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ABSTRACT: We have prepared new hydroxyphenyl derivatives of
[1,2,4]triazolo[3,2-c][1,2,4]triazole and investigated their tautomeric
behavior, for the neutral and the monoprotonated forms, either computa-
tionally and experimentally in solution and the solid state. The results of
our analysis indicate that the tautomeric behavior, in particular for the
monoprotonated forms, is strongly dependent on the position of the OH
group in the phenyl ring. The different position of the group (ortho, meta,
para) has an effect on the relative energy of the various tautomeric forms of
the cations but also on their ability to get an optimum packing, which is
driven by directional hydrogen bonds. In particular, with the OH in para
position, the two tautomers 1H-3H and 2H-3H of the singly protonated
form have a similar energy and can be selectively isolated in the solid state
with different counterions; with OH in the meta position, though the
energy difference between the tautomers is even smaller, only the 2H-3H is present in the solid state, because of optimum
packing interactions (hydrogen-bonding pairing); finally, with ortho OH, only the 1H-3H is isolated in the solid state because it
has energy significantly lower than 2H-3H.

■ INTRODUCTION

Tautomers are structural isomers in ready equilibrium between
each other.1 In the most common case of tautomerism, i.e.,
prototropism, tautomers differ in the position of a hydrogen
atom inside the molecule and in the distribution of π electrons.
A remarkable example of the importance of tautomers in

chemistry is provided by the landmark second paper of Watson
and Crick on the structure of DNA.2 In that paper, the authors
proposed the hydrogen-bonding pairing scheme between
purine and pyrimidine bases, which is rooted in the most
probable tautomeric forms of the bases. They also raised the
hypothesis that less probable (i.e., noncanonical) tautomeric
forms of the bases could lead to wrong pairings and so to
mutations (see Supporting Information). This “rare tautomer”
hypothesis for spontaneous mutagenesis has been confirmed
over the years.3,4

In a certain sense, tautomers can be considered as “living
molecules”,5 because of the thermodynamic equilibrium they
undergo. In fact, the relative amounts of the different forms can
be altered by physical or chemical factors6−10 (temperature,
solvent, pH, mechanochemical processes, etc.), and so a
tautomeric system can face a change in ambient conditions by
favoring one form over the others. This responsiveness of
tautomeric systems is potentially appealing for the develop-
ment of smart materials and single-molecule-based devices.11,12

The dynamic equilibrium between the different tautomeric
forms of a compound in solution can lead, in principle, to

different outcomes for the crystallization from solution:
crystallization of only one tautomeric form (likely, but not
necessarily, the most stable in solution), cocrystallization of
different tautomers in the same lattice, concomitant formation
of crystals of different tautomeric forms. A recent detailed
analysis has shown that crystallization of different tautomers of
the same compound is a rather rare occurrence.13 In particular,
only about 0.5% of molecules able to tautomerize and archived
in the Cambridge Structural Database CSD14 are actually
observed in different tautomeric forms in the solid state. This
can be related, at least in part, to the fact that for many
potentially tautomeric systems, the energy difference between
the tautomers is rather high (>3 kcal/mol), and so only one
form is prevailing by far in solution and found in the crystals.
However, there are counterexamples to this simple explan-
ation, i.e., tautomeric couples with a higher energy difference
that are isolated in the solid state. At any rate, a reasonable
condition for the observation of different tautomers in the solid
state is to reduce their molecular energy difference, a target
that can be achieved by introducing suitable substituent groups
within the compound.
In the realm of fused-ring heteroaromatic systems that we

have studied over the years,15−17 we have found in the
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[1,2,4]triazolo[3,2-c][1,2,4]triazole, Chart 1, a heterocyclic
system with a rich tautomeric behavior.18−20

We have found that the relative energy of the three
tautomers of the neutral molecule, Chart 1a, and of the two
most stable tautomers of the monoprotonated species, Chart
1b, can be significantly modulated by acting on the
substituents, mostly in position 7, and on the polarity of the
solvent. For the neutral compounds, in all the cases
investigated, the energy trend of the tautomers is E(2H) <
E(3H) ≪ E(5H); in particular, the energy of the 5H tautomer
is always prohibitive (+10.8 kcal/mol with respect to 2H in the
most favorable case),18 while, for the 3H tautomer, with R = p-
nitrophenyl and R′ = methyl, an energy difference of +0.9
kcal/mol with respect to 2H has been calculated in water.18

