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The geometric structure of 2,3,5,6-tetrafluoroanisole and the potential function for internal rotation around
the C(sp)—O bond were determined by gas electron diffraction (GED) and quantum chemical calculations.
Analysis of the GED intensities with a static model resulted in near-perpendicular orientation of @id;O

bond relative to the benzene plane with a torsional angle around thé €@pond ofz(C—0) = 67(15Y.

With a dynamic model, a wide single-minimum potential for internal rotation around the)E@pbond

with perpendicular orientation of the methoxy groupd—0) = 90°] and a barrier of 2.7 1.6 kcal/mol at

planar orientation 4(C—0) = 0°] was derived. Calculated potential functions depend strongly on the
computational method (HF, MP2, or B3LYP) and converge adequately only if large basis sets are used. The
electronic energy curves show internal structure, with local minima appearing because of the interplay between
electron delocalization, changes in the hybridization around the oxygen atom, and the attraction between the
positively polarized hydrogen atoms in the methyl group and the fluorine atom at the ortho position. The
internal structure of the electronic energy curves mostly disappears if zero-point energies and thermal corrections
are added. The calculated free energy barrier at 298 K ist2100 kcal/mol, in good agreement with the
experimental determination.

Introduction tevideo, the effects of partial fluorination of the benzene ring
o ) ) on the conformational properties of anisole are investigated.
Fluorination has a strong effect on conjugation between gy orination in the para position (4-fluoroanisole) and in para
oxygen lone pairs and adjacemtbonds. Methyl vinyl ether, 5,4 meta positions (3,4-difluoroanisole) has no effect on the
CHZOC(Hy=CH,, possesses a low-energy planar syn conforma- conformational propertie$. Both compounds possess planar
tion (CH;—O bond is synperiplanar to=€C bond) and a high-  gyyctures, as does the parent anisole. Fluorination in the ortho
energy nearly planar anti conformatiér?. Strong conjugation position (2-fluoroanisole) results in a mixture of 70(12)% planar
between th@-shaped lone pair at oxygen and t€=C) bond conformer withr{C(sp?)—O] = 18C° (methoxy group is opposite
[n(O) = 7*(C=C)] leads to the preference of these sterically {5 flyorine atom) and 30(12)% nonplanar conformer with
unfavorable structures. Fluorination of the vinyl group, 7[C(sp)—0] = 58(8y.1t
CHyOC(F)=CF,, and perfluorination, CfOC(F}=CF, have a In the present study, we report the results of a gas-phase
strong effect on the conformational properties. In thes_e COM- glectron diffraction study (GED) combined with quantum
pounds the ©CHs and G-CFs bonds are nearly perpendicular  chemical calculations of 2,3,5,6-tetrafluoroanisole. Vibrational
to the plane of the vinyl groupindicating that conjugation with  gpecira (infrared and Raman) and a normal coordinate analysis
the zz-system is reduced. This may be attributed to anomeric o not provide any information about the conformation of the
effects, i.e., delocalization of the lone pair of the oxygen atom compound-? From long-range NMR coupling constants it was
into the antibonding orbital of the adjacent-€ bond h,(O) concluded that rotation around the CspO bond is nearly
— 0*(C—F)]. free with a slight preference for perpendicular orientation
Similarly, conjugation in anisole, GDCeHs, stabilizes a  [¢(C—0) = 90°].13 NMR data obtained in nematic phases do
planer structur&. 7 Fluorination of the methyl group results in - not allow a distinction between a 2-fold potential for internal
perpendicular orientation of the -€CF; bond in CROCsHs rotation with a very low barrier and a 4-fold potential with a

molecule?® In the current joint project between the electron high barrier. In both cases the minima occur for planar
diffraction laboratories at the Universities of Moscow, Ivanovo, structured415

and Tibingen; the St. Petersburg Technological Institute; and _ _
the computational chemistry group at the University of Mon- Quantum Chemical Calculations

The geometric parameters of tetrafluoroanisol were optimized
* Corresponding author. E-mail: heinz.oberhammer@uni-tuebingen.de. for different fixed torsional angles(C—0), using initially the

lg;lz?éigsdt;‘i{gksl;acte Technological Institute. MP2(FC)/6-31G* theoretical model. This calculation resulted
8 CCPG. ’ in a double-minimum potential energy curve, with a nearly
' Universita Tubingen. perpendicular orientation of the-GCH3; group with respect to
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14
Figure 1. Molecular model with atom numbering.

