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Plateau Reactions: Double Proton-Transfer Processes with Structureless Transition States
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The double proton-transfer reactions of the model base pair systems pytpy@eole and pyrazoteguanidine

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 H
The common understanding of an elementary chemical Hoo ez eaal
. . N/ TN N \
process refers to a set of reactants, a well-defined transition state / = / | >i.q,.,2
being higher in energy than the reactants, and the products o /l rL / .
the reaction. More complicated reactions usually consist of Ve =

consecutive series of such processes and thus involve reactive H o
intermediates. Other classes of chemical processes, as fofigure 1. Pyrazole-pyrazole and pyrazoteguanidine model clusters.

example homolytic bond dissociations, may differ from that  pye to the computational problems outlined above, we did
scheme and do not require the existence of a transition stateyst focus on base pairs themselves but rather on model systems
For those reactions that do involve a transition state, the queSt'Onconsisting of (a) two pyrazole units or (b) one pyrazole entity
arise_s whether_ a transition state is always a well-defined gnq g guanidine molecule (cf. Figure 1). Besides serving as
(stationary) point on the potential energy surface (PES). models of the biochemical systems, these clusters constitute a
Generalizations of this simple concept, which is based on a statiChighly interesting chemical system in itself. The advantages of
point of view, to structureless transition regions, in which the using these species are as follows: (1) they are significantly
transition state cannot be described by just one point on the gmajler and thus more accurate computational methods can be
PES, appear feasible. In the case of such reactions, far-reachingiseq, (2) fewer local minima allow for fewer possible reaction
consequences must be anticipated, but the foremost aspectyechanisms, and finally (3) symmetry can be exploited within
certainly concerns the occurrence of such processes. the investigation of the reaction paths. Throughout this paper
Within this context, the study presented in this paper focuses e compare the results obtained for both systems.
on the principal investigation of double proton transfer reactions  ppTRs have extensively been studied by experimental and
(DPTR) based on quantum chemical calculations. DPTRs are computational approaches. In particular, Limbach and co-
of utmost importance for biochemical processes and thus life \yorkerd.7 studied kinetic isotope effects using dynamic NMR
sciences in general. Many experimental and computational spectroscopy. Besides other systems, they focused on multiple
studies focus on the relative stabilititequency shifts;*etc., proton transfers in solid pyrazole derivatives. Most relevant for
of molecular clusters in which two monomers are linked by {he study presented here is the combined experimental and
two hydrogen bonds. The most prominent examples in that computational work of de Paz et@&about the proton transfers
respect constitute the clusters of nucleic acid base pairs (€.9. i the pyrazole dimer and higher oligomers. Comparison to the
adeninethymine)f‘The investigation of such clusters by means gyperimental results presented in this study will be made
of quantum chemical calculations is hindered by several \yherever possible. Other computational studies concern dimers
aspects: (1) the size of the system, (2) many local minima on ¢ carboxylic acid$ model base paifsthe formamide dimeto-11
the PES, (3) long-range effects (dispersion contributions to the gq many other systen#&:14 The main question tackled in these
interaction energy) that cannot be accounted for at the RHF papers concerns the nature of the proton transition, i.e., a
(restricted HartreeFock) or DFT (density functional theory)  concerted or successive process. Peetersl&tcamputed the
level, and (4) the need for large basis sets for a proper treatmentyroton affinities of guanidine and related systems at the MP2/
of the intermolecular interactions. The investigation of reaction 6-31G(d,p) level.
barriers of DPTRs becomes even more tedious since tunneling  The paper is structured as follows: section 2 summarizes the
corrections need to be considered, and a proper treatmen{computational methods used within the calculations. Section 3
certainly requires dynamics calculations to be perforfed. focuses on the investigation of the minimum energy reaction

*To whom correspondence should be addressed: rauhut@ Paths (MEP) and the energy partitioning with respect to selected
theochem.uni-stuttgart.de. internal coordinates. Solvent effects on the reaction profiles
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NH, o NH,

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

and effects due to substituents are discussed in section 4$AB'-]'§ L AAC“‘:ja“r?” Energéc_es f‘X the Aéjtscata!ytic Proton
Vibrational corrections and tunneling effects are considered in ransfer (A) and the Guanidine-Assisted Reaction (B)

sections 5 and 6, respectively, and an attempt for the prediction _ AE[MP2]  AE[CCSD(T)] AE-[CCSD(T)]

of DPTRs with structureless transition regions is made in section "éaction [aug]-cc-pVDZ [aug]-cc-pVDZ  [augl-cc-pVTZ AZPE

