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Abstract: Starting from fused barbaralanes, we come (theoretically) to a new class of delocalized molecules
in which two polyenyl radical chains interact with each other through space in a bonding way, but do not
form full o-bonds. These molecules resemble o-homologues of polyacenes and are bishomoaromatic.

The study of Cope rearrangeméent® rigid polycyclic Scheme 1
systems such as barbaralamy¢ and semibullvalene?j34 has i i
a long history, crafted by some of the foremost physical organic ,mf =1 =1 /;\/Wj/
chemists of the past half-century. The geometric restrictions of < <
these polycyclic frameworksoften modulated by the electronic l > > l

effects of attached substituentsave been used to lower the l]t Q. (H'“ s Q—H'H § \\/\/\/\/’]
barrier for Cope rearrangement, in some cases to the point wher: ‘>“ ;> l

a delocalized,Cy,-symmetric structure actually becomes a l < (
minimum rather than a transition structure for [3,3]-sigmatropic W S - m
3 a4 5

rearrangement. Such structures are éectron neutral bis-
homoaromatic species.

1). The first type of shiftamer reported3)( involved the
movement of a pair of parallek-bonds along a ladderane
polymer via [3,3]-sigmatropic shiff&.\We initially also proposed
o-bond movement along a pair of parallel polyene chains via
[3,3]-sigmatropic shiftsg).52We now report that systems based

. on5 seem unwilling to behave as shiftamers, but rather behave
Recently, we described (on paper) several examples of a new

class of molecules called sigmatropic shiftanfgsslymers with as analogues of polyacend.(The molecules we will discuss
include the first examples, predicted computationally, af,10
localized substructures that propagate along the extended chai
47, and 18r bishomoaromatic species.
via sigmatropic rearrangements (for exam@end4, Scheme
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IsomerizationsAcademic: New York, 1981. (b) Goldstein, M. J.; Benzon, (a) Wu, H.-S.; Jiao, H.; Wang, Z.-X.; Schleyer, P. v.RAm. Chem. Soc.
M. S.J. Am. Chem. Sod972 94, 7147-7149. (c) Wiest, O.; Montiel, D. 2003 125 10524-10525. (b) Goren, A. C.; Hrovat, D. A.; Seefelder, M.;
C.; Houk, K. N.J. Phys. Chem. A997 101, 8378-8388. (d) For a recent Quast, H.; Borden, W. TJ. Am. Chem. SoQ002 124, 3469-3472. (c)
study from one of our groups on Cope rearrangements in geometrically Brown, E. C.; Henze, D. K.; Borden, W. T. Am. Chem. So2002 124,
constrained systems, see: Tantillo, D. J.; Hoffmann].Rrg. Chem2002 1497714982, and references therein.
67, 1419-1426. (4) For leading references, see: (a) Williams, RBEwr. J. Org. Chem2001,

(2) For leading references, see: (a) Quast, H.; Seefelder, M.; Becker, C.; 227-235. (b) Jiao, H.; Nagelkerke, R.; Kurtz, H. A.; Williams, R. V.;
Heubes, M.; Peters, E.-M.; Peters, Eur. J. Org. Chem1999 2763— Borden, W. T.; Schleyer, P. v. R. Am. Chem. S0od.997, 119 5921-
2779. (b) Doering, W. v. E.; Ferrier, B. M.; Fossel, E. T.; Hartenstein, J. 5929. (c) See also ref 2c.
H.; Jones, M., Jr.; Klumpp, G.; Rubin, R. M.; Saunders, Tdtrahedron (5) (a) Tantillo, D. J.; Hoffmann, RAngew. Chem., Int. EQ002 41, 1033~
1967, 23, 3943. (c) Williams, R. VChem. Re. 2001, 101, 1185-1204. 1036. (b) Tantillo, D. J.; Hoffmann, R. Am. Chem. So2002 124,6836—
(d) Dewar, M. J. S.; Jie, ClTetrahedron1988 44, 1351-1358. (e) For a 6837. (c) Tantillo, D. J.; Hoffmann, Rdelv. Chim. Acta2003 86, 3525~
recent paper on hetero-substituted variants, see: Reiher, M.; Kirchner, B. 3532. (d) Tantillo, D. J.; Hoffmann, Reur. J. Org. Chem2004 273—
Angew. Chem., Int. EQR002 41, 3429-3433. 280.

