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Conformational Studies of Fluoromethylcyclopropane from Temperature-Dependent FT-IR
Spectra of Xenon Solutions and Ab Initio Calculations
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Variable-temperature{55 to —100 °C) studies of the infrared spectra (3500 to 400 &nof fluoromethyl-
cyclopropaneg-C3HsCH,F, dissolved in liquefied xenon have been carried out, and the Raman (liquid and
solid) and infrared (gas and solid) spectra have been recorded from 3500 to 6®@yrutilizing four conformer

pairs, an enthalpy difference of 26226 cnr! (3.13+ 0.31 kJ/mol) was obtained, with the gauche rotamer

the more stable conformer and the only form present in the solid. The abundance of cis conformer present at
ambient temperature is 12 1%. On the basis of the far-infrared spectral data along with the experimental
enthalpy and gauche dihedral angle, the potential function governing conformational interchange has been
obtained, and the determined potential constant¥/are —245+ 23,V, = =414+ 17,V3 = 1263+ 6, V,

= 272+ 17, andVs = 101 4+ 2 cn1?, with the cis-to-gauche barrier of 1223 ch(14.63 kJ/mol) and the
gauche-to-gauche barrier of 1362 ¢nf16.29 kJ/mol). From MP2 ab initio calculations with triplebasis

sets with diffuse functions, the gauche conformer is predicted to be the more stable rotamer by about 320
cm™1, which is consistent with the experimental results, but without diffuse functions the two conformers are
predicted to have nearly the same energy. Similar results are predicted from density functional theory by the
B3LYP method. The complete vibrational assignment for the gauche conformer is proposed, and several
fundamentals for the cis conformer have been identified. The structural parameters, dipole moments,
conformational stability, vibrational frequencies, and infrared and Raman intensities have been predicted from
ab initio calculations. These experimental and theoretical results are compared to the corresponding quantities
of some similar molecules.

Introduction ambient temperature, respectively, in the gas phase. Thus, it
For some time, the relative stabilities of the rotamers has been proposédhat as the size of the halogen atom

of halomethylcycloproparte” have been investigated along increases, the abundance of the cis conformer decreases.
with those of rne[hy]ﬁ7 Cyano-?,lo and ethyny| (aceteny|)- As a continuation of these studies on the effect of the
substitute#~13 molecules. These compounds are of interest Substituent on the monosubstituted methylcyclopropane mol-
because, for molecules which contain an asymmetrical mono- ecules, spectroscopic and theoretical studies of métydnd1°
substituted methyl group bonded to a symmetrical three- and ethyny¥? groups as substituents have been carried out, with
membered (cyclopropane) ring, two staggered conformers of the abundance of the gauche conformer in the gas phase at
cis (syn) and gauche structure are possible, whereas the eclipsedmbient temperature determined experimentally to be 92%, 72%,
forms have been predicted to be unstdblé. The conforma- and 52%, respectively. These experimental results are in good
tional stability of fluoromethylcyclopropane has not been agreement with ab initio calculations from the MP2/6-31G(d)
determined experimentally, apparently because of its instabil- basis set. From a microwave stdtlpf cyclopropylmethylacety-
ity.1* From theoretical investigations, both the cis and gauche lene (ethynylmethylcyclopropane), the energy difference was
rotamers have been predicted to be the more stable con-determined to be 64 30 cnm?, with the cis conformer more
former14150n the basis of molecular mechanics calculatins, stable; the conformational stability order is in agreement with
the cis rotamer was predicted to be the lower energy conformerour more recent experimental reélof 147 + 14 cnt?l, a

by 190 cn?, whereas from MP4(SDQ)/6-311G(d,p) calcula- significantly larger value obtained from infrared spectra of
tions it has been concluded that the gauche (skew) rotamer isvariable-temperature studies of xenon solutions. Since the values
more stable by 70 cni. For the other three halomethylcyclo-  for the electronegativifyf of I, Br, Cl, CHs, C=N, and G=CH
propane molecules, the gauche form is predominant in chloro- are 2.5, 2.8, 3.0, 2.9, 3.2, and 3.1, these investigdtoosicluded
methylcyclopropané,with 88% of this conformer present at  that the abundance of the cis form parallels the increase of
ambient temperature, the corresponding bréraad iodé electronegativity of the substituents for the monosubstituted
molecules having 92% and 100% gauche form present atmethylcyclopropane molecules.

* Corresponding author. Phone: (816) 235-6038. Fax: (816) 235-2290. To prqwde atest of the effeqt of the electronegativity of the
E-mail: durigi@umkc.edu. substitution on the monosubstituted methylcyclopropane mol-
T This article is taken in part from the dissertation of Z.Y. which was ecules, a conformational study of fluoromethylcyclopropane

submitted to the Department of Chemistry in partial fulfillment of the Ph.D.  hacame of interest because of the large value of the electrone-
degree. L . . e . .
*Present address: Department of Chemistry & Biochemistry, College dativity of the fluorine atom. First, ab initio calculations with a

of Charleston, Charleston, SC 29403. variety of basis sets at the level of restricted HartrEeck
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TABLE 1: Calculated Energies (Hartrees) and Energy
Differences (cn1?) for the Gauche and Cis Conformers of
Fluoromethylcyclopropane
method/basis set gauche cis AE?
RHF/6-31G(d) —254.944445 —254.944824 —83 A
RHF/6-3HG(d) —254.954936 —254.953779 254
RHF/6-311G(d,p) —255.012959 —255.012695 58
RHF/6-311G(d,p) —255.017639 —255.016433 265
MP2/6-31G(d) —255.652957 —255.654060 —242
MP2/6-3HG(d) —255.676310 —255.675171 250
MP2/6-311G(d,p) —255.897879 —255.897857 5
MP2/6-311G(d,p) —255.908546 —255.907089 320 /‘W W {m/’r
MP2/6-311G(2d,2p) —255.968529 —255.968488 9 B
MP2/6-31H-G(2d,2p) —255.977076 —255.975584 327
MP2/6-311G(2df,2pd) —256.058669 —256.058631 8
MP2/6-31H-G(2df,2pd) —256.066621 —256.065145 324
B3LYP/6-31G(d) —256.438232 —256.438902 —147 /| ) )
B3LYP/6-31+G(d) —256.457763 —256.456178 348 3000 /1500 1000 500
B3LYP/6-311G(d,p) —256.516844 —256.516797 10
B3LYP/6-31HG(d,p) —256.524640 —256.523019 356 WAVENUMBER (™)
B3LYP/6-311G(2d,2p) —256.526255 —256.526201 12

Figure 1. Mid-infrared spectra of fluoromethylcyclopropane: (A) gas

B3LYP/6-31H-G(2d,2p)  —256.533134 —256.531558 346 and (B) annealed solid.

B3LYP/6-311G(2df,2pd) —256.533157 —256.533111 10
B3LYP/6-31H-G(2df,2pd) —256.540001 —256.538396 352

@ Negative value of energy difference indicates that the cis conformer
is the more stable form.

