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Available online Two new acid salts were synthesized, and their chemical structures were characterized
by various spectra data analyses. Although 'H NMR did not show acid proton of [HSO4]~, the FTIR spec-
tra of molten acid salts act as key support to approve of their chemical structures. The structure elu-
cidation of the molten acid salts demonstrated the existence of 4,4'-trimethylene-N,N'-dipiperidinium
dication with sulfate and hydrogen sulfate anion(s). Thus, sulfuric acid can act as a diprotic or mono-
protic Bronsted acid when it is treated by a secondary amine regarding the initial mole ratio of sulfuric
acid and amine. Also, the catalytic activity of these molten acid salts was investigated for the hydrolytic
conversion of (1,3,3,3-tetrachloropropyl)benzene to cinnamic acid. The desired product was obtained in
88 £ 2.0% yield under optimal conditions. The molten acid salts were high recyclable and their chemi-
cal structure and catalytic efficiency showed no significant change even after the 5™ run. Furthermore,
TMDP-SA (1:1) showed a much weaker corrosive property compared with TMDP-SA (1:2) and SA (98%),
and the surface of stainless steel was intact even after 24 h. This fact and the acidity of two molten acid
salts also confirm the proposed chemical structures.
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1. Introduction

Catalysts play a vital role in organic chemistry and synthetic
processes. The synthesis and introduction of new catalysts and in-
vestigation of their catalytic efficiency are interest topics in catal-
ysis research, along with the design of greener and eco-friendly
technologies under realistic conditions regarding air atmosphere,
high temperature, normal pressure, and humidity.

It is well known that the physical and chemical properties of
compounds depend on the chemical structure of their constituent
particles and the attraction or repulsion forces between neighbor-
ing particles, including molecules and ions. Moreover, the reaction
mechanism is mainly dependent on the chemical structure and ac-
tive sites [1]. Therefore, the structure elucidation of new chemicals
and catalysts plays a vital role in the study and evaluation of ap-
plications and reactions, and many instrumental methods are em-
ployed to provide clues to avoid the pitfalls for future structure
elucidation works [2].
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Sulfuric acid (SA) has been applied as a catalyst, co-catalyst, ox-
idant, co-oxidant, dehydrating, and sulfonating agent in many aca-
demic and industry processes [3-5]. The treatment of most organic
and inorganic bases with SA can give the [HSO4]~ or [SO4]>~ de-
pendence on reactant mole ratio, the nature, and basicity of base.
Free sulfate anion has Td symmetry, while the symmetry of hy-
drogen sulfate reduces to C3v, thus, their FTIR spectra will display
their characterizing peaks in different frequencies [6-8]. The 'H
NMR spectra of species [HSO4]~ or [SO4]2~ can be similar because
the proton chemical shift of [HSO4]~ cannot be often detected due
to many reasons [9].

Molten salts are well-known as ionic liquids having a melt-
ing point above 100°C containing cationic nitrogen or phospho-
rus cores with the charge-balanced by organic or inorganic counte-
rion. The electrostatic interactions between the cations and anions,
which in turn is dependent on nature, size, and charge of cations
and anions, can result in various physical and chemical properties
of the molten salts. Therefore, the molten salts can be designed to
achieve the appropriate physical and chemical properties. Although
they were initially used as eco-friendly solvents in chemical reac-
tions, ILs/molten salts are now employed in many fields including
thermal energy storage (TES) [10], and heat transfer at relatively
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Scheme 1. The possible structures of new molten acid salts.

high temperatures due to their large capacity for heat storage [11],
synthesis and catalysis [12-16].

Cinnamic acid and its derivatives play a crucial role in the
complex phenolic compound formation [17]. Cinnamic acid and
its derivatives have been extensively investigated in medicinal re-
search due to its antitumor, anti-inflammatory, and anticancer
[18,19], antifungal activities [20]. They have been used in the man-
agement of lipid metabolism and obesity [21]. It was found that
cinnamic acids, as antioxidant phytochemicals, showed protective
and/or therapeutic effects against diabetes and other diabetic dis-
orders with high oxidative stress conditions [22]. Cinnamic acid
(CA) and its hydroxy-derivatives have been extensively used in the
preparation of polymers [23], cosmetics and possess various func-
tions [24].

The Perkin reaction, the Claisen condensation, the Knoeve-
nagel condensation, and modification of these reactions have
been utilized as principal synthetic methods to prepare cin-
namic acid. Cinnamic acid derivatives have also been synthesized
through genetically engineered microorganisms [24]. Cinnamic acid
has also been produced through the hydrolyzation of (1,3,3,3-
tetrachloropropyl)benzene (TCPB) in acetic acid as a solvent and
in the presence of sulfuric acid as a catalyst [25]. Many molten
salts/ionic liquids, bearing an alkane sulfonic acid moiety in an
imidazole, triphenylphosphine, pyridinium cation, and imidazolium
or pyridinium cation and hydrogen sulfate counteranion, have been
applied as dual solvent-catalysts in the different organic reactions,
including selective oxidation [26], alkylation reaction [27], Fischer
esterification, transesterification, alcohol dehydrodimerization, and
the pinacol/benzopinacole rearrangement [28-30], and synthesis
of Chalcone [31]. The quaternary ammonium ionic liquids such as
[EtsNH][HSO4] have been reported as dual solvent-catalysts for the
preparation of cinnamic acid through the hydrolytic reaction of
TCPB [32].

