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Abstract: Multicenter covalent z-bonding between s-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 wz-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 w-intermediate 10, of C,, symmetry, which can be characterized
as a 2x137+2x27 system. The z-intermediate has a long inter-phenalenyl distance of R ~ 2.8 A, which
is shorter than the sum of the van der Waals radii displaying multicenter covalent zz-bonding between the
two phenalenyl units. The energy of the z-intermediate 10 is higher than that of the o-bonded reactant 9
by ~2 kcal/mol according to the employed spin-restricted DFT. NMR chemical shift calculations support
the o-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 z-bonding effect in the -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 7-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-hexadiet)éq a symmetry-
allowed [3,3]-sigmatropic reaction (Scheme!Ijhe nature of

its chair transition structure has been the subject of many

experimenta& and theoretical investigatioddt is now widely
acceptefithat this archetypal Cope rearrangement is concertedto 1.7 A, while the substitutions at C1, C3, C4, and C6 can
and proceeds via an aromatic chairlikg, transition structure
2, which has an inter-allylic bond length &~ 2.0 A.

The transition structure also contains contributions from the The term “chameleonic” has been suggested to describe the
resonance structures of cyclohexane-1,4-ddylgnd bis-allyl
diradicals ¢).5 Density functional theory (DFT) studies show 1.7 to 2.6 A In some substitution cases, the rearrange-
that substitutions with radical stabilizing groups at C2 and C5 ment could be stepwise, proceeding through a diradicaloid
of 1 can enhance the contribution from the resonance structureintermediate with a shorR around 1.6 A7 and yetan

(1) Woodward, R. B.; Hoffmann, RI. Am. Chem. Sod.965 87, 2511.
(2) Gajewski, J. Hydrocarbon Thermal Isomerizationadcademic Press: New

York, 1981; pp 166-76.

(3) (a) Ventura, E.; do Monte, S. A,; Dallos, M.; Lischka, H.Phys. Chem.

(4

=
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Scheme 1. Cope Rearrangement of 1,5-Hexadiene (1)

e R ! —
1 3 2 4 1
3, leading to transition structures with sm&llvalues down

stabilize the contribution from the resonance structyread-
ing to transition structures with large values up to 2.6 &.

variable transition structures with a wide rangdrofalues from

intermediate with a relatiely long Rvalue (e.g., R> 2.6 A)
has neer been found

The transition structures depicted above can be recognized
as two interacting allyl radicafsthe simplest odd alternant
hydrocarbon. Another odd alternant hydrocarbon analogous to
the allyl radical is the phenalenyl radica)( Both the allyl
radical andb are stable radicals because the unpaired electrons
are delocalized over the singly occupied molecular orbitals
(SOMOs). The stability o5 allows it to be observed by electron
spin resonance in solution, bitcannot be isolated because it
undergoeso-dimerization giving rise to ao-bonded 1,%
biphenalenyl §) (Scheme 25:10

(6) Doering, W. v. E.; Wang, YJ. Am. Chem. Sod.999 121, 10112.
(7) Navarro-Vaquez, A.; Prall, M.; Schreiner, P. Rrg. Lett.2004 6, 2981.
(8) Hoffmann, R.; Woodward, R. Bl. Am. Chem. Sod.965 87, 4389.
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Scheme 2. o-Dimerization of Phenalenyl Radical (5)

@)

Recently there has been increasing interesbiand its
derivatives, such as 2,5,8-te+t-butylphenalenyl radicdf-12
perchlorophenalenyl radicBland spiro-biphenalenyl radicdfs;'

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

9

+? ‘

9

ing energy for theo-dimer 6 is —11.3 kcal/mol in CCJ
solution1020.21Theser-dimers are paramagnefit*while the
o-dimers exhibit diamagnetisi.1* Experimental and theoretical
studies on different substituted phenalenyls indicate the energetic
preference of-dimerization overr-dimerization by 5 kcal/
mol .2t

The analogy between the allyl radical ahdbr that between
their o-dimersl and6, prompts one to propose the hypothetical
Cope rearrangement & however, the study of such a Cope
rearrangement is hindered by the presence of a dissociative path
shown in Scheme 219 X-ray diffraction shows that the title
compound9 (Scheme 4) has a-bond connecting the two

because of their diverse electrical, optical, and magnetic phenalenyl unit§223In contrast t, the two etheno bridges in
properties in the solid state. The solid-state structures of these9 maintain the proximity of the two phenalenyl units, thus
radicals reveal the existence of another important packing motif making the Cope rearrangement possible. The Cope rearrange-

of m-dimerization!1121415ESR and UV-vis also confirm
m-dimerization in solutio? The z-dimerization of 2,5,8-tri-
tert-butylphenalenyl radical?) shown in Scheme 3 results from
the pairing of the twor-electrons from the two SOMO4:12.17
The intermolecularr— interaction associated with-dimer-

ment of9 (and its enantiomed’) has been studied by dynamic
NMR, showing an activation barrier ef9 kcal/mol?3 Unlike

the theoretically well-studied case hfthe Cope rearrangement

of 9 has eluded the attention of theoretical investigators, and a
number of questions remain unclear: What is the nature of the

ization has been recently recognized as a new class of multi-transition structure or possibly of the intermedial? What

center covalent-bondingl1p121719 pringing the two radicals
slightly closer together (with an interplanar separation of-3.2
3.3 A for 8) than the sum of the van der Waals rddiiThe
binding energy for the staggereddimer8 in CH,Cl, solution
is —9.5 and—8.8 kcal/mol according to ESR and U\Wis
spectral measurements, respectiélyn comparison, the bind-

(9) (a) Reid, D. H.Chem. Ind.1956 1504. (b) Gerson, Fdelv. Chim. Acta

1966 49, 1463.

