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Abstract The reaction between 2.4,6-tri(2-pyridyl)-
1,3,5-triazine (TPTZ) and sulfuric acid in the presence of
NH,4PF;q yielded crystals of [TPTZH,](PFg),-H,0, charac-
terized by spectroscopic methods and single-crystal X-ray
diffraction. The structural data indicate that the diproto-
nated form, [TPTZH2]2+, is more planar than the neutral
TPTZ molecule. Due to the presence of PFg~ anions
located between neighboring dications, the triazine and/or
pyridyl rings in each dication cannot interact in a n—7
fashion. The proton affinity of TPTZ was computed using
density function theory (B3LYP hybrid functional). Cal-
culated thermochemical results and proton affinities
indicate that for the first protonation, the favorable N atoms
are different from those obtained from calculations based
on Merz-Kollman atomic charges. For the second proton-
ation, the proton affinities show a clear preference of the
protonation on two N atoms, this time not contradicted by
Merz-Kollman atomic charges, and in agreement with the
experimental data. In the UV-Vis spectrum, two visible
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absorption bands of [TPTZH,](PF¢),-H,O are most likely
arising from an outer-sphere charge-transfer. The photo-
luminescence properties of TPTZ and [TPTZH,](PFg),
were studied at room temperature in CH;CN solution.
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Introduction

Proton affinity (PA) and protonation reactions are of con-
siderable interest in all areas of chemistry. The PA of an
atom or molecule is the energy released upon reaction of
this species with a proton in the gas phase. There is a
relationship between orbital energies and the energy
released when a proton attacks the highest occupied
molecular orbital (HOMO) of a certain Lewis base. Pro-
tonation alters many physical and chemical properties
beyond the changes in mass and charge. Transfer of pro-
tons can be regarded as one of the simplest, but very
important, chemical signals. For example, many life pro-
cesses, such as enzymes, only work within a very narrow
pH range [1].

Heterocyclic systems are of widespread occurrence in
nature, particularly in such natural products as nucleic
acids, plant alkaloids, vitamins, proteins, anthocyanins,
flavones, heme pigments, chlorophyll, and the building
blocks of many antibiotics, anticancer agents, fungicides,
and several other drugs [1-7].

In polybasic compounds in which the species can
undergo more than one protonation, the determination of
the protonation sites and of the PA of gas and solution
phases of aromatic heterocyclic compounds is of
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importance and has attracted considerable interest for
years. Theoretical and experimental studies on the pro-
tonation of polypyridine molecules are also of great interest
in pharmacological and biological research since the site of
protonation is closely related to the expression of biologi-
cal activity. In addition, protonated N-heterocyclic
compounds play an important role as intermediates in
many catalytic reactions. One of the most important rep-
resentatives of an N-heterocycle is pyridine. The lone pair
of electrons on the nitrogen atom in pyridine behaves dif-
ferently and can react with different chemical species: (1)
Brgnsted acids give salts; (2) Lewis acids form coordina-
tion compounds; (3) transition metal ions undergo complex
formation; (4) reactive halides give quaternary salts; (5)
halogens form adducts; (6) certain oxidizing agents yield
amine oxides; (7) aminating agents give N-amino deriva-
tives very similar to that in trimethylamine or other tertiary
amines and react under mild conditions with electrophilic
reagents. In addition, pyridine contains a basic nitrogen
atom and upon protonation, forms the pyridinium cation
that retains the pyridine aromaticity [7, 8].

In recent years, computational chemistry has played an
important role of supporting and supplementing the
experimental research of protonated N-heterocyclic com-
pounds. Nevertheless, the prediction of the correct site for
protonation is still a challenging problem from a theoretical
perspective. For instance, the PAs of pyridine, imidazole,
and pyrazole derivatives have been calculated using an
ab initio quantum mechanical method, with various double
zeta and triple zeta basis sets in combination with the
Poisson-Boltzmann continuum solvation model by Hwang
et al. [9]. Huang and Rodgers [10] reported the PAs of
pyrrole, pyrazole, and imidazole at the Mgller-Plesset
(MP2) level of theory. Schmiedekamp et al. [11] reported
density functional theory (DFT) calculations on a series of
triazoles.