In continuing our previous
trimethylenedipiperidine (TMDP) [33-35]

works on 44~
and the synthesis

and catalytic application of molten salts [36], ionic liquids hav-
ing a melting point above 100 °C, the synthesis of two new
acid salts was designed and carried out through stirring 4,4'-
trimethylenedipiperidine (TMDP) and sulfuric acid (98%) in CH,Cl,.
The new molten acid salts were characterized by spectroscopic
techniques. The presence of different anions, including sulfate and
hydrogen sulfate, was demonstrated by complementary analysis
of FTIR, pH, melting point, and solubility. The physical properties
of the new acid salts were determined and recorded. Then, the
catalytic activity of new molten acid salts was demonstrated for
the direct synthesize of cinnamic acid through hydrolyzation of
(1,3,3,3-tetrachloropropyl)benzene (TCPB) under obtained optimal
reaction conditions. The acid salts and cinnamic acid were easily
separated by simple filtration. After concentrating the aqueous
solution of acid salts, after concentrating, they were reused in
subsequent runs with a slight loss of catalytic efficiency after
the 5 run. A study of corrosive property showed that TMDP-SA
(1:1) is a much weaker corrosive compared with TMDP-SA (1:2),
which in turn is weaker corrosion than SA (98%). This fact can be
counted as further support for the proposed chemical structures.

2. Results and discussion
2.1. Synthesis and the structure elucidation of new acid salts

The treatment of the commercially available TMDP with sulfuric
acid (SA) (98%) in a mole ratio of 1:1 and 1:2 can lead to three
possible chemical structures of ionic salts through the acid-base
reaction of TMDP, containing two piperidine rings, and sulfuric acid
as a diprotic acid (Scheme 1).

The viscous pale yellow liquids were isolated after 24 h of stir-
ring at mild conditions. The colorless clear crystals were formed
from methanol.

The new molten acid salts were characterized by the detailed
TH NMR and ¥C NMR and 'H,'H-COSY, mass spectra, and FTIR
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Table 1
The NMR data of TMDP-SA(1:2) in DMSO-dg and D,O0.
DMSO-dg D,0
Atom
8H (ppm) ] (Hz) 8C (ppm)  &H (ppm) ] (Hz) 4C (ppm)

NH"(eq) 8.44 br s - - -

NHT(ax) 8.15 br s - - -

C-2,2, 6 and 6'(eq)  3.21 d, 124 43.69 3.29 d, 12.8 44.15

C-2,2, 6 and 6'(ax)  2.80 dd, 12.1 and 23.2  43.69 2.85 td, 2.5 and 12.9  44.15

C-3,3,5and 5(eq) 175 d, 13.1 28.63 1.83 d, 14.0 28.37

C-3,3,5and 5(ax) 1.26-1.15 m 28.63 127-117 m 28.37

C-4 and 4/ 149-144 m 35.71 153-146 m 34.97

C-a 126-1.15 m 33.02 127-117 m 32.76

c-B 126-1.15 m 28.63 127-117 m 22.29
spectra of the new acid salts. First, the reaction of TMDP and SA Table 2 . .
(98%) was carried out in CH2C12 at a ratio of 1:2 at room tem- The NMR data of TMDP-SA(1:1) with 10 xL excess of SA (98%) in DMSO-

. : L. de.
perature overnight. The obtained pale yellow liquid was washed N
three times by dichloromethane. The colorless clear crystals were DMSO0-dg
obtained after crysFallization from methanol. Atom SH (ppm) | (Hz) 5C (ppm)
The FTIR analysis of TMDP-SA (1:1) and TMDP-SA (1:2) NH(eq) 845 491 B
The 1H and 13.C NMR was recorded in DMSO-dg (See supple- NH*(ax)+SA protons  8.16 s ]
mentary information, Figure S1). The equatorial hydrogens (Heq) of C-2,2, 6 and 6(eq)  3.17 d, 12.4 43.90
CH-2, 2', 6, and 6’ and their axial counterpart (Hgx) were exhib- C-2,2,6and 6(ax) 277 dd, 124 and 23.3  43.90
ited as doublet and doublet-doublet at 3.21 ppm (J = 12.4 Hz) and E‘g g 2 "‘“S gfeq; H; 3;1]3'8 i 144 ;2;;
, , -3, 3', 5 and 5'(ax . , 7.0 an Y .