4256 m J. AM. CHEM. SOC. 2004, 126, 4256—4263 10.1021/ja0392364 CCC: $27.50 © 2004 American Chemical Society



Extended Barbaralanes

ARTICLES

Methods

All density functional calculations were performed wiBAUSS-
IAN98°¢ Geometries were optimized (without symmetry constraints)
at the B3LYP/6-31G(d) level,whose effectiveness in describing
structures and energetics for pericyclic reactions, including [3,3]-
sigmatropic shifts, is well documentét In particular, the B3LYP

method has been applied successfully to the study of [3,3]-sigmatropic

shifts in barbaralanes and related structdrBse stabilitie$ of restricted
B3LYP wave functions (toward unrestricted alternatives) for various
closed-shell structures were verified using the “stable” keyword in
GAUSSIAN98or by reoptimizing RB3LYP structures using UB3LYP
and the “guess= (mix,always)” option. In some cases, searches for

Scheme 2

s 2, < 2 [ & 2
i\w/; - é*; *5/;

The computed barrier for the Cope rearrangement (@f =
0; barbaralanel) through a transition structure 65, symmetry

singlet diradicals were also performed using optimized triplets as starting (7', n = 0) is 6.6 kcal/mol (Figure 1}* Somewhat surprisingly,
points. All structures were characterized by frequency calculations at no analogous transition structures for any of the other structures

the B3LYP/6-31G(d) level, and zero-point energy corrections (scaled
by 0.9806)° from these calculations are included in the reported
energies. Singlet diradical structures all i&f{values close to 1, and

their relative energies reported herein have not been corrected in any

way for state mixing. For some structures (see text), nucleus-
independent chemical shift (NICSkalculations were performed using
the GIAO-B3LYP/6-31G(d) method, and magnetic susceptibility
calculations were performed using the CSGT-B3LYP/6-BG*
method!? unless otherwise noted, geometries optimized at the B3LYP/

7 studied =1, 2, 3) could be located. Instead, optimizations
produced single€;,, structures T, n =1, 2, 3) that were shown

by frequency calculations to be minima (Figure 1). Despite being
optimized using restricted B3LYP calculations, the geometries
of these structures consistently resembled pairs of polyenyl
radicals held in close proximity. For example, the carbon
carbon bond lengths in each polyene chain/'o{n = 2) are
1.36, 1.43, 1.40, 1.40, 1.43, and 1.36 A, while those of a simple

6-31G(d) level were used. For several structures (see text), CASSCFextended heptatrienyl radical computed with UB3LYP/6-31G-

and CASPT2 calculations were also performed using MOL ARl
and-stick structural drawings were produced using Ball & Stick (N.
Muller and A. Falk Ball & Stick V.3.7.6molecular graphics application
for MacOS computers, Johannes Kepler University Linz, 2000).

Results and Discussion

I. Fused Barbaralanes.To hold the two polyene chains in
5together, we initially chose a linking framework that resembles
barbaralane (Scheme 2, compare wijh Oligomeric models
77 were used to study these systems.

(6) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, .
R.; Gomperts, R.; Martin, L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M. P.; Gill, M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. SAUSSIAN98revision A.9;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(7) (a) Becke, A. DJ. Chem. Physl993 98, 5648-5652. (b) Becke, A. D.

J. Chem. Physl1993 98, 1372-1377. (c) Lee, C.; Yang, W.; Parr, R. G.
Phys. Re. B 1988 37, 785-789. (d) Stephens, P. J.; Devlin, F. J;
Chabalowski, C. F.; Frisch, M. J. Phys. Chenl994 98, 11623-11627.

(8) (a) Wiest, O.; Montiel, D. C.; Houk, K. NJ. Phys. Chem. A997 101,
8378-8388. (b) Houk, K. N.; Beno, B. R.; Nendel, M.; Black, K.; Yoo,
H. Y.; Wilsey, S.; Lee, J. KJ. Mol. Struct. (THEOCHEM}L997, 398—

399 169-179. (c) Hrovat, D. A.; Beno, B. R.; Lange, H.; Yoo, H.-Y;
Houk, K. N.; Borden, W. T.J. Am. Chem. So00Q 122 7456-7460.

(d) Guner, V.; Khuong, K. S.; Leach, A. G.; Lee, P. S.; Bartberger, M. D.;
Houk, K. N.J. Phys. Chem. 2003 107, 11445-11459.

