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High-Level Computational Studies of Nonidentity Proton Transfer Reactions: Variations in
Their Gas Phase Potential Energy Surfaces

Introduction

Proton transfer is one of the most fundamental processes in
chemistry and it is a key component in many organic and
biochemical transformatioris? It is no surprise that proton
transfer has been the subject of innumerable experimental and
computational studies over the past century. In an earlier paper,
we reported high-level calculations on the gas phase, identity
proton transfer reactions between simple hydrides (A~
— A~ + AH, A = CHjs, NHy, OH, F, Siks, PH,, SH, C)1%1In 23
that work, we found a strong correlation between the electrone- &
gativity of the central atom and the barrier to the proton transfer. ;5
We interpreted this result in terms of a model where the
transition state was dominated by an ionic resonance form where (A{H Ay
the transferring proton and bases carried full charges (Scheme
1). Clearly, this resonance form would be most stable when A ]
is highly electronegative. Since then, several theoretical studies [AH " Apl™
related to gas phase identity proton transfer reactions have
appeared and, in general, have provided added support for this
type of charge distribution in the transition state?! ! ! '

In the present work, we extend these studies to consider
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High-level calculations (G2) have been used to characterize the gas phase potential energy surfaces of the
nonidentity proton transfer reactions of a series of simple anions @k~, NH,~, OH™, F~, SiH;~, PH,,

SH~, CI7, HCC", and NC) with their conjugate acids. Only the combinations that give reactions that are
exothermic by less than 20 kcal/mol were considered. The surfaces for the nonidentity reactions appear to be
hybridizations of those of the corresponding identity reactions, and a simple averaging approach provides a
reasonable representation of the nonidentity surface. Measures based on the geometry or electron density
indicate that the position of the transition state (“early” or “late”) is better correlated with the properties of
the proton donor/acceptor than the exothermicity of the proton transfer process in these systems.

Reaction Coordinate

nonidentity proton transfer reactions involving the same species

from the previous study as well as a few othersHA+ A, —
A1~ + AH, A1 = Ay). Here, we wish to examine how the nature

Figure 1. Generic plots of (a) double and (b) single-well potential
energy surfaces for gas phase reactions.

of the reaction partners affects the shape of the reaction surfaceSCHEME 1

In gas phase proton transfer reactions, two general types of . .

potential energy surfaces are possible: (a) double-well potential [A-H--A ]= == [A H A]

with a barrier or (b) single-well potential. These are illustrated "covalent "ionic"

in Figure 1. Because there is always an attraction between an . )

anion and a molecule in the gas phase, the initial portion of the Potential energy surfaces of systems where the reaction partners
potential energy surface must be stabilizing and leads to an ion/92ve different types of surfaces in their identity reactions (i.e.,
molecule complex. If the proton transfer process has an energy1H 9ave a double-well and Al gave a single-well).

demand, a transition state will appear on the surface, separatin
a pair of ion/molecule complexes (reactant and product com-

gCalculations

plexes). This leads to a double-well surface (Figure 1a). Onthe Energies.Ab initio calculations were completed using the
other hand, the ion/molecule complex that is formed can have Gaussian92 quantum mechanical package. Geometries were
a very strong hydrogen bonding interaction leading to a situation optimized using 6-31G(d,p) (neutrals) or 63&(d,p) (anions)
where the proton is shared by the partners. In this case, there idasis sets at the Hartre€ock and MP2 levels. At the Hartree

no barrier to proton transfer and a single-well potential results Fock level, the character of all minima and transition states was
(Figure 1b). In our earlier work, both types of surfaces were confirmed with analytical second derivatives. Relative energies
found. Here, we are especially interested in investigating the are corrected for zero-point vibrations (Hartrdeock values
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scaled by 0.9135% The basis sets for the calculations of the TABLE 1: G2+ Proton Affinities2
isolated conjugate bases were augmented with a set a hydrogen
functions placed at the approximate position of the missing

