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Dynamically Chiral Expanded Helicenes

August J. Rothenberger, Inji Park, Gavin R. Kiel, and T. Don Tilley*

Department of Chemistry, University of California, Berkeley, Berkeley, California 94720, United States

ABSTRACT: Expanded helicenes are a class of chiral nanographenes with a screw-shaped skeleton and a larger
diameter than their classical ortho-fused counterparts. The flexibility of this internal cavity results in helicenes that
are often difficult to isolate as single enantiomers. Expanded helicenes are therefore an intriguing target for
exploration of dynamic chirality, a phenomenon resulting from introduction of chiral auxiliaries to control
structure in a racemic system. This contribution describes installation of chiral amine substituents into the cavity of
a diformyl expanded [11]-helicene by mild, efficient, and reversible imine condensations. The resulting helicenes
display strong molar circular dichroism up to |Ae|=300 M'cm™ and absorption dissymmetry factors of |gaws| =
0.010. The magnitude of circular dichroism can be varied by using different chiral amine substituents, which is
correlated to the diastereomeric ratios of the helicenes. This is the first instance of dynamic chirality being used to
observe a chiroptic response in expanded helicenes and is a significant synthetic improvement over methods

which require conventional enantiomer resolution.

Introduction

Chiral polycyclic aromatic hydrocarbons (PAHSs)
represent an intriguing space within the field of soft
organic materials. The prototypical chiral PAH is a
classical helicene, with ortho-fused conjugated rings
forming a screw-shaped skeleton with (M)- and (P)-
enantiomers of opposite handedness.’ The extended
conjugated 1-system within a chiral molecule results
in a variety of useful properties, the preeminent of
which is the absorption and emission of polarized
light, particularly for visible wavelengths.** Helicenes
find uses in various fields, including optoelectronics,®
asymmetric catalysis,” and chiroptical devices such as

photonic transistors,® and switches,” and spin filters.'”
12

In 2017, this research group introduced expanded
helicenes as a broad new class of helicenes,
possessing a wider diameter than classical helicenes
due to the combination of linear fusion elements
along with the traditional angular fusion of classical
helicenes (Figure 1a)."” The resulting structures display
unprecedented supramolecular properties due to
their increased flexibility,""” often at the expense of
rapid racemization of enantiomers. Expanded [11]-
helicenes have very low enantiomerization barriers,
typically AG* = 10 kcal/mol, as the arms of the helicene

have little steric hinderance prohibiting them from
moving past one another.” One feature of the larger
helical diameter is the potential for installation of
substituents in the helicene cavity, a strategy which
has  successfully  raised the barrier  to
enantiomerization in examples such as Toyota's
anthracenyl helicenes™ and Alcarazo’s “in-fjord”
substituted helicenes (Figure 1b).”> However, the
prevailing method for synthesis of expanded helicene
enantiomers that are resistant to racemization has
been to increase the number of aromatic rings in the
backbone, generating carbohelicenes with as many as
35 rings.'””** While these methods have generated
helicenes with remarkable dissymmetry factors, they
often require many steps, have low overall yields, and
require separation of enantiomers by chiral high-
performance liquid chromatography, a slow and scale-
limiting process.

An alternative approach for the incorporation of a
chiroptical response, without traditional enantiomer
purification, involves the introduction of dynamic
chirality. Axial chirality can be induced into racemic
helical systems by addition of a chiral auxiliary that
leads to a difference in energy between the helicene’s
(M)- and (P)-group states.***® This strategy has been
used with success in Nuckolls’ synthesis of dynamically



chiral perylene diimide-based twistacenes.”’"?

Notably, the circular dichroism response of the
twistacenes could be inverted by appending a
substituent with the opposite chirality. Expanded
helicenes, with large internal cavities combined with
their significant flexibility, also represent a promising
platform for installation of chiral auxiliaries.
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This contribution describes a diformyl-substituted,
expanded [11]-helicene that readily undergoes in-
cavity derivatizations. Reactions of the formyl groups
with chiral aryl amines are rapid, mild, and high
yielding. The resulting helicenes display remarkable
chiroptical properties considering their relatively short
length, with molar circular dichroic absorption values
of |Ae|=300 M'cm”
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Figure 1. (a) Classical [6]-helicene compared to expanded [11]-helicene; (b) Expanded helicenes with in-cavity

substitutions highlighted in blue

and absorption dissymmetry factors up to |G| =
0.010. These are the first ECD spectra recorded for
expanded [11]-helicenes, as substitution with achiral
bulky groups has not proven successful for isolation
of enantiomers. Additionally, the magnitude of
circular dichroism can be influenced by the
appended, chiral substituent. The new helicenes
were cast as thin films that retain their chiroptical
properties, presenting opportunities for device
fabrication.