(10) Zheng, S.; Lan, J.; Khan, S. I.; Rubin, ¥.Am. Chem. So2003 125
5786.

(11) (a) Goto, K.; et alJ. Am. Chem. Sod999 121, 1619. (b) Fukui, K;
Sato, K.; Shiomi, D.; Takui, T.; Itoh, K.; Gotoh, K.; Kubo, T.; Yamamoto,
K.; Nakasuji, K.; Naito, A.Synth. Met1999 103 2257. (c) Suzuki, S.;
Morita, Y.; Fukui, K.; Sato, K.; Shiomi, D.; Takui, T.; Nakasuji, &. Am.

Chem. Soc2006 128 2530.

(12) Takano, Y.; Taniguchi, T.; Isobe, H.; Kubo, T.; Morita, Y.; Yamamoto,
K.; Nakasuji, K.; Takui, T.; Yamaguchi, KI. Am. Chem. So@002 124

11122.

(13) Koutentis, P. A.; Chen, Y.; Cao, Y.; Best, T. P.; ltkis, M. E.; Beer, L.;
Oakley, R. T.; Cordes, A. W.; Brock, C. P.; Haddon, R.JCAm. Chem.

Soc.2001, 123 3864.

(14) Liao, P.; Itkis, M. E.; Oakley, R. T.; Tham, F. S.; Haddon. R.JCAm.

Chem. Soc2004 126, 14297.

(15) Itkis, M. E.; Chi X.; Cordes, A. W.; Haddon R. Gcience2002 296,
1443

is the role ofz-dimerization in the process? What is the length
of the inter-phenalenyl distan&g (Ry) in 102 Can the structure

of 10 be anticipated on the basis of the archetypal case of
1?

Motivated by the increasing interest%nand its derivatives,
and the availability of the experimental results on the Cope
rearrangement of, we explore herein the potential energy
surface (PES) 09. We found that the Cope rearrangement of
9 is stepwiseproceeding through an unusu@j, intermediate
10 with a relatively long inter-phenalenyl distanBgR; = R,
~ 2.8 A), which is stabilized by multicenter covalentonding
as a result ofr-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.

(20) (a) The binding energy @ is slightly smaller in toluene solution-@.8 +
0.7 kcal/mol), because of the increase in solvation strength thraugh
interactions o6 with this solvent.® which favors the dissociation & (b)
We choose to use the binding energy6omeasured in CGlsolution to
compare with that oB measured in CkCl, because of the similarity of
solvents.

(16) Pal, S K.; Itkis, M. E.; Tham, F. S.; Reed, R. W.; Oakley, R. T.; Haddon, (21) Recent ESR spectral measuremen® mfovided a similar binding energy

R. C. Science2005 309, 281.

(17) Small, D.; Zaitsev, V.; Jung, Y.; Rosokha, S. V.; Head-Gordon, M.; Kochi,
J. K. J. Am. Chem. So@004 126, 13850.

(18) Haddon, R. CAust. J. Chem1975 28, 2343.

(19) Multicenter covalent-bonding also occurs in chargaeradicals in addition
to neutral ones. For (TCNEY, see: (a) LuJ. M.; Rosokha, S. V.; Kochi,
J. K.J. Am. Chem. So@003 125 12161. (b) Novoa, J. J.; Lafuente, P.;
Del Sesto R. E.; Miller, J. SAngew. Chem., Int. E®2001, 40, 2540. (c)
Del Sesto, R. E.; Miller, J. S.; Lafuente, P.; Novoa, JCBem. Eur. J.
2002 8, 4894. (d) Jakowski, J.; Simons,J.Am. Chem. So003 125
16089. (e) Jung, Y.; Head-Gordon, hys. Chem. Chem. Phy04 6,
2008. For the oligothiophenedimer dication, see: (f) Brocks, G. Chem.

Phys.200Q 112, 5353.
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of —10 =+ 1 kcal/mol in CHCI, solution. See: (a) Small, D.; Rosokha, S.
V.; Kochi, J. K.; Head-Gordon, MJ. Phys. Chem. R005 109 11261.
(b) Zaitsev, V.; Rosokha, S. V.; Head-Gordon, M.; Kochi, J.JKOrg.
Chem.2006 71, 520.

(22) Systematic nomenclature is dehyadnmti-4,5,15,16-tetramethylpR5,8)-
phenalenophane-1,12-diene. We call it cyclo-biphenalenyl for convenience,
where “cyclo” is used to denote the cyclophane structure rendered by the
two etheno bridges.

