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Excluding enantiomers, there are 14 possible rotomeric conformations of 4-fluorobutan-1-ol, of which two
are capable of forming an internal-®---F hydrogen bond. The composition of the gaseous system is of
special interest because it is determined by the energies of the conformers which reflect the energies of the
hydrogen bonds. We have investigated the conformational composition of the gaseous system and the molecular
structures of the conformers at 83 by gas-phase electron diffraction (GED) augmented by molecular orbital
calculations. Because of the complexity of the 4-fluorobutan-1-ol system, the parameters of the several models
tested were simplified by various constraints taken from the theoretical work. With these constraints, the best
agreement with the GED data was obtained with a model consisting of about equal amounts of hydrogen-
bonded and non-hydrogen-bonded conformers. Because the curled-up shape of the two forms capable, in
principle, of forming internal hydrogen bonds is expected to be energetically unfavorable in the absence of
such bonding, the experimental results are interpreted as strong evidence for its existence. Weighted average
values, with estimated &2 uncertainties, of the more important bond distanag®\Y and bond angles
(O4Jdeg) for the preferred model aréCo—C) = 1.529(2),r(Cc—Cc) = 1.537(2),r(C—C¢) = 1.520(2),

r(C—0) = 1.430(5), r(C—F) = 1.401(5), 0(Co—C—C) = 112.5(33), 1(C—C—O)upona = 112.3(55),
O(C—C—O)noHbong = 108.2(45), andd(C—C—Cr) = 109.8(12). The two hydrogen-bonded conformers
comprise 48.5% of the mixture with an estimateduhcertainty of 14.0%. A rough estimate of the energy

of the O—H-++F hydrogen bond is 3 kcal mdl. The average ©-F separation in this bond for the H-bonded
conformers is 2.46(4) A, about 0.3 A less than the sum of the van der Waals radii.

Introduction of systems in which the substituents are farther apart. In previous
work, we have discovered that gaseous butan-1,4-diol consists
of about 40% H-bonded forms at 14€ 2 but gaseous 1,4-
difluorobutané has scarcely any forms with the fluorine atoms
in close proximity. As expected, the results for the latter show
that the gauche effect plays no role in the stabilization of the
“curled-up” forms of the 1,4-disubstituted butanes. The set of
results from the series ethane-1,2-diol (glyé®}fluoroethanof,
and 1,2-difluoroetharfe(all primarily gauche) and the pair of
utanes, butane-1,4-dioand 1,4-difluorobutang suggests a
similar investigation of 4-fluorobutan-1-ol (hereafter 4-FB;

The 1,2-disubstituted ethanols consist of a mixture of gauche
and anti conformers in proportions that depend on the nature
of the substituents. In general, the dominant form of these
molecules is anti; however, when the possibility of internal
hydrogen bonding exists, the gauche form may be the more
abundant. An interesting special case is 1,2-difluoroethane;
despite the absence of hydrogen-bonding capability, it is nearly
all gauche in the gas phase, whereas the dichloro and dibrom
compounds are mostly anti. This effect arising from the high

electronegativity of the fluorine atoms has been termed the Figure 1) to shed more light on the strength of the (possible)

“gauche effect . 2 . ;
Because strong hydrogen bonds are formed between donor|nternal hydrogen bond in this molecule. This paper is a report

) - of our results.

and acceptor groups of high electronegativity (e.g., OH and F,
or NH; and F), where in the ethane derivatives the gauche effect
is known from the example of 1,2-difluoroethane to be present
as well, the question of the relative roles played by the gauche The sample of 4-FB was prepared at Portland State University
effect and internal hydrogen bonding presents itself. Becauseby the transesterification of 4-fluorobutyl acetate, which in turn
the gauche effect appears to operate only when the ligands aréhad been made from 4-bromobutyl acefatée NMR spectrum
separated by three bonds, as in the 1,2-disubstituted ethanesyf the 4-FB sample obtained just after its preparation and again
one way to investigate the problem is to study the composition from the residue after the diffraction experiments showed the
purity of the sample to be very high.

* Corresponding author. 4-Fluorobutyl Acetate. 4-Bromobutyl acetate (36.12 g, 0.185

T Permanent address: Department of Chemistry, Norwegian University mol) was treated with KF (26 g, 0.45 fw, spray dried) at 160
of Science and Technology, N-7491 Trondheim, Norway. om 1 o ’

*Oregon State University. C in an evacua_ted 300 mL Carius tl_Jbe. After 2 weeks of

8 Portland State University. continuous reaction, a sample was withdrawn and-®S
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Figure 2. Intensity 6ln(S)) curves. Experimental curves are aver-
ages of data from three plates at the long camera distance and four
plates at the middle distance. The theoretical curve is for the preferred
model A.

projector slide plates (medium contrast) developed for 10 min
in a D19 developer diluted 1:1. The temperature of the nozzle
£BS FB7 tip was 83°C during the experiments. The nominal accelerating
voltage was 60 kV (electron wavelength, 0.049 A) calibrated
Figure 1. Diagrams of some of the more important conformers of against CQ in separate experiments,(C=0) = 1.1646 A:
4-fluorobutan-1-ol. These conformers comprise the preferred model A. ry(O-+0) = 2.3244 A]. The nominal nozzle-to-plate distances
. . were 750 (long camera, LC) and 300 mm (middle camera, MC).
analysis showed a conversion 6f60%; the product was — rpree out of four plates were selected for analysis from the

removed by repeated washing Wit.h 6, an_d after distillative LC/MC experiments. The procedures for obtaining the total scat-
removal of the solvent, the partially fluorinated product was o4 jntensitiesgl(s)) and the molecular intensitiesl(s))
again subjected to fluorination with 16.20 g of KF. After another ..o heen describé®!! To reduce the level of noise in the

