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Nuclear magnetic resonance spectroscopy has been widely used in recent years to investigate the kinetics of chemical reactions.
Dynamic nuclear magnetic resonance spectroscopy covers the investigation of temperature-dependent n.m.r. spectra and the
calculation of rate constants and Arrhenius parameters from these spectra. The present Review describes the principles of
d.n.m.r. spectroscopy, methods of recording the spectra, and their processing by exact and approximate methods. The
theoretical and experimental foundations are illustrated by many examples of the investigation of hindered rotations, inversions,
and rearrangements in various organic and organometallic systems. A list of 81 references is included.
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1. INTRODUCTION

The most diverse physicochemical methods have been
used to investigate the kinetics of chemical reactions® ™.
Recently nuclear magnetic resonance (n.m.r.) spectroscopy
has found wide application. Dynamic nuclear magnetic
resonance (d.n.m.r.) spectroscopy involves observing the
changes with temperature in n.m.r. spectra and hence
calculating reaction rate constants and the corresponding
Arrhenius parameters. Dynamic effects in n.m.r. spectra
were first detected by Gutowsky and his coworkers in
1953.%° gince then various investigations have been made
in this field, and several reviews have been published "~**
on the theory and applications of d.n.m.r. spectroscopy.

At the present stage in the development of the technique
and applications of d.n.mxr. spectroscopy several new and
original methodological principles have been suggested
which broaden significantly the possibilities, and among
which carbon-13 n.m.r. spectroscopy may be the most

promising approach. Secondly, the abundance of experi-
mental data and the inadequacy of procedures for their
analysis demand a critical assessment of the accuracy with
which activation parameters are measured. Thirdly, the
application of d.n.m.r. has led to the discovery of a com-
pletely new class of fluctuating or stereochemicaily non-
rigid molecules, i.e. compounds capable of degenerate
intramolecular rearrangements. The present Review
discusses these problems as illustrated by various organic
and organometallic systems.

II. ELEMENTS OF THE THEORY OF DYNAMIC NUCLEAR
MAGNETIC RESONANCE

Dynamic n.m.r. data are usually analysed in terms of
the theory of rate processes, clear and detailed accounts
of which can be found in monographs ®*, Only the main
formulae are given below.
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The reaction A = B can be represented most simply by
a plot of free energy against the generalised reaction
coordinate (Fig. 1), where the state of maximum energy is
termed the transition state (Tr). The rate constant of the
change from state A to state B is given by the formula
an = Vexp (- AGTyRT) , (1a)

AGis = AH%s — TASEs (1p)

where k is the transmission coefficient, AS*, AH# and
AG#* are the entropy, enthalpy, and free energy of activa-
tion respectively, T is the temperature, and the
remaining symbols represent fundamental constants. In
view of the slight temperature dependence of the pre-
exponential factor, use is often made of the Arrhenius
equacion

k= A-exp(—E./RT) , @)

where 4 is the frequency factor and E is the activation
energy. Comparison of Eqns. (1) and (2) gives

AH" = E, - RT,
AG# = Ez ‘—RT——-TAS;é bl (3)

kg T
A== 20' -e-exp (AS™/RT) .

46,

free energy of activation

A

general reaction coordinate

Figure 1. Form of potential-energy surface for exchange
between two states.

The activation energy is determined experimentally
from the dependence of Ink on 1/T by means of the equa-~
tion

___p. oy
Ev=—R-S00 4)
Under equilibrium conditions we can determine the equi-
librium constant for the reaction A = B

K = palps = kefks = exp(— 8G/RT) (5)

where pA and ppB are the populations (or foncentrations)

- AG*_ -~
of states A and B, and 6G = AGAB AGBA'

If the reaction rate constant 2pp is considerably
smaller than 0.01 s™, the reaction is slow. The n.m.r.
method can then be used to monitor the changes in con-
centration of the states with time by measuring the integral
intensities of the corresponding signals. 1In spite of the
triviality of such measurements, there are an immense
number of examples where n.m.r. is used in this way,
including extremely complicated coupled reactions in
multicomponent systems. Several examples can be found
in Tonin and Ershov's book '
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The concept of the lifetime T of a state'' ™ is often used

in d.n.m.r. spectroscopy. For complex reactions the
lifetime 7j; of a state ¢ with respect to transition to state j
is defined by the formula

Tip = l/k,-] . (6)

The lifetime may vary within wide limits depending on the
temperature (Eqns.1 and 2). The choice of method for
recording a rate process is determined by the ratio of the
lifetime of the state to the characteristic time of the
method Tyy. The latter quantity is a time constant charac-
terising the processes of energy dissipation (relaxation)
in the corresponding frequency range (Table 1). Intermit-
tent processes in a molecular system that are more rapid
than the dissipation (relaxation) processes in the corre-
sponding frequency range cannot be recorded, and such a
system appears static (averaged over the states involved)
when the given method is used.

Table 1. Characteristic times of some physical methods
used in chemistry.

Method Time, s Method Time, s
Electron diffraction 10-20 Electron spin resonance 10—4—-10"8
X-Ray diffraction 10-18 Nuclear magnetic resonance 10-1—10-7
Ultraviolet (electronic) spectra 10-14—40"1% || Molecular beams 10-s
Vibrational spectra 10711—4071% | Visual methods (separation
Tltrasonic absorption 10-5—10"° ' of isomers) 102

It is interesting that the characteristic time constant
of the n.m.r. method covers a very wide range (Table 1).
The reason is that various methods are used in n.m.r.
spectroscopy, which permit the recording of processes
ranging from rapid (¢ = 10 s™') to very rapid (¢ =~ 10" s™).
This range of reaction velocities is usually inaccessible to
other methods'?™*°—a fact responsible for the widespread
interest in d.n.m.r. spectroscopy.

The discovery of dynamic effects on n.m.r. spectra®"®
was followed by theoretical descriptions of this phenomenon
by Gutowsky and Holm'®, Hahn and Maxwell'”, and McCon-
nell'® based on Bloch's phenomenological equations for the
nuclear magnetisation vector'®., This work has been
analysed in reviews””®, so that we shall merely give the
equation for the complex magnetisation G in exchange
between two positions A = B

[(ta 4 ) + TaTs (®aAPA + *gpp)] (,7)
(1 +opty) (1 +aprg)

where w, = yH, (in whichy is the gyromagnetic constant

and H, the amplitude of the high-frequency field), M, is

the equilibrium intensity of magnetisation,

G = io,M,

1
ai="p, +i(wi—a)
TA and 7B are the lifetimes in states A and B,

Ta , Tg (83)

= ,
TatTp Ta+ Ty

T == paTg = PpT4 . (8b)

Pa=

T: is the spin-spin relaxation time, and wj and w are the
resonance and instantaneous frequencies respectively.
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The complex magnetisation G is defined as # + iv,
where in particular the component v perpendicular to the
field vector H, is termed the absorption signal "'}’
while the component # is the dispersion signal. The v
components are usually recorded. The form of the
absorption signal for a two-position exchange can be
obtained from the imaginary part of Eqn. (7):

