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Abstract: Multicenter covalent π-bonding between π-conjugated radicals has been recently recognized
as a novel and important bonding interaction. The Cope rearrangement of cyclo-biphenalenyl 9 is studied
by exploring its potential energy surface with density functional theory (DFT), and it is found that π-bonding
plays a critical role in the rearrangement process. Affected by this, the rearrangement of 9 takes place by
a stepwise mechanism through an unusual π-intermediate 10, of C2h symmetry, which can be characterized
as a 2×13π+2×2π system. The π-intermediate has a long inter-phenalenyl distance of R ≈ 2.8 Å, which
is shorter than the sum of the van der Waals radii displaying multicenter covalent π-bonding between the
two phenalenyl units. The energy of the π-intermediate 10 is higher than that of the σ-bonded reactant 9
by ∼2 kcal/mol according to the employed spin-restricted DFT. NMR chemical shift calculations support
the σ-bonded 9 as the global minimum. The calculated activation barrier of ∼6 kcal/mol for the Cope
rearrangement is consistent with the stepwise mechanism. A covalent π-bonding effect in the π-intermediate
10 is demonstrated indirectly by the shortening of inter-naphthalene distance of the dianion and dication of
the cyclophane 14 compared to that of its neutral counterpart. The unusual π-bonded structure with a long
inter-phenalenyl distance becomes the most stable structure for the ethano-bridged derivative 13, which
should have observable paramagnetism according to the calculated paramagnetic susceptibility.

Introduction

The Cope rearrangement of 1,5-hexadiene (1) is a symmetry-
allowed [3,3]-sigmatropic reaction (Scheme 1).1 The nature of
its chair transition structure has been the subject of many
experimental2 and theoretical investigations.3 It is now widely
accepted4 that this archetypal Cope rearrangement is concerted
and proceeds via an aromatic chairlikeC2h transition structure
2, which has an inter-allylic bond length ofR ≈ 2.0 Å.

The transition structure also contains contributions from the
resonance structures of cyclohexane-1,4-diyl (3) and bis-allyl
diradicals (4).5 Density functional theory (DFT) studies show
that substitutions with radical stabilizing groups at C2 and C5
of 1 can enhance the contribution from the resonance structure

3, leading to transition structures with smallR values down
to 1.7 Å, while the substitutions at C1, C3, C4, and C6 can
stabilize the contribution from the resonance structure4, lead-
ing to transition structures with largeR values up to 2.6 Å.5

The term “chameleonic” has been suggested to describe the
variable transition structures with a wide range ofRvalues from
1.7 to 2.6 Å.6 In some substitution cases, the rearrange-
ment could be stepwise, proceeding through a diradicaloid
intermediate with a shortR around 1.6 Å,5,7 and yet an
intermediate with a relatiVely long RValue (e.g., R> 2.6 Å)
has neVer been found.

The transition structures depicted above can be recognized
as two interacting allyl radicals,8 the simplest odd alternant
hydrocarbon. Another odd alternant hydrocarbon analogous to
the allyl radical is the phenalenyl radical (5). Both the allyl
radical and5 are stable radicals because the unpaired electrons
are delocalized over the singly occupied molecular orbitals
(SOMOs). The stability of5 allows it to be observed by electron
spin resonance in solution, but5 cannot be isolated because it
undergoesσ-dimerization, giving rise to a σ-bonded 1,1′-
biphenalenyl (6) (Scheme 2).9,10
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Scheme 1. Cope Rearrangement of 1,5-Hexadiene (1)
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Recently there has been increasing interest in5 and its
derivatives, such as 2,5,8-tri-tert-butylphenalenyl radical,11,12

perchlorophenalenyl radical,13 and spiro-biphenalenyl radicals,14-16

because of their diverse electrical, optical, and magnetic
properties in the solid state. The solid-state structures of these
radicals reveal the existence of another important packing motif
of π-dimerization;11,12,14,15 ESR and UV-vis also confirm
π-dimerization in solution.17 The π-dimerization of 2,5,8-tri-
tert-butylphenalenyl radical (7) shown in Scheme 3 results from
the pairing of the twoπ-electrons from the two SOMOs.11,12,17

The intermolecularπ-π interaction associated withπ-dimer-
ization has been recently recognized as a new class of multi-
center covalentπ-bonding,11b,12,17-19 bringing the two radicals
slightly closer together (with an interplanar separation of 3.2-
3.3 Å for 8) than the sum of the van der Waals radii.11 The
binding energy for the staggeredπ-dimer8 in CH2Cl2 solution
is -9.5 and-8.8 kcal/mol according to ESR and UV-vis
spectral measurements, respectively.17 In comparison, the bind-

ing energy for theσ-dimer 6 is -11.3 kcal/mol in CCl4
solution.10,20,21Theseπ-dimers are paramagnetic,11,14while the
σ-dimers exhibit diamagnetism.10,14Experimental and theoretical
studies on different substituted phenalenyls indicate the energetic
preference ofσ-dimerization overπ-dimerization by 1-5 kcal/
mol.21

The analogy between the allyl radical and5, or that between
theirσ-dimers1 and6, prompts one to propose the hypothetical
Cope rearrangement of6; however, the study of such a Cope
rearrangement is hindered by the presence of a dissociative path
shown in Scheme 2.9,10 X-ray diffraction shows that the title
compound9 (Scheme 4) has aσ-bond connecting the two
phenalenyl units.22,23In contrast to6, the two etheno bridges in
9 maintain the proximity of the two phenalenyl units, thus
making the Cope rearrangement possible. The Cope rearrange-
ment of9 (and its enantiomer9′) has been studied by dynamic
NMR, showing an activation barrier of∼9 kcal/mol.23 Unlike
the theoretically well-studied case of1, the Cope rearrangement
of 9 has eluded the attention of theoretical investigators, and a
number of questions remain unclear: What is the nature of the
transition structure or possibly of the intermediate,10? What
is the role ofπ-dimerization in the process? What is the length
of the inter-phenalenyl distanceR1 (R2) in 10?24 Can the structure
of 10 be anticipated on the basis of the archetypal case of
1?

