J. Phys. Chem. R004,108,403-408 403

Vibrational Spectra, Ab Initio Calculations, and Conformations of Bicyclo[3.3.0]oct-1,5-ene
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The infrared and Raman spectra of bicyclo[3.3.0]oct-1,5-ene in the vapor and liquid phases have been recorded
and analyzed. Ab initio calculations, including those with the triplec-pvtz) basis set, have been carried

out to predict the energy differences between five different structural forms. Both the spectra and ab initio
calculations show that the 0%, conformation is the lowest energy form. The tr&s structure is predicted

to lie only 65 to 229 cm® higher in energy, depending on whether the effects of ring flapping are considered,
but spectroscopic evidence for this conformation is limited. The dihedral angle of puckering is calculated to

be 26, which is the same as the cyclopentene value.

Introduction

The far-infrared spectra and ring-puckering potential energy
function of cyclopentene were first reported by Laane and Lord
in 1967. Since then the Raman spettand vibrational
assignmentshave also been reported as well as refinements of
the potential energy functiott® The cyclopentene ring is
puckered with a barrier to planarity of 232 chand a dihedral
angle of 26. Although we have examined the potential energy
surfaces of numerous cyclic and bicyclic molecuigs,we have
never previously examined a bicyclic molecule with two
identical rings capable of puckering.

The present paper presents an infrared, Raman, and ab initi
study of the bicyclo[3.3.0]oct-1,5-ene molecule (BCO), which
can be thought of as two cyclopentene rings joined together
and sharing a common double bond. The following paper will
present an analysis of the two-dimensional potential energy

detector. The sample was contained in a 10 cm single pass cell
orin a 4.2 or 20 m multipass cell fitted with KBr windows. A
germanium-coated KBr beam splitter was used with a glowbar
source to record spectra in the 450000 cn1? region. Typically
5000-8000 scans at 0.25 crhresolution were obtained. Liquid-
phase mid-infrared spectra were recorded of a capillary film
contained between two polished KBr windows at ambient
temperatures on a Biorad FTS-60 Fourier transform interfer-
ometer. Typically, 256 scans at 1 chresolution were collected
and averaged. Attempts to collect the far-infrared spectra of the
sample at room temperature, even at 20 m path length, have

Ooroved to be unsuccessful due to the low vapor pressure of the

sample and the small dipole moment change associated with
the puckering motions.

Raman spectra of the BCO vapor at temperatures between
150 and 18C°C were recorded using an Instruments SAJY

surface and the associated quantum states for the ring puckering’ 1000 spectrometer and a Coherent Radiation Innova 20 argon

motion. An interesting feature of this molecule is that the two
rings are capable of puckering in either the same or opposite
directions, resulting in eithe€,, or Cy, symmetry. A planar
skeletal structure would hav@,, symmetry.

The conformations of this molecule have previously been
investigated by electron diffractiod,molecular mechanic;13

ion laser with excitation at 514.5 nm&#a W laser power. Both

a photomultiplier tube (PMT) and a liquid nitrogen cooled
charge-coupled device (CCD) were used as detectors. Spectral
resolutions in the 0.5 to 2.0 cthrange with the PMT and 0.7
cm~1 with the CCD were used. The sample was contained in a
high-temperature Raman cell previously descrie8ample

and “chromatoscopy!® Those studies concluded that both rings Pressures were typically 700 Torr. Liquid-phase Raman spectra

were puckered and that there are similar amounts of the cis an
trans conformations present, resulting from puckering in the
same or opposite directions.

Experimental and Computational Methods

The sample of bicyclo[3.3.0]oct-1,5-ene (BCO) was prepared
from 1,5-cyclooctadiene (Aldrich, 99%) by C.M. and H.H. in
Germany using the method described in the literattiBpectra
and gas chromatography showed the product to have greate
than 98% purity.

Vapor-phase mid-infrared spectra were recorded on a Bomem

DAB8.02 Fourier transform interferometer equipped with a DTGS
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dwere recorded at ambient temperatures. The sample was excited

at 532.3 nm using a Coherent DPSS-532 laser operating at 200
mW lasing power. Depolarization measurements were made
using a polarizer and scrambler.

