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ABSTRACT: A one-step synthesis of a nanographene
propeller with a D3-symmetry was obtained starting from
7,8-dibromo[5]helicene by Yamamoto nickel(0) cou-
plings. It afforded a chiral polyaromatic hydrocarbon
(PAH) embedding six enantiomerically stable [5]helicene
units. This dense accumulation of helical strain resulted in
a distorted geometry, but stable stereochemistry. The
conformational, structural, chiroptical, and photophysical
properties of the molecule are reported.

Curved polyaromatic hydrocarbons (PAHs) with extended
π-systems are of great interest in materials science,

especially in research on nanographenes, nanoribbons, and
distorted graphene sheets with peculiar topology.1 Following this
trend, a challenge is to design and to synthesize large, nonplanar,
and molecularly defined PAHs. However, the ultimate challenge
in this field is probably to exploit chirality as a parameter to fine-
tune and to fully exalt organic materials properties, such as their
physical, supramolecular (solid-state packing, homochiral/
heterochiral interactions), photophysical, conductive, chirop-
tical, molecular recognition, and switching properties.2

A historical approach to induce chirality in PAHs has been to
generate helicity from van der Waals repulsion (strain), such as a
deviation from planarity in consecutive ortho-fused benzene rings
for making helicenes.3 In this context, elongated and laterally π-
extended carbohelicenes are two important classes of molecules.4

When it comes to large PAHs, some curvedmolecules can exhibit
conformational flexibility with unique dynamic behaviors, and
thus cannot be easily obtained as single enantiomers under
standard conditions. Up to now, a restricted number of
configurationally stable, helicene-based large PAHs with stable
chiroptical properties have been described, essentially because of
difficulties in synthesizing such crowded molecules. Among the
few successful approaches toward this end, most have relied on
accumulation of helical strain from the combination of two or
more helical units,5 with up to a quadruple helicene being
recently reported by Itami and co-workers.5b

In this context, we have designed the chiral propeller-shaped
D3-symmetric PAH 2 embedding a high density of [5]helicene
units (three external and three internal). It could potentially be
configurationally stable and resolved in enantiopure forms,

toward future applications in materials science and chiroscience
(Scheme 1).

The syntheses of propeller-shaped molecules with a D3
symmetry have largely relied on a [2+2+2] cyclotrimerization
of the corresponding arynes.6 For example, triphenylene 1a7 and
higher order analogues 1b8 can be obtained by palladium-
catalyzed [2+2+2] cyclotrimerization of arynes (Scheme 1). In
contrast, cyclotrimerizations from Yamamoto-type nickel(0)
couplings of ortho-dibromoarenes have been rarely employed in
this series, never with helicenes.9 Importantly, propellers from
triphenylenes of generic formula 1b have enough flexibility to
exhibit conformational dynamics, precluding their isolation in
enantiopure form.8,9 We reasoned 2 would possess higher steric
interactions and would require more energy for a molecular
deformation than for 1b, due to an accumulation of helical strains
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Scheme 1. [2+2+2] Cyclotrimerization Routes to
Triphenylene 1a, Higher Order Analogues 1b, and Propeller 2
Embedding Six [5]Helicene Units
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with six embedded helical units. Thus, 2 may form a
configurationally stable propeller with six stable [5]helicene
motifs.
Before starting the challenging synthesis of 2, we conducted a

brief computational study on the conformational dynamics of 2
(Figure 1). In our stereochemical nomenclature for 2, the helicity
of three external [5]helicenes precedes the helicity of three
internal ones in going clockwise, from the top external
[5]helicene (see Scheme 1). Ten diastereomers of 2 were
identified with relative energies ranging from 0 to 108.8 kJ mol−1

