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The NMR spectroscopic methods used to investigate mobile conformational equilibria and to determine the rate constants
are discussed. A critical comparison has been made of the accuracy of the results obtained by high-resolution and spin-echo
NMR methods. A systematic account of the thermodynamic parameters of the ring inversion of cyclic compounds obtained
by NMR methods has been given. The possibility of employing NMR spectra for the determination of conformational

equilibrium constants is discussed.
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I. INTRODUCTION

In recent years there has been an intense development
of the field of structural chemical studies which has come
to be called conformational analysis. The development of
Barton's ideas!® concerning the relation between the physi-
cal and chemical properties of molecules, in particular
between reactivity and the steric position of atoms and
groups of atoms, proved to be extremely fruitful in a wide
variety of chemical fields. Particularly importantadvances
have been made in the conformational analysis of cyclic
compounds for which a comparatively small number of
conformations (in many cases not more than two) is pos-
sible owing to the limitations imposed on structural iso-
mers. The interest in conformational studies has been
largely reflected by the simultaneous publication of two
extensive monographs 23,

Both chemical methods, based on definite reactions of
model compounds, and many physical methods, with the
aid of which it is possible to establish either the complete
structure of the molecule (X-ray analysis, electron
diffraction, microwave spectra) or certain details of this
structure (dipole moments, vibrational spectra, NMR
spectra, optical rotatory dispersion) are used at present
to investigate conformations. Among the latter group of
methods, NMR spectra occupy a special place. By virtue
of their specificity, NMR spectra permit in many cases a
rapid and reliable determination of the steric orientation
of groups containing magnetically active nuclei and the
relative amount of such groups in the molecule. They are
more selective, than, for example, dipole moments and
vibrational spectra; in the latter the vibrations of indivi-
dual bonds and groups are frequently not entirely charac-
teristic, which may lead to conclusions with little justifica-
tion. Moreover, NMR spectra permit the investigation of
processes involving the attainment of conformational equi-
librium and the determination of the lifetime of the mole-
cule in each form, while with the aid of other methods only
indirect conclusions concerning such problems may be
made. Although the method began to be developed com -
paratively recently, extensive data have now accumulated
on fixed conformations and also on the inversion of cyclic

systems. Without exaggeration, one may say that confor-
mational analysis has to a large extent stimulated the
development of the NMR method for the study of mobile
equilibria. A number of techniques have been developed
permitting the determination of the thermodynamic param-
eters of the ring inversion of cyclic systems. The most
extensive studies of this kind have been made for cyclo-
hexane derivatives, but there are also data on the inversion
of other cyclic compounds, in particular medium-ring and
heterocyclic compounds. Extensive data on the NMR
spectra of rigid polycyclic systems, mainly steroids, are
given in the book of Bhacca and Williams*,

This review deals with the application of NMR spectra
in the study of mobile conformational equilibria, mainly of
monocyclic systems. Initially, methods which have now
been developed for the investigation of ring inversion will
be considered and their comparative accuracy will be
estimated. The second part of the review gives a sys-
tematic account of the data on the thermodynamic param-
eters of the inversion of cyclic compounds obtained with
the aid of NMR methods. The scope of the use of NMR
spectra for the determination of conformational energies in
six-membered rings is also briefly discussed. The
majority of published results concern proton magnetic
resonance spectra, but in recent years interesting data
have been obtained with the aid of the fluorine resonance,
also discussed in the review.

II. METHODS FOR THE INVESTIGATION OF RING
INVERSION

The conformational hypotheses concerning the structure
of cyclohexane and many other derivatives are based on the
concept of the rapid conversion of one chair form of the
molecule into another with the boat forms as intermediates.
In this process the axial bonds of one chair conformation
become the equatorial bonds in the other and conversely.
Since it was shown in early studies that the axial and equa-
torial protons of six-membered rings are magnetically
non-equivalent, the study of the inversion of cyclic systems
is a special case of the study of the exchange of protons (or
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other magnetically active nuclei) between non-equivalent
positions; hindered rotation and intermolecular exchange
in chemical reactions belongs to the same class of prob-

lems.

In recent years the “kinetic” field of NMR spectroscopy
has been developing very vigorously. A number of meth-
ods and theoretical procedures have been developed,
whereby one can use all the parameters of NMR spectra
which vary with the rate of exchange of the nucleit the
multiplicity of the spectrum, intensity ratios, chemical
shifts, and component widths.

The existing methods belong mainly to two categories:
high-resolution and spin-echo spectroscopy. Their funda-
mental principles and practical applications in the study of
ring inversion will be discussed below. The applicability
of the method is undoubtedly not limited to the inversion of
cyclic compounds; all the relations between the param-
eters of the spectrum and the rates of exchange may be
applied to hindered rotation and, after appropriate modi-
fication, to the study of chemical reaction kinetics. In
the investigation of mobile conformational equilibria, one
usually employs the methods of high-resolution spectro-
scopy, which have been developed in detail. Detailed
descriptions of these procedures are given in a number of
monographs %% and in this review only their principal
postulates will be briefly described. The double-reso-
nance and spin-echo methods, recently proposed for the
investigation of ring inversion, will be considered in
greater detail.

1. High-resolution NMR Spectroscopic Methods

The theoretical basis of these methods is the semi-
classical treatment of Gutowsky et al.?, who examined the
Bloch equations for two protons with resonance frequencies
wp and wp undergoing exchange between equilibrium posi-
tions A and B (it is assumed that the lifetime 74 = 7g = 7).
The expression for the total magnetisation averaged with
respect to proton exchange is™:

G- EA + EB _ —20M 24-(1/T, — ide) 21]

(14-2047) (1++2057) —1

where, as usual, ap =1/7, — i(Aw + 8w/2), ag =1/T, —
i(aw — dw,), M, is the equilibrium value of nuclear mag-
netisation, Aw the difference between the applied radio-
frequency w and the frequency of the midpoint between two
resonance components, and T, is the transverse relaxation
time. Eqn. (1) was obtained on the basis of simple con-
siderations by McConnell 8, who included directly in the
Bloch equations terms taking into account the exchange:
Ga/T and Gg/7. For non-identical probabilities pa # pg
of the presence of the proton in A and B (pp and pg may
be regarded as the “molar concentrations” of A and B),

Pyt pg ==l TPy =Te/py, (2)

analytical expressions defining the total magnetisation
were obtained by Gutowsky and Saika® and subsequently by
other investigators 101,

It follows from Eqn. (1) that the form of the NMR spec-
trum is determined by 6w, T,, and the rate of proton
exchange 1/7. At high rates of exchange (76 < 1) one
signal with a frequency:w, is observed; with increase of
7, the signal gradually widens, and for 7 > v2/276w two
broad signals are observed. The value of T corresponding
to the merging of the signals may be called the coalescence
point. On further growth of 7, the width of the signals
diminishes and the distance between them increases to dw
(Fig. 1).

1

2
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Eqn. (1) contains an implicit relation between all the
parameters of the NMR spectrum and the rate of exchange,
but for the solution of practical problems it is convenient
to obtain analytical relations between 1/7 and quantities
measured directly from the spectrum. Such relationshave
been obtained for three readily measurable parameters:
(a) the distance between the lines (for 6 <« 1);!* (b) the
intensity ratios Imax/Imin for incomplete resolution of the
doublet 4716, (c) the line widths in the limiting cases of
rapid and slow exchange 718,

-48,7°

~-57.0°

e )\
M

-632°

-67.8°,

-89.0°

Figure 1.

Spectra of C;D, H at different temperatures 2,

a. Change in the distance between the
components of the spectrum. An explicit
expression relating the distance between the signals to the
rate of exchange was obtained by Gutowsky and Holm 3,
Starting with Eqn. (1), they obtained an equation of the fifth
degree in Aw, which becomes very simple when the width
of the lines 1/T, is small compared with the distance §w
between them:

80, = (1—2/1280%) " b0; 100 > V7T . (3)

Thus, when measuring the distance 6wg between the com-
ponents under various conditions (usually the lifetime is
varied by altering the temperature), it is possible to deter-
mine T by Eqn. (3) provided that the distance dws is known
for 7 — «. In practice, however, failure to take into
account the widths of the components may introduce a sig-
nificant distortion into the results already when 1/T,6w >
1/3.1% Gutowsky and Holm showed that this is equivalent
to applying a correction to 6ww. The true distance Sw
may be obtained from a plot of 6w/0wew against 2/7T,6we. 13
In practice T, may be determined from the line width when
7—0; Oww is measured at 7 — .

b. Intensity ratio in the spectrum.
Starting with postulates analogous to those discussed
above, it is possible to express the average lifetime 7 of
the protons undergoing exchange in terms of the ratio 7 of
the intensity at the maximum of the signal to the intensity
in the centre of the spectrum, between the signals, when
the symmetrical doublet (or other symmetrical multiplet
signal) is completely resolved!¢~'%, The expression is of
the form

we =V2Iir+(—n"" we>V2 . 4)
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The determination of the rate of exchange reduces in
this case to the measurement of the intensity at the maxi-
mum and the minimum intensity in the “hollow” between
the signals for different degrees of incomplete resolution.
It is also necessary to know the distance 6w between the
components at 7 — ©, Expressions of this kind, relating
7 to the peak intensity of the signal for rapid!° and slow!!
exchange, have been obtained in a number of studies.

c. Change in signal width. The applicability
of the methods described above is restricted to the range
of comparatively low rates of exchange. In order to
obtain the necessary parameters, all the measurements
must be made over a narrow temperature range below the
point of coalescence. Moreover, it is also necessary to
know the chemical shift 6w at 7 — =, which sometimes
gives rise to additional difficulties. Meiboom and co-
workers 5,17 and Piett and Anderson!® suggested that the
variation of the transverse relaxation time with 7 be used
for the estimation of the rates in the extreme cases of
rapid and slow exchange. Employing the approach of
Gutowsky and Saika®, Piett and Anderson!® showed that,
for low rates of exchange, the observed line width is

YT, =T, +1/t, (5)

where T, is the transverse relaxation time in the absence
of exchange and T} is the “new” transverse relaxation time.
When the rate of exchange diminishes, the width of each
component will tend to an effective natural value. For
rapid exchange, the following expression was obtained:

YTy =1/Ty + p,Pa(d0)t. (6)

The line width can be determined either directly from
the high-resolution spectrum or by the usual methods
based on measurements of signal decay. It is significant
that the temperature variation of line widths may be slower
and may be observed over a wider range than, for example,
the temperature variation of the distance between the com-
ponents described by Eqn. (3). Therefore the above meth-
ods greatly extend the range of measurable rates of
exchange.

