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Intramolecular F-H hydrogen bonding in 2-fluorophenol, 2,6-difluorophenol, and 2,3,5,6-tetrafluorohydro-
quinone has been studied by ab initio molecular orbital calculations. Geometry optimizations at the MP2/6-
31G** level resulted in two planar local minima on the potential energy surface, characterized by different
orientations of the hydroxy hydrogen. In the conformers where the hydroxy hydrogen points toward a fluorine,
the computations suggest weak intramolecularH-hydrogen bonding interactions. Characteristic changes

in the geometrical parameters upon hydrogen bonding are manifested in the lengthening ef-tteril
involved in the interaction by 0.01 A, in the lengthening of the®bond by 0.003 A, in the decrease of the
C—0O—H bond angle by 9, and in a tilt of the G-F and C-O bonds toward each other, as compared with

the geometries of the parent molecules. The hydrogen bonds shorten in the order 2-fluoropizéel
difluorophenol> 2,3,5,6-tetrafluorohydroquinoné4,) > 2,3,5,6-tetrafluorohydroquinonecy,), implying
strengthening of hydrogen bonds in the opposite direction. The strength of hydrogen bonding and its overall
consequences in the rest of the molecule are less pronounced in systems where the hydrogen bond occurs in
five-membered rings than when it is part of a six-membered system.

Introduction of determination can be considered systematic and thus hardly
) ) . influencing the structurathangeson which our discussions are
Hydrogen bonding (HB) appears in a great variety of pageds
situations, being responsible, among others, for conformational Recently, we reported computational results on intramolecular

propertie_s, fo_r molec_ul_ar packing in crys_tal s_tructures, as well HB involving the trifluoromethyl group in 2-(trifluoromethyl)-
as for biological activity in many physiologically important vinyl alcohol® 2-(trifluoromethyl)phenotf and its derivatived’

systems.HB systems contaiqing oxygen and nitrogen acceptqrs The potential energy surfaceBES of the molecules display
have been ex_tensw_ely stuc_iled, w_hlle somewhat less attentiony, o minima, the global minimum being characterized byG—
has been paid to mtgracnon; with halogen;. Basgd on thec_f...H—0-C— hydrogen-bonded six-ring moiety. In the
obse_rved charact_erlsycs of different crystalline halides, the phenol derivatives both the OH and the £ffoups are out of
fluoride and chloride ions are known to be strong hydrogen- the plane of the benzene ring. Other geometrical characteristics
bond acceptor? In contrast, studies of organic compounds jnclude a considerable lengthening of the-Ebond involved
containing C-F+--H—X (X = O, N) moieties indicate that the iy HB, a shortening of the €0 bond as well as alterations in
F-+-H intramolecular HB is generally wedk!? even whenthe  the carbon skeleton geometry, as compared to the parent
analogous situations with oxygen acceptor show strong HB molecules containing either the donor or the acceptor groups
interactiong'314 only. These changes are in agreement with the notion of

We have been interested in probing into the structural resonance-assisted hydrogen bondf®y.The most peculiar
peculiarities of HB in the F+H interaction and its geometrical ~ feature of these +H intramolecular hydrogen bonds, distin-
consequences in the rest of the moleéaté’ Quantum chemical  guishing them from analogous-GH—0 and N:-H—O interac-
calculation is the technique of choice for these studies. The tions, occurs in the OH group. While in the analogous
levels of theory applying MP2 or DFT with moderate basis sets interactions with oxygen and nitrogen the-@ bond lengthens
have proved to provide reliable information on the structural considerably upon HB,it remains unaffected in the trifluo-
changes in a series of molecules that are consistent with thosgomethyl derivatives. This constancy of the-8 bond length
observed in experimental studies of a more limited scope. Theis in agreement with the negligible change of the OH stretching
computational probe makes it possible to collect consistent frequency in syn 2-(trifluoromethyl)phenol as compared to its
information for extended sets of molecules for which the error Non-hydrogen-bonded anti conformer, according to both experi-

ments and calculatiori§:?!
* Corresponding author. E-mail: hargittai.aak@chem.bme.hu. To extend our investigations on-FH—O hydrogen bonding,
T E-mail: attila.aak@chem.bme.hu. we selected three fluorophenol derivatives for the present

10.1021/jp984493u CCC: $18.00 © 1999 American Chemical Society
Published on Web 03/31/1999




Hydrogen Bonding in Fluorophenol Derivatives J. Phys. Chem. A, Vol. 103, No. 16, 1999111

