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Summary.

Conformational Analvsis by IMuclear lMacnetic Resonance Smectroscony.

Muclear magnetic resonance spectroscopy is a powerful and versatile
spectroscopic technique and novel applications are continually being
devised for it. This thesis concerns the application of "n.m.r." spec:
ttroscopy to the study and definition of both the time dependent and
the time independent three dimensional geometries of organic molecules
in solution.

The purposes of this thesis are (a) to establish the conceptual back:
tground to both n.m.r. spectroscopy and conformational analysis and
hence to relate the two fields, (b) to review in varying depth the pub:
tlished results in those areas of chemistry which have been ventured
upon in the current research and (c¢) to present the results and conclus:
tions of the current studies.

To these ends, ne.me.r. spectroscopy is first briefly reviewed and the
areas of major topical interest touched upon. As n.m.r. speciroscopy is
a precisely mathematical subject, the theoretical applications later
employed are briefly outlined. The thermodynamic considerations relevent
to conformational analysis are then reviewed and this is followed by

a discussion of the application of n.m.r. spectroscopy to detailed con:
tformational analysis.

The»ourrent studies involve reviewing two discrete fields of conformat:
tional analysis. Firstly, nem.r. studies of conformations in medium
ring compounds are reviewed in depth. The results of a study of syn-
3,7-dibromo-cis,cis—cycloocta~1,5—diene are recorded in which a defin:
titive statement of the solution conformation (in chloroform) of this
molecule is possible. The consistency of the data from other technigues
relating to this conformation is remarked upon and the similarity to
the solid state conformation determined (F.B. ilson, Ph.D. thesis,

University of Glasgow, September 1971) by an K—-ray study is deduced.



Secondly, the vast field of n.m.r. studies in conjugated systemsz is
sketched relatively briefly before the few results relating to aromatic
systems are detailed. Tork on 9-nitroso, and 9-formyljulolidine rotation:
tal barriers for the '9' grour are then presented. Extensive electiron
delocalisation is observed from the nitrogen atom of the quinoclizidine
unit in thece compounds to the 'G' group and this is comparable to, or
in excess of, that observed in para-substituted dimethylanilines. The
rotational barriers for the dimethylamino function in three para—cubstit:
tuted N,l-dimethylanilines are then reported and a Hammett correlation
between them is suggested. In this manner, an estimate of the rotational
barrier for the dimethylamino function in H,H-dimethylaniline itself is
presented. Upon this basis and upon resulis published for studies of
aziridine inversion barriers, an estimate of the resénance energy in
dimethylaniline is suggested at 10 £ 4 kcal./mole.

The necessary praciical details of this work are then outlined. The dim:
sportance of computing facilities in this work is made in the appendices
and an original coding of a 1gast squares method due to W.E. HYentworth
(J.Chem.Ed., 1965,42,96) is included.

Published papers on this work are then appended.



Introduction,

The basis of the nuclear magnetic resonance (n.m.r.) method is
now familiar to every senior undergraduate chemistry student, and in:
tdeed in many instances, practical experience of n.m.r. spectrometars
is an integral part of their course of studies. In this respect, n.m.r.
spectroscopy Jjoins infra-red and u}tra—violet spectroscopies in being
presented practically at the undergraduate level. In achieving this,
considerable disadvantages of price and complexity of instrumentation
have been overcome. Significantly, 'bench-top' n.m.r. spectrometers
have recently been announced and it is only to be expected that such
a teaching and general purpose tool will soon make its appearance in
many undergraduate laboratories. There can be little doubt, consider:
sing the scope of n.m.r. spectroscopy, that this move will only be to
the student's advantage.

It is hoped that the power of the n.m.r. method will be amply
demonstrated in the work reviewed in this thesis; However, only a few
of very many applications will be treated in any detail. In n.m.r.
spectroscopy we have a unique. probe into many aspects of molecular be:
shaviour and it is perhaps the almost all-encompassing applications
of n.m.r. which illustrate this point so well. There are few branches
of chemistry where n.m.r. has not or cannot be applied profitably in
elucidating the nature and behaviour of matter at macroscopic and micro;
sscopic levels.

VA . . ]

In 1924 Pauli’ put forward the hypothesis of nuclear spin to ex:
splain some of the details of hyperfine structure observed in optical
atomic spectra. The existence of nuclear spin, though now a commonplace
fact, has diverse consequences in physical chemistry(2 One such conse:
tquence was first detected in gaseous matter in the form of directed
beams over thirty years ago/3when nuclear magnetic resonance was first

observed. The growth of n.m.r. as a branch of radie-frequency spectros}



tcopy was greatly stimulated by its demonstration in condensed phases
by Purcell et al(Zand by Bloch et al(5in 1946. In 1950 several authors
*

including Thomas/ obgerved a 'chemical shift’/ 7between nuclei in Var:.
tious molecular environments and in 1951 Packard et al[Breported,separ:
tate lines for various chemically different nuclei in the same molecule.
When a number of liquids were first examined by n.m.r. spectroscopy, it
was found that certain substances showed more lines than were required
by simple considerations of the number of non-equivalent nuolei{*9

- These 'coupling' effects were later interpreted

as arising
from interaction between neighbouring nuclear spins.

The term 'high resolution' was applied at this time to measure:
sments which could distinguish individual resonance lines arising from
nuclei of the same isotopic species in the same moleoulg,but differing
in magnetic environment. The observation of high resolution specira
depends to a great extent upon the strength and quality/ 13of the magnet:
tic field employed in the measurement. Magnetic resonance experiments
are unique in spectroscopy in that the energy of the particular transit:
tion observed can be made to vary,simply by changing the strength of
the magnetic field in which the sample is situated. At the same time,
chemical shifts are sensitive to field strength, the higher the field
the larger the shift differences become. The fine structure due to nuc:
tlear spin-spin interactions is not field dependent and so*increasing
field strengths are only a partial solution to resolution/ 14problems.
At the same time as increasing the field, we must maintain or increase
the magnetic field homogeneity to allow us to separate signals due to

Ve

small coupling constantst It is still true, however, that increases
which can be made in field strength without sacrificing field homogensg
teity lead to considerable advantages in n.m.r. spectiroscopy.

The first commercial n.m.r. instrument appeared in 1953. As this

/16,17

was only three years after the realisation of the significance of

nem.r., to physical chemical studies, this is clear indication of the



rotential generated very early in the development of the subject. This
early machine employed a magnetic field equivalent to 'a proton resonance
frequency of 30MHz. In the ensuing decade both permanent and,to a great:
ter extent’eleotromagnets were used to advance fields to '100lHz.'. This
latter field (23,500gauss, 2.35Wb.m;ig is comm;nly employed nowadays in
/

sophisticated research instruments even though it was first employed
in 1962. This is, however, the limit attainable by electromagnets under
the necessary conditions of the n.m.r. experiment. Permanent magnet de:
tsigns, which have the advantage of not requiring a stabilised power
supply, are currently available at 60MHz. and are generally employed in
more routine work.

It has been on instruments such as these that the broad and sub:
sgtantial basis of n.m.r. empirical results has been established. It is
not possible here to provide a survey of these years of development.
Such a task would require at the very least a small monograph to convey

/19

a valid impression of the results achieved. However, as an illustrat:
tion of the rate of growth during this period, the following diagram
should suffice (see next page). The drop in citations for the two years
up to 1970 was in response to a request from the series editor to cuxr:
ttail references to those of immediate significance. Yet by 1972, the

/20}1
despair:

three authofs of 'Nuclear Magnetic Resonance Spectrometry'
ted of there ever being another such review due to the impracticabils
ity of selecting material for inclusion within the confines of a sin:
tgle review. In this light it is interesting to quote from the author
of the corresponding review published in 1960120b

" The casual reader of the literature (or even the careful one)
might get the impression that NMR is as generally applicable a tool as
infrared, ultraviolet, or mass spectrometry. But this reviewer believes
that such is not yet the case, and, furthermore, that it is unlikely to

be at least until intensity information can be obtained more reliably

and interpreted with more confidence. Even tien it is not at all clear
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that NMR will be as generally useful as the other spectroscopic tools
mentioned. This belief stems from the following considerationss In the
author's experience, it is all too frequent that NMR spectra of samples
to which the technique ought to be applicable, are of little use for
the analytical problem at hand. The most common reason for this is that
the samples are not sufficiently pure. The impurities, for example, may
be small amounts of paramagnetic ions, oxygen, or simply isomers of the
main component. The resulting NMR spectra will then often consist of a
relatively small number of bands instead of a large number of sharp
lines usually obtained from sufficiently pure compounds of low molecular
weight. In such cases, a useful analysis will still be possible if it
depends only on chemical shift information. On the other hand, a useful
analysis may not be possible at all if spin-spin coupling information
is also needed. For example, the band positions and intensities expect:
ted from two postulated structures may not be sufficiently different to
allow a decision to be made. Samples prepared by distillation rather
than by crystallisation seem to be more subject to the effects of impur:
:ities. The spectra of compounds of higher molecular weight tend to cong
s$sist more of bands than of sharp lines, and may not show sufficient
detail to be very useful. This is the primary reason, for example, for
the limited applicability of high resolution NMR to the study of the
structure of polymers. However, NMR spectroscopy can be a very rapid
and powerful tool for the identification and study of suitable samples
of relatively simple compounds."

Several of these objections were refuted by the author of the fol:

20c
/ partly on the basis of differing oping

tlowing review in this series
tions but more significantly on a basis of advancement in technique in
the intervening two years. The work of the last decade makes such objec;
stions now appear almost ridiculous and certainly amusing. It is cons

tvenient, in the light of these comments, to remark briefly on the many

advances currently being made in n.m.r. spectroscopy and to consider



the major fields of application cf these new techniques and possible
future developments.

The advantages of operating n.m.r. spectrometers at ever increas:
ting field strengths have attracted considerable attention recently, par:
:ticulgrly with the advent of commercial superconducting magnet éystems
capable of fields equivalent to proton irradiation at 200 to 300 liHz.

One of the major advantages of such high fields is the resolution of

/*21
second order effects in spectra’

The simplification resulting from
the use of very high magnetic fields allows fairly ready analysis of the
spectrum for the spectral parameters without resort to considerable com:
sputer work, which is both time consuming and expensive.

The availability of highly homogeneous fields from superconducting
magnets in recent years has opened up large areas of chemistry to study
by n.m.r. spectroscopy. Many complex molecules, particularly polymers
of both synthetic and biological origins, are extremely difficult to
analyse at ordinary field strengths. The type of results obtainable,
even from relatively simple molecules, can be dramatically simplified as
Johnson's article/zzillustrates well., The spectral simplification attain:
ted at 300 MHz. in very many instances results in nearly first order
spectra from systems which exhibit extreme seoondvorderleffécts at 100

MHz. (figs. 1,4-10 of ref. 22.)

The use of high field systems is of course not restricted to protons
alone, Similar advantages apply to other nuclei and, further, increased
sensitivity_can be attained through a more favourable Boltzmann diss
ttribution among spin states of the nuclei. In particular, 130 étudies
at natural abundance are greatly facilitated (figs. 11-15 ref. 22). The

13

application of 1H and C studies in biochemical studies has done much
to establish the utility of n.m.r. in this field. The establishment of
an 'Enzyme Group' in Oxford employing n.m.r. speciroscopy is indicative
of the advances being made, as we Shiél see Dbelow.

3

Becconsall, Curnuck and lcIvor have reviewed extensively further

applications of high field n.m.r. spectroscopy and the number of nuclides



/=4
studied is remarked upont

Techniques to increase the sensitivity of the n.m.r. method are of
considerable importance, particularly for nuclei other than hydrogen.
The older technigue commonly employed to accomplish this was that of
employing a computer of average transients (CAT) to sum together many
sweeps of the spectrum under consideration. This approach demands not
only a considerable time for spectral accumulation, but also requires
high spectrometer stability to eliminate any drift over the long aver:
tsaging times necessary. The development of the Fourier Transform tech-

/™2

tnique has brought: considerable advances in sensitivity. In essence,
the sample whose spectrum is being measured is irradiated, not with
continuous monochromatic but varying radiation, but with pulsed wide
band polychromatic radiation. Rather than observe an absorption of
radiation, the complex emission of the radiation is recorded. If this
spectrum is then 'fourier transformed', then we can derive the normal
absorption spectrum of the sample. The fact that the sample can be pul:
¢sed many times a minute means that the accumulation times for equiv:
talent sensitivity are considerably reduced from those of 'continuous
wave' spectroscopy. Coupled with the fact that the spectrometer on
which such experiments are carried out will be a sophisticated instru:
tment with good long term stabilisation, then we can achieve greatly
enhanced sensitivity in equivalent time periods to those used earlier.
Thus nuclides of low inherant sensitivity and/or low natural abundance
can be examined within reasonable time periods. One particularly signif:

13[26,27

ticant nucleus in this respect is C The natural abundance of

c13

is about,1% and in consequence, we can only observe this magnetic
nuclei (in the presence of non-magnetic 012) with very sensitive instru:
tmentation. The low abundance can, in certain respects, be advantageous.
The likelihood of spin-spin coupling between such rare nuclides in a
13

molecule is extremely low due to the remote chance of more than one C

occuring sufficiently close together in a molecule to couple together.



a

13
In essence, therefore, C ~ n.m.r. spectra at natural abundance are the

13

superpogition of the resonances of individual uncoupled C nuclei at

each position in the molecule. (By way of corollary, should we want 013

13

coupling information, then C'~ enrichment will be necessary.) At the

same time it may be advantageous to eliminate the multitude of H1 coup:

13

tlings to C in which case the technique of wide band decoupling is

/2T
employed’

Many other nuclei than 013

can benefit by this approach. The scope

of fourier transform techniques, particularly at high fields, now provid:

tes us with a virtual arsenal of probes into molecular behaviour.
Recently a technique which might well be labelled 'the poorzgan's

/

superconductor' has become extremely popular. In this technique advan:

stage is taken of the fact that a system complexed to a paramagnetic

/%

ion will experience strongly anisotfopic 'secondary magnetic fields.
In practice, this is like the local superimposition of a high magnetic
field on the normal applied field of the spectrometer. This technique,
employing 'shift reagents', has the distinct_adavantage of cost over
the use of high 'superconductor' external magnetic fields and has all
the advantages of increased chemical shift differences, There are, need:
tless to say, disadvantages. The primary disadvantage lies in the fact
that the shifts induced in the various nuclei need not leave the spec:
ttrum in the natural order of chemical shifts but may move resonances
about in a somewhat confusing fashion. Since the amount and sense of
the secondary shift experienced depends on the geometrical relation of
the nucleus in gquestion to the paramagnetic ion, these shifts are some:
ttimes referred to as geometric shifts. Recent progress has been made,
however, in mathematically overcoming the difficulties of tracing the
movement of chemical shifts in the spectrum by applying observations

at vafying concentrations of shift reagent. Here, though, another prob:

tlem can arise. Many shift reagents and the corresponding complexes

are not very soluble and it may be difficult to obtain one good spectrunm

at one concentration without a requirement for ten or more differing



concentrations. Some complexing reagents are better in this respect

than others. It is also fair to remark that not all interesting mole:
tcules can be complexed in an attempt to unravel their shift and coupls
:iﬂg patterns. Furthermore, the use of such reagents under conditions
where we seek accurate parameters for the uncomplexed molecule is clear:
s1ly not applicable.

One of the most significant advances in n.m.r. technique, and one
which was initiated early in the development of n.m.r. generally, is
that of nuclear magnetic multiple resonance. In this technique, transit:
tions between energy levels of a nuclear spin system are measured in
the presence of two or more irradiating fields. Depending upon the par:
tticular approach selected, such experiments can be used to unravel
complex spectra by various techniques including 'spin decoupling', the
use of the second irradiation at varying powers to achieve 'selective

¥*
spin decoupling', 'spin tickling' and 'Cverhauser effeots'( % A further
variation of double resonance technique is provided by InterNuclear

/*31

Double Resonance (INDOR) experiments which provide a means of detect:
ting hidéen resonances. With such techniques we can accurately map the
nuclear transitions observed in an n.m.r. spectrum and provide detailed
information on the molecule in question.

 The most prominent fields of n.m.r. application currently in vogue
make wide ﬁse of the advances in instrumental technique represented by
fourier tranéform spectroscopy in high magnetic fields. goireat deal of
/

particularly

/*32,

interest in 'biochemicals' has been stimulated recently
in the realm of macromolecules. Conformational studies on proteins
*33have been reported recently and such papers are indicative of the
promising role n.me.r. spectroscopy will have to play in the near future
in the advance ment of biochemical studies. The existence of a group of
workers under Richards in Oxford sponsored to study enzmyes by n.m.T.

spectroscopy is clear indication of the importance of this field. The

immediate application of fourier transform instruments to natural abun:



JEEN
O
-

sdance 013 n.m.r. studies is also of great promise, for the whole realn
of organic chemistry lies open to a fresh and hopefully enlightening in:
svestigation of carbon skeleton resonances. Conformational studies in
particular may be expected. to benefit from this new approach. Again

application of this technique to biochemicals is of great significance.

13

In passing, the rather succinct review of C ~ fourier transform n.m.r.
34
studies in 'Annual Reports, 1971'/

13

should be mentioned. The versatile
ity of C studies is well illustrated here.
Whilst progress in numerous other branches of n.m.r. studies has

/20h
s any discussion of them is well

also been made in the last few years
beyond the scope of this introduction and also this thesis. It is hoped
that some idea of the scope of n.m.r. studies outlined in this thesis

can be obtained from the specialist reviews which appear in later parts

of this work.
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Theoretical Methods in Nuclear lagnetic Resonance Spsctroscony.

&

Introduction.

Spectroscopy can be defined as the study of the interactions be:
ttween matter and electromagnetic radiation, a process in which energy

is absorbed or emitted according to the Bohr frequency condition

E = rh.
where E is theenergy difference, normally quantised,
between the initial and final states of the matter.
where h is Planék's constant and

where V is the frequency of the electromagnetic radiation.

The various branches of spectroscopy are delineated by the nature of
the energy transitions involved,as differing techniques are required
for the generation and detection of radiations of the widely differing
frequencies encountered in the electromagnetic spectrum. With the wide
scope of spectroscopic methods available, and they are too commonplace
to require detailing here, spectroscopy can be considered)on balance,
the most powerful tool the chemist possesses for the investigation of
molecular structure and molecular processes.

No spectroscopic technique has been embraced so rapidly and enthus.
tiastically as nucleai magnetic resonance (n.m.r.) spectroscopy. Its
Value.as a means of monitoring chemical reactions, of characterising
new compounds, and of elucidating the structure of molecules is unsur?
tpassed. It is of very great importance in providing information about
the detailed magnetic interactions that occur within and between mole:
tcules. Consequently, the information derivable from such studies about
the detailed nature of molecules and molecular interactions is immense.

All forms of spectroscopy give spectra which may be described in
terms of frequency, intensity and shaps of spectral lines or bands.

These observable parameters depend on the molecular parameters of the
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system and it is the relation between the observable parameters and
the'molecular parameters that is the occupation of the practising spec:
ttroscopist.In the n.m.r. experiment, the molecular parameters of inter:
test are the shielding constants of various nuclei, the coupling const:
tants between various nuclei and the lifetimes of the various energy
states. The means of relating spectiral observables to these parameters,
and the relation of these molecular parameters to further details of
molecular structure and interaction have demanded,in many spectroscopic
techniques, the application of relatively sophisticated mathematics.
This has been particularly true of ne.m.r. spectroscopy if detailed under;
tstanding of the molecular parameters is required. However, n.m.r. spec:
ttroscopy benefits from the fact that it can be used qualitatively with
a large degree of success,requiring no mathematical applications what

so ever. This respect of the technique has no doubt endeared it to many
chemists. But it is also true that a large amount of sophisticated and
valuable information is only obtainable from n.m.r. spectra by those

who are willing to apply the necessary mathematical techniques. It is
fortunate that several scieﬁtists (physicists and chemists in as much as
this distinction means anything in this field) have tackled the mathemat:
tical problems involved ig the subject)and have provided the mathematic:
tally ignorant with the fruits of their labours in the form of readily
available computer programs which provide a simple means of obtaining
sophisticated results from n.m.r. observations.

From the earliest stages of the development of n.m.r. spectroscopy,
this mathematical interest has grown. The calculation of n.m.r. spectra
and spectral parameters by purely theoretical techniques is the goal
of many theoretical chemists, though the greatest success has been ach?
tieved in the former case, that of calculating n.m.r. spectra from de:
sfined or assumed n.m.r. molecular parameters. The problem of ab initio

calculation of n.m.r. molecular parameters)as such’presents a consider:

table challenge to the methods of theoretical chemistry and the oppor:



ttunities available here are dramatic. These parameters are very sensit:
tive to the exact nature of the molecules (for example, the electronic
distribution) and the establishment of theoretical techniques for the
correct prediction of these parameters would be a major achievement. In
this sense, n.m.r. spectroscopy provides the theoretical chemist with a
rigourous test of his methods.

It is, however, with the category of spectrum calculation from
defined or assumed molecular n.m.r. parameters that we shall be primar:
3ily concerned. To the practising ne.m.r. spectrosooPist,the ability to
calculate the spectra expected wunder the immense variety of conditions
of n.m.r. experiments provides a powerful technique for exploring the
nature of the molecules and their interactions with other molecules under
study. From the observed data, theoretical methods can thus be used to
establish nem.r. parameters for the system with a high degree of accur;
tacy. The molecular behaviour revealed in these parameters can be examing
ted in detail and the purposes of chemistry to 'understand molecules'
are advanced.

I+ is the purpose of the following péges to illustrate briefly some
of the techniques applicable to a restricted field of n.m.r. studies.

The field chosen is that of 'high resolution spectra' taken under 'steady
state conditions' in the presence of only one irradiating field. The
significance of these restrictions will become obvious as the methods

are developed. The nature of these conditions will be remarked upon in

passing’where appropriate_ as they are common terms within the context

)
of n.m.r. spectroscopy and do not merit a major digression at this point.
The history of the development of these techniques in n.m.r. spect:
*
troscopy is not yet complete,as publications appear steadily/ 1detailing
methods, both new and refinements of the old, for calculation of n.m.r.
spectra under a variety of conditions. Sophisticated computer programs

are available to accomplish most of these calculations. It seems pract;

tical,at the present state of developmentjto almost automate the process
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of acquiring molecular n.m.r. parameters from any given spectrum under

a limited number of specified conditions.

Reference (Introduction).

1.% Goodwin, B.W., Wallace, R., J.Mag.Res., 1972,8,41.
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BElementary Principles.

Quantum Mechanics of Angular Momentum.

Any attempt to understand the nature of n.m.r. spectra of any
degree of complexity requires the use of quantum mechanics. Unfortunate:
tly, this subject has gained a reputation second to none for the levels
of incomprehension generated in the minds of most normal chemists(*1
The mathematical nature of the subject, which many chemists find forbid:
ting, 1is no doubt partly responsible for this but further, the practic:
tioners of this art are singularly uncommunicative of_its mysteries.

As a result, a great deal of misunderstanding arises early in a study
of the subject due to a jargon barrier.

In this situation, many expositions of the subject have come to
rely upon a postulatory approach. Although this approach does not lead
immediately to gfeat understanding, it is expedient in the current cir:
scumstances to adopt this approach to enable the necessary background
of nem.r. spectral calculations to be established with the minimum of
delay.

» LR . .

The text by White/ provides a useful introduction to the develop:
sment of quantum mechanical methods from those of classical mechanics,
whilst Hanng's "Quantum lMechanics in Chemistry" illustrates the postull

3
tatory approach to the subject(

guantisation of angular momentum.

One of the fundamental postulates of modern chemical physics is
that the total angular momentum of any iéolated particle cannot have

any arbitrary magnitude,but may only take certain discrete values. This

principle of quantisation is by now familiar to almost every chemistry
undergraduate. Angular momentum is quantised and its magnitude P can be

specified in terms of a guantum number R as shown in equation (1).

P - {(R(R + 1))% | (1)



where M is h/2w, h being Plank's constant. R is either integral or

half integral.

As angular moméntum is a vector property, then for a full descrip:
ttion of the vector, direction as well as magnitude has to be specified.
‘ Direction can be defined indirectly by the use of another guantum number
which we shall call mR,such that the magnitude of the component of ang:

tular momentum, Pz, along the prescribed direction (z) is given by

P, = }me (2).

where it is readily shown that m, can take values of R, R = 1,

R
R— 2,.0-000, - Ro

spin ancular momentum gnd nuclear spin.

The particular example of angular momentum of central interest in
nem.r. experiments is that of nuclear spin. There is no classical anal®
sogue of spin and,consequently;we cannot derive its properties directly
from classical mechanics as is possible for 'orbital angular momentum'.
The absence of an appropriate classical analogue implies that explicit
expressions for spin properties cannot be obtained at all, so that they
must be represented by abstract symbols wvhose properties are revealed
by experiment. We will develop the theory of spin angular momentum upon
the basis of a few plausible assumptions whose validity can be establish:
ted by experiment. Transitions between spin angular momentum energy
levels were first suggested by Pauli in 1924 in order to explain the
hyperfine structure that had been observed in atomic spectra. The orig?
tins of this nuclear spin can be traced to the detailed nature of the
internal congtruction of the nuclei, but for our present interests, we
may safely disregard the origins of this phenomenon.

As we have assumed above, the spin angular momentum of a particle

is represented by a vector operator. This means that the spin operators

constitute a set of three linearly independent component operators dis:



stinguished by subscripts referring to the three orthogonal axes of

a right handed cartesian coordinate system. So

I = (TsT,51,) (3).

where I is the spin vector.

The physical interpretation of the component operators is that an observ:
ter O in the coordinate §ystem K uses Ix’ Iy and IZ to compute quantgm
mechanical averages that are interpreted as the expectation values fqr
the components of the spin angular momentum along the Cartesian axes.
Since the component operators are identified with observable gquantities,
it follows from the general principles of quantum mechanics that the com:

/2 a,, 334, 4, *5

tponent operators ars linear and Hermitian’ In addition to
the component operators, a fourth spin operator is defined by the equat:
tion
_{2 = _I_._I_:Ii+I§+I§ (4).

This operator is called the square of the spin vector and its exﬁect:
sation value is interpreted as the square of the spin angular momentun.
These spin angular momentum operators can be treated by the appropriate
methods of operator algebra to derive results of quantum mechanical int;
terest.

ﬁe then assume that the components of the spin vector in the coord:
tinate system X satisfy commutation relations identical to those satis:

tfied by orbital angular momentum operators.

wave functions.

The functions upon which quantum mechanical operators operate are
known as wave functions (or state functions) and are functions of the
variables of the particular system considered. Je will introduce here

Dirac's notation for wave funotions,as it is well suited to spin funct:
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tions. In this notation ln) is a wave function or ket and {n| is its
complex conjugate or bra. Whenever a bracket is completed, integration

over all variables is implied. So the normalisation condition is

<ajn) = 1.

v A
and the expressions {m |E |n) andf¢, H fhd.r ‘are equivalent.

The wave function itself cannot be observed, but the results of
any operation can be predicted from it. If |n> is an eigenfunction of

an operator A, then

Ao
A = a|nd (5).
A
and the result of the observation corresponding to A is always a.
Though ]n) might not be an eigenfunction of A, it can always be written

A
as a linear combination of eigenfunctions of A. Suppose

|n>‘ = c1|p> + 021Q> (6).

A
where lp) and lq) are normalised eigenfunctions of A with eigen:

.

.svalues p and q.

The hypothesis is that the probabilities of observing p and q are
* * * .
©4C4 and 505 respectively where ¢ is the complex conjugate of c.

The expectation value of A is given by

<a>

which can be written
N - ¢n| A [n) (8).

because lp) and [q> which have different eigenvalues are always

* *
01C1p + 0202(1 (7).

orthogonal. A wave funcition may in certain circumstances be a wave func:

ttion of two or more different operators. If the two operators comrmite,



then there are a complete set of functions which are simultaneously
eigenfunctions of both operators. The concept of commuting operators

is defined by equation (9) as
A A
(4,B] = AB -~ 3BA = o (9).
By adaptations of the above theorems to spin operators, the nec:
tessary results required in applications to n;m.r. spectroscopy can be
derived. However, rather than derive them at length, they will merély

be stated here with comments where appropriate.

spin operators and spin functions.

There are three independent components of spin angular momentum
with corresponding operators ﬂIx, KIy and MIZ and these act on the spin
wave functions of the particles in question. The commutation relations

between these operators are

» ry A
[Ix,Iy] = iI,
A A
Ep1) = il
A A A
1,01 = ily

whexre i2 = =1,

From these relations we can deduce that there are no states which
are simultaneous eigenstates of all three operators. This means that
a spin function in an eigenstate of Iz with eigenvalue m will give an
exact value for the observation of the z component of angular momentum
only. Now the square of the magnitude of the angular gomentum corres’
tponds to the operator Mg I2 where I is constructed from its components.
This operator commutes with its components and so it is possible to de:
“1fine both the magnitude of the angular momentum and any one of its com:

tponent magnitudes simulianeocusly. Thus we may choose a set of normalis!
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sed functions Iym which are eigenfunciions of both 12 and IZ. These
are the 2I + 1 states with total angular momentum } (I(I + 1))% with
a 2z component of angular momentum }),m. To derive the allowed values of
I and m from the commutation reiations (10), it is necessary to intro:
tduce the raising and lowering operators E+ and %_ which convert the

state |I,m> into |I,m + 1) and II,m - 1> respectively., These operators

are

H>
]

- il ‘ (11).

>
1]

Nuclei in their ground states have definite values of I,and (21 + 1)
different energies in a magnetic field (see below). As those nuclei with
I = + are the most important by far in n.m.r. experiments we shal%,from

=

here on)consider only such cases. This has the further advantage of
simplifying the discussion of calculation techniques, though no partic:?
sular principles are being employed. Nuclei with I = %-exist in two

states l%;,%g} and | %,-%) which are often designated [a) and[ ). To sum:

smarise this then

Play = Zad. ol D
Ilay = %1@. T, 1B

2|p>-
1.

Ila) = 0. I |B? Ja).
Ila) = 13> I_[B> = 0.
(12).

Many of the common isotopes, in particular 120 and 160, have I =0

and consequently, due to a lack of spin angular momentum components other
than zero, they do not exhibit ne.mer. spectra. This is in itself fortuit:
sous for many organic compounds would exhibit extremely complex 1H spec:
ttra if the ever pregent carbon and oxygen gave coupling effects (see
later) to the protons with I = 4. The significance of the spin angular

momentum quantum number of hydrogen being %+ cannot be overstated. The
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vhole field of organic chemistry is upen to n.m.r. experimentation and
this fact is undoubtedly responsible for the very rapid development of
nem.Trs as a physical tool of great usefulness to chemists.

Nuclei with spin gquantum number greater than-%.can, for several
reasons we will not consider here, be mainly neglected in terms of

n.m.r. spectra.

Nuclei in a Magnetic Field.

For nuclei with spin quantum number greater than zero there is assy

tociated a magnetic moment i given by

.3 = gNMN E/K (13)0
where where My is the nuclear magneton and has g value of 5.0505,
10~27 Joules/Tesla, P is the spin angular momentum and gy is the mucl:

sear g-=factor.

Usually nuclear magnetic moments are described in terms of magnetogyric
ratios ¥, rather than nuclear g-factors. The value of ¥ is defined as
the ratio of the magnetic moment to the angular momentum (taking explic:

tit account of the sign of the relationship).

)23 = vE (14).

and so we see

Y

n

Ex Ay
and

B (1(1 + 1))% C(19).

=
n

In the absence of a magnetic field the energy of an isolated nucl;

teus is independent of the quantum number m_. This states that the ener:

I

tgy of a nucleus is independent of its orientation. hen a magnetic field

of strength B is applied in a direction defined as z, then we can define,
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both classically and quantum mechanically the interaction energy U by

U = - R.B = - M, B

where M, is the component of g in the direction z.

This component,in the case of nuclear spin is defined by mI’and S0 wWe
can eventually deduce

and we will observe 2I + 1 non-degenerate energy levels each separated
by ¥ K B + Restricting our attention fto the two levels from nuclei

with I = %, we will observe transitions between the levels induced by

the appropriate energy of electromagnetic radiation. The overall select!
tion rule operating here is imI = + 1, though in this particular instance

there is no option.

h y = JUB
v = 3/2r B - (17).

Normally fields in the range 1 — 5 Tesla are used and this involves
‘ frequencies of the order of tens to hundreds of MHz. found in the radio-
frequency range of the electromagnetic spectrum.

We can see from equation (17) that the resonance frequency is prop:
tortional to the strength of the magnetic field. Thus in an attempt to
achieve resonance of any nucleus, either the field B or the frequency v
may be varied until the conditions of (17) are satisfied. If we con:
¢sider two nuclei of differing magnetogyric ratios, then from (17) we
can see,that the nucleus with the higher magnetogyric ratio will reson!
tate at an increased frequency or a decreased field with respect to the
nucleus with the lower ratio. For reasons which are detailed elsewhere

in this thesis it is preferable to use’if at all possible’a higher field.



It is an interesting feature of magnetic resonance experiments that
the values of the frequency energies absorbed by the system are to a
large part dependent upon conditions specified by the observer and are

not intrinsic properties of the system itself.

electronic shielding and chemical shifts.

So far we have assumed that all the nuclei in a given molecule
experience exactly the same (applied)'magnetic field and that one reson:
tance condition being satisfied, then all the nuclei of the same species
will absorb energy sirultaneously from the applied radiofrequency source.
Fortunately, this is not the case. The presence of the sample itself
perturbs the applied magnetic field. This it does in two ways giving
rise to a bulk macroscopic effect and a local microscopic effect. The
origin of these effects can be traced to the behaviour of the molecular
electrons in the applied field. The motion of the electrons gives rise
to diamagnetism, a magnetic field effect which opposes the main field.
It is the variations in this local field which give n.m.r. its great
potential as a spectroscopic tool. If we take account of the effective
field at any point in the molecule (say B) we can define this in terrs

of the applied field Bo and a screening constant ¢ as follows.
B = Bo(1 - o) (18).

The dimensionless number o is a small fraction, usually listed in parts
per million of the main field, and is known as the shielding constant.
Since this shielding is caused by the electronic environment of the
studied nucleus, it will come as no suprise, that the shielding varies
with the position of the nucleus within a given moleoule’and nuclei of
the same type in a molecule will be subject to slightly varying ficlds,
due to variations in electronic shielding expressed by differing o's.

The resonance condition can be redefined as in equation (19).
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vyoo=  ¥/2wB (-0 (19).

as applied to nucleus j.

The differences in 05 give rise to the observation of differsnt nuclei
of the same type resonating separately in a spectrum — a phenomenon
known as chemical shift. The chemical shift of one resonance relative
to another is what is observed when two lines appear separately in a
spectrum,

The question of a standard to which to refer all chemical shifts
is an obvious -corollary of the above discussion. The use of internal
TeMeSe is by now well known and needs no comment herel Application of
other standards for nuclei other than hydrogen is normally necessary.

As the measured chemical shifts in the spectrum, if expressed in Hz.,
are proportional to the spectrometer operating frequency it is desirable
to report chemical shifts in the dimensionless 'parts per million! (ppm)
unitse. Proton resonances in ppm relative to TMS are said to be based on
the 8 scale. The 6§ values are positive if the sample absorbs to high
freguency of the reference absorption at constant field. The relation:

sship is expressed by equation (20).

) = 106(y

sample ~ V) Vs (20D
at constant Bo'
In terms of shielding constants this can be stated
' 6
& = 10 (O"TMS - c.sample) (21).

It is clear that a high frequency shift implies a decrease in o,

i.e. deshielding.

spin—-spin coupling.

The phenomenon of the chemical shift is not sufficient to describe
the spectirum observed for most molecules in solution. Additional feat:

-tures in the spectrum arise dus to the magnetic effects of the various



nuclei upon each other. This phenorienon, known as spin-spin coupling,
cannot be explained completely by any classical analogy,and it involves
the interaction of the spin angular momentum conponents of the various
nuclei with each otheg'by mechanisms which depend largely on clectronic
interactions between the nuclei in guestion. Though somewhat complex in
nature, these couplings, termed Jkl for coupling between nuclei k and 1,
can be understood on a first order basis in terms of small additional
magnetic fields at the nuclei,vwhich vary in a quantised fashion depend:
sing on the spin orientation of the particular nucleus. This additional
field is a property of the nucleus and the interaction pathway in quest:
tion,and is thus not affected by the value of the external field. Thus
coupling constants do not vary with the spectrometer operating frequency.
If a particular nucleus k has 2Ik + 1 spin orientations, namely 2
orientations if we apply our restriction to spin &+ nuclei only, then any
nucleus 1 coupled to this nucleus k will cause the resonance line of k
to be split into two equal intensity lines equally spaced about the orig:

tinal line pOsition,and separated by a given frequency known as the

k1
spin-spin coupling constant between k and 1. Where there are more than
two interacting nuolei,and where we have cases of identical nuclei coups
tling to another nucleus, then the 'splitting' fatterns become more coms
tplex, though still capable of being understood on the basis of this sim:
tple logic. The elements of this 'first-order or semi-classical' theory
are,by nowkwell known and they are not of immediate interest here. Ve
shall concern ourselves with establishing the ground work for an under:

tstanding of the more complex, but necessary, full quantum mechanical

treatment.

spin functions and product functions.

As we have seen the wave functions for spin 4+ nuclei are often lab?

telled a for mp = +% and P for myp = ~5. As is fairly obvious, in the
above case of simple first-order spectra, all transitions in the spect:

tTum can be labelled with the spin states (a or §) of the other nuclei
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in the system’excluding the one undergoing resonance transitions. The
particular relation of a and B can be swopped without any material
effect on the spectrum.

By normal quantum mechanical considerations, the overall spin
'state! of the assembly of nuclei in a molecule may be designated by the
product of the spin functions of the individual nuclei. It is expedient
to list the various spin states of a system with the spin functions of
the various nuclei multiplied in the same order from case to case. This
then allows us to write e, pBz 25 app where the order AM{ is understood.
These product functions are a suitable 'basis' for expressing the more
complex situations which must be treated by quantum mechanics(2b These
product functions may be classified according to the value of the total

component of spin angular momentum m jmj’ where summation is over

T =
all the nuclei of the system. So, for example, a ppp product function
has m; = - 3/2 whilst fas; ape and aep would all have my = +1/2.

Energies and Spectrae.

Though the practical problem to be solved in n.m.r. gspectroscopy
is that of establishing the n.m.r. parameiers — chemical shift and coup:
tling constant - from an observed spectrum, the approach adopled is to
work in reverse; given a set of chemical shifts and coupling constants,
what is the appearance of the experimental spectrum under specified
conditions? In this mamner, a theorefical spectrum is matched to an ex:
tperimental spectrum and the n.m.r. paraneters of the theoretical spec:
ttrum are assumed to be applicable to the experimental spectirum. The
problems of unambiguous definition of spectral parameters by this appr:

*
toach have been considered at length in specific cases{ 6and whilst
the problems cannot be totally circumvented, we can normally be quite
sure that we have achieved a unique solution of the problem.

Foilowing the normal methods of guantum mechanics’we must solve

the operator equation for which the corresponding observable is the en:
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tergy of the system, namely the Schrosdinger equation. The operator

under consideration is the Hamiltonian of the system.

the Hamiltonian.

As is obvious, the energy of a system is an observable and the corr:
tesponding operator H is known as the Hamiltonian of the system. The

operator equation is written as

H = E vy (22).

The complete Hamiltonian for a molecule is a complicated operator con:

st taining terms appropriate to energies deriving from many sources. The
operator can be dividea into terms corresponding’approximately,to these
individual energies and the wave functions can then be written as prod:
tucts of functions describing the various interactions involved. So,for
example, we can write a wave function as a product of electronic, vibrat:
tional, rotational and nuclear spin functions, each of which are eigen:
tfunctions of an effective Hamiltonian. The nuclear spin Hamiltonian
contains nuclear spin operators and constants, the coupling constants
and chemical shifts, whose values depend on the electronic, vibrational
and rotational states of the molecule. The nuclear spin states are eigen:
tstates of this Hamiltonian.

The use of a Hamiltonian which excludes consideration of anything
but the spin states of the nuclei of the system is justified’in as much
as the energetic interactions of the magnetic field and the radiofrequens
scie% appliedrto the molecules under examination’do not affect the phys:
-=ica1 conditions of the molecule except by interaction with the nuclear
spins. Even'eleotronic spin 1evels,in which the degeneracy is lifted by

application of the magnetic field’are not perturbed to any significant

extent by the applied radiation in most high resolution experiments.



