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The infrared carbonyl-stretching absorption bands of several methoxy- and hydroxy-
alkanoates have been measured in dilute carbon tetrachloride solutions, and their
frequency shifts from the normal bands of ethyl alkanoates have been explained in terms
of the dipolar-field and the hydrogen-bonding effects of the substituents. Further, as
regards the direction of hydrogen bonding, the spectral data of the hydroxy-esters
lead to essentially the same conclusion as that based on their hydroxyl spectra.
However, the magnitudes of the carbonyl-frequency shifts due to hydrogen bonding
can not be related to those of the corresponding hydroxyl shifts.

In general, the hydrogen bonding of an
alkoxycarbonyl group with a hydroxyl pre-
ferably involves the carbonyl group, rather
than the alkoxy group, as the proton acceptor;
the most striking spectral evidence for this is
the lowering in carbonyl frequency which
results from the formation of a hydrogen
bond,2,3) this lowering usually being of the
order of about 10-20cm-1. In unusual cases
where the alkoxy group participates in the
hydrogen bonding, however, the carbonyl
frequency rises about 10cm-1 above the usual
value.4) This can be a criterion for deciding
which of the two proton-acceptors is involved
in the hydrogen bonding.

This spectroscopic method of determination
has hitherto been used in elucidating similar

problems in several intramolecularly hydrogen-
bonded systems, such as alicyclic diol-mono-
acetates,5) alicyclic hydroxy-carboxylates,6)
and pyrrole-carboxylates.7) In their own

previous papers8-10) the present authors re-
ported, on the basis of the hydroxyl spectra
exclusively, that the intramolecular hydrogen
bonding in aliphatic hydroxy-carboxylates
involved predominantly the carbonyl group
as the proton acceptor. In the cases of ethyl
d,l-lactate and d-tartrate, the carbonyl fre-

quencies were about 4cm-1 lower in carbon
tetrachloride than in ether.8) However, the
extent of frequency-lowering in the former
solution did not provide any reliable evidence
for the above type of hydrogen bonding. In
order to elucidate this problem, the carbonyl
spectra in dilute carbon tetrachloride solutions
have now been measured, together with those
of corresponding methylated-hydroxy com-

pounds selected for purposes of comparison.

Experimental

Samples. All the esters examined were known
compounds, some of them were commercial products
and others, prepared by known methods. They
were purified through several fractional distillations;
their physical constants were equal or very close
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to the literature values. The carbon tetrachloride
was fractionally distilled over phosphorus pentoxide.

 Infrared Measurement. The carbonyl-stretching
spectra were measured at ca. 25℃, using a Hitachi

EPI-2 double-beam spectrophotometer equipped with
a sodium chloride prism. The measurement was
carried out both in the neat state and in solutions
of such low concentrations (of about 1-2mmol/l)
that any intermolecular hydrogen bonding, as
revealed by the hydroxyl spectra,8-10) was negligible.
For the solution measurement, both the reference-
and the sample-cell used had a path length of 1.0
cm. The observed frequencies were calibrated
against the spectrum of a standard polystyrene film.

Results and Discussion

For purposes of comparison, a series of
alkyl alkanoates (1-8) also were examined
under the same conditions, since there have
been no descriptions of their carbonyl data
being measured in concentrations as low as
1mmol/l; the spectra in solutions were almost
equal to those in the neat state and they were
essentially symmetric with respect to the
ordinate at the apparent maximum. The peak
frequencies are equal to, or very close to, the

Fig. 1. Carbonyl spectra of methoxy-esters in solutions.

A: ethyl methoxyacetate (9) ―; ethyl α-methoxypropionate (10) － － －;

ethyl α-methoxyisobutyrate (11) －-－

B: ethyl β-methoxypropionate (12)

C: dieteyl monomethoxysuccinate (13)

D: diethyl D-α,β-dimethoxysuccinate (14)

Fig. 2. Carbonyl spectra of hydroxy-esters in solutions ―

and in the neat state － － －.

