2660 Organometallics 1992, 11, 2660-2668

Relationship between Intramolecular Chemical Exchange and
NMR-Observed Rate Constants

Malcolm L. H. Green* and Luet-Lok Wong

Inorganic Chemistry Laboratory, South Parks Road, Oxford OX1 3QR, U.K.

Andrea Sella

Department of Chemistry, Christopher Ingold Laboratories, University College London,
20 Gordon Street, London WC1H 0AJ, U.K.

Received September 11, 1991

This paper shows that the rate constants measured by dynamic NMR methods differ from those of the
chemical process(es) giving rise to the exchange and that the chemical rate constants one can derive depend
on the mechanism under consideration. Thus, the indiscriminate use of measured rate constants can in
unfavorable cases lead to serious errors and consequent incorrect mechanistic interpretation. A simplified
method for obtaining rate constants from dynamic NMR experiments in which the exchange processes
are defined by more than a single rate-limiting step is described. In addition, the method can be used

in the construction of kinetic (Kubo—Sack) matrices.

We recently reported a reinvestigation of the fluxional
processes in the compounds [M(n-Cz;Hg),(n-CH;CH=
CH,)H] (M = Nb, Ta) using dynamic NMR techniques.!
The multisite exchange systems in these compounds are
extremely complex, and we came to appreciate that the
process of relating the observed rate constants to the rate
constants of chemical processes such as olefin insertion etc.
was not straightforward. This problem of relating the
magnetically observable phenomena to the underlying
chemical processes is acute and has rarely been addressed
in terms readily intelligible to the nonspecialist.>? Part of
the reason for the difficulty in dealing with this relation-
ship arises from the mathetmatical description of dynamic
spin ensembles. The theoretical description of the NMR
spectra of exchanging systems has been based on the
concept of “lifetime”, 7, which, together with the relaxation
times T, and T, influences the line shapes. The lifetime
is related to a “rate constant” by

=1

Tk

The concept of lifetime is not intuitively obvious, and the
problems involved in relating it to the chemical rate con-
stant have been most eloquently expressed by Faller, who
warns of the necessity of recognizing “...the significant
distinction between the reciprocal lifetime, 77, and the rate
constant for leaving each site, k, which most often corre-
sponds to the chemist’s intuitive notion of the rate for the
process. Therefore the user must relate the “rate” to the
“pre-exchange lifetime” or 7 (...) to the rate for an ele-
mentary process, such as the migration of some group,
whicl'x3 corresponds to the conventional rate for the reac-
tion.”

In fact, a rate constant obtained from an NMR exper-
iment rarely, if ever, corresponds directly to the rate
constant for the chemical process from which it arises.
This distinction between the observable and the underlying
phenomenon is critical to any quantitative discussion, and
thus we are faced with the problem of defining what it is
that we measure by NMR spectroscopy. In this paper we
address the derivation of rate constants of chemical pro-
cesses from the magnetization transfer rate constants ob-
tained by dynamic NMR techniques. We will take a
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phenomenological or “casebook” approach to the problem.
A series of intramolecular exchange processes, of increasing
complexity, drawn from organometallic chemistry, will be
examined to illustrate and clarify the principles involved.
These examples will lead to a generalized, unambiguous
method for extracting the correct rate constants from
NMR experiments for even the most complex cases, which
we hope will be useful to those who, like ourselves, were
not familiar with the elegant and rigorous matrix approach
described by Johnson and Moreland.*

An important point which will become clear is that in
many cases the chemical rate constants extracted from the
NMR data are not independent of the mechanism under
consideration, and it is necessary to examine closely the
different processes in the mechanisms. A useful analogy
for what we mean may be found in experiments to de-
termine the rate of racemization of a chiral compound, X.
In a typical experiment one might monitor the optical
activity of a solution by polarimetry. Thus, the slope of
a plot of the optical rotation against time is the first-order
rate constant, k.. It is crucial that this observed rate
constant not be equated with the rate of racemization, k..,
from which it differs by a factor of 2:

kuc = 1/2kob|

The reason for this difference stems from the fact that
optical rotation is proportional to the difference in con-
centration of the enantiomers, {{(+)-X] - [(-)-X]}. Thus,
each inversion event has a double effect on the optical
rotation. Furthermore, in an Sy2 mechanism every con-
certed substitution step leads to inversion, whereas in an
Sn1 process the trapping of the planar carbonium ion
intermediate leads to an equal mixture of enantiomers.

1. Matrix Description of NMR Spectra
The fundamental equation governing the line shape of
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an NMR spectrum may be represented in its most compact
form by

I(y) = ~io M, Im (P-A11)

where o, is the Larmor frequency, M, is the total
magnetization, P is the fractional population vector, and
A is usually referred to as the Kubo-Sack matrix.® For
an n-site exchange process, A is an n X n matrix which is
composed of two component parts associated with relax-
ation and exchange, respectively:*5
A=W+D
W is the diagonal relaxation matrix with elements
W= 6,']'(1,-

«a; is the reciprocal of the T, relaxation time for site i, and
D is the exchange matrix given by

1
Dii=";i
b
Dyj=— iwj

Ti

where p;is the probability of transfers from site i to site
J occurrmg in a single step and 7; is the mean lifetime of
site i.