(4 +%/Ta) P+ QR]
U=Q‘M°T{’:}*—. (9)
where
—ef L _[L —ol+ Y on—aogpl L
P=vx 7 [2(0A+aa) m]+4(m,\ 03)}+T' s

Q= {%(‘”A + wp) —w—%(m~ma) (PA—-PB)} ’
R= {—:— (oA + @p) —m}(l+2r/’l‘,) +—;‘(‘°A—(‘JB) (pa— pe)-

Analysis of Eqn. (9) enables two regions of valv_.tes of 7 to
be isolated, for which quite accurate calculations can be
made by means of simplified formulae'®"?,

1. Approximation of Slow Exchange 7 > (vA - vB) 't

Two signals are observed corresponding to the two
states with their statistical weights pa and pg. The
signal from A in particular has a Lorenzian profile, and
the line width 6vp (in ¢/s) at midheight is given by

1
+
aTyp nTH

(10)

dva =

2. Approximation of Rapid Exchange 7 < (VA - )™

Only one signal is observed, having the resonance fre-
quency v = pAVA + pBVB. Its width is given approxi-
mately by Meiboom's formula?®’

Pa

dv =
nTyp

4 P2 amind (va —ve)(va+T8) . (11)
aT,p

Computers are generally employed to calculate the com-
plete line shape of the signal of the v component for any
values of 7A and TR, owing to the cumbersome computa-
tions involved, although a few other approximate methods
have been suggested (nomograms'?*'® | ratio of maxima
and minima in the absorption spectrum?).

Fig.2 illustrates the changes undergone by the spec-
trum in a two-position exchange. When the populations
of the states are equal pA =pB = %, the separate stages
in the dynamic process are easily detected. When 7 >
100 s, no appreciable broadening of the lines is observed,
and exchange cannot be detected. With slow exchange
7= 1s, each component of the spectrum becomes wider
and moves towards the centre (Fig.2a). The signals
coalesce at values of 7 = V2/25(vA — vB). On subsequent
increase in the rate of exchange the line again narrows.
Finally, with 7 < 107° s (with Av = 100 Hz—Eqn. 11), the
broadening becomes so small (~ 0.1 ¢/s) that the
exchange process can no longer be reliably recorded.
Exchange effects are similar in the case of unequal popu-
lations (Fig. 2b), the only difference being that they are

t Here and subsequently it is convenient to use angular
frequencies v = w/2w.
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more significant for the less populated state (B in Fig.25).
It is easily seen that, if the difference in free energies

8G exceeds 3 kcal mole™ (Fig. 1), which corresponds to
B < 1072, the exchange effects become so small that it
becomes difficult to record the actual fact of exchange.
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Figure 2. Qualitative shapes of n.m.r. signals for two-
position exchange with spectra obtained under the condi-
tions: a)TA =TB; b)TA #TB.

These conditions impose evident limits to the applicability
of the d.n.m.r. method to the investigation of rate pro-
cesses.

III. TECHNIQUE FOR THE ANALYSIS OF DYNAMIC
NUCLEAR MAGNETIC RESONANCE SPECTRA

In practice the dynamic effects in n.m.r. spectra des-
cribed in Section II are always complicated by several
additional factors. The greatest difficulties arise from
the multiplet structure of the spectra due to indirect
spin-spin interaction, in which two cases must be dis-
tinguished. (i) The n.m.r. spectra for weakly coupled
spin systems i can be regarded as a superposition of
d.n.m.r. spectra analogous to those shown in Figs. 2a and
26 for pA = pB and pA # pp respectively. Simple gra-
phical methods of calculating rate constants have been
developed **?® to analyse multiplet d.n.m.r. spectra.
Relations have also been suggested?®”” enabling several
more complicated situations to be analysed, in which
methods of subspectral analysis make it possible to iso-
late simple subspectra. (il) With strongly coupled spin
systems a complete description of the high-resolution
spectra is impossible on the basis of the Bloch equations,
and methods of quantum mechanics must be used. A
complete description of the effects in systems with strong
coupling of the spins was first given by Kaplan®® using the

1 This term is applied to systems?® in which any pair
of nuclei with resonance frequencies vA and vg and a spin~-
spin interaction constant JAB conforms to the relation
JABIVA - vBI< 1.
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density matnx This method was later developed by
Alexander? for the mterchange of spins. Work on these
lines was reviewed by Johnson® and by Lynden-Bell®. In
recent years Binsch has put forward a general theory of
line shape in high- resolution n.m.r. spectra based on
Liouville's theorem *°
The multiplet character of the signals in d.n.m.r.

spectra must be taken into account because the most
widely used method for analysing dynamic effects is pro-
ton magnetic resonance (p.m.r.) spectroscopy'?". The
investigation of inversion in cyclohexane

FFAS

(1a) (1b)

provides a typical examg%e of the procedure for allowing
for such multiplets'* “**®-% At room temperature the
p.m.r. spectrum is a narrow singlet, so that cyclohexane
can be used as a standard of resolution. As the tempera-
ture falls the signal begins to broaden, and at -50°C its
width is ~ 20 Hz (for a proton resonance frequency of

60 MHz 32). With further drop in temperature the signal
divides into two multlplets separated by 0.5 ppm and having
a complicated structure®. Below ~100°C the width of
the lines of the doublet is maintained. The changes
observed in the spectrum are interpreted as due to inver-
sion of the ring (Ia = Ib). With such inversion each pro-
ton is sometimes in an axial position and sometimes in an
equatorial position: i.e. it is “exchanged” between the two
positions.

One of the most important stages in the investigation of
dynamic effects is calculation of the spectrum in the
absence of exchange. It is easy to see that in the case of
cyclohexane such calculation is impracticable, since we
need to analyse very complicated n.m.r. spectra (the
p-m.r. spectrum of cyclohexane under these conditions
can be described as an As;Bg system with magnetic non-
equivalence).

These difficulties can be avoided to a certain extent by
the use of deuteriated compounds 3*’**"*®,  Isotope effects
due to the introduction of heavy hydrogen are assumed to
be small and to have no significant effect on the barrier
to inversion of the ring. Bovey et al. *® investigated the
proton spectra of undecadeuterocyclohexane. Since
JHH/JHD = YH/YD = 7, the width of the multiplet in the
p.m.r. spectra of strongly deuteriated compounds should
decrease significantly. Further narrowing of this signal
is achieved by the use of 'H—{2D} heteronuclear double
resonance. In this case observation of the proton signals
at the 'H frequency (60 MHz) is accompanied by exposure
to a second frequency (9.2 MHz), corresponding to ?D
resonance in the same external magnetic field. Use of
this technique enabled quite narrow lines (Fig. 3), corre-
sponding to the equatorial and axial positions, to be
obtained at low temperatures

The spectra in Fig. 3 already permit approximate
methods to be used to calculate rate constants. These
methods, based on Eqns. (10) and (11), are often termed
parameter analysis (Table 2). Many uncertainties
generally arise from the use of approximate methods, so
that the accuracy of the determination of activation parame-
ters is no better than 10%. Among such nncertainties
are the effect of the instrument line width, the temperature
dependence of relaxation times and chemical shifts, and
the presence of weak spin-—spin interactions leading to
broadening of the signal. More detailed information on
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the procedure for correcting for these factors can be found
in several published sourceg?2®?27/%3504

In some cases it is advisable to sim Aplify the d.n.m.r.
spectra by the “fluorine label” method * together with the
use of deuteriated compounds. The basis of thlS method
is that fluorinated model compounds usually give '°F
spectra which are simpler than the proton spectra of the
corresponding initial compounds. In particular Roberts*®
suggested that the inversion of cyclohexane (I) should be
simulated by that of 1,1-difluorocyclohexane. At +35°C
the °F n.m.r. spectrum of this compound consists of one
multiplet (a quintet) due to spin coupling with neighbouring
protons. On cooling to ~40° the signal broadens, and at
-110°C a spectrum of type AB appears, correspondmg to
two '°F nuclei in a stereochemically rigid structure. The
signals of one nucleus are further split into triplets as a
result of spin coupling with a pair of neighbouring protons.