2.80 ppm (23.2 and 12.1 Hz). The Heq and Hgx of _CH—3, 3, 5,and 5 Cod and 4 148-140 m 35.93
were observed as an apparent doublet and multiplet at 1.75 ppm Coat 126-1.19 m 33.02
(J = 13.1 Hz) and 1.26-1.15 ppm, respectively. The Hgyx of CH-4 C-B 1.26-1.19 m 23.02

and 4’ were displayed at 1.49-1.44 ppm. The protons of trimethy-
lene spacer appeared as a multiplet at 1.26-1.15 ppm. The 'H NMR
of TMDP-SA (1:2) in D,0 demonstrated the hydrogen exchange of
protons at 8.44 and 8.15 ppm with the deuterium of heavy wa-
ter acid properties (See supplementary information, Figure S2). The
13C NMR of TMDP-SA (1:2) in DMSO-dg and D,0 displayed five dif-
ferent types of carbons (See supplementary information, Figure S1
and S2) (Table 1).

The correlations between peaks at 8.46 and 8.17 ppm with
themselves and Heq and Hax of C2, C2/, C6, C6’ at 3.23 ppm and
2.82 ppm was observed in H,'H-COSY spectra of TMDP-SA (1:2) in
DMSO-dg, which confirm the structure of piperidinium cation (See
supplementary information, Figure S3).

In order to investigate the existence of an excess of SA in the
product, a given volume of SA (98%) (10.0 uL, 0.18 mmol, and
20.0 uL, 0.37 mmol) was added into the NMR tube, containing the
product TMDP-SA (1:2). Then, the 'H and 3C NMR of these sam-
ples, as well as the TH NMR of SA (98%), were recorded (See sup-
plementary information, Figs. S4-S6). Furthermore, to gain further
understanding of the interactions between the [TMDPH,]%>* dica-
tion and [SO4]?~ and [HSO,4]~ anions, we have evaluated the shift
change of the proton signals of the [TMDPH, ]2+ dication for TMDP-
SA(1:2) upon the incremental addition of SA (10.0 and 20.0 ulL).
The protons in the [TMDPH,]2* dication showed no significant
shift (A§ = 0.2 ppm) to a high magnetic field side upon the incre-
mental addition of SA, while the peak of HOD significantly moved
to a low field (downfield) side. These results strongly suggest that
the acid pH has no notable effect on the protons of [TMDPH,|?+
dication. The singlet sharp peak of HOD was observed at 3.71 ppm
in TH NMR of TMDP-SA(1:2), whereas the sharp peaks at 6.95 and
8.15 ppm appeared in the 'TH NMR of samples containing TMDP-
SA(1:2) with 10.0 and 20.0 wL excess of SA (98%), respectively
(See supplementary information, Figures S4 and S5). The hydro-
gen ions of excess of SA can be readily exchanged with the hy-
drogen of water, and due to the stronger intermolecular hydro-
gen bonding between the SA proton and water molecules, the 1H
NMR of HOD signal appears at the lower magnetic field (higher
frequency) [37].

A sharp singlet at 7.13 ppm was detected for the same amount
of SA (10.0 L, 0.18 mmol) in DMSO-dg (See supplementary infor-
mation, Figure S6). Regarding the lack of sharp or broadened peaks
from 4.0 ppm to 8.0 ppm and > 9.0 ppm in the 'H NMR spectrum
of TMDP-SA(1:2), the excess SA in this acid molten salt was ex-
cluded. On the other hand, acid protons of hydrogen sulfate were
not observed probably due to strong hydrogen bonding and inter-
action between cation and anion as well as the presence of water
in DMSO-d6. The 3C NMRs showed negligible shifts after adding
sulfuric acid (98%).

Some important differences were observed in the comparison
between the solubility of TMDP-SA(1:1) and TMDP-SA(1:2) in the
deuterated solvents. Both of them easily dissolved in D,0 and
methanol-d4 at room temperature. Although TMDP-SA (1:2) dis-
solve partially and completely at room temperature and 50 °C in
DMSO-dg, respectively; TMDP-SA(1:1) did not dissolve in DMSO-dg
at room temperature and even 50 °C after four hours. By addition
10 L of SA (98%) (0.18 mmol) to an NMR tube containing 50 mg
of TMDP-SA(1:1) in DMSO-d6, a clear solution was obtained viz. an
excess of SA causes the dissolving of TMDP-SA(1:1) in DMSO-dg.

The 'H and 3C NMRs of TMDP-SA(1:1) in three deuterated
solvents, D,0 (¢ = 78.5), methanol-d4 (¢ = 32.7) and DMSO-dg
(¢ = 46.7) with significantly different dielectric constants, solva-
tion, and hydrogen bonding ability are depicted in Figures S7-S9
(See supplementary information), and all informative NMR data are
collected in Tables 2 and 3.

