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The infrared spectra (3200—50 ¢cm™') of the gas and solid and the Raman spectrum (3200—30 cm™!) of
liquid and solid fluorocyclopentane, c-CsHgF, have been recorded. Additionally the infrared spectra (3200—400
cm ') of liquid xenon solutions have been recorded at —65 and —95 °C. In all of the physical states, only the
twisted C; conformer was detected. Ab initio calculations utilizing various basis sets up to MP2(full)/6-
311+G(2df,2pd) with and without diffuse functions have been used to predict the conformational stabilities.
These calculations predict only the twisted C; conformer as the stable form. The two envelope (C; symmetry)
forms with axial and equatorial structures were predicted to be first order saddle points with average higher
energies of 75 4 33 and 683 + 44 cm™!, respectively, from the C; conformer but lower energies of 2442 and
1812 cm™ !, respectively, than the planar form by MP2 calculations. Similar values were obtained from the
corresponding density functional theory calculations by the B3LYP method. A complete vibrational assignment
is given for the twisted (C;) conformer which is supported by normal coordinate calculations with scaled
force constants from MP2(full)/6-31G(d) calculations. The adjusted r, structural parameters have been obtained
by systematically fitting the MP2(full)/6-311+G(d,p) predicted values with the rotational constants obtained
from a microwave study. The determined heavy atom ry distances in A are (CiCy) = 1.531(3), (C,Cy) =
1.519(3), (CoCyq) = 1.553(3), (C;5Cs) = 1.533(3), (C4Cs) = 1.540(3), and (C,Fg) = 1.411(3) and the angles in
degrees are ZC;C,C, = 105.5(5), £C,C,Cy = 106.2(5), £CC5Cs = 102.9(5), LF¢C,C, = 108.9(5), and
ZF¢C,C5 = 107.6(5) with a dihedral angle ZC,C,CsC; = 25.3(3). These experimental and theoretical results

are compared to the corresponding quantities of some similar molecules.

Introduction

Saturated five-membered ring molecules have two “out-of-
plane” vibrational modes which are usually described qualita-
tively as ring-puckering and ring-twisting modes. When the
frequencies of these two modes are nearly equal, the cross terms
in the potential function give rise to a vibrational motion initially
designated' as pseudorotation. This motion was originally
treated! for cyclopentane for the two degenerate out-of-plane
ring-bending coordinates which were written in terms of an
amplitude coordinate ¢ and a phase angle coordinate ¢. This
concept for cyclopentane was questioned*> when the low
frequency ring mode of this molecule appeared “normal” but
the fundamentals could not be assigned on the basis that
cyclopentane had Ds;, symmetry. The authors’ stated that the
spectral data were consistent with a rigid structure with C;, C,,
or C, symmetry, but they? concluded that a decision among the
models with pseudorotation or rigid structures could not be
made. There was further reluctance®* to accept the pseudoro-
tation of the puckering motion and the consequent indefiniteness
of the cyclopentane conformation. However, a later infrared
study® of the CH, deformation of cyclopentane clearly showed
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that the ring was undergoing pseudorotation which was nearly
barrier free. Also from this study® an estimate of the value of
the pseudorotational moment® of inertia was obtained from the
spectral data. After the initial prediction! of pseudorotation in
saturated five-membered rings, it was followed’ by a study
where the authors proposed that fluorocyclopentane as well as
several other five membered rings should have the bent
conformation (envelope) as the preferred form. The barrier to
pseudorotation for the fluoride was estimated’ to be 700 cal/
mol (245 cm™') by employing the torsional barriers in ethane
and ethyl fluoride.

Relatively complete vibrational studies®® of the cyclopentyl
halides (F, Cl, Br, and I) were carried out utilizing infrared and
Raman spectra, and it was concluded that the F, Cl, and Br
compounds all had doublets for the carbon—halogen stretches
arising from equatorial and axial conformers for the envelope
form of these substituted cyclopentanes. For the chloride and
bromide, the higher frequency band of the doublet which was
observed in the fluid states was assigned to the equatorial
conformer but it was not present in the infrared spectra of the
solids. For the fluoride the doublet was reported at 978 (axial)
and 985 cm™! (equatorial) with the corresponding bands at 968
and 975 cm™! in the liquids, respectively, but they remained in
the spectra of the solids at 952 and 962 cm™! but with reversed
intensities with the lower-frequency band becoming significantly
stronger than the higher frequency one. However, in a later
vibrational study'® of fluorocyclopentane, it was reported that
no evidence could be found for a second band for the CF stretch
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and the ring twisting mode (radial mode) was a single band at
207 cm™!, whereas for the corresponding chloride and bromide,
this mode was clearly a doublet. Thus, it was concluded that
fluorocyclopentane existed as a single stable conformer which
was consistent with the predictions from CNDO/2 calculations
that only the envelope-equatorial conformer was a stable form.!!
This result is in marked contrast to the conformational stabilities
of both chlorocyclopentane and bromocyclopentane where both
the envelope-axial and equatorial conformers are clearly present
in the fluid phases at ambient temperature.®’

We recently determined the enthalpy difference between the
two stable forms of the chloride'? and bromide'? by variable
temperature studies of the infrared spectra of rare gas solutions.
For chlorocyclopentane'? the enthalpy difference was determined
to be 145 & 15 cm™! (1.73 + 0.18 kJ/mol) with the axial form
the more stable conformer, and similarly for the bromocyclo-
pentane,'® the enthalpy difference is 233 £+ 23 cm™! (2.79 +
0.28 kJ/mol) again with the more stable form the axial
conformer. We have also shown from the infrared spectra of
variable temperature studies of rare gas solutions of silacyclo-
pentane'* and germacyclopentane'® that these molecules have
a single stable conformer with a twisted heavy atom skeleton
(C, symmetry). Thus, if the fluoride has only one stable
conformer, it is more probable that it is the twisted form rather
than only one of the envelope conformers.

