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The infrared (320640 cn?) spectra of gaseous and solid 1,1-dicyclopropylethem€zfis),C=CH,, along

with the Raman (320040 cn1?) spectra of liquid and solid phases, have been recorded. The major trans-
gauche (&C bond trans to one ring with the other ring rotated abodit fé@m the C=C bond, trivialC;
symmetry) and gauche-gauche (the two three-membered rings rotated oppositely &bfoomcthe C=C

bond,C, symmetry) rotamers have been confidently identified in the fluid phases, but no definitive spectroscopic
evidence was found for the gauche-gaudioem (the two three-membered rings rotated to the same side
about 60 from the C=C bond, C; symmetry), which is calculated to be present in no more than 6% at
ambient temperature. Variable-temperatur®% to —100 °C) studies of the infrared spectra of the sample
dissolved in liquid xenon have been carried out. Utilizing six different combinations of pairs of bands from
the C, andC; conformers, the average enthalpy difference between these two has been determined to be 146
+ 30 cn! (1.754 0.36 kdmol 1), with the C; form more stable. Given statistical weights of 2:1:1 respectively

for the C;, C,, andC; forms, it is estimated that there are #52% C; and 19+ 1% C, conformers present

at ambient temperature. By utilizing predicted frequencies, infrared intensities, Raman activities, and band
envelopes from scaled MP2(full)/6-31G(d) ab initio calculations, a complete vibrational assignment is made
for the C; form and a number of fundamentals of tle conformer have been identified. The structural
parameters, dipole moments, and conformational stabilities have been obtained from ab initio calculations at
the level of Hartree Fock (RHF), the perturbation method to second order with full electron correlation
(MP2(full)), and hybrid density functional theory (DFT) by the B3LYP method with a variety of basis sets.
The predicted conformational stabilities from the MP2 calculations with relatively large basis sets are consistent
with the experimental results. Structural parameters are estimated from the MP2(full/&@lLf) predictions

which are compared to the previously reported electron diffraction parameters. These experimental and
theoretical results are compared to the corresponding quantities of some similar molecules.

Introduction As a continuation of our studies of the conformational
The monosubstituted methylcyclopropane molecules have stabilities of substituted cyclopropanes, we initiated a vibrational

been of interest to structural chemists and physicists for many @1d theoretical investigation of 1,1-dicyclopropyletheme (
years since there is the possibility of three different conformers, (CsHs)2C=CHo) with particular interest for comparison with
i.e., cis (syn), trans (anti), and gauche, being the most stablethe corresponding ketone, dicyclopropyl ketong@sHs).C=
form. For example, cyclopropyl carboxaldehydedzHsCHO) 0).1% In an earlier rather complete vibrational stéftlpf 1,1-

has the cis and trans conformesas the two stable forms,  dicyclopropylethene, the authors concluded that there was only

while for the isoelectronic vinylcyclopropane-CsHsCH=CHy) one conformer present in both fluid phases at ambient temper-
molecule the two stable conformér$* are the trans and the  ature, which was the cis-ci€§,) conformer. This conclusion
two equivalent gauche forms with the trans form repdit¢al was consistent with two earlier studié?in which only one

be more stable with an enthalpy difference of 5B®0 cnt?! conformer was observed. In one of these studids was

(5.984 0.60 kdmol~Y). Whether vinylcyclopropane has a stable concluded that the cis-cisC§,) form was present from the
cis form has not been thoroughly investigated, although if this solution dipole moment and molar Kerr constant measurements.
conformer does exist it must be in very small abundance at The conclusions from the vibrational stdfiyvere based on
ambient temperature. Nevertheless, it is clear that there areRaman depolarization data as well as the comparison between
significant differences in the conformational stabilities of the Raman spectrum of the liquid phase with that of the
monosubstituted vinyl and carbonyl cyclopropanes. crystalline solid. For the cis-ci8y, form there should be 14 A
- modes to give rise to polarized Raman lines whereas the gauche-

* Corresponding author. Phone: 01 (816)235-6038. Fax: 01 (816)235- h it Fi 1) has 24 A d
2290. E-mail: durigj@umkc.edu. gauche rotamer witkT, symmetry (Figure 1) has modes

* University of Missouri-Kansas City. and the gauche-gauch®orm with Cs symmetry has 25 A

T Taken in part from the thesis of C. Zheng, which will be submitted to  modes. so 24 or 25 polarized Raman lines are expected for the
the Department of Chemistry, University of MissotKansas City, Kansas h ' h h hotsdismi h
City, MO, in partial fulfillment of the Ph.D. degree. gauc €-gauc &0 rotamers. The aut d_'sm'ssed the pos-

8 College of Charleston. sibility of the cis-gauche form on the basis that they expected

10.1021/jp040609c CCC: $30.25 © 2005 American Chemical Society
Published on Web 02/05/2005




Conformational Stabilities of 1,1-Dicyclopropylethene

H H
19\C/ 20
2
T13 H
His
TN |
TN
C7m & 64@7
/ Hsg HG C1O
Hi2 \
gauche-gauche (C,) Hie
Hig Hao
T” “ T15
C4
C
H12/ 7\0/ / 9\H16
H‘13 s N H17/
Ce Hs 6 YCio
/ \
14 Hig

gauche-gauche' (Cy)

Figure 1. Geometric model with atom numbering for the three

conformers of 1,1-dicyclopropylethene.
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Figure 2. Infrared spectra of 1,1-dicyclopropylethene: (A) gas and
(B) annealed solid.

fluid phases. Therefore we believed that the Raman lines which
disappeared from the spectrum of the liquid with crystallization

were in fact due to a second conformer and we, thus, have
launched this investigation on the vibrational spectrum of 1,1-
dicyclopropylethene with the expectation of finding more than

one conformer in the fluid phases and furthermore to obtain
conformational enthalpy difference by studying the temperature
dependence of the intensity of fundamentals in xenon solutions.

To support the vibrational study we have carried out ab initio
calculations with much larger basis sets than the 6-31G(d) used
in a rather recent electron diffraction and theoretical investiga-
tion!® of 1,1-dicyclopropylethene. We have carried out calcula-
tions with basis sets up to 6-311G(2df,2pd) as well as those
with diffuse functions, i.e. 6-3HtG(2df,2pd). We found that
there can be significant differences in the predicted stabilities
of the c-C3HsCXO molecule®24 with the size of the basis
set, particularly with the inclusion of diffuse functions at the
MP2 level. We have also carried out density functional theory
(DFT) calculations by the B3LYP method with the same basis
sets. We have calculated optimized geometries, conformational
stabilities, harmonic force fields, infrared intensities, Raman

activities, and depolarization ratios. The results of these

both rings to behave identically, and the trans-trans rotamer wasSPectroscopic and theoretical studies are reported herein.
concluded to be sterically impossible based on Dreiding

stereomodels. Since 14 of the 25 observed Raman lines wereExperimental Section

found to be polarized and since little or no coupling was found

between the two cyclopropyl rings so that in-phase and out-of- The 1,1-dicyclopropylethene sample was purchased from
phase motions appeared as Sing|e |ines’ %emted that the Aldrich Chemical Co. with a stated pu”ty of 95%. After several
14 po|arized Raman lines Strong|y Supported @ cis-cis vacuum transfers the Sample was found to be 99% pure by
structure. The¥f also concluded that the broad bands in the NMR. The sample was further purified with a low-pressure,
spectra could be accounted for by the presence of two or morelow-temperature fractionation column and the purity of the
overlapping fundamental vibrations and that no band disappearedsample was checked by a comparison of the infrared spectrum
upon crystallization of the sample. However, a review of their t0 the previously reported ortéThe purified sample was kept
reported Raman data does not appear to be consistent with thidn the dark at low temperature until it was used.

latter observation. For example, there is a very weak, broad The mid-infrared spectra of the gas (Figure 2A) and solid
Raman line at 1348 cni in the spectrum of the liquid that  (Figure 2B) were obtained from 3200 to 220 chon a Perkin-
disappears in the spectrum of the solid. Similarly the 800%cm  Elmer model 2000 Fourier transform spectrometer equipped with
shoulder band present in the spectrum of the liquid is not presenta Ge/Csl beam splitter and a DTGS detector. Atmospheric water
in the spectrum of the solid. Likewise three additional low- vapor was removed from the spectrometer housing by purging
frequency bands at 700 (weak, shoulder), 411 (polarized, with dry nitrogen. The spectrum of the gas was obtained with
shoulder), and 290 (polarized, medium intensity)~érim the the sample contained in a 12-cm cell fitted with Csl windows.
spectrum of the liquid are not observed in the solid. The last The spectra of amorphous and crystalline solids were obtained
one is of particular interest since it is of medium intensity and by condensing the sample on a Csl substrate held at the
it is a low-frequency skeletal bending mode that should be most temperature of boiling liquid nitrogen housed in a vacuum cell
sensitive to the presence of more than one conformer in thefitted with Csl windows. The sample was condensed as an
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Ab Initio Calculations

WWW The LCAO-MO-SCEF restricted Hartee-Fock (RHF) calcula-
tions were performed with the Gaussian-03 progfaosing

