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The use of NMR spectroscopy as a tool for the study
of the dynamics of hydrogen and deuterium transfer in lig-
uids and solids is demonstrated using a number of examples.
(1) Single H Transfer dynamics in weak Hydrogen bonds.
Example: Kinetic H/D/T isotope effects on the tautomerism of
the porphyrin anion in the liquid and the solid state studied
by NMR lineshape analysis. (2) Ultrafast Hydrogen Trans-
fer in Hydrogen bonds of medium strength. Example: Solid
tetraazaannzulene, studied using I5N CPMAS NMR relaxom-
etry. (3) Triple Proton Transfer in solid Dimethylpyrazole: An
example of determination of multiple kinetic isotope effects
by PN CMAS lineshape analysis and magnetization transfer
experiments.

1 INTRODUCTION

Hydrogen Transfer and Bonding are important phenomena
in biophysical chemistry.! Whereas theoretical and laser chem-
istry have allowed us a deep understanding of these phenomena
in the case of isolated molecules and molecular systems our
knowledge referring to the liquid state where the majority of
chemical and biochemical reactions takes place is much less
advanced. This is mainly because different hydrogen bonded
species, different local environments and molecular conforma-
tions often lead to a lack of resolution in optical and vibrational
spectroscopy. On the other hand, high resolution NMR spec-
troscopy as a ‘slow’ method sees a molecule in solution as a
single entity, where the different environments are averaged
out by fast molecular translational and rotational diffusion.
Nevertheless, NMR has been always used as a tool for the
study of hydrogen bond phenomena, in spite of its limitations.
However, many NMR spectroscopists have not yet realized
the progress of NMR made in this field in the past decades,
which was induced by the general improvement of NMR such
as high resolution and dipolar solid state NMR, solid state

NMR-relaxation or low-temperature liquid state NMR tech-
niques.

The purpose of this article is, therefore, to review these
recent developments using simple introductory examples
which are self-explanatory for the NMR-spectroscopists. These
examples are taken from my work in the past years. Thus, no
attempt is made to give a comprehensive description but rather
to give an overall impression of the number of phenomena
studied.

One general comment concerning the nomenclature. By
NMR we observe either the moving nuclei, i.e., protons,
deuterons, tritons which are generally called ‘hydrons’, or
nuclei to which these particles are attached. In the nomen-
clature of chemistry, hydrons are, however, always bound to
heavy atoms, i.e., they do not exist as isolated particles. There-
fore, we will often use the term ‘hydrogen transfer’ instead of
proton transfer, if we can not decide whether only a hydron
changes place or whether also electrons are moving at the same
time which compensate the charge of the proton. We will use
the term ‘proton transfer’ mainly if it is clear that a proton is
transferred with its positive charge.

We will start with single and multiple hydrogen transfer
processes between nitrogen involving a barrier that will be
gradually removed as the N-H--N hydrogen bond strength is
increased. The techniques of line shape analysis, magnetization
transfer and longitudinal relaxation are used in order to follow
the hydrogen transfer kinetics. Generally, we will exploit the
modulation of isotropic chemical shifts associated with the
hydrogen transfer, a stratagem which works in the case of
liquids and solids, where high-resolution NMR spectroscopy
under the conditions of magic angle spinning (MAS) and cross
polarization (CP) can be employed.? In the case of liquids
and hydrogen transfer from and to nitrogen, however, also
the modulation of scalar '"H-">N coupling during hydrogen
transfer is a very useful phenomenon to exploit.

