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Variable temperature—115 to —155 °C) studies of the infrared spectra (320000 cnt?) of 4-fluoro-1-

butene, CH=CHCH,CH,F, dissolved in liquid krypton have been carried out. The infrared spectra of the
gas and solid as well as the Raman spectra of the gas, liquid, and solid have also been recorded from 3200
to 100 cm®. From these data, an enthalpy difference of#5 cm! (0.86 + 0.06 kdmol™t) has been
determined between the most stabkew-gauche lliconformer (the first designation refers to the position of

the CHF group relative to the double bond, and the second designation refers to the relative positions of the
fluorine atom to the €C(=C) bond) and the second most stablew-trans form. The third most stable
conformer is theskew-gauche Iwith an enthalpy difference of 108 7 cm* (1.204 0.08 kdmol™?) to the

most stable form. Larger enthalpy values of 2612 cnr! (3.00+ 0.14 kdmol™t) and 268+ 17 cn1! (3.21

+ 0.20 k3mol~1) were obtained for theis—transandcis—gaucheconformers, respectively. From these data

and the relative statistical weights of one for tie-transconformer and two for all other forms, the following
conformer percentages are calculated at 298 K: 36@.9% skew-gauche 1] 25.7 = 0.1% skew-trans

22.5+ 0.2% skew-gauche ] 10.0+ 0.6% cis—gauche and 5.4+ 0.2%cis—trans The potential surface
describing the conformational interchange has been analyzed and the corresponding two-dimensional Fourier
coefficients were obtained. Nearly complete vibrational assignments for the three most stable conformers are
proposed and some fundamentals for ge-trans and thecis—gaucheconformers have been identified.

The structural parameters, dipole moments, conformational stability, vibrational frequencies, infrared, and
Raman intensities have been predicted fralninitio calculations and compared to the experimental values
when applicable. The adjusted structural parameters have been determined by combininghhieitio
predicted parameters with previously reported rotational constants from the microwave data. These experimental
and theoretical results are compared to the corresponding quantities of some similar molecules.

Introduction gauche I| cis—trans andcis—gauche is possible for 4-mono-

The conformational equilibria of 4-monosubstituted-1-butene substituted-1-butene molecules (Figure 1). For 4-chloro-1-

molecules, CH=CHCH,CH,X, have been of interest to chem-  Putenet where X= CI, percentage compositions of 41(9)%
ists for the past four decades. For 1-butene, where X, skew-trans, 47%skew-gauche(l andll combined), 8%cis—

internal rotational isomerism involves only two forntss and trans and 4%cis—gauchewere tentatively determined from

skew! An enthalpy difference of 2.2 1.8 k3mol-! (185 + an electron diffraction study at Z&. Cor)formathna}l eqw.hb-

147 cml) with the skewform more stable was reportefiom rium of 4-bromo-1.-_buter1’eNhere X= Br is very similar, with

a combined electron diffraction and microwave spectroscopic 'e€Ported compositions of 38(10)&kew-trans 50% skew-

study with constraints taken from the optimized geometry of 9auch&(l andil combined), 8%is—trans and 4%cis—gauche

ab initio and molecular mechanics calculations. Recently we @t 23 °C. For 1-penterfewhere X = CHs, four of the five

reported enthalpy differences of 0.870.07 kmol1 (73 + 6 expected conformers were observed in the microwave spectrum,

cm1) and 0.77+ 0.12 kdmol~1 (64 & 10 cntY) from variable and the relatlv_e intensities of the 83— 2o transitions were

temperature studies of liquid krypton and xenon solutions, found to be in qualitative agreement with the zero-point

respectively, but both with theis form more stable. corrected MP2/6-311G(d) relative stability order sew-
When X is other than hydrogen, rotation of the &Hyroup gauche |> skew-trans (60 cnr*, 0.79 kdmol™) > skew-

gives rise to the second conformational designatrans(where ~ gauche 11(257 cnt?, 3.38 kdmol™) > cis—trans (337 cn1?,

X is antiperiplanar to the vinyl grouppauche Il(where X is 4.44 kJmol™?). For 3-butenylsilané,where X = SiHs, the

almost eclipsing the<t)C—H of the vinyl group), andjauche conformational stability order ofis—trans > skew-trans >

| (where X is pointing toward the double bond). Thus, a total skew-gauche | > skew-gauche Il was determined from

of five conformationsi.e., skew-trans, skew-gauche J skew- variable temperature studies of the Raman spectra of the liquid

sample with only thecis—trans form existing in the polycrys-
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Figure 1. Stableskew-gauche I| skew-trans skew-gauche ] cis—gauche andcis—transconformers of 4-fluoro-1-butene with atom numbering.

skew-transconformer was the only form identified in the first  recorded on a Digilab model FTS-14C Fourier transform
microwave studyin the frequency region 26:540.0 GHz, and interferometer equipped with a Globar source, a Ge/KBr
it was reported to be the predominant form. In the more recent beamsplitter and a TGS detector. The spectrum of the gas was
microwave study of the frequency region 1626.5 GHz, three obtained with the sample contained in a 12 cm cell equipped
of the five possible rotamers were identified with thleew- with Csl windows. Atmospheric water vapor was removed from
gauche liform reported to be the most stable conformer. The the interferometer chamber by purging with dry nitrogen. For
skew-trans and theskew-gauche Iforms were determinéd the annealed solid, the spectrum was recorded by depositing a

to be less stable by 1.8 0.2 k3Jmol~! (159 & 17 cnT?) and solid sample film onto a Csl substrate that was cooled by boiling
2.14 0.2 kImol™1 (176 & 17 cnmY), respectively. However,  liquid nitrogen and housed in a vacuum cell fitted with Csl

neither of the twais forms has been identified and the apparent windows. The sample was annealed until no further change was
contradiction on the relative stability of trekew-gauche Il observed in the spectrum. A total of 128 and 64 scans were

andskew-transforms between the results of the two microwave collected, averaged, and transformed with a boxcar truncation
studies suggests that a reinvestigation of the conformationalfunction for the gas and the solid, with resolutions of 0.5 and
equilibrium of 4-fluoro-1-butene is desirable. Thus, as a 2.0 cntl, respectively, to give a satisfactory signal-to-noise ratio.
continuation of the conformational study of this series of The far-infrared spectrum of the gas (Figure 1S) from 380 to
4-monosubstituted-1-butene molecules, we recorded the variablego cnt?! was recorded on a Nicolet model 200 SXV Fourier
temperature FT-IR spectra of 4-fluoro-1-butene in liquid krypton transform interferometer equipped with a vacuum bench, a
and determined the relative stabilities of all five conformers. Globar source, a liguid helium cooled germanium bolometer
The potential surface describing the conformational interchange with a wedged sapphire filter and polyethylene windows. Traces
has been analyzed and the corresponding two-dimensionalof water were removed by passing the gaseous sample through
Fourier coefficients were obtained. In addition, by systematically activatel 3 A molecular sieves, using standard vacuum tech-
adjusting theab initio MP2(full)/6-311HG(d,p) optimized  niques. The gaseous sample was containedli moptical path
structure to fit the previously reported microwave rotational cell with polyethylene windows. A 6.2Bm Mylar beamsplitter
constants;® ro structural parameters have been determined for was used to record the spectra at a resolution of 0.11cm
theskew-trans skew-gauche llandskew-gauche fformsand  Typically, 256 scans were needed for both the sample and
estimated for thecis—trans and thecis—gaucheforms. The reference, averaged, and transformed with a boxcar truncation
results of these vibrational and theoretical investigations are function to give a satisfactory signal-to-noise ratio.
reported herein. The far-infrared spectrum of the amorphous (Figure 3A) and
the annealed solid (Figure 3B) from 540 to 60 ¢nwere
recorded with a Perkin-Elmer model 2000 Fourier transform
The sample of 4-fluoro-1-butene was prepared by the reaction interferometer equipped with a far-infrared grid beamsplitter and
of 4-buten-1-ol with (diethylamino)sulfur trifluoride in diglyme @ DTGS detector. The spectra were obtained by condensing the
for 2 h at—60 °C. The volatile material was collected and sample onto a silicon plate held in a cell equipped with
washed with water and 5% sodium bicarbonate. The sample polyethylene windows and cooled with boiling liquid nitrogen.
was purified by using a low-temperature, low-pressure frac- The sample was annealed until no further changes were observed
tionation column, and the purity of the sample was checked by in the spectrum.
mass spectrometry and NMR spectroscopy. The purified sample The mid-infrared spectra of the sample dissolved in liquefied
was kept in the dark at low temperature until it was used. All krypton (Figure 4A) were recorded on a Bruker model IFS-66
sample transfers were carried out under vacuum to avoid Fourier interferometer equipped with a Globar source, a Ge/
contamination. KBr beamsplitter and a DTGS detector. The spectra were
The mid-infrared spectra of the gas (Figure 2A) and the recorded at variable temperatures ranging frofrl5 to—155
annealed solid (Figure 2B) from 3200 to 400 Thmwere °C with 100 scans at a resolution of 1.0 cThe temperature

