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ABSTRACT

For 2-acetylfuran, quantum chemistry predicted and proton magnetic resonance study
reported two conformers, anti and syn, differing in the position of the carbonyl group with
respect to the O1-C2 bond of the furan ring. The microwave spectrum of the title molecule
was recorded in the frequency range from 2 to 26.5 GHz using a molecular jet Fourier
transform microwave spectrometer, confirming the presence of both conformers.
Spectroscopic parameters such as the rotational and centrifugal distortion constants could be
determined with high precision. The spectra of all 3C- and O-isotopologues of the
energetically more favorable anti-conformer could be assigned, allowing the experimental
determination of bond lengths and bond angles from the heavy atom substitution rs and the
semi-experimental equilibrium rSE structures. Splittings arising from the internal rotation of the
acetyl methyl group could be resolved for both conformers as well as for all assigned
isotopologues, from which the barrier to methyl internal rotation was determined. The torsional
barrier is largely invariant at around 319 cm™ in the parent species of anti-2-acetylfuran and
its isotopologues, showing that though isotopic substitution greatly influences the rotational

properties of the molecule and causes a different microwave spectrum, its effect on the methyl
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torsion is negligible. On the other hand, conformational effects play a decisive role, as the
torsional barrier of 239.780(13) cm found for syn-2-acetylfuran differs significantly from the
value for anti-2-acetylfuran. The results are compared and discussed with other methyl
substituted furan derivatives and acetyl group containing ketones for a better understanding of

different effects influencing molecular geometry parameters and methyl internal rotations.

GRAPHICAL ABSTRACT
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INTRODUCTION

The title compound 2-acetylfuran (also called 2-furylmethylketone), henceforth referred to as
2AF, is a hetero-aromatic five-membered ring with an acetyl substituent at the second position.
It finds applications as an intermediate to synthesize pharmaceuticals, e.g. to produce the HIV
integrase inhibitor S-1360 through its alkylation in a one-step synthesis using Friedel-Crafts

reaction.!

In a proton magnetic resonance study in 1970, Arlinger et al. reported that two
conformers of 2AF exist.? Their structures differ by the orientation of the carbonyl group, which
can be either in an anti- or a syn-position with respect to the O1-C2 bond of the furan ring.
The study focused on determining the conversion energy between the two conformers. After
half a century, experimentally deduced geometry parameters such as bond lengths and angles
of 2AF as well as its large amplitude motion (LAM) arising from the internal rotation of the
methyl group still remain unknown though.

Gas-phase structures can be determined from isotopic substitutions, at least for the
heavy atom skeletons, using high resolution microwave spectroscopy.>® However, for furan
derivatives it is often challenging due to the low natural abundance of 0.21% of the 20
isotopologue,” which makes the observation of this species especially difficult. Therefore,
heavy atom structure determination has been done so far only for furan® and the two
derivatives furfural® and 2-ethylfuran.’® The presence of a methyl group undergoing internal
rotation in the molecule increases the structure determination challenges. Not only does it
decrease the intensity of 2O isotopologue lines because all rotational transitions split into an
A and an E species, but the rotational constants needed to determine the molecular structure
are also perturbed by the methyl torsion. Furthermore, the presence of hydrogen atoms often
complicates the situation because of the large variation of the rovibrational correction upon
isotopic substitution.!* Since deuterated species are not always accessible due to the low
natural abundance of deuterium (0.01%)’ and an (if possible) expensive preparation, the
structure determinations rely completely on calculated rovibrational corrections. Only for a
small number of molecules, e.g. acetone,*? o-xylene,*® cis-methyl formate,'* 3-fluorotoluene,*®
and methyl methacrylate,’® experimental structures in the presence of methyl internal
rotation(s) have been determined. Different methods to treat these LAMs such as the
combined axis method,'” the rho axis method,'® and the effective Hamiltonian method*® were
applied but the reliability of each method for structure determination purposes still remains

unclear.

In the present study on 2AF, the combination of microwave spectroscopy and quantum
chemistry was used to confirm the presence of two conformers, syn and anti. Splittings due to

the internal rotation of the acetyl methyl group were resolved and the Vs term of the potential
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could be determined. For the more stable anti-conformer the microwave spectra of all **C- and
180-isotopologues were observed and the heavy atom semi-experimental equilibrium structure
was determined. This includes a discussion of various possibilities to correct the perturbed
rotational constants due to the presence of methyl internal rotation for a precise structure
determination. Concerning the methyl torsion, acetyl methyl groups are known for their
sensitivity to steric and electrostatic properties of substituents on the other side of the carbonyl
group. For example, previous investigations on n-alkyl acetates have shown that the barrier of
the acetyl methyl group is always about 100 cm™? ,2%25 while in a,B-unsaturated acetates it is
between 135 to 150 cm1.262 |n methyl n-alkyl ketones, conformers with Cs symmetry show a
torsional barrier of about 180 cm™, but those with C; symmetry where the y carbon atom is in
a synclinal position feature a barrier of 240 cm.2%3 |f the substituent contains a phenyl ring,
the barrier height increases significantly to about 600 cm~1.33 Such a classification is currently
not possible for ketones containing an aromatic heterocycle due to the small number of
investigations on this type of molecules, which currently only contains the study on 2-acetyl-5-
methylfuran.®* Our results on 2AF will provide more insight into the torsional behavior of the

acetyl methyl group in substituted five-membered rings.