The chemical shift of methylene groups of TMDP-SA(1:1) in
three deuterated solvents, D,0 (¢ = 78.5), methanol-d4 (¢ = 32.7),
and DMSO-d6 (e = 46.7) with significantly different dielectric con-
stants, solvation and hydrogen bonding ability data are reported in
Table 2.

The results demonstrated that the methylene protons of piperi-
dine rings of [TMDPH,|>* were influenced through intermolecular
hydrogen bonds by D,0 with a high dielectric constant and solva-
tion ability. Due to the strong intermolecular hydrogen bond, the
solvent molecules around the >NH,* protons are included, leading
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The NMR data of TMDP-SA(1:1) in methanol-d, and D,O0.
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Methanol-dg4 D,0
Atom

SH (ppm) ] (Hz) 3C (ppm)  &H (ppm) ] (Hz) 3C (ppm)
NH*(eq) - - - - - -
NH*(ax) - - - - - -
C-2, 2,6 and 6'(eq) 3.38 d, 12.8 45.23 3.42 d, 12.8 44.15
C-2, 2, 6 and 6'(ax) 2.94 td, 2.5 and 12.8 45.23 2.98 td, 3.0 and 13.0 4415
C-3, 3, 5 and 5'(eq) 1.89 d, 13.6 30.02 1.96 d, 14.0 28.37
C-3, 3/, 5 and 5'(ax) 1.31 dd, 6.9 and 14.5 30.02 1.32 dd, 6.7 and 14.0 28.37
C-4 and 4 1.61-1.54 m 37.09 1.66-1.59 m 34.97
C-a 1.47-1.37 m 34.94 1.41-1.35 m 32.76
c-B 1.47-1.37 m 24.23 1.41-1.35 m 22.29

Table 4

The '"H NMR data of TMDP, TMDP-SA(1:2), and TMDP-SA(1:1) + excess of SA in DMSO-dg.

TMDP TMDP-SA(1:2) TMDP-SA(1:1) + SA (10 L)
Arom SH (ppm) ] (Hz) SH (ppm) ] (Hz) SH (ppm) ] (Hz)

NH*(eq) - - 8.44 br s 8.45 d, 9.1

NH*(ax) - - 8.15 br s 8.16 s (along with SA peak)
CH-2, 2', 6 and 6'(eq) 2.86 d, 9.4 3.21 d, 12.4 3.17 d, 12.4

CH-2, 2/, 6 and 6'(ax) 2.38 dd, 10.9 and 10.4 2.80 dd, 12.1 and 23.2 2.77 dd, 12.4 and 23.3
CH-3, 3", 5 and 5(eq)  1.54 d, 10.4 1.75 d, 13.1 1.71 d, 13.0

CH-3, 3', 5 and 5'(ax) 1.16-1.10 m 1.26-1.15 m 1.13 dd, 7.0 and 14.4
CH-4 and C4' 1.29-1.20 m 1.49-1.44 m 1.48-1.40 m

CHy-a 0.98-0.91 m 1.26-1.15 m 1.26-1.19 m

CH,-8 1.29-1.20 m 1.26-1.15 m 1.26-1.19 m

Table 5
The 3C NMR data of TMDP, TMDP-SA(1:2), and TMDP-SA(1:1) + SA in DMSO-ds.

TMDP TMDP-SA(1:2)  TMDP-SA(1:1) + SA (10 uL)
Atom S8C (ppm)  &C (ppm) S§C (ppm)

C-2, 2,6 and 6 46.35 43.69 43.90

C-2, 2,6 and 6 46.35 43.69 43.90

C-3,3,5and 5 33.40 28.63 28.77

C-3,3,5and 5 33.40 28.63 28.77

C-4 and 4’ 37.24 35.71 35.93

C-a 36.05 33.02 33.02

C-B 22.92 28.63 23.02

to significant solvation and, thus, very large chemical shift solvent-
dependence.

The resulting chemical shifts in DMSO-dg (6 = 3.17, 2.77, 1.71,
113 ppm), methanol-d; (§ = 3.38, 2.94, 1.89, 1.31 ppm) and
D,0 (6§ = 3.42, 2.98, 1.96, 1.32 ppm) indicate that hydrogen
bond between the [TMDPH,]** and D,0 is more efficient than
in methanol-d4 and significantly stronger than in DMSO-dg. This
demonstrates the great sensitivity of 'H NMR chemical shifts to
the intermolecular hydrogen bond between [TMDPH,]?* and the
deuterated solvents.