Motivated by the increasing interest in5 and its derivatives,
and the availability of the experimental results on the Cope
rearrangement of9, we explore herein the potential energy
surface (PES) of9. We found that the Cope rearrangement of
9 is stepwise, proceeding through an unusualC2h intermediate
10 with a relatively long inter-phenalenyl distanceR (R1 ) R2

≈ 2.8 Å), which is stabilized by multicenter covalentπ-bonding
as a result ofπ-dimerization during the Cope rearrangement
process. To our best knowledge, this unusual intermediate with
such a long inter-phenalenyl distance is the first example in
the family of Cope rearrangements.
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Chem.2006, 71, 520.
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(23) Rohrbach, W. D.; Boekelheide, V.; Hanson, A. W.Tetrahedron Lett.1985,
26, 815.

(24) The inter-phenalenyl distance of10 is analogous to the inter-allylic bond
lengths of2, 3, and4. The same term is used for13, and for14 this becomes
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Scheme 2. σ-Dimerization of Phenalenyl Radical (5)

Scheme 3. π-Dimerization of 2,5,8-Tri-tert-butylphenalenyl Radical
(7)

Scheme 4. Cope Rearrangement of Cyclo-biphenalenyl (9)
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Computational Methodology

The PES of9 was explored by geometry optimization, by a relaxed
PES scan along theC2h symmetry cut (R1 ) R2 ) R), and by transition
state searches. Calculations were performed at the level of DFT using
Becke’s three-parameter hybrid functional in combination with Lee-
Yang-Parr correlation functional (B3LYP)25 and the 6-31G* basis set.26

This level of theory has been applied to the Cope rearrangements of
unsubstituted and substituted1, giving good agreements with
experiments.3g,5 Both the spin-restricted method (RB3LYP) and the
broken-symmetry, spin-unrestricted method (UB3LYP) were employed.
Vibrational analysis was performed at each stationary point to verify
its identity as a minimum or a transition state. Triplet energies used
for magnetic susceptibility calculations are obtained from single-point
calculations using the singlet geometries found by the optimiza-
tions.

Staroverov and Davidson suggested that the BPW91 functional
instead of hybrid DFT should be used to avoid spurious stationary points
when studying sigmatropic rearrangements.27,28To rule out this concern,
we also performed a relaxed PES scan for9 with R(U)BPW91 along
the C2h symmetry cut with the 6-31G* basis set.

1H NMR chemical shielding tensors were evaluated using the GIAO
method29 at the B3LYP /6-31G* level of theory for the global minimum
and the Cope intermediate of9 found with RB3LYP/6-31G*.13C NMR
chemical shielding tensors and nucleus-independent chemical shifts
(NICS)30 were evaluated similarly and are discussed in the NMR

section. The calculated chemical shielding constants were referenced
to those of tetramethylsilane (TMS, 32.1821 ppm for1H and 189.7710
ppm for 13C) calculated by the same methodology.

Results and Discussion

Potential Energy Surface.First, the global minimum on the
PES of9 was identified withR1 * R2 using RB3LYP/6-31G*
optimization. UB3LYP optimization gives the same geometry.
ThisC2 structure corresponds to the degenerateσ-bonded Cope
reactant or product (9 or 9′, see Scheme 4). Its geometry is
compared with the X-ray structure in Table 1. More than half
of the bond lengths agree well with the X-ray data; the largest
discrepancy stands out for bonds involving atoms C4 and C5,
e.g., C4-C4′ and C5-C5′. The experimental 1.61 or 1.62 Å
for C4-C4′ is probably a little too long for a bond between
two sp3-hybridized carbon atoms, and the experimental 1.45 or
1.47 Å for C5-C5′ is obviously a little too short for a bond
between sp2- and sp3-hybridized carbon atoms.31 This discrep-
ancy may come from the four-fold disorder of the crystal

(25) (a) Becke, A. D.J. Chem. Phys.1993, 98, 5648. (b) Lee, C.; Yang, W.;
Parr, R. G.Phys. ReV. B 1988, 37, 785.

(26) All calculations are performed with GAUSSIAN98: Pople, J. A.;
et al. Gaussian 98, revision A. 11.4; Gaussian, Inc.: Pittsburgh, PA,
2002.

(27) Staroverov, V. N.; Davidson, E. R.J. Am. Chem. Soc.2000, 122, 7377.
(28) For the Perdew-Wang correlation functional, see: Perdew, J. P.; Wang,

Y. Phys. ReV. B 1992, 45, 13244.
(29) Wolinski, K.; Hinton, J. F.; Pulay, P.J. Am. Chem. Soc.1990, 112, 8251.
(30) Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. v. R.

Chem. ReV. 2005, 105, 3842. (31) Pople, J. A.; Gordon, M. J. Am. Chem. Soc.1967, 89, 4253

Table 1. Experimental Geometries of 9 and Calculated Geometries for the Global Minimum of 9, the Cope Transition Structure, and the
Two Intermediates Found with R(U)B3LYP/6-31G*a

global minimum of 9
transition
structure

π-intermediate 10
(R1 ) R2)

aromatic intermediate 11
(R1 ) R2)

