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Sensing the Molecular Structures of Hexan-2-one by Internal
Rotation and Microwave Spectroscopy

Maike Andresen,@! [sabelle Kleiner,! Martin Schwell,®! Wolfgang Stahl,® and Ha Vinh Lam

Nguyen*®!

Abstract: Using two molecular jet Fourier transform spectrometers,
the microwave spectrum of hexan-2-one, also called methyl n-butyl
ketone, was recorded in the frequency range from 2 to 40 GHz.
Three conformers were assigned and fine splittings caused by the
internal rotations of the two terminal methyl groups were analyzed.
For the acetyl methyl group CH3;COC;HsCHj5, the torsional barrier is
186.9198(50) cm™, 233.5913(97) cm™, and 182.2481(25) cm™ for
the three observed conformers, respectively. The value of this
parameter could be linked to the structure of the individual conformer,
which enabled us to create a rule for predicting the barrier height of
the acetyl methyl torsion in ketones. The very small splittings arising
from the internal rotation of the butyl methyl group CH3;COC;HsCH3
could be resolved as well, yielding the respective torsional barriers of
979.99(88) cm™, 1016.30(77) cm™, and 961.9(32) cm™.

1. Introduction

Internal rotation is one of the fundamental effects observed in
microwave spectroscopy. This large amplitude motion (LAM)
often complicates the spectra by causing each rotational
transition to split into multiplets. A solid understanding of the
phenomenon and its effects is often necessary to analyze the
microwave spectra of a molecule and consequently to determine
its gas-phase structure. For a typical type of LAM, internal
rotation, the torsional barrier is an important parameter that can
be linked to the functional group in many molecular classes. For
example, the torsional barrier of the methoxy methyl group in
methyl alkynoates has always been around 420 cm™, as in the
cases of methyl acetate (424.581(56) cm™2),! methyl propionate
(429.324(23) cm™),P and the two conformers of methyl butyrate
(419.447(59) cm™ for the C; conformer and 420.155(71) cm™
for the Cs conformer).Bl Systematic studies on a,B-saturated
acetates also show that the torsional barrier of the acetyl methyl
group is always close to 100 cm™. Examples are methyl
acetate,[! ethyl acetate,™ n-propyl acetate, three conformers of
n-butyl acetate,® two conformers of n-pentyl acetate,[’? n-hexyl
acetate,® and allyl acetate.”! Even if the alkyl chain is branched
as in isopropyl acetate®® and isoamyl acetate,*Y! the barrier
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height seems to be almost unaffected. It is plausible that
conjugation within the ester group is responsible for this
relatively low barrier of 100 cm™.

Ketones are some of the most often found compounds in
nature and widely used throughout organic chemistry. Therefore,
a deep knowledge about the ketone structures is desirable to
understand the origin of their functions in chemical reactions.
For this purpose, microwave spectroscopy can be a helpful tool,
as shown in the structural studies on trifluoroacetonel*?, acetyl
acetone,*¥! and hexafluoroacetylacetone, which provided
insights into the keto-enol tautomerism of these molecules.
Some ketones with a conjugated double bond system such as
methyl vinyl ketone,'! as well as the cyclic ketones
acetophenone,*¥! phenyl acetone,!”! benzophenone,l*¥l  2-
indanone, 9 diketopiperazine,?® and fenchonel! have also
been investigated. In addition, ketone complexes with water may
provide a potential field of interest with the pioneer works on
cyclobutanone-water?? and cyclohexanone-water.[?3

There are also some microwave spectroscopic studies on
ketones with LAM(s) reported in the literature, i.a. methyl
isobutyl ketone¥ and methyl neopentyl ketone,*® or some
unsaturated ketones such as allyl acetone,’?®! methyl vinyl
ketone,*®! and 2-acetyl-5-methylfuran.’l The torsional barrier
height of the acetyl methyl group in these ketones varies in a
wide range of about 170 cm™ to 440 cm™. While the barrier
appears to depend strongly on the substitution on the other side
of the carbonyl group, no conclusive trend could be drawn.

We recently started a systematic investigation on linear
methyl alkyl ketones which contains studies on ethyl methyl
ketone?®! and methyl n-propy! ketonel® to better understand and
explain the difference in the barrier height of the acetyl methyl
group in ketones. To continue this series, we report here the
results for the torsional barriers determined from the microwave
spectrum of methyl n-butyl ketone (MBK), also called hexan-2-
one. The experimental study is supplemented by quantum
chemistry.

MBK (see Figure 1) is a volatile, colorless liquid used in
paint and solvents.B% In nature, it is found as a pheromone
component in bee glands.B32 Pheromones are chemical
substances which convey information and transfer signals
between insects (e.g. attack triggers, territory markers, and sex
fragrances).®® In bees, pheromones are often composed of
several tens of different chemical compounds, which are usually
volatile molecules such as short alcohols, esters, and
ketones.*4  Since pheromones are detected in olfactory
receptors, an analysis of their gas-phase structures and
conformational orientations might be a step towards the
understanding of complex receptor-odorant interactions.

Not only the acetyl methyl group CHsCO-, but also the
methyl group located at the end of the butyl chain, hereafter
called the butyl methyl group -C3HeCHs, undergoes internal
rotation. Therefore, each rotational transition splits into five
torsional species, called (010,) = (00), (01), (10), (11), and



(12),1% which correspond to the AA, AE, EA, EE, and EE*
species, respectively, in Dreizler's notation®® or the respective A,
E1l, E2, E3, and E4 species using the permutation-inversion
formalism of the Gis group.B” The numbers o = 0, 1, 2 represent
the three symmetry species A, Ea, Ep of the Cs; group,
respectively. In the case of MBK, o refers to the acetyl methyl
group, 07 to the butyl methyl group.

Figure 1. Atom numbering of methyl n-butyl ketone. The hydrogen atoms are
color coded in white, the carbon atoms in gray, and the oxygen atom in red.

The remainder of this paper is divided into sections dealing
with: (2) the conformational landscape of MBK obtained by
quantum chemistry and theoretical results on the internal
rotations of both methyl groups, (3) microwave spectroscopy
with spectral assignments and fits, and (4) a brief discussion of
our theoretical and experimental results.