the ring. Two such minima were located, mt= 78.5 and
101.5, separated by a small hump of only 0.10 kcal/mot at
= 90°. This small hump disappears, if zero-point energies are
added to the electronic energies. The potential for internal
rotation calculated at this level has a barrier of 0.68 kcal/mol at
planar orientation 7 = 0°). Additional calculations were

performed, using different methods and larger basis sets,

analogously to what was reported previously fefluoro-
(trifluoromethoxy)benzene and related compodfBesides the
results, which were obtained at the MP2(Full)/6-3HG-
(3df,2pd}"1% and B3LYP/pc-2°2tlevels, the results at the HF/
6-311++G(3df,2pd) will be also quoted for comparison pur-
poses. Notice that the 6-3t#G(3df,2pd) calculations involved
528 contracted and 768 primitive basis functions of spdf-type,
while the smaller pc-2 calculations involved 416 contracted and
744 primitive basis functions of spdf-type. The reason to use
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were collected in three groups: for bonded distances, nonbonded
torsion-independent distances, and nonbonded torsion-dependent
distances. The differences between the amplitudes in each group
were fixed to calculated values. Amplitudes and vibrational
corrections were derived from the MP2/6-31G* force field by
the method of Sipache®?, which accounts for the nonlinear
relation between Cartesian and internal coordinates. The inclu-
sion of such corrections transforntg to rn; values. The
conventional method for calculating vibrational corrections that
is based on perpendicular vibrations is not adequate in the case
of large amplitude motions.

A preliminary analysis of the molecular intensities (Figure
2) and radial distribution curve (Figure 3) revealed that a
structure with perpendicular orientatiom & 90°) of the
methoxy group is in better agreement with the experimental
data than a planar structure= 0°). This preliminary molecular
model was then refined by least-squares fitting of the molecular
intensities, using a static molecular model. Least-squares
refinements were carried out with a modified version of the
program KCED25# Weight matrixes were diagonal, the long
distance data were assigned unit weight, and the short distance
data weight was 0.5. Taking the above restrictions into account,
10 geometric parameters [five bond lengths, four bond angles,
and the torsional angle(C—0)], three groups of vibrational
amplitudes, and two scale factors were refined simultaneously.
The following correlation coefficients had values larger than
0.70, whereuing is the vibrational amplitude for the group of
nonbonded distances that do not depend on internal rotation
around C(sp—O bond: [C-F/C(sp)—0] = 0.85, [C-F/uind]
= 0.75, [JC(2)-C(1)—-C(6)IC(1)—-C(2)—-F(12)] = 0.77,
[OC(2)-C(1)—-O/r(C—0)] = 0.95. The agreement factor for
the static model with an effective torsional anglE€—0) =
67(15f wasR = 4.8%.

In the dynamic modef the large amplitude torsional motion

the pc basis sets is that they were developed especifically to beaound the C(sh—0 bond was simulated by a mixture of 10

used with DFT methods, while Pople basis sets were developed

initially for working with molecular orbital methods. A°Step
was chosen for scanning the torsional angle betweeand

90°. The rest of the geometrical parameters were optimized for

each angle, to a precision of 1A in distances and 0°lin
angles. Calculations were performed in an SGI Altix using up
to eight 1500 MHz Itanium2 processors, up to 8GB RAM and
70 GB storage space for the readrite file. The calculations
were performed using the GO3 program, revision BO0%he

results obtained at these levels of theory will be discussed later.

Structure Analysis

A molecular model with atom numbering is shown in Figure
1. In the structural analyses with static and dynamic models,
the following assumptions were made. ThgHE, group possess
Cy, symmetry. All C-H bonds in the methyl group are equal.
According to the calculations, the C&pO bond is bent out
of the phenyl plane by 2°5n the perpendicular conformation,
resulting in a C(3)-C(2)—C(1)—0 angle of 177.5 Theoretical
data indicate that the C(2C(1)—O and C(1)-O—C(8) angles
increase by 8.4 and & 8respectively, when going from the
perpendicular to the planar conformation. Variations of these
angles where taken into account in the dynamic model.
Differences between €C bond lengths, between-G4 bond
lengths in the phenyl and methyl groups, and betwee€C
and C-C—F angles were fixed to calculated values (see Table
1). Furthermore, ©C—H angles; the out-of-plane angle of the
C(sp)—O bond, C(3)-C(2)—-C(1)-0; and the dihedral angle,
C(1)-0—C(8)—H(9), were not refined. Vibrational amplitudes

pseudoconformers with torsional angles betweeraied 90,

in steps of 10. Each pseudoconformer was weighted with a
Boltzmann distribution function given by eq 1