2 We(;kl_s,[:he conltents of;he Cadriulf tube_wads di_“:]ted with 2(]30 data, all of the plates were traced several times. The background
P_"L IO ight petro e‘me ether Ifm ;_en stired with 14.2 g of ¢ a5ch trace was then subtracted, and the resulting molecular
inely ground CaG for 2 weeks. This was done to remove an  jyensities were averaged to yield a data set for each plate. These

imeurity. (Eetl = 6:17 min, 25 m DBS column, 56~ 200°C at data sets were averaged in turn to give average intensities for
10°C min™") which was surmised to be 4-hydroxybutyl acetate o0 of the two camera distances. Ranges of these average

by GC-MS analysis. After this contaminant had been largely ., qified molecular intensitiesstn(s)) were 2.00< JAL <
removed by the above treatment, the liquor was filtered off, 15 g (LC) and 8.06< §A 1 < 40.00 (MC), withAJA 1 =

the petroleum ether'was distillgd at at.mpsp'heric pressure, andy o5 The experimental intensity curves are shown in Figure 2
the residue was subjected 1o S'Omple distillation at 32 TorL, and the corresponding radial distribution (RD) curves in Figure

71~79°C, giving a purity of>95% I%y GC-MS (13.829,56% 3 The complex scattering factors used in these and other
of theory; bp 56-57 °C at 12 Torry: calculations were taken from tabsThe average intensity data

4-Fluorobutan-1-ol. A total of 8.10 g of 4-fluorobutyl  from each of the camera distances is available as Supporting
acetate, 40 mL of absolute ethanol, and 4 drops of concentratednformation.

H,SO, were refluxed for 9 h; because the composition had
changed little after 4 h, the solvent was largely distilled off (33
mL), and the residue was refluxed for another 4.5 h with 28
mL of fresh ethanol. At that time, GEMS analysis showed Ab Initio Optimizations. If one assumes 3-fold potentials
4-FB to be the sole product. After cooling, solid NaHOas for rotation about the €0 and G-C bonds in 4-FB, there are
added €100 mg), the mixture was stirred vigorously for 1 h 81 possible conformations for the molecule. However, those
and filtered, and ethyl acetate was distilled away through a 12 conformations, differing only by rotations around the G bond
cm Vigreux column. The residue was then vacuum distilled with (j.e., essentially in the position of the hydroxyl hydrogen atom),
the same apparatus, and a clear, colorless liquid (2.4 g, 43%).are not distinguishable by gas-phase electron diffraction (GED).
which was free of any contaminants according to-&\{S Moreover, mirror image structures give identical scattering
analysis, was collected at 66:69 °C (22—26 Torr); the patterns in a GED experiment. These circumstances reduce the
reported boiling points are 57%8 °C at 15 Torf and 56°C number of distinguishable conformers to 14, equal to (81/3
at 15 Torr? 1)/2+ 1, where the 1 refers to the unique extended form. These
Electron Diffraction. The diffraction experiments were made conformers have similar bond lengths and valence angles which
with the Oregon State apparatus usingrasector and Kodak  are not separately measurable by GED. The average values are

Theoretical Calculations
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TABLE 1: Theoretical Free-Energy Differences (kcal moi™)
and Estimated Conformational Composition for
4-Fluorobutan-1-ol
Experimental HF/6-31G* MP2/6-31G* B3LYP/6-31G*
/ “ /J/‘!}\’\,\’\ conformer AG® % AG® % AG® %
IIII‘!‘T‘rIIl llIIII\W|I|HIlIllIIlII|IIIIIIIIIIIIII|1III1‘HII FBla G*G‘FG*g‘F 067 95 000 353 000 491
] FB2 G'G Gg" 0.86 7.3 0.22 26 0.84 15
Theoretical FB3 G'AGa 000 245 075 123 111 103
/ I /T/N\ﬂTI\» H-b terms in model A FB4 GGGa 0.89 7.1 135 53 194 3.2
APAN vt FB5 G AGa 0.62 10.2 139 50 175 4.2
FB6 G AAa 071 90 187 25 1.90 3.4
FB7 AAAa 0.70 4.6 223 08 213 1.2
‘ M in model A FB8 AG'Ga 1.08 54 171 32 213 2.4
/] L : o FBO G'GAa 120 46 18 26 199 30
FB10 AAGa 0.66 9.6 176 3.0 1.87 35
FB11 G'G'Ga 1.69 2.3 202 21 246 1.6
FB12 AG G a 1.75 2.1 275 07 272 1.1
/L/H\ H-b terms in mode! B FB13 GGAa 1.72 2.2 273 0.8 2.66 1.2
A FBl14 AGAa 194 16 318 04 309 06
AG® = G°(FBN) — G°(FBn)
FBlI G G'Gg 4.24 4.75
“ /./\,\n'w‘r_"im model B FB2 GG G a 0.52 1.14
f \Auls 4673 : FB4 GGGg 0.08 —0.02
Difference FB7 AAAg 0.27 0.07
model A aHydrogen-bonded conformers.
model B
ing the conformational composition of the mixture. We had
o J ] ' ) : A hoped to be able to form a rough estimate of the magnitude of

r3/A the stabilization energy due to the hydrogen bonding by

Figure 3. Radial distribution curves. Theoretical curves are for the optimizations of the Conformatlon_s ha\_llng the FB1 and FB2

models of Tables 5 and 6 and in each case show contributions from Skeletal arrangements but with orientations of thetDbonds

the groups of hydrogen-bonded species and non-hydrogen-bondedncompatible with hydrogen-bond formation. These forms are

species. The vertical bars indicate the positions and the relative weightslabeled FB1and FB2 in Table 1. The results from the MP2

of the distances within each group. calculations seem to indicate that the hydrogen-bond stabiliza-

tion of the two conformers amounts to about 4.8 and 1.1 kcal
measurable with high accuracy, however. In such cases, usefulmol-1, respectively.

