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Abstract: Aromaticity enhancement is
a possible driving force for the low
reduction potentials of buta-1,3-diyne-
diyl-expanded [N]radialenes: this hy-
pothesis is theoretically analyzed for
the expanded [3]radialene prototype.
This study is undertaken within a more
general prospect, namely the evaluation
of the variation of aromaticity with
endocyclic and peripheral carbomeric
expansion of [3]radialene and its mono-
and dianions. The structures, denoted
as [C�H]6

h[C�C]3
kcarbo-[3]radialene(q)

(h� 0, 1; k� 0, 1, 2; q� 0, �1, �2), were
optimized in relevant singlet, doublet, or
triplet spin states at the B3PW91/6-
31G** level. They were found to be all
planar. The structural aromaticity was
measured through the average bond
length dav over the [C�C]3

kcarbo-[3]ra-
dialene core, and by the corresponding
bond-length equalization parameter
�(d), related to Krygowski×s GEO. The
magnetic aromaticity was measured by
Schleyer×s NICS values at the center of
the rings. Regarding the relative varia-

tion of NICS and �(d), two classes of
species can be distinguished according
to their endocyclic expansion level. The
species with a nonexpanded (k� 0) or
doubly expanded (k� 2) ring constitute
the first class: they exhibit D3h symmetry
and a strong correlation of NICS with
�(d). The species with a singly expanded
ring (k� 1) fall far from the correlation
line, and constitute the second class. This
class distinction is related to the degen-
eracy scheme of the frontier orbitals of
the neutral representative. A finer ap-
praisal of the electron (de)localization is
brought by the ELF (Electron Local-
ization Function) analysis of the elec-
tron density. It allows for a weighting of
relevant resonance forms. Unsubstituted
species are well described by the super-
imposition of two or three resonance

forms. For (doublet spin state) mono-
anionic species, their respective weights
are validated by comparison with AIM
spin density. The weighted mean, n, of
the formal numbers of paired �z elec-
trons in the resonance forms was calcu-
lated and compared with the closest
even integer of either forms 4m�2 or
4m. A density-based continuous gener-
alization of the orbital-based discrete
H¸ckel rule is then heuristically pro-
posed through an analytical correlation
of NICS versus �(d), n, and S, the spin of
the species. The frontier-orbital-degen-
eracy pattern of neutral species is dis-
cussed with respect to structural and
magnetic aromaticity criteria. A de-
creasing HOMO ± LUMO gap versus
endocyclic expansion is obtained, but
[C�C]3

1carbo-[3]radialene possesses the
highest HOMO and LUMO energies.
Vertical and adiabatic electron affinities
of neutral and monoanionic species
were also computed and compared with
related experimental data.

Keywords: aromaticity ¥ conjuga-
tion ¥ ELF (Electron Localization
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Introduction

Planar radialenes (C2H2)N exhibit essential common features
of and differences from planar annulenes (CH)N : they both
contain a cyclic sequence of N conjugated sp2 carbon atoms,

but while the double bonds of radialenes are cross-conjugat-
ed, those of annulenes are linearly conjugated. Nevertheless,
the question of aromaticity addresses both classes. While
annulenes are markedly differentiated as aromatic or anti-
aromatic, radialenes, owing to their poor stability in their
unsubstituted version, have long been considered as non-
aromatic additive assemblies of vinylidene units.[1] Expansion
of annulenes[2, 3] and radialenes[4] by inserting one or two sp-C2

units into all bonds of the rings results in an extension of the
conjugation of out-of-plane �z MOs (and in the appearance of
homoconjugated in-plane �xy MOs) in the corresponding ring
™carbomers∫.[5] The consequences on aromaticity deserve a
comparative study. It is worth remembering here that
expansion of cycloalkanes leads to [N]pericyclynes,[6] and
the question of their homoaromaticity has already been
addressed.[7] In the case of [N]annulenes, it has been
theoretically shown that their aromaticity is definitely pre-
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served in the corresponding carbo-[N]annulenes.[8] The case
of radialenes is a priori more challenging: does the expansion
effect overcome the topological effect, and bring some
aromatic character to the corresponding carbo-[N]radia-
lenes? The question is hereafter addressed for the parent
[3]radialene prototype, an isomer of benzene.

Several derivatives of [3]radialene 1a (Scheme 1) have
been experimentally described,[9] and very recent thermo-
chemical calculations have suggested that 1amight be slightly

Scheme 1. Eighteen carbo-[3]radialenic species investigated in this study.
q� 0: neutral, q��1: monoanion, q��2: dianion.

aromatic in the energetic sense.[10] Additional data on the
aromatic status of 1a itself are thus still desirable. Moreover,
aromaticity enhancement might be an explanation for the
remarkably facile reduction experienced by a perethynylated
[3]radialene, a silylated derivative of 1b.[11] Indeed, according
to cyclic voltammetry, this radialene was able to accommo-
date two electrons in two distinct one-electron reduction steps
(vide infra). Moreover, perethynylated buta-1,3-diynediyl-
expanded (doubly expanded) [3]- and [4]radialenes were
readily reduced electrochemically.[4c±e] In order to explain
these experimental observations and thereby possibly extend
the H¸ckel rule to cross-conjugated rings, we decided to carry
out a detailed theoretical study on [3]radialenes, varying the
parent structure with respect to: i) the expansion level of
endocyclic C�C bonds, k, and/or peripheral C�H bonds, h,
and ii) the reduction level, q (q� 0: neutral, q��1: mono-
anion, q��2: dianion). A set of eighteen species denoted as
[na]q or [nb]q is considered (n� 1 ± 3). According to a
previously proposed nomenclature, their generic name is:
[C�H]6

h[C�C]3
kcarbo-[3]radialene(q) (q� 0, �1, �2; k� 0, 1,

2; a : h� 0, b : h� 1) (Schemes 1 and 2).

