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Abstract: Identity proton-transfer reactions between 21 acids, Y-X-H, and their conjugate bases, -X-Y,
were studied according to the reaction scheme, Y-X-H + -X-Y f (Y-X-H‚‚‚‚-X-Y)cx f [Y-X‚‚‚H‚‚‚
X-Y]ts f (Y-X-‚‚‚‚H-X-Y)cx f Y-X- + H-X-Y, where cx indicates an ion-molecule complex and ts
indicates the proton-transfer transition state. All species were optimized at the MP2/6-311+G** level, and
these geometries were used for single-point calculations by other methods: coupled-cluster, DFT (gas
phase), and a polarizable continuum aqueous solvent model (COSMO). All methods gave enthalpies of
deprotonation which correlate well with experimental measurements of ∆HACID (gas) or pKa (aq). Calculated
gas-phase enthalpies of deprotonation (∆HACID) and enthalpies of activation (∆Hq) are poorly correlated
except for small, carefully selected sets. This result stands in contrast to the many aqueous phase Brönsted
correlations of kinetic and equilibrium acid strength. On the other hand, gas-phase enthalpies of complexation
and ∆Hq are well correlated, indicating that factors which stabilize the transition state are at work in the
bimolecular ion-molecule complex although to a smaller degree. We infer that intermoiety electrostatic
and other interactions, similar within the complex and the transition state, but absent in the separated
reactants (products), cause the lack of correlation between ∆HACID and the other two quantities. Such
differences are strongly attenuated in water because reactants and products do interact with polar/polarizable
matter (the solvent) if not with each other. Charge distributions (NPA) were computed, allowing calculation
of Bernasconi’s “transition state imbalance parameter”. Such measures provide intuitively satisfactory
trends, but only if the reaction termini, X, are kept the same. As X is made more electronegative, the
magnitude of the apparent imbalance increases, a result of greater negative charge on X in the transition
state. This result gives additional support for the importance of the ion-triplet structure, [YX-‚‚‚H+‚‚‚-XY],
to the stability of the transition state. Additional qualitative support for this conclusion is provided by the
inverse relationship between the activation barrier and the charge on the in-flight hydrogen in the transi-
tion state, and by the dominance of polar over resonance substituent effects on the stability of the transi-
tion state. Calculations also show that the “nitroalkane anomaly”, well established in solution, does not
exist in the gas phase. The COSMO model partly reproduces this anomaly and performs adequately except
when strong, specific intermolecular forces such as hydrogen bonding between solvent and anions are
important.

Introduction

The enormous importance of acid- and base-catalyzed reac-
tions in chemistry and biochemistry has made the study of
proton transfer one of constant relevance. Experimental work
on solution-phase reactions has continued for over a century,1-8

giving rise to a large amount of knowledge about reaction
mechanisms and relationships between molecular structure and
chemical reactivity. More recently, gas-phase measurements of
rate and equilibrium constants for proton-transfer reactions have
become numerous,9 highlighting both similarities and differences
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between solution-phase and innate, medium-free reactivity.
Additionally, a host of pertinent theoretical and computational
studies have also been reported.10-13

It has long been known that some aqueous-phase acid-base
combinations result in much faster proton transfers than other
combinations, even when thermodynamic biases are accounted
for. This knowledge was put on a quantitative basis by Eigen
and co-workers.3 So-called “Eigen-normal” acids and bases
undergo proton transfer in the exoergic direction at encounter
controlled rates, or nearly so.2b,3Notable among the slower acids
and bases are those for which proton transfer occurs to or from
a carbon atom. For example, phenol (pKa ) 10.0) reacts with
hydroxide ions in aqueous solution approximately 4× 105 faster
than does 2,4-pentanedione (pKa ) 9.0)3 and 5× 108 faster
than does nitromethane (pKa ) 10.2).14 As may be inferred from
the difference in reactivity between 2,4-pentanedione and
nitromethane, C-H acids themselves do not comprise a
homogeneous group. Rather, they too disperse into several
subgroups when correlations between logk and log Ka are
made.15 Apparently, the factors which stabilize the conjugate
base relative to the conjugate acid form are expressed much
differently in the transition states of the various groups and
subgroups: better for the faster acids and poorer for the slower
acids.

Small rate reductions for C-H acids have been observed in
the gas phase as well. Brauman et al. have determined that
proton transfer from ethanol to methoxide ion is 16 times faster
than proton transfer from toluene to allyl anion despite the latter
reaction having a free energy of reaction advantage of about 6
kcal/mol.9a Moreover, the endoergic reaction of ethoxide with
methanol is as fast as the ergoneutral reaction between toluene
and benzyl anion despite an ca. 3.5 kcal/mol thermodynamic
disadvantage.9c

Additional information and some insight come from structure-
reactivity relationships between rates and equilibria for C-H
acids. One classic example is the contrast between the relative
aqueous pKa values of nitromethane, nitroethane, and 2-nitro-

propane and their rates of deprotonation. The acidities of these
nitroalkanes increase in the order given, but the rates of
deprotonation by OH-/H2O follow the opposite order.16 Another
example was the finding that, although Bro¨nstedâ-values for
the aqueous-phase deprotonation of a given arylnitromethane
by Eigen-normal bases are unremarkable (â ) d log kB/d pKBH

) 0.5-0.6), the Bro¨nstedR values (R ) -d log kA/d pKA)
obtained by varying the acidity of the arylnitroalkanes toward
a given base are “anomalous”, being greater than 1.0.17,18Such
a result indicates that the effect of the structural change in the
C-H acid (m- andp-substituents were varied) is greater on the
proton-transfer transition state than on the fully formed conjugate
base product. These results stand in contrast to proton transfer
between normal acids and bases which exhibit equal or nearly
equalR andâ values lying between 0 and 1.3

Explanations for such behavior have focused on contrasts
between the structure of the anionic product and the imagined
structure of the ts. Conjugate bases of the most acidic C-H
acids are typically stabilized by resonance delocalization or
relocation of the negative charge from the carbon at which
proton loss occurred to remote, more electronegative atoms. This
charge shift takes place with concomitant changes in one or
more bond lengths as shown in the two examples below. At
the transition state, only a fraction of the charge has been
transferred from, say, an anionic base to the carbon acid moiety.

One may propose, as did Kresge, that only a fraction of this
fraction has been relocated at the ts; hence the features
stabilizing the conjugate base are but poorly developed at the
ts.16 The transition state may be said to be imbalanced with
respect to the degree of proton transfer, on one hand, and other
changes (e.g., bond lengths and orders, charge, and solvent
shifts) on the other. The energetic consequences have been
analyzed both from the electrostatic viewpoint19 and as a
manifestation of the “Principle of Least Nuclear Motion”.20

Bernasconi has broadened and formalized the concept and the
questions raised by such behavior under the “Principle of
Nonperfect Synchronization”.16c,21

A prediction which follows from this interpretation is that
the large disparity between theR and â values measured for
the arylnitromethane reactions cited above is largely due to
strong hydrogen-bonding solvation of the two negative oxygens
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in the nitronate product structure. This stabilizes the nitronate,
enhancing the acidity of the nitroalkane, but the effect is not
well developed at the transition state because of the lag in charge
shift. If true, the difference betweenR andâ should be smaller
in solvents which are not H-bonding donors. Indeed, experiments
in several solvents have produced the following differences (R
- â): For water18 (1.54- 0.55)) 1.0; for methanol22c (1.31
- 0.50) ) 0.8; for DMSO22a,b (0.92 - 0.49) ) 0.4; and for
acetonitrile22d (0.79- 0.56)) 0.3. The two parameters do not
become equal, but their difference is reduced from almost 1.0
in water to 0.3 in acetonitrile. Additionally, the sluggishness at
which arylnitromethanes are deprotonated in water is not so
evident in other solvents. In DMSO, for example, at a given
value of Keq, rates average about 105 faster than those in
water.22a,b

How might “transition state imbalance” (TSI) manifest itself
in a quantitative or semiquantitave way? As implied above, one
indicator might be the fractional changes which have occurred
in bond lengths at the ts. This geometric indicator would take
advantage of well-known correlations between bond order and
bond length.23 Another indicator could be fractional progress
in charge shifts which have taken place at atoms or groups of
atoms at the ts. A closely related issue is whether TSI exists in
the gas phase, and, if so, what are its kinetic consequences?
Experimentally, these questions are difficult to address, but
computational explorations can be made.10-12

A useful approach is to study “identity” proton transfers,
thereby canceling any thermodynamic bias given to the activa-
tion barrier. The result is termed an “intrinsic barrier” for the

reaction. Saunders, Shaik, and co-workers have used both ab
initio molecular orbital calculations and valence bond calcula-
tions to investigate the reactant and transition state structure in
carbon-to-carbon (X) C),12b,c,enitrogen-to-nitrogen (X) N),12d

and oxygen-to-oxygen (X) O)12e proton transfers in eq 1.
Bernasconi et al. have employed high level molecular orbital
and DFT computations to do the same (X) C), and to quantitate
imbalance according to the extent of charge relocation which
has occurred when the acid reaches the transition state, then
the conjugate base.11 Important conclusions from these studies
include the following: (1) TSI exists in the gas phase (although
it may be exalted in solution as discussed above); (2) TSI does
not necessarily increase activation barriers in the gas phase, in
contrast to the situation in solution; (3) this is a consequence
of the strong stabilization of the transition state especially by
polar but also by polarizability effects of substituents which
outweigh smaller barrier-raising resonance effects. In aqueous
solution, strong solvation of the conjugate base anion stabilizes
the reactant/product state more than the ts; (4) reaction via an
imbalanced transition state, contrary to what intuition might
predict, indeed represents the lowest energy pathway for gas-
phase proton transfer. This is so because concentration of charge

on the atoms represented by X enhances electrostatic or
H-bonding stabilization of the transition state, whereas relocation
of this charge and the concomitant geometry changes reduce
this effect. This conclusion may be visualized by stating that
valence bond resonance structure1b, an ion triplet, makes an
important contribution to the ts structure, a contribution which
would be diminished by charge delocalization.24

In the present study, we have examined identity proton-
transfer reactions defined as eq 2, where cx indicates an ion-
molecule complex and ts indicates the transition state. The
atoms, X, between which the proton is transferred are sp3, sp2,

and sp hybridized carbon as well as oxygen, nitrogen, and
silicon. Groups Y are various hydrocarbon groups or common
acid strengthening groups such as nitro, carbonyl, cyano, and
trifluoromethyl. All structures were optimized at the MP2/
6-311+G** level. These structures were used for single-point
energy and NPA charge determinations using DFT and coupled-
cluster methods. We will address the relationships between gas-
phase enthalpies of deprotonation, complexation, and activation
as well as the utility of charge-based transition state imbalance
parameters. Additionally, the effects of aqueous solvation were
modeled using a polarizable continuum method, CPCM,25

coupled to DFT.