Experimental Section
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Figure 2. Mid-infrared spectra of 4-fluoro-1-butene: (A) gas; (B) annealed solid.
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Figure 3. Far-infrared spectra of 4-fluoro-1-butene: (A) amorphous solid; (B) annealed solid.

studies in liquefied krypton were carried out in a specially spectrum of the annealed solid (Figure 5C) was obtained by
designed cryostat cell, which is composed of a copper cell with condensing the sample on a blackened brass block, which was
a 4 cm path length and wedged silicon windows sealed to the maintained in a cell fitted with quartz windows, cooled with
cell with indium gaskets. The temperature was monitored by boiling liquid nitrogen and annealed until no further changes
two platinum thermoresistors and the cell was cooled by boiling in the spectrum were noted.
liquid nitrogen.

The Raman spectra (Figure 5) of 4-fluoro-1-butene from 3200 ap |nitio Calculations
to 20 cnt! were recorded on a Cary model 82 spectrophotom-
eter equipped with a Spectra-Physics model 171 argon ion laser The LCAO-MO-SCF calculations were performed with the
operating on the 5145 A line. Laser power at the sample rangedGaussian-03 prograifby using Gaussian-type basis functions.
from 0.4 to 2.0 W depending on the physical state of the sample. The energy minima with respect to nuclear coordinates were
The spectrum of the gas (Figure 5A) was recorded with a obtained by simultaneous relaxation of all geometric parameters
standard Cary multipass accessory. The spectrum of the liquidconsistent with symmetry restrictions using the gradient method
(Figure 5B) was obtained from the sample sealed in a glassof Pulay!! Results from frequency calculations suggest that all
capillary that contained a spherical bulb on the &rithe five conformers,i.e., skew-gauche || skew-trans skew-
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Figure 4. Infrared spectra of 4-fluoro-1-butene: (A) krypton solution . . .
at—130°C; (B) simulated spectrum of a mixture of the five conformers  Coordinates used to calculate teand B matrices are listed

at—130°C with experimentally determinetiH values listed in Table along with the structural parameters in Table 5, and the
6; (C) simulated spectrum for puas—gaucheform; (D) simulated numbering is shown in Figure 1. With th& matrix, the force
spectrum for purecis—trans form; (E) simulated spectrum for pure  fie|d in Cartesian coordinates was converted to a force field in
skew-gauche fform; (F) simulated spectrum for pusiew-transform; internal coordinaté8 in which the pureab initio vibrational
(G) simulated spectrum for puskew-gauche Ilform. - .

frequencies were reproduced. Subsequently, scaling factors of
0.88 for the CH stretches and 0.90 for all other modes except
the heavy atoms (1.0) were used, along with the geometric
average of scaling factors for interaction force constants, to

gauche | cis—trans, andcis—gauche(Figure 1), correspond to
local minima on the potential surface. The predicted wavenum-

bers of the fundamentals of the three most stable conformers . . .
are listed in Tables 3, along with the observed values and obtain the fixed scaled force field (Table 3S) and the resultant

for the two cis conformers in Tables 1S and 2S. Eight basis wavenumbers. A set of symmetry coordinates was used (Table
sets, from 6-31G(d) to 6-3#1G(2df,2pd), were employed with 4S) to determine the corresponding potential energy distributions

Maller—Plesset perturbation thedito the second order (MP2-  (PEDS), which are listed in Tables-B for the three most stable
(full)) as well as hybrid density functional theory by the B3LYp ¢onformers and for theis—trans and cis—gaucheforms in
method!34 to obtain energy differences among the stable 'ables 1S and 2S, respectively.
conformers (Table 4). From all levels of calculation conducted ~ To identify the fundamental vibrations for the five conformers
in the present investigation, tlekew-gauche Ilconformer is of 4-fluoro-1-butene, the infrared spectra were predicted using
predicted to be the most stable form, gl@w-transconformer fixed scaled frequencies. Infrared intensities obtained from MP2-
is predicted to be the second most stable form (both with (full)/6-31G(d) calculations based on the dipole moment deriva-
exception from the B3LYP/6-31G(d) calculation), and the tives with respect to Cartesian coordinates were transformed
skew-gauche Iconformer is predicted to be the third most stable with respect to normal coordinates u(/0Q;) = ¥;(duu/9X)-
form. Thecis—trans and thecis—gaucheforms are predicted  L;j as previously described. In Figure 4G,F,E,D,C, the
to be the two highest energy conformers. The values in Table simulated infrared spectra of the piglkew-gauche I| skew-
4 suggest that the inclusion of diffuse functions significantly trans skew-gauche | cis—trans andcis—gaucheconformers,
lowers the predicted energies of the CCE&&ns orientation respectively, are shown. The simulated spectra calculated at
and raises the energies of the CC@ducheorientation. —130°C, of a mixture of five conformers witihH values of

To obtain a more complete description of the nuclear motions 72, 100, 251, and 268 crh(experimentally determined values,
involved in the vibrational fundamentals of 4-fluoro-1-butene, see Conformational Stability section), respectively, is shown
normal coordinate analyses have been carried out. The forcein Figure 4B, and it should be compared to the experimental
fields in Cartesian coordinates were obtained by the Gaussian-spectrum of the krypton solution at130°C (Figure 4A). The
03 progrant® at the MP2(full)/6-31G(d) level. The internal predicted spectrum is in good agreement with the experimental
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TABLE 1: Observed and Calculated Frequencies (cm') and Potential Energy Distributions (PEDs) for the Skew-Gauche Il
Conformer of 4-Fluoro-1-butene

ab fixed IR Raman IR Raman IR Raman Ltour

descriptioh initio? scaled int® actd gas gas ligkKr lig A B C PED®
v =CH, antisymmetric stretch 3304 3100 14.0 59.0 3094 3094 3087 3087 5 94 1 97S
v, =CH stretch 3232 3032 44 856 3004 3016 3009 3013 4 91 5,93S
vs =CH, symmetric stretch 3210 3011 7.0 614 2995 2988 2988 61 28 113 94S
vs *CHjantisymmetric stretch 3180 2982 45.2 55.0 2970 2975 2967 2972 28 17 55 95S
vs CHpantisymmetric stretch 3151 2956 14.6 66.4 2033 2935 2940 1 62 3% 94S
ve *CH, symmetric stretch 3114 2921 39.7 124.0 2911 2914 2910 33 39 2§ 97S
v7 CH, symmetric stretch 3096 2904 115 727 2904 0 53 47,98S
vg C=C stretch 1737 1648 3.1 56 1649 1651 1648 1650 88 1 115 68%S;
vg *CH, deformation 1585 1505 0.8 9.1 1479 1476 1478 1477 44 48 84 99S
v1io CH; deformation 1533 1455 9.9 8.0 1437 1441 1432 1432 38 54 8,088S
v11 =CH, deformation 1503 1426 2.6 13.0 1412 1412 1416 1420 34 16 50,6855,
v12 *CH_wag 1465 1390 214 45 1393 1390 1384 1388 66 33 1,88S
v13 CH;wag 1406 1334 05 43 1335 14 29 57 6932Ss
v1a =CH in-plane bend 1350 1281 0.1 17.2 1299 1296 1296 1300 94 6 0,63%
v1s CH; twist 1312 1247 2.7 134 1257 1255 1255 52 38 10 1365Ss 12S3
16 *CH twist 1277 1213 2.2 56 1222 1224 1229 26 2 72 A83Ss 16Ss
v17 C—C stretch 1193 1140 6.6 15 1140 1143 1138 1138 46 20 3471885, 18S9
g *CH2rock 1138 1084 25.4 3.8 1088 1085 1078 1080 18 75 7129%3Sq 1793
v19 *C—F stretch 1104 1048 46.4 2.8 1037 1038 1038 1033 50 48 2, 8
V20 =CH, twist 1044 991 18.0 0.6 996 996 999 9 0 91 6431Ss
v,1 =CH,wag 1011 961 10.1 2.4 961 961 965 951 28 54 18 ,389S,, 1653
V22 =CH,rock 941 892 37.9 0.03 922 918 11 2 87 99S
vo3 *C—C stretch 898 853 4.0 6.3 852 850 2 85 13 2731S4, 17S7, 12S,, 11S,
vo4 CHprock 865 822 0.8 16 825 830 825 2 93 5 358557 18Sg
v2s =CH out-of-plane bend 686 655 16.1 6.7 655 659 657 660 30 1 6953085, 12Ss
v26 C*CF bend 488 474 33 4.2 474 474 474 470 98 1 1 345Sy 1554 10Ss
v,7 C=C—C bend 395 387 0.2 2.2 396 393 396 17 82 1 £285Ss
v *C—C—C bend 280 274 33 2.3 279 270 277 24 6 70 A9BSe 129
V29 *CHF torsion 148 141 4.5 1.2 167 70 23 7 65§33,
vz asymmetric torsion 92 87 0.2 6.6 129 5 6 89 #6%$3Sy