2 SINGLE H/D/T TRANSFER ALONG WEAK
HYDROGEN BONDS

2.1 Example: The Conjugate Porphyrin Anion

In this section we will discuss the elucidation of the kinet-
ics of the tautomerism of the conjugate '"N-labeled porphyrin
anion (Por-H™), a process reported by Braun et al.>* which is
depicted Figure 1. The anion was prepared by abstraction of a
proton from the '*N-labeled parent compound porphyrin (Por-
H,) by the phosphazene base P4 (Figure 1). The rate constants
of the proton transfer k™ in the conjugate porphyrin anion were
determined by analysis of the variable temperature NMR sig-
nals of the inner proton of in Por-H™ dissolved in THF-dg as
depicted in Figure 1(a). The signals appear around —2.7 ppm
which is typical for porphyrins; for comparison, the corre-
sponding signals of the parent compound appear at —3.5 ppm.®
At low temperatures, a doublet is observed arising from scalar
coupling with the attached "N nucleus, indicating a slow
exchange of the proton between the nitrogen sites. A differen-
tial line broadening of the '"H-'"N doublet is observed at low
temperature and arises from a reduced molecular mobility and
an interference between the 'H—!°N dipolar interaction and the
chemical shift anisotropy.® As temperature is increased, rota-
tional diffusion becomes faster and the asymmetry disappears.
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Figure 1 Superposed experimental and calculated variable temperature high field NMR signals of the inner hydrons of the 'SN-labeled
conjugate porphyrin anion, with the protonated P4-phosphacene base as countercation. Adapted from Braun et al.* (a) 'H NMR of a sample
containing 65% Por-H™ and 35% Por-D~ dissolved in THF-dg. Concentration app. 0.015M; 500 MHz, 65° pulses, duration 6.5 s, 9 KHz
spectral width, 3.5 s repetition time, up to 600 scans. (b) *H NMR of a sample containing 10% Por-T~ dissolved in THF-hg; 320 MHz, 5 s
60° pulses, 8 KHz spectral width, 3.6s repetition time, number of scans between 200 and 1400 below 250K and up to 10000 above 290 K

At the same time, a doublet-pentet transition is observed at
about 200K arising from a fast intramolecular proton trans-
fer between all four nitrogen atoms. The observation of the
pentet is proof for an intramolecular reaction pathway of the
tautomerism. The rate constants k™! determined by adapting the
computed spectra to the experimental spectra corresponds to
the inverse average life-time of the proton in a given nitrogen
site until either a clockwise or counterclockwise jump to an
adjacent nitrogen site occurs, characterized by equal probabil-
ities. No evidence for direct jumps to opposite nitrogen sites
were obtained by line-shape analysis as such a process would
induce a change of the inner proton signal from a doublet at
low to a triplet at a higher temperature. In order to obtain k!
by line-shape analysis the value of the line-width W, in the
absence of exchange is needed. This quantity can be derived
at higher temperatures from the line-width of the outer signal
components. At low temperatures, where only an exchange
broadened doublet is observed, this procedure is not practica-
ble. Here, the signals were simulated by simulating the carbon
bound proton signals from which after partial deuteration, also
the rate constants kP are obtained.

In a similar way, the NMR signals of the inner triton
of (Por-T~) were measured and analyzed by ‘H NMR,
and the rate constants kT of the triton transfer determined,
as indicated in Figure 1(b). The doublet-pentet transition
temperature is substantially higher for the triton as compared
to the proton, indicating a large kinetic H/T isotope effect on
the tautomerism.

In order to know the influence of possible cation-anion or
other interactions on the tautomerism, variable temperature >N
CPMAS NMR experiments at 9.12 MHz were performed on
[Por-H]~ embedded into the phosphacene fluoride depicted in
Figure 2. Due to the small magnetic field applied, spinning
speeds of between 1.9KHz and 2.2 KHz were sufficient to
suppress the rotational sidebands. At low temperatures, three
singlets are observed. exhibiting a ratio of app. 1:2.1. The
assignment is straightforward: the high-field line arises from
the protonated nitrogen, the low-field line from the opposite
nitrogen, and the remaining line from the two lateral chemi-
cally equivalent nitrogen atoms. As temperature is increased,
all lines broaden and coalesce indicating a rapid tautomerism
also in the solid state. Moreover, at high temperatures only
one single line is observed indicating that the tautomerism
renders all nitrogen atoms equivalent. In other words, the gas
phase and liquid state degeneracy of the tautomerism is not
lifted in the solid matrix. This result is not trivial; although it
was also found for the parent compound porphyrin:® in most
substituted porphyrins the symmetry is lifted by the crystal
field.

The line-shape analysis of Figure 2 was carried out in the
usual way by setting up the appropriate line-shape equations
of intramolecular exchange. The line-width in the absence of
exchange were taken from the spectrum at 109 K and the chem-
ical shifts kept constant within the whole temperature range.

The Arrhenius diagram obtained is depicted in Figure 3.
Within the margin of error, the rate constants of the proton
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Figure 2 Superposed experimental and calculated variable temperature >N CPMAS NMR spectra of Por-H™ embedded in solid Ps*F~.
9.12MHz, 3 to 9ms CP times, 7 KHz spectral width, 3.3 s repetition time, 1.9-2.2 KHz spinning speed. Flame-sealed glass insert in a 7 mm
rotor. The peak labeled with an asterisk arises from an impurity formed during flame sealing. (Adapted from Braun et al.*)

