Chirality Amplified: Long, Discrete Helicene Nanoribbons
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ABSTRACT: Here we report the synthesis of two polyhelicene frameworks consisting, from end-to-end, of 18 and
24 fused benzene rings. The latter exhibits the largest electronic circular dichroism in the visible spectrum of any
molecule. These shape-persistent helical nanoribbons incorporate multiple helicenes, a class of contorted polycyclic
aromatic molecules consisting of ortho-annulated rings. These conjugated, chiral molecules have interesting
chemical, biological, and chiroptical properties; however, there are very few helicenes with extraordinary chiroptical
response over a broad range of the visible spectrum—a key criterion for applications such as chiral optoelectronics. In
this report, we show that coupling the polyhelicene framework with multiple perylene-diimide subunits elicits a
significant chiroptic response. Notably, the molar circular dichroism increases faster than the absorptivity of these
molecules as their helical axis lengthens. Computational analysis reveals the greatly amplified circular dichroism
arises from exciton-like interactions between the perylene-diimide and the helicene moieties. We predict that even
greater chiroptic enhancement will result from further axial elongation of these nanoribbons, which can be readily

enabled via the iterative synthetic method presented herein.
Introduction

The design and synthesis of helicenes with the ability to interact with one hand of circularly polarized light with
high selectivity across a broad range of wavelengths, especially in the visible range, are key to the development of
future chiral materials and understanding the mechanism for chiroptic amplification.! The integration of chirality
and m-conjugation in these helicenes provides the opportunity for a host of applications such as asymmetric
catalysis,” chiroptical switches/sensors,* nonlinear optics,* and spin filters.’ Helicenes are also promising building
blocks for chiral electronic and optoelectronic materials® due to their structural diversity enabled by the development

of new synthetic methodologies:’ they can incorporate n-surfaces with various sizes® and chemical functionalities.’

Chiroptic properties are typically investigated by using electronic circular dichroism (ECD) spectroscopy.!? Despite
an interest in materials that absorb in the visible, most helicenes only exhibit strong absorbance in the ultraviolet
regime, and, moreover, they in general do not exhibit intense chiroptical properties.'! For example, in the
carbo[n]helicene series (where n denotes the number of ortho-fused benzene rings), absorption in the visible only
occurs with n > 7, and axial elongation (n > 6) elicits little change in the magnitude of ECD (JAg|max = ca. 300 M™!

cm™).!2 On the other hand, fusion of multiple helicenes into a nanographene core has been exploited extensively to



afford a variety of extended helical nanostructures, which generally do absorb in the visible range.!> However, this
approach often leads to merely comparable ECD intensity relative to that of simply one of the helicene
components,'* and only a few designs infer how ECD may be further amplified in these systems.!! Therefore, a
series of closely related molecular architectures with clear structure-function relationships needs to be established to

devise broadly applicable design principles.
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Figure 1. The structures of the NP4H, NPSH, and NPSH-iso. Only the left-handed helices are shown. The
carbo[6]helicene and perylenediimide subunits are highlighted in grey and red, respectively.

Here we present two long and shape-persistent helicene nanoribbons, NP4H and NP5H (Figure 1), which consist of
multiple [6]helicene (grey) and perylene-3,4,9,10-tetracarboxylic-diimide!® (PDI, red) moieties. NP5SH exhibits the
largest molar ECD (> 1900 M cm™) in the visible spectrum ever recorded for a molecule,'® as well as high molar
absorptivity and fluorescence quantum yield. NP5H is also one of the longest discrete helicenoid structures: its
helical backbone, from one end to the other, comprises four axially fused carbo[6]helicenes (i.e., 24 benzene
rings).3% In contrast to single-chromophores, multichromophoric chiral systems with proper spatial interactions
between each subunit (i.e., exciton couplings) often give rise to larger ECD, especially when the chromophores are
degenerate.!” Accordingly, the many identical chromophores (e.g., PDI and [6]helicenes) in NP4H and NPSH
enhance exciton-like couplings, which yield massive chiroptic amplification as compared to the shorter analogues in
the NPnH series (i.e., NPDH and NP3H in Figure S3a, where n represents the number of PDI units).!® Furthermore,
the study of an isomeric structure of NPSH (i.e., NP5SH-iso in Figure 1) suggests that a small structural defect
greatly diminishes the overall ECD. Finally, density functional theory (DFT) calculations reveal the role of exciton-
like couplings in enhancing the ECD, and that further axial elongation of NP5SH to NP6H and NP7H should result

in even larger and more selective chiroptical responses.

