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Abstract: Dynamic covalent libraries (DCLs) of quaternary
ammonium cations were set up by reversible nucleophilic

substitution (SN2’ and SN2) exchange reactions of ammonium

salts and tertiary amines. The reactions were conducted at
60 8C to generate thermodynamically and kinetically con-

trolled mixtures of quaternary ammonium compounds and
tertiary amines, and were accelerated by using iodide as

a nucleophilic catalyst. Microwave irradiation was used to
assist the exchange reaction between the pyridinium salts

and pyridine derivatives. Finally, experiments towards the

generation of dynamic ionic liquids were performed. The re-
sults of this study pave the way for the extension of dynam-

ic combinatorial chemistry to nucleophilic substitution reac-
tions.

Introduction

Constitutional dynamic chemistry (CDC), and in particular on

the molecular level dynamic covalent chemistry (DCC), play an
increasingly important role in diverse research fields.[1] DCC is

based on the implementation of reversible reactions to gener-
ate dynamic covalent libraries (DCLs) of molecular constituents

interconverting through component exchange and are at ther-

modynamic equilibrium.[2] These libraries may contain the full
set of constituents resulting from all possible combinations of

the available components, although they can remain virtual,[2a]

depending on the reaction and the conditions. Representative

examples of reversible reactions implemented in DCC by differ-
ent research groups over the last decade comprise amine/car-
bonyl condensation,[3] disulfide exchange,[4] olefin metathesis,[5]

imine exchange,[6] Knoevenagel/imine exchange,[6a, 7] Knoevena-
gel/Knoevenagel exchange,[7] boronic ester formation,[8] pep-

tide exchange,[9] and Diels–Alder condensation.[10] CDC, both
molecular and supramolecular, also provides new perspectives

in areas such as materials science[11] and drug design.[12] To fur-
ther extend the realm of DCC, there is a constant requirement

for new reversible reactions to generate DCLs of increasing
structural and chemical diversity and complexity.

More than a century ago, the first preparation and study of
the chiral ammonium salt Me(Et)N+(All)PhI¢·CHCl3 in 1903[13a]

revealed the occurrence of spontaneous racemization by rever-

sible dissociation into amine and allyl halide. The rate of race-
mization depended on the type of anion, decreasing in the se-

quence I>Br>Cl.[13b] Half a century later, in 1954 a procedure

for the spontaneous resolution of this salt was described and
its optical activity was confirmed.[14] Another half a century

later in 2001, the solid-state molecular structure of this salt
was determined[15a] and its conglomerate formation features

were investigated.[16] In the case of the similar salt Me(All)N+

(CH2Ph)PhX¢ (X = Br, I), the spontaneous resolution was at-

tempted but it was found that the crystals underwent lamellar

racemic twinning.[15b] Racemization was proposed to occur by
means of attack of the halide at the g position of the allyl

group of the quaternary cation following a SN2’ mechanism.[15a]

Recently, chiral ammonium salts were frequently used as cata-

lysts in asymmetric synthesis,[17] as ionic liquids,[18] and in crys-
tal engineering.[19] Furthermore, the reaction of other ammoni-

um salts such as N-benzyl-N,N-dimethylanilinium salt with nu-

cleophilic carbanions[20] and the reversibility of the nucleophilic
reaction between benzylbromide and N,N-dimethylaniline were
investigated.[21] The nucleophilic substitution between pyridine
and derivatives of benzyl bromide to afford pyridinium bro-

mide (Menschutkin reaction) was examined in both molecular
solvents and ionic liquids.[22] Additionally, pyridinium salts are

easily accessed and are versatile precursors to nitrogen-con-
taining heterocycles. They are exploited for the total synthesis
of natural products as well as in asymmetric or regioselective

addition reactions.[23]

We report here our work on the generation of dynamic co-

valent libraries based on nucleophilic substitution reactions.
More specifically, we present a study of new DCC processes in-

volving the exchange of the tertiary amine component of qua-

ternary ammonium salts based on SN2’ and SN2 types of nucle-
ophilic substitution reactions. We also describe the ability of

iodide to act as a nucleophile to catalyze the exchange be-
tween components. Iodide catalysis was reported in the self-

assembly of donor–acceptor [3]catenanes.[24] Furthermore, mi-
crowave irradiation was used to assist the exchange between
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pyridinium salts and pyridine derivatives. Finally, as some am-

monium salts in our study are ionic liquids,[25] we explored the
generation of dynamic ionic-liquid libraries in molecular sol-
vents. All the processes investigated were followed by 1H NMR

spectroscopy and the fractions of the different compounds in
the DCLs were determined by signal integration.

Results and Discussion

Exchange Processes between
Quaternary Allyl Ammonium
Salts and Tertiary Amines
through SN2’-Type Nucleophilic
Substitution

Quaternary allyl ammonium salts

are obtained by reaction of an
allyl halide with a tertiary amine.

Based on the work, mentioned
above, on the racemization of
optically active quaternary allyl
ammonium salts, the reversibility

of the process requires the dis-
sociation into a tertiary amine

and allyl halide by means of attack of the anion on

the allyl double bond within the salt following an
SN2’ mechanism.[15a] On the basis of this reversible re-

action we have generated dynamic covalent libraries
based on quaternary allyl ammonium salts and terti-

ary amines. The capacity of various ammoniums salts

1 a–1 e or 3 a–3 e (Figure 1) to undergo exchange
with several aliphatic (2 a–e) and N,N-dimethylaniline-

type aromatic (4 a–e) tertiary amines (Figure 2) was
evaluated at a 1:1 ratio and at a 20 mm concentration

in the absence or in the presence of iodide as nucle-
ophilic catalyst in the form of tetraethyl- or tetrabuty-

lammonium iodide (TEAI or TBAI, respectively).

The exchange reaction between 1 a-Br and 2 a was
selected first as a model for SN2’ exchange to identify

the most suitable solvent among CDCl3, [D6]DMSO,
MeOD, CD3CN, and CD3CN/D2O 90:10 at a 20 mm concentra-

tion. Exchange was found to occur in all of these solvents as
shown in the Supporting Information. However, the best con-
ditions for exchange were in CD3CN at 60 8C, for which the

fastest rate of exchange to give 3 a-Br and 4 a was observed
(see the Supporting Information). In the reaction mixtures,
a trace amount (�3 %) of the amino-Claisen product 2-allyl-
N,N-dimethylaniline (VIII)[26] was detected in the 1H NMR spec-
trum, which showed a characteristic peak at d= 3.93 ppm
(¢CH2CH=CH2), and was confirmed by its electrospray high-res-

olution mass spectrum (peak at m/z 162.128 [M++H]+). To in-
vestigate the reversibility of this exchange, the reaction of 3 a-
Br and 4 a under varying conditions (see the Supporting Infor-

mation) did not occur even after 14 days. These results indicat-
ed that the equilibrium of the exchange reaction was irreversi-

ble, being strongly shifted towards 3 a-Br and 4 a. Another ex-
change was performed by mixing 1 a-Br and 2 c in CD3CN at

60 8C, thereby yielding 3 c-Br (43 %) and 4 a (40 %) (see the Sup-

porting Information). Similarly, reaction between 1 a-Br and 2 d
gave the exchange products 3 d-Br and 4 a after a few hours

but this reaction was irreversible.
The rate constants (see the Experimental Section) and com-

pound distributions for the exchange reaction of 1 a-Br with
the aliphatic amines (2 a–2 e) were determined by using

Abstract in Thai:

Figure 1. Structures of the quaternary allyl ammonium salts of aromatic N,N-dialkylanilinium-derived (1 a–e) and
aliphatic (3 a–e) types used in the present study.

Figure 2. Structure of aliphatic (2 a–e) and N,N-dimethylaniline-type aromatic (4 a–e) terti-
ary amines used in the present study.