The goal of this work is to obtain a detailed insight into
the protonation of 2,4,6-tri(2-pyridyl)-1,3,5-triazine
(TPTZ) (Scheme 1) using both experimental methods
(such as X-ray crystallography and spectroscopic tech-
niques) and theoretical calculations.

Results and discussion
Proton affinity and protonation sites

The proton affinity (PA) is considered as the negative
enthalpy of the protonation reaction. Computed enthalpies
for TPTZ together with its protonated forms at the most
accessible N atoms (N5, N4, N6) are reported in Table 1.
Since experimental data are not available so far, we cannot
compare these computed PAs with measured data.
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Compounds reported in Scheme 2 present more than one
protonation site. Due to the polybasicity of TPTZ, we have
investigated PAs for all non-equivalent N atoms in order to
evaluate the basicity and nucleophilic ability of each site.
The high basicity of these protonation sites is related to the
strong intramolecular N-H:--N hydrogen bond which is
formed upon protonation of N atoms.

In Table 2 selected optimized structural parameters of
TPTZ, [TPTZH]", and [TPTZH,]*" are reported. It is
interesting to note that protonation makes every studied
system flatten (Table 3). The added H atom is located
between two N atoms so that an intramolecular N-H---N
hydrogen bond occurs; in other words, a flat ring made up
of C-N-H:--N-C interactions that allow a strong
intramolecular N-H:--N hydrogen bond with a smaller
N---N distance (Table 2) than a bent ring system. As it can
be seen from Table 2, the bond lengths within the rings
reflect the proton changes according to the Gutmann
principles (Scheme 3) [12, 13]. Other bond lengths remain
approximately the same.

Thermochemical results and the calculated PAs shown
in Table 1 indicate that for the first protonation, the most
favorable N atoms are N4 > N5 > N6. However, these
results are contradicted by Merz-Kollman atomic charges
showing the charge distribution to be N5 < N4 < N6
(Table 4). Considering the molecular orbitals of TPTZ,
again one can deduce that the N4 site is the most accessible
protonation site since the HOMO is concentrated on this
atom (Fig. 1). Regrettably, not having any experimental
data of the mono protonated [TPTZH]", we cannot con-
clude reliably which site will eventually accept the first
proton.

After the first protonation, deciding which N atom is
more accessible for the second protonation, becomes
easier. It can be seen that after the first protonation on
either N5 or N4, the HOMO is concentrated on N6. The
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Table 1 Thermochemical values calculated for TPTZ and the protonated species

Energy (hartree) TPTZ N6 N4 N5 N6.4 N6,5 N4,5

Eo —1,021.903784 —1,022.29 —1022.3 —1,022.3 —1,022.59 —1,022.6 —1,022.59

Eo + ZPE,, —1,021.633672 —1,022.01 —1,022.02 —1,022.02 —1,022.3 —1,022.3 —1,022.29

Eior + Uty —1,021.615766 —1,021.99 —1,022.01 —1,022 —1,022.28 —1,022.28 —1,022.27

Eior + Hiot —1,021.614822 —1,021.99 —1,022 —1,022 —1,022.28 —1,022.28 —1,022.27

Eior + Giot —1,021.683685 —1,022.06 —1,022.07 —1,022.06 —1,022.34 —1,022.35 —1,022.34

PA 238.7993 246.3894 241.5715 179.9012 181.0734 166.9397
Scheme 2 H H

Conformation A

PAs in Table 1 reveal that the protonation on N5 and N6
is more favorable than the other two protonation sites
(N5-N4 or N4-N6, respectively). This time the obtained
results are not contradicted by Merz-Kollman atomic
charges, and are in agreement with the experimental data
(Table 5).