QUANTUM CHEMICAL CALCULATIONS

Conformational analysis. To sample the conformations of 2AF, the dihedral angle a =
Z/(01-C2-C6=07) was varied in steps of 10° (for atom numbering see Figure 1). All other
geometry parameters were optimized at the MP2/6-311++G(d,p) level using the Gaussian 16
program package.® This level was applied because it has yielded reliable rotational constants
to guide the assignment in many of our previous investigations.*** As expected from the
proton magnetic resonance study on 2AF? and studies on similar molecules®3*3 two
conformers were found at a = 0° (called syn) and 180° (called anti) on the potential energy

curve illustrated in Figure 2.
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Figure 1. Molecular structures of the two conformers of 2AF optimized at the MP2/6-

311++G(d,p) level of theory in their principal axes of inertia. Atom numbering is given for both
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conformers; the dihedral angles a = £(01-C2-C6=07) and 3 = £(C2-C6—-C8-H) are defined
for anti-2AF. Oxygen atoms are marked in red, carbon atoms in dark grey, and hydrogen atoms
in light grey. H14 lies behind H12.
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Figure 2: The relaxed potential energy scan of 2AF obtained by rotating the acetyl group about
the C2-C6 bond, i.e. varying the angle a in 10° steps, calculated at the MP2/6-311++G(d,p)
level of theory. The energies are given relative to the lowest energy conformation at 180° with

E =-381.7257264 Hartree, which corresponds to the anti-conformer.

Table 1: Equilibrium rotational constants, dipole moments, and the relative energy including
zero-point corrections (Erl) between the two conformers of 2AF calculated at the MP2/6-
311++G(d,p) level of theory.

Unit anti syn
Ae MHz 4820.6 4859.5
Be MHz 1630.5 1616.4
Ce MHz 1227.7 1222.2
Ua D 2.89 —2.34
Mo D -2.25 4.06
Me D 0.00 0.00
Erel kJ-mol 0.002 5.02°

a Absolute value at —381.61688694 Hartree.

b This value was confirmed by the CBS-QB3 calculation which gives 6.7 kJ/mol.



Geometry optimizations. The structures of two conformers (corresponding to minima on the
potential energy function in Figure 2) were first optimized under full geometry relaxation,
revealing Cs symmetry. The atomic coordinates are given in Table Sla in the Supplementary
Material. Frequency calculations confirmed both to be stable conformers. The more favorable
structure, anti-2AF, is 5 kJ/mol lower in energy than syn-2AF (including zero-point corrections).
This is essentially the same as the energy difference found for the two conformers of 2-acetyl-
5-methylfuran.®* The quantum chemical results are summarized in Table 1. The structures of
both conformers were re-optimized using different combinations of methods and basis sets
also with Gaussian 16.% The resulting rotational constants are given in Tables S2 and S3 of
the Supplementary Material and will be discussed later with comparison to the experimentally

determined values.

For a precise determination of the molecular structure, the coupled cluster theory
including single and double excitations (CCSD)*° augmented with a perturbational estimate of
the effects of connected triple excitations, CCSD(T),*! with a basis set of quadruple zeta quality
cc-pwCVQZ* is known to give satisfactory results with an accuracy of about 0.002 A.* For a
collection of eleven molecules, it was found that the bond lengths are too large by 0.0004 A
(mean value) with a standard deviation of only 0.0006 A.** This good result is mainly due to a
compensation of errors because the introduction of connected quadruples (CCSDTQ)
increases the bond length by 0.001 to 0.002 A whereas the basis set extension from quadruple
zeta to sextuple zeta shortens it by about the same amount. Therefore, although the
convergence of the geometry is not fully achieved at the quadruple zeta level, using a larger

basis set should not improve the result much.

As the 2AF molecule is rather large, the structure of each conformer was first optimized
at the CCSD(T) level of theory with the smaller cc-pwCVTZ basis set and all electrons being
correlated (ae). Then, the effects of basis set enlargement (cc-pwCVTZ — cc-pwCVQZ) were
estimated at the MP2 level (see Tables S4a and S4b in the Supplementary Material). In other

words, the Born-Oppenheimer estimate of the equilibrium structure is
1780 = r[CCSD(T)_ae/cc-pwCVTZ] + re[MP2_ael/cc-pwCVQZ] — r{]MP2_ae/cc-pwCVTZ] (1).
All these structure optimizations were carried out using the Molpro program. 4546

The accuracy of this equation, which is based on the addition of small corrections, was
confirmed many times in the literature.** Currently, a comparison of sixteen molecules has
shown that the median absolute residual is only 0.0002 A for the bond lengths and 0.02° for
the bond angles.* The calculated »2° structures and the corresponding rotational constants
XBO (X = A, B, C) of both conformers of 2AF are given in Tables S2 and S3 in the

Supplementary Material.



The double-hybrid functional B2PLYP which combines exact Hartree-Fock exchange
with an MP2-like correlation*” was used in combination with the 6-311+G(3df,2pd) basis set to
calculate the anharmonic force field. This functional is supposed to be better in taking into
account van der Waals forces. For a correct treatment of dispersion interactions, the D3 model
of Grimme*® was used. The B2PLYP-D3/6-311+G(3df,2pd) level allowed us to find the pseudo
inertial defect Ac= Ic — la — Ip of —=3.10 uA?2, which is in good agreement with the value expected
for a molecule of Cs symmetry with two out-of-plane hydrogen atoms. Moreover, the values of
rotational constants calculated in the B2PLYP-D3/6-311+G(3df,2pd) approximation differ from
the X5° rotational constants by only 0.2% vs. up to 1.3 % for the values from MP2/6-
311++G(d,p) calculations (see Tables S2 and S3).

Methyl internal rotation. To predict the barrier to internal rotation of the methyl group,

geometry optimizations at the MP2/6-311++G(d,p) level of theory were carried out by varying

the dihedral angle f = «( C2-C6-C8-H) in steps of 10° while allowing all other parameters to
relax. The threefold potentials obtained for both conformers are shown in Figure S1 in the
Supplementary Material, yielding predicted Vs terms of 284.0 cm~* and 234.8 cm™ for anti- and

syn-2AF, respectively. We expected A-E splittings from a methyl torsion with such hindering

barriers to be resolved in the microwave spectrum with the experimental setup in use.