Scheme 2. Carbomeric expansion of endocyclic C�C and/or peripheral
C�H bonds in a [3]radialene. k� 0: parent radialene, k� 1: ethynediyl-
expanded radialene, k� 2: buta-1,3-diynediyl-expanded radialene. h� 0:
unsubstituted radialene, h� 1: ethynyl-substituted radialene.

The goal is threefold.
1) Compare the aromaticity of 1a ± 3a and 1b ± 3b and the

corresponding mono- and dianions on the basis of
structural (bond length equalization, �(d), and average
bond length, dav) and magnetic (Nucleus Independent
Chemical Shift, NICS) criteria.[12]

2) Quantify the electronic delocalization from electron local-
ization function (ELF) analysis,[13] and translate the results
in terms of weighted resonance structures through a
recently disclosed method based on the integration of
electron density over ELF basins.[7d]

3) Analyze the orbital diagrams, the chromophore properties
(HOMO ± LUMO gap), and the redox properties (elec-
tron affinities, EA) of related species.

Computational Methods

Calculations of structure and properties of neutral and anionic species were
performed at the DFT level by using the B3PW91 functional. It is indeed
now recognized that despite the existence of occupied MOs with positive
eigenvalues, the DFT method is reliable for predicting properties of
negatively charged species, and especially of carbon-rich molecules such as
linear carbon chains HCnH.[14]

Geometries were thus fully optimized at the B3PW91/6-31G** level by
using Gaussian98.[15] Vibrational analysis was performed at the same level
in order to check that a minimum on the potential energy surface was
obtained.

NICS values were computed at the B3PW91/6-31�G** level according to
the procedure described by Schleyer et al.[16] The magnetic shielding tensor
was calculated for a ghost atom located at the center of the ring by using the
GIAO (gauge-including atomic orbital)[17] method implemented in Gaus-
sian98. For small rings, NICS at 0.6 ä above the ring center was shown to
minimize the paratropic contribution of the proximate � bonds. For a
comparative purpose, however, the fixation of a nonzero height parameter
over a large range of ring sizes (3 ± 15 atoms) would be quite arbitrary in the
present case. Keeping in mind that Shaik and Hiberty showed that the
electronic delocalization of benzene is imposed by � bonds,[18] NICS values
have been calculated at the center of gravity of either small or large rings.
They globally measure the magnetic effect of the delocalization of � and �

electrons, naturally weighted by their respective distance to the ring center,
without analytical separation in diatropic/paratropic effects.

ELF topological analysis was carried out with TopMoD.[19] Visualization of
ELF isosurfaces and basins was done with the freeware SciAn.[20]

Atomic charges and spin densities were derived from atoms-in-molecules
(AIM) analysis,[21] by using TopMoD.[19]

Results and Discussion

Structural and magnetic aromaticity criteria

Effect of ring expansion : The geometry of na and [na]� was
calculated in the singlet and doublet spin states, respectively.
The geometry of [na]2� was calculated in the singlet or triplet
spin state. The results are listed in Table 1.

The optimized structure of [3]radialene 1a is similar to that
of various derivatives as determined by X-ray crystallogra-
phy,[11, 22] and to recent calculations at the B3LYP/6-311G(d,p)
level.[23] All the [na]q structures were found to be planar. Their
symmetry is D3h except for [2a]� , which exhibits C2v symme-
try. The singlet state of [2a]2� exhibits Cs symmetry with two
planar �CH2 units and one pyramidalized �CH2

� unit. The
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triplet state of [2a]2�, however, is more stable by 14 kcal mol�1

and has D3h symmetry.
It is remarkable that whatever the structure [na]q, the

length of each bond type varies in the same manner upon
reduction to [na]q�1: the length of short bonds increases while
the length of long bonds decreases (Table 1). Reduction thus
results in an average bond length equalization and thus to the
enhancement of the overall (exo � endo, � � �) electron
delocalization. The delocalization is structurally measured by
�(d), namely the root mean square deviation from the overall
average C�C bond length, dav, over the radiacycle.[24] The
effect of reduction on overall delocalization is thus quantified
by the �(d) variation, which is negative for all structures but
[2a]� . The additional electron is thus localized over single
bonds and attracts electron density from multiple bonds. This
observation may be related to a spin-pairing effect, and calls
for the use of a suited analytical tool, namely the ELF analysis
(vide infra).[13]

It is worth noting that the mean bond length, dav, of any
structure increases slightly, but systematically, upon reduc-
tion. This indicates that, despite an enhanced delocalization,
the carbon atoms are globally less tightened after reduction.
�(d) and dav are directly related to Krygowski×s geometric
(GEO) and energetic (EN) structural aromaticity parameters,
respectively.[24] Their inverse variation with reduction illus-
trates the difference between geometric and energetic aro-
maticity (vide infra).

All the species [na]q, except [2a]� , have a negative NICS
value at the center of the ring, and can be considered to be
magnetically aromatic.[16] For neutral species, the NICS value
of a (expanded) cyclotrisvinylidene (radialene) can be com-
pared with that of the (expanded) cyclotrisvinylene (annu-
lene) isomer with at least the same symmetry. At a similar
level of theory, one gets: NICS(1a)��11.4 ppm versus
NICS(D6h benzene)��8.0 ppm;[8b±c] NICS(2a)��7.0 ppm

versus NICS(D3h hexadehydro[12]annulene)��106.1 ppm
(™abnormal∫ value discussed in ref. [25]); NICS(3a)�
�1.5 ppm versus NICS(D3h dodecadehydro[18]annulene)�
�10.4 ppm,[25] and NICS(D6h [C�C]6carbobenzene)�
�17.9 ppm.[8b±c] According to the NICS(0) criterion, 1a and
2a are thus more magnetically aromatic than their isomers,
but the converse holds for 3a.

