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SIMM ARY
qy#uns&tﬁ:ated carbonyl compounds may exist in s<trans and

s-cis or poséibljvnon-planar forms,
/f—~CD

. . o}
s=trans g=-cis

Acraldehyae (CH,=CH~CHO) and ggggg-crotonaldehyde (csscu=dn;cuo)
appear to exist.in the s-trans conformition on the basis of
measurements of resolved rotational finé structure of certain
inftared bands in the vapour state and measurements of infrared
band intensities at a series of temperatures in the vapour and
solution statei

Methyl vinyl ketone (CHZ-CH-CO~CH5) and ethylideneacetone
(QHBCH=CH-CO-CH3) appear to exist in equilibrium mixtures of

s-0ls and s~trans conformers based on infrared intensity

measurements in the vapour and solution states at different
temperatures.

Methyl acrylate (CHQ=CH-COOCH3), ethyl acrylate
(CH2=CH-C0002H5), methyl trans-crotonate (CHBCH=CH-COOCH3) and
ethyl trans-crotonate (CH30H=CH-COOC2H5) also appear to exist in

s-cis and setrans conformers, based on infrared intensity

measurements in solution and vapour states (useful for acrylates
only) at different temperatures.

In the ketones and esters studied the s-trans conformer is
considered to be more stable. The best values of the additional

enthalpy of the s-cis conformers of the ketones and methyl esters
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are given below:w

Compound AH° (enthalpy difference)
solution in carbon vapour
disulphide o °
(~110° to 40°) : (20° to 200°)
Methyl vinyl 461 + 23 cal. mol™t 565 + 52 cal, mol™>
ketone (1.93 + 0,10 &I mo1™}) (2.36 + 0.21 KJ mol™l)
Ethylidene= 513 + 52 cals mol™t 565 + 46 cals mol”t
acetone ( 2.14 4 0.21 KJ mo1"1) ( 2.45 + 0.19 XJ mol"1>
Methyl . 315 + 45 cal. mol™t 400 cal. mol™t
scrylate (1.32 + 0,19 &7 mo1™}) (1.67 &3 wo1™t)
Methyl trans- 521 + 24 cal. mo1™L -
cpotonate (2.18 + 0,10 KJ mol-l) | -

Assignments of the vibrational modes of all these compounds are
discussed, The esters do not reveal two carbonyl bands corresponding
to the two conformers whereas two carbonyl bands are observed for the
ketones when two conformers are present, This can be rationalised
empirically by comparison with 2«furan derivatives of esters and
ketones.

The N.M.R. parameters of vinyl and ethylidene groupings require
tsecond order' treatments of differing complexity depending on the
ratios of the appropriate chemical shift differences to coupling
constants. An averaged spectrum for the two conformers is observed
even at temperatures of ~100° because of the relétively long time
scale of the N.M.R. experiment. This limits the information which
can be obtained on conformational equilibrium of these compounds by
N.M.R.

The mass speotral fragmentation patterns are considered as &

basis for the characterisation of ,(P-unsaturated carbonyl compounds.



(v)

These studies provide confirmation that the energy associated with
electron impact is too large to reveal any evidence on s-cis
s=trang isomerism.

The major factor contributing to the posifion of equilibrium

between s=trans and s-cis conformers incﬁs-ﬁnsaturated oarbonyl

compounds appears to be steric repulsion;
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THE OBJECT of the present work is to interpret spectra of
certain,ﬁﬂ-unsaturated carbonyl compounds and to attempt to relate
these spectra to structure and conformational equilibria within
these compounds.

The vibrational spectra of these compownds can provide
information on molecular structure from the rotational fine
structure and contours of infrared bands in the vapour state.
Variable temperature infrared measurements ocan provide information
on possible conformational equilibria; the difference in enthalpy
between two conformers (AHO) may be calculated from these
measurements.

The nuclear magnetic resonance spectra are also dependent on
conformations and conformational equilibria, and variable
temperature NiM.R. measurements may provide further information.

Mass spectral fragmentation patterns are less likely to be
dependent on conformational equilibria, but will be considered in
relation to the characterisation of this class of compounds.

In order to set the present study in a general context, a
review of some of the principle features of the broad field of
conformational equilibria will be presented.

A GENERAL INTRODUCTION

In the early part of this century, it was believed that rotation
about single bonds was entirely unhindered. However, in 1936, it
was shownl that calculations of the enthalpy and entropy of ethane
based on statistical mechanics were inconsistent with calculations
based on calorimetric values, These differences were interpreted on

the basis of a barrier to rotation about the C-C single bond of about



3 Keal mol™’ (12.0 KJ mol™l). As one methyl group in ethane rotates
through 360O relative to the other, three equal energy minima and
three equal energy maxima occur corresponding to the staggered (I)

and eclipsed (II) forms of ethana.

steggered eclipsed
energy minimum energy maximum

In n-butane, a similar situation exists when eonsidering
rotation about the central C«C bond, but in this case, the maxima
have different energies to each other, because of differences in
the mutual repulsion of two methyl groups compared with the
repulsion between & single methyl group and # hydrogens The minima

are also at different energies to one another.

CH, CH,

eclipsed (CHB,CH staggered (gauchs)

3)



eclipsed (CH3,H) staggered (trans)

Oxygenated olefins are en important class of compounds in which
conformational equilibria can exlst. These compounds are produced
in the petrochemical industry as monomers fof the manufacture of
polymers and as intermediates in other commercial processes. In
order to characterise their spectra for analytical purposes it is
necessary to consider the possibility of conformational equilibria
which can lead to a multiplicity of bands.

The realisation that the spatial arrangement of atoms
influences chemical reactions and physical properties of molecules
has resulted in an increase in the study of conformations. Polymers
have very different properties depending upon their structure and
conformation, Thus atactic polymers tend to be soft gummy materials,
isotactic polymers are highly ordered crystalline materials and
syndiotactic polymers have intermediate properties2’3. Information
on the conformations of nucleic acids is clearly important in order
to understand genetic processes. It is often difficult to determine
the conformations of large molecules and the study of smaller
molecules is necessary in order to determine the important factors
in conformer stability.

B METHODS FOR THE STUDY OF CONFORMATIONS

The following account briefly surmmerises the main methods used in

the study of molecular conformations. A more detailed summary of the



applications of some of tﬁeée methods will be provided in relation
to deunsaturated carbonyl compounds and related molecules.

1, Calorimetry This method involves the use of a bomb calorimeter.
From the rise of temperature when a compound is ignited under a
pressure of oxygen, the heat of combustion can be determined.,

The expected heat of combustion can be determined assuming no
internal rotation, and any difference is caused by the higher
enthalpy of one of the conformers. This method, however, yields
inaccurate results because of the small enthalpy difference ( AHO)
between conformers (100 to 1 000 cal mol™ (400 to 4 000 J mol™™))
compared with the total heat of combustion (1 000 Kcal mol"l

(4 000 KJ mol™Y)). The entropy can also be determined
calorimetrically aﬁd fhe experimental value is comparéd with that
obtained from statistical thermodynamics based on speétroécopic
megsurements. _One of the possible explanations of a lower
'calorimetric value is rotation about a single bond. This method
1

is useful where barriers to rotation are about 3 Kecal mol”

(12 XJ mol™t).

2. Dipole Moments When two or more non-identical atoms are bonded
togéther, the centre of negative and positive charge does not
normally coincide and an electric dipole results. If two or more
conformers are present, they will normally have different'dipole
noments. By comparing the observed value of the dipole with that
caiculated, amounts of different conformers can be estimated.
Variation in temperature should reveal changes in the dipole of a

molecule with different conformers a3 the position of equilibria ‘

should change with temperature.



3. Molar Kerr Studies When a voltage is applied to a dielectric

medium, the refractive index of the medium at a given wavelength
becomes different in directions parallel and perpendicular to the
field at that wavelength. This difference between the refractive
index parallel and perpendicular to the field can be calculated in
terms of the electric field, the wavelength and the Molar Kerr
constant. The Molar Kerr constant can be calculated for a given
conformer as a gas, liquid or in solution, These constants usually .
differ sufficiently from one conformer to another to indicate the

approximate position of an equilibrium. .

4, Dielectric Relaxation Studies A polar molecule aligns itself
in an electric field. On removal of an applied electric field from
a molecule within which.free or almost free rotation can occur, the
rotating part of the molecule becomes randomly orientated before the
molecule as a whole becomes randomly orientated.

> Ultrasgnic Techniques (often called accoustio methods). As sound

waves are paésed through a liquid, the excess pressure at any point
will alternate periodically because in each cycle the liquid is
successively compressed and decompressed. This results in a periodic
veriation in the temperature during the wave. If a molecular process
can occur which products a difference in enthalpy (e.g. & chemical
equilibrium, a change in vibrational or rotational level, a
conformational change etc.), these small temperature variations
result in changes in the equilibrium position. At low accoustic
frequencies, the equilibrium and the sound waves can remain in phase.
At high frequencies, the reaction rates are too slow to respond
during the individual waves. Both of these situations result in no
net change in energy. However, at an intermediate frequency

dependent on the rate of forward and reverse reactions, the



equilibrium lags behind the sound wave. The molecules in
equilibriun receive enthalpy during the temperature crest and give
out enthalpy during the temperature trough caused by the sound wave.
This results in a decrease in the sound wave intensity as the wave
travels through the liquid. The frequency, at which the loss of
energy is a maximum, may be related to the rate constants of the
forward and reverse reactions. By carrying out variable temperature
sfudies, values of the enthalpy and entropy of activation can be
determined from which very approximate values of AH end A4S can

be derived.

6. Electron Diffraction A beam of electrons from a hot filament is

monochromatised using a stable accelerating potential. This beanm
traverses a magnetic focusing system and then passes through a

sample of gas at low pressure (lO'smm of Hg). The electron beam is
diffracted by the sample molecules because the wavelength of the
electrons is of the same order of magnitude as the internuclear
distances in molecules. A radial diffraction pattern is produced
which consists of three parts, incoherent atomic scattering, coherent
atomic scattering and coherent molecular scattering, the latter being
ipportant in determining molecular structure. From the coherent
molecular scattering, interatomic distances can be determined. Thus,
if a molecule can exist in two or more conformations, interatomic
distances will be different and should be observed in the diffraction
pattern. This method is only applicable to relatively small molecules
' because with larger molecules a continmuun representing several

similar interatomic distances is observed and different conformers

cannot be distinguished,



7. X-Ray Diffraction This method is limited to compounds in the solid

state. Ixact structures for complicated molecules can often be
determined from studies of single crystals. Crystals act as
diffraction gratings to X-rays. A diffraction photograph of a
siﬁgle crystal consists of an array of spots whereas a photograph of”
a powder produces a series of arcs. TFrom the position of these spots
or arcs the symmetry of the molecule can usually be derived without
too much difficulty. To obtain molecular parameters requires many
different diffraction photogravhs. The method then requires an
approximate structure, from which & better solution can be obtained
by an iterative procedure. The final data is often presented in the
form of a Fourier electron density map. The ability of eany medium
to scatter X-rays is proportional to the number of orbital electrons.
Hence the position of a light atom in a solid is difficult to
establish, It is unusual to find more than one conformation present
in the solid state, and if this occurs it is difficult to detect by
X-ray techniques.

8. Neutron Diffraction The principles of this method are much the

same as those of X-ray diffraction. It is often used as a complementary
teéhnique to X-ray diffraction to determine the position of hydrogen
atoms in the structure since one of the important differences is that
neutrons are scattered by nuclei and all clements scatter by a

gimilar amount. The method requires a source of a strohg bean of

monochromatic neutrons (such as a nuclear pile),

9, Neutron Spectroscopy This method also requires a strong beam of

monochromatic neutrons. When neutrons come into contact with molecules

in an excited state, the neutrons can acquire extra energy while the



molecule drops from & higher vibrational level to the ground state.
Since neutrons travel at a speed related to their energy, By using
& time of flight detector, it hds been found possible to observe
new bands in the neutron time of fiight spectrum corresponding to
loss of vibrational energy. 'Thiq'method has been found particularly
suitable for determining torsional modes, since to observe emission
bands there must be a considerable numbef of molecules in the excited
state at the operational temperaiure and torsional modes are often
the lowest vibrational modes in the molecule) This method can thus
be applied to the determination of barrier heights in the same way
as in torsional studies by far infrared.

10, Elecctronic Spectroscopy Visible and ultraviolet absorption

occurs when an eiegtron is promoted to & higher electronic level.

It is unusual for two éonformefs to absorb at sufficiently diffefqnt
wave numbers to be able to distinguish between them. However,
conformers may absorb with sufficiently different intensity to make
a distinction. This method depends upon the establishment of limits
of extinction coefficient from molecules fixed in one conformation
in cyoclic or sterically hindered compounds and comparison with
extinction coefficients in lablle systems.

11, Optical Rotatory Dispersion and Circular Dichroism Optical

activity 1is caused By’differences in the speed between right and

left circularly polarised light which results in rotation of the plane
of polarisation. It islobserveq in molecules which are asymmetrical.
Optical rotatory diapersién (ORD) involves the study of optical
activity with changes in wavelength. - ORD curves may show maxima

and minima close to an absorption due to an electronic transition.



This phenomena is known as the Cotton effect.  The extinction
.coefficients of right and left circularly polarised light may differ .
near czn absorption band. ' This difference is known as circular
dichroism (CD). Both ORD and CD studies are difficult to interpret
unless conformational studies by these techniques have been .
understood for related molecules. It is important to note that
molecules with inherently dissymmetric chromophores, (usually

two conjugated chromophores twisted at an angle to one another

such as skewed dienes) give rise to Cotton effects in ORD curves

and thls effect can be used to study planarity of conjugated systens.

12. Rotational Spectroscopy The microwave spectrum of & molecule

is obtained in the gaseous state as a set of very sharp lines,

These sharp lines correspond to absorption of electromagnetio
radiation corresponding to transitions between the rotational energy
levels of the molecule. Rotational energy levels are dependent on
the moments of inertia of the molecule, These levels are complex in
a molecule where all the three moments of inertis are different.
Fron a microwave spectrum thesa monents of inertia can be calculated.
In some cases all the lines present cannot be explained in terms of
one set of moments of inertia and in these cases more than one
conformer must be present. In order to obtaln molecular parameters,
it is necessary to use a series of isotopically substituted molecules
and assune thﬁt angles and distances are umchanged on substitution.
Thus 2H and 130 are uged to determine interatomic distances and
engles. It is difficult, even so, to determine actual distances

and angles for molecules with a large number of atoms because only

three moments of inertia can be calculated from each isotopically



different molecule., Information on the enthalpy difference
can be obtained from the intensity of the linea as they vary
with temperature as will be disoussed for infrared bands.
Information on the energy bérrier to rotation can be obtained
from the splitting of rotational levels which is caused by
quantun mechanical tunnelling effects. (Rotational Raman

can provide the same information as microwave studies.
However, different selection rules operate and ¥he technique
is more difficult and has been little used)s

13. Nuclear Magnetic Resonance Nuclear magnetic resonanoce

involves transitions between different nuclear spin states

in the presence of an aprlied field, Partioculer nuclei

(nost cormonly YH) absorb energy st different radiofrequencies
when in different chemical environments owing'to different
anounts of shielding. Nuclear magnetic resonance experiments
require a relative long time scale compared with other
spectroscopic techniques. Thus the rate of interconversion
of two oonformers beoomes important. The other important
factors are the chemical shift differences and coupling
constants between the resonances from nuclei in different
environments. If rotation about a single bond is slow, two
sets of resonances corresponding to the two different
environments are observed. - If the rotation rate is faét

then a single set of absorption bands is obtained fepresenting
the average position of the nucleis At intermediate rates, |
the absorption lines are broad as they begin to coalesce. By
varying the temperature, the rate of reaction can be changed.

Thus in theory, & temperature can be found at which the. two



separate spectra for the two conformers coalesce into one.
From the variable temperature nmeasurenents, barriers to
rotation.can be caloulated and from the relative peak areas

of the two forms, as 6bserved in the spectra, the enthalpy
difference can be determined. It is often not possible to
réach a low enough temperature to observe two separate spectra.
However, calculations of the relative amounts of the two
conformers can still be made assuming the resonance

positions of the individual conformers and also no intrinsio
changes occur with change of tenperature.

14. Vibrational Spectroscopy Infrared and Raman spectrosocopy

is ccnoerned with transitions between different vibrational
levels, Gaseous infrared studies show rotational fine
structure and rotational band contours superimposed upon the
band due to a vibrational transition. The rotational fine
structure and the overall contour can be related to moments
of inertia and conformations., Problems arise because of
Coriolis interactions. These interactions can be large in
highly syummetrical molecules and give rise to diffsrent
rotational constants for different bands. However, in
asymetric top molecules, these effects are small and may
be ignored.

For a single conformer 3N-6 fundamental modes of
vibrations are expected at various frequencies (wherc N is
the number of atoms in the molecule)s Most of these can
normally be observed by combined use of infrared and Raman
techniques which provide complementary information sirce the

observed spectra are governed by different selection rules,
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Although meny of the oorresponding fundanental vibrations of
different conformers are observed at the sanme frequenoy, those
vibrations involving atoms in distinctly different environments
often occur at different frequencies. Differences in molecular
geometry may cause differences in the electronic character and
hence force constants of bonds., These differences lead to
c¢hanges in the tharacter and frequency of certain modes.
It 1s not always possible to relate observed differences in
band frequencies and intensities to particular effects, but
this does not impair the importence of empirically established
regularities in their application to conformational onalysis,
From temperature variation, values of the enthalpy differences
and in some cases entropy difference oan be calculated.
Torsional frequencies have been used to determine barriers
to rotation about single bonds. The value of the torsional

frequency may be related to the height of the barrier to

rotation.

C THE CONFORMERS OF ot ~UNSATURATED CARBONYI, COMPOUNDS AND
14

RELATED COMPOUNDS

The first attempt to establish the position of equilibrium
between the two planar oonforﬁers in oconjugated systems as
represented by butadiene, acraldehyde and glyoxal was that
of Mulliken4 who concluded that a conformation which he

designated5 g-trans predominated over the other conformer which

he designated s-cis for butadiene.
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For the purposes of this work, the designation g-cis is used
to include possible non-planar forms approaching the s-cis
planar conformation.

Dipole noments were first used to establish the conformation
of open chain :AF?-umsaturated carbonyl compounds. From these
studies, Sutton and coworkerss'concluded that acraldehyde
(CH2=CH-CH0) and trans-crotonaldehyde (CH30H=CH-CH0) ware
present In the s-trans conformation and mesityl oxide

((cu C=CHCOCH3) in the s-cis conformation. They were less

3)2
certain about other compounds such as mcethacraldehyde
(CH2=C(CH5)CHO). Electron diffraction studies! suggested

nixtures of 3:1 s-trans:s-cis at room tenperature for

acraldehyde and equal amounts of s-trans and g-cis at 70°
in crotonaldehyde.

Acraldehyde8 and its isotopically substituted species9
have been examined by microwave and no evidence has been found
for an 1somer other than the s-trans form., Ultrasonic studieslo
show evidence for an overwhelming proportion of the s-trans

forn whereas Molar Kerr oonstantsl1 favour a 4:] s-trang:s-ois

ratios A recent varlable temperature N.M.R. study12 was fairly
inconclusive although a variable temperature infrared study13

suggested there was evidence of a small anount of s-cis

1 1

based on very weak shouiders on bands at 630 om — and 1 106 émf o

Studies of crotonaldehyde have also reached the conclusion
that 2ll or most of the molecules are in the s-trans conformations;
nanely 96% s-trans from Molar Kerr constants’t and virtually all
8=trans from ﬁltrasonic measurementslo and ultraviolet

absorption measurementslé.
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Other aldehydes have been found to exist in equilibrium
mix%ures. For example although an averaged spectra is observed
at room temperature, at temperatures below ~80° the interconversion

of s-trans and s-cis conformers of 2-furanaldehyde is sufficiently

slow for two separate signals to be observed for the aldehydic
hydrogen and one of the ring protonsls. The approximate enthalpy
difforence was caloulated to be 1.0 Keal mol™l (4.2 KJ mol-l).

1 1

Two separate carbonyl absorptions at 1 686 cm ~ and 1 710 cm

have been observed in the infrared16 for 2-furanaldehyde.

17418 4 sve shown that the conformations

Mecke and Noack
of mg%-unsaturated carbonyl compounds can be distinguished by
the positions and intensities of the C=( and C=C stretching
frequencies in the infrared. From variable temperature infrared

19

and Raman studies, Noack and Jones™” were able to show that
nethyl vinyl ketone (CH2=CH-COCH3) and ethylideneacetone
(CH30H=CH-COCH5) were present in an equilibriunm nixture in which
the s~trans conformations were more stable at room temperature
in solution and were present exclusively in the crystalline
solid. For example, in ethylidencacetone, using a eutectio
solvent containing CHC13, CCl4 and 02014, bands were observed

at 1 674 and 1 645 om™t assigned to the s-trans conformer which
increased in intensity relative to bands at 1 693 and 1 630 cm™t,
assigned to the s-cis conformer, as the temperature was lowered.

20 failed to show any evidence for an equilibrium

Microwave sfudies
in methyl vinyl ketone and only the s-trans foim was detected.
However, these measurements were carried out at -76° and the
relative amount of s-cis would be smoll at thai temperature.

4 recent variable temperature N.M:R. study21 of methyl vinyl



ketone and ethylideneacetone, although not conclusive supports
the evidence that an equilibriun mixture is present. The infrared
spectral studies of Kossany122 on alkyl vinyl ketones CH,=CH-CO-R
suggested that for large alkyl groups, the s-cis conformation
was favoured. ORD23 end CD studies24 have been carried out on

@43 -unsaturated caibonyl compoundse The planar C=C-C=C
grouping is a symmetric chromophore and shows Cotton effects
only in the presence of an asymmetric centre. However, if the
chromophore is non-planar, then larger Cotton effects are
observed because the conjugated grouping has become an
inherently dissymetric chromophore. From Molar Kerr constant325
nesityl oxide is thought to be in a non planar g-cis conformatdon,

26

From Molar Kerr constants“ methyl acrylate was thought to be
8=trans,cis with the methyl ester group twisted out of the plana.
This was in reasonable agrecnent with an earlier eleotron

diffraction study® .

Various acid halides have boen examined, From infrared
spectra, acryloyl chloride and bromid028 exist in an equilibrium
nmixture. This also seems to be true in crotonyl chlorideza.
Microwave29 and infraredBo studies suggested there is little
difference in enthalpy between the s-cis and s-trans forms
of acryloyl fluoride. N.M.R. atudiesjl give a larger enthalpy
difference between the two forms and the more stable form is
considered to be the s-trans conformer. However, an average
spectra 1s observed down to -950 and the method is, therefore,
less accurate. Two forms have been detected from a 19F N.M.R.
study of the completely fluorineted acraldchyde speciesBz.

A nicrowave study33 of acrylic acid also gupggosts comparable



" - 17"

proportions of the two conformers. It is interesting to note
that 2-furanaldehyde, 2-acetylfuran and methyl 2-furanocate all
show evidence of two earbonyl bands in the infrared and these

are aséighed to the s-cis and s-trans‘formsl6.

Since unsaturated esters oan show rotational isomerism

other thdn the’s-tréns, s-cis type, a discussion of possible

oohformations of saturated esters is appropriate. The ester

grouping can exist in two planar forms known as cis and trans,

<ﬁ 0
Cc 2 C
RN yd
R o R \T
RZ
eis trans
Microwave’? and infrared>? studies suggest that methyl formate

~exisis in the gis conformation. The same conformation is
believed to be present in methyl acetate fron electron diffracticn
studiesBG. The only type of esters thought to have the trans
conformation are various fluoroformates where fhe evidence is
based on N.M.R. and dipole monent studie837.
An additional conformational isomerism has been suggested
38

in ethyl formate from microwave studies”’,

H 0 H 0
\
’ | /’ ' ‘ ,I'A
': /’ “ ’
0 H H 0 H CH3

trans gauche



- 18 ~

A sinmilar equilibrium has been used to explain the variation
of 130-H coupling eonstants with temperature in a series of
alkyl aceta$e339. The presence of differenﬁ conformers dus
to rotation about the C-C (Carbonyl) has also been suggested
in monochloro-acetate esters on the basis of two carhonyl

absorptions in the infrared4o.

Cl\\ //0 H.\\‘ 0
9~«—~C// /C~——04/y
4\ A\
H H o—n H Cl 0—1R
cis staggered

Two éimilar conforners have been detected for propionaldekr,ils
fron microwave evidence. Thus the situntion ié.complicated
by the poésibility of several conformers in both the
saturated and unsaturated esters.

D THE CALCULATION OF THERMODYN:MIC FUNCTIONS

The relative stabilities of conformers may be expressed
dn quantitative terms by the application of thermodynanmic
concepts, enthalpy difference ( AH), Gibbs free energy
difference ( AG), and the entropy difference ( ;AS'). From
spectroscoplo studies, all these thernodynamic functions

are in principle determinable, however, it 1s impgrtant to
be aware of the assumptions and limitations of thése nethods.
The basis of the determination of thermodynamic functions
fron vibrational spectra will be outlineds The determination
of the enthalpy is dependent on the van't Hoff isochore,

The derivation of this is of some relevance to the significance
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of the result obtained,
Consider a reaction of the type

fxéB

The expression for the change in free energy for this reaction is

]

AG = AG® + RTln(a.B) (1)
A

where AG° 1s the standard free energy change, a, and aB.are"
the activities of A and B respectively for the particular stage
et which the reaction is considered. There are two special
cases which may be ocmsidered.

1) If the reoaction is at equilibriun

%5 =« K, 0G0
a
A

"Hence  AG° = -RT1nK, (2)

2) If the reactants and products are In their standard states
.(qA =8y = 1)
aG¢ = AG% = -RMInK, (3)

" Hence equation (3) gives the difference in free energy between
© the products in their standard states and the reactants in
‘their standard states.

For a gaseous reaction at constant pressure, the standard

" state may be taken to be one atmosphere pressurs.



