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Phenalenyl and its derivatives have recently attracted a great deal of interest as a result of a two-electron
multicenter (2e/mc)π-πbondingbetween twoπ-stackedphenalenylunits.The2e/mcbondedπ-dimers are
close in energy to the σ-dimers of phenalenyl and therefore fickle properties may emerge from bond
fluctuation, yielding “smart” π-functional materials. Here, we examine the valence tautomerization of
two cyclo-biphenalenyl biradicaloid molecular materials with chair and boat conformations by spin-
restricted (R) and unrestricted (U) DFT using the M06 and B3LYP functionals. We found that the chair
conformation involves a 2e/4c π-π bonded structure, whereas the boat conformation involves a 2e/12c
π-πbonded structureon theirpotential energy surfaces.Theglobalminimumfor the chair conformation is
the σ-bonded structure, whereas it is the π-π bonded structure for the boat conformation. The chair
conformation exhibits a stepwise [3,3]-sigmatropic rearrangement, and calculations predict a negligible
paramagnetic susceptibility near room temperature. In comparison, the paramagnetism of the boat
conformation should be observable by SQUID and ESR. According to the energy differences of the
respective σ- and π-dimers of the two conformations and the UV-vis calculations, the color of the chair
conformation is expected to become darker, whereas that of the boat conformation should become lighter
with increasing temperature.

1. Introduction

Phenalenyl π-radical (1, Chart 1) is a stable odd alternant
hydrocarbon radical that has been known for decades.1 The
high stabilityof1arises fromtheπ-electrondelocalizationon
the singly occupied molecular orbital (SOMO) and it allows
1 to be observed by ESR in solution. However, 1 cannot be
isolated because it undergoes σ-dimerization (Scheme 1),2 as

expected for typical radical species. Various phenalenyl-
based organic molecular materials have recently prompted
a great deal of both experimental2-6 and theoretical inter-
est,6-10 as a result of their diverse intriguing properties as
shown, e.g., in a wide range of electrical, optical, and mag-
netic properties.11 The fascinating molecular and material
properties originate from the ability of phenalenyl and its
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derivatives to form π-dimers in addition to σ-dimers. The
π-dimerization is illustrated with a β-substituted tri-tert-
butylphenalenyl radical (2, Scheme 1), where the bulky
tert-butyl groups prevent the σ-dimerization. X-ray diffrac-
tion shows that 2 forms staggered π-dimers with an average
intermolecular separationof 3.306 Å between the six pairs of
eclipsed spin-bearing R-C atoms on the periphery (cf. the
SOMO in chart 1).12 Other experiments using ESR,
UV-vis, and MS also confirm the π-dimerization of 2 in
solutions6c and even in the gas phase.13

Although the understanding of the σ-dimerization is
straightforward, the nature of the π-dimerization is theoret-
ically challenging. Simply on the basis of the intermolecular
separation that is shorter than the sum of the van derWaals
(vdW) radii, it can be anticipated that there should exist an
additional force to bring the two radicals slightly closer than
the vdW distance. From a molecular orbital theory argu-
ment, the overlap of two SOMOs of π-stacked phenalenyls
can lead to a bonding dimer orbital. After a number of

intensive experimental and theoretical efforts during the past
decade, the intermolecular interactions associated with the
π-dimerization have now been recognized as a new class
of two-electron/multicenter (2e/mc) π-π bonding interac-
tion.6-8,10-13 Depending on the radical molecules forming
the π-dimer or the packing offset of one molecule with
respect to the other, the number of centers in 2e/mc can be
different.7b,14For2, this is a 2e/12cbonding since the sixpairs
of eclipsed spin-bearing C atoms participate in the SOMO-
SOMO overlap. Note that as an alternative based on an
AIM study of the bond-critical points,Mota et al. argue that
the π-dimer of 2 has a dominant 2e/14c bonding char-
acter (including the eclipsed pair of C atoms in the center).10

One prominent characteristic of the 2e/mc bonding of
phenalenyl π-dimers is the similar strength of π-π bonding
compared to σ-bond formation. The binding energy for the
staggered π-dimer of 2 is-9.5 and-8.8 kcal/mol in CH2Cl2
solution according to ESR and UV-vis spectral measure-
ments, respectively.6c On the other hand, the binding en-
ergy for the σ-dimer of 1 is only -9.8 ((0.7), -10 ((1),
and-11.34 ((0.11) kcal/mol in toluene,2 CH2Cl2,

6a,b and
CCl4 solutions,2 respectively, which appear to be small
compared to regular C-C σ-bond energies. This is prob-
ably because of the crowdedness of the dimer and the high
stability of the monomer. Toluene tends to decrease the
binding energy through theπ-π interactionswith 1, which
favors the dissociation of the σ-dimers.2 Because of the
similarity between the solvents of CH2Cl2 and CCl4, it is
possible to compare the binding energy for theπ-dimer of 2
with that for the σ-dimer of 1 in these solvents. Further
joint experimental and theoretical studies6a,b on different
phenalenyl derivatives, together with the values shown
above, indicate that the 2e/mcπ-π bonding of phenalenyl
π-dimers is close in energy to the σ-bond of phenalenyl
σ-dimers and the energetic preference for σ-dimerization
over π-dimerization is only 1-5 kcal/mol.
Potential applications of phenalenyl-based molecular

materials are closely associated with the breaking/making
of themulticenterπ-πbonding versus the various possible
σ-bonds that can connect the two phenalenyl units. The
breaking/making of bonds may take place independently
ormanifest as the valence tautomerizationbetween the two
bondingmotifs. The variations of physicochemical proper-
ties of phenalenyl derivatives are enabled by such bond
fluctuations, giving rise to “smart” π-functional materials
that are sensitive to and react to environmental stimuli.
For example, Itkis et al. found that ethyl- and butyl-
substituted spiro-biphenalenyls formπ-dimers that exhibit
temperature-dependent bistabilities in three physical chan-
nels: magnetism, conductivity, and infrared absorption.11b

It is noteworthy that the phase transitions and concomi-
tant property changes of thesematerials are either belowor
above roomtemperaturedependingon substituents, showing
the potential of room-temperature applications. Morita
et al. found that the reversible thermochromism of a dia-
zaphenalenyl canbeascribed to the tautomerizationbetween
σ- and π-dimers.11c

Chart 1. Phenalenyl Radical (1) and Its SOMO

Scheme 1. σ-Dimerization of Phenalenyl and π-Dimerization of

2,5,8-Tri-tert-butylphenalenyl
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In this work, our interest in phenalenyl-basedmolecular
materials is motivated by the applications of phenalenyl
derivatives asπ-functionalmaterials on thebasis of valence
tautomerization between σ- and π-dimers of phenalenyl
derivatives. Specifically,we examine twocyclo-biphenalenyl
biradicaloid molecular materials with chair (3) and boat
conformations (4) as shown in Figure 1 using density
functional theory (DFT). In these molecules, the two
phenalenyl radical units are connected by two “clamps”
made up of etheno-units. These clamps hold the two
SOMO-like subunits in each other’s vicinity and therefore
create an environment where both σ- and π-bonding
remain competitive leading to the fluxional structure that
is at the center of this study. Because of the analogy to
phenalenyl dimers, we will refer to these interactions as
σ- and π-dimerization although these interactions in this
case refer to intramolecular interactions. The choice of
DFTwas first validated by comparing the theoretical geo-
metries and energetics with the available experimental
results for the chair conformation.15 The 2e/mc bonding
characteristics of theπ-dimers, tautomerizations, andmag-
netic properties of both the chair and boat conformations
were studied using the validated DFT. Thermochromism
properties were predicted based on the absorption spectra
calculations.

