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The infrared spectra (34600 cm'?) of gaseous, xenon and krypton solutions, and solid state and the Raman
spectra (340810 cm?) of the liquid and solid states have been recorded for 4-fluoro-1-butyneh CiHj-

C=CH. These data have been interpreted to show that the molecule exists in the anti conformatieriH{the C
bond is trans to the €C bond) and the gauche forms in the vapor and liquid, but only the gauche conformer
is present in the solid. From variable-temperature infrared studies of xenon and krypton solutions, the anti
conformation has been determined to be more stable than the gauche form ty2216m* (2.57 + 0.26

kJ/mol) and 17Qt 17 cnt? (2.044 0.2 kJ/mol), respectively. The asymmetric torsional fundamentals have
been observed at 109.4 and 116.6 ¢rfor the more stable anti and the high-energy gauche conformers,
respectively. From these data the asymmetric torsional potential function governing the internal rotation about
the C-CH,F bond has been determined and the potential paramete¥g ael38+ 14,V, = —157 + 12,

V3 = 1137+ 5, andV, = 17 + 6 cm . This potential function is consistent with the anti to gauche and
gauche to gauche barriers of 1142 and 1364'¢cmespectively, and the dihedral angle FCCC for the gauche
conformer of 64. These data are compared to the corresponding quantities obtained from ab initio calculations,
which predict the anti conformer to be the more stable form. Vibrational assignments for the 24 normal

modes for both the anti and gauche conformers are proposed. These experimental and theoretical results are

compared to the corresponding quantities of some similar molecules.

Introduction stable forms, it is clear that size is not a dominant factor in
determining the conformer stability in these molecules.
Rotational isomerism of molecules with the general formula As a continuation of these studies we have investigated the
FCH,-CH,X (where X= F, Cl, Br, or I) has been the subject  conformational stability of 4-fluoro-1-butyne, FGEH,CCH,
of numerous investigatiors!? It is interesting that the gauche  \yith X = C=CH. There have been no previous spectroscopic
conformer of 1,2-difluoroethane, FGBH;F, is more stable than st dies reported for this molecule. Therefore, we have recorded
the anti conformer in the vapor phase, whereas in the corre-the Raman spectra of the liquid and solid along with infrared
sponding 1-fluoro-2-chloro-, 1-fluoro-2-bromo-, and 1-fluoro-  gpectra of the gas, xenon and krypton solutions with variable
2-iodoethane moleculéd;*® the reverse conformational equi-  temperatures, and the solid. We have also carried out ab initio
librium is found. To obtain more information on the unusual calculations employing the 6-31G(d) basis set at the level of
stability of gauchei,2-difluoroethane, we investigated the restricted HartreeFock (RHF) and 6-31G(d) with Moller
conformational stability of 1-fluoropropatfeand found that the Plesset to the second order (MP2) to obtain equilibrium
gauche rotamer is the more stable form in both krypton and geometries, force constants, vibrational frequencies, infrared and
xenon solutions with enthalpy differences of 184 cn* (1.24 Raman intensities, and conformational stabilities. Structural
+ 0.07 kd/mol) and 99+ 5 cm! (1.16 + 0.06 kJ/mol), parameters and conformational stabilities have also been
respectively. Therefore, for molecules with the general formula obtained from the larger basis sets of 6-3T(d,p) and
FCH,CHX there appear to be at least two factors that influence 6-31H-G(2df,2p). The results of this spectroscopic and theoreti-
the relative stability of the gauche and anti conformers: the cal study are reported herein.
size and the electronegativity of the X substituent. If the
conformational stability were influenced only by the size, then Experimental Section
1-fluoro-2-chloroethane and 1-fluoropropane would be expected
to have the same conformational stability since the methyl group
and the chlorine atom are approximately the same size. Since
these two molecules have the two different conformers as the

The sample of 4-fluoro-1-butyne was prepared by the reaction
of 1-butyn-4-ol with diethylaminosulfur trifluoride in diglyme
at —50 °C for 2 h. The sample was frozen with liquid nitrogen
and degassed. It was then warmed to room temperature and the

- volatile material was collected and washed, first with 5% sodium

e_ﬂ:;f’gjﬁ&gﬂ'&% 3:&;‘3“ phone 01 816-235-6038; fax 01 816-235-5502; bicarbonate and then with distilled water. The sample was finally

t Permanent address: Organic Products Division, Analytical R/D Depart- Purified on a low-temperature and low-pressure sublimation
ment, Bayer Corp., Bushy Park Plant, Charleston SC 29411. column. The purity of the sample was checked by NMR and

* Taken in part from the dissertation of X.Z., which will be submitted to mass spectroscopy.

the Department of Chemistry in partial fulfillment of the Ph.D. degree.
s Permanent Address: Department of Chemistry, The University of ~ 1h€ Raman spectra were recorded on a SPEX model 1403

Dundee, Dundee DD1 4HN, Scotland, U.K. spectrometer equipped with a Spectra-Physics model 164 argon
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Figure 1. Raman spectra of 4-fluoro-1-butyne: (A) liquid; (B) solid. 540 480
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e Figure 3. Temperature-dependent infrared spectra (4800 cnt?)
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Figure 2. Infrared spectra of (A) gaseous and (B) solid 4-fluoro-1-
butyne.

