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The high-field shifts of the proton signals of cyclic ketones and lactones in the benzene solu-

tions have been investigated. The solvent effects on the chemical shifts for the β-methylene

protons of these compounds are always larger than those for the α-methylene protons. The

data may be explained by the use of a model in which benzene molecules are assumed to cluster
around the carbonyl group of the solute. The affinity between the solute and the solvent molec-
ules has been mainly ascribed to the fact that both the permanent electric dipole moment and
the instantaneous dipole moment of the carbonyl (or carboxyl) group induce electric dipole
moments in the near-by benzene molecules. The configuration and the number of the solvent
molecules clustering around the solute have been suggested to be determined by the geometrical
restriction around the carbonyl group.

The proton signals ofvarious carbonyl compounds
in benzene solutions have been known to appear
at higher field than those in non-aromatic sol-
vents.1-4) It has been pointed out by Bhacca
and Williams, and also by Connolly and Mc-
Crindle, that both the direction and the magnitude
of the solvent effects on the chemical shifts strongly
depend on the location of the proton with respect
to the carbonyl group.1,5) In order to systematize
the observed solvent effects, they have defined a
reference plane (P) which is drawn through the
carbonyl carbon and perpendicular to the carbon-
oxygen bond. If a proton is at the same side as
the oxygen of the carbonyl group with respect to
the P plane, the resonance signal shifts to low
field as the solvent is changed from deutero-
chloroform to benzene. On the other hand, the
high-field shifts are observed for the protons at

the other side of the P plane. The benzene-

induced high-field shift increases at first and then

decreases again as the distance between the proton

and the reference plane increases. The benzene

induced high-field shifts were originally suggested

to be due to a formation of collision complex

between the benzene molecules and the carbonyl-

carbon which bears partially positive charge.6)

The appreciable solvent effects have been observed,

however, even in the cases where the association

between benzene and carbonyl group is sterically

unfavourable.1) The mechanisms of the benzene-

induced solvent effects therefore have been still

open to speculations. An insight into the mechanismm

of the benzene-induced shifts may be obtained by

studying the relationship between the solvent

effects and the electronic characteristics of carbonyl

groups. In this connection, one of the present
authors has investigated the behaviors of succinic,

and maleic anhydrides and the N-substituted.

imides in the benzene solutions.7) In the present

report, the benzene-induced shifts for the protons.

of cyclic ketones will be compared with those for-

lactones.

Results and Discussion

As to the cyclic compounds investigated here,

the resonance signals of the protons at β-, γ- and

δ-positions with respect to the carbonyl group are
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Fig. 1. Proton magnetic resonance spectra of
cyclopentanone in carbon tetrachloride (A) and
in benzene (B).

(A)

(B)

Fig. 2. Proton magnetic resonance spectra of

γ-butyrolactone in carbon tetrachloride (A) and

in benzene (B).
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(B)

Fig. 3. Proton magnetic resonance spectra of

δ-valerolactone in carbon tetrachloride (A) and

in benzene (B).

(A)

(B)

Fig. 4. Proton magnetic resonance spectra of

ε-caprolactone in carbon tetrachloride (A) and

in benzene (B).

(A)

(B)

Fig. 5. Proton magnetic resonance spectra of 3-
cyclohexenone in carbon tetrachloride (A) and
in benzene (B).

hardly separated each other as shown in Figs.
1-5. In the cases of cyclopentanone, 3-cyclo-
hexenone, and γ-butyrolactone, even the α-

proton signals overlap with those of the β-protons.

Therefore, complete analyses of the spectra cannot
be made without tremendous calculations. In
the present experiment, however, the main effort
is devoted to the study of the solvent effects on the
signal positions rather than to the complete analyses
of the spectra. Then, a conventional method is
adopted to treat the data as follows: The center
of a group of signals is taken as the position for
the chemical shift, if the spectrum is close to a
typical multiplet as expected from the first order
analysis. When a group of signals corresponding
to a certain proton (or protons) has a structure
far from simple multiplet, the chemical shift is
assumed to be given by the location of the area-
weighted center of the concerning signals. The
assignment of the signals is facilitated by comparing
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TABLE 1. CHEMICAL SHIFTS OF CYCLIC KETONES IN CARBON TETRACHLORIDE AND BENZENE*

* Chemical shifts are in cps from internal TMS signal.