proton affinity

proton—the functions are centered at a point in space that best st[ucture computed expt

matches the XH bond lengths and angles found in the parent CH.— 3%'% i(l)g % 8 %
hydride. In our earlier studif,we found that this was an efficient NHz— 404.0 404.3 0.3
approach to improving the accuracy of the calculations. OH~- 390.5 390.74 0.1
Although counterpoise approaches of this type have been o 371.0 371.6£0.2
criticized, acidities represent a special case because the acid S;_';';i ggg'é g;g % g?
and conjugate base contain the same number of electrons; SH- 350.7 350.7- 0.9
therefore, ghost functions are necessary to keep a constant (basis SE c g%g g?g & 8 é
function)/(electron) ratio. For H a modified basis set was NG 3507 351 1 2.1

required. The standard 6-3%+G(d,p) basis was tested, but its
diffuse function is not adequate for hydride. To alleviate this
problem, a more diffuse s-function (exp 0.010) was added

to the basis set for H At the highest level of theory, the reaction
energies are converted to 298 K by a calculation of integrated
heat capacities. Standard methods employing the ab initio
vibrational frequencies were used for these calculatféns.

For accurate energies, a modified G2 appréaaias taken
(G2+).10Using the MP2/6-31+G(d,p) geometries, single point
calculations were completed at the MP4/6-3WQ(2df,p),
QCISD(T)/6-311-G(d,p), and MP2/6-31£G(3df,2p) levels.
Using the MP4/6-311G(2df,p) level as a starting point, a
correction is made for higher level correlatiohE(QCI)),

AE(QCI) =
{QCISD(T)/6-314-G(d,p} — {MP4/6-31H-G(d,p}

and basis set enhancement(3df,2p))

AE(3df,2p)=
{MP2/6-311G(3df,2p} — { MP2/6-311G(2df,p}

aEnergies in kcal/mol. See text for details on-52 See ref 33.
When more than one value was given in the reference, the one with
the smallest uncertainty was generally used.

defined, physically meaningful measures of the charges on each
of the atoms. Previous work has shown that this approach is
far superior to conventional Mulliken population analy®ighe

p value is the density at the critical point of a bond where the
critical point is defined as the density minimum along the bond
path connecting the two atoms. In earlier work, it has been
shown that relativep values provide a reasonable measure of
the bond orde?®2° However, the absolute value of is
dependent on the size of the atoms and comparisons between
different bonding partners is difficult.

Results and Discussion

1. Proton Affinities. In our earlier study, the G2 proton
affinities of the conjugate bases of the first and second-row
nonmetal hydrides were report&iThose values are given in
Table 1 along with values for the three new bases in this study,
HCC~, and NC. For the hydrides, there are slight
ences between the present values and those from the
previous study because a slightly different scaling factor has
been used for the ZPE corrections. For the three new bases, the
agreement between theory and experiment is very good with
errors ranging from 0.7 kcal/mol for Hto 1.2 kcal/mol for
HCC, well within the accuracy limits suggested by Pople for
the standard G2 approagh3®

2. Potential Energy SurfaceslIn the study of the identity
proton transfers (symmetric system$)the potential energy
surfaces varied from double-well potentials with a substantial
central barrier to single-wells with a symmetric intermediate.
A similar situation is expected in the asymmetric (nonidentity)
cases, but the difference in proton affinities will have three
effects: the ion-dipole complexes will have different stabilities;
the transition state may occur early or late on the reaction
As outlined above, a counterpoise approach was used incoordinate; and the transition state barrier may be overwhelmed
calculating proton affinities and reaction energies. Moreover, by the exothermicity of the proton transfer resulting in a single-
the augmented 6-3#1+G basis set was used forH well potential.