AG° = -RTanp (4)
p " kp )

Py

where P, and pp are the pressures of A and B respectively,

Equation (4) can be differentiated with respect to temperature

a¥ constant pressure,

\

a/AP) = -RInK_-Rr4_ (InK)
a /p P 3 P

- This expression may be substituted in the Gibbs Helmholtz

equation.
Td(g’é G°> = AG° & AHC (6)
ar 'p
+o give
d(1nK ) , _Q_g_, (7)
daT RT

vhere AH° is the differenoe in enthalpy between products and
reactants in their standard states. The difference between 4 n°
and A H (difference in enthalpy between products in any general
state) is dependent on the variation of activity coefficient
with temperature and is usually small,

- Equation (7) can be integrated.

Ik = ‘= A + o (8)
P RT

The value of the integration constant can be odbtailned from the

relati onship. ,
A® = AR - TASC (9)
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Couparison with equo.tioh (2) leads to the expression

Ik, = - AR + ASC (10)
RT R

Thus the integration constant 4n (8) 1s A S°/R. 1f AH°®
and A S° are independent of temperature, than a groph of

In K against 1/T has a slope of = AH/R and an intercept

2t 1/7=0 of AS®/R: 1If AE° and AS° are temperature

dependent, then a tongent to the above graph has a slope of
AHO/R and intercept ASO/R. Simila.i' results aré obtained

from graphs of ln K, against 1/T in solution,

If the intensity of absorption bands assigned to the
reaction components A and B in either the gaseous or oandensed
state are measured at a sories of temperatures, the value of
| A H° oan be calculatedAz. |

For the reaction

Ag=> B
Pressure or concentration 4 op
Absorbance AA A‘.B (for a selected band)

Extinction éoefficient £ A EB (for a selected band)

From the Becr-Lambert Law

Kj? °s 7T &__A_A_):_ (11)

¢ &My

Substitutién of eduatién (11) in equation (10) leads to the

expression
In [ Ag = «AB? 4+ AS® + In £, ¥(12)
(' I RT R N B
A ts



If it is assumed that the ratio ( & A/ £ B) is invariant with
tenperature the value of AH° nay be obtained from a graph of
ln(A.B/AA) against 1/T°K. The absorbances can either be measured
fron peak heights, or where there is little overlap, from
peak areas. .

AS® cannot readily be obtained from this method since
the intercept is dependent on both AS® and the ratio of the
extinotion coefficients, Two different procedures have been
used for the determination of AS®, Further assumptions
or restrictions in applicability are involved in both methods.
The comﬁon band method of M:Lm.-;‘h:!.rnaf13 assum.es‘ that the
extinction coefficient of & comuon band (& o) is the same
for the two different conformers and all the extinction

coefficients vary in the same way with temperature,

Thus Info, | = = Ag° &+ As® (13)
—O—-A—- RT R
-AE°/RT  AS°/R
32 = o e
)
Sy = 1 = 1
o l+0 N 14 e /RT o ASY/R ‘
A B
But OA = f’_Aéo
o +Cp SR
pME, = , L1 .
€44, l1+e /RTeAS/R—

" 110 fon )
o~ M/RT JAS/R E\A, - 1 (1h

& oéA
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The wnlmowns in thls eqmation (14) are AS® and & /E
By atudying the ratio of the absorbances of a band from one
conformersand a common band, for, at least, two temperatures,
4 8° can be evaluated by solving two simultancous equations
in two unknowns., i

The second me‘t;hod44 involves the further assumption th#t
each extinction coefficient, (& y and é B)' is independent
of temperature. Thus if the total concentration of the two
conforners is O

(o}

Then © Op ®m Oy + OCp
LI W 3 @)
U 5e

On rearrangenent
b= -Epy o+ gl a8
€3

Hence a graph of AA against A.B at different temperatures gives
a straight line plot with a slope equal to o 'EA/ £ B)‘ Hence
A G° may be obtained from the expression AG° = R 1n K)= -RT(ln
(ABE A/AAE B)) end A S° can then be obtained from equation (9),
Aternatively AS® can be obtained from the intercept of the
graph of In(Ay/L,) against 1/T (equation (12)), This method
was applied to the s-trans and non-planar forms of l.l,
d4halo=3-fluorobutadienes, |

Other assumptions have been made to determine the free
energy and entropy of conformational equilibrium, namely that
the extinotion coeffiocients ere équal,' that the extinction

coefficients of olosely related molecules ocan be transferred,



that the internal entropy difference is zez?o. A1l these methods
have their deficiéqciés44. Extinction coefficients vary greatly
~ from one molecule to enotheri It has beer shown that the
extinction ooefficient of the C~Cl stretching vibration in
4 tertiary-butyi—cyclohexyllchloride is one and a half times
greater in ihe‘equat6¥ia1 conformer than in the axial
conformer45; A vibration is not normelly localised and
changes in conformation are likely to affect both frequency
end intensity., Assumptions that the internal entropy of
different conformers is the same are clearly inacourate.
The rotational and vibrational contributions to the entropy
gre different for two conformers unless the moments of inertia
are the same and all the low lying molecular vibrations such
as torsion and skeletal modes oocur at the same wave
nunber. It would be useful to obtain entropy values since a
higher entropy would be observed for a non-pianar forﬁ because
at least two conformers of the same energy would be possible.
It 1s olear that the accuracy of eny value of 2
thermodynanic funotion depends upon the validity of the
assumptions made. The preoision of the value depends upon the
magnitude of the erro¥s in the experimental neasurements.
The significance of the results obtained in the present work

rmust be oonsidered In these ocontexts.
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CHAPTER II

EXPERIMENTAL

Purification of Compounds
vivrational Spectroscopy
N.M.R4 Speofroacopy

Mass Spectroscopy
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A PURTFICATION OF COMPOUNDS

Acraldehyde (B.P. Chemicals Ltd.) vas purified by distillation
under nitrogen in subdued lighting. The azeotropiv mixture boiling
at 52° was collected and water removed with molecular sieve (3A).

Crotonaldehyde (Hopkin and Williams Ltd) was distilled under

nitrogen using a twelve inch colum packed with glass helices,
collecting the fraction boiling between 102 - 103°, Other samples
of crotonaldehyde were purified using preparative chronatography
with an SE 30 colum.

The following materials were prepared by distillation at
atmospheric pressure using a fractionating colum and the fractions

were collected in the range indicated:

Methyl vinyl ketone (Kodak Ltd.) 79 = 80°
Methyl acrylate (B.D.H. Ltd.) 80 = 81°
Ethyl acrylate (B.D.H. Ltd.) 99 « 100°

Methyl trans-crotonate (B.D.H. Ltd.) 120 - 121°

Preparative gas chromatography was used to prepare
ethylideneacetone and ethyl trans-crotonate. A Varian Aerograph
Lutoprep 705 instrument was used.

Ethylideneacetone (B.P. Chemicals Ltd.) supplied as a mixture

containing ethylideneacetone as its major component was partly
purified using a Carbowax 20M colum. Further purification wes

achieved using en SE 30 column.,

Ethyl trans-crotonate (Koch Light Ltd.) was purified using

a Carbowax 20M column.
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All the samples were stéred below O°, dried using moleoular
sieve(3A) and the purities checked by gas chromatography using a
Varian Aerograph 660 or a Phillipps PV 400. Purities were checked
using a polar Carbowax colum and a non=polar SE 30 coluﬁn. The
aldehydes were found to be air sensitive when pure, tending to-
oxidise and polymerise, and for this reason were stored wder
nitrogen.

A number of other esters were used for comparison. These were
either commercially evailable or were prepared by esterifioaiion of
the appropriate organic acid in the presence of a small quantity of
strong acid. Preparative gas chromatography was used to obtain
pure sanmples of the esters prepared in this way.



TABIE I

Compounds whose spectra were examined in detail

Conmpound Structure (in s-trans form) Discussion of important spectra
1 " Infrared Resolved Fine Structure p 43
. N e Infrared Variable Temperature Studies p 54
Acraldehyde C=C Vibrational Assignments p 83
u’ N c=0 Nuclear Magnetic Resonance Spectra p 130
): et Mass Spectra p 148
CH3 H Infrared Resolved Fine Structure p 49
- e - C/ Infrared Variable Temperature Studies p 54
Cro t-;—-—-—-—TnaI a‘;.ldehy de / AN Vibrational Assignments p 83
H C=0 Nuclear Magnetic Resonance Spectra p 130
H/ Mass Spectra p 148
H H . ) :
\C =C 7 Infrared Band Contours p 51
Methyl vinyl ketone e N Infrared Variable temperature Studies p S4
H /C =0 Vibrational Assignments p 83

Nuclear Magnetic Resonance Spectra p 138
Mass Spectra p 148

o i oo —

Ethylideneacetone

Infrared Variable Temperature Studies p 61
Vibrational Assignments p 83

Nuclear Magnetic Resonance Spectra p 140
Mass Spectra p 148




TABIE I (Continued)

Compound

tructure (in s-trans form)

Discussion of important spectra

Methyl acrylﬁte

- ———— e ety

H H

\ '

Ve
C=C
H/ \C=0

Infrared Band Contours p 51
Infrared Variable Temperature Studies p 67

o~ Vibrational Assignments p 83
~¢ Nuclear Magnetic Resonance Spectra p 140
' H3 Mass Spectra p 153 :
T
H. /H
)C = C_ Infrared Band Contours p 53
Ethyl acrylate H LC=0 Infrared VariabYle Tomperature Studies pb67
0\ Vibrational Assignments p 83
02115 Nuclear Magnetic Resonance Spectra p 143
Mass Spectra p 153
, : H
]
| Methyl .3/‘c=c<,
| trans-crotonate H ,C=0 Infrared Variable Temperature Studies p 64
: 0L Vibrational Assignments p83
CH3 Nuclear Magnetic Resonance Spectra p 140
' Mass Spectra p 153
: H
' 3\c =c” : . .
. Ethyl el ¢ =0 Infrared Variable Temperature Studies p 67
- trans-crotonate 0’ Vibrational Assignments p 83
\CZH5 Nuclear Magnetic Resonance Spectra p 143

Mass Spectra p 153
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B VIBRATIONAL SPECTROSCOFY

Spectra were recorded using several different instruments,
Standard spectra as thin films, solutions in carbon tetrachloride
and vapour were recorded at room temperature on & PerkineElmer 457
grating infrared spectrophotometer heving & spectral band width of

ebout 2 om™r in the ranga 4 000 to 400 o™t

1

and a wavenumber
accuracy of 2 = 3 cm — depending on the region of the spectra.
All wavenumber measurements were oalibrated46 using indene for
standard spectra and ammonia and water vapour for expanded vapour
spectra, Standard cells were used with KBr windows.
The variable temperature intensity maasureﬁents were made
on & Grubb Parsons Spectromaster for which the transmission scale
was calibrated before each set of measurements by high speed sectors
of standard 20% aod 50% transmission. The accuracy was found to be
+ 1% of peak absorbance in terms of absorbance units. The cells
and associated equipment for variable temperature studies were
supplied by R.I.I.C. For solution studies the VIT2 unit was used
with silver chloride and KRSS cell windcws. The latter caused
. strong interference fringes even with filled cells because of the
high refractive index of this material. However, the difficulties
caused by the interference fringes were reduced by using cells of
1 mm thickness instead of 0,1 mm, The cell unit could be heated
electrically and cooled using a refrigerant. A solid ecarbon
dioxide/acetone mixture was used for temperatures down to =70°%
Below this temperature nitrogen was used dowm to -1700. It wes

found to be more difficult to maintain a steady temperature over a

relatively long period using liquid nitrogen. A low vacuum was
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used to limit formation of ice crygtals on the inner cell windows.
A high vacuun tended to cause leakage frum the cell. Variable
temperature solution studies were normally carried out in oarbon
disulphide. For vapour studies, the GH7 truncated cone heated gas
ocell was used with KBr windows. The cell was evacuated and samples
admitted either through a silicone rubber septum from a syringe or
on a vacuum line, The temperature within the cells were measured by
a sheathed iron constantan thermocouple for whioch a potentiometer
was calibrated using the bolling point and freezing of water, the
liquid temperature of a Coz/ether freezing mixture (~78.3°) and for
intermediate temperatures the readings of mercury and alcohol

- thermometers. The temperature was maintained within a 2° range
during absorbance measurements. Initially solution intensities
were obtained at room temperature and compared with intensities at
«70° ;sing carbon dioxide/acetone coolant. Certain bands ﬁere then
studied at temperatures between «110° and 40° in solution and
temperatures between 20° and 200° in the vapours Peak height
neasurenents were made at 10 = 15 values of temperature, In duplioate.
Band area measurements were &lso made where possible by replotting

-1 per min) in absorbance

bands reoorded at slow scan speeds (12 om
units and summing the area under the band by taking the mean of
three planimeter readings in arbitary wnits.

Certain infrared vepour bands were recorded on a Perkin-Elmer 521
(Chester Beatty Research Institute, Fulham) and a Unicam SP 100
(B.P. Chemicals Ltd., Epsom). These instruments have a spectral
band=-width of better than 1 cm"1 under expanded scale oonditions

where the wavenumber accuracy is approximately 0,5 cm 1'
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Raman spectra were recorded for theo(ﬁ -umsaturated esters
on a Carey 81 Laser Raman instrument (Imperial College, London).

This incorporates the Spectro-Physics He/Ne gas laser as a Ranan

1 with a power of

1

source, emitting radiation at 15 797.8 om™

90 = 100 mW. The spectra are accurate to about 2 om — in all

ranges.

C NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Nuclear magnetic resonance studies were carried out using a
Perkin-Elmer R10 60 mHz instrument with a thermostatted permanent
magnets The resolution is better than 0.5 Hz and the field drifs$
during the recording ef a spectra less than 1 Hz, The Perkin~Elmer
variable temperature probe was ﬁsed with 1liquid nitrogen as coolant,
In the early stages, & Varian 460 instrument (Warian Itd., Waltoneon=

Thames) with an electromagnet was used.

D MASS SPECTROSCOPY

Mass spectra were recorded using an A.E.I, MS2 mass spectrometer
with a multichannel galvanometer detector operating &t an electiron
beam energy of 70 eV. The samples were injected using a gallium
inlet sSrstem at a temperature of 100°% Source pressures were in
the rangs 4 = 9 x 10°7 m of Hg. Care was required as the samples
were likely to polymerise during injection. .Improved metastables
roesults were obtained from mass spectra recorded on an A.E.I., MS9
mass spectrometer, (School of Pharmacy, London),

Certain computer programmes (see Appendix I) were written in
the ALGOL 60 programming language and mm on the Elliott 4120
computer with a 4298 digital incremental plotter using punched paper

tapes,



CHAPTER III

VIBRATIONAL SPECTROSCOPY

Rotational Fine Structure and Contours of Infrared
Bands in the Vapour State.
Variable Temperature Infrared Measurements.

Assignment of Bands,
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A ROTATIONAL FINE STRUCTURE AND CONTOURS OF INFRARED BANDS

IN THE VAPOUR STATE

In the gaseous state, vibrational absorption bands show
rotational fine structure or a characteristio outline contour,
Thése features are caused by changes in the rotational levels,
which can accompany changes in the vibrational level. A
vibration-rotation absorption band may be resolved into
rotational fine structure, if the resolving power of the
spectrometer is sufficient to separate the individual
rotational sub=bands; an outline band contour will be observed
if the spectrometer cannot resolve these sub=bands. The
separation between sub=bands due to rotational changes is
large if the values of the moments of inertia about the
principal axes are small. These axes are the mutually
perpendicular axes about which the moments of inertia have
mninimum, intermediate, and maximum values and are termed
the A, B and C axes respectively. The moments of inertia
can be calculated about any three mutually perpendicular
axes knowing the masses of the atoms, internuclear distances
and bond angles. These can be converted into principal
moments of inertia by a simple mathematical procedure47
when the moleculs has an effective plane of symmetry, since
the maximun value of the moment of inertia is fixed about
en axis perpendicular to the plane of the molecule., The
molecules studied have been treated as effectively plenar

molecules,
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Molecules can be classified according to the values of three
principal moments of inertia, In the present work all molecules
are treated as approximate prolate symmetric rotorss This ié
because the moments of inertialabout the B and C §xes are
approximately equal and much larger than the moment of 1ngrt1a
about the A axis. This epproximation is reasonable for the
s-trans conformation of acraldehyde but is less valid for |
certain others, partioularly the s-irané form of methyl
vinyl ketone.

1, Resolved Fine Structure = ﬁotafional Sub—ﬁands

The rotational fine structure of a band in a prolate
synnetric top depends upon the direction of the osciiiatingA
dipole associated with the vibration. Different structure is
observed for vibrations with oscillating dipoles parallel to
the A, B or C principal axes since different seleétion‘rules
operate. The total energy E(V,R) of a vibration-rotation
level in an asymmetrioc top which approximates to a prolate
symmetric top is given by48 _ ‘

E(V,R) = E_ + (_Q__g__é) I+ e b-Bec K ()
where J and K are the rotational quantum numbers, Evlig the
vibrational energy and A, B and C are the rotational cqnstants
given by A = WBTrPI,, B = WO 2Ly, C = B/6TI 1, where
IA”IB"IC are the moments of inertia about the A, B aﬁd c

axes respectively.
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For a band parallel to the A axis, (Type-A bands) the
selection rules are AJ=0, + 1; AK=0; a central Q branch,
and P and R branches of spacing (B+C) are observed. This
corresponds to the parallel band of a symmetric top molecule.
For bands parallel to the B axis (Type-B bands) the selection
rules are AJ=0, + 1; AK=+1; a series of Q branches are
observed with separation 2(A~%(B+C)). A central Q branch
18 not observed. For bands parallel to the C axis
(Type-C bands) the seleotion rules are AJ=0, +1; AK=0, +1;
a series of ¢ branches are observed with the same separation
as a Type-B band. In this case, however, a strong central
Q branch is observed. As the ratio of the rotational
constants B/A decreascs, a weaker Q branch is observed,

A more detailed expression for the position of the fine
structure of a C-Type band for an approximate prolate top

is given by

st tpe e e

(2)
where Ao and Al are the rotational oonstants in the
vibration states v = ¢ and 1 respecti{rely. The effective
rotational constants for a vibrational energy level (v) are

€iven by
A& - Ao- O(A (v + %)

- Ay v+ 3)
C; = C = ok (v+3)

where v = ‘). 1, 2ecense
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Different rotational constants may be observed in different
vibrational energy levels. The X term is made up of two main
oontributions, One of these contributions arises from the
enharmonicity of vibrations. This ?esults in the internuolear
separation increasiné in higher vibrational levels. The other
contritution arises from Coriolis forces which occur in a
moviﬁg particle. When a particle is moving, a force 1is
directed'aﬁ right angles to the direction of motion. This
Coriolis force leads to‘changes in the combined vibration-‘
rotation energy levels. Thus'the pure rotational energy levels,
6bserved when ho vibration is oqcuring. are perturbed. This
effect is amall ip molecules with low eymmetry‘such as Cs'
symmetry. The expression (2) can be further'complioated by
allowing for centrifugal distortion which leads to higher terms
in J end K, |

The expression (3) is used if the accuracy of the data is
such that it is only possible to fit the observed values of
wh%enumber to & linear equation in K. In this case, only aweragé
velues of A, B and C for the two vibrational levels can be
obtained.

Ab = A = A Bo = B1 = B; .co‘ C1 =C

EEEE (- (g 22 (-39 @

The sub=bands observed are labelled BQK and PQK corresronding
to the transitions AK = 41, QK = =], wﬁere K is the
rotatioﬂal quantum number of the lower vibrational level from

which>the transition occurs.



The fine structure of A and B~-Type bands can be treated in

a similar manner.

2. Unresolved Band Contours

In molecules where the moments of inertia are large, only
a band contour is obséfved. Different contours are observed for
bands caused by vibrations in which the oscillating dipole is \
parallel to the A, B or C principal axes. The A-band is observed
to have PQR strueture, the B=band PR structure and the C=band (
PQR structure with a pronounced Q band. These different types of
bands are illustrated for molecules with moments of inertia with

sintlar values to those in the molecules studied49.

/M N A

Parallel to A axis Parallel to B axls Parallel to C axis

The separation between the maxima of the P and R branches of a
parallel band in a linear molecule can be obtained by application
of the Maxwell Boltzmann law, allowing for the rotational

degeneracy factor (2J+1),

Av=;‘_@_ (4)
I

Gerhard and Dennison50 have shown that the separation between the
naxima of the P and R branches of a parallel band in a prolate

symmetric top is given by (3) en extension of equation (4).

v = (g_zjlicr_ (5)
T C
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where s(fB) is given by the empirioal formula
log,, s(f?) - 0 211 15 (6)
‘ (Bt
n which = AoA1: |
- Studies oﬁ asymmetric rotors were carried out by Badger
and Zumwalt5l. The contour oould be repremented in terms of two
quantities P= (A-C)/B end § = (2B=A~C)/(A~C). This work has
recently been extended by Seth-Paul and Difkstra®?, end the
PR separatioﬁs a&e gifén iﬁ feims of somewhat diffefgpﬁ
pafamefefs (see Table 2;3). The dontours and fine structure
observed for various asymmetric top molecules have beéﬁ
iliustfated for various’valueb of 4y B and 049.

Calculations have beecn carried out to determine PR
separations and rotational fine structure spacings for the
aldehyde and ketone molecules, taking reasonable values for
the bond lengths (ro_c = 0,146 nm, Tong ™ 0.136 nm,
oo ™ 0el2l mmy r = G152 nn, and r, o = 0,109 nun (alkene
and alkane)), and assuming bond angles to be trigonal, planar
or tetrahedral where appropriate. The moments of inertia
were calculated and the direotion of the A and B principal
axes illustrated (Figure 1) for the planar s~ols and s-trans
conformers using a oomputer program (Appendix I), The
caloulations were not carried out for the esters because
litile fine struoture was observed. The calculated values
are shown in Tables 2,3,

If the molecules under consideration are treated as

planar moleocules, all out-of-plane vibrations should be true
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TABLE 2 Resolved Fine Stracture Calculations

Trans- - Methyl vinyl Ethylidene-
Acraldehyde crotunaldehyde » Ketone azetaﬁze -
s-trans s-cis _s8-trans s-cis s-trans s-cis s-trans 5-Cis
Moments of inertia I, 18.2 38.7 26.1 L2.5 92.8 76.2 98.2 85.7
about the three Iy 177.6 126.0 374.9 208.5 187.3 210.8 423,1 - bh5.7
principal zxes Io 195.8 164.6 395.6 345.7 275.8 281.8 £10.7 520.8
fem cn® X 10 ™) |
Rotational A 1.537 0.72k 1.072 0.659 0.202 0.367 0.285 0.327
constants B 0.158 0.222 0.0746 0.0907 0.149 0.133 0.0662 0.0628
) c 0.143 0.170 0.0708 0.0810 0.101 0.099 0.0548 0.0537
Spacing of rotational sub-bands(ém') '
B & C type bands
204 - 2 | 2.77 1.0 2.00 1.14 0.25 0.50 0.45 0.54
A type bands
1 (B+C) 0.30 0.39 0.1h 0.17 0.25 0.23 0.12 0.12

n‘[‘]u
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TABLE 3 Separation of P and R branches in the molecules

studied according to the method of Seth~Paul et al.

- P

o . Methyl
|  Tronse 5 Ethylidene-
‘Acraldehyde | crotonaldeliyde k:i.gié acetone

s-trans s-old s-trans seols| s-trans s-ois| s-trans s-ois

i TM‘I .,{13.'}
| !

F <3 y - ]17.8

S=2B-A~C  |=0,979 0,819 =0.992 |-0:966] ~0.521 | =04750| ~0.899 | ~0.933
AC ,
aA-C - | 8482 | 2,50| 13443 | 6,37 | 134 2,02 3.4'( 4:35

B ¢ .
1B= ¢ . | 0.075 | 0,09 0.036 | 0.043| 0.060 | 0,57 |. 0,030 | 0.029
B+C .
5._:2“ -1 9.24 2,77 | 15441, 7418 1,52 223 4000 | 4498
23- :
s ¢ 3) 109 | L21] 1.06 | w12 127 | L3 | 127 | LIS
w. e
long(/B)
= 0. !21
(75T/9)'2’- 1.568 | 1.774] 14092 | 1.185| 14414 | 14367 04993 | 0,977
( Av PR Aband = ms('é.)(ﬁ'r/mir
( AV PR C band = 3/2 AV PR A band)
4. PR 1743 21,5 116, (13,3  1T. 16,8 11,6 .
Avr iR * ‘ {1 5 1' : ;53 ! T.9 168 1L 11.2
_PR., 125,77 32,3 1T.4. 20,0 26,9 i25.2 [17. 16.8
Avc(cm'l)'f ' £ ¢ .' 3 ; 7.4'
It P S 3 AyPR band = 5/6 AV PR A band
3 <F £ 3 ADPR band = (1/,3(/5)_)( AT PR A band)
AV PR B(om™1)
| i '
f—=>3 14.2 ! . Y 94T, !11.1 9.7 9.3
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C-~Type bands. ' In-plane vibratlons will only ba socidentally
A or B-Type bands and are more likely to bg AB ?yb:id'pEEQg
with the result that their structure will be rather indistinct. -~
Non-planar conformastions are possible, .-These will be
less likely to behave as approximate prolate éymmetrid fops.
The minimum moment of. inertia will be generélly laréer,
depending on the dihedral angle sbout the X3 C-C bond,
Also ell bands will only accidentally have dipole changes
paréllel to either A, B or C axes. Non-planar conformations
would, therefore, not be expected to show bands with resolved
fine structure with sub~bands having meaaurable geparations,
mless they have structures which are very close to truly
planar forms. The observation of fine structure in
outeof=plane vibrations in acraldehyde and jggggrcrotondldehyde
is itself supporting evidence for a planar molecules

3Q‘ Results and Discussion

Only acreldehyde and trans-crotonaldehyde showed resolved fine
structure, the other compounds revealed only band contours.w

a) Resolved Fine Structure

Aoraldehyde Bands centred at 592.9; 958.7 and 993.2 cut
exhibited rotational fine structure with sirong central Q

bands (Pigures 2,3). Assignments to the rotational subebands

1‘band and for the non-éverlapping

1

were made for the 593 co
wings of the 959 and 993 cu — bands although it was difficult

to assign the sub-bands close to the central maxima and in the

1 to the correct

region of overlap between 993 and 959 oo~
sub-bands - (Table 4)s These three vibrations have been éssigned

to the three out-of-plane modes associated with the vinyl
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TABLE 4 Pine structure of bands in escraldehyde and

trans-ocrotonaldehyde ( cm'l)

Assignments — _ Acraldehyde (‘mntn%gvd
- V &y vIoas] v [as | o AS
Ro16 240.2

Rys 63744 | 248

Ra14 634.8 | 2.6

B3 631.6 | 3.0

Ry1o 62940 | 2.8

Ro11 62643 | 27

Rq10 62346 | 2.7

Ryg 6207 | 249

Rog 618.0 | 2.7 1015.9 992.4

Ryq 615.0 | 3.0 1013.4-1215 | 990.2'| 2.2
Rog 1612.2 | 2.8 1010.9 [2.5 988,2 | 2.0
Ros 609.3 | 2.9 1008.€: [2.9 - | 986.2 | 2.0
Rog 6065 | 2.8] 10053 {27 - | 98440 | 2.2
Rys 603.7 | 2.8 1002.6 {2,T | 9817 | 243
Ry 601,2 25 (1001.1)(1e5) "| 975eT | 2.0
Ry 59844 | 2.8 97743 | 244
Ry0 59546 | 2.8]

Band Centre [592.9 ?.7 9587 - | 9932 | 97247

Po1 - | |(955.8)02.9); .

