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ABSTRACT: Results are reported of variable-temperattté cross-polarization magic angle spinning (CP/MAS)

NMR experiments performed oi®N,]-labelled polycrystalline 3,5-dibromokHkt1,2,4-triazole 2b) and 3,5-dichloro-
1H-1,2,4-triazole 8b), 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. The!®™N 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 kinetic2lpfand 3b 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-M distances. Copyrighl 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 energy difference between the two tautomers is very
large! only the 1H tautomer needs to be considered
Whereas the solid-state proton transfer of pyrazoles hasunder normal conditions. As pyrazoles, the triazoles are
been well established using solid-state NMR spectroscopy,at the same time hydrogen bond donors (HBD) and
little is known about the behaviour of the corresponding hydrogen bond acceptors (HBA). When N4 nitrogen acts
1,2,4-triazoles (Fig. 1). as HBA a ‘2-azaimidazole’ structure results, leading to
In principle, this class of molecules can form two more or less linear hydrogen-bonded chains (catemers)
non-equivalent tautomers with a proton either localized g depicted in Fig. 1. On the other hand, when the
on N1 (17 tautomer) or N4 (# tautomer). As the N2 nitrogen acts as HBA an ‘azapyrazole’ structure is
obtained which forms either zig-zag chains or cyclic
T This paper is dedicated to Professor Dr Harald hydrogen-bonded associates, as depicted in Fig. 1 for the
Giinther on the occasion of his 65th birthday. cyclic trimer. In the crystalline state the parent compound
* Correspondence toR. M. Claramunt, Departamento de iQuica 1 f.orms catemers, as has been found by. several workers
Organica y Biologa, Facultad de Ciencias, UNED, Senda del Rey 9, USINg x-ray crystallography and neutron diffractfot Up
E-28040 Madrid, Spain; e-mail: rclaramunt@ccia.uned.es to now, zig-zag chains have not been observed in the
gggfrawgram SponsorDG'CYT’ Comrawg'ram””mberPB%'Oom' case of triazoles. By contrast, cyclic trimers have been
Contract/grant sponsorComunidad de MadridContract/grant number recently observed by x-ray crystallography in the cases

07N/0001/1999. : f :
Contract/grant sponsarDeutsche Forschungsgemeinschaft. of 3,5-dibromo- (Za) and 3’5'd'Ch|9r9'H'1’2’4'tr'a20|e
Contract/grant sponsorFonds der Chemischen Industrie. (3a).6-8 These trimers are very similar to that formed
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TRIPLE PROTON TRANSFER IN CRYSTALLINE HALO-1,2,4-TRIAZOLES 605

by 3,5-dimethylpyrazole 4) (dmpz)>° 4-nitropyrazole EXPERIMENTAL
(5) (4no2pz) and 4-bromopyrazole)( (4brpz}* which
exhibit degenerate triple proton transfer in the solid state
as indicated in Fig. 1.

Syntheses

Melting-points were determined in a microscope hot-stage apparatus and
on a Seiko DSC 220C instrument with a scanning rate o @in?.
Commercial {°N,]hydrazine sulfate (95%3°N) was purchased from

T T T Chemotrade.
) N/’\{ H N/N Br N/N Cl Synthesis of 1H-['°’N,]1,2,4-triazole (1b). In a 100ml round-
\ / \ / \ / bottomed flask provided with a refrigerant and a magnetic stirrer were
N N N placed 0.774 g (0.0077 mol) of well powdered potassium hydrogencar-
4 bonate, 1g (0.0076 mol) ofN,]hydrazine sulfate, 0.405 g (0.005 mol)
H Br , Cl 3 of s-triazine and 40 ml of ethanol (water-free). This mixture was boiled
1

for 18 h under reflux. After cooling to room temperature, 90 ml of diethyl

a, unlabelled compounds; b, '5N,-labelled compounds (N1, N2) e_ther were added to the colourless r_eaction mixture and the salts were
filtered off. The ethanol—ether solution was removed under reduced

pressure. The residue was recrystallized from chloroform (m.p:@20

lit.** m.p. 120-121C). The total yield of H-[*°N,]1,2,4-triazole {b)

Whereas the reported x-ray structureatind3aindi- was 0414 (78%): I yield 35%.

