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bromic acid (pH 0.7) gives the diaquo complexes
having different absorption spectra (Fig. 6).
However, if the hydroxoaquo salts are dissolved in
water and allowed to stand at room temperature
for one hour before acidifying, the resulting di-
aquo complexes have the same absorption spec-
trum (Fig. 6). It should likewise be noted that
this spectrum lies between those of cis and frans
{Co eny(H;0):]Br; suggesting that it is an equilib-
rium mixture of these stereoisomers. These ob-
servations of the ease with which c¢is and trans
{Co enyH;O0H |Br rearrange in neutral or slightly
alkaline solution as compared to the stability of
cis and trans [Co eny(H:0)]Br; in strongly acid
solutions is in accord with findings of Briill.>*

It might be expected that analogous compounds
of the same configuration would have similar ab-
sorption spectra. That this is the case is seen in
Figs. 2, 3 and 5. In every instance the propyl-
enediamine complex of known configuration has
an absorption spectrum which closely resembles
that of the corresponding ethylenediamine salt of
the same configuration.

Acknowledgment.—The author takes this op-
portunity to thank Professor John C. Bailar,
Jr., for supplying some of the compounds that

(24) Brill, Compt. rend., 209, 630 (1939).
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were studied and Professor Ralph G. Pearson
for valuable suggestions in the interpretation of
some of the absorption spectra.

Summary

The absorption spectra of several ions of the
type [Magbe], [Masbc], [M(AA)sbs] and [M(AA),-
be] have been determined.

It has been shown that absorption spectra data
can be applied to establish the configuration of
geometric isomers whenever the position of the
absorption maxima of the second and third bands
are significantly shifted. It is likewise possible
to determine the structure of a complex by com-
paring its spectrum to the spectra of analogous
cis and trans salts.

The cis isomers of [Co(NH3)4(NOg)2]*, [Co ens-
(NOg)e]* and [Co ensyCle]™ have an absorption
band at approximately 240 mu. There is no ab-
sorption band at this short wave length for the
stereoisomers of either [Co enCISCN]* or
[CO eng(SCN)g]"L.

cts and trans-[Co engH:O0H |Bre rearrange rap-
idly in neutral or slightly alkaline solutions to
yield an equilibrium mixture of the two isomers.
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The Vibrational Spectra of Tetrahydropyran and p-Dioxane!

By STANLEY C. BURKET AND RICHARD M. BADGER

In the course of an investigation of the infrared
spectra of the carbohydrates it was found that no
really thoroughgoing attempts have been made
to interpret the spectra of simpler compounds
which have structural features in common with
them, in particular with the pyranose sugars.
The features which we have regarded to be par-
ticularly pertinent are (1) the oxygen-containing
ring and (2) the presence of many hydroxyl groups
attached to a ring. Both of these structural
features are found to give rise to strong absorption
in the region 8-10u, which in hydrocarbons is
usually relatively transparent, but in the carbo-
hydrates is characteristically opaque.

Our major purpose in the present paper will
be to identify the bands which arise from the
stretching vibrations of the tetrahydropyran ring.
While it is not expected that these bands will
occur unshifted in sugar spectra, their identifica-
tion may be expected to be of assistance in the
discussion of sugar spectra. In the carbohy-
drates the hydrogens which are attached to car-
bons are predominantly tertiary and bands in-

(1) This paper is based on work supported by the Bureau of Ord.

nance, United States Navy, and dome under comtract with the
Office of Naval Research, Contract N6.ori.102, Task Order V1.

volving them may be expected to fall at somewhat
higher frequencies than C-~C or C-O stretchings
(e.g., see Rasmussen'?), but in tetrahydropyran
and p-dioxane some of the hydrogen frequencies
do lie in this spectral region so that we include
a brief treatment of the methylene vibrations.

QOur general procedure has been to start from
the results of a normal codrdinate analysis of
cyclohexane by Lu, Beckett and Pitzer (to be
published) as reported in an article by Beckett,
Pitzer and Spitzer? and to extend these results to
tetrahydropyran and p-dioxane. We have at-
tempted to choose symmetry coérdinates for
cyclohexane which are probably a reasonable
approximation of the normal codrdinates and the
ring vibrations have been regarded as a first
approximation to those in tetrahydropyran and
p-dioxane, while the approximate form of the
hydrogen vibrations has been estimated by con-
sidering the effect of removing two or four hy-
drogens from cyclohexane. Rough relative in-
tensities and activities were then estimated and
the most reasonable possible assignments consist-

(1a) R. S. Rasmussen, J. Chem. Phys., 16, 712 (1948).

(2) C. W. Beckett, K. S. Pitzer and R. Spitzer, THIS JOURNAL, 69,
2488 (1947).
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ent with this simplified picture were made.
By this procedure we have been able to account
for the more intense Raman and infrared bands
of tetrahydropyran and p-dioxane in such a
way as to assign reasonable frequencies to the
ring stretching vibrations.

