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ABSTRACT

The ultra-violet absorption spectra of
a,B-unsaturated aldehydes, a,B-unsaturated ketones
and conjugated dienes are discussed with special
reference to the effect of steric interaction on
spectra. Assignments of s-cis or s-irans conform-
ations are made when possible. A modification of
the rules for determining wavelength of maximal
absorption in conjugated compounds is proposed.
Some effects in the spectral curves of conjugated
dienes are discussed. Evidence is presented that
in these series spectra may be determined by
inductive effects.
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INTRODUCTION

For about eighty years it has been known that mary
compounds, particularly those containing a system of conjugated
double bonds, absorb ultra-violet and visible light select-
ively. That is to say, only light of certain wavelengths is
absorbed, the wavelengths differing from compound to compound.
The absorption has been shown to be due to the migration of a
partial electronic charge from ground state to give an excited
state with greater ionic character. While it is possible to
write limiting structures for both ground and excited states,
the actual state will in each case be a resonance hybrid of
several structures. In addition, each excited state and each
ground state will have many sub-levels of vibrational and

rotational energy, and in a polyatomic molecule there will also

be torsional sub-levels.

The well-known rules governing quantisation of
energy would lead one to expect an absorption spectrum to
consist of a large number of closely spaced lines, as in the
case of a diatomic molecule. This has been observed for
absorption by vapours,z but perturbation by solvent molecules
may make "forbidden" transitions allowed in solution and in
addition the energy value of each level may be perturbed from



its value in the vapour phase. Further, commercial spectro-
photometers are not able to resolve very closely spaced lines.
This limitation and the necessity for using wide slit-widths
(up to 2 mm.) at short wevelengths with conseguent wide band-
widths (up to 1 my at wide slit-widths) makes it difficult or
impossible to observe fine structure. Therefore the spectrum
determined is that of the band envelope (see Figure 1).
Nevertheless, the information given by spectra in solution is
of value, having been used for (1) guantitative analysis, as

in the case of vitamin A% (2) determination of structure (as

in the case of a-cyperone?) (&) the study of reaction kinetics,
(eg.?) (4) identification of compounds, (eg.S) (5) the study of
hysrogen bonding (eg.”) and (6) as a sensitive indicator of
steric interaction (eg.8) (vide infra). Many other applications
have been described.

The nomenclature of absorption spectroscopy has been
varied: the band at about 280 mu in the spectrum of aromatic
compounds has been called variously the "B"g, "C"lo, and
"secandary"ll band. In the present thesis the nomenclature of
loser and Kohlenberg'? is used in which bands are designated
A,B,C and D in order of increasing wavelength from 200 mu.

The present thesis concerns the B bands of the compounds
discussed: this band is referred to by many authors as the K
band. It is customary to specify the position of an absorption

N



band by the position of wavelength of maximal absorption, which
in the case of B bands is usually 200-300 mu, with molecular

extinction coefficient (ep,.) 5,000-30,000.

The B band of butadiene, and hence of all compounds
with a pair of double bonds in conjugation, has been ascribed by
MuJ_likernl to an N--> V transition, that is a transition in which
a o electron in a bonding orbital undergoes excitation to a #
antibonding orbital of higher dipole moment and energy. This
does not result in fission of the molecule, since the atoms

concerned are still united by a 9bond.

PART I

The Nature of Spectral Effects
If the spectrum of a compound is compared with the

spectrum of a derivative of that 0 {e.g.

with o-methylacetophenone) there may be differences in Apgx OTF
emax OF bothe. For examplé, acetophenone in ethanol absorbs
meximally at 240 my, smaxla,soo and o-methylacetophenone in
ethenol at 242 mu, ey 8,500.15 The observed changes may be
caused by steric, electrical (inductive, mesomeric or field),
or mass effects, or by any combination of these.

Steric Effects
Evidence has accumulated that steric effects are

frequently of greater importance in determining electronic

spectra than electrical effects. For instance, acetophenone

and o-halogenoacetophenones absorb maximally at very similar



wavelengths, though with different intensities. In cyclohexane
or ether acetophenone Shows Apax237-238 mui, emaxl2,500'0; o-
ﬂuoroacetophenene xmuzsa MU emay9s 50010; o-chloroacetophenone
Mnax235 ML, emaxds 70010; and o-bromoacetophenone Apqy234-286 my,
€max»90010,
ethanol (Agex49 mi, emax3,200)%, o-nitroacetopnencne in ethanol

Another example is provided by o-nitroanisole in

(Amax254 M, epgex6,000)10, and nitrobenzene in ethanol (Apax260 myu
.ma,ooo)15_ In spite of the great differences in mesomeric

and inductive effects of the methoxy-, acetyl-, and hydrogen
radicals the absorption spectra differ by only comparatively
small amounts. The figures therefore sug@est that the effect of
the substituent groups on the nitrobenzene spectrum is determined,
at least to a large extent, by the steric effect of the group
rather than its mesomeric or inductive effect. The theory of
steric interaction does not, however, attribute all spectral
effects to steric interaction: mesomeric effects are often of
greater importance particularly when steric effects are

impossible or very small.