2. Quantum Calculations

2.1. Geometry Optimizations

A total of 27 starting geometries of MBK were created by varying
each of the dihedral angles 6; = Z(C4,Cs5,C7,Ciw), 6. =
£(C5,C7,C10,C13), and 6; = Z(C7,C10,C13,C16) (for atom
numbering, see Figure 1) to 180°, 60° and -60°. Changing the
dihedral angles ay = Z(Hz,Cl,Cs,Cﬂ and az = Z(Clo,clg,cls,ng)
corresponds to the internal rotation of the acetyl methyl and the
butyl methyl group, respectively, and does not lead to new
conformational isomers. Using the Gaussian09 package,® the
starting geometries were optimized at the MP2/6-311++G(d,p)
level of theory to local energy minima, yielding 11 different
conformers, each of which exists as an enantiomeric pair.
Frequency calculations confirmed that all conformers obtained
refer to local minima rather than saddle points. To determine the
energetically most favorable conformers, not only the calculated
electronic energies but also the zero-point energies (ZPE) were
considered. The energies relative to that of the lowest energy
conformer, rotational constants, dipole moment components,
and optimized dihedral angles are summarized in Table 1. The
angles between the principal axes of inertia and the internal
rotor axes are given in Table S1 in the Supporting Information
(S).

The MP2/6-311++G(d,p) level of theory was chosen,
because it had predicted rotational constants which were in
good agreement with the experimental ones in many previous
studies.¥*2 However, since all assignment attempts using the
rotational constants predicted at this level of theory as initial
values failed (see Section 3.1.), this level turns out to be not
adequate in the case of MBK. This observation is consistent with
the fact that our studies on the similar molecule methyl propyl
ketone have shown the same problems.?® Therefore, the 11
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conformers were reoptimized at the B3LYP/6-311++G(d,p) level
of theory with the results given in Table 2. The order in energy of
the conformers obtained from calculations with the MP2 and the
B3LYP method is very different. The structures of the three
energetically most favorable conformers obtained with the latter
method, called conformer |, II, and Ill, are illustrated in Figure 2,
since they are the conformers eventually identified in the
experimental spectrum (see section3). Their Cartesian
coordinates are given in Table S2 of the SI.
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Figure 2. Geometries of the three energetically most favorable conformers of
methyl butyl ketone optimized at the B3LYP/6-311++G(d,p) level of theory.
Left hand side: view on the C—(C=0)-C plane. Right hand side: view along the
O=C bond.
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Conformer | with a straight butyl chain seems to possess
Cs symmetry, but the dihedral angles optimized at the MP2 and
B3LYP levels shown in Table 1 and 2 reveal that the whole butyl
group is slightly tilted out of the C—(C=0)-C plane by an angle of
about 10° (6, = 169.4°) and 5° (6, = 174.5°), respectively. The
same phenomenon could be observed in many other aliphatic
ketones, as for example in diethyl ketone, pinacolone,“ and
methyl neopentyl ketone®® with respective tilt angles of
approximately 12°, 16°, and 10°. Moreover, this tilt-distorted Cs
structure, hereafter called “pseudo-C;”, is also found for the
“straight” conformers of the shorter linear methyl alkyl ketones,
methyl ethyl ketonel?®! (9°) and methyl propyl ketonel®! (10°).
This will be further discussed in Section 4.1.

In conformer I, the y-carbon Ci3 (for atom numbering, see
Figure 1) is in a nearly synclinal position with respect to the
C—(C=0)-C plane. The symmetry of this conformer is C; and
curiously, it contains the C; conformer of methyl propyl ketonel?,
as a sub-structure. In this comparison, the alkyl chain of MBK is
by one CH, group longer and the supplementary carbon atom is
added at the end of the propyl group of methyl propyl ketone in
an antiplanar position (65 = 180°). This has also been observed
for a series of microwave spectroscopic studies on n-alkyl
acetates and methyl alkynoates.[*8]

Finally, in conformer Ill only the butyl methyl group is bent
to a synclinal position. Interestingly, for the dihedral angles 6,
the values of 171.1° and 173.1° calculated with the MP2 and
B3LYP levels, respectively, are similar to those found for
conformer I. This indicates that conformer Ill also exhibits a



“pseudo-Cs’-like environment in the vicinity of the carbonyl group,
as will be further explored in Section 4.2.

2.2. Basis Set Variation

Because all assignment attempts using the rotational constants
predicted by our most frequently used level of theory MP2/6-
311++G(d,p) have failed (see Section 3.1.), the geometry
optimizations were redone for conformer I-11I at different levels of
theory, including Grimme’s dispersion correction,! to achieve a
better agreement between the predicted and experimental value.
The results are summarized in Table S3-S5 in the SI.

2.3. Internal Rotation

MBK contains two internal rotors, the acetyl methyl group and
the butyl methyl group. To calculate the barriers to the internal
rotation of these two groups at the MP2/6-311++G(d,p) and
B3LYP/6-311++G(d,p) level of theory, the respective dihedral
angles a; = Z(H2,C1,Cs5,C7) and @, = Z(C10,C13,Ci6,H1s) Were
fixed to values in 10° increments. All other geometry parameters
were allowed to relax during the optimizations. Due to the
symmetry of the methyl group, a rotation of 120° was sufficient.
The resulting energies were then parameterized with a one-
dimensional Fourier expansion. The coefficients of this
expansion are given in Table S6 and S7 in the SI.

2.3.1. Acetyl Methyl Group

Only for conformer Il, an almost pure V3 potential is obtained, as
illustrated in the upper trace of Figure 3, even though higher
order potential terms are needed because the potential curve is
not entirely symmetric. This strange shape can be explained by
the oscillation of the entire butyl group of up to 20° upon the
acetyl methyl rotation (see the lower trace of Figure 3). The MP2
and B3LYP methods vyield quite different barrier heights of
230.1 cm™ and 168.7 cm™, respectively.