On the basis of the NICS variation, [1a]q and [3a]q

experience an enhancement of magnetic aromaticity upon
reduction. A similar trend was reported for the double
deprotonation of deltic acid to the oxocarbon dianion (CO)3

2�

(�NICS(0)��2.1 ppm, HF/6-311�G**).[26a] The one-elec-
tron reduction of the magnetically aromatic expanded radi-
alene 2a yields a magnetically antiaromatic anion [2a]�

(NICS��4 ppm). ™Normal∫ behavior is, however, restored
when considering the two-electron reduction of 2a to the
magnetically aromatic triplet dianion [2a]2�. From Table 1,
magnetic aromaticity (NICS) and geometric aromaticity
(�(d)) vary in the same sense in the [1a]q and [3a]q series,
but vary in the opposite sense in the [2a]q series. The
consistency between magnetic aromaticity and geometric
aromaticity thus deserves to be scrutinized (vide infra).

Effect of substitution : The effect of substitution (expansion of
the C�H bonds) of 1a ± 3a by six ethynyl units was envisioned.
The C�C-Ar substituents of experimental structures were
simplified for C�C�H.[4d,e] The geometry of 1b, 2b, 3b and
their mono- and dianions were calculated at the same level as
above.

The results show that substitution does not qualitatively
affect the trends established in the unsubstituted series 1a ±
3a (Table 2 versus Table 1): the optimized symmetry of [nb]q

is identical to that of [na]q, except for dianions [1b]2� and
[2b]2�, which exhibit a slight distortion of the C�C�H bond
angles. The bond lengths and bond angles of the [C�C]3

kcarbo-

Table 1. NICS values and geometric parameters of nine [C�C]3
kcarbo-[3]radialenic species.[a]

Bond lengths [ä]
Symmetry exo-C�CH2 endo-C sp2-C endo-C�C endo-C sp-C sp dav [ä][b] �(d) [ä][c] NICS [ppm]

1a D3h 1.334 1.442 1.389 0.054 � 11.4
� � � � � �

[1a]�[d] D3h 1.366 1.418 1.392 0.026 � 24.5
� � � � � �

[1a]2�[e] D3h 1.400 1.406 1.403 0.006 � 31.2
2a D3h 1.345 1.438 1.223 1.361 0.088 � 7.0

� � � � � � �
[2a]� C2v 1.352 1.404� 2 1.246 1.366 0.080 � 4.0

1.387� 2 1.437� 2 1.230� 2
1.439� 2

� � � � � � �
[2a]2� D3h 1.404 1.422 1.245 1.373 0.084 � 15.0
triplet

3a D3h 1.351 1.431 1.223 1.358 1.336 0.086 � 1.5
� � � � � � � �

[3a]� D3h 1.371 1.422 1.231 1.351 1.338 0.080 � 2.2
� � � � � � � �

[3a]2� D3h 1.390 1.418 1.240 1.347 1.342 0.076 � 3.7

[a] Optimized geometries were obtained for singlet spin state at the B3PW91/6-31G** level, unless otherwise mentioned NICS values were computed at the
B3PW91/6-31�G** level. The � /� signs underline the sense of variation of column quantities from the top line to the bottom line. [b] Average C�C bond
length. [c] �(d)� (1/N�(di � dav)2)1/2 in which N is the number of C�C bonds (6, 12, or 15). [d] At the B3PW91-6-311�G** level. [e] At the
B3PW91-6-31�G** level.
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[3]radialenic core are similar to those of the unsubstituted
series. In Table 2, the variation of the vertical entries upon
reduction is always in the same sense as in Table 1.

The bond-length-equalization parameter limited to the
[C�C]3

kcarbo-[3]radialenic core of [nb]q, �(d), is systemati-
cally slightly shorter than that of the corresponding unsub-
stituted structure [na]q. Likewise, the NICS value of [nb]q is
always smaller than that of the corresponding [na]q structure.
Ethynyl substitution thus induces a consistent enhancement
of (cyclic) delocalization over the [C�C]3

kcarbo[3]radialenic
core. Nevertheless, a dramatic effect of substitution is
observed for the antiaromatic anion [2a]� (NICS�
�4 ppm), which gives the strongly aromatic anion [2b]�

(NICS��16.4 ppm).

Correlation of magnetic aromaticity with structural aroma-
ticity : In both the nonexpanded (1) and doubly expanded (3)
series, the stronger the bond length equalization, the more
negative the NICS value (Figure 1). For ten of the species
[nx]q (n� 1, 3) an exceptional linear correlation is obtained:

NICS��34.15�405.5 �(d), R� 0.9986 (1)

This shows that geometric and magnetic aromaticity criteria
vary in a highly parallel manner in series 1 and 3. The
monoexpanded species [2a]q and [2b]q, however, do not fit
into the correlation. For 2a� [2a]� , the magnetic dearoma-
tization (�NICS� 0) is consistent with group desymmetriza-
tion (D3h�C2v), but a priori not with bond-length equal-
ization (��(d)� 0). Conversely, for [2a]�� [2a]2�, the mag-
netic aromatization (�NICS� 0) is consistent with group
symmetrization (C2v�D3h), but a priori not with bond-length
differentiation (��(d)� 0). A similar situation was reported
by Krygowski for radialene,[6] which was found to be magneti-
cally antiaromatic (NICS��2.8 ppm), but exhibits a perfect
bond-length equalization (GEO���2(d)� 0: C�CH2 and
C�C bonds have equal lengths!).[27] The GEO parameter,