tautomerism are identical in the liquid and the solid. This
means, that in first order the porphyrin skeleton shields the
reaction center from the surroundings. The Arrhenius curves
of the corresponding processes in the parent compound® are
also included. We note that especially the proton tautomerism
becomes much faster by removing one proton from porphyrin
whereas the effect on the D- and the T-transfers are less
pronounced. Moreover, the temperature dependence of the
rate constants does not follow the Arrhenius law. Together
with the large size of the kinetic H/D/T-isotope effects these
results indicate a proton tunneling mechanism. This finding is
reproduced in terms of a modified Bell® tunnel model for both
systems.* For the parent porphyrin, the tautomerism is stepwise
and the transfer of the first proton leads to a metastable
intermediate (Figure 3). Proton tunneling cannot occur below
the energy of this intermediate. By contrast, in the anion the
single proton transfer is degenerate, and tunneling can occur at
lower energies. As this phenomenon is very dependent on the
mass, it follows that the H-transfer in the anion is especially
accelerated as compared to the D- and the T-transfer.
Vangberg et al. have performed ab initio calculations on the
tautomerism of the anion.® This surface was used by Brack-
hagen et al.1’ in order to formulate a quantum-mechanical

description of the H/D/T-tautomerism. By adapting the calcu-
lated set of rate constants to the experimental one insight into
the details of the tautomerism could be obtained. This exam-
ple shows already how dynamic NMR can provide kinetic data
which can be used in order to calibrate quantum-mechanical
reaction models in polyatomic molecules in condensed phases.

3 MICRO- AND NANOSECOND HYDROGEN
TRANSFER PROCESSES IN HYDROGEN BONDS
OF MEDIUM STRENGTH

3.1 Example: Tetraazaannzulenes

Whereas in the previous section rate constants were
obtained by line shape analysis in the millisecond time scale,
the relaxation method allows us to obtain rate constants of pro-
ton transfer in solids in the micro- to nanosecond timescale.
This method can be used for solids where normal rotational
diffusion as a source of relaxation is suppressed. The rea-
son is that the dipolar interactions between moving and non-
moving protons are modulated leading to an important source
of relaxation in the solid state.!"'> On the other hand, moving
deuterons lead to a modulation of the quadrupole interaction
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Figure 3 Arrhenius diagram of the H, D, and T transfer in the conjugate porphyrin anion evaluated by dynamic NMR. For comparison, the
Arrhenius curves of the parent porphyrin Por-H, are included. (Adapted from Braun et al.4)

and hence to quadrupole relaxation.® In order to obtain rate
constants of the proton motion it is necessary to know the
equilibrium constants. The latter can be obtained in the case
of 2H NMR studies but not easily by '"H NMR. Also, the study
of polycrystalline powders is difficult.

Finally, we note that the problem can also be overcome by
'H relaxation as a function of the strength of the magnetic
field, a method advanced by Horsewill et al.!?

In the case of proton transfer from and to nitrogen, '°N
CPMAS can provide the equilibrium constants in a simple
way. By combination with N relaxation measurements under
CPMAS conditions it is then possible to obtain also the rate
constants.

3.2 Dimethyltetraaza[14]annulene (DTAA)

First we will treat the tautomerism of the tetraazaannulene
derivative DTAA — discovered by Limbach et al.1* Hoelger
et al.!s have used this molecule in order to establish the method
of PN longitudinal relaxation under CPMAS conditions and
to link it to the technique of line shape analysis, as shown in
the following.

In Figure 4(a) are depicted the variable-temperature >N
CPMAS spectra of °N labeled DTAA. At low temperatures
two lines are observed, the high-field line for the protonated
and the low-field line for the non-protonated nitrogen. As tem-
perature is increased the lines broaden, but do not coalesce.
This situation is typical for an asymmetric situation, where
the equilibrium constant of the tautomerism K = kiy/ky; =
Xx1/x2 <1 in the whole temperature range, where ki rep-
resents the forward reaction rate constant and x; the mole
fraction of state 1, with x; + x, = 1. This leads at high tem-
peratures to two different nitrogen atoms a and b, where a
experiences a higher average proton density as compared to b.
Hence, the chemical shift of a at high temperatures is given by

Va = X1Va1 + X2Va2 = % ()
where v,; represents the chemical shift of nucleus a in
tautomeric state 1. A similar equation is valid for v, from

which it follows, that the chemical shift difference at high
temperature is given by

1-K

HiK,AVZUN—VNH 2)

SVap = Vy — Vg = Avyp
From equation (2) it is easy to obtain the equilibrium constant
at high temperatures by comparison of the high and the low-
temperature line splittings §v,, and Av,,. Once K is obtained
at different temperatures it can be extrapolated using the van’t
Hoff equation to lower temperatures. Then, by line shape
analysis rate constants ki, can be obtained as indicated in
Figure 4(a).