The form of the Hamiltonian operator for a collection of nuclei in’
a magnetic field can be developed from the preceding considerations.
From equatioﬁs (16) and (17), expressing the Hamiltonian in frequency
units rather than energy units by dividing through by Planck's constant
(equation (17)), we may express the interaction of the various nuclei

with the applied field, allowing for the effect of shielding (equation
(18)), as

H = - 2:](2;;)'1 ¥y Byt = o3) Iy,
(23).

where Iz)j is the operator whose observable is the z component of

spin angular momentum for nucleus j.

The use of units of frequency and not energy is conventional and convens
tient. The eigenfunctions are unchanged from those of the true Hamilton:
tian operator whilst the eigenvalues give energy level frequencies direct:
tly, rather than transition energies. It should be remarked that this
Hamiltonian is appropriate for molecules which make frequent random cols
zlisions,and is not appropriate to molecules in definite rotational and
vibrational states and to those in solids,whioh have more complex Hamil:
ttonians. The observed & and J (coupling constant) values are mean vals:
=ues,taken over the rotational and vibrational states present in any
system,and they will show temperature variations due to changes in the

population of individual states. All terms, which depend upon the orient:

)

sation of the molecule in the applied field, average to zZero under the

J

conditions of rapid tumbling in gas and liquid samples.

{
It can be shown/ that the interaction between nuclear spins repres:

)]

tented phenomenologically by the coupling constant Jkliis described in

the Hamiltonian by the scalar product of the 2z spin componehts miltiplied

by the constant Jkl'



The complete spin Hamiltonian is the sum of equations (23) and (24).
It is clear that considerable simplification of the Hamiltonian
occurs in practice for all operators contained within it do not operate

on all eigenfunctions of the spin system.

the state of the system.

To describe the state of a given spin system, it is possible to
employ the simplest spin states of the isolated nucleus as a basis. For
spin % nuclei, to which we shall confine our attention, these basis

states are labelled o and P. It is,in practice, more convenient though’

Y
to employ linear combinations of the simple product states (e.g. aﬁ).

A system of N nuclei with N chemical shifts and 2N(N - 1) coupling cons
sstants will allow a set of 2N simple product functions which can be

used as a basis. We are now presented with the problem of finding a lin:
tear combination of these basis sets which are stationary states of the
Hamiltonian’or in other words,are eigenfunctions of the Hamiltonian with
corresponding eigenvalues that are (in this case)energy level frequencies.
These states will also be eigenstates of any operator which commutes

with the Hamiltonian and one such operator is that corresponding to the

z component of total spin angular momentum, Fz. (F‘=:Z:k:%k)' The eigen:

ivalues of FZ are m, introduced earlier. Clearly a considerable amount

T
of mixing of basis states will be involved,as many combinations of such
basis states have the same My values. Such basis states are mixed by
the coupling terms of the Hamiltonian operator.

If lﬁ1>.......lﬁn) are the set of product functions which have eig:
senvalue n_ for FZ, then the n stationary states lW&).......lﬂg D which

T

correspond to the same R, are linear combinations of these I,j&.

%> 25 s |8 (25).
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These stationary states (equation (25)) are eigenstates of H., Frpansion
of the Hamiltonian equation for product functions in terms of the basis
functions gives rise to the familiar secular equations which are conven.

tiently written in matrix form as

H11 - B H12 seeccenevee 01
H21 H22 - E eescscecsvsse 02
[ ) . = Oo (26)0

N
\ /

which is true for each k.

These are consistent only if the determinant of the left hand matrix
(the secular determinant) is zero. Solving this n order equation for
E gives n possible values for E and n spin eigenfunctions. This process
is repeated for each value of My

The process of solving this set of secular equations is equivalent

*
to 'diagonalising the Hamiltonian matrix'{ ° It is possible to change
the basis of the Hamiltonian, that is change the basis functions, such
that the form of the Hamiltonian matrix is considerably simplified. If
eigenstates are chosen as the basis, then all off diagonal elements of
the matrix go to zero and the diagonal elements provide the energies dirs
tectly. The process of diagonalisirg the matrix is by no means simple
and in all but the most simple cases it is performed by processes of it:
teration on electronic computers. Hxplicit solutions for matrices great:
ser than 2 x 2 are not attainable.

Several methods have been developed to simplify the problem of
matrix diagonalisation which,on the surface’may not appear to be directs
tly related to the difficulties of matrix algebra. For instance, consid:
terable simplification of the matrices involved can be achieved if we

can take explicit account of any magnetic and even chemical equivalence

of the nuclei in the molecule. lagnetically equivalent nuclei are fhose



which ezperience identical (in every respect) interactions with all
other nuclei. Chemically equivalent nuclei‘are isochronous (of the same
chemical shift) but do not experience identical couplings to all other
nuclei in the molecule. If a group of nuclei are magnetically equivalent,
they can be replaced by a single composite particle/ resulting in considg
terable simplification of the matrices to be diagonalised. As chemically
eqqivalent nuclei are related by symmetry operations of the point group
of the molecule, group theoretical methods can be used to construct a
basis of symmetry functions|, though generally the highest degree of sym!
tmetry accounted for in computer prograns is that of a symmetfy axis.
Having established the transition frequencies obtained for a given
set of parameters, it only remains to establish the‘transition intensit;
ties. These are relatively trivially calculated from prescribed formulae

which need not concern us hexre.

Spectral Lineshapes and Relaxation Processes.

Barly experimenters in n.m.r. were mainly interested in dynamic
processes and line shapes and they found that a classical macroscopic
description of magnetic resonance phencmena satisfied their require:
tments., Blooh/1opioneered a mathematical approach to this subject in
the form of equations (whioh now bear his name) dqgoribing the state
of macroscopic magnetisation in a system.

Any sample placed in a magnetic field develops a macroscopic magnet:
tic moment dependent upon the value of the field; the temperature,which
defines in part the spin distribution between available energy levelsy
the magnetogyric ratio of the nuclei involved’which defines the magnit:
tude of the individual nuclear moments and the number of nuclei present.
As it is a macroscopic theory, it is appropriate to consider the magnet:
:isation per defined number of spins. If the z direction is taken along
the applied field vector Bo, then the magnetisation Mo is in the same

direction and takes the value



2 .
M, = T W) Bo/k'I' 7).
where W is the total number of spins and the high temperature appr:

soximation kT>>|5B0| has been used.

If the spins in the system are perturbed from this equilibrium con:
tdition by the application of an external radiofrequency causing reson;
tance, then on the cessation of irradiation, the components of M, the
tofal magnetisation, parallel and perpendicular to Mo decay with differ:

tent time constants T1 and T2. With the z axis defined along Bo

3 .
=M = -(MZ - 1)/, (28).
d

SN = -L/n

d

T % = -My/T2 (29).

This approach to thermal equilibrium in the field is known as relaxation
with ?1 and T2 as relaxation times. The decay of the longitudinal compon:
tent Mz is accompanied by an energy flow between the nuclear spin sys:
ttem and the other degrees of freedom of the system known as the lattice.
The relaxation time T1 which describes this flow, is known as the spin-

lattice relaxation time, or the longitudinal relaxation time. T2 is

known as the iransverse relaxation time cor the spin-spin relaxzation tine.
The latter name arises because direct interaction between the spins of
the different nuclei can cause relaxation of Hx and M& without energy
transfer to the lattice. In studies on fluids, however, such spin-spin
processes have a negligable effect and the relaxation in the system can
be considered purely in terms of spin-lattice effects in T1 and Tz.
Relaxation of nuclear spins is much slower than the relaxation
associated with rotational and vibrational levels and so relaxation times
of seconds are common in n.m.r. spectroscopy. Transitions between nuc:
tlear spin levels can only be induced by magnetic fields and consequents

:lx,nuclei rely upon random magnetic fields brought about by the Drown:

tian motion of other nuclei to effect relaxation. Tae longitudinal or



spin-latitice relaxation depends upon fourier components of these flucts
suating fields’perpendioular to the static applied field,oscillating at
the resonance frequency. The excited population states relax until they
reach the population distribution defined by the Boltzmann distribution
for that temperature. Thus we can see that the relaxation time T1 is
concerned with the relative populations of states and hence the intensits
ties of signal observed.

Thé effect of magnetic nuclei interacting among themselves, describs
ted by the spin-spin relaxation tinme T2, is to cause uncertainty in the
lifetime of any one nucleus in a given spin state. By Heisenberg's Uncer:
ttainty Principle, this results in an increased uncertainty as to. the
energy of the transition with a consequent spread in measured values of
the transition energy. This results in an increase in line width of the
observed spectrum. We can generally account for the line width of a sig:
tnal by the variation of T2.

The line shapes most commonly met in spectroscopy are those known
as Gaussian and Lorentzian. e will not concern ourselves here with
the particular mathematics of each line shape. It suffices to remark
that the Lorentzian line is fairly well established as that most appro?
spriate to describing high resolution n.m.r. signals. A particular feat:
sure of this line shape is that its width measured in Hz. at half max:
simum héight is defined as

5 = (e (30).

1
The aspect of uncertainty associated with line width of a signal
isialso exhibited by systems undergoing exchange of nuclei between dis:
ttinct sites. As the exchange rate increases, the uncertainty with which
the individual lines can be determined increases with a consequent broad
tening of the signals. Bventually the signals become so broad that the

two signals coalesce, a well known paenomenon. As the rate increases
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even further, it is only possible to measure an average position for the
line, though this can be measured with greater accuracy, the greater
the rate of exchange.

The application of Bloch equations,with their built in relaxation

?

concepts’to such exchanging systems was originally tackled by Gutowsky

and coworkers and later in & mathematically simpler version by

VcConnell and coworkers’ The results developed by these authors
have been widely applied in the literature but, unfortunately, in the
approzximate forms that can be derived from the general equations. In
consequence, many approximate solutions of rate studies abound employing
such equations’with the concurrent difficulties this causes. Hore
recent studies have employed a full mathematical description of the line
shapeﬁ,and Reeves and Shaw ?§ve extended the Bloch description by em:
sploying matrix techniques( In a further paper, the application of
these methods to first order coupled spectra is described(16

The application of Bloch equations to exchange problems is now very
much overshadowed by the use of exaot.quantum mechanical techniques to
these systems. The use of such techniques (to be described below) is

often advantageous,as the programs involved are applicable to all orders

)
of coupling and do not depend upon first order approximations for their
validitye. Free from the requirement to establish first order or uncoup:
t$led systems for study, the spectroscopist can‘advance his studies into
_ previously uncharted fields. The very complexity of spectra which was

/17

once so disadvantageous can now be seen as a positive advantage’
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Major Juantum Mschanical Technigues.

Two further approaches to quantum mechanical calculation of n.m.r.
spectra have yet to be mentioned and we will discuss,briefly, the sal:
tient points of both of these techniques below. Both categories of tech:
tnique have been applied to non-exchanging and exchanging system spectra;
though in the present work, only one of these categories was employed in
the calculation of spectra. Techniques described earlier were employed
for the calculation of non-exchanging spectra whilst the direct methods
to be described below were employed for the calculation of exchange spec:
ttra. This resulted from the availability of computer programs.

The first category to be discussed below is that of density matrix

techniques, and the particular instance of the application of density

)
matrix algebra can be classified as belonging to indirect techniques.
The term 'indirect' is intended by exponents of the second 'direct' tech:
snique to point to the contrast in results obtained from these two
methods. In the indirect methods, the final result of the necessary cal:
sculations is a listing of energy 1e§els and allqwed transitions between
them. In direct or superoperator methods, the final calculation outpuﬁ
is a liéting of the transition energies (or frequenoies) of the spectrum
directly, without the need to calculate energy levels in the first placé.
The relative merits of either method are difficult to assess and it
seems at least, that no great computational advaﬁtages acrue to either
method. Is is perhaps mathematically satisfying, if nothing else, that
superoperator methods are capable of supplying directly the phrysical
parameters of interest, namely the transition frequencies, though the
chore of assembling transition frequencies from calculated energy levels

is probably the least of the computational problems involved in these

methods.

Density Matrix Methods.

The use of the density matrix to describe states in quantum mecht

tanics is a well known mathematical technique. Any comprenensive diss
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tcussion of these techniques is far beyond the scope of not only this
thesis but also the present authort Several authors have discussed den: -
¢sity matrix techniques, in particular Fano/1who considered general
density matrix methods and operator techniques,and Abragam/zwhose dis:
scussion was orientated strictly towards n.m.r.’but in a detailed theor;
tetical fashion. Lynden-Bell/3has provided the most satisfactory des:
scription of these methods for our purposes, though the results quoted
by her are not presented with proofs as such. For such proofs, the work
of the other two authors above can be consulted.

The density matrix finds its most useful application in discussing
line shapes of complicated systems but the principle of the density
matrix is most easily discussed with a trivial example. In this context,
it would appear that little is to be gained as against the ﬁore straight
forward methods described earlier’but the link between the density
matrix approach and the earlier work is best made in this fashion.

There are various ways of describing the state of a system’but of
particular interest for our present purposes is the construction of

wave functions from complete basis sets of orthogonal, normalised func:

stions. So we can expand V. in terms of ¢ as follows.
v = 01%1 +02¢2+C3ﬂ{3+ XK (1).

This method is convenient particularly for spin systems where the basis
set contains a relatively small number of functions.
Now the state of the system can be described by a matrix formed

/*4, *5

from the expansion coefficients cy in equation (1) above's

*
Piy = e;05 (2).

If we now seek the expectation value for a given operator Q act:

ting on a system described by the density matrix p, this can be deduced



41.

to be

Q = trace pQ = trace Qp (3).
where Q is the matrix with elements Qij and the trace of the

matrix is the sum of the diagonal terms.
The trace of a matrix is independent of the choice of basis functions
and consequently, calculations with density matrices may employ whatz

tever basis is most convenient.

the density matrix apprcackh to an ensemble of non-isolated systems.

In most n.mer. experiments we are dealing not only with an ensemblé
of systems (namely a collection of nuclei in molecules))but at the same
time we must account for the interaction of these systems with each
other and with their surroundings (viewed perhaps as a lattice or a

thermal bath). We can construct for this ensemble

,a mean density matrix

5 defined as

b = ZN pij / N (4)'
and the expectation wvalue of the operator Q operating on the sys:
stem is
Q = N tr. 3Q (5).

assuming that the same basis set applies to all N molecules.

Hathematically;wave functions are specific kinds of density matrices
and are applicable to describing only 'closed' systems, that is, systems
not depending upon any facfors external to them for their properties.
Density matrices on the other hand are perfectly applicable to describ:
sing 'open'! systems for which no wave function could exist. So in par:
sticular, a density matrix may describe the nuclear part of a wave func:

¢tion for which no nuclear wave function is approvriate since the nuclei



are not in a pure state. Another aspect of this flexibility arises in
the case, for example, of two strongly coupled nuclei (the AB case). Whilst
nucleus A alone cannot be described by a wave function it can be describ:

sed by a density matrix.

the density matrix operator.

As the form of the density matrix will vary depending on the basis
chosen to express it in, it is convenient to define a density matrix
operator, py from which the density matrix can be formed in any basis,

by application of

I

P’i!' = fg(l P gfj at (6).
or in Dirac notation '

.

J

i}

If we choose a basis X where p is diagonal, then

P

ft

2:1x.> P x| (8).

where Pi are numbers

also only has diagonal elements. This is the density matrix operator

and from it the density matrix can be written in any basis

AW AESEREA WS (5)-

interpretation of the density matrix.

The particular interpretation of a density matrix depends in part
upon the basis in which it is expressed. The basis in which p is diag:
sonal is the natural basis for the system; the diagonal elements then
represent the probabilities of finding the system in the given pure
state corresponding to the diagonal element in ocuestion. If p is not

diagonal, then,whilst the diagonal elements still represent probabilit:

b
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ties, the exact nature of the states in question is not so easy to de:
tfine. The nature of the off diagonal elements is open to various inter:
:bretations which vary from instance to instance. In n.m.r. problems,
we will often use a basis in which the spin Hamiltonian and the density
.matrix are diagonal in the absence of an applied radiofrequency field.
When the radiofrecuency field is applied, magnetisation is induced in
the plane verpendicular to the static applied field Bo and the off-diag:
sonal elements)pij,in this basis,are proportional to the part of the
magnetisation that can be attributed to the transition between states
iand j.

The equation of motion of’p can be expressed in a diagonalising

basis set by

. da 2 ~oA
iy Tt P = [E,7]) (10).
here H is the Hamiltonian. Thais is identically expressed in matrix
form by removal of the operator 'caps'. H is expressed in the same basis

a8 Pe

- If p and H are both diagonal in some representation, then they comnute
and p does not vary with time. Since we are considering a relaxing sys:
stem with local fluctuations in H, then the equation of motion enmploys

mean values as follows
i L5 = T - I8 (11).
dt

the densiiy matrix description of the n.m.r. experiment.

In the n.n.r. experiment, the sample is placed in a strong magnetic
field Bo and an oscillating magnetic field B1 cos u1t is applied at
right angles to BO. We then can record an induced absorpfion signal at%

right angles %o both of these fields. The appropriate Hamiltonian for

h

a nucleus of spin % is given by
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E = ¥B,(1- a)Iz + ¥By cos @t I (12).

this can then be written in units of K with a and p as basis stales as

where D = D(exp(iw1t) + exp(wiuﬁt))
and the equation following will be satisfied.
. 1]
ip = (2,5) , (13).

We are interested in the spectral signal which is dependent on the
ensemble average of the magnetisation and for this we can eventually

derive the equations

L4 - -

1Ppp= = Dmy, +uwpy,

R ~n ) -

1 m12 = 2 D(p21 - P12)
*

512 = 521 (14)'

We must now introduce relaxation into these equations. We will
assume that 512 and 512 decay to their equilibrium values m_ and zero
exponentially with time constants T, and Tb which need not be the same.

1

The equations then become

L ) - L ] e -

im = 2D(p21 - p12) - 1T11(m - mo)

L N -

ip,, = (“B - iT, )p12 -Dn - (15).

From these equations it is possible to proceed in various ways.
If we split D into two rotating components,we can derive the Bloch
equations. Alternatively, we can assume B1 is small and solve the equat:

sions to successive orders in B1. This procedure is the most generally
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applicablee The solution of this method to provide the absorption sig:
inal obscrved in most nem.r. experiments,requires the use of fourier
analysis. Tith the application of a line shape function, the fesulting
imaginary portvion of the signal is abstracted and corresponds to the
absorption mode signal. The approach can be modified in as much as
fourier component analysis can be avoided by transforming the entire
set of equations into one based upon a rotating coordinate frame. As we
8
will encounter below, this approach has been used by Alexander/ in a

particular context.

density matrix application to chemical exchange.

Both Kaplan/7and Alexander/8have employed density matrix methods
to calculate the spectra to be observed in cases of nuclear exchange
between different environments. In mathematical terms, the effect of
the presence of exchange in the system studiedris to introduce exira
terms into the equations detailing the rate of change with time of the
density matrices describing the conditions of the various nuclei. The
terms evolved are complex and the detailed line shapes have to be cal:‘
sculated numerically, preferably with a compuver. The latest extension
of density matrix methods to spin exchange situations has been develop?
ted by Dahlgvist and Forsén.9 They employ a rotating frame for analysis
of the system)and adopt a procedure for accomodating the variation of
the density matrix with time that follows Kaplan{7 Very recently, Kaplan
and Fraenkel/1ohave published what is claimed to be a simplification
of most density matrix methods employed heretofore. Their permutaiion
of indices method allows a physical picture of the exchanging system

to be developed in mathematical terms.

Superoperator lethodse.

In all the methods described above, the transitions frecuencies,
observed in a speotrum1had to be derived from the energy differences

between calculated levels in the spectrum of a system. An alternative




approach, which was Tirst published by Banwell and Primas/11in 1963,
does not depend on unobservable quantities, the eigenvalues and eigen:
tfunctions of the system, but on directly observable resonance frequen:
tcies and transition intensities. Because of this close relationship té
experimental observation,Banwell and Primas termed this method the 'dir:
tect' method in contrast to the indirect procedures normally employed,
some of which have been outlined above. Though Banwell and Primas out?
tlined their method in 1963, it was not until 1968 that Binsch published
a practical approach to the method which he consequently programmed for

electronic computers in FORTRAN IV,

The genus of programs deriving
from this approachvwere employed by him for the calculation of exchange
spectra, in some instances incorporating invariance properties of the
molecules in question[14 Purther developments along these lines have
seen the application of these methods to the calculation of spectra by
an iterative fitting procedure, the method resulting in great simplific*

/15,16

17 A
tation of the fitting problem/’ Anderson/ has further extended

the techniques to the calculation of'double resonance spectra.

characterisation of the direct method.

For N particles of spin %-the quantum mechanical state space is of

dimension 2N = n. There are thus n eigenvalues of the Hamiltonian and

n2 differences between them, ignoring selection rules at this stage. The
essence of the direct method is to discover an operator whose eigenvalues
are the transition frequencies and this must be an operator over a vector
space of dimension n2. Such a space can be derived from the n-dimensiong
tal state space of the spin operators which gives rise to n2 linearly
independent matrices with only one non-zero element. Over tnis n2-dimen%
tsional élgebra’we may define superoperators’being normal operators ex:
tcept in their mode of derivation.

The analogy between operators and superoperators may be expressed

A .
as follows. Ordinary operators (say A) relate any function 4 of a state
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space to a new function g' of the same space.

. A :
' = A{ (16).
Similarly a superoperator a is a rule relating an operator X to a new
A
operator X'. It is possible to generate a superoperator matrix algebra
along similar lines to ordinary operator matrix algebra.

One particular superoperator aD defined by the equation

2(%) =  AX-XA (17).

A
for all X

A
and we call aD the derivation superoperator generated by A; it has
the property of forming the commutator between its generating operator

A A
A and the operator X upon which it operates.

For application to n.m.r. we consider the eigenvalue problem of
) A
the derivation superoperator hD belonging to the spin Hamiltonian H.

A
We seek a set of operators Xa such that

(k) - ua(fca) (18).

A
where Ua are the eigenvalues of Xa and the eigenoperators of hD.

The essence of the direct method derives from the following facts.
The eigenvalues wa of the superoperator hD are equa} to the differences
between the eigenvalues of ﬁ and are, therefore, transition intensities.
Purther, the relative intensities of the transitions at given frequenc;
ties, wa, are easily derived. In other words, by use of the superoperat:
tor hD, we can define the ne.m.r. spectrum.

Several approaches, varying to some extent in details rather than
central principles, have been published to solve the mathematical prob:

tlems presented by this approach. Banwell and Primas detail the reduction

of this problem to a matrix eigenvalue problem and the necessary techni;
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sques. for deriving an explicit expression for the spectrum.

The first practical application of these superoperator methods was
13
published by Binsch/

/12

in 1969. Prior to this he developed the necessary
theory’ wusing the framework of the Liouville representation of quantum
mechanics since the derivation superoperator of Banwell and Primas is
identical with the Liouville operator defined by Fano(18 Though famil:
tiarity with the work of both Banwell and Primas,and FPano reauires a
good deal of close study of these two papers, the resulis derived by
Binsch are capable of being presented Qualitafively in a very simple
fashion. A spectral vector Q and a shape vector S can be defined as

a result of mathematical manipulation. The line shape function is prop:

tortional to the scalar product of Q and S and the absorpbtion spectrum

can be abstracted as the negative real part.
Y = —~ C Real(Q.S) (19).

’The function Y contains the total information necessary for the
description of the spectrum and need only be calculated once per spectrum
rather than point by point throughout the spectrum as required by other
approaches. The final step’of point by point computation of the absorp?
ttion 1ine,requires the components of @ to be calculated for each point
in the spectrum, which are then multiplied by the shape function S. The
negative real part of the product is abstracted as the absorption sigral.

As long as we are interested only in the chemical shift and coupling
parameters of an n.m.r. spectrum it seems that there is little to be
gained in employing this direct method of calculation, rather than the
indirect method more commonly‘employed. However, for the treatment of

non-trivial relaxation phenomsna the current approach is uniquely applice

table.

exchange effects treated by direct methods.

The first major application of direct methods published was describ:
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ted by Binsch in 1969{13 In the following year Binsch and Klier/14publ:
sished details of the computer program DNMR3,based on the Liouville
formalism’but incorporating the results of group-theoretical coansiderat:
tions to sgimplify the computational procedures. Certain permuitation
symmetry properties allow the use of smaller Liouville subspaces without
loss of any of the spectral information. This results in a simplificats
sion of computing requirements (time and size of store recuired) which
is ample Jjustification for the necessary trouble needed to identify suits
table cases for symmetry simplification. (It needs to be pointed out
that without the use of symmeiry properties, the size of the arrays re!
tquired in the direct method very soon gets to utterly unmanagable prop:
tortions. So,for example,a six spin system exzchanging between itwo nucls
tear configurations reguires the diagonalisation of two complex matrices
of dimension (600 x 600) — a problem of almost lunatic proportions.)

The practical advantages to be gained from symmetry simplification are
much greater in cases of exchange spectra than in the calculation of
static n.m.r. spectra.

The development of direct methods for the calculation of static
gspectra has been somewhat delayed,due no doubt in part to the ready
availability of satisfactory alternative methods. One feature of the
direct method’which suggests that it might be advaﬁtageous to apply
it to static spectra)is the fact that the trancsition frequencies are
directly obtainable as a result of the calculaiions. So in instances
of least squares fitting of experimental and theoretical spectra, a com:
tmon requirement, there are clearly advantages in deriving the absorpt:
tion frequencies directly from the operator calculations. The process
of deriving the deviations between experimental and theoretical spectra
and incorporating the necessary corrections into the next cycle of cal;
sculations is considerably simplified.

Cohen has derived rules for establishing the elements of the deriv:
tation superoperator D from those appearing in the corresponding energy

15 |
matrix H( 7ith Emerson, she has presented a weighted least squares
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procedure based on iteration of the transition matrix h?rwhere the opp:
sortunity to iterate directly on transition frequencies is utilised[16
Anderson/17in 1969 extended the direct method to n.m.r. double
resonance spectra, but was sceptical of the value of this approach.
However, his objections to the method were answered in a paper by Gest?
tbloom, Hartmann and Anderson/AYin which it was sliown that a suitable

choice of basis operators yields the complete double resonance spectrum,

except for the signs of transition intensities,in closed form.

Postscript.

It only remains to mention the methods employed in the computer
programs mentioned later in this thesis. These programg‘are OUABEX/19
which employs closed form equations appropriate to a coupled AB systen
as are described in 'Elementary Principles's UEAITR/zoﬁhich employs an
extension of the methods detailed in 'Elementary Principles' and follows

21 14 ,
Castellano and Bothner—By{ and DNMR3/ which employs direct methods

as outlined immediately above.
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Conformational Anzlvsis

by Nuclear Magnetic Resonance Spectroscopy.

"Nuclear magnetic resonance is one of the most powerful
tools to give direct insight into both the structure and the
stereochemistry of organic compounds. It is therefore no won:

tder that the technique has been applied extensively in con:

: 1
sformational problems = M.ieseoe /

"It is ndw established that n.m.r. spectroscopy provides
more information about the shape of molecules in solution than

2
any other physical method,;"ssces. A /



Introduction.

From its inception, nuclear magnetic resonance (n.m.r.) spect!
troscopy has provided a tool of impressive scope and subtlety in
the investigation of molecular structure. Its earliest application
to the determination of molecular identity is now commonplace. As
the body of information from such studies has grown it has proved
possible to establish empirical rules relating n.m.r. parameters
to various features of molecular structure. As a consequence, the
method has developed into a unique probe of the intricacies of mol:
tecular geometry. The ability to distinguish even conformational
species in a system has been in large part respongible for the rapid

1
advances made in conformational analysis in the last fifteen years(

The relationship between ne.m.r. spectroscopy and conformational
analysis has been a symbiotic one. Upon a basis of a knowledge of
the conformations of necessarily rigid structures (derived mainly
frbm x-ray spectiroscopic studies), the development of n.m.r. empir:
tical correlations of spectral parameters with molecular structure
has proceeded to such an extent that considerable feedback in terms
of the determination of the nature of unknown conformations has oc:
scured. These parallel and mutually interactive developments have
been remarked upon[zIn many respects this symbiosis is in the nature
of the n.m.r. method. Reliable theoretical calculations of n.m.r.
parameters (ab initio) are rarely achieved and so the development
of n.m.r. empirical correlations is necessary. This state of affairs
represents a serious challenge to theoretical methods and enormous
’advances in the power of such methods will need to be achieved be:
stfore quantification of the factors determining ne.m.r. paramneters
will be routine.

Despite such limitations, the future of n.m.r. conformational

studies seems promising. Recent advances in instrumental technigues,:

such as the application of pulsed radio-~frequencies in fields of

53.



ever increasing strengths have opened up large areas of chemisiry
to detailed investigation. Of particular significance is the curr:
tent interest in, and development of, applications to biochemical
/3
systems wvhere conformational studies are of the utmost importance’
Since n.m.r. methods are capable of studying the most subtle of mol:
tecular interactions under conditions which generally constitute a
trivial perturbation of the observed system, then the great impor:

stance of n.m.r. techniques is now indisputable.

The Importance of Conformational Analysis.

Conformational Analysis is concerned with the nuances of the
spatial geometry of molecules. Such considerations are of immediate
significance irn studies of the intimate behaviour of molecules. If
the purpcses of chemistry are to include a detailed comprehension
of the béhaviour of molecules, in isolation or with each other, so
as to provide us with sophisticated control in the molecular world,
then conformational analysis is of the greatest importance. With such
sophistication will come many advantages in diverse fields of human
endeavour.

It is not possible, however, to examine the conformations of
reacting molecules at the moment of reaction. The excited state
intermediates involved are far too short lived to allow any degree

[

of precision in estimating ﬁheir energy contentt The differential
energy contents of conformers can often be measured in calories rath:
ter than kilocalories and in consequence we are restricted to confor:
smational studies of ground state species. This fact imposes serious
though unavoidable limitations on any study of reacting systems. It
is only legitimate to draw close analogies between ground state and
reactive state species where the two are found not to differ greatly

in energy. In less favourable circumstances we must recognise cour

speculatibns for what they are! It is not unrealsitic though to ob:



tserve that with the course of time such speculations will find con:
tfirmation and mature to respectable theories or they.will be refuted

=
by further factst

Conformational Anglysis $ a Definition!

It is best at the outset to admit defeat in any attempt to rig:
torously define the subject matter of conformational analysis. Many
definitions have been proposed including one from popular journalism,
quoted by Eliel:-

Conformational analysis is "the way molecules shape zp to
/

Most definitions are obviously based upon some definition of

do business with other molecules."

'conformation', a term introduced into the chemical literature by
Haworth in 1929{7These, by and large, have become historically out:
tmoded. Eliel offers:-
Conformation denotes "any one of the infinite number of
momentary arrangements of the atoms in space that result from
rotation about single bonds." | /8a
while Dauben and Pitzer offer:-
"By 'conformation' is meant any arrangement in space of
the atoms of a molecule that can arise by rotation about a

/9

The definition of ‘conformation! has been restricted to rotation

single bond and that is capable of finite existence.”

about single bonds, not for logical but for historical reasons.

In essence there is no distinction between cis~trans isomerism
about a double bond and any rotation about a single bond. In prac:
ttice a distinction arises in that isomers about a double bond can
have separate existences at room temperature whilst those about
single bonds normally can not.

"Conformational Analysis is an analysis of the physical

and chemical properties of a compound in terms of the confoer:

wi
‘1



tmation (or conformations) of the pertinent ground states, tran:

tsition states, and in the case of spectra, excited states."/Bb

Despite the obvious scope of this definition, in practice the
scope of conformational analysis has been restricted by and large to
a consideration of the conformations of cyclic systems with some re:
smarks on the existence of rotational barriers in simple hydrocarbon

/10,11

systems which act as models for more complex systems’ Any extens:

tion of the subject is largely based on the requirements of mechanis:

/11&
ttic studiest

Such an extension is historically conditioned as is
12

clearly illustrated by Barton/ whose studies of the reactivities of

cyclohexane systems (in steroids for example) led him to produce his

/6313

now famous paper in 1950% It is fair to comment that under the in:

:fluence of spectroscopic technigues, the historical stress on mechan:
tistic studies developed from 1930 to 1960 has now been largely super:
tceded. In this respect, the ease of appliéation of n.m.r. techniques
to the study of molecules in solution, at least their rormal if not

14
their natural environments{ must be held mainly responsible for this

state of affairs.

The History, Development and Current Scope

/10,11
of Conformational Analysis.

The origins of conformational studies can be traced back to the
earliest work on the structure of cyclic compounds and through that
to the original studies of optical activity initiated by Pasteur's
discovery of the phenomenon in tartaric acid in 1848. The molecular
asymmetry implicit in such activity led van't Hoff (primarily) and
le Bel to develop the tetrahedral model of carbon bonding geomeiry
(circa 1880) which was experimentally confirmed with the advent of
x~ray and electron diffraction techniques. The reguirement for cen:
ttres of asymmetry&together with van't Heff's postulate of unrestr:

sicted rotation about single bonds to carbon,initially demanded



carbon substituted with four distinct groups before optical activity
could be observed. Otherwise any asymmetry in a structure (such as in
some 'fixed' conformations of 1,2-dichloroethane acﬁieved by forbid:
ting rotation about the C-C bond) was lost by the natural averaging
rotations through 360O by such bond systems. If we could prevent
this type of free rotation then it should be possible to introduce
asymmetry into structures which do not possess asymmetric carbons.

An obvious resiriction of such free rotation is observed in
cyclic structures. Thus a structure such as (I) is asymmetric and
will exhibit optical activity whilst its isomer (II) has a plane of

symmetry and is optically inactive- (fig. 1.1-2).

| H X ’ X x
<X, @ K]
X L Fig.e 1.1 - 1.2.

.Perhaps influenced unduly by this concept of restricted rotat:
sion, Baeyer in 1885 proposed completely restricted rotation in plan:
tar rings (such as shown above) for all carbon ring systems. On the
basis of tetrahedral carbon being the ground state (lowest energy)
configuration for all carbons with saturated valencies, he observed
that only cyclopentane would approximate to an unstrained system
with nearly normal bond angles. From combustion data available at the
time it was apparent that cyclohexane was considerably more stable’
than a planar model with distorted ring angles would allow. In 1890,
Sachse pointed out that nonstrained cyclohexane could be constructed
from tetrahedral carbon. He observed that a flexible unsymmetrical
form (III) and two rigid symmetrical forms (IV) could be constructs
ted, the latter only being distinguishable if the rings are mono:

tsubstituted (fig. 2.1-2).

O

Figo 201 bt 2.2-

(111) x (Iv)



For this insight, it may well be proper to consider 3Sachse as the
founder of conformational analysis. Unfortunately, Sachse further
proposed that the two forms (IVa,b) should not be interconvertable
at ordinary temperatures. Failure to isolate any cyclohexane isom?
ters resulted in a ftotal rejection of the Sachse hypothesis for ans
sother thirty years.

In 1918 Mohr revived Sache's hypothesis when hé proposed that
the chair forms (IVa,b) should be fairly readily interconvertible
by rotation about single bonds, this path involvingsat the most,
some hindrance to rotation and bond angle strain. He further predict:
ted the existence of two stable isomers of decalin, the cis and the

trans (V and VI) (fig. 3.1=2).

B ' : ’
W H : H
L) , (vI)

Fig- 301 - 302.

A planar form of trans decalin would have to be extremely un:
sstable if it could exist at all and consequently we have here a
good test of the Sachse-Mohr and contrary hypotheses. The isolation
by Huckel in 1925 of cis— and trans—decalin (the trans in fact the
more stable) was ample vindication of the Sachse-~Mohr hypothesis.
However, acceptance of such principles was sporadic in the next
twenty-five. years though significant early contributions to the field
of conformational analysis were made by carbonydrate studies. Yet,
during this time (at first tentative) indications of cyclohexane
geometry were published, including a distinction between axial and
equitorial bonds, and later direct evidence from Hassel's electron
diffraction studies proved the nature of cyclohexane.

Although not unaware of such studies, it was left to Barton in

1950 to bring home to organic chemists the great significance of the
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distinction between axial and equitorial bonds in the realm of intim:
tate reaction processes. He pointed to the thermodynamic stability
of equatorial isomers over axial and extended these concepts to stud:
ties of the rigid cyclohexane rings in steroidal molecules.
Since 1950 work in conformational studies has mushroomed and con:

tcepts of conformation now pervade most areas of chemistry. In this con:

*
ttext the catalytic effect of the publications of Barton and Hassel/ "

/™10

has been recogniseds, At the same time, the development of spectro:
tscopic techniques into routine 'every-day' practices has contribuis
ted a great deal to these studies. Whilst in 1950 most studies (other
than in the solid state) employed chemical arguments, by 1970 the in:
tcidence of such argumenis in papers directed primarily to thé analy:
tsis of conformation had dropped congiderably to be replaced by spec:
ttroscopic techniques. By 1960 x-ray and electron diffraction techni:
tques had been joined by greatly improved microwave, infra-red and
ultra-violet spectroscopies, and the totally new methods of optical
rotatory dispersion/circular dichroism and n.m.r. Spectroscopy.
Without perhaps too much bias, it can be remarked that this last has
probably been the most important.

Though the technique of n.m.r. spectroscopy began to appear in
the chemical literature in the early 1950's, it was not until the
later years of that decade that significant results in terms of cont
tformational analysis began to appear. In 1957 Lemieux and cowork:

/16 .
tersy 1in a preliminary communication,pointed out that equatorial
protons in six-membered rings appear at lower field than the corres:
tponding axial protons. Further, the coupling between protons which
are diaxially trans to one another is two to three times greater
than between protons in axial-—equitorial or di-esquitorial relation:
tships. Such observations are the basis oif conformational analysis,
and as such it is appropriate to locate the origins of n.m.r. con:

sformational analysis in such papers.
y
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In 1959 Karplus published the firs® of his now famous (Karplus)

/17

tpected between protons in an ethane type fragment (—CHZ-CHZ~) in

terms 0% a dependence on the dihedral angle between the protons.

relationships approximating the value of the coupling constant ex:

8.50052¢ - 0028 (HZ)

0°< € 90°

H’Hl
9.5cos2¢ - 0.28 (Hz)

90°¢ ¢ < 180° + = dihedral angle.

Four years later, Karplus clarified his arguments in a communication/18
in which he delineated the various factors which are likely to affect
this coupling other than dihedral angle. In doing this he had been
stimulated by the rapidly increasing use of the above relation and

the confusion developed in some authors' minds,by which they supposed
that the coupling depends only on the value of the’dihedral angle.

Early in 1960, Jensen and coworkers/19had established a free
energy barrier,of 9.7 kcal./mole (at -66.500) for the chair/boat inters
sconversion barrier in cyclohexane,from the temperature dependence of
the signals arising from axial and equitorial protons. Reeves and Sir:
:ﬂmme/goabout the same time established a similar barrier of 10.8 kcal.
/mole at -5500 for bromocyclohexane.

By the early 1960's it was becoming apparent that ne.m.r. was a
potentially powerful tool for studying conformational processes. Gill]
tespie and White/21commented in 1962 that it was "to be expected
that proton chemical shifts and coupling constants would be increasing:
t1y used for conformational analysis of cyclic systems". By 1965, Eliel
could write41"nuclear magnetic resonance is one of the most powerful
tools to give direct insight into both the sitructure and the stereo?
tchemistry of organic compounds. It is therefore no wonder that the

technique has been applied extensively in conformational problems - ".
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Over half the conformational free energy differences for monosubstit:
tuted cyclohexanes quoted in this paper/1had been established by ne.m.r.
methods. Franklin and Feltkamp/zzin reviewing the use of n.m.r. in the
conformational analysis of cyclohexanes proposed that ne.m.r. was one
of the best methods available for these conformational siudies.

As will be seen to some extent later, the impact of n.m.r. studies
in the last ten years has been impressive. No longer are studies restric:
tted to relatively simple carbocyclic systéms. Organic and inorganic
systems of increasing complexity have been studied. In conjunction with
x-ray studies, n.m.r. studies are now probing the conformational nats
sure of systems as complex as enzymes. The applicgtion of advanced
techniques is ensuring a rich harvest of conformational and other data
for those equipped to seek it.

"While conformational analysis in model systems for its own sake
offers less of a challenge now than it did say twelve years ago, it
continues to be an extremely useful tool in the investigation of more
general chemical phenomena, such as non-bonded interactions between
atoms, physical and chemical effects of unshared electron pairs, sol
;vent effects and hydrogen bonding effects. Some hetero systems, noi:
tably those containing sulphur, provide a framework for potentially

. 23
highly stereoselective reactions of possible biochemical import."/
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The Physical Aporoach to Conformational Analysis.

