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The double proton-transfer reactions of the model base pair systems pyrazole-pyrazole and pyrazole-guanidine
have been studied by computational methods up to the CCSD(T)/aug-cc-pVTZ level. In contrast to the
synchronous proton transfer of the pyrazole dimer, the reaction profile of the second system shows a plateaulike
transition region instead of a well-defined transition state characterized by one structure on the energy
hypersurface. According to the computational results of this study, such plateau reactions with structureless
transition regions behave differently in comparison to standard systems with gauss-shaped barriers. Energy
partitioning schemes were used to analyze the unusual reaction profile, and one-dimensional tunneling effects
were accounted for by a numerical approach. An empirical scheme has been derived to predict plateau reactions
for double proton transfer systems.

1. Introduction

The common understanding of an elementary chemical
process refers to a set of reactants, a well-defined transition state
being higher in energy than the reactants, and the products of
the reaction. More complicated reactions usually consist of
consecutive series of such processes and thus involve reactive
intermediates. Other classes of chemical processes, as for
example homolytic bond dissociations, may differ from that
scheme and do not require the existence of a transition state.
For those reactions that do involve a transition state, the question
arises whether a transition state is always a well-defined
(stationary) point on the potential energy surface (PES).
Generalizations of this simple concept, which is based on a static
point of view, to structureless transition regions, in which the
transition state cannot be described by just one point on the
PES, appear feasible. In the case of such reactions, far-reaching
consequences must be anticipated, but the foremost aspect
certainly concerns the occurrence of such processes.

Within this context, the study presented in this paper focuses
on the principal investigation of double proton transfer reactions
(DPTR) based on quantum chemical calculations. DPTRs are
of utmost importance for biochemical processes and thus life
sciences in general. Many experimental and computational
studies focus on the relative stabilities,1 frequency shifts,2,3 etc.,
of molecular clusters in which two monomers are linked by
two hydrogen bonds. The most prominent examples in that
respect constitute the clusters of nucleic acid base pairs (e.g.,
adenine-thymine).4 The investigation of such clusters by means
of quantum chemical calculations is hindered by several
aspects: (1) the size of the system, (2) many local minima on
the PES, (3) long-range effects (dispersion contributions to the
interaction energy) that cannot be accounted for at the RHF
(restricted Hartree-Fock) or DFT (density functional theory)
level, and (4) the need for large basis sets for a proper treatment
of the intermolecular interactions. The investigation of reaction
barriers of DPTRs becomes even more tedious since tunneling
corrections need to be considered, and a proper treatment
certainly requires dynamics calculations to be performed.5

Due to the computational problems outlined above, we did
not focus on base pairs themselves but rather on model systems
consisting of (a) two pyrazole units or (b) one pyrazole entity
and a guanidine molecule (cf. Figure 1). Besides serving as
models of the biochemical systems, these clusters constitute a
highly interesting chemical system in itself. The advantages of
using these species are as follows: (1) they are significantly
smaller and thus more accurate computational methods can be
used, (2) fewer local minima allow for fewer possible reaction
mechanisms, and finally (3) symmetry can be exploited within
the investigation of the reaction paths. Throughout this paper
we compare the results obtained for both systems.

DPTRs have extensively been studied by experimental and
computational approaches. In particular, Limbach and co-
workers6,7 studied kinetic isotope effects using dynamic NMR
spectroscopy. Besides other systems, they focused on multiple
proton transfers in solid pyrazole derivatives. Most relevant for
the study presented here is the combined experimental and
computational work of de Paz et al.8 about the proton transfers
in the pyrazole dimer and higher oligomers. Comparison to the
experimental results presented in this study will be made
wherever possible. Other computational studies concern dimers
of carboxylic acids,5 model base pairs,9 the formamide dimer,10,11

and many other systems.12-14 The main question tackled in these
papers concerns the nature of the proton transition, i.e., a
concerted or successive process. Peeters et al.15 computed the
proton affinities of guanidine and related systems at the MP2/
6-31G(d,p) level.