The Buttressing Effect
It has sometimes been found that, in the aromatic

series, 2, 3-disubstitution gives more pronounced steric effects
than 2-monosubstitution. This has been attributed to a

"buttressing" effect of the 3-group on the 2-group’®. If the

hypothesis is correct that the 3-group makes the 2-group more

N




difficult to dislodge then the buttressing effect should be
rather sensitive to the nature of the substituents: alternative
theories would predict only slight differences between the effects
of similar groups. Table I gives absorption data for a number of
2, 3- and 5, 6-tetrasubstituted paranitroanilines in which, as
predicted, the magnitude of steric interaction decreases in the
order dimethyl > cyclohexyl > cyclopentyl. (g.ls’ 17): This
order would be expected if the determining factor is the size of
the substituent groups, but not if it is the electrical properties
of the groups, since mesomeric and inductive effects differ little
for the substituents examined. The rigidly held cyclohexyl group
would be expected to interfere with the amino group less than two
methyl groups, and the cyclopentyl group, in which the ortho-
methylene group is bent away from the amino group, should interfere
even less.

Evidence for the existence of the buttressing effect
has also been provided by the rates of racemisation of biphem]lsls

where meta-substitution gives a slower rate of racemisation than

Rpara-substitution.

There is also evidence that a buttressing effect can be
exerted through a hydrogen atom. Yor example, 3, 3“dimethoxy-
biphenyl absorbs with lower intensity than blphenyl}g due to the
ortho hydrogen atoms and so

meta methoxyl group bending the
increasing their effective interference radii. Forbes and lueller

have tabulated a large number of examples of meta substituted

]

* See Ref. 155 for a different order.



compounds absorbing with lower intensity than the corresponding
unsubstituted compoundsl® even though the wavelength of maximal
absorption is practically unchanged.

Evidence of a different nature for the existence of the
buttressing effect is provided by hydrogen bonding?o The compound
2, 5-dihydroxydiethylterephthalate is strongly hydrogen bonded,
but 3, 6-dibromo-2, 5-dihydroxydiethyl terephthalate is not: this
has been attributed to the bulky bromine atoms~dislodging the
hydroxyl groups from the plane of the benzene ring.

Additional evidence for the existence of a buttressing
effect through hydrogen is provided by the observation that for
meta-nitrobenzaldehyde in carbon tetrachloride the infrared
carbonyl band occurs as a closely spaced doubletl4. This has been
attributed to the buttressing effect of the nitro group on the

ortho hydrogen atom, causing the molecule to exist in s-cis and

s-irans conformations.

Conjugation and Steric Effects

The observations outlined above provide strong evidence
for the existence and importance of steric effects, but underline
an important point: that it is difficult to obtain molecules
entirely free of steric hindrance.

Wepster®l has pointed out that steric hindrance need not

be interpreted only in the classical sense, the mere bulk of a

substituent causing a molecule to assume a configuration different



from that preferred in the absence of hindrance. It is more
probable that the effect of steric hindrance, so far as ultra-
violet spectra are concerned, is to be attributed to its effect

on the resonance energy of the molecule. Spectacular examples
have been given by Cram and co-workers22® of the effect of twisting
a venzene ring, and a very recent empleEZb shows that an
olefinic linkage twisted at 90° to a benzene ring shows no

evidence of conjugation with the ring.

Classification of Steric Effects

Braude and co-workers®® have divided steric effects in
ultraviolet spectra into two types, I and II. The spectrum of a
compound is compared with that of a similar but unhindered compound.
The reference compound may be the unsubstituted compound, but
sometimes a compound with the substituent in a different position
is preferred, to allow for effects which are not steric in origin.

In type I effects a change in intensity of maximal absorption is

observed, but no change in wavelength of maximal absorption
(changes of % 5 mu are not considered significant). In type II
effects there is change in both wavelength of maximal absorption
and intensity of absorption. A third type has been added: that

in which the characteristic absorption of the chromophore is
entirely absent, and the molecule absorbs as two distinct
molecules. An example of this type of spectral effect is provided
by bimesityl, which shows absorption characteristic of two

molecules of mesitylene®* with little evidence of biphenyl




absorption. This nomenclature should be distinguished from that
proposed by Heilbronner and Gerdail®®. Even among workers who
agree on the importance of steric effects there has been little

agreement on the underlying mechanism.

Type II effects may be attributed to changes in energy
of both ground and excited states. A single bond between two ]
double bonds is known to show some double bond character. For
example, the single C-C bond in butadiene is 1.46 A long, compared
with 1.54 A for a pure single C—_C bond, and 1.33 A for a pure

double C=C bond2®. This percentage of double bond character,

26 i

which has been estimated at 18% for butadiene®° and acrolein®
causes resistance to twisting about the conventional single bond,

and may even give rise to the existence of distinct isomers,

referred to as s—cis or cisoid, and s-trans or transoid.