(23) Rohrbach, W. D.; Boekelheide, V.; Hanson, A. Tétrahedron Lett1985
26, 815.

(24) The inter-phenalenyl distance b is analogous to the inter-allylic bond
lengths of2, 3, and4. The same term is used fb8, and forl4 this becomes
the inter-naphthalene distance.
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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*#

transition sr-intermediate 10 aromatic intermediate 11
X-ray structure global minimum of 9 structure (Ri=Ry) (Ri=Ry)
index of 9° RB3LYP® RB3LYP RB3LYP¢e RB3LYP UB3LYP RB3LYP UB3LYP
symmetry Co Co Co Co Con Con Con Con
Cl1-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, 1.51 1.529 1.526 1.474 1.437 1.427 1.530 1.524
C4—-C4 1.61,1.62 1.561 1.556 1.529 1.514 1.513 1.584 1.575
C4—-C10c 1.48,1.50 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
Cl0a-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 1.48,1.48 1.444 1.440 1.443
C5-C10c 1.43,1.46 1.406 1.401 1.422
C5—-C5 1.45,1.47 1.519 1.514 1.517
C6—C12 1.47 1.484 1.481 1.482
Cl2-C13 1.32 1.355 1.348 1.353
C4—-C16 (Ry) 1.63 1.684 1.685 2.236 2.820 3.030 1.554 1.587
C5-C15 Ry) 2.65 2.686 2.694 2.714

a Atomic numbering for all structures follow&shown in Chart 1. The characteristics of the intermediates are discussed in tHeBxdl lengths from
X-ray measurements, taken from Figure 1 in ref 2RB3LYP result is the same as that of UB3LYFGeometry is also optimized with a larger basis set
of 6-311+G(2d) to check the basis set effetOnly one transition structure is found, connecting the global mininSuand thez-intermediate<l0 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.

Computational Methodology Chart 1. Atomic Numbering?® of Cyclo-biphenalenyl 9

The PES o® was explored by geometry optimization, by a relaxed
PES scan along théz, symmetry cutiRy = R, = R), and by transition
state searches. Calculations were performed at the level of DFT using
Becke's three-parameter hybrid functional in combination with-tee
Yang—Parr correlation functional (B3LYP)and the 6-31G* basis s&t.

This level of theory has been applied to the Cope rearrangements of
unsubstituted and substitutet, giving good agreements with
experiment$®S 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 & minimum or a transition state. Triplet energies used gection. The calculated chemical shielding constants were referenced

for magnetic susceptibility calculations are obtained from single-point 4 those of tetramethylsilane (TMS, 32.1821 ppmYerand 189.7710
calculations using the singlet geometries found by the optimiza- ppm for 13C) calculated by the sarrlwe methodology.
tions.

Staroverov and Davidson suggested that the BPW91 functional Results and Discussion
instead of hybrid DFT should be used to avoid spurious stationary points

when studying sigmatropic rearrangemé8To rule out this concern, Potential Er?ergy.Surfaqe.First, the Q!Obal minimum on the
we also performed a relaxed PES scanJavith R(U)BPW91 along PES of9 was identified withR, = R, using RB3LYP/6-31G*
the Can symmetry cut with the 6-31G* basis set. optimization. UB3LYP optimization gives the same geometry.

'H NMR chemical shielding tensors were evaluated using the GIAO This C; structure corresponds to the degenesatmnded Cope
method® at the B3LYP /6-31G* level of theory for the global minimum  reactant or product9(or 9, see Scheme 4). Its geometry is
and the Cope intermediate @found with RB3LYP/6-31G**C NMR compared with the X-ray structure in Table 1. More than half
chemical shielding tensors_ar_1d nucleus-independent chemical shiftsof the bond lengths agree well with the X-ray data; the largest
(NICS)*® were evaluated similarly and are discussed in the NMR discrepancy stands out for bonds involving atoms C4 and C5,
(25) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.: Yang, W.; e.g., C4C4 and C5-C5. The experimental 1.61 or 1.62 A

26 FA>zﬁrr, R’I. (?.P.hys. Re. Blgfsa 37,d785_.h GAUSSIANOS: Poble. J. A for C4—C4 is probably a little too long for a bond between
calculations are performed wit . ople, J. . e :
et al. Gaussian 98revision A. 11.4; Gaussian, Inc.: Pittsburgh, PA, two Sp’;'hyb”d'zed carbon atoms, and the expe”mental 1450r

) 28202- V. N.: David E. B. Am. Chem. So@00Q 122, 7377 1.47 A for C5-C5 is obviously a little too short for a bond
aroverov, V. N.; Davidson, E. R. Am. Chem. So ) - L
(28) For the PerdewWang correlation functional, see: Perdew, J. P.; Wang, between sp and sp-hybridized carbon a_ttom’é.Thls discrep-
Y. Phys. Re. B 1992 45, 13244. ancy may come from the four-fold disorder of the crystal
(29) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. Sod99Q 112, 8251.
(30) Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. v. R.
Chem. Re. 2005 105, 3842. (31) Pople, J. A,; Gordon, MJ. Am. Chem. S0d.967, 89, 4253
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RB3LYP (A)