Synthesis, crystal structure, and spectroscopic
properties

The diprotonated form of 2.4,6-tris(2-pyridyl)-1,3,5-tri-
azine, [TPTZH,]*", was synthesized in good yield as the
hexafluorophosphate salt (Scheme 4). The PFs~ counterion
increased the solubility of the salt in polar organic solvents
and resulted in an easier purification. The salt was crys-
tallized with one molecule of water. The molecular
structure of the [TPTZH2]2+ cation together with the sol-
vent water molecule and the two PFg~ counteranions is
shown in Fig. 2.

Hydrogen bonds are essential for the structural stability
of many crystals. The analysis of hydrogen bond patterns
for structures compiled in the Cambridge structural data-
base (CSD) reveals some preferred hydrogen-bond motifs
and hydrogen-bond selectivity for certain functional groups

Conformation B

[14, 15]. The dication, [TPTZHZ]”, which arises from the
protonation of the two pyridyl rings (C(7)-C(11)/N(5) and
C(21)-C(25)/N(6)), shows a conformation imposed by two
hydrogen bonding interactions with the solvent water
molecule, (N5--0O1 = 2.6568(16) A, O1---N4 = 2.8760(17)
fA; Table 6) situated coplanar with the triazine moiety; the
torsion angle of N(1)-H(W1)-O(1)-N(5) is 0.32°, and the
dihedral angle between the mean planes of water and tri-
azine ring is 0.047°. As shown in Fig. 2, there are two
crystallographically different PFs  anions in the structure.
One of the two PFg counteranions interacts with the
[TPTZH,]*" cation via an F---H-N hydrogen bond and the
other with the solvent water molecule (Table 6). Due to the
presence of the PF¢~ counteranions located between
neighboring [TPTZH,]*" cations, the triazine and/or pyri-
dyl rings in each cation cannot interact in a 7---m fashion
(Fig. 3). Non-classical weak hydrogen bonding involving
C(24)-H(24)---n(C(15,17-20)N4 ring) (2.885 A) is also
observed. Such a short intermolecular CH---m distance
(<3.0 10\) is an indication for the occurrence of weak
C-H---7 hydrogen bonds [16, 17].

The crystal structures of the two neutral triazine isomers
TPTZ and 2,4,6-tris(4-pyridyl)-1,3,5-triazine have been
reported [18, 19]. The neutral TPTZ molecule is non-planar

@ Springer



596

H. Hadadzadeh et al.

Table 2 Calculated bond lengths/A of TPTZ and the protonated
species

Bond TPTZ N5 N4 N6 N6,5 N4,5 N5,6
Cl1-C21 1.496 1.486 1.485 1488 1.489 1.469 1.489
CI-N2 1.331 1.334 1349 1330 1.328 1.347 1.344
CI-N3 1.339 1355 1340 1.321 1336 1.353 1322
C9-C10 1.391 1.397 1390 1.390 1393 1.395 1.389
Cl10-C11 1396 1.384 1398 1.399 1.387 1.383 1.403
CII-N5 1331 1343 1330 1.329 1342 1.347 1327
CI5-C20 1401 1.399 1386 1.398 1399 1.387 1.383
CI5-N4 1339 1343 1351 1.339 1345 1.354 1.356
Cl17-C18 1396 1399 1383 1.398 1.403 1.383 1.387
C18-C19 1391 1390 1398 1.390 1389 1396 1.393
C19-C20 1390 1.392 1394 1.392 1392 1.396 1.399
C21-C22  1.400 1.399 1399 1.387 1.385 1.401 1.385
C21-N6 1339 1.341 1341 1351 1355 1346 1.355
C22-C23  1.39 1.392 1392 1393 1.398 1392 1.397
C3-C17 1.496 1.482 1487 1486 1.472 1.489 1.490
C3-N1 1.335 1.346 1328 1.332 1345 1.346 1.320
C23-C24 1391 1389 1390 1.398 1.394 1389 1.395
C24-C25 1395 1399 1399 1.382 1386 1.404 1.385
C25-N6  1.332 1329 1330 1.345 1344 1326 1.346
C5-C7 1.496 1.489 1.485 1485 1.489 1.490 1.469
C5-N3 1.340 1322 1337 1355 1337 1320 1.351
C7-C8 1.400 1.386 1398 1400 1383 1.386 1.400
C7-N5 1.338  1.352 1342 1340 1356 1.354 1.346
C8-C9 1.390 1.394 1392 1392 1399 1.39 1.392
N4-C17  1.331 1.330 1.344 1330 1.327 1348 1.341
N2-C3 1.340 1336 1320 1.352 1352 1.316 1.338
N1-C5 1.333  1.327 1344 1334 1.322 1345 1.347
NI1-N5 2772 2586 2720 2737 2611 2735 2.700
NI1-N4 2761 2732 2612 2760 2.693 2770 2.595
N2-N6 2755 2725 2721 2.635 2.668 2704 2.695
N5-H - 1.032 - - 1.027 1.018 -
N4-H - - 1.030 - - - 1.029
N6-H - - - 1.026 1.022 1.017 1.02
N5---N1 27772 2586 2720 2737 2611 2.735 2.700
N4---N1 2761 2732 2612 2760 2.693 2770 2.595
N6--N2 2725 2725 2721 2.635 2668 2704 2.695