Methods

All structures were built and optimized at the HF/3-21 or HF/
6-31G* level using the MacSpartan Plus software package.26 Confor-
mational preferences were established at these levels, before completing
the geometry optimizations at the HF/6-311+G** and MP2/6-311+G**
levels using the Gaussian 94 or Gaussian 98 quantum mechanical
packages.27,28 Frequencies and zero-point vibrational energies were
calculated at HF/6-311+G** at San Francisco State University, and
then (in all but a few cases) at the MP2/6-311+G** level at Lawrence
Livermore National Laboratory to verify that all species had the
appropriate number of imaginary frequencies. For the identity proton-
transfer reaction between benzene and its conjugate base, and for the
nonidentity reactions between benzene and NH2

-, benzene and
CH3NH-, and between propyne and CH3O-, only the HF frequencies
were obtained because of insufficient computational resources. Two
of the ion-molecule complexes, those formed from propene plus allyl
anion and from allene and allenyl (propargyl) anion, were computed
to have one or more imaginary frequencies,iυ ) -11 cm-1 or lower
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R. J. Org. Chem.1997, 62, 4677. (d) Gandler, J. R.; Bernasconi, C. F.J.
Am. Chem. Soc.1992, 114, 631. (e) Cox, B. G.; Gibson, A.Chem. Commun.
1974, 683. (f) Cox, B. G.; Gibson, A.Chem. Soc. Faraday Symp.1975,
10, 107.
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Dedieu, A.; Veillard, A.J. Am. Chem. Soc.1972, 94, 6730. Bader, R. F.
W.; Duke, A.; Messer, R. R.J. Am. Chem. Soc.1973, 95, 7715. Pellerite,
M. J.; Brauman, J. I.J. Am. Chem. Soc.1983, 105, 2672. Chabinyc, M.
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[Y-C-H‚‚‚‚-C-Y
1a

S Y-C- H+ -C-Y
1b

S

Y-C-‚‚‚‚H-C-Y]
1c

q

Y-X-H + -X-Y f (Y-X-H‚‚‚‚-X-Y)cx f

[Y-X‚‚‚H‚‚‚X-Y] ts f (Y-X-‚‚‚‚H-X-Y)cx f

Y-X- + H-X-Y (2)

Y-X-H + -X-Y f [ts]q f Y-X- + H-X-Y (1)
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at the HF level, which are associated with torsional motions. One
transition state, that for proton transfer from ethylsilane to ethylsilyl
anion, had an extra imaginary frequency atiυ ) -20 cm-1. The
energetic effects are inconsequential relative to the total energies.

Additionally, the MP2/6-311+G** geometries were used to ob-
tain single-point energies for most species at the following levels:
B3LYP/6-311++G**, B3LYP/aug-cc-pvdz, coupled-cluster CCSD(T)/
6-311+G**, and the CPCM polarizable continuum aqueous solvent
model coupled to B3LYP/6-311++G**, hereafter called COSMO.25

The electronic energies calculated by these methods are tabulated in
Table S1 of the Supporting Information.29 These results agree with
published values where comparisons are possible. All energies were
corrected for zero-point vibrational energies (ZPVE) as calculated at
HF/6-311+G** and scaled by 0.9135.30 No thermal corrections were
made to the resulting enthalpies.

The multiparameter relationships between substituent constants and
computed∆H values were obtained by the use of “Solver” within the
Excel spreadsheet software package.

Results

General. Some of the systems examined in this work have
been investigated by computation previously. Proton transfer
from the propargyl carbon of methylacetylene has been com-
puted by Bernasconi and Wenzel.11d The allyl-to-allyl proton
transfer has been studied by them11d and by Saunders and
Shaik.12f The identity proton transfer to allenyl (propargyl) anion
from allene was reported by Bernasconi and Wenzel.11c Ni-
tromethane was studied by Bernasconi et al.,11b while the
nitromethane toaci-nitromethane tautomerization energy was
computed by Lammertsma and Prasad.31 Proton transfer between
acetaldehyde and its enolate was examined by Saunders12b,f and
by Bernasconi and Wenzel.11a The acetonitrile reaction was
similarly studied.11b,12cProton transfer between methanol and
methoxide was computed by Wolfe et al.,10b and by Van Verth
and Saunders.12e Computational work on the ion-molecule
complexes associated with proton-transfer reactions between
heteroatoms is well known, especially for X) oxygen.10a,b,12e,32

Chabinyc and Brauman have calculated the stationary points

on the potential energy surfaces for the reaction between
methoxide ion and both acetylene and phenylacetylene.32 Much
less has been reported on complexes between C-H acids and
carbon-centered anions.33

Small differences between some of our∆H values and those
reported elsewhere using comparable methods11 are attributable
to our use of ZPVEs calculated at the HF level and to the fact
that we have not made thermal corrections to 298 K.

Energetics.Calculated and experimental heats of deproto-
nation (∆HACID) for the proton donors used in this study are
listed in Table 1. These results allowed assessment of our
computational methods as gauged by experiment. Linear cor-
relations between experimental gas-phase∆HACID values and
those calculated by us are excellent, withr2 better than 0.99
for all four gas-phase methods. The correlation between aque-
ous pKa values and∆HACID calculated using the COSMO
solvent model is also good, better than that between the
experimental gas-phase and COSMO values. The equations
defining the correlations and ther2 values are given in Table 2
where it will be seen that the MP2/6-311+G** method gives
absolute values closest to the experimental results on average.
In our subsequent discussion, MP2∆H values will be used
unless otherwise indicated. Enthalpies of reaction for two
isomerizations and three nonidentity proton transfers are found
in Table 1 as well.

The heats of complexation (∆HCX) and activation (∆Hq) are
defined as heats of formation of the anion-molecule com-
plex and transition state, respectively, from the separated
reactants. These complexation and activation energies are
found in Table 3. None of the∆Hq values and few of the
∆HCX values have experimental counterparts. However, those
for the complexation reactions between ethanol, methanol,
acetonitrile and their respective conjugate bases are known
and accord well with the computed figures; see Table 3. All of
these results lend confidence to a discussion of our computed
complexation energies and activation barriers, especially trends
in these data.

Geometries.MP2/6-311+G** geometries calculated in this
work are available as Cartesian coordinates upon request.
Selected geometric features of reactants, complexes, and transi-
tion states can also be found in Table 4.

(1) Reactants.Several of the calculated structures are unusual
enough to warrant special mention. Nitromethane anion,
CH2dNO2

-, is calculated at MP2/6-311+G** to be slightly
pyramidal at the carbon, a result observed previously.11b,31This
structure has dihedral angles, H-C, N-O, of 7.7°, and is 16
cal/mol lower in electronic energy than the planar anion. The
other methods all yielded a flat geometry for nitromethane anion.
Similarly, allyl anion with the MP2/6-311+G**, COSMO, and
CCSD(T) methods (but not with DFT) is slightly pyramidal at
carbons 1 and 3 as was also found by Bernasconi and Wenzel.11d

At the MP2 level, the pyramidal C2 structure is 33 cal/mol lower
in electronic energy than the planarC2V structure. Acetonitrile
anion is also pyramidal at the deprotonated carbon. Moreover,
it is not exactly linear, having a C-C-N angle of 176.4°.
Bernasconi and Wenzel calculate the planar anion to be an
inversion transition state lying less than 0.5 kcal/mol above the

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.
G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, M. J.; Stewart, J. P.; Head-
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(29) See paragraph concerning Supporting Information at the end of this paper.
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point vibrational energies calculated at the MP2/6-311+G** level (rather
than the HF level) and applied to MP2/6-311+G** electronic energies leads
to an average difference in 50 computed∆HACID and∆Hq values of 0.1(
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(31) Lammertsma, K.; Prasad, B. V.J. Am. Chem. Soc.1993, 115, 2348.
(32) Chabinyc, M. L.; Brauman, J. I.J. Am. Chem. Soc.2000, 122, 5371.

(33) See, however, ref 9j; also see: (a) Cybulski, S. M.; Scheiner, S.J. Am.
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stable state.11d The allenyl (propargyl) anion, the conjugate base
common to allene and propyne (proton loss from methyl group),
although planar about the CH2 carbon, is bent about the central
carbon and about the C-H carbon.11c The angles are 172.4°
and 125.7°, respectively.

Relative to their conjugate acids, all but one of the anions,
A-B-X-, show an increase in bond length between atoms B
and A. This is true for saturated as well as unsaturated anions.
For the saturated anions (those in which A-B represents a
formally single bond), the hyperconjugative extension of the
A-B bond is most pronounced when atom A is conformation-
ally anti to the lone pair. This feature is expressed most
dramatically by the conjugate base of 1,1,1-trifluoroethane in
which the C-F bond anti to the lone pair orbital has lengthened
by 0.124 Å while the other two C-F bonds have become only
0.033 Å longer. The anion of dimethyl sulfone shows similar
features. It is also pyramidal at the anionic carbon with
significant extension of the S-CH3 bond anti to the lone pair:

that bond is 0.044 Å longer than in the neutral. Similarly, the
S-O bonds are longer by 0.026 Å. The single exception to this
generalization is the C-C bond in CH3CH2SiH2

- anion; it is
essentially unchanged from that in the neutral.

Almost all of the anions also show a contraction of the X-B
bond. The only exceptions are the ethylsilyl anion, the methyl-
acetylide anion, the 1-propenyl anion, and the phenyl anion.
The latter three have in common an anionic lone pair orthogonal
to the adjacentπ system.