Ab initio calculations were carried out using the Gaussian
98 package. Structural parameters and conformational energies
were performed at the MgllePlesset second-order perturbation
(MP2) level of theory using the 6-3%H-G** and triple-¢ (cc-

Ipvtz) basis set. The vibrational frequencies, together with the
predicted infrared and Raman intensities, were calculated using
the density functional method (B3LYP) and both the 6-31G**
and 6-31#+G** basis sets.

Computational Results

Relative conformational energies of BCO were calculated
using several different basis sets for five different conformations.

© 2004 American Chemical Society

Published on Web 12/31/2003



404 J. Phys. Chem. A, Vol. 108, No. 3, 2004 Autrey et al.

Do G—@—C—— ) 408om”

S £

Figure 1. Conformations and calculated relative energies of BCO.

The energy minimum was found to correspond to a W-shaped Vibrational Spectra

structure OTCZU _symmetry where both_ring_s are puckered "_“ As discussed above, the BCO molecule typically takes on
the same dlrectlon_ but away from the d_|rect|on of flapping. This either Cy, or Czn symmetry. However, as will be discussed in
st'ructure along with the g:omputed dlhgdrql angles from the the following paper, the ring-puckering motions are large-
triple-C (cc-pviz) computations is shown in Figure 1. The other ampjitude and many of the molecules occupy quantum states
four conformations that were considered all assume that the of the puckering that lie above the barrier to planarity. Hence,
skeletal carbon atoms all lie in the same plane, except for the p,, selection rules can be used for the most part. Exceptions to
apex carbons (atoms 4 and 7). The dihedral angles and relativehese are indicative that the molecule is indeed eithgror
energies were calculated for the planBed), cis (Cy,), trans Con.

(Cap), and single-ring puckeredz{) structures, and these are In Dy symmetry with the molecule in they plane, the
also shown in Figure 1. The energies are expressed relative tomolecule follows the mutual exclusion rule and has vibrational
the Cy, structure (0 cm?), as this allows the energy difference  symmetry species

to be calculated for puckering in the same or opposite directions.

The energy minimum is at 164 cnt?, and this shows that the 9Ay t+ 7B+ 6B,y + 5Byy + 5A, + 7B, + 7B,, + 8By,

small amount of flapping (3°7for each ring) reduces the

conformational energy by that amount. In the following paper, where the 27 gerade vibrations are Raman active and infrared
the theoretical potential energy surface is modeled for the inactive, while the 22 B, By, and By ungerade vibrations are
conformers, both with and without flapping. Both tBg, and only infrared active, with vapor-phase band types C, B, and A,
Can structures correspond to energy minima with the former respectively. The Avibrations are totally inactive. Fo€s,
being at lower energy (by 229 crh for the model where symmetry the molecule has the vibrational symmetry species
flapping is allowed and by 65 cm where there is no flapping).
The energy minimum for the tran8,, structure shows no
flapping. The relative population of the trans conformation is o . .
thus expected to be about 30% of the cis form. Tgand D All 54 vibrations are Raman active while the, Ay, and B
conformations correspond to a saddle point and energy maxi-modes have C, B, and A infrared band types, respectively. For
mum, respectively, on the potential energy surface, which will Can the vibrations have symmetry species

be discussed in the following paper. Figure 2 shows the bond
lengths and angles from the tripleeomputation for theC,,,

Con, Don, and Cs structures. Cyclopentene has a barrier to

16A, + 12A, + 14B, + 128,

15A, + 12B, + 12A, + 158,

planarity of 232 cm! and a dihedral angle of puckering of*26 where the 27 gerade vibrations are only Raman active and the
27 ungerade ones are only infrared active. In all symmetries

To check the reliability of the triplé- (cc-pvtz) calculations, the totally symmetric modes (A A;, or Ag) are Raman
we have also carried these out for cyclopentene. These predictlooIarizeol n o

a dihedral angle of 26°3and a barrier of 290 cnt. Figure 3 shows the vapor-phase infrared and Raman spectra
The computed vibrational frequencies using density functional of BCO. Figures 4 and 5 show the liquid-phase infrared and
theory (B3LYP) will be compared to the experimental values Raman spectra, respectively, compared to the calculated spectra
in the following section. As discussed previously, we have found using the 6-31%++G** basis set. The calculated frequencies

that we obtain the best comparison between computed andwere scaled using a factor of 0.956 for the-B stretching
experimental frequencies using the 6-3tG** basis set\® region and 0.981 for frequencies below 1800 ¢énFigure 5
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Figure 2. Calculated ab initio structures for BCO f@,, Czn, D2n, andCs conformations. The puckering angles are given in Figure 1.

