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hydride ion moves from a donor to an acceptor, are ubiquitous in phy-
sics, chemistry, and biology — indeed throughout the natural world.
These processes occur at rates from vibrational periods to geological
periods and are studied by essentially every available theory and techni-
que. Their importance for fundamental science is enormous but they
are also vital in industrial chemistry, molecular medicine, and modern
pharmaceutical science.

This multivolume work provides interpretative reviews, written by
the most active scientists in their fields, of hydrogen transfer in systems
beginning with isolated molecules and traversing all levels of organiza-
tion up to cellular biology. Beginners will find these volumes a clear
and accessible introduction to a broad range of topics, while established
experts will be pleased by provocative and authoritative presentations of
the newest discoveries and ideas.
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6
Single and Multiple Hydrogen/Deuterium Transfer Reactions
in Liquids and Solids

Hans-Heinrich Limbach

Overview

In this chapter, Arrhenius curves of selected single and multiple hydrogen trans-
fer reactions for which kinetic data are available over a large temperature range
are reviewed. The curves are described by a combination of formal kinetics of reac-
tion networks and the one-dimensional Bell-Limbach tunneling model for each
reaction step. The main parameters of this model are the barrier heights and bar-
rier widths of the isotopic reactions, the tunneling masses, the pre-exponential
factor and a minimum energy for tunneling to occur. This approach allows one to
compare efficiently very different reactions studied in different environments and
to prepare the kinetic data for higher-dimensional quantum-mechanical treat-
ments. The first type of reactions discussed is concerned with those where the
hydrogen bond geometries of the reacting molecules are well established and
where kinetic data of the isotopic reactions are available over a large temperature
range. Here, it is possible to study the relation between kinetic isotope effects and
chemical structure. Examples are the tautomerism of porphyrin, of the porphyrin
anion and related compounds exhibiting intramolecular hydrogen bonds of medi-
um strength, and the solid state tautomerism of pyrazoles and of benzoic acid in
cyclic associates. One main result is the finding of pre-exponential factors of the
order of kT/h = 1013 571, as expected by transition state theory for vanishing activa-
tion entropies. The barriers of multiple H-transfers are found to be larger than
those of single H-transfers.

The second type of reactions discussed refers mostly to liquid state solutions and
involves major heavy atom reorganization. Here, equilibria between reactive and non-
or less reactive molecular configurations may play a role. Several cases are discussed
where the less reactive forms dominate at low or at high temperature, leading to
unusual Arrhenius curves. These cases include examples from small molecule solu-
tion chemistry like the base-catalyzed intramolecular H-transfer in diaryltriazene,
2-(2’-hydroxyphenyl)-benzoxazole, 2-hydroxy-phenoxyl radicals as well as an enzy-
matic system, thermophilic alcohol dehydrogenase. In the latter case, temperature
dependent kinetic isotope effects are interpreted in terms of a transition between
two regimes with different temperature independent kinetic isotope effects.

Hydrogen-Transfer Reactions. Edited by R. L. Schowen, J. P. Klinman, J. T. Hynes, and H. H. Limbach
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6.1
Introduction

Since the introduction of modern spectroscopic and kinetic techniques, H-transfer
reactions constitute an active field of research because of their importance in
chemistry and physics [1]. As in electron transfer reactions, tunneling plays an
important role. However, in contrast to the Marcus theory of electron transfer [2],
there is no widely accepted theory of H-transfer available to date. This is because
H-transfer can occur in a variety of forms. Proton and hydride transfer are
coupled to charge transfer and are strongly affected by solvent phenomena [3]. In
contrast, hydrogen atom transfer and multiple proton transfers often take place
without net charge transfer. As the electron/heavy atom mass ratios are smaller
than 10~ the tunneling motion of the electron is well separated from heavy atom
reorganization. This may not be the case in H-transfers, where heavy atom tunnel-
ing may play a role. In contrast to electron transfer, hydrogen bond formation
strongly affects the way H is transferred. Only H-transfer in weak and moderately
strong hydrogen bonds can be described in terms of rate processes, as for electron
transfer; in strong hydrogen bonds protons may no longer experience a barrier of
transfer but are localized in the hydrogen bond center [3]. Finally, the three iso-
topes of hydrogen add to the complexity of H-transfer but also constitute impor-
tant mechanistic tools.

Many different spectroscopic and kinetic techniques have been applied to the
study of H-transfer reactions. Among these are dynamic nuclear magnetic reso-
nance techniques. In the past decades it has been shown that NMR is an espe-
cially powerful tool for the study of degenerate single and multiple hydrogen
transfer reactions in model hydrogen bonded systems embedded in liquid and sol-
ids [4]. Traditionally, the dynamic range of NMR was limited to the millisecond
timescale but, for H-transfers in the solid state, it has been possible to extend this
scale to the micro- to nanosecond timescale. In addition, it has been possible to
elucidate multiple kinetic hydrogen isotope effects over large temperature ranges
which enables one to detect tunnel effects at low temperatures from the observa-
tion of concave Arrhenius curves of the isotopic reactions. These curves can serve
as benchmarks in order to check quantum-mechanical theories of rate processes
in condensed matter.

Kinetic isotope effects of single H-transfers in organic liquids have often been
interpreted in terms of a combination of Eyring’s transition state theory [5] and
isotope fractionation theory as proposed by Bigeleisen [6]. In this theory, kinetic
isotope effects arise mainly from the difference in zero-point energies between
the transition and the initial state. However, as has been shown by Bell [7], in
hydrogen transfer reactions one has to take into account tunneling through the
barrier, as has been mentioned above. His one-dimensional semiclassical “Bell
tunneling model” has been very successful for the interpretation of Arrhenius
curves of single hydrogen transfers using empirical parameters. The model was
developed in times when computers were not available, i.e. was designed for the
case of slow proton transfer, mainly hydrogen abstraction from carbon. Typically,
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reactions in solution were studied around room temperature over a limited range
of temperatures. For these cases, the so-called “Bell tunneling correction” to the
Arrhenius curves, elucidated in terms of classical transition state theory, was suffi-
cient and has, therefore, often been taken as synonymous with the “Bell tunneling
model”. Full semiclassical tunneling calculations employing modified barriers
have been performed by various other authors e.g. Ingold et al. [8], Limbach et al.
[9], and Sutcliffe et al. [10]. Other semiclassical models of single proton abstrac-
tions have been proposed by Kuznetsov and Ulstrup [11, 12] and modified by
Knapp et al. [13] for use in enzyme reactions. Siebrand et al. [14] have proposed a
golden rule treatment of H-transfer between the eigenstates of the reactants and
products where low-frequency vibrations play an important role varying the heavy
atom distances.

Various quantum-mechanical theories have been proposed which allow one to
calculate isotopic Arrhenius curves from first principles, where tunneling is
included. These theories generally start with an ab initio calculation of the reaction
surface and use either quantum or statistical rate theories in order to calculate
rate constants and kinetic isotope effects. Among these are the “variational transi-
tion state theory” of Truhlar [15], the “instanton” approach of Smedarchina et al.
[16], or a Redfield-relaxation-type theory as proposed by Meyer et al. [17]. However,
these methods require extensive theoretical work and are, generally, not available
for the experimentalist in the stage where he needs to simulate his Arrhenius
curves. For this stage, empirical tunneling models are important.

This is especially true for the case of multiple hydrogen transfer reactions. In a
number of papers, Limbach et al. have proposed to use formal kinetics in order to
describe multiple kinetic isotope effects of intramolecular [18-23] and intermolec-
ular HH-transfers [24]. This method has been extended to triple [25] and quadru-
ple transfer reactions [26, 27]. In order to solve the problem of multiple particle
transfer two limiting cases were considered. The “concerted” transfer refers to the
case where several hydrogen and heavy atoms are transferred at the same time in
such a way that they can be treated as a single particle. The “stepwise” transfer
refers to the case where intermediates are involved. Here, the overall rate con-
stants of the isotopic reactions studied are related using formal kinetics, to those
of the individual reaction steps. Each reaction step, consisting of a single or con-
certed multiple H-transfer is treated in terms of a tunneling model based on Bell
model [9]. In order to avoid possible confusion, this model will be denoted as the
“Bell-Limbach” model. We note that the formal kinetic treatment of the stepwise
transfer does not need to be combined with this model, but can also be combined
with any theory treating a single step. For example, Smedarchina et al. [16] have
used this approach in connection with their instanton approach.

The Bell-Limbach model is not designed to give definite interpretations of
Arrhenius curves of hydrogen transfer reactions which have to come from more
sophisticated methods. However, it provides an opportunity to check whether the
number of parameters describing a given set of Arrhenius curves matches or
exceeds the number of parameters necessary to describe the same set in terms of
sums of single Arrhenius exponentials. This check also tells whether it is useful
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to apply a more sophisticated tunnel model containing a larger number of param-
eters. Finally, the Bell-Limbach model provides a platform which allows one to
compare different reactions with each other and to derive general trends impor-
tant for the kineticist to guide future research.

The scope of this chapter is, therefore, (i) to review the Bell-Limbach tunneling
model in comparison with other models and its use for describing single steps of
multiple hydrogen transfer networks and (ii) to review applications of this
approach in a number of cases which have been studied mainly by NMR. A
description of the techniques used for the determination of rate constants of H-
transfer will not be included in this chapter; readers interested in this problem are
referred to a recent review [4].

6.2
Theoretical

In this section first different models of single H-transfer will be reviewed, includ-
ing primary kinetic H/D isotope effects, where the focus is on the Bell-Limbach
model. Then formal kinetics will be used to describe multiple hydrogen transfers
and their kinetic isotope effects.

6.2.1
Coherent vs. Incoherent Tunneling

The simplest model proposed to accommodate a degenerate hydrogen transfer
process has been derived [28] from the theory of the one-dimensional symmetric
double oscillator [29]. As illustrated in Fig. 6.1(a), this model assumes a symmetric
double well with delocalized vibrational hydrogen states which are given in
approximation as the positive and the negative linear combinations of the corre-
sponding harmonic oscillator states. The energy splitting is hJ, where | can be
interpreted as the frequency of coherent hydrogen tunneling of a wave packet cre-
ated at t = 0, oscillating between the two wells. This type of coherent H tunneling
has been verified for small molecules such as malonaldehyde [30], tropolone [31]
(Chapt. 1), or formic acid dimer [32] (Chapt. 2) in the gas phase. In contrast, when
malonaldehyde is embedded in condensed matter, intermolecular interactions lift
the gas phase symmetry of the double well, leading to localized protons [33]. The
situation is depicted schematically in Fig. 6.1(b). Here, the one-dimensional dou-
ble oscillator theory predicts vibrational states with more or less localized proton
wavefunctions. In order to arrive at a rate process, more dimensions have to be
taken into account. One way is to couple the double oscillator to a bath of harmon-
ic oscillators which will result in vibrational relaxation (VR), taking place on the
femtosecond timescale [34]. VR is responsible for the transfer of vibrational energy
between the double oscillator and the bath. By VR the localized reactant ground state
is converted to higher vibrational states producing a nuclear wave packet. The latter is
transferred by tunneling to the product well and deactivated to the product ground
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state. Usually, if VR is fast enough, the H tunneling process can be described in
terms of rate constants for the forward and the backward H-transfer.

In the liquid state, the effective symmetry of the potential is restored by solvent
relaxation (Fig. 6.1(c)). In principle, H-transfer is not restricted to symmetric con-
figurations but can also take place in asymmetric configurations. Hynes et al. [35,
see also Chapter 10] have proposed an alternative view which is sketched in Fig.
6.1(d). Here, localized states exhibiting asymmetric single or double wells are first
converted by solvent relaxation to a strong symmetric low-barrier hydrogen bond
in which the transfer takes place adiabatically before it is completed again by sol-
vent relaxation. In conclusion, in condensed matter coherent tunneling generally
becomes incoherent and can then be described by a rate constant instead of a tun-
nel frequency.

Figure 6.1 One-dimensional double oscillator models for hydrogen
transfer and dihydrogen exchange under different conditions.
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An exception to this rule is, however, the case of exchange of the nuclei of dihy-
drogen pairs bound to a transition metal center, where the exchange exhibits a
barrier. This phenomenon will be sketched only briefly; for further information
the reader is referred to Chapter 21 and to a recent minireview [36].

The situation is illustrated for the gas phase in Fig. 6.1(e). The nuclear spins —
characterized by arrows — play a decisive role. The lower tunnel state is symmetric
with respect to a permutation H,—Hy <> Hy—H, and the upper state is antisym-
metric. Since hydrogen has a nuclear spin 1/2 the lower state has to be coupled
with the antisymmetric nuclear spin function T\ (antiparallel spins) in order to
fulfill the Pauli exclusion principle. In contrast, the upper tunnel state is antisym-
metric and has to be combined with the symmetric nuclear spin states TT (paral-
lel spins), as in the case of o-H, and p-H,. Thus, interconversion of the delocalized
dihydrogen states also involves a nuclear spin conversion which is much slower
than VR. Thus, the tunnel splitting hJ can survive even in larger molecules, even
on the NMR timescale. In the crystalline solid the barrier of interchange and the
value of ] may be altered but not the inherent symmetry of the process, Fig. 6.1(f).
When placing the molecule in a multitude of different exchanging environments,
i.e. in a liquid (Fig. 6.1(g)) solvent relaxation (SR) will lead to an average tempera-
ture dependent tunnel splitting as long as nuclear spin conversion is slow.

As this chapter focuses on hydrogen transfers in liquids and solids, it will be
assumed that the transfer constitutes a rate process which can be described in
terms of rate constants, for which the usual rate theories can be applied, in partic-
ular those derived from transition state theory.

6.2.2
The Bigeleisen Theory

In the theory of Bigeleisen [6], a combination of the theory of equilibrium isotope
effects with Eyrings transition state theory [5], kinetic H/D isotope effects can be
expressed by

kH  QDQHI

[ QH QDi
Here, QH and QP represent the partition functions of the protonated and deuter-
ated initial state and Q" and QP* those of the transition state. In order to evaluate
Eq. (6.1) the vibrational frequencies of the initial and the transition states are
needed. Generally, they are calculated using quantum-mechanical ab initio meth-
ods in harmonic approximation. The main source of kinetic isotope effects arises
then from zero-point energy changes of the protons and deuterons in flight, as
has been discussed by Bell [7, 37]. These effects are illustrated for a triatomic
model system in Fig. 6.2. There is only a single stretching vibration of AH in the
initial state. The transition state exhibits three normal vibrations, an imaginary
antisymmetric stretch, a real symmetric stretch (not illustrated), and a real bend-
ing vibration. The antisymmetric stretch does not involve any zero-point energy,
neither for H nor for D. The symmetric stretch is not isotope sensitive. However,

(6.1)
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A-H--A*
..~ real bending vibration
H Vo
D
/ <« —> >
E H/ | \ommemmmm-- AsH--A*
a imaginary antisymmetric stretch
ED
a
«— —
real symmetric stretch
(not depicted)
H
H b A+ H—A

final state
A—H + A*
initial state
Figure 6.2 Triatomic model of H-transfer illustrating changes

in zero-point energies of normal vibrations between the initial
and transition states.

the bending vibration contains different zero-point energies for H and for D. Over-
all, the model predicts a different barrier for H and D transfer, and a kinetic H/D
isotope effect of about 6 at room temperature.

6.2.3
Hydrogen Bond Compression Assisted H-transfer

Hydrogen bonding dominates H-transfers from and to oxygen, nitrogen, and fluo-
rine. The barrier of the transfer depends strongly on the hydrogen bond geometry.
Unfortunately, a general relation between both is not available to date. In fact, H-
transfers in hydrogen bonds constitute a multidimensional problem where many
different modes can contribute to the reaction coordinate. Experimentally, it is not
easy to identify these modes and to take them into account in simple tunneling
models. There is, however, one exception: from an empirical standpoint, hydrogen
bond compression has been identified as one important mode which can be taken
into account using empirical hydrogen bond correlations which will be described
in this section.

With any hydrogen bond A-H---B one can normally associate two distances, the
A-H distance r; = ryy for the diatomic unit AH, and the H---B distance r, = ryp
for the diatomic unit HB. According to Pauling [38], one can associate with these
distances so-called valence bond orders or bond valences, which correspond to the
“exponential distances”
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p1=exp{—(r;—r1°) b1}, p = exp{—(r;1,°) by}, with py + p, =1 (6.2)

b; and b, are parameters describing the decrease of the bond valences of the AH
and the HB units with the corresponding distances. r;° and r,° are the equilibrium
distances of the fictive non-hydrogen bonded diatomic molecules AH and HB. If
one assumes that the total valence for hydrogen is unity, it follows that the two
distances depend on each other, leading to an ensemble of allowed r; and r, values
representing the “geometric hydrogen bond correlation”. The hydrogen bond
angle does not appear in Eq. (6.2). This correlation may be transformed into a cor-
relation between the natural hydrogen bond coordinates q; = 1/2(r; — r,) and g, =
ry + r,. For a linear hydrogen bond, g; represents the distance of H from the
hydrogen bond center and ¢, the distance between atoms A and B. Experimen-
tally, hydrogen bond correlations have been established using X-ray and neutron
diffraction crystallography [39], as well as by NMR [40]. Note, however, that corre-
lations of the type of Eq. (6.2) were also used a long time ago in the context of
describing the “bond energy bond order conservation” reaction pathway of the
H, + H reaction [41].