MICROWAVE SPECTROSCOPY

Experimental setup. A scan from 11.0 to 15.3 GHz as a series of overlapping spectra with a
step width of 0.25 MHz was recorded using a molecular jet Fourier transform microwave
spectrometer operating in the frequency range from 2.0 to 26.5 GHz.*® 2AF was purchased
from Sigma-Aldrich, Eschborn, Germany, with a stated purity of 99 % and used without further
purification. The substance was put on a piece of pipe cleaner and placed upstream the nozzle
with a backing pressure of about 2 bar helium as the carrier gas. All signals appearing in the
survey spectrum were later remeasured at higher resolution with an experimental accuracy of
2 kHz.*0

Spectral assignments. Based on the equilibrium rotational constants Be calculated at the
MP2/6-311++G(d,p) level of theory given in Table 1, the rigid rotor spectrum of anti-2AF was
predicted using the program XIAM," as this conformer was expected to be energetically more
favorable. The predicted spectrum matched the experimental one very well and the
assignment was straightforward, starting with the very intense J = 4 <« 3 a- and b-type
transitions with K, and K¢ = 0 or 1. Splittings between the A and E torsional components of

most transitions are relatively small, ranging from a few kHz to about 50 MHz, which simplified



the extension of the rigid rotor fit to include the effect of methyl internal rotation. An example

of the 616 < 515 transition is shown in Figure 3.

E
15737.3238

A
15737.6044
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Figure 3: A high resolution measurement of the 616 <~ 515 transition recorded at 15737.46
MHz. For this spectrum 115 decays were co-added. The splittings indicated by brackets are
due to the Doppler effect; the mean frequency is the transition frequency. The A-E torsional
splitting is 280.6 kHz.

After anti-2AF was assigned, many lines with weaker intensity remained in the scan,
which could be assigned to syn-2AF following the same procedure. In total 141 A- and 152 E-
species transitions were measured for anti-2AF as well as 106 A and 107 E lines for syn-2AF.
The average line width at half height (FWHH) is 20 kHz. Therefore, the estimated
measurement accuracy, corresponding to 1/10 of the average line width, is 2 kHz. Most
assigned transitions for both conformers are a- and b-type, as expected from the calculated
dipole moment components given in Table 1. A few E-species c-type and x-type transitions
(AK, and AK. are both even) occurred as given in the frequency lists. For those perturbation
allowed transitions, the K, and K. quantum numbers have no meaning and they only indicate
the order of energy. The molecular parameters of both conformers obtained from the fits using
the program XIAM are collected in Table 2. The assigned frequencies are listed in Table S5
and S6 in the Supplementary Material. Because of the strong correlation between the rotational
constant Fo of the acetyl methyl group and the Vs potential term, we decided to set Fo to the
value calculated at the MP2/6-311++G(d,p) level.



Table 2: Experimental spectroscopic parameters of the anti and syn conformers of 2AF

obtained with the program XIAM.

Par.2 Unit anti syn

Ao MHz  4852.12131(18) 4902.42528(31)
Bo MHz  1631.236495(66) 1615.10359(13)
Co MHz  1230.588617(57) 1224.656525(52)
D; kHz  0.06702(44) 0.06485(50)

Dax kHz  0.1091(19) 0.0778(28)

Dk kHz  0.5826(86) 0.714(12)

di kHz  -0.02009(22) -0.01771(33)

dz kHz  -0.00260(12) —0.00190(23)
V3 cm?  319.777(12) 239.780(13)

Fo GHz 158.0° 158.1°

Dz, kHz  51.02(69) 74.42(54)

D2k kHz -216.1(26) -539.2(31)
Dz_ kHz 28.25(50)

«(i,a) deg  60.3104(50) 53.7374(75)
«(i,b) deg  29.6896(50) 36.2626(75)
«(i,c) deg 90.0° 90.0°

A’ uAz  -3.289 -3.326

Na/Ng® - 141/152 106/107

o' kHz 2.8 2.2

& All parameters refer to the principal axis system. Watson’s S reduction and I" representation were
used. P Fixed to the calculated value. © Fixed due to symmetry. ¢ Pseudo inertial defect. ¢ Number of A

and E species transitions. f Standard deviation of the fit.

Isotopologues. After transitions of both conformers had been assigned and removed from the
scan, many lines still remained. We suspected that they belong to the 3C-isotopologues of the
more stable anti conformer. To predict the *3C transition frequencies, the method described in
Ref. ®! was used, and all **C-isotopologues of anti-2AF could be assigned in their natural
abundances of 1.07%.” Many isotopologue signals were visible in the scan as shown in Figure
4. In the high resolution measurements splittings caused by methyl internal rotation could be
resolved, allowing the determination of the torsional barrier. Due to the position near the center
of mass of the molecule (see Figure 1), many transitions of 3C(2) were overshadowed by
those of the main species. Nevertheless, as the difference between the 3C(2) and the main
isotopologue frequencies increases with higher K-quantum numbers, it was possible to
observe 15 A- and 13 E-species *C(2) transitions with Ka = 1. Lines of the two O-
isotopologues with natural abundances of 0.21%?’ were not visible in the scan, but the search
by performing small scans around the predicted frequencies with more co-added decays per

each scan step was successful. The assigned transitions of all anti-2AF isotopologues are
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listed in Table S7 in the Supplementary Material; the fitted molecular parameters obtained with
the program XIAM are given in Table 3. A few signals belonging to the *C-isotopologues of
syn-2AF could be measured, but there were not enough transitions to achieve any satisfactory
fit. A few weak lines remained unassigned in the spectrum, belonging to neither one of the two

parent species nor their isotopologues. They might be due to complexes or impurities.

