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Abstract: A series of multiple helicenes was simultaneously
synthesized in one step by intramolecular cyclization of a single
chrysene derivative containing two 2-[(4-alkoxyphenyl)ethynyl]phenyl
units accompanied by rearrangements of the aryl pendants. The
electrophile-induced double cyclization with or without aryl migrations
proceeded efficiently under acidic conditions to afford annulative -
extension of the chrysene units and produced quadruple (QH-2), triple
(TH-2), and double (DH-2) helicenes containing [4]- and/or [5]helicene
frameworks with dynamic and/or static helicene chirality in one step.
Three multiple helicenes’ structures were determined by X-ray
crystallography and/or density functional theory calculations. The
multiple TH-2 and DH-2 helicenes were separated into enantiomers
because of the stable one and two [5]helicene moieties, respectively,
and showed intense circular dichroism and circularly polarized
luminescence. Although QH-2, which comprises four [4]helicene
subunits, was not resolved into enantiomers, the TH-2 enantiomers
were further separated into a pair of diastereomers at low temperature
resulting from their substituted [4]helicene chirality.

Introduction

Helicenes are unique spiral-shaped polycyclic arenes
consisting of more than four consecutive ortho-fused aromatic
rings, and they are inherently chiral due to their helicity.['"! Such
helically twisted =-conjugated frameworks with nonplanar
geometries have inspired chemists to develop helicene-based
functional molecules and polymers for applications in
optoelectronic devices!'®! and as functional materials for chiral
sensors and switches,? asymmetric catalysis,”® and circularly
polarized luminescence (CPL). Furthermore, n-extended
multiple helicenes comprising two or more helicene subunits
fused together have attracted considerable research interest
because of their unique multiple static and/or dynamic helical
substructures, which can interconvert in a correlated manner,
resulting in specific chiral and physical properties different to
those of the single helicenes.'®% To date, versatile methods to
produce multiple helicenes have been reported,®® including
oxidative photocyclodehydrogenation and Scholl reactions.
However, these methods involve multistep processes, causing
low overall yields. Therefore, the chiroptical studies of optically-
active multiple helicenes and their applications as chiral materials
are limited when compared to those of optically-active single
helicenes.

Swager et al. reported a facile synthetic approach to
polycyclic aromatics and m-conjugated ladder polymers through
acid-catalyzed electrophilic intramolecular multicyclizations
(alkyne benzannulations),!”! which has now been expanded to
provide a rich variety of ladder-type molecules and polymers. !
Taking advantage of this acid-catalyzed annulative n-extension
approach combined with the use of a chiral triptycene framework,
we have recently succeeded in the synthesis of single-handed
helical ladder polymers without any structural defects.”!

Herein we report an unprecedented acid-catalyzed one-
step/simultaneous/quantitative synthesis of a series of multiple
helicenes, that is, quadruple (QH-2), triple (TH-2), and double
(DH-2) helicenes, comprising [4]helicene and/or [5]helicene
substructures, using a chrysene unit as a key building block.!"®
The reaction proceeds through an electrophile-induced double
cyclization accompanied by aryl rearrangements with or without
aryl migrations (Figure 1A). The mechanism of this reaction, the
structures and stereochemical dynamics of the novel multiple
helicenes, and the chiroptical properties of the optically-pure TH-
2 and DH-2 separated by chiral HPLC are described.

Results and Discussion

One-Step Simultaneous Synthesis of Three Multiple
Helicenes Using a Chrysene Framework and Structure
Determination

The chrysene derivative 1al'!! containing two 2-[(4-
alkoxyphenyl)ethynyl]phenyl units was designed and synthesized
(Scheme S1) and treated with trifluoroacetic acid (TFA) in
dichloromethane at 25 °C for 12 h to obtain the quadruple
[4]helicene (QH-2a) via electrophile-induced intramolecular
double cyclizations that are expected to occur only at the 5- and
11-positions of the chrysene unit (Figure 1A).72% Surprisingly, a
triple helicene (TH-2) comprising one [5]- and two [4]helicenes
fused together as well as a double [5]helicene (DH-2) were
unexpectedly obtained along with the anticipated quadruple QH-
2a.

