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The structure and torsional dynamics of two methyl groups in 2-
acetyl-5-methylfuran as observed by microwave spectroscopy

Vinh VanP!, Wolfgang Stahl®), and Ha Vinh Lam Nguyen™®

Abstract The molecular beam Fourier transform microwave spectra
of 2-acetyl-5-methylfuran were recorded in the frequency range 2-
26.5 GHz. Quantum chemical calculations calculated two
conformers with a trans and a cis configuration of the acetyl group,
both of which were assigned in the experimental spectrum. All
rotational transitions split into quintets due to the internal rotations of
two non-equivalent methyl groups. Using the program XIAM, the
experimental spectra can be simulated with standard deviations
within the measurement accuracy, Yyielding well-determined

rotational and internal rotation parameters, inter alia the Vs potentials.

While the V3 barrier height of the ring methyl rotor does not change
for both conformers, that of the acetyl methyl rotor differs by about
100 cm™. The predicted values from quantum chemistry are only in
the correct order of magnitude.

1. Introduction

Volatile heterocyclic substances are responsible for the aroma
during food cooking. For example, the Maillard reaction is known
to create desirable aromas in browned food under heating. To
understand and explain the smell in more details, it is important
to answer the questions how molecular shapes fit together or
how strong and how directional hydrogen bonds are. For this
purpose, gas phase structures and information on molecular
internal dynamics of the Maillard reaction products are needed,
since the sense of smell starts from gas phase molecules.
Among those products, 2-acetyl-5-methylfuran (AMF) arises
from reactions between amino acids and reducing sugars, and
produces aroma in cooked food [1]. It was also identified as
natural flavor in Chinese liquors [2], smoked salmon [3], as well
as roasted coffee beans [4].

Quantum chemically, the relatively small empirical formula
of CsHgO, and the known planarity of the furan frame and the
acetyl group suggest that structure optimizations are within the
capabilities of our computational resources. Since the traditional
method by isotopic substitutions is not always possible, the
support of quantum chemistry becomes a helpful tool, whereby
ab initio structures can be taken as references for a comparison
of the experimental and calculated molecular parameters.

Spectroscopically, AMF is a derivative of furan with an
acetyl substitution on the second ring position and a methyl
substitution on the fifth position. When starting this work, we
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expected that splittings arising from the internal rotations of both
methyl groups can be resolved. The barrier heights of such large
amplitude motions (LAM) are mainly determined by steric and
electronic effects. While the steric influence is rather local, the
electronic contribution can arise from quite distant sources in the
molecule, especially when conjugated double bonds and/or
aromatic systems are involved. Predicting torsional barriers is
challenging because chemical intuition often fails and quantum
chemical calculations are still rather inaccurate [5,6]. On the
other hand, microwave spectroscopy yields highly accurate
torsional barriers. Moreover, two different AMF conformers exist,
where at least the acetyl methyl group is exposed to different
steric environments, while the ring methyl group is almost
unaffected.

2. Quantum Chemical Calculations

From the structural point of view, AMF is rather rigid because the
conjugated double bonds in the five-membered ring force the
furan frame to be planar. Therefore, the conformational
landscape is solely determined by a rotation about the C4-Ci2
bond (for atom numbering see Figure 1). By varying the dihedral
angle @1 = £(011,C4,C12,013) in a grid of 2° while all other
geometry parameters were optimized at the MP2/6-311++G(d,p)
level of theory using the GAUSSIAN 09 package [7], we
obtained a potential energy curve with two minima. The
calculated energies were parameterized using a Fourier
expansion with the corresponding coefficients given in Table S-1
in the Supporting Information. Using these Fourier coefficients,
the potential energy curve was drawn as depicted in Figure 2.
Geometries at the minima were fully re-optimized using the HF,
B3LYP, M06-2X, MP2, and CCSD methods in combination with
various Pople and Dunning basis sets [8,9] to compare the
rotational constants and check for convergence. The predicted
rotational constants are collected in Table S-2. If not otherwise
stated, all values given from now on will refer to those calculated
at the MP2/6-311++G(d,p) level of theory. Figure 1 illustrate the
fully optimized conformers; their Cartesian coordinates are given
in Table S-3. The conformer at ¢ = 180° called the trans
conformer henceforth, is with zero-point energy correction 4.19
kd-mol™* lower in energy than the so-called cis conformer
(92 =0°).
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Figure 1. Two conformers of AMF optimized at the MP2/6-311++G(d,p) level
of theory.
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Figure 2. The potential energy curve obtained by varying the dihedral angle @1
= £(011,C4,C12,013) in a grid of 2° and optimized at the MP2/6-311++G(d,p)
level of theory. Relative energies are given with respect to the lowest energy
configuration with its absolute energy E = -420.930421 Hartree. The trans
conformer is located at @1 = 180°, the cis conformer at 0°.
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Figure 3. The potential energy curves of the trans and the cis conformer of
AMF obtained by rotating the ring methyl group about the C1—-C7 bond. The
dihedral angle @2 = £(C2,C1,C7,Hg) was varied in a grid of 2°, while all other
molecular parameters were optimized at the MP2/6-311++G(d,p) level.
Relative energies with respect to the lowest energy conformations with the
absolute energies E = -420.930421 and -420.928812 Hartree for the trans
and the cis conformer, respectively, are used. The barrier heights are
340 cm™ for the trans and 334 cm™ for the cis conformer.

