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Abstract: A new family of chiral saddle-helix hybrid nano-
graphenes is reported. The first hexa-peri-hexabenzocoronene
(HBC) analogues bearing a nine-membered carbocycle are
presented. Furthermore, for the first time, p-extended carbo-
[n]helicenes containing a nine-membered ring as part of the
helical moiety have been synthesized. The combination of
a [5]helicene moiety and a nonagon ring in a single chiral motif
induces a tremendous distortion from planarity into the
nanographenic structures compared to other saddle-helix
hybrids such as heptagon- and octagon-containing p-extended
carbo[5]helicenes. In fact, the interplanar angle of the two
terminal rings reaches the largest angle (134.88) of a carbohe-
licene reported to date, thus being by far the most twisted
helicene yet prepared. Photophysical properties evaluation
showed improved absorption dissymmetry factors (j gabs j=
4.2 � 10�3) in the new family of nonagon-containing p-
extended carbo[5]helicenes.

Introduction

Chiral non-planar nanographenes have attracted the
attention of chemists, physicists and material scientists in
recent years.[1] The unique electronic, optical and dynamic
properties of these systems along with their high solubility
and processability, compared with their planar counterparts,[2]

make them of great interest in nanoscience.[3] Undoubtedly
one of the greatest attractions is the inherent chirality arising

from their three-dimensional structure. However, the success
of non-planar nanographenes as chiral materials in organic
electronics[4] depends on attaining stereochemically rigid
structures with high configurational stability, thus enabling
their homochiral isolation.[5] For this reason, the study of
chiroptical properties in novel enantiopure distorted p-
systems is a growing topic nowadays,[6] which shifted from
simple academic curiosity to become an important research
field. To date, these studies allowed to furnish molecular
materials with potential to be used in a wide variety of
applications in the field of organic electronics,[7] such as spin
filters, chiroptical switches or sensors.[8] As a result, consid-
erable efforts are currently ongoing to synthesize such chiral
polycyclic aromatic hydrocarbons (PAHs). Typical strategies
include the combination of multiple carbo[n]helicenes in
a single structure,[9] the introduction of helical moieties within
planar p-extended PAHs[10] such as hexa-peri-hexabenzocor-
onenes (HBCs) (also known as “superhelicenes” or “super-
twistacenes”) or the combination of non-planar PAHs and
carbo[n]helicenes in the same structure.[11] The latter strategy
enables the study of chiroptical properties raised from novel
twisted and curved aromatic surfaces in a single p-system.[12]

Very recently, our group has developed an unprecedented
strategy for the insertion of saddle curvature into both the
carbohelicene and the HBC unit, leading to rigid chiral helical
nanographenes.[13] Typically, the replacement of one or more
six-membered rings by four-, five- or seven-membered rings
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Figure 1. a) Common structural motifs present in p-extended carbo-
[5]helicenes containing non-hexagonal rings; b) Previously reported
HBC analogues hept-[5]helicene and HBC-oct-[5]helicene; c) General
structure of the new family of HBC-nona-[5]helicene and their main
properties.
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in a carbo[n]helicene leads to a significant decrease of the
configurational stability.[14] However, M�llen and Narita
proved that the simultaneous inclusion of two heptagonal
carbocycles into both the p-extended structure and the
carbo[5]helicene (Figure 1) gives rise to more rigid structures
(DG� = 25.41 kcalmol�1 at 298 K)[15] than either carbo-
[5]helicenes or nanographenes containing heptagonal rings
alone. For its part, the group of Ravat has recently shown that
the inclusion of a heptagonal ring fused to pyrene motifs also
increases the enantiomerization barrier compared to its fully
hexagonal [5]helicene counterpart.[16] In this line, we have
demonstrated that a HBC bearing an octagon-containing
carbo[5]helicene, namely HBC-oct-[5]helicene (Figure 1),
exhibits the largest torsion angle (q = 79.58) reported so far
for a carbo[5]helicene.[13] The above strategy allowed us to
design much more rigid structures (DG�> 38.3 kcalmol�1 at
473 K) than distorted nanographenes containing either oc-
tagonal rings or simple carbo[5]helicenes. At this point, we
wondered if we could go a step further by introducing
a nonagonal carbocycle into the p-extended carbo[5]helicene.
This concept would allow us to study whether the introduction
of a larger carbocycle leads to more rigid chiral motifs with
improved chiroptical properties, affording an insight into the
limits of distortion and the stability in saddle-helix hybrid
nanographenes.