Chem. Asian J. 2015, 10, 2484 – 2496 www.chemasianj.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2485

Full Paper

http://www.chemasianj.org


1H NMR spectroscopy (Table 1). The equilibrium constants for
the exchange processes were calculated from the product dis-

tributions in the cases where equilibrium had been reached
(see the Experimental Section).

In all six cases, 1 a-Br underwent exchange with the aliphatic
tertiary amine 2 a–e giving products 3 a–e-Br, but the reverse

reactions did not take place, which indicates that the reaction
was complete, with the equilibrium being strongly shifted to-

wards the formation of the aliphatic allyl ammonium product.

The addition of iodide (1 equiv TEAI) resulted in an accelera-
tion of up to approximately twofold (see the Supporting Infor-

mation). To expand the study, the exchange reaction between
3 c-Br and 2 a was evaluated in CD3CN at 60 8C as shown in the

Supporting Information. It did not produce the corresponding
exchange products. Similarly, for the reverse reaction, starting

from a mixture of 3 a-Br and 2 c the exchange products were

not formed even after three days. These results suggested that
quaternary aliphatic ammonium salt could not undergo ex-

change with tertiary amines.
As seen above, N-allyl-N,N-dimethylanilinium bromide (1 a-

Br) did exchange with aliphatic tertiary amines but these reac-
tions were irreversible. Consequently, it appeared that to ach-

ieve reversibility, it would be necessary to perform the ex-

change reactions between aromatic partners. To this end, the
reactions of N-allyl-N,N-anilinium salt (1 a–e-Br) with N,N-dime-

thylaniline-type aromatic tertiary amines (4 a–e) were investi-
gated in CD3CN at 60 8C at a 1:1 ratio and 60 mm final concen-

tration with TBAI (1 equiv) as catalyst. It was found that the ex-

change between 1 a-Br and the aromatic tertiary amines was
now indeed reversible (Figure 3). The results, compound distri-

butions, and rate constants of the exchange reactions are
listed in Table 2. The distributions were the same for both the

forward and reverse reactions, which indicates that thermody-
namic equilibrium had been reached. Furthermore, the reac-

tions were accelerated by a factor of about 1.5 to 2 upon addi-
tion of iodide (TBAI) as nucleophilic catalyst.

During the exchange processes (1 e-Br++4 a) and (1 e-Br++4 b),
marked line broadening was observed for the aromatic
1H NMR spectroscopy signals of liberated diethylaniline both in

the presence and absence of iodide ions (see the Supporting
Information). This could be due to the formation of the radical

cation of free diethylaniline by oxidation under the conditions
of the experiments. When the corresponding iodide 1 e-I was

used in the exchange reaction with 4 b (Table 2, entry 5) no

such line broadening of liberated diethylaniline was observed
(see the Supporting Information for more details). When N-

allyl-4-bromo-N,N-dimethylanilinium bromide (1 d-Br) was com-
bined with N,N-dimethylaniline (4 a) neither the forward nor

the reverse reaction was observed. This indicated that 4-
bromo-N,N-dimethylaniline was too stable and that the bro-

mide ion was not nucleophilic enough to react at the g-allyl

carbon atom of 1 d-Br to liberate dimethyl aniline, hence, the
exchange reaction did not occur but decomposition was ob-

served.
The influence of the counter anion on the exchange reaction

between quaternary allyl ammonium salts and tertiary amines

Table 1. Kinetic and thermodynamic parameters for the exchange reaction between the N-allyl-N,N-dimethylanilinium salts 1 a-Br and 1 e-Br and the ali-
phatic tertiary amines 2 a–2 e (1:1) at 20 mm concentration in CD3CN at 60 8C. In this table only the organic cation is indicated; all anions are bromide.

Entry Starting
compounds

[a] Compound distribution [%][b] k[c] t1/2 [h][d]

1 a 2 a 3 a 4 a a b c
1 1 a++2 a fb <1 <1 44 44 3 n.a.[e] 8 0.622 16

fc <1 <1 47 48 1 <1 3 1.070 12

1 a 2 b 3 b 4 a a b c
2 1 a++2 b fb 2 <1 44 44 4 n.a.[e] 4 0.530 18

fc 7 <1 44 44 2 <1 3 0.892 13

1 a 2 c 3 c 4 a a b c
3 1 a++2 c fb 5 <1 48 44 –[f] n.a.[e] 3 0.779 14

fc 6 <1 47 44 –[f] –[f] 2 1.353 8

1 a 2 d 3 d 4 a a b c
4 1 a++2 d fb 7 <1 47 46 –[f] n.a.[e] <1 0.672 16

fc 4 <1 49 47 –[f] –[f] <1 1.180 13

1 a 2 e 3 e 4 a a b c
5 1 a++2 e fb 11 12 32 34 8 n.a.[e] 4 0.729 20

fc 9 5 37 39 5 <1 5 1.203 12

1 e 2 e 3 e 4 e a b c
6 1 e++2 e fb 5 16 28 43 8 n.a.[e] <1 0.056 24

fc 4 14 31 43 7 2 <1 0.084 18

[a] fb, forward reaction in the absence of catalyst; fc, forward reaction in the presence of TEAI (1 equiv) as catalyst. [b] Proportion [%] of the different com-
pounds: a = allyl bromide, b = allyl iodide, c = Amino-Claisen rearrangement product. Error on 1H NMR spectroscopy signal integration is �4 %. [c] Rate
constant [10¢3 m¢1 s¢1] . [d] Half-life. [e] n.a. , not applicable. [f] Compound not observed.
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may provide information on both the role of the nucleophilici-

ty of the anion as well as on the mechanism of the reaction,
that is, whether it might also proceed by means of direct nu-

cleophilic reaction of the amine itself at the g-carbon atom. To

this end, the ammonium salt 1 a-PF6 with the non-nucleophilic
hexafluorophosphate anion (PF6

¢) was prepared and tested for

its reaction with the aromatic amine 4 b (Scheme 1). The reac-
tion was very slow giving only 5 % 1 b-PF6 after 162 hours,

about 40 times slower than that for the bromide salt. This
result confirmed that as expected the nucleophilicity of the
counterion (e.g. , bromide or iodide) strongly influences the re-

action at the g-carbon of the allyl group to liberate dimethyla-
niline and allylhalide. However, the formation of a small
amount of 1 b-PF6 might also indicate that 4 b was able to
react directly at the g-carbon of the allyl chain to give the ex-

change product 1 b-PF6.
In the reactions of 1 a-Br with the aliphatic amines 2 a or 2 b,

small amounts of allyl bromide were detected. In contrast, for
the exchange between 1 a-Br and 2 c or 2 d no allyl bromide
was observed. This would suggest that 2 c or 2 d might also
react to some extent directly at the g-carbon of the allyl group
of 1 a-Br (Scheme 2b). We have tested this hypothesis by treat-

ing 2 c and 2 d with the salt 1 a-PF6 that has hexafluorophos-
phate as counteranion, which would not be expected to per-

form a nucleophilic reaction like the halides (see the Support-

ing Information). The results show that 3 c-PF6 and 3 d-PF6 do
in fact form under these conditions at similar rates as for the

bromide salts in the absence of iodide as catalyst (0.172 Õ
10¢3 m¢1 s¢1 for 1 a-PF6 and 2 c ; 0.325 Õ 10¢3 m¢1 s¢1 for 1 a-PF6

and 2 d). This indicates that direct reaction of the amine on the
allyl group does indeed take place, at least partially. Further-

more, the reaction of 1 a-PF6 with 2 a was about 20 times
slower than that of 1 a-Br with 2 a. This difference in reactivity

might be due to the steric bulk, which would hinder the direct
reaction of the more bulky amine 2 a at the g-carbon of the

allyl group of 1 a-Br relative to amines 2 c and 2 d (see also the
Supporting Information)

Mechanism of the Amine-Exchange Processes between Qua-
ternary Allyl Ammonium Salts and Tertiary Amines

The exchange of the amine moiety between quaternary N-

allyl-N,N-dimethylanilinium salts and a tertiary amine may
occur by means of an SN2 or SN2’ mechanism. The former

occurs by direct attack of the amine on the a-carbon of the
allyl group. The SN2’ process involves reaction at the g-carbon
and may itself follow either a direct (attack of the amine) or an

indirect (through allyl halide formation) pathway. The latter is
the mechanism described in the racemization studies.[15a] How-

ever, for the quaternary benzyl ammonium salts studied below,
exchange is expected to proceed by means of SN2 attack on

the benzylic carbon center. An SN1 process starting with disso-

ciation of the quaternary cation may be considered unlikely in
the absence of substituents stabilizing the cation formed.