information about the deviations from the average bond-length, The HF/6-31G* energies indicate that the two hydrogen-
valence-angle, and torsion-angle parameters for each of theponded conformers together comprise about 17% of the con-
conformers can be obtained from ab initio calculations. By formational mixture. The situation is decidedly different ac-
introducing the calculated parameter differences, one obtains acording to the results of higher level calculations (Table 1). For
more realistic model for refinement and presumably more the MP2/6-31G* optimizations of the same set of conformers,
accurate structural results. The calculated energies of thethe hydrogen-bonded pair FB1 and FB2 dominate the mixture
conformers also give an indication about the composition of to the extent of 61%:; for the B3LYP/6-31G* optimizations, the
the conformational mixture. value is 64%. In the B3LYP/6-31G* calculations, but not the

Full geometry optimizations at the ab initio HF, MP2, and
B3LYP levels of theory with the 6-31G* basis set were carried
out for the 14 conformers listed in Table 1 using the program
Gaussian982 In the following symbolism for individual con-
formers, capital letters indicate (A) anti or (G) gauche tor-
sions of the heavy atom skeleton given in the ord@;—Cy—,
—C,—C3—, and —C;—C,—, and the small letter (a or Q)
symbolizes torsion about the-C;—O bond showing the
orientation of the G-H bond. The sense of the rotation is
positive for the counterclockwise motion of the near bond

MP2/6-31G*, the ratio of the amounts of the two hydrogen-
bonded forms is also changed substantially in favor of FB1.
Normal Coordinate Analyses. To obtain estimates of
vibrational amplitudes and possibly other corrections involved
in the formulation of a 4-FB model for refinement, it was
necessary to carry out normal coordinate analyses. This was
done with the program ASYM40 in a new versléthat permits
the symmetrization of the Cartesian force constants obtained
from ab initio calculations. The force constants for each con-
former were taken from the results of the HF/6-31G* calcula-

looking along the connecting bond to the far bond; the zero of tions. Theoretical vibrational amplitudes were calculated for all
rotation is with the near and far bonds eclipsed. For these of the distances, except for the-+H in all of the conformers

calculations, the orientation of the-@® bond was in all of the

included in the model of the system to be refined. Values for

cases but two taken as anti on the assumption that the energyhe most prominent distances in conformers comprising one of

of this conformer was lower than that of the correspondihg g

the models are seen in Table 2. The force fields are of no special

or g forms, an assumption generally consistent with the results significance, and no further use was made of them.

for FB4 and FB7 versus those for FB4 and FB7 (seen in Table

Structure Analysis. Model DefinitionsBecause it is impos-

1). The two exceptions are FB1 and FB2, each representing asible to measure the structures of the complex 4-FB system from
molecule with internal hydrogen bonding where the hydrogen GED data alone, it was necessary to introduce a number of
atom is pointed toward the fluorine as seen in Figure 1. For assumptions and constraints to reduce the large number of
these conformers, the calculated energies are substantially lowestructural parameters to a manageable level for refinement.
than those of the other conformers, indicating that the formation (Because these assumptions involved distances and angles, they
of O—H---F hydrogen bonds is an important factor in determin- were drawn from the theoretical results at the HF/6-31G* level,
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TABLE 2: Calculated? (Upper) and Experimental (Lower)
Average Root-Mean-Square Amplitudes (RMSJ/A) for

Some Important Distances in Conformers of
4-Fluorobutan-1-olP¢

conformer

FB1

FB2

FB3

FB5

FB6 FB7

G G'G gt G'G G g" G'AG a G AG a G"AAa AAAa

Treetteberg et al.

bond distances of the conformers in both groups were tied to
those of FB1 via the theoretical differences. ThelCand O-H
bond lengths in all of the conformers were assumed equal. (4)
The C-C—-0, G—Cy,—C3, C,—C3—Cy4, and C-C—F bond
angles in FB2 were constrained to be smaller than those in FB1
by the theoretical amounts and fixed at the theoretical values
for the other conformers. The difference betwear-C,—C;