ion laser operating on the 514.5 nm line. The laser power used .
was 0.5 W for the liquid and the solid with a spectral band- 220 180 140 100 60
pass of 3 cmk. The spectrum of the liquid was recorded with WAVENUMBER(cm™)
the sample sealed in a Pyrex glass capillary. Depolarization
measurements were obtained for the liquid sample with a
standard Ednalite 35 mm camera polarizer with 38 mm of free
aperture affixed to the SPEX instrument. Depolarization ratio with a globar source, a Ge/KBr beam splitter and a DTGS
measurements were checked by measuring the state of polarizadetector. For all spectra, 100 interferograms were collected at
tion of the Raman bands of carbon tetrachloride immediately 1.0 cni! resolution, averaged, and transformed with a boxcar
before depolarization measurements were made on the liquidtruncation function. For these studies a specially designed
sample. The Raman frequencies are expected to be accurate toryostat cell was used. It consists of a copper cell with a path
+2 cnt! and typical spectra are shown in Figure 1. length of 4 cm with wedged silicon windows sealed to the cell
The midinfrared spectra (Figure 2) of the gas and solid were with an indium gasket. The cell was cooled by boiling liquid
recorded on a Perkin-Elmer model 2000 Fourier transform spec-nitrogen and the temperature was monitored with two Pt
trometer equipped with a Ge/Csl beam splitter and DTGS detec-thermoresistors. The complete cell was connected to a pressure
tor. Atmospheric water vapor was removed from the spectrom- manifold, allowing the filling and evacuation of the cell. After
eter housing by purging with dry nitrogen. The spectrum of the the cell has cooled to the desired temperature, a small amount
gas was obtained with the sample contained in a 10 cm cell. of the compound was condensed into the cell. Next, the pressure
The spectrum of the solid was obtained by condensing the sam-manifold and the cell were pressurized with the noble gas, which
ple on a Csl substrate held at the temperature of boiling liquid immediately started to condense in the cell, allowing the
nitrogen, housed in a vacuum cell fitted with Csl windows. The compound to dissolve.
sample was condensed as an amorphous solid and repeatedly The far-infrared spectra of gaseous 4-fluoro-1-butyne (Figures
annealed until no further changes were observed in the spectra4—6) were recorded on a Nicolet model 200 SXV Fourier
The midinfrared spectrum of the sample dissolved in liquified transform spectrometer equipped with a vacuum bench, 6.25
xenon (Figure 3) was recorded as a function of temperature onand 12.5¢m Mylar beam splitters, and a liquid helium-cooled
a Bruker model IFS Fourier transform spectrometer equipped Si bolometer. The spectrum was obtained with an effective

Figure 4. Far-infrared spectrum (46240 cnt?) of gaseous 4-fluoro-
1-butyne.
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deposited on a Si substrate held at 77 K with boiling liquid
nitrogen, which was contained in a cryostat cell equipped with
polyethylene windows. All of the bands of significant intensity
observed in the infrared and Raman spectra with their proposed
assignments are listed in Table 1S in the Supporting Information.

Ab Initio Calculations

Quantum chemical calculations were performed with the
Gaussian 94 prografhusing Gaussian-type basis functions. The
energy minima with respect to nuclear coordinates were obtained
by simultaneous relaxation of the geometry parameters by the
) gradient method of Pulay. The structural optimizations for the

MNW anti and gauche conformers were carried out with initial
parameters taken from those obtained from the ab initio MP2/
6-31G(d) calculations of 1-butyAeand 1-fluoropropan&’. The
structural parameters as determined by different methods for
the anti and gauche conformers of 4-fluoro-1-butyne are listed
in Tables 1 and 2, respectively.
210 190 C 170 The energies obtained by quantum chemical calculations of
WAVENUMBER(cm) the _anti and .gauc.he conformers anq the two i.ntermediate
maxima are given in Table 3. The anti conformer is the more
Figure 5. Far-infrared spectrum (162220 cm) of gaseous 4-fluoro-  stable form in every case, with the gauche conformer having
1-butyne. The top spectrum is that of water vapor. higher energy by 290 cnt than the anti form from the MP2/
6-31G(d) calculation. The lowest estimate of this energy

‘1 mfw ' difference is 245 cmt, which was obtained from the MP2/
‘ 6-311+(d,p) calculation.
W The force fields in Cartesian coordinates were obtained by

the Gaussian 94 progrdffrom the MP2/6-31G(d) calculation.

“ Internal coordinates (Figure 8) were used to calculate the G
M and B matrixes from the structural parameters given in Tables
1 and 2. By use of the B matri the force fields in Cartesian
coordinates were then converted to force fields in internal

coordinates, and the pure ab initio vibrational frequencies were

1 reproduced. The force constants for the two conformers can be
obtained from the authors. Subsequently, scaling factors of 0.88

for CH stretches, 0.9 for all other stretches and bends except

Ml

120 100 80 for the G=C—H and C-C=C bends, with 1.3 and 1.0 for the
WAVENUMBER (cm™) torsional coordinate and=€C stretch along with the geometric
Figure 6. Far-infrared spectrum (68140 cnt?) of gaseous 4-fluoro- average of the scaling factors for interaction force constants were
1-butyne. The top spectrum is that of water vapor. used to obtain the fixed scaled force field and resultant wave-
numbers (Tables 4 and 5). The set of symmetry coordinates is
M given in Table 2S in the Supporting Information, and they were

used to determine the corresponding potential energy distribution
(PED). The calculated infrared intensities, Raman activities, de-
polarization ratios, and PED are also given in Tables 4 and 5.
Infrared spectra were calculated on the basis of the dipole
moment derivatives with respect to the Cartesian coordinates.
The derivatives were taken from the ab initio calculations at

) the MP2/6-31G(d) level and transformed to normal coordinates
B by
Ay auy
— | = z L;
! { | 1 ]
500

0Q, 0%,
300 100

WAVENUMBER (em™) whereQ; is theith normal coordinateX; is the jth Cartesian
Figure 7. Far-infrared spectra of (A) amorphous and (B) annealed displacement cqordlr_]ate, arg is the tranSformat'on matrix
solid 4-fluoro-1-butyne. between Cartesian displacement coordinates and normal coor-
dinates. The infrared intensities were then calculated by
resolution of 0.10 cm! from the sample containedhia 1 m
folded path cell equipped with mirrors coated with gold and _ Nm % 2+ My 2_|_ % z
fitted with polyethylene windows. The spectrum of the crystal- i 3c3\9Q, 9Q, Q,

line solid (Figure 7) was obtained with a Perkin-Elmer model
2000 infrared Fourier transform spectrometer equipped with a The predicted infrared spectra of the anti and the gauche
metal grid beam splitter and a DTGS detector. The sample wasconformers are shown in Figure 9. The combination of the two
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TABLE 1: Geometrical Parameters® for anti 4-Fluoro-1-butyne Obtained from ab Initio and Hybrid DFT Calculations

parameter internal coordinate RHF 6-31G MP2 6-31G(d) B3LYP 6-31G(d) MP2/6-Gld,p)

