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Microwave spectra of acetic anhydride, D6-acetic anhydride, and acetic difluoroacetic anhydride have been
observed in a supersonic jet. In conjunction with accompanying DFT and MP2 calculations, these systems are
shown to adopt a nonplanar configuration in which the C=0 groups point in approximately orthogonal di-
rections. Methyl group internal rotation was fully analyzed for both species. The observed conformation of these
systems appears to result from an interaction between a CH3 hydrogen (in acetic anhydride) or the CFo.H
hydrogen (in acetic difluoroacetic anhydride) with the carbonyl group to which it is not directly bound, forming
a six-membered ring. The fitted rotational constants for both systems are in reasonably good agreement with
calculated values, but for acetic anhydride, the agreement is somewhat worse than that previously observed for a
series of syn anhydrides. The calculations indicate a pronounced flexing of the heavy atom frame as the CH3
group in the six-membered ring undergoes internal rotation, and this likely influences the level of agreement
between the theoretical and vibrationally averaged experimental constants. The other CH3 group does not
interact with a carbonyl oxygen because of its orientation in the molecule, and its internal rotation does not
induce similar changes in the molecular frame. In the acetic difluoroacetic anhydride, it is the CFoH hydrogen
that interacts with its remote carbonyl oxygen, leaving the internally rotating CHs3 group unaffected by partic-
ipation in a six-membered ring and giving rise to much smaller deviations in the rotational constants as it moves
along its internal rotation coordinate. Correspondingly better agreement between experimental and theoretical
spectroscopic constants is obtained.

1. Introduction

Recent work in our laboratory has examined the conformation of
several carboxylic acid anhydrides [1-3], i.e., RCOOCOR’, with (R,R’) =
(CH3, CF3), (C(CH3)3, CF3), (CeHs, CF3), (CHs3, C(CH3)3), ((CHas)s,
(CH3)3) and (CF3, CF3). Both microwave spectra and accompanying
MO06-2X/6-311++G(d,p) and MP2/6-311++G(d,p) calculations estab-
lished that these systems adopt a syn conformation (roughly described as
“nonplanar cis” in that work). In this configuration, the two carbonyl
groups are pointed in approximately the same direction, but are twisted
out of plane so as to produce a non-zero O=C:--C=0 dihedral angle. This
angle varied depending on the nature of the R groups, and was observed
to correlate with the average of the O=C stretching frequencies of the
parent acids. Consistent with the computational results, the observation
of the syn conformers under supersonic expansion conditions indicated
that these are, indeed, the lowest energy forms. In most cases, higher
energy, nonplanar tgauche conformers were also predicted
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computationally, but none were observed. Only for (R,R’) = (CHs,
(CH3s)3) was a nonplanar t-gauche form not identified on the potential
energy surface by the theoretical methods employed [1]. (See below for
the specific meaning of the “t-gauche” designation.)

The syn conformations are in sharp contrast with the reported
structures for formic and formic acetic anhydrides. For formic anhy-
dride, (R,R’) = (H,H), gas phase electron diffraction [4,5], microwave
[6,7], and infrared [5] experiments ultimately established a trans planar
geometry. Formic acetic anhydride, (R,R’) = (H, CH3), has also been
studied by electron diffraction [8,9], microwave [10], and infrared and
Raman [9,11] techniques and confirmed to adopt a conformation in the
gas phase that is best described as trans planar (ignoring the out-of-plane
methyl hydrogens). Both of these species contain a formyl hydrogen and
the planar arrangement has been attributed to the acidity of that
hydrogen and its corresponding ability to form a hydrogen bond to the
remote carbonyl oxygen (i.e., the oxygen of the carbonyl to which it is
not directly attached) [9]. In other words, a hydrogen bond between the
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Fig. 1. Nonplanar carboxylic anhydride conformers predicted in this study.
Note that the CF,H t-gauche®® conformer is analogous to the CHj t-gauche®®
conformer of acetic anhydride, but the difluoromethyl group is hydrogen
bonded rather than the methyl group. The dashed lines highlight the internal
hydrogen bonds in the t-gauche conformers. Views on the right side of each
panel of the t-gauche conformers is viewed through the C—C bond of the
O=C—C—H dihedral angle (H refers to the hydrogen bonded methyl
hydrogen). The syn-6,13 in panel a indicates that O6 and O13 point in
approximately the same direction whereas the syn-R1,R2 labels in panel b in-
dicates that the methyl groups (R1 and R2) point in approximately the
same direction.

formyl hydrogen and the remote carbonyl oxygen is the likely energetic
driver for the planar trans geometry.

