J. Phys. Chem. R001,105,1039-1049 1039
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The conformational space of 3-buten-2-ol (BUO), governed by the torsion apgl@s-C—C=C) and¢,-
(H—O—C—C(sp)), was searched, and nine energy minima were located, using the B3LYP/6-31**G approach.
Then, geometries of these nine and the vibrational characteristics of the four lowest energy forms were
calculated. Experimental evidence of the latter four conformers in the gas phase was obtained from IR
frequencies, band intensities, and band shapes measured at room temperature. Analysis of electron-diffraction
intensities also measured at room temperature gave the following abundancies (with nomenclature pertinent
to the S configuration): (-ac, —s0), 58%; GEp, —s0 and &p, +s0 together, 32%; {ac, +s¢, 10%. The

energy sequence as well as conformationally induced variations in bond lengths, valence angles, and OH
frequencies could be rationalized by attractive (hyper)conjugative and repulsive steric effects operative in
BUO. The intermediacy of BUO between allyl alcohol and 1-butene shows in the observation thief C2
C2—-0H, and C2-CHjs eclipse the €&C bond in the f-ac, xx), (sp, Xx), and (ac, xx) conformers, respectively.

In all four conformers, OH points toward=€C, indicative of an attractive intramolecular OH(C=C)
interaction. Experimental and calculated wavenumbers of the individual conformers could be matched
satisfactorily, after scaling the four B3LYP force fields using only three transferable scale factors published
by Rauhut and Pulayd( Phys. Chem1995 99, 3093).

Introduction In previous investigations, Kahn et %.calculated on the
_theoretical side the conformational profile of BUO with standard
In research programs of small gas-phase alcohols and theirgy initio methods on the 6-31G*/3-21 G level. All nine
derivatives, 3-buten-2-ol (BUO) has been given much attefiton.  conformers were analyzed. The three forms with the lowest
Being a small molecule, it can serve as a model compound t0energy were fac, —sd, (sp, —sd, and 6p +s0d, with
study stereoelectronic effects, as well as the possibility of cgjculated relative energies of 0, 0.6, and 0.8 kcal/mol,
intramolecular hydrogen bonding. The two axes of internal respectively. In this, BUO resembles allyl alcoiol,in which
rotation and the chiral substitution near the double bond make gjmilar forms occur. The next three BUO conformers were
the molecule interesting for conformational analysis. Taking into czlculated to be 1.6sp, ap), 1.9 (-ac, +s0), and 2.7 kcal/mol
account the usual tendency of single and double bonds to eclipseHaC’ ap) above the{-ac, —s¢) conformation. The three forms
one another, one enVisageS '[hl’ee potentlal fOfmS determineqn Wh|Ch the bond to the terminal methyl group ecllpses the
by ¢1(O—C—C=C). With the S configuration as the starting  gouble bond were no minima on the energy surface. In this,
point, they aret-ac (anticlinal; C-H eclipses the double bond),  BUO seemed to differ from 1-butene, which in the gas phase

—ac(C—CHs eclipses), andp(synperiplanar; €OH eclipses).  contains as much as 17% of the form, with-CHs eclipsing
For each of these, there are three possible orientations of thethe double bond?:1t

hydroxyl group with respect to the €C(sp) bond: +sc On the experimental side, the microwave spectra of BUO,
(synclinal),—sc andap (antiperiplanar), determined lgys(H— CH,=CHCH(OH)CH;, and CH=CHCH(OD)CH; have been

O—C—C(sp)). Figure 1 shows the nine possible BUO confor- jestigated by Smith et alMore than two conformers were
mations with theS configuration at C2 and gives the IUPAC  pejieved to be present, but only two could be assigned. In terms

nomenclaturé. of the S configuration, the predominant conformer was shown
to be (-ac, —s0), with the hydrogen atom at C2 eclipsing the
* To whom correspondence should be addressed. double bond, the methyl carbon being abetit18 from the

T On leave from Department of Chemistry, Moscow State University iti ;
(MSU), Leninskiye Gori. Moscow 119899, Russia. syn position, and the oxygen atom being ab6G22 from the

+0n leave from the Academy of Chemical Technology, Department of SYN Position. T_he_Other assigned conformer was ¢-sc). It
Physics, Engels street 7, lvanovo 153460, Russia. has the C-O eclipsing the double bong{ = 4°) and the methyl
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H|n Pylﬁ T‘Is Il‘[m Netherlands¥® For the gas electron-diffraction experiments, the
Hy— Cr— Cr— Cy—C, temperature of the nozzle was kept at 300 K. An accelerating
[ ! voltage of 59.88 kV was used, stabilized within 0.01% during

Hi; Os-H H R .
’ ’ exposures. The corresponding electron wavelength was cali-

o u 1 brated against the knowhCC bond length of benzene and
Mei\é/ H‘O/\C/H o resulted inl = 0.048 71(3) A. Recordings were taken at three
\tg"=c/“ TN M N M nozzle-to-photographic plate distances: 59.982(2) (four plates),
g y £ =C\H £ =C\H 35.104(2) (five plates), and 19.980(2) cm (four plates). Optical
densities were measured on a modiffedbtating ELSCAN
a0, (e, ), (+ac, ap), E-2500 densitometer. Density values were converted to intensi-
Pr=120", =60 @r=120°, =60 @=120°, ,=180° ties using the one-hit model of ForstérCoherent scattering
o oM By factors were taken from Ross et?8land incoherent scattering
Me\c/ H Me\c/ Me\c/ factors from Tavard et @ The data were processed by standard
N H N L N L procedure§!
J =C\H a =C\H 7 =C\H The experiment yielded leveled intensities in the following
ranges: 60 cm, 3.5& s < 11.50 A1 35 cm, 7.00< s <
op.s0). (3p. +sc), (sp. ap), 19.50 A°%; 20 cm, 12.00< s < 33.50 A2 (all with As= 0.25
=0, =60 0r=0" =60 i=0", g:=180° A-1). Leveled intensitie$(s) with final background®(s) and
y the resultingsM(s) curve are shown in Figures 2 and 3.
e Me .
v/ w_ S , /Mc Infrared Spectroscopy. The vapor-phase infrared spectrum
/C . ;C Hoo¢ of BUO was recorded at room temperature on a Bruker IFS
/(’ \C - o \ L OO, \ Ve 113v spectrometer equipped with a globar source, a Ge/KBr
H / N noC —C\H LT beam splitter, and a broad-band mercury cadmium telluride
! " f . detector. The compound was contained in a 29 cm gas cell with
(-ac, -sc), (-ac. +sc), (-ac. ap), KBr windows at a pressure of 15 mbar. A total of 200 scans
1= 1207 =60 01=-120", g=60" 01120, @:=180° for both the reference and sample were accumulated, Happ
Figure 1. Possible conformers of)-3-buten-2-ol, together with atomic ~ Genzel apodized, and Fourier transformed using a zero-filling
numbering and IUPAC nomenclatufe. factor of 4 to produce a spectrum with a resolution of 0.5&m

Prior to recording the spectrum, the compound was dried over
carbon+124> away form the syn position. Relative intensity molecular sieves. Despite this, very weak bands due to water
measurements gave the energy difference between the lowesyapor could still be detected in the spectrum.
rotational levels of these two conformers as 0.52(14) kcal/mol.