CiC; S 1.1947 1.2202 1.2073 1.2181
C.Cs T 1.4653 1.4628 1.4614 1.4613
CsCy u 1.5204 1.5220 1.5314 1.5218
C4F \Y 1.4205 1.3976 1.3894 1.3924
CiCCs X 179.21 177.48 178.12 180.0
C,CsCy q 111.67 111.10 112.01 110.79
CsCqF c 107.63 108.33 108.66 109.01
C,CsC4F t 180.00 180.00 180.00 186.0
CiH: ry 1.0530 1.0666 1.0663 1.0644
C,CiH, z 180.16 181.40 180.74 186.0
C3H2'3 23 1.0837 1.0951 1.0977 1.0941
C4CsHa2 3 V23 108.91 108.64 108.52 109.04
CoC4CaH° b2 121.80 121.86 122.20 120.70
CiHas ras 1.0772 1.0933 1.0957 1.0920
CsCuHas Pas 112.08 111.13 110.86 110.99
FCsCiH4° on 117.78 119.03 119.44 118.85
rotational constants

A 27 603.1 26 693.3 27015.1 27 191.6

B 2225.3 2238.5 2229.3 2231.4

C 2112.7 2120.2 2113.9 2117.2

|ttal 1.099 1.594

| o] 0.379 0.481

|ete| 0.000 0.000

| 1.1626 1.665

—(E+ 253) 2.192 443 2 1.681 586 4

aBond lengths are given in angstroms, bond angles in degrees, rotational constants in megaherytz, dipole moments in debyes, and total energy
in hartrees? Held at 180.0 for convergences Dihedral angle of symmetrically equivalent H is negative value.

TABLE 2: Geometrical Parameters® for gauche4-Fluoro-1-butyne Obtained from ab Initio and Hybrid DFT Calculations

parameter internal coordinate RHF 6-31G MP2 6-31G(d) B3LYP 6-31G(d) MP2/6-GXdl,p)

CiC S 1.1942 1.2199 1.2069 1.2178
CCs T 1.4648 1.4632 1.4625 1.4617
CiCs U 1.5177 1.5195 1.5295 1.5193
C,F \Y, 1.4182 1.3944 1.3863 1.3897
CiCCs X 180.02 180.27 179.61 186.0
C,CsCy q 113.48 112.46 113.58 112.56
CsC4F c 109.28 109.21 109.98 109.64
C,CsCaF t 65.61 62.66 64.10 64.66
CiH, r 1.0529 1.0664 1.0662 1.0644
C,CiH, z 179.74 178.97 179.87 186.0
CsH, r 1.0859 1.0973 1.0994 1.0944
C,CsH; V2 108.33 108.65 108.12 110.00
C4C,CsH, b2 121.79 122.10 122.31 121.56
CsH3 rs 1.0839 1.0956 1.098 1.0963
C,CsHs V3 108.72 108.47 108.37 109.75
C4C,C3H3 o3 —122.29 —121.90 —122.58 —120.48
CsHa Iy 1.0788 1.095 1.0972 1.0922
CsCsH4 Pa 111.01 110.60 109.86 110.45
C,C5CqH4 on 117.64 118.92 119.29 119.07
CsHs Is 1.0771 1.0935 1.0960 1.0933
C3C4Hs Ps 112.12 111.12 110.87 111.11
CoCsCyHs b5 —118.63 —119.27 —119.97 —119.14
rotational constants

A 11242.6 11 054.5 11 267.0 11 183.9

B 3108.4 3167.0 3100.5 3139.4

C 2634.5 2662.4 2626.8 2651.6

|ttal 0.084 0.112

| o) 1.665 2.221

|l 0.545 0.753

|l 1.754 2.348

—(E+ 253) 2190792 3 1.680471

a2Bond lengths are given in angstroms, bond angles in degrees, and rotational constants in mégdidrat. 180.0 for convergence.

spectra for the conformers withH of 215 cnT?! between the The predicted Raman spectra (Figure 10) for the two
more stable anti conformer and the less stable gauche conformeconformers of 4-fluoro-1-butyne and the room temperature
is shown in Figure 9. Th&H value used was taken from the mixture were calculated from scattering activities determined
temperature-dependent measurements of the xenon solutiorfrom the RHF/6-31G(d) ab initio calculations. The Gaussian-
performed in this study. The predicted infrared spectrum was 94 program® with the option of calculating the polarizability
very useful for identifying the bands due to the two conformers derivatives was used. The evaluation of Raman activity by using
in the infrared spectrum of the sample dissolved in liquid xenon. the analytical gradient methods has been deveRs@édnd the



Spectra and Analysis of 4-Fluoro-1-butyne

TABLE 3: Ab Initio and Hybrid DFT Energies 2 and Energy
Differences between Conformers for 4-Fluoro-1-butyne

energy difference3 AE (cm™?)

energy, gauche barrier
anti(H)  (angle,deg) cis (angle, deg)
3.6657979 621 (65.61) 2608 1582 (116.10)

3.7435258 444 (62.62) 2460 1563 (117.40)
44206897 290 (62.66) 2185 1554 (117.40)

RHF/6-31G
RHF/6-31G(d)
MP2/6-31G(d)

MP2/6-311 46815864 245 (64.66)
+G(d,p)

MP2/6-311 47198051 274 (62.66)
+G(2df,2py

B3LYP/6-31G(d) 5.1924432 362 (62.66) 2089 1444 (117.60)