In fact, the '"H NMR spectrum of the reaction products
obtained after the complete consumption of the two ethynyl
groups in 1a within 12 h (Figure S2A,B; 99% vyield after silica gel
chromatography) is complicated (Figure S3A), which implies the
formation of an unexpected product mixture. The reaction
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Figure 1. (A) Acid-catalyzed simultaneous synthesis of multiple helicenes (QH-2, TH-2, and DH-2) from a chrysene derivative 1 in dichloromethane/TFA (98/2,
v/v). (B) X-ray crystal structures of TH-2a and DH-2a. Thermal ellipsoids are represented at the 50% probability level. (C—E) 'H NMR spectra (500 MHz, CDCls,
25 °C) of QH-2a (C), TH-2a (D), and DH-2a (E). For the signal assignments, see Figures S5-S7. Ratios of major and minor components contained in QH-2a
and TH-2a estimated by their integral ratios were in good agreement with those calculated by DFT method (see Figure S4 and Tables S3 and S4). Asterisks
denote the aromatic protons from alkoxyphenyl pendants (R"). (F) Structure of 3.

products were separated into just three components by HPLC
using chiral stationary phase columns. Among them, two fractions
isolated were unambiguously identified as the triple (TH-2a) and
double (DH-2a) helicenes, respectively, by single-crystal X-ray
crystallography, as shown in Figure 1B.I'? The simple 'H NMR
spectrum of DH-2a (Figure 1E) indicates the presence of only one
isomer, a racemic mixture of (Ps,Ps)- and (Ms,Ms)-DH-2a, as
supported by chiral separation results (see Figure 3), while that of
TH-2a indicates a mixture of two diastereomers at a ratio of 87:13
(Figure 1D) (for their assignments, see below). Single crystals
suitable for X-ray analysis for the third fraction could not be
obtained, but its structure was determined to be that of the
quadruple [4]helicene (QH-2a) by 2D NMR analyses combined
with density functional theory (DFT) calculations (Figures S4A
and S5 and Table S3). In solution, QH-2a exists as a mixture of
two diastereomers at a ratio of 65:35 (Figure 1C), assigned to the
racemo- and meso-diastereomers, respectively, based on DFT
calculations (see Figure S4A and Table S3). Thus, based on the
'H NMR spectra of the three multiple helicenes isolated (Figure
1C-E), the acid-catalyzed electrophile-induced cyclizations of 1a
was found to simultaneously produce QH-2a, TH-2a, and DH-2a
at a ratio of 26:61:13 with no other byproducts in one step (Figure
S3A).

Mechanism of Simultaneous Synthesis of Multiple Helicenes
through Acid-Catalyzed Alkyne Benzannulations of 1

Polycyclic aromatic compounds bearing aryl pendants can
potentially undergo aryl migrations under strong acidic conditions,
giving a mixture of structural isomers with the aryl groups attached
at different positions.!"®! Therefore, the unexpectedly formed one
(TH-2a) and two (DH-2a) [5]helicene frameworks are most likely
due to intramolecular rearrangement along with aryl migrations of
one or both of the 2-[(4-alkoxyphenyl)ethynyllphenyl units from
the 6- or 6,12-positions to the 5- or 5,11-positions of the chrysene
unit, respectively, followed by an intramolecular cyclization
(Figure 1A). However, this type of rearrangement did not occur at
all when the analogous chrysene derivative 3 (Figure 1F) was
treated with TFA in dichloromethane (Figure S8), which indicates
that the phenylethynyl groups of 1a are indispensable for the
observed acid-promoted intramolecular rearrangement/aryl
migration on the chrysene unit.

