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Bifurcated Hydrogen Bonding in 2-Trifluoromethylphenol Confirmed by Gas Electron
Diffraction
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The molecular structure of 2-trifluoromethylphenol has been determined by gas-phase electron diffraction.
The analysis, aided by constraints from ab initio molecular orbital calculations, yielded the following bond
lengths () and bond angles: (€C)armean 1.395+ 0.004 A; C-C(Fs), 1.510+ 0.005 A; C-0, 1.362+

0.011 A; (C—F)mean 1.3584 0.006 A; 10—C;—C,, 121.0+ 1.2°; OC—0—H, 105+ 6° OC(Fs)—C,—C;,

120.7+ 0.8; (C—C—F)mean 113.2+ 0.3’; CRs torsion, 10.14- 0.8°. Weak intramolecular bifurcated hydrogen
bonding between the hydroxy hydrogen and two of the flkorines is indicated by the ++F nonbonded
distances 2.05 0.06 and 2.42+ 0.06 A. Compared with the freely rotating €§roup in trifluorometh-
ylbenzene, the well-defined conformer of 2-trifluoromethylphenol indicates the constraining effect of hydrogen
bonding.

Introduction CHART 1

Hydrogen bonding is a significant factor contributing to the
structures and interactions of molecules in various sfetes.
Especially interesting are the bifurcated hydrogen bonds, where
two acceptor groups are involved in simultaneous interaction
with a single hydrogen donor. Bifurcated hydrogen bonds in
the solid phase have been recognized as early as 1888,
today they are known to be quite common in the crystal
structures of many biological molecules. Surveys of hydrogen
bonding in peptide$,carbohydrate&;” amino acids, purines
and pyrimidines, as well as nucleosides and nucleotifes The above examples refer to intermolecular interactions.
indicate that between 25% and 40% of the bonds in the sample|nformation on intramolecular bifurcated hydrogen bonds is
structures are of this type. Bifurcated hydrogen bonds were more scarce. Such interactions were proposed for solutions of
observed in oligo- and polynucleotide crystal structiiréd and 1,3-dioxan-5-0l€8-29bis(b-acylvinyl)amines®and 1,1,1,3,3,3-
are believed to stabilize the DNA molecule. Recent ab initio hexafluoro-2-propand®t Combinations of inter- and intramo-
molecular orbital calculations on base-pair models have pointed|ecular interactions have been suggested in other as¥s.
to the importance of amino group nonplanarity in these  Our literature search resulted only in one gas-phase study,
interactiong:* 1> by microwave spectroscopy, with evidence for bifurcated

Beyond the biological examples, bifurcated hydrogen bonds intramolecular hydrogen bonding: the only conformer observed
have also been found in several simple systems (mostly in thein the vapor above 1,3-dioxan-5-ol is stabilized by @ ++(O),
solid phase). Itis a common feature of crystalline hydrie®, hydrogen bonding® This observation was supported by a
hydrogen peroxidé} and alcohol$? and has been suggested semiempirical INDO study®
to be responsible for some peculiar bulk properties of liquid  In trifluoroethylamine and 2,2-difluoroethylamine, intramo-

water?® Somewnhat special cases are the bifurcatetie-(N), lecular double hydrogen bonding, rather than bifurcated hydro-
interactions in pyrazole anstriazine?* the C—H--+(0), one gen bonding, was observed between the amino hydrogens and
in flutamide? the bifurcated G-H--+(), hydrogen bond in  two fluorines of the CF and CF groups, respectively.38
4-nitro-2,6-diphenylphendf, and the N-H--+(Cl); interaction Intramolecular hydrogen bonding in small gaseous molecules

in 4-chloropyridinium hexachlorostannate(I%). Fluorine has is summarized in the review of Wilson and Smith.

been observeo! to share the role of acceptor in bifurcated Our recent theoretical study of 2-trifluoromethylphefél)

hydrogen bonding with a stronger (mostly oxygen) acceptor. found weak intramolecular hydrogen bonding accompanied by
*To whom correspondence should be addressed, characteristic changes_ in the geometry of the rest of the
t Institute of General and Analytical Chemistry of the Budapest Technical Molecule, compared with the structures of the parent phenol