(RHF) and with full electron correlation by the perturbation
method to second order (MP2) were carried out. These calcula-

tions, with basis sets without diffuse functions, predicted the N J
cis form to be the more stable conformer or the two conformers B

to have nearly the same energy (Table 1). Similar results were
also obtained from density functional theory calculations. Since

B
it has been showh that ab initio calculations with most of the
basis sets with diffuse functions predict the gauche conformer M
of 3-fluoropropene (allyl fluoride), CH=CHCH,F, to be the Ml \
| P

more stable form, whereas the cis rotamer has been experimen- ) .
tally determinetf to be the more stable conformer, the theoreti- 3000 1500 1000 500
cal predictions for fluoromethylcyclopropane cannot be relied
on to provide the correct conformer stability. Due to the o
importance of determining the conformational stability for this Figure 2. Raman spectra of fluioromethylcyclopropane: (A) liquid and
molecule, an investigation of fluoromethylcyclopropane from (B) annealed solid.

e onal. s e sy s 1 DTGS delctr. The spectmof e g2 was obtaned i
and Raman spectra of the liquid and solid phases. Thethe sample contained in a 12 cm cell equipped with Cs|

conformational stability, optimized geometry, force constants windows. Atmospheric water vapor was removed from the
oo ity, op d geometry, .o . ' spectrometer chamber by purging with dry nitrogen. For the
vibrational frequencies, infrared intensities, Raman activities,

Y ) : nneal lid, th rum was recor itin li
and depolarization ratios have been calculated for comparlsona ealed solid, the spectru as recorded by depositing a solid

with the experimental quantities when appropriate. The results sample film onto a Cs! substrate cooled by boiling liquid
perr q . ppropriate. . nitrogen and housed in a vacuum cell fitted with Csl windows.
of these vibrational spectroscopic and theoretical studies are

reported herein The sample was annealed until no furt_her change was observed
) in the spectrum. Interferograms obtained after 256 scans for

the gas and reference as well as 128 scans for the amorphous,
annealed solid and reference were transformed by using a boxcar

The fluoromethylcyclopropane molecule was prepared by the truncation function with theoretical resolutions of 0.5 and 1.0
reaction of cyclopropylmethanol with (diethylamino)sulfur cm™ for the gaseous and solid samples, respectively.
trifluoride (DAST), obtained from Aldrich Chemical Co., in The Raman spectra of fluoromethylcyclopropane from 3200
diglyme at—50 °C for 1 h. The volatile portion was collected to 40 cnt! (Figure 2) were recorded on a SPEX Ramalog
and purified by using a low-temperature, low-pressure fraction- spectrophotometer equipped with a Spectra-Physics model 171
ation column, and the sample was stored in liquid nitrogen under argon ion laser operating on the 5145 A line. The liquid sample
vacuum until use. The purity of the sample was checked by was sealed in a glass capillary, and the spectrum was recorded
comparing the mid-infrared spectrum to the ab initio predictions at —10 °C due to the instability of the sample at ambient
and mass spectral data. All sample transfers were carried outtemperature. The spectrum of the solid was then recorded by
under vacuum to avoid contamination. inserting the capillary into a MillerHarvey!® jacket cooled by

The mid-infrared spectra (Figure 1) of the gas and the N, gas obtained from liquid N The temperature of the solid
annealed solid from 3500 to 300 cihwere recorded on a  was maintained at about105°C by controlling the rate of the
Perkin-EImer model 2000 Fourier transform spectrometer nitrogen boiling off from the liquid. The frequencies for the
equipped with a Nichrome wire source, Ge/Csl beam splitter, observed lines are listed in Table 1S.
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Figure 3. Far-infrared spectra of fluoromethylcyclopropane: (A) gas,
(B) amorphous, and (C) annealed solid.
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Figure 4. Infrared spectra of fluoromethylcyclopropane: (A) xenon
solution at—100 °C, (B) calculated spectrum of the mixture of the
two conformers, (C) calculated spectrum of the cis conformer, and (D)
calculated spectrum of the gauche conformer.

The far-infrared spectra (600 to 50 ch of the annealed
solid (Figure 3C) and gas (Figure 3A) were obtained with the
Perkin-Elmer model 2000 Fourier transform spectrometer
equipped with a far-infrared grid beam splitter and DTGS
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Figure 5. Geometric model and internal coordinates for the gauche
conformer of fluoromethylcyclopropane.

100 scans at a resolution of 1.0 tinThe temperature studies

in the liquefied noble gas were carried out in a specially designed
cryostat cell, which is composed of a copper cellhagt4 cm
path length and wedged silicon windows sealed to the cell with
indium gaskets. The temperature was monitored by two Pt
thermoresistors, and the cell was cooled by boiling liquid
nitrogen. The complete cell was connected to a pressure
manifold to allow for the filling and evacuation of the cell. After
the cell was cooled to the desired temperature, a small amount
of sample was condensed into the cell. Next, the pressure
manifold and the cell were pressurized with xenon, which
immediately started condensing in the cell, allowing the
compound to dissolve. The frequencies observed for the
fundamentals are listed in Tables 2 and 3.

Ab Initio Calculation

The geometry optimization of fluoromethylcyclopropane was
performed by the LCAO-MO-SCF restricted Hartreeock
calculations RHF/6-31G(d) and electron correlation calculations
with Mgller—Plesset perturbation to the second order, i.e., MP2/
6-31G(d), MP2/6-311G(d,p), MP2/6-31%+G(d,p), and MP2/
6-311+G(2d,2p), with the program Gaussian 98 using a
Gaussian-type basis sé€tThe energy minimum with respect
to the nuclear coordinates was obtained by the simultaneous
relaxation of all geometric parameters using the gradient method
of Pulay?! These optimized parameters are listed in Table 2S.
RHF/6-31G(d) and MP2/6-31G(d) calculations predict the cis
conformer to be the more stable rotamer, and even with much
larger basis sets the gauche form is favored by only a few
wavenumbers, i.e., 59 cnrl. However, by using diffuse
functions, the gauche form is predicted to be more stable by
about 320 cm! (Table 1). Similar density functional theory
(DFT) calculations by the B3LYP method with the same basis
sets predict the same results: without diffuse functions the
gauche conformer is predicted to be more stable by about only
10 cntl. However, the corresponding calculations with basis

detector. The spectrum of the solid was obtained by condensingsets with diffuse functions predict the gauche conformer to be

the sample onto a silicon plate held in a cell equipped with
polyethylene windows and cooled with boiling liquid nitrogen
at an effective resolution of 1.0 cth The sample was annealed

more stable by about 350 crh
The intramolecular harmonic force fields were calculated with
the Gaussian 98 program at the MP2/6-31G(d) levels. Internal

until no further change was observed in the spectrum. The coordinates were defined as shown in Figure 5, and they were
spectrum of the gas was obtained from the sample contained inused to form the symmetry coordinates listed in Table 3S. The
a 10 cm path cell equipped with polyethylene windows with Cartesian coordinates obtained from the optimized geometry
an effective resolution of 0.5 cm. Typically, 256 scans were  were used to calculate tH@matrix elements. ThesB-matrix
used for both the sample and reference to give a satisfactoryelements were used to conv@rthe ab initio force fields in
signal-to-noise ratio. Cartesian coordinates to force fields in desired internal coor-
The mid-infrared spectra of the sample dissolved in liquefied dinates, and the resulting force constants can be obtained from
xenon (Figure 4A) were recorded on a Bruker model IFS-66 the authors. These force fields were used to reproduce the ab
Fourier interferometer equipped with a Globar source, Ge/KBr initio vibrational frequencies without a scaling factor. Scaling
beam splitter, and DTGS detector. The spectra were recordedfactors of 0.88 for all of the €H stretching modes, 0.90 for
at variable temperatures ranging fronb5 to —100 °C with all the heavy-atom stretches and-8 bending modes, and 1.0
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TABLE 2: Observed and Calculated Frequencies (cm') and Potential Energy Distribution for
gaucheFluoromethylcyclopropane