The authors find additional evidence for the second conformer Thegretical Calculations
in the vapor-phase IR spectrum: they consider the observed
difference of 12 cm? between two OH stretching frequencies Ab initio calculations were carried out using Pulay’s gradient
too small to be a PR splitting, although no calculations of ~method? 34 and the program BRAB®: Density-functional
P—R splitting were performed. Still, a good many moderately theory (DFT) calculations were performed with the Gaussian
strong microwave lines remained unidentified, suggesting the 94 progran?® Knowing that for allylic alcohols-*’the energy
presence of further unknown rotamer(s). content and even the sequence of conformers strongly depend
So, despite the seeming simplicity of BUO and the large ©ON the level of sophistication, we used in ab initio the 4-¥G
attention it has received, the conformational composition of this @nd the 6-31G** basis set:*° For the DFT calculations, we
molecule in the gas phase has not yet been determinedchose the B3LYP hybrid functional, made up of the Becke
unambiguously. Therefore, the aim of this work is threefold: €Xchange functiondf, the correlation functional of Lee et &,
(i) the determination of the number, energy sequence, and@nd the HartreeFock exchange terrf. > The basis set chosen
geometry of the BUO conformers in the gas-phase on the basisWas 6-31G**. Convergence criteria were chosen in conformity
of theoretical calculations, spectroscopic measurements, andVith ref 46 for the 4-21G and 6-31G** calculations, whereas
electron-diffraction intensities, (ii) the determination of reliable the standard criteriaimplemented in the Gaussian 94 pré§ram
force fields from calculations using the B3LYP/6-31G** basis Were used for the DFT calculations. Figure 4 showsithand
set, and (iii) the creation of a self-consistent molecular model ¥2 €nergy plot at the B3LYP/6-31G** level calculated in steps
which is simultaneously in agreement with the new electron- ©f 30° in 1 and ¢ and with full relaxation of all other
diffraction experiment and the new gas-phase IR spectra. Thegeometrical parameters. Table 1 gives the relative energies for
self-consistent molecular approach provides a view on a all conformers calculated at th(.a.three levels, toget_her with the
molecule that agrees with all gas-phase data available at thegas-phase conformer composition at 300 K predicted by the
present time and has proved useful in a growing number of DFT calculations. It should be noted (Table 1) that the 6-31G**
casedl-24 and B3LYP/6-31G** relative energy sequences at this point are
still in agreement with the limited experimental data sofar
available, but the 4-21G sequence is not. The ab initio and
DFT calculations differ, however, strongly in treating the high-
A commercial sample (Janssen Chimica) with a reported energy forms €ac, —sd), (—ac, +s0, and (ac, ap). At the
purity of 99% was used without further purification to obtain B3LYP/6-31G** level, the latter forms are energy minima and
electron-diffraction intensities and new high-resolution IR the (—ac, +sc form is predicted as the fourth stable conformer
spectra. present in the gas phase at 300 K in about 6%. This result brings
Gas Electron Diffraction. Diffraction patterns were recorded the conformational behavior of BUO and 1-butene in line with
photographically on the Antwerpen diffraction unit (manufac- one another. Also, at the DFT level, the calculated dipole
tured by Technisch Physische Dienst, TPD-TNO, Delft, The moments of the two lowest energy conformesc((—sg), 1.39

Experimental Section
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Figure 2. Experimental leveled intensitieHs), with final backgroundsB(s), obtained for BUO in the electron-diffraction experiments.
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Figure 3. Experimental (- -) and theoretical{) sM(s) curve obtained
for BUO in the electron-diffraction experiments, together with the final
difference curve experimental minus theoretisiKs).
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Figure 4. Conformational energy map of BUO as a function¢af
andg,, resulting from B3LYP/6-31G** calculations in steps of°3@
@1 and ¢,. Crosses ) indicate the positions of the nine possible

TABLE 1: Ab Initio Calculated Relative Energies (kcal/mol)
of BUO Conformers and DFT-Based Conformer
Composition (%) at Room Temperature

conformer  4-21G  6-31G* B3LYP/6-31G** comp., %
(+ac, —so 0 0 0 33.5
(sp —s© —0.43 0.07 0.13 27.0
(sp +s9 -0.34 0.37 0.18 24.8
(—ac, +s0 1.07 5.6
(sp ap) 0.78 1.18 1.34 3.6
(+ac, +s9 1.76 181 1.57 2.4
(+ac, ap) 1.53 155 1.68 2.0
(—ac, ap) 2.45 0.6
(—ac, —so 2.70 0.4

resulted inry(4-21G) bond lengths very close to th€B3LYP)
lengths. The root-mean-square deviation over the four most
abundant rotamers is only 0.003 A. These empirical corrections
were formulated at the time and have since proved very efficient
to counteract the systematic errors in 4-21G bond lengths,
because of basis set truncation, and particularly the neglect of
electron correlation. Hence, the observation strongly suggests
that anr¢(B3LYP/6-31G**) length directly represents agbond
length.

Thus, we confine ourselves to a discussion of B3LYP
conformations and geometries. The behaviopgfgoverning
the main skeleton, can be visualized in terms of (hyper)-
conjugative effects somewhat modified by steric hindrance. The
(hyper)conjugative effect is maximally effective when theXC
(X = H6, CHs; (Me), OH) bond is coplanar (eclipses) with the
C=C bond. It should decrease the-® bond length and
increase the X C2—C3 valence angle. Moreover, the decrease
and increase in function of X should follow the (hyper)-
conjugative strength of X as expressed in Hammettslues,
i.e., in the order of H< CHz < OH. To check on this, we take
the decrease of the-€X length as the CX length averaged over

conformers. The gray scale (on the right) denotes kcal/mol, and the the corresponding eclipsed conformations minus the CX length

separation between contour lines is 0.5 kcal/mol.

D; (sp, —s0©), 1.40 D) are close to the only available experimental
value (1.41 D).

The equilibrium geometries£type) of the nine BUO forms,
calculated at the B3LYP/6-31G** level, are given in Table 2.

averaged over the remaining not eclipsed forms. The increase
of the X—C2—C3 angle is similarly defined. Three conformers,

in which the “trans rule” (see below) interferes with the eclipse
effects, were omitted from the averages. The results, given in
Table 3A, are in excellent agreement with expectations. The
data show the competing influence of €steric hindrance to

In passing, we note here that the application of the multiplicative grow from small in bond lengths, to medium in valence angles,

corrections of De Smedt et &l 1o ther(4-21G) bond distances

to important in torsion angles and conformational equilibria.
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TABLE 2: Optimized Geometries (re-Type) of the Nine BUO Conformations Calculated at the B3LYP/6-31G** Level
(+ac,—sg (sp—sQ (sp ts§ (—ac,+s9 (spap) (+ac +sg (+ac,ap) (—acap) (—ac —sg