Given that the dynamics of most systems may be de-
scribed in terms of a single rate-limiting process, the
common reciprocal lifetime 1/ 7; may be factored out of the
kinetic matrix D. In keeping with our preference for rate
constants rather than lifetimes, we may convert 1/7; to the
“chemical rate constant” k.., simply by noting that

1,

T
In other words, each matrix element corresponds to the
observed rate constant and we may factor out & g, which
is then independent of differences in site occupancy and
transfer probability. It is important to note that k.
refers to the rate constant of the chemical process giving
rise to the observed exchange. The D matrix is normally
shown in its “factored” form, in which the individual ele-
ments simply represent the transfer probabilities, p;;, which
in the case of random exchange (see below) are reYated to
the fractional populations of the various sites.

Thus, a critical part of the construction of the Kubo—
Sack matrix lies in the correct and consistent choice of the
“lifetime” or rate process. The question has been discussed
in some depth by Johnson and Moreland* and will not be
discussed further except to point out the appropriate ki-
netic matrices for some of the examples we shall deal with
below. We note, however, that situations may arise in
which the kinetic matrix D may itself be decomposed into
submatrices describing distinct but parallel dynamic
processes occurring in the molecule.

2. Methodological Aspects

Three main classes of NMR experiments are available
to extract rate constants of intramolecular fluxional pro-
cesses.® Band-shape analysis requires spectra to be ac-
quired under conditions of slow, intermediate, and fast
exchange. The resultant line shape is then iteratively
simulated or fitted by computer. A number of simulation

(5) Kubo, R. Nuove Cimento, Suppl. 1957, 6, 163. Sack, R. A. Mol.

Phys. 1958, 1, 163.
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programs are available.” These programs are based upon
exchange between configurations. In a two-site exchange
between sites of unequal fractional populations® such as
a hydride/ethylene exchange, three-site configurations are
set up in which two of the sites share the same chemical
shift. By matching the experimental spectra with those
calculated by the program, one can obtain the rate constant
for the exchange processes:

(ABB) =~ (BAB) -~ (BBA)

The output from such programs consists of the individual
elements of the kinetic matrix. Hence, the rate constant
refers only to magnetization transfer arising from jumps
between sites of unit population (vide infra). The line
shape is normally sensitive to the mechanism of the flux-
ional process, and simulation is often useful in strongly
coupled systems. A rigorous method for tackling complex
spin systems has been presented by Klemperer.®

The broadening of signals in the slow-exchange regime
is directly related to the rate constant of leaving a site and
ending up in any other site by

ky = n(AW)

where AW is the difference between the exchange-broad-
ened and static bandwidths at half-height.® Another
common method of obtaining rate constants from band
shapes is the determination of the coalescence point.
Standard expressions have been derived for different ex-
change systems.®

Ernst and co-workers have demonstrated that a simple
pulse sequence can be used under conditions of slow ex-
change to acquire two-dimensional spectra from which
either dipolar coupling (NOE) or chemical exchange net-
works may be extracted by examination of the cross peaks
(NOESY or EXSY).1® The beauty of this experiment lies
in its ability to provide a visual map of the exchange
matrix. Care must be exercised since cross-peak intensity
is not directly related to rate. Quantitative information
may be extracted using a computer program written by
Stephenson et al. which generates the exchange matrix,
D, for the system.!!

Finally, there are the magnetization transfer tech-
niques,'>!? in which selective perturbations are applied to
the system under conditions of slow exchange.!* Chemical
exchange distributes these perturbations to the other sites
in the molecule. The return to equilibrium of the various
peaks is monitored. The equation governing the magne-
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3863.
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tization at any one site i arising from exchange between
nonequivalent sites i and j is given by the McConnell
equation;!®

M, s " M=) - M,
—_ M+ Y kM + —m——
de j-l%#j) T ey T Ty

where M; is the magnetization at site i, M;(«) is the
equilibrium magnetization at site i, T'; is the spin-lattice
relaxation time at site i, and k;; is the first-order rate
constant for jumps from site i to site j. In the case of
exchange between several sites, multiple site saturation
transfer affords the first-order transfer rate constants
between any two sites.5®¢ The analysis of the data ob-
tained by these methods is usually straightforward, pro-
vided that the spin-lattice relaxation times are similar in
all sites. Computer programs to analyze cases in which T
varies from site to site have been reported.!”2

In choosing a method to determine rate constants, one
should bear a few points in mind. In general those
methods which require assumptions about the relaxation
times, relaxation mechanisms, and chemical shift differ-
ences are the least reliable. Thus, care is required in the
use of coalescence-point and band-shape simulation
methods because both assume temperature invariance of
chemical shifts. The detection of coalescence points is
often not straightforward, especially in multisite and
unequal site-population exchange systems. Although it is
possible to vary the relaxation times in band-shape sim-
ulation programs, the fact that the actual values are un-
known is a major problem. Complete band-shape analysis
is valuable for qualitative applications such as the de-
termination of exchange pathways but is rather unreliable
for the accurate determination of rate constants. Even for
qualitative applications, the difficulties of setting up the
input parameters correctly together with the subtleties of
distinguishing between alternative mechanisms should not
be underestimated. Complex systems must therefore be
approached with caution.

