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Abstract: An exhaustive experimental
study based on X-ray, NMR, ATR FT-
IR and Raman spectroscopy as well as
theoretical calculations is reported in
order to understand how the non-
covalent intermolecular contacts are
fundamental to explain
structure/properties relationships and
allowing us to correlate a basic
macroscopic property (melting point,
Tm) with the structural variables of a
family of enantiopure 1,4-dialkyl-1,2,4-
triazolium salts. The effect of different
structural vectors such as ring size,
substituent spatial disposition,

substitution on the oxygen, anion nature
or N-4-triazole alkylation on the
intermolecular interactions of these
chiral salts of a well-defined 3D
structure is reported. The non-covalent
intermolecular contacts mainly
implicating the triazoliun H3 atom are
fundamental to explain
structure/properties
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relationships and therefore the physical
properties of these new chiral salts,
rather than simple anion-cation
interactions. Overall, our findings
highlight the importance of the specific
supramolecular interactions for the
understanding of the physical properties
of triazolium salts and ionic liquids.
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Introduction

The synthesis and application of ionic liquids have increased
exponentially in the last few years.! One of the most interesting
features of the ILs is their tuneable properties. ILs can be described
as “polymeric supramolecular fluids”,?> where their properties are
defined by the network of coulombic and intermolecular interactions
formed by the anions and cations.® Although Coulomb forces are
mainly the dominating interaction, the extended network of
intermolecular interactions, based on the ability of cations and
anions to present among others H bonds, n-n or C-H--'m
interactions, etc. has strong implications on their three-dimensional
(3D) organization and therefore on the properties of the ILs.* Thus,
in principle, the ILs can be prepared through a modular structural
design in order to tune their self-organization allowing them to
fulfill the characteristics needed for a given application.®

In this context, some efforts have been made to develop chiral
ionic liquids (CILs)® and to exploit them as media either for chiral
induction’ or for enantiodifferentiation of chiral compounds.® The
introduction of chirality as a design vector is highly interesting as
chilarity may define the self-organizable structure of the chiral salts
in a privileged three-dimensional chiral lattice. We have recently
reported a chemoenzymatic methodology for the synthesis of a new
family of imidazolium CILs with a controlled structural diversity.®
Our results suggested that the chirality present in these enantiopure
salts may define their self-organization and, therefore, a
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macroscopic property such as the melting point.

In general, the most common ILs are based on N,N-
dialkylimidazolium cations. However, it has been reported that the
introduction of a third nitrogen in the heterocycle impacts various
physico-chemical properties relative to those of the analogous
systems based on 1,3-imidazolium salts.° The 1,2,4-triazolium salts
present larger dipolar moment and different charge density than
analogous imidazolium derivatives (see Figure 1). We have recently
reported a synthetic methodology allowing the preparation of a new
family of CILs in which the imidazole is replaced by a triazole ring
as alternative molecular engineering design vector.*!

In this paper, we report our further efforts to understand how the
non-covalent intermolecular contacts are fundamental to explain
structure/properties relationships and therefore the physical
properties of this new family of enantiopure triazolium salts and ILs
comparing their behavior with the one found for the analogous
imidazolium salts. The introduction of the 1,2,4-triazole ring as a
design vector together with others such as the ring size (five- or six-
membered ring), substitution on the oxygen (R’=H or Ac), the
counterion (X'= Br, BFs, or NTfy), the triazole alkylating side-
chain (R=Bn, n-Bu, or n-Oct) and the configuration at the two
stereogenic centers and, in particular, the relative disposition (cis or
trans) of the triazole and OR’ groups on the cycloalkane ring may
favor a different pattern in the anion-cation interactions leading to
new family of chiral salts with modified macroscopic properties.
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Figure 1. Triazolium units as additional design vectors employed in the synthesis of
chiral salts. When compared with imidazolium, the triazolium ion has a larger dipole
moment and different charge distribution.

Results and Discussion

Synthesis and phase transition (melting points) for the chiral
triazolium salts: A series of chiral N-alkylated 1,2,4-triazoles and
their subsequent formation of quaternary 1,4-dialkyl-1,2,4-
triazolium salts was prepared by the combination of biocatalytic and
chemical methods.!! The synthesis of enantiomerically pure salts
was carried out by quaternization at the N-4 position of the different
enantiopure triazoles using the corresponding alkyl or benzyl halide.
Finally, the halide present in the initial triazolium salts was
exchanged with different anions (BF4~ or NTf2") to give a family of
more than 30 enantiopure chiral triazolium salts with significant
structural diversity.!?

The phase transitions (melting points, Tm) of the newly
synthesized salts were measured by differential scanning
calorimetry (DSC) in order to compare their physical properties.
Thus, a dried sample of the corresponding salt was placed in a DSC
pan and heated at 130 °C for 120 min to avoid the influence of the
possible water in the series. Sample holders with perforated covers
were used to allow the evaporation of water during thermal pre-
treatment. Three complete cycles of heating and cooling were then
performed to clearly identify the corresponding phase transitions.
All these operations were carried out under nitrogen.*3

Table 1 illustrates some of the solid-liquid phase transitions of
newly prepared triazolium salts, measured by DSC in the
temperature range -65 to 400 °C.1* The Tm is an important parameter
because it can be related with other properties of ionic liquids, like
viscosity or conductivity.'®

Table 1. Effect of the alkyl chain (Bn, But, or Oct) and counteranion (Br’, BFs or NTf2)
on the phase behaviour for some trans-chiral triazolium salts.

(S,5)-trans-Cy5-OH-1! (S,5)-trans-Cy6-OH-!