2. Computational Methodologies

For the two biradicaloid molecular materials, we performed

molecular instead of solid-state calculations for the following two

reasons: (1) the chair conformation has been shown to be a

molecule-based material and neighboring molecules in the con-

densed phase are well separated by the vdW distance;15 (2) it is

expected that, if the boat conformation is synthesized, the inter-

molecular interactions will be weaker than the intramolecular

forces and thus the latter will prevail over the former, making the

conformation investigation essentially a molecular problem. As

noted in our previous work, the tautomerizations between σ- and
π-dimers cause the electron conjugations to change drastically.8b,f

Amultireference-based descriptionwith all of the active electrons

included would be desirable but the computational cost is prohi-

bitively high. Herein, we will resort to DFT for geometry

optimizations and energy/frequency calculations. We will show

that the selectedDFT is able toproduce quantitative results along

the tautomerization pathway.

On the Jacob’s ladder of DFT, Perdew and Schmidt envision

five rungs of functionals with increasing degree of precision (and

also computational cost) varying from the earliest local den-

sity approximation (LDA), generalized gradient approximations

(GGAs), meta-GGAs, hybrid functionals, and to fully nonlocal

functionals.16 For our studies, theM06-class meta-GGAs recently

developed by Zhao and Truhlar17 are employed, with occasional

comparison to the most widely used Becke’s three-parameter

hybrid functional in combination with Lee-Yang-Parr correla-

tion functional (B3LYP).18 In spite of its popularity, B3LYP has

been recognized to systematically underestimate reaction barrier

heights.17,19 M06-class of meta-GGAs, which contain the explicit

dependence on kinetic energy density, were developed to better

address the reaction barrier heights and dispersion interactions.

Depending on the amount of Hartree-Fock (HF) exchange,

there are four M06 functionals to choose from: M06-L (HF ex-

change =0%), M06 (27%), M06-2X (54%), M06-HF (100%).

Our experience using an earlier version ofM06-class functionals, i.e.

M05-2X, shows that such meta-GGA is suitable for the investiga-

tions of the fluxional σ-bonds of diazaphenalenyl dimers.8b

The potential energy surface (PES) of the two conformations

of cyclo-biphenalenyls was explored by performing geometry

optimizations for the σ- and π-dimers, and by a transition state

(TS) search on the PES. Both the spin-restricted (R)method and

the broken-symmetry (BS) method within the spin-unrestricted

(U) scheme were used. The BS approach is not available in the

standard version of theNWChem programused for PES studies

and therefore it was added for this work. Specifically, the

HOMO and LUMO are mixed to lift the spatial symmetries,

thus producing spin-unrestricted wave functions for the initial

guess for the singlet states. For the σ-dimers and the transition

states, the singlet ground states are investigated. We found that

restricted and unrestricted theories produce the same results for

these structures, indicating that their electronic structures are

closed-shell and there are no BS solutions for these structures (in

other words, if BS approach were forced on these structures, the

wave functions would be exactly the same as those obtained

using restricted theory). For the π-dimers, their ground states

could be closed-shell or open-shell singlet states but there also

exist low-lying excited triplet states. The geometries of the

closed-shell singlets (R) and the open-shell singlets (U) are

optimized using the restricted and unrestricted theories, respec-

tively. Depending on theories and the amount of HF exchange,

restrictedDFT could be unstablewith respect to the unrestricted

method and therefore R- and U- solutions will be different (in

such cases, different levels of theory will be prefixed with either

Figure 1. Valence tautomerizations between π-dimers (left column) and
σ-dimers (right column) of the chair (3) and boat conformations (4) of
cyclo-biphenalenyl biradicaloid molecule. The nomenclature of chair and
boat conformations follows cyclohexane due to the similarities to the latter at
the central six-membered rings for the π-dimers. The red/green/blue dashed
lines/curves indicate the 2e/mc π-π bondings. For clarity, the hydrogen
atoms are not shown.

(15) Rohrbach, W. D.; Boekelheide, V.; Hanson, A. W. Tetrahedron
Lett. 1985, 26, 815.

(16) Perdew, J. P.; Schmidt, K. In Density Functional Theory and Its
Applications to Materials; Van Doren, V. E., Van Alsenoy C., Geerlings,
P., Eds.; AIP Conference Proceedings; American Institute of Physics:
Melville, NY, 2001; Vol. 577, pp 1-20.

(17) Zhao, Y.; Truhlar, D. G. Acc. Chem. Res. 2008, 41, 157.
(18) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,

W.; Parr, R. G. Phys. Rev. B 1998, 37, 785.
(19) Sousa, S. F.; Fernandes, P.A.;Ramos,M. J. J. Phys.Chem.A 2007,

111, 10439.



Article Chem. Mater., Vol. 23, No. 3, 2011 877

R or U). The lower energies of unrestricted DFTs are related to

the slightly weakerπ-π bonding compared to σ-bond as a result
of static (or nondynamical) electron correlation.20 Low-lying

triplet energies of the π-dimers were obtained from single-point

energy calculations using the open-shell singlet π-dimer struc-

tures optimized by unrestricted DFT. These energies are used for

magnetic susceptibility calculations of both chair and boat con-

formations. Pople’s 6-31G* basis set was used for all DFT

calculations. We have verified using other phenalenyl-derivatives

that a larger basis set, 6-311þG(2d), does not modify the conclu-

sions obtained with 6-31G*.8d,f Vibrational analysis was per-

formed for key stationary points to verify their identities as

minima or transition states and to obtain thermochemical data

used for zero-point energy corrections and for calculations of

enthalpies or Gibbs free energies.

TheNWChemsuite of programs21wasused for the explorations

of PES. The Gaussian 03 suite of programs22 was employed to

calculate nucleus-independent chemical shifts (NICSs),23 which are

used to evaluate the aromaticity of the π-dimers. Mayer bond

orders (MBOs)24 offer a general guide to characterize covalent

interactions and herein are used to depict the π-π bondings.

MBOs at the overlapping C pairs were calculated for σ-,
π-dimers, and transition states using the NBO 5.0 program.25

In order to predict the thermochromism of both molecular

materials, the UV-vis spectroscopies of σ- and π-dimers were

calculated using Gaussian 0322 at the level of the parametrized

ZINDO/S method.26 Singly excited configuration interaction

(CI) calculations were performed with eight occupied and eight

virtual orbitals included. To provide a unified DFT interpreta-

tion, we also performed time-dependent density functional

theory (TDDFT)27 calculations at the M06/6-31G* level using

the Gaussian 09 programs.28 To reduce computational cost,

inner shells are excluded from the correlation calculations.