Results and discussion



Synthesis of NP4H, NPSH and NP5SH-iso. We built the synthetic design of NP4H and NP5SH upon several
previous discoveries: acene-linked PDI derivatives undergo regioselective intramolecular oxidative/eliminative

photocyclization at the peri position; &

and an inside-out strategy proved crucial in the successful assembly of
NP3H, in which a simple core structure (e.g., 1 to 2 to NP4H, Figure 2a) was expanded progressively, as opposed to
fusing extended PDI subunits to the central core in the late stage of the synthesis (e.g., 5 to NP5H-iso, Figure 2b).'8
In addition, we utilized the C2-symmetric nature of NP4H and NP5H in the synthesis, which afford such long
helicenes in relatively few steps (Figure 2). This highly modular and efficient approach will also be useful in

accessing the higher order oligomers and PDI helicenes with other arene linkers.
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Figure 2. a) Synthesis of NP4H via two Suzuki-Miyaura cross-coupling/photocyclization sequences from bis-
triflate 1. b) Different photocyclization conditions led to the syntheses of NPSH-iso and NPSH from the same
starting materials. More details are available in Supporting Information Section III.

The synthesis of NP4H (Figure 2a) commenced with the preparation of bis-pinacol boronates (Bpin) substituted
helicene 2 from bis-triflated helicene 1 (see Supporting Information Section III for synthetic details) and 2,7-diBpin
naphthalene 7 via a two-fold Suzuki-Miyaura cross-coupling/regioselective photocyclization sequence. Subsequent
coupling between 2 and PDI-Br and the final visible-light induced cyclization in the presence of stoichiometric

iodine provided NP4H in good yield.



In the route to NP5SH, N-methyliminodiacetic acid (MIDA) boronate esters were used to serve as masked aryl
boronic acids for iterative Suzuki-Miyaura cross-couplings.?®*! Namely, a two-fold chemoselective cross-coupling
of aryl bromide 3 and bis-Bpin 4, in which the MIDA functional group within 3 remained intact, followed by two
photocyclization events furnished the core building block bis-MIDA boronate 6 (Figure 2b). Interestingly, an
unexpected reduction occurred under the typical photocyclization conditions. This reduction led to the formation of
a ring-opened product 5 as the dominant product, which failed to convert further into 6 even at high temperatures
(see Supporting Information page S18, and Figure S7 for more discussions). We found that the presence of 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in the photocyclization mitigates this net reduction to produce 6 as
the major product. Nonetheless, we first proceeded with 5 in the cross-coupling reaction with PDI-Br, after which
three individual photocyclization are required to afford NPSH. However, we obtained the less sterically congested
isomer NP5H-iso (see Figure S8 for DFT-optimized structure) from this route. On the other hand, following the
installation of two PDI units on 6, NPSH was obtained smoothly by the standard photocyclization. This once again
underlines the importance of an inside-out strategy in which the overall strain in longer PDI-helicenes is distributed

more evenly to each cyclization reaction.

The C2 symmetry of NP4H and NP5H is evident in their 'H NMR spectra, whereas every aromatic proton
resonance is unique in the spectrum of NPSH-iso due to its lack of symmetry. Despite their sizes, both NP4H,
NP5H, and NP5H-iso readily dissolve in common organic solvents, such as dichloromethane, toluene, and
tetrahydrofuran, making them suitable for further investigations and potential applications because of their solution

processability.