vib. no. fundamental vibration ab inifio fixed scalefl IR int° Ramanact. dpratio obsé PED
21 CH, antisymmetric stretch 3307 3102 115 36.2 0.57 3096 ,97S
V2 CH; antisymmetric stretch 3295 3092 0.4 90.2 0.74 3084 ,98S
V3 C—H stretch 3232 3032 8.0 125.4 0.07 3042 97S
Va CH, symmetric stretch 3212 3014 6.2 104.5 0.20 3018 492S
Vs CH, symmetric stretch 3207 3009 10.6 28.9 0.52 3004 593S
Ve CHy(F) antisymmetric stretch 3163 2967 38.0 71.2 0.71 2956 97S
V7 CH,(F) symmetric stretch 3102 2910 35.8 85.1 0.10 2898 ;99S
Vg CHy(F) deformation 1584 1503 2.2 6.6 0.72 1477 g@AS
) CH, deformation 1574 1493 0.1 6.5 0.62  1465* B51BBS, 13S.
V10 CH, deformation 1529 1451 2.6 7.9 0.75 1438 1Q0S
V11 CH in-plane bend 1496 1419 29.7 3.0 0.59 1412 21809, 1454, 13
V12 CHy(F) wag 1425 1353 8.3 6.2 0.54 1348 568395,
V13 CHy(F) twist 1320 1254 1.4 7.6 0.71 1266 683256
Via ring breathing 1271 1206 2.0 15.6 0.20 1200 A0S,
V15 CH, twist 1243 1184 2.6 8.9 0.64 1186 123193 1494, 1354, 10S3
V16 CH, twist 1235 1173 0.6 9.9 0.33  1170* 38346Ss 1157
V17 CH out-of-plane bend 1178 1119 12 0.7 0.73 1099 6(RSs
Vig CH; wag 1113 1057 1.9 0.2 0.74 1053  %9S
V19 CH, wag 1108 1051 24.4 12 0.61 1042 6§36Ss 1150
vo  C—F stretch 1093 1040 90.5 4.2 0.70 1025 &8%5S,
V21 C—C stretch 1071 1021 16.3 7.8 0.31 1010 463393 1154 10S4
V22 ring deformation 989 940 9.9 12.4 0.49 930 313554
V23 CHy(F) rock 958 911 3.0 5.4 0.74 907 2232356, 1854
V24 ring deformation 885 841 7.0 10.3 0.74 834  2038Ss, 1255, 10Ss, 1057
V25 CH, rock 846 804 25 7.6 0.57 804  1$327S, 1194, 11Ss
V26 CH, rock 805 764 0.6 5.9 0.61 768  A3A5Ss
Vo7 C—F bend 485 475 7.4 3.7 0.57 477 4322S
Vog ring-CH,F in-plane bend 363 356 0.6 0.9 0.18 358  #9S
V29 ring-CH;F out-of-plane bend 237 236 3.4 0.06 0.70 237  B2BS~
vzo  CHF torsion 109 109 25 0.02 0.50 113 %891S,

a Calculated values are obtained by ab initio calculations at the MP2/6-31G(d) te¥alculated using scaling factors of 0.88 for-8 stretches,
0.90 for C-H bends and heavy atom stretches, and 1.0 for heavy atom bends and torsionat Imivdieed intensities are in km/mol; Raman
activities in A/u. 9 Frequencies from infrared spectrum of the gas and xenon solutions except for those marked with asterisks, which are from the
Raman spectrum of the solitlPotential energy distribution predicted by ab initio calculations; contributions less than 10% are omitted.

for the heavy-atom bending modes and asymmetric torsion wereinfrared spectrum of fluoromethylcyclopropane dissolved in
input along with the force fields into a perturbation program to liquid xenon at-100°C is also shown for comparison in Figure
obtain the “fixed scaled” force field, vibrational frequencies, 4A. The agreement between the observed and calculated spectra
and potential energy distributions (PEDs). These data are listedis excellent, and these data were quite valuable for making the
in Tables 2 and 3. vibrational assignment.

To aid in the vibrational assignment, the theoretical infrared  Also to support the vibrational assignment, we have predicted
spectra of both the cis and gauche conformers were calculatedhe Raman spectra from the ab initio calculation results. The
as well as spectra of mixtures of the two conformers with various evaluation of Raman activity using analytical gradient methods
energy differences between them. The infrared intensities werehas been develop&8?* The activity§ can be expressed as
calculated on the basis of the dipole moment derivatives with

respect to the Cartesian coordinates. The derivatives were taken S= gj(45(1]-2 + 7ﬂ1-2)
from the ab initio calculations transformed to normal coordinates
by whereg; is the degeneracy of the vibrational modey; is the
derivative of the isotropic polarizability, ang is that of the
ou, oy anisotropic polarizability. The Raman scattering cross sections,
= _ L” d0i/0Q2, which are proportional to the Raman intensities, can
9Q T \9% be calculated from the scattering activities and the predicted

wavenumbers for each normal mode using the relatioA3kip

2% (vo — Vj)4 h
45 J\1 — exp[=hcy; /KT] 8312(;1,]_ S

by 2+ % 2+ u,\? where vp is the exciting wavenumber; is the vibrational
Q) 0Q, 9Q, wavenumber of thigth normal mode, an§ is the corresponding
Raman scattering activity. To obtain the polarized Raman
In Figure 4D is shown the predicted infrared spectrum of scattering cross sections, the polarizabilities are incorporated
the more stable gauche conformer, and Figure 4C shows thatinto § by multiplying § by (1 — ;)/(1 + p;), wherep; is the
for the cis conformer. The predicted infrared spectrum of the depolarization ratio of thgth normal mode. The Raman
mixture at—100 °C is shown in Figure 4B with the enthalpy scattering cross sections and calculated wavenumbers obtained
difference of 262 cm! (experimentally determined value), with  from the Gaussian 98 progrdfnwere used together with a
the gauche conformer the more stable rotamer. The experimentalLorentzian function to obtain the calculated spectra.

whereQ; is theith normal coordinateX is thejth Cartesian
displacement coordinate, arg is the transformation matrix %0
between the Cartesian displacement coordinates and normal =
coordinates. The infrared intensities were then calculated by 02

| = N7
' a2
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TABLE 3: Observed and Calculated Frequencies (cm') and Potential Energy Distribution for cis-Fluoromethylcyclopropane

species vib. no. fundamental vibration ab irfitiofixed scalefl IR int.° Ramanact. dpratio obsd PED?
A’ 21 CH, antisymmetric stretch 3316 3110 8.0 28.7 0.75 99S
A" V2 CH; antisymmetric stretch 3305 3100 0.3 84.7 0.75 H09S
A’ V3 C—H stretch 3215 3015 9.3 25.3 0.61 5188S,
A’ V4 CH; symmetric stretch 3221 3022 5.2 208.6 0.06 3029 4p48S
A" Vs CH, symmetric stretch 3214 3015 10.6 25.3 0.75 100S
A" Ve CHy(F) antisymmetric stretch 3162 2967 40.3 81.2 0.75 2932 400S
A’ 1z CHy(F) symmetric stretch 3104 2912 51.6 114.4 0.13 2916 100S
A’ Vg CH,(F) deformation 1585 1505 0.4 9.9 0.62 84S
A’ Vo CH, deformation 1575 1496 0.9 4.1 0.73 605754, 15S
A" V10 CH. deformation 1519 1441 2.6 8.1 0.75 1Q0S
A’ Vi1 CH in-plane bend 1462 1388 0.5 4.4 0.50 1362 B313S,, 24S
A’ v CHy(F) wag 1465 1391 20.9 52 0.75 1392 6039S:
A" vz CH(F) twist 1301 1235 1.6 8.0 0.75 1222 931S
A’ vi4  ring breathing 1273 1209 2.7 22.9 0.17 4685S,, 13Ss
A’ vis  CHztwist 1110 1015 5.6 0.8 0.34 23533, 16Ss, 125
A" vie  CHatwist 1240 1177 0.4 8.9 0.75 4754555
A" V17 CH out-of-plane bend 1173 1114 3.0 1.3 0.75 1119 589S, 1593
A" vig  CH;wag 1142 1060 0.1 0.4 0.75 9IRS
A’ Vig CH,wag 1117 1054 2.8 1.0 0.75 86S
A’ vo  C—F stretch 1174 1120 21.3 15 0.71 1141 44%$2Ss, 10S:
A’ v, C—Cstretch 1025 973 43.8 12.4 0.29 965 2530S,, 12S,, 100
A’ v  ring deformation 807 765 12 15.7 0.53 402S55, 22, 1156
A" vas  CH(F) rock 1142 1089 0.1 0.4 0.75 54S15S6, 10S9
A" Vo4 ring deformation 924 876 9.9 17.2 0.75 861 8630Ss
A" Vo5 CH. rock 843 801 3.0 2.2 0.75 4252657, 1996
A’ v2s  CHarock 832 790 0.3 11 0.75 59512S5, 1254, 125,
A’ v;;  C—Fbend 585 574 6.2 1.7 0.68 564 48R8Ssg, 11Ss
A’ vas  ring-CHF in-plane bend 249 245 3.6 0.2 0.17 243  §0S7S7
A" Vo9 ring-CH,F out-of-plane bend 350 348 1.0 0.3 0.75 334 R6S
A" V30 CH,F torsion 154 154 2.0 0.02 0.75 150 396

a Calculated values are obtained by ab initio calculations at the MP2/6-31G(d)e&&lculated using scaling factors of 0.88 for-8 stretches,
0.90 for C-H bends and heavy atom stretches, and 1.0 for heavy atom bends and torsionaf Imivdieed intensities are in km/mol; Raman
activities in A/u. 9 Frequencies from infrared spectrum of the gas or xenon solufidtetential energy distribution predicted by ab initio calculations;
contributions less than 10% are omitted.