Conformational arrangements in molecules are now almost invari!
tably determined by physical means. With such information, we attempt
to understand the reactions and other properties of the compounds un:
sder study. However, the predominance of physical methods in chemist:
sy and their application to conformational analysis has only occur:
ted in the last twenty years. Prior to this of course, many notable
advances were made in x-ray and electron diffraction stud.ies/%1 yet
most conformational studies had to be largely chemical in nature, a
fact amply illustrated by the material in Barton's epic pa,per[2
Consequently, progress,though significantywas limited by the paucity
of detailed information on the conformations of molecules. Since 19350,
and particularly since 1960 with the advent of n.m.r. spectroscopy,

a virtual flood of conformational analysis papers has built up. With
the increase in quantitative as well as gqualitative data, we are now
in a situation where we must develop much more accurate theoretical
methoig to systematise our,now quite thorough,intuitive understands:
:ing( In some respects, some notable progress in the calculation

*4
conformer stabilities of carbocyclics has been achieved{ It is not
necessary for the present studies to examine at all closely such met:
thods of thermodynamic calculation. Use will be made of such results

later, but references will be mainly for supportive purposes and the

results can be gquoted without criticism.

Thermodynamic Considerations.

The course of any chemical system and the com?osition of the sys?
ttem as a function of time can be predicted if the values of the rate
and equilibrium constants can be predicted. The concepts of rate and
equilibrium are of universal significance with the concept of equili:
torium holding central imporfance in thermodynamic theories. Since

rate constants in reactions are generally most satisfactorily ireated
[




by the transition state (or activated complex) theory, which is in
itself an extension of theories dealing with equilibrium then a brief
discussion of equilibrium is an appropriate prelude to a considerat!
tion of conformational thermodynamics. Upon such foundations have
been developed very simple realtions between rates and equilibrium
constants on the one hand,énd appropriate thermodynamic parameters

on the other.

The discussions evolved here are intended to provide the necess:?
tary thermodynamic background to conformational considerations. From
a study of conformational equilibria and the energy factors involved,
we can develop a qualitative picture of the conformational processes
in a system with the multifarious interactions involved and relate
these to the measurable thermodynamic parameters. On such a basis we
can begin to estimate quantitatively the extent and nature of the in:
tteractions in a given conformation. Such work can lead in turn to
the a priori estimation of relative conformer stabilities and is par:
tticularly significant in systems which cannot be unambiguously defing
ted by some means of direct observation. A combination of such appro:
taches can lead to unambiguous conformational determinations in relat?

tively complex systems.

the concevt of eguilibrium.

Matter in any system can be visualised as being distributed throg
sughtout a myriad of different energy levels. Obviously, the number
of possible arrangements of this system is well nigh infinite. Yed
the problem of defining a sysitem in macroscopic terms is not unduly

~great. This arises from the fact that the prcbabilities of most con:
siceivable arrangements of the matter throughout the energy levels of
the system are extremely low and can be discounted in any description
of the system. Any system in eguilibrium is in a s%fate of 'maximum

probability'. Two sysitems in such a condition may be mixed and then
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a new state of equilibrium may develop.

However, it is not sufficient that such a state of greater stabs
:ility than the separate states should exist. There must be a physicse
tally feasible pathway from the current situation to the hypothetics
:ally predicted one. All stages of this pathway will require signif:
ticant probabilities of existence.

The nature of the distribution of matter among energy levels is
described by the Boltzmann Distribution Laws—

ntt - E°/RT . (€'t —e')/kT
;'1', = e = e
where n is the number of molecules in a given state.
E® is the energy per mole of substance.
¢ is the energy-per molecule of substance.
R is the molar gas constant,

k is the Boltzmann constant.

T is the absolute temperature.

n"/n' becomes smaller as E grows larger and T smaller. So the highe
ter the energy level and the lower the temperature, then the less the
population of the state in question. Consequently an equilibrium will
be established in a system where physically feasible pathways from
low probabilty to high probability are themselves of high probability
and consequently low energy. Alternatively, if the interconverting
pathway is one of high energy, then we might be able to supply this
energy in some form or other and hence establish an eqilibirium over
a large barrier.

This situation can be expressed diagramatically (fig. 1.1).
If we mix A and B which potentiélly yield the more probable condition
Ci~ v

A + B ewsmme> C

then an energy/probability profile will bes-



(15)

(c)

(£ + B)

potential energy.

reaction coordinate. Fig. 1.1,

ObViously the probability of state (T.S.) will govefn the number of
species in this stafe and further will also govern the number of pass:
tages from state (A + B) to state (C) and vice versa. At the same time
we can also appreciate that it is more likely for species deriving
from the (A + B) state to acquire the energy of (T.S.) than species
from (C). Therefore statistically we expect to see a loss of species
(A + B) and a gain in species (C). Though this point has been somey
:whaf laboured, it is relevant in the context of the n.m.r. experis
tment where under certain circumstances we can get a 'snapshot' of
passages over this barrier.

Due to the macroscopic scale of our investigation, it is possible
to regard the 'barrier' shown in the figure above as a continuun of
probabilities or energy levels. We now wish to relate the barrier to
conversion (AE) to some physically measurable phenomenon concerned
with conversion rate,and further, the position of equilibrium (the
relative amounts of (A + B) and (C)) to some measure of the average
energy difference between them. The connection between microscopic
and macroscopic thermedynamic theoriés is not logically deducﬁable.

It rests on a comparison of results taken from the two fields.

If we consider a system:-—

P + Q ==———3> R + 5

then the equilibrium constant is

defined ass-—



where ap is the activity'of R in the
assembly. Now we can define a free energy difference AQ° between the

two systems in some standard condition bys—

¢}

AQ -RT.1n{Kk°).

Furthers-—
o o}

NG = pAH - T.Asb.
where AH® is the sﬁandard en:

s thalpy diffeience and AS° the standard entropy differénce. R is the
universal gas constant and T is the absolute temperature. The micro:
tscopic concepts underlying these two terms cannot be rigorously de:
:fined. The following parallel may be drawn, but it must be noted that
it is not rigorously correct.

If we consider again the energy diagram relating the two sides
of the equilibrium and we imagine a sudden freezing of the system to
OOK then we can postulate that all systems would occupy the lowest
energy levels. As a consequence there is no activated species (T‘S.).
Thens—

AG = 4H
and 4H represents the energy difference

between the ground states on each side of the frozen equilibrium. Then,
by raising the temperature, we begin to populate higher energy levels
in both systems. Tﬁis not only represents an entropy increase but also,
in a senseq an increase in the randomness of the sgiems with increasing
population of higher energy levels. At the same time, the population
of the activated species (T.S.) begins to build up and the rate of
Passége over the aciivation barrier rises.AS revresents the differ:
tence in this degree of randomness on each side of the barrier. Fact:

tors affecting randomness are, however, multifarious and considerat:

tions such as these cannot lead to a full comprehension of eniropye.



ecuilibriun and rates.

F;om such deliberations the Transition State Theory was develop:
ged[* This theory is based on three fundamental assunption which we
shall present before proceeding to state the results of the theory.

(1) In the process of reaction, the molecules must traverse cer:

ttain states of potential energy higher than the potential ener:

tgy of either the reactant or the product states.

(2) The populations of these higher potential energy levels

that must be traversed by reacting molecules are in statistical

equilibrium with the ground states from which the reacting mole:
tcules came.

(3) The rate of reaction is proportional to the concentration

of molecules in these higher energy levels.

The correctness of assumption (2) is not at all obvious for reacting
systems. However, it clearly applies in the case of conformational
equilibria which represent true equilibrium situations. It is import:
tant to point out that there afe two kinds of species in the tfansit:
tion state set, namely those whose direction of travel is in one dir:
tection and those whose direction is in the other direction. The
Transition State Theory then considers that the rate of reaction of
(A + B) to give (C) is proportional to the concentration of the frans:
tition species travelling from (A4 + B) to (C). In terms of gquantum
energetics, this states that the physical process accompanying the
energetic boost to the transition state (say a bond stretching) con:
ttinues on to become the reaction change (say a bond breaking) and
does not stop in the transition state and fall back. From the statis:
ttical nature of the situation, this will be true for the vast major:
1ity of the species passing through the transition state. Only very

“+

. s o
few species will have exactly the energy of the basic transition sta

o : . . .3 . L2 e
vhich might allow them to come to rest in such a situation with a per:

imissable decay to their point of origin.

e
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The rate constant derived from Transition Staie Theory can be

stated as follows:—

.kT o*

Ry
it

where K'is the rate constant.

k is the Boltzmann constant.

K is the transmission coefficient
and is the fraction of the species which pass right through the trans:
tition state. As we have stated, this is certainly very close to unity.

h is Planck's constans.,

T is the absolute temperature.

K¥ differs from an ordinary
equilibrium constant in only one factor and hence it is appropriate to
define quantities ACjé, AH’Z, AS# the free energy, enthalpy and entropy

of activation respectively, based upon the identity:-

,ACJ{ = = R.T. 1n(K’é).

In consequence:-—

K.k.T -AG’é/R‘I‘ Kux.m W"!/RI‘ -Asf"{/R
K = -—-E-—.e » = h IX:]

the comparison of transition states.

It is appropriate to remark here on the diesis (%)»quantities
introduced above. These terms are ﬁot rigorously comparable with the
equilibrium terms aG°, AR, and AsS® due to a small difference in the
definitions of K¥ and K°. Purther the assumption off(being unity
could hypothetically be incorrect. This would express itself in errors
EhlAS% and henoe.AG¥ with consequent difficulties in applying trese
though such a situation might be re:

terms in meaningful comparisons,

: : i n such
tdeemed by K being constant in a series of related reactions. I
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a case, the relative values of AS% will have a simple meaning. In prac:
ttice, however, not only do comparisons between transition states in
/
terms of various AG% etc. lead to harmonious results, but also parall:
. be 4 Ac® #

tels which can be drawn between 4G~ and AG” lead to simple rather than
complex relations, a fact which tends tc bear out the validity of the
comparison.

It is appropriate at this stage to describe briefly the conform:

sational situations to be met in later discussions.

conformers and conformational barriers.

"By 'conformer' is meant any arrangement in space of the atoms of

a molecule that can arise by rotation about a single bond and is cap:
. /8

table of finite existence"s Whilst this definition by no means encom:

tpasses the entire concept of 'conformational isomerism', it serves

as a useful introduction to 'rotational isomerism' about bonds,which

is the basic physical phenomenon observed in all conformational syst:

tems.

The early theory of organic chemistry contained the postulate
that rotation about the axis of a carbon to carbon single bond was
completely unhindered. Thus no rotamer preference could be exhibited
in a system such as 1,2-dichloroethane in which it was assumed that
the chlorine atoms, one on each carbon, could assume an infinite num:
tber of positions, in relation to one another, of equal energy. It
later became apparent though, that there could well be barriers to

Ta .
rotation about carbon-carbon single bonds[ In 1936, Kemp and Pit:
:zer/ proposed a barrier to rotation in etha?e of about 3kcal./mols.

a
This value has been confirmed experimentally/ as a reasonable estvim:

tate of this rotation barrier.

Although the source of this barrier is still more a matter for

/9—11

speculation , Wwe can regard oonformations’in which hydrogsns

are opposed directly to hydrogens,as of higher enersy than

)



12
. . Loy oo g N \ L.
inative staggered formt In consequence, noting the threefold symmetry

of ethane about the C-C axis, we can draw up a potential energy curve

for rotation about this axis as showm in fig. 2.1.

Epat, keal/mole

3 keal

staggered eclipsed

L] 1
0° 60° 120° 160° 240° 300° - 380°
Dihediral angle o .
FPige 247,
Obviously we can conveniently regard the potential barrier as arising
from the near approach of hydrogens in the eclipsed form. Obvious ex:

ttensions of this reasoning lead to a potential barrier, fig. 3.1,

for.butane (02—03) rotation. = .

CH, CH,

&
E: <
& L
4 A
&
e:;lilrised gauche eclipsed trans
L I 1 1 ! i j
0’ 60° 120° 180° 240° 300° 360°
Dihedral angle o
. Fig., 3.1.

Ta
Although the exact magnitudes of these barriers are not known{ the

. . s ) foht o h
essential argument above leads to predictions of the right order. The
. . - Vs .
extension of this reasoning to other acyclic systems 1s readily achiev:
/78-,133 .
L]

ted
. - . + 3
The central importance of cyclohexane 1n conformational studies

o 4ing discussion we will
has already been remarked upon and in the following dlequSlon we wil



extend energetic concepts to a discussion of this molecule.,

Two basic sources of strain (increased potential energy) can be
recognised in cyclic systems. The first recognised is angle strain
(Baeyer strain) arising from deformations of the optimum valence angie.
This is present particularly acutely in small rings (C3 to 04) which
exhibit near planar structures. The second strain arises in the manner
of the potential barriers mentioned above. This bond opposition strain
(Pitzer strain) can be regarded as arising from the repulsion of neigh:
tbouring non-bonded atoms. It is also present in small rings where the
planar structures force bond eclipsing of the carbon substituents.

/1

Sachse's observation that cyclohexane can adopt two distinct
types of non-planar stiructure in which all angle strain is obviated
is cne of the major insights in the history of conformational analy:

1sis (fig. 4.1).

tchair'. | "boat! Fig. 4.1.
The first is the rigid chair form in which we can note the existence
of two distinct types of C-H bond:— those axial 'a' and those equator;
tial 'e'. The rigid chair form is.also free of any bond eclipsing
strain as all the C-H bonds are staggered round the ring. The second

is the mobile boat form, a symmetrical example of which is shown.

< -
.

This form suffers from bond eclipsing strain and further severe inter
. . . 1.
tactions as arrowed between the hydrogens arising from Van der Yaals

repulsion. These strains can be alleviated somewhat by itwist-distort:

tion from the symmetrical species but considerable strains will still

occur. A path for interconversion of chair form to flexible form can

also result in conversion to another chair form in which bonds once

axial are now equitorial. The Yarrier to such an interconversion has

15 ) :
been measured experimentally/ at about 10 kcal./mole. Theoretical cal:
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sculations on various flexible forms/ allow estimates of thair pot!

tential energy and in consequence we can draw a potential energy diag:

tram relating the various forms as shown in fig. 5.1.

Transition
barrjes.

5-16 keal

E pot. keai'mole

a
|
[
1

Chair- Twist- True

Conformation . . Fi - - 1 *

With an energy diff&rence of 5 kcalQ/mole between chair and twist-
boat form, then only about one molecule in a thousand will be in the
latter form at ioom temperature. Consequently the twist boat form can
be neglected in any consideration of the physical properties of cyclo:
thexane.

If we extend our considerations to monosubstituted cyclohexanes
we will immediately observe the possibility of isomerism whiéh is of
the conformational kind. The substituent will be able to occupy eith:
ter an axial or an equitorial position in the chair form of cyclohex:
tane. Consideration of the separate environments encountered in.these

/05130

two conformers suggests that the equatorial substituent .
will experience less interaction with the adjacent hydrogens than the
axial substituent will experience. Though many other factors will im:
tfluence the relative stability of the two conformers if is generally
true that the equatorially substitufed conformer will predominate. The
table below provides an interesting correlation between theipercentage
of the most stable conformer and the energy difference between conform:
ters. As can be seen it takes no more than2.5 kcal./mdle energy differ

tence before the population of the less stable isomer is reduced to in:

4 L) . . . 1 3 3 dmna
tsignificance. This is the basis of the use of tertiary butyl substitu:

tents to force conformation in ring compounds.
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Obviously, such reasoning can be extended to further substitutod
cyclohexanes and to other ring systens entirely,
Whilst the discussion above has been related primarily towards

ring systems, much of what has been said applies directly to conformat:

sional studies of conjugated systems, an example of which is illustrated

in fig. 6 below.

NN A

— | =

) b ),
() \P () \@ (o) \@

P P

Fige. 6.1

It is now well known that the barriers to rotation around formal
single bonds in conjugated systems very often are greatly enhanced by
the rigidity imparted to them by delocalisation of the ft electrons be:
ttween the double bond systems. In consequence, rotation about the X-Y
bond can be described energetically in terms comparable to rotation
about double bonds as in ethylene for example. The potential energy
curve for such a roiation is illustrated in fig. 7. The assumption
made in this figure is that species (b) and (c) are not of eéual energy -

and as a result, species (b) will be more populated than species (c).

extrathermodynamic relationships: the Hammett eguation.

Any simple relations found among thermodynamic parameters relating
to various systems are not part of the formal structure of thermodynamn:
tics and are hence called extrathermodynamic relationshipse. The appro:
tach, however, is similar to that of thernodynamics in that no invests

tigation of the detailed microscopic mechanisms of the reactions are
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required even though the results of such investigations can shed in:
sformation on the microscopic mechanisms.

Useful extrathermodynamic relationships are usually simple in
form. This is perhaps suprising when we consider the complexity of
the solution systems to which the relations are normally applied.
The mathematical simplicity of many of these relations results,in
1arge part;from the tendency of such quantities as the standard free
energy to be additive functions of molecular structure. This plausibly
arises from the changes in molecular structure affecting only a relat:
tively small proportion of the molecule whilst the remaining contrib:
tutions to the thermodynamic parameters are nearly equal in any series.
If reaction zones (or zones of interest in general) and the changes oc:
tcuring within them are similar for a series of systems then we expect
such quantities as AGQ,AAG£ to be very similar in these related systems.

To the lowest approximation, we can assume that molar values of a
property are precisely additive functions of independent contributions
assignable to part structures of the molecule. So molar properties are
additive~constitutive functions. To enable us to deal succinctly with
molecules in solution, we shall adopt the additivity principle in a
modified way. We divide a molecule into two zones, one of which cons
ttains a variable substituent, the other of which contains the zone
of primary interest. Bach of these zones will be considered to contrib:
tute an additive term to the free energy and also as interacting with
the other zone. Then

T

= G +GX+IR,X

0
RX R

where IR x is the interaction term.
Y
Now during the actions of interest, the R region remains intact and
the X region is altered. The term GR cancels out in the guantities

’o —J . . . 3 3 .
2G° or AGT., Or else the X region remains intact on introducing a sub:

tstituent (changing R) with the conseguence that the term GX cancels
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out in the substituent effects éRG etc. As an example consider the

ionisation of a carboxylic acigd ROCOOH. Then

=0 (o} =0 -
e = - 0
R COOF = CRr coo~ * Opt - Gp COOH
(e} (o] [¢]
-0
= G+ + € - ¢ -
H co0 coor * IRO,COO IRO,COOH.
The substituent efféct in this reaction is defined as
g A.(-}O - A"O - [~Xeo]
# Ccoon Creoon AGROCOOH
I - I -
(T, coo R, COOK) (IRO,COO IRO,COOH)

A typical extrathermodyﬁamic relationship will involve substituent
effects on the standard free energy changes or equilibrium constants of
two related reactions. This can be immediately extended to activation
parameters, though such a step cannot, as we have shown, be logically

justified.

the Hammett pA¢ relationship.
1

This, the best known of the extrathermodynamic relations, relates
the effect of meta and para substituents on the rate and equilibrium
constants of aromatic side chain reactions.-It is based on the fact that
as the substituent is varied the logariths of the rate constants, or the
equilibrium constants,for a large number of aromatic side chain react:
tions are linearly related to one another. Any one of these reactions
could have been used to define a set of substituent constants (6) in
terms of which the free energy changes of the others might be described.
These parameters are in fact based on the acid dissqciation constants
of benzoic acid in water. This relationship is therefore essentially
a proportionality between SRbﬁo for a particular benzene side chain
reaction and.S%fCo for the ionisation of the corresponding bepzoic acids.

et Ro be phenyl and R the meta or para substituted phenyl group.

Then substituent effects on the ionisation of benzoic acid are given by

G = - - - (1 - - I )
$P%00n - g, coo Tg, cooR) (RO,COO R, 000X

and correspondingly for the ionisation of phenol
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§ 60 = (I, - - -
#%ox (Tg0 Tp, o) (IRO,o‘ = I3 on)
(0]
However, from these two equations alone, we cannot generate a linear
realationship between the substituent constants. We require the addit:
tional postulate that the interaction terms I are factorable. We can

call this assumption the 'separability postulate!'.

IR,X v = IR‘ IX
In consequence
S at° - - -
#C%coon (g IRO)(ICOO ~ Tooom)
=0
Spplr = (T - IRo)(Io' = Tog)
Therefore | (Io' _ IOH)
S aa° = ] 6o
&> Con y SféGCOOH
(Teoo~ = Zooow)

Several points arise from the above equation. Firstly notice
the equal status for the interaction terms for the reaction zone and
the rest of the molecule. This is of course logical in that the inter:
taction zone is purely a matter of arbitrary choice. The operators
SR and 8, which are commutable are also formally equivalent by the
same token.

TImplicit in the derivation of this equation are two assumptions.
The first of thesé is that we have assumed that siructures R and X
interact by a single physical mechanism. The interactiion depends only
on a single pair of independent variables, one characteristic of R
and the other characteristic of X. Even when the interaction proceeds
by a single mechanism, we can only hope to separate IR,X into separate
factors if the variables involved are scalar guantities and their var]
tiations are small. In the case of vector or tensor variables then
IH,X can only be factorised if certain physical constraints are app:
tlied. Thus we find a far greater precision in extrathermodynamic rels
3ationships_applied to rigid,planar}aromatic systems than to highly

flexible aliphatic systems.

i i h , interaction
It is often' obvious, howsver, that more than cne interac

19
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mechanism is at work. These mechanisms have been divided by Taft/

into polar (electrostatic), steric and resonance effects. Though
considerable effort has been expended. along these lines, further
mention of this work here,is not merited.

Returning to the Hammett relation, we can derive the following

definitions.
[-]
C_H_COOH N C H_CO0™ ut
6 5 Uy Fx_ 6 5 +
K - +
—f
XC6H4COOH ] XC6H4COO + H
x
Ky
L & log (—) in water at 25°C.
°
A

The effect of substitution on the rate or equilibrium constants
for other benzene side chain reactions can now be expressed as a fund

ttion of 6. So

K
X X
log (~=~) = log(==) = poc
e K P

The constant P is a function of the reéction aﬁd will also vary
with the reaction conditions. One of the most significani of these
variables is the temperature. If such a linear free energy relation:
tship is to maintain its linear form at more than one tempersture,
.then constraints are applied to enthalpies and entropigs. If a react
tion correlates with & and shows this correlation at more than one
temperature then

SRfH¥ = F;é}fs%
Such considerations rmust be borne in mind.

We have already mentioned the problems posed by having more ‘than
one interaction mechanism. The general applicability of this relationi
tship in aromatic systems where at least two interaction mechanisms
(inductive and mesomeric) are operational, does imply that such mech:

tanisms are Tacets of an underlying more basic mechanism. Tais 1is

i T 3 - 4 shi
clearly not so. It can be shown, however, that a linear relationship



can s5till be obtained from several interaction mechanisms provided
their relative importance in a series of reactions remains cons*ant.
For two interaction mechanisms, the following holds

6Rlog k = P,“y' + plio'!
o' and s'' change independently since the inieraciion mechanisms are
independent. The substituent effect will only be described by a single
parameter as long as P'/f" is constant.

SRlogk = ‘:'(o'i + (Pl!/PQO’Il)
Here ¢' + (f"/r')G"' is characteristic of the substituent only.

In practice though, there seems to be no very good reason to sup:
:pose that the ratio P"/P' in benzoic acids is of any universal valid:
titye As such it is suprising that the Hammett relation works so well.
In consequence, the exceptions that there are are merely demonstrative of
a change in this ratio and are no cause for suprise.

One such cause of variation which can be ascribed to varying'f"/P'
ratio arises with substituents which exhibit large resonance effeots.
In these cases the inductive effect has been unable to keep pace with

the resonance effect and as a result,<ssu seems to vary bvetween

hst.
reactions in which resonance is not involved and those in which it is
involved. The relative significance of the interactions varies and a
single & can no longer cover the variation. We will find this effect

in such reactions as those in which charge is developed and is capable
of direct resonance interaction with the substituent. The breakdown
here can be ascribed to the discrepancy between r"/f’ in benzoic
acids and in these interacting systems. The simplest solution to the
problem is to redefine the reference reaction in an appropriate fash:
tion and a‘t the same time attempt to normalise the new scale with the
0ld. In the case of elecirophilic substituent constants, this was

done as foilows. Resonance effects for certain meta substituents are
liable to be rather unimportant. Trerefore, adopiing the solvolysis

: . o , o}
of substituted 2-phenyl,2-propyl chlorides in 907 acetone at 25°C as
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reference, we plot log (k/ko) versus Hammett O for various meta sub:
sstituted species and derive P,. Then

_ 108(kx/ko)standard reaction.

Ps

+ e .
In conseguence, mOStdmeta are about equal to O'm % ‘substituent con:
sstants whilstO‘;ara will differ notably from c’p ra’ A similar procedure

provides ¢, the nucleophilic substituent constants.

i
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Physical Methods of Conformational Anaslysis.

The purpose of this section is to provide a very brief introduc:
stion to those physical methods of investigation which have been employ:
sed in the work described in this thesis. No attempt can be made to
detail any. of these physical methods and many suitable introductions
to each are readily available. Further, we will delay consideration of

n.me.r. Mmethods to the next section.

non-spectroscopic methods.

dipole moments,

The existence of an electrostatic dipole due to the separation of
charge inherent in bonding together two non-identical atoms is common:
¢splace. The dipole moment created gives rise to a permanent polarisation
when placed between the plates of a condenser. In this way, the dipole
moment of a molecule, which is a vector, can be determined. Useful geo:
smetrical information is obtainable from the magnitude of the dipole
moment. A knowledge of the individual dipole moments of functional
groups in the molecule, taken from model oohpounds, permits vectorial
calculation of the dipole moment expected for a given conformation of
‘a molecule, and experimental verification of a given value of dipole
moment is supportive evidence, in many instances, for a specific con:
sformation.

Numerous otler non-spectroscopic methods are available, but their
‘use is limited, primérily because spectroscopic techniques are much

more powerful tools in probing molecular s‘iructure.

Spectroscopic technigques.

A large variety of spectroscopic techniques are available to the
Physical chemist in his examination of molecular structure. In practice,
two broad categories of technique are employed. There are those technis

\ . -
tques which can determine, in favourable circumstances, full details of



the molecular geometry of any compound, the most obvious of these being
X-ray crystallography. There is also the related subject of electron
diffraction/ s which, in the hands of Odd'Hassel, has made an impértant
contribution to conformational analysis. But by far the majority of specs
ttroscopic techniques provide partial information about the geometry of
the molecule. However, it can be the case and often is with such techni:
tques as microwave spectroscopy and ne.m.r., that sufficient evidence of
a general kind is available elsewhere to enable the additional evidence
provided by these techniques to be definitive.

Several criteria must be met befors we can observe separate spectra
from the differing conformers of a compound. Considering Heisenberg's
Uncertainty Principle, §ne form of which states that

8t.AE = h/27¢
where 8% is the time of spectral observation.
where AE is the precision of energy meas:
tment and h is Planck's constant.

If a conformer is isolated for a time &t, then Heisenberg's Uncertainty
Principle allows its energy to be measured with a precision AE. Then the
larger the energy changes involved, then the shorter the time of observ:
tation necessary to distinguish a given energy state. If we do not allow
sufficient time for the observation, by interposing a conformational
change during the necessary period, then only an average measurement
will be o‘btained[x2 It therefore might appear desirable to employ a spec:
ttroscopic technique which relies on the observation of large energy
changes. We would then expect to be able to observe even short lived spec:
ties, But we must bear in mind that conformational changes often involve
only very little energy - often little more than a few kilocalories per:
thaps. e would then require not only to be able to observe this small
difference superimposed on large energy changes of the observations, bub
we would also require that the spectroscopic energy levels of the appros:
iProate excited state'ﬁere disposed in a very similar manner to those

of the ground state species. This is by no means guarunteed or even



likely where the two stales in quesiion are well separated in cnergy.

The other extreme involves the use of much lower observational ener:
tgies E, with the necessary longer obser?ation times t. In many cases
where tnis approach is applied, it may be necessary to operate at much
reduced temperatures to extend conformer lifetimes. “hilst this in it:
sself presents experimental difficulties, there are often considerable
advantages in making observations of conformers over a range of life:
stimes. N.m.r. spectroscopy is a technique which falls in this latter
category. As will be shovm shortly, this ability to make observations

over a region of varying conformer lifetimes is of great importance in

conformational analysis.

infra—red/raman spectroscooy.

By far the majority of information on the vibrational energy levels
of a molecule is obtained by infra~red rather than raman spectroscopy.
Though the calculation of the vibrational spectrum to be expected from
any but the most simple molecu;es is a daunting task, the ckaracteris:
xﬁics of various functional groupings and thé effects of minor environ:
smental influences can be detected by vibrationallspectrosoopy. Apoplic:
sation to different physical states of a compound can be used to detect
conformational changes with change of state. This can Be of interest in
as much as compounds are quite often conformationally pure in the solid
state. On melting, the appearance of further bands in the i.r. spectrum
can be taken as suggestive of conformational equilibria in the melt (or
for that matter in solution). Unfortunately, not all compounds are con:
tformationally pure in the solid state and the observation of no changes
in the i.r..spectrum on melting or dissolving cannot be taken as con:
tclusive evidence for conformational purity.

Use of i.r. techniques quantitatively is not straightforward. The
strength of any absorptien band in the system depends not only on the

quantity of species giving rise to that band but also on the extinction
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coefficient of the absorption. One solution to %this problem is 4o Adeter:
smine the extinction coefficients for conformationally. pure modsl com:
spounds, but the use of such a model is by no means free of the danger
of serious error, as we can have no absolute confidence in the values

of the extinction coefficients derived. A more refined approach to this
pfoblem is to examine the variation of the spectra of any one system
with temperature and observe any changes in the intensities of the ab:
tsorptions which may be correlated with changes in conformer populations.
Extinction coefficients are normally considered to be free of major vari:
sations with temperature. The relative values of extinction coefficients

are most likely to remain constant with temperature. In this manner, we

can gain some estimate of conformational dynamics.

x—ray diffraction.

The major drawback in the use of x-ray diffraction methods is their
restriction to crystalline material. The information obtained applies
strictly only to the solid state and whilst the main details of moléc:
tular conformation will remain constant, the nuances of'geometrical de:
:fail, which are the primary concern, will vary from situation to situ:
tation. As long as this restriction on x-ray methods is borne continu:
tally in mind, then their application to conformational problems is of
immense worth. A considerable amount of conformational work is necesst
tarily based on information derived by x—-ray methods and in most cases,
x-ray methods have been used to define model compound conformations from
which many empirical correlations have been built up (particularly in
NeM.T. SPectroscopy).

The technique is based upon the observation of a diffraction patt:
tern from a monochromatic beam of x-rays which is allowed fto impinge on
the molecules of interest held in a crystal lattice. From this diffract:
tion pattern, it is possible to establish, often with considerable expen:
tditure of computing %ime, the accurate geometry of the molecule. Prob:

tlems are met in the application of this technique, but at the present




time progress has been such that avplication of X-ray methods is now
almost routine in many circumstances. The technical implémentation of

X-ray methods can be almost totally automated in many instances.
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Tuclear ¥asmetic Resononce Studies in Conformational Analvsis.

Since 1960, high resolution NeleTre. speciroscopy nasg revolution:
tised that branch of conformational analysis concerned with the deter:
sminations of conformations of molecules in solution. "It is now estab:
slished that ne.m.r. spectroscopy provides more information about the

- . . /!
shape’ of molecules in solution than any other physical method'.
Both chemical shifts and spin-spin coupling constants are profoundly
sensitive to the spatial arrangement of atoms in molecules. However,
owing to the largely empirical nature of chemical shift and coupling
constant calculations, the application of n.m.r. spectroscopy to eluc:
sidate molecular conformations in solution is inexact and is based upon
empirical correlations developed initially from the spectra of rigid
molecules. Yet despite these limitations, n.m.r. spectroscopy is prob:
tably the most powerful technigue available for conformational studies.

Considering the central importance of cyclohexane in early confor:
‘ /2,3
stmational studies and its occurance in many natural products, often
with fizxed and knowm geometry as in the steroids, it is not suprising
that cyclohexane systems have been extensively studied by n.m.r. spect:

r/*435

$TOSCODY Such studies have given rise to a vast amount of data on
the spectral parameters of conformationally interesting systems. In con!
tsequence, the methods of analysis applicable to cyclohexane systems
/6

are well established’ and serve as a secure base for the examination of
more complex systems. Particular trends can be recognised for chemical

/7a /7b
shifts and more significantly for coupling constants’ From these
trends have been established the necessary tools for conformational
studies by n.m.r.

In view of this central importance of cyclohexane for conformation:
tal studies by n.me.r., it is appropriate to illustrate some basic prin:
tciples of the application of n.m.r. spectroscopy in conformational
studies by reference to work on cyclohexanes. llethods developed in this

brief survey are,in part,employed in later ring conformational studies.

1



It is further desirable in many instances to establish the thermno:
tdynamic relationships between various conformers in a. system, The first
such system to be %efined thermodynamically by n.m.r. spectroscopy was
dimethylformamide/ in which two discrete conformers arising from hinder:
ted rotation about the C~N bond are observed. Since this initial study
in 1955, a large amount of data on many systems has accumulated. It has
become apparent that many of the nem.r. studies of thermodynamic para:
tmeters are thoroughly unreliable, a point we will return to and discuss
in some detail in the practical sections of this thesis. With a reputat:
tion for unreliability developed in this area, there has been a justifis
table reluctance on the part of many authors to attempt anything but
approximate comparisons of thermodynamic parameters using n.m.r. data.

This state of affairs need no longer exist and there is reason to be

optimistic about future developments in this field.

Basic Principles.

For convenience in discussion, we can distinguish two broad categ:
tories of n.m.r. experimental approach, namely 'stafic' énd 'dynamic!t.
The origins of this distinction lie in the requirements for spectral
observation outlined in Heisenberg's Uncertainty Principle which was diss
tcussed earlier. It is the requirement, in n.m.r. spectroscopy, that obsexr;
tvation times are typically measured in seconds rather than in milli- or
nano~seconds which gives rise to the spectral behaviour which is often
dependent on the lifetime of any finite species involved. In n.m.r. the
observation times are often of comparable order to the lifetimes of the
species involved. We will distinguish 'static' spectra as those which
are temperature independent in the sense that a small change in temper;
tature(say 50) causes a negligable change in the observed spectrum,
whilst 'dynamic! spectra are those where such a temperature change re?
tsults in significant spectral changes. The underlying theory of such
effects has been dealf‘with in the first part of this thesis.

Any system which is capable of some kind of conformational mobility
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can be expected %to exhibit spectra of both the 'static! and +he tdynan
tict kind depending on the temperature range of the observationc. The
distinction is further useful in as much as methods of analysis applied
to systems of the 'static' kind are largely empifioal in their origins
and can sometimes be quite approximate, whilst those appropriate to the
'&ynamic‘ kind require further application of quantum mechanical exact
t?eatments, based on the derived empirical information, to obtain relis
table data.
9a

The distinction between configuration defined by Eliel’ as "the

arrangement in space of the atoms or groups around the disymmetric ox
91
rigid part of the molecule" and conformation/ used to "denote any one

of the infinite number of momentary arrangements of the atoms in space
that results from rotation about single bonds" is somewhat vague when
*

these phenomena. are studied by n.m.r[ 0
When studied by nemesr. it is perhaps better to consider three merg:

ting categories of compound(11 |

1)+ An isomer can be long lived on the nem.r. time scale and hence
might be considered as a configuration. In this case we can charact:
terise and distinguish between various isomers and measure such
properties as relative populationé, differences in coupling con:
sstants between species eifc.

2). Isomers can be short lived on *the time scale of ne.m.r. observation
and we can merely observe an average spectrum for several intercon:
sverting species. Should one isomer be more populated than others,
a greater weighting of its exspected spectral. parameters in the spec:
ttrum average may allow us to establish the nature of this isomer
and the position of equilibrium in the system.

3). Isomers whose interconversion rates are comparable with the n.m.r.
observation time scale will give rise to spectra whose detailed
features may be highly sensitive to interconversiop rates. By low:
tering the temperature of observation and consequently the rates of

oonversion of the isomers we will eventually be able to observe
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a superposition of the spectra of individual isomers (case 1). By
raising the temperature of obéervatiqn, an average spectrum éf all
isomers will be possible (case 3).

To establish the observation time scale of an n.m.r. experiment,
consider a nucleus which is susceptible to nemer. bbservation present
in two isomers 'A' and 'B!' of a system. Then if the chemical shift of
the nuclel in the two isomers are A Hz, and B Hz. respectively and
the rate of exchange of the nucleus between isomer sites is t/sec.,v

then the above three cases are characterised as follows.

1) (vA - vg) <<t
3). (VA - )IB) >> te (units of Hz. i.e. exchanges

/sec.).

As mentioned in case 3 above, variation of the temperature at
which.the system is observed allows us to observe the entire spectrum of
behaviour outlined for many systems. This can lead, with care in the
application of experimental procedures, to reliable thermodynamic para:
:metersrfor the conformational system. In fact in many cases, such a
comprehensive approach is necessary for any degree of accuracy in the
estimation of thermodynanic parameters.

We will now illustrate the application of n.m.r. spectroscopy to
conformatignal analysis by considering its application to studies of

cyclohexane systems.

cyclohexane systems.

The application of n.m.r. spectroscopy to the conformational anal
tysis of cyclohexane systems has recently been surveyed quite extensive:

/7b,12

tly in two recent reviewsl Both reviews provide a comprehensive
introduction to the subject.
As there are two empirical parameter sets which can be derived

from the ne.mer. spectrum of any compound, namely the chemical shif'ts

ational analvsis of the
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compound can be based on observation of either or both of these paramcter
significant interest is still maintained in these studies for the Tecen

setse Whilst nemers applications to cyclohexane rings are now routine)

significant interest is still maintained in these studies for the recent

literature to provide examples of the methods illustrated below.

chemical shifts.

Whilst absolute values of chemical shifts are not likely to be too
1nformut1ve, the relative values observed in any given system have been
noted to follow a simple basic rule/13 Any - equatorlal.pr0uon on any
substituted or unsubstituted cyclohexane carbon will resonate at lower
field than an axial proton in the same situation. (The terms equatorial
and axial are defined by fige. 1.1 below.) Several methods for determin:

a. . .
'a' = axial,

'e! = equatorial.

p—

£
o Fige 11

ting quantitatively thermodynamic parameters fron chemlcal shifts have
) /70,12

been establlshed

leasurement of the area of signals due to contributing conformat:
sions is amethod which is applicable to any system in which signals due
t0 individual coaformers can be observed. If we can integrate separate
signals from the same nuclei in individual conformers, then we have a
direct measure of the relative proportions of the coﬁformers present.
Consequently, we can establish the position of equilibrium and the free
energy difference between conformerse. The application of this method
will often require the use of low temperature studies,as barriers to
ring inversion are generally too low to permit observation of separate
signals at room temperature. e can extend our studies in such a situa:
ttion by examining the change of conformer equilibria with change in

temperature and hence derive enthalpy and entropy data for the equilis

tbration(s). The use of varying solvents has also been employed to ing



sfluence equilibria.
Ak .

Bushweller and coworkers have published a recent example of
this approach in establishing the 'A!? valuelof the deuterioamino>group
at —9300 by applying thig peak area method{%15 They used a hexadeuterio
system to eliminate ring methylene coupling to the 1-proton of interest,
The areas of this proton signal in each conformation were measured either
by Weighingvigt outs of the peaks or by area measurement with a hand
planimeter( Values of 1.2 = 1.4 kcal,/mole (depending on solvent)
were obtained,and are in remarkably good agreement with the resulis ob:
ttained by other more indirect methods (see references in this paper).

Though not strictly related to simple integration of signals, a
further powerful extension of the n.m.r. approach depending primarily
on a shift differenoe’between exchanging nuclei in different conforumers,
is the application of rate studies to the barrier to conformational ex:
tchange. A relevant example of thi? is the study of cyclohe:cane-—d11 pub?
slished by Anet and Bourn in 1967{ ! By the application of a full line!
¢shape analysis (disoussed theoretically earlier in this thesis) and by
double resonance techniques (with which we will not be concerned here)
they measured inversion rates for cyclohexane—d11 fron -1170 to ~24°
covering a raﬁge in rate of over 500,000 and concluded their study with
a thorough discussion of the pertinent results., They established a set
of thermodynamic parameters for cyclohexane in which a good deal of
reliance can be placed.

