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Heliphenes and Related Structures
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Abstract: This review discusses from a qualitative viewpoint three-dimensional structures (hydrocarbons and carbon allo-
tropes) that can be obtained from the 4,6,12-archimedean tiling of the Euclidean plane (graphenylene net) or that are re-
lated to subgraphs derived from the graphenylene net, insisting on helical structures called [n]heliphenes with alternating
4- and 6-membered conjugated rings. Analogies with benzenoid [n]helicenes allow proposals for non-planar heliphene-

related structures that have yet to be explored.
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INTRODUCTION: CARBON NETS, HELICENES,
CIRCULENES, AND HELIPHENES

A plane can be covered in three ways by one type of
regular polygons, forming regular nets (Platonic tilings of
the Euclidean plane) namely by triangles (tiling denoted by
3% with vertices having degree 6 because six lines meet at
every vertex), squares (tiling 4*, with vertices of degree 4),
or hexagons (tiling 6°, a trivalent regular graph, having verti-
ces of degree 3). The last net, with vertices occupied by sp*-
hybridized carbon atoms, corresponds to graphene [1, 2].
Portions of graphene (the honeycomb lattice) are carbon
skeletons of polycyclic aromatic compounds (benzenoids).
They have been classified into catafusenes, perifusenes, or
coronafusenes according to their dualists being acyclic, 3-
membered-cyclic, or higher-membered-cyclic, respectively.
Larger portions of graphene may be folded into three-
dimensional geometries such as nanocones, nanotubes, or
toroidal structures. Special classes of catafusenes can be
forced out of planarity, as will be discussed in the next para-
graph about helicenes. An early article on possible carbon
structures different from graphite or diamond was published
by one of the present authors in 1968 [3], and it was fol-
lowed by a few other reviews on the same topic [4-6].

[n]Helicenes are benzenoid hydrocarbons with fascinat-
ing properties [7-10], including enormous values for their
specific rotation. For [n]helicenes, a plot of specific rotation
versus n has two humps and has a “maximum chirality” at n
= 14 [11]. [n]Helicenes may be defined as cata-condensed
benzenoids with n > 5 whose dualist graph notation is a se-
ries of digits 1 [12, 13]. The resolution of [7]-, [8]-, and [9
Thelicenes was originally performed by Martin and cowork-
ers using Pasteur’s laborious method of picking out single

*Address correspondence to this author at the Texas A&M University at
Galveston, Department of Marine Sciences, 200 Seawolf Parkway,
Galveston, TX 77553, USA; Tel: +1-409-741-4313; Fax +1(409)7414313;
E-mail: balabana@tamug.edu

Department of Chemistry, University of California at Berkeley, Berkeley,
California 94720-1460, USA, Tel: +1-510-642-0286: Fax: +1(510)6435208;
E-mail: kpcv@berkeley.edu

1874-0952/11

crystals, dissolving them, and looking at their optical rotation
[14, 15]. Since then many other and more efficient synthetic
methods have been developed [7, 16], including photocycli-
zations of cis-stilbene derivatives with circularly polarized
light providing optically active compounds [17, 18].

The syntheses of [n]helicenes were reviewed by Martin
[19], who prepared such compounds with up to n = 14 ben-
zenoid rings [20-22]. The racemization proves that their
molecules are flexible; theoretical studies on the racemiza-
tion barriers indicate that a methyl in position 1 of a penta-
or hexahelicene raises the barrier to a value comparable with
that of hexa- or heptahelicene, respectively [23].

Unlike the situation of many other benzenoids, the car-
bon scaffold of helicenes is not a portion of the graphene
lattice. Thus, hexahelicene has two more carbon atoms than
coronene (whose carbon framework is a portion of a gra-
phene sheet). Whereas it is difficult to choose a first term for
the [n]helicenes (e.g. phenanthrene with n = 3?), it is certain
that hexahelicene with n = 6 benzenoid rings, and all the next
helicenes till the highest known member of this series, can-
not have planar structures. Even pentahelicene does not have
a planar structure because of steric hindrance due to its hy-
drogen atoms. Mezey and coworkers [24] calculated geo-
metries of helicenes and related systems as models towards
helical graphites with wider ribbons than a single benzenoid
ring.