Gaussian-type basis functions. The energy minima with respect

B to nuclear coordinates were obtained by simultaneous relaxation
of all geometric parameters consistent with the symmetry
- restrictions using the gradient method of Pui&A number of
c basis sets starting from 6-31G(d) and increasing to 6+33-1
(2df,2pd) were employed at the level of restricted Harteeck
and/or Mgller-Plesset perturbation theory to the second order
5 (MP2) to obtain energy differences between the three stable
conformers (Table 4). Density functional theory calculations
WW were also carried out by the B3LYP method using the same
= basis sets. From the MP2 calculations with relatively large basis
. sets beginning with 6-311G(d,p), the trans-gauche rotamers are
WW predicted to be the most stable, ranging in energy from 83 to
141 cn! lower than the second most stable gauche-gauce (

'30'00 : '15'00' = ‘1300' — ‘5(')0‘ — ’ conformer. The gauche-gauc¢t{€,) rotamer is predicted to be
WAVENUMBER (cm™) the least stable, on the average by about 350%nith a high
Figure 3. Infrared spectra of 1,1-dicyclopropylethene: (A) xenon value of 403 cm* an_d a lOW_Of 271 cm'. The restricted
solution at—70 °C (A', gas); (B) calculated spectrum of the mixture ~Hartree-Fock calculations predict the gauche-gaudBg form
of the three conformers at70 °C with AH of 146 and 350 crmt; (C) to be the most stable with the other two conformers having
calculated spectrum of the gauche-gaudeconformer; (D) calculated  similar energies. Similarly the density functional calculations
spectrum of the gauche-gauch@; conformer; and (E) calculated  ith all the basis sets except the 6-31G(d) predict the gauche-
spectrum of the trans-gauche conformer. gauche C,) rotamer to be the most stable conformer with the
trans-gauche form the next most stable conformer (Table 4).

amorphous solid and repeatedly annealed until no further te getermined structural parameters from some of these
changes were observed in the spectra. The theoretical resolution,g|cjations are listed in Table 5. These results indicate that

used to obtain the spectra of the gas and the solid was 0.5 andpe theoretical predictions cannot be relied on to provide the
2.0 cn1?, respectively, and usually 128 interferograms were o rrect conformer stability when the energy differences are about
collected and gveraged., and the data were transformed using &qq cprt (2.39 kdmol~Y) or less. Therefore, one must rely on
boxcar truncation function. the experimental determination for establishing the conforma-
The mid-infrared spectra of the sample dissolved in liquefied tional stability order for 1,1-dicyclopropylethene.
xenon (Figure 3A) as a function of temperature were recorded  T¢ obtain a more complete description of the nuclear motions
on a Bruker model IFS 66 Fourier transform spectrometer jnyolved in the vibrational fundamentals of 1,1-dicyclopropyl-
equipped with a Globar source, a Ge/KBr beam splitter, and a ethene, we have carried out normal coordinate analysis. The
DTGS detector. In all cases, 100 interferograms were collectedfgrce fields in Cartesian coordinates were calculated by the
at 1.0 cmr? resolution, averaged, and transformed with a boxcar gaussian-03 prograhat the MP2/6-31G(d) level. The internal
truncation function. For these studies, a specially designed cogrdinates used to calculate tBeand B matrices are listed
cryostat cell was used. It consists of a copper cell with a path along with the structural parameters in Table 5 and the
length of 4 cm with wedged silicon windows sealed to the cell numbering is shown in Figure 1. By using tBematrix?’ the
with indium gaskets. The copper cell was enclosed in an force field in Cartesian coordinates was converted to a force
evacuated chamber fitted with KBr windows. The temperature fie|q in internal coordinates (Table 1S), and the pure ab initio
was maintained with boiling liquid nitrogen and monitored with  yjprational frequencies were reproduced. Subsequently, scaling
two Pt thermoresistors. The complete cell was connected to afactors of 0.88 for the CH stretches and 0.90 for all other modes
pressure manifold, Whi'Ch allowed thq filling and evacuation of \ere used along with the geometric average of scaling factors
the system. After cooling to the desired temperature, a small for interaction force constants to obtain the fixed scaled force
amount of the compound was condensed into the cell. Next, field and the resultant wavenumbers. A set of symmetry
the system was pressurized with xenon, which immediately coordinates was used (Table 2S) to determine the corresponding
started to condense in the cell, allowing the compound to potential energy distributions (PEDs). A comparison between
dissolve. the observed and calculated wavenumbers of the three stable
The far-infrared spectrum (400 to 40 chy of the gas was  conformers of 1,1-dicyclopropylethene along with the calculated
recorded on the previously described Perkin-Elmer model 2000 infrared intensities, Raman activities, depolarization ratios, and
spectrometer equipped with a metal grid beam splitter and a PEDs are given in Tables 1, 2, and 3.
DTGS detector. The gas was contained in a cell with a 12 cm To |dent|fy the fundamental vibrations for 1,1_dicyc|0pro_
path length and equipped with polyethylene windows. Normally pylethene from the three possible conformers, the infrared
256 scans at a resolution of 0.5 thwere used to give @  spectra were predicted using fixed scaled frequencies and
satisfactory signal-to-noise ratio. infrared intensities determined from the Gaussian-03 progfram
The observed wavenumbers for the fundamentals of the trans-from MP2/6-31G(d) calculations. Infrared intensities were
gauche C;) and gauche-gauch€4) conformers are listed in  calculated based on the dipole moment derivatives with respect
Tables 1 and 2, respectively, along with their predicted values. to Cartesian coordinates. The derivatives were taken from the
The predicted wavenumbers for the fundamentals of the leastab initio calculations at the MP2/6-31G(d) level and transformed
stable gauche-gauch@;) conformer along with two tentative  to normal coordinates bydg/0Q) = Y;(duu/3X)Lij, whereQ;
assignments are listed in Table 3. is theith normal coordinate; is thejth Cartesian displacement




Conformational Stabilities of 1,1-Dicyclopropylethene J. Phys. Chem. A, Vol. 109, No. 8, 2005653

TABLE 1: Observed and Calculated® Frequencies (cnt?) for 1,1-Dicyclopropylethene Trans-Gauche C;)