The paper is structured as follows: section 2 summarizes the
computational methods used within the calculations. Section 3
focuses on the investigation of the minimum energy reaction
paths (MEP) and the energy partitioning with respect to selected
internal coordinates. Solvent effects on the reaction profiles
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Figure 1. Pyrazole-pyrazole and pyrazole-guanidine model clusters.
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and effects due to substituents are discussed in section 4.
Vibrational corrections and tunneling effects are considered in
sections 5 and 6, respectively, and an attempt for the prediction
of DPTRs with structureless transition regions is made in section
7.

2. Computational Details
All geometries were determined at the MP2/[aug]-cc-pVDZ

level.16 The augmented diffuse functions, i.e., [aug], are enclosed
in brackets since they have been added to the four heavy atoms
and the two hydrogens involved in the N‚‚‚H hydrogen bonds
of the clusters only. Likewise, frequency calculations were
performed at the same level of theory. Relative energies were
determined at the CCSD(T)/[aug]-cc-pVDZ level17 or the MP2/
[aug]-cc-pVDZ level,18 respectively. Since the [aug]-cc-pVDZ
basis set must be considered small in comparison to the level
of the electronic structure calculations, its reliability for the
systems of this study has been checked against the results of
CCSD(T)/[aug]-cc-pVTZ calculations for some symmetrical
clusters. All quantum chemical calculations have been performed
with the MOLPRO,19 GAMESS-US,20 and GAUSSIAN9821

program packages. The intrinsic reaction coordinates (IRC) have
been traced by the Gonzalez-Schlegel algorithm22,23with a step
width of 0.05 amu1/2‚Bohr. If not otherwise noted, the reaction
coordinates used in this study refer to mass-weighted coordi-
nates. However, in several cases it was necessary to switch to
simple distance coordinates without mass weighting. All energy
profiles presented here refer to fully relaxed structures, i.e., no
constraints have been imposed on any of the structures. The
conductorlike screening model (COSMO) as implemented in
GAMESS-US was used for solvent simulations at the self-
consistent reaction field (SCRF) level.24 The dielectric constant
has been varied in the range between 2.0 and 20.0 in order to
simulate solvents of different polarity. Since continuum models
are not able to handle specific solvent effects, we consider the
results obtained by this approach qualitatively rather than
quantitatively. For variational transition-state theory (VTST)
calculations25,26 the POLYRATE program27 was used. The
minimum energy paths (MEP) of the reactions were interpolated
from the geometries, gradients, and Hessian information of the
stationary points plus series of additional points on each side
of the transition state from interpolated VTST by mapping
(IVTST-M).28 Interaction energies were corrected for basis-set
superposition errors (BSSE) by the counterpoise correction
scheme of Boys and Bernardi.29 However, within this scheme,
geometry relaxation contributions were neglected for the same
reasons as discussed in detail recently.30

3. Intrinsic Reaction Coordinates
As found recently within the investigation of the proton-

transfer mechanisms in 1,2,3-triazoles,30 the intramolecular
proton transfer in pyrazoles is energetically significantly less
favorable than an autocatalytic mechanism via a second pyrazole
entity or a different catalyst. For that reason, this mechanism
will not be considered in further detail. In the following, the
autocatalytic self-exchange reaction will be denoted reaction A
and the guanidine-assisted DPTR will be called reaction B.
Reaction B allows for two alternative pathways in principle,
one of them being characterized by a five-membered (cf. Figure

