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ABSTRACT: Results are reported of variable-temperature15N cross-polarization magic angle spinning (CP/MAS)
NMR experiments performed on [15N2]-labelled polycrystalline 3,5-dibromo-1H-1,2,4-triazole (2b) and 3,5-dichloro-
1H-1,2,4-triazole (3b), the synthesis of which is also described. According to the crystal structures these compounds
form cyclic trimers in the solid state. The molecular and hydrogen bond structures were compared with those derived
from ab initio calculations. The15N CP/MAS NMR spectra show temperature-dependent lineshapes which were
analysed in terms of near-degenerate triple proton transfer processes. The equilibrium constants are slightly different
from unity as observed by high-temperature line splittings. The populations of the two quasi-degenerate tautomers
were calculated from the internal angles at N1 and N2 and compared with those obtained from solid-state NMR; both
methods agree fairly well. By lineshape analysis rate constants of the triple proton transfer processes were obtained at
different temperatures. The proton transfer kinetics of2b and3b were compared with those of 3,5-dimethylpyrazole,
4-nitropyrazole and 4-bromopyrazole, studied previously, which also form cyclic trimers in the solid state, exhibiting
more or less concerted, degenerate triple proton transfer processes proceeding by tunnelling at low temperatures. It
is shown that the triazoles behave in a similar way to the pyrazoles. The barrier heights of the triple proton transfer
increase monotonically with the distance between the two nitrogen atoms involved in the proton transfer. It is shown
that the intrinsic nitrogen chemical shifts are related to the NÐ Ð ÐH distances. Copyright 2000 John Wiley & Sons,
Ltd.

KEYWORDS: NMR; cross-polarization magic angle spinning NMR; 1,2,4-triazoles, solid state; triple proton transfer;
ab initio calculations

INTRODUCTION

Whereas the solid-state proton transfer of pyrazoles has
been well established using solid-state NMR spectroscopy,
little is known about the behaviour of the corresponding
1,2,4-triazoles (Fig. 1).

In principle, this class of molecules can form two
non-equivalent tautomers with a proton either localized
on N1 (1H tautomer) or N4 (4H tautomer). As the
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energy difference between the two tautomers is very
large,1 only the 1H tautomer needs to be considered
under normal conditions. As pyrazoles, the triazoles are
at the same time hydrogen bond donors (HBD) and
hydrogen bond acceptors (HBA). When N4 nitrogen acts
as HBA a ‘2-azaimidazole’ structure results, leading to
more or less linear hydrogen-bonded chains (catemers)
as depicted in Fig. 1. On the other hand, when the
N2 nitrogen acts as HBA an ‘azapyrazole’ structure is
obtained which forms either zig-zag chains or cyclic
hydrogen-bonded associates, as depicted in Fig. 1 for the
cyclic trimer. In the crystalline state the parent compound
1 forms catemers, as has been found by several workers
using x-ray crystallography and neutron diffraction.2 – 5 Up
to now, zig-zag chains have not been observed in the
case of triazoles. By contrast, cyclic trimers have been
recently observed by x-ray crystallography in the cases
of 3,5-dibromo- (2a) and 3,5-dichloro-1H-1,2,4-triazole
(3a).6 – 8 These trimers are very similar to that formed
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by 3,5-dimethylpyrazole (4) (dmpz),9,10 4-nitropyrazole
(5) (4no2pz) and 4-bromopyrazole (6) (4brpz)11 which
exhibit degenerate triple proton transfer in the solid state
as indicated in Fig. 1.

Whereas the reported x-ray structures of2aand3a indi-
cated localized NH protons, the endocyclic angles at the
nitrogen atoms seemed to be indicative of proton disorder.
In order to resolve this contradiction we, decided to
re-examine this problem using dynamic solid-state15N
NMR spectroscopy of the15N-labelled compounds2b
and 3b. Some preliminary results indicated interesting
temperature-dependent spectral phenomena.12 The syn-
thesis of2b and 3b and the results of the NMR study
are reported in this paper, including the thermodynamic
and kinetic parameters of the triple proton transfer pro-
cesses according to Fig. 1, obtained by lineshape analy-
sis. The kinetic results are compared with those obtained
previously9 – 11 for 4, 5 and6. Moreover, the structures of
the triazole trimers were calculated usingab initio meth-
ods and compared with the crystallographic data.

EXPERIMENTAL

Syntheses

Melting-points were determined in a microscope hot-stage apparatus and
on a Seiko DSC 220C instrument with a scanning rate of 2°C min�1.
Commercial [15N2]hydrazine sulfate (95%15N) was purchased from
Chemotrade.

Synthesis of 1H-[15N2]1,2,4-triazole (1b). In a 100 ml round-
bottomed flask provided with a refrigerant and a magnetic stirrer were
placed 0.774 g (0.0077 mol) of well powdered potassium hydrogencar-
bonate, 1 g (0.0076 mol) of [15N2]hydrazine sulfate, 0.405 g (0.005 mol)
of s-triazine and 40 ml of ethanol (water-free). This mixture was boiled
for 18 h under reflux. After cooling to room temperature, 90 ml of diethyl
ether were added to the colourless reaction mixture and the salts were
filtered off. The ethanol–ether solution was removed under reduced
pressure. The residue was recrystallized from chloroform (m.p. 120°C,
lit.13 m.p. 120–121°C). The total yield of 1H-[15N2]1,2,4-triazole (1b)
was 0.414 g (78%); lit.13 yield 35%.