Figures4 and 5 depict the potential energy curves
obtained for conformer I and IlI, all of which show three double
minima. These double minima are also caused by the coupling
between the motions of the whole butyl chain and the acetyl
methyl group. To look closer at the minima, the dihedral angle a;
= Z(H2,C4,Cs,C7) was varied in finer steps of 1° in the range of
+20° around a local maximum, as shown in the insets of
Figure 4 and 5. For conformer |, there is a significant Vs
contribution leading to a local barrier dividing the double minima
with a value of 18.1 cm™ calculated with the MP2 method, which
is clearly more significant than the value of 1.4 cm™* obtained
with the B3LYP method. Here, the double minima refer to the
two enantiomers of conformer|. The respective global barrier
height is 147.6 cm™ or 115.5 cm™.

For conformer Ill, the barrier values of 148.7 cm™ (MP2)
and 119.0 cm™ (B3LYP), respectively, are very similar to those
of conformer I. However, the two pits of the double minimum are
not equivalent and therefore do not refer to an enantiomeric pair.
Thus overall, there are three global (conformer Ill;) and three
local minima (conformer llly) (see the inset of Figure 5). It is
difficult to decide which geometry corresponds to the real global
energy minimum, because the results calculated with the MP2
and B3LYP methods are contradictory. The respective dihedral
angles 61, 6, and 05 optimized with the MP2 method are -168.6°,
176.4° and 63.2° for conformer Ill; and 171.1°, 174.0° and 62.8°
for conformer Ill,. A significant Ve contribution is observed with
both methods, which again correlates to an oscillation of the
entire butyl group of up to 25° upon the acetyl methyl rotation
(see the lower trace of Figure 5).
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Figure 3. Upper trace: Potential energy curve calculated at the MP2/6-
311++G(d,p) and B3LYP/6-311++G(d,p) level of theory obtained by rotating
the acetyl methyl group of conformer Il of methyl butyl ketone. The energies
are given relative to the lowest energy conformations. Lower trace: Oscillation
of the butyl group visualized by changes in the dihedral angle 61 =
Z(C1,Cs,C7,C10) relative to the values 61 = 161.2° (MP2) and 61 = 166.2°
(B3LYP) of the fully optimized structures.
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Figure 4. Upper trace: Potential energy curve calculated at the MP2/6-
311++G(d,p) and B3LYP/6-311++G(d,p) level of theory obtained by rotating
the acetyl methyl group of conformer | of methyl butyl ketone. The energies
are given relative to the lowest energy conformations. Inset: Enlarged scale for
the region between a1 = 40° and 80°. Lower trace: Oscillation of the butyl
group visualized by changes in the dihedral angle 61 = £(C1,Cs,C7,Cuo) relative
to the values 6: = 169.4° (MP2) and 6. = 174.5° (B3LYP) of the fully optimized
structures.
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Figure 5. Upper trace: Potential energy curve calculated at the MP2/6-
311++G(d,p) and B3LYP/6-311++G(d,p) level of theory obtained by rotating
the acetyl methyl group of conformer Il of methyl butyl ketone. The energies
are given relative to the lowest energy conformations. Inset: Enlarged scale for
the region between a1 = 40° and 80°. Lower trace: Oscillation of the butyl
group visualized by changes in the dihedral angle 6: = £/(C1,Cs,C7,C1o) relative
to the values 6; = 171.1° (MP2) and 6: = 173.1° (B3LYP) of the fully optimized
structures.

In summary, the barrier to the internal rotation of the acetyl
methyl group is estimated to be about 150 — 250 cm™, which is
in agreement with observations from previous studies on linear
methyl alkyl ketones.?82° Torsional splittings in the order of
several MHz up to some GHz are expected in the experimental
spectrum for molecules featuring similar barrier heights.

2.3.2. Butyl Methyl Group
The potential energy curves of the butyl methyl group, as
illustrated in Figure S1 in the SI, have a normal three-fold shape
with a nearly pure V3 potential. The barrier height is always
around 1000 cm™, as it is also the case for ethyl chloride.8l The
values predicted at the MP2/6-311++G(d,p) level of theory are
1057.6 cm™, 1067.6 cm™, and 995.5 cm™ for conformers I-lll,
respectively. The respective values predicted at the B3LYP/6-
311++G(d,p) level are 994.6 cm™, 1002.6 cm™ and 942.3 cm™.
The calculated  torsional barrier of approximately
1000 cm™ is much higher compared to that of the acetyl methyl
group. A similar value was found for the propyl methyl group of
methyl propyl ketone.?%! Comparing the microwave spectrum of
MBK to that of methyl propyl ketone, we expect that splittings
arising from the butyl methyl group are small, in the order of a
few kHz, but resolvable with our experimental setup.

3. Microwave Spectrum

3.1. Rigid-Rotor Model

To assign the microwave spectrum of MBK, we first
neglected the internal rotation effects and only considered the
(00) species transitions predicted using the XIAM codel™ in its
rigid-rotor mode. The rotational constants calculated at the
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MP2/6-311++G(d,p) level of theory were taken as initial values
(see Section 2.1.). We compared the experimental and the
theoretical spectra predicted for all 11 conformers listed in
Table 1, but all assignment attempts failed. Using the rotational
constants from the B3LYP calculations as initial values did not
improve the situation. Therefore, we suspected that the
predicted rotational constants are not sufficiently accurate. This
suspect was strongly supported by the same observation in our
previous studies on methyl propyl ketone®®, in which the alkyl
group is one methylene group shorter than that of MBK. We
assumed that, for methyl alkyl ketones, there was some kind of
systematic errors in the calculations at the level of theory in use.

To quantify these errors, the relative deviations AA, AB,
and AC in percent between the experimental rotational
constants of methyl propyl ketonel® and those predicted at
different levels of theory in the basis set variation had been
calculated (i.e. AA=(Aca— Aexp)/Aexp ), and all values were
averaged. In a next step, we came back to MBK and averaged
the values of the rotational constants predicted at all levels of
theory in Section 2.2., given in Table S3-S5. Lastly, we
corrected the mean values of the rotational constants of MBK
with the respective relative deviations obtained in the first step
with the results from methyl propyl ketone by calculating
Ansx=Awusx-100/(AAp+100). B and C were calculated similarly.