Helicenes have no “anthracenic subgraph” and therefore
belong to the class of fibonacenes because their numbers of
Kekulé structures are Fibonacci numbers [25]. Irrespective
of the direction of kinks along the catafusenic dualist graph,
as long as there is no zero in the dualist graph notation, all
such catafusenes with the same number n of benzenoid rings
have the same numbers of Kekulé structures, and they are
therefore called isoarithmic [26] or isoresonant [27, 28].

Several theoretical studies on the aromaticity of helicenes
reported that their non-planarity does not decrease markedly
their stability [29, 30]. Schulman and Disch [31] compared
the calculated energies of helicenes with their fibonacenic
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zigzag isomers called [n]phenacenes up to n = 16 and found
that the energy of the latter are not much lower.

Heterohelicenes have been explored since Wynberg
started his research on thia-analogues [32]. This research
area has developed rapidly, and has been reviewed in book
chapters by Rajca and coworkers [33] as well as by Sato and
Arai [34]. Whereas azahelicenes and their azonia counter-
parts (review [35]) have racemization barriers comparable to
those of the corresponding helicenes, introduction of 5-
membered rings as in the oxa-, thia-, and azathiahelicenes
lowers these barriers; oxahelicenes have considerable lower
barriers than thiahelicenes with the same number of rings
[36]. New synthetic methods have been developed for ob-
taining regio-defined heterohelicenes [37-41].

Circulenes are peri-condensed aromatic hydrocarbons
with a closed loop of angularly annelated benzenoid rings
around an inner ring: [5] circulene is called corannulene, and
[6] circulene is called coronene. With an inner 12-membered
ring, one has a fragment of the graphenylene sheet which
will be discussed in a later section as the antikekulene hy-
drocarbon [12] circulene or [6] phenylene.

Among the semiregular nets (Archimedean tilings of
the Euclidean plane) that contain more than one regular
polygon, three of them have degree 3, and are denoted as (3,
12%), (4,8, and (4,6,12). If the first tiling would be a carbon
allotrope, it would be non-alternant and extremely strained,
but the other two involving 4-, 6-, 8- and 12-membered rings
would be alternant and less strained. The second tiling is
shown in Fig. (1). The analogy with benzenoids can be ex-
tended to portions of this (4,8%)-tiling, giving rise to 2D-
structures (cata-condensed, peri-condensed, or corona-
condensed fragments), and to 3D-structures such as analogs
of nanocones or, as shown in Fig. (2), nanotubes. The antia-
romatic character of planar conjugated 4- and 8-membered
rings, however, is expected to cause marked differences from
benzenoids, destabilizing all planar structures.

At this point one should make a distinction between regu-
lar or semiregular tilings where all vertices are equivalent,
which are discussed in the present paper, and non-regular
tilings, where there are differences among vertices: one such
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Fig. (1). The 4,8%-archimedean tiling of the Euclidean plane.
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Fig. (2). Stereo-view of a nanotube formed from the (4,8)-net.

“biphenylene sheet” [42, 43] contains 4-, 6-, and 8-mem-
bered rings, and has a third of the vertices common to one 6-
membered and two 8-membered rings, with the remaining
vertices common to one 4-membered, one 6-membered, and
one 8-membered ring (therefore in order to make this net
planar, these polygons cannot have normal bond angles).
From this “biphenylene sheet” one cannot obtain bent or
kinked [n]phenylenes, because it contains only linear
[n]phenylene fragments. The “biphenylene dimer” (strictly
speaking a bis-dehydro dimer), which is a fragment of this
sheet, was synthesized by Rajca and coworkers, and its non-
planar structure was determined by X-ray crystallography of
a tetra-tert-butyl derivative [44]. The parent is also formed
by flash-vacuum isomerization of the angular [4] phenylene,
as an intermediate in its flash-vacuum conversion into
coronene [45].

[n]Phenylenes are portions of the semiregular (4,6,12)-
tiling of the Euclidean plane: one may construct a theoretical
analogue of a graphene sheet from biphenylene motifs in this
tiling which is called graphenylene (Fig. 3) that has 12-, 6-,
and 4-membered rings which provide a tiling of the Euclid-
ean plane (three regular polygons with bond angles 150°,
120°, and 90° meeting at a vertex) By analogy with graphitic
nanotubes one can devise similarly constructed phenylene-
nanotubes. Two examples (presented in Figs. 4 and 5) result
by rolling a rectangular portion of graphenylene around an
axis that is oriented vertically or horizontally in Fig. (3) and
connecting corresponding dangling bonds. By analogy with
graphitic nanocones, one can consider phenylene-nanocones;
an example of the “bluntest” such nanocone is shown in Fig.
(6), resulting by cutting off a 60° sector from the graphen-
ylene sheet, and connecting dangling bonds in the remaining
300° sector.