7. A 45.8 61.2 62.1 24.1
B 254 35.2 14.2

2. Computational Details o )
All geometries were determined at the MP2/[aug]-cc-pVDZ 2 All values are corrected for the zero-point vibrational energies and

level 16 The augmented diffuse functions, i.e., [aug], are enclosed are given in kilojoules per mole.

in brackets since they have been added to the four heavy atomsrABLE 2: Most Important Geometrical Parameters of the

and the two hydrogens involved in the-NH hydrogen bonds Reactants and Transition States of Reactions A and B

of the clusters only. Likewise, frequency calculations were Obtained from MP2/[aug]-cc-pVDZ Calculations®

performed at the same level of theory. Relative energies were

determined at the CCSD(T)/[aug]-cc-pVDZ le¥ebr the MP2/

[aug]-cc-pVDZ levelt® 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 guantum chemical calculations have been performed

with the MOLPRO® GAMESS-US?° and GAUSSIAN98!

program packages. The intrinsic reaction coordinates (IRC) have

been traced by the Gonzale3chlegel algorithi#23with a step

width of 0.05 am&2Bohr. If not otherwise noted, the reaction system rNit)  r(Nzre-Hy)  r(NaHa)  1(Ne-Ho)

coordinates used in this study refer to mass-weighted coordi- ;ggggﬂg g;g i-gié i-%‘é i-g‘;ﬁ igg%
nates. However, in several cases it was necessary to switch to, - <o ™ b L 1 oes 1287 1287 1287
simple distance coordinates without mass weighting. All energy transition state of B 1.528 1.114 1.528 1.114

profiles presented here refer to fully relaxed structures, i.e., no . ) . ) N )

constraints have been imposed on any of the structures. The, Aﬁﬁgzlrg%gfetrse;?rgii ésnﬁﬁoggsgt:gﬁge transition state of reaction

conductorlike screening model (COSMO) as implemented in '

ot e e i s o 2) 10 Sytem between the o moleclesand h aer bl
has been varied in the range betweén 2.0 and 20.0 in order tochar_acterlzed by a seven-membered ring (cf. Figure 1). Ac-
) ) . - C cording to calculations at the MP2/[aug]-cc-pVDZ level, the

simulate solvents of different polarity. Since continuum models

are not able to handle specific solvent effects, we consider thereaction path via the five-membered ring has an activation
. P o energy 59.1 kJ/mol higher than the other. Therefore, the reaction
results obtained by this approach qualitatively rather than

quantitatively. For variational transition-state theory (VTST) path with the five-membered ring moiety will not be considered

2856 in further detail, and thus reaction B denotes the path of the
fna}lr(l:ilrjrﬁtrlr?giser theatﬁso(lﬂgégi tﬁéig;if;rgﬁeresﬂé:gg ted cluster showing a seven-membered ring system. Activation
from the eom%;rri)es radients, and Hessian informatioﬁ of the energies for reaction paths A and B are listed in Table 1. The

: geon » gradi : o . .~ activation energy computed for reaction A is significantly lower
stationary points plus series of additional points on each side

" . ; than the value reported by de Paz et éle., 122.2 kJ/mol at
of the transition state from interpolated VTST by mapping . i -
(IVTST-M).28 Interaction energies were corrected for basis-set the SCF level). We attribute this discrepancy to the different

superposition errors (BSSE) by the counterpoise correction computational levels. However, this comparison demonstrates
Perp Y nterpol the importance of high-level correlation effects for these proton
scheme of Boys and BernarfiHowever, within this scheme,

eometry relaxation contributions were neglected for the Sametransfers. The results in Table 1 indicate that MP2 tends to
?easons);\s discussed in detail receffly 9 underestimate the reaction barriers by-1®% kJ/mol, while the