2. Methods Based on Complete Calculation of the Spectrum

In recent years a new approach to the determination of
the rates of exchange from NMR spectra became possible
as a result of the availability of high-speed computers. It
reduces to the complete analysis of the outline of an AB or
more complex systems as a function of the lifetime 7. A
general quantum -mechanical theory of the effect of exchange
on the parameters of the NMR spectrum, based on the time
variation of the components of the density matrices, was
developed by Kaplan!® and Alexander?®. The correspond-
ing expredsions for the system AB were obtained by
Heidberg et al. 2!. The method involving the complete cal-
culation of-the spectrum requires the derivation of the
equations and their numerical solution for each specific
problem. The value of 7, which gives the best description
of the spectrum when the other parameters are specified
is determined by an iterative procedure. As a rule, the
calculated and observed spectra are compared visually.
However, recently Jond3 et al.?? developed a convenient
program for the comparison of the observed and calculated
outlines by means of a computer.
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3. Double Resonance

Recently a double-resonance technique was proposed for
the investigation of the rates of exchange. The method
was developed by Forsen and Hoffman 2324 and applied in
the study of the rate of inversion of cyclohexane by Anet
and Burn?5. The idea of the method is as follows. Sup-
pose that there is exchange between two non-equivalent
positions A and B, and the following two obligatory condi-
tions are fulfilled: (1) the lifetimes 74 and 7g must be
sufficiently long for a satisfactory resolution of the signals
A and B; (2) the lifetime 74 must be comparable to the
spin-lattice relaxation time 7,p. If the signal B is satu-
rated instantaneously, the signal A will decay exponentially
with the time constant 7,4

M2 = M} [v,a/ta exp(— t/mia) + (Ta/Tia)], (7

where MoA is the initial magnetisation of A. The new
“generalised” relaxation time 7, is defined thus:

lta=lta + 1T (8)

and the new equilibrium magnetisation is given by
M2 (t— o0) = MJ (11a/T1a) , (9)

Thus the ratio of the initial and final magnetisations
MGA/MZA, which can be readily obtained experimentally,
vields 7,4/T,a; by plotting 1g[MA(t) — MA( — =)]
against {, we obtain a straight line with slope 7,4.
then easy to determine 75 and 7,5 from Eqn. (9).

When the saturating field at B is removed, the A signal
returns to its initial value M;}, but the corresponding rela-

tion is not exponential; in the general case it cannot be
described with the aid of a single time constant 23,24,

Forsen and Hoffman examined also two other possibilities:
the return of the magnetisation of the signal to the initial
value after saturation of the same signal and after the
simultaneous saturation of the A and B signals?3. Subse-
quently the same workers?* applied the method to the study
of exchange between several non-equivalent positions. As
already stated, the double-resonance method can be applied
only over a very restricted range of rates of exchange,
since the lifetime must be comparable to the spin—lattice
relaxation time. The latter may be varied somewhat by
the addition of paramagnetic substances. The lower limit
to the measured rates is imposed by the requirement that
the signals do not overlap, i.e. the lifetime must be greater
than the reciprocal of the distance between the correspond-
ing lines.

The advantages of the method are due primarily to the
fact that the lifetimes measured with its aid cannot be
determined by other high-resolution procedures. More-
over, it is noteworthy that the experiment in which two
parameters (rate of exchange and spin—lattice relaxation
times) are measured simultaneously is relatively simple
and the amount of calculation in the interpretation of the
data is also small. The method does not require a very
high resolution and an accurate determination of the chem -
ical shifts. However, a high sensitivity of the detecting
system is essential.

It is

4, The Spin-echo Method

Recently Gutowsky, Allerhand and coworkers26-3!
developed a fundamentally new approach to the determina-
tion of the rate of proton exchange from NMR spectra. It
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is based on the observation of spin-echo signals{ when a
chain of high-frequency pulses in the Carr —Purcell se-
quence * ig applied to the spin system investigated: attime

t = 0 a 90° pulse is applied and then at times (2n ~ )5y a
sequence of 180° pulses is observed. These pulses gener-
ate a spin echo at times 2ntp (here ¢p is the period between
the 90° pulse and the first 180° pulse). Inthe general
case the amplitudes of the observed echo signals are func-
tions of the shift 6w, the spin—spin coupling constant J, the
transverse relaxation time 7?9 in the absence of exchangei,
the distance between the 180° pulses, ¢,y, the population

of the pA and pp levels, and the rate of exchange 1/27. It
is important that the duration of the pulses is short com-
pared to T, (and to the spin—lattice relaxation time 7T',) and
also to the intervals between the pulses, so that the relaxa-
tion and exchange effects during the application of the pulse
may be neglected.

The simplest relations between these quantities are
obtained for the AB system whenJ = 0. For this case,
Allerhand and Gutowsky %27 employed a semiclassical
approximation taking into account the exchange terms %3813,
Earlier Luz and Meiboom 3% obtained an approximate analy-
tical expression for the decay of the spin-echo signals
under conditions where (1) the distance between the 180°
pulsesis small ({ay < T,) and (2) the exchange is fairly
rapid (1/27 >» bw):

VT, == 1/T3 - p,pg (B0)*r [(1—27/6,) tanh £/ (27)] . (10)

Gutowsky and Allerhand showed?%27 that, although Eqn.
(10) may be applied over a fairly wide range of values of
the independent variables, for high values of {3y and for
slow exchange its application leads to significant errors.
Their general examination of the problem led to the con-
clusion that the expression for the variation of the mag-
netisation component may be represented by two terms,
one of which varies exponentially with time and the other
is pseudoexponential. However, the latter is small in
most practical cases, so that only the contribution of the
exponential term need be considered.

The following expression was obtained for identical
populations pao = pB = 0.5:27

1T, =1Ty +1/21 + 1/t sinh7IF |
where
(11)

F = (1/70)sinh (t,,0/2); o = [(1/0F— (dw)¥)"* .

In the limiting cases Eqn. (11) leads to the following

relations. (1) Slow exchange (1/7 < dw):
YT, =TS +1/2¢ 12)
(2) Rapid exchange (1/7 = dw):
Ty =UTq 172t —Y [(1/%) — Bo)1™ . (13)

For very rapid exchange (1/1 > 6w), Eqn. (13) yields
the result obtained on the basis of another approximation
by Piett and Anderson'8:

1T, = 1/TS +Y/, o) .

Eqn. (13) can also be used to determine the rates of
exchange from the line widths in high-resolution NMR
spectra; it can be applied in the case of much lower rates
of exchange than Eqn. (14).

When the distance between the pulses diminishes
{tay — 0), 1/T, approaches asymptotically the effective
natural line width (independent of the rate of exchange).

(14)

1 For transient processes, see Ref.6, p.61.
i It is assumed that the transverse relaxation times for
positions A and B are equal.
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This gives rise to the possibility of determining 79 from
spin-echo experiments with very rapid repetition of
pulses.

Thus the rate of exchange 1/7 may be determined by
measuring the spin-echo signal decay as a function of the
distance between the 180° pulses. Since Eqn.(11) includes,
apart from 7 and f3y, also the two independent variables
T2 and 6w, it is usually solved by iterative methods 25,27,
Allerhand and Gutowsky developed programs whereby it is
possible to obtain “true” values of the parameters after,
as a rule, not more than ten iterations. The initial
values of 1/7 and 6w may be chosen with the aid of the
Luz —-Meiboom equation [Egn. (10)].

The spin-echo method has the advantage that in this
case there is no need for a direct determination of the
parameters 6w and T9; they are obtained additionally in
the iterative process from the functional relation between
1/T, and 1/t3y. We may note that, in order to calculate
the amplitude of the echo signals, it is by no means obliga-
tory to express the variation of T, in an analytical form:
it is possible to solve directly modified Bloch equations in
a numerical form by means of appropriate programs.
Although such calculations do require a considerable
machine time, accurate values are then obtained over the
entire range of variation of the parameters. However,
for the majority of practical problems, the relation
lé)et;veen T, and 1/¢,y is satisfactorily described by Eqn.

11).

The semiclassical approach described above can be
applied only to a system AB., If the coupling constant JAB
is comparable to the chemical shift, dw, significant
changes may be introduced into the results of the spin-echo
experiments. Allerhand and Gutowsky 3! examined, using
a quantum-mechanical approach, the time variation of the
components of the density matrix2%2! for the system AB
under conditions corresponding to the application of a
Carr—Purcell sequence of pulses. In the general case
eight recurrent equations were obtained, the coefficients
of which are complex functions of the experimental quanti-
ties. However, as in the case examined above, a signifi~
cant success may be achieved here by the numerical
solution of the equations. By varying the independent
variables 7, dw, J, and {gy over a wide range, Allerhand
and Gutowsky showed that the results obtained 22730 for
an AB system withJ = 0 are not applicable to interacting
nuclei for low rates of exchange. When 1/27 (s-1) is small
compared with the geminal coupling constant J, modulation
of the echo signal amplitudes should be observed. The
modulation frequency depends on the distance between the
pulses fay, the constant J, and also dw, particularly if
J/6w =1, Inthe limiting case whereJ = 0, the same
results are obtained as in the semiclassical theory. The
modulation greatly depends also on the rate of exchange.
When 1/27 increases, the modulation frequency falls and
the time variation of the echo signal amplitude approaches
the exponential form. When 1/27 » 20J, the relation is
rigorously exponential and can be described by a single
decay constant. Thus in spin-echo experiments geminal
coupling may be neglected only at high rates of exchange.
In particular, for cyclohexane, which is an A;B; system,
JyH = 12.6 Hz, 3 and therefore the semiclassical approach
may be employed here at rates of inversion £ > 1/200 s1,
All these results have been qualitatively confirmed in spin-
echo experiments with 1,1-difluorocyclohexane3t,

Gutowsky et al. 2 also developed a general theory of the
effect of rates of exchange on the spin-echo signal ampli-
tudes based on the formal matrix approach of Anderson and
Weiss 35737, Among the series of interesting consequences
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of this treatment, the authors demonstrated an analogy
between the exchange effects and the quadrupole spin—
lattice relaxation effects and showed that in principle
quadrupole relaxation times may be measured by spin-
echo methods§.

5. Accuracy of the Determination of the Rate Constant by
Different NMR Methods

When a particular method is employed, it is necessary
to bear in mind the resulting accuracy in the determination
of the rate constant and then in the thermodynamic param-
eters of the system. Frequently, as experimental data
accumulated, it became clear that many NMR methods
probably involve serious systematic errors. The deter-
mination of the barrier to the hindered rotation of NN -di-
methylformamide constitutes a striking example; its
estimates vary from 7 to 24 kcal mole~?, 22 while the ex-
perimental error quoted in each case does not exceed 1
kcal mole™,

Apart from the purely experimental errors (instability
of the field, incorrect calibration, inaccuracies in temper-
ature measurement), systematic errors can arise as a
result of an incorrect choice of the model for the descrip-
tion of the real system. The simple semiclassical model
for an AB system withJ = 0 "%!3 becomes inapplicable in
more complex cases where it is necessary to estimate the
rate from equations for a system with J # 0.1%2%3° How-
ever, even if the application of the semiclassical model is
justified, usuallyfurther simplifications are made in order
to obtain analytical relations and to employ readily avail -
able parameters: differences between the chemical shifts,
intensity ratios, and line widths.