The inclusion of larger, n> 8, membered rings into
a carbohelicene and/or p-extended systems is an unexplored
area where higher-order derivatives (n = 9) have exclusively
been studied in two diazatrioxa[9]-circulene derivatives.[17] To
the best of our knowledge, neither saddle-shaped nonagon-
containing HBCs nor nonagon-containing carbohelicene as
chiral motif have been reported before.

Herein, we report the first examples of doubly distorted
HBCs bearing a nonagon-containing carbohelicene, called as
HBC-nona-[5]helicene. The effect of the distortion on the
structural stability and rigidity, and on the chiroptical proper-
ties of these highly distorted nanographene-like structures is
exhaustively studied and discussed.

Results and Discussion

The synthetic route towards HBC-nona-[5]helicenes 1–3
is depicted in Scheme 1. The starting point was the synthesis
of the HBC-oct-[5]helicene 5 following our previous method-
ology.[13] Herein, the key step relies on a single ring expansion
(70 %) from the eight-membered ring 5 to the nine-mem-
bered ring 1, where the rest of the structure is kept unaltered.
The incorporation of the ketone moiety allows an easy
derivatization of the structure. Thus, to create a small family
of nonagon-containing HBCs, we envisioned two new deriv-
atives, all-carbon analog 2, and derivative 3 which could lead
to different distortions in the HBC core. The reactivity of the
ketone moiety allowed us the synthesis of 2 (57 %), and the
subsequently allylic oxidation using selenium-dioxide led to
compound 3 (75 %).

Similar to the family of HBC-oct-[5]helicenes, the new
family of HBC-nona-[5]helicenes is very soluble in common
organic solvents, thus allowing their full characterization by

1H, 13C and 2D NMR spectroscopy as well as HRMS (see SI,
Figures S22–S31 and S32–34, respectively). The structure of
compound 3 was further confirmed by single-crystal X-ray
diffraction (Figure 2). Single crystals were grown by vapor
diffusion of acetonitrile into a chloroform solution of 3.

Scheme 1. Synthesis of 1–3. Reagents and conditions: a) i) BF3·OEt2,
TMSCHN2, CH2Cl2, 0 8C, 5 min; ii) Bu4NF·3H2O, THF, 1 h, 70%;
b) Tebbe’s reagent, THF, 0 8C 5 min, 57%; c) SeO2, dioxane, 100 8C,
1 h; d) DMP, CH2Cl2, 0 8C to rt, 4 h, 75%.

