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ARTICLE INFO ABSTRACT

Keywords: The microwave spectra of four carboxylic acid anhydrides, RCOOCOR/, (R,R") = (CHgz, CF3), (C(CHz3)3, CF3),
Acid anhydrides (CHs, CF3) and (CHjs, C(CH3)3), have been observed in a supersonic jet. Calculations at the M06-2X/6-311++G
Microwave

(d,p) and MP2/6-311++G(d,p) levels of theory predict the lowest energy conformations for all four species to be
nonplanar cis structures, i.e., conformations in which the C=0 groups point in approximately the same direction,
but are twisted out of a coplanar orientation. The observed spectra are consistent with these predictions. In
addition, for all but the (R,R") = (CH3, C(CH3)3) species, higher energy nonplanar trans conformers are also
predicted, typically within 1-2 kcal/mole the nonplanar cis form. For (R, R") = (C(CH3)3, CF3), extensive isotopic
substitution has enabled a determination of most of the (non-fluorine) heavy atom structural parameters.
Excellent agreement with the DFT and MP2 structures was obtained, thus validating the theoretical methods
used. A strong correlation is found between the calculated O=C---C=0 dihedral angle and the average of the
vapor phase C=0 stretching frequencies of RCOOH and R'COOH.

Molecular structure
Molecular conformation
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Computational chemistry

1. Introduction

Recent years have seen considerable interest in the structure and
conformational complexity of flexible molecules in the gas phase [1-2].
While many types of systems have been studied, carboxylic acid anhy-
drides (RCOOCOR) constitute a class that has received relatively limited
attention [3]. Early studies of the simplest acid anhydride, formic an-
hydride, employed electron diffraction [4], microwave [5-6], and
infrared techniques [7]. These works revealed only a single conformer in
which the C=0 bonds are in a trans configuration (i.e., pointing in
roughly opposite directions). Although the original electron diffraction
study indicated that the system is nonplanar, the subsequent in-
vestigations firmly established a planar geometry. The next most com-
plex anhydride, formic acetic anhydride, has also been investigated in
the gas phase by electron diffraction [8-9] as well as microwave [10]
and infrared spectroscopy [9]. A normal coordinate analysis of
condensed phase infrared and Raman spectra has also been reported
[11]. Like formic anhydride, the system is planar (ignoring the out-of-
plane CHs hydrogens) with a trans orientation of the carbonyl groups.
Again, only a single conformer has been reported.

The planar geometries of formic and formic acetic anhydrides have
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been attributed to a strong intramolecular interaction between the
formyl hydrogen and the carbonyl group adjacent to it [9]. Consistent
with this picture, the accessible conformational landscape of acetic an-
hydride, which does not have a formyl hydrogen, is notably more
complex. While early attempts to analyze the microwave spectrum of
acetic anhydride, have proven elusive [10], the system was successfully
studied in the gas phase by electron diffraction [12-13] and infrared
spectroscopy [13]. Condensed phase vibrational spectra have also been
analyzed [14]. In the electron diffraction work [13], two local minimum
energy conformations were predicted by ab initio calculations, a syn-
periplanar/syn-periplanar (sp,sp) and a syn-periplanar/anti-clinal (sp,
ac), which can alternatively be described as nonplanar cis and nonplanar
trans respectively. (Note, again, that the use of the term planar ignores
out-of-plane CHs hydrogens and refers, instead, to the O=C-O-C=0
plane.) A dynamical model incorporating both local minima and a grid
of intermediate structures between them was able to reproduce the room
temperature IR spectra and the electron diffraction results. Maleic [15],
phthalic [16-17], and succinic [18] anhydrides have also been studied
in the gas phase, and share the common feature that the two carbonyl
groups are locked into a coplanar arrangement of the carbonyl groups by
the ring structure of the molecule.
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Two additional carboxylic anhydrides have recently been studied in
our laboratory: trifluoroacetic anhydride [19] and pivalic anhydride
[20]. Both have been observed in the nonplanar cis conformation with
no indication of other forms. In this work, we present a microwave and
computational study of four additional carboxylic acid anhydrides for
which the lowest energy conformer is predicted to have a nonplanar cis
arrangement of the two carbonyl groups: RCOOCOR/, (R,R") = (CHs,
CFg), (C(CH3)3, CF3), (C6H5, CFg), and (CH3, C(CHg)g). Table 1 sum-
marizes the names and abbreviations used in this work for these systems,
and also includes the trifluoroacetic [19] and pivalic anhydrides [20]
previously studied. The new results are combined with those of the prior
work and are used to explore the influence of R groups on the dihedral
angle formed by the two C=0 groups. We note that, as described below
for some of these systems, trans conformations are also predicted to be
local minima on the potential energy surface, and that additional mi-
crowave work in our laboratory has indicated trans configurations for
both acetic and acetic difluoroacetic anhydrides, (R,R) = (CHs, CHz)
and (CHs, CFoH), respectively [21]. In this paper, however, we focus
only on systems for which the lowest energy form is cis.