@ Energies are given in hartrees. That of the anti conformer is given
as —(E + 250) H. Energy differences are given in reciprocal
centimeters. Angles are given in degrees. All MP calculations are frozen
core. Geometries are fully optimized unless indicatdifferences are
relative to the anti form, which is the lowest energy conforniéxt
geometries of MP2/6-31G(dJ.At geometries of B3LYP/6-31G(d).
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Figure 8. Internal coordinates of 4-fluoro-1-butyne.
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activity § can be expressed as
S = g(450,” + 787

whereg; is the degeneracy of the vibrational modey is the
derivative of the isotropic polarizability, ang is that of the
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calculations along with the relative intensities, Raman activities,
group frequencies, and infrared band contours to provide a
complete vibrational assignment for the normal modes. The anti
conformer of 4-fluoro-1-butyne possessasymmetry and the

24 fundamental vibrations are divided into 1%%&d 9A' normal
modes, all of which are infrared- and Raman-active. The A
modes should give rise to polarized lines in the Raman spectra
of the fluid phases, whereas thée fmodes will be depolarized.
The symmetry plane of the molecule for the anti conformer
contains thea andb principal axes and, therefore, the A, B, or
A/B hybrid infrared band contours must be due tomodes,
whereas the Afundamentals should have C-type band contours.
For the gauche conformer wit@; symmetry, the 24 normal
modes should give rise to A/B/C infrared hybrid band contours
and polarized Raman lines. The complete assignments of the
normal modes of the anti and the gauche conformers are reported
in Tables 4 and 5, respectively.

Carbon—Hydrogen Modes.For the anti conformer, a total
of five carbon-hydrogen stretching modes are divided intd 3A
and 2A' modes. The CH of the acetylenic group is observed as
a strong, A-type band in the infrared spectrum of the gas at
3331 cnt? for both conformers. There are two methylene groups
in this molecule: one has a fluorine atom attached and is
indicated as *CH, and the other is directly attached to the
acetylenic group and is simply indicated as £Hhe CH
stretching modes for these two groups are predicted from the
ab initio calculations to be different, with the normal modes
for the *CH, group having higher frequencies than those for
the corresponding CHmodes. Therefore, the four carben
hydrogen stretches for the *Grand CH groups are assigned
as predicted by ab initio calculations with the antisymmetric
stretches having the next higher frequencies after the acetylenic
CH stretch at 3333 cnt. The four carborrhydrogen bends
(scissor, wag, twist, and rock) for both the *¢&hd CH groups

anisotropic polarizability. The Raman scattering cross sections, 5, assigned according to the prediction obtained from the ab

00/0Q, which are proportional to the Raman intensities, can be
calculated from the scattering activities and the predicted
frequencies for each normal mode by use of the following
4
(vo — Vj) h

relationship?425
24
( 45) 1- eXp[_hCV'] (8”2‘3”1')31
KT

wherevg is the exciting frequency; is the vibrational frequency
of thejth normal modeh, ¢, andk are the universal constants,
and§ is the corresponding Raman scattering activity. To obtain

8oj .
Q-

initio calculations. The acetylenic CH bends are predicted too
high from the RHF/6-31G(d) calculations and much too low
by the MP2/6-31G(d) calculations, so a scaling factor of 1.3 is
needed with the latter calculations to obtain reasonable predicted
frequencies for these modes, which are assigned at 643 and 639
cmL. It should be noted that the B3LYP/6-31G(d) calculations
give excellent predictions for these modes.

Skeletal Modes.The G_C,, C—F, and G_C; stretches are
assigned at 1071, 1045, and 953 ¢nmespectively, for the anti
conformer, where these frequencies differ from the predicted
ones by only 12, 0, and 3 cth respectively. The corresponding
modes for the gauche conformer are assigned at 1049, 1019,

the polarized Raman scattering cross section, the polarizabilitiesand 838 cm?, respectively. The €3C4, CCF, and G-C=C

are incorporated ir§ by § (1 — p)/(1 + p;), wherep; is the
depolarization ratio of thgth normal mode. The Raman

(out-of-plane) bends can confidently be assigned at 487, 386,
and 334 cm?, respectively, for the anti conformer. For the

scattering cross section and calculated frequencies are usegiauche conformer, these modes are assigned at 548, 347, and

together with a Lorentzian line shape function to obtain the

calculated spectrum. The predicted Raman spectra of the anti

and the gauche conformers individually are shown in Figure
10, spectra D and C, respectively, along with the combination
of the two spectra witlAH of 215 cnt? (Figure 10B). The

325 cnt?, respectively.

In the far-infrared spectrum below 300 ckthere are two
strong bands around 193 and 110 émboth showing fine
structure. The band at 193 crnis evidently a C-type band of
the gauche conformer from the contour of the rotational fine

agreement between the predicted spectrum (Figure 10B) andstructure, which shows K-subbands with a spacing of ap-

the observed one (Figure 10A) is not as good as usually found
possibly because th&H value may be significantly different
in the liquid.

Vibrational Assignment

'proximately 0.57 cm! as expected for this conformer from the

rotational constants in Table 2 and as shown in Figure 11. The
frequency of the central peak is readily assigned from the MP2
calculated frequencies listed in Table 4as a skeletal bending

mode. In addition to the K structure, there are a number of peaks

Since no spectroscopic studies have been reported for thisto both higher and lower frequency, which are probably “hot

molecule, we utilized the frequencies predicted from the ab initio

band” sequences involving two low-frequency modes, i.e., the
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TABLE 4: Vibrational Frequencies? of anti-4-Fluoro-1-butyne