3. Results and Discussion

In this section,we first validate the selectionofDFTusing
the experimental results of the chair conformation 3. We
then apply the validatedDFT to the PES andmagnetism of
3 and 4. In the next step, the stacked π-π bonding of the
π-dimers of 3 and 4 are characterized by bond order calcu-
lations, and the concomitant aromaticities are probed with

the aid of NICS indices. Finally, thermochromism proper-
ties are discussed.
Validation of Theories with 3.The chair conformation 3

was synthesizedandcharacterizedbyX-raydiffractionmore
than two decades ago.15 The X-ray structure of 3 exhibits a
4-fold disorder, coming from the enantiomeric mixture of
rearrangement products and the different orientations of
them. As can be seen from Scheme 2, the [3,3]-sigmatropic
rearrangement reaction leads to the back-and-forth shift of
the σ-bond that connects the two phenalenyl units. The
rearrangement kinetics of 3 was studied using variable
temperature (dynamic) NMR.15 From the highlighted cen-
tral fragment of 3 and its enantiomer 30, this rearrangement
resembles the extensively studied archetypical Cope rear-
rangement of 1,5-hexadiene (6, Scheme3).29,30However, the
significance of the rearrangement mechanism of 3 was not
appreciated by theoretical investigators until the rearrange-
ment was found to have a stepwise mechanism proceeding
through a C2h π-dimerized intermediate 5 with a very long
interphenalenyl distance R (R1 = R2 ≈ 2.8 Å).8f In sharp
contrast, the rearrangement of 6 has a concertedmechanism
proceeding via an aromatic chairlike C2h transition state 7,
which has an interallylic bond length of R ≈ 2.0 Å.31 Sub-
stitutions that stabilize cyclohexane-1,4-diyl (8) that has a
relatively short R and/or bis-allyl diradical (9) that has a
relatively long Rmay enhance the contributions from these
resonance structures, leading to a rather largeR range from
1.7 to 2.6 Å.32 Theoretical studies found some exceptions

Scheme 2. [3,3]-Sigmatropic (Cope)Rearrangement of the Chair

Conformation 3 (note the highlighted 1,5-hexadiene fragment in
the center of 3 or 30, and the π-π overlap in 5)

Scheme 3. Cope Rearrangement of 1,5-Hexadiene (6)
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where the Cope rearrangement of substituted 6 can be
stepwise going through a diradicaloid intermediate with a
rather shortR around 1.6 Å.33Nevertheless, comparedwith
the transition states 7-9, the intermediate 5 is considered to
be unusual34 as it is stabilized by the 2e/4cπ-π bonding due
to the through-spaceπ-πoverlap (Scheme 2).Note that the
previous investigations at the B3LYP level should be
deemed as semiquantitative, in that the reaction barrier
height from the reactant 3 to the intermediate 5 is 4.6 kcal/
mol,8f while the experimental measurement using dynamic
NMR found a larger value of 9 ((1) kcal/mol.15

In light of the improvements offered by the M06-class of
meta-GGAs, it is necessary to compare the results from the
M06-class with those from B3LYP and confront them with
available experimental results for this category of molecules.
The optimized geometries for the reactant 3 at various levels
of theory are tabulated in Table 1, along with the X-ray
structure of 3. Examining the B3LYP column first, we found
that due to the 4-fold disorder observed in the X-ray struc-
ture, the agreement between calculations and experiments
cannot be claimed to be excellent although it is expected to be
so based on the track record of B3LYP for molecular geom-
etry optimizations. Although about half of the bonds have a
discrepancy less than 2 pm between theory and experiment,

very large disparities stand out for bonds involving atoms
C14 and C17, e.g. C14-C140 and C17-C170. The experi-
mental 1.61 or 1.62 Å for C17-C170 is probably too long for
a C-C bond between two sp3-hybridized C atoms, and the
experimental 1.45 or 1.47 Å for C14-C140 seems to be too
short for a bond between sp2- and sp3-hybridized C atoms.35

Due to the 4-fold disorder, the X-ray data may not correctly
represent the individual bond length, as pointed out by
experimentalists.15 It is therefore expected that X-ray mea-
surements at lowered temperatures would be able to produce
a more reliable structure to be compared with DFT results.
Comparing the optimized geometries across the M06-class
meta-GGAs with that of B3LYP, we found that all of the
meta-GGAs produced slightly better geometries in terms of
smaller root-mean-square (rms) deviations than B3LYP. In
addition,M06 appears to be the best among themeta-GGAs
used. We shall see in the following that this level of theory is
also the best for reaction barrier heights.
Next, we optimized the geometries of the π-dimer 5

(Scheme 2) with both the M06-class and B3LYP func-
tionals using restricted and unrestricted theories (the
atomic coordinates are provided in Supporting In-
formation). The RB3LYP and UB3LYP results obtained
using NWChem are virtually the same as those reported
earlier.8f Because the BS approach was newly programmed
into NWChem, this ensures the reliability of using the BS
approach for meta-GGA functionals. We found that for
DFT functionals with HF exchange less than 30% (includ-
ing M06-L, M06, and B3LYP), there are two solutions
(RandU) for theπ-dimergeometry.The interphenalenyldis-
tances areR=2.798 (2.865), 2.768 (2.977), 2.818 (3.042) Å

Table 1. CalculatedGeometries of the σ-Dimer of the Chair Conformation 3Using theM06-class ofMeta-GGAFunctionals and B3LYPHybrid Functional

Compared with the Experimental Result from X-ray Diffraction

bond indexa M06-Lb,c M06b,c M06-2Xb,c M06-HFb,c B3LYPc,d exp.e

HF exchange (%) 0 27 54 100 20

C1-C2 1.355 1.349 1.344 1.339 1.354 1.32
C2-C3 1.447 1.455 1.465 1.479 1.460 1.47
C3-C4 1.353 1.346 1.343 1.336 1.352 1.36
C3-C17 1.522 1.521 1.525 1.525 1.529 1.56, 1.51
C4-C5 1.434 1.441 1.450 1.462 1.446 1.43
C5-C6 1.390 1.384 1.382 1.375 1.390 1.39
C5-C16 1.430 1.428 1.430 1.430 1.434 1.42
C6-C7 1.402 1.404 1.408 1.413 1.407 1.38
C7-C8 1.377 1.374 1.372 1.368 1.379 1.36
C8-C9 1.415 1.414 1.418 1.421 1.419 1.38
C9-C10 1.411 1.412 1.416 1.421 1.418 1.42
C9-C16 1.429 1.424 1.421 1.414 1.431 1.43
C10-C11 1.378 1.373 1.371 1.366 1.378 1.36
C11-C12 1.472 1.477 1.485 1.495 1.484 1.47
C11-C14 1.439 1.438 1.441 1.445 1.444 1.48, 1.43
C12-C13 1.354 1.350 1.347 1.343 1.355 1.32
C14-C140 1.506 1.508 1.516 1.525 1.519 1.45, 1.47
C14-C15 1.406 1.401 1.397 1.390 1.406 1.43, 1.46
C15-C16 1.433 1.433 1.438 1.443 1.438 1.44
C15-C17 1.526 1.527 1.531 1.532 1.535 1.48, 1.50
C17-C170 1.547 1.547 1.552 1.557 1.561 1.61, 1.62
C17-C19 (R1) 1.670 1.658 1.657 1.643 1.685 1.63
C14-C18 (R2) 2.668 2.664 2.675 2.633 2.686 2.65
rms deviation f 0.0209 0.0182 0.0193 0.0205 0.0247 -

aAtomic numbering of 3 is shown in Scheme 2. bM06-class of meta-GGA functionals; see ref 17. c 6-31G* basis set. dB3LYP hybrid functional; see
ref 18. eX-ray diffraction in ref 15. fExcluding the bond lengths with two values.