2) ring system between the two molecules and the other being
characterized by a seven-membered ring (cf. Figure 1). Ac-
cording to calculations at the MP2/[aug]-cc-pVDZ level, the
reaction path via the five-membered ring has an activation
energy 59.1 kJ/mol higher than the other. Therefore, the reaction
path with the five-membered ring moiety will not be considered
in further detail, and thus reaction B denotes the path of the
cluster showing a seven-membered ring system. Activation
energies for reaction paths A and B are listed in Table 1. The
activation energy computed for reaction A is significantly lower
than the value reported by de Paz et al.8 (i.e., 122.2 kJ/mol at
the SCF level). We attribute this discrepancy to the different
computational levels. However, this comparison demonstrates
the importance of high-level correlation effects for these proton
transfers. The results in Table 1 indicate that MP2 tends to
underestimate the reaction barriers by 10-15 kJ/mol, while the
size of the basis set appears to be less crucial: for reaction A
the [aug]-cc-pVTZ result differs from the [aug]-cc-pVDZ
activation barrier by just 0.9 kJ/mol. For that reason the [aug]-
cc-pVDZ basis has been used for all calculations. Reaction B
is favored over path A by 26.0 kJ/mol at the CCSD(T)/[aug]-
cc-pVDZ level. This effect can be rationalized on the basis that
guanidine is a better proton acceptor than pyrazole. The most
important geometrical N-H parameters of the complexes
involved in the mechanisms are summarized in Table 2. These
atomic distances show that in the reactants of reaction B one
hydrogen bond is significantly shorter than the other. Conse-
quently, one would not anticipate a synchronous proton transfer

Figure 2. Alternative reaction path via a five-membered ring system.

TABLE 1: Activation Energies for the Autocatalytic Proton
Transfer (A) and the Guanidine-Assisted Reaction (B)a

reaction
∆Erel[MP2]

[aug]-cc-pVDZ
∆Erel[CCSD(T)]
[aug]-cc-pVDZ

∆Erel[CCSD(T)]
[aug]-cc-pVTZ ∆ZPE

A 45.8 61.2 62.1 24.1
B 25.4 35.2 14.2

a All values are corrected for the zero-point vibrational energies and
are given in kilojoules per mole.

TABLE 2: Most Important Geometrical Parameters of the
Reactants and Transition States of Reactions A and B
Obtained from MP2/[aug]-cc-pVDZ Calculationsa

system r(N1-H1) r(N2‚‚‚H1) r(N3‚‚‚H2) r(N4-H2)

reactants of A 1.031 1.944 1.944 1.031
reactants of B 1.046 1.789 1.974 1.028
transition state of A 1.287 1.287 1.287 1.287
transition state of B 1.528 1.114 1.528 1.114

a Labeling of the atoms is provided for the transition state of reaction
B. All parameters are given in angstroms.
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for this system. This is supported by the geometrical parameters
of the transition states: while all four atom distances are
identical for reaction A, the transition state of reaction B is
zwitterionic in nature, i.e., both protons reside very close to
the guanidine entity. These results are in agreement with those
of de Paz et al.,8 who found a synchronous mechanism for
reaction A as long as constraints were not imposed on the
structures.

The most interesting aspect concerns the energy profiles of
these two reactions, displayed in Figure 3. While the autocata-
lytic reaction A is characterized by a typical Eckart potential,31

the guanidine-assisted DPTR shows a plateaulike transition
region rather than a well-defined transition state. Within a range
of about 1.0 amu1/2‚Bohr, the potential energy remains almost
constant (∆E ∼ 0.3 kJ/mol). Consequently, from a physical point
of view the transition state of reaction B is structureless and
thus each point on the plateau nearly fulfills the mathematical
requirements for a transition state. The flat transition region
results in dramatically lower imaginary frequencies for the
plateau reaction than for the autocatalytic process: i.e.,-132
cm-1 vs -1468 cm-1. Moreover, it is anticipated that the shape
of the potential must have significant impact on the physical
properties of the reaction, as for example the transmission
probability (vide infra). Since the potentials shown in Figure 3
were computed at the MP2/[aug]-cc-pVDZ level, which was
found to underestimate the activation barriers by about 25%,
the profile of the plateau reaction B was recomputed at the
CCSD(T)/[aug]-cc-pVDZ level (i.e., energy single-point cal-
culations on top of the MP2 geometries; cf. Figure 4). It is seen
that the MP2 calculations predict the shape of the potential
correctly but fail to provide accurate absolute values for relative
energies. As a consequence, all further energy considerations
refer to CCSD(T) calculations, while quantities relying on
gradient information are based on MP2 results.

