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Preface

According to the UIPAC definition [1], tautomerism is “Isomerism of the general
form:

G-X-Y = Z ⇄ X = Y-Z-G

where the isomers (called tautomers) are readily interconvertible; the atoms con-
necting the groups X, Y, and Z are typically any of C, N, O, or S, and G is a group
that becomes an electrofuge or nucleofuge during isomerization. The commonest
case, when the electrofuge is H+, is also known as prototropy.” And while “tau-
tomerism” usually means existing equilibrium, with the term proton transfer the
dynamics of the prototropic tautomerism is usually marked.

Under these arid definitions an interesting tautomeric world is covered. Tau-
tomers are the chameleons of chemistry [2, 3], capable of changing by a simple
change of phase from an apparently established structure to another (not per-
haps until then suspected), and then back again when the original conditions are
restored, and of doing this in an instant: intriguing, disconcerting, and perhaps at
times exasperating. And a change in structure means changes in properties as well.

The last sentence expresses the idea of the current book. It differs from “Tau-
tomerism: Methods and Theories” [3], where the theoretical and methodologi-
cal base of tautomerism has been systematically described. This book deals with
applications. Most of them are potential, but they give ideas and show how these
ideas have been developed. Actually, these potential applications are promises that
the tautomeric field of research gives for future technologies. The latest achieve-
ments, presented here, include: applicability of tautomeric compounds as sensors
(Chapters 9 and 10) and switches (Chapter 8); manipulation of tautomeric proper-
ties in solution (Chapter 12) and solid state (Chapter 13); and observing individual
tautomers by scanning tunneling microscopy (Chapter 7), using tautomerism in
the drug design (Chapter 6) and optical information processing (Chapter 11).

Returning back to the past, my generation has had a chance either to work
together or to learn from a generation of great scientists, by whom tautomerism
has been developed as a well-established research field, as a system of scientific
concepts. The main feature of these “tautomeric” pioneers is that they have
always been experimentalists and theoreticians simultaneously, which brought
a balanced view and in-depth interpretation of each tautomeric case they
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investigated. There is a special spirit that can be felt from reading their papers, a
unique knowledge and experience that we, the younger generations, are obligated
to keep. This is one more reason for the current book, concepts are presented in
Chapters 1-5 and 14.

Many names can be listed here and some of them can be easily recognized from
among the contributors. Two of them, Jose Elguero and Hans-Heinrich Limbach,
have written the first and the last chapter of this book. Peter J. Taylor, who passed
away in 2012, was the catalyst for the book “Tautomerism: Methods and Theories”,
and until his last days was discussing with me the content and the scope of this
second book. His sketches and ideas are now Chapters 2 and 5 and in the process
of adapting them I have discovered that it is not true that there is no experimen-
tal information concerning tautomeric systems, as often theoreticians complain.
There is a lot of information that waits to be rediscovered and explained theoret-
ically. There are many intriguing tautomeric cases waiting for new experiments.
There are many promising applications. There are a lot of opportunities.

Tokyo-Sofia, 2015
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14
Proton Tautomerism in Systems of Increasing Complexity:
Examples from Organic Molecules to Enzymes
Hans-Heinrich Limbach, Gleb S. Denisov, Ilya G. Shenderovich, and Peter M. Tolstoy

14.1
Introduction

The term tautomerism has been defined by IUPAC as [1] isomerism of the general
form

G − X − Y = Z ⇄ X = Y − Z − G (14.1)

where the isomers (called tautomers) are readily interconvertible; the atoms con-
necting the groups X, Y, Z are typically any of C, H, O or S, and G is a group
that becomes an electrofuge or nucleofuge during isomerization. The commonest
case, when the electrofuge is H+, is also known as prototropy. The definition of
“electrofuge” is: “a leaving group that does not carry away the bonding electron
pair.” Moreover, “The grouping Y may itself be a three-atom (or five-atom) chain
extending the conjugation. The double bond between Y and Z may be replaced by
a ring, when the phenomenon is called ring-chain tautomerism.”

In contrast to this definition we will consider in this review also other molecular
systems or complexes containing hydrogen species H, which can move between
different locations. Thus, we include systems exhibiting an aliphatic chain as link
between the two atoms, that is,

H − X − Y − Z ⇄ X − Y − Z − H (14.2)

or acid–base complexes that are stable within the time scale of the spectroscopic
method used and in which a hydrogen transfer takes place:

A − H · · ·B ⇄ A · · ·H − B. (14.3)

When H carries a positive charge, Eq. (14.3) will correspond to a proton transfer,
typically from an acid to a base.

As in Eq. (14.1), the question of charge transfer accompanying the H transfer is
left open. Therefore, H in Eqs. (14.2) and (14.3) may represent either a proton, a
hydrogen atom, or a hydride species.

Tautomerism: Concepts and Applications in Science and Technology, First Edition.
Edited by Liudmil Antonov.
© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.



330 14 Proton Tautomerism in Systems of Increasing Complexity

But generally, tautomerizations will either constitute or be part of very com-
plex processes, requiring hydrogen bond switching, counterion motions, solvent
reorganization, or possibly a catalyst.

In this contribution, we will successively discuss examples of proton tau-
tomerism with an increasing degree of reaction complexity, starting from
intramolecular hydrogen transfers and ending with complex proton transfers in
enzymes. All examples have been studied experimentally using various methods
of dynamic NMR spectroscopy [2].

14.2
Hydrogen Bond Geometries and Proton Transfer

In this section, we will shortly describe some important geometrical features
of hydrogen bonding and proton transfer, which have been reviewed recently
[3, 4]. One can associate to any hydrogen-bonded system A–H⋅⋅⋅B two distances
r1 = rAH and r2 = rHB as illustrated in Figure 14.1. It is convenient to define
additionally the natural hydrogen bond coordinates q1 and q2.

q1 = 1∕2(r1 –r2), q2 = r1 + r2. (14.4)

In the case of a linear hydrogen bond, q1 corresponds to the distance of the
proton with respect to the hydrogen bond center and q2 to the heavy atom A· · ·B
distance.

0−0.2−0.4−0.6 0.2 0.4 0.6

3.2

2.2
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2.6
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 +
 r

2
 (

Å
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A··H··B

r1 r2
A·····H··B
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A-H + B A + H-B

i

iii
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v
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ii vii

Figure 14.1 Correlation of the hydrogen
bond length q2 = r1 + r2 with the proton
transfer coordinate q1 = 1/2(r1 − r2) accord-
ing to [5]. Solid line: correlation for equilib-
rium distances of the OHO hydrogen bonds
of water clusters. Dotted line: empirical cor-
rection for zero-point vibrations. (i) Degener-

ate tautomerism in a weak hydrogen bond
exhibiting an equilibrium constant of K = 1.
(ii) and (vii) System without tautomerism.
(iii) to (v) Nondegenerate tautomerizations
exhibiting equilibrium constants of K < 1 to
K > 1. (vi) Geometries of low- or no-barrier
asymmetric hydrogen bonds.
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According to the valence bond order concept of Pauling [6] one can associate
to both hydrogen bond distances valence bond orders given by

p1 = exp{−(r1 − r∘1)∕b1} and p2 = exp{−(r2 − r∘2)∕b2} (14.5)

where r∘1 and r∘2 represent the equilibrium distances in the fictive free diatomic
units AH and HB, and b1 and b2 describe bond order decays with increasing bond
distances.