Figure 1. Correlation of NICS versus �(d) for species [na]q and [nb]q with
nonexpanded and doubly expanded rings (n� 1, 3). [1b]� and [1b]2� (�)
were not included in the linear regression, but even for these species, the
agreement is qualitatively acceptable (ca. 17 % error. Moreover, the three
[1b]q species (q� 0, �1, �2) are perfectly aligned).

and thus �(d), is not sufficient for ranking structural
aromaticity (e.g., �(d) vanishes for all symmetric structures
such as benzene or the cyclopropenium cation). An additional
EN parameter was thus defined to evaluate the discrepancy
between dav and dopt , where the bond length is in a perfectly
C�C�C�C resonating system.[24] The evaluation of the dopt

parameter for mixed systems involving both sp2- and sp-
hybridized atoms would require a full study, which is outside
the scope of this report.[28] Nevertheless, plotting NICS versus
dav over the homogeneous set of NICS-negative [nx]q species
affords a qualitatively good correlation (R� 0.98, except for
1a), including the monoexpanded series [2a]q and [2b]q

(Figure 2).
The magnetically antiaromatic anion [2a]� should deserve a

separate treatment.

Table 2. NICS(0) and geometric parameters of the nine hexaethynyl-[C�C]3
kcarbo-[3]radialenic species.[a]

Bond lengths [ä]
Symmetry exo-C�C endo-C sp2-C endo-C�C endo-C�C exo-C sp2-C exo-C�C dav [ä] �(d) [ä] NICS [ppm][b]

1b D3h 1.369 1.417 1.421 1.212 1.389 0.029 � 22.7
� � � � � � � �

[1b]� C1 1.390 1.406 1.419 1.216 1.398 0.008 � 26.4
� � � � � � � �

[1b]2� D3h 1.415 1.398 1.413 1.226 1.403 0.003 � 27.1
2b D3h 1.379 1.423 1.226 1.419 1.211 1.363 0.081 � 7.1

� � � � � � � � �
[2b]� C1 1.424 1.437� 2 1.224 1.411� 2 1.218� 2 1.367 0.078 � 16.4

1.393� 2 1.402� 2 1.239� 2 1.419� 2 1.214x4
1.405� 2 1.418� 2

� � � � � � � � �
[2b]2� D3h 1.429 1.409 1.240 1.411 1.222 1.372 0.077 � 14.6
3b D3h 1.386 1.416 1.226 1.352 1.418 1.212 1.337 0.081 � 1.2

� � � � � � � � � �
[3b]� D3h 1.407 1.408 1.232 1.346 1.415 1.215 1.339 0.078 � 2.3

� � � � � � � � � �
[3b]2� D3h 1.424 1.403 1.238 1.342 1.413 1.219 1.341 0.074 � 4.6

[a] Geometry optimizations were carried out at the B3PW91/6-31G** level. NICS values were computed at the B3PW91/6-31�G** level. The � /� signs
underline the sense of variation of column quantities from the top line to the bottom line. [b] dav and �(d) do not explicitly take into account the ethynyl
substituents, and are calculated over the [C�C]3

kcarbo-[3]radialenic core.
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Figure 2. Correlation of NICS versus dav, the mean bond lengths over the
[C�C]3

kcarbo-[3]radialenic core for species [na]q and [nb]q. The correlation
extends to all compounds except the parent radialene 1a and the
magnetically antiaromatic anion [2a]� (�).

The negative slope of the regression line means that the
more magnetically aromatic the species, the less stabilizing
the structure with respect to dissociation. The apparent
orthogonality of magnetic and energetic aromaticities,[29]

may exemplify Katritzky×s factor analysis and suggests that
™aromaticity∫ is a two-dimensional concept.[30] Nevertheless,
while the NICS value depends on the ring current, and thus on
the endocyclic electron delocalization, dav takes into account
both endocyclic and radial electron delocalization. Therefore,
NICS was plotted against d�av, the average bond length over
the ring only. This however afforded a much less accurate
correlation (NICS� 382 ± 289 d�av, R�� 0.926	 0.980), and
the slope, if meaningful, though still negative, is divided by 1.5.
This shows that the exocyclic double bonds are explicitly
involved in the aromatic system.

Finally, according to NICS, �(d), and dav measures, mag-
netic aromaticity varies as geometric aromaticity, but not as
energetic aromaticity.

ELF analysis :[13, 31] After having
considered the effects of ™cy-
clic∫ electron delocalization, we
now consider the electron de-
localization itself, using the
ELF analysis of the electron
density.

Topological analysis of the
ELF gradient field yields a
partition of the molecular posi-
tion space into basins of attrac-
tors (i.e. the local maxima of
ELF) bearing a chemical mean-
ing.[13, 32] These basins closely
match the electronic domains
defined by Gillespie in the
VSEPR model, and therefore
ELF analysis provides a reliable
mathematical sophistication of
Lewis× valence and Gillespie×s

VSEPR models. The ELF basins are classified as core, valence
bonding, and nonbonding basins. A core basin contains a
nucleus X (except a proton) and will be referred to as C(X). A
valence bonding basin lies between two or more core basins.
Each valence bonding basin is characterized by its synaptic
order, which is the number of core basins with which it shares
a common boundary. The monosynaptic basins therefore
correspond to nonbonded pairs (referred to as V(X)) whereas
the di- and polysynaptic ones are related to bi- or multicentric
bonds (referred to as V(X1, X2, X3, . . .). The average
populations of the basins may be obtained by integration of
the electron density. They are not expected to have integral
values, but the bond populations were found to be roughly
equal to twice the topologically defined Lewis bond orders in
extensive studies of chemical bonding.

