J. Phys. Chem. A998,102,10261-10264 10261

Far-Infrared, Combination Band, and Raman Spectra of the Ring-Puckering Vibration of
1,4-Disilacyclohexa-2,5-diene

Arnold del Rosario,! Ralf Bitschenauer} Marwan Dakkouri, * Kristjan Haller, T8 and
Jaan Laane*'

Department of Chemistry, Texas A&M UWarsity, College Station, Texas 77843-3255, and
Department of Chemistry, Usrsita Ulm, Ulm, Germany

Receied: August 21, 1998; In Final Form: October 23, 1998

The far-infrared spectrum of 1,4-disilacyclohexa-2,5-diene shows a series of four closely spaced bands
originating at 70.5 cmt resulting from the ring-puckering vibration. Four mid-infrared bands near 2214 cm
result from combinations of the puckering with the Raman actiygS8H, antisymmetric stretch at 2143.2

cm™%, and seven difference bands near 2083 trasult from combinations with the Raman activg $iH,
symmetric stretch at 2154.0 ¢t The ring-puckering transitions result from a single-minimum potential
energy functionV(cm™) = 1.23 x 10" + 2.40 x 10°x,* wherex is the puckering coordinate. The molecule

is planar and less rigid than 1,4-cyclohexadiene, thus apparently showing no unusual interactions between
the silicon atoms and the=€C & systems.

1. Introduction silicon atom orbitals and the=6C = orbitals. Molecule VI is

1,4-Cyclohexadiene and its analogues can be treated asalso planar but much less rigid, and the silicon atom in this

pseudo-four-membered rings when their out-of-plane ring- molecule is not capable of interaction with the carbearbon
puckering vibrations are consideredhis is because each of g bond. CtJndt?ebbass of.thg rezultls for Vl_’| molecule ?]/.lll C\c/)ILI'I.d
the two pairs of olefinic carbon atoms can be viewed as a single ;ﬁgf‘f .i or?l zl'vehrt}I/ nr%lorgnr' pdat?]z; \A(;)wever, while VILis
unit during this ring-bending motion. Originally 1,4-cyclohexa- P 1 y slightly gl )

diene (1) was thought to be nonplarfdsut more recent studies — — —\

on this molecul&3# clearly show it and two of its oxygen uzslo O HySin_SH,
analogues, B-pyrart (1) and 1,4-dioxirt (lll), to be planar. In f{z

addition, the ring-puckering potential energy functions deter- v VI VI

mined for Il and 11l showed that weak interactions between

the nonbonded oxygen orbitals and theCbonds are preseft. 2. Experimental Section

Without these interactions, Il would be expected to be

nonplanar. 1,4-Disilacyclohexa-2,5-diene (IV) was prepared according

to the method of Maier et ak The reaction of hexamethoxy-

o 0 *S*? disilane with acetylene produced 1,1,4,4-tetramethoxy-1,4-
O O [ J [ ] disilacylohexa-2,5-diene, which was then reduced with LiAIH
o Si to produce IV. The 1,1,4,d, isotopomer was prepared using
Hy LiAID 4 as the reducing agent.
I 11 111 v Far-infrared and mid-infrared spectra were recorded on a

Bomem DA8.02 Fourier transform interferometer equipped with
In the present study we report our results for 1,4-disilacy- a liquid-helium-cooled germanium bolometer as a detector. Gas
clohexa-2,5-diene (IV). We were especially interested in samples with 10 Torr of vapor pressure were contained in a
investigating whether any significant unusual interactions were 5 m multipath cell with polyethylene windows. Vapor- and
present between the silicon atoms and treGCbonds. The  |iquid-phase Raman spectra were recorded on an ISA JY U-1000
presence of such interactions would be expected to increase thejouble monochromator equipped with a Coherent Radiation
torsional forces about the"C—Si— bonds and hence increase DPSS 532-400 frequency-doubled Nd:YAG laser operating at
the rigidity of the ring system. In previous work we have 532 nm with about 450 mW of power. For vapor spectra the
investigated the far-infrared spectra and ring-puckering potential high-temperature cell previously described was utili¥ed.
energy functions of 2-silacyclopentégV), 3-silacyclopen-
tené? (VI), and 1,3-disilacyclopent-4-eH&VIl). The potential
energy function of V is unusually steep reflecting a rigid, planar,
ring system, and this was attributed to interactions between the Figure 1 shows the far-infrared spectrum of 1V recorded with
0.1 cn1! resolution. Four bands at 70.5, 71.2, 71.6, and 72.1
+ To whom correspondence should be addressed. cm! can be resolved as transitions between the different ring-
tai?(\?:rggl\{wnnlversny. puckering quantum states. The Raman spectrum of the vapor
s Permanent address: Institute of Physics, University of Tartu, Tartu, ShOWs a broad unresolved band with a maximum at 141'cm
Estonia. This corresponds to overlapping double quantum jump transi-
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3. Results and Discussion
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TABLE 1: SiH ; Stretching Bands and Combinations with the Ring-Puckering Vibration of 1,4-Disilacyclohexa-2,5-dierie