Tentative assignments have previously been
made for some of the Raman lines of tetrahydro-
pyran and p-dioxane by Kahovec and Kohl-
rausch,® and Ramsay* has made simple valence
force caleulations of the ring frequencies of p-
dioxane. The infrared spectrum of p-dioxane
has previously been published by McXKinney,
Leberknight and  Warner® and by Ramsuy,
both of whom examined the vapor as well as the
Licpuict.

The cyclohexane ring is shown in Fig. 1 with
the atoms numbered and with the codrdinates
indicated which will be used in our discussion.
The oxygen in tetrahydropyran is taken to be in
the 1 position, and the oxygens in p-dioxane in the
| and 4 positions. We assuimne the chair-form
ring throughout for all three compounds. The
evidence for the structure of cyclohexane has
been swnmarized by Ramsav and Sutherland $
and that for p-dioxane by Ramsay.*

) THIS PAPER AND
- T y

l HERZBERG D,,
X
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HERZBERG C,, C,,
4 X
Below xy-plane

O Above xy-plane

Fig. 1.-~Cobrdinates and numbering of ring atons as
allopted in this paper for cyclohexane, tetrahydropyran
and p-dioxane. The coérdinates used by Herzberg® for
six-membered rings of the indicated symmetry are also
shown.

We will be concerned in our discussion only with
the spectral region from about 6 to 14u so that
carbon-hydrogen stretchings and ring bendings
will not be mncluded.

Experimental Details

The spectra of liquid cyclohexane, tetrahydropyran and
p-dioxane shown in Pig. 2 were obtained with a Beckman
IR-2 infrared spectrophotometer? fitted with rocksalt

(3} L. Kahoveec and X, W. F. Kohlrausch, Z. physik. Chem., B85,
29 (1937).

(4) D. A Ramsay, Proc. Roy. Soc. (London), A190, 562 (1947).

(3) D. S. McKinney, C. E. Leberknight and J. C. Warner, Tu1s
fournar, 89, 481 (1937).

G: D, A, Ramsay and G, B. B M. Sutherland, Proc. Roy. Soc.
i London), A190, 245 (1947).

‘7% Manufactured by National Technical Laboratories, South
Pusadena, California.
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optics. The wave length scale was 1ot specially calibrated
for this investigation, but the uncorrected values which
we find for the positions of the bands of cyclohexane and
p-dioxane are in general within two or three wave nnmbers
of those appearing in the literature.
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Fig. 2.—lunfrared absorption spectra of liquid cyclo.
hexane, tetrahydropyran and p-dioxane. The ordinate is
transmission.

A list of the frequencies in cn.*? of the infrared bands
of tetruhydropyran and p-dioxaie as shown in Fig. 2
follows, with relative intcusities shown in parentheses:
tetrahydropyrau 818 (3), 856 (4), 875 (8), 969 (3), 1012
(6), 1033 (6), 1050 (8), 1097 (10), 1160 (2), 1202 (7),
1256 (3), 1272 (3), 1296 (3), 1348 (2), 1381 (4), 1451 (5);
p-dioxane 875 (10), 890 (7), 1020 (0s), 1052 (5), 1086
(6). 1122 (10), 1256 (7), 1290 (5), 1321 (1), 1366 (4),
1453 (6). The strongest band in each spectrum is as-
signed an intensity of 10. Ramsay! assigned somewhat
lower intensities to the 875 and 1122 cm.™! p-dioxane
bands, probably because his samples were thicker than
PHITE .

The cyclohexane was manufactured by Shell Chemical
Corporution. It was examined in a 0.1 mm. liquid absorp-
tion cell. The excellent agreement with previously pub-
lished spectra®?® shows that its purity is satisfactory.

The tetrahydropyran was du Pont Elchem-596. Its
boiling point of 88°, as quoted by du Pont, compares
favorably with that of 87.5-88.5° reported by Allen and
Hibbert® for the, pure product which they prepared for
electric moment measurements. The spectrum shown in
Fig. 2 was obtained by examining a drop of tetrahydro-
pyran pressed between two silver chloride plates; a curve
which was obtained by use of the 0.1 mm. liquid absorp-
tion cell showed excessive absorption.

The p-dioxane was distilled over sodium but was not
fractionated. The agreeinent between our spectra and
those previously published*® is excellent. The ‘‘thick’
film was obtained in the same way as the tetrahydropyran
sample and the thin film was obtained by use of rocksalt
plates. The silver chloride plates were not suitable for the
thin sample because their surfaces were not sufficiently
flat and retained too much liquid; the variation in thick-
ness of the thicker sample is not important since we are
not concerited with absorption coefficients.

We regard the greatly increasing intensity of absorption
in the order cyclohexane, tetrahydropyran and g-dioxane
as very significant.

(8) G. B. Carpenter and R. S. Halford, J. Chem. Phys., 18, 99
11947).

