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The determination and interpretation of kinetic hydrogen/deuterium isotope effects of chemical
and biochemical reactions constitutes a challenging problem to physicists and chemists. So far,
kinetic isotope elfects have mainly been measured using conventional kinetic methods. In view of
the great potential of dynamic multinuclear NMR spectroscopy—which includes the techniques
of lineshape analysis, polarization transfer and relaxation time measurements—the question arises
whether this method can also be a useful kinetic tool in the chemistry of hydrogen isotopes. The
scope of this review is to show that dynamic NMR spectroscopy can indeed contribute to the
development of the field of isotopic reaction kinetics. Certain kinetic isotope effects can even only
be observed using this method.
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The first sections provide a theoretical background of dynamic NMR spectroscopy in the
presence of kinetic isotope effects. Then, vacuum methods for the preparation of sealed NMR
samples of high purity with defined reactant concentrations and deuterium fractions in the mobile
proton sites are described. In the subsequent sections examples for the determination of multiple
kinetic hydrogen/deuterium isotope effects on intramolecular and intermolecular double and triple
proton transfer reactions in the liquid and the solid state by NMR are given. Finally, the results
obtained so far, as well as possible areas of isotope chemistry where the NMR technique could be
applied in the future are briefly discussed.

Explanation of Symbols

Ca, concentration of A in state i
dC../dt number of molecules per volume leaving from environment r
to s during the time dt

8. statistical weight of the spin function k in the environment r

h Planck’s constant devided by 27

€ +1

: = /-1

k exchange rate constant of a degenerate process

K, pseudo first order exchange rate between environment r and s

K, unimolecular rate constant of the rate limiting step of a reaction

k,(A) pseudo first order rate constant of exchange of group A in
environment r to environment s, same as t,_ "

ki, k_ forward and backward rate constants

k; rate constant of reaction i

Ny, number of spin states in group A of environment r

joR population or mole fraction of an environment r

r,s molecular environments, species, states etc.

t time, mixing time in polarization transfer experiments

ty evolution time in two-dimensional NMR experiments

t, detection time in two-dimensional NMR experiments

A'B’ molecule or molecular environment r consisting of two parts
A and B

By, B, external magnetic fields in the laboratory and the rotating
frame

c.cr “left” and “right” matrix diagonalizing .#

C, total concentration of environment r

Ca total concentration of species AH + AD

CaL total concentration of species AH or AD

D overall deuterium fraction

D, deuterium fraction in environment A

H Hamilton operator

I, L; angular momentum operators of spin i in the subsystem r.

I- lowering operator
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.@(1) ,@‘2)
9

ul” vl'

raising operator

coupling constant in Hz between spins i and j or between A
and B in environment r

reduced coupling constant between spin i and j

equilibrium constant of the interconversion of environment
rand s

equilibrium constant of reaction i

hydrogen isotope

Liouville superoperator

Liouville superoperator of environment r

Liouville superoperator of group A and B in environment r
part of the Liouville superoperator describing the scalar
spin-spin interaction between groups A and B in environment r
magnetization of environment r as a function of time
superoperator in Liouville space describing the time
dependence of the density matrix

number of spin states in the environment r

permutation operator which changes a spin function of
environment r into the corresponding spin function of
environment s

primary kinetic isotope effect

probability of interconversion of environment r to
environment s

complex intensity of transition m

real part of Q,,

imaginary part of Q,

Redfield relaxation superoperator

longitudinal and transverse part of the Redfield relaxation
superoperator

secondary kinetic isotope effect

longitudinal relaxation time in the environment r
transverse relaxation time in the environment r

effective transverse relaxation time in the environment

r which includes the inhomogeneity of the magnetic field B,
longitudinal relaxation time in the rotating frame

lineshape function

effective NMR-line width of environment r in the absence of
exchange

spin state of a spin 1/2 nucleus

spin state of a spin 1/2 nucleus

gyromagnetic ratio of spin i

Kronecker symbol, =1 forr=s and =0 forr#s

spin functions of environments r

frequency in Hz

Larmor frequency of spin i in Hz
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3.14159

density matrix at time t

the screening constant of the magnetic field of nucleus i
average lifetime of environment r

average inverse lifetime of environment r before the conversion
to environment s, same as k,,

average inverse lifetime of group A in environment r before
reaction to environment x, same as k,(A)

inverse lifetime of group L in A

average lifetime of H on A before the jump to X

average inverse lifetime of A before H it is replaced by D or
another H and before A rearranges to X

average inverse lifetime of L in AL before it is incorporated
into XL

inverse lifetime of group A in AL before L leaves A

inverse equilibrium constant of fractionation of isotopes
between two different sites (fractionation factor)

inverse kinetic isotope effect or fractionation factor between
ground and transition state

frequency interval in Hz

frequency interval in rad/sec

mth eigenvalue of .#

real part of A,

imaginary part of A,

=B,

Larmor frequency of environment r in radian/sec

exchange superoperator
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1 Introduction

In 1931 Urey, Brickwedde, and Murphy discovered the hydrogen isotope
deuterium. The isotopic enrichment was found to arise from the fact that the
electrolysis of light water is faster than of heavy water [ 1, 2]. This success showed
that although different isotopes of an element behave identically from a chemical
standpoint the different isotopic masses nevertheless lead to both isotope effects
on equilibrium as well as on rate constants of chemical reactions. Soon, ratios
of equilibrium constants of isotopic reactions were called “equilibrium isotope
effects” (EIE), ratios of isotopic rate constants “kinetic isotope effects” (KIE).
Isotope effects have been found to be especially large for those elements which
are directly involved in bond breaking and bond formation during the reaction
studied [3]. Such effects are, therefore, referred to as “primary”. Isotopic
substitution in atomic sites which maintain all chemical bonds with their
neighbors during the reaction of interest leads then only to smaller “secondary”
isotope effects. Because of the unique mass relation between the different
hydrogen isotopes hydrogen/deuterium isotope effects are particularly large and
have attracted most attention. The largest contributions to these effects arise
from changes in the vibrational frequencies of the reactants. The theory of
equilibrium isotope effects has been founded by Urey [4] and Bigeleisen [5, 6]
and has widely been accepted [3]. Generally, kinetic isotope effects can be much
larger than equilibrium isotope effects; this is because of the particular
vibrational structure of transition states of chemical reactions which involve
“non bonded” atoms. However, since transition states cannot directly be
observed, the interpretation of kinetic isotope effects is not always straight-
forward. Nevertheless, KIE are often the only source of information on
molecular events in a variety of chemical and biochemical reactions. By
combining the latter with Eyrings’s transition state theory [7] Bigeleisen [8]
derived a general theory of kinetic isotope effects for over barrier reactions [3].
This theory was modified by Bell in order to include tunneling in the case of
hydrogen transfer reactions, a phenomenon Bell had already discussed in
the thirties [9,10]. In the last decades efforts have been made to develop
models of kinetic hydrogen/deuterium isotope effects [11-16] and of proton
transfer in general [9, 10,17-27] based on more rigorous quantum mechanical
treatments.

Hydrogen transfer reactions in which either protons, hydrogen atoms or
hydride ions are transferred are not only interesting from a theoretical
standpoint but play a major role in different areas of chemistry as a quick look
in textbooks of organic, inorganic or biological chemistry will show. One finds
complicated nucleophilic substitution and reduction/oxidation reactions as well
as simple proton transfer processes [27]. Multiple proton transfer reactions are
related to bifunctional and enzymatic catalysis [28—-54]. When hydrogen transfer
systems are incorporated in dyes they can also be induced by light, even at
cryogenic temperatures if certain requirements are met [55-60].
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In the past decades kinetic isotope effects in chemical reactions have mainly
been studied using conventional kinetic [3,27] or fast reaction methods
[27,61-63] where concentrations of reactants or products are monitored as a
function of time. Although various spectroscopic techniques have been used for
this purpose such as UV/VIS-, IR- and mass spectroscopy etc., dynamic Nuclear
Magnetic Resonance (DNMR) techniques [64—81] have been employed only
very recently in this research area. In view of the great potential of multinuclear
pulse Fourier Transform NMR spectroscopy [72,73] to selectively monitor
different isotopes of a given nucleus as spin probes for molecular structure and
dynamics, this situation is surprising. The main purpose of this article is,
therefore, to show that and how the so far separate fields of isotope chemistry
and dynamic NMR spectroscopy can be linked together.

NMR can be used in different ways to study kinetic isotope effects. First,
as in conventional techniques the concentrations of reacting isotopic species
can be measured as a function of time if the reactions studied are slow enough
and if non-equilibrium initial states can be prepared. Secondly, when the
reactions become too fast it is sometimes still possible to obtain kinetic isotope
effects from an NMR isotope analysis of the products. Especially ?H NMR
spectroscopy has been applied for this purpose [82-84]. The third use of NMR
spectroscopy in isotope chemistry, the topic of this article takes full
advantage of NMR as a fast reaction method, which includes the techniques
of line shape analysis [64—-72], and polarization transfer [73—81], in one or two
dimensions.

NMR is a special method covering reactions which are not easily studied
by other techniques. Therefore, one has to discuss for which kind of reactions
kinetic isotope effects can be obtained by this approach. In principle, any
reversible reaction can be studied. In practice, however, NMR performs best
when the concentrations of reactants and products are of equal magnitude, i.e.
when the equilibrium constant of the reaction studied is unity. This is just the
type of reaction which cannot easily be followed by other techniques, which
require that K # 1. It is, therefore, understandable, that the literature on kinetic
isotope effects mainly refers to asymmetric reactions. From a theoretical
standpoint, however, the knowledge of kinetic isotope effects on symmetric or
quasisymmetric reactions is especially important. Therefore, NMR constitutes
a valuable complement to conventional kinetic methods.

Since the largest kinetic isotope effects are found in reactions where hydrogen
isotopes are transferred, NMR will be applied in the near future mostly to this
type of reactions. Proton transfer reactions have been studied by dynamic NMR
spectroscopy since its early days [85-88]. Mostly proton exchange in water
and other protic solvents were studied where H;O*, OH~ or other acids and
bases act as catalysts of the exchange. These reactions are, generally, very
complex and it is, therefore, not surprising that only very few proton and
deuteron exchange rates have been studied by NMR [88-90]. Kinetic
hydrogen/deuterium isotope effects of reactions in protic media have, therefore,
mainly been measured using other kinetic methods [9, 10,27,43].
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Because of the high complexity of proton exchange in protic media there
has been a trend in the past decade to study proton exchange reactions in
aprotic solvents [3,27,39,91-129]. However, in these media the problem of
hydrogen/deuterium exchange with residual mobile protons on glass walls and
traces of water arises. This problem is smaller in the case of hydrogen transfers
to strong bases. Therefore, mostly the latter reactions were studied using
conventional kinetic techniques. In early dynamic NMR studies of kinetic
isotope effects residual mobile protons in the NMR samples were removed by
adding deuterated alcohols to the NMR samples [109, 111], a procedure which
is not practical. The problem of preparing pure NMR samples of proton donors
in organic solvents with defined deuterium fractions in the proton sites was,
however, solved [87, 104-106]. Thus, it has been possible to measure KIE of
symmetric proton transfer reactions between nitrogen atoms and oxygen atoms
by DNMR. Both intermolecular [86, 87, 100-108] and intramolecular proton
exchange reactions [105, 109, 111, 115, 120, 122, 124-129] in aprotic solvents
were studied. These reactions have attracted considerable theoretical interest
[15, 16, 130-144].

One problem in the study of proton transfer reactions is the determination
of the number of protons which are transferred in the rate limiting step. E.g.,
when proton donors like H,O or more complicated bifunctional catalysts
are present in is often difficult to distinguish between the processes

AL---B=A--LB, L=H,D (L.1)
and
AL---XL--B=A.--LX---LB, L=H,D (1.2)

etc. and to measure their kinetic hydrogen/deuterium isotope effects. Whereas
the process described by Eq. (1.1) depends only on the two isotopic rate constants
kM and kP the process described by Eq. (1.2) is characterized by four different
forward rate constants kMM, kHP, kPH and kPP which are difficult to
determine but which are interesting to know from a theoretical standpoint.
In order to determine the number of protons transferred, generally, kinetic
measurements have to be performed as a function of the deuterium fraction in
the mobile proton sites [42—48]. This method has been called “proton inventory
technique” [43]. However, the extraction of reliable numbers requires knowledge
of the multiple kinetic isotope effects which is difficult to obtain when the exact
reaction mechanism is unknown. Therefore, most workers have assumed the
validity of the so called “rule of the geometric mean (RGM)”, which states for
a double proton transfer that [43]

kHD = (kHH,kDD)l/Z’ IC kHH/kHD = kHD/kDD. (13)

This rule was originally derived by combination of equilibrium isotope effect

[5] and transition state theory [7] for concerted double proton transfers.
Since NMR has the advantage of being able to perform experiments

selectively on different nuclei it can be helpful in the study of multiple kinetic
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hydrogen/deuterium isotope effects of proton transfer reactions. Thus, it has
become possible to determine such effects in the case of some double proton
transfer reactions without using the RGM. E.g., full kinetic HD/HD/DD isotope
effects were reported in 1982 for proton exchange between methanol and acetic
acid in tetrahydrofuran [105, 106] and for the porphyrin tautomerism [105]. Sub-
sequently, such effects have been determined by NMR for several other inter-
and intramolecular double proton transfer systems [107, 108, 120, 124-129]. In
these studies major unexpected deviations from the RGM have been found,
from which interesting insights into the reaction mechanisms could be obtained.
Thus, questions such as whether tunneling plays a role and whether the double
proton motion is concerted or stepwise were studied. Note that kinetic H/D
isotope eflects of intramolecular proton transfer reactions have also been
obtained by dynamic EPR spectroscopy { 145-151] which is, however, restricted
to radicals. Recently, the development of high resolution solid state NMR
techniques [152-165] has paved the way for studies of fast reactions in the
solid state [162,166—191]. Especially variable temperature NMR studies [162]
under the conditions of cross polarization (CP) [152—-154], magic angle spinning
(MAS) [155-157], and proton decoupling {154] have been used in the past in
order to determine some kinetic hydrogen/deuterium isotope effects
[164,167,179]. The whole potential of this technique for the study of KIE has,
however, not yet been fully exploited.

The purpose of this review is to present a framework for the study of kinetic
hydrogen/deuterium isotope effects by dynamic NMR spectroscopy and to
discuss stratagems, possibilities and drawbacks of this method. For the
reasons stated above experimental examples will be presented from the area of
multiple hydrogen transfer reactions, although strategies arising from these
studies are general and could equally well be applied to other atom transfer
processes.

The article is organized as follows: Section 2 contains a short description
of general techniques of dynamic NMR spectroscopy based on the quantum
mechanical density matrix formalism. Since exchange reactions can be followed
only if they are associated to a change in the nuclear spin hamiltonian, we
discuss in Sect. 3 the aptitude of the different nuclear magnetic interactions for
use in the study of kinetic isotope effects. So far, NMR techniques have mostly
be applied to single reactions systems. Therefore, the concept of group exchange
1s introduced in Sect. 4, which allows us to give a description of dynamic NMR
lineshapes in the presence of different superposed complex bond breaking/bond
formation processes. In Sect. 5 a theoretical background of the theory of the
NMR proton inventory technique is provided where kinetic measurements are
performed as a function of the deuterium fraction in the mobile proton sites.
Especially, relations between the kinetic parameters obtained by NMR and rate
constants of isotopic reactions are derived. These relations depend on the type
of processes studied and can be quite complex especially in intermolecular
multiple proton transfer reactions. In Sect. 6 typical NMR lineshape equations
encountered in the study of intra- and intermolecular proton exchange reactions
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are presented. In Sects. 7 and 8 computational aspects of NMR lineshape
analysis and NMR sample preparation techniques are described, adapted for
the study of kinetic hydrogen/deuterium isotope effects in aprotic solvents.

The following sections are then devoted to practical examples of the deter-
mination of kinetic isotope effects in intramolecular (Sect. 9) and intermolecular
(Sect. 10) multiple proton transfer reactions in liquids as well as in solids
(Sect. 11). The review ends with a short discussion (Sect. 12) and a summary
(Sect. 13).

2 General Dynamic NMR Spectroscopy

In this section we briefly review the theory of dynamic pulse Fourier transform
NMR spectroscopy [64-73, 159, 160]. First, we will treat the theory of lineshapes
in the presence of chemical exchange; for this purpose, the notation of Binsch
[71] will be employed. Then, polarization transfer techniques in the slow
exchange range, and, finally, relaxation methods will be discussed. For all
techniques introductory examples will be given.

2.1 NMR Lineshape Theory

We consider ensembles of nuclear spins in different environments r, s,... which
are subject to chemical exchange. Such superposed spin systems can be
characterized in Hilbert space by the density matrix p with the elements p, , ,
where y, and v, are the spin states of the spin system in the environment r.
The diagonal elements p, , correspond to polarizations, the off-diagonal
elements p, , to quantum coherencies whose order is given by the difference
in magnetic quantum numbers of the associated spin states. In Liouville space
p corresponds to a vector whose time dependence is governed by the master
equation in the rotating frame [71,73]

j—f=aﬂ(p—p(00)), 2.1)
where p(oc) is the density matrix for t > oo. The matrix . is given by [71]

M=1L+R+E, (2.2)
where i = \/—71 , & the Liouville operator, # the Redfield relaxation operator

and Z the operator describing the chemical exchange. The elements of & are
given by

& = 21(H O aive — K 1000 o) (2.3)

where ¢ is the Kronecker symbol. 5 is the nuclear spin Hamiltonian whose

HeVeKsds = HrKs
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elements will be discussed in the following section. In the absence of radio
frequency pulses as typical for free induction decays the above master Eq. (2.1)
splits up in a longitudinal and a transverse part:

pl‘rl‘r Qf‘l )’ E E pl‘rl‘r - pl‘rl‘r(w)
g Prnsa — E Q;”’ E pu-u- - pu-u.(w)
o %, 29,2 = Prp = Py ()
Phusa E i%, RN E Prve ™ P ()

(24)

A" describes the longitudinal relaxation of the spin system in r, #% the
transverse relaxation. In the absence of spin—spin coupling #" and #?
are diagonal with the elements given by

AY = _/T,, and AP = —UT,, (2.5)

Besichicie BeVelteVe
where T,, and T,, are the longitudinal and transverse relaxation times in the
environment r. In high resolutions studies of liquids, generally, artificial and
apparative line broadening is included in 2@, i.e.
ARD = —1/T% =—1nW,, (2.6)

BeVeltrvr

where W, is the effective NMR line width of environment r in the absence of
exchange. The approximation Eq. (2.5) holds also in the presence of spin—spin
coupling as long as |E| > |2|.
The exchange operator & depends on the particular exchange problem
studied. The simplest exchange problem can be written as
kl'!
. 2.7
k

sr

K., is the pseudo-first order reaction rate constant of the forward reaction defined
by
1 dC
kK,=———"2. (2.8)
C, dt

C, is the concentration of environment r and dC, the number of moles per
volume leaving from environment r to s during the time dt. k,, is equal to the
average inverse lifetime t_! of environment r before the conversion to
environment s occurs. Defining z, as total lifetime of r and P, as probability
of interconversion to environment s it follows that

T =k, =Pur 29)
The equilibrium constant of the above reaction is given by

KI'S = kI'S/kSI' = CS/CI' = pS/pI” (2'10)
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where p, is the mole fraction of environment r. If K, is known, only one pseudo
first order rate constant, either k,, or k,, needs to be determined in order to
characterize the kinetics of the reversible reaction in Eq. (2.8). In other words, the
backward reaction step does not need to be treated explicitly.

In the simple case of intramolecular exchange or in the case of intermolecular
exchange in the absence of spin—spin coupling the effect of the exchange r—s
on the spin functions can be described by the operator equation

O, =x, and O, v, =4, (2.11)

rs'r

where O, is a permutation operator. The elements of the exchange operator
are then given by [71]

Eurvrxsls == 6fsaurxsavrls < ; k") + (1 - 6'5)aurxsav.—lskfs' (212)
r#t

As indicated in Eq. (2.4) the master equation splits up in two separate sets
of equations for the polarizations and the coherences. The first describes
polarization transfer due to chemical exchange which can be detected in the
slow exchange regime by appropriate pulse experiments (see Sect. 2.3). Thus,
from such experiments rate constants of the exchange can be obtained. In order
to extract kinetic data from exchange broadened NMR lineshapes only the
second set of equations describing the time evolution of the coherences—for
which p(o0)=0—has to be solved. Since only single quantum coherences are
observable density matrix elements corresponding to multiple quantum
coherences are omitted in conventional lineshape calculations of spectra
obtained by Fourier transformation of simple free induction decay signals. The
dimension of the complex matrix .# is equal to the number of observable
transitions in the NMR spectrum of interest. Each transition m is characterized
by the width A and the position AI™, where A, = A + iAI™ is the mth complex
eigenvalue of the matrix .#, calculated by diagonalization of .# according to
the transformation

A=CLucC. (2.13)
The lineshape function is then conveniently written in the form

Y() ~ Y ALQRAY — QAR = 2m) V/L(AR)? + (AR —2mv)°1},  (2.14)

m

where each transition m is further characterized by the complex intensity
Qn=Q; +iQ=Qn= (ZI; CLm> <Zp.(0)c:m>- (2.15)
k 1
In Eq. (2.15) I, are the elements of the lowering operator

Lo=1 =N7'u/17 /v, (2.16)

and N, the number of spin states in the environment r. p,(0) represents the
elements of the density matrix at the beginning of the acquisition at t = 0. For



76 H.-H. Limbach

one-pulse experiments these elements are given by
PO =p,,0)=p /1 /ve). (2.17)

p, is the mole fraction of the environment r to which the spin states g, and v,
are associated. In actual calculations it is only necessary to set up the matrix
# and the vector p(0). p(0) is equal to the population vector p in the absence
of scalar coupling.

2.2 Example of a Simple NMR Lineshape Analysis

As an example let us consider the simplest lineshape problem, i.e. exchange
between two states r =1 and s =2, each containing only one spin. We assume
that the Hamiltonian is such that both environments can be characterized by
the absorption frequencies Q, = 2nv, and Q, = 2nv, in the rotating frame. The
matrix .# and the vector p(0) are then given by

-k, — W, +1Q k
Jt=[ 12 01 1 21 ' :l’ p(0)=p=|:pl],
ki, —ky — Wy, +1Q, P2
(2.18)

because the elements of the vector I™ are equal to 1. The lineshape can now
easily be calculated using the equations of Sect. 2.1. An example is shown in
Fig. 2.1. In the slow exchange region two lines of unequal intensity appear at

. A\

v — I k . | |
Fig. 2.1. NMR line shapes in the presence of exchange

| | between two states, each containing one uncoupled spin,
Vi \¢) calculated according to Eq. (2.18)
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Fig. 2.2. The tautomerism of porphyrin
(R=H) and of meso-tetraphenylpor-
phyrin (TPP, R = phenyl)

positions given by the chemical shifts of the two states, i.e. v; and v,. The line
intensity ratios correspond to the equilibrium constant K ,. As k, , is increased
the lines broaden and coalesce when k,, > |2nAv|, where Av=v, —v,. The
positions of the averaged line is given by

v=pv; + (L —pivy=(; + Kpv)/(1 + Kyp) (2.19)

Thus, the equilibrium constant K, can be obtained from the line position in
the fast exchange regime if the chemical shifts are known.