size of the basis set appears to be less crucial: for reaction A
3. Intrinsic Reaction Coordinates the [aug]-cc-pVTZ result differs from the [aug]-cc-pVDZ
As found recently within the investigation of the proton- activation barrier by just 0.9 kJ/mol. For that reason the [aug]-
transfer mechanisms in 1,2,3-triazof8sthe intramolecular cc-pVDZ basis has been used for all calculations. Reaction B
proton transfer in pyrazoles is energetically significantly less is favored over path A by 26.0 kJ/mol at the CCSD(T)/[aug]-
favorable than an autocatalytic mechanism via a second pyrazolecc-pVDZ level. This effect can be rationalized on the basis that
entity or a different catalyst. For that reason, this mechanism guanidine is a better proton acceptor than pyrazole. The most
will not be considered in further detail. In the following, the important geometrical NH parameters of the complexes
autocatalytic self-exchange reaction will be denoted reaction A involved in the mechanisms are summarized in Table 2. These
and the guanidine-assisted DPTR will be called reaction B. atomic distances show that in the reactants of reaction B one
Reaction B allows for two alternative pathways in principle, hydrogen bond is significantly shorter than the other. Conse-
one of them being characterized by a five-membered (cf. Figure quently, one would not anticipate a synchronous proton transfer
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Figure 3. Reaction profiles of reactions A and B at the MP2 level.

for this system. This is supported by the geometrical parametersenergy partitioning scheme based on internal coordinates has
of the transition states: while all four atom distances are been derived. The total differential/¢s) of the potential at any
identical for reaction A, the transition state of reaction B is point of the reaction patk is given as

zwitterionic in nature, i.e., both protons reside very close to

the guanidine entity. These results are in agreement with those N6V

of de Paz et aB,who found a synchronous mechanism for dV(s) = Z 8_ doj 1)
reaction A as long as constraints were not imposed on the = ‘

structures.

. . i where the expression in parentheses denotes the energy gradients
The most interesting aspect concerns the energy profiles ofi, jnternal coordinates;. Integration of this equation along the
these two reactions, displayed in Figure 3. While the autocata- ygaction path yields

lytic reaction A is characterized by a typical Eckart poterial,

the guanidine-assisted DPTR shows a plateaulike transition 3N-6 Nk
region rather than a well-defined transition state. Within a range V(s) = Z 4 ('SR) —| dg; (2)
of about 1.0 am¥?Bohr, the potential energy remains almost =17 9,

constant AE ~ 0.3 kJ/mol). Consequently, from a physical point . .

of view the transition state of reaction B is structureless and Wheredi(ss) denotes the value of an interal coordinjeat

thus each point on the plateau nearly fulfills the mathematical the geometry of the reactants. The summation in eq 2 can be

requirements for a transition state. The flat transition region SPIit int0 Niags chemical meaningful fragments

results in dramatically lower imaginary frequencies for the Mhags v

plateau reaction than for the autocatalytic process: +&32 V() = Gi(S) 8_ dg 3)

cm~1vs —1468 cntl. Moreover, it is anticipated that the shape ,; iEZF} 6\ ooy :

of the potential must have significant impact on the physical

properties of the reaction, as for example the transmission and thus energy contributions to the reaction profile belonging

probability (vide infra). Since the potentials shown in Figure 3 to any set of internal coordinates can be determined. By use of

were computed at the MP2/[aug]-cc-pVDZ level, which was the GAMESS suite of ab initio program$energy gradients in

found to underestimate the activation barriers by about 25%, internal coordinates were computed at the MP2 level. The

the profile of the plateau reaction B was recomputed at the integral in eq 3 can be solved by standard numerical integration

CCSD(T)/[aug]-cc-pVDZ level (i.e., energy single-point cal- schemes.

culations on top of the MP2 geometries; cf. Figure 4). Itis seen  The internal coordinates that will mainly contribute to the

that the MP2 calculations predict the shape of the potential reaction profile are the two NH distances and the NHN angle

correctly but fail to provide accurate absolute values for relative of both hydrogen-bond entities, which mainly represent the two

energies. As a consequence, all further energy considerationsSSPTR steps during the reaction. The energy contributions of

refer to CCSD(T) calculations, while quantities relying on these three coordinates to the profile along the reaction path

gradient information are based on MP2 results. are provided in Figure 5. Most remarkably, the NHN angle has
To understand the unusual profile of the plateau reaction, the certain impact on the energy profile although its variation must

profile was split into two fundamental contributions, each of be considered to be very modest (less thgnlBvestigation of

them representing a potential closely related to the potential of other internal coordinates indicates that these three coordinates

a single proton transfer reaction (SPTR) step. Therefore, anshould sufficiently describe the energy profile in the plateau
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Figure 4. Comparison of the energy profiles of the plateau reaction at the MP2 and CCSD(T) levels.
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Figure 5. Energy contributions of selected internal coordinates to the reaction profile of mechanism B.