Raman spectrum of the liquid is shown in Figure 6A for
comparison, and the agreement is considered satisfactory but

not nearly as good as the agreement of the simulated infrared
spectrum due to the significant extent of intermolecular as-
J/\M‘A | sociation in the liquid phase.
w Vibrational Assignments

To determine the conformational stability of fluoromethyl-
B cyclopropane, it is necessary to correctly identify fundamentals
MMM for each conformer. Additionally, the bands chosen for the
stability study should not have any accidental fundamentals,
overtone, and combination bands of the other conformer at the
C same frequency. Therefore, the vibrational assignment needs
M” A ﬂ to be made for each conformer, which was aided by the ab initio
predictions for the fundamentals. The cis conformer Gas
| symmetry, and the fundamental vibrations span the irreducible
D representation 17A+ 13A". Based on the prediction of
M UL S structural parameters from ab initio calculations (Table 2S), the
¢ principal axis is perpendicular to the symmetry plane for the
cis conformer. Therefore, the out-of-plane modes are expected
1 to give rise to C-type infrared band contours and the in-plane
WAVENUMBER (en”) modes should be A, B, or A/B hybrid-type contours. The A
Figure 6. Raman spectra of fluoromethylcyclopropane: (A) liquid,  yiprations of the cis conformer will yield depolarized Raman
(B) calculated spectrum of the mixture of both conformers, (C lines in the spectrum of the liquid, whereas thevibrations
calculated spectrum of the cis conformer, and (D) calculated spectrum . " . .
of the gauche conformer. should give rise to pola}rlzed. Raman lines. The gauche fprm
hasC; symmetry and gives rise to A, B, C, and any hybrid-
The predicted Raman spectra of the pure gauche and cistype infrared band contours. The data from the solid phase are
conformers are shown in Figure 6D and Figure 6C, respectively. also helpful in identifying conformer bands, as only one
In Figure 6B the mixture of the two conformers is shown with conformer should remain upon annealing. For fluoromethyl-
the experimentally determinetH value of 262 cm?, with the cyclopropane, it will be shown that the form in the annealed
gauche conformer the more stable form. The experimental solid is the gauche conformer, and all of the bands which are

3000 1500 1000 500
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observed in the fluid phases and disappear in the crystal haveTABLE 4: Temperature Dependence and Intensity Ratios

been assigned to the cis conformer. from Conformational Study of Fluoromethylcyclopropane
Carbon—Hydrogen Modes.In the infrared spectrum of the T(°C) 1000m (K™ lozrdlesic looadlosic l1100dl1115c  I760dIs65¢
solid, five pronounced bands were observed at 3089, 3081, 3039, —55 0 4.584 2.872 2.192 1.052 1.581
2968, and 2901 cnt, as well as one broad band with two ~ —60.0 4.692 2.920 2.251 1.123 1.663
maxima at 3016 and 3009 crh Since there should be seven  —65.0 4.804 3.051 2322 1.093
carbon-hydrogen stretching fundamentals for the gauche :;g-g ‘5‘-8‘213 ggg g-gig igig %?i;
conformer in this region, and the-€H stretching modes on ~80.0 5177 3445 2619 1394 1851
the ring are predicted to have higher frequencies than those at _gg g 5.315 3.668 2.797 1.458 2.063
the CH(F) group, by comparison to the spectra of similar —90.0 5.460 3.861 2911 1.580
molecules->¢ the bands at 3089, 3081, and 3039 ¢érhave —95.0 5.613 4.055 3.062 1.590 2.368
been assigned as Glntisymmetric stretches and-& stretch —100.0  5.775 4352 3.294 1.694 2.619
with the broad band as GHymmetric stretches, and the two AH?2 (cm™) 250+5 237+5 288+19 272+ 38
bands of medium intensity at 2968 and 2901-érshould be a Average value is 262 16 cmit (3.13+ 0.19 kJ/mol), with the

assigned as CiF) antisymmetric and symmetric stretches, gauche conformer the more stable rotamer.
respectively, which agrees with the predicted wavenumbers and

infrared intensities from ab initio calculations. for the gauche conformer has been assigned to the A-type band
The assignment of the carbehydrogen bending modes on  at 237 cnrl.
the ring for the gauche conformer compares favorably with the ~ Asymmetric Torsions. The ab initio calculations predict the
corresponding modes of similar molecules. The (& defor- frequencies of the asymmetric torsional mode of the cis and
mation has been assigned to the highest frequency band at 143gauche conformers at 154 and 109 @émrespectively. A
cmt in the region of 1500 to 1300 cm according to the significant series of strong Q-branches are observed at 113.02,
prediction from ab initio calculations. And the G(f) wag, 111.52, 109.53, 107.38, 105.13, and 102.78%mwith a weak,
CHa(F) twist, and CH(F) rock have been assigned to the bands sharp Q-branch at 149.78 cfin the far-infrared spectrum of
observed at 1351, 1269, and 906 ¢nin the Raman spectrum  the gas. Because of the relatively large enthalpy difference
of the solid, in good agreement with the corresponding modes between the two conformers along with the predicted band
for 3-fluoropropene at 1367, 1244, and 918 @énfrom a contours and intensities, the Q-branches are assigned to the
previous study®27 ground-state and first five excited-state transitions of thefFCH
Skeletal Modes.The ab initio calculations predict that the torsional mode for the gauche conformer, whereas the Q-branch
C—F stretch has the highest infrared intensity in the spectrum at 149.78 cm? is assigned as the fundamental torsional mode
of the gas of the gauche conformer. Therefore, the strongestfor the cis form.
band, observed at 1025 cfin the infrared spectrum of the
gas, is assigned to this mode, with the-E bending mode  Conformational Stability

assigned to another strong band at 477-tnfor the cis To obtain the enthalpy difference between the two conform-
conformer, the &F bending mode is predicted to be at 555 ¢ the mid-infrared spectra of fluoromethylcyclopropane
cm~1 with almost an A-type band contour. Therefore, the A—type dissolved in liquefied xenon as a function of temperature from
band at 564 cmt in the infrared spectrum of the gas, which _g5 {5 100°C have been recorded. Only small interactions
disappeared under annealing, is assigned to this mode. This;re expected to occur between the dissolved sample and the
assignment gives strong ewdgnce that only the gauche Conforme%urrounding xenon atoms, and consequently only small fre-
remains in the annealed solid. quency shifts are anticipated when passing from the gas phase

The ring breathing mode for the gauche conformer has beento the liquefied noble gas solutiod:3! A significant advantage
assigned to the strongest band at 1201 tin the Raman  of this temperature study is that the conformer bands are better
spectrum, which is typical of three-membered-ring molecules. resolved in comparison with those in the infrared spectrum of
For the other ring modes, the strong Raman lines at 927 andthe gas, and the temperature of the solution is easily maintained
836 cnt in the spectrum of the solid have been assigned to for high-accuracy measurements. This is particularly important
the ring antisymmetric and symmetric deformational modes of since most of the conformer bands for this molecule are expected
the gauche conformer, respectively, consistent with the predic- to be observed within a few wavenumbers of each other. Also,
tions from the ab initio calculations and the observed frequenciesthe areas of the conformer peaks are more accurately determined
for similar molecules. than those from the spectrum of the gas.