ClLs Br BF: NTF, Br BF: NTT,
Bn-Im- 2 ) 29 168 5 29
Bn-Tri- 142 o1 3 83 il 33
BuTi 2 e 53 192 5 45

-30(b1
Oct-Tri 152 6oL! 54 176 79 47
96l

1 Temperatures calculate for a heating rate of 5 °C min at onset of the transitions of
the third heating curve. All the transitions are referred from crystal to liquid otherwise is
indicated. ! Crystal to liquid crystal. € Liquid crystal to liquid.

In general, as observed for the imidazolium salts, cyclopentanol-
derived triazolium salts were found to have lower melting points
than those derived from cyclohexanol. Regarding the counteranion
effect, the original bromides cannot be considered as ILs. However,
the exchange of bromide by a non-basic, non-coordinating anion
such as NTf2 led to a significant reduction on the melting points.
Thus, the salts bearing NTf2 can be classified as room temperature
ILs in all the cases. The exchange by BF4", however, produced only
a moderate reduction on the Tm being this reduction considerably
less important than that observed for the analogous Br/BFs
exchange for the imidazolium salts.® Indeed, all the analogous
imidazolium salts containing BF4™ can be considered as chiral RTILs
(Tm<100 °C), while the triazolium analogous are either organic salts
(Tm>100 °C) or ILs with high melting points (Tm ~ 80-100 °C).
These results suggest the presence of a stronger specific
intermolecular interaction between of the triazolium hydrogen atoms
and the BF4, absent in the related imidazolium systems. The size
and nature of the alkylating agent also has an influence on the
observed Tm. The substitution of the benzyl group by an alkyl one
(butyl or octyl) led to a lower reduction of the melting points than in
the case of imidazolium derivatives. Similar behavior has been
recently reported for non-chiral triazolium salts.®

Noteworthy, the (S,S)-trans-Cy5-OH-Bu-Tri-Br and (S,S)-trans-
Cy5-OH-Bu-Tri-BF4 salts showed a liquid crystal behavior,!” with
melting processes occurring at 71.6 and 61.6 °C, respectively, and
clearing processes being at 130.6 and 99.6 °C, respectively (Figure
2). The presence of both the hydroxy group and the triazolium ring
may enhance the intermolecular hydrogen bonding interactions
between salts, therefore, favoring the mesomorphic structure of
these compounds.!® The five member ring triazolium substitution
seems to play an important role as an analogous behavior is not
observed for the corresponding cyclohexanol derivatives. In a
similar way, (S,S)-trans-Cy5-OH-Oct-Tri-BFs presented multiple
phase transitions, which may be due to the presence of different
metaphases favored by the presence of the longer C8-aliphatic chain
(see DSC traces in Sl).

Finally, the results obtained for the series of triazolium salts, in
which the bromide anion and the benzyl group were kept as
common structural elements, were carefully analyzed in order to
obtain a deeper understanding of the effect of different structural
modifications systematically introduced in ring size, substitution on
the oxygen, and cis/trans geometry, over their phase transitions.
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Figure 2. DSC curves of a) (S,S)-trans-Cy5-OH-Bu-Tri-Br and b) (S,S)-trans-Cy5-OH-
Bu-Tri-BF4 (third cooling and heating cycles).
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Table 2 compares the results obtained for those compounds with
the ones for the analogous imidazolium salts. Different trends can be
highlighted: i) in both series (Tri and Im derivatives) the salts
containing five-member rings gave lower melting points than those
compounds bearing six-member rings; ii) Strikingly, significant
differences were observed for the isomeric hydroxy cis- or trans-
molecular chiral salts derived either from triazolium or imidazolium
salts. Indeed, the Tm found for the triazolium cis-salts were higher
than the trans one [Tm(cis-OH-Tri) > Tm(trans-OH-Tri)], while the
opposite trend had been found for the analogous imidazolium salts
[Tm(cis-OH-Im) < Tm(trans-OH-Im)]. The acylated triazolium salts
showed, however, the opposite trend than the obtained for
corresponding hydroxyl-triazolium salts. Thus, the [Tm(cis-OAc-Tri)
< Tm(trans-OAc-Tri)] being the same one found for the analogous
acetylated imidazolium salts [(Tm(cis-OAc-Im) < Tm(trans-OAc-
Im)]. iii) the presence of either a -OH or -OAc functional group in
the chiral salts also played an important role. In general, -OAc
derivatives for both triazolium and imidazolium salts showed lower
melting points than the corresponding alcohols.

These changes on the observed melting point illustrate the
importance of the selection of either triazolium/imidazolium as a
design vector as well as the significant role played by the cis/trans
geometry of the OH/OACc group relative to either the triazolium or
imidazolium ring to define the macroscopic properties of the
corresponding chiral salts.

Table 2. Phase transition (melting points in Celsius degrees) for a family of enantiopure
chiral triazolium salts with controlled structural modifications compared with the
corresponding imidazolium salts.

minima were located in every case. Besides, the interaction energy
(E int., Table 3) between cation and anion was computed at the
B3LYP/6-31+G* DFT level of theory as follows:

Eint. = E(isolated ionic pair) — [E(isolated cation) + E(isolated anion)]

The interaction energies showed some interesting trends. For
instance, the acylation of the OH group decreases the E int (see
entries 2 vs. 3, and 5 vs. 6, Table 3) in good agreement with the
experimental tendencies found for the observed Tm values.
Inspection of the optimized geometries indicated that this fact is due
to a favorable OH---anion H-bond interaction. On the other hand,
the anion-cation interaction also correlates well with the basicity of
the corresponding anion (see entries 6, 7 and 8) as usually proposed
for ionic liquids. The calculations, however, failed to explain two
facts: the higher melting of the triazolium tetrafluoroborate salts as
compared to the corresponding imidazolium ones and the different
trends for the cis/trans isomers of either triazolium or imidazolium
derivatives. For the hydroxyl triazolium derivatives, we observed
that the theoretical cation-anion interactions are stronger for the
trans derivatives, while the melting temperatures are higher for the
cis than for the trans. This suggests that the anion-cation
interactions within the ion pairs cannot fully explain the
experimentally observed trends of melting temperatures of the
corresponding triazolium salts. Thus, we hypothesized that higher
order intermolecular interactions could be playing an important role
in these cases (see next sections).