Results and Discussion

An in-cavity dibrominated expanded [11]-helicene
was prepared in a manner similar to that for the
nonfunctionalized variant (Scheme 1). Precursor 2,7-
dibromo-9,10-dimethoxy-3,5-dipentynyl-
phenanthrene 1 was dilithiated and then treated
with iodine to generate phenanthrene 2. Compound
1 was then monolithiated and treated with ZnCl,
before being utilized in a Negishi coupling with 2 to
generate 3. An iridium catalyzed, diyne selective
[2+2+2] cycloaddition®* with 1,4-dimethoxybut-2-yne
was then used to give 4 in good yields on a gram
scale.

An initial goal for stabilization of enantiomers,
starting from helicene 4, involved installation of
bulky groups on the helicene arms to raise the
barrier for enantiomerization. A Negishi coupling
with Pd(P'Bus), as catalyst was used to install phenyl
(5a), 1,1-biphenyl (5b), and 4'-(trimethylsilylethynyl)-
1,1-biphenyl (5¢) groups in the cavity of the helicene
with decreasing yields as the substituent increased in
size. Larger groups such as pyrenyl or p-
quaterphenylene could not be coupled onto the [11]-
helicene in yields sufficient for purification attempts.
The AG' values for racemization of helicenes 5a-c in
toluene-ds were measured by variable temperature
'"H NMR spectroscopy, as described in previous
studies,”™?' using the methylene protons on the
MeOCH,- substituents for determination of the
coalescence temperature. Further information
regarding the experimental setup and calculations is
included in the SI (page S49). The measured barriers,
summarized in Table 1 and compared to that for 4,
indicate that none of these helicenes are stable to
racemization at room temperature. It would appear
that steric pressure from the helicene end groups
may to some degree facilitate enantiomerization by



forcing the helicene “arms” apart in the transition
state.”

Table 1. Comparison of Helicene
Enantiomerization Barriers
AG' ¢ Coalescence
Helicene | (kcal/mol) by VT | Temperature, T.
'"H NMR (K)

4 <11.9 <243
5a 15.7+0.3 318
5b 18.4+0.3 368
5c >18.8 >373

Scheme 1. Synthesis of in-cavity substituted expanded [11]-helicenes. Reagents and conditions: (a) 2.2 equiv. "BulLi, 2.5
equiv. I, THF, -78 to 23 °C, 4 h, 74%. (b) 2.6 equiv. 1, 2.4 equiv. nBuli, 2.9 equiv. ZnCl, then 1.0 equiv. 2, 0.1 equiv.
Pd(PPhs),, THF, -78 to 23 °C, 6 h, 64%. (c) 5.0 equiv. 1,4-dimethoxy-2-butyne, 0.1 equiv. [Ir(COD)Cl],, 0.2 equiv.
diphenylphosphinoethylene, toluene, 90 °C, 2 h, 77%. (d) 4.0 equiv. aryl zinc chloride solution, 0.1 equiv. Pd(P'Bus),, THF,

60 °C° 18 h, 86-69%.
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Scheme 2. Substitution of expanded [11]-helicenes with
chiral amines. Reagents and conditions: (e) 2.5 equiv.
"BulLi, 10 equiv. DMF, water, THF, -78 to 23 °C, 2 h, 82%. (f)
2.2 equiv. amine, THF, 90-95%.
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Figure 2. Photophysical spectra for helicenes 7a-f in
chlorobenzene. (a) absorption; (b) ECD; (c) absorption
dissymmetry factor

The rapid enantiomerization of [11]-helicenes with
in-cavity substituents indicated that non-covalent
locking strategies are of limited use for such flexible
helicene cores. However, this observation led to
consideration of
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Figure 3. (a) Demonstration of enantiomerization barrier and non-degenerate group states for general diastereomers of
7; (b) Diastereomers of 7d visible by '"H NMR (500 MHz, benzene-ds); (c) attenuation of ECD spectra for 7a; (d) variable
temperature "H NMR (500 MHz, toluene-ds) for 7d demonstrating diastereomer coalescence.

[11]-helicenes as promising platforms for dynamic
chirality. First, a diformyl helicene 6 was synthesized
from 4 by the Bouveault reaction (Scheme 2). Then, a
series of chiral arylamines were attached to the
helicene by mild, rapid imine condensation reactions
to generate 7a-f. The isolated yields of these
reactions were nearly quantitative after stirring for
30 minutes in THF at room temperature, and
purification consisted of simply washing the product
with methanol to remove unreacted amine. These
reactions are reversible, and treatment of the imine
species 7a-f with a mild acid such as saturated NH,CI
resulted in regeneration of helicene 6 (see SI Page
S63).