As an application of Eq. (2.18) let us consider the tautomerism of meso-
tetraphenylporphyrin (TPP, Fig. 2.2). This reaction was discovered by Storm
et al. [109] and has been studied by several authors [109-116, 119,125,167, 168].
As shown in Fig. 2.3 two separate signals of equal intensity are observed in the
low temperature 'H NMR spectra of TPP dissolved in toluene-dg. The low field
line was assigned to the 2,3 protons and the high field line to the 7,8 protons
[109]. As the proton transfer in TPP becomes fast both types of protons
interconvert, leading to line broadening and line coalescence. In the fast
exchange regime only one single line survives. Therefore, K,, =1 in Eq. (2.19)
and k,, =k,, =k. The spectrain Fig. 2.3 were simulated using Eq. (2.18) varying
mainly the rate constant k. In the fast exchange regime the chemical shifts v,
and v, had to be extrapolated from the slow exchange range. Examples of more
complicated lineshape changes involving more complex spin systems will be
discussed in later sections.

2.3 Polarization Transfer Methods

A problem with the low temperature experiments of Fig. 2.3 is that the residual
line widths W, and W, strongly increase as the temperature is lowered, due
to slow rotational diffusion and shortening of T, [116, 119]. Therefore, the value
of k=55s"" at 200K obtained by lineshape analysis is affected by a large
systematic error. Such uncertainties of rate constants in the slow exchange
regime are encountered in all dynamic NMR experiments. As a remedy to this
problem, polarization transfer experiments in the laboratory frame [75-77, 79]
and in the rotating frame [80,81,164], in one and two dimensions, have been
proposed. Whereas the first method is limited by the longitudinal relaxation
time T, the latter is limited by T, ,, the longitudinal relaxation time in the rotating
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Fig. 2.3. Superposed experimen-
tal and calculated CW-100 MHz
'H NMR line shapes of the
B-pyrrole protons 2,3 and 7,8 of
TPP dissolved in toluene-dg. At
low temperatures, the low field
line (protons 2,3) shows an extra
broadening due to an unresolved
scalar long range coupling to the
inner protons [109]. k is the
calculated rate constant of the
tautomerismin Figure 2.2. Repro-
duced with permission from
Ref. [115]. See also Sect. 9.1.3 and
11.1.1

Fig. 2.4 Top: Pulse sequence for the measurement of the longitudinal relaxation time T, in the
rotating frame under the influence of a spin-locking puise (“paraliel experiment 1”). Bottom: Pulse
sequence for the detection of polarization transfer in the rotating frame according to Ref. [80] with
t, = 1/(2Av) (“antiparallel experiment II”). The arrows indicate the exchanging polarizations
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frame. Let us discuss here briefly the rotating frame exchange method for which
experimental examples in DNMR of isotope effects will be given in Sects. 8 and 9.

The pulse sequence used is briefly discussed in Fig. 2.4. During the
preparation period transverse magnetization is created by a 90 pulse. After an
evolution period t; a spin locking pulse of the strength w,; = yB, is applied in
the y-direction of the rotating frame for the time t. The magnetizations
become then polarizations in the spin locking field. After this mixing period
follows the detection period t,. This method is especially simple if neither scalar
nor dipolar coupled spins are involved, and if only two exchanging polarizations
M, and M,; of equal probability are present, i.e. if k,, =k,, =k. In a typical
one-dimensional experiment two sets of experiments with variable time t are
performed. In experiment I, t, = 0; the exchanging polarizations M, are paraliel
and decay exponentially with T,

M, = M,(O)exp(—t/T, ), r=1.2. (2.20)

This decay is monitored choosing several values for the mixing time t. In
Eq.(2.20) it is assumed that T, is equal for both polarizations or that the
difference has been averaged out by the exchange. In experiment II the
polarizations are prepared in an antiparallel way using a delay t, = 1/(2Av),
where Av = v, — v,, between the two pulses. The carrier frequency is set to one
of the exchanging lines. The exchange between the polarizations is given by [80]

M, =M O)exp(— (I/T,, +2K)t), =12, M,0)=—My0). (221)

Since k;, = k,; =k, both polarizations have the same decay constant 1/T,, + 2k.
Thus, k can easily be obtained from the difference of the polarization decay in

Fig. 2.5. Polarization transfer ex-

periment performed on TPP

dissolved in tetrahydrofuran-dg at !
203K and 90MHz. Bottom: T, - i
experiment, top (i) polarization J U
transler in the rotating [rame, with

t, = 1/(2Av), Av = 25Hz. For [urther
description of the experiment see — — T — —
text. Reproduced with permission 0 40 80 120 160 ms 200
from Rel. [80] [
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experiments I and II. The generalization to asymmetric reaction systems is
straightforward [164].

As an example we consider again the case of TPP (Fig. 2.2) whose exchange
broadened 'H NMR signals were already shown in Fig. 2.3. The results of a
'"H NMR polarization transfer experiment in the rotating frame, performed on
TPP in tetrahydrofuran at 203 K [80] are shown in Fig 2.5. In both
experiments exponential decays of the polarizations were observed. According
to Eq.(2.20) the decay is governed in the “paralle]” experiment by the
longitudinal relaxation rate Tl‘ﬂ1 =2.6+04s"'. By contrast, the decay in the
“antiparallel” experiment is much faster, i.e. given according to Eq. (2.21) by
Tfp‘ +2k=84+04s ! Thus, a value of k =29s~! was obtained at 203 K
which is substantially smaller but also much more precise than the low
temperature value obtained by 'H NMR lineshape analysis in Fig. 2.3.

In the presence of many exchanging polarizations a two-dimensional version
of the experiment is to be preferred, where, in addition, t, is systematically
incremented and where Fourier transformation is employed along t; [81].

Note that polarization transfer due to nuclear Overhauser effects (NOE) in
the rotating frame must be taken into account [80] when the exchanging
magnetizations are dipolar coupled. This phenomenon has been employed also
to study cross-relaxation dynamics (Camelspin [192], Roesy [193]) in slow
tumbling biomolecules. Note also that in the presence of scalar coupling coherent
polarization transfer in the rotating frame occurs which can also be used for
analytical purposes (Tocsy [194] and Hohaha [195]).

2.4 Relaxation Time Measurements

Kinetic information cannot only be obtained from magnetization transfer and
lineshape experiments but also from the measurement of longitudinal relaxation
times T, longitudinal relaxation times in the rotating frame, T, ,, and transverse
relaxation times T,. Since T, is sensitive only to motions in the MHz-range
where—in the liquid phase-—molecular motions dominate, it can rarely be
used for the determination of rate constants of chemical reactions, including
their kinetic isotope effects. Exceptions are longitudinal relaxation time
measurements in the solid state where T, is solely governed by the proton and
deuteron transfers of interest [180-187]. By contrast, the measurement of T,
and T, of coalesced lines provides similar information as lineshape analysis
in the fast exchange regime [72], with the difference that the relaxation
measurements are more precise and that the difference of chemical shifts, Av,
can be obtained even in the fast exchange regime.

The T,, method is especially simple in the case of symmetric exchange
processes, the absence of scalar spin-spin coupling, and the case of extreme
line narrowing. In this case it has been shown that [67,73]

2sz( 1
Toi_T =" S —B,. 222
T T oy 1+wf/4k2) @1=7% 222)
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Fig. 2.6. Analysis of a 'H-T,,-
experiment in the fast exchange
region on the f-pyrrole protons of
TPP dissolved in toluene-dg.Values
of T{' =T ' as a function of the
strength of the rotating magnetic
field ®,=yB,. The data were
adapted to Eq. (2.22) by non-linear
least squares fit. B: 250K, O: 270K; v

—— N
O: 280K; @: 290K. Reproduced 0 1000 2000
with permission from Ref. [115] wq/rad s-1

By measuring Tl_p1 as a function of w, the rate constant k as well as the chemical
shift difference Av can be obtained. As an example, consider the experimental
Tl‘p1 — T ' values of the coalesced line of Fig. 2.3 shown in Fig. 2.6 as a func-
tion of temperature. At 250 K the T ! vs. w, dispersion is well pronounced. At

higher temperatures the term w?/4k* becomes much smaller than 1, and
n2Av?

T -T; '
2k

1p

(2.23)

becomes independent on w,. Still, k can be obtained if Av is known. At very
large k—values the difference T, — T ' will, however, become so small that
rate constants can no more be determined using this method.

Note that when performing '*C T, , experiments proton decoupling has to
be suppressed during the spin lock period [ 74]. Note also that the measurement
of T, in a Carr—Purcell sequence as a function of the pulse distance leads to
similar results as the T,, method [67,72].

3 The Modulation of Nuclear Spin Hamiltonians in the Presence
of Isotopic Bond Breaking/Bond Formation Processes

One condition for the study of dynamic processes by NMR is that a modulation
of the nuclear spin Hamiltonian 3 occurs during the process to be studied, i.e.
that #, # #, during an interconversion between the environments r and s.
This requirement is not always easy to fulfill when studying symmetric exchange
reactions, the main domain of dynamic NMR spectroscopy. In this section we
discuss the sensitivity of different magnetic interactions with respect to bond
breaking and bond formation processes of isotopically labeled molecules of the
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type r = AL, where L represents the hydrogen isotopes H and D. In the following
we will call the L spins also the “mobile” spins since they are transferred during
the reactions studied. Spins in the remaining group A will be called “remote”
spins.

For most NMR studies of condensed matter it is sufficient to include the
following terms in the Hamiltonian #, of a nuclear spin system in a given
environment r [67]:

H=HS+ A+ A5+ A+ H#PP + 0 (3.1)

A5 is the Hamiltonian of the isotropic chemical shift interaction, #* of the
chemical shift anisotropy, /7 of the isotropic scalar spin—spin interaction. #°*
represents the anisotropy of the latter, #°P the Hamiltonian of the
dipole—dipole interaction, #? the Hamiltonian of the quadrupole interaction.
Expressions of all spin Hamiltonians can be found in the literature. Since # <4,
A, #PP, and #'Q are averaged out in the liquid state where most kinetic
studies of isotope effects are performed only #S and #¥ [67] need to be
discussed here:

A=Y (=W, vi=phBo(l — ), (3.2)
ffzzzjijliljv’ij=ViVjKij- (3.3)
<

The sums have to be carried out over all spins, remote and mobile, of the
environment r. v; is the Larmor frequency of spin i in environment r,y the
gyromagnetic ratio, B, the external magnetic field, # Planck’s constant, o; the
screening constant of the magnetic field of nucleus i in the environment r,J;;
the coupling constant between i and j in Hz, Ji; the reduced coupling constant,
and I;,1,; the usual angular momentum operators of spin i in the sub-
system T.

In the following, the use of the different Hamiltonians in the study of kinetic
isotope effects by dynamic NMR spectroscopy will be discussed. Such studies
depend on whether one looks at the exchanging hydrogen isotopes L or on
the remote spins A.

3.1 The Determination of Kinetic Isotope Effects
via a Modulation of the Isotropic Chemical Shift Interaction

The magnetic interaction of nuclei that is the most sensitive to different chemical
environments is the isotropic chemical shift interaction. Thus, a modulation of
this interaction during the course of the reaction of interest makes it possible
to obtain rate constants by NMR. As stated above, here bond breaking
processes of molecules AL, L = H,D are studied. Depending on the chemical
structures involved, these processes may induce chemical shift changes either
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of the mobile spins L or of the remote spins located in group A. Thus, the
information content depends on whether the spectra of group A or of the
isotopes L are analyzed. Examples for both types of spectral analyses will be
given in Sects. 9 to 11. It is clear that the use of the isotropic chemical shift
interaction necessitates the measurement of high resolution NMR spectra. This
does not constitute a problem when liquids are studied. In the case of solids,
it is necessary to remove all orientation dependent interactions for this purpose.

We will now discuss which nuclei are the most apt for the study of kinetic
hydrogen/deutertum isotope effects, making use of the isotopic chemical shift
interaction.

3.1.1 NMR Studies of Mobile Hydrogen Isotopes

3.1.1.1 "H NMR Spectroscopy

The first experiments which are, generally, performed before entering deeper
into an isotopic research project by NMR are 'H NMR experiments. This
method is the most sensitive NMR technique and no isotopic enrichment is
necessary. Also, concentration dependent studies are most easily performed by
TH NMR spectroscopy. One disadvantage is the presence of additional *H
signals, e.g. solvent signals which might interfere with those carrying the kinetic
information. Therefore, during the course of the research it may often be
necessary to suppress certain proton signals, e.g. by deuteration. Elimination of
unwanted signals is especially necessary if experiments have to be performed
as a function of the deuterium fraction D in the mobile proton sites because
of the limited dynamic range of the NMR receiver system. The use of signal
suppression techniques or selective pulse experiments often leads to base line
errors which are awkward if exchange broadened lines are to be monitored.

3.1.1.2 *H NMR Spectroscopy

The problem of the limited dynamic range of the NMR receiver is less severe
in 2H NMR spectroscopy because, generally, the signals of the interesting
deuterated compounds are stronger than the signals of the natural abundant
(0.2%) solvent deuterons. However, the smaller gyromagnetic ratio yzy & y14/6
of the deuteron constitutes a severe problem. Since the gyromagnetic ratio enters
the chemical shift Hamiltonian in Eq. (3.2) the typical frequency differences Av
between two chemically different environments are reduced by y2;/y:y, which
limits the dynamic range of H NMR spectroscopy as a kinetic tool. This
effect can be overcome partly by performing experiments at higher magnetic
field and partly by the occurrence of kinetic hydrogen/deuterium isotope
effects.

A more serious drawback of 2H NMR spectroscopy is the quadrupole
moment of ?H which may lead to short longitudinal and transverse relaxation
times T, and T,, ie. to broad lines. Since relaxation becomes faster when the
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molecular correlation times increase, only small molecules can be studied at not
too low temperatures.

3.1.1.3 3H NMR Spectroscopy

From the standpoint of chemical kinetics the measurement of kinetic
hydrogen/deuterium/tritium isotope effects is extremely desirable. In view of
the progress made in 3H NMR spectroscopy [196,197] and the favorable
gyromagnetic ratio ysy/yy = 1.1, it seems surprising that kinetic hydrogen/tritium
isotope effects have not yet been reported. The reason is that radioactive tritium is
absent in natural samples, which necessitates isotopic enrichment. Unfortunately,
because of the radioactivity of this isotope samples of interest can, generally,
be tritiated only to a small extent. Such degrees of tritiation are sufficient for
structural NMR studies or for kinetic studies of single proton transfer reactions;
however, for the elucidation of the kinetics of multiple proton transfer fully
tritiated molecules would have to be studied which constitutes a substantial
hazard, apart from the fact that high tritium content may lead to sample
decomposition as a consequence of radiation.

3.1.2 NMR Spectroscopy of Remote Spins

Let us recall again that remote spins remain bonded to their respective neighbor
atom but may experience a modulation of their spin Hamiltonian during the
hydrogen transfer process. Remote spins in this sense can be all types of nuclei
including non-labile protons such as protons bound to carbon.

3.1.2.1 Liquid State Remote Spin Probes

It is clear that 'H NMR spectroscopy of remote 'H spins, e.g. C-H protons,
will always be the first choice because of the sensitivity of this method. The
second choice will be naturally abundant **C NMR spectroscopy. In the presence
of exchange broadened lines and low solubilities it might, however, sometimes
be necessary to artificially enrich the compounds studied. From the stand-
point of NMR sensitivity, an almost ideal alternative is the introduction of
a '°F label, which might, however, constitute a major perturbation of the
chemical kinetics.

At first sight, the most ideal choice for the study of **N enriched NH---N
proton transfer systems is ' >N NMR spectroscopy because of the large chemical
shift change between protonated and non-protonated nitrogen atoms. A
problem of >N NMR spectroscopy is, however, the fact that most often >N
atoms relax via dipole-dipole coupling to protons. Therefore, !*N atoms in
deuterated '*ND---1°N transfer systems can have very long relaxation times
which makes it very difficult to record their exchange broadened NMR
lineshapes. The situation is improved when working with high magnetic fields
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where the anisotropy of the chemical shifts becomes a major mechanism of
longitudinal relaxation.

3.1.2.2 Solid State CPMAS Remote Spin Probes

Note that the situation is quite different in solid state >N NMR studies of
SN enriched molecules under the conditions of cross polarization (CP) and
magic angle spinning (MAS) [152-162]. >N CPMAS NMR spectra of
ISND .- 13N units have successfully been measured [167,179]. This is because
in this technique the bottleneck is not the longitudinal relaxation time of the
15N but of the 'H spins. In addition, there are no solubility problems.

Surely, for HO---O protons transfer systems embedded in organic
compounds it will, in general, be necessary to use '*C CPMAS NMR.

3.2 The Determination of Kinetic Isotope Effects
via a Modulation of the Scalar Spin—Spin Coupling Interaction

By contrast to isotropic chemical shifts coupling constants are much less affected
by chemical exchange. This is especially true for coupling constants among
remote spins. However, the situation is different when scalar coupling between
a mobile hydrogen isotope L and a remote spin A is present. Then, hydrogen
exchange will lead to observable changes of the spin—spin splitting pattern of
the L signals. As will be shown below, this change will depend on whether the
proton is transferred along an intramolecular or an intermolecular pathway.
Note that this modulation of the scalar spin—spin interaction is the only way
to monitor a proton self exchange reaction between like molecules.

Unfortunately, scalar coupling constants are, generally, not very large and
cannot be increased by increasing the magnetic field which limits the dynamic
range of this method. Of practical importance is, however, scalar coupling
between *°N and 'H spinsin **NH--- X proton transfer systems because 'J,;,_.sy
coupling constants are of the order of 80 to 100 Hz and provide, therefore, a
quite large dynamic range.

A problem arises, however, in the study of the related !°ND ---X deuteron
transfer systems. Because of Eq. (3.3) the coupling constant J,p iS y.y/72 times
smaller than the corresponding constant J,,. Therefore, the scalar A-D
interaction will, generally, be of limited use for the determination of kinetic
isotope effects of proton transfer reactions.

There are, however, exceptions to this statement. Thus, as will be shown in
Sects. 9 and 10, the scalar spin—spin interaction J,,,_,sy can be employed to study
the partial kinetic HH/HD isotope effects of intra- and intermolecular hydrogen
transfer reactions.
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3.3 The Determination of Kinetic Isotope Effects
via a Modulation of Orientation Dependent Nuclear Spin
Interactions in Solids

Since proton and deuteron transfers are proton dislocations in space these
processes also lead to a modulation of the orientation dependent nuclear spin
interactions in solids, i.e. of the anisotropy of the chemical shift, the dipole—dipole
interaction and the quadrupole interaction. The determination of kinetic
hydrogen/deuterium isotope effects on solid state hydrogen transfer reactions
by taking advantage of these interactions is, however, not easy, because of the
different gyromagnetic ratios of *H and *H, the fact that 'H has no quadrupole
moment, and the problem that, generally, more than one interaction is
modulated when the transfer occurs. The latter problem may be circumvented
by studying single crystals instead of microcrystalline powders. This is because
the spectra of single crystals are much simpler since all molecules have the same
orientation with respect to the magnetic field. In the case of ?H NMR the
situation is furthermore simplified because only the quadrupole interaction needs
to be taken into account. Using this method partial kinetic HD/DD isotope
effects of double hydrogen transfer reactions can be studied. The determination
of the corresponding HH reaction is more complicated. In favorable cases it
can be achieved when the jumping protons are dipolar coupled among
themselves or coupled to a remote spin. This method will generally require
deuteration of all immobile protons in the sample. Finally, it seems to be possible
also to look at remote spins which are dipolar coupled to the jumping protons.
One also could take advantage of the modulation of the chemical shift anisotropy
of the remote spins in order to obtain kinetic H/D isotope effects under
conditions of 'H decoupling in order to remove heteronuclear dipolar couplings.

4 Dynamic NMR Spectroscopy in the Presence
of Complex Bond Breaking/Bond Formation Processes

4.1 The Concept of Group Exchange

In chemical reactions involving bond breaking and bond formation processes
the exchange operator in Eq. (2.12) is valid only in the absence of scalar spin—
spin coupling. The exchange broadened NMR spectra of general spin systems
can, however, conveniently be described using the concept of “group exchange”
[94]. This concept is further developed in the following, with special emphasis
on the description of isotopic exchange reactions.

Let r, s, X, y be molecular species subject to the general forward reaction

r+s—k1>x+y, 4.1)
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characterized by the second order forward rate constant k,. Note that this
reaction is not one-sided but that, as stated above, the backward reaction

X4y St 4s @.2)

does not need to be treated explicitly as long as the equilibrium constant of
the reaction is known.

In order to trace the pathways of atoms or groups of atoms during the
reaction described by Eq. (4.1) we formally rewrite each reactant r as a
combination of groups of nuclei A", B'... In the simplest case we have r= A"B’.
A" and B' are defined in such a way that the nuclei within each group stay
together during the reaction of interest. In the case where all molecules contain
two groups Eq. (4.1) becomes

A'B" + C'D* 4 A*Cr 4 B'DY, (43)

which is characterized by the rate constant k , ,. This notation takes into account
that a group of nuclei A" may rearrange or may change its spin Hamiltonian
when it is incorporated as group A* into the molecule x = A*C*. This notation
also allows to trace reaction pathways of the spins in the different groups.

In order to facilitate the line shape calculations we decompose Eq. (4.3) into
the following group exchange reactions:
Ty '(B) =1 Ty (D)

A A 2B e 2o p Py (4.4)

1, '(A) is the average inverse lifetime of group A in the reactant r before reaction
to x occurs. 7., '(A) is equal to the pseudo first order group exchange rate
constant k, (A) of the exchange process in Eq. (4.3). Since the elements of the
exchange operator = depend on these quantities, the latter can be obtained by
dynamic NMR spectroscopy. Using formal kinetics the inverse lifetimes can be
linked to the rate constants, as will be demonstrated in Sect. 5.

The introduction of group exchange rate constants has not only the
advantage that the group exchange pathway can be traced, but also, that possible
additional symmetric exchange reactions of the type

ATB + AC* S ATBT 4 AXCE, 4.5)
A'B' + B'DY ~ % ATB" + B'DY, 4.6)
ATB + A"B" 5 AT 4 ATB” @4.7)

etc. are “built” into the formalism. Consider, for example, Eq. (4.5) which can
be decomposed into the group exchange reaction set

- 1u (C)
Z A", e (4.8)

1) ' (B) o T (A)

AT——A*, B"—B", A

By comparison with Eq. (4.4) it follows that the quantity z,;'(A) does not depend
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only on the rate constant k ., in Eq. (4.3) but also on the constant k , , defined
in Eq. (4.5). As further seen by inspection of Eq. (4.8) one needs only to include
in the set of group exchange rate constants t,,(A) the possibility that r =x, in
order to take self exchange reactions of the type described in Egs. (4.4) to (4.8)
into account.