The two SN2’ pathways are outlined in Scheme 2 and in-
volve:

i) an indirect pathway (Scheme 2a) involving a) the nucleo-
philic attack of a bromide anion at the g-carbon of the allyl

group of the N-allyl-N,N-dimethylanilinium salt (I) to liberate

N,N-dimethylaniline (II) and allylbromide (III), b) subsequent re-
action of III with the introduced tertiary amine IV or VI to fur-

nish the exchange product V or VII in an irreversible or a rever-
sible process, respectively, with an aliphatic IV or an aromatic

VI tertiary amine.
ii) a direct pathway (Scheme 2b) whereby the tertiary amine

introduced reacts directly at the g-carbon of the allyl group to

provide the exchange product V or VII.
In addition, trace amounts of the amino-Claisen rearrange-

ment product of the N-allyl-N,N-dimethylanilinium cation were
also observed as a side reaction during the exchange process.

Taken together, the results obtained indicate that the ex-
change reactions studied here may occur by the indirect path-

way, via intermediate allyl bromide/halide as well as by the
direct pathway, by attack on the free amine at the g-carbon of

the allyl group. The presence of catalytic iodide anions may be

expected to favor the indirect pathway via the formation of
allyl iodide. Some comments can be made on the basis of the

results obtained: 1) much faster exchange rates for bromide
than for PF6

¢ salts are observed for the aromatic aniline com-

pounds together with the formation of allyl bromide, which
favors an indirect SN2’ mechanism (entries 1 and 3 in Table 2);

2) with the more nucleophilic aliphatic benzylamines there is

a comparatively small rate difference between bromide and
PF6

¢ salts and no allylbromide is observed, which indicates

that the direct mechanism is favored (entries 3 and 4 in
Table 1) ; 3) steric bulk also affects the exchange process, slow-

ing down the rate and shifting it towards the indirect mecha-
nism, as is particularly notable in the case of N(diethyl) on

Figure 3. 1H NMR spectroscopy study of the nucleophilic substitution ex-
change of N-allyl-N,N-dimethylanilinium bromide (1 a-Br) and N,N,4-
trimethylaniline (4 b) by observation of the signals of the aromatic Ha and Hd

proton (4 a and 4 b) and the a-CH2¢ proton signal of the allyl group (1 a-Br
and 1 b-Br), before (bottom, t = 0 h) and after (top, t = 30 h) exchange at
equilibrium.
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both partners (entry 6, Table 1). Of course, the different mecha-
nisms probably coexist and may be favored depending on vari-

ous factors (nucleophilicity of the amine, steric bulk, nature of
the counteranion, etc.).

Exchange processes between
quaternary benzyl ammonium
salts and tertiary amines by
means of SN2-type nucleophilic
substitution

DCC involving exchange of the
tertiary amine may also take

place with quaternary benzyl
ammonium salts. Along these

lines, we extended the genera-
tion of DCLs of quaternary am-

monium cations by the explor-
ing amine-exchange reactions between the N-benzyl-N,N-dime-
thylanilinium salts (5 a–c-Br) and the tertiary amines (4 a–c).

An evaluation of the effect of the iodide anion as catalyst by
addition of tetrabutylammonium iodide (TBAI) on the ex-

change reaction of 5 a-Br and 4 b (see the Supporting Informa-
tion) indicated similar reaction rates using one or two equiva-

Table 2. Kinetic and thermodynamic parameters for the exchange reaction between the N-allyl-N,N-anilinium salts 1 a–1 e and the N,N-dimethylaniline-
type aromatic tertiary amines 4 a–4 e (1:1) at 60 mm concentration in CD3CN at 60 8C. In this table only the organic cation is indicated; all anions are bro-
mide except entries 5 and 6 where the anions are iodides.

Entry Starting
compounds

[a] Compound distribution [%][b] k[c] t1/2 [h] Kb
[d] Kc

[e]

1 a 4 b 1 b 4 a a b c d
1 1 a+ 4 b fb 13 19 28 29 4 n.a.[f] 4 3 0.252 11 4.5 4.9

fc 13 18 29 33 3 1 2 1 0.516 6
1 b + 4 a rb 10 16 25 40 4 n.a.[f] 2 3 0.177 9

rc 11 15 25 40 3 1 1 3 0.283 4

1 a 4 c 1 c 4 a a b c d
2 1 a+ 4 c fb 9 13 36 35 3 n.a.[f] 4 –[g] 0.353 10 14.2 12.9

fc 10 14 36 35 2 <1 2 –[g] 0.598 6
1 c + 4 a rb 8 10 39 39 3 n.a.[f] 2 –[g] 0.089 13

rc 8 9 39 39 2 <1 2 –[g] 0.097 8

1 e 4 a 1 a 4 e a b c d
3 1 e + 4 a fb 6 27 19 34 10 n.a.[f] 2 2 0.266 13 10.7 10.8

fc 5 22 22 37 9 2 1 2 0.522 10
1 a+ 4 e rb 2 19 20 42 13 n.a.[f] –[g] 4 0.372 6

rc 3 18 22 42 10 <1 2 3 0.501 3

1 e 4 b 1 b 4 e a b c d
4 1 e + 4 b fb 6 15 28 40 7 n.a.[f] 3 1 0.217 14 22.3 26.1

fc 6 14 31 40 4 1 3 1 0.358 9
1 b + 4 e rb 2 12 28 46 8 n.a.[f] 2 2 0.244 5

rc 2 11 29 47 6 1 3 1 0.236 2

anion I¢ 1 e 4 b 1 b 4 e a b c d
5 1 e + 4 b fb 4 9 34 45 n.a.[f] 3 2 3 0.385 11 46.2

1 b + 4 e rb 4 7 31 46 n.a.[f] 3 5 4 0.155 10

anion I¢ 1 a 4 b 1 b 4 a a b C d
6 1 a+ 4 b fb 13 21 33 29 n.a.[f] 3 1 –[g] 0.483 6 4.2

1 b + 4 a rb 14 15 30 36 n.a.[f] 2 3 –[g] 0.234 6

7 1 d + 4 a fb no reaction
fc no reaction

[a] fb, forward reaction in the absence of catalyst; fc, forward reaction in the presence of TBAI (1 equiv) as catalyst; rb, reverse reaction in the absence of cat-
alyst; rc, reverse reaction in the presence of TBAI (1 equiv) as catalyst. [b] Proportion [%] of the different compounds: a = allyl bromide, b = allyl iodide,
c and d = amino-Claisen rearrangement products. Error on 1H NMR spectroscopy signal integration, �4 %. [c] k, rate constant [10¢3 m¢1 s¢1] . [d] Kb, equilibri-
um constant of the blank reaction. [e] Kc, equilibrium constant of the catalyzed reaction. [f] n.a. , not applicable. [g] Compound not observed.