We then propose a plausible mechanism for the formations
of [4]- and/or [5]helicene frameworks during the annulative =n-
extension of 1a under acidic conditions, thereby enabling the one-
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Figure 2. Plausible mechanism for the formation of double [4]helicene (ii) and [5]helicene (iv) frameworks from the corresponding vinyl carbocation
intermediates (i and iii, respectively) during the annulative -extension of a chrysene moiety (1a) with phenylethynyl pendants under acidic conditions.

step simultaneous synthesis of a series of multiple helicenes
(Figure 2). Briefly, the vinyl carbocation intermediate i formed
from 1a through protonation of the ethynyl groups!” converts into
the expected double [4]helicene framework ii by a subsequent
electrophile-induced intramolecular cyclization. Instead of this
cyclization reaction, the vinyl carbocation i undergoes hydrogen
and aryl shifts to produce another vinyl carbocation intermediate
iii. Subsequent intramolecular cyclization results in the formation
of the [5]helicene framework iv. In the same manner, a second
intramolecular cyclization with or without aryl migrations also
proceeds on another side of the chrysene unit, thus
simultaneously yielding QH-2a, TH-2a, and DH-2a containing
[4]helicene and/or [5]helicene frameworks in one step. To the best
of our knowledge, this is the first example of a one-step
simultaneous synthesis of three kinds of discrete multiple
helicenes comprising different numbers of helicene moieties from
a single chrysene unit through acid-catalyzed intramolecular
cyclizations with or without a combination of rearrangements of
aryl pendants that readily proceeds quantitatively. Bock, Durola,
and coworkers reported a unique Pd-catalyzed cyclization
reaction of a chrysene derivative in which a double cyclization and
rearrangement occurs concurrently, affording a double helicene
together with presumably two kinds of multiple helicenes in
relatively low yields. However, the products were not fully isolated;
therefore, their exact structures and chiroptical properties
remained unknown.!%!

Resolution of Multiple Helicenes into Enantiomers and/or
Diastereomers, Their Chiroptical Properties, and Stepwise
Helicity Inversion

We then investigated whether the chrysene-based multiple
helicenes could be separated into enantiomers and/or
diastereomers by chiral HPLC. To make preparative-scale

resolutions by chiral HPLC easier, analogous multiple helicenes
carrying branched alkoxy groups, QH-2b, TH-2b, and DH-2b,
showing better solubilities than the corresponding 2a-type
helicenes, were prepared from 1b in the same way (Figures 1A,
S3B, and S9-S12). As anticipated, the double helicene DH-2b
was completely separated into two fractions at 0 °C (Figure 3A—
C) and the isolated products presented mirror-image CD spectra
and identical absorption spectra (Figure 3D). This result indicates
that they are the enantiomeric pair (Ps,Ps)- and (Ms,Ms)-DH-2b
and that the corresponding achiral meso isomer, (Ps,Ms)-DH-2b,
is not produced, as supported by its simple '"H NMR spectrum
(Figure S9C), which, like that of DH-2a, shows one set of signals
derived from rac-DH-2b. The absolute configurations (helicities)
of the first- and second-eluted enantiomers of DH-2b were
assigned as (Ms,Ms) and (Ps,Ps), respectively, based on time-
dependent-DFT calculations (Figure S13).
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Figure 3. (A—C) Chromatograms for the resolution of rac-DH-2b (A) and the
fractionated (Ps,Ps)-DH-2b (B) and (Ms,Ms)-DH-2b (C). Chromatographic
conditions: column, CHIRALPAK IA (0.46 cm (i.d.) x 25 cm); eluent, n-
hexane/chloroform (95/5, v/v); flow rate, 1.0 mL/min; temperature, 0 °C. (D)
CD and absorption spectra of (Ps,Ps)-DH-2b (0.15 mM) and (Ms,Ms)-DH-2b
(0.13 mM) in chloroform at 25 °C. The absolute configurations were assigned