A: ethyl lactate (17); B: ethyl β-hydroxypropionate (20);

C: ethyl ε-hydroxycaproate (22); D: diethyl D-tartrate (26)
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TABLE 1. CARBONYL FREQUENCIES OF ALKANOATES*

TABLE 2. CARBONYL AND HYDROXYL FREQUENCIES OF HYDROXY-ALKANOATES*1
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reported values, and they depend on both the
type of the alcohol part and the type of the
acid part, as is shown in Table 1. According
to the generally-accepted explanation, this
dependence can be attributed predominantly
to the electronic effects, operating along the
bonds, of both parts on the double-bond
character of the carbonyl group. Therefore,
the ethyl esters of methoxy- and hydroxy-
alkanoic acids, which are the most popular,
have been examined in the present study.
Some typical spectra are shown in Figs. 1 and
2, while the carbonyl data are summarized,
together with the hydroxyl data, in Tables 1
and 2.

Ethyl Methoxy-alkanoates. In solutions,
each of the α-methoxy-esters (9-11) shows

two bands; one of them appears at the normal
frequency characteristic of the corresponding
ester with a methyl group instead of a
methoxy group, and the other, at a higher

(by ca. 10-20cm-1) frequency. The appear-
ance of such a boublet band has hitherto
been observed in many α-halo-carbonyl com-

pounds,12-14) such as some α-halogenated

ketones, alkanoates, aldehyds, acid halides,

and amides, and, further, in several α-alkoxy-

ketones15) and in some phenoxy- and ethoxy-
acetates.13,16) The doublet has been attributed
to the existence of rotational isomers showing
two carbonyl frequencies, such as the forms
I and II, which can be represented by
Newman's projection along the C1-C2 bond:

cis Form (I) gauche Form (II)

where X is a highly polar group or atom.
The nature of the effects causing the frequency
shift has been discussed by Bellamy and
Williams,14) who attributed it primarily to
the dipolar field effect operating across the
space. When thee negatively-charged atom or

group X is close in space to the readily
polarisable, negatively-charged oxygen atom
of the carbonyl group, as in the form I, such
a geometry results in a mutual induction of
opposite charges; consequently, the carbonyl

group becomes less polar, and its vibrational
frequency rises above the frequency of the
carbonyl group, which is twisted away from
X, as in the form II. This mechanism can
conveniently explain the present case; the
higher frequency band can be associated with
the cis form, and the lower frequency band,
with the gauche form. Further, the α-

methoxy group in the gauche form does not
lead to any appreciable carbonyl-frequency
shift (i.e., the lower frequency is almost
equal to the normal carbonyl frequency of
the corresponding ester with a methyl group
instead of a methoxy group). This does not
necessarily suggest, however, that all inductive
effects are absent; rather, it could be due to
the cancellation of the inductive effects by
small residual field effects, which in that form
would be expected to operate in the opposite
direction. Such a cancellation has been
suggested in accounting for a similar behavior
of α-halogens observed in several carbonyl

compounds.14)

Ethyl β-methoxypropionate (12) shows a

single band that is identical in both shape and
frequency with that of ethyl propionate (5).
This indicates that the methoxy group in the
β-position, and probably also in a more

separated position, has no influence on the
carbonyl double-bond character.

Diethyl mono- and di-methoxysuccinate (13&
and 14) each shows a doublet band the peak-
frequency and relative intensity of which
agree with that would be expected from
their structures; the monomethoxy-ester shows,
the overlapped spectra of ethyl α- and β-

methoxypropionates (10 and 12), while the
dimethoxy-ester shows nearly the same spec-
trum as that of ethyl α-methoxypropionate.

Ethyl Hydrogy-alkanoates. The α-hy-

droxy-esters (15-19) show, in solutions, a single,
almost symmetric band at nearly the same
frequency as the lower-frequency band of
the corresponding α-methoxy-esters. This

suggests that the hydroxy-esters exist predom-
inantly in an internally-bonded cis-geometry.
If the carbonyl and the hydroxyl group (X)
are in the cis-relationship, as in the form I,
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the dipolar electrical forces operating across
the space between the groups would raise the
carbonyl frequency, much as in the case of
the α-methoxy-esters, while the possible