For the ring-CH,F bending modes, the ab initio calculations In the xenon solutions of fluoromethylcyclopropane, the major
predict similar wavenumbers for the two conformers in this low- intermolecular force is the dipoténduced dipole interaction
frequency region, and the bands in the spectra of the solid havebetween this molecule and surrounding xenon atoms. From ab
significant shifts toward higher frequency compared to those initio calculations, the dipole moments of the two conformers
in the spectra of the fluid phases. For these modes, the infraredare predicted to have similar values (Table 2S), and the
band contours become very important for identification of the molecular sizes of the two rotamers are nearly the same, so the
conformer giving rise to the band. The rin@H,F in-plane bend AH value obtained from the temperature-dependent FT-IR study
for the gauche conformer is expected to be at 356cwith is expected to be close to the value for the a%

95% B-type band contour, and the rinGH,F out-of-plane bend The bands used for the conformational stability study are
for the cis conformer is expected to be at 348&mwith a pure those assigned to the GHock at 769 cm?! (gauche), G-F
C-type band. In the far-infrared spectrum of the gas, a B-type bend at 565 cmt! (cis), CH(F) rock at 904 cm? (gauche), ring
band is observed at 358 cthand assigned as the rin@H,F deformation at 927 cmi (gauche), G-C stretch at 961 cmt
in-plane bend for the gauche form, whereas a weak C-type band(cis), and CH out-of-plane bend at 1115 (cis) and 1100%cm

at 334 cmi! is assigned as the rirgCH,F out-of-plane bend (gauche). Ten sets of spectral data were obtained for four pairs
for the cis rotamer. Similarly, the rirgCH,F out-of-plane bend of conformer bands (Table 4). The intensities of the infrared
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combination bands in near coincidence with the measured

fundamentals. A more reasonable uncertainty is at least 10%

to provide a more realistic error value. Thus, a final value of

2624 26 cnT! (3.13+ 0.31 kJ/mol) is reported for the enthalpy
100°C difference between the two conformers.

Discussion
-90
Two scaling factors of 0.88 and 0.90 have been used with
-85 the MP2/6-31G(d) calculations to obtain the predicted vibra-
-80 tional frequencies, which are in good agreement with the

observed values. The average error in the frequency predictions

]
70 \/‘ for the normal modes of the gauche conformers is 8.4%¢m
o L which represents a percentage error of 0.6, with the largest errors
on the CH deformations. Thus, multiple scaling factors are not

| -60 needed for predicting the wavenumbers of the normal modes
-55 aiding in the vibrational assignments for the fundamentals,
. , ‘ | j particularly for distinguishing those for the two different
960 940 920 900 conformers.
WAVENUMBER (cm™) There are five modesyy, vis, V21, v23, andvzs, where the

described vibration contributes 22% or less to the atomic motion
for the gauche form as indicated by the PEDs (Table 2). These
include two of the CHrocks, the G-C stretch, the Chltwist,
and the C-H bend, which are vibrations where one usually finds
such mixing for the monosubstituted methylcyclopropane
100°C molecules, particularly when there are no symmetry elements
present. The mixing is less extensive for the cis rotamer, but

M__ v11, V15, andvyy still are extensively mixed (Table 3).

90 The major differences in the structural parameters (Table 2S)
between the two conformers are those about theFCgtoup;
for example, the €F distance for the gauche conformer is
-80 predicted to be 0.004 A longer than that for the cis form.
Therefore, it is reasonable to expect that there will be significant
differences in the normal-mode frequencies between the two
-70 conformers for those fundamentals involving the ZEHjroup.
65 The G—C, distance for the cis conformer is predicted to be
0.010 A longer than that for the gauche conformer; accordingly,
the stretching force constant for this mode is larger by about
55 10% for the gauche conformer than the corresponding force
constant for the cis form. As a result, the-€C, stretching mode
(v21) is observed at 1010 cm for the gauche conformer and
shifts to 965 cm! for the cis form. However, the largest
WAVENUMBER (cm™) differences in the force constants are the bending force constants

Figure 8. Temperature dependence of infrared spectra in the region @SSociated with the Giff group; for example, the bending force
1080-1130 cntt of fluoromethylcyclopropane in xenon solutions.  constant for the CCF angle)(increases by 30% when the angle
increases by only 0%4for the cis conformer. For this reason,
bands were measured as a function of temperature, and theithe CCF bending mode shifts from 477 thfor the gauche
ratios were determined. By application of the van't Hoff rotamer to 564 cmt for the cis conformer. Another large
equation,—In K = AH/(RT) — ASR, whereASis the entropy difference is found in the torsional force constany, (vhich

Figure 7. Temperature dependence of infrared spectra in the region
880—-980 cn1? of fluoromethylcyclopropane.

1 T
1120 1100

change AH was determined from a plot ofIn K versus 1T, increases by 50% for the cis conformer and results in the
whereAH/R is the slope of the line ani{ is substituted with  torsional fundamental frequency shifting from 113 ¢rfor the
the appropriate intensity ratios. It was assumed #tdtis not gauche conformer to 150 crhfor the cis form. Because of the

a function of temperature in the temperature range studied. structural parameter change of the £Hyroup, all the normal
From a plot of the natural logarithm of the ratigdlses as a modes associated with this group have some remarkable shifts

function of the reciprocal of the absolute temperature Ake between the conformers. In fact, for the gauche conformer, the
value was determined to be 2722 38 cntl, with the gauche CHa(F) wag and twist modes have been assigned to the bands
form the more stable rotamer. Similarly, the pairsl&ff/lgey, at 1348 and 1266 cm, whereas the corresponding modes for

loo4/1961, @andl110dl1115 (Figures 7 and 8) gave theH values of the cis conformer are found at 1392 and 1222 &espectively.

250 4+ 3, 2374+ 5, and 288+ 19 cntl, respectively, again  Therefore, the bending modes are much more indicative of the
with the gauche conformer the more stable form (Table 4). The presence of the conformers for these types of molecules than
average of these four values is 26216 cnT?, where the error the stretching modes.

limit is given by the standard statistical deviation of the For fluoromethylcyclopropane, molecular mechanics calcula-
measured areas of the intensity data. These error limits do nottions indicated that the cis conformer is the more stable
take into account small associations with the liquid xenon or rotamert®> From the present study of the vibrational spectra of
other experimental factors such as the presence of overtones othe fluid and solid phases, the gauche conformer has been
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TABLE 5: Observed Asymmetric Torsional Transitions of 1600
Fluoromethylcyclopropane
transition obsd (cm) calcdt (cm™) A (cm™) 1400 1
gauche 1200
F1—40 113.02 113.10 0.08 -
+2—F1 111.52 111.39 -0.13 g 1000
F3—+2 109.53 109.51 -0.03 = 800
+4—7F3 107.38 107.45 0.07 f
F5—+4 105.13 105.20 0.07 600
+6—F5 102.78 102.72 —0.05
cis 400
1—-0 149.78 149.78 0.00 200
a Calculated usingro = 1.426842F; = 0.018681F, = 0.013713, 0

