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Abstract

Series of new aromatic R2R
0
2N

+Br� (R=benzyl, 4-methylbenzyl, 2-phenylethyl, 3-phenylpropyl; R0=ethyl, methyl, isopropyl) or

RR0
2NH+Br�-type (R=benzyl, R0=isopropyl) quaternary ammonium bromides were prepared by using novel synthetic route in

which a formamide (N,N-diethylformamide, N,N-dimethylformamide, N,N-diisopropylformamide) is treated with aralkyl halide in

presence of a weak base. The compounds were characterized by 1H-NMR and 13C-NMR spectroscopy and mass spectrometry.

Structures of the crystalline compounds were determined by X-ray single crystal diffraction, and in addition the powder diffraction

method was used to study the structural similarities between the single crystal and microcrystalline bulk material. Three of the

compounds crystallized in monoclinic, two in orthorhombic and one in triclinic crystal system, showing ion pairs, which are

interconnected by weak hydrogen bonds and weak p2p interactions between the phenyl rings. Three of the compounds appeared as

viscous oil or waxes. Finally, TG/DTA and DSC methods were used to analyze thermal properties of the prepared compounds. The

lowest melting points were obtained for diethyldi-(2-phenylethyl)ammonium bromide (122.2 1C) and for diethyldi-(3-phenylpropyl)-

ammonium bromide (109.1 1C). In general, decomposition of the compounds started at 170–190 1C without identifiable cleavages,

thus liquid ranges of 30–70 1C were observed for some of the compounds.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Quaternary ammonium compounds have found sig-
nificant use as surfactants [1–3] and phase-transfer
catalysts [4–7]. They have been utilized in many
applications as disinfectants, detergents, fungicides,
bactericides and bleach activators [8–17]. Recently,
ammonium compounds have found use in advanced
battery technology [18–21] due to their ionic liquid
[22–24] behavior and as a size probing guests in
molecular encapsulation studies [25–28]. The synthetic
e front matter r 2004 Elsevier Inc. All rights reserved.
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methods for quaternary ammonium compounds have
been known for a long time [29–35]. They can be
prepared, for example, by reacting tertiary amines with
various quaternizing agents [36–40], but substituted or
unsubstituted alkyl halides are most used. The dis-
advantage of this synthetic method in some cases is the
separation of the product from the potential side
products and/or solvent at the end of the reaction.
Furthermore, the purification of the product has been
found difficult and costly, resulting in low yields. We
have recently shown that using a novel one-pot
synthesis, R4N

+X�, R2R
0
2N

+X� and R2R
0R00N+X�-

type of quaternary ammonium halides can be provided
selectively, as the product is easily separable with high
purity from the reaction mixture [41].
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In this paper we present the synthesis, structural
characterization and thermal behavior of nine new
aromatic quaternary ammonium bromides 1–9. Struc-
tural characterizations in the solid state (compounds 1–5
and 8) and in the liquid state (compounds 1–9) are
reported. The aim is to develop a family of new
quaternary ammonium compounds and their derivatives
to be used as ionic liquids and phase-transfer catalysts,
and also as guests in molecular encapsulation studies.
The applicability of the synthesized quaternary ammo-
nium halides is to be extended by anion exchange to
alter the chemical and physical properties (melting
point, solubility, acidity, thermal stability, solvation
strength) to those more suitable for ionic liquid
applications. The recent developments in the research
of the ionic liquids have shown their potential over
conventional organic solvents in certain reaction pro-
cesses [42–44] and/or as a catalyst in transition metal
synthesis [45–47], in Friedel–Craft catalysis [48–50], and
in various polymer processes [51–53]. Furthermore, the
phase-transfer catalyst properties are to be exploited in
further studies.
2. Experimental section

2.1. Synthesis: general procedure

Compounds 1–9 (Scheme 1) were prepared by using
synthetic route described earlier [41] (procedure pre-
sented in Scheme 2). All chemicals used in the synthesis
were commercially available and used as received from
the manufacturer.

All reactants were placed in the reaction flask. The
reaction mixture was stirred at chosen temperature for
48–72 h. After cooling down to RT, the mixture was
filtered to remove excess carbonate and alkaline metal
halide following with the evaporation of filtrate to
minimum volume. The final extraction of product was
performed with one of the following methods.
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Scheme 1. Molecular structures of compounds 1–9.
2.2. Method A

A small amount of acetone, diethyl ether or methanol
was added to the filtrate to give a white or slightly
yellow powder. The powder was washed with diethyl
ether or acetone and dried in vacuo overnight.

2.3. Method B

The residue was dissolved to water/diethyl ether
solution. The water layer was separated and evaporated
giving the product as a pure gel. The gel was dried in
vacuo.

