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Double proton-transfer reactions are characterized by three primary kinetic H/D isotope effects 
(kie.) involving a set of rate constants kHH, kHD, kDH and kDD. We have succeeded in measuring 
such sets for well defined symmetrical double proton-transfer reactions where kHD = kDH for the 
intramolecular hydrogen migration in meso-tetraphenylporphine (TPP) and for the intermolecular 
1 : 1 proton exchange between acetic acid and methanol dissolved in tetrahydrofuran. In this system 
we also detected a triple proton transfer involving one methanol and two acetic acid molecules. 
Rate constants kHHH, kHHD, kHDD and kDDD of this reaction are reported. Additionally, we also 
observed an intramolecular double proton-transfer reaction in 2,5-dianilino-benzoquinone- 1 ,Cdianil 
(azophenine, AP) for which we have measured the HH/HD k.i.e. For the determination of rate 
constants dynamic n.m.r. spectroscopy was used. 

The predictions of the fractionation-factor theory, transition-state theory and different proton- 
tunnelling theories on the HH/HD/DH/DD k.i.e. of symmetrical double proton-transfer reactions 
are discussed with special emphasis on the rule of the geometric mean and compared with the 
experiments. The kinetic and the i.r. results for TPP and AP are well reproduced by the vibrational 
model of tunnelling as proposed previously by us. TPP is, therefore, the first proton-transfer system 
with NH-stretching levels not broadened by hydrogen-bond effects. The k.i. e. of the intermolecular 
proton exchange in the system acetic acid + methanol + tetrahydrofuran are consistent with 
tunnelling from the OH-stretching ground states. The energy of activation is associated with the 
enthalpy of formation of the cyclic complex in which the exchange takes place and the excited inter- 
molecular vibrational states within this complex. The tunnelling theories are modified in order to 
take this enthalpy into account. 

The study of kinetic isotope effects (k.i.e.) in non-catalysed double proton-transfer 
reactions (HH reactions) of the type 

AH + XH* = BH" + YH 

is motivated by the fact that these processes take place between a variety of molecules 
in protic and aprotic 1-11 media and in the gaseous l2 and the solid 13*14 state. In 
organic and biochemical systems they are related to bifunctional catalysis 15-20 and 
biological activity.21*22 On the other hand, these reactions are an old topic of theo- 
retical ~ h e m i s t r y . l ~ * ~ ~ - ~ ~  In solution, tunnelling 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 1*26 around the reacting molecules. 

For aqueous solutions it has long been known 27-30 that more than one proton 
donor can contribute to the observed k.i.e. arising either because of a different H/D 
composition in the proton-donor site with respect to the solvent (fractionation) or 
because a number n > 1 of protons are transported in the rate-limiting step. In 
order to deduce n from the kinetic data the " rule of the geometric mean " 31 (r.g.m.) 
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has been extensively used in the subsequent " fractionation-factor theory." 
this rule states the following relation between the bimolecular rate constants 

For n = 2 

k H D  = (kHHkDD)1/2. 

This assumption has, however, been proved neither experimentally nor theoretically 
by studying the k.i.e. of proton-transfer reactions where n is known a priori, i.e. 
without using the r.g.m. Though the kinetics of several HH-transfer reactions 4-11*32-37 

have been studied in the past by dynamic n.m.r. spectroscopy, full HH/HD/DH/DD 
k.i.e. have not yet been reported. In continuation of previous work 4-11 we present 
here for the first time such data sets for several symmetrical H H  reactions where 
kHD=kDH. The processes studied were the intramolecular H H  migration in meso- 
tetraphenylporphine [TPP, reaction (I)], the intramolecular H H  migration in 2,5- 
dianilino-benzoquinone-l,4- dianil or azophenine [AP, reaction (II)} and the inter- 
molecule H H  exchange between acetic acid and methanol in tetrahydrofuran [THF, 
reaction (III)]. 

In the last system we have, additionally, obtained the full k.i.e. of a triple proton- 
transfer involving one methanol and two acetic acid molecules [reaction (IV)]. The 
r.g.m. is found to be realized only in the HHH process. With particular emphasis 
on this rule the k.i.e. of symmetrical H H  reactions are discussed briefly within the 
framework of the transition-state and different tunnelling theories. After modification 
the latter are able to accommodate the experimental data which prove, in the case of 
TPP together with i.r. results, to be a vibrational model of tunnelling previously 
proposed by  US.^,^ 
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KINETTC ISOTOPE EFFECTS IN  SYMMETRICAL 
HH-TRANSFER REACTIONS 

TRANSITION-STATE THEORY 

We will discuss the k.i.e. in the simplest form of transition-state theory (t.s.t.), i.e. 
in terms of the loss of zero-point energies (z.p.e.) of the AL stretching vibrations 
(L = H,D) in the t.s. We consider two reaction pathways as shown in reaction (V) 
for the H D  process. 