Synthesis of 3,5-dibromo-1H-[15N2]1,2,4-triazole (2b). A solution
of 0.414 g (0.0058 mol) of 1H-[15N2]1,2,4-triazole (1b) in 10 ml of water
was treated with 1.4 g of potassium hydrogencarbonate and then was
heated to 80°C, and with stirring 0.66 ml (0.013 mol) of bromine in an
aqueous solution of potassium bromide (0.5 g of KBr in 1 ml of water)
was added. The reaction mixture was brought to ebullition to eliminate
the excess of bromine. After cooling, the reaction mixture was acidified
with hydrochloric acid. The precipitate was filtered off and washed with
cold water. Compound2b was crystallized from water (m.p. by DSC
203.9°C; lit.14 m.p. 210–211°C); yield 1.32 g (99%).

Synthesis of 3,5-dichloro-1H-[15N2]1,2,4-triazole (3b). A 0.5 g
(0.0022 mol) amount of 3,5-dibromo-1H-[15N2]1,2,4-triazole (2b),
1.27 g of sodium chloride and 25 ml of concentrated hydrochloric acid
were mixed in a 250 ml Berghof high-pressure autoclave (maximum
working pressure 100 atm) and heated at 160°C for 4 h. After cooling,
the reaction mixture was dropped into 5 ml of water and neutralized with
sodium hydroxide and evaporated to dryness. The residue was extracted

Figure 1. 1H-1,2,4-Triazole (1) behaving like an imidazole or a pyrazole catemers. Cyclic trimers of 1H-1,2,4-triazole (1),
3,5-dibromo-1H-1,2,4-triazole (2) (dbrtz), 3,5-dichloro-1H-1,2,4-triazole (3) (dcltz), dmpz (4), 4no2pz (5) and 4brpz (6).
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in a Soxhlet apparatus with diethyl ether for 5 h. Compound3b was
crystallized from benzene (m.p. by DSC 148.8°C, lit.15 m.p. 148°C);
yield, 0.144 g (46%).

NMR experiments

15N cross-polarization magic angle spinning (CP/MAS)
NMR experiments were performed using a Bruker
MSL 300 (7.1 T) instrument at 300.13 MHz for1H and
30.41 MHz for15N and a 5 mm Varian/Chemagnetics stan-
dard high-speed CP/MAS probe. A Varian/Chemagnetics
temperature unit was used to control the temperature of
the cooling gas stream and a laboratory-built exchanger to
achieve low temperatures. To avoid problems at low tem-
peratures caused by air moisture, pure nitrogen obtained
from evaporating liquid nitrogen was used as bearing,
driving and cooling gas. All chemical shifts are related
to external15NH4Cl and given with an error of 0.3 ppm.
CP/MAS spectra were measured using the usual CP pulse
sequence16 with a 6–10 ms1H 90° pulse width, 3–6 ms
contact pulses and a 3–6 s recycle delay; the number of
FIDs was between 100 and 500. The rotational frequencies
were of about 6 kHz.15N-labelled tetramethyldibenzote-
traaza[14]annulene (TTAA) in a separate capsule was used
to calibrate the internal temperature of the samples inside
the rotor.9a,17 The 15N chemical shifts were obtained using
external polycrystalline15NH4Cl as reference. In order to
convert these data into the nitromethane scale, we used
the relation18

υ.CH3NO2/ D υ.15NH4Clcryst/� 338.1 ppm .1/

This equation differs from the relation

υ.CH3NO2/ D υ.15NH4Clliq/� 352.9 ppm .2/

where 15NH4Clliq refers to a saturated solution of
15NH4Cl in D2O at 298 K.18 The difference15NH4Clcryst�
15NH4Clliq D 17.2 ppm arises from different intermolec-
ular interactions. Because of the larger chemical shift
error in the nitromethane scale we use in this study the
solid ammonium chloride scale, and give the values in the
nitromethane scale calculated using Eqn (1).

Ab initio calculations

The calculations and drawings were carried out with the
Xtal19 and Gaussian 9420 set of programs running on a
DEC3000-300X workstation.

RESULTS AND DISCUSSION

Syntheses

We prepared 3,5-dibromo-1H-1,2,4-triazole (2a) and 3,5-
dichloro-1H-1,2,4-triazole (3a) and the corresponding

isotopologs2b and 3b doubly labelled with15N at the
adjacent positions N1 and N2 according to the route
depicted in Fig. 2 (see Experimental section).

