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Abstract—The characteristic CO vibration frequency changes 1o small ring cyclic ketones are analyzed
in terms of the kinetic energy cffect of angle variation and the potential energy effects of hybrdization
and ring strain. A simple model 1s developed which accounts qualitatively for the effects; a more exact
model is used for quantilative correlations. It is found that the changes 10 CO frequency are due almost
entirely to the geometrical effect on the kinetic energy. Hybridizauon effects cancel out and play little role.

INTRODUCTION
As ALMOST everyone knows, the charactenistic IR absorption frequency of cyclic
ketones at about 1700 cm ™! depends on the size of the carbocyclic ring. This pheno-
menon is used regularly as a diagnostic aid in structure determinations' since the
absorption appears to be largely independent of factors such as alkyl substitution at
the a carbon. It has been observed that a linear correlation exists between the fre-
quency and the CCC angle at the CO group,?-* and in fact this correlation has been
used to predict the angle in strained ketones with anomalous absorption maxima.*- 3

Numerous attempts have been made to explain the effect. In general these have been
qualitative arguments which appeal to intuition, although some quantitative work
has been done.?-® A common explanation is associated with hybridization changes.’
This is based largely on the relation of interorbital angle with the degree of hybridi-
zation, and the fact that the bond strength of hybrid orbitals increases with increasing
s character (to a max at sp). Narrowing the CCC angle from 120° is said to cause an
increase in p character in the ring bonds, and a corresponding increase in s character
in, and thus a strengthening of, the CO bond.

It is clear, however, that an explanation based only on hybridization changes (in
other words, force constant changes) cannot be completely correct since it is necessary
to take into account the purely mechanical effect of the change in angle. The import-
ance of this mechanical effect of the geometry can be seen from the work of Halford.2
Making use of a 4-atom model, he made calculations which indicated that there is an
appreciable dependence of the CO frequency on CCC angle due to mechanical
effects alone, even if there are no changes in force constants (or hybridization) involved.

¢ This work was supported 1n part by the Nauonal Science Foundation and the donors of the
Petroleum Research Fund, administered by the Amencan Chemical Society. We gratefully acknowledge
this support as well as a grant of computer time from the Stanford University Computation Center.

t Alfred P. Sloan Research Fellow.

2595



2596 J.1. Braumanand V. W. Lauvnie

The importance of the mechanical contribution was confirmed by BratoZ and
Besnalnou in a calculation making use of a perturbation technique,® and they were
led to the conclusion that changes in the IR CO frequency of saturated cyclic ketones
can be completely correlated with mechanical effect and that no change in the force
constant or hybridization of the CO bond occurs.

Although both of the above mentioned studies examined the importance of the
mechanical effect, neither looked at the role of changes in force constants or hybri-
dization. Since such changes undoubtedly occur,® and since it is desirable to know
to what extent the mechanical effect obviates the common interpretation in terms of
hybridization, we have carried out more complete calculations taking into account
the various parameters which might be involved. We first consider the mechanical
effect and then the effect of changes in force constant or hybridization.

SIMPLIFIED MODEL

In considering the factors which influence the frequency at which the IR absorption
occurs, it is convenient to consider separately those factors influencing the potential
energy and those affecting the kinetic energy of a molecular vibration. The restoring
forces involved (or the force constants) determine the potential energy. The kinetic
energy is affected by the masses of the atoms and by the molecular geometry. The
effect of atomic masses is obvious, but the geometrical dependence is somewhat
more complicated. Therefore, to demonstate qualitatively the influence of CCC angle
in the ketones discussed here, we shall first make use of a simplified mode! before
making & more detailed calculation.

First consider the extreme cases of CCC angle equal to 180° (Fig. 1a) and 0° (Fig. 1b).

m, m,

e b

Fi0. | Extreme cases of angle vanation: (a) 180°, (b) 0°.

In the 180° case, the vibration of interest consists in large part of a bending of the
CC bonds. Since bending vibrations are known to have small force constants, the
vibration should have a low restoring force and a correspondingly low frequency.
Alternatively, with an angle of 0°, the effect of the CC bonds is purely a stretch.
Now, we expect a large force constant and high frequency.
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For cases in between, there is an equally simple system. It is known, both from
experiment and calculation (see later), that the normal vibration of interest is essentially
independent of the mass of m,;® let us consider the case in which m; is infinite. This
corresponds to anchoring the simple model to a wall as shown in Fig. 2a. For the
totally symmetric (A4,) vibration in this model we can simplify the system further as
shown in Fig. 2b, where the value of the new force constant ke is now 2k Cos (6/2).

k. +2k Cos(0/2)

Z 7 7 7 7 7 7 7 7
o] b

FiG. 2(a). Simple model anchored to wall, (b) Equivalent representation.