For the monoprotonated species, Chart 1b, the pattern is more
intriguing. In fact, the energy difference between the two
tautomers is small (1.9 kcal/mol in the worst case);20

moreover, electron withdrawing groups in position 7 make
the tautomer 1H-3H more stable, while with electron donor
groups the tautomer 2H-3H is more stable.19 In the case of the
compound with R = 4-hydroxyphenyl and R′ = methyl, TT5 of
ref 20, the energy difference between the two tautomers is only
0.6 kcal/mol (1H-3H more stable) so they are present in a
comparable amount in solution and were selectively
precipitated by using different counterions (chloride for 1H-
3H and sulfate for 2H-3H).20

In the present paper we further extend the study of the
tautomeric behavior of derivatives of [1,2,4]triazolo[3,2-
c][1,2,4]triazole, by considering the two structural isomers of
TT5 in which the hydroxy group is in the meta (TT6) and
ortho (TT7) position, Chart 2.

■ RESULTS AND DISCUSSION

Computational and Experimental Analysis in Sol-
ution. We have performed a preliminary computational
analysis of the energy of the tautomers of TT6 and TT7 in
the neutral and monoprotonated forms, to be compared with
the results for TT5 that we have already published.20 While for
TT5 a single conformer was found for the neutral and
monoprotonated species, in the case of TT6 and TT7 four
different conformers were found, differing for the orientation
of the hydroxy-phenyl ring and of the methyl group. The
conformers are indicated by a three-letter symbol, where each
letter can be c or t (e.g., tcc). The explanation of the symbol is
given in Chart 3 below.

Neutral Molecules. The relative energies of tautomers
(2H, 3H, 5H) of neutral TT6 follow a quite similar trend to
TT5, see Table 1: 2H is the most stable, both in the gas phase

and in polar medium; 3H is significantly stabilized in polar
medium, but its energy, as compared to 2H, is still high (2.7
kcal/mol) in order that it be found in appreciable amount.
On the other hand, for neutral TT7 the 3H tautomer, in

polar medium, is less stable than 2H by 1.0 kcal/mol only.
In Table 2 are reported the computed energies of the

different conformers of tautomers 2H of neutral TT6 and TT7
(data for conformers of TT7/3H are reported in Supporting
Information). It should be noted that the full counting of the
conformers gives eight outcomes (23 = 8). However, we have
found that the conformation of the methyl group is always c,
both for TT6 and TT7. In fact, even starting from methyl in
conformation t, the density functional theory (DFT) geometry

Chart 1. Neutral and Singly Protonated Triazolotriazolesa

a(a) The three canonical tautomeric forms of neutral [1,2,4]triazolo-
[3,2-c][1,2,4]triazole, with atom numbering shown for the 2H
tautomer. (b) The two lowest energy tautomers of monoprotonated
[1,2,4]triazolo[3,2-c][1,2,4]triazole (only one resonance form is
shown).

Chart 2. Chemical Diagrams of the Studied Compounds
(Only 2H Tautomer Shown)

Chart 3. Definition of the Conformers for TT6 and TT7

Table 1. Computed Relative Energies (kcal/mol), in
Reference to 2H, of Tautomers 3H and 5H of Neutral TT6,
TT7, and TT5a

gas water

3H 5H 3H 5H

TT5b 9.5 23.0 3.2 13.9
TT6c 8.8 (8.2) 21.8 (21.1) 2.7 (2.7) 13.4 (12.9)
TT7c 6.2 (6.0) 19.3 (18.7) 1.0 (0.9) 12.1 (11.8)

aZero point vibration energy (ZPVE) corrected values are reported in
parentheses. bData for TT5 are taken from ref 20. cThe energy of the
most stable conformer of each tautomer is reported.
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optimization changes its conformation in c. Therefore, only
four possible conformers are predicted by computations.
Both in the gas phase and in water, the four conformers of

TT6/2H are almost isoenergetic. Instead, in the case of TT7/
2H (and TT7/3H, see Supporting Information) the two
conformers that allow the formation of the intramolecular
hydrogen bond with the ortho OH are by far more stable. In
particular, the conformer tcc, in which the intramolecular
hydrogen bond involves N1 as the acceptor, is predicted to be
more stable than ccc, in which N5 is the acceptor, by about 2.5
kcal/mol, as shown in Chart 4.