Anet and coworkers have published recently an interesting exteﬁg:
tion of the use of differing chemical shifts in cyclohexane studies(
Determination of the 'A' value of the methyl group proves to be an im}
tpossible task by 1H NeMeTes Speciroscopy due to the lack of chemical
shift between conformers, even at the highest field strengths., Examini
tation of the 130 spectrum of methylcyclohexane at 63.1 IHz. and at
-110°¢ indicates weak bands which could be unambiguously assigned to

the conformer with methyl axial. The value of the equilibrium constant

observed was about 100, corresponding %o an A value of 1.6 kcal./molee



If we can establish the chemical shifis of a given nucleuz appropri:
sate to the pure conformers in a system, then it is possible to calcul:
tate the conformer ratios of mixed systems from an observation of the
average chemical shift of the nucleus in question. There are two general
approaches to the problem of establishing the pure conformer shifts. We
can derive this information from | |

(a). the low temperature spectrum vhere separate spectra of the com
sformers are observable. This method relies on there being no change in
' the chemical shift in the conformers over a range of temperature or at
least on our being able to observe a trend in such changes sufficient
for us to reliably extrapolate them into the region of averaging spectra.
Such methods are ultimately open to error from any extrapolation which
does not in fact hold up over the required temperature range. Such proB:
slems are familiar ones in variable temperature n.m.r. studies.

(b). the spéctra of conformationally biased forms. The most common
éxample of conformational biasing is the use of 4~t=butyl substituents
in cyclohexane studies., In principle, the t~butyl group will always be
disposed equitorially because of its size. The applicatioﬁ of this meth!
tod is ébviously fraught with difficulties. e assume not only that the
t=butyl group has no effect on the n.me.r. parameters of the system, and
subtle effects are often observed in cyclohexane studies, but also the
conformer with the substituent of interest axial will be conformations
tally pure. This is by no means assured if R (the substituent) inter:
tacts at all significantly in the axial position. Results achieved by
such methods must be treated with caution. One particular example of the
extreme effects t—butyl substituents can have is provided by the results
of Barili and coworkers/19Who observed that substitution of a dibromo:
scyclohexane with t-butyl caused a twist—boat conformer to become relat:
tively stable when compared with the chair forms. This twist-—boat conts
tributed to a significant exﬁént to the conformational situation.

A further application of chemical shift techniques arises in the

substitution of the ring with another magnetic nucleus such as fluorine.
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This technique has been very successful in many circunstances

porsics
sularly in medium ring compounds but it is also fair comment that con:
sformational results obtained in this manner are not directly applicable

to the parent ring. Fluorine as a substituent can have a significant

conformational effect of its own.

coupling constantse.

A considerable amount of information on proton~proton coupling con:
sstants has been acquired in the last fifteen years. We should remark at
this stage, though, that the state of affairs with regard to couplings
involving other nuclei is not yet so favourable. Consequently, we will
restrict our attention to proton-proton couplings entirely. From proton
studies, many useful empirical correlations have been developed, the

most significant of which is the Karplus relationt This relates

vicinial (1,2) proton~proton coupling to the dihedral angle between the

/%3

brotons. Many forms of Karplus relation have now been developed

-

but
we will postpone mention of these until we require them specifically
later. Dependence of the vicinal coupling constants on féctors other
than thé dihedral angle was implicit in the original treatments, yet
the magnitudes of these influences is such that they can be regarded
as perturbations of the original Karplus equation. These perturbations
concern

(a) the electronegativities of substituents.

(b) the orientation of substituents.

(c) the hybridisation of carbon atoms.

(d) the bond angles.

(e) the bond lengths.

Many systems of conformational interest show a considerable amounf
of coupling structure in their spectra arising from many sources. i{ith
such complexity, it is often desirable and even necessary to eliminate
some of these couplings by isotopic substitution techniques. So, for

example, we can replace hydrogen by deuterium and employ wide band deutb:
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seriun decoupling to eliminate some spectral complexity. Homonuclear
(narrow band) decoupling (c.f. heteronuclear above) can also be employ:
ted in speciral analysis.

As with chemical.shifts, we can employ a similar approach to the
values of coupling constants observed in a system. If the spectrum we
observe is an average of two or more conformer spectra, then by estab:
$1ishing suitable model compounds, it may be possible,from the coupling
constants observed in the average spectrum,to establish possible conform:
:er‘ratios in the mixture. Again the selection of model systems is
fraught with difficulty and is possibly even more prone to error.than
the use of models in chemical shift situdies. We may also, as previously,
examine spectra at low temperature when the individual coupling constants
for each conformer can be directly measured. Extrapolation of coupling
constants into unobservable regions is a fairly reliable procedure zs
coupling constants generally vary little with temperaturs.

Most applications of coupling constants do rely on an implementation
of the Karplus equation in one form or another. As the Karplus relation:
¢ships relate the value of the vicinal coupling constant expected in
a system to the value of the dihedral angle ((})in £ig. 2.1) between the
coupling nuclei, then all other things being equal, which they often
are, then the particular value of the coupling constant observed in a
system will give a very good indication of the dihedral angle beiween
the two nuclei in question. Dihedral angles are a sensitive indication
of molecular geometry, particularly in cyclic systems, and consequently
we can use'coupling constants as sensitive probes of (ring) geometry.

If we are able to observe coupling constants for various pairs of nuc?
tlei around a ring, then the predicted dihedral angles around this ring
will define/quite wambiguously in many cases, the conformation of the
ring to within quite close limits.

A particular refinement of such logic is céntained in the use of

'R! values./24 These values are dimensionless guantities (the ratios
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of pairs of coupling constants) and are independent of factors such as
substituent electronegativities, depending only (to a first approximat;
zion) on ripg conformations. Certain changes in 'R?! value from the ring
norm are encountered as distortions of the ring are encountered, Imiti:
sple 'R' value determinations around the ring in question can be used
to define ring geometry with a high degree of certainty. Other attempts
to establish dimensionless constants which shed light on +the conformﬁ
tsation of a ring have been made including the most recent 'Dihedral

2
Angle Estimation by the Ratio Hethod! of Slessor and Tracey( ?

The application of complete lineshape studies, with information det
srived from individual conformer spectra at low temperatures,is describ:
ted later in this thesi% as 1s an application of geometry definition
from coupling constant informatione. These two methods illustrate the
power of n.m.rs spectroscopy in establishing both static and dymamic

parameters for conformational systems.

- -
} S ..
¢ ~
~
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’ . B ) . Fis. 2.1.
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A Theoretical Apprcach to Conformaotional Analysis.

"The ,idea that one might calculate in detail the energy of a given
molecular conformation has long intrigued chemists, as it offers prom:?
tise of the prediction of the most stable conformations or the intimates
transition state éeometry and energy in organic reactions. A number of

*
such calculations has been made/ 1with varying success, and it is well
seseeeto offer a brief summary of the problems involved in such calcul’
:ations(*2 The first and most formidable difficulty is that of select:
ting the particular functions which relate energy to geometrical paras
tmeters of the molecular conformations being eiamined; such functions
esesseare generally derived‘indirectly from various empirical sources
as spectroscopic or thermodynamic data. Secondly, one must choose a
particular conformation on which to apply these functions. In order %o
ascertain the most stable conformaéion of a given molecule, it is theor:
setically necessary to calculate the sum of energles related to the var:
tious geometrical parameters of a given conformation, and to minimise
this sum with respect to independent variation of each of these paramet :
ters (i.e. by progressive distortion of the given conformation). This
statement of approach to the problem serves to underscore the vast
complexity of the calculations in any molecule of organic chemical in:
tterest, since the number of independent geometrical variables can be
" overwhelming while the calculation of the total energy of any single
set of geometric parametérs is itself extremely ponderous. In order to
reduce the problem to workable dimensions, it is generally necessary
to simplify it by certain assumptions of conformation or of parameter
constancy, and frequently by simplifying or simply ignoring certain of
the relevant energy functions themselves. These simplifications, how
tever, too often so drastically alter the complexion of the problem as

ol

The basis of the work of Hendrickson, a founder figure in this

to render the answers either suspect or unreasonabl

field, was to break through the barrier of undue simplification by em!
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tploying computers for the calculations, so allowing far greatcr mathe:
smatical effort,in a reasonable time’with untiring accuracy and a con?
tsequent capability of a more intimate probing into these problems than
is possible by hand calculation. The application of such computer meth:
sods is now commonplace and,although the early intuitive understanding
of the relative stabilities of conformers has not been overturned, the
degree of subtlety and precision now possible in this work is remark?
table.

Hendrickson, for the purposes of calculation, recognises four cate:
tgories of interaction energy, namely bond anéle strain (Baeyer strain),
bond length strain, torsional or eclipsing strain (Pitzer strain), and
the strain of non-bonded interactions. The problems of selecting func:
stions to representvthese strains have occupied considerable discussion
in this field and several authors ﬂave selected differing sets. The un:
savoidable empirical parameters involved in all these functions require
to be optimised with experimental data from one source or another. The
nature and suitability of the source employed is open to discussion.

The vast majority of the applications of this technique have been
in the field of medium ring conformational studies. This stems from the
requirement for a challenge of managable proportions for these methods,
to allow testing and optimisation of the techniques. In his first publ:
tication on this subject, Hendrickson{3after considering in detail the
ngture of the functions he was to employ in his calculations, consider:
ted the conformational situation in cyclopentane, cyclohexane and cyclo
theptane. His observations on the energy content of various conformat:
tions of the two normal rings were in good agreement with those energies
aduced experimentally. His detailed discussion of the conformations poss:
tible in cycloheptanes, and the interconversion routes likely to be folls

)

towed between conformations, has laid the basis for many spectroscopic

J
studies of cycloheptane systems.

The conformational situation presented by rings above cyclohexane



in size is greatly complicated by the general flexibility of all, in
scluding the most stable, conformations. There is a cansequent lack of
definition, not experienced in cyclohexane, in the nature of the posits
tion of substituents on vhese rings. It is possible, though, to define
substituents as axial or eguatorial in a loose sensewin as much as the
latter are more in the plane of the carbon ékeleton whilst the former
are more perpendicular to it. However, in each conformation, each skel:
teton position differs from its neighbour in the quality of interactions
experienced by the substituent group, be it only hydrogen. These charact:
teristics will differ from conformation to conformation. It is then poss
tible, bearing these observations in mind, to consider in detail conform!
ser stabilities and the energetics of interconversion pathways between
conformations. In this manner, many of the n.m.r. observations on such
rings at low temperatures have been rétionalised.

Once the stabilities of unsubstituted ring conformations have been
established and the energetics of routes for conversion between them
estimated, the next obvious task is to consider the stabilities of var;
tious conformations for substituted rings. In the second paper in his
series on "Molecular Geometry"/ Hendrickson considers the energetlcs of
the situations pertaining in methylcyclohexane and methylcycloheptane.
On the basis of such information, the conformational analysis of sub:
:stitufed rings can be discussed and this leads to interesting conclus:
tions as to the relative stability of mulii-substituted ring confofmat:
tions.

P e -

In paper IV of this series’ saturated carbocycles with eight, nine
and ten members are discussed and a very necessary nomenclature to dess
teribe the topology of these and others rings is introduced. (We shall
not concern ourselves with this nomenclature here.) Conéidering the com;
tputed energies of the carbocycles so far discussed, Beﬁ&rickson noted
the following significant fact. Tae most important energy component for

deciding the conformational nature of a ring system is the torsional

energy. This is a major part of the total energies in all the prefered
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forms and is the least subject to alteration within a family of forms.
Non—bonded repulsions can give rise to definitively large energy con:
¢tributions but a small increase in bond angles normally serves to cans
tcel these out. Hence each, invariably symmetrical, family of forms @as
a more or less characteristic torsional strain, not subject to much var:
tiation via bond angle opening and which usually,therefore, determines
which family of forms will be the preferred one. The detailed form with?
sin that family,whiéh is the most stable,is then determined by angle
variation largely to eliminate 2on~bonded repulsions.

In paper V of this series{ Hendrickson eﬁployed experimental data
for cycloalkanes and n-butane to re-standardise the constants in the
energy functions and then recalculated his previous work. In the fole
tlowing paper (VI/7), he calculated the strain energies for methyeyclo?
talkanes of six—~ to ten-membered riﬁgs for all possible substituent poss
titions on each symmetrical conformation. Such results are a necessary
basis for the conformational analysis of substituted cycloalkanes. Sev
teral generalisations result from these calculations. Equatorial and
'iéoclinal' ring positions are virtually all strain free whilst axial
positions are all strained, with one important exception.

Paper VII/8deals with modes of interconversion in medium rings,
considering both ring inversion and pseudorotation pathways. This is
further extended to substituted systems. Pseudorotation pathways are
characteristically found to have much lower barriers to interconversion
than inversion pathways. The flexibility of many of the medium rings
reflects this low pseudorotation barrier. However, such a barrier may
rise considerably for substituted rings and pseudorotation may in many
cases be blocked completely for all practical purposes.

Of course, other authors have coniributed to this field, though,
with few exceptions, their work has not exhibited the meticulous detail
of Hendrickson's work. One such exception is to be found in a paper by

Bixon and Lifson(9 The original contribution of these authors was the
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adjustment of the functions employed for calculating the various cner?
tgies mentioned above. In this, there is evidence in ane case that they
have achieved a closer estimate of physical reality. Srinivasan and
Srikrishnan/1oin considering the results of X-ray studies of cyclooct!
tane ring systems noted that deviations of theoretical from experimental
results were least for Bixon and Lifson's work. On the other bangd, ve
canmot overlook that this is only one ring system examined in the solid
stateyjand this may not be typical of all cycloalkanes under all condit!
tions.

An extension of Hendrickson's technique to unsaturated carbocycles
has been reported by Favini and coworkers in a series of paperso11—14
These authors present their results with little discussion and, as yet,

application of these calculations has not been as extensive as in the

saturated carbocycles.
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Conformational Anslysis of lisdium Rine Systems.

As we have noted, not only were the early studies. of molecular
conformation initiated by an interest in ring systems, but a great deal
ofAthe recent progress in conformational analysis has derived from n.m.
r. studies of conformations in rings. The importance of rings in confor:
smational analysis is a reflection of the obvious geometrical fact that
a cyclic syétem is considerably more conformationally restricted than
fhe corresponding open chain systemes This does not merely restrict the
number of possible isomers in a system but further, generally gives
rise to considerably higher barriers to conformer interconversion and
allows their 'separation' by a wider range of spectroscopic techniques.

Commonly, analyses have been restricted to rings with six members
or less, a further reflection of a need for a restriction of éonform:
tational possibilities to make tractable the problems involved.‘We can
note that the majority of conformationally defined rigid systems poss:
tess rings of five or six members and are to be found among the vast
numbers of natural products for which many solid state X-ray stiruct:
tures haﬁe been determined.

During the last decade, considerable advances have been made in
advancing conformational studies into the field of medium rings. The
extension of n.m.r. analyses to rings with seven and mére members is
now so far advanced that, not only must analyses of six membered rings
be considered routine, but the analysis of medium rings can bg consids
tered an accurate technique capable of yielding completely definitive
results. Studies on these systems are now frequently published in which
accurate thermodynamic parametérs are quoted for conformational process:
tes.

In progressing to rings with seven or more members, the conform:
tational possibilities multiply rapidly and these rings still present a
significant challenge to our techniques. Success in meeting this chall:

tenge results mainly from the application of n.m.r. spectroscopy on the.
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one hand and techniques of theoretical 'stability' calculations on the
other. Theoretical calculation of ring conformation stabilities satig?
tfactorily defines the limits of many conformational processes and
allows us to eliminate from consideration many otherwise plausible con;
tformations which would possess too high an energy. Whilst intuitive
recognition of some of these unlikely conformers has always been poss:
tible, the quantification of these ideas lends precision to such con:
scepts. Within such restrictions, n.m.r. spectroscopy often unambiguous:
tly defines the charaotér of the most stable conformations observed,
whilst substance is often added to these conclusions by the observation
of similar conformations in the solid state by X-ray spectroscopy. Of
course, the existence of an alternative conformation defined by X-ray
work does not deny the existence of other conformations in solution.
The combined application of theoretical methods and practical ne.m.re.
spectroscopy is nicely illustrated by manonf the papers of Roverts

/!
and coworkersh

A Review of N.M.R. Studies of Medium Ring Compounds.

Two useful summaries of the fairly sparse early work in this field
are available in the monographs of Hanaok/Qand Eliecl et al[3 In the foll
towing review, we will consider the studies of eight membered carbocycl:
tics in some detail and briefly survey the work on seven, nine and ten
membered rings. Heterocyclics are very briefly considered where results

in such systems are pertinent to carbocyclic studies.

eight membered rings.

cyclooctanes.
.“Cyclooctane is unquestionably the conformationally most complex
cycloalkane owing to the existence of so many forms of comparable energy
and this fact has caused great difficulty in the interpretation of phyS{

4
tical data."/ The most stable conformer is calculated to be the 'boat-
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1. boat—chair. 2. chair-—chair. 3. boat~boat.

\ i! (; \ CS <::><<;7 Ge twistetub.
e e

Figb 1.1 - 1.60

4o twist—chair-chair. 5. twist=boat-ckair.,
chair' (fig. 1.1), but within 2 kcal./mole of this form exist five

more symmetrical forms: 'chair—chair' (extended crown), 'boat-boat!
(saddle), ‘'twist-chair-chair', !'twist-boat—chair' and the 'twist-tub!
(fig. 1.2=6 respectively). These six conformations of nearly equal
energy*represent discrete energy minima on complex interconversion prof:
3iles/ 5and it would therefore be no suprise to find substitution of
the parent ring giving rise to almost any of the above conformations as
the most stable.

The earliest results bearing on cyclooctane conformations in sol:
tution generally involved the application of i.r. and dipole moment

6,7
studies on substituted rings. Allinger in 1959/

from studies on cyclo:
mcta‘.nones concluded that these rings existed as a mixtur‘e of extended
crown and boat-chair forms, but he later changed his mind in the light
of further evidence and favoured the existence of only one conformer,
the stretched crown form{8in cyclooctanone. Generalisation of these res:
tults to cyclooctanes in general, though not warrented, was necessary
by such an approach as cyclooctane itself was not sufficiently suscept:
tible to examination by the techniques applied in these studies. This
evidence was, however, accorded considerable weight at the time, even
.though some authors/ preferred other forms,.

The first conclusive n.m.¥. study of cyclooctane was published by
Anet and Hartman/1oin 1963, though earlier papers by Harris and Sheppard
/11and by Meiboom/12had postulated rather oontradictory‘results from ob:
tservation of non~deuterated cyclooctane. Anet, using perdeuteriocyclo:

toctane measured a free energy of activation for the ring inversion

Process of 8.1 kcal./mole at =111.5°¢, At the same time they argued that
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the existence of only two lines in the low temperature specirum of the
mono-protio-cyclooctane indicated that only one conformation, or one
group of easily interconverted conformations, exists and that, further,
the evidence is in accord with the existence of the 'skewed crown' con:
sformation in cyclooctane and its derivitives. An examination of cyclo:
soctane substituted cis with hydrogens in the 1,2 and 5,6 positions
showed a vicinal coupling in the low temperature spectrum of only 2.85
Hz. The absence of a large cis vicinal coupling supports a crown or
stretched crown conformation.

In 1966, Anet and St. Jacques/13published further n.m.r. observat:
tions on cyclooctane and several substituted cyclooctane systems. Using
specifically deuterated cyclooctanes they established the following
results. Firstly, the suggestion of Dale/9£hat cyclooctane exisgsts in a
'saddle' conformation is not consistent with the facts and neither is
the existence of 'tub! conformations of any kind (fig. 2.1-2.). Results
are consistent with the crown or with the stretched or 'twisted! croﬁn
(fig. 2.3) provided the latter two undergo rapid averaging. The boat-
chair form also conforms with observations provided some process is
available to average the ten different protons of this form into two

*

equal sets. One such process is pseudorotation{ 14a low energy process,
which is likely to be still fast even at these low temperatures. A fur:
tther process is wagging of a methylene group to give reversible format:
“tion of a crown. By such processes, a mixture of crown forms, boat-
chair forms and twist boat-~chair forms (fig. 2.4) can all be included
in the conformational mixture.

\¥) (o
1. saddle. 2. tub.

Figo 201 - 2040

N

3. streiched crown. 4o twist-boat-chair.
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In the sequential paper/15Anet and St. Jacques publishad tho
results of their studies on three monosubstituted cyclooctane systems.
The spectra of methyl- and t-butyl-cyclooctane are temperature depend:
tent and exhibit the same kind of behaviour as does the acetonide of
cyclooctane—trans—1,2-diol (fig. 3.1). Referring to these cyclooctanes
as I, IT and ITI respectively, we can note that I and II cannot exist
at room temperature in one conformation as do. the corresponding cyclo:
thexane compounds. Temperature-dependent spectral changes for the meth:
sylene protons occur between =100 and -1200 for these two compounds.

At the same time, the concurrent existence of two t-butyl bands in the
ratio 2¢1 for II was not taken as indicative of restricted rotation of
the t=butyl group but as evidence of the same process giviﬁg riée to
the temperature dependent effects on the methylene protons.

A later study of the low temperature spectra of t-butylcycloalkanes
published by these authors in 1968/161nd10ated that restricted rotation
of the t=butyl group is observed in these systems at varying temperat:
:ures and in particular that the spectral effects observed abo#a for II
are ascribable in part to hindered rotation of the t-butyl group and
not solely to ring inversion processes. However, the c§ncurrent changes
in the ring methylene protons indicate that the ring inversion process
proceeds at . the same rate as t=butyl restricted rotation. In consequen:
tce, the conclusions of the earlier paper are still valid.

Anet and St. Jacques developed the following argument in favour
of boat-chair conformations for cyclooctane systems. Firstly, since the
spectral changes in I and II occur in the same temperature region as
those in non-substituted systems, then this strongly suggests that ess:
tentially the same kind of process is being observed. Particularly with
regard to II, it will be necessary for any stable conformation to have
unhindered 'equitorial! sites available for placing the large substit:
tuent. Whilst crown species'do have such 'equitorial' sites, intercon:
tversion between several crown forms, which from calculations/1 appears

1o be extremely facile even at —2000, averages all these ‘'equitorial!



sites. Consequently only 'axial! sites then remain to provide for the
second low temperatures resonance. This seems highly unlikely in I and
II and is impossible in III (fig. 3+.1)y which shows similar low temper:

tature effects though at =70 to -80°c¢.

w O
o CH_B Fig- 3.10

Directing attention to boat-chair conformations, the authors
develop arguments to show that these conformations possess two distinct
gsets of bonds,only interconverted by ring inversion. The members of each
set are interconverted by pseudorotation or 'methylene wagging' process:
tes, both facile processes. The two sets (fig. 4.1) are: set A (1e,2e,
3e,4ay5a,6a,Te,8e), set B (1a,2a,3a,4e,5¢,6¢,7a,8a). A large group can
be accomodated in five equatorial positions in set A and in three pos:
titions in set B. Also, it is possible to have two equatorial substit:

tuents on adjacent carbons in each set as required by III. Interconvexr:

*¥ = equitorial.

FPig. 4.1.
tsion between A and B requires ring inversion as in cyclooctane itself.
At high temperatures this leads to a relatively narrow line for the meth:
tylene protons rather than a single sharp line. On balance, therefore,
it seems more likely that cyclooctane and its simple substituted deriv:
titives possess mainly a boat=-chair conformation at low temperatures.
Contributions, to a lesser extent, from crown contributions cannot be
completely ruled out.

It is interesting to note here,by way of an aside, how the applicat:
tion of n.m.r. kinetic techniques has advanced considerably over the few
years represented by the publication of the above mentioned papers. For

instance, the observation of restricted rotation in i-butyl groups would

once have been considered as 2lmost impossible. In a very recent public:
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tation/18the rate of t-butyl rotation in 2-t-butyl 1,3-diheteroatomic
rings is considered in the light of the roles of bond .angle and bond
length, within the rings, in determining the size of the rotatioral bar:
triers.

A different approach to the problem of conformational processes in
rings is exemplified by the work of Roberts and coworkers, in particular
their studies of the conformations and conformational equilibria in
cyclooctane systems[19 Conformational processes in systems can be exam:
:ined by the application of several 'nuclear probes'. Often, the probe
used is the hydrogen nucleus which is abundant in organic chemical sys:
ttems., This nucleus can be attached directly to the carbon skeleton
under consideration, or it can be placed in a substituent group on this
skeleton. The results derivable from these two environments can différ
somewhat, depending on the nature of the substituent. It is also poss:
t1ible to substitute other magnetic nuclei, either directly onto the skel:
teton or into substituents and employ them as probes of molecular con:
tformation. Roberts, in particular, employs fluorine in this approach.
The simplification achieved in the spectra observed can be considerable
and is offen as convenient as massive deuteration of the parent compound
in question. A further advantage deriving from the use of fluorine is
the considerably increased chemical shifts encountered compared with
hydrogen 'probes'. This simplifies the spectral details to first order
and allows us to resolve magnetic environments which in terms of hydrog:
ten would be too similar to result in clearly resolved chemical shifts.
Should we wish to examine in detail the conformational processes in a
ring system, then by substitution at varicus positions on the ring, we
can follow specifically the processes which each pariicular nucleus on
the ring undergoes. The picture built up from a study of several differ:
tently substituted rings should provide definitive comment on the confor:

" imational processes observed.

Unfortunately, this approach is subject to limitations. The great: .



sest difficulty encountered in this field ig the effect of the Tluorine
substituent on the conformation of the molecule in question. In many
cases, particularly cyclooctanes, the ring conformations accessible by
the molecule do not differ greatly in energy. It is quite possible for
the effects of the dipole moment of the C-~F bond to so alter relative
stabilities in the ring system that rather different éonformations are
found to be the most stable, depending on the position of substitution
on the ring. The investigation of subtleties of this nature is, though,
part of the challenge of this approach. In terms of the parent ring
system, however, the use of selective deuteration to achieve the same
end is free from such effects but it does normally involve more lengthy
chemistry to arrive at a specifically ‘hydrogenated' ring.

Until recently, the majority of nuclei’other than hydrogen and
fluorine, were too insensitive to provide, readily,spectra for conform
tational purposes. The advent of commercial fourier transform n.me.r.
spectrometers is beginning to make its impact in the field of n.m.r.
conformational studies. The use of 136 studies of ring sysfems has pro:
tvided a powerful new probe into the conformations accessed by the
carbon ring. The information derived from such a ring study differs
from that available, for example, from a study of geminal proton signals,
and it is by combination of studies from several nuclei that the most
definitive results on ring conformational processes are available.

In their studies of 1,1-difluoro and 1,1,4,4~tetrafluorocyclooct:
tane, Roberts and coworkers/19found that boat—chair cénformaﬁions were
preferred at low temperature. At higher temperaturés,”pseudérotation
within the boat—chair series of compounds became rapid and, at higher
temperatures still, equilibrations leading to ring inversion become
rapid on the nem.r. time scale. In other words, the processes deduced
by Anet above are again encountered in this ring system. A concurrent

sfudy of 1,1,2,2~tetrafluorocyclooctane indicates, however, that fluor:

tine can influence the preferred conformation of this ring system, dep: -
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sending on the substitution pattern. At low temperature, the twist~boat
conformation appears to be preferred, whilst at higher temperatures,
pseudorotation among 'boat-boat' (saddle) oonformations becomes rapid;
At still higher temperatures, ring inversion becomes rapid. Perfluoro:
:cyclooctane seems to prefer either twist-boat or boat-boat conformat:
tions at low temperature.

This paper is an extremely good example of n.m.r. spectroscopy
being applied to the definitive analysis of ring confofmations. Roberts
has taken great care to develop his arguments on sound lines and his
discussion of cyclooctane conformations is particularly illuminating.
From reading this paper, the scope and power of n.m.r. methods are ciear:
$1ly demonstrated.

‘ /20 _ .

A very recent paper by St.-Jacques and Prud‘'homme describes in:
tvestigations of the low temperature conformations of cis~ and trans-—
1,5=diacetoxycyclooctane. Both molecules exist in boat-chair forms at
low temperatures with the acetoxy groups quite possibly occupying pos:
titions on the ring consistent with those positions calculated/21to be
the most favourable for substituent groups. The spectral changes on
raising the temperature require passage through a pseudorotation cycle
for the cis isomer and passage through an inversion barrier for the
trans compound.

Two useful surveys of the cyclooctane field have been published.
In the first Anet/ezreviews the problems and some of the results in
the conformational analysis of eight membered carbocycles. Much of this
work has been considered elsevhere in this review and will not be ment:
tioned here.

Several X-ray studies of cyclooctane systems have been repcried
and Dunitz reviewed this field in 1968[23 Srinivasan and Srikrishnan
have recently provided our second useful survey (of X-ray work to date).

/o4

Iﬁ this they noted that two distinct types of solid state conformation

are met in cyclooctane derivitives, namely the boat~chair, which is the -



most commonly met, and the crown which represents a third of the solid
state conformations so far studied. An interesting comparison between
solid state and theorstically predicied geometries of these most stable
conformers is included in the summary of Srinivasan and Srikrishnan in
which it is found that the theoretical predictions of Bixon and Lifson
are the closest to these solid state resul’l:sz25 Whether or not this
holds true for the solution state is another matter,but it is a satie:
sfactory reflection on theoretical methods that the amount of agreement
observed between the two structures -~ predicted and observed -~ is as
high as it is.

More recent studies on eight membered rings have also considered
oxygen heterocycles. In this field both Dale and coworkers/26and Anet
and coworkers/27have published very similaﬁ results. "The primary reas:
ton why cyclooctane.ses..prefer(s) the boat—chair to the diamond-latt:
tice type boat-=boat conformation is clearly the transannular repulsion
that would exist between two pairs of 1,5-hydrogen atoms in the latter.”
/26 On the possibility that this repulsion might be reduced or elimin:
tated by substituting oxygen for these CHé units, several oxygen hetero:

Yol

tcycles have been studied. Anet's studies at 251 MHz. are the easier
results to digest. Results from 1-ozxocane and 1,3-dioxocane are nicely
rationalised on the basis of boat-chair conformations. In the latter

case, two possible boat-chairs exist which cannot be completely inter:
tconverted by pseudorotation. The remaining compounds, 1,3,6—trioxocane
and 1,3,5,7=tetraoxocane, show rather similar behavioﬁr, though the de:
ttailed nature of the spectra acquired suggest there may be differences
in their low tempsrature behaviour. It is possible that here,twisted

boat-chairs, twisted chair—chairs and symmeirical crown forms should be

invoked to explain the spectral behaviour.

unsaturated cyclooctane derivitives.

Interest in eight-membered carbocycles has not merely been confined



to saturated systems and uasaturated systems from cyclooctanones on the
one hand to cyclooctatetraenes on the other have been studied by neme.r.
spectroscopye.

The theoretical work of Hendrickson has been extended by Favini
and cowork;rs to calculations on unsaturated ring systems. Both ci5128
and trans[ 9cyclooctene have been studied, though the detailed mode of
presentation of results employed by Hendrickson is not followed. The
calculated minimum energy form for cis—cyclooctene is a flattened struc:
tture somewhere between a true boat and a true chair. A further public:
sétion from these authors presents results for the three possible cis—
cycloootadienes(3o For both cis~1,3 and 1,4-cyclooctadiene a boat—chair
conformer is calculated to be the most stable. For cis-1,5~cyclooctadiene
a twist-boat conformation is calculated to be the most stable.

In 1966, Anet and coworkers/31published their observations on a
number of unsaturated cyclooctane systems. Observation of the low temp:
terature spectrum of S—t-butylcyclooctanone showed behaviour strongly
reminiscent of t-~butylcyclooctane and in consequence, they postulated
a conformational picture similar to that observed in t-butylcyclocctans.
This logiclleads to the postulate that H~t=butylcyclooctanone exists as
a mixture of two sets of conformers at low temperatures. Interconversion
between members of the same set is rapid but conversion between sets is
slow at these temperatures. These*§§sults are in agreement with the
/

. for cyclooctanones but contrary to

/33

earliest suggestioans of Allinger
his conclusions expressed in 1961 and-1962{8 These later results are
considered by Anet to be unreliable since they depend on the comparison
of i.r. spectra in the so0lid and ligquid phases. Conformational purity

cannot be established beyond doubt,merely because the i.r. spectra of

)
the solid and the liquid are identical. The possibility of solid solut:
tions often invalidates the logic of this approach.

Cyclooctanone, cyclooctens, and 1,3-cyclooctadiens also show temper;

tature dependent effects. From simple considerations, cyclooctanone
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should exist in a boat—chair form with the carbonyl group at the posit:

sion labelled é'(fig. 5¢1)e The nem.r. spectra of variously proton-sub:

"

Fige Hele
sstituted éyoloocatanones—d13 are consistent with this view. The barr:
siers to pseudorotation and ring inversion are fairly close in this com:
spound unlike 5-=t=butylcyclooctanone where only pseudorotation can be
and -d

13 12
indicate that a form of boat—chair, perhaps twisted, is the preferred

22
observed at low temperature( Studies on cic-cyclooctene=d

low temperature conf‘ormer[g2 The temperature spectra of deuterated
1y3=-cyclooctadiene have yet to be reported and the fully protio spectra
are too complex to allow detailed conclusions, merely that conformation:
tal processes similar to those occuring in the cyclooctanones were
being observed.

Interestingly, the ne.me.r. spectrum of cis-—cis~1,5-cyclooctadiens
is temperature independent. It seems unlikely that the inversion barrier
for this ring should be so much lower than for the other unsaturated
rings met here, and it is more likely that we are observing accidental
equivalence of the methylene protons in this compound.

The fluorine labelling technique has been applied to the study of

/34

{=fluorocyclooctene at low temperaturest Weigert and Sirobach discern:

ted evidence for both ring inversion and pseudorotation being slow. Anet

/35

and Degen’ have recently published results of their studies of 55oncan:
tone., Though not directly pertinent to any of the carbocyclic studies
detailed here, this paper illustrates the application of high field n.m.
r. studies using two nuclei (1H and 13C) and is extremely interesting
in this respect. The information to be derived from the different nuclei

is different and so these studies complement each other nicely in estab:

tlishing the nature of the low temperature conformation of this mole:
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sculee. Yhilst 'H spectra are sensitive to ring inversion phenomens in

13

this compound, C specira only exhibit temperature dependent effects
with radical changes of ring geometry.
/36
Cone and coworkers have studied the ring inversion in the 2,4-

cyclooctadienone systems shown in fig. 6.1~2 and have established the

( > AG"! = 16.8 kecal, GH AG# = 19.5 kecal.
N mole CH
" /mole OV /mole
CH3 COOCHJ
7 COO0CH3
coocH,

Fiﬂo 6.1 hand 6-20

ring inversion barriers shown. They argue for a comparably large inver:
¢sion barrier in the parent cyclooctadienone though the hypothesis is

by no means firmly established. A similar barrier is observed in the
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dibenzocycloootadlenones/j in which through conjugation is not present.
However, increased rigidity will be imparted to the ringtbj the aromat;
t¢ic rings and consequently no rigorous conclusions can be drawn from
comparison of these results (fig. 7.1,2).

Further increases in the degree of unsaturation of cyclooctane
ring systems have been studied by several authors. The inversion barr:
tiers observed are considerably less than those immediately above for
cycloqctadienone systems. The barriers observed for several compounds

are given in fig. 8.1=3. It is significant to note that the inversion

/0 /Q“
O
A - 11.9

6.2
kcal.Zmole

barrier measured for 1,3,5-cyclooctatriene is considerably lower than

?igo 801 bt 8.30

the other two related compounds shown. The lowering of the inversion
barrier on going from dienes to trienes can be explained quite satis:

ifactorily by the increased conjugation in any transition state with
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coplanar double bonds. Such a transition state seems likely for the in:
sterconversion ol stable boat conformers found in these systems. The
marked decrease for the parent triene inversion barrier cannot be readily
rationalised as yet. |

Further unsaturation in the cyclooctane system leads us to cyclo:
soctatetraene, a fascinating molecule in its own right. This molecule
/4
exhibits the phenomenon of valence bond isomerism defined by Vogel
as "a reorganisation of , or of and , electrons accompanied by
changes in interatomic distances and bond angles but without migration

Wais

of atoms or groups. It is "an intramolecular arrangement which
obeys first order kinetics, is practically uncatalysable, is independ:
sent of solvent, and can be influenced only by temperature. It belongs

/43

to the class of 'no mechanism' reactions.” These fast reversible
bond shifts can barely be detected by chemical means, but can be recog:
tnised by nemer. spectroscopy due to kinetic influences on the spectrum.

If we consider cyclooctatetraene, then we can see that the molecule can

undergo three different isomerisations as shown in fig. 9. Firstly,

Fig. 9.
there is the ring inversion}(1a to 1a)7due to rotation about C~C single
bonds. This is of the same category as the conformational changes consid:
iered in the rest of this section. There is no reorganisation of bonding
eiectrons, so no valence bond isomerism. Secondly, (12 to 1b) is a rev:

tersible bond migration involving all four double bonds. The molecular



structure remains unchanged, but, if we number the carbons, or identify
a carbon by a unique substituent, then these two structures differ.
Thirdly, as far as this reaction type is concerned, there is no real
difference between (1a to 1b) and the dynamic equilibrium of cycloocta;
stetraene with bicyclo(4,2,0)octa~2,4,7-tricne (1a,1b and 2). This again
is a reversible valence isomerisatiocn.

The fluctuation of bonds in cyclooctatetraene has been recognised

/44:45

46
using n.m.r. by Anet and coworkersy and Roberts and coworkers/
using fluorocyclooctatetraene. The postulated planar transition state
for bond isomerisation is’furthermore)a likely transition state for

/45

ring inversion. This point has been taken up by Anet/ using heavily
deuterated and substituted cyclooctatetraenes. He went on to distinguish
two planar transtion states. In the transifion state for bond shift, the
bond lengths in the planar ring are all equal, whilst in the transition
state for ring inversion, the bond lengths alternate. Such an alternat:
$ing system would, by the Jahn-Teller theorem applied to .orbitally degens

serate planar states, be more stable than the system with equal bond

lengths,

seven membered rings.

Hendrickson, in 1961, initiated his studies of molecular geometry
by theoretical methods by studies which included a consideration of the

/47

conformational minimum energy for cycloheptane’ In the succeeding
papers in this series, he refined his cycloheptane calculations and
considered substituted cycloheptanes and the interconversion paths be:

/48’213 5

ttween various conformers’ The most stable conformation of un:’
ssubstitutedcycloheptane is calculated to be a twist-chair form (fig.
10.1), but the problem of calculating the stabilities of substituted
cycloheptanes is far from simple. The increase of the complexity of the

problem on going from cyclohexane to cycloheptane is significant, as

there are no longer merely two distinct sites for the substituent in
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the most stable conformation of the unsubstituted ring,as in cyclohex:
:ane,but up to fifteen if the entire chair series of conformations is
considered. The minimum energy form for methylcycloheptane is a twist-—
chair form with the methyl equatorial (as we would exspect)(48 Several
interesting points arise about this substituted chair form of which the
following two should be noted. The axis carbon of the twist-chair has
two equivalent substituent positions, unlike any of the other carbons
of cycloheptane. The calculated energy of these positions is virtually
the same as that of the equitorial positions, so no energy penalty is
paid by groups occupying these positions rather than equitorial posit:
¢ions in the twist—chair. This has the important consequence that any
1,1=disubstituted cycloheptane will probably take up the single conform:

sation of a twist—chair with the substituents on the 'axis' carbon.

Fig., 10.1.

Secondly, the interactions experienced by axial groups increase consid:

terably on passing from 05 rings,on the one hand,to (08 - 012) rings on

the other and results from the very severe transannular interactions
which build up,particularly with the medium rings.

The minimum energy conformation of cycloheptene has been calculated
28

t0 be a chair form,with CS symme tr \ whilst 1,3-cycloheptadiene is cal:

'

sculated to be most stable in a form with C, symmetry in which the plan:

2

sar ethene moities do not occupy the same pléne. No conformational free:
tdom is possible with 1,4~cycloheptadiene and only a Cs symmetrical
form is possible.