P(r) = N exp(—V()/RT) (1)
where a potential function of the form
_1 1
V(r) = > V,(1+ cos Z) + > (1+ cos &) (2)

was used. This potential function possesses maxima for planar
structures§(C—0) = 0° and 180] and minima at perpendicular

or near-perpendicular orientation of the-GHz group, depend-

ing on the ratioV4/V». The barrier to internal rotation between
perpendicular and planar orientation\s. For the dynamic
model the potential parametd, was refined instead of the
torsional angle(C—0). Vibrational amplitudes and corrections
were calculated for each pseudoconformer, excluding contribu-
tions from the low-frequency torsional vibration around the
C(sp)—O0 bond. Only two groups of vibrational amplitudes, for
bonded distances and for nonbonded torsion-independent dis-
tances, were refined. Due to high correlations it was not possible
to refine the parameteW, in the least squares analyses.
Refinements were performed for fixed valuesvaf= 0.0, 0.5,

1.0, and 1.5 kcal/mol. Because of the strong correlation between
V, and V,, the agreement factdR depends little orvs. The

best fit of the experimental intensities wiR = 5.0% was
obtained foV, = 0.5 kcal/mol and/, = 2.7(16) kcal/mol. This
agreement factor is slightly higher than that for the rigid model
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TABLE 1: Experimental Structural Parameters of 2,3,5,6-Tetrafluoroanisole (Bond Lengthsr, in A, Bond Angles O in deg,
Amplitudes u and Vibrational Corrections ry; — ra in 1073 A) and Ab Initio Values [MP2/6-311+-+G(3df,2p) for Geometric
Parameters and MP2/6-31G* for Vibrational Parameters}