also shows the parallel and perpendicular polarized Ramanactive for Dy, symmetry, and most of these bands have been
spectra. Table 1 tabulates both the experimental and calculatecbbserved in the liquid and/or vapor-phase spectra. The appropri-
frequencies according ©;, symmetry. The correspondir@p, ate vapor-phase band types (Q branches fgradd B, and
andCy, symmetry species are also indicated as are the selectiontype B bands for B) were also observed. The primary
rules, infrared band types, and Raman polarizations. As can beexceptions tdD2, selection rules were the observed polarized
seen, thédy, selection rules are followed quite well in that the Raman bands corresponding tg,Bymmetry. Since these are
Ag modes all are polarized and are observed in both the vapor-A; modes forC,,, this clearly demonstrates the cis puckered
phase and liquid-phase Raman spectra. In addition, tHe8R, conformation is primarily giving rise to those transitions. The
and By modes are expected to be Raman active and depolarized depolarized Raman band at 370 ¢nfor the liquid correspond-
Most of these have been observed in the spectra and they aréng to v4s (Skeletal bend) is another confirmation that (Bg
generally depolarized. Bands that are allowed @y or Cy, structure is present since this vibration is inactive By, or
symmetry but noDa, are typically weaker if observed at all.  Cy,. Further evidence thaf,, symmetry is dominant comes

In the infrared spectra the;B Bz, and B, modes should be  from the three observed vapor-phase infrared type B bands for
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spectrum (frequencies scaled). The parallel and perpendicular polarized
spectra are shown. (frequencies above 1800 c) and 0.981 (frequencies below
V25, V26, andva7 in Bzg symmetry (B for Cy,). For Do andCon 1800 cn1Y). Similar scaling factors have previously been used
symmetry they would be inactive. effectively for 1,2-dihydronaphthaledé,tetralin!® and 1,4-

Perhaps the strongest evidence for the presence of somebenzodioxart® The calculations were done for the energy
molecules existing witlC,, symmetry comes from the observed minimum (Cz,), trans Czn), and for the planar structur®4)
polarized Raman band at 1185 chfor v19. Both D,y andCyp, in order to help assign the frequencies to their proper sym-
structures would produce only depolarized bands. metry species. Most of th®,, and C,, frequencies are in

It should be mentioned that the ab initio frequency calculation close agreement, bu, v21, andvs; differ significantly, with
(scaled) does a remarkably good job in predicting the experi- the C,, values being in much better correspondence with
mental frequencies when using the scaling factors of 0.956 the experimental data. This indicates that for the puckered
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TABLE 1: Vibrational Assignments (cm~1) of Bicyclo[3.3.0]oct-1.5-ene

