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Abstract: We report the synthesis and chiroptical properties of a
series of enantiomerically pure, C,-symmetrical carbo[6]helicene
dimers. Two helicene cores are connected through a buta-1,3-diyne-
1,4-diyl linker or a heteroaromatic bridge and bear arylethynyl
substituents at their 15-positions. This ensures the possibility of
extended electronic communication throughout the whole molecule.
The new chromophores exhibit intense ECD spectra with strong
bands in the UV/Vis region well above 400 nm. The anisotropy factor
Jabs (defined as Ag/&) reaches values up to 0.047, which are unusually
large for single organic molecules. They also display blue
fluorescence, with good quantum yields (& ~ 0.25). The emitted light
is circularly polarized to an outstanding extent: in some cases, the
luminescence dissymmetry factor gum = 2(I. — Ir)/(I. + Ir) attains
values of |0.025|. To the best of our knowledge, such values are
among the highest ever reported for non-aggregated organic
fluorophores.

Fluorescence is a privileged physical property, and fluorescent
materials find a wide range of applications, such as in medical
diagnostics, chemical sensors, and optoelectronic devices (e.g. in
circularly polarized OLEDs).[! Circular polarized luminescence
(CPL) has gained increasing interest for its possible application in
optical information storage and transfer, where the extent of CPL
can add a further dimension to the information content conveyed
by light.! Highly CPL-active compounds were found mostly
among chiral lanthanide complexes, but the interest of material
scientists in chiral, molecular organic emitters also heightened
more recently.

Helicenes are an extensively investigated class of chiral
organic compounds, presenting strong UV/Vis and electronic
circular dichroism (ECD) intensities,®! but usually displaying low
fluorescence quantum yields (). Recently, polycyclic aromatic

[a] C. Schaack, E. Sidler, F. Diederich
Laboratorium fur Organische Chemie, ETH Zurich, Honggerberg,
HCI, Vladimir-Prelog-Weg 3, 8093 Zurich, Switzerland
E-mail: diederich@org.chem.ethz.ch

[b] L. Arrico, M. Gérecki, L. Di Bari
Dipartimento di Chimica e Chimica Industriale, Universita di Pisa,
via Moruzzi 13, 56124 Pisa, Italy
E-mail: lorenzo.dibari@unipi.it

[c] M. Gérecki
Institute of Organic Chemistry, Polish Academy of Sciences
Kasprzaka 44/52, 01-224 Warsaw, Poland

# Authors have contributed equally to this work

Supporting information for this article is available on the WWWwW
under..... It contains the synthetic procedures for all compounds and
their *H and 3C NMR spectra, details on the DFT calculations, and
UV/Vis and ECD spectra and summary tables.

hydrocarbons,® with helicenes amongst them,’l have been
developed with higher fluorescence quantum yields and CPL
activity, leading to their investigation for novel applications such
as in spintronics.! Fluorescent helicene design has relied mostly
on the introduction of heterocycles®into the helicene backbone,
such as thiophene,®! pyrrole,*% or furan rings. So far, the
discovery of efficient, all-carbon helicene fluorophores has not
widely been reported.

The interest in the design of enantiopure fluorescent
helicenes relies also on their ability to emit left- and right-circularly
polarized light with different intensities (CPL). Usually, CPL is
guantified through the luminescence dissymmetry factor gum,
which is defined as the ratio between the difference of the left and
right circularly polarized light and the half of the total
luminescence. By definition, gum = 2(I. — Ir)/(IL + Ir), (I = intensity
of circularly polarized light) can range from —2 (when the emitted
light is totally right-circularly polarized) to +2 (the emitted light is
totally left-circularly polarized). In most cases, the gum factors of
helicenic fluorophores are in the 10°3-10~* range, similarly to
those of other non-aggregate organic molecules.? 612

Recently, we reported a novel class of enantiomerically pure,
buta-1,3-diyne-1,4-diyl linked carbo[6]helicene oligomers.[3l
Dimeric (+)-(P)2- and (-)-(M).-1 displayed moderate fluorescence
guantum vyields (@& =0.11). Starting from dimeric (P).-1, we
obtained by heteroaromatization!*4! thiene-2,5-diyl linked (+)-(P).-
2,131 which displayed an increased @& value of 0.25, one of the
highest @& values reported to date for a carbohelicene. We
proposed that the fluorescence of (P).-2 originated from the push-
pull substitution on the helicene cores, with the thienyl ring as
electron donor and the alkynes as acceptors and thus set out to
further validate this hypothesis.