A further advantage of the concept of group exchange rate constants is that
one can drop the above restriction to two groups in each molecule. Thus, the
presence of additional dissociation and transfer reactions of the type

AB'+ CD* 5 AL+ BUCUDY, (49)

A+ CSDs A*C*+ D" 4.10)
etc. is taken into account by considering the additional group exchange
reactions

A T (B (O to'(D)

Ar 7Al Bf TBll CS C\I; DS Du;

AW A 2% =%y @.11)

Thus, it is easy to set up the NMR lineshape equations for exchanging
systems without assuming a particular reaction network when using pseudo
first order group exchange rate constants.

When setting up lineshape equations it is useful to neglect spin—spin
interactions between the different groups in a first stage. Then, the whole master
equation splits up into separate sets of equations, one set for each reacting group.
The matrix .# , of group A has the structure:

[1]

- iPC+E,, + R, “Ar
M= A A A ASA N (4.12)
ArAs 1P+ B+ R s

[1]

The elements denoted by Z,.,. and Z,,,. depend only on single group exchange
rate constant z_'(A), those denoted by E,. on the sum of all group exchange
rate constants. The actual elements can be calculated from Eq. (2.12) and are
given by

—:‘l::r Ks‘-s (A) 6I-lrxs(svrlc 5[-&"5 Vr‘-szr (A) t = r’ $ (4'13)
The elements of .#,. are calculated according to Egs. (2.3), (3.2) and (3.3). In
the case where A" contains more than one interacting spin either a product
base of the single spins is used or the eigenbase of the Hamiltonian J,.. As
stated above, #,. is diagonal in the latter case and the diagonal elements
correspond to the transition frequencies.
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In a second stage scalar coupling between different groups A" and B’ of a
molecule r is introduced. Note that because of the group exchange processes
present one cannot use an Eigenbase of the total spin Hamiltonian 5, of the
molecule r, but has to use the product base A'B'. Thus, the spin functions are
written in the form p,.ug- = pu,, where a greek letter has been used for the
spin functions of group A" and a latin letter for the spin functions of B'. Then,
the Liouville operator of the molecule r = A"B’

L=Lpit Lot Lorpey Lae= LS+ &5, 4.14)

contains non-diagonal elements connecting the two blocks %, and 5. because
of the interaction term #5,;.. In constructing the exchange operator one has
to take into account that the number of spin states in the spin systems in the
different groups are different. The following general exchange operator has been
derived to deal with this problem [94]:

—

=
HrUrvrVriKsXsAdsys

= Tl’: 1(A) nl;"l 0 0 6urx.6v.—}..gx. - 6u.—v,6u,x.6v.—y.6v,}..2‘[; 1(A)
t

Ur¥r Xg¥s

+ Tr_s 1(B) n;"l 5# 5x.l.5urX.5vry.gx. - 5urvr5wy.5urh5vrl.z T; ! (B)’
t

r¥r

t=rs--- (4.15)

n,, and ng, represent the number of spin statesin A*and B*. g, and g, represent
the statistical weights of the spin function k, and x,. g, (g,,) is different
from unity when an Eigenbase of the group spin-Hamiltonian 3 ,.(5¢y) is
used [94].

4.2 Dynamic NMR Spectroscopy in the Presence
of Isotopic Exchange Reactions

The above theory of NMR lineshapes in the presence of group exchange can
immediately be applied to the problem of superposed isotopic exchange
reactions by taking into account that the different environments r,s,... in the
previous section may correspond not only to different chemical species such as
AH and XH, but also to isotopically different molecules of the same species, e.g.
AH and AD. Since isotopic reactions introduce, however, a higher degree of
complexity it is preferable to study reaction mixtures in which only one chemical
reaction is present. Before starting a systematic study of kinetic isotope effects
it is, therefore, always desirable to find experimental conditions where the
dynamic qmantities measured are determined only by a single reaction.

Before we can set up typical NMR lineshape equations in order to determine
kinetic hydrogen/deuterium isotope effects of proton transfer reactions we first
have to relate the inverse lifetimes accessible by dynamic NMR to conventional
kinetic quantities, as shown in the following section.
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5 The NMR Proton Inventory Technique

In order to obtain information on kinetic hydrogen/deuterium isotope effects
by dynamic NMR spectroscopy it is necessary to measure inverse proton and
deuteron life times as a function of the deuterium fraction in the mobile proton
sites. The function obtained will depend on the actual exchange mechanism
and will provide information about the rate constants of the isotopic reactions.
Kinetic experiments of this kind are called in the literature “proton inventories”
[43]. Therefore, the term “NMR proton inventory technique” is used.

Unfortunately, because of the multitude of different mechanisms and rate
laws of hydrogen transfer reactions it is not possible to derive reactions between
inverse lifetimes and rate constants of isotopic reactions in a general way. In
this section it will be demonstrated—using specific examples of proton and
deuteron transfer reactions relevant in the context of this study—how such
relations may be obtained. The extension to other reactions and isotopes is then
straightforward. Intra- and intermolecular single and multiple H/D transfer
reactions are treated in separate sections; some of the equations given in
this section were first derived in Refs. [106-108].

5.1 Intramolecular Hydrogen Transfer Reactions

The term “intramolecular reaction” is used here to describe reactions in
molecules or molecular systems where all groups of atoms may rearrange but
stay together for an infinite time as compared to the NMR-timescale. It is clear
that hydrogen transfer reactions within monomeric molecules fall into this
definition, but, in principle, also intermolecular hydrogen transfer reactions in
molecular aggregates such as dimers, if the lifetime of the latter is large enough,
as, for example, in the solid state.

In the case of intramolecular reactions the quantities entering the elements
of the exchange operator = are the first order rate constants themselves. In this
section, therefore, one does not need to apply the concept of group exchange
proposed in Sect. 4.

5.1.1 Single Intramolecular Hydrogen Transfer Reactions
Let us consider first an intramolecular single hydrogen transfer between heavy

atoms of a molecular fragment. Denoting the latter as A before and as X after the
transfer process one can write

Kf
AH ——= XH, (5.1)
k"
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K2
AD =——XD. (5.2)

kZ

More precisely, AL, L = H, D may correspond to A-B-L and XL to L-A-B.
The quantities k', and k" represent the first order forward and backward rate
constants. At an arbitrary deuterium fraction the H and the D transfer reactions
are superposed without mutual interference. Thus, the 'H NMR signals of the
mobile L spins only contain contributions from AH and XH molecules, whereas
the 2H NMR signals exclusively arise from the AD and XD species. Changing
the overal deuterium fraction D in the mobile proton sites only changes the
ratio of the protonated vs. the deuterated molecules but not their contributions
to the NMR line-shape. As a consequence, the 'HNMR signals contain
information about the quantity k' and the “H NMR signals about the quantity
k2. By contrast, the spectra of the A and the X spins depend on both quantities.
One can, therefore, choose the most convenient way to determine the isotopic
reaction rate constants. Note, that it might in some cases be difficult to derive
both quantities k" and k% from the A/X spectra of a single sample at an inter-
mediate deuterium fraction D because isotope effects on the A/X chemical shifts
will be too small to resolve the lineshape contributions of the protonated and
the deuterated molecules. These quantities can, however, easily, be derived from
the A/X NMR spectra of samples with deuterium fractionsof D =0and D = 1.

5.1.2 Double Intramolecular Hydrogen Transfer Reactions

An intramolecular double hydrogen transfer system contains two mobile
hydrogen atoms. The reaction, can, therefore, be written in the form

kHll

AHH ——— XHH, (5.3)
kZ

kHD

AHH —— XHD, (5.4)
k=

kHD

ADH —— XDH, (5.5)
kZ

kDD

ADD =—— XDD, (5.6)
k2

where, for example, ALL = ALBLCD and XLL = ABCLDL. There are four
reactant species giving contributions to the NMR lineshapes of the L spins.
The species AHH, AHD and ADH contribute to the H signals which depend,
therefore, on the first order rate constants k", k*° and k%" as well as on the
corresponding equilibrium constants. k" is most easily determined in a separate
'"H NMR experiment at a deuterium fraction of D =0, whereas k'® and k%"
have to be determined at higher D values. Similar arguments hold for the 2H
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NMR spectra. Thus, the whole set of kinetic isotope effects can be determined.
Since, as mentioned in Sect. 3.1.1.2, liquid state ZH NMR spectra are sometimes
of low kinetic information content, additional experiments on the A/X spins are
of help. The latter depend on all quantities k"™, kP, k®H and kBP. In order to
check the k™M values obtained from the 'H spectra, and in order to obtain the
only lacking quantity kBP, A spin NMR experiments are preferentially carried
out at D=0 and 1. The determination of k#” and of k§" at intermediate
deuterium fractions may represent problems because of the difficulty to
distinguish the different species in the A/X spectra.

5.1.3 Multiple Intramolecular Hydrogen Transfer Reactions

The extension of the arguments given in the two previous sections to cases where
more than two protons are transferred along intramolecular pathways is
straightforward and will, therefore, not be considered further. In the spectral
analysis one only needs to keep in mind that the lineshapes are the sum of
contributions from the different isotopic species, which do not interconvert
between each other. The larger the number of isotopic rate constants
characterizing a given reaction system the more experiments have to be carried
out using a certain combination of different multinuclear NMR experiments
and deuterium fractions in the mobile proton sites.

5.2 Intermolecular Hydrogen Transfer Reactions
In this section we consider intermolecular multiple hydrogen transfer reactions

of proton donors AL containing one labile hydrogen isotope L. By contrast to
intramolecular reactions, the kinetic variables which determine the NMR

] n=1L=H
E_’ 1
> -
'_:(' n=2,L=H
5' 10=3.1=D n—»oon=E=H
W L=HD Fig. 5.1. NMR proton inventory plots as a

n-2 function of the deuterium fraction D for
L=D different numbers n of protons transported in
n=11=D the rate limiting step for Cy = constant. L is
: the nucleus whose NMR spectra are observed.
2 The overall kinetic isotope effect was set
CT T T T T T T arbitrarily to a value of 10. Adapted with

0 0.5 D 1 pesmission from Ref. [106]
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spectra will depend themselves on the deuterium fractions in the labile proton
sites. In the following we will derive appropriate equations for different kinds
of hydrogen transfer reactions. Some of these equations are illustrated
graphically in Fig. 5.1.

5.2.1 Single Intermolecular Hydrogen Transfer Reactions

Let us first consider the basic single hydrogen transfer reactions

H

AH + X ==—A + XH, (5.7)
[

AD + X === A + XD, (5.8)
kZ

where k% is the forward second order rate constant. Equations (5.7)
and (5.8) can be decomposed into the following group exchange reaction set

1 -1
TAHXH TADXD

AH 2P, vH, AD 222, XD,

ol Lol ! XX
AH 2245 A, AD &2 X, X 22, XH, X 22, XD.  (59)

As compared to Sect. 3, we use here a slightly different, for the case of hydrogen

transfer reactions, better adapted notation. The exchanging group is marked

here in boldface, and the full chemical symbols are used as subscript. Thus,

T, Fepresents the average inverse lifetime of L in AL before it is incorporated

into XL; 7,,', is the lifetime of group A in AL before the change to A. Clearly,

41 x1 is obtained by analysis of the L signals and 7!, of the A signals.
From conventional kinetics it follows that

tais = Taix = —(1/Car)dCy /dt =K% C, L=H,D. (5.10)

As a consequence, in a single hydrogen transfer reaction the different inverse
lifetimes are independent of the deuterium fraction in the mobile proton sites.
E.g. it follows that

Taixi/Tarx (D =0)= 1. (5.11)

Using an arbitrary kinetic isotope effect of 1, jxy(D=0)/1spxp@=1=
k" k2 =10 one obtains for the quantities 1., /145 (D=0), L=H,D in
the graph of Fig. 5.1 two horizontal lines (n=1, L =H and n=D).

Note that in the case where the concentrations of A and X become very
small, i.e. where only AL and XL can be observed one obtains a formal double
proton transfer reaction treated in the following section.
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5.2.2 Double Intermolecular Hydrogen Transfer Reactions

Let us consider here the basic hydrogen exchange reaction between two
different labile proton sites AH and XH, with an equilibrium constant of K = I:

HH

AH + XH* —— AH* + XH, (5.12)
kli[)
AH + XD ——AD + XH, (5.13)
k-
KDH
AD + XH —— AH + XD, (5.14)
kZ
ED
AD + XD* —— AD* + XD. (5.15)

Let k" be the pseudo second order rate constants of the different forward
isotopic reactions whose rate constants are to be determined. Note that

kHP=kP* and kOM =kHPD, (5.16)

where k' are again backward pseudo second order rate constants. A star is
introduced here to characterize chemically equivalent but physically different
groups. The above reaction set can be decomposed into the following set of
group exchange reactions:

7ol
AHAH® TAHAD TapAH T ADAD*

AH 225 AH* AH 25 AD, AD "2, AH, AD -22*”, AD*,
(5.17)
XH T xixue XH*, XH %2, Txhxp XD, XD M, TXBXH XH, XD 2>, Txpxo XD*,
(5.18)
ol
AH 225 xH, (5.19)
Ta
AD 252, ¥ et (5.20)

Here .4+ with LL*=HH* HD, DH, DD* represents the observable
pseudo first order exchange rate constant of group A (marked in boldface)
between the environments AL and AL*, orin other words, the inverse correlation
time of group A with spin L before the latter is replaced by spin L*. It is evident
that 7,,'s.- can be determined only by lineshape analysis of the A-spin spectra
when the Hamiltonian of A is modulated by the exchange. By contrast, 7, 'y, ,
the inverse lifetime of spin L in the environment AL before the reaction to XL
occurs, has to be determined from the NMR spectra of the L spins.

In contrast to single proton transfer reactions, the above inverse group
lifetimes depend on the individual deuterium fractions D, and Dy in the two
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mobile proton sites AL and XL. By measuring these lifetimes as a function of
the overall deuterium fraction D, the four independent isotopic rate constants
kHH kM kPH' and kPP can be determined. Relations between these rate
constants and the measured inverse lifetimes will be derived in the following,
We first define the inverse equilibrium isotope effect or fractionation factor

= kP/KHP = kP /K = C, pCx/CanCios (5.21)
the total concentration,
Ca=Can+Cap, (5.22)

the individual deuterium fraction

Dy = Cap/Ca, (523)
and the overall deuterium fraction

D =(Cap + Cxp)/(Ca + Cx). (5.24)

By combination of these equations functions of the type D, =f(D,® ', C,/Cy)
can be obtained. @, i.e. D, and Dy, can be obtained by lineshape analysis in
the slow exchange region. In the absence of equilibrium isotope effects the
following relations hold:

o=1, ie. kP=kMM=K"" or D,=Dyx=D. (5.25)
For the observable inverse lifetimes the following relations are easily derived:

Tananr = — (1/Cap)dC . ap/dt = KM Cyxy=(1 =Dy kHCy.  (5.26)

Taniap = — (/Can) dC gy 4p/dt = Dyk7P Cx. (5.27)
Taman = — (1/Cap)dC . pu/dt = (1 — Dy k2Cy. (5.28)
Tapaps = — (1/Cap) dC sy ops/dt = DkBPCy (5.29)
T;}lle = — (1/Cpp)dC . xy/dt

= KM Cyy + KNP Cyp = (1 — Dy KM 4+ DyKHP)C. (5.30)
Tapxp = — (1/Cap)dC, . x p/dt

=kPHC,,, + KPPCyp = (1 — Dy)kPH + DkPP)Cy. (5.31)

The remaining quantities are obtained by substitution of X by A and of A by
X. Equations (5.26) to (5.31) indicate that the different inverse lifetimes depend
linearly on the deuterium fraction Dy of the reaction partner XL. When
Eq. (5.25) is valid it follows that the inverse lifetimes 7.}y, and 7,54, depend
linearly on the overall deuterium fraction D. One then obtains from Egs. (5.26)
to (5.31)

ToixuP)/Taaxu@=0)=1-[1— kHP/kHH]-D, (5.32)

Tapxn(DVTapxp(D = 1) = kP/kPP — [kPH/KPP —1]-D (5.33)
Note that Egs. (5.26) to (5.33) also hold for the case of self exchange between
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AH molecules, i.e. where X = A. In this case one can abbreviate

TaAtA*H = Tal (5-34)
and

TADA'D = TAD" (5.35)

Using again an arbitrary kinetic isotope effect of k"H/kPP = 10 and the geometric
mean values k'H/kHP = kPH /KPP — 10!/2 the linear curvesn=2,L =Handn =2,
L =D shown in Fig. 5.1 are obtained. Since equilibrium isotope effects were
neglected in Fig. 5.1 it follows from Egs. (5.30) and (5.31) that t }xp(D=0)=
Tanixn (D = 1) =kHP = k" which—as an experimental observation—would be
a proof for a double proton transfer reaction.

5.2.3 Triple Intermolecular Hydrogen Transfer Reactions

Let us consider in this section a triple proton transfer reaction of the kind

kHHH

AH + BH* + XH' &—— AH* + BH' + XH, (5.36)
kIiHD
AH + BH* + XD ——— AH* + BD + XH, (5.37)
kliDH
AH + BD + XH' —— AD + BH' + XH, (5.38)
kI_)+HH
AD + BH* + XHe—— AH* + BH + XD, (5.39)
kBDH
AD + BD* + XH =——— AD* + BH + XD, (5.40)
kBHD
AD + BH* + XD’ = AH* + BD' + XD, (5.41)
kliDD
AH + BD' + XD —— AD' + BD + XH, (5.42)
RBDD
AD + BD' + XD* —— AD' + BD* + XD. (5.43)

The backward reactions are characterized by the symbols k', As in the previous
section, let us only consider the inverse average lifetimes of one of the reactants,
i.e. here AL. Note that one obtains for AL exactly the same group exchange
reaction set as in the case of the double proton transfer reactions in the previous
section:

CABAHS TAp TAp H
AH 2 AH*, AH 2, AD, AD 2%, AH,

-1
TADAD

AD —— AD*, (5.44)
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ADXD

AH At XH, AD 222 XD etc. (5.45)

In a similar way as in the previous section we then obtain
= (K 4+ KM Chy Cyy + (KD + KPHH)CyyCxp
= [(1 = Dg)(1 — Dy)(K}H + KHHH)
+ (1 — Dg)D (kP + kPHH)1C,Cy. (5.46)
Taniap = K52 + KP)CopCopy + (K422 + kPHP)ChpCrip
= [Dy(1 — Dx)(kliDH + k}iHD) + DBDx(k}iDD + k?HD)]CBCx
(5.47)

-1
TAHAH*

(kDHH + kHDH)CBHCXH + (kDHD + kDHD)CBHCXD
= [(1 — Dp)(1 — Dy)(k3™ + k"PH)
+ (1 — Dg)Dy(K2HP 4 kPPH)1C,Cy. (5.48)
Tapape = (K227 + KIPP)CppCry + (KPP + k2PP)CpCxp
= [Dg(1 — Dy)(k2PH + kHPP) + DD (kBPP + kPPP)1Cy Cy.
(5.49)

TADAH

Tanxn = K+ KTCh Cyy + (P + K2 Cyyy Cxp
+ (KHPH 4 KHHD)C L Cyy + (KPP + kPHPYCy Cp
= [(1 = Dg)(1 — Dy)(K™ + k) 4 (1 — Dy)Dy (k1P + k2H)
+ Dg(1 — Dy)(kHPH 4 kHHD) 4 (KHPP 4 kPHD)D D 1CpCx.
(5.50)
= (k2™ + kEPH)CypyCrpy + (K2™P + k2PH)CpyyCxp
+ (kBPH 4 KMPPYC i Cxyy + (KBPP 4+ kPPPYChCxp
=[(1 — Dg)(1 — Dy)(K2"" + k"PH) 4+ Dg(1 — Dy) (k2P + k2PH)
+ (1 — Dg)Dy(k2PH 4 KHPP) 4 DDy (k2PP + kPPP)]C,Cy.
(5.51)

Note that k'HH = kHHH apg kPPP = kPPP Now, the inverse average lifetimes
depend on products of the md1v1dua1 deuterium fractions. For the case where
equilibrium isotope effects are absent, i.e. where

-1
TADXD*

kHHD kHDH kDHH kHHD kHHD kHHD etc. (552)
the above equations can be simplified. Setting ki, 4 k- = kUL jt follows that

Tapane = [(1 — D)*k"HH 4 (1 — D)DKMHP]CyCy, (5.53)
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Tanap = [D(1 — D)K"P + D2KAPP]C,C,, (5.54)
Tapan = [(1 — DY’K*P 4 (1 ~ D)DKMPPIC,Cy, (5.55)
Tapaps = [D(1 = D)kPP + D?kPPPIC,Cy, (5.56)
Tikxn = Tal = [(1 — DY2KHHH 4 2(1 — D)DKHHP 4 D2kHPPC,C,,
(5.57)
Tapxp = Tam = [(1 — D)*kMHP 4 2D(1 — D)kHPP 4 D?kPPPIC,Cy.
(5.58)

Note that this set of equations is also valid for the case where A=B=C.
Using again k"MH/kPPP =10 and kHHP/KMPD = KHPD/KDDD _ 101/3 we obtain
the non-linear curves in Fig. 5.1 for the case n=3, L=H, D. Note that
r;ﬁx“(D =1)=kHPP < TADxD(D =) = kHHD,

5.2.4 Superposed Intermolecular Double
and Triple Hydrogen Transfer Reactions

As one can note by comparison of Egs. (5.26) to (5.31) with Egs. (5.53) to (5.58),
the inverse lifetimes measured are independent of the particular reaction
network. Thus, a superposed double and triple proton transfer reaction can be
described just by adding up the corresponding equations. For the case where

A=X, ie. D,=Dy=Dy=D, (5.59)
we obtain
Tanians = (1 = D) k"H-C, + [(1 — D)?-kHHH
+D-(1 = D)-k"P]-C3, (5.60)
Tagiap = Dk"P-C, + [D-(1 — D)-kHPH 4 D?2-kHPP].C2 (5.61)
Tapan = (1= D)kP"-C, +[(1 — D)*-k®" + D-(1 — D)-k"*P]C3,
(5.62)
Tapaps = D'kPP-C, + [D-(1 —D)-kPP" + D*-kPPP]-C2, (5.63)

and
Taniasu = Tan = [(1 = D] kK" + D-kHP]-C,
+[(1 — D)2 kM 4 2.D-(1 — D)-KHHP 4 D2 kKHPP].C2
(5.64)
Tapasp = Tap = [(1 — D]'’k®™ + D-k°P]-C,
+[(1 — D)**kPH" 4 2-D+(1 — D)-kPPH 4 D2-kPPP].C2.
(5.65)
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The calculated values T, ..y and T4 . p Will be located in Fig. 5.1 between those
expected for n=2 and 3.