University. _ and trifluoromethylbenzene. In agreement with available
E-mail: attila.aak@chem.bme.hu. . experimental results=44 the ab initio calculations predicted the
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from the Ck group. At the MP2/6-3+G**//MP2/6-31G**
level, corrected forzero-pointvibrational energy the energy
difference is 7.65 kJ/mdP However, the most interesting result
of this investigation was the bifurcated hydrogen bonding, as
depicted in Chart 1.

To extend our theoretical study, we decided to perform an
experimental investigation of the molecular geometny dify
gas electron diffraction. Although better suited for symmetrical
molecules'®4this method has been successfully employed for
benzene derivatives of lower symmetry, especially when
augmented with ab initio calculatioA$48

The only experimental study of the molecular geometry of
1, prior to our work, was by microwave spectroscdpy,
indicating one major conformer in the vapor. On the basis of
the rotational constants, it was suggested to be the syn form.

Experimental Section

A commercial Aldrich product (purity 99%) served as the
sample for the electron diffraction experiment in our modified
EG-100A apparatdd with a membrane nozzle systéfh.
Nozzle-to-plate distances of about 50 and 19 cm and nozzle
temperatures of about 317 and 319 K were used with six and
seven plates selected for analysis, respectively. The electro
wavelength was calibrated with TICI polycrys®al.The tracing

and data reduction were carried out as in ref 52. The ranges of

intensity data used were 1.8%5s < 13.875 A and 8.50<

s < 35.25 A1, with data intervals of 0.125 and 0.25A&
respectively. The numbering of atoms in the molecular model
is depicted in Chart 1.

A listing of the total experimental electron diffraction
intensities has been deposited as Supporting Information.

Computational Details. Ab initio molecular orbital calcula-
tions were carried out on two conformers of 2-fluoromethylphe-
nol using the Gaussian 94 series of programdhe standard
6-31G basis set, augmented with polarization functions, was
used at the second-order Mglielesset (MP2} level of theory
with only the valence orbitals active. HF/6-31G** geometry
optimizations followed by vibrational frequency analyses veri-
fied the energy minimum and transition-state character of the
computed geometries.

Structure Analysis. The least-squares method was applied
to the molecular intensities, using a modified version of the
program by Andersen et &. The electron scattering factors
were taken from available compilatioPfs.

The geometry of the molecule was described by bond lengths,
bond length differences, bond angles, bond angle differences,
angles of torsiond), and dihedral angles of two plangg)(as
independent parameters;-8C,, (C—H)mean A(C1—Co/Co—Cy),
A(C1—Cy/C3—Cy), A(C1—Co/Cs—C1), A(C;—Co/C5—Cs), A(C1—
Co/C1—0y), A(C1—Co/Cy—Cq), A(C1—Co/ (C—F)mean A(Co—F1of
Cg— Flo). A(C—H/O—H), Cs—cl—Cz, Cl—Cz—Cg, Cz—C3—C4,
Cs—Cs—Cy1, O—C1—Cy, Co—Co—Cy, Ci—0O7—Hs, (C—Co—
F)mean A(C2—Co—F1¢/Co—Co—F12), H-O—C1—C3 (¢1), Fio—
Co—Co—C3 (¢2), F12=Co—Co/F10—Co—Cs2 (¥1), F12—Co—Cd/
F1:—Co—C; (y2) (for numbering of atoms see Chart 1). The
initial vibrational amplitudes were estimated by a scaled
guantum mechanical (SQM) analysis. The harmonic force field
of 1 was computed by density functional theory (DFT, Becke3
Lee—Yang—Parr/6-31G*)>7:58 Scaling of the computed force
field and calculation of vibrational amplitudes were done using
the program SCALES? The scale factors were taken from ref
60.