This procedure was an attempt to compensate the errors
in quantum chemical calculations at the used levels of theory,
through which we obtained the rotational constants given in
Table 1. These corrected rotational constants turned out to be
surprisingly accurate, finally allowing the straightforward
assignment of all three conformers.

3.2. One-Top Model

3.2.1. Conformer |

As a next step, the internal rotation of the acetyl methyl group
was considered. Here, an initial value for the torsional barrier is
needed in the XIAM code. We first tried the values of 147.6 cm™
and 115.5cm™ calculated at the MP2/6-311++G(d,p) and the
B3LYP/6-311++G(d,p) level of theory, respectively (see
Section 2.3.1.). However, the assignment of the (10) species
transitions with these starting values turned out to be difficult,
which led to the suspicion that they are not sufficiently accurate,
either. In methyl propyl ketone??, we found a torsional barrier of
188.3843(50) cm™ for the “pseudo-Cs” conformer. Trying this as
initial value for conformer| of MBK led to a successful
assignment. The initial values of the angles between the internal
rotor axis i; and the principal axes a, b, ¢ are also needed. In
contrast to the other initial parameters, the values calculated at
the MP2/6-311++G(d,p) level of theory were sufficiently accurate.
We note that the angle #(i1,c) could not be fitted and was fixed
to 90°, a value which usually corresponds to a structure with an
undistorted Cs symmetry.

Finally, 345 rotational transitions belonging to the (00) and
(10) torsional states could be assigned to conformer | and fitted
with the program XIAM (called Fit XIAM(1Top) in Table 3). The
deduced barrier to the internal rotation of the acetyl methyl
group is 186.9198(50) cm™, and the root-mean-square (rms)
deviation of the fitis 9.1 kHz.

The experimental accuracy of the spectrometers for
unblended lines is 1-2kHz, as determined for carbonyl
sulfide.®l In the case of MBK, the resolution of a measured line
can be much lower, for some transitions up to 10 kHz due to
unresolved splittings of the butyl methyl rotor and additional
spin-spin and spin-rotation couplings, which broaden the signals.



The average line width (FWHH) of about 35 kHz indicates a
measurement accuracy of approximately 4 kHz. The rms
deviation of the fit is thus more than twice the measurement
accuracy. We noticed some systematic deviations of several
branches (mainly b-type and forbidden c-type lines with Ka > 2),
where the experimental and predicted frequencies always differ
by almost the same value of up to 30 kHz. This most likely
indicates that one or several interaction terms are unaccounted
for in the Hamiltonian.

The same set of data is refitted with the BELGI-Cs
program® in order to include higher order parameters. By
floating 14 parameters, an rms deviation of 4.7 kHz was
obtained. The barrier height is 186.7345(88) cm™. The BELGI
parameters which can be transformed into the principal axis
system are summarized in Table 3. The parameters in the
original rho axis system are given in Table S8 in the SI. A list of
the fitted frequencies along with their residuals obtained for both
fits are available in Table S9 in the SI.

3.2.2. Conformer I

Conformer Il possesses a Ci symmetry with the butyl
group bent out of the C—(C=0)-C plane, where the y-carbon is
in a nearly synclinal position (see Section 2.1). Using the same
strategy as that for conformer |, we tried to match conformer Il of
MBK with the C; conformer of methyl propyl ketone, which has a
similar structure.”® The initial barrier to internal rotation of
238.14 cm™ was used. The assignment was straightforward.
The 380 assigned torsional transitions were fitted in a
XIAM(1Top) fit, yielding a torsional barrier of 233.5913(97) cm™*
(see Table 3). Although a few systematic deviations were
observed, the XIAM(1Top) fit is quite satisfactory with an rms
deviation of 3.9 kHz, which is within the measurement accuracy.
The same 380 lines were refitted with the BELGI-C1 code.® A fit
with the same quality as the XIAM(1Top) fit was achieved by
floating 16 parameters. The BELGI parameters in the rho axis
system are given in Table S8 in the SI. The fitted frequencies
along with their residuals obtained for both fits are listed in
Table S10.

3.2.3. Conformer lll

After conformer | and Il were assigned, only transitions with
medium or weak intensity remained in the broadband scan,
which could be assigned to conformer lll. According to
calculations at the B3LYP/6-311++G(d,p) level of theory, this
conformer is about 3-4kJ-mol' higher in energy than
conformer | and Il (see Table 2). Therefore, only 234 transitions
could be measured and fitted here. Conformer Il shows a C;
structure, where the methyl group at the end of the butyl chain is
in a synclinal position with respect to the C—(C=0)-C plane.
Both, the XIAM(1Top) fit given in Table 3 and the BELGI-C: fit
given in Table S8 in the S, yield rms deviations within the
measurement accuracy (3.0 kHz and 3.2 kHz, respectively). The
fitted frequencies and their residuals obtained for both fits are
listed in Table S11.

3.3. Two-Top Model

While the splittings between the (00) and (10) symmetry species
arising from the internal rotation of the acetyl methyl group are
clearly resolved in the broadband scan, additional splittings of
the (00) species into the (00) and (01) species, as well as of the
(10) species into the (10), (11) and (12) species, due to the
internal rotation of the butyl methyl group, are small, ranging
from only 100 kHz down to less than 2 kHz. Therefore, they are
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only resolved in high resolution measurements and only in about
half of the transitions. In the other half, they broaden the signals,
as mentioned in Section 3.2.1. Figure 6 and 7 illustrate a typical
spectrum of the 514 < 443 transition of conformer | with its clearly
visible (10), (11) and (12) torsional components, while the
splitting in (00) and (01) is not resolvable.

(00)

10154.383 10154.533 10154.683

Figure 6. High resolution measurement of the 514 « 413 transition of
conformer |. The (00) species is found at 10154.5331 MHz, while the splitting
in the (00) and (01) species is not resolvable. The splitting indicated by the
bracket is caused by the Doppler effect.