A typical geometric hydrogen bond correlation according to Eq. (6.2) derived for
NHN-hydrogen bonded systems [42] is depicted in Fig. 6.3. When H is transferred
from one heavy atom to the other, g; increases from negative values to positive
values, and g, goes through a minimum which is located at q; = 0 for hydrogen
bonded systems of the AHA-type and near 0 for those of the AHB-type. This corre-
lation implies that, as an approximation, both proton transfer and hydrogen bond-
ing coordinates can be combined into a single coordinate.

(ry+ry) 1 A

9z

equilibrium correction

2.4

-0.8 -04 -0.0 0.4 0.8
q,= %(ry ) I A

Figure 6.3 Correlation of the hydrogen bond length g,=r, + 1,
with the proton transfer coordinate g, ='/2(r, — r,). Solid line:
correlation for equilibrium distances calculated with b, = b,=
0.404 A and r,° = r,° = 0.992 A. Dotted line: empirical correc-
tion for zero-point vibrations. Adapted from Ref. [42].
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The solid correlation line in Fig. 6.3 is calculated by adapting the parameters of
Eq. (6.2) to experimental hydrogen bond geometries established by low-tempera-
ture neutron diffraction and NMR data. A deviation has been observed between
the experimental data and the solid correlation line in the region of strong hydro-
gen bonds around g;= 0. This effect has been associated with zero-point energy
vibrations which are not taken into account in Eq. (6.2), which is valid only for
equilibrium geometries. An empirical correction leading to the dotted line in Fig.
6.3 has been proposed [36]. A similar empirical correction has also been proposed
for OHN-hydrogen bonds [43].

The shortest possible equilibrium heavy atom distance is given by [39D]

Drmin = 2(to—b1n 1/2) (6.3)

which leads to the values for symmetric hydrogen bonds listed in Table 6.1. These
distances provide interesting references for characterizing transition states of H-
transfers obtained by quantum-mechanical calculations. For example, hydride
transfer distances between two carbon atoms at the transition state were calcu-
lated to be in the range 2.69-2.75 A for various enzyme reactions [44].

Table 6.1 Shortest possible heavy atom distances of symmetric
H-bonds predicted by the valence bond order model.

ro/A b/A quin/A
OHO 0.95 0.37 2.41
NHN 0.99 0.404 2.53
CHC 1.1 ~0.4 ~2.75

6.2.4
Reduction of a Two-dimensional to a One-dimensional Tunneling Model

How do the H-bond geometries change during a typical H-transfer process? It is
clear that at the minimum value of the heavy atom coordinate g, only a single ge-
ometry is realized, which is consistent with a single well potential for the H-
motion. In contrast, at other geometries, the correlation curve indicates the possi-
bility of double well situations, where the barrier height E, increases with increas-
ing value of the heavy atom coordinate g,.

The situation is illustrated schematically in Fig. 6.4(a) for the case of degenerate
H-transfers. One-dimensional cuts V(g;) at different values of g, through a two-
dimensional potential surface of a degenerate H-transfer are displayed. The bar-
rier height E4 of the double well describing the H-transfer decreases when g, is
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<« q,
a H-bond compression ——>
V(ay)
b
V(q,) E =constant

> L 1

0 a 0o g 0 g

Figure 6.4 (a) One-dimensional cuts V(q,) through a two-
dimensional potential energy surface of a degenerate H-trans-
fer at different values of g,. (b) Reduction of the two-dimen-
sional double-well potential problem to a one-dimensional
Bell model. Adapted from Refs. [9] and [26].

decreased, and eventually a single well configuration is reached. There are only a
small number of AH vibrational states available; here, only the vibrational ground
states are depicted.

As has been pointed out in Ref. [9], such a two-dimensional model can be
reduced to a one-dimensional model by setting E; = constant, as indicated in Fig.
6.4(b) and by assuming a continuous distribution of rapidly interconverting con-
figurations with different values of g,. Such a situation can be reached practically
by excitation of low-frequency H-bond vibrations or phonons. The situation of Fig.
6.4(b) can practically be replaced by an inverted parabola as a barrier, with a con-
tinuous distribution of vibrational levels on both sides of the barrier.

A similar argument holds for non-degenerate H-transfers, as illustrated sche-
matically in Fig. 6.5. Here, the asymmetry of the potential curve, i.e. the difference
in the energy between the two wells will disappear in the region of the strongest
H-bond compression.

In order to evaluate qualitatively the expected kinetic isotope effects one has to
discuss (i) zero-point energy (ZPE) changes of H in the transition state as com-
pared to the initial state and (ii) tunnel effects.

The expected changes in the zero-point energies of the H transferred are illus-
trated schematically in Fig. 6.6 for the degenerate case, as proposed by Westhei-
mer [45]. The antisymmetric stretch in the initial state exhibits quite different
ZPEs for H and for D as the force constants are large. This vibration becomes
imaginary in the transition state, which is assumed here to be located in the mini-
mum of ¢, , i.e. the ZPE of the antisymmetric stretch is lost in the transition state.
The ZPE of the symmetric stretch in the transition state is small and exhibits little
isotope dependence. We note that ZPE is built up in the bending vibration in the
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<« Q,

H-bond compression —>

1 1 1

0 aq 0 9 0 g,

Figure 6.5 (a) One-dimensional cuts V(g,) through a two-dimen-
sional potential energy surface of a non-degenerate H-transfer at
different values of g,. (b) Reduction of the two-dimensional double-
well potential problem to a one-dimensional Bell model. E,, refers to
a minimum energy for tunneling to occur.
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Figure 6.6 Hydrogen bond correlation and zero-point vibrations for a degenerate H-transfer.

transition state. Overall, a substantial difference in the effective barriers for the
H-transfer and for the D-transfer is expected. Tunneling pathways can occur at
larger values of g,, which is expected to remain constant during the tunnel pro-
cess. As only hydrogen isotopes move at constant ¢, the tunneling masses are
then 1 for H and 2 for D.
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Figure 6.7 Hydrogen bond correlation and zero-point vibrations for a non-degenerate H-transfer.

In contrast, if the transfer is non-degenerate, a situation may occur as illustrated
in Fig. 6.7. At the transition state there is remaining ZPE in the antisymmetric
stretch. This will lead to a decrease in the difference between the effective barriers
for H and for D, as has been proposed by Westheimer [45]. This decrease has also
been called the “Westheimer-effect” [46]. Tunneling pathways may no longer
involve only changes in g;, but also a substantial heavy atom motion. This means
that the effective tunneling masses will be increased by an additional mass Am as
illustrated schematically.

6.2.5
The Bell-Limbach Tunneling Model

The simplest tunnel model which allows one to calculate Arrhenius curves of H-
transfer reactions is the Bell tunneling model [7] which has been modified in our
laboratory [9]. The model has been reviewed recently by Limbach et al. [26]. It is
visualized in Fig. 6.8 which will be explained in the following.

According to Bell, the probability of a particle passing through or crossing a bar-
rier is given by [7]

1

= ow)

(6.4)
where W represents the energy of the particle and D(W) the transmission coeffi-
cient, given according to the Wentzel-Kramers—Brillouin approximation [47] by

’,

a a

D(W) = exp f% /pdx = exp f% / V2m(V(x) — W)dx (6.5)

—a’



Schowen
2. UK
N. Denzau

Kiihn & Weyh Satz und Medien

Freiburg
I:/Vch/Schowen/3b2/c06.3d
6.9.2006
6.2 Theoretical
> H _ > - - D _
Mefr =1+ Am log A=kT/h=12.6 Megr =2 +Am
_________ L R R
> c- E,
>
>
- w
—
E—
e
—_—
-0
A-D----B A-----D-B
A+D-B

A-D+B
Figure 6.8 Modified Bell tunneling model for H and D transfer. Adapted from Refs. [9] and [26].

p represents the momentum and m the mass of the particle moving in the ¢; = x-
direction, and V(x) the potential energy experienced by the particle. |o’| represents
the position of the particle when it enters or leaves the barrier region at energy W.
V(0) = E4 represents the energy of the barrier i.e. the “barrier height” and 2a the
width of the barrier at the lowest energy where tunneling can occur. Classically
G(W)=0for W< Egand G(W)=1 for W > E,, but quantum-mechanically G(W) >
0 for W< Egand G(W) < 1 for W = E,. Note here that D is related to the energy
splitting of a symmetric double oscillator by [28]

AE =M pire (6.6)

T

Assuming that the barrier region can be approximated by an inverted parabola it
follows that

52 a/Z
V(x) = E, <1 - ;> and that W =E;(1— = (6.7)

It has been shown by Bell [48] that

D(W) = exp (— w> , V= % \/g (6.8)

where v, represents a “tunnel frequency”. The fraction of particles in the energy
interval dW is given by the Boltzmann law
dN _ w - %exp(—W/kT)dW (6.9)
Jexp(—W/kT)dW
0

The classical integrated reaction probability is then given by

(AWN) 1 :% /exp(—W/kT)dW: exp(—Eq/kT) (6.10)

Eq
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the quantum mechanical integrated reaction probability by

<Aﬂ) L / G(W)exp(— W /KT)dW (6.11)
N qu kT
and the ratio of both quantities by
(%) qu
Q=N
(T) class

G(W)exp(— W /kT)dW

5y
N exp(—Eq/kT) = / ,(X) exp((Eq — W)/kT)dW (6.12)

o3

Using an Arrhenius law for the classical temperature dependence it follows that
[ G(W)
b= kausQ, = Aexp(— Ea/kT) [ S exp((Ey — W) /kT)AW (6.13)
0
Replacing the Boltzmann constant by the gas constant, and introducing a super-
script as label for the isotope L= H, D it follows that

oo

L
k' = Alexp(—E}/RT) / GR(IW) exp((Ey — W)/RT)dW,L = H,D (6.14)

0
At very high temperatures, the integral becomes unity and one obtains the classi-

cal expression

kL = Alexp(—E}/RT),L = H,D (6.15)

From Eq. (6.14) one obtains the following expression for the “primary” kinetic iso-
tope effect for the H-transfer as a function of temperature
k" AHQHexp(—El/RT)

P=w= AP QDexp(—EP /RT) (6.16)

where Q! has been called the “tunnel correction’. This equation has been intro-
duced by Bell [7]. The energy difference Ae = EY — E} describing the losses of
zero-point energy between the reactant and the transition state can be calculated
using Bigeleisen theory [6].

In the low temperature regime for W = 0 it follows from Eq. (6.8) that

2
G(0)=D(0) = exp (— ZT; ) /ZmEd) (6.17)
Therefore,

2L
kL = ALDL(0) = Alexp (— znh“ V/ ZmLEg) (6.18)

The width of the barrier for the D-transfer can be calculated from Eq. (6.7) and is
given by
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H d
24P = 2" |2 (6.19)
d

With mH = 1 and mP = 2, the low-temperature rate constant k{! is then determined
mainly by a" for a given value of E}. The low-temperature and temperature inde-
pendent kinetic isotope effect kf/k{ is, therefore, determined by EP which is
obtained experimentally at high temperatures. In other words, ki'/kd and the
high-temperature kinetic isotope effects cannot be varied independently of each
other, which is not in agreement with experimental data. This effect can be asso-
ciated with heavy atom tunneling during the H-transfer. The tunneling mass is
increased and the low-temperature H/D isotope effect decreased.
In order to take heavy atom tunneling into account, the expansion

1/2
(aym)'= [Sam; = ((aL)sz +> aimk) =alvVml + Am (6.20)
\V 5 k

is used [9], where

Am = Z (%)ka, L=H, D and k= heavy atoms (6.21)
k
The heavy atom contribution reduces generally the value of k! /kP. For example, if
during H-tunneling in an OHO-hydrogen bond over 2a = 0.5 A both oxygen
atoms are displaced, each by 2a° = 0.05 A, it follows that Am= 0.32, and the total
tunneling mass is 1.32 instead of 1.

Equation (6.14) is visualized in Fig. 6.8. Particles of different kinetic energies W,
given by a Boltzmann distribution, hit the barrier from the left side, where the
probabilities of finding given energies are symbolized by arrows of different
length. The arrows on the right side represent the particles which came through
the barrier by tunneling. As the tunneling mass of H is smaller than that of D, at
a given temperature, the energy for the maximum number of H tunneling
through the barrier is smaller than for D.

As Limbach et al. have proposed, Eq. (6.14) needs to be modified in a minor
way for application in multiple proton transfer reactions [9, 18, 21, 25, 49]. The
most important change is to replace the lower integration limit in Eq. (6.13) by a
minimum energy E,, for tunneling to occur as indicated in Fig. 6.8, i.e.

k" = Alexp(—E%/RT) / %exp((b‘é — W)/RT)dW,L=H,D (6.22)
E,

This modification is necessary for example, when the reaction pathway involves
an intermediate. Tunneling can then take place only at an energy which corre-
sponds to the energy of the intermediate. Then, one can identify E,, with the ener-
gy E; of this intermediate. However, E,, may also represent a reorganization ener-
gy E, necessary for a heavy atom rearrangement preceding the tunneling process.
Thus, E,, includes the “work term” in Marcus theory of electron transfer [2]. In
addition, E,, may include the reaction enthalpy AH of a pre-equilibrium to
H-transfer as discussed above.
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A set of Arrhenius curves calculated using Eq. (6.22) depends then on the fol-
lowing parameters:

1. A single pre-exponential factor A in s is used for all isotopic
reactions, i.e. a possible mass dependence [7] is neglected
within the margin of error. If solvent reorganization and pre-
equilibria are absent, A is expected to be about 1013 s-1.
According to transition state theory, pre-exponential factors
are given by kT/h= 10126 -1 for T =298 K.

2. Ep,= AH + E, + E; represents the minimum energy for tun-
neling to occur as described above and is assumed to be iso-
tope independent. Note that a similar effect on the Arrhenius
curves may be obtained by using more complex barrier
shapes [10].

3. Ef! is the barrier height for the H-transfer step of interest.
Therefore, the sum E,, + E} represents the total barrier
height for the H-transfer.

4. 2aH is the barrier width of the inverted parabola used to
describe the barrier of the H-transfer at the energy E,. This
parameter indicates the tunnel distance of H. 2aP can be
approximated by Eq.(6.19).

5. Ae = EP? — E! represents the increase in the barrier height
when H is replaced by D.

6. The tunneling masses are given by mly = ml + Am, L=H,
D with mH =1 and mP = 2.

Am corresponds to the contribution of heavy atom displacements during the
tunneling process.

In order to illustrate the formalism typical Arrhenius curves of H and D transfer
using arbitrary parameters are plotted in Fig. 6.9. From the slope of the curves at
high temperature one can obtain the quantities E,, + Ef and E,, + ED which were
the same in all graphs of Fig. 6.9. Because of the different slopes of the H and the
D curve, temperature dependent kinetic H/D isotope effects occur in the high-
temperature range, as illustrated by the dotted lines. At low temperatures, parallel
Arrhenius curves are expected, exhibiting a slope given by E,,. The low-tempera-
ture branches are also illustrated by dotted lines. By extrapolation of the low-tem-
perature branches to high temperatures, the values of kX' and of kf are obtained.
According to Eq. (6.18), they provide information about the barrier width 2at and
the heavy atom tunneling extra mass Am.

Let us discuss the effects of 2aH and Am on the Arrhenius curves. In Fig. 6.9(a) and
(b) the H curves are identical, as the product 2aH(1+Am)1/2 is the same. However, the
introduction of an extra tunneling mass of 3 in Fig. 6.9(b) reduces the kinetic isotope
effects in the low-temperature regime but not in the high-temperature regime. On
the other hand, by comparison of Fig. 6.9(a) with Fig. 6.9(c), or of Fig. 6.9(b) with Fig.
6.9(d), it follows that when a barrier of constant height becomes narrower, the regime
of temperature independent kinetic isotope effects is reached at higher temperatures.
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-

Figure 6.9 Arrhenius curves of H and D trans-
fer calculated according to the Bell-Limbach
tunneling model. Minimum energy for tunnel-
ing to occur E;H =12.55 k] mol™, barrier heights
E;H=20.9 k) mol™, E,L =27.2 k) mol™, tunnel-

6.2.6
Concerted Multiple Hydrogen Transfer

0% )k
-

ing masses m"=1+ Am , mP= 2+ Am . Barrier
width 2aP = 2a"(E,P / E;M)'/? according to Eq.
(6.19). k,H and k,P are the extrapolated
ground state tunneling rates as defined in Eq.
(6.18).