Scheme 1. Exchange reaction of 1 a-PF6 and 4 b. Percentage (�4 %) of compounds after 162 h reaction time.
c = Amino-Claisen rearrangement product.
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lents. Therefore, addition of one equivalent of iodide was

chosen for the exchange study. The exchange reactions be-
tween the salts 5 a–c-Br and the tertiary dimethylaniline
amines 4 a–c were studied in CD3CN at 60 8C as depicted in

Table 3. The reactions in the forward and reverse directions
gave similar product distributions, which indicated that they

were reversible and at thermodynamic equilibrium. They also
were approximately twofold faster in both directions on addi-

tion of iodide (1 equiv). To investigate the role of the bromide

ion in assisting the exchange reaction, the salt 5 a-OTf was pre-
pared by exchange of the bromide ion of 5 a-Br against tri-

fluoromethanesulfonate (OTf¢) as counterion. The exchange of
5 a-OTf and 4 b (see the Supporting Information) was slower

than 5 a-Br and 4 b by a factor of about 76, which confirmed
that the presence of the nucleophile bromide strongly in-

creased the rate of reaction. Sim-
ilarly, the reaction of 5 a-PF6

(PF6
¢ as a counter anion) with

4 b (see the Supporting Informa-

tion), gave the exchange prod-
ucts 5 b-PF6 (13 %) and 4 a (13 %)

at 137 hours, which is slower
than 5 a-Br and 4 b by a factor of
215. In comparison, the ex-

change reaction of quaternary
benzyl ammonium salts with ar-

omatic tertiary amine (5 a-
Br++4 b, Table 3, entry 1; rate con-

stant 6.66 Õ 10¢3 m¢1 s¢1) was
faster than the exchange of qua-

ternary allyl ammonium salt (1 a-

Br++4 b ; rate constant 0.663 Õ
10¢3 m¢1 s¢1, with a final solution

20 mm) by about tenfold.
As in the case of quaternary

allyl ammonium salts discussed
above, the mechanism of the ex-

change of the tertiary amine

moiety between quaternary N-
benzyl-N,N-dimethylanilinium

salts and a tertiary amine takes
place following two mechanistic

pathways both of SN2 type as
outlined in Scheme 3:

i) an indirect pathway

(Scheme 3a) involving 1) the nu-
cleophilic attack of a bromide

anion at the CH2 carbon of the
benzyl group of the quaternary

N-benzyl-N,N-dimethylanilinium
cation (IX) to liberate the N,N-di-

methylaniline (II) and benzylbro-

mide (X), 2) subsequent reaction
of X with the introduced tertiary
amine VI giving the exchange
product XI in a reversible pro-

cess.
ii) a direct pathway (Scheme 3b) whereby the tertiary amine

VI introduced reacts directly at the CH2 carbon of the benzyl
group of IX to provide the exchange product XI.

As in the previous case, for the allyl anilinium quaternary

cations, the much slower reaction observed when PF6
¢ or OTf¢

were used as counteranions as compared to bromide indicates

that the exchange processes studied here occur mainly
through the indirect pathway (Scheme 3a) via intermediate

benzyl bromide/halide, with negligible if any participation of

the direct pathway (Scheme 3b). Thus, the exchange rate is
much slower for (benzyl) 5 a-PF6++4 b than for 5 a-Br++4 b, and

the change from bromide to PF6
¢ slows down the rate much

more for the benzylic cations than for the comparable allyl cat-

ions (compare (benzyl) 5 a-PF6++4 b 215 times slower than 5 a-
Br++4 b ; (allyl) 1 a-PF6++4 b 40 times slower than 1 a-Br++4 b).

Scheme 2. Possible pathways for exchange of the amine moiety between N-allyl-N,N-dimethylanilinium bromide
and an aliphatic or aromatic tertiary amine by means of an SN2’ mechanism.
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Exchange Processes between N-Allyl- and N-Benzylpyridini-
um Salts and Pyridine Components by Means of SN2 and
SN2’ Nucleophilic Substitution Processes

To further extend the range of DCLs generated by nucleophilic

substitution processes of SN2 and SN2’ types, we investigated

the exchange reactions between the N-benzyl- and N-allylpyri-
dinium salts 6 a–6 f and pyridine derivatives 7 a–7 d. Initial ex-
ploration of solvents and temperatures (see the Supporting In-
formation) led to the use of microwave irradiation at 150 8C

(300 W) for 60 min in [D3]acetonitrile, which provided the best
reaction conditions. The composition of the final solutions and

the corresponding equilibrium constants (Keq) are listed in
Table 4.

In terms of exchange mechanisms and on the basis of the

discussions above concerning both the quaternary allyl- and
benzylanilinium compounds, the reactions of Table 4 involving

the N-benzylpyridinium bromides may be considered to occur
through an SN2 pathway with direct attack of the bromide

anion on the benzylic CH2 center and formation of benzyl bro-

mide, which then reacts further with the added pyridine, in
analogy to the discussion above (Scheme 3a).

The ability of pyridinium salts and pyridine derivatives to un-
dergo interconversion was followed by considering the effect

of ortho and para substitution on pyridine derivatives. The
component exchange between 6 a and 2-methylpyridine re-

sulted in the starting compounds 6 a (26 %), 2-methylpyridine

(38 %), and exchange products 1-benzyl-2-methylpyridinium
bromide (12 %), pyridine (17 %), and benzylbromide (7 %).

Owing to steric hindrance at the ortho position in 2-methylpyr-
idine, only a small amount of the exchange product was ob-

tained, together with a significant amount of liberated benzyl-

bromide. Therefore, for the following investigations, only para-
substituted pyridine derivatives (7 a–d) were used, which gave
the results shown in Table 4. The interconversion between 6 a
and 7 b (Figure 4 and Table 4, entry 1) and the reverse reaction

under the conditions mentioned above gave the exchange
products 6 b (35 %) and 7 a (33 %) with a trace amount of ben-

zylbromide (2 %).
Next, the reaction of the pyridinium salt 6 a and pyridine 7 c

(bearing the electron-donating dimethylamino group in the

para position) under the same conditions afforded 6 c (50 %)
and 7 a (50 %) (Table 4, entry 2). The full conversion indicated

that this reaction would not be reversible. Indeed, similar treat-
ment of (6 c++7 a) did not provide the exchange products,

which confirmed that this process was irreversible. In contrast,

exchange between 6 a and 7 d afforded 6 d and 7 a and was re-
versible (Table 4, entry 3) and thus at thermodynamic equilibri-

um.
The exchange of the pyridine component of allylpyridinium

salts was investigated by combining the N-allylpyridinium bro-
mide 6 e and pyridine 7 b. The reaction yielded 6 f and 7 a in

Table 3. Kinetic and thermodynamic parameters for the exchange reaction between the N-benzyl-N,N-anilinium salts 5 a–5 c and the N,N-dimethylaniline-
type aromatic tertiary amines 4 a–4 c (1:1) at 20 mm concentration in CD3CN at 60 8C. In this table only the organic cation is indicated; all anions are bro-
mide.

Entry Starting
compounds

[a] Compound distribution [%][b] k[c] t1/2 [h] Kb
[d] Kc

[e]

5 a 4 b 5 b 4 a a b
1 5 a + 4 b fb 6 32 23 30 9 n.a.[f] 6.66 1.5 4.6 4.3

fc 6 34 23 29 6 2 12.3 0.9
5 b + 4 a rb 7 20 25 35 13 n.a.[f] 2.72 1.8

rc 7 20 21 39 10 3 5.83 1.2

5 a 4 c 5 c 4 a a b
2 5 a + 4 c fb 6 10 33 41 10 n.a.[f] 5.40 2.0 22.0 23.7

fc 6 8 34 42 7 2 10.7 1.1
5 c + 4 a rb 4 14 29 44 8 n.a.[f] 2.31 1.5

rc 5 13 29 45 6 2 2.90 1.1

[a] fb, forward reaction in the absence of catalyst; fc, forward reaction in the presence of TBAI (1 equiv) as catalyst; rb, reverse reaction in the absence of cat-
alyst; rc, reverse reaction in the presence of TBAI (1 equiv) as catalyst. [b] Proportion [%] of the different compounds: a= benzyl bromide, b = benzyl
iodide. Error on 1H NMR spectroscopy signal integration, �4 %. [c] k, rate constant [10¢3 m¢1 s¢1] . [d] Kb, equilibrium constant of the blank reaction. [e] Kc,
equilibrium constant of the catalyzed reaction. [f] n.a. , not applicable.
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30 and 29 % proportions together with 3 % free allyl bromide

(Table 4, entry 4). The reversibility was studied by starting with
6 f and 7 a, which afforded products 6 e (11 %) and 7 b (16 %)

in a mixture of a similar composition to that obtained in the
forward process, thus indicating thermodynamic equilibrium.