Figure 2. a) X-ray structure of compound 3 ; b) Dimensions of the
saddle induced by the nonagon being embedded in the [5]helicene
moiety. Distances [�]: a: 4.90–5.10 b: 3.08–3.14; (see supporting
information); c) Detail of the structure of the nine-membered ring. C�
C distances [�]: c, 1.50; d, 1.52–1.53; e, 1.53; f, 1.42; g, 1.47–1.48,h,
1.41; i, 1.50; j, 1.40; k, 1.48; d) Detail of the three dihedral angles in
the rim (f1 = 26.5–27.18 ; f2 = 2.4–2.58 ; f3 = 106.9–108.38). The aver-
age of the three dihedral angles leads to the average torsion angle of
f = 45.2–46.08 ; e) Interplanar angle (q = 134.88) of the mean planes
(in green and orange) of the two terminal benzene rings. H atoms (in
b–e) and solvent molecules have omitted for clarity. Color code: C
(gray), H (white), O (red). A range is given for some distances and
angles as two molecules of 3 are found in the unit cell. Deposition
Number 2096027 contains the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures.
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Crystallographic analysis of 3 confirmed the expected
helical structure and revealed that the inclusion of a nona-
gonal ring into both the helicene and the HBC unit leads to
the most distorted carbo[5]helicene synthetized to date
(Figure 2). It was found that the interplanar angle of the
two terminal rings is completely twisted giving rise to an
exceptional value of 134.88 (q, see Figure 2e). This value is
almost three times higher than the one found in pristine
carbo[5]helicene (468)[18] or twice the multiple hexapole-
[5]helicene (698).[9c–d] In fact, comparing with hept-[5]helicene
(77.38)[15] or even HBC-oct-[5]helicene (80.88),[13] the terminal
ring of 3 is completely twisted, phenomenon that has been
described for twistacenes but with no precedent in heli-
cenes.[19] The helicity and distortion of the helicenes and
PAHs mostly are determined in terms not only of the
interplanar angle between the mean planes of the terminal
benzene rings (q), related to the degree of compression of
helical molecules, but also in terms of the torsion angles (f),
which represents the degree of the twist of a helix (Fig-
ure 2d,e). Both terms also depend on the number and type of
rings that make up the helicene skeleton. In this sense, we
demonstrate that the inclusion of nonagon ring has a tremen-
dous effect on the average torsion-angle since it is also much
bigger (45.2–46.08) than those previously reported: hept-
[5]helicene (35.68),[15] HBC-oct-[5]helicene (35.08),[13] carbo-
[5]helicene (22.18)[18] or the multiple hexapole[5]helicene
(22.1–22.28).[9c–d] In fact, the large ring (n = 9) is responsible
for the maximal dihedral angle in the rim (f3 = 106.98–108.38,
see Figure 2d). To the best of our knowledge, this value
represents the highest dihedral angle reported in a helicene
and, therefore, being the HBC-nona-[5]-helicene the most
highly twisted helicene yet prepared. Unlike reported
diazatrioxa[9]circulenes,[17] in which the nonagon is mainly
flat with a slight distortion from planarity, in compound 3 the
nine-membered ring displays a deep saddle-shape with
a distorted boat-boat geometry.[20] The inclusion of the
nonagon in the upper part of the HBC leads to a saddle-
shape backbone of 3.08–3.14 � deep and 4.90–5.10 � wide.
The nonagon is irregular as the C�C distances of those bonds
non-fused with the benzene rings (c–e, i, k in Figure 2c) are
larger (1.48–1.53 �) than those of the bonds fused with
benzene rings (1.40–1.42 �) (f–h, j in Figure 2 c), except for
one of the latter, which displays a distance of 1.47–1.48 � (g in
Figure 2c). Remarkable, we obtained good agreement be-
tween theoretical and crystal structures of 3. Although we
could not obtain single crystals of 1 and 2, optimized
theoretical structures 1–3 showed similar deep distortion in
all compounds, with the highest twisted angle between
helicene terminal rings for the case of 3 (see SI, Figur-
es S37-39).

The electronic effect of embedding a nonagon-ring moiety
into a p-extended carbo[5]helicene was studied by optical
spectroscopy. The absorption and emission spectra of 1–3 in
various polar and nonpolar solvents were covered. Dichloro-
methane (DCM) solutions of 1–3 displayed a broad absorp-
tion band centered at 351 nm (e = 8.8 � 104 M�1 cm�1), 352 nm
(e = 1.1 � 105 M�1 cm�1) and 355 nm (e = 8.0 � 104 M�1 cm�1),
respectively (see Figure 3). All three compounds showed
a significant bathochromic shift in their absorption spectra

compared to parent [5]helicene (lmax = 289 nm) and, as
expected, they were in the same range as those reported for
hexakis-tert-butyl-HBC (tBu-HBC, lmax = 359 nm)[10a] or the
family of HBC-oct-[5]helicenes[13] (lmax = 342–356 nm). Fur-
thermore, the absorption onset of compounds 1, 2 and 3
(410 nm, 412 nm and 413 nm) provided an optical band gap of
3.02 eV, 3.01 eV and 3.00 eV, respectively. These values are
slightly higher than those found for HBC-oct-[5]helicenes[13]