UB3LYP (B)

RB3LYP
(Aromatic,C)

AE (kcal/mol)
o

23 25 29 31
R(A)

Figure 1. Cy, symmetry cutsRy = R, = R) through the PES at the levels
of R(U)B3LYP/6-31G* for the Cope rearrangement®f

15 17 19 21 27 3.3

structure, as noted by the authors themselves, stating that the

X-ray data may not correctly represent individual bond lengths.
This problem also manifests in the valuesRafandR,, which
also involve C4 and C5, as shown by the optimikgd= 1.684

A andR, = 2.686 A values compared with the respective X-ray
diffraction values of 1.63 and 2.65 A. THe bond length is
elongated, which is also observed in eabonded spiro-
biphenalenyl dimet? 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).

Chart 2. Comparison of the Aromatic Intermediate 11 and
Aromatic Dimethyldihydropyrene 122

12

aDummy atoms X—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 intermediatd (a) and ther-intermedi-
ate10 (b) calculated using RB3LYP/6-31G*. For theintermediate, note

the absence of significant wavefuntion contributions from the etheno bridges.
Side views of these HOMOs, showing the planarityléfand ther-dimer

Essential information about the mechanism of Cope rear- character ofl0, are given in the Supporting Information.

rangements can be obtained by studyin@,a symmetry cut
through the PE%’ The relaxed PES scans fBralong theCx,

small alternation extends to the adjacent rings connected to the

cut are shown in Figure 1. In contrast to the Cope rearrangementPridges. Its geometry can be described by tvbonds con-

of 1, we did not find a saddle point &,, symmetry fromR =

1.7 to 2.6 A. Instead, we found two minima along g cut
outside the said range: one at the sniaéind and the other at
the largeR end. With RB3LYP (curve A in Figure 1), we found
only one minimum aR = 2.820 A. With UB3LYP (curve B),
the solutions are different from those obtained with RB3LYP
at both the smalR end and the larg&end. ForR < 1.78 A,

the UB3LYP curve (B) departs from curve A, and there is an
additional minimum aR = 1.587 A. ForR = 2.65 A, curve B
also departs from curve A, and the corresponding minimum
shifts some fronR = 2.820 to 3.030 A. 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 sfRall-
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 distaf;¢here

necting the phenalenyl units, with the rest of theslectrons
forming an aromatic system (26-2x20). This aromatic
intermediatell has a fully delocalized structure, corresponding
to its Con symmetry.11is analogous to the experimentally well-
characterized “model” aromatic molecule dimethyldihydropy-
rene 12 (Chart 2)3 which also has a smaby value on its
remarkably planar periphef.The internal methyl protons of

12 have been used as a probe for aromati€lf?. NMR
calculations are compared for the internal methyl protons
betweenll and 12 to support the aromaticity ofl (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 & = 1.554 A, curve C is termed
the aromatic curve. On the other hand, curve A represents the
structures with larged and less planarity. Beyond the crossover

exists another important degree of freedom, which is the bond Point of curves A and C @&~ 1.63 A, the twas-bonds become

length alternationd = Rc=c — Rc—c) on the etheno bridges.
We found another RB3LYP solution with smalléy which is
shown in Figure 1 as curve C with a minimumRit= 1.554 A,
The structure of this minimum is characteristic of its snaall

values (this can be calculated from the data in Table 1) and the

near-planarity of the annulene-like periphery. The region of

(32) (a) Kertesz, M.; Choi, C. H.; Yang, &hem. Re. 2005 105, 3448. (b)
Choi, C. H.; Kertesz, MJ. Chem. Phys1998 108 6681.

7280 J. AM. CHEM. SOC. = VOL. 128, NO. 22, 2006

less stable, and the structures on curve A resembdéners.

(33) (a) Boekelheide, V.; Phillips, J. Proc. Natl. Acad. Sci. U.S.A964 51,
550. (b) Boekelheide, V.; Phillips, J. B. Am. Chem. Sod967, 89, 1695.
(c) Hopf, H. Angew. Chem., Int. E003 42, 5540.

(34) (a) Williams, R. V.; Edwards, W. D.; Vij, A.; Tolbert, R. W. Org. Chem.
1998 63, 3125. (b) Mitchell, R. H.; lyer, V. S.; Khalifa, N.; Mahadevan,
R.; Venugopalan, S.; Weerawarna, S. A.; Zhou].Am. Chem. So4995
117, 1514.

(35) (a) Mitchell, R. H.Chem. Re. 2001, 101, 1301. (b) Williams, R. V.;
Armantrout, J. R.; Twamley, B.; Mitchell, R. H.; Ward, T. R.; Bandyo-
padhyay, SJ. Am. Chem. So@002 124, 13495.



Stepwise Cope Rearrangement of Cyclo-biphenaleny!