C—H 0.077 0.077 0.078 0078 0.078 0078  and G—C3;—C,in FB1 was constrained to the theoretical value.
008 008 0087 0082 0082 0.082 All of the C—C—H angles were tied to the FB1 value through
C—C,  0.051 0.052 0.050  0.051 0.050 0.050 . .
0.052 0.05F 0056 0.056¢ 0.056 0.056 the theoretical differences, and all of the-O—H bond angles
Cy+C3  0.074 0.074 0.075 0.075 0.078 0.078 Were assumed equal.
et 8-(1)gg %017()% 060%37 0-88110: . 0'%8190 . O-Oé’f . The results of these simplifications were several. Firstithe
1o 0.09% 0092  0.09P 0.09° 009P 0097 — 1 mole fraction parameters were reduced to just one, which
CyC; 0.142 0.123 0.075 0.076 0.077 0.078 permitted an experimental evaluation of the relative amounts
0.15% 0.13%  0.07F 0.074 0.07% 0.076¢ of H-bonded and non-H-bonded forms in the system. Second,
Ce-F 0.127 0.123 0147 0150 0.149 0.071  the very large number of structural parameters was reduced to
e 8%‘02’97; Odll?’??; Oblii 0'36516 0'106572 0'03%72 18: five bond lengths, five bond angles, and eight torsion angles.
3" . . . . . . . . .
0.13F 0.14£ 015F 0.15F 0.07¢F 0.07¢ The first 14 of the following set of parameters are designed to
CyF  0.198 0.153 0.155 0.150 0.158 0.096 apply to the reference conformer FB1 and the last four to ap-
o BTG5 Gl OIS OIL 0TS P o FEX M O) G-\ rCR) MO MK
) 022F 0174 0.16F 0.158 0375 0.364' ggg—g—g)’m(mc(fc—cc—olz’) S((gl_ CEZCE% DD((gj CSE_HOB))’
F---0 0.144 0.210 0.068  0.284 0.204 0.085 , , , '
0.156 0.22% 0417 [0.284] 0.448 [0.104] 0(C—C-0—H), [O(C—C—C—F)grz O(C—C—C—C)rsa,

0(C—C—C—O)egz, J(C—C—O—H)ggo. If all of the H---H
distances are omitted, there are 62 distances in each 4-FB
conformer leading to a total of 620 different distances in a 10-
conformer-system model, for each of which there is an associ-
ated vibrational amplitude parameter.

We tested several types of trial models of which two were

investigated in depth. All of the models were basedrgn
distanceg® In all of the models, attempts at the accurate

2 Force field from HF/6-31G* theory2 Quantities in square brackets
were assumed.Same upper case superscript letters indicate experi-
mental amplitudes refined in groups witho incertainties (least
significant figures of items) as followsA =5,B=3,C=8,D =13,
E=25F=27,G=95H = 585.

TABLE 3: Theoretical (HF/6-31G*) Values of Nonbond
Heavy-Atom Distances (A) in Conformers of
4-Fluorobutan-1-ol

conformer G--+Fs Cg++Og Cy-+-Os Cp--Fs Cyo-Og Farr-Og determination of the dihedral angles in both the hydrogen-
FBI* G G'Gg 306 318 300 289 300 249 bo_nded and non-hydrogen-bonded groups c_)f the conformers
FB® G'GGg" 300 291 297 270 337 272 l_‘alled, and we chose to fix them at thg theoretical v_alues shown
FB3 G'AG-a 203 295 390 433 434 514 in Table 4 for the HF/6-31G* calculations. (The refined values
FB4 GGGa 291 291 308 346 347 429  of these angles were actually not much different from the
Egg gﬁg;a 22-32 3??? 33& j-gg’ :'932 54-f71 calculated ones, but they had very large standard deviations.
FB7 AAAa 375 377 389 492 492 611 Fortunately, the values of the other parameters were only
FBS AG'G-a 377 307 324 453 301 435 marginally influenced by reasonable changes in the dihedral
FB9 G'G Aa 3.07 379 321 299 452 437 angles.)
Egﬂ) éféig,a g:;g g:gg 2:22 g:g‘; ‘3‘:‘11(1) g:?g In the first type of_ model (model B), the relative amounts of
FB12 AGGa 377 293 317 445 367 469  theconformers within boththe hydrogen-bonded (FB1 and FB2)
FB13 GGAa 292 375 316 3.63 445 467 and the non-hydrogen-bonded (FBBB10) groups were kept
FB14 AG Aa 377 378 319 446 447 579 at the values determined by the MP2/6-31G* calculations; these

relative amounts are seen in Figure 4. The bond distances, the
heavy-atom bond angles, and the C—H angles in both groups
were tied to those of FB1 by the theoretical differences; the
C—0O—H bond angle was kept at the theoretical value. The fit
following: (1) As in the cases of butane-1,4-diol and 1,4- !0 the experiment given by model B is certainly not bad, but it
difluorobutane already cite? the conformers were divided into ~ has a few small, disquieting features which can be seen in its
two groups, one of which Comprised the (poten“a"y) hydrogen_ RD-difference curve in Figure 3. An eXampIe is the small peak
bonded pair FB1 and FB2, and the other various conformersin this curve at about 3.8 A, which implies an insufficient
were chosen from the non-hydrogen-bonded group-FE&10, contribution from distances near this value, presumably those
depending on the model of interest. In all of the cases, the formsbetween heavy atoms. As is seen from Figure 4, the hydrogen-
FB11-FB14 were omitted on grounds that together they are bonded group has no distance near 3.8 A, whereas all of the
predicted to total only a small proportion of the mixture (about conformers except the'@*G*a in the non-hydrogen-bonded
8% from HF and less than 5% for MP2 and B3LYP) and that, group have at least one such distance. Figure 4 also shows that
in any event, their distance distributions are similar (Table 3) the 3.8 A peak is due to X(1)}Y(4) skeletal distances arising

to those of other species that are already included. (2) For mostfrom anti dihedral angles.

models, therelative amounts of the conformers in both the The problems with model B led us to formulate a second
hydrogen-bonded and non-hydrogen-bonded groups were peggetype of model (model A) intended to remedy the defects of the
at values obtained from an assumed Boltzmann distribution first by inclusion of more of these forms than is suggested by
based on the theoretical energies, but variations of these ratiogheory. Conformers FB3, FB5, FB8, and FB9 have one anti
were also tested. (3) The values of the @, C-C, and C-F dihedral skeletal angle (Figure 4), FB6 and FB10 have two such

aHydrogen bonded.