The second pathway involves the formation of an ionic intermediate and two tran- 
sition states which are degenerate in the case of the HH and the DD reaction but non- 
degenerate in the HD reactions because of the different 2.p.e. of the remaining BH 
and BD stretching vibrations. We treat the simple case where the vibration of the 
non-transferred H or D remains constant in the intermediate and the first t.s., i.e. we 
neglect secondary k.i.e. The observed rate constant k for the two-step process is given 
in the usual way by 

With 

one obtains 

and 

where 9 is the usual kinetic isotope effect of a single proton-transfer reaction. The 
same result is obtained when A = B. The r.g.m. is not fulfilled and at  low tempera- 
tures the energies of activation for the H D  and the DD processes are equal. 

The k.i.e. of the concerted proton motion with the symmetrical t.s. are more 
difficult to evaluate because a detailed discussion of all vibrations in the t.s. would 
be required. Therefore we discuss here only stretching modes of a linear t.s. of the 
type A * * * H - - * B * - - H - - - A. As was pointed out by Kreevoy 38 and Bell et 
aZ.,’*’’ such a state contains a non-imaginary symmetric HH stretching frequency 
v: which has a z.p.e. If v$  is of the same order as the vAH = vH in the reactant 
states, the z.p.e. of only one AH stretching vibration is lost in the t.s. and eqn (1) 
would apply, i.e. the difference in the energies of activation, EaHH - EpD, should 
not be higher than 1.2 kcal mol-’ as in a usual single proton-transfer reaction. For 
a discussion of the k.i.e. we consider the frequencies of two AH vibrations 
characterised by equal force constants f,, = f22 and which are coupled together by 
the coupling constantf,,. For an infinite mass of A we obtain in analogy to equations 
given by Herzberg 39 

and 
v : ~  = b ,  v ; ~ ;  b ,  = ;([3 & (1 + 8 ~ ~ ) ’ / ~ ] / ( 1  + x ) ) ” ~ ,  0 < x < 1 (4) 

where mH is the mass of the proton and x = f12/f11, the coupling parameter. Whereas 
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x is close to 0 in the reactant state, in a totally coupled t.s. xS = 1. The barrier of 
the reaction is then given by 

EiL = Ed + 1/2 h V: LL, LL = HH, HD, DD (5)  

where Ed is the potential barrier. The energies of activation, EiL, differ from E i L  by 
the z.p.e. of two AL stretching vibrations of the reactants. One obtains, assuming 
that the frequency factors AHH = AHD = ADD 

(6)  
ln(kHH/kHD) - EfD - EzH - v y  - vD+ - ( v i H H  - v i H D )  
ln(kHD/kDD) - EyD - E2D - vH, - vD+ - (v:HD - v:DD)’ R =  

The r.g.m. is fulfilled, i.e. R = 1, when 

v t H D  = 1/2 ( V i H H  + V i D D ) .  (7) 
Setting x* =hZ2/fi1 for the t.s., y = viHH/vH+ and takingf,, = 0 in the reactant states 
one obtains 

1 - (1/2)”, - y(1 - b:), R =  1 - (1/2)l’* - y [ b i  - (1/2)””, 

and 
EFD - EyH = 1/2 h (2 - U ) ( V ~  - v$). (9) 

We estimate that y does not become greater than 1. The r.g.m. is fulfilled exactly 
only for y = 0. If the experimental values of E2D - EfH exceed 1.2 kcal mo1-I and 
if they are interpreted in terms of eqn (9) with y close to 0 then this interpretation is 
corroborated by finding a value of R = 1 .  

For non-zero values of y eqn (8) predicts kHD/kHH to be slightly greater than 
kHD/kDD. The deviation from the r.g.m. is, however, small, especially if xt = 1 as is 
expected for a symmetrical t.s. We obtain R = 1.19 for y = 1 and R = 1.06 for 
y = 0.5. The inclusion of bending modes into the vibrational analysis of a t.s. 
which shows considerable coupling of the proton motion will probably not change the 
result that the r.g.m. is fulfilled for this case in crude approximation. 