The 'H and 3C NMR of pure TMDP was also recorded in the
same deuterated solvent i.e., DMSO-dg (See supplementary infor-
mation, Figure S10). The symmetrical equatorial and axial CH,
groups of TMDP-SA(1:2) and TMDP-SA(1:2) + excess SA appeared
at 3.21, 3.17, and 2.80, 2.77 ppm as broad doublet and doublet-
doublet, respectively. They were displayed with a higher chemi-
cal shift (A§'H ~0.31-0.42 ppm) and a larger coupling constant
(A] ~1.5-12.4 Hz) than that of pure TMDP, probably due to the
deshielding effect of >NH,* groups and decrease of the electron
density around of protons. The C-2,2/,6,6' and C-3,3',5,5' chemi-
cal shifts of the TMDP-SA(1:2) and TMDP-SA(1:2) + excess SA are
recorded at 43.69, 43.90 and 28.63, 28.77 ppm in DMSO-dg, re-
spectively; which are lower than that of TMDP (A§13C = 2.45-
4.77 ppm), and this demonstrated the protonation of TMDP as re-
ported in the literature [38] (Tables 4 and 5).

2.2. The FTIR analysis of TMDP-SA(1:1) and TMDP-SA(1:2)

The infrared spectra of neat TMDP, TMDP-SA(1:1), and TMDP-
SA(1:2) are depicted in Fig. S11 (See supplementary information).
The N-H stretch and N-H wag of piperidine rings of TMDP ap-
pears at 3396 and 3286 cm™!, and 809 cm~!. The sharp peaks at
1144 and 1109 cm~! were assigned to C-N asymmetric stretch-
ing vibrations. The C-C bending and stretching modes of TMDP
appeared as sharp peaks at 1286 and 1264 cm~!, and a weak
band at 1000 cm~, respectively. A strong band at 1322 cm~! was
attributed to methylene C-H wagging frequency. The asymmetric
and symmetric C-H vibration of methylene groups next to NH,™
(-CH,-NH,*-CH,-) was observed at 2918, 2840, and 2742 cm~!
as the medium and sharp peaks, respectively. Also, the methylene
C-H bending vibrations displayed medium intensity and relatively
broad peaks at 1472 and 1425 cm~!. The CCN deformation vibra-
tions were observed at 648 and 593 cm~! as medium and weak
intensity peaks. The weak intensity peak at 725 cm~! was assigned
to the torsion of piperidine rings of TMDP [39].

As can be seen in Figure S11, the vibration N-H at >NH,*
groups of TMDP-SA(1:1) was observed as a strong intensity and
sharp peak at 3431 cm~!, while this stretching vibration appeared
in FTIR of TMDP-SA(1:2) as a medium intensity and broad peak
at 3409 cm~!. The bands at the range of 2930-2859 cm~! and
3035-2852 cm~! were attributed to the symmetric and antisym-
metric stretching vibrational of methylene groups in the piperi-
dinium rings of TMDP-SA(1:1) and TMDP-SA(1:2), respectively. The
wagging mode of methylene groups of the piperidinium rings
of TMDP-SA(1:1) and TMDP-SA(1:2) was detected at 1314 and
1302 cm™!, respectively. Medium intensity peaks at 2516 and
2713 cm~! were assigned to the N-H stretching vibration of the
piperidinium rings of TMDP-SA(1:1), and TMDP-SA(1:2) also exhib-
ited a weak intensity band at 2526 cm~! for this vibration. This
bathochromic shift of N-H stretch vibration was assigned to the
relative acceptor capability of H-bond acceptor capability of sul-
fate and hydrogen sulfate [40,41], which is in good agreement with
the formation of different anions in the TMDP-SA(1:1) and TMDP-
SA(1:2).
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The FTIR spectrum of TMDP-SA(1:1) showed two medium in-
tensity bands at 1624 and 1457 cm~!, and these peaks were ob-
served at 1615 and 1462 cm~! for TMDP-SA(1:2). Based on the pre-
viously reported in the literature [42], the deformation vibration
modes of >NH,* groups of secondary amine salts are displayed
in this range, which demonstrates the formation of piperidinium
cation. TMDP-SA (1:1) showed a multi-branched strong broad peak
at a range 1101-1030 cm~! for the asymmetric and symmetric SO,
stretching vibrations, while these vibrations appeared as strong
intensity bands 1151 and 1032 cm~! for TMDP-SA(1:2). A strong
band at 858 cm~! together with a weak band at 731 cm~! and
a strong band at 578 cm~! were attributed to S-OH stretching
modes and SO, bending of hydrogen sulfate anion. These bands
are merely observed in the FTIR of TMDP-SA (1:2), while the SO,
bending vibration of TMDP-SA(1:1) appeared at 612 cm~! [43-45].