Qualitative analysis of the ELF populations : The ELF analysis
was performed for [1a]q, [2a]q, [3a]q, q� 0, �1, and [3a]2�. For
neutral species 1a ± 3a, the ELF populations are in agree-
ment, with the ™natural∫ Lewis structure as the dominant
resonance form. In all cases, however, single-bond basins
contain slightly more than two electrons: 2.1 for C sp2 ± C sp2,
2.3 for C sp2 ± C sp basins, and 2.6 for C sp ± C sp basins.
Conversely, multiple-bond basins contain slightly less the
theoretical number of electrons: 3.5 for C sp2�C sp2 and 5.3
for C sp�C sp (Figure 3). This indicates that some delocaliza-
tion occurs in all the neutral structures.

After reduction, the additional electron does not localize
into a monosynaptic valence basin but rather scatters into the
pre-existing disynaptic valence basins. In the [3]radialene
anion [1a]� , the localization of the additional electron is
mainly endocyclic, while for the monoexpanded anion, [2a]� ,
it is mainly exocyclic. In the doubly expanded anion, [3a]� ,
the additional electron is equally shared between exocyclic
and endocyclic basins. Therefore, the additional electron of
reduced species is absorbed by the ring in [1a]� and [3a]� and
is repelled to the peripheral exo bonds in [2a]� . As far as

Figure 3. ELF basins of unsubstituted carbo-[3]radialenic species, and variation of their respective populations
upon reductions. Underlined populations correspond to the main localization of the additional electron(s) with
respect to the neutral form. The values of the ELF populations given for the C2v-symmetric anion [2a]� are
averaged in the D3h approximation.
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aromaticity is related to the endocyclic electron delocaliza-
tion, these results are consistent with the decrease of magnetic
and structural aromaticity during the first reduction of 2a
(notice that despite the exact C2v symmetry of [2a]� , the
values of the ELF populations given in Figure 3 are averaged
in the D3h approximation). The ELF analysis of the electron
density (Figure 3) is in qualitative agreement with the
structural effect on the bond- length equalization (Table 1).

After the second reduction, the dianion of the doubly
expanded[3]radialene, [3a]2�, exhibited a monosynaptic va-
lence basin at the CH2 termini. It corresponds to the lone pair
of a localized carbanion. The electron density of the adjacent
exo double bonds of the intermediate monoanion [3a]� was
equally shared between the lone pair basins and the ring
basins. The second reduction process thus results in a local-
ization of the electron density at the periphery of [3a]2�.

Quantification of resonance forms : Resonance theory, or
mesomerism, is convenient for the visualization of aromatic-
ity: the cyclic delocalization of � electrons is measured by the
degree of equivalence of Kekule¬ -like resonance forms.
Relevant resonance forms are Lewis structures, whose
stability is selected on the basis of classical rules.[33] Quanti-
tative weighting of resonance forms has been attempted by
different methods.[7d, 12a, 24, 34] A method based on ELF analysis
has recently been disclosed,[7d] and is applied here to the
neutral and anionic unsubstituted [na]q, q� 0, �1. The most
relevant resonance forms have been selected according to
classical rules,[33] and upon consideration of AIM charges and
spin densities. A system of linear equations relating the ELF
basins populations and bond orders of the weighted Lewis
structures may then be written. The least-squares method is
applied to solve the linear equations system when no exact
solution is available. The procedure is illustrated in the
Supporting Information for the case of [3a]2� (see below).

The results are summarized in Figure 4. The six compounds
are well described by two, or at most three, types of
nonequivalent resonance forms.

The major form (60 %) of [3]radialene 1a is nonzwitter-
ionic, and has a greater weight than all the minor zwitterionic
forms (6� 6.7� 40 %). This, however, indicates that electron
delocalization occurs in [3]radialene. This is consistent with
the very negative NICS value and with recent thermochemical
estimates, by aromatic stabilization energies (ASE), of the
energetic aromaticity of [3]radialene.[10] In the reduced
species [1a]� , two types of resonance forms occur: the weight
of three equivalent forms (3� 11.3� 34 %) is almost equal to
the weight of six other equivalent forms (6� 11.0� 66 %).
This indicates an enhanced electron delocalization. In ac-
cordance with the higher stability of secondary carbanions,
the negative charge remains at the exocyclic carbons C�

rather than at the endocyclic ones, C� (see Scheme 1). This
resonance weighting is in perfect accordance with the
calculated AIM spin density: 66 % at C� and 34 % at C�

(see Supporting Information).
The major (or minor) resonance form of [2a] is the ring

carbomer of the major (or minor) form of 1a, and the
corresponding weights are preserved. This is a quantitative
illustration of the statement that resonance is preserved by

Figure 4. ELF-based quantification of resonance forms of [na]q species.
The formal number (n) of paired �z electrons inside the ring and their
weighted mean are given in the square cells.

™carbomerization∫.[5] Attempts to consider mesomeric forms
featuring possible in-plane homoaromaticity (Dewar-type
valence isomers with three additional � bonds) yields
negligible weights for the corresponding Lewis structures.
This situation is markedly different from that of [C,C]3carbo-
cyclopropenylide, in which in-plane homoaromaticity was
evidenced through a nonzero weight (16%) of the corre-
sponding � resonance forms (Scheme 3).[7d]

Scheme 3. Resonance weighting of [C�C]3carbocyclopropenylide ion.[7d]

The major resonance forms of the reduced species [2a]�

exhibit a maximum separation of formal atomic spin and
atomic charge.[35] These forms occur with about the same
weight as their carbomeric resonance forms in [1a]� (54 %
versus 66 %). Nevertheless, in [2a]� , the resonance forms with
adjacent atomic spin and charge ([1a]�: 3� 11.3� 34 %) are
negligible. Instead, spin and charge undergo an intermediate
separation at C� and C� (2� 6� 3.8� 2� 23� 46 %). This
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resonance weighting is again in accordance with the calcu-
lated AIM spin density: AIM(C�)� 80 % (ELF resonance:
77 %), AIM(C�)� 0 % (ELF resonance: 0 %), AIM(C�)�
20 % (ELF resonance: 23 %) (see Supporting Information).
According to this analysis, the radical is absent from the C�

vertices. This suggests a limited cyclic delocalization and thus
a reduced aromaticity, in agreement with the positive NICS
value for [2a]� .

