Determination of a High Potential Barrier Hindering Internal Rotation
in 2-Methylcyclopentanone and a-Methyl-y-Butyrolactone
by Microwave Fourier Transform Spectroscopy
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The microwave spectra of a-methyl-y-butyrolactone and 2-methylcyclopentanone have been
reinvestigated using microwave Fourier transform spectroscopy. A—E splittings due to internal
rotation of the methyl group have been observed in the ground and several vibrationally excited
states for both molecules. From an internal-axis-method analysis of these splittings, values of the
methyl group internal rotation barrier of 2.61 kcal mol™! for a-methyl-y-butyrolactone and
2.41 kcal mol ! for 2-methylcyclopentanone have been obtained.

It has already been demonstrated that the value of
the barrier to internal rotation determined from A—-E
line splittings in the ground state is the most reliable
one if the measuring accuracy is sufficient [1]. This is
related to the fact that interaction terms in the rota-
tion-torsion-vibration Hamiltonian lead to noticeable
effects if there is a near degeneracy between torsional
and vibrational levels [2—4]. Such a degeneracy gener-
ally does not include the ground state. Its A—E tor-
sional splitting is therefore a rather reliable source of
information.

We have investigated the microwave spectra of the
methylcycloderivatives 2-methyl-4,5-dihydrofuran [5],
a-angelicalactone [6] and 3-methylcyclopent-2-enone
[7]. In these studies we found differences between the
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A—-E splittings observed in the ground and excited
states of the ring-puckering vibration (compare [5],
Tab. V, and [6], Tab. IV). This indicates the existence
of some interaction between the methyl torsion and
ring-puckering vibration for these molecules.

In previous papers we reported an analysis of the
rotational spectra of 2-methylcyclopentanone [8] (II)
and a-methyl-y-butyrolactone [9] (I). A ring-twisted-
like conformation in which the methyl group is in the
equatorial position was found for both molecules.
A-E splittings were not observed within the resolu-
tion of our computer-controlled Stark modulation
spectrometer [9]. For this reason, and to investigate
the possibility of the determination of the high barri-
ers from the splittings of rotational transitions in the
ground state we decided to reanalyse the rotational
spectra of these molecules using microwave Fourier
transform (MWFT) spectroscopy. This technique pro-
vides sensitivity and resolution high enough to search
for internal rotation splittings in the ground and ex-
cited states. This investigation would give in addition
also hints for an interaction between ring-puckering
and methyl torsion.

The MWFT spectrometer used in this work has
been described elsewhere [10]. Samples of 2-methyl-
cyclopentanone and a-methyl-y-butyrolactone were
purchased from ICI Chemicals and Aldrich Chemical
Co., and used without further purification. Tempera-
ture was about — 50°C and pressure down to 1 mTorr.

0932-0784 / 92 / 0600-0761 $ 01.30/0. — Please order a reprint rather than making your own copy.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
@ ® @ in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
BY ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*“) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



Table 1. Observed frequencies and E—A splittings and differences between the observed and calculated splittings (in M Hz) for the ground and excited states of
a-methyl-y-butyrolactone.

Transition Ground state v,=1 v,=2 vy=1 v,=1
T =i
Freq.? Splittings Freq.? Splittings Freq.® Splittings Freq.? Splittings Freq.? Splittings
Obs.  Obs.-cal.’ Obs.  Obs.-cal.” Obs.  Obs.-cal.’ Obs. Obs.-cal.” Obs.  Obs.-cal.’
19,59 «19,, 4 9171370  0.032 —0.009
Uy 20450 12239.449  0.061 0.011 12726.274  0.057 0.006
22148 22145 8799.295 0.045 —0.005 9143675 0046 —°
24,54 24,5, 11855976 0.061 —0.001
256,90 “ 256,10 8251.974  0.060 0.002 8834.313  0.064 0.003 8622.051 0.075 -—°
27171042744,  11251.809 0.070 —0.002 11979.443  0.065 —0.009 11757203 0073 —°
2814 10 < 284s 44 8239.214  0.067 0.000
30,9,1,¢30,5,, 10479.435 0.082 0.002 11312382 0.079 —0.004 12182969 0.072 —0.018 11001.910 0.086 —°
L I 8318.230  0.081 0.001
33,12+ 3851 15 9591.570  0.087 0.001 10510.896  0.093 0.002
35,5134 35,5514 12903.486 0.102 —0.002
36,343+ 36,3 14 8638.708 0.086 —0.002 10677.538  0.111 0.005
38,4 1438, 15 11797.343 0413 0.003
955143935 15 9798911  0.119 0.004