in the crystal, due to the steric effect of lone-pair electrons
at the N atoms in both pyridyl and triazine rings, but the
triazine ring and the three pyridyl rings are planar [19]. The
ring orientations of the three pyridyl moieties with respect
to the central triazine ring can be described by the dihedral
angles between these rings. For the [TPTZH2]2+ cation, the
pyridyl and triazine rings are nearly coplanar. The dihedral
angles between the triazine ring (C(1)-N(2)-C(3)-N(1)—
C(5)-N(3)) and each of the pyridyl rings (C(7)-C(11)/N(5),
C(15)-C(17)/N(4), and C(21)-C(25)/N(6)) are 7.84°,
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3.70°, and 6.19°, respectively. The C-N bond lengths
within the pyridyl rings and the central triazine ring are
nearly the same within experimental errors. The C-N dis-
tances are between 1.3320 (18) and 1.3428 (18) A in the
triazine ring in [TPTZH,]*" and are approximately the
same as in the neutral TPTZ molecule (1.334 (2)-1.350 (3)
A). The orientation of the pyridyl rings with respect to the
pyrazine ring in the neutral and diprotonated TPTZ is
represented in Scheme 5. As can be seen, due to the pro-
tonation, [TPTZH2]2+ is flatter (the root-mean-square
deviation of the 24 atoms that define the ring system is
0.070 A, with a maximal deviation of 0.1322 (13) A for
atom C10) than for the neutral TPTZ.

Predominant vibrational modes for
[TPTZH,](PFg),-H,O0 are associated with v(N-H), v(C=C),
v(C=N), v(P-F), and ring stretching. The reported separa-
tion between v(C=C) and v(C=N) is close to 20 cm™! for
polypyridyl compounds [20-22] and thus the observed
vibrational absorption bands for [TPTZH2]2+ at 1,539,
1,523, and 1,476 cm ™! may be due to either different
v(C=N) vibrations on the triazine and pyridyl rings or
v(C=C) and v(C=N) with coincidental equivalence of the
different aromatic rings. An intense band at 1,377 cm s
assigned to ring stretching of both triazine and pyridyl
rings. The strong absorption band at 842 cm ™' is assigned
to v(P-F).

The results obtained from the "H NMR solution spectra
support the results of the crystal structure analysis and
suggest that the structure of the [TPTZH,]*" cation is
retained in DMSO-dg solution. The ideal symmetry of the
TPTZ molecule in solution is D3, and this molecule shows
four well-resolved 'H NMR signals (7.55, 8.80, 8.90, and
8.98 ppm) at room temperature [23]. In comparison, a
small downfield shift (0.01-0.39 ppm) for all pyridyl pro-
tons of the [TPTZH,]*" cation is observed. Different to the
solid state structure of [TPTZH,](PFs),-H,O, the '"H NMR
spectrum of [TPTZH,]*" in DMSO-dg shows that the two
protons of the N*—H bonds are equivalent and appear at
7.28 ppm.