Multistart Monte Carlo global optimizatiokswere carried
out with 1000 initial sets. The parameter ranges covered were
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as follows: for bond lengths and bond angte5% from the
value of the best single-start results; for angles of torsion the
full range of possible values; for amplitudes of vibratibh0%

from the value of the single-start results except for the
amplitudes of rotation-dependent distances, where the ranges
covered weret50%. An automatic rearrangement scheme was
applied to the so-called group refinement approach, which
prescribes assumed differences between the amplitudes of
closely spaced distances. Least-squares refinements continued
until the change in th&R factor was less than 0.01 in two
consecutive refinements.

Preliminary refinements using local symmetriesDgf, and
Cs, assumed for the benzene ring and the trifluoromethyl group,
respectively, and OH and GForsions constrained in the plane
of the benzene ring showed the inadequacy of such simple
models to approximate the experimental data. The constraints
on local symmetries and the gRorsion were released in
subsequent refinements. Constraints from our recent MP2/6-
31G** molecular orbital calculatiod8were used for the similar
geometrical parameters, viz., for differences in the ringCGC
and C-F bond lengths and in the-&C—F bond angles. Such
a model was used to test the effects of the hydroxy hydrogen’s
syn and anti position, the GFotation, and the variation of the
ring A(C—C) and CFk group constraints. The orientation of
the hydroxy hydrogen exerted negligible influence on the
geometrical parameters as well as on Ehéactor. Similarly,
variation of the ringA(C—C) and the CEk constraints resulted
only in minor effects. However, both the geometry and fhe
factor proved to be very sensitive to Cfotation.

Refinements of this model kept producing unreasonable
values for the €O bond lengths and for the dependent ring
parameters. This situation did not improve upon introducing
multistart Monte Carlo global optimizatiotior upon employing
models consisting of two conforme¥s. We note that the
inadequacy of the two-conformer model is in agreement with
the computed resulf8. On the basis of the calculated energy
difference between the syn and anti forms, only a very small
amount (ca. 6%) of the anti conformer can be expected in the
gas-phase at the temperature of the electron diffraction experi-

ent.

Reasonable values for all the geometrical parameters were
obtained when the benzene ring was constrained at the MP2/
6-31G** geometry’® corrected by offset valués. These
empirical corrections represent the error of this computational
level for the impact of OH and GFgroups on the benzene riftt.

A slight but conspicuous discrepancy appeared in the region
r > 4.5 A of the experimental and theoretical radial distributions.
To account for possible shrinkage effects, we introduced the
three G---F distances as additional independent parameters. Of
the geometrical parameters, only the G bond length changed
appreciably because of this change in the refinement scheme.
According to our recent theoretical stutfythe C-O bond
length is expected to be shorter by about 0.007 A with respect
to the G-0 bond in phenol (1.38% 0.004 A%5). The decrease
of the C-O bond length upon extension of the independent
parameters id is in agreement with the expectations; however,
its magnitude appears to be somewhat exaggerated (cf. Table
1). We note, however, the large experimental error for this
parameter.

Selected geometrical parameterslafre given in Table 1.
The total experimental errors were estimated as described in
ref 66. The experimental data yielded too shortDand C-H
bond distances, which may be a consequence of background
effects. To alleviate the importance of the actual values, their
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TABLE 1. Selected Geometrical Parameters of
2-Trifluoromethylphenol
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TABLE 2: Elements of the Correlation Matrix Exceeding