index
X-ray structure

of 9b RB3LYPc RB3LYPd RB3LYPc,e RB3LYP UB3LYP RB3LYP UB3LYP

symmetry C2 C2 C2 C2 C2h C2h C2h C2h

C1-C2 1.32 1.354 1.347 1.351 1.351 1.352 1.391 1.368
C2-C3 1.47 1.460 1.456 1.473 1.482 1.485 1.420 1.447
C3-C4 1.56, 1.51f 1.529 1.526 1.474 1.437 1.427 1.530 1.524
C4-C4′ 1.61, 1.62f 1.561 1.556 1.529 1.514 1.513 1.584 1.575
C4-C10c 1.48, 1.50f 1.535 1.533 1.469 1.441 1.442 1.529 1.521
C3-C11 1.36 1.352 1.345 1.361 1.378 1.387 1.381 1.362
C10a-C11 1.43 1.446 1.442 1.437 1.422 1.417 1.415 1.437
C10a-C10b 1.42 1.434 1.430 1.431 1.430 1.430 1.476 1.452
C10b-C10c 1.44 1.438 1.434 1.447 1.448 1.445 1.361 1.392
C10-C10a 1.39 1.390 1.386 1.398 1.410 1.414 1.399 1.398
C9-C10 1.38 1.407 1.403 1.400 1.391 1.392 1.397 1.398
C8-C9 1.36 1.379 1.373 1.384
C7a-C8 1.38 1.419 1.415 1.414
C7a-C10b 1.43 1.431 1.426 1.429
C7-C7a 1.42 1.418 1.413 1.421
C6-C7 1.36 1.378 1.372 1.376
C5-C6 1.48, 1.43f 1.444 1.440 1.443
C5-C10c 1.43, 1.46f 1.406 1.401 1.422
C5-C5′ 1.45, 1.47f 1.519 1.514 1.517
C6-C12 1.47 1.484 1.481 1.482
C12-C13 1.32 1.355 1.348 1.353
C4-C16 (R1) 1.63 1.684 1.685 2.236 2.820 3.030 1.554 1.587
C5-C15 (R2) 2.65 2.686 2.694 2.714

a Atomic numbering for all structures follows9 shown in Chart 1. The characteristics of the intermediates are discussed in the text.b Bond lengths from
X-ray measurements, taken from Figure 1 in ref 23.c RB3LYP result is the same as that of UB3LYP.d Geometry is also optimized with a larger basis set
of 6-311+G(2d) to check the basis set effect.e Only one transition structure is found, connecting the global minimum9 and theπ-intermediates10 found
by R(U)B3LYP. f The bonds involving C4 and C5 atoms have two values each because atoms C4 and C5 were each modeled as two centers as a result of
four-fold disorder described in ref 23.

Chart 1. Atomic Numbering23 of Cyclo-biphenalenyl 9
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structure, as noted by the authors themselves, stating that the
X-ray data may not correctly represent individual bond lengths.23

This problem also manifests in the values ofR1 andR2, which
also involve C4 and C5, as shown by the optimizedR1 ) 1.684
Å andR2 ) 2.686 Å values compared with the respective X-ray
diffraction values of 1.63 and 2.65 Å. TheR1 bond length is
elongated, which is also observed in aσ-bonded spiro-
biphenalenyl dimer.14 Optimization with a larger basis set at
6-311+G(2d) gives virtually the same geometry as that obtained
with 6-31G*. NMR data also support this structure as the global
minimum because the calculated chemical shifts agree well with
the experiment (see the NMR section).

Essential information about the mechanism of Cope rear-
rangements can be obtained by studying aC2h symmetry cut
through the PES.27 The relaxed PES scans for9 along theC2h

cut are shown in Figure 1. In contrast to the Cope rearrangement
of 1, we did not find a saddle point ofC2h symmetry fromR )
1.7 to 2.6 Å. Instead, we found two minima along theC2h cut
outside the said range: one at the small-R end and the other at
the large-Rend. With RB3LYP (curve A in Figure 1), we found
only one minimum atR ) 2.820 Å. With UB3LYP (curve B),
the solutions are different from those obtained with RB3LYP
at both the small-R end and the large-R end. ForR e 1.78 Å,
the UB3LYP curve (B) departs from curve A, and there is an
additional minimum atR ) 1.587 Å. ForR g 2.65 Å, curve B
also departs from curve A, and the corresponding minimum
shifts some fromR) 2.820 to 3.030 Å. The geometries of those
intermediates are given in Table 1. In the following, we discuss
the characteristics of these minima.

First, we address the nature of the minimum at the small-R
end found by UB3LYP and why RB3LYP and UB3LYP behave
differently around that minimum (curves A and B in Figure 1).
It turns out that, in addition to inter-phenalenyl distanceR, there
exists another important degree of freedom, which is the bond
length alternation (δ ) RCdC - RC-C) on the etheno bridges.32

We found another RB3LYP solution with smallerδ, which is
shown in Figure 1 as curve C with a minimum atR ) 1.554 Å.
The structure of this minimum is characteristic of its smallδ
values (this can be calculated from the data in Table 1) and the
near-planarity of the annulene-like periphery. The region of

small alternation extends to the adjacent rings connected to the
bridges. Its geometry can be described by twoσ-bonds con-
necting the phenalenyl units, with the rest of theπ-electrons
forming an aromatic system (26π+2×2σ). This aromatic
intermediate11has a fully delocalized structure, corresponding
to itsC2h symmetry.11 is analogous to the experimentally well-
characterized “model” aromatic molecule dimethyldihydropy-
rene 12 (Chart 2),33 which also has a smallδ value on its
remarkably planar periphery.34 The internal methyl protons of
12 have been used as a probe for aromaticity.30,35 NMR
calculations are compared for the internal methyl protons
between11 and 12 to support the aromaticity of11 (see the
NMR section). As can be seen from Figure 2a, the highest
occupied molecular orbital (HOMO) of this aromatic intermedi-
ate does not have any phenalenyl SOMO character but involves
contributions from the etheno bridges. Due to the aromatic
character of this minimum atR ) 1.554 Å, curve C is termed
the aromatic curve. On the other hand, curve A represents the
structures with largerδ and less planarity. Beyond the crossover
point of curves A and C atR≈ 1.63 Å, the twoσ-bonds become
less stable, and the structures on curve A resembleπ-dimers.

(32) (a) Kertesz, M.; Choi, C. H.; Yang, S.Chem. ReV. 2005, 105, 3448. (b)
Choi, C. H.; Kertesz, M.J. Chem. Phys.1998, 108, 6681.

(33) (a) Boekelheide, V.; Phillips, J. B.Proc. Natl. Acad. Sci. U.S.A.1964, 51,
550. (b) Boekelheide, V.; Phillips, J. B.J. Am. Chem. Soc.1967, 89, 1695.
(c) Hopf, H. Angew. Chem., Int. Ed.2003, 42, 5540.