Under the favorable conditions of small variations of
viscosity broadening and relaxation times with tempera-
ture, the initial exchange broadening of bands in the
slow-exchange regime is a very useful method for rate
constant determination. The direct use of the equation
k, = v(AW) does require accurate measurements of line
widths at half-heights. In the application of this method
proper shimming is important and care must be taken if
“line broadening” is applied to the FID, since this may give
rise to nonadditive contributions to the line width. It is
also advisable to use a Lorentzian fit to the observed band,
a feature available on most modern spectrometers, or to
use the intensities relative to a reference signal.®

The magnetization transfer and two-dimensional ex-
change techniques do not require assumptions about the
relaxation times or chemical shifts. In magnetization
transfer experiments it is possible to determine the T
values, and the relaxation terms only occur in the diagonal
elements of the kinetic matrix in two-dimensional exchange
experiments. These methods are obviously of little use
when the bands are substantially broadened by exchange.

Finally, in view of the points made above, it is advisable
to determine any given rate constant by more than one
method or by carrying out a measurement on a different

(16) McConnell, H. M. J. Chem. Phys. 1958, 28, 430—431.

(16) Ugurbil, K. J. Magn. Reson. 1985, 64, 207-219.

(17) Roe, D. C. J. Am. Chem. Soc. 1988, 105, 7770-7771.
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Reson. 1988, 69, 92-99.

(20) McNally, J. P,; Cooper, N. J. Organometallics 1988, 7, 1704-1715.
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nucleus. This serves not only to establish the accuracy of
the measurement but also to check for consistency (vide
infra).

3. Classification of Exchange Systems

It is helpful at this point to introduce a simple classi-
fication scheme and associated nomenclature for simple
exchanging systems.

(i) Sites of different chemical shift are labeled A, B, C,
etc. Thus, an equally populated two-site exchange system
is an AB system,?!

(ii) Differences in site population® are denoted by sub-
scripts, hence AB,, AB;, etc. Thus, in the last case the
fractional populations will be p, = !/, and pg = 2/,, re-
spectively.

(ili) Nuclei which have the same chemical shift as some
others but which do not participate in the rate-determining
step of the exchange process (bystander nuclei) are denoted
by X', as in the ABB’CC’ system which will be discussed
later.

4. Equally Populated Two-Site Exchange—The
AB Case

The simplest exchange system is the degenerate chem-
ical exchange between two sites, A and B, each of fractional
population 0.5. This could be the result of rotation of a
para-substituted aryl group or the classic example of
methyl exchange in N,N-dimethylformamide. These ob-
served magnetization transfer rate constants can be de-
noted by k. (A—B) and k,,(B—A), and it is necessary to
relate them to the rate constant for the “elementary
process” or “chemical event” which gives rise to the
transfer.

It is therefore essential to define what we mean by a
“chemical event”. In attempting to arrive at a self-con-
sistent system for treating chemical exchange by NMR
spectroscopy, we shall define a chemical event as follows:
A chemical event is defined as the formation of a species,
however transient, on the multidimensional reaction
manifold, from which the final configurations of those
nuclei undergoing exchange are determined statistically.

For a general degenerate chemical exchange process, the
species at the midpoint of the symmetrical reaction profile
can decay back to the ground-state structure along a
number of paths, which, being energetically degenerate,
will occur with equal probability. These paths are dis-
tinguishable in a magnetization transfer experiment be-
cause some of the nuclei are labeled. Thus only those
pathways which result in magnetization transfer will be
observable by NMR techniques. In other words, the
chemical process will occur without observable magneti-
zation transfer a certain proportion of the time and the
rate of magnetization transfer is not the same as the rate
of the underlying process.

For the AB case, therefore, it takes on average two
chemical events to give rise to observable magnetization
transfer. This is equivalent to saying that half of the
chemical processes are in a sense “invisible” by NMR
techniques.