High-resolution NMR methods permit the measurement
of the rate constant within very narrow ranges. The least
accurate is the widely used method for the determination of
the rate constants based on the merging of the signals at
the coalescence temperature. In the first place the coales-
cence temperature cannot be determined with sufficient
accuracy. This method yields no information about the
process kinetics unless one assumes that Eyring's pre-
exponential factor may be used and a transmission coeffi-
cient of unity is adopted.

The methods for the determination of 7 from the change
in the chemical shift and the intensity ratio are suitable
only for low rates of exchange at temperatures below the
coalescence point. Usually dwg is small and varies within
a narrow temperature range; for example, for cyclo-
hexane appreciable changes in dwg are observed between
64° and 72°C, i.e. over a range of only 6 deg. In order to
increase dw, it is necessary to employ spectrometers with
a higher field strength. 6w, must be measured fairly
accurately; a 10% error in the measurement of Swo leads
to a much greater error in the thermodynamic parameters.
A high accuracy in the measurements of dwe is also neces-
sary, particularly when 6we approaches dwe, i.e. in the
region where dw is already relatively insensitive to
changes in temperature. Moreover, there is a possibility
of a temperature variation of 6w, 2%%° and failure to take
this into account must lead to an additional systematic
error in the determination of the rate of inversion. For
very low rates of exchange, Eqn. (3) leads to large errors
in the determination of 7 and may not be used!S,

§ Powles and Strange 32 examined approximately the
determination of the rate of intermolecular exchange for
an AB system from spin-echo experiments.
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Allerhand, Gutowsky, and coworkers#* analysed Egns.
(3) and (5) and showed that they yield high values of the
rates, the error depending on the ratios of three param-
eters: 6w, 1/7, and the transverse relaxation time T9.

In particular, when Eqn. (3) is used, the error for a chosen
pair of values of dw and 1/7 increases as T9 falls.

Since both methods yield rate constants over a limited
range of temperatures, small systematic errors in the
measurement of 7 may lead to considerably greater errors
in the activation parameters. To extend the range of
measured rates, the relation between line width and 7 is
employed in high-resolution methods at temperatures above
the coalescence point. Here the inaccuracies may be
attributed to the employment of temperatures close to the
coalescence point of approximation (6), which is suitable
only for very high rates of exchange?!, However, it is
precisely in the range of temperatures close to T¢ that the
contribution of the “exchange term” is most significant.

In this case one may employ a more general expression
for line width%49, ~ With increase in the rate, the contri-
bution of the exchange term becomes extremely small and
approaches the experimental error in the determination of
line widths. In practice such a limiting value of the
broadening due to exchange amounts to 0.05 Hz. Evident-
ly, for systems which are not very complex, the most
reliable values of T may be obtained by complete calcula-
tion of the outline of the spectrum for various values of 7
and subsequent comparison with the experimental spec-
tra 2,22,

The spin-echo method developed by Gutowsky, Aller-
hand, and coworkers has a fundamental advantage: it
permits the determination of the rates of exchange over a
much wider range than high-resolution NMR methods. In
particular, this applies to the region of high rates, where
(for specified values of 6w and TY) the maximum measur -
able rate depends on the accuracy with which it is possible
to determine TY/T, when this quantity tends to unity. In
this case the limit of the possible errors in T measured by
the spin-echo method is

e < papgTh (B0) (15)

Such rates of exchange are not measurable by high-
resolution NMR methods. The most favourable situation
for measurement by the spin-echo method obtains in the
case where the transverse relaxation time of the test sub-
stance is high, as, for example, in C,D,,H (T9 = 10 s at
—100° and 85 s at 25°C). The spin-echo method permits
the investigation of the ring inversion of deuterocyclo-
hexane in the range where the rate varies by five powers of
ten3% from 0.5 s~ to 4 X 10* s, extending thereby the
range of attainable 7 by a factor of more than 50. These
data were obtained by Allerhand, Chen, and Gutowsky on a
24 MHz spectrometer. Evidently, by employing spec-
trometers with a higher field strength, the range of rate
constants may be extended further by a factor of several
units. The accuracy of the determination of 7 by spin-
echo methods does not exceed the accuracy of the high-
resolution NMR method (10-20%), but, since T is mea-
sured over a much wider range, the thermodynamic
parameters obtained should be more reliable.

Spin-echo measurements have yet another advantage:
they permit the determination at the same time of 6w and
T3, and 6w may be obtained at high rates of exchange for
which high-resolution NMR spectroscopy is inapplicable.

Despite its undoubted advantages, the spin-echo method
is comparatively rarely used to determine the rates of
exchange. To a large extent, this is because the method
has been developed quite recently. It requires additional
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apparatus, which has only now begun to be produced com-
mercially outside the USSR and is more time-consuming
than high-resolution NMR methods. The interpretation of
the results is laborious and requires special programs and
considerable machine time. Probably spin-echo mea-
surements also include some phenomenological errors the
source of which is as yet obscure. The point is that these
measurements tendto yield high values for 6w. Thus low-
temperature NMR spectra yield 6w = 0.48 p.p.m. for
CyD,,H 2:%2,%% and C,DyH,, ** while the value obtained from
spin-echo results for the same temperatures is higher by
approximately 30%. In the study of 1,1-difluorocyclo-
hexane 3! by the spin-echo method it was necessary to adopt
6w = 18.5 p.p.m.; the value 6w = 15.6 p.p.m., determined
from low-temperature NMR spectra??, gave a poor agree-
ment between the results. The possible reasons for these
discrepancies have been discussed?®, The inconsistency
is probably associated with the fact that the approximation
inwhichthe decay of the echo signal amplitudes is described
by a single constant T, becomes inapplicable and it is
necessary to take into account the pseudoexponential terms.

IIl. ENERGY PARAMETERS OF THE INVERSION OF
CYCLIC COMPOUNDS

1. Cpyclohexane
The classical model for the investigation of ring inver-
sion by NMR spectroscopy is cyclohexane. The interest
in this molecule is due, on the one hand, to the fact that it
occupies a central place in the theory of conformational
analysis. On the other hand, the rates of inversion of
cyclohexane are in a favourable range and therefore it is
frequently used to test a particular method.

Cyclohexane and its derivatives have been investigated
by all the NMR spectroscopic methods developed hitherto

Table 1 continued.
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(Table 1). At the coalescence temperature and below the
Table 1. Thermodynamic parameters of ring inversion
in cyclic compounds.

No.[ Compound ::; Tn::l.e{ ké::n ‘(:lgl 5S e, Solvent  [Method| Refs.
1 [Cyclohexane 11.5+0.2410.1+0.1 (—67) — CS, b 45
2 | Cyclohexane 9.0+0.2 | 10.8(—67) —7.9% CS, d, e| 4
3 [Cycliohexane 1.5 10.7(—67) ~+4.0* CS, 47
4 [Cyclohexane 10.9+0.6 | 10,3 (—67) +2.9%2.3 CS, b, e 42

(CgHDy ) (11.3)
5 | Cyclohexane 10.5+0.5 10.2 (—867) +1.4+1.0 CS, c, e 12,43
(CgHDy )
6 |Cyclohexane 9.4+0.5 | 10.3 (—68) —5.8+2.4 CS, f 30
{9.5)
7 (Cyclohexane 9.1+01 10.3 (—68) —5.8+0.4 CS, f 30
{CgHD, 1) (9.5)
8 |Cyclohexane 10.8 10.2 +2.8¢ CS, d,g,i 25
9 [Fluorocyclo-
hexane 9.640.4 | 9.7(—57) | —0.8%0.5| CFCl, |d,e| 4
10 |Chlorocyclo-
hexane - 10.5 - CS, a 49
11 |Chlorocyclo-
hexane - 11.7 (—65) _ CS, a 50
42 [Bromocyclo-
hexane - 10.8 - CS, a 49
13 |Bromocyclo-
hexane — 11.7 (—65) — CSy a 50