static model dynamic model ab initio

la u 'h1—la la u le u
C(1)-C(2) 1.403(9) 47(4) 1 1.403(9) 46(4) 1.393 44
c(2)-Cc@3y 1.395(9) 46(4) 1 1.395(9) 46(4) 1.385 44
C(3)-C(4y 1.392(9) 46(4) 0 1.392(9) 46(4) 1.382 44
C—Fa 1.344(9) 45(4) 0 1.346(6) 45(4) 1.330 43
C(1-0 1.358(34) 46(4) 0 1.347(29) 46(4) 1.353 44
Cc(8)-0 1.437(22) 51(4) 0 1.439(22) 50(4) 1.428 48
C—Hue av 1.113(32) 77(4) 1 1.113(34) 77(4) 1.087 75
C—Hpb 1.104(32) 76(4) 2 1.104(34) 76(4) 1.078 74
C(2)-C(1)-C(6) 118.1(22) 117.5(18) 118.8
C(3)-C(4)-C(5p 117.5(22) 117.3(18) 118.2
C(2)-C(1)-0 121.6(81) 121.2b 121.0
C(1)-0—-C(8) 116.6(32) 117.4(34) 112.7
0—C(8)—H(9)x 106.2 106.2 106.2
0O—C(8)—H(10/11) 110.5 110.5 110.5
C(1)-C(2)-F(12) 119.7(17) 120.5(15) 119.6
C(2)-C(3)-F(13) 118.8(17) 119.5(15) 118.8
7[C(s)—0] 67(15) 90.0 80.3
C(1)~O—C(8)—H(x 179.8 180.0 179.8
C(3)-C(2)~C(1)—Onx 1775 1775 1775
F(12)--F(13) 2.699(23) 104(4) 9 2.698(17) 102(3) 2.686 100
F(13)--F(15) 4.716(25) 73(4) 15 4.696(15) 73(3) 4.696 69
F(12)--F(16) 4.735(33) 74(4) 17 4.758(28) 73(3) 4.702 70
F(12)--F(15) 5.439(12) 66(4) 22 5.404(11) 66(3) 5.424 62
F(16)--0 2.749(174) 106(4) 9 2.781(18) 99(3) 2.732 103
F(12)--0 2.775(171) 113(4) 7 2.781(18) 99(3) 2.745 110
F(15)--0 4.735(92) 79(4) 20 4.751(18) 75(3) 4.729 75
F(13)--0 4.752(109) 77(4) 17 4.751(18) 75(3) 4.751 74
F(13)--C(2) 2.353(8) 62(4) 4 2.366(5) 62(3) 2.340 58
F(13)--C(4) 2.361(13) 61(4) 5 2.352(8) 62(3) 2.344 58
F(12)--C(3) 2.364(13) 62(4) 7 2.354(10) 62(3) 2.346 58
F(12)--C(1) 2.372(16) 63(4) 5 2.384(14) 62(3) 2.350 59
F(15)--C(3) 3.606(11) 61(4) 10 3.597(7) 62(3) 3.596 58
F(16)--C(2) 3.626(21) 62(4) 13 3.632(17) 62(3) 3.611 58
F(13)--C(1) 3.634(19) 62(4) 12 3.646(17) 63(3) 3.618 59
F(12)--C(4) 3.641(10) 62(4) 11 3.636(8) 62(3) 3.618 59
F(15)--C(2) 4.101(7) 64(4) 15 4.101(7) 65(3) 4.098 61
F(16)--C(3) 4.101(7) 65(4) 15 4.100(7) 65(3) 4.095 61
C(6)y+-0 2.392(89) 66(4) 7 2.394(22) 62(3) 2.380 62
c(2)y--0 2.407(115) 66(4) 5 2.394(22) 62(3) 2.390 62
c(5y--0 3.658(58) 64(4) 13 3.659(24) 63(3) 3.652 61
c(3)--0 3.668(79) 64(4) 12 3.659(24) 63(3) 3.672 61
C(4y+-0 4.185(27) 67(4) 12 4.184(26) 67(3) 4.175 63
C(1)y--C(8) 2.375(39) 74(4) 5 2.347(45) 71(3) 2.315 71
C(3)--C(5) 2.375 57(4) 7 2.372 58(3) 2.371 54
C(2)--C(6) 2.398(24) 57(4) 9 2.393(16) 58(3) 2.398 54
c(1y--C(3) 2.424(21) 57(4) 8 2.428(20) 58(3) 2.413 54
c(2)--C(4) 2.429(6) 57(4) 5 2.431(4) 58(3) 2.418 54
C(2)--C(5) 2.763(10) 63(4) 9 2.760(7) 64(3) 2.765 60
C(1)--C(4) 2.834(24) 65(4) 6 2.842(23) 65(3) 2.822 62
F(12)--C(8) 3.038(58) 180(33) 3 3.397(58) 109 3.152 219
F(16)--C(8) 3.677(68) 219(33) 54 3.397(58) 109 3.500 258
F(13)--C(8) 5.284(42) 123(33) 8 5.470(56) 114 5.290 162
F(15)--C(8) 5.671(69) 166(33) 44 5.470(56) 114 5.536 205
C(2)y--C(8) 3.070(33) 87(33) -1 3.221(56) 88 3.080 126
C(6)-C(8) 3.402(55) 133(33) 31 3.221(56) 88 3.264 172
C(3)--C(8) 4.363(41) 78(33) 6 4.456(57) 101 4.333 117
C(5)+-C(8) 4.601(60) 120(33) 29 4.456(57) 101 4.491 160
C(4y--C(8) 5.021(53) 85(33) 16 4.992(59) 114 4.933 124
R-factor (%) 4.8 5.0

a parenthesized values are three times the standard devidtibapendent parameterVibrational amplitudes were refined in three groups
(static model) and two groups (dynamic model) for bonded, nonbonded distances independent and dependent dhvptat®on(16) kcaimolt,
V4 = 0.5 kcatmol™, fixed.