2.4. Synthesis of dibenzyldimethylammonium

bromide (1)

Method A. Reagents: benzyl bromide (6.21mL,
52.25mmol), potassium carbonate (7.22 g, 52.25mmol)
and dimethylformamide (30mL). Reaction temperature
80 1C and reaction time 48 h. Yield (white powder)
4.12 g (52%). 1H-NMR (DMSO, 500MHz, ppm): 2.89
(6H, s, N–CH3), 4.70 (4H, s, Ph–CH2), 7.50–7.57 (6H,
m, Ar–H), 7.61–7.63 (4H, m, Ar–H). 13C-NMR
(DMSO, 126MHz, ppm): 48.01 (2C, N–CH3), 66.86
(2C, Ph–CH2), 127.97 (2C, Ar–C(1)), 128.84 (4C, Ar–C),
130.21 (2C, Ar–C(4)), 133.08 (4C, Ar–C). Electrospray
ionization (ESI)-time of flight (TOF)-MS: m/z calcu-
lated for C16H20NBr [M–Br]+: 226.2; found: 226.2
[M–Br]+. Elemental analysis: Calculated for
C16H20NBr: C, 62.75; H, 6.58; N, 4.57. Found: C,
61.65; H, 6.55; N, 4.39.

2.5. Synthesis of dibenzyldiethylammonium bromide (2)

Method A. Reagents: benzyl bromide (5.68mL,
47.86mmol), potassium carbonate (9.92 g, 71.79mmol)
and diethylformamide (60mL). Reaction temperature
50 1C and reaction time 64 h. Yield (white powder)
3.52 g (44%). 1H-NMR (DMSO, 500MHz, ppm): 1.35
(6H, t (J=7.16Hz), N–CH2CH3), 3.24 (4H, q
(J=7.16Hz), N–CH2CH3), 4.59 (4H, s, Ph–CH2),
7.49–7.56 (6H, m, Ar–H), 7.61–7.62 (4H, m, Ar–H).
13C NMR (DMSO, 126MHz, ppm): 8.39 (2C,
N–CH2CH3), 52.54 (2C, N–CH2CH3), 61.73 (2C,
Ph–CH2), 127.95 (2C, Ar–C(1)), 128.94 (4C, Ar–C),
130.16 (2C, Ar–C(4)), 132.85 (4C, Ar–C). ESI-TOF-MS:
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m/z calculated for C18H24NBr [M–Br]+: 254.2; found:
254.2 [M–Br]+. Elemental analysis: Calculated for
C18H24NBr: C, 64.67; H, 7.24; N, 4.19. Found: C,
64.34; H, 7.28; N, 4.09.

2.6. Synthesis of benzyldiisopropylammonium

bromide (3)

Method A. Reagents: benzyl bromide (5.25mL,
44.16mmol), potassium carbonate (6.10 g, 44.16mmol)
and diisopropylformamide (22mL). Reaction tempera-
ture 80 1C and reaction time 45 h. Yield (slightly yellow
powder) 0.15 g (2%). 1H-NMR (DMSO, 500MHz,
ppm): 1.32 (6H, d (J=6.61Hz), N–CH–(CH3)2), 1.37
(6H, d (J=6.61Hz), N–CH–(CH3)2), 3.67–3.70 (2H, m,
N–CH–(CH3)2), 4.39 (2H, d (J=5.19Hz), Ph–CH2),
7.44–7.49 (3H, m, Ar–H), 7.56–7.58 (2H, m, Ar–H), 8.47
(1H, s, N–H). 13C NMR (DMSO, 126MHz, ppm):
17.39 (2C, N–CH–(CH3)2), 18.24 (2C, N–CH–(CH3)2),
49.64 (1C, Ph–CH2), 54.31 (2C, N–CH–(CH3)2), 128.68
(2C, Ar–C), 129.01 (1C, Ar–C(4)), 130.55 (2C, Ar–C),
131.66 (1C, Ar–C(1)). ESI-TOF-MS: m/z calculated for
C13H22NBr [M–Br]+: 192.2; found: 192.2 [M–Br]+.
Elemental analysis: Calculated for C13H22NBr: C, 57.36;
H, 8.15; N, 5.15. Found: C, 56.75; H, 8.14; N, 5.00.

2.7. Synthesis of dimethyldi-(2-phenylethyl)ammonium

bromide (4)

Method A. Reagents: 1-bromo-2-phenylethane
(8.17mL, 59.83mmol), potassium carbonate (8.27 g,
59.83mmol) and dimethylformamide (25mL). Reaction
temperature 80 1C and reaction time 51 h. Yield (slightly
yellow powder) 1.08 g (11%). 1H-NMR (DMSO,
500MHz, ppm): 3.07–3.10 (4H, m, N–CH2CH2–Ph),
3.22 (6H, s, N–CH3), 3.59–3.62 (4H, m,
N–CH2CH2–Ph), 7.26–7.30 (2H, m, Ar–H(4)),
7.35–7.38 (8H, m, Ar–H). 13C NMR (DMSO,
126MHz, ppm): 28.13 (2C, N–CH2CH2–Ph), 50.03
(2C, N–CH3), 63.81 (2C, N–CH2CH2–Ph), 126.87 (2C,
Ar–C(4)), 128.57 (4C, Ar–C), 129.00 (4C, Ar–C), 136.26
(2C, Ar–C(1)). ESI-TOF-MS: m/z calculated for
C18H24NBr [M–Br]+: 254.2; found: 254.2 [M–Br]+.
Elemental analysis: Calculated for C18H24NBr: C, 64.67;
H, 7.24; N, 4.19. Found: C, 63.70; H, 7.15; N, 3.90.