region. Therefore, three fragmerfshave been defined: the  MP2 potential has been shifted in such a way that it coincides
first two consist of the three internal coordinates belonging to with Vs,m at the transition states(= 0.0). The shape of the
each hydrogen bond, and the third fragment contains all other energy profiles in Figure 6 was confirmed by a multidimensional
internal coordinates. As can be seen in Figure 6, summation of Taylor expansion of the energy contributions based on gradient
the first two fragments yields a proper description of the plateau and frequency information in internal coordinates. However,
and consequently, the total energy has successfully been splidue to the computationally demanding frequency calculations,
into the contributions of the two proton-transfer moieties. To we consider the approach via the total differential to be the
allow for a better graphical comparison of the different potentials preferable choice. Interestingly, the potentials of the single
in Figure 6, constant offsets have been added to the curves ofproton-transfer steps show a plateau region by themselves. We
V1, V2, andVgum that cause the potentials to converge toward attribute this to electronic couplings between the two SPTRs,
zero at the structure of the reactants. In addition, the computedbecause the gradients used in eq 2 refer to the total energy of
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Figure 6. SPTR and DPTR potentials arising from subsets of internal coordinates in comparison to the true MP2 reaction profile.
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the system rather than to the energy of the fragments. In otherdifferent substituents. All these considerations can be rational-
words, the SPTRs obtained from the procedure described abovézed on the basis of the Hammett relationskijis combination

do not exactly represent a potential that arises from the transitionwith classical transition-state theory according to

of just one proton because energy contributions from the other

proton transfer to the first one must be considered to be AE*Xz —[kTp In (10)]o(T) +AE¢H 4)
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

rea}ctio.n VS, two separat.ed gauss-shaped potentia!s with 431.2 kJ/mol at the CCSD(T)/[aug]-cc-pVDZ level. This sub-
zwitterionic intermediate in between. According to Figure 6, stituent does not destroy the plateau but leads to an even flatter

i i ; 12,

':trt]gf %ngrr driig'[c()a r;s ggtmhﬁ];?gcggzr(igﬂg éi'sscigﬁe nggc?ve Intransition region. For comparison (vide supra), within the range
. . o " “of 1.0 amd2Bohr the potential energy varies by about 0.07

particular, we have focused on the relative position of the two

molecules to each other. For that reason we have computed th kJ/mol. The potential of this reaction is provided in Figure 8.
) " puted tepy, o imaginary frequency of the formal transition state is given
centers of mass for both molecules within the cluster excluding

the miarating protons. Fiaure 7 displavs the distance betw nby just =70 cnmtl. The plateau of the DPTR involving
the gta 9 ]P otons. I gu fh sP ?ys N ds' atceTﬁ e:etfluoropyrazole is also broader than that of the unsubstituted
the centers of mass along the reaction coordinate. This plo species. This effect had to be anticipated, since the two SPTR
indicates that in the first part of the reaction the intermolecular

distance decreases while it remains almost constant durin thepotentials will be shifted apart until they will be separated by
DPTR® 9 M€ reactive intermediate in case of even stronger electron-

withdrawing substituents.

4. Impact of Solvents and Substituents The impact of solvent effects is closely related to that of
Due to the zwitterionic nature of the plateau region, substit- substituents: polar solvents will stabilize a zwitterionic inter-
uents at the pyrazole entity and solvents will have a major mediate and will thus lead to two transition states. The influence
impact on the reaction profile of reaction B. In order not to of solvents has been studied by increasing the static dielectric
destroy the symmetry of the reaction profile, substituents have constant within the continuum approach from 1.0 to 2.0, to 8.0,
only been introduced in the,Qosition of the pyrazole molecule.  and finally to 20.0. Figure 9 shows the resulting shapes of the
Electron-withdrawing substituents will stabilize a zwitterionic reaction potentials. The profiles presented in Figure 9 refer to
reactive intermediate and will thus lead to a two-step mecha- COSMO calculations on top of the gas-phase geometries and
nism, as could be shown recently for CN substituents in thus, in a crude approximation, the reaction path is assumed