cated localized NH protons, the endocyclic angles at the
nitrogen atoms seemed to be indicative of proton disorder. synthesis of 3,5-dibromo-1H-["*N,]1,2,4-triazole (2b). A solution
In order to resolve this contradiction we, decided to of 0.4149 (0.0058 mol) of H-{*°N,]1,2,4-triazole {b) in 10 ml of water

_ : - : : . was treated with 1.4 g of potassium hydrogencarbonate and then was
re-examine this problem using dynamic solid stét heated to 80C, and with stirring 0.66 ml (0.013 mol) of bromine in an

NMR spectroscopy of thé*N-labelled compoundb aqueous solution of potassium bromide (0.5 g of KBr in 1 ml of water)
and 3b. Some preliminary results indicated interesting was added. The reaction mixture was brought to ebullition to eliminate

the excess of bromine. After cooling, the reaction mixture was acidified
temperature-dependent spectral phenonﬁén‘ﬁhe syn- with hydrochloric acid. The precipitate was filtered off and washed with

thesis of2b and 3b and the results of the NMR study cold water. Compoun@b was crystallized from water (m.p. by DSC
are reported in this paper, including the thermodynamic 203.9°C; lit.* m.p. 210-211C); yield 1.32g (99%).
and kinetic parameters of the triple proton transfer pro- synthesis of 3,5-dichloro-TH-[""N,]1.2.4-triazole (3b). A 0.5

. K . . ynthesis o ,5-dichloro-1H- ,11,2,4-triazole . .
C?Sses acporgimg to Fig. 1, obtained bY lineshape analy'(0.00ZZ mol) amount of 3,5-dibromadt[15N,]1,2,4-triazole 2b),
sis. The kinetic results are compared with those obtained1.27 g of sodium chloride and 25 ml of concentrated hydrochloric acid

prev|0us|9—1l for 4.5 and 6. Moreover the structures of were mixed in a 250 ml Berghof high-pressure autoclave (maXimUm
' ’ working pressure 100 atm) and heated at X&@or 4 h. After cooling,

the triazole trimers W_ere calculated usial |_n|t|o meth- the reaction mixture was dropped into 5 ml of water and neutralized with
ods and compared with the crystallographic data. sodium hydroxide and evaporated to dryness. The residue was extracted
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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 Soxhiet apparatus Wit(h diethyl Sggr1?§ n. gompo?ggvgs isotopologs2b and 3b doubly labelled with'*N at the
crystallized trom benzene (m.p. by I.>" m.p. ) . s .
yield, 0.144 g (46%). adjacent positions N1 and N2 according to the route

depicted in Fig. 2 (see Experimental section).