Chiroptical Properties. We resolved racemic NP4H, NPSH, and NPSH-iso by chiral high-performance liquid
chromatography (Figure S4) and measured the ECD (Figure 3). As expected, the chiroptical response is greater in
the longer oligomers of the NPnH series for essentially every transition (Figure S6). Compared to NPDH (Figure
S3a), in which only one [6]helicene unit is present, the chiroptical properties are greatly amplified in NP4H and
NP5SH. The bisignate feature centered at ca. 400 nm—characteristic of exciton coupled ECD—is uniformly the
largest Cotton effect for each molecule in the NPnH (n > 2) series as well as NPSH-iso. Particularly, the largest
ECD of NP5H (JAg|max of 1920 M cm™ at 420 nm) in the visible spectrum is higher than that of any reported
discrete molecule.'® This ECD band increases 1.7-fold from NP4H (1100 M cm™! at 410 nm) to NPSH, larger than
the 1.3-fold increase from NP3H (820 M! cm™! at 410 nm) to NP4H. Moreover, NP5SH has a local maximum |Ag| of
820 M™! cm™! at 550 nm, and such strong ECD in the longer wavelengths has rarely been observed.'®?? This region
also represents the most noticeable difference in ECD across the NPnH series: the |Agssonm| of NPSH is 2.5 and 6.6
times larger than the |Ag| of NP4H (320 M! ¢cm™) and NP3H (120 M cm™) at ca. 540 nm, respectively. NP4H and
NPSH also preferentially absorb only one hand of polarized light over a wide range of the visible spectrum (ca.

400-580 nm).
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Figure 3. a) The ECD spectra of NP4H, NP5H and NP5H-iso measured in THF (10 M, 1 cm path length) at
ambient temperature. b) The comparison of anisotropy factors between NP4H, NPSH and NP5H-iso.

The difference in ECD intensity between NPSH and NPSH-iso is also noteworthy. Although they both consist of

five PDI units, perturbed

symmetry in the latter structure would be disadvantageous for exciton-like interactions as a

consequence of each PDI (red, Figure 1) and carbo[6]helicene (grey, Figure 1) being unique. Indeed, the ECD of
NPSH overwhelms that of NPSH-iso (Figure 3a): the |Ag|max of NP5SH is 3.1 times greater than the |Ag|max of NPSH-

iso (610 M! cm™) at ca. 410 nm (i.e., the wavelength of their largest ECD); and a 3.9-fold disparity can be observed



for the Cotton effect at the highest wavelength (820 M! em™at 550 nm vs 210 M! cm™ at 560 nm). Intriguingly, the
overall ECD of NP5H-iso is also smaller than that of NP3H (Figure S6), even though NPSH-iso formally is
comprised of NP3H and NPDH units, which are covalently linked by a central naphthalene (shown in blue in Figure
1). The important conclusion is that a small structural defect in a helicene that discontinues the helical symmetry can
substantially impair its ECD. Therefore, atomic precision—especially a challenge in polymeric and supramolecular

systems—is critical in the design and synthesis of high-performance chiroptical materials.

The more intense ECD of NP5H does not simply correlate with larger molar absorptivity (Figure S5). The
pentameric PDI helicenes have slightly higher molar absorptivities than that of NP4H (e.g., ~1.25 x 10° M em™! vs
~1.0 x 10° M! em™! at ~510 nm), which may simply be attributed to more PDI units in the molecule (i.e., 5 versus
4), but the increase is minor relative to their ECD disparities. Moreover, the difference in their dissymmetry factors
for the largest Cotton effect at 400420 nm of each NPnH and NPSH-iso is obvious (Figure 3b). This |Ag|/e value
progresses almost linearly from NP3H (0. 9%) to NP4H (1.2%) to NPSH (1.7%), which is considerably greater than
that of NPSH-iso (0.5%). Once again, the most noticeable difference is manifest in the lowest energy band: the
anisotropy factor of NPSH at 550 nm (JAg|/e of 2.2%) is the highest among all reported PDI-helicenes, 14c-d:16¢:18.23.24
which nearly triples the peak values of NP4H (0.8%) and NPSH-iso (0.7%), and sextuples that of NP3H (0.4%) at

ca. 540 nm.

