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Calix[4]hydroquinone has recently attracted considerable interest since it forms stable tubular aggregates
mediated solely by hydrogen bonding and π-π-stacking interactions. These aggregates trap specifically various
small organic molecules and, in particular, catalyze the proton exchange of water with acetone. Using correlated
quantum chemical methods, the mechanism of the observed proton exchange mediated by keto-enol
tautomerism of acetone is investigated in detail. Starting with an investigation of keto-enol tautomerism of
acetone-water clusters, it appears that four catalytic water molecules are optimal for the catalysis and that
additional solvent water molecules lead to a decrease in efficiency. Analyses of the partial charges revealed
a decrease of the polarization of the reactive hydrogen bonds due to the additional water molecules. As a
next step, hydroquinone-acetone-water complexes were studied as models for the situation in the CHQ
moieties. However, the computations revealed that the proton transfer reaction becomes less efficient when
one catalytic water molecule is replaced by hydroquinone. Although concerted proton transfer via keto-enol
tautomerism of acetone seems to be the predominant mechanism in supercritical water, it is no longer the
rate-determining reaction mechanism for the catalyzed acetone-water proton exchange observed in tubular
CHQ. Nevertheless, a key feature of the catalytic function of tubular CHQ has been identified to be the stiff
hydrogen bonding network and the exclusion of additional solvent water molecules.

1. Introduction

Over the past few decades, self-assembling organic hollow
and tubular structures have attracted significant interest as
prospective functional materials in the areas of catalysis,
electrochemistry, molecular recognition, and drug discovery.1

Most of the research in this field has been designated to the
investigation of organic and inorganic nanotubes with covalently
bound architectures. Recently, Kim and co-workers discovered
and investigated the self-assembly phenomenon of calix[4]-
hydroquinone (CHQ) monomers, which builds tubular nano-
structures in the presence of water under certain experimental
conditions (Figure 1).2 These tubular structures are built from
bowl-shaped nontubular CHQ monomers, which are not co-
valently bound but linked by hydrogen bonds (H-bond) with
bridging water molecules. The bridging water molecules and
-OH groups of the CHQ building blocks constitute a quasi one-
dimensional (1D) H-bond chain along the axis of the tubular
structure. The CHQ tubes aggregate further into bigger porous
polymers mediated by intertubular π-π stacking interactions
that laterally stabilize the tubular subunits. In contrast to
covalently bound nanotubes, the ordering in organic CHQ
nanotubes is stipulated by a delicate interplay of H-bonding and
π-π interactions similar to the situation found in biological
materials, like membranes and membrane proteins.3

The hollow bowl shape of the aromatic CHQ molecules
allows for an efficient size-specific trapping of organic guest
molecules and for their subsequent chemical transformation by,
for example, stereoselective reactions.4 Moreover, a recent
NMR/quantum chemical study has shown that CHQ nanotubes
can specifically trap small organic molecules (acetone, 2-pro-
panol, and 2-methyl-2propanol). In particular, it was demon-
strated that in the case of acetone, one molecule fits into one
CHQ bowl.4,5 Understanding the mechanism of the size-specific
binding and the mobility of the guest molecules in CHQ
nanotubes will give insights relevant also for trans-membrane
ion channels and pore structures, due to their above-mentioned
structural relation.3

An important manifestation of the unusual chemical properties
of tubularCHQstructures is itscatalytic function inacetone-water
proton exchange (PE),6 which has been observed at ambient
conditions in two NMR experiments, whose spectra are shown
in Figure 2. In a solid state magic-angle spinning 1H NMR
experiment on the CHQ nanotubes (Figure 2A), which has been
performed according to ref 5, spectra were taken immediately,
one day and one week after the preparation of the CHQ
nanotubes. The latter has been produced by evaporation of the
solvent from a solution of nontubular CHQ in C3D6O and water.
As can be seen from the spectrum in Figure 2A, the intensity
of the peak at 0.5 ppm corresponding to methyl protons of
initially deuterated acetone C3D6O grows during the experiment.
The assignment of the peaks is taken from Hoffmann et al.5

While the peak of the protons of the OH groups cannot be
clearly resolved in the solid-state NMR experiment, they are
well-resolved in the corresponding solution 1H NMR experiment
(Figure 2B) on nontubular, but partially aggregated CHQ
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molecules in deuterated acetone. In the spectrum, a peak at about
3 ppm is visible corresponding to water impurities. The time
evolution of the solution 1H NMR spectrum reveals that the
concentration of water protons decreases simultaneously with
the increase of acetone methyl protons. According to these data,
a proton-deuteron exchange between water and acetone takes
place and, most likely, deuterated water subsequently exchanges
deuterons with the OH-groups of the CHQ molecules, resulting
in the observed decrease of their signals in the solution 1H NMR
spectrum. Since the proton exchange between acetone and water
is observed in tubular aggregates of CHQ as well as in partially
aggregated CHQ solution, both possess the property to catalyze
the proton exchange.