vib ab fixed IR Raman dp IR IR

no. fundamental initio scaled int. act. ratio gas Xe? solick PED A9 B9 C9
v1  CH antisymmetric stretch 3314 3109 10.7 28.0 0.71 3097 3087 3087 1, 46Sy 77 13 10
v,  CHp antisymmetric stretch 3299 3095 2.0 59.0 0.74 3088 3073 3068 , 33%, 79 20 1
vy =CH, symmetric stretch 3213 3014 8.7 19.4 0.48 3020 3005 3005 3 24S, 13S: 35 46 19
v4  CH, symmetric stretch 3217 3018 1.1 3741 0.06 3023 3012 3015 4, 23S 88 11 1
vs  CH, symmetric stretch 3202 3004 8.6 65.2 0.21 3004 2992 2993 5 28BS, 13S, 11 18 71 11
ve CH stretch 3199 3001 43 16.3 0.65 3002 2992 2993 3BES; 135,135, 18 1 81
vz  C=C stretch 1720 1632 124 188 0.11 1636 1634 1630 ,608%0 10 90 O
vg  CH, deformation 1563 1483 0.7 8.9 048 1457 1458 1452 38P&S; 50 49 1
vg CH,deformation 1523 1445 4.1 11.7 0.69 1437 1430 1428 o, 5 8 28 63
vio =CH, deformation 1504 1427 2.2 215 0.23 1400 1400 1400 ;85S 17 62 21
v11  CHin-plane bend 1409 1336 0.2 7.6 055 1337 1330 1331 114355, 60 8 32
vz ring breathing 1268 1203 0.4 239 0.141189 1198 1202 40§ 22Ss, 115, 43 53 4
v13  CHa twist 1242 1178 2.2 34 073 1177 1174 1173 AS84S, 15 26 59
v1i4  CH out-of-plane bend 1174 1114 2.3 1.3 0.69 1097 1101 1108 14 3 8 13 79
v1s  CHa twist 1150 1091 1.2 42 075 1097 1094 1095 R586Si, 15S: 78 22 0
vie CHywag 1113 1056 4.6 0.6 0.45 1059 1051 1049 B85S, 13S; 12 19 69
vi7 CHywag 1104 1047 6.3 1.7 031 1027 1023 1021 {(2ES; 37 47 16
g ring deformation 971 921 6.1 12.7 0.75 909 906 903 45B1Ss 50 22 28
v19 ring deformation 991 941 18.8 5.8 0.69 925 924 921 40BBSs 2 95 3
voo CHzrock 869 825 6.3 6.4 0.73 825 823 824 2§82Ss 14S412S3 36 36 28
v1  CHyrock 832 789 0.2 1.2 059 793 794 790 61386Ss 0 51 49
v, =CH; twist 745 707 0.2 4.3 0.72 727 723 719 6B6S 10 3 87
V23 CC(E=C)C symmetric stretch 713 677 0.6 7.6 0.15 690 685 692 ,285SS, 13S,, 11Ss 49 12 39
v2s  ring-C out-of-plane bend 183 174 0.5 0.8 0.67 191 201 ,268S5s 13Ss5,11S3 3 75 22
vps  ring-C in-plane bend 321 305 0.2 0.8 0.35 311 337* BAB1 S, 20S 64 25 11
ve CCEC)C bend 523 496 0.7 43 074 504 504 498 RZIPSo 31 11 58
Vo7 torsion 57 54  0.03 03 0.74 65 84* 94S 3 20 77
v2s =CH, antisymmetric stretch 3304 3100 19.7 275 0.69 3093 3084 3079 ,585% 155 53 25 22
v29 CHz antisymmetric stretch 3309 3104 4.8 61.0 0.74 3096 3087 3087 23T 26S 30 30 40
vso CH, antisymmetric stretch 3293 3089 1.3 67.2 0.75 3073 3068 305385 3 85 12
vz CHz symmetric stretch 3216 3017 11.8 19.6 0.56 3023 3012 3015 3,575%, 14S 60 35 b5
vs2 CH, symmetric stretch 3211 3012 15.0 453 0.54 3014 3005 3005 3,555 14 1 85
vss CH stretch 3204 3006 8.3 21.7 0.74 3004 2992 2993 35355 14 73 13
vss CH, deformation 1569 1488 2.2 10.2 0.73 1465 1463 1472 3488Sg 18 38 44
vzs CH; deformation 1522 1444 1.4 54 0.71 1433 1426 1424 388S 73 24 3
vzs CC(E=C)C antisymmetric stretch 1472 1396 7.6 129 0.74 1400 1394 1392 35,23%7, 12S. 80 18 2
vz CHin-plane bend 1324 1256 11.2 14.0 0.36 1260 1257 1256 37501856 12S4 9% 0 4
vsg ring breathing 1266 1201 0.4 11.8 0.18 1189 1192 1189 35323S. 15 84 1
v39  CHa twist 1238 1174 0.6 11.3 0.74 1177 1174 1173 4286Ss 115, 75 20 5
v4o CH out-of-plane bend 1176 1115 1.6 23 071 1097 1101 1108 4 9 79 21 O
var  CHa twist 1117 1060 5.2 29 0.70 1066 1062 1058 A47H0S4 16S7 11Se 77 23 O
ve, CHpwag 1108 1051 1.8 05 0.65 1048 1044 1042 A5®LSe 13S7 68 3 29
a3 CHzwag 1097 1041 13.2 0.7 0.59 1023 1019 1008 28BS, 10S7 72 1 27
vas =CH,wag 1020 968 17.4 8.1 0.74 957 961 959 2937Sy 15Ss 73 20 7
vgs  ring deformation 957 908 4.7 8.7 0.75 884 886 890 A42S 40 6 54
vas =CH,rock 897 851 48.1 1.2 0.74 879 874 876 1S 3 7 90
v47  ring deformation 890 844 3.6 49 0.75~843 843 842 278,215 145,125, 9 30 61
vag CHyrock 866 822 41 41 0.73 818 815 818 2481Ss5 16S0, 1459 51 10 39
vag CHyrock 808 766 1.7 49 0.75 773 773 773 3d83%; 88 8 4
vso ring-C in-plane bend 228 216 0.6 24 0.73 223 233 35BIS;3 1454, 1256 13 9 78
vsy C=C in-plane bend 425 403 21 3.7 042 426 424 427 sh4ARSs 88 11 1
vsz  ring-C out-of-plane bend 312 296 0.8 20 0.64 311 315 5429S, 1394, 11S5 67 1 32
vss3 C=C out-of-plane bend 633 600 3.8 33 027 635 632 635 539854 14 8 78
vsq torsion 96 91 0.1 1.2 0.74 93 107 1Q0@S 0 99 1

a All ab initio frequencies, infrared intensities (km/mol), Raman activitie¥u(f depolarization ratios, and percentage potential energy distributions
are calculated at the MP2(full)/6-31G(d) level with valence electron correldtioaled frequencies with scaling factors of 0.88 for CH stretches
and 0.90 for all other modesInfrared spectrum of the gas recorded at°g5 ¢ Infrared spectrum of the xenon solution recorded-a0 °C.
eInfrared spectrum of the annealed solid, except those with an asterisk, which are from the Raman sp&gtmmetry coordinates with PED
contribution less than 10% are omittédvalues refer to percentage of A-, B-, and C-type infrared band contour composition.

coordinate, and_; is the transformation matrix between the conformer, is shown in Figure 3B. It should be compared to
Cartesian displacement coordinates and normal coordinates. Thehe experimental spectrum of the xenon solution—ai0 °C
infrared intensities were then calculated biyr}/(3¢?)[(9ux/0Q))? (Figure 3A). The predicted spectrum is in remarkable resem-
+ (duyldQi)? + (duA0Q)3. In Figure 3, parts E, D, and C, the  blance to the experimental spectrum, and the scaled predicted
simulated infrared spectra of the trans-gauc@g),(gauche- data were proven to be very useful in distinguishing the
gauche C,), and gauche-gauch@Cs) conformers, respectively,  fundamentals for the three conformers.

are shown. The simulated spectra, calculated @ °C, of the
mixture of three conformers with th&H between the first two
conformers obtained from the variable-temperature study in
xenon solutions, along with the predictedlE for the Cs

Conformational Stability

To obtain reliable enthalpy differences among the conformers,
it is important to choose well-defined bands that are relatively
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TABLE 2: Observed and Calculated? Frequencies (cn?) for 1,1-dicyclopropylethene Gauche-GaucheQy)
vib ab fixed IR Raman dp IR IR

block no. fundamental initio scaled int. act. ratio gash Xedh PED A B9 (9
A v CH;antisymmetric stretch 3305 3101 125 425 0.60 3097 194S - 100 -
A v, CH;antisymmetric stretch 3292 3089 23 129.2 0.74 94S - 100 -
A vz =CH,symmetric stretch 3220 3021 4.2 160.8 0.09 $2S - 100 -
A vy CH,symmetric stretch 3212 3013 0.02 165.4 0.04 +428S - 100 —
A vs CH,symmetric stretch 3202 3004 13.6 117.1 0.12 3005 5 /1SS, - 100 —
A vg CHstretch 3196 2998 4.3 220 0.24 Q1S - 100 —
A v; C=Cstretch 1730 1641 9.0 11.1 0.07 1645 §92S, - 100 -
A vg CH,deformation 1567 1487 0.6 26 0.27 81855, - 100 —
A vg CH;deformation 1522 1443 3.0 9.9 0.73 99s - 100 —
A vy =CH,deformation 1488 1412 4.8 20.7 0.21 6S - 100 -
A vz CHin-plane bend 1424 1351 0.6 10.2 0.21 1348* 1345 5235, 11$ - 100 —
A vz ring breathing 1268 1203 0.1 27.3 0.07 563754, 10Ss - 100 —
A vz CH;twist 1238 1174 15 153 0.71 425455, 11S.4 - 100 —
A vy CH out-of-plane bend 1174 1114 1.0 3.5 041 633353 — 100 —
A vis CH,twist 1144 1085  0.0006 7.2 0.75 33239, 219, - 100 —
A 1 CH;wag 1111 1054 1.1 04 0.45 78518S; - 100 —
A v7 CH;wag 1099 1042 34 0.4 0.69 72520S6 - 100 —
A wvig ring deformation 1000 949 1.0 9.0 0.65 3628S - 100 —
A wvig ring deformation 979 929 0.0009 15.2 0.73 434S - 100 -
A vy CHarock 875 830 95 6.3 0.71 833 829 3080Ss, 16S4, 1553 — 100 —
A vy CHrock 836 793 0.2 1.0 0.47 795 799 6931Ss - 100 —
A vy =CH,twist 768 729 0.3 5.8 0.71 43529Ss5, 1293 - 100 -
A vy CCEC)C symmetricstretch 720 684 0.1 7.8 0.06 707 700*  A9BIS,, 14S, - 100 —
A vy ring-C out-of-plane bend 449 426 0.2 3.8 0.65 B/ 3756, 1253 - 100 —
A vy ring-C in-plane bend 289 274  0.02 2.4 0.26 290* /85S - 100 -
A vy CCEC)C bend 179 169 0.2 0.4 0.73 185 54379, - 100 -
A vy torsion 66 63 0.1 04 0.71 998 - 100 —
B  wv;s =CH,antisymmetric stretch 3310 3105 5.0 66.1 0.75 B2EB Sy 98 - 2
B v CH;antisymmetric stretch 3304 3100 20.4 115 0.75 3089 20 98Ss 52 — 48
B w3 CH;antisymmetric stretch 3292 3088 0.1 6.4 0.75 £4S 86 — 14
B w31 CH;symmetric stretch 3213 3014 13.0 16.2 0.75 3019 13RS, 89 — 11
B vz CH;symmetric stretch 3202 3004 85 21.0 0.75 HRNS 0 -— 100
B vz CH stretch 3195 2998 11.1 439 0.75 95S 20 — 80
B vz CH,deformation 1566 1486 0.8 12.8 0.75 t836Ss 6 — 94
B  wv3s CH,deformation 1522 1444 2.4 85 0.75 1Q@9S 35 — 65
B v CC(EC)C antisymmetric 1479 1403 4.7 9.7 0.75 1400 3QB0Sy7, 16S. 100 - O

stretch
B w3y CHin-plane bend 1286 1220 15.3 2.3 0.75 1220 1217 3528Ss 1356 94 - 6
B  wvss ring breathing 1242 1178 3.3 3.8 0.75 1169 1163 B30BSs 1439 70 — 30
B vz CH;twist 1234 1171 25 16 0.75 30528S;5, 16Ss 91 - 9
B  v4 CH out-of-plane bend 1171 1111 1.8 3.3 0.75 53320 1 - 99
B wvia CH;twist 1147 1088 15.1 2.6 0.75 (1097) (1094) 3138S4, 18S, 1037 99 — 1
B v CHxwag 1111 1054 7.3 0.1 0.75 1054 1049 B137Ss 27 — 73
B v CH;wag 1096 1040 14.8 0.1 0.75 (1023) (1019) #/%7S» 81 - 19
B  v4 =CH,wag 1009 958 154 1.7 0.75 947 951 3287S7, 16S6 93 — 7
B w4 ring deformation 960 910 6.1 185 0.75 wSs 43 — 57
B w4 =CH,rock 915 868 459 0.1 0.75 (884) (886) 99S 17 - 83
B w47 ring deformation 879 834 6.0 09 0.75 834 829 2796S;5 115, 6 - 94
B w4 CHarock 855 811 4.3 0.8 0.75 814 23S519S,, 14S,, 85 — 15
125, 1155