Equation (6.22) may not only be used in the case of a single proton transfer but
also in the case of concerted multiple proton transfers, according to Fig. 6.10,
characterized by a single barrier. Only some minor changes are necessary.
1. Ae = EY — E!! continues to represent the increase in the bar-

rier height when a given H is replaced by D. For successive

replacements of H by D, generally, the so-called “Rule of the

Geometric Mean” (RGM) derived for equilibrium isotope

effects [6b]is applied, i.e. it is assumed that replacement of each

H by D leads to the same increase A¢ of the barrier height

EHD = EUH 4 A, EPP — EYM 4 2Ae, . EDPPD — EIHIH | 47,

(6.23)

151



Kiihn & Weyh Satz und Medien
Freiburg
I:/Vch/Schowen/3b2/c06.3d
6.9.2006

6 Single and Multiple Hydrogen/Deuterium Transfer Reactions in Liquids and Solids

D
K A
H @
D
A-H ----- A —
M
A A —
S~ 7
H
JA
RN
P H
A . A
- H/
H’~\
A~ T A
/ \
,’ H
H PR m—
\ '
A
S

Figure 6.10 Schematic one-dimensional
energy profile of degenerate single-barrier
hydron (H, D, T) transfers in coupled net-
works of 1 to 4 cyclic hydrogen bonds. The
hydron transfer can be an over-barrier process
or a tunneling process, as indicated by the
double arrows in the energy profile. The over-
barrier process leads to kinetic isotope effects

because of the loss of zero-point energy at the
top of the barrier for each proton transferred,
as indicated schematically. The tunneling pro-
cess leads to kinetic isotope effects because
of different tunneling masses for the hydro-
gen isotopes. Reproduced with permission
from Ref. [26].

Ac¢ is symbolized schematically in Fig. 6.10 by the different
spacings of H and D levels in the ground state and the transi-

tion states.

2. The tunneling mass of a given isotopic reaction is written as

meffzzmlp+Am
i

6.2.7
Multiple Stepwise Hydrogen Transfer

In a number of papers, Limbach et al. have proposed to use formal kinetics in
order to describe the case of stepwise HH-transfer [18, 24]. This method has been
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extended to the stepwise triple [25] and quadruple transfer cases [26]. In these
papers the Bell-Limbach model was employed for the treatment of each reaction
step. We note again that the same equations developed can also be used when
each reaction step is described in terms of a first-principle theory. In this section
the main results of this research are reviewed only briefly. For a more detailed
description the reader is referred to Ref. [26].

6.2.7.1 HH-transfer

In Fig. 6.11 is depicted a general scheme of a stepwise HH-transfer reaction be-
tween the initial state A and the final state D. B and C are intermediates whose
concentration is small. In each reaction step a single H is transferred, the other H
is bound. Let us denote the formation of the intermediate as “dissociation” and
the backward reaction as “neutralization”. The corresponding free energy reaction
profile is illustrated in Fig. 6.11(b).

-X‘\ \Y+
dissociation THT neutralization
kd B kn
M 1/ \ H ~
X. AT D x‘;H Y
y
A4
C
e Seo -
*X oY
b N

Figure 6.11 Degenerate stepwise HH-transfer involving
metastable intermediates. (a) Chemical reaction network as
base for a description in terms of formal kinetics. (b) Corre-
sponding free energy diagram. Reproduced with permission
from Ref. [26].

Using the steady-state approximation it can easily be shown that the rate con-
stant of the interconversion between A and D is given by

kAB kBD 4 kACkCD (624)

AD ™ kpa +kpp  kca +kep

For the isotopic rate constants it follows that
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HH,HH HH1,HH HD,DH DH1,HD
kHH _ kAB kBD kAC kCD kHD _ kAB kBD kAC kCD
AD T LHH HH HH HH*» “AD — 1HD DH DH HD
kBA + kBD kCA + kCD kBA + kBD kCA + kCD
DH1,HD HD1,DH DD1,DD DD1,.DD
kDH _ kAB kBD kAC kCD kDD _ kAB kBD + kAC kCD
AD DD

= + koD =
Kpa ke ke Hkep T kR kRS kER + kD

(6.25)

The primary and secondary kinetic isotope effects of a given reaction step ij can be

written in the form

) k?(L) 4 s kiLj(H)
= ——— an ==
ij k;)(L) ij k;(D)

(6.26)

where the brackets indicate the bound hydrogen. The corresponding isotopic frac-

tionation factor is given by
_ns

¢.. =
Py Sy

(6.27)

For the case of degenerate HH-transfers, the following isotopic reaction rate con-

stants have been derived [18a—c, 26]

i =
HD _ ,DH _ ,HH p-1 ¢d551+551
4B = [

DD DD HH p—1c—1
kap = kg~ =kg Pg Sq

(6.28)

The subscript d refers to the dissociation and the subscript n to the neutralization
step in Fig. 6.11(a). In the absence of isotopic fractionation ¢y =1,S, = Sy = S,

P, = Py = P, and Eq. (6.28) simplifies to
= 1
R e ] =]
kDD = kPP = i p~ig~t = i p~ig-!
and in the absence of secondary isotope effects to
i —
B = 2 =k | | = 88| R[]

IRD = KB = it — i p-t

(6.29)

(6.30)

As the bound H does not contribute, the notation can be simplified by setting
kil = kL, by dropping the labels for the tautomeric states and by keeping in mind

that according to Eq. (6.26)
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P = kH /KD = kHH /kDD
Thus, it follows that
kHH — kH
JHD _ (DH _ 2kH _ 2kP
1+ kH/kP kP/EH +1
kDD — kD — kHHP71 — kafl

(6.31)

This means that at low temperature where P is large the HD reaction is ca. twice
as fast as the DD reaction. Equation (6.31) has been used in connection with the
Bell-Limbach tunneling model to describe the stepwise double proton transfer in
porphyrins, azophenine, and oxalamidines, as will be discussed in Section 6.3.
Smedarchina et al. [16] used the same equations for their quantum-mechanical
treatment of the porphyrin tautomerism.

Figure 6.12 Free energy correlation (shown schematically) for the H and D
zero-point vibrations for a degenerate stepwise double hydrogen transfer
reaction according to Eq. (6.31), where secondary kinetic isotope effects and
isotopic fractionation between the initial and the intermediate state were
neglected. Adapted from Ref. [18c].
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Equation (6.30) can be visualized in the free energy diagrams shown in Fig.
6.12. Different free energies for different isotopic reactions arise either from zero-
point energy differences or from tunneling contributions. In all isotopic processes
there are equivalent pathways via either intermediate B or C. The initial and final
states A and D as well as the two intermediates B and C have two bound hydrogen
isotopes, leading to three isotopic states of different free energy, containing either
mobile HH, HD, or DD isotopes. In contrast, the states where one hydrogen iso-
tope is in flight are characterized by only two isotopic states of different free ener-
gy because there is only one bound hydrogen isotope. Note that the term “state
with a hydrogen isotope in flight” can be either a conventional transition state or a
state where the isotope tunnels from a thermally activated state through the reac-
tion energy barrier. Let us first compare the HH and the DD reaction profiles in
Fig. 6.12(a) and (c). Both profiles are symmetric. Therefore, internal return causes
the intermediate to react to the product D only with a probability of !/2; it returns
with the same probability to A. The factor of 1/2 entering the expression for kil
and kR is, however, canceled in Eq. (6.30) because there are two equivalent path-
ways via B and via C for all isotopic reactions. The DD reaction is slower than the
HH reaction because of the loss of zero point energy of the XH/XD stretching
vibration in the transition states or because of tunneling. In contrast, the reaction
profile of the HD process is asymmetric and the transition states E and G (and F
and H) are now no longer equivalent. Therefore, the problem of internal return is
absent. If one neglects secondary kinetic isotope effects, the energy necessary to
reach the H transition states is similar to that in the HH process and the energy
necessary to reach the D transition states is similar to that in the DD case. The D
transfer step constitutes, therefore, the rate-limiting step of the reaction. The HD
reaction has then the same free energy of activation as the DD reaction; however,
since in the HD reaction all molecules that have passed the transition state react
to products in contrast to the DD reaction, it follows that kiI2 = 2kRD (Eq. (6.30)).

In contrast, for the case of a non-degenerate reaction where A represents the
dominant form and B the dominant intermediate it has been shown [19b] that

KD = kDD and kPH = kHH (6.32)

These results can again be visualized in a free energy diagram as shown in Fig.
6.13. Since the transition states H are higher in energy than G, the pathways sym-
bolized by the dashed lines do not contribute to the reaction rates. These pathways
are, therefore, no longer discussed; only the favored pathways characterized by
the solid lines that involve the transition states E and G are considered in the fol-
lowing. The true transition state of all isotopic reactions is G. In the latter, the loss
of zero-point energy of XD is larger than of XH and hence the DD reaction is
slower than the HH reaction. Thus, neglecting secondary kinetic isotope effects, it
follows that the DH reaction is as fast as the HH reaction as H is transferred in
the rate-limiting step. By contrast, the D isotope is transferred in the rate-limiting
step of the HD reaction which exhibits, therefore, similar rate constants to those
of the DD reaction.
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Figure 6.13 Free energy correlation (shown schematically)
for the H and D zero-point vibrations for a non-degenerate
stepwise HH-transfer reaction. The secondary kinetic isotope
effect S was set to unity. Adapted from Ref. [18c].

Some calculated kinetic isotope effects are illustrated in the Arrhenius diagrams
of Fig. 6.14. If the secondary isotope effects were equal to the primary ones, this
would mean that both protons are in flight in the rate-limiting step and the double
barrier case would reduce to the single barrier case. Then, one would obtain the
rule of the geometric mean (RGM) with kHH/kHD = gHD/EDD = P and the overall
isotope effect is kHH/kPD = P2 This result represents in fact a derivation of the
RGM for the single barrier case. In the Arrhenius plot of Fig. 6.14(a) the validity
of this rule was assumed. However, this rule is valid only in the absence of tunnel-
ing and if both proton sites are equivalent. In the presence of tunneling kHH/gHD
> kHD/EDD as has been verified previously.

In Fig. 6.14(b) the two-barrier or stepwise transfer Arrhenius diagrams are
plotted, where it was assumed that the secondary isotope effects of dissociation
and neutralization are small, i.e. equal to 1. In addition, absence of isotopic frac-
tionation is assumed, i.e. ¢4 = 1. In this case, kPP/kHH is equal to the kinetic iso-
tope effects Py = P, of the dissociation and neutralization steps. When these iso-
tope effects are large, which is the case at low temperatures, kHP/kPPD is equal to 2.
The statistical factor arises from the fact that in the DD reaction D is transferred
in both steps. Therefore, when the intermediate is reached, return to the reactant
as well as reaction to the product occurs with equal probability. By contrast, there
is no internal return in the HD reaction which exhibits only a single rate-limiting
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step, i.e. the one in which D is transferred. Note that Eq. (6.30) is valid even in the
presence of tunneling.

When isotopic fractionation takes place, for example through a strenghtening of
the H-bond in the intermediate leading to reduced zero-point energies [50], the
factor will be larger than 2, leading to an increase of kHP/kPD as illustrated in Fig.
6.14c.

The effect of an increasing reaction asymmetry is illustrated in Fig. 6.14(d)—(f).
When the asymmetry is small, the HD and DH processes are almost equally fast,
and again characterized by approximately twice the rate constant of the DD pro-
cess. When the asymmetry becomes larger, the HD curve merges rapidly with the
DD curve, and eventually the DH curve with the HH curve.
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Figure 6.14 Arrhenius diagrams of a degener-  the H/D fractionation factor of dissociation
ate double hydron transfer using the following ¢, =1. (c) As (b) but with an arbitrary value of
arbitrary parameters: ¢y = ;= exp (-0.92 k) mol™' / RT);. Adapted
kHH = 10"3exp(—27.6 k] mol-1/RT), from Ref. [26]. (d) to (f) Effect of increasing

P = P; = Py = exp(—7 k] mol=1/RT). (a) Sin-  asymmetry on the kinetic HH/HD/DH/DD
gle barrier case. (b) Double barrier case with isotope effects.
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Finally, note that the concerted and the stepwise HH-transfer constitute limit-
ing cases and that various intermediate cases are possible. Rauhut et al. [51] have
studied “plateau” reactions which are realized when the energy of the intermediate
is raised, producing a very wide flat single barrier region which cannot be
described in terms of an inverted parabola.

Meschede and Limbach [24c] have pointed out that compression of both hydrogen
bonds of a double proton transfer system leads eventually to a single barrier situation,
even if at large H-bond distances a stepwise reaction mechanism is realized.

6.2.7.2 Degenerate Stepwise HHH-transfer

The case of a stepwise triple proton transfer [25] is illustrated in Fig. 6.15. It can
take place along different pathways via at least two metastable intermediates. For
example, if hydrons {1}, {2} and {3} are transferred one after the other the reac-

. kf-: k, .
/ N
H + "H {2+} H

Ho 000 \ ___ , H 010 H /o401 \e=— /111 H
/[ © I ® +>\ D Soom N
A A A
) THT @ (s TH {n THe
LA A
” ~ -
\ - g %
H 001 - H o011 H
W mm——
[, O N, 3 |\
A - A A - A
~ H--- ~ H--

b

a

Figure 6.15 Degenerate triple-barrier triple Cation and anion propagation are included in
hydron transfer involving two zwitterionic the brackets indicating the hydron number
intermediates. A complete transfer consists transferred as a plus or minus sign in the

of a dissociation step, one or more cation brackets. The rate-limiting step may corre-

or anion “propagation” steps, characterized spond to the propagation (a) or the dissocia-
by the forward and backward rate constants tion (b). In each step only a single hydron

k; = k., and a neutralization step. These iso- loses zero-point energy at the configuration
tope dependent rate constants depend on at the top of the barrier. Adapted from Ref.

whether a cation or an anion is propagated. [26].
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Table 6.2 Kinetic isotope effects of degenerate triple proton transfers according to Ref. [9].

J\ VVAYY

KIE Pj= Py= Py=P - $g <1, Pl <<1
EHHD .

HHH P! 132 +P57) 1/3(1 +¢q)

|HDD R )

RHHH P 13(1+2P57) ba/3

|DDD \ B B

JHHH P Py Prlgg

tion pathway is 000—»100—110—111. As a degenerate reaction is considered the
reaction energy profile must be symmetric, leaving only two cases: in the first
case the central reaction step is rate-limiting and in the second case the first and
third steps, as indicated schematically at the top of Fig. 6.15.

The derivation of expressions for the multiple kinetic isotope effects of the triple
hydrogen transfer case is analogous to the HH-transfer but more tedious. There-
fore, the reader is referrred to refs. [25] and [26]. The main results are included in
Table 6.2. As in the case of the HH-transfer, the kinetic isotope effects derived for
the stepwise transfers are valid in the presence of tunneling and are independent
of the tunneling model used. By contrast, the kinetic isotope effects of the single
barrier reaction are affected by tunneling.

The Arrhenius curves calculated for a small temperature range without tunnel-
ing contributions are illustrated in Fig. 6.16. For the single barrier case (Fig.
6.16(a)) Table 6.2 again predicts the rule of the geometric mean. Now, the overall
isotope effect is larger than in the HH case, i.e. kHHH/EDDD = P3 however the indi-
vidual isotope effects are the same if P is kept constant.

In the stepwise triple barrier case with the central propagation as the rate-limit-
ing step the overall isotope effect is given by kHHH/kDDD = P, It seems astonishing
that the individual isotope effects kHHH/EHHD = 3 /2 and kHHH/EHDD = 3 are given
only by statistical values when Py is large (Table 6.2). Thus, the Arrhenius curves
of the HHH, HHD and HDD reaction are grouped closely together as illustrated
in Fig. 6.16(b). This result can be explained as follows. When the central step is
rate-limiting either H is transferred in this step with the probability 1/3 or D with
the probability 2/3. The latter D-transfer does not contribute substantially to the
overall rate constant, as H is transferred in the central step as fast as in the HHH
reaction. Therefore, the HHH/HHD and the HHD/HDD isotope effects are given
only by statistical factors.