10122.094 10122.244 10122.394

Figure 7. High resolution measurement of the 514 « 413 transition of
conformer I. The (10), (11) and (12) species are found at 10122.2444 MHz,
10122.2530 MHz and 10122.2353 MHz, respectively. The splittings indicated
by the brackets are caused by the Doppler effect.

We expanded the XIAM(1Top) fits described in Section 3.2.
to the XIAM(2Tops) fits also given in Table 3 by including the
(01), (11) and (12) torsional species of rotational transitions with
resolvable splittings. The initial values for the barrier heights and
the angles between the internal rotor axis i and the principal
axes are taken from calculations at the MP2/6-311++G(d,p) level
(see Table S1 in the SI). The total numbers of lines increase to
563 for conformerl, 555 for conformerll and 244 for
conformer Ill. Only 10 new lines are added in the two-top fit of
conformer Ill, which is due to the weak intensities of all its
transitions.

The deduced barriers to internal rotation of the butyl
methyl group of conformer -l are 979.99(88) cm™,
1016.30(77) cm™, and 961.9(32) cm™, respectively. The values
of all other fitted parameters are very similar to those of the one-
top fits. The angles 4(i2,g), with g = a, b, ¢, could not be fitted
and were fixed to the calculated values. The respective rms



deviation is 10.1 kHz, 5.1 kHz, and 3.3 kHz, which is always
about 1 kHz higher than the value found for the corresponding
one-top fit. There are two main reasons for this: 1) The
measurement accuracy of the (01), (11) and (12) torsional
transitions is lower than that of the (00) and (01) species, and 2)
among the 15 fitted parameters, only one parameter, the V3
potential of the butyl methyl group, accounts for the (00)-(01)
and (10)-(11)-(12) splittings.

To check for convergence, we carried out further
XIAM(2Tops) fits where the relative frequencies vy — Vv(oo), V(1)

— vao) and vz — vao) instead of the absolute line frequencies, i.e.

only the torsional splittings, were fitted. Here, only the V3
potential of the butyl methyl group was floated and all other
parameter values, such as the rotational constants and the
angles between the internal rotor axes and the inertial axes,
were fixed to those of the XIAM(1Top) fit. The relative XIAM fit
was only better in the case of conformer | with an rms deviation
of 5.6 kHz. For conformers Il and lll, the deviations are 5.7 kHz
and 5.1 kHz, respectively. The fitted frequencies and their
residuals are given in Table S12 — S14 of the SI.

4. Discussion

We could assign all of the lines in the microwave spectrum of
MBK to conformer I, Il and Ill, except a few lines of extremely
weak intensity, which might belong to impurities or 3C
isotopologues. There are five major results: 1) Three conformers
of MBK can be identified in the jet-cooled microwave spectrum.
2) Conformer | possesses a straight butyl chain. 3) Conformer Il
shows a C; structure with the y-carbon of the butyl group bent to
a nearly synclinal position. 4) In conformer Ill, the methyl group
at the end of the butyl chain is bent to a synclinal position. 5)
The barrier heights of the acetyl methyl group deduced from the
torsional splittings in the spectrum are 186.9198(50) cm™,
233.5913(97) cm™, and 182.2481(25) cm™ for conformer 1, II,
and I, respectively. The following sections will be divided in
respective paragraphs giving detailed discussions on all of the
statements above.

4.1. Geometries of the Three Observed Conformers

Only the energetically most favorable conformers are
expected to be observed in the microwave spectrum under the
measurement conditions described in the Experimental Section.
From Section 2.1., we know that the order in energy of the
conformers is very different in calculations with the MP2 and the
B3LYP methods. The experimental rotational constants of the
observed conformers clearly agree with those of the three lowest
energy conformers calculated at the B3LYP/6-311++G(d,p) level
of theory. Therefore, we conclude that for MBK, the energies
calculated with DFT using the functional B3LYP are in better
agreement with the experimental results. Including Grimme’s
dispersion correction does not significantly improve the
agreement between the predicted and the experimental
rotational constants.

Special attention should be paid to the structure of
conformer |. Calculations at both, the MP2/6-311++G(d,p) and
the B3LYP/6-311++G(d,p) level of theory, stated that not all
heavy atoms are located on a symmetry plane (Cs structure), but
the entire butyl group is slightly tilted out of the C—-(C=0)-C
plane (“pseudo-Cs” structure) (see Section 2.1.). However, the
BELGI-Cs code, which is specially designed for a molecule with
a plane of symmetry at equilibrium, could reproduce the
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experimental data to measurement accuracy. Moreover, no c-
type transitions were observed. This discrepancy confronts us
with three possibilities for the structure of conformer I. First, the
calculated C; structure is correct, but due to a very small dipole
moment component in ¢ direction, the c-type transitions are too
weak and cannot be observed. Second, the equilibrium structure
is Cs and the calculations have failed to find the correct minima.
Third, the enantiomers are separated by only a small barrier and
the tunneling ground state lies above this barrier. In this case,
the effective structure is Cs, the dipole moment in ¢ direction
would be zero and thus, no c-type transitions visible.

The potential energy curves for the acetyl methyl rotation
illustrated in Figure 4 strongly support the last possibility. The
height of the local maxima located in between the double
minima is 18.1 cm™ and 1.4 cm™ calculated with the MP2 and
the B3LYP method, respectively. The respective tunneling
ground state is calculated to be 29 cm™ and 23 cm™, clearly
higher than the tunneling barrier. Another observation backing a
C; or effective Cs structure, is the inertial defect Ac = lc — la — Ib
with an experimental value of approximately —16.00 uA2. If the
heavy atom skeleton is planar and there are five pairs of out-of-
plane hydrogens, the inertial defect is —15.60 uA2. The inertial
defects obtained for the “pseudo-Cs” structures calculated at the
MP2/6-311++G(d,p) and the B3LYP/6-311++G(d,p) level of
theory are —16.72 uA? and —15.76 uA2, respectively.

