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Stratagems are presented for the determination of kinetic isotope effects of proton exchange 
reactions by dynamic NMR spectroscopy. In such experiments, lineshape analyses and/or polariza- 
tion transfer experiments are performed on the exchanging protons or  deuterons as well as on remote 
spins, as a function of the deuterium fraction in the mobile proton sites. These methods are NMR 
analogs of previous proton inventory techniques involving classical kinetic methods. A theory is 
developed in order to derive the kinetic isotope effects as well as the number of transferred protons 
from the experimental NMR spectra. The technique is then applied to the problem of proton 
exchange in the system L5N,'5Nr-di-p-fl~~r~phenylformamidine, a nitrogen analog of formic acid, 
dissolved in tetrahydrofuran-d, (THF). DFFA forms two conformers in T H F  to which s-trans and 
s-cis structures have been assigned. Only the s-trans conformer is able to dimerize and exchange 
protons. Lineshape simulations and magnetization transfer experiments were carried out at 189,2 K, 
at a concentration of 0.02 moll-', as a function of the deuterium fraction D in the 'H-15N sites. 
Using 'H NMR spectroscopy, a linear dependence of the inverse proton lifetimes on D was observed. 
From this it was concluded that two protons are transported in the rate limiting step of the proton 
exchange. This result is expected for a double proton transfer in an s-trans dimer with a cyclic 
structure. The full kinetic HH/HD/DD isotope effects of 233: 11 : 1 at  189 K were determined 
through I9F NMR experiments on the same samples. The deviation from the rule of geometric mean, 
although substantial, is much smaller than found in previous studies of intramolecular HH transfer 
reactions. Possible causes of this effect are discussed. 

Key words: NMR spectroscopy (dynamic), Proton exchange, Isotope effects (kinetic HH/HD/DD), 
Formamidine, Hydrogen bonding. 

1. Introduction 

A number of chemical reactions involve the transfer 
of m =  1 or more protons, hydrogen atoms or hydride 
ions in the rate limiting step [I-31, which leads to 
kinetic hydrogen/deuterium isotope effects on the re- 
action rates. It is obvious that the knowledge of both 
m and the kinetic isotope effects is important for an 
understanding of the mechanisms of these reactions. It 
has long been known that both quantities can be de- 
termined by measuring reaction rates as a function of 
the deuterium fraction D in the mobile proton sites [I, 
6-81. This method, called "proton inventory tech- 
nique", has been applied to a number of organic and 
biochemical reactions [I-131 in protic media. Un- 
fortunately, if m >  I a proton inventory plot depends 
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on more parameters than can easily be obtained by 
non-linear regression analysis of the kinetic data, a 
situation which makes certain assumptions necessary. 
Thus, the validity of the "rule of the geometric mean" 
(RGM) has often been assumed. For the isotopic rate 
constants of a double proton transfer reaction of the 
type 

(1) 
AH +XH* =+ [AH,XH*] + [AH*, XH] AH*+XH. 

the RGM states that 

This rule has been derived from a combination of 
transition state theory [I41 and equilibrium isotope 
fractionation theory [7, 15 -191. The latter theory, 
which has frequently been verified, relates the equilib- 
rium constants of isotopic reactions to the set of vibra- 
tional frequencies of the educts and products. By con- 
trast, the problem of calculating kinetic isotope effects 
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Fig. 2. Atom labeling of 1SN,15N'-di(-fluoropheny~fonnami- 
dine in the s-cis and the s-trans form. 

formation of cyclic hydrogen bonded complexes with 
a structure similar to those of carboxylic acids. The 
first studies of proton exchange of amidines were per- 
formed by Halliday et al. [47] and Borisov et al. [48], 
but they did neither report rate laws nor kinetic iso- 
tope effects. Borisov et al. also reported that N,N1-di- 
arylformamidines exist in tetrahydrofuran (THF) in 
an s-trans form A and an s-cis form B, which show 
different exchange characteristics. In a recent dynamic 
NMR study of 15N,15N'-dipentadeuterophenylform- 
amidine (DPFA) in THF [31] we have established the 
complex reaction network shown in Figure 1. The 
15N label had to be introduced in order to avoid 
14N quadrupole effects on the mobile proton signals, 
which obscure the kinetic information on proton ex- 
change. The principle results of this study were the 
following. Only the s-trans isomer A is able to form a 
cyclic dimer in which a fast double proton transfer 
takes place. This transfer is characterized by a kinetic 
HH/HD isotope effect of about 20 at 178 K. Hydro- 
gen bond exchange is extremely fast, the exchange of 
the two conformers very low on the NMR timescale at 
this temperature. A non-linear rate law of the proton 
exchange was found, second order at low and first 
order at high concentrations, as expected for the reac- 
tion network of Figure 1. 

In the case of these arylamidines we found it diffi- 
cult to use 13C or 15N as remote spin labels for the 
study of the kinetic isotope effects of the proton self 
exchange because of the bad signal to noise ratio of 
the NMR spectra of these nuclei. Therefore, we intro- 
duced in this study according to Borisov et al. [48] 
19F as a more convenient remote spin label for the 
exchange into the para positions of the phenyl rings of 
DPFA, which leads to 15~,15N'-di-p-fluorophenyl- 

formamidine (DFFA). Whereas the number m =  2 of 
transferred protons in the rate limiting step of the self 
exchange was obtained by 'H NMR, the kinetic 
HH/HD/DD isotope effects could be obtained by 19F 
NMR spectroscopy. 

In the following experimental section we describe 
the synthesis of DFFA and the experimental condi- 
tions. After the theoretical section the results are pre- 
sented. In the discussion, the kinetic isotope effects of 
the DFFA proton selfexchange are compared with 
those obtained previously for other double proton 
transfer reactions; finally, we propose an explanation 
for the different behaviour of intramolecular and in- 
termolecular proton transfer systems with respect to 
the validity of the RGM. 

