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Using dynamic solid state 5N CPMAS NMR spectroscopy (CP=cross polarization, MAS=magic angle spin-
ning) the kinetics of the degenerate intermolecular triple proton and deuteron transfer in the cyclic trimers of
5N-labeled polycrystalline 3,5-dimethylpyrazole (DMP) have been studied in a wide temperature range. At high
temperatures, rate constants of the various isotopic HHH, HHD, HDD, and DDD transfer reactions are obtained
in the millisecond fimescale by lineshape analysis of partially deuterated doubly 15N-labeled DMP. At low tem-
peratures, the kinetics were followed by magnetization transfer methods in the laboratory frame. In order to sup-
press artifacts arising from 5N-spin diffusion these experiments were performed on singly 5N labeled DMP,
partially diluted in the non-labeled material. As multiple kinetic hydrogen/deuterium isotope effects on triple
proton transfer reactions have not yet been studied these effects are modeled theoretically for the single barrier
case involving a concerted proton motion and for the triple barrier case where the three protons are transferred
stepwise. The experimental kinetic isotope effects obey the rule of the geometric mean, i.e. e HHH /f HHD  p HHD
kHDD _ ( HDD /DDD _ 3 ¢ e = kHHH/kDDD <47 at 300K, which is indicative of a single barrier where all
hydrons loose zero-point energy in the transition state. At low temperatures, strong deviations from an Arrhenius
behavior are observed for all isotopic reactions, indicating incoherent triple hydron tunneling processes, which
are described in terms of a modified Bell tunneling model.
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1. Introduction

In the past years dynamic variable temperature BN
CPMAS NMR spectroscopy (CP=cross polarization,
MAS=magic angle spinning) of I5N-labeled heterocyclic
compounds has been shown to be a convenient method in
order to follow the kinetics of intramolecular double [t] and
single proton transfer reactions {2]. Recently, it was shown
that this method could also be used for the determination
of kinetic hydrogen/deuterium isotope effects from which
interesting information about the reaction mechanism is ob-
tained [3, 4]. For example, in the case of the double proton
transfer in solid porphyrin [t k] the transfer was shown to
be stepwise involving tunneling at low temperatures. The
stepwise mechanism was shown to be a consequence of the
properties of the porphyrin skeleton which does not allow
the simultaneous formation and compression of two co-
operative intramolecular NH - - N hydrogen bonds. By con-
trast, this phenomenon can occur in the case of intermolec-
ular double proton transfer systems [4]. Unfortunately, un-
til recently intermolecular solid state double proton trans-
fers which could by studied be NMR were rare. Exceptions
are the cyclic dimers of carboxylic acids (Fig. 1a) whose
tautomerism including kinetic HH/HD/DD isotope effects
were studied using 'H and 2H solid state NMR relaxometry
(5], and very recently the case of diarylformamidines
(Fig. 1b) [6]. These studies indeed indicated concerted dou-
ble proton transfers involving tunneling at low tempera-
tures, as was proposed also in the case of some liquid state
double proton transfers [4].
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Some time ago a most versatile series of intermolecular
multiple proton transfer systems was proposed by Elguero
et al. [7], i.e. substituted pyrazoles (Fig. 1 ¢) which can be
regarded as molecular synthons in order to build up various
supramolecular hydrogen-bonded structures, such as linear
chains, helices and cyclic hydrogen-bonded dimers, trimers,
tetramers etc. The structure and multiple proton dynamics
of solid pyrazoles have been studied by a combination of x-
ray crystallography and solid state NMR methods [7a —p]
as well as by ab-initio quantum-mechanical calculations
[7p]. Depending on the substituents degenerate double, tri-
ple or quadruple proton transfers have been observed.
Thus, these systems constitute an interesting series of com-
pounds where the influence of the number of protons trans-
ferred on the reaction mechanism can be studied. E.g., it
seems possible that the proton transfer is concerted for a
small number of protons transferred but stepwise when this
number becomes larger [7p]. Therefore, pyrazoles consti-
tute in a similar way as hydrogen-bonded associates of HF
[8] interesting model systems for multiple proton transfer
even in protic environments.

In this paper we are concerned with the degenerate triple
proton transfer in solid 3,5-dimethylpyrazole (DMP), the
first compound in this series which was shown by solid state
NMR to exhibit a degenerate solid state triple proton
tautomerism [7a,b,c,f]. DMP crystallizes in columns of
cyclic trimers (Fig. 2a,b), and the dynamic disorder arising
from the degenerate tautomerism leads to an effective x-ray
Dy, symmetry where all nitrogen atoms are characterized
by a formal average proton density of J. Using SN NMR
some preliminary kinetic HHH/DDD isotope effects have
been observed which were larger than 20 at room tempera-
ture [7b]. In addition, at low temperatures, evidence for a
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Intermolecular multiple proton transfer reactions in solids. (a) Cyclic
dimers of carboxylic acids. (b) Cyclic formamidine dimers. (c) Cyclic
dimers, trimers and tetramers of pyrazole derivatives

non-Arrhenius behavior of the triple proton transfer was
obtained [7c¢]. These results incited us, therefore, to study
the full kinetic HHH/HHD/HDD/DDD isotope effects in
a large temperature range, because such effects have not yet
been described; their knowledge seemed us desirable in
order 1o elucidate the reaction mechanism in the case of
DMP and to advance the theory of kinetic hydrogen/deute-
rium isotope effects. It will be shown that these isotope ef-
fects provide evidence for a single barrier process involving
a compressed transition state where all mobile protons have
lost considerable zero-point energies. At low temperatures
tunneling becomes visible in the Arrhenius curves of all
isotopic reactions, simulated in terms of a tunneling model
based on the Bell model [9].

