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Geometry-relaxed ab initio calculations of acetic anhydride at interalia B3LYP/6-31G**, B3LYP/cc-pvtz,
and MP2/6-31G** level revealed a mixture of nonplanar (sp,sp) and (sp,ac) energy minima, connected to
one another via low-energy rotation barriers, thereby allowing for extensive large-amplitude motions. This
model provided the geometrical constraints and force fields necessary to perform the joint analysis of gas-
phase electron diffraction and infrared data. The large-amplitude motion is described, using pseudoconformers
at 2(° intervals around the axes of rotation. It led to a dynamic model consisting of eight pseudoconformers
of lowest energy connected to the two local minima ((sp,ac) and nonplanar (sp,sp)) by fixed differences in
torsion angles. The main structural parameters were refined using the electron diffraction method and an
experimental “conformer” ratio of nonplanar (sp,sp)/(sp;ac37(+15)%:63(15)% was obtained, in close
agreement with the quantum chemical results. The model of acetic anhydride is self-consistent, reproduces
the IR frequencies, with a root-mean-square deviation of about 16, @md results in an improved frequency
assignment. Assisted by MP2/6-31G**-based IR band intensities, the model also explains the following
experimental spectral peculiarities: (i) the relatively large number of bands with a small intensity and (i) the
changes in band intensities, band shape, and doublet behavior when going from the gas phase to the liquid
and to solutions of different polarity.

Introduction calculations of Colthupin conjunction with the experimental

In our ongoing research program into the conformational value of Mirone et_ af. for the integrated intensity ratify/As
analysis and vibrational spectroscopy of molecules governed©f the antisymmetric and symmetric carbonyl stretch bands led
by two rotors, we investigated acetic anhydride (henceforth t© the estimaté, = ¢, = 33°, whereas the electron diffraction
abbreviated as AA), C(0)OC(O)CH. The torsion angleg; experiments of Vledder et &kesulted in the significantly higher
(O(9=C(8)-O(1)-C(2)) and ¢» (O(3=C(2)-O(1)-C(8))  Valuedr = ¢p = 49(1J.
characterize the various possible conformations of the heavy- Furthermore, the presence of many weak bands and shoulders,
atom skeleton. Planar and nonplanar rotamers are shown inas well as the almost complete lack of PQR separations make
Figure 1, together with their IUPAC nameand the atomic the IR spectrum complex. Therefore, it is not surprising that
numbering scheme used. disagreement also exists between two IR assignniénts.

AA is a widely used reagent in organic synthesis, but Moreover, Mirone et at.concluded on the occurrence of one
surprisingly, little reliable information is available about its nonplanar conformation witks, symmetry, i.e., an (sp,sp) or
conformational space and spectroscopy. Therefore, it is of somean (sc,sc) form. The authors excluded the occurrence of more
interest to compare AA with formic anhydride (FA) and formic  than one conformer and ascribed the band shape in#@ C
acetic anhydride (FAA), which we studied before and found to region as well as most of the shoulders in other regions to Fermi
have planar (sp,ap) conformatiohs.As far as we know, resonance. In contrast, Vledder et aiterpreted the peculiarities
microwave studies of AA are missing, and studies on vibrational ot the spectra in terms of the high flexibility of the AA molecule.
spectroscopy;® electron diffractiorf, and ab initio calculation’s  jingful of the electron diffraction observations, they stressed

form with C, symmetry, possibly an (sp,sp) form.

However, there is a discrepancy between the interpretationsthe symmetry of the other forms they implicitly considered as

of the infrared and electron diffraction investigations. The 4-31G poss@le. . .
Neither of these researchers was able to rationalize the
*To whom correspondence should be addressed. behavior of the IR doublet at 800 crhand the other spectral
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Figure 1. Some planar and nonplanar conformations of AA, together with definitions of torsion angles and the atomic numbering scheme used.
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] 150780 -120 -60 0 60 120 (P, 180

i Figure 4. Conformational energy map of AA as a functiongfand

@2, resulting from 4-21G calculations. Equipotential contours are drawn
at intervals of 1 kcal/mol. Energy minima are shown on the rotation
pathways (ABA; A'BA; BB'). (sp,ac) rotamers at; = —a, ¢ = +b

/\ - : and at¢, = +b, ¢, = —a are denoted by{), their mirror images at
w ¢1 = +a, ¢ = —b and¢, = —b, ¢, = +a by (@), and the nonplanar
\\/ (sp,sp) rotamers af; = ¢, = +c and¢s = ¢, = —c by (A) and @),
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in the gas phase, (i) complete harmonic force fields to
distinguish between some of the conflicting interpretations of
— 77— the IR data, and (iii) a model capable of rationalizing the phase
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dependency of the IR spectra.

r A
Figure 3. Experimental ©) and theoretical-{) sM(s) curve for AA. Experimental Section
changes that occur when AA goes from the gaseous to the liquid A commercial sample of acetic anhydride (MERCK, analyti-
state and to solutions. cal grade) was treated with®s, followed by NaCQOs;, and then
The purpose of this study is to produce, with the help of ab distilled.
initio calculations, (i) a self-consistent molecular model that  Electron diffraction data were recorded photographically on
simultaneously rationalizes infrared and electron diffraction data the Antwerpen diffraction unit manufactured by Technisch
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TABLE 1: Relative Energies (kcal/mol) and Positions {1 , ¢2; Degrees) of Energy Minimum and Maximum Forms along the
Lines ABA and BB' (see Figure 4), Calculated at Various Levels of Sophistication

energy minima energy maxima, barrier heights
[sp.spl; G [sp.acl; G [sp.scl; G [sp.ap]; G [sp.sp]; Gv
relE relE relE

Q1= 0 Q1= 0 Q1= 0

rel E @1, Q2 relE @1, Q2 Q2= 60 Q2= 180 Q2= 0

HF/4-21G 0 22;22 1.04 —3; 137 251 1.29 0.26
HF/6-31G** 0 31;31 0.20 —2;108 1.05 0.91 1.02
MP2/6-31G** 0 27,27 0.30 —2;113 0.91 0.73 0.76
B3LYP/6-31G** 0.05 28; 28 0 —8; 152 1.27 0.17 0.78
B3LYP/CC-PVTZ 0 30; 30 0.13 —9; 149 1.14 0.42 1.15

Physische Dienst, TPD-TNO, Delft, The Netherlands. A de- BRABO,2° and the program Gaussian 98In the first stage,
scription is given in ref 8. Because of the relatively low volatility we calculated on the 4-21 G level the complete conformational
of AA, the experiments were performed at a nozzle temperature energy map of AA as a function of the torsion angiegnde,
of 70 °C and a sample temperature of 80. in steps of 20, while optimizing the other geometrical
An accelerating voltage of 60 kV, stabilized within 0.01% parameters. Figure 4 depicts the results, from which the
during the exposures, was employed. The electron wavelengthfollowing emerges. First, none of the planar forms (Figure 1)
was calibrated against the known CC bond length of benZene, is a minimum energy form. Energy minima are only found
resulting inA = 0.048712(2) A. Three, three, and four plates (Table 1) for a nonplanar (sp,sp) form nefar= ¢, = +22°
(Kodak Electron Image) were selected from recordings at the (called B in Figure 4) and a nonplanar (sp,ac) form ngar
nozzle-to-plate distances of 199.41(2), 350.98(2), and 600.05(2)—3° and¢, = +137 (called A in Figure 4). In AA, a form at
mm, respectively. Optical densities were measured on a modi-¢; = —a, and¢, = +b and one aip, = +b, ¢, = —a are
fied, microprocessor-controlled rotation ELSCAN E-2500 mi- identical. Obviously, their energy and distance distribution are
crodensitometel Optical density values were converted to equal to those of their mirror images (calleda®d A in Figure
intensities using the one-hit model of ForsterCoherent 4). Thus, in the intervat-180° < ¢1, ¢» < +180 there are six
scattering factors were taken from Ross et@and incoherent minima, linked in pairs through an inversion centepat= ¢,

scattering factors from Tavard et 8lThe data were further = 0°. Second, these minima are located in a system of low-
processed by standard proceduregelding leveled intensities ~ energy valleys, strongly suggesting that the molecule exhibits
in the following ranges: large-amplitude motions, interconnecting the pseudorotamers (A,
A’', B, B). Third, one section of the rotational pathways connects