2. Experimental 

2.1. Synthesis of 15N,15N'-di-(4-fluoropheny1)- 
formamidine (DFFA) 

15N labeled DFFA was synthesized in a similar way 
to that described recently [31] for diphenylformami- 
dine by reaction of 0.095 g (0.892 mmol) triethylortho- 
formate with 0.2 g (1.784 mmol) p-fluoroaniline-15N. 
The reaction mixture was kept for 5 h at 40 "C. After 
recrystallization from n-heptane, a material (0.16 g 
yield, 76% of the theory) with a melting point of 
144.9 "C was obtained (lit. [48]: 141 "C-145 "C). 

2.2. Synthesis of p-Fluoroaniline-15N 

p-Fluoroaniline-I5N was synthesized according to 
ref. [49] from p-fluorobenzamide-15N and sodium 
hypobromide via the Hoffmann reaction. First, a solu- 
tion of sodiumhypobromide was prepared by slowly 
adding 0.22 ml (4.29 mmol) bromine to an ice-cold 
stirred solution of 0.766 g (19.16 mmol) sodium- 
hydroxide in 15 ml water. After 5 minutes, 0.5 g 
(3.59 mmol) p-fluorobenzamide-15N was added. The 
reaction mixture was stirred at 0 "C for 20 minutes 
until a clear yellow solution formed, and then heated 
slowly in an oil bath to 95 "C, where it was kept for 
1.5 hours. After cooling to room temperature, the 
dark organic phase was extracted three times with 
30 ml ether and dried over Na,S04. The ether was 
then removed and the product purified by evapora- 
tion and condensation in vacuo. p-Fluoroaniline-I 5N 
(0.3 g, 77% of the theoretical yield) was then identified 
by 'H- and 'gF-NMR-spectroscopy. 
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formation of cyclic hydrogen bonded complexes with 
a structure similar to those of carboxylic acids. The 
first studies of proton exchange of amidines were per- 
formed by Halliday et al. [47] and Borisov et al. [48], 
but they did neither report rate laws nor kinetic iso- 
tope effects. Borisov et al. also reported that N,N'-di- 
arylformamidines exist in tetrahydrofuran (THF) in 
an s-trans form A and an s-cis form B, which show 
different exchange characteristics. In a recent dynamic 
NMR study of 15N,15N'-dipentadeuterophenylform- 
amidine (DPFA) in T H F  [31] we have established the 
complex reaction network shown in Figure 1. The 
15N label had to be introduced in order to avoid 
14N quadrupole effects on the mobile proton signals, 
which obscure the kinetic information on proton ex- 
change. The principle results of this study were the 
following. Only the s-trans isomer A is able to form a 
cyclic dimer in which a fast double proton transfer 
takes place. This transfer is characterized by a kinetic 
HH/HD isotope effect of about 20 at 178 K. Hydro- 
gen bond exchange is extremely fast, the exchange of 
the two conformers very low on the NMR timescale at 
this temperature. A non-linear rate law of the proton 
exchange was found, second order at low and first 
order at high concentrations, as expected for the reac- 
tion network of Figure 1. 

In the case of these arylamidines we found it diffi- 
cult to use 13C or 15N as remote spin labels for the 
study of the kinetic isotope effects of the proton self 
exchange because of the bad signal to noise ratio of 
the NMR spectra of these nuclei. Therefore, we intro- 
duced in this study according to Borisov et al. [48] 
19F as a more convenient remote spin label for the 
exchange into the para positions of the phenyl rings of 
DPFA, which leads to 15N,l 5N'-di-p-fluorophenyl- 

formamidine (DFFA). Whereas the number m = 2 of 
transferred protons in the rate limiting step of the self 
exchange was obtained by 'H NMR, the kinetic 
HH/HD/DD isotope effects could be obtained by 19F 
NMR spectroscopy. 

In the following experimental section we describe 
the synthesis of DFFA and the experimental condi- 
tions. After the theoretical section the results are pre- 
sented. In the discussion, the kinetic isotope effects of 
the DFFA proton selfexchange are compared with 
those obtained previously for other double proton 
transfer reactions; finally, we propose an explanation 
for the different behaviour of intramolecular and in- 
termolecular proton transfer systems with respect to 
the validity of the RGM. 

2. Experimental 

2.1. Synthesis of 15N,15N'-di-(4-jluorophenyl)- 
formamidine (DFFA) 

15N labeled DFFA was synthesized in a similar way 
to that described recently [31] for diphenylformami- 
dine by reaction of 0.095 g (0.892 mmol) triethylortho- 
formate with 0.2 g (1.784 mmol) p-fluoroaniline-15N. 
The reaction mixture was kept for 5 h at 40 "C. After 
recrystallization from n-heptane, a material (0.16 g 
yield, 76% of the theory) with a melting point of 
144.9 "C was obtained (lit. [48]: 141 "C-145 "C). 