Here, we explore the push-pull effects by changing the thienyl
to a pyrrole ring (Figure 1), resulting in N-phenylpyrrole-2,5-diyl
linked compound (+)-(P)2- and (-)-(M).-3. We also substituted the
ethynyl residues at the C-15 position of thiene-2,5-diyl linked (P),-
and (M),-2 (Figure 1). The different substituents include electron-
withdrawing 4-nitrophenyl in (+)-(P).- and (-)-(M)-4 and 4-
cyanophenyl in (+)-(P).- and (-)-(M)2-5, fluorophoric pyren-1-yl in
(+)-(P).- and (-)-(M)2-6, and electron-donating  N,N-
dimethylanilino in (+)-(P).- and (-)-(M)2-7 (Figure 1). The optical
and chiroptical properties of (P).- and (M),-1-7 and monomeric
(P)- and (M)-8 and 9 were studied by UV/Vis, ECD, fluorescence,
and CPL spectroscopy. The investigation revealed very strong
optical absorption properties (UV/Vis ¢~ 10° M cm™ and ECD
Ag ~ 400 M~ cm™), and uncharacteristically large fluorescence
(&x=0.25 — 0.35) and CPL activities (gum up to |0.025]), of
substantial interest for applications as chiral fluorescent materials.
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Figure 1. Schematic representation of fluorescent [6]helicenes (P)2-1-7.
Compounds (P)2-2 and (P)2-4—7 are linked by thiene-2,5-diyl and capped by
different end groups of varying chromophoric and electronic properties (blue).
Dimer (P)2-3 is linked by pyrrole-2,5-diyl and capped with triisopropylsilyl (TIPS)
groups. Dimers (P)2-1 and (P)2-2, and monomers (P)-8 and (P)-9 (shown only
in abbreviated form with —[6]- being the carbo[6]helicene with the substitution
pattern shown in the dimers; for full structures, see the Supporting Information)
were reported in our earlier communication.[*3!

The synthesis of (P),-3 proceeded in 35% by the copper(l)
catalyzed heteroaromatization reaction with aniline.! The
corresponding furan-2,5-diyl linked dimeric helicene could not be
obtained by the reported protocol.* The other target compounds
were prepared by Pd-catalyzed Sonogashira cross-coupling™® of
(P).-2 with various aryl iodides, which provided (P).-4-7 in yields
ranging between 19% and 61%. Aryl bromides proved to be
unreactive under various conditions. Synthesis and full
characterization of all new compounds are reported in Sections
S2 and S3 in the Supporting Information.
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Figure 2. Calculated (DFT/B3LYP/cc-pVDZ using Gaussian 09 Rev. DO1)
frontier molecular orbitals of (M)2-6. (left) The HOMO is mostly localized on the
thiene-2,5-diyl linker and the proximal benzene rings, while the (right) LUMO

shows the electron delocalization on the pyrenylacetylenes at the C-15 positions,

suggesting the desired push-pull effect is achieved.
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Density functional theory (DFT) calculations were performed
using Gaussian 09 Rev. D01 to assign absolute configurations
and forecast the expected push-pull effects of the prospective
compounds.16!

Each compound was optimized by DFT calculations at the
B3LYP/cc-pVDZ level of theory (see Section S6 in the Supporting
Information). We compared the electronic density delocalization
of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of dimers (M).-1 and (M).-
6. While (M),-1 showed full delocalization of the electronic density
map of the HOMO and LUMO over the entire dimer,*® these
orbitals in (M).-6 revealed a remarkable change. While the
electron density of the HOMO is concentrated around the central
thiophene core and the proximal benzene rings (Figure 2a), the
LUMO features the highest density on the outer helicene benzene
rings (Figure 2b), with delocalization extending into the
pyrenylethynyl moieties. This image is reminiscent of intra-
molecular push-pull chromophores.*]

The electronic and geometric preferences of thiene-2,5-diyl
linked (M).-2 and pyrrole-2,5-diyl linked (M).-3 are difficult to
compare due to the steric influence of the bulky phenyl substituent
on the pyrrole ring in the latter. The spectral and conformational
properties of (M).-3 are discussed and compared to (M)2-2 in
Sections S4 and S5 in the Supporting Information.

The UV/Vis and ECD spectra of enantiomerically pure (P).-
and (M),-2—7 are shown in Figure 3 and in Section S4 of the
Supporting Information, and the major absorption bands are
reported in Table 1. We had previously noted a red-shift in the
highest-wavelength absorbance of thiene-2,5-diyl linked (P).-2
relative to buta-1,3-diyne-1,4-diyl linked (P),-1,13 but this was not
observed for the pyrrole-2,5-diyl linked (P).-3 (Figure 3 top).
Similarly, the UV/Vis spectra of the doubly arylalkynylated
compounds, such as (P)»-7 (Figure 3 bottom), revealed only minor
changes, differing only in spectral shapes (see also Figures S1
and S2 in the Supporting Information) from (P).-2, but showing
similar maximal absorbance at ~450 nm. In general, the dimeric
carbo[6]helicenes all feature very strong UV/Vis absorptions and
ECD bands, non-linearly enhanced with respect to the
corresponding monomers (P)-8 or (P)-9, a remarkable feat that is
still difficult to achieve for helicenes reported to date.[3.2¢l