The photoluminescence quantum yields (@) of NP4H and NP5SH measured in THF at ambient temperatures are 58%
and 68%, respectively, which are superior to many other helicene structures, including NPDH (27%) and NP3H
(44%).'® Rigidity in polyaromatics often thwarts non-radiative decay by impeding the structural reorganization in
the excited state and thus promotes fluorescence.?’ Indeed, the ® of the less rigid NPSH-iso (Figure S8) is 37%,
considerably lower than that of NPSH. It is worth noting that the NPnH series is a rare showcase of enhancing both
chiroptical properties and quantum yields as the length of the helix increases (Figures S3 and S6). For the
carbo[n]helicenes, the rate of intersystem crossing increases with more ortho-fused benzene rings, resulting in
decreased fluorescence quantum yield, and the fusion of multiple carbohelicenes hardly enhances both properties!!.
The trend we identified here may also be applicable to analogous PDI helicenes with different aromatic linkers,
which could lead to future design of other attractive chiroptical materials.'82324

Single crystal X-ray diffraction analysis. In spite of such structural complexity, crystals of racemic NP5SH suitable
for X-ray diffraction analysis were obtained (see Supporting Information Section V for details). In the solid state, the
same exact helicene architecture (e.g., M1, red, Figure 4a) constitutes a supramolecular chiral column along the y
axis with an intermolecular n-w stacking of ca. 3.4 A (Figure 4b). The asymmetric unit contains two helices with the
same chirality that screw to each other, resulting in a close contact between their nearest atoms in the backbone (ca.
3.3 A, Figure 4a). The helicene skeleton of NPSH is extremely compact, even more so than NP3H:'® the carbon-to-
carbon distance between adjacent PDI subunits can be as short as ca. 2.8 A, greatly shorter than the sum of the van
der Waals radius of two carbon atoms (3.4 A). The extensive overlap between the PDI n-surfaces precludes the
formation of other potential stereoisomers during the synthesis at high temperature (Figure S4). Still, the helix of

NP5H covers a long length (ca. 1.9 nm), measured between the cores of the terminal PDI moieties. The g-factor of



supramolecular multi-helicenes has been computed to be dependent largely on the specific mutual orientation
between the coupled chromophores while less sensitive to the inter-helicene distance!!. The considerable
amplification of ECD and dissymmetry (|Ag|/€) for NP4H and NP5H relative to NPDH and NP3H further supports

that couplings between each important subunit (i.e., [6]helicene and PDI) remains effective in these long helicenes.
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Figure 4. Single crystal X-ray diffraction analysis of racemic NPSH. a) two molecules of NP5SH with the same
chirality [two left-handed, (M1)- and (M2)-NP5SH, are shown] are present in the asymmetric unit. b) Crystal packing
of racemic NPSH. (M1)/(P1) and (M2)/(P2) are both a pair of enantiomers. Only non-hydrogen atoms are shown
and the alkyl groups are omitted for clarity.

Computational analysis. We used TD-DFT to simulate and interpret the absorption and ECD spectra of NP4H and
NP5H, adopting the CAM-B3LYP/6-31+G(d,p) level of theory (Figure 5, see Supporting Information page S71 for
details).?® The calculations reproduce the general shape of the ECD and the absorption, allowing us to assign the
spectra characterized by a negative band at A>500 nm and a strong negative/positive bisignate feature at ca. 400 nm
to the enantiomers with M helicity. In addition, the calculations nicely capture the enhancement of the ECD intensity
from NP4H to NPSH. Since we scaled the absorption and ECD intensities by the same factor, the calculated
dissymmetry factor also agrees with the experimental data. To account for vibronic effects, we also report absorption
and the emission spectra computed at vibronic level with the code FCclasses 3.0 (Figures S14 and S26), which show

further improved accuracies and a nice reproduction of the shape of the emission line.
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Figure 5. Comparison of the computed (black) and experimental (colored) absorption and ECD spectra. The data for
NP4H (left) and NPSH (right) are computed at the CAM-B3LYP/6-31+G(d,p) level of theory in the gas phase.
Sticks show the contribution of the different electronic states. Convoluted spectra were obtained by attaching to each
stick a Gaussian linewidth with half width at half maximum (HWHM) of 0.1 eV. Computed spectra are red-shifted
by 0.46 eV and their intensity are scaled by a factor of 0.48.