(9) (a) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. Sod 996 118
6036-6043. (b) Gigenstein, J.; Cremer, DMol. Phys.2001, 99, 981~
989. (c) Yamanaka, S.; Kawakami, T.; Nagao, H.; YamaguchiCKem.
Phys. Lett1994 231, 25—-33. (d) Yamaguchi, K.; Jensen, F.; Dorigo, A.;
Houk, K. N. Chem. Phys. Lett1988 149 537-542. (e) Bauemschmitt,
R.; Ahlrichs, R.J. Chem. Phys1996 104, 9047-9052. (f) Beno, B. R;
Fennen, J.; Houk, K. N.; Linder, H. J.; Hafner, K.Am. Chem. S04998
120, 10490-10493. (g) Staroverov, V. N.; Davidson, E. R.Am. Chem.
Soc.200Q 122, 186-187.

(10) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502-16513.

(11) (a) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H. J.; Hommes, N.
J. R.v. EJ. Am. Chem. Sod 996 118 6317-6318. (b) Schleyer, P. v.
R.; Manoharan, M.; Wang, Z.-X.; Kiran, B.; Jiao, H.; Puchta, R.; Hommes,
N. J. R. v. E.Org. Lett.2001, 3, 2465-2468.

(12) (a) Jiao, H. J.; Schleyer, P. v. Rngew. Chem., Int. Ed. Engl995 34,
334-337. (b) Jiao, H. J.; Schleyer, P. v. R.Phys. Org. Chenl998 11,
655-662. (c) The CSGT method: Keith, T. A.; Bader, R. W.Ghem.
Phys. Lett.1993 210 223-231.

(d) are 1.36, 1.43, 1.39, 1.39, 1.43, and 1.36 A. In addition, the
RB3LYP wave functions for all of these structures were found
to be stable toward unrestricted alternatit&ghe fact that such
singlet-coupled bis-polyenyl radical structures were produced
with restricted B3LYP calculations indicates that there must be
significant interaction between the radical chains. This appears
to be a through-space interaction, as shown in Figute 2.

UB3LYP optimized triplet species have geometries similar
to 7 (n = 0—3) but with increased inter-polyene distances
(Figure 1), since for this spin state the favorable inter-polyene
orbital interaction is ineffectual. Since this is a through-space
interaction between orbitals with nodes close to the nonbridge-
head carbons, one would also expect the carfwambon bond
lengths within the polyenes to be relatively insensitive to
multiplicity; this is, in fact, what is observed (Figure 1).

That we compute a significant singtetriplet gap, favoring
the singlet configuration, for each of these structures (Figure
1) again argues for stabilizing interactions in g singlets3c
In effect, by fusing two or more barbaralanes together, fully
delocalizedCy, structures become minima rather than transition
structures. This is consistent with the fact that conjugating
substituents located on the alkene termini of barbaraldpe (
and semibullvalene2j lower the [3,3]-shift barrief:*

(13) (a) Andersson, K.; Malmqyvist, P.-A.: Roos, B. O.; Sadlej, A. J.; Wolinski,
K. J. Phys. Chem199Q 94, 5483-5488. (b) Andersson, K.; Malmqvist,
P.-A.; Roos, B. OJ. Chem. Phys1992 96, 1218-1226. (c) Borden, W.

T.; Davidson, E. RAcc. Chem. Resl996 29, 67—75, and references
therein. (d) Andersson, K.; Blomberg, M. R. A’jIBcher, M. P.; Karlstim,

G.; Lindh, R.; Malmqvist, P.-A.; Neogdy, P.; Olsen, J.; Roos, B. O.;
Sadlej, A. J.; Schiz, M.; Seijo, L.; Serrano-Andse L.; Siegbahn, P. E.
M.; Widmark, P.-O.MOLCAS,version 5.0 Department of Theoretical
Chemistry, Chemical Centre: University of Lund, P.O.B. 124, S-221 00
Lund, Sweden, 1997.

(14) This value was also calculated at the same level in ref 3a.

(15) 7 (n = 1) was also optimized with both MP2/6-31G(d) and CASSCF-

(10,10)/6-31G(d). In both cases, delocalized structures resulted that are

extremely similar to that found with B3LYP/6-31G(d) (see Figure 1).

For two similarly tethered infinite polyacetylene chains, a second set of

orbitals is also present, with coefficients on the other carbons of the polyene

chains. The nature of the linking framework would keep these carbons
quite a bit farther apart than the bridgehead carbons, however, leading to
only very small through-space interactions and a pair of nearly degenerate
orbitals at the orbital frontier. It is possible, therefore, that the infinite system

might have a triplet ground state, albeit of a rather different nature than

the oligomers we study.