2.8. Synthesis of diethyldi-(2-phenylethyl)ammonium

bromide (5)

Method A. Reagents: 1-bromo-2-phenylethane
(7.54mL, 55.19mmol), potassium carbonate (7.63 g,
55.19mmol) and diethylformamide (30.7mL). Reaction
temperature 80 1C and reaction time 68 h. Yield (slightly
yellow powder) 0.44 g (4%). 1H-NMR (DMSO,
500MHz, ppm): 1.29 (6H, t (J=7.12Hz), N–CH2CH3),
3.01–3.04 (4H, m, Ph–CH2CH2–N), 3.49 (4H, t
(J=7.26Hz), Ph–CH2CH2–N), 3.51 (4H, q
(J=7.12Hz), N–CH2CH3), 7.28–7.31 (2H, m, Ar–H),
7.35–7.39 (8H, m, Ar–H). 13C NMR (DMSO,
126MHz, ppm): 7.40 (2C, N–CH2CH3), 27.48 (2C,
Ph–CH2CH2–N), 52.78 (2C, N–CH2), 57.35 (2C,
N–CH2), 126.96 (2C, Ar–C), 128.63 (4C, Ar–C),
129.01 (4C, Ar–C), 136.25 (2C, Ar–C). ESI-TOF-MS:
m/z calculated for C20H28NBr [M–Br]+: 282.2; found:
282.2 [M–Br]+. Elemental analysis: Calculated for
C20H28NBr: C, 66.29; H, 7.79; N, 3.87. Found: C,
64.96; H, 7.72; N, 3.69.
2.9. Synthesis of dimethyldi-(3-phenylpropyl)ammonium

bromide (6)

Method B. Reagents: 3-phenylpropylbromide
(8.39mL, 55.19mmol), potassium carbonate (7.63 g,
55.19mmol) and dimethylformamide (30mL). Reaction
temperature 80 1C and reaction time 72 h. Yield 3.12 g
(31%). 1H-NMR (DMSO, 500MHz, ppm): 1.96 (4H, m,
N–CH2CH2CH2-Ph), 2.60 (4H, t (J=7.78Hz),
N–CH2CH2CH2–Ph), 3.06 (6H, s, N–CH3), 3.35 (4H,
m, N–CH2CH2CH2–Ph), 7.21 (2H, m, Ar–H(4)),
7.26 (4H, m, Ar–H(2,6)), 7.31 (4H, m, Ar–H(3,5)).
13C NMR (DMSO, 126MHz, ppm): 23.53 (2C,
N–CH2CH2CH2–Ph), 31.52 (2C, N–CH2CH2CH2–Ph),
50.16 (2C, N–CH3), 62.41 (2C, N–CH2CH2CH2–Ph),
126.09 (2C, Ar–C(4)), 128.23 (4C, Ar–C), 128.31 (4C,
Ar–C), 140.26 (Ar–C(1)). ESI-TOF-MS: m/z calculated
for C20H28NBr [M–Br]+: 282.2; found: 282.2 [M–Br]+.
Elemental analysis: Calculated for C20H28NBr: C, 66.29;
H, 7.79; N, 3.87. Found: C, 64.97; H, 7.95; N, 4.01.
2.10. Synthesis of diethyldi-(3-phenylpropyl)ammonium

bromide (7)

Method B. Reagents: 3-phenylpropylbromide
(7.79mL, 51.23mmol), potassium carbonate (7.08 g,
51.23mmol) and diethylformamide (30mL). Reaction
temperature 80 1C and reaction time 68 h. Yield 1.30 g
(13%). 1H-NMR (DMSO, 500MHz, ppm): 1.09
(6H, t (J=7.12Hz), N–CH2CH3), 1.86 (4H, m,
N–CH2CH2CH2–Ph), 2.61 (4H, t (J=7.56Hz),
N–CH2CH2CH2–Ph), 3.15 (4H, m, N–CH2CH2CH2–Ph),
3.25 (4H, q (J=7.12Hz), N–CH2CH3), 7.21 (2H, m,
Ar–H(4)), 7.26 (4H, m, Ar–H(2,6)), 7.31 (4H, m,
Ar–H(3,5)). 13C NMR (DMSO, 126MHz, ppm): 7.04
(2C, N–CH2CH3), 22.74 (2C, N–CH2CH2CH2–Ph),
31.39 (2C, N–CH2CH2CH2–Ph), 52.55 (2C,
N–CH2CH3), 55.97 (2C, N–CH2CH2CH2–Ph), 126.18
(2C, Ar–C(4)), 128.31 (4C, Ar–C), 128.34 (4C, Ar–C),
140.23 (2C, Ar–C(1)). ESI-TOF-MS: m/z calculated for
C22H32NBr [M–Br]+: 310.3; found: 310.2 [M–Br]+.
Elemental analysis: Calculated for C22H32NBr: C, 67.68;
H, 8.26; N, 3.59. Found: C, 67.95; H, 8.38; N, 3.69.
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2.11. Synthesis of dimethyldi-(4-methylbenzyl)ammonium

bromide (8)