a Frequencies from MP2(full)/6-31G(d) calculatidtScaling factors of 0.88 for CH stretches, 1.0 for heavy atom bends, and 0.90 for all other
modes ¢ Calculated infrared intensities in km/mdlCalculated Raman activities in“Al. ¢ Values less than 10% are omittéd.indicates carbon

atom in the CHF group.

spectrum, which indicates the utility of the scaled predicted data respectively, with no predicted bands for the three skew
in distinguishing the fundamentals for the five conformers. conformer for which they could be assigned. These bands are

To further support the vibrational assignments, we have thev,sfundamentals for bothis conformers with good predicted
simulated the Raman spectra from thie initio MP2(full)/6- intensities, and both bands disappear from the infrared spectrum
31G(d) by utilizing the predicted Raman activities, scaled of the solid.
wavenumbers, and Lorentzian line function. The simulated  The corresponding fundamentals for the three skew conform-
Raman spectra of the puskew-gauche I] skew-trans skew- ers are predicted in the frequency range-6000 cnt?. In the
gauche ] cis—trans andcis—gaucheconformers are shown in  infrared spectra of 4-fluoro-1-butene dissolved in liquid krypton,
Figure 6G,F,E,D,C, respectively. The simulated Raman spectra,two strong bands at 657 and 628 chare observed, which
calculated for 25C, of a mixture of five conformers with the  correspond to the two pronounced Q-branches at 655 and 628
experimentally determinedH values are shown in Figure 6B. ¢yt in the infrared spectrum of the gas (660 and 632 &m
The experimental Raman spectrum of the liquid is shown in Raman spectrum of the liquid). Thes (=CH out-of-plane
Figure 6A for comparison, and the agreement is considered heng) fundamental is predicted (after scaling) at 655 cfar
satisfactory, but not nearly as good as the correspondingihe skew-gauche Il conformer whereas the same mode is
simulated infrared spectrum, probably due, in part, to intermo- predicted at a significantly lower frequency at 622 énfior
lecular association in the liquid phase. Additionally, #einitio both theskew-transand theskew-gauche forms. On the basis
predictions of Raman spectral activities are not usually as good 5t e comparison of the predicted observed frequencies and
as the predictions of the corresponding infrared intensities.  (gative intensities, the higher frequency band (655 Ynis

) ) ) assigned to thekew-gauche llconformer. The 628 cri band
Vibrational Assignment is then assigned to both of the other skew conformers. The

To determine the relative conformation stabilities of the five "€lative intensities of these two strong bands is in complete
conformers of 4-fluoro-1-1butene, it is necessary first to assign agreement with the predicted values (Figure 2S).
bands to each conformer. Because most fundamental vibrations Two bands are observed at 474 and 458 £ the infrared
of the five conformers have nearly the same predicted force spectra of the krypton solution. Ttskew-gauche 1| skew-
constants and consequently frequencies, only the lower fre-trans andskew-gauche Ihave fundamentals predicted at 474,
quency bending modes have sufficient wavenumber differences457, and 458 cm, respectively, Thus the higher frequency band
for confident assignment to the individual conformer. Starting is assigned to thekew-gauche Ilform with the 458 cm* band
at this point, the most obvious assignments were made. Theassigned to the corresponding fundamental for the other two
cis—trans and cis—gauche conformers have a fundamental skew forms. The three skew conformers are predicted to have
predicted at 541 (observed 551) and 516 (observed 525},cm a fundamental near 400 crhwith two of them having nearly
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TABLE 2: Observed and Calculated Frequencies (cm') and Potential Energy Distributions (PEDSs) for the Skew-Trans
Conformer of 4-Fluoro-1-butene

ab fixed IR Raman IR Raman IR Raman Ltour

descriptiofh initio@ scaled int® act! gas gas ligKr liq A B C PED®
v1  =CHantisymmetric stretch 3307 3102 124 58.0 3094 3094 3087 3087 38 51 11 98S
v, =CH stretch 3202 3004 233 208 2995 2988 2988 0 51 49,718%
vs =CH, symmetric stretch 3216 3017 2.8 128.0 2995 2988 2988 94 6 03 803S
vy *CHjantisymmetric stretch 3183 2986 38.0 10.2 2970 2975 2967 2972 3 10 8% 5%
vs CH, antisymmetric stretch 3161 2965 0.7 104.4 2933 2935 2940 2 4 945 B8S
vs *CHj symmetric stretch 3115 2922 458 21.8 2911 1 89 10 (38PB&S
vz CH, symmetric stretch 3107 2915 25 1443 2911 2914 2910 66 5 29, 88S
vg C=C stretch 1736 1647 3.9 55 1649 1651 1648 1650 77 1 22486BS;
vg *CH; deformation 1589 1508 0.4 6.6 1479 1476 1478 1477 87 4 9,497S
v10 CH, deformation 1553 1474 6.3 13.9 1457 1454 1450 1453 6 94 0,093S
v11 =CH, deformation 1502 1425 25 11.3 1412 1412 1616 1420 24 20 56;169S
v, *CH,wag 1473 1398 23.2 3.0 1393 1390 1388 1388 98 1 1.488S3
vis CH,wag 1329 1263 0.6 6.0 1279 4 96 0 6934S, 13S,
v14 =CH in-plane bend 1362 1293 1.0 3.8 1306 1304 1302 1300 40 24 364,48
vis CH; twist 1279 1215 0.8 0.7 1222 1224 1229 3 7 90 33%MSe 17Ss
v1s *CHj twist 1346 1277 0.3 232 1287 2 43 55 4gS81Ss
v17 C—C stretch 1049 995 10.7 0.1 996 996 999 7 69 24 13RS5, 2250
v1g *CHjrock 1219 1161 1.6 4.7 1159 1158 1156 1156 0 32 68 129994, 179, 13S7
v19 *C—F stretch 1096 1044 82.9 7.0 1037 1038 1038 1033 85 15 01983S
Vo0 =CHy twist 1035 982 10.8 0.9 988 990 985 13 6 81 42%3Ss 10Sy
v =CH, wag 974 927 1.8 1.6 940 936 936 99 0 1 4731Sy
vz, =CH;rock 944 896 37.0 0.03 922 922 11 35 54 98S
vp3 *C—C stretch 1115 1064 21.2 6.7 1061 1062 1061 1061 100 O 0371S
v24 CHyrock 823 781 05 0.1 793 792 794 25 75 0 4430Ss
v25 =CH out-of-plane bend 653 622 13.9 8.4 628 628 632 7 35 58,4885,
v26 C*CF bend 398 388 25 4.0 396 393 396 65 9 26 R2BS, 15Sg
vy; C=C-C bend 467 457 8.9 0.8 468 468 458 82 15 3 A73Ss
v *C—C—C bend 254 250 25 3.8 270 277 25 52 23 R436Ss
V29 *CH,F torsion 121 115 3.8 0.8 146 4 30 66 84S
V30 asymmetric torsion 89 85 0.1 4.8 129 42 12 46 #9S

a Frequencies from MP2(full)/6-31G(d) calculatidtScaling factors of 0.88 for CH stretches, 1.0 for heavy atom bends, and 0.90 for all other
modes ¢ Calculated infrared intensities in km/mdlCalculated Raman activities in“Al. ¢ Values less than 10% are omittéd.indicates carbon

atom in the CHF group.