14 [lodocyclonexane — 11.7 (—65) — CS, a 50

15 [Cyclohexanol — 11.7 — CS, a 50

16 ]3,3,5,5-Tetra-

deutero-1,1- — 10.4 (—60) — CSq a 51
dimethyl-

cyclohexane

No. Compound AHT (Eq), AF7* (°C) AS e.u. thod! &
P keal mole™ keal mole™! e Solvent ¢ &
17 | trans-1,2-
gzmﬁ:ﬁ;m - 11.9(—45) — CS, a |s2
48 | trans-1,2-
Dibromo- .
cyclohexane - 11.8 (—45) — CS, a s
19 | trans-1,3di .
chlorocyclo-
hexaney ¢ - 9.8(—-79) — €S, a 53
20 | trans-1,3-
Dib cyclo-
hoane — 8.9(79) — s | a s
24 | 1,1-Difluoro- 10.4 9.7% +3.0%2 propene g |5
cyclohexane (10.9)
22 | 1,1-Difluoro- 9.04 9.8 (—46) —3.3 CS, g |2
cyclohexane 9.5)
23 | Ditto (3’3) 9.8 (—46) —5.0 CFClg g ix
2% | » 9.4 9.5 —0.6 CS, f 3L
9.9
25 1 1,1,44-Tetra-
I .
ethyleyelo - 11.6(—53) - Cs, s |
26 | Ditto 13. 1.4 +9.1 CS, ¢, d |s5
13.7)
2 7| 6,6-Dimethoxy-
1,1-dimethyl-
cyclohexane — 11.6(—70) — Cs, a |s1
28 | 1,14,4-Tetra-
thylcyclo-
hoxane 8.621.2 | 10.530.4% | —9.5264 | tolene | g |3
29 | 1,1-Diftuoro- 8.92 10,28 —5.4+2 propene g% |54
4,4-dimethyl- (9.4)
cyclohexane
30 | 1,1-Difluoro- 7.928 9.84% —8.3%2 propene & |54
4-ethyl-4-methyl- 8.4
cyclohexane
31 | 1,1,2,2-Tetrafluoro- 7.51% 10.87% —13.6+2 propene g% | se
cyclohexane (8.0)
32 | 4-chloro-1,1- 10,798 10.21° +2.5+1 propene g | se
difluorocyclo-
hexane
33 | Perfluorocyclo- 7.5+0.3 | 9.9(--66.5) - CCIgF doe |5t
hexane 10.9 (--25) —10.7 CgHyCF, dye |g7
34 | pitto 9.9:+0.2 11.2 —4.4 liquid, iso-~ f 58
(10.5) pentane
35 | Isomers of fully
acetylated
inositol
cis- 6.6 15.4 (+18) —30.1 CHCly b s
36 | allo- 5.5 12.6 (—34) —29.6 CHCly b
37 | muco- 4.7 10.5(—177) —29.2 CHCl, b ise
38 | Cyclohexene 5.3 5.3 (—164) Ogn CFgBr a |6
1.
39 | 4-Bromo- 6.1 5.9%0.1 (—148) J-1.4 CD.=CDCl b e
cyclohexene
40 [1,1-Difluoro- (6) — — Folee
4,4-dimethyl-
cycloheptane
41 |Cyclo-octare — 7.8(—64) 10,3 CS, e
7.8(—110) —5.7 CF.Cly Fojar
42 |Cyclo-octane 7.7£0.3 8.1 (—115) —4.4 CCl,=CHCL | b, ¢ |63
43 |Cyclo-octa- 13.7 13.7(—10) 0 CS, a |es4
tetraene
44 | Fluoro-cyclo- — 12.0 (—33) — CS; a |6
octatetraene
45 2,3,4,5,6,7-Hexa- 15.4 174 (+41) —6.3 cCl, b 66
deutero-cyclo-octa-
tetraenyldimethyl-
methanol
46 {2,3,4,5,6,7-Hexa- 12.8 15.3 (4-40) —8.0 ccl, b les
deuteroethylcyclo-
octatetraene
carboxylate
47 |cis-1,2-Di- — 13.0(—16) —_ CDCly a |67
bromocyclo-
octatriene
48 |3.5,7-cyclo- 11.9 — — CS, g |e8
| octatrienone
49 {cis-Hydrindane - 6.4 (—133) - CS, a 69
50 {2,2-Diftuoro- 15.0+£0.9 12.3 85 acetone g |70
cis-decalin
51 11,1,3,3-Tetradeutero-|13.4 £0.8 12.4 243 propene g 70
2,2-difluoro-cis-
decalin
52 12,2-Difluoro- 9.1+0.6 121 —13+3 propene g 7
9-methyl-cis-
decalin
53 |2,2-Difluoro- 10.6+0.6 12.8 —10+3 acetone g 70
10-methyl-cis-
decalin
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Table 1 (contd.). Table 1 (contd.).
; #* (E, * (o &
AH™ (Eg). # (oC), Method & No. AHT (Bad:|  aF% (°C) a8 e, Solvent  Method) ‘G
No. Compound kaal mol:' iial rixf::l)e' AS e, Solvent E ° Compound kealmole™!|  kcal mole 3
54 |9-Ethyl-2,24ifluoro- | 9.50.5 1.8 x4 | acetone | £ |70 95, Dimethyl 4.5- y - 19.4x0.4(74) - @
is-decali methylpiperida-
cis-decalin zinedicarboxylate -
55 |Pentamethylene - 14,2 (—170) — CH,Cl, a |n 96 ];l\-]:’(:;.h):- 135 14.2+1.5| 12.6+0.1 (0) 2.2+5.5 pentane g 85
Iphoxid exahydro-1,3,5-tri-
§ [Pentamethy - 14.9 (—63 - CH,CI a azine
B e amernylene 9 (=69 e " 97 | N-Ethylhexa- 12.420.8) 11.9£0.1(0) |=3.422.9 | pentane | g | g
57 |Tetrahydro- - 11.6(-~93) - CHCl, n hydro-1,3.5-4rk
thiopyran N-lsopropyl- 11.3+1.1 | 10.8+0.1(0) |—2.6+4.0 pentane g 85
58 Tetrahydro- - 10.7(—80) - €D,0D e |n % hexahydro-
pyran = 0) 1,3,5-triazine
59 |Piperidine ~ 14.5(~63) - CDOD | a7t 99 |V-tButylhexa-  [10.820.7 | 10.220.1(0) |—1.8+2.6 | pentane | g |5
60 |3,3,5,5-Tetra- (14.5) - - CHOH £ in hydro-1,3,5-
deuteropiperidine CH.OH uiazine, ”
61 |Tetradeutero . =) (14.4) - ¢ E 1™ 100 [135Trimetnyl  [15.240.2] 13.20.2 7.5 CHFCL | & |s
methylpiperidin hexahydro-1,3,5- (15.7) (—8) CDCly g
62 |Tetradeutero-N-t- (14.0) —_ —_ CHsOH g 7 triazine
butylpiperidine . . — —_ liquid b
63 [Perfluoro- 572445 8.9(—67) | —15.5 CFCl, 3 10111 -Methyt 19 aut &
piperidine R 2.2 — — CH,OH e
64 (44,55 Tetradeutero- | 11.5 11.7 0 CSy 7 102 ld?f:;r]{;:zﬁi- ggigg — — 3, e g
1,2-dithiane . dine (10.0£1.0) — — liquid e 88
65 |pitto - 11.6 (—43) - CS, e | 103 |1-Methyl-2- (6.4£0.6) — — liquid e |ss
thylene -aziridi
66 (3,3,6,6 Tetramethyl- | 15.6 13.8 (—2) +6.7 cs, b | 104 |1 Phonyr e 12.8 (—40) _ cs ¢ e
1,3-dithiane (16.1) aziridine ) :
67 |45, chs Dracetoxy- | 12.0 13.9(-8) -T2 s " 105 |1-Methane- - 14.0 (—25) - ccly | a e
1,2dithiane cs. sulphonylaziridine
68 | 1,3-Dithiane - 9.4(-80) ” g a | 106 | VN-Dimethyl- - 10.8 (—86) CH,=CHCl | a |
69 |5,5-Dimethyl- - 10.3 (—170) - CSy a | carbamoyl-
1,3<1lnh|ane .o cs aziridine
70 |2,2-Dimethyl- . 9.8 (—80) - 2 a |7 107 |1-Methoxycarbonyl- | - 7.6(—138) — CH,=CHCl | & |8
1 ,34‘]}thmne aziridine
74 |1,3-Dioxane = 9.7(—82) - acetone a |7 108 |1-Phenylsulphonyl- [10.9:£2 10.020.1 3.66 CDCly d |9
72 |1,3-Dioxane 10.2'+1.0 9.0 (--73) +6+5 acetone d {m aziridine
73 |2,2-Dimethyl- 6.3 7.8(—13) —7 CCI,F, d |77 .
1,3-dioxane 12.420.8 . P Remarks. Designation of methods: (a) from coales-
-Di - 420, —' - acetone 77 .
[l e 10-5(=1) 4 o cence temperature; (b) from temperature variation;
75 |2,2,5,5-Tetramethyl- | 9.1%0.9| 8.2 (—73) A5 acetone d |7 ¢) from intensity ratio »; (d) from signal width in
H ’ s I
1,3dioxane high-resolution spectra; (e¢) from signal width in
76 |5,6-Dimethyl- 12.8+2 11.2 (—50) +7.3 acetone a |7 rapid sweep method; (f) spin-echo method; (g) total
1,3-dioxane 3 . ; - .
77 (2,2 Dimethyl- _ <8.0 . acetone ¢ | calculatlox} of spect{'um, (Z) double~-resonance method;
1,3-dioxane +—approximate estimate.
78 (3,3,6.6-Tetra- Ui | M-6CH2) | a4 Cs, |ab |7 !Erroneous value; according to Jensen et al. %, the
i ’ value should be AH = 5.9 kcal mole™,
79 3.3.6,6-1T1et2ra- 1.7 — - CH,Cl, 7 2For chair —chair ring inversion. 3 At 40 MHz.
doxems ™ 4Chair —boat. 5Value averaged with respect to the
80 |N-Methyl- - 11.5(—31) — CH,Cl, a |7 temperature range investigated. ©¢Calculation by
morpholine . » Alexander's method2°, 7Calculation for case AB, 2°
81 {NN-Dimethyl- —_ 12.6 (—8.5) — CH,Cl, a s " Rt -
piperazine For half-chair —half-chair inversion.
82 |VN-Dimethyl- - 13.0 - CHClL, |d,e | ®For half-chair —boat inversion.
piperazine
83 |NNN'N'Tetra- 9.3+1.2] 12,94(0) |—13.5%5.6 CS, g |
methylpiperazine
dichloride
84 |Tetramethyl- — 16.1 1 (4-50) - a |s .
. s-tetrathiane cyclohexane (CgH,,) spectrum consists of a twelve-spin
Rrnside 1.7 15.4(+29) | —t21 Cs. od |5 system, is extremely complex, and cannot be approximated
86 At}etone'd 12.3 15.4 (+-29) —12.1 CDCl, b | e by a simple doublet*® or quartet‘®, However, these dif-
& O velo- ficulties are eliminated when deuterated derivatives are
[2.2.1] hept- oy | 18020200 4832241 CDCh b4 m loyed 1225,30,42, At low temperatures the C,D,,H spec
% A Jhept- 16.2%0.8 | 13.920.2(—5)| +7.6+2.6 | pentane | b, d | 83 employ . W temperature e tl Spec-
88 |2 3_;imbicydo_ 14.820.5 | 13.040.2(—9)| +6.022.0 | cDCl . trum consists of two broad lines of equal intensity; the
[2.2,1)heptane  |15.7+1.0 1'zﬁ6;oﬁ4f:5§+u.'s£4' pontane |54 | ® signal width may be greatly reduced with the aid of H~D
89 |2,3-Diazabicyclo-  114.9+0.8 | 12.240.2 (—9)|+10.0%3 cpCly | b6.d | w double resonance 42,43, With increase of temperature,
[222)octane - |12.420.6 | 11.8+0.3 (—5)| 4+2.822.5) pentane | b, d | & the gignals become broader and merge at the coalescence
90 |Dimethyl 3,6-di-  |16.4+1 18.5(97) —7+3 d | temperature (—61.4°C). abo hich a sinel 1i
phenyltetra- peratu . , above which a single narrow line
hydropyridazine. . is observed (Fig. 1).
,2-dicarbox: . N
o1 |ieth mmy 18.5.95) pentane o | s If the rate constant is determined for a number of tem -
i - . — . . .
of abyove acid peratures, the thermodynamic parameters of the inversion
92 Dimethyl 4,5- _ 19.7 (123) _ pentane a | & process may be obtained from the usual relations:
dimethyltetra-
hydropyridazine- . kT AS™ — *
1,2-dicarboxylate ke = =—exp (AST/R) exp( AH”RT), (16)
93 [Diethyl ester — 20.3(133,5) - a 84 (ol 1Ty
diethyl ester | N AH R(@Wnk/oT™, —RT, 1
94 [Dimethyi 3,6- 15,621 | 16.70.3(55) *3 4 ju AS™ = (AH* —AFTYT (18)
diphenylpiperida-
zinedicarboxylate k ==‘/2T _ Aexp(—Ea/RT) . (19)



Russian Chemical Reviews, 39 (6), 1970

The data in Table 1 show that the Gibbs free energies of
activation for the inversion of cyclohexane agree to within
0.2 kcal mole~! in six cases out of sevenf, while the values
of AH? and AS” differ significantly. Only the parameters
obtained by high-resolution methods agree satisfac-
torily 25,4243, The ring inversion of cyclohexane has been
investigated over the widest temperature range by the spin-
echo method®°, which should apparently have yielded the
most accurate values of the energy parameters. However,
the results of Allerhand, Chen, and Gutowsky do not agree
with the results from high-resolution spectrat, the differ-
ences being illustrated in Fig, 2.

gk
4.0
20
20t
79
a0
=/d
-27
-4,

<3 =51 ~73 ~§1 =06 -/19°C
T T T

L L
50 85
17000/ °K

0 1 L 1
40 45 50 S5

Figure 2. Temperature variation of the rate constant
for ring inversion in cyclohexane determined by high-
resolution (B) and spin-echo (A) methods 6,