Table 3. Interaction energies (kcal/mol) for the computed (B3LYP/6-31+G*) model
chiral triazolium salts.

Entry Chiral triazolium salts -E int. (kcal/mol)
1 (R,S)-cis-Cy5-OH-Me-Tri-Br 89.47
2 (S,S)-trans-Cy5-OH-Me-Tri-Br 93.31
3 (R,R)-trans-Cy5-OAc-Me-Tri-Br 89.55
4 (R,S)-cis-Cy6-OH-Me-Tri-Br 88.64
5 (S,S)-trans-Cy6-OH-Me-Tri-Br 101.77
6 (R,R)-trans-Cy6-OAc-Me-Tri-Br 88.19
7 (S,S)-trans-Cy6-OH-Me-Tri-BF4 86.23
8 (S,S)-trans-Cy6-OH-Me-Tri-NTf, 78.90

IL-X (S,9)-trans- (R,R)-trans-Cy5- (R,S)-cis-Cy5- (R,S)-cis-Cy5-
Cy5-OH-Bn OAc-Bn OH-Bn OAc-Bn
Tri- 142 79 183 13
Br
Im- 112 19 14 21
Br
IL-X (S,S)-trans- (R,R)-trans-Cy6- (R,S)-cis-Cy6- (R,S)-cis-Cy6-
Cy6-OH-Bn OAc-Bn OH-Bn OAc-Bn
Tri- 183 143 203 27
Br
Im- 188 182 156 44
Br

12l Temperatures calculated for a heating rate of 5 °C min' at the onset of the transitions
of the heating curve.

In order to understand all the above mentioned trends,
different tools were used to establish clear structure/properties
relationships:

Theoretical calculations: Molecular modeling: For the molecular
modeling studies, minimizations were carried out with cations and
anions, as well as with the ionic pairs on model systems (bearing a
Me group at N4). Local minima were detected by semiempirical
PM3 conformational searches. These minima were fully optimized
at the B3LYP/6-31+G* DFT level of theory, including frequence
analysis to ensure they are minima of energy and thus, the global

Single crystal X-ray diffraction studies: In some cases, the
triazolium salts formed single crystals suitable for X-ray diffraction
analysis. Crystallographic analysis may provide a direct insight into
the spatial relationship between the cations and anions and establish
the basis for an enhanced understanding of structure/properties
relationship of our chiral salts.!® Thus, the X-ray diffraction study of
the compound (S,S)-trans-Cy5-OH-Bn-Tri-Br was performed and
the results are shown in Figure 3.1! Several structural features must
be mentioned. Interestingly, the five member ring shows an
envelope conformation with the two substituents in pseudoaxial
position (Figure 3A). This apparently high energy conformation
must be stabilized by the non-covalent interactions of the cation
within the crystal cell (Figure 3B). These interactions are easily
understood by the careful analysis of the anion-cation contacts.
Every bromide is surrounded by four cations which form a tight
binding pocket within the crystal structure (Figure 3C). The Br
anion sets one H-bond with one OH (Table 4), two H-bonds with
two C-H of two different triazolium cations (Table 4), two cationic
pi---anion interactions with two triazolium cations (centroid of
triazolium_1---Br: d = 3529 A, angle = 84.2° centroid of
triazolium_2---Br: d = 3594 A, angle = 76.7°) and a weaker
pi---anion contact with the benzyl aromatic ring (centroid of
phenyl---Br: d = 4.729 A).20 On the other hand, every organic
cation sets the same corresponding respective interactions with four
bromide anions (Figure 3D).
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Figure 3. A) Molecular structure of the salt (S,S)-trans-Cy5-OH-Bn-Tri- Br observed in
the solid state by X ray diffraction analysis of single crystals. B) Crystal packing. C-D)
Highlighted interactions observed either around every bromide anion C or around every
organic cation D. In C-D) non-polar C-H atoms are omitted for clarity. In C-D the H-
bonds are shown as black dashed lines, while anion-- -z interactions are shown as grey
dotted lines.

Table 4. Geometrical parameters for the selected H-bond interactions observed by X-ray
diffraction of single crystals of triazolium salts. Numbers in parentheses correspond to
standard deviations in the last significant figure.

Triazolium trans-Cy5 cis-Cy6 trans-Cy6  trans-Cy6 trg\;es-
Anion (A) Br Br Br Br BF4
T meas. / K 298 298 298 100 100
1n

d(OHessAYA  2.4999F1 250241 2341 2428 ;'ggm
> (O-HessA) 162.8 172.8 178 172 i%
d (C5HessA)/A 2.9194 2.8614M 2.610 2.660 2.10
> (CSHeeeA)/° 144.8 145.9 153 157 160
OHeseAse«HCS intra inter intra intra Inter
d (C3Hee-AYA 267528 2.7399 2,741 2.86!" 2.13M
> (C3Hee+A)/° 173.1 172.5 174 169 166

crystal label for H1/H7/
OH/C5H/C3H H1/H6/H7  H1/H7/H8  H1/H7/H8  H1/H7/H8 H8

Wy, y, 2. Pl x+1,+y-1/2,-z+1/2+1. © x-1,+y,+2. 0 -x+1,+y+1/2,-2+1/2. © -x+2,+y+1/2,-
z+1/2+1. 0 x-1,+y,+z. @ -x+1,+y-1/2,-z+1/2+1. T -x-1,+y-1/2,-z+1/2+1. Different
origen in the cell, but equivalent to e with respect to a. [ -x+1,+y+1/2,-z+1/2+1
Different origen in the cell, but equivalent to g with respect to a.

