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ABSTRACT

The targeted application of multiple helicenes in photo-optical applications requires their rational
design. Toward this goal, we report on the synthesis of pyrene-based triple helicene 1 and investigate
the positional effect of extension of the m-conjugated system on the photo-chemical and chiro-optical
properties of triple helicenes. The conformational and aggregatory behavior of 1 were studied both
experimentally using VT NMR spectroscopy and computationally using high-level DFT computations.
Although m-extension was observed to have a marked effect on the spectroscopic properties of triple
helicenes, comparison with other known m-extended helicenes reveals that the position at which n-
extension is introduced is only of nominal importance. Our results thus suggest that the presence of a
particular helicene motif is dominant in dictating the physico-chemical properties of triple helicenes.



Introduction
Helicenes are a subclass of non-planar polycyclic Weitzenb(i:;:;mingler
aromatic hydrocarbons (PAHs) consisting of an array
of ortho-fused benzene rings, that adopt a helical
geometry. Despite showing interesting physico-
chemical properties, their application in, e.g., chirality
sensing,!Y asymmetric catalysts,’? and chiro-optical
materials is ultimately hampered due to their low
photo-stability and low barriers for racemization.! JEhAEDE Karliéketal.
Several recent syntheses of molecules that feature (1960}
the helicene motif have circumvented the
aforementioned shortcomings. These approaches
include the fusion of additional benzene rings into so-
called r-extended helicenes,'” as well as the merger
of multiple helicene motives into a single molecule,
yielding double,™ triple,® and even quadruple
helicenes (Scheme 1).I"! Of these, the triple helicenes, S——
which we call propellerenes, are of particular interest, (1959)
with hexabenzotriphenylene (HBT), i.e., showing the
highest dichroism dissymmetry factor of all known
helicenes and helicinoids.®

As the photo-optical properties of aromatic
molecules are driven by the size of the conjugated
system, their relationship provides an important
guiding principle for the rational design of photo-
optical materials.l”! Yet, although such relationships
have been well documented for monohelicenes!”
and multiple helicenes,™! a systematic study on the
effect of m-extension on the properties of helicenes
vis-a-vis propellerenes is, to the best of our
knowledge, lacking in the literature. We have, N Thilh ek
therefore, synthesized the m-extended, tripyrenylene T_EXTENDED PROPELLERENES
1, to study both the effect of m-extension on the Scheme 1. Schematic representation of the
photo-optical properties of propellerenes and the increased rigidification of a helicene structure.
importance of the position of the t-extension. Names and dates given are those related to the

first identification of the compound.
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Results and Discussion

Synthesis. The most common approach to synthesize triphenylenes class propellerenes is via the
palladium(0) catalyzed [2+2+2] cycloaddition of arynes.'? Because of the reactive nature of these
arynes, they are generated in situ, often from the treatment of an ortho-TMS triflate with a fluoride
source. As such, for the present target molecule, we required ortho-TMS triflate 5, which in turn
required us to obtain sizable quantities of 4-hydroxypyrene 3 (Scheme 2A). Synthesis of 3 is not
straightforward, as selective derivatization of pyrene on the C-4 position poses a serious synthetic
challenge. Recently, a synthetic procedure to obtain 3 was reported which involves reduction of pyrene
to 1,2,3,6,7,8-hexahydropyrene followed by bromination on the desired position, substitution with
methoxide and finally demethylation.[*® Although this, and other procedures, yield the desired
compound, they all suffer from either several steps or unsatisfactory overall yield.** We were able to
successfully synthesize 3 in 50% vyield via a Tiffeneau-Demjanov-like reaction by treatment of 4-oxo-
cyclopenta[def]phenanthrene 2 with TMS-azido methane in the presence of BF; etherate. An efficient
gram scale, two-step synthesis of 2 from pyrene was recently published by us.[* Bromination of 3
proved cumbersome and was ultimately only found possible using elemental bromine in CS; at low
temperatures. A three-step-one-pot procedure involving ortho-lithiation, retro-Brook rearrangement