Poo 588,8 (953.7)(2,1) 96947

Py3 58545.| 343 (95149)(1.8)

Pos 56243 | 303| 94942 {27 | . 965.8

PQS’ 579¢1 | 342{ 94644 | 248 : 963.7 | 2.1
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TABIE 4 (cdﬁfiﬁxied)

Aésignments Acraldehyde Trans-
Crotonaldehyds

s iy Ias!l vl v | A
Pos "576.5 2.6 [943.61 2.8 | - |961.5 |22
Pat 739 | 2.6 [940.8| 2.8 9597 |18
Pas 709 | 3.0 [938.1] 2.7 9376 [2.1
Pag 52840 | 2.9 [935.2| 2.9 | 9557 149
Pore - [932.6-2.6 953.8 {149
Poil 192949 2.7 951eT [241
P12 | 9273} 246 94948 - | 149
P13 924e4} 249 94840 | 148 |
Faus 92240 244 94640 | 248
Py1s5 94440 | 240
Meon' - T 2477 © 2,72 . 2466 L 2.2
Separation




groupfng by Potts and Nyquietsj. The nature of the 959 and 993 on- -1

modes was thought t0 be as shown below.

. 2 &G P
\,______ _./ — \:-;—-"’ /
TN / \
i @
959 on+ 993 en”

For all three risolved vibrations, the sub-bands have lLeen
fitted 1o & linear equation 1n K rathor then a quadratic involving
AK2 terms, Hence”the nmean sepafetions were oalouleted in each ocase
and related to the mean rotational constant ﬁsing equation (3).
For these three modes, ‘se‘pa.‘rations‘of the sub;-bands of 2..7} e}n'l
were predicted for a C~Type band ia the s—trans oonformer and |

1,04 omfl'

for the g:gigkeonformes (Table 2). The separations
'btserted were 2.77;".72 and 2,66 c:m’1 respectively (Table 4)
which was in very olose agreement with the calculated value for
the s-trans conformer, but not for the Boels conformer.
~"Bands centred at 2 809, 2 759 and 2 700 cm 1, whose
aesignment'abe*showh.(?able 12)showed B—Type strﬁcture with
retational fine strueture. The measured separations of the

‘sub~bands was 2.81 cm 1. Since these bands were associated with

"the C-H sldehyd;cstretching vibration, the separations observed
Asuggésted that the C-H stretching motion was approximately'
parallel to the B axis in the molecule in the s-trans confo-mation,
Examination of Figure 1 showigg tﬁe:direotion'gf theﬂprinoipal
axes resealed that the aldehydic C-H bond was indeed parailel

to the B axis in'the's-trans conformaticne Thus the e#idence

-
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suggasted“st?ongly that acraldehydo existed in the s~trans-

conformAtion;_

=1

Trans-crotonaldehyde A band centred at 972.7 em ~ in

jggggpéfotbnaJdeﬁyde showed resolved fine structure which was
aséigned'to rotational sub~banis. (Figure 4 Table 4). No
other bands showed fine structure. . '

This vibration was assigmed by Potts and Nyquist55 to the

out-ofeplane trans CH=CH twisting mode.

For an out~ofwdlene C-Type band, in trans-crotonaldehyde sub-band
separations of 2,00 cm-l were predicted for the s=trans

conformer and 1,14 cm'l

for the g-cis conformer, (Table &)
using equation (3) and assuuming average rotational constants.
The obsersed subeband égpaiation was 2,02 on™ (Table 4).
This value was in very close agreement with the predioted
spacing for the s.-trans conformation but wes in very poor .
agreenment with the predicted épacing for the s-cis ocnformation.
This appears to the first clearcut evidence that trans-
crotonaldehyde exists in the s~trans oonformation.

In both acraldehyde and trans-crotonaldehyde, the accuraocy
of the subwband separations was insufficient to obtain information
on the different.rotational‘constants in the vibrational energy

states v = 0 and v = 1,
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b) Band Contours

Band contours wure used as an ald in the %saignment of
vibrational modes where possible, In addition, the sharp
nature of the strong central Q branch of C~Type bands was of
considerable‘aid in distinguishing adjacent bands due to
different conformations, This was especially true in methyl
acrylate where little evidence could be obtained from
solution studies.

Two out-of-plane vinyl modes were expeoted to ocour in the
900 = 1 000 cm™T reglon of methyl vinyl ketone and methyl

1 observed in

acrylate similar to the bands at 959 and 993 em
acraldehyde. In these molecules with large moments of inertia,
no fine structure would be expeoted to be observed unless a
spectrometer with very high resolving power was used (see
Table 2 for ketones)es However, these out-of-plane modes should
have C-Type bands with a strong cemtral maximum, This feature
was of considerable importance in the interpretation of the

spectra.

Methyl vinyl Ketone and Methyl Acrylate In methyl vinyl ketome

(Figure 5), three sharp maxima were observed at oorresponding:
1 002, 990 and 953 cnrl~corresp6hding to the central Q branches
of three bands. Since only two outeof-plane vibrations were
expected, the appearance of three bands was thought to be
associated with the existence of two or more conformers.. In
metbylvacrylate (Figure 6), four sharp maxima were observed at
992, 987, 968 and 963 o=t and these were assigned to the Q

branches of four C-type bands arlsing from the presence of two
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oconformers, Similar observations and concluslons were made for
ethyl acrylate. In both cases, fhe assignments are shown in
the assignments section (Table 12, 13).

Contours of A, B and AB hybrid bands led to a considerable
anount of overlap of most of the vibrational modes of the two
conformers in the spectra of the compounds studied, Less
Information was therefore forthocoming from the vapour study
of these bands than from vapour studies of C-Type bands.

In the solution state, bands which showed A, B or AB
hybrid characteristics tended to become sharper and band
overlap less mafked; By contrast, C-Type bands became broader
and band overlap more marked. Thus variable temperature studies
end assignment of bands to different o-nformers required
consideration of both vapour and solution spectra.

B VARTABLE TEMPERATURE INFRARED MEASUREMENTS

The effect of temperature variation on the infrared epeotrum
of a compound in the gaseous or solution state can aid the
assigmment of bands to a particular conformers in equilibrium,
The‘experimental procedures for these stﬁdies have been described
in Chapter I1IB; the derivation of the thermodynamio functions
of the equilibria have been discussed in Chapter I Ds

It is important to note that, on cooling in solution,
infrared bands usually increased in peak height, and the band
width deoreased. This cooling technique in general sharpened
up shoulders on the side of other bands. Changes in intensity were
noted relative to other bands in the spectrum, The initial
measurenents of intensity changes with temperature were based

on peak heights In absorbance units. When there was little



overlap, area measurements could be éarried out, measuring the
peak areas using a planimeter. In practice, it was rare for no
ove;'lap to occur between bands in a spectrum, and often oonsiderable
overlap prevented the use of peak areas.

A computer program was used to calculate and plot
ln(Al/Az) against (1/T) and to draw a straight 1line based on
the "least squares" method. A standard deviatlon was obtained
using appropriate formulae for linear regression. The computer
prograr  1is shown in Appendix I and the statisticel analysis
method discussed in Appendix II,

1, oA ~unsaturated Aldehydes
7 4

Acraldehyde and trans-Crotonaldehyde No changes in intensity

were obseryed'with temperature in the infrared spectra of
ac;gldehjde or trans-crotonaldehyde for the solution or vepour
states despite reoént evidence of small amount of a second
oqnformer in acra].demrdel3 .. It was conocluded that acraldehyde
and‘tggggrgrotonaldehyde molecules were essentially in one
oonformat‘i‘on and asgignments were made on the basis of the
s-tré.ns conformation in Chapter III C. .

2. AB-uns aturated Ketones

It has been noted 19 that infrared and Raman spectra of
pethyl vinyl ketone and ethylidene acetone as liquids and
solutionsA contained certain bands which weakened on heating
(attributed to the s-trans conformer) and others shich
intensified on heati.ng (attributed to the sa3is conformer). .

Methyl Vinyl Ketone Three pedrs of bands in methyl vinyl.

Xetone have been investigated in detail (1 €87 and 1 7€6 om 1'
1 246 and 1 180 cm . 992 and 982 om 1; values in carbon

disulphide solution). The &ssignments of these bands are given
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in Table 12). Peak height calculations were made using carbon
disulphide as solvent in the three regions‘stated. Values

close to 400 cal mo1~t (1.68 KJ mo‘l-:,,')‘weré obtained *(’l‘able 6);
Plots of the results as typical examples are shown in Figure T
for the tempefature range -116° to 40°, The close correspondence
between the three values of z)Ho in the sane solvedt strongly
supported the existence of a sirnle equilibrium between two
forms, A study of the pair of carbtonyl bands using pentane

as solvent in the temperature range -96° to +4(?‘produced

a lover 0H° value of 338 + 61 cal mcal-l (1'41<1,°'26 KJ moljl)o
which suggestéd the solvent effect might be significant but a~‘
very large number of careful measurements would be required

to establish their simificance and this aspect was not
pursued. Beocauge of the broad overlapping contours of‘the
carboryl and vinyl twisting modes in the vapour, the only
suitable pair of bands fer varisble temperature study in the
vepour were those centred at 1 249 and L 184 on™L, ;)Ho,‘
calculated from peak heizht measurements over the teuperature
range 249° to 260° was 1owd to be 60C + 63 cal mo1 ™t

(2,51 + 0,25 KJ mol~ L.

The large separation of the palr of bands near 1 250 and
1180 ex™t and the leck of strong bands in the intefvening |
rezion made the determination of lﬂf’possible from band
intensities using peak area measurements far both the solution
in oarbon disulphide and in the vapour state. A typical set of
absorbance values of methyl vinyl ketune are presented
(Table 5). Figure 9 shows the change in appearance of the
spectrum at room temperature and -80° in carbon disulphide

solution. The AE® values obtained were for carbon disulphide
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TEMPERATURE DEPENDENCE OF ABSORBANCE RATIO

" METHYL VINYL KETONE (VAPOUR)
METHYL VINYL KETONE (CS, SOLN)
ETHYLIDENE-ACE TONE (VApouR)
ETHYLIDENE-ACETONE (cs SOLN)
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TABLE 5 Typical Set of Absorbances obtained at various

temperatures based on peak height measurements.

(Measurements on C-C antisymmetric stretching

vibration in methyl vinyl ketone in carbon

disulphide solvent.

Temperature | s=-cis 8-trans Inf ois
trans
Solution 1
25.0 0,193 04208 0,072
20,0 0.192 0.214 -0.105
4.0 . 0.197 0.219 -0.105
-10.0 0.204 0.258 -0,234
33,0 0.204 0.283 -0.328
-44.0 0.204 0.283 -0.328
=56.0 0.203 04280 =0,320
-78.0 0,202 0.287 -0.352
-89.0 0,203 0.354 =0,556
~110.0 0.192 0.348 -0.595
Solution 2

35.0 0,200 0.220 ~0,095
25.0 0,195 oléls =04100
20,0 0,197 0,222 -0,119
4.0 0,189 0.217 =0.137
-10.0 0,191 0.236 -0.212
-23,0 0,195 0.243 -0,222
-33,0 0.198 0.265 -0.292
-44.,0 0.197 0,270 -0.304
-55.0 0.199 0.292 . =0,384
=89,0 0,202 0.343 -0.531
-110.0 00194 0.361 ~0,620




TABIE 6

Enthalpy differences between s-cis and g-trans

confornmers of methyl vinyl ketone

Excess Enthalpy

Vibrational Peak heigh'b' Wavenumber,
, State value (om ~) of s-cis
Mode or peak area s=cis | s-trans conformfi"
cal mol
Carbonyl Solution in P.H. 1706 | 1687 403 + 52
stretch CS2
Solution in P.H,. 1706 | 1687 338 + 61
n-pentane
Vinyl out= |Solution in P.H. 982 | 992 386 + 41
of-plane - 082
twisting
deformation
Skeletal C-C | Solution in P.H, . 1180 | 1246 428 + 45
stretching cs, 375 + 38
vibration '
P.A. . 1180 | 1246 461 + 23
Vapour P.H. 1180 | 1249 6C0 + 60
P.A. 1180 | 1249 513 + 52
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(-110° 40 40°) 461 # 23 oal mol™l (1,93 + 0,10 KJ mol™)

and for the vapour (20° to 200°) 513 + 52 cal mol-l

(2414 + 0,21 KJ mol-l). Since band area measuremonts are less
dependent on instrumental limitations such as finite slit

width than peak height measurements, the results listed in

Table 6 for peak area measurements were considered most reliable.

Ethylideneacetone A similar study of ethylideneacetone using
1

4wo pairs of bands (C=0 stretch 1 674 and 1 692 cm — and C~C

1

skeletal mode 1 250 om™— and 1 177 om™1) was made. (A third

pair of bands was found to be temperature dependent (1 292 and

1274 omt

but further investigation was not carried out on this
pair of bands), Similar results were obtained to those of
methyl vinyl ketone. Mean AH® values obtained from peak

height measurements for the two pairs of bands studied were

440 + 57 cal mol™l (1.84 # 0,21 KJ mol™l) in solution in

oarbon disulphide in the temperature range -110‘o to +40°%

The individual values were 428 + 45 cal mo1™t (1.79 + 0.i9

KJ mol.l) for the C;O stretching vibration and 460 + 23 ocal mol'1
(1,93 + 0,10 KJ mol"l) for the antisymmetric C-C étretching

mode. Vepour studies were only carried out on the 1 252 and

1 1

1 177 om™~ pair of bands and a AH® value of 630 + SO cal mol
(2,64 + 0,38 KJ mol-l) was obtained for the temperature rarge
20° 40 200°, Area messurements were carried out on the 1 250

end 1 177 omt

peir of bands in solution and vapour., The
change 1in appearance of the spectra et room and low temperature
in solution is illustrated in Figure 10. The L\Ho values
obtained were 513 + 52 cal mol™l (2.15 + 0,22 KJ mol™l) for

solution studies in the temperature range -116° to +40°, and
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TABLE 7 FEnthalpy differences AH° of the conformers of

ethylidene-acetone

Mode Wavenumber (cm“l) Excess enthalpy| State Peak
of s-cis height
-1 or peak
g-cis ‘| s-trans cal mol area
C=0 stretch 1692 1674 © 428 + 45 Solutim CSQ P.H.
entisymmetric | 1177 1250 460 + 23 " P.H.

skeletal C-C

stretch 1177 1250 513 + 52 " P.A.
" 1177 T 1252 630 + 90 Vapour P.H.
" 1177 1252 585 i 46 " P.A.




585 + 46 cal mol™t (2.45 + 0,19 KJ mo1™Y) for the vapour in
the temperature renge 20° to 200° (Table 7).

In both methyl vinyl ketone and ethylideneacetone, the
vapour AHO values were larger than the solution values.
This indicated that either the enthalpy difference was
intrinsically larger in the vapour state or the AHO was
increasing with temperature: The s\eoond exp lanation seemed
unlikely because the gravhs did not show any noticeable

curvature,

3. B -unsaturated Esters
’
All the /_\Ho values for the J{g-\msaturated esters are

shown in Table 8,

Methyl trans-Crotonate Variable temperature studies of
methyl transfcrotonate in solution in carbon disulphide

revealed three palrs of bauds in the region between 1 350

1

and 1 150 om - which were temperature dependent. These are

i1llustrated in Figure 1l. In each of the pairs, the higaer
wavenumber band intensified as the carbon disulphide was cooled.

The bands which showed temperature dependence occurred at 1 315

1 1 1

and 1 294 cm —y 1 275 and 1 268 cm™~ and 1 196 and 1 178 om .

AHo values from peak height measurements were calculated
for the highest and lowest wavenumber palr of bands. . The
middle pair of bands was too closely overlapped to obtain
an accurate value, The AH° differences obtained for the
1 315 and 1 294 on™> pair were in good agreement with that of

1

the 1 196 and 1 178 cm ™+ pair of bands. The AH® values

obtained were 541 + 34 cal mol™> (2,27 + 0.14 KJ mol™l) -

for the higher wavenumler pair and 509 + 18 cal mo1™2
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TABIE 8 Equilibrium measurements of enthalpy ohange between

crotonates.

high and low energy forms of acrylates and trans- |

Methyl and ethyl acrylate

Methyl and ethyl transeocrotonate

Methyl AH° Ethyl | Methyl | AB® |[Ethyl | AF°
orl  bal mo1} |emt oal mo1™t| em™l |cal mor tlon™ oal mo1™}
1250 X 1296 X 1315 |501 + 32 {1307 515 + 7¢
1276 1271 1294 1294

1275 X 1275 X
1268 ‘1264
1202|315 + 45 | 1194 X 1196 | 521 + 24 {1184 X
1180 1170 1178 1174
(Measurenments of solution iﬁ 082 «110° to +40°)
992 X 993 X
987 988
968 400 + 100{ 968 X
963 963
(Measusgments Qf vapour
20° tp 15¢°),
X Meaningful measurement§ precluded by band{overlap.
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(2413 + 0,07 KJ mol-l) for the lower wavenumber pair in ocarbon
disulphide solution in the temperature range -110° to +40°,
Peak area measurements were carried out on bofh of these
pairs of bands although the overlap, especially ot roon

temperature, was large. The values obtained were 501 + 52 ocal
1

mo1™l (2,10 + 0,22 KT mo1™l) and 521 + 24 oal mol”
(2,18 - 0.1¢ KJ 101°Y), No measurements were possible in
the vapour state because of the large overlap of the bands.

Ethyl trans-Crotonate Investigations at different temperatures

revealed that the equivalent lower pair of bands was very R

olosely overlapped and was observed as a single asymmetrical

bend at room temperature at 1 184 cm'l, At lower temperature,

a lower shoulder was observed at>1 175 om'l, The higher

wavenunber pairs of bands ﬁere again temperature dependent.
The pair of bands at 1 275 and 1 264 et were too closely
overlapped to give an asccurate AH° value, but they showed
temperature dependence of a similar nature to the 1 307 and

1

1 294 cm™* bands which gave a AH® value of 515 & 70 cal

mo1™t (2.16 + 0,29 KJ mol'l) using peek height measurementa.

Mothyl Acrylate and Ethyl Acrylate Methyl ecrylate and ethyl
acrylate revealed two and one pairs of temﬁerature dependent

bands respectively in solution in earbon disulphide (-110° to

1

400), The common pair of Sands (at 1 290 and 1 276 ¢cm — in

1

nethyl acrylate'and 1 296 and 1 271 cm™* 4n ethyl sorylete)

were somewhat unsuitable for accurate variable temperature

studies beczuse of the presence of a small shoulder at 1 305‘cm71

in both oases. The lower pair of bands in methyl aorylate at

1202 ond 1 180 on™t gave &  AH® value of 315 + 45 oal mol™>
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(1.32 + 0,19 XJ mol“l). In ethyl aorylate a single broad band
was observed at 1 194 om Y, The spectrum of methyl edrylate
at room temperature end low temperature in the reglon
1150 - 1 3% cm.-1 in solution is illustrated in Figure 12.

In both aorylates, the presence of 4 bands in the
950 = 1 000 om™t region having C contours in the vapour
has been mentioned (Figure 6). Using the peak height of the
central Q branches, an épproximate Qﬂo value was calculated
as 400 + 160 oal mol™! (1.70 + 0.42 KJ mo1™l) based on

1 bands in methyl acrylate

measurements on the 968 and %63 cm;
et two tempcratures 20° and 1500.
On the basis of comparison with aﬁg ~tnsaturated ketones{

it was thought thet ‘the s-trens oconformers of the :%;B-unsaturated
esters were more stable. Thus, since in all cases the high
wavenumber band of each palr of bands increased in intensity

on cooling, these high wavenumber components were thought to

be assoclated with the s-trans cofiformer and the low wavenumbe;

components with the s-ois or non-trang conformer,

4.  Saturated Esters

The existence of a pair of bands in methyl esters-of
straight chain acids at about 1 200 cm-l, (ethyl esters
revealed a single band, sometimes with & low wavenumber
shoulder) was similar to the observed situation in thé methyl
esters of aorylic and ﬁigggpcrotonio'acids which have been
investigated. Variable temperature studies were, therefore,
carried out on the methyl and ethyl esters of formic, acetic,
propionic and n-butyric acids to establish whether a.similar

equilibrium occurred in saturated esters,
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Methyl Propionate and n-Butyrate AH° values where appropriate .

are shown in Table 9. The only clearly temperature dependent
paif of bands occurred in methyl n-butyrate at 1 175 and

1 199 cn~t. The variable temperature change in methyl
n-butyrate is showm in Figure 13, AHO values were calculated
as 182 + 60 cal mol™ (762 + 251 J mol™}) from peak height
neasurements and 115 + 35 cal mol™! (481 + 147 J mol™Y)

from peak area measurements in the témperature range -110°

to 40° in carbon disulphide solution; A similar pair of

bands was observed in methyl propionate and & slight variation
with temperature was found equivalent to an enthalpy difference
of T8 + 50 cal mol™ (327 + 209 J mol™l). This figure itself
might not have any gignifioance, but taken in conjunction

with the temperature variation of bands in methyl n~-butyrate,
it sugpgests a similar equilibrium might be possible in all
saturated straight chain esters. The existence of evidence
for conformational equilibrium in propionates and n-butyrates
34,35,36

and the lack of evidence in formates and acetates

suggests that the conformers might be as shown.

R 0 H .0
Se—c” PR,
/// \ /r] \ or Lo 5
H H 0-—-CH3 H " 0‘-"CH3

oiév : A gauche
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TABIE 9 Conformations of esters of normal acids

Antisym. C-C=0 st. A cals mol™t
(ém"l) ' " fron peak height
: " measurements
Methyl formate | 1206 ' o -
Mothyl acetate 1241 | - .
Methyl propionate | 1199 1175 78 + 50
Methyl n-butyrate 1195 numn 182 + 60
Ethyi formate 1186 ' A
'Ethyl acetate 1242 -
Ethyl propionate 1186 (1167) ' -
Ethyl n-butyrate 1182 (1167) .

(Solution in CS =110° o +40°)

2 .
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These are similar to those found to exist in propione.ldehyde41

where the cis form is found to be more stable. From thisﬂ
oomparison; it ie likely that the cis foro is more stable in
the saturated esters. There is no reasoﬁ why this equilibrium
should not exist in ethyl eaters but in these, the bands which
show evidence for this equilibrium are much closer together
and variable temperature studies are not possible. A further
equilibrium is also possible in the ethyl esters, as has been
noted for ethyl formateBe, and this may make it more diffioult
to deteot either equilibrium,

There is & similarity between the conformational equilibrium
in certain saturated esters (propionates and n-buxyratea)
and oertain a73-unsaturated esters (acrylates and trans-

crotonates), since bdoth equilidbria involve rotation of the

aL’B C~C bond.
CH 0 H 0
3\0___0/ Ne_oZ
7 \ A N,
’ » H 0—CH
B g 0— CH, CH 3
. H Saturated Esters H // )
\c/ 0 c'{-——o/e
Ne_ 7 /N
S H e 0 -—-CH5
/" \ i
H 0—-—CH3 H

oJB-UInsaturated Bsters
Y



The mode of vibration which has been studied in both types of
esters 1s thought to be similar, and is assigned to an
antisympetric C-C-0 etretohing vibration54.

c'\\

C =wa O

7

5. Other B -unsaturated Esters

Speculative studies of methyl and ethyl 3.3.dimethyl-
acrylates, methyl and ethyl methacrylates revealed no ohanges'
in their spectra with temperature suggesting either that they
exist in virtually all one conformer of the enthalpy difference
between the two conformers 1s very small,

Calculation of AS° Attempts to determine AS® were

unsuccessful, Straight line plots were not observed by the

44, Phe third band method of Mizushima?’

method of Fatelsy
involved large errors in the AS° valucs obtained and the
assumptions made in this method were not felt to be jJustified.
Errors The errors quoted in values of AR’ were the standard
deviation values calculated hy statistical methods (Appendix No, 2),
The standard deviation value quoted was 2 measure of the random

error inherent in this method. In addition there may be

significant systematic errors. Thus, in ethyl trans-crotonate
using the pair of-bands at 1 275 and 1 264 om~!, which were
badly overlapped & value of 729 + 82 cal mo1~} (3.05 + 0,34 KJ
mol-l) was calculated which was clearly well in excess of the
516 + T1 cal mo1”! (2,16 + 0,30 KJ m01°1) obtained from the leass

badly overlapped pair of bands at 1 307 and 1 294 om™ s From
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these figures, it was clear that values obtained from closely
overlapped bands might well have seriou§ errors.

Variation of AH® with temperature would be indicated by
curved plots of ln(Al/Az) against 1/T. Systematio deviations
wére not observed, However, In most cases, higher valueslof
A H° were obtained in the vapour over the temperature range
2¢° ?0'200o than in solution in the temperature range -110°
to 46°$ This may indicate that AH® was temperature dependent
or that the AH° was intrinsically higher in the vapour
state than in the carbon disulphide solution.