We were also able to obtain crystals of (R,S)-cis-Cy6-OH-Bn-
Tri-Br suitable for X-ray diffraction analysis.!* The cyclohexane
ring shows a chair conformation with the triazolium equatorial and
the OH axial (Figure 4A). Similar cation-anion interactions were
found within the crystal lattice, either for an anion surrounded by the
cations or for the cation surrounded by anions (Figure 4C,D). For
instance, we observed several H-bonds implicating the bromide
anion: O-H---Br, C3-H---Br and C5-H-:-Br (Table 4). Also in this
case, we observed anion-pi contacts with both the triazolium and the
benzyl rings: centroid of triazolium_1---Br (d = 3.504 A, angle:
81.8°), centroid of triazolium_2---Br (d = 3.552 A, angle: 80.2);
centroid of phenyl---Br (d = 4.704 A). The most important
difference between both crystal structures is the disposition of the
H-bond interactions. In the (S,S)-trans-Cy5-OH-Bn-Tri-Br
derivative, the same bromide is H-bonded to the OH and one of the
triazolium protons (H5) of the same cation, while for (R,S)-cis-Cy6-
OH-Bn-Tri-Br the H5 and OH protons of a given molecule are H-
bonded to different bromides (compare Figures 3D and 4D). This is
a very important feature, since it could give rise to different
behaviors in the melting process, as it would require the breaking of
these intermolecular interactions (see below).

Another important feature arose by comparing the H-bonding
geometries implicating H3 and H5 hydrogen atoms of the triazolium
moieties (see Table 4). In both crystal structures, the C3-H---Br
distances are shorter and the corresponding angles wider than those
for C5-H---Br contacts. These data suggest that the hydrogen bond

of the Br is stronger with H3 than with H5 in the solid state, and
points to the importance of intermolecular interactions for the
stability of the triazolium salts.

Figure 4. A) Molecular structure of the salt (R,S)-cis-Cy6-OH-Bn-Tri-Br observed in
the solid state by X ray diffraction analysis of single crystals. B) Crystal packing. C-D)
Highlighted interactions observed either around every bromide anion C) or around
every organic cation D). In C-D) non-polar C-H atoms are omitted for clarity. In C-D)
the H-bonds are shown in black dashed lines, while anion-- & interactions are shown as
grey dotted lines.

The differences between cis and trans dispositions of the
substituents of the ring are even more evident by comparing crystal
structures containing the same cyclic moiety. Fortunately, we were
also able to get crystals of the (S,S)-trans-Cy6-OH-Bn-Tri-Br
derivative (Figure 5). The cyclohexane ring of the cation also adopts
a chair conformation, in this case with both substituents in
equatorial disposition. This allows the OH and the C5H hydrogens
of the same molecule to set simultaecous H-bonding interactions with
the same bromide anion (Figures 5A, 5C and 5D). This geometrical
disposition is in very good agreement with the one found in gas
phase by theoretical calculations (see Supp. Inf.) and highlights the
importance of the ion pairing through OH and H5 hydrogens of the
same cation. Besides, the H-bonds between the Br anion and both
the OH and C5H are shorter for the trans than for the cis isomer
(Table 4), while the the H-bonds between the Br anion and C3H is
similar for both conformation (cis and trans, Table 4). This suggests
a stronger ion pairing (intramolecular H-bonding) for the trans
stereoisomer, as obtained by theoretical calculations. On the other
hand, an additional C3-H---Br H-bond and several anion-pi contacts
can be proposed, forming a binding site for the anion which very
much resembles the one observed for the cyclopentane derivative
(compare figures 5C and 3C). Correspondingly, also the triazolium
cation displays a similar environment formed by the surrounding
bromide anions (compare figures 5D and 3D). Thus, considering the
cis/trans disposition of the chiral centers, the main differences found
in the solid state are based on the ability of the anion to
simultaneously interact with the OH and the H5 hydrogens of the
same cation, which is possible in the trans isomer but not in the
corresponding cis derivative. This fact introduces differences in the
bromide binding site for the cis/trans isomers of the cyclohexane
derivative (compare figures 4C and 5C), which must be the source
for the differences in their corresponding melting temperatures.
These observations prompted us to hypothesize that the anion-cation
contacts in an isolated ion-pair would be stronger in the trans than in
the cis isomers, as observed in the theoretical calculations (see
previous section) and in solution by NMR and FT-IR (see below).
Accordingly, the higher meltings found for the cis isomers must be
due to strong interactions connecting different ion pairs (what we
have called intermolecular interactions, see below) either through
the H3 or the H5 hydrogen of the triazolium heterocycle.



Figure 5. A) Molecular structure of the salt (S,S)-trans-Cy6-OH-Bn-Tri-Br observed in
the solid state by X ray diffraction analysis of single crystals. B) Crystal packing. C-D)
Highlighted interactions observed either around every bromide anion C) or around
every organic cation D). In C-D) non-polar C-H atoms are omitted for clarity. In C-D)
the H-bonds are shown in black dashed lines, while anion--x interactions are shown as
grey dotted lines.

