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Theoretical Study on the Aromaticity of Transition States in Pericyclic Reactions
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The aromaticity of transition states in pericyclic reactions such as electrocyclic reactions, cycloaddition reactions,
and sigmatropic shifts was studied by the IDA (index of deviation from aromaticity) on the basis of a CASSCF
wave function. The aromaticity defined by the IDA classified the allowed and forbidden transition states of
pericyclic reactions treated here. The order of the aromaticity levels corresponds to that of the energy barriers
of some reactions. The difference between the aromaticity defined by the IDA and that by the magnetic
properties as a NICS is also discussed.

1. Introduction SCHEME 1

Of all the theoretical concepts that constitute the rational basis®_® + @_@ + Q—@

of modern organic chemistry, the concept of aromaticity is one

of the most general but at the same time one of the most vaguelySinglet Coupling Polarization Polarization
defined. Because aromaticity is not an observable quantity and

is not directly measurable, it must be defined by convention. For CASSCF calculations, all active spaces corresponding to
Generally, aromaticity has been defined as the difference valencer, 7*, o, ando* orbitals relating to each reaction were

betweenz-electron resonance energies of a noncyaticon- included, and all configurations in active spaces were generated.
jugated compound and a cyclig-conjugated compound. The CiLC calculations were used to interpret the aromaticity.
Although the definition of aromaticity on the basis/eelectron This procedure has been used by us for reaction mechanism

resonance energy can be readily understood and is useful foranalyse¥-27 and aromaticity analysés;1! and the details of
the discussion of stabilization energy, the treatment of complex the method can be found in previous pagetsil14-27 Briefly,
compounds such as nonplanar molecules remains difficult. the CASSCF calculation was carried out to obtain a starting
Aromaticity has also been treated magneticélfy,and the  set of orbitals for the localization procedure. Boys localiz#on
nucleus-independent chemical shift (NICS) as an index of \yas then applied to give localized orbitals with a highly atomic
aromaticity was propos€fdThe values of the NICS are adequate nature. Using the localized MOs as a basis, a full Cl at the
for the classification of aromaticity and anti-aromaticity, but geterminant level was used to generate electronic structures and
measurements of the order for some compounds are not adequatg) evaluate the relative weights of configurations in the atomic
as shown in previous papes. orbital-like wave functions. The total energy calculated by the
Recently, | have presented a new indekaromaticity, IDA Cl procedure corresponds well to that obtained from the
(index of deviation from aromaticity), for a ring-unit of CASSCF calculation. In the notation of the valence bond-like
compounds on the basis of a CiLC method in reference to ab model, the electronic structures of a bond on the basis of CiLC
initio molecular orbital calculations. The CiLC metifoéPis a calculation were present rough|y as one Sing|et Coup]ing term
combination of configuration interaction (ClI), localized molec- gnd two polarization terms (Scheme 1). In the scheme, a circle
ular orbital (LMO), and complete active space self-consistent jngicates an atomic-like orbital obtained by the localization
field (CASSCF) analysis. The criterid#" of aromaticity with process in the CiLC calculations. The representation with three
IDA was defined as the deyiation qf equality for the electronic arms (one singlet coupling and two polarization terms) for a
structure of each bond in the ring-compound and by the pong has been successful to explain the bond formation and

narrowness of the gap between the weights of the singletyong extinction along a chemical reaction path, and also used
coupling and polarization terms for each bond. The IDA can o, the index of aromaticity.

treat not only planar compounds but also nonplanar compounds. The criterion of aromaticity was defined according to the

H |n||t3h,f fpapehr, V}’e g.)dcgs our gttelrlwtlondon the aromaticity b¥ following conditions on the basis of the CiLC calculations: (A)
t € \ for t € lorbiaden and aflowe transition Sta“?s o each weight of the singlet coupling and polarization terms is
pencycllc reactions. Tq ratlonal.lze .the fac’g that the forbidden equal for all bonds and (B) the difference between the weights
reaction h_as a much higher activation barrier th_a_n the allowed of the singlet coupling and polarization terms for each bond is
;gﬁtﬁggg,n Itrelltaz:stic?r?igviuIgegsisgergr;gatlitcﬂgﬁatr?:tzlrtlon states of %mall. The first criterion corresponds to the aromaticity of bond