triazoles®® On the contrary, electron-donating substituents not to alter due to solvent effects. The stabilization of the
destabilize the system and will lead to higher activation barriers separated charges leads to a decrease of the overall activation
AEF and thus may change the plateaulike potential toward an barrier when the dielectric constant increases. Note that the width
Eckart potential. In terms of the fundamental potentials of the of the profile does not change significantly, while the central
SPTR steps, electron-donating substituents will lead to a strongerpart alters dramatically. Consequently, the SPTR potentials are
overlap, as could be confirmed by a series of calculations with not shifted apart (as in the case of substituents) but the shape

Hereino(T) denotes the Hammett paramet€rs the temper-
ature, andX represents any substituétOf 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
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Figure 7. Distance of the centers of mass of the pyrazole and the guanidine entities plotted against the reaction coordinate.
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Figure 8. Comparison of the reaction profiles for the proton exchange between pyrazole and guanidine and fluoropyrazole and guanidine, respectively.

of the SPTR potentials changes and thus the coupling betweerthe molecules. The question arises whether zero-point vibrational
them. However, this observation is restricted to the discussion energy corrections (ZPE) may alter the shape of the plateau
when geometry relaxation effects have been neglected within reaction. A proper investigation of this aspect definitely requires
the solvent simulation. Moreover, the continuum model used gynamical calculations to be performed, which are currently in
retains the symmetry of the reaction, which of course will not ,.enaration. In a very crude approximation, one may consider
gﬁgr]geycp?ri)?‘illgsn\?gi;e dvi\;lt]eer:aents?ﬁ;glfhzogrzgzi?:gtsnrgay lead toZPE corrections within the harmonic approximation by simply
' adding them to the total energy along the reaction path.
5. Vibrational Corrections Therefore, for estimating the impact of ZPE corrections we
The energy profiles presented in Figure 3 refer to the potential computed the ZPE along the reaction path for reaction B. To
energy without any corrections due to the vibrational levels of minimize the effects due to nonnegligible linear terms within
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Figure 9. Impact on solvent effects on the energy profile of reaction B.
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Figure 10. Zero-point vibrational energy along the reaction path of the plateau reaction.

the Taylor expansion of the potential, the projection scheme asmaximum at the formal transition state. According to this curve
described by Miller et a® has been applied to all frequency the ZPE is about 4.1 kJ/mol lower at the edges of the plateau
calculations along the reaction path. According to this projection (minima of the curve) than in the middle. This would formally
scheme, 7 frequencies will be projected out and all other modesdestroy the plateau presented in Figure 3. Under the assumption
are constrained to be orthogonal to the gradient vector. that the shape of the ZPE correction is correct, it must be kept
Moreover, the discussion will be restricted to the plateau region in mind that solvent effects and substituent effects act in the
(i.e., —1.0 amd’%>Bohr < s < 1.0 am&'%Bohr), where the opposite direction and thus may effectively cancel out the ZPE
corrections due to the projection technique were found to be correction (cf. Figure 9). For example, within the solvent
extremely small. The corresponding plot of the projected ZPE simulation withe = 8.0 the zwitterionic intermediate is stabilized

is provided in Figure 10. The ZPE reaches minima at the edgesby about 4.2 kJ/mol with respect to the transition states and
of the plateau andin contrast to many other reactiona local thus effectively compensates for the ZPE correction. Note that
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in our previously studied system of 4-cyanotriazole and guani- the plateau reaction B have been computed with 200 intervals.
dine (see ref 30), which shows a zwitterionic intermediate, the Following the approach of Meyer and @Gihard®4°a reduced
shape of the ZPE correction essentially is identical to the one massu given by

of the corresponding plateau reaction of triazole and guanidine

and thus the occurrence of an intermediate has only little impact 1 N 9s 9s

on the ZPE contribution. Consequently, the hump in Figure 10 -= t—— (8)

can easily be eliminated by proper substituents or solvent effects. Hoi= X 9

However, due to the uncertainties associated with this aspect,

we have restricted our discussion to the potential energy only. has been used throughout. In this equatipalenotes the mass
of atomi andx; 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