infrared Raman ab initio
symmetry
Don (C2y Con) v descriptioh liquid vapor liquid vapor Dot Cp.° Core
Ag (A1, Ag) 1 B-CHzsym. str. (ip) (2906 (2908} 2907 P (68) 2916 (89) 2921 2917 (29,88) 2917 (0.90, 84
2 o-CHzsym. str. (ip, ip) (2843y (2853p 2846 P (100) 2857  (100) 2873 2858 (52,100) 2864 (1.5,100)
IR: ia(C,ia) 3 C=Cstretch 1677P (42) 1677 (27) 1704 1690 (0, 9.8) 1695 (0, 9.3)
R: P (P, P) 4 o-CH, def. (ip, ig)* 1470 P (17) 1473 (17) 1486 1480 (0.06,4.5) 1482 (0, 4.6)
5 pB-CH, def. (ip)* 1441P (31) 1446 (24) 1456 1456 (1.8,7.0) 1456 (0,7.8)
6 a-CH,wag (ip, op) 1283 vw 1286 P (6) 1287 (5) 1295 1292 (0.13,1.4) 1293 (0, 1.4)
7 ring stretch 891mwQ 892P (25) 889  (22) 882 885 (0.02,1.9) 881 (0,2.4)
8 ring breathing (if 857w 856vwQ 850P (12) 852  (14) 811 845 (0.65,4.8) 834 (0,4.1)
9 ring bend (ip, ip) 536/528 vw 524w Q  527P (13) 522 (7) 530 520 (0.09,1.6) 519 (0,1.5)
Big(A2 By 10 o-CH,sym. str. (op, of) (2846) (2857p 2868 2857 (0, 20) 2861 (0.35, 38)
11 o-CH; def. (op, op) 1463 1460 (0,5.7) 1461 (0,5.9)
IR: ia(ia,ia) 12 o-CH,wag (op, ip)9 (12869 vw 1368 1365 (0, 0.09) 1366 (0, 0.15)
R: D(D,D) 13 -CHpwag (op)? 1328 vw 1262 1287 (0,0.09) 1286 (0, 0.43)
14 ring stretch 1162 1146 (0, 1.0) 1146 (0, 0.99)
15 ring stretch 970D (14) 968 vw 956 959 (0,1.8) 964 (0, 1.8)
16 skeletal bend (op, 6p 662 vw 665D (2) 676 vw 660 654 (0,0.13) 658 (0,0.14)
By (B, Ag 17 pB-CHpantisym. str. (of) (2948p (2961  2952D (4) 2954 (42) 2953 2950 (18,23) 2950 (4.5, 36)
18 o-CH; antisym. str. (ip, of) (2894) (2896) 2896 D sh 2884 2896 (6.8, 30) 2893 (0.01, 28)
IR: ia (A ia) 19 a-CHatwist (ip, ip) 1182 vw 1185P (5) 1179 1187 (0.56,2.1) 1183 (0, 2.5)
R: D(D,P) 20 a-CHyrock (ip, op)? 996 vw 9299 MWQ ----- ----- 968 971 (0.15,1.1) 972 (0,1.2)
21 [3-CH,rock (op)9 799 vw 805wQ 801D (0.06) 722 797 (0.36,0.04) 703 (0,0.55)
22 ring puckering (of) imag 139 (0.07,0.10) 100 (0, 0.20)
B3g (B2, By) 23 o-CH; antisym. str. (op, if) 2874 vw 2886 2901 (65, 46) 2896 (1.4,58)
24 a-CHj twist (op, op)? 1249 1216 (0.77,0.56) 1227 (0, 0.91)
IR: ia(B,ia) 25 B-CHy twist (ip')9 1151 vw 1153mB 1150D (1.5) 1165 1159 (3.1,0.05) 1165 (0,0.15)
R: D (D, D) 26 a-CH; rock (op, ip) 901mB 905D (0.7) 922 900 (0.94,0.23) 906 (0, 0.53)
27 ring twisting (ip) 478 mw  485vwB 478D (1) 466 486 (0.28,0.04) 477 (0, 0.05)
Au (A2 Ay 28 o-CH; antisym. str. (op, op 2886 2901 (0.03,8.%) 2896 (47,1.H
29 o-CH; twist (op, ig)? 1243 1222 (0,0.17) 1219 (0.86, 0)
IR: ia (ia, B) 30 f-CH; twist (og)¢ 1102D wvw 1110 1100 (0, 0.16) 1107 (0.53,0)
R: ia (ia, ia) 31 a-CHz rock (op, op) 874 866 (0,0.16) 865 (0.37,0)
32 ring twisting (op) 189 194 (0,0) 191 (0, 0)
B1u (A1, By) 33 [-CH, antisym. str. (if) 2948 vwvs  2961wwsQ 2948P (37) (2954) 2953 2950 (49, 19) 2950 (56, 2.9)
34 a-CHpantisym. str. (ip, iy 2892vvs  2896sh  (2896) 2883 2896 (0.43,1.2) 2891 (19,0.02)
IR: C (C, AIC) 35 a-CHtwist (ip, op) 1208 m 1212vsQ 1208P (0.7) 1211 1212 (2.1,0.14) 1217 (2.5,0)
R: ia (P, ia) 36 a-CHa rock (ip, ip) 1067 m 1070vs Q 1070P wvw 1067 1073 (1.9,0.11) 1067 (1.6,0)
37 f-CHs rock (ip) 718 br 715wQ  719P (0.01) 719 vw 743 714 (0.59,0.43) 789 (1.1,0)
38 ring flapping (ip) ~200 br 217P  ww 197 229 (4.7,0.13) 207 (4.2,0)
39 ring puckering (i imag 112 (0.01,0.11) 74  (0.05,0)
Bou (B2, Au) 40 o-CH, sym. str. (op, if) 2843vws  2857sB  (2848) (2858y 2872 2855 (14,4.9) 2864 (100, 1.4)
41 o-CH, def. (op, ip) 1461 m 1455vs B (1470) (1473p 1469 1465 (1.7,0.52) 1466 (1.6,0)
IR: B(B,B) 42 o-CH,wag (op, op)? 1299 m 1308 vw B 1304 1309 (1.1,0.07) 1305 (1.6,0)
R: ia (D, ia) 43 3-CHy wag (ip)9 1267 m 1275sB 1250 1273 (5.2,0.49) 1268 (3.5,0)
44 ring stretch 1010mw  1013wB 1003P (0.07) 1016 1005 (0.43,0.02) 1008 (0.57,0)
45 ring stretch 971w 974vwB  (970) ----- (968p 974 971 (0.08,0.37) 970 (0.02,0)
46 skeletal bend (op, ip 365mB 370D (0.2) 360 362 (1.4,0) 361 (1.1,0)
By (B1, Bu) 47 p-CHy sym. str. (of) 2906 vws 2908 m (290%) (2916Y) 2920 2916 (72,2.2) 2915 (84,0.83)
48 o-CHg sym. str. (ip, op) 2843vws 2853 m (2848) (2857p 2868 2859 (100,25) 2860 (43,0.23)
IR: A (A, AIC) 49 p-CH,def. (op)? (14619 1467mQ (1470 (1473p 1484 1478 (1.8,0.11) 1480 (1.9,0)
R: ia(D,ia) 50 a-CH, def. (ip, op)? 1448 ms  1446vsQ (1441) (1446Y 1456 1455 (0.62,0.79) 1456 (1.4,0.01)
51 a-CH,wag (ip, ip) 1314vw 1320w Q 1315D www 1319 1313 (0.45,0) 1316 (0.40, 0)
52 ring stretch 1188vww 1193wQ  (1185) 1166 1162 (0.07,0.53) 1162 (0.11,0)
53 ring breathing (op 877 vw 881vwQ 878P (0.4) 872 878 (0.44,0.06) 877 (0.29,0)
54 ring bend (ip, of) 655 w 659sQ 712 630 (0.03,0.01) 658 (0.45,0)