Calculations were completed on a cluster of Hewlett-Packard 2.A. Symmetric Systenibhe MP2 geometries of the com-
720 workstations at the San Francisco State University Com- plexes and transition states for the three new symmetric systems
putational Chemistry and Visualization Center or a Hewlett- are given in Figure 2 and the energies are listed in Table 2. In

The energies are also corrected for zero point vibrations ;'|ffer
(AE(ZPE)). In addition, an empirical, higher-level correlation
(A(HLC)) correction based on the number of paired and
unpaired electrons is made. This term cancels out in all of the
reactions in this study because none of them involve a change
in the number of paired electrons.

AE(HLC) = -0.00481 (no. of3 valence electronsy
0.00019 (no. ofx valence electrons)

in hartrees @ = f3)
The G2+ energy is the sum of these corrections:

G2+ = MP4/6-31H-G(2df,p)+ AE(QCI) +
AE(3df,2p)+ ZPE + AE(HLC)

Packard 735 workstation.

Electron Density Analysis. Electron density analysis was
completed using Bader’s approach with a modified version of
the PROAIM prograni® Electron density analysis was com-
pleted at the MP2/6-3tG(d,p) level (diffuse functions were

omitted for neutral compounds). The application of Bader’s t

approach has been discussed in detail elsewliese,only a
brief description is provided here. Thg values represent the
integrated densities within the zero-flux surfaces surrounding
atom X in the molecular wave function. They provide rigorously

each case, a double-well potential with a symmetric transition
state is observed.

2.A.i. H/H2. In the reaction of H with Hy, a very loose,
linear complex is observed with an intermolecular distance of
greater than 3 A. At this level of theory, the complex is predicted
o be slightly less stable than the separated reactants. Clearly
the calculations are having a difficult time characterizing the
interaction and the added zero-point energy of the complex is
enough to make the process appear to be endothermic. Nonethe-
less, the H/H, complex must be very weakly bound. This
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Figure 2. MP2/6-311G(d,p) geometries of complexes and transition 4 2 2 g S
states in the identity reactions.
TABLE 2: G2+ Energies of Complexes and Transition Proton Affinity (kcal/mol)
States Figure 3. Plots of relative proton transfer transition state energy vs
- - AHacia (kcal/mol) in identity reactions. Data are from &2alculations.
relative relative Squares with solid line represent the first-row hydrides {EHFH).
structure energy structure energy Diamonds represent carbon acids @8, HC=CH, and CH). The
H™ H> 0.9 SiH, F~ -10.3 circle represents H
H—H—H" 11.5 SiBb—H—F —13.8
HC=C~ HC=CH —10.6 SiHF~ P —39.8
HC=C—H—C=CH~ 638 HG=C" SiH, —2.6 affinities and the stabilities of the transition structures; however
mig—ﬂf:iw :ig'g Eigglﬁitb b __1%-2 separate correlations were found for the first and second-row
CHs~ NH; 86 HC=C—H—SiHs~ 34 systems. In Figure 3, the plot is extended to include HCC",
CHs NH,~ —-16.6 HG=CH F -30.5 and NC . It is clear that an excellent correlation can be found
CH;—H—NH," —7.3 N=C~ H.S —10.7 for the three carbon acids?(= 0.999); however, this correlation
gﬂz IC:),H :zg'i EEESESH* :g'g is different from the one found previously for the first-row
SiHs~ PH; —13 NH,~ H, 1a elements, and Hfits neither oné? This behavior suggests that
SiH; PH~ -12.6 NH H- -8.3 to characterize these systems, a family of correlations must be
SiHg—H—PH," 0.5 NH—H—H" —2.3 considered, one for each element. This situation has been
g& g'l',' :gézg gg H",'Z __12"3 encountered previously in condensed phase studies of proton
SiHs~ HF ~195 CH—H—H" 2.0 transfer and elimination reactio8+36 The rapid increase in