C ASSIGNMENT OF RANDS

The wavenumber values of vibrational bands of all the
moleoules studied in detail are listed in Teble 10 and 1l.
The spootra in solution are shown in Figures (14 to 21), It is
usual to assign fundamental modes of vibratlion of a molecule to
certain localised movements of that molecule. This is not
strictly valid since it involves the assumption that
fundamental modes of vibrations are specific to changes in
particular bond length, and particular angles and these changes
are independent of the rest of the molecules The degree of
independence of a group vibration on the rest of the molecule
oan be assessed by oarrying out a normal coordinate analysis
of a particular molecule. For instance, caloulations have been
carried out on N-methylacetamide55 revealing large ooupling
in the amide bands., Normal coordinate analysis is very complex
for relatively small molecules and becomes progressively more
diffioult as the molecules increase in size particularly if

they possess few elements of symmetry. It is found empirically
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TABLE 10

Vibrational wavenumber values . (cm ) of Acraldehyde, Trans—Crotonaldehyde,
Methyl vinyl ketone and Ethylideneacetone .
Acraldehxde CC1, solution : 3382w, 3100w, 3062w, 2998w, 2840m, 2805s, 2759s,
2700m, 2070w, 1926w, 1826w, 1703vs, 1615w, 1420m, 1403w, 1360s, 1274w, 1158s,
990s, 968s, 91lks, 730w, 630w, 600w, 571w;

Vapour (band centres) 34284, 3105A/B, 3070, 3004A/B, 2809B, 2759B,
27003, 2060, 1918, 1824A/B, 1724A, 16254, 1420A, 1361A/B, 1275A/B, 11604,
9930. 959C, 915A/B, 798, 735, 593C, 569A- '

Irans-Crotonaldehyde CClu solution : 337#w, 32336vw, 3080wsh, 3042w, 3002w,
2982w, 294kw, 2916w, 2873vw, 2850wsh, 2808m, 2727m, 2696wsh, 2640vw, 2320w,
2152w, 1693vs, 1660wsh, 1641s, 1628m, (1540vw), lubhs, 1389m, 1375m, 1305w,
1253w, 1220w, 1146s, 1075s, 1042w, 1005m, 9665, 931s, (727vw), (665vw),

5#2m, L59vws

j Vapour (bard centres) 3420A/B, 3370, 3058, 3018, 2995, 2980,
2963, 2938A/B; 2380, 2811A/B, 2725A/B, 2175, 1720A, 1680sh, 16494, 1455A/B,
1391, 1304A/B, 11474, 1074A/B, 973C, 928C?, 730A, SLLA/B, L6LA/B;

Methyl vinyl ketone CCl, solution : 3360w, 3105w, 3065vw, 3025w, 3015w, 2980wsk,
2920w, 2850wsh, 1911w, 1707vs, 1687vs, 1648wsh, 1618m, 1425msh, 140ls, 136b4s,
1295wsh, 1282w, 1250s, 1220wsh, 1181s, 1066w, 1055w, 1022msh, 997m, 987m,

963sh, 958s, 948msh, (82u4vw), (773w), (758w), 690w, 670wsh, 605w, 535vw,

1}92wz Loows

Vapour (band centres) 3400, 3108A/B, 3030, 2977A/B, 2925, 2850,
19ooi 1711, 1700, 1624A/B, 1440, 1LO2A/B, 1368, 1249A, 11804, 1055, 1022,
1002C, 990C, 970, 953C, 800,.765, 692, 670, 610, 492;

Ethylidenescetone ceyy, solution : 3395vw, 33LOw, 3318w, 3036m, 3003w, 2973m,
2941m, 2920m, 2878w, 2858w, 16928, 1674vs, 164Smsh, 1632s, 1618msh, 14ki3m,
1438msh, 1427msh, 1379m, 1359s, 131l4m, 1304wsh, 1292m, 1274m, 1252s, 1179m,
1166msh, 1105vw, 1065vw, 1042w, 1020w, 992msh, 974s, 948u, 938ush, 861w,
(821vw), (801w), 622w, 608m, S565wsh, S43m, 502vw;

Vapour (band centres) 3385, 3045, 3020, 2970, 2955, 2935, 2870,
1700, 1640, 1618, 1445, 1438, 1365, 1316, 1294A/B, 12524, 11774, 1100, 1020,
9?4c, 9ko, 865, 820, 800, 605, 550; '

8 = strongy m = medium; w = weak; Vv = very; sh = shoulder.

Values in brackets for thin films,
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TABLE 11 Vibrational wavenumber values (om'l) of methyl
acrylate, methyl trans-orotonate, ethyl acrylate

and ethyl tronsssrotonates

Methyl sorylate - isz,=CCL, solution = 3446w, 3104w, 3070w,
3036wsh, 3024w, 29%4m; 29518, 2904w, 2890wsh, 2852w, 2832w,
2058w, 2035w, 1935w, 1729vs, 1633m, 1620msh, 1460wsh, 1438s,

14018, 1360w 1305wsh, 1290msh, 1276s, 1202s, 1180s, 1075s,
10(2sh, 9883,'9685; 858m, (811m), 564m, 628w, 530vw, 4TOvVW,
349w,

Raman-iquid - 3109w, 3062wsh, 3038m, 2994w, 2956m, 2856vw,

2836vw, 1729s, 1638vs, 144Tw, 1406s, 1265m, 1212w, 1166w,
1076w, 1006sh, 976w, 864s, 821w, 671lvw, 629w, 526w, 474n,
362w, 244m, 206w, o

T.re = vapour = 3440w, 3102&, 3030sh, 3002m, 2960m, 29207,

2850v., 2045w, 1929w, 1749vs, 1633nm, 1442s, 1406s, 1280m, 1205s, . v
1080m, 1005sh, 992, 98Fa, 968m, 963m, 850sh, 8l4m, 660w.

Mothyl trang-crotonate = 1.r.-CClg golution = 3440w, 3062w,

3031w, 30000sh, 2960msh, 29588, 2925u, 2660u, 1726vs, 1662w,

1663s, 16558h, 1626w, 1506w, 1460sh, 1448s, 1438s, 1380m,
1335ush, 1315m, 1294m, 1275m, 1268m, 11%s, 1178s, 1109m,
1045m, 1030m, 1010sh, 973s, 940m, 906w, (842m), (730w), 692m,
630vw, 494w, 452n, 385w, 325m,

Raman-liquid = 39?2%1 2953m, 2918s, 2651w, 1726s, 1662vs,

14538, 1435w, 1383m, 1330wsh, 1307m, 129lwsh, 1200w, 1118vw,
1061w, 1039wsh, 945w, 915m, 861m, 735w, TO6vw, 506w, 468w,
394vs, 333vw, 294vw. |

I.r. = vapour - 3062sh, 3030sh, 2965n, 2935m, 2860w, 17488,
1620m, 1445m, 1320m, 12750, 1205sh, 1190s, 1105m, 1037m, 972m,
940sh, 910wsh, 840w, T30wsh, €90w, 450w,
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TABLE 11 (oontinued)

Ethyl acrylate - i.f.4CC;4rsolution ~ 3437w, 3105w, 3075vw,

3041wsh, 2995sh; 2984s, 2940nsh, 2904nsh, 267Twsh, 2049w,

1930w, 1724vs, 1638a, 1620, 1476w, 1465m, 144Tm, 1400s,

1386m, 1365w, 1305wsh, 1296s, 1271s, 1194vs, 1170sh, 1113wsh,
1096w, 1062m, 1030m, 988s, %Ts, 917w, 899w, 059, (606m),
(769vw), 670w, 660w, 6v25VWv 530vw, 475vw, 385vw, 370w,

345w, 310w, | |

Ranan-1iquid = 3109w, 3075vw, 3042m, 2971w, 2940s, 2903m, 2879w,

1724s, 1638s, 1623w, 1454m, 1411w, 1364vw, 1299m, 1265m,
1196w, 1116m, 110lvw, 1o67w; 1032vw, 976vw, 906vw, 860s,
8l6vw, 792w, 614w, 474w, 3T4s, 316w, 254vw.

I.r, - vapour - 3110w, 3050w, 2995m, 2960sh, 2900sh, 1930w,

17458,‘1635&‘1, 1460w, 1410m, 1300m, 1275m, ]'.1958,.1100811,
1070n, 1038m, 993m, 98Cm, J968m, 963m, 900w, 860w, 815m, 660w,

Ethrl frans-crotonate = i.r.--CCl4 solution = 3435w, 3058w, 3030w,
29848, 2964sh, 29448, 2920m, 2912sh, 2876w, 2856w, 1723vs,
1682¢h, 16658, 1655sh, 1525vw, 1479w, 1467w, 1445m, 1436m,

1391w, 1379m, 1368m, 1330w, 1307m, 1294m, 1275m, 1264m,

1184s, 1174sh, 1105m, 1048n, 1030m, 972m, 918w, 843m, (815w),
(790w), (745w), (720w), 692m, 630vw, 500w, 399w, 356w, 327w,
Raman-liquid =~ 3038w, 2982wsh, 2940sh, 2923m, 2879w, 2859w,

1720s, 1663vs, 14493, 1380m, 1296s, 1270m, 1190m, 1117m,
1104m, 1048n, 972vw, 918w, 066m, 843sh, T19w, 692w, 510w,
400w, 3623,

I.r. - vapour - 3470w, 3070w, 2990m, 2960w, 2940w, 2080sh,
17458, 1670m, 1455, 1375m, 1310m, 1272m, 1189s, 1106m,
1052, 976, 920w, 850w, 690w, ‘ |

8 = strong; m = medium; w = weak; v = ver&; sh = shoulder.

Values in parenthesis for thin films,
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that 'ooneiderabla coupling' can occur between stretching vibrations
if the bonds ﬁave a common atom, lhetween angle deformation épd

bond stretching if the bond is adjacent to the angle, and between
enzle deformations if they have a common bond56. (Coupling is
really a bogus oopcept used to consider in simple éerms

fundanental modes of vibration which involve more than ons 'stretch’
or 'bend')., As long as it is reqliéed that an assignment to the
vibration of a particular group infers that the fundamental mode

of vibration is concerned mainly, but certaialy not entirely,

with the vibration of that particular group, these assignments

are useful in discussing the structure of the molecule., . The
assignments have been made in terms of particular groupihgs

present in one or more of these compounds,

The moledules studled have, ac most, only & plane of
symmetry in which case they bYelong to the Cs roint group.
Moledules with Cs symnetry containing N atoms have 2N¥3 in-plane
fundamental vibrations (A' class) and N-3 out-of-plane
fundamental vibrations (A'! class).' Wittin each olass there is
no symmetry restriction to prevent mixing of vibrations involving
different groupings. Some of the assignments of these molecules
have been discussed previously., The infrared (vapour and carbon
tetrachloride solution) and Raman (ethanol solution) spectra of

57 58

acraldehyde have been agsigned by Inuzuka”', Harris”~ has also

assignéd the vapour speétrum recorded as far as 100 cmfl. These

assignments are generally similar except that Inuzuka assigned

a band at 1 152 em ! to a CH, rocking mode and a band at 1 270 o™t
to a C-C stretching mode. Harris, on the other hand, assigned the
1

band at 1 152 em — to a C=C stretching mode and the band at



TABLE 412°

Comparison of assignments of acraldehyde,
trans-crotonaldehyde, methyl vinyl ketone

and ethylideneacetone (cm.=1)

OeDoe CH = CH def.

987

. ~ A LA
7 | S 7 \=F/ \ =2/ \
o 2330 1wz+1158 § £%1 803
/4 2005 2x1420 = 2 2 _
c C- R, st 2759 { 136041420 = 2780 | 2727 { 2x1389 = 2778 1055 1042
Y ’ 2700 ( 2x1360 = 2720 '
2 (17034990 = 2693 _
C=0st 1703 1693 1687 1707 |1674 1692
1.p. C = R, def. 1360~ 1389 773
o.p. C - R, def. 980 931
H \ asym CH, st 3100 3105
C=2C . '
H/ sym CH, st 2998 3025
C-Hst 3062 3065
, 1648
C=Cst 1615 1618
eym CH, def. 1420 1401
C - H rock 1274 1282
CH2 rock 914 968
< 990 997

=08 -
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TABLE 12 (cont.)

157

o.p. CH, def. 968 958
O-opo CH = CHZ defo 600 605?
H
i /
/c = C asym CH st 3042 3036
:H sym CH st 3002 3003
C - Me st 1075 (1065)
C=¢C st 1641 1645 1632
asym CH def. 1253 1274 1292
sym CH def. 1305 131k
72?7 608
C ~ Me def. 665 622
0.p. CH = CH def. 966 974
0.De C - Me def. 7284 801
o.ps CMe H = CH def. (542)? 548
H
"/> S /- skeletal C - C st 1153 1146 1250 1181 | 1252 1179
. \ . . :
- i.p. C - OR, def. 571 (s42) 690 622
; 2 _ 608
i.p. CE(R) ="CH - Qdef. 459 4gp
torsion




2873 2878
CE,-C=C syn CHy st {ﬁm (2858)
2982 ( (2973)
i.p. asym CH3 st 29lL 2920
2916 ( (2941)
sym 033 def. 1375 1379
i.p. asym def. 1443
0.p. asym CH; def. (1438)
i.p. CHB Tock 1109 1105
o.p."CH3 rock 1042 1020
CH, torsion

CH; - C =0 sym CH, st 2850 (2858)
i.p. asym CH3 st L 2980 (2973)
. { 2930 (2941)

O.Pe asym CH3 st
sym CH§ def. 136k 1359
i.p. asym 033 def. % 1425 (1438)
O.p. asym CH3 def. . 1[*27
i.pe 033 rock 1066 (1065)
O.De CHj rock 1022 992

CHj torsion

Number of normal Modes

of vibration -

Bands in parenthesis assigned twice

13 iop.+5 OePe = 18

19 i.po+8 O.p. = 2?

19i.p.+80.pe=27 25i.p.+110.p.=36
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1 270 on™> to a vinyl C-H bending motion on the besis of
comparison with the clearly related molecules glyoxal and
butadiene. The C=0 and C=C stretching vibrations of methyl
vinyl ketone'and ethylideneacetone have been assignedl9.

An assignment of methyl acrylate has been attempted at the
gsame time as its structural isomer, vinyl acetate59. A
rartial assignment of methyl apd' ethyl acrylate and methyl
trans-orotonate has been attemptedGo. The assignments are

shown ir Tables12 ard 13.

C=0 and C=C Stretching Modes

The carbonyl and ethyleniec double bond stretching
vibrations are common to all the molecules studied, Single
bands are observed for the carbonyl vibration at 1 703 on~t
and 1 693 om™L 1n acraldehyde and trans-orotonaldehyde with
the expeoted A contour fcr the vapour state. The two carbonyl
bands of methyl vinyl ketone and ethylideneacetone, corresponding
to the two conformers have already heen noted19. In tle

aqg-unsaturated asters where two carbonyl bands would again
be expected oorresponding.to the two conformers, only one
asymmetrical band is observed olose to 1 725 cm.l. This can
be rationalised at least empiriocally by reference to certain
furan derivativesls. Both 2-furanoates and 2-keto furans
have been thought to show evidence for both s-trans and
8=cis conformers. The sepaiation in wavenumbers of the g-cis
and s-trans carbonyl bands of a carbonyl group conjugated to
an olefinioc double bond in the furan derivatives reduces from

1

28 em™T in the ketone to 12 om~* in the ester. If a similar



TABLE 13 Assignnents of fundamental modes of vibrations in

«unsaturated esters

Mode Methyi
acrylate
H H
;p=/
\
H c
ssyn CH, st 3104
syr.CH2 st 2994
C-H Bt 2036
C=C st 1633 (1620)
iopo syn CH def 1401
i.pe C-H rock 1290 1276
1.p. CH, rock 950
OsDe CH=CH def ' 908
{992 - 987)
vapour
OePe CH2 def 9\’18
(968  963)
vapo.r
OePe CH=CH, def 664
CH, H
3/
qx”
asyn CH st
.8yn CH st
C=Ma st
C=C st
i.pe asyn CH def
syn CH def

i.pe CeMe def
0sPe CH=CH def
OsPe CuMa def
OesDe CHMemCH def

Ethyl . Methyl

aorylate trans
crotonate
3105
2995
3041
1638 (1620)
1408
1296 1271
a7
\ - 908
(993  908)
vapour
967
(968  963)
vapour
660
3062
3031
1045
1663(1602,
1275
1315
692
973
730

494

1294

Ethyl
trang
crotonate

3056

3030

1048
1655) 1665 (1662,1655)
1266 1275 1264
1307 1294
692
972
720
500
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TABLE 13 (continued)

Mode Methyl .- Ethyl Methyl Ethyl
: acrylate . acrylate trans trans
erotonate ~ crotonate
CHB\C=C
syn CH3 st - 2860 , 2058
i.p. asyn st 4 3000 (2900) 2904
 0.p. asyn st ' : 2925 é920ﬂ
sym CH3 def 1335 | 1330
i.p. asym CH3 def 114408 1445
. 0+De 88ym CHy def 1438 1438
~_i.p CH3 rock , ' 1109 - 1105
OeDe CH3 rock 1030 1030
CH3 torsion . ? ?
Do
\‘Rl
C=0 st 1729 1724 1720 1724
R«C and C,=0 :
syn st - 858 859 842 843
R«C and C.=0 . ' .-
. asym st 122 1180 1194 1196 1170 1184 (1174)
RY-0 st 1075 1062 1109 1105
¢&g 1.p. bend 629 625 - 630 630
C-C=0 1.p. bend 349 cee . 325 C e
C-0-C 1.pe bend 470 475 385 356
. 0=0-C 0.p. bend 244 Cees C eee Ceee
, ;.p. Skeletal def - 530 ¢ e 452 Tase
_ 0+pe Skeletal def - 206 -~ eee 294 " T eee
_ 0upe Skeletal def 14 160 es e

_ NeBe the last seven assignnents in this group are very problematioc.
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TABLE 13 (cBrtinuad)

Mode . Methyl Ethyl Methyl Ethyl

aorylate acrylate  trans trans
. erotonate crotonate

(}’CH3 .
syn CHy st 2852 - 2058
i.pe asyn :
CH3 st 2951 2951
O+De &8yM
CH3 st 2904 ' 2925
syn CHy def 1360 1380
i.pe asyn

Cy def | 1460 ) 1460
o.p; asym , '

CH, def 1438 | 1440
iepe CH3 rock 1002 1010
0spe CHy rock i . 940
Cliy torsion 114 ?

O-CHz-CH.f

sym C’H2 st 2877 2078
asyn CH2 st 2904 ‘ 2912
i.pe CH2 bend 1470 ’ 2479
0.ps CH, bend " o 1308 1391
i.pe CH, rock | 1096 ?
ethyl torsion ‘: ? ?
oups CH, rock 1030 | ?
i.p. C=C 8t 1113 1105

0epe O=C-R bend 769 - 745
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TABLE 13 (ocontinued)

Mode Methyl ' Ethyl Methyl Ethyl
. aerylats acrylate trans trans
’ crotongte crotonate
R-CH3
syn CH3 st - 20877 2078
i.pe asm C ' .
- 8t : 2984 2904
0eDs asyn CH
st 0 2940 2944
sym CHy def | 1365 1368
i.p. 2s8yn CH5
def 1465 , 1467
O«Ps a8y CH5
def 1447 1445
i.p¢ Ch3 rock 1096 ) ssve
OeDPe CH3 rock 1030 eeee

CH} torsion 1030 xXxx

Total noe of 21 1.spe + 9 0epe 27 1epPe+120ePe 2T1epe+1l20epe 33iepe+l50.pe
vibration = 30 39 = 39 s A8



reduction of 16 bm-l occurs between the acyclio cgg-unsaturated
ketones and the acyclio .yyf-unsatﬁrated estery the sepafation‘
of the two conformers-wouid drop to 3 om™t (Table 14). It

would not be possiole to distinguish two bands with {his
éeparation unless they were unusually sharp. (The same rationale
would predici that the separation.in acyclic gﬁg -unsaturated
aldchydes would be 15 on™t which should be easily observed).

The C=C stretching vibration in these moleoules woull be
expected to be a useful band for detecting the presence of
conformers. This has been found %o be the case in
ethylideneacetone where two C=C vibrations are observed.
However, in methyl vinyl ketone, the C=C'stratching vibration
for the two cénformers are presumed to occur at the same
wavenumber value since only one band is observed. In the

096 ~unsaturated csters where splitting occurs it 1s not
possible to detect any temperature dependence which could
relate this splitting to conformational equilibrium. The
splitting is considered71 to be caused by Fermi resonance.

A possidble componént for such a résonance in methyl and ethyl

acryletes 1s the overtones of the bands near 810 cuts In

acrylates two components are observed at 1 635 and 1 629 cmrl.
In trans-crotonates, there are both high and low wavenumber
components of t.e mair band. The high wavenumber component at
1682 on? 1s probably due Yo resonance involving the overtones

1, The low wavenumber components may

of bands near 840 cm~
be caused by rotational isomerism but this band is not
sufficiently resolved to be studied successfully by variadble

temperature effects. It is of interest that a strong Raman
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TABIE 14 Comparison with furan derivatives

Differcence in

Equilibria wavenumber values
(s-cis)=(s-trans)
!l ‘
.CH 0
yad > &= \ /l c” 26 oo™t
i 0
Y L
| ) o= 1
~¢” e o 12 ot
SN
0 0
\cn3
Ve P53
\0/ ﬁ < \ 0/\ T/ 24 om™t
0 H '
3Ne=1¢ TN
rd \——ov— i \'c—~ 19 ox™t
A /c«-—— P CH3 9 ca
CH3 0
C H CH H
R NP B
e \c=___ = H/ C—0 3 om
/ 0/ \CH‘ (predicted)
0 -
\CH3
CH CH, H
Nomo L TNomo -1
e AN < . 15 om
/ Vi (predicted)
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band occurs at the sale wavenumber as the main infrared spectra
¢f the acrylates end trans-crotonates., The Raman bands are

1 1 4n the

at 1 638 cm — in the acrylates and near 1 664 cm~
irans-crotonates (see Table 11), -These observations confirm

the assignuents of these wavenumber values to the C=C

stretching motions, The general absence of additional components
in the Raman (a weak extra band 1s observed at 1 623 om™t
only in ethyl acrylate), suggest that the additional infrared
components to the C=C stretching vibration are the result of
Fermi resonance (evidently weak in the Ramen) rather than the
result of conformational equilibrium (expected to lead to
strong bands in the Raman), -

Aldehydic C-H Modes

The assignments of the fundamental modes assoclated
with the aldehydic group should be closely similar in
acraldehyde and trans-crotonaldehyde. It has been noted
that an aldehydic C-H stretching mode was split into two bends
because of Ferml resonance interaction with the overtone o
the C-H bending vibration$l In trans-crotonaldehyde, two
bands are observed at 2 727 and 2 808 cm"1 in éolution with‘
AB hybrid contours in the vapour state. The C-H bLending
vibration is assigned at 1 389 cm'l, and will have an overtone
- at about 2 780 cm—lx‘ In acraldchyde, four bands are observed
in solution at 2 700, 2 759; 2 805, and 2 840 cm"l the first
three being evident in;the vapour with B contours., It is
clear that more than one interaction is pfesent and various
overtones, listed in Table 12 are thought to contribute to

the Fermi resonance interaction with the C-H aldehydio stretche.
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The oontours and fine structure of these bands suggest that the
dipole change associated with the aldehydic C~H stretching mode
is virtually parallel to the B axis in acraldehyde. The
out-of-plane aldehyde C-H bending motion has been calculated

at 980 cm-1 in acraldehyde f;om studies of the deuteriated

compound62. It would therefore be overlapped by the band at

990 cm™l, This suggests that the band at 931 on™  in
trans-crotonaldehyde ma& be the C-H out-of-plene bending

mode although the contour of this band is masked by the proximity
of the band at 966 om™T, B

Ketonic C-Me Modes

The C=0‘vibration has already been discussed separately.
The C-Me stretching and bending modes are likely to interaot
with other modés, but thefappear;noe of weak bands at 1 055
end 1 022 on™! in methyl vinyl ketone and ethylideneacetone
respectively lead to their assignment as C-Me stretches and the
appearance of bands in the region 770 - 860 om™> without
counterparts in acraldeﬁyde and trans-crotonaldehyde suggests
assignment to the C~Me out-of-plane deformation., It is not
posgible to observe contours of any of these bands in the
vapour state.

Skeletal Modes of =C-C= Grouping

In the aldehyde and ketone molecules, four skeletal modes
might have been expecgéd. The most prominent of these involved
considerable =C~C- stretqhing~although it is probably coupled
with tho adjacent C-R in fhe ketones, It occurs at about
1 150 on™} in the aldehydes with an A contour. In the kebono,

it occurs as two bands at about 1 250 om™ (s=trans) and
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1 180 em™* (s=cis) which are the most suitable pair for
conformational equilibrium studies in the ketones. The other
skeletal modes are less clearly defined although the to:sion
has been observed in acraldehydesso ’

Ester Grouping Modes

The fundamental modes assoclated with the ester grouping
apart from the carbonyl vibration are somewhat difficult to
assign, because of the complexity of the group. The strong
band which usually occurs in esters at 1 200 cm-l has been
usually assigned as a C-0 vibration. It is thought to be more
correctly desoribed as an antisymmétricaily cdupled vibration
involving mainly C~-C(carbonyl) and C(carbonyl)-b vibrations.

A similar assignment has been suggested in methyl acetat954.
This band appears to be split‘for the s-trans and s-cis
molecules in the methyl esters of acrylic and crotonie acid and
this pair of bands 1s temperature sensitive. The bands appear
at 1 196 end 1 178 om™> for methyl orotonate aad 1 202 ant

1 180 en™> for methyl acrylate. In the ethyl esters, separate
bands are less olearly visible. A deuteriation study63 showed
that the pair of bands in methyl crotonate appeared to move to

1.'_This suggests that

higher wavelength at 1 260 and 1 244 em
no hydrogen bending is involved, and the chahge to higher

wavenumber is the resulj of a slight change in the nature of the

. vibration.