The discrepancies are evidently associated with large
systematic errors in the determination of the temperature
variation of the rate constant. There are particularly
large differences in the entropies found by different
workers: they vary from +4.9 to —6.5 e.u. These results
show that the experimental values of AS? must be treated
with caution in a discussion of the mechanism of ring
inversion and the structure of the molecule in the transition
state. In a number of studies attempts were made to
estimate the entropy on the basis of the possible symmetry
of the intermediate form 2,46, If the rotational and
vibrational contributions are neglected, such estimates
may be made either by taking into account the symmetry
numbers ¢ and the statistical weight w, 12,46 or by calculat-
ing directly the number of possible ways in which one form
can be converted into another?5:°,  If the half-chair form
is adopted for the intermediate state, the number of such

T It is interesting to compare the parameters of the
ring inversion of cyclohexane obtained from NMR spectra
with data derived by other methods. The first estimates
of the height of the barrier in cyclohexane varied from
10 to 14 kcal mole™. 9% Later direct measurements
of the decay of ultrasound yielded 8.3 kcal mole™ % and
10.8 kcal mole™.% The following values have been
obtained for the energy of the labile intermediate form,
which cannot be estimated directly from NMR spectra:
5.9 kcal mole~, % 5.5 kcal mole~t, ® and 4.8 kcal mole~*. %7

7 The spin-echo results agree with those of Harris
and Sheppard?*®, who also determined the rate constants
over a fairly wide temperature range. However, sub-
sequentiy Harris and Sheppard®® reinterpreted their
measurements in a different way and obtained H = 10.3
kcal mole~, in agreement with the enthalpies found by
Anet and coworkers 252,
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ways is six and S = R Inz = 3.6 e.u. Calculation from the
expression AS = R In(w?#/w) (0/0%) also yields a positive
entropy®®. Harrisi pointed out that the entropies can be
negative only when the intermediate state has a planar
shape in the ring inversion process. However, according
to calculations ®, the energy of this state should be of the
order of 30 kcal mole™t, The agreement between the AS
values predicted on the basis of symmetry and the experi-
mental data from high-resolution spectra 25,423,435 may be
evidence of a high reliability of the latter.

Recently computational methods have been widely used
for the investigation of the conformations of cyclic com-
pounds ?°~1%, They are based on the calculation of the
energy of the molecule by classical methods for specified
potential functions, taking into account mainly the extension
of the bonds, the deformation of valence angles, the
torsional strain, and the interaction of atoms not linked by
valence bonds. Cyclohexane was investigated in greatest
detail by Hendrickson®%»!%, Fig.3, taken from Hendrick-
son's paper 1%, shows the geometry of the intermediate
states in the chair —boat inversion of the symmetrical
forms. The boat —skew boat conversion is achieved by a
pseudorotation the potential barriers for which are low, in
contrast to the barriers in symmetrical transitions. Hen-
drickson obtained the following values for the barriers in
the transitions: chair—chair 11.0 kcal mole-!, chair—
boat 6.4 kcal mole~, and chair~twist-boat 5.6 kcal
mole-l. Evidently all the calculated values agree very
well with experiment,

It is noteworthy that in all the conformational calcula-
tions for cycloalkanes a considerable improvement is
achieved when the valence angles corresponding to mini-
mum strainare assumed to be not tetrahedral but 112 °, 102104
which agrees with the latest electron diffraction data for
cyclohexane!% and certain cycloalkanes 19,

2. Cyclohexene

Compared with cyclohexane, the ring inversion of
cyclohexene and its conformations have been investigated
in much less detail. Nevertheless the conformational
studies on these molecules are just as important, since the
cyclohexene ring is included in a large number of natural
compounds and determines their structure to a great
extent.

The geometry of the cyclohexene ring is determined to a
considerable degree by the presence of a double bond: four
carbon atoms must be located in one plane. As a result,
cyclohexene can adopt the form either of a half-chair or a
boat (Fig.4). Thermodynamic calculations showed that 107
the boat form is less stable to the extent of 2.7 kecal mole~!
than the half-chair. However, the valence angles of the
trigonal and tetrahedral carbon atoms in both conforma -
tions must be distorted. Corey and Sneen!% determined
by vector analysis the cyclohexane (half-chair) model for
which the simultaneous distortion of all the valence angles
is a minimum. A similar determination was made by
Boucourt and Hainaut %, who suggested that 112° be
adopted for all the tetrahedral angles in cyclohexene.

Many experimental data now show that cyclohexene and
some of its derivatives exist in the half-chair conforma-
tion110-114 The frequencies of the skeletal vibrations and
the CH vibrations in the infrared and Raman spectra of
gaseous, liquid and solid cyclohexene also agree better
with the half-chair form 115,

1 Ref. 40 in the paper of Bovey et al. 48
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2 g 8 8 ge Xg
Figure 3. Intermediate states in the symmetrical
ring inversion of cyclohexane !,
oyt
;‘j 20 i
E ”_0 L 1 i ; 1. | L l
A AB B AB A AB"B" AB" A
a b
Figure 4. Cyclohexene conformations: a) half-chair;
b) boat. Oy =28 s

As for cyclohexane, one conformer of cyclohexene may
be converted into another. Until recently, the rate of
conversion and the potential barrier separating the con-
formers were unknown. It might have been supposed that,
in view of the characteristics of the structure of cyclo-
hexene, the half-chair —half-chair conversion would be
much faster than the chair —chair conversion. Recently
Anet and Hag® showed that the rate of inversion of cyclo-
hexene approaches the upper limit accessible to NMR
methods. At room temperature the NMR spectrum of
cyclohexene shows the signal due to the olefin protons
(5.596) and the complex multiplets of the allylic (1.966) and
homoallylic (1.655) protons*!¢, Anet and Hag® investiga-
ted cis-3,3,4,5,6,6 -hexadeuterocyclohexene. At —150°C
the band due to the homoallylic protons is significantly
split and becomes a doublet at —164°C. Since at —170°C
04 - e does not yet reach a constant value, it may be sup-
posed that 64 - ¢ for cyclohexene is actually 24 Hz§.%° The
rate constant determined from the coalescence temperature
of the signals is £ = 53 s~1, whence the free energy of
activation AF¥ = 5.3 kcal mole~!. Thus in cyclohexene
the height of the barrier in the ring inversion process is
smaller by a factor of approximately two than in cyclo-
hexane. Since the energy of the boat form is higher than
that of the half-chair form %7, it may be supposed that the
boat form is intermediate in the inversion process. The
possible pathways in the inversion process and the corres-
ponding forms of the barrier proposed by Anet and Hag?®®
are presented in Fig.5. The authors adopted a structure
with five carbon atoms in one plane (AB, AB’, A’B’) as

§ The assignment of the signal in the weak field to an
equatorial proton and that in the strong field to an axial
proton was made by analogy with cyclohexane. It has
been confirmed by the study of the ring inversion of
4 -bromocyclohexene !,

B | "AB
A X AN
e =Y

Figure 5. Intermediate forms and the energy barrier
in the ring inversion of cyclohexene °,

)

——

the transition state, since the distortion of the valence
angles and the interaction between methylene groups would
be too high for the completely planar form. The enthalpy
and entropy of activation for the inversion process cannot
be determined directly from the NMR spectroscopic data ©°,
The values quoted in Table 1 were obtained by taking into
account the symmetry of the possible transition states and
the statistical factors. The average lifetime of the cyclo-
hexene molecule before inversion at 25°C may be calcula-
ted from AH# and AS*. It proved to be about 10-¢ s, i.e.
smaller by five powers of ten than the lifetime of the cyclo-
hexane molecule (4 x 1074),

Apart from unsubstituted cyclohexene, the inversion of
4-bromocyclohexene was also investigated®. At —159°C
Jensen and Buchweller ®! observed a complete separation of
the signals due to the tertiary proton corresponding to the
axial and equatorial orientations with 6, _ ¢ = 27.3 Hz.

The rate constant (2 = 47.7 s at —124°C) and the height of
the barrier (AF¥ = 5.93 + 0.1 kcal mole-!) obtained by
these investigators are very close to the corresponding
values for unsubstituted cyclohexene. Jensen and Buch-
weller also determined the conformational energy of
bromine in the cyclohexene ring (about 0.1 kcal mole-1),
which proved to be smaller almost by a factor of four than
the energy of the substituent in cyclohexane. This result
is in qualitative agreement with Sakashita's data obtained
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from vibrational spectra!!?, In practice, however, the
values determined both from the vibrational spectra and
NMR spectra are smaller than the experimental errors and
therefore one may suppose that in 4-bromocyclohexene the
axial form has no advantage over the equatorial form on
energy grounds. However, the axial form of 3-halogeno-
cyclohexenes is probably more favourable 118,

In a number of studies attempts were made to determine
the preferred conformations of cyclohexene derivatives
from the widths of the NMR signals!1®-!2, Some informa-
tion about the geometrical structure of the cyclohexene
ring can be derived also from the vicinal coupling con-
stants. The values of Jyy were determined for three
cyclohexene derivatives!?2~1?¢, The dihedral angles for
the half-chair forms of conduritols !?* were calculated from
the Karplus equation and compared with the values deter-
mined from Barton's models 123,125 and calculated by Corey
and Sneen!%®, All three methods give similar valence
angles, but these are only approximate.

The long-range coupling constants for allylic (Jge’ =
—0.5 Hz, Jyga' = —2.1 Hz) and homoallylic (J = 1-3 Hz)
protons have been determined 227124 and interaction via
four saturated bonds (about 0.5—2 Hz) has been observed.

3. Cyclobutane

In the crystalline phase certain cyclobutane derivatives
(tetraphenylcyclobutane 26 and trans -1,3 -cyclobutanedi-
carboxylic acid !27) have a planar ring structure but,
according to electron diffraction, cyclobutane itself is
non-planar 23, NMR spectroscopic studies have shown 12®
that the cyclobutane molecule undergoes interconversion
between two equivalent forms (Fig. 6), in which the orien-
tation of the substituent may be referred to as axial or
equatorial by analogy with the nomenclature for six-mem-
bered rings; the structure with a pseudoaxial substituent
is more planar. According to the estimates of Meiboom
and Snyder!2°, the dihedral angle 6 is 18°.

Figure 6.

Ring inversion in cyclobutane.

The barrier in the ring inversion of cyclobutane is
probably low, but has not been estimated experimentally at
presentf. However, the chemical shift and the coupling
constants of the signals due to geminal fluorine-19 nuclei*3°
in the NMR spectra of certain fluorinated cyclobutane
derivatives, used to calculate the free energy differences
between the two conformers, were found to vary with tem-
perature. For R = CgH;, this difference is about 1 kcal

¥ In oxetan, where as a result of the replacement of
a methylene group by a heteroatom in the four-membered
ring several 1,2~ and 1,3 -interactions are eliminated, the
barrier in the ring inversion process is only 35 cm™!
according to the estimate of Chan et al. 32
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mole-!, which is consistent, as regards order of magni-
tude, with the value calculated by Allinger et al.1® Allin-
ger's calculations also showed that the buckled form is
more favourable than the planar form to the extent of about
1 kcal mole-! and yields the angle § = 20°.