transition structure stability observed across the series from
£Hs™ to F~ is the result of not only the decrease in proton
affinity, but also the shift to more electronegative atoms (lower
intrinsic barriers). Because these two factors are intimately
reaction should not be observable under typical gas phaserelated, it is not surprising that a smooth correlation could be
conditions because the transition state is 10.8 kcal/mol less stablebserved for the series whereas a family of correlations is
than the separated reactants. required to describe the behavior of derivatives of these simple
2.A.ii. HCC/HCCH. In the reaction of HCE with HCCH, bases.
a linear complex with an intermolecular distance of 2.138 Ais  2.B. Asymmetric Systems with a Barrién. 7 of the 12
observed. The interacting-HC bond is stretched to 1.099 A asymmetric (nonidentity) proton transfers in the present studly,
from its normal value of 1.064 A, indicating a reasonably strong a transition state was identified on the electronic energy surface.
hydrogen bonding interaction. This complex is 10.6 kcal/mol The structures of the ierdipole complexes and transition states
more stable than the reactants. The transition state is also lineaare shown in Figure 4 and the energy data are in Table 2. These
and the bridging €H distances are 1.400 A. The transition seven reactions have exothermicities that range frd$.8 kcal/
state is 6.8 kcal/mol more stable than the reactants indicating amol (CH;™/Hy) to 0 kcal/mol (CN/SHy). In two cases, Nki'/
barrier of 3.8 kcal/mol with respect to the complex. The negative H, and NC/SH,, the computed transition state energy is lower
activation energy suggests that proton transfer should bethan the energy of the reactant complex. Although a barrier
observable under typical gas phase conditions. In previous work,exists on the electronic energy surface for these reactions,
Evleth®® and Schiené? have found barriers of 10.9 (HF/4- differences in the thermal and ZPE corrections eliminate it.
31+G, no ZPE correction) and 7.6 (MP2/6-8G**) kcal/mol, Therefore, these systems are effectively barrierless and collapse
respectively, relative to the complex. directly to the product complex. However, because a maximum
2.A.iii. NC"/HCN. The complex of NC with HCN is linear exists on the electronic energy surface for these reactions, we
and is 18.7 kcal/mol more stable than the separated reactantscan use that structure as a pseudotransition state for the analysis
Several experimental values are available for the complexation of the potential energy surface.
energy and the NIST database reports an average value of 21 To judge the position of a transition state on the overall
+ 1 kcal/mol23 The transition state is 15.9 kcal/mol more stable reaction coordinate, a number of approaches are possible. We
than the reactants and a barrier of 2.8 kcal/mol is observedwill focus on two, closely related properties, the bond length
relative to the complex. Very rapid proton transfer is expected to the transferring proton and the critical point density of this
in this case. Evlefi and Scheinéf also considered this system bond (Table 3). Although more sophisticated analyses could
and found barriers of 7.7 and 5.3 kcal/mol, respectively. be devised, we will adopt a simple approach based on a
When studying the identity proton transfer reactions of the comparison to the central transition states found in the parent,
hydrides!® we noted good correlations between the proton identity proton transfers (symmetric systems). The deviation

aEnergies in kcal/mol. See text for details on-&2Energies are
relative to separated reactants. Reactants defined as partners in firs
complex listed in table? Pentacoordinate silicon.
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Figure 4. MP2/6-311-G(d,p) geometries of complexes and transition states in the nonidentity reactions with a barrier.

from a central transition state is taken as the difference in the o4 deviation (bond length¥

transition state property (bond length or critical point density) _ _ _ _

between that found in the asymmetric and symmetric reactions. 100R, — RIR, — R+ [(R~ RJ/R, — Rl (1)
This is normalized by the overall change found for the 2
symmetric transition state (relative to the ground state). The %
effect is averaged over the two bonds (the order of terms is , o )
reversed in the second bond to take into account the fact that 100[[(e"s — p)(p's — '] + [(p = po)l(po — pe] @
deviations from a symmetric transition state are numerically 2

opposite in the forming and breaking bonds). These relationships

are given explicitly in egs 1 and 2. TH& and p, values are the bond lengths and critical point densities in the symmetric