B v CH;rock 817 775 28 4.4 0.75 435305, 1457 86 — 14
B w5 ring-Cin-plane bend 648 615 8.8 3.1 0.75 619 620 328 S3, 1251 32 — 68
B  wvs; C=Cin-plane bend 488 454 2.0 1.5 0.75 476 477 AABS; 91 - 9
B  wvs; ring-C out-of-plane bend 320 304 0.5 0.3 0.75 MS87S1, 2250 74 — 26
B  wvs3 C=C out-of-plane bend 200 189 0.9 22 0.75 4438S5,, 2550 36 — 64
B  wss torsion 66 63 0.03 0.4 0.75 94S 58 — 42

a All ab initio frequencies, infrared intensities (km/mol), Raman activitie¥u(f depolarization ratios, and percentage potential energy distributions
are calculated at the MP2/6-31G(d) level with full electron correlatt@caled frequencies with scaling factors of 0.88 for CH stretches and 0.90
for all other modes¢ Infrared spectrum of the gas recorded at°€5 bands with asterisks are from the Raman spectrum of the li¢uidrared
spectrum of the xenon solution recorded-at0 °C. f Symmetry coordinates with PED contribution less than 10% are omiti¢alues refer to
percentage of A-, B-, and C-type infrared band contour composition; entries with a dash are symmetry foflfidemved wavenumbers in
parentheses overlap trans-gauc@g) pands.

isolated and arise from a single conformer, along with correct (Figure 2), which is well-separated with appropriate intensity
assignments. By comparison of the infrared spectrum of the for AH determinations. Similarly the pronounced bands at 1163,
xenon solutions with the infrared spectrum of the annealed solid, 951, 829, and 477 cm are not present in the spectrum of the
several bands can be identified as due to a less stable conformesolid (Figure 2). The pair at 1257 and 1217 ¢nin the xenon

in the fluid phases. However, it should be noted that the most solution are predicted at 1256 (intensity 11.2-kmol~%) and
stable conformer in the solid may not be the most stable one in 1220 (intensity 15.3 kamol~1) cm™ for the trans-gaucheX()

the fluid states due to packing factors and dipole interactions. and gauche-gauch€4) conformers, respectively, which clearly
The most pronounced band to disappear is the 1217 biand shows that the trans-gauch@;) rotamer is the one present in
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TABLE 3: Observed and Calculated® Frequencies (cnt?) for 1,1-Dicyclopropylethene Gauche-Gauche(Cy)

vib ab  fixed IR Raman dp IR IR

block no. fundamental initio scaled int. act. ratio gas Xedh PED A9 B9 (9
A" v; CH;antisymmetric stretch 3307 3102 20.0 39.6 0.57 199S - 29 71
A" v, CH;antisymmetric stretch 3293 3089 0.04 39.0 0.75 97S 100 — -
A' vz =CH, symmetric stretch 3222 3023 4.4 147.2 0.09 94S - 94 6
A" v, CH;symmetric stretch 3212 3013 0.6 210.6 0.02 B87S - 75 25
A" vs CH,symmetric stretch 3204 3006 1.2 19.3 0.75 833S: 100 — -
A" wvg CHstretch 3190 2992 21.2 1129 0.39 98S - 6 94
A" v; C=Cstretch 1730 1641 9.9 10.1 0.07 6985S, - 99 1
A" wvg CH,deformation 1569 1489 238 45 0.44 81855, - 3 97
A" vg CH,deformation 1521 1443 14 43 0.75 1Q0S 100 - -
A" vy =CH;deformation 1489 1413 55 223 0.24 15S — 54 46
A" v;1 CHin-plane bend 1436 1362 0.7 141 0.35 B6$2S;, 115, - 94 6
A' v Ring breathing 1273 1207 0.4 25,5 0.04 59365, - 77 23
A" v;3 CHytwist 1236 1172 11 49 0.75 38537S0 100 - -
A"  wvis CH out-of-plane bend 1167 1107 0.008 27 0.75 028353 100 — -
A’ v1s  CH; twist 1164 1105 0.1 9.0 0.74 335209, 1891 — 43 57
A" v CHxwag 1110 1053 0.8 0.2 0.75 742353 100 — -
A" vi7 CHxwag 1104 1047 9.6 0.6 0.67 69245, - 3 97
A" wvig ring deformation 960 911 6.2 135 0.75 G68S 100 — -
A’ vi9 Ring deformation 983 933 39 41 0.64 4999S;5 - 21 79
A" vy CHyrock 852 808 4.6 1.3 0.75 23$520S, 1594, 100 - -

1257, 12S3

A" v; CHzrock 837 794 0.2 0.8 0.16 73510Ss - 81 19
A" vy =CH;twist 739 701 11 1.0 0.75 80S 100 — -
A" vy CC(E=C)C symmetric stretch 749 710 0.3 89 0.36 2535S5, 119, — 100 O
A" vy ring-C out-of-plane bend 322 306 0.1 0.2 0.75 42355, 1850 100 — -
A’ vzs ring-C in-plane bend 230 218 0.2 2.4 048 4928S;3, 1856 — 58 42
A" vy CCEC)C bend 422 400 2.2 49 0.50 415? 418? RABS, 2093 - 36 64
A" vy torsion 34 32 0.02 0.1 0.75 995 100 — -
A" vy =CH, antisymmetric stretch 3311 3106 5.0 62.4 0.75 RBB8BLSy 100 — -
A" vy CH;antisymmetric stretch 3304 3100 17.0 9.8 0.75 BIRSg 100 — -
A" vz CH;antisymmetric stretch 3295 3091 0.5 94.8 0.75 £9S — 100 O
A" vz CH;symmetric stretch 3212 3013 122 225 0.75 /IS 100 — -
A' v CHzsymmetric stretch 3206 3007 195 55.1 0.26 1S - 94 6
A" vz CH stretch 3186 2989 0.1 09 0.75 98S 100 — -
A" v3, CH,deformation 1566 1486 0.02 11.8 0.75 343635 100 —
A’ vas CH, deformation 1524 1446 3.8 12.0 0.71 98S — 100 O
A" vz CC(E=C)C antisymmetric stretch 1478 1402 3.3 3.7 0.75 3B1BBSy7, 16S4 100 — -
A" w3z CHin-plane bend 1280 1215 12.0 7.0 0.75 483138 100 — -
A" wvsg ring breathing 1228 1165 6.1 23 0.75 3435S,, 1056 100 — -
A" vz CHytwist 1239 1175 2.9 11.1 0.74 435455, 1150 - 81 19
A" v CH out-of-plane bend 1174 1113 3.3 42 051 A2 S, - 76 24
A" 4 CHytwist 1136 1078 9.4 0.5 0.75 33521S, 1557, 145, 100 — —
A’ vs, CHp;wag 1111 1054 9.5 0.4 051 Th22S7 — 49 51
A" v4 CHywag 1091 1035 8.6 0.3 0.75 TR23S6 100 — -
A" vy =CH,wag 1008 956 12.8 54 0.75 3253657, 16 100 - -
A" vgs ring deformation 1003 952 141 13.7 0.70 49021S, - 37 63
A’ vas =CHzrock 912 865 44.7 0.1 0.75 883? (886) 98S - 25 75
A" w47 ring deformation 883 838 0.02 59 0.75 25399S;s 100 — -
A" wvsg CHzrock 872 827 113 6.7 0.73 30529S;5, 1850, 1659 — 100 O
A" v CHyrock 809 768 11 5.0 0.75 425335, 125y 100 - -
A"  wvs ring-C in-plane bend 297 282 0.2 1.8 0.75 48388, 100 — -
A" w53 C=Cin-plane bend 503 477 0.7 1.3 0.75 4h25S0 100 — -
A’ vsz  ring-C out-of-plane bend 164 156 0.8 0.6 0.68 4838596, 1953 - 92 8
A" vs3 C=C out-of-plane bend 626 594 59 34 0.28 33355, 1255 - 4 96
A" wsy torsion 71 68 0.2 0.5 0.69 108s - 99 1

a All ab initio frequencies, infrared intensities (km/mol), Raman activitie¥u( depolarization ratios, and percentage potential energy distributions
are calculated at the MP2/6-31G(d) level with full electron correlatid@caled frequencies with scaling factors of 0.88 for CH stretches and 0.90
for all other modes¢ Infrared spectrum of the gas recorded at°g5 ¢ Infrared spectrum of the xenon solution recorded-a0 °C. f Symmetry
coordinates with PED contribution less than 10% are omig&&hlues refer to percentage of A-, B-, and C-type infrared band contour composition;
entries with a dash are symmetry forbiddeé@bserved wavenumbers in parentheses overlap trans-gaDgheads.