In line with the discussion above, the mechanism of the ex-

change involving the N-allylpyridinium salts may in principle
occur by SN2 as well as by direct or indirect SN2’ pathways with

attack of the pyridine component either at the a- or at the g-
carbon atom of the allyl group of the pyridinium cation (see

discussion above and Scheme 2).
Finally, cross-exchange between N-benzyl and N-allylpyridini-

um salts involving nucleophilic substitution interconversion by
both SN2’ and SN2 pathways was investigated by combining
6 b and 6 e. The desired products 6 f (16 %) and 6 a (9 %) were

observed together with significant amounts of other released
components as shown in Table 5. This reaction was shown to

be reversible by mixing 6 f and 6 a, which gave products 6 e
(6 %) and 6 b (14 %). The forward reaction was also conducted

for 90 min and afforded a similar distribution as for 30 min,

which indicated that equilibrium was reached after 30 min.
The reverse reaction was slower and equilibrium was not

reached after 90 min.

Generation of Libraries of Dy-
namic Ionic Liquids (DILs)

Ionic liquids have attracted high

interest and acquired much im-
portance in many areas of

chemistry.[27] They usually involve
organic quaternary cations, in
particular, imidazolium and pyri-

dinium derivatives.[25] We thus
were interested in the possibility
of generating dynamic libraries
of ionic liquids, which might

have specific properties not pre-
sented by those based on

“static” constituents. Considering

the results obtained for the pyri-
dinium salts, in particular 6 e and

6 f, we performed some experi-
ments aimed at the generation

of dynamic libraries of ionic liq-
uids.

With this in mind, we have in-

vestigated the exchange reac-
tion of pyridinium salts with de-

rivatives of pyridine in the ab-
sence of added molecular sol-

vent by taking into account that
6 e and 6 f are known to be

ionic liquids.[25] Combining 6 e
and 7 b in a ratio of 1:2 afforded

6 f (11 %) and 7 a (19 %) as the exchange products (Scheme 4a)

together with some free allyl bromide (8 %). However, the reac-
tion medium became colored, which indicated that some de-

composition had taken place.
Of special interest is the generation of a DIL library by com-

ponent exchange in the solid state, that is, from solid constitu-

ents. Thus, starting from a mixture of the two solid precursors
6 e and 6 b, in the absence of solvent, and heated by micro-

wave irradiation, a very viscous ionic liquid was obtained with
the composition 6 e (18 %), 6 b (35 %), 6 f (17 %), and 6 a (30 %)
(Scheme 4b). These results, although limited at this stage, dem-
onstrate that DIL libraries may, in principle, be generated from

solid materials. One may point out that such a passage from
the solid to the liquid phase also raises the question as to
whether it may be accompanied by a component selection,
that is, whether component exchange and selection would
lead to those constituents that provide the ionic liquid pre-

senting the lowest solidification temperature.
As it seems that no ionic liquids based on anilinium salts

have been reported, the exchange reaction between 5 b-Br
and 1 c-Br was tried in the absence of solvent. Only decompo-
sition of the components was observed after heating.

Finally, we also investigated the nucleophilic substitution ex-
change of ionic-liquid constituents derived from imidazole de-

rivatives under the same conditions as those used for the pyri-
dinium salts. However, the imidazolium salts used were highly

Scheme 3. Pathways for exchange of the tertiary amine moiety between N-benzyl-N,N-dimethylanilinium bromide
and an aromatic tertiary amine by means of an SN2 mechanism.
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stable and not able to exchange with other components (see

the Supporting Information for more details).

Conclusion

The results described here extend dynamic covalent chemistry

to both a new class of constituents, quaternary ammonium
salts, and a new class of dynamic reactions, nucleophilic substi-

tutions. They are thus of interest whenever processes imple-
menting such compounds and transformations are pursued.

They also suggest further exploration, for instance,
towards exchanges and DCLs based on other nucleo-

philic substitution reactions (e.g. , R¢X/R’¢Y) or to-
wards other classes of compounds such as quaterna-
ry phosphonium salts,[39] or also towards other types
of applications such as the generation of dynamic

ionic liquid phases, thus pushing further the realm of
dynamic structural diversity and functional complexi-
ty.

Experimental Section

General Aspects

All reagents and solvents were purchased at the highest
commercial quality and used without further purification.
Reagents: diethylaniline (99.5 %), p-anisidine (99 %), 4-
bromo-N,N-dimethylaniline (97 %), N,N,4-trimethylaniline
(99 %), N-ethylmethylamine (98 %), N,N-dimethylbenzyla-
mine (99 %), N,N-dimethyl ethanolamine (99.5 %), allyl
bromide (99 %), allyl iodide (98 %), potassium hexafluoro-
phosphate (98 %), potassium trifluoromethanesulfonate
(98 %), 4-picoline (99 %), 4-dimethylaminopyridine (99 %),
and TEAI (98 %) were purchased from Sigma–Aldrich.
N,N-Dimethylaniline (99 %) was purchased from Alfa
Aesar. Triethylamine (99 %) was purchased from Riedel-
de HaÚn. Benzylbromide (99.5 %) and pyridine (99 %)
were purchased from Acros Organics. 4-(tert-Butylamino)-
pyridine (99 %) and TBAI (98 %) were purchased from
Janssen Chimica. Deuterated solvents were purchased
from Euriso-TOP and used without further purification.
Column chromatography (CC): Gedurun silica gel 60
(230–400 mesh, 40–63 mm, Merck). 1H and 13C NMR spec-

tra were recorded on a Bruker Avance 400 spectrometer; refer-
enced to the solvent; d in ppm, J in Hz. M.p. : Bìchi B-540 appara-
tus. Microwave irradiation was performed on the apparatus from
CEM Innovators in Microwave Technology. High-resolution (HR) MS:
Bruker Micro TOF mass spectrometer; in m/z (rel. %).

General Procedure for the Quaternary Ammonium Salt and
Tertiary Amine Exchange

Stock solutions (0.5 mL) of ammonium salt (60 or 180 mm), tertiary
amine (60 or 180 mm), TEAI (60 mm), and TBAI stock solution

Table 4. Component exchange between the N-benzylpyridinium salts (6 a–f) and the
pyridines (7 a–d) in CD3CN under microwave irradiation (300 W) at 150 8C for 60 min.

Entry Starting
compounds

[a] Compound distribution [%][b] Keq

6 a 7 b 6 b 7 a a
1 6 a+ 7 b f 14 16 35 33 2

5.16
6 b + 7 a r 14 16 35 33 2

6 a 7 c 6 c 7 a a
2 6 a+ 7 c f –[c] –[c] 50 50 –[c]

n.d.[d]

6 c + 7 a r –[c] –[c] 50 50 –[c]

6 a 7 d 6 d 7 a a
3 6 a+ 7 d f 13 15 36 33 3

6.23
6 d + 7 a r 12 16 35 35 2

6 e 7 b 6 f 7 a b
4 6 e + 7 b f 16 22 30 29 3

3.99
6 f + 7 a r 11 16 34 35 4

[a] f, forward reaction; r, reverse reaction. [b] Proportion [%] of the different com-
pounds. a = benzyl bromide and b = allyl bromide. Error on 1H NMR spectroscopy
signal integration, �4 %. [c] Compound not observed. [d] n.d. , not determined.

