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units, was stirred with a 0.3 M aqueous solution (4 mL) of KI or KBr
and toluene (4 mL) in a 20-mL centrifuge test tube for 3 h at room
temperature. The tube was centrifuged at 3000 rpm for 20 min. Ali-
quots of the aqueous phase were potentiometrically titrated with 0.01 N
silver nitrate. Results are reported in Table VI. Values are the average
of at least two measurements. The experimental error was within £5%
of the obtained values.

Swelling and Hydration of Catalysts 1a—d. A 0.5-g sample of catalyst
was shaken for 3 h at room temperature in a 10-mL graduated centrifuge
test tube with 8 mL of toluene, or 8 mL of a 4 M aqueous solution of
KI (or KBr), or 4 mL of toluene and 4 mL of a 4 M aqueous solution
of potassium salt and then centrifuged for 20 min at 3000 rpm; the
catalyst stratified in a compact layer above, below, and at the interface,
respectively. The observed swelling volumes of polymers are reported in

Table VII. Measurements were reproducible within £0.1 mL. Samples
of centrifuged catalyst were carefully withdrawn, shaken by hand with
1 mL of anhydrous Me,SO-dq, filtered, and analyzed by 'H NMR. The
percent of water in the mixture of solvents adsorbed by the catalyst is
reported in Table VII. Values are the average of at least two measure-
ments. The experimental error was within £5%.
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Abstract: We have extended our previous studies of proton exchange and hydrogen bonding between acetic acid (A) and methanol
(B) in tetrahydrofuran-ds to the study of the primary kinetic H/D isotope effects of the exchange. For this purpose a new
combination of dynamic 'H and 2H NMR spectroscopy has been used to perform an “NMR proton inventory”. The following
rate law was obtained at deuterium fractions D = 0 and D = 1 of the exchangeable protonic sites: v = KLLC,Cy + k1L CL2Cy
(L = H, D). This was attributed to a superposition of cyclic double and triple proton exchange involving one and two molecules
of acetic acid and one molecule of methanol, Additional experiments were carried out at intermediate deuterium fractions.
Thus, we have succeeded in measuring the kinetic HH/HD/DD and HHH/HHD/DDD isotope effects of the exchange as
a function of the temperature. This has been achieved for the first time for well-defined intermolecular multiple-proton-transfer
reactions. We discuss the possibility of determining the number of protons transferred in a chemical reaction by performing
an NMR proton inventory. The rule of the geometric mean (RGM) is fulfilled for the kinetic isotope effects of the LLL process,
which are almost independent of temperature within the margin of error. By contrast, the RGM is not fulfilled for the LL
process, and the kinetic isotope effects depend strongly on the temperature. The energies of activation and frequency factors
fit Bell’s criteria of tunneling. Our kinetic results are not in good agreement with predictions of transition-state theory but
can be explained by an intermolecular tunneling model. The results are proof that acetic acid and methanol form cyclic

hydrogen-bonded 1:1 and 2:1 complexes which have a very low concentration in tetrahydrofuran.

Noncatalyzed proton-transfer reactions (HH reactions) of the
type
AH + XH* = BH* + XH 09

can take place between a variety of molecules in protic and
aprotic!~2° media and in the gaseous and the solid?'-* state. In
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organic and biochemical systems they are related to bifunctional
catalysis?33 and biological activity.**¢ On the other hand, these
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reactions are an old topic of theoretical chemistry.2!37-% [n
solution, tunneling probabilities should be higher in the case of
neutral HH transfer than in an ionic single-H-transfer reaction
because there is no need for the solvent molecules to reorientate!**
around the reacting molecules. The participation of tunneling
in proton-transfer reactions can be verified by a measurement of
the primary kinetic isotope effects (KIE).! The study of the full
KIE, e.g., the HH/HD/DH/DD KIE in LL reactions, where L.
= H or D, is, therefore, necessary for the elucidation of the reaction
mechanisms.

It has been known for a long time** that for reactions in
aqueous solution more than one proton donor can contribute to
the observed KIE either because of a different H/D composition
in the proton donor site with respect to the solvent (fractionation)
or because a number of n > 1 of protons is transported in the
rate-limiting step. In order to deduce n from the kinetic data the
“rule of the geometric mean”®® (RGM) has been extensively used
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in the subsequent “fractionation factor theory”. For n = 2 this
rule specifies the following relation between the bimolecular rate
constants:

kHD = (kHHkDD)l/Z (2)

Little is known, however, of the validity of this assumption. It
can be verified only by studying the KIE of proton-transfer re-
actions where n is known a priori, i.e., without using the RGM.
Though the kinetics of several HH reactions* 131520 have been
studied in the past by dynamic NMR spectroscopy, only very
recently!* have we reported, in continuation of our previous
work,* 131316 ful] HH/HD/DD KIE for well-defined double-
proton-transfer reactions. The data were reported!“ for the in-
termolecular LL migration in meso-tetraphenylporphine (TPP),
in part also for azophenine (AP), and in a preliminary form for
proton exchange in the system acetic acid/methanol/tetra-
hydrofuran (THF). The KIE were compared with the predictions
of transition-state theory and different tunneling theories. The
KIE of TPP could be explained by a vibrational model of tunneling
in a fixed symmetrical double-minimum potential with discrete
NH stretching levels.!416

In this paper we report the KIE of proton exchange between
acetic acid and methanol in THF, which we obtained by per-
forming a “proton inventory”*3646-49 where reaction rates are
measured as a function of the deuterium fraction D of the ex-
changeable protonic sites. These experiments have been realized
for the first time by a combination of dynamic 'H and °H NMR
spectroscopy. Grunwald et al.2 had found evidence for nonionic
proton transfer between carboxylic acids and alcohols as a side
reaction of ionic exchange in protic media. Although ionic proton
transfer can, in principle, be important in aprotic media,>%719.17
we have shown that the NMR line shapes of very pure acetic
acid/methanol/ THF samples are affected only by cyclic, nonionic
proton exchange,5"1? which we discussed in terms of a 1:1 proton
exchange between the reactants (Scheme I). In addition to this
double proton transfer we find now by extending the reactant
concentration range a second cyclic process in which two acetic
acid molecules and one methanol molecule participate, i.e., a triple
proton transfer (Scheme II). We report here the HH/HD/DD
and HHH/HHD/DDD KIE for the two reactions. We found
that the RGM is obeyed only in the triple-proton-transfer process.
It will be shown that this behavior and the values found for the
frequency factors and the energies of activation cannot be ex-
plained by transition-state theory but can be explained easily by
an intermolecular tunneling model.'

Experimental Section
Sample Preparation. Methanol, acetic acid, and THF were purchased
from Merck (Darmstadt) and their deuterated analogues from Fluka
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(Ulm), Merck (Darmstadt), and ICN (Munich). A vacuum glass ap-
paratus described previously'! was used for the preparation of sealed
NMR samples of known composition and high purity, both crucial to this
work. Only greaseless Teflon needle valve stopcocks were employed. The
purified and degassed solvents, stored in glass vessels over a drying agent,
were transferred partly into graduated capillary tubes by successive
evaporation and condensation. This procedure allowed volume mea-
surements at any desired temperature, though generally at room tem-
perature, before condensation into the NMR tube was effected, In the
last stage the NMR tube was sealed off. THF was dried over sodi-
um/potassium alloy with anthracene as drying indicator. A special effort
was necessary to dry methanol and acetic acid over molecular sieve
(Merck, 3 A), and the following procedure had to be employed. Mo-
lecular sieve was placed in a glass vessel and activated in vacuo at 360
°C with an electric oven. Without separating the vessel from the vacuum
line, methanol or acetic acid was then condensed from a second vessel
on the molecular sieve. In the case of CL;COOD and CL;OD the
molecular sieve was deuterated with D,O before the activation. For the
acceleration of the drying process the liquids were refluxed by cooling
the upper parts of the vessels with liquid nitrogen. The next day the
methanol or acetic acid was condensed into the second glass vessel, the
molecular sieve was activated again, and the liquid was recondensed on
the molecular sieve. This procedure was carried out four times. In this
way CH,;0H, CH,0D, CD,0H, CD,0D, CH,COOH, CH,COOD,
CD;COOH, CD,COOD, and certain CL;OH/CL,;OD and
CL;COOH/CL;COOD mixtures were prepared. The molecular sieve
used for drying the mixtures was first treated with H,O/D,0 with a
deuterium fraction corresponding to the value desired for the ex-
changeable protonic sites in the mixtures. The capillary tube system with
the NMR tube sealed to it was then attached to the vacuum line. The
NMR tube contained a H,0/D,0 mixture with the desired deuterium
fraction. After evaporation dry THF was condensed into the tube and
then back into the storage vessel in order to remove traces of water from
the inner glass walls. This procedure was repeated twice. Dry methanol
and acetic acid were condensed into the capillary tubes to deuterate the
walls and then evaporated into the cooling traps of the vacuum line. Then
the NMR samples were prepared as described above. Although this
procedure demands much effort, it has the advantage that samples can
be prepared with desired and defined deuterium fractions and reactant
concentrations. We estimate concentration errors of less than 5%, i.e.,
below the NMR detection limit, for, in calculating the NMR line shapes,
we never found evidence for concentrations other than those calculated
from the volume measurements in vacuo.