The bending force constant, being small, is neglected. The solutions to this problem
are relatively simple ones,'® and the main feature is easily seen. In the vibration of
interest, where bond CO is stretched, CC is compressed and conversely. Thus, the
two bonds have an additive effect. Increasing either foroe constant raises the frequency,
lowering either one decreases it. The reason for the effect of angle change now becomes
qualitatively clear. If the force constants ko, and k¢ are held constant, decreasing the
angle increases koc = 2koc Cos (6/2). Similarly the model suggests that the hybridi-
zation effects should tend to cancel. For although the CO bond is strengthened,
the CC bonds are correspondingly weakened and the effective frequency is thus
largely unchanged.

CALCULATIONS

In order to study quantitatively the details of the role of geometry and force con-
stants we make use of a four-atom model (Fig. 3) To justify our model, we must
consider the nature of the characteristic CO vibration. To a good approximation,
the vibrations of a molecule can be considered as those of a set of coupled harmonic
oscillators in which all atoms participate in varying degrees. Wherever the force
constants or atomic masses involved in a bond are sufficiently different from those of
neighboring bonds, one of the normal modes of vibration will correspond roughly to
motion in that bond alone. A well known example is the CH bond where the light
mass of the H gives rise to a normal mode which is mostly CH stretching. In the case of
a CO bond, the force constant is considerably larger than that involved in the neigh-
boring CC bonds, and it might be expected that one normal mode of vibration would
consist largely of stretching of the CO bond. Both theory and experiment verify
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this expectation, and, in fact, Halford? and Burkhard® have shown that the model of
Fig. 3 provides an accurate description of the characteristic CO vibration.

m,

Fi6. 3 Harmonic oscillator model for the carbonyl group.

In this model we neglect force constants not associated directly with bond stretching
or bending (off diagonal F matrix clements set equal to zero). The frequencies of the
totally symmetric (4,) normal modes were calculated by using symmetry coordinates
and appropriate masses in the G matrix, using reasonable force constants in the
F matrix, and diagonalizing the unsymmetric product FG matrix.'® Use of a digital
computer makes such an operation convenient and allows for an easy variation of
parameters.

With an appropriate choice of parameters, this model accurately reproduces the
characteristic frequency of aliphatic ketones. The values koo, = 108 x 10° dynes/cm,
koe = 45 x 10° dynes/cm, and k, =1 x 10° dynes/cm were chosen to give
v = 1718 cm ™" at 120°. These force constants are similar to those usually obtained
in complete treatments of CO groups.'® In order to demonstrate the value of this
model, calculated and observed'! frequencies are listed in Table | for normal and

TaBLE |. CALCULATED AND OBSERVED FREQUENCIES OF ISUTOPICALLY
SUSSTITUTED DIISO-PROPYL. KFTONE

Calculated frequency Experimental frequency*

Normal cpd. 1718 ¢cm ! 1712em ™!

Carbonyl C*? 1675 1675
Carbonyl O'* 1685 1681
* See Ref 11

isotopically substituted diiso-propy! ketone. The excellent agreement supports the
validity of the model.

With reasonable values of force constants, it had previously been shown that the
frequency associated with the *‘carbonyl stretch™ (1700 cm ™ ') was relatively indepen-
dent of the mass of m,, provided m, = 12.? That is, there is little motion of these
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masses (atoms) in this vibration. We have confirmed this result. Similarly, this
vibration is relatively insensitive to the bending force constant k,. Doubling this
force constant causes only a small change (8 cm ™! or less) in the frequency irrespective
of angle. It is convenient that these parameters have so little effect, since it makes
subsequent evaluation of other parameters easier.

In Fig. 4 is shown the effect of variation of the angle 8 on the calculated frequency.
The solid line (calc) passes through the four calculated points for 8 = 120°, 108°,
90°, 60° (which are not shown). The equation is given by v = —2-48 + 2006 cm ™'

O observed
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FiG. 4 Angular dependence of the charactenstic carbonyl frequency.