based on the time-dependent-DFT calculations (Figure S13).
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Figure 4. (A) Chromatogram for the resolution of TH-2b with dual UV and CD detectors. Chromatographic conditions: columns, CHIRALPAK |A-3 (0.46 cm
(i.d.) x 15 cm), CHIRALPAK I[B-3 (0.46 cm (i.d.) x 15 cm), and CHIRALPAK IA (0.46 cm (i.d.) x 25 cm) were connected in series; eluent, n-
hexane/dichloromethane (91/9, v/v); flow rate, 0.50 mL min~"; temperature, —20 °C. (B,C) CD and absorption spectra of the first- ((Ps,Papn,Ms)-TH-2b) and
second-eluted ((Ms,Mapn,P4)-TH-2b) components in A (B) and the third- ((Ms,Papn,P4)-TH-2b) and fourth-eluted ((Ps,Mapn,M4)-TH-2b) components in A (C) in n-
hexane/dichloromethane (91/9, v/v) at room temperature, obtained by stop-flow HPLC-CD analysis. The CD and absorption spectra were normalized based
on the corresponding absorption spectra at room temperature. (D,E) HPLC chromatograms of the fractionated first-eluted component in A ((Ps,Paph,Ma)-TH-
2b) after standing at =10 °C for 1 h (D) and at 50 °C for 8 h with dual UV and CD detectors (E). For chromatographic conditions, see caption (A). The absolute
configurations were assigned based on time-dependent DFT calculations (Figure S16).

The CD signals of (Ms,Ms)-DH-2b gradually decrease with
time in toluene at high temperatures (40-80 °C) (Figure S14A),
which suggests that the racemization is a result of the inversion
of the [5]helicene substructures, as often seen in single
[5]helicenes that are non-substituted in the fijord region.l''¥ The
racemization process obeys the first-order kinetics in the absence
of achiral meso-(Ps,Ms)-DH-2b formation as supported by the
time-dependent enantioseparation and CD intensity change
results (Figure S15). The activation energy (Ea) for the
racemization of DH-2b in toluene was then estimated to be 26.1
kcal mol~' (Figure S14), which is higher than that of [5]helicene
(Ea = 23.5 kcal mol™)."4al These results also indicate that the
dynamic helicities of the two [5]helicene units fused together in
DH-2b interconvert in a correlated manner with each other.

The triple helicene (TH-2b), which comprises two [4]- and
one [5]helicene substructures, was resolved into two pairs of
major and minor peaks by chiral HPLC at —20 °C (Figure 4A),
where each pair showed the mirror-imaged CD spectra (Figure
4B,C). DFT calculations for all four possible diastereomers of a
model TH-2 with the same (P)-[5]helicene subunit (Figure S4B
and Table S4) revealed that one pair of major peaks can be
assigned to the most stable (Ps,Paspn,Ms and Ms,Mapn,Ps)-TH-2b,
whose structures are identical to those determined by X-ray
crystallography (Figure 1B). Accordingly, one pair of minor peaks
is assigned to the next most stable (Ps,Mapn,Ms and Ms,Papn,Pa)-
TH-2b. The calculated relative populations (85.5:14.4) are in good
agreement with the major and minor peak ratios observed in the

'H NMR spectrum of TH-2b (87:13 in Figure S9B) and the
chromatographic separation result for TH-2b (86:14 in Figure 4A).
Based on comparison between the experimental and calculated
CD spectra, the absolute configurations of the first-, second-,
third-, and fourth-eluted stereocisomers are assigned as
(Ps,Papn,Ms),  (Ms,Mapn,Ps), (Ms,Papn,Pa), and (Ps,Mapn,Ma),
respectively (Figure S16).