In this paper we, therefore, report the results of a study
of the full multiple hydrogen/deuterium isotope effects in
crystalline DMP. For this purpose, N CPMAS NMR ex-
periments were performed on doubly and singly PN-la-
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The crystal structure of DMP according to Ref. [7a]. The compound
crystallizes in the R3¢ space group. (a) View of the cyclic trimer pro-
jected along the ¢ axis. (b) Molecular packing view projected along the
b axis showing the planarity of the trimer. (c) Schematic representation
of the triple proton transfer in solid DMP

beled and partially deuterated polycrystalline DMP which
include lineshape analysis as well as magnetization transfer
experiments which have been shown to provide rate
constants in the millisecond to second timescale [1g]. The
>N isotopic dilution experiments were necessary in order
to exclude '°N spin diffusion mediated by protons [1g, 10].

The paper is organized as follows. After an experimental
section we present the results of the dynamic NMR experi-
ments used as a tool to study the multiple kinetic isotope
effects of the tautomerism of DMP in the solid state. On the
basis of these results the mechanism of the transfer process
is then discussed. For this purpose predictions of kinetic
isotope effects for synchronous and stepwise jumps of three
protons in the absence and presence of tunneling are
derived.

2. Experimental Section

2.1 Materials

DMP-‘SNZ 1 was synthesized according to procedures
reported in the literature starting from doubly SN-labeled
hydrazine sulfate [11]. The singly labeled compound DMP-
N-N 2 was prepared in a similar way using singly N-
labeled hydrazine sulfate. The latter was synthesized star-
ting from 'SNH3 and hydroxylamine-O-sulphonic acid [12}.
Dilute samples of 2 were prepared by dissolving desired
quantities of DMP-"“N-"N and DMP-MNZ in diethylether
followed by evaporation of the solvent.

The desired deuterium fractions xp in the mobile proton
sites 1 were achieved by mixing CH;OD as deuterating
agent and CH3;OH in the corresponding amounts under
argon atmosphere followed by evaporation of the solvent in
vacuo.



2.2 'N CPMAS NMR Measurements

The "N-CPMAS-NMR experiments were performed us-
ing Bruker CXP 100 (2.1 Tesla, 90.02 MHz for 'H and
9.12 MHz for 15N, 7mm Doty standard CPMAS probe)
and Bruker MSL 300 (2.1 Tesla, 300.13 MHz for 'H and
30.41 MHz for N, S mm high speed Doty CPMAS probe)
spectrometers. For both spectrometers spinning speeds were
so high (2.5 and 9 kHz) that rotational side bandes could be
avoided. Because of sample heating in the case of the high
speed probe [!3], a small quantity of ’N-labeled tetra-
methyltetraaza[i4)annulene (TTAA) was added in a
separate capsule into the high-speed 5 mm rotors in order to
obtain the sample temperatures from the temperature-de-
pendent '°N chemical shifts of TTAA [7f, 13]. In the case
of the standard CPMAS probe the sample temperatures
were measured using a PT-100 platinum resistance thermo-
meter placed inside the gas supply close to the stator. On
both spectrometers a Bruker B-VT-1000 temperature unit
was used to control the temperature of the bearing gas
stream and a home-built heat exchanger [14] to achieve low
temperatures. Throughout this study pure nitrogen was
used as bearing and driving gas. All chemical shifts are
related to external solid 15NI—I4C] and given with an error of
+0.3 ppm.

Standard CPMAS spectra were measured using the usual
CP pulse sequence [15] and the lineshape analyses done as
described previously {3a]. The magnetization transfer ex-
periments in the laboratory frame between the amino nitro-
gen magnetization S and the imino nitrogen magnetization
X were performed using a sequence described previously
[1g, 9]. In these experiments S and X are created by cross
polarization and stored by 90° pulses parallel to the
magnetic field By. The time dependence during this period
is monitored after application of a second 90° pulse. The
dependence is given by [1g]

S+X =(So+ Xo)exp (~pt) ,
S-X=(Syg—Xg)exp(—(p+a+2k)t) , (1)

where p = 1/T, represents the longitudinal relaxation rate,
o the rate of spin diffusion between S and X, and & the rate
constant of the degenerate exchange between the two sites
[1g]. Two experiments are performed by setting a time in-
terval f; between the spin lock pulses and the 90° pulse
either to 0 or to 1/2(vg~vy), where vg and vy represent
the chemical shifts in Hz of the exchanging sites. In the
“parallel” experiment (i) S, and X have the same sign and
are almost equal. Therefore S—X =0 and § and X each
decay with the longitudinal relaxation rate p. In the “anti-
parallel” experiment (ii) Sy and X, are antiparallel, i.e.
So= — Xy, and each magnetization decays with p+o+2k
in time. As p is already known from experiment (i) the sum
o + 2k is obtained in experiment (ii). Various stratagems
have been proposed in order to obtain ¢ and k separately.
Here we exploit the circumstance that ¢ is strongly depen-
dent on the distance between the '>N nuclei in contrast to
k. Thus. ¢ could be minimized by performing the magnet-

ization transfer experiments on singly I’N-labeled DMP
instead of using the doubly labeled material.

3. Results

In this section we report the results of the dynamic '°N
CPMAS NMR experiments performed on polycrystalline
DMP as a function of the deuterium fraction xp in the
mobile proton sites. At xp >0 cyclic trimers containing the
mobile hydron combinations HHH, HHD, HDD, and
DDD are present in-a polycrystalline sample. In the case of
a statistic isotopic distribution the mole fractions of the
various isotopomers are given by

Xunp = (1=xp)* , Xuup = 31 —xp)xp

Xupp = 3(1 —Xp)XD . Xppp = Xb e

and are depicted in Fig. 3 as a function of x. In principle,
the rate constant A**% of the triple hydron transfer in a
given isotopomeric trimer could depend on the isotopic
composition of the surrounding trimers. However, we did
not find any evidence in this study for such a dependence.
Therefore, we treat polycrystalline samples of DMP at
deuterium fractions x>0 as a statistical static mixture of
the various independent isotopomeric trimers LLL, each
characterized by a single triple hydron transfer rate
constant kL,
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Fig. 3
Mole fractions of the isotopomeric trimers HHH, HHD, HDD, and
DDD calculated for a statistical distribution according to Eq. (2)