On the contrary, it is a well-established fact that acetone alone
does not exchange protons with water at normal conditions at

pH 7.7 However, one might suspect that the weak acidity of
CHQ may be responsible for the proton exchange (PE), since
acids are known to catalyze keto-enol tautomerism (KET).8

Acetone KET is an interconversion between isomeric forms
(keto and enol forms) involving a formal proton migration and
a double bond (π-electron) shift (Scheme 1). Since KET
involves several protonation/deprotonation steps in solution, it
is reasonable to assume that it plays also a role in the proton
exchange observed in the above-described NMR experiments
between water and acetone.

Figure 1. CHQ monomers (A), tubular CHQ (B), and fragment of tubular CHQ trapping acetone molecules (C), where the rest of the nanotube
is removed for clarity. The 1D-H-bonded chain is highlighted by a yellow dotted line and a possible proton transport pathway is indicated by green
arrows (C, bottom).

Figure 2. Solid state 1H NMR spectrum of tubular CHQ trapping C3D6O (A), solution 1H NMR spectrum of CHQ dissolved in C3D6O (B), and
solution 1H NMR spectrum of a mixture of QH2, C3D6O, and H2O (C).

SCHEME 1: Keto-Enol Tautomerism of Acetone
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To corroborate the weak acidity of CHQ is not the origin of
the PE, an analogous 1H NMR experiment has been performed
on a solution of hydroquinone (QH2) in a deuterated acetone
and water mixture (1:1). QH2 has been chosen because it
possesses a very similar chemical structure to CHQ and should
act as a weak organic acid as well. Although the pKa value of
CHQ is not available, since CHQ aggregates in aqueous solution
immediately, arguments will be given later that this assumption
is clearly justified. Returning to the corresponding NMR
experiment, no proton exchange could be observed (Figure 2C).
The spectrum taken after one week does not show any changes
in the intensities of the peaks corresponding to the methyl group
of C3D6O or of the water protons. Thus, the reason for the
catalytic activity of CHQ in acetone-water proton exchange
cannot be its weak acidity alone.

In order to clarify the nature and the mechanism of the
catalytic function of CHQ in acetone-water proton exchange,
we have performed a thorough quantum chemical study
employing state-of-the-art quantum chemical methodology.
Since hydroquinone and CHQ exhibit similar acidity, but
show a different catalytic function for acetone-water proton
exchange, we will focus here on concerted PE mechanisms.
Before we turn to the investigation of the influence of CHQ
on the acetone-water PE mechanism, we will first study the
concerted mechanism in neutral water by using a well-defined
acetone-water cluster. In particular, we address the question
of how many water molecules are necessary to optimally
catalyze PE. Then we will investigate the influence of CHQ
on that concerted mechanism.

2. Theoretical Methods

The description of proton transfer reactions calls for a
quantum treatment of the electronic structure at a highly
correlated level, in addition to their nuclear dynamics. Such
calculations are presently not feasible, and one must resort either
to low quality electronic structure and nuclear dynamics or to
static calculations at correlated ab initio levels. We have chosen
to take the latter route. Since the full CHQ-water-acetone
complex is by far too large even for a comprehensive static
description by means of correlated quantum chemical methodol-
ogy, we must resort to molecular models. We have chosen
hydroquinone as a model because it represents a substructure
of CHQ and has been used in previous studies.9 The acidity
can be expected to be essentially identical, since the OH groups
of CHQ and QH2 exhibit identical polarity. Mulliken charge
analyses reveal partial charges of -0.57 on oxygen and 0.31
on hydrogen for both systems at the DFT/B3LYP/6-31G// level
of theory. Since the polarity of the OH groups essentially
determines the acidity of the compounds, one can assume that
they exhibit similar pKa values of approximately 10. Further-
more, calculation of the deprotonation energies of QH2 and CHQ
at B3LYP/6-31G// level revealed that they have also essentially
identical deprotonation energies of 361 and 369 kcal mol-1,
respectively. This verifies that QH2 and CHQ have similar
chemical properties in proton transfer processes. However, this
is in contrast to the NMR experiments, where CHQ and QH2

behave differently with respect to the observed PE. As we will
see later, the different behavior can be traced back to the
presence and absence of solvent water molecules in the three
NMR experiments, which are crucial for the rates of PE, and
not to different structural and/or electronic properties of CHQ
and QH2.

