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Absolute Rate Calculations. Proton Transfers in Solution
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The reaction path of the intersecting-state model is used in transition-state theory with the semiclassical
correction for tunneling (ISM/scTST) to calculate the rates of proton-transfer reactions from hydrogen-bond
energies, reaction energies, electrophilicity indices, bond lengths, and vibration frequencies of the reactive
bonds. ISM/scTST calculations do not involve adjustable parameters. The calculated proton-transfer rates are
within 1 order of magnitude of the experimental ones at room temperature, and cover very diverse systems,
such as deprotonations of nitroalkanes, ketones, HCN, carboxylic acids, and excited naphthols. The calculated
temperature dependencies and kinetic isotope effects are also in good agreement with the experimental data.
These calculations elucidate the roles of the reaction energy, electrophilicity, structural parameters, hydrogen
bonds, tunneling, and solvent in the reactivity of acids and bases. The efficiency of the method makes it
possible to run absolute rate calculations through the Internet.

1. Introduction —1.76) 0.45 M s7112 whereas the deprotonation rate of
5-cyano-1-naphthol (0, = —2.7) is 1.3x 10" s113 when
both of them are measured in wateKgp= —1.74)? Why is
_ - kn/ko = 11 for the detritiation of toluene K, = 41.2) by cesium
AH+B —A +HB 0] cyclohexylamine (K, = 41.6) in cyclohexylamidé? whereas
) ) ) ) for the deprotonation of 5-cyano-1-naphthol in water it is only
is probably the most prevalent reaction in chemistry. The 1 g43 The answer to such questions can only be found in the
concepts of acidity and basicity are particularly well understood ramework of a theoretical model that is sufficiently accurate
by chemists and the relation between these concepts and thg, reproduce the experimental data without adjustable param-
rates of proton transfer (PT) reactions is one of the earliest eters, and yet sufficiently simple to be applied to complex
guantitative successes of chemistry. The ridted relatior, systems without loosing its physical insight.
Eigen's mechanisri\Westheimer's postulateand the Swair The intersecting-state model (ISNP6 provides a fertile
Schaad relatiofi,are some of the time-honored achievements ground to explore the relations between the structure of the
of this central field of chemistry. The present understanding of (e5ctants and the energy of the transition stat8ISM, in its
PT reactions is deeply rooted in the ideas of these authors, butyqre recent formulation in terms of interacting std&@when
old anomalies and recent developments suggest a criticalcompined with TST, provides fast and reliable estimates for
evaluation of some basic concepts. The nitroalkane andmaly the absolute rates of very different atom transfers, using only
and the recent claims for an “inverted region” in PT reactiohs, jytormation on the reactants and products. We employ the term
question the application of linear free-energy relationships such «4pso|yte” to mean that the actual rate constants are calculated
as the Brasted relation. The direct measurement of intrinsic gy q|ysively from thermodynamic and spectroscopic information
PT rates using ultrafast excited-state proton transfers (ESPT), o the reactants and products. The calculations do not involve
opens new perspectives to understand the reactivity of “normal” ye fitting of any parameters to the kinetic data. In this work,
acids beyond the mechanism of Eigen. The limitations of the e present the modifications of ISM required to make absolute
Swain-Schaad relation in evaluating the relevance of quantum 46 calculations of proton transfers in solution. As in the
mechanical tunneling from the kinetic isotope effects (KIE) of formylation for atom transfers, the present application relies
the different isotopeskf/kp vs ki/kr), 1% requires a reassessment exclusively in relations that lie outside the field of reaction
of tunneling corrections in PT reactions. The presence of yinefics and has no adjustable parameters, except those involved
significant tunneling also opposes Westheimer's interpretation i, the empirical potentials used in the model. The fundamental
of KIE solely in terms of zero-point energy (ZPE) changes, but gqyations of ISM are presented below. The complete formalism
both tunneling and ZPE must be reconciled with the observation .an pe found in the Supporting Information. A computer
of a maximum KIE €ki/ko) ca. 4 for PT between oxygen atoms  yrqgram running an ISM implementation in the Java program-
in aqueous solutions,less than half of the maximum observed ming language can be acces$&d.
for PT involving carbon atoms.
The objective of this work is to relate the electronic and 2. Methods
molecular structure of acids and bases with the corresponding
PT rates. We wish to provide quantitative, yet simple, answers
to fundamental questions such as the following: Why is the
rate of the acid-catalyzed dedeuteration of azulene{iK, =

The transfer of a proton from an acid to a base

2.1. Non-Hydrogen-Bonded Systemd.he PT step in carbon
acid or base catalysis in solution can be described as an
elementary reaction going through a transition state
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Assuming the conservation of the bond order along the reaction (BH), andZay (Zgn) is the zero-point energy of the AH (BH)
coordinaté! bond. This reaction coordinate is very convenient because it
only requires information along one dimension, and, although
n=ng=1-ny, 1) is not based on a theory of a deeper level, has been shown to
give a good representation of the minimum-energy path of
various system3$-28 Additionally, eq 6 introduces the correct
free-energy difference between reactants and products in the
vibrationally adiabatic path used for rate constant calculations.
This definition of the reaction energy differs from that previously
employed for atom transfers in the gas phase, for whivh =
£ o * Deta — Denpt®
lha — Thaeq Asdliiaea luged N(Nha) The vibrationally adiabatic path is calculated adding the
|*HB ~lhgeq= ~ Asdllineg T e .eq |n(n*HB) 2) differencg in ZPE to the classical energy at each point along
the reaction path

wherenya andngg are the reactant and product bond-orders,
respectively, ISM generalizes the Pauling relaidoriginally
formulated for equilibrium bond orders and bond lengthg ¢,
lhgeq, to transition-state bond orders{, n¥s) and bond
lengthd516

The scaling bya's{lag,eq + lec,eq reflects the fact that longer
bonds will stretch out more from equilibrium to the transition- 1
state configurations than shorter ones, and that two bonds are Vad) = Ve(n) + Z (5 hCVi) @)
implicated in the transition state. The valueabf was obtained :
from the bond extension of the # H, system?3 a'sc = 0.182. B o i

The saturation point for electron inflow in the transition state Where v are the vibration frequencies of the normal modes
is incorporated in ISM using the electrophilicity index of Prr, ~ ©rthogonal to the reaction coordinate. We estimate the frequen-
m, which is the ratio between the negative of the electronic €S Of the linear triatomic transition state from Wilson's

chemical potentialue, and the chemical hardnesgy equation with the neglect of the interaction between bending
and stretching? using fractional bonds in th¢A:--B---C}*
—Ug Ip T E,\ transition state and a switching function to provide the correct
m= T = I, — E, () asymptotic limitst® The linear relation between symmetric

stretching and bending frequencies in triatomic systems is

wherelp is the ionization potential ari, is the electron affinity ~ €Mployed to estimate the bending frequency from the symmetric

of A or B. The value ofn can be calculated from the electronic  Stretching frequenc

parameters of A or B, but each transition state can only have The vibrationally adiabatic barrieAV*,g, is inserted in the

one value ofm. We assume that, for each proton transfer, the transition-state expression for the reaction rate, together with

value ofm at the transition state is determined by the electronic the partition functions for the transition stat@sf and reactants

properties of the species with the lowéstbecause it is easier  (Qg, Qua), and leads to the semi-classical rate constant

to delocalize the electrons of that species. The electrophilicity

indexm is also a measure of resonance at the transition state. kBT(1)3 Q. ’{ AV:d)
Using these relations, the effective Morse curves representing ke = x(T)—\5 expl—

the AH and BH bonds can be writté¢> h 3/ QeQua RT

(8)