T U N N E L L I N G  MODELS 

A common feature of all tunnelling models is that the rate constants can be expres- 
sed in the form 1*6*7*40-42 

k = z: knPn 
n 

where k, is the tunnelling frequency of the state n and pn  the population of this state. 
One main difference between the different tunnelling models is the question of whether 
the summation in eqn (10) has to be carried out over a finite or an infinite number of 
states, i.e. whether the sum must be replaced by an integral. For intramolecular 
proton transfer between more or less rigid atoms there is an analogy to the NH, 
problem39 and only a small number of vibrational, generally AH stretching states 
contribute to k.6*7940*43 In intermolecular proton transfer it is necessary according to 
Bell to sum over an infinite number of states, i.e. to replace the sum by an integral, 
because of the intermolecular flexibility. In a one-dimensional treatment a decision 
between summation and integration has to be made. The advantage of a multi- 
dimensional treatment like the one of Dogonadze et ~ 1 . ~ ~ 9 ~ ~  is that a finite number of 
vibrational states but an infinite number of intermolecular states can be considered. 
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For the discussion of the HH/HD/DD k.i.e. we restrict ourselves to the one-dimen- 
sional case. As has been shown before, l*’p40 the following relation holds in w.k.b.’ 
approximation for a parabolic barrier 

kn(l) = (l/d-‘)VD,,(l), 1 = 1,2 (1 1) 

Dn(I) = exp [ - (2’//’n2/h)(Ed - En) Q(Z)/(Ed)l/’] (12) 

Q(O == <o(m)”/’/~ (1 3) 

where v is the frequency with which the particle strikes the barrier, m the tunnelling 
mass and to the barrier half-width. In the energy-splitting (e.s.) method where I = 2 
the tunnel rates are related to the resonance tunnel splittings of states in a double- 
minimum p ~ t e n t i a l . ~ ? ~ ~ ~ ~ ~  This resonance tunnel effect is not taken into account in the 
transmission-function (t.r.) method, where I = 1. We have used eqn (1 1)-(13) 
successfully 6 * 7  in connection with 

where R is the gas constant and T the temperature in order to explain the HH/DD 
k.i.e. of the HH reaction in TPP. It  was shown that the HH reaction proceeds at 
high temperatures from the first excited N H  stretching state and the DD reaction 
from the second excited ND stretching state. We assume that the H D  reaction can 
proceed either from excited NH or N D  stretching states. The energy levels are given 
by 

En,,LL = (n + 1/2)hvkL + (m + 1/2)h~$~,  LL = HH, HD, DD. (1 5 )  

In approximation Ed is given by eqn (5 ) ,  i.e. it does not depend on m. The coupling 
parameter in the reactant states is zero or very small but close to 1 at the top of the 
barrier. We obtain with x = 0, xt = 1, y = 1 

EkL - EkL = E d  - hnvL - 1/2hvL, LL = HH, D D  (16) 

(17) EyD - E t D  = Ed - hnvHVD - 1/2hvH[1 + (1/2)’j2 - (3/4)’//’]. 

The energy diagram in fig. l(a) which takes into account the coordinates of the two AL 
stretching vibrations was constructed according to eqn (9, (16) and (17). By inspec- 
tion of these equations one can see that by our approximations we have reduced the 
two-dimensional problem to a one-dimensional one where the HH, HD and DD 
reactions are described as proceeding along a one-dimensional double-minimum 
potential with discrete vibrational levels and effective HH/HD/DD z.p.e. given 
approximately by the r.g.m. 

The quantity Q in eqn (17) can be evaluated by means of a mass-weighted co- 
ordinate system. for a synchronous and a 
completely asynchronous pathway 

We obtain in a similar way as before 

where ri is the distance over which the particle i is transported when the reaction co- 
ordinate changes from -to to +to. We are aware that neither a completely syn- 
chronous nor asynchronous pathway is realized in practice. However, as we have 
discussed previously and as can be seen immediately by introducing eqn (18) and (19) 
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-1 

HH 
HD 
DD 

HH A H - * *  S 
HD - &+ 

DO ~ B H * * * S  

I 

A:H*,'' B 

* 
A H * * *  S - HH + -  HD 
B H * * *  S - DD 

FIG. 1.-Energy diagrams for HH migrations. (a) Intramolecular case with fixed heavy atoms, (b) 
intermolecular case with different potential curves for the HH motion as a function of the inter- 

molecular distance RAB, i .e. the intermolecular potential energy. 
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into eqn (13), the tunnelling probability is much higher along the synchronous than 
along the asynchronous pathway because in very good approximation 