2. Experimental methods and results

The anhydrides studied in this work were not commercially available
and required synthesis. Several methods for the preparation of mixed
carboxylic anhydrides exist in the literature [22-24] but the procedure
associated with the reaction depicted in equation 1 [23] was used.

@) @) O O]
R @) R R’ (@) R’

This scheme was chosen because of its 100 % atom economy and lack
of need for further distillation or purification (assuming the reaction is
kept dry and goes to completion). Batches were prepared using
approximately 50 mmol of each reagent. The post-reaction mixtures
were observed as clear, pale-yellow liquids. Additional details are pro-
vided in the Supplementary Material.

Supersonic jet microwave spectra of each anhydride were measured
with our tandem chirped-pulse and cavity microwave spectrometer
[25-26]. The anhydrides were introduced to the system by flowing
argon at a pressure of approximately 0.5 atm over a 1.5 mL sample
stored in a stainless-steel reservoir. The reservoir was gently heated to
between 50 and 70 °C for BzZTFAA and APiA. The resulting mixture of
argon and anhydride vapors was then flowed through a 0.016 in. inner
diameter needle along the axis of a stainless-steel cone nozzle through
which argon was simultaneously pulsed at a stagnation pressure of ~
1.0 atm to create the supersonic expansion. Following the acquisition of

Table 1
Summary of Names and Abbreviations for the Anhydrides Disucssed in This
Work.

Name R R’ Abbreviation
Trifluoroacetic Anhydride CF;3 CF3 TFAA

Acetic Trifluoroacetic Anhydride CH3 CF3 ATFAA
Pivalic Trifluoroacetic Anhydride C(CH3)3 CF3 PiTFAA
Benzoic Trifluoroacetic Anhydride CeHs CF3 BzTFAA
Acetic Pivalic Anhydride CH3 C(CH3)3 APiA

Pivalic Anhydride C(CH3)3 C(CH3)3 PiA
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chirped-pulse data, additional scans with the cavity system were con-
ducted to resolve dense regions of broadband spectra. Typical un-
certainties in the measured frequencies are 10 kHz and 2 kHz for the
chirped pulse and cavity spectrometers, respectively. Assigned transi-
tions with labelled torsional states, where appropriate, can be found in
the Supplementary Material for all four anhydrides studied.

2.1. Systems with no CHjs internal rotation

Transitions of PiTFAA and BzTFAA were assigned using the
DAPPERS package [20]. The spectra were fit to semi-rigid rotor Watson
A-reduced Hamiltonian in the I' representation using Pickett’s SPFIT
[27] program, as accessed through the DAPPERS interface. For PiTFAA,
transitions of the singly substituted 13C isotopologues were measured in
natural abundance for all carbon atoms. Two of the singly substituted
carbonyl 180 isotopologues were also observed but no measurements
were made involving substitution on the bridging oxygen, which was
determined to be too close to the center of mass to provide any mean-
ingful information. For BZTFAA, only two isotopologues, the parent and
13C4 (see Fig. 1 for atom numbering), were observed due to lower signal
intensity, but the 13C isotope shift was found to be well predicted by the
theoretical structure described below. Values of J and K}, included in the
fits were between J“ = 2 and 25 and K,” = 0 to 14 for PiTFAA and
between J“ = 2 and 36 and K, = 0 and 14 for BZTFAA. Only a- and b-type
transitions were observed for both species. Fitted spectroscopic con-
stants for the parent forms are given in Tables 2 and 3 and compared

) O
I
@) R’

with theoretical values (see below). Tables 4 and 5 present the fitted
spectroscopic constants for all isotopologues observed. A portion of the
PiTFAA chirped-pulse spectrum is shown in Fig. 2 and a sample cavity
spectrum is shown in Fig. 3.