Bands at approximately 1 070 ent in acrylates and 1 100 ou”t

- in crotonates are assigned to the aliphatio C-0 streteh. Attempts
to assign other vibrations to bending and skeletal vibratlons

are somewhat problematic but anproximate assignments are axtémpted
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in Table 13.
Vinyl Modes

The onlj differences between the assignments of the .
present work and tnat of Harris58 for acraldehyde ocour in
the assignment of the vinyl C-H stretching modes. Only two
bands are clearly observed in the eppropriate region of the

1 1

vapour spectrum at 3 004 om — and 3 105 om ~. However,

ocomparison with solution spectra indicates the presenée cf a
third band at 3 062 cm-l. This band which was not observed
by Inuzuka.57 is assigned to the olefin C-H stretching mode
associated with the single hydrogen tts vapour contour is
masked by the bands at 3 004 and 3 105 cm™> which have A/B
hybrid contours and which are assigned to the symmetric and
anti-symmetric CH2 stretching modes respectiveiy. These
assignments are in accord with assignmenté of vinyl modes in

59. Similar assignments are suggested for methyl

scrylates
vinyl ketone. |

The out-of-plane vinyl bands of acraldehyde, methyl vinyl
ketone, and acrylate esters are sehsitive to environment,
In methyl vinyl ketone, the vibration dus to the out-of-plane
~CH=CH deformation (twist) 1s split into two bands for the
s=-trans (997 cm"l) and s-cis (987.cm'1) conformers, In the
vapour of methyl and ethyl acrylate both the twiét and the wag
(out=of-plane CH deformation) are split for the two conformers
(992 and 968 cn™) for s—trans and 987 and 963 om™l for s-ols
in metﬁyl acrylate and virtually the same values for ethyl

acrylate)s The calculated spacings of the three out=of~rlane
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vinyl modes are less than 0.5 om™» in both methyl vinyl ketones
and the acrylates (Table 2)s This explains the absence of finec
structure of these bands which 1s present in the correspondiﬁg
bands in the acraldehyde., However, the prominent éentral Q
contours have already been mentioned,

The in-plane bending and rocking vibrations of the vinyl
group have been assigned, It is intercsting to note that the
C-H rocking vibrationk(assigned at about 1 280 om'l) appears
to be different £rr the two conformers in the acrylates.

The approximate forms of vibration of the CH3-0H=CH-
grouping should be similar in crotonaldehyde, ethylideneacetone
and esters of crotonic acid. The C-H stretoﬁing modes occur
at the expected wavenumbers. The in-plane symmetric ﬁnd
antisymmetric C-H bendiné defoimation modes appear to ocour
at different wavenumber values for the two conformers in the trans-
crotonates and were temperature dependent. The antisymmetriloe
deformation also appears to occur at different wavenumber
values for the two conformers in ethylideneacetone but not the
symnetrio in-plane moda., In both ethylideneacustone and

irans-crotonates, support for the assignment of the higher
wavenumber bands (E. 1 314 o=l and M.Co 1315 and i 294 om‘l)
to the symmetric mode and the lower bands (E. 1 292 and
1274 eu™! and M.Co ] 275 and 1 268 on™1) to the antisymmetric
mode is shown in the Raman. The Raman bands of the higher
palr are strong or medium In intensity, whereas the Raman
bands of the lower palr are weak or absent. The out-of-plane
deformations involving in phase hydrogen deformations is
observed in all the ethylidene grovping compoﬁnds at about

960 em~*, In crotonaldehyde the band is observed with a
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contour and fine structure 1ls just observable (calculated

and observed spacings are shown in Table 2 and 4)., It is a
little surprising that this vibration is not split in either
ethylideneacetone or the trans-crotonates since the equivalent
mode 1s split in methyl vinyl ketone and the aorylates. These
results suggest that the position (in om'l) of the out-of=-

rlane deformation of the trans C-H groups is less sensitive

to conformational changes in a trans-substituted ethylene

group than in a vinyl groups The out-of-plane mode involving:
CHMe=CH deformation is expected tr be strongin:ﬁho Raman
spectrum, Bands at 784, 801 and T30 oL in jgggénéfotonaldehyde,
ethylideneacétone end the trans-crotonate esters are aocSrdingly
assigned to this mode. The other m§des of the ethylidene

group are tentatively assigned but the evidence is inoonblusive.

Methyl and Ethyl Modes

The assignments of the modes of the methyl groups are
likely to be slightly different in moleocules having an
adjacent C=C, C=0, 0-C or CH2 groups however they should be
very similar and in many cases fhé vibrations are aasigned'
twice to the equivalent modes of different methyl groups.
For instance, it is well known that for CH30=O, the C-H
stretching vibrations and the C-H antisymnetric deformation
are weak and the C-H symmetric deformation strong relative to
the corresponding vibrations in CH30=C. Assignmnents of the
three types are unequivi;al in methyl vinyl ketone, (CH3C=O)
trans-orotonaldehyde (CHBC=C) and methyl acrylate (OCH3)'

Slightly differing values are observed for the C-H stretshing
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vibrations. The symmetric and antisymmetric deformations are

10 or 20 cm~t lower in the CH 0=C

3 3
grouping. The rocking vibrations are assigned to bands in the

region 900 - 1 10C cm'l. They occur at much lower wavenumbers

(=0 grouping to the CH

in the OCH, group. It is well known that the so-called CH,
rocking vilration is particularly sensitive to the atom to
which 1t is attached. . |

The CH2 group vibrations occur &t the expectéd wavenumbers
in the ethyl esters, but in most cases the methyl vibrations
overlap and occur at similar wavenumbers.

It is interesting to note the vibrafional modes whioh
appear to be sensitive to the conformer présent (Table 15).
The C=0 and C=C vibrati ons are sensitivé in certain cases.
Certain skeletal modes of vibration are also different in
ketones and esters in the two conformers.,

[Ty . R\
c

A
\\‘C=-’0' \\\C="0
76/\" 2 /V

in ketones ‘ in esters

Some of the modes of the ethylenic double bonds can aiso
show evidence of conformations, From the present studies it
is thought that the vinyl out-of-plane modes, the wag and the
twisting are particuférly useful in the vapour state for showing
evidence of the existenoe of the two conformers in vinyl systems.
The C-H in-plane roeking vibration in vinyl systems also appéars

to be sensitive to conformation in acrylates. 1In the ethylidene
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TABLE 15 Vibrational modcs which can be used to detect

conformational change.

Mode Corrpound Wavenumber value
(em™1)
E=trans B=018
Skeletal C=C Methyl vinyl ketone 1250 1181
stretch
éf ,
SNe=0 Ethylideneacetone 1252 1179
/v '
Ca
Carbonyl Methyl vinyl ketone 1687 1707
stretch
Ethylidencacetona 1674 1692
OePe CH=CH def. | Metlyl vinyl ketone 997 987
, Methyl acrylate 992 987
(vapour only)
Ethyl acrylate 993 988
(vapour only) :
Oepe CH, def, Methyl acrylate 968 963
(vepour only)
Ethyl acrylate 968 963
(vapour only)
C=C stretch Ethylideneacetone 1645 1632
Antisymmetrio Methyl trans- 1196 1178
C=C«0 stretch crotonate
N Mothyl acrylate 1202 1160
~ —— \
//C-——O
0 A v
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TABLE 15 (continued)

Mode Compound ‘Wavenumber value
(en™1)
s~trans g=cls
Symmetrio Mothyl trons~crotonate 1315 1294
isps CH defs o
Ethyl trans-crotonate 1307 1294
fntisymmetric Ethylideneacetone 1274 1292
i.p. CH dof.
Methyl transecrotanate 1275 1268
- Ethyl trans-crotonste 1275 1264
1epe C=H rocking Methyl acrylate 1290 1276
in vinyl groups A
Ethyl acrylate , 1296 127
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grouping, the out-of-plane vibratlons appear to be less
sensitive, but the in-plane symmetrio and antisymmetric C-H
deformation oan show evidence of conformational change. . All

these vibrati ons might be expected to be sensitive to the

8-cls - s-trans isomerism in related moleocules,
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CHAPTER IV

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

A Deternination of Parareters in Three Spin Systeams

and Other Systens

B Temperature and Solvent Studies
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The object of examining the proton N.M.R. spectra of these
compounds is to assign the chemlcal shift (the 'shift in Hz
between each proton and the protons of tétramethylsilane

(CH,),Si)) and the coupling constant (3,5) between any two

54
protons H and HB for which spin-spin coupling takes place.

" The N.M.R. parameters obtained can be considered in relation

to possible conformational equilibrium of the compounds
examined, . The N.M.R. spectra of these systems involving aither
%wo t?ans ethylenic protons or three vinyl protoms, present
sone difficu}ties in interpretation sincé thesa olefinio
resonsnce cannot be related to the perancters & and J in a
.simple or 'first order' éanner.‘ These systems must in

general be treated by 'second order' methods. The criteria
for deciding which is the simplest method to apply to &

: perticular spin systen depends on the magnifude of the

( SJ.Z/JIZ) ratios where g is the difference in chemical

12
shift of two protons with a coupling constant between these
protons given by J12. Thus in a system with two protons
strongly coupled (1.6, ( 8/.1)12 is snall) kmown as an A3
aystem, a different treatment is neocessary to that employed
for a weakly coupled pair of protons ( S/J ) 12 is large),
known as an AX system. A detailed discussion of the three
spih case is presented followed by a short éccount of the

other complex systens which are present in these molecules.
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A DETERMINATION OF N.M.R. PARAMETERS IN A THREE SPIN SYSTEM

| AND OTHER SYSTEMS

1; Validity of Different Approaches to the Three Spin Systen

/ Since vinyi groupings are present in rome of the

molocules studiéd in deta.ii (methyl vinyl ketone and methyl
aérylate) and the three spin systen is relatively complex to
interpret, a study of the mo.st suitable methods applicable

to various ( S /3 ra:tios was undertaken: In each case the
protons can be labelled 80 that ( S/J)AB < ( S/J)BC /<(S/J)AC°
The sinmplest ireatment necessary to give correct values of
ooupling constants (errors € 0.1Hz) and chemizal ahifts

(errors € 0,3Hz) is shown in Table 16,

TABLE 16 The conditions of validity of different treatments

for « three spin systen

Treatment | Conditions of Validity
AMX gm) 29; gmx > 20
I Iux
ABX Ce5¢ SAB ( 20; gBX > 103
IaB Irx
| B IpK
ABC Sup < 3 s { %
‘ IrB - Iy
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The methods indicated will be described in the next section.
When the parameters are calculated based on different trestments,
different errors occur which are dependent on th; various §;/J
values. These differences are illustrated by a aefies of
hypothetical systems in Table 17. For %his purpose the oouplihg

constants have been taken as J,, = 18Hz, = 2,0Hz, .723 = 10Hz

313
which would be appropriate for a vinyl systen.

(3) H H (2)

N
(1) ﬁ// 'X unooupled
A graph has also been drawn to 1llustrate the hypothetical cases
chosen (Figure 22),
Different parameters have also been obtaiﬁed by the various
treatments in the real spectra of methyl vinyl ketone. These
are illustrated in TablelB8(a)eIn this ocase the ( 8&J) ratios are

(§),-w (§a ()

- 1,13 4ol == 22,1 3

Even more striking errors in the simpler approaches are shown

for methyl acrylate (see Table 18(b)),
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TABLE 17

Position
on
Graph

6/J ratios

1 C)/ J15%20
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Acouracy of Different Treatments on

Hypothetical Systens

Treatnent
1l

True values 360.0
Calculated AMX 360,2
Errors 0.2
True values 90.0
Calculated AMX 90.9
Errors = 0.9
Calculated ABX 90.0
Errors 0.0
True values 36,0
Calculated AMX 38.1
Errors 261
‘Calculated ABX 36,0
Errors 0.0
True values 9.0
Calculated AMX 14.0
Errors 58
Calculated ABX 9,0
Errors 0,0
True values 72.0v

Calculated AMX 73.1
Errors

Caloulated ABX 7
Errors

True values
Caloulated AMX
Errors
Calculated ABX
Errors .
Calculrted ARK 36,
Errors
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TABDLE 17 (continued)

23

Position Treatnent Parameters (Hz) and Errors
on - . .
aph . J J J
%;J,ratios 1 e 5 _ 12. 15 ~
T .&/J 1,%1i0 True values 180 . 0,0 20,0 18,0 2,0 10,0 -
Caloulated AMX 21,9 «2.4 «21.5 17.1 4.0 9.0
g; " Errors 349 =24 =le5 =049 2.0 1,0
/3 23-«2‘.0 Calculated ABX 18,1 +1s4 «21.5 17.1 2.9 10.0
Errors 0.1 +1.4 «1,5 =049 0.9 0.0
Calcuiated ABK 18,1 0il «20,2 17.6 244 ‘10,0
Errors Ol Ol 0,2 =044 0.4 040
Calculated ABC 18,0 0.0 «20,0 18,0 2,0  10i0
' 040 0.0

Errors 0,0 0.0 Ciéd 0.0

Values are chosen so that

(8),¢ (%), ¢ (3,
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TADRLE 18(a) Aocuracy of treatments illustrated for methyl

Observed
(313)
-+

0.0
« 12465
(O 9435
2,00
145

20415
A

35420

37,00

41,05
50440

B
(MY58.65

68,00

32.85

vinyl ketone in toluene at roon tenperature

AMX ABX ABK
«0.53  =0.74 0,01
2.91 2,13 2463
8.0L 852 9439
11,44 11,39 12,01
14,56  17.62  17.51
18,00 20,49 20,13
32,23 35.14 35.16
35.67 38,01 37,70
4447 41,66 41,00
53.01 50,92 50,30
62,15  59.17 58,65
70,69 - 638.44 68.03
37092 32,56 32,00
Zero intensity for other two possible
6.0 6.0  6.73
54,5 51412 50,39
27.65 31,07  31.05
9.35 10,49 10,60
2,65 . 1.51 1,12
17.65 17.65  17.85

Units « Hz

Caloulated by different methods

ABC

0,00
2,65
9436

12,00

17.50

20,15

35.16

3780

41,02
504308
538.67
66,03

32,07
lines

6,72
50440
31,06
10.66

1,15
17.85

| Intensities

0.76
0. 77
1,05
1.34
0.16
0.53
2,02
1,36

2,00
1.23
0.3k
0.31
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PABIE 16(b) ALcouracy of treatments illustrated for methyl

acrylate
Observed Calculated by different methods
(335+) X ADX ABK  ABC . Intensities
0.0 =155 @168 =155  =0.01 0.28
C 4.3 3,30 2,80 3.62 4,29 0462
(K)9.1 7443 700 © 0.64 9,10 1,00
(X)13.4 12,20 12,27  13.01  13.41 152
12.2 10,95 13.61  12.65  12.26 0.06
2.4  19.93  23.08 22,04 21,39 0405
B20.9  27.22 29,76  29.29 20,95 2,24
(M)3o.1 © 36.20  39.23  39.40 30,07 1.34
3649 39479 ,37.27 36,20 36,94 1.86
A ALe2 44.65 41,76 4137 41.25 1,22
5346 56,06  53.42 . 52,03  53.62 0420
57.9 60,92  57.90 58,01  57.92 0. 14
- w21,41  «15,88  «14.90 =15.56 0.01
28,9 32,15 26,46  27.17 28,96 0450
~ 68,57 60,72 6T.04 65,90 0,01
vo o 6.7 6.7 8,2 8.8
vy 25.2  29.1 27.8 27,9
v 4108 43.5 43.2 42.6
Ig 91 106 . 10,2 11,3
Iy 4.3 2.8 2.5 0.3
Iin 16,7 16,7 174 18.5

Units » Hz



2+ Actual Treatments of Three Spin Systenms -

a) AMX In an AMX spectrum, 12 lines are expeoted. The
appropriate separations give the valide of the coupling constants
by direct measurcment and the chemical shifts are given by the

average of the four lines associated with sach protons .

v [ K3

st bad .

' &> P
AR

I
> _ .
. Tax : ‘ ' Tax Tas
b) ABX In an ABX spectrum, the spectrum may consist of
14 lines (the two extra combination lines are usually weak
in an ABX system). A simller treatment as that for an AMX
systemsleads to errors in the chemical shifv and the'ooaplihg
constants as derived by direct measurenent of the spectrum,
However, the basic 12 lines are usually olear and are assigned
to obey the following subtraction and addition rules.
}-1-4-2-7-5=8-6=0JABl 3 -
2-1=4-3=11-9=12-10 H
10-9-12~11=3—5-8-7 H
1010-11) {=(8-aM-1 (5-1) 1 3

|9y e l=i12-51
2D+-6-2§§e4 ' H
, 2D _=5-1=7-3 }

Vg (142434445464 T48) M, V= (3+10:11412)/44
Thus Dy D_y 3yl s 190y gy ls V) 50 Vy can bo obtained from the

spectra
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V, g+ 30,y -5 = 40 - JABz)J*’ Y

Voo - Uy - I = @l -3 BE (2)

Thus by subtraction of (2) fren (1), a value of |J X JBX]

can be obtained and by addition a value uf V Thus

A-B*
'JAX' .IJ’?’XI, Vy» Vg can be determined.

c) @&65 The ABK treatment assigns the lines in the same
way a8 for an ABX system. Correction terms are them
calculated dependent on the ABX calculated values of coupling

oconstant and on the separation of certain lines.
9‘+ and Cb_ can Ye calculated from D, and D .
sin 29, = J,./2D ;
‘sin 20 = JABIZD_;
From these four correction terns are calculated
Spp = Hyg o0n 0, - Ky atn 0,
323 = 37, 8in 0, + 3T, cos ¢+
67 - -%JAK sin Q_ + %JBK co3 é_
AS’I = %JAK cos (5_ + *‘.'BK sin ¢_

¢

Approximate values of Az s

24’

39 A 57 and .A g7 o be

obtained from the spectra
A24 = 812 = 71l
N = 4-12 = 3=10
.f.\67 = 1-0 = 2-11

A"57 = 5"9‘ = €10
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The values of the eight energy levels are ocnsidered to be given

by perturbed ABX energy levels,
TALE 19. Perturbed energy levels ABK systen.

1 C*m&) Hl

2(;*/6) H, - ;.\24//_\ 24 = J 23/[\ 23

3(4p4) Hy + c\’;/ 5,

4(par) Hy + 324/624'

/B 15 - <3/ D o

6(64f) ng - 2/ ¢

Wh) v 0578 1+ Bvig
o)

where B represents the .ow encrgy state and X the high energy

 state. Thus the transitions sre subject tc changes as follows (Table 29)
and the correlated values can be used for the ABX treafment

and the process repea.ted' to give accurate values of coupling

constants and chemical shifts. The method eppears to hreak

down when any ( 32/ £\ ) value is greater than about 5% of the

J,o coupling constant since this prevents the iteration

AB
procedure from convesging.

d) ABC ABC treatments are difficult to apply. An
iterative procedure can be used to obtain convergence of

calculated and observed values. However for some molecules,

two or more sets of parameters can be obtained which both £it
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TABLE 20 Perturbed enecrgy differencesfor calcoulation

Porturbed levels suitable for ABX calculation

Aton with Transition| ABX Energy ABK energy
spin change difference difference
1 B 896 | B -F, |(EeEy)-(8%a)g,
2 B T4 |5y =By |6 E)e (628, () (80 g,
3 B 592 | By =B (BB S/ Ny (/R (F/) 5
4 B 3->1 E) = Ey (E -E3) (§>2/A)23
5 A 85 | B5=Ey [(E5-Ey)- (& B)sy
6 A 153 |E % (Ea-E7)+(82/A)23-(BZ/A)s.,-(Jz/A)sL,
7 A 692 | B, =8 | BB+ (/) CPBYyy- (/N 5
8 A 41 B -8, [@E-E)-(/0),,
9 K 0-=7 |E, - Eg |(E- 8)+(82/A)57+(32/!l)67
10 K 5 -2 Eg -'ES (EB-E5)+(52/A>25+(32/A)57‘
11 K 6 2.} E, - By |(E 4-E69+(52/A)24+(42/A)67
12 K 21 |E -'132 (£,-E,)+(5°/D), 1+(a‘2/c\)23
13 ABK 772 |G, -E |(E -EZ) -(0%/A),,- /A) 23
| [ i/ N (&8 m>67

14 ABK 5-»4 |E, =B |(E~B)+(d /A)57+(<§2/A)24
15 ABK 6—>3 (ES-Ee)f(ézlA)23+(32/A)67
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the dataﬁs. ABC treatment are discussed by Emsley, Fecney
and Suboliffe®®, In this work a simple iterabive procedure
has been used with limited success using a computer program
(Appendix I).

The limitations of ABC treatments based purely on posi tions
of resonance at one radiofrequency, are shown by the following
results obtained during the study of methyl aorylate in carbon

disulphide solution. The ratios of SyJ are quite small

gAB = 14,7 3 gnc = 19.1; SAC= 23.8 3
T, | 185 — 11,3 —= 0.3

Ipc Jac

= 0.8 2 1.7 =100

A séries of values of chemical shifts and coupling constants
were found to give acceptable spectra (see Table 21).
Variations of up to 1.3 Hz in one coupling constent (with
corresponding changes in other coupling comstents) prcduced

no change in the spectra. The conclusion from tpese figures
is that valuesbof couplinz constants in ABC systems must be

- treated with care especially if conclusions are to be dram
from small changes in their values., The problems of obtaining
gdceurate porameters from ABC spectra can be re@uced by using
two different operating rédiofrequenciesGT.

In ABK or ABC systen, it is much simpler to produce a
oalculated spectrum from known values of coupling constants
and chemical shifts than to obtain coupling constants and
chenical shiftsmfram an obsefved spectrun, To obtain a
caloulated spectrum a matrix representing the ehergy levels

is construocted, This can be factorised into subematrices of



TABLE 21 Sets of parameters which fit the observed room

tenperature spectrun of methyl acrylate (CS, s01”,)

(11lustrating the difficulties of determining accurate coupling
oconstants from ADC spectra)

Set 1 2 3 4 5 6 7
Iip 18,5 10.4 10.4 18,1 | 18,0 10,0 1749
Ing 11,3 11,2 11,1 10,9 | 10.8 10.6 10.6
Ii0 03 0.4 0.6 1,1 1.3 1.5 1.6
Vy 4246 42.6 42.6 42,9 | 42.9 42.9 4340
V3 2749 27.9 27.9 27.9 | 27.8 27.9 2740
Ve 0.8. 8.8 8.7 | 8.6 8.5 8.4 8.4
Observed Calculated spectra using the alove sets of paraneters
Spectra o
| L 27 3 1 & 5 1 6 T

0.0 =0,01 0,07 0,02 | 0,02 | =0.04 0,00 | =0,03
443 © 4429 4434 4e31 | 4429 | 4424 4420 4425
9.1 9410 9.15 94,09 9,16 | 9.11 9.05 9,07
13.4 13,41 | 13442 | 13,38 | 13,43 | 13.39 | 13.32 |13.36
12,2 12,26 | 12,31 | 12,22 | 12,30 | 12,23 | 12,23 |12.22
21,4 21,39 | 21.39 '21.33 21.44 | 21,33 | 21,27 |21.32
2849 ) 20,95 | 28,95 | 20496 | 20,90| 20490 | 29,01 | 28,93
30.1 30,07 | 30.04 | 30,04 | 30.13| 30.05 | 30.05 |30.03
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TABLE 21 (continued)

Observed| .1 2 '3 4 5 6 7
Spectra

3649 36,94 | 36.92] 36.05 | 36,98 | 36.92 | 36487 | 36.92.
41,2 ' 41,25 | 41.20 41.}4 .41.25 41,20 | 41.14 41;20
53,6 @) 53,62 | 53.57| 53459 | 5367 | 53459 | 53465 | 53.63
5749 57492 | 57.84| 57488 | 57494 | 57.87 | 57493 [ 57.91

20,9 28,96 | 23,95| 28,94 | 28.97 | 20,93 | 28.92 28,96
(Comb)

Renge of values of ocoupling constants which give.acceptable spectra

I 17,9 = 1045
Tao 10.6 - 11,3
J 1.6 - 0.3

AC
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H, 0 0 0 0 0 0 0
o | Hy ¥y, ¥y, | 0 0 0 0
0 i“nc Hy iJAB 0 0 0 0
0 %JAC iJAB H, 0 0 0 -0
0 o ) o) Hg W Wy 0
0 0 0 T & R He 304, 0
0 0 o 0 -“éaAC W, H, 0
o o0 o0 0 0 0 0 Hy
- -

size 1 by 1 (for total spin +3/2 and ~3/2) and 3 by 3 (for
total spin +%.and “¥)e ‘

The foéts and elgenvalucs can be obtained’by diagonalisiﬁg
the matrix and then the shift positions end intensities c¢f the
transitions oan be caloulated and ;ompared with observed
falues;

In most coupounds containing & vinyl g.oup, at lewst an

ABK treatment 1s necessary and more often an ABC treatment

must be usmed.

3, Other Spin Systems The second order fredtment of the

other systems present in the molecules examined has not been
studied in detail. The yrineiples of tha methods are

similar. Thediuﬁbér of tfﬁnsitions in a complex ABX3
spectrum 1s forty four and for an ABCX system, fifty
trensitions including eighteen combination lines are

possidble.
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TASIE 22.  Treatments for other systems.

Molecule Type of Treatment Necessary

Acraldehyde ABCX

Irans-Crotonaldehyde ' ABRBX

Ethylideneacetonse ABX3 (and en uncoupled
nethyl group)

Methyl trans-Crotonate ABX3 (and an uncoupled

nethyl group)
Ethyi trans-Crotonate o ABX3 (and a sinple |

A3X2 ethyl group)

If a double resonance experiment 1s oarried out, decoupling
of interacting nuclei occurs, “hus simplifying an otherwise
- complex systen. Saturation of the X protons in an ABX3
systen by irradiating at the frequency of the resmance of the
X protons reduces the remaining spuctra to a much simpler AB
- systems- The technique is diffiocult to apply in an ABC systen
because of the closeness of the resonances.
In an AB system the coupling constant can be cbtained

direct from the spectrun,

(1) (2) L(})
r'JAﬁ'\' l"‘ JAB (4)

The difference in chemical shifts can be calculated as
- Ju-nG2) | ?
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In the ABX, syétems, othylidencscstone and irans-crotonate

esters, the errors. imvolved in using an AMX apﬁrozla,‘ohAare

3
about 1 Hz in chemical shift of the A and B protons (the A
and B pro.tons in faot being closer together than the 'firs.t
orde.xv" troatment predicts) and small errors of 0.2 Hz in fhel *.
ocoupling constants. .This chemical shift error was checked
in '_the oaée vo‘f pethyl trans-crotonate by a double resonance

| experinent and the error was found to be 0,9 Hz for both

the A and B protens, ..