The symmetry of conformer Il is Ci and contains the C;
conformer of methyl propyl ketone?®! as a sub-structure. This
can also be observed for a series of microwave spectroscopic
studies on n-alkyl acetates and methyl alkynoates. el

In case of conformer lll, the butyl methyl group is bent to a
synclinal  position. The experimentally deduced rotational
constants for this conformer are very similar to those of
conformer Il (see Table 3), which might complicate the
distinction between those two. However, the angles between the
internal rotor axis and the principal axes give helpful hints,
because they are quite different for the two conformers (4(i,a) =
44.78°, 4(i1,b) = 45.54°, and #(i,c) = 85.78° in the case of
Conformer Ill and #(iy,a) = 155.92°, A(i1,b) = 100.18°, and 4(i1,C)
= 68.42° for Conformer ll).

The experimental rotational constants obtained by the
XIAM(1Top) fits agree within 1-2 % with the values calculated at
different levels of theory (see Section 2.2.) for all three assigned
conformers. Only the rotational constant A of conformer Il is not
calculated well with deviations of up to 5% at some level of
theory using the MP2 method. It is interesting that the deviations
between the experimental and predicted rotational constants are
very similar to those found in methyl propyl ketone.?® This
seems to support our assumption given in Section 3.1. about
some systematic errors in the quantum chemical calculations of
linear methyl alkyl ketones, at least at the current levels of
theory in use. The BELGI rotational constants are in agreement
(within 1%) with the XIAM values, however, they do not agree
within the standard errors. The most significant difference is that
of the A rotational constant (A=15MHz in the case of
conformer 1). This is probably due to the different approaches
used in BELGI and XIAM. While the BELGI program is a pure
“rho axis method” code, the XIAM program uses a combined
axis method, which is a combination of the principal axis method
and the rho axis method. Furthermore, different sets of
parameters are fitted, and the physical meaning of some
parameters becomes less clear. Especially in the BELGI
program, the A rotational constant is rather sensitive and can
become an effective parameter in the fitting process. This is not



a seldom observation, as has been found in many previous
studies with BELGI-XIAM comparisons, for example in ethyl
methyl ketone (A =40 MHZz),28! propyl methyl ketone (A = 30-
55 MHz),??! ethyl acetate (A=40MHz),™ vinyl acetate
(A = 25 MHz),549 and 4-hexyn-3-ol (A = 35 MHz).54 This problem
also occurs when XIAM is compared to other programs treating
internal rotations, such as ERHAM,53 for example in studies on
methyl isobutyl ketone (A =8 MHz)?4 and isopropenyl acetate
(A= 7 MHz).54

4.2. Torsional Barriers of the Acetyl Methyl Group

The acetyl methyl group of conformer | features a barrier to
internal rotation of approximately 180 cm™, while the value
found for conformer Il is about 240 cm™. For the two conformers
assigned in the microwave spectrum of methyl propyl ketone,
the same observation with the respective values of
188.3843(50) cm™ and 238.145(21) cm™, could be made.?¥ In
the literature, further ketones containing an acetyl methyl group
have supported a classification for the barrier height of the acetyl
methyl group in ketones, as illustrated in Figure 8. The first class
comprises molecule with a C; structure similar to that of
conformer Il of MBK, where the y-carbon of the alkyl chain is tilt
out of the C—(C=0)-C plane to a synclinal position (called the C;
class). The torsional barrier of the acetyl methyl group is always
around 240 cm™. Examples of this class are conformer Il of
MBK (233.5913(97) cm™), the C; conformer of methyl propyl
ketone (238.145(21) cm™),?% allyl acetone (224.95(12) cm™)®8l
and methyl isobutyl ketone (250.3(19) cm™).?4 The second
class includes ketones in which the torsional barrier of the acetyl
methyl group is always around 180 cm™, such as conformer | of
MBK (186.9198(50) cm™), the Cs conformer of methyl propyl
ketone  (188.3843(50) cm™),”  methyl  ethyl ketone
(183.1702(82) cm™)?8  and  methyl neopentyl ~ ketone
(174.11(27) cm™).2% The “pseudo-Cs" structure seems to be
responsible for this value. This class is thus called the Cs class.

Obviously, the barrier of about 240 cm™ found for the C;
structure is significantly higher than that linked to the “pseudo-Cs”
structure, but the reason behind this is not obvious. One could
argue that the C; structure with the y-carbon of the alkyl chain in
a synclinal position would cause higher steric hindrance and
consequently higher barriers. But if this argument were correct,
the barrier height found in methyl neopentyl ketone, which
possesses a highly branched alkyl chain (see Figure 8), should
not be 174.11(27) cm™, but about 240 cm™.? Therefore, we
suspect that electronic effects have more influence on the acetyl
methyl torsion than steric effects do. The electronic configuration
on the other side of the carbonyl group is not the same in case
of a C; or effective Cs structure compared to a C; structure.

The barrier height of 182.2481(25) cm™ found for
conformer |l of MBK yields another key observation. Although
this conformer has a C; structure, it falls into the second class
where all the molecules feature Cs symmetry. By looking at its
potential energy curves given in Figure 5, there are double
minimum potentials similar to those in the curves of conformer |
in Figure 4 (see Section 2.3.1.). This kind of double minimum
potentials has been reported in all molecules stated in the Cs
class above. We thus conclude that the electrostatic interactions
only stretch to the y-carbon of the alkyl chain and not further.

To summarize, the torsional barrier of the acetyl methyl
group is influenced by the configuration of the alkyl chain but
only up to the y-carbon. If the alkyl chain is “cut-off’ at the y-
carbon and the ‘“rest” features a “pseudo-Cs structure, the
barrier height is around 180 cm™. If the “rest” is C; symmetric,
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the barrier height is approximately 240 cm™. Further linear
aliphatic ketones will be investigated in the near future to verify
this “two-class” concept.