(34) (a) Williams, R. V.; Edwards, W. D.; Vij, A.; Tolbert, R. W.J. Org. Chem.
1998, 63, 3125. (b) Mitchell, R. H.; Iyer, V. S.; Khalifa, N.; Mahadevan,
R.; Venugopalan, S.; Weerawarna, S. A.; Zhou, P.J. Am. Chem. Soc.1995,
117, 1514.

(35) (a) Mitchell, R. H.Chem. ReV. 2001, 101, 1301. (b) Williams, R. V.;
Armantrout, J. R.; Twamley, B.; Mitchell, R. H.; Ward, T. R.; Bandyo-
padhyay, S.J. Am. Chem. Soc.2002, 124, 13495.

Figure 1. C2h symmetry cuts (R1 ) R2 ) R) through the PES at the levels
of R(U)B3LYP/6-31G* for the Cope rearrangement of9.

Chart 2. Comparison of the Aromatic Intermediate 11 and
Aromatic Dimethyldihydropyrene 12a

a Dummy atoms X1-X4 at the six-membered ring centers are used to
define the locations for NICS calculations; see the NMR section.

Figure 2. HOMOs of the aromatic intermediate11 (a) and theπ-intermedi-
ate10 (b) calculated using RB3LYP/6-31G*. For theπ-intermediate, note
the absence of significant wavefuntion contributions from the etheno bridges.
Side views of these HOMOs, showing the planarity of11 and theπ-dimer
character of10, are given in the Supporting Information.
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The longestR value that can exist on curve C is 1.9 Å, beyond
which point the aromatic curve C reduces to curve A and the
four σ-electrons are reallocated toπ-conjugation. This value is
consistent with the longest C-C bond length known experi-
mentally and theoretically.36 The structures on curves B and C
near 1.6 Å are similar to each other with respect to alternation
and planarity. Thus, we conclude that the UB3LYP minimum
at R ) 1.587 Å is also an aromatic intermediate, similar to the
RB3LYP solution withR ) 1.554 Å. The UB3LYP solution
has lower energy than the RB3LYP solution for this aromatic
intermediate, as can be seen from Figure 1. The energies of the
aromatic intermediate approximated by these two similar
structures on curves B and C are too high, and therefore the
aromatic intermediate does not play a role in the Cope
rearrangement of9.

Further support for the aromatic character of the above-
mentioned aromatic intermediate at the short-Rend comes from
a comparison with13 (Chart 3), where two saturated ethano
bridges replace the two etheno bridges in9 or 10. Figure 3 shows
theC2h cuts through the PES of13. In contrast to the PES of9
shown in Figure 1, there is a minimum atR ) 2.905 Å
(RB3LYP) and 3.261 Å (UB3LYP), but there is no minimum
at the small-R end, because the aromatic conjugation along the
periphery is disrupted for13.

Next we turn to the minimum atR ) 2.820 Å (RB3LYP) or
3.030 Å (UB3LYP) in Figure 1. As can be seen from Figure
2b, the HOMO of the RB3LYP minimum has no significant
contribution from the etheno bridges but mostly involves two
phenalenyl SOMOs interacting through space via a four-center
π-π overlap. Therefore, the RB3LYP minimum hasπ-dimer
character and can be described as a 2×13π+2×2π system,
where 13π denotes the phenalenyl unit and 2π denotes the
etheno bridge unit. The UB3LYP minimum has the same
π-dimer character as the RB3LYP solution but has lower energy.
The energy of the UB3LYP minimum is even lower (see the
energetics section) than that of theσ-bonded reactant9, which
is the global minimum, and so the UB3LYP optimization
produces in this case an artifact. (We will see in the following
that RBPW91 and UBPW91 do not have this problem and these
two methods provide the same solution.) We conclude that the
minimum at the long-R end is best described by the RB3LYP
solution atR ) 2.820 Å. This inter-phenalenyl distanceR is
comparable to the shortest intradimer C-C distance (2.83 Å)
experimentally found for a tetracyanoethylene (TCNE) dimer

dianion19band is shorter than the van der Waals value, displaying
a through-space covalentπ-bonding interaction between the two
phenalenyl units. Weak covalentπ-bonding betweenπ-conju-
gated neutral and charged radicals has been recognized recently
as a novel and important bonding interaction.12,17,19 The key
point is that theπ-bonding interaction associated withπ-dimer-
ization stabilizes thisπ-bonded structure with relatively long
CC contacts, similar to otherπ-dimers.12,14,15,19Now we can
answer the questions raised at the beginning regarding the Cope
rearrangement of9 depicted in Scheme 4. The Cope rearrange-
ment of9 proceeds through aπ-intermediate10, because it has
much lower energy than the aromatic intermediate11.

To complete the PES of9, we identified the transition
structure connecting theC2 reactant and theC2h π-intermediates
(both RB3LYP and UB3LYP geometries). (Since the aromatic
intermediate11 does not play a role in the Cope rearrangement
of 9, we did not calculate the reaction path through it.) The
obtained transition structure is given in Table 1. Regardless of
the theoretical levels used, we obtained only oneC2 transition
structure atR1 ) 2.263 Å andR2 ) 2.714 Å. As can be seen
from the schematic diagram of the PES in Figure 4, the reaction
path with RB3LYP is different from that with UB3LYP only
near theπ-intermediate. Normal-mode analysis of the only
imaginary frequency of the transition structure corresponds to
σ-bond-breaking. On the basis of energetics shown in the next
section, we believe that the actual reaction follows more closely
the RB3LYP path. This reaction path can be described as a
stepwise rearrangement whereσ-bond-breaking and multicenter
π-bonding take place simultaneously.