6. Tunneling Effects

Tunneling effects are most relevant for proton-transfer
reactions, as has been stressed by several attitwerefore,
pure ab initio data for activation energies and rate constants

without the consideration of tunneling corrections can serve as must be considered a result of the different reaction paths and
upper or lower _bounds o_nly. Since many approaches for the different molecular systems. The wiggles in the plot of the
computing tun_negggasorrectlor_\s are restrlcte(_j to a certain shapey 4 ceq mass of the plateau reaction are attributed to uncertain-
of the potennaﬁ Sowe derived a numencal methc.)c.j.for ties in the reaction path in the region where the plateau is very
cak_:ulayng one-d|men3|o_na| (1D) transmission pr(_)ba_b|l|t|es of flat. Deuteration of the N-atoms involved in the hydrogen bonds
arbitrarily shaped potentials based on a generalization of theconfirms the results discussed above that the outer regions of

well-known model of a ba_lrrler with a finite height and W'(_%' the reactions are dominated by coordinates other than those
We note here that numerical approaches have been derived alsﬂwvolving the hydrogen atoms. Moreover, for reaction B the

5 . .
by qther authors? To represent the reaction b rofile along the edges of the plateau are clearly dominated by the proton transfers
minimum energy path as accurately as possible, our 1D mOde'(i.e., the reduced mass is close to 1.0) while the center of the

makes use oN subsgquent boxes (S|mllar to a numerical plateau is also characterized by other coordinates involving
integration scheme) with a constant widthThe height of each heavy atoms

boxt'ﬁ' given bz the profile. Attthe ttr_an?uondfré)_?r"l onet_ bt())')lstto A plot of the CCSD(T) transmission probability dependence
a][loh er ("e"? N n_d) WE requr?s _c%n(;r}w yhan ineren |af Ik: Y onthe energy of the systems (relative to the barrier heights of
ofthe wave function. Note thatis 0.0 for the geometry of the 4, reactions) is provided in Figure 12. The difference between

re.?ﬁtants.tAst 'E d'err]r:;) ntitratsetzrl]!_zmany textbtéékgr onle ng ¢ the two systems is easily seen. The curve of the plateau reaction
with constant heighvs the schrainger equation IS solved & is much closer to the classical limit (i.d2,= 0.0 for E/Vmax <

any points of the reaction coordinate (without mass weighting) 1.0 andP = 1.0 for E/Vmax > 1.0) than the corresponding curve

by of the autocatalytic reaction. Moreover, for the plateau reaction
1 strong scattering resonances and nonclassical reflections can be
W(s) = aﬂek"3+ b.e kS with k,= E«/Zu(vn —E) (5 observed, which have significant impact on the transmission
coefficientx. Transmission coefficientshave been determined
by numerical integration. At 3BK 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 for the self-exchange
reaction. As mentioned above, energies were taken from CCSD-
nd —koand nd —knd (T) calculations, while gradient and Hessian information refer
a“—lek“ + b€ o _aﬂekﬂ +he " ©) to MP2 calculations. The obtained results are in excellent
&71%71e%71nd _ knflbnfle_kﬂnd _ agreement with the experimental value of 64OQ provided_
by de Paz et &.The same holds true for the effective activation
k.a.€" + kb.e " (7) energy: our VTST/CCSD(T) value (corrected for tunneling
contributions) of 43.6 kJ/mol closely resembles the experimental
These equations constitute an inhomogeneous systetd ef 2  value reported by de Paz et al. (44.4 kJ/mol). Although the
2 equations butld variables. Considering a stream of particles experimental data were obtained from solid-state measurements,
from the left, there is no reflection once the last box has been they are in significantly better agreement with the computational
passed. As a consequenbg,is zero. Moreover, the transmis-  data of this study rather than those obtained from unrelaxed
sion probability is related to the ratio between the fieg) @nd geometries as reported by de Paz et al. This indicates that even
the last coefficientdy) and thus one of these two coefficients in the solid state the molecules may fully relax during the
can be setto 1. As a result, the linear set of equations is uniquelyreaction. On the other hand, relaxation were found to have
determined and can be solved by standard routines. The accuracgignificant impact on the energetics of the reacfidfor that
of this approach has been checked against the analytical solutiorreason, we consider reaction profiles for SPTR steps obtained
(based on a linear combination of two hypergeometrical from frozen geometry parameters less reliable than the partition-
expansions) for the Eckart potential of the self-exchange ing scheme outlined above.
reaction®! By use of the fit functions of the gauss-shaped Eckart-  In contrast to the transmission coefficient of reaction A, which
potential for representing the reaction profile, both approachesindicates nonnegligible tunneling effeciswas computed to
were found to vyield identical results for the transmission be 0.89 for the plateau reaction at the CCSD(T)/[aug]-cc-pVDZ
probability. level. This, of course, is an extraordinary result for a double
On the basis of the model described above, the transmissionproton transfer reaction. The result thatwas found to be
probabilites of the autocatalytic self-exchange reaction A and smaller than 1.0 must be attributed to the nonclassical reflections