Because of the limited dynamic range the longitudinal
5N relaxation times of >N labeled DTAA were measured
under MAS conditions at 2.1 and 7 Tesla,!® as indicated in
Figure 4(b). For this purpose, the usual sequence of Torchia!®
in connection with CP was employed. A 7; — minimum
was observed around 350K and 2.1 Tesla. Deuteration of
the compound increased the 7; values strongly, providing
evidence that relaxation is caused by the proton jumps that
modulate the heteronuclear '"H-""N dipolar coupling. Starting
from the homonuclear 'H relaxation theory in the presence
of solid state proton transfer'! equations for the heteronuclear
case were derived. It was shown that both nitrogen atoms a
and b of a N,—H--N;, exhibit the same relaxation times. The
latter are normally strongly dependent in the case of a static
sample on the orientation of the crystallite with respect to the
magnetic field. However, MAS averages out these differences
and the relaxation times measured under MAS conditions are
almost identical with the isotropic values, which one would
obtain for the case of an isotropic rotational diffusion when
the latter is not active for relaxation. The final equation used
for the data analysis of Figure 4(b) is given by

=i () o[
7 40N\ o ) \ax 1+ K)?

Tc + 3Tc + 6TC
X
1+ (g —on)’t?  1T4+on’t? 14 (on+ on)*c?
3
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Figure 4 (a) Superposed experimental and theoretical >N CPMAS NMR spectra of crystalline DTAA. (b) '’N—T; analysis. (c) Arrhenius

diagram. (Adapted from Hoelger et al.'%)

7. is the correlation time of the proton motion whose temper-
ature dependence may be expressed in a first approximation
by the Arrhenius equation

L =k +kat, ki = Appexp —Ea (€]
3 RT

where E,i, is the energy of activation of the forward reaction
and A, the corresponding frequency factor. The factor D
represents the change of the dipolar interaction during the
proton jump

D=r®+r®+r 7 (1= 3cos’ 69 ®

r1 represents — for a given nitrogen atom — the short NH
distance before and r, the long N- - -H distance after the proton
has jumped. 8¢ represents the angle between the NH vectors
before and after the proton transfer, @ represents a Larmor
frequency and y a gyromagnetic ratio.

Using equation (4), the solid lines in Figure 5(b) were
calculated using a non-linear least-squares fitting routine,

by adapting D — characterizing the 7; value in the min-
imum, A; and E,; and assuming an Arrhenius law for
the tautomerism. From the value of D it is possible to
obtain an approximation of the cubic average short NH-
distance r; = ryg = 1.03 A which coincides within the mar-
gin of error with the value obtained by dipolar NMR for
the deuterated compound.!” Using the parameter set obtained,
the relaxation data at 7 Tesla included in Figure 4(b) could
be calculated. However, the calculated values were slightly
longer than the experimental ones, indicating that at 7 Tesla
relaxation via the modulation of the Chemical Shielding
Anisotropy by the jumping protons is no longer negligible.
Thus, this technique is preferentially performed at lower mag-
netic fields.

In a second stage of the analysis the assumption of an
Arrhenius-law for the proton motion was dropped, and each
5N T, value obtained at 2.1 Tesla separately converted into
the rate constant k;, of the forward proton transfer. The values
are plotted together with those obtained by line shape analysis
in the Arrhenius diagram of Figure 4(c). The two methods
are nearly overlapping, and provide in the overlapping range
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Figure 5 Results of the NMR-experiments on solid TTAA according to Langer et al.?! (a) The solid state tautomerism of TTAA. (b) Crystal
structure of TTAA according to Goedken et al.!” (c) Geometries of the two intramolecular hydrogen bonds in TTAA, adapted from the crystal
structure assuming a planar arrangement. The two positions of each proton are indicated, the angle 8¢ is the jump angle of the dipolar 'H-'°N
interaction, and o the hydrogen bond angle. 69 represents the corresponding jump angle of the quadrupole interaction. (d) 9.12 MHz SN CPMAS-
NMR spectra of 95% "N enriched TTAA at 9.12 MHz as a function of temperature; 6—10 ms cross-polarization time, 7 KHz spectral width, 2.7 s
repetition time, 100 scans on average, 2—2.8 KHz rotation frequency (adapted from Wehrle et al.??). (e) Temperature dependence of the spin
diffusion averaged "N T relaxation time of polycrystalline TTAA at 9.12 MHz. The solid line was calculated according to equation (3) using
the fixed ratios A3 /A3 = 1.31 and A3;/A»3 = 1.66 derived in equation (17) and parameter fit of Aj3 = 1.6 x 10"2s7!, Ey3 = 14 KJmol ™!,
E3 = 41KJImol™!, and the NH-bond length 1.04 A. The dashed lines correspond to the intrinsic relaxation times of the nitrogen pairs Na/Nb
and Nc/Nd. The 7; values of the two nitrogen atoms in each pair are identical. (e) 77 values of deuterons b and e in TTAA plotted in a
logarithmic scale as a function of the inverse temperature. (f) Arrhenius diagram of the relaxation active proton and deuteron transfer step
3 — 2 of the solid state tautomerism of TTAA. The solid lines were calculated using a modified Bell tunneling model. (h) Energy profile