2.2. Systems with a CHgs internal rotor

For ATFAA and APiA, (i.e. the two anhydrides of the form
CH3COOCOR)), the rigid rotor-like spectra of the A states were assigned
and fit and the resulting constants were combined with the theoretical
internal rotor parameters (described below) to produce a simulated
spectrum that was highly predictive of the remaining E state transitions.
The two states were then fit together with XIAM [28] using rotational
and quartic distortion parameters as well as the internal rotation barrier,
Vs, the rotor polar angles, § and ¢, and internal rotation distortion pa-
rameters. The polar angles are particularly pertinent to the discussion
below and are defined as follows: é is the angle between the CHj 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. The
fitted parameters for ATFAA and APiA are shown in Tables 6 and 7
respectively. Relative strengths of the observed a-, b-, and c-type tran-
sitions are also indicated in the tables.

2.3. Isotopic substitution data

The heavy atom structure of PiTFAA was determined via a Kraitch-
man analysis [29], as implemented using Kisiel’s KRA program [30].
The resulting atomic coordinates are included in the Table 8, where the
Costain uncertainties, described in the KRA documentation, are
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Fig. 1. The structure of pivalic trifluoroacetic anhydride and benzoic trifluoroacetic anhydride determined with M06-2X/6-311++G(d,p) calculations. Atoms for
which 3C and 80 isotopologue spectra were observed have been labelled with the exception of O3 in pivalic trifluoroacetic anhydride which was not observed due
to proximity to the principal axis system origin. Only one isotopologue of benzoic trifluoracetic anhydride (*3C4) was pursued. Both species are shown in the
nonplanar cis conformation, which is the lowest energy structure.

Table 2
Fitted and Computed Spectroscopic Constants of Parent Pivalic Trifluoroacetic Anhydride and Comparison with Theoretical Values.

cis Conformer®

Experimental M06-2X" mp2P
A [MHz] 1579.471847(33) 1576 1577
B [MHz] 441.570027(19) 445 442
C [MHz] 413.612330(17) 413 415
Ay [kHz] 0.015313(43)
Ak [kHz] 0.15106(24)
Ak [kHz] 0.01691(93)
&y [kHz] 0.000179(17)
8k [kHz] 0.1561(62)
|uq| [D] Strong 3.1 3.1
|up| [D] Strong 2.7 2.3
|| D - 0.5 0.5
N¢ 509 (405)
RMS [kHz] 3.4

(a) No potential minimum near a trans configuration was found at the level of theory employed.
(b) Calculations employed the 6-311++G(d,p) basis set.
(c) Number of assigned transitions in the fit. Number in parentheses denotes number of distinct frequencies in the fit.

reported. Atom numbering is given in Fig. 1 and the signs of the atomic and MP2/6-311++G(d,p) calculations. Agreement is seen to be quite

coordinates were inferred based on the theoretical calculations good, typically a few hundredths of an angstrom for distances and a few
presented below. Bond lengths, bond angles, and dihedral angles degrees for angles. As noted above, only one 3C isotopologue was
derived from these coordinates are shown in Table 9 along with a observed for BzZTFAA (C4), and its spectra were well predicted by the
comparison to computational values from the M06-2X/6-311++G(d,p) computed structure. These results validate the levels of theory used in
Table 3
Fitted and Computed Spectroscopic Constants of Parent Benzoic Trifluoroacetic Anhydride and Comparison with Theoretical Values.
MO06-2X" Mp2°
Experimental cis trans cis trans

A [MHz] 1450.101414(68) 1443 1539 1444 1503

B [MHz] 299.142841(10) 302 317 299 315

C [MHz] 266.407241(14) 267 301 267 304

Ay [kHz] 0.007362(18)

Ak [kHz] 0.01494(23)

Ak [kHz] 0.5192(16)

55 [kHz] 0.0019020(93)

Sk [kHz] —0.0403(17)

NP 516 (432)

RMS [kHz] 4.1

|ua| [D] Strong 4.3 4.8 41 4.5

|| [D] Strong 2.6 0.5 2.2 0.8

|pe| [D] - 0.1 1.4 0.1 1.3

Relative Energy*© - 0 1.52(1.59) 0 2.05(2.16)

(a) Calculations employed the 6-311++G(d,p) basis set.

(b) Number of assigned transitions in the fit. Number in parentheses denotes number of distinct frequencies in the fit.