Crystallographic structures and structures
calculated using ab initio methods

In order to discuss the crystal structures of the triazoles
studied by NMR, the relevant intra- and intermolecular
parameters for38 and 26 were retrieved from the
Cambridge Structural Database21 (VITRUL and NABVIV,
respectively, October 1999 release, CSD-O99 hereafter)
and are assembled in Table 1. The average values for
structures containing substituted triazole rings both at C3
and C5 (R < 0.10, no metals and no rings fused to the
triazole) retrieved from CSD-O99 and the values for1
as determined by x-ray analysis (TRAZOL01)3 and by
neutron diffraction at 15 K (TRAZOL04)4 are included.

The values of the average bond angles for the 17
reported structures (21 fragments) excluding VITRUL
show no significant differences from those reported by
Goldsteinet al. in 1969.3 The angles at C3 and C5 show
larger values of the standard deviations of the sample (in
parentheses), probably owing to the electronic properties
of the substituents that open and close these angles
depending on the withdrawing and donating character of
the substituents.22

The bond angles at N1 and N2 are sensitive to the
position of the tautomeric H atom, opening the angle
of the nitrogen to which it is bonded as reflected by
the values for 1H-1,2,4-triazole itself and other 1H
derivatives (C5—N1—N2> N1—N2—C3, Table 1).
This relationship, also supported by theab initio
calculations, is of great help in cases where the hydrogen
atom could not be properly obtained from difference
synthesis (the difficulty of locating H atoms by x-ray
analysis is well known, even more so if these atoms are
disordered). In1 and 1H-unsubstituted analogues, either
experimentally orab initio calculated, the ring appears to
be asymmetric as far as bond angles are concerned.

Averaging of the internal bond angles, by either static or
dynamic disorder, is often encountered in NH-pyrazoles.23

The ring in the VITRUL derivative3a is symmetric, show-
ing a binary axis passing through N4 and the midpoint
of the N1—N2 bond, probably resulting from pro-
ton disorder (occupancy factors of the disordered atoms
close to 50%), although, as reported, electron density
was only found close to N1.8 In addition, the bond
angles of the other reported 3,5-dichlorotriazole bear-
ing a p-nitrophenyl group at N1 (SORBIK)24 are simi-
lar to those considered typical for a non-disordered ring.
In the 3,5-dibromo derivative NABVIV2a, which is

Figure 2. Synthetic scheme for the preparation of derivatives 2 and 3.
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Table 1. Selected geometrical parameters (Å, °)a

VITRUL NANVIV TRAZOL01 TRAZOL04 Goldstein HF/6–311GŁŁ HF/6–311GŁŁ HF/6–311GŁŁ

Parameter 3 2 SORBIK 13 14 et al.3 CSD-O99 1 15 3

C5—N1—N2 104.7(3) 101.4(14) 107.8(3) 110.2(2) 110.19(4) 108.6(8) 110.2(8) 109.8 109.75 109.2
N1—N2—C3 105.3(6) 105.3(11) 101.3(3) 102.1(2) 102.67(4) 101.8(12) 101.3(10) 102.5 102.48 101.9
N2—C3—N4 114.5(4) 111.9(12) 116.8(4) 114.6(2) 114.27(5) 115.8(9) 116.6(19) 115.0 114.90 116.0
C3—N4—C5 100.6(5) 102.7(13) 101.7(3) 103.0(2) 102.90(4) 103.2(5) 102.2(12) 102.5 102.49 101.6
N4—C5—N1 114.8(5) 118.8(11) 112.4(4) 110.1(2) 109.97(5) 110.7(6) 109.7(13) 110.3 110.38 111.3
N2—N1—H1/R1 139 (3) 126 (�) 119.0(3) 123 (1) 119.76(9) — 120 (4) 120.7 120.91 121.4
C5—N1—H1/R1 115 (2) 133 (�) 132.6(4) 126 (1) 129.89(9) — 129 (4) 129.5 129.34 129.4

NÐ Ð ÐN 2.828(4) 2.857(28) — 2.822(3) 2.8117(12) — — — — —
N—H 0.94 (2) 1.00 (�) — 1.04 (2) 1.0478(14) — 0.92 (9) 0.99 0.9884 0.99
HÐ Ð ÐN 1.96 (4) 1.85 (�) — 1.82 (2) 1.7818(12) — — — — —
N—HÐ Ð ÐN 165 (2) 177 (�) — 161 (2) 168.21(16) — — — — —

a The trimeric associationof 3,5-dichloro-1H-1,2,4-triazole3 (CSD refcodeVITRUL) hasbeenincludedto illustrate the numberingsystem.In SORBIK, R1 D p-nitrophenyl, otherwise
R1 D H. A dashmeansthat the NH hydrogenatompositionwasnot refined.
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pseudoisomorphous with VITRUL3a, the bond pattern
is distorted from the usual values (Table 1), suggesting
partial proton disorder and hence the reported H position6

should correspond to the one with a lower occupancy
factor.