Care also had to be taken in choosing an optimal sample size. In order
to minimize concentration errors we used NMR tubes with an outer
diameter of 8 mm (Wilmad, Buena, inner tube no. 516 i). The volume
of the liquid phase in the samples was then about 2 mL. The gas-phase
volume was kept by appropriate sealing to a value of about 0.5-1 mL.
The total length of the NMR samples was about 5 cm. For the NMR
measurements the 8-mm NMR samples were placed in an outer 10-mm
NMR tube (Wilmad, no. 516 0). By limiting the gas-phase volume we
obtained a homogeneous sample temperature, which is especially im-
portant above room temperature. When the volume of the gas phase
extended to the spinner turbine, which was at room temperature, re-
fluxing of the liquid could not be avoided. This refluxing was accom-
panied by dramatic differences in the relative reactant concentrations
between the liquid and the gas phase.

'H and ’H NMR Spectroscopic Measurements. The 'H and 2H NMR
spectra were measured with a pulse FT NMR spectrometer, Bruker CXP
100, working at 90.02 MHz for protons and at 13.816 MHz for deu-
terons. The spectrometer was equipped with a 10-mm probe for both
nuclei. For the 'H NMR experiments the internal lock device was
employed and for the 2H NMR experiments an external °F lock. All
spectra were obtained without sample spinning in order to obtain line
profiles which are not affected by spinning side bands. The sample
temperatures were monitored with a set of thermometers calibrated
against the chemical shift of CH,OH according to Van Geet.’! In
general, simple phase alternating pulse sequences were used. Longitu-
dinal relaxation times were measured with the inversion-recovery me-
thod.’2 The spectra were transferred from the Bruker Aspect 2000
minicomputer to a Commstore II floppy disk (Sykes) equipped with a
RS 232 interface and then to the Univac 1108 computer of the Re-
chenzentrum der Universitit Freiburg, via a direct data line. The kinetic
data were obtained by simulation of the experimental spectra using a
computer program based on the quantum-mechanical density-matrix
formalism described previously” for intermolecular spin exchange between
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high-order spin systems. In the spectra presented here, the coupling
constants Jeyop and Jepop were so small that the OH or the OD site of
methanol could be treated as a one-spin system. The line shapes de-
pended on the proton (deuteron) lifetime 7,; in acetic acid (A), the
lifetime rp; in methanol (B), the chemical shifts of the exchangeable
protons (deuterons) in A and B, and the effective transverse relaxation
times T, The lifetimes are interrelated by

TaL/7TeL = Ca/Ca L =HD 3)
where
Can + Cap = Ca 4)

C, and Cg are the total concentrations of A and B known from the
sample preparation. The individual deuterium fractions, given by

Dy = Cap/Ca &)
differ from the known overall deuterium fraction
D= (Cap+ Cpp+ ..)/(Co+ Cg +..) (6)
when the equilibrium constant K; of the fractionation reaction
AH + BD = AD + BH @)

is not unity. K can be written in the form
_ CalD+ mau/7an) + GO - 1)

T Co(D+ Tan/Ten) + CAD - 1)
Cs(1 + 7ap/7ap) = D{Cp + Cp)

Ca(l + 75p/7ap) = D(Cy + Cp)

and can, thus, also be obtained from the line-shape simulations.
The T, are given for the case of extreme motional narrowing by the
equation’’

”WO = T2eff-l = Tl—l + 7"'w/inhom (9)

where W, is the line width in the absence of exchange and Wi ;o is the
contribution of the magnetic field inhomogeneity. The 'H T} values were
found to be on the order of seconds so that W, was given only by Wi pom
in the case of the 'H NMR experiments. W, was obtained by
measuring the 'H NMR line width of tetramethylsilane dissolved in
THF-d;. By contrast, the 2H T, values could not be neglected in eq 7.
They were obtained from a sample of 0.2 M CH;COOD and from a
sample of 0.2 M CH;0D in THF as a function of the temperature. We
used the following expression obtained from the literature’

Ty'=xa/Tia+ x3/Tip (10)

where x; are the mole fractions of reactant i and x, + xz = 1. The
validity of eq 10 was checked experimentally in some of the ternary
mixtures. The T, values did not depend on the concentration within the
margin of error. Wy, was determined from a sample of acetone-d; in
THF, which had quite long T, values. Wom Was on the order of 2-6
Hz for both the 'H and the 2H measurements. This procedure to de-
termine T is of sufficient accuracy as long as no value of 75! < 10
s7! is extracted from the spectra. We did not attempt to obtain accurate
values below this limit by using, for example, magnetization-transfer
methods.!* The 'H chemical shifts of the system CH,COOH/
CH;O0H/THF-dg were determined in a previous study!' and may be
written for 90 MHz in the form

va = 1103.9 = 0.537T + 57.42C, exp(-548.5/T) +
1372C5 exp(-129.9/T) (11a)

vg = 434.0 - 0.56987T + 9.298C, exp(-312.7/T) +
6.937Cy exp(344.0/T) (11b)

From eq 11a and 11b we took the quantity Av = », — vy needed in the
NMR line-shape calculations of the RCOOH/ROH signals above the
coalescence point. Below this point v, and vg were determined by sim-
ulation, and the validity of eq 11 was checked. The H NMR spectra
were treated in a similar way. A fairly constant value of Ay = 102 £
1 Hz was found at low temperatures for the different samples, which is
in good agreement with eq 11 after account is taken of the different
Larmor frequency of 2H. Figure 1 shows the superposition of experi-
mental and calculated 'H NMR line shapes of the system
CD;COOH/CD;OH/THF-d; as a function of the temperature. The
lines are very broad because of the coalescence of the COOH and the
OH signals. The strong sharp signal arising from the residual CH pro-

(51) Van Geet, A. L. Anal. Chem. 1970, 42, 679.
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Figure 1. Superposed experimental and calculated 'H 90.02-MHz FT
NMR difference spectra of a solution of 0.4 mol L™! CD,COOH and 0.4
mol L™! CD;0H in THF-d; and of pure THF-d; at different tempera-
tures using a 10-mm probe head (1000 scans, 60 pulses, 10-s repetition
time, nonspinning sample). The sealed sample tube had a diameter of
8 mm and a height of 40 mm and was placed in a 10-mm NMR tube.
The gas phase in the sample was about 20% of the total sample volume.
The small sharp peaks arise from the residual aliphatic protons of the
solvent and the solutes.
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Figure 2. Superposed experimental and calculated “H 13.82-MHz FT
NMR spectra of a solution of 0.29 mol L' CH;COOD and 0.29 mol L}
CH,OD in THF at different temperatures using the same same sample
design as in Figure 1 (500-1000 scans, 60 pulses, 4-s repetition time,
nonspinning sample). The deuterium fraction of the exchangeable pro-
tons was D = 0.99. The small two sharp lines arise from the natural
deuterium content of THF. The size of the sample was as in Figure 1.

tons of the solvent (about 1%) made it necessary to subtract the spectra
from a reference THF-d; sample of similar size. In our previous CW
NMR study'® we were not able to obtain such spectra. Figure 2 shows
the superposed experimental and calculated 2H NMR spectra of a sample
of CH;COOD/CH;OC/THF. The natural-abundance solvent deuterons
appear as sharp singlets. The good signal-to-noise ratio and the very large
exchange-broadened NMR spectra together with the optimized sample
preparation technique provide accurate kinetic data.