deviation (critical point densityyr
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TABLE 3: Electron Density Analysis with the Bader complex. A similar situation occurs (though in the reverse
Approach? direction) for the NH/H, system. Also, there generally are
structure p(X—H) o(H=Y) large discrepancies betweAWVD and AHgxy for reactions that
HC=C- HC=CH 0.024 0.273 involve partners with central atoms from the second and third
HC=C—H—C=CH~ 0.128 0.128 period. This is sensible because the second period elements tend
N=C~ HC=N 0.032 0.261 to be much better hydrogen bond donors than those from the
N=C—H—C=N" 0.130 0.130 third period so there is a significant energetic advantage when
HHy 0.003 0.271 the second period partner is the neutral molecule in the complex.
H—H—H 0.120 0.120 his | id in th i/ hich i |
H- NH, 0.018 0.320 This is most.ew ent in the SEH/HF system, w _|c involves
H—H—NH,~ 0.167 0.099 an exothermic proton transfer but haa®D that is endother-
Ha NH2~ 0.257 0.020 mic by 9.2 kcal/mol because SjHmakes a much weaker
CHy"H, 0.009 0.267 complex with F than HF does with Sikt. Of course, F makes
ChHy—H—H 0.073 0.178 a very stable pentacoordinate complex with §{Fable 2), but
CH:H 0.283 0.006 he hvd bonded . . h K h
CHs~ NH; 0.026 0.308 t e hydrogen bonded one (F|ggre 4) s rat er weak. Anot er
CHy—H—NH,~ 0.117 0.163 interesting aspect of this system is that it has a significant barrier
CHa NHz~ 0.279 0.018 despite the fact that the "FHF reaction has no barrier.
NH; OH™ 0.301 0.041 Apparently, the large intrinsic barrier from the SitiSiH,
giﬂszH@ 8'%83 8 ggg reaction (15 kcal/mol) pushes the system to a double-well rather
Sin—H—PH[ 0.076 0.091 than a single-well potential. All of the other reactions in this
SiH,PH,~ 0.119 0.000 group are composed of systems where both partners have
PH; SH- 0.248 0.015 barriers on their identity reactions’ electronic energy surface.
SH, CI” 0.209 0.029 Finally, the SiH~/PHs system gives a fairly largAWD value
g::?’ F'j': 8'2332, 8'(2)‘% because the product complex is preferentially stabilized by a
SiH:—H—F* 0.115 0.084 Si—P rather than a hydrogen bonding interaction.
HC=C" SiH, 0.008 0.126 The Hammond postulatéprovides a connection between the
HC=C—H—SiH;" 0.096 0.092 exothermicity of a reaction and the position of the transition
HC=CH Sik~ 0.281 0.012 state. Assuming that related bei d
HC=CH F 0.221 0.084 ; 9 Processes are being compared,
N=C- H,S 0.040 0.213 reactions that are more exothermic should have “earlier”
N=C—H—SH" 0.082 0.152 transition states. One could use eitiddfigrxy Or AWD as the
N=CH SH" 0.262 0.030 measure of exothermicity, but the latter is more reasonable
aFor structure X-H—Y. p is critical point density in e/du because it involves the species that flank the energy maximum

on the surface. A rough correlation does exist in that the
TABLE 4: Analysis of Reaction Progress Using Equations 1 exothermic reactions (in terms &fWD) have early transition
and 2 states (i.e., negative deviations) whereas the one reaction with
AHrxn AWDa % deviation from central TS a positiveAWD, SiHz"/HF, has a late transition state. However,
system  (kcal/mol) (kcal/mol) bond length critical density ~ nothing close to a quantitative trend exists and attempts to find