In spite of its relatively simple structure, the internal
dynamic of AMF is challenging because of the LAMs of two
inequivalent methyl groups, which cause all rotational transitions
to split into quintets [10]. The barrier heights of the ring methyl
and the acetyl methyl group were calculated by varying the
dihedral angles ©2= Z(Cz,Cl,CLHs) and P3 = V4 (013,C12,C14,H15),
respectively, in a grid of 2°. A rotation of 120° was sufficient due
to the three-fold symmetry of the methyl groups. The potential
energy curves of the ring methyl group are shown in Figure 3;
the corresponding coefficients in Table S-1 in the Supporting
Information. For the trans conformer, we found V3 potentials of
340 cm™ for the ring methyl group and 241 cm™ for the acetyl
methyl group with no significant Ve contributions. The respective
values for the cis conformer are 334 cm™ and 207 cm™.

The potential energy curves for a rotation of the acetyl
methyl groups are depicted in Figure 4. Here, we expected Vs
contributions for the trans conformer due to a more symmetrical
environment of the acetyl methyl rotor in relation to both oxygen
atoms. Unfortunately, an unusual discontinuity occurred in the
minimum regions of the potential curves of this conformer during
the rotation of the acetyl methyl group. Therefore, the data set
cannot be fitted well. By comparing the two geometries at the
discontinued place, we found that (i) only the methyl group was
twisted, while all other dihedral angles remain the same, and (i)
one hydrogen atom approaches the eclipse position of the
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oxygen atom at this place (see Figure S-1 in the Supporting
Information). The barrier height of 241 cm™ obtained from
E(60°) minus E(120°) is essentially the same as the energy
difference between the optimized minimum and the transition
state.

As an alternative, geometry optimizations to a first order
transition state of the methyl groups were performed at various
levels of theory using the Berny algorithm to calculate the
barriers to internal rotations [11]. The V3 potentials predicted at
different levels of theory and the angles between the internal
rotor axes and the principal axes are summarized in Table S-2.

Finally, a two-dimensional potential energy surface (2D-
PES) depending on ¢, and ¢3; were performed by varying these
two dihedral angles in a grid of 10° to study the coupling
between the two LAMs of the methyl groups. Due to symmetry,
only data points in the range from ¢, and ¢3; = 0° to 120° are
needed. The potential energies were parameterized with a 2D
Fourier expansion based on terms representing the correct
symmetry of the angles ¢, and ¢s. The corresponding
coefficients are given in Table S-1 in the Supporting Information.
The PES illustrated in Figure 5 exhibits almost no
potential coupling terms between @, and @3 for both conformers.
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Figure 4. The potential energy curves of the trans and the cis conformer of
AMF obtained by rotating the acetyl methyl group about the C12—Ci4 bond. The
dihedral angle @3 = £(013,C12,C14,H15) was varied in a grid of 2°, while all other
molecular parameters were optimized at the MP2/6-311++G(d,p) level.
Relative energies with respect to the lowest energy conformations with the
absolute energies E = -420.930421 and -420.928812 Hartree for the trans
and the cis conformer, respectively, are given. The barrier height is 207 cm™
for the cis conformer. For the trans conformer, an unusual discontinuity
occurred in the minimum regions, as can be recognized in the enlarged scale
(right hand side figure).
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Figure 5. The potential energy surface depending on the dihedral angles
@2 = £(C2,C1,C7,Hg) and @3 = £(013,C12,C14,H15) of the trans (left hand side)
and the cis conformer (right hand side) of AMF calculated at the MP2/6—
311++G(d,p) level of theory. @2 and @3 were varied in a grid of 10°, while all
other parameters were optimized. The relative energy maxima are 604.2 cm™
(7.2 kJ:-mol™) and 539.7 cm™ (6.5 kJ-mol™?) for the trans and the cis conformer,
respectively.
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Figure 6. A portion of the broadband scan from 9000 to 11000 MHz of AMF
showing that (i) transitions of the trans conformer (A) are much more intense
than those of the cis conformer (m), and (ii) only a few unassigned lines are
present in the spectrum.
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Figure 7. A typical spectrum of the 616 < 515 transition of the trans conformer
of AMF with its (00), (10), (01), (11), and (12) torsional species. The frequency
is in MHz; the line width is approximately 13 - 25 kHz (FWHH), corresponding
to a measurement accuracy of 2 kHz. The splittings indicated by brackets are
due to the Doppler effect. For this spectrum 2000 decays were co-added.