Therefore, we have investigated the vibrational spectrum of
fluorocyclopentane with a study of the infrared spectra of the
gas, solid and xenon solutions. Additionally we have investi-
gated the Raman spectrum of the liquid and solid. To support
the vibrational study, we have carried out ab initio calculations
at the MP2 level with full electron correlation by the perturbation
method'® utilizing a variety of basis sets up to 6-311G(2d,2p)
as well as those with diffuse functions, i.e., 6-311+G(2d,2p).
We found that there is not a significant difference in the
predicted stabilities of ¢-CsHgF with the size of the basis set,
particularly with the inclusion of diffuse functions. We also
carried out density functional theory (DFT) calculations by the
B3LYP method with the corresponding basis sets used for the
MP2 calculations. We have calculated the optimized geometries,
conformational stabilities, harmonic force fields, infrared in-
tensities, Raman activities, and depolarization ratios. The results
of these spectroscopic and theoretical studies are reported herein.

Experimental Section

The sample of fluorocyclopentane was prepared according
to the method of Shellhamer et al.'” The sample was first purified
by trap-to-trap distillation three times and then by a low-
pressure, low-temperature sublimation column. The purity of
the sample was determined by the infrared spectrum of the gas
and by nuclear magnetic resonance in deuterated chloroform.

The mid-infrared spectrum of the gas (Figure 1) was obtained
from 3200 to 230 cm ™! on a Perkin-Elmer model 2000 Fourier
transform spectrometer equipped with a Ge/Csl beamsplitter and
a DTGS detector. Atmospheric water vapor was removed from
the spectrometer housing by purging with dry nitrogen. The
theoretical resolution used to obtain the spectrum of the gas
was 0.5 cm™!. Sixty-four interferograms were added and
truncated with a boxcar function.

The mid-infrared spectra (3200—400 cm™') of the sample
dissolved in liquefied xenon were recorded on a Bruker model
IFS-66 Fourier transform spectrometer equipped with a globar
source, a Ge/KBr beamsplitter and a DTGS detector. In all cases,
100 interferograms were collected at a 1.0 cm™! resolution,
averaged, and transformed with a boxcar truncation function.
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Figure 1. Comparison of experimental and calculated infrared spectra
of fluorocyclopentane: (A) observed infrared spectrum in gas; (B)
observed infrared spectrum in liquid xenon solution at —95 °C; (C)
simulated infrared spectrum of twisted (C;) fluorocyclopentane; (D)
simulated infrared spectrum of envelope equatorial (C;) fluorocyclo-
pentane.

For these studies, a specially designed cryostat cell was used
which has been previously described.'®

The far-infrared spectrum of the sample was recorded on the
previously described Perkin-Elmer 2000 spectrometer. A grid
beam splitter and a cryostat cell with polyethylene windows
was used to record the spectrum of the solid with sample being
deposited on a silicon substrate at 77 K, and multiple annealings
were performed in order to obtain a good polycrystalline solid.
For the spectrum of the gas, the sample was contained in a 12
cm cell equipped with polyethylene windows. The spectra were
recorded at a spectral resolution of 0.5 cm™!, and typically, 256
scans were used for both the sample and the reference data to
give a satisfactory signal-to-noise ratio. The interferograms were
averaged and then transformed with a boxcar truncation function.

The Raman spectra were recorded on a Spex model 1403
spectrophotometer equipped with a Spectra-Physics model 2017
argon ion laser operating on the 514.5 nm line. The laser power
used was 1.5 W with a spectral bandpass of 3 cm™!. The
spectrum of the liquid was recorded with the sample sealed in
a Pyrex glass capillary. The spectrum of the annealed solid was
obtained by condensing the sample on a blackened brass block,
which was maintained in a cell fitted with quartz window, cooled
with boiling nitrogen and annealed until no further changes in
the spectrum were noted. The measurements of the Raman
frequencies are expected to be accurate to &= 2 cm™ . All of the
bands observed in the various infrared and Raman spectra which
were chosen as fundamentals are listed in Table 1.

Ab Initio Calculations

The ab initio calculations were performed with the Gaussian
03 program'® using Gaussian-type basis functions. The energy
minima with respect to nuclear coordinates were obtained by
the simultaneous relaxation of all geometric parameters using
the gradient method of Pulay.?® A variety of basis sets beginning
with 6-31G(d) and up to 6-311G(2df,2pd) as well as the
corresponding ones with diffuse functions were employed with
the Mgller—Plesset perturbation method'® to the second order
(MP2(full)) as well as with the density functional theory by
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TABLE 1: Calculated” and Observed Frequencies (cm™!) for Fluorocyclopentane Twisted (C;) Form