The NMR Proton Inventory

In the case of proton-transfer reactions the kinetic information
contained in the '"H NMR line shape is especially high when the
exchanging protons are part of high-order spin systems.” In
favorable cases the number n of protons that participate in the
exchange process can be obtained.™? Spin-spin splittings involving
deuterons are, however, much smaller, and kinetic isotope effects
cannot be obtained in this way. A more general method is to
perform a “proton inventory”, 64649 in which rate constants are
measured as a function of the total deuterium fraction D of the
exchangeable protons in the samples. In contrast to usual kinetic
experiments where overall rate constants are measured, it is
possible to obtain individual 'H and ?H rate constants by a
combination of 'H and ZH NMR spectroscopy. Since we report
here the first example of such an “NMR proton inventory plot”,
we discuss in this section the information one can get by using
this method.

Single Intermolecular Proton Transfer. We consider the reaction

AH+B=A+BH (12)
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Figure 3. NMR proton inventory plots as a function of the deuterium
fraction D for different numbers # of protons transported in the rate-
limiting step for Cp = constant. L is the nucleus whose NMR spectra
are observed. 7op(D = 1)/7,y (D = 0) was set arbitrarily to a value of
10.

The quantities measured by 'H and 2H NMR are the inverse
proton and deuteron lifetimes (eq 3)

Tan™' = Van/can = kKPCy (13)

7ap™ = vap/Cap = kPCy (14)

where v = v,y + v,p is the overall reaction rate. 7,y and 74p
do not depend on the deuterium fractions, as shown in Figure 3.

Double Intermolecular Proton Transfer. We consider the re-
action

AH* + BH = AH + BH* (15)
The NMR lifetimes are given by
Tan = van/Can = (1 - Dg)k™H + DgkMP)Cy  (16)
7ap” = vap/Cap = ((1 - Dp)kPH + DgkPP)Cy  (17)
! = vp/Con = ((1 - DAKHH + DAKHPYC, (18)
! = vpp/Cap = ((1 — DA)KPH + DARPP)C, (19)
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Of special importance are the values of 7,,5(D = 1) measured by
'H NMR and of r,p(D = 0) measured independently by *H
NMR. The following relation must hold when Cp = constant:

Tau(D = 1)/7ap(D = 0) = kHP /kPH = K; (20

If the equilibrium constant K; of the fractionation reaction eq 7
is close to unity, then the observation—as shown in Figure 3—that

Tan(D = 1) = 7,p(D = 0) 21

for Cy = constant is the best proof for a double-proton-transfer
reaction. Actually, in Figure 3 we, arbitrarily, assumed absence
of fractionation and applied the RGM (eq 2); i.e., kHP = kPH =
(KHHEDD)1/2 - pHH /DD wag set to a value of 10.

Triple Intermolecular Proton Transfer. We consider the reaction

AH* + BH’ + XH = AH + BH* + XH’ (22)
We obtain

T = ((1 = Dg)(1 = Dx)kHHH + (1- D) DxkHPP + Dy(1 -
Dx)KHPE + DpDykHPDYCpCx (23)

tapt = ((1 = Dp)(1 ~ Dx)kPHH + (1- Dp)DxkPHP + Dg(1 -
Dy)KPPH + DpDkPPYCRCx (24)

KHHH and HDD are obtained from 7oq(D = 0) and 7oau(D = 1),
kPHH and kPP from r,p(D = 0) and 7,p(D = 1), and the other
mixed rate constants from a measurement of 7y and ryx;. For
the construction of the curves for n = 3 in Figure 3 we assumed
again absence of fractionation; i.e.

KHHD = gHDH = gDHH ofc. (25)

Additionally, the RGM was arbitrarily applied again. It is in-
teresting to note that, as shown in Figure 3, the proton-transfer



NMR Proton Inventory of H/D Exchange

rate 74! is smaller at D = 1 than the deuteron-transfer rate 7,
at D = 0; this is because kHPP is smaller than kPHE,

Superposed Intermolecular Double and Triple Proton Transfer,
For the description of the proton exchange in the system acetic
acid/methanol/THF we set A = X = CL;COOL, add eq 16 and
23 as well as eq 17 and 24, and, using eq 25, obtain in the absence
of fractionation for the pseudo-second-order rate constants

(TAHCB)_I = (1 - D)kHH + DkHD +
Ca((1 - DYKHHH 4 2(] — D)DKHHD 4 D2KHODY= gH 4 pHC,
(26)

(TADCB)_I = (1 - D)kDH + DkDD +
Ca((1 = DYkPHH + 2(1 = D)DKPPH 4 DPPP)= g0 4 50C,
(27)

At a given value of D the pseudo-second-order rate constants are
a linear function of C,. We will interpret our experimental results
with these equations, which describe curves that lie somewhere
between the curves n = 2 and n = 3 in Figure 3, depending on
the value of C,. Although in eq 26 and 27 absence of fractionation
was assumed, from which it follows that kHP = kPH and kHHD
= kHDH = j(DHH etc  we still keep the different notations because
we want to indicate the method used for the determination of the
rate constant. The first superscript H or D in k't and kM-
indicates then whether the constant has been derived by 'H or
H NMR.

Multiple Intermolecular Proton Transfer. Although we em-
ployed the RGM in constructing the illustrative curves of Figure
3, so far we have not actually used the RGM in deriving the
equations given above. If n becomes greater than 3 the experi-
mental data generally do not contain enough information in order
to decide whether the RGM is fulfilled or not. If one assumes
the validity of the RGM, which implies that all single KIE are
equal and given for constant total concentrations C; by

¢ = (rap(D = 1) /7au(D = 0))!/" (28)

one obtains
tag”l = A (D = 0)1 - D + Dg)™! (29)
rap! = A H{D = 0)¢(1 - D + D)™} (30)

These equations can be easily verified for the case » = 3 by some
simple transformations of eq 23 and 24 using eq 28. Equations
29 and 30 hold for all values of n. A consequence of the validity
of the RGM is that

7a4/Tap = ¢ = constant 31

over the whole range of D. Formally, eq 29 and 30 resemble the
Gross-Butler equation,?¥44? with the difference that eq 29 and
30 have the exponent n — 1 instead of # and that two independent
equations can be measured instead of one. Therefore, eq 29 and
30 contain more information than the Gross—Butler equation. The
number of protons # involved in the reaction can be easily obtained
with eq 28 and 31 by measuring the quantities 7,14(D = 0), 7Ap(D
= 1), and two values of 7,44 and 7,p at the same deuterium
fraction, e.g., at D = 0.5. When the number of protons transferred
becomes effectively infinite, as may be the case in pure protic
solvents such as methanol, where the exchange may take place
by autoprotolysis,'* and when the overall KIE ¢ is finite, ¢ must
be close to one and the lifetimes 7,y and 7,p measured by 'H
and 2H NMR become equal, as shown in Figure 3.
Intramolecular Proton Transfer. We use the term intramo-
lecular proton transfer if the proton-exchanging complex is the
dominant species and if this complex is stable on the NMR time
scale, i.e., when the proton-transfer rate is faster than the disso-
ciation rate of the complex. A protonated complex then remains
protonated and a deuterated complex deuterated on the NMR
time scale. In favorable cases, the two can be distinguished in
the NMR spectrum. Changing the deuterium fraction changes
only the relative NMR intensities of the different isotopic species,
as we have observed, for example, in the case of TPP-H,, TPP-HD,
and TPP-D,'*!6 for an intramolecular double proton transfer. The
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Table I. Longitudinal Relaxation Times T, of the Exchangeable
Deuterons at 13.82 MHz for the THF Solutions
0.2 mol L' CH,COOD 0.2 molL™! CH,0D
T/K T,/s T/K T./s