0.6 in Absolute Value

distance g, A) angle (deg) i j Qi
(C—C)armean 1.395(4) 0-Ci—C, 121.0(12) C—C A(C1—C,/C;—05) 0.713
c-0 1.362(11) G-O—-H 105(6) A(C1—Co/C,—Co) 0.691
Co—Cs 1.510(5) G-C—Cy 120.7(8) A(C1—Co/(C—F)mear 0.872
(C—F)mean 1.358(6) (C-C—F)mean 113.2(3) (C2—Co—F)mean —0.637
(C—H)mean 1.074(10) é2 10.1(8) I(C1—Co) —-0.873
O—H 0.94(2) |(Cy++Cs) —-0.622
Hg-*+F1o 2.05(6) A(C1—Co/C,—0y) A(C1—C,o/Cy—Co) 0.619
Hg--F11 2.42(6) 1(C1—C>) —0.620
0-+-Fio 2.792(13) |(Cs*++Co) —0.624
O:+Fi1 3.098(21) O0,—Ci—C; Co—Co—Cy —0.886
0 #2 0.753
R 3.66% I(Csr+Co) 0.722
a Estimated total errof§in parentheses. A(C1—C,/C;—Cy) I(C1—Cy) —0.664
Co—Co—C, |(Cs+++Cs) —0.808
sM(s) o . A(C1—Col (C—F)mear) (C2—Co—F)mean —0.901
50 cm S;e(;::;z:tal I(Ci—Cy) —0.778
p [(Cy++Cs) —-0.715
(Co—Co—F)mean |(Cy++Cs) 0.600
19 cm Cs++F1o Cs++F11 —0.992
Cs--F12 —0.998
C5"‘F11 C5"'F12 0.986
I(C1—Cy) I(Cy+++Cs) 0.683
large-amplitude motion. This hinders the determination of the
X 2A 2A equilibrium value of the torsional angle. Our prior qguantum
» chemical calculatior§ indicated a slightly nonsymmetrical
T y T T T T y equilibrium geometry for the syn conformer hfin which both
10 15 20 2 30 33 A the OH and CEgroups are twisted from the coplanar position
S,

Figure 1. Molecular intensity curves for the two camera distances (

= experimental- theoretical).
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Figure 2. Radial distribution curvesX = experimental- theoretical).

with the benzene ringgq by 14° and¢, by 12 at the MP2/6-
31G** level). However, the saddle-point structure with both
groups being in the plane of the benzene ring, representing the
symmetric bifurcated hydrogen bonding, lies only marginally
higher in energy, by 0.11 kJ/mol (10 cA) at the MP2/6-
31+G**//IMP2/6-31G** level. The frequency of the GF
torsional vibration was estimated to be about 50 timy our
SQM analysis, with a much higher frequency of OH torsion,
ca. 300 cml. Relatively large uncertainties can be assigned
to these values because of the difficulties in the description of
the flat potential energy surface (PES) and the anharmonicity
of large-amplitude vibrations. Nevertheless, it is reasonable to
suppose that the ground-state vibrational level of thgt@iSion
may lie above the saddle point of the PES, corresponding to
the symmetrical bifurcated configuration. Furthermore, the
higher CF; torsional levels are considerably populated at room
temperature, owing to the small excitation energy. At room
temperature, and certainly at the temperature of the electron
diffraction experiment, the molecule may be characterized by
OH and CFR torsional vibrations about the symmetric bifurcated
equilibrium geometry.

Investigation of the Cftorsion was performed with the
original parameter set, i.e., applying the geometrical constraints
on all dependent distances, including the--& distances.

estimated errors were doubled. The uncertainty of these bondSeven rotamers were refined with constrained; @kgle of
lengths does not have any bearing on the conclusion of this torsion,¢,, in the interval 6-60° in steps of 10. Variation of
investigation. The molecular intensity and radial distribution the torsional angle can be monitored quite sensitively in the
curves from the final refinements are shown in Figures 1 and outer regiony > 2.5 A, of the radial distributions (Figure 2).

2, respectively. The correlation coefficientg, having absolute

values greater than 0.6 are listed in Table 2.