The model systems comprise the whole range of noncovalent
interactions, i.e., dispersion interactions and hydrogen bonding

calling for high-level correlated ab initio methods. However,
due to the size of the largest necessary model system, QH2 with
acetone and two water, the only applicable ab initio method is
second order Møller-Plesset perturbation (MP2) theory.10 MP2
theory is capable to treat the long-range interactions with
sufficient accuracy,11 as well as the dispersion, polarization, and
covalent effects associated with hydrogen bonding.12 For the
efficient location of transition state structures, as well as for
the correction of proton transfer barriers by zero point vibrational
energy (ZPVE), the computation of analytical second derivatives
is required which restricts the largest possible basis set size to
6-31G// for the largest model systems (see, for example, Figure
4). Therefore, stationary point searches and harmonic vibrational
frequencies of the majority of calculations were performed at
the MP2 level with the moderate 6-31G// basis set, while energy
barriers for proton transfer were improved by means of single
point calculations with the larger cc-pVTZ basis set.13 Com-
parison with existing experimental and theoretical data dem-
onstrates that our pragmatic approach is sufficiently quantita-
tively accurate for a meaningful investigation of the given
systems.

Because the ZPVE correction is slightly overestimated within
the harmonic approximation compared to that calculated with

Figure 3. Molecular structures of the educts (top), transition states
(middle), and products (bottom) along proton transfer pathways (green
arrows) via keto-enol tautomerism in isolated acetone (A), acetone•H2O
(B), acetone•2H2O (C), and acetone•3H2O (D) clusters.

Figure 4. Zero-point energy corrected energy barriers of acetone-water
proton transfer (circles) in C3H6O•nH2O, n ) 1-3 (solid line) and
QH2-C3H6O•2H2O (dashed line) with respect to the number of
participating OH-groups. The difference between the Mulliken charges
at the acetone methyl hydrogen and carbonyl oxygen (squares) as well
as between methyl hydrogen and the closest water oxygen (diamonds)
in C3H6O•nH2O, n ) 1-3 (solid line) and QH2-C3H6O•2H2O (dashed
line) are also given.
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corrected anharmonic potentials, we have scaled the harmonic
ZPVE correction by a factor of 0.9. 14

Another important issue in the calculation of supermolecular
systems is basis set superposition error (BSSE) which leads to
an overestimation of the stabilization energy and in mutilated
potential energy surfaces of supermolecules. Since at correlated
levels of theory, BSSE vanishes very slowly with increasing
basis set size, its correction is necessary for a quantitative
evaluation of stabilization energies of supermolecular com-
plexes. One simple way of correcting BSSE is the Counterpoise
(CP) procedure.15 The application of the CP correction within
geometry optimizations at the MP2/6-31G// level gives struc-
tures and stabilization energies that are of similar quality to those
obtained with much larger basis sets of triple- and quadruple-�
quality and higher levels of theory like CCSD. Therefore, we
employed the CP correction in geometry optimizations and
stabilization energy calculations of several selected complexes.

MP2 natural orbital occupation number (NOON) analysis16

provides a useful criterion of the multireference nature of wave
functions, which can become relevant during bond-breaking
reactions and, hence, should be utilized in the proton transfer
calculations. However, the NOON analysis of all transition state
structures did not reveal any deviations from single-reference
character. Hence, the closed-shell MP2 calculations with a single
reference are clearly adequate for the study of all model systems.

In some cases, where the long-range interactions were not a
major concern, we resorted to density functional theory (DFT)17

calculations with the common B3LYP functional18 and the
6-31G// basis. Primarily, the DFT approach was used to
calculate the deprotonation energy and Mulliken charge distri-
bution of CHQ monomers at different sites. We have also
employed other approaches to compute partial charges for most
investigated complexes, e.g., Löwdin charges, NBO charges,
as well as partial charges from electrostatic potential fitting
procedures as implemented in Gaussian 03. However, since they
give essentially identical results, we can rely on straightforward
Mulliken charge analyses in our discussion.

Most of the calculations were performed within the GAMESS-
US19 software package, and computations of stabilization
energies on CP-corrected potential energy surfaces and charges
were done employing the Gaussian03 package of programs.20

3. Concerted Proton Exchange in Calix[4]hydroquinone

A previous study of tubular CHQ structures employing solid-
state NMR and quantum chemical calculations has given strong
evidence that only one acetone molecule is trapped within one
CHQ building block.5a According to the derived structural
model, the acetone molecule appears to be connected to the
1-D H-bond chain of the CHQ tubes via an additional H-bond
from the carbonyl group of the acetone to the bridging water

molecule. One particularly favorable possibility for such a
connection is given in Figure 1. Here, a water molecule is in
the vicinity of the methyl group of acetone and several OH
groups, which belongs either to water or CHQ and which
establishes the 1-D H-bond chain, and can form a cyclic
network. Within this network, all OH groups act as proton
donors and acceptors simultaneously, and hence, they can
efficiently assist proton transfer between the moieties.