(33) (a) Navarro-Va�zquez, A.; Prall, M.; Schreiner, P. R. Org. Lett.
2004, 6, 2981. (b) Hrovat, D. A.; Chen, J.; Houk, K. N.; Borden,
W. T. J. Am. Chem. Soc. 2000, 122, 7456. (c) Hrovat, D. A.; Beno,
B. R.; Lange, H.; Yoo, H.-Y.; Houk, K. N.; Borden, W. T. J. Am.
Chem. Soc. 1999, 121, 10529.

(34) (a) Bachrach, S.M.Annu.Rep. Prog. Chem., Sect. B 2008, 104, 394.
(b) Armstrong S. K. Molecular rearrangements: part 1. pericyclic
reactions. In Organic Reaction Mechanism; Knipe, C., Ed.; John
Wiley & Sons: New York, 2010; pp 419-450. (c) Wang Z. Cope
Rearrangement. In Comprehensive Organic Name Reactions and
Reagents; John Wiley & Sons: Hoboken, NJ, 2009; pp 702-708. (35) Pople, J. A.; Gordon, M. J. Am. Chem. Soc. 1967, 89, 4253.



Article Chem. Mater., Vol. 23, No. 3, 2011 879

forM06-L,M06, and B3LYP, respectively, where the num-
bers in parentheses are the BS results. The total spin angular
momentum ÆS2æ at the unrestricted level of theory ranges
from 0.433, 0.960, to 0.850, respectively, showing the same
trend as the amount of HF exchange. For the B3LYP result
with the intermediate ÆS2æ, we calculated the natural orbital
occupation number (NOON) for the LUMO36 and found a
significant singlet biradical character of 50%. However, for
DFTs functionalswithmore than 30%HFexchange,which
is the case for M06-2X andM06-HF, restricted and unrest-
ricted theories produce the same results. Frequency calcula-
tion reveals that the π-dimer structure with M06-HF is in
fact a transition state and therefore the rearrangement has a
concerted mechanism, in contrast with the stepwise mecha-
nism with other functionals. The interphenalenyl distances
for M06-2X and M06-HF are much shorter at 2.470 and
2.222 Å, respectively. We note that there is no direct way to
validate theories for the π-dimer 5, because it is only
theoretically found,butnot experimentallyobserved.Earlier
theoretical studieswithM05-2Xfor the staggeredπ-dimerof
2 (Scheme 1) produced a set of interphenalenyl separations
that are close to the experimental values,8b providing an
indirect evidence that this type of meta-GGA is suitable for
the structural studies of phenalenyl π-dimers.
The energies of the π-dimers relative to those of the

corresponding σ-dimers are tabulated in Table 2. For
M06-L functional, both the restricted and unrestricted
energies for the π-dimers are lower than that of the
σ-dimer, indicating that the π-dimer is the global minimum.
This contradicts the X-ray results and therefore it can be
concluded that M06-L is not appropriate for the PES
studies of this Cope rearrangement. The M06-2X and
M06-HF functionals can also be ruled out because they
predict a concerted reaction mechanism (see the transi-
tion state search in the following discussion). However,
the reaction should go through an intermediate according
to the fact that the crystal of 3 has a yellow-orange color15

and our electronic spectra calculations indicate that the
color comes from the π-dimer (see the UV-vis section).
In addition,M06-2X andM06-HF produced σ-π energy

differences of over 13 kcal/mol. The σ-π energy differ-
ences of about a few kcal/mol byM06 and B3LYP appear
to agree better with the results from joint experimental
and theoretical studies6a,b on various other phenalenyl
derivatives showing that the 2e/mc π-π-bonded phenale-
nyl π-dimers are close in energy to the σ-dimers.
To calculate the reaction barrier heights, we also

searched for the transition state that connects σ-dimer 3
to π-dimer 5 (Scheme 2). All of the structures and their
thermochemical data are provided in the Supporting
Information. Once again, the B3LYP results are virtually
the same as those reported earlier, withR1= 2.231 Å and
R2= 2.711 Å.WithM06-L functional, we found a transi-
tion state withR1= 2.145 Å andR2= 2.688 Å, where the
two values differ by 0.543 Å. In comparison, the M06
solution hasR1= 2.308 Å andR2= 2.688 Å, with a smaller
difference in bond length. By checking the energies of 3 and 5
at these latter two levels of theory, we found that the energy
of 3 is higher than that of 5 with M06-L, whereas it is the
opposite with M06. Therefore, the observation that the
transition state with M06-L is closer to the σ-dimer while
that with M06 is closer to the π-dimer is in line with
Hammond’s postulate.37 The pyramidalization angles for
C14orC17atomsmaybeusedasanotheroption for reaction
coordinates,38 but here we stick to the more convenient R1

and R2 distances. With M06-2X, the transition state has an
R1 = 2.463 Å and anR2 = 2.470 Å, which are very close to
theR=2.470 Å of theπ-dimer structure. In fact, the energies
and the ZPE corrections between the two structures are
virtually the same (see the Supporting Information). How-
ever, this maximum of energy has no imaginary frequency,
which may indicate a problem with M06-2X for the transi-
tion state of this specific rearrangement.
The reaction barrier heights for the Cope rearrange-

ment of 3 are calculated as the energy difference between
the transition state and the σ-dimer. The values at various
levels of theory are compared in Table 2. We have
presented four values for each theory, in terms of total

Table 2. Cope Rearrangement Energetics and Barrier Heights of 3 between the Transition State and the σ-Dimer Calculated with the M06-class of Meta-

GGA Functionals and B3LYP Hybrid Functional Compared with the Experimental Result from the Dynamic NMR Experiment

M06-La,b,c M06a,b,c M06-2Xa,b,d M06-HFa,b,d B3LYPb,c,e Exp.f

HF exchange (%) 0 27 54 100 20

ΔE(σ-π)g

R-DFT -1.4h 7.9 13.1 15.1 3.5
U-DFT -1.8h 3.2 13.1 15.1 1.1

Reaction Barrier Heightsi

ΔE0 5.1 9.7 13.1 15.1 6.3
ΔE0(ZPEj) 4.1 8.8 11.3 13.5 5.1k

ΔH298.15 4.1 8.9 12.0 13.6 5.1k

ΔG298.15 4.2 8.3 9.7 13.0 4.6k 9 ((1)l

aM06-class of meta-GGA functionals; see ref 17. b 6-31G* basis set. cStepwise mechanism. dConcerted mechanism. eB3LYP hybrid functional; see
ref 18. fVariable temperature NMR in ref 15. gEnergies of π-dimer relative to the σ-dimer, i.e., E0(π)-E0(σ). hCope rearrangement is not practical
because the π-dimer is lower in energy than the σ-dimer. iThe energy of the transition state relative to the σ-dimer. jWith zero-point energy correction.
kSee ref 8f. lThe experimental value is most likely obtained based on a concerted reaction mechanism and the value for a stepwise mechanism should be
corrected as discussed in the text.