B TIMPERATURE AND SQLVENT STUDIES

Many of these molecules have been studiod by other

workers, Acraldehyde has been studied at 60 W28 ana

100 L‘ﬁizl in the latter study, some tanpera.ture dependenoe
was observed for the chemical shifts (up to 11 Hz) of the
vinyl protons although no appreciable change in coupling |
constents was detected. Although these shifts could be
assoolated with changes in equilibrrium position between two
conformers, it seems more likely that these changes are caused
by intramolecular and Intormoleoular interaction effests.

C.Hp values for acryoyl fluoride based on changes in an
averaged chemical shift of the two conforzers in rgp 14
equilibriun have been caloulated. The disorepa.ﬁby between
the enthalpy difference based on N.M.R. neé.surementsn |
( AH = 800 ol mo1™} (3.34 K7 mo1™1)), and microwave®’
anl Mfraredmf' measurenents ( AH® = 100 cal nol°1(0.42 K mbi'l)‘)
pay be caused by changes in chemical shifts with temperatare, -

not essocisted with the g=trans s-ols equilibriun as in the

case of shifts in tewperature in vinyl ha‘.idess9 whore no
confornatl onal eqqil_ibrium is poesible. _';‘_;_Ea_zg_s.-crotonaldetvde.ha.'s
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also been studied and d".ts cussed in the 11terature7o’7]:. Conflicting
vg.lues for the N.M.R. paraineters., partioularly the coupling
constants, have been reported by Castellano and Waugh72 and

Brugel and cowc>rkers73 for methyl vinyl ketone presimably

because of the complex ABC nature of the spectrum. The present

72

work supports the results of Castellano and Waugh A nunmber

of dﬁ-msaturated ketones including methyl vinyl ketone and

ethylideneacetone have been reported 'y Ronayne, Sargent end

21

Williams™  both at room temperature and at several other

temperatures, Methyl orotonates has been studied74 as have

certain aorylates73.

Roon temperature 60 mHz spectra of all these compounds
were reocorded. . Detalled variable temperature studies were
oarried on methyl vinyl ketone, methyl aorylate, and nethyl ‘rans-
orotonat.. The spectra are i1llustrated in Figures. 23 = 26,

The methyl vinyl keton¢ N.M.R, paraneters are shown in
Table 23. These results are sirilar to those of Ronayne,

Sargent and Williamszl

o .The changes wi‘th solvent at roon
tenperature have leen interpreted by these workers in terms of
en equil:l:b;‘ium of the type

Aromatic Hydrocarbon + Ketone .z-é Complex
The oha.nges with temperature have been interpreted in terms of
both_the equilibriun ab-ve and aléo ‘

the equilibrium between s-trans and s-cis conforners. It 1is

clear t{mt there is a very small ocoupling between the
X hydrogen proton and the methyl brotons, as nb ringing is
observed for the s¢ proton absorbances but ringing is observed

for the other vinyl protons (Figure 22),
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. c. A
TABLE 23 Methyl vinyl ketone parameters ( % )
B
a) Liquid at room {10% toluene [Solvent |10% toluens |[Temperature
temps. solution at| shift solutign at Shift
Chorical Shifts |room termpe ~60°C
(in Hz)
v 380.4 363.4 17.0 35645 649
Vi 37501 34441 31,0 328,4 15.7
Y 3559 319.7 3642 308.9 10.8
CH3 - 134.,0 109,.6 2444 114.7 5.1
JAB 17,9 17,9 18.4
g 10,9 10,7 11,3
JBC 1.0 1,1 0.8
b) Toluene solutions
Roon Teap () ~€0°C (0
‘ Va v | Ve Vi V3 Ve
Present work 60mHz | 6,06 | 5473 | 5433 | 5¢94 | 547 | 515
pod }
Ref (as observed . . ‘ ,
on graph) 100mHz 6.05 | 5472 | 5433 | 5498 | 5449 | 5420

N.B. Their ooncentrations are not quite the same as those of

this work.




Ethylideneacetone has also been shown to be temperature
dependent. Using a first order treatment (N.B. errors of about
l Hz in A7\ and vB), the following val ues were ohtained for neat

ethylideneacetone at roon terperature

v, = 354 Hzj Ian =].6.0 Hzs CH3(C> H(,q)
vp = 405 Hzy Jp. = 6.6 Ha /———\_“N

H( B) /“‘»
Vo = 90 Hzs JAC = l.4 Hz;

| , CHy (D)
vp = 123 Hz; other couplings zero

Ronayme, Sargent and Willia.msu were able to relate the’

teuperatvre dependent proton resonances of d/ﬁ -unsaturated
ketones in toluene d8 solution to the presence of a predominate
conformer, They concluded that methyl vinyl ketone and
ethylideneacetone existed in predominantly the s-tra.l;lsw -
conformation using comparisons with other ’fixed g-trans
and 8-cis d}B -msaturated ketgne;s. |

Meth&l acrylate was livestigated at various temperatures
in carbon disulphide- (Table 24).

Thé shifts were quite small and although théy wére
oompatible with an s-ols s-trans ';quiubriun they did not

provide further information on conformationa.
Mothyl transecrotonate revealed shifts with tenmperature.
Using fiist order treatment and a double resonance experiment

at roon temperature the values in Table. 25 were obtained,



TABLE 24 Methyl acrylate parameters c J//B
A \\\C =0
o/
O
s
| Solutibn in CSZ rooﬁ temp P Solution in 082 -80°¢c
(Hz) (Hz)
V, 377.6 374.7
Vg 362.9 3598
V; 343.8 344.9
VCH 219 215
3
Irp 18,5 17.1
Ino 11,3 10.5
Ipo 0.3 1.1
Sum of
coupling 3061 2845

constants
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TABLE 25 N.M.R. parameters of methyl trans-crotonate

> /
7\
() B =)
0/
N
3 (p)

Parameters Roon temperature :
1st order |decoupling -65°C :
treatment exporinent 1st order treatment

(a¥brentnent)
A .
Hz Hz Hz

A 344 345 340

VB 413 412 409

%) 113 - 113

Vi 218 218 217

V-V, 68.5 66,7 69.0
T ap 15.6 "15.7 15.0
T i 1.7 - 15
T 6.8 - 6.}
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In the double resonance experiment, the methyl protons were
irradiated and the remaining AB specfrum examined,

The ethyl esters were not investigated in detail but
their room temperature. spectra are listed in Table 26. (Figs. 27,28).

" In all cases investigated, temperatures of --100o were
reached in an attempt 4o obtain separate spectra for the two
conformers.. Uﬁless a low enough temperature is reached to
obtain separate spectra, N,M.R, can only provide supporting
evidonce for the existence of two conformerss The absence
of two soparate spectra shows that the barriér to rotation
is low, and the interconversion of the two conférmers is too
fast to observe separate spectra on the relatively slow time

scale of N.M.R, measurements compared with infrared.
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/TABIE 26  N.M,R, parameters of ethyl acrylate and trans-crotomate
Ethyl lat (C)H H(A
a) Ethyl acrylate ) >___ P )
(B)H =0
9
('JH2 - CH3
(p) ()
Paraneters “Hz
V) 376
Vg 365
Ve 345
V) 248
VE 75,
J 3 18,2
TBC '.’,'6
T e - 15 13
'Z)’DE' 7:0
b) Ethyl -crotonat C)cH H(A \
) Ethyl trans-crotonate (‘)N@Y“ % \) \
(B)H‘/ ¢ ==0
c/
AN
CH2 - CH3
(p) (E)
Parameters 1st order treatment (Hz)
Vv 345
A
. Vg 414
Ve 112
Vp 247
Vi 15
Tap 16.0
ny e 6.7
I 0 1.7
T oz 7.0
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CHAPTER V

MASS SPECTROMETRY

A aLp ~insaturated Aldehydes and Ketones

B &P ~Unsaiurated Esters
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The spectra of these compqunds are shown asg bar diagrauns
in Figures 29 to 36, Fragnentations were confirmed 5y
observation of the appropriate metastable transiti&ns wherever
poésible using a computer program (Appendix I). ‘The mass
spectral fragmentations of cyoclio q?g -unsaturated ketones75
ond esters76 have bean discussed, but the behaviour of acyoclic

sz; -unsaturated carbonyl compounds77 has not received much

attention. The aldehydes and ketones are dilscussed first.

A a??-UNSATURATED ALDEHYDES AND KETONES

The nass spectra of acraldehyde,'3£ggg-crotonaldehyde,
methyl vinyl ketone and ethylideneacetone all showed a strong
parent ion., In the aldechydes, an intense P-l1 peak was observed
whereas in the ketonss the P-1 peak was less intenses This
suggested that the aldehydic protons were more easily lost
than the olefinic protons, It would be expected that'an
equivalent loss of a methyl group would ocour in the ketones
end this was confirmed by the appearance of sirong P-15 peak,
An ion of the form [RCH=CH-C‘;0] * in both cases ocould then
lose CO to form strong peaks at m/e 27 and 41 depending on the

aldehyde or ketone conoerned.r. —

~ )
2 + 2 2
R H R H R H
J
\c=c \ \/c-e-c< c=c”
- - +
e c=0 |~7 |u =2 B
/s - -~
1
R 1 + CO

; ' ! + Re
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®_
R=r’s; /e 56-)w/e 55 21225 e 27

RY=H, R2=CH3; /e 70 525919%9 /e 69 Ef_3§:§§> n/e 41
Rlec, Bl /e T0—Pw/e 55 E1Zy nyg o7
R1=R2=CH3; n/e 84 ;ﬂﬁé_ﬁl) /e 69 w) /e 41

The suggestion that it was the methyl group which was lost
was supported by the ready cleavage of a molecule of CO
confirmed by the metastables. (Also by the loss of 29
corresponding to the ethyl group in ethyl vinyl ketone78).
The ° [CHSCH=CH] * ion of n/e 41 produced in trans-crotone-
aldehyde and ethylideneacetone oould then lose 2 hydrogen
atoms and would give rise to an n/e 39 pegk which could have

a8 oyclio structure,

CH ' HC - CH
3 -2H
\‘c=4a==c/H , > \\\\
H/ T+ m* 37,10 CH
n/e 41 n/e 39

The type of structure had been postulated for the 0333* ion
when it was formed in the mass spectrun of butadiene and
pentadieneTgo

'Hajor fragnentation occured when the C-C bond was broken,

The charge could be retained by either grouping,

2 2 ‘c= @
R H R H . ‘

\ / \\\ / + Rl/

c==¢ C==§
H/ \c—-o / S/
1/ \‘R\ /H_ +c =0
R /;;C:::C + Rlz" -
[ ]
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Since the R2-CH-=CH grouping can alsoto produced by the .two
stage process already described, it was difficult to establish
which fragment favoured charge retention,
R1=R2=H; n/e 56 —yn/e 27 or /e 29 (27 stronger)
RY=H; R2=CH,r n/e 70— t/s 41 or B/e 29 (41 stronger)

==CH3, R2=H; n/e 70— n/e 27 or n/e 43 (equal interisity)

1
R1=R2=CH3; n/e 84 —>n/e AL or /e 43 (41 stronger)

R

Double bond migration was possible ia compounds containing
the ethylideme groupe. This has been observed i methyl esters

of otlier ‘:LF, ~unsaturated carbonyl oompoundsel of the form

R\C.__..,C)
R \,c =0

/
CH3

Migration could occur as illustrated belowse

EJHB-CH = cn-co-ca;i *

\” -

EJH2=CH-CH2-CO-CH3 .) +
Cleavage of the X or P bonds to the vinyl group could then
occur. The latter would proluce an n/e value which could
be obtained by other routes. However, an ir.tense peak at
n/e 27 was only explicable in terns of cleavage of the
rearrangsment ion,. This migration is well known for a
nunber of o(P‘ -umsaturated carbonyl compounds with a
/? ~nethyl (e.g. mesityl oxide) under ordinary conditions
and 1t was therefore not surprising that it could easily ocour
under the drastic oonditi_.ons of electron impact,.

CH C
s

3 1
e = CH~CO-CIL, T CH,=C~CH,~C0~CH

CHB/

3
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B UNSATURATED ESTERS

The molecular ions of the esters were generally weaker than -
the aldehydes and ketones. The molecular ions of aorylates were
weaker than those of the crotonates whereas the P-1l peaks were
relatively intense compared with the crotonates. This suggested
that a nydfogen was mdre easily lost from a vinylio groﬁping than
from an ethylidene grouping.

Loss of a methyl radical appeébed to occur readily from the
ethylidene grouping i1 the esters since there were strong P-lS.
peaks in Yoth crotonate esters and no P-15 was observed in methyl
Aorylate. This loss of a methyl radical was not very marked in
}rans-orotonaldehyde end could not be seperated from a loss of
the ketonic methyl group in ethylideneacetone. The base peak
ih the spectra 6f all four esters was produced either a) by
cleavage of OR from the ester followed by loss of CO producing
& peak for the. ERCH=CH] * fon or b) by direct cleavage of the
< bond; in both cases in an analogous manner to the aldehydes

. and ketones,

2 . 2 3
a) R H R H R H
Ne=cl g Nea=c” 3y c=07 + 00
I(// "N\ / + yd
. c=0 H c=06 H
o”” | |
\Rl
1 * 2: . .
R'=Cily; Ko=H; 1/e 86— w/e 55 ) o 13.25 e 2n
'Rl=c2H5; R%=H; mle 100 — /e 55 )
ngc}{}’ RZ. 3; m/e"loo iﬂ& /e 69), 203
Ri=CpH, § R°CHy) u/e 114 = ALT8 e 69 ) > o/ 4l
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b) R's as sbove w/fe 86-—we 2T or we 59
n/e 100 —¥n/s 27 or n/e T3 .
/e 100 — /e 41 or n/e 59
/e S.ld——}m/e 41 or n/e T3

The /e 41 peak in the crotonate esters oquld again lose two
hydrogens to give the cyclio'C3H3 ion. - Double migration was
again possible as in the aldehydes and ketones. Biemann81
has reported that it is possible for methanol to be eliminated
in small amounts from the trans-methyl crotonate as a result of
isomerisation of the trans molecular ilon to tké pis form. -A
small peak at m/e 68 supported this conolusion. A low
intensity peak was also observed &t m/e 68 in the spectruh

of ethyl crotonate which could have been oauséd'by the

analagous loss of C.H.OH on isomerisation of the moleeular ion

295
to the cis form. H H _ — -
" cH H o Tk H
« H C
N \.” \ \.7# 2
ﬁ 0 c H ?
—_— i
H” \C/ \CH ' C 0] C
. 2 5 . /7 \ / ™~ s \ )
' g : q’ c C2H5 H c
—~ - - I J Q§
0 - 0
+ CZHSOH

An alternative mechanism for eliminating aloohols from
unsaturated esters by simple hydrogen nigration from the s-cis

forn rather than by initial trans-cis isomerisn is as followsse.
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— T+ — -
CH, H ' CH H 1
\C_/ 3\0/
g 0 i + CH3OH
g7 \ 7 ) N
9 : C=0
é .
AN . - -~
02 5

Deuteration studies might help in establishing which/of these
possibilities 1s ocorrect. Pezks at m/e 68 and 82‘in methyl and
ethyl uorylate appeared to be caused by loss of water. The
fragmentation process appeared difficult to estadlish, This
process appeared to be much léss favoured in fhe.orotonate
esters. Peaks at 42 and 58 in methyl acrylate suggested
elim;nations bf COé.' The reason for the apparent easier
eiimination in methyl acrylate may be the greater facility of

the following reaction.

+
B mm. b HH HH
LS AR \/ \ ~ n
c Cc ] c— : +
Il I — i ——3 CHy~CH=CH,
£ - C :
/c\ 7 / \
oy ¢ H C
I I + 0,
0 0 |
R=H in methyl esters; R=CH5 in ethyl esters -

A peak at 86 in ethyl crotonate suggested the elimination
of ethylene to give the acid lon. This reaction is apparently
less favoured in ethyl gcrylate. There wés no evidence in any
of these oq3-uns;¥urated oarbényl compounds for'McLafferty

W in confirmation of the obéervatidn that these

rearrangenents
would be suppressed in the presence of C=C. The spectra did

indicate the existence of alkoxyl migrations of the type proposed



by Williams et allC,

1l 2
R N //B
C==C
/ \
H C=
// ‘
4]
N\

L ®

-—
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1 2
R N ?:
H —C C=C
\
(%)

+ [%2-C=C=QJ'

The lack of evidence for alkoxyl migration agreed with ths

contention that a f3 ~phenyl substituent on the double bond

was needed to facilitate the rearrangement,

No evidence was

found for s-cis, s-trans isomers which was consistent with a low

energy barrier to rotation in relation to the energy associated

with electron impact.
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CHAPTER VI

" DISCUSSION OF RESULTS
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The general trends in stability of s-trans and s-cis

or non-planar conformers are illustrated in Table 27.

The present studies support the existence of acraldehyde
and gggggpcrotonaldehyde in the s=trans conformation. The
evidence is based on resolved vibrgtional fine structure and
lack of vafiation in intensities of infrﬁred bands with
temperature in solution or vapour.. These methodsvcénnot
readilj detect conformeré with additional enthalpies of more
than 1 Keal mol'i; (4.2 KJ mol;l) compared with the most atéble
form: This arises because the concentration of these higher
enthalpy forms smounts to less than 1%, Ultrasonic methods
are more sulted to the determination of large aH® values,
Values of | . k

2,06 cal mol™t (8.61 KJ mol™l) and

1.93cal mol™l (8,07 KJ mo1™d) have teen

-proposedlo for the excess enthalpy of the s=cis forms of
soraldehyde and trans-opvotonaldehyde respectively over the
s-trans conformers. The present results are not inconsistent
with the earlier ultrasonio measuremeﬁts. The only case known
in which detectable amounts of two conformers are observed in
simple uﬂB-unsaturated aldehydes is in 2-furanaldehyde where
the enthalpy difference is of the order of 1 Keal mole™
(4.2 X7 mole™})25, |

The inherent stability of the s—traﬂs conformers of
dp -upsaturated aldehydes can best be understood in terms of
the repulsive forces between‘electrons in “r-orbitals beirg a
nminimum in the s-trans oonformer. The relative'étability of
the s-trans conformer of‘2-furanaldehydé nay be reduced by

the aromatic nature of the furan ring, since the ring of



TABLE 27 General trends in stability ina(ﬂ-unsatur ated

carbonyl compounds

N\ Ethylene |Vinyl trans- Vinylidene | $risubstituted
grouping |H H ethylidene H H,{ CH H
Group >=/\ CHy, M >c:=c/C 3 5>c=c/
attached\_ [P H/,C==C\\ B \ CH3 N
to carbony
H s=trans g=trons s=trans ?
aldehyde
(1)
. | @D
ketone Equilibriun | Equilibriun
« |mixture mixture
excess excess B-trans S=cis
enthalpy of | enthalpy of or
g=cis g=cis non-planar
- 0,4Kcal j-0,5Kcal
mol=l nol™1
02H5 22 Equilibriun g-trans s-cis
Equilibriunm Mixture or
ketone nixture non-planar
excess
‘enthalpy
of s=cils
- 0,1 Keal
nol”l-
CH(CH3)2 Equilibrium | s-trans g-cis
Equilibriun Mixture or .
ketone nixture ’ noneplanar
C(CH5)3 Equilibrium s=trans secis
1Equilibrium Mixture or
nixture non-planar

Comments (1) 2-furanaldehyde exists in detectable quantities of
both s=trans and s-cis conformers
(2) Eithalpies from variable temperature infrared studies
(3) Increasing proportions of secis as larger ketone

alkyl groups

(4) Ringed figures refer to gemeral refercnces.
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TABIE 27 (ocm*bimmd)
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\Ethylene | Vinyl ttrans- Vinylidene |Trisubstituted
grouping ethylidene
Group
attache
to carbonyl.
CH Equilibrium | Equilibriun setrans 7
acid Mixture (33) | nixture
‘ "Comparable . )
proportions"
OCH3 s8=trans ?
Eo Mo Eo M . :
ester Excess Excess
enthalpy of | enthalpy of
8~0ls B-cis
:.’.‘..-O.zKoal —-=0,5 Kecal
nol” o
OC. K s-trans ?
i 5 E.M . E. M » )
ester Excess Exceass
‘enthalpy | enthalpy
of e-cis ‘{ of s=cis
L= 0.4Kcal 0,5 Koal
mol~ 1 mol
F GOCG) s-trans ?
acid oMo E. M.
fluoride | Excess
+ | enthalpy
" of s-cis
- 0,1 Koal
mol”
- Cl (28) Betrans ?
acid EoM. E.M .
chloride Excess
) enthalpy
of g=-cis
o T 0.6 gi&l
~ mol
Br 28 : s=trans ?
acid %. E.M. -
bronide § ]

EM, Equilibrium Mixbure
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- ~electrons can interact with the carbonyl electrons of either

the s-trans or s-cis conformers, and there appears to be smaller
repulsive forces between ‘ﬁ'-eiectrons in the s-cis form compared
with acyclic systems. It is also possible that there is some
repulsion between the lone pair eleotrons of the furan ring
oxygen and the carbonyl oxygen in the s-trans conformer.

From these studies and other earlier stﬁdiesl9,'it is cleag
that the replacement of the aldehydic hydrogen by an alkyl group
can shift the position of equilibrium(towards the s-cis
conformer, From ‘he variable temperature infrared solution‘and,
vapour studies, methyl vinyl ketone and ethylideneacetone exist_
in an equilibrium mixture in which the s-cis conformer has en
exoess enthalpy of about 0s5 Koal mole™l (2.1 KJ molet).

. In general, .«P ~unso.turated ketehes appear to exist in an
equilibrium mixture when there are trans hydrogens (1.0 R -R3-H);

on the ethylenid double bond. Rl has little influence on the

. /33
\.
- : \M___ /
. \\ / / 4
R2 t Piatnensihd 0 2 —R
R4/// ! o”

position of equilibrium as might be expeoted, since R1 is

remote from the part of the moleculs involved in conformational
change.’
For larger alkyl substituents R®, the s-ois or non-plenar

conformer becomes more favoured. This result has been

22

reported qualitatively for a series of vinyl keténas® and is

78

supported by measurements’™ of énfo between the two conformers
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of ethyl vinyl ketone ( AH® = 124460 cal mol™l (5184251 J mol™1))
in carbon disulphide solution in the temperature range -117° %o
40° which is mch lower than the value for methyl vinyl ketone
( ZSHO = 461423 cal mo1™t (1493+0,10 KJ mol'l)) measured wnder
similar conditions. This can be understood in terms of increasing
repulsion between the f -hydrogen (%) and the aik&l group,
a8 molecules with larger alkyl groups (R4) are considered.

The molecule appears.to exist entirely in the s=-trans

3).

conformer in 075 -msaturated ketones with an { alkyl group (r
This is probably because there will be a large steric repulsion
between this alkyl group and the keto-alkyl group (R?) in the
B=cis conformation.

The molecule appears to exist entirely in the g:éig
or non;plana: forms when R2 is wn alkyl group as in heéifyl
oxide. In this case, there will be & lorge R® = R sterio
repulsion in the s-trans rolecules. In molecules in which
R2, R3 end R4 are all alkyl groups & non=planar form'is very
likely since there will be largé repulsive interactions in
both planar forrs,

In JF ~unsaturated esters, it would appear that a (

similar equilibrium exists between s~cis and s-trans

confcrmﬁrs. The present work suggests that an equilibrium
exists in methyl acrylate, ethyl acrylate, methyl trans-
crotonate, and ethyl trans-crotonate. The variable
tenperature infrared solution studies suggest that there is a
slightly lower entpalpy difference compared with the correspbnding ‘
ketones.' It also appears that methacrylates and 3.3.dimethyi-

eorylates exist in only one detectahlo conformation. It is‘
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essumed that methacrylates are s-trans and B.B.Aimethy;aorylates
are almost ocompletely s-cis or non~planar. o
Steric repulsion cannot completely e;plain all the results
obtained in the present work and other studies. In acryoyl
fluoride, the repulsion between the ;B -hydrogen and the
fluorine in the s~trans must be extremely small, 'However the

29,30 is muoh

enthalpy difference between the two oconformers
smaller than the corresponding enthalpy difference in methyl
" vinyl ketone where larger repulsion would be expected in the
s-trans .onformer. There may be duec to internal hydrogen
bonding in both conformations, and presunmably it is stionger
in the s=0i8s conformer as this appears to be stabilioed
relative to the s=trans conformationi

In an equilibrium of this natvre with small enthalpy
differences and low barriers to rotation, it 1s clear that
vatiable %emperature infrared studies.are appropriate. In
¢ertain cases, where nuclel are in very different énvironmenta
(i.e. large chemical shift differences) or the energy barrier
betweon conformers 1s large, nuclear magnetic resonance methods -
oan be very effective since separate spectra can be observed
for the two conformers. In these ﬁoleoules,'the rato of
interconversion of the conformers in the systems studied is

slower
evidently faster than the time scale of a vibrational transition,

Pasher .
but slewer than the tine scale of an N M R. transition. This
is oonsistent with the observation of certain infrared bands
corresponding to the two conformers, whereas only an averaged

N.M.R. spectrum 13 observed.



It has been suggested that the averaged position of
chemical shifts can be related to conformational equilibriumn’31
in these and related systems. However, small changes in chemical
- shifts observed in these systems even at low temperature,
cofresponding to changss in the averaged spectrum, cannot be
easily related to thermodynamic data or used to establish
the existence of a conformational eqilibrium because shifts
with temperature can be attributed to solvent and environmental
effects.,

Mass spectronmetry is very unlikely to aid In the detection

of cohformers unless the barrier to rotation is extremely

highi However it 6an ba used to characterlse these molecules.
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APPENDIX III Short Courses (1966 - 1969)



APPENDIX I~ Computer prograns

Several computer programs have been written using the ALGOL 60
computing language. The relevant prograns are shown in fhe vages
following. Certain procedures used in these programs were provided
by the Computer Unit staff at Kingston College of Technology.
These procedures are AXESON, DLINE, JACOBI, KEY(X), DIRECTSEARCH.