As the total valency of hydrogen is unity, it follows that

p1 + p2 = exp{−(r1 − r∘1)∕b1} + exp{−(r2 –r∘2)∕b2} = 1. (14.6)

Thus, both distances r1 and r2 depend on each other, that is, q1 depends on q2
and vice versa. The resulting “equilibrium” correlation for OHO hydrogen bonds
is depicted in Figure 14.1 as a solid line. The necessary parameters were adapted
to water cluster structures calculated using DFT methods [5]. The curve indicates
that the shift of H toward the hydrogen bond center is accompanied by a hydrogen
bond compression, which is maximum when H is located in the center. Follow-
ing this the H-bond widens again. In other words, hydrogen bond formation and
proton transfer can be described simultaneously by a single coordinate. The cor-
relation curve has been supported for OHO, OHN, NHN hydrogen bonds by DFT
calculations and is valid not only for neutral but also for charged systems. How-
ever, the neglect of the kinetic energy of nuclei in ab initio calculations implies
that a nucleus can be represented by a single set of coordinates in space. In reality,
zero-point motions imply in particular for hydrogen isotopes a minimum volume
or “shape.”

This leads to deviations of observed hydrogen bond correlations as compared
to equilibrium correlations as illustrated in Figure 14.1 by the dotted line which
was adapted to experimental OHO-hydrogen bond geometries determined from
neutron diffraction data [7] and dipolar solid state NMR [8, 9] of systems for which
no tautomerism could be detected. In particular, it was observed that in the case
of very strong hydrogen bonds around q1 = 0 the shortest heavy atom distance
q2min

was not reached [5, 10, 11]. The deviations depend on the type of molecular
systems. As the zero-point vibrations depend on the hydrogen isotope they result
in geometric H/D isotope effects [3].

We note that very often “short” hydrogen bonds exhibiting values of q2 near the
minimum value are considered as “strong” and “long” hydrogen bonds as weak.
We will use this wording during this review.

In Figure 14.1 some typical situations of tautomeric system are schematically
depicted. A tautomer is characterized not only by a mole fraction as illustrated
by the size of the filled circles but also by an average hydrogen bond geometry
representing a point in the correlation diagram. Situation i refers to a degener-
ate tautomerism in a weak hydrogen bond exhibiting an equilibrium constant of
tautomerism, K = 1. The two tautomers exhibit the same value of the heavy atom
coordinate q2. In the case of nonsymmetric hydrogen bonds of medium strength
the equilibrium constants will be generally different from 1. Thus, ii and vii cor-
respond to situations where only one tautomer is formed in each case. iii to v
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correspond to situations of an asymmetric system with K < 1, K = 1, and K > 1.
We note that two interconverting tautomers may exhibit different values of q2. It
will be shown later that the nondominant tautomer generally exhibits a shorter
hydrogen bond as expressed by a smaller value of q2 as compared to the dominant
one. Finally, vi reflects the situation of a very strong asymmetric low- or no-barrier
hydrogen bond.

In order to obtain hydrogen bond geometries in liquid or soft matter environ-
ments efforts have been made to set up correlations between these geometries
and NMR parameters of the nuclei of the hydrogen bridges or of nearby nuclei.
The most important ones are the 1H chemical shifts of the hydrogen-bonded pro-
ton, the chemical shifts of the bridge or nearby nuclei, and the scalar coupling
constants between the bridge nuclei across the hydrogen bonds [3, 5, 12, 13]. In
addition, intrinsic isotope effects on the corresponding NMR chemical shifts have
been described to arise from geometric H/D isotope effects. Generally, correla-
tions of NMR parameters with hydrogen bond geometries work well for strong
hydrogen bonds whereas the influence of the chemical structure needs to be con-
sidered when hydrogen bonds of medium strength or weak hydrogen bonds are
discussed. As this problem of hydrogen bond geometries and NMR parameters
is beyond the scope of this review we refer the reader to the original literature
whenever examples are discussed in this chapter.

In most cases of weak or moderately strong hydrogen bonds the proton will not
transfer along the dashed lines in Figure 14.1, but firstly a hydrogen bond com-
pression will occur, which then strongly reduces the barrier of proton transfer.
This will require a compression energy. Proton transfer will occur then at a given
heavy atom distance where the total barrier is minimized. Thus, before the proton
transfer, heavy atom reorganization takes place, which strengthens the hydrogen
bond. The transfer itself may occur via incoherent tunneling through the barrier
or hopping over the barrier. In the case of proton tunneling, some heavy atom
motions will also occur. For example, in the case of Eq. (14.1) the X–Y bond will
be shortened and the Y–Z bond lengthened [14].

In the region of strong hydrogen bonds where the solid and dotted correlation
curves as depicted in Figure 14.1 are different, intrinsic H/D isotope effects result,
better dubbed as geometric H/D isotope effects as illustrated schematically in
Figure 14.2. Generally, exchange of H for D results in a shortening of the covalent
and a lengthening of the hydrogen bond [15]. The one-dimensional potential
energy curves indicate that the different anharmonic vibrational wave functions
(squares) are at the origin of this effect. In the case of the strongest hydrogen bond
a difference occurs depending on the height of the potential barrier separating
the two wells. If the barrier is larger than the zero-point energy, generally H
is more confined in the hydrogen bond center as compared to D, resulting in
a shorter A…B distance (Figure 14.2a). By contrast, when the barrier is very
small the A· · ·B distance is smaller in the deuterated hydrogen bond because the
volume of D is smaller than of H, and hence D is located closer in the hydrogen
bond center (Figure 14.2b). As illustrated in Figure 14.2c, a third possibility is a
fast degenerate interconversion of slightly asymmetric single well configurations
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arising from a distribution of different solvent shells [16] which have also been
called solvatomers [17]. How proton transfer and hence tautomerizations are
influenced by the environment is a major question whose answers depend on the
molecular system studied as shown in the next sections.

14.3
Tautomerizations without Requiring Reorganization of the Environment

Tautomerizations that are not accompanied by large electrostatic changes
between the initial and final states do not require major reorientations of
neighboring molecules. In these cases, hydrogen nuclei are transferred from one
heavy atom to another as supposed in Eq. (14.1). Major electrostatic changes
are avoided because the heavy atoms are linked via a number of conjugated
double bonds. This implies the possibility of electronic reorganization during a
tautomerization. Thus the initial and final states are generally neutral although
minor dipole moment changes can occur. In other words, not only protons but
also electrons are moved, and these reactions have, therefore, been dubbed as
“hydrogen transfers” and not as “proton transfers.”
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A consequence is that such tautomerizations can not only take place in the liq-
uids but often also in the solid state. The reaction barriers depend strongly on the
heavy atom distances q2 and the energy needed for their compression. The occur-
rence of major electrostatic changes in the transition or intermediate states will
only lead to a barrier increase which might, however, be substantial. In the fol-
lowing examples, different reaction types are discussed, which have been studied
using dynamic liquid and solid state NMR.

14.3.1
Examples of Intramolecular Tautomerizations without Requiring Reorganization of the
Environment

In this section we will discuss some typical examples exhibiting intramolecular
tautomerizations whose kinetics have been studied by dynamic NMR in various
environments. Often, the gas phase and liquid state degeneracies were found to
be slightly disturbed in the solid state. In most cases, nonlinear Arrhenius curves
were observed, which indicated the role of vibrationally assisted tunneling, sup-
ported in almost all cases by the observation of nonclassical kinetic isotope effects.

N ,N ′-Diphenyl-6-aminofulvene-1-aldimine 1 (Figure 14.3) exhibits an
intramolecular NHN hydrogen bond of medium strength and a very fast solid
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Figure 14.3 Top: Arrhenius diagram of the
H- and D-tautomerization of N,N′-diphenyl-
6-aminofulvene-1-aldimine 1 in the solid
amorphous state. (Adapted from [18].)

