Tetraphenyldihydrocyclobutaar enes—what causes the extremely long 1.72 A

C—C single bond?
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The exceptional 0.19 A lengthening (to 1.720 vs. 1.53 A in
ethane) of the Cy3—Cy3 bond in tetraphenyl-
dihydrocyclobutaarenes is attributed to a combination of
cyclobutene ring strain (0.04 A), through-bond coupling
(0.08 A) and steric repulsion (0.07 A) by comparison with
model systems.

The1.720(4) A Cg3—Cqs distancein 3,8-dichloro-1,1,2,2-tetra-
phenylcyclobuta[b]naphthalene 1 is currently the longest

known single bond length in hydrocarbons.*-3 Since semiem-
pirical methods (PM3 and MNDO) underestimate the Cg;3—Cg,3
bond length in 1 by as much as 0.05 A 3 it was suggested that
‘specia bonding effects exist’2 in 1. Moreover, recent studies
concluded that through-bond coupling ‘never has more than a
2-3 pm effect’4 on the length of the mediating single bond.45
Hence, we agree that the extremely long C—C single bonds in
1,1,2,2-tetraphenyldihydrocyclobutaarenes® ‘are of utmost im-
portance for our understanding of chemical bonding.’ 2 Choi and
Kertesz recently showed that el ectron correl ation effects haveto
be included in order to give agreement between quantum
mechanical calculations and experiment.®

We computed the geometry of C, symmetric 1 at various
levels of theory.: Since B3LYP/6-31G** gives the best
agreement with the X-ray data of 1 (Fig. 1), al subsequent
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Fig. 1 The structure of 3,8-dichloro-1,1,2,2-tetraphenylcyclobutalb]-
naphthalene 1 optimized at the B3LYP/6-31G** level of theory. Bond
lengths are in A, experimental bond lengths are given in brackets.

calculations on model systems 2—6 were carried out with this
hybrid functional.®12 Note that at HF/6-31G** the Cg3—Cg3
bond length of 1 is underestimated by 0.06 A. The C,,
symmetric form of 1 is a transition state at HF/STO-3G (81i
cm—1) and 9.4 kcal mol—1 higher in energy at B3LY P/6-31G**
than the C, ground state.

Which effects cause the extremeIK long bond in 1? A very
similar Cq3—Cqp3 distance (1.718 A) as for 1 (1.731 A) is
computed for 1,1,2,2-tetraphenylbenzocyclobutene 2 (Fig. 2).
Obvioudly, the two chlorine atoms and the presence of the
annelated naphthalene (instead of benzene) ring have only a
small influence on the C4,3—Cg,3 bond length. Ring strain in the
cyclobutane moiety engenders elongated Cq;3—Cg,3 bonds in
cyclobutane 3 (1.555 A),13 in cyclobutene 4 (1566 A, via
microwave analysis)14 and in benzocyclobutene 5 (1.580 A, via
X-ray analysis)15 with respect to ethane (1.535 A; 1.530 A at
B3LYP/6-31G**).16 the Cgq3—Cg3 bonds in 1 and 2 are
0.14-0.15 A longer than in the parent compound 5. Howeve,
abnormally long C—C single bonds in the 1.64-1.66 A range
have been observed previously for cyclobutane derivatives with
vicinal phenyl groups.12

The lengthening of a mediating C—-C single bond by vicinal
phenyl groups has been attributed to through-bond interac-
tionst7? of the favorably aligned st-oribtals of the benzenerings.t
The benzene rings in 1, trans-1,2-diphenylbenzocyclobutene 6
and 2 are orientated ideally, and due to the low lying o* (Cg3—
Cs3) orbital of the cyclobutane ring, the through-bond inter-
action is expected to be enhanced.?

A distance of 1.622 A between the C,3 centersis obtained for
6. Inspection of the MOs reveals an orbital ordering similar to
the one reported for anti-1,2-diphenylethane.# Through-bond
coupling isindicated by the reversal of the conventional out-of-
phase above in-phase MO ordering,5 and through-space cou-
pling isnot observed dueto the 3.72 A separation of the benzene
rings. Thus, the bond elongation of 0.042 A in 6 with respect to
5 can only be ascribed to through-bond interaction, and is
significantly larger than the 0.02-0.03 A limit of Baldridge
etal.4

Assuming that the elongation effect is additive, a Cg;3—Cq3
bond length of 1.58 + 2 X 0.04 = 1.66 A, based on through-
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Fig. 2 Calculated (B3LY P/6-31G**) and experimental [in brackets, where
available] bond lengths (A) in molecules 2 to 6
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bond interaction, is expected for 2. The difference of 0.07 A
with the calculated 1.73 A length can be ascribed to repulsive
steric interactions (and perhaps to through-space interactions)
among the phenyl groups.

