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Recent studies involving quantum mechanical computations2,3

and X-ray crystallographic structure determination4-6 have dis-
pelled the notion of through-bond coupling as the cause of the
long bonds in polyarylethanes. Since the completion of that work,
a remarkable bond length of 1.72 Å has been reported for the
C(sp3)-C(sp3) bond in 1,1,2,2-tetraphenyl-3,8-dichloronaphtheno-
cyclobutene, (1).7 Given the long-standing success of Pauling’s
bond length/bond order structure correlation,8 C-C bond lengths
greater than 1.70 Å (i.e., bond orders approaching 0.5) deserve
special examination and explanation. Variable steric and elec-

tronic factors have led to hexaarylethanes with bond lengths
ranging from 1.54 Å for 9,9-ditrypticyl (2)9 to 1.67 Å for
hexaphenylethane (3).10 In addition, a search of the Cambridge
Structural Database (CSD) uncovers ca. 90 examples of C(sp3)-
C(sp3) benzocyclobutane bonds (Figure 1) that cluster about 1.58
( 0.5 Å.11 Thus, the C-C bond length in1 is a significant outlier
no matter what model one takes as “normal.” Specifically, the
structure report of1 and cognates raises two important questions:
12 (1) What is the reliability of the reported length? (2) If reliable,
what is the origin of the long bond?

To confirm the experimental bond length in1, we redetermined
the X-ray crystal structure by collecting data at low temperature
(90 K).13-16 Refinement of this highly accurate data set converged
on a C-C bond length of 1.710(2) Å, in excellent agreement
with the value determined from room-temperature data.8 As seen
in the ORTEP plot (Figure 2), the thermal ellipsoids of the carbon
atoms in the crucial bond are small and almost spherical,
supporting the accuracy of the atomic positions found in this
structure.
To address the bond length computationally it was necessary

to establish a suitable level of theory and model structure.17-27

Benzocyclobutene (4) and naphthocyclobutene (5) are reasonable
structural cognates, with C(sp3)-C(sp3) bond lengths of 1.586
(1.574) Å and 1.586 (1.574) Å, respectively [B3LYP/dz(2d,p)
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Figure 1. Histogram of C(sp3)-C(sp3) benzocyclobutane bond lengths
as retrieved from CSD.

Figure 2. ORTEP plot of1 (90 K data; ellipsoids shown at the 50%
level).
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(RHF/DZV(2d,p)] (Table 1). From the similarity of the carbon-

carbon bond lengths in4 and 5, we assumed that 1,1,2,2-
tetraphenylbenzocyclobutene (6) would be a suitable model for
1. Computations (B3LYP/dz(2d,p)) on6 in a C2 conformation
similar to that found crystallographically for1 predict a bond
length of 1.708 Åin excellent agreement with the experimental
obserVation for 1. Similar computational predictions for1 have
been made in other laboratories.12b,28 Alternatively, one could
imagine a more symmetricC2V conformation and that theC2

conformation was a result of packing forces. Computations
(B3LYP/dz(2d,p)) on6 in a C2V conformation displayed a yet
longer bond (1.722 Å), but this structure was found to be a
nonminimum stationary point (1 negative eigenvalue) 8.8 kcal/
mol higher in energy than theC2 form. Given the accurate X-ray
analysis and the concurrence of computational bond lengths, it is

reasonable to accept the 1.71 Å bond length for1 as fact and
assume the B3LYP/dz(2d,p) is an appropriate computational level.
The question of the origin of the bond length can be addressed

by comparison of a series of related computationally structures
such as7-10. The pair7/8 allow one to deduce the approximate

bond lengthening one might see if through-bond coupling were
an important effect. As in previous studies,3 the control (7) and
“active” (8) compounds have essentially indistinguishable bond
lengths (1.596 vs 1.598 Å, respectively). This observation argues
against any through-bond coupling effect on the geometry of8,
and indicates that two generic substitutions on4 in an anti
arrangement might lengthen the bond by ca. 1 pm. The structure
of 9 allows one to see the additional steric effects introduced by
having two phenyl groups cis to one another. This large through-
space coupling (i.e., steric effect) is accompanied by an increased
bond length (1.636 Å at B3LYP/dz(2d,p)) of ca. 5 pm compared
to 4. Geminal substitution can also affect bond lengths and must
be taken into account in any full analysis. The bond length in
10 (1.599 Å) shows that geminal effects are small in the present
system, ca. 1 pm.
From the above series of compounds, one can define a series

of steric increments for bond lengthening compared to the bond
in 4. Adding together these various empirical lengthening effects,
one would predict a bond length in1 of 1.69-1.73 Å, well within
the experimentally determined range. The steric bond lengthening
effect in1 is nonetheless extreme and would indicate a bond order
of between 0.5 and 0.6. That such a bond can be faithfully
represented by computational methods without CI or MCSCF
treatments speaks to the strength of the interaction between the
two nuclei.
A full orbital analysis of6 is complicated by mixing in of the

“benzo” orbitals; however, there is nothing striking that would
point to a filled-empty through-bond coupling interaction. In-
deed, the most exhalted orbital of theC2V conformer of6 (i.e.,
the structure with the longest bond and best geometrical arrange-
ment of orbitals) is antisymmetric with respect to both mirror
planes. The likely orbitals for filled-empty through-bond coupl-
ing are not commensurate enough in energy to show any mixing.
Thus, there is no reason to invoke any special orbital interactions
such as through-bond coupling to account for the bond length.
On the whole, we conclude that the extraordinary bond length

for 1 is reliable and that its origin is primarily explained by a
classical steric argument without the need to resort to orbital
interactions such as through-bond coupling. Indeed, the distance
between ipso carbons of cis-related phenyl groups is only ca. 3.0
Å, significantly shorter than van der Waals’ spacing. As such,
other larger groups such astert-butyl should be able to push the
bond even further, perhaps to exceed 1.75 Å.
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Note Added in Proof: A recent paper (Bettinger, H. F.;
Schleyer, P. v. R. S.; Schaefer, H. F.J. Chem. Soc., Chem.
Commun.1998, 769) concluded that through-bond coupling
effects are geometrically important in1; however, their study (a)
does not consider7 and9 and (b) predicts a bond length in8
discrepant to our findings at B3LYP/631-G** (1.600 Å vs 1.622
Å), but coincident with BLYP/631-G**.
JA980498T
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Table 1. Comparison of “Long” Bond Lengths (in Å) for
Calculated Structures

molecule
RHF/

dzv(2d,p)
B3LYP/
dz(2d,p) molecule

RHF/
dzv(2d,p)

B3LYP/
dz(2d,p)

4 (C2V)a 1.574 1.586 9 (Cs) 1.609 1.636
5 (C2V)b 1.574 1.586 8 (C2) 1.584 1.598
7 (C2) 1.587 1.596 6a (C2) 1.708
10 (Cs) 1.588 1.599 6b (C2V) 1.722
a exp ) 1.565(2). See: Crawford, J. L.; Marsh, R. E.Acta

Crystallogr. Sect. B1973, 29, 1238.b exp ) 1.580(1). See: Boese,
R.; Bläser, D.Angew. Chem., Int. Ed. Engl.1988, 27, 304.
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