—
for the double proton transfer in TTAA
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similar rate constants which establishes the 'N relaxation
method as an important kinetic tool. Rate constants are
obtained until the nanosecond time scale. A slight deviation
from an Arrhenius behavior is observed, which is, however,
less pronounced as in the case of porphyrin and its conjugated
anion. This effect was explained again in terms of a stepwise
proton motion, where the cis- intermediate exhibits, however,
such a high energy that tunneling is not operative.

Finally, we note that the relaxation method discussed
here has been recently used in order to obtain the rate
constants of the proton motion in the solid porphyrin analog
porphycene.!®

3.3 Tetramethyltetraaza[14]annulene (TTAA)

As an example of the determination of kinetic H/D-
isotope effects on the tautomerism we discuss in the following
the related TTAA molecule (Figure 5a). Its crystallographic
structure is shown in Figure 5(b),!® and a simplified hydrogen
bond structure needed for the interpretation of the relaxation
experiments described below in Figure 5(c). The solid state
tautomerism of this compound was discovered by Limbach
et al.2’ The following results are taken from a recent paper of
Langer et al.?!

The PN CPMAS spectra of the polycrystalline powder
obtained at 2.1 Tesla exhibit four sharp lines a, c, d, and
f in the whole temperature range between 86 and 405K,
as depicted in Figure 5(d), with the line separations &, =
8, — 8. and 84¢ = 84 — &¢. This result indicated four chemically
inequivalent nitrogen atoms exhibiting different temperature-
dependent proton densities. By performing so-called ‘spin
diffusion’ experiments discussed in a later section it was shown
that each molecule in the asymmetric unit contains all types
of nitrogen atoms. This result is then only consistent with
the presence of more than two tautomeric states, i.e., with
a stepwise proton transfer mechanism. In other words, in
contrast to DTAA, the energy of the cis-intermediate must
be substantially lowered. Deuteration of the inner proton sites
did not affect at all line positions. This means that there
are no H/D-isotope effects on the proton transfer equilibria
of solid TTAA. A careful analysis of the splittings 8, and
dqr in terms of the reaction network of Figure 5(a) showed
that only states 1, 2 and 3 are populated but not state 4.22
Furthermore, the energy differences between the states could
be obtained.

In order to analyze the SN 7; values obtained at 9.12 MHz
of Figure 5(e) as a function of temperature — which exhib-
ited only a very small and puzzling temperature dependence —
we needed to extend the "N relaxation theory to the two-
step proton transfer 1 T”— 3 —— 2 and to have an idea
of the exact hydrogen bond geometry which was obtained
in approximation as follows as no neutron diffraction study
of TTAA was available. Knowing the array of the nitro-
gen atoms from the crystal structure, we assumed that the
hydrogen atoms are located in the plane of this array, and
that the short NH distances ryy and the long NH-distances
ry. . .N distances are the same for all hydrogen bonds in all
tautomers. First we set ryg = 1.03A which is within the
margin of error identical with the value of 1.04 A obtained
by dipolar relaxometry and dipolar ND — coupling for the
related DTAA molecule.!” The slightly smaller value was
later justified by a least squares fit of the relaxation data.

Knowing the short N-H distance, we made use of the well-
known correlation between rng and ry. . .y of NHN-Hydrogen
bonds established by neutron diffraction,”® NMR and theo-
retical calculations,?* from which we obtained a long N---H
distance of 1.94 A. Taking into account the crystallographic
distance of ryy = 2.675 A between the two nitrogen atoms
of a given hydrogen bond and of rny = 2.699 A between
closest nitrogen neighbors in different hydrogen bonds,!® we
derived then the proton positions of Figure 5(c), exhibiting
a hydrogen bond angle of o = 134°, a dipolar proton jump
angle of ¢ = 13.7°, and a quadrupolar jump angle of 99 =
104°.