The NMR spectra of 3 -isopropylcyclobutanols and
3 -isopropylcyclobutylamines 13! are also consistent with the
non-planar structure of the cyclobutane ring.

4, Cycloheptane

The cycloheptane molecule does not have a highly sym-
metrical form analogous to the chair form of cyclohexane.
The four conformations of cycloheptane with the minimum
energy, the geometry of which was calculated by Hendrick-
son!®  are shown in Fig.7. The most stable is the twist-
chair form. As in the boat form of cyclohexane, which
can be converted into a series of twist-boat forms by
pseudorotation, in cycloheptanes pseudorotation can take
place for the chair —twist-chair and boat—twist-boat con-
formations. The boat and chair conformations can be
interconverted by symmetrical inversion. The barrier to
pseudorotation is represented by a simple sinusoidal
curve, the symmetrical forms corresponding to its maxi-
ma and minima. The energy differences in pseudorotation
are small and cannot be estimated from the NMR spectra.

1

2 3
(1,4) (0) (2.7

Figure 7. Stable conformations of cycloheptane:
1) chair; 2) twist-chair; 3) boat; 4) twist-boat;
the relative energies are indicated in brackets®™,

o

(2.4)

The ring inversions in a number of substituted cyclo-
heptanes were investigated by Roberts using the resonance
of the fluorine-19 nuclei®. The fact that the spectra of
1,1-difluorocycloheptane and 1,1,3,3 -tetrafluorocyclo-
heptane do not show a temperature variation up to —180°C
agrees best with the existence of cycloheptane in the
twist-chair form, which undergoes rapid pseudorotation.
At the same time the spectrum of 1,1 -difluoro-4,4 -di-
methylcycloheptane does alter significantly as the temper -
ature is reduced. On the basis of these changes, one may
conclude that fluorine atoms are present in positions
resembling equatorial and axial positions, The barrier
to the interconversion of the two forms (or two sets of
equivalent forms) is low and amounts to 6 kcal mole-!
according to preliminary estimates 62,

5. Cyclo-octane

The ring inversion of cyclo-octane was investigated by
Meiboom*?, Harris and Sheppard*®, and Anet and co-
workers®8133,  On lowering the temperature, the proton
signal in the C,D,;H spectrum broadens and at —111°C two
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Figure 8.
energies:
boat;
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Cyclo-octane conformations with minimum
1) chair —chair;
4) twist-chair—chair; £)S,; the relative

2) boat—chair; 3) boat—

energies are indicated in brackets®,

sharp lines separated by about 19 Hz are observed!®, The
activation parameters for the inversion process were cal-
culated from the temperature variation of the band outline
(Table 1, Nos.41 and 42). However, it is impossible to
arrive at unambiguous conclusions concerning the nature of
the conformations undergoing interconversion. From the
conformational standpoint, cyclo-octane is probably the
most complex cyclic molecule. Theoretical analysis
shows 100,104 that there exist a large number of conforma-
tions of cyclo-octane with approximately the same energy.
The boat-chair form (Cg symmetry) is probably the most
favourable on energy grounds 1°%1%,  However, the ener-
gies of five other symmetrical forms are in the range of

2 kcal mole™: chair—chair (extended crown), boat—boat
(saddle, symmetry D,q), twist-chair—chair (D,), twist-
chair —boat, and the form with symmetry S, (Fig.8). The
regular crown form of cyclo-octane, in contrast to the
“crown” of cyclohexane (chair), does not correspond to an
energy minimum; according to Hendrickson's calcula-
tions % its energy is higher by 2.8 kcal mole~! than the
energy of the boat—chair form. The transitions between
the cyclo-octane conformations can take place, apart from
the interconversion of symmetrical forms, via a pseudo-
rotation, the barriers to which are not high. Thus the
signals in the NMR spectrum at a low temperature may
correspond to a whole set of conformations, provided that
pseudorotation is sufficiently rapid. By studying the tem-
perature variation of the NMR spectra of three deutero-
derivatives of cyclo-octane (CyD,,H,) and alkyl -substituted
cyclo-octanes, Anet and St. Jacques!'® concluded that they
agree best with the boat—chair form. X-Ray diffraction
studies showed that many cyclo-octane derivatives have the
same conformation!®, However, in order to interpret the
NMR spectra of fluorinated cyclo-octanes, Roberts % chose
the S, form (twist-boat). Since the energy of the S, form
differs only by 1 kcal mole™ from that of the boat—chair
form 1% the replacement of a hydrogen atom by a fluorine
atom can shift the conformational equilibrium towards the
S, form.

The cyclo-octane conformations were examined theoret-
ically also by Bixon and Lifson!% and Allinger et al.'®? In
all these studies the energy minimum was obtained for the
boat—chair form.

Recently ring inversion in eight-membered unsaturated
systems was investigated by NMR spectroscopy: cyclo-
octatetraene %%, fluorocyclo-octatetraene ®, cyclo-octa-
trienone s, and substituted cyclo-octatriene 7,

In cyclo-octatetraene derivatives %¢~%¢ bond displacement
may occur as well as the interconversion of two boat forms
(t and b, symmetry D,q) (Fig.9). The transition state for
both processes is probably a planar form. Calculation of
the barrier to the inversion of cyclo-octraene, taking into
account the o-strain of the system ¢, yielded results in
good agreement with experiment.

6. Decalin

An interesting example of complex systems undergoing
ring inversion is provided by cis -decalin derivatives.
While the NMR spectrum of {rans -decalin, which has a
fixed conformation, consists of a complex multiplet, in the
cis -decalin spectrum there is a comparatively narrow
singlet even at —120°C. 135,136 On this basis, it was
initially suggested that the barrier to the ring inversion of
cis-decalin is low, not exceeding 6 kcal mole~*; however,
recently it was suggested !37 that the low width of the signal
may be due not to rapid ring inversion but to the similarity
of the chemical shifts of the axial and equatorial protons.

inversion

D
D
Figure 9. Ring inversion and bond shifts in cyclo-
octatetraene ®,

The ring inversion of cis-decalin derivatives was inves-
tigated by Roberts 7 using fluorine-19 resonance. In
the spectrum of 2,2-difluoro-cis -decalin two AB quartets,
corresponding to the axial and equatorial positions of
fluorine atoms, appear in place of the average signal when
the temperature is reduced. The activation energy for
the ring inversion proved to be somewhat higher than for
cyclohexane (Table 1, No.50). Since the bulk of the
fluorine atoms is small, it may be supposed that in unsub-
stituted cis -decalin the inversion barrier is approximately
the same. The introduction of a methyl group in the 9- or
10-position of 2,2 -difluoro-cis ~decalin results in a lower -
ing of the barrier. This is apparently due to the fact that
for both forms undergoing interconversion there is a syn -
axial interaction of the methyl group with the fluorine atom.

The NMR spectraof 1-methyl-, 3-methyl-, 6-methyl-,
and 6,9-dimethyl-cis -decalin do not show a temperature
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variation, in agreement with the existence of a single
energetically favourable conformation.

Theoretical calculations have been made for the con-
formations of decalin !%%»1%2 and show that, in contrast to the
earlier hypothesis '8, the double chair conformation is the
most favourable for both cis -decalin and {rans -decalin.

7. Heterocycles

Compared with hydrocarbons, in heterocyclic systems
there are a number of additional factors which may influ-
ence the ring-inversion parameters. Apart from different
bond lengths and valence angles, as a result of which the
ring geometry and the intensities of interactions between
atoms not linked by valence bonds are different from those
in the hydrocarbon analogues, electronic effects due to the
presence of unshared electron pairs, vacant d orbitals, and
conjugation may play a major role in heterocycles.

Although the amount of data obtained up to the present
time on the ring inversion of heterocyclic compounds is
small, it is evident that they cannot be interpreted by simple
analogy with the hydrocarbons. In some cases the cor-
responding parameters are in fact similar but the agree-
ment may be the result of the opposed effects of several
factors.

The barriers for pyran (10.7 kcal mole-t) and thiopyran
(11.6 kcal mole~*) ™ are close to the corresponding value
for cyclohexane, but in piperidine the barrier is probably
higher 7™,  On the other hand, about 6 kcal mole-! was
obtained for perfluoropiperidine”. The barrier in NN-
dimethylpiperazine, the geometry of which is close to that
of the cyclohexane ring” according to electron diffraction
data 1%, is almost the same as in cyclohexane. The bar-
riers in hexahydro-1,3,5-triazines %, the skeleton of which
consists exclusively of C~—N bonds, are also close to this
value. However, the data obtained for triazines and the
mechanisms proposed for ring inversion differ some-
what 888, A decrease of the barrier with increasing
dimensions of the substituent of the nitrogen was also noted
for 1,3,5-triazines %5; this can probably be accounted for
by a tendency of the pyramidal nitrogen atom to assume a
more planar structure with increase of the size of the
substituent. .

The orientation of unshared electron pairs plays a major
role in ring inversion processes in heterocyclic systems
incorporating nitrogen, oxygen, and sulphur. For alkyl-
substituted piperidines, it has been established with the aid
of NMR spectra % and dipole moment studies *° that the
alkyl group is equatorial. However, there exist at
present two opposed views concerning the orientation of the
unshared pair in piperidine itself. According to the first
view, the dimensions of the unshared pair exceed those of
the hydrogen atom 13° and accordingly piperidine must be
predominantly in the conformation with an axial hydrogen
atom; according to the second view, the unshared pair is
smaller 141,142 The recent calculation by Allinger and
coworkers !*? for piperidine conformations showed that
hydrogen in the axial orientation has a small advantage on
energy grounds (0.6 kcal mole-!). Since the difference
between the energies is small, evidently in real systems
the presence of substituents or small deformations of the
ring can displace the equilibrium in the opposite direction.

The available data on the ring inversion of substituted
1,3 -dioxanes 77, containing two heteroatoms, show that the
decisive factor in these compounds is probably the inter-~
action of atoms not linked by valence bonds. The barrier
in unsubstituted 1,3 -dioxane is almost identical with that in
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cyclohexane?, As a result of intensive 1,3-syn -axial
interactions, the energy of the ground state of 2,2-di-
methyl-1,3 -dioxane is increased, which leads to a decrease
of the barrierf. At the same time in 5,5-dimethyl-1,3-
dioxane, where such interactions do not occur, the barrier
is 10.5 kcal mole-! (Table 1, No.74). It should also be
noted that the conformational energies of the 5-alkyl sub-
stituents in 1,3 -dioxanes are very much lower than the
corresponding values for cyclohexane 45,

Among six-membered rings containing a large number
of heteroatoms, acetone diperoxide®%%, and tetramethyl-
s -tetrathiane 8 were investigated. The barriers in these
compounds are significantly higher than in tetramethyl -
cyclohexane. Here non-valence interactions probably do
not play a dominant role and other factors are more impor-
tant; in particular, ring inversion can involve other inter-
mediate forms than in cyclohexane. It has been suggested
that the twist-boat form and not the chair form is the most
stable for tetramethyl-s -tetrathiane 8,146,  The high bar-
rier in this compound made it possible to isolate a stable
conformer at —80°C, 4% as had been done for chlorocyclo-
hexane 147,

The ring inversion of tetramethyl derivatives of 1,2 -di-
thiane and 1,2-dioxane ™ has also been investigated. The
difference between the barriers in these compounds has
been explained by the absence of intermediate forms in
ring inversion; the existence of a symmetrical boat form
of tetramethyldioxane is impossible because of the inter-
action between the methyl groups; at the same time in
tetramethyldithiane this form can be realised owing to the
greater length of the C—S bonds.