but when they involved conformational composition, they were
taken from the MP2/6-31G* result&?)The constraints were the
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TABLE 4: Theoretical Values of Bond Lengths (A) and Valence and Dihedral Angles (deg) in the Conformers of
4-Fluorobutan-1-ol

I’(Cl_ Cs) I’(Cl_ Cz) I’(CZ_ Cg) I’(C3_C4) r(C4— Fs)
conformer HF MP2 DFT HF MP2  DFT HF  MP2 DFT HF MP2 DFT HF MP2  DFT

FB1 GG'Gg 1340 1.425 1418 1529 1526 1536 1535 1.531 1539 1516 1513 1520 1.386 1418 1.413
FB2 G'GGgt 1401 1425 1420 1529 1528 1538 1534 1530 1539 1515 1512 1519 1.384 1416 1.410
FB3 G'AGa 1405 1.430 1.426 1.518 1515 1.522 1529 1.525 1.533 1514 1511 1518 1376 1.404 1.397
FB4 GGGa 1406 1.432 1.427 1520 1.518 1.525 1532 1.530 1.537 1515 1.512 1519 1.377 1.406 1.399
FBS GAGa 1.404 1.429 1.425 1519 1516 1524 1529 1525 1533 1515 1512 1519 1374 1.402 1.396
FB6 G AAa 1403 1.428 1.423 1518 1.516 1.523 1.529 1.526 1.532 1515 1.513 1.520 1.373 1.402 1.395
FB7  AAAa 1403 1.428 1.423 1518 1516 1524 1529 1527 1533 1519 1513 1520 1372 1.401 1.393
FB8 AG'Ga 1406 1.431 1.427 1520 1517 1525 1533 1.530 1.537 1518 1.517 1523 1.377 1.406 1.398
FB9 GG Aa 1406 1.431 1.426 1521 1519 1526 1532 1528 1536 1515 1513 1520 1376 1.405 1.399
FB10 AAGa 1403 1.429 1.424 1525 1.524 1532 1529 1.526 1.533 1515 1.513 1519 1.372 1.400 1.393

0(0s—C;1—Cy) 0(C,—Co—Cs) 0(Co—Cs—Ca) 0(Cs—Cs—Fs)
conformer HF MP2  DFT HF MP2  DFT HF MP2  DFT HF MP2  DFT

FB1 GGGy 113.7 113.0 113.9 116.8 116.1 116.6 116.6 116.0 116.8 110.4 109.9 110.8
FB2 GG Gg' 112.9 112.2 113.0 115.3 114.0 114.7 115.5 115.0 115.7 110.1 110.0 110.5

FB3  G'AGa 108.6 1074 1082 1131 1125 1132 1127 1122 1128 1100 109.4  110.0
FB4  GGGa 108.8 107.6 1085 114.7 1134 1144 1143 1130 1139 1101 109.6 110.2
FB5 GAGa 108.7 1074 1083 1132 1127 1134 1128 1123 1129 1100 1094 110.1
FB6 G AAa 108.0 107.2 107.9 1126 1124 1129 1129 1123 1129 1099 109.2 109.9
FB7  AAAa 107.9 1071 107.8 1126 1123 1127 1123 1119 1124 1095 109.4  109.8
FB8 AG'Ga 109.0 107.8 1088 1156 1150 1156 1153 1149 1151 1083 108.0 108.6
FB9  G'GAa 107.1 1062 107.0 1151 1145 1149 1154 1147 1153 1105 109.9 1107
FBI0 AAGa 1130 1126 1133 1130 1124 1131 1123 1122 1127 109.6 1095  109.9
0(C,—Cs—Ca—F) 0(C1—Co—Cs—Ca) 0(Os—C1—C,—Cs) 0(C;—Ci—Og—Hy)
conformer ~HF  MP2 DFT  HF  MP2  DFT HF MP2 DFT HF MP2 DFT

FB1 GG'Gyg —74.0 —75.7 —73.5 63.2 58.5 63.0 —76.1 —746 —74.6 75.7 78.4 71.3
FB2 GG Gg' 711 71.7 70.0 —55.7 —-555 552 -52.0 514 494 81.2 80.1 77.8

FB3 G'AG a 60.5 59.4 50.6 180.2 180.6 180.3 —62.2 —61.0 —61.9 180.2 180.0 177.7
FB4 GGGa 54.0 52.1 53.4 55.7 51.0 54.8 54.4 53.1 54.5 178.9 179.3 180.4
FB5 G AGa —-60.1 -59.1 -59.6 1815 1809 179.0 —-61.7 —-604 —61.8 179.7 179.3 178.4
FB6 G AAa —61.7 —-60.6 -61.0 178.6 178.1 177.7 179.0 179.1 179.2 178.7 178.7 178.8
FB7 AAAa 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0
FB8 AG'G a 1715 170.8 173.8 68.5 65.6 68.9 —-68.8 —69.4 —68.9 179.1 177.7 177.0
FB9 G'G Aa 68.6 68.7 67.4 —659 —-62.6 —-66.0 -1726 -—-171.1 -173.6 —176.7 —176.1 —176.3

FB10 AAGa 179.8 180.1 180.0 178.8 1780 1774-60.4 585 —59.1 180.0 176.8 176.1

aBasis set was 6-31G* in all cases.