NMR experiments
Crystallographic structures and structures
®N cross-polarization magic angle spinning (CP/MAS) calculated using ab initio methods
NMR experiments were performed using a Bruker
MSL 300 (7.1T) instrument at 300.13 MHz féH and In order to discuss the crystal structures of the triazoles
30.41 MHz for**N and a 5 mm Varian/Chemagnetics stan- studied by NMR, the relevant intra- and intermolecular
dard high-speed CP/MAS probe. A Varian/Chemagnetics parameters for3® and 2° were retrieved from the
temperature unit was used to control the temperature of Cambridge Structural Databd5¢VITRUL and NABVIV,
the cooling gas stream and a laboratory-built exchanger torespectively, October 1999 release, CSD-099 hereafter)
achieve low temperatures. To avoid problems at low tem- and are assembled in Table 1. The average values for
peratures caused by air moisture, pure nitrogen obtainedstructures containing substituted triazole rings both at C3
from evaporating liquid nitrogen was used as bearing, and C5 g < 0.10, no metals and no rings fused to the
driving and cooling gas. All chemical shifts are related triazole) retrieved from CSD-099 and the values for
to external®NH,CI and given with an error of 0.3ppm. as determined by x-ray analysis (TRAZOL®13nd by
CP/MAS spectra were measured using the usual CP pulseneutron diffraction at 15K (TRAZOLO04)are included.
sequence with a 6-10ms'H 90° pulse width, 3—6ms The values of the average bond angles for the 17
contact pulses and a 3-6s recycle delay; the number ofreported structures (21 fragments) excluding VITRUL
FIDs was between 100 and 500. The rotational frequenciesshow no significant differences from those reported by
were of about 6kHz*N-labelled tetramethyldibenzote- Goldsteinet al. in 19693 The angles at C3 and C5 show
traaza[14]annulene (TTAA) in a separate capsule was usedarger values of the standard deviations of the sample (in
to calibrate the internal temperature of the samples insideparentheses), probably owing to the electronic properties
the rotor?®*” The **N chemical shifts were obtained using of the substituents that open and close these angles
external polycrystalliné®NH,Cl as reference. In order to  depending on the withdrawing and donating character of
convert these data into the nitromethane scale, we usedhe substituent&
the relation® The bond angles at N1 and N2 are sensitive to the
8(CHsNO,) = 8(**NH,Cloys) — 3381 ppm (1) p?sirt]ion _of the tautorr?err]ic. H altjom(,j %pening fIthe %n%le
. . . . of the nitrogen to which it is bonded as reflected by
This equation differs from the relation the values for H-1,2,4-triazole itself and other AL
8(CHyNO,) = 8(**NH,Cliq) — 3529 ppm  (2) derivatives (C5—N1—N2> N1—N2—C3, Table 1).
where ®NH,Cl;, refers to a saturated solution of This relationship, also supported by thab initio
®NH,CI in D,0O at 298 K*® The differenc€®NH,Cleys — calculations, is of great help in cases where the hydrogen
NH,Cl;, = 17.2ppm arises from different intermolec- atom could not be properly obtained from difference
ular interactions. Because of the larger chemical shift synthesis (the difficulty of locating H atoms by x-ray
error in the nitromethane scale we use in this study the analysis is well known, even more so if these atoms are
solid ammonium chloride scale, and give the values in the disordered). Inl and 17 -unsubstituted analogues, either
nitromethane scale calculated using Eqn (1). experimentally omb 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-pyrazétes.
The calculations and drawings were carried out with the The ring in the VITRUL derivativeais symmetric, show-
Xtal® and Gaussian 9% set of programs running on a ing a binary axis passing through N4 and the midpoint
DEC3000-300X workstation. 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 Ni.In addition, the bond
angles of the other reported 3,5-dichlorotriazole bear-
ing a p-nitrophenyl group at N1 (SORBIR) are simi-
We prepared 3,5-dibromaHl-1,2,4-triazole 2a) and 3,5- lar to those considered typical for a non-disordered ring.
dichloro-1H-1,2,4-triazole 8a) and the corresponding In the 3,5-dibromo derivative NABVIV2a, which is

Ab initio calculations

RESULTS AND DISCUSSION

Syntheses

H H H
P L | &
r w (PNH,),H80, 5 Br/KBr N Br Nac1 HC, N o
X N — \ / - \ / autoclave \ /
X KHCO, \ N, KHCO#H,0 >7N 160°C N
1b Br  2p Cl 3b

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

Cl13

VITRUL NANVIV TRAZOLO1 TRAZOL0O4 Goldstein HF/6-311G* HF/6-311G* HF/6-311G*

Parameter 3 2 SORBIK 13 14 et al’ CSD-099 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) 1098 10975 1092
N1—N2—C3 105.3(6) 105.3(11) 101.3(3) 102.1(2) 102.67(4)  101.8(12) 101.3(10) 1025 10248 1019
N2—C3—N4 114.5(4) 111.9(12) 116.8(4) 114.6(2) 114.27(5)  115.8(9) 116.6(19) 1150 11490 1160
C3—N4—C5 100.6(5) 102.7(13) 101.7(3) 103.0(2) 102.90(4)  103.2(5)  102.2(12) 1025 10249 1016
N4—C5—N1 114.8(5) 118.8(11) 112.4(4) 110.1(2) 109.97(5)  110.7(6)  109.7(13) 1103 11038 1113
N2—N1—H1/R' 139(3) 126(—)  119.0(3) 123(1) 119.76(9) — 120 (4) 1207 12091 1214
C5—N1—H1/R' 115(2) 133(-)  132.6(4) 126(1) 129.89(9) — 129 (4) 1295 12934 1294
N---N 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
H-- N 1.96(4) 1.85(-) — 1.82(2) 1.7818(12) — — — — —
N—H-: - N 165(2) 177(-) — 161 (2) 168.21(16) — — — — —

SI10ZVIYL-¥Z'T-OTVH INITIVLSAYO NI ¥3F4SNVHL NOLOYd F1dIdL

2The trimeric associatiorof 3,5-dichloro-H-1,2,4-triazole3 (CSD refcodeVITRUL) hasbeenincludedto illustrate the numberingsystem.In SORBIK, R! = p-nitropheny] otherwise

R! = H. A dashmeansthatthe NH hydrogenatom position was not refined.