2.2. Synthesis of p-Fluoroaniline-15N 

p-Fluoroaniline-15N was synthesized according to 
ref. [49] from p-fluorobenzamide-15N and sodium 
hypobromide via the Hoffmann reaction. First, a solu- 
tion of sodiumhypobromide was prepared by slowly 
adding 0.22 ml (4.29 mmol) bromine to an ice-cold 
stirred solution of 0.766 g (1 9.1 6 mmol) sodium- 
hydroxide in 15 ml water. After 5 minutes, 0.5 g 
(3.59 mmol) p-fluorobenzamide-15N was added. The 
reaction mixture was stirred at 0 "C for 20 minutes 
until a clear yellow solution formed, and then heated 
slowly in an oil bath to 95 "C, where it was kept for 
1.5 hours. After cooling to room temperature, the 
dark organic phase was extracted three times with 
30 ml ether and dried over Na,S04. The ether was 
then removed and the product purified by evapora- 
tion and condensation in vacuo. p-Fluoroaniline-"N 
(0.3 g, 77% of the theoretical yield) was then identified 
by 'H- and 19F-NMR-spectroscopy. 
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2.3. Synthesis of p-Fluorobenzamide-'JN 

p-Fluorobenzamide-'5N was synthesized in a simi- 
lar way to that described by Axenrod et al. [51] from 
2 g (36.7 mmol) l5NH4C1 in 18 ml water and 4.34 ml 
(36.7 mmol) p-fluorobenzochloride. The melting point 
of the product (4.37 g, 85% theoretical yield) was 
157.3 "C (lit. [50]: 158.0 "C). 

2.4. Preparation of Samples 

The sealed DFFA NMR samples had to be pre- 
pared very carefully on a vacuum line in order to 
exclude air and moisture and any other impurities 
that might catalyse the proton exchange. The proce- 
dure is similar to that described for DPFA [31]. Since 
the density of T H F  is temperature dependent, the con- 
centrations C(T) at  temperature T were calculated for 
each sample using the following equation [52]: 

C(T)/C(298 K) = 1 +9.26 . (298 - T). (3) 

The values of C(298 K) and of the deuterium fraction 
D in the mobile proton site were checked by 'H NMR 
spectroscopy. A 0.25 molar sample was used as a refer- 
ence. 

2.5. NMR Measurements 

The 300 MHz 'H NMR spectra were recorded with 
a Bruker pulse F T  NMR spectrometer MSL 300, the 
84.7 MHz 19F NMR spectra with a Bruker CXP 100 
pulse FT NMR spectrometer. During the 19F NMR 
experiments the protons were decoupled using the 
CW homodecoupling technique, the irradiating fre- 
quency being centered on the aromatic protons. For 
temperature control a Bruker B VT 100 unit was em- 
ployed. The sample temperatures were checked before 
and after each experiment with a Pt 100 resistance 
thermometer (Degussa) embedded in an NMR tube; 
they are estimated to be accurate to about 0.5 "C. The 
temperature stability during the measurements was, 
however, better than 0.2 "C. The spectra were trans- 
ferred from the Bruker Aspect 2000 minicomputer to 
a personal computer (Olivetti M 28), and then to the 
Univac 1108 computer of the Rechenzentrum der 
Universitat Freiburg via a direct data line. Kinetic 
and thermodynamic parameters were obtained by 
simulation of the spectra, as described below. Various 
experimental data were fitted to theoretical curves us- 
ing a non-linear least squares fit program [53]. 

3. Theoretical Section 

When studying the kinetics of isotopic exchange 
reactions of molecules AH and AD, one has the option 
of performing experiments either on the A spins, the H 
and/or the D spins. The kinetic quantities obtained in 
the various experiments depend on which nuclear 
spins are chosen for the experiments. This section is 
devoted to a description of these quantities. First, we 
define these quantities as well as their relations to 
convential kinetics and then derive NMR lineshape 
equations for some simple spin systems relevant in the 
context of this study. 

3.1. The Relation between Rate Constants 
of Intermolecular Hydrogen/Deuterium Transfer 
Reactions and Inverse Lifetimes Measured 
by NMR Spectroscopy 

In order to demonstrate the special features of 
NMR let us first look at a simple equilibrium 

characterized by the equilibrium constant 

Ci and kij are the usual concentrations and the pseudo 
first order rate constants. NMR experiments are, gen- 
erally, performed under equilibrium conditions. The 
NMR lineshapes depend on the inverse lifetimes 

Thus, for the definition of the kinetic quantities one 
can treat the forward and backward reaction rates 
separately. 

Now, let us consider again a molecule AH and its 
deuterated analog AD, where H and D are mobile 
protons and deuterons. Without assuming any reac- 
tion mechanism, one can formulate the following 
group exchange reactions [22] observable by NMR 

AH % AH*, AH C;"1*"- AD, 

A,, I;d̂ H. AH, AD & AD*, 
I 

(7) 

AH a A*H, AD A*D, (8) 

Here an asterisk is introduced to characterize physi- 
cally different atomic or molecular species of the same 
kind. T~L, ,  with LM = HH, HD, DD, represents the 
pseudo first order exchange rate constant of group A 
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(marked in boldface) between the environments AL 
and AM, i.e. the inverse correlation time of group A 
with spin L before the latter is replaced by spin M. 
- 1 

T,,,., represents the inverse lifetime of the isotope L 
(marked in boldface) before the transfer from A to the 
chemically identical, but physically different, environ- 
ment A* takes place. These lifetimes are defined as 
follows 

It is evident that 7 i j A M  can be determined only by 
lineshape analysis of the remote A-spin spectra. By 
contrast, the NMR spectra of the mobile L spins 
depend on the quantity T;;~.,. It must be stated here, 
however, that the different inverse lifetimes can only 
be obtained if the group exchange processes modulate 
the spin hamiltonian of the A and/or of the isotopes L 
and M. For this purpose, suitable spin labels have to 
be introduced into the A residue. The above kinetic 
quantities are sufficient to describe the NMR 
lineshapes. Thus, it is not necessary to make assump- 
tions on reaction mechanisms during the state of the 
analysis of the spectra. As shown in the following, 
information on the reactions present can then be ob- 
tained from the dependence of these quantities on the 
deuterium content of the sample. 

In order to illustrate the rationale behind this pro- 
cedure we will present some examples of how to relate 
the above inverse lifetimes to specific mechanisms of 
hydrogen/deuterium exchange. 