In theab initio calculations, several angular distortions
are observed on comparing the bond angles of1 and 3
(Table 1). These distortions, governed by the electronic
properties of the substituents, follow the same qualitative
trends as in benzenes,22 i.e. the chlorine atom opens the
ipso angle and closes the adjacent ones by 1.0° and�0.8°

(Table 1) versus 1.9° and�1.4° in benzenes.22

Figures 3 and 4 illustrate the crystal packing of
1 (TRAZOL01) and 3a (VITRUL), respectively (2a,
NABVIV, is pseudoisomorphous with3a). Two hydrogen
bond motives are observed as far as the N—HÐ Ð ÐN
interactions are concerned. The molecules in1 are
arranged in chains parallel to theira axis [Fig. 3(a)] via
N1—H1Ð Ð ÐN4 (1/2C x, y,�1/2� z) hydrogen bonds
(Table 1) and the chains, connected by C5—H5Ð Ð ÐN2
(�x, 1/2C y, 1/2� z) contacts, form corrugated sheets
[Fig. 3(b)] parallel to theab plane [H5Ð Ð ÐN2, C5Ð Ð ÐN2,
C5—H5Ð Ð ÐN2 D 2.48.2/, 3.301(3)Å, 130(2)°] and the
distance between them isc/2 D 4.49Å. In VITRUL,
the molecules are arranged in planar trimers [Fig. 4(a)
and (b)] through hydrogen bonds in which contiguous
nitrogen atoms are involved: N1—H1Ð Ð ÐN2 (1� x C y,
1� x, 1/2� z) (Table 1). The trimers lie in planes parallel
to theab plane without any hydrogen interactions between
them. The distance between the planes of the trimers,
c/2 D 3.33Å, is shorter than in the parent compound.
There are no significant differences either between the
NÐ Ð ÐN distances in2a and 3a or between the parent
compound1 and3a.

Figure 3. Secondary structure of 1H-1,2,4-triazole (CSD
refcode: TRAZOL01) showing (a) the atomic numbering
scheme and the packing of molecules in sheets parallel
to the ab plane and (b) the packing of sheets along the
a axis. The atoms are shown as spheres of arbitrary radii
and dotted and dashed lines represent N—HÐ Ð ÐN and
C—HÐ Ð ÐN hydrogen interactions, respectively.

Figure 4. Secondary structure of 3,5-dichloro-1H-1,2,4-triazole (3) (CSD refcode: VITRUL) showing (a) the atomic
numbering scheme and the arrangement of molecules in trimers down the c axis and (b) the packing of trimers
along the a axis. The atoms are shown as spheres of arbitrary radii and dotted lines represent N—HÐ Ð ÐN hydrogen bonds.

Copyright  2000JohnWiley & Sons,Ltd. Magn.Reson.Chem.2000;38: 604–614
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In summary, and considering the influence of the
substituents, either from a crystallographic or a quantum
chemical analysis the bond angles pattern suggests a
complete proton disorder (50 : 50) for the 3,5-dichloro-
derivative3a whereas the 3,5-dibromo-1H-1,2,4-triazole
(2a) is only partially disordered. In addition, both
compounds form a cyclic hydrogen bond motif, which,
as in pyrazoles,25 is the necessary condition for proton
transfer in the solid state from N1 to N2 and vice
versa.

Examination of Table 1 shows that N2—N1—H1D
120° and C5—N1—H1 D 130° (TRAZOL04, CSD-
O99 and all calculations). SORBIK, an N1-substituted
compound, also obeys that rule, but TRAZOL01 is
distorted, showing that the protons have not been
localized correctly. The case of the dichloro derivative,
VITRUL (139 and 115°), is totally inconsistent whereas
the dibromo derivative, NANVIV (126 and 133°), is
more normal. We carried a number of calculations
(Table 2) to determine the percentages of disorder,
either dynamic or static, from the internal angles at N1
(C5—N1—N2) and N2 (N1—N2—C3). The results
concerning VITRUL 3a indicate to a mixture of 1H-
and 2H-tautomers in a 45 : 55 ratio. Note that the
less populated tautomer corresponds to the localized
proton. The results concerning NANVIV2a cannot
be properly analyzed even considering that the proton
has probably been localized on the less populated
tautomer.

Variable-temperature solid-state 15N NMR
spectroscopy

Figure 5 depicts the superposed experimental and
calculated 15N CP/MAS NMR spectra of dbrtz (2b)
and of dcltz (3b). For comparison we also show the
corresponding spectra of dmpz (4) adapted from Ref. 10.
All spectra contain the four sharp lines of TTAA added
in order to obtain the sample temperature using the
calibration data of Ref. 17. All spectral parameters, rate
and equilibrium constants determining the lineshapes are
given in Table 3 and the intrinsic nitrogen chemical shifts
in Table 4.