= — = = — 1 I
F3 0.000816,F4 = 0.000108 Fs 0.000010 cm™. 180 120 60 0 60 120 180

identified as the more stable form in all three physical states. DIHEDRAL ANGLE, (¢)
The enthalpy value determined from the xenon solutions is Figure 9. Asymmetric torsional potential function for fluoromethyl-
consistent with the ab initio calculations with diffuse functions. cyclopropane, with the dark solid curve the experimentally determined
However, the RHF/6-31G(d) and MP2/6-31G(d) ab initio potential function, the thin solid curve from MP2/6-86(d) calcula-
calculations predict the cis conformer to be the more stable form tions, and the dotted curve from B3LYP/6-8G(d) calculations.
by 83 and 242 cmi, respectively. Also, it should be noted that Torsional dihedral angle of°Ccorresponding to the cis conformer.
the MP2 calculations without diffuse functions give the gauche
more stable than the cis form by only a few wavenumber®9(5  parameters converged, five additional torsional transitions for
cm~1from the 6-311G(d,p) to 6-311(2df,2pd) basis sets). Similar the gauche rotamer were added to the calculation. However, it
results were obtained from the B3LYP calculations, where with was soon learned that thé term was very small and the
the larger basis sets without diffuse functions the gauche uncertainty was larger than its value. Therefore, fieterm
conformer is predicted to be more stable than the cis form by was dropped, and the final potential function was obtained with
only 10-12 cntl, reliably small uncertainties for each of the terms. The final
With the assignment of the torsional fundamental for the resulting values for the potential coefficients are listed in Table
gauche conformer along with several excited-state transitions6, and the potential function is shown in Figure 9. The MP2
as well as the torsional fundamental of the cis form, it is calculations with the 6-31G(d) basis set were used to predict
possible to obtain the experimental potential function governing the potential surface for conformational interchange. The
the conformational interchange. The torsional potential is dihedral angle of the internal rotation for the gfHmoiety was
represented by a Fourier cosine series in the internal rotationallowed to vary every 30increment, while the structural
angleg: parameters were optimized at each position. From the resulting
potential surface, only two minima (gauche and cis positions)
. were predicted, and the maxima correspond to the transition
V(0) = ) ((Vi/2))(1— cosif) states of interconversion between the two stable conformers.
= The barriers predicted from those calculations were 929, 1179,

whered andi are the torsional angle and foldedness of the and 1572 cm for the cis-to-gauche, gauche-to-cis, and gauche-
barrier, respectively. The potential coefficieis through Ve to-gauche transitions, respectively, with the transition states at
were initially calculated from the input of the frequencies for the dihedral angles of 53.0and 180.0, respectively. The
the two torsional transitions, the experimentgi value, the experimentally determined barriers are as follow: cis-to-gauche
gauche dihedral angle, and the internal rotation kinetic constant,Parier, 1223 cm’; gauche-to-cis barrier, 1465 cfy and
F(¢). The internal rotation constant also varies as a function of 98uche-to-gauche barrier, 1362 cin The values for the

the internal rotation angle, and it is approximated by another CO€fficients are/; = —2454 23 cni?, V, = —414+ 17 e,
Fourier series: V3=1263+ 6 cm?, V, = 2724+ 17 cntl, andVs = 103 +

2 cn L. The relatively large values of thé, V,, andVs terms
6 indicate that the asymmetric torsional mode of fluoromethyl-
F(¢) =F,+ ) F,cos¢ cyclopropane is not a restricted harmonic motion, probably
i= because of the highly nonspherical electron distribution caused
by the three-membered ring. From the vibrational study of
3-fluoropropené? V; andV; were determined to be 162+ 9
and 8604 5 cni 1, while the cis-to-gauche, gauche-to-cis, and
gauche-to-gauche barriers were determined to be 1117, 958, and
526 cnt?, respectively (Table 6). The large difference in the
B(¢) = a-+ bcosg + csing gauche-to-gauche barriers between the two molecules indicates
that there is a much stronger attractive interaction between the
The series approximating the internal rotation constants for fluorine atom and the vicinal hydrogen atom in fluoromethyl-
fluoromethylcyclopropane were determined by using structural cyclopropane than in 3-fluoropropene. It is interesting to
parameters from the MP2/6-315(d,p) ab initio calculations. ~ compare the potential function of fluoromethylcyclopropane to
In the initial calculation of the potential parameters, the that of difluoromethylcyclopropane (Table ®)The potential
transitions assigned as the-10 transition for the cis form and  function coefficients oW1, V,, andV3 difluoromethylcyclopro-
the +1 — 0 transition for the gauche form (Table 5) were pane were determined to be 2295, 40+ 4, and 1270+ 3
used with the value of 262 cmh for AH and a dihedral angle ~ cm™, respectively. The difference in the conformational stability
of 113.7 for the gauche rotamer. As the values for the potential between the two molecules gives rise to differshtand V,

6

The relaxation of the structural parameteg$p), during the
internal rotation can be incorporated into the above equation
by assuming them to be small periodic functions of the torsional
angle of the general type
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TABLE 6: Potential Function Coefficients (cm™1) for the Asymmetric Torsion of Fluoromethylcyclopropane and Barriers to
Interconversion (cm1)

coefficients experimental valgée MP2/6-31G(d) CH=CHCH,P* c-CsHsCHFS
Vi —245+ 23 42 —-162+9 229+ 5
Vs —414+ 17 —494 333+ 12 40+ 4
V3 1263+ 6 1190 860+ 5 1270+ 3
Vs 272+ 17 46 65+ 2 —136+ 2
Vs 101+ 2 90 —13+5 -
Vs - —48 —35+2 -
gauche dihedral anglé)( 113.7 115.2 124.6 121.6
AH (AE) (cm™) 262+ 16 250 —130+ 25 —102+ 8
cis-to-gauche barrier 1223 929 1117 1255
gauche-to-cis barrier 1465 1179 958 1155
gauche-to-gauche barrier 1362 1572 526 1399

a Calculated using th& numbers given in Table ?.Reference 34 Reference 35.

terms. TheVs term, which is the dominating term in the barrier TABLE 7: Calcijlated Energies (Hartrees) and Energy
to conformer interconversion, indicates clearly that substitution 8Iﬁaenrgrmceeth(clrgrc)lgorrothaengIS and Gauche Conformers of
of the second fluorine atom for hydrogen in the £Hyroup of y ylcycloprop

fluoromethylcyclopropane has little effect on the barrier, as was method/basis set cis gauche AE®
previously found for 1,1-difluoroetharé. MP2/6-31G(d) —248.654934 —248.654234 154
According to a previous theoretical study of internal rotation MP2/6-3H-G(d) —248.668826 —248.668644 40
potential function$8 the V; term is related to a simple dipote MP2/6-311G(d,p) —248.879396 —248.878587 178
dipole interaction, vyhich for fluorome'ghylcyclopropane favors- mg;g:gﬁg%ﬂ’%) :gig:giiggg :gig:gigi% %8;
the trans form, having the opposed dipole compared to the cis \ip2/6-311+G(2d,2p) —248.949336 —248.948725 134
form with reinforced dipoles. As to th¥, term, it involveso MP2/6-311G(2df,2pd) —249.039464 —249.038432 226
electron withdrawal andr electron donatiod? In this case, MP2/6-31H-G(2df,2pd) —249.043722 —249.043000 158
attraction of electrons along the—& bond partially empties ggtzgg'gifé%) _gig-iggigé _gig-igggg _1‘;%
the carbon_2p orb|ta_ls and thus facilitates donation from t_he B3LYP/6-311G(d.p) 549517131 249517528 87
corresponding 2p orbital of the nearby carbon atoms on the ring. g3) yp/g.311+G(d,p) —249.520432 —249521072 —140
From Walsh’s molecular orbital theory on cyclopropdathere B3LYP/6-311G(2d,2p) —249525674 —249525951 —61

should be a preference for the-€ bond to be coplanar with B3LYP/6-311-G(2d,2p)  —249.529045 —249.529635 —129

the axis of the 2p orbital of the carbon atom on the ring rather B3LYP/6-311G(2df,2pd)  —249.533967 —249.534276 —68
than perpendicular to it. Accordingly, we find a relatively large  B3LYP/6-311+G(2df,2pd) —249.537006 —249.537607 —132
value of V; for fluoromethylcyclopropane, and it is probably aNegative value of energy difference indicates that the gauche
for this reason that this molecule has an enthalpy difference conformer is the more stable form.

similar to that for chloromethylcyclopropane.