Method A. Reagents: 4-methyl benzyl bromide
(9.00 g, 48.63mmol), potassium carbonate (6.20 g,
44.87mmol) and dimethylformamide (30mL). Reaction
temperature 80 1C and reaction time 50 h. Yield (slightly
yellow powder) 3.25 g (40%). 1H-NMR (DMSO,
500MHz, ppm): 2.36 (6H, s, Ph–CH3), 2.85 (6H, s,
N–CH3), 4.62 (4H, s, Ph–CH2), 7.32 (4H, d
(J=7.93Hz), Ar–H), 7.49 (4H, d (J=8.01Hz), Ar–H).
13C NMR (DMSO, 126MHz, ppm): 20.78 (2C,
Ph–CH3), 47.79 (2C, N–CH3), 66.55 (2C, Ph–CH2),
124.98 (2C, Ar–C), 129.39 (4C, Ar–C), 132.94 (4C,
Ar–C), 139.84 (2C, Ar–C). ESI-TOF-MS: m/z calcu-
lated for C18H24NBr [M–Br]+: 254.2; found: 254.2
[M–Br]+. Elemental analysis: Calculated for
C18H24NBr: C, 64.67; H, 7.24; N, 4.19. Found: C,
63.37; H, 7.04; N, 3.68.
2.12. Synthesis of diethyldi-(4-methylbenzyl)ammonium

bromide (9)

Method B. Reagents: 4-methyl benzyl bromide
(8.17 g, 44.16mmol), potassium carbonate (6.10 g,
44.16mmol) and diethylformamide (25mL). Reaction
temperature 80 1C and reaction time 45 h. Yield 2.21 g
(28%). 1H-NMR (DMSO, 500MHz, ppm): 1.34 (6H, t
(J ¼ 7:16Hz), N–CH2CH3), 2.35 (6H, s, Ph–CH3), 3.20
(4H, q (J ¼ 7:16Hz), N–CH2CH3), 4.54 (4H, s,
N–CH2–Ph), 7.31 (4H, d (J ¼ 7:78Hz), Ar–H), 7.49
(4H, d (J ¼ 8:11Hz), Ar–H). 13C NMR (DMSO,
126MHz, ppm): 8.40 (2C, N–CH2CH3), 20.73 (2C,
Ph–CH3), 52.25 (2C, N–CH2CH3), 61.33 (2C, N–CH2-
Ph), 124.94 (2C, Ar–C), 129.48 (4C, Ar–C), 132.71 (4C,
Ar–C), 139.77 (2C, Ar–C). ESI-TOF-MS: m/z calcu-
lated for C20H28NBr [M–Br]+: 282.2; found: 282.2
[M–Br]+. Elemental analysis: Calculated for
C20H28NBr: C, 66.29; H, 7.79; N, 3.87. Found: C,
64.89; H, 7.89; N, 4.12.
2.13. Characterization

The formation of produced quaternary ammonium
bromides was confirmed by 1H and 13C NMR and also
by ESI TOF MS. 1H-NMR spectra and 13C-NMR
spectra were measured in DMSO at 30 1C by using a
Bruker Avance DRX 500 NMR spectrometer operating
at 500MHz for 1H and 126MHz for 13C. Electrospray
mass spectrometric measurements were made by using
the Micromass LCT TOF mass spectrometer with ESI.
All the compounds were measured by using positive
mode with sample concentrations in methanol solution,
as follows: (25mg/L) except for compound 3 (500mg/
L). The elemental analyses were carried out with Vario
EL III CHN elemental analyzer by using dried sample
weights of 3–5mg.

2.14. Structure analysis

The X-ray structures for compounds 1–5 and 8 were
determined by X-ray single crystal diffraction and for
compound 1 also by X-ray powder diffraction [54]. The
powder structure determination details for compound 1

are presented elsewhere [41]. Colorless single crystals of
compounds 1–5 and 8 were produced by recrystalliza-
tion from MeOH/EtAc solution. Crystallographic data
for those compounds were obtained with a Nonius
KappaCCD diffractometer at �100 1C using graphite
monochromaticed MoKa (l ¼ 0:71069 Å) radiation.
The data were processed with EvalCCD [55] software
package and the absorption correction was made by
SADABS (included in EvalCCD software package). All
the structures were solved by using direct methods
(SIR2002 [56] or SHELXS-97 [57]) and refined on F2 by
full-matrix least-squares techniques (SHELXL-97 [58])
by using anisotropic temperature factors. All the
hydrogen atoms were calculated to their positions as
riding atoms by using isotropic temperature factors.

In case of crystalline compounds, the powder diffrac-
tion data were measured to confirm the expected
structural similarity of the single crystals and the
microcrystalline bulk materials. High-resolution X-ray
powder diffraction data were obtained at 22 1C by
Huber G670 imaging-plate Guinier camera. The sealed-
tube X-ray generator system was operated at 45 kV and
25mA and pure line-focused CuKa1 radiation
(l ¼ 1:5406 Å) was produced by primary beam curved
germanium monochromator (d ¼ 3:266 Å). The mea-
surement was carried out in Guinier-type transmission
geometry with the angle of incidence 451 to the sample
normal. The handground samples were prepared on the
vaseline-coated Mylar foil of 3.5 mm thickness. The
diffracted X-ray photons with the angular range of
4–1001 (2y) were captured to the curved imaging plate
detector. The diffraction data were acquired from the
detector by step scanning laser with step size of 0.0051
(2y). The measurement time for the samples varied
between 20 and 60min.