(c) All energies are in kcal/mol. 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.
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1547.5540(37) 1577.5114(12) 1547.9550(76)

Table 4
Fitted Spectroscopic Constants for all Pivalic Trifluoroacetic Anhydride Isotopologuesa’b.
Parent B¢
A [MHz] 1579.471847(33) 1577.5276(14)
B [MHz] 441.570027(19) 441.214408(75)
C [MHz] 413.612330(17) 413.216050(80)
Aj [kHz] 0.015313(43) 0.01479(49)
Ak [kHz] 0.15106(24) 0.1521(18)
Ak [kHz] 0.01691(93) [0.01691]
Sy [kHz] 0.000179(17) [0.000179]
Sk [kHz] 0.1561(62) [0.1561]
N€ 509 (405) 23
RMS [kHz] 3.4 0.8
13¢g 13y

A [MHz] 1578.91835(88) 1579.2585(18)
B [MHz] 439.15065(11) 439.682640(85)
C [MHz] 411.45017(10) 411.941731(95)
Ay [kHz] 0.01536(48) 0.01513(53)
Ayg [kHz] 0.1596(59) 0.1426(32)
Ag [kHz] [0.01691] [0.01691]
&y [kHz] [0.000179] [0.000179]
Sk [kHz] 0.162(41) [0.1561]
N¢ 19 21
RMS [kHz] 0.6 1.1

440.40123(16) 440.834004(69) 439.59609(37)
411.12198(22) 412.898937(66) 410.49618(39)
0.0120(14) 0.01572(41) 0.0153(31)
0.163(24) 0.1507(26) 0.148(52)
[0.01691] [0.01691] [0.01691]
[0.000179] [0.000179] [0.000179]
[0.1561] [0.1561] [0.1561]

12 24 (22) 11

2.4 1.0 1.8

13c11 13¢c15 13c19
1578.4910(20) 1565.2244(29) 1563.7159(11)
435.98533(18) 438.40141(20) 439.10238(10)
408.67345(17) 411.55067(14) 410.65979(11)
0.01455(81) 0.0147(10) 0.01419(42)
0.1485(38) 0.170(17) 0.1491(29)
[0.01691] [0.01691] [0.01691]
[0.000179] [0.000179] [0.000179]
0.195(69) [0.1561] 0.172(4)

23 18 22

1.4 2.1 0.8

(a) Atom numbering is given in Fig. 1.
(b) Numbers in square brackets were constrained to parent values.

(c) Number of assigned transitions in the fit. Number in parentheses denotes number of distinct frequencies in the fit if different from N.

Table 5
Fitted Spectroscopic Constants for both Benzoic Trifluoroacetic Anhydride Iso-
topologues®®.

Parent 3cq
A [MHz] 1450.101414(68) 1446.1135(29)
B [MHz] 299.142841(10) 299.07098(26)
C [MHz] 266.407241(14) 266.22315(11)
Ay [kHz] 0.007362(18) 0.00790(41)
Ak [kHz] 0.01494(23) [0.01494]
Ag [kHz] 0.5192(16) [0.5192]
&y [kHz] 0.0019020(93) 0.00237(33)
Sk [kHz] —0.0403(17) [-0.0403]
N°¢ 516 (432) 20
RMS [kHz] 4.1 1.3

(a) Atom numbering is given in Fig. 1.

(b) Numbers in square brackets were constrained to parent values.

(c) Number in parenthesis denotes the number of distinct frequencies in the fit if
different from N.

1
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Fig. 2. A portion of the PiTFAA chirped-pulse spectrum between 6700 and
8733 MHz showing three J clusters of transitions. The below spectrum is the
fitted simulated spectrum. Red transitions are R branch a-type, green transitions
are R branch b-type, and teal transitions are Q branch b-type.

this work and extensive isotopic substitution was not pursued for the
remaining systems studied.

3. Computational methods and results
Minimum energy structures of all four mixed carboxylic anhydrides

were located with M06-2X/6-311++G(d,p) and MP2/6-311++G(d,p)
calculations using the Gaussian16 suite of programs [31]. All structures

were checked for the absence of imaginary frequencies, and zero-point
corrected energies were also obtained. The calculated global minimum
energy structure was determined to be a nonplanar cis configuration for
all four systems studied. (This is the configuration depicted in Fig. 1.) In
addition, calculations for TFAA and PiA were performed at the M06-2X/
6-311++G(d,p) and MP2/6-311++G(d,p) levels of theory. The
nonplanar cis conformers of these systems, which represent their global
potential energy minima, have been previously investigated, both
experimentally and computationally [19,20]. However, the computa-
tions employed a slightly different basis set and thus new calculations
using the 6-311+4G(d,p) basis set enable these systems to be included
in valid comparisons with the anhydrides reported here. Cartesian co-
ordinates for all minimum energy structures are given in the Supporting
Information. For systems containing a methyl rotor (ATFAA and APiA),
internal rotation barriers, V3, were obtained by locating a transition
state along the CHj internal rotation coordinate. Calculated rotational
constants and dipole moment components are given in Tables 2, 3, 6,
and 7. For systems with methyl group internal rotation, calculated
values of V3 and the polar angles § and ¢ are also included (Tables 6 and
7).

