), 2.90 (s, 3 H, NMe), 3.68 (s, 3 H, OMe), 4.77 (sept, /= 6.2 Hz,
1 H, OCH(CH3)2), 4.83 (sept, J = 6.2 Hz, 1 H, OCH(CH3)2), 4.92 (br s, 2 H, NCH2N), 6.79 (app s, 4
H, ArH).

13C NMR (101 MHz, d-DMSO, 90 °C): § 21.3 (CHs, OiPr), 37.2 (CH3, NMe), 55.1 (CHs, Ar-OMe),
66.8 (CH,, NCH:N), 67.7 (CH, OiPr), 68.7 (CH, OiPr), 114.2 (CH), 114.4 (CH), 142.4 (C), 151.6 (C),
154.8 (C, CO4iPr).

HR-MS (EL 70 eV): m/z [M]" Calcd for [C17H27N305]™" 353.1945; Found 353.1951.
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Diisopropyl 1-((methyl(phenyl)amino)methyl)hydrazine-1,2-dicarboxylate (2c). According to

CO.Pr GP1, 2¢ was prepared from N,N-dimethyl-aniline 1¢ (2.7 mL, 21 mmol) and DIAD
\N/\l}l/ 2 (5.0 mL, 24 mmol) in MeCN (20 mL) by stirring the reaction mixture at ambient
@HN\COZ pr temperature for 5 days. After purification by column chromatography 2¢ was

) obtained as a yellow viscous liquid (5.86 g, 86%).
c

'H NMR (400 MHz, de-DMSO, 90 °C): 5 1.14 (br d, J = 6.3 Hz, 6 H, OCH(CHs),), 1.22 (d, J = 6.3
Hz, 6 H, OCH(CHs)), 2.96 (s, 3 H, NMe), 4.76 (sept, J = 6.3 Hz, 1 H, OCH(CHs)), 4.86 (sept, J =
6.3 Hz, 1 H, OCH(CHs)y), 5.00 (br s, 2 H, NCH:N), 6.67-6.70 (m, 1 H, ArH), 6.82-6.85 (m, 2 H,
ArH), 7.14-7.18 (m, 2 H, ArH), 8.94 (br s, <1 H, NH).

13C NMR (101 MHz, ds-DMSO, 90 °C): § 21.25 (CHs, OiPr), 21.27 (CHs, OiPr), 36.9 (CH3, NMe),
65.7 (CHz, NCHaN), 67.7 (CH, OiPr), 68.8 (CH, OiPr), 112.5 (CH), 116.6 (CH), 128.2 (CH), 147.9
(C), 154.8 (C, COniPr),

HR-MS (EL 70 eV): m/z [M]"* Calcd for [C16H2sN304]"" 323.1840; Found 323.1853.

Elemental Analysis: Calcd: C 59.42, H 7.79, N 12.99; Found: C 59.04, H 7.70, N 12.77.

Diisopropyl  1-(((4-fluorophenyl)(methyl)amino)methyl)hydrazine-1,2-dicarboxylate  (2d).

..~ ,CO,Pr According to GP1, 2d was prepared from 4-fluoro-N,N-dimethyl-aniline 1d (4.9

N~ N g, 35 mmol) and DIAD (8.0 mL, 38 mmol) in MeCN (25 mL) by stirring the

HN\cozipr reaction mixture at ambient temperature for 48 h. After purification by column
chromatography 2d was obtained as a brownish solid (10.5 g, 88%).

2d
F TH NMR (400 MHz, d-DMSO, 90 °C): 5 1.13 (br d, J= 6.2 Hz, 6 H, OCH(CHs)y),

1.21 (d, J= 6.2 Hz, 6 H, OCH(CH),), 2.93 (s, 3 H, NMe), 4.76 (sept, J = 6.2 Hz, 1 H, OCH(CHs),),
4.84 (sept, J = 6.2 Hz, 1 H, OCH(CHs)), 4.96 (br s, 2 H, NCHaN), 6.81-6.84 (m, 2 H, ArH), 6.94—
6.99 (m, 2 H, ArH), 8.90 (br s, <I H, NH).

13C NMR (101 MHz, de-DMSO, 90 °C): § 21.2 (CHs, OiPr), 37.3 (CHs, NMe), 66.4 (CHa, NCH:N),
67.7 (CH, OiPr), 68.8 (CH, OiPr), 114.0 (CH, d, Jcr = 7.5 Hz), 114.4 (CH, d, Jcr = 21.9 Hz), 144.7
(C, d, Jor = 1.5 Hz), 154.8 (C, CO2iPr), 154.9 (C, d, 'Jer = 234 Hz).

19F NMR (376 MHz, ds-DMSO, 90 °C) § —128.5 (br s).
HR-MS (EL 70 eV): m/z [M]"* Calcd for [C16H24FN304]"* 341.1745; Found 341.1747.

Elemental Analysis: Calcd: C 56.29, H 7.09, N 12.31; Found: C 56.16, H 7.13, N 12.23.
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Diisopropyl  1-(((4-chlorophenyl)(methyl)amino)methyl)hydrazine-1,2-dicarboxylate  (2e).

.~ ..COiPr According to GP1, 2e was prepared from 4-chloro-N,N-dimethyl-aniline 1e (2.10

N- N g, 13.4 mmol) and DIAD (3.1 mL, 15 mmol) in MeCN (10 mL) by stirring the

HN\COZiPr reaction mixture at reflux temperature for 72 h. After purification by column
chromatography 2e was obtained as a brown viscous liquid (3.52 g, 74 %).

2e
Cl TH NMR (400 MHz, ds-DMSO, 90 °C): & 1.13 (br d, J = 6 Hz, 6 H, OCH(CHz),),

1.22 (d, J=6.2 Hz, 6 H, OCH(CH:)2), 2.94 (s, 3 H, NMe), 4.75 (sept, J = 6.2 Hz, | H, OCH(CH3)2),
4.84 (sept, J = 6.2 Hz, 1 H, OCH(CH3)2), 4.98 (br s, 2 H, NCH:N), 6.80—6.84 (m, 2 H, ArH), 7.14—
7.18 (m, 2 H, ArH).

13C NMR (101 MHz, ds-DMSO, 90 °C): 5 21.2 (CHs, OiPr), 21.3 (CHs, OiPr), 37.1 (CHs, NMe), 65.7
(CHa, NCH2N), 67.7 (CH, OiPr), 68.9 (CH, OiPr), 114.1 (CH), 120.6 (C), 127.8 (CH), 146.8 (C), 154.8
(C, COLPY).

HR-MS (EL 70 eV): m/z [M]" Calcd for [C16H24CIN304]"" 357.1450; Found 357.1449.

Diisopropyl  1-(((4-bromophenyl)(methyl)amino)methyl)hydrazine-1,2-dicarboxylate  (2f).

o .. COLPr According to GP1, 2f was prepared from 4-bromo-N,N-dimethylaniline 1f (1.7 g,

N° N 8.4 mmol) and DIAD (1.9 mL, 9.0 mmol) in MeCN (10 mL) by stirring the reaction

HN\coziPr mixture at reflux temperature for 72 h. After purification by column
chromatography 2f was obtained as a brown viscous liquid (2.95 g, 87%).

2f
Br TH NMR (400 MHz, ds-DMSO, 90 °C): 5 1.13 (br d, J = 6 Hz, 6 H, OCH(CHs)y),

1.22 (d, J = 6.2 Hz, 6 H, OCH(CHs)), 2.94 (s, 3 H, NMe), 4.75 (sept, J = 6.2 Hz, 1 H, OCH(CHs),),
4.84 (sept, J = 6.2 Hz, 1 H, OCH(CHs)), 4.98 (br s, 2 H, NCH:N), 6.77-6.80 (m, 2 H, ArH), 7.27—
7.30 (m, 2 H, ArH), 8.93 (br's, <1 H, NH).

13C NMR (101 MHz, d-DMSO, 90 °C): 5 21.2 (CHs, OiPr), 21.3 (CHs, OiPr), 37.1 (CHs, NMe), 65.5
(CHa, NCHaN), 67.7 (CH, OiPr), 68.9 (CH, OiPr), 108.0 (C), 114.6 (CH), 130.7 (CH), 147.2 (C), 154.8
(C, COLiPY).

HR-MS (EL 70 eV): m/z [M]" Calcd for [C1Ha4"BrN:04]™" 401.0945; Found 401.0948.

Diisopropyl 1-(((4-(ethoxycarbonyl)phenyl)(methyl)amino)methyl)hydrazine-1,2-dicarboxylate
~. ~...COjPr (28). According to GP1, 2g was prepared from ethyl 4-(dimethylamino)benzoate
N- N 12 (1.95 g, 9.99 mmol) and DIAD (2.0 mL, 9.5 mmol) in MeCN (5 mL) by stirring
HN\COZIPr the reaction mixture at reflux temperature for 48 h. Then pentane was added and
the mixture was heated at 35 °C. After cooling to ambient temperature a (heavy)
CO,Et 2g liquid layer formed, which was separated from the apolar layer. This extraction of
unreacted starting materials by pentane was repeated (2 x). After removing

volatiles in the vacuum, 2g was obtained as a yellow oil (3.22 g, 86%).
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H NMR (400 MHz, de-DMSO, 90 °C): 5 1.12 (br d, J= 6 Hz, 6 H, OCH(CH3)2), 1.23 (d, J= 6.2 Hz,
6 H, OCH(CHs),), 1.30 (t, J = 7.1 Hz, 3 H, OCH2CH3), 3.03 (s, 3 H, NMe), 4.26 (q, J = 7.1 Hz, 2 H,
OCH-CH3), 4.75 (sept, J = 6.2 Hz, 1 H, OCH(CHs)2), 4.86 (sept, J = 6.2 Hz, 1 H, OCH(CHs)2), 5.07
(br's, 2 H, NCH:N), 6.86-6.89 (m, 2 H, ArH), 7.75-7.79 (m, 2 H, ArH).

13C NMR (101 MHz, ds-DMSO, 90 °C): & 13.8 (CHs, OEY), 21.2 (CHs, OiPr), 21.3 (CHs, OiPr), 37.1
(CHs, NMe), 59.2 (CHa, OEt), 65.0 (CH2, NCH,N), 67.8 (CH, OiPr), 69.1 (CH, OiPr), 111.4 (CH),
117.8 (C), 130.0 (CH), 151.6 (C), 154.8 (C, CO»iPr), 165.3 (C, CO1EY).

HR-MS (EL 70 eV): m/z [M]™" Calcd for [C19H20N306]™" 395.2051; Found 395.2060.

Diisopropyl  1-(((4-cyanophenyl)(methyl)amino)methyl)hydrazine-1,2-dicarboxylate  (2h).

. .. .CO,Pr According to GP1, 2h was prepared from 4-(dimethylamino)benzonitrile 1h (1.33

N N g, 9.01 mmol) and DIAD (2.1 mL, 10 mmol) in MeCN (5 mL) by stirring the

HN\cozipr reaction mixture at ambient temperature for 48 h. After purification by column
chromatography 2h was obtained as a colorless solid (2.22 g, 71%).

2h
CN TH NMR (400 MHz, CDCls, 27 °C): § 1.22-1.26 (m, 12 H, 2 x OCH(CH3),), 3.11

(s, 3 H, NMe), 4.90-5.15 (m, 4 H, 2 x OCH(CH3)> and NCH2N), 6.38 (br s, 1 H, NH), 6.84 (app d, J
= 8.8 Hz, 2 H, ArH), 7.47 (app d, J = 8.8 Hz, 2 H, ArH). The additional resonance at 6 = 2.16 ppm is
caused by trace amounts of acetone.

13C NMR (101 MHz, CDCl3, 27 °C): & 22.0 (CHs, OiPr), 22.1 (CH3, OiPr), 38.8 (CH3, NMe), 65.9
(CH2, NCH2N), 70.3 (CH, OiPr), 71.0 (CH, OiPr), 99.7 (C, CN), 112.6 (CH), 120.3 (C), 133.6 (CH),
151.0 (C), 155.7 (C). Additional resonances at 6 = 31.1 and 207.1 ppm are caused by trace amounts of
acetone.

HR-MS (EI, 70 eV): m/z [M]"" Calcd for [C17H24N404]"" 348.1792; Found 348.1793.

Elemental Analysis: Calcd: C 58.61, H 6.94, N 16.08; Found C 58.36, H 6.95, N 15.94.

Diisopropyl 1-((mesityl(methyl)amino)methyl)hydrazine-1,2-dicarboxylate (2i). According to
H GP1, 2i was prepared from N,N,2,4,6-pentamethylaniline 1i (0.82 g, 5.0 mmol)

iProCs N ~co,ipr and DIAD (1.0 mL, 4.7 mmol) in MeCN (1 mL) by stirring the reaction mixture
at reflux temperature for 10 h. After recrystallization 2i was obtained as a

N1 colorless solid (1.50 g, 87%); mp 94-96 °C. Partial decomposition of 2i in ds-
o 2 DMSO at 90 °C hindered the unequivocal assignment of resonances. Therefore,
5 3 the NMR data for a solution of 2i in CDCI3 at 27 °C are reported.

2i
H NMR (400 MHz, CDCls, 27 °C): § 1.23 (br d, J=6.3 Hz, 6 H, OCH(CHs)2),

1.26 (br d, J = 6.3 Hz, 6 H, OCH(CH),), 2.23 (app s, 9 H, 2,4,6-(CHs)3), 2.82 (s, 3 H, NMe), 4.72—
4.98 (m, 4 H, 2 x OCH(CH3), and NCH:N), 6.59 (br s, 1 H, NH), 6.82 (s, 2 H, 3-H and 5-H).
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I3C NMR (101 MHz, CDCl3, 27 °C): 6 18.9 (CH3, 2-CH3 and 6-CH3), 20.8 (CH3, 4-CH3), 22.01 (CHs,
OiPr), 22.03 (CHs, OiPr), 39.6 (CHs, br, NMe), 69.6-71.2 (superimposed CH and CH», OiPr and
NCH:N), 129.5 (CH, C-3 and C-5), 135.2 (C), 136.8 (C), 145.1 (C), 155.9 and 156.5 (C, CO.iPr).

HR-MS (EI, 70 eV): m/z [M — H]" Calcd for [C19H30N304]" 364.2231; Found 364.2230.

Diisopropyl 1-((3-oxo-8-azabicyclo[3.2.1]octan-8-yl)methyl)hydrazine-1,2-dicarboxylate (2j).
According to GP1, 2j was prepared from tropinone 1j (0.47 g, 3.4 mmol) and

iPro,Co ™N
N DIAD (0.77 mL, 3.7 mmol) in MeCN (10 mL) by stirring the reaction

iPro,C” mixture at ambient temperature for 24 h. After purification by column
! \ chromatography 2j was obtained as a brown solid (0.93 g, 80%); mp 92—
3
2j O 95°C

H NMR (400 MHz, CDCls, 27 °C): § 1.14-1.16 (m, 12 H, OCH(CH3),), 1.54-1.57 (m, 2 H, 6-H and
7-H), 2.02 (br s, 2 H, 6-H and 7-H), 2.13-2.17 (m, 2 H, 2-H and 4-H), 2.58-2.61 (m, 2 H, 2-H and 4-
H),3.51 (brs, 2 H, 1-H and 5-H), 4.23 (br s, 2 H, NCH.N), 4.82-4.86 (m, 2 H, 2 x OCH(CHa)y).

13C NMR (101 MHz, CDCls, 27 °C): § 21.9 (CHs, OiPr), 22.0 (CHs, OiPr), 27.6 (CHz, C-6 and C-7),
48.5 (CHa, C-2 and C-4), 57.4 (CH, C-1 and C-5), 65.9 (CHz, NCH2N), 69.2 (CH, iPr), 69.6 (CH, iPr),
154.9 and 156.4 (C, CO»iPr), 208.8 (C, C-3).

HR-MS (EL 70 eV): m/z [M]™" Calcd for [C16H27N305]"" 341.1945; Found 341.1948.

Elemental Analysis: Calcd.: C 56.29, H 7.97, N 12.31; Found: C 56.19, H 7.89, N 12.38.
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3. Preparation of a-Aryl Amines

General Procedure (GP2): The hydrazine-1,2-dicarboxylate 2 was dissolved in acetonitrile.
Subsequently, potassium aryltrifluoroborate 3 and trifluoroacetic acid were added dropwise within 1—
5 min. The reaction mixture was stirred at room temperature for the indicated time. At the end of the
reaction time, the solvent was removed under reduced pressure. The residue was treated with aq
ammonia (2 M, 20 mL) and extracted with dichloromethane (3 x 20 mL). The combined organic layers
were dried over NaxSOq, filtered, and volatiles were removed under reduced pressure. Finally, the
crude product was purified by flash column chromatography with acetone/pentane mixtures (gradient
from 1/200 to 1/20).

N-(Benzofuran-2-ylmethyl)-V,4-dimethylaniline (4a). According to GP2, 2a (173 mg, 0.513 mmol)
SN o) was dissolved in MeCN (5 mL). Potassium benzofuran-2-yltrifluoroborate 3a
/\EG (115 mg, 0.513 mmol) and trifluoroacetic acid (40 uL, 0.51 mmol) were added,
and the mixture was stirred for 2 h. After column chromatography 4a (121 mg,

94%) was obtained as a colorless liquid; Rr= 0.92 (silica gel, acetone/isohexane =
4a
1/10).

H NMR (600 MHz, CDCls): § 2.36 (s, 3 H, 4-CHs), 3.11 (s, 3 H, NMe), 4.65 (s, 2 H, NCH,), 6.56
(q,J=1Hz, 1 H), 6.85-6.87 (m, 2 H), 7.14-7.16 (m, 2 H), 7.25-7.32 (m, 2 H), 7.52-7.55 (m, 2 H).

13C NMR (150.6 MHz, CDCls):  20.4 (CHs, 4-CHs), 38.9 (CHs, NMe), 50.9 (CHa, NCHy), 104.0
(CH), 111.2 (CH), 113.4 (CH), 120.8 (CH), 122.7 (CH), 123.8 (CH), 126.7 (C), 128.5 (C), 129.8 (CH),
147.2 (C), 155.0 (C), 155.4 (C).

N-(Benzofuran-2-ylmethyl)-4-methoxy-/V-methylaniline (4b). According to GP2, 2b (157 mg,
0.444 mmol) was dissolved in MeCN (10 mL). Potassium benzofuran-2-

N \ yltrifluoroborate 3a (100 mg, 0.446 mmol) and TFA (35 pL, 0.46 mmol) were
added, and the mixture was stirred for 24 h. After column chromatography 4b
(106 mg, 89%) was obtained as a colorless liquid.

~

OMe 4b H NMR (400 MHz, CDCls): § 3.02 (s, 3 H, NMe), 3.79 (s, 3 H, OMe), 4.55 (s, 2
H, NCHb), 6.51-6.52 (m, 1 H), 6.87 (brs, 4 H), 7.19-7.28 (m, 2 H), 7.45-7.52 (m, 2 H).

13C NMR (100.6 MHz CDCls): § 39.5 (CHs, NMe), 51.9 (CH,, NCHa), 55.8 (CHs, OMe), 104.3 (CH),
111.2 (CH), 114.8 (CH), 115.5 (CH), 120.8 (CH), 122.8 (CH), 123.9 (CH), 128.5 (C), 144.1 (C), 152.5
(C), 155.0 (C), 155.4 (C).

HR-MS (EL, 70 eV): m/z [M]"* Calcd for [C17H17NO2]"" 267.1254; Found 267.1254.
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N-(Benzofuran-2-ylmethyl)-/V-methylaniline (4c). According to GP2, 2¢ (171 mg, 0.529 mmol) was
dissolved in MeCN (10 mL). Potassium benzofuran-2-yltrifluoroborate 3a (118

~ @)
N | mg, 0.527 mmol) and TFA (41 uL, 0.54 mmol) were added, and the mixture was
stirred for 24 h. After column chromatography 4¢ (110 mg, 88%) was obtained as
4c a colorless liquid. Known compound, the NMR spectroscopic data are in accord

with those given in ref.[5¢

'H NMR (300 MHz, CDCL3): & 3.10 (s, 3 H, NMe), 4.63 (s, 2 H, NCH.), 6.51-6.52 (m, 1 H), 6.78—
6.82 (m, 1 H), 6.86-6.89 (m, 2 H), 7.19-7.31 (m, 4 H), 7.46-7.51 (m, 1 H).

13C NMR (75.5 MHz, CDCl5): § 38.7 (CHs, NMe), 50.6 (CHa, NCHa), 104.0 (CH), 111.2 (CH), 113.0
(CH), 117.4 (CH), 120.8 (CH), 122.8 (CH), 123.9 (CH), 128.5 (C), 129.3 (CH), 149.2 (C), 155.1 (C),
155.3 (C).

HR-MS (EL 70 eV): m/z [M]"* Calcd for [C1sHisNO]™* 237.1148; Found 237.1148.

N-(Benzofuran-2-ylmethyl)-4-fluoro-N-methylaniline (4d). According to GP2, 2d (270 mg,
N o) 0.791 mmol) was dissolved in MeCN (5 mL). Potassium benzofuran-2-
/\LG yltrifluoroborate 3a (178 mg, 0.795 mmol) and TFA (62 pL, 0.81 mmol) were
added, and the mixture was stirred for 2 h. After column chromatography 4d (165

mg, 82%) was obtained as a yellow liquid.

4d
F 'H NMR (400 MHz, CDCls): & 3.08 (s, 3 H, NMe), 4.60 (s, 2 H, NCHa), 6.55 (br

s, 1 H), 6.82-6.86 (m, 2 H), 7.01-7.05 (m, 2 H), 7.25-7.34 (m, 2 H), 7.52-7.57 (m, 2 H).

13C NMR (100.6 MHz CDCLs): & 39.2 (CH3, NMe), 51.3 (CHz, NCH,), 104.2 (CH), 111.2 (CH), 114.4
(CH, d, Jor = 7.3 Hz), 115.6 (CH, d, Joy = 22.1 Hz), 120.8 (CH), 122.8 (CH), 124.0 (CH), 128.4 (C),
146.0 (C, d, Jer = 1.9 Hz), 155.03 (C), 155.05 (C), 156.0 (C, d, "Jer = 236.0 Hz).

19F NMR (376 MHz, CDCls): 5 —127.88 (tt, J = 8.5, 4.4 Hz).

N-(Benzofuran-2-ylmethyl)-4-chloro-N-methylaniline (4e). According to GP2, 2e (40 mg,
SN O 0.11 mmol) was dissolved in MeCN (I mL). Potassium benzofuran-2-
/\LG yltrifluoroborate 3a (25 mg, 0.11 mmol) and TFA (9 pL, 0.1 mmol) were added,
and the solution was stirred for 2 h. After column chromatography 4e (25 mg,

84%) was obtained as a yellowish liquid.
Cl 4e
'TH NMR (400 MHz, CDCIs): 6 3.07 (s, 3 H, NMe), 4.59 (s, 2 H, NCH>), 6.48 (br

s, 1 H), 6.74-6.77 (m, 2 H), 7.17-7.27 (m including residual CHCIl3, 4 H), 7.43—7.50 (m, 2 H).

13C NMR (100.6 MHz CDCls): & 39.0 (CH3, NMe), 50.7 (CHa, NCHy), 104.2 (CH), 111.2 (CH), 114.2
(CH), 120.9 (CH), 122.3 (C), 122.9 (CH), 124.0 (CH), 128.4 (C), 129.1 (CH), 147.8 (C), 154.7 (C),
155.1 (C).
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HR-MS (EI, 70 eV): m/z [M]"* Calcd for [Ci6H14>>CINO]™* 271.0758; Found 271.0762.

N-(Benzofuran-2-ylmethyl)-4-bromo-N-methylaniline (4f). Following GP2, 2f (619 mg, 1.54
N o) mmol) and potassium benzofuran-2-yltrifluoroborate 3a (345 mg, 1.54 mmol)
/\EG were dissolved in MeCN (5.0 mL). After the addition of TFA (120 uL, 1.57 mmol),

the solution was stirred at room temperature for 2 h. After column chromatography

4f (363 mg, 75%) was obtained as a light yellow oil.

B 4f
] H NMR (400 MHz, CDCls): & 3.00 (s, 3 H, NMe), 4.53 (s, 2 H, NCH>), 6.42 (br

s, 1 H), 6.63-6.66 (m, 2 H), 7.12-7.21 (m, 2 H), 7.24-7.27 (m, 2 H), 7.37-7.44 (m, 2 H).

13C NMR (100.6 MHz, CDCls): § 38.9 (CH3, NMe), 50.5 (CHa, NCH,), 104.2 (CH), 109.4 (C), 111.2
(CH), 114.6 (CH), 120.9 (CH), 122.9 (CH), 124.0 (CH), 128.4 (C), 132.0 (CH), 148.2 (C), 154.6 (C),
155.1 (C).

HR-MS (EI, 70 eV): m/z [M]"* Calcd for [Ci16H14"”BrNO]™* 315.0253; Found 315.0249.

Ethyl 4-((benzofuran-2-ylmethyl)(methyl)amino)benzoate (4g). According to GP2, 2g (0.12 g,
~N o 0.30 mmol) was dissolved in MeCN (5 mL). Potassium benzofuran-2-
/\EQ yltrifluoroborate 3a (68 mg, 0.30 mmol) and TFA (23 uL, 0.30 mmol) were added,
and the solution was stirred for 2 h. After column chromatography 4g (85 mg,

92%) was obtained as a slightly yellowish liquid.

CO,Et 4
2=t 49 IH NMR (600 MHz, CDCL3): & 1.38 (t, J= 7.1 Hz, 3 H, OCH.CHj), 3.17 (s, 3 H,

NMe), 4.34 (q, J= 7.1 Hz, 2 H, OCH>CHs), 4.68 (s, 2 H, NCH,), 6.50-6.51 (m, 1 H), 6.79-6.81 (m, 2
H), 7.19-7.27 (m including residual CHCls, 2 H), 7.44-7.50 (m, 2 H), 7.94-7.96 (m, 2 H).

13C NMR (100.6 MHz, CDCls): § 14.6 (CHs, OCH,CHs), 38.8 (CHs, NMe), 49.9 (CH,, NCH,), 60.3
(CH,, OCH,CH3), 104.2 (CH), 111.2 (CH), 111.4 (CH), 118.6 (C), 120.9 (CH), 122.9 (CH), 124.1
(CH), 128.3 (C), 131.4 (CH), 152.3 (C), 154.1 (C), 155.1 (C), 166.9 (C).

HR-MS (EI 70 eV): m/z [M]" Calcd for [CioH19NOs]™* 309.1359; Found 309.1359.

Elemental Analysis: Calcd: C 73.77, H, 6.19, N, 4.53. Found: C 73.52, H 6.24, N 4.53.

4-((Benzofuran-2-ylmethyl)(methyl)amino)benzonitrile (4h). According to GP2, 2h (32 mg, 0.092
~N o} mmol) was dissolved in MeCN (5 mL). Potassium benzofuran-2-yltrifluoroborate
/\LQ 3a (21 mg, 0.094 mmol) and TFA (7 uL, 0.09 mmol) were added, and the solution
was stirred for 24 h. After column chromatography 4h (19 mg, 79%) was obtained

as a colorless liquid.

CN 4h
'H NMR (400 MHz, CDCls): 8 3.17 (s, 3 H, NMe), 4.67 (s, 2 H, NCH>), 6.51 (br

s, 1 H), 6.79-6.81 (m, 2 H), 7.19-7.28 (m, 2 H), 7.43-7.51 (m, 2 H).
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13C NMR (100.6 MHz, CDCls): § 38.8 (CHs, NMe), 49.9 (CH,, NCH,), 98.8 (C, CN), 104.4 (CH),
111.3 (CH), 112.2 (CH), 120.5 (C), 121.0 (CH), 123.1 (CH), 124.4 (CH), 128.2 (C), 133.7 (CH), 151.6
(C), 153.5 (C), 155.1 (C).

N-(Benzofuran-2-ylmethyl)-N,2,4,6-tetramethylaniline (4i). According to GP2, 2i (122 mg,
0.33 mmol) was dissolved in MeCN (5 mL). Potassium benzofuran-2-
yltrifluoroborate 3a (75 mg, 0.33 mmol) and TFA (26 uL, 0.34 mmol)

N \ were added, and the solution was stirred for 2 h. After column
chromatography 4i (78 mg, 85%) was obtained as a slightly yellowish

4i liquid.

IH NMR (400 MHz, CDCls): & 2.30 (s, 3 H, 4-CHs), 2.36 (s, 6 H, 2,6-(CHs)), 2.86 (s, 3 H, NMe),
431 (s, 2 H, NCH,), 6.65-6.66 (m, 1 H), 6.89 (br s, 2 H), 7.24-7.28 (m, 2 H), 7.48-7.50 (m, 1 H),
7.56-7.58 (m, 1 H).