In a molecule AB such as acetophenone, where
A= C6H5" and B = —CO.CHs, resonance will cause the molecule to
take up a conformation in which A and B are coplanar in both ground
and excited states. In a hindered compound, such as 2,6-
dimethylacetophenone, the coplanar conformation will not be
possible. In the ground state strain can be reduced by twisting of
the acetyl group about the single bond until it is no longer
coplanar with the benzene ring: this will be accompanied by loss
of resonance energy. Therefore the energy of the ground state
will be raised relative to that of the unhindered compound.
On electronic excitation the spatial configuration of

the atoms will not alter ( Frank-Condon principle )



but the increased double bond character of the acetyl- to
phenyl- bond will cause even greater resistance to twisting and
hence even greater loss of resonance energy. Hence the energy of
the excited state will be raised even more than that of the ground
state (g_f.zs). Hence excitation will require more energy than
in the case of the unhindered compound, -and light of shorter
wavelength will be absorbed. That is equivalent to saying that
2,6-dimethylacetophenone should show a type II effect relative to
acetophenone. In ethanol, acetophenone shows Apax 240 My, emaxl2500
and 2,6-dimethylacetophenone Aine124l mu.,sinflleoo.gg The
bathochromic wavelength displacement may be attributed to a
compensating effect of the two methyl groups since relative to
2,4-dimethylacetophenone (Apax 251 mu, epayx 13,000 ag’z,s-dimethvl—
acetophenone does show the exvected hypsochromic wavelength
displacement.

The mechanism described above readily explains hypso-
chromic wavelength displacements. Bathochromic effects caused by

steric hindrance can be accounted for on the same mechanism by

supposing that excitation leads to a decrease in the bond order of
the bond linking the chromophore to the nucleus, giving rise to
less loss of resonance in the excited state than ground state
(Refs. 17,30,31). Hypsochromic wavelength displacements are
usually observed in the benzaldehyde, acetophenone, biphenyl and
NN-dimethylaniline series, but not, apparently, in the ketoazulene
series.zs The above remarks apply only to wavelength displacements

which can be attributed to steric hindrance, and the example

-_
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quoted of 2,6-dimethylacetophenone shows the difficulty of

distinguishing steric effects from others.

The Nature of Type I Effects. ’

The above mechanism for type II effects has been
generally accepted, but there has been less agreement on the
mechanism underlying type I steric effecis.

Braude et 9;?2 suggested that in compounds exhibiting a
type I steric effect the excited stzte is planar or nearly so.
The ground state is non-planar (see figure 2). According to the
Franck-Condon principle the position of the atoms will not alter
appreciably during electronic transition. Hence transitions will
not take place from most ground states, since very large amounts
of energy would have to be absorbed to reach the excited state.
With each state will be associated a number of sub-levels of
energy shown in figure 2 as horizontal lines. Braude and his
collaborators®2:33suggested that in the ground state a few
molecules would exist in higher sub-levels from which transitions tof
the electronically excited state would be possible. Since only a
few molecules could exist in such states the transition would take
place with low intensity. In figure 2, possible transitions are
represented by full lines and forbidden transitions by broken
lines. This will be referred to as Braude's type I mechanism.

Forbes and Hueller® have modified this mechanism by
supposing that compounds showing a type I effect exist in both

s-cis and s-trans conformations. One of these (occasionally both)

will be sterically hindered, and the ground state potential energy
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curve will be displaced to a position in which its minimum is far

removed from 0°. Some transitions may take place from this conform-
er by the mechanism suggested by Braude et al. The other conformer
will be unhindered or less hindered, snd the minima of its
potential energy curves in ground and excited states will be close
to 180°. Consequently transitions from the latter conformer will
take place with high intensity. Figure 3 shows how energy varies
with interplanar angle. This theory has been applied to explain
the drop in intensity between p-methylacetophenone and o-methyl-
acetophenone, and the absence of any comparable decrease in
intensity between o-tolualdehyde and p-tolualdehyde®. Figure £
shows that in o-methylacetophenone steric hindrance occurs between

the acetyl methyl group and the ortho methyl group, in one

conformational isomer but not the other. Very little, if any
hindrance is predicted by the scale drawing of o-tolualdehyde.(Fig 5|
Fc:r]:aesz’4 has discussed steric effects in terms of a

(hypothetical) planar mclecule A-B-C. While this cannot be
attained in practice a suitable approximation may be achieved by
using AB, or ABC where the relative positions of A,B, and C are
different. For example, o-methylacetophenone may be compared
with acetophenone or p-methylacetophenone. When B and C are
coplanar but the chromophore 4 is not, a type I effect will be
observed since the energy of the ground state will be only slightly
different from the ground state energy of the unhindered compound.
Thus a type I effect is associated with weak steric interaction.
When no two of A, B and C are coplanar the energies of both
ground and excited states will be raised relative to the

#The diagrams of Figures 4 and 5 are drawn using covalent

radii, even though these are known to be smaller th_sn inter-
ference radii: van der Waals radii are larger than inter-

ference radii. (Ref.33)
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unhindered compound, and a type II effect will be shown. (See

Figure 6). Thus a type II steric effect is associated with
large steric ):Limlx‘am:e.:54