In addition to the nonplanar cis global minima, local minima in a
nonplanar trans configuration were identified for all systems studied
with the exception of PiTFAA. In that case, attempts to locate a trans
form converged on the nonplanar cis structure. For the other systems,
however, the trans conformers appeared and were typically within 2
kcal/mol of the global energy minimum, depending on the R groups and
the method of calculation. Interestingly, attempts to locate transition
states along the CHjs internal rotation coordinate did not converge,
prompting more careful examination of the calculated electronic energy
as a function of the CHs internal rotation angle. These calculations
revealed irregularities in the three-fold potential which appeared either
as inflections or an additional minimum located about 30 degrees away
from the deepest trans minimum. These results are shown in Fig. 4,
which was generated by stepping the CHgs internal rotation angle and
optimizing all other structural parameters. It may be seen from the
figure that the MP2 calculations give the lowest energy trans configu-
rations at an angle of approximately 120 degrees for both anhydrides
while the M06-2X calculations place it slightly above 90 degrees. The
corresponding structures and the definition of these angles are shown in
the inset and the two structures are designated trans'?’
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1805 PiTFAA: 72,6 < 625

5945.5 5945.7 5945.9

5946.1

5946.3 5946.5 5946.7

Frequency (MHz)

Fig. 3. A portion of the cavity spectrum of PiTFAA. This particular segment includes transitions from both 805 and '3C15 PiTFAA isotopologues.

Table 6
Fitted and Computed Spectroscopic Constants for Acetic Trifluoroacetic Anhydride and Comparison with Theoretical Results.
MO06-2X* MP2?
cis trans® trans’20 cis trans'?

A [MHz] 2648.74070(26) 2651 2677 2692 2626 2673
B [MHz] 817.827036(76) 824 818 800 817 788
C [MHz] 737.724205(73) 738 740 764 740 776
Ay [kHz] 0.05513(28)
Ak [kHz] 0.35033(97)
Ag [kHz] 0.0769(47)
&y [kHz] 0.00048(13)
F, [GHz] [158.11° 158.1 158.3 157.8 157.6 157.3
Vs [em™] 326.610(94) 311 273 273 324 286
e [deg] 22.003(62) 21 24 34 25 70
& [deg] 129.933(57) 128 108 109 128 140
D,2x [MHZ] —0.016(56)
D,». [MHz] ~0.0206(14)
N°¢ 290
RMS [kHz] 4.1
|uq| [D] Strong 2.2 1.3 1.6 2.3 1.8
|| [D] Strong 3.1 1.8 1.4 2.7 1.2
1| IDI Weak 0.8 1.5 2.2 0.8 2.3
Rel. Energy - 0 0.80 (0.91) 0.86 (0.86) 0 0.92 (0.87)

(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

90 5 1205

energy. The calculated constants listed under “trans™ ” and “trans
of 90 and 120 degrees, respectively (See Fig. 4).
(b) Theoretical value, constrained in fit.

(c) Number of transitions in the fit.

respectively. Careful examination of the Cartesian coordinates for APiA
suggest that these irregularities may arise from a weak intramolecular
interaction between one of the methyl hydrogens and the oxygen of the
remote carbonyl, i.e., the carbonyl on the other side of the bridging
oxygen. (The shortest H---O distances are 2.55 A and 2.59 A for the 90
degree and 120 degree structures, respectively, with slightly different
configurations of the heavy atom frame.) However, while such an
interaction seems entirely plausible, the differences between the MO06-
2X and MP2 results render it unclear as to whether it causes an inflec-
tion or a genuine minimum in the potential energy surface. Moreover,
even if a secondary minimum is real, it is unclear as to whether it is
relevant to the vibrationally averaged structure of the trans conformer.
Further examination of these questions was not pursued, however, as
this work is focused primarily on the global (cis) minimum energy
configurations. The cis configurations do not show these irregularities,
as the CHs group is far from the remote carbonyl (see Fig. 1).

refer to those calculated for the local minimum energy structures at CHs internal rotation angles

4. Discussion

In this section, we compare the experimental evidence with the
theoretical predictions in order to establish that the cis forms were,
indeed, the ones observed. We then discuss trends in the calculated
degree of out-of-plane twisting, as measured by the dihedral angle be-
tween the two carbonyl groups. As noted above, because of the low
temperature of the supersonic jet, it is likely that the observed conformer
is the lowest energy form.