In this paper, we present a microwave and computational study of
acetic anhydride, (R,R’) = (CHs, CH3), and acetic difluoroacetic
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Fig. 2. (a) Optimized structure of acetic anhydride in t-gauche configuration
calculated at the MP2/6-311++G(d,p) level of theory. R1 is labeled as the
methyl rotor that interacts with the carbonyl group to which it is not attached,
and R2 is the isolated methyl rotor at the periphery of the molecule. H2 is
obstructed from view by C1 at this angle. (b) Optimized structure of acetic
difluoroacetic anhydride calculated at the MP2/6-311++G(d,p) level of the-
ory. H2 is again obstructed from view by C1 at this angle.

anhydride, (R,R’) = (CHs, CFyH). Neither of these species contains a
formyl hydrogen, though the hydrogen on the CFyH group in the latter
should also have the ability to form a strong internal hydrogen bond to
the remote carbonyl oxygen. Thus, both systems stand to provide
interesting comparisons with the syn and planar trans conformations
adopted by the other anhydrides noted above. Acetic anhydride has
been studied by vibrational spectroscopy [12,13] and electron diffrac-
tion [12,14] but, to date, no microwave spectra have been reported. We
are unaware of any previous spectroscopic or electron diffraction studies
of acetic difluoroacetic anhydride. The infrared spectra and electron
diffraction results for acetic anhydride (obtained at slightly elevated
temperatures) were successfully analyzed by considering two con-
formers simultaneously [12]. As discussed below, we find a twisted
gauche-like geometry for both species when observed under supersonic
jet conditions. The observation of this form at the low temperature of the
jet suggests that it is the lowest in energy, though higher energy, syn
configurations are also predicted computationally.

2. Computational methods and results
Calculations were performed at the M06-2X/6-311++G(d,p) and

MP2/6-311++G(d,p) levels of theory using Gaussian 16 [15]. These
methods were chosen because, in our previous studies of carboxylic acid
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anhydrides [1-3], they gave good to excellent agreement between
experimental and theoretical rotational constants and internal rotation
parameters at the global potential energy minimum. Moreover, for
pivalic [3] and pivalic trifluoroacetic anhydride [1], they accurately
reproduced bond lengths and bond angles determined from extensive
isotopic substitution within the heavy atom frame. As discussed below,
both syn and twisted gauche-like structures were identified for both
acetic and acetic difluoroacetic anhydride. All reported structures were
checked for the absence of imaginary frequencies and zero-point cor-
rected energies using harmonic frequencies were also calculated. In the
discussion that follows, the term “twisted gauche-like” (abbreviated “t-
gauche”) is used to describe a configuration in which the O=C..-C=0
dihedral angle is in the range that would normally be described as
“gauche”. However, since the carbonyl groups are not adjacent (as would
normally be the case for use of the term gauche) but are, instead,
separated by a bridging oxygen atom, we refrain from simply using
“gauche” to avoid any confusion that might otherwise be implied about
the stereochemical configuration of the molecule as a whole.

2.1. Acetic anhydride

The M06-2X and MP2 methods predict two syn conformers for acetic
anhydride. These are shown in Fig. 1a and 1b, where the “syn-6,13"
notation refers to the structure in which 06 and 013 carbonyl groups
point in approximately the same direction, while the syn-R1,R2 desig-
nation refers to the structure in which the two methyl groups point in
approximately the same direction. The energy of the syn-R1,R2 form is
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8.0 kcal/mol higher than that of the lowest energy structure and its
calculated rotational constants (in MHz, at the MP2 level) are (A, B, C) =
(4885, 1839, 1692), which are in very poor agreement with the exper-
imentally determined values. Thus, while we acknowledge its existence
as a local minimum on the potential energy surface by including it in
Fig. 1, it is not considered any further in this work.

The potential energy landscape near the t-gauche configuration is
somewhat more complex. The M06-2X calculations identified a single
minimum, designated t-gauche®’, while the MP2 calculations found two
minima, labeled t-gauche®® and t-gauche!?°. This nomenclature derives
from the approximate dihedral angle between the C8 = 013 bond and
the C9-H10 bond (i.e. H10-C9-C8-013), as illustrated in Fig. 1c and 1d.
The O=C---C=0 dihedral angles in the t-gauche®® and t-gauche'?® con-
figurations (i.e., the angle between the normal vectors to the 06-C5-08
and C5-C8-013 planes) are 109.0 and 84.7 degrees, respectively, as
determined from the MP2 structures. The twisted gauche-like geometry
isevident in Figs. 1 and 2. Energies are given in Tables 1 and 2, both with
and without harmonic zero-point corrections, and the optimized ge-
ometry, with atom numbering, is shown in Fig. 2a. The figure also de-
fines the two methyl rotors, R1 and R2. Tables of Cartesian coordinates
are given in the Supplementary Material.