The major form (40%) of 3a is the second-generation ring
carbomer of the major form (60 %) of 1a. The minor
zwitterionic form (6� 4.2� 25 %) of 3a is the second-
generation ring carbomer of the minor forms (6� 6.7�
40 %) of 1a. Other forms are required to obtain a resolvable
system of equation. These forms (6� 5.8� 35 %) contain an
alternating double � /� charge separation. As in [2a]� , the
major resonance forms of the reduced species [3a]� exhibit a
maximal separation of spin and charge, and occur with about
the same weight as their carbomeric resonance forms in [1a]�

(6� 10.3� 62 % versus 6� 11.0� 66 %). Charge and spin then
undergo an intermediate separation at C� and C�, respec-
tively (6� 6.0� 36 %). Finally, the resonance form with
adjacent spin and charge occurs with a low, but nonzero,
weight in [3a]� (3� 0.7� 2 %). This resonance weighting is in
qualitative accordance with calculated AIM spin densities:
AIM(C�)� 48 % (ELF resonance: 62 %), AIM(C�)� 9 %
(ELF resonance: 2 %), AIM(C��C�)� 2� 18� 36 % (ELF
resonance: 36 %).[36]

The number of a priori possible resonance forms increases
with both reduction of symmetry and the extent of conjuga-
tion (substituted species [nb]q were not considered). This
number increases with charge as well. For the large dianion
[3a]2�, for which monosynaptic valence basins (lone pairs)
appear at the C� termini (Figure 3), the procedure led to
three kinds of resonance forms (Figure 5). Two of them
exhibit a � /� charge separation, and the minus charge is
clearly (de)localized at the (C�)2C��C� corners with a strong
weight at the C� termini.

Figure 5. Frontier orbitals of neutral species 1a, 2a, and 3a.

In Figure 4 the formal numbers, n, of paired �z electrons
inside the ring are listed. They are calculated by using the
weights (wi) of the resonance form and the corresponding
numbers ni of paired �z electrons inside the ring: n��wini .
Their utility is illustrated in the next section.

Proposition of an heuristic density-based H¸ckel-like rule : The
unidimensional correlation of NICS versus �(d) (Figure 1)

works perfectly in the series [1x]q and [3x]q, but fails for the
series [2x]� (x� a, b). Beside �(d), other variables should
therefore intervene in an eventual general correlation en-
compassing all the species. Considering that electron-density-
based theoretical tools (AIM, ELF, .. .) are modern alterna-
tives to orbital-based tools, a formal continuous H¸ckel rule
might be heuristically derived from electron density. Accord-
ing to the discrete orbital-derived H¸ckel rule, the aromatic
character (e.g. the sign of the NICS) of annulenes depends on
two variables: the singlet/triplet spin state (S� 0, 1) and the
parity number of endocyclic paired �z electrons (n� 4m�2,
4m). Analogous rules were proposed for radialenes by
Aihara.[37b] In terms of electron density, n can be fractional
(see preceding section) and its generalized ™parity∫ could be
expressed by a periodic function of n. We therefore sought for
a correlation of the form:

NICS�A � B �(d) � CFS(n) (2)

Here A, B, and C are constants, and F(S,n) is a parity
function of spin and electron numbers. Assuming a parity
function form:

FS(n)� [fS cos(n�/4) � (1� fS) sin(n�/4))]cos(n�/4)

and

fS � sin2(S�)

we incidentally found that Equation (2) affords an excellent
correlation for A��37.5, B� 410 ä�1, C� 9.6 (R� 0.992 for
seven species: [na]q, q� 0, �1, and [3a]2�).[38]

This correlation is absolutely not theoretically demonstrat-
ed and limited to the above set of species. At this point, it is to
be considered an empirical observation.

Orbital analysis : H¸ckel molecular orbital analysis of radia-
lenes has long been derived. It has been used to calculate
resonance energies, and a 4N/4N�2 H¸ckel-type rule was
proposed for even radialenes, where N is the (even) number
of vinylidene units.[37b] In contrast to their isomers benzene
and carbobenzene, [3]radialene 1a and carbo-[3]radialenes
2a, 3a are nonalternate polyenes.[39] Thus, according to a �-
variable-H¸ckel treatment, [3]radialene exhibits doubly de-
generate � MOs except for the lowest �-bonding MO and the
LUMO. This is confirmed here with the DFT MOs (Figure 5).
For expanded radialenes, the � MOs can be separated into �z

and �xy types. In all cases, the HOMO and LUMO are of the
�z type. The �z orbitals of 1a, 2a, 3a are depicted in Figure 5.
Whereas 3a displays the same HOMO ± LUMO degeneracy
pattern as 1a, 2a displays a converse pattern. This point is to
be related to the peculiar behavior of the expanded series 2
with respect to series 1 and 3, for the variation of NICS versus
�(d).