3.1.1. S i n g l e  I n t e r m o l e c u l a r  H y d r o g e n  
T r a n s f e r  R e a c t i o n s  

Let us consider a catalyzed single proton transfer 
mechanism of the type 

where kk corresponds to a second order constant. As- 
suming that A- is present only in a very low concen- 

tration, it follows from conventional kinetics that 

Thus, the different inverse lifetimes are independent of 
the deuterium fraction in the mobile proton sites. 
Sometimes it is convenient to incorporate the total con- 
centration CA into the rate constants k? which then 
become pseudo first order rate constants. 

3.1.2. D o u b l e  I n t e r m o l e c u l a r  H y d r o g e n  
Trans fe r  R e a c t i o n s  

Let us first consider the basic hydrogen exchange 
reaction between two different labile protons sites AH 
and XH, i.e., the following isotopic double hydrogen 
transfer reaction set: 

kHH 
AH+A*H* -L AH*+A*H, (14) 

kHD 
AH +A*D AD+A*H, (1 5 )  

Let kkM be the pseudo second order rate constants of 
the different forward isotopic reactions whose rate 
constants are to be determined. In contrast to single 
proton transfer reactions, the above inverse group life- 
times depend on the deuterium fractions D in the 
mobile proton site AL. By measuring these lifetimes as 
a function of D, the three independent isotopic rate 
constants kHH,  kHD, kDH and kDD can easily be derived. 
Let 

CA = CAH + CAD (17) 

be the total concentration of A. Using conventional 
kinetics we obtain 

All quantities are linearly dependent on the deuterium 
fraction D. Again, it is sometimes convenient to incor- 
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porate the total concentration CA into the rate con- 
stants kkM, which then become pseudo first order rate 
constants. 

3.1.3. Triple  In t e rmo lecu l a r  Hydrogen  
Transfer  Reac t ions  

For a triple hydrogen transfer self exchange reaction 
one has to consider the following isotopic reactions 

kHHH 

AH + A*H* + A'H' -L AH* + A*H1+ A'H, (24) 
kHHD 

AH + A*H* + A'D -L AH* + A*D + A'H, (25) 
kHDD 

AH + A*D + A'D' -L AD + A*D1 + A'H, (26) 
kDDD 

AD + A*D* + A'D' -L AD* + A*Df + A'D . (27) 

In a similar way to that in the previous section we then 
obtain 

.idx, = T;; = kkHH H i H  + 2kyHDCAH CAD+kyDD C i D  

=[(I-D)'  k y H H + 2 ( 1 - D ) D ~ ; ~ ~  

+ D2 k3HDD] C i  , (32) 

T A X ,  = Ti; = kyHD C i H  + 2 kyDD CAH CAD + kYDD CiD 

=[(I -D)' k y H D + 2 D ( 1  - D )  kyDD 

+ D2 k:DD] C,2 . (33) 
Now, the inverse average lifetimes are quadratically 
dependent on the deuterium fraction D. Again, it is 
convenient now to incorporate the term C; into the 
third order rate constants, which then become pseudo 
first order rate constants. 

3.1.4. Supe rposed  Doub le  a n d  Triple  
a n d  O t h e r  Mul t ip le  P r o t o n  Transfer  

By comparing (18)-(23)  with (28)-(33) it should 
be immediately apparent that the inverse lifetimes 
measured are independent of the particular reaction 
scheme. Thus, a superposed double and triple proton 

transfer reaction can be described just by adding up 
the corresponding equations. The nature of the reac- 
tion scheme of interest is most easily determined at 
fixed concentrations of the reactants as a function of 
the deuterium fraction of the sample. The treatment of 
multiple proton transfer reactions with n > 3  is, in 
principle, straightforward. However, as the number of 
measurable different lifetimes is constant and the 
number of rate constants to be determined drastically 
increases, the analysis of experimental data will be- 
come difficult. 

3.2. NMR Lineshape Theory 

We assume a general understanding of the theory of 
exchange broadened NMR lineshapes and will restrict 
ourselves to particular equations necessary for an un- 
derstanding of how the dynamic quantities defined in 
the previous section can be obtained by lineshape 
analysis. It has been shown [22, 54-57] that all the 
information on NMR lineshapes is contained in a com- 
plex matrix A and a population vector P calculated 
according to quantum mechanical density matrix the- 
ory. The dimension of A corresponds to the number 
of NMR transitions which have to be considered in the 
regime of slow exchange. The imaginary part of the 
eigenvalues of A corresponds to the position of the 
NMR lines, the real part to their width. From the 
eigenvectors of A and the population vector a com- 
plex intensity vector can be constructed. The real part 
of this vector describes the intensity of the Lorentzian 
and the imaginary part the intensity of a dispersion 
line associated to a given transition. When the spin 
systems are of first order, A and P can be set up by 
inspection, using the simpler Kubo-Sack theory [54] 
based on the modified Bloch equations. In all cases 
one has to keep in mind that the Larmor frequency of 
the nuclei studied must be modulated by the exchange 
process to be monitored. 

3.2.1. 'H NMR of a n  AH Spin System 
in  t he  Presence  of In t e rmo lecu l a r  
P r o t o n  Exchange  

As an example relevant in the context of this study, 
let us consider a spin system AH, where A represents 
a spin 112 nucleus, in the presence of intermolecular 
proton exchange. Let the difference between the Lar- 
mor frequencies vA of A and vH of the exchanging 
proton be such that AH constitutes a first order spin 
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system. Further, let us analyze only the lineshape of P= [ p A H ,  pAH,  pAD, pADl,  z i i A D / z i d A H = p A D p A H  . (35) 
the exchanging proton affected, as described in the 

Generally, pAH = (1 - D) and pAD = D. previous section, by the inverse lifetime ziAA., = z ; i  . 
An experimental example where these equations The complex exchange matrix A and the population 

apply will be given below. vector are then given by 

In the slow exchange range the signal of the exchang- 
ing proton consists of a doublet at the frequency v ,  
with a splitting corresponding to the coupling con- 
stant JAH.  The two line components refer to the pro- 
tons attached to nuclei A in the spin states u(A) and 
P(A). When the proton exchanges, its Larmor fre- 
quency is modulated from v, + J,, to v ,  - J,,. This 
switch occurs, however, only every other exchange 
process. Thus, the inverse lifetimes are divided by 2 in 
(34). As the proton transfer speeds up, the two lines 
broaden and coalesce into one single line at the posi- 
tion v,. Note that in (34) no assumptions concerning 
the proton exchange mechanism have been made. In- 
formation on the mechanism can be obtained by per- 
forming experiments at different deuterium fractions 
D, as described in section 4. 