or tBu-HBC[10a] and lower than the ones reported for
[5]helicene.[21] In addition, we studied the electrochemical
behavior of 1–3 by cyclic voltammetry in CH2Cl2 (ca. 1.5 �
10�3 M), finding one reversible oxidation wave for com-
pounds 1–3, with a half-wave oxidation potential of 0.83 V,
0.77 V and 0.78 V (vs. Fc/Fc+, see SI, Figures S19–S21),
respectively. From these half-wave oxidation potentials, the
HOMO energy levels of 1–3 were evaluated as �5.93 eV,
�5.87 eV and �5.88 eV, respectively.[22] The experimental
results were well supported by DFT calculations (CAM-
B3LYP/6-31G(d,p)), which estimated a similar progression in
the energies of the HOMO orbitals of 1–3, with values of
�6.35 eV, �6.25 eV and �6.28 eV, respectively.

Solutions of 1–3 in DCM exhibited blue to red fluores-
cence when excited at 350 nm (maximum lem, apparent
quantum yield (FF): 1 (404 nm, 5%), 2 (604 nm, 18%) and
3 (456 nm, 11 %). It is worth noting that the family of HBC-
nona-[5]helicene presented higher FF values than the pristine
[5]-helicene (4%) or tBu-HBC (3%)[10a] and, overall, the
previous reported HBC-oct-[5]helicenes (2–13 %). Surpris-
ingly, quite rich fluorescence profiles are displayed for three
derivatives, with four bands present in quite different
proportions depending on the compound. Thus, all carbon
compound 2 presents a clear maximum at around 460 nm
whereas a large red-shift was obtained for a,b-unsaturated
ketone 3 (lem centered at 600 nm). Fluorescence emission of
1–3 showed several fluorescence lifetimes in DCM indicative
of the presence of several species in the excited state, with
average fluorescence lifetimes in the maximum of emission of
6.5, 8.3 and 10.9 ns, respectively (see Tables S1–S3 in the SI).
To shed light into the observed emission profiles, a more
detail study of the radiative emission of HBC-nona-[5]heli-
cene family 1–3 was developed, revealing a non-trivial

Figure 3. UV/Vis (solid lines) and normalized fluorescence
(lexc = 350 nm, dashed lines) spectra of 1 (green), 2 (orange) and 3
(purple) in DCM.
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deactivation of the excited states. Firstly, we observed an
excitation-dependent emission for all compounds, both in
terms of intensity and also fluorescence profile (see SI,
Figures S7–S9). Secondly, we studied the solvatochromism of
these compounds performing fluorescence measurements in
apolar (hexane) and polar protic (CH3OH) and aprotic
(CH3CN) solvents, observing that both the shape and
intensity of the bands were strongly dependent of the solvent
(see Figures S10-S12). Thus, the fluorescence of 1 and 3 was
strongly quenched by CH3OH (lowering the FF from 5 to 10
times, respectively), which is in a good agreement with their
structure, as the presence of a carbonyl group twisted out of
the molecular plane can be the responsible of such effect.[23]

On the other hand, the highest decrease for all-carbon 2 was
observed in hexane. In this sense, it was also found that the FF

values in different solvents range from 0.6% to 10 % for 1,
4.3% to 17.7% for 2 and 1.1% to 10.9 % for 3. This
phenomenon was also observed in the average fluorescence
lifetime values (t), ranging from 4.1 to 12.8 ns in 1, 6.6 to
12.6 ns in 2 and 9.0 to 13.7 ns in 3 (for more details see SI,
Tables S1–S3). Finally, kinetic measurements revealed that
fluorescence profiles significantly changed upon irradiation
time.[24]