Of course, the conformational analysis that we have
performed is only applicable to dilute solutions, because the
possible formation of dimers or n-mers with intermolecular
hydrogen bonds has not been considered.
Singly Protonated TT6 and TT7. Calculations for singly

protonated TT6 and TT7 have been performed in water. Out
of the possible six tautomers of singly protonated species,
tautomers 1H-3H and 2H-3H, see Chart 1b, are expected to be
the most stable, on the basis of our previous studies.19,20 The
tautomer 1H-2H has been tested for comparison.
Singly protonated TT6 and TT7 have several populated

conformers. For data of Table 3 the energy of the most stable
conformer for each tautomer has been considered.
In the case of TT6, singly protonated 1H-3H and 2H-3H

tautomers are predicted almost isoenergetic in solution, and for
both four conformers are populated (Table 4).

For singly protonated TT7, on the other hand, the tautomer
1H-3H is predicted to be far more stable than the others, and
for this tautomer, only one conformer is populated: ttc (Chart
5). Remarkably, in this tautomer, the intramolecular hydrogen

bond between OH donor and N1 acceptor of the neutral
molecule (Chart 4) is no longer present, because the H atom
bonded to O is on the opposite side; there is, instead, an
intramolecular hydrogen bond between N−H donor and OH
acceptor, Chart 5.
For protonated TT7[1H-3H]+, a further conformation with

an O−H···N intramolecular hydrogen bond could be devised,
in which N5 would be the acceptor (conformer ccc of Table 4,
see also Chart 5). However, that conformation turns to be
energetically disfavored because, according to computations,
the positive charge of the molecule-ion would be mostly
localized on N6 (Chart 5).
Neutral TT6 and TT7 (H2L) can accept a proton, forming

the cationic species H3L
+, and can release up to two protons,

forming the species HL− and L2−. In particular, the most acidic
hydrogen atom of the neutral molecules is N−H, and,
therefore, in the monoanionic HL− species, the phenolic O−
H hydrogen is retained.20 The acid−base equilibria in solution
have been studied at 25 °C by potentiometric-spectrophoto-
metric titrations in constant ionic medium NaCl 0.5 M/
ethanol 4% (v/v). UV−vis absorption spectra of TT6 recorded
at different pH and constant total concentration of TT6 are
reported in Figure 1a, and they show a remarkable dependence
on pH. In Figure 1b are reported the correspondent
absorbance vs pH data at four different wavelengths (similar
data for TT7 are reported in Supporting Information).
The calculated conditional equilibrium constants are

reported in Table 5.
The most remarkable difference in the data of Table 5 is in

the pKa3 values of TT5 and TT7, which differ by about 2 units.
This can be an electrostatic effect related to the space
separation between the negative charges of the dianion L2−,

Table 2. Predicted Relative Energies (kcal/mol) of the
Possible Conformers of TT6/2H and TT7/2Ha

TT6/2H gas TT6/2H water TT7/2H gas TT7/2H water

Eel Eel Eel Eel

ccc 0.0 (0.0) 0.0 (0.0) 2.5 (2.4) 2.6 (2.2)
ctc 0.8 (0.7) 0.0 (0.1) 9.3 (8.8) 5.4 (5.0)
tcc 0.3 (0.3) 0.0 (0.2) 0.0 (0.0) 0.0 (0.0)
ttc 0.7 (0.6) 0.0 (0.2) 8.4 (8.0) 5.3 (5.0)

aZero point vibration energy (ZPVE) corrected values are reported in
parentheses. The most stable conformation is highlighted in bold.

Chart 4. Two Conformers of TT7/2H That Allow the
Formation of the Intramolecular Hydrogen Bond

Table 3. Computed Relative Energy (kcal/mol, not
Including ZPVE) of the Most Relevant Tautomers of Singly
Protonated TT5, TT6, and TT7 in Water

TT5a TT6 TT7

1H-2H 13.8 14.6 13.6
1H-3H 0.0 0.0 0.0
2H-3H 0.6 0.2 2.5

aData for TT5 are taken from ref 20.