With this parameter set, the individual 7} values of all nitro-
gen atoms could be calculated, and hence the value of all nitro-
gen atoms, averaged by spin diffusion. The energy profile for
this motion is depicted in Figure 5(h). The agreement between
the calculated and experimental values is very satisfactory. The
theory predicts two minima, one at low temperatures for the
fast process 3 —— 2 and one at high temperatures, arising
from the process 1 T/ 3. As in the fast process only Hy
is jumping between N, and N, only these two atoms should
experience a short relaxation time at low temperatures, but not
Ny and N.. However, spin diffusion averages this difference.

Independent evidence for this interpretation could be
obtained by 2H NMR relaxation time measurements of the
static deuterium labeled solid, where the results are depicted in
Figure 5(f). Effectively, two deuterons were observed at room
temperature exhibiting different relaxation times, a short one
(31 ms) attributed to Dy, and a very long one (5.6s) attributed
to De.

In the final step, the SN T values could be converted to the
rate constants k%, and the H T to k33. The Arrhenius diagram
is depicted in Figure 5(g). As compared to DTAA, the process
is much faster which we attributed to the more symmetric
profile of the reaction, in a similar way as in the porphyrin
anion case. Tunneling is pronounced as the Arrhenius curves
exhibit a strong curvature. The kinetic H/D isotope effects
are much smaller than in the porphyrin anion. These results
may provide again input data for computational studies of this
reaction.

Finally, we note that TTAA is not only interesting from
the standpoint of theory but also from a practical view, as it
provides a very convenient chemical shift thermometer for °N
CPMAS measurements.?* Temperature control in MAS is very
important as spinning can strongly increase temperature.??> An
example of its use will be reported in a subsequent section.

3.4 The Tautomerism of TTAA in a Glassy Polystyrene
Matrix

The observation that intermolecular interactions perturb the
symmetry of a proton transfer system can be rationalized in the
scenario of Figure 6. When a bistable molecule exhibiting a
symmetric double well for the proton motion in the gas phase is
placed in a molecular crystalline environment, the crystal field
will induce an energy difference AE between the tautomers
(Figure 6b), whereas AE will be the same for all molecules in
a crystal and AE will depend in a disordered system such as
a glass on the local environment, leading to a distribution of
A E-values (Figure 6¢). At the glass point, some environments
may become mobile leading to an average value of AE,, =0,
whereas other environments still experience non-zero values.



8 CHEMICAL APPLICATIONS

Fa ]

—_
-—

Gas phase \/\/

2212

Y
Y
Y

Glass

—

a) Crystal (b)

(c) Glass transition

(d)

Figure 6 Model for the dependence of the proton transfer potential on the environment arising from experimental observations. (Adapted

from Wehrle et al.25)

Only well above the glass transition is a situation typical for
the liquid reached where all molecules exhibit an average value
AE,, =0 (Figure 6d).

In the case of N-H--N proton transfer systems the "N
CPMAS line shape for the sequence of Figure 5 has been
described, and experimentally verified using the example of
TTAA dissolved in solid polystyrene.?

3.5 Triple Proton Transfer in Solid Dimethylpyrazole:
An Example of Determination of Multiple Kinetic
Isotope Effects by SN CMAS Lineshape Analysis
and Magnetization Transfer Experiments

In this section we will introduce three complications,
i.e., the problem of the determination of Kkinetic isotope
effects in multiple proton transfer reactions, the case of
slow proton dynamics, and the use of the chemical shift
thermometer TTAA. In previous liquid state NMR work,
we have determined kinetic HH/HD/DD isotope effects of
the double proton transfer between acetic acid and methanol
already in 1984.26 However, only in this year, has this process
has been modeled a priori.’ In addition, multiple kinetic
isotope effects have been measured for diarylaamidines,?®
which represent the nitrogen analogs of carboxylic acids.
The solid state tautomerism of this class of compounds has
been reported recently.?’ These studies are still underway.
Therefore, as an example, we will treat here the triple proton
transfer in solid 3,5-dimethylpyrazole (DMP) (Figure 7a), a
process described by Elguero et al.®® The following results
are taken from the paper of Aguilar et al.3!

The X-ray crystal structure (Figure 7b) shows that this
molecule forms a cyclic trimer in the solid state, with half
protons close to each nitrogen atom. X-ray diffraction can,
however, not distinguish between a ‘dynamic disorder’ where
each molecule can form both tautomeric states to a comparable
extent and a ‘static disorder’ with alternate fixed proton
positions from one molecule to the other. The SN CPMAS
spectra of DMP and of its deuterated analog obtained at 7 Tesla
with fast speed spinning in order to avoid spinning sidebands
are depicted in Figure 7(c) and (d). At low temperatures, two
signals are observed for the amino-(-NH—, -ND-) and imino-
(-N=) nitrogen atom sites. The cross polarization times used
in the experiments were adjusted in such a way that the signals
of the amino and imino nitrogen atoms sites were equal.
As temperature is increased, the lines broaden and coalesce.