Qasyn = ( W 2 Q s y n .  (20) 
In order to treat the intermolecular HH reaction in the system AA + M + THF 

we have to bear in mind that the cyclic complex in which the exchange takes place 
has to be formed before tunnelling can take place. Outside the complex the tunnel- 
ling probability is zero. The observed rate constants are given by: 

kobs = Kkex (21) 
where K = exp(-AH/RT + AS/R) is the equilibrium constant for the formation of 
the complex and k,, the exchange rate constant within the complex. In principle, 
there is an equilibrium isotope effect on the complex formation which will be neglected, 
however, in the system AA + M + THF. In contrast to the intramolecular exchange 
we have to take into account that there is a continuous distribution of intermolecular 
vibrational states within the complex which differ by the mean distance RAB between 
the exchanging molecules AH and BH. As shown in fig. l(b) the barrier for proton 
transfer between AH and BH decreases as R A B  decreases, i.e. as intermolecular excited 
states are populated. At high energies, i.e. very short R A B ,  there is no longer any 
barrier for the proton transfer. This behaviour of H-bonded systems has been 
known, at  least in principle, for a long time.12*44 However, we have no experimental 
knowledge of this dependence and are, therefore, obliged to set Ed = E,j(RAB) = 
constant. As a consequence, we cannot apply eqn (3, (16) and (17) any more and 
have therefore in the intermolecular case 

E:D = E!H + A& = E!D = A&/2 (22) 
where A& contains all changes in the z.p.e. from the reactant states to the barrier 
saddle point. As shown in fig. l(b) a tight cyclic complex AHzB may contain an 
appreciable amount of z.p.e. so that A& may be small. As in the early work of 
Dogonadze et aZ.41*42 we consider here only tunnelling between the vibrational ground 
states on both sides of the barrier, i.e. at higher energies the reaction takes place at  
shorter RAB. Dropping the subscript n we obtain 

CL) 

iC = Aexp(-AH/RT)p()exp(-E/RT)dE, 0 D = 1 for E > Ed. (23) 

For the case AH = 0 and Z = 1 eqn (28) is equivalent to the Bell model of tunnelling 
at  temperatures which are not too high because the permeability G(E) of a parabolic 
barrier given by Bell is related to D by G(E) = (1 + D-I)- l .  The w.k.b. approxim- 
ation used in eqn (12) is no longer valid in the region where E approaches Ed. For 
E > E d  we have to set arbitrarily D = 1. A in eqn (23) is an effective frequency factor 
given by 

A = (Z/d-l)vexp(AS/R)/Fxp(-E/RT)dE = (Z/RTd-')vexp(AS/R). (24) 

The quantities Q were taken as in eqn (1 8) and (19). A computer program was written 
in order to calculate the integrals in eqn (24) numerically. At low temperatures the 
reaction proceeds by ground-state tunnelling in the cyclic complex. One expects 
parallel Arrhenius curves with E, = AH. The k.i.e. depend only on DE-+o(Z). One 
can easily show that the asymmetry factor R defined in eqn (6) lies between 1.19 and 1, 
which implies that the r.g.m. is very well fulfilled in this temperature range. This 

0 
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statement applies also for the intramolecular vibrational tunnelling case. At higher 
temperatures the r.g.m. is no longer fulfilled and R increases. The usual criteria of 
Bell for tunnelling then apply. In the intermolecular case R changes only slightly 
with temperature by contrast to the intramolecular case where the rate constants 
depend not only on tunnelling probabilities but much more on the availability of 
states from which tunnelling may occur. The complete Arrhenius curve is composed 
only of a few single Arrhenius curves with very different slopes. 

meso-TET RAP H EN Y L PO R P H INE 

We have determined the rate constants kHD for TPP by line shape analysis of the 
very weak signal of the inner hydrogen atom at 6 = -3 ppm upfield from tetra- 
methylsilane (TMS) which we found by measuring sealed samples of deuterated 
(lSN4)TPP in CDC13 and [2H5]THF. Fig. 2(a) shows a superposition of some typical 
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FIG. 2.-90 MHz lH n.m.r. Line shape analysis of "NH signals. (a) ('H2H'5N4)-rnesu-tetraphenyl- 
porphine in CDC13, 90" pulses, 6000 scans, 5 s repetition time, 10 mm probe head, saturated solution. 
(6) Saturated solution of ('H2I5N4) azophenine in CDC13, 45" pulses' 200 scans, 7 s repetition time 
5 mm probe head. Additional rate constants are 3000, 2300, 800, 200, 150 at 323, 318, 301, 276, 