When the propagation is the rate-limiting step (Fig. 6.16(c)) a similar phenome-
non occurs. In the HDD reaction there are pathways where H is transferred both
in the first and the final rate-limiting steps, e.g. the sequence 000 — 100 — 101
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1 Figure 6.16 Arrhenius diagrams of a degener-
Vo5 a4 i 1§ 5o e triple hydron transfer. For the HHH-transfer
’ ’ ’ ) ' "~ an arbitrary Arrhenius law kHHH = 10"3exp
c 8 (—27.6 k) mol=1/RT) in s~ was assumed,
7 HHH HHD HDD involving the single proton kinetic isotope
T 6 effects P = P, = Py = exp(—7 k] mol=1/RT).
X5 \ (a) Single barrier case. (b) Triple barrier case
o4 3x —F with the dissociation as rate-limiting step.
</ H g DDD The rate constants are independent of the
2 D fractionation factor ¢, of the dissociation.
1 (c) Triple barrier case with ¢, = exp(—0.92 kJ
0 : : mol~/RT) and equal rate constants k; = k, for
4.0 4.2 6 4.8 5.0

4.4 4
108

10°) the cation and anion propagation, i.e. a =1.
T

Reproduced with permission from Ref. [26].

— 001 — 011 — 111. Therefore, also in this case only replacement of the last pro-
ton by a deuteron exhibits a non-statistical kinetic isotope effect. However, the
HDD process will experience isotopic fractionation of the dissociation process.
Moreover, the DDD process is additionally affected by isotopic fractionation.

6.2.7.3 Degenerate Stepwise HHHH-transfer

In Ref. [26] three limiting cases were considered, i.e. a single barrier (Fig. 6.10), a
double barrier (Fig. 6.17) and a quadruple-barrier reaction pathway (Fig. 6.18).
The first process does not involve any intermediate. The second process consists
essentially of consecutive double proton transfer steps, where each step involves a
single barrier. There are two possibilities, either protons {1, 2} are transferred
first, followed by protons {3, 4}, or vice versa, proceeding via the zwitterionic inter-
mediates 1100 or 0011. It is again assumed that the intermediates can be treated
as separate species, i.e. that there are no delocalized states involving different
potential wells. This assumption will be realized when the barriers are large. Each
reaction step is then characterized by an individual rate constant. The process con-



Kiihn & Weyh Satz und Medien

Schowen Freiburg
2. UK I:/Vch/Schowen/3b2/c06.3d
N. Denzau 6.9.2006

162 | 6 Single and Multiple Hydrogen/Deuterium Transfer Reactions in Liquids and Solids

Figure 6.17 Degenerate two-barrier quadruple hydron transfer
involving a single zwitterionic intermediate. Two hydrons lose
zero-point energy in the configuration corresponding to the
top of the barrier. Isotopic fractionation ¢, can occur for the
dissociation. Reproduced with permission from Ref. [26].

sists of consecutive single proton transfer steps, corresponding to dissociation
(kq), two propagation steps (k¢ and ki), and a neutralization step (k,). In the propa-
gation steps one of the four protons is transferred and coupled to the transfer of
either a positive or a negative charge (cation or anion propagation), indicated by +
or — signs. Two possible intermediates, 0101 and 1010 are double zwitterions in-
volving very high energies and are, therefore, neglected.

The expected kinetic isotope effects obtained by neglecting secondary kinetic iso-
tope effects are summarized in Table 6.3. The results are visualized in Fig. 6.19, where
again a simple Arrhenius law was assumed for the HHHH reaction with the same
arbitrary parameters as for the HH and the HHH reactions in Fig. 6.14 and 6.16.

In the case of the single-barrier mechanism, all four hydrons are in flight in the
transition state. Subsequent replacement of H by D involves similar primary
kinetic isotope effects P, leading to equally spaced Arrhenius curves of the isotopic
reactions in Fig. 6.19(a), with an overall kinetic isotope effect of kHHHH/EDDDD ~
P4 This result is analogous to the single-barrier HH and the HHH-transfer cases
discussed above. Note that, generally, the transfer of n hydrons is expected to give
rise to an overall kinetic isotope effect of P [26].

For the two-barrier HHHH case it was assumed that the first and second pri-
mary kinetic isotope effects of the double proton transfer in the dissociation steps
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Figure 6.18 Degenerate quadruple-barrier intermediates 0101 and 1010 are not further
quadruple hydron transfer. A complete trans- taken into account because of their high
fer consists of a dissociation step, two or Couloumb energy. Reproduced with permis-
more propagation steps and a neutralization sion from Ref. [26].

step. The double-cation—double-anion

Pjand Py, are equal. ¢4 represents the single H/D fractionation factor of the dis-
sociation step, corresponding to the equilibrium constant of the formal reaction

initial state (D) + intermediate state (H) = initial state (H) +
intermediate state (D). (6.33)

The results are depicted in Fig. 6.19(b) and (c). Whereas in Fig. 6.19(b) ¢4=1, in
Fig. 6.19(c) it was assumed that ¢4 = exp(—0.92 k] mol-1/RT) < 1. This fractiona-
tion factor takes into account the fact that the zero-point energies of each proton
in the intermediate may be reduced due to low-frequency shifts of the proton
vibrations, as expected for an increase in the H-bond strength in the intermediate.

One observes three groups of Arrhenius curves, i.e. the HHHH curve, the
group of the HHHD and the HDHD curves, and the group of the HHDD, HDDD
and DDDD curves. Within each group the differences are small. They are further
attenuated by isotope fractionation (Fig. 6.19c). The overall kinetic isotope effect,
given by kHHHH/EDDDD = P2 is typical for a concerted double proton transfer reac-
tion. It is interesting to note that replacement of the first H by D already leads to a
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Figure 6.19 Simulated Arrhenius diagrams
of a degenerate quadruple hydron transfer.
Arrhenius laws are assumed for the HHHH-
transfer. (a) Single-barrier case. (b) Double-
barrier case with ¢, =1. (c) Double-barrier
case with ¢, = exp(—0.92 k| mol-'/RT).
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case with propagation as rate-limiting step,
equal cation and anion propagation a =1

(as indicated by the * signs), ¢, = ¢ =
exp(—0.92 k) mol-'/RT). (f) Quadruple-barrier
case with propagation as rate-limiting step,
only cation propagation a=0 (as indicated

by the + signs), ¢4 = ¢; = exp(-0.92 k) mol/
RT). Adapted from Ref. [26].

substantial isotope effect of kHHHH/EHHHD — p,/2 when isotopic fractionation is

absent.

In the quadruple-barrier case one needs to distinguish whether dissociation/
neutralization or propagation are the rate-limiting steps. Furthermore, a para-
meter a is needed describing the ratio of the forward reaction rate constants of the

anion and the cation propagation, i.e.

amd ol
k}+ k;:r

(6.34)
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Table 6.3 Kinetic isotope effects of degenerate quadruple proton transfers according to Ref. [26].
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where i—and i+ indicate the transfer of hydron i coupled to the transfer of a nega-
tive or positive charge. In Table 6.3 Prand Py, constitute the kinetic isotope effects
of the two propagation steps; ¢4 corresponds to the fractionation factor of the dis-
sociation.

When dissociation and neutralization are the rate-limiting steps (Fig. 6.19(d)),
an overall kinetic isotope effect of kHHHH/EDDDD = P, is expected, again typical for
a single H-transfer. Surprisingly, only replacement of the last H by D is affected
by Py. As in the stepwise HHH case, this effect arises again from the possibility of
reaction pathways involving transfer of H in the rate-limiting steps, even in the
HDDD reaction.

In the case of the propagation as rate-limiting step, an overall isotope effect of
kHHHH /EDDDD — P, is expected. The rate constants of the other isotopic reac-
tions are between the values of kHHHH and kPPDPD_ In Fig. 6.19(e) it is assumed
that both cation and anion propagation exhibit the same rate constants, and in
Fig. 6.19(f) it is assumed that anion propagation does not contribute fundamen-
tally to the rate constants. This effect leads to a reduction in kHPHD,

6.2.8
Hydrogen Transfers Involving Pre-equilibria

According to Eigen’s scheme of H-transfer [52] in solution the reaction partners
have first to meet in order to react. For an intermolecular H-transfer from AH to
B one can write
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K k
A-H+B=A-H.--B=A.-H-B=A + HB (6.35)

In Eq. (6.35) electrical charges are omitted. k represents the intrinsic forward rate
constant. The pre-equilibrium constant is given by

K= 28 (6.36)
CaCB
where ¢, and cg represent the concentrations of the reactants AH and B, and c,p
the concentration of the reactive complex AHB. The total concentrations are then
given by Cy = c5 + cap and Cg = cg + cap. The experimentally accessible forward
pseudo-first order rate constant is then given by [53]

dCy  d(ca+cap) _ deap _ keap

CCadt Cydt — Cudt  C,

kobs =

(6.37)

k

- _\/(cA — Cp)’K2 4+ 1+ 2K(Cy + Cp) + 1+ K(Cp + Cp)
2KCy

Equation (6.37) predicts changes in the apparent reaction order as a function of
Cy and Cg. It can easily be shown that

kops = kKCp for K<< 1 and kyps =k for K> 1 (6.38)

For the case of two proton donors AH of the same kind which exchange two pro-
tons in a cyclic dimer (AH), the following equation has been derived

L [—s/l T 8KCy 4+ 1+ 4KCA] (6.39)
4KC,,

which can also be obtained from Eq. (6.37) by setting C, = Cy and replacing K by
2K [24]. Again,

kgps = 2kKCy for K<< 1 and ks = k for K> 1 (6.40)

Finally, the intramolecular case is interesting, where AH and B are functional
groups of the same molecule. The equilibrium constant between the non-reactive
form AH + B and the reactive form AHB is given by

K=" (6.41)
CNR
With the total concentration C = cyp + cg it follows that

KC
= 6.42
R =7 TK (6.42)
Often, only the sum of the concentrations of NR and R is measured, i.e. the
kinetics cannot distinguish between NR and R. As the interconversion between
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NR and R is assumed to be fast, the observed first order or pseudo-first order rate
constant is then given by

1doy key kK

k=~ @ = C “11K (6.43)
In the case where K >>1 it follows that

kops =k (6.44)
By contrast, if K < 1 it follows that

kops=kK (6.45)

In other words, the observed rate constants depend in a similar way on the equi-
librium constants in the three cases discussed. In order to have an impression of
the effects on the Arrhenius curves let us discuss the intramolecular case given by
Eq. (6.43).

The temperature dependence of the pre-equilibrium constant is given by

K =exp(-AH/RT+AS/R) (6.46)

where AH and AS represent the enthalpy and entropy of the pre-equilibrium. Let
us assume a simple Arrhenius law for the intrinsic H-transfer step

k=Aexp(—E,/RT) (6.47)

with the arbitrary parameters A= 10" s~! and E, = 30 k] mol-!, represented by the
dashed lines in the Arrhenius diagrams of Fig. 6.20. The effective Arrhenius
curves calculated using Eq. (6.43) are represented by the solid lines.

Figure 6.20(a) depicts the case where the formation of the reactive state involves
a negative enthalpy and a negative entropy, as expected for a hydrogen bond asso-
ciation between the reaction partners AH and B. Thus, the reacting state predomi-
nates at low temperatures where k., = k. The true Arrhenius curve is then mea-
sured, with normal pre-exponential factors. At high temperatures, however, non-
reactive state dominates and kg, = kK. As K < 1 in this region, the observed
Arrhenius curves exhibits a convex curvature and unusually small pre-exponential
factors. The effective activation energy is given by E, — |AH].

Figure 6.20(b) depicts the case where the formation of the reactive state involves
a positive entropy and enthalpy. Such a case could happen if the reaction partners
AH and B are involved in strong interactions with other species. For example, AH
could be hydrogen bonded to any proton acceptor, or B to any proton donor, which
requires this interaction to be broken before the partners can react. Now, the react-
ing state predominates at high temperatures and the non-reactive state at low
temperatures. Only at high temperatures is the true Arrhenius curve measured,
exhibiting a normal pre-exponential factor of about 13. At low temperatures, the

167
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Figure 6.20 Arrhenius curves of a H-transfer AS=-70) K mol™; (2) AH =- 30k} mol™,
in the presence of a pre-equilibrium. Arbitrary AS=-120) K" mol; (3) AH =-40 k] mol-,
parameters of the Arrhenius curves in AS=-170) K mol; (4) AH=10k) mol,
the reactive complex: logA= 13, and AS =40 K" mol; (5) AH =30 kJ mol,

E, =30 k) mol~'. Parameters of the formation AS =100 K™ mol; (6) AH =50 k) mol,

of the active complex: (1) AH = - 20 k] mol-, AS =160 ) K" mol-'. Adapted from Ref. [53].

observed rate constants are slower than the intrinsic ones, the effective activation
energy is given by E, + |AH]|. In addition, the observed pre-exponential factor is
unusually large.

6.3
Applications

In this section various hydrogen transfer systems are reviewed for which Arrhe-
nius curves of the different isotopic reactions are available over a large tempera-
ture range. Mainly the systems are discussed exhibiting degenerate hydrogen
transfers which could be studied by dynamic NMR. The main question is how the
reaction properties are related to the molecular structure.
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According to Eigen’s scheme of H-transfer (Eq. (6.35)) it can be divided into two
steps, i.e. a diffusion step and an intrinsic H-transfer step in a hydrogen bonded
complex. This picture can be specified further, for example by introduction of
heavy atom reorganization in the intrinsic H-transfer step, either before or during
the actual H-transfer.

Therefore, in the first part of this section, intramolecular hydrogen transfers or
intermolecular hydrogen transfers in preformed hydrogen bonded complexes in
the solid state which are coupled only to minor heavy atom motions are discussed.
H-transfers coupled to major heavy atom motions will then be treated in the sec-
ond part; they include pre-equilibria, hydrogen bond switches, conformational
changes, solvent motions etc.

For a better comparison, the Arrhenius curves of all hydrogen transfers dis-
cussed in this section have been recalculated for this review using the Bell-Lim-
bach tunneling model described in the theoretical section. Some systems have
already been presented recently in a mini-review [54]. The parameters used are
assembled in Table 6.4. Finally, note that in all cases where hydrogen isotopes are
transferred from and to nitrogen the compounds had to be enriched for NMR
measurements with the 1°N isotope.

6.3.1
H-transfers Coupled to Minor Heavy Atom Motions

6.3.1.1 Symmetric Porphyrins and Porphyrin Analogs

The tautomerism of porphyrin and of its analogs is illustrated in Fig. 6.21. Experi-
mental aspects have been reviewed recently by Elguero et al. [55] and theoretical
aspects by Maity et al. [56].

The thermal tautomerism of meso-tetraphenylporphyrin (TPP) — which is more
soluble than the parent compound porphyrin — was discovered by Storm and
Teklu [57] using liquid state TH NMR. A large kinetic HH/DD isotope effect was
observed which was interpreted in terms of a concerted double proton transfer.
Hennig et al. [18a, 58] established in the late 70s and early 80s of the last century
the intramolecular pathway of the reaction, measured the HH and DD reaction
rates and later also the HD rates of TPP over a wide temperature range. The data
were interpreted in terms of tunneling. As NMR methods to obtain rate constants
were still developing, the low-temperature rate constants were overestimated by
Hennig et al. [58] as criticized by Stilbs and Moseley [59]. As a consequence, the
methods used were improved and led to a novel NMR pulse sequence based on
“magnetization transfer in the rotating frame” [60], referred to later as “CAMEL-
SPIN” [61] and then as “ROESY” [62], one of the most used NMR pulse sequences
nowadays.

In the late 70s and early 80s, tunneling theories indicated a preference for tun-
neling in symmetric double wells vs. asymmetric wells, supporting the concerted
double proton transfer [63]. Thus, it seemed at that time that tunneling observed
experimentally was only compatible with a concerted reaction pathway, supported
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Figure 6.21 Tautomerism of (a) porphyrin, (b) chlorin, (c) isobacteriochlorin
and (d) bacteriochlorin. Adapted from Ref. [19a].

by the finding that the two NH-stretches in the ground state of porphyrins are
coupled [63]. In a number of papers, a stepwise transfer was proposed by Sarai
[64], promoted by specific vibrations of the porphyrin skeleton which lower the
N---N distance for H-transfer. In parallel, quantum-mechanical calculations indi-
cated that cis-tautomers represent metastable intermediates, as indicated in Fig.
6.21(a). To our knowledge, the most recent ab initio calculation was published by
Maity et al. [65]. Further theoretical progress will be discussed later.
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Figure 6.22 Arrhenius curves of the tautomerism of (a) tetra-
phenylporphyrin in the liquid and solid state [18b] and

(b) of the a- and f-forms of solid phthalocyanin [66b].

The Arrhenius curves were calculated using the parameters
listed in Table 6.4.