the crystalline solid. This conclusion is supported by the the spectrum of the solid. This line is confidently assigned to
assignment of other disappearing bands such as the one at 47éhe gauche-gauch€f) conformer where it is predicted at 1351
cm~t with a predicted frequency of 454 crhfor the gauche- cm~! with an activity of 10.2 A&u~1; the corresponding mode
gauche conformer, whereas the corresponding mode for thefor the trans-gaucheCq) form is predicted at 1336 cm (activity
trans-gauche form is predicted at 496 @mThe only band 7.6 A%u~1) and observed at 1337 ctiin the infrared spectrum
remaining in this region in the crystalline solid is observed at of the gas and at 1330 crhin the Raman spectrum of the liquid
498 cn1l, again, clearly showing that the trans-gaud@g form and this band remains in the Raman spectrum of the solid.

is the one present in the solid. This conclusion is also supported With confident assignments for the 1252;f and 1217 Cy)

by the earlier reported Raman data where a line was reportedcm™ bands we then used this pair initially to determine which
at 1348 cm! in the spectrum of the liquid but not present in conformer is the most stable rotamer in the xenon solutions.



1656 J. Phys. Chem. A, Vol. 109, No. 8, 2005 Durig et al.

TABLE 4: Calculated Energies and Energy Differences for the Three Conformers of 1,1-Dicyclopropylethene

method/basis set trans-gauche gauche-gauche AE (cm™) gauche-gauche AE (cm™)

RHF/6-31G(d) —309.842281 —309.843461 —259 —309.842177 23
RHF/6-3H-G(d) —309.848349 —309.849599 —274 —309.848357 -2

MP2/6-31G(d) —310.914974 —310.915014 -9 —310.913696 281
MP2/6-3H-G(d) —310.934053 —310.934278 —49 —310.932816 271
MP2/6-31G(d,p) —311.014465 —311.014306 35 —311.013076 305
MP2/6-3H-G(d,p) —311.032249 —311.032261 -3 —311.030927 290
MP2/6-311G(d) —311.134411 —311.134459 -11 —311.133058 297
MP2/6-31HG(d) —311.141911 —311.141827 18 —311.140428 325
MP2/6-311G(d,p) —311.226870 —311.226492 83 —311.225306 342
MP2/6-31HG(d,p) —311.233969 —311.233620 77 —311.232395 345
MP2/6-311G(2d,2p) —311.312606 —311.311946 145 —311.310772 403
MP2/6-31HG(2d,2p) —311.317585 —311.316996 129 —311.315887 373
MP2/6-311G(2df,2pd) —311.440500 —311.439864 140 —311.438742 386
MP2/6-311G(2df,2pd) —311.444409 —311.443766 141 —311.442738 367
B3LYP/6-31G(d) —311.990387 —311.990285 23 —311.989072 289
B3LYP/6-31+G(d) —312.001784 —312.001957 —38 —312.000786 219
B3LYP/6-311G(d,p) —312.073410 —312.073757 —76 —312.072622 173
B3LYP/6-311-G(d,p) —312.075833 —312.076150 =70 —312.075101 160
B3LYP/6-311G(2d,2p) —312.086188 —312.086484 —65 —312.085360 182
B3LYP/6-311-G(2d,2p) —312.088547 —312.088798 —55 —312.087794 165
B3LYP/6-311G(2df,2pd) —312.096463 —312.096723 —57 —312.095634 182
B3LYP/6-31H-G(2df,2pd) —312.098600 —312.098812 —47 —312.097830 169

To obtain the enthalpy difference, spectral data were measuredwill cancel out. By using a least-squares fit and the slopes of
at five-degree intervals betweerb5 and—100°C (Figure 4). the van't Hoff plots, an averagAH value of 1464+ 6 cnm!
These sets of intensity data were fit to the van’'t Hoff equation, (1.75 £ 0.07 kdmol~!) was obtained with th&; conformer
—InK = AH/RT — ASR, whereK is the intensity ratio ofcy/ the more stable form. The statistical uncertainty is quite low,
C,, assuming thatAH is not a function of temperature in the although there is no doubt on the presence of interference of
range of investigation. The value of 1865 cnr! (Table 6) the measured bands from combinations and overtone bands.
obtained from this pair is expected to be the lower limit because Thus, a more reasonable uncertainty is about 20% to provide a
the 1217 cm! band clearly has at least one weak band near more realistic error value. The final value of 14630 cnt?

this frequency in the spectrum of the solid (Figure 2). Since (1.754 0.36 kdmol™) is obtained for the enthalpy difference
both bands are very symmetric with good intensity along with between theC, rotamer and the more stab® conformer.
well-defined baselines, the statistical uncertainty is very small.

We then combined the 1217 cfband with the 1174 and 961  vjjprational Assignment

cm~! bands of theC; conformer to obtain additional enthalpy

differences. We also used the 951 ©nband of the gauche- The vibrational assignment for the more staBleconformer
gauche C,) conformer to obtain three more enthalpy differences. can be made rather straightforwardly based on the ab initio
We tried the pair of bands at 632 and 620 ¢rbut the latter predicted frequencies, the predicted gas-phase band envelopes,
one has such a poor signal-to-noise ratio (Figure 4), because ofand the Raman depolarization ratios. To aid the vibrational
the absorption of the silicon windows, the results were unreli- assignment we also predicted the Raman spectra for all three
able. All of the meaningful results are listed in Table 6 and of the conformers. The calculated spectra were simulated from
there are relatively large variations among the values. Suchab initio MP2(full)/6-31G(d) scaled frequencies and Raman
variations are expected because of the underlying combinationscattering activities. The Raman scattering cross-sectiois,
and/or overtone bands present in this spectral region, particularlyd$2, which are proportional to the Raman intensities, can be
with so many low-frequency bending modes. Nevertheless, by calculated from the scattering activities and the predicted
using the average of six band pairs, it is hoped that their effect frequencies for each normal mo#fe3! To obtain the polarized
Raman scattering cross sections, the polarizabilities are incor-
porated into§ by multiplying § by (1 — p)/(1 + pj), wherep;

is the depolarization ratio of thigh normal mode. The Raman
scattering cross sections and calculated scaled frequencies were
used together with a Lorentzian function to obtain the calculated
spectrum. The predicted Raman spectra of the trans-gaGghe (
gauche-gauche), and gauche-gauchéCy) conformers are
shown in Figure 5, parts E, D, and C, respectively. The spectrum
of the mixture of the three conformers utilizing the predicted
AE for the Cs form and the experimentaiH value for theC,

form, calculated at 2%, is shown in Figure 5B; the experi-
mental Raman spectrum of the liquid at ambient temperature is
shown in Figure 5A. The agreement between the predicted and
observed spectra is reasonably good but not nearly as good as
the agreement of the simulated infrared spectrum due to the

f t — t — t

1280 1260 1240 1220 1200980 960 940 660 640 620 600 significantly stronger intermolecular interaction in the liquid
WAVENUMBER (cm™) phase. Nevertheless, these spectra were of considerable aid in

Figure 4. Infrared spectra of 1,1-dicyclopropylethene in xenon solution making the vibrational assignment for the two most abundant

at different temperatures. conformers.
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TABLE 5: Structural Parameters (A and Degree), Rotational Constants (MHz), and Dipole Moments (D) for the Three Stable
Rotamers of 1,1-Dicyclopropylethene