angles, and FB7 has three. Although it is likely that all of the ~ Refinement ResultShe parameter values obtained for model
conformers are present, a study of the torsion-dependentB are found in Table 5. Models of type A are much more
distances suggested that the makeup of the second model coulflexible than the model B types, and it was first necessary to
be simplified by including only one or two forms to represent establish the relative amounts of FB3FB5, FB6, and FB7 in
each of the three angle groups. Grounds for such an assumptiorthe non-hydrogen-bonded group and those of FB1 and FB2 in
are that conformers with the same number of anti dihedral anglesthe hydrogen-bonded group that gave the best fit. These relative
have roughly similar distance distributions. Conformers FB3 amounts were studied systematically in trial refinements. The
and FB5 were taken to represent the group with one anti dihedralbest results were obtained with about 75% FB1 and 25% FB2
angle when tests showed that the combination was better thanin the hydrogen-bonded group and 20% FB¥B5, 50% FB6,
either one alone. FB6 and FB7 were chosen to represent theand 30% FB7 in the non-hydrogen-bonded group. Refinement
groups with two and three anti angles, respectively. FB3 and results for this model are listed in Table 5 as model A.
FB5 differ mainly in the positions of the OH and F groups that  The results of our investigation of the 4-FB system are found
are either on the same side (FB5) or on opposite sides (FB3) ofin Tables 5 and 6. The values of Table 5 are weighted averages
the plane of the carbon skeleton. Because these two func-(i.e., the contributions of the conformers were weighted ac-
tional groups are too far away to interact strongly, it seemed cording to the conformational compositions). The entries of this
reasonable to incorporate FB3 and FB5 in equal amounts. Thetable are limited to bond distances and bond angles because
hydrogen-bonded group of conformers in this second model the averaging of gauche and anti dihedral angles is meaningless.
type was represented by FB1 and FB2 as before in relative The data of Table 6 deals only with the important H-bonded
amounts determined by test refinements. As Figure 3 shows,conformer FB1 and is thus more detailed. Values of the
the fit provided by model A is considerably better than that parameters in the other conformers may be deduced from those
from model B. in Table 6 by applying the differences available from the values
The vibrational amplitudes in all of the refinements were of Table 4. Model A is our preferred model because of the better
refined in groups defined largely by regions or peaks of the fit to the experimental data that it provides; this is evident from
RD curve in which the associated interatomic distances were the value of the quality-of-fit factdR (Table 5) which is signif-
found. Most of the vibrational amplitudes within such groups icantly smaller for model A than for model B and from the
have calculated amplitudes of similar magnitude. The groups difference curves of Figure 3 which show a better match be-
may be identified from Tables 3 and 6. tween the experiment and the theory for model A. Figure 3 also
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formers should be present only to the extent of about 17%.
Clearly, the conformational stabilization of 4-FB resulting from
O—H---F hydrogen bonding is underestimated by the latter with
the 6-31G* basis. Although the matter has not been checked,

EXPERIMENTAL RD results from other work suggest that these predictive failures
likely are due to the small basis set rather than to the theoretical
H\ITTT\I‘HHI\M/{'IHHIH\‘H\\\I\I\‘\HTHIII'!HI‘FHHI‘I]H\ |evels
6 54321 L BONDED The theoretical results for the relative amounts of each
AR GGG 100 [ N hydrogen-bonded conformer are also interesting. All three sets
462315 of calculations led to a lower energy for FB1 than for the
sB2GeGe 84 - alternative FB2. The calculated energy difference between the
two forms is modest at the HF and MP2 levels of theory, but
12 3 45 g nonf-BONDED as Table 1 shows, the B3LYP calculations predict about 3 times
*FB3:G'AG7 100 o Lo [ as much FB1. This theoretical prediction of the FB1/FB2 ratio
123 45 6 at the B3LYP level received support on the experimental side
B P S when a systematic variation of the ratio led to a best fit that
B GAGE 39 1,|2 3| 4~f lﬁ agre'e.d with the t.heoretical prediction. The reason for the greater
- D stability of FB1 is reflected by the structures of the-B---F
+FBG:GAAa 27 1| 2| 3405 ? groups: the ©@-F distance in FB1 is shorter than that in FB2
T S (2.46 vs 2.71 A; the van der Waals distance is about 2.75 A),
B AAAG 25 el 48 ° and the O-H---F angle is larger (151vs 133). The dominant
- 23 ' . ea h role played by FB1 (i.e.the GG_*G‘gf conformer) in the
FBE:AG'Ga 21 N hydrogen-bonded group of 4-FB is consistent with the observa-
413 2 85 tion that the hydrogen-bonded conformers in butane-1,4-diol
TBOGG A 20 1 S I are best represented by the same form (or its mirror image) for
FBI0: AAGa 19 2 13 5 46 the —OB(CH;)4—O—H moiety.
—— \ | e | Bond Lengths and Vibrational Amplitudes. Table 8 shows
0 1 2 3 4 5 6 the values of the bond distances and bond angles for 4-FB and
/A the related compounds 1,4-difluorobutane and 1,4-butanediol.
Figure 4. Distribution of torsion-sensitive distances in the 10 most The average €C bond in the two compounds with internal
abundant conformers. Distance identification: ((Cz-+F), (2) hydrogen bonding, 4-FB and 1,4-butanediol, is found to be about

r(Cs--0), (3)r(Ca+-Ca), (4) r(Cy-=F), (5)r(Cyr++0), (6)r(O---F). For 0.01 A longer than that in 1,4-difluorobutane where hydrogen
each conformer the lengths of the vertical bars are proportional to the bonding is absent. The average length of theFbond in 4-FB
weights of the distance&z/r;. Starred conformers comprise model - ) - I ;
A; all of the conformers comprise model B (see text). Tektive like the average €C bond, is again slightly greater than that
abundances in the hydrogen-bonded group (FB1 and FB2) and non-in nNon-hydrogen-bonded 1,4-difluorobutane. These observations
hydrogen-bonded group (FBFB10) are listed by the conformer labels. may be partly understood by an analysis of the theoretical
results. Although ab initio bond-length values are not available
shows the relative contributions to each model from the hydro- for 1,4-butanediol, they have been calculated for 1,4-difluo-

gen-bonded and non-hydrogen-bonded groups. The correlationrobutané It is seen that, for 4-FB itself (Table 4), the average

matrix for the parameters of model A is given in Table 7. C—C bond length is increased mainly by contributions from
. _ the central bond (£-Cs) in all of the non-hydrogen-bonded
Discussion conformers and by contributions from the bond nearest the OH