13C NMR (100.6 MHz, CDCls): 8 19.2 (CHs, 2,6-(CHs),), 20.9 (CHs, 4-CHs), 40.2 (CHs, NMe), 53.3
(CHa, NCHa), 103.8 (CH), 111.2 (CH), 120.7 (CH), 122.6 (CH), 123.6 (CH), 128.8 (C), 129.7 (CH),
135.0 (C), 137.3 (C), 146.7 (C), 155.1 (C), 157.6 (C).

HR-MS (EL, 70 eV): m/z [M]"" Calcd for [C1oH2i1NO]™* 279.1618; Found 279.1633.

N-(Furan-2-ylmethyl)-4-methoxy-/N-methylaniline (5a). Following GP2, 2b (210 mg, 0.594 mmol)
~N o and potassium 2-furanyltrifluoroborate 3b (103 mg, 0.592 mmol) were dissolved in
/\1/7 MeCN (5 mL). After the addition of TFA (46 uL, 0.60 mmol), the solution was stirred
at room temperature for 1 h. After column chromatography 5a (66 mg, 51%) was

obtained as a colorless oil. Known compound.®”!

Me &
OMe 52 1 NMR (400 MHz, CDCL3): 8 2.91 (s, 3 H, NMe), 3.78 (s, 3 H, OMe), 4.38 (s, 2 H,

NCH,), 6.13-6.14 (m, 1 H), 6.30-6.31 (m, 1 H), 6.85 (brs, 4 H), 7.36-7.37 (m, 1 H).

13C NMR (100.6 MHz, CDCL3): § 39.1 (CHs, NMe), 51.3 (CHa, NCHa), 55.8 (CHs, OMe), 107.5 (CH),
110.2 (CH), 114.7 (CH), 115.6 (CH), 141.9 (CH), 144.4 (C), 152.4 (C), 152.6 (C).

HR-MS (EI, 70 eV): m/z [M]"* Calcd for [C13HisNO2]"" 217.1097; Found 217.1096.

N-(Furan-2-ylmethyl)-V,4-dimethylaniline (5b) from 3b. According to GP2, 2a (92 mg, 0.27 mmol)
~N 0. was dissolved in MeCN (5 mL). Potassium 2-furayltrifluoroborate 3b (48 mg, 0.28
/\E/) mmol) and TFA (22 pL, 0.29 mmol) were added, and the mixture was stirred for 2 h.
After column chromatography 5b (52 mg, 96%) was obtained as a colorless liquid; Rt

= 0.85 (silica gel, acetone/isohexane = 1/10).
5b
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H NMR (600 MHz, CDCls): 6 2.31 (s, 3 H, 4-CHs), 2.98 (s, 3 H, NMe), 4.46 (s, 2 H, NCH,), 6.16—
6.17 (m, 1 H), 6.32-6.33 (m, 1 H), 6.80-6.81 (m, 2 H), 7.09-7.10 (m, 2 H), 7.377-7.383 (m, 1 H).

13C NMR (150.6 MHz, CDCls): § 20.4 (CHs, 4-CHs), 38.6 (CHs, NMe), 50.3 (CHa, NCHy), 107.3
(CH), 110.2 (CH), 113.6 (CH), 126.6 (C), 129.7 (CH), 141.9 (CH), 147.5 (C), 152.6 (C).

HR-MS (EI, 70 eV): m/z [M]"" Calcd for [C13HisNO]™* 201.1148; Found 201.1151.

N-(Furan-2-ylmethyl)-V,4-dimethylaniline (5b) from 3b’. According to GP2, 2a (116 mg,
0.344 mmol) was dissolved in MeCN (10 mL). Potassium 3-furanyltrifluoroborate 3b’ (60 mg, 0.34
mmol) and TFA (30 pL, 0.39 mmol) were added, and the mixture was stirred for 24 h. After column
chromatography 5b (65 mg, 95 %) was obtained as a colorless liquid.

H NMR (400 MHz, CDCls): § 2.31 (s, 3 H, 4-CHj), 2.99 (s, 3 H, NMe), 4.46 (s, 2 H, NCH,), 6.16—
6.18 (m, 1 H), 6.32-6.34 (m, 1 H), 6.79-6.83 (m, 2 H), 7.08-7.12 (m, 2 H), 7.38-7.39 (m, 1 H).

13C NMR (100.6 MHz, CDCl3): § 20.4 (CHs, 4-CHs), 38.6 (CHs, NMe), 50.4 (CH,, NCH>), 107.3
(CH), 110.2 (CH), 113.6 (CH), 126.6 (C), 129.7 (CH), 141.9 (CH), 147.5 (C), 152.6 (C).

HR-MS (EL 70 eV): m/z [M]"* Calcd for [C13H1sNOJ™* 201.1148; Found 201.1142.

N-(Furan-2-ylmethyl)-NV-methylaniline (5¢). According to GP2, 2¢ (180 mg, 0.557 mmol) and
potassium 2-furanyltrifluoroborate 3b (97 mg, 0.56 mmol) were dissolved in MeCN (5
\N/\LO> mL). Then TFA (43 pL, 0.56 mmol) was added, and the reaction mixture was stirred
/ for 2 h. After column chromatography Se¢ (71 mg, 68%) was obtained as a colorless oil.
5c Kr;c[)sv;n compound, the NMR spectroscopic data are in accord with those given in

ref.

'H NMR (400 MHz, CDCL3): & 2.97 (s, 3 H, NMe), 4.45 (s, 2 H, NCH.), 6.12-6.13 (m, 1 H), 6.27—
6.29 (m, 1 H), 6.72-6.76 (m, 1 H), 6.81-6.83 (m, 2 H), 7.21-7.25 (m, 2 H), 7.33-7.34 (m, 1 H).

13C NMR (100.6 MHz, CDCls):  38.4 (CHs, NMe), 50.0 (CHz, NCH»), 107.3 (CH), 110.3 (CH),
113.2 (CH), 117.2 (CH), 129.2 (CH), 141.9 (CH), 149.5 (C), 152.5 (C).

HR-MS (EI 70 eV): m/z [M]"* Calcd for [C12H13NOT™* 187.0992; Found 187.0988.

N,4-Dimethyl-N-((5-methylfuran-2-yl)methyl)aniline (5d). According to GP2, 2a (190 mg,
~ o 0.563 mmol) was dissolved in MeCN (5 mL). Potassium (5-methylfuran-2-
N/\L/k’ yDtrifluoroborate 3¢ (106 mg, 0.564 mmol) and TFA (45 uL, 0.59 mmol) were
added, and the solution was stirred for 2 h. After column chromatography 5d (115

mg, 95%) was obtained as a colorless liquid.
5d
'TH NMR (600 MHz, CDCl3): 6 2.27 (s, 6 H, 4-CH3 and furyl 5-Me), 2.95 (s, 3 H,

NMe), 4.36 (s, 2 H, NCH>), 5.86-5.87 (m, 1 H), 6.00 (m, 1 H), 6.76-6.78 (m, 2 H), 7.05-7.06 (m, 2
H).
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13C NMR (150.6 MHz, CDCls): § 13.7 (CHs, furyl 5-Me), 20.4 (CHs, 4-CHs), 38.6 (CH3, NMe), 50.5
(CH,, NCHy), 106.1 (CH), 108.2 (CH), 113.7 (CH), 126.5 (C), 129.7 (CH), 147.7 (C), 150.6 (C), 151.5
©).

HR-MS (EL, 70 eV): m/z [M]"" Calcd for [C14H17NO]™* 215.1305; Found 215.1312.

N-Methyl-NV-((5-methylfuran-2-yl)methyl)aniline (5e). According to GP2, potassium trifluoro(5-
methylfuran-2-yl)borate 3¢ (112 mg, 0.596 mmol) and 2¢ (193 mg, 0.597 mmol)
\N/\E)/?, were dissolved in MeCN (5 mL). After the addition of TFA (47 uL, 0.61 mmol), the
reaction mixture was stirred for 72 h. After column chromatography Se (44 mg,

@ 5o 37%) was obtained as a colorless liquid.

H NMR (400 MHz, CDCls): & 2.30 (s, 3 H, furyl 5-Me), 3.02 (s, 3 H, NMe), 4.43 (s, 2 H, NCHa),
5.89-5.90 (m, 1 H), 6.04 (d, J= 3.0 Hz, 1 H), 6.75-6.79 (m, 1 H), 6.85-6.89 (m, 2 H), 7.27-7.30 (m,
2 H).

13C NMR (100.6 MHz, CDCls): § 13.7 (CHs, furyl 5-Me), 38.3 (CHs, NMe), 50.1 (CH, NCHa), 106.1
(CH), 108.1 (CH), 113.2 (CH), 117.1 (CH), 129.2 (CH), 149.6 (C), 150.5 (C), 151.5 (C).

HR-MS (EI, 70 eV): m/z [M]"" Calcd for [C13HisNO]™* 201.1148; Found 201.1144.

N,4-Dimethyl-/V-(thiophen-2-ylmethyl)aniline (5f). According to GP2, 2a (120 mg, 0.356 mmol)
~N S, was dissolved in MeCN (10 mL). Potassium 2-thienyltrifluoroborate 3d (83 mg, 0.44
/\L) mmol) and TFA (20 pL, 0.26 mmol) were added, and the solution was stirred for 24 h.
After column chromatography 5f (65 mg, 84%) as a colorless liquid; Rr = 0.88 (silica

gel, acetone/isohexane = 1/10).
5f
'TH NMR (300 MHz, CDCl3): 6 2.27 (s, 3 H, 4-CH3), 2.94 (s, 3 H, NMe), 4.63 (s, 2 H,

NCH,), 6.74-6.79 (m, 2 H), 6.89-6.95 (m, 2 H), 7.05-7.08 (m, 2 H), 7.16-7.18 (m, 1 H).

13C NMR (75.5 MHz, CDCls): § 20.4 (CHs, 4-CH3), 38.5 (CH3, NMe), 52.6 (CH,, NCH>), 113.8 (CH),
124.4 (CH), 125.0 (CH), 126.8 (CH), 126.8 (C), 129.8 (CH), 142.4 (C), 147.4 (C).

HR-MS (EL 70 eV): m/z [M]" Calcd for [C13H1sNS]™ 217.0920; Found 217.0915.

N-Methyl-N-(thiophen-2-ylmethyl)aniline (5g). Following GP2, 2¢ (167 mg, 0.516 mmol) and
- g  potassium 2-thienyltrifluoroborate 3d (99 mg, 0.52 mmol) were dissolved in MeCN (5
N | » mL). Then, TFA (40 pL, 0.52 mmol) was added dropwise. The reaction proceeded
© smoothly within 24 h to give 5g (95 mg, 91%) as a light yellowish oil. '*C NMR data
59 are in accord with resonances reported for the trideuterated analogue N-methyl-N-
(thiene-2-yl-5-d;-methyl-d>)aniline.[”]
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H NMR (400 MHz, CDCL3): & 3.04 (s, 3 H, NMe), 4.73 (s, 2 H, NCH,), 6.82-6.85 (m, 1 H), 6.90 (d,
J=8.4Hz, 2 H), 6.98-7.01 (m, 2 H), 7.22-7.23 (m, 1 H), 7.30-7.34 (m, 2 H).

13C NMR (100.6 MHz, CDCL): § 38.3 (CHs, NMe), 52.2 (CHz, NCHa), 113.3 (CH), 117.4 (CH),
124.4 (CH), 125.0 (CH), 126.8 (CH), 129.3 (CH), 142.2 (C), 149.3 (C).

HR-MS (EL, 70 eV): m/z [M]"" Calcd for [C12H13NS]™ 203.0763; Found 203.0765.

4-Fluoro-N-methyl-N-(thiophen-2-ylmethyl)aniline (5h). According to GP2, 2d (225 mg,
g g 0.659 mmol) was dissolved in MeCN (5 mL). Potassium 2-thienyltrifluoroborate 3d
N/\E/) (125 mg, 0.658 mmol) and TFA (52 pL, 0.68 mmol) were added, and the mixture was
stirred for 2 h. After column chromatography 5h (136 mg, 93%) was obtained as a

colorless liquid.

FSh 1g NMR (400 MHz, CDCls): § 2.93 (s, 3 H, NMe), 4.61 (s, 2 H, NCHa), 6.75-6.78

(m, 2 H), 6.89-6.90 (m, 1 H), 6.93-6.97 (m, 3 H), 7.17-7.19 (m, 1 H).

13C NMR (100.6 MHz, CDCls): & 38.9 (CHs, NMe), 53.1 (CHa, NCH>), 114.9 (CH, d, Jer = 7.4 Hz),
115.7 (CH, d, Jer = 22.0 Hz), 124.5 (CH), 125.2 (CH), 126.8 (CH), 141.9 (C), 146.1 (C, d, Jcr = 2.0
Hz), 156.1 (C, d, Jcr = 236.2 Hz).

19F NMR (376 MHz, CDCl3): & —127.93 (tt, J = 8.5, 4.4 Hz).

HR-MS (EI 70 eV): m/z [M]" Calcd for [C12H12FNS]™ 221.0669; Found 221.0659.

4-Methoxy-/N-methyl-NV-((5-methylthiophen-2-yl)methyl)aniline (5i). According to GP2, 2b
N S (199 mg, 0.563 mmol) was dissolved in MeCN (5 mL). Potassium (5-methyl-2-
/\1/7" thienyl)trifluoroborate 3e (115 mg, 0.564 mmol) and TFA (44 uL, 0.57 mmol) were
added, and the mixture was stirred for 2 h. After column chromatography 5i (83

mg, 60%) was obtained as a colorless liquid.

OMe 5i
° IH NMR (400 MHz, CDCls):  2.44 (s, 3 H, 5-Me), 2.90 (s, 3 H, NMe), 3.79 (s, 3
H, OMe), 4.52 (s, 2 H, NCHa), 6.59-6.60 (m, 1 H), 6.70 (d, /= 3.3 Hz, 1 H), 6.83-6.89 (m, 4 H).

13C NMR (100.6 MHz, CDCls):  15.4 (CH), 38.8 (CHs, NMe), 53.6 (CH,, NCHa), 55.8 (CHs, OMe),
114.7 (CH), 115.7 (CH), 124.6 (CH), 125.2 (CH), 138.9 (C), 139.6 (C), 144.3 (C), 152.4 (C).

HR-MS (EL, 70 eV): m/z [M]"* Calcd for [C14H17NOS]™ 247.1025; Found 247.1024.
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N,4-Dimethyl-NV-((S-methylthiophen-2-yl)methyl)aniline (5j). According to GP2, 2a (240 mg,
\N/\Lsk’ 0.711 mmol) was dissolved in MeCN (10 mL). Potassium (5-methyl-2-
Ly thienyl)trifluoroborate 3e (175 mg, 0.858 mmol) and TFA (20 pL, 0.26 mmol) were
added, and the mixture was stirred for 24 h. After column chromatography 5j (102
5 mg, 62%) was obtained as a colorless liquid; Rr=0.87 (silica gel, acetone/isohexane

= 1/10).

H NMR (300 MHz, CDCLy): § 2.25 (s, 3 H, 4-CHs), 2.41 (s, 3 H), 2.91 (s, 3 H, NMe), 4.54 (s, 2 H,
NCH,), 6.55-6.56 (m, 1 H), 6.66-6.67 (m, 1 H), 6.73-6.76 (m, 2 H), 7.03-7.06 (m, 2 H).

13C NMR (75.5 MHz, CDCls): & 15.5 (CHs), 20.4 (CHs, 4-CHs), 38.4 (CHs, NMe), 52.7 (CHa, NCHa),
113.7 (CH), 124.7 (CH), 125.0 (CH), 126.7 (C), 129.8 (CH), 138.9 (C), 139.8 (C), 147.4 (C).

N-Benzyl-4-methoxy-/N-methylaniline (5k). According to GP2, 2b (161 mg, 0.456 mmol) was
\N/\© dissolved in MeCN (10 mL). Potassium phenyltrifluoroborate 3f (84 mg, 0.46 mmol)
and TFA (35 pL, 0.46 mmol) were added, and the mixture was stirred for 24 h. After
column chromatography 5k (92 mg, 89%) was obtained as a colorless liquid. Known

OMe 5k  compound, the NMR spectroscopic data are in accord with those given in ref.[5!%

H NMR (400 MHz, CDCls): & 2.88 (s, 3 H, NMe), 3.71 (s, 3 H, OMe), 4.39 (s, 2 H, NCHa), 6.69—
6.82 (m, 4 H), 7.21-7.30 (m, 5 H).

13C NMR (100.6 MHz, CDCl3): § 39.1 (CHs, NMe), 55.8 (CHs, OMe), 58.1 (CHa, NCH,), 114.6 (CH),
114.8 (CH), 126.9 (CH), 127.2 (CH), 128.5 (CH), 139.3 (C), 144.9 (C), 151.9 (C).

N-Benzyl-N,4-dimethylaniline (51). According to GP2, 2a (116 mg, 0.344 mmol) was dissolved in
~N MeCN (5 mL). Potassium phenyltrifluoroborate 3f (64 mg, 0.35 mmol) and TFA
/\© (27 uL, 0.35 mmol) were added, and the mixture was stirred for 24 h. After column
chromatography 51 (57 mg, 78%) was obtained as a colorless liquid, Rf = 0.92 (silica

gel, acetone/isohexane = 1/10). Known compound, the NMR spectroscopic data are in

51 accord with those given in ref.[!!

H NMR (400 MHz, CDCls): § 2.23 (s, 3 H, 4-CH3), 2.94 (s, 3 H, NMe), 4.46 (s, 2 H, NCH,), 6.64—
6.68 (m, 2 H), 6.99-7.03 (m, 2 H), 7.19-7.22 (m, 3 H), 7.26-7.30 (m, 2 H).

13C NMR (100.6 MHz, CDCl3): 8 20.4 (CH3, 4-CH3), 38.8 (CH3, NMe), 57.2 (CHz, NCH»), 112.9
(CH), 125.9 (C), 126.9 (CH), 127.0 (CH), 128.6 (CH), 129.8 (CH), 139.4 (C), 148.0 (C).
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N-(Benzo[d][1,3]dioxol-5-ylmethyl)-4-methoxy-/N-methylaniline (5m). According to GP2, 2b

>N O (150 mg, 0.424 mmol) was dissolved in MeCN (10 mL). Potassium 3.4-
/\©:O> (methylenedioxy)phenyltrifluoroborate 3g (99 mg, 0.43 mmol) and TFA (33 pL,
0.43 mmol) were added, and the mixture was stirred for 48 h. After column
© chromatography Sm (103 mg, 90%) was obtained as a colorless liquid.
OMe om TH NMR (400 MHz, CDCl3): 6 2.91 (s, 3 H, NMe), 3.78 (s, 3 H, OMe), 4.34 (s,
2 H, NCH>»), 5.94 (s, 2 H, OCH;0), 6.72—6.87 (m, 7 H).

13C NMR (100.6 MHz, CDCl3): § 39.1 (CHs, NMe), 55.8 (CH3, OMe), 58.0 (CH2, NCHs), 101.0 (CHa,
OCH,0), 107.8 (CH), 108.2 (CH), 114.8 (CH), 114.9 (CH), 120.3 (CH), 133.2 (C), 144.8 (C), 146.6
(C), 147.9 (C), 152.0 (C).

N-(Benzo[d][1,3]dioxol-5-ylmethyl)-V,4-dimethylaniline (5n). According to GP2, 2a (231 mg,
SN o 0.675 mmol) was dissolved in MeCN (10 mL). Potassium 3.,4-
/\@ > (methylenedioxy)phenyltrifluoroborate (158 mg, 0.693 mmol) and TFA (54 pL,

© 0.71 mmol) were added, and the mixture was stirred for 24 h. After column

chromatography Sn (161 mg, 93%) was obtained as a colorless liquid, R = 0.90

5n (silica gel, acetone/isohexane = 1/10).

TH NMR (400 MHz, CDCl3): 8 2.29 (s, 3 H, 4-CHs), 2.97 (s, 3 H, NMe), 4.41 (s, 2 H, NCH>), 5.94 (s,
2 H, OCH,0), 6.71-6.79 (m, 5 H), 7.06-7.08 (m, 2 H).

13C NMR (100.6 MHz, CDCl3): § 20.4 (CHs, 4-CHs), 38.6 (CHs, NMe), 57.0 (CH,, NCH>), 101.0
(OCH,0), 107.6 (CH), 108.3 (CH), 113.0 (CH), 120.0 (CH), 126.0 (C), 129.8 (CH), 133.3 (C), 146.6
(C), 147.9 (C), 148.0 (C).

N,4-Dimethyl-NV-(3-phenylprop-2-yn-1-yl)aniline (7). According to GP2, 2a (214 mg, 0.634 mmol)
~ was dissolved in MeCN (10 mL). Potassium (phenylethynyl)trifluoroborate 6

N (137 mg, 0.656 mmol) and TFA (50 pL, 0.65 mmol) were added, and the mixture
was stirred for 24 h. After column chromatography 7 (115 mg, 78%) was
obtained as a colorless liquid. Known compound, the NMR spectroscopic data

7 are in accord with those given in ref.!5!%

'H NMR (300 MHz, CDCL3): & 2.34 (s, 3 H, 4-Me), 3.05 (s, 3 H, NMe), 4.27 (s, 2 H, NCH,), 6.89—
6.92 (m, 2 H), 7.13-7.16 (m, 2 H), 7.30-7.32 (m, 3 H), 7.42-7.45 (m, 2 H).

13C NMR (75.5 MHz, CDCls): § 20.5 (CHs), 39.1 (CHs, NMe), 43.8 (CH,, NCH,), 84.4 (C), 85.2 (C),
115.1 (CH), 123.2 (C), 127.8 (C), 128.1 (CH), 128.3 (CH), 129.7 (CH), 131.8 (CH), 147.4 (C).
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8- (Benzofuran 2-ylmethyl)-8-azabicyclo[3.2.1]octan-3-one (8a). According to GP2, 2j (48 mg,
0.14 mmol) was dissolved in MeCN (10 mL). Potassium benzofuran-2-
yltrifluoroborate 3a (32 mg, 0.14 mmol) and TFA (11 pL, 0.14 mmol) were
added, and the mixture was stirred for 24 h. After column chromatography 8a
(33 mg, 92%) was obtained as a colorless liquid.

"H NMR (400 MHz, CDCl3): § 1.64-1.70 (m, 2 H, 6-H and 7-H), 2.13-2.17 (m, 2 H, 6-H and 7-H),
2.25 (brd, %2J=16 Hz, 2 H, 2-H and 4-H), 2.75 (dd, 2J = 16.2 Hz, >J = 4.4 Hz, 2 H, 2-H and 4-H), 3.62
(brs, 2 H, 1-H and 5-H), 3.89 (d, J= 0.9 Hz, 2 H, NCH>), 6.66 (q, /= 0.9 Hz, 1 H, 3’-H), 7.20-7.29
(m, 2 H), 7.48-7.55 (m, 2 H).

13C NMR (100.6 MHz, CDCls): § 27.8 (CHa, C-6 and C-7), 48.3 (CH,, C-2 and C-4), 48.7 (CHa,
NCH,), 59.1 (CH, C-1 and C-5), 104.9 (CH, C-3¢), 111.4 (CH), 120.9 (CH), 122.9 (CH), 124.2 (CH),
128.4 (C), 155.2 (C), 155.7 (C), 209.7 (C, C=0).

HR-MS (EI 70 eV): m/z [M]"" Calcd for [CisH17NO2]"" 255.1254; Found 255.1252.

8-(Thiophen-2-ylmethyl)-8-azabicyclo[3.2.1]octan-3-one (8b). According to GP2, 2j (183 mg,
0.536 mmol) was dissolved in MeCN (5 mL). Potassium 2-thienyltrifluoroborate
3d (102 mg, 0.542 mmol) and TFA (42 uL, 0.55 mmol) were added, and the
reaction mixture was stirred for 24 h. After purification 8b (107 mg, 90%) was
obtained as a light yellow liquid.[5'?!

"H NMR (400 MHz, CDCl5): § 1.61-1.67 (m, 2 H, 6-H and 7-H), 2.08-2.12 (m,
2 H, 6-H and 7-H), 2.20-2.25 (m, 2 H, 2-H and 4-H), 2.70 (dd, 2/ = 16 Hz, >J = 4.6 Hz, 2 H, 2-H and
4-H), 3.56 (br's, 2 H, 1-H and 5-H), 3.92 (br s, 2 H, NCH>), 6.94-6.97 (m, 2 H), 7.24-7.26 (m, 1 H).

13C NMR (100.6 MHz, CDCls): § 27.8 (CHa, C-6 and C-7), 48.7 (CHa, C-2 and C-4), 50.7 (CHa,
NCH,), 58.8 (CH, C-1 and C-5), 124.9 (CH), 125.0 (CH), 126.6 (CH), 144.0 (C), 210.3 (C, C=0).

HR-MS (EL, 70 eV): m/z [M]" Calcd for [C12Hi1sNOS]™ 221.0869; Found 221.0869.
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5. Copies of NMR Spectra of Products 2, 4,5, 7, and 8
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Chapter 3

Quantification of the Nucleophilic Reactivities of /V,/N-Dialkylated

Anilines

Introduction

Neutral nitrogen nucleophiles represent a vast and interesting class of nucleophiles, in which a
wide variation of properties through structural change is possible, with the nucleophilic center
kept constant. N,N-Dialkylated anilines (1) are ambident nucleophiles.l') When they react with
cationic electrophiles, four different reasonable reactions are possible for a nucleophilic attack
(Scheme 1). Aside from the attack of the nitrogen atom lone pair, the attack of the carbon ring
atoms, C2 and C4, by the electrophile is also possible. Finally, a hydride at the alkyl group

might also be abstracted by cationic electrophiles.

RH N HoR
2C~\-CHz2 RH,C— N CH,R
i + E*
_H"' R'
C4- attack forR' = N-adduct
RHZC\ _.CH5R
N
+E+ +E+
ﬁ 1 \
RHZC\N,CHzR RH,C. /CHR
E
+ E-H
R' R'
C2-attack Hydride
abstraction

Scheme 1: Possible reactions of N,N-dialkylated anilines (1) with cationic electrophiles.

N,N-Dialkylated anilines (1) are highly important in organic chemistry as they are used as

activator for polymerisations’?! and for the production of dyes,®! pharmaceuticals and
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agricultural chemicals.'*l Numerous kinetic studies on the reactivities of amines,”! azoles,®! and
pyridines!” have been performed, but kinetic data for the reaction with N,N-dialkylated anilines

(1) is very limited to date.

Hirobe et al studied the conversion of the demethylation of N,N-dimethylaniline (1a) with
hydrogen peroxide in the presence of Microperoxidase-11 (MP-11) and hemin-Cl (Scheme 2).
They found full conversion in the presence of MP-11 within 5 min but only 20% conversion
with hemin-Cl using the same setup (I mM H202, 5 mM N,N-dimethylaniline (1a), 50%
methanol, 50 mM sodium phosphate pH 7.4, 10 uM MP-11 or hemin-Cl, respectively). The
data points could be fitted (kobs = 4.1 x 1072 57! using MP-11 as catalyst and 2.1 x 107 s! for
catalysis by hemin-Cl), although only 5 equivalents of 1a over H,O, were applied.!®!

Me <
"o 50% MoOH T
+ H202 o IVIe .
MP-11 or hemin-Cl
1a

/
Me S Me S \HIS = Me
N

~ Me Thr =

Me _ Val, Me
NH Glu
N=/
Me Me Me Me
HO,C CO,H HO,C COH
Microperoxidase-11 (MP-11) hemin-ClI

Scheme 2: Oxidative demethylation of N,N-dimethylaniline (1a) with hydrogen peroxide, using
Microperoxidase-11 (MP-11) or hemin-Cl as a catalyst.
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I
O:F\I’Ie'Me + H,0,

(0]
A
fast
O@
Me\N,Me Me\N,Me
0 o 25%C ® 0
+ O=R|e“\| +  0O:=Re-Me
Me O MeOH 6
R B R A
1laforR=H
1e for R = Me

Scheme 3: Reaction of N,N-dimethylated anilines (1) with H>O; in the presence of the catalyst

methyltrioxorhenium (A). The reaction proceeds via the in situ formed species B.

Another kinetic study of the reaction of hydrogen peroxide with N,N-dimethylated anilines (1)
was performed by Espenson and Zhu (Scheme 3). They studied the oxidation of amines with
hydrogen peroxide at 25 °C in methanol in presence of methylrhenium trioxide. Thereby, the
3-methyl-1,2,3-dioxarhenirane 3,3-dioxide MeRe(0)2(02) (B) is formed in situ from
methyltrioxorhenium (A) and hydrogen peroxide. They obtained the rate constants for the
reaction of several para substituted N,N-dimethylanilines by initial rate experiments in
methanol at 25 °C. Evaluation of this data shows a good correlation of the logarithmized
second-order rate constants with the o, parameter (Table 1 and Figure 1), showing the
consistency of the reaction mechanism within the studied amines. The data showed that the
reaction is first-order with respect CH3ReOs and aniline. A zeroth-order dependence on [H20:]

was found.P!