Chiral resolution of 1–3 was achieved by chiral stationary
phase HPLC (CSP-HPLC) (for details see the SI). The
enantiopure compounds demonstrated excellent configura-
tional stability and tolerance against racemization due to the
incorporation of a nonagon ring into the carbo[5]helicene as
a rigid chiral motif. In this sense, we found that neither
racemization nor decomposition were observed after heating
n-heptane solutions of each enantiopure compound 1–3 at
90 8C for 6 h, as observed by variable temperature electronic
circular dichroism (VT-ECD) kinetic measurements, provid-
ing a lower limit to the barrier of racemization of DG�

> 28.9 kcalmol�1 at 363 K (see SI for more details).
After racemic resolution, the chiroptical properties were

studied. The ECD spectra of the isolated enantiomers of 1–3
in DCM were recorded. Both enantiomers of each compound
displayed mirror images with several opposite Cotton effect
in the UV/Vis region (Figure 4). For 1, the first eluted CSP-
HPLC fraction showed two bands of major intensity with
opposite Cotton effect. The first one showed a positive Cotton
effect at 281 nm (jDe j= 90.3 M�1 cm�1, j gabs j= jDe j /e = 4.1 �
10�3) while the second one showed a negative Cotton effect at
350 nm (jDe j= 51.5 M�1 cm�1, j gabs j= 5.8 � 10�4, Figure 4,
top). Similarly, the first eluted peak after CSP-HPLC
separation of 2 also exhibited two bands of major intensity,
with the same Cotton effects than 1, at 284 nm (jDe j=
113.3 M�1 cm�1, j gabs j= 4.2 � 10�3) and 348 nm (jDe j=
81.4 M�1 cm�1, j gabs j= 7.4 � 10�4, Figure 4, middle). However,
3 showed a more complex ECD spectrum than the previous
compounds, and similarly, the first eluted peak showed the
most intense positive band at 281 nm (jDe j= 110.0 M�1 cm�1,
j gabs j= 3.9 � 10�3). To sum up, the major jDe j and j gabs j
values of this HBC-nona-[5]helicene backbone ranged 90–
113 M�1 cm�1 and 3.9–4.2 � 10�3, respectively, a notable more
than 2 � fold increase in comparison with analogous previ-
ously described HBC-oct-[5]helicene family (Figure 1).

In the three compounds 1–3 the first CSP-HPLC eluted
peaks showed a positive Cotton effect in the longest wave-
length band at 392 (jDe j= 8.9 M�1 cm�1, j gabs j= 6.1 � 10�4),
392 (jDe j= 13.3 M�1 cm�1, j gabs j= 7.3 � 10�4) and 396 nm
(jDe j= 11.5 M�1 cm�1, j gabs j= 8.9 � 10�4, Figure 4), respec-
tively. This band was also well predicted by TD-DFT
calculations (CAM-B3LYP/6–311 ++ G(d,p)) in all the stud-
ied HBC-nona-[5]helicene members and it is mainly governed
by the S0 ! S2 transition (Table S4).

Notably, the calculated j gabs j value of the S0 ! S1

transition of HBC-oct-[5]helicene (Figure 1) compared to its
homologous 1 with the simplest structural change (only an
additional methylene unit, going from 8- to 9-membered
carbocycle) is almost four times higher (see SI, Table S5). The
inclusion of a larger ring in the helical moiety decreases the
magnitude of the transition electric dipole moment, thus

Figure 4. Top: Experimental ECD spectra of (M)- (orange) and (P)-
1 (green) in DCM (1.2 � 10�5 and 1.2 � 10�5 M, respectively) and
simulated (CAM-B3LYP/6-311+ + G(d,p), IEFPCM DCM) ECD spectra
of (M)-1. Middle: Experimental ECD spectra of (M)- (orange) and
(P)-2 (green) in DCM (1.0 � 10�5 and 1.1 � 10�5 M, respectively) and
simulated (CAM-B3LYP/6-311+ + G(d,p), IEFPCM DCM) ECD spectra
of (M)-2. Bottom: Experimental ECD spectra of (M)- (orange) and (P)-
3 (green) in DCM (1.3 � 10�5 and 1.4 � 10�5 M, respectively) and
simulated (CAM-B3LYP/6-311+ + G(d,p), IEFPCM DCM) ECD spectra
of (M)-3.
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resulting on an increment of the resulting gabs value in 1.[25]