(2) Transition States.The transition state for the allyl-to-
allyl proton transfer calculated at the MP2/6-311+G** level
(although not at HF/6-311+G**) is decidedly unsymmetrical.
The distances between the two carbon termini and the proton
in flight differ by 0.033 Å, and the two allyl moieties differ
somewhat in geometry and charge distribution. The calculated
ion-molecule complex preceding this transition state is chiral,
and proton transfer within this complex leads to a product
complex (not calculated) which is diastereomeric with the

Table 1. Heats of Deprotonation, Isomerization, and Reaction (kcal/mol, 298 K): Experimentala and Computedb,c

system, R−H ∆HRXN(exp)
MP2/

6-311+G**
B3LYP/

6-311++G**
B3LYP/
cc-pvdz

COSMO AQ
B3LYP/6-311++G**h

CCSD(T)/
6-311+G**

Deprotonation
1. CH3CtCH 381.1( 2.1 382.3 381.8 379.5 42.9 383.2
2. HCtCCH2H 382.7( 3 385.4 378.7 376.3 57.9 386.3
3. CH3CHdCHHd 409.4( 0.6 408.1 407.1 405.2 80.2 409.2

407.5( 2.0
409.0( 4.0

4. H2CdCHCH2H 389.1( 2.0 390.0 (389.5) 386.4 384.4 59.1 393.6
390.7( 2.0

5. H2CdCdCHH 381.1( 3 380.7 381.0 379.6 58.7 385.1
6. CH3CH2CH2H 419.4( 2.0 415.2 412.3 410.2 82.6 417.2
7. C6H5H 401.7( 0.5 398.5
8. O2NCH2H 356.4( 2.9 360.1 (359.7) 352.4 351.7 29.0 361.8
9. O2NCHHCH3 355.9( 2.2 359.8 (359.2) 351.4 350.8 27.8 361.1
10. O2NCH(CH3)2 356.0( 2.2 360.7 (360.7) 352.9 352.4 29.8 362.9
11. OdNCH2H NA 352.3e

12. CF3CH2H6 NA 384.0 379.9 379.4 59.4 387.0
13. OdCHCH2H 365.8( 2.2 367.5 363.3 361.9 38.9 371.1

366.5( 2.9
14. NtCCH2H 372.9( 2.1 374.5 369.6 368.3 46.1 377.1

373.3( 2.6
374.8( 2.0

15. CH3SO2CH2H 365.8( 2.2 367.5
366.5( 2.4

16. H2CdNO2Hf 342.3( 2.9 341.5 338.2 338.0 14.2 344.7
17. CH3CH2OH 378.3( 1.0 378.9 374.6 373.7 34.6 381.5
18. CH3OH 382.0( 1.0 381.8
19. CH3CH2NHH 399.3( 1.1 399.3 397.2 395.4 58.7 401.9
20. CH3NHH 403.2( 0.8 402.5
NH2H 404.3( 0.3 403.6
21. CH3CH2SiH2Hg 385.4( 4.1 379.5 375.7 373.1 379.8

378.0( 2.1

Isomerization
CH3CtCH f H2CdCdCH2 1.6( 3 4.8 -2.3 -3 4 -0.8 1.2
CH3NO2 f H2CdNO2He 14.1f 19.4 14.2 13.7 14.4 17.2

Reaction
CH3O- + CH3CtCH f CH3OH + CH3CtC- -0.9( 2.3 -0.3 (-0.2)h

NH2
- + C6H5H f NH2H + C6H5 -2.6( 0.6 -5.9

CH3NH- + C6H5H f CH3NHH + C6H5
- -1.5( 0.9 -4.8

a Experimental values are taken from the NIST database except where indicated otherwise: Bartmess, J. E. InNIST Standard Reference Database Number
69; Mallard, W. G., Linstrom, P. J., Eds.; National Institute of Standards and Technology (http://webbook.nist.gov): Gaithersburg, MD, 1999.b All energies
pertain to geometries optimized at MP2/6-311+G** except where otherwise indicated.c Corrections were made for zero-point vibrational energies calculated
at HF/6-311+G** and scaled by 0.9135.∆H values for reactions involving the nonplanar allyl anion, the nonplanar nitromethide anion, and the reactions
of nitroethane and 2-nitropropane were also calculated using ZPVE values obtained at the MP2 level (see ref 30) and were scaled by 0.96: Pople, J. A.;
Scott, A. P.; Long, J. W.; Radom, L.Isr. J. Chem.1995, 33, 345. The resulting∆H values are shown in parentheses. The COSMO values were calculated
for the reaction R-H + H2O f R- + H3O+. d The first two entries under∆HRXN (exp) are for ethylene; the third is fortert-butylethylene.e Calculated from
data provided by: Bernasconi, C. F.; Wenzel, P. J., personal communication.f No experimental value is available. The quoted value is a G2∆E result for
nitromethane isomerizing toaci-nitromethane: Lammertsma, K.; Prasad, B. V.J. Am. Chem. Soc.1994, 116, 642.g No experimental value is available. The
values quoted for ethylsilane are for methylsilane.a h Computed at MP2/6-311+G**//HF6-311+G**.
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reactant complex. Thus, this reaction is not, strictly speaking,
an identity reaction. Our unsymmetrical transition state lies only
0.15 kcal/mol lower than a symmetrical one calculated at the
same level by Bernasconi and Wenzel.11d The transition states
for the reactions between ethylamine and its anion, between
benzene and its anion, and between nitroethane and its anion
are very slightly unsymmetrical.

(3) Anion-Molecule Complexes.The geometries of the
complexes calculated for the identity reactions in this study can
be sorted into three groups, tight, moderate, and loose, deter-
mined by the identity (electronegativity) of the terminus atoms,
X, between which the proton is to be transferred (see eqs 1 and
2), and by the complexation enthalpy,∆HCX. Tight complexes
occur when X) oxygen. The complexes are strongly hydrogen-
bonded with O-H distances ranging from 1.03 to 1.10 Å. These
are longer than those in the uncomplexed neutral by 0.06 to
0.14 Å. The O‚‚‚O nonbonded distances are only 2.43-2.52
Å, and the complexation energies are about 27.5 kcal/mol. All
of these results indicate short, strong hydrogen bonding in the
gas phase and are consistent with prior experimental and
computational work on anion-molecule complexes between
oxygen centers.34 Moderate complexes are formed when X)
N. The N-H distances are elongated by about 0.05 Å relative
to the neutral, while the N‚‚‚N distances are ca. 2.82 Å.
Complexation energies are 16-17 kcal mol, and these com-
plexes can also be characterized as hydrogen bonding. Looser
complexes result when X) C. The C‚‚‚C distances range from
3.27 Å (propyne+ propynyl-) to approximately 3.7 Å (propene
+ allyl-). The greatest lengthening of a C-H bond occurring
on complexation is that for the sp C-H bond of propyne which
is extended by 0.037 Å in the complex. Other elongations are
0.014 Å or less except for the 0.02 Å increase which takes place
when benzene complexes with phenyl anion. The larger C-H
elongations are associated with the greater complexation ener-
gies, all about 8.5 kcal/mol for the hydrocarbon systems and
greater than that for 1,1,1-trifluoroethane and acetonitrile. The
remainder of the hydrocarbon C-H‚‚‚C- complexes have∆HCX

in the 4-5 kcal/mol range; see Table 3 for the complete list.
The more stable complexes, according to their geometries, are
weakly hydrogen-bonded C-H donor/C- acceptor complexes.
Even the least stable ones show some H-bonding characteristics.
For example, the neutral component in all of the hydrocarbon
complexes has one unique hydrogen which, as compared to the
isolated neutral, is notable either for its slightly greater C-H
distance or for its increased positive charge, usually both. For
highly resonance-stabilized carbanion acceptors such as allyl-

and propargyl-, the structures appear to have multiple long-
range interactions.

The nitroalkanes, nitrosomethane, acetaldehyde, dimethyl
sulfone, and ethylsilane are special cases. The most stable
complexes formed between the nitromethide anion, the ni-
trosomethide anion, the acetaldehyde enolate anion, the di-
methylsulfonyl anion and their respective conjugate acids are
not C-H‚‚‚C- complexes but C-H‚‚‚O- complexes. These
have complexation energies and C‚‚‚O- distances which place
them in the moderate or strong class. They do not lie directly
on the proton-transfer pathway. We did not find a Si-H‚‚‚Si-

complex. Rather, the Siδ+-Hδ- hydrogen in the neutral avoids
the negative silicon atom of the anion in favor of a C-H‚‚‚Si-

interaction, possibly the complex preceding the transfer of a
proton from the CH2 group of the neutral species to the silyl
anion.

Three nonidentity reactions were studied. They were chosen
to be very close to thermoneutral processes but with terminus
atoms, X and X′, having different electronegativities. In each
case, two complexes exist, a reactant complex and a product
complex. For the reaction of propyne (acetylenic hydrogen) with
methoxide, the C‚‚‚O distances and the∆HCX values place the
complexes at the higher end of the moderate category. Of the
two complexes, the better donor/acceptor combination is
OH‚‚‚C- over CH‚‚‚O-. This result and our calculated com-
plexation energy of 18.5 kcal/mol for CH3OH‚‚‚-CtCCH3 are
in good agreement with results of Chabynic and Brauman.32

The other two nonidentity reactions studied were those of
benzene with two nitrogen bases, NH2

- and CH3NH-. The four
complexes are slightly looser and have smaller complexation
energies than those formed in the propyne/methoxide system.
In these cases, the CH‚‚‚N- complexes are 3-5 kcal/mol more
stable than the NH‚‚‚C- complexes, both relative to their
components.

Charges.Atomic charges computed by the natural population
analysis (NPA) method were used to obtain atomic and group
charges for portions of the reactants, complexes, and transition
states. The resulting values are listed in Table S2 of the
Supporting Information.29 The charges on the acidic proton (qH)
in both the transition state and the complex are also included
in Table 4. The group charges were, in turn, used to calculate
the components of the charge-based transition state imbalance
(TSI) parameter,n, defined by Bernasconi.11 The various
components are given in Table S3 of the Supporting Informa-
tion,29 and the resultingn values are found in Table 5. We were
unable to obtain NPA charges using the MP2/6-311+G** basis
set for benzene, for the complex and transition state for
methylacetylene plus methylacetylide anion, and for the transi-
tion states for benzene plus its anion, and for benzene plus
dimethylamine anion. The necessary natural bond orbital
analysis cannot handle linearly dependent basis sets.

(34) (a) McAllister, M. A. Can. J. Chem.1997, 75, 1195. (b) Chen, J. G.;
McAllister, M. A.; Lee, J. K.; Houk, K. N.J. Org. Chem.1998, 63, 4611
and references therein.