(see SI). As illustrated in Figure 1, the most stable diastereomer
of 2 exhibits the anticipated (M,M,M,P,P,P) configuration. Two
pathways were computationally identified for the enantiomeriza-
tion process of (M,M,M,P,P,P)-2, and the most favorable one is
presented in Figure 1. These calculations convey two important
results: (i) the (M,M,M,P,P,P)-2 diastereomer is the thermody-
namic one; (ii) the enantiomerization barrier is evaluated to
163.8 kJ mol−1, indicating a configurational stability of
(M,M,M,P,P,P)-2 at room temperature.10 We later found the
experimental barrier of enantiomerization of (M,M,M,P,P,P)-2
to be 147.0 kJ mol−1 at 182 °C in 1,2-dichlorobenzene (t1/2 = 45
min, see SI). This value is in the range of a [6]helicene
enantiomerization (∼150 kJ mol−1). Confident in our design, we
turned our attention to the synthesis of 2. Because we had a
procedure for the preparation of multigram amounts of 7,8-
dibromo[5]helicene,11 and because of the practicality in using
1,2-dihalogenoarenes instead of complex and difficult to prepare
aryne precursors, we devised a cyclotrimerization from Ni(0)-
induced Yamamoto C−C couplings9 under modified conditions
in THF at 120 °C, under microwave irradiation.12 Rewardingly,
the racemic product (M,M,M,P,P,P)-2 was obtained as the major
diastereomer together with a minor one (3:1 to >5:1 dr) in a 50−
58% yield on a >100 mg scale (Scheme 1b). The structural
identification of (M,M,M,P,P,P)-2 was ascertained by several
methods: 1H and 13C NMR, HRMS, and X-ray diffraction from a
monocrystal. The final purity of 2 was evaluated to be >95%. As
for the diastereoselectivity of the reaction, we hypothesized a
thermodynamic control with an isomerization pathway, as shown

in Figure 1. Indeed, a 1:1 mixture of 2 and its diastereomer of
unknown configuration could be converted into diastereomeri-
cally pure 2 by microwave heating in THF at 120 °C for 30 min
(see details in SI).
A recrystallization of racemic 2 afforded monocrystals with

both enantiomers in the same crystal lattice (Figure 2). Among

the most important structural features, we found abnormally
large interplanar angles between the two terminal rings of a
helicene: 49.0° for the external [5]helicenes, and 69.9° for the
internal ones (mean values). The latter value is extreme, when
compared to [5]helicene (46.0°)13 and most carbohelicenes
(40−53°).3,13 These angles are indicative of an unusual helical
stretch, with a larger helical pitch. It is more pronounced for the
internal [5]helicenes than for the external ones. This is also in
agreement with the calculated isomerization barriers in Figure 1:
130.0 kJ mol−1 for an external [5]helicene vs 151.8 kJ mol−1 for
an internal one. In comparison with bond length in benzene
(1.393 Å),14 there is a marked alternation of “regular” (1.401 Å)
and elongated (1.437 Å) C−C bonds in the central benzene core,
a feature even accentuated in the central rings of the three

Figure 1.Conformational dynamics (in part) and plausible enantiomerization pathway of 2. DFT calculations performed at the B3LYP/6-31G(d) level
of theory in the gas phase, free energies are thermally corrected and expressed in kJ mol−1, see Supporting Information for details.

Figure 2. 3D representations of (±)-2 obtained from single-crystal X-
ray diffraction with two enantiomers cocrystallized in the same crystal
lattice (left), and a space-filing view of the (M,M,M,P,P,P)-2 enantiomer
(right).
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external [5]helicenes (1.404 and 1.462 Å, respectively). The
longest C−C bonds in 2 are the six bonds radiating from the
central benzene core with an average length of 1.462 Å. The
central benzene core shows a chairlike conformation with a mean
puckering angle of 14.1° (angle between the mean plane defined
by four coplanar atoms and the plane defined by one atom out of
the previous plane and the two atoms directly attached to it). The
central rings of the three external [5]helicenes exhibit a twist
conformation with a torsion angle of 30.4° (i.e., maximal dihedral
angle in the ring). In summary, the triphenylene core in 2 is thus
unusually twisted and distorted. Bond length alternation and
elongation, deviation from planarity of benzene rings, and
stretching of helicenes, are indicative of an overall deformation
with some deficient local aromaticity, caused by an accumulation
of helical strains. This is especially shown from the distortion of
the central rings of external [5]helicenes, and from the central
benzene core of 2.
Having developed an efficient preparation of racemic