(16)
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n=0

[0.0] +6.6 +27.9

[0.0] +18.8

[0.0] +18.8

+19.2

Figure 1. Optimized singlet and triplet structure®/T’, n = 0—3). All structures are minima at the B3LYP/6-31G(d) level, except the [3,3] transition
structure (TS) shown fon = 0. Relative energies of singlets and triplets for each value afe shown in kcal/mol. Selected distances are shown in A.
B3LYP/6-31G(d) optimized distances are in normal text, CASSCF(10,10)/6-31G(d) optimized distances- (fyrare in parentheses, and MP2/6-31G(d)
optimized distances (fan = 1) are in bold italics.

PERL | |
PR B

SOMOs of separate
odd polyenes

Figure 2. Combination of individual polyenyl SOMOs to produce the HOMO and LUMO of delocalized sig{at= 2). Actual orbitals from a B3LYP/
6-31G(d) calculation are shown at right, viewed from “below” the molecule (i.e., from the face opposite the linking baékbone).

Computed magnetic susceptibilities also indicate #igin for the singlets compared to the triplets. In addition, computed
= 0—3) are aromatic. Table 1 shows these values7fdn = values for structures with localized interpolyene bonds (see
0—3) and their corresponding triplets (see Figure 1). Magnetic section Il below) were intermediate between those of the
susceptibilities are considerably and consistently more negativesinglets and triplets, indicating that the susceptibilitied"afn

4258 J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004
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Table 1. Magnetic Susceptibilities (y, CSGT-B3LYP/6-311+G**, Further simplification of the bridging system W7’ was also
cgs-ppm) for Singlet and Triplet Structures (7', n = 0-3) Shown in explored. In structure$0 and 11, the two polyene chains are

Flgure 1 - held together only by methylene bridges at various distances
! singlet or trplet X from each other. In both structures, the inter-polyene distances
0 ? :gg-i between the remaining bridgehead carbons are still short, but
1 s —1458 the distances between carbons that were bridgeheads &n
T —94.5 and9 (but no longer play that role ih0 and11) are considerably
2 S —202.6 longer (Table 2). This is perhaps due to the steric congestion
3 g :%ég that arises when the bridges are replaced by hydrogens, which
T ~149.9 should discourage the inner polyene positions from being too

close: H--H distances between these hydrogens, their coun-
) ~ terparts on the other polyene, and those of the bridging
= 0-3) are indeed enhanced through transannular delocaliza-methylenes range from 1.9 to 2.3 A. Still, singlet structures are

tion. These data are consistent with aromaticity in the singlets oy stable than triplets and have much more negative magnetic
and some degree of antiaromaticity in the tripfétsThus, susceptibilities (Table 2).

structures?’ (n = 1—3) appear to be 1) 147, and 18 bis-
homoaromatic species!

We have thus come (theoretically) to a new class of
delocalized molecules in which two polyenyl radical chains

interact with each other through space in a bqn@ng way, but tures7’ and8—11, whose RB3LYP wave functions were found
do not form full o-bonds. Let us try some variations on the . . .
to be stable toward unrestricted alternativiEss wave function

g:,errnn(i;:udlézen seek a relationship to another, well-known CIaSSwas found to be unstable. Reoptimization with UB3LYP led to

1. Trying Different Linkers. Several other frameworks for asinglet diradical L= 1.03) with all inter-polyene distances

. . .. __greater tha 3 A and that was approximately 5 kcal/mol more
holding together two polyenes were also explored. First, con3|derStable than the restricted structure (without spin-projection)
the model systems3¢-12) shown in Table 2. For each of the RIn-proJ '

. . . . . . Moreover, a triplet resembling the singlet diradical (but with
different linkers considered, delocalized bis-polyenyl radical- slightly longer inter-polyene distances) and having approxi-
like structures were found to be minima. In struct@&ethe gntly 'ong Poly g app

polybarbaralane framework has been broken into Separatematelythe same energy (0.8 kcal/mol above the singlet diradical

: ; without spin-projection) was also found. This is consistent with
barbaralane units connected through the polyene chains ra’rheEhe fact that singlettriplet gaps in semibullvalenes decrease
than through the linkers as i7'. In 8, there is, of course,

‘ ) . . as their polyenyl fragments interact I€8dn addition to the
severe steric congestion between the hydrogens of neighborin . . Lo . -
. . 2 mall singlet-triplet gap, the similarity in magnetic susceptibili-
barbaralane units (the-HH distance in8 is 1.7 A), and an . . . -
o . ties for singlet and tripletl2 indicates that these structures
overall curved structure of the molecule that minimizes this

repulsion is computed. Despite the obvious strain in this contain essentially noninteracting polyenyl chains. The instabili-

molecule, short inter-polyene contacts are still observed for all '.“es in this system may be connected with the steric problems

of the bridgehead carbons and no distortion toward localized imposed by the ethylene bridges (a slight skewing of the

o - T molecule occurs, which relieves eclipsing interactions in the
barbaralane units is apparent. A similar situation is found for . .