$3) American Petroleum Institnte Research Project $4, Infrared
Spectrograms, Nos. 17 and 368,

A0 5 Alten and 1L Hiblre,
IR

Tus Jovr~Nan, 86, 13u8
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Fig. 3.—Approximate normal vibrations of a puckered X, ring of symmetry Djq and assignments in cin.™ ! for cyclohex-
ane as reported by Beckett, Pitzer and Spitzer.? Arrows indicate mnotion in the xy-plane, plus and minus signs motion
parallel to the z-axis. All symbols are drawn to the same scale in a given vibration or degenerate pair of vibrations. The
z-components of the motions of the atoms in the E; vibrations are too small to indicate in the figure; if the magnitude of
the longest arrows in the Eg vibrations (3. e., 1 and 4 of E¢(b) stretching and Eg(a) bending) is taken to be unity the z-
components are as follows for atoms 1 to 6, respectively: Eg(a) stretching, 4+0.175, +0.0875, —0.0875, —0.175, —0.0875,
+0.0875; Eg(b) stretching, 0, +0.152, +0.152, 0, —0.152, —0.152; Eg(a) and Eg(b) bending, the same magnitudes as

Jor the corresponding stretchings, but opposite signs.
vibrations are identically zero.

Plausible Forms for the Normal Vibrations of
Cyclohexane

Ring Vibrations.—In the present discussion
cyclohexane will be treated as though it were an
X ring of symmetry Dsa (chair-form), and any
possible coupling with hydrogen vibrations will
be ignored.

Symmetry coérdinates of a flat X ring have
been given by Herzberg!! and have been adopted
by Ramsay and Sutherland’ for the ring vibra-
tions of cyclohexane. We have adapted these
to the puckered X, ring as shown in Fig. 3, and,

(11) G. Herzberg, '‘Infrared and Raman Spectra,” D. Van Nos.
rand Company, Inc., New York, N. V., 1945, p. 93.

The z-components of the mnotions of the atoms in the Ay and Ag

with the exception of the E; vibrations, have
accepted them as plausible forms, although only
the Ay, and A,, vibrations are uniquely deter-
mined by symmetry. The radial-tangential set
of E; vibrations shown in Fig. 3 are obtained
by simply taking the vector sum and difference
of those shown by Herzberg and by Ramsay and
Sutherland; we have selected these forms for
reasons discussed below under the assignment of
ring frequencies. The assignments which are
reported by Beckett, Pitzer and Spitzer? for
cyclohexane are shown in Figs. 3 and 4.
Cyclohexane, tetrahydropyran and p-dioxane
have only one element of symmetry in common,
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Fig. 4 —Methylene bending vibrations of cyclohexane as
determined by the assumptions given in the text, and as-
signments in cm.”! as reported by Beckett, Pitzer and
Spitzer.? Peripheral symbols represent the motions of
equatorial hydrogens, interior those of polar hydrogens.
Dotted interior arrows represent polar hydrogens below
the plane of the paper, solid interior arrows those above
the plane of the paper. All symbols are drawn to the same
xcale in a given vibration or degenerate pair of vibrations.

namely, a plane of symmetry. Since all tetra-
hydropyran and p-diozxane vibrations must be
symmetric or . antisymmetric with respect to
this plane, it is necessary to follow Ramsay and
Sutherland® in choosing for discussion those pairs
of degenerate vibrations which meet this condi-
tion, so that they may be comparable. The
important features of the degenerate vibrations
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are, for our purposes, not their exact forims, but
{1) that the two ring frequencies of each degen-
erate symmetry class are probably quite different
so that we may speak of a stretching and a
bending vibration in each class, and (2) that each
of the two pairs of degenerate ring stretching
vibrations consists of one which involves princi-
pally stretching of the 1-2, 1-6, 4-3, and 4-5 bonds
and one which involves principally stretching of
the 2-3 and 3-6 bonds. The latter type of vibra-
tion will be expected to show little change when
oxygen is substituted in the 1 and 4 positions,
whereas the former will be expected to show
relatively great effects.

‘The forms selected for the Ay, E; aud E, vibrations are
of course completely arbitrary, but the actual forms will,
in the absence of coupling with C-H vibrations, be linear
combinations of those shown. The forms of the two
Ay, vibrations as shown in Fig. 3 represent pure stretching
and bending, respectively. The forms of the E, vibra-
tions were selected for reasons described later and the
forms of the I, vibrations were fixed by arbitrarily requir-
ing that during the E,(a) stretching vibration the 1,2,6-
and 3,4,5-planes remain fixed.

Hydrogen Bending Vibrations.-——It is custom-
ary in discussing the bending vibrations of
methylene hydrogens to speak of bhending,
rocking, wagging, and twisting vibrations.!?
Any such discussion implies the assumptions (1)
that there are only negligible interactions be-
tween carbon-hydrogen bendings and carbon-
carbon stretchings, (2) that there are only negli-
gible interactions between motions of a hydrogen
parallel and perpendicular to the plane defined
by the three adjacent carbons and (3) that the
motions of the methylene hydrogens are either
symmetrical or antisymwmetrical with respect to
that plane.