60 cm: 4.00< s< 12.75 A* A — B (and B — A’) with a barrier form (energy maximum)

) _1 approximately halfway between A and B, i.e., locate@at
35cm: 7.50< s < 19.75 A 0 andg, = 0.5 (@1 (A) + ¢2 (B)), (and equivalent points). The

20 cm: 14.00< s< 31.75 A% allwith As=0.25 A validity of the latter was confirmed by energy calculations

scanningg; in steps of 10 in the range 50-100°. The other

Leveled intensities with final backgrounds and the combined two sections of the pathways connectBB' with the barrier
sM(s) curve are shown in Figures 2 and 3, respectively. Details form (energy maximum) located &t = ¢, = 0° and A— A’
about the processing of electron diffraction data may be found with the barrier form aip; = 0, ¢, = 18C¢° (and equivalent
in refs 15 and 16. points).

Gas-phase infrared spectra between 4000 and 50 wrere To define more accurately the position, geometry, and energy

recorded at room temperature at a pressure of 5 hPa on a Brukepf these pseudorotamers of minimum and maximum energy,
113V FTIR spectrophotometer. A broadband MCT detector was we explored theig, ¢, environs at the 6-31G**, the MP2/6-

used in the range 40800 cnT?!, a DTGS detector inthe range  31G**, the B3LYP/6-31G**, and the B3LYP/cc-pvtz level.
600-300 cn*, and a liquid helium cooled silicon bolometer  From the results, also given in Table 1, one notes that except
in the 350-50 cnm* range. The spectra of 0.2 M solutions in B3| YP/6-31G** all approaches calculate the nonplanar (sp,sp)
CCls and other solvents, of the liquid phase as well as of the form to be more stable than the (sp,ac) form. All approaches,
solid state were measured on the same instrument. however, agree that the differences between the energy minima
The comparison with the frequencies observed by Vledder gre small and that the barrier heights between them are low.
etal® for the d, species shows a root-mean-square deviation of Hence, we conclude that gaseous AA performs complicated

11.1 cntt and a maximum deviation of 26 crh The large-amplitude motions involving all atoms. Moreover, an
comparison with the frequencies by Mirone et gives arms  analysis of permutation-inversion grodpsshows that the
deviation of 7.5 cm* and a maximum deviation of 18 crh A ensemble of molecular forms in dynamic equilibrium over its
rms of 13.5 cm* and a maximum deviation of 31 cthwas  entire rotation space behaves as a molecule Gitsymmetry,

found between the data of Vledder and Mirone. These |arge even though some individual forms ha@ Symmetry_ This

ing the weak fundamentals from other vibrations and even from gpectroscopy and the occurrence of more than one conformation
noise. Moreover, the broad, often weak bands will suffer from are not mutually exclusive.

a low resolution. The geometry of the minimum and maximum energy forms

met along theps, ¢, rotations pathways, calculated at the MP2/
6-31G** and the B3LYP/cc-pvtz level are collected in Table
Apart from a not-relaxed studyno ab initio calculations on 2. They reveal a number of conformational dependencies in bond
AA have been published. In this work, ab initio calculations lengths and valence angles, some of which can be rationalized
were performed using Pulay’s gradient metf6d? the program by the mesomeric interaction in the COC(O)g&fragments and

Theoretical Models
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TABLE 2: Optimized Geometries (r-Type, Distances in A, Angles in Degrees) of Energy Minimum and Maximum Fornss
along the Lines ABA and BB (see Figure 4), Calculated at Various Levels of Sophistication

energy minima energy maxima
[sp.spl; G [sp.acl; G [sp.scl; G [sp.ap]; G [sp,sp]Ca,
MP2 B3LYP MP2 B3LYP B3LYP B3LYP B3LYP

parameters 6-31G** CC-PVTZ 6-31G** CC-PVTZ CC-PVTZ CC-PVTZ CC-PVTZ
C(2-0(1) 1.400 1.395 1.430 1.408 1.411 1.406 1.397
C(8)-0(1) 1.400 1.395 1.369 1.374 1.383 1.378 1.397
C(2=0(3) 1.200 1.191 1.195 1.191 1.188 1.192 1.189
C(8=0(9) 1.200 1.191 1.210 1.198 1.194 1.197 1.189
C(2)-C(4) 1.501 1.500 1.497 1.499 1.498 1.499 1.504
C(8)—C(10) 1.501 1.500 1.501 1.502 1.502 1.502 1.504
C(2)-0(1)—-C(8) 118.56 120.98 115.85 124.42 119.89 127.26 124.12
0O(1)-C(2=0(3) 123.70 123.04 118.79 116.75 121.95 115.58 125.21
0O(1)-C(2)-C(4) 108.98 109.97 113.18 117.48 110.65 119.42 108.38
C(4)-C(2=0(3) 127.17 126.94 127.73 125.64 127.32 125.01 126.41
O(1)—C(8=0(9) 123.70 123.04 123.45 124.25 123.66 125.22 125.21
0O(1)—-C(8)—C(10) 108.98 109.97 110.07 109.73 109.72 109.02 108.38
C(10)-C(8=0(9) 127.17 126.94 126.46 125.99 126.63 125.76 126.41
O(9=C(8)-0(1)-C(2) 26.94 30.37 —2.26 —8.82 0 0 0
O(3=C(2)—0(1)-C(8) 26.94 30.37 113.18 148.88 60 180 0
dipole (D) 4.54 3.83 3.71 2.53 3.98 1.94 4.37

Inertia Moments

A (GHz) 5.4509 5.5011 5.1887 5.3094 5.3313 5.3195 5.4908
B (GHz) 1.8224 1.7826 1.8226 1.8691 1.8045 1.9084 1.8566
C (GHz) 1.5172 1.5290 1.6582 1.4985 1.5562 1.4290 1.4116

aFor brevity sake, geometries are listed of the heavy-atom skeleton only. F#HECmoieties have a quasiperfect tetrahedral arrangement.