.
-

H;C H3C
(1) 238.145(21) cm™ (2) 233.5913(97) cm™
C, Class
U I ‘
HaC H3C)l\/\
(3) 224.95(12) cm™” (4) 250.3(19) cm™’
0} o]
HaC JJ\/ HSCJJ\/\
(5) 183.1702(82) cm™ (1) 188.3843(50) cm™
(e} O
C, Class JJ\/\/

HLC H;zC

(2) 186.9198(50) cm™ (2) 182.2481(25) cm™

(o]

HLC
(6) 174.11(27) cm™

Figure 8. Experimental torsional barriers of the acetyl methyl group in different
ketones: (1) methyl propyl ketone?, (2) MBK, (3) allyl acetone,?® (4) methyl
isobutyl ketone,”! (5) methyl ethyl ketone,?® and (9) methyl neopentyl
ketone.l?%

Finally, we note that the simplest ketone containing an
acetyl methyl group, acetone, is not considered in our
comparison. The alkyl chain of acetone with only one methyl
group is not long enough to support our classification into
“pseudo-Cs” and C,. Furthermore, the two equivalent methyl
groups in acetone with their strong coupled LAM make this
molecule a special case. 555

There are also ketones which do not belong to either of the
two classes mentioned above. For example, the high torsional
barrier of the acetyl methyl group of methyl vinyl ketone is
433.8(1) cm™ for the ap conformer and 376.6(2) cm™ for the sp
conformer,i*! probably because of mesomeric effects. If a bulky
group is present at the other side of the carbonyl group, i.e. in
cyclopropyl methyl ketone,® phenylacetone,!”! and aceto-
vanillone,®® as well as in a-ionone and B-ionone,®® different
effects occurring from sterical hindrance cause the torsional
barriers to range from about 240 cm™ to 620 cm™. Further
ketone studies are required to create a classification for these
molecules.

Conclusions
Three conformers of MBK were assigned in the jet-cooled

microwave spectrum. Conformer | possesses a straight butyl
chain, whereas conformer Il shows a C; structure with the butyl



group bent out of the C—(C=0)-C plane to a nearly synclinal
position. In conformer ll1, the methyl group at the end of the butyl
chain is in a synclinal position. The barriers heights of the acetyl
methyl group deduced by fitting the torsional splittings in the
spectrum with the program XIAM are 186.9198(50) cm™,
233.5913(97) cm™, and 182.2481(25) cm™ for conformer I, I,
and lll, respectively. The BELGI code was also used to fit the
same data set and reduced the rms deviation to measurement
accuracy. The barrier to internal rotation of the butyl methyl
group could be deduced from the XIAM two-top fits to be about
1000 cm™ for all three conformers. The results serve as a
milestone for a two-class concept linking the acetyl methyl
torsional barrier to the conformational geometry, whereby
electrostatic interactions from the alkyl chain seem to influence
the acetyl methyl torsion, but only up to the y-carbon. If the
relevant parts of the alkyl chain show a “pseudo-Cs” structure,
the barrier height is approximately 180 cm™, as found for
conformer | and Ill. If the relevant part is C, symmetric, as in the
case of conformer I1, the barrier height is around 240 cm™.

Experimental Section

MBK was purchased from Alfa Aesar GmbH & Co KG, Karlsruhe,
Germany with a stated purity of more than 98 % and no further
purification steps were carried out. The sample was placed on a piece of
pipe cleaner under a helium flow with a pressure of about 200 kPa. The
helium-substance mixture was expanded through a pulsed nozzle into
the vacuum chamber. A series of overlapping spectra from 9.0 to
14.6 GHz was recorded with a step size of 0.25 MHz using a modified
version of the molecular jet Fourier transform microwave (MJ-FTMW)
spectrometer described in ref. [60], which operates in a frequency range
from 2.0 to 26.5 GHz. Afterwards, the transitions were measured or
remeasured at high resolution, whereby a second MJ-FTMW
spectrometer operating from 26.5 to 40.0 GHzI[%Y was used.
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Sensing the Molecular Structures of
Hexan-2-one by Internal Rotation and
Microwave Spectroscopy

A combination of quantum chemistry and microwave spectroscopy was used to
analyze the gas-phase structures of hexan-2-one. The barrier heights of the acetyl
methyl group could be linked to the conformational structures and a rule to predict
the torsional barrier was deduced.

Table 1. Relative energies with (ZPE) and without (E) zero-point corrections (in kJ-mol™), rotational constants (in GHz), dipole moment components (in Debye)
and dihedral angles (in degree) of the eleven stable conformers of methyl butyl ketone calculated at the MP2/6-311++G(d,p) level of theory.
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IX 3.56 4.32 3.934 1.682 1.544 0.02 1.23 2.90 156.6 -84.8 58.6

I 3.83 3.53 5.780 1.189 1.047 1.10 3.00 0.67 171.1 174.0 62.8

v 4.11 4.43 6.184 1.074 0.994 2.58 2.26 1.35 61.0 175.8 179.7

Vi 5.34 6.26 5.615 1.179 1.109 2.70 2.53 0.07 60.7 171.9 62.3

Vil 6.41 7.15 5.549 1.222 1.071 1.96 3.02 0.80 62.8 -179.7 -63.2

Xl 7.75 8.87 3.547 1.749 1.604 1.73 2.08 2.29 54.5 74.7 -69.6
Exp. Il 7.511 1.041 0.941 7.510 1.040M 0.941
Exp. Il 5.865 1.244 1.153 5.856!1 1.243 11511
Exp. Il 5.848 1.174 1.052 5.849 1.176M 1.045

12l Referring to the absolute energy of E = —310.243919 Hartree of conformer II. P! Referring to the zero-point corrected energy of E = —310.072583 Hartree of
conformer II. [ Experimentally deduced rotational constants. [ Corrected rotational constants A, B, and C of the respective conformer, see Section 3.1.

Table 2. Relative energies with (ZPE) and without (E) zero-point corrections (in kJ-mol™), rotational constants (in GHz), dipole moment components (in Debye)
and dihedral angles (in degree) of the eleven stable conformers of methyl butyl ketone calculated at the B3LYP/6-311++G(d,p) level of theory.