3. Microwave spectroscopy

We started the assignment with the spectrum of the more stable
trans conformer, which has dipole moment components of

4.14 D, 1.67 D, and 0.00 D in a-, b-, and c-direction, respectively.

Only a- and b-type transitions are expected in the spectrum, and
a-type lines should be more intense. The selection rules for a-
type lines are KaKc: ee < eo and 0o < oe and for b-type lines
KaKc: ee < 00 and oe < eo (e = even, 0 = odd) [12]. At the
beginning, we neglected the internal rotation effects and
considered AMF as a rigid rotor. A prediction carried out with the
program XIAM [13] indicated a relatively dense spectrum in the
frequency range from 9.0 to 13.0 GHz. A broadband scan was
recorded in this region, where overlapping spectra in a step size
of 0.25 MHz were automatically recorded. Figure 6 shows a
portion of the scan. All lines indicated in the scan were re-
measured at higher resolution. A typical high resolution
spectrum is shown in Figure 7.

The J =5 < 4 a-type transitions with K, = 0, 1 and the b-
type 606 < 515 and 7o7 < 615 as well as 414 < 303, 515 < 404, and
616 < Sos transitions were readily assigned. Each transition splits
into five torsional component (0102) = (00), (01), (10), (11), and
(12) because of the LAMs of two methyl groups [10]. The
notations o, and o, refer to the ring methyl rotor and the acetyl
methyl rotor, respectively. The assignment of these lines
enabled us to predict and find further (00) transitions.

In the next step, we took the methyl internal rotations into
consideration and predicted a two-top fit using the rotational
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Table 1. Molecular parameters of the trans and the cis conformer of AMF as obtained
by the program XIAM. Top 1 refers to the ring methyl group, top 2 to the acetyl methyl

group.

Par.@ Unit trans MP2[] cis MP2[]

A GHz  3.699650628(73) 3.638 3.9138572(37)  3.843

B GHz  1.125952913(72) 1.120 1.09556167(24)  1.089

C GHz  0.872880211(49)  0.866 0.86550261(12)  0.858

D3 kHz 0.03511(28) 0.03449 0.0294(20) 0.03042
Duk kHz -0.0392(29) -0.04428 -0.050(17) -0.03050
Dk kHz 1.10(17) 0.7370 0.783(71) 0.7145
di kHz -0.01066(20) -0.01036 -0.0066(14) -0.008137
d2 kHz -0.00124(16) -0.0009489 0.00¢ -0.0002910
Va1 cmt 369.78(25) 340. 356.47(39) 334.

Fo1 GHz 159.40(11) 159.3 159.16(16) 159.2
£(ina)  ° 143.601(34) 143.11 146.523(69) 146.36
2(iLb)  ° 126.399(34) 126.89 123.477(69) 123.64
£(ig,c)d  ° 90.0 90.00 90.0 90.00
Va2 cm™ 307.78(59) 241 212.71(30) 207

Foz GHz 160.51(39) 158.0 159.87(24) 158.1
s(iz@)  ° 75.154(31) 78.59 -41.012(15) -44.48
£(i2,b) E 165.154(31) 168.59 48.988(15) 45,52
£(iz,c) @ ° 90.0 89.99 90.0 90.00
Dpiza2 kHz 40.36(47) 18.78(34)

Dpizk 2 kHz -206.5(61) -343(24)

ot kHz 2.4 26

NI 280 105

[a] All parameters are given with one standard uncertainty in parentheses. Watson’s S
reduction and I" representation was used. [b] Vibrational ground state Bo rotational
constants and centrifugal distortion constants obtained by anharmonic frequency
calculation at the MP2/6-311++G(d,p) level of theory. [c] Not fitted, set to zero. [d]
Fixed due to symmetry. [e] Standard deviation of the fit. [f] Number of lines.

constants from the rigid rotor fit. The angles & between the
internal rotor axes and the principal a axis as well as the V;
potentials were calculated by ab initio. The LAM splittings are
relatively small (up to 20 MHz), which simplified the assignment.
Some rotational transitions exhibited very small splittings down
to a few kHz. The assignment of those transitions was quite
challenging because different torsional species could not be
easily distinguished. Finally, 280 torsional transitions with J < 10
were assigned and fitted to a standard deviation of 2.4 kHz
using the program XIAM. The results of the fits are given in
Table 1.