the steric hindrance between them. Obviously, the mesomericment of quantum mechanical molecular force fields by least
effect is largest when the fragment is in the planar sp or ap square$ The scaling method is that of Pulay et2alThe
position, and causes the-© bond order to increase and that number of quasiequivalent internal coordinates (e.g., all stretch-
of C=0 to decrease. Hence, one expects upon rotation of theing C—H or deformation C-H vibrations can be considered as
acetyl fragment the €0 lengths in the order sp ap < sc~ guasiequivalent) fixes the maximum number of scale factors to
ac and G=O lengths in the order sp ap > sc~ ac. 10. On the other hand the number of scale factors and the way
The mesomeric effect on valence angles is to decrease thethe symmetry coordinates are distributed over the scale factor
0O=C—0(1) and to increase the GHC—O(1) angles, because  groups should reflect the fact that the scale factors are called
of the growing importance of the charged resonance hybrid into existence to counteract the systematic errors in the
O~—C=0"(1), while the rocking movement of the acetyl group computations. One may expect the errors in stretching constants
keeps the &C—CHs angle quasiconstant. These variations to be different from those in, e.g., torsion constants, and those

show (Table 2) indeed in the angles of the G{8Y2)(C(4))- in C—H stretchings to be different from those in non-CH

O(1) moiety going from the nonplanar (sp,sp) (sp,sc)— stretchings. This reasoning helps to select the grouping of the

(sp,ac)— (sp,ap) form. symmetry coordinates in a systematical way. We tried eight such
The variations seen in the angles of the G¢@)8)(C(10))- groupings, the largest with 10, the smallest with five scale

O(1) moiety in the same rotameric sequence reflect the responsdactors. To discriminate among the eight runs one may compare
of the moiety in sp position to rotation of treher COC(O)- the ratio of theR values R = {[v(obs) — wi(calc)F/3u-
CHa-group. These small variations cannot be dominated by the (0bs}}* of two such groupings with tabulat&dvalues of
mesomeric effect because the position of the E(98)- P(p.n—p,), in which p denotes the degrees of freedom (here
(C(10))-O(1) moiety is sp in all cases. The dominant effect number of scale factorsj the number of data points (here
here is the steric hindrance the two acetyl halves exercise onnumber of frequencies), ardthe chosen level of significance.
each other. Its influence is large in the planar and less in the If the ratio is larger tha®, then one rejects the hypothesis that
nonplanar forms and tends to increase the €@)1)-C(8) and ~the two runs are equal in performance at thedignificance
O(1)-C(8=0(9) angles and to decrease the CA0}8)—0(1) level. Executing the test at the 5% level of significance the run

ang|e’ with which the observed variations are in agreement_ with five scale factors performed Statistica"y as well as the one
with 10 scale factors, and hence the former is preferred (Table

4). The fit between experimental and scaled calculated frequen-
cies is good with physically realistic root-mean-square (rms)
Using the MP2/6-31G** basis set, we calculated the harmonic and maximum deviations\( max) that are close to rms and
force fields of the nonplanar (sp,sp) and (sp,ac) rotamers of AA max values found between experimental frequency sets (see
by applying Gaussian 98. The force constant matrices, obtainedExperimental Section). The scaling results (Table 5) clearly
in Cartesian coordinates, were transformed to the local symmetryindicate that the force fields perform very well in reproducing
coordinates (Table 3) and used to calculate vibrational frequen-the experimental frequencies. Hence, the following spectral
cies and band intensities. With the help of the latter intensities, analysis is focused on them. Here, we also mention that the
the experimental IR frequencies could be assigned with the absolute band intensities, also presented in Table 5, are an
unscaled force fields. To obtain a better agreement betweeninvaluable aid in the frequency assignment discussed below as
theoretical and experimental frequencies the force fields were well as in checking the validity of the self-consistent molecular
scaled by the program SCAR designed for interactive refine-  model used in the electron diffraction analysis (see next section).

Vibrational Spectroscopy
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TABLE 3: Definitions of Symmetry Coordinates S in Terms of Internal Coordinates
nonplanar (sp,sp) conformer (sp,ac) conformer
symmetry species
specification and assignment specification assignment

S1=r(1,2)+r(1,8) A, C—O S1=1r(1,2) r, C(2»-0(1)
S2=r(2,3)+r(8,9) A, ,C=0 S2=1r(2,3) r, C(2=0(3)
S3=r(2,4)+ r(8,10) A, C—C S3=1r(2,4) r, C(2)-C(4)
S4=1[r(4,5)+r(4,6)+ r(4,7)] + A, rsC—H S4=r(4,5)+r(4,6)+ r(4,7) 5, C(4)-H

[r(10,11)+ r(10,12)+ r(10,13)]
S5=1[2r(4,5)—r(4,6)— r(4,7)] + A, rasC—H S5=2r(4,5)—r(4,6)—r(4,7) s C(4)—H

[2r(10,11)— r(10,12)— r(10,13)]
S6=1[r(4,6)— r(4,7)] + [r(10,12)— r(10,13)] A, sC—H S6=r(4,6)—r(4,7) ls C(4)—H

S7=1[0(5,4,6)+ 0(5,4,7)+ 6(6,4,7)—

0(2,4,5)— 0(2,4,6)— 6(2,4,7)]+ [6(11,10,12)+

6(11,10,13)+ 6(12,10,13)~ 6(8,10,11)—

6(8,10,12)— 6(8,10,13)]
S8=1[20(6,4,7)— 0(5,4,6)— 0(5,4,7)]+

[20(12,13,10)- 6(11,10,12)- 6(11,10,13)]
S9=1[0(5,4,6)— 6(5,4,7)]+

[6(13,10,11)- 6(12,10,11)]
S10=[26(2,4,5)— 6(2,4,6)— 0(2,4,7)]+

[26(8,10,11)— 6(8,10,12)— 6(8,10,13)]
S11=1[6(2,4,6)— 6(2,4,7)]+

[6(8,10,12)— 6(8,10,13)]
S12=1[26(1,2,3)— 6(3,2,4)— 0(1,2,4)]+

[26(1,8,9)— 6(9,8,10)— 6(1,8,10)]
S13=1[6(3,2,4)— 6(1,2,4)]+

[6(9,8,10)— 6(1,8,10)]
S14= 4(3,1,4,2)+ #(9,1,10,8)

S15=[(1,2,4,5)+ «(3,2,4,5)+ «(1,2,4,6)+
(3,2,4,6)+ (1,2,4,7)+ «(3,2,4,7)]+
[((1,8,10,11)+ ¢(9,8,10,11)+ «(1,8,10,12)+
4(9,8,10,12)+ ((1,8,10,13)+ (9,8,10,13)]

S16=[1(8,1,2,3)+ (8,1,2,4)]+
[(2,1,8,9)+ «(2,1,8,10)]

S17=6(2,1,8)

S18=r(1,2)—r(1,8)
S19=r(2,3)—r(8,9)
S20=r(2,4)— r(8,10)
S21=[r(4,5)+ r(4,6)+ r(4,7)] —
[r(10,11)+ r(10,12)+ r(10,13)]
S22=[2r(4,5)— r(4,6)— r(4,7)] —
[2r(10,11)~ r(10,12)— r(10,13)]
S23=[r(4,6) — r(4,7)] — [r(10,12)— r(10,13)]
S24=1[6(5,4,6)+ 0(5,4,7)+ 6(6,4,7)—

0(2,4,5)— 0(2,4,6)— 6(2,4,7)]— [6(11,10,12)+

6(11,10,13%+ 6(12,10,13) 6(8,10,11)—

0(8,10,12)— 6(8,10,13)]
S25=[20(6,4,7)— 0(5,4,6)— 6(5,4,7)]—

[26(12,13,10)- 6(11,10,12)- 6(11,10,13)]
S26=[6(5,4,6)— 0(5,4,7)]—

[6(13,10,11)- 6(12,10,11)]
S27=[26(2,4,5)— 6(2,4,6)— 6(2,4,7)]—

[26(8,10,11)— 6(8,10,12)— 6(8,10,13)]
S28=1[0(2,4,6)— 0(2,4,7)] -

[6(8,10,12)— 6(8,10,13)]
S29=1[26(1,2,3)— 6(3,2,4)— 6(1,2,4)]—

[26(1,8,9)— 6(9,8,10)— 6(1,8,10)]
S30=[6(3,2,4)— 6(1,2,4)]—

[6(9,8,10)— 6(1,8,10)]
S31=4(3,1,4,2)— %(9,1,10,8)