ARTICLES

Chart 3. Dehydro-anti-4,5,15,16-tetramethyl[2,](5,8)phenaleno-

=S
&
J

The longesR value that can exist on curve C is 1.9 A, beyond
which point the aromatic curve C reduces to curve A and the
four o-electrons are reallocated #oconjugation. This value is
consistent with the longest-€C bond length known experi-
mentally and theoreticall§é The structures on curves B and C
near 1.6 A are similar to each other with respect to alternation
and planarity. Thus, we conclude that the UB3LYP minimum
atR = 1.587 A is also an aromatic intermediate, similar to the
RB3LYP solution withR = 1.554 A. The UB3LYP solution
has lower energy than the RB3LYP solution for this aromatic
intermediate, as can be seen from Figure 1. The energies of th
aromatic intermediate approximated by these two similar

13

structures on curves B and C are too high, and therefore the

aromatic intermediate does not play a role in the Cope
rearrangement dd.

Further support for the aromatic character of the above-
mentioned aromatic intermediate at the st®end comes from
a comparison withl3 (Chart 3), where two saturated ethano
bridges replace the two etheno bridge8 wr 10. Figure 3 shows
the Cyy cuts through the PES df3. In contrast to the PES &
shown in Figure 1, there is a minimum & = 2.905 A
(RB3LYP) and 3.261 A (UB3LYP), but there is no minimum
at the smallR end, because the aromatic conjugation along the
periphery is disrupted fot3.

Next we turn to the minimum & = 2.820 A (RB3LYP) or
3.030 A (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
m—m overlap. Therefore, the RB3LYP minimum hasdimer
character and can be described as>dl2r+2x27 system,
where 13r denotes the phenalenyl unit andr 2lenotes the
etheno bridge unit. The UB3LYP minimum has the same
m-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 thdoonded reactarfl, 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 UBPW9L1 do not have this problem and these
two methods provide the same solution.) We conclude that the
minimum at the longR end is best described by the RB3LYP
solution atR = 2.820 A. This inter-phenalenyl distanéeis
comparable to the shortest intradimetC distance (2.83 A)
experimentally found for a tetracyanoethylene (TCNE) dimer

(36) (a) Komarov, I. VRuss. Chem. Re2001, 70, 991. (b) Toda, F.; Tanaka,
K.; Stein, Z.; Goldberg, |Acta Crystallogr., Sect. @996 52, 177. (c)
Kaupp, G.; Boy, JAngew. Chem., Int. Ed. Endl997, 36, 48. (d) Choli,
C. H.; Kertesz, MChem. Commuri997, 2199. (e) Brown, D. A.; Clegg,
W.; Colquhoun, H. M.; Daniels, J. A.; Stephenson, I. R.; WadeCKem.
Commun1987, 889. (f) Isea, RJ. Mol. Struct. (THEOCHEM2001, 540,
131.

b

50
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Figure 3. Cy, cuts through the PES at the levels of R(U)B3LYP/6-31G*
for 13.
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dianiort®Pand is shorter than the van der Waals value, displaying
a through-space covalemtbonding interaction between the two
henalenyl units. Weak covalentbonding betweenr-conju-

ated neutral and charged radicals has been recognized recently
as a novel and important bonding interactiéA”°The key
point is that ther-bonding interaction associated withdimer-
ization stabilizes thist-bonded structure with relatively long

CC contacts, similar to other-dimers!?14151°Now we can
answer the questions raised at the beginning regarding the Cope
rearrangement d depicted in Scheme 4. The Cope rearrange-
ment of9 proceeds through a-intermediatel 0, because it has
much lower energy than the aromatic intermedikie

To complete the PES 09, we identified the transition
structure connecting th@, reactant and th€,, w-intermediates
(both RB3LYP and UB3LYP geometries). (Since the aromatic
intermediatel1 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 @adransition
structure aR; = 2.263 A andR, = 2.714 A. 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 thes-intermediate. Normal-mode analysis of the only
imaginary frequency of the transition structure corresponds to
o-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 wheréond-breaking and multicenter
sw-bonding take place simultaneously.

The stepwise Cope rearrangement mechanis® isfcom-
pletely different from the archetypal Cope rearrangemerit, of
and the intermediate structut® cannot be anticipated on the
basis of the knowledge of the Cope rearrangemeiit &n 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 resonanceAll of the intermediates studied therein
involve inter-allyl distances around 1.6 A. In contrast to those
previously studied Cope rearrangementshe current Cope
intermediatel 0, with such a long inter-phenalenyl distandes
=2.820 A, is unparalleled. Our finding is thus an extension to
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Figure 4. Schematic diagram of the PES @fas a function oRR; andR.

decreased amount of exchange in the DFT used, it is less likely
to obtain broken-symmetry results, which explains why the
UBPWO91 does not give a different stationary point at the ld&ge-
end.

Energetics.The energies of some important stationary points
on the PES 09 are summarized in Table 2, together with those
of 13. The aromatic intermediates ©fare high in energy and
therefore do not contribute to the Cope rearrangemedittbbse
data are not discussed here but are available in the Supporting
Information.