a Calculated using the B3LYP/6-33H-G** basis set.” () = expected band position obscured by stronger baRdequency scaled with a scaling
factor of 0.981 for frequencies less than 1800 ¢mnd 0.956 for frequencies greater than 18008 Relative intensities in parentheséfRelative
calculated intensities (IR, RamarmAbbreviations: ip, in-phase; op, out-of-phase; ia, inactive; s, strong; m, medium; w, weak; v, very; sh, shoulder;
br, broad; P, polarized; D, depolarizeiti-CH, and3-CH, motions are strongly mixed for the rocking, twisting, wagging, and deformation motions.

structure there are vibrational interactions that are not allowed stretching up to 1677 cm as compared to 1617 crhin

for the highly symmetridD,, form. It might also appear that  cyclopentene.

the frequencies fowz; and va7 are not properly correlated It should be noted that the vibrational spectra predicted
since the frequencies are quite different for the three sym- for the Do, Con, and Ca, (energy minimum) conformations
metries. However, they are correct and simply reflect dif- are only somewnhat different, with the principal features re-
ferent interactions for the different structures, such as betweenmaining the same. Figures 6 and 7 compare the calculated
vg andvsy for Cy, andvg andv,; for Con. As expected, many of  infrared and Raman spectra, respectively, for the three struc-
the CH vibrations of BCO are very similar in frequency to tures and these can be seen to be similar. However, closer
those of cyclopenteneNot surprisingly the skeletal vibrations  comparison to the experimental data (Table 1 and Figures
differ more in frequency reflecting the interactions between the 3 — 5) clearly shows the best agreement with te,

two rings. The extra strain in BCO also pushes theCC calculations.
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Attempts are still underway to record the far-infrared spectra calculation predicts dihedral angles of puckering of,26hich
of BCO, but its low vapor pressure and low dipole moment is the same as the value found for cyclopentene.
have so far not allowed the ring-puckering spectra to be
recorded. There does appear to be evidence for puckering Acknowledgment. The authors thank the National Science
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spectrum, and these are shown in Figure 8. Although three of assistance.
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