The difference between the t-gauche® and t-gauche'? structures is
subtle and moreover, the two t-gauche structures are only predicted at
the MP2 level. This prompted a set of further calculations along the CHs
internal rotation coordinate. Fig. 3 shows the calculated electronic en-
ergy obtained by both the M06-2X and MP2 methods as the methyl
group rotates. The left panel displays the effect of rotation of R1 and the

120

Table 1
Fitted and Computed Spectroscopic Constants for Parent Acetic Anhydride and Comparison with Theoretical Results.
Full Fit K, = 0 and 1 Fit MO06-2X? MP2?
syn CHjs syn CHs CH3
t-gauche® t-gauche® t-gauche'®®

A [MHz] 5253.5233(67) 5253.467(64) 5552 5350 5442 5261 5188
B [MHz] 1825.7247(32) 1825.83(12) 1811 1895 1801 1864 1800
C [MHz] 1642.5546(28) 1642.45(12) 1541 1535 1542 1573 1697
Ay [kHz] 1.860(35) 2.60(75)
A [kHz] 12.85(12) 9.3(47)
Ag [kHz] ~12.82(55) -73(57)
5y [kHz] -0.495(14) -0.476(51)
5k [kHz] 64.9(11) 119(57)
F3! [GHz] [158.51° [158.51°
VB! [em™1] 241.4(97) 238.9(74) 289 280 295 194 194
e* [deg] 24.170(87) 24.056(43) 32 19 34 23 27
5*1 [deg] 73.886(22) 73.957(14) 41 81 41 81 72
DRI, [MHz] 0.477(21) 0.488(16)
DRy [MHz] ~1.850(74) ~2.009(70)

Rl [MHz] —2.348(69) —2.394(84)
F5? [GHz] [157.91° [157.91°
V52 [em™1] 207.8(20) 208.0(12) 289 222 295 222 161
£R2 [deg] 40.00(11) 40.167(53) 32 26 34 33 48
582 [deg] 28.357(30) 28.333(17) 41 34 41 33 28
D2, [MHz] -0.0923(53) -0.0882(25)
DRZ [MHz] -0.477(29) -0.511(28)

R2_ [MHz] 1.471(41) 1.559(33)
Vee [em™1] 21.4(16) 22.8(19)
N° 258 153
o [kHz] 56.0 14.4
|#ta] [DI Strong 0.0 2.0 0.0 1.7 1.2
|up| [D] Strong 4.0 0.7 3.6 0.7 0.9
|te| [D] Strong 0.0 1.9 0.0 2.2 2.8
Rel. Energy® - 0.13 0.00 0.00 0.77 0.66

(-0.05) (0.88) (0.63)

(a) All energies are in kcal/mol and were obtained using the 6-311++G(d,p) basis set. Values in parentheses are zero-point corrected. Uncorrected energies are relative
to the most stable conformer calculated at the same level of theory. Zero-point corrected energies are relative to the form that has the lowest zero-point corrected
energy. In cases where t-gauche®® and t-gauche’?° minima are predicted, the energy given is that of the lower energy structure. A negative sign indicates that the energy
ordering of the conformers inverts after zero-point correction. Calculated rotational constants are equilibrium values.

(b) Theoretical value, constrained in fit.
(¢) Number of transitions in the fit.
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middle panel shows that of rotation of R2. It may be seen from Fig. 3a
that, while the M06-2X calculations do not predict an energy minimum
at the t-gauche'®° structure, there is a clear inflection where the MP2
calculations do. This is similar to previously reported calculations on the
“trans” conformations of acetic trifluoroacetic and acetic pivalic anhy-
drides [1]. (Note, however, that for those systems, the “trans” (or t-
gauche) form is not the lowest energy conformer).

In light of the above, it is unclear whether this secondary minimum is
real or, if it is, whether it is relevant to the vibrationally averaged
structure. What the calculations show, however, is that in either t-gauche
configuration, one of the methyl hydrogens (designated, here, the
“bound” hydrogen) appears to be interacting with the remote carbonyl
oxygen, forming a six-membered ring. Close examination further reveals
that the two structures differ as to which methyl hydrogen is bound (see
Fig. 1). Stated differently, as the methyl group rotates, one or the other
of the hydrogens (H10 or H11) interacts with the remote carbonyl
depending on the value of the internal rotation coordinate. This mani-
fests as sudden change that is accompanied by an abrupt flexing of the
heavy atom frame and it is distinct from the smooth interchange of the
hydrogens that would normally accompany three-fold rotation of the
methyl group. The switching of the bound vs. “unbound” hydrogen gives
rise to either a secondary potential minimum or an inflection in the
internal rotation profile, depending on the method of calculation. The
internal rotation of R2 (central panel of Fig. 3) shows much more regular
behavior, which is sensible as it is not near enough to its remote carbonyl
for there to be an appreciable intramolecular interaction.