The RB3LYP energy for the-intermediatelOis higher than
that of theo-bonded reactar® by 3.4 kcal/mol, and by 1.7
kcal/mol with the zero-point energy correction (ZPE), consistent
with the experimental energy differences between and
w-dimers of various unsubstituted and substituted phenale-
nyls1017.21This RB3LYP solution also agrees with the fact that
the X-ray diffraction found thes-bonded9 instead of the
m-intermediatelQ. 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 6-31#G(2d), we optimized bot® and 10, from which

The coordinates of all stationary points come from calculations (see Table the transition structure is obtained also with this larger basis

1). The red diagonal line is th€ cut through the PES discussed in the
text. The corresponding potential energy curves alon@theut are given
in Figure 1.

REPWY1

REPWS1 (Aromatic)

AE (kcal/mol)

23 25 29 34
R(A)

Figure 5. Cyh cuts through the PES at the levels of R(U)PW91 with 6-31G*

basis set for Cope rearrangement%fThe total energy differenceAE)

is relative to the minimum energy & = 1.578 A found with UPW91.

15 1.7 19 21 27 33

the Schreiner rule, in that the intermediate is stabilized by a
through-space multicenter covalentbonding interaction.

We also performed a relaxed PES scan with R(U)BPW91
along theCy, cut of 9 in order to avoid any bias related to the
form of the density functiona®. We obtained conclusions
similar to those found with the hybrid B3LYP functional. As
can be seen in Figure 5, there are two minim&at 1.6 and
2.8 A. The only difference from the hybrid B3LYP results is
that the UBPW9L1 curve departs from the RBPW91 curve at a
much largerR value of 3.05 A; therefore, UBPW91 produces
the same minimum as RBPW91 at the laigend. This shows
the dependence of theintermediate’s geometry on the theory
used. The DFT calculations on thedimer of 5 by Takano et

al12have shown that broken-symmetry results are quite common

for m—m interacting biphenalenyls with UB3LYP. With a
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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 &+ 1 kcal/mol value obtained from the dynamic NMR
experiment? Prior to the theoretical study presented herein,
Rohrbach et &3 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 proééss.
From the theoretical side, B3LYP/6-31G* has proved to be very
successful for the energetics of the Cope rearrangement of
unsubstituted and substitutéd9-> However, the spin contami-
nation, as shown by the expectation value of the total spin
angular momentum of$?(1= 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 ther-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
whereo-bond-breaking and multicenter-bonding take place
simultaneously.

In contrast t9, the z-bondedCy, “intermediate” of13 has
a lower energy than that of thebondedC, “reactant” by 2.6
kcal/mol based on RB3LYP optimization; therefore, thbond-
ed structure is the global minimum, and Cope rearrangement is
not possible forl3. The UB3LYP optimization gives af&[]
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 thbonded
intermediate oB, we conclude the RB3LYP-optimized geom-

(37) Friebolin, HBasic One- and Two-Dimensional NMR spectroscdjiey-
VCH Verlag GmbH: Weinheim, Germany, 1998; pp 31312.
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Table 2. Total Energies, Zero-Point Energies, and Total Spin Expectation Values of Some Stationary Points on the PES of 9 and 13

total energies ZPE
stationary points theories (hartree) (hartree) 30

9 global minimum R(U)B3LYP —1311.2224 0.4957 0.00
transition structure R(U)B3LYP —1311.2123 0.4936 0.00

m-intermediatel 0 RB3LYP (singlet) —1311.2171 0.4930 0.00

UB3LYP (tripletp —1311.2048 2.01

UB3LYP (singlet) —1311.2207 0.4916 0.50

13 o-bonded structure R(U)B3LYP —1313.6641 0.5454 0.00
n-bonded structure RB3LYP (singlet) —1313.6682 0.5418 0.00

UB3LYP (tripletp —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 Figigedhdary saddle point; see text for discussion.

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

O
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(A)
10 RB3LYPP Con 2.820
14 R(U)B3LYP Con 3.207
142+ R(U)B3LYP Can 2.883
142~ R(U)B3LYP Cat 2.976
R(U)B3LYP cf 2.989 R)
3.008 Ry)

a|n case ofC, symmetry, there are twR values, i.e.R; andR». P The
UB3LYP solution is an artifact (see discussion in the PES secti@gcond-
order saddle poin€ This distorts slightly from th&,, structure. The other
C, structure, withR; and R, exchanged, is equivalent. Th&, second-
order saddle point is flanked by these t@pminima. With ZPE included,
the Con saddle point has lower energy than these ®ganinima.

etry is more reliable. Vibrational calculations indicate that this

Addition of two electrons to the lowest unoccupied molecular
orbital (LUMO) of 14 provides an electron pair, leading to a
significant reduction oR from 3.207 to 2.976 A. Similar to
the well-studied four-center, two-electronbonding of the
TCNE zr-dimer dianiont®-9 the z-bonding effect i 42~ comes
from the interacting naphthalene LUMOs. Removal of two
electrons from the HOMO o4 gives 14?7, with the inter-
naphthalene distance also reduced significantly to 2.883 A, due
to covalent-bonding effect coming from the interacting
naphthalene HOMOs, similar to the oligothiophemalimer
dication!® The structures ofl4?" and 142~ (also 13) have
s-dimer characteristics, similar to theintermediatel 0 depicted
in Figure 2b and Figure 1Sb. The inter-naphthalene distances
Rin the 147" and14?~ cases are slightly longer than the inter-
phenalenyl distancR of 10 (Table 3). This may be ascribed to
the Coulombic repulsion that should work against such shorten-
ing of Rin 14** and14?~. We found that theCy, structure of
14> 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 distorte@; structures flanking th€,, saddle
point. The geometries of the tw@, structures are very close
to that of the saddle point. Although the energies of these
distortedC; structures are lower than tt@y, saddle point by