Discussion

The most interesting feature of the molecular geometry of

is the angle of Ctorsion. According to our DFT-based SQM
analysis (vide supra), the @Forsional motion is represented
by the lowest frequency fundamental of the molecule and is a data alone. In any case, the electron diffraction data provide a

Consistent with the theoretical results (vide supra), the agree-
ment is rather poor between the theoretical and experimental
radial distribution curves for the rotamers with angles o CF
torsion between 20 and 60 The best agreement is observed
for ¢ = 10°, corresponding to the refined value. The agreement
worsens again atp, = 0°. However, it is impossible to
distinguish between a relatively rigid form withy = 10° and

a flexible form with¢, = 0° on the basis of electron diffraction
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R-factor | bonded —O—H---F—C— moiety is out of the plane of the
(%) { benzene ring, the HO—C;—C; and F-Cy—C,—C; torsions
. being 22.6 and 50.4, respectively. The length of the hydrogen
4" bond was calculated to be 1.91 A. The planar arrangement with
40 the shortest (O)H-F distance (1.80 A) is a transition state, being
S higher in energy by 8.4 kJ/mol than the hydrogen-bonded global
¥ 0 o ogbae minimum’4 Hence, an “out-of-plane” type interaction is
3.61 X ..".,--"": preferred even with one fluorine acceptor, indicating consider-
W R G ) able forces against the coplanar arrangement. The main effects
] PSP contributing to the arrangement of the interacting groups may
32 T be orbital overlaps as well as ligantigand repulsion of the
3.0t RasSSSS s T e FaSssssss . ortho-positioned substituents.
10 20 30 40 50
Barrier to internal rotation, kJ/mol Conclusions

Figure 3. Graphical estimation of the barrier height to internal rotation

of the CR; group in 2-trifluoromethylphenol. The formation of bifurcated intramolecular hydrogen bonding

in 2-trifluoromethylphenol was confirmed by the present electron
diffraction analysis. The joint analysis of theoretical and

strong support for the bifurcated character of the intramolecular . -
hydrogen bonding in 2-trifluoromethylpherfSi44 experimental results indicates that the-4f# bonds are weak

For the rotational barrier of the GRgroup, 6 kd/mol was and that the large-amplitude torsiona}l vibration of the @®up .
estimated from MP2/6-3tG*//MP2/6-31G** calculations appears in a flat vaIIe_zy of thg potential energy surface, possibly
corrected fozero-pointvibrational energy’® The determination ar_ound the symmet_rlcally b|furcat_ed arrangement. Compared
of the rotational barrier from electron diffraction data requires with the fregly rotating Ck group In trlfluoromethylbgnzgne,
knowledge of the potential function of this large-amplitude the well-defined conformer of 2-trifluoromethylphenol indicates
motion including the equilibrium value of the torsional angle. the constraining effect of intramolecular hydrogen bonding.

Assuming the symmetric bifurcated structure (Chart 1) for the
equilibrium geometry, the average angle of torsion (Table 1)
leads to an estimated barrier of the GBtation of 12+ 2 kJ/
mol 87

In addition, another meth&#has also been used to estimate
the rotational barrier, the so-called dynamic mdelSeven
pseudoconformers were considered with the; GRgle of
torsion, ¢, in the interval 6-60° in steps of 10, with double
statistical weights for all conformers except the one with the
coplanar—C;—0O;—Hg:**F10— Co—Co— moiety (> = 60°). The
contributions of the rotation-dependent distances to the molec-
ular scattering were calculated from a Boltzmann distribution. References and Notes
Different values of the barrier height were assumed in the
interval of 0-50 kJ/mol utilizing a wide array of initial

Acknowledgment. We thank Ms. Maa Kolonits for
experimental work and Dr. K. B. Borisenko for his contribution
at the initial stage of the structure analysis. This research has
been supported by the Hungarian Scientific Research Foundation
(OTKA, No. T014945).

Supporting Information Available: Table of experimental
electron diffraction intensities of hydrogen bonding in 2-tri-
fluoromethylphenol (2 pages). Ordering information is given
on any current masthead page.