Figure 3. Proton magnetic resonance spectra of C¢HDy,
with uncoupling from deuterons *; the bottom spectrum
has been recorded at low temperatures without such
uncoupling.

In the temperature range between —100° and +40°C quite
complicated changes are observed in the '*F spectrum,
owing to mixing of A and B states both as a result of
exchange and because of strong coupling between the
spins*. Nevertheless, the fluorine-19 spectra permit
qgmte accurate analysis of activation parameters by

! H} double resonance.

Dynamic processes can be investigated also by means
of non-stationary n.m.r. techniques *’*"**°, for which pur-
pose spectra can be recorded under conditions of rapid
flow or pulse methods can be used Information on rate
constants can also be obtained from measurements of
relaxation times T (or 72). In the Carr-Purcell
method ¥"#, which is most convenient for measuring
times 72, the magnetisation vector M is first subjected to
a 90° pulse, i.e. a pulse which turns the vector through
90° and brings it into the xy plane. This is followed by
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a series of 180° pulses at intervals of time fp, 3fp, 5fp,
etc.; as aresult of the action of each such pulse the
“warmed up” magnetisation vector begins to “run down”
and will give spin echo signals at times 2/p, 4fp, 6fp, etc.

Table 2. Approximate methods of calculating rate con-
stants in d.n.m.r. spectroscopy.
Type of method Basic information Ref.
Approximation of slow exch: line width of components Avy, and 7,18,34
distance between them Ay used
Approximation of rapid exch line width of signal after merging 7,20,34
Avy, used
Temperature of collapse T, temp. determined at which signals 7,34

merge

Temperature of stereochemical
rigidity T,

temp. determined at which appreciable | 7.39
broadening of lines observed at stage
of slow exchange

Because of the occurrence of transverse relaxation pro-
cesses with time 7., however, a successive weakening of
these signals is observed, which enables T2 to be mea-
sured. If we choose lp «< 7, the system will be per-
ceived as static, and damping will correspond solely to
dipole—dipole relaxation. If, however, {p> 7, damping
will include a contribution by the exchange process.
Equation (10) shows that the contribution by the dynamic
process will shorten the effective relaxation time.

Coty
k=tttf, g5

Figure 4. Line-shape analysis in p.m.r. spectra of
cyclohexane (100 MHz) at various temperatures®: full
curves obtained experimentally; broken curves theoreti-
cally.

The spin echo method is convenient for investigating
rapid dynamic processes. It has been used in particular
to measure the time 7> in cyclohexane (Cg¢HDy) in the
high-temperature range (up to 312°K)****", where continu-
ous n.m.r. methods are ineffective.

It is interesting that spin—spin multiplicity in the region
of high-temperature narrowing can be allowed for classi-
cally in terms of the Bloch equations®, which enables
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methods of complete line shape analysis to be applied on
the basis of an equation of type (7)§. Calculations by this
method are made on an electronic computer **~*¢, and
sometimes include a stage in which experimental and
theoretical spectra are matched by means of special
iterative procedures®#?"*®, The method has been applied
to cyclohexane by Inglefield et al. ®  Fig. 4 shows the
theoretical spectra having the smallest standard deviation
from the corresponding experimental spectra for cyclo-
hexane CgHj2. Satisfactory agreement between the line
shapes is evident. Such comparison enables a derived
parameter —the rate constant #—to be correlated with an
experimental parameter ~—the temperature.

lgk
N
s
Z -
CgHDy
B spin echo
VAS CsHyg
L 1.s.a. 100 MHz
(gD
"Z L Lsﬁ.a.GgiMHz
| | |
J ¢ J 3
10%7,°%

Figure 5. Comparison of various results for the depen-~
dence of 1gk on 1/7T for cyclohexane *.

Fig. 5 illustrates the variation in lgk (the rate constant
of the inversion of cyclohexane) for three different
methods—(a) spin echo® a1d complete line shape analysis
at (b) 100 MHz (Fig.4)* and (c) 60 MHz * for C¢HDn.

Table 3. Activation parameters for the inversion of
cyclohexane and related compounds*.
+ |aG*
; -1| AS ’
Compound Method Tem?o‘ém €, keal mole o > | keal " Ref,
~™ } mole”
CoHyg 1sa., 100 MHz 223—263| 10.8£0.2 |—3.6] 108 | =
CeHD, spin echo 178--312 9.5 |—58| 10.6]
CeDyH 1s.., 60 MHz 156256 11.24 |42'8{ 98| 35
CeDyH pa., 60 MHz 198—-226( 10.940.5 | {1.4| 10.0 |12,
CeHy Py 1s.a., 56 MHz 200—320 9.5 —3.3] 0.0] 4
CeHys pa., 60 MHz 168—218 12.0 +4.9{ 9.9 32

* l.s.a. = line-shape analysis; p.a. = parameter analysis.

The results of the various investigations of the inversion
of cyclohexane (Table 3) enable certain comments to be
made on the accuracy of the measurements of activation
parameters. Interest in this question has arisen from

§ Dynamic n.m.r. spectra under conditions of multi-
position exchange have been considered in Refs. 43 and 44.
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the fact that, despite the wide application of d.n.m.r.
spectroscopy in various kinetic investigations, the accuracy
of the measurement of activation parameters is small.

As a consequence, the analysis of dynamic effects is
restricted in many cases to a qualitative picture (estab-
lishment of the actual fact of exchange, determination of
the approximate temperature range, estimation of the

free energy of activation). Recent detailed analyses of

the errors involved in the use of various forms of

d.n.m.r, 2 26:27,35,39,40,49 1654 {0 certain conclusions.

Approximate methods of analysis (Table 2) yield activa-
tion parameters with an accuracy of at best 10%. In
principle an accuracy of 2—-3% can be achieved by line
shape analysis, provided that several conditions are
observed, primarily careful experimental recording of the
spectra. Important factors are slow passage, absence of
phase distortions and amplitude non-linearities, control of
resolution throughout the temgera ure range, and accurate
measurement of temperature Experimental data can
be compared onl if conditions (solvent concentration) are
fully adequate**®. On the other hand, methods of line
shape analysis should be adequate in allowing for relaxa-
tion, the temperature dependence of the resonance fre-
quencies, and the character of the iteration procedures

In the analysis of complicated spectral systems (e.g.
cyclohexane) it is possible to use simpler model systems.
It must always be borne in mind that the model may not be
adequate to the system. In particular, when strongly
deuteriated models are used (Ce¢HDy, in the case of cyclo-
hexane), the total secondary isotope effect may exceed the
error of measurement®. Fluorinated models (systems
with a fluorine label), while being attractive experimentally,
must be all the more inadequate models.