The ECD spectra of dimeric (P).-2—7 (Figure 3 and Figures
S3 and S4 in the Supporting Information) revealed a blue-shift in
the first Cotton effect of pyrrole-2,5-diyl linked (P).-3 compared to
the thiene-2,5-diyl linked compounds (P),-2 and (P),-4—7. For all
new dimers, the overall intensity of the higher-energy ECD bands
was reduced compared to (P).-1. Interestingly however, bis-
pyrenyl derivative (P),-6 showed three strong bands in the ECD
spectrum at 308, 412, and 430 nm with A¢ values 200-400 [m!
cm?]. These Cotton effects are much less pronounced in the
other spectra (Figure 3 and Figure S4 in the Supporting
Information). These strong ECD bands reflect the pyrene
absorption bands, but the chirality induction from the helicene into
the achiral pyrene moieties is quite remarkable.
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Figure 3. UV/Vis (red line) and ECD spectra (blue line) of (P)2-3 (top) and (P)2-
6 (bottom). Dotted lines represent the (M)z2-enantiomers. UV/Vis and ECD
experiments were performed in CHzClz at 23 °C (¢ ~ 10° Mmand ¢ ~ 107 ™,
respectively). See Section S4 in the Supporting Information for further spectra
of (P)2- and (M)2-2-7.

Table 1. Optical and chiroptical properties of the new dimers (P)2-3-7 in
comparison to the data for the previously published dimers (P)2-1 and 2 and
monomers (P)-8 and 9. Shown are the intensities (¢) of the *Bp and 'Ba
absorption bands,*! the absorption anisotropy factors gaps (= 4¢/) at = 430 nm,
the fluorescence emission bands (lem), the absolute fluorescence quantum
yields measured by integrating sphere (@),?9 and the CPL factor |gium| = 2 Al / |
(I = intensity of circularly polarized light).

£[1000M™tcm™]  |Qabs| Aem [NM] [0 |Grum|
1By 1B, [0

(P)2-113 108 120 0.02 424, 449 0.11 0.02
(P)2-213 57 103 0.01 454, 481 0.25 0.012
(P)2-3 61 105 0.01 | 507 027 0.008
(P)2-4 52 54 0.01 n.d. <0.01 nd
(P)2-5 82 81 0.01 456, 483 0.28 0.01
(P)-6 70 104 9].047[ 458, 484 035 n.d
(P)2-7 95 87 0.01 455, 480 0.28 0.012
(P)-8it3l 72 86 0.02 424, 449 0.05 0.025
(P)-91t3! 69 78 0.02 430, 454 0.05 0.018

1@ The 'Bpt band can be seen at A = 310-330 nm; ! The B! band can be
seen at 1= 250-255 nm; [ Cotton effects corresponding to higher-wavelength
pyrene absorptions at A = 245, 259, and 275 nm respectively, are probably at
the origin of the large gans value. n.d. = not determined.
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The absorption anisotropy factors gabs (defined as 4¢/) range
between 0.01-0.02 at A = 430 nm for all dimeric compounds, with
the exception of (P).-6 (Figure 4).1%:18a 21 |ndeed, helicenes are
widely reported to generally display substantially larger anisotropy
values than other chiral organic molecules. (P)2-6 stands out with
a gabs Of 0.047 at 1 = 430 nm and a second strong band with a
gabs Of 0.034 at 4 = 414 nm, values substantially higher than
previously found.

The fluorescence spectra show that all thiene-2,5-diyl linked
compounds (P).-5-7 display a similar, structured emission pattern
with a first emission band at Aem = 450-460 nm and a second band
at 480-485 nm, while (P).-4 showed no noticeable emission
(Figure S6 in the Supporting Information). This lack of emission is
likely due to the fluorescence quenching properties of the nitro
groups.?d Similarly, no noticeable change in fluorescence
guantum yield is observed (@ =0.25-0.28) for (P),-5 and (P).-7
compared to parent (P)2-2, while pyren-1-yl substituted (P).-6
shows a substantially larger & value of 0.35 (Table 1) due to the
inherent  fluorescence of the pyrene moieties. The
heteroaromatization of (P)2-1 (lem = 424 and 449 nmi3) to (P),-2
led to a red-shift in emission wavelength by 30 nm (Aem = 454 and
481 nm) (Figure 5).% Replacing the thiene-linker by a pyrrole-
linker to give (P).-3 again afforded a second bathochromic shift of
further 37 nm (1em = 507 nm, Table 1, the emission is no longer
structured), revealing a strong impact of the linker moiety on the
emission properties of the dimeric helicenes.
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Figure 4. gabs-Factor plot (4¢/) in CH2Cl2 of (P)2-2 (black line),*®¥ (P)2-3 (blue
line), (P)2-4 (purple line), (P)2-5 (yellow line), (P)2-6 (green line, (M)2-enantiomer
represented by the dotted green line), and (P)2-7 (red line). Only the (M)2-
enantiomer of 6 is shown in order to keep the Figure readable. Above 430 nm,
the spectra contained artefacts since UV/Vis spectral intensities become
vanishingly small. All spectra were recorded at 23°C at ¢ = 1076 m.