In the meantime, Limbach et al. [58b] showed, for meso-tetraarylporphyrins,
that the transfer also takes place in the solid state [58¢], but it was found that the
degeneracy of the reaction can be lifted by solid state interactions. Thus, the tauto-
merism of meso-tetratolylporphyrin was found to be degenerate in the solid state,
but the tautomerism of triclinic TPP was perturbed in the sense that the trans-
tautomers BD and DB exhibited a larger energy than the trans-tautomers AC and
CA (Fig. 6.21(a)). However, by co-crystallization with a small amount of Ni-TPP a
tetragonal structure was obtained in which the degeneracy of the tautomerism
was restored, as shown by Schlabach et al. [18b]. No difference between the rate
constants of the degenerate reactions in the liquid and the solid state could then
be observed. Schlabach et al. also published the final set of rate constants for the
HH, HD, and the DD tautomerism of TPP depicted in Fig. 6.22(a). The kinetic
isotope effects were interpreted in terms of Eq. (6.31) for degenerate stepwise
HH-transfers in the absence of isotopic fractionation between initial and inter-
mediate state and of secondary isotope effects, re-written as
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Here k™ and kP represent the single H-transfer rate constants of the formation of
the individual intermediates in Fig. 6.21(a). Equations (6.31) and (6.48) had
already been discussed by Limbach et al. [58] but used only after independent con-
firmation in the cases of azophenine and oxalamidines [21, 22], discussed below.
Equation (6.48) was visualized in Fig. 6.12 and 6.14(b). The reaction energy profile
of the HH-transfer involves two transition states of equal height. Thus, the prod-
uct side is reached only with probability !/2 as the internal return to the initial
state also exhibits the same probability. The same is true for the DD reaction, only
the effective barriers are larger. However, the symmetry is destroyed in the HD
reaction. The rate-limiting step is the D-transfer which involves the same barrier
as the corresponding process of the DD reaction. But as there is only a single bar-
rier of this type in contrast to the DD reaction the HD reaction is about 2 times
faster than the DD reaction.

The fit of the experimental data to Eq. (6.48) is very satisfactory, as illustrated in
Fig. 6.22(a), where the solid lines were recalculated here using the Bell-Limbach
model, with the parameters included in Table 6.4. This result also means that
there is no substantial decrease in the zero-point energies of the two protons in
the cis-intermediate states as compared to the initial and final trans-states, as this
would increase the HD/DD isotope effect beyond the value of 2 as was illustrated
in Fig. 6.14(c).

The solid state tautomerism of solid phthalocyanine was discovered [66a] and
studied by Limbach et al. [66D]. As illustrated in Fig. 6.22(b), there are two forms
which differ in the arrangement of the central nitrogen atoms. They are arranged
in a square in the a- form but in a rectangular way in the f-form [66b]. Thus, the
latter contains two weak inner NHN-hydrogen bonds.

The reaction rates observed are substantially increased as compared to TPP; the
increase is larger for the f-form as compared to the a- form (Fig. 6.22(b)). Kinetic
H/D isotope effects have not yet been studied. The difference in the reaction
kinetics of the two forms has been explained as follows. The observed tautomer-
ism in the a- form was interpreted with a circular tautomerism as illustrated in
Fig. 6.21(a), with similar transfer rates for the formation of all intermediates.
However, the observed transfer in the f-form was assigned to a local HH-transfer
within the two intramolecular hydrogen bonds which led to an extra increase in
the rate constants.

The thermal tautomerism of the unsubstituted solid parent compound porphy-
rin was discovered by Wehrle et al. [18c]. Again, the degeneracy of the tautomer-
ism was not lifted. The HH, HD, DD rate constants in the liquid and the solid
state were determined by Braun et al. [18d] leading to the Arrhenius diagram of
Fig. 6.23(b). Again, no kinetic liquid-solid state effects could be observed. The
motivation of these studies was to elucidate the influence of substituents on the
tautomerism and to facilitate the comparison with theoretical studies which are
generally performed on the non-substituted parent compound. In fact, although
the observed isotopic pattern is similar to that of TPP, it is found that the reaction
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in the parent compound is considerably faster than in TPP, but slower than in
phthalocyanine (Table 6.4). These findings indicate that NHN-hydrogen bond
compression is necessary for the HH-transfer in porphyrins and its analogs to
occur, and that this compression is hindered by substituents in the meso-positions
but facilitated by replacement of meso-carbon by meso-nitrogen atoms.

As matrix effects on the tautomerism of porphyrin are absent, it is justified to
combine the data obtained by NMR with those obtained at low temperatures
using optical methods for porphyrin embedded in solid hexane [67], leading to the
full Arrhenius diagram depicted in Fig. 6.23(a) [18d]. In contrast, rate constants
obtained for substituted and unsubstituted porphyrins should not be included in
a single Arrhenius diagram.

Before the full Arrhenius diagram is discussed in detail, let us first include the
results of a subsequent study of Braun et al. [18¢] who measured also the rate con-
stants kHT and kT using liquid state 3H NMR of tritiated porphyrin dissolved in
toluene. In order to discuss the new data it is convenient to convert the rate con-
stants k' into the rate constants k* using Eq. (6.31) which is naturally valid also

4,
N HH
DD HD
03 2 3 7 3 6 7
3
10%) -1

Figure 6.23 Mixed liquid and solid state Arrhenius diagrams
of the HH-transfer of porphyrin, adapted from Ref. [18d].
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for L=T. The resulting single H/D/T Arrhenius diagram of the porphyrin trans-
cis reaction is depicted in Fig. 6.24. This representation allows comparison with
the Arrhenius diagram of the tautomerism of the deprotonated unsubstituted por-
phyrin anion depicted in Fig. 6.25. The tautomerism of the latter was discovered
by Braun et al. [23a], and the rate constants kH were measured for the liquid and
the solid state, as well as kP and kT for the liquid state [23b]. Whereas the reaction
profile for the anion is symmetric, it is asymmetric for the parent compound, as
illustrated schematically in Fig. 6.26.

For the parent compound porphyrin, an Arrhenius curve pattern of the type dis-
cussed in Fig. 6.9 is observed. Noteworthy is the same low-temperature slope E,,
of the Arrhenius curves of the HH and DD reaction in Fig. 6.23, i.e. of the H- and
D- reaction in Fig. 6.24. E, | will be mainly caused by the asymmetry of the reac-
tion profile because at least the energy of the cis-intermediate is required for tun-
neling to occur, but also the reorganization energy of the ring skeleton will con-
tribute. Note also that the low-temperature kinetic H/D isotope effect is smaller

8,
% °
2
R
H
2 D
T
0 2 3 4 5103 6 7
107 k-1
=

Figure 6.24 Mixed liquid and solid state Arrhenius diagram of the
uphill trans—cis H/D/T-transfer of porphyrin. Data from Ref. [18e].
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Figure 6.25 Mixed liquid and solid state Arrhenius diagram of
the tautomerism of the porphyrin anion. Adapted from Ref. [23b].

Figure 6.26 Potential curves (shown schematically) of the
tautomerism of porphyrin and its mono-deprotonated anion.
Adapted from Ref. [18e].
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than predicted from the relatively large barrier difference for H and D evaluated at
high temperatures. In order to match this effect a relatively high value of Am for
the heavy atom tunneling contribution had to be used in order to reduce the low-
temperature isotope effect.

In contrast, this was not necessary in the case of the porphyrin anion where the
transfer is degenerate and where the low-temperature kinetic isotope effects are
substantially larger than in the parent compound. Therefore, the much smaller
value of E, in the anion is assigned to the reorganization of the porphyrin skele-
ton preceeding the transfer. As compared to the parent compound, both larger val-
ues for the tunneling distance as well as for the differences of the barrier heights
of the isotopic reactions are obtained. These findings can be associated with the
lack of the reaction asymmetry in the anion, as discussed in the previous section.

6.3.1.2 Unsymmetrically Substituted Porphyrins

In subsequent studies the question arose as to how the kinetics of the tautomer-
ism of porphyrins and porphyrin analogs are affected by a reduction in the molec-
ular symmetry arising from the introduction of single substituents. From a theo-
retical viewpoint, this question was especially interesting as formal kinetics of the
stepwise transfers in Fig. 6.21 predict an evolution of the Arrhenius curves as dis-
cussed in Fig. 6.14(d)—(f). When the symmetry of the reaction is perturbed, one of
the two barriers of the stepwise transfer is increased and the other decreased, as
was illustrated in Fig. 6.13. In the HD reaction the D transfer exhibits the larger
barrier and becomes rate-limiting, whereas in the DH reaction H is transferred in
the rate-limiting step. Therefore, the HD reaction becomes slower and the DH
reaction faster until they coincide with the DD and with the HH rates, as illustrat-
ed in Fig. 6.14(f).

This effect was observed by Schlabach et al. [20] for an unsymmetrically substi-
tuted acetylporphyrin (ACP, Fig. 6.27, X=CH;CO) dissolved in CD,Cl,. The ther-
modynamics and the kinetics of the HH, HD, DH and DD reactions could be
studied by NMR. It was observed that the acetyl substituted pyrrole ring exhibits a
smaller proton affinity as compared to the other pyrrole rings which are substituted
with aliphatic substituents (Fig. 6.28(a)). The equilibrium constant was given by

Kacpp = 1.14 X exp(—5.82 k] mol~1/RT) (6.49)

Therefore, reaction pathways involving transition states and intermediates with
hydrogen isotopes located on the non-substituted pyrrole rings are favored.

The Arrhenius curve pattern of Fig. 6.28(a) corresponds to the intermediate
case between those of Fig. 6.14(d) and (e). It was calculated as follows. It was
assumed that only the pathway AC>AD—BD contributes to the reaction rate con-
stants but not ACBC—BD (Fig. 6.21). Thus, only the first terms in Eq. (6.25)
needed to be retained. Neglecting secondary isotope effects, the second hydron in
the superscripts of the rate constants could be omitted. Using the substitution
A—AC, B>AC and D—BD it was shown that
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Figure 6.27 Stepwise HH, HD, DH and DD transfer in monosubstituted porphyrins.

K o Kacosppkt] K2 apKac>spkD
kHH _ AC—AD MC—BD*BD—AC kDD _ AC—AD MAC—BD"BD—AC
AC—BD — kH + K kH » YAC»BD kD + K kD

AC—AD -AC—BD"BD—AC 'AC—AD AC—-BD"BD—AC

(6.50)
H D D H
kHD _ kAC—)ADKACﬁBDkBD—)AC kDH _ kAC%ADKAC*)BDkBD—)AC
)

AC—BD — kH

) AC—BD = 75
acap T Kacsepkpp ac k

Acoap + Kacnpksposac
Equation (6.50) expresses the experimental rate constants as a function of the sin-
gle H-transfer forward and backward rate constants kil |, and ki ., of the
steps defined in Fig. 6.27. Both reaction steps are now characterized by different
tunnel parameters listed in Table 6.4, used to calculate the Arrhenius curves of
Fig. 6.28(a). The step AC—AD involves a slightly larger barrier energy Eq and a
slightly larger minimum energy E,, for tunneling to occur as compared to step
BD—AD because of the asymmetry of the reaction. From a quantitative stand-
point, the tunnel parameters may be subject to changes if data could be observed
over a wider temperature range.
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Figure 6.28 Arrhenius diagrams of the HH-transfer (a) in a
substituted acetylporphyrin according to Ref. [20] and (b) in
meso- tetraphenylisobacteriochlorin (upper curves) [19a] and
in meso-tetraphenylchlorin (lower curves) dissolved in organic
solvents [19d].

In conclusion, the theory of formal kinetics developed in the theoretical section
for the description of stepwise multiple hydrogen transfers is supported by these
experiments, at least for cases with weak hydrogen bonds. Thus, in these systems
the assumption that each reaction step can be described in terms of a rate process
characterized by rate constants is valid. The hydrogen bonds involved are not
strong enough and the barriers not small enough that coherent tunneling states
with delocalized protons or hydrogen atoms play an important role in this class of
compounds.

183



Schowen
2. UK
N. Denzau

184

Kiihn & Weyh Satz und Medien
Freiburg
I:/Vch/Schowen/3b2/c06.3d
6.9.2006

6 Single and Multiple Hydrogen/Deuterium Transfer Reactions in Liquids and Solids

6.3.1.3 Hydroporphyrins

Hydroporphyrins consist of porphyrins where one or more pyrrole rings are
hydrogenated. The inner hydrogen atoms of porphyrins and substituted porphy-
rins resonate around —2 ppm which is typical for a Hiickel aromatic 4n+2 electron-
ic n-system. The same was found for the AC and CA tautomers of meso-tetraphe-
nylchlorin (TPC, Fig. 6.28(b)) where a single pyrrole ring is hydrogenated, and for
meso-tetraphenylbacteriochlorin (TPBC, Fig. 6.28(b)) exhibiting two hydrogenated
rings in trans-arrangement [19a]. Therefore, is was concluded that the two periph-
eral double bonds of porphyrin and the peripheral double bond of chlorin are not
essential for the aromatic electron delocalization pathway, as illustrated in Fig.
6.21. In other words, porphyrin, chlorin and bacteriochlorin represent Hiickel sys-
tems with 18 n-electrons in the aromatic pathways depicted in Fig. 6.21. In con-
trast, the chemical shifts of the inner hydrogen atoms of meso-tetraphenylisobac-
teriochlorin (TPiBC, Fig. 6.21(d)) were shifted substantially to low field, leading to
the conclusion that all trans-forms of TPiBC do not represent aromatic 18 7 elec-
tron systems.

The analysis is different for the intermediate states. TPiBC is predicted to form
aromatic cis-intermediates CD and DC which are then lowered in energy as com-
pared to the zwitterionic intermediates AB and BA. Thus, Fig. 6.21c predicts the
reactions of iso-bacteriochlorin to be faster than those of porphyrin. On the other
hand, the aromatic character of bacteriochlorin is lost in the intermediate states,
moreover the trans-tautomers BD and DB of bacteriochlorin exhibit a zwitterionic
structure. Thus, one should expect a substantial increase in the barrier height of
the exchange between AC and CA in bacteriochlorin as compared to porphyrin.

These predictions were indeed confirmed experimentally. Schlabach et al. [19b]
showed that in the case of TPC the trans-tautomers BD and DB cannot be ob-
served directly by NMR; however, rate constants of the HH and the HD reaction
could be obtained for the interconversion between AC and CA. According to an
analysis similar to that leading to Eq. (6.25) it was shown that in the case of the
HH reaction the observed rate constants are given by

HH  _ pHH  _ 1H DD  _1DD  _ 1D
kacsca = kacep = Kacoap >> kacca = Kicosp = kacoap (6.51)

It has been shown [19b] that for the HD reaction two pathways are possible exhib-
iting reaction profiles similar to those of Fig. 6.13(c) and (d). The rate constants of
the HD reaction are given by

HD _ ,HD _17H 11D ~ 11H
kacca = kacep = 7Kacoap + 2kacsap = 2kacsap (6.52)

This result can also be directly obtained by inspection of Fig. 6.21(b), setting H, =
H and Hy, = D: the pathways of the HD reaction are dominated by the steps where
D is transferred from ring C to D to A, so that H is transferred from A to B to C.
The latter pathway is rate-limiting and exhibits the same rate constant as the cor-
responding HH reaction. The factor of /2 in Eq. (6.52) arises from the fact that
the alternative pathway where D is transferred via ring B is much slower.
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The corresponding Arrhenius curves obtained are included in the lower part of
Fig. 6.28(b). Within the margin of error, the kinetic HH/HD isotope effect of
about 2 predicted by Eq. (6.52) was confirmed experimentally. Table 6.4 indicates
that both E,,, and Ej4 are increased as compared to porphyrin, as expected. The total
increase as compared to TPP is about 11 k] mol-1, an effect which can be attribut-
ed to the loss of the aromaticity of TPP in TPC when the tautomerism occurs.

For TPBC no intramolecular tautomerism could be observed up to 140 °C, indi-
cating that the sum of E +E; is larger than about 86 k] mol-!, assuming a rate
constant smaller than 100 s! at 140 °C as estimated from the linewidths of the
1H signal of the inner protons.

Finally, for TPiBC the rate constants of the processes AD <> DB and AD «> BD
(Fig. 6.21(c)) could be measured [19b]. The results are included in the Arrhenius
curves of Fig. 6.28(b). The AD «> BD reaction is slower than in TPP which is not
surprising, as the molecule is not aromatic. By contrast, the AD <> DB reaction is
substantially faster than in TPP, an effect which has been associated with the for-
mation of the aromatic cis-intermediate. The reaction rates are similar to those of
the porphyrin anion. Although only a few rate constants were measured, one can
anticipate with the accepted pre-exponential factor of 10126 s-1 a substantial con-
cave curvature of the Arrhenius curves, i.e. a tunneling process occurring at much
lower energies as compared to TPP. This is again the consequence of a more sym-
metric reaction profile as compared to TPP because the energy gap between the
non-aromatic initial state AC and the aromatic cis-intermediate DC is substan-
tially reduced.

6.3.1.4 Intramolecular Single and Stepwise Double Hydrogen Transfer in H-bonds
of Medium Strength

When the hydrogen bonds become stronger the hydrogen transfer rates increase
as the barriers are lowered. This is the case in a series of compounds discussed in
this section.