v(cm?)
SiH; vibration vapor liquid inferred combination
v2(Ag) symmetric stretch (i.p.) 21546 R 2146 R 2154.0 1u @ype C)
v13(B2g) antisymmetric stretch (0.p.) ~2143R 2129 R 2143.2 B(type A)
v22(B1y) symmetric stretch (0.p.) 2143 IR g
vay(Bay) antisymmetric stretch (0.p.) 2150 IR 2B

2R, Raman; IR, infrared; i.p., in-phase; o.p., out-of-phase.
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Figure 1. Far-infrared spectrum of 1,4-disilacyclohexa-2,5-diene, 10
Torr in a 5 mcell.
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Figure 3. Vapor-phase Raman spectra of 1,4-disilacyclohexa-2,5-diene,
2 Torr at 100°C. Top spectrum, parallel polarization; middle spectrum,
perpendicular polarization; bottom spectrum, computed contour£pr B
band.
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Figure 2. Infrared combination band spectrum of 1,4-disilacyclohexa-
2,5-diene, 0.5 and 10 Tornia 5 mcell.

tions. Further information on the puckering levels can be : i :
obtained from combination bands in the $#iretching region. 2200 2160 2120

Table 1 lists the four different SiHstretching modes and the cm-1

infrared and Raman frequencies observed for the vapor andrigyre 4. Liquid-phase Raman spectrum of 1,4-disilacyclohexa-2,5-
liquid samples. The table also shows the symmetry species ofdiene with perpendicular polarization. The deconvolution of the
the combinations that can be expected between the puckeringspectrum into its components is also shown.

and each stretching mode. Figure 2 shows the infrared spectrum

in the 2056-2250 cn! region. Thevyy(Byy) and vax(Bay) not evident when parallel polarization is utilized but accounts
stretching modes can be seen at 2143 and 2150%cm for most of the intensity when the(Ag) band intensity is greatly
respectively. The R branch of the type A 2150 ¢nband is reduced with perpendicular polarization. Thg(B,g) band lacks
also evident; the P branch lies under the 2143 %@ branch. a Q branch, and the maxima of the rotational envelopes are
In addition, sum and difference bands can be seen near 2214separated by approximately 13 cthA computed simulatiof?

and 2083 cml, respectively. These combination bands can arise of the vapor-phase Raman band type produces a very similar
from either the Raman active(Ag) mode as B, infrared bands calculated band structure with a center gap and a rotational
(type C) or from the Raman actives(B,g) mode as B, infrared envelope separation of 11 ch We also recorded the Raman
bands (type A). To ascertain which vibrations are in combination spectrum of the liquid in this region. Figure 4 shows the
with the puckering, the Raman spectra of both the vapor and perpendicularly polarized spectrum in which thgAg) band
liquid spectra were recorded. Figure 3 shows the vapor-phaseintensity is considerably reduced. Deconvolution of the spectrum
Raman spectrum of IV in the SpHétretching region. The totally ~ shows thev, and v13 bands to be at 2146 2 and 2129 2
symmetricvo(Ag) band is observed at 2154461.0 cn1?, while cm1, respectively. The frequency difference of 17 @m
the v13(B2g) band is centered at 2148 3 cmi'™. The latter is between the two bands for the liquid is significantly larger than

Raman Intensity




Spectra of 1,4-Disilacyclohexa-2,5-diene
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Figure 5. Infrared sum and difference bands of 1,4-disilacyclohexa-
2,5-diene vapor.
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Figure 6. Ring-puckering potential energy function of 1,4-disilacy-
clohexa-2,5-diene.