(4.8%), since only two groups of vibrational amplitudes were 7(C—0) = 90°. The uncertainty oV, is estimated to be-0.5
refined for the dynamic model as compared to three groups for kcal/mol. For increasing values df from 0.0 to 1.0 kcal/mol,
the static model. Values of, = 0.0 and 0.5 kcal/mol lead to  the refined value fo¥, decreases from 3.0(16) to 1.7(16) kcal/
single-minimum potentials and values\é%f= 1.0 and 1.5 kcal/ mol. Thus, the barrier to internal rotation, which is given\ly
mol lead to double-minimum potentials with a small hump at is determined by the GED experiment to be 271.6 kcal/
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Figure 2. Experimental (dots) and calculated (full line) molecular
intensities for dynamic model and residuals.
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Figure 3. Experimental (dots) and calculated (full line) radial
distribution curve for dynamic model and residuals.
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Figure 4. Experimental and calculated potential functions for internal
rotation around the C(3p-O bond. The experimental curve corresponds
to a function given by eq 7 with, = 2.7(16) kcal/mol and/, = 0.5
kcal/mol. The calculated functions were derived with 6-3#1G-
(3df,2pd) basis setd. The individual curves are shifted by 0.3 kcal/
mol.

Hartree-Fock MP2 calculations including all electrons produce
several modifications. In the first place, the barrier is now much
lower, about 0.6 kcal/mol smaller than the experimental barrier.
Furthermore, a small hump is observedrat 90°, with two
minima located symmetrically to both sides. There is a very
small barrier of 0.02 kcal/mol separating these minima, and
probably this feature is completely unimportant to determine
the real minimum. It must be said that the hump is basis-set
dependent and much smaller at the MP2/6-8+5(3df,2pd)
level than at the MP2/6-31G* level. Finally, there is a shoulder
at about 55 that corresponds to the conformation with the

mol. The GED experiment cannot discriminate between a single- shortest F12-H11 distance, stabilized by electrostatic attraction.

minimum potential and a double-minimum potential with a small
hump atz(C—0) = 90°. A dynamic model with free internal
rotation /2 = V4 = 0) results inR = 5.6%. Considering that
only a small portion of interatomic distances is affected by
internal rotation, this increase implies a remarkably worse
agreement. The following correlation coefficients had values

The density functional calculation at the B3LYP level predicts
a very flat curve that in fact would correspond to almost
barrierless internal rotation. This seems not to be the case,
according to the experimental analysis, and one could then
consider that the B3LYP description of this potential is definitely
wrong. At any rate, the theoretical results are clearly compatible

larger than 0.70 in the least-squares analysis with a dynamicyith a perpendicular structure with large amplitude vibrations

model: [C-F/C(sp)—0] = 0.85, [C-Fluing = 0.75, JC(2)—
C(1)-C(6)0C(1)~C(2)—-F(12)] = 0.77.

Discussion

along the internal rotation coordinate.

It was pointed out in the previous section that the experi-
mental data can be best fit with a single-minimum potential
energy curve, with a\, Vs) pair of (2.7+ 1.6, 0.5+ 0.5)

Geometric parameters and vibrational amplitudes obtained kcal/mol, although it was not possible to refine completély

with the rigid and dynamic models are summarized in Table 1
together with calculated values [MP2(Full)/6-31-+G(3df,2pd)

The calculated curves derived with the MP2 or B3LYP method
discussed up to now do not agree with this description. However,

values for geometric parameters and MP2/6-31G* values for there is no reason to expect so, since the theoretical curves show
vibrational amplitudes and corrections]. Estimated standard only the electronic energy plus the electrostatic interaction of
deviations calculated by the program were multiplied by a factor the fixed nuclei and do not contain therefore any vibrational or

of 3 to include uncertainties due to data correlation and

rotational contributions. Moreover, the experiments were per-

nonrefined vibrational amplitudes as well as a possible scale formed at room temperature. It would thus be necessary to
error of 0.1%. If a rigid model is used in the analysis, a structure compare the experimental curve with a calculated free-energy

with an “effective” torsional angle ot(C—0O) = 67(15) is
obtained. This result is compatible with the result obtained with
a dynamic model for internal rotation around the CG)s{D
bond. This analysis results in a wide single-minimum potential
with perpendicular orientation of the methoxy group relative
to the phenyl planeffC—0) = 90°] and a barrier to internal
rotation of 2.7+ 1.6 kcal/mol atr(C—0O) = 0°. The experi-
mentally derived potential function is shown in Figure 4 together
with theoretical curves.

