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The bond length of a carbercarbon sp—sp’ o-bond without the perturbing effects afinteractions has

been estimated by high level calculations on two prototypical systems?-a&ed form of butadiene and

the tub conformer of cyclooctatetraene. The former system yields a value of 1.4818 A, considerably longer
than previous estimates. The corresponding bond length in the latter is slightly shorter due tosletteon
delocalization.

A longstanding issue in structural chemistry is the length of o
a naked G-C spg—sp@? o-bond, i.e., this bond without the
clothing of somer-electron contribution. No simple molecule
presents an example of such a bond. In 1959, Dewar and H\ R4
Schmeising estimated the%gsp? bond length to be 1.474 H‘\ H\
1.479 A by comparing bond lengths in various small hydro-
carbons with differently hybridized carbon atoms and by energy/ _ 0 $insi
bond length argumenisRecently, Craig et al. used another s-trans 90° twisted
argument to arrive at a bond length of 1.470 A from the modern,
near-equilibrium bond lengths in propene and etheh&he
shrinkage in bond length from ethane {sgp’) to propene
(sp*—sp?) was applied to the gp-sp® bond length in propene
to estimate the desired %psp? bond length. This estimate of
the naked sp-sp? o-bond length was used to demonstrate the
structural consequencesmfelectron delocalization ie-trans
1,3-butadiené.

Because of the approximations involved in deriving the pre-
vious estimates of the 3psp? bond length, we have reexamined
the issue through a series of high level calculations of prototypi-
cal systems. One limitation in our previously reported estimate
was that onlynearequilibrium structures of propene and ethane
were available. Another assumption was that the shrinkage in
the bond length is linear in going from %psp’ in ethane and
sp—sp® in propene over to $p-sp? in similar molecules. A
third approximation was neglecting the role of additional atoms
in propene compared to ethane. We now report the results of
highly correlated ab initio structural calculations addressing the
guestion of the naked 3psp? bond length. The first structure . . )
is that of the 96-twisted form of butadiene. The other is the 1€ C=C and C-C bond lengths in 90twisted butadiene
tub conformer of cyclooctatetraene. In twisted butadiene, which &€ the lengths for isolated bonds. (In the discussion in this

is close to a transition state on the internal rotation potential PaPer. we use €C and C-C as labels for bonds that are
surface, ther-electron clouds are nearly orthogonal and thus localized or participate in some delocalization.) The calculated
not subject to delocalization. For comparison with the ab initic ©—C bond length of 1.3329 A in 9awisted butadiene is close

and semiexperimental structuressfransbutadiene, we com- 10 the C=C bond length of 1.3305 A obtained for the

puted the structure of S@wisted butadiene at the same high semiexperimental structure of ethyleh®Ve believe that the
C—C bond length of 1.4818 A is the first accurate value for a

+ Corresponding author. E-mail: dfeller@owt.com, pure sﬁ—spz_ o-bond length. This value is longer than the
t Washington State University. previous estimate of 1.470 A. The greater length may reflect

* Oberlin College. on some of the approximations in the earlier estimates. The slight
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Figure 1. Sketches of-transand 90-twisted butadiene emphasizing
p oribitals.

