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The microwave spectrum of cyclohexanone has been investigated in the frequency region

from 7.7 to 23.4 Gce/fsec.
signed for the vibrationally ground state.

The R- and Q-branches for both the a- and the c-type have been as-
The rotational constants obtained are 4=4195.30 Mc/
sec, B=2502.57 Mc/sec, and C=1754.49 Mc/sec.

From these values it can be concluded that

the molecules have the chair form. The value of the component of the dipole moment |g,]| is
2.74+0.03 D, and that of | t¢| is 0.860.03 D. The value of the total dipole moment is 2.87+
0.04 D, a value which is in agreement with that obtained by Debye’s method. For the structural
parameters Romers’ data obtained by the electron diffraction seems to be nearly correct.

An electron diffraction investigation of cyclo-
hexanone has been reported by Romers.’> By
assuming the chair form for this molecule, the struc-
tural parameters obtained in his investigation were
as follows: the bond distances were 1.54-+0.01 A,
1.24++0.02 A, and 1.09:0.02 A for C-C, C=0,
and C-H respectively, and all the carbon bond
angles were 109.5°+2.5°, with the exception of the
valency angle of the carbonyl carbon atom, which
was 117°+3° for the C-C-C angle. By the study
of the microwave spectrum of acetone,® the
£ C-C-C valency angle has been estimated to be
117°12'+20". This value is essentially the same
as that obtained by Romers. However, no struc-
tural investigation of cyclohexanone by microwave
spectroscopy has yet been reported. The present
work has been carried out in the hope of determin-
ing the special ring structure of this molecule.

Experimental

The spectrum was measured over the frequency range
from 7700 to 23400 Mc/sec with a conventional Stark

*1  Presented at the Symposium on Structural Chem-
istry held by The Chemical Society of Japan, Sapporo,
Oct., 1967.

1) C. Romers, Rec. trav. chim., 75, 956 (1956).

2) R. Nelson and L. Pierce, J. Mol. Spectry., 18,
344 (1965).

modulation microwave spectrometer, employing 100 kcf
sec square-wave or sine-wave modulation. All the meas-
urements were made at about —15°C.  The fre-
quencies were measured by the method reported in a
previous paper.3

The sample of cyclohexanone, obtained from a
commercial source, was distilled twice before use.

Results and Discussion

Microwave Spectrum and Rotational Con-
stants. To obtain an idea of how the spectrum
would appear, preliminary rotational constants
were calculated by use of the structural parameters
obtained by Romers!? for three possible structures,
i. ¢., the chair form, the boat form, and the skew-
boat form, as shown in Fig. 1.

It was difficult to assign the spectrum because
of its richness, but almost all of the low J transi-
tions for the a-type and some of the low J, c-type
transitions were identified by their characteristic
Stark effects; these assignments were confirmed by
fitting them with rigid-rotor rotational constants.
The measured frequencies and the transitions for
both a- and c-type are listed in Table 1, together
with the rotational constants obtained. In view

3) A. Hatta, C. Hirose and K. Kozima,
Bulletin, 41, 1088 (1968).
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Fig

Yoshitake Onnisur and Kunio Kozima [Vol. 41, No. 6

(ii)

(iii)

. 1. Possible structures for cyclohexanone ring.

(i) chair form, (ii) boat form, and (iii) skew-
boat form,

TABLE 1. GROUND-STATE ROTATIONAL TRANSITIONS

OF CYCLOHEXANONE

Transitions Observed*

in Mc/sec Yobs— Yeale
a-type 1y — 2j 7766.4 +0.4
log — 2g2 8316.0 +0.2
1yg — 244 9261.9 —-0.3
25 > 345 11537.9 —0.1
240 — 343 12055.6 +0.4
25 — 35 12771.7 +0.5
25 — 3y 13487.3 +0.2
24y > 34n 13748.5 +0.6
318 — 44 15217.1 -0.3
305 —> 404 15553.8 —0.5
320 — 4p3 16871.0 -0.3
331 — 452 17343.2 +0.3
330 > 44, 17537.4 —-0.8
312> 4y 18014.5 +0.1
351 — 42 18340.3 0.0
S5 —> iy 10381.3 —-0.7
ctype lgy — 2y 11702.9 —0.2
lig — 2 14539, 0%* +0.3
Iy — 2y 15088.6 +0.1
202 — 342 17135.5 +0.4
2y —> 3y 18764 . 2%* +0.5
215 —> 350 20093.6 0.0
29 > 3y 23215.8 —-0.3
422 - 432 8332.4 —0.9

Rotational constants: A4=4195.30 Mc/sec

B=2502.57 Mc/sec
C=1754.49 Mc/sec

of the relative intensities of the spectrum, it is
sure that the frequencies listed in Table 1 are those
for the vibrationally ground state. No b-type
transitions could be found.

Because the rotational constants thus obtained
almost agreed with the preliminary constants of the
chair form and differed markedly from the pre-
liminary constants of both the boat and skew-boat
forms, it can be concluded that the molecules of
cyclohexanone have the chair form, with €, sym-
metry.