Accompanying the switching of the bound hydrogen and the flexing
of the molecular frame is an abrupt change in the instantaneous rota-
tional constants of the molecule. Fig. 4 presents plots of these changes as
a function of the internal rotation coordinate. The blue trace corre-
sponds to rotation of the methyl rotor involved in the six-membered ring
(R1) and the red trace is that for the isolated methyl rotor (R2). Clearly,
while internal rotation of the isolated methyl group produces some
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changes in the rotational constants, those changes are a smooth function
of the internal rotation angle. In contrast, abrupt changes are seen upon
internal rotation of R1 and correspond to an abrupt switching of the
methyl hydrogen that interacts with the remote carbonyl, giving rise to
an accompanying reconfiguration of the molecular frame. A video
illustrating this effect is provided in the Supplementary Material.

As seen in Table 1, syn and t-gauche forms are nearly isoenergetic,
with relative energies differing by less than 1 kcal/mol. At the levels of
theory employed, these differences are too small to reliably draw con-
clusions as to which structure represents the global energy minimum.
Thus, additional calculations at the M06-2X/6-311++G(d,p) and MP2/
6-311++G(d,p) geometries were performed at the DLPNO-CCSD(T)/
aug-cc-pVTZ and DLPNO-CCSD(T)/aug-cc-pVQZ levels of theory.
These calculations also indicated very similar energies for the syn and t-
gauche structures, with differences of only a few tenths of a kcal/mol.
Thus, we conclude that the syn and t-gauche structures are so similar in
energy that theory cannot establish their relative energy ordering. This
conclusion is consistent with the experimental estimate of Wu etal. [12],
which places the energy difference between the syn and t-gauche con-
formers (termed sp,sp and sp,ac in that work) at about 0.1 kcal/mol. The
experiments described below, however, do enable the likely energy
ordering to be established due to the ultra-cold (~2K) temperature of
the supersonic jet. The CCSD results are included in the Supplementary
Material.

2.2. Acetic difluoroacetic anhydride

Acetic difluoroacetic anhydride is simpler than acetic anhydride
because it contains only one methyl rotor. However, there is the addi-
tional complication that either the CFoH hydrogen or a CHs hydrogen
can interact with its remote carbonyl to form a six-membered ring. This
gives rise to the possibility of “CFyH t-gauche” structure (Fig. 1e) or “CHg
t-gauche” structure, the former being distinctly lower in energy

Table 2
Fitted and Computed Spectroscopic Constants for D6-Acetic Anhydride and Comparison with Theoretical Results.
Full Fit K. = 0 and 1 Fit M06-2X? MP2?
syn CHs syn CHjs CH3
t-gauche®® t-gauche® t-gauche'®®

A [MHz] 4592.2901(27) 4592.300(11) 4892 4636 4807 4567 4555
B [MHz] 1599.8448(14) 1599.841(70) 1553 1668 1545 1640 1573
C [MHz] 1440.6333(14) 1440.636(68) 1337 1360 1337 1393 1482
Ay [kHz) 1.8348(98) 1.82(44)
Ak [kHz) 11.371(49) 11.2(28)
A [kHz] ~11.64(19) -
5y [kHz] -0.3121(59) -0.317(42)
Sk [kHz] 66.76(43) 66(34)
F§! [GHz] [79.441° [79.44]
VB! [em™1] 184.99(11) 185.10(15) 289 280 295 194 194
e* [deg] 18.27(83) 16.24(93) 32 19 34 23 27
Sf [deg] 70.583(52) 70.44(11) 41 81 41 81 72
F§? [GHz] [79.321° [79.321°
VB2 [em™ 1] 174.453(61) 174.541(73) 289 222 295 186 161
£*2 [deg] 56.61(31) 55.68(68) 32 26 34 33 48
52 [deg] 26.89(13) 26.96(16) 41 34 41 33 28
N° 175 90
o [kHz] 14.3 12.3
|#a| [D] Strong 0.0 1.9 0.0 1.7 1.1
|| [D1 Strong 4.0 0.9 3.6 0.9 1.3
|te| [DI Strong 0.0 1.9 0.0 2.1 2.6
Relative Energyb - 0.13 0.00 0.00 0.77 0.66

(0.01) (0.85) (0.63)