Table 2. Correlations between Computed and Experimental
Enthalpies of Deprotonationa,b for Identity Proton-Transfer
Reactions

method equation n r2
average

∆Hexp − ∆H

MP2/6-311+G** ∆H ) 0.928∆H(exp)+ 27.921 21 0.994 -0.4( 2.2
B3LYP/6-311++G** ∆H ) 1.001∆H(exp)- 3.45 15 0.992 3.1( 1.4
B3LYP/cc-pvdz ∆H ) 0.974∆H(exp)+ 5.0815 15 0.992 4.7( 1.6
CCSD(T)/6-311+G** ∆H ) 0.923∆H(exp)+ 32.315 15 0.994 -3.1( 2.2
CPCM-B3LYP/

6-311++G** c

(COSMO)

∆H ) 1.288pKa(aq)+ 14.515 15 0.940d NA

a All computations used optimized MP2/6-311+G** geometries.∆E
values were corrected for zero-point vibrational energy differences calculated
at HF/6-311+G** and were scaled by 0.9135 except as noted in the text
(ref 30): Pople, J. A.; Scott, A. P.; Long, M. W.; Radom, L.Isr. J. Chem.
1995, 33, 345.b Experimental gas-phase∆HACID values were taken from:
Bartmess, J. E. InNIST Standard Reference Database Number 69; Mallard
W. G., Linstrom, P. J., Eds.; National Institute of Standards and Technology
(http://webbook.nist.gov): Gaithersburg, MD, 1999.c The COSMO values
were calculated for the reaction R-H + H2O f R- + H3O+. d The
correlation between the COSMO and experimental gas-phase∆H values is
not as good:∆HCOSMO ) 0.62∆H(exp) -209, r2 ) 0.866. Correlation
between COSMO and MP2 values is slightly better:∆HCOSMO )
0.95∆H(MP2) - 311, r2 ) 0.907.
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Table 3. Calculated Heats of Complexation and Activation for Identity Proton-Transfer Reactionsa,b

reactant acid MP2/6-311+G** B3LYP/6-311++G** B3LYP/cc-pvdz COSMO AQ B3LYP/6-311++G** CCSD(T)/6-311+G**

1. CH3CtCH
complexation -8.6 -8.4 -9.2 4.4 NA
activation -4.1 -4.8 -7.2 18.1 NA
2. HCtCCH2H
complexation -8.5 -6.7 -7.0 4.3 -8.2
activation 0.4 3.5 3.3 17.3 4.6
3. CH3CHdCHH
complexation -5.4 -3.7 -4.1 6.1 -5.2
activation 3.3 4.5 2.6 20.7 4.7
4. H2CdCHCH2H
complexation -6.5 -3.4 -3.5 8.9 -6.2
activation 3.0 (3.8) 6.2 5.4 27.2 6.4
5. H2CdCdCHH
complexation -8.4 -6.5 -6.9 4.1 -7.9
activation -3.5 -3.9 -5.2 10.9 -1.6
6. CH3CH2CH2H
complexation -3.9 -2.3 -2.8 7.0 NA
activation 4.5 5.4 4.3 28.2 5.5
7. C6H5H
complexation -8.3
activation -2.2
8. O2NCH2H
complexationc -17.0 -16.9 -16.4 3.8 -17.9
activation -8.4 (-7.9) -9.0 -9.5 12.7 -5.5
anion+ 2H2O -30.1
9. O2NCHHCH3

complexationc NA
activation -9.8 (-9.0) 16.5
anion+ 2H2O -30.7
10. O2NCH(CH3)2

complexationc NA
activation -11.8 18.9
anion+ 2H2O -31.4
11. OdNCH2Hd

complexationc ∼ -14.6
activation -1.45
12. CF3CH2H
complexation -11.4 -10.0 -10.0 4.9 NA
activation -4.5 -4.1 -4.6 14.6 NA
13. OdCHCH2H
complexationc -13.6 -11.4 -11.2 NA -13.8
activation -1.8 -2.7 -3.2 14.4 0.9
14. NtCCH2H
complexation -14.2e -12.7 -13.1 4.3 -13.9
activation -9.0 -9.1 -9.8 11.1 -7.2
15. CH3SO2CH2H
complexationc -22.9
activation -10.7
16. H2CdNO2H
complexation -27.7 -25.2 -24.5 -4.1 -25.9
activation -28.3 -25.1 -24.6 -3.4 -28.8
17. CH3CH2OH
complexation -27.3f -23.4 -23.5 6.0 -26.9
activation -29.5 -26.1 -26.2 2.3 -28.9
18.CH3OH
complexation -27.15f

activation -30.07
19. CH3CH2NHH
complexation -16.6 -14.6 -14.2 6.1 -16.6
activation -16.2 -14.2 -14.0 13.2 -15.4
20. CH3NHH
complexation -16.0
activation -15.8
21. CH3CH2SiH2H
complexationc -5.2
activation 11.6 10.3 10.6 NA 11.7
22. CH3O- + CH3CtCHg

complexation (r) -14.6
activation -19.2,-19.0h

complexation (p) -18.5h,i

23. NH2
- + C6H5H

complexation (r) -14.1
activation -11.3,-5.6h

complexation (p) -9.2h
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Discussion

Calculated Reaction Energy Surfaces.For proton-transfer
reactions involving an oxygen center, including the nonidentity
reaction between propyne and methoxide ion, the calculated tran-
sition state energies, corrected for zero-point vibrational energy,
lie at or below that of the complex (the less stable complex in
the case of the nonidentity reaction). It is not possible to dis-
tinguish between the transition state and this complex, and these
reactions are best described as having “barrierless” single-well
surfaces. The transfer of the proton is probably dominated by
tunneling. For the propyne-to-methoxide proton transfer, the
lowest energy structure is the hydrogen-bonded complex,
CH3OH‚‚‚-CtCCH3, in which the O-H distance is just 0.05
Å longer than that in methanol. This result is almost identical
to that found by Chabynic and Brauman for some closely related
reactions.33b

For the nitrogen-to-nitrogen proton transfers, the transition
states are 0.2 (methylamine) and 0.8 kcal/mol (ethylamine)
higher than the complex. The carbon-to-nitrogen transfer from
benzene to CH3NH- has a calculated transition state lying only
1.2 kcal/mol above the preceding complex. Because these results
refer to conditions at 0 K, it is likely that at ordinary
experimental temperatures sufficient thermal energy is available
for the energy surfaces to behave effectively as single-well
surfaces. However, the reaction between benzene and NH2

- has
its computed transition state 2.8 kcal/mol higher than the
complex (for the reverse reaction, the figure is 3.6 kcal/mol);
thus this reaction appears to have a double-well surface with a
small but genuine barrier separating the complexes at experi-
mentally accessible temperatures.

The other processes are identity reactions with X) carbon.
In all cases, the transition states lie above the complex by 4.5
kcal/mol or more, characterizing these as double-well surfaces.

Correlations Involving ∆H Values. An attempted linear
correlation between calculated (MP2)∆HACID and∆Hq values
showed essentially no correlation when all 21 identity reactions
were used. By culling subsets from the data, better linear
relationships could be found. For example, a subset composed
of methanol, ethanol, methylamine, ethylamine, and propane,
that is, a set without polar Y groups (see eq 1), shows a fairly
good correlation:∆Hq ) 0.90∆HACID - 373, withr2 ) 0.934.
Another subset composed of all of the C-H acids gives a very
poor correlation. However, a smaller group including methyl-
acetylene (acetylenic hydrogen), propene (olefinic hydrogen),

allene, nitromethane, 1,1,1-trifluoroethane, and propane (methyl
hydrogen) coincidentally shows a good correlation, see Figure
1, with ∆Hq ) 0.25∆HACID - 97, r2 ) 0.976. The slope and
intercept of this plot are much different than those found for
the nonpolar subset reflecting the lack of mutual fit. From Figure
1, one also sees that the identity proton-transfer reactions of
acetonitrile, benzene, nitroethane, 2-nitropropane, and dimethyl
sulfone have lower barriers than those predicted from the corre-
lation. On the other hand, the reactions of acetaldehyde, propyne
(propargylic hydrogen), propene (allylic hydrogen), and espe-
cially nitrosomethane have higher barriers, the last by 9.4 kcal/
mol.

Good linear correlations between equilibrium and kinetic
acidities are common for reactions in aqueous solution, some-
times extending over 25 logKeq units (ca. 35 kcal/mol at 300
K).35 These include the well-known Bro¨nsted relationships found
for rate controlling proton-transfer processes. In the gas phase,
the separated reactants have no interactions with one another.
At the transition state, the reactants experience interactions
having no counterpart in the prior reactant state. Because the
strength and nature of these interactions must vary from system
to system, it would be surprising if a general correlation between
gas-phase equilibrium and kinetic acidities were to exist. In
solution, the separated reactants are surrounded by polar and
polarizable matter, the solvent. The transition states are also
surrounded by this matter; thus the reactant-reactant interac-
tions, specific to each system, can be largely or completely
dominated by solvation. This effect could attenuate differences
in total interaction energy between reactant and transition states
and contribute to a smoother correlation between acid strength
and rates of proton transfer in solution.

The importance of intermoiety interactions in the gas phase
is underlined by the excellent linear correlations we find between
computed (MP2) complexation and activation enthalpies, see
Figure 2. A set of 14 identity reactions including C-H, O-H,
and N-H acids shows∆Hq ) 1.48∆Hcx + 10.6 with r2 )
0.980.36 The other gas-phase methods also give good correlations
between∆Hq and∆Hcx with r2 values all above 0.95 for identity
reactions. Inclusion of MP2 results for the six nonidentity
reactions from our study barely affects the MP2 correlation:
∆Hq ) 1.49∆Hcx + 9.8, r2 ) 0.946.37 It is evident that

(35) Keeffe, J. R.; Kresge, A. J. InThe Chemistry of Enamines; Rappoport, Z.,
Ed.; Wiley-Interscience: New York, 1994; Chapter 19. See also the useful
data in: MacCormack, A. C.; McDonnell, C. M.; More OFerrall, R. A.;
O’Donoghue, A. C.; Rao, S. N.J. Am. Chem. Soc.2002, 124, 8575.