) length equalization and the second corresponds to the resonance
stabilization energy. From the two criterion of aromaticity, the
index of deviation from aromaticity (IDA) for an-cyclic ring
The geometries and the frequencies of all stationary points c@n be defined in eqs—4.

treated here were determined with analytical calculated energy
gradients using the CASSCF methddith 6-31G(d) basis sé IDA = Ds+ D, + Gq, 1)

2. Computational Methods and an Aromatic Model
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D. = B av 3 (Symmetry Allowed) (Symmetry Forbidden)
p 3) D, = 0.694 D, = 0.983
n D)= 0434 D = 1311
G, = 0.606 G,,=1.321
n |S — PA1| + |S — Pa| IDA = 1.735 IDA =3.614
ZS (a) Transition States of electrocyclic reaction of butadiene
=
Gy, = - (4)

S is the weight of the singlet coupling term for théh bond,
Sy is the average of the weights of the singlet coupling terms
for all bonds, PAand PB are the weights of the polarization
terms for the-th bond,P,, is the average of the weights of the
polarization terms for all bonds, amdis the number of bonds

C, Symmetry C, Symmetry
in the ring. (Symmetry Forbidden) (Symmetry Allowed)
Here,Ds andDy, are the ratios of deviation from the average i Di=Diae
weights of the singlet coupling and polarization terms, respec- 6., = 0.326 Gy = 0.191
tively, and they correspond to the requirement of criterion A. DA=1YS IDA = 0.440
The termGSpdenotes the average ratio of the difference between (b) Transition States of electrocyclic reaction of 1,3,5-hexatriene

the weights of the singlet coupling and polarization terms on
the basis of the average singlet coupling.

The CILC calculations were performed using the GAMESS
software pakag@ and the others were carried out using
Gaussian98°

3. Results and Discussion

3.1. Electrocyclic Reactions.It is well-known that the

electrocyclic reactions for polyene occur through the conrotatory C, symmetry C. symmetry

path or the disrotatory path, which corresponds to the symmetry  (Symmetry Allowed) (Symmetry Forbidden)
allowed and forbidden reactions from the definition of the orbital D, =0.063 D, =10.765
symmetry rules such as the Woodwaidoffmann rulé! and 2!’_:";,_‘1'(?4 gf'::"i;'_fm

the frontier orbital theory2 The concept of the orbital symmetry IDA = 0.280 IDA = 21.037
rules may be related to the aromatiCity for the reaction (C) Transition States of electrocyclic reaction of 1,3,5,7-octatetraene

mechaplsms. To stydy the relationship Of, the symmetry allowed Figure 1. Transition state geometries and their IDA values for
or forbidden reactions and the aromaticity by the IDA, the glectrocyclic reactions.
geometries and the IDA values of conrotatoB, Eymmetry)
and disrotatory €s symmetry) transition states for three elec- the symmetry allowed transition states are 52.6 kcal/mol for
trocyclic reactions (butadieri&; 37 1,3,5-hexatriené?35:38.3%nd butadiene, 36.8 kcal/mol for hexatriene, and 21.4 kcal/mol for
1,3,5,7-octatetraefe®®49 were calculated and shown in Figure octatetraene at the CASSCF/6-31G(d) calculation level. Thus,
1. Although the transition state with th& symmetry for the the order of the activation energy barrier height of the symmetry
electrocyclic reaction of butadiene is not a real transition state allowed transition states of the three polyenes corresponds to
(has two negative eigenvalues for the force constant matrix), the order of their IDA values. On the other hand, the NICS
the others are real transition states. The IDA value of the valued! of the symmetry allowed transition states of butadiene,
transition state with th€, symmetry of butadiene is less than hexatriene, and octatetraene aré2.3, —25.4, and—6.6 to
one-half of that with theCs symmetry. This corresponds to the —12.3, respectively. Thus, the NICS values show that the
reactivity (activation energy barrier heights) of both symmetry symmetry allowed transition state of hexatriene is the most
allowed and symmetry forbidden reactions of butadiene. aromatic of the three polyenes. The aromaticity of the NICS,
For hexatriene and octatetraene, the IDA value of the which results from the magnetic property, may not reflect the
transition state with thecs symmetry of 1,3,5-hexatriene is  stabilization energy.
smaller than that with th€, symmetry, and the IDA value of 3.2. Diels-Alder Reaction of Butadiene with Ethylene.The
the transition state with th&, symmetry of 1,3,5,7-octatetraene  Diels—Alder reaction may be the most important class of organic
is also smaller than that with theés symmetry. Consequently  reactions. The mechanisms of the reactions have been the subject
the symmetry allowed transition state is more aromatic than of the most heated and interesting controverkié%36.4254 The
the symmetry forbidden one. proposed mechanisms are the concerted, the stepwise diradical,
For the above three polyenes, the order of the IDA values of and stepwise zwitterion processes. Recent ab initio studies
the symmetry allowed transition states is that of butadiene  showed that the cycloaddition of butadiene with ethylene, which
hexatriene> octatetraene. The activation energy barriers for is the prototype of the pericyclic [4 2] cycloaddition reaction,
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IDA = 0.268 T