Figure 4. 1H NMR spectrum of the distribution of constituents obtained by
component exchange between 6 a (14 %) and 7 b (16 %) to give products
6 b (35 %) and 7 a (33 %) at equilibrium. The characteristic¢CH2¢Ph signals
are indicated for 6 a, 6 b, and benzylbromide (A), 4-methylpyridine (7 b), and
pyridine (7 a).

Table 5. Reversible component cross-exchange between N-benzyl- (6 a,
6 b) and N-allyl- (6 e, 6 f) pyridinium bromides in CD3CN using microwave
irradiation (300 W) at 150 8C.

Reaction t [min] [a] Compound distribution [%][b]

6 e 6 b 6 f 6 a 7 a/7 b/a/b
6 b + 6 e 30 f 16 27 12 9 13:5:6:11

90 f 16 25 15 12 13:4:5:10
6 f + 6 a 30 r 6 14 25 17 16:3:10:9

90 r 9 17 25 18 14:3:7:8

[a] f, Forward reaction; r, reverse reaction. [b] Proportion [%] of the differ-
ent compounds. 7 a = pyridine, 7 b = 4-methylpyridine, a = benzyl bro-
mide, and b = allyl bromide. Error on 1H NMR spectroscopy signal integra-
tion, �4 %.
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(180 mm) were prepared in the desired solvent. For the uncata-
lyzed reaction, 200 mL of each solution was added to a NMR spec-
troscopy tube followed by solvent (200 mL) to adjust to a final
volume of 600 mL. For the catalyzed reaction, iodide stock solution
(200 mL) was added to a NMR spectroscopy tube, followed by the
addition of each solution (200 mL). The 60 mm stock solution was
used for the final solution of 20 mm and the 180 mm stock solution
was used for the final solution of 60 mm.

General Procedure for N-Benzyl-N,N-dimethylanilinium Salts
and Tertiary Amines Exchange

Stock solutions (0.5 mL) of N-benzyl-N,N-dimethylanilinium salts
(60 mm), tertiary amine (60 mm), and TBAI (60 mm) in CD3CN were
prepared. Then, each stock solution (200 mL) was added to a NMR
spectroscopy tube to obtain a final volume of 600 mL. The final so-
lution was 20 mm in each component.

General Procedure for Exchange between Pyridinium Salts
and Pyridine Derivatives using Microwave Irradiation

Stock solutions (500 mL) of pyridinium salt (40 mm) and tertiary
amine or the derivative of pyridine (40 mm) in CD3CN were pre-
pared. Then, each stock solution (400 mL) was added to a micro-
wave tube to give a final volume of 800 mL.

General Procedure for Kinetic and Thermodynamic Measure-
ment of Exchange Reactions between Quaternary Ammoni-
um Salts and Tertiary Amines

The concentrations of each component were determined by inte-
gration of the N-allyl-N,N-dimethylanilinium salts CH2=CH2¢Ph, N-
benzyl-N,N-dimethylanilinium salts ¢CH2-Ph, tertiary amine ¢
N(CH3)2, allyl bromide CH2=CH2¢Br, and benzyl bromide Br¢CH2¢Ph
1H NMR spectroscopy signals as a function of time. The reaction
rate constants were calculated from plots of reactant concentration
versus time during the first 10 % of the reaction, for which [A]0 =
[B]0.[28] It was found that [A] and [B] reacted in a 1:1 stoichiometric
ratio over this timescale. The plot of 1/[A] (or 1/[B]) versus time
was linear. This is consistent with an overall second-order reaction
at the beginning of the reaction, and first order in [A] and [B], re-

spectively. The half-lives (t1/2) of
the reactions were determined by
integration of the decreasing
1H NMR spectroscopy signals of
the starting material as a function
of time and taken to be the time
at which the starting material was
reduced to 50 % with respect to
the equilibrium value. The equilib-
rium constants were obtained
from the amounts of reactants and
products according to Equation (1):

K eq ¼ ½C¤½D¤=½A¤½B¤ ð1Þ

Synthesis and Characterization

N-Allyl-N,N-dimethylbenzenami-
nium bromide (1 a-Br)[26a]

The oil bath was preheated to
100 8C. Then dimethylaniline (0.38 mL, 3.0 mmol) was mixed with
allylbromide (1.56 mL, 18.0 mmol) and heated at reflux for 2 h. The
white precipitate appeared as the reaction progressed, eventually
becoming a pink solid. The reaction mixture was allowed to cool
to room temperature. Then, the mixture was washed by diethyl
ether and dried under vacuum for 4 h to afford 1 a-Br as a white
solid (0.55 g, 76 % yield). M.p. not determined; hygroscopic white
solid. 1H NMR (400 MHz, CD3CN): d= 7.82 (d, J = 8.1 Hz, 2 H), 7.60
(m, 3 H), 5.59 (m, 2 H), 5.52 (m, 1 H), 4.55 (dd, J = 1.8 Hz, 2 H),
3.58 ppm (s, 6 H).

N-Allyl-N,N,4-trimethylbenzenaminium (1 b-Br)[26b]

4,N,N-Trimethylaniline (0.87 mL, 6.0 mmol) and allylbromide
(1.0 mL, 12.0 mmol) were combined in acetone. The solution was
heated at reflux for 4 h and then the solvent was removed by
evaporation. The product was dried under vacuum to afford 1 b-Br
as a yellow liquid (1.235 g, 81 % yield). M.p. not determined; liquid
at room temperature. 1H NMR (400 MHz, CD3CN): d= 7.68 (d, J =
8.7 Hz, 2 H), 7.41 (d, J = 8.7 Hz, 2 H), 5.59 (m, 2 H), 5.51 (m, 1 H), 4.52
(br, 2 H), 3.55 (s, 6 H), 2.39 ppm (s, 3 H).

N-Allyl-4-methoxy-N,N-dimethylbenzenaminium bromide (1 c-

Br)[29]

4-Methoxy-N,N-dimethylaniline (4 c) (0.4533 g, 3.0 mmol) was com-
bined with allylbromide (0.78 mL, 9.0 mmol). The reaction was
stirred at 40 8C for 10 min and the white solid precipitated as the
reaction went on. The product was washed with diethyl ether and
dried under vacuum for 4 h to afford 1 c-Br as a white solid
(0.6052, 74 % yield). M.p. 139 8C (Ref. [29]: 141–142 8C); 1H NMR
(400 MHz, CD3CN): d= 7.82 (d, J = 8 Hz, 2 H), 7.04 (d, J = 9.3 Hz, 2 H),
5.79 (d, J = 16.9 Hz, 1 H), 5.44 (m, 2 H), 5.08 (d, J = 6.8 Hz, 2 H), 3.90
(s, 6 H), 3.83 ppm (s, 3 H).

N-Allyl-4-bromo-N,N-dimethylbenzenaminium bromide (1 d-

Br)[30]

Prepared in 25 % yield as a white solid analogous to the route de-
scribed for 1 c. M.p. 148 8C (Ref. [30]: 151–152 8C); 1H NMR

Scheme 4. Exchange reaction between a) 6 e and 7 b and b) 6 e and 6 b in the absence of molecular solvent
under microwave irradiation at 150 8C for 20 min.
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(400 MHz, CD3CN): d= 7.79 (d, J = 9.4 Hz, 2 H), 7.68 (d, J = 9.2 Hz,
2 H), 5.61 (m, 3 H), 4.42 (d, J = 6.3 Hz, 2 H), 3.52 ppm (s, 6 H).

N-Allyl-N,N-dimethylbenzenaminium iodide (1 a-I)[30]

To a stirred solution of dimethylaniline (0.38 mL, 3.0 mmol) was
added allyl iodide (0.82 mL, 9.0 mmol), and the solution was
heated at 30 8C overnight. The solution became yellow as the reac-
tion went on. The solvent was removed by evaporation and dried
under vacuum for 3 h to obtain a dark brown solid (0.860 g, 99 %
yield). M.p. 87–88 8C (Ref. [30]: 87–88 8C); 1H NMR (400 MHz,
CD3CN): d= 7.75 (d, J = 8.2 Hz, 2 H), 7.61 (m, 3 H), 5.59 (m, 3 H), 4.44
(d, J = 5.6, 2 H), 3.53 ppm (s, 6 H).