9677

IR Raman IR Raman band contour
vib. approx. MP2/  fixed IR Raman dp Xe
No. description 6-31G(d) scaled” int. act. ratio gas soln liquid liquid solid solid P.ED. A B C
121 ,B»CHzlzinti sym. 3197 2999 43.1 41.6 0.66 2988 0 2972 2986 2986 60S,,34S; 29 69
stretc!
V) a—CHzﬁnti sym. 3190 2992 6.1 844 0.75 2978 2970 2968 2969 2976 2977 625,,23S410S; 67 30 3
stretc!
V3 a—CHzﬁnti sym. 3183 2986 10.0 89.3 0.47 2964 2956 2966 51S3,215,,15S, 4 96
stretc!
Vy [J’»CHzﬁnti sym. 3172 2976 42 46.7 0.51 2955 2943 2947  69S4,10S, 46 4 50
stretc
vs CH stretch 3146 2951 49.7 1514 0.09 2925 2928 2916 2920 83Ss5,12Ss 32 8 60
vs [-CH, symmetric str. 3132 2938 27.3 105.7 0.12 2914 2904 2901 69S6,24S; 55 13 32
v7  [-CH, symmetric str. 3127 2934 283 45.6 0.27 2893 2895 2897 2890 2895 2880 39S7,25S4,21Sg 26 73 1
vs 0-CH, symmetric str. 3119 2926 11.3  32.0 0.67 2879 2876 2875 2878 2874 2872 17S5,36S7,21S6,17Se 96 4
vy 0-CH, symmetric str. 3110 2917 123 67.3 0.26 2858 2848 2848 2858 2854 2851 45S,,41Ss 4 35 61
v19 [-CH, deformation 1577 1496 3.0 6.9 0.61 1476 1470 1471 1476 1467 1478 80S(,16S,, 95 3 2
vy; -CH, deformation 1556 1476 49 11.0 0.75 1460 1451 1452 1442 1448 1458 88S;; 60 40
V12 0-CH, deformation 1542 1463 3.1 10.7 0.74 1443 1437 1435 1439 1440 1445 8155148y 30 97
113 0-CH, deformation 1536 1457 6.1 13.8 0.75 1434 1431 1430 1436 1434 1433 93S;3 1 83 16
Vig CII;I ir:j—})lane 1427 1354 20.1 1.4 0.68 1353 1350 1349 1355 1349 1349 52S5,4,13S54,12S3; 88 12
(Sl
vy5 [-CH, wag 1405 1333 1.2 1.2 0.74 1332 1341 1330 1333  34S,5,34S19,13S29,10S ;35 53 44 3
116 0-CH, wag 1397 1325 0.8 0.5 0.69 1323 1319 1320 1320 1319 1321 57S4,13Sy; 35 22 43
v17 [-CH, wag 1387 1315 1.9 6.3 0.75 1307 1306 1308 1305 1303 31S,7,31Sy 7225 3
113 o-CH, wag 1347 1278 1.3 0.7 0.75 1286 1286 1273 1284 1287 49S54,34S,5,10S9 1 98 1
Vig CIJ ogs—of—p]ane 1331 1263 49 6.0 0.74 1260 1264 1267 1267 1266 12S,9,13S;5,12S5; 20 79 1
(Sl
vy 0-CH; twist 1312 1245 34 162 0.74 1246 1241 1234 1235 1237 33S5,21S2, 13 72 15
vy f-CH, twist 1259 1194 3.1 89 0.74 1199 1197 1198 1199 1200 24S,;,20S,3,125,4,10S47 23 12 65
vy [-CH, twist 1239 1175 5.2 29 0.75 1179 1174 1178 1174 1174  20S1,13S,,,10S,3 67 33
123 a-CH, twist 1232 1169 10.2 39 071 1173 1170 1172 1164 1164  19S23,1352,13S5),10S,5 32 68
vp4 [f-CH; rock 1116 1059 4.0 7.6 0.75 1071 1069 1070 1071 1069 1069 13S54,18S19,17S26,13S15,15S53,14S2; 91 9
V,5s ring deformation 1094 1038 2.0 7.8 0.74 1033 1032 1033 1033 1032 1037 31S55,25S34,14Sy7 99 1
V56 ring deformation 1057 1003 22.6 3.8 0.71 1003 998 998 1003 996 997  10S6,24S,7,14S5 35 5 60
vy, CF stretch 1029 977 22.1 47 072 979 975 966 973 966 962  23S,7,13S56,10S,5,10S,4 47 53
s 0-CH; rock 972 922 29 2.5 0.19 935 931 931 930 928 929 24S,5,12S550,11S34,10S,5 32 20 48
V59 ring deformation 948 899 4.1 2.7 0.07 910 908 900 903 40S9,11S534,11S3 3 88 9
V39 ring breathing 932 884 27 115 0.08 895 896 897 894 895 896 44S3),13S52,10S3, 51 47 2
v3; ring deformation 893 847 45 34 0.14 852 852 853  19S31,17S58,13S55,135,7,10S3; 4 96
vy, [-CH, rock 880 835 9.2 35 0.15 835 833 818 828 818 818  37S3,,135,6,128,7,10S5 51 3 46
133 a-CH, rock 800 759 19 1.2 0.27 781 781 23S33,2153,,14S29,11S54 67 33
V34 ring deformation 761 722 1.3 0.8 0.37 705 708 13Si4, 18Ss3, 11837, 32S5,,11S55 98 2
35 ring deformation 612 580 0.8 0.7 0.73 582 581 584  42845,26S; 27 61 12
Vi Ctlj OLétt;Of-plane 420 398 3.9 04 074 404 406 407 400 416 422 65S35,10835,10Ss3 4 9 6
1
V37 CI;in(i]dJlane 384 364 23 0.2 0.64 391 390 392 392 29S37,20S31,16S35,13S36,1 1S5 65 33 2
1
vy ring puckering 223 211 22 00 0.72 208 246 241  255:5,34S30,21857,10S3, 78 16 6
V39 ring twist 60 57 0.7 0.1 0.64 58 54S39,45S38 60 7 33

“ MP2(full)/6-31G(d) ab initio calculations, scaled frequencies, infrared intensities (km/mol), Raman activities (A“/u), depolarization ratios
(dp), and potential energy distributions (P.E.D.s). ” Scaled frequencies with scaling factors of 0.88 for CH stretch and 0.90 for all other modes.
¢ Symmetry coordinates with PED contribution less than 10% are omitted. ¢ Pseudoplane of the ring.

the B3LYP method with the same basis sets. The predicted
conformational energy differences are listed in Table 2.

In order to obtain a complete description of the molecular
motions involved in the fundamental modes of fluorocyclopen-
tane, a normal coordinate analysis has been carried out. The
force field in Cartesian coordinates was obtained with the
Gaussian 03 program at the MP2(full) level with the 6-31G(d)
basis set. The internal coordinates used to calculate the G and
B matrices are given in Table 3 with the atomic numbering
shown in Figure 2. By using the B matrix,?! the force field in
Cartesian coordinates was converted to a force field in internal
coordinates. Subsequently, scaling factors of 0.88 for CH
stretches, and 0.90 for all other coordinates were applied, along
with the geometric average of scaling factors for interaction
force constants, to obtain the fixed scaled force field and
resultant wavenumbers. A set of symmetry coordinates was used
(Table 1S) to determine the corresponding potential energy
distributions (P.E.D.s). A comparison between the observed and
calculated wavenumbers, along with the calculated infrared

intensities, Raman activities, depolarization ratios and potential
energy distributions for twisted fluorocyclopentane are listed
in Table 1.