109



608 M. A. GARJA ET AL

pseudoisomorphous with VITRUBa, the bond pattern 9 ? i
is distorted from the usual values (Table 1), suggesting o . ~— o]
partial proton disorder and hence the reported H position h h
should correspond to the one with a lower occupancy })—‘Ci
factor. g
In the ab initio calculations, several angular distortions 2 4 3
are observed on comparing the bond angled @ind 3 o/& ?
(Table 1). These distortions, governed by the electronic 0 O —°
properties of the substituents, follow the same qualitative }3 £
trends as in benzenésj.e. the chlorine atom opens the d . 2\
ipso angle and closes the adjacent ones by ar®l 0.8
(Table 1) versus 1:9and —1.4° in benzene& o 5] 7 7
Figures 3 and 4 illustrate the crystal packing of N& O\O/k\o ________ ol

1 (TRAZOLO1) and 3a (VITRUL), respectively Pa, N1
NABVIV, is pseudoisomorphous witBa). Two hydrogen

bond motives are observed as far as the N—N

interactions are concerned. The molecules linare (@
arranged in chains parallel to theiraxis [Fig. 3(a)] via
N1—H1---N4 (1/2+x, y, —1/2 —z) hydrogen bonds
(Table 1) and the chains, connected by C5—HHN2 Z>( :><
(—x, 1/2+y, 1/2 — z) contacts, form corrugated sheets
[Fig. 3(b)] parallel to theab plane [H5--N2, C5--N2, a_ o

C5—H5 --N2 = 2.48(2), 3.301(3)A, 130(2)] and the }

I

distance between them 52 = 4.49A. In VITRUL,

the molecules are arranged in planar trimers [Fig. 4(a) -
and (b)] through hydrogen bonds in which contiguous o o
nitrogen atoms are involved: N1—H1IN2 (1—x + y,
1—x,1/2—z) (Table 1). The trimers lie in planes parallel ®

to theab plane without any hydrogen interactions between Figure 3. Secondary structure of 1H-1,2,4-triazole (CSD
them. The distance between the planes of the trimers,refcode: TRAZOLO1) showing (a) the atomic numbering
/2 = 3.33A, is shorter than in the parent compound. scheme and the packing of molgcules in sheets parallel
There are no significant differences either between the t© the ab plane and (b) the packing of sheets along the

o . . a axis. The atoms are shown as spheres of arbitrary radii
N---N distances in2a and 3a or between the parent and dotted and dashed lines represent N—H---N and
compoundl and 3a.

C—H---N hydrogen interactions, respectively.

7
Yy
AN

C—C—=COER=C=GOD~0-0 C—C—GOeR-Co~CHOD=£0-0

C-CF~ORO~C-80O—80—0 C-CE~OR0~0-e00—80—0

b
(d)

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—H- - -N hydrogen bonds.

Copyright0 2000JohnWiley & Sons,Ltd. Magn. ResonChem.2000; 38: 604-614
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In summary, and considering the influence of the
substituents, either from a crystallographic or a quantum

609

At low temperatures, all compounds give rise to
a high-frequency line arising from the imino nitrogen

chemical analysis the bond angles pattern suggests aN2 and a low-frequency line arising from the amino

complete proton disorder (50:50) for the 3,5-dichloro-
derivative 3a whereas the 3,5-dibromadt1,2,4-triazole
(2a) is only partially disordered. In addition, both
compounds form a cyclic hydrogen bond motif, which,
as in pyrazole$; 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—H1
120 and C5—N1—H1 = 130 (TRAZOLO4, CSD-
099 and all calculations). SORBIK, an N1-substituted
compound, also obeys that rule, but TRAZOLO1 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 138 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 H-
and ZXH-tautomers in a 45:55 ratio. Note that the
less populated tautomer corresponds to the localized
proton. The results concerning NANVI\2a cannot
be properly analyzed even considering that the proton
has probably been localized on the less populated
tautomer.