5.2.5 Multiple Hydrogen Transfer Reactions

If more than n = 3 protons are transferred in the rate limiting step of the reaction
the experimental data generally do not contain enough information in order to
determine the different isotopic rate constants, i.e. in order to decide whether
the RGM is fulfilled or not. If one assumes the validity of this rule which
implies that all single kinetic isotope effects are equal i.e. given for constant
total concentrations by

@ = (1,5(D = )/144(D = 0)'"" (5.66)
one obtains [106]

Tan = Tan(D =0)(1 — D + DOH)* 1, (5.67)

Tt =114(D=0)d(1 — D + DD}~ L. (5.68)

These equations can be easily verified for the case n=3 by some simple
transformations of Eqs. (5.67) and (5.68) using Eq. (5.66). Formally, Eqgs. (5.67)
and (5.68) resemble the so-called Gross—Butler equation [42-45] with the
difference that Eqs. (5.67) and (5.68) have the exponent n— 1 instead of n.
Therefore, Eqs. (5.67) and (5.68) contain more information than the Gross—Butler
equation. The number of protons involved in the reaction can be obtained using
Egs. (5.67) and (5.68) by measuring the quantities t,,;(D =0), 1,5(D =1), and
two values of 1, and 1, at the same deuterium fraction, e.g. D =0.5. When
the number of protons transferred becomes effectively infinite, as may be the
case in pure protic solvents and when the overall kinetic isotope effect (&) ™"
is finite, ®* must be close to one and the lifetimes 7, and 1, measured by
'H and ?H NMR spectroscopy become equal, as shown in Fig. 5.1.

5.2.6 Double Hydrogen Transfer Involving a Preequilibrium

So far, formally simple first, second, or third order rate laws for the proton
transfer processes have been treated. In practice, rate laws of chemical reactions
may be more complex when a molecule A can exist in different fast exchanging
environments A; of which only A, is reactive. The life time of A is then given by
1
1.0 =——dc, /dt, C,=) c,4,. (5.69)
CA i
C, is the overall concentration of A, c,, the concentration of species A;. In this

section it is shown that the relations derived above are still valid even in this
more complicated case as long as isotopic fractionation between the different
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environments is absent. For this purpose let us consider a double proton transfer
involving a fast preequilibrium according to

LL LL LL
rls /K

AL + XL* = {AL,XL*} —— {AL* XL} <:’ AL*+ XL, (5.70)

fast slow fast
where
KL =, x/(€acx), LL=HH, HD,DD (5.71)

is the preequilibrium constant of the formation of the reaction complex in which
the double proton transfer takes place. k.l is the rate constant of the rate
limiting step of the proton exchange in the reaction complex. With

Ca =Cant Cap €ax = Canxn T Canxp t Capxn  Capxo (5.72)
it follows that in the absence of isotopic fractionation between AL and ALXL
KM = KHP = KPP = K = ¢, 4 /(cACy)- (5.73)
Taking into account Eq. (5.69) we obtain
1

Toh == dc /dt + dc /dt]. (5.74
AHXH Can + Carn + CAHXD[ AHXH anxp/dt] )
With
—de,pxp/dt =kpeCapxe (5.75)
it follows that
1
TAHXH = (kb 'Canxu + Khe Canxpl- (5.76)

cAH + Cauxn T Canxp

Because of Egs. (5.72) and (5.73) it follows that
can=(1—D)ca, Copxu=(—D)cax, Cauxp=(—D)Dcax. (5.77)
Combining Eq. (5.76) with (5.77) leads to

Cax

Tatixn = FL(1 —D)KEY + DKM, F = - (5.78)
A AX
In a similar way it follows that
Ca
tapxp = FL(I =Dk + DKL F = +’; (5.79)
A AX

Similar equations can be obtained for 7,,',, . Note that these equations are valid
not only for the case where A # X but also for the self exchange case where
A =X. Since F is independent of the deuterium fraction D the inverse lifetimes

7, ', depend linearly on D, as was already expressed by Egs. (5.30) and (5.31).
Recalling that the total concentrations

Ca=Ca+Cax =Can+ Cap + Cayxu + Canxo + Capxn T Cabxp (5.80)
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Cx =cx+ Cax =Cxy + Cxp + Capxn + Canxp + Capxn + Capxps (5.81)
it follows from Eqs. (5.71), (5.77) and (5.78) for the case where

K or C, small, i.e. c,x = Kcyex «C,

that

F=KCy 1e c,=C, and cy=Cy. (5.82)
The second order rate constants defined in Egs. (5.26) and (5.27) are then given by

kM = KKLL. (5.83)
By contrast, when

K or Cy, large, ie. C, =cux, (5.84)
it follows that F = 1. We can then rewrite Eq. (5.78) and (5.79) in the form

Tanxi/F = Tapxu(CaL = ©) = [(1 — D)kJ + DKEP (5.85)
and

Tapxn/F = Tapxp(CaL = ) = [(1 — D)kEP + DKA! (5.86)

HD

Thus, one can obtain ki and kh? directly from 7, jxu(Cs — o0) and k}2 and

kB2 from 1, pxp(Ca— ) at D=0 and D = 1. Thus,

rls
T;}llXH(CA_’w’D)/T;}llXH(CA_’ w, D=0)=1-(1 —kg:i/kg?)D (5.87)

and
Tabxp(Ca— 0, D)/155xp(Ca— 00, D=0)=1—(1-k}P/kRO)D. (5.88)

At D=0.5 the "THNMR lineshapes are determined by 7,;xu(Ca— )=
(k5 + kBP)/2 and the H NMR lineshapes by 7,5, n(Ca = 00) = (k5iP + kB2)/2.
Note, however, that this result applies only for a very rapid hydrogen bond
preequilibrium as assumed in Eq. (5.70). If these processes were very slow, as
for example in intramolecular double proton transfers, one would also obtain
ki" and kf? at D=0and D = 1, but at D = 0.5 the "H NMR lineshape would
have to be described by a static superposition of two independent lineshape
functions as has been described in Sect. 5.1.

Expressions for F as a function of concentration can easily be derived. This
will be done here for the self exchange in dimers ALAL = A, i.e. the case where
A = X. Equation (5.80) then becomes

CA = CA + 2CA2‘ (589)
By simple arithmetics one then obtains
o _a/Ca (5.90)
1 —c¢,,/Ca

An expression for ¢,,/C, can be obtained by combination of Eqgs. (5.71) and
(5.80):
_4KC, —(8'KC, +1)"2 +1

= . 591
4KC, + (8- KC,+ 1)'2 —1 (:91)
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This equation is used together with Egs. (5.85)—(5.86). From Egs. (5.87) and
(5.88) it follows then by setting k,, =k,, that

Tan(C — 00, D)/1,1(C > 00,D =0) = 1 — (1 — k§P/ki)D. (5.91)

6 NMR Lineshape Equations of Hydrogen Transfers
in the Presence of Kinetic Isotope Effects

All elements are now in place in order to set up specific NMR line shape
equations for typical cases of intra- and intermolecular proton exchange reactions
in the presence of kinetic hydrogen/deuterium isotope effects. The line shape
equations considerably simplify in the absence of strong scalar coupling between
the remote and the labile spins. In these cases it is possible to set up two separate
NMR lineshape equations for both types of spins. Only when remote and
mobile spins are strongly coupled protons with similar chemical shifts it is not
possible to separate the two lineshape contributions. An experimental example
for this case will be given in Sect. 10.1. The purpose of this section is to
demonstrate ways of determining by dynamic NMR spectroscopy the kinetic
quantities defined in Sect. 5.

6.1 Intramolecular Hydrogen Transfer Reactions
6.1.1 Remote Spin Studies

Let us consider an intramolecular hydrogen transfer reaction between two states
AL and XL according to Egs. 5.1 and 5.2, characterized by the forward and
backward rate constants k', k2, k?, k. During the exchange the chemical
shift of a remote nucleus is then modulated from the value v, to vy.. The
complex matrix # describing the lineshape of the remote spins is then given
by

M (remote spins) =

—k —aW, + 2niv, K

k*: —k" + W — 2niv,

; D
—k® + W —2miv, kP ,

K2 —Kk" +aW  —2miv,

P = [Pau Pxi Paps Pxpl-  (6.1)

Because of the absence of scalar coupling all non-diagonal % elements
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connecting #(remote spins) and the counterparts .#(mobile spins) vanish.
Since in Eq. (6.1) it is assumed that intermolecular exchange processes are absent,
(remote spins) splits into two independent submatrices .#,;, L = H, D given
by

—kY — W, + 2miv,, kt

AL —

kY —kb — W, + 2mivy,

P = [PaL. Px], (6.2)

Measurements at deuterium fractions D =0 and 1 will easily lead to k" and
kD ; these constants are sufficient to describe the lineshape also at other values
of D. If the lineshape at a given D value cannot be simulated one has to take
the possibility of intermolecular exchange processes into account, as shown in
Sect. 6.3.

Let us consider now the case of a bifunctional molecule subject to an
intramolecular double proton transfer between two states ALL and XLL
according to Egs. (5.3) to (5.6). The lineshape equation is obtained by replacing
L=H,D in Eq. (6.2) by LL = HH, HD, DD. Thus, because of the absence of

intermolecular exchange .#(remote spins) splits up into three superposed
submatrices:

—kY— W + 2miv, Kt
ALLXLL ™ N N - ’
ki —k— W, + 2mivy,

M

LL= HH’ HD’ DD’ P= [pALL’ pXLL]' (63)

The populations depend on the deuterium fraction D in the mobile proton
sites. If the kinetic isotope effects are not very large it will be difficult to obtain
kHH kMP and kBP by analyzing spectra at intermediate deuterium fractions D.
Therefore, one proceeds as follows. From experiments at D =0 and D = 1, k"H
and kBP can easily be obtained. Using this information one can try to
obtain kB” at D =0.5. A better solution is, however, to obtain k' and k" by
THNMR spectroscopy of the exchanging proton signals as shown in the
following.

6.1.2 Mobile Hydrogen Isotope Studies

Let us consider now the lineshape equations of the mobile hydrogen isotopes
for the cases presented in the previous section. Again, for simplicity the presence
of scalar coupling between the hydrogen isotopes and the remote spins is
neglected. For the single proton transfer according to Egs. (5.1) and (5.2) one
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obtains then

—kY% — Wy + 2miv, kt
M paLxL= ’
k% —kY —nWq + 2mivyy

L=H,D, p=[pawPxuls (64)

for the NMR lineshape of the L spins. v, is the chemical shift of L in AL.
In the case of intramolecular double proton transfer between ALL and
XLL according to Egs. (5.3) to (5.6) the 'H NMR lineshape is given by

—kM — W, + 2mivayy kHH
M yquxun = >
kHH —Kk"M — W, + 2nivggu
P = [Paun Pxunl»  (6.5)
—k"P — W, + 27ivayp kHP
M supxup = ’
kHP — k1P — W, + 2mivgpp

P = [Paup Pxupls  (6:6)

Similar equations are obtained for the 2H NMR lineshape. Thus, in the case of
an intramolecular double proton transfer the 'HNMR lineshape depends on
k"™ and kMP, whereas the 2H NMR lineshape depends on k> and k®°. k[ is
best obtained at a deuterium fraction of D = 0. Then Eq. (6.6) can be neglected.
kMP is to be determined at a value of D close to 1 by "HNMR in order to
minimize the contribution of Eq. (6.5). Because of sensitivity problems one
typically chooses D between 0.9 and 0.95. However, at these D values Eq. (6.5)
still contributes in a non-negligible way to the lineshapes and has to be taken
into account. Similar arguments hold for the determination of k"® by 2H NMR
at low D-values.

Let us consider now a case of an intramolecular single proton transfer
reaction between two states r = 1,2 in the presence of scalar coupling between
the mobile proton and remote spins according to the modified Egs. (5.1) and (5.2):

L
{=AL--B==2=A-LB. 6.7)
k=
Let A and B have a spin 1/2 as is the case for proton transfer in *NH---°N
hydrogen bonds. Because of the intramolecular character of the process the
following independent reactions take place:

A(@) — L---B(a)=A(a) --- L — B(a), (6.8)
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A(@)—L---B(f)=A(a)---L — B(B), (6.9)
A(B)—L---B@)=A(B)---L — B(w), (6.10)
A(p)—L---B(B)=A(B)---L — B(p). (6.11)

The fact that the reaction is intramolecular leads to a splitting of .#(mobile
spins) into four independent superposed submatrices, one for each reaction
listed in Egs. (6.8) to (6.11). Let v, be the chemical shift of the mobile hydrogen
isotope in r and Jx. ., X = A, B, r = 1, 2 the corresponding coupling constants.
Let further be J, i =JoL #0, Jgi1 =0, Ju202=0, Jg212 =T #0. One then
obtains

—kY —aWo + 2mi(v, + 1, /2) k-
ML= ’
k% —kb — W, + 27i(v, + J5./2)

—kbY —nWo + 27i(v, + JoL/2) kb

ﬂaﬁ = ’
ALBL

KL —k_ — W, + 2mi(v, — J5./2)

p=0.5[p;,p:1, (6.13)

—k5 —nWo + 27i(v, + JaL/2) k-

!’”g’iu =

kL —kb —nWg + 27i(v, — J5/2)

p=025[p;,p,]. (6.14)

In the slow exchange region the L signal consists of two doublets at the
frequencies v, +J,,/2 and v, + Jg;/2. In the fast exchange range the signal
consists of a multiplet at the frequency p, v, + p,v, characterized by the effective
coupling constants p,J,; and p,Js;.

A special situation arises in a symmetric exchange case where A =B in
Eq.(6.7), p,=p,=0.5, k!, =k =k*, v, =v,=v. Then J,;, =J5 and Egs.
(6.12) to (6.14) reduce to M = — Wy +2mi(v+J,/2), M =—aW,+
27i(v — J ,1./2),

1L _ 1 L
" = k' —aWq + 2mi(v+J,,./2) k (6.15)

kL — kL — aW, + 27i(v — J . /2)
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with p,, = pgg = 0.25, p,s = 0.5. Then, in the slow exchange region there is only
one doublet at v+J,,/2. Hydrogen isotopes reacting according to Egs. (6.8)
and (6.11) do not change their transition frequencies and, therefore, contribute
sharp line components at v+1J,,/2. By contrast, the lineshape contri-
butions of protons reacting according to Egs. (6.9) and (6.10) correspond
only in the slow exchange region to a doublet at v + J,, /2; when the exchange
becomes faster these line components broaden, coalesce, and eventually give
rise to one sharp line in the center of the resonance, i.e. a triplet appears. The
ratio of the integrated intensities of the inner exchange broadened line
component to each of the outer lines is always 2:1; however, the peak heights
behave in this way only at very high temperatures, where the inner line no
longer shows line broadening; i.e. peak height ratio of less then 2:1 is, therefore,
indicative that the extremely fast exchange has not yet been reached. Note that
for the study of kinetic isotope effects one has to perform 'H and ?H NMR
experiments.
In the case of a double proton transfer according to
it

(AL---B)Z‘TE;(AL--B)Z (6.16)

the same lineshape theory applies. One only replaces L in Egs. (6.12) to (6.15) by
LL = HH, HD, DD and takes into account that the !H NMR lineshape depends
on the sum

M(mobile spins) = .#% + 4% + 4%, LL=HH, HD, 6.17)

i.e. on both k™ and k"P as well as on the corresponding backward rate constants.

Finally, let us consider a hydrogen isotope jumping between four heavy
atoms A to D with spin 1/2, i.e. exchanging between the states r=1 to 4 as
shown in Eq. (6.18):

A——8B A——B

L L/

ki,
D C | =2, 5 D C
“'4'1] 11‘54 (6.18)
— 3
A B4e A
L L

/ N

D——C C————-D

Let the chemical shift of the proton in state r be characterized by v,. Let,
furthermore, the proton only be coupled to the heavy atom to which it is
attached, characterized by the coupling constant Jy;,. #(mobile spins) is then
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the sum of submatrices, each given by [113,115],

‘/”L(el’ez’e3’ 64) =

—kb, — kb, — W,

; kt L
+27i(v, + €,JaL/2) 2t k

41

—kb - ki, — W,

kb L
12 +27i(v, + e,Jp/2) K32
Kkt - kliz - k]§4 — Wy KL
23 +27mi(vy +e3Jc/2) 43
-kt =kt —W
k]f4 k154 41 43 ?

+27i(v, + €4Jp1/2)

& =11, p=(P;=PaL,P2="PsLP3=PcL,Ps =PpL) (6.19)

In the slow exchange region the signal consists of four doublets with the chemical
shifts v, r = 1,4. In the fast exchange region Eq. (6.19) predicts a coalesced line
split by coupling to all spins A to D, with the effective coupling constants given by

I = pxJxe- (6.20)

In the simplest case where all chemical shifts, coupling constants, and
populations are equal Eq. (6.19) predicts in the slow exchange region a splitting
of the L signal into a doublet by coupling with the spin to which L is bound;
in the fast exchange region a pentet splitting is predicted.

If there are two protons jumping between the four atoms A to D in Eq. (6.18)
the superscript L in Egs. (6.18) and (6.19) has to be replaced by LL = HH, HD,
DD. Furthermore, if 'H measurements are performed .#(mobile spins) is the
sum of the two contributions

(mobile spins) = 4" + #"° (6.21)

6.2 Intermolecular Hydrogen Exchange Reactions

In the case of proton exchange according to Egs. (5.7) and (5.8) the chemical
shifts of both the remote as well as of the mobile spins are modulated. Therefore,
both remote as well as mobile spin studies can be performed even in the absence
of scalar spin—spin coupling between both types of spins. A scalar interaction
1s, however, required in the case of Egs. (5.12) to (5.15) and (5.36) to (5.43) when
performing remote spin studies. Therefore, mobile spin studies are indicated in
this case because the chemical shifts of the latter are modulated by the exchange.
Thus, in the case of intermolecular proton exchange between different species
one does not need the scalar spin—spin interaction, and it is straightforward to
set up the NMR line shape equations. A special case arises, however, when
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A =X in Egs. (5.12) to (5.15) and A =B = X in Egs. (5.36) to (5.43). Then, the
hydrogen exchange processes do not lead to a modulation of chemical shifts
of either remote or of mobile spins. There are, however, often cases where
the proton transfer is accompanied by a rearrangement of the group A to A’
in such a way that a remote spin in A exhibits a different chemical shift v,;
before and v, ; after the exchange. Then, self exchange rates can be studied by
remote spin studies. If this modulation does not occur one needs a strong scalar
spin—spin coupling between remote and mobile spins. We will treat both cases
in the remainder of this section.

6.2.1 Remote Spin Studies in the Presence of Hydrogen Self Exchange

Let us first consider the NMR line shape problem of remote spins A of
monofunctional molecules AL, L = H, D as a function of the deuterium fraction
D subject to intermolecular proton self exchange. Here, both species AH and
AD contribute to the line shape of A. Naturally, the NMR line shape of A is
only sensitive to the proton exchange when the chemical shift of A is modulated
by the exchange. Let v,, be the chemical shift of A before and v,., the chemical
shift after the exchange. Using the dynamic quantities defined in Sect. 5 it follows
that [108]

M (remote spins) =

—r Tt
AHAH* AHAD T*l T_l
—nWo + 2nivAH AH AH* ADAH
—r bt =1t
T’l . AHAH* :AHAD T_l
AHAH —Wo + 27iv,y ADAH
:]
—t =1
177 1 ADAH ADAD* 17 1
AHAD _nwo + 2niVAD ADAD*
ol gl
77 1 17 1 ADAH ADAD*
AHAD ADAD® — W, + 2mivap
— -1 -1 _
P = [Pans Pans Paps Pap)s  Taniap/Tapan = Pap/Pan (6.22)
and
paun=(1—D) and p,p,=D. (6.23)

Note that as compared to the intramolecular case treated in Eq. (6.1) .# does
not split any more into two submatrices because of exchange between AH and
AD, besides the trivial cases at D=0 and 1. Thus, at D =0.5 intra- and
intermolecular exchange processes can easily be distinguished. Some spectral
features which follow from Eq. (6.22) will be discussed in Sect. 10.2.3
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6.2.2 Mobile Hydrogen Isotope Studies in the Presence
of Hydrogen Self Exchange

As an example relevant in the context of this study let us consider a spin system
AL where A represents a spin 1/2 nucleus in the presence of intermolecular
proton self exchange. Let the Larmor frequency v,, of A be so different
from the Larmor frequency v, =v of the exchanging L isotope that AL
constitutes a first order spin system. Let us further analyze only the lineshape
of the exchanging L isotope which is affected according to the previous section
by the inverse life time 15,4, = . .#(mobile spins) and the population vector
are then given by

—1,2—7W, ey
+27mi(v + JaL/2) AL 1/2
#(mobile spins) = , p= [ :I (6.24)
ey —1,/2—aW, 172
AL +2mi(v — 3, /2)

In the slow exchange range the signal of the exchanging proton consists of a
doublet at the frequency v with a splitting corresponding to the coupling constant
J,u- The two line components refer to the protons attached to nuclei A in the
spin states a(A) and f(A). When the proton exchanges, its Larmor frequency is
modulated from v+ J,, to v—1J,,. This switch occurs, however, only every
other exchange process. Thus, the inverse life times are divided by 2 in Eq.
(6.24). As the proton transfer becomes faster the two lines broaden and coalesce
into one single line at v. Note that in Eq. (6.24) no assumptions concerning the
proton exchange mechanism have been made. Information on the latter can
be obtained by performing experiments at different deuterium fractions D as
described in Sect. 5.

6.3 Superposed Intra- and Intermolecular Hydrogen
Exchange Reactions

There may be cases where both intra- and intermolecular hydrogen exchange
reactions are present. In this case one has to add up the corresponding lineshape
equations. As example let us consider the degenerate superposed intramolecular
and intermolecular exchange reactions

AH..-A* == A ...HA*, (6.25)

AH---A 4+ A*H* .. A* == AH* .. A + A*H ... A*, (6.26)

where A has a spin 1/2. k is the intramolecular first order rate constant, 771

the inverse lifetime characterising the intermolecular proton exchange. In both
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a separate subroutine has to be written in which .# is calculated. The program
runs on the main computer of the University of Freiburg. In a smaller version,
it can also be run on a PC.

Generally, the experimental spectra are transferred from the NMR-
minicomputer to a PC linked to the main computer.

8 The Preparation of NMR Samples for the Study
of Kinetic Hydrogen/Deuterium Isotope Effects

When studying the kinetics of proton and deuteron transfer reactions it is of
prime importance to prepare well defined NMR samples which are free from
impurities which catalyze or inhibit the exchange reactions to be studied. Solute
concentrations must be adjustable. The deuterium fraction in the mobile proton
sites must be controlled. The latter requirement is quite easily achieved when
protic solvents are employed. In this case it is only necessary to mix the
non-deuterated and the deuterated liquids in the desired amounts. However, it
is much more difficult to control the deuterium fraction in the mobile proton
sites when aprotic media are used as solvents because of slow proton exchange
with OH groups of the glass walls of the NMR tubes. Furthermore, the NMR
glass tubes have to be sealed in order to prevent contamination by the
environment. Sample sealing is especially important because there will always
be a substantial time interval between the sample preparation and the NMR
‘measurements. In this section, therefore, some useful sample preparation
techniques which have been developed over the past years in our laboratory
are described.