To understand the unusual profile of the plateau reaction, the
profile was split into two fundamental contributions, each of
them representing a potential closely related to the potential of
a single proton transfer reaction (SPTR) step. Therefore, an

energy partitioning scheme based on internal coordinates has
been derived. The total differential dV(s) of the potential at any
point of the reaction paths is given as

where the expression in parentheses denotes the energy gradients
in internal coordinatesqi. Integration of this equation along the
reaction path yields

whereqi(sR) denotes the value of an internal coordinateqi at
the geometry of the reactants. The summation in eq 2 can be
split into nfrags chemical meaningful fragmentsF:

and thus energy contributions to the reaction profile belonging
to any set of internal coordinates can be determined. By use of
the GAMESS suite of ab initio programs,20 energy gradients in
internal coordinates were computed at the MP2 level. The
integral in eq 3 can be solved by standard numerical integration
schemes.

The internal coordinates that will mainly contribute to the
reaction profile are the two NH distances and the NHN angle
of both hydrogen-bond entities, which mainly represent the two
SPTR steps during the reaction. The energy contributions of
these three coordinates to the profile along the reaction path
are provided in Figure 5. Most remarkably, the NHN angle has
certain impact on the energy profile although its variation must
be considered to be very modest (less than 5°). Investigation of
other internal coordinates indicates that these three coordinates
should sufficiently describe the energy profile in the plateau

Figure 3. Reaction profiles of reactions A and B at the MP2 level.
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region. Therefore, three fragmentsF have been defined: the
first two consist of the three internal coordinates belonging to
each hydrogen bond, and the third fragment contains all other
internal coordinates. As can be seen in Figure 6, summation of
the first two fragments yields a proper description of the plateau
and consequently, the total energy has successfully been split
into the contributions of the two proton-transfer moieties. To
allow for a better graphical comparison of the different potentials
in Figure 6, constant offsets have been added to the curves of
V1, V2, andVsum that cause the potentials to converge toward
zero at the structure of the reactants. In addition, the computed

MP2 potential has been shifted in such a way that it coincides
with Vsum at the transition state (s ) 0.0). The shape of the
energy profiles in Figure 6 was confirmed by a multidimensional
Taylor expansion of the energy contributions based on gradient
and frequency information in internal coordinates. However,
due to the computationally demanding frequency calculations,
we consider the approach via the total differential to be the
preferable choice. Interestingly, the potentials of the single
proton-transfer steps show a plateau region by themselves. We
attribute this to electronic couplings between the two SPTRs,
because the gradients used in eq 2 refer to the total energy of

Figure 4. Comparison of the energy profiles of the plateau reaction at the MP2 and CCSD(T) levels.

Figure 5. Energy contributions of selected internal coordinates to the reaction profile of mechanism B.
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the system rather than to the energy of the fragments. In other
words, the SPTRs obtained from the procedure described above
do not exactly represent a potential that arises from the transition
of just one proton because energy contributions from the other
proton transfer to the first one must be considered to be
inherently absorbed. However, Figure 6 clearly demonstrates
that the plateau results from a superposition of the two
underlying SPTR potentials. Variation of the overlap of these
two fundamental potentials will finally determine the nature of
the reaction profile, i.e., gauss-shaped potential vs plateau
reaction vs two separated gauss-shaped potentials with a
zwitterionic intermediate in between. According to Figure 6,
in the outer regions of the reaction (about|s| > 1.5 amu1/2‚Bohr)
other coordinates dominate over those discussed above. In
particular, we have focused on the relative position of the two
molecules to each other. For that reason we have computed the
centers of mass for both molecules within the cluster excluding
the migrating protons. Figure 7 displays the distance between
the centers of mass along the reaction coordinate. This plot
indicates that in the first part of the reaction the intermolecular
distance decreases while it remains almost constant during the
DPTR.32

4. Impact of Solvents and Substituents
Due to the zwitterionic nature of the plateau region, substit-

uents at the pyrazole entity and solvents will have a major
impact on the reaction profile of reaction B. In order not to
destroy the symmetry of the reaction profile, substituents have
only been introduced in the C4 position of the pyrazole molecule.
Electron-withdrawing substituents will stabilize a zwitterionic
reactive intermediate and will thus lead to a two-step mecha-
nism, as could be shown recently for CN substituents in
triazoles.30 On the contrary, electron-donating substituents
destabilize the system and will lead to higher activation barriers
∆Eq and thus may change the plateaulike potential toward an
Eckart potential. In terms of the fundamental potentials of the
SPTR steps, electron-donating substituents will lead to a stronger
overlap, as could be confirmed by a series of calculations with

different substituents. All these considerations can be rational-
ized on the basis of the Hammett relationships33 in combination
with classical transition-state theory according to