Variable-temperature solid-state "N NMR
spectroscopy

Figure 5 depicts the superposed experimental and
calculated ®™N CP/MAS NMR spectra of dbrtz 2p)
and of dcltz 8b). For comparison we also show the

nitrogen N1. The line splitting corresponds to the intrinsic
splitting Av = §(—N=) — §(NH) x 30.41 x 1(° 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 v < Av is observed for dcltz. As shown
before!”?” these findings indicate a degenerate proton
tautomerism in dmpz but a non-degenerate process in
dcltz, where the equilibrium constant is given by

szlz/kz]_:Xz/Xl: (1-5U/AV)/(1+8U/AU) (3)

In other words,K = 1 in the case of dmpz bk < 1
in the case of dcltz. Thév values of the latter decrease
with increasing temperature &sincreases.

K was obtained frondv and Av at high temperatures
using Eqgn (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 linewidthWw, were determined at high and
low temperatures by lineshape analysis. For dcBh),(

a single constant value d¥, = 150 Hz was employed

to simulate the spectra in the whole temperature range.
In the case of dbrtz2p) a large value,W, = 300 Hz,

had to be used. These values are much larger than those
found previously 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 singhfN-labelled materials

corresponding spectra of dmp4) @dapted from Ref. 10.  where spin diffusion artifacts are suppres&edor the

All spectra contain the four sharp lines of TTAA added discussion of the kinetic parameters of dcltz we therefore
in order to obtain the sample temperature using the consider only the values obtained in the usual way
calibration data of Ref. 17. All spectral parameters, rate around the coalescence point around 210K by lineshape
and equilibrium constants determining the lineshapes areanalysis®’

given in Table 3 and the intrinsic nitrogen chemical shifts  The case of dbrtz is similar to that of dcltz, but
in Table 4. the intrinsic linewidths are even larger. Strong lineshape

Table 2. Interpolation results®

1 (x-ray) 1 (neutron) 1(6-31Q) 1(6-311G*) 3 (6-31G*)

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

1 X-ray 1000 0.0 100.1 -7.6 1055 -55 106.2 5.2 113.7 2.7

1 Neutron 99.9 7.0 1000 00 105.3 2.3 106.1 2.6 113.6 105

1 6-31G* 95.1 4.9 948 -23 1000 0.0 100.7 -0.3 108.2 8.2

1 6-311G* 94.4 4.7 941 -25 99.3 -0.3 1000 0.0 107.5 7.9

X-ray 32.1 39.5 27.0 35.0 30.1 38.4 30.5 38.8 384 46.6

3 6-31G* 87.7 25 86.8 —10.2 91.8 -8.2 924 -80 1000 00

2 X-ray —8.6 395 -16.9 350 -15.1 384 -149 38.4 -6.8 46.6

2 X-ray (inv) 395 -86 35.0 -16.9 384 -15.1 38.8 -14.9 46,6 —6.8

2The interpolation equations used are as follows: % tautomer using the angle enlRQ ((C5—N1—N2] — [N1—N2—C5]/[C5—N1—N2] —
[N1—N2—C3]) and % tautomer using the angle on N2100 ([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.

Copyrightd 2000 John Wiley & Sons, Ltd. Magn. Reson. Chen2000; 38: 604—614
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Figure 5. Superposed experimental and calculated 30.41MHz "N CP/MAS NMR spectra of 95% '">N-enriched

dmpz (adapted from Ref. 10),

shift values, reference solid 'NH,Cl; lower

dcltz and dbrtz as
values,

a function of the temperature.
reference liquid CH3NO,. The

Upper chemical
sharp lines with

strongly temperature-dependent line positions stem from TTAA (tetramethyldibenzotetraaza[14]annulene-">Ng) or
1,8-dihydro-5,7,12,14-tetramethyldibenzo(b,i)-'°>N4-(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 v was also obtained by
lineshape analysis. However, the two lines at room
temperatureexhibit remarkedly different widths, and
at higher temperaturessharp featuresrevealing further
dynamicprocessesr phenomenavhoseorigin could not
yet be analysedin this study. They might be tentatively
assignedto residual dipolar couplings to bromine?
Similar non-resolvedcouplingsto chlorine may alsolead
to the large linewidth of dcltz. Anyway, in the caseof
dbrtz we only take the rate constantsk;, determinedby
lineshapesimulationaround250K into account.