RHF MP2 B3LYP MP2
vib approximate 6-31G  6-31G(d) 6-31G(d) 6-31G(d) obs IR Raman dp
no. description unscaled unscaled unscaled scaled (gas) int® act® ratios PED
A" vy =CH stretch 3675.0 3521.8 3495.7 3312.7 3332 54.7 30.2 0.18 ; 96S

v, *CH,symmetric 3275.5 3131.3 3064.3 2937.4 2926 31.1 849 0.12 ,96S
stretch

vs  CH,symmetric 3216.5 3114.0 3045.4 29212 2915 3.9 139.3  0.07 396S
stretch

Vs C.=C; stretch 2394.2 2171.3 2243.0 2151.0 2139 0.01 85.7 0.29 4 82S;

vs  *CH, scissors 1684.9 1588.6 1552.1 1507.8 1478 0.4 8.2 0.73 5 98S

Ve CH; scissors 1645.0 1545.9 1509.4 1466.8 1457 4.3 21.1 0.71 ¢ 98S

vz *CH,wag 1562.3 14735 1449.9 1398.4 1394 17.3 35 049 ;1%

Vg CH,; wag 1466.5 1337.7 1326.9 1272.2 1266 1.9 5.9 0.54 5715y

vg  C3-C4stretch 1155.8 1106.4 1083.3 1059.2 1048 35.7 13.7 040 4, 1S,

vio CF stretch 1102.9 1096.5 1057.4 10445 1036 73.3 10.3  0.39 1, 79S

vi1  C,-Csstretch 1028.9 988.9 979.3 949.9 953 55 24 014 ,683S

v, C=C—Hbend ip 915.4 563.8 637.5 637.6 643 54.9 52 072 ,91S

vis  C,CsCs bend 564.6 477.6 506.9 485.3 487 2.0 5.6 0.44 ,363Ss 12S, 119,

via  CCF bend 405.0 367.3 381.7 3735 386 8.1 48 0.61 1628Ss

vis C—C=C bend ip 184.3 138.7 158.8 148.2 149 0.8 6.9 074 16BBS;

A" vis  *CHjantisymmetric 3343.1 3199.6 3117.4 3001.5 2988 355 386 0.75 190S

stretch

v17  CHpantisymmetric ~ 3258.3 3164.9 3079.5 29689 2949 0.2 100.1 0.75 191S
stretch

vig  *CHj twist 1437.6 1342.4 1319.3 12736 1275 0.1 186 0.75 15638S,

vi9  CHy twist 1339.6 1264.2 1247.5 1199.8 1202 15 3.8 0.75 18BBSs 3050

v2o  *CHjrock 1216.1 1125.6 1110.6 1074.7 1084 0.9 0.4 0.75 ,383S, 26S,

v CHzrock 903.3 815.9 802.3 777.9 768 0.0 6.4 0.75 HARS:

v2 C=C—H bend op 880.0 545.7 617.6 618.9 639 53.9 0.0 0.75 01S

v3 C—C=C bend op 432.4 307.4 365.4 341.9 334 1.5 12.6 0.75 282394

Vo4  torsion 117.6 113.6 112.9 115.7 109 35 23 075 828S;

aVibrational frequencies are given in reciprocal centimete&cale factors: 0.88 for €H stretch, 0.9 for G-H bend and heavy atom stretch,
1.0 for heavy atom bend,=€C stretch, and torsion, 1.3 for acetylene beridefrared intensities are given in kilometers per mole; Raman activities
are given in angstrormger atomic mass unit. Both are from MP2/6-31G(d) calculations (unscaled), as are also potential energy distribution (PED)
values.

torsional mode corresponding perhaps to the stronger sequencexpected if there were a strong band for the asymmetric torsional
to higher frequencies and the weaker one to lower frequency transitions of the anti conformer since it should give a pure

involving thevis mode. C-type contour, but it has already been noted thattgdand
Next, there is some weak K structure between 140 and 150 of the anti form is also much weaker than predicted from ab

cm~t with an interval of about 1.5 cm, which is more like initio dipole derivatives. Thus it appears that most of the

that of a B-type band shown in Figure 12 of tati conformer. intensity of this band is due to the gauche form and ithe

This is assigned te;s, the in-plane skeletal bending mode of gauche band could be a hybrid of A-, B-, and C-types, but in
the anti form, in good agreement with the predicted frequency view of the observed band contour it must be mostly B-type
in Table 4. Although this mode could give an A/B hybrid band, with no outstanding central peaks.
there can be only a small A-type component. However, it should  Some peaks can be identified as torsional transitions of the
be noted that this band is only a small fraction of the intensity gauche conformer as the structure on the low-frequency slope
of the corresponding gauche band despite the ab initio dipole shows difference bands between the asymmetric torsion and the
derivatives at the MP2 level indicating that it should be nearly skeletal bending mode;s. Detailed analyses of these bands are
half as strong as the gauche band. given as a footnote to Table 6. A series of peaks at 116.57,

The strong broad band around 110 ¢nis assigned as the  113.23 and 109.4 cm have, thus, been assigned as consecutive
v24 torsional mode of both conformers, in good agreement torsional transitions of the gauche conformer. Sum bands of
with the prediction by ab initio force constant calculations. torsional intervals with the;s mode may also be present as
But the torsional transitions can also be predicted from a structure on the low-frequency slope of the 334-érband.
torsional potential energy function derived from ab initio or However, some of these features are more readily assigned as
hybrid DFT conformer energies in Table 3. These potential K structure of the anti conformer as there is extensive K structure
functions are given in Table 6 for each of the three methods on the high-frequency side of the 334 thpeak having intervals
used along with torsional kinetic constants calculated from the petween 1.4 and 1.28 cth The peak at 109.4 cm is the
anti and gauche rotamer structures in a semirigid torsional strongest one in the band and two lower frequencies are further
model. These functions are shown in Figure 13 where the peaks, which have been assigned rather arbitrarily to the anti
torsional angle is shifted by 180The torsional transitions are  conformer as indicated in Table 6. There is a dip in the band
predicted at a little higher frequency than the observed valuesaround 102 cm! so that the peak at 103.1 appears to be
and with the gauche transitions higher than those for the anti perturbed to higher frequencies.
form.