RB3LYP geometry is a second-order saddle point, and yet ~0-6 kcal/mol, with ZPE correction included, their energies
normal-mode analysis reveals that the two imaginary frequency Pecome slightly higher than th&x saddle point, which comes
modes are floppy rotational modes of methyls. Thus, we about as a result of the two imaginary frequencies.

conclude that thist-bondedCy;, structure is very close to the
global minimum of13 in terms of energy and geometry (see
also the discussion ot4?"). The synthesis 013 should lead
to thes-bonded structure, similar to theintermediate in the
Cope rearrangement 6f

Covalent z-Bonding Effect. Further evidence for the stabi-
lizing effects ofz-bonding in thes-intermediatelO can be
obtained by investigating cyclophafd, which consists of two

The above-mentioned4?~ is also optimized at the R(U)-
B3LYP level, with only one of the twdR values reduced
significantly to 1.759 A (the other becomes 2.726 A), which
gives an optimized geometry for tisebonded structure similar
to 9. The total energy of the optimizegtbondedC; structure
is higher than that of the-bonded structure of4?~ by 10.6
kcal/mol; therefore, similar td.3, Cope rearrangement is not
possible for14?-, either. Thus, we conclude that the global

naphthalene units linked together by two etheno bridges (ChartMinimum of 14~ should be the doubly degeneratebonded

4). In contrast tol0, where each phenalenyl unit has one

C; structure (see footnote in Table 3), and the vibrationally

unpairedz-electron, the etheno-bridged naphthalene units of averaged structure is thebondedCa structure. This structure
14 are closed-shell fragments. The inter-naphthalene distancec@n be confirmed by comparing our calculated NMR spectra

R of 14 and those of the dication and dianionlgfare compared
in Table 3, together with the inter-phenalenyl distancel@f
For neutral and charged4, UB3LYP provides the same
structure as RB3LYP, unlik&0, where the UB3LYP result is
slightly different from the RB3LYP result (Tables 1 and 3). As
expected, neutral4 has a relatively longeR value of 3.2 A
compared tdl0, showing the absence of a covalenbonding
effect for 14.

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 experimértalMR
spectrum o at RT23 shows one chemical shift at 1.5 ppm for
the 12 protons from the four methyls. Theoretical NMR
calculations for ther-bonded9 provide six different chemical
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Figure 6. Experimental'H NMR spectrum of9 at RT from ref 23,

compared with calculated peaks from B3LYP/6-31G*. Chemical shift is

relative to TMS.
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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 o
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 thbondedd
can be explained similarly: H1 and H7 coalesce, and H2 and
H6 coalesce, while H4 stays the same (a multiplet). H3 and H5

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

dummy RB3LYP geometry UB3LYP geometry

atoms? 1 A above? 1 A below? 1 A above? 1 A below?
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
Xa —10.8 —10.8 —-8.1 —-8.1

alocations defined in Chart 2.NICS values are calculated at points 1
A above (on the same side as the methyls connected to the phenalenyl unit)
and below (on the opposite side) the dummy atorms X,.

lead to coalescence of these three signals to one peak located
somewhere between5.4 and—5.7 ppm. These methyl protons
are shifted upfield relative to those of theintermediate 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 aré.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
fength alternation for the RB3LYP geometry described earlier.
Meanwhile, the UB3LYP geometry has a relatively |dRgalue
f 1.587 A for an C(sp—C(sp) bond3! 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

also coalesce, but experimental NMR shows two peaks at 7.25aromaticity?® For the RB3LYP and UB3LYP geometries bf,

and 7.27 ppm, and these were interpreted, probably incorrectly,

as singlet23 As a matter of fact, H3 and H5 should exhibit

NICS values calculatedtd A above and below the dummy
atoms X%—X4 (Chart 2) are tabulated in Table 4. The NICS

doublet signals. Therefore, the peaks at 7.25 and 7.27 ppm are/@lues above and below dummy atoms afid X; are on the
due to the coalesced H3 and H5 doublets. In comparison, theSame order of magnitude as those at the ring centei® &P

calculated chemical shifts for theintermediatel0 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 theintermediate and the

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

degenerate reactant and product at RT, explaining the fact thatdeometry and the UB3LYP geometry &fl (open-shell sys-

the X-ray diffraction found only the structures of thebonded

9 and 9. With such a small ratio, it is very unlikely that the
sr-intermediate would be observed by NMR spectroscopy, either.
It can thus be concluded that the NMR belongs todtmnded

9. To investigate the basis set effects on the NMR spectrum,
we also performed calculations feBrand10 with a larger basis
set of 6-31%#G(2d), using the B3LYP/6-31G(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.