The infrared spectra were predicted from the MP2(full)/6-
31G(d) calculations. The predicted scaled frequencies were used
together with a Lorentzian function to obtain the calculated
spectra. Infrared intensities determined from the MP2(full)/6-
31G(d) calculations were obtained based on the dipole moment
derivatives with respect to Cartesian coordinates. The derivatives
were transformed with respect to normal coordinates by (du,/
9Q)) = X,(du,/0X;)L;;, where Q; is the ith normal coordinate, X;
is the jth Cartesian displacement coordinate, and L; is the
transformation matrix between the Cartesian displacement
coordinates and the normal coordinates. The infrared intensities
were then calculated by Nat/3¢? [(9u/00;)* + (du,/00;)* + (du/
00)?]. In Figure 1, a comparison of experimental and simulated
infrared spectra of fluorocyclopentane is shown. The predicted
spectrum for the twisted form is in good agreement with the
experimental spectrum which indicates the utility of the scaled
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TABLE 2: Calculated Electronic Energies (hartree) and Energy Differences (cm™!) for the Twisted C;, Planar C,, and Envelope

C; of Fluorocyclopentane

twisted (C))

energy difference (cm™')"

envelope (Cy)

method/basis set E)“ axial equatorial planar (Cy)
MP2(full)/6-31G(d) 0.865656 44 752% 2600
MP2(full)/6-31+G(d) 0.887704 27 726 2390
MP2(full)/6-311G(d,p) 1.152336 128 672 2493
MP2(full)/6-3114+G(d,p) 1.162450 78 640 2398
MP2(full)/6-311G(2d,2p) 1.236825 106 742 2650
MP2(full)/6-3114+G(2d,2p) 1.244533 56 691 2562
MP2(full)/6-311G(2df,2pd) 1.340861 115 679
MP2(full)/6-3114+G(2df,2pd) 1.348131 66 639 2567
MP2(full)/6-311++G(2df,2pd) 1.348509 76 646
MP2(full)/aug-cc-pVTZ 1.365720 49 641
Average of MP2(full) predictions 75 £33 683 + 44 2523 + 100
B3LYP/6-31G(d) 1.791518 76 466 1907
B3LYP/6-31+G(d) 1.809498 50 504 1713
B3LYP/6-311G(d, p) 1.878374 91 547 1816
B3LYP/6-3114+G(d,p) 1.885182 46 512 1708
B3LYP/6-311G(2d,2p) 1.889874 106 572 1742
B3LYP/6-311+G(2d,2p) 1.895666 49 524 1670
B3LYP/6-311G(2df,2pd) 1.896371 104 524
B3LYP/6-311+G(2df,2pd) 1.902222 55 498
B3LYP/6-311++G(2df,2pd) 1.902231 36 482
B3LYP/aug-cc-pVTZ 1.912003 46 483
average of B3LYP predictions 66 + 26 511 £ 32 1759 + 87

“Energy of twisted (C)) conformer is given as —(E + 294)H. ® Energies of conformations relative to the twisted C, conformer. Envelope

forms are first order saddle points, except the one marked with asterisk.

predicted frequencies and predicted intensities for supporting
the vibrational assignment and the conformational conclusion.

Also to further support the vibrational assignments, we have
simulated the Raman spectra from the ab initio MP2(full)/6-
31G(d) results. The evaluation of Raman activity by using the
analytical gradient methods has been developed.”” > The
activity S; can be expressed as: S; = g(45a,% + 757), where g;
is the degeneracy of the vibrational mode j, a; is the derivative
of the isotropic polarizability, and f; is that of the anisotropic
polarizability. To obtain the polarized Raman scattering cross
sections, the polarizabilities are incorporated into S; by multiply-
ing §; with (1 — pp/(1 + p;), where p; is the depolarization
ratio of the jth normal mode. The Raman scattering cross
sections and calculated wavenumbers obtained from the Gauss-
ian 03 program were used together with a Lorentzian function
to obtain the simulated Raman spectra. Comparison of experi-
mental Raman spectrum of the liquid, the predicted one and
the spectrum of the solid are shown in Figure 3A—C, respectively.

It should be noted that three of the predicted Raman
“doublets” in the region from ~350 to 900 cm™' appear as two
single bands at 400 and 828 cm™' with the third one not
appearing. The lower frequency doublet is due to the two CF
bending modes whereas the higher frequency one is due to two
ring modes. However in the Raman spectrum of the solid these
doublets are clearly observed. Therefore the comparison of the
Raman spectrum of the liquid and solid gives some qualitative
indication that the molecule is undergoing pseudorotation in
the fluid phases with a very small barrier.

Conformational Stability and Structural Parameters

To investigate the possibility that fluorocyclopentane has a
second stable conformer the temperature dependent infrared
spectra of the sample was recorded as a very dilute solution in
liquid xenon at —65 and —95 °C. A portion of these spectra at
these temperatures is shown in Figure 4 and there is no

indication of any relative changes in the band intensities. There
is a decrease in the bandwidths of most of the absorption bands
and the fundamental at 998 cm™! (v5) and the v,; fundamental
at 975 cm ™! become more pronounced at the lower temperature
but there is no indications of a second CF stretching mode which
would be expected if a second conformer were present. The
frequency for the CF stretch was predicted for the envelope-
axial form at 993 ¢cm™! (intensity 35.6 km/mol) and for the
envelope-equatorial at 1072 cm™! (intensity 77.7 km/mol) which
was previously proposed as the only stable conformer.!%!! For
the twisted C; form the predicted CF stretch (v,7; 979 cm™') is
extensively mixed with v, (1003 cm™!; ring deformation) with
the predicted intensities of 22.1 and 22.6 km/mol, respectively,
where the observed frequencies are within 2 cm™! of the
predicted values (Table 1). Therefore, if there was even a very
small amount of the envelope-equatorial form present in the
fluid phases it should be detectable based on the predicted
frequency and intensity of the CF stretch where the predicted
frequency is expected to be within a few cm™, i.e., better than
+10 cm™L.