Via = Denal 1 — expBua@sdlineq t lheed In(n,.)/m]}2 wherex(T) is the semiclassical tunneling correction along the
vibrationally adiabatic path, and the scaling factor (148as
Vig = De el 1 — eXpBrp@ sl eq T e ed In(nyg)/m}> obtained from the typical ratio of vibrational to rotational
partition functions in polyatomic reactar#s3? This scaling is
only appropriate for reactions following mechanism I, where
specific interactions (H-bonding, Coulombic forces) between
the two reactants are negligible, and the reaction frequency in
dsolution approaches that of polyatomic reactant in the gas
phase. This mechanism presumes that the rate-determining step
of the proton-transfer reaction is bimolecular, in agreement with
Supporting Information, but its form is irrelevant for the th?lraitf constant expressed by eq 8, which is in units of
calculation of the transition state configuration and energy. M~ s
The classical reaction path of ISM is a linear interpolation ~ The moment of inertia of HA is twice as large as that of DA.
between the Morse curves of HA and HB a|ong the reaction Although this is true when A and B are atoms and the reaction
coordinate takes place in the gas phase, it introduces an unrealistic factor
of 2 for KIE calculations in condensed phases. Bell has shown
Vy(n) = (1L = n)Vys + NVyg + nAV® (5) that the ratio of pre-exponential factors for proton and deuteron
transfer should lie betweéf, (classical, high-temperature limit
where the classical reaction energy is for all frequencies) and/2 (classical limit for the transition
state frequencies only}. In this work, we will use identical
AV = — RT(2.303K,, + In(pa/g,) — 2.303Kg, — In pre-exponential factors for the transfer of all the hydrogen
(Pe/%)) — Za t Zgy (6) Isotopes.

2.2. Hydrogen-Bonded Systemslhe mechanism for proton
pKan and Kgy are the thermodynamic acidity constants of AH transfer between strong acids and bases involves hydrogen-
and BH, pa (ps) is the number of equivalent protons in AH bonded intermediates. According to the mechanism proposed
(BH), ga (gs) is the number of equivalent basic sites in AH by Eigen? and adopted by many authéfsye have to consider

whereDe 1a andDe g are the electronic dissociation energies,
andpua andpug the spectroscopic constants of the bonds HA
and HB. The value ofm changes smoothly from 1 in the

reactants to the value given by eq 3 at the transition state an
back to 1 in the products. The switching function that produces
this variation along the reaction coordinate is given in the
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a precursor and a successor complex along the reactionCHART 1. Excited-State Proton Transfer in Naphthols
coordinate (=a)

ke ) . diffusion i .
*AlOH"OHy === *ArO™HOHz* —— *ArO +HOH;

N LN L g
AH+B EAH."B EA ".HBEA +HB(|”) hV‘““o /J P e

We include such complexes using the Lippined®chroeder hydrogen bond. According to mechanism lll, rate-limiting PT
(LS) potentialf® The LS potential relates the H-bond binding (k-a > ky, andky > k_p) have
energies Dag) to the AB equilibrium distanced g eq) and to

AB stretching frequency¥g) in the B--H—A hydrogen- kf=£
bonded complex (charges omitted). It is the sum of four k,akp
terms
k = =) (11)
Vis=Via t Vg 1 Vit Ve ) kg P

where the first two terms represent covalent interactions, the APPlications of this mechanism ha?\’/ze employktk— andky/
third term is a repulsion and the last one is the electro- K-d ratios between 0.1 and 0.127#° In our calculations we
static interaction. The covalent terms have forms anal- €MPIOy as pre-exponential factor the product of the association
ogous to that of a Morse potential and together require COnstantc by the frequency of the promoting mode of PT in
one adjustable parameter to fit one AH vibrational frequency H-bonded systems. The promoting mode is the stretching

shift or one AH bond length. This parameter establishes the fféquency of the heavy atomsdg). In water, this is the
relation vibration of an oxygen atom against its nearest neighbor oxygen

when a hydrogen bond is present between them, and has been

(10) described as a restricted translation eDHmolecules$® When
tunneling corrections are included, the final form of the rate
constant in H-bonded systems is

Dy...s = Dual9

whereDuya andDy...5 are the bond-dissociation energies of the

unperturbed HA and H-B bonds. Lippincott and Schroeder AV
found that a suitable value fgris 1.45. We also employ this k= k(T)Cwgpnp)K.EXP — R'Iéid (12)
value.

The repulsive term is a negative exponential and the wherec is the speed of light in vacuum and, represents the

electrostatic one is a negative power of the AB distance. Both faction of acid species H-bonded to the base. For all the systems
these terms involve empirical constants. They are modified 10 stydied in this worky = coweag) is numerically very close to

reduce the number of constants and the only remaining unknownipe ysual frequency factor of transition-state theory at room
is a repulsion constarit, which can be evaluated through the temperature, 6< 1012 s~1, We recall that original meaning of
use of one known hydrogen bond energy. Lippincott and y.1/h is the “effective rate of crossing the energy barrier by
Schroeder chosk = 4.8 A to obtain the best agreement with  he activated complexed®. For H-bonded systems oriented
the H-bond energies available at their time, and added a gjong the reaction path, this rate of crossing can be meaningfully
correction of RT/2 for the change in degrees of freedom on repjaced by the frequency of the promoting mode, because it
dissociation of the hydrogen bond. In the following section, we gives more precisely the frequency of the motion along the
reevaluate the fitting ob in terms of the energies presently reaction path. Stahl and Jencks evaluated the data for the
available. intermolecular hydrogen bonding of oxygen acids in water and
As demonstrated elsewheftthe inclusion of the LS potential  concluded that the association constants of formic-eftithmate,
along the ISM reaction coordinate only requires the knowledge acetic acid-acetate, and acetic aeigphenolate ar&. = 0.12,
of either the H-bond energ¥gang)), the AB distancelfg) or 0.14, and 0.39 M, respectively?’ This association constant is
the stretching frequency of the heavy atonagg) in the a measure of the difference in H-bonding ability to two acids,
H-bonded complex. These three parameters are related by thenot the absolute strength of hydrogen bonding. This is due to
LS potential, and the knowledge of one of them gives the the competition between intermolecular H-bonding between
other two. The H-bonded complex is an incipient proton transfer, solutes and hydrogen bonding to water. Increasing the hydrogen
with a significant bond order between the proton and the honding ability of the solute does not lead to a net increase in
base (n..s > 0.1). The presence of such a complex in the the H-bonding between solutes with respect to water. The
reaction coordinate reduces the height and the width of the hydrogen bifluoride ion, FHF, with an association constant of
barrier3? 4 M~138js an “anomaly”. In view of these values and of the
In solution, we need only to consider the path between the typical kyk_, andky/k_q ratios3? we will useK, = 0.1 M~ for
minimum of the precursor complex and that of the successor bimolecular PT between H-bonded oxygen acids and bases,
complex. The energy barrier is the difference between the when one of them is in an ionic form.
maximum along that path (i.e., the transition state energy) and The last case to be considered is proton transfer to, or from,
the minimum of the precursor complex. We assume that the the solvent. This has been studied in great detail for photoacids,
proton is transferred along the hydrogen bond between the acidsuch as electronically excited naphthols, in water. It was shown
and the base, much in the same manner as in the model proposethat the rate of proton transfer is dependent not on water
by Weiss?* This author employed as the frequency factor of molarity, but on solvent intramoleculari#}.Chart 1 accom-
the PT step, the product between the stationary concentrationmodates the kinetic and thermodynamic data on the protolytic
of the H-bonded collision complexes for unit concentration of photodissociation of hydroxyaromatic photoacids. The depro-
the two reactants, multiplied by a frequency given by the reactive tonation rate constank,p, is first-order and leads to a contact
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TABLE 1: Bond Lengths, Enthalpies, and Frequencies of ' ' ' ' ‘
H-Bonds between Oxygen Atoms I

loo (A) AHoo (kcal/mol) We(AB) (cm’l)

HOH—OH (gas)® 3.034 3.5546 g
(H,0) (gas) 2914 3507 3
(H-0), (aq.) 2.882 2.534 0.10" 1705 ]
(H.0), (ice 1) 2.768 5.19% 22018 . 10 |
(CH3OH), (gas) 2.87% 3.2 o L
(CHsCOOH), 2.682 7053 -
H30;™ (gas) 2.47 26.5% °
(CH:OHOCHy)™ (gas) 2.42%%5  22—28.8657 s
HsO." (gas) 2.38 31.83 650°8 : .
a Structure where the water molecule is the hydrogen ddibhis §’
is the electronic H-bond dissociation energdalf of the enthalpy of :S:. ‘\ b=9.0A

the ring dimer, which is almost identical to the enthalpy of the most
stable open dime¥ 9In the H-bonded binuclear complex trisodium
trinydrogen bis[tris(glycolato)aluminate(l)].