The mechanisms described above have been disputed
in special cases®d » but more recently the fundamental difference
between type I and type II effects has been called in gquestion
by Heilbronner and Gerdil?s These authors have observed that

certain hindered l-acetyl derivatives of azulene showed a

bathochromic wavelength displ » they interp:

the Braude mechanism to predict a hypsochromic wavelength
displacement. They discuss steric effects in terms of a molecule
X-Y. The change in bond cii.er (Apxy) for the X-Y bond on going
from ground state to excited state is calculated by molecular
orbital theory. Assuming no steric hindrance of resonance, the
change in wavelength between XY and a reference compound will be

given by aA=k(aPxy) where k is a t. Steric hi

will raise the energy of both ground and excited states, but the
excited state usually more than the ground state, by a factor
Mg related to the angle of twist 6. Therefore, to a first
approximation aA=KApxy. Mg . Thus the sign of the wavelength
displacement will depend on Apxy. Heilbronner and Gerdil give
figures showing that for acetophenones, bond order difference
in going from ground state to excited state is positive, for
a,B-unsaturated ketones Ap is approximately egual to zero, and
for azulenic ketones the bond order decreases on transition from

ground to excited state. The above figures are related by



Heilbronner and Gerdil to the frequent occurrence of hypsochromic

wavelength displacements in ace the of

wavelength displacements (other than 'additive' displacements)

in a,B-unsaturated ketones, and bathochromic wavelength displace-
ments in azulenic ketones. Type I effects are considered to arise
whenever ground and excited states are fortuitously raised by
equal amounts.

Forbes®®has pointed out that if the interpretation
given above is correct a type I effect should be uncommon:
examination of many sets of examples from aliphatic, aromatic,
and heterocyclic compounds shows the effect to occur more
frequently than one could expect on the basis of chance .34

It appears to the present author that the above
mechanisms are by no means incompatible. For a given change of
bond order, A\ is proportional to Mg. When @-1s small, ar will
be small, that is, a type I effect will be shown, but it is
precisely in these circumstances that Braude's mechanism, as
modified by Forbes and Mueller, also predicts a type I effect.
Heilbronner and Gerdilzsmnpute interplanar angles by using van
der Waals radii, but it is known that the latter are greater

than the effective interference radii of atoms in solution. The

mechanism of Forbes and lMueller®suggests that usually one conformer
exists in a planar or near planar conformation and therefore €
is small, leading to a small value of al. In type II effects ap

and @ are large. Calculations®show that for ketoazulenes thé
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X-Y bond has less double bond character in the excited state than
in the ground state. Therefore there will be less hindrance of
resonance in the excited state than in the ground state, and the
energy level of the excited state will be lowered relative to the
ground state. This follows from either mechanism. The effect is
shown in Figure 6(b).

Heilbronner and Gerdil consider that in compounds
showing type I effect both ground and excited states are raised
by equal amounts, Forbes considers that both are unchanged. This
apparent disagreement may be reconciled by considering that
Forbes refers changes of energy of a hindered molecule to the

same molecule in an unhindered state, whereas Heilbronner and

Gerdil appear to use energies as would be determined, for example,
by thermochemical methods. Thus Forbes would consider all
unhindered compounds of similar constitution to have similar
ground state energies.

Wepster?l has also criticised Braude's mechanism on
the ground that in certain polynuclear compounds where a nitrogen
atom is in three rings it cannot assume a planar conformation.
However, calculation®l shows that the difference in bond order
between ground and e:xcited states of NN-dimethylaniline is only
0.09. Hence it may be assumed that potential energy curves are
very similar in both ground and excited states. One would
expect similar changes in ground and excited states of the
compounds discussed by Wepster and hence similar excitation
energies.

iany attempts have been made to calculate wavelengths

of maximal absorption cn the basis of wave-mechanical calculations

Al




of ground and excited states. Murrell and Longuet-Higgins®7:38
have discussed spectra in terms of two possible excited states.
In one, the m electrons of the ground state conjugated system
are spread over the whole molecule in the excited state. This
is called an electron-transfer (E.T.) state. Another possible
excited state is that in which the 7 electrons originally
associated with each double bond remain associated with that

bond in the excited state. This is called locally-exeited (L

-)

state. iurrel1%7has shown that in an E.T. trensition steric
hindrance leads to decreased intensity but no wavelength change,
or possibly a small bathochromic wavelength displacement: an L.E.
transition gives rise to a hypsochromic wavelength displacement.

Erskine and Waight3® have recently criticised the
mechanism of Braude and his collaborators on the ground that
decreasing temperature should lead to a lower proportion of
molecules in an excited level and therefore either a decreased
intensity or hypsochromic wavelength displacement. Investigation
of the spectra of a number of a,B-unsaturated ketones at room
temperature and at -198° showed no significant change in either
intensity or wavelength of maximal abscrptiun‘:‘g From these
observations Lrskine and Waight have concluded that Braude's
type I mechanism is improbable, and have ascribed the B bandosf
a,B-unsaturated ketones to transition to an E.T. state.

Against this view may be urged the point that diagrams
relating energy to interplanar angle contain a very large margin

of error in the ground state, and are almost completely hypo-

thetical for the excited state. It is therefore not possible
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to draw quantitative conclusions with any degree of certainty
from the potential energy diagrams published by Braude et g.ss'az
Figure 7 shows that it is possible to draw potential energy
diagrams in such a way that lowering temperature may lead either

to a lower population of excited states and therefore a reduction
in intensity of absorption, or to an increased population of
another conformational isomer and hence to an increase of intensity.