level of theory. The optimizations were performed with the
MOLPRO program package at the CCSD(T)(FC)/aug-ccepV
(n=D,T,Q) levels of theory, followed by extrapolation to the
complete basis set (CBS) limit and corrections for core/valence
electron correlation and scalar relativistic effettsFigure 1
shows the two forms of butadiene with the p orbitals indicated.
Table 1 compares the calculated CC and CH bond lengths
for s-transbutadiené, 90°-twisted butadiene, and the tub
conformer of cyclooctatetraene. This table also contains the
values for the semiexperimental equilibrium structure-tifans
butadiené, the X-ray structure for cyclooctatetraehand the
electron diffraction structure for cyclooctatetraériehe excel-
lent agreement between the semiexperimental equilibrium
structure and the ab initio structure feftransbutadiene, as
well as the comparisons on a much larger collection of
molecules! supports the conclusion that calculations at this level
should be capable of accurate structural predictions.
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TABLE 1: Equilibrium Structures for Butadiene and differ by 0.0003 A. In the X-ray investigation of a crystal at
Cyclooctatetraene 129 K with calculated corrections for thermal contributions from
butadiene cyclooctatetraene (tub) vibrations, differences were found in the-C and G=C bond
strans  s-rans 90°-twist ab electron lengths, which could be attributed to uncertainties in the
semiexptt ab initic® ab initio initio  X-ray¢ diffractd determinations of bond lengths or to some twisting due to crystal
rC=C/A 1.3376 1.3377 1.3329 1.3407 1.333 1.334(1) packing. AVerage values from the X-I’ay inVeStigation for the
re—c/A 1.4539 1.4548 1.4818 1.4668 1.469 1.462(1) C=C and C-C bond lengths are given in Table 1. Although
rC—Hajllé i.ggg 1-82‘212 1-82% 1.0879 1.090(5)  the electron diffraction re;ults (no corrections for vib_rations)
:E::fe/A 10793 10769 10808 and the X-ray results are in reasonable agreement with the ab
dihedr anglé 0 0 90 578 572 initio calculations, we regard the latter as a better characteriza-

tion of isolated cyclooctatetraene molecules.

a Reference 2° Reference 4¢ Average values. Reference %Ref- - . .
erence 8. Uncertainty in last place given in parenthesedor interior Compared to the C and G-C bond lengths in SBtwisted

hydrogen atoms; ¢ for hydrogen atoms cis to the@bond; t for butadiene, the corresponding bond lengths in cyclooctatetraene

hydrogen atoms trans to the-C bond.f C=C—C=C dihedral angle. were surprising. The €C bond seems too long, and the-C
bond, too short. In cyclooctatetraene, despite expectations from

simple models, the dihedral angle between twsbonds and
the connecting €C bond is only 58. The zz-bonds are not
orthogonal, and somer-electron delocalization presumably
occurs. Because of the continuous, cyclic conjugation in
cyclooctatetraenes-electron delocalization should be enhanced
(cf. benzene and hexatriene). Thus, despite our original expecta-
tion that cyclooctatetraene would provide another example of
isolated G=C and C-C bonds in a conjugated system, we now
have structural evidence for someelectron delocalization in
‘y o this molecule.
The theoretical CH bond length in cyclooctatetraene of 1.0879

Figure 2. Tub rotamer of cyclooctatetraene. A'is about 0.003 A longer than the interior CH bond in the two

. ) . ) . forms of butadiene. This increased length is consistent with the
lengthening of the isolated=€C bond in 90-twisted butadiene dihedral angle of 48 for the H-C—C—H bond system,
relative to ethylene can be attributed to steric effects caused byimplying that the CH bond in cyclooctatetraene has some added
the greater number of atoms in the former. This observation p character even though the+€=C—H dihedral angle is
suggests that the 3pspF o-bond in 90-twisted butadiene may In conclusion, a high level ab initio determination of the

al.sﬁ be ?‘omewhgg angeréhgn gt_rebon: length inh ethylene structure of 96-twisted butadiene gives 1.4818 A for an isolated
W't_OUt tbe %Orllm TEOD ng;-tontlr:‘jg.b ;)v;gver, t ethpreks)en: sp—sp? o-bond and 1.3329 A for an isolated= bond in a
sp—sp* bond length in wisted butadiene 1S the best &, hydrocarbon molecule. The zero point inclusive energy of

Lefterg_nce v_alueﬁ Itt concl;irms t_tfw_at t?le—(C bond (ijn ?-trans K dthe 90-twisted form of butadiene is 23.7 kJ/mol higher than
utadiene is shortened significantly compared to a naked . energy of the s-trans conformer.

spP—sp? bond. In summary, comparison of bond lengths in
s-transbutadiene with those in 9awisted butadiene confirms
thatr-electron delocalization in butadiene lengthens tkeCC
bonds and shortens the<C bond in accord with theory.