relative energy (kcal/mol) 0 0.13 0.18 1.07 1.34 1.57 1.68 2.45 2.70
total dipole moment (D) 1.38 1.40 1.54 1.48 1.73 1.62 1.64 1.63 1.46
Bond Lengths (A)
Cc2-C1 1.526 1.530 1.535 1.528 1.536 1.532 1534 1.528 1522
C3-C2 1.507 1512 1.513 1511 1.506 1.509 1.505 1.508 1.513
C4-C3 1.333 1.332 1.332 1.333 1.331 1.332 1.331 1.332 1.332
05-C2 1.434 1.424 1.424 1.436 1.424 1.434 1.431 1.434 1.435
H6—C2 1.103 1.105 1.099 1.098 1.106 1.096 1.102 1.106 1.105
H7—-05 0.967 0.967 0.968 0.968 0.965 0.967 0.967 0.966 0.966
H8—C3 1.090 1.090 1.090 1.090 1.090 1.093 1.090 1.089 1.093
H9—-C4 1.088 1.086 1.086 1.086 1.084 1.087 1.088 1.086 1.086
H10-C4 1.086 1.085 1.085 1.086 1.086 1.086 1.086 1.086 1.086
H11-C1 1.094 1.093 1.093 1.093 1.097 1.094 1.097 1.096 1.093
H12-C1 1.094 1.094 1.095 1.095 1.095 1.095 1.094 1.094 1.093
H13-C1 1.094 1.094 1.097 1.096 1.094 1.098 1.095 1.093 1.094
Valence Angles (deg)
C3-C2-C1 112.5 111.7 111.6 115.3 111.3 112.0 111.5 115.0 115.0
C4-C3-C2 124.7 124.8 124.6 127.0 125.2 125.1 124.7 126.9 127.3
05-C2-C1 106.1 106.6 111.3 111.2 111.2 110.8 110.8 111.2 106.3
05-C2-C3 110.3 112.9 112.7 109.4 108.8 111.2 106.6 105.7 110.4
H6—C2-C1 109.0 107.9 108.1 108.5 108.0 109.2 108.9 108.5 108.3
H6—C2-C3 108.7 107.7 108.3 108.0 107.6 108.8 108.7 107.2 107.5
H6—C2-05 110.2 109.9 104.4 103.6 109.9 104.5 110.4 109.1 109.1
H7—05-C2 107.2 107.3 106.9 106.7 107.6 107.4 107.5 107.4 108.0
H8—C3—C2 115.0 115.2 115.4 1135 114.5 115.3 114.7 113.3 114.2
H8—-C3-C4 120.3 120.0 120.0 119.5 120.3 119.6 120.5 119.8 118.6
H9—C4—C3 121.5 1211 121.0 122.4 1211 121.5 121.6 122.6 122.3
H10-C4-C3 122.0 121.7 121.7 121.3 121.3 122.0 121.8 1211 121.3
H10—-C4—H9 116.5 117.2 117.3 116.3 117.7 116.6 116.6 116.3 116.4
H11-C1-C2 109.9 110.1 110.1 109.4 110.8 110.0 110.7 110.2 109.4
H12-C1-C2 110.7 110.9 111.3 111.6 111.3 111.3 1111 111.6 1111
H12-C1-H11 109.0 108.7 108.6 108.5 107.6 108.9 107.9 107.4 108.5
H13—-C1-C2 110.3 109.7 110.6 1111 109.9 110.7 110.3 110.3 110.4
H13—C1-H11 108.2 108.8 108.5 108.2 108.6 108.2 108.1 108.4 108.3
H13-C1-H12 108.7 108.6 107.7 108.0 108.6 107.6 108.6 108.9 109.0
Torsion Angles (deg)
C3—C2-C1-H11 —-177.1 177.8 178.8 —178.0 177.4 —178.0 —178.5 —178.7 —-177.8
0O5-C2—C1-H11 —56.3 —58.4 —54.3 —52.7 —61.1 —53.3 —59.9 —58.6 —55.3
H6—C2-C1-H11 62.3 59.6 59.8 60.7 59.6 61.3 61.6 61.3 61.9
C3—-C2-C1-H12 62.5 57.5 58.4 61.9 57.8 61.2 61.7 62.1 62.4
05-C2—-C1-H12 —176.8 178.7 —174.8 —-172.7 179.3 -174.1 —179.8 177.8 —-175.1
H6—C2—-C1-H12 —58.1 —60.7 —60.7 -59.4 —60.0 —59.5 —58.2 —57.9 —58.0
C3—-C2-C1-H13 —57.9 —62.5 -61.3 —58.6 —62.5 —58.5 —58.8 —59.0 —58.7
05-C2—-C1-H13 62.8 61.3 65.6 66.7 58.9 66.3 59.7 61.0 63.8
H6—C2—C1—-H13 —178.5 179.3 179.7 —180.0 179.6 —179.1 —178.8 —179.0 —179.0
C4-C3-C2-C1 -121.0 110.0 132.6 -2.9 121.8 —118.0 -110.2 —14.9 -7.2
C4—-C3—-C2-05 120.7 —10.2 6.5 —129.1 -1.1 117.5 128.8 —138.0 —127.5
C4—C3—-C2—H6 —-0.2 —131.7 —108.5 118.7 —120.1 2.9 9.8 105.8 1135
H8-C3-C2-C1 60.0 —69.8 —47.1 175.7 —58.0 61.7 68.5 166.0 173.4
H8—-C3-C2-05 —58.3 170.1  —-173.2 49.5 179.2 —62.9 —52.5 42.9 53.2
H8—-C3-C2—-H6 —179.2 48.5 71.8 —62.7 60.2 -117.5 -171.4 —73.3 —65.8
H9—-C4—-C3-C2 0.9 -0.8 1.8 -1.5 0.6 -0.3 -2.0 1.2 0.2
H9—C4—C3—H8 179.8 179.0 —1785 180.0 —179.7 —180.0 179.3 —179.7 179.5
H10—-C4—-C3—C2 —179.6 —179.8 —179.4 179.0 —179.6 179.7 178.0 —178.6 —179.6
H10-C4—C3—H8 -0.7 —0.1 0.3 0.5 0.1 0.0 -0.7 0.5 —0.4
H7—05-C2-C1 176.7 179.4 —63.9 —69.1 57.7 —61.3 53.6 62.0 179.7
H7—-05-C2-C3 —54.6 —57.5 62.4 595 —179.3 63.9 175.1 —1725 —54.9
H7—05-C2-H6 65.5 62.7 179.7 174.5 —61.8 —178.9 —67.1 —57.6 63.1

The C-X bond length decrease is considerably smaller for X of the (+ac, —s0, (sp —s0, (sp +s0, and (ac, +s0

= CHjs than for X= OH, but the X-C—C angle increase for = conformers, and this, together with the repulsion OHME

X = CHz is almost equal to that of X= OH, and the being larger than that of OH/H, predicts the energy order
destabilizing CH hindrance changed the order of conformer qualitatively. The repulsive interactions show in a series of
abundancy into €CHjz eclipsed< C—H eclipsed< C—-OH geometrical details the following generalized trans fUufer
eclipsed. The torsion anglte,(H—O—C2—C3) is held respon- alcohols: if in a conformation a CH or CC bondag to the
sible for the fine-tuning of the BUO conformers. The simplest OH bond, then the CH or CC bond length is smaller and also
way to visualize the results here is in terms of repulsive bond the OCH or OCC angle is smaller than in those cases where
bond interactions of OH/CH and OH/Me, modified by an the bond isscto the OH bond. This is observed to hold (Table
attractive interaction between OH and=C of type o*(OH)/ 2) for (i) the C2-C3 bond length and ©C2—C3 angle in all
7(C=C), as is depicted in Figure 5. The latter interaction, (xx, ap) conformers, (ii) the C2H6 bond length and the
although weak, is decisive in tipping the energy balance in favor O—C2—H6 angle in all (xx,+sc conformers, and (iii) the C%
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TABLE 3: Geometrical Consequences of
(Hyper)conjugative Effects (A) and of 6*(OH)/ z7(C=C)
Interaction (B and C) on BUO Conformations (see the text)

A
X avg; eclipsed avg; not eclipsed effect
H C2-H6 1.1025 1.1033 —0.0008
CH; C2-C1 1.5276 1.5321 —0.0045
OH C2-05 1.4235 1.4339 —0.0104
H H—C2-C3 108.75 107.72 +1.03
CH; Cl1-C2-C3 115.12 111.78 +3.34
OH 05-C2-C3 112.81 108.92 +3.89
B
H-bridged not H-bridged
O5—-H7 0.9673 0.9664
C3=C4 1.3326 1.3315
H7—-05-C2 107.03 107.59
H7—-05-C2-C3 58.49 59.39
C
(+ac, —s9 (sp,—sO (—ac,+s¢ (sp +s0
O5—-H7 0.9666 0.9669 0.9677 0.9680
[g2(H—O—C—C)| 54.6 57.5 59.5 62.4
v(OH) 3648 3644 3630 3626
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Figure 6. Details of the room-temperature vapor-phase IR spectrum
of BUO. See the text for explanations. The absorbance scales have
been adjusted for the individual details. Therefore, band heights in the
individual details do not reflect relative intensities.