The subject of potential energy curves is referred to again below.

Further Remarks on Steric Effects

If the hypothesis of steric interaction is correct, a
gradual increase in the size of the interfering group should give
rise to progressively mérs marked steric effects. This would be
expected to make itself evident by, initially, a progressive
decrease in absorption intensity with little change in wavelength

of maximal absorption. This has been obs for

propioph and pival ?3'40 and also for 2-methylnitro-
benzene, (epay 65070), 2-ethylnitrobenzene (epay 5,300), 2-iso-
propylnitrobenzene (epayx4,150) and 2-t-butylnitrobenzene
(smaxl:540)?1 In the latter case the largest decrease is observed

between the isopropyl and tertsbutyl compounds: this is attributed

to the fact that rotation about the Ar-N bond can produce a

conformation in which the nitro- group fits between the methyl

groups of the isopropyl grou %1
Yet another good example of a series of compounds

showing marked type I effect is the HN-dimethylaniline series
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(See Table II). Increasing the size of the ortho substituent

gives a decreased extinction coefficient with only a slight
change in wavelength. Again there is a great decrease in
intensity between the isopropyl and tert-butyl compounds. In
the NN-dimethylaniline series resonance favours the formation of
structures with the two methyl groups symmetrically placed with
respect to a plane through the Ar-N bond and perpendicular to
the plane of the benzene ring. Hence the strain cannot be

reduced significantly by taking up a new position of rotation®ls41
Further examples of type II effects are provided by

the biphenyl series (see Table III). Increased steric hindrance
gives rise to a more marked type II effect, and in the highly
substituted compounds the characteristic biphenyl absorption is
destroyed entirely and the compound behaves spectroscopically
as a mixture of unconjugated compounds. For example, bimesityl
absorbs as two molecules of mesitylene. This may be called an

example of a type III steric effect.

Rotational Isomerism

Braude has shown by comparison of the spectra of
benzene, bivhenyl, diphenylmethane, and 1,2-diphenylethane
that slight conjugation can be transmitted through one, or to
a very slight extent through two, carbon atoms$? Wevertheless,
conjugation is appreciable only for adjacent unsaturated groups.
Figures given above show that this can lead to considerable
double bond character for the central bond formally written as
a single bond. This in turn leads to the possibility of

existence of s-cis and s-trans isomers with only a low barrier



opposing conversion of one to the-other. Even in ethane the
height of the energy barrier to rotation about the single bond

is estimated at 2.9 kcals per m01e45

and in ethylene the barrier
to rotation about the double bond is approximately 25 kcals per
mole? The energy barrier hindering rotation about the central
C-C bond has been estimated at 5 keals per mole in both butadiene
and acrolein, and the energy difference between the rotational

isomers has been estimated to be about 2.5 kcals per mole$?
Because of the low energy barrier it will often not be possible

to isolate the separate isomers, but they will nevertheless
exist long enough compared with the time for electronic excitation
(10‘15 secs.) to be considered distinct entities spectroscopic-
ally. In this connection the rates of racemisation of optically
active biphenyls are of interestl‘a

Jones, Forbes and lvluellex'46 found the ratio of the
rotational isomers of o-bromoacetophenone to be 2.8:1 at room
temperature (not stated, assumed 295°K), 5.1:1 at 385°K, and
3.2:1 after cooling to room temperature again. These figures
assume the apparent molecular extinction coefficients of s-cis
and s-trans isomer to be equal.

The conversion of an g-cis to an s-trans isomer may

be regarded as a unimolecular reaction A 2 B, the equilibrium
constant being the ratio of one form to the other. Denoting
the eguilibrium constant at T° by K and at T'® by Ky+ and the

free energy change in the reaction by AF,

loge K = % + constant
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whence logeKy - logeKyt = ZAF (1 —;r)
R 7

In the case of Jones, Forbes and liueller's figures
this gives, using K = 2.8 and 5.1, AF = 1.5 kcals per mole.

Using K = 5.1 and 3.2, AF = 1.2 kecals per mole.

The figures of the same authors for o-nitroacetophenone (K = 2.8
and 3.0 at room temperature, 7.9 at 106°C) leads to values of
2.75 and 2.6 kcals per mole for aAF. In each case the value of
AF is in reasonable agreement with the values of AE determined
(for different compounds) by different methods. It should be
noted that the above values of free energy difference are not
incompatible with moderately large differences of internal
energy (aAE), since aF = AE -TaS, where AS is the change in
entropy. Figures for the entropy difference between rotational
isomers are not available, but for such closely related
substances as rhombic and momoclinic sulphur the entropy difference
is 0.2 units, making it probable that the entropy difference
between rotational isomers is not vanishingly small, perhaps
owing to different vibrational possibilities.

Additional support for the existence of rotational
isomers has been provided by micro-wave spectra“ and ultra-
sonic relaxation analysis.47
The Nature of Sub-Levels of Energy in Hindered Molecules

It is lnown that a double bond has considerable
resistance to twisting, and consequemtly it has been the
practice to draw potential energy curves for molecules capable

of rotation about a formal single bond, as parabolas. Some
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investigators have preferred, by analogy with the well-known
potential energy curve of a diatomic molecule, to draw iiorse
curves. It seems evident that resistance to rotation will be
very great in the direction requiring interfering groups to
occupy the same position in space, but less great in the
opposite direction. Therefore it seems preferable to the present
author to draw potential energy curves as shown in Figure 8.