The above assumptions and the symmetry of
the molecule are sufficient to determine the forms
of the carbon-hydrogen bending vibratious.
The motions of the hydrogens alone, as so deter-
mined, are shown in Fig. 4. In many of the
vibrations, of course, the ring is required to move
also, in order to satisfy the requirements of zero
angular and linear momentum; the reader can
readily supply such motions.

The Normal Vibrations of Tetrahydropyran ond
p-Dioxane

Plausible Forms.—A set of vibrations which
satisfies the orthogonality requirements of p-
dioxane or tetrahydropyran can be drawn which
is so closely similar to that shown in Fig. 3 that
it would be difficult to show the differences in a
figure. We shall assume that the differences are
actually small, and that Fig. 3 can be used as a
basis for discussion since the exact forms of the
vibrations of tetrahydropyran and p-dioxane
are not important in the present consideration.

The hydrogen bending vibrations of p-dioxane

(12) See R, S. Rasmussen! for definitions. Recently the more de-

seriptive term *‘scissors’’ hias come into use for *’bending’’ and will he
adopted in the present paper.
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can be approximated by removing the proper
hydrogens from the vibrations shown for cyclo-
hexane in Fig. 4. The resulting vibrations are
identified throughout our discussion by the
designations of the cyclohexane vibrations, with
the symmetry class of the vibrations in p-dioxane
included in parentheses. The same notation
is used for the ring vibrations. The removal of
two methylene groups introduces some ambiguity
into the notation since one member of each de-
generate pair of vibrations may be said to have
merged with a non-degenerate vibration as
follows: Eg(a) rocking or scissors with Ay rocking
or scissors, Fg(a) rocking or scissors with Asy,
rocking or scissors, E,(b) wagging or twisting with
A, wagging or twisting, and E.(b) wagging or
twisting with Ay, wagging or twisting. We shall
arbitrarily adopt the non-degenerate designation.

The removal of one methylene group in going
from cyclohexane to tetrahydropyran must neces-
sarily result in a decrease of four in the number
of methylene bending vibrations, one of each type
and two of each tetrahydropyran symmetry
class. This means either that four cyclohexane
vibrations have no counterpart among the tetra-
hydropyran vibrations, or that at least four of the
tetrahydropyran vibrations are each related to
more than one cyclohexane vibration. This un-
certainty in the forms of the methylene vibrations
will be discussed below under intensities.

Frequencies.—The introduction of the
stronger C-O bonds in place of C-C bonds may
be expected to result in general increases in the
ring stretching frequencies. The non-degener-
ate ring stretching vibrations involve all the
ring bonds equally so that the change in fre-
quency should not be large in going from cyclo-
hexane to tetrahydropyran to p-dioxane. On
the other hand, the degenerate vibrations do not
involve all the ring bonds to the same extent,
as pointed out earlier. One of each pair of
degenerate stretching vibrations involves chiefly
C-C bonds, in both tetrahydropyran and p-
dioxane, and should show little change in fre-
quency, whereas the other member of each pair
becomes a pure C-O vibration in p-dioxane and
should show a relatively large shift to higher
frequencies.

An exhaustive discussion of possible shifts in
the hydrogen frequencies would be exceedingly
complex, but consideration of the spatial rela-
tionships of the hydrogens indicates that the
frequencies are likelv to be quite different in
tetrahydropyran and p-dioxane even in the ab-
sence of other effects.

In p-dioxane both the 2,6 and 3,5 pairs of polar hydro-
gens are very close together, probably in van der Waals
contact. If Hassel and Viervoll’s model!? is used appre-

ciable distortion of the tetrahadral angles tnust be as-
sumed in order to avoid overlapping of the van der Waals

(13) O. Hassel and H. Viervoll, Acta Chem. Scand., 1, 149 (1947).
C-C =134A,.C0=1424, ZC-CO =108°, ZC-OC =
108°,
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radii of the polar hydrogens, and in the model proposed
by Shand!* the polar hydrogens are almost, but not quite,
in van der Waals contact (assuming that the van der
Waals radius of hydrogenis 1.24.3). In tetrahydropyran,
however, only the 2,6 pair of polar hydrogens is closer to-
gether than in cyclohexane and the 3,5 pair of polar hy-
drogens is farther apart. A simple Tinker Toy or Hirsch-
felder model will help the reader to visualize the above.
In our considerations we have assumed that c-C 2 1.51
A.,C-0< 144 A., Z C-O-C < 113° and that all carbon
valence angles are tetrahedral

Rough Estimated Intensities of Tetrahydropyran .
Bands

All tetrahydropyran vibrations are permitted
by symmetry to be active in both the Raman and
infrared spectrum. The intensities of the bands
will vary widely, however, and we shall indicate
below the rather unsophisticated arguments which
we have used to predict rough relative intensities.
As previously mentioned, the ring vibrations are
identified by the designation of the cyclohexane
vibration from which they may be regarded as
derived; the symmetry class of the vibration in
tetrahydropyran is added in parentheses.