S32=[«(1,2,4,5)+ «(3,2,4,5)+ «(1,2,4,6)+
(3,2,4,6)+ (1,2,4,7)+ 3,2,4,7)]—
[(1,8,10,11)} ¢(9,8,10,111+ (1,8,10,12)1+
4(9,8,10,12)+ ((1,8,10,13)+ ¢(9,8,10,13)]

S33=[1(8,1,2,3)+ «(8,1,2,4)]—

[(2,1,8,9)+ «(2,1,8,10)]

A, 0s C—H bending

A, 0asC—H bending
A, 0asC—H bending
A, p C—H bending

A, p C—H bending

A, 6 O=C—C bending
A, pr O=C—C bending
A O=C-C

out-of-plane bending
A, ¢ C—C torsion

A, t C—0 torsion
A,0 C(2)-0(1)-C(8)
bending

A, 1,sC—0

B, rsC=0

B, ,sC—C

B, rsC—H

B, r,sC—H

B, ksC—H
B, s C—H bending

B, 0asC—H bending

B, 0asC—H bending

B, p C—H bending

B, p C—H bending

B, 6 O=C—C bending
B, pr O=C—C bending
B O=C—-C

out-of-plane bending
B,:C—-C

B,:C-0O

S7= 6(5,4,6)+ 60(5,4,7)+ 6(6,4,7)—
0(2,4,5)— 0(2,4,6)— 0(2,4,7)
S8=20(6,4,7)— 6(5,4,6)— 6(5,4,7)
S9=6(5,4,6)— 6(5,4,7)
S16=26(2,4,5)— 6(2,4,6)— 6(2,4,7)
S1E 6(2,4,6)— 6(2,4,7)
S12=20(1,2,3)— 6(3,2,4)— 6(1,2,4)
S13=6(3,2,4)— 6(1,2,4)

S14=y(3,1,4,2)

S15=¢(1,2,4,5)+ «(3,2,4,5)+ «(1,2,4,6)+

U(3,2,4,6)F «(1,2,4,7)+ (3,2,4,7)

S16=¢(8,1,2,3)+ «(8,1,2,4)
S17=60(2,1,8)

S18=r(1,8)

S19=r(8,9)

S20=r(8,10)

S21=r(10,11)+ r(10,12)+ r(10,13)
S22=2r(10,11)— r(10,12)— r(10,13)

S23=1r(10,12)— r(10,13)
S24= 6(11,10,12)+ 6(11,10,13)+

6(12,10,13)- 6(8,10,11)— 6(8,10,12)—

0(8,10,13)
S25= 20(12,13,10)—
0(11,10,12) 6(11,10,13)
S26= 6(13,10,11)- 6(12,10,11)
S27= 26(8,10,11)—
6(8,10,12)— 6(8,10,13)
S28- 6(8,10,12)— 6(8,10,13)
S29= 20(1,8,9)— 6(9,8,10)— 6(1,8,10)
S36= 6(9,8,10)— 6(1,8,10)
S31=(9,1,10,8)
S32=(1,8,10,11)+ «(9,8,10,11)+
«(1,8,10,12)+ 1(9,8,10,12)+
«(1,8,10,13)+ 1(9,8,10,13)

S33=1(2,1,8,9)+ ¢(2,1,8,10)

ds, C(4)—H bending

0as C(4)—H bending
0as C(4)—H bending
0, C(4)—H bending
0, C(4)—H bending

0, O(3=C(2)-0(1)
bending

pr, O(3y=C(2)-C(4)
bending

7, O(3=C(2)—C(4)
out-of-plane bending
t, C(4)—C torsion

t, C(2-0(1) torsion

0, C(2-0(1)-C(8)
bending

r, C(8)-0O(1)

r, C(8=0(9)

r, C(8)-C(10)

g, C(10)-H

ks C(10)-H

ks C(10)-H
ds, C(10)-H bending

0as C(10)-H bending
Jdas C(10)-H bending
p, C(10)-H bending
p, C(10)-H bending

0, O(9=C(8)—0(1)
bending

pr, O(9)=C(8)—C(10)
bending

7, O(9=C(8)—C(10)
out-of-plane bending
t, C(10)-C torsion

t, C(8)—0O(1) torsion

3500-2000 cntl. In this region, one observes only three containing four vibrations of a particular combination of
weak bands due to the CH stretchings. The calculations indicatesymmetry coordinates, two of which are due to isolated methyl
that the 12 CH stretching modes occur in three clusters, eachvibrations ((sp,ac) form) and two to coupled methyl vibrations
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TABLE 4: Definition of Groups of Vibrations Used in the
Scaling of the Force Fields, Together with the Results of the
Scaling Procedure

0.2MCH;sCN group vibration scale factor
all C—H stretchings 0.913

all other stretchings 0.962
all C—H deformations 0.933

all other deformations 0.982
torsionsz(CC) andr(CO) 0.868

Performance

crystal

liquid

GO WOWNEF

0.2M(C2Hs)20

nonplanar sp,sp sp,ac

0.2M CsH12 rms (cm™) 13.8 12.3
max. deviation (cm?) 29 31

a Measured as the root-square and maximum deviation between the
experimental frequency set and the frequencies calculated after the
scaling procedure (Table 5).

tions and large-amplitude motion. As with the CH stretching
vibrations, the agreement between the four calculateeDC
stretching frequencies (two for each rotamer) and the two
observed frequencies is excellent.

The intensity ratio of the €0 bands in anhydrides has been
correlated”?8 to the angle ¢) between the €O dipoles via

AsynlAsym = 19°(c/2) 1)

gas

=

L |
1900 1700cm -1 , o .
Figure 5. The C=O0 stretching range in the infrared spectra of AA, Equ.atlon 1 was later usédto obtain Informatlo'n about the
obtained in various phases with decreasing dielectric constant from top 10rSion angles and¢, and about the conformation(s) of AA.
to bottom ¢(CHsCN) = 37.5; e(liquid AA) = 22; e(ether) = 4.3; It led to a form ofC; symmetry with 30 < ¢; = ¢, < 85° (an
€(CeH1p) = 2.0). (sc,sc) form in the IUPAC nomenclature) as the dominant
species in the gas phase. However, Vledder étsthted that

(A,B type; nonplanar (sp,sp) form). We assigned the sequencethe considerable contributions of symmetry coordinates other
asvas(at 3040 cnl), vas (at 3005 cm?), veym (at 2952 cm?), than S and Sy (Table 3) inv, andvs make it impossible to
different from ref 5 and more detailed than in ref 4. The choice draw conclusions about the AA conformation from eq 1. About
is supported by the agreement between the observed and théhe same time, Mirone et &l.questioned even the basic
calculated intensity sequence. assumptions made in the derivation of eq 1. That is to say that