(1) Pimentel, G. C.; McClellan, A. LThe Hydrogen Bond-reeman:
San Francisco, 1960.

geometries in our Monte Carlo optimiz_atio_n routfie.The _ (2) Jeffrey, G. A.; Saenger, WHydrogen Bonding in Biological
results of the calculations are presented in Figure 3. The barrierStructures Springer-Verlag: Berlin, 1991.
to internal rotation was derived by fitting a parabolic function (3) Albrecht, G.; Corey, R. BJ. Am. Chem. Sod.939 61, 1087.

around the minimum of the curve formed by the scatter ( 106(42')41"’“”0“ R.; Kennard, O.; Versichel, . Am. Chem. S0d.984

factor) points. This suggested a barrier of-£3 kJ/mol. When (5) Jeffrey, G. A.; Takagi, SAcc. Chem. Re<.978 11, 264.
the data from the different sources are assessed, there is (6) Ceccarelli, C.; Jeffrey, G. A.; Taylor, R. Mol. Struct.1981, 70,

; : 255,
satisfactory agreement between the computed and the experi (7) Jeffrey. G. A Mitra, JActa Crystallogr 1983 B39, 469.

mental barriers. Compared with the free rotation of the CF (8) Jeffrey, G. A.: Maluszynska, Hnt. J. Biol. Macromol.1982, 4,
group in trifluoromethylbenzerf®, the present results point  173.

unambiguously to a well-defined conformer and, accordingly, ég)) jg‘;fffrgyy g ﬁ-?_ mg:ﬂgyﬂgl‘zg Lﬂ; mlré Slt]f’ltlcg-lg?oﬁl ﬁ;crlozrzbl
to the constraining effect of hydrogen bonding. 1985 7, 336. Yo & A ynska, H., P e )

According to our literature search, such a bifurcated interac-  (11) Coll, M.; Frederick, C. A.; Wang, A. H.-J.; Rich, Rroc. Natl.
tion of the Ck; group is very scarce. Only one report is known Acad. Sci. U.S.AL1987 84, 8385.

to us, an IR study of 1,1,1,3,3,3-hexafluoro-2-propaholn 33((113)21’\'8'50”’ H. C. M.; Finch, J. T.; Luisi, B. F.; Klug, Alature1987,

molecules containing GFand Ck groups, single hydmgen (13) Aymami, J.; Coll, M.; Frederick, C. A.; Wang, A. H.-J.; Rich, A.
bonds have been fourf.”> The formation of the bifurcated  Nucleic Acids Res1989 17, 3229.

interaction in1 may be the result of several effects. Stericand  (14) gponer, J.; Hobza, Rl. Am. Chem. S0d994 116 709.
Y (15) Sponer, J.; Hobza, P.; Leszczynski, JGomputational Chemistry.

electronic influence of the benzene ring may contribute t0 ggjews of Current Trends.eszczynski, J., Ed.; World Scientific: London,
making the two weaker interactions more advantageous rather1996; vol. 1, Chapter 6.
than a single and stronger one. (16) Falk, M.; Knop, O. Inwater, A Compreheng Treatisg Franks,

. . F., Ed.; Plenum: New York, 1973; Vol. 2, Chapter 2.
To account for the effects of the benzene ring, we carried (17) Marseglia, E. A.; Brown, I. DActa Crystallogr 1973 B2, 1352.

out a theoretical study of 2-fluoromethylphen®) &t the MP2/ (18) Lutz, H. D.; Christian, HJ. Mol. Struct.1982 96, 61.
6-31G** level”® This compound models the hydrogen-bonding B4g15;)1 Lutz, H. D.; Buchmeier, W.; Engelen, Bcta Crystallogr 1987,
interaction between the OH hydrogen and a smgk_a fluorine in 20) James, B. D.. Davis, R. Inorg. Chim. Acta1985 100, L31 and
the presence of the benzene ring. The global minimum on the yeferences therein.

PES of2 corresponds to a structure in which the hydrogen-  (21) Giguee, P. A.; Chen, HJ. Raman Spectros¢984 15, 199.



H-Bonding in 2-Trifluoromethylphenol

(22) Montague, D. G.; Dore, J. ®lol. Phys.1986 57, 1035.

(23) Giguee, P. A.J. Chem. Phys1987 87, 4835.