The CPL properties of the enantiomers of 1-3, 5, and 7-9 in
0.3-0.6 mm CHCI; solutions reveal very high gum-factors (Table
1). The gum Vvalues in all CPL spectra are very large, reaching
|0.025| for monomeric (P)- and (M)-8 (black in Figure 5), which is
higher than previously reported values for helicenes and for pure
organic molecules in general.® 12 23 24 The dimeric
carbohelicenes (P);- and (M)2-1 and monomeric (P)- and (M)-9
(Figure S7 in the Supporting Information)*® also reach values of
|0.02]. Thiene-2,5-diyl linked dimeric helicenes (P).- and (M)2-2
(dark blue in Figure 5) or pyrrole-2,5-diyl linked (P).- and (M).-3
(green in Figure 5) displayed values in the range of giym ~ |0.01].
The substituents at the C-15 position in (P).-5 and (P)»-7 (Figure
S8) seem to have little impact on the CPL activity of the



compounds, in line with our observations for the luminescence
study above.

It is apparent that higher gium values are found for compounds
(P)2-1, (P)-8, and (P)-9 containing no heteroatoms (except the
silyl protecting groups) despite their lower fluorescence quantum
yields @. A higher absolute fluorescence quantum yield does not
necessarily lead to stronger CPL activity.?®l We currently do not
have a full explanation for this observed superiority of our all-
carbon systems over the heteroatom-substituted ones. We note
however, that the magnitude of CPL could possibly be influenced
by the number of acetylene moieties per molar mass in a molecule
which appears to coincide with other CPL data reported for
polycyclic aromatic hydrocarbons bearing multiple acetylene
units.?4 Future research will hopefully help confirming why the all-
carbon-backbone chromophores, dimeric (P).-1 and monomeric
(P)-8 and (P)-9, display CPL intensities of such large magnitude
as observed in our measurements (Figure 5 and Figure S7 in the
Supporting Information).
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Figure 5. (top) Fluorescence and (bottom) CPL measurements of all-carbon
monomeric helicene (P)-8 (black), dimeric thiene-2,5-diyl linked (P)2-2 (light
blue), and pyrrole-2,5-diyl linked (P)2-3 (green). Dotted lines correspond to the
(M)-enantiomers. All experiments were performed in CH2Cl2 (¢ ~ 0.3-0.6 mwm) at
23 °C. All CPL spectra of (P)2- and (M)2-1-9 are shown in Figures S7 and S8 in
the Supporting Information.

In conclusion, we report the synthesis of enantiopure
bis[6]helicenes (P).- and (M).-3—7 and subjected them, together
with previously reported™® dimeric (P),-1 and 2 and monomeric
(P)- and (M)-8 and 9 to a comprehensive investigation by optical
spectroscopy. The electronic absorption spectra feature bands
with large molar extinction coefficients (¢ ~100'000 m* cm™) for
the dimeric derivatives. The ECD responses also are intense and
of particular interest in the case of bis(pyrene-1-yl) substituted
(P)2- and (M)2-6, which showed high chiral induction from the
enantiopure helicenes into the flat pyrene moieties, reflected in
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large gans-factors of up to 4.7 x 1072 for the pyrene-based longest
wavelength absorptions. The new dimeric systems feature
interesting luminescence properties with absolute fluorescence
guantum vyields (&) between 0.27 and 0.35. The emission
wavelengths are strongly dependent on the linker between the
two helicene cores. As the most prominent finding, all compounds
displayed high CPL intensities, leading to large gum values in the
~1072 range and reaching values up to |0.025|. Remarkably, the
Oum Values are highest for the pure carbon scaffolds, dimeric (P).-
1 and monomeric (P)-8 and (P)-9, compared to the structurally
comparable derivatives containing heteroatoms, which display
higher fluorescence quantum yields. The reasons for this
unexpected observation remain unclear, however at present we
believe that they are related to the higher number of acetylene
residues in the m-conjugated chromophores. These findings need
further corroboration in future studies toward targeting
applications, including spintronics.”
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