TABLE 2. CHEMICAL SHIFTS OF LACTONES IN CARBON TETRACHLORIDE AND BENZENE*

* Chemical shifts are in cps from internal TMS signal.

the spectra in carbon tetrachloride with those in

benzene. The chemical shifts thus obtained are

summarized in Tables 1 and 2. The shifts are

expressed in cps units as measured from TMS

signal. Carbon tetrachloride is chosen as the

reference solvent because of its closeness to benzene

both in their inertness and in their dielectric

constants. The benzene-induced high-field shifts

(Δ δ) are given in the last column of each table.

The variations of Δ δ as the function of ring size

are summarized in Fig. 6. The values for acyclic

compounds also are shown in the same figure.

The Δδ-values for the protons of the cyclic com-

pounds, except for the methylene protons of the
cyclic ketones, are considerably larger than those

for the acyclic compounds. As the member of

the ring decreascs, the Δδ becomcs larger. As

to a cyclic compound, the β-proton signals show

larger high-field shifts than the α-proton signals.

These characteristics of the cyclic carbonyl com-

pounds may be correlated to the fact that the

protons under investigation are confined to the
opposite side of the carbonyl oxygen with respect

to the P plane as described in the introduction.

On the above observation, the presence of in-

termolecular interactions between benzene and

carbonyl compounds is strongly suggested. Several

anthors have suggested that benzene solvent

molecules can interact with polar solute molecules

via a dipole-induced dipole interactions.8,9) In.

this connection, it is interesting that the dipole

moment of γ-butyrolactone, which gives the largest

8) W.G. Schneider, J. Phys. Chem., 66, 2653 (1962).
9) T.L. Brown and K. Stark, ibid., 69, 2679 (1965).
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Fig. 6. Variation of Δδ as the function of ring

size. The number, n, on the abscissa indicates
the members of the ring. Acyclic compound

is designated as a zero-membered ring com-

pound.
●: The α-methylene protons of ketones

○: The β-methylene protons of ketones

■: The α-methylene protons of lactones

□: The β-methylene protons of lactones

Δδ in Fig. 6, is as high as 4.13D,10) whereas all

of the cyclic ketones have dipole moments close

to 3.0D.11) As it is seen in Fig. 6, however, the

Δδ-values for lactones are approximately two

times larger than those for cyclic ketones of the
same ring size. Therefore, the dipole-induced
dipole interaction cannot be the sole reason for
the solute-solvent interactions in question. If the
dipole-induced dipole interaction (or induction
force) is of any importance, the other weak interac-
tions of similar types, i.e., van der Waals forces,
should be also taken into consideration. Since an
accurate calculation of van der Waals force is
formidable in the present cases, the interactions
are estimated qualitatively by the use of both formula

given by Debye (for induction force) and that by
London (for dispersion force).

Induction Force: Ef=-α1μ22/R6 (1)

Dispersion Force:

Ed=-2I1I2α1α2/3(I1+I2)R6 (2)

In the above equations, the subscripts 1 and 2

denote benzene and carbonyl group, respectively.

Considering the cases of actual molecules, one can

assumes the dipole moment, the polarizabilities

and the ionization potentials as shown below:

μ2=3.0D,11) α1=1.1×10-23cm3,12) α2=0.2×

10-23cm3,13) and I1=I2=10eV.14) If it is as-

sumed further that the distance R is 5A, Ef and
Ed become 0.09 and 0.11kcal/mol, respectively.
This simple calculation clearly indicates that the
dispersion force is as important as the dipole-
induced dipole interaction. In addition, the
charge-transfer force7) and the dipole-quadrupole
interaction15) also may contribute to the inter-
molecular attractions as the supplementary forces.

On the basis of variable-temperature studies,
the energies of interactions between polar mole-
cules of various types and solvent benzene have
been estimated to be of the order of 1kcal/
mol.7,16-18) The values are very reasonable ones
if the interactions are due to van der Waals forces
and the others of similar types as proposed above.
Then the interaction had better be defined as a
general solvation rather than as a specific com-
plexing. In the present cases, the benzene solvent
molecules around the carbonyl group take such
orientations that maximum attractions between
the solute and the solvent molecules are obtained.
On the time average, the situation may be re-
presented by a model where several benzene
molecules are assumed to cluster around the carbo-
nyl group. On the basis of the clustering model
here proposed, the present authors speculate the
nature of the solvent effect under investigation as
described in the following paragraph.