Table 1: Rate constants of the oxidation of para-substituted dimethylanilines at 25.0 °C in

methanol.
para substituent ko Mt g7 Ig k> opld
CH; 24.5 1.39 -0.17
H 18.4 1.26 0
F 12.7 1.10 0.06
Br 8.7 0.94 0.23
NO; 1.9 0.28 0.78

[a] Values taken from Ref. [10].
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lgky=-1.196,+ 1.21
R?=0.9937

Figure 1: Hammett plot of the oxidation of para-substituted dimethylanilines at 25.0 °C in
methanol with data of Table 1.

Me\N,Me Me\ll?,Me
20 - 60 °C, MeOH No ©
N _ |
RI
ko
R = Me, Et
1a

Scheme 4: Methylation and ethylation of N,N-dimethylaniline (1a) in methanol at various

temperatures.

The methylation and ethylation of N,N-dimethylaniline (1a) was studied by Reis et al. in
methanol at various temperatures, from 20 °C to 60 °C, with methyl iodide and ethyl iodide
respectively (Scheme 4). They found a temperature dependent increase of the second-order rate
constant by a factor of 22 in the case of the methyl iodide (from 3.61 x 10> M s7! to 8.07 x
10* M ! s71) and of 33 for the reaction with ethyl iodide (from 1.68 x 10° M s7! to 5.53 x
104 M' s71). The Gibbs energy of activation, AG¥, was calculated to be 99.2 kJ mol ™ for the
methylation and 106.7 kJ mol™! for the ethylation.!]

156



®
Et02C\ @
N\ © EtOz(IJ
- HN., CO,Et
Me<, .Me EtO,C CO,Et N

N
N .
60 °C )
. Me\'L,Me < o >_ HoC. - Me
t 2 \’TIH

Scheme 5: Reaction of N,N-dimethylaniline (1a) with diethyl azodicarboxylate. Kinetically
measured is the initial attack of the nitrogen atom at the azo moiety, yielding the intermediate
C. The formation of the isolated product (D) was considered via a ylid-rearragement (top

pathway) but was later revised to form via a iminium ion (bottom pathway).!?!

Huisgen and Jakob studied the addition of diethyl azodicarboxylates to N,N-dimethylaniline
(1a) (Scheme 5). They studied the kinetics by iodometric titration in different solvents. By
addition of radical inhibitors they excluded a radical mechanism of the reaction. The second-
order rate constants k2(60 °C) increases by a factor of 6, changing the solvent from unpolar
cyclohexane (2.1 x 10! M™! s71) to the very polar nitrobenzene (1.3 M~! s7!). Because of the
high solvent polarity dependence, they concluded a polar intermediate and therefore a
nucleophilic addition of the N,N-dimethylaniline (1a) nitrogen atom to the azo moiety
(intermediate C). They found a strong decrease of the second-order rate constants by electron-
withdrawing groups in dioxane at 60 °C (from 3.5 x 10! M~ s7! for 1a,to 1.4 x 102 M ! 57!
for m-nitro-N,N-dimethylaniline and no reaction with p-nitro-N,N-dimethylaniline), which
supports this hypothesis. The formation of the isolated products was supposed to be an ylid-
rearrangement (top pathway in Scheme 5), but was revised in 1994, to proceed over an iminium

ion as intermediate (bottom pathway in Scheme 5).[1?!

The ambident reactivity of N,N-dialkylated anilines 1 was studied intensively for synthetic use,
for example with hexachlorocyclotriphosphazatriene (N;P;Cls) (Scheme 6). Shaw and Cheng
observed the C4 substituted product [N;P;Cls(CsHs-NMe,)] (E) and the nitrogen-substituted
product [N;P;Cls(NMePh)] (F), beside hydrochloride and alkylchloride as side products. When

reacting N;P;Clswith N,N-dimethylaniline (1a), a conversion of about 60% was achieved within
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14 h at 160 °C. The ratio of the carbon- (compound E) to the nitrogen-substituted (compound

F) was found to be 1:10. In contrast, reactions of octachlorocyclotetraphosphazatetraene

(N4P.Cls) yield only nitrogen-substituted derivatives but as mono- (N4P,Cl,NMePh, G) and di-

substituted (N4P4Cls(NMePh),, H), which might be geminal or nongeminal, in a ratio of 5:4 with

a total isolated yield of 85%. Taking the high reaction temperature into account, the formation

of nitrogen-substituted products F, G and H may be surprising at the first glance, but the N-

attack may become irreversible after fast elimination of the methyl chloride molecule, via a

Sn2-type reaction (inlay in Scheme 6).[%]

a)
cl, cl
/P\
oN
CI—/P\\N,P\—CI
Cl Cl
b)
cl, cl
//P\

a NN _Cl
CI/R\ 'P\CI
N\Pc
VAN
cl” Cl

Me., .Me

+

1a

Me\N,Me

1a

Me\N,Me
160 °C CI\P
T D
Cl—Ps~, _R—CI
O,-free atm. SN
2 c N ¢
E
product ratio: 1
Me,
)
C'\P/
160 °C =~
=, CI\P/N N cl
0,-free atm. cI N\ e
N<=N
/P\
Cl ClI
G
product ratio: 5

_Cl
PC
N
Cl—Ps,,-R—Cl
/
cl cl

+ MeCl

N

F
10

+ N4P,Clg(NMePh), + MeCl
H

Scheme 6: Ambident reactivity of N,N-dimethylaniline (1a) when reacting with

a) hexachlorocyclotriphosphazatriene (N;P;Cls) and b) octachlorocyclotetraphosphazatetraene

(N4P.Cls). An exact structure of the disubstituted product N,P,Cls(NMePh). (H) was not

given.!d

158



Me

® -N
/CHQ Me\N/R R
H2C/\
Cl K,COj3, CH,CI Me
Me. pi Me |+ Bt e i Noye
Me-N" N-pme rt.dark24n Lol Me- NPl
/ _ e Pt e
R = Me (1a), H N P Me
I (1a), Me—N  N-me \
+1
o 70% for R = Me > K,COs >
F|< M forR=H c|;| Me
K,CO e~N
2C| 2 3 20| L Me/ \)
Me, Pt Me forR=H Me, pt Me
Me Me Me—N N-Me
+
JH J

Scheme 7: Cationic palladium olefin complex [PtCl(n2-CH,=CHa(tmeda)]" (tmeda = N, N, N,
N’-tetramethyl-1,2-diamonoethane) (I) reacting with N,N-dimethylaniline (1a) or N-
methylaniline. In case of 1a only the C4 substituted product K was formed, while the reaction

with N-methylaniline gave a mixture.[!®!

Maresca et al. studied the reaction of the cationic palladium olefin complex CsHaiCIN,Pt™ (1)
with N,N-dimethylaniline (1a) and N-methylaniline. The proposed reaction mechanism with
anilines is shown in Scheme 7. With N-methylaniline in excess (3 equivalents over I), the major
product JH* is formed via nitrogen-attack. Carrying out the reaction in presence of potassium
carbonate, the attack of the para carbon atom was also observed (minor product K, ca. 20% of
the reaction products; reaction conditions r.t. and 48 h). N-Methylaniline further reacted with
another equivalent of CsH21CIN2Pt" (I) and furnished the C and N substituted product L.
Carrying out the analogous reaction with N,N-dimethylaniline (1a) in presence of potassium
carbonate, the carbon substituted product K was formed, according to the authors, quantitative

(70% conversion).['"]
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Scheme 8: Reaction of 4,6-dinitro-2-(2,4,6-trinitrophenyl)-2H-benzo[d][1,2,3]triazole 1-oxide
M with aniline (left pathway) and N,N-dimethylaniline (1a) in DMSO-d; (right pathway).!'°!

Renfrow and Strauss studied the reaction of so-called super-electrophiles, namely
1,3,5-trinitrobenzene  and  4,6-dinitro-2-(2,4,6-trinitrophenyl)-2H-benzo[d][1,2,3 ]triazole
1-oxide (M) with aniline and N,N-dimethylaniline (1a) (Scheme 8). Both amines did not react
with 1,3,5-trinitrobenzene in DMSO-ds, but formed a o-complex with M. Interestingly, with
aniline the formation of the Meisenheimer type complex occurred at the picryl ring (carbon C1
of M in Scheme 8) and this 6-complex decomposed into 2',4',6'-trinitro-[ 1,1'-biphenyl]-4-amine
(N) and 5,7-dinitro-1H-benzo[d][1,2,3]triazole 3-oxide (0O). N,N-Dimethylaniline (1a),
however, attacked only at the benzotriazole moiety and formed a stable 6-complex (carbon C7

of M in Scheme 8), but no product of the attack of the nitrogen atom was observed.!®!
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The linear free energy relationship — The Mayr-Patz Equation

Elucidating the position of N,N-dialkylated anilines 1 in a comprehensive reactivity scale was
missing so far. During the recent decades, Mayr et al. have constructed a comprehensive
nucleophilicity scale, which is based on the kinetics of reactions of n-, n-, and 6-nucleophiles
with  benzhydrylium ions, structurally related quinone methides, and diethyl

benzylidenemalonates.[!*!

The second-order rate constants of these reactions have been described by Equation 1, where £
is an electrophile-specific parameter, and N and sy are solvent dependent nucleophile-specific

parameters.!'*

gk 20°C)=sn (N+E) (1)

With this equation, second-order rate constants of nucleophiles with electrophiles can be
estimated. Generally, reactions at 20 °C will not occur, if the sum of N and E parameter is
smaller than —5, and will react under diffusion control if the sum is higher than 9. The scale
covers electrophiles with an £ parameter ranging from —25 to 8 and nucleophiles with a N
parameter ranging from —4 to 30, providing the base for reaction estimations for a wide range

of nucleophiles-electrophiles combinations (Figure 2).

The N and sn parameters for N,N-dialkylated anilines 1 are not available to date. Related
compounds, like primary anilines and aliphatic tertiary amines, were already studied by Mayr
et al. (Figure 3) with regard to their nucleophilicity at the nitrogen atom. The N parameters of
aromatic amines vary around 13, those of the aliphatic ones around 18. This reflects the

influence of the aromatic ring, lowering the reactivity of the nitrogen atom significantly.
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Figure 2: Plot of nucleophilicity parameter N versus electrophilicity parameter £, highlighting
that many name reactions in organic chemistry are just in the well-defined corridor (green)

between “no reaction” (blue) and “diffusion control” (red).

NH, NH, NH, NH,
o OO
NEw  NT UMD N
H Cl Me OMe Me e Me

M
N= 12.64 12.92 13.19 13.42 1718 2059 1872  16.81
sy= (0.68)  (0.60) (0.69) (0.60) (0.52) (0.52) (0.52)  (0.52)

Figure 3: Nucleophile-specific parameters N and sx (in parenthesis) of p-substituted anilines
(left) and aliphatic amines (right) in acetonitrile for the attack of the nitrogen atom. [a] N

parameters estimated with an sx parameter of 0.52.15% 51

A variety of arenes have been studied by Mayr et al., for example toluene (N parameter of
—4.36 and s~ of 1.771%)). Comparing the o," of the methyl group (—0.32) with the one of the
dimethyl-amino group (—1.74) suggests a huge increase of the nucleophilic reactivity of the
para-position (C4 carbon). Based on these o, parameters, a N parameter of 5.5 was estimated
for N,N-dimethylaniline (1a) at the C4-position.!'3* Comparing this estimated N parameter with
the N and sx parameters of aniline (N parameter of 12.64 and sn of 0.68 for the attack at the

nitrogen atom)¢! and tertiary amines, like 1-methylpiperidine (N parameter of 18.72 and sn of
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0.52 for the attack at the nitrogen atom)P" suggests, that the corresponding attack of the
nitrogen atom of 1a is anticipated to be faster than the attack of the C4 carbon. The thereby
formed quaternary ammonium salts might be unstable and therefore not isolable. It can be
summarized, that a N parameter of 5.5 for the C4 carbon and a N parameter of 13 for the nitrogen

atom of 1a is expected (Figure 4).

N=~55
1a

Figure 4: Estimated N parameters for the nitrogen and the C4 atom of N,N-dimethylaniline (1a).

N,N-Dialkylated anilines 1 are ambident nucleophiles with four nucleophilic sites (Scheme 1).
Ambident reactivity is often analysed with the HSAB (hard and soft acids and bases)
principle.'®! It was shown, however, that this concept is practically useless, as it is only
applicable in around 50% of the cases and hence not better than flipping a coin.!!”) Therefore
there will be no further mention of this concept. In this work the reactivity of N,N-dialkylated
anilines (1) for reactions with carbocations via N-attack, C-attack and hydride transfer will be

discussed in terms of kinetic and thermodynamic control.
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(\ + (/\ + ) ~N+
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Me Ph Me Ph Me Ph
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Mes = 2,4,6-M63C6H2
Scheme 9: Ambident reactivity of azolium-enolates investigated by Mayr and Maji with

benzhydrylium ions 2.[6¢!

Ambident nucleophiles, like N,N-dialkylated anilines 1, might give complex kinetics. This
behaviour was found by Mayr et al. while studying the reactivites of azolium-enolates (Scheme
9). The extraordinary behaviour was explained by the different nucleophilic centers present in
the nucleophile. The fast, but incomplete reaction (Figure 5) was assigned to benzhydrylium

163



attack at the more nucleophilic oxygen-center, the slow reaction to the electrophilic attack at
the carbon-center of the enolate. Using the weakly Lewis acidic carbenium ions (thq),CH"
(bis(1-methyl-1,2,3,4-tetrahydroquinolin-6-yl)methylium) and (ind),CH" (bis(1-
methylindolin-5-yl)methylium), the formation of the benzhydryl enol ether was irrelevant, and
only the attack at the carbon of the azolium enolate was observed. The stronger Lewis acidic
(dma),CH" (2b) reacts first to a large extent to give the benzhydryl enol ether, rearrangement
then leads to the thermodynamically more stable product of C-attack. In case of (pyr)>CH" (2a)
a borderline situation was found. At low concentrations of the azolium-enolate R the
equilibrium for the oxygen-attack was shifted to the reactant side, while at high concentrations
the oxygen-attack is measurable. In conclusion, the enolate-oxygen atom was attacked 20 times
faster by benzhydrylium ions than the carbon atom leading to the thermodynamically more

stable products.[®]
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Figure 5: a) Reaction of (pyr)CH" (2a) with (Z)-2-phenyl-1-(1,3,4-triphenyl-4H-1,2,4-triazol-
I-ium-5-yl)prop-1-en-1-olate (R). b) Plot of the absorbance 4 at 618 nm vs. time for the
reaction of R (¢ = 1.1 x 10~* M) with 2a (¢ = 1.3 x 107> M) in THF at 20 °C with the calculated
absorbance for the attack of the C-attack (dashed line; kobs = 5.80 s7!). Inlay: Linear correlation

of the first-order rate constants kobs for the C-attack vs. [R].
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A OH

Ar Ar

Scheme 10: Ambident reactivity of phenolates investigated by Ofial and co-workers.[!®!

Ofial et al. investigated the ambident reaction of phenolates with benzhydrylium ions (Scheme
10). They found a fast attack of the phenolate oxygen atom which yielded the benzhydryl ethers
as products. This attack is reversible and followed by slow and irreversible attack of the C4 ring
carbon of the phenolate. Thus, the oxygen-substituted products of phenolates rearranged to the
C4-substituted products. The reactivity of the oxygen atom was measured by UV/Vis
spectroscopy. The subsequent isomerisation was studied by '"H NMR spectroscopy and the
second-order rate constants kzc for reaction at the C4 carbon were derived thereof. An attack of

the C2 carbon was not observed.!'®!

NMe,
H NMe,
O,N y N/N butan-1-ol
\ R + - >
N )§N>_ 0.5 h, reflux O,N :,N
1a | \\>_R
H*N

for R = CF; quantitative, yield 50%
H 50% conversion
NH, no conversion

Scheme 11: Reactivity of N,N-dimethylaniline (1a) under thermodynamic control.!!"!

A wide range of reactions of eletrophiles with substituted anilines and phenols was studied by
Chupakhin et al. Reactions of N,N-dimethylaniline (1a) with electron-deficient arenes in
butanol at reflux are shown in Scheme 11. Thus, the reactions are under thermodynamic control.
This is reflected by the obtained product. For the reaction of N,N-dimethylaniline (1a) with
azolpyrimidines (S) they found quantitative to no conversion, depending on the substituent at
the azolpyrimidine (quantitative for R = CF3, 50% conversion for R = H, no conversion for R
= NH). As expected from the reaction conditions, no reaction product of the attack of the
nitrogen atom of the dimethylamino group was found. Correspondingly, no conversion was
observed reacting N,N-dimethyl-para-toluidine (1e) with azolopyrimidines (S), which was

attributed to a steric hindrance of the dimethylamino group.['”!
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Scheme 12: Ambident reactivity of primary and tertiary anilines in DMSO at 35 °C.[!4]

Chupakhin et al. also studied the ambident reactivity of primary and tertiary anilines with the
N-methylacridinium ion (T). With tertiary anilines, a charge transfer complex was obtained
with a broad absorption band at 540-580 nm. With a large excess of primary anilines it was
possible to shift the equilibrium towards the N-adduct even at room temperature in DMSO.
Thus, both species, the N-adduct as well as the C4 substitution product of aniline have been
observed, but the ratio is dependent on the rest R of the amine (Scheme 12 and Table 2). In
general, the methyl substituents at the nitrogen atom hinder a reaction at the nitrogen atom.
Introducing substituents to the aromatic ring influences the ratio of carbon to nitrogen attack.
A methyl group in ortho position (Table 2, entry 2) gives the C4 attack exclusively, while a
methyl group in meta position, decreases the ratio to 2:1 (Table 2, entry 3). High yields of the
N-adduct were found, if the C4 atom is blocked (Table 2, entry 4+5), but also a substitution at
the C2 carbon was observed in the case of p-toluidine (Table 2, entry 4).['¢]
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Table 2: Product ratio of the reactions of N-methylacridinium ion (T) with anilines in DMSO-

ds at 35°C after 3 h.[1d]

Amine C2 substitution [%]  C4 substitution [%]  N-adduct [%]

Aniline — 80 20
o-Toluidine — 100 —
m-Toluidine — 66 34
p-Toluidine 28 — 72
p-Anisidine — — 100

Project Proposal

Experimental data for the reactivity of N,N-dimethylaniline (1a) with benzhydrylium ions 2

5g, 5h [13c]

was not availablel®® 5" and only an estimate of the reactivity at the C4 carbon was made.
The four different reaction sites might react parallel with the cationic electrophiles 2 and lead
to multi-exponential decays of the monitored absorbance of these. Literature reports on the
kinetics of ambident nucleophiles always find a fast and reversible reaction of the electron rich
heteroatom with the benzhydrylium ions first, and a slow reaction of a carbon atom, if

present, [ 6¢- 18]

Many parameters, like the solvent or the substitution pattern at the N,N-dialkylated anilines 1
have effects on the reactivity and the ratio of carbon to nitrogen attack.''Y We therefore decided
to study beside N,N-dimethylaniline (1a), various substitution patterns, to put the experimental
results in a broader context. Thus, the effect of alkyl groups on the reactivity of anilines, like
ethyl groups (N,N-diethylaniline (1b)) and of the cyclic five-membered ring
(1-phenylpyrrolidine (1¢)) and six-membered ring (1-phenylpiperidine (1d)) were studied.
Additionally, the effect of a para substitution at the aromatic ring was investigated
(N,N-dimethyl-para-toluidine (1e) and N,N-dimethyl-para-anisidine (1f)). As reaction partner,
several benzhydrylium ions, with an E parameter of around —5, were chosen as reference
electrophiles (Table 3 and Figure 6), as the N parameter of the C4 carbon of 1a was estimated

to be 5.5 and the N parameter of the nitrogen atom can be estimated around 13 (Figure 4).

167



Me. .Me Me., .Me
o 0O "y \
Me. .M E -E
e N e i< t N N

N

© © © © Me OMe

1a 1b 1c 1d 1e 1f

PKay (AN) = 11.43 12.4[2.b] 12.23 12.74
PKar (Hp0) = 5.13(] 6.56 4 .40l 5.20 5.60(@ 5.83(al
GBey?! = 21671 221.8 218.7 221.4 219.5(8 220.6(8

Figure 6: N,N-Dimethylaniline (1a) and derivatives (1b—f) studied with benzhydrylium ions 2
in this work. Gas-phase basicities (GB) are in kcal mol™" (1 kcal mol™' = 4.184 kJ mol™). pKan
and GBexp values were taken from Ref. [20]. [a] Averaged value. [b] Taken from Ref. [21]. [c]
Taken from Ref. [22]. [d] Taken from Ref. [23].

The pK, values of the anilines 1a—f do not differ dramatically (Figure 6). In water the most
basic one is the N,N-diethylaniline (1b), the least basic one (more than two pKan units less basic)
is I-phenylpyrrolidine (1¢). The para substituted anilines 1e and 1f are, as expected, more basic
than the parent compound 1a, but not as basic as the N,N-diethylsubstituted 1b. Unfortunately,
pKan values in acetonitrile are not available for all anilines 1a—f, but a similar trend is found. In
the row of 1a, 1b, 1e and 1f, N,N-dimethylaniline (1a) is the least basic one, but N,N-dimethyl-
para-anisidine (1f) is slightly more basic than N,N-diethylaniline (1b).

We determined rate and equilibrium constants in polar aprotic solvents, namely in acetonitrile
and dichloromethane. If not mentioned otherwise, the solvent used is acetonitrile. For clarity
the counter ions of the benzhydrylium ions, which are tetrafluoroborate (BF4") in case of 2a—g

and bromide (Br") in case of the significantly more reactive 2h, are mostly omitted (Table 3).
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Table 3: Benzhydrylium tetrafluoroborates 2 employed as reference electrophiles in this

study.[z‘”
®
: 1
R\N e NS
R1 BF4 R2
2
Amax [nm] Amax [nm]
Electrophile R! R2 No. in in
parameter
acetonitrile dichloromethane
(pyr)2:CH* C4Hs (cycl.) 2a -7.69 612 620
(dma),CH" Me Me 2b -7.02 605 613
(mpa),CH" Ph Me 2¢ -5.89 613 623
(mor),CH" C>2H4-O-CoHy (cycl.) 2d -5.53 612 621
pa) e .
dpa),CH" Ph Ph 2 —4.72 645 674
mia), 2 3 c —J.
fa),CH" CH,CF M 2f 3.85 586 593
(pfa),CH" CHCF3 Ph 2g -3.14 592 601

Br
(tol)>CHBr 2h 3. 63l _[b] _[b]
Me Me

[a] E parameter of the corresponding cation (tol)CH". [b] Not used for photometric studies.
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Results and Discussion

Product Studies

As outlined in Scheme 1, various products can be formed when N-phenyl dialkylamines react
with carbocations. Product studies for the reactions of 1 with the reference electrophiles 2 were

performed to elucidate the product structures and the selectivity of their formation.

To the deeply blue-coloured solutions of the benzhydrylium ions 2 in dry solvents (acetonitrile
or dichloromethane) the anilines 1 were added dropwise in slight excess (= 1.1 equiv.).
Complete decoloration of the solutions was not achieved, indicating that a small amount of 2
remained in the reaction mixture. After TLC showed no further conversion, the mixture was
subjected to basic aqueous workup and purified by flash chromatography. The reactions of 1a,
1b and 1d with the benzhydrylium ions 2b, 2d and 2f furnished triarylmethanes 3 in good yields
(Table 4). Tough, the reaction conditions had not been optimized. Nevertheless, some
significant differences are observed. The reaction of N,N-dimethylaniline (1a) with (dma).CH"
(2b) furnished the 4,4',4"-methanetriyltris(N,N-dimethylaniline) (3ab) in good yield in 48 h.
Reacting the more reactive benzhydrylium ion (mfa)CH" (2f) with la furnished the
corresponding  triarylmethane 4,4'-((4-(dimethylamino)phenyl)methylene)bis(N-methyl-/N-
(2,2,2-trifluoroethyl)aniline) (3af) also in good yield within 18 h. The reaction of 2f with
I-phenylpiperidine (1d) was completed within 1 h and after aqueous workup the 4,4'-((4-
(piperidin-1-yl)phenyl)methylene)bis(N-methyl-N-(2,2,2-trifluoroethyl)aniline)  (3df) was
isolated as product of the attack of the C4 carbon. Reacting N,N-diethylaniline (1b) with
(dma),CH" (2b) produced 4,4'-((4-(diethylamino)phenyl)methylene)bis(N,N-dimethylaniline)
(3bb) in good yields but after a reaction time of 5 d. The extraordinary long reaction time is
due to total lack of visible decolouration. The reaction was quenched as no further conversion
was detected. Aside from the reaction time, the result is equal to the result of the reaction of
N,N-dimethylaniline (1a) with 2b. Again, using the more reactive cation (mor)CH" (2d) led to
4-(bis(4-morpholinophenyl)methyl)-N,N-diethylaniline (3bd) in 24 h. Other reaction products
than the triarylmethanes 3 were not observed under these reaction conditions. The isolated
powders were slightly blue or violet, or became slightly coloured within a few hours, indicating
decomposition of a very small amount of the product. This degradation did not affect the
analytical data of the obtained compounds, as the isolated compounds stayed analytically pure

over several days.
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Table 4: Yields and reaction times of the reactions of N,N-dialkylated anilines 1a, 1b and 1d

with benzhydrylium ions 2 in acetonitrile at room temperature.

R! _R?
‘N
Ak Al O R
MeCN, rt.
+ PSene s
2
H AIk\N I}l/R
Alk R’
1 2 3
Reaction Product,
Aniline Alk Electrophile R! R? . ‘
timel® yield®
la Me (dma)CH" 2b) Me Me 48 h 3ab, 70%
1a Me (mfa),CH 2f) Me  CH,CFs 18h 3af, 84%°]
1b Et (dma),CH* (2b) Me Me 5d 3bb, 75%
1b Et (morCH' (2d) CoHs-O-CoHy(cycl) 24 h 3bd, 84%
l1h 3df, 87%

1d  GCsHi(cycl) (mfa)CH' (2f) Me CH,CF;

[a] Reaction conditions not optimized. [b] Isolated yields. [c] Dichloromethane was used as

solvent.
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Nucleophilicity of /V,N-dimethylaniline (1a)

The unambiguous results of the product studies encouraged us to investigate the kinetics of
these reactions. The reactions of N,N-dimethylaniline (1a) with benzhydrylium ions 2 were
monitored photometrically or by time-resolved '"H NMR spectroscopy. The advantage of 'H
NMR spectroscopy are that relatively high concentrations of reactants are employed, which
accelerates the reaction. A disadvantage is the sensitivity of this method, as nearly equimolar
ratios of the reaction partners are necessary. Thus, pseudo first-order conditions cannot be

applied. Therefore, the rate law for second-order reactions (2) was integrated to Equation 3.

dlP] dET] ...
d = d = k[E"][1a] (2
_ 1 n[Ei]U([E']:Jr[la]o—[E;]o) B

= [1a]o— [E_]u] [1a]o[E*]; =7 )

Exemplary the reaction of N,N-dimethylaniline (1a) with (dma)CH" BF4 (2b) in CD3CN at
23 °C is shown (Figure 7). The second-order rate constant k> = 1.18 x 102 M~! s7! is the slope
of the correlation. In analogy to the product studies, the time-resolved 'H NMR spectra clearly
show the formation of the para-substituted product (see Figure S4 in the Supporting

Information).

The same reaction was followed by UV/Vis spectroscopy. For all photometrically studied
combinations, N,N-dimethylaniline (1a) was added in excess (> 10 equivalents) to achieve
pseudo-first-order conditions. The pseudo-first-order rate constants kobs (s!) were obtained by
least-squares fitting of the monoexponential function 4; = Ao e % + C to the time-dependent
absorbance decays of the electrophiles. Plots of kobs versus the nucleophile concentrations were
linear for most reactions with the reference electrophiles. The second-order rate constants k»
(M™! s7!) were obtained from the slopes of these plots, according to eq. 4, were ko is one or
several background reactions, with e.g. the solvent or residual water, which may or may not

ocCcur.
kobs = k2 [NU] + kO (4)
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Figure 7: a) Reaction of N,N-dimethylaniline (1a) with (dma)CH" BF4~ (2b) in CD3;CN at
23 °C. b) Decay of the relative concentration of (dma)CH" BF4~ (2b; ¢ =2.32 x 1072 M) while
reacting with N,N-dimethylaniline (1a; ¢ =7.13 x 1072 M) in CD3CN at 23 °C. ¢) Determination
of the second-order rate constant by plotting time versus Y = ([1a]o—[2b]o) 'In([2b]o([2b];
+[1a]o—[2b]o)/[1a]o[2b],) (k2 = 1.18 x 1072 M! 57!, data points up to 50% conversion were

used).