1 1 1 1 1 L
23 24 25 26 27 28 29 3 3.1

ion pair with a radius, that subsequently diffuses apart. The
rate constant for this step can be expressed as in eq 12, making Hydrogen-bond length  (A)

Ke =1, because all the ArOH moieties are hydrogen-bonded rig e 1. Relation between the enthalpies (squares) and electronic
to the SOlVent ThUS, n lhIS WOI‘k, pl’OtOI’] tranSfel’S n hydl’Ogen- energy (Cirde) of hydrogen bonds and the Correspondingm
bonded systems are treated as intramolecular reactions. distances, using data from Table 1. The lines represent the relations

The treatment of H-bonded systems as intramolecular PT predicted by the LippincottSchroeder potential using the values of
leads to the calculation of first-order rates. The experimental the repulsion parameter indicated in the plot. The electronic energies
data on PT to water usually reports first-order rates that are ©f the H-bonds in Eigen and Zundel ions, anticipated form their@

. - distances, are also indicated in the plot.
directly comparable with the calculated values. However, the
reverse reaction, which might involve the conjugate base and2.52 A was measureld. The LS potential withDoo+Ho) = 8
the hydronium ion, is usually reported in the units of a kcal/mol, givesloro = 2.535 A and we00) = 562 cm.
bimolecular reaction, M s™1. The comparison between the two  However, the neutron diffraction measurements of Kameda and
can be made dividing the calculated rate, i, oy [H,0] = co-workers on aqueous 21% HCI solutions, revealed a nearest
55 M. The consistence between theory and experiment is neighbor G-+O distance of 2.3%& 0.02 A, consistent with the
achieved including the concentration of water in the equilibrium Zundel ion. This distance in the LS potential corresponds to
constant, in the old physical-organic chemistry tradition. Doo+hoy = 22 kcal/mol andweoy = 1052 cml. The

2.3. Hydrogen-Bond Energieslt is definitively established extraordinary strength of the H-bond in the Zundel ion is
that the enthalpy of the hydrogen bond in liquid water is 2.53 consistent with the experimental gas-phase H-bond enthalpy of
+ 0.10 kcal/mol! that the near-neighborJ@---OH, distance Hs0,*, 31.8 kcal/mof2 and its G--O distance of 2.38 A4 This

in the tetrahedral network of pure wateris = 2.85 A2 and is not incompatible with a fast equilibrium with Eigen ion in
that the vibrational frequency of the H-bond stretchingégg) water, because the latter can form three H-bonds worth ca. 8
= 170 cn1.3% Using Dowaten= 2.0 kcal/mol, the LS potential ~ kcal/mol each.

gives the electronic H-bond ener@gwater = 2.56 kcal/mol, The ISM reaction coordinate for proton transfer in water

loo = 2.80 A, andwepng) = 163 cntl. The experimental gas-  coincides with the Zundel ion. Using the @D distance of 2.37
phase H-bond enthalpy ofs8," is also known, 31.8 kcal/md#, + 0.02 A, the proton movement between the twgDHnoieties

as well as its @-O distance of 2.38 A4 Using Dos0,") = 23 of the Zundel ion only has to cross a small and thin barrier,
kcal/mol, the LS potential giveBewateny= 27 kcal/mol,loo = with a 0.12 A width. Using the parameters of®ipresented in
2.36 A andweps) = 1067 cntl. For Do,y > 25 kcal/mol Table 2, we estimate a 160 fs proton-transfer time with a

the double-well potential merges into a single well. Other tunneling correction factor of 1000. It is relevant to emphasize
experimental data on hydrogen bonds between oxygen atomshat using the ionization potential of liquid water proposed by
are collected in Table 1 and compared with the LS potential in Mozumder|p = 11.7 eV, and assuming that the electron affinity
Figure 1. According to the LS potential, the-@D distances value for water is the electron hydration enerfgy= 1.65 eV®?
are approximately linearly related to the logarithm of the H-bond we obtain indistinguishable results, which reflect the stability
energies, and the agreement with the experimental data confirmsf our calculations with respect to small changes in the
the good performance of the LS potenfidlThis agreement is  parameters of the reactants. The calculated proton-transfer rates
improved when the repulsion constdnis increased to 9.0 A,  are much faster than the picosecond proton mobility in liquid
as shown in that figure. However, the proton-transfer rates, to water. This is consistent with the current view on the proton
be discussed further below, change by less than a factor of 2mobility, which assigns its rate-determining step to changes in
whenb is increased from 4.8 to 9.0 A. We opted for the original the second hydration shell of the Zundel frAgmon offered
calibration to emphasize the fact that our calculations are not a bond-order analysis for the cooperative many-molecule effects
biased by an arbitrary choice of parameters. related to the proton mobility in liquid waté?.Such an analysis
The nature of the hydrated proton and its mobility in liquid exceeds the scope of the present work, that focus exclusively
water has been subject to much controvéP$9Eigen proposed  on the concerted bond-breakingond-forming event attending
an entity where the central oxonium ion is strongly H-bonded the direct transfer of a proton from an acid to a base. On the
to three HO molecules, BO*(H,0)3,2 but Zundel argued for ~ proton mobility in water, we can only state that it is not rate-
the relevance of the (#0—H™---OH,) ion at small degrees of  determined by proton tunneling within the Zundel ion.
hydration®! The Eigen ion was observed by Triolo and Narten McAllister and co-workers recently used high-leadl initio
using X-ray and neutron scattering, akg(HzO"+--OH,) = calculations incorporating cavity polarity effects to estimate the
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TABLE 2: Bond Lengths, Bond Dissociation Energies,
Vibrational Frequencies of the Molecules, and lonization
Potentials and Electron Affinities of the Radicals Employed
in the Calculation of the Energy Barriers of Atom and
Proton Transfer Reactiong

leq(R)  D%gg(kcal motl) we(cm ) Ip(eV) Ea(eV)
CsHe 1.101 1131 3062 8.32 1.096
CH3CeHs 1.111 89.8 2934 7.242 0.912
azulene 742 0.7%
CH;COCH; 1.103 98.3 2939 9.7031.76
CH3NO, 1.088 60.8 3048 11.08 0.5C
HCN 1.0655 126.1 3311 14.170 3.862
CH3sNH;z 1.099 93.3 2820 6.29
CH;3NH; 1.010 100.0 3361 899
H0 0.9575 119.0 3657 13.017 1.8277
CH3;COOH  0.97 105.8 3583 10.65 3.29
CeHsOH 0.956 86.5 3650 8.56 2.253
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CHART 2. A-Sg2 Mechanism for the Acid-Catalyzed
Dedeuteration of Azulene-1d

+

Ky
D

)

o + oD

lb+
H

3. Nature of the Reactants

The best example of a virtually isothermic proton exchange
involving an aromatic hydrocarbon in aqueous solution is that
of azulene. The acidity of the conjugated acid of azulene
(PKazulener = —1.76) is very nearly identical to that of the
hydronium ion (Kn3ot = —1.74). Consequently the acid-
catalyzed dedeuteration of azulene-provides an important
test for the assessment of the nature of the reactants in the rates.
The observed second-order rate constant for the acid catalysis