Since the OH-groups of CHQ and water molecules are the
key players in the observed PE of acetone and water, let us
discuss in more detail the differences between the tubular and
nontubular CHQ aggregates used in the previously described
NMR experiments (A) and (B) shown in Figure 2. Within the
solid state NMR experiment (A), most of the present water is
bound as bridging water molecules within the 1D networks and
only a negligible amount of “free” water is available. Therefore,
it is justified to assume that in tubular CHQ, rather simple proton
transfer networks exist comprising acetone connected by its
carbonyl group to one of the -OH groups of bridging water or
CHQ molecules. This has been suggested by an analysis of
previous NMR experiments on CHQ nanotubes.5a In the solution
NMR experiment of Figure 2B, nontubular CHQ aggregates
were formed and water molecules were present only as
impurities. Here, one can also suppose that the limited number
of water molecules in the sample mediates aggregation and is
thus most likely bound to CHQ as bridging water. Therefore,
one can, in tubular and nontubular aggregates of CHQ, assume
that acetone molecules are part of very specific hydrogen
bonding networks responsible for the observed PE between
acetone and water. The basic mechanism of PE in tubular and
nontubular aggregates of CHQ can thus be expected to be
closely related.

As we have argued previously, the displayed NMR experi-
ments point to the relevance of concerted proton exchange (PE)
via KET involving several OH groups of bridging water and
CHQ, in contrast to acid-catalyzed KET, which requires the
dissociation of an OH-group prior to PE, which results in the
generation of charged intermediates. Our general idea of the
mechanism of PE via concerted KET is shown in Scheme 2.
As a first step, it is assumed that a concerted keto-enol
tautomerism mediated by two water molecules takes place,
which transfers a deuteron from the methyl group of acetone to
the H-bonded water. This particular water molecule is assumed
to rotate and back-KET to take place. The rotation of the
deuterated water molecule is essentially barrier-free at room
temperature, since no chemical bond needs to be broken and
the hydrogen bond to the methylene group is very weak. The
final back-KET step is fast, since the keto-form is more stable
than the enol form of acetone. Therefore, the initial KET step
and the concomitant concerted transfer of the methyl deuteron

SCHEME 2: Principal Mechanism of Proton Exchange via Concerted Keto-Enol Tautomerism (KET) of Acetone
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will determine the observed proton exchange rate between
acetone and water.

3.1. Keto-Enol Tautomerism via Concerted Proton Trans-
fer in Hydrated Acetone Clusters. As a first step in our
investigation of the concerted PE mechanism catalyzed by CHQ,
we investigated the KET mechanism of acetone catalyzed by
water molecules alone. This is important if we want to
understand the influence of CHQ on that mechanism. In this
preliminary investigation, we are particularly interested in
answering the question: how many catalytic water molecules,
i.e., how many donor-acceptor OH-groups, are optimal to
catalyze acetone KET? Furthermore, the influence of solvating
water molecules not participating in the concerted KET mech-
anism is studied. This gives insight into the energetics and
molecular details of the mechanism of concerted KET, and
allows for identification of differences when CHQ comes into
play.

To address the question of whether an optimal number of
catalytic water molecules exists for concerted KET of acetone
in water, we have composed hydrated C3H6O•nH2O (n ) 0-3)
(Figure 3). They include cyclic proton transfer networks in
complexes which each water acts as a proton donor and a proton
acceptor simultaneously to make concerted KET possible. The
geometries of these clusters have been optimized at the MP2/
6-31G// level of theory in both the keto and enol forms as well
as in the transition states.

The computed energy difference between the keto and enol
forms of acetone itself is 11.3 kcal mol-1 at the MP2/cc-pVTZ//
MP2/6-31G// level of theory and increases slightly to 11.6 kcal
mol-1 when the zero point energy correction is employed. This
agrees very favorably with a previous CPMD study at the BLYP
level of theory, which gave 11.8 kcal mol-1. c Unfortunately,
no experimental nor benchmark theoretical data is available to
directly evaluate our computed values for the acetone-water
cluster with one to three water molecules. Instead, we computed
the averaged ZPVE-corrected energy difference between keto
and enol forms of all considered hydrated clusters C3H6O•nH2O
clusters (n ) 1-3) to be 10.7 kcal mol-1. Compared to the
experimental value of 10.3 ( 0.4 kcal mol-1 found in the
aqueous solution of acetone,8 the agreement is very good. Since
the relative energies of the keto and enol forms are nicely
reproduced by our chosen theoretical approach, this gives us
confidence that we can also describe the proton transfer
mechanism with this methodology.

For the computation of the barrier heights of the suggested
KET mechanism via concerted double-, triple-, and quadruple-
proton transfer in the C3H6O•nH2O clusters, transition state
optimizations have been performed at the same level of theory,
and the obtained geometries are displayed in Figure 3 (middle
row). For all of these structures, computations of the harmonic
frequencies revealed one imaginary value corresponding to the
concerted proton transfer pathway. Furthermore, the single-
reference character of the transition structures has been checked
by computations of NOON values, and indeed they indicate no
multireference character, allowing for further use of single-
reference MP2 theory. The computed activation energies, i.e.,
energy barrier heights for concerted KET, are given as the
differences between the total energies of the equilibrium ground-
state structures of the keto and enol forms and the total energy
of the connecting transition state. The obtained values for the
C3H6O•nH2O clusters (n ) 0-3) are compiled in Table 1.