Monitoring the absorbance of (dma)CH" (2b) when reacting with 1a by UV/Vis spectroscopy,
an unexpected behaviour was found, as the absorbance of the 2b drops significantly in the first
seconds (Figure 3). Excluding this time range from the fit of the monoexponential function
A= Ag e + C the second-order rate constants k> were obtained from the slopes of the linear
plots of kobs against the nucleophile concentrations (inlay in Figure 3b), yielding a of k> = 9.91

x 107 M s7!, with is only 16% slower than the k> obtained by 'H NMR spectroscopy at the
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slightly evaluated temperature (k2 = 1.18 x 102 M~ s7! in CD3CN at 23 °C). Therefore it can
be concluded, that this reaction is the attack of the 1a’s C4 carbon atom. However, the initial
drop of the absorbance could also be evaluated using least-squares fitting of the exponential
function 4, = 4o e + C to the time-depending absorbance (Figure 3c). This shows clearly the

appearance of a second reaction.
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@
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4% 10
- 3x10°
b) - -5 c)
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Figure 8: a) Reaction of N,N-dimethylaniline (1a) with (dma)CH" BF4+~ (2b) in CH3CN at
20 °C. b) Plot of the absorbance 4 at 605 nm vs. time for the reaction of N,N-dimethylaniline
(1a; ¢ =1.67 x 103 M) with 2b (c = 1.16 x 1073 M) in acetonitrile at 20 °C with the calculated
absorbance (green line; kobs = 1.48 x 107> s7). Inlay: The slope of the linear correlation of the
first-order rate constants kobs With the nucleophile concentrations corresponds to the second-
order rate constant k> (CH3CN, 20 °C) for the attack of the C4 carbon of 1a at the carbocation
2b. Correlation line: kobs = 9.91 x 102 M s7! [1a] + 1.14 x 107 s7!, R? = 0.9988).
c) Enhancement of the first seconds. A unexpected sudden drop of the absorbance of 2b is
found. It can be described by another monoexponential function (red line; 4, = Ao e %!+ C with

a kops = 2.28 x 102 571,
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Benzhydrylium ions 2 can react with N,N-dimethylaniline (1a) at four different reaction sides
(Scheme 1). Product mixtures of the attacks at the 1a’s nitrogen, C2 or C4 atom has been
reported in the literature. '* ' 141 To clarify the regioselectivity of the reactions, Florian
Achrainer from the Zipse group performed quantum mechanics calculations at B2PLYP-
D3(FC)/G3MP2large//M06-2X/6-31+G(d) level of theory of the reactions of carbocations 2
with N,N-dimethylaniline (1a) in the gas phase. The reaction of N,N-dimethylaniline (1a) with
three different electrophiles was studied: two benzhydrylium ions 2x (R = H) and 2b (R =
NMe») and the prop-2-yl cation 2y, as a sterically more demanding alternative to the methyl

cation (Figure 9).

H
@ j'\
O O H3C @ CH,3
R R

2y
2x (R = H)

2b (R = NMe,)

Figure 9: Carbocations 2b, 2x and 2y used for quantum-chemical studies.

As expected the most exothermic reaction enthalpies were obtained for the reaction of the prop-
2-yl cation (2y; black bars in Figure 10) with the nitrogen of the N,N-dimethylaniline (1a)
(SAHN> = —267.6 kJ mol ™), followed by addition to the para position (SAHpar™> = —248.2 kJ
mol ™). A similar trend is observed for the parent benzhydrylium ion 2x (red bars in Figure 10)
with reaction enthalpies of <AHx> = —119.0 kJ mol™! for the attack of the nitrogen atom and

<AHpara> = —102.2 kJ mol ! for addition to the para position of 1a.
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Figure 10: Reaction enthalpies of N,N-dimethylaniline (1a) with carbocations (E*) 2x (red), 2b
(blue) and 2y (black) at B2PLYP-D3(FC)/G3MP2large//M06-2X/6-31+G(d) level of theory in
the gas phase for the reaction at the C2 carbon (“ortho’), the C4 carbon (“para”) and the nitrogen
atom (“N”) of N,N-dimethylaniline (1a).

Interestingly, the calculations for (dma):CH" (2b) show positive reaction enthalpies for the
formation of the C—C bound adduct at the para position (<AHpar> = +22.1 kJ mol ™). This
reflects the increased stability of the reactant electrophile. Inclusion of implicit solvation using
a continuum model (SMD/B3LYP/6-31G(d)) with dichloromethane or acetonitrile as respective
solvent show smaller reaction enthalpies compared to the gas phase (Figure 11). The reaction
enthalpies in acetonitrile are even smaller than those obtained in dichloromethane. Negative
reaction enthalpies were found for the reaction of la with 2x, but no change of the
thermochemical results with the cation (dma)>CH" (2b). The gap between the theoretical studies
and the experimental results is most probably due to high stability of the re-aromatised product
3ab. The experimentally confirmed exclusive formation of the product resulting from the attack
of the C4 atom of 1a at the electrophiles proves the occurrence of this reaction (Table 4,

entry 1). The reaction enthalpies for the formation of the product 3ab have not been calculated.
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Figure 11: Boltzmann-averaged reaction enthalpies for the reaction of N,N-dimethylaniline (1a)
with carbocations (E") 2x (red), 2b (blue) and 2y (black) applying an implicit solvation model
(SMD/B3LYP/6-31G(d)).

In conclusion, the smallest reaction enthalpies of N,N-dimethylaniline (1a) with (dma),CH"
(2b) was found for the attack of the nitrogen atom. The attack at the ortho and para carbon
atom was found to be less favourable. The C2 position is statistically represented twice, but still
energetically not favourable. A product of the attack of the C2 carbon was not found in the
product studies. The abstraction of a hydride was not calculated, but all time-resolved 'H NMR
spectra of reaction mixtures of N,N-dialkylated anilines 1a—¢ with benzhydrylium cations 2a+b
did not indicate products originating from hydride transfer. The calculations support, therefore,
an initial reaction of the nitrogen atom of 1a at carbocations and a slower attack of the C4

carbon atom.

Therefore, we suggest in line with the literature,™™ > 181 that the first decay of the
benzhydrylium ion 2 absorbance represents the attack of the electron rich nitrogen at the
benzhydryl ion 2, leading to an instable ammonium intermediate. The slower reaction is the
attack of the C4 carbon atom of the aromatic ring. The attack of the C2 carbon atom was
excluded due to the steric demand, the calculations shown above and the absence of a C2

substituted product in the product studies. After the formation of a Wheland complex via the
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attack of the carbon atom, a proton is released. This may protonate the formed product 3 as well
as a free aniline 1a. This protonation does not affect the kinetic analysis, as only up to one
equivalent of 1a can be protonated and a huge excess of 1a (> 10 equivalents over the
electrophile 2) is used. Thus, pseudo-first-order conditions are ensured during the entire
reaction time. A hydride shift was also excluded, as the resulting diarylmethane would be stable
but was not observed, neither in the product studies, nor in the time-resolved 'H NMR

spectroscopic studies.

After evaluation of the time-dependence absorption of the benzhydrylium ions 2 when reacting
with N,N-dimethylaniline (1a), the second-order rate constants k> of the attack of the nitrogen
or C4 atom were obtained from the slopes of the linear plots of kobs vs. [1a] (Figure 12) and are

listed in Table 5.
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Figure 12: a) Reaction of N,N-dimethylaniline (1a) with (dma)CH" BF4 (2b) in CH3CN at
20 °C. The slope of the linear correlation of the first-order rate constants kobs with the
nucleophile concentrations corresponds to the second-order rate constant k> (CH3CN, 20 °C)

for the attack at the carbocation 2b b) of the nitrogen atom of 1a and c) of the C4 carbon of 1a.
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Table 5: Second-order rate constants (k2, 20 °C) for the reactions of benzhydrylium

tetrafluoroborates 2 with N,N-dimethylaniline (1a) in acetonitrile and resulting N and sn

parameters.
Reac- E
Nucleo- N Reference
Solvent  tion para- kr M tsh Ig k>
phile _ (sN) electrophile
Site meter
(pyr)2:CH" (2a) -7.69  1.01 x 107 -3.00
(dma),CH" 2b)  -7.02 9.91 x 1073 -2.00
(dma)CH" 2b)  -7.02 1.18 102 —1.93[°]
4 5.83 (mpa)CH" 2¢)  —5.89 9.39 x 107! —-0.03
Me., .M
SN e (1.69)  (mor),CH' (2d)  -5.53 1.97 0.29
© (dpa)CH' 2¢) —4.72 89.7 1.95
(mfa),CH" (2f) -3.85 27.6 1.441
1a
(pfa)2CH" (2g) -3.14 504 2701
MeCN

(dma),CH" 2b)  -7.02 11.5 1.06

8.4 (mor),CH" (2d)  -5.53 260 2.41

N (0'79) (dpa)CH™ (2¢)  —4.72 1.51 x 10° 3.18

' (mfa),CH" 2f) -3.85  5.53x 103 3.74

(pfa)CH' 2g)  -3.14 1.12 x 104 4.05

[a] Excluded from the determination of N and sx parameter. [b] Measured at 23 °C by 'H NMR

spectroscopy.

The second-order rate constants k> correlate linearly with the electrophilicity parameters £ of
the benzhydrylium cations 2, as claimed by eq. 1 (Figure 13). The N and s~ parameters of N,N-
dimethylaniline (1a) were derived as the intercepts on the abscissa (N = —F at log k» = 0; N =
8.49 for the attack of the nitrogen atom and N = 5.83 for the attack of the C4 ring carbon) and
the slopes of these correlations (sn = 0.79 for the attack of the nitrogen atom and sx = 1.69 for
the attack of the C4 ring carbon) reflecting the susceptibilities of N,N-dimethylaniline (1a)
toward changes of the reactivities of the electrophiles. The second-order rate constants of the
reactions with (mfa),CH" (2f) and (pfa),CH" (2g) were not used to derive the N and sN
parameters as they differ dramatically from the correlation line, as the attack of the nitrogen

and the carbon atom cannot be separated for the kinetic evaluation.
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Figure 13: Correlation of the logarithmized second-order rate constants Ig k2 (MeCN, 20 °C)
for the reactions of N,N-dimethylaniline (1a) at the nitrogen atom (squares) and the C4 ring
carbon (circles) with the electrophiles 2 with their respective electrophilicity parameters E. The
N parameters were derived as the intercepts on the abscissa (stroked line, N=—F at Ig k> = 0;
N = 8.49 for the attack of the nitrogen atom and N = 5.83 for the attack of the C4 ring carbon),
the sn parameters are the slopes of the correlation line (sx = 0.79 for the attack of the nitrogen
atom and sn = 1.69 for the attack of the C4 ring carbon). The open symbols were not used for

the calculation of the correlation line.

The reactivities of aliphatic tertiary amines were studied by Mayr et al. in acetonitrile and
dichloromethane.®™ Qualitatively, the thermodynamic stabilities of the quaternary ammonium
salts in acetonitrile were found to decrease for a given benzhydrylium ion from the cyclic
tertiary amines, like N-methylpiperidine or N-methylmorpholine, to the non-cyclic trialkylated
amine NEt3. The formation of ammonium salts from benzhydrylium ions and tertiary amines in
dichloromethane was found to be thermodynamically even less favourable than in acetonitrile.
However, it was neither possible to determine the equilibrium constants, nor were any aromatic
amines studied in that work.®™ It is therefore not surprising, that it was neither possible to

isolate nor observe by NMR spectroscopic methods quaternary ammonium salts in this work.
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Nucleophilicity of V,N-diethylaniline (1b)

Analogous to the reaction of (dma)CH" BF4 (2b) with N,N-dimethylaniline (1a) the time-
resolved 'H NMR spectra of the reaction of (pyr).CH" BF4~ (2a) with N,N-diethylaniline (1b)
showed the formation of the para-substituted product (Figure 14). The second-order rate
constant k> = 7.17 x 10 M~! s7! were obtained from the linear correlation of Y vs. ¢ according

to eq. 3 (Figure 14c).
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Figure 14: a) Reaction of N,N-diethylaniline (1b) with (pyr)».CH" BF4~ (2a) in CD3CN at 20 °C.
b) Decay of the relative concentration of (pyr)>CH* BF4~ (2a; ¢ = 3.65 x 1072 M) while reacting
with N,N-diethylaniline (1b; ¢ = 7.48 x 102 M) in CD3CN at 20 °C. c¢) Determination of the
second-order rate constant by plotting time versus Y = ([1bJo—[2a]o) 'In([2a]o([2a]:
+[1b]o—[2a]o)/[1b]o[2a],) (k2 = 7.17 x 10* M! 57!, data points up to 50% conversion were

used).
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When photometric UV/Vis spectroscopy was applied to monitor the reactions of benzhydrylium
ions 2 with 1b, again a bisexponential decay was found, indicating the occurrence of two

different reactions (Figure 15).
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Figure 15: a) Reaction of N,N-diethylaniline (1b) with (mpa)>CH" BF4~ (2¢) in CH3CN at 20 °C.
b) Plot of the absorbance 4 at 613 nm vs. time for the reaction of N,N-diethylaniline (1b) (¢ =
2.97 x 10* M) with 2¢ (¢ = 9.25 x 10® M) in acetonitrile at 20 °C with the calculated decay
(dashed line). Plot of the first-order rate constants kobs vs. the concentration of 1b (inlay,
correlation line kobs = 4.24 M~! s7! [1b] + 1.34 x 10® 57!, R? = 0.9997). ¢) Enhancement of the
first seconds, showing the significant deviation between measured and absorbance calculated

for the attack of the C4 carbon.

Thus, the results were analogous to the reactions of N,N-dimethylaniline (1a) with
benzhydrylium ions 2. A fast but reversible attack of the nitrogen atom and slow but irreversible
attack of the C4 carbon of 1b at the cationic electrophiles. The second-order rate constants for

these attacks are listed in Table 6.
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Table 6: Second-order rate constants (k2, 20 °C) for the reactions of benzhydrylium

tetrafluoroborates 2 with N,N-diethylaniline (1b) in acetonitrile and resulting N and sn

parameters.
Reac- E
Nucleo- Reference
Solvent  tion para- kr M tsh Ig k>
phile _ (sN) electrophile
Site meter
(pyr):CH" (2a) -7.69  7.17 x10™* —3.14fal
Et_ _Et 63 (dma)CH" 2b)  -7.02 2.50 x 107! —0.6012!
N~ .
C4 (1.64) (mpa)CH" 2¢)  —5.89 4.24 0.63
. (mor),CH" (2d)  -5.53 17.9 1.25
1b MeCN (dpa)CH" (2¢)  —4.72 354 2.55
e
dma),CH" (2b —7.69 80.7 1.91
10.29
© .62) (mor),CH" (2d)  -7.02 1.23 x 10° 3.09
' (mfa,CH" 2f) -3.85  7.95x 103 3.90

[a] Excluded from the determination of N and sn parameter due to significant deviations.

The N and sn parameters are again obtained by linear correlation of the logarithmized second-

order rate constants 1g k> with the electrophilicity parameters E of the benzhydrylium ions 2

(Figure 16). The sn parameter for the attack of the C4 atom of 1b is almost identical to that for

the attack of the C4 atom of 1a (sn = 1.69), showing the consistency of this method. However,

1b is more reactive than 1a, for the attack of the nitrogen (1a: N =8.49 sx =0.79) as well as for

the attack of the C4 carbon (1a: N =5.83 sn = 1.69). This shows the inductive effect of the ethyl

groups compared to the methyl groups, which is also reflected by the higher basicity of 1b in

comparison to 1a (Figure 6).

183



4 lgko=0.62 E+6.38
3 R?=10.9801 2f
2
N=-E=10.29
< 1 l
o0
— 0
-1 Et, lgk,=1.64 E+10.28
2 J“@% — _E=628 R2=0.9997
- Et .
3 1b o
4 2a
-11 -10 -9 -8 -7 -6 -5 -4 -3
Electrophilicity £

Figure 16: Correlation of the logarithmized rate constants lg k2 (MeCN, 20 °C) for the reactions
of N,N-diethylaniline (1b) at the nitrogen atom (squares) and the C4 ring carbon (circles) with
the electrophiles 2 with their electrophilicity parameters E£. The N parameter was derived as the
intercept on the abscissa (stroked line, N = —F at 1g k» = 0; N = 10.29 for the attack of the
nitrogen atom and N = 6.28 for the attack of the C4 ring carbon), the sn parameter is the slope
of the correlation line (sx = 0.62 for the attack of the nitrogen atom and snx = 1.64 for the attack
of the C4 ring carbon). The open symbols were not used for the calculation of the correlation

line.
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Nucleophilicity of V,N-dimethylaniline (1a) and V,/V-
diethylaniline (1b) in dichloromethane

Monitoring the reactions of benzhydrylium ions 2a—f with N,N-dimethylaniline (1a) in
dichloromethane by UV/Vis photometry, again a bisexponential decay was observed. The
attack of the nitrogen atom of la at the cations 2 in dichloromethane could be evaluated
analogous as in the case of acetonitrile. However, for the correlation of the first-order rate
constants kobs against [1a] upward curvatures (Figure 17a) instead of a linear correlation was
obtained. This indicates a rate-determining proton transfer subsequent to the attack of 1a’s C4
atom on the benzhydrylium ion 2, in which a second molecule 1a acts as Bronsted base. As the
direct determination of k> from the slopes of the plots of kobs Versus [1a] was not possible in

these cases, the method of evaluation for these kinetics had to be changed.
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Figure 17: a) Reaction of N,N-dimethylaniline (1a) with (mfa),CH" BFs~ (2f) in CHxCl, at
20 °C. Plot of b) kobs versus [1a] and c) [1a]/kobs versus 1/[1a] for the reaction of 1a with
(mfa),CH" (2f) in dichloromethane at 20 °C.
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Figure 18: Reaction of N,N-dimethylaniline (1a) with benzhydrylium ion (2, E) in
dichloromethane. The rate determining step is shifted from the initial attack of the C4 carbon
to the proton transfer k» and k;, respectively. At high nucleophile concentrations, the direct
proton-transfer (kp) as well as the proton-transfer after the irreversible formation of the carbon-
carbon bond (ky) can be neglected. A steady-state concentration for the intermediate I is

assumed.

For the reactions of N,N-dimethylaniline (1a) with benzhydrylium ions 2a—f in
dichloromethane, the proton transfer becomes rate determining and the measured kobs values do
not correlate linearly with [1a] anymore (Figure 18). The kinetics follow therefore the rate law
of Equation 5, which is derived in the Supporting Information; it can be rewritten as Equation 6

(on page 253).12°]

k,k,[1a]?
obs — k_2 + kb (5)
Mal 1, &k,
kobs - kZ " klkb [la] (6)

Indeed, the plots of [1a]/kobs versus 1/[1a] were found to be linear for the reactions of 1a with
2a—f in dichloromethane (Figure 17b), which shows that the formalism holds for these cases in

a wide range of concentrations of 1a. At higher concentrations of 1a again a linear correlation
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between kobs and [1a] is found and Equation 6 simplifies to Equation 4, as the second term tends

to zero. The same is true for a very slow, negligible reverse reaction.

The effect of the proton transfer becoming the rate determining step only occurred in

dichloromethane, not in acetonitrile, in which the proton can also be stabilized by the solvent.

The effect did also not occur, using the about one pK.n unit more basic nucleophile

N,N-diethylaniline (1b; pK, in acetonitrile of 1a = 11.43, of 1b = 12.4, Figure 6).120-2!]

Second-order rate constants for the reactions of 1a and 1b with the reference electrophiles 2 in

dichloromethane are collected in Table 7.

Table 7: Second-order rate constants (k2, 20 °C) for the reactions of benzhydrylium

tetrafluoroborates 2 with tertiary alkylated anilines 1a and 1b in dichloromethane and resulting

N and s\ parameters.

Reac- E
Nucleo- . N Reference
Solvent  tion para- kr M s Ig k2
phile _ (sN) electrophile
Site meter
(pyr):CH" (2a) -7.69  2.72x10™* -3.57
(dma),CH" (2b) —7.02  3.70x 107 —2.43
M. -Me 4 501  (mpa)CH'(2¢) -5.89  2.11x 10" —0.68
(122) (mor)CH"(2d) 553  3.40x 10" —0.47
(dpa),CH' (2¢) —4.72 2.99 0.48
1a (mfa),CH' 2f)  —3.85 11.5 1.06
CH>Cl»
N 9.951  (mpa)CH" (2¢) —5.89 60.7 1.78
(0.44)  (mfa),CH' (2f) -3.85 476 2.68
(pyr:CH" (2a) —7.69 298 x10*  —3.530
Ets -t 402 (dma),CH" (2b) -7.02  4.61x107° -2.34
© CHxCl, C4 (1'30) (mor),CH" 2d) —5.53  6.12x 1072 -1.21
' (dpa),CH" (2¢) —4.72  8.14x 10" —0.09
1b (pfa),CH' 2g)  -3.14 529 2.72

[a] Excluded from the determination of N and sy parameter. [b] Measured at 23 °C.

[c] Inaccurate due to the limited amount of available data points.
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Nucleophilicity of tertiary cyclic aryl amines 1-phenylpyrrolidine
(1c) and 1-phenylpiperidine (1d)

Similar to the diethyl-substituted aniline (1b), 1-phenylpyrrolidine (1¢) shows a bisexponential
decay when reacting with benzhydrylium ions 2 in acetonitrile. For the reactions with
(mfa),CH" (2f) and (pfa)CH" (2g) the k> values for the attack of the nitrogen atom could be
evaluated (Table 8). The N and sx parameters were obtained analogously to the N,N-dialkylated
anilines 1a+c (Figure 21). For the attack of the nitrogen atom of 1-phenylpyrrolidine (1¢) a
N parameter of 9.87 and a slope parameter of 0.55 were determined. These are similar to the
parameters of the N-attack of 1b (N = 10.29 and sy = 0.62). 1¢’s C4 carbon is less reactive
(N=6.13 and sy = 1.63) and has a reactivity in between of the parameters of the C4-attack of
la (N=5.83 and sn = 1.69) and 1b (N = 6.28 and sx = 1.64). The similarity of the sn parameters
found for the of the N,N-dialkylated anilines 1a—c of 1.66+0.03 for the C4-attack and 0.67+0.12

for the N-attack shows the consistency of these results.

Table 8: Second-order rate constants (k2, 20 °C) for the reactions of benzhydrylium ions 2 with

tertiary alkylated anilines 1c¢ and 1d in acetonitrile and the resulting N and sx parameters.

Reac- E

Nucleo- N Reference
Solvent  tion para- kr M tsh Ig k>

phile _ (sN) electrophile

Site meter
O 613 (pyr):CH" (2a) -7.69  2.72x107 -2.57
N C4 a '63) (mor),CH" (2d)  -5.53 9.91 1.00
@ MeCN . (dpa)CH™ (2¢)  —4.72 186 2.27
N 9.87@  (mfa),CH" (2f)  -3.85 2.08 x 10 3.32
1
¢ (0.55)  (pfa)CH" (2g) -3.14 5.15 x 10° 3.71
O (dma)CH" 2b)  -7.02 773 2.89
N MeCN N 10.65  (mor),CH" (2d) -5.53 9.71 x 103 3.99
e

© (0.79)  (mfapCH® 2f) 385  1.87x 10° 5.7
(pfa)2CH" (2¢g) -3.14 9.34 x 10° 5.97

1d

[a] Inaccurate due to the limited amount of available data points. [b] The C4 substitution was

found as the only product (see Table 4, entry 5).

For 1-phenylpiperidine (1d) a totally different behaviour was observed. In contrast to le,

reactions of 1d with (mfa)CH" (2f) followed monoexponential decays and showed full
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conversions over the whole concentration range. As for the N,N-dialkylated anilines 1a—¢ when
reacting with 2 only small conversions by the attack of the nitrogen atom were observed (Figure
3c and Figure 15¢), we originally expected the observation of the attack of the 1d’s C4 carbon.
Also in the reaction of 1d with (dma)CH" (2b), only monoexponential decays were found.

However, nearly full conversion was only observed for high concentrations of 1d (Figure 19).
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Figure 19: a) Reaction of 1-phenylpiperidine (1d) with (dma)CH" BFs~ (2b) in CH3CN at
20 °C. Plot of the absorbance at 613 nm vs. time for the reaction of 1-phenylpiperidine (1d)
with (dma)CH" (2b) in acetonitrile at 20 °C at low and at high concentrations of 1d.
[2b]o=7.23 x 10°M with b) [1d] =4.84 x 10*M and c) [1d]=1.94 x 10 M. The linear
dependence of [1d] vs. kobs is given over the whole concentration range (inlay). Regression line

kobs = 773 M~' s7! [Nu] + 0.17 57!, R? = 0.9984.
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The existence of an equilibrium in the reactions of 1d with 2b already indicates a reversible
reaction, most likely, due to the attack of the nitrogen atom. The linear dependence of kobs Vvs.
[1d] holds for the full concentration range, revealing no change in the reaction mechanism. The
second-order rate constants are listed in Table 8. Evaluation of the k> values according to eq. 1,
gave a N and sn-parameter of 10.65 and 0.79 respectively (Figure 21), similar to the parameters
found for the attacks of the nitrogen atom in the N,N-dialkylated anilines 1a—c (N parameters
and in parenthesis sn-parameter for the attack of the nitrogen atom: 1a 8.49 (0.79), 1b 10.29
(0.62) and 1c 9.87 (0.55)). These obtained parameters are also similar to the parameters
obtained for the N-attack of other primary anilines and tertiary amines, studied by Mayr et al.l°#
b1 The sharp contrast to the behavior of 1-phenylpyrrolidine (1¢) can be rationalised by taking

the three-dimensonal shape of the molecule into account (Scheme 13).

N— —= Q\N%
v

Scheme 13: Conformers of 1-phenylpiperidine (1d). Axial (left) and equatorial (right).?!

Theoretical studies revealed a ratio of equatorial to axial position of the phenyl ring of about
9:1 (Eq:Ax =92:8 (B3LYP), 87:13 (B3LYP-GD3), 84:16 (M06-2X), 83:17 (MP2/6-311G**)
and 76:24 (MP2/cc-pVTZ)),1?8! which is in good agreement with the experimental gas-phase
electron diffraction data of 90(10):10(10).128) The geometrical presentation of these conformers
shows a pyramidal conformation at the nitrogen atom, whereas the minor axial conformer is
pseudo trigonal planar.[*! Sophia Schwarz calculated the geometries of the conformers of the
substrates 1¢ and 1d as well as for isopropyl cation adducts at the nitrogen and the C4 atom.*”]
The conformation analysis was performed using the Avogadro program package. The
energetically most stable conformers were used as starting structures for a geometry
optimization at B3LYP/6-31++G(3df,2p) level of theory using the Gaussian09 program
package. A subsequent frequency analysis was performed to verify the minimum structures and
to obtain the thermal corrections to the enthalpies and Gibbs free energies at 298 K (Table 10).

In this analysis, the axial minor conformer was not consider.
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Table 9: Optimized structures of 1-phenylpyrrolidine (1¢) and 1-phenylpiperidine (1d) (first
line), as well as after the reaction with isopropyl cation at the nitrogen (second line) and the C4
carbon atom (third line) (gas phase, 298 K). The dihedral angle is the angle between the two
intersecting planes through the atom C1, N2, C3 and N2, C3, C4, respectively.

1Z X 1
oN

4 4
1c

1d

N
=z

Structure of 1¢ and dihedral angle Structure of 1d and dihedral angle

o [°] at the nitrogen atom o [°] at the nitrogen atom

reactant

N-adduct

C4-adduct
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The differences in reactivity at the nitrogen atoms of 1¢ and 1d, can be rationalized with the
different structural features. The higher reactivity at the nitrogen atom of the piperidino
compounds compared to pyrrolidino analogues can be explained by the higher p-character of
the nitrogen lone-pair in a five-membered ring compared with a six-membered ring. Quantum

chemical calculations by Robert Mayer at the SMD(MeCN)/M06-2X/6-31+G(d,p) level

confirmed the geometrically differences of 1¢ compared to 1d (Figure 20).

Figure 20: Conformers of a) 1-phenylpyrrolidine (1¢) and b) 1-phenylpiperidine (1d) calculated
at the SMD(MeCN)/M06-2X/6-31+G(d,p) level of theory. The out-of-plane distances were
calculated for the distance of the nitrogen atom and the plane defined by the three carbon atoms
bond to the nitrogen atom. The out-of-plane distance of the nitrogen atom is 0 A for 1¢ and of
0.352 A for 1d (left). The bond length of the C1 ring carbon to the nitrogen atom is 1.37 A for
1c and 1.41 A for 1d (right).