Table 4. Predicted Relative Energies (kcal/mol) of the
Conformers of the Most Significant Tautomers of
Protonated TT6 and TT7 in Watera

TT6/1H-3H TT6/2H-3H TT7/1H-3H TT7/2H-3H

Eel Eel Eel Eel

ccc 0.1 (0.0) 0.1 (0.3) 5.3 (5.0) 3.8 (3.5)
ctc 0.0 (0.0) 0.0 (0.1) 4.8 (4.5) 3.3 (2.9)
tcc 0.3 (0.4) 0.0 (0.1) goes to ttc 0.0 (0.0)
ttc 0.1 (0.1) 0.0 (0.0) 0.0 (0.0) 3.6 (3.4)

aZero point vibration energy (ZPVE) corrected values are reported in
parentheses. The most stable conformation is highlighted in bold.

Chart 5. Two Conformers of TT7[1H-3H]+a

aOnly one resonance form is shown.
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that, for TT7, is considerably reduced, this possibly leading to
a diminution of the acid strength of HL−.
The behavior of TTn compounds in solution is complex.

Indeed, the final composition of the solution results from three
acid base reactions involving four different species and
regulated by relatively close values of pKa, as indicated by
the distribution diagram of TT6 reported in Figure 2.
Things are further complicated by tautomeric equilibria

affecting the singly protonated species. As an example, at pH =
2.45 and T = 298 K, TT6 exists as a 50% mixture of the neutral
and monoprotonated forms; the monoprotonated form, in
turn, is predicted to be an equilibrium mixture of the 1H-3H
(∼60%) and 2H-3H (∼40%) tautomers (see Figure S22 in
Supporting Information).

Crystallographic Analysis. The crystallographic analysis
has been performed on the singly protonated forms H3L

+ of
TT6 and TT7, that will be indicated as TT6H+ and TT7H+. As
we have shown above, the computational analysis suggests that
for TT6H+ the two most stable tautomers, i.e., 1H-3H and 2H-
3H, are almost isoenergetic, and so, both being present in
solution, in principle both could be isolated in the crystals. For
TT7, on the other hand, only the 1H-3H is predicted to be
populated in solution and should be found in the crystals. In
order to assess the propensity of the different tautomers to
crystallize, in particular for TT6 for which computations
suggest nearly isoenergetic structures, we have prepared several
salts of the monocations, using different anions, both
monatomic (chloride, bromide) and molecular (perchlorate,
hydrogensulfate, sulfate).
The results for TT6H+ are shown in the Ortep diagrams of

Figures 3, 4, 5, 6, and 7.

In all the cases, the 2H-3H tautomer is observed, in the
conformation ttc. The selective crystallization of this tautomer
seems independent of the anion (monatomic, molecular,
mononegative, dinegative) and of the presence of water
molecules in the lattice, so it cannot be happenstance.
Completely different results were obtained for TT5. In that
case, the two tautomers 1H-3H and 2H-3H, predicted to differ
in energy by 0.9 kcal/mol by DFT computations, were
selectively precipitated, respectively, as chloride and sulfate.20

We think that the persistent selection of the 2H-3H tautomer

Figure 1. (a): UV−vis absorption spectra of TT6 at constant total
concentration, cM = 3.5 × 10−5 M, in NaCl 0.5 M/ethanol 4% (v/v)
recorded at 0.3 ≤ pH ≤ 14; (b) absorbance/pH data, at four different
wavelengths, taken from panel a; the continuous curves were obtained
by fitting the experimental points using the Bouger−Lambert−Beer
equation (see Supporting Information).

Table 5. Acid−Base Reactions and Equilibrium Constants
(in NaCl 0.5 M/ethanol 4%, with Estimated Standard
Deviations in Parentheses) at 25 °C for TT5, TT6, and TT7

reaction TT5a TT6 TT7

H3L
+ + H2O =

H2L + H3O
+

pKa1 =
2.02(5)

pKa1 =
2.45(3)

pKa1 = 2.21(2)

H2L + H2O =
HL− + H3O

+
pKa2 =
6.97(5)

pKa2 =
6.62(4)

pKa2 = 6.55(3)

HL− + H2O =
L2− + H3O

+
pKa3 =
9.00(5)

pKa3 =
9.67(7)

pKa3 =
10.98(6)

aData for TT5 are taken from ref 20.

Figure 2. Distribution diagram of TT6, drawn using the equilibrium
constants of Table 5.