The barriers to the inversion of tetra- and hexa-hydro-
pyridazines are much higher # than in the corresponding
hydrocarbons. While the barriers in cyclohexane and
cyclohexane differ sharply, those in the above compounds
are similar (Table 1, Nos. 90-95).

In heterocyclic systems containing nitrogen there is a
possibility of yet another conformational transition ~inver -
sion at the nitrogen atom. In six-membered rings (piper-
azines ™ and triazines 8,8) the rate of this process is still
too high to investigate by NMR methods; however, in
aziridine (ethyleneimine) derivatives, where the nitrogen
atom is incorporated in a strained three-membered ring,
the inversion is slower. A number of substituted aziri-
dines have now been investigated 87-90,148-151 and attempts
have been made to estimate the role of the various factors
influencing the heights of the barriers in these compounds.
Thus bulky substituents at the nitrogen atom apparently
increase the rate of inversion!#®, since they increase the
steric strains in the ground state; these strains are
removed in the transition state, which has a planar struc-
ture. The conjugation effect, which leads to a “flattening”
of the pyramidal structure of the nitrogen atom, acts in the
same direction: the rates of ring inversion in acetyl-
aziridines ® are much higher than in alkylaziridines. An
“extreme” example in this case is formamide, which has

1 Since the C~0O bond is much shorter (1.43 A) than
the C—C bond (1.53 A), the conformational energy of
2 -alkyl substituents in 1,3-dioxane reaches 3 kcal mole~! %
(compared with 1.6 kcal mole™ in cyclohexane). Eliel
and Knoeler ¥ showed that in the {rans —cis isomerisa-
tion of 2-alkyl-5-t-butyl-1,3-dioxane the t-butyl group
passes to the axial position. This is apparently the
first example of the axial orientation of the t-butyl group
in a six-membered ring. In the analogous situation
cyclohexane goes over to the boat form 95,
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an almost planar structure: here the barrier to the nitro-
gen inversion is only 1 kcal mole™, 152 Solvents have a
considerable influence on the barriers to ring inversion in
aziridines: in hydroxylated solvents the rate of inversion
is significantly lower 8,148,  Probably in this case the
solvent forms a weak bond of the hydrogen type with the
unshared electron pair of the nitrogen atom.

Simultaneous inversion at the nitrogen atoms has also
been observed in a series of diazabicycloheptanes and
diazabicyclo-octanes .,

IV. CONFORMATIONAL ENERGIES OF SUBSTITUENTS

It is by no means possible to obtain the absolute values
of the thermodynamic parameters of ring inversion in all
cyclic systems. However, it is possible to determine by
a relatively simple procedure quantities which are some-
times of no less interest. These are the socalled confor-
mational energies of substituents, i.e. the differences
between the free energies of the conformers with R in the
axial and equatorial positions. The equilibrium constant
K for this process is defined by the expression:

K =NaN, (20)
where Ny and Ne are the mole fractions of the axial and
equatorial forms in the equilibrium mixture. The values
of K may be determined with the aid of kinetic methods,
for example, from the different reactivities of substituted
cyclohexanes as a function of the orientation of the substi-
tuent. This approach has been developed independently
and successfully employed for the determination of con-
formational energies by Eliel and coworkers 5% and
Winstein %4, Subsequently a number of physical methods
were developed for the determination of the content of the
conformers in the mixture, among which those based on
vibrational and NMR spectra became most widely used.

At present the conformational energies of a large number
of substituted cyclohexanes have been determined. In

this section the scope of the determination of conforma-
tional energies of substituents by NMR methods will be
briefly discussed. Attention will be concentrated on a
comparative estimate of the accuracy of the methods. The
effects of various factors on the conformational energies
have been discussed in reviews 155,156,

N, and Ne may be determined most directly by measur-
ing the areas of the signals corresponding to the two
conformers in the low-temperature NMR spectra where
these signals are completely or partly separated. The
conformational energies of chloro- and bromocyclo-
hexane 49157, jodocyclohexane 157, and fluorocyclohexane 43,157
were determined in this way. In all these studies mea-
surements were made of the intensities of signals due to the
tertiary proton, which can be identified without error.
However, in principle, one can employ for this purpose
other signals, for example those of the hydroxyl and methyl
protons 76,158,159,

However, this method for the measurement of confor-
mational energies is not always feasible owing to experi-
mental difficulties. Moreover, in this case one obtains
the free energies for temperatures between —60° and
—100°C. The use of these values at other temperatures is
not always justified, since AG may vary with temperature.

In order to determine K from NMR spectra, it is pos-
sible to use parameters which differ for conformers with
axial and equatorial orientations of the substituents and
which become averaged out in the inversion process:
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chemical shifts, coupling constants, and signal widths. If
the corresponding parameters are known for fixed confor-
mations, it is possible to determine the relative concen-
trations of both forms in the equilibrium mixture and hence
the equilibrium constant by Eqn. (20).

1. Determination of Conformational Energy from the
Chemical Shift

If ring inversion takes place ina substituted cyclohexane,
a chemical shift of the signal (usually of the tertiary pro-
ton) is observed in the NMR spectrum:

3 =N+ Noda (21)

where 65 and 8¢ are the chemical shifts of the axial and
equatorial forms, and N, and Ng are their mole fractions,
The method was proposed by Elial who used it to investi-
gate the equilibrium in bromocyclohexane !¢°, The shifts
65 and ¢ may be determined from the low-temperature
NMR spectra with “frozen” inversion. The compositions
of the equilibrium mixtures of a number of halogeno-sub-
stituted cyclohexanes %%5%52 and cyclohexyl ethers 6! were
determined by this procedure. For substituents with high
electronegativities, the difference &, . o between the chem-
ical shifts of the signals due to the tertiary proton may
become considerable (0.7-0.8 p.p.m.), 5°

However, methods in which model compounds with
known conformations are used have become most wide-
spread. Usually cis- and {rans -4-t-butyl derivatives of
cyclohexane are used as the “fixed” forms. Since the
t-butyl group in the cyclohexane rings always occupies an
equatorial position 154,12, the cis -isomer yields in this
case 0a and the {rans -isomer dg}. In some studies other
4 -alkyl derivatives of cyclohexane !¢ or 3-alkyl deriva-
tives 184 were employed as model compounds. The method
has been used to determine the conformational energy of
the amino-group®%:1%4 and the nitro-group?® and also in
the investigation of the conformational equilibria in a num-
ber of other cyclohexane !®¢, cyclohexanol!¢7, and cyclo-
hexanone %8 derivatives. The dependence of the confor-
mational energy on the presence of hydrogen bonds has
been established by this method for the amino-group: the
relative constants of the conformers differ significantly in
neutral, protonated, and proton-donating solvents (Table 2).
In most studies the chemical shift of the tertiary proton
was determined; however, the chemical shifts of the
hydroxyl proton, for which the difference between the axial
and equatorial positions amounts to about 30 Hz, were also
employed for this purpose.

Evidently fixed models may be used only when the alkyl
groups do not have a significant influence on the chemical
shifts of the tertiary proton, do not distort the cyclohexane
ring, and merely stabilise the conformation. The effect of
the diamagnetic anisotropy of alkyl substituents in cyclo-
hexane was studied in a number of investigations 175,180-184,
It has been shown experimentally that the effect of a 4-alkyl
substituent is small!™, However, an axial alkyl group in
the 3-position displaces significantly the signal of an axial
H, proton 7,183,184 and therefore the conformational energies
obtained with 3-alkyl substituted model compounds are

1 6, refers to the conformer in which the substituent
occupies an axial position. This applies also to the
coupling constant and signal widths discussed below.
Since the chemical shifts of tertiary protons are usually
investigated, this nomenclature is not altogether conven-
ient.
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probably unreliable. This has been demonstrated experi-
mentally by Eliel and Martin % for halogeno-substituted
cyclohexanes. Recently Jensen and Beck!” compared the
low-temperature NMR spectra of a number of cyclohexane
derivatives with those of model compounds having a 4-t-
butyl group. In all the compounds, the chemical shifts of
the axial and equatorial a-protons differed at low tempera-
tures from the chemical shifts of the corresponding 4-t-
butyl derivatives. In all cases the conformational ener-
gies determined by Eliel's method proved to be lower than
the result obtained by measuring the areas and by “freez-
ing” the ring inversion with subsequent determination of
63 and 8e. Thus the fixed model method probably yields
only semiquantitative results.

In addition the chemical shift method involves also a
number of factors which may lead to significant errors in
the determination of the conformational equilibrium posi-
tion. Since the tertiary proton signal constitutes the X
part of the ABX or A,B,X system and is greatly complicated
as a result of spin—spin coupling, the chemical shifts
cannot be determined with adequate precision. To elimi-
nate this difficulty, the protons in the relevant positions
are usually replaced by deuterium 154,175,185,  The accuracy
of the determination of the equilibrium constant diminishes
if the difference 6, _ ¢ between the chemical shifts due to
the fixed conformers is small (as in nitrocyclohexane 177,186)
or if the conformational equilibrium is strongly displaced
towards one of the forms, in particular when & — d¢ is
small 163,168, The chemical shifts 65 and 6¢ have an
“intrinsic” temperature variation and therefore in the
extrapolation of the results obtained at low temperatures to
other conditions it is necessary to apply corrections!”,

Table 2. Conformational energies of monosubstituted
cyclohexanes obtained by NMR methods,
Substituent —AG t, °C Solvent Method | Refs.
1 2 3 4 5 6
F 024 | —z6 CFCl, a 49
0.15 25 CFCly b 8
0.25 —93 CS, a 157
0.24 room CS, b 157
0.45 25 + c 169
a 0.44 25 + c 169
0.51 —81 CS, a 157
0.49 25 CS, b 157
041 | —g3 Cs, a 9
0.38 38 ccl, ¢ 170
0.43 36 o-dichlorobenzene ¢ 170
0.49 —83 CS, a 7
0.55 Cs, b 1”1
Br 0.37 25 + ¢ 169
0.53 | —83 cs, . 1t
0.57 CS, b 171
051 | —81 CS, a 4
0.48 —81 CS, a 157
0.44 room Cs, b 157
0.2 25 ccl, ¢ 166
0.24 25 liquid ¢ 162
0.7 20 ccly d 172
0.37 35 CCl, ¢ 170
0.42 36 o-dichlorobenzene ¢ 170
1 0.43 —81 Cs 157
0.41 20 CZ: ‘; 157
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Table 2 (contd.).