Although we have thus far only referred to magnetiza-
tion transfer experiments, the same problem arises for
coalescence experiments. The only difference is that we
are dealing with equilibrium magnetizations rather than
with a perturbed system. The classic expression for the

(21) This nomenclature implies nothing about coupling between sites
and must not be confused with the formalism for describing spin systems.
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rate constant at the coalescence temperature??
w(6v)

\/E

also refers to the forward rate constant for spins leaving
gite A and ending up in site B. The overall (or “exchange”)
rate constant is defined as being the reciprocal average
time between jumps, 7:2

ky = k(A—B) =

1 Pa _PB
= | e— = 1 24
kchem T kB kA ( )
b o1 kA—B) _k(B—A)
chem = . = pg Pa

Eenem = R(A—B) + k(B—A)

For a two-site exchange where p, = pg = 0.5
b = k(A—~B)  k(B—A)
chem ™ 05 05

Hence, the correct expression for the chemical rate con-
stant at the coalescence temperature is given by

" _ 27(ov)
chem — — A~
V2

We note that although most textbooks quote the expres-
sion for k(A—B), they generally leave the question of the
factor of 2 implicit in the mass-balance equation (1).

Because of its simplicity, the coalescence method has
been used extensively to extract the rate constants of
dynamic systems. Substitution of the rate constant ob-
tained into the Eyring equation then gives the free energy
of activation for the process under study. However, the
presence of the exponential term in the Eyring equation
makes AG* quite insensitive to changes in the rate con-
stant, k. Thus, the systematic error in AG* is often small
compared with the assumptions and errors inherent in the
determination of the rate constant at the coalescence
temperature. These limitations have been discussed at
some length by a.number of authors.®?

There is one important corollary to this final point. In
studies of dynamic systems, subtle mechanistic arguments
based on comparisons of AG* values are often presented.
Because AG* values are so insensitive to differences in rate
constants, such comparisons may mask subtle wrinkles in
the potential energy surfaces. For detailed mechanistic
studies, it is therefore crucial not simply to establish that
the energy barriers at a particular temperature are the
same but, more importantly, that the chemical rate con-
stants are also equal in order to argue for a common
rate-limiting step in a given fluxional process.

5. Population Differences

At this point, it may not seem important to include the
“factor of 2” in the AB case. The treatment of chemical
exchange between sites with different populations, on the
other hand, introduces an additional complication. In

(22) Gutowsky, H. S.; Holm, C. H. J. Chem. Phys. 1956, 25, 12281234,

(23) Reference 3, p 216.

(24) We note that eq 1 encapsulates the mass balance requirement, i.e.
gmt tXe number of spins moving from site A to site B be the same as from

to A:

Paks = peks

(25) Allerhand, A.; Gutowsky, H. S.; Jonas, J.; Meinzer, R. A. J. Am.
Chem. Soc. 1966, 88, 3185-3194.
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Figure 1. The AB, exchange system.

addition to considerations of transfer probability it is also
necessary to take into account the fact that the measured
rate constants between different sites depend on the
populations of the sites involved. For a two-site exchange
system such as AB,, we have

LW
A==B,
kg

Mass balance requires that the measured forward and
reverse rate constants be related by

kA = 2kB

Thus, a comparison of the measured rate constants k, and
kg within this system and, more importantly, with other
systems in which the site populations are different again
are likely to lead to incorrect conclusions.

To enable direct comparisons to be made, it is advan-
tageous once again to use a modified rate constant, the
chemical rate constant k.., which is independent of the
site population and of the direction in which the rate
constant is measured. This corresponds to factoring out
the rate constant from the D matrix discussed in section
2. To illustrate this process, the two-site exchange matrix
derived by the method of Johnson and Moreland* is shown
(now expressed in terms of k rather than 7):

—ky ky | | P Y X
k-l _k-l h 1/3 _1/8 chem

Thus, each off-diagonal element represents the measurable
magnetization transfer rate constant for exchange between
sites A and B; i.e.

kobt(A_’B) = %kchem
while
kobs(B_'A) = 1/Skchem

Thus, as we expect, we find that
Rore(A—B) = 2k . (B—A)

Before attempting to generalize this approach, we will
consider a series of simple examples drawn from organo-
metallic chemistry which we hope will lend support to and
clarify the principles presented above. The examples will
for the most part be based on intramolecular hydrogen
scrambling in olefin-hydride complexes which occur via
Eh;e fieversible insertion of the olefin into the metal-hydride

nd.

8.1. The AB, Case. Consider the case of an ethyl-
ene-hydride complex in which rotation of the olefin is
immeasurably slow and the two ethylene hydrogens
proximal to the hydride are chemically equivalent. This
is illustrated in Figure 1. The exchange process is a
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Figure 2. The ABC exchange system.

two-site exchange between sites of populations 1 and 2,
respectively. Formation of the ethyl group is our chemical
event and will result in statistical scrambling of the hydride
between the two sites. When the hydride is irradiated,
magnetization transfer is expected to occur two times out
of three. Hence, the chemical rate of olefin insertion is
8/, times the rate of magnetization transfer measured by
NMR and

R eherm = 3/2kob|(H_’CH2)

Similarly, if the methylene resonance is irradiated,
magnetization transfer occurs two-thirds of the time. Since
the site population is 2, the chemical rate constant is

Renem = %oRone(CH;—~H) X 2

B.2. The ABC Case. When ethylene rotation in an
ethylene~hydride complex is slow, and if the two proximal
ethylene protons are not chemically equivalent, we have
an example of an ABC exchange system as shown in Figure
2. If the hydride resonance is irradiated, magnetization
transfer to both vinylic sites B and C will be observed.