L
w <
< L w
woo < L <
< 3 A < W
§ < £ 9 g
= W ow S 9
. P54 it
< S w T
é O «© o << !_‘
—~ w
o ¢
2 58 3
& el S
= ° :
©,
H |
r T T T T 1
12750 12800 12850 12900 12950 13000

Figure 4. A portion of the scan of 2AF in the frequency range from 12750 to 13000 MHz
recorded by overlapping spectra with 50 co-added decays per each spectrum. Lines belonging
to the 414 < 3p3 transition are labelled with the corresponding conformer and torsional species.
Lines belonging to the *C-isotopologues are marked with the atom position in parentheses.
The intensities are given in a logarithmic scale in an arbitrary unit. The temperature of the

molecular jet was approximately 1-2K.
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Table 3: Molecular parameters of the 80- and **C-isotopologues of anti-2AF obtained with the program XIAM.

Par2  Unit 180(1) 13C(2) 13C(3) 13C(4) 13¢(5) 13C(6) 80(7) 13¢(8)

Ao MHz 4753.7145(11) 4851.26803(18) 4788.23180(31) 4836.0802(10)  4826.69153(30) 4851.62252(34) 4733.6625(57)  4785.32782(48)
Bo MHz 1625.85294(28) 1631.32190(18) 1626.61962(13) 1605.28043(13) 1609.52367(12) 1620.83887(11)  1588.78241(10) 1608.39059(17)
Co MHz 1221.13177(20) 1230.58544(21) 1223.828070(78) 1214.751159(84) 1216.583064(70) 1224.630867(79) 1198.81329(10) 1213.29183(11)
D, kHz 0.0668(14) 0.06702° 0.06709(67) 0.06568(74) 0.06498(63) 0.06632(59) 0.0645(12) 0.06688(95)
Dk kHz 0.1091b 0.1091b 0.0962(94) 0.1011(51) 0.1091b 0.0988(52) 0.1091b 0.0863(93)

ds kHz -0.0196(17) ~0.02009° -0.01907(64) -0.02017(64) -0.01883(65) -0.01835(58) ~0.02009b ~0.0193(10)

ds kHz -0.00260° ~0.002600 -0.00202(61) ~0.00315(50) -0.00210(59) ~0.00180(43) ~0.00260b ~0.00321(89)
Vs cm®  319.771(77) 319.933(31) 319.673(28) 319.677(24) 319.656(28) 319.894(23) 319.607(63) 319.929(37)
Dpzi kHz -216.1b -216.1b -207(16) -167(19) -176.2(84) -202.5(95) —216.1b ~205(13)

i,a) deg 60.892(29) 60.301(13) 60.023(11) 59.981(10) 60.758(10) 60.3897(92) 61.795(25) 59.582(16)
~(ib)  deg 29.1075(29) 29.698(13) 29.976(11) 30.018(10) 29.241(10) 29.6103(92) 28.204(25) 30.418(16)

A uAz  _3.201 ~3.290 -3.289 -3.289 -3.289 ~3.289 ~3.289 ~3.289

Na/Ngd - 22721 15/13 42/38 43/38 48/33 43/38 20/20 45/37

o® kHz 2.1 2.5 1.7 1.5 1.6 1.6 1.6 2.3

a All parameters refer to the principal axis system. Watson'’s S reduction and I" representation were used. «(i,c) is fixed to 90° due to symmetry in all fits. Fo is fixed

to the

calculated

value

(158.0 GHz).

b Values

all  centrifugal

distortion

constants

and the

higher

order

parameters D :

pvi]’

D_2,, and D,:_ were fixed to those of the main isotopologue listed in Table 2 if no error in parentheses is given. ¢ Pseudo inertial defect. ¢ Number of A and E

pi K’

species transitions. ¢ Standard deviation of the fit.
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STRUCTURE DETERMINATION OF ANTI-2AF

Substitution structure. The heavy atom rs structure of anti-2AF was determined based on
the rotational constants obtained for the main isotopologue given in Table 2 and the **C and
180 species collected in Table 3. Utilizing the program KRA available from the PROSPE
website,>? which implements Kraitchman’s equations,® the absolute atomic coordinates of
each substituted atom were calculated in the principal axis system, as shown in Table 4. The
uncertainties were derived according to Costain’s rule.>* Due to the planarity of anti-2AF, the
c-coordinates were set to zero. The signs of the coordinates were taken from the optimized
geometry given in Table S1 in the Supplementary Material. Bond lengths and angles were
calculated with the program EVAL, also available from the PROSPE website,>? and are given
in Table 5.

Semi-experimental equilibrium structure. Although the substitution rs method is frequently
used to determine the experimental gas phase structure from microwave spectroscopic data,
the limitations of this structure determination method are known. The experimentally deduced
rotational constants are input without any correction. As they refer to the vibrational ground
state, the rs structure is not comparable with the re structure calculated by structure

optimizations, referring to the equilibrium state.

There are other structure determination methods to overcome these limitations, for
example the semi-experimental equilibrium 75F structure. The fundamental background of this
method was developed by Pulay et al. in 1978° and then applied in many other studies (see
for example Ref. 1656%8) The semi-experimental equilibrium rotational constants X of the main
species and isotopologues are estimated from the experimental ground state rotational
constants Xo with rovibrational corrections using the difference between the computed ground
state constants obtained from anharmonic frequency calculations and the equilibrium

constants from structure optimizations.>®

It is obvious that a precise roF structure can only be obtained while using accurate
experimental ground state rotational constants. For rigid rotor molecules, a Hamiltonian model
with centrifugal distortion corrections is sufficient in most cases. In the presence of methyl
internal rotation(s), the X, constants are extremely sensitive to the set of parameters and the
Hamiltonian model in use. There are several methods for analysing microwave spectra with
internal rotation problems, such as the combined axis method exploited in the present work by
using the program XIAM,'” but the rho axis method used in the programs BELGI*® and
RAM36°° or the effective Hamiltonian method of ERHAM?®® are also quite often applied. The

rotational constants obtained from such a global fit are perturbed by the methyl torsion(s).
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Table 4: Atom positions of anti-2AF in the substitution rs structure, the semi-experimental equilibrium 73, and r$E, structures, and the Born-