8.1 General Techniques for the Preparation
of Sealed NMR Samples

A glass apparatus for the preparation of sealed NMR samples used in our
laboratory is shown in Fig. 8.1. The apparatus is attached to a vacuum line (1);
a turbomolecular pump is used because of its ease of operation and of its
capability to quickly provide a vacuum of the order of 107° to 107 ° bar.
Greaseless Teflon needle valves (2) are employed to separate the different devices
from the vacuum line. Solvents are stored in solvent containers (3) over an
appropriate drying agent introduced via a tube (4) sealed before condensing
the solvent into (3) from another flask. The apparatus contains a system of high
precision glass tubes (5) of different diameters, e.g. 0.2 mm and 2 mm, for volume
measurements of liquids. The glass tubes are calibrated by filling with mercury
and weighing prior to their attachment to the vacuum line. All liquid components
of the NMR sample are condensed into the NMR tube (6) after volume
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Fig. 8.1. Vacuum apparatus for the pre-
paration of NMR samples. (1) vacuum
line; (2) teflon needle valve; (3) solvent
flask with drying agent; (4) sealed tube
for insertion of the drying agent; (5)
graduated capillary tubes; (6) NMR
tube; (7) NMR tube sealing place;(8)
optional flask, (9), (10) optional glass
frits

measurement. Solid components are introduced directly into the NMR tube
before it is attached to the vacuum line. An optional glass frit (9) prevents
boiling in the tube when evaporating liquids from the NMR tube. Sometimes
it is useful to attach to the NMR tube a small solvent flask (8) where solid
components of low solubility can be introduced and deuterated; (10) is an
optional glass frit.

For the preparation of samples one proceeds as follows. At the first stage
all liquids are degassed three times by successive freezing with liquid nitrogen,
evacuation of the gas phase, and warm up (freeze pump technique). Then, solvent
is condensed on all inner glass surfaces which come into contact with the sample
liquid in order to dissolve residual water. For this purpose a piece of
cotton—held with a pair of tweezers—is dipped into liquid nitrogen and
subsequently brought in contact with the outer glass surfaces. After this
procedure the solvent is condensed back into the solvent container or another
appropriate trap.

In order to bring a certain quantity of a liquid, solute or solvent, into the
NMR tube one proceeds as follows. The liquid is first condensed into a graduated
capillary tube by opening the appropriate valves and cooling the tube. Then,
the desired part of the liquid is condensed into the NMR tube. For the
measurement of the initial and the final volumes of the liquids in the graduated
tubes the temperature of the graduated tube has to be controlled.

As mentioned above, solid compounds are placed into the flask (8) or directly
into the NMR tube and dried in vacuo. For further drying solvent is condensed
on the solid. After dissolution the solvent is again evaporated into a trap. This
procedure might be repeated several times. Then, the desired amount of the
final solvent is condensed on the compound. The device with the NMR tube
is then separated from the vacuum line and the solution is poured through the
frit into the NMR tube by cooling the latter. The inner surface at the seal (7)
is carefully washed by solvent reflux achieved by cooling the outer glass surface.
Finally, the NMR tube is sealed off; during this procedure the tube is cooled
to 77K.

The sample concentrations can be calculated from the known amount of
solutes and solvents. Relative concentrations of different samples can be further
checked by taking NMR spectra of these samples under identical conditions
and comparing the integral intensities of appropriate solute signals.
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8.2 Sample Preparation Techniques for Variable
Deuterium Fraction in Mobile Proton Sites

The preparation of NMR samples with a particular deuterium fraction D in the
mobile proton sites demands some further experimental procedures. First, as a
source of deuterons an appropriate deuterated protic solvent mixture, generally
CH,0H/CH,0D or C,H;OH/C,H;OD is used containing the desired
deuterium fraction D. These mixtures are dried over molecular sieve 3A.
Since the latter contains many OH groups it must, however, first be immersed
with a corresponding H,0/D,0 mixture and regenerated in vacuo at 360 K.
For this purpose an electric oven is very useful.

The dried ROH/ROD mixture is then condensed on the glass walls of the
NMR tube and evaporated. Then the glass surface is further dried with solvent
as described above. Solid compounds are deuterated with the ROH/ROD
mixture in the solvent container (8). If the compound does not dissolve in the
ROH/ROD mixture a cosolvent is added. Another possibility is to employ a
biphasic mixture of an organic solvent and a H,0/D,0 mixture [127]. In this
case great care has to be taken in order to remove excess water from the
sample.

8.3 The Choice of an Appropriate NMR Tube

The choice of an appropriate NMR tube is very important in dynamic NMR
experiments. Generally, for low temperature measurements usual 5 or 10 mm
tubes may be sufficient. Note, however, that in sealed samples it is not possible
to add a stopper to prevent a vortex during sample spinning. In order to avoid
catalysis at the glass surface the ratio volume/inner glass surface should be as
large as possible. This may be achieved by using short ( ~ 3 cm) sealed sample
glass tubes placed in an outer NMR tube.

Note that there are solvents which have a non-negligible vapor pressure
even at 77 K and which decompose at the hot glass surface during flame sealing
of the NMR tube, giving rise to acid impurities in the samples. Such solvents
are halogenated hydrocarbons such as CH,Cl,, CHFCI, etc. In order to
properly prepare such samples it is mandatory to use NMR tubes with a teflon
needle valve at the top (NORMAG, Otto Fritz GmbH, Hofheim, West Germany
or Wilmad, New Jersey, USA). These tubes have the advantage that they can
still rotate in the NMR probe.

The last problem which has to be addressed is temperature control in the
sample tubes. A problem arises when high temperature experiments are to be
performed. In ordinary NMR tubes where the upper gasphase remains at room
temperature reflux and enrichment of liquid sample components in the gasphase
can not be avoided. This problem is solved by using a short inner tube as
proposed above. Also, NMR tubes with a needle valve are of help if the valve
is pushed into the rotor as far as possible. Using the latter technique NMR
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spectra of pure CD,Cl, solutions have been measured at temperatures up to
110 °C, the boiling point of this solvent being 40°C [122, 126].

9 Kinetic Hydrogen/Deuterium Isotope Effects
of Intramolecular Double Hydrogen Transfer
in the Liquid State

In this section we will give some examples of the determination of kinetic
hydrogen/deuterium isotope effects of intramolecular double proton transfer
reactions by dynamic liquid state NMR spectroscopy. Note that the capacity
of molecules to bind a proton at different acceptor atoms has often been called
proton tautomerism or just tautomerism, a term which will be used throughout
this paper.

9.1 The Azophenine T automerism

The degenerate tautomerism of azophenine (AP, Fig. 9.1), whose systematic
name is N, N'-diphenyl-3,6-bis-(phenylimino)-1,4-cyclohexadiene-1,4-diamine,
was discovered some years ago [105]. The reaction has also been studied
theoretically [131,132]. A recent study [127] sought to determine the
rate constants k™", kMP and kPP of this process in order to obtain information
on the reaction mechanism. In this section it is shown how this task was
accomplished by performing various NMR experiments.

9.1.1 'H and '3C NMR Lineshape Analysis of '°N
and '3C Labeled Azophenine in C,D,Cl,

Let us first discuss 'H NMR experiments performed on the mobile protons in
AP. Whereas the chemical shift of the latter is not modified when the jump
process occurs, the scalar spin—spin interaction with the nitrogen atoms is

R.H R R, .H R
SN N7 N N
i /i i\ i
=
A
/ A\

R H "R R™ 'H TR Fig. 9.1. The tautomerism of azophenine (AP)
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Fig. 9.2. Left: Superposed experimental and calculated 90.02 MHz 'H NMR signals of the
'H-'*N units of azophenine dissolved in C,D,Cl, at a deuterium fraction D =0 in the NH sites
as a function of temperature. The calculations were done using Egs. (6.15) and (6.17). 200--500
scans, 60° pulses, 3s repetition time. k = k"™ is the rate constant of the HH transfer. Right:
Superposed experimental and calculated 300.13 MHz 'H NMR signals of the '"H-!*N units of
azophenine dissolved in C,D,Cl,. Deuterium fraction in the NH sites: D = 0.92. 1000-5000 scans,
90° pulses, 4s repetition time. Reproduced with permission from Ref. [127]. k =k"P is the rate
constant of the HD transfer

modulated by the exchange. Unfortunately, the abundant '*N spin has an
electric quadrupole moment which leads to short !*N longitudinal relaxation
times, and as a consequence to a breakdown of the scalar *H-'*N coupling.
Therefore, AP was labeled with the !*N nucleus which has a spin 1/2.

Figure 9.2 shows the superposed experimental and calculated 'H NMR
signals of the "H-'°N units of AP dissolved in C,D,Cl, as a function of
temperature. At low temperatures the proton signal consists of a doublet with
the frequencies v+ J,5n/2 and v —1J 50 /2, because of coupling of the
hydrogen bonded proton to one !°N atom. At high temperatures the signal has
a triplet structure. This observation means that the NH proton is now equally
coupled to two '°N atoms within the NMR time scale. The doublet—triplet
transition can be understood in terms of Eq.(6.15). At low temperature the
Larmor frequency v of a mobile proton depends only on whether the '*N atom
to which it is bound is in the spin state « or . As the proton transfer takes
place the Larmor frequency of protons exchanging between two '*N atoms in
the spin states o or 33 is not altered. These protons, therefore, always contribute
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sharp lines to the signal at v+1J,,,,,/2. However, the Larmor frequency
of protons exchanging between two !°N atoms in the spin states aff and fu is
modulated between v+ J,,,,5/2 and v —J,,,,5/2 which leads to a coalescence
of the corresponding line contributions. The coalesced line then constitutes the
central line of the triplet in the fast exchange regime. Note that in this regime
the lineshapes can be simulated without assumptions. The line width in the
absence of exchange and J,,,,y are obtained by simulation of the outer line
components, the rate constants by simulation of the inner lines. Note that within
the margin of error there are no lineshape contributions due to intermolecular
proton exchange as predicted by Eq. (6.26); such contributions would lead to
a breakdown of the triplet into a singlet. Thus, it can be concluded that the
rate constants obtained by the lineshape analysis in Fig. 9.2 do not contain
terms due to intermolecular proton exchange but do arise exclusively from an
intramolecular double proton transfer according to Fig. 9.1.

At a deuterium fraction of D =0 in the mobile proton sites the rate constant
obtained at 90 MHz by simulation correspond to k"1, However, when AP is
deuterated the residual 'H-!°N signal dominantly stems from AP-HD and
only to a minor extent from AP—-HH. Thus, the rate constants obtained in this
case by 'H NMR lineshape correspond to k"P. On the right side of Fig. 9.2 the
superposed experimental and calculated spectra of AP in C,D,Cl, at a
deuterium fraction of D =0.92 in the NH sites are shown. Naturally, it was
much more difficult to obtain these spectra because of the low concentration
of the residual 'H-!°N units, and the experiments had, therefore, to be carried
out at 300.13 MHz. Note that this does not change the signal lineshape because
the scalar *H-'°N interaction is independent of the strength of the magnetic
field. A comparison of both sets of spectra in Fig. 9.2 shows that the exchange
in AP-HD is slower than in AP-H,. For example, the temperature where the
peak height of the inner line component is approximately equal to the peak
height of the outer line components is approximately 330K on the left but
340K on the right side of Fig. 9.2. At 298 K a kinetic HH/HD isotope effect of
4 was found. Note that in the spectra at D 0.92 the presence of a small amount
of AP-H, had to be considered in the calculations. Because of the slow
intermolecular proton exchange the known contributions of this species were
simply added to the lineshape equation according to Eq. (6.17).

Since it was not possible to determine kPP by 2H NMR spectroscopy because
of the smallness of the coupling constant JI,,,sy and because of fast deuteron
quadrupole relaxation, kPP had to be determined by NMR spectroscopy of a
remote spin. Since the chemical shifts of the phenyl protons were not altered
enough by the proton transfer, and since the longitudinal relaxation times of
the *>N atoms of AP-DD were too long, kPP was determined by dynamic **C
NMR spectroscopy. For this purpose AP was labeled with *3C in the p-position
of the phenyl groups [127]. Figure 9.3 shows the superposed experimental and
calculated NMR signals of the p-'3C atoms of AP dissolved in C,D,Cl, as a
function of temperature at a deuterium fraction of D=0 and D =1 in the NH
sites. At low temperatures the slow exchange regime is reached, with two sharp
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Fig. 9.3. Superposed experimental and calculated 75.47 MHz !'3C NMR signals of the isotopically
enriched (90%) p-'3C atoms of AP dissolved in C,D,Cl, as a function of temperature. Left:
deuterium fraction in the NH sites D =0, k = k"M, right: D = 0.99, k = kPP, The calculations were
done using Eq. (2.18). Reproduced with permission from Ref. [127]

signals of equal intensities. As the temperature is raised the lines broaden and
finally coalesce into one sharp line, indicating a fast proton exchange. This
spectral pattern indicates a symmetric exchange process with an equilibrium
constant of K;, =1. Figure 9.3 also shows that the exchange becomes much
slower as the molecule is deuterated in the NH sites; the coalescence point is
raised by about 20 K. The lineshape calculations were performed using Eq. (2.18).
The values of Av=v, —v,, where v, and v, are the chemical shifts of the
exchanging spins, could be obtained by lineshape analysis in the slow exchange
regime for both AP-H, and AP-D, as a function of temperature. Note that
for lineshape analyses small differences of the chemical shifts of the two isotopic
species can be neglected within the margin of error. Neglecting possible kinetic
12C/13C and '*N/'*N isotope effects, the '*C NMR spectra at D=0 were
calculated using the rate constants kMM of AP-H, obtained by 'H NMR
spectroscopy. Therefore the only adjustable parameter for the calculation of
the 13C NMR spectra of AP-H, was W, It was assumed that W, is the same
for AP-HH and AP-DD. Thus, the rate constants kP? could be determined
without major assumptions for AP-D, at D =0.99.

9.1.2 Polarization Transfer Experiments in the Rotating Frame

As discussed in Sect. 2.3 in the slow exchange regime lineshape analysis is not
accurate. In order to overcome this difficulty, we performed low temperature
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Fig. 9.4. 7547 MHz '3C NMR magnetization transfer experiment according to Fig. 2.4 in the
rotating frame on AP-D, in C,D,Cl, at 265 K and a deuterium fraction in the NH sites of D = 0.99.
Upper spectral set: experiment I; lower spectral set: experiment II. Reproduced with permission
from Ref. [127]

13CNMR polarization transfer experiments on AP-H, and AP-D, in the
rotating frame. A typical experiment is shown in Fig. 9.4. From such
measurements accurate kinetic HH/DD isotope effects could be obtained in the
slow exchange regime. Similar experiments were performed on the 'H-'°N
signal of AP-H, [127]. However, both 'H-!*N cross relaxation as well as the
circumstance that only half of the exchanging doublet components exchange
via proton transfer had to be taken into account.

9.1.3 Kinetic HH/HD/DD Isotope Effects of the Azophenine Tautomerism

The result of the measurements can be expressed in form of the following
Arrhenius equations:

KHH — 1011-640-14 ey (49,4 + 0.8 kI mol~!/RT),
249 < T < 343K, (9.1)

KHP = 101194074 exp (— 54.7 + 0.9 kJ mol "!/RT),
299 < T « 352K, (9.2)

kPP = 1012:1£0-25 ¢y (— 562 + 1.4kJ mol " !/RT),
263 < T<334K, (9.3)

with the kinetic isotope effects

KHH/KHP =41, kHP/kPP =14, ie kHM/KPP =356 9.4
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at 298 K. The corresponding Arrhenius curves are shown in Fig. 9.5. Whereas
the substitution of the first mobile hydrogen by deuterium leads to a substantial
primary KIE, replacement of the second H by D has only a small effect. These
results constitute a considerable deviation from the rule of the geometric mean
(RGM). They were taken as evidence for a stepwise proton transfer [ 127] between
forms A and D via the intermediates B, C and the transition states J, G and
K, H as shown in Fig. 9.6. This mechanism had been postulated theoretically
[131, 132]. For a concerted double proton transfer via transition state E or for
a pathway where B and C are transition states the RGM should have been
valid in good approximation [127]. A problem with this interpretation remained
in the sense that for the formation of a zwitterionic intermediate B, C = ZI in
Fig. 9.6 kinetic solvent effects on the rates of proton transfer in AP should have
been expected, by contrast to the experimental findings [ 127]. Therefore, either
an unpolar singlet biradical (BR) must be formed as intermediate of the reaction
or the phenyl groups in AP effectively minimize interactions between ZI and
the solvent.

9.2 The Oxalamidine Tautomerism

The oxalamidine tautomerism (Fig. 9.7) was discovered some time ago by
dynamic HNMR spectroscopy of tetraphenyloxalamidine-!’N, (TPOA) in
CD,Cl, [120]. As shown in Fig. 9.8, the 'H-'>N signal of TPOA consists of
a doublet at low and of a triplet at room temperature which proves an intra-
molecular double proton transfer in this molecule, as in the case of azophenine.
Figure 9.8 also indicates lineshape changes of the 'H-!°N signal arising from
a kinetic HH/HD isotope effect on the tautomerism. At higher temperatures
the triplet is affected by an extra line broadening due to interconversion with



120 H.-H. Limbach

R, .H _R #
E
NN
R/ H \R
a
—_—
<
R, .H R #
NN
R.H. R T R, .H R
NN N, N NN
, A \
A b Q D
—_—

/4 <~ \
/N'_ N\ /N .N\
R ‘H R C C R™ *H- 'R
" z
R(, M -R i Ry, R i

N N N N
R\N_.H\N,R

TG T I

" () ra

R” W R ‘ R 'H R
NOOUNG
R ‘H R
B,C

R, .H R R. .H R R H,

_\N. N/+ \N, N/ \N_‘ N/

/ \ -1
)~ O
NN -N. N+ N NS
R/ H, \R R/ H, \R R/ H, \R

/| or BR

Fig. 9.6. Pathways of the azophenine (AP) tautomerism. ZI = zwitterion, BR = singlet biradical.
Reproduced with permission from Ref. [127]

other conformers which are subject to rapid intermolecular proton exchange
[120]. These spectra can be described in terms of Eq. (6.27). Unfortunately, the
intermolecular exchange terms prevent the determination of the intramolecular
exchange rates, especially of the k"D at higher temperatures.

In order to obtain the kinetic isotope effects of the oxalamidine tautomerism
"HNMR experiments were, therefore, performed on the bicyclic compound
B70A (Fig. 9.7), where the molecular structure prevents conformational
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Fig. 9.8. Left: Superposed experimental and calculated 90:02 MHz 'H NMR signals of the 'H-'*N
units of TPOA dissolved in CD,Cl, at a deuterium fraction D =0 in the NH sites as a function
of temperature. k is the rate constant of the intramolecular HH transfer according to Fig. 9.7. The
spectra were calculated using Eq. (6.27). Due to intermolecular proton exchange the average inverse
lifetimes t ™' are non-zero, although « k. The spectrum at 296 K was recorded at 250 MHz. Right:
As left, but D~0.9. k corresponds to the rate constants of the intramolecular HD-transfer.
Reproduced with permission from Ref. [120]
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a b Fig. 9.9 a-d. Superposed experimental and calculated
300.13 MHz 'H NMR spectra of a 0.2 molar solution

100 Hz of B70A in methylcyclohexane-d,, (MCY) at 362K.

(a) '>N-'H--.'5N signal of BTOAa-HH and (b) 4,4’

and 7,7 proton signal of BTOAb-HH at a deuterium

fraction D=0 in the mobile proton sites; (c)
ISN-'H ... 15N signal of B7OHa-HD and (d) 4,4’ and
7,7 proton signal of B7OAb-DD at a deuterium
fraction D =0.94 in the mobile proton sites. The

c d presence of a small amount of BCOAc was taken into
account in the simulations; in addition, at D =094
also the presence of B70Aa-HH, B70Aa-HH, and
B70Aa- HD was taken into account. Further
simulation parameters: N = 7-26 ppm,

Vig-ts
1, _ sy = 803 Hz, W, = 3.7Hz, and chemical shifts
e S e S S S B ve="V,, =3.505ppm and v,=v,, =3.03ppm. Re-
7.5 7 4 3 ppm  produced with permission from Ref. [129]

isomerism [129]. The molecule was enriched with 3N and deuterated on the
carbon atoms. A set of experiments was performed at 362K as shown in
Figs. 9.9 and 9.10, using methylcyclohexane-d , , (MCY) and acetonitrile-d; (AN)
as solvents.

The kinetic HH/HD isotope effects could be determined by 'H NMR line
shape analysis of the 1>N-1H...15N signals of B7JOAa-HH and B70Aa-HD
as shown in Figs. 99a, 99c, 9.10a and 9.10c. Although the temperature is
elevated, no contributions from intermolecular proton exchange and
conformational isomerism could be detected. The signals constitute triplets
with two sharp outer line components as expected for a moderately fast
degenerate intramolecular proton transfer between two !°N atoms. By line
shape analysis of the }>’N-1H---1°N signals using Eq. (6.15) the rate constants
k" of the HH reaction in B7OA could be obtained for both solvents at D =0
(Figs. 9.9a and 9.10a). At deuterium fractions close to unity (Fig. 9.9c and 9.10c)
the residual **H-1H --- 1N proton signal stems from the species B7OAa-HD,
ie. its lineshape depends on the rate constant kM of the HD process. The

Fig. 9.10a-d. Superposed experimental and calculated

300.13 MHz 'H NMR spectra of a 0.2 molar

solution of B7OA in acetonitrile-d; (AN) at 362K.

(@) *SN-'H---'*N signal of B7OAa-HH and (b) 4,4’

and 7.7 proton signal of BTOAb-HH at a deuterium

fraction D=0 in the mobile proton sites; (c)

¢ d ISN-!H...'*N signal of BTOAa-HD and (d) 4,4’ and
100 Hz 7,7 proton signal of BTOAb-DD at a deuterium
U fraction D = (.94 in the mobile proton sites. Further
simulation parameters: v,,,_,,, = 7.05ppm, 'J,,,_,, =

80.3Hz, W, =3Hz, and chemical shifts v, =v,=

3492ppm and v,=v,, =2965ppm. For further

—— description see text. Reproduced with permission

3.5 3 ppm from Ref. [129]
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finding that the center lines of the !>’N—!H..-!>N signals are larger for MCY
as solvent than for AN and larger at D =0.94 than at D =0 directly indicates
substantial kinetic solvent and HH/HD isotope effects on the reaction rates.
Actually, it was found that k"M(AN)/kHHMCY) = 4.5, KM MCY)/k"P(MCY) =
2.44, and kK"M(AN)/KHP(AN) = 2.63 at 362 K.