Investigations of the activation parameters for inversion
in cyclohexane show that the possibility of making mea-
surements over a wide temperature range is an important
factor.

It is interesting that, in spite of the poor accuracy with
which the activation functlons Eg and AS¥ are determined
(especially by approximate methods), the free energy of
activation can be determined very accurately ° /370
(Table 8). The reason is that the value of AG7 is obtained
directly from data on rate constants (Eqn. 1), whereas E4
is evaluated as the difference between two sometimes
closely similar values of Igk (Eqn.4). Kessler'® gave a
curious graph for the activation functions of rotation in
dimethylformamide: a plot of E 3 against AS* showed that
values of E 3 obtained exper1mentall¥ in various studies
cover a range of 8-28 kcal mole However this
variation is almost linear, sothat values ofAG% differ by
at most +1 with a mean value of 21.5 kcal mole™.

Summarising, we can say that d.n.m.r. spectroscopy
at present has diverse ways of recording spectra and
techniques for analysing the data, which permits both the
rapid and straightforward estimation of free energy of
activation and also the accurate determination of activation
parameters.

27,49

IV. CLASSIFICATION ACCORDING TO TYPE OF SPECTRA
OF THE EXCHANGEABLE SPIN SYSTEMS

Where spin multlplic1ty is present the d.n.m.r. spectra
can be classified in conformity with the type of n.m.r.
spectra (according to Pople's nomenclature ‘% charac-
teristic of the separate instantaneous structures.

1. The *F spectrum of 1,1-difluorocyclohexane, under
conditions of uncoupling from the protons ™ at sufficiently
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low temperatures, is of type AX, where A is a '°F nucleus
in an axial position, and X a *°F nucleus in an equatorial
position, which can be denoted as the A(1)X(2) type. As
a result of inversion of the ring the fluorine atoms
exchange positions. Thus the whole spectrum under
conditions of exchange is described by the relation

A X(2) = X()AE),
or AX 2 XA .( ) (12)
In principle this case of exchange is described more
rigorously by the equation
AB 2 BA (13)

which takes into account the mixing of the eigenfunctions
of nuclei A and B due to strong spin coupling. In the
limit of rapid exchange (i.e. as 7 — 0) the spectrum is a
singlet in both cases (12) and (13). In systems with
strong mixing of the spin functions of the nuclei the life-
time of a state at the instant of collapse of the signals in
the spectrum can be estimated*® by means of the formula
o= Lia —vep + 67" (14)
2. In contrast to the exchange described by E ns (12)
and (13), corresponding to so called interchange™
cases are theoretically possible in which the md1v1dual
structures are not identical. Let us examine in particu-
lar the d.n.m.r. spectra of decadeuteroﬂuorocyclohexane
(I1) under conditions of conformational mobility ®

F
Dyp, R Dy

D 8
F “2‘ "
D, D

D 2

? H D, (15)

or Feq Hax === Fax.leq
&

i
AX, :_k—: AX,
2

The different subscripts for AX systems in this case show
that the spectral parameters of the systems are different.
Processes of type (15) are in general non-degenerate

(k1 # k2). In the case of rapid exchange the spectrum
corresponds to a system of type AX with the average
parameters

B> = pida, + Poda, ,
{8x> = pdx, + pdx, )
WAaxd = prlax, + Pl ax, ,

(16)

where

b= I3 A I
kb k T T btk

3. A system of two nuclei with slightly non-equivalent
instantaneous structures is illustrated bg 1,1,2,2-tetra-
substituted ethanes, e.g. HC1.C -CBr:H. Rap1d rotation
about the carbon-carbon bond usually occurs in these
molecules, which is clearly depicted by Newman projec-
tions as the three structures

pe
o oo .

a’ foa
atic)

(Ilfa)

BI\/HK/Br
a” i a
(1IIb)

Two of them (a and ¢) are gauche (or skew) forms, and
one a lrans-form. In the absence of exchange the spectra
of structures (IIIa), (IIIb), and (IIIc) are of types A*B*,
A*xB**  and A*B* respectively, where it is implied that
the gauche isomers are spectrally indistinguishable.
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Rotation about the carbon-carbon bond is described by the
equations
by sapes i’> Qe
A‘B‘(—_l!A B ;,‘_AB (17)

where in general k; # k2, since the statistical weights of
forms (a) and (b) may differ.

A more complicated situation was examined by Newmark
and Sederholm *’** for the case of completely non-degen-

erate exchange (rotation about the carbon-carbon bond in
fluorinated ethanes)

Ay 2 Ay T AyBy. (18)

potential energy

, 3

19 1

! !
120 /)

angle of rotation

Figure 6. Form of the potential-energy surface for
rotation about carbon-—carbon bond in unsymmetrically
fluorinated ethanes.

The potential-energy curve for such a process is charac-
terised by three maxima E4, Es, E¢ and three minima

E,, E., E; corresponding to three stable rotamers (Fig. 6).
Analysis of the stereochemically rigid case will give the
populations of the states, i.e. the values of E1, E,, and

E;. Determination of the activation barriers E4, E 5 and
Eg involves analysis of the complete kinetic scheme ™.

4. The most complicated tg})e of system comprising
three nuclei with interchange * involves exchange among
six possible states—ABC, ACB, BAC, CBA, BCA, and -
CAB—in particular the cyclic exchange

ABC 7 BCA 7 CAB (19)
or exchange between two positions
ABC 2% BaC . (20)

The latter type of exchange process can be illustrated by
the spectra calculated by Binsch®® (Fig.7). With very
slow exchange the spectrum is described by the parame-
ters (all in Hz) vA = 19.6, vB = 22.9, vC = 52.7, JAB =
12.3, Jpc = 7.3, and Joc = -17.7. The spectrum is
quite complex, and combination transitions are observed.
Increase in the rate 2 is accompanied by complicated
changes in the spectrum, not susceptible to simple analy-
sis. When sufficiently high rates are reached the system
passes into an effective A2B type (the spectrum at k =
10000 s™ in Fig.7). Results of an analysis of d.n.m.r.
spectra have been published for complete interchange in a
system of three spins ™,
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5. A system of four spins is represented by the spec-
trum of formamide Hz“‘NCHO, * described in general as
an ABCX system (where X is the *°N nucleus and C the
formyl proton). Here rotation about the partly double
carbon-nitrogen bond leads to an exchange process of the
type

ABCX = BACX . (21)
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Figure 7. Theoretical spectra® calculated for various
rate constants by means of a d.n.m.r. programme for
exchange of the type ABC = BAC.
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Figure 8. Expelrimental (on left) and theoretical spectra
in formamide H>'*NCOH (exchange of type ABCX = BACX)
at various temperatures and rate constants®.