* Frequencies for the A-species

. — ® Calculated from parameters of Table 3. — ¢ Non fitted data.

Table 2. Observed frequencies and E—A splittings and differences between the observed and calculated splittings (in M Hz) for the ground and excited states of
2-methylcyclopentanone.

Transition Ground state v,=1 v,=2 vp=1 v,=1
Jesven = Ji ey
Freq.? Splittings Freq.? Splittings Freq.? Splittings Freq.* Splittings Freq.® Splittings
Obs.  Obs.-cal.® Obs.  Obs.-cal.” Obs.  Obs.-cal.” Obs. Obs.-cal.® Obs.  Obs.-cal.”
17107 < 1710.8 9998.968  0.044 0.001 10155.519  0.052 0.005 10112.889  0.043 0.001
19418 <194 12458.615 0.052 —0.001 12648.383  0.055 —0.002 12843.236  0.060 0.005
20,55 <20, 8905.497  0.059 0.004 9113.529 0.057 —0.003 9051915  0.061 0.008
2240 22144 11246.828 0.065 —0.002 11500.860 0.070 —0.003 11762.998 0.078 0.007
25;5 10255, 11 9728.857 0.086 0.008 10034.753  0.085 0.000 10352.763  0.081 —0.003 9939.946 0.076 0.001
271611+ 2716,12 12177686  0.095 0.003 12543.837  0.102 0.002 12922.723  0.103 0.005 12430.825 0.086 —0.003
28,7.11+28,5 12 8072.260 0.073 —0.009 8409.237 0.088 —0.003 8763.005  0.099 0.008 8301.229  0.081 0.001 8493.739  0.037 -—°
30,44, 30,4, 10300.592 0.102 0.002 10713.312  0.111 0.001 11144425 0102 —0.007 10581.443 0.093 —0.003 10819.519 0.044 —°
32,0.13¢ 329,14 12836770 0.124 0.007
33,0134 33,0, 14 8382.761  0.093 —0.008 8813.939 0.112 0.001 8672.391 0.106 0.009
35,1144 35,,,15  10659.206  0.118  —0.004 11184.026 0.127 —0.006 11735432 0126 —0.007 11012.044 0.113 —0.004 11302.403 0.061 —°
38,3 15438316 8535.181  0.118 0.002 9061.097 0.137 0.007 8884.882 0.109 —0.003

* Frequencies for the A-species. —

® Calculated from parameters of Table 4. — © Non-fitted data.
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Table 3. Parameters from IAM analysis of the ground and
excited states of a-methyl-y-butyrolactone (v,, ring-pucker-
ing motion, v, and v, vibrationally unassigned states).

Ground state  v,=1 v, =2
1, (AMU A2 [3.19]"
F (GHz) [162.5]
[0.020]

ﬁ“ (rad) [0.4242]
¢ (rad) [0.7559]

4 749 (9)} 74.9 (3) 74.5 (5)
Vg (cal mol™1) 2611 (7) 2612 (10) 2598 (18)

a

. Moment of inertia of the methyl group.

Reduced internal rotation constant.
1 I I

[ = a a a

e=lel,e=4~—,4—,4—;

‘1, L

4, g9 = a, b, ¢ direction cosine connecting internal rotation

and inertia axes,

I1,, g =a, b, c moments of inertia.

The following I, and 4, values have been derived from a
twisted equatorlal assumed structure

a

1,=140.295 AMU A2, J,=0.8116,
I,=161.831 AMU A2, A= —0.3076,
1 =277.145 AMU A%} = —0.4966.

a

Euler angle between a axis and @, f = arccos —

a

)‘b Iz

1 '{blu 2+ '11'1‘1 2
8 Ib Ic

can be derived from [15].