The kinetic HH/DD isotope effects were determined by analysis of the
signals of the remote 4,4" and 7,7 protons in B7OAb which interconvert by the
double proton transfer. Because of the absence of homonuclear couplings the
lineshape of these signals can be described in terms of Eq. (2.18). At D =0 the
signals constitute exchange broadened singlets (Figs. 9.9b and 9.10b); since they
stem from the species B7TOAb-H, their lineshape depends again on k'Y,
however, this quantity as well as W, is already known from the simulations in
Figs. 9.9a and 9.10a. Therefore, we obtain by lineshape analysis the unknown
chemical shifts of the 4,4’ and of the 7,7 protons. The result agrees very well
with the values measured in the slow exchange region at low temperatures. By
contrast, at D = 0.94 the signal dominantly stems from the species B7OAb-D,
and contains information about kPP, A comparison of Fig. 9.9b with 9.9d and
of Fig. 9.10b with 9.10d shows then substantial kinetic HH/DD isotope effects.
In the case of Fig. 9.9d even the case of slow exchange was reached where the
chemical shifts could directly be obtained by lineshape analysis. The following
kinetic isotope effects k"P(MCY)/kPP(MCY) = 1.2, kPHMCY)/kPP(MCY) = 3,
kK"P(AN)/kPP(AN) = 1.3 and k™(AN)/kPP(AN) = 3.5 were obtained. It was further
established that the results found for both solvents were independent of the
concentration of B7OA.

The observed kinetic HH/HD/DD isotope effects are similar, as in the case
of AP, and can be explained with a stepwise proton transfer mechanism according
to Fig. 9.7. By contrast to AP, the observed increase of the rate constants in
B70A with the increase of the dielectric constant—2 for MCY and 37.5 for
AN at 298 K —establishes, however, a polar transition state of the reaction as
expected for the stepwise double proton transfer via the zwitterion intermediate
as shown in Fig. 9.7.

Note that in the experiments of Figs. 9.9 and 9.10 no assumptions concerning
chemical shift differences, coupling constants, or line widths in the absence of
exchange were necessary. Moreover, the isotopic reaction rate constants of the
HD and the DD reactions could be determined by analysis of different parts
of the same spectrum. Therefore, there are no temperature errors on the kinetic
HD/DD isotope effects which could be introduced when the latter are derived
from measurements of different samples.

9.3 The Porphyrin Tautomerism
The tautomerism of porphyrines (Fig. 2.2) was discovered in 1972 by Storm

and Teklu via 'H NMR spectroscopy [ 109]. These authors showed in a qualita-
tive way the existence of kinetic HH/DD isotope effects on this reaction by
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observing different "TH NMR lineshapes of the S-pyrrole protons (see Fig. 2.2)
in the presence and absence of deuteriomethanol in the NMR samples.
Rate constants [80, 105, 110116, 119, 124] and kinetic HH/DD isotope effects
[111, [15] have since been studied quantitatively by dynamic NMR
spectroscopy. The possibility of obtaining rate constants of the tautomerism
by analysis of the 'H NMR lineshape of the inner proton signal of 1°N labeled
porphyrines [112-115] also opened the possibility of studying the kinetic
HH/HD isotope of the reaction. This was accomplished in 1982 [105], when
complete kinetic HH/HD/DD isotope effects were reported for the first time.
Since then these effects have been studied in more detail [124-126]. Recently,
it has been shown by NMR that the porphyrin tautomerism can also take place
in the solid state [167-177]. Note that kinetic HH/DD isotope effects were also
obtained by optical methods on porphyrin embedded in solid hexane [141]. The
mechanism of the porphyrin tautomerism has been subject to intense theoretical
studies [133-142]. The phenomenon of solid state tautomerism of porphyrines
will be dealt with in Section 11. Here, we will discuss liquid state NMR
experiments devoted to the determination of the kinetic HH/HD/DD isotope
effects of the porphyrin tautomerism.

Fig. 9.11. Proton transfer pathways in porphyrins according to Ref. [123]
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9.3.1 Symmetrically Substituted Porphyrines

The complete reaction pathways of symmetrically substituted porphyrines are
shown in Fig. 9.11 [123]. The different tautomers are labeled according to the
pyrrole rings to which the mobile protons are attached. The rate constant of
the reaction of tautomer MX to NY is then written as ky_ny. Observable
species are the degenerate trans-tautomers AC, BD, DB, and CA. The remaining
cis-tautomers are postulated intermediates of a stepwise reaction pathway. Note
that in the case of porphyrins the NMR lineshapes of the mobile protons bound
to !*N spins and of the remote spins depend on slightly different quantities.
Thus, all published rate constants k, including those given in Sects. 2.2 and 2.3,
correspond to the values 2k,._,5. By contrast, the constants k,._,, are
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Fig. 9.12. Superposed experimental and calculated 300.13 MHz 'H NMR spectra of the inner
hydrogen atoms of meso-tetraphenylporphyrin-!5N, dissolved in toluene-dg. Left: D =0, right,
D =0.85. The spectra were calculated using Eqgs. (6.19) and (6.20). Reproduced from Rel. [124]
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obtained from the lineshape analysis of the inner proton signals. The lineshape
equations of the mobile proton signals migrating between four **N atoms are
set up as indicated in Sect. 6.1.2.

Since the error limits of the early 2kho_ , determination [105] were large
because of experimental limitations in the signal to noise ratio, these
measurements have been repeated recently [ 124]. The results of the 300 MHz
"H NMR experiments on the inner proton signals of TTP at deuterium fractions
of D=0 and 0.9 in the mobile proton sites are shown in Fig. 9.12. The spectra
were calculated using Eq. (6.19). As observed previously [112, 115], the
intramolecular proton transfer gives rise to a doublet—pentet transition when
going from the slow to the fast exchange regime. As in the case of azophenine,
the coupling constant J.;; 15y and W, could be obtained by simulation of the
outer line components. At D = 0 the lineshapes depend on 2kh%_ .. at D =0.85
mostly on 2kie_ . Naturally, the signal to noise ratio is not as good at D = 0.85
at to D =0. In calculating the spectra the 15% of TPP-HH was taken into
account.

Figure 9.13 contains the results of »3C NMR experiments performed on
TPP with a natural abundant !'3C content, dissolved in tetrahydrofuran.
The o-,m-, and p-phenyl carbon signals are not affected by the exchange. At

HH DD
HH DD
2k -1 -1
rc-0p” T/K NS /K
4.5-10* M 342 7000 WL/L 342
2.8 -10* \\_JLJLL 326 ~2400 ,g,,J . 326
8000 L_,\JL 301 48 wa 273
600 L____LJ\ 259 ~25 \w 259
140 135 130 140 135 130
&/ppm & /ppm

Fig. 9.13. Superposed experimental and calculated 75 MHz '*C NMR spectra of TPP dissolved
in tetrahydrofuran-dg. Left: deuterium fraction in the mobile proton sites D =0, right: D = 0.85.
Reproduced from Ref. {124]
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D =0.85 and 259K the deuteron transfer is so slow that the splitting of the
two inequivalent S-pyrrole carbons 2,3 and 7,8 can easily be observed. In the
intermediate temperature range, i.e. the coalescence region it is very difficult to
detect the very broad signal hidden in the noise. The kinetic HH/DD isotope
effect is clearly demonstrated in the two sets of spectra, which were calculated
using Eq. (2.18).

The Arrhenius diagram of the TPP migration shows similar features to
the diagram of azophenine (Fig. 9.5): a large kinetic HH/HD isotope effect is
observed and only a very small kinetic HH/HD isotope effect. These results
can again most easily be interpreted in terms of a stepwise proton motion via
cis-intermediates, as predicted theoretically [133, 134, 140-142]. At low
temperatures the reaction proceeds by tunneling, which has definitively been
established recently using a laser temperature jump method [125, 141]. This
idea was proposed a long time ago [105, 115].

9.3.2 Chemically Perturbed Porphyrines

So far, we have focused in this review on symmetric exchange reactions with
equilibrium constants of unity. However, dynamic NMR spectroscopy can also
follow asymmetric exchange reactions with equilibrium constants # 1 within
certain limits. E.g, NMR measurements on asymmetric porphyrines and
chlorins have been performed [121-123, 126] which open the possibility of
studying kinetic hydrogen/deuterium isotope effects of asymmetric exchange
reactions in this class of compounds. As an example, let us consider the
tautomerism of a mono-substituted acetylporphyrin (ACP). For this purpose
ACP was once triply labeled with >N (ACP-'>N;) and once mono labeled
with 13C (ACP-'3C) as shown in Fig. 9.14. The full proton transfer pathways

MeO 0 MeO 0
%
\
0 0
MeO 0 0] OMe MeO o] 0 OMe
AcP— BN, acP- B¢

Fig. 9.14. The structure of the triply labeled ACP-'*N; and the **C labeled ACP-'3C
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Fig. 9.15. Proton transfer pathways in ACP. Reproduced {rom Ref. [126]

of ACP are shown in Fig. 9.15. Preliminary HH/HD isotope effects for this
compound were reported in Ref. [122]. The full isotope effects could be obtained
only recently [126].

The results of the '>*CNMR experiments [126] on ACP-!'*C-HH and
ACP-13C-DD are shown in Fig. 9.16. The spectra were calculated using
Eq. (2.18). At low temperatures the labeled '*C atom exhibits a strong line at
148 ppm. This line was assigned to the tautomers AC and CA. A second very
weak line at ~ 132 ppm was attributed to the tautomers BD and DB (arrows
in Fig. 9.16). The weak line is sharp only in the case of ACP-'*C-DD, but
exchange broadened in the case of ACP-!3C-HH. As temperature is raised
both lines broaden and coalesce into one sharp line. The coalescence temperature
is higher for the deuterated compound as compared to the protonated com-
pound due to a kinetic HH/DD isotope effect. The analysis of the spectra in
Fig. 9.16 is complicated by a temperature dependence of the '*C chemical shifts
due to aggregation of ACP. However, it was found by analysis of the spectra of
ACP-13C-DD that the difference Av of the chemical shifts of the exchanging
carbon atoms is almost independent of temperature. Thus, the chemical shifts
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Fig. 9.16. Superposed experimental and calculated 75 MHz 3C NMR signals of the C-6 carbon
atom of the monoacetylporphyrin derivative ACP dissolved in highly purified CD,Cl, as a function
of temperature. Left: D =0, right: D = 0.95. The arrows indicate the signals of tautomers DB and
BD in the slow exchange limit. The spectra were calculated using Eq.(2.18). Reproduced
from Ref. [126]

needed to simulate the exchange broadened spectra of ACP-'3C-HH could
be obtained from the spectra of ACP-'*C-DD at a given temperature. Note
that the line shapes depend here on the rate constants 2k ¢ g, LL = HH, DD.
For comparison with the rates obtained by 'HNMR, however, only the
constants kie_ g are listed in Fig. 9.16. The ratio of the two tautomers, also
needed to calculate the spectra, could be obtained at low temperature directly
by simulation. At higher temperatures this ratio was obtained from 'HNMR
experiments as shown in the following.

The latter were performed on the inner proton signals of ACP-'°N; as
shown in Fig. 9.17 at D=0 and D =0.95 [126]. The spectra were simulated
using Egs. (6.19) and (6.21). The two inner protons have different isotropic
chemical shifts giving rise to two inequivalent 'H-'*N doublets with equal
splittings J,,;_.sy in the slow exchange range. Unfortunately, the signals of the
second tautomer could not be identified. Since ring B was not labeled with **N
the observation of two 'H-!3N doublets indicates that the protons are located
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Fig. 9.17. Superposed experimental and calculated 300.13 MHz 'H NMR signals of the inner
hydrogen atoms of ACP dissolved at a concentration of 20 mmol 17! in highly purified CD,Cl, as
a function of temperature. The spectra were calculated using Egs. (6.19) and (6.21). According to
Eq. (6.20), the temperature dependent ratio of the effective triplet and doublet splittings in the fast
exchange region is equal to the tautomer ratio AC vs. BD. k.., is the rate constant of the
interconversion r — s. Left: D = 0, right: D = 0.95. Reproduced from Ref. [126]

on the rings A and C and not on B and D in the dominant tautomers, i.e. AC
and CA. At high temperatures a coalesced 'H-'°N triplet is observed where
each line component is further split into a doublet. This result indicates that
AC and CA exchange rapidly via the tautomers DB and BD. The doublet
splitting arises by coupling of the inner protons with the '*N atom on ring D
in the minor tautomers BD and DB. According to Eq. (6.20), the population
of all tautomers can be obtained exactly from the effective splittings given by
I = pxJ.y_1sn> Where py is the population of each of the inner protons on ring
X [122]. Extrapolation of the data to low temperature showed a good agreement
with the value obtained by !*CNMR. A comparison of both sets of spectra in
Fig. 9.17 shows significant kinetic isotope effects. Note that in the case of
ACP-!°N,-HH, i.e. at D =0, AC and CA are degenerate. In principle, AC and
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CA are not degenerate in the case of ACP-'°N,-HD; however, they are
quasi degenerate when equilibrium isotope effects can be neglected. This is
indeed the case: at D = 0.95 where the second set of experiments was performed
the lineshape almost exclusively stems from the species ACP-'*N,-HD, i.. of
species AC and CA. In the presence of an equilibrium isotope effect the two
doublets should be of unequal intensity, which is not the case. Of special
importance is that the spectra of ACP-'N;-HD are characterized by two
different rate constants, ke _, ,, # ke pg. Thus, the full kinetic HH/HD/DH/DD
isotope effects could be obtained for ACP, further evidence for a stepwise proton
transfer pathway in this molecule [126].

Note also that recently the tautomerism of hydroporphyrins has been
studied by mobile and remote spin studies [123]. In this class of compounds
it was possible to significantly perturb the reaction barrier by specific hydro-
genation of the pyrrole rings, which leads to the biologically important hydro-
porphyrins chlorin, bacteriochlorin and isobacteriochlorin. The increase or
decrease of the reaction energy barrier could be explained with an increased or
decreased energy of the intermediates along the reaction pathways. In future
studies it will be very interesting to know how the kinetic isotope effects
vary when the barrier height is altered.

10 Kinetic Hydrogen/Deuterium Isotope Effects
of Intermolecular Proton Exchange Reactions in Liquids

Compared to intramolecular rearrangements, the study of intermolecular
proton exchange reactions is more tedious. As in ordinary kinetics, one has to
perform kinetic runs as a function of the concentration of the reactants in order
to establish the rate law of the exchange. Such rate laws can be complicated in
the presence of a complex reaction network. Often, it will not even be possible to
obtain rate laws when the concentrations of the reacting species cannot be
varied as desired because of solubility problems, or because the solvent
participates in the exchange either as inhibitor or as catalyst. This is often the
case in biochemical reactions. In this situation one can obtain information on
the number m of protons transferred in the rate limiting step as well as on
kinetic isotope effects by performing a so-called “proton inventory” [41-48].
In a proton inventory kinetic measurements are performed as a function of the
deuterium fraction D in the mobile proton sites. This technique has been adapted
to dynamic NMR spectroscopy [106-108] and is treated theoretically in
Sect. 5 of this review. Here, we will give examples for the application of this
technique both in the cases of proton self exchange as well of proton exchange
between different molecules.
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10.1 Intermolecular Self Exchange:
Pure CH,0H and CH,0H/CH,0D

As a first example, let us discuss the problem of proton and deuteron exchange
in pure methanol. This problem has been studied in Ref. [89]. Fig. 10.1
shows the superposed experimental and calculated 'HNMR spectra of pure
CH,;OH (left) and of 1%, CH;OH dissolved in CH;OD (right) as a function of
temperature. CH,OH leads to an AB; spin system with a doublet splitting
of the CHj signal and a quartet splitting of the OH signal at low temperatures.
Because of hydrogen bond association the OH signal shifts to low field when the
temperature is lowered, a phenomenon which has been used for temperature
calibration in 'HNMR spectroscopy [199]. As the temperature is raised the
spin—spin splitting pattern collapses into a singlet for the CH; and the OH
signal, respectively indicating that even in pure CH;OH a proton exchange
takes place which can formally be described by

AL + A*L*=AL* + A*L, (10.1)
H-NMR  (H,0H 1% CHy0H in CHy0D
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Fig. 10.1. Left: Superposed experimental and calculated 'H 90.02 MHz NMR signals of pure
methanol as a function of temperature. The CH,OH signal appears at low, the CH;OH signal at
high field. The intensities of the two signals are not normalized to the corresponding number of
protons (100 scans, 90° pulses, repetition time 10s). Reproduced with permission from Ref. [89].
Right: Superposed experimental and calculated 'H 90.02 MHz NMR signals of the residual CH,OH
protons (1 vol-%) in CH,OD as a function of temperature (1000 scans, 90° pulses, repetition time
10s). Reproduced with permission from Ref. [89]
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with A = CH,O and L = H. This phenomenon has also been known for a long
time and has been used to study proton exchange rates in solutions of acids in
methanol [85]. The spectra in Fig. 10.1 were calculated in terms of the exchange
operator given in Eq. (3.15), taking into account the magnetic equivalence of
the CH, spins. Thus, the dimension of .# could be reduced to a 16 x 16 matrix
[94]. From the line shape analysis the proton lifetimes 7 4,4y = TAn(7y ' in
Fig. 10.1) could be obtained as a function of temperature. Note that the coupling
constant Joy,on is only SHz, which strongly limits the dynamic range in
which inverse life times can be obtained. Furthermore, it was not possible to
measure the deuteron exchange rates 7, by 2H NMR spectroscopy of CD,;0D,
because the coupling constant J o, , = 0.9 Hz is too small to resolve a spin-—spin
splitting pattern, giving rise to dynamic line shape effects. The only way
to obtain information on possible kinetic isotope effects was, therefore, to perform
'HNMR measurements on mixtures of CH,OH/CH,OD, looking selectively
at the OH proton signals. The results are shown for a deuterium fraction of
D =0.99 in Fig. 10.1 on the right side. From a comparison of both sets of
spectra it immediately becomes evident that the OH-proton lifetime of an
individual CH,OH molecule is longer if it is surrounded by CH;O0D molecules.
It follows from the experiments in Fig. 10.1 that 7,(D = 0)/7,1(D = 0.99) =~ 3
at 298 K. Arguments could be given [89] in favor of an ionic exchange mechanism,
in which the proton exchange is catalyzed by theions AL, and A~,L =H, D:

A*L+ A" =A*" +AL, A*L+AL;=A*L; +AL (10.4)
generated via autoprotolysis
AL +AL=ALS +A™. (10.5)

The observed kinetic isotope effect was then attributed to a large extent to an
equilibrium isotope effect of the autoprotolysis leading to a smaller concentration
of ions At D =0.99 as compared to D = 0. Unfortunately, the small dynamic
range of this system did not allow to obtain more detailed information on the
kinetic isotope effects of the different isotopic exchange reactions taking place
in this reaction system.

Note that the presence of equilibrium isotope effects between a protic
solvent like methanol and reacting acids and bases leads to complicated kinetic
expressions [90].

10.2 Intermolecular Self Exchange:
The System Diarylformamidine-'>N ,/Tetrahydrofuran

Much simpler self exchange reactions were found in the systems
diphenylformamidine-**N, (DPFA) [107] and di-p-flurophenylformamidine-
13N, (DFFA) [108] dissolved in tetrahydrofuran (THF). The structure of these
compound, which can exist in an s-trans form A (or AL, L = H, D) and an s-cis
form B (or BL), is shown in Fig. 10.2. Both conformers represent four-spin-1/2-
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Fig. 10.2. Atom numbering of N labeled diaryl-
formamidines in the s-cis and the s-trans form.
Reproduced with permission from Ref. [108]

systems because of the !°N labeling in the nitrogen atom sites. The tautomerism
of these compounds was first described by Borisov et al. [96]. In recent kinetic
and thermodynamic NMR studies the complex reaction network shown in Fig.
10.3 has been elucidated [ 107, 108]. Both conformers form at low concentrations
solvated monomers A, and B,, which interconvert slowly on the NMR
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Fig. 10.3. The formamidine
tautomerism. Exchange pro-
cesses of DPFA and of
DFFA dissolved in THF
as identified by NMR. K;
and k; are equilibrium and
rate constant obtained by
lineshape analysis. Brackets
represent  possible inter-
mediates present in minor
concentrations. S = solvent.
Reproduced with permission
from Ref. [107]
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timescale. The free monomers A ;; and B ; which are believed to be intermediates
of the conformational exchange are present only in very low concentrations.
At high concentrations only the s-trans conformer AL is able to form cyclic
dimers A,, in which a double proton transfer takes place. Higher associates
are formed by neither A nor B in detectable concentrations. The following
will describe how this information as well as the kinetic HH/HD/DD isotope
effects of the double proton transfer were obtained.

10.2.1 Dynamic '"H NMR Spectroscopy of DPF A in Tetrahydrofuran

Figure 10.4 shows a superposition of experimental and calculated 'H NMR
spectra of DPFA in THF at a very low concentration. At room temperature
only one '"H-'*N singlet A,, B, and one CH-proton signal A_, B, are found.
By contrast, at low temperatures two CH multiples A, and B, as well as two
'"H-!5N signals A, and B, are observed, indicating the presence of two
conformers A and B which interconvert at high temperature. Both 'H-'°N
signals are split into doublets by scalar coupling with the N spin b; each
component is further split by coupling with c. For B, an additional long range
coupling to d is resolved, leading to an apparent subtriplet structure. As
temperature is raised first signal A, is broadened; at higher temperatures all
signals are affected by the rotational isomerism.

The concentration dependent superposed experimental and calculated
'"H NMR spectra of DPFA in THF at 179K (Fig. 10.5) give further insights

AUIBU A[ IB[
Tl Kygls T/K
>10000 2000 299
1200 80 Ww—z/\/\\w 263
600 10 WAJ\“J\J‘L 261
Fig. 10.4. Superposed experimental and
calculated '"H NMR 90.02 MHz spectra 189
of N, 'SN’-diphenylformamidine-d,, 110 0
(DPFA) in THF-dg for a concentration 100 Hz
of 0004M as a function of the
temperature. k ,5: forward rate constants 18 0 152
of the hindered rotation between mono- \
meric conformers A and B; A,, B,: 'H w | |
NMR signals of the mobile 'H-'°N sites; As By A B
A., B 'H signals of the CH sites. For P N SV
further description see text. Reproduced 10 9 8

with permission from Ref. [107] 6/ppm
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‘\\’/\l/w | Fig. 10.5. Experimental and simulated
'H NMR 90.02 MHz spectra of DPFA
Aq Bo A B, in THF-dg at 179K as a function of the
PO WU O T SO V— concentration. 1! is the inverse lifetime
" 10 9 8 of the mobile proton in AH. Re-
6/ppm produced with permission from Ref. [ 107]

into the reaction network of this molecule. The spectra were calculated using
a combination of Egs. (2.12) and (4.15) according to Ref. [107]. Neither the
position nor the shape of the B, signal changes with concentration, indicating
absence of self association and proton exchange of B. By contrast, the 'H-!*N
proton signal A, of the s-trans from A (i) strongly shifts to lower field and (ii)
collapses from a doublet into a singlet as concentration is raised because of (i)
self association and (ii} proton self exchange. This is because fast intermolecular
proton exchange modulates the Larmor frequency of the mobile proton every
other exchange process (see Eq. (6.24)). Because of the self association the AH/BH
ratio increases with concentration. When the chemical shifts of A, are plotted as a
function of concentration a non-linear behavior is observed (Fig. 10.6, top); the
dependence could be fitted assuming only the formation of dimers, with the
monomer and the dimer chemical shifts and the equilibrium constant K, (Fig.
9.3) of the dimerization as a parameter. Thus, at low concentration the solvated
monomer dominates, at higher concentration the dimer. Note that the dynamic
range in which proton exchange rates can be measured is much greater than
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in to the case of methanol because the coupling constant J,,,_, s & 92 Hz. From
the calculations the average inverse life times 7,,;,, = 7.,; are obtained. If the
T,u are plotted vs. the concentration C, also a non-linear dependence is also
observed (Fig. 10.6, bottom). Using the known value of K,, the data could be
fitted to Egs. (5.85) and (5.91) by adapting the exchange rate constant 7, =k,,
in the cyclic dimer and setting D =0 in Eq. (5.85). At low concentrations 7,
is proportional to the concentration C, of the s-trans form A as expected for
a second order rate law; at higher concentrations the reaction becomes
independent of C,. This is because A then dominantly forms dimers in which
the proton exchange takes place. The 'H NMR spectra of DFFA in THF exhibit

similar characteristics [107].