The first system is indigodiimine which exhibits an intramolecular double pro-
ton transfer [68] as illustrated in Fig. 6.29(a), together with the corresponding
Arrhenius curve (lower line). This process renders the two halves of the molecule
equivalent. An even faster NH, rotation renders all NH protons equivalent. The
rate constants were obtained by performing measurements at low temperatures,
using a deuterated liquefied freon mixture CDCl;/CDFCl,/ CDF,Cl as NMR sol-
vent [68]. The parameters of the calculated Arrhenius curves are included in Table
6.4 but are not further discussed as kinetic isotope effects were not obtained.

The reaction rates are similar in the polycrystalline porphyrin analog dimethyl-
dibenzo-tetraaza[14]Jannulene (DTAA) [69] representing a 6-membered H-chelate.
They are even faster in the porphyrin isomer porphycene (Fig. 6.29(b)) [70] repre-
senting a 7-membered H-chelate with an even stronger intramolecular hydrogen
bond. Both molecules form two trans-tautomers which are degenerate in the iso-
lated molecules. However, solid state interactions lift this degeneracy. The rate
constants of the forward uphill reactions could be measured in the case of DTAA
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Figure 6.29 Arrhenius diagrams of the tautomerism of (a)
indigodiimine [68] dissolved in a CDCl,;/CDFCl,/CDF,Cl mix-
ture and of (b) polycrystalline dimethyldibenzotetraaza[14]an-
nulene (DTAA) [69] and of polycrystalline porphycene [70].

using high resolution >N solid state NMR by a combination of line shape analysis
and BN-T; longitudinal relaxation time measurements. In the case of porphycene
only the latter method could be used, which allows one to obtain rate constants on
the micro- to nanosecond timescale. As kinetic isotope effects could not yet be
obtained a detailed analysis of the reaction mechanisms was not yet possible.
However, the present data seem to be compatible with stepwise HH tunneling
processes where the energies of the cis-intermediates govern the Arrhenius curves
at low temperatures.

In polycrystalline tetramethyldibenzotetraaza[14]Jannulene (TTAA, Fig. 6.30) a
related tautomerism was observed [49]. By a combination of solid state °N and 2H



Kiihn & Weyh Satz und Medien

Schowen Freiburg
2. UK I:/Vch/Schowen/3b2/c06.3d
N. Denzau 6.9.2006

6.3 Applications |187

log (k/s™)

T T T T T

0 2 4 6 3 10 12
10°) 1
0

Figure 6.30 Arrhenius diagram of single H-transfer in poly-
crystalline tetramethyldibenzotetraaza[14]annulene (TTAA)
according to Ref. [49].

NMR relaxometry rate constants and kinetic H/D isotope effects of the single H-
transfer indicated in Fig. 6.30 could be measured. Evidence was found that the
transfer is near-degenerate. Concave Arrhenius curves for the H- and the D-reac-
tions were observed over a large temperature range, exhibiting surprisingly small
kinetic H/D isotope effects, which were explained in terms of a relatively large
heavy atom contribution to tunneling and a small barrier width. The latter arises
from the substantially stronger H-bond in TTAA as compared to porphyrin.

6.3.1.5 Dependence on the Environment

The question of how intermolecular interactions perturb the symmetry of a degen-
erate H-transfer was studied as a function of temperature by Wehrle et al. [71]
using TTAA dissolved in glassy polystyrene. In all cases, the transfer was found to
be faster than the dynamic range of solid state 15N NMR. The latter gave informa-
tion about the distribution of the equilibrium constants of H-transfer. The results
were rationalized in terms of the scenario of Fig. 6.31.
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Figure 6.31 Model for the dependence of the proton transfer potential on the
environment arising from experimental observations. Adapted from Wehrle et al. [71].

When a 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. Whereas AE will be
the same for all molecules in a crystal, AE will depend, in a disordered system
such as a glass, on the local environment, leading to a distribution of AE-values.
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.
Only well above the glass transition is a situation typical for the liquid reached
where all molecules exhibit an average value AE,,= 0.

6.3.1.6 Intermolecular Multiple Hydrogen Transfer in H-bonds of Medium Strength
The double proton transfer in cyclic dimers of crystalline benzoic acid has been
studied by various authors using NMR relaxation techniques [72, 73]. For a recent
account of this work the reader is referred to the study of Horsewill et al. [74] who
published the correlation times of the HH, HD and DD reactions given by

1 k
2 —kyy + kyy, where K =2 =12 _ eyn(_ AE/RT),
Tc % ky

AE =85 K = 0.36 kj mol! (6.53)

Here, AE represents the energy difference between the two tautomers whose gas-
phase degeneracy is lifted by solid-state interactions. x; and x, represent the mole-
fractions.

The resulting Arrhenius diagram where the forward rate constants k;, of Horse-
will et al. [74] are plotted as a function of the inverse temperature is depicted in
Fig. 6.32. The Arrhenius curves exhibit large concave curvatures as expected for
tunneling. Both 7. as well as the backward reaction k,; (not plotted) are almost
independent of temperature in this regime. The tunnel parameters used to calcu-
late the Arrhenius curves are included in Table 6.4. The values of the minimum
energy for tunneling to occur, E,, are slightly larger than the energy difference AE
between the two tautomers.
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Figure 6.32 Arrhenius curves of the solid state tautomerism
of benzoic acid dimers. Data for the HH and HD reactions
taken from Ref. [74], and for the DD reaction from Ref. [72c].
The solid lines were calculated using the Bell-Limbach tunnel-
ing model with the parameters listed in Table 6.4.

In contrast to the intramolecular HH-transfers discussed above, replacement of
each H by D leads to a significant isotope effect. At low temperatures, the HH/
HD and the HD/DD isotope effects are 24 and 21, i.e. quite similar. In contrast,
the extrapolated values at room temperature are about 3 and 6. As compared to
other systems discussed below, usually, either similar values are obtained as was
illustrated in Fig. 6.14(a) or the kinetic HH/HD isotope effects are larger than the
HD/DD isotope effects, an effect arising from tunneling. Whereas the HH and
the HD curves in Fig. 6.32 calculated for this review could be simulated assuming
only the usual slight changes in the tunneling mass, barrier height and of the bar-
rier width, a substantially larger barrier height and also a larger value of the mini-
mum energy for tunneling to occur had to be assumed for the DD reaction. At
present, it is tempting to associate this finding with the fact that something spe-
cial has happened with the deuterated crystals. For this discussion remember that
deuteration generally leads to a different position of D with respect to the hydro-
gen bond center as compared to H, and to an increase in the heavy atom distance.
Such differences have been observed recently for acetic acid dimer [75] and other
hydrogen bonded systems [40]. This would lead to an additional term which
increases the barrier height of the DD transfer.

The tautomerism of crystalline pyrazoles which is discussed in the following, is
particularly interesting because of the variety of hydrogen bonded complexes
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formed by this type of compounds in the solid state. Depending on the substitu-
ents, one finds non-reactive chains or reactive cyclic dimers, trimers or even tetra-
mers in which degenerate HH, HHH, or HHHH-transfers can take place [76, 77]
as depicted in Fig. 6.33 to 6.37. In this series, the influence of crystal fields which
can lift the gas phase degeneracy of the transfer processes was not observed with-
in the margin of experimental error.

The Arrhenius diagram of the degenerate HH/HD/DD transfer in the cyclic
dimer of crystalline 3,5-diphenyl-4-bromopyrazole (DPBrP) [27] is depicted in Fig.
6.33. The kinetic HH/HD and HD/DD isotope effects are about 5 at room temper-
ature and are similar, i.e. follow the rule of the geometric mean (RGM) as pre-
dicted by Fig. 6.14(a). The total HH/DD isotope effect is about 25. Concave Arrhe-
nius curves indicate tunneling at low temperatures. This finding has been inter-
preted in terms of a single barrier reaction where all H loose zero-point energy in
the transition state.

The RGM is also fulfilled in the case of the degenerate HHH-transfer in the
cyclic trimer of crystalline state 3,5-dimethylpyrazole (DMP) (Fig. 6.34) [25a]. The
individual isotope effects are about 4 at room temperature, and the total isotope
effect is around 47, which is typical again for a single-barrier reaction. The barrier
height can be varied substantially by removing the bulky methyl groups and by
introducing various substituents in the 4-positions as indicated in Fig. 6.35 [25b].
In the next section, the discussion of this effect will be pursued.

10% -
0

Figure 6.33 Arrhenius diagram for the double proton and
deuteron transfer in solid DPBrP. Adapted from Ref. [27].
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The kinetics of the HHHH-transfer in the cyclic tetramer of 3,5-diphenyl-4-pyr-
azole (DPP) has been evaluated recently [27]. The overall kinetic HHHH/DDDD
isotope effects were found to be only around 12. This value indicated absence of a
single barrier HHHH process where one would expect a larger overall effect.
Instead, the Arrhenius pattern depicted in Fig. 6.36 could be explained in terms of
a stepwise HH+HH process according to the profile of Fig. 6.17, where two
hydrons are transferred in each step, leading to the expected isotope effects
depicted in Fig. 6.19(b) and (c). This means that the rate constants of the HHHD
and the HDHD reaction are very similar, and also those of the DDHH, DDHD,
DDDD reactions. This leads to a very special dependence of the rate constants ob-
served on the deuterium fraction xp, in the mobile proton sites. The mole fractions
of all isotopologs according to a statistical distribution are depicted in Fig. 6.37(a),
and the sums of mole fractions of the relevant species exhibiting similar rate con-
stants in Fig. 6.37(b). It is clear, that practically only three different species and
rate constants are observed in this case.

Ab initio calculations performed on pyrazole clusters reproduced these findings
[78] and indicated a switch from concerted double and triple proton transfers in
the cyclic dimer and trimer of pyrazole to a stepwise HH+HH mechanism for the

3 6
10% -1
T

Figure 6.34 Arrhenius diagram for the double proton and
deuteron transfer in the cyclic trimers of solid DMP. Adapted
from Ref. [25a]. The solid curves were calculated using the
Bell-Limbach tunneling model as described in the text.
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Figure 6.35 Arrhenius diagram for the triple proton transfers

in cyclic trimers solid DMP, 4-nitropyrazole and 4-Br-pyrazole.
Adapted from Ref. [25b].

DDHH, DDHD
DDDD
2 3 4 5 6 7 3

3
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T
Figure 6.36 Arrhenius diagram for the quadruple proton and deuteron transfer

in solid DPP. Adapted from Ref. [27]. The solid curves were calculated using the
Bell-Limbach tunneling model.
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Figure 6.37 Statistical mole fractions of isotopologs (a) and
ensembles of isotopologs (b) of the tetrameric DPP. Adapted
from Ref. [27].

tetramer, consisting of two consecutive concerted double proton transfers. The
concerted mechanism for the dimer was recently confirmed by Rauhut et al. [79].

Finally, note that Horsewill et al. [80] have reported an intramolecular quasi-
degenerate quadruple HHHH tunneling process between the OH-groups of solid
calix[4]arene, exhibiting temperature-independent rate constants. In a later section
the discussion of this process will be pursued.

6.3.1.7 Dependence of the Barrier on Molecular Structure

In Fig. 6.38(a) are depicted the correlated NHN-hydrogen bond coordinates (Table
6.5) of porphyrin, of TTAA, porphycene, of the pyrazoles discussed in the previous
section, as well as the calculated values of the transition states of porphyrin [65]
and of its mono-deprotonated anion [81]. Also the data point of the double proton
transfer in the cyclic N,N’-di-(p-F-phenyl)amidine dimer was added, which is dis-
cussed in the next section as it involves a hydrogen bond pre-equilibrium and a
coupling to the reorientation of the aryl groups.
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Note that all geometries are located on the NHN-hydrogen bond correlation
curve of Fig. 6.3, especially the coordinates of the transition states of porphyrin
and of its anion, exhibiting values of 2.60 and 2.66 A. This means that hydrogen
bond compression is the most important heavy atom motion which enables H-
transfer; the transition state structures correspond to those expected for the
strongest possible NHN-hydrogen bonds, whereas the initial states do not show
any sign of hydrogen bonding.

The question arises how the intrinsic barrier of the symmetric H-transfer
depends on the hydrogen bond geometries. In Fig. 6.38(b), therefore, the experi-
mental values of the total barrier E; + E,, are plotted as a function of g, (Table 6.5).
As a reference, the values of zero for the transition states calculated for porphyrin
[65] and for the anion [81] are included. The dotted lines were calculated using the
expression

Eq+ En= C(Qz ~ Q2min) (654)
with gymin= 2.60 A, C = 60, 240, and 155 k] mol-! A-1. The calculated curve with
the smallest slope reproduces well the experimental data of the H-transfers. The
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Figure 6.38 (a) Hydrogen bond geometries of various mole-
cular systems containing NHN-hydrogen bonds. (b) Barrier
heights of the H-transfers calculated from the Arrhenius
curves of the species in (a). The barrier heights of the transi-
tion states are set to zero. Values taken from Table 6.5.
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calculated curve assigned to the HH-transfer is tentative, as there is only a single
point (7, DPBrP) which is well established. Its slope is substantially larger than
the slope of the H-transfer curve. This may arise from the fact that two bonds
instead of one have to be broken and reformed. Point 6 (porphycene) is located on
this curve; it is tempting to conclude that the tautomerism of this molecule repre-
sents a more or less concerted HH-transfer process. However, point 8 refers to the
HH-transfer in cyclic dimers of a diarylamidine (Fig. 6.44—6.46 ) discussed later.
This point is located very far from the HH curve. This might indicate that some-
thing unusual happens here, for example a mechanism somewhere in between a
concerted and a stepwise HH-transfer. It is interesting to note that for a given
hydrogen bond geometry, the total barrier increases substantially from the H to
the HH reaction, but that the barrier decreases again for a HHH reaction. Points
12 and 13 representing the HHHH reaction in pyrazole tetramers are located
close to the HH curve; this is in agreement with the interpretation of consecutive
HH+HH reaction.

Let us at this point draw some conclusions based on the systems which have
been discussed so far. All systems were “simple” in the sense that heavy atom
motions were restricted to changes in bond lengths and angles of the molecular
skeletons in which the hydrogen bonds are embedded. Major conformational
changes or coupling to solvent molecules were not present. Figure 6.39 sum-
marizes the findings schematically.

Figure 6.39(a) illustrates hydrogen bond compression during a single H-trans-
fer process according to the hydrogen bond correlation of Fig. 6.3. In the initial
and final states, the geometric H/D isotope effects imply a shortening of the cova-
lent bond distance and a lengthening of the hydrogen bond [40]. In the transition
state the deuterated system can be somewhat more compressed as compared to
the protonated system, because the wavefunction of D is sharper than the wave-
function of H, i.e. D is closer to the H-bond center than H. The barrier height is
larger for D than for H.

The mechanism of HH-transfer depends on whether the two hydrogen bonds
involved are cooperative (Fig. 6.39(b)) or anti-cooperative (Fig. 6.39(c)). In the case
of two cooperative H-bonds compression of one bond leads also to a compression
of the second bond. Compression of one of two anti-cooperative bonds leads, how-
ever, to a lengthening of the other bond. In the case of non-cooperative H-bonds
compression of the first bond has no effect on the second bond. When H in one
bond is shifted to the H-bond center, assisted by compression of this hydrogen
bridge, this compression will also lead to a compression of the second hydrogen
bond, which in turn shifts also the hydrogen in this bond to the H-bond center. In
other words, cooperative hydrogen bonds seem to favor a concerted or single-
barrier HH-transfer. This may be the case in benzoic acid dimer, porphycene and
pyrazole dimers and trimers. By contrast, in the case of anti- or non-cooperative
H-bonds, only one H-bond can be suppressed but not the other, and only a single
H is transferred, leading to a stepwise motion involving a metastable intermedi-
ate. This is the case in porphyrins, phthalocyanins, indigodiimine, tetraaza[14]an-
nulenes. In the next section, other examples will follow.
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Figure 6.39 Simplified models of H- and H/D isotope effects during compression
D-substituted hydrogen transfer systems. assisted concerted HH-transfer in two coop-
The boxes containing springs symbolize the eratively coupled hydrogen bonds. (c) Geo-
symmetries and the compressibilities of the metric H/D isotope effects during compres-
hydrogen bonds. (a) Geometric H/D isotope sion assisted stepwise HH-transfer in two
effects during compression assisted H-trans- anticooperatively coupled hydrogen bonds.

fer in a single hydrogen bond. (b) Geometric

6.3.2
H-transfers Coupled to Major Heavy Atom Motions

In many H-transfer reactions in solution the reaction centers have first to form a
reactive complex from non-reactive configurations or conformations i.e. they
require a major molecular mobility. Therefore, it is understandable that complex
H-transfers cannot take place in the solid state. In this section, various experimen-
tal published cases will be discussed.