The programs written Sre

ABCNMR‘),
connected with the analysis of ABC N.M,R. speotra

. A3CREP )

SHAPE A o , .
connected with moments of inertia calculations

SHAPE B
: of planar molecules

SHAPE C

LESSER |
DICAIC comected with NI° caloulations
XLESS2

META determination of metastables
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ADCNMR; : R .
"IEGIN' MREAL" WL, W2, W3, Ji2,. J13, J23, E1, ES,
SUM; :
"INTEGER" J, K, L, JJ, KK; .
“OEGIN" "REAL" "ARRAY" H, U, HH, UU, FMULT[1 : 3,
13 3], DEIGEN, BSUMSG[L 3 153;

CURPOR" Je=1 M"STEP" A MUNTIL® 3 'DO"

“DEGIN" M"F(R" K:=L "STEP" 1 "UNTIL" 3 'DO"
FMULT[J, Kjs=1,0; . ,

"END"; . : . . :
FMULT[1, 3]¢=FMULT[2, 2]:=FMULT[3, 1]:=0,0;
YREAD™ W1, W2, W3, Jl2, J13, J23;
E13=0,5%(W1 + W32 + W3) + 0,25%(J12 4 J13 + J23);

E8sm = 045%(Wl + W2 + W3) + 0,25%(J12 + J13 + J23);
H{l, 1]:=0,5*{W1 + W2 = ¥W3) + 0,25¢{(7123 = J23 = J13):
H[2, 2]:=0,5%{We = W2 + W3) + 0,25%( = J12 = J23 +

- JL3);

H[3, 3]:-0 5*( - Wl + W2 + W3) + 0,25%( = J12 + J23

- J18); ¢ .

H[1, 2]:=H[2, 1]:=O.5*J23;

H[1, 3]s=l[3, 21]3=0,5+%J13;

H[2), 3]:=H[3, 2]:=0,5%J12; " °
YCLMMENT"  PROCEDURE CALL;
JACOBI(H, U, 3, 0,00QCC1); .
HH[1, . 1]:a0.5*(W1 - W2 = W) + 0.25*( - J12 + J23 -
Ji3);

HE[?, 2]3=0,5+%( - Wi + W2 = W3) + 0,25%( = J12 ~ J23
+ J13); ‘

HH[3, 3]:=0,5%( = Wi ~ W2 + W3) + 0,25+(J12 = J23 =

CJ13); . .

HH[1, 2]s=HH[2, 1]3=N,5%J12;
HH[1, 3]s=HH[3, 1]:=0,5%J13;
HH[2, 3]:=HH[3, 3]:=0,5*J23;
"COMMENT'  PROCEDURE CALL;
JACCBI(HH, 'WU, 3, 0,00G001); -
"F[R" _Jlﬂl "smptl 1 "UNTIL" 3 "DQ"
“DEGIN".. DEIGEN[J]:=El -~ H[J, JI;
SUMs=0,0; A ,
"POR" =1  MSTEP" 1 MUNTIL" 3 "DO" GUM:=SUM
.+ UK, J]; .
- SUMEQ[J] s=BUM*SUM; ’
"END";
Ls=a3d; : T '
llmq J:ﬂl "sm}?" 1 "UNTIL" '3 "w!
“DEGIN" "FR" Ki=l "STEP' 1 "UNTIL" 3 "DOQ"
"DEGINY L'BL")'I' -
DEIGEN[L]z=H[J, J] - HH[K, K];
8UM:=0,0; . oo
YPOR' - JTe=l MSTEP" 1 MUNTIL® -3 'pOo
“DEGIN" "FPCR" KKi=l YSTEP® 1 Y“UNTILY 3
"DOY' - SUMs=SUM + U[JT, JI*¥UULKK,
KI*FMULT[JT, XIKI;
"END";
. SUMSQ[L] s=6UM*STM
"EM)";
"END";

-~
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nnnn J 3 =l "BTEP" 1 ) "UN'i‘ IL" 3 "Ddl

"REGIN" Le=J + 12;
DEIGEN[L]:=HH[J, J] = EB;

_ SUM3=0,0; . :

YFOR® K=l "STEP" 1 M“UNTIL' 3 'DU" BSUM:=SUM
+ UU[K, J]; )
SUMSQ[L] s =SUM*SUM

"END'; . - o o

YFCR" Lg=l "STEP" 1 "UNTIL" 15 "DO"

"BEGIN' "PRINT" DIGITS(2), L, FREFIX(® %),
ALIGNED(3, 2), DEIGEN[L], PREFIX(® %),
ALIGNEX(2, 2), - SUMSQ[L];

“END"; . ,

i :
% Em": : v,

"Emil ;-
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ABCREP;

"BEGIN"
"REAL" SUM, ZEXP, DDELTA, SPS5I, RHO, DELTA,
R, Jsy T, T2, T3, 2Z; :
YINTEGER" J, JJ, K, KK, L, .Pi, P2, MAXEVAL;
YREAL" "ARRAY" W, PsI[l 3 3], H, HH, U,.UU,
FMULT{1 3 3, 1t 31, DEIGEN, SUMSQ, (US[1 3 15];
YDOOLEAN® CONVERGE; ,

"DROCEDURE"™ JACWDI(A, S, N, . RHO);

“"WALUE"™ N, RID;

"IN'TEGER" ¢';
7 " RHU; .

"REAL" "ARRAY" A, S; -

"DEGIN" “REAL" NORML, NORM2, TER, MU, OMEGA,
SINT, . COST, INTL, Vi, V2, V3; :
"IN'I'EGER" Io J.‘ P' Q, IND; ' .
YRRY Ig=l MYSTLP® 1 MUNTIL® N "LDU'" VFR"  Jg=l
MTEP® 1 MUNTIL® I YDO" "IFY I = J "THEN"
8(1, J)3=1,0 -"ELSE" 8[I, J]8=S[J, 1]3=0,0;
INTL$=0,C; L ' ‘ )
"RR" "Ig=2 YSTEP® 1 PUNTILM N - "DO" “R(R" Jgal
USTEPY 1 MUNTILY I «'1 -"DO" INTi¢=INT1 +
2,0%A[1, J]12;
NCRM13$=SQRT(INTL)}
NORM2 s = {RHO/N) *NORM] ;
THR $=NURML ;
INDg=O;

VAINg THR$=THR/N;

MAINLE "F(R" 'Qg=2 "STEP" 1 "UNTIL" N "DO" "FR"
Igmi ~ EP" 1 YONTIL" Q =1 "DO" "IF" Ans(alP,
Q}) *GE" THR ""THEN" =
"DEGIN" INDg=l; °
Vis=A[E,. P];.
V3s=AlG, Q;.
MUs=0,5%(V1 « V3); - '
(MEGAS="IF"" MU & 0,0 Y“THEN" = 1,0 -“ELSEY"
=SIGN(MU)*V2/SQRT(V212 + MU12);
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SINT:=UMEGA/SURT(2,0%(1,0 + SQRT(I.O - (MEGA12)));
COSTs=8GRT(1,0 ~ SINT12);
"mn I3=1 "smpﬂ 1 ”UNTIL“ N "DO"
"BEOIN" "IF" I "NE” "AND" x "NE" ‘. "T}EN" :
“BEGIN" INTis=A[I, PJ;
MUs=ALI, Q);
A[Q, 1I):=A[I, Q]:=INTI*SINT + MU*COST;
A[P, I)3=A[I, P]:=INT1*CUST = MU*SINT;
"END"; )
INT2s=S[I, PJ;
MUs=S5[1I, QJ;
S8[I, Q):=INT1*SINT + MU*CUST;
S8{X, P):=INTL#COST = MU*SiNT;
"END"; :
A[P, P]:=V1*COST?2 + VI*SIN113 = 2,0¢V2+SINT*COST;
A[Q, Q]:=V1*SINT?2 + V3*COSTt2 + 2,0%VI*SINT+COS”;
ATP, (Ql1=A[Q, PJiu(V1l = V3)*SINT*COST +
V2*(COST12 = SINTt2)
"ﬂm“. ' .
"IF" IND = 1 “THEN"
"EEGIN" IND$=0;
"GOTO" MAINL \
“END" "ELSE" "IF' THR > NUCRM2 "THEN" "GOTU" MAIN
"END" JACUBI;
"KEAL' "“FROCEDURE" ADBC(PSI, H, HH, U, UU, DEIGEN,
w;
“REAL" "ARRAY" P8I, H, HH, U, UU, DRIGEN, W;
"DEGIN" “REAL" E1l, EI;
"IX[EGER" J, K, L;
Els=0,5¢(W[1] + W[2] + W[3]) « 0.25#(P81[1] + PS1[2)
+ PSI(3]);
E8:m - 0,5+(W[1] + W[2] + VIZS]) + 0.25#(PSI[1] +*.
81[2] + Ps1[3]);
H{1, 1]:=0,5+(W[1] + w(2] = ¥[3]) + 0,25*(rSI[1l] ~
PSI[2]) - PSI[3]));
H{2, 2]:=0,5¢+(W[1] - W[2] + W[3]) + 0,25%( =~ PSI[1]
+ Psl[2] ~ PSI[3]); ,
H[3, 3]:=0,5%( = W[1] + W[2] + W[3]) + C,25%( =
PSI[1) .- PSI[2] + PSI[3]);
H[1, 2):=H[2, 1]:=0,3+PSI[3];
H[1, 3]s=H[3, 1]3=0,5*P51[2];
H[2, 3]:=H[3, 2]:=0,5*PSI[1];
Jicasi(H, v, 3, 0,000001);
HH[1, 1]33=0,53*(W[1] - W[2] = W[3]) + 0,25+( = Psxn]
- PSI[2] + PSI(3));
HH[2, 2]:=0,5¢C - W[1] + W[2] = W[3]) + 0.25.( -
PS1{1] + pPSI[2] - PS1[3]);
Hi(3, 3):=0,5%( - W[1] < W[2] + W[3]) + o.zs*(psx[u
- PSI[2] - PSI[S])
HH[1, 2]:=MH[2, 1]:=0,5*rs8if1l]); .
HH{1, 3]:=HH[3, 1]:=0,5*PS1[2];
HH[2, 3)¢=HH[3, 2]:=0,5*PSI[3];
JACUBI(HH, UU, 3, 0,000001);
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YRORY Jeml "STE.P" 1 "UNTIL" 3. Anmn o
DI:IGEN[J]‘nEl - HLJ, ' J1;
L$=3; : T
"FQ!" J:=1 “STEP'" 1 "UJTIL" 3 '"DO" "FR" K=l
“STEP" 1 M“UNTIL" 8 'DO" ,
"OEGIN" Li=l + 1; ~

DEIGEN[L]:=H[J, J] ~ HH[K, K];
"END™; - o
"m" J==1 '"smp" 1 "UNTIL" 3 ’ "DU"
YBEGIN" Li=J + 12; : -

DEIGEN[L] :aHH[J, J] - E8
"END"' .
"END".
“BOOLEAN"  "PROCEDURE" "KEY(I);
"VALUE" I;
"INTEGER" I;
"BEG IN" "cwE" )

%IDR$1

WD:L$1

%SUBR$ L$1

BIZSZERD

L TOK

%SML,

S$ZEROSSTSHI

%*CTOM

FANDSI

ZSTSI

:.EY:-f "NEY O
"END" KEY; , ‘ . : ’ R
"REAL" "mocnnunz" RDEV(PSI, H, HH, U; UU,
DEIGEN, uBs, W, R); . .

'REAL" "ARRAY" PSI, H, Hi, U, UU, DEIGEN, W,

ms. , N .

"R-EAL" R. -

YBEGIN' ABC(PSI H, HH, U, UU, DEIGEN, W);
Rz:DEIGEN[l] = DEIGEN[7] ~ 035[1] + OBS[7]) +
DEIGEN[2] ~ DEIGEN[4] ~ tnS[2] + UDS[4] + DEICEN[11]
«~ DEIGEN[16] - i35{11]) '+ OBS[18] + szczuuz] -
DEIGEN[14] = 088[12] + QDS[14], o ,
R:=R/4,0; . : !

YEND"; ‘ ,

“KEAL" "“PROCEDURE" TDEV{PSI, H, HH, U, UU,

DEIGEN, - (BS, W, T1, T2, T3);

“REAL" YARRAY" PSI, H, HH, U, UU,: DEIGEN, QBS,

w' . . . . . . . -t , P )

"REAL" T, T2, T3,

“BEGIN" ADBC(PSI, H, HH, U, UU, DEIGEN, w);
T1s=DEICEN[3] + DEIGEN[S5] + DEIGEN[Q] + DEIGEN[13] -
s3] - aps[5) ~ oBs[9]) - aDS[13];

Tl:=Tl/4,0;

T2:=DEIGEN[2] + DEIGEN[4] + DEIGEN[12] + DEIGEN[14] =

Bs[2] - C0s[4] - ans{12] - UBS[14];



RHO, DELTA, CUNVERGE, MAXEVAL); :
MVALUE" m{, DDELTA, RHO, DELTA, MAXEVAL;
‘MINTEGER" KK, MAXEVAL; °* A ‘

-»
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T2:uT2/4,0;
T3:=DEIGEN[1] + DEIGEN[7] + DEIGEN[11] + 'DEIGEN[15] -
as[1] - ws[7] - wos[11] - ops[15]; : ,
T31:T3/4,0;
MEND"; - |
"REAL" V“PROCEDURE" ZDEV(PSI, H, HH, U, UU,
DEIGEN, (BS, W, 2Z); '
"REAL" "ARRAY" FSI, H, HH, U, UU, DEICEN, OBS,

w;

YREALY -2Z; -

"REGIN" "INTEGER" J;
ABC(psI, H, HH, U, UU, DEIGEN, W);
Z3=0,0; ' . ' . e
"FOR" Ji=l . "STEP" 1 MUNTIL" 15 "DO"
“DEGIN" ZgnZ + ABS(DEIGEN[J] - aBS[J]);
- YERINT" ALIGNED(3, 3), DEIGEN[J]; B
"END"' )
Z4=2 - ADS(DEIGE{[6] ~ (DS[6]) - ABs(.JElc.nN[B] -
038[8)]) = ABS(DEIGEN[10] - ms[m]), ,

"END"' .
"REAL" "MDROUCEDURE"™ - 8S(PSI);.
"ARRAY" '~ PSI; ’

“DEGIN" = "REAL" Q, A F;
YINTEGER" - M;
ABC(ISI,.IH, HH, U, UU, DEIGEN, W);
N-Answs:[u + PSI[2] + PSI[3] -~ J8);
hypet  p ougEY 0,2 YTHEN". Qe=500,0 + 100,0%(F = 0,2)
,."EISE“ ‘ - . i, N . .
"MEGIN" C€3%0,0;. ‘
"POR" M=l YSTEP' 1 "UNTIL" 15 "pO" Qi=Q -+
ABS(DEIGEN[M] ~ aBsS[M]) ‘ RSO
"END"; .
"IF" o "LE" 400.0 nmwt‘
"BECIN" Qe = ABS(DEIGEN[6] -ms[e])
C3=Q - ADSC¢ EIGN[8] =~ OBS[8]); =
Qi) = ABS(DEIGEN[IO] - ms[mj),

YEND"; -

553=Q;

"IFY KEY(1) "THEN" MPRINT" PUNCH$3) , SAMELINE,
o *Lest Y, psIf11, © %, PSI[Z]. o Q._
PEND"; '

WDROCEDURE" DIRECT SEARCH(PSI, KX, sxesx ’ DDELTA,

L

"ARRAY" [SI;

. "REAL" DDELTA, RHU, DELTA, 6PSI;
MBOOIEAN" CUNVERCE;
"MCOMENT® . ACM ALGCRITHM 173;

"MDEGIN' * WINTEGER" K, EVAL;

_ TARRAY" . THI, 8[1 : KX];

. "REAL" " SPHI, . 555, THETA;

. “WROCEDURE" . E; o

" MRR™ K=l VSTEP" 1. MUNTIL" KK "“pO©
"BEGIN" LHI[K)$=DHI[K] + S[K];*



SPHI§=5S (VH1);
EVAL$=EVAL + 1; . L o
"IF" SPHI < BSSS ° "THEN" SS55S¢=SPHI "ELSE"
YIEGIN® - §[K]s= ~ S[K];
-PHI[K]¢=PHI[K] + 2,0%8[K];
BPHIg=SS (VHI);
'EVAL$=RVAL + 1; . . -
" "IF"  BPHI < S5SSS "“THEN" 655553=aSPHI "ELSE"
LHI[K]s=PHI[K] - S[K]; .
" "END";
. MENDY E¢

START: "“FCR" Kg=1 "STEPY 1 "UNTIL' KX "DO"
S[K]:=DDELTA; ‘

- BPS1t=SS(L81);
EVALg=l; .
CONVERGE ¢="TR JE";

L1 58588=SPSI; : ,
TFOR" K=l M"STEPY 1 MUNTIL" KK 'DO"
PHI[K]s=PSI{K);

E; 5

"ir" §S55 < 8PS1 "“THEN"

" PDEGIN" -
“L2¢  MIF" EVAL "G3Z" MAXEVAL . “"THEN"
"MBEGIN" CONVERCE$="FALSE";
"GOTO" EXIT;
‘"END"; ‘ ; i s
YRR Kgmd "STEPY 1 MUNTILY . KK 'DQ" -
"YDEGIN® "IF"' DPHI[K] > PSI[K] “EQUIV' S[K] < 0
‘"THEN" 8[K]t= ~ S[K]; ,
THETA$=FSI[K];
PSI[K]s=PHI[K];
PHI[K]¢=24C*PHI[K] = THETA
"END"; '
SPSIg=SSSS;.
5555 3=SPYI3=55 (LHI);
EVAL$=EVAL + 1;

"IF* ss5s "GE™ spS1 "THEN" MoOTO" .L1; - .
PR K=l "STEPY 1 "MUNTILY KK ™" "If"
LDBS(PEI[K] = PBI[K]) > C,5*ABS(S5[K]) "THEN"
GOoTO" L2

TEND" ;

L3s "IFY DDELTA YGE" LELTA "M“TIHEN"

"DEGIN" DDELTA$=RHO*DDELTA; . L e
PR K¢=l1 VSTEP" 1 PUNTIL" KK ‘'DoY
S[K]s=RHO*S[K];

“mﬂ u

"END",’

EXITs
"END" (F DIRECT SEARCH;
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YREAD® W[1], W[2], W[3}, PSI[1], PsI[2], PsI[3],
Js, P, P2, ZEXP, LDELTA, RHO, DELTA, MAXEVAL;
"FCR® Je=l “STEP" 1 MUNTII® 15 "DO" “READY
Bs[J1;

START: "FOR" Ji=l YSTEP" 1 “UNTIL™, F1 "DO"
“DEGIN® RDEV(PSI, H, HH, U, UU, DEIGEN, (BS, W,
R);
PSI[3]3=L6I[3] - R;
"ENDT; :
ZEV(ISI, M, HH, U, UU, DEIGEN, (BS, V¥, Z);
"PRINT" PUNCH(3), M
BEFORE DIRECTSEARCH ;
“DRINT" DPUNCH(3), ALIGNED(1, 3), 2;
DIRECT SEARCH(PSI, 3, SPSI, DDELTA, RHO, DELTA,
CUNVERGE, MAXEVAL); ‘ .
"IF® CUNVERGE VTHEN" "PRINT' PUNCH(3), “CUNVERGE
"ELSE" YIRINT" PUNCH(3), ‘DID NOT CUNVERGE;
"DRINT' ALIGNED(2, 2), Psi[1], »sI{2], Psi[3],
w[1], w[2], w([3], B&PSI; :
"RR" Jiml MSTEP"Y 1 MUNTIL" P2 "DO"
"LEGINY TDEV(ISI, M, HH, U, UU, DEIGEN, (DS, W,
'l‘l, TB, 'l‘3);
WE1)s=W[1] - T1;
w[2]:=W[2] - T2;
W[3):aW[3] =~ T3;
"END”;
ZDEV(PSI, H' HH, U’ UU' DEIGEN’ mS, W. Z);
"IF* KEY(2) Y“THEN" ZEXP:=mSDPSI;
"IFt  Z "LE" ZEYP “THEN" “DRINTY ALIGNED(3, 2),
w[1], w[2], Ww[3], psi{1)], bpsI[2], PSI[(3) VELSE"
“GOTU" START; ,
"RR" Jg=L YSTEP" 1 MUNTIL" 15 "DU' YIRINT"
ALIGNED(2, 2), DEIGEN[J], (BS[J];
"END"; .
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- SHAPEA; ;

"BEGIN' "“REAL" 2z, sCX, SCY, CGX, CGY, MK, MY, MO,
MXX, MXY, MYY, M2Z, KXZ, MYZ, F, G, W, FI, XA,
XB. YA. YB; e ’ I ;

"INTEGER" N, D, 5§, J;

- . Ni=Dg=12; - o
S:=14; : , , ~ |
"BEGIN" "“REAL" "ARRAY" X{1 : N), Y[l : N], DO[1l:

pl, T 51, M[1 3 N}, s'ru : 3, 1 : 3);
"CUMMENT" .

REQUIRES PROCEDURES AIESDN, JACOBI, and DLINE;

i

o Fm.' J: = 1 " sm P" 1 "UNT IL“ D "Do" "'READ"

Do[J]; , : ;

"FOR® Jial "STEP" 1 "UNTILY § - 2 "DO" “READ"
T[J); .

YPOR"Y Jiml YSTEP" 1 YUNTIL" N "D0O" ‘“READ"
M(J);

23=180,0/3,14159265;
“READ" F, ‘G, W;

ONCE: “IF" M[1) = 0,0 "THEN" -
“"BEGIN" X[1]:=X[2]3=0,0;
: Y[l]g-Y[&]:alO 0
IlEm".
"IF" M[l] ”NE" o.o "THEN"
"PREGIN'  X[1]:=0,0; :
" Y[1)}:=10,0;
X[2]s=X[1] «+ no:z]t(cm('r[z]/z)).
Y{2):=Y[1] + DO[Z]‘(SIN(T[Z]/Z)) ]
"Em". .
"PORY J:=3 "S'I‘EP" 1 "yUnNTIL" 12 'pO"
"BEGIN" "IF“ = 6 ﬂm" J "~ 9 "TX‘EN"
"BEGIN' X[J)s=X[J « 3] + DO[JI*(COS(T(J/2Z));
Y[J]:=Y(T = 3] * DU[J]*(SIN(T[J]/Z))
-YEND" . ,
v - UEISE" WIFM J o 11 "TREN"
. "BEGIN" X[J]t=X[J =~ 2] + DU[J]‘(COS(T[J]/Z));
- Y[JYs=mY[J = 2] + DO[JI*(SIN(T[J]/2Z))
"END" -
YELSE" o B
" "BEGIN" X[J]t=X[J = 1] + DO[J]*(COS(T[J1/2Z));
: Y[J)s=Y([J = 1) + DU[J]‘(SIN(T[J]/Z”
"END' ; .
YENDY; Tt T
MX3=X[6] = 5,0;
MYs=Y[6] = L,0;
YPOR" Ji:mi Y“STEP" 1 M“UNTIL" 12 "po»
"REGINY, X[J)3=X[J] - MX;
Y[J)1=Y[J] = NY
YEND"'; )
AXESUN(10, ©, 10, O, SCX, SCY, ‘A%, “A%);



vIFY M(1) "NE'" 0,0 “THEN"
YBEGIN" llJVEPEN(X[l]*SCJ(, Y[1]}*sCY);
CENCHAR(3);
DRAWLINE(X[2])*5CX, Y[2]*SCY);
"END"; )
MOVEPEN(X[2)*SCX, Y[2]*5CY);
CENCHAR(3); - '
”m" J:=3 » 4 "Doll
"REGIN' DRAWLINE(X[J]*SCX, Y[J]*SCY);
CENCHAR({3) .
: ”END";
"IF" M[5] "NE" o‘o "T!‘EN"
"BEGIN® DRAWLINE(X[5]*5CX, Y[S5]*sCY);
CENCHAR(3); C
"END";
MOVEPEN(X[3]%5CX, Y[3]*SCY - 5);
DRAVLINE (X[ 6]*5CX, Y[6]*SCY = 5);.
MOVEPEN(X[6]*SCX, Y[6]1*&CY + 5);
DRAYWLINE (X[3])*SCX, Y[3]*SCY + 5);
- MOVEPEN(X[6]*8CX, Y[6)*8CY);
CENCHAR(3); ;
DRAWLINE(X[T]*SCX, Y[7]*SCY);
CENCHAR(3) ; ‘
"IF" ) M[a] "m" 0 0 "THEN"
"RBEGIN' DRAWLINE(X[S]*SCJ(, Y[8]*5CY);
- CENCHAR(3)
. "END“‘ .
mVEPEN(XIGJ*Scx, 1[6]*§CY);
DRAVILINE(X[Q]*SCX, 1[971*sCY);
CENCHAR(3); =
MOVEPEN(X[9]*SCX, ~ Y[3]*SCY + B);
DRAWLINE(X[10]*8CX,  Y[10)*SCY + 5);
MOVZPEN(X[10]*SCX, Y{10]¥SCY);
CENCHAR(3):;
MOVEPEN(X[101*8CX, Y[10]*8CX = £);
" DRAWLINE(X[9]*5CX, Y[9)*sCY = 5);
MOVEPEN(¥[9]*8CX, Y[91*sCY);
DRAWLINE (X[ 11}*SCX, Y[n]*SC‘I);
CENCHAR(3); !
. wrpt M[12] “NE" 0,0 “THEN" '
 _"™BEGIN" DRAWLINE(X[12]*sCX, Y[12]*SCY);
CENCHAR(3)
CIEND";
MX$=MY s =)Ms=C ,0;
"ECRY Jeml YSTES" 1 “UNTIL” N "DO"
 WBEGIN" MX:MX + M[J)*X[J];
MYsaMY + M[J1*Y[J];
MOs=MO + M[J]
"EM)"; .
CGX ¢ =MX /2M0);
CGY 3 =MY/MU; .
MOVEPEN(CGX*SCX, CGY*SCY);
CENCHAR(1);
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MXX 3 ealIXY s mMYY g mMZZ g =MXZ 3uMY 2 2=0,0;
YPOR®  Je=l MSTEPY 1 YUNTIL N "DO"
"BEGIN" X[J):=X[J] - CCX;

" Y[3)e=Y[J] - CGY;

MXe=MXX + M[JJ*X[J]*X[J];
MYY3=MYY + M[3)*Y(JI*Y[J];
MZZs=MXX + MYY;
MXY g=MXY + M[J]*X[J]*Y[J]
"END"'
MX g=MXX + W*O 89*0.89*2.0'1.008’
MYY3=MYY + W*0,89%0,89%2,0*1,008;
" "REGIN' YREALY YARRAY" Af1 ¢ 3, 1 3 3];
All, 1):=0YY;
A[2, 2]g=MX;
Al3, 3]:1=MzZ; .
A[1, 3)13=A[3, 1]:=F;
A2, 3]:A[3, ‘2]3=C;
A[z. 1]:%[1. 2] t' - m.
JACUBI(A, ST, 3, 0,0000001);
"PRINT" ’
N1 Anom XYZ AXES .
%, X, MYY, ‘MZZ"
- "PRINT" g
PRINCiPAL M1 :
S, All, 11, A[2, 21, A3, 3); ..

e . J3mBIGN(2,0%MXY/(MXX = MYY));
F13=ARCTAN(CABS (2,0%MXY/(MXX = MYY))):
PIi=PI*Z;

"IF? J w1l “THEN" T[13):=F1/2,0 “ELSE"
T[13):=90,0 = FI/2,0; o
T{141:=T[13] + 80,0; S
"FOR™ Jewl3  "STeEP" ‘1 "UNTIL" 14 "DO"

' “BEGIN" XA:=CGX + 3,0%(COS(T[J1/2));

YA3=CGY + 3,0%(SIN(T[J1/2));

XB;=COX = 3,0%(C0S(T(J1/2));

YB:=COY = 3,0*%(SIN(T[J1/2));
DLINE(XA*SCX, YA*SCY, XB#*SCX, YB"SCY)
. "END'Q; e '. )

A[1, 1):=A[1, 1]¢1,660247;
Al2, 2]:=A[2, 2]*1,660247;
A[3, 31:1=A[3, 3]%1,660247;
YPRINT* L
%I IN GM /CM2#%,=-40 i o
s AL, 1], ;A[Z. 2], Af3, 3];
"I T[10] = 0,0 "“THEN"
YBEGIN" T[121:=T[10];

T[10]s=T[11]; .