As we have seen above, the study of conformational equilibria and
equilibration by n.m.r.,in cyclic compounds is considerably facilitated

by the use of 19F spectra from gem—-difluoro derivitives. Roberts has

/49

developed this theme’ at some length. In his studies of 1,1-difluoro:

/49

tcycloheptane Roberts reported no chemical shift difference between



these two fluorines down to —180°C. In consequence, inversion is either
very fast, even at such low temperatures, or the low temperature favour:
ted conformation possesses fluorines which are equivalent due 1o mole:
tcular symmetry. The former possibility seems unlikely whilst we have
seen above that the twist—chair form of cycloheptene has just the re:
squired symmetry axis. A further possibility is for a facile pseudorotat:
tion to invert the configuration of the cycloheptane ring with similar
results. Again this does not seem the most likely explanation. However,
if we now consider 1,1,3,3~tetrafluorocycloheptane then, unless an in:
sversion process is facile down to —1800, we would observe at least one
pair of non-equivalent fluorines. As no non-equivalence is observed, then
we must conclude that pseudorotation (rather than inversion) is a facile
process. As Hendrickson calculated an energy difference between the
twist—chair and pure chair forms of cyoloheptaneqwhich alternate around

/4

the pseudorotation cycle,of only 2 kcal./mole, then we can conclude
that the fluorines have had little effect in blocking the pseudorotat:
sion cycle (presumably size being the dominant factor in any such block:
ting). To decide between the two possibilities of inversion and pseudos
:rotation,Roberts studied 1,1-difluoro-4,4-dimethylcycloheptane. In
this molecule, we would exspect the methyl groups by virtue of their
size to occupy the axis positions leaving the fluorines to take up non
equivalent axial and equitorial positions which will not be averaged
wunless inversion or pseudorotation occurs. With gem methyls,  pseudorot:
tation should be far less favourable than for cycloheptane itself or
the gem—difluoro compounds. In fact 1,1-difluoro-4,4~dimethylcyclohept:

tane exhibits,at -16300 two resonances for the fluorines which is consis:

)
ttent with the lack of both inversion and pseudorotation processes to
average the fluorines at this temperature. The conformational process
averaging the fluorines has an activation energy of about 6 keal./mols
aﬁ -160o and7sinoe Hendrickson's calculation of the pseudorotation barr:
tier in gem-dimethylcycloheptane yielded a barrier of 9.6 kcal./mole,



we can conclude that interchange results from ring inversion in this
system,whilst the exceedingly rapid exchange in 1,1,3,3=tetrafluorocyclo:
theptane involves pseudorotation.

o/ .

In a later publication Roberts and coworkers published a compre:
thensive report on cycloheptane and cycloheptene derivitives. The re:
tsults described above were corroborated and further studies indicated
some of the preferred low temperature conformations of these compounds.
4,4~difluoro-1,1-dimethylcycloheptane exists predominantly in a twist-—
chair conformation with the methyl groups on the axis carbon. 1,1—difiut
toro-4,5-trans~dibromocycloheptane exists bredominantly in two differ:
sent twist-chair conformations with the fluorines in the axis positions.
5, 5-difluorocycloheptene, at low temperatures, exists in a single confor:
smation best represented as a chair.

St. Jacques and Vaziri/51have studied ring inversion in cyclohep:
stene and deduced a barrier to inversion of 5 koal./mole. Interestingly3
this barrier is lower than that observed for 5,5-difluorocycloheptene
(7.4 kcal./mole) and much lower than that observed for 4,4,6,6=tetradeu:
:teriobenzocycloheptene (10.9 kcal./mole). The factors affecting the
conformational barriers in these rings are clearly complex and,whilst
the authors indulge in speculation as to the origin of these differences,
no satisfactory explanation in quantitative terms is yet forthcoming.

Studies on benzocycloheptenes are well represented in the literats
ture. St. Jacques and Vaziri<52using the Karplus relation, established
the low temperature conformation of benzocycloheptene as a chair, whilst

/53

Grunwzld and Price studied 1,1,4,4~tetranethyl-~6,7-benzocycloheptene
in some detail. They concluded that at low temperatures two conformers
are present, a boat and a chair. Quantitative studies were also perform:
ted on the position of the conformer equilibrium and the rates of inter:
tconversion of the two isomers.

A large number of results on heterocyclic benzocycloheptenes appears

*54,4 %55

in the German literature.

Considerably less work has been done on cycloheptadiene systems.
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Crews has published a communication on the nature of the geometry of

the preferred conformation in this system in which he refutes the elec:

/57

stron diffraction results of Chiang and Bauer’ who found that the 1,3=-
diene system was completely coplanar. This is in contrast to the observ:
ted structure of cyclohept-1,3,5-triene which has a skewed orientation
across the trigonal single bonds. From an analysis of the 300 MHz. pro:
ston spectrum of the 1,3-~diene Crews faveocured sz distorted tub model for
the ring system. Bridged biphenyl systems which might be consideréd in
the category of ecycloheptadienes (dibenzocycloheptadienes) have gained
. /58’ 59

some attention’

Studies on cycloheptatrienes are well advanced. Part of this int:
serest lies,of course,in the possibility inherent in these compounds
for valence tautomerism to yigld norcaradiéne. Anet has studied ring in:
tversion in cycloheptatriene/ Oénd has discerned that the molécule is
non-planar at -1500 where the activation energy for inversion is 6.3
kcal./mole. This nog—planarity is consistent with the findings of Con:
srow and ooworkers/ who found non-planarity in a series of heavily
alkylated oycloheptatrienesé Jensen and Smith have published similar
evidence for non-planarit 2and they noted the absence of any evidence

for the existence of norcaradiene (fig. 11.1) in equilibrium with cyclo:

sheptatriene conformers. Heyd and Cupas/ studying 7-t-butyl-1-methyl:

m ) @ @42 =, ©

&= H,D, H Fig, 11.1 = 11.3.

scycloheptatriene observed slow inversion of the ring at room temperat: .
ture. The conformer with an 'axial' t-butyl group is mors stable than

the conformation with the fequatorial' t-butyl group. Furthermore, re:
sstricted rotation of this t-butyl group is observed in the less stable
conformer, the group giving rise to three singlets, one from each methyl
of the group. This is the first observation of three distinct methyl

signals from the t-butyl group. The factors influencing the stabilities



of these two conformers are discussed in some detail in this paper.
The axial-equitorial equilibration of substituent groups on cyclohspias
striene has been observed by Bushweller and coworkers for the case of

7~cyanocycloheptatriene{64 o norcaradiene valence tautomer was observed
in this system.

Studies of this systeg by fluorine labelling have been reported by
Roberts and his coworkers( ° They could not detect an inversion barrier
in 7, 7=bistrifluoromethylcycloheptatriene even at --185o and ascribed
this to a reduced puckering of the riﬁg with 7,7 substitution. This

leads to a very low barrier to inversion.

nine membered rings.

Theoretical calculations on nine membered rings were initiated by
Hendrickson in 1964{17 The most stable form of cyclononane has been cals
sculated to be a twist-boat-chair form defined in Hendrickson's papers
of 1967{4 Geometries of unsaturated cyclo~9 compounds have been calcul?
tated by Favini and coworkers. The mosit stabgg form of cis—cyclononene
/

is a planar symmetrical boat~boat structure whilst the cis,cis—-cyclo:

tnonadienes show an asymmetrical form for the 1,4 isomer and a boat-

chair with a plane of symmetry for the 1,5 isomer{66

Nemer. studies in nine membered rings have been limited, by and

large, by the increased complexity of the system compared with seven

and eight membered rings. Dale has examined 1,1,4,4—tetramethylcg$lgé
’

tnonane and some of its derivitives at low femperature by n.m.r’

He observes that only'the D, form of cyclononane - the twist—boat—

3
chair form - can fit the spectral observations and energétic require!
tments. In fhe cases of 7-substitution also studied, the argument holds
good. The high barriers observed to conformational exchange are probab:
tly a reflection of the blocking of pseudorotation cycles by substit:

tuents as the inside of the cyclononane ring is crowded with hydrogens.

The barriers observed then conform to true inversions. It is suggested

’



that this high inversion barrier is present in many mediun sized rings,
but it iz not normally measured due to the pseudorotation cycle achieving
similar results to an inversion process. There are, however, cases on
record (among the cycloheptanes for instance) whére this has been demon:
tstrated not to be the case. The above evidence refers to rings which
are relatively heavily substituted and 1t can be argued that the influ:
tence of substituents is such that we cannot generalise these results
to unsubstituted cyclononane. Further, X-ray diffraction studies present
a varying picture for the conformational situation in cyclononane deriv:
et 1
sitives. Anet and Wagne have published 251 MHz. H continuous wave

and 13

C fourier transform results for cyclononane itself. Both sets of
spectra show temperature dependent behaviour and together with results
from 1,1~dimethylcyclononane, lend support to the D3 twist-boat—chair

~structure for cyclononane,

ten membered rings.

Again, Hendrickson, in 1964, performed theoretical calculations on
17
ten membered rings( The most stable form of cyclodecane has been cal:
tculated to be a boat-chair-boat form defined in Hendrickson's papers
/* /%
of 19674 Favini and coworkers

have calculated the stability of cis-
cyclodecene conformations. The results are not clearly in favour of any
one conformer and a series of conformers labelled as boat-chair with a
plane of symmetry, chair-chair with a plane of symmetry, chair-chair
with an axis of symmetry and chair-boat with an axis of symmetry are all
of comparable energye.

Nem.r. studies on non-bridged ten membered rings have ﬁot been

/™

widely reported. Roberts and Noe’ have studied ring inversion in 1,1-
difluorocyclodecane and the results were interpreted in terms of a
boat—chair-boat conformation. The discussion included with this paper

is thorough and detailed. X-ray studies on cyclodecane species invariably

show a boat—chair-boat (fig. 12.1) conformation and it seems likely

that this represents a significant energy minimum for it to turn up as
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Pig. 12.1.

commonly as this. Roberts further discusses the possiﬁle pathways for
effecting ring inveision in this system.

A further study published by Roberts and coworkers{71in which
3y3=difluoro~trans~cyclodecene was studied at various temperatures, led
to the conclusion that at -1520, at least five out of a possible eight
conformers were present.

Dale has studied the conformation of cis,cis-cyclodeca-1,6~diene
and its derivitives(72 The remarkable predominance of the cis,cis—1,6-
isomer in the thermodynamic equilibrium between fifteen possible cyclo:
tdecadienes has been explained on a basis that thﬁs is the only isomer
for which a strain free conformation can be found. The structure is one
in which all bonds are correctly staggered and no transannular repulss
sions occur. The n.m.r. spectrum of this compound at high temperature

and low is only consistent with this stable 'armchair' conformation

(fig. 13.1).

= >§§g§>( = T
| A H A Fig. 13.1.

A and A' are the stable ground state 'armchair' conformations,
whilst H is the postulated high energy 'hammock' transition state for

interconversion of 'armchairs'.



A Conformational Analysis of g Medium Ring Compcunds-—
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gyn-3, 7=dibromo-cis,cig—-cycloocta~1,5~diene.

HHHH,  HH, HyHa H,.. H,.
||
W"ﬂd . ,
| 1 l |
4T 5T 6T 7T

As we have seen above, considerable interest has centred around
the conformations of eight membered carbocycles and the common incidence
of boat-chair conformations in cyclooctanes is well known.

Related unsaturated systems present s less coherent picture and in

particular, it is to be noted that cyclooctadienss have received 11tt]e

31
attention. Whilst Anet/ has observed temperature dependent spectra for

cycloocta~1,3-~disne, thoush he did not attempt to derive quantitative

information from the effects observed, the low temperature spectrum of

P
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cycloocta=1,5-diene does not show variations due to the observation

of kinetic effects. As 1t seems unlikely that the barriers o inversion
or pseudorotation in cycloocta~1,5-diene are dramatically lower than in
the other unsaturated eight membered rings studied, it must be accepted
that the low temperature forms of cycloocta—1,5-diene show a chemical
shift equivalence of the methylene protons in each pair around the ring.
An electron diffraction study of gaseous cycloocta—1,5-diene (IV) (fig.

/74 /75

1441) both

and a dipole moment study of 1,6-dichloro-octa-1,5~diene
indicate the predominant presence of boat forms. A twist=boat conform:
sation has been observed in (allfgﬁ)—2,6—dimethylcycloocta—3,7-ois,cis—
diene-?,S—dicarboxamide by X=ray methods{76 On the other hand, dibenzo:
scycloocta-1,5-diene has been found to exist as a chair in the crystall:

/77

~ sine state’ A number of crystal analyses of cycloocta-1,5~diene metal

/8

complexes have been undertaken though the results cannot be taken to
have any direct bearing on the preferred conformation of uncomplexed
diene. In all these cases, a boat form with approximately sz symme try
is observed.

The possibility arose to study exhaustively by a number of physical
methods the conformational situation in both crystal and solution of a
dibromocyclooctadiene derivitive (V). This compound, syn=-3, T=dibromo=-
cis,cis~cycloocta=1,5~diene (fig. 14.2) had already been briefly report:

/79

ted by Cope without an assignment of structure. Techniques of X-ray

Br

Br
(1) (2)

Fig. 14.1 = 14.2.

crystallography, n.m.r. spectroscopy, i.r. spectroscopy and dipole mom:
tent methods were applied in establishing the conformation of this ring

system in solid and solution.

The preparation of this compound is described in the 'practical!

gection of this thesis.



HmHQHhHS | HyH, HyH,, B H4°:H°.=




/*80

molecular structure in the crystal.
N

The conformation adopted by V in the crystal is that of a twist=
boat with a dihedral angle of approximately 740 between the mean ﬁole:
scular planes containing the double bonds. A molecular drawing with
the numbering of the atoms used for identification in the X-ray anal:

sysis is shown in fige 15.1. .. °

Fige 15.1.
The dihedral angle between the planes defined by 6(2), C(3) and

c(4) and ¢(3), ¢(4) and ¢(5) (defined as & ) is 65°. (The parameter

2345
52345 proves to be of importance in interrelating solution and crystal

conformations.) The C(3)-Br(2) bond is inclined at an angle of 57° to

the 02 symme try axis of the molecule.

analysis of the proton masnetic resonance spectrum.

The 100 lHz. 1H nem.r. spectrum of V (in CDCl3) is shown in fig.
16.1 (.fold—out .). Although the ten protons of the molecule corres:
tpond to the general type of spin system AA'BB'CC'DDYEE', the appear:
tance of the spectrum is simplified due to the absence of large trans:
tannular couplings J15, J26’ J37, J4¢84’ J4ﬁ8p(numberlng scheme in fig.
17.1 (fold—out)) and the presence of substantial chemical shifts, the
spin system approximating to AA'BB'M{'XX'YY'.

Initial values of ths chemical shifts and coupling constants were
obtained in an essentially first order manner. These parameters were
refined using the computer program UEANKMR (the non~iterative mode of

/81 ; I/*82
UBAITR ) ou a UNIVAC 1108 computer equipped with CALCOLP plotterhs

At the time of this work, a maximum of seven non-equivalent spins could
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1

Hn,m,r. parameters for syn-3, 7-dibromo-cis, cis-

cyclo~octa-1, 5-diene

Notes.

(a).

(v).

Line width variations in the experimental spectrum (fig. 16.1)
reflect in part non-zero values of allylic and homallylic couplings;
while no attempt has been made to accurately evaluate these, approx:
timate estimates are consistent with semiquantitative predictions
of couplings for the conformation found. Computer matching of theor:
setical (with and without long range couplings) with observed spect
ttra justify the value of the main couplings shown in the Table.

The value of couplings found in benzene—-4, solution are the same
as those given apbove for CDCl, solution.

3

Solvent Chemical Shifts Coupling Constants®
(T p.pom.) (Hz)
Vai VWV 4. 41
1 75 .
' Jl, 2’ J5, 6 11'2'0
\)2', vé 4017
J, 5 7 5.6
2,3 6,7 5
CDC13 Vi Vo 5.37
- £ .
3,40 J7,804 %°%8 73,4p% T7, 88 24
V4o, 8a 7.21 ‘ P .6_
J4o.5’ J8(1.,1 8'13 J4(35’ J8{3,1 8'0
v4ﬁ 8p 6.44 ,
’ J HEN] -13.9
: 40, 48"  8a, 8p 5
\')1’ \)5 4c 99
Voi Ve 4,52
\)4ﬁ’ \) 6072
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be treated at any one time by the computer progran £0 a non-~iterative
- .refinement of the spectral parameters was performed fér each proton ih_
turn -~ for example, H2 was considered in the context of the seven spin
group (8a, 8R, 1, 2, 3, 4a, 4R). The final set of consistent chemical
shifts and coupling constants is shown in the upper portion of Table 1.
The results of a similar énalysis for a 06D6 solution of V are included .
in Table 1 and showed markedly altered chemical shifts but unaltered
values of coupling constants. Both sets of épectra were finally chéckéd
for complete consistency by the use of an overlay of theoretical aﬁd
experimental spectrum. For this a plotting routine was provided with
a suitable value for the lineshape observed in the spectrum and the
theoretical spectrum output on the CALCOIMP plotter. |

An attempt was made to observe any kinetic effects in the spectrum
by lowering the temperature of a methylene chloride sample to less than
-60°C. Wo effects were observed. Due to the insolubility of V in any sol:
svent, lower temperatures were not observed. Though the possibility
of kinetic effects being observed at lower temperatﬁres yef must be
born in mind, it does not seem likely from the general results to be
described in the following pages. Furthermore, bromine substitution
seems to cause considerable increases in inversion and (particularly)

39
/" an

kinetic effects in the spectrum by -60° would imply either a rather low

pseudorotation barriers in ring systems d the non—observance of
barrier and/or a very small chemical shift difference between sites for
a given proton in different conformations. An examination of possible
stable conformations for this system in addition to that predicted (and

/>°
found) to be the most stable

indicate that this is extremely unlike:
tly. In consequence it is fair to conclude that the conformation observ:
ted in solution at room temperature accounts for the large majority of
sSpecies present. Further evidence to this effect is presented in the
i.r. section, and all the results presented here confirm this view, that

only one main conformer accounts nicely for the results observed in sol}-

tution.
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molecular conformstion in colution.

From the coupling constant information derived for V in solution
it is possible to unambiguously define the predominant conformation
present. The experimental viecinal coupling constants of the —CH, -CHBr-—

2
8
/ 3

fragment have been interpreted using a Karplus equation in the form

Jvic = a + b cos® + c cos28 (1)
, /*84
‘where the constant b has been taken as -~1.0 Hz. after Pachler et all
/86

It can be shown’ +that a is numerically equal to Jav’ the average vicin: -

sal coupling constant of an ethane-like -CH-CH- fragment, given by

Joo = 18.0 - 0.8) B (2)
where E:E is the sum of the electronegativities of . the atoms bonded
directly to the two central C atoms. In order to determine ¢, a second
equation relating the vicinal couling constant to the dihedral angle

87
is required. From a study of substituted ethanes it was found/ that
the trans proton-proton coupling J18O (dihedral angle 1800), is a func:
ttion of the électronegativities of the substituents attached %o the

~CH-CH-~ fragment, and can be expressed as follows

T80 = 2844 - 1.043 (3).

Substituting the value of J18O so derived into the Karplus equation (1)
yields c.

Huggins electronegativities have been employed in this work. A
?roblem in the use of electronegativiiies arises here,in as much as
the electronegativity of an olefinic carbon is not defined by Huggins.

/88

Hinze and Jaffé have concluded that electronegativity is not a proper:

tty of atoms in their ground states, "but of atoms in the same condit:
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tions in which they are found in molecules, the valence state™. They
found that electronegativity could only be defined meaningfully for
bonding orbitals and adopted the term 'orbital electronegativity' for
the values they obtained. We have accepted this approach here and have
used an 'adjusted Huggins electironegativity' for the ring framework
orbitals of the olefinic carbons. A reasonable value for the Huggins
electronegativity of an olefinic carbon is 2.85 whilst values of 2.60
and 3.3 ére accepted for sp3 and sp hybridised carbons respectively.
Given the opened ring angles 0(8)-C(1)~c(2) and ¢(1)-c(2)-c(3) found
in the crystal structure of this compound,it is reasonable to employ
an extrapolated value (for extrapolakion see fig. 18.1 (interleaved)),
of 3.0. Correspohdingly opened angles are also found in cycloocta—=1,5=-
- I/74
diene vapour.

Applying the arithmetic of the previous page (equations (1),(2),
(3)), we calculate values for the constants a and ¢ of 5.57 and 5.64 ﬁz.
respectively. For the purposes of establishing the conformation of this
ring system, tables of dihedral angle versus 'Karplus' coupling constant
were computer calculated on a basis of the above equations. This facil:
titated variation of ring angles to achieve a best fit to the observed
spectrum since there was no need to laboriously recalculate coupling
constants every time the ring conformation was disturbed.

The trans—coupling constant J proves to be a key coupling in

3,4B

defining the conformational situation in solution. Its value of 12.2 Hz.

(in both €DCl, and 06D6) implies by equation (1) a 3,4 -dihedral angle

3

of 180°. Owing to the dependence of vicinal couplings on factors other

than electronegativity (for example, orientation of substituents,
and changes in H=-C-C angles) equation (1) is not expected to be a pre:
tcise relationship and an uncertainty of *10° maximum would be appro:
tpriate for this angle. This 12.2 Hz. coupling immediately precludes

the possibility that the conformational situation corresponds to rapid;

11y interconverting chair conformations for, as can be seen from mole:
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Notes,

k(a).

Ton
with all the signs changed gives the corrvesponding row for H48y 1D

139,

Dihedral Angle Interrelation Table for Pseudo=o

L2

c(1TY {for on anti
of (II} {for one enantiomer of Symmetry C2 throughout).

—

s . a
Description of Conformation

{in degrees)

given in row.of

Toble Bl TB1 S1 TBZ2 B2 TB3 Sé. TB4
. x E
o - c -
b ) 2 160 ) +100 ' .
S ass 0 720 +40 ..ob +80 +100 +120 +100 +80 +60 +40 +20 0 -20 -40 -60 -80 -100 -120 -100 -80 -60 -40 -20 G
M2, M3 #15 0 =20 -40 -58 -75 -115 -162 =174 -170 =165 -156 -135 -120 -100 -80 ~62 -45 -5 442 454 450 —af 156 - -
o n jal o hae s T2 T
( +12 0 -21 -35 -60 -95 -106 -120 -142 -150 -145 -138 -128 -116 -95 -81 -56 -21 -10 +4 426 434 142G 422 =
M2, Br +135 +120 +100 +80 +62 +45 45 -42 -54 -50 -45 -36 15 0 420 +40 458 475 +115 +162 2174 4170 <165 =156 :
(+128 +116 +95 +81 +56 +21 +10 -4 -26 -34 -29 -22 -12 O +21 435 +60 495 +106 +120 +142 +150 +145 +138 115
133, H4a 0 +20 +40 +60 +80 +100 +120 +10C +80 +60 +40 +20 0  -20 -40 -60 -80 ~100 =120 -100 -80 -60C -40 <20 &
( 0 +20 +40 +60 +80 +100 +105 +100 +80 +60 +40 +20 0  -20 -40 -60 -80 -100 -105 -100 -30 -60 -40 -20 ©
13, H4p +120 +140 4160 Ti80 -160 -140 -120 -140 -160 F180 +160 +140 +120 +100 +80 +60 +40 +20 O +20 +4£0 460 <80 +100 Il
(+116 +136 +156 +176 -164 -144 -139 -144 -164 +176 +156 +136 +116 +96 +76 456 +36 +16 +11 +16 +36 +56 276 +96 —lis
H4a. H5 -15 -36 -45 -50 -54 -42 45 +45 +62 +8C 4100 +120 +135 +156 +165 +170 +174 +162 +115 +75 +58 +40 +20 O -1
( -2 -22 -29 -34 -26 -4 +10 +21 +56 +31 495 +116 +128 +138 +145 +150 +142 +120 +106 +95 +60 435 21 0 iz}
P4p, HS5 -135 -156 -165 =170 -174 -162 -115 -75 -58 -40 -20 0  +15 +36 +45 +50 +54 +42 -5 -40 -62 -80 -100 -120 -12Z
{-128 -138 -145 -150 -142 -120 -106 -95 -60 =35 -21 O +12. 22 429 434 426 +4 -10 -21 -56 -8l 35 11¢E -2

For the values in rows without parenthesis in
the Table, B1 should be read as B1(u), TB1 as TB1(u) etc., the
letter 'u' indicating undistorted angles; for the parenthesised
values (which refer to the distorted angles described in the text)
B1 should be read as B1(d) etc.

the main body of

The ring dihedral angle (illustrative valuss given) is the angle
between the planes defined by ¢(2), C(3) and ¢(4) and ¢(3), C(4)

and C(5). see Fig. 15.1 for numbering schems.

Sﬁ(d) thiz value should be replaced by an appros

2. 5 T 3 43 - wey 3 A1 A EO LAY 1 -~ 3

sisned angle with magoitude 1057, The probable error in
. . . 4.0 - . " )

measurcnent of wolels is ca. =5, though the estimation of

freom distborted Dreiding modsls may be subject to a somewhat

greater uncartainty. Notve the inhorent symmetry alds in construct:

iion of the Tables e.fg. a Tow © H2, Br vhen read in reverse ornder

r-....llIlllIlIllll.l..l...........-----L'
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scular models, the 180° dihedral angle is never realiseéd in the chair.
form. Indeed, rapid interconversioﬁ required to explain tae observed
spectrum (fig. 16.1) would imply a weighted mean from these chair forms
for J3,4ﬁ of about 6.7 Hz. in harsh disagreement with the observed
fact.

The conformational situation for the flexible non-~chair forms of
V is illustrated for pseudorotation of one enantiomer in fig. 19.1 (in:
tterleaved). There are two distinet boat forms B1 and B2, two distinct
skew forms S1 and 52, and an unlimited number of twist-boat forms of
which four are shown, TB1, TB2, TB3 and TB4, these representatives being
arbitrarily defined with the magnitude of the ring dihedral angle
52345 equal to 600. All the conformational possibilities in the
pseudorotation cycle may be considered by reference to Table 2. The top

of this table gives values of the ring dihedral angle & 5 and the

234
main body of the table gives the corresponding values of the H-C-C-H
dihedral angles (for example, 3,4f is denoted H3, H4p). Thus, for any
value of the ring dihedral angle’a vertical correlation exists so that

the corresponding H-C-C-H dihedral angles can be read off in the approp:
triate column. The signs have been retained with the dihedral angles/%go
to give a better indication of ring geometry during the pseudorotation
cycle. The values currently appropriate are given outwith parentheses
and are measured to i5° for the enantiomer of fig. 19.11using the sign
convention employed by Dunitz{23

One observes from table 2 that the indicated 180° dihedral angle
H3, H4B occurs only twice in the pseudorotation cycle, once at TB1(u)
and then again at TBz(u)./ 1 Both TB1(u) and TB2(u) have the same value
of ring dihedral angle, namely +60°. We may discriminate between these
two by considering the coupling constant observed between protons H(2)
and H(3). The dihedral angles observed nere are —40° for TB1(u) and
-170° for T82(u). It is accepted that vicinal coupling of the type
=CH=CH-~ is closely related in its dependence on dihedral angle to that

/%

in fully saturated systems’ Employing equation (1) with values of &,
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b and ¢ of 5.88, =1.0 and 5.76 respectively calculated as shown above,

we would predict a value of J of 6.1 Hz. for TB1(u) and 12.3 Hz. for

2,3
TB2(u). The observed value of 5.65 Hz. for J2’3 is therefore in good
agreement with the existence of TB1(u) and at variance with the presence
of TB2(u) as a major contributor to the observed conformational spectrum
as this would lead to a high predicted average coupling.

The original form of the Karplus equation is skhown in equations (4)
and these have been used by Slessor and Tracgay/ 92as the basis of a meth:

sod they term "Dihedral Angle Estimation by the Ratio Method", in short

DAERM.

O

IA

2 .
J, = k1.cos 91 - c 05_91 90

k .cos262 - ¢ 90 <86, < 180°

<y
[

2

where k1 and k, are the Karplus oonstaﬁts,

2

and ¢ is a constant. (4)

Their presentétion can be generalised as follows. If we consider the
Newman projection of the coupling path in an ethane-like fragment as
shown in fig. 20.1 (interleaved) then we can show that the following

holds.

I, + ¢ X, cos’d
N a1 (5)
5‘ ) k 052@ ‘
o t © o 08 U

. . o 0
].{1 applies to angles in the range 270" —= 90 .
k2 applies to‘, angles in the range 900 - 2700.

now if we define w as ( 5 - 1), thus is the tetrahedral angle,

then eventually we can show that

k1 J2 +c
. L A
tang, = ocotw = -k2 Iy +c (6)

sin w
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From the theoretical parameters calculated by Karplus, the ratio k1/k2
is very nearly constant and equal tc 0.9. The theoretical value of c
is 0.28. To completely generalise equation (6), we may rewrite it as

follows.

A B
-+ ey e tm———
tan QA = cotw - kB JA + C (7)
sin w
So’depending on the magnitude of‘@A;and 93 the values of kA and kB

will vary, where OA and.eB are defined in fig. 20.2.

There are a fotal of twelve possible solutions to equation (7). The
majority of these are redundant or of no interest in a given situation.
We must select the appropriate soluticns for the particular situation

of interest. In many instances we achieve only two solutions. It is then
possible to distinguish between these by two suifable processes. We may
elininate one possibility from the evidence obtained from another vicin:
¢al coupling in the same ethane-like fragment, or we may substitute the
values found for the dihedral angles back into the equation and calcul:

tate values for the Karplus constants k, and kB. Only a certain range

A
of constantis is applicable and dihedral angle solutions giving rise to
unreasonable k values can be rejected. This approach is clearly demon:

2,93
sstrated by the publioations/9 in which the DAER!M method is employed.

In the current study of V, this method yields resulis as follows.
With W equalbto 1200, dihedral angles of --29O and —149o are evaluated
for the dihedral angles H and H of TB1(u), these being in moder:

43,5 4p75
tate agreement with the observed values (deduced above) of ~50° and
—1700. The value of the coupling J3 s 5.28 Hz., is greater than that
9

predicted for TB1(u) where a dihedral angle of 60° yields a predicted
coupling of 2.2 Hz. This discrepancy is, however, almost certainly a

reflection of the non-Karplus dependence of coupling on substituent
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Table 3.
Bond Lengths and E,5,D.S.
Br(2)-C(3) 1,963 +23 &
C(1)-c(2) 1.371 + 30 R
C(2)-c(3) . 1,491+ 29 &
€(3)-C(4) | S 1.507 230 &
c(4)-c(5) | 1.467 + 35
" Interbond Angles and E.S.TD.S. '
, , \ o
Br(2)-C(3)-C(2) | 106.4 *13
Br(2)-C(3) -C(4) o mo9Fw® o
. e | )
c(1)-c(2)-c(3) 128,3 + 21
, .
C(2)-C(3)-C(4) 18,9 T17° -
. (o]
C(3) -C(4) -C(5) 13,3 t a1
o
C(4)-c(5) -C(6) . 130.2 + 20
Intermoleéular Contacts below 4 K
Br....Br iv 3.72 R Br....C(2) v 3.98 &
Br....C(1) i  3.92% = Br...c) i  4.008

Br....C{l) iii 3,95 &
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orientation. Directly analogous behaviour has been observed in other

/94

gystens’
Yhilst the above evidence is uneoquivocably in favour of TB1(u) as

the preferred conformation, inspection of undistorted Dreiding models

indicates an unacceptably short C(4)....C(8) transannular contact of

about 2.3R for this conformation. This compares with minimum itransannul:

/23

tar CeeeeC distances in cyélodecane systems listed by Dunitz which
are all, to a greater or lesser extent, over 3.

There is 1ittle.doubt that the solution to this apparent contradic:
ttion lies in the markedly opened ring angles which are commonly found
in medium-sized carbocycles. Such opened ring angles are confirmed for
the solid state structure of this compound. Table 3 provides the necess;
tary struciural data deduced in the X-ray analysis. In order to consid:
ter forms which are almost certainly more realistic in terms 5f'ring
angles, we have employed Dreiding models with ring angles at olefinic
carbon of 128° and fhe remaining C-C-C angles at 117° (the mean angles
found/74for iV in the vapour phase): the H-C-II and H-C—Br angles were
kept at 109028', with the bisectors of these angles aiso bisecting the
appropriate ring angle. |

Dihedral angles for this distorted model as a function of'52345
are given in parenthesised rows in Table 2. Again a dihedral angle of
180o for E3, H4’200curs only twice in the pseudorotation cycle, once
close to TB1(d) and again close to TBZ(dY{*91 This occurs at forms both
having the common value of 52345 of +65°. FPor the position close to
TB1(d) the respective magnitudes of the dihedral angles H2, H3j; H3, H4a;
H3, HAR; H4a, HS; H4p, H5 are 38°, 64°, 180°, 33°, 149° and tue corres:
tponding values fof the form close to TB2(d) are 149°, 64°, 180°, 78°,
380. Considering the coupling J2’3 which is found to be 5.65 Hz. experi:
:mén’qally, the form with a value of 2345 of +65° close to TB1(d) which

has a predicted value of 6.5 Hz. is indicated, and not the alternative

form near TB2(d) which has a predicted coupling of 9.4 Hz. For the form.
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near TB1(d) the method of Slessor and Traceyﬁz(DAER}‘I) with w = 116°
gives calculated dihedral angles H4e, H5 and H4B, E5 Qf 310 and 1470

as the only relevant solution in satisfactory agreement with the measur!
ted angles for this form. The magnitude of the ring dihedral angle for
the form close to TB1(d) found above is 65° and the C-Br bonds make an
angle of about 550 with the 02 symme try axis, common to all forms in

the pseudorotation cycle. In this form, the transannular C(4)....C(8)
separation now takes the value of about 3.02 corresponding to an enor:
smous reduction in transannular strain energy over the undistorted

form TB1(u). This value of 3.0% is consistent with the transannular

/2 3

distances in cycloﬁecane systems reviewed by Dunitz and mentioned
earlier.

However, the possibility that the speciral observations arise from
rapidly ihterconverting distorted chair conformations must be consider:
ted,despite the qualityvof the results derived above. Examination

of 'opened angle' chair forms leads to a predicted J coupling of

3’4ﬁ
9.9 Hz., again in rather serious disagreement with the observed value

of 12.2 Hz. That chair forms might contribute to the observed spectral
parameters'cannot be entirely eliminated on these grounds but the over:
tall quality of the results obtained would be degraded by allowing more
than an insignificant amount of chair forms to contribute to the overall
conformational picture.

If we compare the deductions above concerning the solution conform:
:atioﬁ with the conformation in the solid in which 55345 is 650 and
the C-Br bonds make an angle of 570 with the symmetry axis, then there
is little doubt that a common coﬁformation exists in solid state and
in selution. Whilst major amounts of other conformations in solution
would be expected to cause a noticeable disagreement between at least
one weighted coupling and the observed value, minor populations of other
conformations cannot be excluded on this basis owing to the limited
accuracy of relations of the Karplus type. In fact’evidence to De pres:

sented shortly,does suggest the existence of other conformations to a



147.

minor extent in solution. It should further be mentioned that the iwist—
boat conformation found as the major form above is inherently non-rigid

(veing subject to pseudorotation motions) and that the observed coupling
constants found in solution would also be compatible with a limited deg:
tree of torsional oscillation about 52345 = +650 on the pseudorotation

cycle.

dipole moment measurement.

In order to check the identity of the conformation in solution
and crystal phases the molecular dipole moment expected for the cryst:
tal conformation has been calculated at 2.2 D, using a value of 2.0 D
for the partial moment along the C-Br bond{ An experimental dipole
moment in benzene solution (neglecting atomic polarisation) of 2.4 D is
consistent with the view that the predominant conformation in solution

corresponds to that found in the crystal.

comparison of crystal and solution infrared spectra.

A general comparison of crystal (KBr disc) and solution (CSZ)
infrared spectra in the range 1200 cm.—1 to 550 cm._1 was made using
a Perkin Elmer 225 Grating Infrared Sypectrophotometer with the following

results. Infrared spectrum of V, p in cm.—1 (CSZ): 1163 (m); 1148

max

(s); 1113 (w); 1025 (w); 980 (w); 965 (w); 935 (w); 925 (w); 910 (w);
838 (m); 785 (s); 749 (s); 720 (s); 714 (m); 708 (sh); 575 (m). Infra:
tred spectrum of V, v%ax. in om.”] (XBr disc): 1165 (m); 1150 (s); 1110
(m); 1040 (w); 1030 (w); 984 (w)s 972 (w)s 921 (w); 908 (w); 838 (s);
780 (s); 750 (s); 718 (m); 705 (s); 575 (m). This shows an extremely
close correspondence. However, the most interesting feature of the infra:
tred spectrum derives from the shori transannular contact of 3.04 )

(see figs. 17.1 and 21.1 (interleaved)) between the symmetry related
carbons of the methylene groups - C(4) and C(8). This value compares

with that, 3.06 ﬂ, observed in 1-p-bromobenzenesulphonyloxymethyl—5-
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methylbicyclo(3,3,1)nonan~9-ol and similar distances in other carbocy:

/96597

sclic bicyclo(3,3,1)nonane derivitivesh In all these compounds,
abnormal methylene scissoring bands near 1490 om._1 are observed and
are credited to the transannular interaction of methylene protons in

/98

each of these compounds. Several authors concur in this assignment
of the abnormality to hydrogen-hydrogen non-bonded repulsions across
the rings in question. Interestingly, Eglinton and coworkers/97observed
these abnormal bands in both solid state and solution and thereby deduc:
ted molecular conformation as an extrapolation of the solid state cont
sformation determined bf X=ray studies. In the light of this we might
expect a similar band for V whose methylene groups are also forced
into close proximity across the ring. Such an absorption is in fact ob:
sserved at 1487 om.” | (m), Av_g about 4 om.”! in the solid (XBr disc).

A similar band is observed in solution at 1488 cm.”! (m), Avg.about

5 cm..m1 (in 0014) and hénce we are safe in concluding that the main
conformer - in solution is the same as that.in the crystal. It should

be mentioned though, that in the region 1400 to 1500 cm.~1, on passing
from the solid state to solution, two new bands appear at 1428 and 1473
cm.-1. These bands are both weak, each having a value of apparent extincs
ttion coeficient no greater than a tenth of the 'abnormal' band. This

would suggest that relatively minor amounts of other conformations could

coexist with the main form in solution.

consistency of the n.m.r. data for V.

Whilst the major contribution to establishing the conformation of
V in solution was derived from a study of the n.m.r. vicinal coupling
constants observed from the spectrum, it is useful to cross check the
resuits now achieved by a consideration of other coupling constants
in the system. Firstly though, we can remark upon the value of that
vicinal constant which was not treated by means of the Karplus equations

above.
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Whilst Cooper and Manaat have suggested that it is possible to
obtain accurate estimates of bond angles about vinyl systems by ﬁse of
ne.m.r. coupling constants, the value observed in the current system can
only be used in a oonfirmagfry sense. The cis—olefinic coupling constant
of 11.2 Hz., is in keeping/ 1quith a =C=C=C- angle in excess of 1250.
The crystal value observed for the angle C(1)-C(2)-C(3) is 128.3°.

Purthermore, it is possible to consider the line broadening in
the ne.m.r. spectrum produced by unresolved long range couplings. Consid:
teration of the spectrum of V reveals the following. The signals arising
from protons 1 and 5 are the sharpest lines in the spectrum and hence
must experience little long range coupling. Examination of Dreiding mod:
tels (with expanded ring angles) indicates that (a)*fhere are no planar
'H! paths for long range couplings over four bonds/ 1O1a£o protons 7
and 3 respectively, (b) the 'allylic' afths to protons 3 and ] respect:
tively are associated with an angle4>/ 1O1bof about 350 consistent with
a very small or zero ooupling’and that (c) there are no other appropri:
sate coupling paths. Thus the proposed conformation satisfactorily rat:
tionalises the appearance of the signals from protons 1 and 5. The sig:

tnals from protons 2 and 6 are considerably broader than those above

and examination of the model reveals (a) that an almost planar '¥' path
*101a

to protons 4a and 8a respectively is available/ and (b) at the same
*101D
time a near planar 'W'y, which is an allylic path{ is available to

'§g and 4a respectively. No other significant coupling paths are avail;
table, but these two are sufficient to explain the almost triplet (or
doublet of doublets) character of the 2 and 6 resonances. Signals from
3 and 7 show a moderate degree of broadening which can only arise (by

/*1010
8aand 8f and da

examination of the model) from 'homoallylic!' paths
and Af respectively. The 4a and 8a signals are similarly broadening due
to the long range couplings detailed above, that is couplings from 4q to

2 and 6 and similarly from 8a to 6 and 2. The signals of the.ﬁﬁ and'§@

protons are broader still. Homoallylic coupling to J and 3 is present
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but the full width only seems rationalisable on the basis of an enhanced
relaxation of these nuclei by each other, due to their .close proximity

/

in the preferred conformational form.

stability of the main conformer.