Oppenheimer 180 structure. Standard errors are given in parentheses in the unit of the least significant digits.

rs? ik, Tohe " relc
alhA b/A alA b/A alh b/A alh b/A
Ol  0.7178(21)  -1.0490(14)  0.722(21) ~1.0444(14) 0.72015(26) -1.044101(58) 0.719618 —1.042426
C2  0.129(12) 0.133(11) 0.0560(12) 0.1428(11) 0.04789(98)  0.14563(21)  0.051937  0.149299
C3  0.9371(16) 1.1846(13)  0.9377(16) 1.1833(13) 0.94027(42)  1.182745(83)  0.940125  1.183753
C4  2.24264(67)  0.5963(25)  2.23608(67)  0.5961(25) 2.23721(19)  0.59527(19)  2.238405  0.595346
C5  2.04745(73) -0.7503(20)  2.04142(73) -0.7488(20) 2.04036(20) -0.74912(16)  2.039911 -0.750586
C6 -1.4137(11) 0.103(14)  -1.4174(11) 0.120(14)  -1.42047(73)  0.12603(23) -1.417264  0.125156
07 -2.03777(74)  1.1737(13) -2.03836(74)  1.1697(13) -2.03179(14)  1.17093(16) -2.039334  1.169300
C8 —2.09637(72) -1.2221(12) -2.08490(72) -1.2228(12) -2.08483(23) -1.22294(17) -2.082824 —1.224839
H9 2.7102(33)  -1.5908(24)  2.708490 -1.591591
H10 3.1883(22) 1.0962(29)  3.188618  1.098236
H11 0.6745(41) 2.2250(17)  0.678013  2.226310
Hip ~3.1613(17)  -1.0840(40) -3.159151 -1.088031
Hop ~1.7781(32)  -1.7916(19) -1.774837 -1.794383
Hop ~1.7781(32)  -1.7916(19) -1.774837 —1.794383

aThe c-coordinates were set to zero. P The c-coordinates were set to zero, except for the two out-of-plane hydrogen atoms (Hop) which are fitted to be 0.878523(90)

A and take different signs. ¢ All c-coordinates are zero, except those of the two out-of-plane hydrogen atoms (Hop) which take a value of 0.876203 A and different

signs.
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Table 6: Bond lengths (in A) and bond angles and dihedral angles (in degrees) of anti-2AF calculated from the substitution rs, the semi-experimental

equilibrium r3E,, and the Born-Oppenheimer r2° structures. Standard errors are given in parentheses in the unit of the least significant digits.

Is r35e g0 I's it g0
01-C2 1.320(11) 1.361(11) 1.3660 0O1-C2=C3 116.02(86) 110.41(80) 110.090
C2=C3 1.325(11) 1.363(11) 1.3634 C2=C3-C4 103.27(51) 105.94(50) 106.269
C3-C4 1.4319(20) 1.4249(20) 1.4254 C3-C4=C5 106.01(11) 106.09(11) 105.992
C4=C5 1.3607(32) 1.3589(32) 1.3605 C2-01-C5 103.77(52) 106.67(50) 106.796
C5-01 1.3627(22) 1.3517(22) 1.3522 0O1-C5=C4 110.90(12) 110.86(12) 110.854
C2-C6 1.543(12) 1.473(12) 1.4694 C3=C2-C6 128.64(98) 131.1(10) 131.591
C6=07 1.238(13) 1.219(12) 1.2154 C2-C6=07 119.14(97) 119.7(10) 119.844
C6-C8 1.491(13) 1.499(13) 15051 C2-C6-C8 118.35(89) 117.31(92) 117.185
01-C2-C3-C4 0.00? 0.00? 0.0 01-C2-C6 115.32(94) 118.42(97) 118.319
01-C2-C6=07 180.00°  180.00°  180.0  O7=C6-C8 122.50(13) 122.97(14) 122.971

a Derived from setting the c-coordinates of the rs and 755, structures to zero.

14



To access “unperturbed” ground state rotational constants, we fitted the A and E
species lines separately using the program SFLAMS (Separately Fitting Large Amplitude
Motion Species) written for this purpose in the principal axis system.*? The fit results are given
in Table S8 of the Supplementary Material. While a standard semi-rigid rotor Hamiltonian with
quartic centrifugal distortion in Watson’s S reduction succeeds to fit the A species frequencies,
the odd power parameters q, q;, and r are necessary in addition for the E species. They multiply
the operators P,, P?P,, and Py, and are called D,, Daj, and Dy in the literature, respectively.

The desired “unperturbed” X, rotational constants are corrected to fourth order as followed:

Ag = Apjg — Fp2W\o) — F(3p2p2 — 2p2pf — 2p2p2)Wy 2 (2a)

By = Basi — FpEW, 2 — F(3p2p? — 2p2p% — 2pEpZ )Wy o (2b)

C.=C —F ZW(Z)_F322_222_222)W(4) 2
0 A/E PcWasE ( PaPp PaPc PbPc )Wa sk (2c)

where F is the reduced rotational constant of the methyl group, py (g = a, b, c) the respective
component of the p vector, and the coefficients W(2) and W(4) are from the van Vleck

perturbation treatment.®* For 2AF, p. is zero due to planarity.