Bottom: Arrhenius diagram of the H-, D-, T-
tautomerization of the porphyrin anion 2.
(Reproduced from Braun et al. [19]. Copyright
(1994), with permission of Wiley.)



14.3 Tautomerizations without Requiring Reorganization of the Environment 335

state tautomerism in the nanosecond timescale which has been observed by
NMR spectroscopy and relaxometry [18]. The equilibrium constants were close
to but not unity arising from solid state effects. The rate constants and kinetic
H/D isotope effects were found to be different for the polycrystalline and an
amorphous state. The Arrhenius diagram for the amorphous solid is depicted
in Figure 14.3; the Arrhenius curves exhibit concave curvature and at low
temperatures temperature-independent isotope effects. By contrast, the reaction
rates were much slower in the case of the aromatic porphyrin anion 2 for which
temperature-dependent kinetic H/D/T isotope effects were reported [19, 20].
The Arrhenius diagram of 2 is also included in Figure 14.3. No liquid–solid
state effects were observed and the gas phase degeneracy was maintained in
solution and the solid state. This means that inspite of the negative charge and
potential cation–anion interactions electrostatics is not a major issue in the
tautomerization of the anion.

In a similar way, as the hydrogen transfer sites of porphyrin 3 (Figure 14.4) and
its derivatives are well embedded inside the molecules also, none or only small
liquid–solid state effects were observed [21, 22] as long as the equilibrium con-
stants remained unity. The hydrogen bonds are very weak or even nonexistent
and the hydrogen transfer is of the order of milliseconds. The full kinetic hydro-
gen/deuterium/tritium isotope effects indicated a stepwise tautomerization via a
cis-intermediate of high energy. For that reason, the tautomerization of porphyrin
is slower than that of its anion.

As illustrated by the dashed lines, porphyrin 3 constitutes an 18 π-electron
system with two peripheral double bonds that move during the tautomerization.
This feature results from finding the inner protons of 3 at high field around
−3.5 ppm [21], typical for protons located inside an aromatic ring. When one
or both peripheral double bonds on opposite pyrrole rings are hydrogenated
leading to the hydroporphyrins chlorin 4 and bacteriochlorin 5 (Figure 14.4),
no essential low-field shift of the inner protons occurs supporting the aromatic
pathways of 3. However, a substantial low-field shift is observed when two
outer double bonds in adjacent pyrrole rings are hydrogenated leading to
iso-bacteriochlorin 6 [23], which indicates that it has lost its aromatic character.
The hydrogenation of the peripheral double bonds strongly influences the
tautomerism. The rates of the intramolecular proton exchange of 4 are smaller
than of 3 because only the first trans-tautomer is aromatic, whereas the second
trans-tautomer has lost its aromaticity and exhibits a higher energy. It is only
observable as an intermediate of the exchange of the two inner protons [24].
By contrast, 5 does not exhibit an observable inner proton exchange because
the second trans-tautomer is expected to be zwitterionic as illustrated in
Figure 14.4.

For 6, two different tautomerizations were observed – a fast “vertical” one and
a slow “horizontal” one [23] (Figure 14.4). In the latter, the molecule remained
nonaromatic during the reaction whereas the fast vertical process could be
explained in terms of an aromatic intermediate as illustrated in Figure 14.4.
This lowers the energy of the intermediate and hence of the corresponding
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Figure 14.4 Tautomerization of porphyrin 3 [21, 22] and the hydroporphyrins chlorine 4,
bacteriochlorin 5, and iso-bacteriochlorin 6 [23] in the liquid state.

transition states and demonstrates the influence of the molecular structure on
the tautomerization barriers.

The tautomerization of solid phthalocyanine 7 (Figure 14.5) is somewhat
faster than that of 3, a finding which has been attributed to the formation of
weak intramolecular hydrogen bonds as the molecular skeleton can be deformed
easily as compared to porphyrins [25]. Stronger hydrogen bonds are observed in
substituted tetraaza[14]annulenes 8 [26, 27] and the tautomerizations are faster.
This trend is enhanced in the case of porphycene 9 and its derivatives [28–31].
In contrast to 6, only the “vertical” tautomerization is observed but not the
“horizontal” one as only the first process is assisted by hydrogen bond formation.
Note that the tautomerizations of porphycene and its substituted analogs have
not only been studied by NMR but also by using optical methods [32].
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Tautomeric processes can be part of a more complex reaction network as is
demonstrated in the case of indigodiimine 10, which exhibits an intramolecular
double proton transfer [33] illustrated in Figure 14.6. This process renders the two
halves of the molecule equivalent. An even faster NH2 rotation renders all NH
protons equivalent.

The tautomerism of azophenine 11 [34, 35], of tetraphenyloxalamidine 12 [36]
and of the bicyclic oxalamidines 13 and 14 [37–39] is depicted in Figure 14.7. The
determination of the full kinetic HH/HD/DD isotope effects indicated stepwise
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No tautomerization is observed for the bicyclic oxalamidine 13, but a fast tautomerization
for 14 [37–39].

double proton transfers proceeding via intermediates and exhibiting large dipole
moments, which correspond formally to zwitterions. Interestingly, the rate con-
stants of 11 and 12 are almost the same but larger than those of 14. By contrast,
no tautomerization could be observed for 13. Calculations illustrate the neces-
sity of hydrogen bond compression to reach the zwitterionic intermediate, which
requires motions of the substituents, easy for 11 and 12 but very difficult for 14.

14.3.2
Examples of Intermolecular Tautomerizations in the Absence of Pre-Equilibria without
Requiring Major Reorganization of the Environment

Molecular tautomerizations proceeding via intermolecular pathways without
being assisted by catalysts can take place only in cyclic hydrogen-bonded
complexes. The latter can exist as dominant species only in solids or in organic
solvents, which are not hydrogen bond donors or acceptors. The latter would
destroy the cyclic hydrogen-bonded complexes. Moreover, more than one proton
have to be transferred to avoid charge separation that would lead to a strong
coupling to the environment.
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Figure 14.8 (a) Tautomerizations of the
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[40, 41]. (b,c) Multiple solid state proton
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stituted pyrazole dimers 18 and trimers 19
[44].

An early example is the cyclic trimer of N ,N-bis(pentadeuterophenyl)-1-
amino-3-iminopropene 15, the dianil of malonaldehyde (Figure 14.8) dissolved
in CS2. This trimer dominates at low temperature whereas at room temperature a
monomer is observed [40, 41]. In the trimer a triple proton transfer is observed.
With respect to a single molecule, the two other molecules constitute catalysts
that accept a proton at one nitrogen site and transfer another proton to the
other nitrogen site. Thus, the tautomerism is linked to an intermolecular proton
transfer. The double proton transfers in solid cyclic carboxylic acids dimers 16
[42], bis-arylformamidine dimers 17 [43], substituted pyrazole dimers 18 [44],
and the triple proton transfer in cyclic substituted solid pyrazole trimers 19 [44]
constitute similar processes.

As discussed below, studies of the multiple kinetic hydrogen/deuterium isotope
effects show that the reactions of 16–19 exhibit only a single barrier, involving a
concerted hydrogen bond compression followed by a concerted multiple proton
transfer. The different behavior of these complexes as compared to the stepwise
intramolecular multiple proton transfers will be discussed later.

By contrast, the tautomerization of solid pyrazole tetramers 20 (Figure 14.9)
proceeds via two consecutive concerted double proton transfers via a zwitteri-
onic intermediate [44]. This was to be expected as a concerted hydrogen bond
compression of a large number of hydrogen bonds is not feasible. On the other
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pyrazole-4-carboxylic acid 21 (b) [45, 46].

hand, it could not be determined whether the reaction is concerted or stepwise
for linear hydrogen-bonded chains in solid pyrazole-4-carboxylic acid 21 [45, 46]
but at least a zwitterionic transition state or intermediate was expected.