I
Substituent —AG t, °C Solvent , Method | Refs.
1 2 3 4 5 6
OH 0.6 20 ccl, . 166
0.73 30 con. ¢ o
0.75 40 ¢ 55
0.43 20 e, g 172
1.0 28 CCl, d 173
0.82 36 ccl, < o,
1.05 36 t-BuOH " 174
0.88 30 2D2PrOH ¢ 161
1.07 20 cal, ¢ s
OCH,3 0.6 20 ccl, : o
OCDy 0.56 —9 cp,cocl . -
OCHO 0.27 25 Cs, X o
OCOCF, 0.68 25 cs, ) o
0.5 —84 Cs‘l 171
0.55 a
’ CS, b 171
OCOCH; 0.68 25 cs, . o
0.66 28 Cs, b e
0.7 25 ccl, ‘ 6
0.72 | —8 CS, a I
0.64 CS, b 171
0’1's 0.6 25 cal, . 66
ONO, 0.59 25 CS, b 161
SH 0.9 25 CCly ¢ 174
SCH, 0.7 25 cCly ¢ 174
SCeHs 0.8 25 cCly ¢ 166
NH, 1.26 20 CeH, d 172
110 20 CoHs d 172
1.30 20 CHCly f.c 164
1.15 20 CCly, CgHyzy CHiCN ¢ 163
1.45 20 CpCl,, EtOH, ¢ 163
t-BuOH
NH*y 1.7 20 CF,COOH, HOAc c 163
NHCH; |1.1—0.9] 25 CHCly c 164
NO, 0.78 37 liquid, CDCly d 188
1.02 25 CDCly I 165
1.3 25 cncl, f 177
1.4 25 CDCly d 177
CH, 1.78%* 30 CDCi, & 178
1.68 30 CCl, ¢ 167
1.70 32 CClg ¢ 170
C,Hy 1.68 30 CCly ¢ 167
CH(CHg) | 2.22 30 ccly c 167
2.20 25 CHCl, ¢, f 164
CeHu 2.5 32 CCly ¢ 170
CoHs 3.0 25 CDClg f 179
COC.Hs 1.4 25 CCly c 166
C=CH 0.48 4 ccly ¢ 158
Remarks: a) from measurements of signal areas at a

low temperature; b) from chemical shifts (65 and 6¢
obtained at a low temperature); c¢) from chemical shifts
(65 and 8¢ obtained from the spectra of ¢-butyl derivatives);
d) from coupling constants (JHY obtained from spectra of
model compounds); e) from coupling constants (JHH
determined at a low temperature; f) from band width;
+--value averaged for a number of solvents;

**determined from the spectra of diazirines.

2. Determination of Conformational Energies from
Spin-—-Spin Coupling Constants

The method is based on the difference between the
vicinal coupling constant JHH as a function of the axial or
equatorial positions of the protons relative to the cyclo-
hexane ring. Numerous experimental data show that J,,
varies in the range from 9 to 12.5 Hz and J,¢ from 3.5 to
6 Hz.!®” The number of available measurements of Jee is
smaller; it probably does not exceed 2—3 Hz. The
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approach to the determination of equilibrium constants
based on JHH values was developed for ethane derivatives®
and was then employed in studies on ring inversion in
substituted cyclohexanes 7,178, If the equilibrium mixture
contains x moles of one conformer and 1 — x of another,
then, as a result of inversion, averaged constants will be
obtained:

I =T = e+ (1 — ) e S

22
I =J = xdoa + (1 — %) Jee = J" (22)

Thus, when the first-order condition 6,, > J,, holds,
(which is usually the case for electronegative substituents),
the a-proton signal will be a 1:2:1 triplet with spacings
J*; each component of the triplet will in turn be another
triplet with spacings J3e. In practice, however, the
signal is rarely fully resolved. In some cases, as a
result of the superposition of individual components, a
symmetrical quintet!”” or septet is observed, as happens
for nitrocyclohexane !76,188, Usually the signal has an
unresolved contour. Nevertheless in many cases it is
possible to determine averaged constants either directly
or from measurements of signal widths at a specified
height 1. Jgaa, Jae, andJee are frequently obtained from
the spectra of cis- and trans -4 -t-butylcyclohexyl-R. 173,188

The method for the determination of the equilibrium
positions from the averaged coupling constants becomes
extremely approximate for small values of x (x < 1/5).
Moreover it has a number of additional limitations. In
particular, it has been shown that in cyclic systems Jgae #
Jeq. 1871 In the analysis of the spectra of the compounds
investigated no account was taken also of long-range inter-
action constants which may reach 2 Hz for equatorial H,
and H, protons 2,

3. Determination of Equilibrium Constants from Signal
Widths

When the tertiary proton multiplet is unresolved, the
conformational energies may be determined from the signal
width. This parameter has been used in the very early
studies to determine the configurations and fixed confor-
mations of cyclohexane derivatives 193,

The equilibrium constant for a mixture of conformers is

w, —w
a
K=—2,

w, —w

(23)

where w is the observed signal width, we the signal width
for the conformer with a fixed equatorial position of the
substituent, and wg the signal width for a fixed axial posi-
tion of the substituent. As in methods (a) and (b), the
signal widths for frans- and cis -4-t-butylcyclohexyl-R are
frequently adopted as wy and we. This method is the most
approximate, but in a number of cases it yields conforma-
tional energies in satisfactory agreement with the values
obtained by other methods 65,177,184 =197,

Table 2 lists the conformational energies of substituents
in the cyclohexane ring and it is indicated which of the
methods discussed above was used to obtain the value.

The methods discussed can be arranged in the following
sequence in terms of decreasing accuracy: chemical
shifts > coupling constants > widths. However, frequently
even approximate measurements of band widths yield
satisfactory conformational energies and under favourable
conditions the determination of K from NMR spectra is not
inferior in accuracy to the most precise kinetic and ther-
modynamic methods.
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V. APPLICATION OF FLUORINE-19 RESONANCE

In recent years *F NMR spectra have been used to
investigate the mobile and fixed conformations of cyclic
systems®2,198,  Perfluorocyclohexanes’, fluorocyclo-
hexane 8, gem -difluorocyclohexane??,¢?, gubstituted gem -
diftuorodecalins 7, cyclobutane derivatives 3%, and large-
ring systems have been investigated by this method 2,5,

The use of the chemical shifts of fluorine has a number
of advantages, since they are more sensitive to the molec-
ular environment and exceed by a factor of several tens the
proton chemical shifts. In fluorine-substituted cyclo-
hexanes the difference &3 _ ¢ between the signals of the
axial and equatorial fluorine atoms is 20 p.p.m., i.e. it
exceeds by a factor of almost 50 the corresponding value
for protons. The spin—spin coupling constants JFF are
of the order of 250—-280 Hz and the constants Jpap,§ also
exceed the Jy;5 values for protons. The high values of
0, - ¢ permit the investigation of ring inversion in fluoro-
substituted cyclic compounds over a wide range of temper-
atures by high-resolution NMR methods. Moreover,
fluoro-substituted cyclohexanes are very convenient for the
investigation of ring inversion by spin-echo methods for
two reasons: (1) at the resonance frequencies employed in
the spin-echo experiments 2rJ Fr £ 6w and therefore it is
possible to make measurements over a wide range of
exchange rates; (2) the vicinal coupling constant JHF is
almost independent of the rate of exchange at very high and
very low rates and does not affect the echo-signal ampli-
tude, so that it can be disregarded in the determination of
the rate3!,

The rates of inversion of fluorinated cyclohexane deriv-
atives were determined by both high-resolution NMR
methods 22:48,5¢ and by the spin-echo method 58, The
temperature variation of the chemical shift of fluorine was
used to estimate the percentage contents of the conformers
of 2,2 -difluoro-cis -decalin " and alkyl derivatives of 1,1-
difluorocyclohexane %462, It has been shown*® that the
equatorial position is preferred for the fluorine atom to a
much lesser extent than for chlorine and bromine atoms.
The conformational energy of fluorine determined from the
signal areas and from chemical shifts was found to be 0.153
and 0.242 kcal mole! respectively, in good agreement with
the data derived by other methods 292,203,

For a correlation between the parameters of the fluorine -
19 spectra and the structure of substituted cycloalkanes,
further accumulation of experimental data is necessary.
However, it is already evident that this method may be
effective in studies on the conformations of cyclic com-
pounds.

~--000---

After the manuscript had been sent to the editorial
board, a large number of new data on the ring inversion of
cyclic compounds were published. Those which are of
greatest interest may now be indicated briefly.

With reference to p. 517: Allinger and coworkers
calculated theoretically the conformations and energies of
a large number of cycloalkanes and cyclic ketones2%, The
predicted barrier to ring inversion in cyclohexanone is 4.8
kcal mole~!, which agrees well with recent experimental
data by Gerig2° and Jensen and Beck?%, who showed that

§ The vicinal coupling constants J Fy obtained in a
number of investigations 130,192-201 ghgw that the same
relation applies to them as in the case of Jgy: Jp5 is
the maximum, Jge is a2 minimum, and J,¢ is intermediate.
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the replacement in the cyclohexanone ring of one sp2-
hybridised atom by an sp?-hybridised atom leads to an
appreciable decrease of the barrier. A similar result was
obtained for cis-decalones?%7.

With reference to p.519: Roberts and coworkers 208
investigated by the resonance of fluorine-19 nuclei the ring
inversion in a number of cyclo-octane derivatives. They
succeeded in detecting both types of conformational transi-
tions: ring inversion and pseudorotation. For the
majority of the compounds investigated, the boat-chair
form is the most stable at low temperatures. Its stability
has been confirmed recently by X-ray diffraction studies
on trans -1,2-dichlorocyclo-octane?®, 1t is interesting to
note that the dihedral angles obtained in this investigation
are in excellent agreement with the values predicted by
Hendrickson *®,

The bond shift in cyclo-octatetraene was investigated
by Anet and Bock?!%; Lack and Roberts?!! determined the
barriers for cis-hydrindane derivatives.

With reference to p.521: The conformational transi-
tions in heterocyclic compounds were investigated: in
difluoropiperidine 2, 1 3-dithiane derivatives?!3, six-
membered rings with silicon atoms?1%215 bicyclic diazo-
compounds 216217 and aziridines?'® and at tervalent oxy-
gen?'® and arsenic??® atoms. Jensen and Bushweller 2
continued their studies on the isolation of “pure” con-
formers of cyclohexane derivatives,

With reference to p. 524: Recently Jensen, Bushweller,
and Beck determined the conformational energies of 22
functional groups in the cyclohexane ring; probably these
are the most reliable data obtained hitherto. The confor-
mational energies of ester groups??® and amino-groups 224
have also been investigated.
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