After an intensive and systematic work, we were also able to get
crystals of one of the corresponding tetrafluoroborate salts, namely
(S,S)-trans-Cy6-OH-Bn-Tri-BFs, which also shed some light onto
the strong impact of the anion in the supramolecular assembly of the
ionic network. However, we had to collect the diffraction at low
temperature to get satisfactory data for the accurate refinement of
the structure, which already suggests a less efficient packing of the
crystal cell with BFa. Thus, for a fair comparison, we repeated the
diffraction of the bromide salt also at low temperature (Table 4).
Interestingly, the cationic moiety of both salts (the bromide and the
BFs) displayed a very similar conformation regarding the
cyclohexane, triazolium and benzyl moieties (compare figures 5A
and 6A). Additionally, a similar disposition between the cation and
the anion was also observed. However, an important difference was
evident attending to the orientation of the hydroxyl groups in both
structures. As previously stated, the OH in the bromide salt is
forming a H-bond with the anion also connected to the C5H of the
same cation (what we call intramolecular H-bonds). On the other
hand, the cationic moiety of the salt with BF4 sets H-bonds through
the OH and the C5H with two different BF4 anions (what we have
named intermolecular H-bonds). By comparing the binding sites of
the anion (figures 5C and 6C) and the cation (figures 5D and 6D) we
can conclude that the Br/BF4 exchange strongly disrupt the anion-
cation interaction network. Strikingly, it turns out that the binding
interactions of the trans-BFs salt is quite similar to the
corresponding cis isomer of the bromide salt (compare figures 6C
and 4C for the anion, while figures 6D and 4D for the cation). This
suggests that the presence of the BF4 anion favors the corresponding
intermolecular contacts, explaining why the Br/BFs exchange
produces a lower decrease of the melting temperature in the
triazolium compounds, when compared with the imidazolium
derivatives.

Figure 6. A) Molecular structure of salt the (S,S)-trans-Cy6-OH-Bn-Tri-BF4 observed in
the solid state by X ray diffraction analysis of single crystals. B) Crystal packing. C-D)
Highlighted interactions observed either around every BFs anion C) or around every
organic cation D). In C-D) non-polar C-H atoms are omitted for clarity. In C-D) the H-
bonds are shown in black dashed lines, while anion--n interactions are shown as grey
dotted lines.

A more accurate comparison of the effect of the anion is
represented in figure 7 for the Br and BF4 structures of the trans
isomer, both measured at the same temperature (100 K, see also
Table 4). The H-bonding between the anion and C3H is very similar
in both salts, while the OH---anion---HC5 network is clearly
different for both compounds, implicating just one triazolium
moiety for the Br (intramolecular) and two different triazolium
moieties for the BF4 (intermolecular). Besides, the OH in the BF4
salt is able to set two simultaneous H-bonds with two F atoms of the
anion, reflecting a strong interaction (see distances in table 4). Thus,
starting from the same triazolium structure displaying very similar
conformation, the presence of different anions produces important
changes in the ionic H-bonding network, which can change from
intramolecular to intermolecular. This must have a big impact in the
physical properties of the triazolium salts, due to the supramolecular
organization of the systems in a complicated network of
interactions.

From all the data gathered in this section, several main
conclusions can be extracted. First of all, the anion-cation contacts
are mainly driven by the OH and C5H/C3H hydrogen bonding, in
addition to several anion-pi interactions. Within the same bromide
anion for the OH---Br---HC5 network, the trans isomers displayed
intramolecular contacts, while the cis derivatives set intermolecular
interactions. The interactions through C3H are always
intermolecular, for obvious geometrical reasons. Finally, the anion
exchange can completely change this behavior, although retaining
basically the same structure for the cationic triazolium moiety.

Figure 7. Comparison of the X-ray diffraction results (ORTEP representation) of the
crystal structures of (S,S)-trans-Cy6-OH-Bn-Tri-X with X = Br and BF4, both measured
at 100 K. H-bonds are shown as black dashed lines.



NMR studies of the triazolium salts: NMR studies, due to their
extreme sensitivity on the micro-surrounding, may qualitatively
provide new information on structuring effects related with the
relative cis/trans configuration of the chiral centers.?* The presence
of either isolated ion pair species or supramolecular aggregates
corresponding to the cis/trans isomers of the OH/Br/Bn triazolium
compounds (both Cy5 and Cy6) can be monitored by NMR studies.
Accordingly, we used *H-NMR in a non-polar solvent (CDCIls) as a
suitable technique to study the H-bonding pattern at different overall
concentrations.?? The establishing of H-bonding interactions would
produce a shift of the implicated proton signals and the
concentration dependence of the shifts would give us a picture of the
aggregation process.

Our crystallographic studies (previous section) and the results
obtained for the analogous imidazolium salts showed that the
hydroxyl group of the cationic component tends to form a strong H-
bond with the anionic component.® In the triazolium case, the anion
could form two cooperative chelate-type H-bonds with the OH and
the H5 proton of the heterocycle. However, this intramolecular
interaction is impossible for H3, due to geometrical reasons. Thus,
H3 is more suitable for setting intermolecular H-bonding contacts,
leading to the aggregation between the ion pairs into a
supramolecular structure (Scheme 1). According to this model, we
can propose the formation of different H-bonding patterns,
depending on the concentration of the sample. At high
concentration, supramolecular oligomers can be proposed, where the
H3 proton would be driving the 3D network of intermolecular
interactions (see Scheme 1). As far as we dilute the sample, these
aggregates would disassemble to lead to the corresponding isolated
ion pair, where the bromide would be interacting with the OH and
the H5 proton, but not with H3. Finally, if we dilute the sample even
more, we could dissociate the ion pair to the corresponding solvated
ions.?
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Scheme 1.