By counterbalancing the antiaromaticity of cyclobutadi-
ene with the aromaticity of benzene (and possibly of the pla-
nar cyclodecapentaene), one can devise aggregates of 4- and
6-membered conjugated rings, which again can be grouped
into cata-condensed, peri-condensed, or corona-condensed
structures. A well-known planar molecule is biphenylene
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(dibenzocyclobutadiene), a stable compound (unlike cy-
clobutadiene and bicyclo[4.2.0]octatetraene, also called ben-
zocyclobutadiene).

Fig. (4). Stereo-views of a zigzag phenylene-nanotube (analog of a
single-wall zigzag graphitic nanotube).
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Fig. (5). Stereo-views of an armchair phenylene-nanotube (analog
of a single-wall armchair graphitic nanotube).

Fig. (6). Stereo-views of a phenylene-nanocone from 5 sectors of
graphenylene.

Vollhardt and his coworkers have developed the rich and
interesting chemistry of higher stable biphenylene homo-
logues (“[n]phenylenes™), in which condensed 4-membered
rings alternate with benzenoid rings: reviews [46-48] and
synthetic strategies [49-64]. Flash vacuum pyrolysis was an
early method, which reached its limit at [4]phenylenes. The
inter- and intramolecular cyclotrimerization of alkynes, cata-
lyzed by various complexes of cyclopentadienylco-
balt(dicarbonyl) or cyclopentadienylcobaltbis(ethylene), was
much more successful. In the linear phenylene series, the
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Fig. (7). Top row: cyclic [6]phenylene (“antikekulene™) and cyclic [6]naphthylene with 4-membered rings having only exocyclic double
bonds; bottom row: cyclic [3]naphthylene. Cyclic [6]naphthylene has also inner hydrogens.

electronically activated nature of the n-frame caused the
metal to stay attached during the cyclization, requiring a
separate demetallation step. Interesting haptotropic shifts of
such cobalt-n’-cyclopentadienyl complexes were observed
[65].

For cata-condensed phenylenes, one may use a similar
coding to that proposed for catafusenes based on digits 0 (for
linear condensation) and 1, 2 (for left/right condensation)
[12, 13]. Other authors have discussed theoretical aspects of
[n]phenylenes:

Schulman and Disch provided extensive computations on
energetic aspects and NMR chemical shifts [66-70].
Trinajsti¢ et al. [71] have drawn attention to the fact that the
HOMO-LUMO gap of linear [n]phenylenes decreases rap-
idly with increasing n, unlike the behavior of zigzag
[n]phenylenes. Gutman proved that the “hexagonal squeeze”
of the phenylene (replacement of the 4-membered ring by a
double bond) that reduces a phenylene to a benzenoid has the
interesting consequence that the algebraic structure count of
a phenylene is equal to the Kekulé structure count of the
hexagonal squeeze [72]. Even more interesting is the fact
that if the hexagonal squeeze is a “claromatic” benzenoid
[73] (what Clar had called a fully-benzenoid hydrocarbon,
with hexagons being either “empty” or having an aromatic
sextet [74]), then the rings in the phenylene corresponding to
the “empty” rings in the “claromatic” benzenoid have the
weakest cyclic conjugation [75-79]. Thus such phenylenes
behave as “anti-Clar structures”.

Phenylene analogues of coronene ([6]circulene) and
corannulene ([5]circulene) are displayed in Figs. (7 and 8),
respectively. The former analog, which has not yet been ob-
tained despite several attempts [80] (to be called cy-
clo[6]phenylene) may be considered to represent “antikeku-
lene”, because the six 4-membered rings replace benzenoid
rings in kekulene and because the major resonance contribu-
tor (avoiding double bonds in these rings, thus minimizing
cyclobutadienoid character; see Fig. 7) accentuates periph-
eral “superdelocalization”, both loops being also antiaro-
matic. On alternating higher acenes with 4-membered rings,
one may imagine cyclic naphthylenes (Fig. 7), cyclic
anthrylenes, etc. Phenylene analogues of the recently discov-
ered allotropic forms of carbon, fullerenes such as buckmin-
sterfullerene, can also be imagined [81, 82]. Fig. (9) presents
a stereo-view of archimedene [83], in which a 10-, a 6-, and
a 4-membered ring (regular polygons with bond angles 144°,
120°, and 90°) meet at a vertex. None of these phenylenic
structures have yet been prepared.