S . . ethylene bridges) and/or through-bond coupling between the
9, where we tried isolated semibullvalene units, rather than

barbaralane units. Again, central steric congestion is observed polyenes and ethylene groups, which should reduce the HOMO/

although it is less severe than #@(the central H--H distance LUMO gap. o
in 9is 2.2 A) and does not induce the molecule to cuREor Several other var!atlons were also explor.ed. These.(structures
both 8 and 9, singlets with interacting polyenyl groups are 13—23) are shown in Table 3. Ii/7', the bridges holding the
considerably more stable and have much more negative WO polyenyl chains together are attached to the polyenes at
magnetic susceptibilities than corresponding triplets (Table 2). their odd positions (i.e., at carbons 1, 3, 5, ... of each). In
structures13—17 (Table 3, left), however, the bridges are
(17) One system with fused semibullvalene units was also examined (selectedconnected at even positions: the positions at which interpolyene
distances shown in A): orbital overlap is minimal (see Figure 2). Consequently, diradical
species are found for singlets as well as triplets. Also, the inter-
polyene distances in these species are greater than those in
singlets7' and8—11 (a typical geometry-that of singletl6—
is shown in Figure 3; compare with Figure 1 and Table 2).
Singlet-triplet gaps are also small, ands for singlets and

This molecule is a highly strained (note in particular the°18dgle at the triplets are nearly equal.

central carbon) and curved molecule (now with a direction of curvature . -
opposite that ofg), but still contains close interpolyene contacts. This Structuresl8—23 (Table 3, right) have their linkers attached

molecule can also be considered a member of the class of molecules knownagain at all of the odd positions of the two ponenyI groups
as fenestranes: molecules containing a central quaternary carbon that serve: ’

as a corner for four fused rings that are arrayed like the panes of a window but now only methylene groups link the chains, ane-H

or the “four corners” states of the American southwest. For leading repulsions between methylenes induce molecular curvature (as
references on fenestranes, see: (a) Georgian, V.; SaltzmargtMhedron . 18 . i

Lett. 1972 4315-4317. (b) Thommen, M.: Keese, Bynlett1997, 231, in 8).181n this collection of structures, some polyene bonds were
and references therein. It should be noted that a structure with a localized i _ i ;
inter-polyene single bond at one end is slightly more stable than this allowed to assums—msrather thars transc_onform?‘t'ons with
structure (by~2 kcal/mol, based on electronic energies). respect to the rest of their polyenyl chain, and in some cases

In structurel2, the methylene bridges df0 are replaced by
ethylene bridges. This leads to significant changes to some inter-
polyene distances, compared to thoseli® especially in
distances between bridgehead carbons (Table 1). Unlike struc-

J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004 4259
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Table 2. Properties of 8—12¢

symmetry  Polyene bond inter-polyene
structure after lengths? (A)  distances? (A)  Er-Eg 1 bai
optimization in singlet in singlet

1.36 2.87
: 339
Co 144 35 165 1909 -117.7
1.40 25
1.36 239
Cou 143 3 46 1691 -110.7
1.39 232
2.30
.
1.42 3%
Cs 149 3.37 72 1623 -1027
1.39 3
1.45 23¢
1.35 3.27
37 228
Co 142 333 46  -1920  -100.0
.39 3.91
1.36° 53
s
: 327 ¢ 1383 -
c 129 827 0.8 1363  -131.4
1.44 337
136 312

aDistances in order starting from the left of each structure as dr&®ar this structure, only bond lengths from one of the polyene chains are shown:
those from the other are all within 0.01 A of their counterpat@or unrestricted 2. ¢ Distances are for singlets optimized with restricted B3LYP/6-31G(d).
Singlet-triplet gaps Er—Es) are in kcal/mol, and magnetic susceptibilitigs CSGT-B3LYP/6-31%G**) are in cgs-ppm

polyenyl chain) to a preexisting delocalized bis-polyenyl unit
is worth approximately 1813 kcal/mol.