This linear relationship of frequency and angle is similar to that obtained by Halford.
It should be noted that this equation is based on calculations, and that use of it or
any other similar equation for quantitative prediction of bond angles may not be
Justified in view of the undoubted effects of anharmonicity, vibration-rotation inter-
actions, etc. It is not the purpose of this paper to emphasize the linear correlation
implied by this equation, but rather to investigate the respective roles of hybridization
and mechanical effects. However, it should be pointed out that the conclusion reached
by Davis, Grosse, and Ohno,'? that the calculated relation for ketones is non-linear
in the range of 60°-120°, is based on an incorrect model. In their calculation, formalde-
hyde was used rather than the four-atom model used here. In formaldehyde, the very
light mass of the hydrogens leads to considerable coupling betwesn the CH motions
and the CO stretch, and the vibrations behave in a qualitatively different manner than
those in a molecule in which the hydrogens have been replaced by carbons.

The observed frequencies® for cyclohexanone, cyclopentanone, cyclobutanone,
and cyclopropanone are also shown in Fig. 4. Table 2 shows the correspondence
between calculated and observed'? '* frequencies for these compounds. Changing

¢ Since published expenmental values for the angles 1n cyclohexanone, cyclopentanone, cyclobutanone,
and cyclopropanone are either unavailable or uncertain within the nominal values of 120°, 108°, 90°, and
60°, these values have been assumed in the calculations. The conclusions drawn from the calculations are
independent of reasonable vanations from the assumed values for the angles.
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the value of k~, changes the intercept of the line but not its slope. Thus the angular
variation of frequency is essentially independent of the choice of ko
TABLE 2. ANGULAR DEPENDFNCE OF CARBONYL FREQUENCIES IN
CYCLIC KETONES

Calculated Obecrved

Ketone (angle) Frequency” Frequency
cm”1 an”!
cyclobexanoae (120°) 1718 1716
Cyclopentanone (108°) 1746 1744
Cyclobutanone (90°) 1790 1791
Cyclopropanone (60°) 1862 1813

¢ Sec footnote on p. 9.

> koo = 108, ke = 45, kg = 10 (md/A); m, = 16, m; =
my =12

¢ See Ref. 14.

¢ C.S. Foote, personal communication.

¢ See Ref. 13.

Although the experimentally observed variation of CO frequencies can be cor-
related with the effect of the angle change on the kinetic energy independent of force
constants, there is undoubtedly some dependence of the force constant on angle.
Thus we have also considered the effect of changing the force constants. If hybridiza-
tion changes affect the strength of the CO bond, it is clear that the CC bond must also
be affected, but in the opposite way. In order to estimate the effect of changes in force
constant, the CO force constant was increased in increments of 0-1 x 10° dynes/cm
and the CC force constant decreased by the same amount for each change in ring
size. The results of this calculation are listed in Table 3, and show that, at least

TABLE 3. VARIATION OF FREQUENCY WITH PORCE CONSTANT

Cak Normal*
Compound (angle) keo koc ke freq. calc.
Cyclobexanone (120°) 108 45 10 1718 18
Cyclopentanone (108°) 109 44 10 1750 1746
Cyclobutanone (90°) 110 43 10 1795 1790
Cyclopropanone (60°) 111 42 10 1863 1862

* normal calculation using ko, = 108, ko = 45, kg = 10

qualitatively, the hybridization effect tends to cancel out. This conclusion is indepen-
dent of the increment chosen for the change in force constants.

DISCUSSION

The assumption of small amplitudes for m, in the vibration of interest implicit
in the 4-atom model is well borne out by the calculations. The small motion of m,
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is demonstated by the insensitivity of the calculated frequency to the mass of m,.
The CO frequencies calculated from the 4-atom model should, therefore, closely
approximate those that would be obtained from a complete normal mode analysis.
Furthermore, the detailed calculations confirm the conclusions derived from the
simple model which assumes m, to be stationary. This can also be attributed to the
small amplitude of m,. Thus the simple model of Fig. 2 also serves as a useful way
to demonstrate effects on the CO frequency. The small amplitude of m, is manifested
experimentally in the observation that a substitution has little effect on CO frequencies.