The neutral TPTZ molecule has three intense absorption
bands in the ultraviolet region, two 7w — T (204
(¢ =34,037 M ' cm™") and 282 (¢ = 44,035 M ' em™ )
nm) and one n > 1 (246 (¢ = 29,178 M~ ' cm™") nm)
transition (Fig. 4a). The electronic spectrum of
[TPTZH,](PFg)>-H,O was measured in CH3CN solution
(Fig. 4b). The intense absorption bands at 245 nm
(6 =44580 M ' cm™") and 280 nm (¢ = 59,360 M~!
cmfl) are assigned to n — 7 and T > transitions,
respectively. When the electronic spectrum of [TPTZH,]**
was recorded in the presence of excess H,SO,, the
absorption band (n — ©°) at 245 nm disappeared. Unlike
the colorless solution of the neutral TPTZ in acetonitrile,
the acetonitrile solution of [TPTZH,](PF¢),-H,O is violet,
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Table 3 Calculated torsion angles/® of TPTZ and the protonated species
Bond TPTZ N5 N4 N6 N4.,6 N4,5 N6,5
N2-C1-C21-N6 —10.33 —0.06 —0.03 —2.86 0 0.45 —0.01
N1-C3-C15-N4 —0.78 0.05 0 —24.73 0 1.24 —0.01
N1-C5-C7-N5 —18.97 —0.01 —0.02 —12.94 0 1.79 0
N5-H-N1-C5 - —0.01 - - 1.66 0.01
C1-N2-H-N6 - - - —2.8 0 - —0.01
C3-N1-H-N4 - - 0.01 - 0 1.19 -
Scheme 3
QNG QNG
-0.858 N N 0.009 N N
-0.318  0.833 0.033  0.261 l
0.141 N 0.095 N
0338 -0.803 0.030
-0.301 _:0'574 4N 0256 _ 4N
oa00 = H® -0.183
Table 4 Merz-Kollman charges (MK) calculated for TPTZ and the protonated species
Atom TPTZ N6 N4 N5 N6,4 N6,5 N4,5
N2 —0.81729 —0.87451 —0.76844 —0.70805 —0.82874 —0.79386 —0.71646
N1 —0.80348 —0.71378 —0.77047 —0.76462 —0.69602 —0.70067 —0.88478
N3 —0.8585 —0.84292 —0.80207 —0.81121 —0.75245 —0.79346 —0.79447
N5 —0.57368 —0.57486 —0.5506 0.020797 —0.52626 —0.018 —0.15246
N4 —0.56409 —0.58393 0.044857 —0.53781 0.040723 —0.54367 —0.14716
N6 —0.53288 —0.07375 —0.55316 —0.53398 —0.12896 —0.11692 —0.51637

leading to two visible transitions at 537 and 593 nm, as can
be seen in Fig. 4b. These absorption bands are most likely
arising from the outer-sphere charge-transfer (OSCT),
PFs~ — [TPTZH,]*". It is well known that some species,
such as N-methylpyridinium salts, undergo an OSCT tran-
sition in solution [24-26]. The observation of OSCT band is
a function of the solvating ability of the solvent.

The photoluminescence properties of TPTZ and
[TPTZH,](PF¢),-H,O were studied at room temperature
in CH;CN solution. In the absence of metal ions, the
fluorescence of the polypyridyl compounds is probably
quenched by the occurrence of a photoinduced electron
transfer (PET) process due to the presence of lone pairs
of electrons of the N atoms in the pyridyl rings, whereas
both the neutral TPTZ molecule and [TPTZHz]2+ cation
show fluorescence at the excitation wavelengths of
282 nm for TPTZ, and 274 nm and 598 nm for

[TPTZH2]2+ (Fig. 5). The maximum emission peaks of
TPTZ are located at 308, 330, and 339 nm. The fluo-
rescence characteristics of the heterocyclic compounds
frequently depend on the nature of the solvents used.
CH;CN is a polar solvent and TPTZ tends to be fluo-
rescent in this solvent. UV excitation (282 nm) of the
neutral TPTZ molecule populates ‘nn” and ‘nn” excited
states. As shown in Fig. 5a, the fluorescence bands show
nearly good mirror images of the 7 — n° and n — 7"
absorption bands. Consequently, these emission bands
are assigned to the ](n—n*) and l(n—n*) states.