(M,M,M,P,P,P)-2, we examined the configurational stability of
the enantiomers. A chiral resolution of both enantiomers of 2was
analytically and semipreparatively achieved by HPLC on a chiral
stationary phase using (S,S)-Whelk-01 columns. Enantiopure
samples of both enantiomers were obtained on a multimilligram
scale. As a result of its 3D propeller structure and unfavorable
π−π interactions in such distorted helicene units, enantiopure 2
was exceptionally soluble in chloroform (up to 33 g/L) as a large
PAH. The optical rotation of the first eluted enantiomer (>99 ee)
was measured at [α]λ

25 = −496 (CH2Cl2, c = 0.143) and the
second eluted enantiomer (98% ee) afforded [α]λ

25 = +494
(CH2Cl2, c = 0.143). The smaller optical rotation values of 2,
compared to those of helicenes (e.g., −1670° and −3460° for
(−)[5]helicene and (−)[6]helicene, respectively),3c are prob-
ably due to the presence of an equal number of (P)- and (M)-
configured [5]helicene units in 2. A good agreement between
experimentally recorded VCD (vibrational circular dichroism)
and ECD (electronic circular dichroism) spectra of the second
eluted enantiomer of 2 and the simulated VCD and ECD spectra
of the (M,M,M,P,P,P) enantiomer of 2 allowed the assignment of
absolute configurations (Figure 3). The first eluted enantiomer is
most likely (P,P,P,M,M,M)-2, the second one being
(M,M,M,P,P,P)-2. Because (M)-helicenes are usually levorota-
tory (and (P)-helicenes dextrorotatory),3c this assignment is
consistent with the negative [α]λ

25 value recorded for the first
eluted (P,P,P,M,M,M)-2 due to the more pronounced helical
chirality of internal (M)-[5]helicenes, than for the external (P)
ones. Also, the internal [5]helicenes are stereogenic units
generating the molecular sense of the propeller helicity.
A photophysical study was undertaken with (±)-2 (Figure 4).

Three orange solutions in dichloromethane were prepared (6.16,
6.40, 7.79 μM). The absorption spectra were recorded in
triplicate (λmax = 392 nm; mean value of ε = 59 000 M−1 cm−1).
The maximum wavelength absorption is similar to [5]helicene
(λmax = 395 nm),15 showing little influence of the extended π-
system. A fluorescence emission spectra was measured (λexc =
400 nm; λmax = 513 nm, ϕf = 0.06). The absorption and emission
spectra show little overlap, as it is often the case for [n]helicenes,
and a Stokes shift of 121 nm is found. The quantum yield was
evaluated either from Ru(bpy)3 in water or Coumarin 343 in
EtOH. It is in the range of a nonfunctionalized [n]helicene (n >
5; ϕf ≈ 0.05).16 The fluorescence lifetime was recorded from the
three solutions with the same results (τ = 5.60 ns).
In conclusion, a propeller-shaped chiral polyaromatic hydro-

carbon molecule embedding six [5]helicene units was prepared

in one step from 7,8-dibromo[5]helicene by a nickel(0)-
promoted cyclotrimerization. The single-crystal X-ray diffraction
analysis of this molecule revealed a severe distorted geometry of
the triphenylene core, and a strong helical stretch of the three
internal [5]helicenes leading to abnormally large interplanar
angles between their two terminal rings. This is due to a
considerable accumulation of dense helical strain. As a
consequence, molecule 2 was configurationally stable, so that it
was resolved and produced in enantiopure forms by chiral HPLC
techniques. It allowed some chiroptical studies and assignment of
the absolute configurations by VCD and ECD spectroscopies. A
photophysical study of (±)-2 completed its characterization.
This efficient synthetic approach to a configurationally stable
propeller-shaped nanographenes opens up new avenues for their
functionalization and higher analogs,17 and the development of
this unique class of chiral materials with exalted properties,
toward applications in materials science, chiroscience, and
nanoscience.

Figure 3. VCD (top) and ECD (bottom) spectroscopy studies
comparing the experimental spectra of the second eluted enantiomer
with the simulated spectra of the (M,M,M,P,P,P)-2 enantiomer (see SI
for details).

Figure 4. (a) Absorption spectra of (±)-2 in CH2Cl2 (black line: λmax =
392 nm; ε = 59 000 M−1cm−1); (b) emission spectra of 2 (blue line: λexc
= 400 nm; λmax = 513 nm; ϕf = 0.06).
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