the same frequency for this normal mode. Two bands are Most of the bands observed in the infrared and Raman spectra
observed at 410 and 396 cin(infrared gas) with the 410 cm of the solid appear as doublets and this is probably a result of
band assigned to thekew-gauche Iconformer on the basis of  two molecules per primitive cell in the crystal structure. The
the predicted frequencies for this mode for the three skew spectral bands assigned to thies—trans cis—gauche and
conformers. skew-transin the fluid phases are not present in the spectra of
Confident assignments can also be made for the five bandsthe solid. However it is difficult to distinguish whether the
at 866, 850, 842, 830, and 794 chmwhich were observed in  skew-gauche lor skew-gauche Ilform is in the solid but the
the infrared spectra of the krypton solutions. Two fundamentals spectral data favor thekew-gauche Iform. The two bands
at 853 and 822 cm and 866 and 842 cni are predicted for observed at 393 and 411 cfin the infrared spectrum of the
the skew-gauche Iland skew-gauche Iforms, respectively, gas remain in the spectrum of the solid as a doublet at 417/406
whereas only one fundamental at 781 ¢ris predicted for the cm%, which comes from the 411 crh band assigned to the
skew-trans form. Thus, the assignments for these five bands skew-gauche Iconformer. The two doublets at 868/862 and
follow directly from the predicted frequencies and is supported 842/836 cm? arise from the 866 and 842 crhbands (gas),
by the relative intensities and hybrid band contours in the which were assigned a&ew-gauche Imodes. The single band
spectrum of the gas. at 639 cntlin the spectrum of the solid can also be reasonably
There is a relatively large number of fundamentals between assigned to theskew-gauchel form. The fact that the most
900 and 1100 cmt, which makes their assignment much more stable form in the fluid phases is probably not the conformer in
difficult and many of the bands are due to fundamentals of two the solid is not surprising when theH value between them is
conformers (Figure 7). Therefore, there were only two bands only 100+ 10 cnt®. The packing in the crystal could readily
in this spectral region that could be confidently used for enthalpy be the reason for the change in the conformer stability.
determination, and they are the bands at 965 ‘cfskew-
gauche 1) and 1061 cm! (skew-trans). Conformational Stability
These assignments now permit the identification of several
bands that are confidently assigned to fundamental modes that To determine the enthalpy differences among the five
arise from the vibration of one conformer and can, thus, be usedconformers, the mid-infrared spectra of 4-fluoro-1-butene dis-
for the enthalpy determinations. Also, using all of these data, solved in liquefied krypton as a function of temperature, from
along with well-characterized “group frequency” information, —115 to—155°C, were recorded. Only small interactions are
has provided nearly complete vibrational assignments for the expected to occur between the dissolved sample and the
fundamental vibrations for the threskewconformers (Tables  surrounding krypton atoms, and consequently, only small
1-3) and a few bands are confidently assigned to thediso  frequency shifts are anticipated when passing from the gas phase
forms (Tables 1S and 2S). to the liquefied krypton solution®24 A significant advantage



TABLE 3: Observed and Calculated Frequencies (cm') and Potential Energy Distributions (PEDs) for the Skew-Gauchel Conformer of 4-Fluoro-1-butene

contour

descriptioh abinitio* fixed scalel IRint® Ramanact. IRgas Ramangas IRIligKr Ramanlig IRsolid Ramansolid B C PED?
vy =CH, antisymmetric stretch 3308 3103 12.9 57.9 3094 3094 3087 3087 3078 3080 24 3 73 99S
v, =CH stretch 3198 3000 215 29.8 3004 3016 3009 3013 3010 3009 0 5 95,1865
vy =CH, symmetric stretch 3217 3018 2.9 119.8 2995 2988 2988 2988 2984 76 24 @ 88S
va  *CHjantisymmetric stretch 3172 2976 42.4 46.4 2970 2975 2967 2975 2973 16 2 83 186S
vs  CH; antisymmetric stretch 3154 2959 10.5 78.3 2933 2935 2940 2941 2940 28 69 3, 138S
ve  *CHj, symmetric stretch 3110 2917 45.0 121.8 2911 2915 2913 50 39 11 96S
vz CH, symmetric stretch 3089 2897 12.7 76.2 2914 2904 2910 2900 2900 1 72 2% 87S
vg  C=C stretch 1740 1651 3.7 5.3 1652 1651 1648 1650 1645 1645 61 33 6g 165
vg  *CH;deformation 1585 1504 0.7 10.3 1479 1476 1478 1477 1473/1471 1473/1470 12 79 9 99S
vio CH, deformation 1534 1455 8.4 7.3 1437 1441 1432 1432 1434/1431 1438/1431 22 8 7@ 87S
vi1  =CH, deformation 1501 1425 1.7 12.6 1412 1412 1416 1420 1415/1411 1417/1411 1 91 g, 185
vz *CHzwag 1472 1396 21.4 3.1 1393 1390 1388 1388 1394/1386 1396/1384 39 61 Q, 89S
vis CH;wag 1404 1332 0.5 4.2 1335 8 79 13 6233Ss
via  =CH in-plane bend 1354 1285 1.3 12.8 1304 1300 1297 1299/1295 46 12 42, B5S, 119
v1s  CHytwist 1289 1225 1.2 7.2 1231 1234 1231/1225 1227 13 12 75 1539556
vie *CHj twist 1306 1241 2.3 19.9 1257 1255 1255 1252/1244 1253/1246 73 26 115 88Ss
v17 C—C stretch 888 842 0.8 5.7 845 842 846 842/836 842/836 4 96 0 .,3553 14Ss, 1359
vig *CHjrock 1214 1158 3.6 1.6 1158 1156 1156 1155 1158 4 18 78 133885, 1454, 125
v19 *C—F stretch 1133 1076 54.2 5.8 1088 1085 1078 1080 1083/1078 1075 12 88 Qo I
voo =CH; twist 1032 979 15.1 0.7 986 985 1010/1006 1004 29 71 0 ,628Ss
v,n =CH,wag 1022 971 7.8 0.3 970 971 975 969/965 966 0 99 1 ,38SSs 10S4
v, =CH;rock 938 890 37.8 0.02 922 918 929/918 927 39 58 3 ,98S
Va3 *C—C stretch 1062 1012 13.2 2.0 1032 1027 1017 1049/1042 1049/1045 40 41 19 1885, 1454, 13Sy
v CH;rock 910 866 17.7 35 862 866 868/862 869/864 27 73 0 3889
v2s =CH out-of-plane bend 652 622 12.5 7.5 628 630 628 632 639 641 48 51 15 3850, 1394
v26 C*CF bend 470 458 3.0 45 458 457 458 462 468 90 9 1 ,22BSy 15Ss 10Ss
vy; C=C—C bend 420 410 0.2 15 411 410 417/406 418/406 38 32 30 748556
vs *C—C—C bend 286 280 1.8 18 270 272 277 300 302/292 61 3 36 248856 1357
V29 *CHaF torsion 138 132 2.9 19 158 172/159 165/158 61 1 38 ,81S
V3o asymmetric torsion 75 71 0.7 5.8 120 126 126 53 10 37 385S

2 Frequencies from MP2(full)/6-31G(d) calculatidyScaling factors of 0.88 for CH stretches, 1.0 for heavy atom bends, and 0.90 for all other frddlesllated infrared intensities in km/mdICalculated