271 K. 

experimental and calculated spectra. The dominant species (2H215N4)TPP does not 
contribute to this signal but only (lH2H15N4) TPP, and to a lesser extent (lH2HI4N- 
15N3)TPP and ('H214N4) TPP which contribute 5% and 2 & 1 % of the signal intensity. 
The spectral pattern of this signal, a doublet at low and a quintet at  high temperatures, 
arises from coupling with the lsN atoms 6933 and proves the intramolecular character 
of the reaction. The formalism for the calculation of the lineshape was the same as 
described previously6 for the HH problem. The static line width W,(NH) in the 
absence of exchange and the signal spacing of the coalesced lines, here the coupling 
constant J1sNH, were determined by simulation of the outer lines of the quintet. A 
constant difference W,(NH) - W(TMS) was found and used to calculate W,(NH) 
at lower temperatures where the doublet is observed. Because of the low concentr- 
ation of ('H2H15N4)TPP a 10 mm probe head for 90 MHz 'H n.m.r. was used. The 
rate constants are listed in table 1. The Arrhenius diagram in fig. 3(A) also contains 
the kHH and kDD values reported previously by  US.^ We had already obtained evi- 
dence for tunnelling in TPP from the experimental values of ADD/AHH = 25 and 



H - H .  L I M B A C H ,  J .  H E N N I G ,  D .  G E R R I T Z E N  A N D  H .  RUMPEL 237 

EpD- EcH = 14 kJ mol-l which fulfil Bell's criteria of tunnelling, as well as from finding 
at low temperatures for the HH case temperature-independent values of AR = l /Tlp - 
1/T, = 5 s-l for the /I-pyrrol proton signals, where Tlp and TI are the longitudinal 
relaxation times in the rotating and the laboratory frame, measured by pulsed Fourier- 
transform n.m.r. We interpreted the values of AR in terms of kHH as done by Mei- 
boom46 in his continuous wave experiments. Recently Stilbs et aZ.35 have found 
evidence for kHH values lower than the AR values reported by  US.^ Since we could 

TABLE  RA RATE CONSTANTS k OF THE TAUTOMERISM IN TPP 

(a) ('H'H''N4)TPP 
320 
319 
312 
31 1 
309 
306 
305 
302 
290 
288 
288 
286 
284 
282 
280 
279 
273 
270 
265 
264 
255 
248 
247 
246 
240 
23 8 

203 
198 
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(b) ('H2)TPP 

(4 (2Ht)TPP 

A 
B 
A 
B 
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A 
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B 
B 
B 
A 
A 
B 
A 
A 
B 
A 
A 
A 
B 
A 
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B 
B 
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96.4 
96.4 
96.4 
96.8 
96.8 
97.0 
96.9 
97.1 
97.3 
97.2 
97.6 
97.6 
97.8 
97.6 
97.7 
97.5 
98.2 
97.6 
98.6 
98.7 
99.0 
99.2 
99.2 
99.6 
99.6 
99.6 

5.0 
5.0 
5.0 
5.0 
5.0 
4.0 
2.5 
3 .O 
3.2 
3.0 
3.2 
3 .O 
3.0 
3 .O 
3.0 
3.0 
3.0 
3.0 
5.3 
3.8 
4.0 
5.0 
3.8 
3.8 
4.0 
4.5 

4000 
3980 
2000 
1995 
lo00 
1500 
600 

1200 
290 
480 
290 
300 
100 
90 

200 
200 
80 
90 
50 
40 
47 
30 
25 
20 
15 
15 

2.9 
2.3 

2.1 

(a) Line shape analysis; (b) and (c) magnetization transfer experiments in the rotating frame 
according to ref. (47); A = CDC13, B = [2H8]THF. 

reproduce our values we examined, therefore, in more detail the conditions under which 
the identification of A R  with k is allowed in pulsed n.m.r. We have shown that this 
identification is valid in special cases and improved the experimental technique in a 
way to allow the determination of rate constants for the general case without any 
ambig~ity.~'  The rate constants obtained with this improved method 47 are listed in 
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table 1. At temperatures below -80 "C kHH can no longer be determined precisely 
as it becomes only a small part of the total relaxation rate. For the same reason the 
statement of Stilbs et aZ.35 is not con$usive, i.e. that kHH obtained by 13C n.m.r. can 
not exceed the value of 0.05 s-' at -94 "C, which is a very small fraction of the relax- 
ation rate of 1.1 & 0.1 s-l. Therefore, it is not possible to say at present how much 
the Arrhenius curve is affected by ground-state tunnelling. 