The stepwise Cope rearrangement mechanism of9 is com-
pletely different from the archetypal Cope rearrangement of1,
and the intermediate structure10 cannot be anticipated on the
basis of the knowledge of the Cope rearrangement of1. On the
basis of a comprehensive study on a large set of Cope-like
reactions, Schreiner and co-workers derived a simple rule for
the Cope reaction family, stating that a stepwise reaction takes
place when the intermediates are stabilized by either allyl or
aromatic resonance.7 All of the intermediates studied therein
involve inter-allyl distances around 1.6 Å. In contrast to those
previously studied Cope rearrangements,5,7 the current Cope
intermediate10, with such a long inter-phenalenyl distancesR
) 2.820 Å, is unparalleled. Our finding is thus an extension to

(36) (a) Komarov, I. V.Russ. Chem. ReV. 2001, 70, 991. (b) Toda, F.; Tanaka,
K.; Stein, Z.; Goldberg, I.Acta Crystallogr., Sect. C1996, 52, 177. (c)
Kaupp, G.; Boy, J.Angew. Chem., Int. Ed. Engl.1997, 36, 48. (d) Choi,
C. H.; Kertesz, M.Chem. Commun.1997, 2199. (e) Brown, D. A.; Clegg,
W.; Colquhoun, H. M.; Daniels, J. A.; Stephenson, I. R.; Wade, K.Chem.
Commun.1987, 889. (f) Isea, R.J. Mol. Struct. (THEOCHEM)2001, 540,
131.

Chart 3. Dehydro-anti-4,5,15,16-tetramethyl[22](5,8)phenaleno-
phane

Figure 3. C2h cuts through the PES at the levels of R(U)B3LYP/6-31G*
for 13.
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the Schreiner rule, in that the intermediate is stabilized by a
through-space multicenter covalentπ-bonding interaction.

We also performed a relaxed PES scan with R(U)BPW91
along theC2h cut of 9 in order to avoid any bias related to the
form of the density functionals.27 We obtained conclusions
similar to those found with the hybrid B3LYP functional. As
can be seen in Figure 5, there are two minima atR ≈ 1.6 and
2.8 Å. The only difference from the hybrid B3LYP results is
that the UBPW91 curve departs from the RBPW91 curve at a
much largerR value of 3.05 Å; therefore, UBPW91 produces
the same minimum as RBPW91 at the large-R end. This shows
the dependence of theπ-intermediate’s geometry on the theory
used. The DFT calculations on theπ-dimer of 5 by Takano et
al.12 have shown that broken-symmetry results are quite common
for π-π interacting biphenalenyls with UB3LYP. With a

decreased amount of exchange in the DFT used, it is less likely
to obtain broken-symmetry results, which explains why the
UBPW91 does not give a different stationary point at the large-R
end.

Energetics.The energies of some important stationary points
on the PES of9 are summarized in Table 2, together with those
of 13. The aromatic intermediates of9 are high in energy and
therefore do not contribute to the Cope rearrangement of9; those
data are not discussed here but are available in the Supporting
Information.

The RB3LYP energy for theπ-intermediate10 is higher than
that of theσ-bonded reactant9 by 3.4 kcal/mol, and by 1.7
kcal/mol with the zero-point energy correction (ZPE), consistent
with the experimental energy differences betweenσ- and
π-dimers of various unsubstituted and substituted phenale-
nyls.10,17,21This RB3LYP solution also agrees with the fact that
the X-ray diffraction found theσ-bonded9 instead of the
π-intermediate10. The activation barrier from the reactant to
the intermediate was calculated to be 6.3, 5.1, and 4.6 kcal/mol
in terms of total energy, enthalpy, and Gibbs free energy (at
room temperature 298 K, RT), respectively. Using a larger basis
set of 6-311+G(2d), we optimized both9 and10, from which
the transition structure is obtained also with this larger basis
set, giving the Cope rearrangement barrier of 5.7 kcal/mol in
terms of total energy, compared to the value of 6.3 kcal/mol
found with 6-31G* basis set. These barrier energies are lower
than the 9( 1 kcal/mol value obtained from the dynamic NMR
experiment.23 Prior to the theoretical study presented herein,
Rohrbach et al.23 presumably used the formula for a concerted
two-site and equal population reaction process to analyze the
experimental NMR data. For a stepwise process, the rate
constant from the reactant to the intermediate is twice as large
as the apparent rate constant for the reaction observed by
dynamic NMR, and so the value of the activation barrier is
slightly different compared to that for the concerted process.37

From the theoretical side, B3LYP/6-31G* has proved to be very
successful for the energetics of the Cope rearrangement of
unsubstituted and substituted1.3g,5 However, the spin contami-
nation, as shown by the expectation value of the total spin
angular momentum of〈S2〉 ) 0.50 of the UB3LYP-optimized
10, indicates that a higher level of theory (e.g., CASSCF, albeit
impractical for such large systems) would provide more accurate
estimates for theπ-intermediate with an open-shell singlet
character. Further experimental and theoretical investigations
are necessary to reconcile the discrepancy between the experi-
mental and the theoretical reaction barriers. Nevertheless, the
calculated barrier is consistent with a stepwise rearrangement
whereσ-bond-breaking and multicenterπ-bonding take place
simultaneously.

In contrast to9, theπ-bondedC2h “intermediate” of13 has
a lower energy than that of theσ-bondedC2 “reactant” by 2.6
kcal/mol based on RB3LYP optimization; therefore, theπ-bond-
ed structure is the global minimum, and Cope rearrangement is
not possible for13. The UB3LYP optimization gives an〈S2〉
value of 0.54, indicating an open-shell singlet character, similar
to 10. The UB3LYP energy is lower than the RB3LYP energy;
however, according to what we understand for theπ-bonded
intermediate of9, we conclude the RB3LYP-optimized geom-

(37) Friebolin, H.Basic One- and Two-Dimensional NMR spectroscopy; Wiley-
VCH Verlag GmbH: Weinheim, Germany, 1998; pp 311-312.

Figure 4. Schematic diagram of the PES of9 as a function ofR1 andR2.
The coordinates of all stationary points come from calculations (see Table
1). The red diagonal line is theC2h cut through the PES discussed in the
text. The corresponding potential energy curves along theC2h cut are given
in Figure 1.