@ Gas-phase data; boldface letters indicate where the radical is is kops = 0.45 ML s~ at 25°C 12 The steady-state analysis of

centered after the bond to the hydrogen atom is broken; bond lengths

and bond dissociation energies from ref 71; ionization potentials and
electron affinities from webbook.nist.gov, except where notdRief-
erence 72¢ For the moleculed Reference 73.

strength of hydrogen bonds in waféiThey obtained a H-bond
energy of 2.6 kcal/mol for the formic acicformic acid complex
and 7.2 kcal/mol for the formic acicformate anion complex.
This estimate is in reasonable agreement with the activation

the A-S2 mechanism in Chart 2 givésps = ky™/(1 + ku/kp),
which, together withky/kp = 9.212 yieldsky™ = 4.6 M1 s71,

or ky™ = 0.77 M1 s71 per acidic proton and per equivalent
basic site. Thép of azulene is lower than that of8; thus, we

use the electronic parameters of azulene to calcuhatiae the
absence of electronic data for the radical, we use the data on
the moleculelp = 7.42 eV andEp = 0.79 eV) to obtairm =
1.238. This has a small impact in the final result. For example,

energy for proton exchange between maleic acid and hydrogenusing the data of the phenyl radicé, = 8.32 eV andEa =

maleate in 10% water/acetong- which is consistent with a
ca. 4 kcal/mol stronger intermolecular H-bond in the hydrogen
maleate than the conventional H-bond in aqueous sol6tion.
However, the equilibrium constants betweeis and trans

1.096 eV, we calculaten = 1.303. The electronic parameters
of azulene with the €H bond parameters of benzene and the
O—H bond parameters of water, give a classical barrier of 15.6
kcal molt, which, after zero-point energy corrections, is

isomers of hydrogen maleate vs maleic acid in water suggest'educed t0AV¥5g = 13.3 kcal mot™. The protonation rate

that the intermolecular H-bond in the monoanion is only 0.5
kcal/mol more stable than the conventional H-bond. These

studies place the enthalpy of the H-bond between an oxygen-

centered anion and water in the-3 kcal/mol range. In this
work we adoptDooroy = 2.0 kcal/mol for hydrogen bonds
between uncharged oxygen atoms @&l+oy = 4 kcal/mol

for H-bonds between carboxylate or phenonate anions and
neutral oxygen acids. A similar 2 kcal/mol increase in the energy

of an hydrogen bond between uncharged to single-charged

oxygen atoms was also proposed by Agrfidn.

H-bonding to carbon acids is less important than to oxygen
or nitrogen acids and, in aqueous solutions, can be neglected
A possible exception is HCN, which forms dimers at low
temperatures. WitlD, = 1.5 kcal/mol for the HCN dimer, we
obtain a (N--C) distance of 3.246 A, a H-bond stretching
frequency of 194 cmt, and an electronic H-bond enery =
2.16 kcal/mol, which compare reasonably well with the experi-
mental values of 3.287 A, 120 crhand 1.9 kcal/mof?-%8Thus,
H-bonding in the HCN dimer is only slightly weaker than in
the water dimer, and CNmust be extensively hydrogen bonded
to water. UsingDo(c+oy = 4 kcal/mol for H-bond energy in
the (NC---HOH) species, we obtailz-o = 2.94 A andweco)
= 325 cntl. This is a good compromise between the CO pair
distribution function obtained in molecular dynamics simula-
tions, that gives a first maximum near below 2.8%and the
200 cnt! band of frequencies assigned to the center of mass
vibration of the (NC+:-HOH) pair’®

It is important to emphasize that ISM/scTST rate calculations
do not involve the fitting of any parameters to the kinetic data.
The transition-state energy is estimated from an analytical

constant given by eq 8 ik = 0.77 M~! s71, Table 3, and
includes a 4.6 tunneling correction. The coincidence with the
experimental rate is just that: a coincidence. ISM cannot be
expected to give better than order-of-magnitude estimates for
proton-transfer rate constants in solution. However, it must also
be said that our results are not biased by a convenient choice
of parameters. For example, using = 1.303, which is
representative of benzene ionization, we obtain= 3 M1

s~1. The electronic parameteris the most sensitive parameter

of ISM, and an uncertainty of-10% produces 1 order of
magnitude changes in the rates. For the species addressed in
this study, this uncertainty typically correspondstid.5 eV in

1por £0.5 eV inEa. This is the level of accuracy expected for
ISM/scTST calculationd?

The other extreme of virtually isothermic proton exchange
in agueous solution is the excited-state deprotonation of 5-cyano-
1-naphthol (5CN1N). Its excited-state acidity K = —2.7,
and the reciprocal of the proton dissociation time at°€5is
1.3 x 10" s71.13 The ionization potential of the excited naphthol
is reduced with respect to its ground state by the singlet-state
energy Es = 3.44 eV, and the excited-state ionization potential,
I* = Ip — Es, must be used in eqB.With the Ip andEx of
the phenoxy radical anfis of 5CN1N we obtairm = 2.572.
Using the O-H bond parameters of phenol and of water,
together withDooro) = 2 kcal/mol andDooHo ) = 4 kcal/mol,
we calculate a reaction frequency of 163dn4.9 x 102s71),

a classical barrier of 3.4 kcal mdl which is reduced to 2.6
kcal mol! after zero-point energy corrections, and the proton
dissociation time given by eq 10 is 1,8 10! s! at 25°C,
Table 3. This first-order rate constant includes a tunneling
correction of 2.9. According to ISM, the dramatic acidase

expression that only uses the parameters of the reactants andeactivity differences between the-€l bond of azulene and

products presented in Table 2, and the experimenkak,p
H-bond energies anis.

the O-H bond of 5CNIN are due to an increase in the
electrophilicity index (a factor of 2 10° in the rate) and to
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TABLE 3: Parameters Employed in the ISM Reaction Coordinate of AH+ B~ — A~ + HB Proton Transfers, and
Corresponding ISM/scTST Rate$

AH, pKa HB, pKa reactant Morse model  product Morse model m® Doatg) Kism Kexp
hydronium ion, -1.74  azulenekl—1.76 GHs H,O 1.238 —— 0.77 0.7
5CN1N*, —2.8 hydronium ion, -1.74 §HsOH H.0 2.613 2;4 18x10% 1.3x 10%d
acetic a., 4.76 propionic a., 4.88 GEDOH CH3;COOH 1.894 4; 4 2.1x 10°¢  3.9x 10°¢
phenol, 9.86 HCN, 9.0 &1c0H HCN 1.714 4;4 8.2 10%¢ 4.8 x 10°f
HCN, 9.0 HCN, 9.0 HCN HCN 1.749 4; 4 5210 7 x 109
nitromethane, 10.22 water, 15.74 HENO, HO 1.095 —— 8.6 9.2"
acetylacetone, 9.0 water, 15.74 CHOCH; H.,O 1.443 —— 15x10* 2x10%
acetic acid, 4.76 acetone, 19.2 EHOOH CH;COCH; 1.443 ——  3.6x 10 6.3 x 1071
acetone, 19.0 pivalic acid, 5.05 QEOCH; CH;COOH 1.443 —— 4.4x10% 6.8x 108k
propionic acid, 4.87 acetylacetone, 8.87 L0oH CH3;COCH; 1.443 ——  34x10F 7.3x 10Y
acetylacetone, 8.87 pivalic a., 5.05 HOCH; CH;COCH 1.443 —-— 16 1.8
acetic acid, 4.76 azuleneéH—1.76 CHCOOH CeHs 1.238 —— 23x10* 3.6x103%¢
toluene, 41.2 Lc-hexylamide, 41.6 6HeCH3 CH3NH, 1 —= 1.2x102% 1.2x102™m
N*(CH3)PhCH—H  +-=~OC(GsHs)2 " CHsNH; CeHsOH 1573 —— 48x10° 4.1x1°"
2-naphthol*, 2.7 hydronium ion, -1.74 68s0OH H,O 2.817 2,4 13x10F 1.1x1C°
Ph-nitroethane, 7.39  water, 15.74 HENO, H,O 1.095 —— 9.9 x 10* 7.8P
(NO2)sPhCH—H H—N'R; CsHeCH3 CHsNH, 1.095 0;4 9.7 1.4 10ta
mandelic acid, 22 hydronium ion, -1.74 GEOCH; H,0 1.443 ——  17x10° 4x10°r