Intensities of Raman Lines.—Without know-
ing the numerical values of the components,
aij, of the polarizability tensor, or of their deriva-
tives with respect to the normal coérdinates,
of;,*® we can nevertheless indicate by use of well-
known principles which derivatives will have non-
zero values for a given vibration. In the absence
of further information one might expect that in
general those vibrations which are derived from
Raman-active cyclohexane vibrations will give
rise to the strongest Raman shifts.

Two Raman shifts of reasonable intensity,
prohibited in cyclohexane, may be expected to
arise from ring stretching vibrations of tetra-
hydropyran. One arises from the splitting of the
E; frequency, discussed above, and the other
from the fact that the polarizability is not the
same in opposite phases of the E,(a)(A’) vibra-
tion. The remaining ring stretching vibrations
would be inactive at the intensity level under dis-
cussion since the diagonal derivatives are zero,
and the orientation of the polarizability ellipsoid
is changed only very little so that the off-diagonal
derivatives are exceedingly small.

In spite of the uncertainty in the forms of the
methylene vibrations of tetrahydropyran men-
tioned above it seems probable that certain of the
cvclohexane vibrations, at least, will have reason-
ably close counterparts among the tetrahydro-
pyran vibrations, in particular the eight E vibra-
tions which involve only four methylene groups.

(14) W. Shand, Jr., Thesis, California Institute of Technology.
1046, C-C = 151 = 0044, C-0 = 1.44 = 0.034., <C-C-0 =
109.5 = 5°, £ C-0O-C = 112.5°, average ring angle = 110.5 = 2°,
0.94 S C-0-/C-C < 0.98.

(15) L. Pauling, ‘““The Nature of the Chemical Bond,” Cornel!
University Press, Ithaca, N. Y., 1042, p. 189,

(16) The derivative we are discussing, a’jj, is the coefficient of the
linear term of the expansion of ajj as a function of the normal cobrdi.

nate § about the equilibrium configuration, e, or, briefly, a'yj = (daj;
Odt)e (Herzberg,® p. 244),
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and the four A, vibrations, which require all the
methylene groups to be vibrating in the same
sense. Among these the four E; vibrations will
be expected to be active with fair intensity, with
the possible exception of the Eg(b}(AY) rocking
vibration, which does not appear in the cyclo-
hexane spectrum. There is some question also
as to whether the degenerate scissors vibration
will split, since its frequency appears to depend
mostly on the bending force constant of the in-
dividual methylene group, and very little on iuter-
actions outside the group.

Of the hydrogen bending vibrations in general
we may say-that we expect no strong bands which
are forbidden for cyclohexane. 1f a Raman-
active cyclohexane vibration is combined with a
Raman-inactive cyclohexane vibration to give
the form of a tetrahydropyran vibration the re-
sulting band should be weaker than if it were
related to the Raman-active cyclohexane vibra-
tion alone.

Intensities of Infrared Bands.—The intensity
of the infrared band corresponding to a given
vibration depends on the magnitude of the

changes in the electric moment of the molecule

during the vibration. In many cases, particu-
larly when resonance between structures of
nearly equal energy but different charge dis-
tribution is not important, we may discuss the
magnitude of these changes in terms of the
motions of formal charges. Such a discussion
cannot account for the infrared activity of carbon-
carbon stretchings, or methylene twistings, but
is probably a satisfactory approximation for the
other types of vibrations.

The infrared spectrum of tetrahvdropyran
shows an appreciably greater difference from
cyclohexane than does the Raman spectrum
presumably because the introduction of an oxygen
atom in place of a CHs group has a larger effect
on the charge distribution than on the polarizabil-
ity. Not only does the highly electronegative
oxygen atom introduce a formal negative charge
in the 1 position but the opposing positive charge
is probably to a large extent passed on to the
hydrogens so that the intensity of both ring and
hydrogen bands should be increased over cvclo-
hexane. This is in line with the experimental
fact noted earlier that the intensity of absorption
icreases markedly in the order cvelohexane,
tetrahvdropyran, p-dioxane.

The negative charge on the oxvgen is probably
sufficiently large, and enough of the opposing
positive charge is probably passed on to the
other end of the ring, so that all vibrations
which involve motion of the oxygen will have
appreciable intensity in the infrared. Thus the
very strong Apg(A’) ring-stretching Raman line
should be accompanied by an infrared band of
medium intensity, as should the other ring-
stretching Raman lines.

The AL{A" stretching  vibration, which s
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inactive in cyclohexane, should be one of the
strong bands in the infrared spectrum of tetrahy-
dropyran because the change in moment due to
the motion of the oxygen atom is of the same sign
as the change due to the motion of the rest
of the ring. Both E, stretching frequencies
should be very strong also, for the same reason.