Raman activities in Au. ¢ Values less than 10% are omittéd.indicates carbon atom in the GH group.
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TABLE 4: Calculated Electronic Energies® (Hartree) and Energy Difference (cnt?) for the Five Conformers of
4-Fluoro-1-butene

energy? E energy differencé AE

method/basis set skew-gauche I skewtrans skew-gauche | cis-trans cis—gauche
MP2/6-31G(d) 0.656956 194 278 541 316
MP2/6-31G(d) 0.680724 102 209 593 505
MP2/6-311G(d,p) 0.901460 97 237 469 354
MP2/6-31H1-G(d,p) 0.912531 57 167 488 453
MP2/6-311G(2d,2p) 0.975433 98 228 342 202
MP2/6-311G(2d,2p) 0.984337 33 143 315 298
MP2/6-311G(2df,2pd) 1.062752 82 203 306 189
MP2/6-311G(2df,2pd) 1.070983 23 127 284 273
B3LYP/6-31G(d) 1.447345 104 279 421 298
B3LYP/6-31+G(d) 1.467302 -9 179 386 473
B3LYP/6-311G(d,p) 1.527590 78 237 401 319
B3LYP/6-311-G(d,p) 1.535475 2 144 362 422
B3LYP/6-311G(2d,2p) 1.537708 88 235 405 324
B3LYP/6-311G(2d,2p) 1.544722 8 135 354 408
B3LYP/6-311G(2df,2pd) 1.543950 74 213 391 321
B3LYP/6-31H-G(2df,2pd) 1.550946 1 123 344 401

aEnergy ofskew-gauche Ilconformer is given as-(E+255) H." Difference is relative tskew-gauche Ilform.

of this study is that the conformer bands are better resolved inleaving the statistical values as the uncertainties. From these

comparison with those in the infrared spectrum of the gas. From data and the relative statistical weights of one fordise-trans

microwave studies® and ab initio calculations, the dipole  conformer and two for all other forms, it is estimated that there

moments of the five conformers are predicted to have similar are 36.4+ 0.9% skew-gauche | 25.7 + 0.1% skew-trans,

values and the molecular sizes of the five rotamers are nearly22.5 + 0.2% skew-gauche ] 10.0 + 0.6% cis—gauche and

the same, so th&H values obtained from the temperature- 5.4 &+ 0.2% cis—trans forms (statistical uncertainties) present

dependent FT-IR study are expected to be comparable to thoseat ambient temperature (298 K). The statistical uncertainties are

for the gas'6-20 obviously too small and should be at least 2% for the conformers
The intensities of several well-isolated and well-shaped in greater abundance and 1% for those in smaller abundance.

conformational bands confidently assigned in the previous

section were measured as a function of temperature (2t05.0  Structural Parameters

intervals betweenr-115 and—155 °C), and their ratios were

determined. By application of the van't Hoff equatierin K In the initial microwave spectroscopic studyf 4-fluoro-1-

= AH/(RT) — ASR, AH values were determined from plots of ~butene in the frequency region 26:80.0 GHz, only theskew-

—In K versus 1T, whereAH/R are the slopes of the least-squares trans rotamer was identified. Four years later, a second

fitted lines andK values are substituted with the appropriate microwave investigatichin the frequency region 10-26.5

intensity ratios of pure conformer bands. It was assumed that GHz identified three rotamerie., theskew-gauche I] skew-

the conformational enthalpy differences are not a function of trans andskew-gauche Iforms. However, because only three

temperature in the range studied. rotational constants were available for the most abundant
Combining the twaskew-gauche Ilbands at 850 and 965  isotopic species of each conformer, only the two skeletal

cm~! with the two skew-trans bands at 794 and 1061 ci dihedral angles, CCEC and FCCC, were fitted, with the rest

the twoskew-gauche Ibands at 866 and 1027 cf the cis— of the structural parameters fixed at assumed values for all three

transband at 551 cmt, and thecis—gaucheband at 529 cmt forms. With eight assumed bond distances, nine assumed bond

gave four pairs of bands that were utilized for the determination angles and an assumed strictly planar vinyl group, the resulting

of the enthalpy differences among the ths@wforms, and fit of the skeletal dihedral angles involve relatively large

two pairs of bands were utilized to obtain the enthalpy uncertainties and the tentatively proposed structures were less

differences between thekewand thecis forms. If one takes than satisfactory. Thus, we initiated a process to obtain more

each conformer pair individually, there is a rather large variation reliable structural parameters of the ths@wconformers of

in values, but taking the four band pairs as a single set gives a4-fluoro-1-butene.

very small statistical uncertainty. From these data as a single First, we! have shown for more than fifty carbetnydrogen

set, an enthalpy difference of 72 5 cm! (0.86 &+ 0.06 distances that the. distances predicted from MP2(full)/6-

kJmol~1) has been determined between the most sisitder- 311+G(d,p) calculations match thig distances determined from
gauche llconformer and the second most stabkew-trans the “isolated” CH stretching frequencf@so within +0.002 A.
form. The third most stable conformer is tekew-gauche | Considering this level of accuracy for the CH predicted distances
with an enthalpy difference of 10& 7 cnm! (1.20 4 0.08 as well as the small mass of the hydrogen atom, the effect on

kJmol~1) compared with the most stable form. Larger enthalpy the rotational constants from the errors of the MP2(full)/6-
values of 251+ 12 cnt! (3.004 0.14 kdmol™1) and 268+ 311+G(d,p) predicted CH parameters are orders of magnitude
17 cnt! (3.21 £ 0.20 kdmol™Y) were obtained for theis— smaller than those from the skeletal structure. It has also been
trans and cis—gauche conformers, respectively (Table 6). showr?3 that similar calculations predict the CF distances very
Although the statistical uncertainties are relatively small, they well for a large number of fluorocarbons. Finally, we have
do not take into account possible contribution from combination founc?! that we can obtain good structural parameters by
or overtone bands from other conformers contributing to the adjusting the structural parameters obtained fromathénitio
measured fundamental band intensities. Thus, the realistic errorgalculations to fit the rotational constants (computer program
must be larger and probably as much 10% or possibly higher, A&M, Ab Initio and Microwave, developed in our laboratéy