A comparison of the infrared spectrum of the gas with the
one of the xenon solution shows the complex spectrum of the
gas is probably due to “hot bands” rather than fundamentals of
a second conformer. In the spectral region from 800 to 1075
cm™!, the infrared spectrum of the gas is quite complex (Figure
5), but the spectrum in the xenon solution is well accounted
for by a single conformer. Only the gas phase band at 895 cm ™
which has a significant amount of absorption to higher frequency
is due to two bands and one of them the lower frequency mode
is obviously the ring breathing fundamental which gives rise to
a very strong Raman line (Figure 3). The second one at ~910
cm™! can confidently be assigned as v»s, the ring deformation,
which is clearly observed in the Raman spectrum of the solid.
Another band at 931 cm™! (xenon; 935 cm™! in the gas) which
contributes to the absorption in this region has been ap-
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TABLE 3: Structural Parameters (A and degree),
Rotational Constants (MHz), and Dipole Moment (debye) for
Fluorocyclopentane Twisted (C;) and Envelope Axial and
Equatorial (C,) Forms

ab initio MP2(full)/6-311+G(d,p)

envelope (C,)’

adjusted ry

structural  internal  twisted for the
parameters coordinates  (C))* axial equatorial twisted® C,
7 (C1—C») X, 1.529 1517 1.519 1.531(3)
r(C;—C3) X, 1.518 1.517 1.519 1.519(3)
r(C,—Cy) Y, 1.551 1.542 1.539 1.553(3)
r(C3—Cs) Y, 1.531 1.542 1.539 1.533(3)
r (C4—Cs) z 1.539 1.554 1.559 1.540(3)
7 (C;—Fe) T 1.408 1.406 1.395 1.411(3)
r(C—Hy) s 1.092 1.093 1.096 1.092(2)
r (C—Hs) s 1.092 1.092 1.095 1.092(2)
r (C—Hy) Ty 1.097 1.096 1.092 1.097(2)
r (C—H,p) rs 1.094 1.096 1.092 1.094(2)
r(C—Hy)) re 1.092 1.092 1.095 1.092(2)
r (C—Hp) r 1.094 1.092 1.092 1.094(2)
r (C—Hy3) rg 1.095 1.093 1.094 1.095(2)
r(C—Hyy) ro 1.093 1.093 1.094 1.093(2)
r(C—Hjs) rio 1.092 1.092 1.092 1.092(2)
Z£C5CC, 0 105.1 103.8 103.5 105.5(5)
Z£CCCy Py 105.9 104.0 103.0 106.2(5)
ZC,C5Cs s 102.5 104.0 103.0 102.9(5)
ZCyC4Cs @1 105.2 105.7 105.6 105.3(5)
ZC3CsCy @2 103.1 105.7 105.6 104.6(5)
£FC\H; a 106.4 106.8 106.8 106.2(5)
ZHgC,Hg Y1 107.6 108.2 108.3 107.6(5)
ZHoC3Hy, Y2 108.7 108.2 108.3 108.7(5)
ZH,CsHyy & 108.1 107.4 107.0 108.1(5)
ZH,5CH s & 107.4 107.4 107.0 107.4(5)
ZFqCC, B 108.7 108.4 112.1 108.9(5)
ZH;C,C; Bs 114.6 114.6 111.2 114.6(5)
/FC,Cs B 107.8 108.4 112.1 107.6(5)
ZH,C,C, B3 114.0 114.6 111.2 113.8(5)
ZH3C,Cy T 109.0 111.9 107.5 109.0(5)
ZHoC5Cy s 108.7 108.2 113.3 108.7(5)
ZH,,CsC P 110.0 108.2 113.3 110.0(5)
ZH3C,Cy T 112.9 113.6 111.0 112.7(5)
ZHyC4Cs 6 110.2 110.9 113.6 110.0(5)
ZH,0C,Cy Tty 111.5 110.9 113.6 111.3(5)
ZH;,C5Cs T8 114.7 113.6 111.0 114.5(5)
ZH,CsCy 06 110.3 110.2 112.1 109.6(5)
ZH,5C4Cs 0, 109.7 112.1 110.3 109.6(5)
ZH;5C4Cs Oy 112.4 110.2 112.1 112.3(5)
ZH,,CsCs o5 109.3 110.0 1115 109.3(5)
ZH5C4Cs oy 109.9 114 110.3 109.9(5)
ZH14C5C5 o7 113.3 111.4 110.3 113.3(5)
ZH;5C4Cy o3 1123 110.0 111.5 112.3(5)
7C,C2CyCs 7 —6.4 242 —25.6 —2.6(3)
7C,C4C5C5 (2 30.0 0.0 0.0 25.3(3)
A 5284 5011 6500 5257
B 3481 3601 2980 3462
C 2776 2920 2242 2753
et 1.579 1.387 2.379
TN 0.156 0.000 0.000
78] 1.571 1.739 0.477
m 2.233 2.224 2.426

“Values taken from MP2(full)/6-311+G(d,p) calculations.
b Saddle points. ¢ Experimental rotational constants: A = 5256.55(5),
B = 3460.95(5), C = 2753.53(4) MHz.*

proximately described as a o-CH; rock (24% S,s) but it has 12,
11, and 10% contributions from three ring modes (Table 1) as
well as ~7% contributions from the CF bend and two CH,
bends. In going from the gas to the liquid (Figure 6B) essentially
the same bands are observed as those observed in the xenon
solution but with a significant frequency shift of the band
assigned to the CF stretch. With repeated annealing (Figure 6C
and 6D) no band disappears as would be expected if a second
conformer were present in the liquid. In fact instead of a band
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Figure 2. Twisted conformer of fluorocyclopentane showing atomic
numbering.
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Figure 3. Raman spectra (0—3100 cm™') of fluorocyclopentane: (A)
liquid, (B) simulated spectrum from MP2(full)/6-31G(d) calculations,
and (C) solid.

disappearing, significant new bands appear in the spectra of the
condensed phases. The infrared band at 835 cm™! with a well-
defined band contour in the gas becomes a very broadband in
the liquid with a very pronounced broad low frequency shoulder
(Figure 6B). In the infrared spectrum of the solid the band splits
into the three relatively sharp bands at 852, 818, and 781 cm™!
which are v3y, v3,, and v33, respectively. All three modes are
extensively mixed with the major contributions from the CH,
rocks and ring deformations. Also of interest are v34 and vss
which have major contributions from two ring deformations
which are pronounced bands at 705 and 581 cm™! in the
spectrum of the solid but not observed in the spectra of the gas
and liquid except possibly the very broad nondescript absorption
in the general areas of the two fundamentals. These extremely
broad bands for the ring modes are undoubtly due to the large
amplitude ring motions of the five-membered ring with a very,
very low barrier to pseudorotation. Thus, all of the experimental
data indicate that there is only one conformer present in the
fluid phases which has a very large amplitude pseudorotation
motion at and below ambient temperature.