There are many detailed features on this band, around thecgonformational Stability
peak but also on the low-frequency slope from 76 to 88%tm
However, there are no particularly outstanding peaks that can The determination of the conformational stability is rather
easily be identified as central Q peaks. Such peaks would bedifficult since many of the fundamentals for each conformer
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TABLE 5: Vibrational Frequencies? of gauche4-Fluoro-1-butyne

RHF MP2 B3LYP MP2
6-31G  6-31G(d) 6-31G(d) 6-31G(d) obs IR Raman dp
unscaled unscaled unscaled scaled (gas) int® act® ratios' PED

vy =CH stretch 3676.2 3522.8 3495.9 3313.7 3333 52.0 30.4 0.19 ; 96S
v, *CH,symmetric 3267.6 3119.2 3052.3 2926.1 2937 42.0 1143 0.09 ,95S

stretch
vz CH, symmetric 3199.6 3101.0 3034.5 2909.0 2903 7.0 1115 0.12 394S

stretch
Va C,=C; stretch 2398.0 2173.1 2246.3 2152.8 2139 0.2 84.2 0.29 4 83S;,
vs  *CH, scissors 1679.5 1581.9 1544.6 1501.5 1471 0.8 11.7 0.74 5 99S
ve  CHyscissors 1628.9 1526.2 1490.6 1448.2 1428 6.0 15.7 0.68 ¢ 98S
vz  *CH,wag 1560.5 1470.5 1447.9 1395.3 1384 22.0 16 0.70 790S
vg  CHywag 1525.6 1410.1 1386.3 1339.5 1338 6.2 13.0 0.51 4710%;
vg  Cs-Cystretch 1156.8 1115.2 1098.4 1062.3 1053 415 7.7 0.74 4,235, 1750
vio  CF stretch 1122.5 1061.1 1039.2 1015.9 1001 3.9 3.8 0.71 1018854, 17S
vin  C,-Cgstretch 902.8 868.1 845.9 827.7 838 4.0 8.1 0.59 1H0ASS,, 1550
v, C=C—H bendip 895.1 585.5 626.2 639.5 643 48.4 7.4 0.09 1328Ss, 14S3
viz  skeletal bend 626.6 516.1 565.5 540.0 548 14.2 3.7 0.59 1318955, 19S5, 125,
via  CCF bend 392.5 358.0 371.1 363.6 374 1.8 5.7 0.72 1498S; 11Ss
vis  skeletal bend ip 230.1 178.1 201.4 191.8 193 2.1 5.7 0.73  1519@S3, 2094
vise *CHjantisymmetric  3332.7 3186.9 3105.0 2989.6 2980 37.2 60.8 0.74 ,94S

stretch
v17  CH; antisymmetric 3245.7 3155.1 3072.8 2959.8 2974 6.4 1129 0.50 €3S

stretch
vis  *CHj twist 1401.5 1309.7 1291.7 1245.6 1260 1.8 16.0 0.64 1438S,
v CHytwist 1353.8 1272.4 1256.9 1208.6 1217 25 6.9 0.74  1429Ss, 1590
v20  *CHj,rock 1205.0 1140.5 1109.0 1088.2 1077 271 4.2 0.32 ,R98S, 26S,
v1  CHprock 948.8 893.9 878.1 858.5 853 14.3 7.3 0.58 ABAS, 159,
v22 C=C—H bend op 885.8 538.5 607.4 610.5 639 489 4.2 0.69 ,05S
v;3 C—C=C bend op 4155 296.3 349.1 326.9 325 1.0 10.8 0.74 ,H686S,
Vo4  toOrsion 117.1 110.8 110.9 113.6 117 21 2.8 0.74  ,B49Ss, 15S3

aVibrational frequencies are given in reciprocal centimete&cale factors: 0.88 for €H stretch, 0.9 for G-H bend and heavy atom stretch,
1.0 for heavy atom bend,=€C stretch, and torsion, and 1.3 for acetylene beht¥rared intensities are given in kilometers per mole; Raman
activities are given in angstrorhper atomic mass unit from MP2/6-31G(d) calculatioh€alculated value.

are predicted to be near coincident. However, a comparison of from these two conformer pairs. Similar data were also collected
the Raman data in the liquid phase to that in the solid clearly for these two pairs of bands (Figures 13 and 14) for a krypton
shows several low-frequency lines disappearing from the solution over the temperature rangel10 to —135 °C at six
spectrum of the liquid with solidification of the sample. The different temperatures. A least-squares fit of these data gave an
most noteworthy line is the one at 491 th which is a averageAH value of 1704+ 17 cnTl, again with the anti
pronounced line but is absent in the spectrum of the solid. Only conformer the more stable rotamer. This conformer stability is
the anti conformer is predicted to have a fundamental in this consistent with the ab initio predictions where the anti conformer
spectral region. The closest predicted gauche lines are 127 cm is estimated to be more stable with values in the range of 427
lower (13 predicted at 364 cmi) or 49 cnt! higher (13 to 245 cnrl.,

predicted at 540 crt) in frequency, where these modes for

the gauche conformer are observed at 373 and 558,cm Asymmetric Torsional Potential

respectively. Additional anti bands that disappear from the

Raman spectrum of the liquid are found at 167, 382, and 954 (5 jonq| transitions for both anti and gauche conformers. The

-1 1line i i : i : ; : !
cm . The 954 cm* line is also important since tlhere' IS N0 torsional fundamental for the anti conformer is assigned at
gauche fundamental predicted in the 9ADO0 cn™ region, 109 40 cmit and that for the gauche rotamer at 116.57 &m
so these data clearly show that the gauche conformer remainsyqgitional excited-state torsional transitions fall to lower
in the solid state. frequency for both rotors. With these assignments, a potential