Experimental investigations of this spectrum made at
various temperatures by Drakenberg and Forsen ™ are
illustrated in Fig.8. Rate constants were calculated by
line shape analysis. A necessary first stage in the cal-
culation was to analyse the ABCX spectrum in the absence
of exchange. This gave values of chemical shifts and bond
constants (64, JHH, JNy), Which were then used in cal-
culating the spectra duriné exchange by means of a
DENSMAT programme ®’*®, A theoretical spectrum
characterised by a definite value of 2 was then selected
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by comparison with the experimental spectrum (Fig. 8),
after which the activation parameters were calculated
(Table 4). This rigorous approach permitted a significant
improvement in the accuracy of determination of the i
activation parameters in comparison with previously pub-
lished values.

Table 4. Activation parameters in formamide,
AH* * Glnges
Solvent Ea,kcal mole'l gA ' 1 as7, 4C300 1 Ref.
keal mole™ eu, kcal mole”
Pentan-2-one 19.2+0.2 | 13.2 | 18.240.2 I 2.7+0.6 ! 17.55+0.2 I 54
Acetone 13+8 - — p— — 56

Another example is provided by inversion in substituted

aziridines %7
ﬁ z ﬁ
-—— N .
\
Z

(IVa) (avb)

The p.m.r. spectrum of the four protons in this compound
is described as the AA'BB' system. As a result of rapid
inversion at the nitrogen atom, represented by the equa-
tion

AA'BB' 2 BR'AA’, 22)

the spectrum is converted into a singlet.

6. Rather complicated spin systems have been exam-
ined theoretically by Binsch and Kleier 2 (including
AsB3; = C3D3, A3B; = B3As;, and AA'BB’ = CC'DD’) using
symmetry properties. These systems correspond to the
upper limit of the EOSSibilities of the best modern elec-
tronic computers ***, The investigation of dynamic
effects in complicated spin systems is therefore usually
based on a series of simplifying assumptions. A very
instructive example is the study of hindered rotation about
C(@—-CH:C1 bonds in chloromethyltriptycenes * substituted
at positions 9 and 10 (V, VI)

@%

X

V,X=CH,Cl Y=H
VI, X = CH,Cl: Y= CH,CI

{VIa)

The spectrum of the initial compound (triptycene) consists
of two groups of signals with their centres at 5.50 (bridge
protons) and at 7.50 and 7.00 ppm (aromatic protons).

The spectrum of the latter is quite simple and of type
AA’BB’ owing to the high symmetry (Cw—Cauo is a three-
fold symmetry axis). Replacement of the 9- and 10-pro-
tons by chloromethyl groups produces significant changes
in the spectrum: both parts become notably broader (part
A to a greater extent) in the spectrum measured at room
temperature. The symmetry of the system may be
assumed to be diminished by the hindered rotation of the
chloromethyl group; the individual structure is shown as
a Newman projection (VIa). On heating, the spectrum
becomes narrower, and passes into type AA'BB’ at
100°C (Fig.9). Estimates of the barrier to rotation in
this system yielded the value AG%,, = 16 kcal mole™.
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Similar changes are observed with the monosubstituted
9-chloromethyliriptycene ®®, where rapid rotation trans-
forms an extremely complicated superposition of ABCD
spectra characteristic of each ring into a comparatively
simple spectrum of ABCD type. In this latter case the
exchange process is degenerate, and can be represented
by a scheme involving all twelve [aromatic] protons in the
molecule:

A;B(C;D1A3B;,C,D5A,B,C,D; 2 A;B,CiD,ABICIDIAB Dy

= A;B,C,D;A,B,C;D;ABC,D; . (23)

g

553

M
i T T
a9 25 77

Proton magnetic resonance spectra of 9,10-

Figure 9.
5

bischloromethyltriptycene at various temperatures >°.

The exchange scheme for the disubstituted compound will
be still more complicated owing to interaction of the
chloromethyl groups lowering the symmetry of the sys-
tem. It is significant that in these examples the spectra
are almost incapable of analysis under conditions of
stereochemical rigidity.

V. COMBINATION WITH OTHER METHODS OF INVESTI-
GATION OF THE KINETICS OF CHEMICAL REACTIONS

In several cases the accuracy of the measurement of
activation parameters can be significantly improved by
combining d.n.m.r. with other methods of determining
rate constants'®. An instructive example is provided by
hindered rotation in 2-furaldehyde

n\o/"\ilo % \olc/“

4

(VIla) (VIIb)
In the p.m.r. spectrum of this compound at room tempera-~
ture the aldehydic proton is observed as a doublet of
doublets with constants JCHO(H o) 20 JCHO(Hg) Of 0.3
and 0.77 Hz. When the temperature is lowered to -115°C
two signals are observed in the region of aldehydic pro-
tons, the intensity ratio being 1:10. These signals are
doublets with separations of 0.85 and 1.10 Hz (low- and
high-field signals). The chemical shifts showed that the
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isomer (VIIa) is present in higher concentration: i.e.
k1T > k1 and 6G = AG}* - AGf > 0. The activation param-

eters for processes k] and k1 were calculated from the
temperature-dependent p.m.r. spectra by means of
McConnell's modification of Bloch's equation for unequal
PA and pp. %

18G/T)
44 1

20t

1 ultrasonic
on.m.r.

1
57

w3, R

Dependence of 1g (¢/T) on 1/T for rotation in

a0

Figure 10.

2-furaldehyde from n.m.r. and ultrasonic relaxation data ®.

The same system has since been investigated by means
of ultrasonic relaxation'®, which permits study of equilib-
ria established with rates of 10°~10° s™. Fig. 10 illus-
trates the dependence of igkA/7 on 1/T based on the com~
bined results of n.m.r. and ultrasonic relaxation®. Use
of an extended temperature range (from -100° to +90°C)
enables extremely reliable values to be obtained: E 3 =
1# 5+ 0.5 keal mole™ and the frequency factor A = 2 X
107 s™.

In many cases d.n.m.r. can be combined with “visual”
kinetic methods (Table 1). Only the isotopic labelling
version of these methods is applicable to degenerate
exchange processes'. The usual methods for measuring
concentrations of states (including n.m.r. with integration
of the signals) can be applied to non-degenerate exchange
processes. We shall examine an investigation of a
dynamic process using both n.m.r. methods (in the corre-
sponding temperature range, of course).

Jaeschke et al.®® have examined equilibrium and
exchange in benzylneopentylnitrosamine and detected
rotation about the partly double bond:

CHiC,Hy by  CH,C (CHy)s
N—K = N—N
07  \CHC(CHys " 07 “CH,GH,
(Villa) (VIIIb)

In the temperature range 0-50°C the rates of both pro-
cesses are small < 107 s™), so that the slow establish-
ment of equilibrium in the system can be investigated by
integration in the n.m.r. spectra, for which purpose a
pure rotamer is isolated and appearance of the second
rotamer is observed. Above +100°C a gradual broadening
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of the signals in the nitrosamine spectrum is observed,
which enables d.n.m.r. spectroscopy to be used in this
range.

These workers ® concluded from a complete survey of
various methods for calculating rate constants from n.m.r.
spectra that closely similar results are obtained by
parameter analysis and by line shape analysis. In view
of the diversity of initial line shapes and the uncertainties
in the procedure for matching experimental and theoretical
spectral curves, parameter-analysis methods (line
widths, distance between signals) were mostly used.

equilibrium

1 ! F I R S |

74 8 32 J6

Figure 11. Dependence of gk on 1/7T for the isomerisa-
tion of benzylneopentylnitrosamine *.