Hereinσ(T) denotes the Hammett parameter,T is the temper-
ature, andX represents any substituent.34 Of particular interest
is the fluorine substituent. It leads to a slighty lower activation
barrier of 22.0 kJ/mol at the MP2/[aug]-cc-pVDZ level and of
31.2 kJ/mol at the CCSD(T)/[aug]-cc-pVDZ level. This sub-
stituent does not destroy the plateau but leads to an even flatter
transition region. For comparison (vide supra), within the range
of 1.0 amu1/2‚Bohr the potential energy varies by about 0.07
kJ/mol. The potential of this reaction is provided in Figure 8.
The imaginary frequency of the formal transition state is given
by just -70 cm-1. The plateau of the DPTR involving
fluoropyrazole is also broader than that of the unsubstituted
species. This effect had to be anticipated, since the two SPTR
potentials will be shifted apart until they will be separated by
a reactive intermediate in case of even stronger electron-
withdrawing substituents.

The impact of solvent effects is closely related to that of
substituents: polar solvents will stabilize a zwitterionic inter-
mediate and will thus lead to two transition states. The influence
of solvents has been studied by increasing the static dielectric
constant within the continuum approach from 1.0 to 2.0, to 8.0,
and finally to 20.0. Figure 9 shows the resulting shapes of the
reaction potentials. The profiles presented in Figure 9 refer to
COSMO calculations on top of the gas-phase geometries and
thus, in a crude approximation, the reaction path is assumed
not to alter due to solvent effects. The stabilization of the
separated charges leads to a decrease of the overall activation
barrier when the dielectric constant increases. Note that the width
of the profile does not change significantly, while the central
part alters dramatically. Consequently, the SPTR potentials are
not shifted apart (as in the case of substituents) but the shape

Figure 6. SPTR and DPTR potentials arising from subsets of internal coordinates in comparison to the true MP2 reaction profile.

∆Eq
X ) -[kTF ln (10)]σ(T) + ∆Eq

H (4)
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of the SPTR potentials changes and thus the coupling between
them. However, this observation is restricted to the discussion
when geometry relaxation effects have been neglected within
the solvent simulation. Moreover, the continuum model used
retains the symmetry of the reaction, which of course will not
be the case in nature where specific solvent effects may lead to
energy profiles very different than the presented one.

5. Vibrational Corrections
The energy profiles presented in Figure 3 refer to the potential

energy without any corrections due to the vibrational levels of

the molecules. The question arises whether zero-point vibrational
energy corrections (ZPE) may alter the shape of the plateau
reaction. A proper investigation of this aspect definitely requires
dynamical calculations to be performed, which are currently in
preparation. In a very crude approximation, one may consider
ZPE corrections within the harmonic approximation by simply
adding them to the total energy along the reaction path.
Therefore, for estimating the impact of ZPE corrections we
computed the ZPE along the reaction path for reaction B. To
minimize the effects due to nonnegligible linear terms within

Figure 7. Distance of the centers of mass of the pyrazole and the guanidine entities plotted against the reaction coordinate.

Figure 8. Comparison of the reaction profiles for the proton exchange between pyrazole and guanidine and fluoropyrazole and guanidine, respectively.
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the Taylor expansion of the potential, the projection scheme as
described by Miller et al.35 has been applied to all frequency
calculations along the reaction path. According to this projection
scheme, 7 frequencies will be projected out and all other modes
are constrained to be orthogonal to the gradient vector.
Moreover, the discussion will be restricted to the plateau region
(i.e., -1.0 amu1/2‚Bohr e s e 1.0 amu1/2‚Bohr), where the
corrections due to the projection technique were found to be
extremely small. The corresponding plot of the projected ZPE
is provided in Figure 10. The ZPE reaches minima at the edges
of the plateau andsin contrast to many other reactionssa local