In the close neighborhood of a solute molecule,
the contour of electron clouds as given by the
van der Waals radii of the concerning atoms will
severely restrict the possible orientations of the
approaching solvent molecules. Consequently,
the number and the configuration of the cluster-
ing benzene molecules will be determined by the
geometrical conditions in the vicinity of the carbo-
nyl group. In the case where a benzene mole-
cule is at the back of the P plane (i.e. the opposite
side to the carbonyl oxygen) of a cyclic carbonyl
compound, the most probable mode of solvation
may be the one where the molecular plane of the
benzene is parallel to the ring of the solute. Then,
high-field shifts will be obtained for the methylene
protons of the ring system. The number of the
solvating benzene molecules will decrease with
the distance from the carbonyl group. Then, the
high-field shift must be small for a proton located
away from the P plane. At the other side of the
P plane, however, benzene molecules are able to
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approach the whole cylindrical region around the

C=O bond axis with equal probability. The

average effect of the clustering benzenes in this

region will cause deshielding of the protons close

to the carbonyl group. As the result of these two

modes of solvations, the benzene-induced high-

field shifts for α-methylene protons are expected

to be less than those for β-methylene protons. The

clustering model here proposed is, of course, one

of the possible explanations given to the benzene-

induced shifts. The present authors believe,

however, that their model is closer to the truth

than the stereo-specific one-to-one complexes as

suggested before.6,8)

Several features of the solvent effects on the

chemical shifts in Tables 1 and 2 have been left

to be discussed here. The decrease in Δδ as observ-

ed for the cases of the large-membered ring com-

pounds may be due to the increase in the steric
hindrance to the approaching benzene molecules.

In the cases of dipropyl ketone and ethyl butyrate,

the β-methylene signals are affected by benzene

to lesser extents than the α-methylene signals.

Due to the rotations around the C-C bond connect-

ing the α-methylene group to the carbonyl group,

the α-methylene protons in the acyclic systems are

expected to have high probability of taking trans

positions with respect to the carbonyl group. On

the other hand, similar rotations bring the β-

methylene protons closer to the P plane as compared 

with the cases of cyclic compounds where the rota-

tions are forbidden. Then it is quite reasonable

that the α-proton signals show large Δδ than the

β-proton signals. If a C=C bond is conjugated to

a carbonyl group, the Δδ-values are very large.

The examples are found in the cases of α- and β-

methylenc protons of 3-cyclopentenone (as com-

pared with cyclopentanone), and also in the cases

of γ-methylene protons of isocrotonolactone (as

compared with γ-butyrolactone). The reason

may be ascribed to the fact that both the dipole

moment and polarizability of a α, β-unsaturated

carbonyl compound are larger than those of the
corresponding compound without the conjugat-
ing double bond.*6 It is peculiar, however, that
the Δδ-values for the methine protons on the

double bond are rather smaller than those expected.
This unexpected result and the solvent effects on
the chemical shifts of methylene protons next to
the ethereal oxygen of lactones are to be explained
in future.

Experimental

Chemicals. Cyclohexanone, benzene, and carbon
tetrachloride were purchased from the Wako Pure
Chemicals Industries Ltd., and were purified by the
standard chemical procedures followed by the repeated
distillations. Other chemicals were synthesized as
follows from the starting materials given in the
parentheses, respectively: dipropyl ketone (butyric
acid), cyclopentanone (adipic acid), cycloheptanone
(cyclohexanone), 3-cyclopentenone (cyclopentanone),
3-cyclohexenone (cyclohexanone), ethyl butyrate
(butyric acid and ethanol), γ-butyrolactone (ethyl

malonate and ethylene oxide), δ-valerolactone (cyclo-

pentanone), ε-caprolactone (cyclohexanone), and

isocrotonolactone (glycerol). Repeated purifications
were applied to the products until the purity exceeded
98% as observed on the gas chromatogram.

Measurement of NMR Spectra. The spectra were
measured by the use of a Varian A-60 analytical NMR
spectrometer. The concentration of the sample was
kept at 3mol%, and a small amount of TMS was
dissolved in the solution as the internal reference.

The authors are grateful to Dr. Naoya Nakagawa
of the University of Electro-communications for
helpful discussions.

*6 The dipole moment of isocrotonolactone is

4.62 D in comparison with 4.13 D for γ-butyrolactone.10)