2.3. The mass spectra analysis of TMDP-SA(1:1) and TMDP-SA(1:2)

The prominent [M+EtOH+NH4]* and [M+EtOH+CO,+NH4]*
(where M corresponds to TMDP) were detected at m/z 274.2753
and 318.3014, respectively, in the positive ion mode of TMDP-
SA(1:1) and TMDP-SA(1:2). In contrast, the negative ion
mode showed a weak ion at m/z 339.2005 corresponding to
[M+H+S04+CH30H]~ or [M+HSO4+CH30H]~. The isotope distri-
bution patterns were observed in the positive ion mode as follows:
m/z (mass intensity %) 274.2753 (100.0), 275.2779 (15.2), 276.2805
(1.2) and 318.3014 (100,0), 319.3042 (17.9), 320.3065 (1.5) (See
supplementary information, Fig. S12).

2.4. The physical properties of TMDP-SA(1:1) and TMDP-SA(1:2)

The total water content of TMDP-SA(1:1) and TMDP-SA(1:2)
was determined 0.67 + 0.02 wt. % and 0.21 + 0.02 wt. % re-
spectively, by Karl Fisher (KF) titration, using a Metrohm 831 KF
coulometer in conditions of ambient humidity and room tempera-
ture. The melting point of TMDP-SA (1:2) was 110°C, while TMDP-
SA (1:1) decomposed at 290 °C. The aqueous solution of TMDP-SA
(1:1) and TMDP-SA (1:2) (50 mg in 25 mL of ultrapure water) dis-
played pH 2.03 4 0.02 and 3.65 + 0.02, respectively (An average
of three readings). Although TMDP-SA (1:2) dissolved in dimethyl
sulfoxide (DMSO) at room temperature, TMDP-SA (1:2) was insolu-
ble in DMSO even at 50°C. TMDP-SA (1:1) and TMDP-SA (1:2) were
soluble in methanol, water, acetic acid, while they did not dissolve
in ethanol, chloroform, dichloromethane, ethyl acetate, acetonitrile,
and n-hexane.

2.5. The titrimetry analysis of the aqueous solution of TMDPS-SA(1:2)
and TMDP-SA(1:1)

Further support for the structure elucidation was obtained by a
titrimetry analysis of the aqueous solution of TMDPS-SA(1:2) and
TMDP-SA(1:1). One plateau is observed in the titration curve of
TMDP-SA(1:2) (See supplementary information, Fig. S13). The ob-
tained value, by considering the experimental errors, is in good
agreement with the proposed chemical structure, two moles of
[HSO4]~ per TMDP-SA(1:2). The titration curve of TMDP-SA(1:1)
shows that only one drop was enough to neutralize the TMDP-
SA(1:1), which demonstrates less acidity of this molten salt
(Table 6) (See supplementary information, Figure S14).

2.6. The X-ray diffraction (XRD) pattern of TMDP-SA(1:2) and
TMDP-SA(1:1)

The structure of TMDP-SA (1:1) and TMDP-SA(1:2) was also
studied using an XRD pattern at a range of 2-80°. The XRD spectra
approved that the new organic salts have a crystalline nature (See
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supplementary information, Figure S15). The average size of parti-
cles (Dp) and interplanar spacing (d) was calculated from Debye
Scherrer and Bragg’s equations.

Debye Scherrer equation:

Average crystallitesize (Dp) = (0.94 x 1)/(B x Cos6)
Bragg’s equation;:
Interplanar spacing (d) = Order of Reflection(n)
xWavelength()\)/2 x Sinf

Where, 8 = peak Full Width at Half Maximum (FWHM),
6 = Bragg angle, A = X-Ray wavelength of Cu Ko (0.15418 nm)

The results exhibited a crystallite size at a range of 36-139 nm,
and the interplanar spacing (d) was at a range of 0.28-1.08 nm
[46,47].

Based on the above-mentioned results, it is indicated that
TMDP-SA(1:1) and TMDP-SA(1:2) can form the structures I
([TMDPH, 2+[SO4]?~) and I ([TMDPH,|%* 2[HSO4] ), respectively,
through an acid-base of one or two equivalent(s) sulfuric acid
with TMDP. It seems that two protons of sulfuric acid have
nearly the same acidic properties in organic solvents such as
CH,Cl,, and sulfate anion can be formed instead of hydrogen sul-
fate anion when TMDP reacts with sulfuric acid in a mole ratio
of 1:1.

2.7. Synthesize of cinnamic acid through hydrolyzation of TCPB using
TMDP-SA(1:1) and TMDP-SA(1:2) as the catalyst

The different parameters including the catalyst loading, the use
of HOAc or water as solvent, temperature, and reaction time were
optimized for the preparation of cinnamic acid through hydrolyza-
tion of TCPB (Table 7). Cinnamic acid was detected in 12% yield
when the reaction was conducted by using a mix of H,SO4 and
acetic acid at 100 °C within 4 h, only 12% yield of cinnamic acid
(Table 7, entry 1). Cinnamic acid was obtained in 48% and 64%
yield in the presence of TMDP-SA(1:1) and TMDP-SA(1:2), respec-
tively, at the aforementioned conditions (Table 7, entries 2 and
3). Although the higher loading of TMDP-SA(1:2) led to the better
conversion of TCPB and the higher yield of cinnamic acid, this im-
provement could not continue when the loading of TMDP-SA(1:2)
reached 20 mg or greater (Table 7, entries 3-5). Entries 6-8 in
Table 7 show that the optimal temperature and reaction time are
100 °C and six hours, respectively (Table 7, entries 6-8). The same
yield of cinnamic acid was obtained when the reaction was per-
formed in the presence of TMDP-SA(1:1) (20 mg) in HOAc as a
solvent instead of water (Table 7, entry 9).