but it is not possible to provide a confident estimate, so we are obtained from the microwave experimental data. To reduce the
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TABLE 5: Structural Parameters (A and Degree), Rotational Constants (MHz), and Dipole Moments (Debye) for the Three Skew Conformers of 4-Fluoro-lutene N
skew-gauche Il skewtrans skew-gauche | :
parameter intcoord  MP2/6-3315(d,p) microwaveP? adjustedy  MP2/6-311G(d,p) microwavaP® adjustedy  MP2/6-311+G(d,p) microwaveP adjusted o
r(C:=C) Ry 1.340 1.331 1.343 1.340 1.331 1.341 1.339 1.331 1.338 ‘g
r(C,—Cs) R, 1.500 1.496 1.503 1.501 1.496 1.502 1.500 1.496 1.497 -
r(Cs—Cy) R3 1.517 1.530 1.516 1.518 1.530 1.519 1.517 1.530 1.517 9
r(Cs—Fs) R4 1.397 1.393 1.396 1.395 1.393 1.394 1.393 1.393 1391 @
r(C1—He) r 1.087 1.090 1.087 1.087 1.090 1.087 1.086 1.090 1.086 3
r(Ci—Hv) r 1.085 1.090 1.085 1.085 1.090 1.085 1.085 1.090 1.085 >
r(Co—Hs) rs 1.088 1.090 1.088 1.090 1.090 1.090 1.090 1.090 1.090 "<
r(Cs—Ho) ra 1.096 1.093 1.096 1.094 1.093 1.094 1.095 1.093 1.095 o
1(Cs—Hio) I's 1.096 1.093 1.096 1.096 1.093 1.096 1.098 1.093 1.098 |
r(Cs—Hiy) e 1.093 1.093 1.093 1.094 1.093 1.094 1.093 1.093 1.093 5
r(Cs—Hip) rz 1.093 1.093 1.093 1.093 1.093 1.093 1.094 1.093 1.094 -
0C=CCs Y1 123.9 127.8 123.8 124.0 127.8 124.1 124.1 127.8 124.7 g
0C,CsCs P2 112.3 111.6 113.0 110.6 111.6 110.8 112.6 111.6 1135 -
OCsC4Fs Y3 109.4 111.0 109.3 109.9 111.0 109.6 109.9 111.0 1009 R
0C,=CiHe o 121.3 121.5 121.3 1211 121.5 121.1 121.1 1215 1211,
0C=CiH~ o2 121.3 121.5 121.3 121.4 1215 121.4 121.4 121.5 1214 o©
OHeCiH7 03 117.4 117.0 117.4 117.5 117.0 117.5 117.5 117.0 1175 &
0C=C,Hg o 119.6 121.5 119.6 119.1 121.5 119.1 119.3 121.5 119.3
OC3CoHs P 116.5 116.5 116.9 116.9 116.6 116.6
OCCsHg w1 110.0 110.0 110.3 110.3 110.3 110.3
OC,CsH1o oy 110.4 110.4 110.4 110.4 110.0 110.0
[C4CsHg 61 108.2 109.47 108.2 109.2 109.47 109.2 109.0 109.47 109.0
OC4CsH1o 0, 108.1 109.47 108.1 108.3 109.47 108.3 107.2 109.47 107.2
[OHeC3H10 01 107.7 109.47 107.7 107.9 109.47 107.9 107.6 109.47 107.6
OC3CsH11 € 111.2 109.47 111.2 111.3 109.47 111.3 111.2 109.47 111.2
0C3CsH12 € 111.4 109.47 111.4 111.0 109.47 111.0 111.3 109.47 111.3
OFsCyqH11 T 107.4 107.4 107.5 107.5 107.4 107.4
OFsC4H12 T 107.4 107.4 107.7 107.7 107.5 107.5
[OH11C4H12 02 109.8 109.47 109.8 109.4 109.47 109.4 109.4 109.47 109.4
7C4C3C=C; 7 —119.3 —125(3) —-121.1 —-113.1 —114(3) —114.2 —-117.9 —125(3) —120.6
TFsC4CsCo 2 -63.3 —63(3) —63.3 —176.4 179(3) —175.1 64.3 57(3) 63.7
THCsCo—=C, 7 1.2 1.2 7.9 7.9 41 41
H10CsC=Cy 2 120.0 120.0 127.1 127.1 122.6 122.6
TH11C4CsFs 21 118.5 118.5 119.0 119.0 118.8 118.8
TH12C4CsFs T1 —118.7 —118.7 —119.0 —119.0 —1189 —1189
HeC1=C,C3 Vo1 -0.9 0 -0.9 -1.2 0 -1.2 -0.1 0 -0.1
TH,Ci=C.Cs Vo1 179.3 180 179.3 179.2 180 179.2 179.4 180 179.4
tHgC—=C,C3 g —179.2 180 —179.2 —179.0 180 —179.0 —-179.3 180 —-179.3
A 12865.9 13048.2161(61) 13047.4 19820.3 20089.510 (16) 20088.2 9809.2 10026.3189 (69) 10024.7
B 2660.1 2636.4673 (12) 2636.1 2137.9 2132.4569 (15) 2131.9 3086.9 3027.0373(19) 3026.1
C 2428.9 2406.3153 (11) 2406.5 2122.5 2112.5589 (15) 2112.6 2633.1 2601.3400(24) 2602.2
|ttal 0.928 0.841(16) 1.985 1.62¢1) 0.298 0.332(6)
|tto) 1.842 1.458(22) 0.799 0.68(5) 2.200 1.873(12)
|edel 0.471 0.728(39) 0.041 0.39(%4) 0.191 0.090(30)
|l 2.115 1.835(33) 2.141 1.8065) 2.229 1.904(13)

aReference 8. All structural parameters reported were assumed exce@@C,=C; and tFsC,CsC,. ® Differences in theA, B, andC of the experimental rotational constants and those obtained fr
the adjust ¢ parameters areAA = 0.8, AB = 0.4, AC = 0.2 for skew-gauche || AA = 1.3, AB = 0.6, AC = 0.04 for skew-trans and AA = 1.6, AB = 0.9, AC = 0.9 MHz for theskew-gauche |
conformers® Reference 7.
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skew-gauche II \
skew-trans
A

D
— i f
1000 980 960

WAVENUMBER (cm’™)

E
JJLHUM\ wuw Figure 7. Temperature<{115 to—155°C) dependence mid-infrared
spectra in the 9501200 cn1? region of 4-fluoro-1-butene dissolved

F in liquid krypton.
M the skew-trans conformer with the seven other rotational
constants fit to better than 1 MHz (Table 5). The largest
G adjustments are associated with the three skeletal dihedral
angles, the ¢-C3—C,=C; dihedral angle was adjusted from
MMMLMULL —119.3 to —121.F for the skew-gauche Il form, from

—113.7 to —114.2 for theskew-transform, and from—117.9

skew-trans
\ skew-gauche I

skew-gauche 11

/ to —120.6 for the skew-gauche Iform. Two of the E—Cs—
3000 1500 1000 500 0 Cs—C, dihedral angles had relatively small changes, from
WAVENUMBER (cm')) —176.4 to —175.1 for the skew-trans form and from 64.3

Figure 6. Raman spectra of 4-fluoro-1-butene: (A) liquid at room 0 63.7 for the skew-gauche Iform. It is somewhat difficult
temperature; (B) simulated spectrum of a mixture of the five conformers to estimate the uncertainties in these structural parameters, but
at 25°C with experimentally determinedH values listed in Table 6; it is believed those for CH distances should be no more than
(C) simulated spectrum for pureis—gaucheform; (D) simulated +0.002 A, the heavy atoms distance6.003 A, and the angles
spectrum for pure:is—tra_ns form; (E) simulated spectrum for pure 4 5 except for the dihedral angles, which probably should
?g)”;,?ﬁ‘;he% ﬁsggét(rﬁ)ms'g?'gﬂﬁiﬁg&ﬂfgn ﬁgﬁw—transform, be-+1.0°. Thus the adjustex) parameters should be much more
accurate than the estimated ones given in the previous micro-
number of independent variables, the structural parameters arevave structural investigati§rexcept for the values of the two
separated into sets according to their types. Bond lengths inheavy atom dihedral angles, which were obtained from the
the same set keep their relative ratio, and bond angles androtational data (Table 5). Even these two determined parameter
torsional angles in the same set keep their differences in degreesvalues are very dependent on the values assumed for the other
This assumption is based on the fact that the errors fabm  parameters.
initio calculations are systematic. Additionally, we have also  To determine some structural parameters for comparison, we
shown that the differences in predicted distances and anglesselected the 1-pentene molecule where the microwave spectra
from theab initio calculations for different conformers of the had been reportédor the normal molecule along with those
same molecule can usually be used as one parameter with thdor five isotopomers where each of the carbon atoms were
ab initio predicted differences except for some dihedral angles. substituted with'3C. Therefore, eighteen rotational constants
Therefore, it should be possible to obtain “adjustgdtructural were reportetifor the skew-gauche with all having very small
parameters for 4-fluoro-1-butene from the nine determined uncertainties. However for thekew-gauche Ilform five of
rotational constants from the three skewed conformers. Thus,the six A constants had significant uncertainties. Forstew-
it is possible to reduce the number of independent structural trans conformer all of the A constants have large uncertainties
parameters to nine (one CC bond length, oreGCdistance, (Table 5S). Nevertheless, determinedparameters could be
one CF distance, three skeletal angles, and three independentbtained for eackkewconformer individually by using thab
dihedral angles) by fixing the CH parameters at the MP2(full)/ initio MP2(Full)/6-311G(d,p) predicted parameters for the CH
6-3114+G(d,p) optimized values. These parameters are expecteddistances and angles and then obtaining the adjustealues
to be more accurate than those that could be obtained from anfor the remaining parameters. The fit of the constants that were
electron diffraction or microwave study alone. well determined was excellent with most of them within 0.2
These determinerh parameters are listed in Table 5 and the MHz (Table 5S).
final fitting of the rotational constants is excellent with The determined structural parameters for 1-pentene are listed
differences of 1.6 MHz for the A rotational constant for the in Table 7 along with the estimated uncertainties. These
skew-gauche Iconformer and 1.3 MHz for this constant for parameters clearly show the small changes in the heavy atom
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distances and angles that are needed to fit the large number of
rotational constants, which gives confidence to the small
uncertainties estimated for the determined parameters for the
4-fluorobutene molecule.