2000-1600 cnt! This region exhibits two carbonyl stretches  the factors determining th8asyn{Asym ratio in AA remained
(vq at 1835 cmt andws at 1779 cml), a phenomenon well-  hitherto unknown.
known in anhydrides. The splitting between the symmetricand  Our explanation reads as follows. The rotamers exhibit large-
antisymmetric &O stretching was attributed by Viedden amplitude motions and are in equilibrium with each other. On
the existence of large positive €0, C—0) interaction force the time scale of molecular vibrations (IR spectroscopy), the
constants. Our computations corroborate this. Both bands haveequilibrium is dynamic. Electron diffraction analysis (see below)
a rounded-off shape and lack any sign of rotational structure, ain the dynamic approximation has shown that the experimental
behavior in agreement with the existence of multiple conforma- conformer ratio (sp,sp)/(sp,ac) is 37(5)%:6315%). This

Vs
_L v
8 v
v, 7
: : : : : + —t
1400 1300 1200 1100 cm"! 1400 1300 1200 1100 cm-!
gas 0.2M solution in CCl 4

Figure 6. Phase dependency of the bamdin comparison ta.
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TABLE 5: Comparison between MP2/6-31G** Calculated and Experimental IR Frequencies (cm'),2 Together with Calculated
Band Intensities (A) and Potential Energy Distributions® and Assignments of Modes to the Nonplanar (sp,sp) and (sp,ac) Forms

conformer nonplanar (sp,sp) (sp,ac)
potential potential
v freQopsd fréCeaca Acaca  distribution (%)  assignment  fregd  Acaicd distribution(%) assignment
vy 3040vw 3048  0.010 S5(98) MPsC—H 3050 0.230 S22(98) vasC(10-H
3040vw 3048  0.075 S22(98) BsC—H 3047 0.030 S5(96) vasC(4)—H
v, 3005vw 3011  0.045 S6(98) MsC—H 3020 0.025 S6(96) vasC(4)—H
3005vw 3011  0.086 S23(98) BsC—H 3013 0.416 S23(100) vasC(10-H
vz 2952vw 2928  0.025 S4(97) AC—H 2931 0.316 S21(89) vsC(4—H
2952vw 2928  0.017 S21(97) BC—H 2930 0.060 S4(89) vsC(10)—H
vy 1835s 1845  5.659 S2(81) =0 1834 4.046 S2(86) v C2=03
vs 1779s 1777 1.702 S19(88) =0 1776 4.158 S19(83) rC8=09
ve 1435w 1444  0.043 S8(84) BasC—H 1450 0.361 S8(47),59(41) 0asC(4)—H
1435w 1443  0.319 S25(84) &sC—H 1444 5439 S25(83) 0asC(10)-H
1441  0.533 S9(84) AasC—H 1441 0.658 S26(81) 0asC(10)-H
1440  0.143 S23(86) BasC—H 1437 0.273 S9(47),S8(41) 0asC(4)—H
vz 1375m 1368  0.221 S7(86) &C—H 1370 4.055 S24(85) 0sC(10-H
1375m 1363 1.753 S21(92) ®BC—H 1360 1.232 S7(89) 0sC(4)-H
vg 1230m 1224  0.094 S3(26),S1(16), vAC—C 1247 3.287 S18(23),520(18) v C(8)—0(1) v C(8)—C(10)
S13(20) Av C-0
vg 1135vs 1141 14.767 S27(30),S3(22), vB—-O, 1134 9.007 S10(30),S3(19) pC4)—H
S1(15) v C—C v C(2)—-C(4)
v 1070 w 1052 0.054 S11(62),S14(22) pAC—H 1059 0.141 S11(58),S14(23) p C(4)—H
1070w 1041  0.305 S28(65),S31(22) pEC—H 1046 0.799 S28(66),531(23) p C(10-H
vi1 1002's 1009  0.048 S10(51),S3(15) pAC—H 1004 2.854 S27(54),529(10) p C(10)-H
1002 s 988 7.063 S27(44),518(15) pE—H 985 0.834 S10(40),S3(28) p C(4)—H v C(2)—-C(4)
BvC-0O
vz 900 m 889 2.525 S18(56),519(36) vBC—C 901 3.068 S18(42),520(27) v C(8)—0(1) v C(8)—C(10)
Bv C=0
vi3 785 m 796  0.414 S1(52),S12(12) #C-O 778 1.306 S1(36),S3(17) v C(2)-0O(1)v C(2)—C(4)
Ao O-C-C
vis4 655 vw 670 0.002 S3(38),513(38) 1AC-C 647 0.062 S30(20),514(15),520(14)C(8)—C(1) = C(2=0(3)
A pO=C-C 0 O(3=C(2)-C(4)
0 O(9=C(8)—C(10)
vis 598 w 587  0.511 S31(70),S27(20) .BBO=C—-C 599 0.173 S31(44),528(14) 7 C(8=0(9) 6 O(3=C(2)—-C(4)
p C(10-H
BpC—H
v 554w 554  0.004 S14(70),S10(18) /AO=C—C 556 1.028 S13(38),S31(22) 7 C(8=0(9) 6 O(3=C(2)—C(4)
A pC—H
vi7 534w 520 0.412 S30(74) BO=C-C 526 0.009 S14(48),513(12) 7w C(2=0(3)
p O(3y=C(2)-C(4)
g 430w 407  0.012 S29(86) B80=C-C 424  0.075 S12(58),S30(14) 0 0(3=C(2)-C(4)
p O(9=C(8)—C(10)
v 310w 334 0.028 S12(43),521(14) AO=C-C 341 0.016 S29(40),512(18) 0 O(9=C(8)—C(10)
0 O(3=C(2)-C(4)
vao 192w 194  0.021 S17(73),S12(22) ¥C—O—-C 193 0.112 S17(64),529(15) 0 C(2)-0(1)-C(8)
v1 130w 124  0.000 S15(55),S16(43) (&£—H 132 0.004 S15(95) tC(4)-H
v, 106w 123  0.004 S33(75),S32(47) (B—H 107 0.069 S33(51),S32(49) ¢ C(10)—H (C(8)—0(1)
Vo3 80w 71  0.036 S33(50),532(49) (-0 79 1.220 S33(48),S32(45) ¢ C(8)-0(1)¢ C(10-H
51  0.037 S33(50),S16(43) AC-O 35 0.110 S16(97) tC(2-0(1)oC-0—-C

ay, stretching;d, bending;p, rocking; s, out-of-plane bending; torsion; w, weak; s, strong; m, moderate; vs, very strong; unit of frequency,
cm%; calculated intensity, #8m/mol.? Contributions less than 10% to potential energy distribution are omitted.

model, together with the calculated intensities (Table 5), yields all C—0O and C-C stretchings and various bending modes, most
a calculated ratid(vs)/I(v4) in the interval 0.66-0.86. This is of which are strongly mixed. It is intriguing, because it contains
in agreement with the ratit(vs)/1(v4) = 0.80(3) we obtained  a doublet near 800 cm, the behavior of which in different
by triangulation of the experimental=€D bands in the gas  aggregation phases remained unexplained so far.
phase. The model also rationalizes the spectral changes that can Of the 14 bands observed in this region, those at 1435'cm
be seen when AA goes from the gaseous state via various(ve) and at 1375 cmt (v;) are well localized and are assigned
solutions, including the pure liquid, to the crystalline state. In to the antisymmetric and symmetric gHbending modes,
this sequence, the intensity of thgband increases and that of respectively. The other bandsg through v, show low
thewvs band decreases (see Figure 5). This suggests an increasingercentages of localized vibrations and may therefore be
amount of the nonplanar (sp,sp) form. The crystal structure of classified as skeletal vibrations. This attitude was taken by
monochloroacetic anhydride, in which only a qu@siform is Mirone et al* The largest localized part (Table 3), however,
present? supports this. Moreover, it rationalizes the observation agrees in general with the normal coordinate analysis results of
of a growing contribution of the highly polar (sp,sp) form Viedder et al3 thereby reconciling most of the discrepancies
(calculated dipole moment 4.2 D) with solvent polarity and in previous assignments.
concomitant decrease of the rati@s)/I(v4). The model will now be used to predict and explain phase-
1600-350 cnt ! Region. This spectral region is complicated ~ dependent features of bands in this region from the comparison
as well as intriguing. It is complicated, because in it are collected of gas-phase spectra with those of a 0.2 M solution in4CCl
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TABLE 6: Models Which Were Refined Simultaneously, with the Parameters of Pseudoconformers Taken from ab Initio
(MP2/6-31G**)