(0.9673 A) with the OH length averaged over the five other
(“not H-bridged”) conformers (0.9664 A). Similarly, in the
“bridged” forms, the averaged=€C length is larger and the
averaged HO—C(2) valence angle as well as the averaged
H—0O—C(2)—C(3) torsion angle is smaller than those in the not-
bridged forms (Table 3B).

Furthermore, Figure 5 reveals that the overtiOH)/ -

a Distances in angstroms, valence and torsion angles in degrees, andC=C) requires acorientation of OH with respect to CZC3.
frequencies in reciprocal centimeters.
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Figure 5. Newman projections along the bond—-@(2) showing
repulsive bonerbond (H/H and H/CH) and attractive (OH/EC)

interactions (dashed lines), together with relative energies of conformers.

C2 bond length and ©C2—-C1 angle in all (xx,—s¢ conform-

ers. Interestingly, when the trans rule is in conflict with the

eclipse rule, as it is for the ©C2—C3 angle in §p, +ac), the
value (108.8) is intermediate in the total angle range (1065.6

The CH; group polarizes ther(C=C) cloud such that a better
overlap occurs with @*(OH) in the —sc orientation than in

the +sc orientation. Also, it may be seen that in thec,(xx)
forms the OH direction is better suited for overlap than that in
the p, xx) forms. It follows that the OH#(C=C) interaction
decreases in the order aiqQ —s© > (sp, —s¢ > (—ac, +s0

> (sp, +s0). Then, the OH bond weakens in that order, the OH
bond length increases, and th€¢OH) stretching frequency
decreases. These features are indeed reflected in the calculated
data (Table 3,C). Moreover, we see (Table 3C) an increase of
the torsion anglép(H—O—C—C(s@))| in the same order. This
may indicate the existence of a competition for the OH
interaction between the(C=C) andzr(CHs) system, the latter
being possible in the (xx-s¢) forms and not in the (xx;-sc
forms.

Vibrational Spectroscopy

The Cartesian harmonic force fields of the four most abundant
conformations were calculated at the DFT-B3LYP/6-31G**
level using the analytical method and default parameters
available in the Gaussian 94 program. Rauhut and Putaye
shown recently that such force fields, particularly after some
additional scaling, form a reliable basis for the interpretation
of complex experimental IR spectra. They also provided a small
number of transferable scaling factors applicable to a variety
of organic compounds. We took three of their values to scale
the stretching, bending, and torsion force constants, respectively,
of the four BUO conformers. Next, we calculated vibrational
frequencies as well as band intensities, band types, and potential
energy distributions, which led to the assignment of the complex
experimental gas-phase IR spectrum discussed below. The
calculated data and the frequencies observed for the dominant

112.9). When the rules reinforce each other, as they do for the conformer have been collected in Table 4.

C2—H6 length in @rac, +s¢ and for the C+C2 length in -ac, The region of the ©H stretching is shown in Figure 6a.
—s0), the values are the next-to-smallest and the smallest, The spectrum is dominated by two maxima at 3656 and 3645
respectively. Finally, the attractive Oir{{C3=C4) interaction cm L. The presence of the two maxima was interpreted by Smith
containg® a dispersion and a delocalization component. The et al. as evidence for the presence of a conformational
latter, being of the™(OH)/x(C=C) type, elongates the OH bond  equilibrium, because the difference of 12 dhbetween the
length somewhat. This shows when we compare the OH lengthmaxima was considered too small to be a PR separation.
averaged over the four lowest energy (“H-bridged”) conformers However, the contour suggests that the two maxima are the PQ
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TABLE 4: Experimental (exp) Wavenumbers (cnT?1), Calculated (calc) Wavenumbers, and Calculated Band Intensities (int, 0
cm/mol) of the Four Lowest Energy BUO Conformers, as Well as IR Assignments for thefac, —s¢ Conformer

(+ac,—sc) (sp,—sc) (sp,+sc) (~ac,+sc)

no. exp calc int assignment calc int calc int calc int

1 3650 3647 1.09 v(OH) 3644 1.02 3626 0.86 3630 0.99

2 3090 3097 1.74 va{=CH,) 3111 1.15 3112 1.10 3104 1.65

3 3022 3019 0.40 Vsym(=CHo) 3031 0.48 3031 0.57 3030 0.53

4 2991 3010 2.43 v(=CH) 3013 2.52 3014 2.06 3018 1.65

5 2991 3004 2.08 vad CHs) 3007 2.25 3002 2.42 3005 2.03

6 2984 2997 2.27 vad CHs) 3000 1.80 2979 3.92 2985 4.19

7 2939 2924 1.58 vsym(CHa) 2926 1.84 2911 1.79 2916 1.25

8 2878 2903 4.66 v(CH) 2873 6.33 2950 1.42 2956 151

9 1654 1659 0.16 v(C=C) 1658 0.49 1658 0.36 1659 0.39
10 0 1475 0.09 0ad CHg) 1476 0.20 1473 0.14 1475 0.28
11 1455 1462 0.55 0ad CHg) 1462 0.27 1469 0.53 1472 0.63
12 1428 1430 1.48 scissorirgCH; 1411 0.45 1410 0.55 1423 0.99
13 1386 1391 142 Osym(CHa) 1389 0.80 1379 0.55 1380 2.62
14 1374 1360 1.16 C2 angle bending 1365 0.10 1385 4.36 1384 3.61
15 1318 1322 1.83 C2 angle bending 1341 3.64 1306 0.63 1339 1.41
16 1284 1280 0.16 O0(=CH) 1281 0.40 1284 0.80 1289 0.00
17 1251 1249 6.61 0(C—0O—H) 1252 5.15 1262 0.63 1246 0.79
18 1183 1169 0.76 skeletal vibration 1146 1.54 1129 5.69 1136 0.42
19 1105 1096 2.45 skeletal vibration 1062 1.73 1062 1.47 1089 491
20 1023 1025 0.21 7(C=C) and C3H oop 1029 0.98 1029 2.42 1032 2.25
21 1046 1017 7.10 skeletal vibration 1013 1.89 1019 1.70 1011 5.39
22 995 969 1.05 pr(=CH>) 986 3.94 987 2.64 986 145
23 923 942 3.41 wag=CH, and=CH oop 938 2.93 940 3.01 941 3.28
24 920 909 2.44 skeletal vibration 911 1.10 905 0.62 897 1.15
25 834 813 0.18 skeletal vibration 784 0.14 780 0.75 790 1.30
26 686 690 0.83 7(C=C) and=C3H oop 677 1.45 670 0.82 678 0.57
27 532 522 0.94 skeletal vibration 591 0.46 566 1.52 518 0.39
28 0 372 3.04 skeletal vibration 424 1.29 426 0.65 409 2.79
29 0 352 8.54 7(HO—C2-C3) 364 9.58 371 5.77 382 3.02
30 0 322 1.19 skeletal vibration 325 2.78 321 5.28 336 6.86
31 0 310 0.04 skeletal vibration 279 0.04 277 0.24 277 0.09
32 0 233 0.07 7(C—CHa) 242 0.11 251 0.03 266 0.08
33 0 104 0.08 7(0—C2-C3=C) 127 0.09 122 0.14 107 0.15

and QR branches of a type-B band. To confirm this, we have is also unlikely that the 3650 cri band is due to thesf, —ac)
performed rigid asymmetric top contour simulatighfor the conformer. This leaves thet@c, —s¢ conformer: the BD
more likely four lower energy conformers, using the rotational hybrid contains a weak Q branch, which disappears when the
constants from the DFT calculations. We found that for each dipole gradient is rotated by some °18way from the G-H

of the conformers the pure type-B transition shows a contour bond, in the direction of thb axis. Hence, within the boundaries
very similar to the experimentalOH) contour. Therefore, the  set by the experiment, this conformer reproduces the experi-
presence of the two maxima cannot be taken to show the mentalu(OH) contour. Therefore, the dominant species present
presence of a conformational equilibrium but rather must be in the vapor phase of BUO is identified to have theaf, —s0

due to the occurrence of a single type-B transition, with band conformation.