The distance of the nitrogen atom from the plane defined by the three carbon atoms directly
bound to the nitrogen atom, was calculated. 1¢ is perfectly planar with an out-of-plane distance
of the N atom of 0 A, whereas the N atom of 1d is 0.352 A out of the defined plane. The bond
length of the C1 ring carbon to the nitrogen atom is 1.37 A for 1c and 1.41 A for 1d. This clearly
shows a higher double bond character for 1¢ which lowers the reactivity at the nitrogen atom
compared to 1d, but increases the reactivity at the C4 carbon atom of 1c¢ compared to 1d.
Nevertheless, in the reaction of 1d with (mfa),CH" (2f), not the N-adduct was the isolated
product, but the tri-aryl methane, as a product of the attack of the C4 at the aniline ring (Table

4, entry 5). The proposed reaction mechanism for the reactions of 1d with benzhydrylium ions
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2 is, therefore, similar to the reaction mechanism of the N,N-dialkylated anilines 1a—c. A fast
but reversible attack of the nitrogen atom, and a slow but irreversible attack of the carbon atom
(Scheme 14). The rate constants for the isomerisation of the N-adduct to the C4 substituted

product, were not obtained, however.
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Scheme 14: Reaction mechanism for the reactions of 1-phenylpiperidine (1d) with

benzhydrylium ions 2 in MeCN at 20 °C.
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Figure 21: Correlation of the logarithmized second-order rate constants for the reactions of
reference benzhydrylium ions 2 with 1-phenylpyrrolidine (1c, filled squares) and
I-phenylpiperidine (1d, circles) at the nitrogen atom and at the C4 of 1-phenylpyrrolidine (1c¢,
open squares) in acetonitrile at 20 °C. The N parameters were derived as the intercepts on the
abscissa (stroked line, N =—F at Ig k> = 0; N = 10.65 for the attack of the nitrogen atom of 1d
and N =9.87 for the attack of the nitrogen atom of 1¢ and N = 6.13 for the attack of the C4 ring
carbon of 1c), the sy parameters are the slopes of the correlation lines (sx = 0.79 for the attack
of the nitrogen atom of 1d and snx = 0.55 for the attack of the nitrogen atom of 1¢ and sx = 1.63

for the attack of the C4 ring carbon of 1¢).
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Abstraction of hydride from the CH3 group in a-position of the

nitrogen atom

So far, we discussed the reactions of N,N-dialkylated anilines 1 with benzhydrylium ions 2 at
the nitrogen atom and at the Cs ring carbon. Another possible reaction is the abstraction of
hydride from the CHj3 group in a-position of the nitrogen atom. The synthetic use of the

activation of this C—H bond was already shown in chapter 2 of this work.

In 2015, Ofial summarized the use of tritrylium ions as a complementary probe to
benzhydrylium ions for examining ambident nucleophilicity and demonstrated their impact on
the determination of nucleophilicites of n-nucleophiles or hydride donors.[**) However, beside
the hydride abstraction, an attack of the tritylium ions at the nitrogen atom of 1 or the C4 carbon

is also possible (Scheme 15).

R1
! ®
Me @
© N)\H H
o (T
BF, " R?
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Meﬁ),Me
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O N"H O \©\®,Me
Sub H N-Me
SIS v T O

1 w () 1 :
Sub R [©) R2 R R

BF le+f BF4 o

4 BF4

R! “ R’
for Sub =H
- HBF,

Scheme 15: Mechanistic scenario for the reactions of tritylium ions with N,N-dimethylaniline
(1a), and N,N-dimethyl-para-toluidine (1e) in acetonitrile. The rest R' = OMe and R? = H or
OMe.
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We performed some preliminary experiments. The time-resolved 'H NMR spectra show clearly
the formation of the tris(4-methoxyphenyl)methane by a resonance at around 5.5 ppm, what
proofs the abstraction of a hydride (see Figure S4 in the Supporting Information). The second-
order rate constants were obtained from the formation of tris(4-methoxyphenyl)methane

(Figure 22; for time-resolved 'H NMR spectra see Supporting Information). The results are
shown in Table 10.
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N H O Me- 2. CH, O
©
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Figure 22: a) Reaction of N,N-dimethylaniline (1a) with (ani);C" BF4~ in CD3CN at 20 °C. ani
= p-MeOCsH4. b) Decay of the relative concentration of (ani);C* BF4~ (¢ =4.93 x 102 M) while
reacting with N,N-dimethylaniline (1a; ¢ =1.03 x 10! M) in CD3CN at 20 °C. b) Determination
of the second-order rate constant by plotting time versus Y = ([laJo—[(ani);C"]o)"
In([(ani)3C*]o([(ani);C*]; +[1a]o—[(ani);C ]o)/[1alo[(ani)sC ;) (k2 = 2.71 x 102 M! 57!, data

points up to 50% conversion were used).
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Table 10: Second-order rate constant (k2, 20 °C) for the reactions of (ani);Ar’C" with
N,N-dimethylaniline (1a) in acetonitrile. The rest ani = p-MeOC¢H4 and Ar’ = Ph or ani.

®,
Me\N/\H @Me\N”CHZ ]
i BF
LI =0
ani” @ Ar ani” ) Jani
BF@
R 4 R
forR=H1a
for R = Me 1e
Proposed Reference E
' ' N (sN)
Nucleophile Reaction Solvent Electro-  para- ky M1s™h Ig k>
_ parameter '
Side phile meter
Me\N/\H
o aceto- 1.48 (ani);C™ 435 271 x 107201 _1.56
a_ J—
nitrile  (0.54)  (ani),PhC* -3.04 1.42x107'MT 085
1a
Me\N/\H
aceto- )
a-C-H - (ani)sC*  —4.35 4.78 x 107304 232
nitrile
Me
1e

[a] Inaccurate due to limited available data points. [b] Obtained by time-resolved '"H NMR
spectroscopy. [¢] Reaction side of the electrophile might be at the central carbon of (ani),PhC"*

or at the C4 of the phenyl ring.!*” [d] At 23 °C.

Monitoring the reaction of (ani),PhC" with N,N-dimethylaniline (1a) photometrically via
UV/Vis spectroscopy at 497 nm, a bisexponential decay is observed (Figure 23). Due to the
steric demand of the tritylium ion, reactions at the C4 or even C; carbons are unlikely. For the
synthesis of tetraarylmethanes high temperatures are reported (> 90°C),*" which allows us to

exclude these reactions.

Though the attack of nitrogen is sterically demanding, this attack 1is the
most reasonable one, as the nitrogen atom is the reaction center with the highest reactivity

present in N,N-dimethylaniline (1a) in acetonitrile (Table 5).
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Figure 23: a) Reaction of N,N-dimethylaniline (1a) with (ani),PhC" BF4~ in CH3CN at 20 °C.
b) Plot of the absorbance 4 at 497 nm vs. time for the reaction of N,N-dimethylaniline ([1a] =
5.22 x 107 M) with (ani)PhC" ([(ani)2PhC*]o = 2.72 x 107> M) in acetonitrile at 20 °C. ani =
P-MeOC6Ha. A kobs = 1.28 x 107 s7! was obtained by least-squares fitting of the exponential
function 4, = Ao ¢ *' + C to the time-depending absorbance for the data points of 50-600 s. The
calculated decay is shown as dashed line. Plot of the first-order rate constants kobs vs. the
concentration of 1a (inlay, correlation line kops = 1.42 x 107! M s7! [1a] + 5.44 x 107* 57},
R? = 0.9994). ¢) Enhancement of the first seconds, showing the significant deviation between

measured and calculated absorbance for # < 80 s.

198



The obtained experimental results should be treated with caution, as only a limited amount of
data points is available. Nevertheless, the observed reaction is significant slower than the attack
of the C4 carbon. The benzhydrylium ion (dpa)CH" (2¢) (E parameter of —4.72) is of similar
reactivity as the tritylium ion (ani);C" (E parameter of —4.35), but the observed reaction is 3310
times slower when reacting (ani);C" with 1a. The reaction of 1a with (ani)PhC" is 6 times
faster than the reaction with (ani);C”, resulting into a N parameter of 1.48 and a sx parameter
of 0.54. Comparing the second-order rate constants of the reaction of 1a and 1e with (ani);C",

the latter is nearly 20 times slower.

This shows the importance of the reaction partner design for a selective hydride abstraction, as
done in Chapter 2 of this work about the C—H bond functionalisation at N-CH3 groups of

anilines derivatives with azodicarboxylates.

Reactions of benzhydrylium ions 2 with the para-substituted
N,N-dimethylanilines /V,V,4-trimethylaniline (1e) and the
4-methoxy-/N,N-dimethylaniline (1f)

Monitoring the reaction of N,N-dialkylated anilines 1la—¢ with benzhydrylium ions 2, via
UV/Vis spectroscopy gave bisexponential decays. This complicates the kinetic evaluation. In
contrast, reacting 1-phenylpiperidine (1d) with 2 only the attack of the nitrogen atom was
observed. However, the isolated product of these reactions is the substitution at the C4 carbon.
To get further insights on the reactivity of N,N-dialkylated anilines 1, and stable and isolable
products of the N-adduct, we investigated the reactions of para-substituted
N,N-dimethylanilines, namely the N,N4-trimethylaniline (le) and the 4-methoxy-N,N-
dimethylaniline (1f). The substituent patterns of 1e and 1f were chosen, as an enhancement of
reactivity and stability of the formed N-adducts was expected through their electron donating

effect. In addition the para position of the phenyl ring is blocked in 1e and 1f.

The kinetics investigations revealed again a bisexponential decay for the reactions of 1e or 1f
with the benzhydrylium ions 2b and 2d—g. Analogous to the N,N-dialkylated anilines 1—c, a

fast but reversible reaction and a slow reaction was found. For the reaction of 4-methoxy-N,N-
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dimethylaniline (1f) with (mor)CH" (2d) in acetonitrile the second-order rate constant for the

fast reaction is 278 M~! s7! and for the slow reaction 9.02 M~! s! (Figure 24).

a) Me\N,Me ®
* ﬁN N/\ 20 °C
o) S) o)
OMe - BF4 ~
1f 2d
b s Koy = 278 M1 571 [1] © 0.12
+2.915s!
4 R2 = 0.9969 0.10
W 3 n
% % 0.06 kobs = 9.02 M 7! [1f]
<, & +6.70 x 102 5!
0.04 R2=0.9691
1 0.02
0 0.00
0.000 0.001 0.002 0.003 0.004 0.000 0.001 0.002 0.003 0.004 0.005
[1f]/ M [1f]/ M

Figure 24: a) Reaction of 4-methoxy-N,N-dimethylaniline (1f) with (mor),CH" (2d) in CH;CN

at 20 °C. b+c) Plots of the obtained first-order rate constants kobs from the reaction of

4-methoxy-N,N-dimethylaniline (1f) with (mor)>CH" (2d) versus [1f]. b) Second-order rate

constant k> = 278 M! s7! for the fast reaction, c)

for the slow reaction.
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When reacting N,N-dimethyl-para-toluidine ([1e] = 8.79 x 10 M) with (pfa).CH" ([2g]o =
1.76 x 107 M) in acetonitrile at 20 °C, within seconds the formation of two equilibria was
observed. A first equilibrium is reached after ca. 0.2 s, while a second equilibrium is reached
after around 25 s (Figure 25). The observed first-order rate constants kobs correlated linearly

U's! and for the slow

with [1e]. A second-order rate constant for the fast reaction of 2.89 M~
reaction of 260 M~! s™! was obtained (see Table S57 and S59 in the Supporting Information).

However, the reactions could also be induced by a trace impurity of the investigated batches of

le and 1f.

a
T 0c
CHZCF3 BF; cHch3
2g
1e

b) 06 ©)0.6

0.5 0.5
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2 0.3 & 0.3
;:“o.z jo.z
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0 0
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Figure 25: a) N,N-dimethyl-para-toluidine (1e) reacting with (pfa)CH" (2g) in acetonitrile at
20 °C. a+b) Plot of the absorbance at 592 nm vs. time for the reaction of N,N-dimethyl-para-
toluidine ([1e] = 8.79 x 10~* M) with (pfa).CH" ([2g]o = 1.76 x 10> M) in acetonitrile at 20 °C.
a) One data point per 60 ms, revealing an equilibrium reached at about 25 s. b) One data point

per 1 ms, revealing a second equilibrium reached at about 0.2 s.

The abstraction of a hydride is not reversible and not as fast as the monitored reactions. Thus,
the hydride abstraction can be excluded for the monitored reactions. Most reasonable is
therefore a fast attack of the nitrogen atom and a slow attack of a ring carbon. A disadvantage
of the UV/Vis spectroscopy is that only the absorption and concentration of free benzhydrylium
ion 2 can be followed. Direct rearrangements are not visible. Thus, the results should be treated

as preliminary and further studies have to be performed to clarify the exact reaction mechanism.
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The proposed general reaction scheme is shown in Scheme 16. As the second-order rate
constants of the fast reaction, as well as the obtained N and s~ parameters (Table 11), are in the
same range as for the nitrogen attack of the tertiary anilines 1a—¢, we suggest a fast reaction at

the nitrogen atom.

An abstraction of a hydride is possible, but as shown for the reaction of N,N-dimethyl-para-
toluidine (1e) with (ani);C" (E = —4.35) several orders of magnitude slower than the reaction
observed with (mor),CH" (2d; E = —5.53) and (pfa).CH" (2g; E =-3.14) (Table 10, entry 3 and
Table 11, entry 1 and 2). The slower reaction could be an attack of a ring carbon. As the
N-adduct as well as the Wheland complex, formed by an attack of the C4 carbon, are unstable,

the even slower reaction at the C2 carbon might take place.

Me ®¢I\

Sy ©/ R1R2NNR1R2

T Sub H
@
Me -\-Me C[

Me-
e
©/ R'R2N NR'R?
SUb Sub R1R2 NR R2
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R'R?N NR'R2 “

o
BF,

Scheme 16: Proposed general reaction scheme for the reaction of para-substituted

N,N-dimethylanilines N,N-dimethyl-para-toluidine (1e) and N,N-dimethyl-para-anisidine (1f).
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Table 11: Second-order rate constants (k2, 20 °C) for the reactions of benzhydrylium
tetrafluoroborates 2 with tertiary alkylated anilines N,N-dimethyl-para-toluidine (le) and

N,N-dimethyl-para-anisidine (1f) in acetonitrile and resulting N and sx parameters.

Proposed

Reference
Nucleophile Reaction N (sn) E parameter k(M 's™) gk

electrophile

Side
Me. M mor),CH" (2d -5.53 260 2.42
M ey g OGO
(pfa)2CH" (2g) 314 99.5 1.99
16 (mor),CH" (2d) -5.53 1.64 x10° 322
1'\26 N o '50) (dpa)CH" (2¢) 472 6.76 x 10> 3.83
' (pfa)2CH' (2g) 314 289 x 10 4.46
Me\N,Me

C2/C4 n.d. (mor),CH* (2d)  —5.53 9.03 0.96
OMe N 9.71 (mor)2CH" (2d) 5.53 278 2.44
1f (0.58) (pfa)2CH' (2g) -3.14 6.59x 10>  3.82

For the attack of the C4 carbon of 1a at (mfa),CH" (2f) and (pfa).CH" (2g) in acetonitrile, the
obtained second-order rate constants deviate significantly from the correlation line of Ig k> vs.
Electrophilicity parameter £ of the applied benzhydrylium ions 2. Similarly the linear free
energy relationship (Equation 1) is not applicable of the attack of the C4 carbon of 1le at
(pfa)CH" (2g) and thus, a N and sy parameter could not be derived for this reaction side.
However, for the attack of the nitrogen atom of 1e and 1f, the logarithmized second-order rate
constants lg k> correlate linearly with the Electrophilicity parameter E of the applied
benzhydrylium ions 2 (Figure 26).
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Figure 26: Correlation of the logarithmized second-order rate constants Ig k> for the reactions
of N,N-dimethyl-para-toluidine (1e, circles) and 4-methoxy-N,N-dimethylaniline (1f, squares)
at the nitrogen atom with the electrophiles 2 in acetonitrile with their electrophilicity parameters
E. The N parameter are derived as the intercepts on the abscissa (N=—F atlog kx=0; N=12.16
for the attack of the nitrogen atom of 1e and N =9.71 for the attack of the nitrogen atom of 1f),
the sn parameters are the slopes of the correlation lines (sx = 0.50 for the attack of the nitrogen

atom of 1e and sx = 0.58 for the attack of the nitrogen atom of 1f).

The attack of the anilines C2 carbon at the benzhydrylium ions 2 seems unlikely, but the proof
of principle is shown by reacting le with (tol)>CHBr (2h, E parameter of the corresponding
cation (tol)CH" is +3.63) to the ortho-substituted product 2-(di-p-tolylmethyl)-N,N,4-
trimethylbenzenammonium bromide (Figure 27). (Tol).CH" is way more reactive than all the
other benzhydrylium ions used for the kinetic studies. It is reasonable to assume a first attack
of the carbocation at the nitrogen atom, followed by a slow concerted or stepwise rearrangement

to the nearby C2 carbon atom (Scheme 17).
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Scheme 17: Proposed mechanism of the reaction of N,N-dimethyl-para-toluidine (1e) with

(tol)>CHBr (2h). The formation of the N-adduct might either take place at the free

benzhydrylium ion or follow a Sn2-type mechanism. The N-adduct degenerates by a stepwise

(left reaction pathway) or concerned (right reaction pathway) rearrangement.
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Figure 27: a) Reaction of N,N-dimethyl-para-toluidine (1e) with (tol)>CHBr (2h) in CD3CN at
23 °C. b) X-ray crystal structure (ORTEP protection) of the reaction product 2-(di-p-
tolylmethyl)-N,N,4-trimethylbenzenammonium bromide, which crystallized within 14 days.
The asymmetric unit contains two formula units, one selected molecule is presented. Thermal

ellipsoids are drawn at the 50% probability level !l
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Conclusion

The second-order rate constants (k2) for the reactions of N,N-dialkylated anilines 1 with
benzhydrylium ions 2 were studied in acetonitrile and dichloromethane. In most cases a
bisexponential decay of the time-dependent absorbance of the electrophiles 2 was observed.
This is due to a fast, but reversible attack of the nitrogen atom and a slow but irreversible attack
of the C4 carbon atom at the benzhydrylium ions 2. Nucleophilicity parameters for the attack
of the nitrogen atom were obtained for all N,N-dialkylated anilines 1a—f. For the nucleophiles
N,N-dimethylaniline (1a), N,N-diethylaniline (1b) and 1-phenylpyrrolidine (1¢) the reactivity
of the C4 carbon was also determined. As 1-phenylpiperidine (1d) yields the N-adduct
quantitatively and rearranges to the thermodynamic stable triarylmethane the reactivity at the
C4 carbon could not be determined. Product studies where performed with the nucleophiles
1a,b+d and triarylmethanes were obtained as product of the attack of N,N-dialkylated anilines
at the C4 carbon. The para-substituted compounds N,N-dimethyl-para-toluidine (1e) and N,N-
dimethyl-para-anisidine (1f) also showed a fast reaction at the nitrogen atom. The formed
quaternary ammonium salts are unstable and a subsequent reaction occurs, which could not be
clarified within this work. The attack of the nitrogen atom of the amines 1a—f, as well as the
attack of the C4 carbon of amines 1a—c, follows the linear free energy relationship (Equation
1). The measured rate constants correlated linearly with the electrophilicity parameters of the
respective electrophile (Figure 13), allowing us to derive their nucleophilicity parameters N and
sn for at least one reaction center of each investigated aniline 1 (Figure 28). The nucleophilic
reactivities of the studied N,N-dialkylated anilines 1 for the attack of the C4 carbon are very
similar in acetonitrile and dichloromethane, respectively. For the attack at the nitrogen atom
they cover a range of nearly 4 orders of magnitude. For the abstraction of a hydride from the
methyl group in a-position of the nitrogen atom a N parameter of 1.48 and sn parameter of 0.54

was found.
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Figure 28: N and sn parameters of the N,N-dialkylated anilines 1 studied in this work. As

comparison the N and sy parameters of aniline (taken from Ref. [5g]) and tertiary aliphatic

amines (taken from Ref. [5h]) are depicted.
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— Supporting Information —

Quantification of the Nucleophilic Reactivities of /V,/N-Dialkylated Anilines

1. Derivation of Equation 6 of the main chapter

Me ®Me H

69Me

Me\
J ‘ Lve
H k2 © RIR2N NRIR2 N
O O R'R2N NR'R2
R'R2N NR'R2 2 (E) BF4

O |
BF,
+1a
ko .
b

H Me<, .Me
Me < Me N Me. H Me

Scheme S1: Reaction of N,N-dimethylaniline (1a, Nu) with benzhydrylium ion (2, E) in

dichloromethane.

The reaction of N,N-dimethylaniline (1la, Nu) with benzhydrylium ion (2, E)

dichloromethane speeds up disproportionately with the nucleophiles concentration. This
indicates the shift of the rate-determining step from the attack of the carbon atom towards the
proton transfer, due to the increased concentration of base. Therefore, the reaction pathway had

to be reconsidered (Scheme S1).
For the further discussion, Ay is irrelevant, as the carbon-carbon bond is already formed

irreversibly. The change of the concentration of the zwitterionic intermediate I can be expressed

by equation S1.
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% =, [EINu]~k 1]~ k,[T)[Nu] — & [1] (S1)

The rate law can be expressed by equations S2 and S3 if we assume a steady-state concentration

for the intermediate 1.

_d[E] _ K [ETNu](k,[Nu]+ £, )
dt  k,+k[Nul+k,

(82)

_ ky[Nul(k,[Nu]+£, )
Pk +k [Nul+k, 2

At high nucleophile concentrations, the direct proton-transfer (k) can be neglected, and eq (S3)

is reduced to eq (S4) which can be rewritten as eq (S5).

_ kab[Nu]2 S4
" k_, +k,[Nu] G4
[Nul_ 1, k, 59

Lk
k,. Kk, kjk,[Nu]

obs

Second-order rate constants for the C-N-bond formation (k2) were obtained as the reciprocal

intercepts of plots of [Nu]/kobs versus 1/[Nu].

At very high nucleophile concentrations where k> << k,[Nu], eq (S4) is reduced to eq (S6)

resulting in a linear dependence between rate and nucleophile concentration.

kobs = k2[Nu] (S6)
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2. Theoretical Studies by Florian Achrainer and Hendrik Zipse

®Me Me\
lowe
N-Me k2N sz
© HBF,
O O O O O O
BF,

Scheme S2: Reaction of benzhydrylium ions of type 2 with N,N-dimethylaniline (1a). R =H or
NMeo.

The different possibilities of attack were already discussed in the main chapter, but in a general
view (Scheme S2). To clarify the reaction observed by the first decay, Florian Achrainer from
the Zipse group performed theoretical calculations at B2PLYP-D3(FC)/G3MP2large//M06-
2X/6-31+G(d) level of theory to quantify the regioselectivity of the reactions of carbon cations
shown in Figure S1 with N,N-dimethylaniline (1a). The reaction enthalpies of N,N-dimethyl
aniline (1a) with carbocations 2x, 2b and 2y (Figure S1) has been discussed in the main chapter.

Three different electrophiles were included: two benzhydrylium ions 2x (R = H) and 2b (R =
NMe,) and the prop-2-yl cation 2y, which was chosen for its small sterically demand, as a
sterically more demanding alternative to the methyl cation (Figure S1).

H

2y
2x(R=H)
2b (R = NMe,)

Figure S1: Carbocations 2b, 2x and 2y used for quantum-chemical studies.

Even though their formation from dimethylaniline and benzhydryl cations is endothermic, 4b
and 5b represent bound adducts at M06-2X/6-31+G(d) level characterized by a typical bond
length of 162 to 164 pm. Mulliken charge analysis confirms this result since most of the positive
charge of the benzhydrylium ion is transferred to the aniline moiety (see Figure S2).
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q (1@4b) j"
+0.905 7

q (1@sb)
+0.974

R ¥ o 3 (2b@sb)

5b +0.026

Figure S2: M06-2X/6-31+G(d) optimized structures of the most stable ortho and para adducts
of 1 and 2b, together with cumulative Mulliken charges q of the reactants in the adduct,
respectively.

The structure of N-alkylated adduct 3b is highly dependent on the employed theory and basis
set (Figure S3). Optimization at the M06-2X/6-31+G(d) level yields the expected N-adduct
with a comparatively long C-N bond and 45% cation to aniline charge transfer. Optimization
with other hybrid DFT methods (B3LYP, B98) with exclusion of diffuse functions or dispersion
corrections failed to locate the covalent adduct and gave in contrast the non-bonded ion-dipole
complex 3b-CT with moderate charge transfer character.

\ { N a (2b)
T T/ +0.953

251.2 pm: _
3b-CT 4 a()

J

[;')jéf/q | -0.047

Figure S3: Comparison of optimization of the N-adducts 3b at M06-2X/6-31+G(d) (left) and
its charge-transfer complex 3b-CT at B3LYP/6-31G(d,p) level of theory (right).
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3. Additional information on the quantum-chemical
calculations

All stationary points have been optimized at M06-2X/6-31+G(d) level of theory!!! with initial
coordinates from the MM3* force field as implemented in MacroModel (Schrodinger program
package).[?! Thermal corrections at 298.15 K have been calculated at the same level using the
rigid rotor/harmonic oscillator model. Dispersion interactions of the aromatic w system have
been included using Grimme’s corrected B2PLYP-D3(FC)?! approach in combination with the
G3MP2large basis set and M06-2X/6-31+G(d) geometries. The related methyl cation affinities
(MCA) of Lewis-basic organocatalysts have recently been validated and MP2(FC)/6-
31+G(2d,p)//B98/6-31G(d) calculations were identified as method of choice for the correct
thermodynamic prediction.'*! Recently, Lewis acidities of benzhydrylium ions have been
correlated with quantum chemically calculated acidities at B3LYP/6-311++G(3df,2pd)//
B3LYP/6-31G(d,p) level.®] The passage from gas to liquid phase has been accomplished by
employing a polarizable continuum model (PCM)!®) with dichloromethane or acetonitrile as the
solvent, respectively. The solvent model density (SMD)!"! with a combination of B3LYP theory
and 6-31G(d) basis set in a single-point approach has been used to calculate AGsgorv at 298.15

K. Boltzmann-averaged enthalpies of n conformers are obtained by eq. 1:

—AHjqg
e (TRr®)
L n —AHyog
i=1" RT

<Hpog> =21 WiH; 1)

B2PLYP-D3 theory is implemented in Gaussian09 Rev. D.01. All other calculations have been
performed with Gaussian09 Rev. C.01.[¥)
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All stationary points have been optimized at B3LYP/6-311++G(3df,2p) level of theory.
Thermal corrections at 298.15 K have been calculated at the same level using the rigid
rotor/harmonic oscillator model. The related methyl cation affinities (MCA) of Lewis-basic
organocatalysts have recently been validated and MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) was
identified as method of choice.[*! The passage from gas to liquid phase has been accomplished
by employing a polarizable continuum model (PCM)®! with dichloromethane as the respective
solvent. The solvent model density (SMD) with a combination of B3LYP theory and 6-31G(d)
basis set in a single-point approach has been used to calculate AGsory at 298.15 K.[7! All

calculations have been performed with Gaussian09, Rev. C.01.!

~N N7 \N/H
AHpara @ AHortho
- + CH(CH3); —— >
©) Pr ©]
H 1
1-Pr-o
1-Pr-p AHy
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Table S1: Energies and enthalpies of considered reactants at 298.15 K in the gas phase (in

Hartree).

\N/

O

-366.3386909

B3LYP/6-311++G(3df,2p)
-366.156034

(a) -484.6663348
(b) -484.6706123
(a) -484.382012
(b) -484.386290
<H>
-484.3862325
<Hsol>
-484.4667417

-118.2522846

-118.158537

-484.6793837

-484.395227

-365.1545403

MP2(FC)/6-31+G(2d,p)//

B98/6-31G(d) -364.9707267

(a) -483.2360494
(b) -483.2387679
(a) -482.9499439
(b) -482.9527495
<H>
-482.9525922
<Hgo>
-483.0331020

-117.8244049

-117.7299161

-483.2434280

-482.9576194

SMD/B3LYP/6-31G(d)//
B3LYP/6-311++G(3df,2p)
CH:Cl,

AGsov  -0.0128604

(a) -0.0803335

-0.1007954 (b) -0.0804769

-0.0795845

e

O

E -484.6798423
B3LYP/6-311++G(3df,2p) H _484 394414
MP2(FC)/6-31+G(2d,p)/ E -483.2642558
B98/6-31G(d) H -482.9772275
SMD/B3LYP/6-31G(d)//
B3LYP/6-311++G(3df,2p)  AGsolv -0.0837119
CH:Cl,

Table S2: Reaction enthalpies of the electrophilic addition of the 2-propyl cation (Pr) to aniline

1 (in kJ mol™).

"CH(CH3)2
AHortho AHpara AHN
B3LYP/6-311++G(3df,2p) -188.15 -211.76 -209.63
MP2(FC)/6-31+G(2d,p)/
B98/6-31G(d) -661.49 -674.69 -726.17
B3LYP + AGsolv -101.12 -122.31 -131.01
MP2 + AGsoly -574.47 -585.24 -647.55
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Table S3: Ratio prediction of rate constants obtained using the Arrhenius equation k£ =

exp(-AAH/RT).