Overall, the series of structures shown in Tables 2 and 3
demonstrate that the inter-polyene interactions are quite sensitive
to the nature of the linkers that hold the two polyenyl chains
togethert®29Thus, a rigid framework is essential for promoting
efficient inter-polyene interactions.

' q
259 248 354 248 356 253 lll. Localized Alternatives. For cases with clear inter-
Figure 3. Optimized geometry of singlét. Selected distances are shown  polyene delocalization7/7', 8—11, 18, 20, and23—additional
in A. calculations were performed in order to check whether the fully

. . o delocalized structures were lower in energy than structures with
terminal methylene linkers were initially placed on the face of localized alkenes and inter-polyene single bonds (Chart 1).

the molecule opposite the interqal linkes( 21, 22). These Several strategies were used to find localized structures,
s;ructural change§ ha\{e dramatic effects. on the nature of theincluding (1) constrained B3LYP/6-31G(d) optimizations (with
.bls-'polyenyl species. First and foremost,. |nterpolyene delocal- one inner or terminal inter-polyene distance fixed at 1.60 A),
ization appears not to extend through #heisportions of these  ¢,,1/aq by full optimizations; (2) B3LYP/STO-3G optimiza-

structures: the terminal_ alkenes are nearly orthogqnal to t_hetions using AM1 starting structures, followed by B3LYP/6-31G-
rest of the polyenyl chains (a typical geometry of this type is

shown in Figure 4). .Com.pa”r@B to 19 and 20to 21to 22’. (19) We have not yet studied the seemingly less constrained way to hold two
one can see that conjugation of each additioma¢Kectron unit polyenes in proximity to each other that has been explored by W. von. E.
. . . Doering and co-workers and Hopf and co-workers (Doering, W. von E.;
(in the form of two suitably oriented alkenes, one from each He, J.. Shao, LJ. Am. Chem. So@001, 123 9153-9151: Schill, V..

Hopf, H. Tetrahedron Lett.1981, 22, 3439-3442), who examined
(18) A “side view” of structure23; derivatives of bis-polyenyl cyclobutanes:

S L

(20) o-Bond cleavage in certain polyenes to produce two polyenyl radicals has
been shown previously to be facile. See, for example: Beno, B. R.; Fennen,
J.; Houk, K. N.; Lindner, H. J.; Hafner, KI. Am. Chem. S0d.998 120,
10490-10493, and ref 19.

5
A
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Table 3. Properties of Structures 13—237

structure Eeisy Eem s as structure Eepsi Bty 7s Pas

0.0 08 -848 -8286 0.0 85 -1240 -854

0.0 1.0 -1250 -1206 13.0¢ b -1125 b

Q.0 08 914 -886 0.0 89 -1644 -1145

Q0.0 1.2 -1640 -156.9 10.0° 19.3° -1588 -116.2

0.0 07 -1656 -1621 23.2° 31.2° -1477 -1176

0.0 98 -2069 -1176

23

aRelative to singletl8. b Attempts to optimize the triplet form df9 led to the triplet form ofL8. ¢ Relative to singleR0. ¢ Geometries of both singlets
(S) and triplets (T) were optimized with B3LYP/6-31G(d). Magnetic susceptibiliti@smere calculated for these geometries using CSGT-UB3LYP/6-
311+G**. Relative energies are in kcal/mol, and magnetic susceptibilities are in cgs-ppm

Table 4. Properties of Localized (end-closed) Stationary Points’

terminal inter-polyene relative energy
structure distance (A) (kcal/mol)? 7 (cgs-ppm)°
7(n=0) 1.61 —6.6 (—5.2) —80.0
7(n=1) 1.64 0.8 (4.4) —127.8
7(n=2) 1.67 5.6 (11.5) —179.6
7(n=23) 1.6r d(16.9) —216.2
8 (localized) 1.69 6.3 e
o ) ) 9 (localized) 1.656 6.5 e
Figure 4. Optimized geometry of singlei9. Selected distances are shown 18 (localized) 1.60 -04 ~102.7
in A. (a) Side view. (b) Top view. 20 (localized) 1.54 6.2 -139.7
23 (localized) 1.64 10.6 —-177.8
Chart 1
a8 No parentheses: B3LYP/6-31G(d); in parentheses: B3LYP/6-31G(d)//
W m B3LYP/STO-3G.> Computed at the CSGT-UB3LYP/6-31G* level.
TN TN ¢From the geometry computed at the B3LYP/STO-3G le¥&lot a
delocalized localized (inner) localized (terminal) stationary point at the B3LYP/6-31G(d) levéINot computed! Energies

are relative to those of corresponding fully delocalized structures.