As we know from the crystal structure that the molecule
forms cyclic trimers, the dynamic process averaging the two
isotropic >N chemical shifts can only correspond to a triple
proton transfer. At high temperatures, only a single sharp line
survives. This observation indicates that within the margin of
error the transfer is degenerate. The coalescence temperature of
the deuterated sample is much higher than for the protonated
sample and is not reached at 7 Tesla within the temperature
range where the compound is solid and indicates the presence
of large primary isotope effect K"HH/kPPP on the tautomerism.
To the sample of Figure 7(c) a small amount of TTAA was
added whose four lines (see Figure 5d) give information about
the sample temperature. Thus, line shape analysis of the DMP
signals using the usual two-site theory and simulation of the
TTAA line positions give both the rate constants as well as
the sample temperature, which is increased substantially as
compared to the temperature of incoming nitrogen gas by fast
MAS. Some rate constants k1P and kHPP of the other isotopic
reactions were obtained by '’N CPMAS NMR line shape
analyses of spectra obtained for partially deuterated samples
at 2.1 Tesla.

Since at low temperatures the reaction rates are too small
to be determined accurately enough by lineshape analysis,
one-dimensional N CPMAS magnetization transfer exper-
iments in the laboratory frame between the amino nitrogen
magnetization S and the imino nitrogen magnetization frame
were performed at low temperatures, using a pulse sequence
described previously.?? In these experiments S and X are cre-
ated by cross polarization and stored by 90° pulses parallel
to the magnetic field B,. The time dependence during this
period is monitored after application of a second 90° pulse.
The dependence is given by

S+ X = (S, + Xo) exp(—p1), S — X
1

T\ +0 + 2k ©

))
where o represents the rate of spin diffusion between S and X,
and k the rate constant of the degenerate triple proton transfer.
Two experiments are performed by setting a time interval
between the spin lock pulses and the 90° pulse either to O or to
1/2(vs — vx), where vg and vx 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

= (So — Xo) exp <_ <
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relaxation rate p. In the ‘antiparallel’ experiment (ii) S, and
X, are antiparallel, i.e., S, & —X,, and each magnetization
decays with p + o 4 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 o
and k separately. Here we exploit the circumstance that o is
strongly dependent on the distance between the "N nuclei in
contrast to k.

As the PN spin diffusion term o in equation (6) depends
on the internuclear N distances, we minimized this term by
performing experiments on singly "N labeled DMP, which
reduced the decay constant o 4 2k to 2k alone; a check by
embedding singly N labeled DMP into non-labeled DMP at
35% and 10% did not further reduce the observed decay rates.

In Figure 7(e) the results of a typical experiment at a deu-
terium fraction of xp = 0 and 0.96, carried out at 30.41 MHz

and 131K and spinning speeds of about 8 to 9 KHz i.e., in the
regime of suppressed sidebands are depicted. No variation of
the magnetizations within the time period covered is observed
indicating that 1/7; 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
comparison, the results of experiment (ii) on a sample with
xp ~ 1 are shown for comparison: no change of the magne-
tization is observed as the DDD process is very slow. The
data analysis (Figure 7e bottom) indicates a mono-exponential
from which k"HH is obtained.

In Figure 7(f) are depicted the results of experiment (ii)
performed at 210K on two singly '*N labeled DMP samples
with xp = 0.2 and 0.8 are compared. Assuming a statistical
isotopic distribution, the ratio for the former sample is given

s T=210K

0.001 02 1 25 5 15

N—N L
-- 1.2 - m
CHg :"H H CHy ___, [s]
/N\ /N \ 1.0 4
L NHEN 0.8
x
(a) CHg CHs J) 0.6
0.4 -3
0.2 1
00 T T T T 1
0 5 10 15 20 25
T KHHH fm
[s]
T=211K
s
1
344 13100 361 1250 X
0.001 6 10 30 50 80 X
t, 0.001 1 12 20 60 100
326 4950 554 870 [s] ia- tm
1.2 . [s]
1.0 «
313 2400 347 620
0.8
x
I 0.69 °\°
302 1100 331 " 220 (2]
" g 0.4 °
n n 0.2
260 <50 %06 <50 0.0 . . . ; ! 0.0 T T T T T 1
370 10 370 10 0 20 40 60 80 100 0 20 40 60 80 100 120
- ¢ DI tm tm
(c) [Ppm] (d) [ppm] (e) [s] (f) [s]