With the conclusion that there is a single conformer in all
phases, the question is raised what observation led the earliest
investigators’ to conclude that there is a second conformer for
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Figure 4. Midinfrared spectra (700—1500 cm™!) of fluorocyclopentane:
(A) liquid xenon solution at —65 °C and (B) liquid xenon solution at
—95 °C.
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Figure 5. Midinfrared spectra (400—1500 ¢cm™!) of (A) gas in
transmittance and (B) liquid xenon solution at —95 °C in absorbance
for fluorocyclopentane.

fluorocyclopentane in the fluid phases. It appears that the
“behavior” of the infrared spectral changes from the gas at
ambient temperature to the liquid (21 and —78 °C) and then to
the solid (—150 °C) over the frequency range of 850—1100 cm™
was the reason the earliest investigators® concluded there were
two forms present in the fluid phases. Thus, we investigated
the same region and observed some of the same changes which
we believe are due to nearly potential free pseudorotation in
the fluid phases with a fixed twisted (C;) form in the solid state.
However, we found many changes which were not previously
reported. For example, there are relative changes of the bands
with repeated annealing of the solid (Figure 6D) and some
pronounced bands appear in the solid which are not observed
in any of the infrared spectra of the gas, rare gas solution, or
the liquid. The spectrum of the solid is significantly different
from those from the fluid phases with a very pronounced band
at 781 ¢cm™! which has not been previously reported.” No
significant shifting of the observed bands from the other phases
can account for this new observed absorption. Also the region
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Figure 6. Midinfrared spectra (400—1000 cm™") of (A) gas, (B) liquid,
(C) amorphous, and (D) annealed solid of fluorocyclopentane.

of the spectrum where the CF stretch is assigned shows some
very interesting changes with a significant increase in the
intensity of the 998 cm™! band and a splitting of the 975 cm™!
band with shifts to lower frequencies of 966 and 962
cm™!(solid). It should be noted that the earliest investigators’
did not record the Raman spectrum of the solid but if they had
these data it is very probable they may have come to a different
conclusion from the presence of two conformers. Similarly in
the more recent Raman study'® only the spectrum of the liquid
was recorded.

Rather conclusive evidence has recently been obtained for
the identification of one conformer present in the gas from the
values of the microwave determined”® rotational constants. We?’
have found that the MP2(full)/6-311+G(d,p) ab initio calculation
predicted the ry structural parameters for more than 50
carbon—hydrogen distances within 0.002 A to the experimen-
tally determined values. The parameters utilized for comparison
were those determined from “isolated”” CH stretching frequencies
which were compared®® to previously determined r, values from
earlier microwave studies. Additionally these calculations predict
carbon—carbon distances ry within a few thousands of an
angstrom. A large number of CF distances have been predicted
and compared to the experimentally determined values® and
again at this ab initio level and basis set distances to an average
of better than 0.003 A for 20 molecules were predicted.

Based on this information the predicted rotational constants
from the MP2(full)/6-3114+G(d,p) calculations should predict
all three of the rotational constants within about 30 MHz. As
can be seen from the data listed in Table 3, the envelope-
equatorial form has rotational constants with differences of 1243,
480, and 511 MHz for A, B, and C, respectively, from the
experimental values and those for the envelope-axial form have
differences of 245, 140, and 167 MHz for A, B, and C,
respectively. However the rotational constant differences® are
only 28, 20, and 23 MHz for A, B, and C, respectively, for the
twisted conformer of C; symmetry which is clear evidence that
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the conformer in the gas phase is the twisted form. This
conclusion is in agreement with the predicted conformational
stability from the ab initio calculations.

It should be possible to obtain very good structural parameters
by utilizing the carbon—hydrogen parameters from the MP2(full)/
6-311+G(d,p) calculations and very minor adjustments of the
heavy atom parameters to fit the experimentally determined
rotational constants. The values for all of the parameters are
listed in Table 3, and it can be seen that only very, very small
adjustments (average of 0.002 A) were needed to fit the
rotational constants. It is believed that these heavy atom
distances are accurate to 0.003 A and the CH distances to 0.002
A. The angles are expected to be accurate to £0.5°. With these
parameters it should be possible to predict the rotational
constants for the '*C isotopomers and assign the microwave
spectrum from the naturally occurring abundance of these
isotopomers.

Discussion

In the spectroscopic studies of Ekejiuba and Hallam,® no
attempt was made to provide a complete vibrational assignment
for fluorocyclopentane, but the reported infrared bands for the
vapor and liquid numbered 19 and 24, respectively, with only
13 of them assigned. The descriptions were quite general with
only three of them designated as heavy atom ring modes.
However, in the later study of Wertz and Shasky,lo all nine of
the ring modes were assigned from the Raman spectrum of the
liquid with similar bands in the infrared spectrum. One of these
assignments of a ring mode at 525 cm™! seems in error since
there is only one fundamental predicted to fall in the 500 to
700 cm™! region and it is clearly the band at 582 cm™! which
is the ring mode in this region and it was previously assigned
also as a ring mode. Our comparable vibrational assignment of
this ring mode is a band near 900 cm™'. The infrared band of
the gas in this region from 870 to 945 cm™! is very complex
with many maxima and the complexity is undoubtedly due to
the pseudorotation of the ring. Moreover the breadth of the 896
cm~! band in the infrared spectrum of the xenon solution
indicates a second band near this frequency. Also the ab initio
predictions indicate there are three ring modes in this region.
Our assignments for the other eight ring modes agree with these
previously proposed'® values.