256 0.170 £ 0.006 256 0.245 £ 0.001
265 0.186 = 0.003 264 0.275 £ 0.005
276 0.208 £ 0.003 276 0.352 £ 0.005
281 0.234 £ 0.001 281 0.406 £ 0.002
299 0.267 £ 0.003 299 0.501 £ 0.003
310 0.322 £ 0.005 309 0.587 £ 0.014
317 0.338 £ 0.002 323 0.719 £ 0.008
323 0.306 = 0.007 335 0.799 £ 0.008
341 0.446 = 0.004 340 0.809 + 0.009

rate constants kHH, kHD and kPP are derived directly from the
signals of the different isotopic species, and there is no continuous
D-dependent rate function as in the intermolecular case. However,
for the limits D = 0 and D = 1, the predictions for the intra- and
the intermolecular case coincide. E.g., from 'H NMR one obtains
in the limit D = 1 the values of k¥, kP, or kPP etc. for a single-,
double-, and triple-proton-transfer reaction, and from ’H NMR,
kP, kPH and kPHH in the limit D = 0.

Results

A total of 115 proton lifetimes were obtained from 16 samples
of the system CD;COOL/CD;OL/THF-dg, and 165 deuteron
lifetimes were obtained from 16 CH;COOL/CH,0L /THF sam-
ples as a function of the concentrations, deuterium fraction, and
the temperature. The data are available as supplementary ma-
terial. We found by simulation of the NMR line shapes that

8L = TaLCoL/ CaL = 7aLCa/Ca

was fulfilled within the margin of error, where Cy/C, was known
from the sample preparation. Therefore, only 7,; was varied in
the line-shape calculations. This observation means that within
the margin of error no fractionation of H and D between acetic
acid and methanol was observed; i.e., the fractionation constants
K; were unity. We do, however, not exclude a fractionation
constant of the order of 0.96 as found by Gold and Lowe®® for
fractionation between acetic acid and water. Table I contains the
longitudinal relaxation times of the exchangeable deuterons in
the systems CH;COOD/THF and CH;OD/THF which were
needed for the line-shape simulations as mentioned earlier. Be-
cause of the difficulty of NMR studies of a series of samples at
exactly the same temperature, we employed the following pro-
cedure for determining the rate law of the proton exchange. For
each sample the experimental pseudo-first-order rate constants
7L+ were fitted to the Arrhenius law by varying the preexpo-
nential factor and the energy of activation. Using these param-
eters, we then calculated for each sample the pseudo-second-order
rate constants 74; 7!/ Cg at given temperatures. These constant
did not depend on the methanol concentration, which indicates
that only one methanol molecule participates in the exchange
process. This result is consistent with our previous”'® 'H NMR
line-shape studies of the system CH;COOH/CH,OH/THF-d;.
The pseudo-second-order rate constants were, however, a linear
function of the acetic acid concentration C, as shown for 298 K
in Figure 4. Thus, the exchange could be described by the
superposition of a LL reaction involving one molecule of each
methanol and acetic acid and an LLL reaction involving two acetic
acid molecules and one methanol molecule. In our previous CW
'H NMR study'® we did not detect the HHH reaction because
large line widths could not be measured for experimental reasons
and C, was kept small. In this study we carried out concentra-
tion-dependent 'H NMR experiments at D = 0 and D = 0.8 and
’H NMR experiments at D = 0.2 and D = 0.99 and obtained for
each temperature four curves as shown in Figure 4 from which
the rate constants and activation parameters given in Table I were
derived as follows. Since the curves were linear in C, they could

(55) Gold, V.; Lowe, B. M. J. Chem. Soc. A 1968, 1936.
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Table II. Kinetic Parameters of Proton Exchange in the System Acetic Acid/Methanol/Tetrahydrofuran®

Gerritzen and Limbach

T/K KHH KHD xDH xDD KHHH ;DHH xDDD
255 112 £ 23 400 £ 87

260 144 30 528+ 114

265 184 + 40 691 £ 150

270 232+ 50 895 + 195

275 291 £ 66 1146 + 254

280 362z 84 58x4 16z 11 1459 + 327 678 + 16 135z 31
285 446 £ 108 76+ 5 22+ 13 1838 = 420 861+ 17 167 + 37
290 547 £ 137 93+ 23 97+ 6 30+ 1S 2299 + 536 1085+ 21 206 + 44
295 666 £ 173 124 1 32 124+ 8 41+ 17 2852 £ 690 1357 £ 31 250+ 52
298 746 = 198 147 + 38 143 ¢ 11 48+ 19 3235+ 782 1547z 40 281z 57
300 805 + 217 164 + 43 156 + 13 54220 3514 £ 857 1685 + 48 30360
305 967 ¢ 270 213+ 58 196 £ 20 70+ 23 4300 £ 1073 20782 73 364 £ 70
310 1156 = 334 274+ 75 243+ 29 91z 26 5227 £ 1334 2546 + 107 434 £ 80
315 1374 £ 411 349+ 98 301 £ 41 117+ 30 6316 = 1648 3099 = 153 515+ 91
320 1624 + 503 440+ 125 369 + 57 148 + 34 7586 + 2025 3750+ 213 607 £ 104
325 1910+ 611 450 76 186 + 38 9062 = 2472 4511 £ 289 711+ 117
330 2235+ 738 545 £ 101 231+ 43 10766 + 3000 5399 + 385 828 + 132
335 2604 + 887 656 £ 132 286 + 48 12728 + 3622 6427 + 50§ 960 £ 150
E, 28.0¢1 3482 40.8 2 30,72 3192 2773
log 4 7.8:0.2 8.3x0.2 8.8+ 0.2 8.9+0.2 8.8 0.1 7.3+0.2

(,¢HHH pDDDy =115 2.7
HHH pHHD)Y " o751 4 015

a xHH gng kHHH were determined by using eq 26 at D = 0 by 'H NMR. PD and APPD were determined at D = 0.99 by using eq 27 by
*H NMR. The kD were determined by using eq 32 at D = 0.8 by 'H NMR, and kDH and kDHH were determined by using eq 33 and 34 at
D=0.2 by *H NMR. The kLL are given in L mol™! s’} and the ALLL in L mol™® 5", where L= H or D. The energies of activation are given
ink] mol™. A = frequency factor. The error limits given for kI« and AL'LL were obtained by linear least-squares fitting. Since the statis-
tical errors of £, and 4 were found to be unacceptably small, the error limits listed here for these quantities were estimated.
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Figure 4. Pseudo-second-order rate constants of proton exchange in the
system acetic acid (A) and methanol (B) at 298 K as a function of the
total concentration C, of acetic acid and the deuterium fraction D. (0)
and (#) were obtained by 'H and (A) and (O) by 2H NMR spectroscopy.

be described by eq 26 and 27. From these equations it follows
that kHH and PP are the intercepts of the curves 'H,D = 0 and
2H,D = 0.99 in Figure 4. The intercepts of the two middle curves
in Figure 4 are given by

a(*H,D = 0.8) = 0.8kHD + 0.2kHH (32)
a(H,D = 0.2) = 0.8kPH + 0.2DD (33)

from which we calculate independent values for kHP and kPH given
in Table II. They coincide within error limits: as eq 21 em-
phasizes, this is proof for the existence of double proton transfer.
It is especially impressive in view of the fact that two totally
independent methods were employed. The KHHH and APPD values
listed in Table II were given by the slopes of the 'H,D = 0 and
2H,D = 0.99 curves shown for 298 K in Figure 4, For the two
middle curves the slopes are given according to eq 26 and 27 by

b(®H,D = 0.2) = 0.64kPHH + 0,32kPPH + (,04%DDD (34)
b(*H,D = 0.8) = 0.04kHHH + 0.32HHD 4  64)HDD (35)