Figure 3. Ortep diagram of TT6·HCl·H2O. Thermal ellipsoids are
drawn at the 30% probability level. Selected hydrogen bonds are
indicated by dashed lines.
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in crystals of TT6 is related with a better pairing of cation
molecules through hydrogen bonding, as compared with the
1H-3H tautomer. This is illustrated in Chart 6, showing that
the formation of H-bonded dimers through symmetry
operations allowed in common space groups, for instance,
crystallographic inversion centers or binary rotation axes, is
accomplished through optimum hydrogen-bonding geometry
only in the case of the 2H-3H tautomer. In fact the two
possible dimers corresponding to 1H-3H tautomer (see Chart
6) are penalized by the lower acceptor capability of N2 atom in
the case of R2

2(8) and by the geometry, in the case of dimer
R2
2(14).
Actually, the R2

2(16) dimer of Chart 6 is present in all the
structures investigated of TT6H+ salts, with the only exception
of the bromide salt, so in four structures out of five (80%),
Figure 8 (see also Supporting Information for full packing
diagrams); moreover, if we consider that in some crystal
structures the independent unit contains more than one cation,
the R2

2(16) dimer is observed in seven cases out of eight
(88%). This suggests it is a highly robust synthon.21

These arguments have been checked by energy calculations
on the dimers. In Table 6 are reported the interaction energies
of the dimers, Eint, defined as Eint = E(A2) − 2E(A), where
E(A2) is the energy of the optimized dimer A2 and E(A) is the
energy of the optimized monomer A.
Interaction energies are positive because the DFT

optimization of the dimers has been performed without
counterions, and so there is repulsion between the two cations
forming the dimer. However, the occurrence of zero first
derivatives for the nuclear configurations corresponding to the
optimized dimers and the concomitant occurrence of real and
positive vibrational frequencies indicate that the optimized
dimers do correspond to minima of energy. Of course they are
relative minima of the hypersurface of the potential energy
V(x1,y1,z1, ···, xN,yN,zN) [xi are the nuclear coordinates].
That said, the results of Table 6, that have been obtained

without imposing any constraint during the optimization,
indicate that for the dimer 2H-3H R2

2(16) the repulsion is
considerably lower than 1H-3H R2

2(14) (by about 6 kcal/mol)
and lower by far than 1H-3H R2

2(8) (by about 14 kcal/mol). If
we consider that the difference in latttice energy of polymorphs
is generally within 1−2 kcal/mol,22 we can exclude that
tautomer 1H-3H of TT6, though having energy 0.2 kcal/mol
lower than 2H-3H (see Table 3), be found in crystals, and this
because of packing interactions (H bonding pairing). More-
over, the analysis of the geometry of the optimized dimers (see
Figures S13−S15 in Supporting Information) shows that in the
case of 2H-3H R2

2(16) the dimer has C2h symmetry, as basically
found in the crystals. In the other two cases, repulsions
between nonbonded hydrogen atoms of the two monomers
induce a nonplanar geometry of the dimer that only retains Ci
symmetry. All the above arguments could also suggest that the
2H-3H R2

2(16) dimers are already present in concentrated
solutions of the salts23,24 and that crystallization of salts of the
TT6H+ cation can be actually regarded as crystallization of the
dimers.
Ortep diagrams of the crystal structures of salts of TT7

(chloride, bromide, and perchlorate) are reported in Figures 9,
10, and 11. In all the cases the 1H-3H tautomer is present, as
expected on the basis of the energy computations. Interest-
ingly, the conformation of the cation detected in all crystals is
always ttc, in line with theoretical results, finding ttc more

Figure 4. Ortep diagram of TT6·HBr·2H2O. Thermal ellipsoids are
drawn at the 30% probability level. Selected hydrogen bonds are
indicated by dashed lines.

Figure 5. Ortep diagram of TT6·HClO4. Thermal ellipsoids are
drawn at the 30% probability level. Selected hydrogen bonds are
indicated by dashed lines.

Figure 6. Ortep diagram of (TT6H)(HSO4). Thermal ellipsoids are
drawn at the 30% probability level. Selected hydrogen bonds are
indicated by dashed lines.

Figure 7. Partial Ortep diagram of 2[(TT6H)(HSO4)]·(TT6H)2SO4·
4H2O, in which only the sulfate ion and the two cation molecules
hydrogen-bonded to it are shown. Thermal ellipsoids are drawn at the
30% probability level. Only selected atoms are numbered for clarity.
Selected hydrogen bonds are indicated by dashed lines.