N-Allyl-N,N,4-trimethylbenzenaminium iodide (1 b-I).

Prepared in 90 % yield as an orange liquid by a route analogous to
that described for 1 e-Br. M.p. not determined; liquid at room tem-
perature. 1H NMR (400 MHz, CDCl3): d= 7.76 (d, J = 7.4, 2 H), 7.42 (d,
J = 8.8 Hz, 2 H), 5.87 (d, J = 16 Hz, 1 H), 5.58 (d, J = 10 Hz, 1 H), 5.49
(m, 1 H), 5.07 (d, J = 7.4 Hz, 2 H), 3.93 (s, 6 H), 2.44 ppm (s, 3 H);
13C NMR (100 MHz, CDCl3): d= 21.0, 54.6, 71.1, 120.8, 124.8, 129.9,
131.4, 141.3 ppm; ESI-MS: m/z calcd (%) for C12H18N+ : 176.143 [M+

] ; found 176.142 (100); HR-ESI-MS: m/z calcd (%) for C12H17IN+ :
302.0400 [M+] ; found: 302.0369 (100).

N-Allyl-N,N-diethylbenzenaminium bromide (1 e-Br)[31]

Diethylaniline (0.48 mL, 3.0 mmol) and allyl bromide (0.78 mL,
9.0 mmol) were combined and kept stirring at 50 8C for 48 h. The
white solid was precipitated then washed with diethyl ether. The
product was dried under vacuum to obtain a white solid (0.702,
87 % yield). M.p. 144–146 8C; 1H NMR (400 MHz, CD3CN): d= 7.72
(br, 2 H), 7.63 (m, 3 H), 5.69 (m, 3 H), 4.38 (d, J = 7.1 Hz, 2 H), 3.81 (m,
4 H), 1.10 ppm (t, J = 7.1 Hz, 6 H).

N-Allyl-N,N-diethylbenzenaminium iodide (1 e-I)

Prepared in 98 % yield as a white solid by a route analogous to
that described for 1 e-Br. M.p. 105–106 8C; 1H NMR (400 MHz,
CDCl3): d= 7.96 (d, J = 8.5, 2 H), 7.65 (t, J = 7.8 Hz, 2 H), 7.54 (t, J =
7.4 Hz, 1 H), 5.62–5.79 (m, 3 H), 4.65 (d, J = 5.9 Hz, 2 H), 4.20 (dt, J =

7.3, 2 H), 4.07 (dt, J = 7.2 Hz, 2 H), 1.22 ppm (t, J = 7.0 Hz, 6 H);
13C NMR (100 MHz, CDCl3): d= 8.8, 58.0, 63.3, 122.7, 124.2, 129.4,
130.8, 131.3, 141.4 ppm; ESI-MS: m/z calcd (%) for C13H20N+ :
190.159 [M+] ; found: 190.158 (100); HR-ESI-MS: m/z calcd (%) for
C13H19IN+ : 302.0557 [M+] ; found: 316.0529 (100).

N-Allyl-N,N-dimethylbenzenaminium hexafluorophosphate
(1 a-PF6).

N-Allyl-N,N-dimethylbenzenaminium bromide (1 a-Br) (0.072 g,
0.3 mmol) was dissolved in water (1 mL) and combined with a satu-
rated solution of potassium hexafluorophosphate in water. A white
solid immediately precipitated. The compound was extracted with
dichloromethane and dried with magnesium sulfate. The solvent
was removed by evaporation to afford a pink solid and was then
recrystallized by dichloromethane/diethyl ether to afford 1 a-PF6

(0.08 g, 87 % yield; m.p. 88–90 8C). The compound was tested with
silver nitrate (AgNO3) to demonstrate the absence of bromide ions.
1H NMR (400 MHz, CD3CN): d= 7.57–7.70 (m, 5 H), 5.49–5.65 (m,
3 H), 4.32 (d, J = 6.1, 2 H), 3.48 ppm (s, 6 H); 13C NMR (100 MHz,
CD3CN): d= 54.6, 72.6, 121.9, 125.9, 129.7, 131.5, 131.7 ppm; HR-

ESI-MS: m/z calcd (%) for C11H16N+ : 162.1280 [M+] ; found:
162.1277 (100).

N-Allyl-N,N,4-trimethylbenzenaminium hexafluorophosphate
(1 b-PF6).

Prepared in 80 % yield as a white solid by a route analogous to
that described for 1 a-PF6. 1H NMR (400 MHz, CD3CN): d= 7.55 (d,
J = 8.6 Hz, 2 H), 7.43 (d, J = 8.4 Hz, 2 H), 5.49–5.65 (m, 3 H), 4.29 (d,
J = 6.5 Hz, 2 H), 3.45 (s, 6 H), 2.40 ppm (s, 3 H); 13C NMR (100 MHz,
CD3CN): d= 20.9, 54.6, 72.5, 121.6, 126.0, 129.6, 131.8 ppm; HR-ESI-
MS: m/z calcd (%) for C12H18N+ : 176.1441 [M+] ; found: 176.1434
(100).

N,N,N-Triethylprop-2-en-1-aminium bromide (3 a-Br)[32, 33]

Prepared in 92 % yield as a white hygroscopic solid by a route anal-
ogous to that described for 1 a-Br. 1H NMR (400 MHz, CD3CN): d=

5.93 (m, 1 H), 5.68 (d, J = 12.1 Hz, 1 H), 5.65 (d, J = 5.4 Hz, 1 H), 3.76
(d, J = 7.0 Hz, 2 H), 3.19 (q, J = 7.2 Hz, 6 H), 1.25 ppm (tt, J = 1.2 Hz,
9 H).

N,N-Diethyl-N-methylprop-2-en-1-aminium bromide (3 b-Br)

Prepared in 73 % yield as a yellow solid by a route analogous to
that described for 1 a-Br. 1H NMR (400 MHz, CD3CN): d= 5.97 (m,
1 H), 5.69 (d, J = 11.6 Hz, 1 H), 5.66 (d, J = 4.6 Hz, 1 H), 3.85 (d, J =
7.5 Hz, 2 H), 3.27 (q, J = 7.24 Hz, 4 H), 2.89 (s, 3 H), 1.28 ppm (tt, J =
1.5 Hz, 6 H); 13C NMR (100 MHz, CD3CN): d= 8.2, 47.7, 57.1, 63.7,
125.9, 129.0 ppm; ESI-MS: m/z calcd (%) for C8H18N+ : 128.143 [M+] ;
found: 128.145 (100); HR-ESI-MS: m/z calcd (%) for C16H36BrN2

+ :
335.2056 [M+] ; found: 335.2053 (100).

N-Benzyl-N,N-dimethylprop-2-en-1-aminium bromide (3 c-Br)[31]

Prepared in 30 % yield as a white hygroscopic solid by a route anal-
ogous to that described for 1 a-Br. 1H NMR (400 MHz, CD3CN): d=
7.54 (m, 5 H), 6.08 (m, 1 H), 5.72 (d, J = 9.8 Hz, 1 H), 5.70 (d, J =
16.9 Hz, 1 H), 4.51 (s, 2 H), 3.97 (d, J = 7.4 Hz, 2 H), 2.94 ppm (s, 6 H).

N,N-Diethyl-N-(2-hydroxyethyl)prop-2-en-1-aminium bromide
(3 d-Br)[34]

Prepared in 72 % yield as a white solid by a route analogous to
that described for 1 a-Br. 1H NMR (400 MHz, CD3CN): d= 6.04 (m,
1 H), 5.7 (d, J = 6.2 Hz, 1 H), 5.67 (br, 1 H), 4.03 (d, J = 7.7 Hz, 2 H),
3.97 (m, 2 H), 3.41 (t, J = 4.9 Hz, 2 H), 3.08 ppm (s, 6 H).