10.2.2 'H NMR Proton Inventory of the System DFF A/Tetrahydrofuran

Having established the reaction rate law the problem arose how to count the
number of protons transferred and how to determine the kinetic isotope effects
of the double proton transfer. For this purpose, 'H NMR proton inventories
of DPFA and DFFA were performed, i.e. proton exchange rates were measured
as a function of the deuterium fraction D in the NH sites. An example is shown
in Fig. 10.7 for DFFA/THF. Only the superposed experimental and calculated



138 H.-H. Limbach

100Hz [ \
m/\"'ﬂ | Fig. 10.7. Superposed experimental and calculated 300.13
110 hawtd 0.9 MHz 'H-'SNNMR signals of a 0.02 molar solution of
\/ \/ DFFA at 189.2K as a function of the deuterium fraction
D in the 'H-!°N position. The 'H-!°N signals of the
Aq Ba s-trans form A are labeled as A, and of the s-cis form B
L 1 1 1 as B, according to Fig. 10.2. The inverse proton lifetimes
10.0 95 9.0 in X=A, B are labeled as ty,. 15! was set to zero.
&/ppm Reproduced with permission from Ref. [108]

'H-'°N signals A, and B, of DFFA are shown as a function of the deuterium
fraction D in the mobile proton sites. Whereas the lineshape of signal B, is not
affected by deuteration the exchange broadened singlet A, splits up into an
exchange broadened doublet when D is increased. Thus, the proton life times 7, ;
decrease with increasing D, which is proof of a multiple proton transfer process.
In Fig. 10.8 the ratio of the inverse proton lifetimes in A =AH,
TaiatD) T apiam(D =0) = 1,4(D)/1,1(D =0) is plotted as a function of D. A
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00 0.25 05 0.75 10 HH/HD isotope effect of the exchange.
D Reproduced with permission from Ref. [108]
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linear decrease as predicted by Eq. (5.32) for a double proton transfer process is
observed. The inverse lifetimes z,,{(D = 0) and 7,;(D = 1) can then be identified
as the pseudo first order rate constants k" and k"® of the processes

Hu
AH + A*H* 5 AH* + A*H,

AH + A*D *~5 AD + A*H.

By linear regression analysis we obtain k' = 700 + 20s ! and k"P? =37+ 557 ¢,
ie. a kinetic HH/HD isotope effect of k"H/kHP =19+ 3. Assuming that
equilibrium isotope effects on the dimerization are small this value is equal to
the intrinsic isotope effect ki'/ki> of the exchange in the cyclic dimer.

Thus, the 'H proton inventory supports the interpretation of the rate law
in terms of the reaction network of Fig. 10.3. These results show the power of
the proton inventory technique for the analysis of dynamic processes in the
liquid state; this technique is especially important when the concentrations of
the reactants cannot be varied.

10.2.3 **F NMR Proton Inventory of the System DFF A/Tetrahydrofuran

Unfortunately, although the experiments in Fig. 10.8 revealed the kinetic
HH/HD isotope effects, the kinetic HD/DD isotope effects could not be
determined by *H NMR spectroscopy. This is because of the smallness of the
scalar coupling constant J,,,_,s = y2u/15y—1sn & 14 Hz. In view of the much larger
natural *H line width arising from quadrupole relaxation at low temperatures
this value did not provide a sufficient dynamic range. Using the information
that m=2 protons are transferred during the exchange the full kinetic
HH/HD/DD isotope effects of the exchange could, however, be determined for
the system DFFA/THF by !°F NMR spectroscopy [108] as shown in the
following.

Figure 10.9 shows the superposed experimental and calculated °FNMR
spectra of DFFA at 189.2K and a concentration of C,44x =0.02moll™"! as a
function of the deuterium fraction D. In fact, the spectra in Fig. 10.9 stem from
the same samples whose ' H NMR signals were shown in Fig. 10.7, with exception
of the highest deuterated sample where D = 0.99. All samples were taken under
exactly the same experimental conditions, each with a total number of
1500 scans.

One main difference between the spectra in Figs. 10.7 and 10.9 is that in
Fig. 10.7 only the protonated molecules AH and BH are observed, whereas in
Fig. 109 both A = {AH,AD} and B = {BH, BD} contribute to the spectra. Two
singlets B, = {BH,, BD,} and B; = {BH,, BD, } (see atom numbering in Fig. 10.3)
are observed for the s-cis form B, indicating two inequivalent fluorine atom
positions in this species, which is conform with the molecular structure. Again,
the signals B, and B; do not depend on D. By contrast, the lineshape of the
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Fig. 10.9. Superposed experimental and calculated
19F—{"H}-NMR-spectra of 0.02 molar solutions of
0.75 DFFA in THF as a function of the deuterium fraction
HD 32 : D. For the explanation of the atom numbering see
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e proton exchange are labeled as ki", LL = HH, HD,
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I a value of 3s™! (see Figs. 10.10 and 10.11); by

l non-linear regression analysis of all spectra the values
AD, AD; ki =700s"" and k}®=33s""' were obtained. The
1 1 L L1 line width in absence of exchange W,z 5 Hz was
4 3 2 1 0 obtained from the B, and B; signals. Reproduced with
6/ppm permission from Ref. [108]

fluorine signals of A depends strongly 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 inequivalent fluorine positions in the AD
molecule, as expected for a slow deuterium exchange. Now, at D=0 one
broadened coalesced fluorine signal AH,, AH, is observed, indicating that a
fast process takes place between protonated AH molecules which renders the
two 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 proton
transfer involving two AH molecules as observed in the previous section by
'H, of the type shown in Fig. 10.3, where the proton exchange is associated to
an intramolecular exchange of °F atoms.

Now, a very interesting phenomenon is observed at intermediate deuterium
fractions: the fluorine atoms of the protonated AH and the deuterated AD
molecules can be separated; they give rise to a trio;: Whereas the outer two
singlets of the trio stem from the AD, and ADy, the inner broad coalesced line
stems from the AH,, AH; fluorine atoms. As D increases the latter signal becomes
broader, indicating longer lifetimes of the mobile proton in AH. By contrast,
the lifetime of the mobile deuteron in AD shortens as D increases, leading to
a broadening of the outer two singlets. Note that the line intensities AH, and
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AH; are determined by the concentration C,(1-—-D)/2, whereas the line
intensities AD, and ADx are given by C,D/2.

The lineshape analysis of the spectra in Fig. 10.9 was performed using Eq.
(6.22). Unfortunately, not all kinetic quantities 7, (D), T piap(D), Tafian(D)
and 71,,,p(D) can be obtained at all values of D. This is clear because AD
does not contribute to the line shape 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,
ie. that Egs. (5.26)-(5.31) apply. In other words, the deuterium fraction
dependent inverse life times in Eq. (6.22) could be replaced by the three pseudo
first order rate constants k™ kHP and kPP in the following way:

Tonane = (1 =DykHH, 0 =D-k"P, (10.2)
T;l;AH=(1_D)'kDH’ Tapape = DK™, (10.3)

The value of k" =700s"! was determined from the spectrum at D = 0; this
value concides well with the value obtained by 'H NMR line shape analysis.
Unfortunately, the value of kP® =35~ ! 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 (see Sect. 2.4) between the lines AD,
and AD; at D =0.99 as shown below. From the spectra in the intermediate D
range we obtained then values of kMP =33s~! by non-linear least squares fit
of the simulated to the experimental spectra. Again, W, was determined by
simulation of the signals B, and B;.

AD. ADy
B B,

Fig. 10.10. '°F-magnetization transfer ex-
periments in the rotating frame of a 0.02
molar solution of DFFA in THF at a B,
deuterium fraction of D=099 in the ADE

mobile proton sites. The carrier frequency

was set to the position of the AD; line.

Upper curves: experiment (i) corresponding \
to a usual T,, experiment; lower curves: |
experiment (i) with a delay 1 = 1/(2Av)= \V

4.2 ms between the first 90° pulse and the

spin locking pulse. Av is the frequency

difference between the signals AD, and

AD;. B, B;: non-exchanging, AD_,AD;:

exchanging magnetizations. Repetition time

3.8s, 4.2 us 90° pulses, strength of the spin D

locking field t g0 = 165ps. Reproduced 1 0 30 e 75 100
with permission from Ref. [108] t/ms
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The results of the magnetization transfer experiments are shown in Fig.
10.10. As described in Sect. 2.3 two sets of experiments were carried out. In the
“parallel” experiment (i) the decay of the magnetizations AD, and ADx is solely
governed by the longitudinal relaxation time in the rotating frame, (Eq. (2.20)):

M,p, = My (t =0)exp(—t/Ty,), (10.4)
whereas in the “antiparallel” experiment (ii), (Eq. (2.21))
Map, = Map,(t =0)exp (—t(2k3° + T )) (10.5)

Since it was difficult to measure the line intensity of AD, due to signal overlap,
only the integrated intensities of AD; were used to determine k> by non-linear
least-squares fit of the data shown in Fig. 10.11.

The following full kinetic isotope effects at 189.2K and a concentration of
0.02mol 1~ were then obtained:

KHH/KSd = 233 4+ 20, KHH/KHP = 21 + 3 and KEP/KDP =11 + 2.

The kinetic HH/HD-isotope effect of 21 agrees well within the margin of error
with the value of 19 + 3 determined in the 'H experiments. Note that the kinetic
HH/DD isotope effect is the largest kinetic hydrogen/deuterium isotope effect
measured so far by dynamic NMR spectroscopy. Note also that the rule of the
geometric mean (RGM) would predict on the basis of the known HH/DD
isotope effect for the HH/HD and the HD/DD isotope effects equal values of 15.
It was further shown [200] that the kinetic isotope effects of the proton
exchange did not depend in a significant way on concentration, ie. that
equilibrium isotope effects of the dimerization of DFFA are absent. Thus, after
determination of the equilibrium constants of dimerization it was possible to
obtain the rate constants k, , of proton exchange in the cyclic dimer as a function
of temperature. The Arrhenius diagram is shown in Fig. 10.12. By contrast to
the intramolecular proton transfer systems large kinetic HD/DD isotope effects
are observed. This has been interpreted with a concerted proton transfer process
in the cyclic formamidine dimer [108] which has also been supported theoreti-
cally [44]. The deviation from the rule of the geometric mean value was attributed

Fig. 10.11. Analysis of the data in Fig. 10.10 in

terms of Eqs. (10.4) and (10.5). Parameters of the

0 1 ] . 1 . I +——1  non-linear regression analysis: T,, =808ms and

0 50 100 150 200 kPP =3.055"". Reproduced with permlssmn from
t/ms Rel' [108]
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to tunneling [108]. The calculation of the Arrhenius curves in Fig. 10.12 was
performed with a modified Bell model described in Refs. [106] and [200].

10.3 Exchange Between Different Sites: The System
Acetic Acid/Methanol/Tetrahydrofuran

In this section an example of an intermolecular proton and deuteron exchange
between two proton donors with different spin Hamiltonians is presented: the
system acetic acid (AL)/methanol (BL)/tetrahydrofuran (THF). A 1:1 cyclic
proton transfer between both molecules in THF shown in Fig. 10.13 was first
established by "H NMR line shape analysis at a deuterium fraction of D = 0 in
the mobile proton sites [94, 97]. Later, the number of protons transferred as
well as the multiple kinetic hydrogen/deuterium isotope effects were studied by
a combination of 'H and 2HNMR spectroscopy [102-106] as a function of
temperature, concentration, and D; thus, an additional 2:1 proton exchange
according to Fig. 10.13 was detected at higher concentrations of acetic acid.
In order to understand how the results of this study were obtained let us
first have a look at the superposed experimental and calculated 'H NMR spectra
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Fig. 10.13. Cyclic 1:1 (left) and 2:1 (right) proton transfer between acetic acid and methanol in
THF; S = THF. Reproduced with permission from Ref. [106]
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Fig. 10.14. Superposed experimental and calculated 100 MHz 'H CW NMR spectra of a solution
of 0.29moll"! CH;COOH(AH) and 0.8molL~' CH;OH(BH) in THF-dg as a function of
temperature. The peak at 370 Hz arises from residual solvent protons. .} =131 The 15l
values were found to be zero. Reproduced with permission from Ref. [97]
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of a solution of 0.19moll~! CH,COOH(AH) and of 0.8 moll~! CH,(BH) in
THF-dg shown in Fig. 10.14 as a function of temperature. At low temperatures
the slow exchange range is reached where the COOH signal represents an
exchange broadened singlet; the two signals of CH;OH are those expected for
an AB; spin system as found for pure methanol, i.e. a quartet for the OH and
a doublet for the CH;, group. From the simulation of these spectra using the
exchange operator of Eq. (4.15) [94, 97] the inverse lifetimes 1,4 = t g5y =
TananCs/Ca, and 14,05, could be obtained. C, and Cy are the concentrations
of the reactants. The values of 1,,;,, characterizing the inverse lifetime of a
carboxylic proton before the exchange with another carboxyl group occurs
could not be obtained because this process does not modulate the spin
Hamiltonian of the COOH proton, which is not coupled to a remote spin. It was
found that the quantities 7,5, were zero in pure samples [94, 97]; this means
that within the errorlimits no proton jumps directly from one methanol molecule
to another.

Because of the limited dynamic range of the NMR receiver all methyl
groups in this system had to be deuterated in order to obtain exchange
broadened NMR spectra in the region of the coalescence of the COOH and
the OH signals [106]. The results are shown in Fig. 10.15 which contains on the
right side the superposed experimental and calculated FT "H NMR spectra of
a 0.4 molar 1:1 solution of CD;COOH/CD,;OH/THF-dg. The residual solvent
signals were minimized by subtracting the spectra from those of the pure solvent
recorded under the same conditions. Although this procedure leads to some
artifacts at high field, they do not hinder the lineshape analysis. Thus, the
spectra were easily calculated using Eq. (2.18).

In order to obtain the kinetic isotope effects ’H NMR spectra of a mixture
of 0.29moli™! CH;COOD and 0.19moll™* CH;0D in THF were recorded
[106]. The superposed experimental and calculated spectra are shown in Fig.
10.15 on the left side. Since isotope effects on chemical shifts, measured in ppm,
are small, dcoon—9Oon = dcoop—Fdop tO a good approximation. However, the
frequency differences in Hz are related by v oon—Von = ¥1u/Y2u(Vcoop—Vop) With
YigY2y = 6.51. This means that the COOD and the OD signals coalesce at much
smaller exchange rate constants than the COOH and the OH signals. Thus,
the observation that the external aspect of both sets of spectra in Fig. 10.15 is
similar signifies a large kinetic hydrogen/deuterium isotope effect.

These spectra and the kinetic isotope effects obtained so far do not yet
indicate the rate law of the exchange or the number of protons transferred in
the rate limiting step. Before performing experiments in a large concentration
range an NMR proton inventory was performed which consisted of 'H and
HNMR measurements as a function of the deuterium fraction D in the
mobile proton sites at fixed concentrations and a fixed temperature of T= 298 K.
The *HNMR results are shown in Fig. 10.16. The slow deuteron exchange
range is reached at values of D =~ 1. As the deuterium content is lowered, the
inverse deuteron life times increase. Coalescence of the signals is reached at about
D =0.2. Since for a single proton transfer reaction the deuterium life times
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Fig. 10.15. Right: Superposed experimental and calculated 'H 90.02-MHz FT NMR difference
spectra of a solution of 0.4molL~! CD;COOH and 0.4mol L™! CH;OH in THF-dy and of pure
THF-dg at different temperatures using a 10-mm probe head (1000 scans, 60° pulses, 10-s repetition
time, non-spinning sample). The sealed sample tube had a diameter of 8 mm, a height of 40 mm
and was placed in a 10mm NMR tube. The gas phase in the sample was about 20%, of the total
sample volume. The small sharp peaks arise [rom the residual aliphatic protons of the solvent and
the solutes. The calculations were performed using Eq. (2.18). Left: Superposed experimental and
calculated ’H 13.82-MHz FT NMR spectra of a solution of 0.29molL"! CH,COOD and
0.29 mol L ™! CH,0D in THF at different temperatures. The deuterium fraction of the exchangeable
protons was D = 0.99. The small two sharp lines arise from the natural deuterium content of THF.
Reproduced with permission from Rel. [106]

should be independent of D according to Fig. 5.1, this observation is proof
of a multiple proton transfer reaction. On the other hand, the proton exchange
rates measured by "H NMR spectroscopy decrease with increasing deuterium
fraction. The resulting NMR proton inventory plot is shown in Fig. 10.17. Note
that it was possible to obtain both 1, = 1,4y, (filled circles) and 1, = 1534p
(open circles) from successive 'H and 2HNMR measurements on the same
samples of CH,;COOL/CH;OL in THF at D = 0.5 and 0.7. Thus, within a given
sample the protons exchange faster than the deuterons! In first order, straight
lines for 7,1 and 7, vs. D in Fig. 10.17 indicate that m = 2 according to Egs.
(5.32) and (5.33). This signifies the presence of the cyclic 1:1 process depicted in
Fig. 10.13. Moreover, the intercepts 1,;(D=0) and 1,3(D=1) are
approximately equal and can, therefore, be identified with the pseudo first order
rate constant of the 1:1 process k"” in Fig. 10.13. A closer look shows that
T,p(D =0) > 7,,;(D = 1). This result can be explained with superposed double
and triple proton transfers according to Fig. 10.13. For this case, the predicted
dependence of the proton and deuteron exchange rates as a function of D was
derived in Egs. (5.64) and (5.65). Then, according to Eq. (5.65), 1,p(D=0) is
strongly influenced by kMMP, which is larger than k*PP. Since 1 }(D=1) is



N

Dynamic NMR Spectroscopy 147

z

H- NMR
RCOOL-0_ ) ROL-0_J L =HD

20Hz R = (H,

| \»xy,//ﬁ\\\-”_v ~0-D" Y007
,_/\ 5
0

0
M ;
0 o 0—
M 099 R—Ci D\Q—RLR-C/
N R 0

[ PR L P T B

10 &/ppm 0
RCOOD ROD

Fig. 10.16. Superposed experimental and calculated ?H 13.82-MHz FT NMR spectra of solutions
of 0.3 molL~! CH,COOL and 0.3mol L™! CH,OL (L =H, D) in THF at 298K as a function ol
the deuterium (raction D. The calculations were performed using Eq. (2.18). Reproduced with
permission from Ref. [106].

105
100
38

influenced by the latter the result that 7, }(D =0) > 7, ;(D = 1) is understandable.
As a consequence, the solid lines in Fig. 10.17 were calculated using Egs. (5.64)
and (5.65). Further concentration dependent experiments supported this
interpretation. Actually, it was found that the pseudo first order rate constants
increased linearly with the acetic concentration. This result was consistent with
the previous finding of absence of methanol self exchange in acetic

c, = C, = 02 mol/l

Fig. 10.17. Experimental NMR proton
inventory plot at 298 K and a concen-
tration of 0.2molL"! for the system
acetic acid/methanol/THF. ([(0): data
obtained by 'HNMR of the system
CD,COOL/CD,OL/THFd,; (@) data
obtained by 'HNMR of the system
CH,;COOL/CH,;OL/THF (selective [
pulses on the COOH signal); (O): data
obtained by 2ZHNMR of the system
CH,;COOL/CH,OL/THF. The curves

were calculated according to Egs. (5.64)

and (5.65) using the known rate
constants and a value of kMPP=

634 L mol~ 252 calculated from kPPP

using the RGM. Reproduced with
permission from Ref. [106]
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— Fig. 10.18. Arrhenius curves of the intermole-
cular double HH, HD, and DD exchange
involving one molecule each of acetic acid and
methanol in tetrahydrofuran. The three curves
ao  were calculated according to a tunnel model
on described in Ref. [106] using only four
parameters. (@®): values obtained by 'H NMR
spectroscopy; (O): values obtained by 2H NMR
spectroscopy. Reproduced with permission

3
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acid/methanol/THF mixtures, ie. with the exchange mechanism shown
in Fig. 10.13.

From the analysis of all kinetic data the following multiple kinetic isotope
effects of the processes shown in Fig. 10.13 could be derived:

(KMH/KPD) oo = 15.5 + 4.4, (KMH/KHD), 00 = 5.1 + 1.4,
(kHP/KPP) o =31 +09, (10.6)

(KHHH/KDDD)  — 11.54 2.7, (KHHH/KHHD) . — 214 0.5. (10.7)

As in the case of the formamidines these data can not easily be explained with
a stepwise exchange mechanism. The deviation from the geometric means values
were interpreted in terms of a model described in Ref. [106]. With this model
the Arrhenius curves of the 1:1 exchange (Fig. 10.18) and of the 2:1 exchange
could well be reproduced [106].

11 NMR Studies of Kinetic Hydrogen/Deuterium
Isotope Effects in the Solid State

In the previous sections we have discussed the possibilities of dynamic NMR
spectroscopy to elucidate kinetic hydrogen/deuterium isotope effects of
reversible chemical reactions in the liquid state. As discussed already in Sects. 1
and 3, dynamic NMR spectroscopy is also able to follow proton and deuteron
transfer dynamics in the solid state. The easiest way to do so is to take advantage
of a modulation of chemical shifts of remote spin 1/2 nuclei by the processes
studied and to perform high resolution solid state CPMAS NMR measurements
on microcrystalline powders or amorphous solids. In this method, proposed
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by Schaefer and Stejskal [154], all orientation dependent spin interactions are
removed by 'H decoupling and magic angle spinning (MAS) [155-157]. The
sensitivity is increased by 'H-X cross polarization (CP) [152, 153]. Thus,
CPMAS NMR spectra of e.g. 13C or ! *N spins are comparable to those obtained
by liquid state NMR spectroscopy. As a consequence magnetization transfer and
exchange broadening phenomena can be observed in the presence of dynamic
processes which modulate the isotropic chemical shifts [162—179]. In the
nomenclature defined above such experiments correspond to remote spin studies
and all possibilities to determine kinetic isotope effects by looking at remote
spins apply. Note that other solid state interactions may also be used [158-161,
180-189] in order to follow the dynamics of proton transfers; generally, such
studies require, however, single crystals and the determination of kinetic isotope
effects is not easy.