At low temperatures, all compounds give rise to
a high-frequency line arising from the imino nitrogen
N2 and a low-frequency line arising from the amino
nitrogen N1. The line splitting corresponds to the intrinsic
splitting � D υ.—N /� υ.NH/ð 30.41ð 106 Hz. As
temperature is raised the lines of dmpz and dcltz broaden
and coalesce. Whereas only a single averaged line is
observed for dmpz, two lines with a high-temperature
splitting of υ� < � is observed for dcltz. As shown
before,17,27 these findings indicate a degenerate proton
tautomerism in dmpz but a non-degenerate process in
dcltz, where the equilibrium constant is given by

K D k12/k21 D x2/x1 D .1� υ�/�//.1C υ�/�/ .3/

In other words,K D 1 in the case of dmpz butK < 1
in the case of dcltz. Theυ� values of the latter decrease
with increasing temperature asK increases.
K was obtained fromυ� and� at high temperatures

using Eqn (3). The low-temperature values were
then obtained from the high-temperature values by
extrapolation using the van’t Hoff equation. The values
of the intrinsic linewidthW0 were determined at high and
low temperatures by lineshape analysis. For dcltz (3b),
a single constant value ofW0 D 150 Hz was employed
to simulate the spectra in the whole temperature range.
In the case of dbrtz (2b) a large value,W0 D 300 Hz,
had to be used. These values are much larger than those
found previously10 for dmpz [Fig. 5(a)]. The origin of
this effect could not be determined in this study and
prevented the determination of rate constants of the triple
proton transfer in a large temperature range by lineshape
analysis. For similar reasons we performed additional
magnetization transfer experiments in the case of dmpz in
order to obtain rate constants in a large temperature range.
Such experiments could not be performed in this study,
however, as they require singly15N-labelled materials
where spin diffusion artifacts are suppressed.10 For the
discussion of the kinetic parameters of dcltz we therefore
consider only the values obtained in the usual way
around the coalescence point around 210 K by lineshape
analysis.27

The case of dbrtz is similar to that of dcltz, but
the intrinsic linewidths are even larger. Strong lineshape

Table 2. Interpolation resultsa

1 (x-ray) 1 (neutron) 1 (6–31GŁ) 1 (6–311GŁŁ) 3 (6–31GŁŁ)

Compound Method N1 N2 N1 N2 N1 N2 N1 N2 N1 N2

1 X-ray 100.0 0.0 100.1 �7.6 105.5 �5.5 106.2 �5.2 113.7 2.7
1 Neutron 99.9 7.0 100.0 0.0 105.3 2.3 106.1 2.6 113.6 10.5
1 6–31GŁŁ 95.1 4.9 94.8 �2.3 100.0 0.0 100.7 �0.3 108.2 8.2
1 6–311GŁŁ 94.4 4.7 94.1 �2.5 99.3 �0.3 100.0 0.0 107.5 7.9

X-ray 32.1 39.5 27.0 35.0 30.1 38.4 30.5 38.8 38.4 46.6
3 6–31GŁŁ 87.7 �2.5 86.8 �10.2 91.8 �8.2 92.4 �8.0 100.0 0.0
2 X-ray �8.6 39.5 �16.9 35.0 �15.1 38.4 �14.9 38.4 �6.8 46.6
2 X-ray (inv) 39.5 �8.6 35.0 �16.9 38.4 �15.1 38.8 �14.9 46.6 �6.8

a The interpolation equations used are as follows: % tautomer using the angle on N1D 100 .[C5—N1—N2]� [N1—N2—C5]/[C5—N1—N2] �
[N1—N2—C3]/ and % tautomer using the angle on N2D 100 .[N1—N2—C3]� [N1—N2—C5]/[C5—N1—N2] � [N1—N2—C3]/. In bold
are the angles corresponding to the method used for the interpolations.

Copyright 2000 John Wiley & Sons, Ltd. Magn. Reson. Chem.2000;38: 604–614
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Figure 5. Superposed experimental and calculated 30.41 MHz 15N CP/MAS NMR spectra of 95% 15N-enriched
dmpz (adapted from Ref. 10), dcltz and dbrtz as a function of the temperature. Upper chemical
shift values, reference solid 15NH4Cl; lower values, reference liquid CH3NO2. The sharp lines with
strongly temperature-dependent line positions stem from TTAA (tetramethyldibenzotetraaza[14]annulene-15N4) or
1,8-dihydro-5,7,12,14-tetramethyldibenzo(b,i)-15N4-(1,4,8,11)-tetraazacyclotetradeca-4,6,11,13-tetraene) added in small
portions. The sample temperature was determined from the TTAA line positions by simulation according to Ref. 10.

changes are observed between 240 and 250K. At
high temperaturesa splitting υ� was also obtainedby
lineshape analysis. However, the two lines at room
temperatureexhibit remarkedly different widths, and
at higher temperaturessharp featuresrevealing further
dynamicprocessesor phenomenawhoseorigin could not
yet be analysedin this study. They might be tentatively
assigned to residual dipolar couplings to bromine.28

Similar non-resolvedcouplingsto chlorinemay also lead
to the large linewidth of dcltz. Anyway, in the caseof
dbrtz we only take the rate constantsk12 determinedby
lineshapesimulationaround250K into account.