(a) All energies are in kcal/mol and were obtained using the 6-311++G(d,p) basis set. Values in parentheses are zero-point corrected. Uncorrected energies are relative
to the most stable conformer calculated at the same level of theory. Zero-point corrected energies are relative to the form that has the lowest zero-point corrected
energy. In cases where t-gauche®® and t-gauche’?° minima are predicted, the energy given is that of the lower energy structure. Calculated rotational constants are

equilibrium values.
(b) Theoretical value, constrained in fit.
(¢) Number of transitions in the fit.
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Acetic Anhydride
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Acetic Difluoroacetic Anhydride
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Table 3
Fitted and Computed Spectroscopic Constants for Acetic Difluoroacetic Anhydride and Comparison with Theoretical Results.
Experimental MO06-2X* MP2?
syn CF,H t-gauche® CHj t-gauche® CHj t-gauche!?° syn CF,H t-gauche®® CHj t-gauche'®
A [MHz] 2910.06378(45) 2878 2930 2983 3035 2854 2872 3033
B [MHz] 1182.89553(17) 1021 1199 1009 995 1011 1195 985
C [MHz] 989.46343(13) 920 996 919 934 921 998 936
Ay [kHz] 0.1837(14)
Ayg [kHz] 0.3229(70)
Ag [kHz] 0.392(14)
&y [kHz] 0.03318(67)
Sk [kHz] -0.246(35)
Fy [GHz] [158.01° 158.1 158.0 158.3 157.9 157.7 157.6 157.4
Vs [em™] 252.646(19) 305 257 248 248 315 246 272
e [deg] 95.28(66) 18 85 18 16 19 78 9
& [deg] 30.198(26) 58 32 70 71 57 33 70
Dy2y [MHz] 0.06020(58)
D, ox [MHz] -0.3379(35)
N°¢ 178
o [kHz] 4.0
|#a] [D] Strong 0.4 3.2 0.0 0.1 0.6 2.9 0.4
|up| [D] Weak 2.1 0.9 2.8 2.6 1.9 0.9 2.4
|uc| D] Weak 0.8 0.5 0.6 0.6 0.9 0.4 0.3
Rel. Energyb. - 1.04 0 1.89 1.89 0.00 0.36 0.95
(0.87) (1.83) (1.73) (0.47) (0.90)

(a) All energies are in kcal/mol and were obtained using the 6-311++G(d,p) basis set. Values in parentheses are zero-point corrected. Uncorrected energies are relative
to the most stable conformer calculated at the same level of theory. Zero-point corrected energies are relative to the form that has the lowest zero-point corrected

energy. In cases where t-gauche®® and t-gauche'?°

equilibrium values.
(b) Theoretical value, constrained in fit.
(c) Number of transitions in the fit.

(Table 3). These structures are quite different and, as seen below,
comparison of the observed and calculated constants given in Table 3
unambiguously establishes that the observed conformer is CFoH t-gau-
che, i.e., the conformer in which the CFyH hydrogen interacts with the
remote carbonyl oxygen. Several other conformers were also identified
but were too high in energy to be considered, and/or had calculated
rotational constants whose comparison with experimental values
excluded them from further consideration. The structures of all calcu-
lated conformers are provided in the Supplementary Material.

3. Experimental methods and results

Acetic anhydride and its D-6 isotopologue were purchased from
Sigma-Aldrich. Acetic difluoroacetic anhydride was prepared by the
reaction of acetic anhydride and difluoroacetic anhydride (commer-
cially available) as described previously [1,16]. While the post-reaction
mixtures for the other anhydrides synthesized in this manner were
observed as clear, pale-yellow liquids [1], that for acetic difluoroacetic
anhydride appeared as a deep mahogany colored liquid.

Spectra were taken using the dual cavity and chirped-pulse spec-
trometer described elsewhere [17,18]. Samples were introduced to the
system by flowing argon at a pressure of ~ 0.5 atm over a 1.5 mL sample
contained in a stainless-steel reservoir at room temperature. The
resulting mixture of argon and anhydride vapor was then flowed
through a stainless steel needle with an inner diameter of 0.016 in.
directed along the axis of a jet expansion produced by pulsing argon at a
stagnation pressure of ~ 1.0 atm. Spectra were initially recorded using
the chirped-pulse spectrometer, and subsequent experiments on the
cavity system were performed to resolve particularly dense and over-
lapping regions. Uncertainties in the measured frequencies were typi-
cally 10 kHz and 2 kHz for the chirped pulse and cavity spectrometers,
respectively. A sample spectrum of acetic anhydride is shown in Fig. 5.
Transition frequencies, assignments, and residuals from the least squares
fits (described below) are provided as Supplementary Material.