Due to the relative steric interaction of the hydrogen and calculations should be carried out with relatively larger basis
fluorine atoms with the three-membered ring, the gauche sets with diffuse functions for substituted three-membered rings,
conformer would be expected to be more stable than the cisbut the conformational stability should be determined experi-
form for fluoromethylcyclopropane. The enthalpy differences mentally when the predicted energy differences are small.
of chloromethylcyclopropane and bromomethylcyclopropane are  To further demonstrate the need for diffuse functions for the
reported to be 274+ 21 and 3834 29 cnTl, respectively, ab initio predictions of the conformational stabilities of the
with the gauche rotamer the more stable form for both monosubstituted methylcyclopropane molecules, we carried out
molecules. Since the enthalpy differences increase with decreasealculations to estimate the conformer stability of cyanomethyl-
ing electronegativity of the halogen atom, it is prediétetiat and ethynylmethylcyclopropane with a variety of basis sets at
the cis conformer would be more stable than the gauche formthe MP2 level and by density functional theory by the B3LYP
for fluoromethylcyclopropane. However, according to the method with the same basis sets. The predicted energy differ-
present study, this prediction is found to be in error. Therefore, ences for the-CsHsCH,CN molecule are listed in Table 7, and
the steric effect may be one of the main reasons that the gaucheahose for thec-CsHsCH,C=CH molecule are listed in Table 8.
conformer is favored for the halomethylcyclopropanes. For both of these molecules, the predicted energy differences

On the basis of WalshHoffmann theory?3-35 the corre- between the two rotamers give the cis conformer to be the more
sponding ethylenic molecules are frequently compared to the stable form from the MP2 calculations, with energy differences
three-membered-ring molecules, and consequently the confor-of approximately 130 cmt for the cyano molecule and 175
mational stability of 3-fluoropropene, GHCHCH,F, is of cm! for the ethynyl molecule when diffuse functions are used
interest for comparison with the results of fluoromethylcyclo- and about 70 cmt larger without diffuse functions. The
propane. The enthalpy for 3-fluoropropene from the xenon predicted value agrees well with the experimentally deter-
solutions has been determidédo be 60+ 8 cnrl, with the mined value of 147+ 14 cn! (1.76 & 0.17 kJ/mol) for
cis conformer the more stable rotamer. This result should be c-CsHsCH,C=CH, which was obtained from infrared spectra
contrasted to the theoretical predictibhfor 3-fluoropropene, from variable-temperature xenon solutidAsiowever, similar
where the predicted stability from ab initio calculations from experimental studié? for the cyanide gave the gauche con-
basis sets with diffuse functions gives mainly the gauche former more stable by 54 4 cnm! (0.654 0.05 kJ/mol), which
conformer as the more stable rotamer, whereas the experimenwas consistent with the results from an earlier microwave
tally determined more stable conformer is the cis fdfmiith investigation© Therefore, differences between the isoelectric
values ranging from 6@ 8 cnm ! in liquid xenon to 81+ 1 C=CH and G=N groups do not appear to be predicted from
cmtin liquid argon. On the basis of these results, the ab initio the MP2 calculations with basis sets up to 6-3G(2df,2pd).
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TABLE 8: Calculated Energies (Hartree) and Energy

Difference (cnm?) for the Cis and Gauche Conformers of

Ethynylmethylcyclopropane

Durig et al.

The adjusted, parameters for the ethynyl molecule obtained
by the ab initio MP2/6-311G(d,p)-predicted parameters and
the fit of the six microwave rotational constalitare listed in

method/basis set cis gauche AE® Table 9, along with the ab initio values and those reported from
MP2/6-31G(d) —232.560629 —232.559479 252 the electron diffraction studdp. First, it should be noted that
MP2/6-3HG(d) —232.574664 —232.574298 80 the parameters reported for the heavy atoms, except for the triple
MP2/6-311G(d,p) —232.787134 —232.786029 243 hond obtained from the ED investigation, have very large
mgg;g'gﬁf(d’p) ~282.792227 —232.791476 165 uncertainties, with those for the two carbon distances from the

- (2d,2p) —232.849579 —232.848444 249 . . .
MP2/6-311G(2d,2p) —232.853676 —232.852881 174 methylene (CH) moiety and the &-Cs distance in the three-
MP2/6-311G(2df,2pd) —232.943338 —232.942117 268 membered ring being exceptionally large, ranging from 0.013
MP2/6-311G(2df,2pd)  —232.946542 —232.945624 201 to 0.028 A. The adjusted, distances for these parameters
B3LYP/6-31G(d) —233.348014 —233.347806 ~ 46  certainly do not exceed 0.005 A as uncertainties and are
Egtig;g'gﬂgd) :233‘358710 :233'359306 :89 probably slightly less. Also, the previously reported-i&
- (d,p) 233.414566 —233.414782 —47 : P .

B3LYP/6-311G(d,p) 233416925 —233.417449 —115 distances for the “ring” bonds, with values of 1.1870.006
B3LYP/6-311G(2d,2p) —233.423332 —233.423530 —43 A, are significantly longer than the methylene-8 distances
B3LYP/6-311G(2d,2p)  —233.425729 —233.426261 —117 of 1.095+ 0.005 A, which are inconsistent with the shorter
B3LYP/6-311G(2df,2pd)  —233.431476 —233.431734 —57 C—H bonds for those on the three-membered rings, withrghe

B3LYP/6-31HG(2df.2pd) —233.433527 —233.434080 —121 values of 1.084-1.086+ 0.002 A, consistent with the expected
Negative value of energy difference indicates that the gauche values. The heavy-atom angle parameters previously regorted
conformer is the more stable form. have very small uncertainties, and they agree very well with

. . . ) therg parameters for these angles found in this study, whereas
From the density functional B3LYP calculations with all of the 1o THCH values given earlier have rather large uncertainties

basis sets (except 6-31G(d)), the predictions are that the gauch%2.40), whereas the, values should be accurate #0.5° or
conformer is the more stable form for both the cyano and ethynyl better. Thus, it is believed that the adjustedparameters

m_orllecules. O_nlyl sr1|1a|| dlﬁsre!’lces are p:jedlr&]:teg_;fn the valu_eﬁ obtained from the combined ab initio predicted values and the
with successively larger basis sets, and the difterence With ;oo\ ave data for ethynylmethylcyclopropahare much more

dlffuge functhns is about 60 cm, with those with Ehe diffuse accurate and reliable than the parameters previously reported
functions having the larger values of about 130 érfor the for this molecule

cyano and about 120 crhfor the ethynyl molecule, with the h id ) v th . | ional
gauche conformer the more stable form. This result is in contrast For the cyani e, since only three experimental rotationa
constants are available for structural determinations for the

to the predictions from the MP2 calculations, where the cis form ’ .
was predicted to be more stable. Therefore, the DFT calculationsd2uche conformer, the=eN bond distance was fixed at the
value of 1.159 A from this bond distance in methyl cyarféle.

do not predict significant differences in conformer stabilities i : .
between the cyanide and ethynyl molecules. At this point it does The fit of the rotational constants is better than 1 MHz, and the