In the following, we firstly describe the determination of
the rate constants of the isotopic reactions around and
below room temperature using "N CPMAS NMR
lineshape analysis. Then the results of the magnetization
transfer experiments performed at low temperatures are re-
ported. All kinetic data obtained are assembled in Tables |
and 2,
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Table
Rate constants of the proton and deuteron transfer in polycrystalline
DMP obtained by "N CPMAS NMR lineshape analysis

Table 4
Summary of kinctic results of the triple hydron transfer in poly-
crystalline 3,5-dimethyipyrazole

T/K A.HHH T/K /\,HHH T/K kHHD T/K A.IIDD T/K kDDD LLL logAL Eau,L Tm‘m Tnmx 300 K 300 K
291 650 323 4050 318 820 318 260 331 220 HHH 25 10.0 111 166 KkHHR qo16  k"HH/ 47
00 990 326 4950 328 1700 328  S00 347 620 4 13.3 190 230 4 ODD
302 1100 328 5600 333 2370 333 780 354 870 9.4 359 230 290
106 1450 332 6900 340 3400 340 1100 361 1250 11.5  53.6 291 344
309 1850 336 8800 345 4400 345 1500 HHD 3.54 18 160 229 KHHD 2705 kHHH, 3R
313 2350 340 10600 350 5400 350 2100 (15 558 318 364 JHHD
320 3400 344 13100 356 7500 356 2900 D i
364 12100 364 4400 HDD 9.7 456 222 238 KM 73.5 kHHD, 37
11.5  57.0 318 364 £HDPD
DDD 9.5 479 222 286 kMPD 216 £PPP/ 34
Table 2 1.5 59.9 274 361 kPPP

Rate constants of the triple proton transfer in polycrystalline DMP
abtained by '*N-magnetization transfer experiments at 30.41 MHz on
singly '*N-labeled DMP at x, =0

T/K kHHB o=V T/K gHHH g-1 gy g HHH o= K e HHB 6=

130 0.017%) 230 13.4%) 122 0.019Y) 175 0.279
131 0.022%) 240 28%) 129 0.019%) 185 0.519
158 0.09%) 249 539 193 0.969
196 1.5%) 261 107%) 203 1.89
208 2.8%) 272 175%)

) 100% singly labeled DMP
*) 35% singly labeled DMP
Y 10% singly labeled DMP

Table 3

Rate constants of the triple hydron transfer in polycrystalline DMP
obtained by ISN-magnetization transfer experiments at 30.41 MHz on
singly '’N-labeled DMP at various deuterium fractions xp

T/K  kHHH/g-!  jHHD -1 /g g HDD/g-1  fDDD/g-1
160 0.08 0.006 211 0.06 0.005
177 0.27 0.017 222 0.085 0.027
190 I 0.04 230 0.3 0.045
200 1.8 0.05 231 0.25 0.044
210 2.65 0.08 238 0.5 0.08
220 5.58 0.21 240 0.4 0.15
229 7.8 0.45 241 0.4 0.16
253 2.0 0.33
262 5.0 1.0
274 7.9 2.3
286 24 7.2

KHHM and kHHD were oblained from a sample with xp = 0.2 and
440D and kPPP from a sample with x, = 0.8

3.1 >N CPMAS NMR Lineshape Analysis
3.1.1 Determination of kAR g (PPP

In a first stage, spectra of DMP were measured and
analyzed at xp = 0 and 1 at different temperatures in order
to obtain kHHH and kPPP. Some 30.41 MHz '*N CPMAS
NMR spectra are shown in Fig. 4. As reported already in
Refs. [7b, f], at low temperature two signals are observed at
166.8 and 241.3 ppm for the amino-(—~NH -, ~ND-)and
imino-(— N =) nitrogen atom sites. As the cross polariza-

Frequency factors ALLE §n 57! activation energies EaLLL in kJ mol™",
kLLL rate constants of triple hydron transfer in s™', T, Thax tem-
perature range

T//K kHHH/g—] T/K kDDD/S—l
368 > 27000 361 1250
344 13100 354 870
326 4950 347 620
313 2400 331 220
302 1100 306 < 50
370 e— G/ppm O
260 <50
370 ~—— O /ppm 10

Fig. 4

Superposed experimenial and calculated 30.41 MHz (7 Tesla) BN
CPMAS-NMR spectra of 95% '*N-enriched DMP at the deuterium
fractions xp = 0 (a) and xp = 1 (b) as a function of the temperature.
Experimental conditions: 8 -9kHz sample spinning, 6~-12ms CP
times, 4.3 s repetition time, S ps 'H 90° pulses, k"M and xPPD are
the rate constant of the triple proton and deuteron transfer. The four
sharp lines with temperature-dependent line positions stem from a
small quantity of 5N-labeled tetramethyltetraaza[i4]annulene
(TTAA) added in a separate capsule. The line positions directly
calibrate the internal temperature of the sample inside the rotor {13].

tion dynamics of nuclei in different chemical sites are dif-
ferent [16] which can lead to signal intensity distortions in
the resulting spectra, the cross polarization times fcp used
in the experiments were adjusted in such a way that the
signals of the amino and imino nitrogen atoms sites were
equal. We note that small differences are also averaged out
by magnetization transfer arising from the tautomerism as
discussed below. As temperature is increased, the lines
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broaden and coalesce at xp = 0 around room temperature,
where still two fairly sharp lines are obtained at x = 1.
Around 360K only one fairly sharp line is observed at
xp =0 and a two broadened line at xp = 1. The observa-
tion that the coalesced line at xp = 0 appears midway be-
tween the two low temperature signals indicates that all
nitrogen atoms have an equal proton density of 0.5, i.e. that
the equilibrium constant of the triple proton transfer K = 1
within the margin of error. These observations confirm the
presence of a large primary isotope effect & ™HH/£DPPD 4y
ready detected at 2.1 Tesla [7b]. The rate constant were
determined by lineshape analysis using the usual two-site
theory [3a] and the agreement between the experimental
and calculated spectra is very satisfactory, as indicated in
Fig. 4.