In this equatioru denotes the reduced mass daés the total
energy of the system. The coefficierdsand b are those that
need to be determined. Consequently, a generalization of this
basic approach thl boxes yields two equations at the transition
from boxn — 1 to thenth box:
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Figure 11. Variation of the reduced masses along the IRC of reactions A (upper plot) and B (lower plot).

that compensate for the tunneling effects at low energies. Since the transmission coefficient enters into the equations
However, this value must still be considered with care since for the rate constants, it has certain impact on kinetic isotope
higher dimensional tunneling contributions (corner cutting effects (KIE). We have estimated KIEs from simple transition-
effects) have been neglected due to the restriction of all state theory (TST) according to

trajectories to the 1D minimum energy path. A plot of the

temperature dependence of the transmission coefficients is In & QL(AZ — AZ,) +1In Knn ©)
provided in Figure 13. This graph underlines the exceptional kpp/ kgT' H DD Kpp

properties of plateau reactions.

The tunneling effects considered above refer to double proton whereks denotes the Boltzmann constahis the temperature,
tunneling. Double proton transfer reactions with separated k specifies the rate constant, a is the ZPE difference
potentials (i.e., with a reactive intermediate involved) give rise between the structures of the reactants and the transition state.
to single proton tunneling. For SPTRs, tunneling effects can be For the autocatalytic reaction Aun/kpp has been estimated
significant®® According to these considerations, transmission from CCSD(T) calculations to be 12.9 (without tunneling
coefficients may be smallest for plateau reactions but rise for correction) and 51.4 (including tunneling contributionsY at
reaction profiles with separated or Eckart-type potentials. 330 K (frequencies have been scaled by 0.95 in order to account
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Figure 12. Comparison of the transmission probabilities of reactions A and B.
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Figure 13. Comparison of the transmission coefficients of reactions A and B.

for anharmonicity corrections). The latter value is about twice Accordingly, the kinetic isotope effects for the plateau reaction
as large as the experimental value of ca. 25 reported by de Pakave been computed at the same level of theory and were found
et al® We attribute this discrepancy mainly to the simple to be significantly smaller, i.e., 3.2 and 3.4, respectively. This
treatment of the tunneling contribution; more sophisticated is in agreement with the general observation that kinetic isotope
models are currently under development. A proper choice for effects are considerably smaller for stepwise mechanisms than
the ZPE at the transition state may be troublesome in the casefor synchronous ones.

of plateau reactions, because any point on top of the plateau o .

may serve as the transition state. However, in the case /- Prediction of Plateau Reactions

considered here the formal transition state must be considered The most prevalent question concerns the prediction of
the point with the highest ZPE correction, which (according to plateau reactions. As reported recesflin a crude approxima-
Figure 10) coincides with the point at= 0.0 amd/2Bohr. tion it appears to be feasible to split the total interaction energy
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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 energyE [as obtained from CCSD-
(T) calculations; for further details see ref 30]:
AE — A[eB(PAlfDEz) + eB(PAQ*DEl)] (10)
Herein,PAdenotes the proton affinity aridE the deprotonation
energy of monomers 1 and 2 as indicated by the subséipt.

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

B[A(PA)+A(DE)]

r=¢ (11)

which is a function of monomeric properties only(PA) and
A(DE) denote the differences between the proton affinities and
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8. Conclusions
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By use of empirical estimates, it appears to be feasible to predict

plateau reactions from monomeric properties only.
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