There is another region of the Raman spectrum, i.e.,
1100—1350 cm™!, which shows extensive generalized scattering
in the liquid, which becomes very definitive in the spectrum of
the solid. There are 10 fundamentals predicted in this region
and they are CH, bending modes which again are drastically
affected by the pseudorotation. In the infrared spectrum of the
gas there is one pronounced band centered at 1246 cm™! with
a clear, broad absorption on the high frequency side. However
distinct maxima are observed in the infrared spectrum of the
xenon solution (Figure 5), and most of these bands have
corresponding ones in the Raman spectrum of the solid.
Assignments of these fundamentals were made mainly from the
data from the xenon solution and the Raman spectrum of the
solid. Finally it should be noted that the predicted infrared band
contours and Raman depolarization values were not as helpful
in making the vibrational assignment as usually found. However
the calculated frequencies from the MP2(full)/6-31G(d) calcula-
tions with two scaling factors predicted the fundamentals for
substituted hydrocarbons to within an average of 10 cm™! (better
than 1%) so the assignment given herein is expected to be as
good as can be obtained for the fluorocyclopentane molecule.
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The mixing of the CH, motions with the ring modes is much
greater than normally found. For some of the fundamentals in
the “finger print” region, the total P.E.D.s have only 60%
of the indicated vibrational motion or even less, but we limited
the listed ones to 10% or larger contributions. For these modes
there may be as many as 10 symmetry coordinates contributing
3—5% to the mode. Nevertheless the appropriate descriptions
provided compare favorably with those given for some other
substituted cyclopentane molecules.

The infrared spectrum of the gas is dominated by the effect
of a very small barrier to pseudorotation where exceedingly
broad nondescript band contours are observed for the 1003—1033
and 850—900 cm™! bands which are due to modes with
significant contributions from five of the ring deformational
vibrations. Also the bands for the next two lower frequency
ring deformations are not observed in the infrared spectrum of
the gas. These bands are similar to those observed for orga-
noisothiocyanates where the ZCNCS is very large (~150°) with
a very small barrier to linearity, and the in-plane and out-of-
plane angle bends give rise to a very broad (>100 cm™')
nondescript contour, but in the solid state they are separated by
200 cm™!. Therefore, the potential function governing the ring
deformations is nearly 5-fold, but the analogous potentials for
the slightly different conformers with pseudorotation will have
small differences in their fundamental frequencies. It should
be noted that there is extensive mixing of the CH, rocks with
the ring deformations. The approximate simple descriptions
given for the fundamentals in Table 1 are more for counting
purposes than for naming the molecular motions in several cases.
As an example, the out-of-plane CH bend (v,9) has contributions
of only three symmetry coordinates with more than 10% with
the highest only 13%. Another example is v,4 which has
contributions from six symmetry coordinates but the highest
contribution is only 18% which is from the CH out-of-plane
bend. The band at 979 cm™" has been described as the CF stretch
and its infrared intensity clearly indicates that this band has a
major contribution from this motion although the band at 1003
cm™! is predicted to have a similar intensity. However, the
experimentally observed intensity is about one-tenth the pre-
dicted intensity. Therefore, for a few of the bands, the ab initio
predicted infrared intensities are quite poor. Nevertheless, a
predominance of the predicted intensities is quite good which
significantly aids the vibrational assignment.

The predicted intensities of the Raman lines are usually
substantially poorer than those for the infrared bands. This is
true for the Raman spectrum of the fluorocyclopentane (Figure
3), but part of the problem arises from the very broad bands
for many of the ring deformations. However the ring breathing
motion is not significantly broadened by the pseudorotation so
its predicted intensity is consistent with the observed intensity.
However, the ring deformation at ~1000 cm™! gives rise to a
very broad Raman line and those for the two lower frequency
deformations'® at ~705 and ~588 cm™! are so broad that the
bands are hard to identify and the centers have to be estimated
(Figure 3).

The lowest frequency ring modes are predicted at 211 and
57 cm™! with observed bands at 208 and 58 cm™! in the infrared
spectrum of the gas (Figure 7). The higher frequency band is
quite broad and similar breadth is observed for the corresponding
Raman lines (Figure 3). The 208 cm™! band is usually described
as the ring puckering vibration or the radial mode for the
molecule with pseudorotation. The PED indicates a large
contribution of the CF in-plane bend whereas the lower
frequency ring twisting motion (pseudorotaional mode) has
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Figure 7. Far-infrared spectra (30—600 cm™') of (A) gas and (B)
annealed solid of fluorocyclopentane.

nearly equal contributions from both of the two low frequency
motions. In the infrared spectrum of the solid, vsg shifts to 246.5
cm™! with a much weaker lower frequency band at 227.5 cm™!
which could be a second component of v35 or a two phonon
band of a lattice mode. The v39 fundamental seems to be mixed
in the spectra of the solid with lattice modes having frequencies
of 107.9, 81.5, 63.7, and 44.7 cm™! for these phonon bands.
Many of the fundamentals in the mid-infrared spectrum of the
solid are doublets which indicate that there appears to be at
least two molecules per primitive crystal cell.

There is very limited structural data available on the heavy
atom parameters for monosubstituted cyclopentanes. After
several structural investigations of chlorocyclopentane'? and
bromocyclopentane,'® reasonably consistent parameters have
been obtained. With these two halogens there are two stable
conformers (equatorial and axial) of the envelope form with
the axial conformer the more stable form. Because of the C,
symmetry for the chloride and bromide, there are only three
different CC distances in the ring where the corresponding ones
for the chloride and bromide are nearly the same. However for
the fluoride the C,C, and C,C; distances have significantly
different values with the C;C, somewhat shorter and the C;Cs
distance longer than the values for this distance for the other
two halides. An electron diffraction investigation of cyclopentyl
silane®® has been reported and it was concluded that the stable
conformers were the envelope-axial and envelope-equatorial
with the equatorial form more stable.