CHs/H, —15.8 —14.4 20 12 linear relationships using any of the quantitidad\(D or AHrxn
CHs~/NHs -12.9 -8 -8 -6 vs either TS measure) lead to poor correlations. For example,
SiHs /PH;. -5.1 -11.3 2 -4 the reactions with the earliest transition states (¥, and
HC=C/SiH,  —3.7 —6.9 —-33 —31 HCC/SiH,) are some of the least exothermic. Moreover, one
NHo /Ho —29 —6.9 -2 —4 of the most exothermic reactions (SiHPHs) has almost a
SiHs /HF 21 9.2 96 67 . -

C=N-/SH, 0 71 51 —34 perfectly symmetric transition state. In fact, the-8i and P-H

) ] ) o distances to the transferring proton are nearly the same as those

“ Difference in energy between entrance and exit wells (ion/dipole jy, the jdentity transition states. Despite the lack of a quantitative

complex). . .
correlation, two general conclusions can be drawn from the data

transition state whereas thR and p values refer to the in Table 4. First, the reactions involving central elements from
asymmetric transition stat& and p. refer to the ground-state  the same row of the periodic table tend to have nearly symmetric
species (i.e., Ch). The “primed” terms refer to the acid and transition states even when the reaction is significantly exo-
the “unprimed” to the base, as defined in Table 4. In this thermic (e.g., Ch/NH;zand Siky™/PHg). The systems involving
arrangement, positive values indicate a late transition state andH2 and a molecule with a second period central element also
negative values indicate an early one. Although very simple, seem to fit this pattern. Second, when one partner is from the
this analysis can give a reasonable measure of the progressiosecond period and the other is from the third, large deviations
along the reaction coordinate. Both approaches give qualitatively from a central transition state occur. This is not simply a size

similar results. issue because the effect is seen in the bond length (eq 1) and
Table 4 also lists the difference in energy between the reactantcritical point density (eq 2) measures of the transition state
and product ion/molecule complex well deptd/\/D). In most position. The divergence from central transition states in these

cases, this value is significantly different from the overall cases can be rationalized on the basis of the relative hydrogen
reaction energy. Of course this indicates that the ion/dipole bonding abilities of the partners. The second period elements
complexation energies of the reactants and products are not theare significantly better hydrogen bond donors so resonance form
same. Most of the cases can be explained on the basis of thd is stabilized relative to resonance forlin in the transition
polarity of the neutral partner in the complex. For example, state (Scheme 2). As a result, species with charge distributions
AWD is smaller tham\Hgxy for the CH;7/NH3 system because  such adll (i.e., geometries where thepfis—H bond is more
CH, is a poor complexing agent and therefore the product developed than the #.onaH bond) are disfavored and the
complex is less stable (relative to dissociation) than the reactanttransition state shifts in that direction. The data in Table 4
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OH /FH SH,/CI” TABLE 5: Analyses of Barriers and TS Energie$
1.050 A Estimates
g TS TS barriet
1.417 system energy barrier
CHs/H, 2.0 25 22 (02) 29 (0.4
CHs/NH; -7.3 1.3 -71 (0.3) 1.7 (0.4)
SiH;~/PH; 0.5 1.8 29 (24) 28 (1.0)
HC=C"/SiH, 34 6.0 08 -(27) 6.0 (0.0)
siid NHa~/H> —23 -09 ~12 (11 21 (3.0)
1.415 A N=C/SH, —12.9 -2.2 —143 -(1.4) —-22 (0.0)
i RMS? {1.6} {13
2583 A

aEnergies in kcal/mol. See text for details of analyses. Errors are
listed parenthetically next to derived valué&Root-mean-square devia-
tion from G2+ calculated values for cross reaction.