Fig. 11 illustrates the dependence of lgkgy on 1/T based on
both equilibrium (integration at low temperatures) and
d.n.m.r. (at high temperatures) data.  The linearity of
this relation enables the two methods to be compared
(Table 5), with the following significant conclusions:

() the accuracy of the determination of activation energy
from d.n.m.r. spectra is +10%; (b) this is substantially
inferior to the accuracy obtained by the equilibrium
method (+1.5%); (c) use of data from both methods yields
an improvement to 0.5%; and (d) in all cases the deter-
mination of AG?* is more accurate than that of Ej.

Table 5. Comparison of activation parameters for the
process (VIIla) — (VHIb) in benzylneopentylnitrosamine
obtained by equilibrium method and from n.m.r. spectra®®.

+ al
-1 AG as”, Temp.,
E_, kcal mole lgA > °
Method a e i keal mole™! eu. range, °C
Dynamic n.m.r. 25.3+2.2 ) 14.8+1.2 22.0 +6.7 142—182
Equilibrium
(integration) 24.2+0.3 | 14.1+0,2 224 +3.5 0—50

Mean 24.7+0.1 | 14.5+0.1 22.0 +5.2 0-—182

Furthermore, the temperature range of the measure-
ment of rate constants can be extended by applying various
modifications of d.n.m.r. Mention has already been made
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of spin echo methods, useful in the investigation of rapid
dynamic processes. Double magnetic resonance (satura-
tion transfer effect) has recently been used to investigate
exchange processes where rates of exchange are not too
high®.  An example is the study of pseudorotation in a
- allylpalladium complex®, sometimes termed 7 -rotation®®

H H
\‘ /3 r{ /H:’
/C /Aspha /C OAc
H;C—C3--P == H,C—C%--
3 Y (\ <= HyC—Cr PK
C\ /(; AsPhy
}'( H, H, \}12
(1Xa) (IXb)

As a consequence of such rotation the spectrum, originally
consisting of individual signals H,H:HsH, somewhat
broadened by spin-spin interactions, is averaged out on
heating, with the proton H, exchanging with Hy, and the
proton Hz with Hs. The occurrence of exchange in the
slow stages was proved in this case by the use of double
resonance methods, the most detailed descnptlon of which
has been given by Hoffman and Forsen ™ in a survey of
various applications of double resonance.

c Hy 3, AsPhiy

il

i

s nu, Gae,

leul

l

Sscale

Figure 12. Proton magnetic resonance spectra of x -allyl-
palladium complex: a) single resonance; b) exposure of
signal of proton H,; c) exposure of signal of proton He.®

If we imagine a system in which a nucleus can occupy
positions A and X, application of the Bloch~McConnell
equations gives for the longitudinal magnetisation of nucleus
A the formula

dM MMt mP ME
= =T 24)

dt Tya T T

where M, is the equilibrium magnetisation and 75 the
lifetime of state A. If the signal of nucleus B is satu- B
rated by means of a second high-frequency field (i.e. M7 —
0), we obtain

2
dt TlA TA

M, My M (25)

where
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The solution of this equation for the equilibrium case is
given by

A Tia

(26)

Mz (t— o0) =
lA

Thus the magnetisation in state A falls with increase in
the rate of exchange (7/T1p — 0). This has been termed
the saturation transfer effect. If the signal of the proton
H, is now exposed to the second high-frequency field, the
signal intensity of the proton Hs, bound to H, by exchange,
becomes weaker. Similarly, exposure of the signal of
proton H2 produces a fall in signal intensity of the proton
Hs (Fig. 12). Thus proof of the occurrence of a dynamic
process has not required the measurement of a tempera-
ture dependence.

Equation (26) can in principle be used to measure the
lifetime T (from the relative fall in intensity of the signal
of state A). However, such measurements encounter
certain difficulties (incomplete saturation of signal of
state B, allowing for the relaxation time T1A). Use of the
saturation transfer effect makes it possible in principle
to measure slower processes than in the case of single
resonance, since as a rule T) > T2, so that the effect can
be expected to be appreciable at earlier stages of exchange
than can the line-broadening effect (/Tz).

The temperature range over which rate constants can
be measured can be extended also by the use of carbon
magnetic resonance (c.m.r.) spectroscopy. Such spectra
are usually recorded under conditions of uncoupling from
protons, with a consequent significant improvement in the
signal /noise ratio both as a result of collapse of the multi-
plet structure and because of the Overhauser effect. This
is responsible for the first advantage of c.m.r. over p.m.r.
spectroscopy, since there is no need to correct for the
multiplet character of the spectra. Furthermore, the
range of chemical shifts of carbon nuclei is about thirty-
fold the range for protons. Equation (11) shows that, for
the line width in the case of rapid exchange, it becomes
possible to measure faster processes. We have in fact,
for rate constants measured at the upper limit of rapid
exchange, the ratio

kel = (Ave)'/(Avn)* == (30 18/ 1k ~ 45

where Avg and AvH (Hz) are the ranges of chemical

shifts for °C and 'H spectra respectively. This usually
enables rate constants to be measured from c.m.r. spectra
at temperatures 50-60 deg higher than in the case of
p.m.r. spectra. An example of the use of carbon magne-
tic resonance for this purpose will be given in Section VI.

VI. FLUCTUATING OR STEREOCHEMICALLY NON-
RIGID SYSTEMS

Two main groups—intermolecular and intramolecular
processes-—can easily be distinguished from the range of
dynamic phenomena studied by d.n.m.r. spectroscopy.
Intermolecular processes are not discussed in the present
Review: references are merely given to sufficiently com-
prehensive and competent reviews on general "’ and
spec1al aspects (proton exchange in alcohols, acids,
ete. dissociation—recombina,tlon processes in organo-
metallic compounds ¥’). Several examples of intramolecu-
lar processes have been given in Sections III-V. A num-
ber of up-to-date reviews have been published on rotations
about various types of partly double or sterically hindered
bonds*° and on inversions of various cyclic organic
molecules %
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Recent years have seen a widening use of d.n.m.r.
spectroscopy for the investigation of various rearrange-
ments, i.e. processes in which, in contrast to rotations
and inversions, some bonds are broken and new bonds are
formed. Degenerate intramolecular rearrangements,
during which the molecule passes “into itself”, are of
especial theoretical interest. The individual structures
formed during such rearrangements are termed instan-
taneous structures. In contrast to the classical method
of examining rearrangements—isotopic labelling—d.n.m.r.
spectroscopy involves considerably fewer technical diffi-
culties and also enables rapid processes to be examined
(Table 1). Examples of degenerate rearrangements are
extraordmarily varied and are encountered in organic
inorganic ™, and organometallic™ systems. Several
terms have been suggested to denote systems capable of
degenerate processes—-stereochemmally non-rigid sys-
tems (Muetterus %), fluctuating molecules (Doering and

Roth® Cotton™).

.__J\ __*4 120°
N e
/\_\i ..