3 . 2 . 2 . ' ~ ~ ~  L i n e s h a p e  T h e o r y  of R e m o t e  
S p i n s  in  P r o t o n  D o n o r s  i n  t h e  P r e s e n c e  
of I n t e r m o l e c u l a r  P r o t o n  E x c h a n g e  

By studying remote spins A in proton donors of the 
type AL, L = H, D, the isotopic selectivity encountered 
in the study of L spins is lost. Thus, both species AH 
and AD contribute to the lineshape of A. Let us con- 
sider here the simplest case, where scalar coupling 
between A spins and L spins can be neglected. In this 
case the NMR lineshape of A is sensitive to the proton 
exchange only when the chemical shift of A is modu- 
lated by the exchange. Let v,, be the chemical shift of 
A before and v,., the chemical shift after the exchange. 
We obtain the following exchange and population 
vector: 

4. Results 

In these section, the essential features of the theory 
developed above are applied to the problem of deter- 
minating the number rn of protons transferred in the 
rate limiting step of proton self exchange of DFFA 
(Figs. 1 and 2) dissolved in THF, as well as the associ- 
ated multiple kinetic isotope effects. 

4.1. ' H  300.13 MHz NMR Specfra of DFFA 
as a Function of the Deuterium Fraction D 
in the Mobile Proton Sites 

In order to determine rn we have measured the 'H 
300.,43 MHz NMR spectra of DFFA as a function of 
the deuterium fraction D in the mobile proton sites at  
a temperature of 189.2 K and a total DFFA concen- 
tration of C,,, =0.02 mol I-'. As DFFA was labeled 
with 15N, the signal of the labile proton should split 
into a 'H-15N doublet in the absence of intermolecu- 
lar proton exchange. By contrast, fast proton ex- 
change should modulate the Larmor frequency of the 
mobile proton from v ,  + Jab to v,- Jab every other ex- 
change process, which eventually leads to a collapse of 
the doublet into a singlet, as predicted by (34). v ,  is the 
chemical shift of the mobile proton and Jab the 'H -' 5N 
coupling constant. 

The superposed experimental and simulated 'H-15N 
signals of DFFA in THF are shown in Figure 3. Two 
signals are observed. Whereas signal A, is associated 
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Fig. 3.  Superposed experimental and calculated 300.13 MHz 
'H-15N NMR signals of 0.02 molar solutions of DFFA at 
189.2 K as a function of the deuterium fraction D in the 
'H-15N position. The ' H  15N signals of the s-trans form A 
are labeled as A, and of the s-cis form B as B, in accordance 
with Fig. 2. The inverse proton lifetimes in X=A,  B are 
labeled as r&. r& was set to zero. 

with the s-trans form A, signal B, can be assigned to 
the s-cis form B (for atom numbering see Figure 2). 
Signal B, does not show any signs of exchange broad- 
ening due to proton transfer, i.e. it consists of a sharp 
'H-15N doublet at all values of the deuterium frac- 
tion D; both doublet components are further split into 
triplets by coupling with the CH atom c and the sec- 
ond 15N atom d. Thus, conformer B is not able to 
exchange protons, in contrast to conformer A. The 
'H-15N signal of the latter evolves from an exchange 
broadened singlet at D =? to an exchange broadened 
doublet at D =0.9. This observation signifies that the 
proton exchange between A molecules is already fast 
at D = 0  but slows down when the deuterium fraction 
is increased. Therefore, the lifetime T,,,., -T,, of a 
proton in a given molecule AH before the jump to a 
chemically equivalent but physically different group 
A* denends on whether the other molecules are ~ r o t o -  

Fig. 4. 'H NMR proton inventory plot of the data in Fig. 2. 
In accordance with (22). a linear dependence rii =f(D) 1s 
expected for a double proton transfer process. The ratio 

1 r,, (D = O)/rii (D =0) represents the kinetic HH/HD isotope 
effect of the exchange. 

nated or deuterated. This is the first indication that A 
is involved in a multiple proton transfer process. Note 
that the chemical shifts of signal A, are extremely 
dependent on temperature and concentration. The 
fact that the signal positions in Fig. 2 are constant 
within the margin of error indicates that both temper- 
ature and concentration constancy has been achieved 
in the set of spectra in Figure 3. 

4.2. ' H  NMR Lineshape Analysis 
of  he 'H-15N Signal of DFFA in THF 

To simulate the spectra in Fig. 3 we followed the 
procedures recently described for the non-fluorinated 
compound [31]. Only the inverse proton lifetimes TL 
needed to be varied. The linewidths W, in the absence 
of exchange were determined by lineshape analysis of 
the signal B,. As previously [31], we did not use (34) 
to calculate the spectra but a slightly more compli- 
cated equation which takes into account the addi- 
tional couplings to the CH proton and the second 15N 
nucleus. The following values were used for the simu- 
lation of the spectra in Figure 3: JAab= JBeb =91.8 HZ, 
JAaCg9.8Hz,  JAadz3.0Hz,  JBacrJBadz4 .2Hz .  In 
addition, the chemical shifts dAa=9.55 ppm and 
aBa=9+5 ppm were employed. Finally, the A/B ratio 
was calculated as I = CA/C, = 1.4. L 

4.3. 'H NMR Prolon Invenlory 
. 