The yield of the hydrolytic reaction was largely affected by the
acid property and anion type of acid salts. TMDP-SA(1:2) gave a
higher yield of cinnamic acid than TMDP-SA (1:1). It is worth men-
tioning that the hydrolyzation of TCPB could be carried out in both
acid salts.

After removing the water by a rotary evaporator under a high
vacuum (< 10~* Torr), TMDP-SA (1:2) could be recycled in four
subsequent runs. Our results showed that a small amount of water
in the acid salt did not affect the recycling of TMDP-SA (1:2), and
the yield was not reduced after being recycled four times (Table 8).

Hydrolysis of 1,1,1,3-tetrachloro-3-phenylpropane was carried
out with perchloric acid in acetic acid according to a previously
reported method in the literature [48,49], which gave a 38% yield
of cinnamic acid. Also, the hydrolyzation of 1,1,1,3-tetrachloro-3-
phenylpropane in the presence of [Et3NH][HSO4] as an ionic liquid,
as described by Li et al., gave cinnamic acid in 63% yield [50].

Hydrolytic dehydrochlorination and dechlorination can be pro-
moted by TMDP-SA(1:2) and TMDP-SA(1:1), containing piper-
dinium rings and hydrogen sulfate and sulfate anions, in an aque-
ous medium (Scheme 2). The process is probably involved the con-
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Table 6
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Some data for the titrimetry analysis of TMDP-SA(1:1) and TMDP-SA(1:2).

Entry  Acid salt Molecular weight (g mol~')  Molarity (mol L-')  pH at temp. 27.5 + 0.3
1 TMDP-SA(1:1)  308.44 6.5 x 103 5.25
2 TMDP-SA(1:2)  406.51 4.9 x 103 2.25

2 Based on the proposed chemical structures.
b 50 mg of salt in 25 mL of deionized water.
¢ The mean of the triplicate measurements.

Table 7

The effect of different parameters on the conversion of the TCPB to cinnamic acid.?

Catalyst loading

Entry Catalyst Solvent  Temp. (°C) Reaction time (h) Yield (%)
mg mmol mol%
1 H,S04 (98%) 10 0.100 8.8 HOAc 100 4.0 12
2 TMDP-SA(1:1) 10 0.032 3.0 H,0 100 4.0 48
3 TMDP-SA(1:2) 10 0.024 23 H,0 100 40 64
4 TMDP-SA(1:2) 20 0.047 4.4 H,0 100 4.0 72
5 TMDP-SA(1:2) 30 0.071 6.4 H,0 100 4.0 72
6 TMDP-SA(1:2) 20 0.047 44 H,0 100 6.0 89
7 TMDP-SA(1:2) 20 0.047 4.4 H,0 100 8.0 89
8 TMDP-SA(1:2) 20 0.047 4.4 H,0 80 6.0 68
9 TMDP-SA(1:1) 20 0.065 5.9 HOAc 100 6.0 88
@ Reaction conditions: TCPB (1.03 mmol, 280 mg), Solvent (0.2 mL)
b GC yield
¢ The chosen optimal conditions.
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Scheme 2. A plausible scheme of the catalytic mechanism for the hydrolytic dehydrochlorination of 1,1,1,3-tetrachloro-3-phenylpropane in the presence of TMDP-SA(1:2) and

TMDP-SA(1:1).

jugated 3-phenyl-1,1,1-trichloropropene as intermediate I through
dehydrochlorination [51]. According to reported mechanisms in the
literature, intermediate sulfate II or IIl are formed due to the
electron-accepting property of the trichloromethyl group [52]. A
direct nucleophilic attack of water on the «-carbon of the substrate
displaces the chlorine atom with hydroxyl groups which gives cin-
namic acid.

The reduction or elimination of corrosion plays a crucial role in
the scale-up and industrial acetylation process. Therefore, a corro-
sive test was performed with TMDP-SA(1:2), TMDP-SA(1:1), and SA
(98%) for a 316L austenitic stainless steel with length, width, and
thickness of 50, 20, and 0.5 mm, respectively. The same amount
of TMDP-SA(1:2) and SA (98%) (10 mg) was added into 100 mL of
deionized water, and the stainless steel plates were put into the
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Table 8

The recycling effect of TMDP-
SA(1:2) on the conversion of the
TCPB to cinnamic acid.?