N,N,N-Triethylprop-2-en-1-aminium iodide (3 a-I)[32, 33]

Prepared in 92 % yield as a yellow solid by a route analogous to
that described for 1 a-Br. 1H NMR (400 MHz, CD3CN): d= 5.93 (m,
1 H), 5.68 (d, J = 12.8 Hz, 1 H), 5.65 (d, J = 6.8 Hz, 1 H), 3.76 (d, J =
7.3 Hz, 2 H), 3.19 (q, J = 7.5, 6 H), 1.25 ppm (tt, J = 1.96 Hz, 9 H).

4-Methoxy-N,N-dimethylaniline (4 c)[35]

A 50 mL round-bottomed flask equipped with a reflux condenser
was charged with 4-methoxyaniline (1.51 g, 12.26 mmol), TBAI
(0.316 g, 0.856 mmol), potassium hydroxide (1.644 g, 29.2 mmol),
benzene (14 mL), and water (2 mL). After 10 min, iodomethane
(0.78 mL, 12.58 mmol) was added dropwise over 2 min and stirred
at room temperature for 7 h. Then, additional TBAI (0.156 g,
0.42 mmol), potassium hydroxide (0.726 g, 12.92 mmol) and iodo-
methane (0.14 mL) were added and stirred at room temperature
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for 11 h. The organic layer was separated and washed with a por-
tion (10 mL) of water, saturated sodium carbonate, and brine, and
dried over anhydrous sodium sulfate. Filtration and solvent remov-
al under vacuum gave a dark yellow oil. The crude product was
purified by chromatography (silica gel) using 5 % ethyl acetate/
pentane as an eluent to afford a yellow solid (0.953 g, 51 % yield).
1H NMR (400 MHz, CDCl3): d= 6.92 (d, J = 8.9 Hz, 2 H), 6.82 (d, J =
9.2 Hz, 2 H), 3.82 (s, 3 H), 2.92 ppm (s, 6 H).

N-Benzyl-N,N-dimethylbenzenaminium bromide (5 a-Br)[20]

Dimethylaniline (0.70 mL, 5.5 mmol) and benzylbromide (0.59 mL,
5.0 mmol) were combined in dry benzene and stirred at room tem-
perature for 24 h. A white solid precipitated in the solution. The
compound was washed with diethyl ether and dried under
vacuum for 4 h to afford white solids (0.288 g, 20 %). M.p. 148–
149 8C (Ref. [20]: 149–151 8C); 1H NMR (400 MHz, CD3CN): d= 7.57–
7.67 (m, 5 H), 7.46 (t, J = 8 Hz, 1 H), 7.32 (t, J = 8 Hz, 2 H), 7.07 (d, J =

7.7 Hz, 2 H), 4.93 (s, 2 H), 3.55 ppm (s, 6 H).

N-Benzyl-N,N,4-trimethylbenzenaminium bromide (5 b-Br)[20]

Prepared in 40 % yield as a white solid by a route analogous to
that described for 5 a-Br. M.p. 183–184 8C; 1H NMR (400 MHz,
CD3CN): d= 7.52 (d, J = 8.9 Hz, 2 H), 7.46 (t, J = 7.6 Hz, 1 H), 7.38 (d,
J = 8.7 Hz, 2 H), 7.32 (t, J = 8.3 Hz, 2 H), 7.08 (d, J = 7.6 Hz, 2 H), 4.92
(s, 2 H), 3.52 (s, 6 H), 2.40 ppm (s, 3 H).

N-Benzyl-4-methoxy-N,N-dimethylbenzenaminium bromide
(5 c-Br)[20]

Prepared in 25 % yield as a white solid by a route analogous to
that described for 5 a. M.p. 148–149 8C; 1H NMR (400 MHz, CD3CN):
d= 7.44–7.56 (m, 3 H), 7.34 (t, J = 8.4 Hz, 2 H), 7.05–7.08 (m, 4 H),
4.87 (s, 2 H), 3.85 (s, 3 H), 3.50 ppm (s, 6 H).

1-Benzylpyridin-1-ium bromide (6 a)[36]

A solution of pyridine (0.4 mL, 5 mmol) and benzylbromide
(0.59 mL, 5 mmol) in dry toluene (20 mL) was stirred at room tem-
perature for 24 h. After filtration, the solid was washed with diethyl
ether to give 6 a as a white solid (1.052, 84 % yield). M.p. 66–70 8C;
1H NMR (400 MHz, CD3CN): d= 8.91 (t, J = 5.5 Hz, 2 H), 8.51 (t, J =
8.0 Hz, 1 H), 8.03 (t, J = 6.8 Hz, 2 H), 7.46–7.51 (m, 5 H), 5.82 ppm (d,
J = 3.0 Hz, 2 H).

1-Benzyl-4-methylpyridin-1-ium bromide (6 b)[37]

A solution of 4-picoline (0.68 mL, 7 mmol) and benzylbromide
(0.83, 7 mmol) in acetonitrile (1 mL) was stirred at 45 8C for 3 h. The
precipitate formed was washed with diethyl ether and dried under
vacuum to give 6 b as a white crystal (1.665 g, 80 %). M.p. 159–
160 8C; 1H NMR (400 MHz, CD3CN): d= 8.70 (br, 2 H), 7.82 (d, J =
6.3 Hz, 2 H), 7.46 (s, 5 H), 5.72 (s, 2 H), 2.61 ppm (s, 3 H).

1-Benzyl-4-(dimethylamino)pyridin-1-ium bromide (6 c)[38]

Prepared in 92 % yield as a white solid by a route analogous to
that described in the literature. M.p. 216–217 8C; 1H NMR (400 MHz,
CD3CN): d= 8.06 (d, J = 7.9 Hz, 2 H), 7.40–7.46 (m, 3 H), 7.34–7.37
(m, 2 H), 6.85 (d, J = 8.0 Hz, 2 H), 5.30 (s, 2 H), 3.16 ppm (s, 6 H).

1-Benzyl-4-(tert-butyl)pyridin-1-ium bromide (6 d)[38]

Prepared in 73 % yield as a white solid by a route analogous to
that described for 6 b. M.p. 163 8C; 1H NMR (400 MHz, CD3CN): d=
8.87 (d, J = 6.5 Hz, 2 H), 8.01 (d, J = 6.7 Hz, 2 H), 7.43–7.53 (m, 5 H),
5.78 (s, 2 H), 1.37 ppm (s, 9 H).

1-Allylpyridin-1-ium bromide (6 e)[25]

A solution of pyridine (0.81, 10 mmol) and allylbromide (1.1 mL,
10 mmol) in acetonitrile (10 mL) was stirred at 50 8C overnight. The
crude product was concentrated and dried under vacuum to
obtain a light brown solid (1.8902 g, 95 % yield). M.p. 92–94 8C;
1H NMR (400 MHz, CD3CN): d= 8.89 (d, J = 6.3 Hz, 2 H), 8.54 (t, J =
8.1 Hz, 1 H), 8.06 (t, J = 6.8 Hz, 2 H), 6.09–6.20 (m, 1 H), 5.52 (d, J =
14 Hz, 2 H), 5.28 ppm (d, J = 6.6 Hz, 2 H).

1-Allyl-4-methylpyridin-1-ium bromide (6 f)[37]

Prepared in 96 % yield as a brown solid by a route analogous to
that described for 6 e. M.p. 76–78 8C; 1H NMR (400 MHz, CD3CN):
d= 8.78 (d, J = 6.5 Hz, 2 H), 7.86 (d, J = 6.2 Hz, 2 H), 6.08–6.18 (m,
1 H), 5.48 (d, J = 13.8 Hz, 2 H), 5.24 (d, J = 6.5 Hz, 2 H), 2.63 ppm (s,
3 H).
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