Table 3 (Continued)

reactant acid MP2/6-311+G** B3LYP/6-311++G** B3LYP/cc-pvdz COSMO AQ B3LYP/6-311++G** CCSD(T)/6-311+G**

24. CH3NH- + C6H5H
complexation (r) -13.8
activation -12.7,-7.9h

complexation (p) -10.8h

a All enthalpies of reaction and activation pertain to geometries optimized at MP2/6-311+G** except where otherwise noted.b Corrections were made
for zero-point vibrational energies calculated at HF/6-311+G** and scaled by 0.9135. Heats of reaction and activation involving the nonplanar allyl anion,
the nonplanar nitromethide anion, and the reactions of nitroethane were also calculated using ZPVE values obtained at the MP2 level (see ref 30), scaled
by 0.96: Pople, J. A.; Scott, A. P.; Long, M. W.; Radom, L.Isr. J. Chem.1995, 33, 345. The resulting∆H values are shown in parentheses.c The com-
plexes for the nitroalkanes, nitrosomethane, acetaldehyde, dimethyl sulfone, and ethylsilane are not X-H‚‚‚ X- complexes and do not lie on the reac-
tion path for the identity proton-transfer reaction.d Calculated from data provided by Bernasconi, C. F.; Wenzel, P. J., personal communication, except for
the complex (this work).e An experimental gas-phase complexation enthalpy,∆HCX (exp) ) -12.8 kcal/mol, has been reported: Meot-Ner, M.J. Amer.
Chem. Soc.1988, 110, 3858.f Experimental complexation energies of-29.3 and-28.1 kcal/mol for methanol and ethanol, respectively, are reported by:
Dodd, J. A.; Baer, S.; Moylan, C. R.; Brauman, J. I.J. Am. Chem. Soc.1991, 113, 5942.g Computed at MP2/6-311+G**//HF6-311+G**. h These are the
heats of formation of the product complexes or transition states from the products.i Heats of complexation between methanol and several alkynes are
reported by: Chabynic, M. L.; Brauman, J. I.J. Phys. Chem. A1999, 103, 9163;J. Amer. Chem. Soc.2000, 122, 5371. These values average about-21
kcal/mol.
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electrostatic/hydrogen-bonding forces, which stabilize the com-
plexes, are manifest in the transition states as well.

Correlations Involving Charges.Qualitative support for the
above claim is supplied by the excellent correlation between
the MP2/6-311+G** NPA charges on the acidic proton in the

complex,qH(cx), and in the transition state,qHq, see Figure 3
and Table 4. This point is further supported by a monotonic
correlation between∆Hq andqH(cx), see Figure 4. It follows
(see inset in Figure 4) that∆Hq andqHq are also correlated.38

The inset figure shows four “islands” of points, one each for

Table 4. Selected Bond Lengths of Molecules in This Study (Å) and NPA Acidic Proton Charges for Complexes and Transition States in
the Identity Proton Transfers (MP2/6-311+G**)

system,
A−B−X−H d (X−H)a d (B−X)b

% change at TS,
d (B−X)c qH

system,
A−B−X−H d (X−H)a d (B−X)b

% change at TS,
d (B−X)c qH

1. CH3CtCH 12. CF3CH2H
neutral 1.064 1.218 neutral 1.090 1.499
complex 1.101 1.224 NAd complex 1.103 1.488 0.292
ts 1.404 1.246 65 NAd ts 1.433 1.456 52 0.294
anion NA 1.261 anion NA 1.417
2. HCtCCH2H 13. OdCHCH2H
neutral 1.093 1.464 neutral 1.093 1.505
complex 1.100 1.463 0.287 complexe 1.097 1.500 NA
ts 1.420, 1.430 1.430 35 0.296 ts 1.418 1.430 65 0.300
anion NA 1.366 anion NA 1.390
3. CH3CHdCHH 14. NtCCH2H
neutral 1.085 1.341 neutral 1.091 1.463
complex 1.098 1.342 0.261 complex 1.102 1.461 0.294
ts 1.423 1.351 53 0.259 ts 1.420 1.431 54 0.303
anion NA 1.360 anion NA 1.404
4. H2CdCHCH2H 15. CH3SO2CH2H
neutral 1.094 1.502 neutral 1.091 1.784
complex 1.097 1.504 0.238 complexe 1.090 1.774 NA
tsd 1.394, 1.427 1.447, 1.444 53, 56 0.254 ts 1.427 1.730 45 0.294
anion NA 1.399 anion NA 1.665
5. H2CdCdCHH 16. H2CdNO2Hg

neutral 1.086 1.314 neutral 0.971 1.417
complex 1.099 1.311 0.273 complex 1.034 1.374 0.484
ts 1.399 1.295 58 0.266 ts 1.202 1.343 52 0.452
anion NA 1.281 anion NA 1.278
6. CH3CH2CH2H 17. CH3CH2OH
neutral 1.095 1.529 neutral 0.961 1.426
complex 1.097 1.527 0.254 complex 1.072 1.395 0.480
ts 1.439 1.516 68 0.277 ts 1.201 1.380 53 0.474
anion NA 1.510 anion NA 1.340
7. C6H5H 18. CH3OH
neutral 1.087 1.400 neutral 0.960 1.421
complex 1.105 1.402 0.288 complex 1.100 1.389 0.475
tsd 1.425, 1.434 1.411, 1.411 46 NAd ts 1.201 1.381 53 0.470
anion NA 1.424 anion NA 1.345
8. O2NCH2H 19. CH3CH2NHH
neutral 1.088 1.493 neutral 1.015 1.467
complexe 1.096 1.489 NA complex 1.061 1.457 0.432
ts 1.391 1.414 57 0.253 tsd 1.298, 1.299 1.443, 1.446 77, 68 0.407
anion NA 1.355 anion NA 1.436
9. O2NCHHCH3 20. CH3NHH
neutral 1.091 1.499 neutral 1.014 1.465
complexe NA complex 1.066 1.459 0.427
tsd 1.379, 1.383 1.411, 1.410 61, 60 0.260 ts 1.302 1.452 62 0.399
anion NA 1.351 anion NA 1.444
10. O2NCH(CH3)2 21. CH3CH2SiH2H
neutral 1.091 1.507 neutral 1.480 1.882
complexe NA complexe NA
tsd 1.375 1.414 60 0.272 ts 1.788 1.920 48 -0.147
anion NA 1.352 anion NA 1.961
11. OdNCH2Hf

neutral 1.480
complex 1.141 1.442 NA
ts 1.402 1.368 70 0.260
anion NA 1.320

a The bond between the acidic proton and atom X. In the case of the ion-molecule complex, the distance is that within the neutral component.b The
distance between reaction center X and the more electronegative attached heavy atom. In the complex, the distance is that within the neutral component.
c Defined as the percent change in B-X length which has occurred from the neutral reactant to the transition state relative to the (greater) change occurring
from the neutral reactant to the product anion.d Except for propyne+ propynyl-, these transition states are not quite symmetrical. See text under Results,
Geometries, Transition States. We could not obtain charges for the benzene/benzene anion ts, nor for the propyne/propynyl anion complex or ts.e The
complexes in these cases are not C-H‚‚‚C- complexes, rather they are C-H‚‚‚O- complexes, not on the carbon-to-carbon reaction coordinate. See text
under Results, Geometries, Anion-Molecule Complexes. Similarly, the silane complex is not a Si‚‚‚H‚‚‚Si- complex but a C-H‚‚‚Si- complex. Charges
for these complexes are therefore not applicable.f Data taken from: Bernasconi, C. F.; Wenzel, P. J.J. Org. Chem.2001, 66, 968-979, except for the
complex (this work).g Neutralaci-nitromethane prefers the syn conformation about the O-N-O-H dihedral. The best complex is anti on one side and syn
on the other, while the best transition state is anti-anti.
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O-H, N-H, C-H, and Si-H acids. The relationship is not
unexpected given the prior demonstration that for the simple
nonmetal hydrides of the first and second row elements transition
state energy is well correlated with the integrated Bader
population of the transferred hydrogen.10d We also note here

that the charges on the proton in the ts calculated by the
COSMO aqueous solvent model are extremely well correlated
with the corresponding MP2 charges,qHq(COSMO)) 1.15qHq-
(MP2) - 0.07 (r2 ) 0.998), and that a plot ofqHq(COSMO)
against ∆Hq(COSMO) strongly resembles that in Figure 4
(inset).

Table 5. Transition State Imbalance Parametersa for Identity Proton-Transfer Reactions Calculated from NPA Group Charges: Y-X- +
H-X-Y f [Y-X‚‚‚‚H‚‚‚‚X-Y]q f Y-X-H + -X-Y

system, Y−X−Hb MP2/6-311+G** B3LYP/6-311++G** (cc-pvdz) B3LYP/6-311++G** CCSD(T)/6-311+G**
CPCM aq solvent model

B3LYP/6-311++G**

1. CH3CtCH (1.11)c 1.10
2. HCtCCH2H 2.26 2.10 2.08 2.75 2.46
3. CH3CHdCHH 1.10 1.12 1.09 1.10 1.06
4. H2CdCHCH2Hd 1.62, 1.51 1.57, 1.50 1.55, 1.49 2.02, 2.02 1.62, 1.53
5. H2CdCdCHH 1.29 1.20
6. CH3CH2CH2H 1.23 1.39 1.32 1.28 0.52
7. C6H5H NA
8. O2NCH2He 1.58 (1.60) (1.43)
9. O2NCHCH3 1.63
10. O2NCH(CH3)2 1.68
11. OdNCH2Hf 1.28
12. CF3CH2H 1.70 1.45 1.49 1.67
13. OdCHCH2H 1.53 1.40 1.39 1.90 1.55
14. NtCCH2H 1.50 1.44 1.43 1.82 1.55
15. CH3SO2CH2H 1.63
16. CH2dNO2He 2.78 (2.76) (2.89)
17. CH3CH2OH 2.50 2.89 2.72 2.57 1.80
18. CH3OH 2.39
19. CH3CH2NHHd 1.72, 1.58 2.00, 1.87 1.94, 1.82 1.98, 1.85 1.35, 1.35
20. CH3NHH 1.92
21. CH3CH2SiH2H 0.57
23. NH2