After the trans conformer was assigned, many lines with
low intensities remained in the scan which presumably belong to
the cis conformer with the calculated dipole moment
components of 2.26 D, 4.04 D, and 0.00D in a-, b-, and c-
direction, respectively. Also in this case, the spectrum contains
only a- and b-type transitions and b-type lines should be more
intense. Surprisingly, the J=5 < 4 and 6 < 5 a-type transitions
could be assigned first and they were more intense than most of
the b-type lines. For the cis conformer, 105 torsional transitions
up to J = 8 were measured and fitted to a standard deviation of
2.6 kHz (see Table 1). The frequency lists of both, the trans and
the cis conformer, are available in Table S-4 in the Supporting
Information.

4. Results and Discussion

The three linear combinations of the rotational constants B; =
% (B+C),Bk=A-% (B +C), B_=% (B - C) and the centrifugal



distortion constants D3, Dk, Dk, di, d2 were determined with very
high accuracy for both conformers. The V3 potentials, the angles
6 between the internal rotor axes and the principal a axis, the
internal rotation constant, and two higher order parameters Dpizs
and Dpizx were also fitted.

The experimentally deduced rotational constants are
compared with those from quantum chemical calculations. Best
agreements can be found with the DFT method using the
functionals MO06-2X and B3LYP for the trans and the cis
conformer, respectively, as shown in Table S-2 in the Supporting
Information. All levels of theory yield quite reasonable B and C
rotational constants, while the A rotational constant has larger
deviations. We note that all predicted rotational constants
reported in Table S-2 refer to the equilibrium re structure, while
the experimentally deduced rotational constants to the
vibrational ground state ro structure. Theoretical rotational
constants of the ro structure can be obtained by anharmonic
frequency calculation (given in Table 1). Surprisingly, they show
larger deviations to the experimental values compared to those
of the re structure. This is probably due to error compensations.
For more details, the vibration-rotation constants for each
vibrational mode are given in Table S-5 in the Supporting
Information.

Because of the strong correlation between V3 and Fq in the
fit shown in Table 1, we carried out a fit with Fo fixed to the ab
initio values (given in Table S-6). The V3 terms, which depend
on the assumed values of Fo, as well as the higher order
parameters Dpizs and Dpizk change slightly. The Vg term cannot
be fitted independently, because only transitions in the torsional
ground state are available, and we set it to zero. Since the ab
initio results predict no significant Vs contributions (see section
2), we expect that the experimental values of the V3 terms are
sufficiently accurate.

The calculated centrifugal distortion constants obtained by
anharmonic frequency calculations with the MP2 and B3LYP
methods and the basis set 6-311++G(d,p) are in good
agreement with the experimental values except for the
parameter Dk of the trans conformer (see Table 1). Since the
planar five-membered ring frame of AMF is quite rigid, all
centrifugal distortion constants are small. We recognized a
relatively strong correlation between the parameters Bk and Dk
in the fit of the trans conformer, if Fq is fixed to its ab initio values
(see Table S-7 in the Supporting Information). This correlation
decreases slightly if Fq is fitted (as in the fit shown in Table 1; for
the correlation matrices see also Table S-7), and the Dk value is
closer to the predicted value.

The barrier heights of the ring methyl top are
369.78(25) cm™ and 356.47(39) cm™ for the trans and the cis
conformer, respectively, which are very similar. Obviously, the
orientation of the acetyl group does not significantly affect the
torsional barrier.of the ring methyl group. On the other hand, the
barrier heights are clearly lower than that found in 2-methylfuran
(416.2 cm™) [14], showing that the presence of the acetyl methyl
group with its negative mesomeric effect and the possibility for
an extended Tr-conjugation might decrease the barrier of the ring
methyl group.