[n]Heliphenes

Angular phenylenes can be considered to be related to
fibonacenes. In particular, one can have angular
[n]phenylenes (henceforth called [n]heliphenes) when the
number of benzenoid rings is n, and the number of 4-
membered rings is n - 1. Thus, Fig. (10) presents
[6]heliphene (hydrogen atoms in the latter cause the mole-
cule to adopt a non-planar geometry) and Fig. (11) displays
stereo-views of [12]heliphene. Starting with Fig. (10), a few
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of the following stereo-views no longer include explicitly
hydrogen atoms in order to avoid cluttering of the drawings.

Fig. (8). Stereo-view (side and front views) of phenylene-

[5]circulene (analog of corannulene); the 10 hydrogen atoms are not
shown.
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Fig. (9). Stereo-view of archimedene.
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Fig. (10). [6]Heliphene.

Syntheses of [6]-, [7]-, [8]-, and [9] heliphenes have been
reported by Vollhardt and coworkers [55,58], and theoretical
considerations by Mezey and coworkers [24]. The present
paper discusses structures that could be derived from
heliphenes and may constitute the object of future synthetic
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Fig. (11). Stereo-views of [12]heliphene (side and front view).

efforts. Another new challenging structure has benzenoid
rings in phenylenes replaced by a higher catafusene (naph-
thalene, phenanthrene, anthracene, etc.). Fig. (12) presents
the challenging [6]naphthylene, yet unknown.

Fig. (12). Stereo-views of [6]helinaphthylene (side and front view).

Double Helix Heliphenes

Whereas DNA has two thread-like macromolecules held
together by hydrogen bonds between purine and pyrimidine
bases, one can imagine a double helix formed by two tape-
like heliphenes held together by attractive n-electron interac-
tions. Fig. (13) displays such a double helix from two
[12]heliphenes.

Intermolecular Dehydrogenation Products

In a theoretical exploration of hypothetical intramolecu-
lar and intermolecular dehydrogenations of helicenes, inter-
esting structures were published [84]. Wynberg and cowork-
ers [85] had described dehydrohelicenes obtained from [5]-
and [6]helicenes by AlClz-catalyzed intramolecular dehydro-
genation (Scholl reaction [86]). In the benzenoid series, simi-
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Fig. (13). Stereo-views of the double helix formed by two
[12]heliphenes (side and front view).

lar reactions (with higher yields in the presence of CuCl,
which acts also as oxidant, in Kovacic-type reactions (dehy-
dro coupling of aromatic rings [87]) have been carried out by
Millen and coworkers for obtaining experimentally large
claromatic benzenoids [88].

By analogy, one can consider the product of intermolecu-
lar “straight-dehydrogenation” of the double helix that was
presented in Fig. (10) (i. e. the new C — C bonds are formed
by eliminating hydrogens in a 2 + 2 process resulting in new
4-membered rings); the product is a helical structure similar
to a tobogan, displayed in Fig. (14). One may observe that
there are four 4-membered rings condensed to an 8-
membered ring, in addition to benzenoid rings. When “inter-
calated-dehydrogenation” takes place (i. e. when the new C —
C bonds are formed by eliminating hydrogens in a 2 + 4
process resulting in new 6-membered rings) the resulting
structure should be more stable; Fig. (15) presents such a
“loop-roller-coaster” structure. Colors in Fig. (15) help in
observing that there are only 6-membered rings condensed
with two 4-membered rings, and no 8-membered rings.

Fig. (14). Stereo-views (side and front views) of the result of inter-
molecular “straight-dehydrogenation” of the double helix from Fig.
10.
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Fig. (15). Stereo-views of the result of intermolecular “intercalated-
dehydrogenation” of a double-helix heliphene.

Two parallel superimposed cyclo[n]phenylenes could
form a cage carbon molecule in various ways. For cy-
clo[6]phenylenes, Fig. (16) presents a “straight” such dehy-
drogenation product with 4-, 6-,and 8-membered rings, and
Fig. (17) displays an “intercalated-dehydrogenation” product
having only 4- and 6-membered rings.