minima are predicted, the energy given is that of the lower energy structure. Calculated rotational constants are

3.1. Acetic anhydride

As expected, the effects of the internal rotation of two methyl rotors
were apparent in the acetic anhydride spectrum, which displayed
splittings arising from five distinct torsional symmetry species. The rigid
rotor-like spectra arising from the AA state were readily assigned and fit
using the DAPPERS package [3], and the resulting constants were then
combined with predicted internal rotor parameters (Vs, § and ¢ for each
rotor) in the XIAM program [19]. Here, Vs is the internal rotation bar-
rier, and § and ¢ are polar angles that are defined as follows: § is the
angle between the CH3 top axis and the a-axis of the molecule, and ¢ is
the angle between the b-axis of the molecule and the projection of the
top axis onto the b-c plane. This procedure resulted in the assignment of
some of the K; = 0 and 1 transitions of the other four torsional states.

Although many transitions at this point in the analysis were still up to
several hundred kHz off from their predicted frequencies, closed loops
were ultimately identified and used to confidently assign over 200
transitions spread across all five torsional states (AA, EA, AE, EE, and
EE*). A diagram indicating the loops identified for the AA state is shown
in Fig. 6 and the analogous diagrams for the other four states are pro-
vided in the Supplementary Material. The full set of assigned transitions
contains both cavity and chirped-pulse measurements and includes a-, b-
, and c-type lines. The spectra were fit with XIAM using rotational and
quartic distortion parameters as well as the V3 methyl rotor barrier
heights, the polar angles ¢ and 6, and the internal rotation distortion
parameters Dyzj, Dok, and Dy [20] for each top. The addition of the
top-top coupling term V.. improved the predictions of the higher K, = 2
and 3 transition frequencies and dropped the RMS by nearly 100 kHz,
but V.. was highly correlated with both V3 parameters. Inclusion of Vg
and other additional internal rotor parameters available from XIAMpoq
[21] were attempted with no success, but restricting the fit to include
only K, = 0 and 1 lowered the rms residual still further. Fitted spec-
troscopic constants of the final fit of all assigned transitions and a fit
containing only K, = 0 and 1 lines for the parent species are shown in
Table 1 where it may be seen that inclusion of the K, = 2 and 3 lines does
not significantly change any of the fitted rotational constants, barrier
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(a)
EA AA
6928.226 6931.348
AE
6929.051
EE .
6924.789 EE
6927.013
69240 69260 69280 69300  6932.0
Frequency / MHz
AE EA
(b) 13800.951 13801.120
EE* EE
13796.096 13796.213
137950 137960  13797.0  13800.0  13801.0  13802.0

Frequency / MHz

Fig. 5. (a): A portion of the chirped-pulse spectrum of acetic anhydride
showing the 2p; « 1p; transition. The torsional state symmetry species are
indicated for the two (inequivalent) methyl internal rotors. Stick spectra are the
predicted peaks. The vertical axis represents intensities in arbitrary units. (b):
Two high resolution spectra of the a-type R-branch 4¢4 < 3¢3 transition. The
torsional symmetry species are marked with the corresponding frequencies. The
AA species was resolved with chirp pulse system with no further high resolution
measurement required.

heights, or polar angles relative to those obtained in the K, = 0, 1 only
fit. Transition frequencies, assignments, and residuals from both fits are
provided in the Supplementary Material. Once all the acetic anhydride
spectra were assigned, the only remaining transitions in the chirped-
pulse data were those of acetic acid, a known impurity in acetic
anhydride.

The assignment and fitting of the D6-acetic anhydride spectrum was
similar to that of the parent, except that the top-top coupling parameter
and some internal rotor distortion constants were not needed to achieve
an acceptable fit. Hyperfine structure resulting from the six deuterium
atoms was not resolved. The parameters determined from a full fit of all
assigned transitions, as well as those resulting from a fit of the K, =
0 and 1 lines only fit are given in Table 2. As for the parent form, no
significant changes in the fitted rotational constants, barrier heights, or
polar angles result from the inclusion of transitions involving K, = 2 and
3.
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3.2. Acetic difluoroacetic anhydride

The assignment of the acetic difluoroacetic anhydride spectrum was
more straightforward, as it contains only a single CH3 rotor. The rigid
rotor-like spectrum of the A state was assigned and fit, and the resulting
constants were combined with the theoretical internal rotor parameters
to produce a simulated spectrum that was highly predictive of the
remaining E state transitions. The two states were then fit together with
XIAM using rotational and quartic distortion parameters as well as the
V3 barrier heights, the rotor polar angles, § and ¢, and internal rotation
distortion parameters. The fitted constants are given in Table 3, where
differences in the relative strengths of the observed a-, b-, and c-type
transitions are also indicated.