"CH(CH3)2
AAHortho AAHpara AAHN kortho : kpara N
B3LYP/6-311++G(3df,2p) +23.61 0.0 +2.13 7.310%:1:0.42
MP2(FC)/6-31+G(2d,p)//

B98/6-31G(d) +64.68 +51.48 0.0 n/a
B3LYP + AGsov +29.89  +8.70 0.0 5.810%:0.030:1
MP2 + AGsoly 73,08 +62.31 0.0 n/a

Structure of all stationary points (optimized at B3LYP/6-311++G(3df,2p) level)

1\1\GINC-S2\FOpt\RB3LYP\6-311++G (2df, 2p) \C8H11INI\ROOT\06-Nov-2014\0\\#
P B3LYP/6-311++G(2df,2p) opt freq pop=nbo\\Dimethylanilin\\0,1\C,-1.00
78817339,-1.0879625507,-0.0019371419\C,0.0974673419,-0.7909678155,-0.7
904117641\C,0.6790032659,0.4685203183,-0.7677099492\C,0.1723016686,1.4
856717478,0.0655502606\C,-0.9588099502,1.1771926583,0.8473675648\C,-1.
5272426422,-0.087927267,0.8116888606\H,-1.4570791061,-2.0707572405,-0.
0261717151\H,0.5169620296,-1.5477085963,-1.4408649673\H,1.5314553622,0
.6565885911,-1.4013150548\H,-1.3990143336,1.9246891631,1.4884307347\H,
-2.3935051117,-0.2883672254,1.42905212\N,0.7700361622,2.7360639846,0.1
231075089\C,0.0936380944,3.8182519234,0.8113233294\H,0.7210049208,4.70
51183374,0.7814026566\H,-0.8762091132,4.0691179015,0.362459363\H,-0.07
53463495,3.5722214429,1.8607013733\C,1.7820003657,3.08777669,-0.853983
8199\H,2.1563115125,4.0841217827,-0.6344653247\H,2.6293165844,2.402151
1485,-0.8068598753\H,1.4006484121,3.0838516258,-1.8833177693\\Version=
AM64L-G09RevC.01\State=1-A\HF=-366.3386909\RMSD=7.395e-09\RMSF=1.495e-
05\Dipole=0.2730638,0.7487442,-0.0516745\Quadrupole=-0.5375901,2.32321
34,-1.7856233,1.4412896,-3.0026985,1.2316527\PG=C01 [X(C8H11N1)]\\@

Pr

l\l\GINC—Sl\FOpt\RB3LYP\6—311++G (2d£f, 2p) \C3H7 (1+4) \FLORIAN\O7-Nov-2014\
0\\#P B3LYP/6-311++G(2df,2p) opt freqg pop=nbo\\Propyl cation\\1,1\C,-1
.2685053739,-0.1936388223,-0.032333106\H,-1.2088076472,-1.2777637889, -
0.0362727165\H,-1.8613323173,0.2208286434,-0.853918009\H,-1.8526228729
,0.1260757266,0.8619090832\C,-0.0231403921,0.4937360799,0.1462021886\H
,—-0.0299335938,1.5737793876,-0.0011401846\C,1.2302519253,-0.1053480244
,0.5002795686\H,1.1837715704,-1.1493974264,0.7947620645\H,1.8119690376
,—0.0299904891,-0.447863648\H,1.8166188839,0.5213638736,1.1797147793\\
Version=AM64L-G09RevC.01\State=1-A\HF=-118.2522846\RMSD=2.491e-09\RMSF
=5.355e-06\Dipole=-0.0019497,0.3106269,-0.0424004\Quadrupole=3.30594, -
1.1147124,-2.1912275,0.1058398,0.5755916,-0.1458447\PG=C01 [X(C3H7)]\\
@
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1-Pr-p

1\1\GINC-S2\FOpt\RB3LYP\6-311++G (2df, 2p) \C11H18N1 (1+) \ROOT\08-Nov-2014
\O\\#P B3LYP/6-311++G (2df,2p) opt freq pop=nbo\\Dimethylanilin + para
Propyl\\1l,1\C,-0.6656171196,-0.8649687722,3.483306362\C,0.6825820899, -
0.667312087,2.9049024195\C,1.2809443344,0.5314801452,2.7952878337\C,0.
616649444,1.7371335522,3.2372472206\C,-0.7101771376,1.6098367102,3.796
4723777\C,-1.2934840249,0.4047693851,3.9134116302\H,-1.2975381466,-1.2
723944578,2.6769495028\H,1.2009850998,-1.5424085788,2.5361517245\H,-1.
2271633433,2.4868270608,4.1501846172\H,-2.2810924045,0.3403744557,4.35
38773375\N,1.2021923216,2.9177691761,3.1292286367\C,0.5034079326,4.175
2137898,3.4428001628\H,1.00284259,4.9830223177,2.918359267\H,-0.527434
1502,4.140047896,3.106184615\H,0.5351305601,4.3785487282,4.5135686039\
C,2.5990213452,3.0661308198,2.6877191043\H,2.9685551132,4.022804405, 3.
0414216224\H,3.2237943378,2.2853627597,3.1090157915\H,2.6648482588,3.0
444315904,1.5995485081\H,2.2557050172,0.5975926071,2.3401923073\C,-0.7
318126073,-1.9742233271,4.6079249116\H,-1.7776580072,-1.9846114058,4.9
24285769\C,0.1354174813,-1.622363482,5.8180650559\H,1.1960454697,-1.61
54397553,5.5618213219\H,-0.1179179841,-0.6489396078,6.2388847876\H,-0.
0043809616,-2.3643518548,6.6032187461\C,-0.3998590374,-3.3598114434,4.
0519975549\H,-0.5760269139,-4.1140998298,4.8180705236\H,-1.0200644617,
-3.6139615575,3.1917306471\H,0.6465844644,-3.4458496798,3.7567981576\\
Version=AM64L-G09RevC.01\State=1-A\HF=-484.6793837\RMSD=6.356e-09\RMSF
=4.209e-06\Dipole=0.3710081,1.5125463,-0.5056579\Quadrupole=-3.0550379
,14.0388717,-10.9838338,7.3647174,-4.5820339,-3.6071376\PG=C01 [X(Cl1H
18N1) J\\@

1-Pr-o_a

I\NI\GINC-S3\FOpt\RB3LYP\6-311++G (2df, 2p) \C11H18N1 (1+) \FLORIAN\08-Nov-2
014\0\\#P B3LYP/6-311++G (2df,2p) opt freqg pop=nbol\\Dimethylanilin + or
tho Propyl\\1l,1\C,-0.4523503689,-0.928793185,3.3298258235\C,0.81222170
99,-0.7869085047,2.9092521746\C,1.5841346644,0.4789023661,3.0884376435
\C,0.7257553575,1.6751167863,3.3997345081\C,-0.5497091606,1.431655596,
3.9999756172\C,-1.1079951509,0.1922909651,3.9406677732\H,-0.9778753216
,-1.8676673264,3.2352927742\H,1.3566941644,-1.6198480369,2.4843850239\
H,-1.1225697677,2.2433914541,4.4161309622\H,-2.1037112981,0.0557438774
,4.34266757\H,2.1710836011,0.6481163646,2.1867373399\N,1.1132429357,2.
9134882654,3.1451192775\C,0.3101900258,4.0702435678,3.5858287095\H,0.8
897703666,4.9712986142,3.4183327464\H,-0.6162325571,4.1350519785,3.015
9525006\H, 0.0836455561,3.9999145291,4.6461386858\C,2.2527878308,3.2915
97278,2.2998955\H,3.004791336,3.8091833229,2.892267072\H,2.7062954434,
2.4322974267,1.8268041336\H,1.888916576,3.9686339457,1.5282244502\C, 2.
6758791883,0.1904522127,4.2414818166\H,3.0876639411,-0.7764672965,3.94
65115062\C,3.8271541085,1.1953263378,4.2397387586\H,3.5125915667,2.184
8706311,4.5715612856\H,4.5890576023,0.8563916907,4.9414354898\H,4.3030
059084,1.2825923796,3.2634231175\C,2.0742883544,0.044375745,5.63834537
96\H,1.2432414173,-0.6574247681,5.6663803907\H,2.8390715004,-0.3302634
005,6.3179113367\H,1.7312744097,1.0007034434,6.0345399627\\Version=AMb6
41,-GO09RevC.01\State=1-A\HF=-484.6663348\RMSD=4.159e-09\RMSF=1.617e-05\
Dipole=-0.2892876,0.7970231,-0.4847538\Quadrupole=0.7371816,7.0183263,
-7.7555078,0.8246703,-2.1444514,-1.9097662\PG=C01 [X(CL1HI8NI1)]I\\@
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1-Pr-o b

1\1\GINC-S3\FOpt\RB3LYP\6-311++G (2df, 2p) \C11H18N1 (1+) \FLORIAN\08-Nov-2
014\0\\#P B3LYP/6-311++G (2df,2p) opt freqg pop=nbol\\Dimethylanilin + or
tho Propyl\\1,1\C,-0.4328983477,-1.4662527396,0.3836631526\C,0.6526935
297,-0.7560583329,0.0459981714\C,0.6103889582,0.3797137072,-0.91949600
05\C,-0.6849059978,0.5013275366,-1.681424214\C,-1.8254518945,-0.210589
633,-1.2024738492\C,-1.6916443195,-1.1487269395,-0.2252423378\H,-0.379
7160938,-2.266679496,1.1070404757\H,1.6105003954,-0.9641924723,0.50126
22033\H,-2.7930585094,-0.0552795102,-1.6496155827\H,-2.5712695839,-1.6
968232057,0.0871220097\H,1.4275924989,0.2277320411,-1.62939342\N,-0.77
68072864,1.263821623,-2.7580831293\C,-2.0658541365,1.4696660093,-3.444
0267473\H,-1.9289611762,2.2240480685,-4.2106706721\H,-2.4038469745,0.5
470062045,-3.914357598\H,-2.8205584568,1.8222605663,-2.7456134337\C, 0.
3576267993,1.9094600567,-3.4298911411\H,0.2760711833,2.9922977387,-3.3
41314352\H,1.305877299,1.5912587051,-3.0181678605\H,0.3265281243,1.644
7255532,-4.4856999028\C,0.958776999,1.7517920572,-0.1749566112\H,0.876
3132112,2.5224018234,-0.9419219101\C,-0.0261824119,2.0961737487,0.9433
537161\H,0.0146327763,1.3722930718,1.7565016762\H,0.2288472164,3.06961
18148,1.360814189\H,-1.05606054,2.1532083975,0.5918286839\C,2.40532706
58,1.7486997526,0.3233445546\H,3.1133042882,1.4938223498,-0.4664234873
\H,2.6641826257,2.7422404097,0.6879950228\H,2.5540168583,1.0561046834,
1.1511088645\\Version=AM64L-G09RevC.01\State=1-A\HF=-484.6706123\RMSD=
1.763e-09\RMSF=7.740e-06\Dipole=-0.4598949,0.0254534,-1.0524287\Quadru
pole=0.0441129,-2.9322414,2.8881286,2.678513,4.1055155,-6.9706196\PG=C
01 [X(CL1H1I8NI1)]\\@

1-Pr-N

INI\GINC-S2\FOpt\RB3LYP\6-311++G (2df, 2p) \C11H18N1 (1+) \ROOT\08-Nov-2014
\O\\#P B3LYP/6-311++G (2df,2p) opt freq pop=nbo\\Dimethylanilin + N Pro
pyI\\1,1\C,-0.4317234349,-0.9919661536,3.1891769388\C,0.6324455046,-0.
8091460738,2.3136139199\C,1.3302752294,0.3904968252,2.2975736308\C,0.9
616050127,1.4145177816,3.1657903196\C,-0.0997365139,1.2416041931,4.043
3030342\C,-0.7932883581,0.0337633588,4.0489337403\H,0.9240216065,-1.59
90101998,1.6361232494\H,-0.4105368138,2.0123348457,4.728626569\H,-1.61
86211972,-0.0937508601,4.734825291\N,1.7395275898,2.708294845,3.118987
8328\C,1.1471027536,3.7608959175,4.0122316717\H,1.7268823889,4.6690293
208,3.8982115953\H,0.1237508683,3.9479693472,3.7041921381\H,1.17350271
29,3.4369246606,5.0448046371\C,1.6670204431,3.2475531311,1.7072417115\
H,2.0746232898,4.2513048623,1.6861540328\H,2.2304680176,2.606030466,1.
0401140463\H,0.6241566176,3.2640552372,1.4071619896\H,2.149409451,0.50
24207608,1.6030809599\H,-0.9736316625,-1.9267938,3.1983872895\C,3.2377
524265,2.4263894959,3.5210234993\H, 3.5332534153,1.6681689461,2.8007577
968\C,4.136744879,3.6450243655,3.3528287488\H,5.1567891344,3.321182919
3,3.5561992885\H,4.1345293567,4.0567547326,2.346834179\H,3.9104732068,
4.4358999618,4.065980641\C,3.3316874358,1.8442370773,4.9246911075\H, 4.
350962835,1.489250194,5.0693758017\H,3.1422925447,2.5901859815,5.69520
46634\H,2.6674913504,0.9971835205,5.0754740662\\Version=AM64L-G09RevC.
01\State=1-A\HF=-484.6798423\RMSD=1.389e-09\RMSF=8.164e-06\Dipole=0.40
79701,1.0749272,-0.1814547\Quadrupole=0.2900068,4.2372296,-4.5272364,5
.7319083,-2.0470951,1.1889562\PG=C01 [X(CI11H18N1)]\\@
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4. General remarks

Materials

Commercially available acetonitrile (H2O content < 50 ppm) was used without further
purification. Dichloromethane was successively treated with concentrated sulfuric acid, water,
10% NaHCOs solution, and water. After drying with CaCls, it was freshly distilled over CaH»
under exclusion of moisture (N2 atmosphere). The reference electrophiles used in this work

were synthesized according to literature procedures.['”]

The alkylated anilines where synthesized following the procedure of Bieber et al. from the

corresponding free anilines.!'!!

NMR spectroscopy

In the 'H and '*C NMR spectra chemical shifts are given in ppm and refer to tetramethylsilane
(0n = 0.00, 6c = 0.0), to CD3CN (du = 1.94, 6c = 1.3), [Ds]-DMSO (Ju = 2.50, dc = 39.5) or to
CDCl; (6u = 7.26, 6¢c = 77.0),11?! as internal standards. The coupling constants are given in Hz.
For reasons of simplicity, the '"H NMR signals of AA’BB’-spin systems of p-disubstituted
aromatic rings are treated as doublets. Signal assignments are based on additional COSY,

gHSQC, and HMBC experiments.
Kinetics

As the reactions of colored benzhydrylium ions 2 (Table S1) with colorless N,N-dialkylated
anilines 1 yielded colorless products (or products with a different absorption range than the
reactants), the reactions could be followed by UV-Vis spectroscopy. For fast reactions (1, <
60 s), the kinetics were monitored using stopped-flow techniques. The temperature of all
solutions was kept constant at 20.0 = 0.1 °C by using a circulating bath thermostat. In all runs
the concentration of the colorless compound was at least 10 times higher than the concentration
of the colored compound, resulting in pseudo-first-order kinetics with an exponential Decay of
the relative concentration of the minor compound. First-order rate constants kobs Were obtained
by least-squares fitting of the exponential function A(f) = Ao exp(—kobs ) + C to the time-
dependent absorbances. The second-order rate constants k> were obtained from the slopes of

the linear plots of kobs against the concentration of the excess components.
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The reaction was monitored at the Amax published by Mayr et al. in 2001 (Table S4).'31 Some
Jmax Were revised by Mayr et al. in 2019.14

Table S4: Benzhydrylium ions 2 employed as reference electrophiles in this study with Amax
published by Mayr et al. in 2001.H3!

®
1 1
R? BF,4 R?
2
Electrophile . 5 imax. [nm] imax. [nm]
R R No. E n n
acetonitrile  dichloromethane
(pyr)2:CH* C4Hs (cycl.) 2a -7.69 612 620
(dma),CH" Me Me 2b -7.02 606! 6120
(mpa),CH" Ph Me 2¢c -5.89 613 62212l
(mor),CH" C>2H4-O-CoH4 (cycl.) 2d  -5.53 612 6208l
(dpa),CH" Ph Ph 2¢e 472 6448 67214
(mfa),CH" CH,CF; Me 2f -3.85 586 593
(pfa),CH" CH>CF; Ph 2g -3.14 592 601

Br
(tol)CH" 2h 3.630] _le] el
Me Me

[a] Revised in Ref. [14]. For Amax See Table 3 in the main chapter. [b] E parameter of the

corresponding cation (tol)oCH". [c] Not used for photometric studies.
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5. Reactions of N,N-dimethylaniline (1a) with benzhydrylium
ions 2 in CH3CN at 20 °C

5.1 Reactions of N,N-dimethylaniline (1a) with benzhydrylium ions 2 at the
C4 carbon in CH3CN at 20 °C

Table S5: Reaction of N,N-dimethylaniline (1a) with (pyr)2CH" BF4~ (2a) in CD3CN (20 °C,
"H NMR spectroscopy).

[Elo (M) [Nulo (M) [Nu]o/[E]o koM 's™)

1.53 x 107! 3.04 x 10" 1.98 1.01 x 1073

k2 (20°C)=1.01 x 103 M ¢!

1.4

100 @ PY °
- L_JPS Y=1.01x103s? t+6.12 x 1035
= 90 ®

LAY 12 R2 = 0.9972 [

& L)
5 80 ®* o
c [ ] 1.0
S 70 L
)
o
£ 60 0.8
°Cd >

50
8 0.6
2 40
kC 0.4
9 30 :
&
€ 20 0.2
‘S
£ 10
= 0.0

0 0 200 400 600 800 1000 1200

0 200 400 600 800 1000 1200

t/s
t/s

Decay of the relative concentration of (pyr)>CH" BF4~ while reacting with N,N-dimethylaniline
(1a) in CD3CN at 20 °C (left). Determination of the second order rate constant by plotting time
versus Y = ([NuJo—[E]o) 'In([E]o([E]¢ +[Nulo—[EJo)/[NuJo[E]s) (k2 = 1.01 x 10> M s7!, all data

points were used (27% conversion); right).
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Table S6: Reaction of N,N-dimethylaniline (1a) with (dma),CH" BF4 (2b) in CD3CN (23 °C,

'H NMR spectroscopy).
[EJo (M) [NuJo (M) [NuJo/[E]o ky(M™'s™)
2.32 x 1072 7.13 x 1072 3.07 1.18 x 1072

k2 (23°C)=1.18 x 102 M 57!

100 12

Y=1.18x102stt-1.05x 107"
R? = 09981

90
80
70
60 ®

40 L)
(9
o
30 %o,

20 L, )

remaining relative concentration of 2b [%]
@

10

0
0 500 1000 1500 2000 2500 3000 O 200 400 600 800 1000

t/s t/s

Decay of the relative concentration of (dma)CH' BFs (2b) while reacting with
N,N-dimethylaniline (1a) in CD3CN at 23 °C (left). Determination of the second order rate
constant by plotting time versus Y = ([Nu]o—[E]o) 'In([E]Jo([E]: +[NuJo—[E]o)/[NuJo[E]) (k2 =

1.18 x 102 M s7!, data points up to 50% conversion were used; right).
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Figure S4: Time-resolved '"H NMR spectra of the reaction of N,N-dimethylaniline (1a) with
(dma),CH" BF4 (2b) in CD3CN at 23 °C. The resonance at 5.36 ppm clearly proofs the

formation of the triarylmethane 3ab.

225



Table S7: Reaction of 1a with (dma),CH" BF4 (2b) in MeCN (20 °C, conventional UV/Vis,

detection at 605 nm).

[E]o (M) [NuJo (M) [NuJo/[E]o kobs (")
1.14 x 107 225 %107 19.7 2.06 x 10°°
9.58 x 10°° 1.14 x 1073 119 1.21 x 107
1.16 x 107 1.50 x 1073 129 1.46 x 107
9.71 x 107 2.56 x 1073 263 2.56 x 107
1.08 x 1073 3.38x10° 312 3.35x10°

k2 (20°C)=9.91 x 103 M 57!

0-00004 Kops =9.91 x 103 M- s~ [Nu] +1.14 x 107 s
R2 =0.9988
0.00003
&
"% 0.00002
xO
0.00001
0.00000
0.0000  0.0010  0.0020  0.0030  0.0040
[Nu]/ M
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Table S8: Reaction of N,N-dimethylaniline (1a) with (dma),CH" BF4 (2b) in CD3CN (23 °C,
'H NMR spectroscopy).

[Elo (M) [Nu]o (M) [Nu]o/[E]o koM™ s7h

2.32 %1072 7.13 x 1072 3.07 1.18 x 1072

k2 (23°C)=1.18 x 102 M 57!

100 12 1 y-118x102M1st t—1.05 x 10 s
R2 = 0.9980

9
§ 10
c 80
o
© 70 8
S o > 6
) [ )
> L)
® 40 %
° .0... 4
@ 30
=
© 2
5 20
g

10

0
0 0 200 400 600 800 1000
0 500 1000 1500 2000 2500 3000 s

t/s

Decay of the relative concentration of (pyr).CH" BF4~ while reacting with N,N-dimethylaniline
(1a) in CD3CN at 23 °C (left). Determination of the second order rate constant by plotting time
versus Y = ([NuJo—[EJo) 'In([EJo([E]t +[Nulo—[EJo)/[NuJo[E]e) (k> = 1.18 x 102 M ! 57!, data

points up to 50% conversion were used; right).
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detection at 612 nm).

Table S9: Reaction of 1a with (mpa)CH" BFs~ in MeCN (20 °C, conventional UV/Vis,

[E]o (M) [NuJo (M) [Nu]o/[Eo Fobs (™)
9.78 x 10°° 1.06 x 10°* 10.8 1.40 x 10°*
9.98 x 10°° 4.49 x 107 44.9 4.79 x10°*
9.53 x10°° 6.86 x 10°* 71.9 6.96 x 10
9.87 x 10°° 8.87 x 107" 89.9 8.72x 10

k2 (20°C)=9.39 x 107! M 7!

0.0010  x  =9.39 x 10-" M-' s~ [Nu] + 4.74 x 10-5s~1

R2 = 0.9992
0.0008
T, 0.0006
<’ 0.0004
0.0002
0.0000
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
[Nu]/ M
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Table S10: Reaction of 1a with (mor),CH" BF4 in MeCN (20 °C, conventional UV/Vis,

detection at 612 nm).

[E]o (M) [NuJo (M) [NuJo/[E]o kobs ()
1.65 x 107 8.33x10°* 50.4 1.94 x 1073
1.62 x 107 1.63 x 1073 101 3.83 %107
1.64 x 1073 1.98 x 107 121 4.45 %1073
1.59 x 107 2.40 x 1073 151 5.12x 107
1.63 x 107 3.28 %107 202 6.83 x 1073

k2 (20°C)=1.97 x 10" M 5!

0.008 Koo = 1.97 M- 571 [NU] + 4.55 x 104 s~
0.007 R2=0.9944

0.006
0.005
2 0.004
0,003
0.002
0.001

0.000
0.0000  0.0010  0.0020  0.0030  0.0040
[Nu]/ M

/ s~1

K,
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Table S11: Reaction of 1a with (dpa)CH" BF4 in MeCN (20 °C, conventional UV/Vis,
detection at 644 nm).

[E]o (M) [NuJo (M) [NuJo/[E]o kobs (")
1.46 x 107 1.34x 1074 9.18 1.31 x 1072
1.54 x 107 4.51 x 107 29.3 3.89 x 1072
1.42 x 107 7.27 x 107 51.4 7.00 x 1072
1.41 x 107 1.03 x 1073 73.4 9.34 x 1072
1.48 x 107 1.35x 107 91.7 1.21 x 107!

k2 (20 °C) = 89.7 M ¢!

0.14 Kk

obs

= 89.7 M-1 s~ [Nu] + 1.07 x 10-3 s~

0.12 R?=0.9970

0.10
008
F0.06

0.04

0.02

0.00
0.0000 0.0005 0.0010 0.0015

[Nu]/ M
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detection at 586 nm).

Table S12: Reaction of 1a with (mfa)CH" BF4 in MeCN (20 °C, conventional UV/Vis,

[EJo (M) [Nu]o (M) [Nu]o/[E]o kobs (s™)
1.80 x 107 1.89 x 107 10.5 5.55x 1073
1.81 x 107 3.79 x 107 20.9 1.15x 1072
1.87 x 107 5.47 x 107 29.3 1.60 x 1072
1.71 x 107 6.80 x 107 39.8 2.01 x 1072
1.79 x 107 8.99 x 107 50.2 2.48 x 1072
1.78 x 107 1.12x 1073 62.9 3.18 x 1072

k2 (20 °C)=27.6 M~ g°!

0.04 K, =27.6M"s"[Nu]+7.58x 10 s

0.03
0.03
002
Jo.o2
0.01
0.01

0.00
0.0000

R?=0.9972

0.0005

[Nu]/ M

0.0010
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Table S13: Reaction of N,N-dimethylaniline (1a) with (mfa)CH" BF4~ (2f) in MeCN (20 °C,
stopped-flow, detection at 592 nm).

[Elo (M) [Nulo (M) [Nu]o/[E]o obs (57)
232 x107° 6.63 x 107 28.6 3.46 x 107!
232x107° 1.33x 107 57.3 7.06 x 107!
232x107° 1.99 x 1073 85.8 1.06
232 x107° 2.65 %107 114 1.39
232x107° 3.32x 107 143 1.71

k2 (20 °C) =504 M 5!

2.00 r g =504 M s [Nu] +4.59 x 102 s~
1.80 R2 = 0.9993
1.60

1.40
T 1.20
~ 1.00
£0.80
0.60
0.40
0.20
0.00

0.0000  0.0010  0.0020  0.0030  0.0040

[Nu]/ M
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Determination of reactivity parameters N and sn for N,N-dimethylaniline (1a) in MeCN at the

C4 carbon atom

Table S14: Rate constants for the reactions of N,N-dimethylaniline (1a) with reference

electrophiles (20 °C).

Electrophile E-Parameter ky M''s™) lg k>
(pyr)2CH" (2a) —7.69 1.01 x 1073 -3.00
(dma)CH" (2b) ~7.02 9.91 x 1073 —2.00
(dma)CH" (2b) ~7.02 1.20 x 1072 —1.92(8.®]
(mpa)CH" (2¢) —5.89 9.39 x 107! —0.03
(mor)CH" (2d) —5.53 1.97 0.29
(dpa).CH" (2e) —4.72 89.7 1.95
(mfa),CH" (2f) —3.85 27.6 1.44l2]
(pfa).CH' (2g) -3.14 504 2.701d

[a] Values not considered for the depicted linear correlation. [b] Measured at 23 °C.

N=15.83,sx=1.69

lg k, =1.69 E +9.85
R? = 0.9957

Electrophilicity E
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5.2 Reactions of V,N-dimethylaniline (1a) with benzhydrylium ions 2 at the
nitrogen in CH3CN at 20 °C

Table S15: Reaction of N,N-dimethylaniline (1a) with (dma),CH" BF4~ (2b) in MeCN (20 °C,
stopped-flow, detection at 606 nm).

[Elo (M) [Nulo (M) [Nulo/[E]o kobs (")
1.14 x 107 321 x 10 28.2 1.00 x 1072
1.16 x 107 1.67 x 107 144 2.28 x 1072
1.09 x 1073 3.12x107 286 429 x 1072

k2 (20°C)=11.8 M1 ¢!

0.05 r k,  =11.8M's1[Nu] +5.16 x 1035~
R2 = 0.9887
0.04
7, 0.03
P .
~ 0.02
0.01
0.00
0.0000  0.0010  0.0020  0.0030  0.0040
[Nu]/ M
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Table S16: Reaction of N,N-dimethylaniline (1a) with (dpa)CH" BF4 (2e) in MeCN (20 °C,
stopped-flow, detection at 644 nm).

[Elo (M) [Nuo (M) [Nulo/[E]o obs (57)
5.10 x 107 1.47 x 1073 28.8 8.94
5.10 x 107 1.96 x 1073 38.4 9.61
5.10 x 107 2.45 %107 48.0 10.5
5.10 x 107 2.94 x 1073 57.6 11.1
5.10 x 107 3.42 %107 67.1 11.9
5.10 x 107 3.91 x 1073 76.7 12.6

k2 (20 °C)=1.50 x 103 M 5!

14 Kops=1.51x 103 M~" s' [Nu] + 6.71s"
R2 = 0.9984
12
10
» 8
S 6
4
2
0
0.000 0.001 0.002 0.003  0.004  0.005

[Nu]/ M
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Table S17: Reaction of N,N-dimethylaniline (1a) with (mfa)CH" BF4~ (2f) in MeCN (20 °C,
stopped-flow, detection at 586 nm).

[E]o (M) [Nulo M) [NuJo/[Elo  hobs (s™) Ao Aequil Alo
1.80x10°  5.45x 10" 30.3 8.08 0.82 0.63 1.31
1.80x10°  7.13x 10" 39.6 9.06 0.86 0.56 1.55
1.80x10°  8.80x 107" 48.9 9.82 0.81 0.47 1.73
1.80x10°  1.09x 107 60.6 11.2 0.76 0.40 1.92
1.80x10°  126x 107 70.0 12.0 0.70 0.32 2.18

k2 (20°C)=5.53 x 103 M 7!