The computed numbers for the activation energy Ea for
concerted KET reveal a strong decrease of the reaction barrier
height with increasing number of catalytic water molecules.

While the energy barrier for KET via proton transfer in isolated
acetone has a height of 64 kcal mol-1, it drops readily by 26.5
kcal mol-1 to only 37.5 kcal mol-1 with only one catalytic water
molecule, and decreases further to only 30.4 and 29.1 kcal mol-1

with two and three catalytic water molecules at the theoretical
level of MP2/cc-pVTZ//MP2/6-31G// including ZPVE. This is
in agreement with a previous MP2 study,21b which has dem-
onstrated that one water molecule leads to a reduction of 26.1
kcal mol-1 of the activation energy for KET in acetone from
69.2 kcal mol-1 for isolated acetone itself to 43.1 kcal mol-1.

In Figure 4A, the functional dependence of the activation
energy, i.e., barrier height for concerted KET in acetone-water
complexes on the number of catalytic water molecules is
displayed. The barrier height is practically converged with three
catalytic water molecules and one can expect only a minor
further decrease when a fourth water molecule is embedded in
the catalytic hydrogen network. On the contrary, one can expect
the activation barrier to increase again with larger amounts of
water molecules, i.e., in solution, since earlier computations
employing self-consistent reaction field (SCRF) methodology
to include solvent effects have shown that the solvent effects
increase the activation energy by about 2 kcal mol-1 in the
acetone-(H2O) complex. In a recent Car-Parrinello molecular
dynamics simulation of acetone keto-enol tautomerism in water
solution,21c the activation energy for KET has been computed
to be 57.7 kcal mol-1 for isolated acetone in the gas phase and
38.5 kcal mol-1 for KET catalyzed by four water molecules in
the presence of altogether 24 explicit solvent water molecules.
It is worth noting that the employed DFT-based technique tends
to underestimate reaction barriers, thus the barriers are most
likely higher in reality, as is the case in our MP2 calculations.
However, this indicates that the activation barrier for KET of
acetone in aqueous solution is higher than that in isolated
C3H6O•nH2O complexes with well-defined and specific H-bond
networks. In summary, these findings already indicate that
solvent water molecules, i.e., water molecules that are not
involved in the PT as proton-donor/proton-acceptor, supposedly
decrease the efficiency of keto-enol tautomerism (KET). This
is also in agreement with recent studies on tautomerism of
various organic molecules, where solvent water was treated
explicitly.22

Our model computations offer the possibility to study the
influence of solvent water molecules on the KET mechanism
in great detail. Thus, we also studied the explicit influence of
an additional solvent water molecule on the activation energy
for KET in the acetone•H2O complex, where KET is catalyzed
by one water molecule and proceeds via concerted double proton
transfer. For this purpose, we have constructed two additional
acetone•2H2O complexes, in which the second water molecule
is not part of the catalytic H-bond network, but instead bound

TABLE 1: ZPVE Corrected Activation Energies Ea (kcal
mol-1) for Concerted Keto-Enol Tautomerism in Cyclic
C3H6O•nH2O Clusters (n ) 0-3) and the Energy Difference
∆E of Keto and Enol Forms as a Function of the Number of
Catalyzing Water Molecules N at the Theoretical Level of
MP2/cc-pVTZ//MP2/6-31G//a

n 0 1 2 3

Ea (ketofenol) 64.0 (+3.0) 37.5 (+2.7) 30.4 (+3.4) 29.1 (+1.7)
Ea (enolfketo) 52.4 (+3.3) 26.5 (+2.6) 20.9 (+4.3) 17.6 (+2.9)
∆E 11.6 (-0.3) 11.0 (+0.1) 9.6 (-0.9) 11.5 (-1.2)

a The contributions of ZPVE scaled by 0.9 for anharomonicity
are given in brackets and have been computed at MP2/6-31G//