IH NMR chemical shifts are also calculated for the aromatic
intermediatel 1 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 df2 are shifted upfield
(shielded) with a chemical shift of-4.25 ppm, indicating
aromaticity of the 14-electron periphery 0f123035 Our
calculated chemical shifts of the internal methyl protons for the
aromatic intermediatgl found by RB3LYP are-5.40,—5.51,
and —5.72 ppm. Fast exchange due to methyl rotation should

(38) Lazzeretti, PPhys. Chem. Chem. Phy2004 6, 217.
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tem)3° 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 calculatedH and*3C NMR spectra ofl4?~ are compared
with experimental specttéin Figures 7 and 8, respectively.
As can be seen from Figures 7 and 8, #hbondedCy, structure
has much better agreement with the experimental spectra than
the o-bondedC; structure, especially in terms of the metRM
and the methy3C signals. Ther-bondedC, structure with
distortion has twice as many signals as thdonded Co,
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 ti@y, structure. The experiment&iC
spectra exhibit seven lines in the?sgarbon region, indicating
the absence of §hybridized carbons other than the four methyl
carbons. TheséH and 13C NMR spectra indicate that the
m-bonded structure is what has been observed Xdt
experimentally. This analysis provides further indirect evidence
for the reality of ther-intermediatelO in the Cope rearrange-

(39) Gogonea, V.; Schleyer, P. v. R.; Schreiner, PARgew. Chem., Int. Ed.
1998 37, 1945.
(40) Rohrbach, W. D.; Gerson, F.; Mkel, R.; Boekelheide VJ. Org. Chem.

1984 49, 4128.
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Figure 7. ExperimentalH NMR spectrum ofl4*~ at 193.15 K at 360 Hz
from ref 40, compared with those calculated from B3LYP/6-31G*. Chemical
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Figure 8. Experimental*C NMR spectrum ofL4?~ 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.

ment of the title compoun® and for thes-bonded13 as its

global minimum.

Magnetic Properties.As can be seen from Figures 1 and 4,
the energy levels close to the ground state9dhclude the
degenerate singlets of the react@and the produc®’, the
singlet of thes-intermediatel0, 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?! we can derive the equation

2NgB?

20

T =108+ expCIKT) + 2 expl I k]

wherey is the paramagnetic susceptibiliflyjs the temperature,
N is Avogadro’s numberg is the gyromagnetic factop, is the
electronic Bohr magneton, ardis the Boltzmann constant.
Taking the triplet of10 as the reference level, we have the
energy difference between the singletléfand the triplet as;
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Figure 9. CalculatedyT as a function ofT for 9, 13, and 14*~. The
paramagnetic susceptibility signal comes from the triplet state of the
m-bonded structures.

singlet of9 or 9" and the triplet ag, = —11.038 kcal/mol. The
calculatedyT as a function ofT is shown in Figure 9T is on
the order of 10% emu K mol! magnitude even at 400 K;
therefore, the magnetic susceptibility®fs expected to be too
low to be observed experimentally.

On the other handl; andJ; for 13 are calculated as4.274
and—1.690 kcal/mol, respectively, indicating that tidonded
Con “intermediate” of13 has a low-lying triplet and an energy
lower than that of the-bondedC, “reactant”. In this caseyT
is estimated to be on the order of £&mu K mol! magnitude
at RT, which is comparable to that of thedimer of 2,5,8-tri-
tert-butylphenalenyl§ in Scheme 3) measured by SQUE;42
therefore, 13 should have experimentally observable paramag-
netism. In comparison); and J, for 142~ are calculated as
—5.310 and 5.309 kcal/mol, respectively. Our estimaf€af
14>~ 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#°This is again in concordance with our interpretation
of az-dimer structure ofl3 and ther-intermediate of the title
compoundo.

Conclusions

In summary, we have found that the Cope rearrangement of
cyclo-biphenaleny® is stepwise, proceeding through an unusual
sr-intermediatel 0 of Cy, symmetry which can be characterized
as a % 13r+2x 27 system. The unusuad-intermediate has a
long inter-phenalenyl distance Bf~ 2.8 A, comparable to the
intradimer C-C distance between twg-conjugated radicals
in other m-dimers. The structure of ther-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 rdla that the long-bonded intermediate
is stabilized by a through-space multicenter covatebhbnding
interaction.

The energy of ther-intermediatelO is higher than that of
the global minimum9 by ~2 kcal/mol according to the

= —7.682 kcal/mol, and the energy difference between the employed RB3LYP hybrid DFT. NMR chemical shift calcula-

(41) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993; pp

5-7, 104.

(42) The paramagnetism 8fis also observable by ESR, see: Morita, Y.; et al.
Angew. Chem., Int. EQ002 41, 1793.
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tions support theo-bonded 9 as the global minimum. A understanding of this multicenter-bonding provides in-
transition structure connecting tleebonded global minimum sights into the diverse properties of the phenalenyl radical
9 and thes-bonded intermediaté0 has been identified. The  family 11.12.14-17.42-44

calculated activation barrier of the Cope rearrangemeBtisf . ) ) .
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