(36) Jung, Y.; Head-Gordon, M. ChemPhysChem 2003, 4, 522.

(37) (a) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334–338.
(b) Solomons, T. W. G.; Fryhle, C. B. Organic Chemistry, 9th ed.;
John Wiley & Sons, 2007.

(38) Haddon, R. C.; Chow, S.-Y. J. Am. Chem. Soc. 1998, 120, 10494.
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DFT energy at 0K, the total energy at 0Kwith zero-point
energy (ZPE) correction, enthalpy, andGibbs free energy
at room temperature. The ZPE-corrected energies are in
general about 1-2 kcal/mol lower than the total electron-
ic energy and are a good estimate of the enthalpy and
Gibbs free energy at room temperature. Among the DFT
results, the M06-class functionals give ΔG298.15 ranging
from 4.2 to 13.0 kcal/mol, depending on the amount of
HF exchange, with the lowest value comparable to the
B3LYPresult.For the experimental valueof 9 ((1) kcal/mol,
it was most likely obtained on the basis of a concerted
process since the stepwisemechanismof 30s Cope rearran-
gementwas unknown at the time of the experiment. There-
fore, the calculated barriers can be directly compared
to the experimental value for M06-2X and M06-HF
because of the concerted mechanism at these two levels
of theory. For the other three functionals, however, the
reaction is a degenerate stepwise process. The rate con-
stant from the reactant to the intermediate is twice as large
as the apparent rate constant for the reaction observed
by dynamic NMR according to ref 39 and our derived
integrated rate laws (see the Supporting Information),
and so the activation barrier of 9 ((1) kcal/mol for a con-
certed process should be corrected for the stepwise mech-
anism. However, assuming a coalescence temperature Tc

at 273 K (the actual Tc was not reported in ref 15), we
found that the correction to the reaction barrier height is
less thanþ0.4 kcal/mol. Although bothM06 andM06-2X
produce acceptable reaction barrier heights, we choose to
use M06 for the rest of these studies because of the more
accurate structures obtained with M06 and the problem
encountered with the transition state with M06-2X as
discussed above.

Potential Energy Surfaces. On the basis of the results
shown above, in the following we discuss the PES for 3
and 4 using only theM06 functional. As can be seen from
the left panel of Figure 2 and Scheme 2, the PES related to
the Cope rearrangement of the chair conformation con-
sists of the σ-dimer 3 connected to its enantiomer 30 by a
π-dimer intermediate 5, through two symmetrically lo-
cated transition states TS1 and TS10. However, depending
on the spin restriction, there are two π-dimer structures: the
closed-shell singlet by RM06, 5(R), has an interphenalenyl
distance ofR=2.768 Å, whereas the open-shell singlet (i.e.,
the BS solution) by UM06, 5(U), has an R=2.977 Å. The
open-shell singlet is 4.7 kcal/mol lower in energy than the
closed-shell singlet. On the basis of the understanding for 3,
it is expected that the boat conformation 4 may have a
Cope rearrangement as shown in Scheme 4. The PES of 4 is
similar to that of its chair counterpart in that 4 is connected
to its enantiomer 40 by a π-dimer minimum 10, through
symmetrically located transition states TS2 andTS20. There
are also two π-dimer structures, 10(R) and 10(U), depend-
ing on the spin restriction, but both of them have relative
longer interphenalenyl distances at 3.256 and 3.304 Å,
respectively. The open-shell singlet is only 0.4 kcal/mol
lower in energy than the closed-shell singlet. The energies

Figure 2. Potential energy surfaces of the chair (3) and boat conformations (4) of the cyclo-biphenalenyls calculated using R(U)M06/6-31G* in terms of
interphenalenyl distances R1 and R2 (left panel) (cf. Schemes 2 and 4, respectively) and in terms of total DFT energies relative to that of the σ-dimer of 3
(right panel). Stationary points are discussed in the text. For the right panel, only the π-dimer structures optimized with UM06/6-31G* (BS solutions) are
shown, together with their single-point triplet energies at the UM06 geometries. Parameters J1 and J2 indicate the energies of the singlet π- and σ-dimers
relative to the triplet π-dimers which are used for the paramagnetic susceptibility calculations. The geometries of the stationary points for the boat
conformation may distort slightly due to the clustering effect of methyl groups (see the Supporting Information).

Scheme 4. Putative [3,3]-Sigmatropic (Cope) Rearrangement of

the Boat Conformation 4

(39) Friebolin,H.BasicOne- andTwo-DimensionalNMRSpectroscopy;
Wiley-VCH: Weinheim, Germany, 1998.
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of σ- and π-dimers for both chair and boat conformations
are compared in the right panel of Figure 2. The difference
between the chair and boat conformations lies in that the
global minimum of the chair conformation is the σ-dimer,
whereas it is the π-dimer for the boat conformation. In
terms of energy, the π-dimer of the chair is higher than the
σ-dimer by only 3.2 kcal/mol. In comparison, theσ-dimer of
the boat is higher in energy than the π-dimer by 17.3 kcal/
mol.This large energydifference, alongwith the fact that the
global minimum of the boat is a π-dimer, implies that the
putativeCope rearrangementdescribed inScheme4doesnot
take place. However, the valence tautomerizations between
σ- and π-dimers are still possible at elevated temperatures.
We will show that these differences in global minimum
structures and energy differences are desirable for potential
applications as π-functional materials with different physi-
cochemical properties. In Figure 2 right panel, the low-lying
triplet states of the π-dimers are also shown. Parameters J1
and J2 indicate the energies of the open-shell singletπ-dimers
and closed-shell σ-dimers relative to the triplet π-dimers and
their values are used for the paramagnetic susceptibility
calculations (see paramagnetism section).
All the similarities and differences presented above are