In Fig. 4 we have plotted the ratio of the inverse 
proton lifetimes in A = AH, T,,',,,(D)/T&,(D =0)  

T;,' (D)/T;,' (D = 0) as a function of D. We observe a 
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nicely linear decrease, as predicted by (22) for a double 
proton transfer process with m = 2 .  The inverse life- 
times 7;; ( D  = 0 )  and 7i; ( D  = 1 )  can then be identified 
as the pseudo first order rate constants kyH and eD of 
the processes 

kYH 
AH+A*H* - AH* +A*H, 

kTD 
AH+A*D - AD+A*H. 

By linear regression analysis we obtain kyH = 700 
f 20 s-' and kyD= 37f 5 s-', i.e. a kinetic HH/HD 
isotope effect of kyH/kyD = 19 f 3. The relative large 
error of the latter quantity is explained by the fact that 
we were not able to measure 7," values at D > 0.9 in 
this study. 

4.4.  19F NMR Spectra of DFFA as a Function 
of the Deuterium Fraction D in the Mobile Proton Sites 

Using the information that m = 2, we were able to 
obtain the full kinetic HH/HD/DD isotope effects by 
dynamic 19F NMR measurements at 84.7 MHz. Fig- 
ure 5 shows the superposed experimental and calcu- 
lated 19F NMR spectra of DFFA at 189.2 K and a 
concentration of C,,, .=0.02 moll-' as a function of 
the deuterium fraction D. The spectra in Fig. 5 were 
obtained from the same samples whose 'H NMR sig- 
nals are shown in Fig. 3, with the exception of the 
highest deuterated sample (D =0.99). All spectra were 
taken under exactly the same experimental conditions, 
each with a total number of 1500 scans. 

One major difference between the spectra in Figs. 3 
and 5 is that in Fig. 3 only the protonated molecules 
AH and BH are observed, whereas in Fig. 5 both 
A = {AH, AD} and B = {BH, BD} contribute to the 
spectra. Two singlets Be = {BH,, BD,} and B, = 

{BH,, BD,} (see atom numbering in Fig. 2)  are ob- 
served for the s-cis form B, indicating two inequivalent 
fluorine atom positions in this species, which is con- 
form with the molecular structure. Again, the signals 
Be and B, do not depend on D. By contrast, the 
lineshape of the fluorine signals of A strongly depends 
on the deuterium fraction D. Let us first take a look at 
the spectrum with D=0.99.  Two sharp signals AD, 
and AD, are observed, which indicate two inequiva- 
lent fluorine positions in the AD molecule, as expected 
for a slow deuterium exchange. Now, at D=O one 
broadened coalesced fluorine signal AH,,, -AH,, AH, 
is observed, indicating that a fast process takes place 
between protonated AH molecules, rendering the two 

E;e I B, I 
ADe ADf 

IIIII 
4 3 2 1 0  

~ I P P ~  
Fig. 5. Superposed experimental and calculated 19F-{'HI- 
NMR spectra of 0.02 molar solutions of DFFA in THF as 
a function of the deuterium fraction D. For the explanation 
of the atom labeling see Figure 2. The pseudo first order 
rate constants of the proton exchange are labeled as k i M ,  
LM =HH, HD, DD.  In the fitting procedure, k y D  was set 
constant to a value of 3  s -  ' (see Figs. 6 and 7 ) ;  by simulta- 
neous non-linear regression analysis of all spectra we ob- 
tained k y H = 7 0 0  s-I  and k y D = 3 3  s-I.  The linewidth in the 
absence of exchange W, z 5 Hz was obtained from the R, and 
R, signals. 

inequivalent AH, and AH, fluorine atoms equivalent. 
In view of the molecular structure of DFFA and the 
dependence of this process on the deuterium fraction, 
it must correspond to the intermolecular double pro- 
ton transfer described for 'H in the previous section. 
It involves two AH molecules of the type shown in 
Fig. 1, where the proton exchange is associated with 
an intramolecular exchange of 19F atoms. 

Now, a very interesting novel phenomenon is ob- 
served at intermediate deuterium fractions: the fluo- 
rine atoms of the protonated AH and the deuterated 
AD molecules can be separated, giving rise to a line 
trio. Whereas the outer two singlets of the trio stem 
from the AD, and AD,, the inner broad line stems 
from the coalesced AH,, AH, fluorine atoms. As D 
increases, the latter signal becomes broader indicating 
longer lifetimes of the mobile proton in AH. By con- 
trast, the deuteron lifetime in the deuterated AD 
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AD, ADr 

0.4 - 
0.2 - 

tlms 
Fig. 6 .  19F-magnetization transfer experiments in the rotat- 
ing frame of a 0.02 molar solution of DFFA in THF at a 
deuterium fraction of D=0.99 in the mobile proton sites. 
The carrier frequency was set to the position of the AD, 
line. Upper curves: experiment (i), corresponding to a usual 
TI, experiment; lower curve: experiment (ii) with a delay 
r = 1/(2Av)=4.2 ms between the first 90' pulse and the spin 
locking pulse. Av is the frequency difference between the 
signals AD, and AD,. ,Be, B,: non exchanging, AD,, AD,: 
exchanging magnetizat~ons. Repetition time 3.8 s, 4.2 ps 90" 
pulses, strength of the spin locking field t , , , .=165 p. 

molecules shortens as D decreases, leading to a broad- 
ening of the outer two singlets. Note that the line 
intensities AH, and AH, are given by C A ( l  - D ) / 2  
whereas the line intensities AD, and AD, are given by 
C ,  0 1 2 .  