maximum at the formal transition state. According to this curve
the ZPE is about 4.1 kJ/mol lower at the edges of the plateau
(minima of the curve) than in the middle. This would formally
destroy the plateau presented in Figure 3. Under the assumption
that the shape of the ZPE correction is correct, it must be kept
in mind that solvent effects and substituent effects act in the
opposite direction and thus may effectively cancel out the ZPE
correction (cf. Figure 9). For example, within the solvent
simulation withε ) 8.0 the zwitterionic intermediate is stabilized
by about 4.2 kJ/mol with respect to the transition states and
thus effectively compensates for the ZPE correction. Note that

Figure 9. Impact on solvent effects on the energy profile of reaction B.

Figure 10. Zero-point vibrational energy along the reaction path of the plateau reaction.
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in our previously studied system of 4-cyanotriazole and guani-
dine (see ref 30), which shows a zwitterionic intermediate, the
shape of the ZPE correction essentially is identical to the one
of the corresponding plateau reaction of triazole and guanidine
and thus the occurrence of an intermediate has only little impact
on the ZPE contribution. Consequently, the hump in Figure 10
can easily be eliminated by proper substituents or solvent effects.
However, due to the uncertainties associated with this aspect,
we have restricted our discussion to the potential energy only.

6. Tunneling Effects
Tunneling effects are most relevant for proton-transfer

reactions, as has been stressed by several authors.5 Therefore,
pure ab initio data for activation energies and rate constants
without the consideration of tunneling corrections can serve as
upper or lower bounds only. Since many approaches for
computing tunneling corrections are restricted to a certain shape
of the potential,31,36,37 we derived a numerical method for
calculating one-dimensional (1D) transmission probabilities of
arbitrarily shaped potentials based on a generalization of the
well-known model of a barrier with a finite height and width.36

We note here that numerical approaches have been derived also
by other authors.38 To represent the reaction profile along the
minimum energy path as accurately as possible, our 1D model
makes use ofN subsequent boxes (similar to a numerical
integration scheme) with a constant widthd. The height of each
box is given by the profile. At the transition from one box to
another (i.e.,sn ) nd) we request continuity and differentiability
of the wave function. Note thats is 0.0 for the geometry of the
reactants. As is demonstrated in many textbooks,36 for one box
with constant heightVn the Schro¨dinger equation is solved at
any pointsof the reaction coordinate (without mass weighting)
by

In this equationµ denotes the reduced mass andE is the total
energy of the system. The coefficientsa andb are those that
need to be determined. Consequently, a generalization of this
basic approach toN boxes yields two equations at the transition
from box n - 1 to thenth box:

These equations constitute an inhomogeneous system of 2N -
2 equations but 2N variables. Considering a stream of particles
from the left, there is no reflection once the last box has been
passed. As a consequence,bN is zero. Moreover, the transmis-
sion probability is related to the ratio between the first (a1) and
the last coefficient (aN) and thus one of these two coefficients
can be set to 1. As a result, the linear set of equations is uniquely
determined and can be solved by standard routines. The accuracy
of this approach has been checked against the analytical solution
(based on a linear combination of two hypergeometrical
expansions) for the Eckart potential of the self-exchange
reaction.31 By use of the fit functions of the gauss-shaped Eckart-
potential for representing the reaction profile, both approaches
were found to yield identical results for the transmission
probability.

On the basis of the model described above, the transmission
probabilites of the autocatalytic self-exchange reaction A and

the plateau reaction B have been computed with 200 intervals.
Following the approach of Meyer and Gu¨nthard39,40 a reduced
massµ given by

has been used throughout. In this equationmi denotes the mass
of atomi andxi is its Cartesian coordinate vector. The variation
of the reduced mass along the reaction path is shown in Figure
11 for both reactions. The general shape of these curves differs
considerably and the reduced mass of the plateau reaction
appears to be strongly influenced by different coordinates. This
must be considered a result of the different reaction paths and
the different molecular systems. The wiggles in the plot of the
reduced mass of the plateau reaction are attributed to uncertain-
ties in the reaction path in the region where the plateau is very
flat. Deuteration of the N-atoms involved in the hydrogen bonds
confirms the results discussed above that the outer regions of
the reactions are dominated by coordinates other than those
involving the hydrogen atoms. Moreover, for reaction B the
edges of the plateau are clearly dominated by the proton transfers
(i.e., the reduced mass is close to 1.0) while the center of the
plateau is also characterized by other coordinates involving
heavy atoms.