Discussion

Two scaling factors of 0.88 and 0.90 have been used with
the MP2(full)/6-31G(d) calculations to obtain the predicted
vibrational frequencies, which are in good agreement with the
observed values. The average error in the frequency predictions
for the normal modes of the most stald&ew-gauche Il
conformer is 12 cmt, which represents a relative error of only
0.8%. For theskew-trans conformer, the average error in the
frequency predictions for the normal modes is 14 émvhich
represents a relative error of less than 1.0%. Forstkew-
gauche Iconformer, the average error in the frequency predic-
tions for the normal modes is 13 ci which represents a
relative error of 0.9%. Thus, multiple scaling factors are not
necessary for predicting the frequencies of normal modes,
particularly, for distinguishing those for the different conformers.

Because most of the structural parameters for the five
conformers differ very little, most of the corresponding force
constants are nearly the same from scaled MP2(full)/6-31G(d)
results (Table 3S). The largest force constant differences among
the five forms are associated with the heavy atom bending and
torsional modes. The £C,Cs; bending force constants are
nearly the same for all threskewforms; however, those of the
cis—trans and cis—gaucheforms are 14% and 28% larger,
respectively. Similarly, the £23C4 bending force constants are
significantly larger for the twais forms compared with the
threeskewforms, in particular, the one of tr@s—gaucheform
(1.013 mdyrA-rad2) is 55% larger than the one of tiskew-
trans form (0.655 mdyﬂA-ra¢2). In addition, the G=CyHsg
and the GC,Hg bending force constants are also noticeably
larger for the twocis forms.

A comparison of the experimentally determined conforma-
tional enthalpy differences with the theoretical predictions shows
that second-order MgilleiPlesset perturbation thed?calcula-
tion with the largest diffuse-function-inclusive basis set utilized
(MP2(full)/6-3114+G(2df,2pd) provides the closest predictions.
The inclusion of diffuse functions significantly lowers the
predicted energies of the FCGf@nsorientation and raises the
energies of the FCC@aucheorientation. According to the
previous microwave investigationthe skew-trans and the
skew-gauche Iforms were determined to be less stable than
the skew-gauche llIform by 1.9+ 0.2 k3Jmol™* (159 &+ 17
cm1) and 2.14 0.2 k3mol1 (176 & 17 cnt?), respectively.
Although this determined conformational stability order of the
three skewforms agrees with the present study, the enthalpy
differences are almost twice the values we obtained from the
present studyi.e., 724+ 7 cnr? (0.86 4+ 0.08 kdmol™1) and
100+ 10 cnt! (1.204 0.12 kImol™1), respectively. Support
for the significantly small values is obtained from thle initio
calculations with the three largest basis sets utilized where the
average value of 68 cm without diffuse functions (37 crit
with diffuse functions) for the energy difference between the
skew-trans and skew-gauche lIforms. The largest basis set
with diffuse function utilized in the calculations also supports
the smaller enthalpy value between tsleew-gauche land
skew-gauche Ilconformers with the predicted value of 127
cm! for the energy difference. Additional support for the
smaller values is also found by using the predicted intensity
values for several bands of the different conformers and their
relative intensities.
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TABLE 7: Structural Parameters (A and Degree) for the Three Skew Conformers of 1-Pentene

skew-gauche | skewtrans skew-gauche |

parameters MP2/6-3#1G(d,p) adjustedy MP2/6-311G(d,p) adjustedo MP2/6-31HG(d,p) adjustedo
r(C;=Cy) 1.341 1.344(3) 1.341 1.342(3) 1.341 1.340(3)
r(C—Cy) 1.501 1.503(3) 1.499 1.500(3) 1.500 1.497(3)
r(Cs—Cy) 1.536 1.534(3) 1.533 1.534(3) 1.535 1.536(3)
r(Cs—Cs) 1.527 1.525(3) 1.527 1.528(3) 1.526 1.526(3)
r(Ci—He) 1.087 1.087(2) 1.087 1.087(2) 1.087 1.087(2)
r(Ci—Hy) 1.085 1.085(2) 1.085 1.085(2) 1.085 1.085(2)
r(C,—Hsg) 1.089 1.089(2) 1.091 1.091(2) 1.091 1.091(2)
r(Cs—Ho) 1.096 1.096(2) 1.097 1.097(2) 1.097 1.097(2)
r(Cs—Hiq) 1.098 1.098(2) 1.098 1.098(2) 1.097 1.097(2)
r(Cs—Hza) 1.096 1.096(2) 1.097 1.097(2) 1.096 1.096(2)
r(Cs—Hio) 1.096 1.096(2) 1.096 1.096(2) 1.097 1.097(2)
r(Cs—Hug) 1.093 1.093(2) 1.093 1.093(2) 1.094 1.094(2)
r(Cs—Hua) 1.095 1.095(2) 1.094 1.094(2) 1.093 1.093(2)
r(Cs—Hais) 1.093 1.093(2) 1.094 1.094(2) 1.095 1.095(2)
0C1=C.Cs 123.9 123.8(5) 124.4 124.6(5) 124.8 125.3(5)
0C,CsCy 113.1 113.7(5) 112.3 112.5(5) 112.4 113.4(5)
0C3CsCs 113.3 114.0(5) 112.4 112.5(5) 112.7 113.2(5)
0C,=CiHs 1211 121.1(5) 1211 121.1(5) 121.0 121.0(5)
0C=CiH; 1215 121.5(5) 1215 121.5(5) 1215 121.5(5)
OHeCiH 117.4 117.4(5) 117.5 117.5(5) 117.5 117.5(5)
0Ci=C;Hs 118.7 118.7(5) 119.0 119.0(5) 118.9 118.9(5)
0CsCzHs 117.3 117.3(5) 116.5 116.5(5) 116.3 116.3(5)
OCyCsHo 109.0 109.0(5) 109.5 109.5(5) 109.5 109.5(5)
OC,CsH1o 109.5 109.5(5) 109.6 109.6(5) 109.1 109.1(5)
0C4CsHo 109.4 109.4(5) 109.5 109.5(5) 109.5 109.5(5)
0C4CsH1o 108.6 108.6(5) 108.7 108.7(5) 109.0 109.0(5)
OHeCsH1o 107.1 107.1(5) 107.1 107.1(5) 107.2 107.2(5)
OCsCsH11 108.7 108.7(5) 109.1 109.1(5) 108.8 108.8(5)
OC3CaH12 108.6 108.6(5) 108.7 108.7(5) 109.1 109.1(5)
OCsCsH11 109.8 109.8(5) 109.8 109.8(5) 109.6 109.6(5)
0CsCaH12 109.3 109.3(5) 110.0 110.0(5) 109.8 109.8(5)
UOH11CaHi12 106.9 106.9(5) 106.7 106.7(5) 106.7 106.7(5)
OC4CsHas 111.0 111.0(5) 111.4 111.4(5) 111.2 111.2(5)
UC4CsH1a 110.7 110.7(5) 110.7 110.7(5) 1111 111.1(5)
OC4CsHis 1115 111.5(5) 110.8 110.8(5) 110.5 110.5(5)
OH13CsH1a 107.9 107.9(5) 108.0 108.0(5) 108.2 108.2(5)
OH13CsH1s 107.6 107.6(5) 108.0 108.0(5) 108.0 108.0(5)
OH14CsHss 108.0 108.0(5) 107.8 107.8(5) 107.7 107.7(5)
TC4C3C—=C4 —111.6 —115.4 —116.2 —118.6 —118.3 —119.2
7CsC4CsCo —62.7 —63.7 —178.3 —178.1 64.2 64.5
TH9C3C2=C1 10.2 10.2 5.7 5.7 3.7 3.7
TH1C3Co—=C, 127.1 127.1 122.9 122.9 120.7 120.7
TH11C4C3Cs 122.4 122.4 122.0 122.0 121.8 121.8
TH12C4C3Cs —121.7 —121.7 —122.1 —122.1 —122.2 —122.2
THeC1=C,C3 -1.1 -1.1 —-1.4 —-1.4 —-0.5 —-0.5
H,C:=C,C3 179.0 179.0 178.7 178.7 179.6 179.6
THgC,—=C:C3 —179.4 —179.4 —178.5 —178.5 —179.3 —179.3
TH13CsCaCs —1755 —175.5 —179.6 —179.6 178.8 178.8
7H14CsC4Cs —55.7 —55.7 —59.4 —59.4 —60.6 —60.6
TH15CsCaCs 65.5 65.5 60.1 60.1 58.8 58.8