For the evaluation of APHH, we set first the right side of eq 34
equal to kPHH, This approximation results in a value of kPHH that
is only about 20% too small. In this way, we obtained a KIE of
kHHH /kDHE = 3 7 a1 298 K, which was in good agreement with
the RGM value (eq 2) of ¢! = (KHHH/EPPD)L/3 = 3 96, The same
agreement was found also for other temperatures. Therefore, we
knew now that the RGM is fulfilled for the LLL process within
the margin of error. So we calculated the refined 4PHH values
listed in Table II using eq 34 by setting kPHH /gDPDH = §DDH /3 DDD
= ¢1. This correction reduced, however, kHHH/XDPHH gnly very
slightly to a value of 2.1. The error of kPHH is given by the error
of the slope 5(*H,D = 0.2) because the kPHH term is the most
important term in eq 34. The situation is, however, less favorable
for the determination of the kHPP because the three terms in eq
35 are of comparable magnitude in view of the fact that KHHH
> kPHH > FHDD [ other words, the error of the calculated kHDP
values depends not only on the error of 5('H,D = 0.8) but also
on the error of kHHH and kPHH, Therefore, we were not able to
determine kHPP from the 'H NMR measurements at D = 0.8.
Since the RGM is, however, fulfilled for the LLL process, we
calculated kHHD when necessary from 4PPP, This suggests that,
in the future, 'H NMR experiments in particular should be
performed at deuterium fractions much higher than 0.8, where
the proton exchange rates will no longer be affected by &HHH and
kMHD The choice of lower deuterium fractions in the ZH NMR
experiments is less important because kPPH and kPP are smaller
than APHH, In a final stage of evaluation of the data, we recal-
culated the theoretical Arrhenius curves for each sample, i.e., the
pseudo-first-order rate constants. Since the LL and the LLL
reaction contribute to these constants, the corresponding Arrhenius
curves are expected to be nonlinear. The deviation of the cal-
culated curves from linearity was, however, small and could,
therefore, not be detected experimentaily. Thus, our procedure
for evaluating the kinetic data is consistent,

In addition to the experiments described above, we performed
a 'H and 2H proton inventory at 298 K and a concentration of
C, = Cs = 0.2 mol L. Some of the 2H NMR spectra are shown
in Figure 5. The increase in the exchange broadening clearly
indicates that the deuteron lifetimes are shortened by lowering
the deuterium fraction. The experimental lifetimes are available
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Figure 5. Superposed experimental and calculated ?H 13.82-MHz FT
NMR spectra of solutions of 0.3 mol L' CH,COOL and 0.3 mol L!
CH;OL (L = H, D) in THF at 298 K as a function of the deuterium
fraction D (500-5000 scans, 60 pulses, 4-s repetition time, nonspinning
sample). The sample design was as in Figure 1.
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Figure 6. Experimental NMR proton inventory plot at 298 K and a
concentration of 0.2 mol L™ for the two reactants: (01) data obtained
by 'H NMR of the system CD;COOL/CD,0L/THF-dg; (m) data ob-
tained by ‘H NMR of the system CH;COOL/CH;OL/THF (selective
pulses on the COOH signal); (0), data obtained by 2H NMR of the
system CH;COOL/CH;OL/THF. The curves were calculated accord-
ing to eq 26 and 27 by using the rate constants listed in Table IT and a
value of KHPP = 634 L mol™ s calculated from APPP using the RGM.

as supplementary material and are plotted in Figure 6 as open
circles together with the curves calculated with eq 26 and 27 and
the known values of A and k''t, We obtain good agreement
between the calculated curves and the experimental data. For
a pure n = 2 process the value of the upper curve at D = 1 and
the lower curve at D = 0 should be equal. Since at C, = 0.2 mol
L-! the n = 3 process contributes to the exchange, the experimental
curves lie between the theoretical n = 2 and n = 3 curves. Itis
interesting to calculate the mean number n of protons transferred
from the data in Figure 6 by using eq 29 and 30. From sample
9 and 22, where D = 0.5, we obtained 7,5 1(D = 0.5) = 160 57!
and 74p7! (D = 0.5) = 55 57!, which gives ¢! = 2.91. With
7o (D = 0) = 290 s7! (sample 2) and r,p7} (D = 0.99) = 20
s~ (sample 27) we obtained with eq 28 a mean value of n = 2.5
at 298 K and C, = Cg = 0.2 mol L1, This result was obtained
in an early stage of the experiments and helped us to recognize
the presence of the n = 3 process.

We wanted further to confirm that the KIE did not depend
within the margin of error on the H/D substitution in the aliphatic
CL sites of the reactants and of the solvent corresponding to
secondary substrate and solvent KIE. For this purpose we
measured some proton lifetimes by using selective excitation of
the COOH signals (90° pulses, duration 5 ms) of the
CH;COOL/CH;OL/THF samples no. 22-25 for which we had
already obtained the deuteron lifetimes by ZH NMR (Table III).
The last values are represented for samples no. 22 and 25 in the
lower curve of Figure 6 at D = 0.5 and 0.7 by open circles. The
proton lifetime of these two samples are represented in Figure
6 by filled circles. They lie nicely on the calculated line derived
from the data of the CD;COOL/CD;0OL/THF-d; samples. We
obtained a similar agreement also for samples no. 23 and 24 as
shown in Table III. In any of these samples the proton lifetime
is much smaller than the deuteron lifetime. These results mean
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Table III. Pseudo-Second-Order Rate Constants (r ogCp)™!
Obtained from the Line-Shape Analysis of the COOH Signal in
the System CH,COOL(A)/CH,OL(B)/THF Measured at

90.02 MHz and 298 K*

. Cal  Cal

(rAHCB)exptl '/ (TAHCB)caled '/ (mol (mo

SN (Lmolt el Tmorish L) L) D
2 772 800 0.205 0.203 0.5
23 877 975 0.205 0.203 0.5
24 578 200 0.302 0.304 0.7
25 660 580 0.204 0.202 0.7

@ Selective pulses were used in order to suppress the high-field
signals. The calculated values were obtained by using eq 24 and
the rate constants listed in Table II. For AHDD a value of 643
mol L2 s72 was adopted calculated from kDDD by using the
RGM. SN is the sample number which refers to those in Ap-
pendices I and II of the Supplementary Material. Cp and Cp are
the concentrations of acetic acid and methanol, and D is the deu-
terium fraction.
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Figure 7. 'H 90.02-MHz NMR T, experiment on the coalesced
COOH/OH line at 7.3 ppm of a mixture of 0.08 mol L"! CH;COOH
and 0.08 mol L™! CH;OH in methylcyclohexane-d,, at 298 K: (a) line
intensity as a function of the spin locking pulse length (100 scans, B, =
1 G, 30-s repetition time, spinning sample); (b) 1/T as a function of the
spin locking pulse strength B;. Using the experimental value of 7, = 6.2
s we obtained Ay = 594 * 20 Hz and 75y = 8.8 X 10* 57!, which
corresponds to a pseudo-second-order proton-exchange rate constant of
105 L mol™! 57,

that we cannot detect a secondary KIE in this system with our
present margin of error. This error is especially large for the
selective-excitation experiments, where the aliphatic signals are
still very strong (even though they have been reduced in intensity
by a factor of about !/3). It is clear that this method only works
in a region where the COOH signal is not too greatly broadened
by exchange, because of its overlap with the aliphatic proton
signals.