The most important result of our study of gaseous 4-FB is 9roup (G—Cy) in the hydrogen-bonded conformers FB1 and
the finding of substantial amounts of conformers with internal FB2. In 1,4-difluorobutane, the centra-€C; bond is also the
O—H-+F hydrogen bonds. Although there is no doubt that non- longest (by about 0._015 A) throughout t_he list of conformers,
hydrogen-bonded conformers also contribute significantly to the Put the G—C, bond is not elongated as in 4-FB. The average
conformational mixture, neither is there doubt that the hydrogen- C—C bond in 4-FB is thus longer than itis in 1,4-difluorobutane
bonded conformers play a very important role; we were unable because about 50% of the cqnformatlonal welght_ accrues to the
to obtain a good fit to the experiment with the models that did hydrogen-bonded group of its conformers. A similar picture
not contain substantial amounts of each. For a large number ofaPplies to the €F bonds in that the theoretical values of these
models, the refined values of the total contribution of the Ponds inthe hydrogen-bonded conformers of 4-FB are slightly
hydrogen-bonded conformers was found to lie in the range of arger than those in conformers of the non-hydrogen-bonded
48-62%. At 48(14)% in our preferred model A, the contribution 9roup, which are like those in 1,4-difluorobutane. It is not
of the hydrogen-bonded forms is larger than that found for Surprising that the €0 bonds, which occur only in hydrogen-
butane-1,4-didlof 40(4)% at 144C. The difference seems to bonded 4-FB and 1,4-butanediol, are experimentally the same
suggest that the energy of the-®i---F hydrogen bond may be because both the structures of the molecules and the strengths
larger than that of the ©H---O one, but the uncertainties on  Of the O-H---O and O-H---F hydrogen bonds are similar.
the amounts and the host of (different) approximations applied The experimental vibrational amplitudes (Table 3) of the bond
in each analysis make such a conclusion very risky. distances in 4-FB are in good agreement with the calculated

The contribution of the hydrogen-bonded conformers to the ones, but those for conformationally similar 1,4-butanediol were
mixture comprising 4-FB, predicted at 61% from the MP2/ found to be 0.0£0.02 A larger than calculated. The differing
6-31G* optimizations, is in good agreement with the experi- levels of agreement for these molecules probably reflect the
mental result for our model A. This is not the case for the results differing assumptions applied to the structural analyses. For the
from the HF theory, which predicts that hydrogen-bonded con- 1,4-butanediol study, the various bond lengths were assumed



Hydrogen Bonding in Gaseous 4-Fluorobutan-1-ol J. Phys. Chem. A, Vol. 105, No. 41, 2009593

TABLE 5: 4-Fluorobutan-1-ol. Some Average Bond Lengths and Bond Anglés

bond lengthsr/A) bond angles((/deg)
parameter model A model B parameter model A model B

Cc-0O 1.430(5) 1.430(6) €0—-H [106.1] [106.1]
Ci—C, 1.529(2) 1.528(2) €C—0 (H-bond) 112.3(55) 111.8(45)
C—Cs 1.537(2) 1.537(2) €C—0 (non-H-bond) 108.2(45) 108.9(45)
Cs—Cs 1.520(2) 1.521(2) C-C—Cs 112.5(33) 112.9(39)
C—F 1.401(5) 1.402(7) £Cs—Cy 112.4(32) 112.7(37)
O—H [0.947] [0.947] C-C-F 109.8(12) 111.2(59)
C—H 1.102(4) 1.103(5)
compositions and agreement factors
% (H-bond) 48.% 22.
% (non-H-bond) 51. (140) e (196)
Rd 0.072 0.086

aValues are weighted averages with weights according to conformational composition. Quantities in parentheses are estinuziedities;
those in square brackets were assumidteferred model containing six conformet€ontains 10 conformer€.Goodness of fit factolR = [ZwiA%/
Sili(obsd¥]¥2 where A; = li(obsd)— li(calcd) withl; = si.

TABLE 6: 4-Fluorobutan-1-ol. Some Interatomic Distances (/A), Bond Angles (O/deg), and RMS Amplitudes of Vibration (I/A)
for the Principal Hydrogen-Bonded Conformer, G-G*G~gt (FB1)?

model A model B model A model B
parameters ra; Oa | ra Oa | parameters ra Oa | ra Oa |
C-0 1.428(5) 0.05 1.425(6) 0.03 C---H 2.14-2.20(20) 0 090(13) 2.152.22(23) 0.090(18)
Ci—C; 1.533(3) 0.05 1.535(3) 0.0%8 1©C; 2.556(12) 08 2.535(64) 0.07
C—Cs 1.540(3) 0.057 (3) 1.541(3) 0.038(4) 2GCs 2.542(12) 0.08 ®) 2.521(64) 0.0 38)
Cs—Cy 1.520(3) 0.05 1.522(3) 0.0%7 3CF 2.397(27) 0.07 2.488(115) 0.