In the fluorescence spectrum of [TPTZH,]*" (Fig. 5b, ¢),
three bands were observed with their peaks at 358, 373, and
660 nm. These fluorescence bands showed good mirror
images of the m — n°n — n,and OSCT absorption bands,
so that they were assigned to the fluorescence from the '(7—
1), '(n—-n"), and, e.g., (PF¢)-n (TPTZH,>") states.
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Fig. 1 MO diagram and mportant MOs of TPTZ and its protonated forms

N16-N36

N18-N36

N16-N18 N18

)

Concluding remarks

1.

We have synthesized and characterized the diprotonated
2,4,6-tri(2-pyridyl)-1,3,5-triazine,
[TPTZH,](PFg),-H,0. The PFg counterion increases the
solubility of the compound in polar organic solvents and
resulted in an easier purification.

There are two possible conformations for TPTZ (A and
B), which depend on the relative positions of the N
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atoms in the pyridine rings. Calculations using the
6-31G** basis set have shown that conformation B is
11.30 kJ mol~" more stable than conformation A.
Thermochemical results and the calculated PAs for the
first protonation of TPTZ are contradicted by Merz-
Kollman atomic charges. The results for the second
protonation step were not contradicted by Merz-Koll-
man atomic charges, and are in agreement with the
experimental data.
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4. Two visible absorption bands of [TPTZH,](PF¢),-H,O
are responsible for the violet color and are most likely
arising from the outer-sphere charge-transfer (OSCT).

Table 5 Selected bond lengths/A and angles/° for
[TPTZH,](PFg),-H,O
CI-N2 1.3326 (17)
CI-N3 1.3341 (18)
N2-C3 1.3428 (18)
C3-N1 1.3365 (18)
NI-C5 1.3320 (18)
C5-N3 1.3341 (18)
C7-N5 1.3532 (18)
C21-N6 1.3470 (17)
C25-N6 1.337 (2)
N2-C1-N3 126.53 (13)
N2-C1-C21 116.77 (12)
N3-C1-C21 116.70 (12)
C1-N2-C3 114.38 (12)
NI1-C3-N2 124.56 (13)
NI1-C3-Cl15 117.19 (12)
N2-C3-Cl15 118.24 (12)
C5-N1-C3 114.93 (12)
NI-C5-N3 126.12 (13)
NI1-C5-C7 116.75 (12)
N3-C5-C7 117.10 (12)
C5-N3-C1 113.40 (12)
N5-C7-C8 120.09 (13)
N5-C7-C5 116.90 (12)
N6-C21-C22 119.36 (13)
N6-C21-Cl1 118.09 (12)
N5-C11-C10 120.30 (14)
C11-N5-C7 121.97 (12)
C17-N4-C15 117.53 (12)
N4-C17-C18 123.36 (14)
N6-C25-C24 120.01 (15)
C25-N6-C21 122.66 (13)
HWI1-O1-HW2 106 (2)
Scheme 4

| X

N A

NZ |N + 2 NH,4PFg + H,SO, MeOH_

NN i N
N N A

5. [TPTZH,](PF¢),-H,O displays several fluorescences
and can potentially serve as a photoactive material.

6. The molecular [TPTZHZ]2+ cation is more planar than
the neutral TPTZ molecule.

Experimental
Reagents and measurements

All reagents and solvents used were of reagent grade. Ele-
mental analyses were performed by using a Heraecus CHN-O-
Rapid elemental analyzer. The FT-IR spectra were recorded
as KBr pellets on a FT-IR JASCO 460 spectrophotometer.
Electronic spectra were obtained on a JASCO 7580 spec-
trophotometer. "H NMR spectra were recorded on a Bruker
Avance DRX-500 MHz spectrometer at an ambient tem-
perature in DMSO-dg. Fluorescence spectra were taken on a
JASCO FP-750 spectrofluorometer. The spectra were mea-
sured in CH;CN solution at room temperature. Solutions
were taken in a 1 cm path length fused silica cell.