TABLE 1: Computed Energies? of the Conformers of TABLE 2: Selected Geometrical Parameterof
2-Fluorophenol (1) and 2,3,5,6-Tetrafluorohydroquinone (3) 2-Fluorophenol (1), 2,6-Difluorophenol (2), Fluorobenzene
molecule symmetry EP (au) AE (kJ/mol) (4) and m—leIuoroben.zene ©)
1A C. —405.489 79 0.0 experimental calculated
1B Cs —405.485 16 12.2 parameter 1A 2 1A 1B 2 4 5
3A Con —777.57590 0.0 Ci—C, 1.397 1.400 1.395 1.389 1.390
3B Ca —777.575 47 11 Co—Cs 1.384 1.386 1.386 1.389 1.390
. . Cs—Cy 1.398 1.398 1.396 1.396 1.396
aCOmpUted at the MPZ/G-%**//MP2/6'316** level |nC|Ud|ng. Cs—Cs 1.397 1.394 1.397 1.397 1.396
zero-point-vibrational energy correction (ZPVE). ZPVEs were obtained c,—c; 1.396 1.398 1.389 1.397 1.390
from harmonic vibrational frequencies calculated at the HF/6-31G** Cs—C; 1.394 1.396 1.397 1.396 1.390
level (0.103874 au fotA, 0.103 594 au follB, 0.082 707 au foBA, (C—C)mean 1.395(4) 1.394(4) 1.394 1.395 1.393 1.394 1.392
and 0.082 750 au f@B) and scaled by a factor of 0.89 in accord with 8*8 cl)g%((ﬁ% (l)ggg((:lggg fl)ggg gggg Cllggg
known overestimates at this levl.> Absolute energies. 1 ad 2625.5 - : : : : :
K3/mol 9 Co—Fg 1.353(12) 1.358(56) 1.368 1.353 1.366 1.358 1.355
' Ce—F12 1.346(48) 1.351 1.355
. OCs—C1—C, 119.8(20) 117.9(35) 118.5 118.4 116.9 118.4 117.0
study: 2-fluorophenol), 2,6-difluorophenol ), and 2,3,5,6- 0Ci—Cp—Cs  121.5(21) 122.4(25) 122.7 121.7 123.2 1225 122.7

tetrafluorohydroquinone3j. Structural information on the tite ~ 0C>—Cs—C, 119.8(25) 119.1(20) 118.4 119.4 118.2 118.4 118.2

; ; _ ; o 0C3—C4—Cs  118.2(24) 119.0(24) 120.0 119.8 120.5 120.4 121.0
compounds is available from gas-phase electron diffraction 0C,—Co—Co  122.6(17) 119.1(20) 120.8 120.3 1195 1199 118.3

(ED),!*Mvibrational spectroscop¥, 2 and low-level quantum  Oc,—Co—C, 118.2(20) 122.4(25) 119.8 120.4 121.8 120.4 122.7
chemical calculation&’~30 All these studies indicated weak F 0C-0—H 101.9(39) 96.7(42) 107.1 108.1 106.8

wH—0 i i in 0C—Ci—O  120.8(40) 121.0(23) 121.3 117.0 122.9
H—O intramolecular hydrogen bonds in the molecules in (C—Co—Fs 1203(48) 120.1(23) 1208 1200 1209 118.8 119.0

which the F--H interaction is part of five-membered rings gc.—c,—Fy, 118.5(38) 120.3 119.0
formed by HB. The F-H(O) distances obtained by electron  Fg--*His 2.125%55; 2.054%79; 2.180 2.203

i ; i O7+F, 2.735(22) 2.715(67) 2.718 2.663 2.732
d|ffract|0n_suggested a decreasing HB strengti3 of 2 > 1: DZ)?_f_'B___FB 120.8(45) 127.1(51) 113.7 1130

The main goal of the present study was the determination of oo,—F,-.H,, 79.0(17) 77.7(33) 813 81.4

the characteristics of the intramolecular HB in the title com-
pounds and their comparison with the six-membered systems
of HB studied previously>~1” For consistency with our results

on trifluoromethyl derivative$>-17 the calculations were per-
formed at the MP2/6-31G** level. The effects of HB on the TABLE 3: Selected Geometrical Parameter3of
molecular geometry were determined by comparison of char- 2.3,5,6-Tetrafluorohydroquinone (3) and
acteristic geometrical parameters with those of the parent2:3:2:6-Tetrafluorobenzene (6)

aBond lengths are given in angstroms; angles, in degrees. Calculated
geometrical data were obtained at the MP2/6-31G** le¥&lrom gas
electron diffractiont! the bond lengths arg, parameters.