6.3.2.1 H-transfers Coupled to Conformational Changes

Let us first discuss the intramolecular degenerate double proton transfers in azo-
phenine [21] and in oxalamidines [22a]. By liquid state NMR of the >N labeled
compounds the intramolecular pathways of the transfer processes were estab-
lished and the rate constants kHH, kHD = kPH and when possible kPP were mea-
sured. The Arrhenius diagrams are depicted in Fig. 6.40. In all cases, the reactions
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in solution were suppressed in the solid state, indicating major heavy atom
motions in addition to H-bond compression.

The kinetic HH/HD/DD isotope effects are given by Eq. (6.48) and are typical
for stepwise degenerate reaction mechanisms involving metastable cis-intermedi-
ates reached by single H-transfers as illustrated by Fig. 6.11 and 6.12. In a similar
case as described above for porphyrin, the observed rate constants kLt could be
converted into the rate constants k! of the uphill single H-transfers. k" and kP
were then calculated in terms of the Bell-Limbach tunneling model using the pa-
rameters included in Table 6.4 and converted back to kI using Eq.(6.48).

The reaction rates of tetraphenyloxalamidine (TPOA) dissolved in CD,Cl, are
only slightly larger than those of azophenine (AP) dissolved in C,D,Cl,. The
kinetic isotope effects are larger in the latter; moreover, they depend on tempera-
ture, whereas those of TPOA exhibit little temperature dependence. The tautomer-
ism of the bicyclic oxalamidine OA?7 is, on the other hand, substantially slower
than that of TPOA. In the corresponding 6-membered bicyclic oxalamidine OA6
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Figure 6.40 (a) Arrhenius diagrams of the
tautomerism of azophenine (AP) dissolved in
CD,Cl, (top, [22a]) and of the seven-mem-
bered bicyclic oxalamidine OA7 (bottom) dis-
solved in methylcyclohexane [22b, 22¢]. (b)
Arrhenius diagrams of the tautomerism of

tetraphenyloxalamidine (TPOA) dissolved in
C,D,Cl, (top, [18b]) and of OA7 dissolved in
acetonitrile (bottom, [22b, 22c]). The solid
lines were calculated using the parameters
listed in Table 6.4 as described in the text.
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no double proton transfer was detectable [22¢]. On the other hand, the tautomer-
ism of OA7 was substantially faster in acetonitrile (dielectric constant 37.5) as
compared to methylcyclohexane (dielectric constant 2.02), as illustrated in Fig.
6.40. These findings supported the formation of a zwitterionic intermediate
according to the stepwise mechanism of Fig. 6.11. The small dependence of the
kinetic isotope effects on temperature is confirmed for OA7 as the Arrhenius
curves of the isotopic reactions are almost parallel. Note that a quantitative discus-
sion of these parameters is difficult as the temperature range of the experimental
data was limited. Therefore, the parameter sets obtained are not unique.

However, qualitatively, the above findings and the tunnel parameters obtained
can be explained in terms of Fig. 6.41. In all cases, the total barrier heights Ey +
E,, for each single reaction step are the same; in addition, it is assumed that the
classical kinetic hydrogen/deuterium isotope effects for the over-barrier reactions
are the same. Therefore, in the high temperature regime, the associated Arrhe-
nius curves coincide. However, drastic differences are expected at lower tempera-
tures, when tunneling becomes important. In this region, temperature indepen-
dent kinetic isotope effects are expected, leading to parallel Arrhenius curves. Tun-
neling can occur only at energies indicated by the hatched areas. In Fig. 6.41(a)
and (d) E,, is given by the energy of the intermediate E;, whereas in Fig. 6.41(b)
and (e) an additional reorganization energy E, is required, mainly to compress the
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intermediate, E, . (b) and (e) E,, is given by E,
+ E, where E, is associated with heavy atom
reorganization preceding the proton transfer.
(c) and (d) Corresponding Arrhenius curves
(shown schematically) calculated in terms of
the Bell-Limbach tunneling model. Adapted
from Ref. [22¢].

Figure 6.41 Visualization of a modified Bell
tunneling model for degenerate, stepwise
double proton transfers involving an inter-
mediate. A minimum energy E, . is required
for proton tunneling, which can take place
only in the hatched regions. E, barrier energy.
(a) and (d) E,, is given by the energy of the
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hydrogen bond, as discussed in the theoretical section. This hydrogen bond com-
pression may involve additional molecular conformational changes. The corre-
sponding Arrhenius curves are depicted in Fig. 6.41(c) and (d). The large changes
in the experimental activation energies in the tautomerism of the oxalamidines
and of azophenine, and at the same time the small changes in the kinetic isotope
effects indicate then that the main differences arise from different values of E, =
E, + E;. It is plausible that the changes within the oxalamidines are then mainly
due to different reorganization energies E,.

This hypothesis was confirmed by semi-empirical calculations of various oxala-
midines [22d]. The results are visualized in Fig. 6.42. In all cases, a substantial
heavy atom reorganization precedes the H-transfer, which is strongly dependent
on the chemical structure. This reorganization mainly involves a decrease in the
nitrogen-nitrogen distances of the hydrogen bond in which the proton transfer
takes place, thus lowering the barrier for the tautomerism. In contrast, in all other
cases, hydrogen bond compression is associated with major conformational
changes, requiring an additional reorganization energy. In TPOA and azophenine
(not shown), H-bond compression is associated with a phenyl group reorientation.

OA5

OAG6

anti

OA7

anti

Figure 6.42 Heavy atom reorganization during the HH-trans-
fer in oxalamidines calculated using the semiempirical PM3-
MNDO method. Adapted from Ref. [22d].
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This reorganization is not possible in the solid state, where only single tautomers
are formed [21b, 22c]. The bicyclic oxalamidines also require a ring reorganization
for H-bond compression to occur, which is smaller for OA7 than for OA5 and
OA®6, in accordance with experimental findings. For OA6 and OA7 syn- and anti-
conformations were found, which both exhibited similar energies for the transi-
tion states. However, note that the ring reorganization did not involve a barrier
leading to a pre-equilibrium for the tunneling step, as indicated in Fig. 6.20.

In all cases, the molecular structures do not allow for a simultaneous compres-
sion of both hydrogen bonds which would require a very high energy. Therefore,
the transfers are stepwise, as indicated by Fig. 6.39(c).

The effects of small changes in the molecular structure can be observed in the
case of the related diarylamidines which are the nitrogen analogs of formic acid
and which represent models for nucleic acids. In tetrahydrofuran, for N,N'-di-(p-
F-phenyl)amidine (DFFA) three forms were observed by NMR, a solvated s-cis-
form and a solvated s-trans-form which is in fast equilibrium with a cyclic dimer
in which a HH-transfer takes place [24] as illustrated in Fig. 6.43. Fortunately, at
low temperatures, the s-cis- and the s-trans-forms were in slow exchange. The rate
constants of the HH, HD and DD reactions were determined by dynamic 'H and
19F NMR as a function of concentration, deuterium fraction in the mobile proton
sites and of temperature. The dependence of the observed rate constants of the
s-trans-form on concentration is depicted in Fig. 6.44. The solid lines were calcu-
lated using Eq. (6.39) from which the rate constants in the dimer as well as the
equilibrium constants of the dimer formation could be obtained. The Arrhenius

F

Q

N |
s-cis  nc’ -Or

.............. Hos
Z Z ~ / N — 7
s-trans HfC\ — H*C\ //C*H — H*C\\ /C*H — H*C\\
N-H -8 N=H oo N TN H-N N
F F F F F F
solvated dimer

Figure 6.43 Conformational isomerism, hydrogen bond exchange
and HH-transfer in N,N’-di- (p-F-phenyl)amidine (DFFA) dissolved
in tetrahydrofuran (S) according to Ref. [24c].
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Figure 6.44 Pseudo-first order rate constants
of the intermolecular HH, HD and DD trans-
fers in cyclic dimers of s-trans-N,N’-di-(p-F-
phenyl)amidine (DFFA) dissolved in tetrahy-
drofuran as a function of the concentration.
The solid lines were calculated using an
equilibrium constant of 1.12 L mol-! of the
monomer—dimer equilibrium. Adapted from
Ref. [24c].

0 0.1 0.2 0.3 0.4
C/mol I

diagrams obtained are depicted in Fig. 6.45. Two large isotope effects are observed
indicating a single barrier reaction according to Fig. 6.14(a). As the rate constants
are intrinsic to the dimer, the contribution from the hydrogen bond equilibrium
was eliminated from the minimum energy for tunneling to occur, but not contri-
butions from heavy atom rearrangements, in particular from the expected aryl
group conformations.

For that reason, symmetric diarylamidines with varying substituents in the p-
position of the phenyl rings were studied by X-ray crystallography and dynamic
solid state >N NMR [82]. The tendency to form cyclic dimers in the solid state was
supported. In most cases, the angles ay and ayy between the phenyl groups and
the molecular skeleton at the imino and the amino nitrogen atoms were different
for a given molecule; the aryl ring at the imino nitrogen atom was often found to
be coplanar with the molecular skeleton, but a substantial angle was observed at
the amino nitrogen. This circumstance can be attributed to steric interactions of
aromatic 0-CH groups and the CH group of the amidine unit. It leads to a large
preference for one of the two potentially degenerate tautomers, and suppresses
the HH reaction in the solid. A degenerate HH-transfer was observed only in the
OCH3; substituted compound, where the two angles were similar but not coplanar
with the molecular skeleton.

In solution the aryl groups of a cyclic dimer will not, therefore, be the same as
lead to an asymmetry of the double well for the HH-transfer, as illustrated in Fig.
6.46. Reorientation of the phenyl groups to angles around 50° will symmetrize the
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Figure 6.45 Arrhenius diagrams of the tautomerism of DFFA
dissolved in THF. Adapted from Ref. [24c].

potential and minimize the barrier height of the HH-transfer. The latter is
expected to take place in this configuration. Finally, the process is completed by a
reorientation of the aryl groups. This means that the total barrier of the HH reac-
tion in solution within the cyclic dimer will be slightly higher than in the sym-
metric configuration in the solid state. This is what was indeed observed for the
rate constants of the OCH; substituted diarylamidine in the solid state.

6.3.2.2 H-transfers Coupled to Conformational Changes and Hydrogen Bond Pre-
equilibria

Replacing the CH unit of diarylamidines with imino nitrogens leads to diaryltri-
azenes. As illustrated in Fig. 6.46, the aryl groups are found to be coplanar with
the triazene unit. A consequence is that an intermolecular steric interaction be-
tween aromatic CH arises, which prevents the formation of cyclic dimers. Thus,
diaryltriazenes are not able to exchange protons without the help of a catalyst, as
has been shown recently [33]. In order to obtain more information about catalytic
proton exchange, the base catalyzed transfer of 1,3-bis(4-fluorophenyl)[1,3-
15N, Jtriazene was studied in more detail using 'H and °F NMR. As catalysts
dimethylamine, trimethylamine and water were studied, using tetrahydrofuran-dg
and methylethylether-dy as solvents. The latter is liquid down to 130 K.
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Figure 6.46 Coupling of the HH-transfer in cyclic dimers of
diarylformamidines to the rearrangement of the aryl groups.
Adapted from Ref. [82].
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Surprisingly, both dimethylamine and trimethylamine were able to pick up the
mobile proton of the triazene at one nitrogen atom and carry it to the other nitro-
gen atom, resulting in an intramolecular transfer process catalyzed each time by a
different base molecule. Even more surprising is that the intramolecular transfer
(Fig. 6.47(a)) catalyzed by dimethylamine is faster than the superimposed inter-

molecular double proton transfer (Fig. 6.47(b)).

The kinetic H/D isotope effects are small, especially in the catalysis by trimethy-
lamine, indicating a major heavy atom rearrangement and absence of tunneling.
This is because of the high asymmetry of the H-transfer from the triazene to the
base. Semi-empirical PM3 and ab initio DFT calculations indicate a reaction path-
way via a hydrogen bond switch of the protonated amine representing the transi-
tion state, where the imaginary frequency required by the saddle point corre-
sponds to a heavy atom motion, as was illustrated schematically in Fig. 6.7. Tun-
neling is absent because of the very high tunneling masses involved, correspond-

ing to the mass of the base.
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Figure 6.47 (a) Arrhenius diagrams of the amine (0.02 mol I at x, = 0 and x, = 0.96). k,
intramolecular proton and deuteron transfer represents the average inverse life times of
in 1,3-bis-(4-fluorophenyl)-[1,3-1°N,]triazene the base B between two exchange events.
dissolved at a concentration of 0.1 mol I in (b) Arrhenius diagrams of the intermolecular
methyl ethyl ether-d,, catalyzed by the bases proton and deuteron transfer of 1,3-bis-(4-
dimethylamine (0.0028 mol I-" at x, = 0 and fluorophenyl)-[1,3-1°N,]triazene catalyzed by

0.0041 mol I-" at x, = 0.95) and trimethyl- dimethylamine. Adapted from Ref [33b].
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The Arrhenius curves of all processes exhibit strong convex curvatures. This
phenomenon is explained in terms of the hydrogen bond association of the tri-
azene with the added bases, preceding the proton transfer. At low temperatures,
all basic molecules form a hydrogen bonded reactive complex with the triazene,
and the rate constants observed equal those of the reacting complex. However, at
high temperatures, dissociation of the complex occurs, and the temperature
dependence of the observed rate constants is affected also by the enthalpy of the
hydrogen bond association according to Egs. (6.37) and (6.46). As tunneling is not
involved, the Arrhenius curves are not further discussed. For that the reader is
referred to the original literature [53].

Al-Soufi et al. [83] have followed the kinetics of the intramolecular H- and
D-transfer between the keto and the enol form of 2-(2"-hydroxy-4’-methylphenyl)
benzoxazole (MeBO) dissolved in alkanes using optical methods. No dependence
of the rate constants on the solvent viscosity could be found. The Arrhenius diagram
obtained over a very wide temperature range is depicted in Fig. 6.48. At low tempera-
tures, the very rare regime of temperature-independent rate constants is obtained, ex-
hibiting a very large temperature independent kinetic H/D isotope effect of about
1400. At room temperature, still a quite large effect of about 14.5 is obtained.

Al-Soufi et al. [83] mentioned that the experimental pre-exponential factors
obtained at high temperature were only about 10° s7! instead of about 1013 s as
expected. Therefore, the Arrhenius curves of this reaction were recalculated here
using Eq. (6.43), assuming an equilbrium between a reactive form and a non-reac-
tive form. The parameters are listed in Table 6.2. Because of the large body of data
all parameters could be determined.

At low temperatures, the intrinsic Arrhenius curves of the H- and the D-trans-
fer, symbolized by the dashed lines, coincide with the observed ones, represented
by the solid lines, as ks = k. However, at high temperature it was assumed that a
non-reactive form of the molecule dominates because of its more positive entropy,
leading to kg, = kK. Thus, both the observed rate constants and the observed pre-
exponential factors are smaller than expected.

Note that, at low temperatures, a very small minimum energy E,, for tunneling
to occur is found, which refers to the reactive complex. This value could, therefore,
be determined in addition to the values of AH and AS of the pre-equilibrium. In
other cases, as discussed later, only the sum of AH + E,, can be determined. The
barrier for the transfer is similar to that found for TTAA. The difference between
the barriers for H and D is substantially large, of the order of that found for por-
phyrin. In addition, a contribution for heavy atom tunneling is observed.

At present, one can only speculate about the structure of the postulated non-
reactive form. It could be that at low temperatures, the keto form may exhibit a
zwitterionic aromatic character, and at high temperature a less polar but quinoid
structure. Both structures are normally limiting structures. However, the zwitter-
ionic structure is highly solvated and will exhibit, therefore, a much more negative
entropy as compared to the zwitterionic structure. The entropy decrease is
expected to be especially large in the case of apolar but polarizable solvents as has
been shown by Caldin et al. [84]. Another possibility could be the formation of an
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Figure 6.48 Arrhenius plot of the triplet state tautomerism
of 2-( 2-hydroxy-4"-methylphenyl) benzoxazole (Me-BO,
upper curve) and its deuterated analog (lower curve) dis-
solved in alkanes. The kinetic data were taken from Al-Soufi
et al. [83]. The solid lines were calculated using the para-
meters listed in Table 6.4.

enolic conformer exhibiting an intramolecular OHO- instead of an OHN-hydro-
gen bond. However, further spectroscopic and kinetic measurements are neces-
sary to clarify this problem.

Let us now discuss the well-studied case of the isomerization of the 2,4,6-tri-tert-
butylphenyl radical to 3,5-di-tert-butylneophyl in apolar organic solvents, depicted
in Fig. 6.49 which has been studied by Brunton et al. [8]. Various barrier types
were used by these authors for Bell-type semiclassical tunneling calculations. It
was shown that an inverted parabola could not give a satisfactory fit. The pre-expo-
nential factors found for other barrier types were of the order of 8 to 12. As
depicted in Fig. 6.49, a solution to the problem can be obtained in terms of an
equilibrium where again a reactive form dominates at low and a non-reactive
form at high temperature, as in the preceding case of Me-BO. In the case of the
2,4,6-tri-tert-butylphenyl radical one may interpret the reactive form with a config-
uration where the C-H bonds of the methyl groups are pointing in the direction
of the aromatic acceptor carbon atom. Such a configuration could have a more
negative entropy as compared to the non-reactive forms with unfavorable transfer
geometries, dominating at high temperatures. The tunnel parameters used to cal-
culate the Arrhenius curves are included in Table 6.4. No anomaly can be
detected; the high barrier can be explained by the little capability for the formation
of CHC-hydrogen bonds.