Finally, we note that in all cases besides the heavy atom motions leading to
hydrogen bond compression as well as the minor heavy atom motions during pro-
ton tunneling no major reorganization of the environment takes place.

14.3.3
Examples of Intermolecular Tautomerizations in the Presence of Pre-Equilibria without
Requiring Major Reorganization of the Environment

Some examples of intermolecular tautomerizations whose multiple kinetic iso-
tope effects have been studied by NMR are depicted in Figure 14.10. When proton
donors such as acetic acid 22 and methanol 23 are dissolved in a solvent S such as
the proton acceptor tetrahydrofuran they form a hydrogen bond with the latter.
The two hydrogen bonds must be broken before a cyclic hydrogen-bonded inter-
mediate 24 can be formed in which the proton exchange takes place [47, 48]. The
asterisks indicate different spin states that allow one to characterize the nuclei tak-
ing part in the exchange processes. As the hydrogen bonds in the cyclic complex
are less linear and hence weaker than those to the solvent, and as the solvent con-
centration is large, the equilibrium constant K of the cyclic complex formation is
small and hence also the proton exchange rate. The latter is first order with respect
to the concentration of both proton donors, where the observed second-order rate
constant kobs =Kk. Here, k is the intrinsic rate constant in the complex.

By contrast, in the case of bis-arylformamidines 25 dissolved in tetrahydrofuran
the dimerization constants K are much larger, and at high concentrations only the
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ton exchange between acetic acid 22
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dimers 17 are present leading to a switch of the rate law from the second-order to
the first order type [49, 52]. The rate constants in the complex were very similar
to those found in the crystalline state [43].

An especially interesting case is bis-aryltriazene 26 [50, 51] which is not able to
form cyclic dimers, in contrast to bis-arylamidines 17 [49, 52]. The crystal struc-
tures indicate a steric hindrance between the formyl CH and the aryl o-CH in 17,
leading to a substantial angle between the aryl groups and the molecular skele-
ton, which allows the approach of two monomers and the formation of the cyclic
dimers 17. This steric interaction is absent in 26 and repulsion between aryl pro-
tons of two different monomers hinder the cyclic dimer formation. However, 26
can form hydrogen bonds with bases B such as trimethylamine, which catalyze the
intramolecular proton transfer from one nitrogen to the other in the complex 27.

By contrast, this process is slow as compared to hydrogen bond exchange. In
other words, in each tautomerization another base molecule always carries the
same proton back and forth without intermolecular proton exchange. 27 is sta-
ble only at low temperatures, but dissociates at higher temperatures. Thus at low
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Figure 14.11 Lysine 258 catalyzed 1,3-prototropic shift of the central intermediates in the
transamination reaction between the external and the internal aldimine of aspartate amino-
transferase. (Adapted from [53].)

temperatures the pre-equilibrium does not play a role, whereas at high temper-
atures the reactants must first meet again for the tautomerization to occur. This
leads to a convex slope of the Arrhenius curves [51].

Semi-empirical calculations showed a highly polar or even zwitterionic transi-
tion state which might involve some solvent reorganization. However, this may
take place only temporarily, but not between the reactant and product.

Let us point out here an interesting connection of the role of lysine 258 in
aspartate aminotransferase in a study conducted by Toney et al. [53]. The enzyme
activity was strongly reduced by changing this lysine residue by alanine, a result
attributed to an 1,3-prototropic shift catalyzed by the lysine amino group as
illustrated in Figure 14.11. In a similar way as in the case of 26 a proton is
transferred from carbon to the amino group which performs a small motion and
delivers the proton back to the adjacent carbon. This type of catalysis is very
different from the one in aqueous solution where the main action would be to
increase the pH. We will come back to this enzyme in a later section when we
discuss the role of strong hydrogen bonds on complex tautomerizations.

14.3.4
Mechanisms of Tautomerizations without Requiring Reorganization of the Environment

In some of the systems discussed in the previous sections it was found that
the degeneracy of the tautomerizations is lifted by going from the gas phase to
the condensed phases. An important question is then how the potential wells
of tautomeric processes are influenced by the environment. Based on solid
state NMR studies of azaannulenes 8 a scenario was developed [54], which is
illustrated schematically in Figure 14.12. The scenario describes the fate of the
potential curves of a bistable molecule exhibiting a symmetric double well for
the proton motion in the gas phase after placing the molecule in condensed
matter.

When the molecule is placed in a molecular crystalline environment, the crystal
field will induce an energy difference ΔE between the two tautomers. ΔE will be
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the same for all molecules in a crystal – assuming absence of a coupling of proton
transfers in adjacent molecules – whereas ΔE will depend in a disordered system
such as a glass on the local environment, leading to a distribution of ΔE-values.
At the glass point, some environments may become mobile leading to an average
value of ΔEav = 0, whereas other environments still experience nonzero values.
Only well above the glass transition a situation typical for the liquid is reached
where all molecules exhibit an average value ΔEav = 0.

An important consequence of the hydrogen bond correlations is that the barri-
ers of H-transfer strongly depend on the energy necessary to compress the hydro-
gen bonds. These energies are often larger for intramolecular H-transfers as com-
pared to intermolecular transfers. Figure 14.13 summarizes the findings schemat-
ically [4]. Figure 14.13a illustrates hydrogen bond compression during a single H
transfer process according to the hydrogen bond correlation of Figure 14.1. In the
initial and final states, the substitution of H for D implies a shortening of the cova-
lent bond distance and a lengthening of the hydrogen bond [3]. In the transition
state the deuterated system will be somewhat more compressed as compared to
the protonated system, because the wave function of D is sharper than the wave
function of H, that is, D is closer to the H-bond center than H. The barrier height
is larger for D than for H.

The mechanism of a double hydrogen transfer (HH transfer) depends on
whether the two hydrogen bonds involved are cooperative (Figure 14.13b)
or anticooperative (Figure 14.13c). In the case of two cooperative hydrogen
bonds the compression of one bond leads also to a compression of the second
bond. Compression of one of two anticooperative bonds leads, however, to
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a lengthening of the other bond. Thus, only a single H is transferred leading to a
stepwise motion involving a metastable intermediate. Similar considerations can
be made also for multiple HHH or HHHH transfers [4].

14.3.5
An Application to the Function of the Imidazole Ring of Histidine 64 in Human Carbonic
Anhydrase II

While pyrazoles exhibit a molecular structure which enables the formation of
cyclic hydrogen-bonded complexes in which multiple proton transfer can take
place (see Figures 14.8 and 14.9), the related imidazoles exhibit a much more com-
plex behavior. However, imidazole constitutes the functional group of histidine,
which is essential to protein structure and function.

This is, in particular, the case for human carbonic anhydrase II (HCA II) [55].
The enzyme catalyzes the hydration of CO2 as well as the backward reaction and
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exhibits a zinc cation as essential cofactor. The rate-limiting step has been found
to be a multiple proton transfer from Zn-bound water to the imidazole ring of
histidine 64 located in the enzyme active site in an inward position as illustrated in
Figure 14.14. The phase boundaries between the active site and the aqueous phase
are symbolized in Figure 14.14 by curved dashed lines. When histidine 64 becomes
protonated it performs a conformational change into an outward position where
it delivers the excess proton to the aqueous phase [56]. Eventually, histidine 64
returns to the inward position until the cycle starts again.