electron diffractiof

structural internal MP2/6-311-G(d.p) la la la adjustedo

parameters  coord  t9(C)  99(C) 99 (&) W9(C)  99(%) 99(C2) t9(C)  99(C) 99 (C)
r(Ci=Cy) Ry 1.348 1.345 1.345 1.331 1.3271 1.3205(30) 1.336 1.336 1.336
r(C:Cs) R, 1.490 1.489 1.490 1.496 1.4960 1.4930(26) 1.490 1.489 1.490
r(C:Cq) Rs3 1.486 1.489 1.490 1.494 1.4960 1.4930(26) 1.486 1.489 1.490
r(CsCy) R4 1.507 1.505 1.505 1.511 1.5120 1.4970(11) 1.508 1.506 1.506
r(CsCs) Rs 1.518 1.517 1.516 1.511 1.5120 1.4970(11) 1.519 1.518 1.517
r(C:Cs) Rs 1.508 1.510 1.511 1.511 1.512 1.497(1) 1.511 1.513 1.514
r(CsCo) R7 1.516 1.505 1.505 1.511 1.5120 1.4970(11) 1.517 1.506 1.506
1(C4Cao) Rs 1.517 1.517 1.516 1.511 1.5120 1.4970(11) 1.518 1.518 1.517
r(CoCio) Ry 1.505 1.510 1.511 1.511 1.512 1.497(2) 1.508 1.513 1.514
r(CsHao) r 1.084 1.085 1.085 1.084 1.085 1.085
r(CaHz0) I 1.086 1.085 1.085 1.086 1.085 1.085
r(CsHs) I3 1.087 1.088 1.088 1.0931 1.0598(12) 1.087 1.088 1.088
r(CaHo) fa 1.087 1.088 1.088 1.0931  1.0598(12)  1.087 1.088 1.088
r(C/Hiy) Is 1.083 1.083 1.083 1.0931 1.0598(12) 1.083 1.083 1.083
r(CeHus) rr 1.085 1.084 1.084 1.0931  1.0598(12)  1.085 1.084 1.084
r(CHio) I'e 1.084 1.084 1.084 1.0931 1.0598(12) 1.084 1.084 1.084
r(CeHua) e 1.084 1.084 1.084 1.0931  1.0598(12)  1.084 1.084 1.084
r(CoH1s) Ig 1.083 1.083 1.083 1.0931 1.0598(12) 1.083 1.083 1.083
r(CiH17) r 1.083 1.085 1.084 1.0931  1.0598(12)  1.083 1.085 1.084
r(CoH1e) 1o 1.084 1.084 1.084 1.0931 1.0598(12) 1.084 1.084 1.084
r(CioH19) M2 1.084 1.084 1.084 1.0931  1.0598(12)  1.084 1.084 1.084
0C3CiCy A 117.6 113.7 113.8 117.6 113.7 113.8
0CsC,Co K1 122.3 123.1 123.1 122.95(33) 122.3 123.1 123.1
[0C4C.Cy K2 120.1 123.1 123.1 122.95(33) 120.1 123.1 123.1
0CCsCr U1 121.9 122.4 122.8 121.9 122.4 122.8
0C1C3Cq Uz 119.4 118.8 119.6 119.4 118.8 119.6
OC1C4Cy V1 121.7 122.4 122.8 121.7 122.4 122.8
[0C1C4Cio Vv 121.4 118.8 119.6 121.4 118.8 119.6
O0C;C3Cq 59.8 59.6 60.0 60.0 60.0 60.0 59.8 59.6 60.0
0C3C:Cq 60.5 60.0 60.4 60.0 60.0 60.0 60.5 60.0 60.4
[0C3CeCr 59.7 60.4 59.6 60.0 60.0 60.0 59.7 60.4 59.6
[0CoC4Cio 59.5 60.0 59.6 60.0 60.0 60.0 59.5 60.0 59.6
[0C4CyC1o 60.3 60.4 60.4 60.0 60.0 60.0 60.3 60.4 60.4
0C4C10Co 60.2 59.6 60.0 60.0 60.0 60.0 60.2 59.6 60.0
OC1CH1g o1 121.7 121.2 121.3 121.57 121.7 121.2 121.3
0C1CoH2o o7} 120.8 121.2 121.3 121.57 120.8 121.2 121.3
[OH19CoH20 ¢ 117.6 117.6 117.5 117.6 117.6 117.5
0C:C3Hs G 115.2 114.3 114.1 114.11 115.2 114.3 114.1
[0C;C3Hs n 114.8 116.0 115.5 114.8 116.0 115.5
[OCgCsHs 12 114.5 114.5 114.3 114.5 114.5 114.3
[0C:C4Hs ) 114.0 114.3 114.1 114.11 114.0 114.3 114.1
[0CyCyHs 01 115.1 114.5 115.5 115.1 114.5 115.5
[0C10C4H6 0, 114.6 116.0 114.3 114.6 116.0 114.3
0C3C7H11 o 118.1 117.9 118.0 118.1 117.9 118.0
[0C3C7H12 o 117.4 117.7 117.6 117.4 117.7 117.6
[OCgC7H11 o3 117.1 117.0 117.0 117.1 117.0 117.0
[0CgC7H12 oy 118.0 118.0 118.0 118.0 118.0 118.0
[0C3CgH13 o1t 116.2 116.5 116.5 116.2 116.5 116.5
[0C3CgH1a B2 118.3 118.2 118.3 118.3 118.2 118.3
[0C;CgH13 Bs 116.9 116.8 116.9 116.9 116.8 116.9
0C;CgH1a Pa 118.5 118.5 118.6 118.5 118.5 118.6
OH1.C/H12 € 115.1 115.1 115.0 114.53 115.1 115.1 115.0
OH13CgH14 € 115.7 115.6 115.6 114.53 115.7 115.6 115.6
[0C4CoH15 Y1 117.2 116.5 118.0 117.2 116.5 118.0
[OC4CoH16 Y2 117.2 118.5 117.6 117.2 118.2 117.6
[0C10CoH15 Y3 117.3 116.8 117.0 117.3 116.8 117.0
0C10CoH16 Ya 118.1 117.7 118.0 118.1 118.5 118.0
[0C4CioH17 01 117.8 117.9 116.5 117.8 117.9 116.5
[0C4CioH1g 0o 117.0 118.2 118.3 117.0 117.7 118.3
[0CoCioH17 O3 117.6 117.0 116.9 117.6 117.0 116.9
[0CoCioH18 04 118.3 118.0 118.6 118.3 118.0 118.6
[OH15CoH16 €3 115.6 115.6 115.0 114.53 115.6 115.6 115.0
OH17CioH18 €4 115.0 115.1 115.6 114.53 115.0 115.1 115.6
7C;C3C1Co 71 —21.7 —23.9 —20.1 —21.7 —23.9 —-20.1
7CsC3C1Co T1 —925 —94.7 —91.5 —92.5 —94.7 —91.5
7CoC4C1Co T2 147.4 —94.7 20.1 147.4 —94.7 20.1
7C10C4C1Co T2 —141.5 —23.9 91.5 —141.5 —23.9 91.5
7C7C3C1Hs —147.0 —149.0 —148.0 —147.0 —149.0 —148.0
7CgC3C1H5 142.2 140.2 140.5 142.2 140.2 140.5

7CoC4CiHe 145.1 140.2 148.0 145.1 140.2 148.0
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TABLE 5: (Continued)

electron diffractiof

structural internal MP2/6-311-G(d,p) fa fa r adjusted,

parameters coord tg (Cy) gg9(Cy) gg (C) tg (Cy) g99(C) gg9(C) tg (Cy) gg9(Cy) ag (Cy
7C10C4CiHs —143.7 —1490  —1405 —143.7  —149.0 —1405
7H11C/C5sCy -1.0 -0.1 -1.0 -1.0 -0.1 -1.0
‘L’H13C3C3C1 4.8 5.9 6.0 4.8 5.9 6.0
7H1,C/C5Cy 143.9 144.9 144.0 143.9 144.9 144.0
7H14CsCsCy -139.8 —138.8 —138.7 -139.8 —138.8  —138.7
7H15CsC4Cy 2.8 5.9 1.0 2.8 5.9 1.0
7H17C16C4Cy -3.2 -0.1 -6.0 -3.2 -0.1 —-6.0
7H16CoCuCy -1412  -1388  —144.0 —141.2  -138.8  —144.0
7H16C10C4Cy 140.5 144.9 138.7 140.5 144.9 138.7
A 3329.2 4357.5 4048.7 3341.6 4374.0 4062.3
B 1601.1 1285.7 1397.2 1600.7 1285.0 1396.7
Cc 1255.1 1123.2 1165.2 1256.7 1124.0 1165.8
|al 0.188
|l 0.616 0.557 0.554
|ue] 0.069 0.219
|l 0.648 0.557 0.596

aReference 19 Calculated from ref 19 results.

TABLE 6: Temperature-Dependent Intensity Ratios for the Trans-Gauche C;) and Gauche-Gauche C;) Conformers of
1,1-Dicyclopropylethene Dissolved in Liquid Xenon

T(°C) 10007 (K1) l1257¢/ 112119 l117a¢/l112179 l961tg/ 12179 l1257¢/ 1 9510g l1174¢/l 95199 losig/l 95199

—55.0 4,5840 0.98473 0.57031 491597 0.50239 0.67921 2.50806
—60.0 4.6915 0.99214 0.59078 5.09798 0.50773 0.70482 2.60893
—65.0 4.8042 0.99260 0.61358 5.20813 0.51259 0.72554 2.68756
—70.0 4.9225 1.01785 0.63636 5.37213 0.52275 0.74834 2.75901
—75.0 5.0467 1.03760 0.66265 5.65126 0.52992 0.78055 2.88621
—80.0 5.1773 1.07395 0.68859 5.91121 0.53744 0.80140 2.95814
—85.0 5.3149 1.08426 0.71052 6.05760 0.54395 0.82576 3.03899
—-90.0 5.4600 1.11548 0.73873 6.32796 0.55866 0.85980 3.16921
—95.0 5.6132 1.12893 0.76857 6.55676 0.56611 0.88918 3.28796
—-100.0 5.7753 1.17388 0.80404 6.99177 0.57869 0.91953 3.44679
AH (cm™) individual pair 106+ 5 166+ 4 202+ 5 83+ 2 1434+ 1 179+ 4

AH (cm™)  statistical av 146- 6

For the most stable trans-gauche conformer, we have listedfrequencies for the gas had to be estimated from the spectra of
the frequencies of the observed fundamentals in the gaseousthe xenon solutions since the vibrations for the two cyclopropyl
xenon solution, and solid phases (Table 1). In many cases therings are overlapped with additional contributions from the
modes of theC, conformer (Figure 6). Additionally most of
the fundamentals in both infrared and Raman spectra of
crystalline solid are doublets with a few of them exhibiting some

shifts which is an indication that there are two molecules per
MWJ\N primitive cell. Only a few bands involve assignments that are
A difficult, or questionable, or differ significantly from those

previously reported® Therefore only these latter vibrations will

be discussed.