As expected from consideration of the extension of the
conjugation domain, the HOMO ± LUMO gap is larger for
the nonexpanded species 1a (4.61 eV). It is however, larger by
0.72 eV for the singly expanded radialene 2a than for the
doubly expanded radialene 3a. Moreover both the HOMO
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and LUMO of 2a are, respectively, higher in energy than the
HOMOs and LUMOs of both 1a and 3a. In other words 1a
and 3a are less ™reactive∫ than 2a. This is a signature of a
higher ™chemical aromaticity∫ of 1a and 3a than with 2a. It is
well known that ground-state DFT MO eigenvalues are not
meaningful as absolute electron energies, but are generally
linearly correlated with the corresponding Hartree ± Fock
MO levels.[40a] This has been verified for the neutral species
1a, 2a, and 3a.[40b] At the HF/6-31G** level, the value
HOMO(1a)��9.00 eV is in perfect agreement with the
reported ionization potential IE(1a)� 9.0 eV.[41, 42] The HF
HOMO ± LUMO gap of 1a (10.62 eV) is different from the
energy gap (�E� 4.29 eV) corresponding to the experimental
UV/Vis absorption at �max(1a)� 289 nm.[42] The HF two-level
approximation is therefore not valid, but incidentally, it might
be worth noting that the �E value is in agreement with the
DFT HOMO ± LUMO gap of 1a (4.61 eV, Figure 5).

Electron affinities : In a first approach, the electron affinity,
EA, can be estimated from the above MO diagram from the
LUMO energy (Figure 5). Exact vertical and adiabatic EAs
have also been calculated. The results listed in Table 3 show
that the three EA measures are strongly correlated. The EAs
increase as a function of the degree of peripheral expansion

(EA([na]q)�EA([nb]q)), but do not vary systematically as
a function of the degree of ring expansion (EA(2x)�
EA(1x)�EA(3x), x� a, b). Nevertheless, the maximum
EA value occurs for the doubly ring-expanded representatives
3. These trends parallel the variation of aromaticity with
monoelectronic reduction and ring expansion (Tables 1 and
2).

Regarding the second electron affinity, a weak but positive
electron affinity of [3a]� was anticipated from the weak
enhancement of both magnetic and structural aromaticity in
[3a]2� (Table 1). Nonetheless, and despite the existence of
three types of major resonance forms exhibiting 14 paired �z

electrons in [3a]2�, the electron affinity of [3a]� turns out to
be even negative. This observation is finally in accordance
with the localization of the last added electron of [3a]2� in
exocyclic monosynaptic ELF valence basins (lone pairs, see
Figure 3).

Substitution of [3a]2� by six ethynyl units results in an
increase of the electron affinity by 1.8 eV in [3b]2�. This
observation is parallel to the enhanced structural ± magnetic
aromaticity of [3b]2� as compared with [3a]2� (Table 2).
Although aromaticity (cyclic component of electron delocal-
ization) is moderately affected by ethynyl substitution, the

external triple bonds here exert a strong (acyclic) delocaliza-
tion effect. This observation is to be compared with the
stabilization of the dianionic [3]radialene framework by
delocalization toward three fulvene or 9-fluorenylidene sub-
stituents (Scheme 4).[43] This stabilization is driven by the

Scheme 4. Aromaticity-stabilized [3]radialene dianion.

aromaticity of both the central cyclopropenium ring and of
the three radial cyclopentadienyl anions. A similar argument
accounted for the stability of the Fukunaga-type dianionic
synthetic intermediate of hexaaryl[3]radialenes, and for the
rather weakly negative second reduction potential of the
latter as determined by cyclic voltammetry.[22a]

Although reduction potentials are not available for the
parent compounds 1a,b, 2a,b, and 3a,b, experimental studies
have been performed on derivatives of 1a,b and 3b, while the
carbo-[3]radialenes 2a,b and 3a are still elusive compounds
that await to be synthesized. Yet, Tykwinski and co-workers[4f]

have prepared a higher analogue of 2a, an expanded
[6]radialene, although no electrochemistry data are reported.
Radialenes with the core of 3b have been successfully
synthesized from suitable tetraethynylethene (TEE) precur-
sors.[4b±e] However, attempts to synthesize derivatives of
radialenes 3a containing peripheral cyclohexylidene substitu-
ents by cyclization of related dendralenes have so far failed.[44]

It seems that the peripheral acetylene moieties in 3b add a
remarkable stability to these scaffolds. To our knowledge, the
redox chemistry of [3]radialene 1a or methylated derivatives
thereof has never been exploited, whereas the octamethyl[4]-
radialene 4 (Scheme 5) was subjected to an electrochemical
study by Bock and Rohn (Table 4).[45] This radialene was

reduced at the very low potential of �2.6 V versus SCE in
DMF, this corresponds roughly to about �3.0 V versus Fc/
Fc�, hence at a considerably lower potential than that
obtained for the perethynylated [3]radialene 5 (�0.96 V
versus Fc/Fc� in THF),[11] a silylated derivative of 1b.

Table 3. Electron affinity (B3PW91/6-31G** [eV]) versus the expansion
degree of [3]radialene.[a]

EA 1a 1b 2a 2b 3a 3b [3a]� [3b]�

� �(LUMO) 2.08 3.49 1.89 3.02 2.67 3.51 � 1.56 0.41
Vertical 0.07 2.05 0.33 1.72 1.22 2.45 � 2.46 � 0.62
Adiabatic 0.19 2.14 0.42 1.84 1.35 2.51 � 2.40 � 0.58

[a] The three measures are correlated by: Adiabatic EA
Vertical EA �
0.09
� �(LUMO)� 1.26 eV.

Table 4. Cyclic voltammetry data for related species (see Scheme 5).[a]

4[b] 5[c] 6[d] 7[d] 8[c] 9[d] 10[c] 11[c] 12[d]

E1
red � 2.6 � 0.96 � 1.30 � 1.28 � 1.08 � 1.63 � 1.52 � 1.36 � 1.30

[V] (1 e�) (1 e�) (1 e�) (1 e�) (1 e�) (1 e�) (1 e�)
E2

red � 1.51 � 1.60 � 1.46 � 1.28 ± � 1.89 � 1.74 ±
[V] (1 e�) (1 e�) (1 e�) (1 e�) (1 e�) (1 e�)

[a] First and second reduction potentials are expressed versus Fc/Fc� if not
otherwise stated. [b] Solvent: DMF; potential versus SCE. [c] Solvent: THF.
[d] Solvent: CH2Cl2.[4b±e, 11, 45]
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Scheme 5. Experimentally known [4]- and [3]radialenes 4 and 5, expanded
[3]- and [4]radialenes 6 ± 8, and expanded dendralenes 9 ± 11 and poly-
(triacetylene) 12 related to the theoretical species 1a, 1b, and 3b,
respectively.