fluorobenzene 4), phenol, 1,3-difluorobenzenes)( hydro- experimental calculated
quinone, and 1,2,4,5-tetrafluorobenzei® ¢omputed at the parameters 3A 3B 3A 3B 6
same Ie\_/el of_theor_y. The title comp(_)unds (_)ffered glso_ an ¢ _c, 1396 1.394 1.389
opportunity to investigate the effect of increasing fluorination C,—C; 1.390 1.388 1.393
on the characteristics of HB. Cs—Cy 1.396 1.394 1.389
Cs—GCs 1.396 1.397 1.389
Computational Details Cs—Cs 1390 1.392 1.393
L . . Ce—Cy 1.396 1.397 1.389
Ab initio molecular orbital calculations were performed at  (C—C)yean 1.392(3)  1.394(3) 1.394 1.394 1.390
the second-order MgllerPlesset (MP2} level of theory with H-O 0.955(10) 0.952(10) 0.968 0.968
only the valence orbitals active, using a 6-31G** double-split- €O 1.352(10) 1.353(9)  1.362 1.363
valt)a/nce lus polarization basis set 'gll'he eometries werepfull Co—Fs 1.352(13)  1.350(12) 1.358 1.358 1.348
plus p - g Y Co—Fu 1.345(17) 1.343(13) 1.345 1.345 1.348

optimized by gradient optimization routines. The minimum pc,—c,—Cc, 117.1(6) 117.0(5) 117.8 117.8 118.8
character of the optimized geometries was confirmed by OCi—C,—Cs 121.5(3) 121.5(2) 1224 121.2 120.6

vibrational analysis at the HF/6-31G** level based on optimized &2~ &3~ Cr 1198 a1z 1208
geometries at the same level. Zero-point vibrational energy nc_ci_c 1224 1210 1206
(ZPVE) corrections were derived from the HF/6-31G** results, 0OCs—C¢—C;  121.5(3) 121.5(2) 119.8 121.0 120.6
scaling the computed values by a factor of 0.89 to account for JC—O—-H 98.6(25)  98.2(24)  107.1 107.3
known overestimates at this leva&l. 552:%:87 119.5(13)  119.4(12) 12122 26'6 1115 %7
To assess the relative stability of the conformerd ahd3, 0Cs—CoFs  121.7(16) 122.1(17) 1202 1207 1192
MP2/6-3H-G** energies were computed for the MP2/6-31G**  OCs—Cs—Fi,  119.2(16) 119.6(9) 120.0 1195 119.2
geometries, in view of the experience that diffuse functions on Fs**His 2.03(7)  2.02(7) 2235 2.257
Or+Fg 2.67(5)  2.66(5)  2.756 2.772

heavy atoms may be important for reliable hydrogen binding DO—HigFs  123.3(28) 123.8(29) 1126 1122
energetic$® All the calculations were carried out using the  [OC,—Fg++Hys 79.8(16) 80.2(16) 80.3 79.7

GAUSSIAN 94 packagé? o
f a Calculated at the MP2/6-31G** level. Bond lengths are given in
The computed energies of the conformersloand 3 are angstroms; angles, in degre&rom gas electron diffractiol;the bond

compared in Table 1, and the geometrical parametefs-6f lengths arer, parameters. The data refer to separate refinements
are shown in Tables 2 and 3. For convenient comparison the assuming the presence of eith@s, or C,, model only.
numbering of atoms in the parents corresponds to that in the

respective title molecules (Figure 1). fluorobenzene 4),35-38 phenoll6.18.3%-43 1 3-difluorobenzene
(5),%644 hydroquinone'?45-47 1,2,4,5-tetrafluorobenzené)(*®
Results and Discussion However, MP2/6-31G** data, to be used in our comparison,
1. Individual Structures and Conformers. Parents.The were available for phen¥and hydroquinorfé only. Thus, the

molecular geometries of the parents have been investigatedVIP2/6-31G** geometries o—6 have also been computed in
extensively by different experimental and theoretical methods: the present study and are given in Tables 2 and 3, respectively.
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In Table 2 geometrical parameterslabbtained from electron
diffraction!* and from the present computations are compiled.
The overall patterns appear consistent, apart from the fact that
the electron diffraction bond lengths argaverage parameters
while the computed results refer tg equilibrium distance4?