4.1. Comparison between theory and experiment — assignment to the cis
conformation

4.1.1. PiTFAA
Comparison between the experimental and theoretical rotational
constants in Table 2 show excellent agreement and confirm the



N. Love et al.

Journal of Molecular Spectroscopy 397 (2023) 111844

Table 7
Fitted and Computed Spectroscopic Constants for Acetic Pivalic Anhydride and Comparison with Theoretical Results.
MO06-2X* MP2?
cis trans*® cis trans*® trans'?°

A [MHz] 2398.50253(28) 2415 2428 2398 2420 2429
B [MHz] 845.01595(17) 848 843 844 836 818
C [MHz] 786.23188(20) 788 761 782 769 796
Ay [kHz] 0.19103(67)
Ayg [kHz] 0.3427(58)
Ag [kHz] 0.1693(62)
&y [kHz] —0.02605(30)
Sk [kHz] 0.201(55)
F,[GHz] [160.01° 159.9 158.5 159.1 158.1 157.4
Vs [em™] 268.569(33) 247 278 240 177 177
e [deg] 152.484(39) 150 157 151 154 146
& [deg] 138.783(30) 137 108 136 106 110
D2y [MHz] —0.14592(85)
D,k [MHz] 0.3712(32)
N°¢ 105
RMS [kHz] 4.1
|#ta] D1 Weak 0.7 2.1 0.7 1.9 1.4
|| [D] Strong 3.7 0.9 3.4 0.8 0.8
|ue| [D] Weak 0.3 1.8 0.2 2.0 2.7
Rel. Energyb - 0.19 (-0.04) 0 0 0.84 (1.00) 0.77 (0.76)

(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 trans®’ and trans'?

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. The calculated constants listed under “trans

905, 120,

and “trans refer to those calculated for the local

minimum energy structures at CHs internal rotation angles of 90 and 120 degrees, respectively (See Fig. 4).

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

Table 8
Experimental Coordinates for Pivalic Trifluoracetic Anhydride®.

Table 9
Structural Parameters for Pivalic Trifluoroacetic Anhydride®.

a[A] b [A] c[A] Bond Lengths [A] Experimental MO06-2X MP2
cl ~0.9235(16) 0.5684(27) 0.2705(56) C1-02 1.2017(36) 1.182 1.198
02 —0.9819(15) 1.65559(91) 0.7792(19) C4-05 1.1913(34) 1.182 1.194
c4 1.3485(11) 0.5481(28) ~0.3157(48) c1-c7 1.540(14) 1.545 1.543
05 1.4085(11) 1.63307(92) —0.8039(19) C4-C6 1.5002(84) 1.513 1.509
(€3 2.51610(60) —0.3394(45) 0.0414¢ C6-C11 1.5205(61) 1.528 1.529
c7 —2.22066(68) —0.2078(73) —0.022(69) C6-C15 1.630(36) 1.538 1.539
c11 3.82982(40) 0.3945(39) ~0.2177(70) C6-C19 1.498(17) 1.537 1.538
C15 2.39663(63) —0.6101(25) 1.60327(94)
C19 2.44878(62) —1.67448(91) —0.6752(23) Bond Angles [deg]
02-C1-C7 119.7(10) 123.5 124.1
(a) Signs are inferred from the theoretical structure. Atom numberings refer to 05-C4-C6 125.86(53) 128.8 129.2
Fig. 1. C4-C6-C11 110.90(78) 108.2 108.5
(b) Imaginary coordinate. C4-C6-C15 104.4(14) 108.2 108.1
C4-C6-C19 113.4(14) 109.0 109.3
. . C11-C6-C15 106.5(16) 110.7 110.4
nonplanar cis geometry. Moreover, the experimental structural param- C11.06-019 113.9(13) 1107 1105
eters in Table 9 are in excellent agreement with the values calculated by C15-C6-C19 107.0011) 110.0 110.0
both theoretical methods employed, providing a strong measure of
confidence in both the assignment to the cis form and in the level of Dihedral Angles [deg]
theory used in these studies. As noted in the previous section, only a cis 02-C1-C4-05 46.61(39) 43.0 50.3
. . 05-C4-C6-C11 7.4(29) 0.6 1.8
conformer was found computationally for this system. 05-C4-C6-C15 121.70(75) 119.3 118.0
05-C4-C6-C19 122.23(85) 121.0 122.3

4.1.2. BzTFAA

For benzoic trifluoroacetic anhydride, potential energy minima at
both nonplanar cis and nonplanar trans geometries were located. A
comparison of the experimental and theoretical rotational constants in
Table 3 decisively favors assignment to the cis conformer, and the
absence of observable c-type transitions is only compatible with the
computed dipole moment components for that form. This assignment is
consistent with the predicted energy ordering.