The barrier to internal rotation of the acetyl methyl top is
quite different in two conformers. We found a value of
307.78(59) cm™ for the trans and 212.71(30) cm™ for the cis
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Figure 8. Torsional barriers of the acetyl methyl groups in ketones (in cm™).
(1) Methyl neopentyl ketone [13], (2) methyl ethyl ketone [14], (3) cis AMF (this
work), (4) allyl acetone [15], (5) methyl isobutyl ketone [16], (6) acetone [17],
(7) trans  AMF (this work), (8) syn-periplanar-methyl vinyl ketone [18],
(9) cyclopropyl methyl ketone [19], (10) anti-periplanar-methyl vinyl ketone
[18].

conformer. From many previous investigations, it is known that
the torsional barrier of the acetyl methyl group in ketones
depends strongly on the substitution at the other side of the
carbonyl group, as can be seen in Figure 8 [15-21]. This
behavior in ketones, where the substituent on the other side of
the carbonyl group causes the acetyl methyl barrier to vary over
a wide range without any apparent trends, is in strong contrast
to the acetates, which can be divided in classes with predictable
barrier heights [22]. For example in o,B-saturated alkyl acetates,
the barrier to internal rotation is approximately 100 cm™
and remains largely invariant [23,24]. This value cannot be
easily predicted when electronic effect exists, e.g. by the
presence of double bonds or lone electron pairs, which can
contribute in a conjugated system. In unsaturated acetates
like vinyl acetate [25] and isopropenyl acetate [26], =-
electron conjugation, extending from the vinyl double bond
to the ester group, is possible. The barriers are significantly
different and also differ from those found for saturated
acetates. In some acetamides such as N-ethylacetamide
[27] or N,N-diethylacetamide [5], it turns out that the barriers
of the acetyl methyl group are strongly affected by the
electronic effect from the lone electron pair and the
substituents attached to the nitrogen. We note that though
AMF is different from other ketones because of the aromatic ring,
the barrier height in its both conformers is not unusually larger or
smaller. Similar to the case of N,N-diethylacetamide [5] and
methyl vinyl ketone [20], the barrier height of the acetyl methyl
rotor depends strongly on the orientation of the substituent on
the other side of the carbonyl group. Further conclusions cannot
be drawn since too few ketone examples are available at the
moment.

The calculated torsional barriers of the ring methyl group at
different levels of theory are 297 — 501 cm™ and 283 — 477 cm™
for trans and the cis conformer, respectively, which are in the
same order of magnitude of the experimental V3 potentials. For
the acetyl methyl top, we found 162 — 349 cm™ for the trans and
71-311cm™ for the cis conformer. The best agreement



between the calculated and experimental barriers were found for
both conformers and both methyl groups at the M06-2X/6-
311++G(3df,2pd) level of theory (see Table S-2).

The inertial defects Ac = (Ic — la — Ib) = —6.469 and —6.580
uA? of the trans and cis conformers, respectively, confirm that
the heavy atom skeleton is planar with two pairs of hydrogen
atoms out of plane. These values are almost the same as that
found in other planar molecules containing two methyl groups
with comparable barrier heights, e.g. methyl acetate (Ac =
-6.315 uA?) [28] and the syn and anti conformers of 3,4-
dimethylbenzaldehyde (Ac = -6.452 and —6.469 UuA?,
respectively) [29].

After the assignment of the two conformers, only very few
weak lines remained in the broadband scan. We thus concluded
that water complexes or dimers were not present under our
measurement conditions.

5. Conclusion

Two conformers of 2-acetyl-5-methylfuran exhibiting the internal
rotations of two non-equivalent methyl groups were successfully
assigned under molecular beam conditions using a combination
of Fourier-transform microwave spectroscopy and quantum
chemistry. The above mentioned intramolecular dynamics
causes splittings of all rotational transitions into five different
torsional species. The torsional barriers of the ring methyl top
are similar in both conformers; those of the acetyl methyl group
are on the other hand quite different, which is probably because
of the electronic rather than the steric effect. Quantum chemical
calculations yielded reasonable structural parameters, but the
predicted barrier heights are not yet sufficiently accurate.

Experimental Section

The rotational spectra were measured with a molecular beam Fourier
transform microwave spectrometer operating in the frequency range from
2 to 26.5 GHz [30]. AMF was purchased from TCI Deutschland GmbH,
Eschborn, Germany with a stated purity of over 97 % and used without
further purification. The sample was placed on a 5 cm piece of a pipe
cleaner inside a stainless steel tube mounted upstream the nozzle.
Helium was flown over the sample at a pressure of approximately
200 kPa, the helium-substance mixture was expanded into the cavity.
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