Indeed, the MM 218 value for the Cg,3—Cg,3 bond length in 2
is1.651 A, 0.08 A shorter than the B3LY P/6-31G** result. As
MM2 includes ring strain effects and steric congestion, but not
through-bond interactions, our estimate of 0.08 A as the
contribution of the latter effect seems to be reasonable. The
Cs3—Csp3 bond in 1is0.18 A longer than in cyclobutane 3. Of
this, the benzoannelation strain (i.e. in 5) contributes 0.03 A.
Through-bond interaction elongates the bond by an additional
0.08 A, and repulsion and possi blethrough-face interaction of
the phenyl groups contributes another 0.07 A.

The elongation of a bond is in general associated with the
decrease of the corresponding force constant. Thus, a perturba-
tion’ seffect onthe bond lengthislarger for an already elongated
bond than for a‘normal’ bond. We conclude that bonds which
are weakened (el ongated) by other influences are more proneto
further bond lengthening by through-bond coupling than
concluded recently.4
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1 The Cg3—Cqy3 bond lengths of 1 are 1.658 A at AM1 (ref. 7), 1.686 A at
HF/6-31G**, 1.788 A at BLYP/6-31G** (refs. 8(a), 9], 1.757 A at BP86/
6-31G** [refs. 8(a), 10], 1.692 A at BHLYP [ref. 8(b)] and 1.731 A at
B3LYP/6-31G** [refs. 8(c), 9]. All computations employed GAUSSIAN
94 (ref. 11).

1 E. Osawaand K. Kanematsu, in Molecular Structure and Energetics, ed.
J. F. Liebman and A. Greenberg, VCH, Deerfield Beach, 1986, val. 3,
p. 329.

770 Chem. Commun., 1998

2 G. Kaupp and J. Boy, Angew. Chem., Int. Ed. Engl., 1997, 36, 48.

3 F.Toda, K. Tanaka, Z. Steinand |. Goldberg, Acta Crystallogr., Sect. C,
1996, 52, 177; F. Toda, K. Tanaka, |. Sano and T. Isozaki, Angew.
Chem,, Int. Ed. Engl., 1994, 33, 1757.

4 K.K.Baldridge, T. R. Battersby, R. VernonClark and J. S. Siegel, J. Am.
Chem. Soc., 1997, 119, 7048.

5 S. Osawa, M. Sakai and E. Osawa, J. Phys. Chem. A, 1997, 101,
1378.

6 C. H. Choi and M. Kertesz, Chem. Commun., 1997, 2199.

7 M. J. S. Dewar, E. G. Zoebisch, E. F. Hedly and J. P. Stewart, J. Am.
Chem. Soc., 1985, 107, 3902.

8 (a) A. D. Becke, Phys. Rev. A, 1988, 38, 3098; (b) A. D. Becke, J. Chem.
Phys., 1993, 98, 1372; (c) A. D. Becke, J. Chem. Phys., 1993, 98,
5648.

9 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785.

10 J. P. Perdew, Phys. Rev. B, 1986, 33, 8822.

11 GAUSSIAN 94, Revision C.3, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman,
T. Keith, G. A. Petersson, J. A. Montgomery, K. Raghavachari,
M. A. Al-Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman,
J. Cioslowski, B. B. Stefanov, A. Nanayakkara, M. Challacombe,
C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong, J. L. Andres,
E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley,
D. J. Defrees, J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez and
J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1995.

. D. Becke, J. Chem. Phys., 1993, 98, 5648.

andolt-Bornstein, Sructure Data of Free Polyatomic Molecules, ed.

-H. Hellwege,, Springer-Verlag, Berlin, 1976, vol. 7, p. 285.

.Bak, J. J. Led, L. Nygaard, J. Rastrup-Andersen and G. O. Sarensen,
J. Mol. Struct., 1969, 3, 369.

15 R. Boese and D. Bléaser, Angew. Chem,, Int. Ed. Engl., 1988, 27, 304.

16 M. D. Harmony, J. Chem. Phys., 1990, 93, 7522.

17 R. Hoffmann, A. Imamura and W. J. Hehre, J. Am. Chem. Soc., 1968,
90, 1499; R. Hoffmann, Acc. Chem. Res., 1971, 4, 1; R. Gleiter, Angew.
Chem,, Int. Ed. Engl., 1974, 13, 696.

18 N. L. Allinger, J. Am. Chem. Soc., 1977, 99, 8127.

A
L
K
B

Received in Corvallis, OR, USA, 29th August 1997; revised manuscript
received, 16th January 1998; 8/00741A