A plot of the CCSD(T) transmission probability dependence
on the energy of the systems (relative to the barrier heights of
the reactions) is provided in Figure 12. The difference between
the two systems is easily seen. The curve of the plateau reaction
is much closer to the classical limit (i.e.,P ) 0.0 forE/Vmax <
1.0 andP ) 1.0 forE/Vmax g 1.0) than the corresponding curve
of the autocatalytic reaction. Moreover, for the plateau reaction
strong scattering resonances and nonclassical reflections can be
observed, which have significant impact on the transmission
coefficientκ. Transmission coefficientsκ have been determined
by numerical integration. At 330 K a transmission coefficient
of 14.4 has been computed for the self-exchange reaction at
the CCSD(T) level. VTST calculations, subsequently corrected
by the transmission coefficient obtained from the numerical
approach, yield a rate constant of 3690 s-1 for the self-exchange
reaction. As mentioned above, energies were taken from CCSD-
(T) calculations, while gradient and Hessian information refer
to MP2 calculations. The obtained results are in excellent
agreement with the experimental value of 6400 s-1 provided
by de Paz et al.8 The same holds true for the effective activation
energy: our VTST/CCSD(T) value (corrected for tunneling
contributions) of 43.6 kJ/mol closely resembles the experimental
value reported by de Paz et al. (44.4 kJ/mol). Although the
experimental data were obtained from solid-state measurements,
they are in significantly better agreement with the computational
data of this study rather than those obtained from unrelaxed
geometries as reported by de Paz et al. This indicates that even
in the solid state the molecules may fully relax during the
reaction. On the other hand, relaxation were found to have
significant impact on the energetics of the reaction.8 For that
reason, we consider reaction profiles for SPTR steps obtained
from frozen geometry parameters less reliable than the partition-
ing scheme outlined above.

In contrast to the transmission coefficient of reaction A, which
indicates nonnegligible tunneling effects,κ was computed to
be 0.89 for the plateau reaction at the CCSD(T)/[aug]-cc-pVDZ
level. This, of course, is an extraordinary result for a double
proton transfer reaction. The result thatκ was found to be
smaller than 1.0 must be attributed to the nonclassical reflections

Ψn(s) ) ane
kns + bne

-kns with kn ) 1
px2µ(Vn - E) (5)

an-1e
kn-1nd + bn-1e

-kn-1nd ) ane
knnd + bne

-knnd (6)

kn-1an-1e
kn-1nd - kn-1bn-1e

-kn-1nd )

knane
knnd + knbne

-knnd (7)

1

µ
) ∑

i)1

N

mi
-1 ∂s

∂xi

‚
∂s
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that compensate for the tunneling effects at low energies.
However, this value must still be considered with care since
higher dimensional tunneling contributions (corner cutting
effects) have been neglected due to the restriction of all
trajectories to the 1D minimum energy path. A plot of the
temperature dependence of the transmission coefficients is
provided in Figure 13. This graph underlines the exceptional
properties of plateau reactions.

The tunneling effects considered above refer to double proton
tunneling. Double proton transfer reactions with separated
potentials (i.e., with a reactive intermediate involved) give rise
to single proton tunneling. For SPTRs, tunneling effects can be
significant.30 According to these considerations, transmission
coefficients may be smallest for plateau reactions but rise for
reaction profiles with separated or Eckart-type potentials.