Magnetization transfer from the hydride to either of the
vinylic hydrogens will occur on average once every three
insertions or chemical events. Since there is a common
underlying process:

Repem = 3Rop(H—CH) = 3k,,,(CH—H)

where k., (H—CH) represents the rate constant of
magnetization transfer from the hydride to either of the
two vinylic sites. The kinetic matrix for this type of system
is given by

1_2/ Skchem 1/ é'ikchem i/ Skchem
l/ Skchem 1_ / Skchem /23kchem
/ Skchem / 3kchem = Skchem

Thus, once again we see that a comparison of the rate

constants for magnetization transfer from the hydride to

the vinylic sites obtained for the AB, and the ABC cases

ivoult'l be incorrect if made on the basis of &k, rather than
chem*

5.3. The AB,B’, Case. If the the rotation of the
ethylene ligand is fast on the NMR time scale, the H
NMR spectrum will consist of two peaks of relative in-
tensity 1 and 4. The chemical event is the insertion step
and is equivalent to the AB, system considered above; two
olefinic protons, the B’ pair, are bystanders since they do

Green et al.

not participate in any given insertion step:

If the hydride is irradiated, magnetization transfer will
occur two out of three chemical events. Hence

Rchom = %kobg(H—’CH)

On the other hand, if the olefinic hydrogens are irradiated,
the transfer probability is 2/, but the site population is 4,
thus:

kchem = %koh(CH—’H) X 4

5.4. The ABB'CC’ Case. Consider an ethylene-hydride
system in which the metal is chiral and the ethylene ligand
rotates rapidly. The 'H NMR spectrum of such a system
consists of three peaks of intensity 1, 2, and 2, corre-
sponding to the hydride, hydrogens B and B’, and hy-
drogens C and C/, respectively:

Cv

\

C
H

If the hydride resonance is irradiated, the actual insertion

step leads to exchange either between H, B/, and C’ or

between H, B, and C. Therefore, insertion results in ob-

;«Iarvable magnetization transfer one-third of the time.
ence

Echem = 3Ron(H—CH)

On the other hand, if either of the ethylenic resonances
is irradiated, we have

Repem = 3Rop(CH—H) X 2 = 6k, (CH—H)

5.5. The AB, Case. The AB; case, exemplified by the
intramolecular exchange between the hydride and methyl
hydrogens of a transition-metal methyl hydride complex,®
is dealt with by analogy to the AB, system. Irradiation
of the hydride gives k,,(A—B), which is related to ken
by

kchem = %kobs(A*B)

whereas irradiation of the methyl group gives
Renem = 4k ps(B—A)

6. General Equation for Relating k;, to k .

In the preceding series of examples we have seen that
we must take account of the proportion of exchange events
that results in observable magnetization transfer and the
site populations.

The relationship between the chemical exchange and
magnetization transfer rate constant may be generalized
in the following way:

Renn(A—B) = Zlky(A—B)IN, @

(26) Bercaw, J. E.; Parkin, G. Organometallics 1989, 8, 1172-1179 and
references therein.
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Table I. Correction Factors for Simple Exchange Systems

exchange site
system irradiated a N eq

AB A Yo 1 Ryem = 2kyr(A—B)
AB, A s 1 Repem = %/ skner(A—B)
AB, B /s 2 Rehem = 3kyr(B—A)
ABC A a1 Repem = 3kyT(A—B)
AB, A e 1 kogpem =*/skur(A—B)
ABa B 8/‘ 3 kclum = 4km(B“’A)
AB,B’, A s 1 Repem = 3/skpr(A—B)
AB,B, B 2f3 4 hoem = Bkyr(B—A)
AB,C, A 23 1 Renem =%/ okur(A—B)
ABQCZ B 2/ 3 2 kchom = 3kMT(B—’A)
ABB’CC’ A e 1 Repem = 3kyr(A—B)
ABB'CC’ B s 2 Reem = 6kyr(B—A)
ABCDs A 3/6 1 kch,m = 2km(A—’D)
ABCDq A Yo 1 Eepem = 6kyr(A—B)

Here the two rate constants are defined as before. The
a term establishes the relationship between the chemical
and the spectroscopically observable processes, i.e. the
average number of chemical events required to give rise
to a magnetically observable effect, and is given by the
statistical probability of any one of the nuclei in site A
ending up in site B:

_ PPy
“T TP
where
P, = number of nuclei in site A
Py = number of nuclei in site B
ZP,' =

total number of nuclei involved in exchange process

The normalization constant, N,, ensures that the rate
constant refers only to the concentration of the complex
and is independent of site population. Thus, N, preserves
the mass balance and is equal to the number of nuclei in
the site from which magnetization is transferred. Even if
the rate constants are not measured in both directions, the
correction factors can be double-checked by deriving the
relationships for the forward and back reactions and
checking the mass balance.