These expanded [11]-helicene products display a
chiroptical response that is apparent in electronic
circular dichroism (ECD) spectra. The helicenes
display a positive Cotton effect for those substituted
with an (R)-amine-7a, 7b, 7d-and a negative Cotton
effect for those with (S)-amines, 7c and 7e, (Figure
2b). Racemic sample 7f did not display such a
response. The magnitude of molar circular dichroism
(Ag) for 7a-e ranges from 100 M'cm™ to as high as
300 M'cm” at 388 nm in chlorobenzene. The

maximum molar absorptivity of 7a-f is more unified,
1.59 x 10° < £ < 2.05 x 10° M'cm™ at 323 nm in the
same solvent conditions (Figure 2a). The absorption
dissymmetry factors |g..s| were subsequently
calculated to be as high as 0.010 at their peak of 412
nm (Figure 2c). There exists a solvent dependence for
ECD response, whereby the helicenes showcase the
highest Ae in benzene, chlorobenzene, carbon
tetrachloride, and dichloromethane. While aromatic
solvents generally gave the best results, there does
not appear to be a distinct trend between solvent
dielectric or dipole moment and A magnitude (see
SI page S22).

Helicenes 7a-f displayed similar
photoluminescence properties with two emission
peaks at 450 and 475 nm. The peak excitation
wavelength was 330 nm for emission at 450 nm. The
average fluorescence lifetime was 9.62 ns with an
average quantum yield of 3.2%. Further details
regarding photoluminescence study are provided in
the SI (page S20). Circularly polarized luminesce
(CPL) spectra acquisition was attempted but very
weak signal was observed, even at long acquisition
times. An emission intensity experiment showed an



89% loss in intensity for a 5 x 10° M sample after
excitation for 14 hours (Figure S7). This
photobleaching effect has complicated further study
of CPL. Increasing the sample concentration has
provided slightly more defined spectra which
suggests a CPL response (Figure S8), but further
experimentation is ongoing in this area.

According to the principles of dynamic chirality,
helicenes 7a-f exist in solution as diastereomers
which can rapidly interconvert. With an (R)-amine,
the diastereomers are (R,R,M) and (R,R,P) and have
non-degenerate ground state energies, such that
one diastereomer will be present in a larger amount
(Figure 3a). The diastereomeric pairs are visible in the
'H NMR spectra, most notably for naphth-1-yl amines
in 7d and 7e (Figure 3c). In general, the
diastereomeric ratio for the helicenes positively
correlates with the magnitude of their ECD response
(See SI page S60). Installation of a racemic amine
leads to observation of two new diastereomers,
(RS,M) and (R,S,P). Upon heating a sample of 7d in
toluene-ds, the 'H NMR resonances for the
diastereomers coalesce, indicating more rapid
enantiomerization at the increased temperature
(Figure 3d). Additionally, the magnitude of the ECD
response was attenuated by heating, as shown in
Figure 3c for 7a, demonstrating that rapid
enantiomerization lowers the chiral response.

The mild conditions used to generate the imine
helicenes have important implications for potential
applications in devices. The helicenes are very
amenable to processing and fabrication, since they
are readily spun- or drop-cast onto glass slides from
solution, with retention of their ECD response (Figure
4a). The ECD responses for thin films are red-shifted
with respect to those in solution, possibly due to
helicene  J-aggregation in  the solid-state.
Additionally, the imine condensation reaction is rapid
enough to be observed by in-situ ECD. Figure 4b
shows two separate ECD spectra of (R)-
phenylpropylamine and 6, neither of which exhibits
circular dichroism between 360 to 440 nm. After
addition of 50 uL of (R)-phenylpropylamine to a
cuvette containing a solution of 6, CD spectra were
acquired at regular intervals, demonstrating the
production of helicene product 7a as the CD
magnitude increases at 380 nm. Thus, this system
acts as a simple detector, showing ECD response to
detect the presence of the chiral amine in solution
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Figure 4. (a) Solid state ECD spectrum compared to
solution state for 7b; (b) In-situ ECD spectra
demonstrating the generation of 7a over time

Conclusion

The incorporation of dynamic chirality offers a
scalable solution to the otherwise difficult resolution
of expanded helicene enantiomers. The method
developed for installation of chiral amines onto
formylated expanded [11]-helicenes by imine
condensation is a simple and effective way to induce
a chiroptical response in a single and scalable step
from a racemic precursor. The helicene ECD response
can be tuned by the choice of chiral amines and the
reaction is reversible, allowing for recovery of
starting material if needed. Additionally, the ease of
casting thin films which retain chiroptical properties
indicates the potential for dynamic chirality to be
useful for the high-throughput fabrication of devices.
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