Discussion of the kinetic results

In Fig. 6 we haveplotted the rate constantsk12 of dcltz
and dbrtz in an Arrhenius diagramas a function of the

inverse temperature.From a linear least-squaresfitting
we obtain activation energies 21 and 19kJmol�1 and
the pre-exponentialfactors 108.2 and 107.2 s�1. In view
of the limited temperaturerangeand the limitations of
the lineshapemethod,thesevaluesaresubjectto a large
unknown margin of error. Nevertheless,they seem to
indicate frequencyfactorswhich are much smaller than
the usual value of 1012–1013 s�1 found for solid-state
proton transferof other azoles.10 On the other hand,the
few rate constantsobtainedwhich seemto be reliable
allow a comparisonwith the kinetic data of the three
pyrazole included in Fig. 6. For the sake of clarity
only the calculatedrate constantsare shown,takenfrom
Refs 10 and 11. The rate constantsof the pyrazoles
exhibit strongly a non-Arrheniusbehaviouras depicted
in Fig. 6. The temperaturedependencewascalculatedby
non-linear least-squaresdata fitting to the experimental
rate constantsusing a modified Bell tunnelling model
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described previously,10,11,29 based on a more or less
concerted triple proton transfer process involving a single
barrier. These curves depend on the following parameters:

(i) Em represents a minimum energy for tunnelling to
occur. It represents a contribution arising from heavy
atom reorganizationprecedingthe hydron tunnelling
process atT D 0;

(ii) Ed is the barrier height for the triple proton transfer;
(iii) 2a is the barrier width of the H transfer in̊A at energy

Em;
(iv) a single frequency factorA (in s�1) is used which is

allowed to vary between 1012 and 1013 s�1;
(v) the tunnelling masses are given in the stepwise

case by meff D 3Cm, where the first term
represents the mass of three moving protons and the
second is an additional term representing heavy atom
reorganization during the tunnelling process.

Table 3. Results of the 15N CP/MAS lineshape analysis of
dbrtz (2b) and dcltz (3b)a

dbrtz (2b) dcltz (3b)

T (K) K k12 T (K) K k12

423 0.43 — 392 0.75 —
371 0.39 — 356 0.72 —
320 0.37 >20 000 305 0.69 —
309 0.36b ¾18000 284 0.68 —
250 0.31b 4300 277 0.67 —
242 0.30b 1100 268 0.66 —
230 0.29b ¾800 256 0.65b —
210 0.27b ¾350 248 0.64b >20000
208 0.26b ¾300 239 0.63b ¾20000
203 0.26b ¾200 228 0.62b 10500
200 0.25b ¾170 217 0.61b 4700
178 0.23b ¾100 209 0.60b 4500

204 0.59b 3700
199 0.58b 2700
195 0.57b 2200
189 0.56b 1600
160 0.52b <100

aK D equilibrium constant;k12 D rate constant of proton tautomerism
as defined in Eqn (3).
b Extrapolated values from high temperature using the van’t Hoff
equation. Further parameters of the lineshape analysis:W0 D 300 Hz
for 2b; W0 D 150 Hz for3b constant over the whole temperature range.

Figure 6. Arrhenius diagram of the triple proton transfer
in dcltz and dbrtz. For comparison the calculated
Arrhenius curves of the corresponding processes in dmpz,
4no2pz and 4brpz published in Ref. 11 are also shown.

We notethatthekinetic dataobtainedherefor dcltz and
dbrtz exhibit a very similar behaviourto thoseobtained
previouslyfor 4no2pzand4brpz,but thekineticsaresub-
stantially fasterthanin the caseof dmpz.In otherwords,
asfar asthe triple protontransfercharacteristicsarecon-
cerned,triazolesandpyrazolescanbe discussedin terms
of a relatedseriesof molecules.This finding assistsus to
constructthetemperaturedependenceof therateconstants
of triple proton transfer in the triazole casesby taking
mosttunnellingparametersfrom thepyrazoleseries.Only
Em andEd werevariedslightly. The resultsaregiven in
Table5. Naturally, the temperaturedependenceproposed
shouldbe confirmedby additionalexperiments.

In order to evaluate the different proton transfer

Table 5. Molecular and dynamic properties of compounds
2–6a

Ed Em Ed C Em Log A m 2a

dbrtz (2) 42.0 7.1 49.1 12.3 2.8 0.43
dcltz (3) 33.5 6.7 40.2 12.3 2.8 0.43
dmpz(4) 48.1 8.4 56.5 12.3 2.8 0.43
4no2pz(5) 36.0 7.5 43.5 12.3 2.8 0.39
4brpz(6) 38.0 7.5 45.5 12.3 2.8 0.39

a Parametersof themodifiedBell tunnelingmodel:barrierheightEd and
minimum energy for tunnelingEm in kJmol�1, barrier width 2a in Å,
frequencyfactorA in s�1 (tunnelingmassesmHHH

eff D 3Cm).