center at 3650 cri. Because of the similarity of the calculated Apart from the strong type-B transition, several weaker bands
type-B contours for the different conformers, the conformer can be identified in the same region: a very weak Q branch is
giving rise to the experimental type-B contour cannot be present at 3655 cm, close to the RQ maximum of the type-B
identified using characteristics such as the-RgR separation. transition, and very weak Q branches are also observed at 3633
Fortunately, the ©H stretching is a well-localized vibration, and near 3627 cm, the latter showing some thermal structure.
and for these the vapor-phase contour can be predicted usingAlthough it cannot be ruled out that, in view of their weakness,
the bond dipole (BD) modéP in which it is assumed that the  some of them are combination bands of the dominant conformer,
dipole gradient§ii/0Q)o is parallel to the bond which is being  we are inclined to attribute these bands to the presence of several
stretched. For ©H stretches, it has been shown that the gradient conformers. We assign these weak transitions in the calculated
may not be completely parallel to the-® bond but may be order to the §p, —s0), (sp +s0), and (-ac, +sc¢ conformers.

at an angle of up to 2°* Within the BD model, the GH The fact that for each of the observed bands the Q branch
stretching should be predominantly type-B ferec, —s0), for dominates the transition is in agreement with the calculated
(sp, —s0), it should be a hybrid with similar contributions of  contours discussed above. Because the intensities predicted in
types A-C, and for ép, +s0 and (ac, +s0), it should be a Table 4 fory(OH) do not vary much among the conformers,
virtually pure type-C transition. Only when the dipole gradient the weakness of the transitions suggests that the population of
would be about perpendicular to the OH bond would a type-B the higher energy conformers is significantly smaller than that
bond occur for §p, +ac) and (—ac, +ac). Because it is of the dominant conformer.

extremely unlikely that this is the case, the latter two conformers ~ The region between 3200 and 2800 ¢montains the various
cannot reproduce the observed type-B band, and these conform€—H stretching modes. When four conformers are simulta-
ers must be rejected as candidates for the 3650 transition. neously present in the vapor phase, as suggested by the OH
The hybrid calculated forsfp —s¢) contains a pronounced Q  stretches, this should contain 28 fundamentals, and the spectrum
branch, which cannot be removed by rotating the dipole gradient should be extremely crowded. However, in view of the relative
away from the G-H bond orientation by 1520°. Therefore, it intensities of the OH stretches, it may be expected that also the
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CH stretching region is dominated by the bands because of theto modes of the dominant conformer. Near 1440 and 1380-cm

(+ac, —s0 conformer, and we will discuss the assignments in
light of this conformer first.vod=CH,) is predicted with
intermediate intensity at 3097 crhand must be associated with
the dominant type-C transition at 3090 thnlts symmetric
counterparvsym(=CH,) is predicted, with significantly smaller
intensity at 3015 cmt. In this region, two weak Q branches
can be distinguished at 3022 and 3015 énBecausev,{=
CH,) is predominantly type-Cysym(=CHo) should show an A/B
hybrid contour. Therefore, we assign this mode to the 3022 cm

and between 1350 and 1280 th weaker transitions are

detected that we associate with higher energy conformers. For

the same reasons as for the CH stretches, no detailed assignment

of the bands of the higher energy conformers is attempted.
Figure 6b shows that between 1200 and 11207cat least

three transitions are present in the experimental spectrum: a

hybrid with a (complex) Q branch at 1183 ciand type-B

contours with band centers at 1161 and 1144 tmBecause in

this region only one skeletal vibration in each conformer is

band, because it has a fairly well-defined R branch near 3030 predicted, the observation of three transitions supports the

cm™1, whereas for the 3015 cmh transition, neither P nor R

presence of several conformers in the sample. In agreement with

branches can be distinguished, a characteristic of importantthe predictions, we assign the transition with the highest

type-C character.

Three fundamentalsy(=CH) and both v,{CH3)’s, are
predicted, with considerable intensity in the 36A®95 cn1?!

frequency, at 1183 cm, to (+ac, —sd). This band is not the
most intense of the observed triplet, which also here can be
rationalized from the calculated intensities. Fsp, (—sc) and

region. Here, only two intense Q branches are observed at 2991(sp, +s0), the calculated intensities are much higher than that

and 2984 cm!. Because they both have mainly type-C
character, we assign them in the calculated order(zCH)
and one of thei,d CH3), respectively, at the same time assuming
that the othew.d CHa) is hidden by these two. The assignment
of vsym(CH3) and »(CH), predicted at 2924 and 2903 chnis
problematic. Near 2936 cr, the experimental spectrum shows
a broad, relatively weak band with undefined contour, which
we tentatively assign tesym(CHs). ©(CH) is predicted to be
the most intense transition in this region, but this is not
substantiated by the experiment: near 2880%cabroad feature
with medium intensity is observed, in which several transitions
can be distinguished. Again, tentatively, the maximum with the
highest absorbance, at 2878 This assigned ta(CH). Apart

for (+ac, —sc), and therefore the bands at 1161 and 1144%m
are assigned to these conformers. For the same modesir) (
+s0), the calculated intensity is merely half of that efdc,

—s0), so that even when it is assumed that this conformer is
present in the sample in a measurable fraction (10% by electron
diffraction), its absence in this spectral region must be due to
its weakness.

Between 1120 and 980 crhsix fundamentals are predicted
for (+ac, —s0), whereas in the spectra, only four prominent
bands are seen. The type-A transitions observed at 1105 cm
are assigned to the skeletal vibration predicted at 1096'cm
and the type-B bands at 1046 and 995 ¢mare assigned to the
modes predicted at 1017 and 969 ¢mrespectively. In this

from the bands assigned above, a number of weak transitionsway, the mode predicted, with relatively weak intensity, at 1025

are also observed. For instance, near the 3090!dnand
assigned ta,d=CH,), weak Q branches are present at 3100,
3097, and 3079 cni. We interpret them as being due to higher
energy conformers, although, in view of their weakness, it again

cm! remains unassigned. We associate it with the weak Q
branch that can be detected at 1023 énThe most intense
transition observed in this region, near 920éis assigned
to the skeletal mode predicted at 909 dmThis band has an

cannot be excluded that some of them are combination bandsynusual contour. At first sight, it reminds us of a type-B contour.
of the dominant conformer. Because of the complexity of the However, the separation between the two maxima, 9cis
spectrum in th|§ region and becguse the number of observedioo small to be the POQR separation of a type-B band of the
bands due to hlgher conformers is smaller than that eXpeCtEd,present Compound and the |Ow-frequency component at 923

no attempts were made to assign the weak bands in detail.
The contour ofy(C=C), near 1650 cmt, shows two Q

branches at 1654 and 1647 cmWith the relative band areas

under consideration, the high frequency component is slightly

cm™lis too sharp to be the PQ branch. Therefore, the contour
is interpreted as a type-A or type-C transition that is severely
deformed by mechanical anharmonicity; i.e., it is a mode for
which the rotational constants of the excited vibration state differ

more intense than the other. The calculations predict that this markedly from those of the ground st&felhus, the maximum

mode in (fac, —s¢ and (ac, +s¢ appears accidentally
degenerate, at a mere 1 chabove the also accidentally
degenerate/(C=C) in (sp, —sc¢) and 6p, +s0). Despite their
significantly higher separation, we assign the 1654 tm
component to thefac, —sc) and (~ac, +s0 pair and the 1647
cm~1 component to thesf, —sc) and 6p, +s0) pair, i.e., in the
calculated order. With the help of the conformer composition
from the electron-diffraction data (see below), the somewhat
higher IR intensity of the 1654 cm component is explained
by the summed contributions of 60%t4&c, —s¢ with a
calculated IR intensity(calc)= 0.16 x 10° cm/mol and of 10%
(—ac, +s0 with I(calc)= 0.39 x 10° cm/mol. This leads to a
calculated summed intensity $0.6)0.16+ (0.1)0.393 x 10°

= 0.135x 10° cm/mol. This is to be compared to the calculated
summed contributions of 15%f, —s¢) with I(calc)= 0.49 x

10° cm/mol and 15%¢p, +sc) with I(calc)= 0.36 x 10° cm/
mol, leading to{(0.15)0.49+ (0.15)0.36 x 10° = 0.128 x

10f cm/mol.