level.
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additionally to the keto-group of acetone (isomer A) or to the
oxygen of the single catalytic water (isomer B) (Figure 5).
Again, the keto and enol forms of the two isomers of
C3H6O•2H2O as well as the transition states for concerted double
proton transfer have been optimized. Harmonic frequency
calculations reveal that the keto and enol forms represent local
minima with only real frequencies, while the transition states
exhibit one imaginary frequency. Computations of the activation
energies for concerted KET via double proton transfer in isomers
A and B reveal that the barrier heights for concerted KET are
37.7and 40.7 kcal mol-1, respectively, at the MP2/cc-pVTZ//
MP2/6-31G// level including ZPVE correction. Comparison
with the value for the C3H6O•H2O complex without additional
solvent water (Figure 5, left column) of 37.5 kcal mol-1 reveals
that the barrier is increased by 3.2 kcal mol-1 only when the
solvent water is bound to the catalytic water. Obviously,
hydrogen bonding to the catalytic water reduces its catalytic
activity, while hydrogen bonding to the acetone carbonyl group
has only negligible influence. This indicates that, in principle,
only such solvent water molecules which directly bind the
catalytic H-bond networks increase the KET energy barrier and
thereby decrease the catalytic efficiency. While the first solvent
water molecule directly bound to the catalytic water network
appears to have an influence of approximately 3 kcal mol-1,
further water molecules will still lead to an increase of the
barrier, but to a smaller extent. However, this remains to be
shown in detail and is currently only hypothetical (Table 2).

The natural question to ask now is why the two solvent
molecules in isomer A and B behave so differently. To answer
that question, one first must go one step back and consider the
role of the catalytic water molecules, i.e., what influence on
these water molecules leads to catalysis. The answer to the latter
question is most importantly polarization of acetone. The more
strongly polarized the acetone molecule becomes, i.e., the more
partial positive charge becomes located on the hydrogens of
the methyl groups and the more negative charge becomes located
on the carbonyl oxygen, the more likely acetone becomes to
accept a proton at the carbonyl oxygen and to donate a proton
from the methyl group. One simple way to quantify the
polarization of acetone is by the difference of the partial charges

on the carbonyl oxygen and methyl hydrogens. In Figure 4B,
the dependence of the difference between the partial charges
on the proton-accepting carbonyl oxygen and proton-donating
methyl group of acetone on the number of catalytic water
molecules is given. It is apparent that the polarization of acetone
is converged in the same way that the height of the reaction
barrier for concerted KET is converged when approximately
three to four catalytic water molecules are involved. Thus, a
clear connection between acetone polarization and barrier height
for concerted KET can be derived.

A closer look at the structures of the acetone•nH2O complexes
with up to three catalytic water molecules (Figure 3) explains
why the activation energy converges to an optimal value with
possibly three to four water molecules. An increase in the size
of the cyclic H-bond network at some point no longer leads to
an increased polarization of acetone, since a cooperative, i.e.,
an additive effect of the water dipoles, is diminished due to
several structural factors. The catalytic water molecules have
to arrange in structures, which are far from linear in alignment,
allowing for optimal polarization, and the distance between the
catalytic water molecules and acetone increases with an increas-
ing number of catalytic water molecules.

Extrapolating our results to KET of acetone in neutral aqueous
solution, one can make a rough estimate on the energetics.
Suppose the most efficient KET process with a barrier of ∼30
kcal mol-1 assisted by three or, perhaps, four water molecules
in an isolated acetone-water complex, as we have studied them.
Solvation of this cluster in water will lead to hydrogen bonding
of the catalytic water molecules, decreasing their ability to
polarize acetone. If we assume each catalytic water molecule
to be H-bonded by a solvent water molecule and if we further
assume that each solvated catalytic water molecule adds about
3 kcal mol-1 to the minimal barrier of 30 kcal mol-1, then one
would arrive at an activation energy for KET of acetone in water
of about 40 kcal mol-1. This is consistent with the value of
38.5 kcal mol-1 obtained from the CPMD simulation described
previously,21c where on average 4 water molecules catalyzed the
KET in the presence of 24 solvent water molecules.

Returning to CHQ and the initially described NMR experi-
ments, the ones in which acetone-water PE has been observed
have been performed under conditions with no or only very
little free water that could act as solvent water to increase the
activation energy for KET. Thus, based on our results for
acetone-water clusters, one can expect concerted acetone KET
to be more efficient by about 10 kcal mol-1 in CHQ with proton
transfer networks similar to our model system than that found
in aqueous solution.

Figure 5. Optimized stationary structures of the educts (top), transition
states (middle), and products (bottom) along the proton transfer
pathways (green arrows) in acetone•H2O (A), acetone•H2O with one
additional solvent water bound to acetone carbonyl (B), and
acetone•H2O with one additional solvent water bound to water oxygen.