The large experimental errors make the comparison of limited
value only. The quantum chemical calculations provide a
detailed picture of the endocyclic structural variations in the
benzene ring including the -€C bond lengths whereas only
their mean value could be extracted from the electron diffraction
analysis. This mean value agrees remarkably well with the mean
of the computed €C bond lengths.

For our discussion of the intramolecular HB interaction, the
geometrical parameters of the OH ands@Foups are especially
important. The calculated-€H and C-F bond lengths are larger
than the experimental values, the differences somewhat extend-
ing beyond the error limits. In view of the vibrational contribu-
tion to the electron diffractiong values, this is at variance with
expectationg? Among the bond angles the computed G—H
angle has the largest deviation from the experimental one,
though the experimental error of this parameter is also large.
We note that similar deviations between experimental and
computed parameters of the hydroxy group were found for
phenot® as well.

Because of the low population @B in the gas phase, the ab
initio computations are the only source of information on the
geometrical differences between the syn and anti conformers
of 1. The main differences appear in the-E bond length and
in the G—C;—0 and G—C,—F bond angles (cf. Table 2). The
longer C-F bond and larger &-C,—F angle in1A are well-
known effects of intramolecular hydrogen bonding inter-

_ actiond®~17 while the decrease of the;€C,—0 angle in1B is
0O, consistent with the OH hydrogen turning away from the fluorine

Hu/ and the resulting steric interaction with the adjacent CH

hydrogen. We note the rather short OFg distance in the non-

3A 3B hydrogen-bondedB (Table 2) is accompanied by a 0.8t of
Figure 1. Numbering of atoms and selected calculated characteristics fluorine toward the oxygen. This feature is at variance with the
of intramolecular hydrogen bonding: hydrogen bond length (A); expected electrostatic repulsion between the two negatively

O-+F nonbonded distance (A);-€F--H(O) nonbonded angle; tilt of ~  charged atoms. The situation may be similar to that found in
C—0 and C-F bonds away from the bisectors of the respective ring cis-1,2-difluoroethylend® s

C—C—C angles; natural charges of the interacting H and F (circled, in i ) )
atomic units from NBO analysis) obtained from MP2/6+33**//MP2/ 2,6-Difluorophenol 2). Due to the symmetric fluorine
6-31G** calculations. substitution around the hydroxy grouf, has one stable

Among the parents the conformation of hydroguinone is conformer Wlth a planar hydrogen-bor_lded moiety (cf. F_lgure

especially interesting, because it may be associated with thel)- €omparing the calculated geometrical parameters with the
conformational properties &&. The molecule has two stable ©lectron diffraction daté (Table 2) similar comments can be
*% 1

planar conformers, differing in the relative orientation of the made to those on 2-fluorophenol. The MP2/6-31G** results hint

hydroxy hydrogens. Computational results at various levels of ©f @ slight quinoidal character of the benzene ring in that two
theory favor slightly theC,y, conformer (by ca. 0.5 k/mol), over of the CC bonds are slightly shorter than the other four.

Cy, 4 2,3,5,6-Tetrafluorohydroquinon&), Similarly to the parent
2-Fluorophenol 1). Previous computations at the Hartree  hydroguinone3 has also two stable conformers with, (3A)
Fock level indicated two minima on the PES b{Figure 1) and Cp, (3B) symmetry (cf. Figure 1). Both structures are

with the hydrogen-bonded syn conformaAj being more stable ~ characterized by two equivalent-FH—0O hydrogen bonds. The
than the anti form1B).27-2°The presence of intramolecular HB  only previous study of the molecular geometry3pan electron

in 1A, and the predominance of this conformer in the gaseous diffraction investigation, suggested a mixture of two conformers
phase was supported by IR measurenféraad a recent gas in the gaseous phase but was inconclusive regarding their
electron diffraction analysi& Our computations are in agree- relative abundanc®. Our calculations resulted iBA being
ment with these results. The computed energy difference favored by 1.1 kJ/mol at the MP2/6-3G**//MP2/6-31G**
betweerlLA and1B is 12.2 kJ/mol at the MP2/6-3G**//MP2/ + ZPVE level (cf. Table 1). Hence, in the gaseous phase at
6-31G** + ZPVE level of theory (cf. Table 1). This is twice ~room temperature the two conformers appear with similar
the experimentally determined energy difference of 6.8.3 populations.