3.1.2 Determination of kMHD g HPD

The total >N NMR lineshapes can be decomposed into a
sum of four independent lineshape contributions for each
isotopomeric trimer LLL, characterized by the rate constant
k™™ and the mole fraction x . which can be calculated
from the value of xp according to Eq. (2). Thus, as xp is
known approximately from the sample preparation and as
kHHH and 4 PPD were already known, the only remaining
two unknown parameters determining the lineshapes are
kHHD and kHDD, if lineshape distortions arising from dif-
ferent cross-polarization dynamics of the '°N nuclei in the
protonated and deuterated "N-H-+-'"N and “N-D--- N
hydrogen bonds are eliminated. This goal was achieved as
follows. Equal amounts of DMP with deuterium fractions
xp =0 and { were placed in a rotor constituting a sample
with Xy = Xppp = 0.5. The 'SN CPMAS spectra of this
sample were recorded between 300 and 350 K, under varia-
tion of the cross polarization times #cp. For each tempera-
ture, a value of tcp could be found where the correct mole
fractions were obtained by lineshape analysis, using the
known values of A""HH and xPPP An example referring to
318 K is depicted in Fig. 5 where the optimum value of /¢p
was 10 ms. This procedure was repeated at different tem-
peratures, and the resulting optimized spectra of this sam-
ple are shown in Fig. 6a.

For the remaining experiments carried out on samples
with varying deuterium fractions xp now the optimized fcp
values were employed. The resulting superposed experimen-
tal and calculated spectra are shown in Fig. 6b—d. Now the
lineshape contributions of the '*’N-H---**N and the "*N-
D--- "N units in a given isotopomer LLL = HHD, HDD
are the same as they depend on the same rate constants
kUL, Thus, only the parameters kMU0 and kHPD peeded
to be varied in the lineshape analysis. As there are some
small deuterium losses during the sample preparation xp
was also allowed to be varied slightly, but the best parame-
ter values listed in Fig. 6 were then kept constant for a given
sample. In principle, the spectra of Fig.6b—-d were
simulated simultaneously, and the individual lineshape con-
tributions of the various isotopic species are depicted in
Fig. 6e —h. As mentioned above the lineshapes of Fig. 6a

tcp/ms XDDD

:

14 0.52
10 % 0.50
7 M 0.49
4 0.48
2.5 % 0.46 -
1.5 0.40

350« §/ppm 50
Fig. 5

9.12 MHz superposed experimental and calculated ’N CPMAS-NMR
spectra at 318 K of a sample containing separately equal parts of DMP
with a deuterium fraction of xp =0 and 1. The cross polarization
times tﬁﬁ were varied and the spectra analyzed using the known values
of kMHH and «PPD by varying the effective mole fraction Xppp =
I = Xyyy - The correct value 0.5 was obtained at f-p = 10 ms

consist of equal contributions from the lineshape of the
HHH trimers (Fig. 6¢) and the DDD trimers (Fig. 6h), i.e.
Xyuuu : Xppp = 0.5:0.5. In Fig. 6¢ the total deuterium con-
tent is the same, however, now Xy : Xgup : X4pD : XpDDD =
0.125:0.375:0.375:0.125, i.e. HHD and HDD dominate
and lead to completely different lineshape than in
Fig. 6a. At xp=0.8 where xHHHExHDD:xHDD:xDDD=
0.008:0.096, 0.384:0.512 the HDD and DDD trimers
dominate the lineshapes, as can be inferred by comparison
of Fig.6d with g and h. At xp=0.35 (Fig. 6b) where
XHHH * XHHD : Xupp: Xppp = 0.275:0.404:0.239:0.043 the
dominating species is HHD. ‘

3.2 N CPMAS NMR Magnetization Transfer
Experiments

kHHH k DDD

3.2.1 Determination of and

Since at low temperatures the reaction rates are too small
to be determined accurately enough by lineshape analysis,
one-dimensional ’N CPMAS magnetization transfer were
performed. In order to estimate and suppress the '°N spin
diffusion term ¢ in Eq. (1) we performed the following N
dilution experiments. Firstly, experiments were performed
at xp = 0 on doubly and then on singly (95%) SN-labeled
DMP. We obtained slightly smaller decay constants
oMHH L 2 K HHH 41 the case of the latter sample indicating
that oM had been reduced as the internuclear distances
between "N nuclei was increased substantially. Then we
prepared samples where singly '5N-labeled DMP was
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Superposed experimental and calculated 9.12 MHz SN CPMAS-NMR
spectra of doubly '"N-labeled DMP as a function of the deuterium
fraction xp in the mobile proton sites and of temperature. (a) Spectra
of the sample of Fig. 3 with xyy = xppp = 0.5 where the values of
tcp =7, 10, 12, 14, 16, 18 ms at 298, 318, 328, 333, 340, and 345K
were adjusted in such a way that the correct mole fractions were ob-
tained. (b) to (d) Spectra of DMP with varying deuterium fractions of
xp. (e) to (f) Calculated subspectra of HHH, HHD, HDD, and DDD
trimeric isotopomers. '’N chemical shift scale as in Fig. 5

embedded in non-labeled DMP to about 35 and 10% and

repeated the magnetization transfer experiments. However,

we but could not find any significant changes of the decay
constants down to the lowest temperatures of about 120K
where experiments were performed. Thus, all further
:xperiments at varying deuterium fractions xp, were per-
formed on the singly (95%) "’N-labeled material, and the
analysis carried out neglecting the spin diffusion term in
Eq..(1). Taking into account the different isotopic species
‘his equation can then be rewritten as

S+X=Y Cypexp(—pts,
LLL

S—-X= Y Dipexp(—@"t+2k"n) 3)
LLL

-vhere LLL = HHH, HHD, HDD, DDD. The coefficients
“Lie and Dy are equal to the mole fractions x; | in the
ibsence of signal intensity distortions arising from different
rross polarization dynamics in the different isotopomeric
rimers. However, as these coefficients could be directly ob-
ained by non-linear least squares fitting there was no need
‘or an adjustment of the cross polarization times fcp as in
he lineshape experiments.