Since the transmission coefficient enters into the equations
for the rate constants, it has certain impact on kinetic isotope
effects (KIE). We have estimated KIEs from simple transition-
state theory (TST) according to

wherekB denotes the Boltzmann constant,T is the temperature,
k specifies the rate constant, and∆Z is the ZPE difference
between the structures of the reactants and the transition state.
For the autocatalytic reaction A,kHH/kDD has been estimated
from CCSD(T) calculations to be 12.9 (without tunneling
correction) and 51.4 (including tunneling contributions) atT )
330 K (frequencies have been scaled by 0.95 in order to account

Figure 11. Variation of the reduced masses along the IRC of reactions A (upper plot) and B (lower plot).

ln (kHH

kDD
) ≈ 1

kBT
(∆ZHH - ∆ZDD) + ln (κHH

κDD
) (9)
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for anharmonicity corrections). The latter value is about twice
as large as the experimental value of ca. 25 reported by de Paz
et al.8 We attribute this discrepancy mainly to the simple
treatment of the tunneling contribution; more sophisticated
models are currently under development. A proper choice for
the ZPE at the transition state may be troublesome in the case
of plateau reactions, because any point on top of the plateau
may serve as the transition state. However, in the case
considered here the formal transition state must be considered
the point with the highest ZPE correction, which (according to
Figure 10) coincides with the point ats ) 0.0 amu1/2‚Bohr.

Accordingly, the kinetic isotope effects for the plateau reaction
have been computed at the same level of theory and were found
to be significantly smaller, i.e., 3.2 and 3.4, respectively. This
is in agreement with the general observation that kinetic isotope
effects are considerably smaller for stepwise mechanisms than
for synchronous ones.

7. Prediction of Plateau Reactions
The most prevalent question concerns the prediction of

plateau reactions. As reported recently,30 in a crude approxima-
tion it appears to be feasible to split the total interaction energy

Figure 12. Comparison of the transmission probabilities of reactions A and B.

Figure 13. Comparison of the transmission coefficients of reactions A and B.
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between the monomers within the structure of the reactants into
two contributions arising from the two hydrogen bonds. This
has been accomplished by an empirical formula for the BSSE-
corrected total interaction energy∆E [as obtained from CCSD-
(T) calculations; for further details see ref 30]:

Herein,PAdenotes the proton affinity andDE the deprotonation
energy of monomers 1 and 2 as indicated by the subscript.A
has been optimized by a least-squares procedure to 282.1 kJ/
mol andB to 0.00374 mol/kJ. The first term of the equation
can be attributed to one hydrogen bond, while the second term
refers to the other. Consequently, the ratio of the two hydrogen
bonds can be computed according to

which is a function of monomeric properties only.∆(PA) and
∆(DE) denote the differences between the proton affinities and
the deprotonation energies. Using a data set of 17 complexes
(mainly pyrazole and triazole derivatives bridged to guanidine
and acetamidine molecules, all of them including nearly linear
N-H hydrogen bonds only), we tried to correlate the ratior
with the nature of the reaction profile. According to our results,
a ratio of 1e r e 1.7 characterizes an Eckart potential, while
all plateau reactions were found in the range of 1.8e r e 3.5.
For larger values ofr the potential was split into two parts,
separated by a zwitterionic intermediate. In addition, a neural
network based on the proton affinities and deprotonation
energies of the monomers has been used to predict the shape
of the potential. It was found equally successful as the ratior.
As a result, it appears to be possible to predict plateau reactions
from monomeric properties only. However, larger data sets and
extensions to other hydrogen bonds rather than N-H are
necessary to validate this criterion.

8. Conclusions
The DPTR of the pyrazole-guanidine system was found to

be a plateau reaction with a structureless transition region of
almost constant energy. In comparison with other proton transfer
reactions, the system shows unusual properties, as has been
demonstrated for tunneling effects and kinetic isotope effects.
Therefore, plateau reactions are remarkable and require further
investigations to come. In principle, plateau reaction must be
considered the borderline case at the transition from synchronous
to stepwise DPTRs. For the systems under investigation, electron
correlation is substantial and requires computational methods
beyond the MP2 level. One-dimensional tunneling effects were
found to be negligible for this class of double proton-transfer
reactions. Likewise, kinetic isotope effects are considerably
smaller for these systems than for synchronous proton transfers.
By use of empirical estimates, it appears to be feasible to predict
plateau reactions from monomeric properties only.
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