(24) Taylor, R.; Kennard, QJ. Am. Chem. S0d.982 104, 5063.

(25) Cense, J. M.; Agafonov, V.; Ceolin, R.; Ladure, P.; Rodier, N.
Struct. Chem1994 5, 79 and references therein.

(26) Ueji, S.; Nakatsu, K.; Yoshioka, H.; Kinoshita, Retrahedron Lett.
1982 23, 1173.

(27) Murray-Rust, P.; Stallings, W. C.; Monti, C. T.; Preston, R. K;
Glusker, J. PJ. Am. Chem. S0d.983 105, 3206 and references therein.

(28) Aksnes, G.; Albriktsen, PActa Chem. Scand.966 20, 1330.

(29) Jochims, J. C.; Kobayashi, Yetrahedron Lett1976 2065.

(30) Dabrowski, J.; Swistun, ZTetrahedron1973 29, 2261 and
references therein.

(31) Murto, J.; Kivinen, A.Suom. Kemistil. BL967, 40, 14.

(32) Malarski, Z.Adv. Mol. Relax. Interact. Processd977, 11, 43.

(33) Bureiko, S. F.; Golubev, N. S.; Pihlaja, K.; MattinenZb. Strukt.
Khim. 1991, 32, 87.

(34) Bureiko, S. F.; Oktyabr'skii, V. P.; Pihlaja, Bh. Fiz. Khim.1993
67, 315.

(35) Alonso, J. L.; Wilson, E. BJ. Am. Chem. S0d.98Q 102, 1248.

(36) Andres, J.; Pascual-Ahuir, J. L.; Silla, &n. Quim., Ser. A986
82, 468.

(37) Warren, I. D.; Wilson, E. BJ. Chem. Physl1972 56, 2137.

(38) Marstokk, K.-M.; Mgllendal, HActa Chem. Scand. A982 36,
517.

(39) Wilson, E. B.; Smith, ZAcc. Chem. Red.987, 20, 257.

(40) Kovas, A.; Kolossvay, I.; Csonka, G. |.; Hargittai, IJ. Comput.
Chem.1996 17, 1804.

(41) Baker, A. W.; Shulgin, A. TNature 1965 712.

(42) Konovalov, E. V.; Egorov, Yu. P.; Belinskaya, R. V.; Boiko, V.
N.; Yagupol'skii, L. M. Zh. Prikl. Spektrosk1971, 14, 484;Chem. Abstr.
1971, 75, 42673a.

(43) Pliev, T. N.lzv. Vyssh. Uchebn. Zed., Khim. Khim. Tekhnal986
30, 29; Chem. Abstr1988 108 93972e.

(44) Hansen, K.-V.; Pedersen, J. Mol. Struct.1983 97, 311.

(45) Hargittai, I. InStereochemical Applications of Gas-phase Electron
Diffraction; Hargittai, |., Hargittai, M., Eds.; VCH: New York, 1988: Part
A, Chapter 1.

(46) Borisenko, K. B.; Hargittai, 1J. Phys. Chem1993 97, 4080.

(47) Borisenko, K. B.; Bock, C. W.; Hargittai, 0. Phys. Cheml994
98, 1442.

(48) Borisenko, K. B.; Bock, C. W.; Hargittai, 0. Phys. Cheml996
100, 7426.

(49) (a) Hargittai, I.; Herhdi, J.; Kolonits, M.Prib. Tekh. Eksp1972
239. (b) Hargittai, I.; Tremmel, J.; Kolonits, Mdung. Sci. Instrum198Q
50, 31.

(50) Hargittai, I.; HernAdi, J.; Kolonits, M.; Schultz, GRev. Sci. Instrum.
1971, 42, 546.

(51) Witt, W. Z. Naturforsch.1964 19A 1363.

(52) Domenicano, A.; Schultz, G.; Kolonits, M.; Hargittai,J. Mol.
Struct.1979 53, 197.