In Fig. 7 the results of a typical experiment carried out at
30.41 MHz at 131 K and spinning speeds of about 8 to
9 kHz on singly >N-labeled DMP are depicted. The sample
temperatures were obtained from the four lines of added
®N-enriched TTAA as described in the experimental sec-
tion. Fig. 7a shows the results of experiment (i) performed
at xp = 0. No variation of the magnetizations within the
time period covered is observed indicating that pHHH is so
small that it can be neglected. In experiment (ii) performed
on the same sample under otherwise similar conditions the
two magnetizations cancel each other in the same time
period because of the triple proton transfer. For compari-
son, the results of experiment (ii) on a sample with xp =1
are shown in Fig. 7¢; no change of the magnetization is ob-
served as the DDD process is very slow. The analysis of the
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d 1.2
1.0¢
0.81
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0.2
.0 : . . . .
0 0 20 40 60 80 100
tm/'s
Fig. 7

30.41 MHz SN CPMAS magnetization transfer experiment in the lab-
oratory frame performed on a sample of singly '°N-labeled DMP at
131 K. (a) Experiment (i) at x, = 0. The two magnetizations S (amino
nitrogen sites) and X (imino nitrogen sites) are paraliel and decay in the
mixing period ¢, with the longitudinal '*N relaxation time 7, which is
here of the order of seconds. (b) Experiment (ii) at xp=0. The
magnetizations are antiparallel and their difference decays with the rate
constant 2k as spin diffusion can be neglected. (¢) Experiment (ii)
and xp = 0.99. (d) Analysis of the data of Fig. 7c
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data of Fig. 7b is shown in Fig. 7d where a mono-exponen-
tial decay is observed from which & HHH 3¢ obtained.

3.2.2 Determination of k"MP gnd kHPP

In Fig.8 are shown the results of experiment (ii)
performed at 210K on two singly >N-labeled DMP
samples (a) with xp=0.2 (yyu:Xyup:XHDD:XDDD =
0.512:0.384:0.096:0.08) and (b) with xp=0.8
(Yyuu: XuHD: ¥HpD : Xppp = 0.008:0.096,  0.384:0.512).
Bi-exponential decays are observed in both cases. Whereas
in Fig. 8a the fast decay is determined by 2k HHH the slow
decay is governed by 2kHHD The contribution of kHPP
could by neglected because of the small value of Dypp i.e.
of xupp at xp = 0.2. On the other hand, in Fig. 8b also a
bi-exponential decay is observed determined by 2kHPP and
2kPPP Here, Dyyyp could be neglected. We note that the
values of k1 and 4PPP do not depend on the deuterium
fraction within the margin of error, which corroborates the
assumption that the rate constant of triple hydron transfer
in a given trimer is independent of the deuterium fraction
in the surrounding trimers.

3.3 Arrhenius Diagram

The Arrhenius diagram containing all the rate constant
data for the proton and deuteron transfer in the different
DMP species is shown in Fig. 9. Especially in the HHH and
the HHD reaction deviations from a classical Arrhenius be-
havior were found. The solid lines in Fig. 9 were calculated
in terms of a modified Bell tunneling model as described in
the next section.

4. Discussion

Using solid state "N NMR under CPMAS conditions, in
particular line-shape analysis and magnetization transfer
experiments we have followed the degenrate triple hydron
transfer (Fig.2¢) in the cyclic trimers of polycrystalline
singly and doubly 5N-labeled  3,5-dimethylpyrazole
(DMP). Partially deuterated DMP represents a statistical
mixture of isotopomeric trimers with the mobile particle
combinations HHH, HHD, HDD and DDD within the
margin of error. The exchange kinetics of a given iso-
topomeric trimer is independent of the isotopic composition
of the neighboring trimers. The kinetic HHH/HHD/
HDD/DDD isotope effects were measured in a large tem-
perature interval; for this purpose the problem of signal in-
tensity distortions arising in CPMAS experiments had to be
solved. The problem of BN spin diffusion was solved by
SN isotopic dilution. The kinetic isotope effects are large
and the Arrhenius curves of the isotopic reactions exhibit
large deviations from a linear behavior (Fig. 9), as was sug-
gested previously [7¢]. As multiple hydrogen/deuterium
isotope effects have not yet been studied before neither
experimentally nor theoretically we discuss in the first part
of this section the question of how different reaction
mechanisims can influence these isotope effects. In the
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Fig. 8

30.41 MHz "N CPMAS magnetization transfer experiments (ii) and in
the laboratory frame performed on an undiluted sample of singly 5N-
labeled DMP at 210 K. (a) x;, = 0.2. The fast decay is determined by
KHHH 304 the slow decay by kHHD. (b) Xp = 0.8. The fast decay is
determined by kHPP and the slow decay by kPPP, All rate constants
were obtained by non-linear least squares fitting using Eq. (3)
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second part these predictions are applied to the case of

DMP.

4.1 Kinetic HHH/HHD/HDD/DDD Isotope Effects of
Degenerate Triple Hydron Transfers

The transfer of three hydrons can take place either in
three steps each characterized by an energy barrier or in a
single step. The two cases are illustrated in Figs. 10 and 11.
As each hydron can occupy two positions in space labeled
as 0 and 1, the initial and final tautomeric states can be
characterized by the digits 000 and 111. The stepwise pro-
cess leads to the reaction network of Fig. 10a. The reaction
can take place in many different ways via at least two meta-
stable intermediates. For example, if hydrons 1, 2, and 3 are
transferred one after the other the reaction pathway is
000—100—110—{11. As we consider a degenerate reaction
the reaction energy profile must be symmetric, leaving only
two cases: in the first case (Fig. 10b) the central reaction
step is rate limiting and in the second case (Fig. 10c) the
first and the third steps.