Table 4. Intrinsic 15N chemical shifts and hydrogen bond distances of triazoles, pyrazoles, porphyrin and porphycene in
the solid state

υ(—N )a υ(N—H)a υ(—N )b υ(N—H)b  R(NÐ Ð ÐN) (Å) R(NH) (Å) R(HÐ Ð ÐN) (Å)

dbrtz (2) 240.5 177.3 �97.6 �160.8 63.2 2.86 1.045 1.825
dcltz (3) 227.8 168.6 �110.3 �169.5 60.5 2.83 1.055 1.775
dmpz(4) 241.3 166.8 �111.6 �186.1 74.5 2.98 1.04 1.94
4no2pz(5) 243.2 170.7 �109.7 �182.2 72.5 2.87 1.045 1.825
4brpz(6) 247.0 172.3 �105.9 �180.6 74.7 2.89 1.04 1.85
Porphyrin 215 107 �137.9 �245.9 108 2.89 1.03 2.28
Porphycene 187 135 �165.9 �217.9 46 2.63 1.10 1.60

a Reference:solid 15NH4Cl; ppm valuesaregiven with a margin of error of š0.3ppm.
b Nitromethanescaleυ(CH3NO2/ D υ(NH4Cl)� 338.1ppm.18
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Figure 7. Sum of the minimum energy for tunneling to
occur, Em, and the barrier height, Ed, of concerted triple
proton transfer processes in cyclic triazole and pyrazole
trimers.

dynamics of the five compoundswe have plotted in
Fig. 7 the total barrier height Em C Ed as a function
of the crystallographicNÐ Ð ÐN distances.We obtain a
correlationwhich seemsto besignificant:whentheNÐ Ð ÐN
distancesare increasedbecauseof substituenteffects or
crystalpackingforces,thebarrierheightof protontransfer
increases,a very plausibleresult.

If one assumesthat the barriersare proportionalto a
parameter,the molar refractivity MR, which representsa
mixture of steric and polarizability effects, then clearly
pyrazoles and 1,2,4-triazolesbelong to two different
families. To have a commonbehaviour,it is necessary
to makean additionalhypothesis,that the replacementof
C4-H (pyrazoles)by N4 (1,2,4-triazoles)decreasesboth
Ed (14.8kJmol�1) andEm (1.9kJmol�1).

For the five compoundsin Table 5 (2, MR D 0.60; 3,
MR D 0.89; 4, MR D 0.56; 5 and6, MR D 0.10) we have

Ed D .34.4š 0.8/C .24.6š 1.5/MR, R2 D 0.989

Em D .7.3š 0.1/C .2.0š 0.1/MR, R2 D 0.991

Ed C Em D .41.7š 0.8/C .26.5š 1.4/MR, R2 D 0.992

Discussion of hydrogen bond geometry and 15N
chemical shifts

In this sectionwe will discusshow well the compounds
studied here fit into the well-known hydrogen bond
geometry correlation of N—HÐ Ð ÐN hydrogen bonds
proposedon the basis of neutron structuresby Steiner
and Saenger30a,b and Gilli et al.30c and from NMR and
theoreticaldata.31,32 This correlationfor the two N—H
andthe HÐ Ð ÐN distancesr1 andr2 canbe written as

r2 D r0 � b ln[1� exp[�.r1 � r0//b]] .4/

with b D 0.404Å and r0 D 0.99Å. This hydrogenbond
correlationcan also be written as a correlationbetween
the two coordinatesq2 D r1 C r2 and q1 D 1/2.r1 � r2/,
where q2 representsthe NÐ Ð ÐN distancein the caseof
a linear hydrogenbond and q1 the averagedistanceof
the proton to the hydrogenbondcenter.From Eqn (4), it
follows that

q2 D 2r0 C 2q1 C 2b ln[1C exp.�2q1/b/] .5/

with b D 0.404Å andr0 D 0.997Å.

In Fig. 8(a) we have plotted the correlationcurve q2

as a function of q1 accordingto Eqn (5) as a solid line,
togetherwith the valuesfor pyrazoleandtriazoletrimers,
togetherwith values taken from Ref. 11 for porphyrin
and porphycene.Each pair of circles at a given value
of q2 indicatesthe two quasi-degeneratetautomericstates
betweenwhich the proton transferoccur.The correlation
line is a crudeguidelineof thetwo-dimensionalminimum
reaction energy pathway. This pathway will consist of
a combination of a hydrogen bond compression,i.e.
the motion along the correlationline, and actualproton
transferat a constantreducedq2 value.The experimental
datapoints were obtainedas follows. Assumingthat all
hydrogenbondsarequasi-linearin thecaseof thetriazoles
and pyrazoles,we can take the crystallographicNÐ Ð ÐN
distancesasapproximationsfor q2. Thenwe calculateq1

by solving Eqn (5) for eachpoint. Naturally, the result is
that all datapointsarelocatedon the correlationcurvein
Fig. 8(a).In otherwords,usingthecorrelationweestimate
theNÐ Ð ÐH andHÐ Ð ÐN distancesfor thevariouscompounds
included in Table 5. For example,we obtain a value of
1.04Å for theNH distancein dmpz,which compareswell
with the ND distanceof 1.05Å determinedpreviously
using dipolar solid-state15N NMR.33 This indicatesthat
the assumptionof quasi-linearhydrogenbondsin dmpz
is well fulfilled. For comparison,we have added the
correspondingvaluesof the non-linearhydrogenbonds
of porphyceneandporphyrinaccordingto the analysisof
Ref. 26.