C-F 1.408(6) 0.0 1.410(7) 0.0p3 €0 2.463(29) 0.07, 2.457(173) 0.q70
O—H [0.947] 0.07 ®) [0.947] 0. 07% ®) Ci-:Cs  3.083(29) 0.15 3.026(164) 0.1

C—H 1.102(4) 0.08 1.103(5) 1 2CF 3.067(33) 0.13 3.146(111) 0.472
C-0O—-H [106.1] [106.1] GO 3.159(31) 0.13 (25) 3.126(193) 0.1 39)
C-C-0O 112.5(20) 112.1(120) ©F 2.882(51) 0.21 2.925(188) 0.
Ci—C,—C; 112.5(8) 111.0(43) £-0 2.974(43) 0.22 2.889(277) 0.255
C,—Ci—Hg 109.5(16) 110.5(18) O-F 2.463(49) 0.1 2.416(238) 0.389
C-C-F 109.8(18) 116.1(85)

a Quantities in parentheses are estimatedi@certainties; those in square brackets were assumed. All dihedral angles are set equal to those from
optimized HF/6-31G* calculations (Table 4)Preferred modek For atom numbering, see Figure 1.

TABLE 7: Correlation Matrix ( x100) for Parameters of 4-Fluorobutan-1-ot

10> 1, ) I3 4 Us Us O Us lo l10 l11 l12 l13 l1a l15 l16  OtHbond
1 r(C-0) 0.17 100
2 1(C—Cy) 0.07 —14 100
3 r(C-F) 0.19 -76 42 100
4 r(C—H) 0.14 —4 5 3 100
5 0OC-C-0O 71.0 —-17 16 25 3 100
6 0OC—C,—Cs; 27.7 2 —-16 -7 14 —-37 100
7 0C,—Ci—Hs 57.1 -6 1 11 -13 12 33 100
8 0OC-C-F 64.1 5 16 <1 15 =38 -5 -1 100
9 I[(C—H) 0.13 <1 19 8 -1 -3 6 4 -1 100
10 I(C-C) 0.09 -31 7 30 11 6 12 7 3 13 100
11 [(Cyo+Cy) 0.27 -1 3 -1 -1 -—-28 —32 -—48 49 4 10 100
12 [(Cyio++Cy) 0.86 2 —-18 -12 -5 -11 1 30 —14 2 <1 -—-33 100
13 [(C:-+H) 0.43 3 12 -1 19 -4 -26 -85 13 5 8 54 —26 100
14 (Cyo++Cy)° 0.95 -8 31 25 5 28 -8 4 23 <1 10 <1 -25 3 100
15 I(Cy-F) 3.35 -6 15 14 7 14 9 20 10 3 8 -9 —-15 -15 8 100
16 I(F---O)° 20.7 -1 3 3 <1 4 -3 =2 2 -1 <1 1 -2 2 1 17 100
17 dnvond' 5.0 12 —49 -39 —-11 -39 6 —11 —-38 <1 -13 3 42 <1 —-64 —-36 -7 100

aFor preferred model A, Table 8.Standard deviations from least-squares refinement. Distances (A), anglesc(@egjormers containing
A-type distances? Mole fraction of H-bonded conformers (FB#& FB2).

to be the same in all of the conformers, while in 4-FB, the bond- the RD peak at 5.1 A are in satisfactory agreement with the
length differences from ab initio calculations have been theoretical prediction, but the experimental amplitudes for
incorporated into the GED model. In any case, the accuracy of distances under this peak are nominally much larger. The
the measured amplitudes must be viewed with caution becausealistances contributing to the area of the RD peak at about 5.1
the results depend heavily on the many assumptions made toA from several conformers are the following: FB3;FO; FB6,
allow their refinement. These include the amplitude differences Cy---O and k---O; FB7, G---F and G---O. When the theoretical
imposed on the members of the amplitude groups and theamplitudes for these distances, which range between 0.0676 and
arbitrary makeup of the groups themselves. 0.2043 A, are used in the calculations of theoretical RD curves,
Matters are only slightly different for the amplitudes of the the peak at 5.1 A is considerably sharper than that seen
nonbond distances. All of the values except those connected toexperimentally. The large experimental amplitudes for the
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TABLE 8: Bond Lengths (A) and Bond Angles (deg) for
4-Fluorobutan-1-ol and Some Related Compounds

parameter  1,4-difluorobutane 4-fluorobutan-1-ol 1,4-butanediol
r(C—H) 1.106(3) 1.108(4) 1.116(12)
r(Ci—Cy) 1.51 1.53 1.53
r(Co—Cs) 1.53% (2° 1.53]% (3’ 1.53} 2r
r(Cs—Cy) 1.51 1.52 1.5
r(C—F) 1.398(2) 1.40110(5) Cc
r(C-0) C 1.432(5) 1.429(2)
oc-Cc-0 Cc 110.1(43) 110.9(10)
OC-C—-F 110.1(19) 109.7(12) C
MC—-C—CO  113.8(22) 112.4(31) 114.3(22)
m(C—-C)d 1.521(2y 1.531(3Y 1.530(2)
ref 2 this work 1

2Values are conformational averages. Distancgangles/Jg. ® The
magnitudes of the €C distances were held at the theoretical
differences¢ Distances were assumedequdlncertainties do not
reflect the error in calculated differences.

Treetteberg et al.

University Computer Center. We are grateful to Lise Hedberg
for help with the normal coordinate calculations.

Supporting Information Available: Table of the averaged
experimental molecular intensities from each camera distance.
This material is available free of charge via the Internet at http:/
pubs.acs.org.
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