[sp,sp] [sp,ac]
0(9)=C(8)-O(1)-C(2)/ 0(9)=C(8)-O(1)-C(2)/
O(3)=C(2)-0(1)-C(8) O(3)=C(2)-0(1)-C(8)
parameters 20/20 20/40 20/60 20/80 40/40 0/100 0/120 0/140

0(1)-C(2) 1.402 1.396 1.387 1.378 1.401 1.372 1.375 1.379
O(1)-C(8) 1.402 1.407 1.417 1.429 1.401 1.433 1.427 1.418
C(20(3) 1.207 1.208 1.211 1.215 1.208 1.217 1.216 1.214
C(8=0(9) 1.207 1.206 1.205 1.203 1.208 1.203 1.204 1.206
C(2)-C(4) 1.502 1.501 1.500 1.500 1.498 1.501 1.501 1.501
C(8)-C(10) 1.502 1.499 1.496 1.494 1.498 1.496 1.498 1.500
C(8)0(1)C(2) 120.5 118.5 116.2 114.2 117.0 114.6 118.2 121.4
0(1)C(2)0(3) 124.5 123.7 122.9 1226 122.3 122.9 123.9 124.6
0(1)C(8)C(9) 124.5 123.0 1215 120.2 122.3 119.7 118.4 117.1
o(1)C(2)C(4) 108.5 109.2 110.0 1105 110.2 110.4 109.8 109.1
O(1)C(3)C(7) 108.5 109.6 110.6 1105 110.2 112.2 114.1 116.8
m> % 6.4 19.9 14.0 8.3 8.2 13.7 16.4 13.1

aBond lengths in angstroms, angles in degréafeight of conformers.

crystal TABLE 7: Dynamic Models for “the Conformers” with
Refinable Parameters and Constraints
parametey nonplanar [sp,sp] [sp,ap]
0.2M CH3CN O(1)-C(2) ri r2
0(1)-C(8) rl r3
- C(2=0(3) r4 r4
liquid C(8~0(9) 4 A+ AP
[C—-CO 5 r5
[C—HO r6 ré
C(2)-0(1)-C(8) 07 08
0O(1)-C(2=0(3) 69 610
0.2M (C2H5)20 0(1)-C(2)-C(4) 011 012
O(1)-C(8=0(9) 69 013
0O(1)-C(8)-C(10) 011 014
[C-C—HMO fixed fixed
O(9)=C(8)~0(1)-C(2) @15 @16
0.2M CCly O(3)=C(2)-0(1)—C(8) @15 @17

aFor the numbering scheme see Figuré A.= 0.012 (average value
from ab initio). ¢ 104°.

gas Recalling that the model predicts an increase in the nonplanar
(sp,sp) form with increasing polarity, it follows that the low-
frequency component of the doubleif) near 800 cm! (Figure
7) belongs to the (sp,ac) form, being predominantly present in
the gas phase. The high-frequency component, clearly visible
in polar solutions and in the crystal, is attributed to the nonplanar
(sp,sp) form. Furthermore, the gas-phase intensity of the low-
12 frequency component being calculated as 5 times higher than
that of the high-frequency component agrees with the observa-
950 750 cm ~! tion. The composition of liquid AA{ = 22), as estimated from
Figure 7. Phase dependency of the bands andvis. the intensity ratio, is 73% nonplanar (sp,sp) to 27% (sp,ac).
Similarly, the low-frequency component of;, observed as
Going from the gas phase to the GGblution, the observed increasing in intensity with polarity, can be assigned to the
intensity ratiol (vs)/I (v4) changes from 0.80 to 0.65, from which  nonplanar (sp,sp) form, and the high-frequency shoulder to the
we calculate that the ratio nonplanar (sp,sp)/(sp,ac) changes from(sp,ac). The latter completely merges with the former, losing
25%:75% to 40%:60%. The nonpolar GQ¢ = 2.2) induces all resolution, in the gas phase.
only a small change in the rotamer composition (i.e., range of  Finally, vg, also devoid of resolution, is predicted to and
the large-amplitude motion), but its small reaction field should indeed shows (Figure 6) a significant decrease in intensity on
allow use of the calculated gas-phase IR frequencies andgoing from the gas phase to the GGblution, thereby only
intensities also for the solution spectra. It can be deduced thatdecreasing the strongly absorbing (sp,ac) form by 10%.
the experimental and theoretical uncertainties, in particular the  Region below 350 cm. The region contains five weak
inherently low resolution of the AA bands, limit us to examining bands, none of which has been reported before. They are
only bands of medium and higher intensity, of which the assigned, as shown in Table 5, t&§0—C and C-O—C rocking
calculated frequencies of the nonplanar (sp,sp) and (sp,ac) formsand bending motions, and to<® and C-H torsions. Despite
differ by more than 10 crt and/or their calculated intensities  the fact that the harmonic approximation becomes less suitable
by more than 10%. for motions with small force constants, the root-mean-square
Bandsvg, v12, andviz meet the criteria and are indeed the deviation between calculated and observed frequencies in this
only ones to show phase-dependent IR behavior (see Figures Gegion is still only 12 cm?, and all calculated intensities are
and 7); so far, only that ofi;3 had been noted befofé. weak, in agreement with the observations.

13
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TABLE 8: Selected Root-Mean-Square Vibrational Amplitudes, U;, and Perpendicular Amplitudes, Kj;, Calculated from the

MP2/6-31G** Force Field

[sp.sp] [sp.ac]
atom pair Uij(calc) Uij(ED) Kij Uij(calc) Uij(ED) Kij
0O(1)-C(2) 0.051 fixed 0.0018 0.050 fixed 0.0018
0O(1)—-C(8) 0.051 0.0018 0.049 0.0017
C(2=0(3) 0.037 0.0011 0.037 0.0011
C(8=0(9) 0.037 0.0011 0.037 0.0011
C(2)-C(4) 0.050 0.0016 0.050 0.0016
C(8)—C(10) 0.050 0.0016 0.050 0.0016
[C-HO 0.077 0.0054 0.076 0.0053
O(1)+-0(3) 0.055 0.0044 0.056 0.0045
Oo(1)--C(4) 0.067 0.0056 0.064 0.0054
O(1)+-0(9) 0.055 0.0043 0.056 0.0045
O(1)--C(10) 0.066 0.0056 0.068 0.0055
0(9)-+-C(10) 0.060 0.0049 0.060 0.0048
O(3)--C(4) 0.059 0.0049 0.060 0.0048
C(2)--C(8) 0.063 0.0033 0.065 0.0035
O(3)--0O(9y 0.134 0.169(25) 0.0074 0.078 0.142(24) 0.0059
O(3)---C(10p 0.079 0.067(23) 0.0084 0.131 0.240(25) 0.0089
C(4y--C(8y 0.069 0.162(24) 0.0076 0.070 0.182(24) 0.0081
C(4y--0O(9p 0.080 0.169(23) 0.0087 0.071 0.084(23) 0.0101
C(4y--C(10% 0.088 0.094(75) 0.0124 0.080 0.089(23) 0.0112
C(2)y--0O(9p 0.090 0.175(25) 0.0053 0.061 0.090(31) 0.0057
O(3)--C(8p 0.090 0.126(25) 0.0053 0.094 0.094(25) 0.0052
C(2)---C(10¥ 0.069 0.146(23) 0.0077 0.087 0.160(68) 0.0069
aBond distances dependent from dihedral angles.
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Figure 8. Disagreement factdr between the experimental electron diffract®(s) values and those of the dynamic model consisting of eight
pseudoconformers in function of the percentage of the so-called “nonplanar (sp,sp) conformer” (see text); error bars are shown for 99% level of
significance.