2 Rates at 25°C per equivalent proton and per equivalent basic site, it 8, except for italicized rates, which are in's Doang) IS in
kcal/mol.P The electronic models fam are discussed in the text and theandE, data collected in Table 2.Reference 12¢ Reference 132 At
20 °C from ref 74, the ISM rate employeg, = 0.1 M. f Reference 79 Reference 80" Reference 82.At 12 °C from ref 2.) Reference 85.
kReference 86.At 28 °C from ref 87.™ Reference 147 Reaction energy in 1,2-dichloroethaeG® = —10.2 kcal/moF8 treated as a intramolecular
reaction.® Reference 8% Reference 90¢ Reaction energy in dichloromethanas°~—4 kcal/mol®* " At 170 °C from ref 92.

the presence of hydrogen bonding (a factor of 3.0* in the (pKa = 9.86 for phenol) occurs with a rate of 4:8 108 s71
rate, including the change from a second to a first-order M~1. These proton transfers are also very interesting because
reaction). they occur directly between HCN and the bases, as opposed to
Many other oxygen acids have nearly diffusion-controlled the equivalent deprotonation of “normal” acids, that may proceed
deprotonation rates in aqueous solution, even when the PT iswith the participation of one or more solvent molecules in
only slightly exothermic. An example is the proton transfer from hydroxylic solvents? as discussed above for carboxylic acids.
acetic acid (K, = 4.75) and propionate anion (propionic acid We calculate the rate of proton transfer from HCN to the
pKa = 4.87), which occurs withy = 3.9 x 1B M~1ts1at 20 phenolate ion takinkyk-o = K. = 0.1 M~ as Bednar and
°C.”* This is also an example of a proton transfer from a good Jencks, using the electronic parameters associated with phenol
hydrogen-bond donor to a good hydrogen-bond acceptor, in a(m = 1.714), the structural data for HCN and phenol, &nd
solvent that is both an acceptor and a donor. Under such= 4 kcal/mol for the H-bond energy. These parameters give
circumstances, it is possible to have a concerted proton transferAV g = 5.6 kcal/mol andksc = 8.2 x 108 M~1 s72, including
through a hydrogen-bonded solvent molec@lBroton transfer a tunneling correction of 7.4. A similar calculation for the proton
with the participation of a water molecule is competitive with exchange between HCN and CNwhich is also known to be
direct bimolecular proton transfer in the proton exchange direct, but using exclusively the parameters of HCN, gives 5.2
between ammonium ion and ammo#ftaHowever, it was x 10’ M~1s71, and should be compared with the experimental
recently shown that the most stable isomer of thesCH value of 7x 10f M~1 s7180 The magnitude of the decrease in
COO (CH3COOH)-(H20), complex has a direct hydrogen the PT rate when the base is changed from the phenolate ion to
bond between the acetate ion and acetic &Moreover, the CN~ is slightly underestimated probably because the same
same study showed that the energy of the isomer where a pairH-bond energy was used for both cases, whereas it is more
of acetate ions is bridged by ang® ion is 3.4 kcal maot?! reasonable to expect that it is smaller in NBCN. The
higher than that of the isomer with the direct H bond, and lies reactivity difference calculated with the same H-bond energy
on a relatively flat surface with respect to the proton-transfer is mostly due to the higher strength of the HC bond in HCN
coordinate. This suggests that the difference between the directwith respect to the OH bond of phenol.
proton transfer in CEHCOOH/ OOCH,CH3 and the water- Nitroalkanes are particularly strong carbon acids, but have
bridged proton transfer in GJ€OOH/HO/-OOCH,CHj3 is relatively low PT rates. This has been known from early work
mostly in the shape of the barrier rather than the height of the on CH bond ionizatiof! but Bordwell was the first to
barrier. Using the structural and electronic data of acetic acid emphasize that the PT rates of nitroalkanes are more sensitive
(m = 1.894) andDooHo) = 4 kcal/mol, we calculaté\VF,q = to structural change than their equilibPidhe deprotonation
4.7 kcal motf. The rate constant, withc = 0.1 M~ andwe(oo) rate of nitromethane ¢, = 10.22,AG° = —7.3 kcal/mol after
= 338 cnl, is ke = 2.1 x 1°® M~ s71 including a 7.2 correction for equivalent acid protons) with hydroxide ion at
tunneling correction. For a concerted transfer through a solvent25°C is 27.6 M1 s71, whereas that of nitroethanel{p= 8.60,
molecule, the flatness of the potential would reduce the tunneling AG® = —9.7 kcal/mol) is 5.19 M! s71 and that of 2-nitropro-
correction and bring the calculations into better agreement with pane (Ko = 7.74,AG® = —11.3 kcal/mol) is 0.316 M! s~1.82
the observed rate. With the data for water and nitromethane & 1.095), we
Carbon acids exchange protons with oxygen bases at muchcalculateksc = 8.6 M~1 s1, which should be compared with
slower rates that oxygen acids, as illustrated above with the the statistically corrected experimental rate of 9.2 for
azulinium ion. A remarkable exception is HCNKp= 9.0), nitromethane, Table 3. The electron affinities of nitroethane and
that is known to transfer a proton very rapidly to oxygen or 2-nitropropane are not known, but if we assume thaethyl
nitrogen bases, almost as a “normal” oxygen or nitrogen @cid. substitution leads to the same changes in electron affinity as in
For example, the nearly isothermic transfer to phenolate ion the methane, ethane, propane series, then we shouldhhave
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Figure 3. Bronsted plots for the carboxylic-acid-catalysis of azulene
(circles), acetylacetone (closed squares), and acetone (closed triangles)
and for the carboxylate-base-catalyzed enolization of acetylacetone
(open squares) and acetone (open triangles). ISM/scTST rate calcula-
tions for the limiting values of each reaction series were joined by
straight lines.ApK, represents the statistically corrected difference
between the I§, of the carbon acid and the carboxylic acid in acids
catalysis, and its symmetrical in base catalysis.

Figure 2. Correlation between calculated and statistically corrected
experimental proton-transfer rates, expressed in unitsdfdvt except

for the deprotonation of 5CN1N, which is im’s The correlation
coefficient is 0.997. The line represents the ideal correlation.

1 for 2-nitropropane. With this value aoh, the vibrationally

adiabatic barrier for the 2-nitropropane CH bond ionization is
AV 4= 13.1 kcal/mol, higher than for nitromethane ionization,
AV¥g = 12.3 kcal/mol, opposing the thermodynamic trend. values ofm (m — 1) correspond to “hard molecule®” and

Thus, our calculations explain the “anomaly” observed for |o5q 1o high barriers. Strong hydrogen bonds appreciably
nitroalkane: the electronic factor dominates the thermodynamic yecrease the barriers and correspond to “norrt¥ad, rapidly

one. This has been discussed in detail before, in the context Ofreacting, acids. The importance of hardness and hydrogen-

a Slmpler_c_urve—crossmg mocél. . bonding ability had been stressed before, but only the- LS

. T_he acidity of ac_etylacetone, GICOCH)> pKa = 9.07 is ISM reaction coordinate gives a quantitative formulation for
similar to that of nitroethane, but the PT rate from the keto- {hese molecular factors. The reaction energy and tunneling
form of acetylacetone to hydroxide ion,410'M™*s*at 12 qprections also play very important roles in determining the
°C, is 4 orders of magnitude higher than for nitroethane. Using reactivity of a given system. These effects are discussed
the data for water and acetorma € 1.443), we obtain 1.5 separately below.