- 
1 I I I I 

5r 

- 

. 1 ,  I I I I I I I I I 1  

3 .O 4.0 5.0 6.0 2.5 3.5 4.5 

1 0 3 ~ 1  T 1 0 3 ~ 1 ~  
FIG. 3.-Arrhenius diagrams of HH reactions in (A) meso-tetraphenylporphine [curve (a) Ed = 74 
kJ mol-', Ar = 1.54 A; curve (6) Ed = 70 kJ mol-', Ar = 1.96 A; curve (c) Ed = 67 kJ mol-I, 
Ar = 2.76 A], (B) in the system acetic acid + methanol + tetrahydrofuran. For further explanation 

see text. 

For a discussion of the Arrhenius diagram we summarize some results of our i.r. 
study of TPP 48 dissolved in CCl,. We found a very small line width for all NL 
stretching bands, for example 23 cm-l = 0.28 kJ mol-' for the NH stretching band in 
('H2)TPP. The TPP system is, in fact, owing to its extreme rigidity, the first proton- 
transfer system with such sharply quantized NH stretching states unbroadened by 
intermolecular H-bond vibrations. We were able to localize for the first time the NH 
and the ND stretching vibrations of ('H2H) TPP at 3335 and 2493 cm-l. The corres- 
ponding values for ('H,)TPP and (,H2)TPP were different, namely 3318 and 2482 cm-', 
which is in good agreement with the l i t e r a t ~ r e . ~ ~  These bands are characterized as 
asymmetric stretching vibrations, the symmetric vibration being forbidden in the i.r. 
spectrum. In another way, the motions of the two hydrogen atoms are already coupled 
in the potential wells where the hydrogen atoms have the largest possible interatomic 
distance. If t.s.t. applied, this distance would decrease in the t.s. and the motion 
would become even more coupled. The r.g.m. should then be fulfilled in contradic- 
tion to the experiment, as shown in the Arrhenius diagram in fig. 3(A). Though the 
kHD values show much scattering because of the poor signal-to-noise ratio of the lH 
n.m.r. spectra there is no doubt that in the high-temperature region kHD M kDD. At 
298 K we find kHH/kHD = 10. At low temperatures kHD seems to be slightly greater 
than kDD. The large value of E t D  - EYH cannot, therefore, be explained by the loss of 
the z.p.e. of the two NH stretching vibrations in the t . ~ . ~ ~  because the r.g.m. should 
then be fulfilled exactly as mentioned above. This result and the i.r. results prove, 
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therefore, that t.s.t. cannot be applied to the TPP problem. 
in fig. 3(A) were calculated according to 

The Arrhenius curves 

kHH = ktF + kycexp(-hcCNH/R7‘) (25) 
kDH = kHD = kDH 00 + k?reXp( - hCfND/Rn + k&%Xp( - hC&H/RT) + 

kyteXp( -2hCfi~,/RT) (26) 

where c is the velocity of light. The tunnelling rates k i i  are defined in fig. l(a) and 
eqn (1 1). The HH and the D D  curves were very well described by 

kHH = 1 010’9exp( - hcCNH/RT) (28) 

kDD = 101298eXp( -2hhcC~~lRT) (29) 