In this section we do not intend to give a comprehensive overview of
dynamic CPMAS spectroscopy of solid state proton transfers. Instead, we would
like to demonstrate how kmetic hydrogen/deuterium isotope effects can be
measured using this method. In addition, other solid state NMR techniques
will only be discussed briefly.

11.1 SN CPMAS NMR Studies of Kinetic Isotope Effects
of Hydrogen Transfer Between Nitrogen Atoms

Usually, in CPMAS studies of organic compounds natural abundance !3C
atoms are monitored [ 154, 161, 162]. Thus, several solid state hydrogen transfer
systems have been studied by natural abundance !>C CPMAS NMR [163, 166,
175-178]. However, with the exception of hydride transfers in carbonium ions
[166], carbon atoms are not directly involved in hydrogen transfers and their
NMR lines may not always be sensitive to these processes. Therefore, nitrogen
NMR is a more suitable method for organic dyes, where nitrogen atoms often
act as proton donors or acceptors. Because of the quadrupole moment of the
14N nucleus, it is, at present, necessary to enrich the molecules studied with the
less abundant !N isotope. Using the '>N CPMAS technique of '*N enriched
compounds fast proton tautomerism in a number of organic crystalline dyes
was detected [164, 167-174]. In this section we show two examples of the
determination of kinetic hydrogen/deuterium isotope effects using this method.

11.1.1 Intramolecular Proton and Deuteron Transfer
in Solid meso-Tetratolylporphyrin

As an example for an intramolecular proton transfer reaction let us consider
the tautomerism of meso-tetraarylporphyrins. As already mentioned in Sects 2
and 9.3, porphyrins are subject in the liquid state to a degenerate tautomerism
according to Figs. 2.2 and 9.11. This tautomerism also takes place in the solid



.

v

150 H.-H. Limbach

state. Generally, the two tautomers are no more degenerate by contrast to the
liquid state because of a reduction of the molecular site symmetry [167].
In special cases, e.g. porphyrin [171, 176] and meso-tetratolylporphyrin (TTP)
[167], it was found, however, that the two tautomers are quasi-degenerate. This
is demonstrated in Fig. 11.1 on the left side which shows the variable temperature
!35N CPMAS NMR spectra of !*N enriched polycrystalline TTP, at a deuterium
fraction of D=0 and D= 1. As expected from the liquid state studies, two
singlets for the protonated and the non-protonated nitrogen atoms are obtained
at low temperature which indicates that the proton migration is slow on the
NMR time scale. In the fast exchange regime one coalesced line is observed

Ar Ar Ar=p-tolyl Ar Ar

Ar Ar Ar Ar
kst T/K kPO /571
5600 295 400

3200 285 M 200
1700 276 75

630 267
300»—==-A//\\L 257
._.‘.,j\\___.._k 210 u‘r,.

2086 0 2086 0
v/Hz v/Hz

Fig. 11.1. Superposed experimental (6.082 MHz) and calculated >N CPMAS NMR spectra of 952,
'SN-enriched meso-tetratolylporphyrin (TTP) as a function of temperature. The calculations were
performed using Eq. (2.18). Left: deuterium fraction in the mobile proton sites D = 0 (reproduced
with permission from Ref. [167]); right: deuterium fraction in the mobile proton sites D=1 (HH
Limbach, CS Yannoni, unpublished). 10 Hz line broadening, 8000 Hz sweep width, 1.2's repetition
time, 9 us 'H-n/2 pulses, quadature detection, 25000 scans on the average; reference, external
1>NH,NO,. The line width in the absence of exchange was taken from the spectrum at 210K.
The equilibrium constant of the tautomerism was assumed to be unity. k'* is the LL = HH, DD
migration rate constant. The sharp small high-field line stems from the NH signal of a low-level
impurity of nonexchanging meso-tetratolylchlorin, a byproduct of the synthesis
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indicating equivalent nitrogen atoms with an average proton density 1/2 within
the NMR timescale. The lineshape analysis was carried out using Eq. (2.18)
with an equilibrium constant of K =k,,/k,, = 1. The rate constants observed
are very close to those obtained for the liquid solution [167].

Figure 11.1 shows on the right side what happens when the compound is
deuterated in the mobile proton sites. The kinetic HH/DD isotope effect is
manifest in view of the observation that at room temperature the slow exchange
regime is observed. There is an additional line broadening of the high-field '°N
signal for the !N atom bound to deuterium. This broadening arises both from
small non-averaged dipolar coupling with deuterium, which is not averaged by
MAS [201-204] because of the quadrupole moment of *H, and from a
nonresolved scalar 2H-'>N coupling. These effects were taken into account by
using a larger value of W, the line width in the absence of exchange, for the
simulation of this signal. Unfortunately, the rate constants of the HD reaction
in the solid state have not yet been determined via '’N CPMAS NMR
spectroscopy. One can expect that such measurements will be possible in the
future by lowering the deuterium fractions in the mobile proton sites. In such
studies one has to take into account that the !°N signal intensities of protonated
ritrogen are enhanced as compared to deuterated '*N atoms, due to different
'H-'>N cross polarization dynamics.

Since lineshape analysis yields unsatisfactory results in the slow exchange
regime polarization transfer experiments in the rotating and the laboratory
frame were performed in order to obtain kinetic isotope effects at low
temperatures [164]. Here, attention had to be paid to the possibility that
polarization transfer between dipolar coupled spins can also arise from “spin
diffusion”.

The kinetic HH/DD isotope effect found here for the solid state is similar
to that observed for the tautomerism of TPP in the liquid state [124]. Thus,
in the case of TTP liquid/solid state effects on the tautomerism cannot be
observed. This result is very important when combining kinetic results obtained
by laser methods [141] on porphyrin in solid hexane and data obtained by
dynamic liquid state NMR spectroscopy.

11.1.2 Intermolecular Triple Proton and Deuteron Transfer
in Solid Dimethylpyrazole

As an example of an intermolecular proton transfer we discuss in this section
the 15N CPMAS spectra of 3N enriched solid 3,5-dimethylpyrazole (DMP)
which forms in the solid state a cyclic trimer [178,179] (Fig. 11.2). In this
trimer a moderately fast proton transfer takes place. A superposition of the
experimental and calculated !N CPMAS NMR spectra of DMP are shown
in Fig. 11.3 for deuterium fractions D=0 and 1 in the mobile proton sites.
Let us first discuss the spectra at D=0. At 223K two sharp lines are
observed (Fig. 11.3a) indicating the presence of two types of nitrogen atom, one
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Fig. 11.2. The tautomerism of 3, 5-dimethylpyrazole (DMP) in the solid state where the molecule
forms cyclic trimers. Reproduced with permission from Ref. [179]
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Fig. 11.3a,b. >SN CPMAS NMR spectra of 95% !*N enriched 3,5-dimethylpyrazole (DMP) at
9.12MHz as a function of temperature. (a) deuterium fraction in the mobile proton sites D = 0; (b)
deuterium fraction in the mobile proton sites D = 1. Reference: external **NH,Cl. The spectra were
calculated using Eq. (2.18). Parameters of the calculation: vy, = 180 ppm; vy=254ppm (at
9.12MHz), i.e. Av =544 Hz; a: W, = 35Hz including 15Hz line broadening; b: W, =54 Hz and
W, =55Hz. k is the rate constant. Rotation frequencies between 2.6 and 3.5kHz. Reproduced
with permission from Ref. [179]

protonated (N(1)) and one non-protonated (N(2)). As the temperature is raised,
the two lines broaden and coalesce into one sharp line at 346 K. The fact that
the line appears in the center of the two low temperature singlets indicates
again that all nitrogen atoms have an equal proton density of 0.5, i.e. that the
equilibrium constant K, = 1 within the margin of error of >N CPMAS NMR
spectroscopy. The rate constants obtained can be represented by the Arrhenius
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equation

k', ~ A ,exp(—E, ,/RT), A,,~10", E, ~457kJmol™!. (11.1)

a2

Because of the relatively small temperature range covered so far the activation
parameters in Eq. (11.1) might be subject to changes when rate constants can
be obtained in the future over a larger temperature range.

At D=1 the proton transfer rates are drastically reduced as shown
in Fig. 11.3b. Thus, at room temperature the slow exchange regime is realized.
Whereas the width of the low field line is almost as sharp as in the 223K
spectrum of DMP at D =0, the high field line is again broadened by residual
scalar and dipolar coupling with deuterium. By line shape analysis a kinetic
hydrogen/deuterium isotope effect of about 8 at 347K is obtained. One can
estimate that at 298 K the rate of deuteron exchange cannot exceed a value of
50s~ 1. This leads to a kinetic HHH/DDD isotope effect of > 20 at 298 K.

Again, it has not yet been possible to study the mixed rate constants kP
and kPP at intermediate D values. Note that hydrogen bond exchange and
diffusion is extremely slow in the solid state by contrast to the liquid state.
Therefore, the !N CPMAS NMR lineshape of DMP at intermediate D values
is a static superposition of line shapes arising from the isotopic HHH, HHD,
HDD, and DDD species. The mobile protons jump then always between the
same nitrogen atoms, a situation which is equal to the one encountered in
intramolecular proton transfer systems in liquid solution.

Although the value of 10!'!s™! found here for the frequency factor of this
process might be subject to changes when kinetic data are obtained over a
larger temperature range, one can already say that this value indicates the
absence of a large negative activation entropy. This {inding is expected for an
intramolecular reaction. Future experiments will have to establish the origin of
the large kinetic isotope effect on the solid state tautomerism of DMP.

11.2 The Use of Orientation Dependent Nuclear Spin Interactions
for the Study of Kinetic Hydrogen/Deuterium
Isotope Effects

There are a number of fast proton transfer processes which do not lead to a
modulation of isotropic chemical shifts in the solid state. In these cases, it is
not possible to obtain proton transfer rates by the CPMAS technique. As an
example, consider the tautomerism of carboxylic acid dimers shown in Fig. 11.4.
However, as discussed in Sect. 3, in the solid state there are orientation
dependent interactions which are modulated in the presence of molecular
motion. Among these are dipolar coupling, the nuclear quadrupole interaction
and the chemical shift anisotropy. The first two interactions have been used in
order to study the dynamics of proton and deuterium transfer in single crystals
of carboxylic acids [180-189] because both the dipolar interaction between the
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Fig. 11.4. Double proton transfer in carboxylic acid dimers

two mobile protons as well as the quadrupole interaction of the mobile deuterons
are modulated when the jump processes occur.

Unfortunately, because of a reduction of the molecular site symmetry in the
solid state the two tautomers in Fig. 11.4 have slightly different energies.
Therefore, at low temperatures where one could hope to “freeze out” the
exchange process on the NMR timescale only the energetically favored tautomer
is populated and dynamic line broadening does not occur. Therefore, rate
constants could not directly be obtained by lineshape analysis. However, as has
been shown by Graf et al. [ 180], the double proton transfer provides an efficient
longitudinal relaxation mechanism for the mobile protons in carboxylic acids.
Thus, by measuring T, of the mobile protons of benzoic acid single crystals it
has been possible to determine rate constants k™ of the carboxylic acid
tautomerism as a function of temperature. In a similar way, rate constants k°°
of the deuteron tautomerism of carboxylic acid dimers have been measured
where advantage of the quadrupole interaction of the *H isotope was taken
into account [180-186]. One can show that these different methods can be
combined in order to obtain the full kinetic HH/HD/DD isotope effects of the
carboxylic acid tautomerism [206].

12 Discussion of Kinetic Isotope Effects

We have described strategies to measure kinetic hydrogen/deuterium isotope
effects of multiple intra- and intermolecular proton transfer reactions by dynamic
NMR spectroscopy, including lineshape analysis and polarization transfer
experiments in the liquid and the solid state. In such studies either mobile
protons or deuterons or remote spins such as immobile protons or heavy atoms
are monitored whose spin Hamiltonians are modulated by the exchange. In
order to detect the kinetic isotope effects as well as the number of protons in
flight in the rate limiting step of the processes studied dynamic NMR
experiments are performed as a function of the deuterium fraction in the mobile
proton sites. Such experiments are called “proton inventories”. The theory of
exchange broadened NMR lineshapes in connection with the proton inventory
technique has been described in Sects. 2—-6. Examples for this technique coming
from the field of intra- and intermolecular proton transfer reactions in the liquid
and the solid state were given in Sects. 911, after the experimental Sects. 7 and 8.

In the case of pure CHyOH and CH,OD evidence for an ionic proton
exchange mechanism was obtained where the ionic catalysts CH,OH; and
CH,0O " are created by autoprotolysis of the solvent. The apparent kinetic
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isotope effect is then also influenced by the equilibrium isotope effect of the
autoprotolysis [89]. Such ionic proton transfer processes can be suppressed
when proton donors are studied in organic solvents. Thus, for proton exchange
between acetic acid and methanol in tetrahydrofuran [ 105, 106] the number of
protons transported was measured and multiple kinetic HH/HD/DD isotope
effects were obtained for these reactions. This was possible because the chemical
shifts of the exchanging protons in the two environments are different. By
contrast, the determination of kinetic isotope effects of proton self exchange
reactions where the chemical shifts of the exchanging protons is not modulated
is more difficult. Here, one has to take advantage of the modulation of the
scalar spin—spin coupling of the mobile hydrogen isotopes to remote spins, e.g.
scalar 'H-'°N coupling and/or the modulation of chemical shifts of remote
spins by the exchange. An example where this concept was successfully applied
is the double proton transfer between formamidine molecules (Fig. 10.3)
dissolved in tetrahydrofuran (Sect. 10.2 and Refs. [107,108]). Concentration
dependent studies even allowed the determination of rate constants of exchange
in the cyclic dimer which are no more affected by the equilibrium constants of
the preequilibrium. In addition, kinetic HH/HD/DD isotope effects were
obtained for several intramolecular double proton transfer reactions in
azophenine [127], oxalamidine [120,129] and porphyrines [105,124-126]
which were labeled with **N for this purpose.

Although the number of systems where multiple kinetic isotope effects have
been studied so far is not yet very large, in the following the question will be
discussed what the observed kinetic isotope effects determined can tell us about
the reaction mechanisms, without going into different theories of multiple kinetic
isotope effects.

The kinetic HH/HD/DD isotope effects of symmetric intramolecular double
proton transfer reactions determined so far heavily violate the so called “rule
of the geometric mean” {43] which states that there are two primary kinetic
isotope effects P, and P, of similar size:

P, = kMH/KHD ~ P, — KHP kPP, (12.1)

In fact, for the azophenine, oxalamidine, and the porphyrin tautomerism
(Sect. 9) it is found that the rate constants of the different isotopic reactions are
related by

kHH » kHP ~ kPP, (122)

Furthermore, in the case of the oxalamidine tautomerism a strong solvent
dependence of the rate constants was observed [129] indicating a highly polar
transition state, as expected for a stepwise proton transfer via a zwitterionic
intermediate and transition states where one proton is bound and the other in
flight as indicated Fig. 9.7. Thus, it is clear that these reactions can not be
characterized by two but only by one primary kinetic isotope effect. The
substitution of the bound proton by deuterium contributes then only a small
secondary isotope effect S to the reaction rates. Actually, for degenerate double
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hydrogen transfer reactions the following equations have been derived without
making any assumptions concerning an over barrier or a tunneling pathway
[127]:

kHD 2 kHH

15D = §Tipp and 155 = PS. (12.3)
Since S is of the order of 1 and P » 1 Eq. (12.3) represents a very large deviation
from the RGM since in this case k""/k"P ~ P and kHP/kPP ~ 2. The Arrhenius
curves of the intramolecular HH reactions (e.g. Fig. 9.5) can easily be calculated
in terms of Eq. (12.3). These findings give experimental evidence for stepwise
reaction pathways in the case of the azophenine and the oxalamidine
tautomerism. In the azophenine case the kinetic data were consistent with a
reaction over the barrier and the kinetic isotope effects were interpreted in terms
of Eq. (12.3) with values of P =7.2, S =0.78 at 298 K [127]. Novel independent
theoretical [140-142] and experimental [123-125,141] studies favor also a
stepwise mechanism for the tautomerism of porphyrines, i.e. an interpretation
of the kinetic HH/HD/DD isotope effects in terms of Eq. (12.3). Further
information on the mechanism of the porphyrin tautomerism comes from a
comparison of the rates of the porphyrin tautomerism in a very wide temperature
range. Deviations from a non-Arrhenius behavior at low temperatures [ 125, 141]
give then evidence for a thermally activated single proton tunneling mechanism
in this temperature range.

The kinetic isotope effects of intermolecular symmetric double proton
transfers differ in a significant way from the intramolecular proton transfers.
In the intermolecular case the rule of the geometric mean (Eq. (12.1)) is much
better fulfilled—although small deviations were still observed—indicating a more
or less concerted double proton transfer mechanism. Thus, Eq. (12.3) is not able
to accommodate neither the acetic acid/methanol nor the formamidine data.
E.g., for the formamidines a kinetic HH/DD isotope effect of 233 is found at
189.2K and the partial kinetic HH/HD and HD/DD isotope effects are 21 and
11. The rule of the geometric mean (RGM) would predict for both quantities
equal values of 15. Note that the value of 233 js the largest kinetic
hydrogen/deuterium isotope effect found so far by dynamic NMR
spectroscopy, using a combination of lineshape analysis and polarization
transfer methods. In the case of the double proton transfer between acetic acid
and methanol it was found that k""/k"P ~ 5and kH*P/kPP ~ 3 at 298 K [105, 106].
It is clear that these values are not consistent with a stepwise
double proton transfer. This means that in the intermolecular case both protons
contribute to the kinetic isotope effects. Therefore, it is understandable that the
overall kinetic HH/DD isotope effects are larger in intermolecular than in
intramolecular double proton transfer reactions. The largest value found at
298 K by NMR is the kinetic HHH/DDD isotope effect of the intermolecular
triple proton transfer process in 3,5-dimethylpryazole (Fig. 11.2). For the
formamidine reaction evidence for a concerted proton transfer [108] is
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supported by ab initio calculations [144]. How can one then rationalize the
small deviations from the RGM in the case of intermolecular exchange reactions?

In the case of the systems formamidine/THF and acetic acid/methanol/THF
these deviations could be interpreted in terms of thermally activated tunneling
assuming a concerted proton motion. Such deviations from the RGM in the
presence of tunneling are well understood on theoretical grounds [105, 106].
The deviations may arise because tunneling enhances the reaction rates
especially of the light hydrogen isotopes. Tunneling also induces a curvature
of the Arrhenius curves in a wide temperature range. This is demonstrated in
the calculated Arrhenius curves of the formamidine and the acetic acid/methanol
tautomerism shown in Figs. 10.12 and 10.18. These curves were calculated for
a modified one-dimensional Bell-tunneling model [106]. Since the concave
curvatures of the calculated Arrhenius curves is not easily detected
experimentally the deviation of the HH/HD/DD isotope effects from the RGM
in the case of concerted double degenerate proton transfer reactions may be
taken as an additional criterion for tunneling.

Let us try now to give a qualitative explanation for the reaction pathways
of intra- and intermolecular double proton transfer systems. This explanation
is based on the observation that intramolecular proton transfer systems such
as porphyrin and azophenine lack the usual flexibility of hydrogen bonded
systems, i.e. the usual low frequency hydrogen bond stretching vibration [21]
which 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 at the bottom of Fig. 12.1 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 stepwise. 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.

By contrast, the presence of low frequency hydrogen bond stretching
vibrations in the flexible intermolecular proton transfer systems allows a
comparatively easy compression of the hydrogen bond as schematically shown
in the model of Fig. 12.1 top. This model has been used for the calculation of
the Arrhenius curves of the proton transfer between acetic acid and methanol
[105,106]. 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 consequence of the
shorter bond length is a smaller barrier for the proton transfer. At extreme
short hydrogen bond lengths the barrier for proton transfer vanishes and,
therefore, the difference between a stepwise and a concerted proton transfer
mechanism. The imaginary frequency required for a transition state corresponds
then to the hydrogen bond stretching rather than to the AH-stretching
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Fig. 12.1. Bottom: Stepwise double
proton transfer in the case of a fixed
molecular frame of heavy atoms.
Loeee HA Top: Double proton transfer in the
case of variable hydrogen bond
lengths according to a model pro-
posed in Ref. [106]. For further
. HA Ly oo- e o explanation see text. Reproduced
with permission from Ref. [108]
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vibrations. Now, it is well known that the latter are shifted to lower frequencies
when the hydrogen bond distance is shortened [22]. Therefore, there will be a
considerable loss of zero point energy of both vibrations in the highly
compressed transition state and the RGM will be fulfilled at high temperatures.
At lower temperatures the transfer may occur by tunneling leading to a violation
of the RGM at low temperatures, as has been proposed previously [105,106].
Thus, for the intermolecular proton transfer systems a reaction mechanism
according to Fig. 12.1 top has been proposed [108]. Note that one might find
intermolecular proton transfer systems with rigid hydrogen bond distances and
intramolecular proton transfer systems with flexible hydrogen bonds which
could lead to an inverse behavior of kinetic isotope effects.

13 Conclusions

In this review it has been shown that kinetic hydrogen/deuterium isotope effects
of fast intra- and intermolecular proton transfer reactions in liquids and solids
can today be determined using advanced methods of dynamic NMR
spectroscopy. Thus, new insights have been obtained which could influence
future experimental and theoretical development of the physics and chemistry
of isotope effects. A theoretical framework has been given which could guide
future research. So far, the method has mostly be applied to small organic
molecules dissolved in liquid aprotic solvents where it is very difficult to obtain
kinetic isotope effects with other methods.

One might ask now whether there are additional fields where dynamic NMR
spectroscopy in the presence of isotope effects might be important. So far, only
proton transfer reactions between nitrogen and oxygen atoms have been studied.
Recent experiments show that also hydrogen transfers between carbon atoms
can also be studied by NMR [207] as well as the corresponding kinetic
hydrogen/deuterium isotope effects [208]. Proton, hydrogen and hydride



»

Dynémic NMR Spectroscopy 159

transfer reactions also play a role in metallorganic chemistry where they are
related to the problems of homogeneous catalysis. Such reactions can be
followed by dynamic NMR spectroscopy; thus, NMR studies of kinetic
hydrogen/deuterium isotope effects might also be useful for a better
understanding of inorganic reaction mechanism in the futuree. NMR
spectroscopy in one and two dimensions has also contributed significantly in
the past to the study of biologically important molecules, such as nucleic acids,
proteins, and enzymes. So far, the scope of these studies was mostly the
elucidation of the structure of the biomolecules. Since interesting insights into
the mechanisms of enzyme reactions have been obtained from conventional
studies of kinetic hydrogen/deuterium isotope eflects of enzyme reactions in
H,0/D, O mixtures [43], one can anticipate that dynamic NMR experiments
as a function of the deuterium fractions in the mobile proton sites will also
contribute to an understanding of the dynamics of enzyme reactions in the future.

Thirdly, as has been shown in Sect. 11, the whole potential of NMR in the
study of kinetic isotope effects of proton transfer reactions in the solid state
has not yet been fully developed and future efforts in this direction can be
anticipated. Such investigations are especially important because of the
possibility of studying solids at low temperatures, i.e. the possibility of obtaining
kinetic isotope effects in a very wide temperature range.
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