The first possibility to obtain “unperturbed” X, constants is by applying the corrections
given in Equation (2) directly for the SFLAMS A species rotational constants.'* The second
way is to average the SFLAMS A and E species rotational constants after corrections with
Equation (2) as:

_ Xa+2XEg
3

X (3).14

We applied both methods using the corrected constants given in Table S9a (corrections
of SFLAMS A species rotational constants) and S9b (corrections with Equation (3)) to
determine the r>E, structure to compare with the rs structure (section 4.1.). The “unperturbed”
ground state rotational constants Xo of the parent species and all isotopologues obtained from
the experiments (given in Table 2 and 3) are rovibrationally corrected from the ab initio cubic
force field at the MP2/6-311++G(d,p) level of theory before they are input in the program
KRA.>2 This level was chosen due to its reasonable rate between accuracy and computational
requirement. The atom coordinates, bond lengths, and bond angles are also collected in
Tables 4 and 5. Finally, by comparing the rotational constants of XIAM to those deduced with
Equation (3), no significant difference was observed. Therefore, we conclude that rotational

constants from XIAM are reasonable structural parameters in the case of 2AF.
However, the 15E, structure does not give any information on the hydrogen atom

positions, because only experimental information on isotopologues of the heavy atoms is
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available. Nevertheless, hydrogen coordinates obtained from quantum chemical calculations
can be used to determine the rosfe structure. The structure (B2PLYP-D3/6-311+G(3df,2pd))
used for the calculations of the force field is given in Table S1b. The equilibrium moments of
inertia deduced from the latter constants were least-squares fitted to the twelve parameters
defining the geometrical position of the heavy atoms as well as the torsional angle g. For this
goal, the ten coordinates of the hydrogen atoms were fixed at the Born-Oppenheimer
equilibrium structure given in Table 4a of the Supplementary Material. The rovibrational
corrections and the semi-experimental equilibrium rotational constants
XeSE are given in Table S10. The derived parameters are in good agreement with the
1780 structure, except for the C2—C6 bond length whose standard deviation of 0.004 A is large.
The C2-C6 bond, being 0.005 A too short, seems to be inaccurate. This behavior may be
simply explained by the presence of small coordinates (b(C2) = 0.1456(2) A, b(C6) = 0.1260(2)
A, and to a lower degree b(C4) = 0.5953 A), leading to an ill-conditioned fit (much too large
condition number x = 0.9-10™%). Another difficulty is that the fixed parameters are assumed to
be error-free which induces an unknown bias in the fitted parameters. To minimize these
problems, we applied the mixed estimation method,®> which is used when the rotational
constants of some isotopologues are not available or/and when there are small coordinates.
Both conditions apply here. In this method, the data matrix used for the least-squares fits is
added directly with auxiliary information (also called predicate observations), consisting of
values carefully chosen for the internal coordinates of the unsubstituted atoms including
uncertainty. It is a straightforward approach, since ab initio calculations allow the accurate
determination of internal coordinates for many light atoms, especially hydrogen atoms. In
addition, using predicate observations also for the substituted atoms, when possible, might
offset the errors of the XeSE rotational constants. In the present case, the predicates are the
best ab initio parameters, 72°, given in Table S4a with a conservative uncertainty of 0.002 A
for the bond lengths and 0.3° for the angles. For the rotational constants, the uncertainty was
determined with the iteratively reweighted least squares fit method.®? In the present case of
anti-2AF, the used uncertainties of o(A) = 3 kHz; o(B) = 2 kHz, and o(C) = 4 kHz are very
small. The compatibility of the different data and of their uncertainties was checked using the
usual statistical diagnostics.®? The predicates and the results of the fit are given in Table 6 and
the residuals of the fit in Table S10 of the Supplementary Material. As expected, they are in
very good agreement with the structure without predicates and with the best ab initio structure,
with the exception of the C6=07 bond length whose semi-experimental value is 1.2106(4) A
whereas the 78 value is 1.215 A. However, the difference may be considered as compatible
with the uncertainty of the B0 structure. There is another possible explanation for this small

discrepancy that the electronic effect is neglected. It originates from the fact that atomic
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masses are used to calculate the structure although the center of mass of the electrons of a
bonded atom often does not coincide with the position of its nucleus because the distribution
of the electronic clouds around the atoms in a molecule is non-spherical.®® For this reason, the
rotational constants have to be corrected for a small electronic effect. The corrected values of
the rotational constants are given by the relation

Xexp
I+ Mﬂpgxx

Xeorr = (4)
where g,, is expressed in nuclear magnetons, m is the electron mass and Mp the proton mass.
Experimental values of g, are not known. Approximate values were calculated at the B3LYP-
D3/6-311+G(3df,2pd) level of theory, which are g,, = —0.0868, g,, = —0.0313, and g.. =
0.0072, leading to the following corrections: AAg = 0.231 MHz; ABy = 0.028 MHz; and ACy4 =
—0.005 MHz. Taking into account these corrections a new fit was performed, but the differences

compared to the previous fit are negligible (see Table 6).

Table 6: Semi-experimental equilibrium r3&, structure of anti-2AF (bond lengths in A, angles
in degree). Rovibrational corrections were calculated with B2PLYP-D3/6-311+G(3df,2pd)
cubic force field.

Predicates Fit without predicates Fit with predicates

El. Corr.? No No Yes

01-C2 1.366 1.368(2) 1.3665(6) 1.3666(5)
C3-C4 1.4254 1.4237(9) 1.4238(4) 1.4238(4)
C4=C5 1.3605 1.3590(2) 1.35872(9) 1.35873(9)
C5-01 1.3522 1.3528(8)  1.3528(3) 1.3528(3)
C2-C6 1.4694 1.464(4) 1.4685(14) 1.4685(14)
C6=07 1.2154 1.2115(9) 1.2106(4) 1.2105(4)
C6-C8 1.5051 1.5051(9) 1.5037(4) 1.5037(4)
C3-H11 1.075 1.0756(15) 1.0754(15)
C4-H10 1.0751 1.0749(16) 1.0750(16)
C5-H9 1.0744 1.0757(15) 1.0755(15)
C8-Hjp 1.085 1.0854(16) 1.0854(16)
C8—Hop 1.0895 1.0905(10) 1.0897(10)
C3-C4=C5 105.9917 106.05(4) 106.039(14) 106.040(14)
C2-01-C5 106.7961 107.0(1) 106.87(4) 106.88(4)
01-C5=C4 110.8537 110.91(3) 110.925(12) 110.925(12)
01-C2-C6 118.319 118.8(1) 118.70(4) 118.71(4)
C2-C6=07 119.8438 119.67(8) 119.57(4) 119.56(3)
C2-C6-C8 117.1851 117.05(8) 116.99(3) 116.98(3)
01-C5-H9 116.0195 115.92(21) 115.97(21)
C5=C4-H10 126.3 126.11(18) 126.09(18)
C4-C3-H11 128.4935 128.68(23) 128.67(22)
C6-C8-Hip 108.9998 108.87(21) 108.85(20)
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C6-C8—Hop 110.1132 110.09(14) 110.13(14)
Hop-C8-C6-C2  58.9227 59.26(4)  59.07(13) 58.99(12)