Dipole Moment. The Stark displacements
of the M=1 component of the 1,,—2,, transition
and of the M=2 and M =3 components of the 3,3;—
4,4 transition were measured in order to determine
the a and ¢ components, g, and g, of the electric
dipole moment. These lines were nicely fitted to
quadratic Stark displacements. The absorption
cell was calibrated using the J=0-1 transition
of OCS, taking the dipole moment of OCS as
0.7124 D. The observed and calculated Stark
coefficients are given in Table 2.

TaBLE 2. STARK COEFFICIENTS AND DIPOLE MOMENT

Av[E? (Mc/fsec)/(kV/cm)?

Transition, M Obsd Caled
1y — 25 1 645 +10 640.3
3. 4 2 42.3+ 1.0 42.4
13 1 3 96.2+ 2.5 98.6

| fta]=2.74+0.03 D
| fte|=0.86:0.03 D
£=2.8740.04D

The subscripts a and ¢ refer to principal inertial
axes of cyclohexanone.

An analysis of these data yields | #,|=2.74+0.03
D, | #.|=0.86+0.03 D, and a total dipole moment
of 2.87+0.04 D. This value agrees with that of
2.90 D> obtained in a 1,4-dioxane solution by
Debye’s method.

By taking into account the fact that the vector
of the dipole moment should be nearly parallel to
the C=O bond, the directions of the vectors of p,
and g, can be determined; from this, the angle,
a, made by the vector of the total dipole moment
and the a axis can then be determined to be 17.5°+
I°.

Structural Calculations. Since the experi-
mental results provide only three moments of inertia
and the orientation of the dipole moment vector,
a number of assumptions are required in order to
extract any structural information. It may be
assumed that (i) all C-H bonds are of equal length;
(ii) the oxygen atom is coplanar with the three

L2

Maximum uncertainty of the observed values
is 0.2 Mc/sec.

Uncertainty of the observed value is +0.5
Mefsec, because of an overlap with other line.

4) S. A. Marshall and J. Weber, Phys. Rev., 105,
1502 (1957).

5) I. F. Halverstadt and W. D. Kumler, J. 4m.
Chem. Soc., 64, 1982 (1942).
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carbon atoms of C;, C;, and C,; (iii) the inter-
nuclear distance, r,_;, between C, and C; is equal
to that, r5_,, between C; and C,; (iv) the HC;H
angle bisector is located along the C;_;C,C;,;
angle bisector; (v) the HC;H plane is perpendicular
to the C;_,C;C;,, plane, and (vi) all of the HCH
angles are the same. We then find that there
are still nine undetermined structural parameters:
Timy Ta-3 fo-m, fomos ZLGCGC5 £LCGCy,
£GC,C,C,, £CiC,C,, and ~HCH, where the
numbers denote the positions of the carbon atoms
in the ring, as shown in Fig. 1, and where r denotes
the internuclear distance between the atoms shown
in the subscripts. Therefore, we have to make six
additional assumptions.

In our calculations the four internuclear distances
-and the two angles of £ C;C,C, and /HCH were
assumed, and the remaining three angles were de-
termined so as to get agreement between the ob-
served and the calculated rotational constants.
For the set I of the structural parameters, the as-
sumed values are those? obtained by the electron
diffraction. For the set II, the assumed values are
those found in the microwave studies of acetone®
and propane,’) except that £HCH is assumed to
be a tetrahedral angle. The values of r¢-g,
ri-y and /£ CyC,C, are those of acetone, and the
values of r,_5 and ro_y are those of propane. The

6) D.R. Lide, Jr., J. Chem. Phys., 33, 1514 (1960).
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TaABLE 3. STRUCTURAL PARAMETERS OF
CYCLOHEXANONE

Set I  Set II  Set III  Set IV

ry_o* 1.54 1.507 1.507 1.516 A
ro_g* 1.54 1.526  1.535  1.535A
re-u* 1.09 1.096 1.096 1.096A
re-o* 1.24 1.222  1.222  1.222A
2CeC,Ce*  117° 117°12'  117°12'  116°12'
ZHCH*  109°30" 109°28' 109°28' 109°28'
£C,C:Cy  109°35'  109°25' 109°31"  110°27'
£CCyCy  107°48"  119°31'  116°34'  114°39'
ZC3CCs  106°34'  110°19' 109°40' 110°41'
B8 17°05'  23°33'  22°28'  21°55'
B: The angle between the C=0 bond and the

a axis.
* These values were assumed for each set.

angles of the ring obtained are listed in Table 3.
Since, for the set II, the angle, 8, made by the
C=0 bond and the a axis is considerably larger
than the value of @, the set II seems to be inade-
quate. With an increase in the values of 7,_;
or r;_, or with a decrease in the value of
C;C,C,, the value of B decreases. By the use
of these facts, the sets III and IV, shown in
Table 3, are tentatively calculated.

The agreement between the angle of @ and that
of B is satisfactory in the case of the set I; this favors
Romers’ data.