10* M~1s71, which should be compared with the rate per acidic
hydrogen of 2x 10* M~* s™% It is interesting to note that 4. Free-Energy Relationships

systems with highem values are less sensitive to changemin ) . ) .
and hence less prone to anomalies. PT reactions are at the origin of linear free-energy relation-

Figure 2 shows that the absolute rate calculations are in SNiPS. The most popular of them is the"Bsted relationship

excellent agreement with the experimental rates, although acidsfor acid-base catalysts
of widely different structures were selected for these calculations

and 11 orders of magnitude are covered. ISM provides a ko, =G, Ky
guantitative relation between the nature of the acids and bases p
and their proton-transfer rates. A first impression might be that k=G ,K; (13)

this remarkable achievement should not have been possible
without explicit consideration of the solvent. In fact, as where the constantS, anda refer to the protonation of carbon
mentioned before, the solvent was implicitly involved in the bases in acid catalysis and the const&hts andg refer to the
reaction coordinate because we employ the experimeKtal p  deprotonation of carbon acids in base catalysis. Linear relations
to obtain the reaction energies, rather than the differencesbetween the rate constants for protonatiky) ¢r deprotonation
between bond strengths previously employed in gas-phase(k-p) and the acidity constant of the catalyst, have been observed
calculations®2° This is a simple and exact method to account when the substrate (a carbon base or a carbon acid) is held
for the thermodynamic effect of the solvent. It is also simple constant and the catalyst is changed within a family of
and accurate insofar as equilibrium solvation is maintained along structurally related acids or bases (eg., carboxylic acids or
the reaction coordinate, as assumed in the interpolatidxG5f carboxylate bases). Figure 3 illustrates’ Bsted relationships
from reactants to products using the reaction coordinatéh obtained in the carboxylic acid catalysis of azuléhagcety-
egs 5 and 6. This approximation should only fail for ultrafast laceton€®” and aceton& and the carboxylate-base-catalyzed
processes, where the solvent cannot accompany the rapidity ofenolization of acetylacetone and acetéh&e selected these
the chemical changes. The most important specific effect of the systems to illustrate the Bnsted relationship because they cover
solvent is its hydrogen bonding ability, and this was also a broad range of reaction energies and involve some of the
included in the reaction coordinate. substrates already presented. Using the parameters of those
The molecular factors that dominate proton-transfer reactivity substrates, together with OH bond of acetic acid, we can
are the electrophilicity indexn and the H-bond strength. Low  calculate k, and k-, using ISM/scTST. Table 3 presents
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the protonation of aromatic substrates and the ketonization of

enolates, can be simulated by the Marcus expression when both
81 kair and AGo* are fitted to the experimental rate.
4l Figure 4 also illustrates the free-energy dependence of a
“normal” acid (the deprotonation of acetic acid by carboxylate
ol bases), and of a family of photoacids (ESPT from aromatic
> alcohols to water). These acids are usually described by the
2 a4l Eigen mechanism, mechanism Ill, and are characterized by a
sharp break separating the exothermic and diffusion-controlled
8- reactions, from endothermic and thermodynamically controlled
42 L N ones. These free-energy relationships are not quadratic, and have
\ been described as changing from= 0 (orf = 1) toa. = 1 (or
16 ‘ | ‘ . ) B = 0) whenAG? changes sign.
40 % 20 -0 0 10 20 30 Rather than fitting functional forms to reproduce the observed
AG’, keal/mol free-energy relationships, we can employ ISM/scTST to make

Figure 4. Free-energy relationships in the protonation of aromatic absolute rate calculatlons_ for these series of reactions, usmg
substrates (triangles), ketonization of enolates (squares), ionization of € parameters already discussed for azulene, acetone, acetic
acetic acid by carboxylate bases (circles) and ESPT from aromatic acid, 5SCN1N and water. The lines presented in Figure 4 guide
alcohols (triangles). The lines represent ISM/scTST calculations with the eye for ISM/scTST calculations sharing the same set of
the electrophilicity index shown in the plot. parameters excegtGP. They cover 26 orders of magnitude in
] ] ) ] _ the rates and are in excellent agreement with the experimental

representative examples of each reaction series. The lines inyata. values ofm close to unity lead to high barriers and
Figure 3 join rate constants calculated for the most and least ypproximately linear free-energy relationship, whereas large
exothermic reactions of each series. _ values ofm reduce the PT barrier and originate Eigen plots.

ISM/scTST calculations are within 1 order of magnitude of The quadratic free-energy relationships associated with the
the statistically corrected experimental rates and account for theyjarcus equation are only apparent for intermediate values of
linear free-energy dependence of the rates. More specifically, ; These calculations do not include the effect of diffusion and
the experimental and calculated Beted slopes for the proto- g not involve any adjustable parameters. The sharp break in
nation of azulene areex, = 0.61 andbusw = 0.66, respectively,  the free-energy relations of oxygen acids results from the low
and for acetone we haugex, = 0.12 andfley = 0.88 10 be  paprier due to large values ofi and significant H-bonding.
compared witfusw = 0.17 andfisu = 0.82. The experimental The free-energy relationships predicted by ISM are not
data for acetylacetone has considerable scatter, and the CoefQUadratic. Quadratic dependencies lead to “inverted regions”

flcients aeﬁ) = 0.43 (correlation coeffici(_erﬂ? = 0.84) andfexp . (adecrease in the rate with an increase in exothermicity), which
= 0.47 R=0.91) have a larger uncertainty. The corresponding 44 not have a correspondence in potential energy surfaces for

calculated values areusy = 0.35 andfisw = 0.65. The  ggiapatic reactions. The limiting values of ISM for exothermic
difference between calculated and experimentahBied slopes — 544m or proton transfers are barrierless reactions. As this limit

in the acid-base catalysis acetylacetone is related to the scatter;g approached, diffusion or solvent reorientation, may become
of the experimental data. For example, using only the data for o rate-deterrhining step. For example Adz® = ;0.6 kcal/
the PT from the keto-form of acetylacetone to the carboxylate 1, the deprotonation times of cyanonaphthols in water reach

. : - .
reported by Ahrens et &', we obtainfiexp = 0.60, which is  yhe Depyve relaxation time of water, 8 ps. More importantly,
closer to the calculated value and in better agreement with theaccording to eqs22 as the endothermicity increasegg — 1

expectation from eq 11 that + f = 1. B , andnya — 0, which implies thatia* — liaeq tends to infinity
ISM calculations necessarily give + = 1 for acid and 5pq), 0+ — |5 o tends to zero. This requires that the sum of
base catalysis discussed above, because they correspond l(?