4.5. 19F NMR Lineshape Analysis and Magnetization 
Transfer o f  DFFA in THF 

The spectra in Fig. 5 were analyzed using the ex- 
change matrix of (35).  Unfortunately, not all kinetic 
quantities T ~ . )  ( D )  and 
z&,.(D) could be obtained for all values of D. This 
is obvious because AD does not contribute to the 
lineshape at D = 0 .  The same is true for AH at D = 1. 
Therefore, it was a great help to know from the 'H 
spectra that m = 2 ,  i.e. that ( 1  8 ) - (22 )  apply and these 
deuterium fraction dependent quantities could be re- 
placed by the three pseudo first order rate constants 
kyH,  kyD, and k:D in the following way: 

= ( 1  - D )  . kYH, = D . kYD, (36 )  

 id,,,, = (1 - D )  . k:H, T , & ~ .  = D . k:D. (37 )  

0 50 100 150 200 
t lms  

Fig. 7. Analysis of the data in Figure 6 .  Parameters of the non- 
linear regression analysis: T,,= 808 ms and k:D = 3.05 s -  '. 

The value of kyH was determined from the spectrum at 
D = 0 ;  this value coincides nicely with the correspond- 
ing value obtained by 'H NMR lineshape analysis. 
Unfortunately, the value of k:D= 3 s- '  was too small 
to induce a measurable line broadening. The latter 
value was, therefore, determined by the method of 
"magnetization transfer in the rotating frame" [27] 
between the lines AD, and AD, at D =0.99,  as shown 
below. From the spectra in the intermediate D range 
then we obtained values of k y D =  33 s-' by non-linear 
least squares fitting of the simulated to the experimen- 
tal spectra. Again, W, was determined by simulation 
of the signals Be and B,. 

The results of the magnetization transfer experi- 
ments are shown in Figs. 6 and 7 .  For this purpose two 
sets of experiments were carried out. In the "parallel" 
experiment (i) the decay of the magnetizations AD, 
and AD, is governed solely by the longitudinal relax- 
ation time in the rotating frame, TI, [27]:  

whereas in the "antiparallel" experiment (ii) 

MAD, = MAD, ( t  = 0 )  exp ( - t  ( 2  k y D  + TI, ')) . (39 )  

Since it was difficult to measure the line intensity of 
AD, because of signal overlap, only the integrated 
intensities of AD, were used to determine k y D  by non- 
linear-least-squares fitting of the data shown in Fig- 
ure 7 .  

We obtained the following kinetic isotope effects at < 

189.2 K and a concentration of C,,, .=0.02 moll-': 

kTH/k:D = 233 f 20, k;H/kyD = 21 f 3 and a 

kyDlk:D = 11 f 2.  

These k;"/kyD values are in good agreement with 
those obtained in the 'H NMR experiments. 
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kHD - - 2 kHH 
~ D D  S - I+P- I  and - = P . S .  kDD (40) 

5. Discussion 

We have described a strategy to measure the num- 
ber m of protons transferred in a proton self exchange 
reaction as well as the associated multiple kinetic iso- 
tope effects by a combination of different NMR pro- 
ton inventories of exchanging hydrogen isotopes or of 
remote spins such as 19F, 13C, 15N, or 'H atoms that 
are not in flight in the rate limiting reaction step. In 
such proton inventories, kinetic quantities are mea- 
sured as a function of the deuterium fraction D in the 
mobile proton sites. As an example, we have per- 
formed dynamic 'H and 19F NMR experiments on 
the proton exchange of DFFA (Figs. 1 and 2) dis- 
solved in THF. Since the proton exchange process 
averages out the scalar 'H-15N coupling constant as 
well as the 19F chemical shifts in the two different aryl 
rings of DFFA, proton exchange rates could be deter- 
mined by 'H and 19F lineshape analysis and magne- 
tization transfer measurements. A linear decrease of 
the proton exchange rates detected by 'H NMR with 
the deuterium fraction in the mobile 'H-15N site of 
DFFA showed that m=2 protons are transferred in 
the rate limiting step of the reaction. The full kinetic 
HH/HD/DD isotope effects could then be obtained 
from the NMR experiments on the remote 19F spins. 
We find a kinetic HH/DD isotope effect of 233 at 
189.2 K. To our knowledge this is the largest kinetic 
hydrogen/deuterium isotope effect established so far 
by dynamic NMR spectroscopy. We further find the 
partial kinetic HH/HD and HD/DD isotope effects of 
21 and 11. The rule of the geometric mean (RGM) 
would predict for both partial quantities equal values 
of 15. 

In the remainder of this discussion we try to relate 
these results to the mechanism of the proton exchange 
process in DFFA. First, let us recall different possibil- 
ities to explain large deviations from the RGM. For 
the case of a stepwise proton transfer process a large 
deviation is expected as only one proton is transferred 
in the rate limiting step [17-19, 331. Whereas the 
transferred proton leads to a single primary kinetic 
isotope effect P, the second proton merely induces a 
secondary kinetic isotope effect S. For a reaction 
along a symmetric triple minimum potential the follow- 
ing relations were derived without any assumptions 
about an over barrier or a tunneling pathway [33]: 

F: F: 7 7 
N.. .  H-N\ / N - H . .  . 

d H-C@ C-H H-CB 
\\ 

C-H 
\N-H.. . N" N. . .  H-N/ 

k R R b 
HH HD- HD DD- 

k /k -21 k /k -11 at 189K 

Fig. 8. Comparison of kinetic HH/HD/DD isotope effects of 
differential intra- and intermolecular double proton transfer 
reactions. a) Porphyrine [17], b) azophenine [32], c) acetic 
acid/methanol [21], d) DFFA (this study). The species in 
square brackets are postulated intermediates. 