Braude and Timmons%® have pointed out that repulsion
energy falls off with increasing interplanar angle more rapidly
than resonance energy (see Figure 9) and consegquently resonance
energy will still be appreciable at quite large interplanar
angles: indeed the authors cited calculate that resonance energy
does not become negligible until an interplanar angle of 67° is
attained. Wepsterl has pointed out that a combination of van
der Waals repulsion energy curves and resonance energy curves
may give a curve for total energy related to interplanar angle
very different from the usual Morse curve: there may be a very
flat minimum or even a double minimum. (See Figure 10). It
would seem then that views based on a false analogy with a
diatomic molecule must be treated with reserve. The sub-levels
are probably not pure vibrational nor pure torsional sub-levels,
but combinations of both. It is of interest to note that most
published diagrams of transitions show transition taking place
from the ends of the lowest level: analogy with a diatomic
molecule would predict that the brightest transition should be
from the centre of the lowest level.

Bx‘aude52 estimated the spacing of the sub-levels to be

less than 3 kcals per mole, and gave a probable value of 1 kcal
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per mole. The present author believes the spacing to be much

2 shows 110 lines

smaller. The vapour phase spectrum of benzene
between 283 and 262 mu, and it is known that in the ground
electronic state of benzene there are 20 fundamental frequenciesf.io
The vapour phase spectrum of benzene as given by Gillam and
stem51 consists of a large number of lines, approximately 100
between 1200 fresnels and 1300 fresnels. 1200 fresnels corresponds
to 250 mu, and 1300 fresnels to 231 mu. Assuming the spacing
to be one fresnel, the energy difference between each line is
given by E = hv, whence E = 0.094 kcals per mole. It is
therefore reasonable to assume that to a first approximation
the energy sub-levels in benzene are 0.l kcals per mole apart.
In biphenyl the energy levels of each phenyl nucleus must be
about as closely spaced, and in addition there will exist sub-
levels of torsional energy. It therefore seems probable that
sub-levels are separated by very small amounts of energy.

It is of interest to compute the fractioa of molecules
occupying excited states. Assuming energy differences of 0.1l
kcal per mole, by the Boltzman distribution law, if nj is the
number of molecules in the ith exlé:ited. state, and n the number
in the ground state, nj =2€ X , whence the number in the
Pirst excited state at 300° is 0.19, and the fraction in the
second excited state is 0.036. There would thus seem to be no
reason why a decreased proportion of molecules in excited states
should give rise to any significant change in wavelength of
maximal absorption, and thus no serious objection to Braude's

mechanism as modified by Forbes and Mueller.



Interference Radii

It is known that steric interaction is shown when
scale diagrams using covalent radii would predict none, and that
interaction does not occur when diagrams using van der Waals
radii would predict 1t.2° It seems then that the effective
interference radius of an atom or radical in solution lies
between its covalent and van der Waals radii. Investigations

of interference radii have been made using ultra-violet spectra15’5 3

and rates of racemisation of biphenyls.53’54

The latter method
can give only minimum values of interference radii, since
considerable energy difference between stereoisomers is necessary
for resolution to be possible. The former method gives a
sensitive indication of steric effects but is open to the
objection that it may not distinguish steric effects from others.

Assuming biphenyl to be just hindered, the ortho

hydrogen atoms must just touch, and hence must have an effective
interference radius of 0.90A.5% However, there is evidence that
biphenyl is non-'pla.\mr in the vapour phasess and it hasv been
argued that it is non-plemar in solution.’2 If the latter
suggestion is correct, the interference radius of a hydrogen

atom in solution should be greater than 0.90A, and a value of

0.95 & Os1 A has been suggested.’? =y ing that ace

is just hindered with respect to benzaldehyde, Forbes and Muellersz
Have suggested a value of 1.7 A as the interference radius of
a methyl group, and 1.0 % 0.15 A as the interference radius of

an oxygen atom in C=0.

-



Attention should be drawn to an empirical rule
proposed by Adams (e£.%%) that in substituted bivhenyls of the
type 2,2'a-6,6"'-b-biphenyl, if the sum of the covalent bond
lengths C-a and C-b is 2.90 A or greater, it will be possible

to resolve the biphenyl.

On The Relation Between Ultra-Violet And Infra-Red Svectra

Ultra-violet spectra are produced by transitions
between ground state and electronic excited state. Steric
effects, for reasons set out above, will usually be more marked
in excited state than ground state. Therefore ultra-violet
spectra are a sensitive indicator of steric effects.® 1% In
contrast, assignments of the transitions responsible for each
band are often not made or not agreed, and even the influence
of minor changes in environment can be given widely varying
interpretations. As an example, 2,4,6-trimethylstyrene is
considered by Forbes®® to show no wavelength displacement
relative to styrene and therefore no significant difference in
energy, whereas Heilbronner®? considers the compound to show a
hypsochromic wavelength displacement of 18 mp relative to what
would be expected for a trimethyl substituted styrene, and hence
a considerable change in energy.