Recently, Shimahara et al. [57] observed a very interesting behavior of histi-
dine 64 in HCA II. Usually, as illustrated in Figure 14.15a, imidazole rings of his-
tidines are located in protein surfaces sticking into water exhibit a large equilib-
rium constant K t of tautomerism, that is, the proton is preferentially bound to
N-1 forming the τ-tautomer. The π-tautomer where the proton is bound to N-3 is
non-dominant.

Using 15N NMR a very different result was observed for the imidazole ring of
histidine 64 in the active site of HCA II. The imidazole was subject to a fast tau-
tomerism, but K t was found to be unity within the margin of error as illustrated
in Figure 14.15b. This difference could not be explained in a satisfactory way.

However, recently Shenderovich et al. [13] showed using 15N NMR studies
performed on 4-methylimidazole dissolved in a CDF3/CDF2Cl solvent mixture
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64 (b) in the active site of HCA II [57].

that a value of K t = 1 is typical for a wet polar aprotic environment – where
some water molecules are necessary to catalyze the proton exchange – but larger
values of K t are typical for aqueous solution. In other words, neutral histidine
64 in HCA II prefers the inward position, but once it is protonated it prefers the
outward position where an aqueous environment is experienced.

Figure 14.16 illustrates a possible proton exchange mechanism of the neutral
histidine 64 in the active site of HCA II. As indicated by K t, the local environment
resembles a wet polar aprotic solution exhibiting a high molecular mobility, which
enables the tautomerism by simple reorganization of some water molecules.

In other words, the tautomerism of histidines constitutes a molecular environ-
mental probe. Moreover, model studies for the interior of proteins should not be
made using water but wet polar organic liquids as solvents.

14.4
Tautomerizations Requiring Reorganization of the Environment

Tautomerizations requiring reorganization of the environment are most often
associated with the transfer of electrical charges. Whereas molecular reorganiza-
tion is hindered in the solid state it becomes important in liquid solutions and in
biomolecules. Most often, strong hydrogen bond formation plays an important
role. In order to study hydrogen bond properties in solution in the past decades
NMR tools have been developed, which rely on correlations of NMR parameters
such as chemical shifts and scalar coupling constants with hydrogen bond
geometries, obtained for solids and then applied to liquids [3]. In particular, the
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discovery of coupling constants across hydrogen bonds has promoted this area
of research. One of the important questions is the proton density distribution
function along the hydrogen bond coordinate q1. Several possibilities have been
discussed previously [16], which led eventually to the development of combined
UV-Vis and NMR spectroscopy of hydrogen-bonded complexes [58].

In this section, we will not describe the development of such tools but focus on
examples. In the first part we will deal with tautomerizations of charged molecules
and hydrogen-bonded clusters, and in the second part we will deal with neutral
systems where tautomerizations lead to highly polar or zwitterionic states. The
systems discussed have all been studied by NMR and were selected in view of the
general molecular stories they tell us.

14.4.1
Tautomerization of Charged Molecules and Hydrogen Bonded Clusters

14.4.1.1 Proton Sponges

Let us start with the discussion of some charged and – for comparison – of
some neutral systems exhibiting strong intramolecular formally symmetric NHN
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hydrogen bonds (Figure 14.17). The hydrogen bond strength is manifested by the
finding of large proton chemical shifts above 19 ppm, large H/D isotope effects
on the latter, and of large coupling constants JNN across the NHN hydrogen bond.
Generally, CD2Cl2 was used as solvent. In the case of the anion 28 the counter
cation Na+ was solubilized by addition of some DMSO-d6 [59]. In a study of
the cations 29 and 30 the counter anion BF4

− was used [61]. 30 and substituted
derivatives were studied using varying counter anions, for example, ClO4

−,
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trifluoroacetate (TFA−) and tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(BARF−) [60].

It is noteworthy that for the neutral systems 1, 31, 32, 33 in Figure 14.17 and
the anion 28 the coupling constants JNN correlate well with the proton chemical
shifts, indicating that both quantities are good measures for the strength of the
corresponding hydrogen bonds. Moreover, 28 is the system with the largest value
(16.5 Hz) found up to date. The values of JNN are smaller for the proton sponges
29 and 30 because of the different nitrogen hybridization.

The main point here is the finding that the anion 28 is not much affected by
counter cation, solvent, and temperature changes; that is, it behaves in a similar
way as the neutral systems in Figure 14.17 (1, 31, 32, 33). This can be associated
with the extended charge distribution in 28.

By contrast, the charge is much more localized in proton sponges such as 29
and 30. Both, the smaller strongly interacting BF4

− and the larger noncoordinat-
ing anion BARF− were used as anions in the case of 30. The NMR parameters
depended substantially on solvent, temperature, and on the counter anion [60]. A
scenario arising from these studies is depicted in Figure 14.18.

Figure 14.18a deals with the case of the dissociated ion pair as found for acetoni-
trile. At room temperature, the solvent molecules around the positively charged
nitrogen atom may exhibit a higher local order parameter than those in the vicinity
of the neutral nitrogen atom. This can weaken the hydrogen bond via ion–dipole
interactions in both tautomers a and b. When temperature is lowered leading
to an increase of solvent ordering the hydrogen bond becomes more symmet-
ric (Figure 14.18b). This “symmetrization” is manifested by the evolution of 1H
chemical shifts and scalar coupling constants JNN, JNH, and JHN.

Figure 14.18 also illustrates the role of the counter anion which now forms a
contact or solvent separated ion pair with the cation containing an intramolecu-
lar hydrogen bond. When the anion is small (Figure 14.18c), it will again perturb
the hydrogen bond symmetry and weaken it if it is placed asymmetrically [8]. By
contrast, a large counteranion in which the negative charge is well delocalized will
lead to a symmetrization, that is, strengthening of the hydrogen bond as depicted
schematically in Figure 14.18d. Solvent reorganization at low temperatures will
still play an important role.

A related result was obtained with protonated bipyridine 34 dissolved in
CDF3/CDF2Cl [62] depicted in Figure 14.19. The intramolecular hydrogen bond
of 34 is subject to some steric strain and can more easily form intermolecular
hydrogen bonds as compared to proton sponges. Dichloroacetate makes a strong
hydrogen bond, and takes up the proton from one nitrogen and brings it to the
other nitrogen in a similar way as 27 (see Figure 14.19c). On the other hand, the
hydrogen bond to BF4

− is weaker and the intramolecular hydrogen bond in which
an intramolecular tautomerization takes place can compete (Figure 14.19b). By
contrast, only the noncoordinating anion BARF− as counter anion enables the
preferential formation of the intramolecular hydrogen bond (Figure 14.19a).

Recently, several homoconjugated pyridine and substituted pyridine cations of
type 35 (Figure 14.19d) have been studied by low-temperature NMR spectroscopy
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(solvent CDF3/CDF2Cl) [63]. The NMR parameters of 35 are the same for BF4
−

and BARF−, that is, the hydrogen bonds of 35 are not broken by BF4
−. The

observation of NMR high-field shifts of the hydrogen-bonded deuteron as
compared to hydrogen indicate a situation as is depicted in Figure 14.2a or c,
that is, with a fast tautomerism. A correlation of NMR parameters with hydrogen
bond geometries indicated that the shortest N· · ·N distance is about 2.65 Å.
ortho-Substituents prevent N· · ·N distances shorter than 2.7 Å. Note that to our
knowledge the shortest known N· · ·N distance of intermolecular NHN hydrogen
bonds is about 2.54 Å [8].
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A recent IR spectroscopic study (solvent CD2Cl2) indicated different vibrations
for the pyridine and the pyridinium moiety [64]. The exchange rate was estimated
to be between 106 and 1011 s−1.