- + C6H5Hg 1.04
24. CH3NH- + C6H5Hg 1.07
24a. C6H5

- + CH3NH2Hg 1.89

a Definitions: n ) log(δY/ℵ)/log(δY + δX) is the transition state imbalance parameter introduced by Bernasconi, see: Bernasconi, C. F.Acc. Chem. Res.
1992, 25, 9. Further definitions:δY ) (charge on Y group(s) in transition state- charge on Y group(s) in Y-X-H); δX ) (charge on X(H)n-1 group in
transition state- charge on X(H)n group in Y-X-H); ℵ ) (charge on Y group(s) in conjugate base- charge on Y group(s) in Y-X-H). Except for the
transferred proton, all hydrogen charges are summed onto the attached heavy atom. See: Bernasconi, C. F.; Wenzel, P. J.J. Am. Chem. Soc.1994, 116,
5405;J. Org. Chem.2001, 66, 968 and references therein. All calculations use molecular geometries optimized at the MP2/6-311+G** level except where
otherwise indicated.b Symbols: H is the proton transferred from atom X of the conjugate acid to atom X of the conjugate base. Y is the group(s), other than
hydrogens, attached to atom X.c We were unable to obtain NPA charges for the propyne transition state at the MP2/6-311+G** level. The values quoted
here in parentheses are interpolated from good to excellent correlations between MP2 and B3LYP-cc-pvdz values obtained for six or more systems in
common.d The transition state for the allyl-to-allyl proton transfer calculated by us with the MP2/6-311+G** basis set is unsymmetrical, although that
calculated at HF/6-311+G** is symmetrical. Bernasconi, C. F.; Wenzel, P. J.J. Org. Chem.2001, 66, 968 report a symmetrical transition state at MP2/
6-311+G** with an electronic energy 0.15 kcal/mol above our unsymmetrical one. The transition state imbalance parameter calculated from their data isn
) 1.61. The transition states for identity proton-transfer reactions between ethylamine and its anion, benzene and its anion, and nitroethane and itsanion are
also slightly unsymmetrical.e The n values in parentheses for nitromethane andaci-nitromethane use charges calculated for the fully planar nitromethide
anion. f The nitrosomethane results are calculated from data taken from Bernasconi and Wenzel,J. Org. Chem.2001, 66, 968. That work also summarizes
their computations on systems 2, 4, 5, 8, 13, and 14.g These are not identity reactions, but are close to thermoneutral (see Table 1). The significance of the
TSIPs is not clear in these cases.

Figure 1. Plot of ∆HACID values versus∆Hq values (MP2/6-311+G**)
for C-H acids in this study. The line is defined by the points for propyne
(acetylenic hydrogen), propene (vinylic hydrogen), allene, nitromethane,
1,1,1-trifluoroethane, and propane (methyl hydrogen).

Figure 2. Plot of ∆HCX values versus∆Hq values (MP2/6-311+G**) for
identity proton transfers of the C-H, N-H, and C-H acids in this study
which have ion-molecule complexes leading to proton transfer.
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A general characteristic of the transition states for proton-
transfer reactions may be inferred from the results presented to
this point. These structures are stabilized by contributions from
triple-ion electrostatic interactions (structure2b), the more so
as X is more electronegative.24 The example of ethylsilane is

instructive. Its activation barrier is the highest of the identity
reactions studied by us. Moreover, the charge (absolute value)

on the proton-in-flight in its transition state is the lowest (qHq

is, in fact, slightly negative). It is a general result that
electronegativity is lower and identity proton-transfer activation
barriers are higher for transfers between atoms in the second
row of the periodic table than for those immediately above them
in the first row. Gronert has explained this result noting that
the Si-H bond is polarized in the sense Y-Siδ+-Hδ-. Not
only are its complexes with anionic bases weakened by this
fact, but the Si-H bond must undergo partial reversal of its
polarity for the hydrogen to be transferred as a proton. These
changes come with an energetic cost.10d

Transition State Imbalance.As discussed in the Introduc-
tion, the issue of transition state imbalance (TSI), the failure of
all bonding and solvation changes to develop in a synchronous
fashion at the transition state, might be addressed computation-
ally by examining both geometries and charges.

Fractional changes in bond lengths, angles, out-of-plane
distances, and the like can be assessed by comparing the change
that has occurred at the transition state with that reached at the
product state, both referred to the reactant state. These measures
of TSI are not likely to yield a unique figure because the various
changes in geometry involve different types of motion with
different force constants. Thus, a given geometric change might
not have the same energetic consequences as another type of
change. We report in Table 4 only the % change in the length
of the bond between the atom undergoing deprotonation, X,
and the more electronegative of the heavy atoms directly
attached to X. For example, in the case of nitroethane, this
change refers to the bond between carbon-1 and the nitrogen
of the nitro group. We choose a % change in bond length
because such changes are associated with larger force constants
than are changes in angles, and hence affect bond strengths more
strongly.

Fractional changes in atomic and group charges have been
used by Bernasconi to devise a “transition state imbalance
parameter” (TSIP) calledn.11 This parameter is defined, using
the reaction formalism of eq 1, by eq 3; see also the footnotes
to Table 5.

The components of eq 3 are changes in atomic and group
charges, and thus:δY ) (charge on Y group(s) in transition
state- charge on Y group(s) in neutral Y-X-H), δX ) (charge
on X(H)n-1 group in transition state- charge on X(H)n group
in Y-X-Hn), andℵ ) (charge on Y group(s) in anion product
- (charge on Y group(s) in neutral X-Y-H).

Except for the transferred proton, all hydrogen charges are
summed onto the attached heavy atom. The definition ofn is
rational. For example, if delocalization of negative charge into
the Y group of the anion were complete, and if one-half of this
charge were in each Y group at the transition state, the numerator
and denominator of eq 3 would be equal at log 0.5 andn would
be 1.00, indicating no transition state imbalance. Imbalance leads
to values greater than 1.0.

The resulting TSIPs are tabulated in Table 5. The first thing
that stands out is that, even for systems in whichπ-electron
delocalization in the anion and transition state is expected to
be minimal or nonexistent, the TSIPs are element-dependent.
For example, comparison of propyne, propene, and propane
(entries 1, 3, and 6) with ethanol and methanol (entries 17 and

(36) The nitroalkanes, nitrosomethane, acetaldehyde, and dimethyl sulfone are
excluded from the correlation. As discussed above, their ion-molecule
complexes are different in structure from the others and are characterized
by an attractive interaction between the negative oxygen(s) of the anion
with the R-CH bond(s) of the neutral form. These complexes are
significantly more stable than that expected for a C-H‚‚‚‚C- structure.
Similarly, the ethylsilane/silyl- complex is a C-H‚‚‚Si- complex rather
than a Si-H‚‚‚Si- complex.

(37) Only the point for the reaction between propyne (acetylenic hydrogen) and
methoxide ion seems somewhat aberrant; its removal raisesr2 to 0.970,
almost the same as for the identity reactions alone.

(38) In fact, there is a fairly good corrleation between the (average) charge on
the acidic hydrogen in the neutral reactants and∆Hq, r2 ) 0.90.

Figure 3. Plot of the charge on the transferred proton in the transition
state (qHq) versus the charge on that proton in the ion-molecule complex
(qHCX) leading to proton transfer for identity reactions of C-H, N-H, and
O-H acids (MP2/6-311+G**).

Figure 4. Plot of ∆Hq versus the charge on the proton to be transferred in
the ion-molecule complex (qHCX) at MP2/6-311+G**. The inset shows a
similar plot of∆Hq versusqHq, the charge on the transferred proton in the
transition state.

[Y-X-H‚‚‚‚-X-Y
2a

S Y-X- H+ -X-Y
2b

S

Y-X-‚‚‚‚H-X-Y] q

2c

n ) log(δY/ℵ)/log(δY + δX) (3)
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18) and with ethylamine and methylamine (entries 19 and 20)
shows that the more electronegative is reaction terminus X, the
greater is the apparent imbalance. This result has an intuitively
satisfying explanation, however. The greater the electronega-
tivity of X, the greater will be the negative charge on X in the
transition state and the less the delocalization into the attached
Y group. It is not that there is extensive delocalization of charge
in the anions of alcohols and amines, but that amount of
delocalization must be substantially greater than in the transi-
tion state because in the ts the triple-ion contribution (see
structure2b above) can enhance stability to a greater extent
the more electronegative is X. In other words, this result is
consistent with an important contribution from the triple-ion
structure to the transition state, a conclusion further underlined
by the greater positive charge on the proton-in-flight for these
cases (see Table 4). This picture provides a useful explanation
of the kinetic acidity order of the simple O-H, N-H, and C-H
acids, particularly in the gas phase, and possibly in solution as
well.

Further discussion of relative TSIP values therefore requires
that comparisons be made between systems in which the reaction
termini, X, are the same. For those C-H acids expected to have
the leastπ-electron delocalization (relocation) in their conjugate
bases, one does find values close to those expected for little or
no imbalance at the transition state. A small amount of
imbalance is indicated, however, by the results for allene,
propane, and even for propyne (acetylenic H) and propene
(vinylic H), consistent withσ-electron delocalization in the
anion, less in the ts. The relatively large TSI associated with
1,1,1-trifluoroethane reflects the strong hyperconjugative inter-
action between the residual lone pair and the anti C-F bond in
the anion (less strong in the ts), also indicated by the consider-
able elongation of that bond relative to the conjugate acid.
Greater TSI is evident from the results for acids withπ-delo-
calized anions, the largest amount, occurring for propyne
ionizing at the methyl carbon to propargyl anion. This case has
been discussed by Bernasconi and Wenzel.11d Thus, the relative
TSIP values are “sensible” based on prior expectations. The
same can be said of the O-H acids, although the only com-
parison possible here is between methanol and ethanol, on one
hand, andaci-nitromethane on the other. The latter undergoes
someπ delocalization upon ionization and has TSIP values
indicating a somewhat greater imbalance than for the simple
alcohols.

There remain a few unexpected results to consider. Ethylsilane
produces ann value that is outside the apparent limiting values
for these parameters. This result might be a consequence of the
fact that the ts for this reaction has hydride character at the
hydrogen-in-flight. A second surprise is that the TSIPs calculated
with the COSMO aqueous solvent model are not very different
from the gas-phase parameters, particularly for the C-H acids.
On the basis of previous experimental work in solution,
particularly for the nitroalkanes (see the Introduction), we
expected more TSI in solution, especially in hydrogen-bonding
donor solvents. For ethanol and ethylamine, the computed TSIPs
are actually smaller in solution than in the gas phase. Addition-
ally, then value computed for propane with COSMO lies outside
the expected boundary value. It is not clear whether the solvent
model is inadequate to the purpose or if a larger conceptual
problem is the cause. However, it must be noted that COSMO

does not supply specific molecular solvation, but rather a
continuous dielectric environment.