4. Discussion
4.1. Acetic anhydride

For acetic anhydride, syn and CHg t-gauche’® conformers were pre-
dicted by both the M06-2X and MP2 methods, but the CH; -gauche!?°
conformer was also predicted with MP2 calculations. However, the
relative energies of the conformers in Table 1 are all within 1 kcal/mol
of each other and thus, theory does not definitively establish which is the
minimum energy structure. As shown in Table 1, the rotational constants
for the conformers predicted with both methods are also fairly similar,
and none of the calculations stands out as giving distinctly better
agreement with experiment. Thus, the calculated rotational constants do
not aid in the identification of the observed form. Fortunately, however,
the syn conformer can be ruled out on the basis of the observed transition
types. Specifically, the observation of strong a-, b-, and c-type spectra is
incompatible with the dipole moment components of the syn form for
which pq = . = 0 by symmetry. Moreover, as noted above, two distinct
sets of internal rotation barriers were determined, which would be
inconsistent with a syn conformer which has equivalent CH3 rotors. The
removal of the syn conformer from consideration leaves only the CHs t-
gauche®® and CHj t-gauche’® forms, both of which are minima in the
MP2 energy profile of the R1 methyl group’s rotation shown in Fig. 3.
Notwithstanding the possibility that one of these minima is a compu-
tational artifact or that they are both real but irrelevant to the vibra-
tionally averaged structure, the predicted constants and polar angles of
both t-gauche conformers are generally in moderate agreement with the
fitted values. Moreover, a comparison of the fitted and predicted con-
stants of the D6-acetic anhydride is shown in Table 2, and the results
parallel those of the parent: poor agreement with the syn conformer and
generally reasonable agreement with at least one of the t-gauche forms.
Therefore, we conclude that acetic anhydride was observed in a t-gauche
configuration, though it cannot be established whether a CHj t-gauche®
or CHj t-gauche’ conformer was observed or whether these are even
distinct species.

Agreement between experimental and calculated rotational con-
stants for the t-gauche species ranges from 0.1 % to 6.5 %, with the
largest error associated with the C constant. While this level of
discrepancy is not enough to refute the assignment to a t-gauche form, we
note that it is somewhat worse than what has been observed for other
anhydrides previously studied in the syn configuration [1-3]. For those
systems, using the same levels of theory as applied in this work, agree-
ment between observed and calculated values was typically within
about 1 %. While it is unclear why the same levels of theory do not
perform as well in the present case, a number of factors could contribute.
For example, the significant variation in the rotational constants along
the R1 internal rotation coordinate that result from flexing of the mo-
lecular frame (Fig. 4) likely compound the normally expected differ-
ences between equilibrium and vibrationally averaged constants.
Contamination of the fitted rotational constants from untreated Coriolis
interactions arising from the low frequency flexing motion could also be
a contributing factor.
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Fig. 6. Energy diagram depicting the closed loops used to assign the AA torsional state of acetic anhydride. The color coding highlights closed loops with similar
transitions which differ only by J. Dashed lines denote additional observed transitions. Analogous diagrams for the other torsional states are provided in the

Supplementary Material.

Values of V3! and V3?2 are returned by the XIAM fit, but the fit does
not identify which barrier height corresponds to which rotor. However,
the observed and predicted values of § (the polar angle between the rotor
axis and the a-axis of the molecule) do distinctly favor the labeling given
in Fig. 2. (Values of ¢ are less conclusive, but not inconsistent.) This
assignment also generally preserves the ordering of the V3 barriers, with
VB! > V42 determined both experimentally and computationally. (The
only exception is the MP2 values for the CHs t-gauche® configuration for
which V4! and V&2 are calculated to be 194 and 222 cm™?, respectively.)
The calculated values of the barriers for the t-gauche forms are only in
modest agreement with the fitted value, with levels of agreement
ranging from 5 % to 50 %, depending on the method of calculation. This
level of agreement is, again, somewhat worse than that observed for
several of the anhydrides previously reported in the syn configuration,
for which computed and fitted barrier heights differed in the 1-11 %
range. Two factors likely contribute to this. The first is that the irregu-
larity in the energy profiles shown in Fig. 3 is not well represented by the
simple cosine function used in XIAM (or virtually any other treatment of
internal rotation). The second is that the inclusion of the top-top
coupling term, V., which was used to lower the rms deviation in the
fits, gave rise to significant correlation between the fitted V3 values. In
this regard, it is significant that the fitted barriers for D6-acetic anhy-
dride, which did not require the inclusion of a V.. term, are notably
different from those of the parent and are in better agreement with the
computational results (at least for the MP2 method). Thus, the fitted
values for the deuterated form may be more reliable than those for the
parent. Note that the fitted centrifugal distortion constants of acetic
anhydride are much larger than those of acetic difluoroacetic anhydride
and other anhydrides previously reported [1-3]. Thus, it seems likely
that they are effective constants that are absorbing inaccuracies in the
treatment of the internal rotation. It is also interesting to note that the
recently assigned microwave spectrum of 4,5-dimethylthiazole [22]
bears some striking similarities in that it, too, includes two coupled
methyl rotors with poorly predicted V3 barriers and an XIAM fit with a
V.. term highly correlated to the V3 parameters.