The *H NMR spectrum of (R,S)-cis-Cy5-OH-Bn-Tri-Br was
acquired (CDCIs, 500 MHz, 298 K) at different concentrations
(Figure 8A). Several proton signals were affected by the
concentration of the sample, mainly those corresponding to the
triazolium moiety (H3 and H5) and the benzylic residue (aromatic
protons and NCH2zPh). The compound showed a low solubility in
chloroform, being the measured concentration of the soluble species
in a saturated sample ca. 10 mM (see Figure 8A). This observation
suggested a considerable aggregation tendency of this compound. At
4 mM, mainly H3 and NCH2Ph move upfield and the signals from
the benzyl group start to broaden. Below 1 mM, the signal for H5
slightly moves upfield and also appreciably broadens. More
interestingly, the chemical environment of the benzyl residue
dramatically changes. Thus, all the aromatic protons appear as a
broad singlet and the methylene of the carbon attached to the
triazolium changes from an AB quartet to a singlet upon dilution.
The loss of the anisochrony of these protons is associated to the

breaking of the H5-Br hydrogen bond, which allows the triazolium
to freely rotate and, thus, the chirality of the cyclopentyl moiety is
no longer transferred to the benzyl group. The experiments suggest
that above 10 mM the compound strongly associates through
intermolecular interactions, mainly involving H3. In the range 1-10
mM, the compound exists in solution as an equilibrium mixture of
different species (as depicted in Scheme 1). Below 1 mM, the ion
pair seems to dissociate, as observed from the changes in H5 and the
signals from the benzyl residue.
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Figure 8. Selected regions of the *H NMR spectra (CDCls, 500 MHz, 298 K) at different
overall concentrations for (A) (R,S)-cis-Cy5-OH-Bn-Tri-Br, (B) (S,S)-trans-Cy5-OH-
Bn-Tri-Br, and (C) (R,S)-cis-Cy6-OH-Bn-Tri-Br.

According to this, we could shift the equilibrium between
aggregated species and isolated ion pairs by increasing the
temperature (because this would increase the entropy of the system).
Besides, since the two implicated protons (H5 and H3) are
electronically interconnected, the breaking of the H-bond
implicating H3 (intermolecular) would strengthen the H-bond of H5
(intramolecular). This is exactly what we observed by acquiring the
'H NMR of a 10 mM sample (where aggregated species are present)
of (R,S)-cis-Cy5-OH-Bn-Tri-Br at different temperatures (see Figure
9).



1122 1120 1118 1116 1114 1112 1110 8.26 8.24 8.22 8.20
f1 (ppm)

Figure 9. Temperature dependence of H5 and H3 proton signals of (R,S)-cis-Cy5-OH-
Bn-Tri-Br (10 mM in CDCls, 500 MHz).

As far as the temperature is increased, a downfield shift of H5
(stronger H-bond) and a slight upfield shift of H3 (weaker H-bond)
were observed. These results confirm that H3 is mainly involved in
the intermolecular interactions, while H5 can be associated with the
intramolecular ones. Besides, the temperature behaviour of H5
suggests a strongly electrostatic nature of the H5---Br contacts.?*

The first striking observation when performing the same study
with the corresponding trans diastereomer [(S,S)-trans-Cy5-OH-Bn-
Tri-Br, Figure 8B] was the higher solubility of this compound in
chloroform. Thus, the saturated sample of (S,S)-trans-Cy5-OH-Bn-
Tri-Br showed a measured concentration of ca. 90 mM, almost one
order of magnitude higher than the cis isomer. This already
suggested a lower trend to aggregate of the trans diastereomer.
Besides, it allowed the observation of the *H NMR signals in a
higher concentration range. Thus, when going from 90 mM to 10
mM concentration, H3 dramatically moves upfield (~0.23 ppm) and
a similar behaviour, although in a lower extent, is observed for the
signals of the benzyl residue. However, H5 experiences a slight
downfield shift, which is in agreement with the transition from
supramolecular aggregates to isolated ion-pairs, which would
weaken H3---Br H-bonds and strengthen H5---Br H-bonds. When
moving from 10 mM to below 1 mM, a slight shielding of H5 is
observed. The benzylic methylene also moves upfield but these
protons retain their anisochrony. These data suggest that the ion pair
interaction is retained below 1mM. For a fair comparison between
the cis and the trans isomers, the variation of the chemical shift of
H3 proton was monitored over a similar concentration range in both
cases (2-10 mM). Interestingly, the cis isomer showed an upfield
shift of 0.13 ppm upon dilution, while for the trans it was 0.03 ppm
over the same concentration range. This difference supports the
stronger aggregation ability for the cis isomer through interactions
involving H3.

Overall, by taking together the data obtained for both isomers,
we extracted three main conclusions: i) the cis isomer shows a much
higher propensity to aggregation; ii) the intermolecular interactions
mainly implicate H bonding through H3; iii) the isolated ion pair,
which is stabilized through H5---Br H-bonding, is stronger with the
trans than with the cis isomer. This last conclusion is in good
agreement with the interaction energies obtained by theoretical
calculations, performed with the isolated ion pairs.