Expressions for the kinetic isotope effects of the triple
barrier case can be evaluated for a given temperature using
formal kinetics as shown in the Appendix, without assump-
tions concerning an over-barrier reaction or a tunneling
mechanism. For this case we obtain — neglecting secondary
kinetic and equilibrium isotope effects — for both types of
barriers in Fig. 10b and ¢

KHHH HED _ 3,04 p=1y | (Ta)
KHHD /fHDD _ o L p=Yy/ (1 +2P 1) | (7¢)
kHDPD g POD _ (p 1 2y/3 (7b)
i HHH /7 PPD — p (7d)

where P represents the primary kinetic H/D isotope effect.
Assuming an over-barrier reaction, i.e. Arrhenius laws and
similar pre-exponential factors for the H and D transfer one
obtains

P=(A"exp (~EH/RT))/(AP exp (- EP/R T))
~exp(—Ae¢/RT), Ae=EP-gH ®)

Ace represents the difference of the effective barriers of the
H and D transfer, and is essentially given by the loss of
zero-point energy in the transition state as compared to the
initial state, as illustrated in Fig. 10b and c. Using Egs. (7)
and (8) and an arbitrary value of Ae we obtain the Ar-
rhenius curves of Fig. 10d. At high temperatures P is close
to 1 and all isotope effects in Eq. (7) are unity. At low tem-
peratures P» 1, but according to Eq. (7), a substantial tem-
perature-dependent kinetic isotope effect is predicted only
for the replacement of all three protons by deuterons. This
result is astonishing at first sight, but can be made plausible
as follows. When the central step is rate limiting either a H
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Arrhenius diagram for the triple proton and deuteron transfer in solid
DMP. The solid curves were calculated using a modified Bell tunneling
model as described in the text

is transferred in this step with the probability 1/3 or a D
with the probability 2/3. The latter D transfer does not con-
tribute substantially to the overall rate constant, as the reac-
tion where H is transferred in the central step is as fast as
a single HHH reaction sequence. Therefore, the HHH/
HHD and the HHD/HDD isotope effects are constant and
given only by statistical factors. When the outer reaction
steps are rate limiting and the central step fast, a similar
phenomenon occurs, as in the HDD reaction there are se-
quences where the remaining H is transferred both in the
first and the final rate limiting steps, e.g. the sequence
000—100—101—001—011—~111. Therefore, also in this
case only replacement of the last proton by a deuteron ex-
hibits a non-statistical Kinetic isotope effect.

In Fig. 11a is depicted the reaction energy profile of the
single barrier case where all three hydrons are transferred
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(a) Reaction network of a stepwise degenerate triple hydron transfer. If each hydron occupies two positions labeled as 0 and 1, each tautomeric
state can be characterized by three digits. (b) and (c) Examples of one-dimensional reaction energy profiles along the pathway 000-100-110-111
involving consecutive barriers. The zero-point energies of the hydron transferred are illustrated schematically for the initial, final and the transi-
tion states. (d) Arrhenius curves of the various isotopic processes calculated in terms of Egs. (7) and (8) using arbitrary parameters

together. In the literature of isotope effects often the so-
called rule of the geometric mean (RGM) has been assumed
to be valid in the case where several proton by a deuteron
involves the same primary isotope effect P. Here, this rule
would predict that

kHHH/kHHD — kHHD/kHDD - kHDD/kDDD =P,

kHHH/kDDD': P3 (9)

where P is given by Eq. (8). This rule is valid if the kinetic
isotope effects are only given by losses of zero-point ener-
gies in the transition state and if each hydron looses the
same energy Ac as is illustrated in Fig. 11a. Using Eqs. (8)
and (9) and the same value A¢ as in Fig. 10d we obtain the
Arrhenius diagram of Fig. 11b, exhibiting equally spaced
Arrhenius curves for the various isotopic reactions. In sum-
mary, for given values of P or A¢ the kinetic HHH/DDD
isotope effects are much larger in the single barrier case as
compared to the triple barrier case.

The energy reaction profiles of Fig. 10b and ¢ and of
Fig. 11a only consider the hydron motion but not an asso-
ciated heavy atom motion. In order to obtain information
about this problem some of us have performed ab initio
calculations on multiple proton transfers in cyclic pyrazole

dimers, trimers and tetramers [7p] and have obtained
qualitative evidence for an energy surface of the type shown
in Fig. 11¢c, where the concerted transfer of the three pro-
tons characterized by the distance rxy is associated with a
concerted hydrogen bond compression characterized by the
heavy atom distance ry...x. Naturally, this two-dimen-
sional surface is also only an approximation as it does not
include for example the reorganization of the molecular
skeletons i.e. single-double bond shifts during the transfer,
or molecular librations. Within the framework of this ap-
proximation, the one-dimensional reaction coordinate in
Fig. 11a corresponds to the dotted line linking the initial
and final states A and A’ via the transition state B. This
pathway will be realized only at high temperature; at lower
temperatures one also has to consider direct “horizontal”
trajectories corresponding to hydron tunneling at constant
heavy atom distances ry...x. Unfortunately, the problem
of multidimensional tunneling is very difficult and beyond
the scope of this study, and even more complicated in the
case of the triple barrier case.