14.4.1.2 Phenol–Carboxylate versus Carboxylic Acid–Phenolate Complexes
Acid–base hydrogen bonds between phenol- and carboxylate moieties occur
often in biomolecules. An example is the photoactive yellow protein (PYP)
depicted in Figure 14.20. A neutron crystallographic study revealed a strong
hydrogen bond between the cofactor p-coumaric acid thioester and the car-
boxylate group of glutamic acid 46, and a weaker one between tyrosine 42 and
the cofactor [65]. Interestingly, the proton was found to be located closer to the
carboxylate oxygen than to the phenolic oxygen. PYP reacts to light irradiation
and the initial elementary step is considered to be a proton transfer along the
hydrogen-bonded chain.

In order to understand this interaction as well as a potential tautomerism
of these systems, various simplified model systems of the type AHX− (36 in
Figure 14.21) were generated from mixtures of substituted phenols (AH) with
tetra-butylammonium carboxylates (X−) in polar organic solvents such as CD2Cl2



352 14 Proton Tautomerism in Systems of Increasing Complexity

1.21 Å

1.37 Å

Cofactor

OH

O S

O

OO
H

Glu46

Tyr42

Cys69

H
O Thr501.68 Å 0.96 Å

(1.6 Å)(1 Å)

Figure 14.20 Neutron crystallographic structure of the photoactive yellow protein (PYP) [65].

O

R

O

O
R

H O

R

O

O
R

H

N
n-but

n-but
n-but

n-but
36

ba

O

R

O

O
R

H O

R O

O
R

Hb′a′

* *

* *

proton transfer

H-bond switch

Figure 14.21 Proton transfer and hydrogen bond switch in phenol-carboxylate/
phenolate/carboxylic acid complexes 36 as PYP model systems. Counter cation: tetrabuty-
lammonium.

or CDF3/CDF2Cl. These model systems have been studied by a combination
of UV/Vis and NMR spectroscopy [58, 66, 67] where both spectroscopies were
applied at the same time at low temperatures. In the visible range, only the
phenolic moieties give rise to the UV/Vis spectra. Low temperatures were
required to reach the slow hydrogen bond exchange regime.

The question studied was the problem of whether there is a tautomerization,
that is, proton transfer between two tautomers a and b (situations iii to v in
Figure 14.1) or whether there is a series of asymmetric low-barrier hydrogen
bonds (vi in Figure 14.1) as was illustrated in Figure 14.2. In addition, we note
that fast hydrogen bond switches can occur, which effectively transfer the proton
between the two oxygen atoms as illustrated in Figure 14.21. This process
corresponds formally to the IUPAC definition. We will come back to this question
in the next section.

In a first step, it was possible to identify the NMR parameters and UV/Vis bands
of the complexes AHX− of interest. Both single as well as dual UV/Vis absorption
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bands were observed, depending on the molecular structure, solvent, and temper-
ature. Using 1H and 13C NMR of the partially deuterated complexes it was possible
to assign the systems with single bands either to tautomers of type a or type b.
Using 1H chemical shift correlations of OHO hydrogen bonds [5] the hydrogen
bond coordinates q1 and q2 were obtained and a correlation of the latter with the
UV/Vis band frequencies was established. From the band intensities the equilib-
rium constants of the tautomerism were estimated.

In the case of weaker hydrogen bonds only single tautomers are observed (ii and
vii in Figure 14.1), whereas two tautomers were observed for the stronger hydro-
gen bonds. It was found that the dominant tautomer exhibited the weaker and
the nondominant tautomer the stronger hydrogen bond (iii to v in Figure 14.1).
The situation is expressed qualitatively in a more traditional way in Figure 14.22.
Unfortunately, the hydrogen bond switch depicted in Figure 14.21 could not
directly be verified, although such switches were found in related anions as
described in the next section.

Pylaeva et al. [68] have recently performed ab initio molecular dynamics cal-
culations of the 4-nitrophenol-acetate complex 37 in a solvent box containing 70
CD2Cl2 molecules at a temperature of 300 K. Figure 14.23a illustrates the hydro-
gen bond geometries q2 versus q1 sampled during the simulation. It shows that
not only two tautomers with well-defined q2 and q1 values are formed but a broad
distribution of tautomers with different geometries are also observed, including
quasi-symmetric configurations with values around q1 = 0.

Figure 14.23b depicts the overall proton position distribution. Again, the
obtained distribution is very broad; it covers the range from quasi-symmetric
hydrogen bonds to highly asymmetric hydrogen bonds; structures interconvert
due to the solvent motions. In the presence of the counter cation there are
two broad maxima corresponding roughly to tautomers a (PhOH· · ·OAc−)
and b (PhO−· · ·HOAc). Interestingly, b seems to dominate although it is well
known that 4-nitrophenol is less acidic (pK a 7.1, [69]) than acetic acid (pK a 4.75
[70]). Without the countercation, the effect is even enhanced, as illustrated in
Figure 14.23b; here almost only the tautomer b (PhO−· · ·HOAc) is found.

It follows that the geometries represented in a correlation diagram such as
Figure 14.1 represent average geometries corresponding to the maximum of the
distribution peaks in Figure 14.23. In other words, when discussing correlation
diagrams one must consider that distributions of hydrogen bond geometries are
neglected.

The finding that in a heteroconjugated anion embedded in a polar environment
phenols transfer the proton to the carboxylates is rationalized schematically in
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Figure 14.24. In an unpolar environment, in the presence of weak interactions
with a countercation, the charge prefers the residue exhibiting the higher electron
delocalization, that is, the phenol moiety and hence the proton is located near a
carboxylic oxygen. By contrast, in a very polar environment the Coulomb interac-
tions stabilize the configuration with the smaller distance between the positive and
negative charges, hence the carboxylate is preferred [67]. Furthermore, we note
that weak hydrogen bonds formed between the carbon–hydrogen groups of the
solvent with the “free” C==O group of the carboxylate lead to a distribution of the
geometries of the OHO hydrogen bonds and of the complex conformations [68].

14.4.1.3 Homoconjugated Carboxylic Acid Carboxylates

In solutions of tetra-butylammonium acetate with additional acetic acid using
CDF3/CDF2Cl as a solvent for low-temperature NMR studies in the slow
hydrogen bond exchange regime below 150 K various complexes of the type
Ac−(HAc)n, n= 1,2,3 have been observed [71] as depicted in Figure 14.25. All
complexes showed H/D isotope effects on 1H, 2H, and 13C chemical shifts, which
let one to identify the different complexes and indicate the presence of strong
hydrogen bonds. While for the homoconjugate anion or hydrogen diacetate 38 a
very fast degenerate proton transfer was expected averaging the carbon chemical
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Figure 14.25 Chemical structures and fluxionality of hydrogen diacetate 38, dihydrogen tri-
acetate 39, and trihydrogen tetraacetate 40 according to [71].

shifts, that was not expected for the other two complexes, dihydrogen triacetate
39 and trihydrogen tetraacetate 40. The latter exhibited an interesting fluxionality
in the sense that all carboxylic acid moieties became equivalent. These processes
involve a series of hydrogen bond switches of one of the outer carboxylic acids to
the other outer carboxylic acid followed by a proton transfer. This establishes the
central moieties as carriers of the negative charges. Thus, at the end, all carbon
atoms and also all oxygen atoms become equivalent. Again, one can describe part
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of these processes in terms of a traditional tautomerization, that is, of proton
transfer from one carboxylic acid oxygen to the other.

Similar results have been obtained for homoconjugated anions of other car-
boxylic acids (inter- [72] and intramolecular [73]) and trimethylglycine TFA [74].