In order to complete the *H NMR study, the same experiments
were also performed with the cyclohexane derivatives, which
rendered similar conclusions (Figures 8C and 10A). Moreover, the
differences between cis/trans derivatives were even more marked in
this case. For example, the concentration of a saturated sample of
(R,S)-cis-Cy6-OH-Bn-Tri-Br was roughly 8 mM, while the trans
isomer could be recorded at 150 mM without signs of the formation
of large aggregates (no turbidity) in the NMR tube. Besides, also in

this case, the cis isomer showed free rotation of the benzyl-
triazolium moiety at concentrations below 1 mM, while the trans
derivative displayed clear anisochrony of the NCH2Ph signals at 0.8
mM. This means, once again, that the anion-cation interaction
within the isolated ion pair is much stronger in the trans derivative,
which is in perfect agreement with the theoretical calculations. The
H3 proton moves upfield with dilution in both cases, which supports
its implication in the intermolecular aggregation process. However,
the behaviour of H5 is very different when comparing the cis/trans
isomers of the six-member ring. In the cis compound, H5 resonates
at lower chemical shift as far as the sample is diluted, both in the
range of aggregation (from 8 to 1 mM, observed from the AB
quartet of benzylic methylene) and in the range of the dissociation
of the ion-pair (below 1 mM, singlet for the same methylene). This
suggests that, in this case, H5 is implicated in both (intermolecular
and intramolecular) interactions. On the contrary, the same proton
(H5) in the trans isomer moves downfield when the sample is
diluted (from 150 to 2 mM and, specially, below 2 mM), suggesting
that the H-bond interaction between H5 and bromide anion is
strengthen by dilution. This observation is in accordance with our
previous assumption that, as far as the intermolecular interactions
are eliminated (or reduced), the ion pair interactions are favoured,
which is clearly observable by the behaviour of H3/H5 protons of
(S,S)-trans-Cy6-OH-Bn-Tri-Br. The implication of the H5 proton in
intermolecular interactions for the cis isomer and the clear
intramolecular H-bonding of the same proton in the trans derivative
is in a remarkable agreement with the data obtained in the solid state
of both compounds (see previous section), reinforcing our proposal
for the overal picture of the aggregation process.

We also used NMR spectroscopy for the study of the effect of
the anion in the aggregation proccess, selecting the (S,S)-trans-Cy6-
OH-Bn-Tri derivative since it showed the best solubility allowing
the acquisition of the 'H NMR spectra in a abroader concentration
range (Figure 10). The observed trends are in agreement with the
basicity of the anions and with the observed melting temperatures
for the corresponding salts. The chemical shift of the H5 proton is
more affected by the nature of the anion, appearing downfield for
the more basic anion (Br > BFs > NTf2). In all the cases, the
behavior of H5/H3 protons can be explained following our proposal,
where H3 produces the aggregation bettwen ion pairs and H5 is
maily implicated in the ion pairing contacts, which addionally
reinforces our model.
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Figure 10. (A-C) Effect of the anion on the aggregation: Selected regions of the *H
NMR spectra (CDCls, 500 MHz, 298 K) at different overall concentrations for (S,S)-
trans-Cy6-OH-Bn-Tri-X for (A) X = Br, (B) X = BFsand (C) X = NTf,.

FTIR-ATR-and Raman Spectroscopy: Additional spectroscopic
studies were performed using FTIR-ATR and Raman microscopy.
Vibrational spectroscopy studies are a versatile tool mainly
providing information over the CH---anion intermolecular
interactions established by the triazolium-based cations in both bulk
liquid and solid compounds and in solution.?® Figure 11 presents the
ATR FT-IR spectra of the (S,S)-trans-Cy5-OH-Bn-Im-Br and those
of the related cis and trans triazolium salts in the range between
3500-2800 cm™. As it can be seen, the introduction of an additional
nitrogen atom in the heterocycle induces significant changes in the
CH spectra region. Indeed, by going from imidazolium to triazolium
salts, the number of peaks were significantly reduced. In the first
case, at least three vibrational bands observed, related with the
stretching modes for the C(2)H and C(4,5)H at 3145.8, 3128.9, and
3101.5 cm™L, which form H-bonds on both sides of the imidazolium
defining the 3D structure of the pure salts.® They are reduced, in the
case of the trans-triazolium salt, to a single broad band, which is
significantly red-shifted at 3088.9 cm™ and can be associated with
the corresponding stretching modes of the C(3)-H and C(5)-H of the
triazolium H-bonded with the anion. The C-H bond is weakened
upon formation of a C-H---X hydrogen bond and, therefore, the
frequency of its stretching vibration decreases.? Besides, the bands

related with CH stretching vibrations of the benzene ring, at the
range of 3090-3000 cm, are also clearly shifted toward lower
wavenumbers in the case of the triazolium salts. This may well
respond to the intermolecular specific n-n interaction between the
aromatic rings, and the m---anion contact between the bromide and
the benzyl or triazolium aromatic rings observed in the crystal
structure of the triazolium salt (see Figure 3 and 4). All those close
interactions lead to a more intimate intermolecular association
justifying, at some extent, the higher melting point of the triazolium
vs. the imidazolium salts. Furthermore, the ATR FT-IR spectra
provide additional information about the OH---X interactions.
Indeed, the band corresponding to the OH band for the trans-
imidazolium salts appears at lower frequencies than for the related
trans-triazolium salts (3272.1 vs. 3291.9 cm™). This fact seems to
suggest that the higher meltings observed for the triazolium salts are
mainly the result of the synergic contribution of hydrogen-bonding
driven by C(3)-H and C(5)-H and n—r or C-H---x bonding involving
benzyl and triazolium aromatic rings, playing the contribution of the
OH---X interactions, in this case, a less important role.