(53) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

J. Phys. Chem. A, Vol. 102, No. 19, 1998419

Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision B.2; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(54) Mgller, C.; Plesset, M. S?hys. Re. 1934 46, 618.

(55) Andersen, B.; Seip, H. M.; Strand, T. G.; Stglevik ARta Chem.
Scand.1969 23, 3224.

(56) (a) Coherent. Bonham, R. A.; Sd¢kg L. In International Tables
for X-ray Crystallography Kynoch Press: Birmingham, 1974; Vol. IV,
Chapter 2.5. (b) Incoherent. Tavard, C.; Nicolas, D.; Rouault)MChim.
Phys. Phys.-Chim. Bioll967, 64, 540.

(57) Becke, A. D.J. Chem. Phys1993 98, 5648.

(58) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(59) Pongor, GSCALE3 Department of Theoretical Chemistry;, tZos
Lorand University: Budapest, Hungary, 1993.

(60) Rauhut, G.; Pulay, B. Phys. Chem1995 99, 3093.

(61) Borisenko, K. B.; Hargittai, IJ. Mol. Struct.1996 376, 195.

(62) This model of two conformers contained the following independent
parameters for the anti formA(C,—Cy/C;—Cg), A(Co—F1/Co—F10), Or—
C1—Cy, C1—0O7—Hg, A(Co—Co—F10/Co—Co—F17), H-0—C1—Cp, F1o—Co—
Cz*C3, F12*C9*CZ/F10*C9*C2, F12*C9*CZ/F11*C9*C2. On the basis of
the results of our ab initio calculatiolsand the test refinements discussed
previously, we assumed the same ring geometry an@® ®ond length for
both conformers.

(63) Boggs, J. E.; Cordell, F. R. Mol. Struct.. THEOCHEML98],

76, 329.

(64) The offset corrections for the calculated rin@C—C) and C-C—C
angle values were determined by comparison of the calculated MP2/6-
31G**40 and experimental ring geometry of pheftand trifluoromethyl-
benzené® For some parameters the offset values determined from phenol
and trifluoromethylbenzene differed from each other (up to 0.002 A for
A(C—C) and 0.8 for C—C—C angles). In these cases their mean values
were used.

(65) Portalone, G.; Schultz, G.; Domenicano, A.; HargittaiChem.
Phys. Lett.1992 197, 482.

(66) Hargittai, M.; Hargittai, 1.J. Chem. Physl973 59, 2513.

(67) Vilkov, L. V.; Penionzhkevich, N. P.; Brunvoll, J.; Hargittai,J.
Mol. Struct 1978 43, 109.

(68) Borisenko, K. B.; Hargittai, 1J. Mol. Struct.1996 382 171.

(69) The barrier to internal rotation is ca. 1 kJ/nfol.

(70) Marstokk, K.-M.; Mgllendal, HActa Chem. Scand. A98Q 34,
765.

(71) Marstokk, K.-M.; Mgllendal, HActa Chem. Scand.993 47, 281.

(72) Kovas, A.; Hargittai, I.Int. J. Quantum Chenl997, 62, 645.

(73) Though diffuse functions are known to be important for hydrogen-
bonding systems, our previous studies of 2-trifluoromethylphenol at the
MP2/6-31G*¥0 and MP2/6-3%G** 2 |evels of theory showed a negligible
influence of diffuse functions on the molecular geometry (thg ©©Fsion
changed from 480to 49.C0, the OH torsion from 14Oto 13.9). Hence,
the MP2/6-31G** level can be expected to give reliable information on
the conformational properties of 2-fluoromethylphenol as well.

(74) MP2/6-31G** energy corrected faero-pointvibrational energy
(ZPVE) from HF/6-31G** frequency analysis. The ZPVE was scaled by a
factor of 0.89, taking care of the known overestimates at this Evel.

(75) Schultz, G.; Hargittai, |.; Seip, . Naturforsch1981, 36A 669.

(76) Hout, R. F.; Levi, B. A.; Hehre, W. J. Comput. Cheml982 3,
234.