T[(11])3aT[12]);

“GOTU" ONCE

"END"';
"END"; .
"BND";
"END";

SHAPEA can be used for -=-unsaturated aldshvdes and ketones,
SHAPEB and SHEPEC are similar programs for gp-unsaturated osters

end saturated amides respectively {(where these molecules can bo treated

as offectively planar species),



X1ESS2;
"BEGIN"
» ~ "COMMENT" RRGUIRES PROCEDURES 'AXES ONand KEY;

- “REAL" 8X, 68XY, S&XX, SY, M, -C, S8V, SXA,' ' 5TDV,
XX, YY, XHIGH,  XLOW, YHIGH, 'YLOW, -X1, ‘X2, Y1,
Y2, . BCX, - 8CY;

."INTEGER" N, NN, I;

.. "READ" NN; ’

“BEGIN™: REALY . MARRAY" X[1 s NNJ, - Y[1 ¢ NN]J, V[1:
NN, XA[1 3 NN1, T[1 : NN], I0[2 s NN], IC[1 :
NN, ‘IT[1 s NN), XNEW[1 3 NNV, YNEW[1l g NN], A[1

. 3 24); -

" BX3mEXYnSEXX3m5YsuSViaSXA3n0,0; L
YPOR"  Ngml "STEP" 1 "UNTIL" -NN "DO" "“IPF"
KEY(2) "THEW"

“BIGIN'  "READ" T[NJ,: IC[NI, ‘ITLJ];
X[N)3=1,0/(T[N] + 273,0);

YINJs=LN(IC[NJ/IT[N])

"END"

"Em"

YREGIN" VREAD" T[N], 1IO[N], - IC[N], 1ITIN];
X[NJ:=1,0/(T{N] + 273,0);
IC[N]t=LN(IO[NJ/IC[N]);

L IP"  KRY(3) "THEN" "READ" ' 1O0[N];

IT[N]:=LNCIO[NI/ITI[N]);

YIN]t=LNCIC[N]/ITIN]);

8X:=5X + X[N];

. 8XYi=SXY + X[N]*J[N];

 8XX:mSXX + X[N]*X[N];
8Y:=8Y + Y[N];

"END";

- Mgm(NN*EXY. = SX*SY)/(NN*SXX =~ SX*8X);

- Cim(SX*EXY = SY*8XX)/(EX*SX « NN+*SXX);

CMPOR" Niml “STEP"® 1 “UNTIL" NN “pO"

“YBEGIN" V[N]i=Y{N] = M*X[N] = C;

"IF" KEY(4) "THEN" "PRINT" 'VIN], YIN), X[N];

VIN]s=V[N]*V[N];

3VsxSV + V[N]; ,

XA[NJ3=aX[N] = SX/NN;

XA[N]s=XA[N]*XA[N);

SXA3x=SXA + XA[N] :

"END"; ’

STDV=SURT(SV/(SXA* (NN - 2) ))-‘

"pRINT' SAMELINE, M, ‘4R~ , STDV,
’x+%y C;

M:tu"l.9873
STDVi=STDV#+1,987;

YPRINT* M, STDV;

M:=NM/1,987;

S§TDV:=STDV/1,987;

"IF*  KEY(5) "THEN" "GOTO" AB;
"READ" XX, YY, XHIGH, YHIGH, XLUv, YLOW;

!'m 1 N“ "m" N: -1 "sm P" 1 "UNT I L" NN "DO"
YBEGIN" JNEW[N]suX[N] = XX;

YNEW[N]s=¥[N] - YY;

"END";

*

Y'so ."o



X e mXIIW;
Yl:aMeXl + C;
~ X2:=XHIGH;
Y2:=M*X2 + C;
XiaXl -« XX;
Yi:aYl = YY;
X2:mX2 -~ XX;
Y2:=Y2 - YY;
XHIGH=XHIGH ~ XX;
XLOW3=XLOW = XX;
YHIGH:=YHIGH = YY;
YLOW3=YLOW ~ YY; , ,
ALS AXES(XHIGH, XIL{W, YHIGY, YLOW, 8CX, S§CY,
‘1/T A%, °LN(I CIS/I TRANS)'); ,
nmﬂ N:‘l "STEP" 1 "UN':IL" NN "mrl
YREGIN" MUVEPEN(XNEW[N]*SCX, YNEW[N]*sCY);
- CENCHAF.(3);
“ENDﬂ;
MOVEPEN(X1*SCX, Y1#§CY);
DRAWLINE (X2#5CX, Y2*5CY);
It=l;
INSTRINGCA, 1);
MUVEPEN (400, 1805);
DRAWLINE(412, 1805);
DRAVWLINE (406, 1817); .

. DRAWLINE (400, 1803);
MUVEPEN(435, 1815);
CENCHAR(2); .
wvfmn(«too, 1800);

Itml; '

PUNCH(5);

OUTSTRING(A, I);

MUVEPEN(500, 1505);

DRAWLINE(512, 1503);

DRAWLINE(506, 1517);

DRAWLINE( 500, 1505); '

MOVEPEN(535, - 1515);

CENCHAR(2) ; »

MOVEPEN(500, 1600); . ,
“PRINT" PUNCH(S), °SLOFE = °, ALIGNED(3, 1),
M. +(R= .’ ALIGNED(Z' 1). STDV;
MOVEPEN(500, 1500); |

"PRINT" PUNCH(5), “ H = SLOPE X R";
M:=M#*1,9872; o

STDV:=STDV*1,9872;

MOVEPEN(500, 1400); ,

"PRINT" PUNCH(S), * = %, ALIGNED(3, 1),
M, °‘+R-", ALIGNED(2, 1), STDV;
MOVEPEN(850, 1400); -

“PRINT® PUNCH(5), .CALS/MULE";

"Em": - .

AB;

l'Em," : )
”Em" ‘

A SIMPLER PRUGRAM ALUNG SIMILAR LINES CALLED LESSER WAS ALSO USED,



DHCALC;

"REGIN"' “REAL" 68X, 8Y, 82z, SXX, S8XY, SX2, S8XXX,
sxxy, 8§Xxxz, A, B, C, D, E, F, AA, BB, CC,
SXXA, B822A, 8XZA, SQ, 8V, STDB, STDC;
"INTEGER" J, N;

YREAD" N;

“BEGIN'® "REAL" "ARRAY" X[1 : N], Y[1 s N}, TI1:
N}, 1I10[1 : N), XA[1 : N}, XxxAfr : N), 2ZA[1 : N],
ZZA[1 : N], XxzA[1 s N1, V[1 : N], IC[1 s N1, IT[1
t NI;

EXmSY $n5Z 2 m5XY (nSXX : nSXZ mEXYAX t wSEXXY ¢ nS5XXZ w0 ,0;

SXXA $aS2ZZA smSXZA s mSVi=0,0;

"FOR" Jg=l YSTEP' 1 "UNTIL" N "DO"

"BEGIN" "READ" T[J)], 1I10[J], IC[J},  ITLJY;
X[J)3=1,0/(T[I] + 273,0);
1CLJ) :::E( 10[J1/1C(JI1);

IT{I)s=lN{IO[JV/IT(I));

YLJY s NCICT I /ITIOY);

5X3=8X + X[J];

8Y:=SY + Y[J];

8Zi=8Z + LN(X[J1);

SXX:=5XX + X[J1*Xx[J];

SXY:=SXY + X[J]*Y[J]);

BXZs=8X2Z + X[JI*LN(X[J]);

SXXX3=S8XXX + X[J1*X[JI*X[J];
- BXXY3wSXXY + X[J1*X[J]*¥Y[J]);

SXXZ3=SXXZ + x[.r]-x[.rrw(x[n)

“END"

A3mSX = SXZ*N/SZ;

Bi=SXX - 5XZ*SX/5Z;

C3=SXY = SXZ*8Y/SZ;

Di=uSXX = EXXZ*N/SZ;

EjuSXXX = SXXZ*S§X/SZ;

FimSXXY = SXXZ*S5Y/SZ;

BB:=(C*D = F#A)/(B*D = A*E);

AAs=(C =~ B*HB)/A;

CCe=(SY = N*AA = SX*BB)/SZ

"FCR" Ji=l "“STEP" 1 "UNTIL" N *DQ"

"BRAIN" V[J)i=Y[J] = AA = BB*X[J] =~ CC*LN(X[J]);
“pRINT" VI[J], Y[J1; , :
V[J):=V[JII*V(J]);
8VimsSVY + V[J];

XA[J)2=X[J] - BX/N;
XXA[J) s=XA[J]*XALJ];
SXXA3=5XXA + XXA[J];
ZA[J):=LN(X[J]) = SZ/N;
ZZA[J])¢=ZA[J]*ZA[J];
SZZA3=8ZZA + ZZA[J];
XZALJ)s=XALJI*ZA[J];
BXZAsmSXZA + XZA[J]

"END"' :

' SQ:-SXXA*SZZA - BXZA®SXZA;

ETDB3nSGRT(SV*SZZA/{SQ*(N = 3)));

STDC :=SURT(SV*SXXA/(5Q*(N = 3))),

"PRINT" SAMELINE, AA, BB, “+(R=", STDB, CC,

+0R" » STDC o

"END";

"Em";
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META;

"DEGIN' ™INTEGER" X, Y, I;
REALY Z; ; :
“DBOOLEAN" "PROCEDURE™ KEY(I1);
"WALUE" I;

WINTEGER" I;
"DEGIN" "C(DE"
ZLDR$I
%D3L$1
ZSULR 131
RIZ$ZERD

FRTCK

ZSML
$$ZEROSSTSI
ZCTOM
BANDSI
’s'rsx

KEY:-I UNE" O
"END" KEY;
WINTEGER" MARRAY". A[O : 50];
“PRINT" PUNCH(3),

“IF LINE PRINTER OUTPUT REQUIRED KEY(I) DCWN ©;
VAIT; -

"1p"  KEY(1) “THEN" [DUNCH(4) “ELSE" xrtmcn(l);
I3=0;

N TRIiG(A,  );

I3=0; —

Lm‘smmG(A, 1);

"READ" X, Z;

“DEG IN "REAL" DIFF, QJ;
“INTEGER" J, K, KT, L, N, Wi, Wipl, W2;
| WREAL™ ARRAY" QL1 § Y1;
INTEGER™  VARRAY" P[1 3 X];
"oRINTY ‘12",

L]

“Mas , ML M2 , M-M2, MCAICS;

’
UFRY Ji=l YSTEP" 1 'fUN’l‘IL" EX "D MREADY
rlJ]; ' '
"FCR" Jgel "STEP" 1 “UNTIL" Y “DU" “READ"
QlJI;
Wls=C;

LOOPs "IFY X#(X = 1) = Wi*¥(Wl « 1) "CE" STAREMAX =~ 10
WTHEN" W23=ENTIER (SQRT(Wl*(W1 =« 1) + STCRENAX =
3,75) + 0,8) "ELSE" W2s=X;
"IF" KEY(2) “THEN" "r-am'r" TUNCH(3), X, W1,
W2, STUREMAX; :
ViF1lgeWl + 1; : ,
"BEGIN" YREALM - "ARRAY" M[1 3 (W2%(W2 = 1)"DIV"2 =
wis(wWl « 1)"DIV"2)]; :
"RR" Ki=W2 MSTEP" ~ 1 "“UNTIL"™ WiPli "DCO"
"DEGIN" KTi=s(K = 1)#(K = 2)"DIV'2 = Wl¥ (V1 =
1)"DIV"2;
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Ne=K = 1;
UFRT Lg=N "YSTEP" <« 1 "UNTIL" 1 "DO"
M[KT + L)s=P(L]*P[L}/P[K];
Um": . ,
TROKY J3=1 "STEPY 1 M“UNTIL" Y "DO"
"BEGIN™ DIFF3=0,0;
QCri=Q[J];
YFOR™ K3=W2 "STEP" « 1 "“UNTILY W1P1 'DO%
"DEGIN" KTia(K = 1)%(K = 2)"DIV*2 « Wi* (Wl «
1)"DIV'2; ’
NimK ~ 1;
YROR" Lg=N “STEP" = 1 “UNTIL"™ 1 "DQO"
YDEGIN® "IF" ADS(M[KT + L] - QJ) "LE" Z
"mn‘" -
"DEGIN" DIFFi=P[K] = P[L]; ,
- "PRINT" ALIGNED(3, 2), QJ,
mREFIX(®, %), ALIGNED(3, O),
¥[KX), PCL], DIFF, ALIGNED(3, 2),
ML(KT + L))
"EM)";
"END";
"END"; .
"IF" DIFF w C “THEN"
“ODEGIN® "PRINT" ALIGNED/3, 2), QJ,
" METASTADLE NUT ASSIGNED ;
un;-n X "GE" 80 "Wl "PRINT"
* IN THIS BLck®

"END"
wpLsE"® "M RINT' L
“END''; '
W13aW2;
"WRINTT “%14%;
"Em";

NIFY W2 UNE™ X "THEN" SGOTOM™  LIXIP
"END"; .
"END"';



"PROCEDURE" ALS AXES(UX, 1X, UY, LY, 8CX, SCY, STRX,
STRY);

"VALUE® UX, 1X, UY, LY;

“STRING' STRX, STRY;

“REAL' UX, 1X, UY, LY, BCX, &CY;

"EEGIN" "INTEGER" EX, SY, INDX, INDY, STEPS, TOTX,

TOTY;
"REAL" xx. YY. UNX. UNY;
YPROCEDURKE"™ PIACE AXIS(U, L, 8C, SHIFT, UNIT,
INDEX, TOT);
"VALUE" TOT;
“INTEGER" INDEX, TUT, SHIFT;
"REAL" U, L, UNIT, SC;
"IEG IN" ”REAL“ TENN. UL’ R;
"INTEGER" 1I; ,
"IF' U <L “THEN"
"BEGIN" R3=U;
Us=l,;
Li=R
"END"; ‘
"IPY 1. > 00 "THEN" Li=O "ELSE" "IF" U< O
"nEN" U"o:
UL:alU = L;
TENN$my = 10;
"FOR" It= - 9 "STEP" 1 “UNTIL" 8 "“DO"
“REGIN' TENNi=10,0¢TENN;
"FUR" R3=0,2, 0,3, 0,4, 0,5, 0,8, 1,0, 1,5
"DO" "IF' UL < R*TENN2*(TOT + ,01) "THEN"
"cGuTo"® P
"END";
“PRINT" PUNCH(3), ‘SCALE TOD GREAT';
§TOP; '

F3 SC:uSTEPS/(R*TENN) ;
UNITs=k;
INDEX3w];
I3=ENTIER (L/(R*TENN) + ,01);
SHIFT;= « STEPS*I;
Li=RoY
"END" PLACE AXIS;
"PROCEDURE" DRAW IN(H, U, L, UNIT, INDEX, TOT,
xx, Yy);
~ "ALUE" U, L, UNIT, H, INDEX, TOT;
MINTEGER" INDEX, H, TUT;
YKEAL" UNIT, U, L, XX, YY;
“BEGIN® “INTEGER" I, K, HDAR;
“PROCEDURE" TITLE(K);
“VALUE" K;
. “INTEGER" K; -
“BEGIN" "IF" Hwm 1 “THEN"
"BEGIN" MUVEPEN(O, = 200);
“PRINT" PUNCH(5), ‘1 INCH ON X AXIS = °,
ALIGNED(1, 3), UNIT, ‘x10%, DIGITS(1),
INDEX; ' T
MOVEPEN(H*(K = 10) + 60, HBAR*(K + 38));
“PRINT" PUNCH(S), STRX
"END";
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“IPF" HBAR » 1 “THEN"

"BEGIN' MOVEPEN(U, = 250); '
"PRINT" PUNCH(5), ‘1 INCH ON Y AXIS =
ALIGNED(1, 3), UNIT, “Xx10°, DIGITS(1),
INDEX; , .

. MUVEPEN(H*(K = 10) + 60, HBAR*(I + 38) - 50);
“PRINT" FUNCH(5), STRY

"END"'

MOVEPEN(H¢K, HBAR*K);
”END"'
I$mSTEPS*L/UNIT;
HBARt=l = H; :
MOVEPEN(H#I, HBARsI); ,
“IF" U "LE" ,, = 11 "THEN" TITLE(I);
Kiml + TUT*STEPS;: ' '
“IP" He 1 "THEN" Li=XX YELSE" Li=YY;
"FOR" IgmI “STEP® STEPS “UNTILY K "DO"
"BRGIN" DRAWLLUE(H+I, HBAR®I)}

“BEGIN" CENCHAR(1); e

MOVEPEN(H*(1 + 65) = 130, HBAR*(I + 38) = 50);
" "pRINT". PUNCH(5), ALIGNED(2, 4), L;
. MUVEPEN(H*I, mwm):
"xND"~

t‘-L + um'rtiotmmzx-

"END' .
e ‘ys e il RN TITIE(D);

WENDY DRAW IN;
STEPS$=200; :
“COMUENT”  THIS IS THE NUMBER OF PLOTTER STEPS
PER UNIT 3 CHANGE TU BUiT PLUTTERS OTHER THAN MIDEL 4796;
WAY(0, 3);
TOTX:=S5;
PCOMMENT  WIDTH OF HURIZUNTAL ATIS IN UNITSS
CHANGE TO SUIT PURPUSE ANDAR PLUTTER;
PLACE AXIS(UX, LX, B8CX, §&X, UNX, INDX, TOTX);
TUTY (=8; :
"COMMENT'  LENGTH OF VERTICAL AXIS IN UNITS
CHANGE TO SJIT PURPUSE AND/C(R PLUTTER; ~
PIACE AXIS(UY, LY, SCY, SY, UNY, INDY, TOUTY);
"COMMENT"  THE FOLLOWING CIDE MERELY FRUDUCES THR VEKTICAL

SHIFT §Y WITIKWUT REQUIRING A SECOND TIMEWASTING CALL UF SETORICIN;
"C‘DE"

% 1L $ 1

GOCUM § 6

% JSiL $ 4

% LDsL $ 16

% OUM $ ©

% JSIL $ 4

% 1LDtL §$200

%ZADDS $ 8Y

%1DIL ¢ 4

FDECS $ 8Y

% JN § LL

% CDUM § 6

% JSI1L S 4

% J8:L $10

$38 1L § 1DK:L 8 O;
SETRIGIN(SX + 295, 0);

L]
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MOVEPENCO, 0); . .

"PRINT" PUNCH(3), “CENTRE PEN ON NEAREST GRID';

VALIT; . R P

DRAW IN(1, uX, LX, UNX, IDX, TOTX, XX, YY):
- - DRAW IN(O, UY, LY, UNY, INDY; TOTY, XX; YY);
YEND'" ALS AXES;

THIS PROCEDUKE(ALS AXES) IS DASED ON A SIMILAR PROCEDURE CALLED

AXES ON WRITTEN DY THE CUMPUTER UNIT STAFF AT KINGSTUN,
AXI:S ON IS USED IN SIAPFA,DUT BECAUSE OF ITS LENGTH AND
SIMILARITY TO ALS AXES,IT IS NUT SHIX'N IERE,

DLINE IS A PCEDURE(PROVIDED BY THE CUMPUTER UNIT STAFF)
USED IN SHAPLA; ‘

"PRUCEDURE"™ DLINE(X1,Y1,X2,Y2);
"VALUKE" X1,Y1,X2,Y3;
YREAL" X1,Y3; «
" INTLGEK"™ X2,Y3;
"IEGIN' "REALY XR,YR,L;
"INTEGER" I,5;
XigaX2=X1l; YR;=Y2-Y1;
Li=SURT (XR*XR+YR?YR) ;
§:=1/10+0,8;
"IF' B8'DIV"2#2=8 “THEN" S:aS+1;
XRg=XR/S; YRisYK/S; 8:={S=1)/2;
MUVEPEN(X1,Y1);
YFOR" Ial "STEP" 1 “UNTIL" 5 "DO"
“BEGIN" X1li=Xi+XR; Y1i=Y1liYR;
DRAWLINE (X1,Y1);
Xl:aX14+XR; Y1:mY1+YR;
- MUVEPEN(X1,Y1)
"END":
DRAWLINE (X2,Y2);
MUVEFEN(X2,Y2)
"END" QF PROUCEDURE DLINE;
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APPENDIX II
Statistical LAnalysis of Results
Least squares analysié of straiéht line.

It is common tolﬁe presented with a set of values of a
function (Y) which may be linearly dependent on values of a kﬁowh
parameter (X). This can be represented by the equation

Y = a4+ X

For mony types of atudieQ; tﬁe values of & and b are importanti
Thei? values with a+andard deviations are fequired either as
importaat figures in themselves or to obtain unknown values of X
from knowﬁ Y or vice'véfﬁa; EQg; from the expression

| A = ¢gcl+K
where 1 ié fixed, calculation could be made of A from o, 0 from A,
€ from tﬁe slope.

Besause the valuas of Y which are experimentally obtained
contain errors of measurenent, no single values of a and b can be
chosen to satisfy a series of n sets of values of X and Y.
Parameters ere chosen which would best satisfy all the equations.
A oriterion for "best fit" must bo decided upon. This criterion
18 often that of the "least squares" treatment but many other
oriteria could be chosen which could produce somewhat different
answers.

Values of a and b are chosen such that the sum of the

doviations of (¥ obs = ¥ calo) is a minimum

2
(Y, = Yopyo) s = minimum
Thus 4 s obs~¥ oa.lc:)2 =0
da '

& £ (Y obs ~ Y calo) = 9

db
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Let y end x be the observed values.

A5y -a=tm)?) =0
da .

A (S (yea=~bx)?) =0
db

2% (y =a=~1bx) =0

Zx(fi-&_-bx)-o
Zy-i&-be-O
f&y-ihx-bixzab
Lo =na

Thus na + dEx = Sy
a.ix-o»bixz-iw

Thus a (intercept) 2y€x2 - 2;:2;:1
‘ n%x® - (£x)°

b (clope) = nZxy = SxSxy
n% 22 - (£x)2

a,b often called regression coefficients.
~Variance of Y is given by

32 - =(Y obs = Y calo)z
y ne2

NeB. n=2; two degrees of freedom are used to determine the
paraneters of the straight line.

Varionce of a is given by
32 = 52 -3 x2
n€x® - (£x)?



- 195 =

2 2
Variance of b b B, =8,
N b sy n
n€x° = (21)2
2 _ 2 2
or dividing by n Sy sy = sy
Zx® - (£x)? =22 o 3l
n
2 2
8, = sy
f(x—i)'z

Similar ocalculations can be mede for the treatment of the

quadratioc

y= a+bx+cx2
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APPENDIX III

Short courses ottended during the period 1966 = 1969 while

pursuing research for a higher degreec.

1966 = 1967

Nuclear Magnetio Resonance Spectroscopy (6 lectures)
Appliocation of Group Theory to Chemical Problems (6 lectures)
Molecular Struoture Methods (Practical) (10 sessions)

Introduction to Algol Programming (6 lectures)

1967 = 1968 ‘

Applications of Mass Spectrometry (6 lectures)

Interpretation of N.M.R. Spectra (6 lectures)

Spectroscopic Methods of Trace Analysis (6 lectures)

The Chenistry of Drugs (6 lectures)

Ninth European Congress on Molecular Spectroscopy (Madrid) (1 week)

1968 - 1969
The Role of Patents in the Chemical Industry (6 lectures)

The following sections of the M.Sc. in Molecular Spectroscopy

at Kingstons=

Group Theory (3 lectures)
Microwave Spectroscopy : (3 lectures)
Vibrational Spectroscopy (12 lectures)
Wave Mechanics anq‘Electronic Spectroscopy (10 lectures)

Spectroscopic Methods in Organometallic Chemistry (2 days)
(Symposium at Kiheston)

Various 1 doy meetings including I.R.D.G. meetings,

Colleée Research Colloquia given by internal and external lecturers

on research or toplcs of general interest.