determined by the multicenter π-π overlap in 5 and 10.
TheHOMOs of both 5(R) and 10(R) are shown in Figure 3
(for HOMOs of 5(U) and 10(U), see the Supporting In-
formation). For the chair conformation, the four C atoms
participating in the tautomerization overlap pairwise,
yielding a 2e/4c π-π bonding. For the boat conforma-
tion, however, the two phenalenyl rings are completely
eclipsed, thus making a 2e/12c π-π bonding possible.
Studies of various phenalenyl π-dimers with β-substitutions
show that the difference of intradimer distances between the
slightly shorterR-carbon pairs and the slightly longer central
carbon pair increases with increasing bonding strength,
which is indicative of stronger attractive forces between the
R-carbon pairs due to the SOMO electron pairing.8a For 10,
the six pairs of overlapping C atoms have distances of 2 �
3.256, 2� 2.922, and 2� 3.485 Å. In spite of themoderately
largedifference in theseoverlapdistances, the twophenalenyl
units are closer to being parallel to each other compared to
the ‘‘gable’’ dimer of diazaphenalenyl,4d as can be seen from
Figure 3b.Aphenalenylπ-dimerwith eclipsed conformation
was discussed theoretically in the context of magnetism,7b

but only the staggered π-dimer of phenalenyl was observed
experimentally.12 This suggests that experimental work may
lead to the observation of this eclipsed dimer that is held
together by the two etheno-clamps, not only because the
π-dimer 10 is the global minimum but also because it has an

average separation of 3.221 Å (or 3.371 Å with UM06)
between the peripheral six pairs of eclipsed spin-bearing C
atoms, which is comparable to the separation of 3.306 Å for
the staggeredπ-dimerof2.Forboth5and10, the2e/mcπ-π
bonding stabilizes the dimerized structures, causing them to
become minima instead of transition structures.
The σ-π energy difference is much larger in the case of

boat conformation since more C atoms are present in the
2e/12c bonding of 10, which may strengthen the π-π
bonding. The other reason, whichwe believe ismore impor-
tant, is that with the boat conformation, the four methyl
groups bump pairwise into each other. Methyl groups being
too close to each otherwould increase the energies, especially
for the σ-dimer when the σ-bond between two phenalenyl
units becomes too short to accommodate methyl groups. As
amatter of fact, this bondwithR1=1.746 Å for the boat is a
little longer than that of the chair conformation and other
C-Cbondsbetweenradical specieswhich is typicallyaround
1.6 Å,40 showing the effects of intermethyl repulsions. In-
deed,by replacing themethyl groupswithHatoms,we found
that the σ-dimer of the boat conformation becomes lower in
energy than the π-dimer by 2.6 kcal/mol. Under such a
circumstance, the Cope rearrangement becomes practical.
Additional clustering effects of methyl groups, such as the
slight geometrical distortion from the symmetrical ones
shown inFigure 2 due to the small degree ofmethyl rotations
in the case of 4, are discussed in the Supporting Information.
However, these small distortions do not affect our discus-
sions presented above.
The interphenalenyl distances R1/R2 and the corre-

sponding MBOs for the stationary points in Figure 2
are tabulated in Table 3. It can be seen that for both chair
and boat conformations, the elongation of R1 distance
from ca. 1.7 Å for the σ-dimer via 2.1-2.3 Å for the
transition states to 2.8-3.3 Å for the π-dimers is accom-
panied by the slight elongation of R2 distance, with the
actual R1/R2 values dependent on the conformations and
the theories used. Consequently, the MBOs correspond-
ing to R1 gradually decreases from values close to 1 to
values around 0.02-0.11. The MBOs of 0.8-0.9 are
reasonable values for stretched σ-bonds. The π-dimer
5(R) has rather small MBOs for the overlapping C pairs
at a value of 0.109. The BS solution 5(U) has even smaller
MBOswith a value of 0.028, which is in agreementwith its
longer R distances. We note that these non-negligible
MBO values, albeit small, are indicative of weak π-π
bonding. This is supported by careful comparisons of the
MBOs across the 13 pairs of C atoms in the case of 10(R)
or 10(U). Among all of these C pairs, only the 6 pairs of
spin-bearing R-C atoms have non-negligible MBOs. For
10(R), the 7 pairs of nonspin-bearing C atoms have
negligible MBOs, in the range of 0.001-0.003, while the

Figure 3. HOMOsof (a) chair and (b) boat conformations showing 2e/4c
and 2e/12c π-π bonding interactions for the π-dimers 5(R) and 10(R),
respectively.

(40) (a) 1.599 Å between two spiro-biphenalenyl neutral radicals: Liao,
P.; Itkis, M. E.; Oakley, R. T.; Tham, F. S.; Haddon, R. C. J. Am.
Chem. Soc. 2004, 126, 14297. (b) 1.626 Å between twoTCNQanion
radicals: Radhakrishnan, T. P.; Van Engen, D.; Soos, Z. G. Mol.
Cryst. Liq. Cryst. 1987, 150, 473. (c) 1.597 Å between twoC60 anion
radicals or 1.584 Å between two C70 anion radicals: Konarev,
D. V.; Khasanov, S. S.; Saito, G.; Otsuka, A.; Yoshida, Y.;
Lyubovskaya, R. N. J. Am. Chem. Soc. 2003, 125, 10074.
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rest pairs haveMBOs of 2� 0.042 (in Table 3), 2� 0.029,
and 2� 0.052, giving a sum of 0.246, which can be used to
characterize the overall binding qualitatively. This is
somewhat larger than the case of chair conformation
5(R) with a sum of 2� 0.109=0.218, whichmay indicate
that the π-π bonding in 10 is slightly stronger than in 5

and contributes partially to the stabilization of the π-
dimer of the boat conformation relative to the σ-dimer
(Figure 2). It is noteworthy that theMBOs corresponding
to R2 increases as the stationary points shift on the PES
from the σ- to the π-dimers, although the R2 distances
increases marginally as well. This corroborates the ex-
istence of π-π bonding in the π-dimerized intermediates.
We further characterize the aromaticityof theπ-dimerized

intermediates by computing their NICS values using the
RM06 optimized geometries with the B3LYP functional.
Usually, NICSs are calculated at 1 Å above the ring centers.
In contrast, here we performed the calculations at the center
ofmass for each six-membered ring because it ismuch easier
to define ghost atoms at these locations.41 For 5(R), we
obtained-9.88 ppm and two equal values of-5.18 ppm on
one phenalenyl unit. The other phenalenyl has the same
values by symmetry.For10(R),weobtained-8.53ppmand
twice -6.60 ppm on one of two phenalenyl units. These
values are comparable to theNICS value of-8.0 ppm at the
ringcenterofbenzenemolecule.23For10(R),wealso checked
the NICS values at locations halfway between overlapping
ring centers and obtained -13.42 and twice -14.14 ppm.
These strongly negative NICS values are indicative of the
aromaticity of the eclipsed phenalenyl π-dimer. Experimen-
tal and theoretical work on the staggeredπ-dimer of 2 found
that its π-dimerization is partly stabilized by aromaticity.13

We note that the aromaticity may originate from the cage-
like structure due to the head-over-head π-π overlap of
HOMO orbitals (Figure 3). Returning to 5(R), the only
location to check the cage aromaticity is at the center of
the entire molecule, where we obtained a high NICS value
of-15.07 ppm. All of the locations for NICS calculations
are illustrated in Figure S1 in the Supporting Information.
On the basis of the multicenter π-π overlap of the two