where vNH M vFH M vyr  M 3330 cm-’ M (2)’’’vND. The k,, values were calculated 
according to eqn (12) and (13) with the exception of kyc and k$t  which were deter- 
mined experimentally because the w.k.b. approximation is not valid at the top of the 
barrier. Since we expect that kyr is slightly greater than k?: because of the depen- 
dence on v, we adopted a value of 7 x 1OI2 s-l for the former. The masses for the 
synchronous tunnelling process were calculated according to eqn (21), i.e. mHH = 2, 
mHD = 3 and mDD = 4. As previously eqn (1 1) was multiplied by a factor of 2 
because each H can migrate either to the N on its right or on its left. Additional 
parameters were only Ed and Q ,  from which we calculated for 1 = 2 and a synchronous 
pathway the ground-state proton transport distances Ar given in fig. 3(A). From the 
crystallographic data we calculated a Ar value of ca. 2 8, which is in good agreement 
with curve (b) in fig. 3(A). The experimental data are well described by curves (b) and 
(c) whereas in curve (a) the ground-state tunnelling rate k:? is overestimated. The 
main success of the model is that all energies of activation can be explained by one 
experimental N H  stretching frequency. The HH reaction proceeds by tunnelling 
from the first excited NH, or NH,, stretching state, whereas the H D  and the D D  
reactions proceed predominantly from the second excited N D  stretching states which 
lie at the top of the barrier, as indicated in fig. l(a). There is no evidence for addi- 
tional vibrational levels from which the HH reaction could equally take place. k:F 
and k$F are slightly smaller than v::, probably because of an incomplete barrier 
permeability even at the top of the barrier.I The model can also explain why kHD is 
probably greater than kDD at lower temperatures by the prediction that H D  tunnelling 
from the first excited N H  stretching level should no longer be negligible. The 
scattering of the kHD values does, however, not permit us to affirm this point 
definitively. In summary, neither t.s.t. nor an intermolecular tunnelling model are 
able to explain the k.i.e. and the i.r. data of TPP but only the vibrational model of 
tunnelling. We are aware that the one-dimensional treatment of the H D  reaction 
involves severe assumptions but we hope that a better description will be possible 
within the framework of this model in the future. 

A Z O P H E N I N E  

We report for the first time IH n.m.r. spectra of (IH,14N4)AP [reaction (II)] in fig. 
2(6), as well as kHH and kHD values for the intramolecular hydrogen migration. For 
the corresponding reaction in the oxygen analogue 2,6-dihydroxybenzoquinone 
Graf37 and Bren et aZ.34 reported rate constants which did depend considerably on 
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the type of the solvent. An HH/DD k.i.e. of 2 at -50 "C was The data 
indicated an intermolecular contribution to the observed rate constants. In the case 
of (lSN4)AP the observation of a doublet at low and a triplet at high temperatures 
arising from coupling between the H and the 15N atoms proves a fast purely intra- 
molecular H H  reaction. A very similar computer program as in the TPP case ti was 
used for the calculation of the N H  signal. W,, and the coupling constant of J1sNH = 
90 Hz was obtained at each temperature from the outer lines of the signal. The 
frequency of the NH stretching vibration was given by Musso et aZ.49 as 3290 cm-l, 
which is within error limits equal to the energy of activation. The rate constants kHH 
are, thus, very well described by the equation 

kHH = 1 09-8exp( - hccN,/RT) (30) 
and differ from the corresponding values for TPP only by the frequency factor which 
is ca. 10 times smaller in AP. We conclude tentatively that the H H  reaction in AP 
proceeds also by tunnelling between the first excited N H  stretching levels as in TPP. 
Because of experimental limitations we did not succeed in measuring kHD values of AP 
in the same solvent but only in 1 ,2-C2D4C12 and obtained a value of (kHH/kHD),98 = 4. 
This k.i.e. is lower than the value for TPP. We speculate that the lower frequency 
factor and the lower k.i.e. in AP arises from the fact that the H H  reaction is accom- 
panied by a motion of C and N atoms because double bonds are converted to single 
bonds in contrast to the aromatic TPP. We hope to report in the future the h l l  HH/ 
HD/DD k.i.e. for AP which will throw more light on this interesting reaction and the 
vibrational model of intramolecular tunnelling as a whole. 

ACETIC ACID + METHANOL + TETRAHYDROFURAN 

In continution of previous work 839,11 we have succeeded in measuring all the k.i.e. 
of proton exchange in the system AA + M + T H F  using a combination of lH and 
,H dynamic n.m.r. spectroscopy. The rate law of the exchange is given by 

V = k L L C A A C M  + k L L L c 2 A A c M .  (31) 
In our previous experiments the second triple proton-transfer term involving two AA 
and one M molecule was not found because the C A A  could not be varied over a wide 
range because of experimental limitations. The bimolecular rate constants at  CA,+O 
obtained by lH n.m.r. at high deuterium fractions and by 2H n.m.r. for low deuterium 
fractions were equal and could, therefore, unambiguously be identified with kHD for 
the double proton-transfer process. A detailed description of the experiments will be 
given elsewhere. Table 2 contains all the kinetic data. The r.g.m. is fulfilled for the 
H H H  and in approximation also for the H H  reaction. Therefore, no solvated ion 
pair is formed as an intermediate, which was already postulated in view of the large 
frequency factors. We obtain the interesting result that the frequency factor for the 
H H  motion is much smaller than for the D D  motion while the frequency factor for the 
HHH motion is much higher than for the DDD motion. These results cannot be 
explained by the t.s.t. but only by tunnelling. Fig. 3(B) shows the Arrhenius diagram 
for HH/HD/DD reactions from which three energies of activation and three frequency 
factors can be obtained. The Arrhenius curves were, however, calculated using eqn 
(22)-(24) by adapting only 4 parameters, Ed = 31.0 kJ mol-l, AH = 19.7 kJ mol-1 
for the enthalpy of formation of the cyclic complex from the solvated reactant states, 
an effective frequency factor log A = 10.4 for all reactions, and the parameter Q 
derived from eqn (18)-(20) 