14 Kyps = 5.53 x 103 M~" 51 [Nu] + 5.07 s~
R2 = 0.9972
12
10
» 8
S 6
4
2
0
0.0000 0.0005 0.0010 0.0015
[Nu]/ M

K(20°C)=318 M!

2.5 A/A; =318 M~ [Nu] + 1.10
20 R? = 0.9962

o 1.5

1.0

0.5

0.0
0.0000 0.0010 0.0020 0.0030 0.0040

AlA

[Nu]/ M
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Table S18: Reaction of N,N-dimethylaniline (1a) with (pfa)CH" BF4 (2g) in MeCN (20 °C,
stopped-flow, detection at 592 nm).

[Elo (M) [Nulo(M)  [Nulo/[Elo  kobs (s ™)) Ao Aequil. A/Ao
232x10°  1.33x10%* 57.3 n.d. 1.29 0.84 1.54
232x10°  1.99x10* 85.8 n.d. 1.38 0.84 1.65
232x10°  2.65x107 114 n.d. 1.36 0.77 1.77
232x10°  332x107 143 n.d. 1.31 0.70 1.87

[a] To little datapoints were observed to evaluate a kops.

K (20°C)=166 M!

2.00
< 1.00 Al A, =166 M- [Nu] + 1.32 s
< R2 = 0.9988
0.50
0.00
0.0000  0.0010  0.0020  0.0030  0.0040
[Nu]/ M
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Determination of reactivity parameters N and sx for N,N-dimethylaniline (1a) in MeCN for the

reaction at the nitrogen atom

Table S19: Rate constants for the reactions of 1a with reference electrophiles (20 °C).

Electrophile E-Parameter kr M1sh lg k>
(dma),CH" (2b) _7.02 11.8 1.07
(dpa)CH" (2¢) 472 151 x 10° 3.18
(mfa),CH' (2f) 3.85 5.53 x 10° 3.74

N=1_8.28, sx =0.86

4 lg k, = 0.86 [E-Parameter] + 7.12
R? = 0.9953

lg k,

-8 -7 -6 -5 -4 -3 -2 -1 0
E-Parameter
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6. Reactions of N,N-dimethylaniline (1a) with tritylium ions in
acetonitrile at 20 °C

Table S20: Reaction of N,N-dimethylaniline (1a) with (ani);CH" BF4 in CD;CN (20 °C, 'H
NMR spectroscopy). The rest ani = p-MeOCgHa.

[E]o (M) [Nu]o (M) [Nu]o/[E]o koM™ s7h

4.93 x 1072 1.03 x 107! 2.09 2.71 x 1072

k2 (20 °C)=2.71 x 102 M 5!

[ ]
{09 @ 90
Tgo.s d 80 M
5 07 . 70
é 05 ' B 60
g 0.5 ! '250 Y=2.71x102 1\;I‘1 stt+74.0
§ 0.4 =40 . _M*
S o \ 30 R =0.9887
-% 0.2 20
Co1 \ 10
0 0
0 2500 5000 7500 10000 12500 15000 200 400 600
t/s t/s

Decay of the relative concentration of (ani)sC" BF4~ while reacting with N,N-dimethylaniline
(1a) in CD3CN at 20 °C (left). Determination of the second order rate constant by plotting time
versus Y = ([NuJo—[E]o) 'In([E]o([E]: +[Nulo—[E]Jo)/[NuJo[E]) (k2 = 2.71 x 102 M! 57!, data

points up to 50% conversion were used; right).

239



Table S21: Reaction of N,N-dimethylaniline (1a) with (ani),PhC" BF4™ in acetonitrile (20 °C,
stopped flow, detection at 497 nm). The rest ani = p-MeOCgHa.

[Elo (M) [Nulo (M) [Nu]o/[E]o obs (57)
2.72 x 107 522 %107 192 1.28 x 1073
2.72 x107° 6.96 x 1073 256 1.54 x 1073
2.72 x107° 8.71 x 1073 320 1.77 x 1073
2.72 x107° 1.04 x 1072 382 2.02x 1073

k2 (20°C)=1.42 x 107" M 57!

0.003
Kype=1.42 x 10-1 M1 s=1 [Nu] + 5.44 x 1045~
R2 = 0.9994
_ 0.002
"
K
0.001
0.000
0.000 0.002 0.004 0.006 0.008 0.010 0.012
[Nu] /M
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7. Reactions of N,N-dimethylaniline (1a) with benzhydrylium

ions 2 in dichloromethane at 20 °C.

7.1 Reactions of NV,N-dimethylaniline (1a) with benzhydrylium ions 2 at the

C4 carbon in dichloromethane at 20 °C

Table S22: Reaction of N,N-dimethylaniline (1a) with (pyr).CH" BF4~ (2a) in CD2Cl, (20 °C,

"H NMR spectroscopy).
[E]o (M) [Nulo (M) [Nu]o/[E]o koM™ s
2.04 x 1072 417 x 107 2.04 2.72 x 1073

k2 (20°C)=2.72 x 103 M ¢!

— 100
S,
c 90
'c‘:‘u 80
c 70
(O]
2 60
8
0 50
E 40
® 30
(@)]
£ 20
£
g 10
e 0

0

10,000 20,000
t/s

30,000

Y /ML

50
45
40
35
30
25
20
15
10

Y=272x103M"1s"1 t-198s

R?=0.9973

0 10,000

t/s

20,000

Decay of the relative concentration of (pyr).CH" BF4~ while reacting with N,N-dimethylaniline

(1a) in CD2Cl; at 20 °C (left). Determination of the second order rate constant by plotting time
versus ¥ = ([NuJo—[EJo) 'In([E]o([E]: +[Nu]o—[E]o)/[Nulo[E]s) (k2 = 2.72 x 107> M! s7!, data

points up to 50% conversion were used; right).
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Table S23: Reaction of N,N-dimethylaniline (1a) with (mpa)CH®* BFs (2¢) in
dichloromethane (20 °C, conventional UV/Vis, detection at 622 nm).

[EJo (M) [Nulo(M) [Nulo/[Elo  kobs(s)  [Nulo' (M) [NuJokobs ' (M)

1.75x10°  439x 107 251 536 x107* 228 8.19
1.81x10°  3.77x107° 208 435x10* 265 8.67
1.78 x10°  1.60 x 107 89.9 1.02 x 107 625 15.7
1.79 x10°  1.08 x 1073 60.3 5.70 x 107 926 18.9

k2 (20°C)=2.11 x 107" M 7!

25
[Nu] Kops'=1.59 x 102 M?s [Nu]-' +4.74 M s

20 R2 =0.9824
7 [ )
B 15
‘Tg 10
<O
Z 5

0
0 250 500 750 1000

[Nul-' / M-
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Table S24: Reaction of N N-dimethylaniline (1a) with (mor)CH"™ BFs (2d) in
dichloromethane (20 °C, conventional UV/Vis, detection at 620 nm).

[EJo (M) [Nulo(M) [Nulo/[Elo  kobs(s)  [Nulo' (M) [NuJokobs ' (M)

9.98 x10°  2.01x107 201 2.83x 107 498 7.10
9.83x10° 1.54x107 157 2.09 x 107 649 7.37
9.34x10°  1.04x107 111 9.94 x 107 962 10.5
1.02x10°  5.19x10* 50.9 2.94x10° 193 x10° 17.7

k2 (20 °C)=3.40 x 107! M 7!

20 [NU] Kyps'=7.65 x 103 M2s [Nul-' +2.94 M s
R2 = 0.9939
15
w
=
=~ 10
|
£
= 5
Z,
0
0 500 1000 1500 2000 2500
[Nul-' / M-
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Table S25: Reaction of N,N-dimethylaniline (1a) with (dpa).CH" BF4~ (2¢) in dichloromethane
(20 °C, conventional UV/Vis, detection at 672 nm).

[Elo (M) [Nulo(M) [Nulo/[Elo  kobs(s)  [Nulo' (M) [NuJokobs ' (Ms)

3.12x10°  329x10* 10.5 3.85x10*  3.04x10° 8.55x 107!
296x10°  1.13x 107 38.2 227 %1073 885 498 x 107!
2.84x10°  1.42x107 50.0 3.15x 1073 704 4.51 x 107!
316 x10° 191 x1073 60.4 4.54 x 1073 524 421 x10"
3.13x10°  2.10x 1073 67.1 5.06 x 1073 476 4.15x 107!

k2 (20 °C)=2.99 M ¢!

1.0 [ [Nu] ko' =1.72 x 104 M2s [Nu]-' +3.35x10-'M s
09 R2 =0.9988
0.8
0.7

(7))

= 0.6

=05

|

204

x<

= 0.3

£.02
0.1

0.0
0 1000 2000 3000 4000
[Nul-' / M-
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Table S26: Reaction of 1a with (mfa),CH" BF4~ (2f) in dichloromethane (20 °C, conventional
UV/Vis, detection at 593 nm).

[Elo(M)  [NuloM) [Nulo/[Elo  hkobs(s")  [Nulo' (M)  [NuJokos ' (Ms)
1.79 x 10 3.53x10™* 19.7 472x10% 283 x10° 7.48 x 107!
1.80 x 10° 557 x10™* 30.9 1.11x 102  1.80x 103 5.02 x 107!
1.80 x 10°  7.10 x 10™* 394 1.68 x 107 1.41x10° 423 x 107!
1.75x10°  9.02x 10™* 51.5 256x107°  1.11x10° 3.52 x 107!
1.74 x 107 1.42 x 1073 81.6 5.68 x 1073 704 2.50 x 107!
1.74 x 107 1.77 x 1073 102 8.22 x 1073 565 2.15x 107!

k2 (20°C)=11.5M" ¢!

1.0 [ [Nu] kyp'=2.34 x 104 M2s[Nu]-' +8.70 x 102M s

09 R? = 0.9993

0.8
0.7
= 06
< 05
So4
= 0.3
0.2
0.1

0.0
0 1000

[Nu

2000
[Nul-' / M-

3000 4000
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Determination of reactivity parameters N and sy for N,N-dimethylaniline (1a) in

dichloromethane at the C4 carbon atom

Table S27: Rate constants for the reactions of N,N-dimethylaniline (1a) with reference

electrophiles (20 °C).

Electrophile E-Parameter ky M''s™) lg k>
(pyr)2CH" (2a) —7.69 2.72 x 1074 -3.57
(dma);CH" (2b) —7.02 3.70 x 1073 —2.43
(mpa)CH" (2¢) -5.89 2.11x 107! ~6.76 x 107!
(mor);CH" (2d) —-5.53 3.40 x 107! ~4.69 x 107!
(dpa)CH" (2e) —4.72 2.99 4.76 x 107!
(mfa),CH" (2f) —-3.85 11.5 1.06

N=5.01,sx=122

lg k, =1.22 E + 6.11
R?=0.9730

E-Parameter
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7.2 Reactions of V,N-dimethylaniline (1a) with benzhydrylium ions 2 at the

nitrogen in dichloromethane at 20 °C

Table S28: Reaction of 1a with (mpa)>CH" BF4~ (2f) in dichloromethane (20 °C, stopped-flow,
detection at 622 nm).

[Elo (M) [Nulo (M) [Nulo/[E]o kobs (s™)
1.50 x 1073 1.51 x 1073 101 9.18 x 1072
1.50 x 1073 3.02x107 201 1.79 x 107!
1.50 x 1073 3.75 %107 250 229 x 107!

k2 (20 °C) = 60.7 M 57!

0.30
Kops=60.7 M1 571 [Nu] — 9.96 x 10" s~
0.25 R? = 0.9981
_ 020
©® 0.15
£0.10
4
0.05
0.00
0.000 0.001 0.002 0.003 0.004
[Nu]/ M

[a] The negative intercept with the abscissa is due to slow/incomplete mixing of the reactants

in comparison with the fast reaction.
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Table S29: Reaction of 1a with (mfa),CH" BF4~ (2f) in dichloromethane (20 °C, stopped-flow,

detection at 593 nm).

[E]o (M) [NuJo (M) [NuJo/[E]o kobs ()
1.50 x 1073 3.02x 10 20.1 6.00 x 107!
1.50 x 1073 6.03 x 10 40.2 7.55 % 107!
1.50 x 1073 9.05 x 10 60.3 8.84 x 107!
1.50 x 1073 1.34 x 1073 89.3 1.11
1.50 x 107 1.51 x 1073 101 1.17

k2 (20 °C) =476 M 5!

140 7 4 =476 M-1s-1[Nu] +4.60 x 10~ s~
1.20 R2 = 0.9985

1.00
» 0.80
£0.60
x<
0.40
0.20

0.00
0.0000 0.0005 0.0010 0.0015 0.0020

[Nu]/ M

248



Determination of reactivity parameters N and sy for N,N-dimethylaniline (1a) in

dichloromethane at the nitrogen atom

Table S30: Rate constants for the reactions of 1a with reference electrophiles (20 °C).

Electrophile E-Parameter kr M1sh lg k>
(mpa),CH" (2¢) 5.89 60.7 1.78
(mfa)CH' (2f) 3.85 476 2.68

N=995,sx=0.44
4

Ilg k, =0.44 E +4.38

lg k,

-7 -6 -5 -4 -3 -2 -1 0
E-Parameter
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8. Reactions of NV, N-diethylaniline (1b) with benzhydrylium ions
2 in acetonitrile at 20 °C

8.1 Reactions of V,/V-diethylaniline (1b) with benzhydrylium ions 2 at the

C4 carbon in acetonitrile at 20 °C

Table S31: Reaction of N,N-diethylaniline (1b) with (pyr).CH" BF4~ (2a) in CD3CN (20 °C,

'"H NMR spectroscopy).

[Elo (M)

[NuJo (M)

[Nulo/[E]o

koM™ s7h

3.65x 107

7.48 x 1072

2.05

7.17 %107

k2 (20°C)=7.17 x 104 M 5!

100

90

80

70

60

50

40

30

20

10

remaining relative concentration of 2a [%]

0

0

10000

20000
t/s

30000

Y/MLT

40000

12

10

Y=717x10*M1s1t-4.41 x10™%s
R2=0.9970

5000

t/s

10000

15000

Decay of the relative concentration of (pyr)CH" BFs (2a) while reacting with
N,N-diethylaniline (1b) in CD3;CN at 20 °C (left). Determination of the second order rate
constant by plotting time versus ¥ = ([NuJo—[E]Jo) 'In([EJo([E]c +[NuJo—[E]o)/[Nulo[E],) (k2 =

7.17 x 10* M~! 57!, data points up to 50% conversion were used; right).
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Table S32: Reaction of 1b with (dma),CH" BF4 (2b) in MeCN (20 °C, stopped-flow, detection
at 606 nm).

[Elo (M) [Nulo (M) [Nu]o/[E]o obs (57)
8.90 x 107° 9.53 x 107 10.7 3.13x 107
1.24 x 107 1.51 x 107 12.2 471 %107
9.97 x 10°° 2.36x 107 23.7 7.13 x 107°
9.94 x 10°° 494 x 107 49.7 1.32 x 107

k2 (20°C)=2.50 x 10" M~ 5!

0.0002
Kops=2.50 x 10-" M~" s~! [Nu] + 9.29 x 10-65~"
R2 =0.9978

I
% 0.0001
XO

0.0000

0.0000 0.0002 0.0004 0.0006
[Nu]/ M
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Table S33: Reaction of 1b with (mpa)CH" BF4~ (2¢) in MeCN (20 °C, stopped-flow, detection

at 613 nm).
[EJo (M) [Nu]o (M) [Nu]o/[E]o kobs (s™)
8.84 x 1076 8.69 x 107 9.84 3.70 x 107*
9.25x10°° 297 x 10 32.1 1.26 x 107
9.31 x10°¢ 4.94 x 107 53.1 2.08 x 1073
9.83 x 10°¢ 7.51 x 1074 76.4 3.23x 1073
9.82 x 10°¢ 9.90 x 107 101 418 x 1073

k2 (20°C)=424 M 5!

0.005
Kops = 4.24 M=1 571 [Nu] + 1.34 x 106 s~

R? = 0.9997

0.000

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

[Nu]/ M
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Table S34: Reaction of 1b with (mor)CH" BF4~ (2d) in MeCN (20 °C, conventional UV/Vis,

detection at 612 nm).

[EJo (M) [NuJo (M) [NuJo/[E]o Jeobs (571
1.13 x 107 6.49 x 10 57.4 6.20 x 1072
1.13x 1073 1.30 x 1073 115 7.14 x 1072
1.13 x 107 1.95 x 1073 172 8.53 x 102

k2 (20°C)=17.9x 10" M 5!

0.0020

0.0030

0.10000 K, =17.9 M~1s~1[Nu] +4.96 x 1025~
R2=0.9876

0.08000
T, 0.06000
< 0.04000

0.02000

0.00000

0.0000 0.0010
[Nu]/ M
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Table S35: Reaction of 1b with (dpa)CH" BF4~ (2¢) in MeCN (20 °C, conventional UV/Vis,
detection at 644 nm).

[Elo (M) [Nulo (M) [Nu]o/[E]o obs (57)
1.38 x 107 1.24 x 107 9.01 3.40 x 1072
1.57 x 107 2.18 x 107 13.9 7.00 x 1072
1.45 x 107 3.98 x 107 27.5 1.29 x 107!
1.43 x 107 7.50 x 107 52.6 2.57 x 107!

k2 (20°C) =354 M 57!

0.30 Kqpe = 354 M~1 571 [Nu] — 9.45 x 103 s~
2 =
095 R?2 = 0.9996
_ 020
)
= 0.15
<O
0.10
0.05
0.00
0.0000  0.0002  0.0004  0.0006  0.0008
[Nu] / M

[a] The negative intercept with the abscissa is due to slow/incomplete mixing of the reactants

in comparison with the fast reaction.
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Determination of reactivity parameters N and sn for NV,N-diethylaniline (1b) in MeCN

Table S36: Rate constants for the reactions of N,N-diethylaniline (1b) with reference
electrophiles (20 °C).

Electrophile E-Parameter kr M1sh lg k>
(pyn):CH" (2a) 769 7.17 x 10°* 3,140
(dma),CH" (2b) _7.02 2.50 x 10" 0,601
(mpa),CH" (2¢) ~5.89 424 0.63
(mor),CH" (2d) 553 17.9 1.25
(dpa)CH" (2¢) 472 354 2.55

[a] Not considered for the correlation.

N=06.28,sx=1.64

4 Ig k,=1.64 E+10.28
R2 =0.9997
3
2
RO
2 0
(e}
-1
-2
3 Lo
-4

E-Parameter
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8.2 Reactions of V,N-diethylaniline (1b) with benzhydrylium ions 2 at the

nitrogen atom in acetonitrile at 20 °C

Table S37: Reaction of 1b with (dma)CH" BF4~ (2b) in MeCN (20 °C, conventional UV/Vis,
detection at 606 nm).

[Elo (M) [Nuo (M) [Nulo/[E]o obs (57)
8.90 x 107° 9.53 x 107 10.7 1.64 x 1072
9.97 x 107° 2.36x 107 23.7 2.50 x 1072
9.94 x 10°° 494 x 107 49.7 4.81 x 1072

k2 (20 °C) = 80.7 M g!

0.06

Kype = 80.7 M-1 571 [Nu] + 7.62 x 103 s~

0.05 R?=0.9919

0.01

0.00
0.0000 0.0002 0.0004 0.0006

[Nu]/ M

256



Table S38: Reaction of 1b with (mor)CH" BF4~ (2d) in MeCN (20 °C, stopped-flow, detection
at 612 nm).

[E]o (M) [Nu]o (M) [Nulo/[E]o kobs ()
1.13 x 107 9.74 x 107 86.2 3.30
1.13x 10°° 1.62 x 1073 143 4.03
1.13 x 107 1.95x 1073 172 4.52

k2 (20°C)=1.23 x 10> M !

5
Kyps = 1.23 x 103 M- s=1 [Nu] + 2.08 s~

R? = 0.9949

0.0000 0.0005 0.0010 0.0015 0.0020
[Nu]/ M
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Table S39: Reaction of 1b with (mfa),CH" BF4 (2f) in MeCN (20 °C, stopped-flow, detection
at 586 nm).

[E]o (M) [Nu]o (M) [Nulo/[E]o kobs ()
1.49 x 107 3.45x 107 23.2 7.06
1.49 x 107 7.26 x 107 48.7 9.71
1.49 x 107 8.98 x 107 60.3 11.2
1.49 x 107 1.07 x 1073 71.8 12.9

k2 (20°C)=7.95x 103 M 57!

14 kobs =7.95x 103 M s’ [Nu] +4.17 s
R2 = 0.9925
12
10
F'w g
S 6
4
2
0
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012

[Nu] /M
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Determination of reactivity parameters N and s~ for N,N-diethylaniline (1b) in MeCN at 20 °C

at the nitrogen atom.

Table S40: Rate constants for the reactions of 1b with reference electrophiles (20 °C).

Electrophile E-Parameter kr M1sh lg k>
(dma),CH" (2b) _7.02 80.7 1.91
(mor),CH" (2d) 553 123 x 10° 3.09
(mfa),CH' (2f) 3.85 7.95 x 10° 3.90

N=10.29, sx=0.62

4 g k, = 0.62 E + 6.38
R2 = 0.9801

-8 -7 -6 -5 -4 -3
E-Parameter
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9. Reactions of V,/V-diethylaniline (1b) with benzhydrylium ions
2 at the C4 carbon in dichloromethane at 20 °C.

Table S41: Reaction of N,N-diethylaniline (1b) with (pyr)>CH" BF4~ (2a) in CD>Cl, (23 °C,

'"H NMR spectroscopy).
[EJo (M) [NuJo (M) [NuJo/[E]o kyM™!'s™)
4.65 x 1072 9.35 x 1072 2.01 2.98 x 107

k2 (23°C)=2.98 x 104 M 57!

100
90 Y=298x10*M71s?t t+2.38s
R%?=0.9920

=
o

80
70
60
50

Y/ML?
N W R U1 N 0 ©

40

conversion [%]

30
20
10 1

0
0
0 10000 20000 30000 40000 50000 0 5000 10000 15000 20000
t/s t/s

Decay of the relative concentration of (pyr)CH" BFs (2a) while reacting with
N,N-diethylaniline (1b) in CD,Cl, at 23 °C (left). Determination of the second order rate
constant by plotting time versus ¥ = ([NuJo—[E]Jo) ' In([EJo([E]c +[NuJo—[E]o)/[Nulo[E],) (k2 =

2.98 x 10°* M s7!, data points up to 50% conversion were used; right).
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Table S42: Reaction of N,N-diethylaniline (1b) with (dma)CH" BF4~ (2b) in CD,Cl: (20 °C,

'H NMR spectroscopy).
[E]o (M) [Nulo (M) [Nulo/[E]o koM™ s7h
3.88 x 1072 8.10 x 1072 2.09 4.61 %1073

k2 (20 °C)=4.61 x 103 M 7!

100 12
90 Y=461x103M71st t+1.025s
R%=0.9956
80 10 o
70 8
X
— 60 -
S 0
‘%50 S 6
o ~
= 40 >
(@]
o 4
30
2
0 2
10
0 0
0 10000 20000 30000 40000 50000 0 500 1000 1500 2000
t/s t/s

Decay of the relative concentration of (dma)CH® BFs (2b) while reacting with
N,N-diethylaniline (1b) in CD,Cl, at 20 °C (left). Determination of the second order rate
constant by plotting time versus Y = ([Nu]o—[E]o) 'In([E]Jo([E]: +[NuJo—[E]o)/[NuJo[E]) (k2 =

4.61 x 10> M s7!, data points up to 50% conversion were used; right).
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Table S43: Reaction of N,N-diethylaniline (1b) with (mor)CH" BF4~ (2d) in dichloromethane
(20 °C, conventional UV/Vis, detection at 620 nm).

[EJo (M) [NuJo (M) [NuJo/[E]o Jeobs (571
2.10x 1073 1.07 x 1073 51.0 9.11 x 107
2.15 %107 1.48 x 1073 68.8 1.16 x 107#
213 x 107 2.05 % 1073 96.2 1.51 x 104
2.08 x 107 3.08 x 1073 148 2.14x 107

k2 (20°C)=6.12 x 102 M 57!

0.00025 Kops = 6.12% 102M-1s~1[Nu] +2.56 x 1055

R2 = 1.0000

0.00020

T 0.00015

£ 0.00010

0.00005

0.00000

0.0000  0.0010  0.0020  0.0030  0.0040

[Nu]/ M
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Table S44: Reaction of 1b with (dpa)CH" BF4~ (2e) in dichloromethane (20 °C, conventional
UV/Vis, detection at 672 nm).

[Elo (M) [Nuo (M) [Nulo/[E]o obs (57)
1.59 x 107 1.69 x 107 10.6 3.21 x 107
2.56 x 107° 4.80 x 107 18.8 5.04 x 107
1.50 x 107 7.60 x 107 50.7 8.17 x 107
1.55 x 107 1.06 x 1073 68.4 1.01 x 1073
2.48 x 107° 1.49 x 1073 60.1 1.38 x 1073

k2 (20°C)=8.14 x 107! M 57!

0.0016

Kops=8.14 x 10-1 M~1 s~1 [Nu] + 1.62 x 1045~
R2 =0.9937
0.0012
I
\‘3 0.0008
XO
0.0004
0.0000
0.0000 0.0005 0.0010 0.0015
[Nu] / M
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Table S45: Reaction of 1b with (pfa)CH* BF4~ (2g) in dichloromethane (20 °C, stopped-flow,

detection at 601 nm).

[E]o (M) [NuJo (M) [NuJo/[E]o kobs (")
1.55x 107 2.14 x 107 13.8 1.42 x 107!
1.55 x 107 6.41 x 10 41.4 2.93 x 107!
1.55 x 107 1.50 x 1073 96.8 8.35x 107!
1.55x 107 1.92 x 1073 124 1.00

k2 (20 °C) =529 M 57!

1:200 Kype = 529 M~1 571 [Nu] + 2.34 x 10-3 s~
_0.800
)
\‘A’ 0.600
XO

0.400

0.200

0.000

0.0000 0.0005 0.0010 0.0015 0.0020
[Nu] / M
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Determination of reactivity parameters N and s~ for N,N-diethylaniline (1b) in dichloromethane

at 20 °C at the C4 carbon atom.

Table S46: Rate constants for the reactions of N,N-diethylaniline (1b) with reference
electrophiles (20 °C).

Electrophile E-Parameter ky M''s™) lg k>
(pyr):CH" (2a) ~7.69 2.98 x 10-41al -3.53
(dma),CH" (2b) —7.02 4,61 x 107 —2.34
(mor):CH' (2d) -5.53 6.12 x 102 121
(dpa):CH" (2¢) 472 8.14 x 10°! -0.09
(pfa):CH" (2g) 314 529 2.72

[a] Measured at 23 °C.

N=492,sx=1.30

lg k, =1.30 E+6.40
R?2=0.9731 L

N W B

lg k,

-8 -7 -6 -5 -4 -3
E-Parameter

265



10. Reactions of 1-phenylpyrrolidine (1c) with benzhydrylium
ions 2 in acetonitrile at 20 °C.

10.1 Reactions of 1-phenylpyrrolidine (Ic) with benzhydrylium ions 2 at

the C4 carbon in acetonitrile at 20 °C

Table S47: Reaction of 1-phenylpyrrolidine (1¢) with (dpa)CH" BF4~ (2¢) in MeCN (20 °C,
stopped-flow, detection at 644 nm).

[Elo (M) [Nulo (M) [Nulo/[E]o kobs (s7)
1.88 x 107 6.18 x 107 33.0 1.10 x 107!
1.88 x 107 9.28 x 107 49.4 1.68 x 107!
1.88 x 107 1.24 x 1073 65.9 224 x 107!
1.88 x 107 1.55x 1073 82.4 2.80 x 107!
1.88 x 107 1.86 x 1073 98.9 343 x107"

k2 (20°C) = 186 M 5!

040 1 =186 M5 [Nu]—5.60 x 1035
0.35 R2 = 0.9995

0.30

< 0.25

(7))

~ 020

< 0.15
0.10
0.05

0.00
0.0000 0.0005 0.0010 0.0015 0.0020

[Nu]/ M

[a] The negative intercept with the abscissa is due to slow/incomplete mixing of the reactants

in comparison with the fast reaction.
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Table S48: Reaction of 1-phenylpyrrolidine (1¢) with (mor)CH" BF4~ (2d) in MeCN (20 °C,
stopped-flow, detection at 612 nm).

[E]o (M) [Nulo (M) [Nulo/[E]o kobs (")
1.91 x 107 6.18 x 107 32.4 6.75 x 1073
1.91 x 107 9.28 x 10 48.6 9.51 x 1073
1.91 x 107 1.24 x 1073 64.8 1.26 x 1072
1.91 x 107 1.55x 1073 81.0 1.58 x 1072
1.91 x 107 1.86 x 1073 97.2 1.90 x 1072

k2 (20 °C)=9.91 M ¢!