Euler angle y = arccos

Reduced barrier height s =4 9—; .

& Barrier height.

Fixed in square brackets from the structure for all states.
Standard errors in units of the last digit. They do not
reflect the errors introduced by the assumed structure.

As the spectra had already been assigned and the
published constants [8,9] gave a good prediction, the
measurements could easily be extended to the 8—13
GHz frequency range. After a precise search at very
low pressures, internal rotation splittings were ob-
served in some rotational transitions of the ground
and excited states for both molecules. The frequencies
of the narrow splitted lines were determined by a time
domain fit procedure [11]. The frequencies for the 4
states and the corresponding splittings are reported in
Tables 1 and 2. They have been fitted for each vibra-
tional state separately by using the internal axis
method (IAM) [12—-14] in the form of the high barrier
approximation of the Woods program (INTROT)
[15, 16]. As the splittings were only slightly dependent
on g, B and 7, these parameters were constrained to the
values arising from the structural model, and only the
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Table 4. Parameters from IAM analysis of the ground and
excited states of 2-methylcyclopentanone. See also Table 3.

Ground state v,=1 v, =2 vg=1
1*(AMU A% [3.19]°
F (GHz) [162.4]
0 [0.019]
B (rad) [0.4792]
,1 (rad) [0.6170]

69.2(2) 68.7(2) 689(3) 69.3(2

V J(cal mol ™) 2412 (7) 2394 (7) 2401 (10) 2415(7)

* See Table 3 for definition of parameters.

® Fixed in square brackets from the assumed structure for
all states.
The following I, and 4, values have been derived from this
structure.

1,=144.407 AMU A2, },=0.7886,
I,=170.859 AMU A2, ;= —0.3954,
1,=286.893 AMU A%,/ =—04709.

reduced barrier s was determined from the experimen-
tal splittings. For a-methyl-y-butyrolactone a twisted
equatorial structure has been assumed [9]. For 2-
methylcyclopentanone a twisted equatorial structure
has been assumed [8], based on the reported structure
of cyclopentanone [17] with all CH =1.095 A and
HCH =109.5°, the CHC and CH; — C—H planes and
the carbonyl C=0 bond taken to bisect the corre-
sponding ring angles and a ring-twisting angle of 21°.
The obtained results are shown in Tables 3 and 4
along with the other parameters relevant to the inter-
nal rotation of the methyl group.

The energy separation for the methyl torsion states
v,= 0 and v,=1 has been calculated from the tables of
torsional energy levels [18] to be 198 cm™! and
191 cm ™! for a-methyl-y-butyrolactone and 2-methyl-
cyclopentanone, respectively.

The nearly equal A—E splittings observed for the
same rotational transitions in the ground and the vi-
brational excited states of the ring-puckering motion
(v,=1, v,=2) indicates a very small interaction, at
most, between ring-puckering and methyl torsion vi-
brations. This might be expected if we consider that
the v,=1-0 energy spacings for the ring-puckering
vibrations of a-methyl-y-butyrolactone and 2-methyl-
cyclopentanone obtained from relative intensity mea-
surements are ~132cm™! and ~87 cm™!, respec-
tively. Only the three splittings observed in the v, =1
state of 2-methylcyclopentanone are significantly
smaller than those observed on the same lines of the
ground state, which is an indication that this state is
influenced by another vibration.
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On the basis of the 4—E splittings observed in the
states vy=1 and v,=1 it can be definitively excluded
that these states belong to the first methyl torsion
excited state. This assumption was made in previous
works [8, 9], in which a false lower limit for the barrier
of ~3.5 kcal mol~! was proposed.

According to [1], the most reliable value for the
internal rotation barrier is that obtained from rota-
tional transitions in the ground state. The nearly sim-
ilar values obtained for both molecules can be under-
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stood by realizing that the close environment of the
methyl group is the same for both molecules.
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