The correlation of frequency with angle is remarkably good and accounts well
for the observations for 4, 5, and 6 membered rings. It appears to be less valid for
cyclopropanones. However, in order to understand the effects in very small rings,
it is necessary to consider strain. The empirical strain energy of a molecule is the
difference between the heat of formation observed and that calculated on the basis
of bond properties of normal compounds. A somewhat more useful quantity in our
case is the vertical strain energy.® This is the difference between the heat of formation
observed and that calculated using corrected energies for bonds external to the ring
(in this case CO and CH bonds) because the extended bonds are strengthened.'®
This strengthening is a consequence of the hybridization changes discussed previously.
In general, the vertical strain energy will be greater than the empirical strain energy,
and it provides a better measure of the weakening of CC bonds in the intact molecule.
For example, the empirical strain energy of cyclopropane is about the same as that
of cyclobutane,'” whereas the vertical strain energy is greater. The origin of the added
strain in cyclopropane is due, in part, to the inability of orthogonally hybridized
atoms to combine in a 3-membered ring with optimum overlap -thus the usual
picture of bent or “‘banana” bonds.® In conjunction with this CC bond weakening,
the CC force constants will be substantially lower than normal. Since there is a
lowering of the CC force constant without a completely compensating change in the
CO force constant, one might reasonably expect the characteristic frequency of
cyclopropanones to be lower than that calculated. Indeed, this is the case for cyclo-
propanone, the observed frequency falling below the calculated value by about
50 cm™!. (Fig. 4) The reason for the absence of large effects of this type in strained
systems such as bicyclic ketones may be that the ‘“‘strain” is distributed over all of the
bonds, and it is only those bonds adjacent to the CO group which are important.

In conclusion, we have demonstrated that the source of the variation of CO fre-
quency in cyclic ketones is largely a kinetic energy effect and that the potential
energy effects tend to cancel each other out. Correlation of the variation of CO
frequency with hybridization changes has been found to be unjustified, and some
possible effects of “‘strain’ have been analyzed.

REFERENCES
' L. ). Bellamy, The Infrared Spectra of Complex Molecules, (20d Edition) p. 147. Wiley, New York, N.Y.
(1958), and many other books on practical IR spectroscopy.
1 J. O. Halford, J. Chem. Phys. 34, 830 (1956).
3 D. Cook, Canad. J. Chem. 3, 31 (1961).
¢ P. von R. Schleyer and R. D. Nicholas. J. Am. Chem. Soc. 83, 182 (1961).

® This 1s defined by analogy with the well known case of vertical resonance energy.'*



2602 J. 1. BRAUMAN and V. W. LAURIE

3 See also H. K. Hall. Jr, and R. Zbinden, Ihid. 88, 6428 (1958); R Zbinden and H K Hall, Jr., Ibud

82 1215 (1960).

M. S. Brato2 and S. Besnalnou, J. Chim. Phys. 56, 555 (1959).

P. D. Bartlett and M. Stiles, J. Am. Chem. Soc. 77, 2806 (1955).

C. A. Coulson, Valence (2nd Edition) Chap. VIII. Oxford University Press, London (1961).

G. Herzberg. Molecular Spectra and Molecular Structure 11. Infrared and Raman Spectra of Polyatomic

Molecules, p. 199. Van Nostrand, New York. N.Y. (1945); O. Burkard, Proc. Ind. Acad. 8, 365 (1938).

E. B. Wilson, Jr, J. C. Decius, and P. C. Cross, Molecular Vibrations, * p. 27, ° Chap. 4-9; ‘ p. 174.

McGraw-Hill, New York, N.Y., (1959).

'' G. J. Karabatsos, J. Org. Chem. 28, 315 (1960).

'3 R E. Davis. D. Grosse, and A. Ohno, Tetrahedron 23, 1029 (1967)

'* N J. Turro and W. B. Hammond. J. Am. Chem. Soc 88, 3672 (1966)

14 C S. Foote, Ibid. 86, 1853 (1964) contains a good summary of values for various ketones. Also, sec
P. von R. Schleyer, /bid. 86, 1854 (1964).

'3 See for example, G. W. Wheland, Resonance in Organic Chemistry p. 129. Wiley, New York, N.Y. (1955).

'® J. D. Roberts and M. C. Caserio, Basic Principles of Organic Chemistry p. 113. Benjamin, New York,
N.Y. (1964).

! D. M Golden, H E. O’'Neal and S. W Benson, Chem. Rer submitted.

© @ 4 o0

o