Moreover, the S0! S1 transition is directly related to the S1!
S0 transition and, therefore, higher circularly polarized
luminescence (CPL) responses would be expected for 1 com-
pared to HBC-oct-[5]helicenes. Unfortunately, emission pro-
files of this HBC-nona-[5]helicene family are non-trivial as
kinetic fluorescence measurements revealed changes in the
emission profiles under the long-time irradiation required for
CPL measurements preventing its recording. Nevertheless,
these results show again an enhancement on the chiroptical
response upon inclusion of a larger carbocycle (9- vs. 8-
membered carbocycle) in the structure. Finally, the absolute
configurations of the different enantiomers were assigned by
comparing the experimental ECD spectra with TD-DFT
simulated spectra for (M)-enantiomers of 1–3 (Figure 2).
Therefore, the first and second eluted peaks after CSP-HPLC
were assigned as (M)- and (P)-enantiomers, respectively, in all
the studied compounds.

Conclusion

In conclusion, a new family of distorted chiral HBC
analogues have been presented and studied. For the first time,
a nine-membered carbocycle is included within the HBC
backbone leading to a high distortion from planarity with
a deep saddle curvature. Furthermore, being the nonagon also
a constituent of a carbo[5]helicene, it gives rise to the highest
distorted [5]helicene reported to date. This unprecedented
chiral moiety coined as nona-[5]helicene induces remarkable
high rigidity and stability in the saddle-helix hybrid nano-
graphenes which exhibit high isomerization barrier and
interesting chiroptical properties. Further functionalization
can also be envisioned, opening the possibility of incorporat-
ing and combining those highly distorted HBCs as chiral units
into larger PAHs. This strategy can lead to highly distorted
saddle-helix hybrid graphenic structures exhibiting promising
photophysical properties of great interest in the development
of novel molecular materials.
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Prof. Dr. Michal Jur�ček for supercomputing facilities. Fund-
ing for open access charge: Universidad de Granada/CBUA.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: chirality · helicenes · nanographenes ·
nonagonal carbocycle · polycyclic aromatic hydrocarbons

[1] S. H. Pun, Q. Miao, Acc. Chem. Res. 2018, 51, 1630 – 1642.
[2] J. Wu, W. Pisula, K. M�llen, Chem. Rev. 2007, 107, 718 – 747.
[3] M. Ball, Y. Zhong, Y. Wu, C. Schenck, F. Ng, M. Steigerwald, S.

Xiao, C. Nuckolls, Acc. Chem. Res. 2015, 48, 267 – 276.
[4] a) H. Isla, J. Crassous, C. R. Chim. 2016, 19, 39 – 49; b) Y. Yang,

B. Rice, X. Shi, J. R. Brandt, R. Correa da Costa, G. J. Hedley,
D.-M. Smilgies, J. M. Frost, I. D. W. Samuel, A. Otero-de-la-
Roza, E. R. Johnson, K. E. Jelfs, J. Nelson, A. J. Campbell, M. J.
Fuchter, ACS Nano 2017, 11, 8329 – 8338; c) Z. Ma, T. Winands,
N. Liang, D. Meng, W. Jiang, N. L. Doltsinis, Z. Wang, Sci. China
Chem. 2020, 63, 208 – 214.

[5] a) M. Rickhaus, M. Mayor, M. Jur�ček, Chem. Soc. Rev. 2016, 45,
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Chiral Distorted Hexa-peri-
hexabenzocoronenes Bearing
a Nonagon-Embedded Carbohelicene

The larger the ring, the better the chirop-
tical properties: A new family of highly
distorted nanographenes is presented
incorporating for the first time a nine-
membered carbocycle. The nonagon-
containing [5]helicene results in an
extremely twisted helical moiety and
provides to the final chiral PAHs with
enhanced chiroptical properties.
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