hydrogen bonding between them should have
the effect of decreasing the carbonyl frequency.
On the other hand, if the groups are situated
as in the form II, the carbonyl frequency may
be expected to be nearly equal to the lower
frequency of the corresponding α-methoxy-

esters, while the possible hydrogen bonding
between the hydroxyl and the ethoxy group
(R) should raise the carbonyl frequency. The
observed frequencies indicate the prefer-
ential existence of the internally-bonded
cis-form or the internally-unbonded gauche-
form. In reality, however, the latter can not
be considered. Nevertheless, this does not
obviate the existence of the internally-bonded
gauche-form, i. e., another type of hydrogen
bonding which involves the ethoxy group
as a proton acceptor, because the resolution
power of the instrument used is not strong
enough to detect a weaker band which may
appear at a slightly separated position. The
above indication is in good agreement with
the conclusion, previously reported on the
basis of the hydroxyl spectra,8-10) that the
hydrogen bond is predominantly formed on
to the carbonyl group, the ethoxy group being
involved to only a minor extent.
In solutions, the β-hydroxy-esters (20 and

21) show, apart from the normal-frequency
band appearing as a shoulder, a stronger band
at a lower (by ca. 20cm-1) frequency. Since
the β-hydroxyl group is expected to have no

field and electronic effects, like the β-methoxy

group, the strong band can reasonably be
assigned to the bonded carbonyl group,*1 and
the shoulder, to the free carbonyl group.
This provides other striking evidence for the

conclusion, previously deduced from their
hydroxyl spectra,10) that the hydrogen bonding
in these esters involves the carbonyl group

predominantly, while their unbonded mole-
cules are much lower in proportion.
The other higher ω-hydroxy-esters (22-24)

show no bonded-carbonyl band, although their
hydroxyl spectra indicated that only one of
them, ethyl ε-hydroxycaproate (22), was in-

ternally bonded to a very small extent.10)
Accordingly, a very weak band due to the
bonded carbonyl group in the ester (22)
probably overlaps the observed free-carbonyl
band.

Diethyl malate (25) and tartrates (26 and 27)
show a single band, whose frequency is close
to the lower frequency of the corresponding
mono- or di-methoxysuccinate (13 or 14).
Therefore, the type of hydrogen bonding in
these esters is essentially the same as in the
α-hydroxy-esters, as was previously concluded

on the basis of their hydroxyl spectra.8,9)

Similarly, ethyl α,β-dihydroxybutyrates (28

and 29) form a hydrogen bond between the
a-hydroxyl and the carbonyl group, as is
indicated by their having the same carbonyl
data as the α-hydroxy-esters and as was

previously conjectured on the basis of their
hydroxyl spectra.11)

In the neat state, the spectra of all the
mono- and di-hydroxy-esters are interesting
in comparison with their spectra in solutions.
Although the hydroxyl bands in the neat
state are very broad and shift greatly towards
the lower-frequency side as compared with
the spectral bands in solutions, the carbonyl
bands, except for those of the β- and the

higher ω-hydroxy-esters, remain nearly un-

changed in both frequency and band shape.

Inthe β-hydroxy-esters (20 and 21), the

relative intensities of the higher-frequency
bands to the lower ones are reversed, while
in the higher ω-hydroxy-esters (22-24) a new

band appears as a shoulder on the lower-
frequency side. The authors can not give
any decisive explanation for this observation,
because more complex, unknown intermolec-
ular interactions are probably involved in the
liquid state.
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*1 Note Added in Proof : We have recently been

informed by Professor P. von R. Schleyer of Prince-

ton University of his study of intramolecular
hydrogen bonding between the π-electrons on a

carbonyl oxygen atom and a hydroxyl group in

hydroxy-carbonyl compounds. He regards, exclu-

sively on the basis of a comparison of ΔvOH's and

possible conformations, that the hydrogen bonding

in β-hydroxy-ketones involves the π-electrons as the

predominant proton acceptor, while in α-hydroxy-

ketones the n-electrons on the oxygen atom is the

proton acceptor. The same may be suggested in
the cases of the α- and β-hydroxy-esters examined,

since they have essentially the same ΔvOH values

and possible conformations as have the corresponding

hydroxy-ketones.