(a) Concerted type Transition States of the Cope Rearr t of 1,5-hexadi

Figure 2. Transition state geometry and the IDA value for the Diels
Alder reaction of butadiene with ethylene. 1.435

occurs through the concerted mechanism with, ay@nmetrical
transition structure. The aromaticity of the transition state
structure has been also discussed with some theoretical treat 5,
ments!®44The transition state structure and the IDA value for
the Diels-Alder reaction of butadiene with ethylene are shown
in Figure 2. The IDA value of the transition state is a little larger
than that (IDA value= 0.047) of benzene. This means the
transition state has an aromatic stabilization character with “the Dpewar Type Transition State
unstable transition state structure”, although the reaction requires

Diradical Intermediate

a high activation energy. In other words, the activation energy S Z ?1‘;;?. 3 - llﬁiz
of the reaction is the result that added the stabilization of Gup = 0.680 G‘;’: 1094
aromatic property to the unstable energy of the transition state. IDA =2.451 IDA = 3.366

Although the transition state is less aromatic than benzene, it
has a strong aromatic nature. From comparison of the aroma-
ticity of the transition state and benzene, the results of the IDA
are reasonable. However, the NICS valadf the transition state
is about betweer-21.4 and—27.2, and it is indicated from the
NICS value that the transition state is much more aromatic than
benzene (NICS= —9.7)3 It cannot be considered that the NICS
values are adequate for the aromaticity from the point of view
of resonance stabilization energy. From the geometrical param-
eters of the transition state, the largest difference among the
C—C bond lengths of the ethylene part and butadiene part is
only 0.007 A. This may correspond to the fact that the total
value ofDs andDy, is less than one-half of the IDA value. The
aromaticity for the geometrical points of view also corresponds
to the results of the IDA.

3.3. Sigmatropic Reactions.

(b) Dewar type Transition States and Diradical Intermediate

Figure 3. Transition state and intermediate geometries and their IDA
values for the Cope rearrangement of 1,5-hexadiene.

3.3.1. Cope Rearrangement#e reaction mechanism of the TraaNion e il Co pymary
Cope rearrangement has been controversial. Theoretically, three By S8
types of transition stateés% were observed in the Cope gf - ‘.{;‘;f;’é
rearrangement of 1,5-hexadiene: a concerted chair type with IDA = 1.042
the Cz, symmetry, a concerted boat type with tBgsymmetry, Figure 4. Transition state geometry and the IDA value for the Cope

and an asymmetric Dewar type transition state leading to rearrangement of semibullvalene.

diradical tight-chair intermediate species. The concerted transi-

tion states should be more aromatic than the asymmetric Dewartype is about 0.354 A longer than that of the chair type.
type and the diradical intermediate. The geometries of these Therefore, the boat type transition state may have the character
transition states, the intermediate and their IDA values are alsoof a diyl (singlet diradical) type transition state. The diradical
indicated in Figure 3. The concerted chair type is the most intermediate has large IDA values, and naturally it indicates
aromatic one among three transition states and a diradicalmuch less aromaticity.