B For many monosubstituted three-membered-ring molecules,
the C—H stretch on the carbon with the substituent is between

ne

A \ /,\\ [\\
A}L., ) il | W/ ﬁ\/\ J\
|

et 1 M\

3000 1500 1000 500 0
WAVENUMBER (cm™)) VJN\//K/ Y J &

Figure 5. Raman spectra of 1,1-dicyclopropylethene: (A) liquid at
25°C; (B) calculated spectrum of the mixture of three conformers with 1250 1200 1150 1100 1050
AH of 146 and 350 cm; (C) calculated spectrum of the gauche- 1
gauchg Cs conformer; (D) calculated spectrum of the gauche-gauche, WAVENUMBER (cm”)

C, conformer; and (E) calculated spectrum of the trans-gauche Figure 6. Infrared spectra in the region of 1000 to 1300 ¢rof 1,1-
conformer. dicyclopropylethene: (A) gas and (B) xenon solution-at0 °C.
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the CH antisymmetric and symmetric stretches; this is the order nuclear motions. Of course the mixing is significantly reduced
adopted in the earlier assignment, but the ab initio calculations for the C, andCs conformers because of the symmetry (Tables
predict this mode to be essentially accidentally degenerate with2 and 3).

the CH, symmetric stretch. In terms of the bending modes, with  since the structural parameters for the conformers differ very
a scaling factor of 0.9 the carbeiydrogen deformations are |ittle, the corresponding force constants are nearly the same for
predicted too high, but there is little question concerning these g|| three conformers: in addition, the mixing for the low-
assignments based on the infrared spectra of the xenon solutionfrequency skeletal bends is also similar among the conformers.
The predicted frequencies for two of the otheCH, bends Therefore, there is little difference in the frequencies of the
(=CH; twist and=CH rock) are observed 20 cthor more  corresponding modes for the three conformers. The major
higher than the predicted values. The only place where there isgifferences in going from the trans-gauch@)(to gauche-
some question concerning the order of a conformer pair is the gauche C) form are for the force constants of theC,C,Cs,
two bands at 632 and 620 ci) where the band in the infrared [C1C4Cio, andICsC1Cs bends which decrease by 11%, 16%,
spectrum of the solid appears to originate from the 620%cm  4pq 23%, respectively. On the other hand, h&;CsC; bend
band in the xenon solution. However, since we have found that force constant increases by 21% whereas that foftGeCsCs
the predicted frequency order for modes of conformers of peng increases by 17%. These changes reflect the significant
hyd_rocarbons is consistent with the observ_ed or_der, we havechange in angles when the trans cyclopropyl ring rotates to the
assigned the lower frequency band of this pair to @  gayche position. There are some significant changes (11%) in
conformer. the force constants for tHe8C;C4Hs and CsC3Hs bends, but
Once the fundamentals have been assigned foCttferm, for most of the other force constants the changes are less than

there is little trouble in assigning the gauche-gauc@ ibands 2% for the corresponding ones between tBe and C,
which disappear from the Raman spectrum of the liquid or from conformers.

the infrared spectrum of the xenon solution when they are
compared to the corresponding spectra of the solid. These
assignments are listed in Table 2 along with the predicted values.
Several weak bands could be assigned as fundamentals of th
C, conformer but it is possible that several of these could be
combination and/or overtone bands. Also many of the funda-

mentals for theC, form are nearly accidentally degenerate with possible to identify the conformation but an ab initio calculation

S|m|Ia.r.modes of the more stab@ form. . with the 4-31G basis s¥tpredicted the gauche-gauch@&)

A diligent search for evidence of the third conformer results ;5.1\ as the most stable conformer. This conclusion was also
in only two possibilities. The €C in-plane bend fundamental  o5ched in a more recent electron diffraction stayhere the
is reasonably well separated for the three conformers. The one.qntormer stability was determined to be 59% gauche (47%

for the C; conformer is predicted at 403 crhand observed at
. ; ; gauche-gauche&,, and 11% gauche-gauch€s) and 41% trans-
426 cn1'™. The corresponding, band is predicted at 454 cth o, che €,). Our results are in contrast to all of these earlier

"Lnd obslzr\éeddat 476hcrh Thire isj‘ Q-bfranch at;lS gﬁn results where clearly the trans-gauckig)(form is the only one
that coul e due to the gauche-ga ((_m%_) orm (predicted at remaining in the annealed solid, and this form is more stable in
400 cn1). Another possibility of identifying th€s conformer j0,ig xenon where the determinetH value is expected to be
lies with the strongest infrared band in the entire spectrum, the near the value in the gd%.3° The AH of 146 + 30 cnT! is

ZSHZ rog:li._t‘l_'hebband c?tbstsr? cm cr(])uld b? tdue t? tr:f:S ¢ Isufficiently large that the small association with xenon can have
rotamer but It IS obscured by theé much more intense flundamental iy gifferential effect on the two most abundant conformers

qf f[he most §table confprmer at 879 T Thus only very since they have similar values of dipole moments. Therefore
limited experlmenFaI evidence could be suggested for the we believe the electron diffraction results are in error and
presence of the third conformer. probably resulted from heavy reliance on the low-to-medium
level ab initio predicted stability where the calculations were
performed with very small basis sets, apparently with frozen
The MP2/6-31G(d) ab initio calculations with the two scaling core treatment. We carried out similar calculations with the same
factors predict the observed fundamentals foréheonformer ~ basis set with (full) electron correlation and t8g conformer
to within an average error of 10 crh which represents only a IS predicted more stable by only 9 cn(Table 4) rather than
0.75% error. This relatively small basis set with only two scaling the value of 73 cm' that was reported earlier. On the low
factors predicts both the frequencies and the relative intensitiesend of our calculations, the HartreBock method predicted
of the infrared spectrum remarkably well and there is no distinct the C form to be more stable by more than 250 ¢inAlso
need to use multiple scaling factors for the spectroscopic for a molecule as large as 1,1-dicyclopropylethene, there are
predictions. so many structural parameters that the theoretical diffraction
There is extensive mixing of the modes for theconformer ~ curves for theC,, C;, and Cs forms become very similar, so
even for the heavy atom modes. For example, the in-plane ring obtaining the relative amounts of the three conformers by means
breathing mode has 40% Sand 22% gg for the fundamental of numerous band deconvolutions must be a daunting task,
at 1198 cm, whereas for the out-of-plane motion at 1192ém which is why the earlier electron diffraction studylid not give
the contributions are 37%s$and 21% $,. The Ch twists, definitive curve fitting results.
CHj; rocks, and the heavy atom bends involve extensive mixing To support theAH value obtained from the variable-
with significant contributions from four or more symmetry temperature infrared spectra, we also calculated the enthalpy
coordinates (Table 1). Therefore, the descriptions for several difference between th€; andC, conformers utilizing a single
of these modes are rather arbitrary, but for many of the other temperature and the predicted infrared intensities from the MP2-
ones the major contribution is greater than 50% and the (full)/6-31G(d) ab initio calculations. Then enthalpy difference
approximate descriptions provide a reasonable view of the is determined by the equatigH = —KT In[(gc,*lc, €c,)/(9c,*

Of major interest in this research is the conformational
stability wherein the initial vibrational investigation it was
concluded that only one conformer was present in the fluid
%hases and it was the cis-c{3,() form that was consistent with
the predicted stability from MINDO/3 calculatioRSHowever,
from an initial electron diffraction investigatio#,it was not

Discussion
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Ic,°ec,)], whereg is the degeneracy of each conformieis the 1200
observed infrared intensity, andis the ab initio predicted

infrared intensity. Given statistical weightg,/gc, = 2, the 1000
equation is reduced tdH = —KT In[2(Ic,*ec))/(Ic,°ec,)]- By

utilizing the peak heights from four conformer pairs at the lowest 800

temperature where the bands are the sharpest, we obtained 5&;

value of 124 cm?, which is well within the experimental value = 600
of 146+ 30 cnT!. We have used this method for some organo- 5 ! /
phosphorus molecules where as many as 12 conformer pairs 400 e
were utilized and the results were always within the totally ; i
experimentally determined values from the variable-temperature 200

L\ &8

van't Hoff plot, so long as certain predicted intensities which ,g i
have been known to involve large systematic errors from MP2 0 - ' ‘ ‘
calculations were dropped. However, it should be noted that 80 20 60 0 60 120 180
this method works only if the predicted intensities are reasonable DIHEDRAL ANGLE, (¢)

and many conformer pairs are available. Figure 7. Asymmetric torsional potential function for 1,1-dicyclopro-