Infra-red spectra are associated with much smaller
changes of energy and are produced by changes from low-lying
levels of the ground state to somewhat higher levels of the
ground state. Therefore steric effects are of lesser importance

in infra-red spet:trn.]'3




The bands found most useful for the compounds considered i
in this thesis are the carbonyl stretching band (referred to
subsequently as the carbonyl band) and the olefinic stretching
frequency (referred to subsequently as the olefinic freguency).

In saturated ketones the carbonyl frequency is 1725 cmfl

to 1706 cmfl(in solution) but conjugation of this group with an
olefinic bond lowers the frequency to between 1685 em.”t ana

1620 em.™l (Re£.58). Barrow®® has shown that the apparent

molecular extinction coefficient is related to the resonance
energy of the system. The olefinic frequency occurs at 1680 em™t i
to 1620 cm.”! in a mono-olefine, but in a conjugated diene at
about 1650 cm.™l and splits into two bands.5®

If a type I effect is caused by the displacement of one
group only from the plane of the molecule“ its frequency should

be little changed from that of the unhindered molecule. In

illustration, the carbonyl f es in o-

methylace o-fl benzaldehyde, and o-

tolualdehyde vary little (from 1690 cm.”l to 1709 cm.”) though

the apparent intensities vary gx‘eatly‘ls In contrast, the carbonyl

£r in o-nitroace is 21 em.” aifferent from that
in acetophenone at higher rrequencies.m The ultra-violet
absorption spectrum is typical of the nitrobenzene moiety, in
excellent agreement with the suggestion that the bulky nitro-group
dislodges the acetyl group from the plane of the benzene ring
with loss of energy.

One useful feature of infra-red spectra is the presence

of fine structure which can be resolved more easily than in ultra-

N



violet spectra. If a compound exists as two conformational
isamers the resonance energy of the s-irans form should be greater
than that of the s-cis form, since linearity facilitates

delocalisation of electrons. C tly the £ of the

carbonyl groups and their apparent extinction coefficients
should differ. Similarly, in one conformer, field effects such
as attraction by a positive charged group of the negative end of
the carbonyl group should cause an alteration of the carbonyl
frequency. Therefore the carbonyl band should occur as a closely
spaced doublet. This has been observedl? and examples will be

referred to below.

The Role of Solvent

The effect of solvent on spectra has been found to
depend on the polarity of the solute. Hydrocarbons show only
slight if any displacement of the wavelength of maximal absorption
with changed polarity of solvent (see below), whereas the wave-
length of maximal absorption of a polar solute is dependent on
the polarity of the solvent. For a,B-unsaturated carbonyl
compounds empirical relations have been drawn up. (See Table IV).
In general, a solute which becomes markedly more polar in the
excited state absorbs at longer wavelengths in solvents of
higher dielectric constant than in solvents of low dielectric
constant®”; solutes whose polarity in the excited state is little
different from that in the ground state show little change of Apay
with changing dielectric constant. It would be expected that
compounds in which the excited state has less polar character

than the ground state should absorb at shorter wavelengths in

-




solvents of high dielectric constant, and this has been observed

for certain merocyanine dyes?q

Jaechs and Flatt have concluded that, at least in the
case of piperylenesg, integrated absorption intensities do not
differ in the vapour phase and solution. The same is true of
isoprene. Mathematical correlations between wavelength displace-

ments and solvent properties have been ettempted@oﬁl,ez
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TABLE T

STERIC HINDRANCE IN DERIVATIVES OF PARANITROANILINE
(After Arnold and Craig)l4®

Compound Aoy (m) pax X 1073
NH, 395 1.57
Me
e,
Me Me
0,
WVH, 393 1.97

.

Noy
iy
(:@O 397 2.24
0
X
Wiy
385 - 7e3

&
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TABLE IT

ULTRA-VIOLET ABSORPTION SPECTRA OF NN-DIMETHYLANILINES

Substituent Solvent o (my) Smax Reference
None n-heptane 250 13,750 a
o-Methyl Ll 247.5 6,300 a
©00'-Dimethyl I 259 2,200 a
p-Methyl » 254 15,100 a
o-Fluoro L4 250 11,600 a
o-Chloro . 256 7,600 a
©o-Bromo " 254 5,900 a
2,4,6-Trimethyl isooctane 257 2,500 b
2-t-Butyl » 250% 630 b

* Inflection

a) Refs.150:151  wavelengths recalculated in my
by the present author.
b) Ref. 152