Thus the tetrahydropyran ring may be expected
to contribute three infrared bands of moderate
to strong intensity, each of which appears also
in the Raman spectrum, and three strong in.
frared bands one of which appears weakly in the
Raman spectrum, a total of five new infrared
bands as compared with cyclohexane,

Of the hyidrogen frequencies we would expect the Ay,-
(A’) aud Ey(b)(A") rocking and scissors and the Ey(a)-
(A’) wagging vibrations to give the strongest bands.
The activity of the other hydrogen bending bands will de-
pend on the relative amplitudes of the motions of the
inethylene groups and on the extent to which various
cyclohexane vibrations may be regarded to have inter-
acted in giving the forms of the tetrahydropyran vibra-
tions. If the E, (b)(A") wugging vibration interacts
ouly a very little with other A" wagging vibrations it may
be expected to give rise to a fairly strong band; if, on the
other hand, it has “"interacted’’ extensively its potential
intensity will be distributed among two or more bands.
1f any twisting vibrations are active it would probably be
those which are most closely related to the E, vibrations,
which are active in the cyclohexane spectrum. It seems
likely that the infrared activity of the twisting vibrations
arises from a departure from our assumption three under
our discussion of the forms of hiydrogen vibrations of
eyvelohexanc.

Rough Estimated Intensities of p-Dioxane

Bands

There are no absolute selection rules in the
liquid state, but the vapor selection rules arc
nevertheless useful for discussing the more
intense lines. Neither cyclohexane nor p-dioxane
shows significant differences between the vapor
and liquid infrared spectra at the intensity level
which will be discussed here. Since we have
assumed the chair structure for p-dioxane we
expect therefore that no vibration will be active
in both the Raman and infrared spectra.

Three ring stretching and eight hydrogen
bending vibrations are permitted by symmetry to
be active in the Raman spectrum. The Az(Ag)
ring breathing vibration will be expected to
vield the strongest shift. We might expect also
that the E(b){B.) ring stretching shift will be
somewhat stronger than the corresponding tetra-
hydropyran shift because its intensity depends
to some extent on the quantity ay — oy, which
should be twice as large for p-dioxane as for
tetrahydropyran. The Eg(b)(Bg} rocking and
scissors and the Ay (Bg) wagging vibrations are
expected to give weaker shifts than the A; vibra-
tions because the motion of the ring tends to
offset that of the hydrogens in these vibrations.

In the infrared spectrum, also, three ring
stretching and eight methylene bending vibrations
are permitted by symmetry to be active. The
introduction of a second vxvgen will be expected
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to accentuate the effects mentioned above for
tetrahydropyran except, of course, for the dis-
symmetry of the latter. Each of the three ring
stretching vibrations will .be expected to appear
with good intensity, with the two E, frequencies
the strongest if the effect which is responsible for
the activity of these vibrations in cyclohexane is
in the right direction. If the activity of the
cyclohexane vibrations arises from the attraction
of the positively charged nuclei for the electrons
of the C-C bonds of adjoining carbons, for ex-
ample, the effect would be in the right direction.

Each of the eight methylene bendirig vibrations
except the two twistings is expected to appear
with fair intensity. The E,(b)(A,) rocking and
scissors vibrations might give somewhat weaker
bands than the others because the change in
moment is brought about by the motion of only
four hydrogens as compared with eight for the
other vibrations (not including twistings, of
course).

Assignment of Bands

The assignments which we have made on the
basis of the highly simplified picture described
above are summarized in Fig. 5. The reasons for
these assignments are given briefly below. The
specific assignment of methylene frequencies is not
unique in view of the uncertainty of the forms of
the vibrations, but since the assignment of ring
frequencies seems reasonable our major purpose
has been achieved.

In Fig. 5 we have arbitrarily related each
methylene bending band of tetrahydropyran to
only one cyclohexane vibration, not so much to
identify the tetrahydropyran bands as the p-
dioxane bands.

Ring Bands.—The first step in assigning ring
frequencies was to combine the above intensity
considerations with Ramsay’s approximate cal-
culationst to make tentative assignments for p-
dioxane. The assignments for both p-dioxane
and tetrahydropyran were then made in such a
way as to be as nearly as possible consistent with
each other, with Lu, Beckett and Pitzer’s assign-
ments for cyclohexane,? and with our simplified
picture described above.

The results of Ramsay’s calculations for the
ring stretching frequencies of p-dioxane are as
follows, in cm.~!: A (Ag) 834, Eg(a)(Ag) 1111,
Eq(b)(Bg) 1126, A(Ay) 1141, Ey(b)(A,) 927 and
Eu(a)(By) 982. The positions of bands and
Raman shifts which have been found experimen-
tally in this spectral region can be seen in Fig. 5.
We will not consider the 852 and 1020 cm.—!
bands because of their low intensity, and the
1052 c¢m.—! band is not a ring stretching band as
shown by its parallel character.* Thus there are
only four bands in the ring stretching region
remaining to be assigned in each of the Raman
and infrared spectra.