4.1.3. ATFAA

Both cis and trans conformers were predicted for acetic trifluoro-
acetic anhydride as shown in Table 6, with the nonplanar cis form pre-
dicted by both the M06-2X and MP2 methods to be the global minimum

(a) Atom numberings refer to Fig. 1. The imaginary c-coordinate of C6 is.
taken to be zero in calculating these values.

by over 0.8 kcal/mol. Overall, the rotational constants from both the
MO06-2X and MP2 calculations show better agreement with experiment
for the cis form, with the exception of the B constant obtained at the
MO06-2X level for the trans®® minimum. However, neither calculation for
the cis or trans® minimum disagrees egregiously with the observed
value. The predicted polar angle ¢ is in best agreement for the cis form
with both the M06-2X and MP2 methods, though the agreement for the
two trans conformers predicted at the M06-2X level are not unreasonable
and the better agreement with the cis form may be fortuitous. For both
methods, however, the predicted values of § show a clear preference for
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Fig. 4. M06-2X/6-311++(d,p) and MP2/6-311++(d,p) energies as a function of the CH3 internal rotation angle for acetic trifluoroacetic and acetic pivalic an-
hydrides in the vicinity of the local minimum energy structure (i.e., the nonplanar trans configuration). The step size is 1 degree, with the internal rotation angle fixed
and all other structural parameters optimized. The zero of energy on the plots is the lowest energy calculated for a 360° internal rotation of the CH3 group in the trans
configuration of the anhydride. The right side of the figure shows views of the local minima designated as trans® and trans’?° degrees on the plots.

Table 10

Theoretical Carbonyl Dihedral Angles in NonPlanar cis Anhydrides and Vibrational Frequencies of the Parent Acids.

R R’ v(C=0)* V(C=0)? Average C=0 Stretching Frequency® 0=C---C=0 Dihedral Angle (deg)" 0=C---C=0 Dihedral Angle (deg)"
(em™) (em™) MO06-2X MP2

CF3 CF3 1830 1830 1830 32.6 40.1

CF3 CH3 1830 1799 1815 39.5 44.6

CF3 CeHs 1830 1752 1791 40.4 47.5

CF3 C(CH3)3 1830 1774 1802 43.0 50.3

CH3 C(CH3)3 1799 1774 1787 56.2 54.9

C(CH3)3 C(CHs3)3 1774 1774 1774 57.8 57.0

(a) vand V are the experimental vapor-phase stretching frequencies for RCOOH and R'COOH, respectively. Gas phase vibrational frequencies are taken from reference
[32] for CF3COOH, [33] for CcHsCOOH, [34] for (CH3)3CCOOH, and [35] for CH3COOH.

(b) Average of Y(C=0) and V(C=0).
(c) Calculated dihedral angle in the anhydride derived from R and R'.

the cis conformation. Similarly, the experimental Vs barriers are in
better agreement with those calculated for the cis conformer. Finally,
strong a- and b-type spectra and a weak c-type spectrum were observed
which is only consistent with the predicted dipole moment components
of the nonplanar cis form. Thus, taken collectively, we assign the
observed spectrum to the cis conformer.

4.1.4. APIA

As seen in Table 7 for acetic pivalic anhydride, the MP2 calculations
without zero-point energy corrections place either trans form 0.7 — 1.0
kcal/mole higher in energy than the cis configuration, while those using
the M06-2X method predict a trans” form to be 0.2 keal/mol lower in
energy. However, after zero-point corrections, the M06-2X calculations
predict the cis and trans forms to be essentially isoenergetic, while the
MP2 calculations retain the cis < trans energy ordering. Comparison
with the experimental rotational constants reveals better agreement
with the cis form calculated by either of the theoretical methods. The
computed V; barrier for the rans® form is in somewhat better agree-
ment with experiment than that obtained for the cis form from the M06-
2X calculations, though neither is egregiously in error. With the MP2
method, however, the calculated barrier clearly favors the cis conformer.
At either level of theory, the predicted values of ¢ agree reasonably well
with the experimental result and therefore do not provide useful

information. However, for both the MP2 and M06-2X calculations, the
polar angle, 8, is in much better agreement with fitted value for the cis
conformer. Finally, the strong observed b-type spectrum is only
compatible with the predicted dipole moments of the nonplanar cis
conformation. Thus, the preponderance of evidence indicates that the cis
conformer was the one observed.