14.4.2
Tautomerization of Neutral Heterocyclic Acid–Base Complexes

The characteristics of the tautomerization of neutral molecules along intramolec-
ular hydrogen bonds are different from the charged complexes although some
features are similar. The normal tautomer of a neutral system exhibits a relatively
small dipole moment but exhibits a large one in a zwitterionic state formed by
proton transfer. Naturally, this requires again larger solvent reorganization; the
difference with the charged systems is only that a counterion is absent.

14.4.2.1 Model Complexes of the Acid–Pyridine Type

Hydrogen-bonded complexes of inorganic and organic acids with heterocyclic
bases have been of great interest in view of their biological importance in pro-
teins. Most often, substituted pyridines have been studied as heterocyclic bases.
Here, we focus on results obtained by solid state and liquid state NMR.

Complexes of 2,4,6-trimethylpyridine (collidine) with HF dissolved in
CDF3/CDF2Cl down to 100 K are depicted in Figure 14.26. The different com-
plexes 41–44 formed could be characterized in the slow hydrogen bond exchange
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Figure 14.26 Chemical structures and fluxionality of collidine–HF complexes according
to [75].
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regime by multinuclear NMR [75, 76]. Noteworthy was the discovery of scalar
couplings across the FHN–hydrogen bonds, that is, between all nuclei of the
19F–1H–15N system. For 41, major coupling constant changes occurred when
lowering the temperature indicating a transformation from a molecular to a
zwitterionic complex. In order to understand these effects, the dielectric constant
𝜀 of the solvent mixture was measured down to 100 K [77]. While 𝜀 was smaller
than 10 at room temperature it increased to about 45 at 100 K. 43 exhibited a
very fast hydrogen bond switch within the complex. If H would be located closer
to fluorine than to nitrogen it would correspond to the IUPAC definition of
tautomerism.

Similar results were obtained for pyridine–acid complexes such as shown in
Figure 14.27 [15, 78]. In the 1 : 1 complex 45 at low temperatures, H was located
closer to oxygen, shifted toward the H-bond center for 46 and became zwitterionic
for the 47. For the latter, the hydrogen bond switch could be established, which
is, probably, also present in 46. H/D isotope effects on NMR chemical shifts gave
information about average structures, in particular how the geometry of a given
hydrogen bond changes when the adjacent bond is deuterated.

Figure 14.28 summarizes the main results. When the polarity of the environ-
ment of an acid–base complex is increased the dipole moment of a AHB com-
plex is increased. For a molecular complex that realized by charge transfer from
the base to the acid, leads to a shortening of the A· · ·B distance and to a shift
of the proton toward the hydrogen bond center as described by the correlation
curve in Figure 14.1 [16]. Once H has passed the hydrogen bond center the dipole



358 14 Proton Tautomerism in Systems of Increasing Complexity

A H

BA H H

B

A H B

B
δ+δ−

A

H B+A−

Polarity increase 
→ dipole moment

increase
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of OHN hydrogen bonds converted from
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polarity of the environment.

moment is increased by an increase of the A· · ·B distance [16]. As 𝜀 increases with
decreasing temperature, the molecular complex becomes stronger and a zwitteri-
onic complex such as the pyridine–HCl complex becomes weaker. We note that
in the solid state 𝜀 is small, and therefore large solid–liquid effects on the hydro-
gen bond geometries are observed because of the polarity increase that occurs
when the systems are taken out from the solid to polar solution [79]. Specific
solvation by additional acid molecules can have similar effects as nonspecific sol-
vation obtained by an increase of 𝜀. This is especially important in proteins. An
anti-parallel arrangement of two polar OHN hydrogen bonds can then lead to
zwitterionic states [11].

By measuring and analyzing H/D isotope effects on 13C chemical shifts of
acid–heterocyclic base complexes it was shown [80] that for very strong hydrogen
bonds there is a tautomerization according to Figure 14.4a or c, as illustrated in
the center of Figure 14.28. Because of the larger asymmetry of OHN as compared
to the OHO hydrogen bonds the phenomenon is confined to a smaller range
of q1 values. This phenomenon does also show up in 1H–15N chemical shift
correlations of pyridine–acid complexes, which indicates that the shortest O· · ·N
hydrogen bond distances which are conceivable are not reached [81].

14.4.2.2 Mannich Bases
Mannich bases 48 (Figure 14.29) represent interesting intramolecular models for
acid–base hydrogen bonds. Their examples illustrate again the importance of an
analysis using different spectroscopic techniques [82]. UV/Vis spectra of 48 in the
polar organic solvent mixture CDF3/CDF2Cl down to 100 K showed dual bands
which could be associated to two tautomeric forms, a normal one where the pro-
ton is close to the phenolic oxygen dominating at high temperatures and the zwit-
terionic one where the proton is close to the aliphatic nitrogen dominating at low
temperatures. It was tempting to attribute this finding to a stabilization of the zwit-
terionic form by the solvent whose dielectric constant increases strongly at low
temperatures [77]. However, related NMR experiments performed at 140 K indi-
cated the formation of a zwitterionic dimer in which the protons are located close
to nitrogen. Thus, the tautomeric equilibrium was coupled to the dimerization.
Also, it was found that addition of methanol (AH) to the monomer also shifted
the proton away from oxygen toward nitrogen. We will show later that this effect
is important in biomolecules.
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14.4.2.3 Model Schiff Bases

For a long time, Schiff bases have fascinated physical chemists because of their
model character for proton transfer and hydrogen bonding [83]. A combined
variable temperature 1H and 15N NMR study of the 15N labeled Schiff base 49
(Figure 14.30) as well as its partially deuterated isotopologs dissolved in different
organic solvents indicated a complex tautomerism [84]. The situation resembled
qualitatively the one described in Figure 14.1. In polar solution, the OH· · ·N
hydrogen bond of the enolimine tautomer became stronger when temperature
was decreased, whereas the O· · ·HN hydrogen bond of the ketoamine tautomer
became weaker; both geometric changes are, however, associated with a dipole
moment increase. Thus, at high temperatures the tautomerism was characterized
by situation iii whereas at low temperatures it was characterized by v as depicted
in Figure 14.1. Again, this indicates a much more complex process as suggested by
just the presence of an enolimine and a ketoamine structure. We note that in case
of an aromatic substituent on the Schiff base nitrogen the enolimine structure
dominates in view of the reduced basicity of the nitrogen.

When methanol or a fluorinated alcohol was added, hydrogen bonding to the
phenolic oxygen shifted the equilibrium toward ketoamine structures. By con-
trast, addition of trifluoroacetic acid led to protonated 49, forming presumably
a heterodimer as illustrated in Figure 14.30. H/D isotope effects on 15N chemical
shifts were observed which could be dissected into intrinsic isotope effects arising
from geometric isotope effects and those arising from different zero-point vibra-
tions in the two exchanging tautomers. However, a detailed description is beyond
the scope of this overview.

The effect of a covalently linked carboxylic group on the Schiff base tautomerism
has been studied using the 15N labeled model system 50 dissolved in CD2Cl2
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(Figure 14.31). All three forms could be observed, although in fast exchange [85].
The NMR parameter analysis indicated that at high temperature 50a dominates,
50b at intermediate temperatures and 50c at low temperatures as expected from
the increase of the solvent dielectric constants [77].

14.4.2.4 The Cofactor Pyridoxal 5′-phosphate: from Organic Models to Alanine
Racemase and Aspartate Aminotransferase

Pyridoxal 5′-phosphate (PLP, Figure 14.32) is a cofactor of enzymes that are
responsible for amino acids transformations such as racemization, transamina-
tion, and decarboxylation. Its enzymology has been reviewed recently [86, 87].
When PLP is embedded in an enzyme it usually forms the so-called “internal
aldimine” with the ε-group of a lysine residue in the active site, or an “external
aldimine” with amino acid substrates or inhibitors. The similarity with the Schiff
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bases described in the previous section is that these aldimines contain the
same intramolecular OHN hydrogen bond in which an enolimine–ketoamine
tautomerism can take place, which seems then to be an important element of the
enzyme function.