(d) single points and/or full optimizations; and (3) full B3LYP/

6-31G(d) optimizations using AM1 starting structures. the constrained structures were approximately 20 kcal/mol
Let us first consider some structures with “inner” interpolyene higher in energy than the fully delocalized structures. Far

single bonds. Foi7/7 (n = 1), a minimum with an internal  the constrained structure was 11 kcal/mol less stable than the

single bond (1.69 A) could be located only at the B3LYP/STO- delocalized structure. For structufel, a minimum with a

3G level. This structure is, based on purely electronic energies, localized internal single bond (1.58 A) was found using B3LYP/

15.4 kcal/mol above that for delocaliz&d(n = 1). For7/7' (n 6-31G(d), presumably because of the increased flexibility of

= 2), 8, 9, and 10, B3LYP/6-31G(d) optimizations with one this structure compared to the others (strucflirenly has inter-

inner bond fixed at 1.60 A, followed by full optimizations, led polyene bridges at its ends). Still, this localized structure is

back to fully delocalized structures. F@r (n = 2), 8, and9, approximately 4 kcal/mol higher in energy than the delocalized
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Figure 5. NICS values computed at the GIAO-B3LYP/6-31G(d) level for the points represented by small spheres.

Table 5. Relative Energies of Fully Delocalized 7' (n = 1) and Localized (end-closed) Alternative Structures at Various Levels of Theory

relative energy (kcal/mol vs open)

CASPT2/6-31G(d)//

B3LYP/6-31G(d)// CASSCF(10,10)/6-31G(d)// CASPT2/6-31G(d)// CASSCF(10,10)/6-31G(d)// CASSCF(10,10)/
structure B3LYP/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31G(d) CASSCF(10,10)/6-31G(d) 6-31G(d)
open 0.0 0.0 0.0 0.0 0.0
end-closed 0.2 -5.9 0.2 —5.4 -0.6

structure. It seems, therefore, that formation of “inner” inter-  IV. Analogies. How should we view structures such @s
polyene single bonds is not favorable. and the closely relate@—11, 18, 20, and 23? They share

Is the same true for formation of terminal single bonds? The characteristics with several classes of organic molecules. First,
data in Table 4 show that end-closed structures are comparableghey resemble homoconjugated trannulenes. Trannulenes are
in energy (albeit for different reasons, as shown by the magnetic cyclic conjugated polyenes containing omlgnsdouble bonds
susceptibilities) to fully delocalized structures 7' (n = 1) (244).2* The z-orbitals in these zigzagging polyene rings are
and 18, but the more extensively conjugated delocalized radially disposed. Similarly, structures such7agn =1, 2, 3),
structuresT (n=2,n=3), 8,9, 20, and23) are clearly more 8—11, 18, 20, and23 also contain zigzagging polyene chains,
stable than their localized counterpafsThe data appear to  but here connected into loops by saturated bridgék)( There
indicate a diminishing additive effect of extending the conjuga- are clearly interactions across these bridges, producing homo-

tion, but this point will require further investigation. Fbd and conjugated analogues of thecycles in normal trannulenes.

were actually 0.3 and 3.3 kcal/mol lower in energy than the of these structures are of comparable strength to those across

=2),8,9,and20. In 10and11, localization of the inter-polyene

RB3LYP wave functions for all of the localized minima were 24a 24b

to pin down the relative energies of localized and delocalized from the fusion of several copies of the transition structure for
.. X also explored using the B3LYP/6-31G(d)//B3LYP/6-31G(d), CASSCF-

polyene delocalization are generally more stable than alternative

1.60 A, respectively, were also found, but these two minima additional transannular interactions across the “interior” of most

their polyenyl fragments are the same length as thosé {n

nular strain in the remainder of the molecule. Although the ”

(multiconfigurational) calculations may ultimately be required Structures?' (n = 1—3) can also be thought of as arising

in energyz.l’m Nonetheless, it appears that structures with inter- (23) Structures fo’ (n = 1) with localized terminal inter-polyene bonds were
CASSCF(10,10)/6-31G(d)//CASSCF(10,10)/6-31G(d), and CASPT2/6-31G-

11, localized minima with terminal bond lengths of 1.63 and This analogy breaks down, however, when we consider that
corresponding fully delocalized structures, despite the fact that their terminal bridges.
interactions at one end apparently allows for relief of transan-
found to be stable toward unrestricted alternatives, higher level
structures in cases where we have computed that they are close

(10,10)/6-31G(d)//B3LYP/6-31G(d), CASPT2/6-31G(d)//B3LYP/6-31G(d),
structures with inner or terminal interpolyene single bonds.