Electron Diffraction mol above the nearest energy minimum (i.e., the nonplanar

The theory describing the effects a multiple rotor exerts on (Sp.sp) and (sp,ac) form). The geome_trical parameters of these
electron diffraction intensities is explored in a number of seminal 22 PSéudoconformers were then optimized on the MP2/6-31G*
papers and texts by Karle, Hedberg, Lowrey, Mijlhoff, and level. Next, a further approxmatlon was |ntrqduced; only those
others32-36 Following their approach, the AA molecule shows PSeudoconformers were retained that contribute at least 5% to
large-amplitude motions. Hence, the molecule was describedthe total conformers population. This reduced the number of
by using all pseudoconformers at*2@tervals on the relevant ~ Pseudoconformers to eight, five of which cluster around the
part of the rotatiori® For the calculations Hartreg=ock and nonplanar (sp,sp) energy minimum and may be collectively
Moller—Plesset approximations were used. named “the nonplanar (sp,sp) conformer”, and three cluster

We tested more than 300 conformers on the rotation pathsaround the (sp,ac) minimum and may be collectively called “the
and calculated their energy on the HF/4-21G level. Of these, (sp,ac) conformer”. Finally, weights were calculated assuming
22 models were selected which have an energy less than 3 kcala Boltzmann distribution of contributing species in the two-
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7 are eight pseudoconformers, the initial model containedu;08
s ] _ andKj values. A selection of these for the two main “conform-
ers” is presented in Table 8. Vibrational amplitudeg) (and

i CH,- (C=0) O( C=0) - CH, perpendicular correction&{) were also calculated for the frame
of the eight pseudoconformers and for the rotational parts of
i the AA molecule.

» In the subsequent least-squares analysis of the electron
V \// = diffraction data, we kept the vibrational parameters fixed for

...... E the framework distances and refined those belonging to the
T interatomic distances which depend on the torsion angles
and ¢,. At this point, we want to mention that the actual
E-T calculations oty andK;; values connecting the ab initig-type
. s e ————— distances to electron diffractiogdistances were performed with
0 ! 2 8 4 5 6 a program devised by Sipach&/The program calculates the
r A" mean square vibrational amplitudes of interatomic distance
Figure 9. Comparison of the theoretical radial distribution function Vvariations and the corrections for the Bastiansktorino
(solid line) with the experimental one (dots). The difference between shrinkage effect extending the theory described by C¥¥in.

the theoretical and experimental curves is given ad fa damping Unlike the standard procedure to convertrgistructure (close
factgr of 0.002 was used and b/(s) values belows = 4.0 A~ were to re) to anr-structure, the algorithm used in this work takes
usea.

into account not only the squares of the perpendicular amplitudes
but also other second-order terms with respect to atomic
displacements from the equilibrium positions that appear in
solving the vibrational problem in the harmonic approximation.
Note that in agreement with physical intuition and unlike the
conventional calculation procedii®salculations by the scheme
suggested in ref 37 give zero or negligibly small corrections
for bonded and short nonbonded distances and large corrections
for long interatomic distances depending on a number of
vibrational coordinates and therefore more liable to distortions
resulting from vibrational effects.

Ultimately, we refined 17 geometrical parameters and five
groups of vibrational amplitudes. In the final stage of the
structural analysis using a step-by-step optimization (see Figure
8) we found that the proportion of the sum of pseudoconformers
close to (sp,sp) [i.e., the nonplanar (sp,sp) “conformer”] to the
sum of pseudoconformers close to (sp,ac) [i.e., the (sp,ac)
“conformer”] is 37+ 15% and 63+ 15% on a 99% significance
level 26 The final radial distribution function is shown in Figure

geometrical parameters and thane harmonic force field 9 Th it timized " d th lati
suffices to calculate all; and K values. The differences in - e resufting optimized parameters an € corretation
coefficients between them are listed in Tables 9 and 10,

skeletal bond lengths and valence angles (Table 6) and even in -
IR frequencies (Table 5) between the nonplanar (sp,sp) andrespectlvely. o )
(sp,ac) (pseudo)conformers show that this assumption is not Although the error limits are large, the experimental “con-
correct for AA. Hence, it seems worthwhile to discuss in some former” ratio translates into an energy differeriegsp,ac)—
detail the construction of the remaining part of the dynamic E(sp.sp)= 0.1 kcal/mol, which compares gratifyingly well with
model to be used in the least-squares analyses. Apart from thethe theoretical ones (Table 1), except for HF/4-21G.
two torsion angles, we used 15 geometrical parameters (see A comparison of the geometrical parameters of AA with those
Table 7). The choice was made upon an inspection of Table 2, of similar molecules, shown in Table 9, reveals the following.
which shows that, e.g., the differences between the various COFirst, the C(2)-O(1)—C(8) angles are practically equal to those
lengths strongly depend on the method of calculation (DFT or in formic anhydride HC(O)OC(O)H and in formic acetic
MP2). Similar discrepancies exist in other parameters. Therefore,anhydride HC(O)OC(O)CH. The latter angle in the “nonplanar
we introduced the main geometrical parameters for the two (sp,sp) conformer” of AA (116.3 fits into the normal increase
“conformers” separately as independent parameters, while theof the COC angle from 1X2via 116 to 118, seef® to occur
geometrical parameters of the pseudoconformers were con-when C(sp) is progressively replaced by C&pThe further
strained to those of their corresponding “conformers” using the increase to 121in the (sp,ac) “conformer” of AA reflects the
MP2/6-31G** data shown in Tables 2 and 6. strong repulsive interactions (dipeteipole repulsion and steric

In the next step, the effect of the internal rotations on the hindrance) that exist between the acetyl moieties of AA. Second,
vibrational amplitudesuy;, and theKj corrections had to be  in AA as well as in formic anhydride (FA) and the mixed formic
eliminated, remembering that the dynamic model describes theacetic anhydride (FAA) shorter=€0 and longer €O bonds
molecule as a mixture of eight pseudoconformers. For this the are found? than in the corresponding carboxylic acids and
(MP2/6-31G** calculated) force constants corresponding to esters’®® These observations point to a weaker resonance in the
internal rotations in the two “conformers” were set to infinity. O=C—0O—C=0 moiety of anhydrides compared to the=C—
Using the initial (MP2/6-31G** calculated) values of the O—R moiety of esters which helps to rationalize why anhydrides
geometrical parameters and force fields, 76 vibratiagand are more reactive toward nucleophilic agents than esters. Third,
Kjj values for each pseudoconformer were obtained. Since thereAA is a floppy molecule, however, with good thermal stability,

dimensional torsion space. It should be noted that for AA, forms
of C; symmetry have multiplicity numbeg(C,;) = 4 and those

of C, symmetry havey(C,) = 2. The normalized weightsr(in

%) are listed in Table 6, together with the geometrical
parameters of the heavy-atom skeletons.