kJ/mol based on the torsional frequencies observed in the far- The computed and experimental geometrical parameters of
IR spectrun?* Data from other sources include a value of ca. 3are compared in Table 3. We note, that the electron diffraction
2 kd/mol from gas electron diffractibhand 16.7 kJ/mol from data refer to separate refinements assuming the presence of either
HF/6-31G calculation®® a Cy, or Cy, model onlyl® In agreement with the experimental
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results the calculated geometrical parameters of the two
conformers are very similar. The differences in the bond lengths
of the two forms are 0.0620.002 A. Among the bond angles,
the tilt of the C-O bond away from the bisector of thes€
C;—C; angle as well as that of the-G~g and C-F3, bonds
away from the bisectors of the respective endocyclic angles are
essentially the same in the two conformers (cf. Figure 1 and
Table 3). Larger differences can be observed only in the
deformation of the benzene ring froby, symmetry, which is

an expected consequence of the different relative orientations
of the hydroxy hydrogens in th€;, and C,, structures. All
these characteristics suggest similar HB strength in the two
conformers. A slight difference is indicated by the somewhat
smaller F-+Hiz distance in3A accompanied by the smaller
C,—C,—Fg angle as compared to that 8B (Table 3).

2. Hydrogen Bonding. The computed geometrical charac-
teristics of the title molecules are consistent with weak intramo-
lecular HB in1A, 2, 3A, and3B. The most important structural
features are as follows:

(i) The Rg++Ha3 distances, 2.18, 2.20, 2.24, and 2.26 A in
1A, 2, 3A, and3B, respectively (cf. Figure 1), are shorter than
the sum of the van der Waals radii of fluorine and hydrogen,
2.55 A52 Compared with the hydrogen bond length of 1.87(5)
A'in hydrogen fluoride dime?3the present results point to rather
weak intramolecular HB in the title compounds.

(i) The Or--Fg distances, 2.72, 2.73, 2.76, and 2.77 Ain
1A, 2, 3A, and 3B, respectively (cf. Figure 1), correspond to
gle sum of the van der Waals radii of oxygen and fluorine, 2.75

52

(iii) The C—0O—H bond angles, 107°1106.8, 107.r, and
107.3in 1A, 2, 3A, and3B, respectively (cf. Tables 2 and 3),
are smaller than those in the respective parents calculated a
the same level of theory (108.# phenol!® 108.3 and 108.4
in 7A and 7B*). In 1B, lacking HB interaction, this angle is
108.T (cf. Table 2).

(iv) The tilt of the G—Fg bonds away from the bisector of
the G—C,—C3 angle toward the OH group was calculated to
be 2.2,2.5, 1.4, and 1.3 for 1A, 2, 3A, and3B, respectively
(cf. Figure 1).

(v) Due to the repulsion between the hydroxy hydrogen and
the adjacent CH hydrogen, the tilt of the-O bond away from
the bisector of the £-C;—C; bond angle toward the other side
of the ring is a well-known feature of hydroxybenzene deriva-
tives20 At the MP2/6-31G** level this tilt is 2.9 in phenot®
and 3.2 in both conformers of hydroquinorté.The reduced
tilt of the C—0O bonds in the title molecules can be ascribed to
attractive HB interactions (cf. Figure 1).

(vi) The C—F bonds with fluorine involved in HB are
lengthened by 0.01 A in the title molecules as compared with
the respective parents (cf. Tables 2 and 3). At the same time
the C—F bonds with fluorine not involved in HB are slightly
shortened (by 0.0030.005 A).

(vii) In agreement with our previous observations on trifluo-
romethyl derivatived> 17 there is very slight lengthening of
the O—H bond upon HB with fluorine in all the title molecules.

The present investigation dealt with systems in which the
HB is part of a five-membered ring. Comparing the present
results with those on HB in a six-membered arrangerteit,
the main differences appear in the length of the hydrogen bond
and in the nonbonded-&---H(O) angle. The computed-
H(O) distance was 1.98 A in 2-(trifluoromethyl)pheribl].85
A in 2-(trifluoromethyl)resorcin, and 1.97 A in 2,6-bis(trifluo-
romethyl)phenol’ The hydrogen bonds in the title molecules
are by 0.2-0.4 A longer (cf. Figure 1) than in the (trifluoro-
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Figure 2. Changes in natural charges (circled, in atomic units from
NBO analysis) and bond lengths (in angstroms)&with respect to
1B, as obtained from MP2/6-31G**//MP2/6-31G** calculations.