SOMO orbitals shown in Figure 3b and non-negligible
MBOs for the six pairs of R-C atoms discussed above, we
wondered if the two phenalenyl units in 10 may undergo
σ-dimerization reactions at other four R-C pairs in addi-

tion to forming 4 and 40. This is similar to the dimerization
reactions of two diazaphenalenyl radicals as was shown
both experimentally11c and by theoretical modeling8b of
its PES. We explored the PES of 4 and found that indeed
there are other local minima. As shown in Figure 4, there
are one π-dimer (10) and six low-lying σ-dimers on the
PES (atomic coordinates provided in the Supporting
Information). Similar to the degenerate 4 and 40 that are
connected to the π-dimer by two degenerate transition
states TS2 and TS20, respectively, σ-dimers 11 and 12

could dissociate to form the π-dimer 10 via transition
states TS3 and TS4. Symmetry allows two more enantio-
meric σ-dimer and two more transition states. The pres-
ence of these stationary points completes the PES of 4
shown in Figure 2. Taking the triplet energy of 10(U) as
a reference, the energies of 11 and 12 are J3 = -2.88 and
J4=þ14.09 kcal/mol, respectively, whichwill be used for
the paramagnetism calculations. The energy order of
these σ-dimers is E(11) , E(4) < E(12), which appears
to be correlated with the σ-bond lengths as can be seen in
Figure 4. 11 and 4 are lower in energy than 12 because the
σ-bonds for 11 and 4 are right next to the two etheno
clamps. 4 is less stable than 11 simply because of the

Table 3. Summary of Inter-phenalenyl Distances and Mayer Bond Orders (MBO) for the Stationary Points on the PES of Both Chair (3) and Boat

Conformations (4)

C17-C19 C14-C18

structures R1 (Å) MBO R2 (Å) MBO

chaira 3 (σ) 1.658 0.868 2.664 0.043
TS1b 2.308 0.341 2.688 0.097
5(R)/5(U) (π) 2.768,c 2.977d 0.109,c 0.028d 2.768,c 2.977d 0.109,c 0.028d

boate 4 (σ) 1.746 0.812 2.850 0.023
TS2b 2.132 0.519 2.930 0.041
10(R)/10(U) (π)f 3.256,c 3.304d 0.042,c 0.018d 3.256,c 3.304d 0.042,c 0.018d

aFor atomic numberings, see Scheme2. b SeeFigure 2. cRM06/6-31G*. dUM06/6-31G*. eFollowing the same atomic numbering schemeas the chair.
fFor four other π-π overlapping pairs, see the discussions in the text.

Figure 4. π-Dimer 10 of the boat conformation may undergo σ-
dimerizations at the six pairs of spin-bearing R-C atoms, forming three
unique σ-dimers (4, 11, and 12) that are connected to 10 by three
corresponding transitions states (TS2-TS4). These structures and three
other σ-dimers and three other transitions states form a pairwise relation
where each pair is related by symmetry and is indicad by the same primed
and unprimed symbol. Energies J2 (also shown in Figure 2), J3, and J4 are
relative to the triplet energy of 10(U).

(41) Li, Y.; Lampkins, A. J.; Baker, M. B.; Sumpter, B. G.; Huang, J.;
Abboud, K. A.; Castellano, R. K. Org. Lett. 2009, 11, 4314.
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methyl clustering effects discussed above. It is noteworthy
that with all these additional σ-dimers found, the global
minimum of the boat conformation is still the π-dimer
10(U) and therefore a Cope rearrangement still does not
exist. However, 11 and 110 are only 3.28 kcal/mol higher
than the singlet of 10(U) and these low-lying statesmay be
significantly populated around room temperature.
Paramagnetic Susceptibilities. Because of the radical

nature of the phenalenyl units, phenalenyl-derivatives ex-
hibit interesting magnetic properties.3,7,8,11,12 For the stag-
geredπ-dimerof2, SQUIDmeasurements yieldeda singlet-
triplet energydifference of-6.64kcal/mol obtainedby fitt-
ingmagnetic susceptibilitieswith thewidely usedBleaney-
Bowers dimer model.11c The paramagnetism comes from
the triplet of the π-dimer since singlet states are magne-
tically silent. As can be seen fromFigure 2, for 5(U), there
are two degenerate singlet states of σ-dimers, one singlet
of the π-dimer, and its low-lying triplet. Similar to the
Bleaney-Bowers model and on the basis of the van Vleck
formula,42 one may derive the equation containing all of
the three singlet states and the low-lying triplet state

χT ¼ 2Ng2β2

k½3þ expð- J1=kTÞþ 2expð- J2=kTÞ� ð1Þ

where χ is the paramagnetic susceptibility, T is the
absolute temperature, N is Avogadro’s number, g is the
gyromagnetic factor, β is the electronic Bohr magneton,
and k is the Boltzmann constant. For 10(U), as can be
seen from Figures 2 and 4, there are six singlet states of σ-
dimers, one singlet of the π-dimer, and its low-lying
triplet. The corresponding equation contains all of the
seven singlet states and the low lying triplet states

χT ¼ ð2Ng2β2Þ=ðkf3þ expð- J1=kTÞ
þ 2½expð- J2=kTÞþ expð- J3=kTÞþ expð- J4=kTÞ�gÞ

ð2Þ
The energies of singlet σ- and π-dimers relative to the triplet
π-dimersareJ1=-4.79andJ2=-8.03kcal/mol for the chair
conformation, and J1=-6.16, J2=þ11.10, J3=-2.88, and
J4=þ14.09 kcal/mol for the boat conformation.Using these
parameters, the paramagnetic susceptibilities of both chair
and boat conformations can be estimated.
The computed χT values of 3 and 4 are shown in Figure 5

as a function of T. For comparison we also show χT for
the staggered π-dimer of 2 calculated by the Bleaney-
Bowers model using the singlet-triplet energy difference
of J= -6.64 kcal/mol.11c We found that the χT value of
the chair conformation is negligiblewhile the χT value of the
boat conformation is comparable to that of theπ-dimer of 2
around roomtemperature.Therefore, similar to theπ-dimer
of 2, the boat conformation may exhibit paramagnetic
properties, which may be observable by SQUID and/or
solid state ESR, whereas the chair conformation has a very
small magnetic response. We note that the different mag-

netic properties of the chair and boat conformations come
directly from the different nature of the global minima.
Thermochromism.Morita et al. synthesized a diazaphe-

nalenyl molecular material that was green and the color
darkened with increasing temperature.11c Its reversible
thermochromism can be ascribed to the tautomerizations
between σ- and π-dimers.8b,11c In comparison, the stag-
gered π-dimer of 2 shows a deep blue color but no thermo-
chromism was reported.12 It was also found that the title
compound 3 forms yellow-orange needles. Obviously, the
common feature of these phenalenyl derivatives is their
electronic absorption in the visible part of the electromag-
netic spectrum. In the following, we examine the UV-vis
spectra of the chair and boat conformations of cyclo-
biphenalenyl molecular materials using ZINDO/S calcula-
tions. We note that it is our group as well as others’
experience that the ZINDO/Smethod is qualitatively good
in reproducing UV-vis spectroscopic transitions when
used with the CI singles method.41,43,44