a Electronic correction taken into account.

DISCUSSION

Conformational stability. The preferred stability of five-membered heterocycles with a
carbonyl-group-containing substituent at the second position of the ring for either a syn- or an
anti-orientation has been extensively studied® and demonstrated in many microwave
spectroscopic investigations where information on conformations of a molecule and their
stability can be deduced with confidence. In  2-propionylthiophene,®®  2-
thiophenecarboxaldehyde,®>% and pyrrol-2-carboxaldehyde,®” the syn conformer is favored
because the negative charge on the oxygen atom of the carbonyl group interacts with the
positive charge on the sulfur atom of the ring for the two former and on the hydrogen atom of
the NH group for the latter. In furan derivatives, electrostatic interactions between the oxygen
atom of the ring and that of the carbonyl group, both carrying a negative charge, decrease the
stability of the syn form, making the anti-conformer the more stable one, as in the cases of
furfural,® 5-methylfurfural,®® 2-acetyl-5-methylfuran,®* and 2AF. The greater stability of the anti-
orientation in 2AF due to electrostatic interactions is shown in Figure 5 by the charge

distribution obtained from NBO calculations.

(-0.32) (-0.19)
anti-2AF syn-2AF

Figure 5: Charge distribution in anti- and syn-2AF obtained from NBO calculations at the
MP2/6-311++G(d,p) level of theory.

Quality of the fits. The standard deviation of all fits is between 1.5 and 2.8 kHz, close to the
measurement accuracy of about 2 kHz of the spectrometer. The three rotational constants

were determined with high accuracy for both conformers and all assigned isotopologues.
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Comparing the constants predicted for the equilibrium structure re using different methods and
basis sets (see Tables S2 and S3) with the experimentally determined ones, the best
agreement was achieved for both conformers with the B3LYP-D3(BJ) method in combination
with the 6-311G(d,p) basis set with or without diffuse functions. Error compensation, giving the
right answer for the wrong reason, is most likely responsible. Applying the three levels B3LYP-
D3BJ/6-311G(d,p), B3LYP-D3BJ/6-311+G(d,p), and B3LYP-D3BJ/6-311++G(d,p), we found
an excellent match between the X, and X, rotational constants for 2-acetyl-5-methylfuran,3*
but the agreement for furfural® and 5-methylfurfural®® is only moderate, as given in Table S11
of the Supplementary Material. Therefore, these levels are only recommended as a cost-
efficient method to access starting values of the rotational constants to guide the assignment
for furfural derivatives with an acetyl substituent. The B3LYP-D3BJ/6-311++G(d,p) level has
also been applied successfully for a series of dimethylfluorobenzenes.®®% The X, rotational
constants of 4841.607 MHz, 1626.173 MHz, and 1226.968 MHz obtained at the B2PLYP-D3/6-
311+G(3df,2pd) for anti-2AF are in very good agreement with the experimental values,
indicating a suitable level which gives the right answer for the right reason. We note at this
point that most of the calculations given in Tables S2 and S3 are part of our larger benchmark
calculations with the goal to find cost-efficient levels which yield equilibrium rotational
constants accidentally close to the experimental ground state values to start the spectral
assignment. Certainly, the equilibrium rotation constants derived for the #2° structures, i.e.
those of CCSD(T)_ae/cc-pwCVQZ quality, have the highest accuracy in comparison to those
calculated at the lower levels of theory. An accuracy of the calculations can be estimated by
comparison with the semi-experimental equilibrium rotational constants. Relative deviations of
the XSE values with respect to the XE© ones are less than 0.08% (see Table S2). This
remarkable agreement points to reliability of rotational constants from both experiment and
coupled-cluster computations as well as of rovibrational correction estimates at the B2PLYP-
D3/6-311+G(3df,2pd) and MP2/6-311++G(d,p) levels of theory.

The centrifugal distortion constants D;, D, Dk, di1, and d2 were also deduced with high
accuracy for both conformers but not all of them could be determined for each isotopologue.

The same is true for the higher order terms D_z, and D_:,., while Dpiz_ could be determined

pi] PIK
only for syn-2AF, which has a lower V; term. These parameters describe the centrifugal

distortion of the methyl group upon internal rotation.

Molecular geometry. Since the c-coordinates could not be deduced from the structure
determination, we assumed that the molecular structure of anti-2AF is planar according to the
structures obtained from optimizations at all levels of theory as well as those of other furan
derivatives. Experimental structures are only available for furan® and the two derivatives

furfural® and 2-ethylfuran.*® Since only rf structures of furan® and 2-ethylfuran'® have been
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reported in the literature, we limit our comparison with anti-2AF to these two molecules as
shown in Figure 6. The C,, symmetry of furan makes four of its five bonds feature almost the
same length of 1.36 A, only slightly greater than the value of 1.35 A typically found for a double
bond. The C3-C4 bond length of furan is 1.432(2) A and has thus a stronger single bond
character. The O1-C2 and C2=C3 bond lengths in anti-2AF and 2-ethylfuran are larger than

those in furan, and the ~(O1-C2=C3) angle is smaller, showing effects of the acetyl substituent

on the molecular structure at the substitution position.