Quantum chemical calculations result in curves with some
fine structure that can clearly be correlated with physical
phenomena. Hartred-ock calculations do predict a minimum
for the perpendicular conformation and a barrier of 1.4 kcal/
mol, comparable to the experimental value if we consider its
large uncertainty. The addition of correlation energy in post-

curve to obtain meaningful results. This could not be done in
this work, but an approximation to the problem was devised.
The first step was to analyze what happened when the zero-
point energy (zpe) correction was calculated for each of the
critical points. The raw and zpe-corrected energy values for the
critical points are shown in Table 2 for the B3LYP and
MP2(Full) calculations employing the pc-2 basis set, while a
schematics of the arrangement of the critical points in each case
is shown in Figure 5.

The conclusion is that the internal structure of the curves
disappears almost completely after the correction. In the case
of B3LYP, only a MO minimum at the previous position of SP2
and saddle points at SPO and SP1 remain, while at the MP2(Full)
level, only the SPO saddle point and the MO minimum, at the
previous position of SP1, remain. The MP2 curve is now
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TABLE 2: Relative® Total Energies, Zpe-Corrected calculating the projected force constant matrix at each point on
En_ertgles, {'f‘h”dlfftee tI_Enleégles (éﬂcl:ln kcalC/:mIODIf(zrctihet %”“Cﬁ' the path and performing the anharmonic and free-rotor correc-
oints on the Potential Energy Curves Calculated at the : ; ; P
B3LYP/pc-2 and MP2(Full)/pc-2 Level tions at each point on the path. This type of calculation is

extremely demanding and, in our opinion, would not add

critical B3LYP MP2(Full) substantially to the conclusion that indeed the theoretical and
point  AAE® AA(E+ZPE) AAGs AAE® AA(E+ZPE) AAGpss experimental pictures of the barrier for internal rotation in
SPO  0.00 0.00 0.00 0.00 0.00 0.00 2,3,5,6-tetrafluoroanisole are essentially in agreement. The
S'\/'P12 —8-% —8-22 —8-22 —8-‘5% calculation, however, may be valuable in connection to low-
MO —017  —030 173 —058 —0.75 201 temperature studies of this barrier of rotation.

SP1 —002 —025  -053 -053 -0.79  —1.05

] Experimental Section
2\With respect to the energy of SPOThe nomenclature for the ) ] )
critical points is derived from their nature and location on the potential A commercial sample of 2,3,5,6-tetrafluoroanisole with a

energy curves: saddle points are identified as SP and minima as M; purity of 97% was purchased from Aldrich. Before the GED
SPO corresponds to the planar structure, while SP1 corresponds to th%xperiment, part of the sample was pumped off in order to
perpendicular structure; MO is the minimum nearer to SP1, while M1 amove possible impurities with higher volatility. GED data were

is the minimum nearer to SPO and SP2 is the saddle point between . P . .
both minima.© The total energ)E is the electronic energy plus the recorded with the KD-G2 unit at ingen with an accelerating

classical electrostatic energy among the nuclei. voltage of about 60 k¥ The electron wavelength was
calibrated against ZnO powder. The sample, inlet system, and
0 ' é nozzle were heated to 3C. Exposures were made with nozzle-
B = ER to-plate distances of 50 and 25 cm. Optical densities were
) recorded on a Agfa Duoscan HiD scanner and the data processed
0.2 as described in ref 27. Atomic scattering factors were taken from
ref 28. Experimental backgrounds were drawn as cubic spline
0.3 functions to the difference between experimental and theoretical
& i molecular intensity curves. Structure refinements were based
3 on data from two plates for each distance. The experimental
S 05 intensity data extended from 2.0 to 18.0%%and from 8.0 to
; 35.8 AL for the 50 and 25 cm nozzle-to-plate distances,
2 08| o v respectively. For both curves an increment of 0.2 fas used.
o7 L —e—BaLPE In the overlap region betwees= 8 and 18 A, the data have
=g been combined to a single curve (Figure 2).
0.8 —l— NP2+ZFPE J
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analogous to the experimental one, while in the B3LYP case
the barrier at SP1 is quite low and in fact the picture is that of
a wide amplitude vibration on a single minimum curve. This

would be the situation observed in a low-temperature experi-
ment. Since the experiments were performed at room temper-gatarences and Notes

ature, asecqn_d step \_Nould t_)e to compare the free energy values LS. Sein. H. ML Mol. Struct 1975 28, 193
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