Figure 5. C2h cuts through the PES at the levels of R(U)PW91 with 6-31G*
basis set for Cope rearrangement of9. The total energy difference (∆E)
is relative to the minimum energy atR ) 1.578 Å found with UPW91.
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etry is more reliable. Vibrational calculations indicate that this
RB3LYP geometry is a second-order saddle point, and yet
normal-mode analysis reveals that the two imaginary frequency
modes are floppy rotational modes of methyls. Thus, we
conclude that thisπ-bondedC2h structure is very close to the
global minimum of13 in terms of energy and geometry (see
also the discussion on142-). The synthesis of13 should lead
to theπ-bonded structure, similar to theπ-intermediate in the
Cope rearrangement of9.

Covalent π-Bonding Effect. Further evidence for the stabi-
lizing effects of π-bonding in theπ-intermediate10 can be
obtained by investigating cyclophane14, which consists of two
naphthalene units linked together by two etheno bridges (Chart
4). In contrast to10, where each phenalenyl unit has one
unpairedπ-electron, the etheno-bridged naphthalene units of
14 are closed-shell fragments. The inter-naphthalene distance
Rof 14and those of the dication and dianion of14are compared
in Table 3, together with the inter-phenalenyl distance of10.
For neutral and charged14, UB3LYP provides the same
structure as RB3LYP, unlike10, where the UB3LYP result is
slightly different from the RB3LYP result (Tables 1 and 3). As
expected, neutral14 has a relatively longerR value of 3.2 Å
compared to10, showing the absence of a covalentπ-bonding
effect for 14.

Addition of two electrons to the lowest unoccupied molecular
orbital (LUMO) of 14 provides an electron pair, leading to a
significant reduction ofR from 3.207 to 2.976 Å. Similar to
the well-studied four-center, two-electronπ-bonding of the
TCNEπ-dimer dianion,19b-d theπ-bonding effect in142- comes
from the interacting naphthalene LUMOs. Removal of two
electrons from the HOMO of14 gives 142+, with the inter-
naphthalene distance also reduced significantly to 2.883 Å, due
to covalent π-bonding effect coming from the interacting
naphthalene HOMOs, similar to the oligothiopheneπ-dimer
dication.19e The structures of142+ and 142- (also 13) have
π-dimer characteristics, similar to theπ-intermediate10depicted
in Figure 2b and Figure 1Sb. The inter-naphthalene distances
R in the142+ and142- cases are slightly longer than the inter-
phenalenyl distanceR of 10 (Table 3). This may be ascribed to
the Coulombic repulsion that should work against such shorten-
ing of R in 142+ and142-. We found that theC2h structure of
142- is a second-order saddle point. The two imaginary
frequencies correspond to the rotations of methyls, exactly as
in 13. Here we went further to search for the minimum and
found two such distortedC2 structures flanking theC2h saddle
point. The geometries of the twoC2 structures are very close
to that of the saddle point. Although the energies of these
distortedC2 structures are lower than theC2h saddle point by
∼0.6 kcal/mol, with ZPE correction included, their energies
become slightly higher than theC2h saddle point, which comes
about as a result of the two imaginary frequencies.

The above-mentioned142- is also optimized at the R(U)-
B3LYP level, with only one of the twoR values reduced
significantly to 1.759 Å (the other becomes 2.726 Å), which
gives an optimized geometry for theσ-bonded structure similar
to 9. The total energy of the optimizedσ-bondedC2 structure
is higher than that of theπ-bonded structure of142- by 10.6
kcal/mol; therefore, similar to13, Cope rearrangement is not
possible for142-, either. Thus, we conclude that the global
minimum of 142- should be the doubly degenerateπ-bonded
C2 structure (see footnoted in Table 3), and the vibrationally
averaged structure is theπ-bondedC2h structure. This structure
can be confirmed by comparing our calculated NMR spectra
with the experimental NMR spectra.

NMR Spectroscopy. We compare the calculated NMR
chemical shifts with the available experiments in order to lend
further experimental support to the structures discussed in this
paper. As can be seen from Figure 6, the experimental1H NMR
spectrum of9 at RT23 shows one chemical shift at 1.5 ppm for
the 12 protons from the four methyls. Theoretical NMR
calculations for theσ-bonded9 provide six different chemical

Table 2. Total Energies, Zero-Point Energies, and Total Spin Expectation Values of Some Stationary Points on the PES of 9 and 13

stationary points theories
total energies

(hartree)
ZPE

(hartree) 〈S2〉

9 global minimum R(U)B3LYP -1311.2224 0.4957 0.00
transition structure R(U)B3LYP -1311.2123 0.4936 0.00
π-intermediate10 RB3LYP (singlet) -1311.2171 0.4930 0.00

UB3LYP (triplet)a -1311.2048 2.01
UB3LYP (singlet) -1311.2207 0.4916 0.50

13 σ-bonded structure R(U)B3LYP -1313.6641 0.5454 0.00
π-bonded structureb RB3LYP (singlet) -1313.6682 0.5418 0.00

UB3LYP (triplet)a -1313.6614 2.01
UB3LYP (singlet) -1313.6744 0.5398 0.67

a Calculated using the RB3LYP singlet geometry; used for paramagnetism calculations shown in Figure 9.b Secondary saddle point; see text for discussion.

Chart 4. anti-4,5,14,15-Tetramethyl[22](2,7)naphthalenophane-
1,11-diene

Table 3. Inter-naphthalene Distance R of Neutral, Dication, and
Dianion of 14 Compared with the Inter-phenalenyl Distance R of
10

theory symmetry R (Å)a

10 RB3LYP b C2h 2.820
14 R(U)B3LYP C2h 3.207
142+ R(U)B3LYP C2h 2.883
142- R(U)B3LYP C2h

c 2.976
R(U)B3LYP C2

d 2.989 (R1)
3.008 (R2)