Figure 11 allows a comparison of the spectra of the cis/trans
triazolium salts. The bands related with the stretching vibrational
modes of C(3)-H and C(5)-H for the cis-triazolium salts are shifted
towards lower wavenumber than those observed for the trans-isomer
(3080.7 and 3059.5 cm* vs. a broad band at 3088.9 cm™). The peak
associated with the OH vibration mode for the cis-triazolium salts is
also red-shifted compared to trans-derivative (3279.3 cm™ vs.
3291.9 cmY). Similar trends were also found for the Cy6-triazolium
salts. All these data suggest a more efficient interaction between
anions and the cations for the cis isomer justifying their higher
melting points.
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Figure 11. Infrared spectra of the CH stretching region from 3500 to 2800 cm. a) (S,S)-
trans-Cy5-OH-Bn-Im-Br; b) (S,S)-trans-Cy5-OH-Bn-Tri-Br; c) (R,S)-cis-Cy5-OH-Bn-
Tri-Br.

This point was further confirmed when the Raman spectra of
(R,S)-cis-Cy6-OH-Bn-Tri-Br and (S,S)-trans-Cy6-OH-Bn-Tri-Br
were also studied. Figure 12 shows the region ranging from 1600-
1500 cmt, which contains the C-C stretching vibration modes of
benzene and triazolium rings. Thus, the spectra corresponding to the
cis-Cy6-OH isomer presents both new and red-shifted bands at
1608.6, 1590.0 and 1582.9 compared with those found for trans-
Cy6-OH bromide salts at 1611.5, and 1590.6 cm™. In a similar way,
the C-N stretching mode of the triazolium ring is sensitive to the
cis/trans substitution (1480-1400 cm™ region). Hence, the trans-
isomer shows Raman peaks at 1457.7, 1451.7, 1403.5 and 1428.0
cml, whereas for the corresponding cis-isomer bands appear at
1452.94, 1442.04, and 1424.8 cm™. This red-shift of the bands
suggests a stronger association of the cis-triazolium salts.
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Figure 12. Raman spectra of (R,S)-cis-Cy6-OH-Bn-Tri-Br (solid line) and (S,S)-trans-
Cy6-OH-Bn-Tri-Br (dotted line) in the 1630-1570 cm™ and 1480-1400 cm™ regions.

Finally the IR spectrum of a thin film of (R,S)-cis-Cy6-OH-Bn-
Tri-Br was also measured. A solution of the salt in CDClz (1 mM)
was deposited onto an FT-IR ATR sample holder and spectra were
continuously recorded during the slow evaporation of the solvent
(Figure 13). The first spectrum did not show any appreciable bands
corresponding to the triazoliums salts due to the high dilution.
However, the increase of concentration as a result of solvent
evaporation, yielded peaks showing a monotonic red-shift of the
characteristics bands. Hence, the slow evaporation of the solvent is
accompanied with an increase of the intermolecular interactions.
The establishment of the H-bonds can be appreciated by the OH---X
band, which is becoming narrower and red-shifted from 3350 cm'?
to 3314 cm and the change in the C(3)-H and C(5) adsorption
peaks, which shifted from 3091 cm™ to 3087.2 cm™*. These values
are very close to the ones obtained for the bulk solid salts 3088.4
cm* suggesting the incipient formation of aggregates in solution, in
qualitative agreement with our findings by NMR spectroscopy.

Considering all these experimental results, we propose an
explanation for the different trends observed for the melting
temperatures of cis/trans derivatives of triazolium salts compared
with those corresponding to the imidazolium salts (see Table 2). In
the case of the imidazolium derivatives, the intramolecular cation-
anion interactions were playing a major role, apart from the
hydrophobic and van der Waals contacts. In the case of the
triazolium salts, the proton H3 strongly participates in the
interactions with the anion due to its increased acidity. As a result of
the geometrical disposition of H3 with respect to the OH group,
H3---Br interactions would occur through intermolecular contacts.
On the other hand, H3 and H5 H-bonding abilities should be
correlated. The cis derivatives display a lower tendency to form
intramolecular H5---Br interactions (as observed by the theoretical
calculations and NMR), which makes intermolecular H3---Br
contacts much more efficient (as observed from the IR, Raman and
NMR and X ray diffraction studies). Thus, in the case of the
triazolium, the intermolecular contacts make the cis-salts more
stable (higher Tm) than the trans isomers.
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Figure 13. FTIR-ATR adsorption spectra of the evaporation of (R,S)-cis-Cy6-OH-Bn-
Tri-Br in CDCls (1 mM) in the 3500-2900 cm™.

Conclusion

In this paper, we have studied, in detail, the origin of differences
found for different chiral triazolium salts as a function of a variety
of structural vectors such as ring size, substituent spatial disposition,
substitution on the oxygen, anion nature or N-4-triazole alkylation
on the intermolecular interactions of these chiral salts. These vectors
are able to induce structural directionality (“entropic effect”) on the
chiral organic salts mainly through well-defined networks of
supramolecular synergetic intermolecular interactions. Our results
suggest that the higher meltings observed for the triazolium salts are
mainly the result of the contribution of hydrogen-bonding driven by
C(3)-H and C(5)-H bonding involving side chains and triazolium
aromatic rings, playing the contribution of the OH---X interactions,
in comparison with the analogous imidazolium salts, a less
important role. The non-covalent intermolecular contacts mainly
implicating the triazolium H3 atom are fundamental to explain
structure/properties relationships and therefore the physical
properties of these new chiral salts, rather than simple anion-cation
interactions.
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below) a small amount of dichloromethane (10 mM) was added as an internal
standard. The observed turbidity is due to the formation of suspended aggregates
which are fairly soluble and unobservable by NMR due to relaxation-produced
broadening. Thus, for concentrated samples, the prepared nominal concentration
was higher than the concentration of the observed species (saturated samples) as
checked by the comparison of the integral of the corresponding signals of the
compounds and the internal standard.

The high acidity of H5 can be further demonstrated because under certain
conditions (catalytic amounts of acid or base in deuterated solvent) H5
undergoes proton deuterium exchange.
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