Discussion of the kinetic results

In Fig. 6 we have plotted the rate constantsk;, of dcltz
and dbrtz in an Arrhenius diagramas a function of the

Copyright0 2000JohnWiley & Sons,Ltd.

inverse temperature From a linear least-squaresitting
we obtain activation enegies 21 and 19kJmol~! and
the pre-exponentialfactors 10°2 and 10"2s™%. In view
of the limited temperaturerange and the limitations of
the lineshapemethod,thesevaluesare subjectto a large
unknown mamgin of error. Neverthelessthey seemto
indicate frequencyfactors which are much smaller than
the usual value of 102-10"s™! found for solid-state
proton transferof other azolesl® 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 temperaturelependencevas calculatedby
non-linear least-squareslata fitting to the experimental
rate constantsusing a modified Bell tunnelling model

Magn. ResonChem.2000; 38: 604-614



TRIPLE PROTON TRANSFER IN CRYSTALLINE HALO-1,2,4-TRIAZOLES 611

described previousBfi*? based on a more or less 124
concerted triple proton transfer process involving a single ~ 10
barrier. These curves depend on the following parameters: i 8
o)
o 6]
() E, represents a minimum energy for tunnelling to 4 4no2pz
occur. It represents a contribution arising from heavy 5 AN ——
atom reorganizatioprecedingthe hydron tunnelling o dmpz =

process af = 0; _2:
(i) Eq4 is the barrier height for the triple proton transfer;

4brpz

(iii) 2a is the barrier width of the H transfer i at energy _g'
En, e
(iv) a single frequency factot (in s) is used which is _80 2 A 5 8
allowed to vary between 1band 10° s?; 1000/T [K™']
h nnelling m re given in th i
V) ::aesetub el g_ a?)Sj_eZ a ewﬁxi til1e tﬂrests'[ti?r\;vse Figure 6. Arrhenius diagram of the triple proton transfer
Y Mt = . in dcltz and dbrtz. For comparison the calculated

represents the mfa_ss of three moving PrOtO”S and theArrhenius curves of the corresponding processes in dmpz,
second is an additional term representing heavy atom4n02pz and 4brpz published in Ref. 11 are also shown.
reorganization during the tunnelling process.

We notethatthekinetic dataobtainedherefor dcltz and
dbrtz exhibit a very similar behaviourto those obtained
previouslyfor 4no2pzand4brpz,but the kineticsaresub-
stantially fasterthanin the caseof dmpz.In otherwords,
dbrtz 2b) dcltz (3b) asfar asthe triple protontransfercharacteristicsre con-
cerned triazolesand pyrazolescanbe discussedn terms

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

T (K) K k12 T (K) K k12 A e . .
of a relatedseriesof moleculesThis finding assistausto
g%i 8"3‘ g - ggé 8;2 - constructhetemperaturelependencef therateconstants
‘ - : T of triple proton transferin the triazole casesby taking

320 0.37 >20000 305 0.69 —

309 036 ~18000 284 068 B mosttunnellingparameterérom the pyrazoleseriesOnly

E., and E; werevariedslightly. The resultsare givenin

250 0.3% 4300 277 0.67 —

242 0.30 1100 268 0.66 _ Table 5. Naturally, the temperaturalependenc@roposed
230 0.29 ~800 256 0.65 _ shouldbe confirmedby additionalexperiments.

210 0.2? ~350 248 0.6%  >20000 In order to evaluate the different proton transfer
208 0.28 ~300 239 0.68 ~20000

203 0.26 ~200 228 0.62 10500 Table 5. Molecular and dynamic properties of compounds

200 0.28 ~170 217 0.64 4700 2_6°
178 0.28 ~100 209 0.60 4500
204 0.59 3700 Eq4 En E4q+En LogA Am 2a

199 0.58 2700
189 058 leoo  dctz(® 335 67 402 123 28 043
160  05®  -100 dmpz(4) 481 84 565 123 2.8 0.3

4no2pz(5) 360 7.5 435 123 2.8 039

3K = equilibrium constantk;, = rate constant of proton tautomerism  4brpz(6) 380 75 455 123 28 0.39
as defined in Eqgn (3).
®Extrapolated values from high temperature using the van't Hoff 2ParametersfthemodifiedBell tunnelingmodel:barrierheightE4 and
equation. Further parameters of the lineshape analygis= 300 Hz minimum enegy for tunneling E,,, in kJmol=*, barrierwidth 2a in A,
for 2b; W, = 150 Hz for3b constant over the whole temperature range. frequencyfactorA in s (tunnelingmassesni™t = 3+ A,,).