: ond extensionslya* — lnaed + [lHe* — lng.ed, iNncreases with
exchanging reactants and products. The slopes of the calculate AGY| and that the intrinsic barrier also increases WG

free-energy curves tend to zero for very exothermic reactions 14 the pest of our knowledge, the first argument that intrinsic
and to unity for very endothermic reactions. Thus, according pa riers should increase WithG?| was made by Koepple and

to ISM, the free-energy relationships are curved, rather than i a50e97 |t was given a quantitative basis in the original
linear, when a wide range of free energies is involved. It is formulation of 1ISM1598 which was closely followed by an
difficult to find a homogeneous series of catalysts that spans empirical deduction based on hydroxide ion catalyzed depro-

the K range necessary to test the anticipated curved free'e”er%onations‘?g and anab initio study on H atom transfef&?
relationships, but this difficulty can be overcome by constructing

Bronsted plots .Where the catalyst is kept constant and the 5. Primary Kinetic Isotope Effects
substrate is varied. Kresge and co-workers used this procedure
to show that the protonation rates of aromatic substrates Westheimer indicated that the zero-point energy difference
(benzene, azulene, methoxybenzenes, ...) §9'Horiginated between CH and CD bonds should be fully operational for
curved Brmsted plots, Figure 2 This figure also shows the ~ symmetric PT reactions, because they correspond to transition
more extensive data collected by Wirz for the ketonization of states with a symmetrical stretching vibration that is independent
enolate$* The distinct curvatures of these data have been of the mass of the central atohThus, at 298 K, symmetrical
rationalized in terms of quadratic free-energy relationships, suchPT between carbon atoms should attain the maximum KIE of
as that of Marcu8>° When work terms are neglected, the ku/kp = 6.2, and between oxygen atoms this maximum should
Marcus expression for proton transfer is usually fitted to the reach 7.9. Shortly after, Bell pointed out that Westheimer
experimental data using two adjustable parameters: a limiting ignored the bending vibrations and the effect of the curvature
rate for very exothermic reactionkgis, and a barrier for the of the potential energy surface at the transition stede
thermoneutral reactiomGo*. The free-energy dependence of further suggested that tunneling could compensate for the
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12 : : : : or cesium cyclohexylamide in cyclohexylamine. The exchange
between toluene=d and lithium cyclohexylamide (LINHEH1)
10 | s ]
o
. e of | LI CgHsCH,D + CgH;NH™ Li " — CH.CH, Li "+
B L 1 L T i
& 6L . - . T | C;H;NHD (1V)
¥I
4P " ; " n_ is particularly interesting because the statistically corrected
7% . " acidity constants are similarKgyuene = 41.2 and Kcscna =
2 L o °° s o ¢ i 41.611%and the reaction is virtually isoenergetic. The deuterium
o ° e exchange rate is 5.¥ 103 M~1s 1 at 25°C, and increases to
030 m m : m 20 1.9 x 102M~1s1at 50°C.11 At the lower temperature the
i - i KIE for the exchange of deuterium relative to tritiumkis/kr
AG®  (kca/mol) = 2.82, and relative to the proton itlkg/kp = 1114 With m=

Figure 5. Kinetic isotope effects in the ionization of nitroalkanes to 1, our refere9r10e for hydrogen an_d *sparbon atoms in
water, hydroxide and carboxylate ions (squares), and in the ESPT of hydrocarbijnél we calculate a deuterium e%chz%nge rate of 1.5
naphthols to water (circles). ISM/scTST calculations (open symbols) < 1072 M~ s™t at 25°C and 1.2x 10> M~*s™* at 50°C.
employed the data for nitromethane or excited naphthols and water. The proton exchange is reported in Table 3 and is yet another
case of coincidence between calculated and experimental values.
Furthermore, at 28C we obtainkp/kr = 2.4 andky/kp = 7.9.
expected decrease in KIE when such effects are taken into The PT rates in the contact radical-ion pairs (CRIP) formed
consideration. Quantum mechanical theories, including tunneling in 1,2-dichloroethane between benzopheroNe\-dimethyl-
and proton vibrational levels, have also been formulated and aniline and 4-dimethoxybenzophenerié,N-dimethylaniline are
applied to the interpretation of the free-energy dependence of4.1 x 10° and 2.1x 1(° s, whereas the respective free-
KIE. Such theories also predicted a maximum KIE for sym- energies ardG°® = —10.2 and—14.1 kcal/mol*? This has been
metrical PT102.108 interpreted as an example of an “inverted regibh® and it
Early experimental evidence that KIE go through a maximum was rationalized in terms of a nonadiabatic model. However,
nearAGP = 0 was presented by Kresge and BRA% 19 Figure this “inverted region” is much less pronounced than the
5 presents KIE for the ionizations of nitroalkanes with bases “nitroalkane anomaly”, where the PT rate decreases by a factor
such as HO, OH~, RCOO", or PhO 90106108 gnd of excited of 100 for the same decrease AG°. We showed above that
naphthols in wate} 199 These systems were selected to ensure such “anomalies” are likely to be due to a changenimithin
a high degree of homogeneity in the reaction series. For thethe reaction series. This electronic effect can be assessed using
nitroalkanes, the KIE maximum is shifted toward the weakest the reduction potential€() of 4,4 -substituted benzophenones
bond, as expected, but for the naphthols, the opposite isreported by Peters? and their expected correlation with the
observed. This unbalance is due to the presence of a strongeelectron affinities
H-bond in the products of the naphthol ionizations. Additionally,
the maximum KIE is higher than expected from zero-point E,,=Ex — [AG (A ) — AG,,(A)] + constant
energy changes for the nitroalkandsy/kp = 8.1, but the (14
opposite is observed for naphthokg/kp ~ 3.5. ) ] )
Figure 5 also illustrates KIE calculated by ISM/scTST. The WhereAGsqy represent the solvation free-energies of the anion
vibrational frequencies respond to the isotopic substitution and (A_) and neutral molecule (A). Assuming thatGsoA™) —
strongly modulate the vibrationally adiabatic path used for the AGsoMA)] does not Ch?l';%ifor different A, the expression above
tunneling corrections. For that reason, ISM/scTST calculations 68dS t0AEA = AEy, 5 and from the variation 0By in
for proton and deuteron transfers were made for different e Series of substituted benzophenones, we can obtain the
reaction energies and the ratio of those rates is represented iyahation ofEa. We calculate the PT barriers in CRIPs with the

Figure 5, point by point. The asymmetry in the reaction path Morse data for phenol representing the OH bond in the
produces an asymmetry in the tunneling corrections that is benzophenone ketyl radical, with the Morse data of methylamine

reflected in the KIE. representing the CH bond in thé,N-dimethylaniline radical
cation. The values oftn along the series of substituted
6. Solvent Effects benzophenones can be estimated from the variatio&;jn

relative to 4,4dichlorobenzophenone. The absolute PT rates
Changing solvents may affect the PT rates in at least threewithin the ion pairs can only be calculated if the promoting
different ways: (i) the acidity constants change with the solvent, mode frequency of this first-order reaction is known. Peters and
and this is reflected in the PT rates through their free-energy Kim employed values between 200 ch(6.0 x 102s™1) and
dependence; (i) the H-bond energies increase with a decreasel50 cnt?! (4.5 x 10'2 s71).88 |n Figure 6 we show that our
in the solvent polarity and a H-bonded intermediate (or an ion calculations using a pre-exponential factor ok5.0'2 s™1 are
pair) may be formed in weakly polar solvents; (iii) the within a factor of 5 of the experimental rates and closely follow
electrophilicity indexm may also change with the solvent the free-energy relationship observed in acetonitrile.
polarity and heighten the electronic effects. Animmense variety The “inverted region” is only observed in weakly polar
of situations result from the combination of these factors with solvents, such as 1,2-dichloroethane. It is beyond the scope of
the change in the nature of the reactants. In this work, we will this work to present a full quantitative account of solvent effects
focus only in weakly polar solvents because they lead to ion in PT, but an educated guess of such effects can be based on
pairs and display the most extreme solvent effects. the variation ofAGsqy With the polarity of the solvent. Since
Streitwieser and co-workers studied in detail the mechanism the solvation of A is more exothermic than that of A, we have
of proton exchange between aromatic hydrocarbons and lithium[AGso(A™) — AGsoif(A)] < O for polar solvents, but this term
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Figure 6. Free-energy relationships observed in CRIP in acetonitrile of (R)-mandelate (lozenges), ESPT of 2-naphthol (triangles), and
(circles) and 1,2-dichloroethane (squares). ISM/scTST calculations 5-cyano-1-naphthol (squares), and on the second-order deprotonation
(open symbols and lines) were made with variailesstimated from rate constant of 1-phenyl-1-nitroethane by Oftiangles). The circles

AEx = AEy; for acetonitrile and\Ea = 2AEy; for 1,2-dichloroethane.  represent the deprotonation of trinitrotoluene by DBU in dichlo-
romethane.
will approach zero for less polar solvents. This, and m, creases from 12 at & to 7 at 45°C, whereas the experimental

will tend to be larger in less polar solvents and, for the same e qecreases from 9.2 to 5.8