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.8b01158
Cryst. Growth Des. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01158/suppl_file/cg8b01158_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.8b01158/suppl_file/cg8b01158_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.8b01158


stable by ≈5 kcal/mol than the other conformations (see Table
4).
In particular, it is confirmed that the intramolecular

hydrogen bond between O−H donor and N1 acceptor,
present in the neutral molecule, is no longer present in the
protonated 1H-3H tautomer. This features a formal conforma-
tional switching of the OH hydrogen upon protonation,
simultaneous to the tautomeric 2H → 1H-3H switching, as
shown in Scheme 1.

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents were analytical grade and

were used without further purification. Melting points were
determined by temperature controlled optical microscopy (Zeiss
Axioskop polarizing microscope equipped with a Mettler FP90
heating stage). NMR spectra were recorded with Bruker or Varian

spectrometers operating at 400 MHz, in CDCl3 or DMSO-d6. ESI
mass spectrometric analyses were recorded with an Applied
Biosystems API 2000 mass spectrometer equipped with an electro-
spray source used in the positive mode.

Chart 6. Possible Pairing of TT6H+ Cations (ttc Conformer) through Hydrogen Bonds in Tautomers 2H-3H and 1H-3H

Figure 8. Partial packing diagrams of some salts of the TT6H+ cation. (a) TT6·HCl·H2O; (b) (TT6H)(HSO4); (c) TT6·HClO4; (d)
2[(TT6H)(HSO4)]·(TT6H)2SO4·4H2O. In some cases, water molecules are not shown for clarity. Selected hydrogen bonds are indicated by
dashed lines.

Table 6. Interaction Energies of Dimers of Chart 6, in kcal/
mol

dimer Eint

2H-3H R2
2(16) 18.0

1H-3H R2
2(8) 32.3

1H-3H R2
2(14) 23.8

Figure 9. Ortep diagram of TT7·HCl. Thermal ellipsoids are drawn at
the 30% probability level. Selected hydrogen bonds are indicated by
dashed lines.
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General Synthetic Procedures. The synthesis of TT6 and TT7
was performed according to the procedure already described by us,20

and that is shortly outlined here (full details are given in Supporting
Information). Starting from 3-hydroxybenzoic acid (for TT6) or
salicylic acid (for TT7), reaction with diaminoguanidine monohydro-
chloride in polyphosphoric acid (PPA), at 150 °C overnight, affords
5-(3-hydroxyphenyl)-3,4-diamino-1,2,4-triazole and 5-(2-hydroxy-
phenyl)-3,4-diamino-1,2,4-triazole, respectively.25 Reaction of the

diaminotriazole with acetic anhydride at reflux gives the diacetylated
triazolo-triazole that, after basic hydrolysis and acid recovery, affords
pure TT6 and TT7. Single crystals of salts of monoprotonated TT6
and TT7 cations were prepared by slow evaporation of solutions
obtained by solving 10 mg of the neutral compound in 20 mL of 1 M
solutions of the inorganic acid (HCl, HBr, HClO4, H2SO4).

Acid−Base Equilibria. The protolytic equilibria of TT6 and TT7
were studied by UV−vis absorption spectroscopy in 0.5 M NaCl−4%
ethanol (v/v), as the ionic medium, following the same procedure
described in ref 20. The experiments were performed as acid−base
titrations at constant total concentration of TT6/TT7 without varying
the 0.5 M concentration of Cl−. The investigated pH range extends
from 0.3 to 14. For each experimental point, the equilibrium free
proton concentration was evaluated from the measured electromotive
force at the ends of the galvanic cell GE/TS/RE, where TS indicates
the test solution, GE is the glass electrode, and RE is a reference
electrode (0.5 M NaCl|Hg2Cl2|Hg(Pt)) placed outside but electrically
connected to TS through a salt bridge. All the experiments were
carried out in air in a thermostat, at 25.00 ± 0.03 °C. Potentiometric
experimental data were collected by means of an automatic data
acquisition system based on Hewlett-Packard (HP) instrumentation.
Coulometric variations of the solution composition were carried out
using a Hewlett-Packard “DC Power Supply”. Absorption spectra
were recorded with a Varian Cary 50 UV−vis spectrophotometer
using 1 cm cell. The primary spectrophotometric data (A, pH, λ) were
numerically analyzed by the computerized program HYPERQUAD.26

A detailed description of the mathematical procedures is given in
Supporting Information.