QHH = 2"-1Ar21J2/1 = (2/3)l/'QHD = 2QDD = 0.25 A (32) 



H - H .  LIMBACH, J .  H E N N I G ,  D .  GERRITZEN A N D  H .  RUMPEL 241 

TABLE 2.--KINETIC PARAMETERS OF PROTON EXCHANGE IN THE SYSTEM ACETIC ACID $- METHANOL + TETRAHYDROFURAN 

HH 27.9 1 7.77 f 0.2 746 * 198 
HD 34.8 & 2 8.27 f 0.2 144 f 11  
DD 40.5 f 2 8.78 0.2 48 f 19 
HHH 30.7 & 2 8.89 3 0.2 3235 f 782 
HHD 31.6 f 2 8.7 i 0.1 1457 3: 40 
H D D  30.2 + 2 8.06 & 0.2 584 & 141 
DDD 27.7 f 3 7.31 Ij, 0.2 281 & 7 

k.i.e. at 298 K: kHHIkDD = 15.5 f 4.4, kHH/kHD = 5.1 f 1.4, kHD/kDD = 3.1 f 0.9, kHHH/ 
kDDD = 11.5 f 2.7, kHHH/kHHD = 2.2 f 0.5, kHHD/kHDD = 2.5 f 0.5, kHDD/kDDD = 2.1 f 0.5 

where s = 0 for a synchronous and s = 1/2 for an asynchronous pathway. A fifth 
parameter, A& in eqn (22), which describes the differences in the z.p.e. between the 
reactant states and the state at the top of the barrier, i.e. the differences in the energies 
of activation of the different curves at high temperatures, was found to affect the 
curves only very little as long as it was kept small, i.e. not greater than ca. 2-3 kJ mol-l. 
For the curves in fig. 3(b) a value of A& = 1.75 kJ mol-' was used. Note that the 
behaviour of the k.i.e. as a function of the temperature depends only on the value of Q 
but not on the tunnel model used. The difference between the models is only the 
value of Ar calculated from Q according to eqn (30). For the synchronous pathway 
we obtain Ar = 0.71 A for the e.s. model which should apply in this symmetrical case 
and Ar = 0.38 A for the t.r. model. Within error limits the Bell equation and eqn (23) 
with I = 1 describe the curves with the same parameters as long as eqn (21) is applied. 
Half of these distances is obtained if one assumes an asynchronous proton motion. A 
special success of the intermolecular tunnelling model proposed here is that it also 
explains the parallel Arrhenius curves of the triple proton transfer with reasonable 
parameters. We are convinced that the description given here applies not only for 
proton exchange in an hydrogen-bond-acceptor solvent S like THF, where the AH - 
S and BH * - - S dominate,' but also for aprotic solvents where at low temperatures 
the AH and BH molecules form a number of different H-bond associates in which no 
proton exchange can take place. Also in this case a minimal energy A H  is required for 
the formation of the active complex in which tunnelling can occur. 

CONCLUSIONS 
Experimental and theoretical evidence has been accumulated that neutral double 

proton transfer in rigid molecules takes place between quantized vibrational states by 
tunnelling. The k.i.e. depend not only on the tunnelling probability but also on the 
availability of vibrational states. In intermolecular HH reactions tunnelling occurs 
from excited intermolecular states. The enthalpy of formation of the active complex 
in which the exchange takes place has to be taken into account when calculating 
Arrehenius curves. The r.g.m. for double and poly proton-transfer reactions is ful- 
filled only at low temperatures where it is linked with frequency factor ratios of AH/AD 

At high temperatures Bell's criteria of tunnelling, i.e. AH/AD < 1 and E:H - 
,FF greater than the differences in the z.p.e., are linked with the breakdown of the 
r.g.m. 

1 .  
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