Fig. (16). Stereo-views (side and front view) of intermolecular
“straight-dehydrogenation” of two cyclo[6]phenylenes.
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Fig. (17). Stereo-views (side and front view) of intermolecular
“intercalated-dehydrogenation” of two cyclo[6]phenylenes.

Intramolecular Dehydrogenation Products of Heliphenes

If the hydrogen atoms on the periphery of heliphenes are
“straight-eliminated” with the formation of new C-C bonds,
one would obtain small “tobogan-like” structures with 4-, 6-
,and 8-membered rings (as shown in Fig. (18) from
[12]heliphene). If intramolecular “intercalated dehydrogena-
tion” takes place, the result is a similar structure which, how-
ever, has only 4- and 6-membered rings (Fig. 19).

Fig. (18). Stereo-views (side and front view) of intramolecular
“straight-dehydrogenation” of [12]heliphene.

B

One may consider “chain-polymers” of intermolecular
dehydrogenation products of heliphenes, such as the dimer
presented in Fig. (20).

Among all Platonic solids (regular polyhedra), only one
regular polyhedron, namely the cube, can fill the three-
dimensional Euclidean space. The hexagonal prism formed
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Fig. (19). Stereo-views (side and front view) of intramolecular
“intercalated-dehydrogenation” of [12]heliphene.

Fig. (20). Stereo-views of the dimer of the intramolecular straight-
dehydrogenation product of [12]heliphene.

from planar squares and hexagons also has this property.
Among all Archimedean solids (semiregular polyhedra),
only one can fill the three-dimensional Euclidean space,
namely the truncated octahedron. Interestingly, this
semiregular polyhedron could (in principle) be obtained
from the zigzag [4]phenylene or from starphenylene via an
intramolecular dehydrogenation as shown in Fig. (21), by
elimination of all its 12 hydrogen atoms. The topologically
easier conversion of the C; symmetric [4]phenylene (also
known as “starphenylene” [49]) into C,, was tried from the
reduced species described in ref. [89]. Then the truncated
octahedron (C,4 carbon cage presented in Fig. 22) can fill the
3D space by multiplication and conversion of all its carbon
atoms from 3-coordination into 4-coordination. Neither this
carbon cage, nor its perhydrogenated counterpart, a valence
isomer of (CH)y4, is known.

A problem that is mentioned in connection with 3D-
phenylenes and particularly with heliphenes is the possibility
of obtaining knots or Mdbius strips owing to the fact that
phenylenes are very floppy [52]. Unlike helicenes, which
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Fig. (21). How to convert portions of graphenylene by intramolecular dehydrogenation involving 12 hydrogen atoms, into the C,, cage

shown in Fig. 22.

like all benzenoids, are fairly rigid so that helicenes afford
stable enantiomers, heliphenes are very floppy and cannot be
resolved into enantiomers [55, 58]. In Fig. (23) one can see a
stereo-view of a knot obtained theoretically by dehydrogena-
tion of [12]helicenes: the bonds involved in the connection
between 4- and 6-membered are severely deformed. Fig. (24)
presents a stereo-view of a Mdbius hydrocarbon isomeric
with antikekulene and differing from it by reversing two C-
C bonds. It may be seen that with the exception of one
twisted 4-membered ring the remainder of the molecule is
almost planar.

i

Fig. (22). Stereo-view of the C,, carbon cage (truncated octahe-
dron), which can fill the 3D space by multiplication and conversion
of all its carbon atoms from 3-coordination into 4-coordination.

g g “
Fig. (23). Stereo-view (side and top views) of a phenylene knot

formed from [12]heliphene by loss of four hydrogen atoms from the
marginal 6-membered rings.

&

Fig. (24). Stereo-view of a Mdbius hydrocarbon formed from an-
tikekulene by reversing two C-C bonds; the 12 hydrogen atoms are
not shown.

Another difference between kekulene and antikekulene is
the larger “hole” of the latter, which allows imagining a
catenane-type interlocking of two such super-rings (Fig. 25).

Fig. (25). Stereo-view of a catenane-type interlocking of two an-
tikekulenes.

All stereo-views have been obtained by energy minimiza-
tion using the Molecular Mechanics program MM2 (Cam-
bridgeSoft).

CONCLUSIONS

We have reviewed helicenes and heliphenes, and have
discussed how phenylenes might be partly dehydrogenated
into several challenging yet unknown structures. Despite
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their considerable steric strain, some of these structures
might be synthetically accessible.
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