Interestingly, when the first-eluted stereoisomer,
(Ps,Papn,Ma4)-TH-2b, fractionated by chiral HPLC at -20 °C, was
reinjected into the chiral HPLC after storage at —10 °C for 1 h, an
additional minor peak ((Ps,Mspn,Mas)-TH-2b) converted from the
(Ps,Papn,Ma4)-TH-2b appeared in the chromatogram (Figure 4D);
its diastereomeric ratio was almost the same as that in the original
chromatogram (Figure 4A). Hence, only the inversion of the
phenyl-substituted [4]helicene unit in TH-2b (Pspnh and Mapn) took
place at —10 °C, while maintaining the Ps and Ma helicities that
appear to interconvert in a correlated way, because the
(Ps,Papn,Ps)- and  (Ps,Mapn,Ps)-TH-2b  diastereomers are
energetically very unstable (Figure S4). The fractionated first-
eluted (Ps,Pspn,Ma4)-TH-2b racemized to a substantial extent over
8 h at 50 °C (Figure 4E). These chiral HPLC results clearly reveal
the stepwise inversion of helicities in the triple TH-2b helicene in
a sequence such that inversion of the phenyl-substituted
[4]helicene first takes place, followed by inversion of the
[5]helicene that occurs concurrently with inversion of the non-
substituted [4]helicene in a stereochemically correlated
manner.['%]
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Figure 5. (A) Photographs of QH-2b (top), TH-2b (middle), and DH-2b (bottom) in chloroform under irradiation at 365 nm. [2b] = ca. 0.1 mM. Fluorescence
quantum yields are shown in the parentheses. (B,C) Normalized PL (bottom), CPL (middle), and gum (top) spectra of (Ps,Ps)-DH-2b (0.15 mM) and (Ms,Ms)-
DH-2b (0.13 mM) and a mixture of (Ps,Papn,Ma)- and (Ps,Maph,Ma4)-TH-2b (87/13, mol/mol; [2b] = 0.11 mM) and a mixture of (Ms,Mapn,Pa)- and (Ms,Papn,Ps)-TH-
2b (87/13, mol/mol; [2b] = 0.10 mM) (C) in chloroform at 25 °C. The gum values are defined as 2(/L — Ir)/(IL. + Ir), where /. and Ir are the PL intensities of the

left- and right-handed circularly polarized light, respectively. Aex = 280 nm.

Because of the difficulty in handling the enantiomerically
and diastereomerically pure forms of TH-2b, the subsequent CPL
studies were performed using (Ps,Ma4)- and (Ms,Ps)-TH-2b, in
which the helicities of the phenyl-substituted [4]helicene units are
in dynamic equilibrium. Optically-active (Ps,Ma)- and (Ms,Pa)-TH-
2b with optical purities of >98% ee were obtained by chiral HPLC
under modified chromatographic conditions affording better
resolution of (Ps,Papn,Ma)- and (Ms,Mapn,P4)-isomers (Figure S17;
for racemization kinetics and thermodynamics for (Ps,Ma)-TH-2b,
see Figure S18). QH-2b could not be resolved by chiral HPLC
under any of the conditions investigated, most likely because of
four [4]helicene subunits with a low helicity inversion barrier.[42.16]

Circularly Polarized Luminescence from Optically-Active
Double and Triple Helicenes

Optically-inactive DH-2b, TH-2b, and QH-2b showed a
clear blue fluorescence emission in chloroform under UV
irradiation (365 nm) as shown in Figure 5A, and their quantum
yields were determined to be approximately 10%. As expected,
the DH-2b and TH-2b enantiomers obtained just after resolution
exhibited clear CPL signals with opposite signs in the
corresponding fluorescence regions due to the helicities of the
multiple helicenes and their maximum luminescence dissymmetry
factors (|gum|) reached 5.0 x 10= and 2.5 x 1073, respectively
(Figure 5B and C). The resulting |gum| values are sufficiently high
comparable to those of previously reported helicene-based CPL
materials (typically in the range 107% — 1073).146.¢:17]

Conclusion

In summary, we have found the unprecedented one-step
simultaneous formations of three multiple helicenes (double, triple,
and quadruple helicenes) comprising [4]- and/or [5]helicene
subunits using chrysene-based starting materials through
electrophile-induced intramolecular cyclizations with or without a
combination of rearrangements of aryl pendants. Two of the

multiple helicenes were completely separated into enantiomers
and/or diastereomers by chiral HPLC. A unique temperature-
driven stepwise helicity inversion of two [4]helicene substructures
with dynamic helical chiralities was, for the first time, directly
visualized by chiral HPLC analyses of the triple helicene,
providing access to new chiral molecular motors. The optically-
active multiple helicenes emit left- and right-handed circularly
polarized light with a |gum| value up to 5.0 x 10=3. We believe that
the present methodology will be applicable to one-step selective
synthesis of further complicated multiple helicenes as well as
nonplanar n-conjugated molecules and curved nanographenes in
a predictable manner by the rational molecular design of
cyclization precursors. Work towards these goals is now
underway in our laboratory.
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