not appear possible to predict the conformational stability of d_etermined parameters similar to th(_)se of the ethynyl molecule
the monosubstituted methylcyclopropanes from either MP2 or differ by only very small amounts, i.e., 0.002 A or less. The
B3LYP calculations if the energy differences between the Major parameter to note for both of these molecules is the
conformers are less than 200 thn C,—C, distance, which is a very short distance of 1.465 A for
Wel have recently shown that MP2/6-3G(d,p) calcula- the gauc_he conformer of theC=CH molecule (1.467 A for _
tions predicted the, structural parameters for more than 50 the cyanide) and an even shorter value of 1.463 A for the cis
carbon-hydrogen distances better than 0.002 A compared to form. This is in contrast to the ab initio predicteg-C, distance
the experimentally determined values from isolated CH stretch- In fluoromethylcyclopropane of 1.492 A for the gauche con-
ing frequencies, which were compafédo previously deter- former and the much longer value of 1.502 A for this bond in
mined values from earlier microwave studies. It has also been the cis form. Similarly, much longer;€ C, distances have been
showrf3 that similar calculations predict the-C distances  ©Obtained® for chloromethylcyclopropane (1.495 A for the
very well for cyclopropane and methylcyclopropane. Finally, gauche form and 1.507 A for the cis form). For ethylcyclo-
we have foun#f that we can obtain good structural parameters Propane, where the substitution is a methyl group, the @
by adjusting the structural parameters obtained from the ab distance is even longer, with valdésf 1.510 A for the gauche
initio calculations to fit the rotational constants (computer form and 1.518 A for the cis rotamer. For this latter molecule,
program A&M, Ab initio and Microwave, developed in our the methyl group has a relatively small electronegativity
laboratory) obtained from the microwave experimental data. To compared to the chlorine atom but similar van der Waals radii,
reduce the number of independent variables, the structuralbut both have small amounts of the cis conformer present at
parameters are separated into sets according to their types. Bon@mbient temperature. Therefore, the electronegativity must have
lengths in the same set keep their relative ratio, and bond anglesa very minor effect on the amount of the cis form present in
and torsional angles in the same set keep their differences inthese monosubstituted methylcyclopropanes, which is in contrast
degrees. This assumption is based on the fact that the errordo the previous suggestibif® that electronegativity a major
from ab initio calculations are systematic. Therefore, it should factor for determining the conformational stability of these
be possible to obtain “adjusted” structural parameters for ~ molecules as well as an earlier suggestion for similar cyclo-
¢-CsHsCH2C=CH from the six previously reported rotational butanes®49The current results for fluoromethylcyclopropane,
constants as well as those for the corresponding cyanide,coupled with those for the corresponding ethynyl and cyanide
particularly since the distance of the triple bond is nearly the analogues, strongly indicate that the major factor contributing
same irrespective of the substituéhtSuch parameters are to the large amount of the cis conformer present at ambient
expected to be more accurate than those obtained from thetemperature for these molecules is through-bond interactions
electron diffraction study with microwave rotational constat between the substituent and the carbon bond to the three-
restraints. membered ring. This results in a shortening by 0.030 A or more
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TABLE 9: Structural Parameters (Bond Lengths in Angstroms, Angles in Degrees), Rotational Constants, Dipole Moments,
and Energies for Substituted Methylcyclopropane Molecules

¢c-C3HsCH,C=CH

c-C3HsCH,C=N

MP2/6-31HG(d,p) MW + ED? adjusted MP2/6-31HG(d,p) adjustedo

parameter gauche cis gauche cis gauche cis gauche cis Bauchecist
r(C1—Cy) 1.507 1.506 1.506(14) 1.509(9) 1.507(5) 1.505(5) 1.506 1.506 1.507(5) 1.506(5)
r(Ci—Cy) 1.505 1.506 1.509(9) 1.509(9) 1.505(5) 1.505(5) 1.505 1.506 1.506(5) 1.506(5)
r(C—Cy) 1.513 1.513 1.516(14) 1.517(14) 1.513(5) 1.513(5) 1.512 1.513 1.511(5) 1.512(5)
r(C1—Cy) 1.515 1.521 1.517(28) 1.518(28)  1.516(5) 1.522(5) 1.514 1.519 1.514(5) 1.519(5)
r(Cs—Cs) 1.464 1.463 1.450(13) 1.450(13) 1.465(5) 1.463(5) 1.466 1.463 1.467(5) 1.463(5)
r(Cs=CsNe)  1.219 1.219 1.215(3) 1.215(3) 1.209(3) 1.210(3) 1.174 1.174 1.159(3) 1.160(3)
r(Ci—Hy) 1.086 1.086 1.107(6) 1.107(6) 1.086(2) 1.086(2) 1.085 1.086 1.085(2) 1.086(2)
r(Cs—Hy) 1.097 1.097 1.095(5) 1.095(5) 1.097(2) 1.097(2) 1.096 1.096 1.096(2) 1.096(2)
r(Cs—Hs) 1.096 1.097 1.095(5) 1.095(5) 1.096(2) 1.097(2) 1.095 1.096 1.095(2) 1.096(2)
r(Co—Ha) 1.085 1.084 1.107(6) 1.107(6) 1.085(2) 1.084(2) 1.085 1.084 1.085(2) 1.084(2)
r(Cs—Hs) 1.085 1.084 1.107(6) 1.107(6) 1.085(2) 1.084(2) 1.085 1.084 1.085(2) 1.084(2)
r(Co—He) 1.084 1.084 1.107(6) 1.107(6) 1.084(2) 1.084(2) 1.083 1.083 1.083(2) 1.083(2)
r(Cs—Hyv) 1.083 1.084 1.107(6) 1.107(6) 1.083(2) 1.084(2) 1.083 1.083 1.083(2) 1.083(2)
r(Cs—Hs) 1.064 1.065 1.065(5) 1.065(5) 1.064(2) 1.065(2)— - -
0CCiC 60.3 60.3 60.4(3) 60.3(2) 60.3(3) 60.3(3) 60.3 60.3 60.2(3) 60.2(3)
0CiCCs 59.8 59.9 59.9(3) 59.9(1) 59.8(3) 59.9(3) 59.9 59.9 59.8(3) 59.9(3)
0CiCsC, 59.9 59.9 59.7(3) 59.8(1) 59.9(3) 59.9(3) 59.8 59.9 60.0(3) 59.9(3)
0CsC1Cs 118.9 121.0 118.9(17) 121.0(7) 119.2(5) 121.2(5) 118.8 121.0 118.8(5)  121.4(5)
C1C4Cs 111.9 113.2 114.1(8) 114.1(8) 112.1(5) 113.8(5) 1115 112.3 111.7(5)  112.9(5)
OC4CsCs,Ne 179.1 179.3 180.0 180.0 178.9(5) 179.5(5) 178.9 178.6 178.8(5) 178.9(5)
OH4CoHe 115.0 115.6 117.2(24) 115.5(24)  115.0(5) 115.6(5) 115.1 115.4 115.1(5)  115.4(5)
OHsCsH 115.1 115.6 117.2(24) 115.5(24) 115.1(5) 115.6(5) 115.0 115.4 115.0(5) 115.4(5)
OH2CqH3 106.8 107.0 111.6(33) 106.9(33) 106.8(5) 107.0(5) 107.3 107.6 107.3(5) 107.6(5)
OH1Caring 121.1 120.2 121.7(33) 120.2(25) 121.1(5) 120.2(5) 121.3 120.5 121.3(5) 120.5(5)
OC4Ciring 124.2 126.5 123.5(26) 126.5(9) 124.3(5) 126.8(5) 123.9 126.6 124.1(5) 127.0(5)
7C4C1C5Co 109.1 110.4 107.7(24) 110.4(19)  108.9(5) 110.6(5) 108.6 110.4 108.5(5) 110.7(5)
7C3C1C4Cs 151.6 35.9 149.6(16) 35.9(4) 153.6(5) 36.0(5) 150.9 35.9 152.6(5) 36.0(5)
7CsC4CiH1 63.0 180.0 61.3(17) 180.0 61.0(5) 180.0 63.9 180.0 62.2(5) 180.0
|uz (D) 0.733 0.407 4.043 3.156
lun| (D) 0.331 0.575 1.882 2.841
lucl (D) 0.033 - 0.306 -
| (D) 0.805 0.704 4.471 4.246
A (MHz) 10545.6 6835.0 10690.7(11) 6895.8(5) 10690.5 6895.1 10670.7 6944.6 10800.5  7019.6
B (MHz) 2001.8 2650.4 1984.990(5) 2621.43(1) 1984.9 2621.7 2026.0 2705.4 2014.8 2674.6
C (MHz) 1817.4 2283.8 1808.226(6) 2268.91(1) 1808.5 2269.0 1840.8 2337.2 1835.9 2322.0

2 Reference 452 Microwave rotational constants fgauchec-C3HsCH,C=N: A = 10800.703+ 1.639 MHz,B = 2014.9424+ 0.006 MHz,
C = 1835.685+ 0.006 MHz. Dipole momentsiua = 3.77(3) D,|up| = 0.63(19) D,|uc| = 0.72(8) D, || = 3.89(8) D ¢ Estimated parameters;
no microwave data focis-c¢-CsHsCH,C=N have been published.
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