(21) CASSCF(14,14)/6-31G(d) and CASPT2/6-31G(d) single-point calculations
agree that the fully delocalized (n = 2) is more stable than the end-
closed form (by~1 kcal/mol with CASSCF and by-6 kcal/mol with
CASPT2).

(22) B3LYP was also previously shown to give energy difference3 tamd7'

(n = 0, barbaralane) that were quite similar to those computed with
CASPT2. See ref 3c.
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(d)//CASSCF(10,10)/6-31G(d) levels. The results are shown in Table 5.
B3LYP and CASPT2 energy calculations agree that the end-closed and
open (fully delocalized) structures are very similar in energgespective

of the method used for the geometry optimizatiavhile CASSCF
consistently predicts that the end-closed form is considerably more stable
than the open form (by 56 kcal/mol). Generally, CASPT2 energy
calculations are considered to be more reliable than CASSCF energy
calculations, and B3LYP has been shown to give similar results to CASPT2
for various reaction&!22
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Chart 2 Are characteristic properties of normal polyacenes also
polyacenes displayed by ther-polyacenes? The aromaticity of individual
rings in several polyacenes has been probed previously using
nucleus-independent chemical shift (NICS) calculatit?s.
NICS values at the center of each ring of the four smallest
polyacenes (benzene, naphthalene, anthracene, and tetracene)
are shown in Figure 5®.The NICS values of the terminal rings
in these systems decrease in magnitude as they become longer,
and inner rings have larger NICS values than the terminal rings.
A similar trend is observed for the NICS values of the
og-polyacened” (n = 0—3) (computed at the centroids of each

the [3,3]-sigmatropic shift in barbaralan,(n = 0). Various set of six polyene carbons corresponding to one barbaralane

barbaralane analogues and derivatives have been examined"t; Figure Sb). For comparison, the computed NICS value for
previously in pursuit of “stable transition states”: systems for 1€ triplet corresponding t@ (n = 1) is +3.6, again showing
which the delocalized structure is actually a minimum on the that the polyene 0rb|taI§ interact effectlvely only in the singlet.
potential energy surfacdn the case of structuré® (n = 1—3), These _results arfe__entlrely co_nS|stent with those from our
the barbaralane subunits are all certainly delocalized in the magnetic susceptibility calculations as well.
minima. But there is not one transition state (for six carbons, Conclusions
or for all the polyene carbons) that is being stabilized. Instead, We have described a new class of theoretical moleeules
it is more like a whole family of barbaralane transition states the o-polyacenesthat are characterized by through-space
collapsed into a single minimu#. interactions between polyenyl groups and significant bis-
There is a more interesting relationship to focus on7qn homoaromaticity. While the polyacewepolyacene analogy is
= 1-3),8—11, 18, 20, and23. These structures share several not perfect, its corethat both boast interacting polyene chains
important characteristics with the polyacen&s?f Both types still provides a useful framework for understanding their
of systems can be thought of as being comprised of two polyenestructures. Given the interest in the electronic properties of
chains held in close proximity by an organic framework and polyacene$® we think thato-polyacenes are also attractive
interacting with each other. In the case of the normal polyacenestargets for synthesis.

(6), thesr-orbitals of the polyene chains interact with each other Acknowledgment. We gratefully acknowledge support from
in az-sense, while in molecules such &gn = 1-3), 811, the National Science Foundation (CHE0204841, CHE9909893,
18, 20, and 23, the s-orbitals of the polyene chains interact CcHE9808182) and the National Computational Science Alliance.
with each other in a-sense (Figure 2). Because of the similarity p K.H. thanks the Mary M. Gates foundation for generous
of these orbital interaCtionS, we think that structures suchi as Support_ We are gratefu| to Professor Wes Borden for fac|||tat|ng
are best characterized as-polyacenes” (Chart 2). the calculations performed at the University of Washington.
Intermediate between the polyacene angolyacene ex-
tremes are hybrid structures such as the known “hairpin
polyenes” (e.g.25)?" and bridged annulenes (e.g6).%8
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