TABLE 2: Far-Infrared and Combination Band Spectra
(cm™1) of the Ring-Puckering Vibration of
1,4-Disilacyclohexa-2,5-diene
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Figure 7. Comparison of the ring-puckering potential energy functions
of 1,4-disilacyclohexa-2,5-diene and 1,4-cyclohexadiene.
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The far-infrared spectrum of the 1,1,4J4isotopomer was
also recorded. A broad unresolved band with a maximum at 63
cm! was observed.

To evaluate the potential energy function governing this
vibration, it was necessary to calculate the reduced mass for
this motion as a function of its coordinate. This was done using
methods we have previously descrilsethe reciprocal reduced
mass functiong4(X) calculated for the 1,4-disilacyclohexa-
2,5-diene and itsl, derivative are, respectively

0.4 = 0.005906— 0.004953% — 0.05854&" + 0.156%°
)

and

0. = 0.004688+ 0.002556° — 0.0690%" + 0.136%"
)

Using the observed data and the kinetic energy function of eq

Ve Vsum VD';F154 5 1, the potential energy function for 1,4-disilacyclohexa-2,5-diene
_ Vsum — S was determined to be
transition obsd caléd obsd 2143.2  obsd VDIFE
0-1 705 70.6 2213.7 70.5 2083.5 70.5 —1) — + A
1-2 71.2 711 22143 71.1 2082.9 71.1 V(em ) =1.23x 104)(2 2.40x 10% )
2:3 /16 rl5 o 22lar 715 20825 715 wherex is the puckering coordinate in angstroms, as previously
3-4 721 720 22152 72.0 2082.1 71.9 . 3 i - -
4—5 72.4 2081.6 72.4 defined? This function and the observed transitions are shown
5-6 72.7 2081.3 72.7 in Figure 6. Table 2 compares the calculated frequencies with
67 73.1 2080.8 73.5 those observed, and the fit can be seen to be excellent. When

the potential function of eq 3 is used together with the kinetic
energy function for thed, isotopomer in eq 2, a puckering
frequency (6-1) for the deuteride of 62.8 cm is calculated,;
the higher transitions are predicted to be at 63.2, 63.6'cm
etc. This is in good agreement with the broad infrared band

the 11 cn? value for the vapor, but the spectrum is nonetheless
compatible with the assignments in the vapor spectrum.
Consideration of all this information shows that the infrared
sum bands originate fromp(Ag) at 2154.0 cm? (inferred) and observed at 63 cni.

that the difference bands originate fromy(B2g) at 2143.2 cm? Figure 7 compares the 1,4-disilacyclohexa-2,5-diene ring-
(inferred). Figure 5 shows the sum and difference regions puckering potential energy function with that of cyclohexadiene.
expanded, and Table 2 compares the frequencies derived fronTThe curves show that the cyclohexadiene molecule is consider-
the sum and difference bands to those observed in the far-ably more rigid than the silicon compound. This is what is
infrared region. These results made it possible to determine theexpected if no unusual forces are present since angle bending
first seven transitions of the ring-puckering vibration. Itis clear and torsional forces involving silicon atoms are typically less
from the close spacing between the transitions that this modethan those involving carbon atoms. It can thus be concluded
is very nearly harmonic. Of the molecules previously studied, that there are no unusual significant interactions, suctr as

I and Il also have nearly harmonic functions, whereas lll, V, interactions, between the silicon atoms and tkedQunits. Why

VI, and VIl had a considerable amount of quartic character. such interaction seems to be significant for 2-silacyclopentene



10264 J. Phys. Chem. A, Vol. 102, No. 50, 1998 del Rosario et al.

(V), relatively small for 1,3-disilacyclopent-4-ene (VII), and (3) Strube, M. M.; Laane, J. Mol. Spectrosc1988 129, 126-139.
essentially absent for 1,4-disilacyclohexa-2,5-diene (IV) remains 199(34)11?83;9)2-_’8'&%%”9' 1. Majors, R.; Villarreal, . Am. Chem. Soc.
a mystery. (5) Lord, R. C.; Rounds, T. Cl. Chem. Phys1973,58, 4344-4349.
(6) Laane, JJ. Chem. Phys197Q 52, 358-360.
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