Crystallography. All data for crystal structure determinations
were measured on a Bruker-Nonius KappaCCD diffractometer
equipped with Oxford Cryostream 700 apparatus, using graphite
monochromated MoKα radiation (λ = 0.71073 Å). Reduction of data
and semiempirical absorption correction were done using SADABS
program.27 The structures were solved by direct methods (SIR97
program28) and refined by the full-matrix least-squares method on F2

using SHELXL-2016/6 program29 with the aid of the program
WinGX.30 H atoms bonded to C were generated stereochemically and
refined by the riding model. After having placed C-bound H atoms,
those bonded to O and N, that are essential in the identification of
tautomers, were clearly found in difference Fourier maps as the first
maxima and their coordinates were refined with some restraints on
bond length. For all H atoms Uiso was set at 1.2 times Ueq of the
carrier atom (1.5 in the case of methyl group). The analysis of the
crystal packing was performed using the program Mercury.31 CCDC
1857839−1857846 contain the supplementary crystallographic data
for this article.

TT6·HCl·H2O: C10H12ClN5O2, Mr = 269.70, triclinic, P1̅, Z = 2,
colorless, a = 5.7230(10) Å, b = 7.365(2) Å, c = 13.889(4) Å, α =
88.539(10)°, β = 88.740(10)°, γ = 82.39(2)°, V = 580.0(3) Å3, T =
293 K, 4809 reflns collected, 2605 unique (Rint = 0.0231), R = 0.0418
(I > 2σ(I)), wR (all) = 0.1164, GOF = 1.066, final max/min peak
0.243/−0.230 e/Å3. CCDC 1857839.

2[TT6·HBr]·3H2O: C20H26Br2N10O5, Mr = 646.32, monoclinic,
C2/c, Z = 4, colorless, a = 23.746(7) Å, b = 6.751(3) Å, c = 16.917(5)
Å, α = 90°, β = 102.32(2)°, γ = 90°, V = 2649.5(16) Å3, T = 293 K,
12724 reflns collected, 2965 unique (Rint = 0.0374), R = 0.0470 (I >
2σ(I)), wR (all) = 0.1047, GOF = 1.115, final max/min peak 0.611/−
0.391 e/Å3. CCDC 1857840.

TT6·HClO4: C10H10ClN5O5, Mr = 315.68, monoclinic, C2/m, Z =
4, colorless, a = 13.107(5) Å, b = 7.004(3) Å, c = 13.851(6) Å, α =
90°, β = 100.36(2)°, γ = 90°, V = 1250.8(9) Å3, T = 293 K, 6522
reflns collected, 1547 unique (Rint = 0.0403), R = 0.0416 (I > 2σ(I)),
wR (all) = 0.1049, GOF = 1.045, final max/min peak 0.311/−0.400
e/Å3. CCDC 1857841.

(TT6H)(HSO4): C10H11N5O5S, Mr = 313.30, monoclinic, C2/c, Z
= 8, colorless, a = 17.195(5) Å, b = 6.242(3) Å, c = 24.702(6) Å, α =
90°, β = 107.03(3)°, γ = 90°, V = 2535.1(16) Å3, T = 293 K, 4992
reflns collected, 2764 unique (Rint = 0.0243), R = 0.0414 (I > 2σ(I)),
wR (all) = 0.1116, GOF = 1.057, final max/min peak 0.240/−0.367
e/Å3. CCDC 1857842.

Figure 10. Ortep diagram of TT7·HBr·3H2O. Thermal ellipsoids are
drawn at the 30% probability level. Selected hydrogen bonds are
indicated by dashed lines.

Figure 11. Ortep diagram of TT7·HClO4. Thermal ellipsoids are
drawn at the 30% probability level. Selected hydrogen bonds are
indicated by dashed lines. Only half of the crystallographic
independent unit is shown. The solvent water molecule is not shown.