In order to obtain an idea of how the use of an inert solvent
influences the proton-exchange rates, we prepared a sample of
0.08 M CH,COOH and 0.08 M CH;0H in methylcyclo-
hexane-d,; (MCY). Proton exchange is much faster in this sample
than in a similar THF sample, and a coalesced COOH/OH line
with an exchange broadening of about 6 Hz is found at 298 K
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in the 'H 90.02-MHz FT NMR spectrum. We performed se-
lective T, experiments in the rotating frame on the coalesced line,
as shown in Figure 7a. We used the same experimental setup
as described previously.®'* Figure 7b shows the dependence of
T, on the strength of the magnetic field B, of the spin locking
pulse. From this dependence, the proton lifetime 7,y and the
chemical shift difference Av were obtained according to the
equation’!

T,' = T+ S Av?ran(l + 2B 2rag?/4) (36)

where v is the gyromagnetic ratio. We obtain a value of Ay =
594 Hz, which is similar to the values found for THF-dg (eq 11),
and a value of 7,47! = 8.8 X 10* 57!, which gives a pseudo-sec-
ond-order rate constant of 1.1 X 10° L mol s™. This corresponds
to a kinetic MCY /THF solvent effect of about 103.

Discussjon

Kinetic Solvent Effects. We interpret our results in terms of
a superposed double and triple proton exchange in cyclic hydro-
gen-bonded complexes as shown in Schemes I and II. Proof of
these mechanisms is the lack of methanol self-exchange'® and the
experimental rate law eq 26 and 27. For the cyclic HH process
we have obtained an additional very important proof by finding
that eq 21 is fulfilled for low concentrations of acetic acid. As
shown previously,'%!! the reactants are predominantly hydrogen
bonded to the solvent S. By measuring the chemical shifts in this
system, we showed that small percentages of linear complexes
RCOOH--RCOOH--S, RCOOH--ROH--S, ROH--RCOOH--S,
and ROH--ROH--S are present. The cyclic complexes of Schemes
I and II are present in so low a concentration that they do not
affect the chemical shifts. These cyclic complexes are detected
only by the kinetic experiments. Since we cannot observe different
lines for the different hydrogen-bonded environments, the case
of fast hydrogen-bond formation and dissociation is realized on
the NMR time scale although the proton transfer is slow and rate
determining. Therefore, the observed rate constants are the
product of an exchange rate constant k., within the cyclic complex
and an equilibrium constant X, of the formation of the cyclic
complex from the reactants'®

k = koK, = ko exp(-AH/RT + AS/R) (37

AH is the difference in enthalpy and AS in entropy between the
solvent hydrogen-bonded reactants and the cyclic complexes. As
we have shown previously,'®!! AS can be written in the form

AS = ASy - nR In Cg (38)

where Cg is the concentration of the solvent which acts as a
hydrogen-bond acceptor and #n the number of solvent molecules
liberated during the formation of the cyclic process, i.e., n = 2
for the LL and » = 3 for the LLL process (Schemes I and II).
AS, is the entropy of the complex formation for standard state
of unit solvent concentration. Because of the great value of Cg
the association equilibria are shifted to the side of the quasi-
monomeric species, which lowers the rate constants of the ex-
change. In the inert solvent methylcyclohexane no such hydrogen
bonds are formed with the solvent and the exchange is, in con-
sequence, faster. However, self-association of the reactants can
also impede the formation of the less stable cyclic complexes, which
should also result in a contribution to the lowering of the pro-
ton-exchange rates at lower temperatures and higher reactant
concentrations. The kB values derived in this study for the system
CD;COOH/CD;OH/THF-d; are slightly smaller than the values
we reported previously!? for the system CH;COOH/CH;0H/
THF-d;. This is not a secondary KIE but the consequence of the
fact that we had not previously recognized the presence of the
HHH process. This affects the pseudo-second-order rate constants.
However, within the margin of error, the energy of activation and
the preexponential factor of the HH process listed in Table 11 are
identical with those derived previously.'® Hence, our previous
interpretations of these quantities are still valid. From the high
frequency factor of the HH process, we concluded!® that no
solvated ion pair (lower pathway in Scheme III) is formed as

Gerritzen and Limbach
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intermediate. The solvent molecules would be oriented around
such an ion pair A"H,B", leading to a considerable loss in entropy.
For such a mechanism one should, therefore, have found a much
more negative entropy of activation.!?

Kinetic Isotope Effects in Transition-State Theory. Moreover,
we can exclude this solvated ion pair mechanism by discussing
the KIE in terms of transition-state theory (TST). The ionic
reaction pathway of Scheme III involves two transition states
between the ionic intermediate and the reactants. These TS’s are
degenerate in the case of the HH and the DD reaction but non-
degenerate in the HD reaction because of the different zero-point
energies (ZPE) of the remaining BH and BD stretching vibrations.
For the particularly simple case where the vibration of the non-
transferred H or D remains the same in the intermediate and in
the first TS (i.e., when secondary KIE are neglected), we have
derived the equation'*

KHD /DD = 2 /(1 + KPP /[HH) (39)

for the case of a symmetrical double-proton-transfer reaction. The
RGM would, therefore, not be fulfilled, and at low temperatures,
where kPP/kHH « 1, it follows that kHP/kPD = 2; i.e., the energies
of activation of the HD and the DD processes would become equal.
This is in contradiction to the experimental results given in Table
II for our HH process. In fact, at 280 K we find a value of
kHD/EPD = 4 which is twice as great as the value predicted by
eq 39. Thus the KIE, the high frequency factors, and the different
values of E,HP and E,PP all offer evidence against a solvated ion
pair as intermediate. As we have previously shown,'* TST predicts
that the RGM should be fulfilled to a good approximation if the
reaction proceeds in a synchronous way via the symmetrical TS
as indicated in the upper pathway of Scheme IIl. The KIE should
then result from different energies of activation and the relation

EJHP = (EH + E,P%) /2 (40)

should be fulfilled. This is easily shown by inserting the Arrhenius
law into eq 2 and setting all frequency factors equal.

E,PP - E,HH cap have a maximum value of about 10 kJ mol™!,
which corresponds to the loss of the ZPE of two stretching vi-
brations in the TS, with one frequency imaginary and the other
close to zero. The kM /kPP value should then be the square of
the maximum single H/D KIE, i.e., on the order of 40-70 at room
temperatures. We find, however, for the LLL process that the
KIE of 12.5 at 298 K arises mainly from the fact that AHHH >
APPP. The margin of error in the £, does not allow us to make
with precision the statement that all £, are equal (it even seems
that E,PPD is smaller than E,HHH), However, there is no ex-
perimental doubt that the temperature-dependent contribution
to the KIE is significantly smaller than the temperature-inde-
pendent contribution. Generally, this behavior cannot be explained
by TST. However, Koch and Dahlberg® have shown that 4P may
be significantly smaller than 4" if the dissociation rate constant
of the proton-transfer complex is comparable to the proton-transfer
rate within the complex. This interpretation seems, however,
unlikely in the cases discussed here because—as mentioned
above—the rates of interconversion between the hydrogen-bonded
complexes are very fast on the NMR time scale in contrast to the
proton-transfer rates. However, we cannot completely exclude

(56) Koch, H. F.; Dahlberg, D. B. J. Am. Chem. Soc. 1980, 102, 6102.
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Figure 8. Tunneling model for an intermolecular HH migration. For
further explanation see text.

such an interpretation in the case of the LLL process because we
do not know the ratio between dissociation and proton-transfer
rate constants.

By contrast, the KIE in the LL reaction are caused by a dif-
ference in the energies of activation, E,PP - E,HH = 13 kJ mol !,
which is higher than predicted by TST. The large HH/DD KIE
of 15.5 at 298 K is a consequence of this high value. The KIE
would be even higher if 47H were not 10 times smaller than 4PP,
Thus, in the LL process, the Bell criteria of tunneling! are fulfilled.