a In case ofC2 symmetry, there are twoR values, i.e.,R1 andR2. b The
UB3LYP solution is an artifact (see discussion in the PES section).c Second-
order saddle point.d This distorts slightly from theC2h structure. The other
C2 structure, withR1 and R2 exchanged, is equivalent. TheC2h second-
order saddle point is flanked by these twoC2 minima. With ZPE included,
the C2h saddle point has lower energy than these twoC2 minima.
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shifts for methyls (two protons each). This discrepancy can be
explained by the fact that floppy methyls undergo rotation, and
therefore fast exchange of the protons leads to coalescence of
the six groups of proton signals into two peaks, and the Cope
rearrangement will lead to a further coalescence into one peak.
The other calculated proton chemical shifts for theσ-bonded9
can be explained similarly: H1 and H7 coalesce, and H2 and
H6 coalesce, while H4 stays the same (a multiplet). H3 and H5
also coalesce, but experimental NMR shows two peaks at 7.25
and 7.27 ppm, and these were interpreted, probably incorrectly,
as singlets.23 As a matter of fact, H3 and H5 should exhibit
doublet signals. Therefore, the peaks at 7.25 and 7.27 ppm are
due to the coalesced H3 and H5 doublets. In comparison, the
calculated chemical shifts for theπ-intermediate10 agree less
well with the experimental NMR spectrum. The energy differ-
ence of 1.7 kcal/mol (with ZPE correction) gives a Boltzmann
occupancy ratio of 0.031 between theπ-intermediate and the
degenerate reactant and product at RT, explaining the fact that
the X-ray diffraction found only the structures of theσ-bonded
9 and 9′. With such a small ratio, it is very unlikely that the
π-intermediate would be observed by NMR spectroscopy, either.
It can thus be concluded that the NMR belongs to theσ-bonded
9. To investigate the basis set effects on the NMR spectrum,
we also performed calculations for9 and10 with a larger basis
set of 6-311+G(2d), using the B3LYP/6-311+G(2d)-optimized
geometries. These calculations provide similar results (the
comparison with experimental NMR is provided in the Sup-
porting Information), indicating that the basis set of 6-31G* is
sufficient for the current work; therefore, for the rest of the NMR
calculations, we stick to the 6-31G* basis set.

1H NMR chemical shifts are also calculated for the aromatic
intermediate11 found by both RB3LYP and UB3LYP. Experi-
mentally, NMR spectroscopy is the most frequently used
technique, providing criterion for characterizing aromatic-
ity.30,35,38The internal methyl protons of12 are shifted upfield
(shielded) with a chemical shift of-4.25 ppm, indicating
aromaticity of the 14π-electron periphery of12.30,35 Our
calculated chemical shifts of the internal methyl protons for the
aromatic intermediate11 found by RB3LYP are-5.40,-5.51,
and-5.72 ppm. Fast exchange due to methyl rotation should

lead to coalescence of these three signals to one peak located
somewhere between-5.4 and-5.7 ppm. These methyl protons
are shifted upfield relative to those of theπ-intermediate and
the global minimum of9 (see Figure 6). For the aromatic
intermediate geometry found by UB3LYP, the calculated
chemical shifts of the internal methyl protons are-4.24,-4.40,
and-4.96 ppm. The methyl protons of the RB3LYP geometry
are shifted more upfield than those of the UB3LYP geometry
by ca. 1 ppm, indicating that the RB3LYP geometry has a higher
degree of aromaticity. This trend agrees with the smaller bond
length alternation for the RB3LYP geometry described earlier.
Meanwhile, the UB3LYP geometry has a relatively longRvalue
of 1.587 Å for an C(sp3)-C(sp3) bond,31 and therefore the
RB3LYP geometry is probably more reliable.

In addition to the aromaticity criterion based on NMR
chemical shifts, the NICS values are also used as indices of
aromaticity.30 For the RB3LYP and UB3LYP geometries of11,
NICS values calculated at 1 Å above and below the dummy
atoms X1-X4 (Chart 2) are tabulated in Table 4. The NICS
values above and below dummy atoms X1 and X3 are on the
same order of magnitude as those at the ring centers of12,35b

and among the locations calculated, the NICS values of the
smallest magnitude are found above and below dummy atom
X4, which is the center of the entire molecule. These negative
values are indicative of aromaticity for both the RB3LYP
geometry and the UB3LYP geometry of11 (open-shell sys-
tem).39 Comparing the NICS values of the two geometries, we
find that NICS values of the RB3LYP geometry are more
negative, pointing once again to a higher degree of aromaticity
for the RB3LYP geometry.

The calculated1H and13C NMR spectra of142- are compared
with experimental spectra40 in Figures 7 and 8, respectively.
As can be seen from Figures 7 and 8, theπ-bondedC2h structure
has much better agreement with the experimental spectra than
theσ-bondedC2 structure, especially in terms of the methyl1H
and the methyl13C signals. Theπ-bondedC2 structure with
distortion has twice as many signals as theπ-bonded C2h

structure, but the fast exchange due to vibrations leads to
pairwise coalescences, and finally the number of peaks will be
the same as those of theC2h structure. The experimental13C
spectra exhibit seven lines in the sp2 carbon region, indicating
the absence of sp3-hybridized carbons other than the four methyl
carbons. These1H and 13C NMR spectra indicate that the
π-bonded structure is what has been observed for142-

experimentally. This analysis provides further indirect evidence
for the reality of theπ-intermediate10 in the Cope rearrange-

(38) Lazzeretti, P.Phys. Chem. Chem. Phys.2004, 6, 217.

(39) Gogonea, V.; Schleyer, P. v. R.; Schreiner, P. R.Angew. Chem., Int. Ed.
1998, 37, 1945.

(40) Rohrbach, W. D.; Gerson, F.; Mo¨ckel, R.; Boekelheide V.J. Org. Chem.
1984, 49, 4128.

Figure 6. Experimental1H NMR spectrum of9 at RT from ref 23,
compared with calculated peaks from B3LYP/6-31G*. Chemical shift is
relative to TMS.

Table 4. NICS Values (ppm) for the Aromatic Intermediate 11

RB3LYP geometry UB3LYP geometrydummy
atomsa 1 Å aboveb 1 Å belowb 1 Å aboveb 1 Å belowb

X1 -20.3 -23.0 -18.3 -20.9
X2 -11.8 -16.5 -10.2 -14.6
X3 -17.1 -17.2 -16.0 -16.0
X4 -10.8 -10.8 -8.1 -8.1

a Locations defined in Chart 2.b NICS values are calculated at points 1
Å above (on the same side as the methyls connected to the phenalenyl unit)
and below (on the opposite side) the dummy atoms X1-X4.
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ment of the title compound9 and for theπ-bonded13 as its
global minimum.