While rationalisation of the predominance of the main conformer
found in solution strictly requires the application of strain calculat:

/*°

tions, we may remark that such calculations on IV favour a twist~boat
over a boat or chair form. Examination of the infrared spectrum of IV
(cis,cis~cycloocta—1,5-diene) shows a similar abnormal methylene sciss;
soring band at 1487 cm.-1 which can be taken as confirming the presence
of a similar structure as in V.7Zhe electron diffraction results for
/

the gaseous conformation of IV shows a boat form but it seems likelyg
from the i.r. results on the neat liquid’that some twist is present in
the ring causing the abnormal methylene scissoring by transannular
hydrogen contacts.

The particular twist-boat conformation adopted by V suffers neither

102
(1,2) strain/

Johnson allylic A (arising from the eclipsing or partial
eclipsing of C-Br bonds with the adjacent olefinic C~H bonds (see table
2)) of T82(d) and TB3(d) or of B2(d), nor the severe transannular Br...
«Br strain of TB4(d) and S2(d), nor finally, the H....Br repulsions of

B1(d) and the chair forms.
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Conformaticnal Analvsis in Conjusated Systems.

Preludes n.m.r. observation of rotational barriers.

Nem.r. spectroscopy provides the chemist with a means of studying
intramolecular movements with activation energies from about 5 to about
25 kcal./mole. Below 5 kcal./mole, processes are too fast on the n.m.r.
time scale to allow discrimination of the individual conformations con’
ttributing to the observed physicai properties of the system; the aver:
tage spectrum observed is generally insensitive to the molecular motions.
Above 25 kcal./mole, species, differing by some intramolecular motion,
are sufficiently long lived to provide completely independent spectra,
again ins;nsitive to the molecular motion in question. Though informat:
tion of value can be derived from these spéctra, thermodynamic consider:
tations relating to the intramolecular motion cannot be probed and in
many instances, these parameters are of primary interest.

We have already considered cyclic systems where activation barriers
in this range are often met, and we have remarked upon the possible
sources of the barriers in these molecules. Non-cyclic molecules also
display barriers to internal motions, particularly significant being
barriers of a rotational kind where one part of a molecule can be visg
tualised as rotating about a bond or bond system linking it to the rest
of the molecule. The simplest of all molecules to exhibit any barrier
to internal motion is ethane where a 3 kcal./mole activation barrier to

* .
rotation about the C-C Bond is estimated( 1 The source of this barrier‘
in ethane is still very poorly u.nde:cstood(*2 The various factors which
are capable of raising the rotation barrier in molecules are far better
understood, at least in a qualitative sense. Before we can examine rot!
tational barriers by n.m.r. spectroscopy, we Trequire some additional
hindrance to rotation from one or more of these sources.

Two major factors are observed to cause notable increases in the

barriers to internal rotation of the constituent parts of molecules
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relative to one another. Firstly, the substitution of bulky groups at

the ends of the bond system about vhich rotation occurs can cause steric
obstruction of the rotation with a consequent increase in the measured
activation barrier. Perhaps one of the most interesting fields of study,
where such steric barriers are observed by n.m.r., is that concerning
the hindered rotation of t-butyl substituents in various systems. Bush?
tweller and coworkers have measured the thermodynamic parameters for
t-butyl rotation in t-butyldimethylamine and found a barrier of 6.0 + 0.1
kcal./mole at —15300 ( G¥)(3 A slightly higher barrier of 6.4 + 0.2 kcal.
/mole at -148.200. was measured for t-=butyl rotation in t-butyldichloros
sphosphine by the same sohool(4 Robert and Roberts/shad earlier measured
an almost identical barrier for the same compound. The ability to observe
such rotational effects is an indication of the power of n.m.r. methods
to probe subtle molecular activity. Secondly, increase in the bona order
about which rotation occurs imparts rigidity to the system, again results
ting in an increase in rotational activation energy. It is with this
latter group of systems that we have been primarily interested in the
last few years.

However, we do not, by merely increasing the barrier to rotation
about bonds so that they lie somewhere within the region specified above,
guaruntee that the rotation will be susceptible to observation by ne.m.r.
spectroscopy. lMeans of probing the conformational condition of the molec:
tules will be required. Two major requirements will need to be met.

Initially, the different rotamers arising from the rotational moves
tment in question must be distinguishable by ne.m.r. spectroscopy. For
this to occur we require at least that the nuclei being observed reson:
tate at different frequencies for the different rotamers under study.
Such differential chemical shifts ars often induced by other (magnetic;
tally anisotropic) substituents included in the molecule, often for
this specific purpose. 7hen a given nucleus resonates at different

chemical shifts in different rotamers, then we can observe temperature
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dependent spectra, the basis for establishing thermodynamic parasmeters
for the rotatione. The nature of the individual rotamers may also be
established from the observation of not only the chaemical shifts induced
by a given substituent, but also of the variation of coupling constants
between nuclei which, as we have seen, depend on the angular relation:
sship of the nuclei to each other. Whilst the previously reported study
of the conformation of a medium ring system relied mainly upon variations
in spin-spin coupling constants to define conformation, the present
studies on conjugated systems (to be reporited below) rely mainly upon
differences in chemical shifts induced by magnetically anisotropic groups,
often integral parts of the conjugated system under consideration.

Strictly speaking, any bond system is likely to be magnetically
anistropic but generally, the overall symmetry of the molecule, whether
time averaged or not, will eliminate any differential shielding effects
from this source. However, in cases of restricted rotation, time averaged
symmetry is not necessarily observed and in consequehce the molecular
asymmetry may be reflected in a differential shielding of given nuclei
which, under avéraging conditions would be at least isochronous.

Magnetic anistropy is particularly pronounced in systems with 9
electrons, of which the éromatic ring is a classic example. Though the
exact nature of the areas of shielding and deshielding foect to be
expected from various possible w=sysiems is in dispute{ the existence
of these effects is extremely fortuitous for many n.m.r. studies. In
this ﬁay, geometrical asymmetry is translated into an observable shift
asymme try in the n.m.r. spectrum.

The calculation of thermodynamic parameters from n.m.r. spectra
requires an accurate knowledge of the appropriate spectiral parameters
of the system. In calculating activation thermodynamics, we will require
precise measurements of two additional parameters to those normally con:

tsidered necessary to characterise the n.m.r. spectrum. These are the
rates of exchange of the rotamers in the system between the various

conformations populated at the particular temperature of measurement,
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and an accurate measure of this particular tempsrature. The nesd to
derive rate parameters for a series of different temperatures also
imposes a requirement for accurate temperature control,in the n.m.r.
sample,at temperatures in the range -180°¢ to +200°¢ or higher. The
particular difficulties this requirement creates are discussed fully
later in this thesis. The practical derivation of thermodynamic data

is also dealt with later.

Conjugated Systems.

The concept of 'resonance' is by now so well established in the
structural theory of organic chemistry that it needs no explanation here.
Any two W=bond systems, when linked together by a single bond as in the
structure of N,N-dimethylformamide (fig. 1), cannot be precisely repres:
tented as non-interacting, as the valence bond formula I would sﬁggest,
but require to be represented as a hybrid of I and II (fig. 1.1,2); that
is, as some structure which is neither I nor II but a compromise between
them. In terms of molecular orbital theory, the electrons of the w-bond
systems are delocalised to some extent over the intermediate single bond.
S0 the r~electron system is to some degree extended over the entire
length of the O=C-N chain in N,N-dimethylformamide (DMF). This may be
restated in terms of the single bond (C~N) chuiring partial double bond
character with a consequent increase in rigidity associated with double
bonds. At the same time, the formal double bonds of a sysiem lose some
of their double bond character with a resulting decrease in the barrier
to rotation about these bonds. This decrease is rarely sufficient to

permit observation of rotational isomerism about these bonds by n.m.r.

spectroscopy.
MQ. Ml Me @ M-&
]
©
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It should be noticed that we have considsred in the present cass
interaction of n-w electrons on nitrogen with p—f electrons on carbon
and oxygen It is further possible to extend resonance interaction beyond
that shown in DI by interposing further jr-~systems between carbon and
nitrogen. These systems are nearly always p-fvr — p—~k systems as found in
carboh - carbon double bonds, triple bonds or the delocalised p—electrons
found in aromatic structures. The vinylogous amide III (fig. 2.1) is an

example of such a system as is the substituted pyrrole IV (fig. 2.2).

Fi&. 2.1 - 2.20

The dipolar nature of several common ft-electron systems is well
known. This is illustrated by the valence bond description of DMF in
which the carbonyl function withdraws electrons from the rest of the
molecule by an induotive‘effect, and, more significantly for our present
interésts, by a‘resonance effeotvas shown. The magnitude of this reson:
tance effect will determine the degree of double bond character in the
¢(=0)~N bond and in consequence the activation barrier to rotation about
this bond. This postulate has been amply confirmed in practice. At the
same time, we also observe that the existence of the lone pair of elec:
strons on nitrogen, a source of electron density, means that the elec;
ttron withdrawing tendency of the carbonyl function is reinforced by
the presence of this electron lone pair. Had the dimethylamino function
been replaced by an electron withdrawing group such as another carbonyl,
then no enhanced barrier to rotation would have been observed about the
¢(=0)-C(=0) bond of the diketone.

Attenuation of the effect of a group such as carbonyl is achieved

by interposing a vinyl function between the carbonyl and the nitrogen



lone pair. The efficilency of the vinyl group for transmission of the
electronic effects of such substituents is observed to be notably less
than 100%, and considerable interest focusses around the energetic de:
ttails of these interactions. Perhaps the most interesting function to
interpose in the basic DIIF system is the aromatic benzene nucleus. The
extent of interest in benzene chemistry and the many attempts, initiated
by Hammett's p& relationship, to describe quantitatively aromatic react:
sivity lend a certain significance to the attempts to understand the
energetics of the fi~bond system in this structure. It is well recognised
that the fi~electrons in benzene are by and large responsible for its
unique chemical behaviour.

Many other geometrical arrangements of t~electron systems are
feasible, and one type which has atitracted a good deal of study is that
in which two electron withdrawing groups situated at extreme ends of a
conjugated system compete for the electrons donated by some group placed
somewhere in the system between them. Two examples of this are provided
by the benzamides V and the cinnamamides VI (fig. 3.1,2), and in a diffse
tserent fashion by the formanilides VII (fig. 3.3). Congideration of the
results from such systems will be treated very briefly in the following

review sections.

(V) - (vI) (vII)
Figo 3.1 s 3030

It is clear from what was said earlier about the requirements for
observation of rotational barriers by n.m.r. spectroscopy, that these
conjugated systems are, by and large, well suited to study in this
manner. The necessary barriers to rotation are provided by the electron

delocalisation in the system. The geometrical asymmetry is assured
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almost as a matter of course by the asymmetrical nature of most T-clecs
ttron systems, The translation into an obssrvable neMer, shift asymmetry
is achieved by the magnetic anistropy of the functional groups normslly
present in the molecule. However, despite the pronounced anistropy of
many of the functional groups commonly included in conjugated systems,
the attenuation of the anisotropic effects is such that more distant
sites may experience little or even no chemical shift difference between
the exchanging sites on the rotational isomers. In many cases, though a
differential shift is still induced, it is so small that it is of little
use to the spectroscopist as essential spectral detail is concealed with:
tin linewidth effects,

One obvious possible solution of this problem is to acguire the
spectra at a higher spectrometer magnetic field, as the increase in
fieldy whilst maintaining spectral resolution, will increase the separ:
tation of chemically shifted resonances in the spectrum. In many cases,
however, this course of action is not appropriate, either due to the
inability to achieve a sufficiently high field to separate extremely
close resonances, or more mundanely due to the non-—availability of the
necessary instrumentation. |

The solutlon of this problem can often be achieved by the use of
Aromatic Solvent Induced Shifts (ASIS)/ Hatton and Rlchards/81n studys
ting the effect of various aromatic solvents upon the methyl shifts ob:
tserved in DNMF and N,N-dimethylacetamide (DiA), noticed that the solvent
induced shift differed between the methyls cis and trans to the carbonyl
oxygen. The amount of shift which each methyl receives depends upon the
concentration of aromatic solvent present. The overall effect varies
with the aromatic solvent used, but generally the methyl signals con:
sverge upon one another and almost invariably cross over and diverge
from one another again, now interchanged in the spectrum, as the concen?
stration of aromatic solvent is increased. It seems likely that this
“effect arises from a stereospecific association of the aromatic solvent

with the DMF or DIA molecule. The positive end of the solute molecular
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dipole, situated on the amide nitrogen, is likely to assocciate with the
aromatic ring of the solvent ; perhaps lying planar to the plane of the
solute. The negative oxygen of the amide can then be visualiced as being
displaced as far aé possible from the negative qy—clouds of the aromatic
ring. In this fashion, asymmetric solvation is achieved. This orientat
tion of solute and solvent can be represented as in fig. 4 (from Hatton

8 9
and Richards/ ). These authors/ observed similar effects in other planar
ﬁ)-
®
?CHN\V/C\H
I
«CH,

pie 4./

.conjugated systems such as mesityl oxide, though the actual shifts obs
tserved were smaller than those observed with amides. In the course of
the current studies to be reported below, similar ASIS have been employ:
ted to magnify differential chemical shifts in para éubstituted dimethyl:
:anilines{1o

There are, unfortunately, disadvantages in the use of ASIS effecté.
In the first place, we may wish to study a given system in a specific
solvent (or solvent mixture) and the requirement to use aromatic solvents,
perhaps eﬁen in varying concentrations which may be required to induce
satisfactory shifts in a series of compounds, imposes serious limitations
on the data to be derived from any set of measvrements. The very nature
of the effect induced by aromatic solvents suggests that the interaction
of solute and solvent is by no means trivial. This will be reflected in
the thermodynamic parameters derived for the rotational barriers and it
is of interest to consider the possible nature of these complexes.

Several authors have attempted to show that the interaction between
aromatic solvent and solute molecules can be described in terms of fixed
stoichiometry where dipole—dipole interaciions are the binding force
holding the complex together. Ronayne and Nilliams/11have suggested that

benzene solvent molecules will solvate electron deficient sites of local



7 ()L) .

dipoles in solute molecules, probably in transient 1:1 associations.
The orientation of the Dbenzene solvent molecules may well be non-planar
in the associations with the benzene ring as far away from the negative
end of the dipole (which may be local or molecular) as possible. Whilst
the evidence for 1:1 complexing presented by these authors waz not good,
a point they recognised, they nevertheless considered the expediency of
employing some simple model to describe the solute-solvent interaction
as sufficient justification for its use meantime. Baker and'Davis/12in
1968, advanced the suggestion that planar aromatic solutes need not be
solvated by aromatic solvents in parallel layers but that benzene solvent
might spread itself between two electron deficient sites in two differs
tent molecules of a solute such as 2-isopropyl-5-methylbenzoquinone,
where each solute molecule contains two electron deficient sites.

Matsuo, in 1968, was critical of the concept of dipole—induced-dip:
tole 1nueract10ns and proposed a contrary model where van der Waals
forces are ccnsidered to be the critical factor in any 333001at10ns/13
Further, the concept of 1:1 association is considered unsatisfactory in
this light and a more general concept of solvent clusters is devised to
replace specific association models. The importance of dipole interact:
sions, though not considered to be critical by latsuo, is invoked to
. explain the orientation necessary for aromatic solvent molecules which
induce differential shifts. Further, he attributes a greater signifi:
scance to solvent molecules in the inner solvation shell of the solute
though still suggesting that these molecules are in rapid equilibrium
with the surrounding solvent mediume. In many respects then, latsuo's
model is not a radical alternative to specific 1:1 solvation models,
but a less quantitative and probably more realistic view of a complex
situation.

AL . .

Baker and Wilson/ in 1970, observed a continuum of behaviour
for various solutes in benzene between the extremes of stoicheiometric
141 association and non-association. In many instances, the stoicheiomet:

iry of association with benzene was far from simple and in many casec
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could barsly be considered meaningful, though it was noteworthy that in
cases where one particular approach of a benzene molequle to a solute
molecule is greatly favoured energetically, then 1:1 stoicheiometry was
observed.

Several other valuable contributions to this field have been made
but as some of the results are pertinent to later studies, we will posts:

spone consideraticn of them here.

A Review of N,lM.R. Studies in Conjugcated Systems.

It is not the intention of this review to be thorough. Four very
useful reviews of the subject matter of this section have been published
in the last few years and, consequently, there is little point in duplics
1tating them here. The reviesw by Binsch/15pub1ished in 1968 is a concise
introduction to the topic and covers most of the early work in this
field, though studies which employed approximate methods for n.m.r. cals
tculations were not covered in any depth’gs results derived from them
were generally considered to be suspect to a greater or lesser extent.
In 1970, Kessler reviewed the detection of hindered rotatlon by AeMeT.
spectroscopy/16and considered amide studies in some detail. Other rotat:
tions about bonds of partial double bond character he treated less com!
tpletely. A subsequent review by Sutherland(17published in 1971, though
only-complete up to the beginning of 1970, provides comprehensive cover:
tage of this field under the general remit of n.m.r. investigation of8
the kinetics of conformational changs. Finally, Stewart and Siddall/1
have reviewed the applications of n.me.r. spectroscopy to the studies of
amides and thioamides, including the measurement of rotational barriers
and the related subject of isomer ratios. Consideration of anilide stud:
ties is also included.

For our present purposes, it is useful to categorise studiés of cont

tjugated systems in terms of the nature of the conjugated paths involved

rather than in terms of the particular chemical compound considered.
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Admittedly, this is only a change of emphasis, but it is a useful one
in that it allows us %o systematise the results along lines more pertins
tent to our present studies.

Functional groups in organic chemistry can be characterised elec:
stronically as interacting by inductive and mesomeric mechanisms. In
terms of rotational barriers in conjugating systems, clearly the meso:
tmeric interaction is of major importance. Mesomerically, groups can be
classified on a scale varying from strong electron donar to strong elect
:tronbacceptor. Cooperative or competetive interactions will be estab:
tlished between such groups conjugatively connected. So, for example,
in the generalised structure VIII (fig. 5), we can vary the nature of
Ay B and C with éonsequent results upon the rotational barriers in the

system.

A—=—B8—FF=—-—C
(vIII)

Ify for éxample, B is an electron acceptor as is Cy then A as an
electron donar will interact strongly with B and cause considerable
delocalisation of electrons into the conjugating system between A and B.
The rotational barriers in this part of the system will be increased by
this interaction. With increasing length of the conjugation chain, that
is with increasing x, the interaction will be attenuated,with a corres:
sponding decrease in the rotational barriers to be observed. As B and
C are both electron acceptors, there will be little interaction between
them (competitive interaction) and rotational barriers in the intermed:
t¢iate chain will be low. If, on the other hand, C were an electron donar,
both A and C would compete to donate electrons to B and reduced barriers

in the A - B chain would be accompanied by increased barriers in the

B - C chain.

Much of the interest in rotational studies in these systems has
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focused on attemptis to guantify the rotational barriers observed in
terms of the variations of groups A, B and C in the systems. However,
factors besides the electronic play a part in establishing the observed
rotational barriers. The most important of these arises from steric
interactions between substituents of various sizes on the conjugated
system. Steric interactions, which often operate to oppose planarity

in the conjugated system, may prohibit some or all of the electronic
interactions between substituents A, B and C and affect the barriérs
accordingly. In some instances, however, the steric interaction is such
as to destabilise the transition state for rotation by causing large
groups to pass each other during the motion. In this instance, the rotat:

tional barrier will be raised.

systems involving only one interaction.

Such systems can be generalised as in fig. 6, where A and B are
groups capable of conjugated interactions with an intervening q-bond

system or with each other.

A ——(———28
/% .
but where x = Q.
Fig. 6.

The prototype of all such systemé, and all rotational systems in
general to be studied by nem.r. spectroscopy, is N,N-dimethylformamide.
The first observations of rotational isomerism by n.me.r. spectroscopy
were made by Phillips in 1955/19on DMF and DMA. The N-methyl resonances
in these systems exhibit chemical and magnetic non-equivalence due to
hindered rotation about the C(=0)-N bond, even at room temperature.
lack of ease of rotation about this bond can be ascribed to the coop?

terative interaction of the dimethylamino and carbonyl functions describ:

ted as a valence bond hybrid of structures I and II (figs 1.1,2). In
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molecular orbital terms, there is electron delocalisation from the
nitrogen lone pair Cﬂ—orbital) into the q}—orbitals of the carbonyl
group. The electron polarisation in this system will cause the major
electron density to build up on the carbonyl oxygen atom, a point rein:
tforced by the fact that protonation studies on DIF indicate that the

/20,21
protonation site is predominantly oxygent

This cooperative conjug:
tation causes the DMF (and DIA) molecules to be planar (in particular
about nitrogen) with amino methyl groups placed cis and trans to the
carbonyl oxygen. The resulting molecular asymmetry is reflected in a
shift difference between these two methyls induced by the magnetic
anisotropy of the carbonyl function.

In 1956, Gutowsky and Holm/22 described mathematically the rate
dependence of tﬂe signal shapes from the exchanging methyls of DIF and
DMA. Unfortunately, in this paper, several approximate relations were
established between line shape and rate of exchange of the methyl groups
and these were used in several subsequent papers on amide rotation barr:
tiers with a resulting large inaccuracy attendant upon each estimate of
the rotational barrier. Only recently have reliable activation paramet:
ters been obtained for amide rotations by total line shape comparison
methods. W¥hilst early results showed fairly wide variations in the para!
tmeters obtained, more recent resulis employing such methods are by and

B /*23
large in agreementh
The presence of the dimethylamino group in DIF and DIA is partics

tularly suited to line shape studies in as much as the system approxs

timates to an AB system if long range couplings to these methyls are
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neglected. Numerous studies on N;N-dinethylamides have been revorted
where the group R (in RC(:O)HK@Z) takes various forms from simple alkyl
groups to groups with strong inductive and conjugavive interactions with
the carbonyl function. A table of such studies is provided by 3tewart
and Siddall{24 The importance of steric effects of the group R have been
remarked upon and Kessler{16 He observes that large substituents upon
the nitrogen and in the acyl residue of amides increase the energy con:
ttent of the almost planar ground state because of their steric inters
taction with the result that the energy difference to the rotational
transition state becpomes smaller. This is generally true, an exception
being the locking of the dialkylamino group by large substituents on
the phenyl ring of benzamides. In this case, the transition state is
raised in energy. Obviously though, competitive resonance effects, where
R donates electrons mesomerically to the carbonyl will cause reductions
in the C(=0)~N rotational barrier as in,for example,the instance where
R is phenyl (Acf = 16 kcal./mole c.f. ca 21 kcal./mole for DIF). The
accumulated data is presently too limited to allow any thorough break:
tdown of R group influences into steric and electronic components. Two
more recent studies of amide barriers as affected by R group variations
are given in refs. 25 and 26. Instances of competitive mesomeric inters
taction will be considered in some more detail later.

In the basic nesomeric system A - B (fig. 6) where A represents
the dimethylamino functionqvarious simple variations of B are possible
and have been listed in the tables of refs. 23 and 24 above., Variations
iﬁ group A are also possible and some of these are listed in the review

a
of Stewart and Siddall

though at the moment we will not consider cases
of competitive mesomerism arising from nitrogen substituents.

Major structural alterations can be affected in B by replacing the
oxygen atom by for instance sulphur. Studies on thioamides have become
relatively common in recent years. Generally, the barrier to rotation

about the C(=S)—N bond is ca. 3 kcal./mole larger than the barrier

about the C(=0)~N bond in the corresponding identically substituted
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compound. Again, Stewart and Siddall provide a table of such barriers
/7

together with a comparison table for amides and thioamides4 Some con:

$troversy has arisen recently over the nature of the factors causing

/*°

this increase in rotational barrier. loriarty and coworkers have
expressed the opinion that these increases arise mainly from steric
interactions with the sulphur atom. This view has been opposed by Walter
and coworkers/31who offer a rather full argument to establish their
hypothesis that it is the electronic effect of sulphur which is domin?
tant in the increased rotational barriers observed for thioamides,
Studies on amidinium salts, where sulphur is replaced by NH;,
again show enhanced rotational barriers as we would expect on the basis
of mesomeric arguments(32
Rotational barriers have been observed about N=N bonds in the case

/33

of dimethylnitrosoamine IX (fig.7 )s Phillips and coworkers originally

Me
Puk\\\hr//Pk&- P&e\\\$8//< //bj::::(j
| < > || R—C (x)
N N

Cf/f’ c%y/// Fig.1.1 =7 2.

studied this molecule in 1957 and it has been studied a number of times
/34

since’

(1x)

Various investigations of the rotational barriers in alkyl
nitrites X (fig. 7) have been performed with activation barriers in
the region of 9 kcal./mole being found compared with ca. 22 kcal./mole

for IX,.

systems involving extended conjugation paths.

Systems of the type shown in figure .8 will be considered here.,
These are systems where conjugation with C=C systems is wholly or partly
responsible for the observation of rotational barriers about the A-C or
B-C bonds. e will consider first, that category where only one group

interacts mesomerically with the carbon double bond system.
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Fig. 8.
The major compound of note in the first category is benzaldehyde’
‘ 35
XI, studied by Anet and Ahmad in 1964( They detected a 7.9 kcal./mole

rotational barrier for torsion about the €(=0)-C(phenyl) bond. This com:
tpares with a 1.15 koal./mole barrier in acetaldehyde/ and highlights
the importance of mesomeric barriers in aromatic componnds.‘

The effect of substitution para to the aldehyde group in benzalde:
thyde was also studied by Anet and Ahmed. Such a system can be regarded
as an amide with extended gconjugation in the instance where the para
substituent is dimethylamino for example. The rotational barrier observed
for XII (p—dimethylaminobenzaldehyde) was .10.8 kcal./mole. The corres:

Me. Me
\\‘Fj// _ 0‘/’P1¢

@ 3
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7N H //;;Q§>CD H //;:Q51>

,“ Fige 9.1 = 9.3,

tponding barrier in the p~methoxy compound is 9.2 kcal./mole (fig. 9 ).

Related studies by Dahlqvist and Forsen and coworkers have established
/37

38
rotational barriers in 2-formylfuran 2—acetylfuran/ and Hemethyl

39
:pyrrole—2—a1dehyde{ as shown in figure 10.

2e# - 10.56(216°K) - 8.87(203%) ca.11.5(216%)
kcal./mole. l

o, N 2
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N T Lo
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H Me Fige 10e1 = 1043«

Similarly, related studies in non—aromatic systems have been
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40
published. Lin and Sorvis/ have observed roigtional isomerism in the

acyl fluorides XIII (fig. 1%.1) with activation energics between 5.5

%41
and Teb koal./mole. Kozerslzi and Dabrowski/ have studied hindered rot:
/H (xV) Tj(c H3),
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g\ )4 " R
S \ Vs I
C_———C v e
}{// braemmnd b // \\\\ //)*e \1/41
H N Tu
, y . A [
(x111) F (x1V) / ONEH3),
Me

Fige 1101 =~ 113

tation in enamino aldehydes and ketones XIV (fig. 11.2), noting values
for C3~N and C1~02 rotations in the systems. Values range between ca. 11
and ca. 15 kcal./mole. A wide variety of related compounds, some exhibit:

/42

ting competitive mesomeric effects are tabulated by Sutherland This
author also tabulates the results of similar studies in fulvenes{43 An
interesting example of the attenuation effect of increasing conjugation
between two mesomerically interacting substituents is provided by the
cyanine dyes XV (fige. 11.3) where the activation energy for dimethylamino

rotation decreases in the order 17 to 10 to T kcal./mole as n goes from

1 to 2 to 3,

systems exhibiting competitive mesomeric interactions.

Many groups of authors have been interested in systems, in the main
aromatic, in which a mesomeric group of interest is flanked on either
side by other mesomeric groups which may or may not interact with the
central group in a cooperative sense. So, for example, in siructures

/44 /45
XVT and XVII/ (fig. 12.1,2) the central amino function interacts
cooperatively with the carbonyl or nitroso group, whilst at the same
time, the possibility of interaction with the aromatic sysiem is present.

The main interest in these systems lies more in the effect of steric

interactions between the aromatic ring ortho substituents and the carbon:

tyl or nitroso groups.
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CH’3

(XvII)
Fig. 12.1 - 12.2.

Perhaps one of the simplest systems in which to observe the effects
46
of competitive interaction is in the carbamates. Machacek and Vecera/
observed reduced barriers to rotation about the C=N bond in the carbam:

tates XVIII (fig. 13.1) where R is phenyl or «-naphthyl. Incidently,

. O
R— 0— c/\ .
(XVIII) | N —

p ML Fig. 13.1.

Inglefield and Kaplan’ have observed large negative entropies for this
rotational barrier in cases where R is methyllfor both carbamate and
thiocarbamate. These were not observed for XVIII. Numerous variations
within the context of this basic structure have.been reported.

One of the most prolific fields for such studies has been that where
the substituent corresponding to O-phenyl in XVIII above has been a
substituted aromatic ring directly bonded to the carbonyl carbon og
bonded via a conjugated carbon chain. Thus Spassov and ooworkers/4
have examined the N-C(=0) rotational barriers in a series of meta- and
para— substituted dimethylcinnamamides XIX (fig. 14.1) where moderately
good correlations with various substituent constants for the aromatic
ring substituents have been observed. These correlations indicate the
influence of electron withdrawal into the aromatic ring upon the rotate

tional barrier. The sensitivity of the barrier is not high as we would

expect with the interposed carbon double bond attenuating mesomeric

effects. De Boer and coworkers, in a series of papers, have exanined
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/49

N,N-dimethylbenzamides and cinnamamides/ and several correlations of

/°
substituent cong
/53

parameters for these systems with Swain and Iupton's
/51 9 D2

sstants have been derived Jackman and coworkers have correlated

rotational barriers in N,N-dimethylbenzamides with Hammett & and & subs
tstituent constants. Niwa/54has examined Hammett correlations in meta-—
and para=—~ substituted formanilides and has observed the need for the.

use of o and ¢ substituent parameters for strongly mesomerically inters
tacting para-— substituents.‘

Not all studies in this category of compétitive mesomerism study
molecular parameters with a view to establishing correlations with var:
tious substituent constants. Walter, Schaumann and Rose/54have studied
rotational barriers in urea, thiouwea and selenourea. The rotational
barrier in formamide has been shown to be 17.8 kcal./mole in diglyme/55
These authors argue that several factors will tend to reduce the rotat:
tional barrier in urea and its homologues. Firstly, "replacement of the
formyl hydrogen in formamicde by the amino group will raise the steric
strain in the planar ground state and thus increase its energy". Second=2
tly, "the lone electron pairs on both hydrogen atoms compete in the meso:
tmeric interaction with the" functional group X "orbitals producing in
each half of the molecule a weaker partial double bond than in formamide®
Thirdly, "when one amino group is turned out of the plane of the molecule
during the rotational process, undisturbed mesomerism in the other half
of the molecule is possible and thus tﬁe energy of the transition state

is lowered"., e can therefore see that the factors involved in establish:

ting the value of any rotational barrier are complex, and examination of.



these various factors free from interference from each other, though
difficult, is essential for a complete understanding of the contribut:

tions to the energy of the systems under study.

Studies on Aromatic Systems.

"The determination of electronic interactions in aromatic molecules
has long been the aim of many chemists. Sure knowledge of trhe mechanisms
and magnitudes of such interactions would allow the prediction of many
physical properties, reaction rates, and equilibrium constants, and also
assist in the correlation of the mass of existing data." Furthermore,
"aromatic and, in particular, benzene derivitives have provided the maj:
tority of the series of compounds used by physical organic chemists to
examine correlations between structure and reactivity. The benzene nuc:
tleus contains both the usﬁally distinguished types of bondj; the ¢ bond
has cylindrical electronic symmetry about the bond direction while the
T bond has a node in the bond axis. The w electrons in benzene can also
be regarded as delocalised and we thus have a relatively simple and sym:
tmetrical system of fixed geomztry allowing investigation of features of
the major bonding concepts."/5

Major interest in the bonding system of benzenes focusses on the
contribution, and whilst we cannot rigorously separate & and 77 compon:
tents in any particular bond, for all practical purposes-we can regard
bonds simply as conposed of varying discrete contributions from both
these sources. It is now generally recognised that the ¢ contribution
to the interaction of a substituent with a benzene system is of limit:
ted significance. Far more important is the electrostatic field effect
a substituent may exert at centres of interest within the molecule quite
far removed from its point of attachment. Such an effect is often refer:
ted to under the general term 'inductive effect! though no implication
that the effect is operative via a o bonding transmission should dbe un:
tderstood. Purther, for simplicity, it is often assumed that the field

effect of a substituent (the inductive effect) has no action unon M elec:
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ttrons in the molecule. This clearly cannot be the case, but the task of
unravelling the inter-related effects of one group of electrons upon
another is complex. Extremely crude measures of these effect are often
guite sufficient for the majority of purposes.

The exact nature of mt interactions is not free from dispute either.

o7
It has been suggested by Clark/

s for example, that the major part of
N electron disturbance caused by substituents having free electrons on
the atom attached to the ring is caused by non-bonded repulsion between
these electrons and the benzene & electrons rather than by mesomeric

/5°

interaction. An electron diffraction study of aniline which indicates
substantial bending of the amino group relative to the ring, has been

interpreted as providing supportive evidence of this electron repulsion.
However, in p-substituted aniline derivitives, the evidence is entirely
consistent with enhanced mesomeric interaction, there even being a sug:

tgestion of CAr—N bond shoritening. This is consistent with a strong

through resonance interaction with the p-substituent.

Hammett relationships.

We have already considered in some detail, the origins of Hammett
Op relationships. The value of p varies with the electronic demands of
the reaction or property measured. The nature of o is more complex. O
is a measure of the tfansmission of the substituent'!s electronic effect
to the reaction site and as such, it is not dependent just on an inter:
taction with the benzene ring. If the reaction site is especially capab:
1le of interacting with the substituent, by a through resonance effect
for example, then an enhanced effect is observed for the substituent
and an enhanced o value must be employed. This is a somewhat unsatis:
tfactory state of affairs and several attempts have been made to derive
a more fundamental set of substituent constants. So, for instance, Taft

/59

and coworkers pioneered attempts to split ¢ valuss into inductive and

'resonance! contributions; inductive covered effects arising from c‘bon@



mechanisms and through space field effects. Substifuent parameters have
since proliferated in the literature, but as pointed out in a recent
L /o

communication by Brownlee and Topsom , this is generally unnecessary
as most correlations can be expressed in terms of varying contributions
of ¢ and Tt factors described by (I and 6RO. The precise mixture of these
two constituents to decribe the observed effects will vary widely and in
'qonsequenoe, fhe use of relatively simple ¢ and o~ parameters for exam:
tple, is sometimes favoured on the grounds of simplicity. Though in some
instances, it may be necessary to use these simpler parameters due to
lack of information, necessary to define properly the contributions of
o, and oRo, it is better to attempt to obtain sufficient data to allow

I

definition of results in terms of the more general constants.

n.m.r. observation of Hammett relationshivns.

A significant number of n.m.r. studies of various kinds on aromatic
systems have revealed correlations between various parameters of the
system, such as chemical shifts and coupling constants, and Hammett sub:
tstituent constants. In particular, studies of various substituted anil:
tines have provided a number of significant correlations.

Several authors have sought correlations between substituent con:
sstants and rotational barriers in aromatic substituted amides. Jackman

/53

and coworkers studied C=N rotation barriers in eighteen substituted
NyN—dimethylbenzamides by complete lineshape aunalysis of the methyl sigs
tnals. The barriers to rotation OBG¥) are, to a first approximation, sent
tsitive to effects which manifest themselves in the ground state rather
than the transition state. Thus in fig. 15, substituents R1 which are
electron donating and RE and R3 which are electron withdrawing are ex:

tpected to reduce the rotational barrier. The existence of non-honded

interactions between R, and R2 and R, will also lower the barrier since

1 3

these interactions are reduced in the transition state. In the current

instance, the study of a series of m~ and p-substituted benzamides will .
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allow us o examine the effecls of clecironic faciors in isolation fron
variations in steric factors since all non-bonded interactions will re:
smain essentially the same. The correlation betweenl>G¥ and Hamnett o
constants is fair (correlation cosfiicient r = 0.93) whilst correlation
with & is better (r = 0.97) This better correlation with " implies
that the barrier is significantly influenced by mesomeric eleciron dons
tation by suifable p—substituents with through conjugation from electron
donars such as Olle or mme2 to the carbonyl group of the amide. The values
of p and P+ of +1.56 and +1.13 respectively, indicate that the barrier
is relatively sensitive to electronic effects, the (+) sign signifying
that the barrier rises with increased electron withdrawal. Interesting:
t1ly, correlations, though reclatively poor ones, exié% between the differs
. . . + L
sences in chemical shifts of the methyl signals and @, ¢ and A¢, this
last showing the strongest correlation (r = O¢976).
/61

Korver and coworkers’ Thave also studied ¥,N—dimethylbenzamides but

their treatment of substituent effecis follows van Bekkum, Verlkade and

/63

Wepster/ and Swain and Iuptony both of which highlight the importance

of through resonance conjugation to the carbonyl group where possible.

R R R
RI / . \ / 2
\C N 4’___,__; /C,‘ ppea—— N @
/ \ _ N,
O © 3
ﬂ\S
Fige 15,1 = 15.2,
. / 48
Spassov and coworkers have studied rotational barriers in m— and

p-substituted cinnamamides and have observed correlations betweenvAG¥
and substituent constants. The better correlation observed is with 6
rather than o constants (r = 0.95 and T = 0,90 respectively). This im:
:plies a decreased significance for through resonance effecis and this
reduced significance of electron withdrawal in enhancing the barrier ic

reflected in P and p+ valucs of 0.85 and 0,60 respectively. This is not
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uncxpecied in view of the increased conjugation path in the cinnamamides
comunecxpected in view of the increased conjugation path in the cinnamamide:
In many studies, correlation between Hammett o constants and chem:

/o4 /64

tical shifts have bsen observedl Schaefer and coworkers have observ:
ted a correlation between the amino proton shifts on m— and p-substituted
anilines, measured in dilute cyclohexane solutions, and Hammett & cons
sstants for the substituents. These authors also suggest that the shift
observed is prgbably proportional to the vt electron density on nitrogen.
R and Dyall/ 5have observed a correlation between the methyl shifis

in p-substituted dimethylanilines and the enhanced substituent constants
o « A correlation coefficient of 0.965 is observed. Using this correlat:
tion, these authors estimate a value for the ¢ coefficient for the nitr:
tos0 group of 1.57 ¥ 0.09, a value which is not attainagble unambiguously
from chemical reactivity measurenments. Iynch and coworkers/67have observ:
ted similar results to those above in their work on anilines.

e thyl 13C-—H coupling constants and chemical shifts have been ob:
tserved to follow Hammett correlations in dimethylanilines amdngst other
substituted aromatic compounds. The use of ¢ and o values again ims
sproves the correlation in those cases of substituents capable of direct
. resonance interaction (from the p position) with the dimethylamino func:
¢tion.

Vo . o

Calder and Garrati’/’ have examined p-—substituted nitrosobenzenes
with a view to establishing a Hammett correlation between ¢ for the para
substituent and the barrier to rotation about the CAr—Hﬁitroso bond.
Barriers to this rotation were obtained by approximate rmethods. Unfort:
tunately, no attempts were made to correct these barriers for a constant
oﬁservation temperature (temperatures were varied over a range of 160O

4

tculated. In the circumstances, it is difficult to draw any conclusions

maximm) and no correlation coefficient of the ayb(} comparison was cal:

as to the existence of a correlation or not.

69

Mislow and coworkers have examined the effect of substituents on-



the rate of pyramidal inversion in l-aryl-2,2-3imethylagziridines (fig.
16). The inversion barriers show a linear correlation {judged, by the
authors, visually) with Hammett &  substituent constants. P ig found to
be ca. =3 at —60°. The greater the mesomeric electron withdrawal, the
lower the barrier to inversion. These results are ascribed %o conjugats:
tion of the lone pair on the inverting centre with the attacked arene

T system, an effect which finds its maximum expression in the +transition

state for the inversion process.

n.m.r. studies of aromatic rotational barriers.