Tunneling Model. We discuss our results in terms of a tunneling
model'# which unifies the Bell model of tunneling,' tunneling in
a double-well potential,®* and transition-state theory of proton
transfer with a proton-stable transition state as shown in Figure
8. One essential feature of the model is that it takes into account
cyclic complex formation; i.e., the rate constants are described
by eq 37. Tunneling cannot occur outside this complex. In the
low-temperature regime, k., may become independent of tem-
perature and then may be identified with a ground-state tunneling
rate k. For this case (as readily seen from eq 37) there is still
a dependence of the exchange rate constant k on the temperature:
the energy of activation is now given by the enthalpy AH of
complex formation. In other words, a minimum energy, corre-
sponding to that required to assemble the reactants into the proper
structure, is required for tunneling to occur. In principle, there
might be an equilibrium isotope effect on complex formation from
the reactants, but such an effect should be relatively small and
we will neglect it. The consequence is that in this regime, as
depicted in Figure 8a, the KIE become independent of temperature
because they are determined only by the KIE on k., (which is equal
to ky at low temperatures). Assuming a parabolic barrier, ky
can be written in one-dimensional WKB approximation! in the
form %1440

ko =v(/7 )Py, 1=1,2 (41)
Py = exp[~(2%/*x?/h)(Eq ~ Eq)Q)) / E4'/] (42)
o) = ggm'12/1 (43)

v is the frequency with which the particle strikes the barrier, m
the tunneling mass, and &, the barrier half-width. In the ener-
gy-splitting model (ES model), where / = 2, the tunnel rates are
related to the resonance tunnel splittings of states in a double-
minimum potential.>!4* This resonance tunnel effect is not taken
into account in the transmission (TR) method, where / = 1. In
principle, the tunneling mass is not constant as the reaction
proceeds and depends on whether the protons move in a syn-
chronous or in an asynchronous manner. Using the one-dimen-
sional approximation we have evaluated the quantity Q by means
of a mass-weighted coordinate system for the synchronous and
the asynchronous pathway®!4

2stn = (%Arizmi)l/z/l (44)
i=1

N
2Qasyn = EArimil/z/I (45)

N is the number of atoms that are displaced during the reaction
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and Ar; is the distance over which the ith atom is transported when
the reaction coordinate £ changes from —£; to +£,. We are aware
that neither a completely synchronous nor asynchronous pathway
is realized in practice. However, as we have discussed previously®'4
and as can be seen immediately by substituting eq 44 and 45 into
eq 42, the tunneling probability is much higher along the syn-
chronous than along the asynchronous pathway. This is because,
to a good approximation,

Qasyn = Nl/zstn (46)

The summation in eq 44 and 45 must be extended over all atoms,
e.g., also over the oxygen atoms of acetic acid, which slightly
change position. We will, however, neglect this intramolecular
heavy-atom motion. If only H or D move and if they all move
along the same distance Ar, it is useful to introduce the mass-
dependent quantity

‘= Q/(Sm) = ANy (47)

Q’is one of the four parameters that describe one set of Arrhenius
curves. For an asynchronous pathway s = 0 and for a synchronous
pathway s = 1.

In intermolecular exchange such as that under study here, we
have to take into account that the distance R,j in the hydro-
gen-bonded complex is flexible; the consequence of this flexibility
if broad AL stretching bands in the IR spectra of hydrogen-bonded
systems.2>7 There is, therefore, a distribution of intermolecular
vibrational states within the complex, which corresponds to a
distribution of mean distances R g between the heavy atoms of
the reacting molecules AH and BH, as shown in Figure 8b,c.
Indeed, Eliason and Kreevoy*® have taken into account just such
a distribution of double-minimum potentials for proton transfer
in their paper on the KIE for hydrolytic reactions. In free solution,
it would be correct to use a continuum of intermolecular states.?!
The barrier height E, for proton transfer between AH and BH
decreases as R,p decreases, i.e., as intermolecular excited states
are populated (Figure 8b,c). At high energies, i.e., very short Ry,
there is no longer any barrier to the proton transfer. This behavior
of hydrogen-bonded systems has been known, at least in principle,
for a long time.?'""*®  However, we have no experimental
knowledge of the dependence E4 = E4(R,p) and are, therefore,
obliged to set E; = constant as shown in Figure 8. We will use
the term soft double-minimum potential for a continuous dis-
tribution of different double-minimum potentials in contrast to
a single, tight double-minimum potential, such as is required to
describe the hydrogen migration in porphines.

For the different isotopic reactions, we may introduce different
barrier heights

EPP = EHH + Ac = EJFD + Ac/2 (48)

where Ae contains all changes in zero-point energies (ZPE) by
going from the reactants to the proton-stable transition state (TS)
shown in Figure 8b. We do not exclude a small barrier along the
potential curve of Figure 8¢ which might be of the order of the
ZPE. The existence of a proton-stable TS, where the imaginary
frequency is associated with a heavy-atom motion, has been
discussed in the literature®>*® although actual proton-transfer
reactions have been, generally, explained in terms of a proton-
unstable TS, where an AH stretching vibration becomes imagi-
nary. Albery and Limbach® have discussed the question of how
the force constants have to be chosen in order to produce a pro-
ton-stable or a proton-unstable TS. As shown in Figure 8¢, a cyclic
complex AH,B as TS may contain an appreciable amount of ZPE
so that Ae may be small. As in the early work of Doganadze et

(57) Novak, A., Struct. Bonding (Berlin) 1974, 14, 177.

(58) Eliason, R.; Kreevoy, M. M. J. Am. Chem. Soc. 1978, 100, 7037.

(59) Gunnarson, G.; Wennerstrom, H.; Egan, W.; Forsen, S. Chem. Phys.
Lett. 1976, 38, 96. Altman, L. J.; Laungani, D.; Gunnarsson, G.; Wenner-
strom, H.; Forsen, S. J. Am. Chem. Soc. 1978, 100, 8264.

(60) Albery, W. J.; Limbach, H. H. Faraday Discuss. Chem. Soc. 1982,
74, 291.



878 J. Am. Chem. Soc., Vol. 106, No. 4, 1984

-1

T T )l

lOOO/T3 [ K*]

Figure 9. Arrhenius curves of the intermolecular double HH, HD, and
DD exchange involving one molecule each of acetic acid and methanol
in tetrahydrofuran. The three curves were calculated according to the
tunnel model in Figure 7 using only four parameters given in Table III:
(@) values obtained by 'H NMR spectrocopy; (O) values obtained by
ZH NMR spectroscopy.
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Figure 10. Arrhenius curves of the intermolecular triple HHH, HHD,
HDD, and DDD exchange involving one molecule and two molecules of
acetic acid in tetrahydrofuran. The four curves were calculated according
to the tunnel model in Figure 7 using only four parameters given in Table
III: (@) values obtained by 'H NMR spectroscopy; (O) values obtained
by 2H NMR spectroscopy.

al.**2 we consider here only tunneling between the vibrational
ground states on both sides of the barrier; i.e., at higher energies
the reaction takes place at shorter R,g. Using a continuous
Boltzmann distribution for the intermolecular states we obtain
from eq 40-43 the expression for the rate constants

k = A exp (-AH/RT) J; "P(E) exp(~E/RT) dE  (49)

For the case AH = 0 and / = 1, at temperatures that are not too
high, eq 49 is equivalent to the Bell! model of tunneling. A small
difference arises because the permeability G(E) = (1 + P(E)™!)!
used by Bell for the case / = 1 and P(E) used here differ in the
region where E 2 E,. In this region the WKB approximation used
in eq 40 and 41 is no longer valid and we set arbitrarily but not
unreasonably

P(E2 E) =1 (50)

A in eq 49 is an effective frequency factor given by

Ag = (/7 exp(AS/R)/ f.” exp(-E/RT) dE =
(I/ (- RT))v exp(AS/R) (51)

A computer program was written in order to calculate the integrals
in eq 49 numerically.