We make the following conclusions: (1) Charge-based,
computed transition state imbalance values can be useful, but
only when comparisons are made within reaction sets in which
the reaction termini, X, are identical. (2) The gas-phase results
are largely those expected a priori, although small but interesting
surprises are provided by allene and 1,1,1-trifluoroethane. Such
“surprises” may turn out to be the most valuable use of TSIPs.
(3) Transition state imbalance in proton-transfer reactions exists
because it allows a greater stabilizing effect from electrostatic/
H-bonding interactions. Delocalization of charge away from the
reaction termini, X, would compromise the strength of this
interaction.

How do the charge-based TSIP values accord with geometry-
based indicators of progress at the transition state? Not very
well. The fractional contractions of the X-B bonds achieved
at the transition state for the 14 C-H acids in this study tend
to cluster between 50% and 60%, indicating fairly well-balanced
transition states; see Table 4. Plots of the availablen values
against the % change in this bond length show poor correlations
and much scatter. However, as Bernasconi has pointed out, there
is no requirement that these measures of progress must track
each other.11a

The Nitroalkane Anomaly. As discussed in the Introduction,
there are two classic experimental examples of transition state
imbalance,bothhavingtodowithdeprotonationofnitroalkanes.16-18

The magnitude of the anomaly is less in solvents unable to act
as H-bonding donors to the negative oxygens of the nitronate
anions.22 In fact, the order of the acidities of nitromethane,
nitroethane, and 2-nitropropane is itself solvent dependent,
tending toward, if not reaching, the gas-phase order when the
non-H-bonding donor solvent, DMSO, is used in place of water;
see Table 6. Therefore, although experiment and computation
indicate that TSI is ubiquitous, even in the gas phase, one may
ask whether a “nitroalkane anomaly” exists in the gas phase.

This topic has recently been addressed by Yamataka et al.9j

In water, nitroethane is 15 times more acidic than nitromethane,
and yet it reacts with OH-/H2O 5 times more slowly. These
workers measured rates and equilibria for the reactions of
CH3O- with nitromethane and nitroethane in the gas phase.
Under their conditions, nitroethane proved to be 0.2 kcal/mol
more acidic and reacted at the same rate as nitromethane.
Unfortunately, the observed rates were so close to the encounter
limit that it is not clear whether a difference could have been
measured. However, Yamataka et al. also made fairly high level
calculations (B3LYP/6-31+G*) of the activation and reaction

Table 6. Acidities of the Simple Nitroalkanes in Various Media

compound
pKa

(H2O)a,b

pKa

(DMSO)b,c

∆HACID

(gas)d

∆GACID

(gas)b,d

CH3NO2 10.70 17.68 356.4 350.3
CH3CH2NO2 8.90 17.02 355.9 349.9
(CH3)2CHNO2 7.74 16.88 356.0 350.0

a Nitromethane and nitroethane: Pearson, R. G.; Dillon, R. L.J. Am.
Chem. Soc.1953, 75, 2439. 2-Nitropropane: Turnbull, D.; Maron, S. H.J.
Am. Chem. Soc.1943, 65, 212.b pKa and∆GACID values are corrected for
the number of hydrogens at the acidic site.c Bordwell, F. G.; Bartmess J.
E.; Hautala, J. A.J. Org. Chem.1978, 43, 3095.d In kcal/mol; Bartmess,
J. E. In NIST Standard Reference Database Number 69; Mallard W. G.,
Linstrom, P. J., Eds.; National Institute of Standards and Technology (http://
webbook.nist.gov): Gaithersburg, MD, 1999.
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free energies for the reaction of CN- with three arylnitro-
methanes, the unsubstituted compound, and thep-methoxy and
p-nitro derivatives. The resulting plot of∆Gq versus∆GRXN

was accurately linear with a slope,R ) 0.51, in marked contrast
to the anomalous aqueous solution value of 1.3-1.5 (depending
on the base used).17,18

We have looked at the issue in two ways. First, we carried
out semiempirical AM1 calculations on the reaction of formate
anion with 12metaandpara ring-substituted arylnitromethanes,
eq 4.39 A range of∆HRXN values of 25 kcal/mol was covered
by this set, and a good rate-equilibrium correlation was found:
∆Hq ) 0.55∆HRXN + 2.4; r2 ) 0.979. Although the compu-

tational level is not high, we are encouraged to accept this
observation by its agreement with the higher level result obtained
by Yamataka and co-workers. We also performed a more
rigorous computational study at the MP2/6-311+G** level
followed by single-point calculations using the COSMO sol-
vation model in which equilibrium and kinetic acidities of
nitromethane, nitroethane, and 2-nitropropane are compared. The
computed∆HACID and∆Hq values are reported in Tables 1 and
3, respectively. The COSMO∆HACID order is the same as the
gas-phase order, but opposite to the experimental aqueous phase
order. However, the COSMO∆Hq order is nitromethane<
nitroethane< 2-nitropropane, in agreement with aqueous results,
but opposite to the computed gas-phase order. Thus, COSMO
partially models the nitroalkane anomaly.

Substituent Effects on ∆HACID , ∆HCX, and ∆Hq. In an
earlier paper,11b we showed that computed gas-phase acidities
and identity reaction activation barriers for a set of five C-H
acids, Y-CH3, could be well correlated with a dual substituent
parameter treatment using the gas-phase substituent constants
of Hansch, Leo, and Taft.40 The parameters used were the field
or polar effect (σF) and resonance effect (σR) substituent
constants. The results showed that resonance effects dominated
in determining the acidities: (FR/FF)ACID ) 3.9. Yet for the
activation barriers the polar effects were dominant: (FR/FF)q )
0.26. Subsequently, Bernasconi and Wenzel employed a three-
parameter treatment to correlate six examples of Y-CH3 adding
polarizability (σR) to the original two effects.11d The outcome
(using MP2/6-311+G** results) was qualitatively similar with
ratios of 4.5 and 0.43, respectively. Polarizability constituted
only 2% of the effect on equilibrium acidity but 19% on the
rates. The important conclusions were that the anion products
are strongly stabilized by resonance (where structurally pos-
sible), with significant but smaller stabilization by the field
effect, and perhaps some destabilization through polarizability
(although the effect is very small). On the other hand, although
resonance stabilizes the transition states, the field effect is
enhanced in the ts relative to the anion. Polarizability is
stabilizing and is more important in these transition states than
in the anions according to Bernasconi and Wenzel because its
influence is reduced whenever the Y group carries a large
amount of negative charge, as in the anionic state. For a more
complete discussion of these results, see their paper.

We report here a three-parameter treatment of our results for
11 acids, Y-C-H, entries 2, 4, 6, 8-15 in Tables 1 and 3.
The relevant parameters are listed in Table 7. The results provide
the following excellent correlations for∆HACID and∆Hq, shown
also in Figures 5 and 6.

Inclusion of the∆HACID value for dimethyl sulfone led to a
large difference between the computed value and that projected
from the three-parameter fit; it is therefore not included in eq
5. The computed∆Hq value for this compound did, however,
agree well with that predicted from eq 6. Moreover, the
computed and experimental∆HACID values are in good agree-
ment; see Table 1. Therefore, we suspect that one or more of
the substituent constants for the CH3SO2 group is not performing
well. Correlation (6) includes all 11 points and is dominated
by the polar effect, whereas correlation (5), in which the
resonance and polarizability effects are much more important

(39) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.J. Am.
Chem. Soc.1985, 107, 3902.

(40) Hansch, C.; Leo, A.; Taft, R. W.Chem. ReV. 1991, 91, 165.

Table 7. Gas-Phase Substituent Constantsa and Calculated
Reaction and Activation Enthalpiesb (kcal/mol) for Deprotonation at
Saturated Carbon (MP2/6-311+G**)

system σF σR− σa ∆HACID ∆HCX ∆Hq

2. HCtCCH2H 0.23 0.15 -0.60 385.4 -8.5 0.4
4. H2CdCHCH2H 0.06 0.16 -0.50 389.5 -6.5 3.0
6. CH3CH2CH2H 0 0.02 -0.49 415.2 -3.9 4.5
8. O2NCH2H 0.65 0.18 -0.26 360.1 NAc -8.44
9. O2NCHHCH3

c 0.65 0.21 -0.61 359.8 NAc -9.8
10. O2NCH(CH3)2

d 0.65 0.24 -0.96 360.7 NAc -11.8
11. OdNCH2He 0.41 0.26 -0.25 352.3 NAc -1.45
12. F3CCH2H 0.44 0.07 -0.25 384.0 -11.4 -4.5
13. OdCHCH2H 0.31 0.19 -0.46 367.5 NAc -1.8
14. NtCCH2H 0.60 0.10 -0.46 374.5 -14.2 -9.0
15. CH3SO2CH2H 0.59 0.12 -0.62 367.5 NAc -10.7

a Taken from: Hansch, C.; Leo, A.; Taft, R. W.Chem. ReV. 1991, 91,
165. See also: Taft, R. W.; Topsom, R. D.Prog. Phys. Org. Chem.1987,
16, 1. b ∆HACID, ∆HCX, and∆Hq values listed here were obtained using
HF/6-311G** zero-point vibrational energies.c These complexes are not
C-H‚‚‚C- complexes; see text.d These values are the sums of those for
the nitro group and the methyl group(s).e Calculated from data of:
Bernasconi, C. F.; Wenzel, P. J.J. Org. Chem.2001, 66, 968.

Figure 5. Plot of predicted∆HACID values using gas-phase polar, resonance,
and polarizability substituent constants versus MP2/6-311+G** ∆HACID

values. See eq 5.

∆HACID ) -40.2σF - 143.2σR - 20.2σR + 408.8

r2 ) 0.987 (n ) 10) (5)

∆Hq ) -23.6σF + 9.7σR + 5.7σR + 6.7

r2 ) 0.992 (n ) 11) (6)

Ar-CH2-NO2 + HCO2
- f

HCO2H + Ar-CH-NO2
- R(AM1) ) 0.55 (4)
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for dimethyl sulfone, does not accommodate that entry. Thus,
the σR or theσR value for the CH3SO2 group is implicated as
the troublesome substituent constant.

The outcomes are in general accord with the previous results.
In discussing structural effects, we must first note a distinction
between the two processes under consideration.∆HACID mea-
sures formation of an anion and a separated proton from a
neutral species of virtually the same size and composition as
the anion.∆Hq measures formation of a symmetrical, bimo-
lecular entity from separated reactants, an anion and its neutral
conjugate acid.