We believe that this provides a more straightforward
way of relating the two rate constants. Thus, a summary
of the correction factors to be used for simple systems is
presented in Table I. The relationship holds true provided
that exchange is treated as an instantaneous process which
results in random scrambling between the available sites.

The chemical rate constant may now be related to the
free energy of activation of the chemical process of interest
using the Eyring equation

KkBT

e-AG*/RT

When k.. is used in this equation, we should set x = 1.
Some authors use an alternative formalism in which the
magnetization transfer rate constant, i.e. k,, is used di-
rectly and a transmission coefficient is assumed in the
Eyring equation.? This procedure is entirely equivalent
to our own. Comparison of eq 2 with the Eyring equation
thus indicates that when k&, is used, we must set

a

K==

N

(27) Mann, B. E. J. Chem. Soc., Perkin Trans. 2 1977, 84-87 and
references therein. '
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7. Mechanism Dependence

Thus far, we have paid little attention to the details of
the mechanism. As we shall see in the following sections,
eq 2 provides us with a powerful tool for making distinc-
tions among mechanistic alternatives. This is particularly
important for chemical processes which scramble nuclei
(i.e. transfer magnetization) between more than two sites.

Such cases are most easily visualized by referring to a
specific example. We shall consider the reversible insertion
of propene into a metal-hydride bond:?

CH, H
X-— LN
H M _  \
e ~a /a
B e,

In this case, since the two vinylic hydrogens are inequiv-
alent, we can in principle measure 10 rate constants:

(1, 2) magnetization transfer (MT) from the hydride
to each vinylic proton, &, (H—~CH)

(3) MT from the hydride to the
methy! group, k., (H—CH;)

(4, 5) MT from each vinylic hydrogen
to the methyl site, k,,,(CH—~CHj)

(and their corresponding reverse).

In applying eq 2 to such a real system, it is necessary
to make guesses about the mechanism of the exchange
process. In every case all possible intermediates for the
exchange process in question must be considered. We shall
examine the following distinct mechanistic alternatives:®
(I) insertion gives an intermediate in which statistical
scrambling can occur only between the hydride and the
two vinylic hydrogens (an ABC exchange system). (II)
insertion gives an isopropyl group in which statistical
scrambling can occur between all four sites (an ABCD,
exchange system). Schematic diagrams of mechanisms I
and II are shown in Figure 3.

7.1. Random Scrambling. As a starting point we shall
assume this to be an ABCD; spin system and that scram-
bling between all four sites is statistical, i.e. mechanism
II. In other words, the dynamics of this system can be
uniquely defined by means of a single rate constant and
this constant is associated with the rate of formation of
the isopropyl group. Thus, trial rate constants, k;,, can
be obtained from the observed rate constants using eq 2
in the following manner.

If the hydride is irradiated

kyia(H—CHj) = %k (H—CH,) X 1

It is instructive to consider how these two equations can
be derived without resorting to eq 2. After insertion, the
labeled hydrogen is in one of the two methyl groups of the
isopropyl intermediate. After rapid rotations of the methyl
and isopropy! groups, 5-elimination takes place to regen-
erate the propene hydride. Hence, there is equal proba-
bility of the labeled (hydride-containing) methyl group
ending up as either the uncoordinated propene methyl or

(28) We will only consider the particular case of an exo isomer (that
in which the methyl group points away from the hydride), and we will
assume that rotation of the olefin is immeasurably slow.

(29) Although other possible mechanistic processes might be envi-
saged, they are excluded from this discussion for the sake of simplicity.
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CH, CHj
CH,
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CH;
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Mechanism I
CH,
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5. 8.
(&
H H

Mechanism IT

Figure 3. Two mechanisms for hydrogen scrambling in a
propene-hydride complex.

the one which gives the hydride. In other words, the hy-
dride-to-methyl transfer probability is !/, and the hy-
dride-to-vinylic hydrogen transfer probability is 1/, X 1/,
or !/e. Similar arguments give the correct relationship
between k., and k., (CH;—~H).

The above discussion may be summarized by writing the
kinetic matrix obtained by the Johnson and Moreland
method,® which is

H H H Me
Sts Ve Vs Y
Ve S1e Ve %%
Yo Vs S Yo
Me| % Y% Y% -

faofis o J o]

kchun

If the hypothesis is correct, and mechanism II operates
alone, then we would expect

Ryig(H—CH) = k. (H—CH,)

This can be double-checked by determining
kon(CH—CH;). With the formation of a common inter-
mediate in which there is statistical scrambling of hydro-
gens, all the corrected rate constants will be equal to that
for propene insertion:

kinurr.ion = km(H_’CH) = kmd(H“’CHs) =
Ry ia(CH—CHy)

A qualitative energy profile consistent with this fluxional
process is shown in Figure 4. The highest point is the
rate-determining insertion barrier. The various scrambling

(30) As always, this matrix may be checked for correctness by post-
multiplying by the appropriate elements of P-1.