Computational details

For the computer graphics and the initial construction of the
molecular models, we used Gaussview. The models were
considered as unprotonated and protonated species, respec-
tively. All calculations were carried out with the
GAUSSIAN 03 suite of programs [27]. All structures were
optimized at the B3LYP level without imposing any sym-
metry constraints, using the 6-3114+G** basis set. Geometry
optimizations were performed without any geometric
restrictions using the very tight GAUSSIAN 03 convergence
criteria. Frequency calculations were done to ascertain the
nature of stationary points on the potential energy surface
(PES). Zero-point vibrational energies (ZPVE) calculated at
the B3ALYP/6-3114-G** level were used for all single-point
calculations, and the results were scaled by 0.98. The charges
were derived from a Chelp population analysis, as

| X
H/g Z
NZ |N (PFg)2H,0 + (NH,),S0,}
N N i N
N H/Q Z
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Fig. 2 ORTEP diagram of the
[TPTZH,]*" cation with the
H,O solvent molecule and the
two PFs~ counteranions. Non-H
atoms are drawn with
displacement ellipsoids at the
90 % probability level, H atoms
as spheres with arbitrary radius.
Dotted lines represent hydrogen
bonding interactions

Table 6 Hydrogen bonding geometries with distances/A and angles/®
for [TPTZHZ](PFG)szO

D-H--A D--A H-A D-H D-H--A/°
N5-H5N---01 0.86 1.81 2.6568 (16) 166
N6-H6N--F1'  0.86 221 29537 (15) 144
Ol-HW1--N4 086 (3) 202(3) 28760 (17) 173 (2)
Ol1-HW2--F4 078 3) 2.15(3) 29167 172 (2)

implemented in the GAUSSIAN 03 program. The gas-phase
PA of the species was calculated as the negative standard
reaction enthalpy of protonation at 298.15 K:

B+ H" — BHTPA = —[EDFT(BH+) - EDFT(B)
+ (Evib(BH+) — Evib(B))} + 5/2RT7

where Eppp is obtained from DFT calculations, E.,;,
includes the zero point energy and temperature corrections

Fig. 3 The packing of the
molecular components in the
crystal structure of
[TPTZH,](PF¢),-H,O

to the vibrational enthalpy, and 5/2 RT includes the
translational energy of the proton and the A(PV) term. The
DFT has been reported to be very reliable in calculating PA
and in reproducing the experimental results within
1-7 kcal/mol [28].

Two possible conformations for TPTZ (A and B) are
possible, which depend on the relative positions of the N
atoms in the pyridine rings. In conformation A, in the
vicinity of the central ring, different numbers (three, two,
or one) of neighboring N atoms are present, while in
conformation B, the vicinity of the ring contains only two
neighboring N atoms in each case (see Scheme 2).

Calculations using the GAUSSIAN94 program [29]
were carried out for the two conformations in order to
obtain their relative energies. The 6-31G** basis set was
used for geometrical optimizations, and it was shown that
conformation B is 11.30 kJ mol™' more stable than con-
formation A. However, this conformation is found in the
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Scheme 5 AN AN
| D | D
7 H/g Z
N =z
A
X \N X
B | ¢
TPTZ [TPTZH,**
TPTZ  [TPTZH,I™
AD 15.7 6.19
AC 33.8 7.84
A B 19.8 3.70
Fig. 4 Electronic spectra of
a the neutral TPTZ molecule,
and b [TPTZH,](PFs),-H>O in
CH;CN
o 1 1 L 1 L
200 400 600 800
Wavelength/nm
b) 4
0 1
404 886 500 600 700 795.092
Wavelength/nm
T " 1 "
400 600 800
Wavelength /nm

crystal structure of TPTZ [18]. It is interesting that con-
formation B has not been observed in any of the crystal
structures of complexes in which TPTZ or its derivatives
are coordinated, either with metals or in their protonated
forms [30, 31].