HC=C"/FH i
N These equations are related to the Marcus equ#thut lack
; the higher order terms. Murdoch has referred to this part of the
1.416 Marcus equation as thedditivity terms3®
Figure 5. MP2/6-311-G(d,p) geometries of complexes in the non- :
identity reactions without a barrier. Ers=Eqs+ AE/2 (3a)
SCHEME 2 Ebarrier* = EbarrierI + AWD/2 (3b)
o (=]
[Agrg=-H—Agngl === [Agrg—H=-Agndl where
I II
E'rs = (Ers(X) + Er(Y))/2
confirm that when there is a large divergence from a central s = (Ers(X) rs("))
gg::smon state, it is toward a more highly developeg,4-H Elarrier= EparmielX) + EparrielY))/2
2.C. Asymmetric Systems without a Barribr.five of the and AWD is the difference in ion/dipole complex well depths

reactions, there is no proton transfer barrier on the electronic (product— reactant).
potential energy surface at the MP2/6+3&(d,p) level (Figure The results of the analyses are given in Table 5. TheSiH

5). For three of the systems (OHFH, SH/CIH, and NH~/ HF system is excluded because the HF identity reaction leads
OH,), there are not significant barriers on the surfaces of the to a symmetric complex (no barrier) and therefore no intrinsic
corresponding identity reactions, so it is not surprising that there barrier or transition state energy is available. The data in Table
are no barriers in the cross reactions. In the first case, the5 show that the estimated transition state enerdigs) (and
intermediate has a partially shared proton with a very strong barriers Enarie) are in reasonable agreement with the computed
hydrogen bond between,B and F. In the other two cases, values. The greatest errors are on the order-e8 Xcal/mol

the intermediate is the result of transferring the proton to the and the RMS errors are about 1.5 kcal/mol. Even the system
most basic partner and a weaker hydrogen bonding interactionwhere the transition state is more stable than the reactant

is observed. In the other two systems, Pi$H, and HCC/ complex (NC/H,S) is reasonably accommodated by the
HF, at least one of the partners has a significant barrier in its analysis. Overall, it appears that this simple approach does
identity reaction. There is a small barrier in the PHPHz provide an adequate description of the surfaces of the nonidentity

identity proton transfer (1.9 kcal/mol), but apparently this is reactions. A Marcus analysis of the data was also undertaken
overwhelmed by the large reaction exothermicityl7.3 kcal/ (data not shown), but the higher order terms did not improve
mol) in the PH7/SH, system and a single well surface the fit. Of course the Marcus relationship was developed for
corresponding to a P#B5H—ion/molecule complex is observed. condensed phase reactions, and Waf8hels provided detailed
The HCC/FH system is similar in that the HCZHCCH studies on the validity Marcus-type analyses in proton transfer
identity reaction has a small barrier, but the modest exother- reactions. In the present case, it is easy to rationalize the failure
micity of the reaction 5.8 kcal/mol) is enough to overcome  of the high-order terms to improve the fit. They take into account
it. However, the intermediate complex has a proton that is the assumption that as the transition state shifts along the
partially shared. The €H bond is stretched to 1.178 A and  reaction coordinate (i.e., from early to late), a greater amount
the H-F bond is stretched to 1.416 A. of the reaction exothermicity is available to stabilize the
3. Correlations between Identity and Nonidentity Reac- transition state. If one analyzes reactions in the exothermic
tions. It is interesting to explore whether the potential energy direction, as has been done here, this implies that early transition
surface of a nonidentity proton transfer can be estimated from states will be observed aniéssthan 50% of the reaction
the surfaces found for the corresponding identity reactions of exothermicity will be available to stabilize the transition states
the proton transfer partners. For the sake of simplicity, we have relative to the intrinsic barriers. As noted above, the data in
just averaged the properties of the identity reactions and includedTable 4 indicate that there is a poor correlation between the
a term to account for the exothermicity of the process. Despite position of the transition state and the exothermicity of the
the presence of “early” and “late” transition states in the data reaction. If the transition states are not responding in the
set, we have arbitrarily included 50% of the exothermicity in expected way to changes in exothermicity, it is no surprise that
the analysis. Two versions were used. The first provides the the higher-order term of the Marcus relationship would be
transition state energy (3a) and the second provides the barrieproblematic. If the amount of exothermicity released at the
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