Green et al.

Insertion barrier

Barriers to the processes which cause
scrambling but which are undetectable
by n.m.r.

Figure 4. Schematic energy profile for mechanism I.
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Figure 5. Schematic energy profile illustrating the “competing”
mechanisms I and IL

processes (methyl and isopropyl rotation) are undetectable.

7.2. Nonstatistical Scrambling. A second possibility
to be considered is that, having measured the rate con-
stants and assumed a common intermediate, we find that

keia(H—CH) > kyi(H—+CHy)

In other words, mechanism II alone cannot account for
these observations. Thus, we must invoke an additional
process capable of delivering magnetization to the vinylic
sites and not to the methyl group (i.e. mechanism I).
In Figures 5 and 6 we show two alternative schematic
energy profiles for the kinetic scheme we have constructed.
In Figure 5 it can be seen that if the hydride is labeled
there are two possible pathways (mechanism I and II) by
which magnetization can travel to the vinylic sites (the
process A <> B). In practice the higher of the two can be
ignored if the barrier heights differ by more than 10 kJ
mol™. On the other hand, there is only a single route
(mechanism II) by which magnetization can be transferred
into the methyl site (process A <= C). In Figure 6 we show
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H
H
Nf%ﬁ
CH;

Figure 6. “Traditional” schematic energy profile for a system
in which mechanisms I and II operate concurrently.

a more “traditional” energy profile in which we distinguish
between the NMR-visible and -invisible barriers.

Since mechanism I (the ABC exchange system) does not
result in magnetization transfer from the hydride to the
methyl group, the rate constant for mechanism II (the
ABCDj; system), k.m(2), can be related directly to the
observed magnetization transfer rate constants
k., (H—CH,) and &, (CH—CH,):

The ABC process (mechanism I), which occurs with the
rate constant k4, (1), can now no longer be related back
directly to the observed magnetization transfer rate con-
stant, k,,(H—CH). This follows from the fact that
magnetization transfer from the hydride to the vinylic
hydrogens is a composite of mechanisms I and II operating
in parallel. We therefore write an expression for the total

rate constant of magnetization transfer in terms of the two
contributions:

Eop(H—CH) = kygr; (H—CH) + kypo(H—~CH)

kp, i8 the observed magnetization transfer rate constant
from the hydride to the vinylic sites, and kyr, and kyr,
refer to the contributions to magnetization transfer due
to mechanisms I and II, respectively. From eq 2 we have

Behem(2) = 2k, (H—~CHj) = 6kyr(H—CH)
Thus
Ryro(H—CH) = 3k p,(H—CHy)
If we substitute
kopa(H—CH) = kyri(H—=CH) + Y3k p(H—CH,)
and rearrange
kyri(H—-CH) = k,,,(H—CH) - Y3k, (H—CH,)

Since kyry refers to magnetization transfer, we can convert
to a chemical rate constant using eq 2:3!

Repem(1) = 3kp(H—CH) X 1

Therefore
kchem(l) = 3[kob|(H_'CH) = yskoh(H_’CH:i)]

Eehem(1) = 3kgp (H—CH) - k_,,,(H—~CH,)
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When we apply the Kubo-Sack matrix approach for
such a system in which two parallel rate processes operate,
it is in fact necessary to separate the overall K-S matrix
into two submatrices, each of which refers to a separate
exchange process. Constructing the Kubo—-Sack matrices
for the two processes, we obtain

1_2/3 1/23 1/3 0 _5/6 1/56 1/6 3/6

fs =y Uy 0|4, Yo S5 Ve ¥ ks

Ys Yy P30 Yo Ve Mg U

0 0 0 o Ve Yo Ve Y
from which

ko(H—CH) = ¥k, + %k,
kon(H—CH,) = %kz

and hence

ky = 2k, (H—CH,)

ky = 3kop(H—CH) - k,(H—CHj,)

Thus, the approach using eq 2 and mechanistic arguments
gives results identical with those for the more rigorous
matrix method.3?

8. Further Complications

The final complication we may introduce is to include
in our system an additional measurable exchange process.
The following question then arises: how do we compare
the various measured rate constants?

Continuing with the propene-hydride system discussed
above, we consider the case where the metal is also atta-
ched to two ancillary cyclopentadienyl rings as, for exam-
ple, in the complex exo-[M(5-C;H;),(n-CH,CH=CH,)H].!
The molecule is shown together with a more schematic
“Newman” representation:3?