4.2. Correlation with free acid C=O0 stretching frequencies

The majority of carboxylic anhydrides studied by microwave spec-
troscopy, including four reported in this study, have been observed in
the nonplanar cis conformation. However, the C=0 dihedral angles vary
considerably, and it is of interest to try to understand these variations.
One obvious starting point involves consideration of the effect of R
groups with differing electronic character on the nature of the carbonyl
moiety. The carbonyl stretching frequency in the gas phase free acid
provides one measure of this. Table 10 gives the experimental vapor-
phase C=0 stretching frequencies for the free acids and the dihedral
angles calculated by both theoretical methods employed in this work
[32-35]. Inasmuch as the dihedral angle in the anhydride involves both
carbonyl groups, Fig. 5 displays a plot of the average of the C=0
stretching frequencies for RCOOH and R'COOH vs. the calculated
dihedral angle. For this purpose, the average of the angles obtained from
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Fig. 5. Plot of the average of the calculated O=C—C=O0 dihedral angles in the
cis conformers of the anhydrides formed from RCOOH and R'COOH vs. the
average of the experimental vapor phase C=O stretching frequencies in RCOOH
and R'COOH. The calculated dihedral angles are the average values obtained
from M06-2X and MP2 calculations with the 6-311++G(d,p) basis set. Data for
the plot are given in Table 10. The point that falls off the curve corresponds
to BzTFAA.

the M06-2X and MP2 calculations are used, though separate plots using
results of either method look the same. It may be seen from the figure
that the dihedral angle in the anhydride is strongly correlated with the
average stretching frequency of the parent acids. Note that separate
MO06-2X/6-311++G(d,p) calculations of the symmetric and antisym-
metric stretching frequencies of the anhydrides show the same trend.

The correlation shown in Fig. 5 is empirical, and it is of interest to
attempt to read some physical interpretation into it. The simplest and
most chemically intuitive explanation involves mutual repulsion of the
carbonyl oxygens which is expected to increase with increasing negative
charge on the oxygens. Naively, to the extent that the C=0 bond is
weakened, an increased negative charge would correlate with an
increasing contribution of a C*—0~ resonance structure. Thus, lower
C=0 stretching frequencies would be expected to correlate with larger
dihedral angles, in agreement with the observed trend. The detailed
mechanism of the weakening, however, is less clear. Wiberg has dis-
cussed the complexities of the electronic structure of carbonyl groups as
they relate to both the electronegativity of adjacent groups and the
possibility of lone pair donation from adjacent heteroatom into n* or-
bitals of the carbonyl [36]. Either or both of these could contribute to the
net charge on the carbonyl oxygens. Hyperconjugation may also play a
role in some cases. Regardless of the mechanism, however, it is clear that
for systems in the cis configuration, the average of the C=0 stretching
frequencies of the parent acids is a parameter through which the dihe-
dral angles may be correlated. It is interesting to note that the one point
that falls somewhat off the curve in Fig. 5 is the only one that involves a
CeHs substituent, suggesting the possibility of additional contributions
from resonance structures that are enabled by the n system.

5. Conclusion

Jet-cooled microwave spectra of four carboxylic acid anhydrides,
RCOOCOR/, have been measured and analyzed. For all systems studied,
supporting computations predict nonplanar cis structures in which the
two C=0 groups are in the same general direction. Higher energy trans
conformers are also predicted for all but pivalic trifluoroacetic anhy-
dride. For systems with more than one predicted conformer, the calcu-
lated energy differences are small, typically less than 2 kcal/mol.
Comparisons between experimental and calculated molecular constants
indicate that nonplanar cis conformers were observed for four of the
anhydrides studied in this work. Because of the low temperatures of the

Journal of Molecular Spectroscopy 397 (2023) 111844

supersonic jet employed in this study, the observed cis conformers are
assumed to represent the global potential energy minimum, in good
agreement with the computed energies. A key structural feature in these
systems is the through-space O=C---C=0 dihedral angle. Variations in
this angle are found to correlate with average of the carbonyl stretching
frequencies of the two parent acids. The results of this study, combined
with those of several others previously appearing in the literature,
provide a new glimpse of the conformational complexity accessible to
carboxylic acid anhydrides.
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