2.15. Thermal properties

Melting points for the compounds 1–5 and 8 were
determined both on Mettler Toledo FP62 melting point
instrument (not corrected) and on PerkinElmer PYRIS
Diamond DSC. The DSC measurements were carried
out using 50 mL aluminum sample pans with pinholes.
The temperature calibration was made using three
standard materials (n-decane, In, Zn) and the energy
calibration by indium standard. The samples were
heated with a rate of 10 1C/min from �40 1C near the
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predetermined (DSC, TG/DTA) decomposition tem-
perature of each compound. In some cases more detailed
DSC scans were carried out by using two heating–cool-
ing cycles and/or slower cooling rate of 2–5 1C/min. The
sample weights used in the measurements were about
4mg.

The thermal decomposition paths for compounds 1–9
were obtained with PerkinElmer Diamond TG/DTA.
Measurements were carried out using platinum pans
under synthetic air atmosphere (flow rate of 110mL/
min) at temperature range 20–400 1C (heating rate of
10 1C/min). The temperature calibration of TG/DTA
equipment was carried out using melting points of five
reference materials (In, Sn, Zn, Al, Au). The weight
balance was calibrated by measuring the standard
weight as a function of temperature. The sample weights
used in the measurements were about 6mg.
3. Results and discussion

3.1. Characterization

The formation of quaternary ammonium bromides
was easily confirmed with 1H-NMR and 13C-NMR. The
characterizations carried out with mass spectrometry
showed unequivocally the formation of the desired
quaternary compound. In all cases except for compound
Table 1

Crystallographic data for compounds 1–5 and 8

Compound 1 2 3

Formula C16H20NBr C18H24NBr C13H22N

Mr (g/mol) 306.24 334.29 272.23

Crystal system Monoclinic Orthorhombic Monoclin

Space group P21/c Pbca P21/c

a (Å) 13.023(1) 14.532(5) 13.640(1)

b (Å) 10.309(1) 12.847(5) 8.439(1)

c (Å) 10.826(3) 35.628(6) 12.509(1)

a (1) 90 90 90

b (1) 91.84(1) 90 110.40(4)

g (1) 90 90 90

V (Å3) 1452.7(4) 6652(3) 1349.5(2)

Z 4 16 4

rcalcd (g/cm3) 1.400 1.335 1.340

m (mm�1) 2.813 2.463 3.018

F (000) 632 2784 568

Crystal size (mm) 0.4� 0.2� 0.2 0.3� 0.1� 0.1 0.15� 0.1

y range (deg) 3.12–25.00 3.03–25.01 3.07–25.0

Reflections collected 11421 42501 10378

Independent reflections 2557 5848 2366

Data/restraints/parameters 2557/0/164 5848/0/361 2366/0/14

GooF 1.010 1.012 0.993

R (int) 0.0637 0.1783 0.0952

Final R indices [I42sðIÞ] R1 ¼ 0:0345 R1 ¼ 0:0559 R1 ¼ 0:04
wR2 ¼ 0:0454 wR2 ¼ 0:0667 wR2 ¼ 0:

R indices (all data) R1 ¼ 0:0773 R1 ¼ 0:1501 R1 ¼ 0:10
wR2 ¼ 0:0510 wR2 ¼ 0:0816 wR2 ¼ 0:

Largest diff. peak/hole (e/Å3) 0.297/�0.306 0.543/�0.427 0.356/�0
3, the most intense peak corresponded to the isolated
cation. Furthermore, the next most intense peak
originated from the {(cation)2Br}+, whose intensity
was about 20% of the isolated cation peak. Somewhat
deviating behavior was obtained on compound 3, as the
{(cation–H)2Br}+ (m=z ¼ 463) peak was most intense,
following the next most intense peak of isolated cation
(intensity of 80% that of the most intense peak). It is
assumed that the formation of cation dimer is favored
due to the cleavage of NyH hydrogen (HBr forma-
tion). The elemental analyses were satisfactory in all
cases, although slightly lower values were obtained
systematically. However, traces of water were expected
to reside in the samples despite of the drying in vacuo, as
the compounds proved to be somewhat hygroscopic
thus some water could be taken up by the samples
during sample preparation. In fact, the calculated values
corresponded well to the found values if 1

4
or less H2O

was added to molecular weights.
3.2. Structure analysis

The colorless single crystals of compounds 1–5 and 8

were grown by slow evaporation from MeOH/EtAc
solution. The crystallographic data are shown in
Table 1. The selected bond lengths and angles are
gathered in Table 2.
4 5 8

Br C18H24NBr C20H28NBr C18H24NBr

334.29 362.34 334.29

ic Triclinic Orthorhombic Monoclinic

P–1 P212121 C2/c

5.8924(3) 7.300(5) 6.535(5)