In the initial stage of the structural analysis, we assu@gd
symmetry for the (sp,sp)-like pseudoconformers. However, after
minimization, the values op; (O(9=C(8)—0(1)—C(2)) and
@2 (O(3=C(2)—0O(1)—C(8)) turned out to be close to each
other. Hence, in the further analy€is symmetry was accepted
for them. Furthermore, the geometry calculations justify to
consider all G-H and C-C distances, as well as all€C—H
valence angles independent of theand¢, values. Moreover,
in all pseudoconformers it is justified to use lo€a), symmetry
in the CH; groups and locaCs symmetry in the €C(O)—0O
moieties. However, it is often assumed that the torsion angle
parametersd, ¢2) themselves are thenly torsion-dependent
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TABLE 9: Best? Fitting Geometry of Acetic Anhydride Conformers and Related Molecules in Angstroms and Degrees from ED
and ab Initio (MP2/6-31G**)

acetic anhydride

sp.sp sp.a¢ FA (ED) FAA (ED)

parameters rg, Ua (ED) re, e (Al) rg, o (ED) re, e (Al) rg, 0o? rg, 0o
0(1)-C(2) 1.370(15) 1.400 1.406(6) 1.430 1.397(8) 1.380(8)
0(1)-C(8) 1.370(15) 1.400 1.370(13) 1.369 1.378(8) 1.380(8)
C(2=0(3) 1.182(3) 1.200 1.182(3) 1.195 1.189(8) 1.187(8)
C(8=0(9) 1.182(3) 1.200 1.194(3) 1.210 1.196(8) 1.195(8)
[c—CO 1.489(2) 1.501 1.489(2) 1.501 1.500(8)
[C—HO 1.099(4) 1.094 1.099(4) 1.094 1.105(15) 1.082(15)
C(2)-0(1)-C(8) 116.5(20) 118.6 121.0(15) 115.9 118.6(5) 119.8(5)
O(1)-C(2=0(3) 124.8(20) 123.7 124.2(18) 118.8 124.2(5) 122.4(5)
O(1)-C(2)—C(4) 114.6(23) 109.0 111.1(22) 113.2 110.2(5)
O(1)-C(8=0(9) 124.8(20) 123.7 117.1(10) 123.5 120.8(5) 121.7(5)
O(1)-C(8)—C(10) 114.6(23) 109.0 110.9(17) 110.1
O(9)=C(8)-0(1)-C(2) 30.9(67) 26.9 —27.4(53) -2.3 0 0
O(3)=C(2)-0(1)-C(8) 30.9(67) 26.9 122.0(39) 113.2 180 180

aR-factor for dynamic models is 6.87%Sum models with torsion angles O (8)—0(1)—C(2)/0O(3=C(2)—0(1)-C(8): 20/20, 20/40, 20/
60, 20/80, 40/40 (see Table 6)Sum models: 0/100, 0/120, 0/140 (see Table'8jalues in parentheses are estimated standard deviations from
least squares.

TABLE 10: Correlation Coefficients (x100) among Parameter’

rl r2 r3 r4 r5 e 97 08 99 910 011 912 613 914 @15 QP16 Q17 k(U)
ri 100
r2 —87 100
r3 —-14 -29 100
r4 7 20 52 100
r5 4 26 —59 37 100
ré 21 —19 12 -7 —23 100
07 -7 25 =25 36 —36 7 100
Os 6 -9 0 —6 -8 1 47 100
B9 —75 56 22 —-31 —-20 -—-31 —48 21 100
610 —-29 43 22 20 28 10 70 —49 -—-28 100
611 —24 17 7 —6 -9 -1 37 —66 -3 44 100
012 —66 45 22 —-35 —38 -—-14 —-40 -—12 79 2 44 100
013 89 —-94 22 —-10 -16 35 -5 89 —-73 -23 11 -56 100
014 47  —42 -6 7 2 12 27 —63 —53 9 20 —29 48 100
@15 —18 15 15 -15 -19 12 -39 54 27 —-21 —-31 -15 -54 54 100
@16 —69 0 0o -4 3 -5 10 -8 43 47 39 52 —47 —47 38 100
@17 68 5 5 -2 -1 11 -—-18 9 —45 —-43 -36 —44 67 65 17 —67 100
k(uyy —19 18 —29 12 35 —70 8 -3 21 1 6 3 —32 -7 —18 4 —11 100

aSee Table 7 for definition of parameters.

with little diffraction data, a dynamic model was employed in which an
“(sp,ac) conformer” was represented by three pseudoconformers
with semifixed ¢1 and ¢, values, but relaxed geometry
otherwise, and a “nonplanar (sp,sp) conformer” was represented

It emerges from the ab initio calculations that AA exhibits " alsimilgr way by five pseludoconfor.mers. This model
skeletal motions with large amplitudes. Inspection of Figure 1 {ranslated into an experimental energy differeiitep,ac)—

shows that for the planar forms the steric hindrance increasesE(SP:SP)= 0.1 kcal/mol, in line with the large-amplitude model
on going from [sp,sp}- [sp.ap]— [ap,ap], while the dipole as well as with sophisticated quantum chemical results. Fur-

dipole repulsion increases on going in the opposite direction. th.e}:more, the model redpro_dqced trf1e bgas-phaése :jR frecl]uzncies
The destabilizing interactions are relieved in the nonplanar With root-mean-square deviations of about 10"¢@nd resulte

forms, although at the expense of some mesomeric stabilization." @n improved frequency assignment.

Hence, the delicate balance of these interactions allows in AA  Moreover, it explains much discussed peculiarities of the
for a wide variation in skeletal torsion and valence angles to SPectra, in particular (i) the occurrence of many weak bands
occur without much variation in internal energy. The different and (i) the changes in band intensities, (vs, vs), band shape
geometries along the rotation paths can be rationalized in terms(v12) and doublet behaviowgs) when going from the gas phase
of mesomeric and steric effects. One meets along the rotationt0 the liquid phase and to the solutions in solvents of different
pathways an equi”brium between three (Sp,ac) forms (CO'- pOlarities. Thereby, the model is Self'ConSiStent, I'emOVing
lectively called “(sp,ac) conformer”) and five nonplanar (sp,sp) apparent discrepancies and unifying results of previous and
forms (collectively called “nonplanar (sp,sp) conformer”) with Present IR and ED experiments.

multiplicity numbers 4 and 2, respectively. Scaled MP2/6-31G**

force fields of these two “conformers” were used to analyze  Acknowledgment. We thank Prof. Dr. L. V. Vilkov

the electron diffraction intensities in the gas phase as well as (Moscow) for valuable remarks made during the preparation of
the IR frequencies and intensities of AA in the gas phase and this manuscript. C.V.A. thanks the Flemish Science Foundation
in solutions. In the least-squares analysis of the electron (FWO) for an appointment as “onderzoeksdirecteur”, 1.F.Sh.

whereas FA and FAA are rigid, planar molecules
thermal stability?-2
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