TABLE 2: ZPVE Corrected Activation Energies Ea (kcal
mol-1) for Concerted Keto-Enol Tautomerism in
QH2-C3H6O•H2O (n ) 2) and QH2-C3H6O•2H2O (n ) 3)
and the Energy Difference ∆E of Keto and Enol Forms As
Function of the Number of Catalyzing Hydroxyl Groups N
at the Theoretical Level of MP2/cc-pVTZ//MP2/6-31G//.a

n 2 3

Ea (ketofenol) 31.9 (-2.4) 32.2 (-3.4)
Ea (enolfketo) 7.4 (-2.9) 18.5 (-3.5)
∆E 24.5 (+0.5) 13.7 (+0.1)

a The contributions of ZPVE scaled by 0.9 for anharomonicity
are given in brackets and have been computed at MP2/6-31G//

level.
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3.2. Keto-Enol Tautomerism in Hydrated Hydroquinone-
Acetone Clusters. Now that we have understood the mechanism
of acetone KET catalyzed by H-bond networks in acetone-water
complexes in great detail, the next logical step is to investigate
the influence of CHQ on the concerted KET of acetone. The
basic question to answer is how the activation energy barrier
changes when one of the OH groups of the H-bond networks
stems from CHQ and not from water. Since CHQ is too large
to afford calculations at the MP2 level even with only medium-
sized basis sets, in all model calculations hydroquinone (QH2)
was used as the model system (see Section 2).

As a first step, we composed two model complexes consisting
of QH2, acetone, and one or two catalyzing water molecules, which,
as closely as possible, resemble the structure predicted in previous
NMR experiments.5 The geometries of these model complexes have
been optimized at the MP2/6-31G// level of theory, and the stable
stationary points corresponding to keto and enol forms and the
transition state in the QH2-C3H6O•2H2O cluster with two catalytic
water molecules are shown in Figure 6.

The smaller cluster with only one catalytic water molecule
exhibits two OH- groups that are involved in the concerted KET
mechanism, one from QH2 and the other from the catalytic water.
The results for that cluster have thus to be compared with those
for acetone•2H2O, since in the latter two catalytic OH-bonds (both
from water) are also involved. Computation of the energies of the
keto and enol forms and the transition state along the concerted
KET pathway of the QH2-C3H6O-H2O cluster, gives values for
the activation energy for concerted KET of 31.9 kcal mol-1 at MP2/
cc-pVTZ//MP2/6-31G// level of theory, which is 1.5 kcal mol-1

higher than in the acetone•H2O cluster. The relative energy between
keto and enol forms of this cluster is 7.4 kcal mol-1. In the larger
QH2-C3H6O•2H2O cluster, the activation energy for concerted
KET via quadruple proton transfer according to Figure 6 is found
to be even higher with 32.7 kcal mol-1 at the MP2/cc-pVTZ//
MP2/6-31G// level of theory. Compared to the corresponding value
for the acetone•2H2O cluster exhibiting concerted KET via
quadruple proton transfer of 29.1 kcal mol-1, substitution of one
water by an OH-group of QH2 increases the activation energy by
3.6 kcal mol-1. Obviously, concerted KET of acetone is less
efficient in the QH2 clusters than in the analogous water clusters.

Having understood the catalytic function of the water
molecules in the acetone-water clusters as polarizing agents,
the slightly less efficient catalytic function QH2 compared to

water is readily explained in terms of the different polarity of
the OH groups of QH2 and water. Indeed, the OH-group of QH2

is slightly less polar than the -OH group of water, which is
indicated by Mulliken charge differences between oxygen and
hydrogen of 0.73 and 0.60 in H2O and QH2, respectively, at
the MP2/cc-pVTZ//MP2/6-31G** level. Therefore, it is also
unnecessary to consider model clusters in which both OH-
groups of QH2 are involved. In summary, in the case of
QH2-C3H6O•H2O, the two OH-groups of the catalytic water
and QH2 are slightly less efficient in polarizing the acetone than
two water OH-groups, as in case of C3H6O•2H2O. This is also
nicely illustrated in Figure 4 by the relation of the partial charges
on the carbonyl oxygen and methyl hydrogen atoms of acetone
and the corresponding values of the activation energies for
concerted KET in QH2-C3H6O•H2O and C3H6O•2H2O clusters.

It is at first glance surprising that a second catalytic water
molecule readily increases the activation energy in the
QH2-C3H6O-H2O clusters for concerted KET of acetone.
However, as can be seen in Figure 6, the catalytic water
molecules in the QH2-C3H6O•2H2O model complexes are
H-bonded among each other in the vicinity of the acetone methyl
group. This again leads to a depolarization of the acetone
molecule, and having this in mind, one can state that the second
catalytic water also acts as a solvent water, thereby not leading
to a significant change in the efficiency of the KET process.