Entry  Recycling  Yield (%)°
1 Fresh 89
2 1 89
3 2 88
4 3 87
5 4 87

2 Reaction conditions:  TCPB
(1.03 mmol, 280 mg), water
(0.2 mL), TMDP-SA (1:2) (20 mg,
4.4 mol%), temperature (100 °C),
reaction time (6 h).

b GC yield

Table 9
Corrosive study of stainless steel by TMDP-SA(1:1), TMDP-SA(1:2), and SA (98%).2

The duration
Entry time (h)

Weight of stainless steel (g)

The solution of The solution of The solution of

TMDP-SA(1:1)  TMDP-SA(1:2)  SA(98%)
1 - 3.9922 3.9923 3.9917
2 2 3.4922 3.2902 2.8012
3 8 3.3628 3.1635 1.3425
4 24 3.2916 3.1821 -

2 Three stainless steel sheets were polished, cleaned, and dried to constant weight,
then placed into the solution of TMDP-SA (1:1), TMDP-SA (1:2), and SA, respec-
tively. After a mentioned time, two stainless steel sheets were pulled out carefully,
washed in water, and dried and weighed.

solution. As one can see in Table 9, TMDP-SA(1:1) showed a much
weaker corrosive property compared with TMDP-SA(1:2) and SA
(98%), and the surface of stainless steel was intact even after 24 h.

3. Experiment
3.1. The synthesis of TMDP-SA(1:1) and TMDP-SA(1:2)

Initially, 4,4'-trimethylenedipiperidine (TMDP) (421 g,
20 mmol) was added into a bottom round flask containing
dry CH,Cl, (20 mL). After 10 min stirring at room temperature,
the flask was taken into an ice bath. Then, SA (98%) (2.18 mlL,
~40 mmol or 1.1 mL, ~20 mmol) was added dropwise into the
solution. The mixture was stirred at an ice bath, then at room
temperature overnight. The upper phase was decanted and the
residue, viscous pale yellow liquids, was washed with CH,Cl,
(3 x 10 mL). The solvent was removed by a rotary evaporator.
The colorless clear crystals were isolated in 94.8 and 96.2% yield
for TMDP-SA(1:1) and TMDP-SA(1:2), respectively, from viscous
liquids in methanol.

3.2. Synthesize of cinnamic acid through hydrolyzation of
(1,3,3,3-tetrachloropropyl)benzene

The reactions were carried out in a round bottom flask capacity
of 25 mL set in an oil bath and stirred with a magnetic stir bar
at 400 rpm fitted with an exit glass tube. In a typical procedure,
TCPB (0.5 mmol, 129 mg) was added to a solution of 50 mg of
TMDP-SA(1:2) or TMDP-SA(1:1) in deionized water (1.0 mL), then
the mixture was heated up to 100 °C and stirred for six hours. Dur-
ing the reaction, the hydrogen chloride vapor was transferred to a
beaker containing deionized water by a glass tube, and the evolved
HCl is absorbed by water. Due to the slight solubility of CA in wa-
ter (0.5 g/1.0 L) and probably a leakage, the product was extracted
by diethyl ether (3 x 2 mL). The residue was concentrated by a
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rotary evaporator. The recycled residue was used for the next run
without any purification or washing.

Cinnamic acid: m.p. 131-132 °C, 'TH NMR (600 MHz, CDCl3):
6 11.8 (br s, 1H, OH), 7.79 (d, 1H, J = 16.1), 7.51-7.54 (m, 2H,
ArH), 7.35-7.45 (m, 3H, ArH), 6.45 (d, 1H, J = 16.1, CH=CH) ppm;
13C NMR (150 MHz, CDCl3): 172.7, 147.1, 134.0, 130.7, 128.9, 128.3,
117.3 ppm.

4. Conclusion

In conclusion, two novel acid salts containing two piperidinium
rings linked by a three-carbon spacer and sulfate and hydrogen
sulfate counterion were synthesized, and their chemical structures
were elucidated by 1D and 2D NMR analysis. Further supports of
the structure were obtained by the detailed FTIR and titrimetry
analyses. Some physical properties and thermal behavior and ther-
mal stability of the new acid salts were recorded and determined.
The structure elucidation of TMDP-SA (1:2) showed that it is a
diprotic acid like sulfuric acid, which can be used as a greener al-
ternative to sulfuric acid. The catalytic activity of TMDP-SA (1:2)
and TMDP-SA (1:1) was demonstrated to promote the hydrolytic
conversion of (1,3,3,3-tetrachloropropyl)benzene to cinnamic acid
under mild conditions. The present catalytic process has advan-
tages such as simple experimental and sustainable procedure, high
yield of the cinnamic acid, simple workup, and high recyclability
of catalysts. Another superiority of the new method is avoiding a
possible leakage of toxic heavy metals and heavy-metal waste gen-
eration.
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