4.2. Acetic difluoroacetic anhydride

For acetic difluoroacetic anhydride, a CFoH t-gauche’® conformer is
predicted in addition to the syn, CHz t-gauche’’, and CHj t-gauche'?°
forms (as well as a few other that were excluded from consideration for
reasons discussed above). Comparison between the observed and
calculated rotational constants, internal rotation barrier, methyl group
polar angles, and a-, b, and c-type intensities all strongly support the
assignment of the observed species to a CFoH t-gauche conformer.
Moreover, the M06-2X calculations predict this to be the lowest energy
form, though we note that the MP2 calculations place it slightly higher
in energy (~0.4 kcal) than the syn conformer (which, again, is a
computationally insignificant amount). The M06-2X and MP2 calcula-
tions differ in that the former predict the global minimum energy
configuration to be CFoH t-gauche®® while the latter predict it to be syn.
However, the preference for the syn conformer returned by the MP2
calculations is marginal, (0.36 kcal/mol) and within the expected
computational error. The preference for the CHyF t-gauche® structure
obtained at the M06-2X level is somewhat more decisive (1.0 kcal/mol),
but still pushing the limits to which these levels of theory are expected to
be reliable. In the CFyH t-gauche®® conformer, the hydrogen bonded
alpha hydrogen is that of the difluoromethyl group rather than that of
the methyl group. T-gauche®® and t-gauche'?° structures involving a CHs
hydrogen were also identified, but are of significantly higher energy
than the CFoH t-gauche® structure, presumably due to the reduced
acidity of the methyl hydrogens the relative to that of the CFoH group.
Indeed, experimental and theoretical work has indicated the ability of
the CFyH group to serve as a hydrogen bond donor [23,24].

5. Conclusion

Supersonic jet microwave spectra of acetic anhydride and acetic
difluoroacetic anhydride have been observed and analyzed. The results
establish that both systems were observed in a nonplanar t-gauche
conformation. This is in contrast to other anhydrides studied which have
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been shown to adopt either a syn or planar trans configuration. While
MO06-2X and MP2 calculations using a 6-311++G(d,p) basis set predict
both syn and t-gauche forms, the energy ordering is within the expected
accuracy of the calculations. Thus, the calculations do not definitively
establish the lowest energy conformation. The low temperature of the
supersonic jet, however, presumably freezes the system into its lowest
energy form, and the observation of t-gauche conformers strongly sug-
gests that they correspond to the lowest energy structure for each sys-
tem. The preference for a t-gauche conformation over a syn conformation
appears to arise from a non-covalent interaction between a hydrogen of
the CHs group (in acetic anhydride) or the hydrogen of the CFyH group
(in acetic difluoroacetic anhydride) with the oxygen of the carbonyl
group to which it is not directly bonded. This gives rise to a six-
membered ring structure in both cases. For acetic anhydride, calcula-
tions indicate that the molecular frame flexes significantly as the CH3
group in the ring rotates and, moreover, indicates a switching of the non-
covalently interacting hydrogen as the CH3 proceeds along its internal
rotation coordinate. This produces an irregular potential energy profile
and likely contributes to larger discrepancies between theoretical and
experimental constants than have been observed for related anhydrides
at the same levels of theory.
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Appendix A. Supplementary data

Cartesian coordinates for calculated structures; results of DLPNO-
CCSD(T)/aug-cc-pvtz and DLPNO-CCSD(T)/aug-cc-pvqz calculations;
observed transition frequencies, assignments, and residuals from the
least squares fits; closed loops for the AE, EA, EE and EE* torsional states
of acetic anhydride; structures of all potential minima located for acetic
difluoroacetic anhydride; video showing the flexing of the molecular
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frame as the ring-forming CHj3 group in acetic anhydride internally ro-
tates. Supplementary data to this article can be found online at htt
ps://doi.org/10.1016/j.jms.2024.111926.
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