AG? the rates should be higher. This tendency is observed for  Aqe0us solutions impose a relatively high temperature as
the least exothermic reactions of Figure 6. The decrease in PTiha |ower limit for the temperature dependence studies of

rate in 1,2-dichloroethane observed for the most exothermic e molecular PT. This can be overcome with organic solvents.
systems, involving benzophenones with more negafiye A very interesting system studied in dichloromethane down to
values, can be explained by the higher sensitiviteiin this —80°C is the deprotonation of trinitrotoluene by 1,8-diazabicyclo-
solvent. Figure 6 shows that the electronic effects dominate the[5.4.0]undec-7-ene (DBU) in dichloromethane, that leads to an

thermodynamic ones wheiEx = 2AEy,. _ ion pair?>120The equilibrium constant for the formation of the
PT in CRIP is not an example of nonadiabatic PT because ., pair gives a reaction energhG® ~ —2 kcal/mol in

this thermal reaction occurs adiab_atica]ly on the lowest potent.ial dichloromethan&! In terms of our reaction coordinate, the ion
energy surface. However, nonadiabatic PTs may actualll)iﬁeXIst. pair can be regarded as a H-bond of a significant energy because
A likely candidate is the photohydration of styreriés! it involves oppositely charged species in dichloromethane. The
Thermodynamical and kinetic requirements impose that the .5\0jations illustrated in Figure 7 employed the Morse param-
reactants are in the excited singlet state and the products aryars of toluene and methylamine (NH bond), together Wit
formed in the ground state. According to the definition of  _5 | a/mol anl a 4 kcal/mol H-bond energy for the ion

Fbrster,ll_7 this is a nonadiaba_ltic PT, and intersecting-state pair only. In the absence of information on theandEx of the
formulations are more appropriate to treat these systés’ reactants involved, we employed the electrophilicity index of
nitromethanem = 1.095. This is a reasonable approximation
because the electron affinities are not expected to be very high
A final test to validate our PT rate calculations is the and, consequentlyn cannot be much greater than unity. The
comparison between the calculated and experimental temper-nterest of this system is not just the extended temperature
ature dependencies of the rates. One of the fastest intermoleculadependence experimentally studied, and very well reproduced
PT is the proton dissociation of electronically excited 5-cyano- by the calculations. Its interest also comes from the curvature
1-napthol in water (l§a = —2.72). The proton dissociation times  of the Arrhenius plot and from the large KIE, that increase to
for temperatures above 2% approach the Debye relaxation 27 at—10 °C and to 50 at-40 °C and indicate very large
times of watei3 ISM/scTST calculations using the data for tunneling effects. Our semiclassical tunneling correction is 21
phenol and water in Table 2, together with the electronic energy at 25°C, increases to 215 at40 °C, and reaches 4600 a80
of 5-cyano-1-napthol, required to calculae= 2.613 withlp* °C. Only such extreme tunneling corrections give the curvature
= |p — Esg, give first-order proton-dissociation rates in very good experimentally observed in the Arrhenius plot. Moreover, the
agreement with the experimental data, Figure 7. A similar calculated KIE increases from 11 at 26, to 19 at—10 °C,
agreement was found in the temperature dependence of the firstand 39 at—40 °C, in good agreement with the experimental
order proton-dissociation rates of 2-napthol. The latter calcula- data. The importance of tunneling in this system comes from
tion employed the dynamicky at each temperatufé. the formation of the ion pair. Figure 8 illustrates the reaction
We have seen before that nitroalkanes have particularly slow coordinate for this system. The products side is much steeper,
PT rates. The deprotonation rate of 1-phenyl-1-nitroethane andas the ion pair is taken as a hydrogen bond worth 4 kcal/mol,
its 1-d analogue by OH in water were measured in the-85 and leads to an increase in the tunneling correction. In a more
°C temperature randg®,and can be calculated with itKp at polar solvent, such as acetonitrile, a looser ion pair is formed
25°C, 7.391%8 and the data for nitromethane and water. Figure and the reaction coordinate in the products is not as steep. In
7 shows that the experimental rates are slightly overestimatedsuch cases the tunneling is not expected to be as high, and the
and the barriers slightly underestimated (experimental enthalpy KIE is smaller, as observed experimentafly.
of activation AH* = 12.3 kcal/mol vs vibrationally adiabatic A remarkable example of a very slow PT studied in aqueous
barrierAV,d" = 10.9 kcal/mol), which is not unexpected because solution is the racemization oRJ-mandelate and exchange of
the real value ofm should be lower than that of nitromethane, its a-hydrogen with deuterium. Much of the interest in this
as discussed before for nitroethane. The calculated KIE de-reaction comes from the fact tha&®)fmandelate is the natural

7. Temperature Dependencies
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20 T ] reassuring, but perhaps the greatest value of the method is to
E ] provide a clear relation between the properties of the reactants
. and products and those of transition states in atom and proton
] transfers. In particular, it is shown that an increase in electron
. affinity of the acid/base significantly lowers the PT barrier.
] Hydrogen bonding can also lower the PT barrier and, most
3 interestingly, may lead to thinner barrier and enhanced tunneling.
_ _ ] Tunneling corrections along the vibrationally adiabatic reaction
OfF e b path are present in all our calculations. At room temperature
. ] they usually range from 2 to 15. The most dramatic tunneling
-3 S T T TR TR TR B corrections result from the thin barriers obtained when the end
25 2 15 -1 05 0 05 1 atoms are close together, due to H-bonding, especially when
s (A) the barriers remain high.
Figure 8. Classical (dotted line) and vibrationally adiabatic (full line) Today, chemists have an arsenal of theoretical methods to
paths of LS-ISM/scTST for the deprotonation of trinitrotoluene by  attack problems of molecular structure and reactivity. ISM is
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in dichloromethane. The an addition to this arsenal that aims at the rationalization of
experimentahG® ~ —1.9 kcal/mol was imposed on this path and the  apparently unrelated properties and processes, and complements

lon pair was modeled as 4 kcal/mol H-bond strength. The Morse o qre”sophisticated methods already available. In view of
parameters of toluene and methylamine (NH bond) were employed as.t imolicit d insiaht. ISM be the first choice f
models for the reactant and product bonds, respectively, together with 'tS SImpliCity and nsight, may be the Tirst choice for a
m= 1.095. theoretical treatment before going into the detailed treatment

of a given proton transfer. However, issues such as solvent
Hynamics or multidimensional effects can only be tackled with
more sophisticated, and time-consuming, metH§dst126

15 |

10}

V (kcal/mol)

substrate of mandelate racemase, that catalyzes its racemizatio
with a turnover number oot = 480 s! at 25°C.121 In view

of the slowness of the uncatalysed exchange with deuterium at
pD 7.5, the effect of temperature on the first-order rate constant

was determined at temperatures between 130 and@80The % Acknowledgment. We thank Fundz# para a Ciacia e

ecnologia (Portugal) and FEDER for financial support of
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experimental rates of the uncatalyzed exchange are compare
in Figure 7 with the rates calculated using the acidity constant
of mandelic acid ionizing as a carbon acidkp = 22122123
and the data for acetone and water. The experimexitil =

31 kcal/mol, is in very good agreement with the calculated
barrier AV¥ag = 31.7 kcal/mol. This high barrier derives from

Supporting Information Available: Text giving the algo-
rithm for LS-ISM/scTST calculations and text and tables
detailing the input and output of the calculations on all the

thed(_endotrl;ermlcny %f the _;qrmatlon of th? enﬁlat_e lon '_mer'fsystems of Table 3. This material is available free of charge
mediate, because the acidity constants for the ionization of .- 4 o |nternet at http://pubs.acs.org.

mandelic acidic as a carbon acid, 22.0, and as an oxygen acid,
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