As illustrated in Figure 14.32, the first step of all PLP-dependent enzyme reac-
tions is the replacement of the lysine residue with the amino group of an incoming
amino acid substrate producing an external aldimine. This reaction is called tran-
simination. It has been argued that the nucleophilic attack in the first step of
the latter reaction requires a positive charge on the Schiff base imino nitrogen
[88–91]. For this, the bridging proton of the intramolecular OHN hydrogen bond
has to be transferred from the phenolic oxygen to the imino nitrogen. Thus, the
tautomerism of PLP is governed in enzyme environments by intermolecular inter-
actions.

It has further been argued that the ketoamine is produced by protonation of the
pyridine ring as illustrated in the upper part of Figure 14.32. In the lower part an
alternative activation is proposed as discussed later.

Indeed, the X-ray crystal structure of Escherichia coli aspartate aminotrans-
ferase, in which PLP is covalently bound to Lys258 as an internal aldimine in



362 14 Proton Tautomerism in Systems of Increasing Complexity

N CH3

O
P

O

N

O
O

O

N

NH2

H2N

N

NH2

NH

O

O

H

H

H

H

NH

O

H H

O

H

HH

+

+

+

+

_

_

_

_

N CH3

O
P

O

H

O

O
O

O

N

C
O

N
N

O

N O

HH

Aspartate aminotransferase

His143

Asp222

Asn194

Tyr225

Lys258

2.64 Å
1.09 Å
1.54 Å

Arg224

Arg136

Lys39

2.9 Å

Alanine racemase

1  Å

2  Å

2.6 Å

2.7 Å

Asp318

(a) (b)

Figure 14.33 Active site structures of (a) aspartate aminotransferase [92] and (b) alanine
racemase [93]. Italic distance values were derived by X-ray crystallography and bold values
estimated by NMR [94, 95].

the active site has identified an aspartate residue near the pyridine ring of PLP
exhibiting a short O· · ·N distance of 2.64 Å [92] as illustrated in Figure 14.33a.
Throughout Figure 14.33 italic distance values were derived by X-ray crystallog-
raphy and bold values estimated by NMR as described later.

However, questions remain. Thus, as aspartic acid is more acidic (pK a 3.9 [94]
than the protonated PLP pyridine ring (pK a 5.8 [95]), it was thought that in case
of a hydrogen bond between aspartate and the pyridine ring of PLP the pyri-
dine ring should be protonated [94, 95]. But it was not explained as to why at
physiological conditions pH both residues are not protonated in aqueous solu-
tion. What makes then the proton governing the PLP tautomerism going into the
aspartate–pyridine hydrogen bond in the enzyme active site?

Furthermore, alanine racemase from Bacillus anthracis also contains the PLP
cofactor bound to Lys39, but instead of an aspartate it is an arginine residue
(Arg224) which is located close to the pyridine ring, exhibiting a large N· · ·N
distance to the latter of 2.9 Å [93] as illustrated in Figure 14.33b. As arginine
is more basic than pyridine, the latter does not seem to be protonated and
the question arises as to which interaction then leads to the formation of the
ketoamine tautomer.

In order to contribute to answering the open questions, the influence of
hydrogen bonding to and protonation of the pyridine ring of PLP on its
enolimine–ketoamine tautomerism has been studied by X-ray crystallography
[96] and NMR [97] of solid model systems, and the influence of a polar environ-
ment by low-temperature liquid state NMR [98]. In these studies, correlations
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between hydrogen bond geometries and 1H and 15N chemical shifts of PLP Schiff
base models were derived. The equilibrium constants K of tautomerism were
small in the absence of proton donors but increased when the pyridine ring
formed hydrogen bonds with carboxylic acids. The larger their acidity the more
H was displaced toward the pyridine nitrogen, and the more K was increased as
illustrated schematically in Figure 14.34. But only when additional proton donors
such as alcohols were added in polar organic solutions the ketoenamine tautomer
was formed exclusively.

In subsequent NMR studies of aspartate aminotransferase and alanine race-
mase [94, 95] the NH and OH distances in Figure 14.33 marked in bold could
be estimated from the NMR parameters, which confirmed that the pyridine ring
is protonated in aspartate aminotransferase but not in alanine racemase. Unfortu-
nately, the 15N chemical shifts of the Schiff base nitrogens could not be measured,
but PLP Schiff base model studies in poly-L-lysine [95] indicated that also hydro-
gen bond formation to the phenolic oxygen favors the ketoenamine tautomer as
illustrated in the lower part of Figure 14.32. A similar effect was also found before
in solution as was discussed in the previous section (Figure 14.30). Thus, it was
proposed that O-protonation is operative in alanine racemase for the activation
of PLP.
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Moreover, it was found that the hydrogen bond geometries in alanine racemase
indicate that PLP is embedded in a nonaqueous but polar environment exhibiting
dielectric constant close to 30, and not in an aqueous environment. This finding
is along the same line as discussed above in the case of HCA II.

Finally, the question of what happens when an aspartate carboxylate and a pyri-
dine ring come close to each other in the active site of an enzyme was discussed
[87]. As the active site resembles the organic wet polar environment and as the
acid–base groups are no longer solvated by water molecules the free energy gain
by taking up a proton from the water phase is substantial as it allows both residues
to form a strong hydrogen bond. However, the location of the proton in this direct
acid–base hydrogen bond is no longer governed by pK a’s but by the local electro-
statics.

14.5
Conclusions

In the present account, examples for different kinds of tautomerizations have
been presented as depicted in Figure 14.35. Traditionally, systems exhibiting
intramolecular single or multiple proton transfers along intramolecular hydrogen
bonds AHB (Figure 14.35a) are considered as tautomeric. Here, we propose that
there can be any molecular link between the nuclei A and B, not just a series of
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conjugated single and double bonds or rings as proposed in the IUPAC definition
of Eq. (14.1) [1]. Thus, electrical charges are omitted in Figure 14.35, which
will appear when the molecular link constitutes an aliphatic chain. In addition,
also a simple hydrogen bond may constitute such a molecular link. Therefore,
intermolecular proton transfers in hydrogen-bonded acid–base complexes
(Figure 14.35b) may also be regarded as tautomerizations. This is also justified
in view of the similarities discussed above between intra- and intermolecular
tautomerizations. We note that depending on the molecular symmetry, major
changes of the hydrogen bond geometries can occur during the tautomerization.

Traditionally also systems are considered as tautomeric when a bifunc-
tional catalyst takes up a proton at one atomic site and transfers another
proton to any other site (Figure 14.35c). Another important mechanism, that
is, when a catalyst X takes up a proton from a nuclear site A and carries it
via a hydrogen bond switch to another nucleus has received little attention
(Figure 14.35d).

When discussing molecular tautomerizations, one should keep in mind the
hydrogen bond correlations depicted in Figure 14.1. Major hydrogen bond
changes can occur; it will be a great difference if the tautomerization takes place
along a hydrogen bond of medium strength or in a strong hydrogen bond.

It follows that there may be several elementary steps that constitute a tautomer-
ization. But on the other hand, tautomerizations are coupled to a number of other
phenomena, in particular hydrogen bond switches, molecular motions, and sol-
vent reorganization. Even tautomerizations may constitute one of many elemen-
tary steps of complex molecular reactions, in particular of enzyme reactions. By
using combinations of various spectroscopic and computational methods it will be
interesting to extend the research area of tautomerism to more and more complex
systems.
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