7.6270(4) 10.176(5) 15.452(5)

17.753(1) 24.573(5) 16.490(5)

85.72(1) 90 90

87.52(1) 90 97.21(1)

89.59(1) 90 90

794.9(1) 1825(2) 1652(2)

2 4 4

1.397 1.318 1.344

2.577 2.250 2.480

348 760 696

0� 0.10 0.50� 0.40� 0.20 0.20� 0.15� 0.10 0.40� 0.25� 0.15

0 3.40–25.00 3.19–25.00 3.41–24.97

11283 10023 5645

2759 3171 1449

0 2759/0/181 3171/0/200 1449/0/93

1.039 0.940 1.035

0.0400 0.0915 0.0730

14 R1 ¼ 0:0287 R1 ¼ 0:0461 R1 ¼ 0:0445
0531 wR2 ¼ 0:0513 wR2 ¼ 0:0570 wR2 ¼ 0:0844
94 R1 ¼ 0:0448 R1 ¼ 0:1288 R1 ¼ 0:0924
0624 wR2 ¼ 0:0543 wR2 ¼ 0:0700 wR2 ¼ 0:0957
.469 0.275/�0.374 0.349/�0.323 0.524/�0.455
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Table 2

Selected bond lengths (Å) and bond angles (deg) for compound 1–5 and 8

Compound 1 2 3 4 5 8

N(1)–C(11) 1.532(3) 1.524(5) 1.516(4) 1.510(3) 1.523(5) 1.541(4)

N(1)–C(21) 1.528(3) 1.531(5) 1.528(4) 1.516(3) 1.510(5) 1.486(4)

N(1)–C(31) 1.490(3) 1.538(6) 1.543(4) 1.500(3) 1.525(5) 1.541(4)

N(1)–C(41) 1.495(3) 1.506(5) — 1.504(3) 1.521(5) 1.486(4)

C(11)–N(1)–C(21) 106.7(2) 107.6(3) 111.5(3) 113.5(2) 111.4(3) 109.7(2)

C(11)–N(1)–C(31) 110.3(2) 111.8(4) 111.3(3) 107.1(2) 110.7(3) 105.9(4)

C(11)–N(1)–C(41) 109.6(2) 108.9(4) — 111.0(2) 106.1(3) 110.9(2)

C(21)–N(1)–C(31) 109.5(2) 104.3(3) 113.9(3) 110.2(2) 106.4(3) 110.9(2)

C(21)–N(1)–C(41) 110.5(2) 111.3(3) — 106.9(2) 111.5(4) 109.7(4)

C(31)–N(1)–C(41) 110.1(2) 112.9(4) — 108.0(2) 110.8(3) 109.7(2)

Fig. 1. The ion-pair ordering and hydrogen bonding (o3.05 Å) of compounds 1 (a) and 8 (b). The packing mode of both compounds (c) and (d)

show face to face p2p interaction between phenyl rings. For 1 the shortest cation/anion distances are Br1yC41* 3.864(3), Br1yC21* 3.804(3) and

Br1yC11* 3.709(17) and to all the adjacent nitrogen atoms about 4.11 Å; and for 8 Br1yC11* 3.775(7), Br1yC11** 3.957(6) and to the adjacent

nitrogen atoms about 4.17 Å, respectively. Symbols 1) *=x, 0.5�y, �0.5+z, and 8) *=�1+x, y, z; **=1�x, y, 1.5�z, indicate symmetry operations

to generate nearby atoms.
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Compounds 1 and 3 crystallized in monoclinic space
group P21/c, compound 8 in monoclinic space group
C2/c and compound 4 in triclinic space group P-1.
Compounds 2 and 5 crystallized in orthorhombic space
groups Pbca and P212121 (Flack parameter=0.01(1)),
respectively. Despite several attempts, we have not been
able to crystallize the compounds 6, 7 and 9 (viscous oil
6, waxy 7 and 9), although based on the NMR, MS and
TG/DTA studies compounds were free of solvents and
other impurities. For the solved crystal structures, the
ion-pair ordering and the crystal packing are presented
in Figs. 1–3 [59].

In case of compounds 1 and 8 the cation appears in W-
conformation so that the methyl groups are between the
phenyl groups (Fig. 1). The cation/anion pairs are
interconnected by weak Br�yH bonding, bond dis-
tances varying 2.97–3.05 Å for 1 and 2.84 Å for 8.
Furthermore, the ion pairs are packed via intermolecular
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Fig. 2. The ion-pair ordering and hydrogen bonding (o3.05 Å) of the compounds 2 (a), 4 (b) and 5 (c). The packing modes of compounds 2 (d), 4 (e),

and 5 (f) show edge to face p2p interaction between the phenyl rings. For 2, the shortest cation/anion distances are Br2yC11* 3.631(5), Br2yC17A

3.720(4), and Br1yC81** 3.644(5) and to the adjacent nitrogen atoms about 4.15 Å; for 4, Br1yC41* 3.691(8), Br1yC22** 3.703(8), and

Br1yC31** 3.766(8) and to the nitrogen atoms about 4.30 Å; for 5, Br1yC42* 3.662(5), Br1yC32** 3.846(5), and Br1yC32 3.873(5) and to the

nitrogen atoms about 4.72 Å, respectively. Symbols 2) *=�0.5+x, y, 0.5�z; **=1.5�x, �0.5+y, z, 4) *=�x, 2�y, �z; **=1+x, y, z, and 5) *=x,

�1+y, z; **=2�x, �0.5+y, 1.5�z, indicate symmetry operations required to generate nearby atoms.
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face to face p2p interactions between the phenyl groups
[60,61]. In compound 8 the cations are tightly inter-
locked, so that both phenyl groups of the cation
participate in p2p interactions, therefore further stabi-
lizing the crystal packing.