Using the ab initio frequencies, the more intense bands in
the 1506-1200 cn1? region can be straightforwardly assigned

at 933 cnl is the R branch, and the 923 ctncomponent is

the Q branch, with the P branch barely visible as a faint shoulder
near 915 cml. Such a pronounced anharmonic deformation is
uncommon, but not impossible, for a fundamental skeletal
vibration. It follows from the above interpretation that the band
predicted, with relatively important intensity, at 942 Tt
remains to be assigned. To accept the absence in the experi-
mental spectrum of bands attributable to this mode, it must be
accepted that it is significantly weaker than predicted and
remains unobserved under the 923¢rand. Close inspection

of the spectrum shows that especially near the higher three
transitions in this region a number of weak Q branches can be
observed. These are associated with the higher energy conform-
ers. Also, here the complexity of the spectrum prevents a more
detailed interpretation.

Table 4 shows that between 900 and 700 trfor (4ac,
—s0 a single fundamental is predicted, with low intensity at
813 cnt! and that the corresponding mode in the other
conformers should appear shifted to lower frequencies by 30
35 cntl. In this region of the observed spectrum, Figure 6c,
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834 cnr! is assigned toac, —sg), and the weaker ones at !
825, 809, and 803 cnt are associated, in the calculated order,
with the three higher energy conformers, i.e., witha€, +s0),
(sp, —s0), and ép +s0), respectively. Note that this is a good e (—JVW
indication for the presence of the rather elusiv@a¢, +sc form. \‘ ‘ I \/\/
Its appearance here is in line with its hitfaalc)= 1.30 x 1(° \{
cm/mol, much higher than thécalc) values of the correspond- \J
ing mode in the other conformers. It may also be remarked that, \
with the exception of the transition at 803 cinclose to each
of the above Q branches at least three weaker Q branches can
be distinguished, which we assign as hot transitions.

The complex absorption observed between 620 and 518 cm
is shown in Figure 6d. In this region, a single fundamental
skeletal vibration is calculated for each conformer. In view of
the calculated frequencies, we assign the more intense type-B , . , .
band in this region, with a band center at 532 épto (+ac, 4000 800 2000 Asumben 120 toeo 500

—sO andl the weaker A/C hybrid, with a Complex Q branch, at Figure 7. Comparison between the experimental (bottom) gas-phase
595 cn* to (sp, —sq. Furthermore, two series of very weak R spectrum of BUO recorded at room temperature and the calculated
C-type Q branches with decreasing intensities can be identified, (top) IR spectrum composed of the Boltzmann weighted spectra with
the first with components at 579, 571, and 558 ¢érand the Gaussian band types of the four lowest energy conformers.
other with components at 548, 539, and 526 &nThese are ) .
assigned as torsional series superposed on the skeletal vibratiofeyvin.>* Unlike the standard procedure to convert astructure
involved, because of the +sc) and (—ac, +sc) conformers, to anr, structure, the algorithm by Sipachev takes into account
respectively. also other second-order terms with respect to the displacements
From the results discussed so far, we conclude that the vapor-fom the equilibrium positions that appear when solving the
phase IR spectrum shows BUO to occur as a mixture of severalVibrational problem in the harmonic approximation. In agree-
conformers. Because for many fundamentals the bands due tgnent W'th4 physical intuition, and unlike the conventional
higher energy conformers are calculated as relatively weak, oneProceduré? the calculations by the new schethgive zero or
conformer seems to dominate. The characteristics of the OHNegligibly small corrections for bonded and short nonbonded
stretchings show that the dominant species has-tae, (—sQ distances and large corrections for long interatomic distances
conformation. Our interpretation of the OH stretching region, depending on a number of vibrational coordinates and, therefore,
and of the 876-770 and 626-510 cnt! regions, indicates that ~ &ré more liable to distortions resulting from vibrational effects.
in total four conformers have been detected. The data obtainedThe vibrational amplitudes; and their perpendicular counter-
do not allow a completely unambiguous identification of the PartsKj, so obtained, are given in Table 5.
three higher energy conformers, but they are most probably the Geometrical models of the four conformers were constructed

first three higher energy conformers obtained from the DFT @s defined in Table .6The refinable parameters, ) and the
calculations: i.e., thesp —sd, (sp +s0, and (ac, +s9 constraints were chosen after a scrutiny of Table 2 and after

conformers. conversion to the, basis (, = ry — K), remembering that
Table 4 summarizes the experimental and calculated IR dataB3LYP/6-31G** distances were found to be close to those of

together with the assignments. The comparison shows that thes 960metry. Then, a provisional refinement by an iterated
root-mean-square deviation and the largest deviation betweenSteP-by-step procedifewas performed separately for each of
experimental and calculated wavenumbers for thad —sd the four conformers. As re_flnat_)les, nine geometrlcal parameters
conformer are 13 and 29 cth respectively. A satisfactory, (T 0); Table 6) and six vibrational amplitudes) (were taken
albeit more qualitative, agreement could be seen for the other@nd assigned to the six groups of interatomic distances denoted
rotamers. Figure 7 gives the comparison between the experi-" Table 5 by A-F. Within each group, the vibrational
mental gas-phase spectrum at room temperature and thgParameters were constrained to the corresponding refinable using
calculated spectrum summed over the four lowest energy constraint values_taken from_ Table 5. Tigevalues of the other_
conformers with their abundancies given in Table 1. It follows distances were fixed to their calculated values. To start with,
that the agreement on frequencies is good and the agreemeni’® Stép-by-step approach was chosen because strong correla-
on relative intensities is also good, except thatA®H). tions between certain, 6, andu refinables exist and because
the use of calculated absolute values, considerd less accurate
than calculated differences between similar parameters, may lead
to initial models far from the final ones and to high disagreement
The complexity of the gas-phase conformer mixture chal- values,R. Under such conditions, conventional least-squares
lenges the discriminating power of the electron-diffraction data procedures often perform poorly. After about 20 iterations per
and, hence, requires a careful choice of geometrical andconformer, the step-by-step refinements were considered com-

several weak transitions are detected. The more intense one at T ) Nw( : : T T }lf

Absorbance

Electron Diffraction

vibrational model parameters and refinables. plete, and as a first test of the discriminating power, we
To do so, we computed for the-ac, —s0), (sp, —s0), (sp, compared the radial distribution functions, rdf, of the four lowest

+s0, and (-ac, +sc conformers the vibrational amplitudeg energy conformers obtained at this point in the analysis. The

and the perpendicular vibrational amplitudég of the inter- rdf curves of thesgrovisional modelsare to be compared with

atomic distances. For this, we used a program devised bythe radial distribution curve directly obtained from the experi-
Sipache¥ and the IR-scaled B3LYP/6-31G** force field. The mental diffraction intensities rdf(exp). From these curves and
program provides the corrections for the Bastiarddiorino the four difference curves, rdf(expjdf(provisional model),

shrinkage effect while extending the theory described by presented in Figure 8, it may seem that no discrimination can
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TABLE 5: Amplitudes of Vibration and Perpendicular Corrections Calculated in Angstroms for the BUO Conformers?2