Since S is of the order of 1 and P 9 1 it follows that 
kHH/kDDz P and kHD/kDDz2, which signifies a very 
large deviation from the RGM. In the case of a con- 
certed double proton transfer reaction, deviations 
from the RGM are very small when the reaction pro- 
ceeds over the barrier [16-191, but can be substantial 
when tunneling is involved [17 - 211. 

In order to interpret the DFFA results it is helpful 
to make a comparison with other inter- and intra- 
molecular proton transfer systems shown in Fig. 8 for 
which full kinetic isotope effects have been observed 
previously. The deviation from the RGM is very large 
in the case of the intramolecular tautomerism of por- 
phine 1171 and of azophenine [32]. In the case of 
azophenine the kinetic data were consistent with a 
reaction over the barrier, and the kinetic isotope ef- 
fects were interpreted in terms of (40) with values of 
P,,, = 7.2, S,,, = 0.78 at 298 K. Novel independent 
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Fig. 9. a) Stepwise double proton transfer in the case of a 
fixed molecular frame of heavy atoms. b) Double proton 
transfer in the case of variable hydrogen bond lengths ac- 
cording to a model proposed in [21]. For further explanation 
see text. 

theoretical and experimental studies also favor a step- 
wise mechanism for the tautomerism of porphyrine 
[34], i.e. an interpretation of the kinetic HH/HD/DD 
isotope effects in terms of (40). The large isotope effects 
still favor a tunnel mechanism of this reaction. 

Equation (40) is, however, not able to accomodate 
either the acetic acidlmethanol or the DFFA data. 
This would involve a primary kinetic single hydrogen/ 
deuterium isotope effect of P =  36 and a secondary 
effect of S=6.5 for DFFA at 189.2 K. It is clear that 
such data exceed the range of values for secondary 
kinetic isotope effects [4]. Thus, the DFFA results as 
well as those of acetic acid/methanol apparently sup- 
port a concerted transfer mechanism in these com- 
pounds. 

We try now to give a qualitative explanation for the 
different behavior of the different double proton trans- 
fer systems. This explanation is based on the observa- 
tion that porphyrine 1251 and azophenine [32] lack the 
usual flexibility of hydrogen bonded systems, i.e. the 
usual low frequency hydrogen bond stretching vibra- 
tion [3] that modulates the hydrogen bond distance. 
Thus, the molecular frame of heavy atoms in these 
compounds is relatively rigid, and a high energy would 
be required to reduce the hydrogen bond distance in 
such systems. This feature is expressed in Fig. 9 a by an 
outer square, which schematically represents the 
molecular frame. It is understandable that it costs too 
much energy to break the bonds of both protons to 
their neighboring heavy atoms at the same time, and 
the proton transfer will be asynchronous [58]. Note 
that proton tunneling in this case will always require 

a minimum energy of activation corresponding to the 
energy difference between the intermediate and the 
initial state 1591. 

By contrast, the presence of low frequency hydro- 
gen bond stretching vibrations in the flexible inter- 
molecular proton transfer systems allows a compara- 
tively easy compression of the hydrogen bond, as 
schematically shown in the model of Figure 9 b. This 
model has been already proposed to describe the pro- 
ton transfer between acetic acid and methanol [17,21]. 
In this case the hydrogen bond lengths are variable, 
i.e. the energy of activation of the proton transfer is 
pooled into the hydrogen bond stretching vibration 
which shortens the hydrogen bond length. A conse- 
quence of the shorter bond length is a smaller barrier 
to the proton transfer which might be stepwise or 
concerted. At extremely short hydrogen bond lengths 
the barrier to proton transfer and, therefore, the differ- 
ence between a stepwise and a concerted proton 
transfer mechanism vanishes. The imaginary fre- 
quency required for a transition state then corre- 
sponds to the hydrogen bond stretching rather than 
to the AH-stretching vibrations. However, it is well 
known that the latter are shifted to lower frequencies 
when the hydrogen bond distance is shortened 1601. 
Therefore, there will be a considerable loss of zero 
point energy in both vibrations in the highly com- 
pressed transition state, and the RGM will be fulfilled 
at high temperatures. At lower temperatures the trans- 
fer may occur by tunneling, leading to violation of the 
RGM at low temperatures, as has been discussed pre- 
viously 117, 211. Thus, for the intermolecular proton 
transfer systems of Fig. 8 we propose a reaction 
mechanism according to Figure 9 b. However, further 
kinetic studies, especially the determination of the 
kinetic HH/HD/DD isotope effects of the DFFA reac- 
tion as a function of temperature, as well as of further 
proton transfer systems is necessary in order to sub- 
stantiate this evidence. Note that one might find inter- 
molecular proton transfer systems with rigid hydro- 
gen bond distances and intramolecular proton 
transfer systems with flexible hydrogen bonds, which 
could lead to an inversed behavior of kinetic isotope 
effects. 

6. Conclusions 

We conclude that it is possible to study multiple 
kinetic isotope effects of proton self exchange reac- 
tions by NMR spectroscopy as long as the molecules 
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studied contain spin labels whose chemical shifts are 
modulated by the exchange process. Of additional 
help are scalar spin-spin couplings of protons to the 
heavy atoms which they are bounded, e.g. lSN atoms. 
In the future one might also use dipolar or quadrupolar 
interactions of protons or deuterons for the study of 
proton exchange reactions when anisotropic media 
such as liquid crystals are used as solvents. In addition 
to reactions in liquids, kinetic isotope effect studies of 
proton transfer processes in solids, for which some 
examples have already been given [35,43], might also 
be fruitful. The results presented in this study have 
shown that NMR studies of multiple kinetic isotope 
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