Let us finally compare the stabilization energies of the
QH2-C3H6O•H2O (Figure 6, A) and C3H6O•2H2O (Figure 3,
C) clusters, since this gives an idea of the strength and
compactness of the H-bond networks. We have seen that both
clusters have similar activation energies for KET via concerted
triple proton transfer of 31.9 and 30.4 kcal mol-1, respectively.
To obtain meaningful stabilization energies, the CP correction
has been employed and both structures have been reoptimized
on CP-corrected potential energy surfaces. Also, zero point
energy correction has been calculated with the CP correction
included. Using this approach, at the level of CP-corrected MP2/
6-31G// we obtain values for the stabilization energies for
QH2-C3H6O•H2O and C3H6O•2H2O of -12.6 and -8.4 kcal
mol-1, respectively, i.e., QH2-C3H6O•H2O is 4.2 kcal mol-1

more strongly bound than C3H6O•2H2O. At the level of single
point CP-corrected MP2 energy calculations with a cc-pVTZ
basis set, the difference is even slightly larger and amounts to
5.7 kcal mol-1. Although the efficiency of catalysis of the KET
via the OH group of QH2 and water is slightly weaker than the
catalysis by two water OH groups alone, one can conclude that
the stability of proton transfer networks is considerably larger
in the QH2 complexsby about one H-bond strength of water
dimer (4.0 to 5.7 kcal mol-1), which is most likely due to
dispersion interactions between the aromatic ring of QH2,
acetone, and water. Going to CHQ, one would expect that these
dispersion interactions become even larger due to the increased
number of aromatic rings, and the H-bond network in the CHQ
cages are even stronger and more compactly bound. As a result,
this will lead to the specific structures of 1D H-bond chains, as
described previously, and to the efficient trapping of one acetone
per CHQ subunit in tubular and nontubular CHQ aggregates,
thereby also explaining the observed efficient binding of other
small organic molecules by CHQ.5

Summary and Conclusions

In this work, we have investigated the mechanism of the
catalytic proton exchange between acetone and water in tubular
and nontubular CHQ aggregates as it has been observed in NMR
experiments by means of quantum chemical ab initio calcula-

Figure 6. Optimized educt (left), transition state (center), and product
(right) structures of the QH2-acetone•2H2O model complex (A) and
QH2-acetone•2H2O model complex (B) along the concerted acetone
keto-enol tautomerism (green arrows).
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tions. Our working hypothesis derived from the NMR data was
that the proton exchange proceeds via concerted keto-enol
tautomerism (KET) of trapped acetone molecules and that acid
catalysis does not play a role.

As a first step, we have studied concerted KET of acetone in
specific clusters with one to three water molecules. The KET
process has been shown to proceed via concerted double, triple,
and quadruple proton transfer. In particular, we could show that
three or even four water molecules are probably optimal for
the catalysis of KET, and that the activation energy of this
process is about 30 kcal mol-1, which is about 10 kcal mol-1

lower than that in aqueous solution. To explain this discrepancy,
we have then also studied the influence of solvent water
molecules on the KET mechanism. We were able to show that
H-bonding of a catalytic water molecule by a solvent water
molecule leads to an increase of the activation energy for
concerted KET of about 3 kcal mol-1. The reason for this
increase in the activation energy could be traced back to a
diminished polarization of the acetone by the catalytic water
molecules in the presence of the solvent waters. Thus, concerted
KET is more efficient in solvent-free environments with only a
few catalytic water molecules.

Having understood the mechanism of concerted KET of acetone
in water in detail, we turned to the investigation of the influence
of CHQ. For this objective, we have used model complexes
comprising hydroquinone (QH2), which served as a molecular
model for CHQ, acetone, and one or two catalytic water molecules.
Our calculations revealed that concerted KET via double or
quadruple proton transfer in these model complexes is slightly less
efficient than that in the corresponding acetone-water complexes.
Basically, this is because of the lower polarity of the OH-group of
QH2 compared to that of water. Finally, we have computed
stabilization energies for the acetone-water and QH2-acetone-
water complexes, and we were able to demonstrate that the
hydrogen networks in the latter complex are significantly stronger
bound than those in the former.

Acetone-water proton exchange in superheated water can be
quantitatively explained by the mechanism found in the present
study. In an NMR experiment,7 proton exchange between acetone
and superheated deuterated water was achieved at 200 °C during
a total exposure time of 60 min. This agrees nicely with our
calculated rate constant at 473 K of about 10-1 M-1 s-1, which
would allow for the observation of proton exchange under these
conditions. However, the rate constant for concerted KET obtained
using the activation energy of the most efficient case C3H6O•3H2O
of 29.1 kcal mol-1 is 10-13 M-1 s-1 at room temperature. This is
clearly too low to explain the observation of proton exchange at
the conditions of the NMR experiment. Thus, we can conclude
that at room temperature, KET via concerted proton transfer,
assisted by a few OH-groups, is no longer the prevailing mechanism
of the proton exchange, catalyzed by CHQ.

Although we were not able to identify the KET mechanism
of the catalytic activity of CHQ, we have found that desolvation
of the proton-transfer networks assisting KET appears to be a
very important, if not crucial, feature of CHQ.

Future investigations of the mechanism of proton-exchange
in CHQ will have to consider the dissociation of the CHQ OH-
groups and the concomitant formation of charged species. These
studies are currently underway.
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