The agreement between computational and experimental spectra validates the use of TD-DFT to investigate the nature
of the excited states responsible for the main ECD. The properties of these states together with the corresponding
transition electric and magnetic dipoles in the NPnH series (n=3 to 7) are reported in Tables S2—-S4. The analysis of
the electronic transitions between Kohn-Sham Molecular Orbitals (MOs) is very complicated, because each excited
state is made up by several different transitions and the involved MOs are in general spread on most of the molecular
structure (Figure S17). Therefore here we present an alternative analysis, based on the difference of their electronic
densities (DeD) with respect to the ground state. DeD allows us to to monitor where the electronic density changes as
a consequence of the excitation. Based on the DeD analysis of the corresponding states of NP4H and NPSH (Figures
S18 and S20), the electronic states for the low-energy band at 500 nm, where their ECD intensities and g-factors differ
the most, are mainly localized on the PDI units. On the other hand, the bisignated feature at 400 nm is due to the
coupling of states localized essentially on the carbo[6]helicenes (grey, Figure 1) in (M)-NP4H and (M)-NP5SH
(Figures S22-S24), although, due to the dimension of the molecule and the number of excited states, the picture is
more complex than (M)-NP3H. The origin of the ECD couplet at 400 nm is further supported by the predictions for
two model systems, in which only the five PDI fragments (PDIs) or the carbohelicenes in the (M)-NPSH structure are



considered, respectively (Figure S25). The same large ECD feature exists in the computed spectrum of the

carbohelicene fragments but not in that of PDIs.

In summary, these analyses suggest the strong enhancement of the bisignate feature at ca. 400 nm arises from exciton-
like interactions of states localized on these idealized carbo[6]helicenes units. Additionally, here we show that the
negative bands at A>500 nm, which intensify drastically from NP3H to NP5H, arise from exciton-like couplings of
the PDI fragments. Notably, the absolute rotatory strengths of certain states responsible for the ECD at these
wavelengths are comparable to those giving rise to the ECD couplet at 400 nm. However, at A>500 nm, states with
positive and negative contributions are much closer in energy, which prevents the occurrence of a bisignate feature in

the ECD and leads to a partial quenching of the signal.
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Figure 6. Predicted electronic absorption (top) and CD (bottom) spectra of (M)-NPnH (n=3,4,5,6,7). All stick
transitions were convoluted with a Gaussian function of HWHM = 0.1 eV. Spectra were red-shifted by 0.53 eV and
scaled by a factor 0.48.

Finally, we utilized computational modeling to predict the behavior of longer members of the NPnH series. Figure 6
shows the computed absorption and ECD spectra of the NPnH series from n = 3 to 7, adopting 6-31G(d) for
convenience, a smaller basis set that however only causes a small blue-shift (Figure S30). Calculations predict that
both the ECD band at A>500 nm and the bisignate feature at ca. 400 nm are further enhanced in NP6H and even more
in NP7H, suggesting the exciton-like interactions can persist over such long distances. Moreover, the g-factor also

increases as the helical axis lengthens. The simulated spectra of the longer members exhibit a more pronounced red-



wing shoulder in the lowest energy band. Such band is due to the lowest-energy state S1 that, in our calculations, gets
progressively more separated from the higher-lying states at the increase of #. In short, NP6H and NP7H are predicted
to show greater chiroptical activities than NP5SH, and therefore, they are potentially even better candidates for chiral

optoelectronics. Synthetic efforts towards these longer nanoribbons are currently ongoing in our laboratory.
Conclusion

In conclusion, we have synthesized and studied two long and enantiomerically stable helicenes named NP4H and
NPSH with exceptional ECD responses, which also serve as a platform for understanding the mechanism of chiral
amplification in helicenoids. In particular, NP5SH shows the largest ECD (JAg|max of 1920 M cm™ at 420 nm) in the
visible range of any discrete molecule. The comparison of the g-factor among the NPnH series clearly suggests that
the intense ECD does not stem from increased absorbance: NPSH also exhibits larger g-factors (up to 2.2%) than the
shorter analogues. The outstanding chiroptical properties, large molar absorptivity, and high fluorescence quantum
yield of NP5SH demonstrate its potential as a material candidate for chiral optoelectronics. Theoretical calculations
provide additional insights to the mechanism of the amplified ECD: interactions of states localized on the PDI units,
and on the carbo[6]helicene fragments are responsible for the main ECD increase at >500 nm and 400 nm,
respectively. Finally, this work can serve as a foundation for the design of new chiroptical materials with enhanced
and/or complementary properties: chiroptical activities are predicted to be further amplified in higher oligomers (i.e.,
NP6H, NP7H, etc.); this trend might also be applicable to analogous helical nanoribbons with other arene spacers
between each PDL
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