TABLE ITI

ULTRA-VIOLET ABSORPTION SPECTRA OF SUBSTITUTED BIPHENYLS

Substituent Solvent Mu(mu) Smax Ref.
None Ethanol 249 17,000 a
2-Methyl " 235 10,500 =
2-Ethyl L 233 10,500 &
2-n-Propyl % 255 10,000 a
2-Lsopropyl y i 233 11,000 a
2-n-Butyl " 285 10,500 &
2,2'-Dimethyl " 227 6,800 b
3,3'-Dimethyl L] 255 16,500 ¢
4,4'-Dimethyl . 260 20,000 ¢
2,2'-Dihydroxy L 242 10,000 ¢
3,3'-Dihydroxy . 255 12,000 ¢
4,4'-Dihydroxy L 265 22,400 ¢
2,2'-Dimethoxy Hexane 230 - c
3,3"-Dimethoxy L 250 12,000 ¢
4,4'-Dimethoxy " 263 21,700 ¢
2,6-Dimethyl Sé gt 231% 5,600 &
2,6,2!-Frimethyl L 230% 4,000 @
2,6,2',6'-Tetramethyl L none - a

* Inflection

Reference 19
Reference 153
Reference 154
Reference 120

poow
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PART II
@,B8-Unsaturated Carbonyl Compounds
Empirical and Theoretical Considerations.

u.,B-fJnsaturated carbonyl compounds exhibit intense
absorption in the region 200-250 my and some®® were amongst the
first compounds whose absorption spectra were determined. Early
work showed that absorption occurred at longer wavelength and
with greater intensity than in the corresponding unconjugated
isomers and that further conjugation to give a dienone or trienone
gave absorption at even longer wavelengths.

In 1941 R.B. Woodward? examined ultra-violet absorption
data for a large number of compounds containing an olefinic
bond conjugated with.a carbonyl group. These had been determined
by many investigators in several solvents, but could be corrected
to one solvent (ethanol) by means of the empirical table of
solvent corrections given in Table IV. These corrections, and
the unreliability of data obtained by some early methods, gave
rise to an element of uncertainty in the figures used. Neverthe-
less Woodward was able to conclude that each alkyl group added
to the basic methylvinyl ketone skeleton gave a bathochromic
wavelength displacement. While the value varied from compound
to compound the average value was 10 mp per alkyl group, this
value being rather insensitive to the nature of the alkyl group.
Woodward therefore suggested4 as an empirical generalisation,
that a monosubstituted a,B-unsaturated ketone absorbs maximally

at 225 + 5 mu, a disubstituted a,B-unsaturated ketone at 239 £ 5

N

my, and a trisubstituted a,B-unsaturated ketone at 254 i 5 mu.
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A later amendment® showed that each exocyclic double bond gives
a further bathochromic displacement of 5 myu. '
The value of the rules was shown immediately by their
application to show that a-cyperone must be a trisubstituted 1
compound, not disubstituted as previously formulated: this
conclusion was supported by chemical evidence. The rules were

again used®® to show that Heilbron's formula for 3-acetoxy~A5

(6) -norcholestene-7-carboxylic acid must be incorrect, since the
compound did not show the absorption characteristic of an a,Bf-
unsaturated ketone. This conclusion was again in accordance with
strictly chemical evidence.

Later, Gillam and Evanse'5 carried out a more comprehensiv
investigation on the spectra of a,B-unsaturated compounds

including some simple yelic not available to Wood-

ward. They found Woodward's rules to be well substantiated, even
in the case of the simplest trisubstituted compound, 3,4-dimethyl-
pent-3-en-2-one. They also found that although the displacement
per alkyl group varied from 5 myu to 19 mu the displacement was
greater for a B group than an a group. Fieser®7 has quoted values
of, on average, 10 my for an alkyl group in the o position, and

12 mu for an alkyl group in the B position. In a conjugated
dienone each alkyl group in the Y oré position gives a displacemen
of 18 myu.57

Gillam and Evans extended®® their studies to a,B-unsatur—

ated aldehydes, and foung & similar rule, though with different

N
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figures, to be obeyed. They proposed that a monosubstituted
a,B-unsaturated aldehyde absorbs maximally at 220 + 5 mp, a
disubstituted compound at 230 + 5 mu, and a trisubstituted
compound at 242 i+ mp. Both Gillam and Evans, and Woodward found
that the D of a six ring had little effect on

spectra, other than that attributable to its effect as two alkyl

substituents, but differences were shown when the olefinie

linkage in a fi ring. For example, cyclopenten-
3-one in ethanol absorbs maximally at 218 myu, epax9,500, whereas
cyclohexen-3-one under the same conditions has Apgy 224.5 mu,
-maxlo,:'aoo.sg This difference is usually attributed to strain,
since the double bond formed in the excited state will be more
strained when in a five-membered ring than when in a six-membered
ring. Schubert and Sweeney have suggested®® that if, in a cyelic
a,B-unsaturated ketone, excitation leads to a displacement of

electronic charge towards the site of strain, a hypsochromic

wavelength displ will be displ of
electronic charge away from the site of the strain will give rise
to a bathochromic wavelength displacement. This is strikingly
confirmed by the spectra of some l-acetylcycloalkenes.sg 1-
Acetylcyclopentene absorbs with Apg,259 mu, Enaxi3,000, l-acetyl-
cyclohexene with Xppy252-3 mu, emax13,000, l-acetylcycloheptene
With Apax236 my epgayl0,000. In this series there is a ‘nathochromic%
displacement in passing from the six- to the five-membered ring,

in contrast to the hypsochromic displacement observed when the
carbonyl group is exocyclic to the ring. (See above). In 1-
acetylcyclopentene there will be a certain amount of ring strain

A S
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