R
g‘H H"//

In examining this system, we can imagine three distinct
chemical processes. When insertion of the olefin into the
metal-hydride bond occurs, the two C; rings will remain
chemically and magnetically distinct until the resulting
isopropyl group undergoes a 120° rotation (exchanging A
with D and B with C), as shown in Figure 7.3 This ex-
change process occurs with the chemical rate constant ko).
The process which exchanges the two C; rings also ex-
changes the two methyl groups; hence, exchange of the two

(81) This is done by exact analogy to the ABC case discussed earlier
ia‘cln' the ethylene hydride in which the two vinylic protons are nonequiv-
ent.
(32) Had we measured k,,(CH;—H), the appropriate equations would
become

ky = Bk gpy(CHs—H)

See ref 1b.

(33) We note that one might also consider the endo isomer. Inter-
pretation of the exchange processes in this isomer is straightforward since
in this case interchange of the two vinylic protons is necessarily accom-
panied by interchange of the two cyclopentadienyl rings.

(34) We have only considered rotamers A-D. Model studies suggest
that the two rotamers in which the isopropyl group lies in the equatorial
plane are disfavored by interactions with the five-membered rings.
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Figure 7. Relationship between the rotamers A-D of the iso-
propyl group bound to a metallocene.

rings by means of this rotation is accompanied by
magnetization transfer between all six isopropyl sites. On
the other hand, a 60° rotation (which interchanges A and
B or C and D) results only in magnetization transfer from
hydride to the methyl group without exchanging the cy-
clopentadienyl rings. This occurs at the chemical rate kg
The rate constant for simple insertion, the process which
only interchanges H—CH, is denoted as before by kgen(1).

If the mechanism operates by rate-limiting propene in-
sertion, i.e. kg and R,y are much greater than k;_,.(1), then
we expect statistical behavior, and

Eehem(1) = 8kop(H—~CH) = 2k, (H—~CH,) =
2k ,p(Cp—Cp)

An alternative is thét we find that
6k (H—CH) = 2k ,(H—CH,3) » 2k, (Cp—Cp)

This will result from propene insertion being rate limiting
for the hydride/vinyl and hydride/methyl exchange pro-
cesses, but the highest point on the reaction coordinate for
the C; ring exchange process is higher than the transition
state for propene insertion. In other words, the kg, process
is very much faster than k,.,(1) but the k;5 process is
sufficiently slow as to give rise to slower cyclopentadienyl
ring exchange. It should be noted that in this case both
the measured rate constants k., (H~CH) and
kope(H—CH,) are composite rate constants and have con-
tributions from k., (Cp—Cp).
A third possibility is that

6k (H—CH) > 2k . (H—CH,) > 2k, (Cp—Cp)
This would imply a situation summarized in the energy
profile shown in Figure 8, in which the 60 and 120° pro-

cesses operate concurrently. Both processes give rise to
exchange of the two methyl groups. Therefore

Eenem (H—CHy) = kyg + kg

From Section 6.1 we know that
Rehem(H—CH;) = 2k, (H—~CH,)
and that
120 = 2Rope(Cp—~Cp)

Therefore

2k pe(H—CHy) = k50 + kg
Now kg, can be obtained from

keo = 2kqp(H—>CHj) — 2k4,,(Cp—~Cp)

Green et al.

Figure 8. The kg and &,y processes.

Finally we may obtain the rate of chemical exchange due
only to the hydride/vinyl hydrogen exchange process by
noting that the contributions to k., (H—~CH) arising from
the kg, and k, 4 processes are contained in ky (H—CH,).
Thus, the expression reduces to that obtained at the end
of section 6.2:

kchem(l) = 3kobg(H_’CH) - kobg(H—’CHs)

9. Conclusions

In this paper we have shown how it is possible to obtain
detailed mechanistic information by a careful examination
of the measured rate constants of dynamic systems. We
have shown the rate constants measured by dynamic NMR
methods differ from those of the chemical process(es)
giving rise to the exchange and that the chemical rate
constant one can derive is not independent of the mech-
anism under consideration. Thus, the indiscriminate use
of measured rate constants can in unfavorable cases lead
to serious errors and consequent incorrect mechanistic
interpretation. OQur argument is based on the idea that,
for each distinguishable mechanistic process, the proba-
bility that a nucleus leaving site A arrives in site B is
proportional to the fractional population of site A. This
provides us with a subtle mechanistic probe which is
quantified by eq 2. By applying this equation to each

bom(A=B) = ZlhuA-BIN, @

measured rate constant in turn, it is possible to establish
unequivocally whether or not the observed dynamics are
the result of random scrambling between the sites. If this
is found, then we have rigorous proof for the existence of
a single mechanism (and associated activation barrier) to
account for scrambling between all the monitored sites.
In those cases in which eq 1 is found to fail, then we must
invoke one or more additional processes which will pref-
erentially deliver nuclei to certain sites. These additional
subprocesses will then normally be found to fit eq 2. In
addition, eq 2 provides a simple route to generating the
Kubo-Sack matrix for the dynamic process. The great
advantage of this scheme is that it provides a far more
subtle mechanistic probe than the use of activation pa-
rameters.
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