Magnetic Properties.As can be seen from Figures 1 and 4,
the energy levels close to the ground state of9 include the
degenerate singlets of the reactant9 and the product9′, the
singlet of theπ-intermediate10, and its low-lying triplet. Only
the triplet will respond to a magnetic field. Similar to the
Bleaney-Bowers equation and on the basis of van Vleck
formula,41 we can derive the equation

whereø is the paramagnetic susceptibility,T is the temperature,
N is Avogadro’s number,g is the gyromagnetic factor,â is the
electronic Bohr magneton, andk is the Boltzmann constant.
Taking the triplet of10 as the reference level, we have the
energy difference between the singlet of10and the triplet asJ1

) -7.682 kcal/mol, and the energy difference between the

singlet of9 or 9′ and the triplet asJ2 ) -11.038 kcal/mol. The
calculatedøT as a function ofT is shown in Figure 9.øT is on
the order of 10-6 emu K mol-1 magnitude even at 400 K;
therefore, the magnetic susceptibility of9 is expected to be too
low to be observed experimentally.

On the other hand,J1 andJ2 for 13 are calculated as-4.274
and-1.690 kcal/mol, respectively, indicating that theπ-bonded
C2h “intermediate” of13 has a low-lying triplet and an energy
lower than that of theσ-bondedC2 “reactant”. In this case,øT
is estimated to be on the order of 10-3 emu K mol-1 magnitude
at RT, which is comparable to that of theπ-dimer of 2,5,8-tri-
tert-butylphenalenyl (8 in Scheme 3) measured by SQUID;11b,42

therefore,13 should have experimentally observable paramag-
netism. In comparison,J1 and J2 for 142- are calculated as
-5.310 and 5.309 kcal/mol, respectively. Our estimatedøT of
142- becomes significant around RT, indicating a thermally
accessible excited triplet state, which has been observed earlier
by variable-temperature NMR spectra measured at 221.15 and
273.15 K.40 This is again in concordance with our interpretation
of a π-dimer structure of13 and theπ-intermediate of the title
compound9.

Conclusions

In summary, we have found that the Cope rearrangement of
cyclo-biphenalenyl9 is stepwise, proceeding through an unusual
π-intermediate10 of C2h symmetry which can be characterized
as a 2×13π+2×2π system. The unusualπ-intermediate has a
long inter-phenalenyl distance ofR≈ 2.8 Å, comparable to the
intradimer C-C distance between twoπ-conjugated radicals
in other π-dimers. The structure of theπ-intermediate is
unparalleled in the family of Cope rearrangements and cannot
be anticipated on the basis of the Cope rearrangement of
unsubstituted or substituted 1,5-hexadiene. This finding extends
the previous Schreiner rule7 in that the long-bonded intermediate
is stabilized by a through-space multicenter covalentπ-bonding
interaction.

The energy of theπ-intermediate10 is higher than that of
the global minimum9 by ∼2 kcal/mol according to the
employed RB3LYP hybrid DFT. NMR chemical shift calcula-

(41) Kahn, O.Molecular Magnetism; VCH Publishers: New York, 1993; pp
5-7, 104.

(42) The paramagnetism of8 is also observable by ESR, see: Morita, Y.; et al.
Angew. Chem., Int. Ed.2002, 41, 1793.

Figure 7. Experimental1H NMR spectrum of142- at 193.15 K at 360 Hz
from ref 40, compared with those calculated from B3LYP/6-31G*. Chemical
shift is relative to TMS.

Figure 8. Experimental13C NMR spectrum of142- at 221.15 K at 90.7
Hz from ref 40, compared with those calculated from B3LYP/6-31G*.
Chemical shift is relative to the value of TMS (189.7710 ppm) calculated
by the same methodology. Peak intensities are not given.

øT ) 2Ng2â2

k[3 + exp(-J1/kT) + 2 exp(-J2/kT)]

Figure 9. CalculatedøT as a function ofT for 9, 13, and 142-. The
paramagnetic susceptibility signal comes from the triplet state of the
π-bonded structures.
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tions support theσ-bonded 9 as the global minimum. A
transition structure connecting theσ-bonded global minimum
9 and theπ-bonded intermediate10 has been identified. The
calculated activation barrier of the Cope rearrangement of9 is
∼6 kcal/mol, consistent with the stepwise rearrangement mech-
anism wherebyσ-bond breaking and multicenterπ-bonding take
place simultaneously.

Another minimum ofC2h symmetry is recognized as an
aromatic intermediate,11, which can be characterized as a
26π+2×2σ system with twoσ-bonds between the two phe-
nalenyl units and small bond length alternation plus extensive
π-conjugation along the annulene-like molecular periphery. The
aromatic character of this intermediate has been confirmed by
1H NMR and NICS calculations. The energy of this aromatic
intermediate lies at least 10 kcal/mol above the energy of the
π-intermediate10, and therefore it does not contribute to the
Cope rearrangement of9.

The shortening of inter-naphthalene distance in theπ-bonded
dianion and dication of cyclophane14 indicates the presence
of significant π-bonding interaction. Calculated1H and 13C
spectra of theπ-bonded dianion of14 agree with experi-
ments. The analogy between142- and 10 provides indirect
but strong evidence for the reality of theπ-intermediate10.
Further stabilization of theπ-bonded structure through chem-
ical modifications should allow such aπ-bonded structure to
be observed by X-ray diffraction and by paramagnetism for
the ethano-bridged derivative13. These π-bonded struc-
tures offer us a paradigm for multicenter covalentπ-bond-
ing betweenπ-conjugated radicals within one molecule. A good

understanding of this multicenterπ-bonding provides in-
sights into the diverse properties of the phenalenyl radical
family.11,12,14-17,42-44
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