Let usnow askwhetherandhow thenitrogenchemical
shifts reflect the hydrogen bond geometries.For this
purposewe haveplotted in Fig. 8(b) the NÐ Ð ÐH distance
as a function of the nitrogen chemical shift for each
compound.As proposedpreviously,33 we expressthe
nitrogenchemicalshift in termsof the equation

υ.15N/ D υ1 �0 exp[�.r1 � r0//b] .6/

wherer1 is theNÐ Ð ÐH distance,υ1 is thenitrogenchemical
shift at very large NÐ Ð ÐH distancesand υ1 �0 is the
value of the chemical shift at r1 D r0. The calculated
curvesin Fig. 8(b) were obtainedwith the valuesυ1 D
260ppmand0 D 90ppmfor thepyrazolesandtriazoles
andυ1 D 220ppm and0 D 120ppm for porphyrinand
porphycene.It is clear that the nitrogen chemicalshifts
areboth influencedby the chemicalstructureandby the
hydrogenbond geometry.Only within a given seriesis
it possibleto associatethe nitrogen chemicalshift with
changesof the hydrogenbondgeometriesalone.

By contrast, if we plot the intrinsic chemical shift
differencesbetweentheprotonatedandthenon-protonated
nitrogenatomswe obtainthegraphin Fig. 8(c).Thesolid
line wascalculatedfrom Eqns(5) and(6). It is seenthat
is a bettermeasureof the protontransfercoordinateq1.

CONCLUSIONS

We haveshownthat substitutedtriazolescanform cyclic
trimers in the solid state like suitably substitutedpyra-
zolesin which degenerateor quasi-degeneratetriple pro-
ton transfertakesplace.Thetriple protontransferkinetics
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Figure 8. (a) Hydrogen bond correlation for triazoles (�),
pyrazoles (ž), porphyrin and porphycene (*). Data from
this study and from Ref. 26. r1 and r2 represent the two
NÐ Ð ÐH distances of the corresponding N—HÐ Ð ÐN hydrogen
bonds, q1 D 1/2.r1 � r2/ the proton transfer coordinate
and q2 D r1 C r2 the heavy atom coordinates. The solid
line was calculated according to Eqn (5). (b) Dependence
of the associated 15N chemical shifts as a function of
the NÐ Ð ÐH distance. Reference solid 15NH4Cl. The solid
line was calculated according to Eqns (5) and (6). (c)
Intrinsic chemical shift difference of the two 15N nuclei
of the N—HÐ Ð ÐN units as a function of q1. The solid line
was calculated according to Eqns (5) and (6). For further
information, see text.

are similar to thoseof the pyrazoleswhere a concerted
triple protontransfertaking placeat low temperaturesby
tunnelling has beenestablishedpreviously10,11 by deter-
mining rate constantsand multiple kinetic H/D isotope
effectsin a large temperaturerange.The tunnellinganal-
ysisshowsamonotonicincreasein theprotontransferbar-
rier with increasingNÐ Ð ÐN hydrogenbonddistances.The
different chemical and crystallographicstructureof the
variouspyrazolesand triazolesconsideredseems,there-
fore,to influencetheprotontransferbarrieronly indirectly
via a different hydrogenbond geometryrather than by
directelectroniceffects.UsingtheNHÐ Ð ÐN hydrogenbond
geometrycorrelationestablishedrecently,30–32 it is possi-
ble to deriveNÐ Ð ÐH distancesof theorderof 1.05Å which
are in good agreementwith those obtainedby crystal-
lographyand dipolar NMR.34 Finally, the intrinsic nitro-
genchemicalshifts of pyrazolesandtriazolesarerelated
roughly in a simpleway to the hydrogenbondgeometry.
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LópezC. NuevasTendencias,Cristalograf́ıa. CSIC: Madrid, 1995;
187.

13. Rowlett RS, Klysa T, Shiraki WW. J. Label.Compd.Radiopharm.
1990;28: 1437.

14. GrinshteinVYa, StrazdinAA. Khim. Geterotsikl. Soedin.1969; 5:
1114.

15. MiethchenR, SeiptH-U, KrögerC-F. Z. Chem.1969;9: 300.
16. TorchiaD. J. Magn.Reson.1978;30: 613.
17. WehrleB, Aguilar-ParrillaF, LimbachH-H. J. Magn.Reson.1990;

87: 584.
18. (a) Witanowski M, StefaniakL, SzymanskiS, JanuszewskiH. J.

Magn. Reson.1977; 28: 217; (b) Witanowski M, Stefaniak L,
WebbGA. Annu.Repo.NMRSpectrosco.1981;11B; (c) Martin G,
Martin ML, GouesnardJP. NMR—BasicPrinciplesand Progress,
Vol. 18, 15N NMR Spectroscopy. Springer: Heidelberg, 1989;
(d) SrinivasanPR, Lichter RL. J. Magn. Reson.1977; 28: 227;
(e) ClaramuntRM, SanzD, López,C, JiménezJA, JimenoML,
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