Of the four infrared bands one of the two higher
frequency bands is the Aj;.(A,) stretching fre-
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quency so that the splitting of the E, ring stretch-
ing bands is either about 200 cm.—! or only 15
cm.~! The latter seems excessively low in
view of the difference in character of the two
vibrations so that the higher value is probably
correct. One would expect the splitting of the E,
shifts to be at least of the same order of magnitude.
If the 1014 and 1111 cm.~! shifts are assigned to
the two E; ring stretching frequencies the splitting
would be 97 em. 1, which seems consistent.

The assignment of the 1014 cm. ! shift to the
E(a)(As) vibration is supported by its intensity.
In the cyclohexane spectrum the E; stretching
shift is second only to the Ayg ring breathing shift
in intensity and is the only other intense Raman
shift below 1250 cm.~!. We have assigned the
1111 cm.—! shift to the E.(b)(Bg) vibration be-
cause of the general tendency of Ramsay’s
calculated frequencies to be high.'” The 834
cm. ! shift is no doubt the Az breathing vibra-
tion, in agreement with the assignments of Ram-
say* and of Kahovec and Kohlrausch.?

The intensity of the 875 and 1122 cin.~! in-
frared bands is so great compared with the 1453
cm. ! scissors band that they can probably be
eliminated as methylene bands.!®* The 875 cm.™!
band is then the Ey(b)(A,) ring stretching band.
Assignment of the 1122 cm. ™! frequency is not as
straightforward, but we favor the E,(a)(By)
over the A;,(A,) stretching vibration because
it appears to fit better with our assignments for
the tetrahydropyran spectrum, which is dis-
cussed below. The Aj,(Ay) stretching vibration
would then be assigned the 1086 cm.—! frequency.
Our assignments are within about 2 to 109, of
Ramsay’s calculated frequencies, which is satis-
factory.

If the above ring assignments for p-dioxane are
accepted, the ring assignments for tetrahydro-
pyran as shown in Fig. 5 follow with little addi-
tional discussion. The three vibrations which
may presumably be derived from Raman-active
cyclohexane and p-dioxane vibrations are assigned
the strongest bands in the ring stretching region
of the Raman spectrum (813, 1007 and 1041
cm.~!) and the two vibrations which may pre-
sumably be derived from infrared-active cyclo-
hexane vibrations are assigned the two strongest
bands in the infrared spectrum (875 and 1097
cm.!). In accordance with our expectations
each of the Raman bands is accompanied by an
infrared band, and the strongest infrared band is
accompanied by a weak Raman band.

(17) The ring stretching frequencies calculated by Ramsay and
Sutherland® for the cyclohexane ring by the same method which
Ramsay used for dioxane are 4 to 6% higher than those given by
Beckett, Pitzer and Spitzer.? The latter were presumably obtained
on the basis of a somewhat more sophisticated treatment since hydro-
gen frequencies are also included.

{18) The scissors band is generally the most intense band in the
infrared spectra of hydrocarboms except for the carbon-hydrogen
stretching band. See, for example, the Infrared Absorption Spee-

trograms published by the American Petroleum Imstitute’s Researeh
Project 44.
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The assignments reported by Beckett, Pitzer and Spitzer for cyclohexane are shown at the top. The letters

s, r, w, t and sc indicate stretching, rocking, wagging, twisting and scissors, respectively. Raman lines from Kahovec

and Kohlrausch,?

The letters (a) and (b) near some of the arrows identify the member of the degenerate pair which the

arrows represent; where space permits the identifying letter is placed to the left of its arrow.

Independent of whether the p-dioxane assign-
ments are accepted or not, the 1012 and 1050
cm.™! bands are quite positively identified by
the presence of the associated 1007 and 1041
cm.~! Raman shifts so that only the 1033 and
1097 cm. ™! infrared bands are left to be assigned
to the Aj;(A,) and E.{a)(B.) ring stretching
vibrations.  The appearance of u weak Raman
shift at 1090 cm. ™ supports our assignment of the
1097 cm. ! infrared frequency to the latter vibra-
tion.

The Raman 1041 cm.”' and infrared 1050
em. ! bands are more intense than expected on the
basis of our earlier discussion. The 1041 cm.~!
Raman shift is characterized as ““broad’’ by Kohl-
rausch so that it is probably complex and some
of its intensity may perhaps come from the first
overtone of the Az (A’) ring bending vibration,
from some combination frequency, or from a
methylene vibration which we have assigned to a
different frequency (e.g., the A (A’) methylene
rocking vibration). The high infrared intensity
as compared with that of the Ey(a)(A’) vibration