Therefore, in order to interpret the experimental kinetic
data obtained in this study we use here the simplest possible
approach, i.e. the single particle one-dimensional tunnel
model proposed by Bell [9]. This model assumes a single in-
verted parabola as energy barrier and a continuous distribu-
tion of vibrational states on both sides of the barrier of the
single hydron transfer. In this model Eq. (8) is replaced by
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L1
FXH

Fig. 1

(a) One-dimensional reaction energy profile (schematically) for a
degenerate single barrier (concerted) triple hydron transfer. (b) Ar-
rhenius curves of a degenerate triple hydron transfer assuming the
single barrier case (concerted process), calculated using Eqgs. (8) and
(9), i.e. using the rule of the geometric mean. (c) Two-dimensional
energy reaction surface involving a reduction of the all heavy atom
distances ry...x prior to the hydron transfer, as proposed by ab initio
calculations [7p]. Points A and A’ correspond to the states 000 and 111,
and B corresponds to the transition state where the zero-point energies
of all hydrons are reduced as indicated in Fig. 7a. The minimum energy
pathway (dashed curve) involves a substantial hydrogen bond compres-
sion and an associated gradual shift of the hydron

P=kH/kP
= AHo"exp (~EV/RT))/(AP QP exp (- EP/RT)) ,
(10)

where 0™ and QP represent tunnel corrections. This model
was modified by some of us in recent years [1, 3, 4]. For a
detailed description of the expressions of the tunne! correc-
tions as a function of various barrier parameters the reader
is referred to the literature. Here, we included the following
adjustable parameters:

(i) E,, = E, + E, represents a minimum energy for tunnel-
ing to occur, and is assumed to be isotope independent. E,

represents a contribution arising from heavy atom reorgani-
zation preceding the hydron tunneling process at T = 0. £
represents the energy of a possible intermediate and is zero
in the single barrier case.

(ii) E?HH is the barrier height for the proton transfer; it
does not include E,, which adds up to the total barrier
height.

(iii) Ae is defined in Eq. (8) and represents the increase of
the barrier height a single H is replaced by D. In other
words, in the case of the stepwise single hydron processes
Ag = E? —E? and in the concerted process Aeg=
EXHD _ pHHH _ pHDD _ pHHD _ pDDD_ pHDD - This as.
sumption is responsible for the validity of the RGM
(Eq. (9)) at high temperatures.

(iv) 2a is the barrier width of the H transfer in A at the
energy £y, .

(v) A single frequency factor 4 ins™ ' is used for all iso-
topic reactions, i.e. a possible mass dependence [9] is
neglected within the margin of error.

(vi) The tunneling masses are given in the stepwise case by
meL”= mL+Am, L = H, D, and in the concerted case by
mei- =m™ v+ Am, with the fixed values m" =1,
mP = 2, mHHH - 3, mHHD 4, mHPD - 5, mPPP = 6. Am
takes into account the possibility of small heavy atom
displacements during the tunnel process.

4.2 Mechanism of Triple Hydron Transfer in DMP

The kinetic data of the triple hydron transfer in DMP
assembled in Fig. 9 indicate that the rule of the geometric
mean (Eq. (9)) is fulfilled within the margin of error in the
temperature range 300<7=<364 K. E.g., at 300K we find
that kHHH/ DHH _  DHH ) DDH _ , DDH /p DDD _ 3 ¢ 5pg
kHHH/kDDD=(3.6)3z47. This high-temperature isotope
effect is ascribed to the loss of a similar zero-point energy
Ae of each hydron in the transition states. Thus, the ex-
perimental kinetic data in the high temperature regime sup-
port the triple but not the single barrier mechanism.

At lower temperatures, deviations from the rule of
geometric mean are observed, as indicated in Fig. 9, and a
non-Arrhenius behavior of the various isotopic rate
constants which can be ascribed to hydron tunneling. The
solid lines in Fig. 9 were fitted to the experimental data in
terms of the single barrier case using a non-linear least
squares fitting procedure, varying the above-mentioned
barrier parameters. The agreement between experimental
and calculated rate constants is satisfactory. The parame-
ters obtained are assembled in Table 5. They are all plausi-
ble, but their physical significance should not be
overestimated, in view of the many approximations used in
this model. Noteworthy is the additional tunneling mass of
Am = 0.5 which indicates a small heavy atom tunneling
contribution. This contribution could arise either from the
reorganization of the pyrazole skeleton or from a small
angle reorientation of the whole pyrazole units during the
hydron tunnel process.

As a result, a single barrier (concerted) reaction
mechanism for the triple hydron transfer in solid DMP
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Table 5
Parameters of the modified Bell model of the triple hydron transfer in
polycrystalline 3,5-dimethylpyrazole

Ey £, Eqg+Eg, logA 2a Ae Am

DMP 48.1 8.4 56.5 12.3 0.70 1.5 0.5

Barrier height £y and minimum energy for tunneling £, in kJ mol~',
Ag additional barrier energy for replacing one H by D in kJ mol ™!,
barrier width 2« in A, frequency factor A in s, Tunneling masses
mikt = m " am, m"MH =3 m HHD _ g ppHOD =5 nPPP =

(fixed)

results from the following observations: (i) the rule of the
geometric mean is fulfilled at high temperatures; (ii) the
kinetic HHH/DDD isotope effects are very large even
above room temperature; (iii) the Arrhenius curves of all
isotopic reactions can be accommodated by the simple
modified Bell tunneling model where the transfer of a
hydron triple LLL = HHH, or HHD, or HDD or DDD is
treated as a single particle transfer process. The single bar-
rier mechanism is supporied by recent ab initio calculations
and is assisted by hydrogen bond compression [7p] (Fig.
{Lc). This is because in the cyclic DMP trimers the hydrogen
bonds are cooperative in the sense that compression of any
hydrogen bond induces also the compression of the other
hydrogen bonds. As has been discussed previously in the
case of double proton transfer reactions [1 —4], a stepwise
process is preferred when the hydrogen bonds can not easily
be compressed — as is often the case in compounds of the
porphyrin type — or when they are anticooperative as in the
case of oxalamidines. Here, compression of one bond leads
to a widening of the other bond ending in a stepwise double
proton transfer pathway.