intermediate from their IDA values, and the aromaticity is It is known that the Cope rearrangement of semibullvalene
comparable to that of the transition state of the Diddder has a low energy barrier of only 4:%.2 kcal/mol>6¢ The
reaction of butadiene with ethylene as shown in the previous transition state of semibullvalene can be considered as the boat
section. The concerted boat type transition state has less aromatitype model of the Cope rearrangement of 1,5-hexadiene. Then,
nature than the chair type. This may be understood from the the aromaticity of the transition state for the rearrangement of
geometrical parameters of the chair type and boat type transitionsemibullvalene is interesting in comparison with the aromaticity
states. Namely the -©C bond length of allyl part of the boat of the Cope rearrangement of 1,5-hexadiene. The transition state
type transition state is shorter by 0.08 A than that of the chair geometry and the IDA value of semibullvalene are shown in
type, and the €C bond length between allyl parts of the boat Figure 4. The GC bond lengths of allyl part of the transition
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Retention type Transition State Inversion type Transition State Transition State with C, symmetry Transition State with C; symmetry
D, = 0708 Dg = 0715 D, = 0.266 Dy = 0.443
D, = 0.651 D, = 0.666 D, = 0.252 D, = 0.667
Gyp = 0.530 Gy, = 0.529 Gy = 0.107 Gy, = 0475
DA =189 DA =1.910 DA = 0.625 IDA = 1.585
Figure 5. Retention type and inversion type transition states and their gijgure 6. Transition state geometries and their IDA values for the
IDA values for a [1,5]-carbon shift. [1,5]-hydrogen shift of 1,3-pentadiene.

state for the rearrangement of semibullvalene is similar to that
of the boat type transition state of 1,5-hexadiene, and th€ C

bond length at the reacting point of semibullvalene is shorter
by 0.253 A than that of the boat type and about 0.101 A longer
than that of the chair type. However the transition state of

semibullvalene is a little less aromatic than the boat type from Transition State with C; symmetry

their IDA values. This may cause from the difference of the D, = 0.164

overlap between porbitals of the terminal carbon atoms of o

allyl part because of the geometry restriction with bridged atoms IDA = 0.812

between allyl parts of semibullvalene. Figure 7. Transition state geometry and the IDA value for the [1,5]-
3.3.2. [1,5]-Sigmatropic Shift. hydrogen shift of 1,3-cyclopentadiene.

[1,5]-Sigmatropic Carbon ShiffThe [1,5]-sigmatropic carbon

shift is an example of the orbital symmetry rules for pericyclic values of the IDA are shown in Figure 6. Although the transition

process, potentially involving a six-electron aromatic transition state with theCs symmetry has one negative eigenvalue for the

state. The [1,5]-sigmatropic shift of norcaradiene is an example force constant matrix, that with th€, symmetry has two

of a walk rearrangement, in which a substituted methylene negative eigenvalues. Therefore, the transition state with the

“walks” around the perimeter of an aromatic ring. For the walk Cg symmetry is the real transition state and the other is not.

rearrangement, there are two reaction path& One is the  The transition state with th&s symmetry is about 29 kcal/mol

lower by energy than that with th& symmetry at the CASSCF/

walk rearrangement 6-31G(d) level. From comparison of the-C bond lengths,
_ the transition state structure with ti@& symmetry is more