indicates that the actual “Eg’’ vibrations approach
the tangential form shown in Fig. 3 because in the
Eg(b)(A”) stretching vibration of the tangential
form the positively charged 2 and 6 methylene
groups move in the opposite direction to that of
the oxygen-and so would be expected to give an
appreciably stronger band than the Eg(a)(A')
stretching vibration. A pair of infrared bands
corresponding to the forms shown by Ramsay*
would be expected to have nearly equal inten-
sities. It is not clear why the E.(b)(A") vibra-
tion should give a stronger infrared band than the
A1a(A") vibration, but this seems to us preferable
to having the E,(a)(A’) vibration give the
weaker band. The infrared intensity of the
Eyu(b)(A") vibration indicates that the changes in
moment arising from the effect which is responsible
for the infrared activity of this vibration in the
cyclohexane spectrum and from the motion of
the oxygen are additive, and we therefore expect
that the infrared intensity of the E,(a)(A’)
vibration will be appreciably greater than that of
either of the E, vibration
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In our analysis the frequency of the E.(a)
ring stretching vibration is affected far more by
the introduction of the first oxygen than by the
introduction of a second. This may he accounted
for by an interaction with the E,(a)(By) methyl-
ene wagging vibration of p-dioxane.

Methylene Bands.—Our primary concern is not to as-
sign the methylene bands specifically, but rather to show
that our assignment of ring bands is not inconsistent with
the requirements of the methylene bands. As shown in
Fig. 5 we have accounted in a reasonable manner for the
number and relative intensities of the infrared bands and
Raman shifts in this spectral region.

The unassigned 1125 cm.~! Raman shift of p-dioxane
might be a combination of the Ey(b)(Ay) ring bending
and methylene rocking vibrations.

The parallel nature of the 1050 cm.~! infrared band of
p-dioxane requires that it arise from either a By rocking or
B, scissors vibration. The frequency decides unambigu-
ously in favor of the Ag(B,) rocking vibration. The
high frequency of this band in p-dioxane may probably be
attributed to the fact that the polar hydrogens are either
in van der Waals contact or very nearly so, as discussed
above. The remaining unassigned band of p-dioxane in
this spectral region, at 889 cm.~1, is then the Eu(b)(A4)
methylene rocking vibration; in this latter vibration it
will be noted that the polar hydrogens move in the same
direction and their close proximity may be expected to have
little effect on the frequency.

From the wagging vibrations we may expect at least one
Raman band and one moderately strong infrared band.-
The fact that there is only one strong infrared band in the
1150-1300 cm.~?! region in the tetrahydropyran spec-
trum, at 1202 cm. !, indicates that the A” wagging vibra-
tions have been appreciably modified as compared with
those of cyclohexane. Qur assignment of the 1202 and
1097 cm.~! bands to vibrations of the same symmetry raises
the question of the possibility of the former ‘‘borrowing”’
some intensity from the latter.

Structure of Tetrahydropyran and of p-Dioxane

A question which is not related to our major
purpose, but is of general interest, is whether
the approach outlined in the present paper can
contribute any new arguments for or against the
chair structure for p-dioxane or for tetrahydro-
pyran. The estimation of relative intensities
by the rough methods of the present paper can
hardly compare in rigor with the usual spectro-
scopic arguments and arguments based on our
approach cannot be regarded as proof, but should
serve as supporting evidence.

To the extent that our predictions are valid, the
planar structure for both tetrahydropyran and
p-dioxane can be immediately eliminated, because
if this structure were correct the only rocking
vibration which could give a strong infrared
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band would be the one related to the A,y vibration
of cyclohexane, and the infrared spectra of these
compounds cannot be explained reasonably unless
at least two rocking vibrations give moderately
strong infrared bands.

The Cjy boat structure for p-dioxane can be
eliminated on several counts, such as dipole
moment and number of bands, but as to the latter
the mere fact that the number of bands is smaller
than the number permitted by symmetry is a
weak argument at best. Our considerations
show that specifically the Cpy structure would
require a strong infrared band in the same posi-
tion as the strong A; ring breathing Raman band
whereas actually there is no strong infrared band
within 50 cm.=! of this position. The argu-
ment against the corresponding C; boat structure
for tetrahydropyran is weaker. However, with
that structure, since the z-component of the
change in moment arising from the motion of
the oxygen atom in the A’ ring breathing vibra-
tion has the same sign as that arising from the
motion of the four nearest, and probably most
highly charged, methylene groups, we would
expect that the infrared intensity of this vibra-
tion would more nearly approach that of the other
ring stretching bands than it actually does.

We feel that the consideration of probable
intensities will enter more and more in the future
into discussions of the structures of polyatomic
molecules.

Summary

1. The infrared spectrum of liquid tetrahydro-
pyran between 7.5 and 14y has been presented and
compared with those for liquid cyclohexane and
p-dioxane,

2. Frequencies have been assigned to the ring
stretching vibrations of tetrahydropyran and

" p-dioxane and the assignments have been shown

to be consistent with a reasonable assignment of
methylene bending frequencies. The procedure
for making the assignments, which is described
in some detail, depends much more than is cus-
tomary on the consideration of intensities.

3. New spectroscopic arguments, based on the
consideration of intensities, are presented against
the flat Doy and the C,y boat structures for p-
dioxane and the corresponding structures for
tetrahydropyran.
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