Despite the obvious interest in rotational barriers in general
and aromatic rings in particular, not a great deal of attention haé been
devoted to rotational barriers about bonds to the benzene nucleus. In
particular rotations analogous to those so thoroughly studied in amides
have received scant attention. So, for example, it was not until recent:
tly that the N’-—CAr

taniline (p-dimethylaminobenzaldehyde!). This molecule is the aromatic

rotational barrier was examined in p-formyldimethyl:

analogue of DMF, Interest in this particular molecule was Tirst shown
/35

by Anet and Ahmad in 1964 when they observed a rotational barrier of

10.8 kcal./mole at —71°C. for the rotation of the formyl group in p—
dimethylaminobenzaldehyde. At the same time, bar;iers of 9.2 and 7.8
kcal./mole were measured for the same rotation in p-methoxybenzaldehyde
and benzaldehyde respectively. These barriers were derived frzm a measure
of the free energy to rotation at the coalescence point only[ "
Klinck, lMarr and Stothers/71examined the correspondingly substituted
acetophenones as well as the substituted benzaldehydes described above.
Toluene solutions of these compounds were studied. Whilst free energy
barriers to rotation in the benzaldehydes in agreement with the work

of Anet were recorded, this was only true at or near the coalescence

temperatures. At ambient temperatures, much larger barriers were measured
corresponding to large negative entropies of activation! These effects

- . o s T e N L P
are not to be observed in vinyl chloride as solvent and it seems unlikely
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that they are an artifact of the n.m.r. neasurewent process.

One other simple disubstituted aromatic compound has atiracted
considerable attention from n.m.r. spectroscopists. This is p-nitroso:
tdimethylaniline. CAr—H=O rotation was first examined in this molecule

/7
by HaclWicol, Wallace and Brand’ who observed a barrier of 11.8 kcal.

13
/mole at —5800. In a related study, llacNicol, Porte and Wallaoe/

observ:
ted a rotational barrier for the same bond in the conjugate acid of p—
nitroso=N,N~dimethylaniline. This barrier has a lower limit of 16.3 kcal.
/mole at 33.500. This is only consistent with protonation on the nitroso
oxygen in this molecule and not the amino nitrogen. This is clear indic:
tation of the extent of the resonance interaction in this compound,
where the electron density at the nitroso oxygen is sufficiently enhanced
to permit protonation on this site in preference to the amino site.
" . r/74

orver, van der Haak and de Boe report a value of 14.9 kcal./
mole (AH¥) compared with lacWicol's equivalent value of 11.2 kcal./mole.
The origin of this difference may lie in ﬁhe different solvents used,
chloroform as against acetone, but it is also possible that as both
groups use approximate methods in deriving their results, then there
will be some errors, possibly gross in these values. Calder and CGarratt
/68, as mentioned above, have studied p-substituted nitrosobenzenes and
report a value of 12.4 kcal./mole 2t ca. 0°C. This is certainly more in
keeping with MaclNicol's estimate of this barrier, though once again
approximate methods were used to establish this value.

/75

kiacNicol observed the barrier to rotation of the dimethylamino

group about the CAr—NMe2 and estimated the barrier to rotation to be
10.6 kcal./mole at -76°C., again clearly consistent with considerable

delocalisation of the amino lone pair of elecirons in cooperative cont

tjugation with the nitroso group.
Other studies in aromatic systems have been made where rotation

about a bond to the ring is examined, but these are concerned with barr:

tiers arising from steric factors and are not %ﬁ immediate concern heres;
& g

for example, the work of Jouarne and Heidberg.



Current Studies of Rotational Barriers in Aromasic Svstens.

As we have seen, the observation of rotational barriers in p-disub:
tstituted benzenes is to be expected in cases where the two substituents
are capable of cooperative mesomeric interaction with one another. Thus
if one substituent exhibits a +I1 effect (donates electrons mesomerically
to the benzene ring) and the other a ~H effect, then extended conjugat:
tion is observed with a resulting increase in the bond orders of formal
single bonds in the system. In the structures represented by I (fig. 16),
the valence bond isomer Ib contributes significantly to a resonance

hybrid representation of the true molecular structure.

Ny * e/
, l
'BQY; _B\\~CFD

Purther, we can see that the requirements for observation of rot:

Fig. 1601 bt 16.2.

tational barriers will be met if the group —B=C is sufficiently magnet:
tically anisotropic to induce significant differential in the chemical
shifts at positions in the benzene ring and in the group A, if non-lin:
tear. That this is the case for substituents such as -CHO, —C(CHS)O and
| 1 o 5T TR
~N=0, and protons on the benzene ring has long been recognised’
" The possibility that these anisotropic groups could induce sufficient
shift differential at the para position was not immediaﬁely'realised.
During preliminary studies of the low temperature spectrum of 9-nitroso:
tjulolidine (fig. 17) a significant chemical shift difference was observ:
ted at the methylene protons in the saturated rings and this implied the
possibility of observing a similar shift between methyl signals in p-

nitroso~l,N~dimethylaniline, provided the dimethylamino rotation could

be slowed sufficiently to prevent averaging of the methyl signals. liac:
75

tNicol, in a preliminary communication’ » observed a shift difference

of 4.1 Hz. between the methyls when rotation of the dimethylamino group
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had almost ceassd at -90°C.

It was the initial intention of the current stud;es to extent these
observations to as many series of aromatic compounds as possible, with a
view to establishing accurate barriers to internal rotation in these
systems. Due %o the importance of the benzene system, these barriers
would be of considerable theoretical interest. Unfortunately, our work
was seriously curtailed by inadequacies in our temperature control equip:

. ) . /*77
tment which remained uncorrected for several reasonstd In consequence,
the work detailed below constitutes merely the introduction to a series
of studies which are only now being undertaken with radical improvements
in our instrumentation (as detailed in the practical section of this

thesis).

Studies on Julolidine Systems.

The structure and numbering of the julolidire sgystems studied are
shown in figure 18 opposite.

The first attegpts to prepare 9-nitrosojulolidine (II) were reported
by Pinkus in 1892{7 and Smith and Yu, in 1952{79confirmed his lack of
success in this venture. The preparation of this compound by the action
of nitrosyl chloride on julolidine is described in the practical section
of this thesis.

Due to the tendency of nitroso compounds to form dimers, the mono:
tmeric nature of (II) in solution was established by osmometric determir:

tation of the molecular weight (200.5 in CCl,3 true molecular weight 202).

4
A concentration insensitive n — fy* band for the nitroso group is also
observed in the ultraviolet spectrum at 652nm. (log& 1.81) in Et0H.

The Tt - W% absorption of the chromophore in this molecule occurs at
448nn. with log& of 4.54, indicating a significant decrease in the ener:
tgy of this transition to be associated with increased electron delocal:
sisation and stabilisation of the excited state, when compared with p-
/80

nitroso-IT,I~dime thylaniline (Amax 420nm. log€ 4.48)4

At 44°C., the 2201z. proton n.m.r. spectrun of IT (ca. 0.1 in
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CDCl3) conpriges a broadened aromatic resonance centred near 5’7.? and
nmethylene signals as showm in the upper protion of fig. 17 Lowering the
temperature reduces the rate of rotation about the Ar=i¥=0 bond and by
—3000, the aromatic protons show an AB quartet’pattcrn with »AB 1.82 ppm.
(401 1z.) and JAB 2.2 Hz. The methylene resonances exhibit further split:
ttings as shown in the bottom half of fig. 17. Thé induced shifts are:
0.044 ppm. (9.68 Hz.) for H-CH,3 0.108 ppm. (23.76 Hz.) for H-C-CH,; and
0.241 ppm. (53.02 Hz.) for Arﬁgﬁé. Observation of a chemical shift diff:
terential, even for methylenes furthest from the nitroso group, reflects
the large magnetic anistropy of the nitroso function and suggests the
likelihood of observing similar results in p-nitroso-N,N-dimethylaniline,
provided the dimethylamino rotation is slow enough to permit observation
of separate resonances. In II, spectral changes resulting from conform:
tational changes in the trimethylene chains were not observed down to
~60°C. In the symmetrical 9-nitrojulolidine, prepared by oxidation of

IT with m—chloroperbenzoic acid, no temperature dependent effects were
observed, even in the trimethylene chains at similar temperatures.

A similar investigation of 9-formyljulolidine (III) at lower tempef:
satures revealed hindered rotation of the formyl group. The chemical
shift in the aromatic AB quartet was 25.8 Hz. with a couﬁling constant
of 1.9 Hz. The chemical shifts imparted in the methylene chains were
only éufficient to cause broadening of these signals with no 'frozen!
shifts being resolved.

The activation parameters for these rotations were calculated by
»complete line shape matching of experimental and theoretical specira
calculated on the basis of the system being a simple coupled AB spectrum.
This is a slight simplification, in as much as some residual coupling
will exist to the methylene protons adjacent to the ring. This unresolv:
table coupling is accounted for by the use of an effective relaxation
time T2 slightly in excess of true requirements. Though this apvroach
does introduce errors, noticeable in the limits of slow and fast exchange,

it was adopted at the time as more sophisticated computer programs, caps



sable of including the extra coupling in +the calculations, were not avail:
table.

Several problems arise with fitting the spectra of II. It is notice:
table that the chemical shift at low temperatures, the frozen shift, var:
ties with temperature. In consequence, an extrapolatién into the region
of exchange broadening of this frozen shift is necessary and as this ex:
strapolation is over a temperature range of greater than 6000, there are
obvious dangers inherent in the process. It may well be objected that the
extrapolation need not hold over such a temperature range, Eut in the
circumstances, there is little option but to accept it. Any attempt to
fit, theoretically, rate constant and chemical shift are frustrated by
the enormous size of the chemical shift in the first instance. This leads
to a high level of indeterminancy if both these parameters are fitted.

A second problem introduced by such a large shift is one of fitfing the
spectrum in the middle regions of the exchange process. These large
shifts give rise to very broad signals of low intensity which cannot be
accurately matched. These problems taken together, then mean that the
regions of medium and high exchange rate are poorly defined. Consequently
we must rely on the lower exchange rates to establish the thermodynamic
parameters of the rotation. This is unfortunate in that a restricted
temperature range is involved, with resulting uncertainty in the definit:
sion parametexe‘AH% and.bS#, though the accuracy of the lower rate con:
sstants should be quite high.

As a consequence of these factors, the quality of results derived
for the rotational barrier in~II are probably not as good as they might
be. In particular, the entropy of activation appears to be.on the high
side and so the enthalpy of activation takes on an unrealistic value.

The results are listed in Table 1. As we can see from the free energy of
activation at 2500K (14.2 kcal./mole), there is a considerable resistance
to rotation about this bond. This must reflect a very high mesomeric

donating power for the quinolizidine unit. This probably arises from
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an enhanced planarity about the nitrogen in the cuinolizidine unit, hen
compared with the analagous p-nitroso~ll,M-dimethylaniline (IV). Though
several authors have studied (IV) and have come %o different conclusions,
there is general agreenent that the barrier in the aniline is reduced
from that in the julolidine. The ultraviolet svectra of (II) and (IV)
demonstrate the same effect, with a bathochromic shift being observed
between (II) and (IV) as mentioned above. The total effect of the guins
tolizidine unit can be estimated by comparing the barrier in (II) with
that in nitrosobenzene. Bearing in mind that the comparison is liable

to be inaccurate due to the factors previously mentioned, then we can
note that an enthalpy difference of ca. 13 kcal./mole is observed. This
will reflect a mesomeric contribution to the free energy barrier of
greater than 10 kcal./mole.

Similar measurements for the rotation of the formyl group in 9-
formyl julolidine (III) indicate a barrier of 10.9 kecal./mole at 250°K.
Comparison with the corresponding p—dimethylaminobenzaldehyde (V) ins
sdicate that the two barriers are considerably closer than for (II) and
(IV) above. A certain amount of through resonance contribution is cer:
¢ tainly lost on.substituting formyl for nifroso in ﬁhe 9 position, but
as greatest reliance can be placed in our current results for (III), this
result may reflect some error in the results for (II). This comparison
suggests that the enhanced planarity in the quinolizidine structure is
not so marked as the above results suggest. Comparison of the results
for (III) with the vapour enthalpy barrier in benzaldehyde suggests a
mesomeric contribution of about 7 kcal./mole to the enthalpy, whilst
the results from benzaldehyde in vinyl chloride solution suggest no moxre
than 3kca1./mble for the resonance contribution from the quinolizidine

unit to this barrier.

Studies on N,l=-dimethylaniline Systems.

laclicol first reported observation of hindered rotation of the



dimethylamino group in p~nitrozo»ﬂ,H—dimethylaniline/ (IV). ‘e have
since undertaken a preliminary survey of other para substituted dimethyl:
tanilines in an gitempt to observe dimsthylamino rotational barrierc.
Studies on p-dimethylaminobenzaldchyde (V) have indicated that, alt
¢t though hindered rotation of the dimethylamino group could be observed
qualitatively, the chemical shift imparted by the magnetic anisotropy of
the carbonyl function is no more than sufficient to broaden the dimethyl:
tamino resonances. No chemical shift which would allow resolution of the
two signals arising from methyls cis and trans to the carbonyl qt orbitals
was observed. In a similar manner, p~-dimethylaminoacetophenone (VI)did
not yield.an observable chemical shift.
As we have seen earlier; it is well knowmn that aromatic solvent
molecules can impart dramatic solvent induced shifts to , generally polar,
. . . P
solute molecules in the solution. In particular, Hatton and Richards
have demonsirated that ASIS in DIMF result in different shifts being ob:
tserved at each methyl of the dimethylamino function.‘This presumably
relates to an asymmetric solvation of the molecule, reflecting the mole:
tcule's short term asymmetry in the rotational isomers. There has been
considerable discussion as fto the nature of any complex formed between
solute and solvent in these cases, and in particular, several authors
have proposed discrcte geometries for hypothetical soluue~<olvent comns
tplexes. As Engler and Laszlo/83have pointed out, there is very liitle
justification in most cases for regarding the interaction between solute
and solvent in terms of a diso:ete complex. All that can be argued, is
that the time averaged effect of transient solvations is not completely
random, but is influenced to a greater or lesser extent by the polarity
of the solute molecule. In the particular case of asymmetrib polar sol:
tutes, whether this asymmetry is also transient or not, the aromatic:
solvent cluster surrounding the solute molecule is also asymmeiric, res:
sulting in an asymmetric pattern of ASIS in the molecule.

It is interesting to reflect, however, whether the nature of the
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solvation by eromatic molecules alters as (a) rotational lifeiimes in
the solute molecule alter and (b) the temperature of the system changes.
It seems not unreasonable to suggest that the nature of the solvation
cluster around the molecule will alter as rotational rates in +the mole:
tcule change. At the same time, it is well known that the effects, in
térms of chemical shifts for example, of an aromatic solvent can be very

/o4

temperature dependentt Considering these factors in isolation for the
moment, we can suggest that the effect of raising rotational rates with:
tin a molecule is to reduce the effective asymmetry of the solvation
cluster around that molecule. As there is less time for asymmetry in the
molecule to be reflected in asymmetric solvation, this presumably requir:
ting a finite time for establishment, then as rates increase, the real
chemical shift induced by solvent decreases. On the assumption that we
do not allow for this effect, then we apply a frozen shift observed at
low temperatures to regions of exchange where a smaller shift is éppro:
spriate. In consequence, we overestiimate the rates of exchange at any
given temperature and cause an increase in the estimate of both enthalpy
and entropy of the activation process. '

Temperature effects on the shifts observed between nuclei need not

/%4

lead to a decrease in shift on raising the temperaturet It is quite
possible Tfor the real shift to increase with rising temperature and, as
a result, the opposite effect to that described above can be observed.
The enthalpy and entropy of the activation process are reduced,; with

-the entropy becoming negative to compensate for the loss in'enthalpy.
During these changes, it is noted that free energy is relatively unaffec:
tted.

In the current instances, large negative entropies are observed and
hence we might suspect some differential temperature effect to be con:
:fusing the estimate of appropriate 'frozen' shifts applicable +to these
systems. Observation of the trend of the frozen shifts at temperaturés

well below unity rate of exchange has failed to reveal any temperature

trend for the 'frozen' shift in (IV). It does not seem possible then to
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account for these unusually large negative entropnics in terms of errors
of this nature. The fact that these effects are almost invariably observ:
ted with aromaiic solvents docs suggest though, that some factor arising
from the use of solvent shifts is operational in causing these entropies,
which in themselves are not chemically recasonable.

In the current studies, 50% toluene—d8 has been employed together
with 5 % vinyl chloride as solvent mixture. This particular mixture has
the advantages of a low freezing point, good solvation powers for polar
solutes at low temperatures and ASIS of a differential kind, required to
permit observation of resolved signals from the dimethylamino methyls at
low temperatures.

The enhancement of magnetic anisoiropy of the para group observea'
in each case is satisfactory (see Table 2). No attempts have been made
to allow for variations of this solvent shift with temperature since
extrapolation from low temperatures was prohibited by the limits of sol:
tubility and solvent viscosity. Full line shape analyses were undertaken,
though the quality of fit achieved deteriorated at low temperatures. The
free energies of activation obtained at the coalescence temperatures are
leastbsubject to error, and the extrapolations necessary for comparison
of the free energies at the samé temperature have been made to the low:
test coalescence temperature since the results derived at higher temper:
tatures are the more reliable., Thus the greates?t extrapolation was per:
tformed on the results of (IV), which are the most reliable of the three
sets, whilst the results of (V) where the fit is poorer are only extra:
spolated 10°K., The results of (VI) are not extrapolated.

It is to be noted that very large and negative entropies of activat:
tion are observed in the current series. Similar effects were observed
by Klinck, larr and Stothers/71for rotational barriers in (IV) and (vi)
in pure toluene, though of course the rotations in question concerned
the para group. It is notable that the activation barrier in (IV) is

reduced from 10.6 to 9.9 kcal./mole on moving from CD9012 to the present

solvent mixture.
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A3 can be scen, the free energies of activetion for the dimethyls
samino rotation at 1330K. show a marked dependence on the Dvara group.
The decreasing resistence to internal rotation of the Nlbz group indic:
tates a decreasing tendency for delocalisation of the nitrogen lone pair
of electrons into cooperative mesomerism with the para group. The trend
parallels the known mesomeric accepting powefs of these groups. It is
interesting to plot these free energies against the Hammett & constants
for the para group. The o value for the nitroso group has been taken

/%2

from the n.mer. data of Rae and Dyall for benzene solutions. o chem:
tical method provides a satisfactory value of this constant and it is
felt that this source provides as good an estimate as any. It is based
on the observation of a correlation between the HW-lethyl proton chenic:
tal shifts in a series of para substituted N,H;dimethylanilihes and the
Hammett & constants. Other ¢ values are taken from +the major compils

35 36
/ and Wells{

sations of Jaffe
Though only three points can be plotted, it is interesiing to
assume the existence of a linear Hammett correlation, the current points

at least, lying on a straight linel! Fig. 19 shows the line obtained. The

equation of the line shown is

1og(k/ko) Pd’ (1)
where k0 = 4.09 and

P = "‘3070

Log ko describes the rate of internal rotabion in dimethylaniline its:
tself at 133°K, and is equivalent to a rotational barrier of 5.1 kcal./
mole. The error estimates on this figure can be placed at =1 kaol./mole

LT 4

on the basis that the Hammett correlation holds exactly, bubt that the
errors in free energy barriers and o constants are as showm in Tig. 19.
The basis upon which this estimate of The rotational barrier in

dimethylaniline has been made is open to many serious objecticns, buv

v an s . - I
there is little doub:t that the result obtained is intuitively of the
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right order. The use of the Hammett correlation, which in ezsence has
been assumed, is open to dispute. As we have seen, several authors in
studying various systems have obtained Hammett correlations of varying
degrees of cbnsistency. The & parameter can be recognised as containing
a term covering field effects of the para group and a term covering res:
tonance effects. Yhilst there is no disputing the significance of reson:
tance effects in establishing rotational barriers, the field effects do
not necessarily seem to lead to any contribution to barriers at all. In
consequence, it may seem surprising that a Hammett correlation to rot:
tational barriers is ever observed. However, this can be uanderstood on
the assumption that the field effect varies in proportion to the reson:
tance effect. Whilst this then results in a decreased gradient of the
Hammett plot to be observed if true resonance parameters are plotied
against rotational barriers, it does not affect any of the conclusions
reached here.

It is informative to consider the nature of the interaction repres:
tented by the measured energy barriers in dimethylanilines and related
compounds; Féctors which can affect the wvalue of the rotational barriers
in such compounds are numerous. The simplest possible assumption which
can be made is that the observed rotational barriers represent the total
resonance interaction of the dimethylamino group with the attached phen:
syl system. This requires that the mechanism of rotation of the dimcthyl:
samino function is purely one of rotation of the planar group from a
state of maximum resonance interaction where it is coplanar with the
phenyl ring t0 a state of zero resonance interaction which is one where
the two planes (of dimethylamino group and phenyl ring) are orthogonal.
No steric interactions between these two units is contemplated in this
model for the rotational process.

Such a model is, of course, unienable. It is reasonable to assume

at least a small steric interaction between the dimethylamino methyls
and the phenyl ring oritho protons in the coplanar ground state of the

system. This is releaved during rotation with the result that the ob:
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sserved rotational barrier underestimates the resonance energy to the
extent of this steric interaction which will be zero in the transition
state. If we allow ca 1.5 kcal./mole for this steric interaction, then
the resonance energy is apparently worth ca. (5.1 + 1.5) kcal./mole :
6.6 kcal./mole.

Recently reported values for amine inversion barriers in trialkyl:

37
/790

tated systems imply that a similar barrier of 6.5 kcal./mole should
exist in dimethylphenylamines, were such systems pyramidal. In other
words, it seems appropriate to associate a strain of ca. 6.5 kcal./mole
with flattening the nitrogen pyramid in anilines. If this pyramid collap:
tses during rotation so that the transition sitate is not orthogonal but
pyramidal about the nitrogen, then the resonance energy is apparently
worth (5.1 + 1.5 + 6.5) kcal./mole, i.e. ca. 13.1 kcal./mole. The fact
that the nitrogen may not collapse leads to problems in estimating the
true worth of the resonance energy.

Consideration of fig. 20 may clarify the matter. If we consider
the two partial structures et andfg shown and define the process of bring:
ting them together into a bonded unit as being energetically of no con:
ssequence, then we can define our datum energy level as the energy of
“the combined unit. This corresponds to level A. If we now force flatiten:
ting of the amino function we exalt the total energy of the system to
level B. Similarly introduction of steric strain raises thé energy to
1eve1»C. As level A is a perfect description of a strainless pyramidal
transition state, then introduction of resonance stabilisation can be
seen to reduce the energy to level D. But the true description of the
transition state may lie at any point between A and C. As a result, the
figure of 5.1 kcal./mole estimated for the rotational barrier in dimeth:
tylaniline may refer to any of the continuum of transitions between the
limits D—>A and D —>C. In other words, the resonance energy lies some:
twvhere between ca. 5.1 and ca. 13.1 kcal./mole.

It is also possible that the ground state of this sysiem need noti

. - et
consist of a perfectly planar nitrogen with fully developed sirain as
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assumed above. Therc is evidence in the casc of dimethylaniline itgoelf

to suggest that the nitrogen is not completely planar. The le-ll-lke angle
s L0+ o/9

has been measured by electron diffraction technigues as 116 =

Thilst this does not change the argument for a minimum resonance energy

of 5.1 kcal./mole, it suggests that under any circumstances, the above

estimate for an upper limit to the resonance energy is {too optimistic.

On the other hand X-ray evidence of the solid state geometrics of p-

/92 /93

nitroso-l,N~dimethylaniline’ and p-nitro-N,N-~dimethylaniline/ indicates

that the geometry around the nitrogen is completely planar. 7Thilst on

the one hand, this does not preclude partial collapse in solution in

these systems, it also suggests that a strictly common geometry about

the dimethylamino function in this series of anilines in solution ig not

to be found. It seems likely, that if any aniline is %o show partial coll:

tapse at nitrogen in the ground state then it will be the parent compound

where the advantages accruing from resonance interaction, only fully de:
’ v

tveloped in a planar ground state, are the least.

4 related instance of such a barrier during which nitrogen pasgses
from a pyramidal to a planar condition is observed in p-substituted

9

1—aryl-2,2-dinethylaziridines (fig. 21). Here the inversion Darrlerﬁ

shows a linear correlation with Hammett & substituent constants with F

o] - s .
equal to ~2,8 to ~3.3 at ~60 C. The transition state for this inversion

® - o,

Fig, 21.1 = 22,2,

—R

is a completely planar state probably bearing many analogies with the

supposed planar ground state of the rotational isomers discussed above.

I

[n]

this transition state, the inversion barrier for the aziridine ring

G\

.

is reduced by resonance interaction betiucen the nitrogen leone peir elec:
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strons and the aromatic micleus (bearirg possibly o para group). It ic
intercoting to note that whilzt the energy barrier %o .inversion in the
|
94,95
; /7%

alkyl substituted aziridines is gbout 18.0 kcal./mole s that in

. e a . / . . PP 5o .
the prhenyl aziridine is 11.2 kcal./mole. Examination of fig. 22 indic:

<k

tates the possible resonance effecis of the phenyl system. All steric
factors, which will not vary significantly from alkyl {o phenyl aziridin:
tes, have been assumed to be cqual in both ground and transition states.
The observed difference in inversion barriers of 7.6 kcal./mole can be
seen to be the minimum value for the total resonaﬁoe contribution to
stabilising the transition state on the assumption that the ground siate
does not experience any resonance siabilisation also. There is reason %o

suspect some degree of resonance stabilisation of this ground state for

/¢

~

an electron diffraction study of phenylaziridine itself indicates that
though the geometry about the nitrogen is pyramidal, there is a tendency
for the amino lone pair to be aligned in a satisfactory orientation for
some stabilising overlap with the phenyl 1T orbitals. The planes of the
aziridine and phenyl rings show coplanarity of their normal planes. This
overlap can not be of great significance, however, and the resulting est:
simate of the total resonance stabilisation cannot be much in ezcess of

9 kcal./mole. Allowing for the possibility of differing steric factors,
it still seems unlikely that the high value of 13 koal./mole could be
accepted, by this argument, as a likely resonance energy.

Returning to the Hammett correlation assumed in the anilines, it is
possible to derive an estimate for rotational barriers in molecules where
various factors preclude their direct measurement. So in the case of p—
nitfo—N,N;dimethylaniline we can, by using the o value of the nitro
group at 1.27, estimate a rotational barrier in the aniline of 7.9 (i0.4)
kcal./mole. Trough a useful feature of the Hammett correlation in its
own right, we may make further use of this value if we consider the rel:
tated inversion barrier in the nitrophenylaziridine. Here the barrier is
8.2 kcal./nole, yielding a minirum resonance stabiligation of 10.6 keal..

4.

/mole. This is 2.7 kcal./mole in excess of the rotational barrier in the
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aniline. '"he difference observed in the unsubstituted cases wes 2.5 lcal.
/mole, a sat 1ufacto“j agreement. The additive effect of the nitro group
in both cases is practically the same and consonant with a resonance
stabilisation providing the vast majority of the stabilisation.

From these two sets of results, we can see that there is a minimun
difference of 2.5 kcal./mole between the two cases of resonance interact:
tion. These results thus tend to implicate some non-planarity in the an:
siline ground state to explain this difference for otherwise the aniline
ground state and the aziridine transition state are exactly analogous as
are the aniline transition state and the aziridine ground state in which
we will propose ins ignificant resonance interaction. It should be sgtress:
ted, though, that the steric factors have been assumed unable to account
for this minimum difference and it is possible that, with all factors
contributing in unexpected fashion, there is no case to answer as steric
factors can account for the difference.

An interesting posiscript to these preliminary studies in dimethyls
tanilines has been published recently by Grindley, Katritzky and Topsom.
/97 These authors have related dho constants to an energy scale. On the
assumption that "the energy barrier to rotation of a substituent about
the ring —substltuent bond in a substituted benzene can be equated to the
difference in energy of resonance interaction between the position of
maximum energy (usually the orthogonal position of 90° twist) and the
position of lowest energy (usually at or near coplanarity of substituent
and rlng) less the corresy)ondlnb difference in strain energy." This strain

energy can be neglecved for positions of substituents orthogoral to the
plane of the ring, i.e. for substituents twisted out of conjugation. Em:
tploying SRO values derived from their infra-red work, these authors es:
ttablish the following relationship between the resonance energy R and

these substituent constantse

R = 8.0 (2)

where, by simple arithmetic, a median value
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a can be established at 32.7 ¥ 1.3 koal./mole.

In deriving this resuli{, considerable use has been made of the rotation:
o0
/7
tal barriers in anilines measured and estimated above and consistency
among this set of results for the value of a is observed.
. . 0 . -
An interesting feature of the ¢, values employed is the fact that

. /39

a value of -0.134 is assigned to a twistvdimethylamino function whilst
~0.533 is assigned to the planar dimethylamino function. This results in
a calculated resonance energy for the planar dimethylamino group of 17.43
kcal./mole whilst the twist dimethylamino group has a resonance interact:
tion worth 4.38 kcal./mole. The difference of 13.05 kcal./mole is equiv:
talent to our estimate of the resonance interaction in dimethylaniline.
From the reasoning employed above, this value seems excessive. If we
suspect this value then, plausibly we must look for possible sources of
error in the reasoning employed in deriving it. Putting aside possibil:
tities of incorrect results for rotational barriers being employed in

the calculations as these all lead to inconsistency in the derived values
of a, we can consider the assumptions employed in deriving the equations
themselves. In the light of our discussion above, the possibility of a
non~planar ground state in the case of the dimethylamino function sexr:
tiously needs consideration. e can allow for this on the basis of a re:
tduced &.° for the ground state of the dimethylamino unit. Trial calcul:

R

tations with the difference (aho °

planar ~ °R twist) Teduced from 0.399 to

0.35 and 0.30 lead to the following resultss

for = 0.35, §NH92 = 6.35 keal./mole, resonanceNHe2 = 11.33/11.76
mean a value 33.50 . “kcal./mole.
for = 0,30, §NE92 = 4.61 koal./mole, resonancr—zmIe2 = 9.71/10.30
mean a value 34.33 * 2.1 kcal./mole.

Clearly, the calculations are relatively insensitive to the value

of the resonance energy in dimethylaniline and its derivitives. The



ZOélc

results derived above on tiie stated assumptions are quite cont
tsistent with the values of resonance energy indicated by the previous
arguments. The figure of 10 t koal./mole is suggested as a reasonable
estimate of the total resonance esnergy of the dimethylamino function.
Whilst in keeping with the results derived from various‘sources in the
last few pages, this estimate is very much less than that derived from
Katritzky's dho parameters which suggest the high value of 17.4 kcal./
mole for the resonance energy in a planar ground state. Whilst the estim:
sate of 10 k l./mole probably refers to a non-planar ground state reson:
sance energy, it seems unlikely that the value could be as high as 17.4
kcal./mdle. The suggested existence of resonance énergy in the twist pos:
tsition for the dimethylamino function leads to the suspicion that the
constituent parameters, in the case of dimethylamino at least, do not
solely estimate the resonance energy. The difference value between these
supposed resonance contributions given by Katritzky's calculations as ca.

13 kcal./mole must be considered the maximum possible resonance inter:

taction in dimethylaniline.

Postscript: The Magnetic Anisotropy of the Nitroso Group.

During their studies of hindered rotation in nitrosobenzene sys:
ttems (see above) several authors have assumed that the ring protons
cis to the ~N=0 function are deshielded by the effect of the N=0 magnet:

100
tsic anisotropy. Suadberg, in 1967{

published his observations on 2-al:
tkyl substituted nitrosobenzenes in which a high field shift{ was observ:
ted for the ortho ring protons compared with the corresponding value in
unsubstituted nitrosobenzene. U.v. evidence suggested.that no serious
nonplanarity about the nitroso-ring bond was present and in consequence
it seemed necessary to postulate that the effects observed were due to
steric hindrance in the ortho-alkylated case causing the nitroso oxygen
to prefer the non-alkylated side of the ring. Though some slight non~

planarity can be accomodated by the u.v. resulis, it seemed necessary

to revise the commonly held opinion that the nitroso function was de:



ssuielding in this orientation. The concurreant observation that the
ortho alkyl groups were considerably deshielded from their normal pos:
titions established the nature of the nitroso magnetic anisotropy as
opposite to that which had heretofore been associated with it. Tanala
/101

and coworkers observed the same effect in 2-methyl—4-N,M-dimethylamino:
tnitrosobenzene. Our own observations on this compound lead to the same
conclusion.

Okazaki and Inamoto have also remarked uponlthis anomalous shift

/102
effect in nitrosobenzenes.

Calculations of the shifts due to the
magnetic anistropy effects of the nitroso function proved satisfactory
in predicting the shifts to be observed in a series of ortho substituted
nitrosobenzenes. The possibility arises that it may be possible tolema
1ploy such calculations to estimate the geometrical relationships of
various groups within these molecules. This of course requires the estabs
$lishing of accurate parametesrs to describe the nitroso magnetic aniso:
ttropy.

In the‘current case it is desirable to be able to define the geom:
tetry about the amino function in para-substituted anilines. Unforitunate:
tly, preliminary calculations indicate that the sensitivity of chemical
shifts to be expected at distances equivalent to the amino-nitroso dis:

ttance in anilines is low and as a result, the relatively subtle geom:

tmetrical effects sought are masked by the insensitivity of the method.
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Practical Aspects of Muclear lMaznetic Resonance Spectroscopy

in Conformational Analysis.

Spectroscopy Technigques.

. The experimental methods of n.m.r. spectroscopy depend heavily on
advanced electronic techniques. In addition to this, great care has to
be taken with many of the factors which influence spectral quality and
which are under the direct control of the experimentalist. In this area,
significant improvements in the technique can often be made. Nem.T.
spectroscopy has gained a poor reputation in quantitative studies par:

s ticularly because of the inaccuracies which have plagued kinetic work.
It is now almost cliche to remark/1upon the wide range of free energies
of activation 'measured'! for C-~N bond rotation in N,N-dimethylformamide.

The large amount of inconsistency in these results may be traced to many
sources, and is a clear indication of the problems to be surmounted in
quantitative work by n.m.r. spectroscopy. However, effort expended to
the end of improving n.m.r. measurements, particularly in kinetic work,
is effort well spent,as ne.m.r. spectroscopy is often the only technique
available for acquiring a particular set of results. Kinetic processes
with activation barriers of between approximately 5 and 25kcal./mole
‘are generally only measuraﬁle by n.m.r. and reliable data on such mol:
‘tecules could open up a wide field to quantitative study.

The problemé of spectral analysis in n.m.r. can be divided into

two categories. Firstly we must ensure that the quality of the spectra
obtained are of a high order, and secondly we must ensure that the pros
scesses of deriving quantitative information from these spectra, which
often involve a considerable amount of numerical calculatioﬁ, are as
reliable as possible. Only if reliability and accuracy can be establish:
sed in both these stages of the process of deriving quantitative results,

can we exspect the results t0 be meaningful. The absence of such care

in acquiring data has lead to the abundance of approximate and quite



often erroneous results in the literature. Fortunatelx with the increas:
ted awareness of the Pitfalls awaiting the spectroscopist, such results

have diminished considerably in recent years.

The Problems of Spectral Quality.

Problems of spectral quality are numerous and can perhaps convens
tiently be classified as arising from two sources. In the first place,
it is obviously necessary that the n.m.r. equipment applied in our
studies should provide the information we expect to obtain from it.

In other words, the spectrum we observe (on paper for example) must be
the true spectrum of the system in question and not depend, to a great:
ter or lesser extent, on artifacts imposed by the spectrémeter itself.
This is, of course, easily said but in practice it is rarely,. if ever,
achieved. On the assumption that the electronic aspects of the instrus
tment are optimally designed,; constructed and mainitained (and this is
'not likely to be the case), we can still find many sources of probable
error in the manner the instrument is set up and operated on any partic:
tular occasion. Worse still, these sources of error will not be constant
from one series.of spectra to another; but will var& unpredictably with
time, operator and other factors. The most obvious example of these
difficulties are those encountered in obtaining a good and reliable
homogeneity in the magnetic field. As judged by the width at half the
height of a reference signal in the sample solution under examination,
this is continually varying with time during the running of the spect:
“srum. Almost all high resolution instruments operate at less than opt:
simum homogeneity because of the difficulty of maintaining this optimum
value under all conditions of spectral observation. As an instance, whil:
tst the physically necessary inhomogeneity which is expressed as the line
width of a signal can be readily accomodated theoretically, the occur
ance of a 'hump'/*zunder the lineshape of signals is never considered

theoretically and almost always exists experimentally. This phenomenon



can result in the variable enhancement of signal intensity across the
resonance absorption signal with consequent errors in establishing theor:
tetical/experimental spectral matches.

It is also very common to find non-linearity of the recorded specs
ttrum with respect to frequency, and, if not accounted for, can lead to
errors in the resonance position of peaks in the spectrum. Relative
éhemical shifts,and in bad cases even coupling constants,may be in error.
In such cases one is attempting to consider non-existent spectra, and,
if nothing else, this is a waste of time.

Perhaps though, the second source of errors is the more important
for it is less predictable than the former kind. These are errors which
do not arise from ultimate machine limitations but from experimental
inaccuracy and operator oversight. Thus errors in the simple handling
of the spectrometer are worth watching out for. Use of too high an ir:

*

tradiation power, for example, leading to 'saturation'/ 3of zhe nuclei
giving rise to the absorption can cause spectral distortion{ * Incorrect
setting of :he gspectrum phase on the signal detector gives rise to some
dispersion/ 5signal being mixed in with the absorption signal to form
the spectrum. This can be particularly difficult to eliminate where we
are observing a small signal on the 'wings' of a larger signal. Too high
a sweep rate also leads to trouble.in as much as the spzctra we normally

%*
try to match theoretically are 'steady state spectra'( The effect of
tube spinning (which is used to achieve greater resolution) can be de:
tstructive of spectral quality if the tube is unbalanced. And so the
list could continue.

One of the most significant sources of error in conformational
studies by n.m.r. spectroscopy is the poor temperature control which is
often established in variable temperature work. Not only does this re:
tpresent directly an error in its own right, but temperature variation
causes changes in spectral appearance due to phase changes or exchange

rate changes or homogeneity changes and often any combination of these



214

three.

The problem of temperature control in n.m.r. spectroscopy is a vexed
one. Despite the obvious research interest in reliable temperature con:
ttrol, commercial suppliers do not, as yet, offer any major sophisticat:
tions in this field. |

There are two discernable requirements for satisfactory temperature
* control.

1/. The temperature should be very stable and uniform over the
entire sample volume.

2/. This temperature should be known accurately.

The achievemnet of stable temperatures in a sample is in itself no

* .
mean featé ! The common approach to this problem requires s heating -or
cooling gas stream to be passed over the sample held in the n.m.r. tube.
Thus the problem of temperature control is one of controlling the temp:
serature of a gas stream. In what follows, we will restrict our attention
to the problems of operating at low temperatures, but all that is said
*
applies also to temperature contrbl above ambient temperatures/
The control unit employed in our present studies is the standard
*
manufacturer's unit (Varian 4343) which, ironically/ 9, is presently oper:
tating well within specifications. Temperature control is by means of a
sensing unit held in the gas stream just below the spinning sample tube.
This unit is a platinum resistence thermometer with very fine turns of
platinum wire to allow a high degree of sensitivity to small temperature
variations in the passing gas stream. This thermometer controls the in:
sput current to a heater inserted coaxially into the gas stream below
the sensing unit. This arrangement satisfies stability requirements at
all temperatures reached (-—170o being the lowest). To achieve these very
low temperatures it is essential that all the insulation (dewaring) in
the probe (Varian 4333) and inlet channels is of a high efficiency. Other:

twise, heat losses are such that low temperatures cannot be achieved

without increasing the cooling of the nitrogen coolant gas to such an



extent that condensation takes place. et nitrogen gas spraying onto the
heater and sensor units causes severe temperature instabilities. In cer:
ttain circumstances, very low temperatures with very high cooling rates
for the coolant gas are necessary. In such instances, helium, though
notably more expensive than nitrogen, should be used for cooling if
instability from the above condensation is to be avoided. In one or two
instances, not directly related to the work reported in this thesis,
this approach has effectively cured temperature instabilities at very
low temperatures.

Secondary procedures applied to temperature control are the care:
tful stabilisation of input temperatures and flow rates of the gas
stream to maintain constancy of operating conditions. Furthermore, spin:
tner gas flow rates are kept as constant as possible under conditions
which must vary due to different spinner rate requirements. The stabil:
tity and reproducability of the temperature control were found to be
affected by the temperature of the spinner gas, so this gas temperature
was maintained constant by passing the gas through a long length of plas:
ttic tubing immersed in the stabilised water cooling supply to the spec:
ttrometer electromagnet.