With this background information, we used only con-
formation A for all calculations. Scheme 2 represents the
atom numbering used for TPTZ, [TPTZH]', and
[TPTZH,]*". Table 2 reports calculated bond lengths of
the optimized molecules at the B3LYP/6-3114G** level.
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Fig. 5 Absorption (left) and fluorescence (right) spectra of: a TPTZ,
b and ¢ [TPTZH,](PFs),-H,0O in CH;CN

Table 3 gathers optimized torsion angles of TPTZ and the
protonated species.

2,4,6-Tri(2-pyridyl)-1,3,5-triazine bis(hexafluorophos-
phate) hydrate (C|8H16F120N6P2)

A mixture of 20 mg TPTZ (0.06 mmol) and 20 mg
NH,PF, (0.12 mmol) was added to 10 cm® of methanol
and stirred at room temperature for 10 min. To the
resulting colorless solution, 0.6 cm’® sulfuric acid 0.1 M)
was added dropwise and stirred for 2 h at room temper-
ature. The violet solution was filtered through Celite to
remove the fine white (NH,4),SO, precipitate. The violet
filtrate was left at room temperature for two days to yield
violet crystals. Recrystallization was achieved by slow
diffusion of diethyl ether into a saturated solution of the
violet crystals in CH3;CN. After three days at room
temperature, light violet crystals suitable for X-ray

@ Springer

Table 7 Structural data and results of the structure refinements for
compound [TPTZH,](PF¢),-H,O

CisH16F120NgP2
Formula weight 622.31

Temperature/K 100

Orthorhombic, P2,2,2,

Empirical formula

Crystal system; space group

alA 8.1695 (9)
blA 9.8738 (11)
c/A 27.952 (3)
VIA3 22547 (4)
4

D,/Mgm~> 1.833
Rine 0.023
Crystal size/mm’ 0.6 x 0.2 x 0.1
0 Range for collection/” 2.5-30.0
Index ranges —11<h<9, —-13<k<13,

-39<1<33
Reflections collected 28,231
Independent reflections 6,479
Parameters 360
Flack parameter [19] 0.14 (6)

Final R indices
[I> 20 (I)]

Goodness-of-fit on F> 1.06

0.027, wR, = 0.071

crystallography were formed. Yield: 36 mg (96 %); 'H
NMR (500 MHz, DMSO-dg): 6 = 8.99 (dd, 6H, H, and
Hy), 8.29 (t, 3H, H,), 7.94 (t, 3H, Hy,), 7.28 (s, 2H, H,) ppm;
FT-IR (KBr): v = 3,388 (O-H), 3,316 (N"-H), 1,539,
1,523, 1,479 (C=N and C=C), 842 (P-F) cm™'; UV-Vis
(MeOH): Amax (6) = 593 (61), 537 (40), 280 (59,360), 245
(44,580) nm (mol~" dm® cm™").

X-ray crystallographic study of [TPTZH,](PF),-H,O

The single crystal measurement was performed on a Bru-
ker-AXS APEXII four-circle diffractometer equipped with
a CCD camera. Intensity data were collected using Mo Ko
radiation (1 = 0.71073 A). Correction for absorption
effects was carried out with the multi-scan approach of
SADABS [32]. The crystal structure was solved using
direct methods and was refined by the full-matrix least-
squares technique on F> with the SHELXTL program
package [33]. H atoms of the aromatic backbone were
positioned geometrically (C-H = 0.93 A) and were refined
as riding with Ujso(H) = 1.2U4(C). The H atoms at the
protonated N atoms were clearly discernible from differ-
ence maps and were refined with distance restraints N—
H=0386A and Uo(H) = 1.2U(N). Water H atoms
were also located from difference maps and were refined
without restraints. The crystal measured was twinned by
inversion with a refined twin component ratio of 0.86 (6):
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0.14 (6). Selected bond lengths and angles of
[TPTZH,](PF¢),-H,0 are gathered in Table 5. Also details
of hydrogen bonding geometries of [TPTZH,](PF),-H,O
are given in Table 6. Crystallographic data and details of
data collection and structure refinement are listed in
Table 7. Crystallographic data has been deposited with the
Cambridge Crystallographic Data Centre, CCDC No.
832783.
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