At the CCSD(T) CBS limit, the 90Btwisted form of butadiene
lies 25.5 kJ/mol higher in energy than the s-trans conformer,
ignoring zero point vibrational energies. When zero point
energies are included, the energy difference decreases to 23.
kJ/mol. The nearby transition state at approximately,%7
separating the s-trans and s-gauche minima on the rotational
potential surface, is-1.8 kJ/mol higher in energy, leading to a
barrier of 25.5 kJ/mol when zero point energies are included.
This result is in good agreement with an approximate experi-
mental value of 25 kJ/mdlCompared to the s-trans form, the
s-gauche form is estimated from the potential function, obtaine
from the Raman spectrum of the torsional mode, to be 12
kJ/mol higher in energ9y.Another value is 12.24 kJ/mol from
the analysis of the temperature dependence of the electronic (1) Dewar, M. T. S.; Schmeising, H. Nietrahedron1959 5, 166—
spectrumt? 178.

Seeking a stable molecule, as distinct from a near transition  (2) Craig, N. C.; Groner, P.; McKean, D. G. Phys. Chem. 2006
state, to evaluate the length of an isolatet-sp? o-bond length, 110, 7461-7469. i .
we computed the siructure of the favored fub conformer of y, () FEIIONY: M. D Invibational Specira and Swuctuug 9
cyclooctatetraene, which is shown in Figure 2. The bond lengths 1.
from this calculation are given in Table 1 in comparison with (4) Feller, D.; Peterson, K. Al. Chem. Phys2007, 126, 114105/1
those reported in the X-rédyand electron diffractichinvestiga- 11410513.

; i initi (5) Werner, H.-J.; Knowles, P. J.; Lindh, R. http://www.molpro.net;
tions. The optimized ab initio structure for cyclooctatetraene MOLPRO 2006.1, & package of ab initio programs designed by H.-J. Werner

deviates slightly from the expectddhy symmetry. Thus, the  ang p. 3. Knowles, UniversitStutigart, Germany, Cardiff University,
C=C bond length in Table 1 is an average of two values that Cardiff, United Kingdom, 2006.
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(6) The structure of 90twisted 1,3-butadieneC; symmetry) was structure from higher order correlation recovery, i.e., beyond CCSD(T),
computed by the same theoretical procedure used to determine the strucwere prohibitively expensive for twisted butadiene, estimates could be
ture of planars-trans1,3-butadiene @n symmetry). While planar buta- obtained for the planar form. The structure of cycloctatetraene was com-
diene is the global minimum on the potential surface, thé ®@sted puted at a similar level of theory, but practical considerations required us
structure is a first-order transition state with a single imaginary fre- to substitute a core/valence correction obtained at the cc-pwCVTZ basis
guency corresponding to twisting about the central@Cbond. Coupled set.
cluster calculations with a quasi-perturbative inclusion of triple excita- (7) Claus, K. H.; Kiger, C.Acta Crystallogr.1988 C44, 1632-1634.

tions, CCSD(T), were performed at the frozen core level of theory using (8) Bastiansen, O.; Hedberg, L.; Hedberg, X.Chem. Phys1957,
correlation consistent basis sets ranging from aug-cc-pVDZ through aug- 27, 1311-1317.

cc-pVQZ. A small correction for the remaining basis set truncation error (9) Engeln, R.; Consalvo, D.; ReussChem. Phys1992 160, 427—

was obtained from a three-point exponential extrapolation in the internal 433. We evaluated the reported potential function at various angles to obtain
coordinates. Additional corrections for core/valence correlation effects the energies and angles reported here. Only the parameters of the potential
were obtained from CCSD(T)/cc-pCVQZ calculations in which all elec- function and the graph were reported in the paper.

trons were correlated and for scalar relativistic effects from Doud{as|l — (10) Saltiel, J.; Sears, D. F., Jr.; Turek, A. BM.Phys. Chem. 2001,

Hess CCSD(T)/cc-pVTZ_DK calculations. Although contributions to the 105 7569-7578.