The earlier conclusions® that fluorocyclopentane exists as
envelope-axial and envelope-equatorial or as a single envelope-
axial form'®!! have been shown to be wrong. There is a single
conformer for fluorocyclopentane, but it is the twisted C, form
and not the envelope form. The determined single conformer
of fluorocyclopentane of the twisted form is quite surprising
since the structure proposed by the three previous investigators®™!!
did not even consider the possibility of the C; form. This
possible oversight can be rationalized due to the fact that both
chloro- and bromocyclopentane clearly were shown to have the
equatorial and axial conformations as the stable forms. Ad-
ditionally there have been two theoretical predictions”?! that
fluorocyclopentane would have the envelope as the stable
conformer.

Durig et al.

Pitzer and Donath’ proposed the formula: AV, = 1.45(V,, —
2800) cal/mol, for predicting the energy difference between the
envelope and twisted forms of monosubstituted cyclopentanes,
where 2800 cal/mol (980 cm™") was taken from the V; value of
the CC torsion of thiacyclopentane®? and V), is the torsional
barrier of the C,C, or C,C; bonds. The pseudorotation function
of monosubstituted cyclopentanes may be considered as the
summation of the torsional energy of its five ring torsions, and
each torsional energy may be expressed as a series of cosine
functions as proposed by Kilpatrick et al.! The equation
originally proposed is AV, = 1.45V, — 0.55Vy — 0.91Vis,
where V|, = Vi3, V35 = Vo4, and Vs is the unique CC barrier.
This equation is applicable if one only wants to calculate the
energy difference between the envelope (Cs) and twist (C,)
forms, because the pseudorotation of the cyclopentane ring is
basically potential free. Thus, one only needs to consider the
perturbation from the replacement of the o-H atom by the
substituted group, i.e., fluorine in this case. It is obvious that
only the torsional functions 7; and 73 change, whereas the other
three torsional functions may be considered as unchanged. Thus,
the equation proposed by Kilpatrick et al.! reduces to the form
as given by Pitzer and Donath.”

In the initial prediction of the energy difference for fluoro-
cyclopentane by Pitzer and Donath,’ the V), value was substi-
tuted from the barrier of 3306 cal/mol (1156 cm™") to internal
rotation of ethyl fluoride,*® which yielded the positive value of
0.7 kcal/mol (245 cm™!) for fluorocyclopentane which indicates
the envelope form. However, this model has a limitation, since
it only provides the predicted energy difference between the
envelope and twisted forms. Thus, if the envelope is the more
stable form it does not predict whether the envelope-equatorial
or envelope-axial forms is the more stable conformer. Of course
this model does not take into account any repulsive steric
hindrance which could have a significant effect on the conformer
stability. The limitation on predicting the axial or equatorial
form for the envelope conformer can be addressed by utilizing
a model where more potential terms (such as the Vy, V,, and V3
terms) are utilized for calculating the energy difference, as
demonstrated previously.>! By including more potential terms
the equation for predicting the energy difference changes to the
following form AV, = V,(CH;CH,—CH,X) — V,(CH;CH,—CH,),
which should provide a better prediction for the energy
difference. In the above equation only the V3 term is applicable
for CH;CH,—CHj ie., V3 = 3257 cal/mol (1139 cm™!),*
whereas for the fluoride AV, = V,(CH;CH,—CH,X) will have
at least three terms. Thus, this new approach can now be utilized
to make the prediction for the energy differences between the
envelope-equatorial and envelope-axial conformers as well as
provide a prediction whether the envelope or twisted form is
more stable. By utilizing this model a positive V| or V,
(especially V,) favors the equatorial form for the envelope
conformer whereas a negative V; or V, favors the axial form
for the envelope conformer. A positive AV; predicts the
envelope conformer more stable, whereas a negative AVj
predicts the twisted form as the more stable conformer.

This model was used earlier’! for fluorocyclopentane where
an “effective” V; potential term for propane was used which
has a V3 value* of 3257 cal/mol (1139 cm™!). For the
1-fluoropropane molecule the Vi, V5, and V; potential terms are
346 cal/mol (121 cm™"), —726 cal/mol (—254 cm™ "), and 3823
cal/mol (1337 cm™"), respectively. The AV; is a positive 566
cal/mol (198 cm™!) which indicates that the envelope conformer
is the more stable form and the negative V, term indicates the
envelope-axial is more stable than the envelope-equatorial form.
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Thus, this model predicts the envelope conformer as the most
stable form of fluorocyclopentane with a barrier to pseudoro-
tation of 566 cal/mol (198 cm™") both of which are at variance
with the experimentally determined values. The V; term as the
CH,CHEF barrier is too large, but a more realistic value for this
barrier could be the one obtained for ethyl fluoride® which is
3306 cal/mol (1156 cm™"), or alternatively, the V3 barrier for
propane might be considered too small. However, there have
been three different determinations of its value with 3325 +
20 cal/mol (1163 4= 7 cm™!)** from microwave splittings, 3294
+ 10 cal/mol (1152 & 3 cm™')*® again from microwave results,
and the value from the infrared data.>* Therefore, it seems
reasonable to use the Vj barrier from propane along with the
barrier from ethyl fluoride to obtain the barrier to pseudorotation
of fluorocyclopentane. By using these data a predicted barrier
to pseudorotation of 28 cal/mol (9 cm™!) is obtained which is
consistent with the very low barrier obtained experimentally as
well as the ab initio predicted value of 214 % 94 cal/mol (75 £
33 cm™!).

We have utilized this newer model to predict the stability of
the conformers for methylcyclopentane, where the V; terms for
propane and ethane were used which gave a predicted barrier
to pseudorotation of —575 cal/mol (201 cm™!), which indicates
the twisted form (C)) to be the more stable conformer. These
results are quite different from the value obtained by Pitzer and
Donath” of 900 cal/mol (315 cm™!) by the earlier model which
predicts the envelope (C;) form to be the more stable conformer.
Therefore, it would be of interest to determine the most stable
conformer of methylcyclopentane. It is our assessment that the
model which we propose may be effective in providing the
correct prediction for the order of stability of many monosub-
stituted cyclopentane derivatives. Further investigations of
several monosubstituted cyclopentanes are desirable both ex-
perimentally and theoretically in order to ascertain the most
important factor(s) determining the stable conformers for the
monosubstituted cyclopentane derivatives.
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