(+ac, —sg (sp —s9 (sp ts9 (—ac, +s9
Uij Kij Uij Kij Uij Kij Ujj Kij

C2-C1 0.050 0.0017 0.051 0.0017 0.051 0.0017 0.051 0.0017
C3-C2 0.050 0.0016 0.050 0.0016 0.050 0.0017 0.050 0.0016
C4-C3 0.040 0.0012 0.040 0.0012 0.040 0.0012 0.040 0.0012
05-C2 0.048 0.0016 0.048 0.0016 0.048 0.0016 0.048 0.0016
O5—-H7 0.068 0.0048 0.068 0.0048 0.068 0.0048 0.068 0.0048
Cl-H11 0.076 0.0053 0.076 0.0053 0.076 0.0053 0.076 0.0053
C1-H12 0.076 0.0053 0.076 0.0053 0.076 0.0053 0.076 0.0053
C1-H13 0.076 0.0053 0.076 0.0053 0.076 0.0053 0.076 0.0053
C2—H6 0.078 0.0055 0.078 0.0055 0.077 0.0054 0.077 0.0054
C3—H8 0.075 0.0052 0.075 0.0052 0.075 0.0052 0.075 0.0052
C4—H9 0.075 0.0052 0.075 0.0052 0.075 0.0052 0.075 0.0052
C4—H10 0.075 0.0052 0.075 0.0052 0.075 0.0052 0.075 0.0052
C1---05 A 0.068 0.0053 A 0.068 0.0053 0.068 0.0051 A 0.068 0.0052
C1---H6 0.106 0.0097 0.106 0.0097 0.106 0.0097 0.105 0.0096
C1---C3 A 0.074 0.0058 A 0.074 0.0058 0.073 0.0057 A 0.068 0.0052
C1---H7 D 0.095 0.0291 D 0.094 0.0297 0.182 0.0096 D 0.179 0.0119
C1---H8 C 0.164 0.0130 B 0.167 0.0165 0.157 0.0084 C 0.101 0.0268
C1--C4 B 0.123 0.0213 C 0.126 0.0190 0.105 0.0198 B 0.102 —0.0040
C1---H9 E 0.209 0.0378 B 0.220 0.0352 0.177 0.0356 E 0.182 —0.0162
C1---H10 B 0.152 0.0348 D 0.150 0.0323 0.140 0.0322 E 0.124 0.0148
C2---H11 F 0.107 0.0115 F 0.107 0.0115 0.108 0.0116 F 0.107 0.0116
C2---H12 F 0.107 0.0114 F 0.107 0.0116 0.107 0.0115 F 0.108 0.0117
C2---H13 F 0.107 0.0115 F 0.107 0.0115 0.108 0.0116 F 0.107 0.0115
C2---H7 F 0.100 0.0079 F 0.100 0.0080 0.100 0.0080 F 0.100 0.0079
C2---H8 F 0.103 0.0118 F 0.104 0.0116 0.103 0.0115 F 0.103 0.0116
C2---C4 D 0.065 0.0072 D 0.062 0.0069 0.062 0.0069 D 0.062 0.0068
C2---H9 B 0.145 0.0167 B 0.143 0.0168 0.143 0.0167 B 0.140 0.0156
C2:--H10 C 0.096 0.0211 C 0.096 0.0207 0.095 0.0206 C 0.096 0.0207
C3-:05 A 0.069 0.0054 A 0.063 0.0048 0.063 0.0047 A 0.068 0.0052
C3--H7 D 0.176 0.0057 D 0.174 0.0063 0.182 0.0097 D 0.181 0.0086
C3--H6 F 0.104 0.0096 F 0.105 0.0097 0.106 0.0098 F 0.106 0.0097
C3--H11 0.169 0.0141 0.166 0.0126 0.163 0.0126 0.102 0.0226
C3--H12 0.163 0.0125 0.163 0.0138 0.165 0.0145 0.157 0.0130
C3--H13 A 0.102 0.0249 A 0.102 0.0241 0.102 0.0238 A 0.156 0.0131
C3--H9 F 0.096 0.0126 F 0.097 0.0127 0.097 0.0127 F 0.096 0.0125
C3--H10 F 0.096 0.0123 F 0.096 0.0125 0.096 0.0124 F 0.096 0.0124
C4---H8 F 0.096 0.0112 F 0.096 0.0110 0.096 0.0111 F 0.096 0.0112
C4---H6 0.144 0.0025 0.122 0.0215 0.140 0.0212 0.138 0.0235
C4:--05 C 0.123 0.0216 B 0.101 0.0023 0.099 0.0008 B 0.116 0.0232
C4---H7 D 0.247 0.0113 0.241 0.0068 0.251 0.0097 B 0.252 0.0179
C4---H11 0.245 0.0227 B 0.203 0.0352 0.179 0.0347 E 0.120 0.0217
C4---H12 0.195 0.0393 B 0.239 0.0204 0.222 0.0248 0.218 —0.0022
C4---H13 B 0.136 0.0396 F 0.143 0.0384 0.127 0.0374 D 0.222 0.0005
O5--H6 F 0.100 0.0089 F 0.100 0.0089 0.101 0.0090 F 0.102 0.0090
0O5--H8 B 0.170 0.0149 C 0.098 0.0231 0.097 0.0242 C 0.167 0.0102
O5--H9 B 0.212 0.0387 E 0.185 —0.0016 0.182 —0.0055 0.199 0.0411
0O5--H10 A 0.149 0.0353 B 0.123 0.0200 0.122 0.0189 B 0.145 0.0357
O5--H11 A 0.098 0.0247 A 0.098 0.0243 0.099 0.0233 A 0.162 0.0125
O5+-H12 0.175 0.0167 0.173 0.0164 0.165 0.0159 0.099 0.0229
0O5--H13 0.171 0.0137 0.169 0.0142 0.164 0.0130 0.163 0.0160
H6---H7 0.180 0.0127 0.180 0.0117 0.118 0.0330 0.119 0.0313
H7---H8 0.276 0.0347 0.191 0.0217 0.200 0.0264 0.282 0.0350
H7---H9 0.332 0.0295 0.305 0.0145 0.307 0.0123 0.330 0.0364
H7---H10 0.277 0.0223 0.260 0.0165 0.273 0.0203 0.283 0.0283
H7---H11 0.130 0.0427 0.130 0.0429 0.180 0.0281 0.270 0.0403
H7---H12 0.187 0.0441 0.184 0.0456 0.261 —0.0041 0.178 0.0298
H7---H13 0.179 0.0432 0.181 0.0435 0.278 0.0398 0.258 0.0005
H6---H8 0.122 0.0296 0.172 0.0136 0.180 0.0206 0.178 0.0164
H6---H9 0.215 —0.0044 0.181 0.0362 0.221 0.0366 0.209 0.0394
H6---H10 0.159 0.0195 0.151 0.0335 0.160 0.0335 0.161 0.0352
H6---H11 0.180 0.0166 0.181 0.0174 0.179 0.0171 0.173 0.0163
H6---H12 0.124 0.0284 0.124 0.0280 0.124 0.0276 0.178 0.0169
H6---H13 0.175 0.0163 0.174 0.0155 0.175 0.0160 0.124 0.0271
H8---H9 0.117 0.0254 0.117 0.0254 0.117 0.0255 0.117 0.0253
H8---H10 0.163 0.0191 0.163 0.0189 0.163 0.0189 0.163 0.0188
H8---H11 0.265 0.0378 0.253 0.0064 0.233 —0.0069 0.138 0.0415
H8---H12 0.245 —0.0016 0.247 0.0379 0.267 0.0321 0.173 0.0378
H8---H13 0.176 0.0352 0.177 0.0353 0.165 0.0304 0.183 0.0385
H9---H10 0.118 0.0162 0.118 0.0163 0.118 0.0163 0.118 0.0161
H9---H11 0.341 0.0424 0.251 0.0591 0.199 0.0578 0.198 0.0128
H9---H12 0.230 0.0643 0.339 0.0378 0.295 0.0440 0.304 —0.0160
H9---H13 0.230 0.0500 0.245 0.0500 0.207 0.0476 0.327 —0.0022
H10---H11 0.274 0.0338 0.242 0.0438 0.225 0.0428 0.138 0.0418
H10---H12 0.241 0.0494 0.263 0.0322 0.254 0.0347 0.234 0.0131
H10---H13 0.154 0.0585 0.157 0.0561 0.148 0.0547 0.237 0.0153
H11---H12 0.123 0.0151 0.123 0.0151 0.123 0.0151 0.123 0.0150
H11---H13 0.123 0.0151 0.123 0.0151 0.123 0.0150 0.123 0.0149
H12---H13 0.122 0.0150 0.122 0.0150 0.122 0.0149 0.123 0.0150