To determine the conformational stability in the xenon ¢,nchion governing internal rotation has been calculated. The
solution, two pairs of bands at 488 (anti)/548 (gauche) and 848 ., ina| potential is represented by a Fourier cosine series in
(anti)/953 (gauche) crit were used to determine the enthalpy the internal rotation angle:

difference between the conformers. From these spectral data

As indicated earlier, there are several observed asymmetric

for the low-frequency pair (Figure 3) it is obvious that the 6 V.
increase in the intensity of the infrared band assigned to the V(g) = Z ! (1 — cosi ¢)
anti conformer as the temperature decreases confirms the &

stability of the anti conformer over the gauche rotamer in the
xenon solution. To obtain the enthalpy difference, spectral data where¢ andi are the torsional angle and foldness of the barrier,
at 10 different temperatures were obtained from these bandsrespectively. It is assumed theg and Vg are relatively small

over the temperature range frorb5 to —100 °C (Table 7). and they are not included in the series. The potential parameters
The intensities of the conformer pairs were fit to the equation Vi, V,, V3, and V,; were calculated from the input of the
—In K = (AH/RT) — (ASR), whereK is the intensity ratiol¢/ frequencies for the two torsional transitions, the experimental

lg) and it is assumed thatH is not a function of temperature. ~ AH value from the xenon solution, the gauche dihedral angle,
From a least-squares fit and the slope of the line, an averageand the internal rotation constaR{¢). The internal rotation
AH value of 2154+ 22 cnm? (2.574 0.26 kJ/mol) was obtained  constant also varies as a function of the internal rotation angle,
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Figure 9. Comparison of experimental and calculated infrared spectra Figyre 10. Comparison of experimental and calculated Raman spectra
of 4-fluoro-1-butyne: (A) observed infrared spectrum of 4-fluoro-1-  of 4-fluoro-1-butyne: (A) observed Raman spectrum of 4-fluoro-1-butyne
butyne in liquid xenon; (B) simulated infrared spectrum of mixture of i |iquid phase; (B) simulated Raman spectrum of mixture of trans
trans and gauche conformers; (C) simulated infrared spectrum of pure gng gauche conformer; (C) simulated Raman spectrum of pure gauche

gau;:he conformer; and (D) simulated infrared spectrum of pure anti conformer, and (D) simulated Raman spectrum of pure anti conformer.
conformer.

e

=
\

and this is approximated by another Fourier series:

6
F(¢) = F,+ ) F, cos¢

The relaxation of the structural parameteB$p), during the
internal rotation can be incorporated into the above equation A
by assuming them to be small periodic functions of the torsional
angle of the general type

B(¢) =a-+ bcosg + csing B

The series approximating the internal rotation constants (Table ——/W

6) for 4-fluoro-1-butyne was determined by use of structural
parameters from the MP2/6-31G(d) ab initio calculations. In C
the initial calculation of the potential parameters, the funda-
mental torsional transitions for the two conformers (Table 6)
were used along with the value 215 thior AH and a dihedral
angle of 62.66 for the gauche rotamer. As the values for the
potential parameters converged, four more transitions for the

anti rotamer were added to the calculation and then two

additional transitions of the gauche form. The final resulting

values for the potential parameters are listed in Table 6 and the W
potential function is shown in Figure 15. 40 20 0 20 40

WAVENUMBER (cm™)
Figure 11. Pure (A) type A, (B) type B, and (C) type C infrared
The conformational stability determined from the xenon contours for gauche conformer of 4-fluoro-1-butyne.
solution, with the anti conformer more stable by 2622 cnr?!
(2.57+ 0.26 kJ/mol), is expected to be close to the value in the predicted values ranging from 274 ch{MP2/6-31H-G(2df,-
gas phasé®30 This value is in good agreement with the 2p)] to 362 cnT! [B3LYP/6-31G(d)] excluding the Hartree

Discussion
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Figure 13. Temperature-dependent infrared spectrum (00 cnt?)
of 4-fluoro-1-butyne in liquid krypton.

TABLE 7: Temperature and Intensity Ratios from
Conformational Study of 4-Fluoro-1-butyne

T(°C) 10007 (K) l4sg/l 58 losdlgas
-40 -20 0 20 40 —55 4.58 0.862 0.520
WAVENUMBER (cm)) —60 4.69 1.005 0.574
—65 4.80 1.101 0.609
Figure 12. Pure (A) type A, (B) type B, and (C) type C infrared —70 4.92 1172 0.601
contours for anti conformer of 4-fluoro-1-butyne. —75 5.05 1.207 0.641
—80 5.18 1.263 0.646
TABLE 6: Potential Constants, Kinetic Constants2 and —85 5.31 1.278 0.661
Torsional Transitions for the Asymmetric Torsion on =90 5.46 1.362 0.669
4-Fluoro-1-butyne —95 5.61 1.402 0.687
RHF MP2 B3LYP obd —100 5.78 1.416 0.764
a — 1
6-31G 6-31G(d) 6-31G(d) farlR  exptf AH? (em™) 255+£36  174x20
Vi 1149.7 642.9 759.8 438 14 a Average value ofAH is 2154 22 cn1? (2.524 0.25 kJ/mol) with
VA —220.7 —1589 —189.2 —157+ 12 the anti conformer, which is the more stable form.
V3 1478.5 1561.2 1392.0 1137/ 5 . .
(A —-38.2 —68.2 19.5 146 TABLE 8: Temperature and Intensity Ratios from
Vs —21.2 ~18.7 -63.1 Conformational Study of 4-Fluoro-1-butyne in Krypton
torsional ) Solution
transition °
anti 1—-0 1165 109.40 110.68 7O 1000 (K) ladlsas losdlase
2—1 114.2 107.38 107.55 110 6.135 1.683 0.816
3—2 111.7 105.20 104.28 115 6.329 1.772 0.840
4—3 109.1 103.10 100.86 120 6.536 1.960 0.890
5—4 106.4 97.91 97.26 125 6.757 2.102 0.947
gauche * —0+ 1339 116.57 116.81 130 6.993 2.219 0.964
2+ —1+ 130.0 113.23 113.41 135 7.246 2.326 0.994
3+ —2+ 125.9 109.40 109.76 AH2 (cm™Y) 210+ 17 130+ 13
AH 00 215+ 22 215+ 31

a Average value ofAH is 1704 17 cnT? (2.04+ 0.02 kJ/mol) with
#Fo=1.456 25F, = —0.381 39F, = 0.226 45F; = —0.068 85, the anti conformer, which is the more stable form.
F,=0.028 02Fs = —0.009 73,Fs = 0.003 80, andr; = —0.001 51
cm L. P Note confirmation of gauche assignments from difference
bands: 116.5% 192.58— 76.19; 113.23x 192.58— 78.58; 109.4&
192.58— 83.20 cnt. Also there is evidence of sum bands: 308.7
192.58+ 116.57; 306.2> 192.58+ 113.23 cmt, but these are more
probably K structure of the anti band at 326 ¢nf Potential constants
obtained from fit of the torsional transitiondH, and dihedral angle.
dTorsional transitions are given in reciprocal centimeters.