Scheme 1. Formal Conformational and Tautomeric
Switching of TT7 upon Protonation
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2[(TT6H)(HSO4)]·(TT6H)2SO4·4H2O: C40H50N20O20S3, Mr =
1227.18, triclinic, P1̅, Z = 2, colorless, a = 12.997(3) Å, b = 14.596(4)
Å, c = 14.977(7) Å, α = 77.73(7)°, β = 78.870(13)°, γ = 64.30(8)°, V
= 2485(2) Å3, T = 173 K, 42899 reflns collected, 10903 unique (Rint =
0.0632), R = 0.0562 (I > 2σ(I)), wR(all) = 0.1395, GOF = 1.062, final
max/min peak 0.575/−0.640 e/Å3. CCDC 1857843.
TT7·HCl: C10H10ClN5O, Mr = 251.68, monoclinic, P21/c, Z = 4,

colorless, a = 7.044(3) Å, b = 8.934(4) Å, c = 18.301(7) Å, α = 90°, β
= 105.253(10)°, γ = 90°, V = 1111.1(8) Å3, T = 293 K, 6662 reflns
collected, 2458 unique (Rint = 0.0790), R = 0.0593 (I > 2σ(I)), wR
(all) = 0.1303, GOF = 1.033, final max/min peak 0.284/−0.340 e/Å3.
CCDC 1857844.
TT7·HBr·3H2O: C10H16BrN5O4, Mr = 350.19, triclinic, P1̅, Z = 2,

colorless, a = 6.7830(12) Å, b = 9.6050(15) Å, c = 12.7370(11) Å, α
= 106.651(9)°, β = 96.355(10)°, γ = 102.920(11)°, V = 761.2(2) Å3,
T = 293 K, 8939 reflns collected, 3407 unique (Rint = 0.0393), R =
0.0503 (I > 2σ(I)), wR (all) = 0.1252, GOF = 1.082, final max./min
peak 0.479/-0.482 e/Å3. CCDC 1857845.
2[TT7·HClO4]·H2O: C20H12Cl2N10O11, Mr = 649.38, triclinic, P1̅,

Z = 2, colorless, a = 8.0260(5) Å, b = 13.3910(13) Å, c = 13.8430(10)
Å, α = 112.786(7)°, β = 100.887(7)°, γ = 96.787(7)°, V =
1316.57(19) Å3, T = 293 K, 22073 reflns collected, 5988 unique (Rint
= 0.0316), R = 0.0459 (I > 2σ(I)), wR(all) = 0.1283, GOF = 1.055,
final max./min peak 0.647/−0.353 e/Å3. CCDC 1857846.
Computational Details. Quantum chemical computations were

carried with the Gaussian 09 package by using density functional
theory (DFT).32 The BMK meta functional33 was employed
throughout in conjunction with the 6-31+G** basis set. Owing to
its high fraction (42%) of HF exchange which mitigates the self-
interaction problem,34 BMK has proven to give excellent perform-
ance, nearly reproducing experimental electrical and optical properties
for donor−acceptor systems,35 matching the quality of highly
parametrized functionals, correlated post-Hartee-Fock and ad hoc
parametrized methods.36−39 Solvent (water) effects were included by
the polarizable continuum model (PCM).40 Starting geometries of the
dimeric patterns reported in Chart 6 were generated in planar
configuration. Optimized structures for single molecules and hydro-
gen-bonded dimers were obtained by DFT computations carried out
without imposing any geometrical constraint. The nature of located
stationary points was verified by checking the eigenvalues of the
Hessian matrix; all the minimum energy structures have positive
eigenvalues.

■ CONCLUSIONS

Within the class of 4-methyl-7-hydroxyphenyl-[1,2,4]triazolo-
[3,2-c][1,2,4]triazoles, the placement of the OH group in
different positions on the phenyl ring (ortho, meta, para) has
an effect on the energy of the single different tautomer
molecules. However, we have shown that it also affects the
energy of the modes of pairing of the different tautomer
molecules via strong hydrogen bonding, and hence the
selective crystallization of the tautomeric forms. A particularly
striking evidence of the latter issue is observed, for the
monoprotonated triazolo-triazolium cations, in the case of the
para and meta positions. In fact, even if the energy difference of
the tautomers 1H-3H and 2H-3H is small for singly protonated
TT5 (para OH) and even smaller for singly protonated TT6
(meta OH), the outcome of the crystallization experiments is
completely different: only 2H-3H for TT6, independent of the
counterion, either 1H-3H or 2H-3H for TT5 depending on the
counterion.
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