aromatic than that with th€, symmetry. Namely the difference

of two C—C bond lengths in the frame bonds (except for the

reacting points of the €H—C) of the transition state witkTs

symmetry is 0.025 A, and that with th@ symmetry is 0.098

A. The IDA value of the transition state with ti®& symmetry

is a little larger than that of the transition state with tGe

symmetry of the electrocyclic reaction of 1,3,5-hexatriene

including six m-electrons. The transition state with th&

concerted process of the alkyl shift and occurs with retention
of configuration at the migrating carbon, [1r,5s] rearrangement.
The other is the inversion reaction path and occurs with
inversion of configuration at the migrating carbon atom, [1i,-
5s]. Both transition state structures for the [1r,5s] process and
the [1i,5s] process and their aromaticity values of the IDA are
shown in Figure 5. Both retention and inversion transition states .
- symmetry has a large IDA value of about 1.6 and is not
have large IDA values. Accordingly, both structures are not an .
aromatic transition state. Houk and co-workéiadicated that aromatic. ) . . .
both transition structures have strong diradical character as N comparison with the aromaticity of the transition state of
shown by ab initio MO methods. This corresponds to the large 1.3-pentadiene, the transition state of the [1,5]-hydrogen shift
IDA values for both transition states. The difference of the IDA ©0f 1,3-Cyclopentadierfé’” was also calculated, and the geo-
values for both transition states is only 0.02 and may correspond™Metrical parameters and the IDA value are shown in Figure 7.
to their activation barriers. Namely, the energy barrier of the From geometrical parameters of the-C bond lengths, the
retention transition state is only 0.3 kcal/mol higher than that transition state of cyclopentadiene looks more aromatic than
of the inversion transition state at the CASSCF calculation and that of pentadiene with theés symmetry. Namely the difference
0.5 kcal/mol lower than that by the CASPT2N level. As shown Of the two C-C bond lengths of the transition state witl
above, the IDA can be reflected in the electronic states as Symmetry of pentadiene is 0.025 A and that of cyclopentadiene
diradical and the stabilization energies corresponding to activa-is 0.007 A. However, the IDA value of the transition state with
tion energy. Cs symmetry of pentadiene is smaller than that of cyclopenta-
[1,5]-Sigmatropic Hydrogen ShiffThere are two types of  diene. This means the transition state w@h symmetry of
reaction paths for the [1,5]-hydrogen shift of 1,3-pentadiene from pentadiene is more aromatic than the transition state of
the orbital symmetry rules. One is a symmetry allowed process cyclopentadiene. The order of the aromaticity by the IDA values
with the Cs symmetry and the other is a forbidden process with for the transition state witis symmetry of pentadiene and for
the C, symmetry. Most of the theoretical treatments in previous the transition state of cyclopentadiene corresponds to that of
studied>73 76 presented the energy barrier for the allowed the magnetic aromaticity as defined by NICS vafddslICS
process. We compared the aromaticity of the allowed and = —16.6 for the transition state with th€s symmetry of
forbidden transition states. The transition state geometries of pentadiene and NICS= —14.8 for the transition state of
the [1,5]-hydrogen shift of 1,3-pentadiene and the aromaticity cyclopentadiene).
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diradical intermediate have large values of the IDA, and the
results are reasonable.

Two transition states (retention and inversion types) of [1,5]-
sigmatropic carbon shift reactions have almost the same values
of the IDA, and this may correspond to almost the same
activation energy barriers. On the other hand, for the [1,5]-
hydrogen shift, the transition state with tBesymmetry of 1,3-
pentadiene has a smaller IDA value than that with @e

q symmetry. For the aromaticity of the transition states of 1,3-
Transition State with C; symmetry pentadiene and cyclopentadiene, the geometrical parameters

D, = 0232 (C—C bond lengths) of the transition state of cyclopentadiene
D, = 0.237 indicate more aromaticity than that of the transition state with
g =40 the Cs symmetry of 1,3-pentadiene, but the IDA value for the

IDA = 0.598

Figure 8. Transition state geometry and the IDA value for the [1,7]-
hydrogen shift of 1,3,5-heptatriene.

cyclopentadiene is larger than that for 1,3-pentadiene. Conse-
guently, from the point of view of electronic states, the transition
state with theCs symmetry of 1,3-pentadiene is more aromatic

3.3.3. [1,7]-Sigmatropic Hydrogen Shift of 1,3,5-Heptatriene than that of cyclopentadiene. This also agrees with the magnetic

While [1,5]-sigmatropic hydrogen shift in pentadiene and/or aromaticity by the NICS values. For the ldias type reaction,

cyclopentadiene is a thermally favored suprafacial isomerization the transition state with the; symmetry of the [1,7]-sigmatropic
involving six electrons, the eight-electron [1,7]-hydrogen shift hydrogen shift of 1,3,5-heptatriene has a little smaller IDA value

is an antarafacial sigmatropic rearrangement with abiM® than that O_f the [1,5]-hydrogen shift WiFh t.ﬁ symmetry of
topology. Experimentally and theoretical§787it is known 1,3-pentadiene. As the above results indicate, the IDA value

that the activation energy barrier height of a [1,7]-hydrogen shift characterized the nature of t.h.e transmon stqtes and is one of
of 1,3,5-heptatriene is lower than those of a [1,5]-hydrogen shift the useful tools for the classification of reactions.
for cyclopentadiene and 1,3-pentadiene.