However, care must be taken when extrapolating the
influence of the peripheral acetylene groups by comparing
radialenes of different ring sizes. Indeed, since the ionization
energy of 1a (IE� 9.0 eV,[41] 8.94 eV[42]) is significantly higher
than that of 4 (IE� 7.30 eV[45]), and the difference in the
longest wavelength absorption maxima, reflecting the
HOMO ± LUMO gaps, only corresponds to about 0.3 eV (�max

(1a)� 289 nm,[42] �max (4)� 307 nm[46]), then [3]radialene 1a is
expected to be more readily reduced than [4]radialene 4, that
is, at an anodically shifted potential and hence closer to that of
5. The different substituents of 4 as compared with 1a as well
as the larger core size are important differences to take into
account.

The electron-accepting strength of doubly expanded [3]-
and [4]radialenes is very similar, that is, strong in both cases,
as revealed by comparing 6 and 7, both containing electron-
donating anilino substituents.[4d,e] Actually, the reductions
occur slightly more readily for 7 than for 6, in particularly the
second reduction. These two radialenes differ by four paired
�z electrons inside the ring, and these rings are presumably
planar in both cases. In contrast, we have found by X-ray
crystallographic analysis that a doubly expanded [6]radialene
adopts a nonplanar, chair-like conformation and is reduced at
slightly more negative potential.[4e] The enhanced electron
affinity of perethynylated doubly expanded radialenes rela-
tive to their acyclic dendralene counterparts is evident when
comparing the first and second reduction potentials between
radialenes 6, 7 and TEE dimer 9, and between radialene 8 and
TEE dendralenes 10, 11. The radialenes accommodate one or

two electrons much more readily. The strength of cyclic cross-
conjugation is also revealed when noticing that radialenes 6
and 7 are even better electron acceptors than the linearly
conjugated poly(triacetylene) 12, which contains the same
number of anilino moieties per TEE unit.[4d]

The present calculations explain confidently, for the first
time, the strong electron affinity of the perethynylated
[3]radialenes 5 and 6 (and indirectly of the 17 �z prearomatic
[7]�and [8]�) by two factors: i) aromaticity enhancements
when proceeding from the neutral core to the singly charged
one and subsequently to the doubly charged one, ii) an acyclic
delocalization effect exhibited by the external triple bonds.
The NICS calculations showed that these two effects are not
independent: ethynyl substitution enhances cyclic delocaliza-
tion ([3a]q versus [3b]q, q� 0, �1, �2). Taking the calcula-
tional and experimental results together, it seems reasonable
to make a generalization of the simple (integral) H¸ckel rule,
allowing us to classify 4m�2 �z structures of the type
[C�H]6[C�C]3

kcarbo-[3]radialene(�2) (k� 0, 2) as aromatic:
k� 0 implies m� 0 (2�z), k� 2 implies m� 3 (14�z), as
well as structures of the type [C�H]8[C�C]4carbo-[4]radi-
alene(�2) (m� 4, 18�z).

Conclusion

Both the theoretical tools used (ELF analysis,[13, 31, 32] aroma-
ticity theory,[12] resonance theory[34]), and the experimental
targets studied (carbon-rich molecules,[47] organic redox
chemistry, organic chromophores) stand at the crossing point
of active research domains. A concise summary of the results
is that the question of the ™aromaticity∫ of radialenes and
their expanded versions is relevant but not univocal. The
structural and magnetic criteria vary in a parallel manner. This
variation can be analyzed in terms of cyclic electron deloc-
alization from the electron density by using the ELF theory.
The analysis is refined by using an heuristic density-based
generalization of the orbital-based H¸ckel rule. Aromaticity
(cyclic electron delocalization[12]) gain is a driving force of
facile reduction processes, measured by high electron affin-
ities. Radial electron delocalization over ethynyl substituents,
however, plays a determining role for the very strong
magnetic aromatization of the antiaromatic anion [2a]� , and
for the general enhancement of the electron affinity of
monoanions. The energetic aromaticity criterion measured by
dav is orthogonal to structural and magnetic criteria. A refined
measure of the former criterion (energetic effect of the cyclic
component of delocalization, measured by resonance energies
or aromatic stabilization energies) will require a comparison
of expanded [3]radialenes with expanded dendralenes as
acyclic references.[48] The study of expanded [3]dendralenes is
therefore the first natural prospect of this work.

As emphasized in the introduction, the parent [3]radialene
framework was selected as a prototype, and we must remain
aware that the results are quite homogeneously, but system-
atically, marked by the extreme steric strain of the ring size.
On the other hand, the parent [6]radialene framework would
correspond to the steric-strain-free situation (in the absence
of cumbersome ethynyl substituents[4e]). Such a study surely
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deserves to be undertaken. Finally, it is worth noting that
reduced cyclohexabutatrienylidene derivatives have recently
been described.[49] Following our above discussion, the
expansion of [3]radialenes at the level of the exocyclic C�C
bonds, leading to [C�C]3

lcarbo-[3]radialene(q) structures,
appears a natural progression from both a theoretical and
an experimental point of view.

The present calculations confidently support our previous
hypothesis regarding the exceptional ability of doubly ex-
panded [3]- and [4]radialenes to accommodate electrons,
namely that this ability is promoted by aromaticity enhance-
ments.
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