Ell ZPEM A B c |1l Ty [1e] 6 6 65

[ 0.00 0.00 7.526 1.029 0.932 0.29 2.92 0.05 1745 179.0 -179.9

[ 0.67 1.38 5.818 1.219 1.138 0.56 2.67 0.83 166.2 -72.9 -179.6

Il 3.34 3.62 5.850 1.161 1.032 1.00 2.62 0.65 173.1 175.2 65.8

\% 4.27 5.52 6.273 1.054 0.976 2.32 2.03 113 61.2 177.1 -179.8

v 4.67 5.58 4.494 1.394 1313 0.24 2.38 1.38 166.6 -72.0 -67.0

VI 5.55 6.80 4.566 1.282 1.254 1.81 1.81 1.84 56.8 63.7 178.4

Vil 6.65 8.20 5.743 1172 1.069 1.37 2.72 0.86 91.8 -178.1 -65.3

Vil 7.46 8.73 5.628 1.156 1.084 2.47 2.19 0.11 62.2 175.1 65.8

IX 7.76 8.74 4.042 1576 1.452 0.03 1.43 2.42 161.2 -89.1 62.7

X 8.54 10.34 4.031 1585 1.397 0.69 3.03 0.16 64.2 60.1 62.8

XI 12.70 14.14 3.576 1.676 1545 159 1.83 2.06 54.3 76.2 -69.6
Exp. Il 7511 1.041 0.941 75100 1,040 0.941@
Exp. e 5.865 1.244 1.153 58561  1.2431 11510
Exp. Il 5.848 1.174 1.052 5849 11769 1,0459

@l Referring to the absolute energy of E = =311.191516 Hartree of conformer II. ! Referring to the zero-point corrected energy of E = =311.023059 Hartree of
conformer I1. [ Experimentally deduced rotational constants. ¥ Corrected rotational constants A, B, and C of the respective conformer, see Section 3.1.
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Table 3. Molecular parameters of conformer I, 1l and Il of methyl butyl ketone obtained from the XIAM code taking into account the internal rotation of the acetyl
methyl group (fits XIAM(1Top)) and of both, the acetyl and the butyl methyl group (fits XIAM(2Tops)). The parameters refer to the principal axis system and I
representation. Watson’s A reduction was used. For conformer | the parameters of the BELGI-C;s fit obtained by a transformation from the rho axis system into the
principal axis are given.

Conformer | Conformer Il Conformer 1lI
Parameter BELGI-Cs XIAM(1Top) XIAM(2Tops)la XIAM(1Top) XIAM(2Tops)!bl XIAM(1Top) XIAM(2Tops)lcl
A/ GHz 7.49638(12) 7.5105223(12) 7.5105234(11) 5.86481492(70) 5.86481387(83) 5.84751340(35) 5.84751308(37)
B/ GHz 1.040928(18) 1.04073147(13) 1.04073552(13) 1.24437761(10) 1.24438046(12) 1.173774262(80)  1.173775010(86)
C/GHz 0.9417953(20) 0.94131724(11) 0.94131348(11) 1.153435232(67)  1.153432435(79)  1.052431415(64) 1.052430622(69)
Ay | kHz 0.0449(03) 0.04753(56) 0.04792(53) 0.32050(26) 0.32060(28) 0.15184(31) 0.15193(34)
A | kHz 0.4780(26) 0.4814(23) -3.4257(21) -3.4241(24) 0.0739(25) 0.0733(27)
Ax | kHz 4.398(44) 4.469(39) 34.696(13) 34.672(14) 7.455(20) 7.457(21)
03/ kHz 0.004861(96) 0.004995(81) -0.00179(15) -0.00199(18) 0.01555(18) 0.01555(19)
&k | kHz 2.527(13) 2.541(15) 2.342(19) 2.342(20)
Fo,1/ GHz 158.183(24) 158.0(fixed) 158.0(fixed) 158.0(fixed) 158.0(fixed) 158.0(fixed) 158.0(fixed)
Vs1/cm™ 186.7345(88) 186.9198(50) 187.2303(49) 233.5913(97) 233.911(12) 182.2481(25) 182.2581(27)
L(in,a)l° 148.2790(37) 148.2603(61) 148.2461(60) 155.930(15) 155.919(18) 44.7760(22) 44.7760(23)
A(i1,b) /1 ° 121.7210(37) 121.7397(61) 121.7539(60) 100.153(52) 100.182(61) 45.5353(30) 45.5350(31)
£(in,c)/° 90.00(fixed) 90.00(fixed) 90.00(fixed) 68.420(37) 68.424(44) 85.7736(55) 85.7750(60)
Dpiza1 / MHz 0.02863(26) 0.02852(24) 0.22964(33) 0.22972(40) 0.03565(12) 0.03563(12)
Dpizk,1 / MHZ -1.0209(50) -1.0315(48) -4.8637(54) -4.8699(63) -0.5510(13) -0.5510(14)
Dpiz-1 / MHz 0.00773(13) 0.00772(10) 0.14245(36) 0.14270(41) 0.00795(11) 0.00791(11)
Va2 /cm™ 979.99(88) 1016.30(77) 961.9(3.2)
NI 345 345 563 380 555 234 244
Nyt 144/201 144/201 144/201 196/184 196/184 139/95 139/95
Nl 32/94/92 13/81/81 0/5/5
o9 / kHz 4.7 9.1 10.1 3.9 5.1 3.0 3.3

& For conformer I the internal rotation parameters of the second rotor are fixed to Foz = 158.0 GHz, £(i2,a) = 35.81°, £(i2,b) = 54.19°, and Z(iz,c) = 90.00°. !®! For
conformer Il, Fo2 = 158.0 GHz, /(i2,a) = 20.61°, /(iz,b) = 105.90°, and /(iz,c) = 102.77°. [ For conformer lll, Fo2 = 158.0 GHz, /(iz,a) = 112.58°, /(iz,b) = 39.82°,
and £(iz,c) = 120.83°. 1 Total number of lines. ¢ Number of the (00)/(10) torsional transitions, respectively. 1 Number of the (01)/(11)/(12) torsional transitions,
respectively. [9 Root-mean-square deviation of the fit.
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