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

S(—N=)"  S(N—H)® §(—N=)> §(N—H)° A R(N---N) (&)  R(NH) (B)  R(H---N) (A)

dbrtz (2) 2405 1773 ~97.6 —1608 63.2 2.86 1.045 1.825
dcltz (3) 2278 1686 ~1103 ~1695 60.5 2.83 1.055 1.775
dmpz (4) 2413 1668 ~1116 -1861 745 2.98 1.04 1.94
4no2pz(5) 2432 1707 ~1097 -1822 725 2.87 1.045 1.825
4brpz (6) 2470 1723 —1059 —1806 747 2.89 1.04 1.85
Porphyrin 215 107 ~137.9 —2459 108 2.89 1.03 2.28
Porphycene 187 135 —1659 —217.9 46 2.63 1.10 1.60

aReferencesolid **NH,Cl; ppm valuesare given with a magin of error of £0.3ppm.
b Nitromethanescales(CH;NO,) = §(NH,CI) — 3381 ppm18
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Figure 7. Sum of the minimum energy for tunneling to
occur, Ey,, and the barrier height, E4, 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 E,, + E4 as a function
of the crystallographicN---N distances.We obtain a
correlationwhich seemgo be significant:whentheN- - -N

distancesare increasedbecauseof substituenteffects or

crystalpackingforces,the barrierheightof protontransfer
increasesa very plausibleresult.

If one assumeghat the barriersare proportionalto a
parameterthe molar refractivity MR, which represents
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 additionalhypothesisthat the replacemenof
C4-H (pyrazoles)by N4 (1,2,4-triazoles)ecreasedoth
E4 (14.8kJmol™t) and E,,, (1.9kJmol™?).

For the five compoundsn Table5 (2, MR = 0.60; 3,
MR = 0.89;4, MR = 0.56;5 and6, MR = 0.10) we have

Eq = (3444 0.8) + (24.6 + 1.5)MR, R? = 0.989
Em= (7.3£0.1) + (204 0.1)MR, R? = 0.991
Eg+En = (4174 0.8) + (265 + 1.4)MR, R? = 0.992

Discussion of hydrogen bond geometry and "°N
chemical shifts

In this sectionwe will discusshow well the compounds
studied here fit into the well-known hydrogen bond
geometry correlation of N—H---N hydrogen bonds
proposedon the basis of neutron structuresby Steiner
and Saenge¥3® and Gilli et al.* and from NMR and
theoreticaldata®? This correlationfor the two N—H

andthe H- - -N distances; andr, canbe written as

r; =19 — bIn[1 — exp[—(ry — ro)/b]] 4

with » = 0.404A andr, = 0.99A. This hydrogenbond
correlationcan also be written as a correlationbetween
the two coordinatesg, = r; +r, andg; = 1/2(r1 — 1),

where g, representghe N---N distancein the caseof

a linear hydrogenbond and ¢, the averagedistanceof

the protonto the hydrogenbond center.From Eqgn (4), it

follows that

g2 = 2ro + 291 + 2b In[1 + exp(—2¢,/b)] )
with b = 0.404A andr, = 0.997A.

Copyright0 2000JohnWiley & Sons,Ltd.

In Fig. 8(a) we have plotted the correlationcurve g,
as a function of ¢, accordingto Eqgn (5) asa solid line,
togethemwith the valuesfor pyrazoleandtriazoletrimers,
togetherwith valuestaken from Ref. 11 for porphyrin
and porphycene.Each pair of circles at a given value
of ¢, indicatesthe two quasi-degeneratautomericstates
betweenwhich the protontransferoccur. The correlation
line is a crudeguidelineof the two-dimensionaminimum
reaction enegy pathway. This pathway will consist of
a combination of a hydrogen bond compression,i.e.
the motion along the correlationline, and actual proton
transferat a constantreducedy, value. The experimental
data points were obtainedas follows. Assumingthat all
hydrogerbondsarequasi-lineaiin the caseof thetriazoles
and pyrazoles,we can take the crystallographicN- - -N
distancesas approximationdor ¢,. Thenwe calculateq;
by solving Egn (5) for eachpoint. Naturally, the resultis
thatall datapointsarelocatedon the correlationcurvein
Fig. 8(a).In otherwords,usingthe correlationwe estimate
theN- - -H andH- - -N distancedor the variouscompounds
includedin Table 5. For example,we obtain a value of
1.04A for the NH distancein dmpz,which comparesvell
with the ND distanceof 1.05A determinedpreviously
using dipolar solid-state®N NMR.** This indicatesthat
the assumptionof quasi-linearhydrogenbondsin dmpz
is well fulfilled. For comparison,we have added the
correspondingvalues of the non-linear hydrogenbonds
of porphyceneandporphyrinaccordingto the analysisof
Ref. 26.