methyl)phenol molecules, implying a weaker interaction in the
fluorophenol derivatives. This is also reflected in the variation
of the nonbonded €F---H(O) angles calculated to be about
80° in 1A, 2, 3A, and3B. The respective angle in 2-(trifluo-
romethyl)phenol and 2,6-bis(trifluoromethyl)phenol was calcu-
lated to be 936-17while that in 2-(trifluoromethyl)resorcin was

00°.1" There is a greater strain in the five-member hydrogen-

onded rings than in the six-member ones. The most relaxed
arrangement of the hydrogen bond is expected when it is close
to the direction of one of the three fluorine lone paitShe
analogous angle HF---H is 110 in the hydrogen fluoride
dimer>3

In our earlier studies of (trifluoromethyl)phenol derivatives,

a considerable shortening of the-C(Fs) bond was observed

as compared with the paredfs!’ This and the other geo-
metrical characteristics of the OH group and the benzene ring
could be described by a model of quinoidal resonance
structures® 17 in agreement with the notion of resonance-
assisted hydrogen bondid$?® Rather than a shortening of
C—C(Fs) bonds in (trifluoromethyl)phenols, there is a lengthen-
ing of C—F bonds in the fluorophenol derivatives, and the
quinoidal resonance structures can hardly be applied to these
systems.

The effects of HB as separable from through-bond electronic
interactions of the ortho-positioned fluorine and the OH group
can be investigated by comparing the two conformerd.of
Assuming similar steric interactions between the fluorine and
the OH group in1A and 1B, the differences in the charges
obtained by natural bond orbital (NBO) analy8ias well as
those in the geometrical parameters may reflect the effect of
HB on the electron density distribution of the molecule. In
Figure 2 the changes in the natural charges and in the bond
lengths of 1A with respect tolB are depicted from MP2/6-
31+G**/IMP2/6-31G** calculations. The charge distribution
of 1A indicates weak polarization upon HB at the bonds
involved in the hydrogen-bonded five-membered ring. This is
in agreement with the strong electrostatic character of the
F---H interaction, enhancing also the ionic character of the
neighboring bonds. We note that the electron density is increased
at both the carbon and fluorine of the CF group upon hydrogen
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bond formation. The largest decrease of electron density is
observed on g The charges of the other ring carbons,(Cy,

and G) are not altered by the above intramolecular interaction.
Of the geometrical parameters, only the Ebond length shows

a marked increase as a result of HB. Changes of thél@nd
C—0 bonds are of the magnitude of those of the endocyclic
bonds. It is noteworthy that the-6C bonds close to the HB
region somewhat shorten while the farthesi—Cs bond
lengthens.

The effect of increasing fluorination on the HB interaction
can be deduced from the calculated natural charges of the
interacting H and F in the title molecules (Figure 1). While
additional fluorine substitution had no substantial effect on the
charge of the hydroxy hydrogen, a consistent electron density
decrease froml to 3 can be observed on the fluorine in
agreement with the appearance of additional highly electrone-
gative atoms ir2 and3. The change in the-FH electrostatic
interaction is also manifested in the marginal but consistent
increase of the hydrogen bond length in the ordetAf< 2 <
3A < 3B,% supporting an opposite order of HB strength. We
note, that there is no substantial difference in the fluorine natural
charge of3A and 3B. Here the geometrical characteristics of
the two conformers may be responsible for the difference in
the hydrogen bond length.

Conclusions

1. The computations indicate weak intramolecular-H¥
hydrogen bonding in 2-fluorophenol, 2,6-difluorophenol,
2,3,5,6-tetrafluorohydroquinone.

2. Characteristic changes in the rest of the molecule upon
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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.;
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HB are manifested in the lengthening of the Ebond involved
in the interaction by 0.01 A, in the lengthening of the-B
bond by 0.003 A, in the decrease of the-O—H bond angle
by 1°, and in the tilt of the &F and C-O bonds toward each
other as compared with the parent molecules.

3. The F--H hydrogen bonding interaction increases the ionic
character of the bonds involved in the hydrogen-bonded five-
membered ring region.

4. The nonbonded-F~H(O) and F--O distances (F involved
in hydrogen bonding) increase in the following order: 2-fluo-
rophenol < 2,6-difluorophenol < 2,3,5,6-tetrafluorohydro-
quinone Cun) < 2,3,5,6-tetrafluorohydroquinonec4,), indi-
cating a gradual decrease of hydrogen bond strength in this
order.
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