The asymmetric unit of 2 consists of two cation/anion
pairs (Fig. 2a), in which the ion pairs are interconnected
similarly as presented for compounds 1 and 8, bond
distances varying from 2.69 to 2.95 Å. Furthermore, the
molecular packing is stabilized by both intramolecular
CHyp interaction and intermolecular edge to face p2p
interaction. The ion-pair interactions and hydrogen
bond distances (2.77–2.94 Å) of compound 4 are
analogous to previous compounds. Two phenyl rings
of the cation are strongly turned towards each other
forming continuous and alternating edge to face p2p
bonding, in which every second connection between
phenyl rings is intramolecular and the other intermole-
cular (Fig. 2e). As the phenyl rings are in close proximity
to each other and the fact that rings are located on the
center section of the unit cell layer-like structure is
formed. The packing of compound 5 is most spacious as
no clear hydrogen bonds (o3:05 (A) were found and the
average N+

yBr� distance was about 4.7 Å (about
4.2 Å for the rest of compounds, except for 3). The
phenyl rings showed intermolecular edge to face p2p
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Fig. 3. The ion-pair ordering and hydrogen bonding (o3.05 Å) of

compound 3 (a) and the packing mode (b) showing face to face p2p
interaction between the phenyl rings. The shortest cation/anion

distances are Br1yC32 3.696(7), Br1yC31 3.709(4), and Br1yC21

3.746(5) and to the adjacent nitrogen atoms about 3.31 Å.
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bonding (Fig. 2f). As expected, the melting point of
compound 5 was lowest among the crystallized com-
pounds.

In case of compound 3, as the desired compound
ðR0

2R2NBrÞ was not produced, various analyses were
carried out by NMR from the mother liquid, precipi-
tates and from the liquid extracted by evaporator to
search out the presence of the expected quaternary
ammonium salt. However, no sign was detected, which
could confirm the presence of the desired quaternary
salt. It is assumed that the reactivity of intermediate
cation was lowered (due to steric effects) excessively
during the synthesis preventing the reaction between the
intermediate cation and the second benzyl group, which
then was overtaken by distinctively smaller hydrogen
atom. The ion pair of compound 3 is interconnected via
hydrogen bond between the bromide and the N+–H
hydrogen (2.50 Å) and with weaker hydrogen bonds
(2.89–3.01 Å) between the hydrogen atoms of isopropyl
groups and bromide (Fig 3a). The packing of 3 is quite
similar to the packing of compounds 1 and 8. However,
the single phenyl ring of each cation is paired with the
phenyl ring of the next cation across the unit cell by face
to face type p2p interaction causing the isopropyl
groups to face towards bromide anions resembling the
layer-like structure of compound 4.
3.3. Powder diffraction analysis

The powder diffraction data were measured to
confirm the expected similarities of the single crystals
and the microcrystalline bulk material. The calculated
powder data were obtained from the structural para-
meters of each of the compounds by CRYSTAL-
LOGRAPHICA [62] software package. The
comparison of the experimental and calculated data is
presented in Fig. 4. Based on the powder diffraction
analyses, the structural ordering of microcrystalline bulk
materials and the single crystals were congruent in all
cases. Furthermore, the crystallinity of compounds 1–5
and 8 was relatively high as quite narrow half-widths
with high overall intensity gains were observed on
experimental powder data.
3.4. Thermal analysis

The results of DSC measurements for compounds 1–9
are summarized in Table 3. The transition temperatures
were taken from the peak onsets. Analogous melting
points were observed also by Melting point apparatus
and on TG/DTA. The TG/DTA curves for 1–9 are
presented in Fig. 5.

Based on the TG/DTA and DSC studies, the
decomposition of the compounds 1–2 and 8 started
during or even slightly before the melting. Therefore, the
observed transitions at 175 (1), 174 (2) and 202 1C (8) are
somewhat fictitious melting points. Compound 9 has
narrow liquid range as melting point (Tm) was observed
at 131.3 1C, just before the decomposition started.
Compounds 3–5 and 7 melted at 158.6, 158.1, 122.2
and 109.1 1C, respectively, and isotropic liquid range of
30–70 1C was observed for these compounds prior to the
decomposition. The thermal studies for 6 suggested that
compound stayed in liquid state from �40 to about
180 1C, from which the decomposition started. In
general, all the compounds decomposed without identi-
fiable cleavages and the starting of the decomposition
varied between 165 and 190 1C, except for 9 that started
to decompose at 135 1C.