ecules (YCHCH,F) is the substitution of an acetylenic group
as Y for the methyl group. This difference in Y results in the
Cs-C4 bond distance to be predicted to be about 0.010 A shorter
in 1-fluoropropane than the corresponding bond distance in
4-fluoro-1-butyne. Undoubtedly thiszOC, bond distance is an
important factor in determining the conformational stability of
YCH,CH,F molecules.

Fock calculations. However, it should be noted that this result  The change from the anti conformer being the stable form in
is somewhat surprising since 1-fluoropropane has the gauchethe vapor to the gauche conformer being the stable form in the
conformer as the more stable rotamer by498 cn* (1.16 + solid probably arises from the fact that the gauche conformer
0.06 kJ/mol) from variable temperature Fourier transform is predicted to have a dipole moment of 2.12 D, whereas the
infrared spectral studies of a xenon solutléithis experimental anti form is predicted to have a dipole moment of 1.61,D. The
result for 1-fluoropropane is consistent with the ab initio larger dipole moment for the gauche conformer will make more
predicted energy difference of 112 chobtained from MP2/ of this conformer present in the liquid phase compared to the
6-311+G(d,p) calculations. The difference in these two mol- amount in the vapor. However, the packing factor in the
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(10 cnt?) for the gauche conformer and 1.3% (12 @nfor
the anti conformer. It should be noted that B3LYP/6-31G(d)
calculations predict the fundamentals within 1.3% (117&m
for the gauche conformer and 1.4% (14 dinfor the anti
conformer without any scaling factors.

The potential energy distributions are relatively pure for the
anti conformer, with significant mixing only for the ,C3C4
bend ¢13), the CH twist, and the *CH rock. However, for the

J/\“ gauche conformer the mixing is quite extensive among the

-135°C modes below 1000 cn except for the &C—H and C-C=C

130 out-of-plane bends. Many of these modes have PEDs, which
|

have less than 40% from any one symmetry coordinate.
Although the descriptions of the vibrations for the two conform-
ers have been keep the same, it is obvious that many of those
in the same frequency region for the gauche conformer differ

~115 significantly from those for the anti conformer. For some, like

- -110 the C—F stretch, there is no one band that can be described as
| mainly due to this motion for the gauche conformer.
950 850 The potential parameters obtained from the fit of the torsional
WAVENUMBER (cm™!) data has &3 term of 1137+ 5 cmi 2, which is about 250 cmt

Figure 14. Temperature-dependent infrared spectrum (8D cnt?) lower than the value of this parameter from the B3LYP/6-31G-

of 4-fluoro-1-butyne in liquid krypton. (d) calculation and more than 400 cflower than the similar
parameter from the MP2/6-31G(d) calculation. We have fre-
3000 quently found the parameters obtained from the fitting of the

torsional data to be somewhat smaller than those predicted from
ab initio calculations. The other parameters, Mg, ,V,,andVa,
obtained from the B3LYP/6-31G(d) calculation are in reasonable
agreement with the experimentally determined values. In Figure
13 the various potential functions obtained from the ab initio
calculations are compared to that obtained experimentally. The
experimental function has an anti to gauche barrier of 1142
cm™%, a gauche to anti barrier of 931 cfy and a gauche to
gauche barrier of 1364 crh. All of these barrier values are
significantly lower than the predicted values.
With the AH value of 215+ 22 cnt?, the abundance of the
- - - gauche conformer is predicted to be 42% at ambient tempera-
180 - 0 Forsional Angle ture, so it should be possible to obtain microwave spectra of
Figure 15. Asymmetric torsional potential functions of 4-fluoro-1- ~ POth conformers. It would be of interest to obtain such data for
butyne as determined kb initio calculations with RHF/6-31G, MP/  structural determinations so the parameters could be compared
6-31G(d), and B3LYP/6-31G(d). to the corresponding ones for the 1-fluoropropane molecule as
well as compare them to the ab initio predicted values.
crystalline solid is expected to be the dominant factor in Ajternatively, electron diffraction data could be used for this
determining which conformer remains in the solid. purpose. These data could then be used to verify that the relative
The heavy atom distances are predicted to be essentially thec, ¢, bond distance is the major factor determining the
same for the two conformers, except that theRCdistance is conformational stability of YCHCH,F molecules.
predicted to be 0.0032 A longer for the anti conformer com-
pared to the similar distance for the gauche form. Th€sC4 Acknowledgment. J.R.D. acknowledges partial support of
and GC4F angles are predicted to be 1.a8nd 1.2 larger, these studies by the University of MisseuKansas City Faculty
respectively, for the gauche conformer compared to those for Research Grant program.
the anti form. Since the structural parameters are nearly the
same for the two conformers, the corresponding force con-  Supporting Information Available: Table 1S, listing
stants for the two conformers are also predicted to be nearly gbserved infrared and Raman wavenumbers & fior 4-fluoro-
the same. 1-butyne, and Table 2S, listing symmetry coordinates for
For fluoro- and hydrocarbon compounds one can usually vibrations of 4-fluoro-1-butyne. This material is available free
predict the frequencies of the fundamentals from MP2/6-31G- of charge via the Internet at http://pubs.acs.org.
(d) calculations by utilizing only two scaling factors of 0.88
for the carbor-hydrogen stretches and 0.9 for the carbon  References and Notes
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