The UV-vis transitions for the σ- and π-dimers of the
title compounds with geometries from the RM06 optimi-
zations are shown in Figure 6. It is straightforward to see
that the σ-dimers only have UV absorptions (<390 nm)
while the π-dimers have electronic absorption in both the
UV and visible (390-770 nm) ranges. Other σ-dimers for
the boat conformationwere also examined and no visible-
range absorptionwas obtained. The visible-range absorp-
tions for 5(R) and 10(R) are at 540 and 603 nm, respec-
tively, both of which are due to the HOMO-LUMO
transitions. The corresponding absorptions for 5(U) and
10(U) have wavelengths at 665 and 685 nm, respectively
(see Figure S2 in the Supporting Information). These
wavelengths are larger than those of 5(R) and 10(R), in
agreement with the longer interphenalenyl distances from

Figure 5. Calculated χT as a function of T for the chair and boat con-
formations of cyclo-biphenalenyl molecular materials using eqs 1 and 2,
respectively, and for the π-dimer of 2,5,8-tri-tert-butylphenalenyl using
the Bleaney-Bowers dimer model. Parameters for the calculations are
discussed in the text.

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

(43) Risko, C.;Kushto,G. P.;Kafati, Z.H.; Bre�das, J. L. J. Chem.Phys.
2004, 121, 9031.

(44) Gierschner, J.; Mack, H. G.; Oelkrug, D.; Waldner, I.; Rau, H.
J. Phy. Chem. A 2004, 108, 257.
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the broken-symmetry calculations, which lead to weaker
SOMO-SOMO couplings and smaller HOMO-LUMO
gaps. These spectroscopic calculations indicate that the
above-mentioned various colors of phenalenyl deriva-
tives can be attributed to differences in the electronic
transitions of the π-dimers vs the σ-dimers. Because the
global minimum of the chair conformation is a doubly
degenerate σ-dimer 3 and 30, the yellow-orange color found
in the needle crystals of 3 may be explained by the popula-
tion of the π-π bonded intermediate 5 due to the dynamic
equilibrium during the course of the Cope rearrangement.
According to the Boltzmann distribution, one expects that
the color of the chair conformation should darken with
increasing temperature, similar to the experimental observa-
tion for the diazaphenalenyl.11c For the boat conformation,
since the global minimum is the π-π bonded structure, as
temperature increases, the electronic structures of the degen-
erate σ-dimers will be increasingly populated at the cost of
the π-dimer population, especially for 11 and 110 that have
the lowest energies among the σ-dimers. Therefore, it is ex-
pected that the color of the boat conformation will become
lighter with increasing temperature. Together with the
paramagnetism, these different physicochemical properties
offer phenalenyl-derivatives the potential in applications
such as “smart” π-functional materials.
To provide a unified DFT interpretation, we also per-

formed TDDFT calculations. Similar to the ZINDO/S
results, we did not find any prominent absorptions for the
σ-bonded 3or 4 in the visible range. In comparison, 5(R) and
10(R) have absorptions in the visible range at 729 and 705
nm, respectively, both coming from the HOMO-LUMO
transitions. The corresponding absorptions for the UM06-
based structures, i.e., 5(U) and 10(U), are at much greater
wavelengths that sit at the border of near-infrared and visible
ranges (see the Supporting Information). Nevertheless, these
results support the ZINDO/S findings shown above. Com-
paring the TDDFT wavelength of 729 nm for 5(R) with the

ZINDO/S result of 540 nm, it is interesting to see that the
ZINDO/S result is closer to the experimental wavelength
around 580 nm as implied from the yellow-orange color of
the chair conformation. This agrees with the consensus
among the practitioners that ZINDO/S is a good choice
for UV-vis calculations. The applicability of the ZINDO/S
to these molecules under study is more or less unexpected
since this level of theory is not parametrized for this new type
of π-π bonding (or weak bonds). We note that the head-
over-headπ-π overlaps betweenπ-stacked phenalenyl units
shown in Figure 3 may be different from traditional orbital
overlaps that can be found in many other unsaturated
aromatic compounds. Specifically, the delocalized orbitals
are somewhat like π-orbitals participating in σ-σ overlaps.

4. Conclusions

In this paper, we have examined two cyclo-biphenalenyl
biradicaloid molecular materials with chair and boat
conformations. Calculations were carried out with re-
stricted and broken-symmetry DFT using primarily the
M06-class of meta-GGA functionals with occasional
comparison to the most widely used B3LYP hybrid
functional. We have found that the M06 hybrid meta-
GGA is best suited for this category of compounds, giving
molecular structures and reaction barriers that agree
satisfactorily with experimental values. The valence tau-
tomerizations and magnetic properties of the two con-
formations have been studied using the selected meta-
GGA functional.
It is found that the chair conformation involves a 2e/4c

π-π bonded structure, whereas the boat conformation
involves a 2e/12c π-π bonded structure on their potential
energy surfaces. Both structures were characterized by
Mayer bond orders, showing that there are non-negligible
bond orders at the overlapping carbon pairs, in agree-
ment with the SOMO-SOMO electron pairings. NICS
calculations produced strongly negative NICS values,
indicative of the aromaticity of the phenalenyl π-dimer.
We note that the aromaticity may come from the cagelike
structure due to the head-over-head π-π overlap of
HOMO orbitals (Figure 3).
The chair conformation exhibits a stepwise [3,3]-sigma-

tropic rearrangement, via the 2e/4c π-π bonded intermedi-
ate. However, the global minimum for the boat conforma-
tion is the π-π bonded structure. These differences on the
potential energy surface give rise to anegligible paramagnetic
susceptibility around room temperature for the chair con-
formation. In comparison, the paramagnetic susceptibility of
the boat conformation should be observable by SQUID
and/or ESR. UV-vis electronic spectroscopy results ob-
tained using parametrized theory and TDDFT indicate that
the various colors of phenalenyl derivatives should come
from the electronic transitions of the π-dimers. According to
thedifferenceof theglobalminimaof the twoconformations,
it is expected that the color of the chair conformation would
become darker, whereas that of the boat conformation
would become lighter with increasing temperature.
Phenalenyl and its derivatives are intriguing types of

molecularmaterials as a result of a 2e/mc π-π bonding that

Figure 6. UV-vis spectraof theσ- andπ-dimers (fromtheRM06geometry
optimizations) for the chair and boat conformations of cyclo-biphenalenyl
molecular materials calculated using parametrized ZINDO/S theory.
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may compete with the slightly stronger stretched σ-bonds. It
is worth pointing out that such π-π bonding have been
observed both experimentally and theoretically in even
anionic or cationic π-radicals, such as TCNE,14 TCNQ,45

TCNP,46 andTTF.47Thebond fluctuationbetween theπ-π
bonding and stretched σ-bonds may enable variations of
physicochemical properties of these and similar molecular
materials, giving “smart” π-functional materials that sense
and react to environmental stimuli.
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