aTerms with equal letters (AF) were refined in groups.



1048 J. Phys. Chem. A, Vol. 105, No. 6, 2001 Shishkov et al.

TABLE 6: Model Construction with Refinable Geometric TABLE 7: Results of Electron-Diffraction Least-Squares
Parameters and Constraints Refinement with the Estimated Standard Deviation (5 Times
; o from Least Squares) in Parentheses
orall for all
parameter conformers parameter conformers Geometrical Parameters
[C—H[ 1.088 C3-C2-C1 02 ry bond lengths (A),
Cc2-C1 ri C3-C2-05 03 valence angles (deg)
C3—-C2 r1—0.02 H9-C4—H10 116.9
c4-C3 r2 C4-C3-H8 120.0 C2-C1 (1) 1.504(9)
05-C2 r3 C2-05-H7 107.0 C3-C2 (1-0.02) 1.484(9)
C2-H6 1.100 C2-C1-H11 110.0 C4-C3(2) 1.327(9)
05—H7 r4 C3-C2-H6 108.3 05-C2(r3) 1.421(9)
[C—H[ r5 C1-C2-05 64 O5-H7 (r4) 0.982(21)
C4-C3-C2 01 C1-C2-H6 110.5 [C—HLXr5) 1.117(15)
] ) C4-C3-C2 (01) 126(1)
2 For the numbering scheme, see Figuré €4—H9 and C4-H10. C3-C2-C1 (92) 110(1)
¢C1-H11, C1-H12, and C+H13. C3-C2-05 (93) 109(1)
C1-C2-05 (94) 110(1)
Ol Vibrational Parameters
| (+ac, —s0 (sp, —s9 (—ac, +ao)
Uij Uij Ui
b C1.--05 0.082(25) 0.082(25) 0.082(25)
C1--C3 0.088(25) 0.088(25) 0.082(25)
. Cl--C4 0.163(60) 0.103(45) 0.142(60)
C2---C4 0.059(26) 0.057(26) 0.057(26)
. s C3--05 0.083(25) 0.077(25) 0.082(25)
e C4--05 0.099(45) 0.141(60) 0.157(60)
feez0l abundance percentages
1 st (+ac, —s9 58
o T O s (sp, —s© and 6p, +s¢) together 32
A (—ac, +s9 10
g final R value (%) 6.55

Figure 8. Radial distribution curves, rdf(provisional model), of the

four '9""95: ?”95.931 ((j:_o?fgrrtqers (top fo(;;fr( cur)vesf)BcS(r)n?ar_ggl Wi)th the their calculated values. Table 7 summarizes the results. We
experimental radial aistripution curve, rdi(exp), o mi e-).
Th?a four corresponding difference curves,prdf(exp)f(provisional conclude that bond Igngths and.vqlenc.e angles averaged over
model), are also given (bottom four curves). See the text for explanation. the conformers are within error limits with the B3LYP values.
Moreover, the best set of conformer percentage was found to
be (ac, —s0), 58 + 23%; (sp, —s0 and 6p, +s0), 32 + 23%;
be expected between thep( —s0 and 6p, +s¢ forms, but a and (ac, +s0), 10 + 23%.
discrimination between three forms seems possible. Therefore, It may be argued that these abundance percentages do not
we set out to rigorously test the discriminating power of the exactly correspond to room temperature, the temperature of the
diffraction intensities for a mixture of theHac, —so), (—ac, sample. In fact, introduction of a sample into an electron-
+s0), and 6p, —sg conformers. In this test, thegf, —sg form diffraction chamber results at least in a mild supersonic
is given double weight to incorporate the (electron-diffraction- expansion. Although vibrational cooling is often insignificant
invisible) (sp, +s¢ form of quasiequal energy. Using the final  for polyatomic molecules, the low-energy separation between
step-by-step models, we calculated a set of disagreement factorshe various conformers may lead to a distribution in the electron-
for various conformer ratios. We changed the percentages ofdiffraction chamber that is slightly cooler than that for the
the three conformers in the mixture from 0 to 100% in steps of spectroscopic measurements. We believe, however, that this
5%, taking all 232 possibilities into account. To discriminate effect is covered by thecdberror limits given. Moreover, the
between these mixtures, we compared the ratio oRtlialues percentages taken in the analysis of the spectroscopic data were
of two such mixtures with tabulatétvalues ofQ (p, n — p, essentially used in a semiquantitative manner. Finally, despite
o), in which p denotes the degree of freedom (here 3, i.e., the the large error limits, these observed percentages are in fair
number of conformers in the mixture), the number of data  agreement with the B3LYP values.
points (here 130), and the chosen level of significance. If the
Rvalue ratio is larger that dD, then one rejects the hypothesis
at the 100% significance level that the test mixtures under
consideration are equal. The existence in the gas phase of four BUO conformers
Performing these tests at the 5% level of significance, we followed from analyses of electron-diffraction data and of IR
concluded that the electron-diffraction data can be describedfrequencies and intensity band profiles both measured &€20
by BUO existing in the gas phase of three conformers with the This number of low-energy conformers makes the conforma-
following intervals: (+ac, —s0g), 60+ 20%; (Sp, —s¢) and 6p, tional analysis of BUO one of the most complex ever success-
+s0, 20 £ 20%; (—ac, +s0), 20 + 20%. fully completed. Results of force field and geometry calculations
At this point, we considered the model sufficiently close to at the B3LYP/6-31G** level played an essential role in the
the final one, and a least-squares analysis was performed, takingnterpretation of the experimental data. Given in order of
the nine geometrical parameters (Table 6), six (groups of) increasing energy, the conformers atea€, —so < (sp, —sO
vibrational amplitudes (Table 5), and three conformer percent- < (sp, +s0 < (—ac, +s0). It follows that in a greater or less
ages as refinables, while keeping the other parameters fixed atdegree the bonds G, C2—0H, and C2-CH3; may eclipse

Conclusions
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the G=C bond. In this aspect, BUO can be considered as an

intermediate between allyl alcoHof and 1-butené®1In all
four BUO conformers, the OH bond points toward theeC

bond, indicating the presence of an attractive, intramolecular

OH/C=C interaction, as was previously suggestethut could
not be experimentally substantiated at that time. In this, BUO
parallels the behavior seen in allyl alcohol.

In fact, the conformational characteristics as well as the
geometrical details of the conformers can be visualized by
attractive (hyper)conjugative effects modified by repulsive steric
interactions. Attractive (eclipse rule) and repulsive (generalized
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