The failure to recognize the presence of conformers in the pylethene. The solid curve corresponds to the potential function
earlier vibrational studyf was partially due to the fact that most ~ caculated at the MP2(full)/6-311G(d,p) level and the dotted curve

corresponds to the one calculated at the MP2(full)/6-31G(d) level. A
of the fundamentals for the three conformers have nearly the torsional dihedral angle of ca. 180orresponds to the most stable trans-

same frequencies. Only five bands had significantly different gauche conformer, ca—60° the second most stable gauche-gauche
frequencies from the most stable conformer and they were conformer, and ca. 6the least stable gauche-gauchenformer.

obviously missing in the spectrum of the solid. Presumably these ) ) . )

earlier investigators did not consider the disappearance of thesqg'g‘t%hﬁ aT'ng‘If(i:cl;JiE;?g cl:;olteln-tllja}lzsc?cr)ﬁcr;) ﬁg?hgr?gner
five bands sufficient to postulate the presence of a second '
conformer in the liquid. By using thAH of 146 cnr? for the MP2(Full)/ MP2(Full)/

C, form and the predicted average of 350 ¢rfor the Cs form, 6-31G(d) 6-311G(d.p)
estimated conformation abundance was obtained at ambient coeff (cnm?)
temperature with 75%;, 19% C,, and 6%Cs. As suggested \\;1 %ig i%
earlier!® it is interesting to compare the relative conformer Vz “672 671
stability of the 1,1-dicyclopropylethene to that of the corre- Vs 106 140
sponding monosubstituted molecule, i.e., vinylcyclopropane, Vs 84 92
which exists mainly as the trans conformer (77% trans, 23% Ve —38 —36
gauche? If the disubstituted molecule is considered to be xl ggl 317
constructed from vinylcyclopropane with an additional cyclo- V,z 5 6
propy! group, and if the trans-trans conformer of the disubsti- Vs —908 —107
tuted molecule is considered unacceptable, a mixture of 77% V's 44 37
of the trans-gauche and 23% of the gauche-gauche form would  potential barriers (crr)
be anticipated. This assumes that the two cyclopropyl groups tg—gg 1103 1188
have negligible interaction. These are nearly the values we tg:%g ?2?0 2%4
obtained in this study, which indicates very little steric repulsion ggﬁ ggg 427 307
between the trans and gauche cyclopropyl groups. g9 —tg 519 554
The stable conformers of 1,1-dicyclopropylethene are in 99 — 99 135 43

contrast to those of dicyclopropyl ketone where the most stable 6-311G(d,p) calculations. All three stable conformers appear
conformer is the cis-cisQy,) conformer (G=O bond over the as minima on the plot, i.e., dihedral angled80°, ~ —60°,
two three-membered ring). The minor conformer (£2% at and~60° correspond to the trans-gauche, gauche-gauche, and
ambient temperature) is the cis-tragg)(form where the &0 gauche-gaucheconformers, respectively. Two of the three
bond is eclipsing the hydrogen atom on one of the rings. The maxima correspond to alternati@ and Cs symmetry forms
enthalpy difference between these two conformers has beenwhere the gauche dihedral angles a£20° rather than~60°
determined to be 53& 27 cnt! (6.34 £ 0.32 kdmol™?) and in the stable conformers, the cis-gauche orientation (dihedral
the theoretical predictions are consistent with these experimental~(0°) is also predicted to be a maximum, although it is the lowest
results. These significantly different conformational stabilities energy transition state. The calculated potential functions are
between these two isoelectronic molecules clearly show the shown in Figure 7. Utilizing a Fourier cosine and sine series to
steric effect of the hydrogen atoms on the ethene part of 1,1- represent the asymmetric potential function with the fofga)
dicyclopropylethene where a cis form is not even present. = Zle(Vi/Z)(l — cosig) + Zle(vi’IZ)(sin i$), the potential
The asymmetric cyclopropyl torsional potential has been constants for the first six cosine terms and the first five sine
predicted from ab initio calculations. Beginning at the minimum terms were obtained. The potential constants, calculated at MP2-
for the most stable trans-gauche conformer, a potential function (full)6-31G(d) and MP2(full)6-311G(d,p) levels, are listed in
was determined by keeping one cyclopropyl group in the gauche Table 7. Of particular interest is the extremely small predicted
position with respect to the double bond (dihedr&0°) while value for the gauche-gauche gauche-gauche barrier of only
rotating the other cyclopropyl group (starting from trans position, 43 cnt?! from the MP2(full)6-311G(d,p) calculation, which is
dihedral~180C) at 3C intervals throughout a 36Q&ycle. The the lowest MP2 level to yield correct conformational stability.
energies were calculated with full optimization of all structural For the gauche-gauchéorm, the A torsional fundamental,
parameters, except for the varying dihedral angle at incrementswhich is predicted to be 10 times more intense than the
of 30°, at each point from MP2(full)/6-31G(d) and MP2(full)/  corresponding A mode, is predicted at 68 crh This value
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plus the zero-point energy is more than two times larger than
the MP2(full)6-311G(d,p) predicted potential barrier, which
suggests the gauche-gaucheell may be too shallow to
withhold the vibrational transition between the ground and the
virtual first excited state. This, along with the large energy
difference between the gauche-gaudbem and the most stable
trans-gauche conformer, may account for the lack of spectro-
scopic evidence for the presence of the gauche-gadtra.

J. Phys. Chem. A, Vol. 109, No. 8, 2005661

(7) Ginther, H.; Wendisch, DAngew. Chemint. Ed. Engl.1966 5,

(8) De Mare, G. R.; Martin, J. SI. Am. Chem. Sod.966 88, 5033.
(9) Ginther, H.; Klose, H.; Cremer, BChem. Ber1971, 104, 3884.
(10) De Meijere, A.; Littke, W. Tetrahedron1969 25, 2047.
(11) Hehre, W. JJ. Am. Chem. S0d.972 94, 6592.
(12) Codding, E. G.; Schwendeman, R.HMol. Spectroscl974 49,

(i3) Carreira, L. A.; Towns, T. G.; Malloy, T. B., Jd. Am. Chem.
Soc.1978 100, 385.

The predicted structural parameters for the trans and gauche (14) Salares, V. R.; Murphy, W. F.; Bernstein, HJJRaman Spectrosc.

cyclopropyl groups are remarkably similar. For example, the
C;—C;3 (gauche) and €-C,4 (trans) distances only differ by
0.004 A between the two groups (Table 5). Similarly the
opposite G—Cg (gauche) and &-Cyo (trans) distances in the
rings differ by only 0.003 A with the one in the gauche position

1978 7, 147.

(15) Wurrey, C. J.; Zheng, C.; Guirgis, G. A.; Durig, J./Rys. Chem.
Chem. Phys2004 6, 2125.

(16) Nease, A. B.; Wurrey, C. J. Phys. Chem1979 83, 2135.

(17) Andrieu, C. G.; Paquer, D.; Mollier, XC. R. Acad. Sci. Paris Ser.
C 1973 276, 927.

(18) Aroney, M. J.; Calderbank, K. E.; Stootman, HJJChem. Soc.

having the longer distance, the same as what was found for theperkin Trans.1973 2, 1365.

attached carboncarbon bond in similar molecules. Th&C,CiC,
is predicted to be 3smaller for the trans cyclopropyl group

(19) Traetteberg, M.; Bakken, P.; Quesada, J. V.; Mastryukov, V. S.;
Boggs, J. EJ. Mol. Struct.1999 485486, 73.
(20) Durig, J. R.; Yu, Z.; Zheng, C.; Guirgis, G. A. Phys. Chem. A

compared to the corresponding angle for the gauche one whereasgos 108 5353.

the 0C3C1C4 opens about %4for the C, conformer compared to
the similar angles for the other two conformers.

We have found for several monosubstituted cyclopropyl
molecule$®>2041the ab initio MP2(full)/6-313%G(d,p) predicted

(21) Durig, J. R.; Shen, S.; Zhu, X.; Wurrey, CJJMol. Struct.1999
5 501.

(22) Wurrey, C. J.; Shen, S.; Gounev, T. K.; Durig, J. RVdl. Struct.
1997 405, 207.
(23) Wurrey, C. J.; Shen, S.; Zhu. X.; Zhen, H.; Durig, J.JRMol.

48

heavy atom parameters need to be adjusted by only 0.002 toStruct.1998 449, 203.

0.003 A, and the adjusted of carbehydrogen distances are
no more than 0.002 A of the reported values, to fit the reported
microwave rotational constants. Therefore it is believed that the
adjustedry structural parameters listed in Table 5 are more
accurate than those obtained from the electron diffraction study.
If one takes the average of the three different carbmarbon
distances for the trans cyclopropyl group, one obtains the

average 1.512 A, which is the same value as reported from the

recent electron diffraction stu#yand is only 0.001 A longer
than the average in the gauche cyclopropyl group. However,
we would like to point out that the predicted differences of as
much as 0.012 A for some of these bonds within a ring is
undoubtedly a realistic difference.
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