-45°
é! 1 al 1 ZI 1 ”l
Figure 13. Proton magnetic resonance spectrum of

bullvalene measured at various temperatures.

Perhaps the most impressive fluctuating molecule is
that of bullvalene, whose existence was predicted by
Doering and Roth®®, The compound itself was prepared
and described by Schroder At sufficiently low tempera-
tures its spectrum consists of two poorly resolved multi-
plets (Fig. 13): the signal at 5.65 ppm corresponds to the
six olefinic protons, and that at 2.08 ppm to the
remaining four protons. It is interesting that the proton
attached to the tertiary carbon atom gives resonance in
the same region as those of the three-membered ring,
probably as a result of the magnetically anisotropic effect
of this ring. Broadening of both groups of signals is
detected on heating above 0°C, the change occurring more
rapidly in the high-field signal. On further heating (to
100°C) a singlet appears for all the protons (Fig. 13) with
a shift of 4.42 ppm.

Exchange involving all positions is obviously occurring
in this system. One step in such exchange is

H.
2 H,

H,
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in which the proton H, “rearranges” into Hs, proton Hs
into Hz, proton Hy into H;, and H. into Hs. At the next
stage in the rearrangement the olefinic protons H. and Hs
may change positions with those attached to the extreme
carbon atoms, and so on. The multiplicity of paths in
such a dynam1c process and of individual instantaneous
structures (computed ® as 1209600) led Doering®® to intro-
duce the term “fluctuating” molecules. Saunders and
Hagen*® used a programme for multipositional exchange to
calculate the activation energy of degenerate rearrange-
ment in bullvalene as Eg = 11.8 kcal mole™, while the
entropy of activation is close to zero.

100

o

%WM
(@)

k=0

M

K=37 -

/\_/\

®)

Figure 14. Experimental (a) and theoretical (b) p.m.r,
spectra of monoacetatonaphthazarin at various tempera-
tures™

An mterestmg rearrangement has been discovered by
Calder et al.” in an investigation of the temperature-
dependent spectra of acetatonaphthazarin (XI)

Ac(? f') AcO O O OAc
= (V1=
(0= (0 =01)
H—-O (o] (; E)—H (l; (|)~H
(XIa) (XIb) , Xic)

The p.m.r. (100 MHz) spectrum of this compound mea-
sured at 100°C (Fig. 14) exhibits two groups of signals
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giving spectra of type AB—at 6.70 and 6.67 ppm with a
constant JHH = 10 Hz, and at 7.20 and 7.10 ppm with

JHH = 8.1 Hz—from which the high-field signals can be
assigned to protons of the quinonoid ring. On heating
above 140°C the signals begin to broaden, which indicates
the occurrence of a dynamic process on the pattern A, =
Az, By = B:. The dynamic process may be assumed to
involve formation of the product (XIb), which is intermedi-
ate (but not transitional) and corresponds to a “jump” by
the proton in the hydrogen bond. However, the p.m.r.
spectra do not reveal the presence of (XIb), and hence the
acetyl rearrangement and the proton shift take place syn-
chronously.

In order to estimate the parameters of the rearrange-
ment theoretical spectra were calculated by the use of a
d.n.m.r. programme. The free energy of activation of this
process proved to be 22.5 kcal mole™. Conditions of
rapid exchange could not be attained even at 180°C, but
available data suggest that the acetyl exchange occurs
intramolecularly. It may be supposed that a single spec-
trum of type AB should be observed at high temperatures.

An example of a fluctuating organometallic molecule is
the cyclopentadienylsilicon compound CsH:Si(CHs)s. *7™
As a consequence of prototropic rearrangement—charac-
teristic also of cyclopentadiene itself’® and of its alkyl
derivatives "®—this compound may be present in one of the
forms (XII):

Si(CH,),

5
1 4
3

2

SICHy)a i(CHy)y
1 2
= 2@5 ] ) .
3 4 4 5

(XiIb)

(XIIa) (XIic)

1

Figure 15. Scheme of degenerate metallotropic rear-
rangement in cyclopentadienyl derivatives of metals
CsHsM.

This process is non-degenerate, and is characterised in

general by complicated kinetic and equilibrium parameters.

Up to temperatures of 100°C, however, the rate constants
of prototropic rearrangement are small, so that the pro-
cess remains slow on the n.m.r. time scale.
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The p.m.r. spectrum at room temperature exhibits
signals from all three isomers (XII) (a solution of the
compound in benzene gives three signals due to the methyl
groups with the intensity ratio A:B:C =90:9:1). Inte-
gral measurements indicate that equilibrium in the com-
pound is displaced towards the isomer (XIIa). Further-
more, a second dynamic process—metallotropic
rearrangement, shown diagrammatically in Fig. 15—has
been noted with this isomer. The p.m.r. spectrum at
—20°C and below includes the AA’BB’X type (Fig. 16)
corresponding to the isomer (XIIa), where X is a methine
proton (at 3.00 ppm). The following stages of the dynamic
process are observed on heating--broadening of the multi-
plet structure, coalescence of the signals in the AA'BB'
part, collapse of all signals, and the appearance of one
signal (a singlet) at 5.87 ppm*.

’”
-1°
~-20°
x -30°
i5 4

Figure 16. Proton magnetic resonance spectra (100 MHz)
of CsHsSi(CHs)s at various temperatures®. Signals
marked with an asterisk (*) correspond to contamination
with vinyl isomers.

Slow migration of the heavier metals (tin, mercury,
gold) in cyclopentadienyl compounds can be achieved only
at very low temperatures (around -150°C), and it becomes
difficult to choose between alternative structures—true
(XIIIa) and effective (XIIIb) centrosymmetric complex

M
@ C
(XIHa) (XIIIb)

In such cases '°C n.m.r. is useful (Section V), which can be
illustrated by a specific example. Migration of the metal
across the ring in cyclopentadienyltrimethylstannane
CsHsSn(CHs)s has such a low activation energy (~ 6 kcal
mole™ ") that the line width in the proton spectra remains
< 1 Hz right down to around -80°C (the most practicable
temperatures when carbon disulphide is used as solvent).
In the carbon spectra™ (Fig. 17) significant broadening is
already observed at -45°C.

In certain cases accurate line-shape analysis in the
n.m.r. spectrum during exchange enables the mechanism
of the process to be determined. In cyclopentadienyl

¥ The latter stages of the dynamic process are not
shown in Fig. 16, since at high temperatures cyclopentadi-
enyl compounds of silicon dimerise quite rapidly.
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derivatives of metals, in particular, it is theoretically
possible to choose one of the mechanisms ™ (Fig. 18)—(a)
1,2-migration of the metal, (b) 1,3-migration, and migra-
tion to any position in the ring equally probable, either via
a centrosymmetric transition state (¢) or by intermolecular
exchange (d). Until quite recently it was both experimen-
tally and theoretically problematical to separate these
mechanisms. Experimental determination of the s)redomi-
nant migration was first achieved by Cotton et al.”™ from
the unsymmetrical collapse in the d.n,m.r. spectra. This
idea has since been used in many studies ***"""°™ of the
fluii;llating behaviour of the cyclopentadienyls of various
metals.