Uniformity of temperature over the entire volume of the sample has
not been achieved. This is a common and almost insurmountable failing in

*10
/ given the current design of variable temperature

such experiments
probes. The input cooling gas in such probes normally passes from bot:
stom to top of the sample volume, gaining heat as it flows. At the same
time, the temperature gradient which normally exists down the sample
tube accentuates the temperature gradient within the sample itself. In
practice, it is not possible to avoid this gradient. This can be minin:
sised by employing quite high gas flow rates to ensure ample cooling
capacity for the system. Purther sophistication such as insulating and
cooling the entire length of the n.m.r. tube requires major changes in

probe design and is far outwith our resources. In the long run, a temp:

terature gradient up the tube has to be tolerated. This is particularly



bad at very low temperatures.

The second problem, that of establishing accurately the sample
temperature, ultimately presents insurmountable difficulties. This has
been tackled by several approaches described in the literature. For abe
tsolute security in measuring sample temperatures, it might seem essent:
.sial to have the temperature sensing unit permanently inserted into the
sample itself under running conditions. This is of course not possible
with any common temperature sensing device,since the presence of thé
object in question constitutes a major disturbance to the magnetic field.
The most common means of circumventing this objection lies in the use
of a temperature sensitive chemical shift from a sample inserted into
the sample tube inside a coaxial capillary. This device is then sensite
‘tive to the actual temperature within the sample under running condit:
tions, but despite this apparent security in temperature measurement,
there are major objections to this method.

The first objection arises in cases where the resonances from the
'nem.r. thermometer'y, as it is commonly called, overlap with resonances
in the sample spectrum. In such cases the technique whereby the thermos
tmeter system contained in another tube is substituted for the sample
tube can be employed. The most obvious objections to this approach can
be summed up in vhe comment that now we are no longer measuring the
temperature under the same conditions as in the gample. No amount of’
precautions can guaruntee that these two temperatures will be the same.
Of course, the likelihood that they will be as close as to be bonsidf
tered identical is high if sufficient precautions are taken to allow
time to stabilise under identical conditions to those prevailing during
running of the sample spectrum. It is also true that ultimately the
coaxial insertion technique suffers from exactly the same objection.

To calibrate the thermometer system in the first place, a tube substity
sution technique was very likely used. Calibration would be by means of

reference to some temperature standard, probably a thermocouple, which
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would have to be inseried into an open spinning n.m.r. tube of suitable
solvent. The thermomester system could not be employed within this tube
as any risk of changing. its constituents by having an open tube would
*
have to be scrupulously avoided{ R So the initial calibration depends
_ not only on a constant temperature being maintained between tubes but
also in the situation where one sample has a heat conducting insert in
it. Though considerable care is normally taken with such calibrations,
- it is clear that their final accuracy cannot be completely guarunteed.

A further objection to such an n.m.r. thermometer approach arises
from the fact that it is difficult to establish a low temperature ther:
smometer system. Even with any such system developed, its usefulness
at higher temperatures is limited and such a thermometer wduld have to
be exchanged for another calibrated to higher temperatures. This in
itself then necessitates two identical samples being made up with diffs
terent thermometer 'inserts'.

Ideally, one would like a temperature sensing system which was in:
tdependent of the sample tube being run at any particular moment, This
clearly allows that we will forego the illusory certainty of measure:
tment associated with the capillary insertion technique. One such appr:
toach has been adopted in the current studies. In effect, the particular
.system in question is calibrated by means of a thermocouple as the main
standard.

In the Varian probe system under consideration, the following modi;
tfication has been affected. By means of pyrex glass reeds, two very fine
thermocouple wires are lead past the heater and sensor unit of the Var:
tian stabiliser and spot welded to form a couple at a point some 2cms.
beneath the sample tube. From this couple (Chromel/llumel) a potential
is derived during running of temperature variable spectra. This potent:
1ial cannot be directly related to temperature (even in the gas stream)
because of the sfray potentials generated in passing over the hot heater

unit in the system. This potential ig, however, almost exactly reproduc;
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tible between identical running conditions. This potential has been
calibrated against the tube temperature for a given point in the tube -
hopefully at the radiofrequency coil height = taken by means of a pre:
tcalibrated thermocouple about which a sample tubeywith a given height
of appropriate solvent, spins. Clearly such a system is open to many ob:
tjections on the basis of the number of possible variables in the system.
In practice, a calibration has been established between the observed pot:
sential and the tube temperature and a smoothed mathematical relationship
derived between them. There-after, this calibration is checked‘at frequ:
tent intervals and any drift from calibration is restored by minor var:
tiations in the input temperatus or gas flow rate. Under all circumstans
tces this approach has proved satisfactory. A very high reproducability
of temperature sensitive spectra for a given 'calibration' temperature
has been observed.

Whilst short terms drifts in the calibration can be checked in this
manner, long term drifts due to deterioration of the components of the
system, particularly the probe dewar, must be accounted for by complete
recalibration of the entire system. Such deterioration must be spotted
in the first place and consequently it is extremely important to carry
out frequent calibration checks. Eventually, the system deteriorates so
far, generally due to the probe dewar, that a replacement unit is necess:
tary. Unfortunately, as variable temperature n.m.r. studies are not every
one's interest, this replacement often awaits major physical damage being
inflicted on the probe by extremes of operating temperature before the
necessgary maintainance is carried out!

Such a system has been found in practice to be easiest and probably
the most accurate means of establishing known and stable temperatures in

- the current equipment. Temperature measurement is by direct read off
from a calibration table and providing operating conditions are maintaing
ted constant and sufficient time is allowed to reach equilibrium at the

start of each run, then no deviations from calibration have been discov:



N
-3
O

tered.

Whilst ﬁany authors find spinning rate a significant factor in
the calibration conditions, in our experience, the calibration is rath:
ter insensitive 1o this factor. This possibly reflects the very high -
cooling gas rates used. It is also fortunate since the Varian H.A.100
instrument has no provision for measuring the spinning rates employed,
and whilst the spinner gas flow rate could be held constant, the tube
spinning rate varies with several factors only one of which is the gas
flow rate.

We now feel fairly confident that the problem of temperature con:
ttrol and measurement has been fairly satisfactorily overcome. With cor:
trectly established sample temperatures which are free from systematic
error and contain very small random errors, we can confidently tackle
the problem of measurement of rate processes in solution. With careful
adjustment of all spectrometer variables (such as phase control), exact
reproducability of spectra is observed. In these circumstances, the
common practice of averaging the results of several funs in achieving
the appropriaté parameters for any given spectrum was abandonned. It
.was considered that if this procedure led to large uncertainties then
the entire results could only be suspect and if, as was observed, uncer:
ttainties were small, then the averaging process was a needless waste
of time. In any firal estimate of the accuracy of the results uncertaine
tties are normally quite liberally estimated but this practice also is
quite dubious. Uncertainties are not intended as safety margins for a
researcher's reputation but properly as reliable estimates of the poss:
tible error in acquiring the results in question. Whilst often,errors
quoted may be in retrospect unrealistic, they should be treated as the
best estimate available at the time. The only final test of such factors
lies in the reasonableness of the results achieved and often it must be
left to posterity to have the final word on this.

Several important points need to be made about the process cf oby



¢taining the spectra from which rate parameters are to be derived. First:
tly it is of.great convenience in fitting any set of gpectra with their
theoretical matching spectra if the homogeneity of the magnetic field is
held constant throughout. As we have mentioned, it is not nermally pos:
1sible to achieve as good resolution at low temperatures as at high and
so it is better to compromise the resolution obtained at high temperatur:
tes in the interest of facilitating épectral matching of a temperature
series. In estimating the resolution achieved in any system it is better
that the homogeneity standard chosen should be a molecule of similar
size, shape, and polarity as the sample molecules. in this way we can
assume that we are observing a similar homogeneity effect.as the sample
molecules. It is of course difficult to find such a homogeneity molecule
which at thé same time does not show any line broademning duvue to unresols
sved small couplings or even exchange effects. The latter cannot possib:
tly be tolerated in a homogeneity standard but the former are acceptable
as long as they do not vary with temperature! In the absence of any such
molecule, some standard line such as T.HM.S. might be used on the assump!
ttion that variations in tempsrature do not subject the sample molecules
to influences from the solvent which are specific and temperature varia:
3ble.

Secondly we must be open to the likelihood that some or all of the
Vstatic! parameters characterising the spectrum may in themselves be
temperature variable. The most common instance of this occurs in estaby
tlishing the value of the chemical shift difference between two sites
of a given nucleus undergoing exchange. This difference is required in
the fitting process and it is often the case that the difference observs
ted at low temperatures where separate signals can be observed is not
that appropriate to higher temperatures, where we cannot see separate
signals. The only policy that can be adopted in this situation is that
of observing the behaviour of these shifts over a range of temperatures

where separate signals can be observed and extrapolating this behaviour



into temperature regions where separate signals cannot be observed.
This extrapolation assumption in itself leads to unce:tainty;and it by
no means need hold up over even short extrapolation ranges. In some
cases spectral variations are sufficiently sensitive to changes in the
shift difference here to exhibit anomglies if the extrapolation which
has been assumed does not in practice hold up. In many other cases we
can only hope that the coincidence of the final averaged resonance pos:
tition with that predicted by extrapolation is sufficient justification
for this approach. Though less common, it is also observed on occasions
that coupling constant values are changing with temperature-and this

*
variation must also be taken into account[ "

Clearly then, we require to observe the spectra of the samples in
question over a greater range of temperature than merely that involved
in the process of signal ccalescence. This is not always easily achieved
for in many cases we are working at the limits of temperature control
or solubility 6f the sample. If we cannot achieve this exaggerated
spread of temperature measurements then we have to rely on using non-
extrapolated values of the static parameters. This can only be justified
where the extrapolation region is short. Yet this in itself presents
difficulties for the shorter this region, the less well defined any
least squares line for rate and temperature observations will be. In
the majority of cases we are limited to the physical siftuation present
ted by nature and consequently again the accuracy requirements on the
{emperature measurement are narrowed. It is possible in difficult cases
to use spectrometers operating at higher field to exaggerate the chemical
shift difference involved but this approach is limited and likely only
to be of dramatic value in very precarious cases,

We can see then, that the acquisition of usable)let alone reliable,
spectra for variable temperature work is fraught with difficulties. Howy
tever, as experience is gained in this field problems such as these bes

tcome routine and in consequence confidence in the technique is estably

1ished. With care, extremely reliable measurements can be made and the



results achieved can be regarded as accurate.

The Problems of Deriving Quantitative Parameters.

As we have shown earlier in this thesis, the necessary quantum
mechanical techniques for calculating n.m.r. spectra under a variety of
conditions are well established. The basic problem now presented is one
of establishing theoretically the necessary spectral parameters (chemicg
tal shifts, coupling constants, homogeneities, rates of exchange between
sites etc.) which accurately describe the experimental situation. Two
distinct categories of spectral situation can be reﬁognised. There is
the problem of deriving an accurate set of chemical shifts gnd coupling
constants appropriate to a given experimental situation in which no
rate processes are being observed. There is also the problem of deriv’
ting rates of exchange of nuclei between sites in 'exchange' spectra.
For this it is almost mandatory to have established accurate values of
the chemical shifts and coupling constants for the static situation,
though in certain situations the problem may be sufficiently overdefined
to allow a measure of uncertainty in the chemical shift or the coupling

constant between two sites or nuclei.

The Determination of Accurate Static Parameters.

The prerequisite of such a determination is a highly accurate spec?
strun taken under optimum conditions on the spectrometer. In particular,
the resolution for such a spectrum should be maximised to allow precise
determination of all but the smallest coupling constants and chemical
gshifts. As we are normally concerned with ;steady state! speotra{ 13in
the discussion that follows we will concern ourselves exclusively with
this case. In consequence, it should be noted that all experimental
sweep rates employed should be very low and and the obsexrvation radio:

tfrequency should be well below saturation strength.

Many computer programs have been written to calculate the n.m.r.
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steady state spectrum observed given an appropriate set of chemical
shifts and coupling constantsh

In the more sophisticated of
these, the programs can be used to vary an initial set of chemical
shifts and coupling constants to give a best fit to the observed specs:

/14,15

t trum’ There are several methods of performing this operation and
these can be divided into two categories. In the first category come
programs which iterate the input parameters 20 yield a best £it to the
energy transitions observed in the spectrum( 1§ The necessary input to
such a program will consist of an initial set of spectral parameters

and a listing of the energies involved in the spectrum transitions.

This in itself is a cumbersome procedure due to the necessity of deter:
smining all these ensergies from the transition frequencies of the specs
ttrun. In the second category come progranms which’rather than employ
transition energieé’employ transition frequencies and so eliminate the
drudgery of the conversion procedure. Though on the face of it this does
not seem a great saving, when we consider ﬁhat we are no longer reqﬁired
to positively identify transitions but merely place them on a frequency
spectrum, we can see that this approach is the more desirable for the
uncertainties it eliminates. There are several programs which adopt this
approach but we will concern ourselves here with the one which has been
exclusively used in the work described in this thesis. This program is
UEAITR{17 Initially an approximate spectrum is calculated from an approx:
timate set of spectrum parameters and at this stage the program outputs
an ordéred series of transition frequencies with identifying labels. The
numeric labels are then matched with the itrue values of the transition
frequencies derived experimentally. The program then iterates the approxy
timate set of parameters by variation of specified shifts and coupling
constants to obtain a best fit of the theoretical to the experimental
transitions. No account is taken of transition intensities, but, if the

correct solution has been obtained, these should also match, allowing

for the possibility of spectrometer distortion in this respect.
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Several points nced to bs made at this stage. Obviously the amount
of detail in terms of the individual transitions observed in the specs
ttrum depends somewhat on the homogeneity of the magnetic field. At the
same time, however, many transition will be so close together that they
constitute one resonance line in the spectrum. These transitions may
differ slightly in reality and hence a limit will be placed on the
éccuracy of the iterated fit by the loss of information from the necess:
tary prooédure of assigning very close transitions to one very close
mean transition frequency. With poorer magnetic field homogeneity, it
may not be possible to derive accurately small coupiing constants in
the spectrum due to the mean assignment of truely distinet transitions.
It is also possible to confuse the order of two transitions where. their
signals overlap and mis—assign these transitions by up to a Hz. or more.
Errors of this kind must be watched for. Obviously the poorer the quals
tity of the spectra, the poorer the final fit of the matched parameters
due to errors of the above kinds. |

An obvious refinement of such procedures develops the complete
theoretical spectrum from such transitions and together with a lineshape
function and specified homogeneity outputs the complete spectral lines
tshape to a plotting device for comparison with the experimental spect:
srum., It is also possible to input the entire experimental spectrum
to the program and by a line search identify many of the transition
frequencies in the spectrum. From this information and an approximate
set of parameters the process of deriving accurate parameters can be
carried through to the extent of least squares fitting the lineshape
spectrum. Such sophistication cdepends though on the ability to store
and input spectral lineshapes to a computer. As we have not yet acquired
such a facility, these later sophistications have not been implemented
in our studies. However, the extent of overlap matching possible with

a plotter system provides very satisfactory confirmation of results,
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The Determination of Accurate Dynamic Parameiers.

The basis of most accurate assessments of dynamic. paramsters
must be a knowledge of the static parameters of the system in question.
If we are observing exchange of nuclei between different sites in a
system, then the average spsctrum is calculated from the spectral para?
smoters of the individual contributing species in the system. Whilst we
may be able to observe the spectra of such contributing species at low
temperature and fit theoretical spectra accurately to them we should
remember that such low temperature spectral parameters need not apply
at higher temperatures where only the average spectfum cah be observed.'
We have already remarked at length on the techniques and assumptions
employed to circumvent this problem. The whole subject of vériable femp
terature work is fraught with such difficulties. In many instances it
can only be the reasonableness of the results achieved that are a satis?
sfactory assurance of the correctness of our approache. In such cases,
we cannot exspect to achisve refinement in measuring thermodynamic paras
tmeters. Ironically, in such cases, the more complex spectral pafterns
often give the more reliable results.

This arises from the fact that in complex systems the exchange
processes have varying effects on the appearance of the resonances from
the various nuclei. So at one region of exchange rates some resonances
may be dramatically affected whilst some may be more or less unaffected.
These unaffected resonances can act as built in standards for the homo$
tgeneity of the system. In some instances it may be possible to observe
a particular resonance lins which is totally unaffected throughout the
course of the exchange region. Even if such a line doss not exist, the
interplay of effects on the various lineshapes of signals in the system
of ten uniéuely define the appropriate exchange parameters for the system

*18
at that temperature. By such means( it is possible to achieve a high
degree of accuracy in rate studies by n.m.r. spsctroscopy.

The most satisfactory method of fitting experimental spectra with
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their theoretical counterparts would be to input the entire expsrimen;
ttal spectrum to a computer with the necessary static parameters for
the system in question and allow the computer to find the best fit
theoretical match to the experimental spectrum. It is hypothetically
possible to design a computer program system that would take raw data
in the form of experimental spsctra and follow through the procedure

of spectral fitting employed by the chemist in a reasonably short time.
Interaction between such a program and the chemist would be desirable
in order to direct intelligently the activities of the program. Whilst
considerable effort would need to be expended in sétting up such a
system initially, such a package would save countless man-hours of fit:
tting time. Of course, it would have to be employed intelliéently and
uninformed use of such a system could only lead to completely erronecous
results.

The computer programs employed in the current dynamic n.m.r. studs
ties are described fairly fully in the appendix to this section. They
are of two kinds. The first two are simple programs employing closed
formulae for the calculation of exchange spectra for A/B systems. They
find immediate application in the work on p-substituted dimethylanilines
described earlier where the exchange process brought about by rotation
of the dimethylamino group was studied. The third program employs superi
soperator theory (as described earlier) and results in the calculation
of complex exchange spectra in terms of two complex vectors. From these
vectors the normal absorption spectrum can be built up. A recent applics
tation of this approach is detailed in the paper by Binsch et al(19 and
indicates clearly the potential for accuracy in kinetic n.me.r. results.
Several other authors also deserve mention for their recent sophistiﬁat:

/20
ted workh

A sophistication in our approach to calculating these exchange
broadenned spectra allows the summation of several spectra deriving

from any of the above programs to yield one complete spectrum. This is



applicable in situations where non-exchanging signsls may reguire add:
ting into the total spectrum or where exchanges in more than one set
of isomers are under way at once. An exact overlay spectrum can then be
produced on a CALCOMP plotter.

The final stage of these calculations involves the‘fitting of
derived rate and temperature data to an Eyring equation by a least squar-:
tes method which is that of W’entworthf1 A copy of the program employed
is given in an appendix to this section. This routine allows individuzl
weighting of the data points if required and permits the correct repres:
tentation of these weighting factors in the non—liﬁear form of the fit:
sted equation. Output from the program yields the least squares values
of‘AGf‘QS¢ and AH¥ for the conformational process.

By such means, it is possible to achieve reliable, accurate thermo: .

tdynamic parameters from dynamic n.m.r. measurements,

Chemical Preparations.

Of the chemicals studied during the course of the work described in
this thesis the following are commercially available and may also be

prepared by standard methodss

p-nitroso-N,ll-dimethylaniline (purified by recrystallisation from .
benzene). |

p—dimethylamirobenzaldehyde was used as provided commercially.

p-dimethylaminoacetophenone was locally available in a pure

condition.’

The following synthetic methods were employed to produce the re:

tmaining compounds reguired.

9-nitrosojulolidine.

Julolidine (ca. 0.01I% in sodium dried ether) is cooled to -15%¢.



in an ice-salt bath with the excluzion of light by masking with alumin:
¢ium foil and the exclusion of oxygen Ly operating under an atnosphere
of nitrogen (dry). Witrosyl chloride, dried by passage throush calcium
chloride, which also serves to remove any hydrogen chloride present, is
condensed into the ether at —1500. Tor approxinately 20 mins. This re:
ssults in a saturated solution of nitrosyl chloride in ether,or in an
excess of the reagentes This system is stirred (magnetic unit) for about
half an hour under nitrogen, and then the temperature is allowed to re:
tturn to ambient during which time, nitrogen gas flushes excess nitrosyl
chloride out of the system (fumecupboard!). The resﬁlting red solid is
dissolved in a minimum of water and tﬁe resulting acid solution is neut:
tralised with sodium carbonate solution, extracted with ether and then
the extracts dried over sodium sulphate. The dried ether solution is
evaporated to dryness on a rotary evaporator and the green-brown residue
is taken up in the minimum of hot ethanol and allowed to crystallise.
This yields crude 9-nitrosojulolidine which is best recrystallised from
concentrated acetone solution. The resulting solid is in the form of
prisms with a steel blue lustre, m.pt. 163.5 = 164°C. ©C, 71.21%; H, 6.89%;
N, 13.77%: Cypfy,Tp0 Tequires C, 71.26%; H, 6.98%; N, 13.85‘22é

This method is essentially that described by Hilliams(

9-nitrojulolidins.

This chpound is prepared by oxidation with metachloroperbenzoic
acid of 9—nitrosojulolidine3

9-nitrosojulolidine is dissolved in ether and the oxidising agent
is added gradually until the solution no longer gets any yellower in
colour (about 1.3 times the stoichiometric amount of perbenzoic acid
but this depends on the quality of the acid used). The solution is then
extracted wifh acid several times and the combined extracts are neutral:
tised and extracted thoroughly with ether. The ether extracts are dried,
evaporated to dryrness and the residue recrystallised twice from ethanol

C o 0
yielding bright orange needles of 9-nitrojulolidine, m.pt. 162-164"C.



Cy, 66,0955 1, 6.52575 i, 12,83 Cip

7, ,0,0, requires C, 66,0375 H, 12.84,;

N, 6.47%.

syn=3,7=dibromo—cis,cis—cyclo~octa~1,5-3ien

®

Cycloocta=—1,5-diene (47g+, 0.44 mol.), H-bromosuccinimide (1C6g.,
0.6mol,.) end benzoyl peroxide (4g.) in 'Analar' carbon tetrachloride
(300ml.) were heated under reflux for three hours. After removal of the
precipitated succinimide and concentration of the solution, the mixture
was set aside at —25°C for several days. During this time a precipitate
deposited. This is filtered off and the mixture returned to the cold
where further precipitate forms. The dried precipitate is dissolved in
benzene and forced down a short column of grade III neutral alumina.
This process effectively frees the required product of traces of impur:
sity and allows the dibromodiene to crystallise from the benzene eluant
as long white needles. m.pt. 122.5-123.5°C with sublimation. C, 36.3%;
H, 3.8%; required for GgH, Br, C, 36.1%; H, 3.8%.

: 23
" This method is an adaptation of tnat described by Zabkiewicz[
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this hump is caused by inhomogeneity in the magnetic field.
saturation occurs when the populations of the nuclear spin levels
diverge seriously from their Boltzman distribution and tend to be:
tcome equal.

though prdgrams do exist for the calculation of such spectra, for

our present purposes we are not interested in such effects and

hence classify them as distortion.

the absorption and dispersion mode signals can be detected orthog:
tonal to one another from the n.m.r. sample. the dispersion signal
is the first derivitive of the absorption signal .and constitutes

a distortion of the pure absorption mode for which we do not make
allowance.

steady state spectra are achieved by using slow sweep rates and low
irradiation pdwer in as much as these éonditions allow the entire
spin system to attain an equilibrium condition which we observe,
not a state of change.

as can be seen from the least squares plots given in the appendices,
uncertainty in temperature is probably responsible for the majority
of the unceriainty in many sets of resulis.

most authors have discovered the greatest difficulty in achieving
accurate temperature control at low temperatures.

ironically, in that work was delayed for 18 months while a number
of electronics technichians could not find a simple fault,

it is unfortunate also in that it causes further artificial broad:
sening of speciral lines.

such chemical shift thermometers often rely on the observation of
an exchanging proton to establish a temperature measuring device.

the proton shift is particularly sensitive to impurities.
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Appendix A : Computer Progranms.

It was necessary for the current studies to acquire and develop
a suite of programs for the calculation of continuous wave, steady
state ne.m.r. spectra. The operational programs fall into two categories.
There are those which can be used for the non-iterative fitting of
line-shapes for exchanging systems, and one which can be uged for the
calculation and iterative fitting of non-exchanging systems. Further
incidental programs have been developed for lgast squares fitting of
rate temperature data to Eyring's equation, and for the calculation
of vicinal coupling constants at 1° intervals through 360o from a form
okaarplus equation. As this last program is merely a time saving con:
tvenience and illustrates no significant principle, no further mention
will be made of it.

- The programming language used in all these programs is FORTRAN
(UNIVAC level V). This is a sophisticated version of FORTRAN and per:
tnits many facilities of great convenience to a programmer which are
not generally available in other versions of FORTRAN such as IBM level
IV. It is not the purpose of this appendix to detail any of these sophs
sistications and it is assumed that where mention is madebof.them, the
reader will accept their existence as stated without further comment.

Details of the computer installation used in this work are given

in Appendix B.

Programs for the Calculation of Exchanging Systems.

Programs developed in this category are of two types. The first
type are restricted in the size of the system they can handle whilst
the second type, consisting of one general program, can handle any size
of system by the relatively simple procedure of redimensioning by para:
tmeter variables, though obvious restrictions are imposed by time requir:
ted and the computer store available.

There are three programs in the first category. Whilst the last of



these is general and capable of the calculations performed by +the first
two, it is more demanding in computer store and so advantage is taken
of the first two where relatively simple systems are being calculated.

1/. QUABEX. This is used for the calculation of coupled A/B
spectra with equal populations of A and B exchanging with each other.

2/. CLATUX. This is used for the calculation of non-coupled A/B
spectra with variable populations of A and B exchanging with each other.

3/. DNMR3. This is a versatile program used for the calculation
of fairly complex systems incorporating features such as the abbve toe
tgether with the possibility of several exchange sites and several nuc:
tlei. Symmetry properties of the molecule can also be used to advantage.

All these programs share a common graphics routine which plots
the output spectfa onto a CALCOMP plotter, and at the same time allows
output of the plot vectors onto the line printer in case we wish to
manmually plot spectra. In practice this facility is rarely used and is
normally supressed. For the purposes of composing spectra deriving from
more than one species in a system, several calculations can be summed
together and output to the plotter at once. This sophistication is use:
tful particulafly in adding in the signals from solvent peaks in a spec:
ttrum. To further facilitate this, any number of the above calculating
routines can be combined into a main program and called individually
to calculate 'subspectra'.

A further refinement has been developed to circumvent the cumber:
ssome amounts of output from the plotter involved in fitting spectra.
manually. For A/B systems with equal populations, a routine is available
to measure up the spectrum in terms of "maximum to minimum ratio' and
'width at half maximum intensity' without plotting these spectra at all.
As the A/B case has been frequently dealt with in our work, this facils
tity has saved a considerable amount of time in the tedious process of
measuring theoretical spectra.

Had facilities for digitising spectra and inputting them to the
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main computer been available, the obvious extension of this approach
would have been the computer measurement of experimental spectra and
adjustment of the calculation parameters for a least squares fit. Such.
routines/1are becoming available and used with due care, they can elim:
tinate much of the drudgery of the current approach to matching spectra
from gxperimental and theoretical sources.

There is one program in the second category. This is an extended
version of DNMR3 with 'parametrised' arrays to permit unlimited (hypos
sthetically) extension of the size of the spin system calculated. As
originally written, DNMR3 was suitable for immediate conversion by use
of Parameter variables in array dimensioning. Currently the use of this
routine is restricted by the available storage on the computer. (For
details of this see Appendix B.) In using thié facility, the entire
program needs to be recompiled with every array change. This in itself

is not a burden on a powerful machine, requiring about 15 seconds.

Programs for the Calculation and Iterative Fitting of Spectira.

The program employed in this category is UEAITR. At present none
of the other well known programs in this category (e.g. LAOCOON3, LAME,
LACX) are operational. Again there are two versions of the program.
The first is the restricted system provided by the authors which can
accomodate a maximum bf seven spins. The second is a generalised system
employing ‘'parametrised! arrays as above. In this case, however, it is
only necessary to recompile the main routine of this program whilst all .
subroutines are unaffected by the array changes, having these dimenions
transmitted in labelled COMMON. Again local temporary restrictions limit
us to a maximum of eight spins (no overlay has been attempted) but with
the capacities available on many machines the limitation met would %e
one of time rather than storage requirements.

It is convenient at this point to remark that input in all of the

programs mentioned in this appendix is FREE FORMAT. This is a unique
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FORTRAN V facility and permits input data to be presented in a contine
tuous string per READ statement with the fields separated by commas.
The convenience of this is obvious, though unfortunately this facility

is difficult or impossible to achieve with other versions of FORTRAN.

"Rigorous least Squares Adjustment”.

The basis of this program is described by Wentworth/zin the 'Jour:

snal of Chemical Education'. The equation
| = kT/h.exp(-AH¥/RT)oexp(AS¥/R),
due to Byring is employed and a least

squares fit of the temperature and rate .of exchange data for a given
system is obtained. From this we can derive the free energy of activat:
tion having calculated the least squares values of the enthalpy and
entropy of activation. The input is in terms of the coordinates of the
endpoints of an approximate plot line of 1og(k/T) versus 1/T to provide
initial estimates of enthalpy and entropy parameters, and the rate con:
- sstants with appropriate temperatures. The variances of both can be in:
tcluded here or set to unity. The program is self-explanatory and a

copy is included in this appendix.
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GELTASZZ o OUI*R*F (YURE+XONEXGRAD=10+ 3191 =DLOG (KAFPPA))
LESIGINT#*5IGINT
LO 11 I=1r5U0L
Ve lK (D) =2/ (SIGHAK (L) *SIGMAK(T))

11 wcd T =2/ (SIGHMAT (L) *SIGMAT(T))
APRBYHSKAPPA¥L 3810 =16/6.6220=27
1CouUNT=0

NOw MATN CALLCULATING LOOP,
21 ICOUNT=ICOUNT+1

RETALn PKEVIUUS VALULS OF DELTAH AND OELTAS.
RETALN PREVIOUS VALUES OF KFEPDH AND KEEPDS.

feePOr=KeePDH
Ke2POo=KEERPDS
KEEPDH=DELTAH
KEEPDSZDELTAS

mmﬂzbﬂxHXCﬂOOMﬂﬂHnHmzqm..nomﬂ..>202023>P<m0402>2m><
Y'VECTOR'Y TG ZERO. R

L0 31 izis2

VECTOR(I)=040

DO 31 Jzir2 | R
31 COEF(1+J)=0.0 . .

NOW DEVELOP THE 12X2' MATRIX OF COEFFICIENTS ''COEF'Y,
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URPORATING "'L(I) Yy AND APPROPRIATE PARTIAL Qmmm<H4H<mm DERIVING

FOTHE FURLTION Y'rre,

THE MeTHOU UF CALCULATION GENERATES THE NECESSARY FACTORS FOR EACH

POLi.T Adu AUGMENTS The APPROPRIATE SUWS BEFORE MOVING ON TO THE

e X

ARY

ALS

? C W

NOY

T POLiT.
REGUIKEU AGAILii LATER ARE STORED In ARRAYS.

CU 32 iTieiUMOD

EAPTAHZ =D TAH/ (KT (1))

EAPTASZDELTAS/K _
IFLEXPTANH LT e =700 a0 e OREXPTAS«GT«+70040) GO TO 4444
REAPDOZKPREYH*T (1) % ZEXP (TXPTAM) *DEXP (EXPTAS)

O CALCULATE THt FUNCTION VALUES FOR INPUT DATA VALUES.
FUNCTO(I)=KEXPUG=K(])
CALCULATL THE APPRCPRIATE DIFFERENTIALS.

CFOYDTIZKEAPDG/T (1) +KEXPOG* (SELTAH/ (R¥T (1) *T(1)))
CFBYDR==1000+C0 |
CFBYDHUT) S=KEXPLG/ (k¥ T (1))

WFBYDS (1) SKEXPLG/ is

L (L) S=0FUYUK/WETK (1) +DFBYDT*DFBYDT/WEIT (1)

ADD LWTO "'COEF'' SUMS AMD ''WECTOR'' SUMS,

COEF(L1r1)=COEF (1r 1) +DFEYDH(I) *DFRYDH(I) ZL(1)
COEF (192)=COEF(1r2)+DFBYDH(I)*DFBYDS(I) /L(D)
CUEF(292)=COEF (29 2) +DFBYDS(I) *DFRYDS(I) /L(])
VECTOR(1)=VECTOR (L) +DFBYDH(I) *FUNCTO(I) /L (1)
VECTOR(2)=VECTOR (L) +DFBYDS (1) *FUNCTO(I) /L (I)
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LunF(Lrl)=C0UFtLre)

WE HAVE MOw SET UP Tre nNORMAL EQUATIONS,

0w CHECK THe CETExMInANT OF COEFFICIENTS 'COEF' FGR NON=SINGULARITY.

(S O 3 U SN ¢

LeT=COeF(1v1)*COEF(202)=COEF(1922)%LO0EF(201)

IF(DETite e 0a0) GU TG 33

WRITE(6,2000)
U000 FURMAT (' FATLURE. THE MATRIX OF COEFFICIENTS **COEF'' IS SINGULAR,

1) .

PRITE(6r2100) HRUN
2100 FURMAT(//Y THE RUN NUMBER HERE WAS'I5)

WRITE(oeau02) TEXT

0 TO i
o .
C 0w IWVERT Te '2X2Y wiaTRIX YCOEFY.
33 COLEFIN(Lr2)=COLEF(er2) /7DET
COEFIN(Lre)==CUubF(192) /DET
COEFTN(2vL)=COEFInGLr2)
COEFLIA(2e2)=COF (L 1) /0ET
“
C 80w CALCULATE THE SKEQUIRED CHANGES IN THE COEFFICIENTS.
%

CELTIHZCOLE L (L LI HVECTOR (L) +COEF L1 v 2) XVECTOR(2)
LelTDS=COocHFIN(2y L) XVECTOR (1) +COEFL (20 2) ¥VECTOR(2)
VRITE(Gr2002) LCOUNTYKAPPAPDELTAS» JELTAHYDELTDS» DELTUH

cufe FORMAT(Y ITERATION NUMEER 1S'12///7' CURRENT VALUES OF EQUATION PAR
LAMETERS ARE AS FOLLOWS.'//20X'TRANSMISSION COEFFICIENT ''KAPPAY' ¢
2OXY=V0LIH.O/20XENTROPY OF ACTIVATION ''DELTASY?Y 18X 1='714.6/20X'EN
STHALPY OF ACTIVATLION 'YDELTAH®' *7X'='514,6///7' CORRECTION TO EQUA
4TLON PARAMETERS AFTER THIS ITERATION ARE AS FOLLOWS.!
5//720X"1IH eMTROPY OF ACTIVATION ''DELTASY' 'SX'='D14,6/720X'IN ENTHA
6LPY OF ACTIVATION ''DELTAHYY 14X'2'D14,5////)
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Piie TADZUni i AB=L B L 0D

SFOASS (KEEFOH=0EL 1 AR) o LE«ABS(DELTAH%0.0001)
AT
2o ABSIKEEPUS=DELTAS) LELARS(DELTAS*(0.,0001))
36U TI 10u

IF{ICOUNTeLE«2) GU TO 36

iF (A3S (K2ePDH=KEEFLH) o LT« ABS (KEEPDH=DELTAH) &
1eR
2e ABS (Ke2rusS=KELPDS) LT LABRS(KEEPDS~0OELTAS))
300 TO 907U

AiF(ICOUNTeGEW20) 0O TO 37

S CONTINUE
0 TO &1

AT ThiS STAGE LOOPLING CCCURS UNTIL SATISFACTORY CONVERGENCE HAS BEEN
ATTALNED Ok TwenTY ITeRATIONS HAVE BEEN COMPLETED.

THZ FOLLDWiING SEQUENCES ARE COMNCERMED WITH INFORMATION OUTRUT.,

37 WRITE(Gez004)

cJU% FORMATOY O CONVERGENCE HAS BEEN ACHIEVED AFTER 20 ITERATIONS.!)

GO TO 110
100 wkiTEZ(orauldb) 2COUNT

2505 FORMAT(//Y CONVEROGENCE IS SATISFACTORY AFTER 'I2¢'ITERATIONS.')

WRITE(&r2100) iRUi
WRITE (o 1002) TEXI
110 LRITE(0r2006) KAPPAPDELTAS» DELTAH

4 CORRLCTIVUNS ARE STATED ABOVE.')
anITE(6»1004) (IPK(I)pSIGMAK(I) »T(L) »SIGMAT(I) » I=19NUMOB)

204 FORMAT(Y UATA POINT., RATE CONSTANT» VARIANCE »  TEMP

PORMAT(Y ThHE LEAST SQUARES VALUES OF THE FUNCTION PARAMETERS ARE A
15 FOLLOWS o "/ /720X Y TRANSMISSION COEFFICIENT ' 'KAPPAYY 15X'='D14,60"
2THIS WAS NOT FITTeUW'/20X'ENTROPY OF ACTIVATION *'DELTAS'' 8X'='D
314.6/20X cNTHALPY OF ACTIVATION ''OELTAH'Y *7X'='D1l4,6/' THE FINAL
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LU TO 1L

FUTO WRiITE(craS07) ICCOUNT
G007 FORMAT(Y ThiE ROUTAKE IS DIVERGENT AFTER THE *»I3pY THe ITERATION?
1)
ERITE(6r2l00) HNRUN
WITE(oy1G02) TEXY
wl TO 1
Gy sRITE(ee2100) HRUN
ITECS»1002) TEXT
WRITE(or4545) ICOUNTPEXPTAHPEXPTAS
4545 FORMAT(1H1r' ERROK TERMINATION IN DEXP ROUTINE AT THE ¢+12,
1YITERATION. THZ CURRENT VALUES OF THE EXPONENTS ARE - '//
220X (~LELTAH/ (R%T(1))) = "vD14,6/7/720X" (DELTAS/R)
3 '1D1446)
GO TO 1
EnD
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Appendix B: (uality of Results.

The following graphs display the quality of results obtained for
the Eyring plots for each of the compounds studied by variable temper:
tature nemers spectroscopy. The final graph in this series shows the
extrapolation curves for the p-substituted dimethylanilines yielding
free energy values at 133°K. |

The four spectral overlays show the qualiiy of fit achieved in the
best set of results observed in these studies. SpectrarA and B apply to
9=-formyljulolidine, and spectra C and D apply to p-nitroso-N,N—dimethyls

taniline.
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Appandix € ¢ Computer Configuration.,

A very brief comment is in order here to describe the computing
facilities employed during this research. The computer installation
is a UNIVAC 1108 with 136K of fast access store. This in itself is lim:
tited and a further limitation arises in that only a maximum of half
this area is available under extreme conditions for data storage. In.
consequence, large programs with vast data store requirements can only
access a maximum of about 80K including 17K of code (i.e. instuctions).
As far as the current use is concerned, access has been almost invariab:
¢ly in batch mode, although some remote teletype access is possible.
However, without rewriting much of the program output, this is extreme:
tly wasteful in output time and is only suitable for emergancy use.

The machine itself is quite powerful, so large iterations uéing UEBAITR
for example are ecomomic in time, taking about f minute to iterate an

eight spin system to convergence. Whilst this is obviously only a very
crude measure of its power, the system, given a larger memory, is cap®
table of a great deal.

A CALCOMP 564 Digital Incremental Plotter is interfaced to the
main machine, and as far as the user is concerned, this is accessed
directly in the time-sharing mode of the system (BExec VIII). Plots
are limited to 28.5ins. wide and 150.0ins. long. this provides ample
scope for n.m.r. uses. Several fairly sophisticated graph plotting
packages are a%ailable, but for spectral purposes it is normal merely
to calculate data points sufficiently close together to allow stepwise
connection of these points to give the simulated spectrum. Labelling
of the resﬁlting spectra is trivial to accomplish and reduction of the
final spectrum to any size for display and publication puréoses ié also
trivial. The example included after this appendix is a machine reduct:

sion to A4 size of the following calculated system,



Coupled AD System,

chemical shift of A
chemical shift of B
coupling constant JAB

relaxation time

plotting scale is that of a 50 Hz

&=

261‘

220.0Hz,

. 230,0Hz.

1.5Hz.

0.45 secs.,

scale expansion on a Varian H.A. 100.

The rates of exchange between the two sites are listed on the plotter

output above the spectra, as is the peak height used for each spectrum.

This latter is optionally an input variable to allow overlay matching

of experimental and theoretical specira.
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