0.020
Koo = 9.91 M1 571 [Nu] + 4.48 x 104 s~
R2 =0.9991

0.015
I
\‘3 0.010
XO

0.005

0.000

0.0000 0.0005 0.0010 0.0015 0.0020

[Nu]/ M

267



Table S49: Reaction of 1-phenylpyrrolidine (1¢) with (pyr).CH" BF4~ (2a) in CD3CN (20 °C,

'H NMR spectroscopy).
[EJo (M) [NuJo (M) [NuJo/[E]o ky(M™'s™)
2.04 x 1072 4.17 x 1072 2.04 2.72x 1073

k2 (20°C)=2.72 x 103 M 57!

1
o0 50 Y=272x103M"s" t—
80 1.98's

70 40 R2 = 0.997

<
$ %0 430
@ =
¢ 30 =20
5 10 T
° 0 0
0 20,000 40,000 0 10,000 20,000

t/s
t/s

Decay of the relative concentration of (pyr)>CH" BF4~ while reacting with 1-phenylpyrrolidine
(1e¢) in CD3CN at 20 °C (left). Determination of the second order rate constant by plotting time
versus ¥ = ([NuJo—[E]o) 'In([E]o([E]c +[NuJo—[EJo)/[Nulo[E]) (k2 = 2.72 x 107> M 57!, data

points up to 50% conversion were used; right).
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Determination of reactivity parameters N and sy for 1-phenylpyrrolidine (1¢) in MeCN

Table S50: Rate constants for the reactions of 1-phenylpyrrolidine (1c¢) with reference

electrophiles (20 °C).

Electrophile E-Parameter kr M1sh lg k>
(pyn):CH" (2a) 769 272 % 107 257
(mor),CH" (2d) 553 9.91 1.00
(dpa)CH" (2¢) 472 186 227

N=6.13,sn=1.63

lg k, =1.63 E +10.00
R? = 0.9999

E-Parameter
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10.2 Reactions of 1-phenylpyrrolidine (1c) with benzhydrylium ions 2 at

the nitrogen atom in acetonitrile at 20 °C

Table S51: Reaction of 1-phenylpyrrolidine (1¢) with (mfa)CH" BF4 (2f) in MeCN (20 °C,
stopped-flow, detection at 586 nm).

[Elo (M) [Nuo (M) [Nulo/[E]o obs (57)
8.06 x 107° 3.62 x 107 449 9.19
8.06 x 107° 7.24 x 107 89.8 9.88
8.06 x 107° 9.05 x 107 112 10.3
8.06 x 107° 1.09 x 1073 135 10.7

k2 (20 °C) = 2.08 x 103 M 57!

12 [ ky=2.08 x 103 M-" s~ [Nu] + 8.42 s~

.0000 0.0005 0.0010 0.0015
[Nu]/ M
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Table S52: Reaction of 1¢ with (pfa),CH" BF4 (2g) in MeCN (20 °C, stopped-flow, detection

at 592 nm).
[EJo (M) [NuJo (M) [NuJo/[E]o kobs (s7)
8.86 x 10°° 7.24 x 1072 8.2 1.61
8.86 x 10°° 1.45x10* 16.4 2.02
8.86 x 10°° 2.90 x 107 32.7 2.77
8.86 x 10°° 3.62x10* 40.9 3.10

ky (20°C)=5.15x10° M 57!

4.0 [ k. =515x 103 M- s [Nu] + 1.26 5~

3.0 R2 =0.9989
Tw 2.0

0.0
0.0000 0.0001 0.0002 0.0003 0.0004

[Nu]/ M

Determination of reactivity parameters N and s~ for 1-phenylpyrrolidine (1¢) in MeCN

Table S53: Rate constants for the reactions of 1-phenylpyrrolidine (1c¢) with reference

electrophiles at the nitrogen atom (20 °C).

Electrophile E-Parameter ky M sh lg k>
(mfa)yCH" (2f) _3.85 2.08 x 10° 332
(pfa)CH" (2g) -3.14 5.15 x 10° 3.71

N=9.87,sn=0.55

4
./.
x'2 _
> g k, = 0.55 E + 5.43
0
5 4 -3 -2 1 0

E-Parameter
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11.Reactions of 1-phenylpiperidine (1d) with benzhydrylium ions
2 at the nitrogen atom in CH3CN at 20 °C.

Table S54: Reaction of 1-phenylpiperidine (1d) with (dma)CH" BF4~ (2b) in MeCN (20 °C,

stopped-flow, detection at 606 nm).

[E]o (M) [Nu]o (M) [Nulo/[E]o Feobs (57
7.23 x10°° 4.84 %107 66.9 5.61 x 10"
7.23 x10°° 9.68 x 10 134 9.12x 107!
7.23 x10°° 1.45 x 107 201 1.28
7.23 x10°° 1.94 x 1073 268 1.64
7.23 x10°° 2.42 %107 335 2.07

k2 (20°C) =773 M 5!

2.5
Kyps = 773 M-" s~ [Nu] + 0.17 s
2 R2 =0.9984
F'w 1.5
S 1
0.5
0
0.0000 0.0010 0.0020 0.0030

[Nu]/ M
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Table S55: Reaction of 1-phenylpiperidine (1d) with (mor)CH" BF4~ (2d) in MeCN (20 °C,
stopped-flow, detection at 612 nm).

[E]o (M) [Nulo (M) [Nulo/[E]o Kobs (1)
9.90 x 10°° 484 x 107 48.9 4.59
9.90 x 10°° 9.68 x 107* 97.7 9.28
9.90 x 10°° 1.45 x 1073 147 14.0
9.90 x 10°° 1.94 x 103 196 18.7
9.90 x 10°° 242 x 1073 244 23.4

k2 (20°C)=9.71 x 103 M 5!

25

Kype = 9.71 x 108 M~1 s [Nu] — 0.11 s~
R2 = 1.0000

0.0000 0.0010 0.0020 0.0030
[Nu] /M

[a] The negative intercept with the abscissa is due to slow/incomplete mixing of the reactants

in comparison with the fast reaction.
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Table S56: Reaction of 1-phenylpiperidine (1d) with (mfa),CH" BF4 (2f) in MeCN (20 °C,
stopped-flow, detection at 586 nm).

[Elo (M) [Nuo (M) [Nulo/[E]o obs (57)
8.40 x 107° 8.56 x 107 10.2 12.7
8.40 x 107° 1.71 x 107* 20.4 30.4
8.40 x 107° 2.57x 107 30.6 46.2
8.40 x 107° 3.42 %107 40.8 61.7
8.40 x 107° 428 x 107 50.9 77.2

k2 (20°C)=1.87 x 10° M 5!

90
g0 | Kovs =187 x 105 M~ s~ [Nu] - 2.45 5"

R? = 0.9992

-1
Kops ! S
A o
o

10

0
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005

[Nu]/ M

[a] The negative intercept with the abscissa is due to slow/incomplete mixing of the reactants

in comparison with the fast reaction.
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Table S57: Reaction of 1-phenylpiperidine (1d) with (pfa).CH" BF4~ (2g) in MeCN (20 °C,

stopped-flow, detection at 591 nm).

[E]o (M) [Nulo (M) [Nulo/[E]o kobs (")
8.80 x 10°° 1.18 x 107 13.4 161
8.80 x 107 1.57 x 1074 17.9 198
8.80 x 10°° 1.77 x 10 20.1 219
8.80 x 10°° 1.97 x 107 22.4 241
8.80 x 107 2.16 x 107 24.6 253
8.80 x 107 236 x 107 26.8 270

k2 (20°C)=9.34 x 10° M 5!

300  k, =9.34 x 105 M~" s~" [Nu] + 52.3 s
R2 = 0.9955

Kops / 877

250
200
150
100

50

0
0.0000

0.0001

[Nu]/ M

0.0002
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Determination of reactivity parameters N and sy for 1-phenylpiperidine (1d) in MeCN at 20 °C

at the nitrogen atom.

Table S58: Rate constants for the reactions of 1-phenylpiperidine (1d) with reference
electrophiles (20 °C).

Electrophile E-Parameter ky M''s™) lg k>
(dma):CH" (2b) 7.02 773 2.89
(mor),CH" (2d) -5.53 9.71 x 103 3.99
(mfa),CH" (2) 3.85 1.87 x 10° 527
(pfa).CH' (2g) 315 9.34 x 103 5.97

N=10.65, sx=0.79

! lg k, = 0.79 E + 8.37
6 R2 = 0.9975
5
<
L4
3
2
1
0

E-Parameter
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12. Reactions of /N, N-dimethyl-para-toluidine (le) with
benzhydrylium ions 2 in acetonitrile at 20 °C
12.1 Reactions of N,N-dimethyl-para-toluidine (1¢) with benzhydrylium

ions 2 at the nitrogen atom in acetonitrile at 20 °C

Table S59: Reaction of N,N-dimethyl-para-toluidine (1e) with (mor)CH" BFs (2d) in
acetonitrile (20 °C, stopped-flow, detection at 612 nm).

[EJo (M) [NuJo (M) [NuJo/[E]o obs (s7")
1.11 x 107 491 x 107 44.3 8.86 x 107!
1.11 x 107 6.88 x 107 62.1 1.44
1.11 x 107 8.84 x 10 79.8 1.74
1.11 x 107 1.47 x 1073 133 2.57

k2 (20°C)=1.64 x 10> M 57!

3.0

Kops = 1.64 x 103 M~"s~1[Nu] +2.09 x 10-1s~"
R2 =0.9757

0.0000 0.0010 0.0020
[Nu]/ M
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Table S60: Reaction of N,N-dimethyl-para-toluidine (1e) with (dpa)CH" BF4 (2e) in MeCN
(20 °C, stopped-flow, detection at 644 nm).

[E]o (M) [NuJo (M) [NuJo/[E]o kobs (")
1.22x 107 2.95x 107 24.2 9.09
1.22x 107 491 x 107 40.3 9.94
1.22x 107 1.08 x 1073 88.5 14.6
1.22x 107 1.47 x 107 120 16.7

k2 (20 °C) = 6.76 x 103 M 57!

Kops / s71

18 [k, =6.76 x 103 M1 s=1 [Nu] + 6.94 s~

16 R2=0.9929
14
12
10

8

6

4

2

0

0.0000 0.0005 0.0010 0.0015 0.0020

[Nu] /M
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Table S61: Reaction of N,N-dimethyl-para-toluidine (1e) with (pfa)CH" BF4 (2g) in MeCN
(20 °C, stopped-flow, detection at 592 nm).

[Elo (M) [NuJo (M) [NuJo/[E]o kobs (")
1.76 x 107 2.20x 107 12.5 18.2
1.76 x 107 439 x 107 24.9 25.0
1.76 x 107 5.49 x 107* 31.2 28.1
1.76 x 107 6.59 x 107 37.4 30.4
1.76 x 107 8.79 x 107* 49.9 37.6

k2 (20 °C)=2.89 x 10° M 57!

40 1 k. =289 x 104 M- s [Nu] + 12.0 s~
35 R2 = 0.9969

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
[Nu]/ M
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Determination of reactivity parameters N and s for N,N-dimethyl-para-toluidine (1e) in MeCN

at 20 °C at the nitrogen atom.

Table S62: Rate constants for the reactions of N,N-dimethyl-para-toluidine (1e) with reference

electrophiles (20 °C).

Electrophile E-Parameter ky M''s™) lg k>
(mor)CH" (2d) -5.53 1.64 x 10° 3.22
(dpa).CH" (2e) —4.72 6.76 x 10° 3.83
(pfa)CH" (2g) -3.14 2.89 x 104 4.46

N=12.16, sx=0.50

6 Ilg k, =0.50 E + 6.08
R? =0.9698

w

lg k
N

E-Parameter
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12.2 Subsequent reactions of N,/N-dimethyl-para-toluidine (le) with
benzhydrylium ions 2 after the attack at the nitrogen atom in

acetonitrile at 20 °C

Table S63: Reaction of N,N-dimethyl-para-toluidine (1e) with (mfa)CH" BFs~ (2f) in
acetonitrile (20 °C, stopped-flow, detection at 586 nm).

[E]o (M) [Nu]o (M) [Nulo/[E]o Feobs (571
9.05 % 1076 6.43 x 10°* 71.0 3.71 x 107!
9.05 % 1076 9.64 x 10°* 107 4.77x 10"
9.05 % 1076 1.29 x 107 143 5.09 x 107!
9.05 % 107 1.64 x 107 181 6.29 x 10!
9.05 % 1076 1.96 x 107 217 7.25 % 107!

k2 (20 °C) =260 M 5!

0.8 [ k. .=260M-'s"[Nu] +2.04 x 10~ s
R2=0.9794

0.0000 0.0010 0.0020
[Nu] /M
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Table S64: Reaction of N,N-dimethyl-para-toluidine (1e) with (pfa)CH" BF4 (2g) in MeCN
(20 °C, stopped-flow, detection at 592 nm).

[Elo (M) [Nulo (M) [NuJo/[E]o kobs (s™")
1.76 x 107 2.20 x 107 12.5 6.91 x 1072
1.76 x 107 439 x 107 24.9 8.91 x 1072
1.76 x 107 5.49 x 107* 31.2 1.01 x 107!
1.76 x 107 6.59 x 107 37.4 1.07 x 107!
1.76 x 107 8.79 x 107* 49.9 1.36 x 107!

k2 (20 °C)=99.5 M g°!

0.20
Kops = 99.5 M1 s71 [Nu] + 4.58 x 1025~

0.15 R? =0.9880
P
5 0.10
<O

0.05

0.00

0.0000 0.0005 0.0010

[Nu]/ M
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13. Reactions of NV,N-dimethyl-para-toluidine (1¢) with tritylium
ions in acetonitrile

Table S65: Reaction of N, N-dimethyl-para-toluidine (1e) with (ani);C" BF4 in CD3CN (23 °C,

'H NMR spectroscopy). The rest ani = p-MeOCeHa.

[Elo (M)

[NuJo (M)

[Nu]o/[E]o koM™ s7h

1.00 x 107!

2.08 x 107!

2.08 4.78 x 1073

k2 (23 °C)=4.78 x 10°M ' 57!

100
90
80
70
60
50
40
30
20
10

0

remaining relative concentration
of cation [%]

qomonses oo O

0

10000 15000
t/s

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

20000

Y=478x103M1s1¢r-8.93
x1072s
R%2=0.9975
0 500 1000
t/s

Decay of the relative concentration of (ani);C" BF4~ while reacting with N, N-dimethyl-para-

toluidine (1e) in CD3CN at 23 °C (left). Determination of the second order rate constant by
plotting time versus Y = ([NuJo—[E]o) ' In([E]Jo([E]: +[Nu]o—[E]o)/[Nulo[E];) (k2 = 4.78 x 1073

M 57!, data points up to 50% conversion were used; right).
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14.Reactions of  N,N,dimethyl-para-anisdine (1f) with
benzhydrylium ion 2 in acetonitrile at 20 °C.
14.1 Reactions of N, N-dimethyl-para-anisidine (1f) with benzhydrylium

ions 2 at the nitrogen atom in acetonitrile at 20 °C

Table S66: Reaction of N,N-dimethyl-para-anisidine (1f) with (mor),CH" BF4 (2d) in
acetonitrile (20 °C, stopped-flow, detection at 612 nm).

[E]o (M) [Nu]o (M) [Nu]o/[E]o kobs (s7)
1.23 x 1073 6.22 x 107 50.6 3.06
1.23 x 107 1.24 x 1073 101 3.25
1.23 x 107 2.00 x 1073 163 3.50
1.23 x 107 2.67 x 1073 217 3.64
1.23 x 107 3.33x 1073 271 3.83
1.23 x 107 4.00 x 1073 325 4.01

k2 (20°C) =278 M 5!

Kyps = 2.78 x 102M-1 s [Nu] + 2.91 s~
R2 = 0.9969

4/

-1
Kops | S
w

N

0
0.0000 0.0010 0.0020 0.0030 0.0040  0.0050
[Nu]/ M
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Table S67: Reaction of N,N-dimethyl-para-anisidine (1f) with (pfa)CH" BF4~ (2g) in MeCN
(20 °C, stopped-flow, detection at 592 nm).

[E]o (M) [Nulo (M) [NuJo/[E]o kobs ()
1.70 x 107 472 x 107 27.8 1.40
1.70 x 107 9.44 x 107 55.5 4.94
1.70 x 107 1.42 x 1073 83.5 7.65

k2 (20 °C)=6.59 x 103 M 57!

Kope=6.59 x 108 M- s~ [Nu] — 1.57 s~
R2 = 0.9938

Kops / s71

9
8
7
6
5
4
3
2
1
0
0

.0000 0.0005 0.0010 0.0015
[Nu]/ M

[a] The negative intercept with the abscissa is due to slow/incomplete mixing of the reactants

in comparison with the fast reaction.
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Determination of reactivity parameters N and s~ for N,N-dimethyl-para-anisidine (1f) in MeCN

at 20 °C at the nitrogen atom.

Table S68: Rate constants for the reactions of N,N-dimethyl-para-anisidine (1f) with reference

electrophiles (20 °C).

Electrophile E-Parameter ky M''s™) lg k>
(mor),CH" (2d) 5.53 278 2.44
(pfa)2CH" (2g) 3.14 6.59 x 10° 3.82

N=9.71,sxn=10.58

5 g k, = 0.58 E + 5.63

-6 -5 -4 -3 -2 -1 0
E-Parameter
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14.2 Subsequent reactions of N,N-dimethyl-para-anisidine (1f) with
benzhydrylium ions 2 after the attack at the nitrogen atom in acetonitrile

at 20 °C

Table S69: Reaction of N,N-dimethyl-para-anisidine (1f) with (mor)CH" BFs (2d) in
acetonitrile (20 °C, stopped-flow, detection at 612 nm).

[E]o (M) [Nu]o (M) [Nu]o/[E]o kobs (s™)
123 x 10 6.22 x 107 50.6 7.26 x 1072
123 x 10 1.24 x 1073 101 7.79 x 1072
123 x 10 2.00 x 107 163 8.65 x 1072
123 x 10 2.67 x 107 217 8.81 x 1072
123 x 10 3.33x 107 271 1.00 x 107!
1.23 x 10 4.00 x 107 325 1.02 x 107!
k2 (20 °C)=9.02 M 5!
0.12 Ky =9.02 M-1 s [Nu] + 6.70 x 10-2 51
R2 = 0.9691
0.10
_ 008
)
= 0.06
XO
0.04
0.02
0.00
0.000  0.001  0.002 0.003 0.004  0.005
[Nu]/ M
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15. Products of the reaction of V,/NV-dialkylated anilines 1 with
benzhydryl ions 2

General Procedure 1 (GP1):

To a solution of 2 in dry MeCN or dichloromethane (5 mL) was added 1 dropwise and stirred
at room temperature for the indicated time. The reaction mixtures did not decolorize
completely. After reaction completeness was indicated by TLC, NaOH solution (2 M, 10 mL)
was added and extracted with dichloromethane (3x 10 mL). The combined organic layers were
evaporated and purified by flush chromatography (gradient i-hexane/aceton = 1:0 to 5:1)

yielded in slightly colored powders.

Me\N,Me

WG
Me Me

According to GP1 N,N-dimethylaniline (1a, 32.6 mg, 0.269 mmol) and 2b (81.6 mg,
0.240 mmol) in dry MeCN (5 mL) yielded 4,4'4"-methanetriyltris(NV,N-dimethylaniline)
(63.0 mg, 0.169 mmol, 70%) as slightly violet powder.

'H and '*C NMR is according to literature.[!!

Elemental Analysis: caled for [C2sH31N3]: C: 80.39, H: 8.37, N: 11.25; found: C: 80.47, H: 8.56,
N: 11.26.

289



According to GP1 N,N-dimethylaniline (1a, 22.1 mg, 0.182 mmol) and 2f (78.0 mg,
0.164 mmol) in dry dichloromethane (5 mL) vyielded 4,4'-((4-(dimethylamino)phenyl)
methylene)bis(N-methyl-N-(2,2,2-trifluoroethyl)aniline) (70.0 mg, 0.137 mmol, 84%) as
slightly bluish powder.

'H NMR (400 MHz, Chloroform-d) 8 7.01 (d, J = 8.3 Hz, 4H, 3-H), 6.97 (d, J = 8.3 Hz, 2H,
5-H), 6.71 (d, J = 8.8 Hz, 4H, 2-H), 6.66 (d, J = 8.8 Hz, 2H, 6-H), 5.31 (s, 1H, 4-H), 3.81 (q, J
=9.0 Hz, 4H, 1-H), 3.02 (s, 6H, 8-H), 2.91 (s, 6H, 7-H).

13C NMR (101 MHz, Chloroform-d) & 149.1 (g, CNMe), 147.0 (g, CNMeCH,CF3), 135.2 (q,
2 % Carom), 133.2 (@, 1 % Carom), 130.2 (3-C), 130.0 (5-C), 125.8 (q, J = 282.7 Hz, CF3), 112.7
(6-C and 2-C), 54.8 (q, ] = 32.6 Hz, CH,CF3), 54.1 (4-C), 40.9 (7-C), 39.3 (8-C).

PW12_PROTON_4r01 ol
Nucleus: 1H 8
Solvent: cdcl3 O

&

Spectrometer Frequency: 39992 888§ R 8 8 ® B8R 8%
Number of Scans: 64 NNNGGCS OO0 © oo @ Q
L] (e \ SO

i

oF

oF
1.0z —
4197
6.204
6.131

10 9 8 7 6 5 4 3 2 1

f1 (ppm)
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PW12_CARBON_4r01
Nucleus: 13C

77.5 cdcl3

ZZ 2 cdolo
76.8 cdcl3

Solvent: cdcl3 ;Eg%gg?’-ﬁ:ﬁfzz NMON®Me B0
Spectrometer Frequency: 100.57 IIQRCPANAN == S8IIT 29
Number of Scans: 4096 NN —=— \/

RSO 1 ] S S O [

200 180 160 140 120 100 80 60 40 20
f1 (ppm)

Me. O O .Me
N N
Me Me

According to GP1 N,N-diethylaniline (1b, 53.9 mg, 0.361 mmol) and 2b (110.0 mg,
0.323 mmol) in dry MeCN (5 mL) yielded after five days 4,4'-((4-(diethylamino)phenyl)
methylene)bis(N,N-dimethylaniline) (97.0 mg, 0.242 mmol, 75%) as slightly bluish powder.

'H NMR (300 MHz, Methylene Chloride-d>) § 7.00 (d, J = 8.3 Hz, 4H), 6.95 (d, J = 8.3 Hz,

2H), 6.68 (d, J = 8.9 Hz, 4H), 6.61 (d, J = 8.9 Hz, 2H), 5.23 (s, 1H), 3.34 (q, J = 7.0 Hz, 4H),
2.91 (s, 12H), 1.15 (t, J= 7.0 Hz, 6H).

13C NMR (75 MHz, Methylene Chloride-d2) § 149.5, 146.5, 134.2, 132.7, 130.2, 130.0, 112.9,
112.0, 54.6 (superimposed), 44.7, 41.0, 12.9.
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According to GP1 N,N-diethylaniline (1b, 33.0 mg, 0.221 mmol) and 2d (93.8 mg, 0.221 mmol)
in dry MeCN (5 mL) yielded after 24 h 4-(bis(4-morpholinophenyl)methyl)-N,N-diethylaniline
(90.0 mg, 0.185 mmol, 84%) as slightly bluish powder.

'"H NMR (599 MHz, Chloroform-d) § 7.06 (d, J = 8.7 Hz, 4H, 4-H), 6.96 (d, J = 8.8 Hz, 2H,
6-H), 6.84 (d, /J=8.4 Hz, 4H, 7-H), 6.62 (d, /= 8.7 Hz, 2H, 3-H), 5.33 (s, 1H, 5-H), 3.94 - 3.79
(m, 8H, 1-H), 3.33 (q,J="7.1 Hz, 4H, 8-H), 3.19 — 3.09 (m, 8H, 2-H), 2.18 (s, 3H), 1.16 (t, J =
7.0 Hz, 6H, 9-H). The additional resonance at & = 2.16 ppm is caused by trace amounts of
acetone.

13C NMR (151 MHz, Chloroform-d) & 149.3 (q), 146.2 (q), 136.9 (q), 131.5 (q), 130.0
(superimposed 4-C, 6-C), 115.4 (3-C), 111.7 (7-C), 67.0 (1-C), 54.2 (5-C), 49.5 (2-C), 44.3
(8-C), 12.7 (9-C).

HR-MS (EI): m/z caled for [C31H3oN302] " 485.3037 found: 485.3034.

293



eiech-SS07-Product_ PROTON_601%2

Nucleus: 1H Q
Solvent: cdcl3 O
Spectrometer Frequency: 598.84 Q58888385 & EeReaBe2IL ~ee
Number of Scans: 8 NNNGOOCOCOSO© [t} B WM OMO NSO - -
s | ~ N ~
iy} s
|
|
|
I
LoR'S & PO &
RS RR] 3 ~ o N 3
oo o ] <+ © ©
T T T T T T T T T T
10 9 8 7 6 4 3 2 1 0
f1 (ppm)
eiech-SS07-Product_CARBON_601 )
Nucleus: 13C I
Solvent: cdcl3 N 20w o <N S o NW ™ N
Spectrometer Frequency: 150.59 g g 258 © e ~ N 4o o
Number of Scans: 2048 A A ~ « A -
\ Y I | 2 |
| | ) |
L |
T T T T T T T T T T T
220 200 180 160 140 120 80 60 40 20 0
f1 (ppm)

294



According to GP1 1-phenylpiperidine (1d, 3.7 mg, 0.023 mmol) and 2f (11.0 mg, 0.023 mmol)
in dry MeCN (5 mL) yielded after 1 h 4,4'-((4-(piperidin-1-yl)phenyl)methylene)bis(N-methyl-
N-(2,2,2-trifluoroethyl)aniline) (10.9 mg, 0.020 mmol, 87%) as blue powder.

'H NMR (400 MHz, Acetonitrile-ds)  7.46 (d, J = 8.8 Hz, 2H, 5-H), 7.31 (d, J = 8.5 Hz, 2H,
6-H), 6.98 (d, J = 8.6 Hz, 4H, 3-H), 6.79 (d, J = 8.9 Hz, 4H, 2-H), 5.46 (s, 1H, 4-H), 3.98 (q, J
=9.3 Hz, 4H, 1-H), 3.59 — 3.49 (m, 4H, 7-H), 3.00 (s, 6H, CH3), 2.03 — 1.95 (m, 4H, 8-H), 1.73
(h, J=5.0, 4.3 Hz, 2H, 9-H).

13C NMR (101 MHz, Acetonitrile-ds) 8 148.4 (q), 148.3 (q), 141.4 (q), 133.9 (q), 131.8 (6-C),
131.4, 130.7 (3-C), 127.2 (q, J = 282.7 Hz, CF3), 121.6 (5-C), 113.6 (2-C), 58.4 (7-C), 55.0
(4-C), 54.1 (q, J = 31.9 Hz, 1-C), 39.7 (CHz), 24.5 (8-C), 21.7 (9-C).
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4,4'-(Bromomethylene)bis(methylbenzene) (22.0 mg, 80.7 umol) was solved in CD3—CN
(1 mL) and N,N-dimethyl-para-toluidine (11.0 mg, 81.4 ummol) was added and the reaction
was monitored by time-resolved "H NMR spectroscopy. The solution became turbid within 1 d.
After two weeks 2-(di-p-tolylmethyl)-N,N,4-trimethylbenzenaminium bromide crystallized
suitable for X-ray diffraction analysis. The solvent was decanted and the crystals dried under
high vacuum (25.1 mg, 61.2 umol, 76%).

'H NMR (400 MHz, DMSO-de) § 7.70 (s, 1H, CaryiH), 7.26 (s, 1H, CaryiH), 7.13 (d, J= 7.7 Hz,

4H, CaryH), 6.95 (d, J = 7.9 Hz, 4H, CaryH), 6.81 (s, 1H, CamH), 6.24 (s, 1H, Ar;CH), 4.58
(s, 1H, NH), 2.91 (s, 6H, NCHz), 2.27 (s, 6H CH3), 2.22 (s, 3H, CH3).

13C NMR (201 MHz, DMSO-de) & 139.0 (q), 135.8 (q), 131.4 (q), 129.0 (superimposed,
CawH), 121.1 (q), 47.6 (Ar3:CH), 47.0, 20.7 (CH3), 20.6 (CH3).

/v\],;/ i
/g \N\ ) d\ j‘/f*;c;\”\

Figure S5: X-ray structure of 2-(di-p-tolylmethyl)-N,N,4-trimethylbenzenaminium bromide.
Shown is one from two symmetric units. Thermal ellipsoids are drawn at the 50% probability

level.
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The remaining relative concentration of 2h was determined by following the integral of the

resonance at 6.40 ppm and normalizing it to the integral of the resonances of the solvent

(CD«HyCN, q at 1.94 ppm) as reference. [4,4'-(bromomethylene)bis(methylbenzene)]o =
80.7mM, [N,N-dimethyl-para-toluidine]o = 81.4 mM. All '"H NMR spectra were measured at

200 MHz.
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