We now provide a detailed theoretical analysis of the [1,7]-
hydrogen shift of 1,3,5-heptatriene. The transition state geom-
etries and the aromaticity value of the IDA for the [1,7]-
hydrogen shift of 1,3,5-heptatriene are shown in Figure 8. The
transition state structure can be termed aromatic from th€ C
bond lengths. Namely the largest difference of € bond
lengths at the transition state is 0.019 A. Thus, the geometrical
criterion of aromaticity is fulfilled. In comparison with the
geometrical parameters {€C bond lengths) of transition states
of 1,3,5-heptatriene and 1,3-pentadiene with@esymmetry,
the [1,7]-hydrogen shift transition state is more aromatic than
that of the [1,5]-hydrogen shift transition state. The IDA value (1) Minkin, V. I.; Glukhovtsev, M. N.; Simin, B. Y Aromaticity and
of the transition state structure of [1,7]-hydrogen shift is 0.598 Antiaromaticity Wiley: New York, 1994.
and is less than the IDA values for the [1,5]-hydrogen shift as (g) Ganratt, P JAomaticity V["em{i ew Yosfkgggf-gsg
described in the previoqg section. The order of the aromaticity &; SCL;:IG?Z}’ ,;,_v:’Rl?,C:r,;i?én"P.; 'Jiaofe,r_? Ggldfusm@e\,’v' Chem.,
by the IDA for the transition states of [1,7]-hydrogen shift and int. Ed. Engl.1995 34, 337.

[1,5]-hydrogen shift corresponds to that by the geometrical (5) Schleyer, P.v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
aromaticity. The order of the aromaticity for both transition N-J: R.v. E.J. Am. Chem. S0od996 118 6317.
states corresponds also to that of their activation energy barrier E% ggt::’ gj Eﬂﬁ gﬂgm gggg }8? égggo.
h6|ght79 On the other hand, the NICS Value:(4.0)41 of the (8) Cundéri, T R.: éordon, M 9. Am. bhem..sod_ggl 113 5231.
transition state structure of the [1,7]-hydrogen shift indicates (9) Sakai, SJ. Phys. Chem. A997, 101, 1140.
less aromaticity than that(16.6) of the transition state structure (10) Sakai, Sint. J. Quantum Chent998 70, 291.
of the [1,5]-hydrogen shift. (11) Sakai, SJ. Phys. Chem. 2002 106, 11526.
(12) Roos B. InAdvances in chemical physicK. P. Lawley, Ed;

. Wiley: New York, 1987; Vol. 69, Part Il, p 399.

4. Conclusions (13) Hariharan, P. C.; Pople, J. Aheo. Chim. Actd 973 28, 213.

The aromaticity of the transition state structures for pericyclic ~ (14) Sakai, SJ. Phys. Chem. 2000 104, 922.
tions was studied with the IDA values. The pericyclic (15) Sakai, SJ. Phys. Chem. A997, 101, 1140
reacti lues. The pericyc (16) Sakai, SInt. J. Quantum Chen99§ 70, 291.
reactions treated here are the electrocyclic reactions, the-Diels  (17) Nguyen, M. T.; Chandra, A. K.; Sakai, S.; Morokuma, MOrg.
Alder reaction, and the sigmatropic reactions. For the electro- Chem 1999 64, 65.
cyclic reactions of three polyenes (butadiene, hexatriene, and (18) Sakai, SJ. Mol. Struct. (THEOCHEM)999 461-462 283.
octatetraene), the transition states of the symmetry allowed (19 Sakai, S. Takane, S. Phys. Chem. A999 103 2878.
tic than th fth trv forbidd (20) Sakai, SJ. Phys. Chem. 200Q 104 922.
process are more aromatic than those of the symmetry forbidden  51) sakai Sint. J. Quantum Chen200q 80, 1099.
process. The transition states of the Diefdder reaction of (22) Sakai, SJ. Phys. Chem. 200Q 104, 11615.
butadiene with ethylene and the Cope rearrangement of the chair (23) Sakai, SJ. Mol. Struct. (THEOCHEMP002 583 191.
type concerted transition state of hexadiene indicate almost the (24) Sakai Sint. J. Quantum Chen2002 90, 549.
same aromaticity level, while the boat type transition state of  (25) Lee, P. S.; Sakai S.; Horstermann, P.; Roth, W. R.; Kallel, E. A.;
he Cope rearrangement of hexadiene has low aromaticit Houk, . N. J. Am. Chem. S0@003 125 5839.
the Cop g _ naticity,  (76) sakai, SChem. Phys2003 101, 1339.
equivalent to that of semibullvalene. As expected, the diradical  (27) sakai, S.; Nguyen, M. T. Phys. Chem. 2004 108 91609.

intermediate and the Dewar type transition state leading to a (28) Foster, J. M.; Boys, S. Rev. Mod. Phys196Q 32, 300.
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