Discussion of the Kinetic Data in Terms of Tunneling. The
calculated Arrhenius curves are shown together with the exper-
imental rate constants in Figures 9 and 10. 1In principle, each
set of Arrhenius curves is described by six experimentally inde-
pendent parameters, there energies of activation, and three fre-
quency factors. The good agreement between the experimental
and the calculated curves shows, however, that using the tunneling
model described above, each set of Arrhenius curves can be de-

Gerritzen and Limbach

Table IV, Parameters Used for the Simulation of the Arrhenius
Curves in Figures 8 and 9 according to the Tunneling Model
Shown in Figure 7 As Compared to the Bell Model?

AH/ Ed/ Aef
(kJ log (kI (kI
model mol'!) Age  Q/A  mol) mol™)
LL Bell 24.3 10.8 0.082 35.6 0.0
LLL Bell 27.2 11.2 0.05 37.7 0.0

LL Figure 7 22.6 106 0.17 35.2 0.0
LLL Figure7 285 112 0.088 390 0.0

% AH, enthalpy of cyclic complex formation; #, number of
transferred protons; A, frequency factor; £y, barrier height; Ae,
loss in zero-point energy at the top of the barrier. Q' is defined in
eq 47.

scribed by only four parameters. These are AH, log 4, E,, and
Q’, given in Table IV.

Within this model the LLL reaction can be described by
“chemically activated ground-state tunneling” as expressed by eq
37 and 41-43 and Figure 8a. The experimental energy of acti-
vation is then identified with the enthalpy of the cyclic complex
formation. The model predicts that the RGM will be fulfilled
within the margin of error as long as the different isotopic Ar-
rhenius curves are nearly parallel.

For higher temperatures the model predicts a breakdown of
the RGM. In the case of the LL reaction, for example, it predicts
a value of kHP which is smaller than the RGM value. By com-
paring Figures 9 and 10 it is apparent that this case is, in fact,
under observation for the LL process. The deviation of ¥*P from
the RGM value is larger than the experimental error and is
corroborated by the facts that the deviation is found over the whole
temperature range and that it was detected by two independent
methods. We obtained the rate constants of the HD reaction by
'H NMR and by 2H NMR (filled and open circles in Figure 9).
In terms of the tunneling model, the LL transfer proceeds as
indicated in Figure 8b in the cyclic complex from intermolecular
excited states. In this tunneling regime the deviation of the
HH/HD 4DD KIE from the RGM parallels the asymmetry of
kH/kP/kT KIE of single proton transfer in the presence of tun-
neling.! Since the LL and the LLL reactions proceed by tunneling,
the Arrhenius curves do not contain information about the fifth
parameter Ae entering the above tunneling model, i.e., the dif-
ference in ZPE between the reactants and the proton-stable
transition state of Figure 8c. We observed only significant changes
of the other four parameters given in Table IV as long as Ae was
kept below a value of about 2-3 kJ mol™!. We, therefore, preferred
to set Ae = 0.

In view of the severe approximations used in the above tunneling
model, we have to ask whether the parameters in Table IV have
a physical significance. The values of AH for the LL and the LLL
processes would seem to indicate that approximately 10 kJ mol™
is lost per H bond when the cyclic complex (with nonlinear H
bonds) is formed from the reactants (which form a linear H bond
to the solvent). This result is very reasonable. Also reasonable
are the values of the preexponential factors listed in Table IV.
They contain the entropy of the cyclic complex formation, which
is unknown. If one neglects this AS, in eq 38, one obtains for
the true preexponential factor 4., of the exchange reaction within
the cyclic complex

log A, = log A + nlog Cg (52)

With Cg = 12.3 M, we obtain log A" = 13 and log 4,"* =
14, which are both what is expected for an intramolecular reaction.
The remaining two parameters in Table IV, E; and @/, have to
be discussed with more caution. Roughly, Q' is of the order
expected from the dimensions of a H bond. Using eq 47, we obtain
for the synchronous pathway a total proton transport distance Ar
= 0.68 A for the LL process and 0.35 A for the LLL process.
Assuming / = 1 (TR model) reduces these distances by a factor
of 2. The same reduction is found when one assumes an as-
ynchronous proton motion. The difference between the formation
of an ion pair as intermediate shown in Scheme III and the
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Scheme [V

asynchronous tunneling pathway is that in the latter the total
proton transport is complete before solvent molecules have re-
oriented in order to solvate the ion pair. The barrier E4 seems
to be higher for the LLL process. The smaller value of Ar for
the LLL process as compared to the LL process results in a faster
exchange rate but a smaller KIE.

Behavior of KIE, similar to what we have seen, has been ob-
served by other authorss!62 for intramolecular proton transfer in
2-hydroxyphenoxyl! radicals (HPR, Scheme IV), although no
explanation was given by them. The bell criteria of tunneling,
AH/ AP « 1 and E,;° - E;H >» 5 kI mol™, were fulfilled for a
solution of the radical with R = rerz-butyl in an inert solvent.
However, upon the addition of the hydrogen-bond acceptor dioxane
and with R = H the reaction rates were drastically reduced, the
KIE increased, and AP became less than A¥. This switch of the
KIE is similar to the switch we observe between the LL and the
LLL processes in the system acidic acid/methanol/THF. We
were able®? to simulate the Arrhenius curves of the process shown
in Scheme III by using the tunneling model discussed here. We
took into account that the radical must break an intermolecular
hydrogen bond to dioxane before the proton transfer can take
place. As a consequence, the arrangement of HPR seems to
proceed along a soft double-minimum potential. This is in contrast
to the TPP migration where the tightness of the potential results
in sharp NH stretching bands'® and a peculiar behavior seen for
the HH/HD/DD KIE;! i.e., kPP = HD = [HH /10 at 298 K.

(61) Prokofiev, A. 1.; Bubnov, N. N.; Solovnikov, S. P.; Kabachnik, M. I.
Tetrahedron Lett. 1973, 2479, Prokofiev, A. I.; Masalimov, A. S.; Bubnov,
N. N,; Solodnikov, S. P.; Kabachnik, M. L. Izv. Akad. Nauk SSSR, Ser.
Khim. 1978, 310. Bubnov, N. N.; Solodnikov, S. P.; Prokofiev, A. I.; Ka-
bachnik, M. I. Russ. Chem. Rev. (Engl. Transl.) 1978, 47, 1048,

(62) Loth, K.; Graf, F.; Andris, M.; Gunthardt, Hs. H. Chem. Phys. Lett.
1976, 29, 163. Loth, K.; Graf, F.; Gunthardt, Hs. H. Chem. Phys. 1976, 13,
95.

(63) Limbach, H. H.; Gerritzen D. Faraday Discuss. Chem. Soc. 1982,
74, 279.
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Conclusions

By a new combination of dynamic 'H and 2H NMR spec-
troscopy we have succeeded in performing an NMR proton in-
ventory of proton and deuteron exchange in the system acetic/
acid/ methanolﬁtetrahydrofuran, The rate constants kHH, kHD,
kDD, HHH pHHD apd kDDD of cyclic double and triple proton
transfer were determined as a function of temperature. This
method of determining the number of protons transferred in the
rate-limiting step, as well as the kinetic isotope effects, may be
applied to a variety of chemically and biochemically important
systems. The kinetic isotope effects themselves at 298 K can be
explained by transition-state theory in terms of symmetric cyclic
transition states. However, the dependence of the KIE on tem-
perature did not follow the predictions of this theory. All the data
can be accommodated with an intermolecular tunneling model
which incorporates solvent effects. The single KIE are not very
big, but the additional information inherent in the determination
of the HH/HD/DD and HHH/HHD/DDD KIE provided evi-
dence for tunneling. A very crude tunneling model presented here
explains (with a minimum of four parameters) the complex be-
havior of the kinetic isotope effects as a function of temperature
in several very different hydrogen-transfer reactions. From a
theoretical viewpoint, the model is oversimplified. We are con-
vinced that better models will be available in the future. The
difficulty with models which are closer to reality is that they,
generally, contain more adjustable parameters than can be ex-
tracted from the kinetic data. We hope that a systematic study
of multiple kinetic isotope effects which have been very different
for each reaction (which we have studied so far) will contribute
to a better approach of theory and experiment.
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