_75° ”M,Wh

o
e
i

-45°

+20°

Figure 17. Carbon-13 n.m.r. spectra of trimethylstannyl-
cyclopentadiene at various temperatures -,

It can be postulated ™™ that the assignment of the lines
in the scheme illustrated by Fig. 15 is such that the low-
field signal in the general spectrum AA’'BB’X is due to the
1,4-protons of the isomer (XIIa). In a single act of
migration the frequencies of the protons will then undergo
different changes for the different mechanisms of migra-
tion (Table 6). Thus in the case of 1,2~migration the
signal A merges with B and X, while signal B merges with
A and with the other B (null exchange) (Table 6). The
signals of protons A will therefore undergo greater
broadening than those of protons B. Thus unsymmetrical
broadening of the signals in the olefinic region may be
observed at the stage of exchange at which the migration
rate constant is comparable with the shift AvVAB (expressed
in frequency units Hz). In the case of the alternative
assignment 8A = 62 ; and OB = 8y 4 the signal B will obvi-
ously undergo greater broadening.

Examination of the p.m.r. spectra of cyclopentadienyl-
trimethylsilicon at temperatures near 0°C (Fig. 16) reveals
greater broadening of the up-field signal in the AA'BB’
part. Unfortunately, a priori assignment of the signal in
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the olefinic part of the spectrum is not possible. Detailed
analysis of the spectrum by double resonance under con-
ditions of stereochemical rigidity *® shows that 6A = & K
and 6 = 8, 4. Thus silicon undergoes 1,2-migration in
its cyclopentadienyl compounds. Correct assignment of
the signals is of decisive importance in selecting the
predominant mechanism of migration.

M M M M
@ b) () @

Figure 18. Possible modes of migration of metal in
cyclopentadienyl compounds (intramolecular): a) 1,2-
displacement; b) 1,3-displacement; c) through a centro-
symmetric transition state; d) intermolecular migration.

There is usually no difficulty in eliminating the
remaining mechanisms of migration. Unsymmetrical
broadening is not observed when migration takes place
through a centrosymmetric state or by intermolecular
exchange. These two mechanisms can be distinguished
by the use of additional data, in particular on the depen-
dence of the rate of migration on the solvent and on the
concentration of the solution.

Table 8. Transpositions of nuclei in exchanges involving
1,2~ and 1,3-migration.

Pasition of signals in spectrum
i 6, >ép)
Position | A”'B
of proton final
initial
1,2-shift | 1,3-shift
5 X A B
1 A B B
2 B B A
3 B A X
4 A X A

In calculating the activation parameters of metallotropic
rearrangement we encounter difficulties that are suffici-
ently common not to receive special mention. These
difficulties arise primarily from the presence of strong
spin coupling, which is apparent in the complicated multi-
plet structure of the signals in the absence of exchange
(spectra of type AA’BB’X). Certain technical difficulties
connected with the great size of the computations derive
from the multipositional character of the exchange (five-
position exchange allowing for magnetic non-equivalence—
Section IV). In the limit of slow exchange the line width
of the methine proton can be used to calculate the rate
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constants. On the assumption of a mechanism of 1,2-
migranon we can write for the line widths of s1gnals A, B,
and X *°

ndvy = (;—) +—

2 /A T
nibvg = (7—2)5 +2lt ’ (28)

wove= () + 1

2. T

In the region of rapid exchange we can start from the

approximations 5A = 6B, PA = 4/5, pX =1/5. From
Eqn. (11) we can obtain
1.61 - (Av)?
ket = 7y, = oy @9)

where Av (in Hz) is the distance between the AB and the X
parts of the spectrum, and Ayl is the line width with infi-
nitely rapid exchange.

lek gy

| L |
J
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Figure 19. Dependence of 1gk on 1/T for metallotropic
rearrangement in CsHsSi(C Hs)s. *°

Fig. 19 illustrates the dependence of lgkeff on 1/T for
migration in cyclopentadienyltrimethylsilicon. At low
temperatures values of keff somewhat exceed Rtrue, since
initial dipole—-dipole relaxation and the multiplet structure
make a contribution to the line width. At high tempera-
tures, on the other hand, values of keff are rather lower
than kirye owing to neglect of the relaxation term (1/7z)
in Eqn. (28). Extrapolation from each section thus leads
to underestimates of the activation energy E5. A linear
approximation to the dependence of 1gk on 1/T yields for
the activation energy E? and the entropy of actlvation AS*
values of 13 kcal mole™ and —9.2 e.u. respectively *

Migration of the metal is detected also in mdenyl
derivatives of Group IVb elements 8%81;

|
Q=< -
(XIVa)

(XlVb)

The p.m.r. spectra of these compounds show complicated
temperature relations, from which it is difficult to calcu-
late rate constants. These difficulties are due primarily
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to overlapping between the signals from protons of aro-
matic and five-membered rings. At low temperatures
(~30°C with M = Sn(CHs)s) the spectrum of the protons
divides into two parts—ABCD (aromatic protons 4-7) and
ABX (protons 3-1). Heating produces a gradual broad-
ening of the signals due to the exchangeable protons H; and
Hs in the 'H spectrum: the spectrum of the aromatic pro-
tons passes into that of the AA'BB’ system, while the
spectrum of protons 1-3 is transformed into the A;B sys-
tem: Because migration is intramolecular the multiplet
character of the spectra does not disappear but is aver-
aged out: e.g. the constant JAB for the mean spectrum of
type AzB (protons 1-3) is 3¢/12 +J23), where Jyz2 and Jzs
are coupling constants for the instantaneous structure
(XIVa).

The difficulties of calculating rate constants in strongly
coupled spin systems with overlapping signals in the p.m.r.
spectra can be avoided by using carbon-13 spectra.

Under conditions of uncoupling from protons, splitting due
to spin coupling with protons is absent from these spectra.
It thus becomes possible to apply the Bloch-McConnell
equations (Section ).
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Figure 20. Carbon-13 n.m.r. spectra of trimethylstannyl-
:mdene w1th uncoupling from protons at various tempera-
tures®

Fig. 20 shows '°C -{"H} spectra (25.1 MHz) for tri-
methylstannylindene CoH-Sn(CHs); measured over a range
of temperatures®. At room temperature (and below)
the '*C spectrum corresponds to the stereochemically
rigid structure (XIVa). The assignment of the signals to
individual carbon atoms is indicated on the spectrum (Fig.
20). Thanks to the absence of spin-spin interaction the
exchange can at once be investigated for several pairs of
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merging signals, viz. Cw~C, Cw~C, and C@-C(a
(the signals from atoms C (s and C (g9 coincide in the limit
of slow exchange). Comparison of experimental and
theoretical spectral curves by line-shape analysis gives
sstimates of the activation functions for this process of
25 =13.8 and AG %, = 15.3 kcal mole™,

Fluctuating behaviour is of considerable theoretical
interest, since it enables structural and kinetic features
of certain molecular systems to be described from a single
point of view. It may be supposed that d.n.m.r. spectro-
scopy will lead to the discovery of new classes of mole-
cules of this type, and will enable quantitative aspects to
be introduced into the construction of a theory of fluctu-
ating behaviour.
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