Resonance effects dominate in anion formation with those
anions best able to delocalize charge (those with the largestσR

values) profiting greatly from this effect. Yet polar effects can
also be significant, especially for groups with largeσF but small
σR values. The anion-destabilizing influence of polarizability
is relatively small, but is significant for substituents with large
σR values but smallσF andσR constants.

Polar and polarizability effects influence∆Hq because inter-
moiety interactions exist in the transition state which have no
counterpart in the separated reactants. Polar effects dominate
with the resonance effect actually destabilizing the ts relative
to the anion. This is sensible because resonance stabilization,
fully expressed in the anion, is partly lost at the transition state.
If these symmetrical transition states were perfectly balanced
with respect to loss of resonance stabilization on the part of the
anionic reactant and gain of same in the formerly neutral
reactant, then the net resonance effect on∆Hq would be zero.
The fact that it is not is a direct indicator of transition state
imbalance. The polarizability effect is stabilizing in the transition
state.41 Among other consequences, this allows the addition of
methyl groups in the series, nitromethane, nitroethane, 2-nitro-
propane, tolower the activation barrier in the gas phase, a result
in direct contrast to the order in aqueous solution. We therefore
affirm that there is no nitroalkane anomaly in the gas phase
even though there is transition state imbalance.

Substituent effects on anion-molecule complex formation
have not been analyzed previously in this way. The solutions
resulting from our attempted three-parameter fit were not stable

because of a deficiency of data points. However, they indicate
qualititatively that polar effects are the dominant interaction
between the anion and the neutral in the complex. The apparent
absence of important contributions from resonance and polar-
izability effects in complex formation can be traced to the fact
that the interaction occurs without substantial changes in bond
order and at relatively long range. A look at the signs of theF
values in the activation energy correlation shows that, in this
case, resonance and polarizability tend to offset each other.41

Thus, polar effects in the ts greatly outweigh the combined
effects of resonance and polarizability, permitting the excellent
correlation noted earlier between∆HCX and∆Hq.

We have also attempted a dual parameter correlation involv-
ing the same set of C-H acids using our COSMO solvation
model results for∆HACID, ∆HCX, and ∆Hq. For the polar
substituent constants, we used the gas-phaseσF constants as
these are almost identical to Taft’sσI constants.40 For resonance
effects, the proper choice is not obvious. We have chosen to
use (σp

- - σp), the difference betweenσ- constants forpara
substituents andσp, the standard Hammett constant forpara
substituents. This difference should isolate the resonance
component of theσ- values from the polar part. We did not
include a set of polarizability constants. In any case, the
measures of fit are not nearly as good as with the gas-phase
results, and we can make only a qualitative statement. The
relative importance of polar and resonance effects on∆HACID

favors resonance, but not by much. For∆HCX and for ∆Hq,
polar effects are dominant. These trends are qualitatively the
same as for the gas-phase computations, but uncertainties
regarding the suitability of the computational model and of the
appropriate substituent constants allow no more to be inferred.

It is relevant here to recall that a dual substituent parameter
treatment has also been applied to the rates and equilibria of
the deprotonation of a series ofp-substituted arylnitromethanes
in DMSO solution, eq 7.22a In this medium, the pKa values are
sensitive both to polar (σI) and to resonance effects with a ratio
of (FR/FI) ) 0.87. The activation barriers, however, are

substantially more sensitive to polar effects: (FR/FI) ) 0.47.
The difference in the two ratios is in qualitative agreement with
the relative importance of polar and resonance effects described
just above for the gas phase and suggest that transition state
imbalances in the gas and solution phases have some sources
in common. The increased sensitivity to resonance effects of
the equilibrium acidities in the gas phase (FR/FF ) 4.3) reflects
the increased need for charge dispersal in the anionic conjugate
base when there is no dielectric medium to interact with the
charge.

Performance of the COSMO Solvent Model. We are
interested in determining how well the aqueous solvent model
used in this study reflects known aqueous phase results. First,
recall that geometries were not optimized with COSMO; gas-
phase MP2 optimized geometries were used instead. This fact
introduces an uncertainty of unknown magnitude. However,
taking our results at face value, we could apply four criteria to
the performance of the model: the ability of the model to
reproduce experimental solution-phase results; the qualitative
nature of the reaction energy surfaces; comparison of transition

(41) BecauseσR values are negative,40 a negativeF value results inFσR > 0,
which raises the barrier.

Figure 6. Plot of predicted∆Hq values using gas-phase polar, resonance,
and polarizability substituent constants versus MP2/6-311+G** ∆Hq values.
See eq 6.

Ar-CH2-NO2 + PhCO2
- f PhCO2H + Ar-CH-NO2

-

(7)
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state imbalance parameters with those calculated for the gas
phase; and prediction of the nitroalkane anomaly.

As discussed above, COSMO∆HACID values correlate well
with aqueous pKa values. The fit is not as good as the gas-
phase correlations, but it is better than the correlations between
COSMO results and gas-phase results, both experimental and
computed; see Table 2.

The reaction energy profiles calculated by COSMO show that
the anion-molecule complexes lie above the reactant state and
below the transition state, just as expected for solution and in
contrast to the gas phase wherein complexation is exothermic.

The TSIP values calculated from COSMO atom and group
charges vary little from those calculated using the gas-phase
methods. As described in the Introduction and mentioned again
in the Transition State Imbalance section, there is reason to
expect that these values should be larger in solution, particularly
in H-bonding donor solvents.

A partial nitroalkane anomaly does emerge from COSMO
calculations. In water, the acidity order of the simple nitroal-
kanes is 2-nitropropane> nitroethane> nitromethane. In the
gas phase, the experimental∆HACID values are within experi-
mental error, while computationally the order is nitroethane>
nitromethane> 2-nitropropane for all methods, including
COSMO. However, the COSMO activation barriers for the
identity reactions in this series are in the order nitromethane<
nitroethane< 2-nitropropane, just as in water, and opposite from
the computed gas-phase order. Thus, whereas COSMO does
not recreate the aqueous acidity order, it does reproduce the
kinetic reactivity order.

As mentioned above, the COSMO model uses a dielectric
continuum environment rather than employing specific molec-
ular interactions between solutes and the medium. Apparently
it is this deficiency which prevents the model from accurately
reproducing small differences in∆H values which are attribut-
able to strong, specific intermolecular interactions such as
H-bonding to the oxygen atoms of the nitroalkane anions. To
test this point, we carried out MP2/6-311+G** calculations on
“microhydrated” nitroalkane anions, eq 8.

The resulting ∆HHYD values show that, indeed, hydrogen
bonding stabilizes the anions such that the acidity order tends
toward that in water. (We assume that differential solvation
effects on the neutral nitroalkanes are relatively insignificant.)
Concomitantly there occur predictable geometric changes within
the anion moieties of the microhydrated species: The CdN
bonds are shorter than those in the gas phase by 0.013-0.015
Å, while the N-O bonds lengthen by 0.006-0.011 Å. These
changes reflect “solvent-enhanced” relocation of the negative
charge away from carbon and toward the oxygens.

Conclusions

A number of general or specific points come from this work.
These include: (1) Transition states for gas-phase proton-transfer

reactions are stabilized by an important contribution from triple-
ion character, represented by structure2b (Y-X- H+ -X-Y).
The importance of this contribution and of its stabilizing effect
is greater as reaction terminus X is more electronegative. This
result supports conclusions reached in earlier work.24 We
postulate that the same generalization holds for proton transfers
in solution. Also critical is the extent ofπ delocalization into
each group Y allowed by geometrical constraints and by the
amount of charge transferred from the base and therefore
available for delocalization.16b In identity reactions, this amount
is one-half the difference between the total charge,-1, and the
positive charge on the proton in flight. The charge on the proton
in flight is greatest for proton transfers between the most
electronegative X atoms; hence moiety Y-X has the greatest
negativity in those cases. A relatively small fraction of this is
delocalized, enhancing the importance of structure2b.

(2) Anion-molecule complexation energies correlate very
well with activation energies for identity proton-transfer reac-
tions. A smaller number of nonidentity reactions also fit the
correlation well. We conclude that the forces which stabilize
the complex, especially electrostatic or H-bonding forces, are
also of major importance in the ts. This statement is buttressed
by the fact that a multiple substituent parameter treatment of
the data shows that both∆HCX and ∆Hq are predominantly
determined by polar effects, in part because resonance and
polarizability effects tend to offset one another in the ts.

(3) Correlation between computed∆HACID and∆Hq values
is poor, except for carefully selected, small subsets of data. We
attribute this failure to the fact that many interactions within
the ts arise from its bimolecular nature and are irrelevant to the
separated reactants and products.

(4) Comparative transition state imbalance parameters (TSIPs)
can be useful indicators of transition state imbalance in a set of
identity proton-transfer reactions, but only if the atom (X)
between which the proton is transferred is not varied within
the set. The more electronegative is atom X, the greater will be
the calculated TSIP, other factors being similar. This is because
such atoms retain much of the negative charge in the ts so that
electrostatic interactions within [Xδ-‚‚‚Hδ+‚‚‚Xδ-]q can be
optimal.

(5) Computed∆HACID and ∆Hq values for a set of arylni-
tromethanes as well as for the series, nitromethane, nitroethane
and 2-nitropropane, indicate that the nitroalkane anomaly is not
manifest in the gas phase.

(6) The CPCM-B3LYP/6-311++G** (COSMO) aqueous
solvent model provides∆HACID values which correlate well with
experimental aqueous pKa values. A similar result has been
obtained previously.9k The computed results for the set ni-
tromethane, nitroethane, and 2-nitropropane can be compared
with experimental aqueous phase results. Within this very
limited set, the computed and experimental acidity orders do
not agree. However, COSMO does give the same order,
qualitatively, for the activation barriers in this set and therefore
partially reproduces the nitroalkane anomaly. The model also
correctly gives endothermic complexation energies and still more
endothermic activation energies. It does not, as we had expected,
lead to larger TSIP values. An attempt to carry out a multiple
parameter substituent effect correlation gave much poorer fits
than for the gas-phase correlations; a number of uncertainties
render any conclusions highly tentative. Not surprisingly, the
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performance of this solvation model for the present purposes is
compromised when strong, specific solute-solvent interactions
such as hydrogen bonding make critical contributions. For such
cases, a hybrid approach using microsolvated solute species
within the COSMO model might lead to better agreement with
experiment.
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