Let us discuss now some examples where non-reactive states are present at low
temperatures, and reactive states at high temperatures.
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Figure 6.49 Arrhenius curves of the isomerization of the
2,4,6-tri-tert-butylphenyl radical to 3,5-di-tert-butylneophyl in
apolar organic solvents. The solid and dashed lines were cal-
culated as described in the text using the parameters listed in
Table 6.4. Data from Brunton et al. [8].

The first two examples are the H-transfers in 2-hydroxyphenoxyl radicals which
have been studied using dynamic EPR spectroscopy. When 3,6-di-tert-butyl-2-
hydroxyphenoxyl and its deuterated analog are dissolved in heptane the Arrhenius
diagram of Fig. 6.50 was obtained by Bubnov et al. [85]. The kinetic isotope effect
is about 10 at room temperature. Setting the pre-exponential factor to 10126 (Table
6.4), leads to the concave Arrhenius curve depicted as solid lines. In contrast, Fig.
6.51 depicts the kinetic data of the parent compound 2-hydroxyphenoxyl in CCl,/
CCL3F to which 0.11 mol 1! dioxane had been added to increase the solubility [86].
Now, a kinetic isotope effect of about 56 is obtained at room temperature. This
large difference between both molecules had been noted already some time ago
by Limbach et al. [87]. In particular, it was noted that the two Arrhenius curves of
the H and the D reaction are almost parallel. Application of the Bell-Limbach tun-
neling leads to unusually large pre-exponential factors of 1018 s-1. As shown in
Fig. 6.20(b) and the parameters of Table 6.4, the use of Eq. (6.43) improves the
analysis, although the interpretation is similar to that obtained before.

The dashed lines in Fig. 6.51 indicate the intrinsic Arrhenius curve of the trans-
fer, whereas the solid line indicates the one including the pre-equilibrium. The
reduction of the rate constants as compared to the di-tert-butyl radical is explained
by the formation of a non-reactive species at low temperatures, which is hydrogen
bonded to the added dioxane. Thus, for the reaction to occur, the intramolecular
H-bonded species has first to be formed, which exhibits a higher energy but also a
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Figure 6.50 Arrhenius curves of the tautomerism of 3,6-di-
tert-butyl-2-hydroxyphenoxyl dissolved in heptane according
to Bubnov et al. [85]. The solid lines were calculated using the

parameters listed in Table 6.4.
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Figure 6.51 Arrhenius curves of the tautomerism of 2-hydroxy-
phenoxyl dissolved in CCl,/CCl,F/dioxane according to Loth
et al. [86]. The solid lines were calculated using the parameters

listed in Table 6.4.
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more positive entropy. A comparison of the Arrhenius curves in Fig. 6.20(b) indi-
cates that the desolvated intramolecular H-bonded species is never dominant over
the whole temperature range, as the interaction with dioxane is stronger because
of the linear intermolecular H-bond, in comparison with the weaker intramolecu-
lar H-bond.

The larger kinetic H/D isotope effects in the parent radical can be explained in
terms of the higher symmetry of the parent radical as compared to the di-tert-
butyl radical. In the latter, the methyl groups on both sides of the ring are not
ordered, leading to effective asymmetric double well potentials of the H-transfer.
These examples show how subtle structural effects can lead to very different
H-transfer properties.

A related solvent effect was found for the proton exchange between acetic acid
and methanol in tetrahydrofuran by Bureiko et al [88] and by Gerritzen et al. [9].
Hydrogen bonding to the solvent prevents the formation of the cyclic complexes
in which the proton exchange takes place. Unfortunately, these complexes could
not be seen directly. The rate constants were measured as a function of concentra-

Figure 6.52 Arrhenius curves of the HH and HHH-transfer
between acetic acid and methanol dissolved in tetrahydro-
furan. Adapted from Ref. [9].
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tion. At low concentration a second-order rate law was obtained indicating a HH-
transfer in a cyclic 1:1 hydrogen bonded complex between acetic acid and metha-
nol. At higher concentrations, the rate law changed indicating the participation of
two acetic acid molecules, i.e. a HHH process. The multiple kinetic isotope effects
were measured as a function of the inverse temperature as illustrated in Fig. 6.52.

For the double proton transfer two large kinetic HH/HD and HD/DD isotope
effects of about 5 and 3 were observed, consistent with the pattern of Fig. 6.14(a)
expected for a single barrier process. In the latter, tunneling was not yet included,
which leads to the observed deviation from the Rule of the Geometric Mean.
Recently, this reaction has been modeled using the instanton approach by Fernan-
dez-Ramos et al. [89]. The Arrhenius curves could be reproduced. The calculated
geometries of the initial and the transition state are depicted in Fig. 6.53. In the
latter, a proton is shifted towards the oxygen atom of methanol, but it is not com-
pletely transferred, rather, a strong hydrogen bond is formed.

The Arrhenius diagram of the HHH-transfer in the 2:1 complex is depicted in
Fig. 6.52(b). The kinetic isotope effects are similar to those expected for a single
barrier process according to Fig. 6.16(a). They exhibit little dependence on temper-
ature, indicating a rather narrow barrier. Unfortunately, the reacting complex
could not be observed directly and its structure studied in more detail. Note, how-
ever, that this complex represents a model for the catalytic sites of proteases as
proposed by Northrop [90].

° @
1.125 A 1.279 A
1.317 A

Figure 6.53 Structures of the initial state (a) and of the
transition state (b) of the 1:1 complex between acetic acid
and methanol according to Fernandez-Ramos et al. [89].
The geometries were fully optimized at QCISD (quadratic
configuration interaction including single and double sub-
stitutions) level of theory.
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6.3.2.3 H-transfers in Complex Systems

Although the model systems of the previous section already involved major molec-
ular motions, the latter can be even much more complex in living systems. Here,
only two extreme examples are considered, i.e. hydride transfer in an enzyme and
proton transfer in pure methanol.

6.3.2.3.1 The Case of H-transfer in Thermophilic Alcohol Dehydrogenase (ADH)
Firstly, let us discuss the example of a thermophilic alcohol dehydrogenase from
Bacillus stearothermophilus (bsADH) studied by Kohen et al. [91, 92]. This enzyme
catalyzes the abstraction of a hydride to the nicotinamide cofactor NAD* as
depicted in Fig. 6.54. The Arrhenius diagram is depicted in Fig. 6.54(a); a sudden
decrease in the apparent slope and the apparent intercept of the Arrhenius curves
is observed around room temperature (Fig. 6.54(b)). The puzzling observation is
that the kinetic isotope effects are independent of temperature in the high-temper-
ature regime but dependent on temperature in the low-temperature regime.

The solid lines in Fig. 6.54 were calculated recently [54] assuming the simple
reaction network of Fig. 6.55. It is assumed that the enzyme adopts two different
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Figure 6.54 Arrhenius curves (a) and kinetic H/D isotope effects
(b) of the intrinsic H-transfer in a thermophilic alcohol dehydro-
genase (ADH) according to Kohen et al. [91]. The solid lines were
calculated using the parameters listed in Table 6.4.
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Figure 6.55 Conformational dependent H-transfer in a biomolecule.

states 1 and 2 at equilibrium (K), where 1 is less reactive than 2. In the less reac-
tive state 1, dominating at lower temperatures, the rate constant of H-transfer is
given by k;, but in the more reactive state, dominating at higher temperatures, it
is given by k,. Assuming again that the H-transfer is slower than the conversions
between the states the following expression is obtained by modification of Eq.
(6.43), i.e.

k=xk; + x,k, =k, L +k, K (6.55)

1+ K 1+K

x; and x, correspond to the mole fractions of states 1 and 2 and K is again the
equilibrium constant of the formation of state 2 from state 1. According to Table
6.4, state 2 dominates at higher temperatures, in spite of its higher energy,
because of its very large positive entropy. This state could be one where the pro-
tein has become ideally flexible for proper activity, in contrast to the low-tempera-
ture regime. This conclusion is in accordance with the fact that this bsADH was
evolved to function at ~65 C and with qualitative suggestions proposed in the past
to rationalize the curved Arrhenius plot [91].

The tunnel parameters included in Table 6.4 indicate a ground state tunneling
situation at high and at low temperatures, with temperature-independent kinetic
isotope effects. The apparent temperature dependence observed at low tempera-
tures is then the result of the transition between the two regimes, but does not
arise from intrinsic temperature-dependent kinetic isotope effects. Note that in
both states the pre-exponential factor of 10126 s-1 employed throughout this study
was consistent with the data. The minimum energy for tunneling to occur is larg-
er in the high-temperature state 2, but the barrier height and the barrier width are
smaller than in the low temperature state 1. Thus, there seems to be a substantial
change in the barrier parameters upon flexibilization of the enzyme at higher
temperatures.

6.3.2.3.2 The Case of H-transfer in Pure Methanol and Calix[4]arene

As a second case of high complexity, let us discuss how protons are exchanged in
pure protic liquids. This problem has been studied by Gerritzen et al. [93] who
studied the inverse proton lifetimes 75} of CH;0H = AH in the pure liquid and
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of CH;0H present as isotopic impurity in chemically pure CH;0D = AD as a
function of temperature. A mechanism involving the transfer of a small number
n of protons in relatively stable cyclic hydrogen bonded intermediates (AH),
according to Fig. 6.10 to 6.18 was discarded. One reason was the finding that the
addition of an organic solvent to methanol immediately quenches the proton
exchange observed for the pure liquid. This would not be the case if the transfer
takes place in cyclic hydrogen bonded intermediates.

Therefore, an autoprotolysis mechanism was proposed consisting of

dissociation:

AH + AH % A~ +AH} (6.56)
cation propag;tion AH; +AH é AH + AHJ (6.57)
anion propagation AH™+AH é AH™+AH (6.58)
neutralization A”+AH; é’ AH + AH (6.59)

kg

The concentration of methoxonium and methoxide ions in the pure liquid is given
by the autoprotolysis constant

KH:%:CAH; Carg- (6.60)
where KH represents the autoprotolysis constant, which is 2.76 x 10-17 mol? 1-2 at
298 K, i.e. cpap: = cap- = 5.2 X102 mol 17! [94]. The autoprotolysis mechanism is
immediately suppressed by adding an organic solvent as it reduces the dielectric
constant and hence the autoprotolysis constant.

The following expression for the inverse proton life times follows from the
autoprotolysis mechanism in CH;OH a straightforward way [93]

Tan= (k'can; +Hhyean) = (k' +ky') vV KH (6.61)
For 1% CH;OH in CH;0D it was shown that
734 (CH;0D)= (k! (CH;0D)+kk (CH;0D)) VKD (6.62)

where KD represents the autoprotolysis constant of CH;0D. Let EXl and EE be
the energies of activation describing the temperature dependence of kil and k.
By assuming that Efl = EI it follows then from Eq. (6.61) that the effective energy
of activation of proton exchange is given by
AHH

Ef:EﬁJrT (6.63)
where AHH represents the enthalpy of autoprotolysis of CH;OH. In other words,
if the cation and the anion are not created by autoprotolysis but stem from acid
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6.3 Applications

and basic impurities, their concentration will be temperature independent and EH
is equal to ES When the impurities are, however, removed, EH is substantially
increased. This is indeed observed, as illustrated in the Arrhenius plot of Fig.
6.56(a). The solid lines are given by

Trt; (CH;0H)= 10%!exp(—28.5kjmol ' /RT) (664
Trt;(CH;0D)= 10> exp(—29.3kjmol ' /RT) '

The kinetic isotope effects observed are given by [93]

-1 H H H
73} (CH;0H) _ (K(CH,OH)+k(CH;0H)) _ [KF _
.1 (CH,0D) _ (MT(CH,0D)+ki(CH,0D)) <\ kxp = 3221298 K (6.65)

This overall kinetic isotope effect represents the product of an average kinetic iso-
tope effect of the two propagation steps times the equilibrium isotope effect of the

k
AH +A*"H* 3= AH*+A*H

AH = CH,OH
()

0.5 k
AH+A*D & AD +A*H
0.0
2.8 3.0 3.2 34 3.6
b 2 X
1
— AH,* + AH 47_’ AH + AH,*
¢ 2
< AT+AH == AH+A"
o)
2 10
10.9
2.8 3.0 3.2 3.4 3.6
C
12 _
. \ k=ki+ k, 0-——H-0 Ky O-H-——0
o H — H
[ -—
S Mo, M
o N 0-H—0 2" 0-H-0
Ke) N
8- sl
6 K=k, T
0 10 20 30 @3/ 4;01 50 60
T
Figure 6.56 Arrhenius curves of (a) proton Fig. 6.56(a) and the known ionization con-
exchange in pure CH,OH and CH,OD. stant. (c) Kinetic data of the HHHH-transfer
Adapted from Gerritzen et al. [93]. (b) Arrhe- in solid p-tert-butyl calix[4]arene reported by

nius curves of the elementary proton transfers ~ Horsewill et al. [80] combined with those of
in methanol calculated from the data of Fig. 6.56(a).
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autoprotolysis. The value for water solutions was shown to be KH/KP =5 at 298 K
[95], whereas for methanol solutions a value of 6.5 was predicted [96]. Thus, the
average kinetic isotope effect of the propagation is between 1.3 and 1.4. This effect
corresponds to the usual isotope ratio expected for the reorientation of CH;OH
and CH;0D.

Using Eq. (6.61), the inverse life times 7;;(CH;0H) were converted into the
sum kit 4 k' = kH(CH;OH) + kf'(CH;0H) plotted in Fig. 6.56(b) as a function
of the inverse temperature. The solid line was given by [93]

kK 4 k= 10"23exp(—7.7kJmol ' /RT), K + k= 9.3 x10'%-1 at 298 K (6.66)

It follows that AHH = 40 k] mol-1. Note that Grunwald et al. [97] measured values
of k; = 8.8 x10%0 s-1 and k,=1.85 x1010 s-1 for buffered solutions; their sum is in
very good agreement with the value obtained for pure methanol.

The values of ki! + kbl for water are very close to those of methanol. Using the
known dependence of KH as a function of temperature, the proton lifetimes in
pure water were estimated [93]

Tak (H,0)= 10%%exp(—39kJmol ' /RT) = 15000 s-! at 298 K (6.67)

Thus, proton exchange is faster than in pure methanol because of the larger
autoprotolysis constant.

For comparison, let us compare the methanol data with those obtained by
Horsewill et al. [80] who have reported an intramolecular quadruple proton trans-
fer in the solid state between the four OH groups of solid calix[4]arene. Almost
temperature independent rate constants were observed, which are again indicative
of tunneling. An Arrhenius curve can be calculated using reasonable parameters
(Table 6.4) which can reproduce both the pure methanol and the calix[4]arene
data. It would be interesting to know more about the kinetic isotope effects in
both systems.

6.4
Conclusions

In this chapter, the Bell-Limbach tunneling model has been applied to describe
the Arrhenius curves of a number of single and multiple hydrogen transfer reac-
tions. This model contains a number of parameters which can be obtained by sim-
ulation of the Arrhenius curves when enough experimental data are available. It is
proposed to describe concerted multiple H-transfers in terms of a single barrier
process. Multiple kinetic isotope effects of stepwise transfers can be treated in
terms of formal kinetic reaction theory, where in each step one or more protons
can be transferred, again in a concerted way. This approach is justified if each step
can be described in terms of rate constants. This may not be the case for very
strong hydrogen bonds, where H can be delocalized. Each reaction step can be
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treated as a first approach in terms of the Bell-Limbach or any other tunneling
model, or in terms of a more sophisticated quantum-mechanical theory.

A main result of the examples discussed above is that pre-exponential factors of
H-transfers coupled to only minor heavy atom motions are of the order of kT/h =
10126 51, the value predicted by Eyring’s transition state theory for the high-pres-
sure limit [5]. Deviations are then a first and important diagnostic tool for detect-
ing so far unrecognized heavy atom motions and pre-equilibria such as conforma-
tional isomerism and hydrogen bond equilibria. Two types of heavy atom motions
are considered, i.e. those which precede the H tunnel process and those which
take place during the tunnel process. The latter give rise to an increased tunneling
mass which reduces kinetic H/D isotope effects arising from tunneling. Thus,
this model helps experimentalists to interpret their kinetic data, but does not pre-
clude further quantum-mechanical studies of the hydrogen transfer steps.
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