For compound 4, three transition signals were
observed between 146 and 158 1C both in DSC and
TG/DTA measurements. It is assumed that the
room temperature phase melted at 146 1C and almost
simultaneously recrystallized (partly overlapping peak
with onset at 150 1C) to the second polymorph, which
then melted at 158 1C. More detailed DSC mea-
surements with two heating–cooling cycles showed
that on the first cooling scan only a weak glass transition
was observed, indicating the amorphous solidification of
the compound. On subsequent heating, both glass
transition (24.0 1C) and crystallization (73.2 1C) was
observed.
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Table 3

Melting points (onset), decomposition ranges (starting value taken

from initial mass loss of the decomposition; Ti) and enthalpy changes

for compounds 1–9

Compound Tm (onset)

(1C)

Enthalpy

change (kJ/mol)

Decomposition

range (1C)

1 175a 23.3 165–245

2 174a 30.2 164–232

3 158.6 24.1 189–290

4 145.5b,

158.1

17.9 192–302

5 122.2 25.7 191–305

6 — — 180–300

7 109.1 17.4 178–316

8 202a 14.1 190–270

9 131.3 9.1 135–300

aNot definite Tm as compounds decomposed during melting.
bLower Tm corresponds to the room-temperature phase.

Fig. 4. Experimental powder data compared with calculated data which were obtained from the single crystal structure parameters. Pseudo-voigt

function (peak profile parameters U ¼ 0, V ¼ 0:01 and W ¼ 0:01) and CuKa1 wavelength was used on calculations.
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Originally, it was assumed that by changing the
methyl groups of the cation, which originated from the
amide, to the larger groups and secondly by lengthening
the carbon chain between the nitrogen and phenyl ring,
the thermal properties of the compounds could be
modified. For compounds 1 and 2, the effect of changing
the methyl groups to the ethyl groups was rather weak
as the decomposition/melting of these compounds
started nearly at the same temperature (175 1C). First,
noticeable decrease on Tm was observed with com-
pounds 4 and 5 as latter melted about 35 1C lower than
compound 4. However, clearer decreasing trend of
melting points (Tm of 24547 for diethyl compounds
and 14446 for dimethyl compounds) was observed
when the carbon chain between the phenyl ring and the
nitrogen was lengthened and by this the lowest Tm was
obtained for 7 (109 1C). Furthermore, compound 6

deviated significantly from the rest of the group since it
appeared as a viscous liquid despite of the several
attempts to solidify/crystallize the compound. If com-
pounds 6 and 7 are considered from the structural point
of view, the cation of 7 could be more rigid, as the
mobility of the 3-phenylpropyl groups may be limited in
larger extent by the ethyl groups than in case of 6 having
smaller methyl groups thus with more rigid branches



ARTICLE IN PRESS

Fig. 5. TG/DTA curves for compounds 1–9. The exothermic events are pointing up in DTA curves. The TG curves are presented by solid lines and

DTA curves as dashed lines, respectively.
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the long-range ordering of the ion pairs can occur
more easily.
4. Conclusions

Eight new aromatic R2R
0
2N

+Br�-type (R=benzyl, 4-
methylbenzyl, 2-phenylethyl, 3-phenylpropyl; R0=ethyl,
methyl, isopropyl) and one RR0

2NH+Br�-type
(R=benzyl; R0=isopropyl) quaternary ammonium bro-
mides were prepared by using novel synthetic route in
which diethylformamide, dimethylformamide or diiso-
propylformamide were treated with selected aralkyl
halide in presence of potassium carbonate. Six of the
compounds were crystalline and their single crystal
structures were solved and their structural similarities
with microcrystalline bulks were confirmed by the
powder diffraction studies. The thermal properties of
the compounds were changed by increasing the carbon
chain length between the phenyl ring and nitrogen and
by changing the methyl groups to the ethyl groups. The
low melting points of salts 5 and 7 along with broad
liquid ranges (about 70 1C) and very broad liquid range
up to the decomposition temperature (180 1C) of
compound 6 (viscous liquid) enable the potential
applicability of these three compounds as ionic liquids,
which is to be tested along with anion exchange, in
further studies. Compounds 3 and 4 melted roughly at
158 1C having liquid range of about 30 1C above the Tm,
but the liquid ranges above 150 1C are in some extent
less applicable, for example, as organic solvents. Quite
low Tm was observed for salt 9 also, but unfortunately
the decomposition of the compound followed readily
after melting.
All the compounds were soluble in water but as the
hydrocarbon content of the cation increased, the
solubility behavior changed due to an increased
proportion of the hydrophobic cation compared to the
hydrophilic anion. This phenomenon could be exploited
in phase-transfer-catalyzed processes, as both types of
solubility properties are needed at the boundary layer of
the reaction mixture. Finally, the presented quaternary
ammonium compounds may be interesting guests for
studies of complexation, capsule formation and crystal
engineering purposes with resorcinarenes, as the elec-
tron-rich resorcinarene cavity is known to complexate
both small quaternary alkyl ammonium cations via
cation–p interactions, and planar aromatic guests by
p2p interactions [25–28,63].
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