Let usnow askwhetherandhow the nitrogenchemical
shifts reflect the hydrogen bond geometries.For this
purposewe haveplottedin Fig. 8(b) the N- - -H distance
as a function of the nitrogen chemical shift for each
compound. As proposed previously®* we expressthe
nitrogenchemicalshift in termsof the equation

8(®N) = 8., — Agexp[—(ri — ro)/b] (6)

wherer; istheN- - -H distance§,, is thenitrogenchemical
shift at very large N---H distancesand 6., — A, is the
value of the chemicalshift at r, = r,. The calculated
curvesin Fig. 8(b) were obtainedwith the valuess,, =

260ppmand A, = 90ppmfor the pyrazolesandtriazoles
andé,, = 220ppm and A, = 120ppm for porphyrinand
porphycenelt is clear that the nitrogen chemicalshifts
are both influencedby the chemicalstructureand by the
hydrogenbond geometry.Only within a given seriesis

it possibleto associatethe nitrogen chemical shift with

changeof the hydrogenbond geometriesalone.

By contrast,if we plot the intrinsic chemical shift
differencedetweertheprotonatecandthe non-protonated
nitrogenatomswe obtainthe graphin Fig. 8(c). The solid
line was calculatedfrom Eqns(5) and(6). It is seenthat
is a bettermeasureof the protontransfercoordinatey;.

CONCLUSIONS
We haveshownthat substitutedriazolescanform cyclic
trimers in the solid statelike suitably substitutedpyra-

zolesin which degenerat®r quasi-degeneratiiple pro-
ton transfertakesplace.Thetriple protontransferkinetics

Magn. ResonChem.2000; 38: 604-614
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Figure 8. (a) Hydrogen bond correlation for triazoles (),
pyrazoles (®), porphyrin and porphycene (*). Data from
this study and from Ref. 26. ry and r, represent the two
N- - -H distances of the corresponding N—H- - -N hydrogen
bonds, g = 1/2(ry — r;) the proton transfer coordinate
and g; = ry + r; the heavy atom coordinates. The solid
line was calculated according to Eqgn (5). (b) Dependence
of the associated >N chemical shifts as a function of
the N.--H distance. Reference solid ">NH4Cl. The solid
line was calculated according to Eqns (5) and (6). (c)
Intrinsic chemical shift difference of the two >N nuclei
of the N—H- - -N units as a function of g;. The solid line
was calculated according to Eqns (5) and (6). For further
information, see text.

are similar to those of the pyrazoleswhere a concerted
triple protontransfertaking placeat low temperaturedy
tunnelling has beenestablishedpreviously®!! by deter-
mining rate constantsand multiple kinetic H/D isotope
effectsin alarge temperatureange.The tunnelling anal-
ysisshowsamonotonicincreasen the protontransferbar-
rier with increasingN- - -N hydrogenbonddistancesThe
different chemical and crystallographicstructure of the
various pyrazolesand triazolesconsideredseems there-
fore, to influencethe protontransferbarrieronly indirectly
via a different hydrogenbond geometryrather than by
directelectroniceffects.UsingtheNH- - -N hydrogerbond
geometrycorrelationestablishedecently*°-32 it is possi-
ble to deriveN- - -H distance®f the orderof 1.05A which
are in good agreementwith those obtainedby crystal-
lographyand dipolar NMR.3* Finally, the intrinsic nitro-
genchemicalshifts of pyrazolesandtriazolesarerelated
roughly in a simpleway to the hydrogenbond geometry.

Copyright 2000JohnWiley & Sons,Ltd.
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