TABLE 8: Calculated and Experimental Centrifugal Distortion Constants (in kHz) of the Skew-Gauche Il, Skew-Trans, and
Skew-Gauche | Conformers of 4-Fluoro-1-butene in the Ground Vibrational State

skew-gauche Il skewtrans skew-gauche |
MP2(full)/6-311+G(d,p) exptt MP2(full)/6-311+G(d,p) exptt MP2(full)/6-311+G(d,p) exptt
A; 1.906 1.9979(23) 0.6598 0.755(12) 4.859 5.025(14)
Ax 176.594 206.370(45) 471.222 94.671 130.727(37)
Ax —27.455 —31.813(30) —23.330 —26.165(29) —30.345 —41.44(12)
03 0.187 0.21429(33) —-0.1077 —0.128432(40) 1.424 1.5184(44)
Ok 4.781 5.158(98) 81.246 8.452 7.84(22)
aReference 8.
Five centrifugal distortion constant&;, Ak, Ak, 03, anddk, gauche Irotamers, all five of the centrifugal distortion constants
were calculated with the Gaussian 03 software packdge were experimentally determined and the agreement between the

all three skew conformers, and they are listed in Table 8. predicted and experimental values is quite good. The poorest
However, only theA;, A, andd; values were experimentally  agreement seems to be with the relatively lafgeconstant.
determined for the skew-trans form because this rotamer is  Nevertheless, these limited results suggestabahitio calcula-
nearly a prolate rotors(= —0.998) and they agree favorably tions at the MP2(full)/6-311G(d,p) level provide satisfactory
with the predicted values. For tlsew-gauche Iland skew- predictions of the centrifugal distortion constants of 4-mono-
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3500 TABLE 9: Calculated (MP2(full)/6-311+G(d,p)) Fourier

Coefficients of the Potential Surface for the

Two-Dimensional Conformational Interchange of

3000 4-Fluoro-1-butene

2500 Fourier Cosine Series Coefficients (ch

V10 _1167 V11 818 V21 64 V31 _6

V2o —726 Vi 428 Vi, 282 Vs 53

=~ 2000 V3o 503 Vi3 291 Va3 147 V33 20
E Fourier Sine Series Coefficients (cf)

w1500 V' —251 V' 296 V'3 -10

V'io 19 V,, —136 Vg —10

V'3 —338 V'3 —153 Vg3 —190

1000 ) -
Energy Correction Coefficients (cth

Voo 3469 Vo1  —1084 Vop —894 Vo  —1950
500

Our analysis shows that for the 3-fold potential along the
7(CCC=C) and¢(FCCC) dihedrals, only the first three Fourier
cosine and sine terms are significant. Thus, the potential surface,
E(z,¢), can be reduced to the following form:

d(Fcee)

Figure 8. Theoretical potential surface governin@CCC=C) and¢- 3 3
(FCCC) torsions in 4-fluoro-1-butene, calculated at MP2(full)/6-8G 1 _ 1 (1 — i _ i
) el E(r,g) =1,y [V + /ZIZ!V“(l cosj¢)](1 — cosit) +

substituted-1-butene molecules and it is probable that even the L e e .

smaller basis set of 6-31G(d) would give very reasonable values. /AZZV'” sinj¢ sinit + /2ZV01(1 — €0Sj¢) + Voo
The conformational interchange of 4-fluoro-1-butene involves == =

thet(CCC=C) and thep(FCCC) dihedral angles. In the context ) ] ] N )

of our conformational energetics study, the potential energy of 1he resulting least-squares-fitted potential coefficients, fitted

the molecule is a function of these two dihedral angteand from the calculated electronic energies at the MP2(full)/6-
¢. The resulting three-dimensional potential surface is shown 311+G(d,p) level, for the two-dimensional conformational
in Figure 8. The most stablekew-gauche llconformer ¢ ~ interchange of 4-fluoro-1-butene are listed in Table 9.

120, ¢ ~ 60°) corresponds to the global minimum whereas  For 4-fluoro-1-butene, the threskewconformers are deter-
the less stablekew-trans(r ~ 120, ¢ ~ 18C°), skew-gauche mined to be more §tab|e than the.twe forms, suggesting that

| (r ~ 120°, ¢ ~ —60°), cis—trans (v = 0°, ¢ = 18C°) and th_e stenc effect is the predominant factor in deciding the
skew-gauche(r ~ 0°, ¢ ~ £60°) conformers corresponds to  °rientation along the (€)C—C(—C) bond. The same order of
local minima. The cis—skew trans—trans trans—gauche stability is found in most monosubstituted allyl molecules ,€H
skew-cis, skew-skew |and Il, gauche-cis, and gauche- QHCH2X where thegagcheconformer is more sj[able .than the
gauche land Il forms correspond to first-order saddle points. Cis form. For the prediction of the preferred orientation along
The global maximum corresponds to teis—cis form and ~ the (C-)C—C(=F) bond, there should be a good correlation
trans—cis, trans—skew gauche-trans andgauche-skew land between the conformational stability of our target compound
Il forms are local maxima. Both cross-sections of the potential and that of 1-fluoropropan®. 2 For this latter molecule the
surfaces along thCCC=C) and thep(FCCC) dihedral angles ~ 9aucheconformer is more stable than tirans form by about
are 3-fold. In addition, the function describing the potential 100 cnm; thus, one expects thekew-gaucheconformers of
energy surfaceE(r,¢), must conform to the following symmetry ~ 4-fluoro-1-butene to be more stable than dhew-transform,
restrictionsE(r,¢) = E(—7,—¢) = E(—1,¢) = E(r,—¢). Thus, which agrees with the experlment_al_results._ 'Ekew—gauc_he

by applying the common approach of fitting Fourier series to | conformer could have some steric interaction to cause it to be
represent two-dimensional potential curves, the three-dimen-1€ss stable than trekew-transform. With these arguments, it

sional surface should take on the general form of seems doubtful that thes—transconformer is the most stable
form of 3-butenylsilan& (CH;=CHCHCHSIH). It should be
E(r,9) = 1/22[\40 + 1/22\/”(1 — cosj¢)](1 — cosir) + noted that the variable temperature Raman spectroscopic study
[ ]

was carried out with the sample in the liquid phastowever,

1 " sinid Sin i 1 i because the molecule is expected to have a relatively small
/ V. sinjg sinit + 1,y V(1 — cosjg) + V, p y
4,ZJZ i Sinjé zjz o 19) 00 permanent dipole, the relatively weak molecular association

should not significantly affect the relative conformational

where the first term is the Fourier cosine series,afescribing  stability. Thus, another conformational determination of 3-bute-
the potential curve along th¢CCC=C) dihedral. The Fourier  nyisilane would be of interest.

cosine coefficients are a function of thé=CCC) dihedral, and

they are fitted by another Fourier cosine serieg.oBimilarly, Acknowledgment. J.R.D. acknowledges the University of
the second term is the Fourier sine series of #{t€CC=C) Missouri—Kansas City for a Faculty Research Grant for partial
dihedral where the sine coefficients are now fitted by another financial support of this research.

Fourier sine series of thg¢(FCCC) dihedral. The third term

describes the symmetric potential curve as a function of the Supporting Information Available: Table 1S, observed and
¢(FCCC) dihedral, along thef CCC=C) = 0 (cis) cross-section. calculated frequencies and potential energy distributions for the
The last termyg, is a constant equal to the energy difference cis—transconformer at MP2(full)/6-31G(db initio calculation
between theis—cis (r = f = 0, global maximum) and the most  for 4-fluoro-1-butene and Table 2S similar information for the
stableskew-gauche llconformations. cis—gauche Table 3S, scaled diagonal force constants from
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MP2(full)/6-31G(d)ab initio calculations for 4-fluoro-1-butene;

Table 4S, symmetry coordinates for 4-fluoro-1-butene; Table

5S, predicted (MP2(full)/6-3tG(d,p)) and experimental ro-
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