The correlation of the heavy atom distance ry...x with
the proton transfer distance ryy along the minimum energy
pathway of Fig. 11c is independently supported by analysis
of the neutron diffraction geometries of a number of
crystals exhibiting N-H - - N hydrogen bonds by Steiner [17],
as well as by low-temperature liquid state NMR [18] of
various acid base complexes between pyridine and carbox-
ylic acids. Here, the various configurations are static and
produced by structural changes. The loss of zero-point
energy of the hydron motion is then not so much due to the
breaking of the N-H bonds, but due to the low frequency
shift of the NH-stretching vibration during the compression
of the hydrogen bond.

5. Conclusions

The full multiple kinetic HHH/HHD/HDD/DDD
isotope effects of a triple proton transfer reaction have been
measured in the case of 3,5-dimethylpyrazole by variable
temperature solid state NMR methods and modeled with a
single barrier process involving a strong hydrogen bond
compression in the transition state, and a concerted triple
proton tunneling process at low temperatures. The isotope
effects were described theoretically using a simplified Bell
tunneling model. In the future, it would be desirable to ap-

ply multi-dimensional tunneling models in connection with
ab initio calculations to this kind of reaction; in other
words, the data obtained here could serve for the test of im-
proved theoretical models of proton transfer. Currently, we
are trying to study the isotope effects of related double and
quadruple proton transfer processes in solid pyrazoles in
order to evaluate the influence of the number of hydrons
transferred.

6. Appendix

In this section we want to give an outline for the derivation of Eq. (7)
valid for the reaction network of Fig. 10a. In each reaction step one of
the hydrons 1, 2 or 3 = H or D changes its position, leading to an inter-
conversion from state i = 000(=0), ... 111 (=7) to another state /. The
three digit nomenclature has the advantage that it encodes the number
of the jumping hydron. Each state is characterized by the concentration
¢;, and the interconversion between / and j by the rate constants k.
Only the initial and the final states are significantly populated, and the
other states are treated as metastable intermediates for which the usual
steady state approximation is fulfilled. The set of differential equations
describing this reaction network is then given by

dc

2= — ko Co— Koy Co— KoaCo + Kig€y + K202+ KagCu » (Ala)
dt

de,

— = —kygc;— k30 —kysey + kg cgr ket ks s =0, (Alb)
d¢

dC2

—_—= ""kzoCz—'k26C2'—k23C2+k02C0+k32C3+k62C6=O y (A]C)
dt

[

— = —k31c3—k32c3—k37c3+k|30l+k23cz+k73c7 =0, (Ald)
det

dcy

- = "‘k40C4_k45C4-k46C4+k04C0+k54C5+k64C6=O N (Ale)
dt

des

— = —kg 5= kgy05—ksy05+ k50 KkysCyt hqscr = 0, (ALf)
d¢

dcg

— = —kgyCg—KgaCo— kg7Cs+ kasCr T KigCyt ko607 =0 (Alg)
dt

dey

_—= '—k73C7—k75C7—k76C7+k37C3+k57C5+k67C6 . (Alh)
dr

This set of equations reduces to

dCO

—_—= —k07C0+k70C7 N (A2)
dr

where kg, and k- are the observed rate constants. The analytical solu-
tion Eq. (A2) can be written as

koy = kgb+cr+dp)a+kgrtkyp , (A3a)

p=(aftgb)an+mc)+(at+ mb)(ae—gc)/las—md)(ae—gc)

~(ak+gd)Y@an+mc)) , (A3b)

r=p(af+gb)ak+gd)/(ae—gc) , (A3c)

@ = kgy+ key + kg7 — Kygkes/Ueag+ kae+ Kk ys) = kagkgy /(Koo + Ko + k23
(A3d)



0= keg kst kg~ kychsy/(kyg+ kgt kys)—kyshsy /(Ko + ks +Ky3) o

(A3e)
s = kyg+ky Ky —Kagkaa/(kgg+ kg + Kag) = ky3hy /lkyo+ ks +Ky3)
(A3
b = kogkao/ (Kgo+ kyg+ Kys) = Kgp ko / (kg + kg + k23) (Alg)
f= koakys/thgg+ Kyg+Kys) = ko kys/(kjo+ kys+ki3) (A3h)
= koykay /(Koo + kyg+ k) + kg ki3 /(Ko + ks +kp3) o (A30)
¢ = Kyoksg/(kgo+ Kag+ K)o d = kygkay/(Kpo+ Ky + k33),s
8= Kyskeg/(hgg+Kye+hys)", (A3j)
h=kysky, /(kig+ kis+K3), m = kyzkey/(kyo+ Kye+ K3),
n=kyks /(kigtkis+kg) . (A3K)

In order to derive Eg. (7) we neglect equilibrium isotope effects, i.e.
we set
Py = k7kP = k&P (A4)
As Eq. (7) refers to the degenerate case it follows that kgy = kqg = k.
This constant must be evaluated separately for the hydron triples
(1)(2)(3) = HHH, HHD, HDD and DDD. This is simplified by taking
into account the symmetry of the reaction profile in the case of the
HHH and the DDD transfer where

kip=kyy=Kyy=kyy =Kk =k , (A5a)

kyy=ky =kyy =ky=ksg=ke , (A5b)
k15=k5|=k45=k54=k46:k64=k62=k26=k23:k32=k12:k21 .
(ASc)

For the reaction profile of Fig. 10b where ko> k5 etc. we obtain

k=KkP+kD+kD+ kD + kP +£3) (A6)
where the superscript indicates the number of the jumping hydron H
or D and where

K = k7 k (g = k§P/k(R) (A7)
is isotope independent. By setting (1)(2)(3) = HHH, HHD, HDD, and
DDD in Eq. (A6) and taking into account Egs. (A4) and (A5) Eq. (7)
can be derived in a straightforward way. The validity of Eq. (7) for the
case of Fig. 10c is demonstrated in a similar way by setting k%)<kf?.
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