Figure 7 NMR results for the tautomerism of DMP according to Aguilar et al.3! (a) Triple proton transfer process monitored. (b) X-ray crystal
structure of DMP according to Baldy et al.3% (c) and (d) Superposed experimental and calculated 30.41 MHz (7 Tesla) I5SN' CPMAS-NMR
spectra of 95% >N enriched DMP at the deuterium fractions xp = 0 (c) and xp = 1 (d). Experimental conditions: 8—9 KHz sample spinning,
6-12ms CP times, 4.3 s repetition time, 5 s 'H 90° pulses. kXM and kPPP 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 the chemical shift thermometer TTAA, added
in a separate capsule inside the rotor. (e) 30.41 MHz >N CPMAS magnetization transfer experiment in the laboratory frame performed on a
sample of singly '’N labeled DMP at 131 K. From top to bottom: longitudinal 7} experiment and magnetization transfer experiment at xp = 0,
and MT at xp = 0.99, data analysis for xp = 0. (f) Related experiment at 210 K with xp = 0.2 and xp = 0.8. For further information see text
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Log k

1000 T~'
K]

Figure 8 Arrhenius diagram for the triple proton and deuteron transfer in solid DMP according to Aguilar-Parrilla et al.!

by XHHH - XHHD - XHDD - XDDD = 0.512:0.384:0.096:0.08 and
in the second by xypy :Xuup :Xapp :Xppp = 0.008:0.096,
0.384:0.512. Thus, in the former mainly the HHH and the
HHD, and in the latter the HDD and the DDD species
dominate, leading to apparently bi-exponential decays in
both cases; in the former case the fast and slow decay
components are governed by 2kTHH and 24HHP | and in the
second by 2kHPP and 2kPPP. As a consequence the full kinetic
HHH/HHD/HDD/DDD isotope effects of the triple proton
transfer of DMP could be detected in a large temperature
interval.

The Arrhenius diagram containing all the rate constant data
for the proton and deuteron transfer in the different DMP
species is depicted in Figure 8. Especially in the HHH and the
HHD reaction, deviations from a classical Arrhenius behavior

were found. The solid lines were calculated in terms of a
modified Bell tunneling model as mentioned already in the
porphyrin anion case. The interpretation of the data is illus-
trated at the top of Figure 8. The kinetic data at high tem-
perature indicate that the rule of the geometric mean (RGM)
is fulfilled. This rule assumes that all values AMHH/EHHD ~
JHHD / HDD 1~y fHDD /2DDD ape equal 3! Such a case is expected
for a concerted triple proton transfer mechanism where all pro-
tons loose zero-point energy in the transition state as illustrated
in Figure 8. At lower temperatures deviations from the RGM
indicate the presence of tunneling. Furthergoing experiments
on pyrazole molecules exhibiting a variety of substituents
of different size and electronic properties indicated that in
the transition state the NHN-Hydrogen bonds are strongly
compressed.??
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4 CONCLUSIONS

In this review, we have demonstrated the use of dynamic
liquid and solid state NMR for the study of fast proton and
deuteron transfer processes in heterocyclic compounds. The
data obtained all indicate the importance of tunneling. They
are important for the development of quantum theories of
proton transfer and kinetic isotope effects in condensed matter.
Techniques have been devised which allow us to use NMR as
a tool for the study of proton transfer not only in the second-
and millisecond timescale but also in the micro- to nanosecond
timescale, if other molecular motions are suppressed as in the
solid state.

Naturally, a challenging field opens up when the barrier
of proton transfer is further reduced. Then, the realm of
H/D isotope effects on hydrogen bond geometries, chemical
shifts and coupling constants is reached that provides further
details into the phenomenon of hydrogen bonding. This
challenging field uses dipolar NMR spectroscopy** and low-
temperature liquid state NMR techniques.* In this realm scalar
couplings across hydrogen bonds provide new insight into this
phenomenon, if it is possible to reach the slow hydrogen bond
exchange regime in the liquid. This is naturally achieved by
low temperature NMR methods that also provide information
about the influence of the dielectric properties of the solvent
on the hydrogen bond geometries. In addition, the technique
of isotopic fractionation provides insights into the zero-point
energy of hydrogen bonds. This field will be covered in
another review that will appear elsewhere. The same is true
for the rapidly expanding field of rotational tunnel splittings
of hydrogen pairs in transition metal hydrides that give rise to
interesting quantum exchange and tunneling phenomena.
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