The angles Z(i,a) and Z(i,b) derived from the internal rotation analysis (see Table 2)
are significantly different from the respective values of 63.7° and 26.3° for anti-AF as well as
57.5° and 32.5° for syn-2AF calculated from the structures assuming that the axis of internal

rotation is the C6-C8 bond. It is the well-known methyl group tilt (see Table 12.9 of Ref. ).
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Figure 6: Comparison of the rSE heavy atom bond lengths (blue, in A) and «(01-C2=C3)

angle (purple, in degrees) of furan,® the Cs conformer of 2-ethylfuran,’® and anti-2AF (this

work).

Barrier to methyl internal rotation. The barrier hindering the internal rotation of the methyl
group is well-determined for both conformers and all heavy atom isotopologues of the anti-
conformer. The barrier height of the parent species of anti-2AF is 319.777(12) cm™. While the
value found for its isotopologues is not exactly the same, it varies only within a range of 0.2
cm? (less than 0.1 %). The barrier to internal rotation is thus almost independent from isotopic
substitution, as also found for many molecules with methyl internal rotation.*>"%71 In some
special cases like malonaldehyde, isotopic substitution breaks the molecular symmetry that
much, that the proton tunneling is quenched and splittings arising from this LAM vanish.”? But

obviously for 2AF, it does not have sufficient impact to affect the methyl torsion.

Figure 7 shows several furan derivatives containing at least one methyl internal rotor.
The comparison clearly illustrates the dependence of the methyl torsion on electrostatic

interactions which expand over the aromatic system. The presence of a carbonyl substituent
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with its negative mesomeric and inductive effects decreases the torsional barrier of the ring
methyl group (marked in blue in Figure 7) of 2-methylfuran (1) (412.9 cm)"® notably to about
360 cm™ in both 5-methylfurfural (3)%® and 2-acetyl-5-methylfuran (5).3* The positive inductive
effect of a methyl group affects the electronic distribution in the furan ring differently and thus
causes an increase of the ring methyl torsional barrier in 2,5-dimethylfuran (2)"* to

439.1461(83) cm™ in comparison with 2-methylfuran.

The barrier height of the acetyl methyl group (marked in red in Figure 7) in syn- (4a)
and anti-2AF (4b) is higher than that of the corresponding conformer of 2-acetyl-5-methylfuran
(5a and 5b).3* The only structural difference between the two molecules is the addition of a
methyl group on the furan ring, making the moiety connected to the acetyl group longer.
Recently, Andresen et al. reported on the so-called chain-length effects observed for linear
aliphatic ketones containing an acetyl group. The torsional barrier of the acetyl methyl group
is lower in ketones with longer alkyl chain.®?> The same effects might explain the torsional
barrier of 2-acetyl-5-methylfuran being lower than that of 2AF. The difference is more
pronounced for the syn conformers (239.8 cm™ in 2AF (4b) vs. 212.7 cm™ in 2-acetyl-5-
methylfuran (5b)) than for the anti-conformers (319.8 cm™ (4a) vs. 307.8 cm™ (5a),
respectively), because for the former, the methyl group “senses” a longer substituent when a
methyl group is added at the fifth position of the ring than it does in the anti-conformation. An

investigation on 2-acetyl-5-ethylfuran would be interesting to confirm or refute this hypothesis.

The barrier height of 239.780(13) cm™ of syn-2AF is significantly lower than that of the
anti-conformer, which is also the observation found for 2-acetyl-5-methylfuran (see Figure 7)
as well as for methyl vinyl ketone (ap conformer with 434 cm= and sp conformer with 377
cm~1)’5 and ionone (ap conformers with about 440 cm~* and sp conformers with approximately
350 cm™?, respectively).”® Currently, it is known that different electronic configurations within a
conjugated double bond system significantly change the torsional barrier of an acetyl methyl

group, but more data points are needed to draw a conclusion to explain this observation.

R, \Q/{T&Kj’k

(1) (2) (3b)

413 439 352 359
O
0] (0]
ﬁ ﬁ L) e T
(4b) (5a) (5b)
320 240 370/ 308 356/213
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Figure 7: Torsional barriers in cm™ of (1) 2-methylfuran,” (2) 2,5-dimethylfuran,’ (3) anti- and
syn-5-methylfurfural,® (4) anti- and syn-2-acetylfuran (this work), and (5) anti- and syn-2-
acetyl-5-methylfuran.®* For 2-acetyl-5-methylfuran, the barriers of the two methyl groups are

color-coded.

CONCLUSION

Two conformers, anti and syn, were identified in the microwave spectrum of 2AF. The spectra
of 13C- and 80O-isotopologues of the energetically more stable anti-conformer were also
studied. The barriers to internal rotation of 319.777(12) and 239.780(13) cm were deduced
for anti- and syn-2AF, respectively, from the A-E torsional splittings observed in the spectrum.
A comparison with other furan derivatives with at least one methyl rotor indicates that
electrostatic effects expand through the conjugated r-electron system of the heteroaromatic
ring, allowing substituents to influence the methyl torsion. A-E splittings were also observed
for all heavy atom isotopologues of anti-2AF, leading to the conclusion that isotopic substitution
only has a negligible influence on the barrier height. The substitution rs and semi-experimental
equilibrium 7> structures of anti-2AF were determined and the r5F structure was subsequently
compared with that of furan and 2-ethylfuran. Structural changes due to the presence of the
acetyl substituent, such as an increase in the bond lengths O1-C2 and C2=C3 by 0.007 and
0.013 A, respectively, and a decrease in the bond angle O1-C2=C3 by 0.85° compared to
those of furan, being noticeably larger than the experimental uncertainties, were observed.
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