and quenching of the resultant phenolate with triflic anhydride then afforded ortho-TMS triflate 5 in
anoverall yield of 47%. Treatment of 5 with CsF in the presence of a palladium(0) catalyst then afforded
propellerene 1 in 47% yield. Propellerene 1 incorporates three m—extended [5]helicene motives, with
one shared central six-membered ring. Like all propellerenes, 1 can exist in either a C; or D;
conformation, depending on the molecular symmetry, and each helix can be labelled depending on its
relative chirality as either P (for plus) or M (for minus) (Scheme 2B, also see Scheme 3).
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Scheme 2. a) Synthesis of 4-hydroxypyrene 3 and m—extended tripyrenylene 1 therefrom. b) Schematic
representation of the interconversion of the two enantiomers of 1-C; and 1-Ds, and the conversion
between the two conformers.

Kinetics and VT-NMR. To determine the conformation of the isolated tripyrenylene 1, variable
temperature NMR experiments in toluene-ds were performed (Figure 1A; also see SlI). At room
temperature, the H spectrum of 1 only shows four resonances due to rapid interconversion between
its two G, conformations. When cooled to —90 °C, however, interconversion is no longer possible and
additional resonances are observed, corresponding to protons on the individual wings of the
propellerenes (note that the two conformers are both chemically and magnetically equivalent and thus
their resonances coincide). The coalescence temperature for the interconversion between the two C;
conformers was found to be approximately =90 °C (Fig. 1), corresponding to a barrier height to
interconversion of 10.0 kcal mol™, which is in excellent agreement with the value of 9.9 kcal mol™
computed at SMD(Toluene)-PBE-D3(BJ)/6-31G(d,p). Heating of the solution to 80°C (in toluene-ds)
resulted in conversion of 1-C; to its D3 conformer. This was evidenced by the disappearance of the
original 1-C; resonances, with a half time of approximately 20 mins., corresponding to a barrier height
of AG*= 26.0 kcal mol?, and which is in equally good agreement with the computed value of 25.8 kcal
mol?, also computed at SMD(Toluene)-PBE-D3(BJ)/6-31G(d,p) (Fig. 2). It was observed that conversion
of 1-C, to 1-D3; conformer was accompanied by precipitation of the compound, due to a significantly
worse solubility of the compound this conformation, resulting in a decrease in absolute signal intensity.
This could be attributed to a better stacking of the D3 conformer, due to its lesser degree of distortion
from planarity, compared to the C; conformer. Indeed, the intermolecular distances in the dimers were



computed to be 4.5 and 4.4 A for the C, and Ds dimer respectively (S| Fig. S1). Computation of the
dimerization energies for 1-C; and 1-Ds; gave values of —21.9 and -24.4 kcal mol™? respectively,
corroborating this observation (SI S9 and S10). Cooling of a solution of 1-D3; to —80 °C no longer resulted
in a change in the number of observed resonances, confirming 1 to now reside in the D; conformation.
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Figure 1. 'H VT-NMR spectra of 1 in Tol-ds. Spectra are arbitrarily scaled for clarity. Resonances marked by
asterisks originate from the solvent. Resonances shaded in blue and red belong to the C; and Ds conformer
respectively.
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Figure 2. Potential energy surface and schematic representation of the interconversion of 1-C; and 1-Ds the and
the interconversion of the two 1-C enantiomers, as observable by VT-NMR. Gibbs free energies (in kcal mol™)
were computed at the SMD(Toluene)-PBE-D3(BJ)/6-31G(d,p) level.



Kinetic control. Formation of the thermodynamically less favorable C; conformers in the palladium(0)
catalyzed trimerization of arynes has previously been reported.!*® To understand whether this kinetic
control is substrate dependent or independent, and to determine at what point the C; symmetry is
introduced, we computed the entire potential energy surface (PES) of this reaction. The PES for the
synthesis of hexabenzotriphenylene HBT was chosen as model system,!*”! for which the kinetic effect
was first reported. The PES was computed starting from the step-wise coordination of two
phenanthryne units to palladium(0), which was found to be exergonic by —69.0 and then —34.2 kcal
mol™ (Fig. 3). Kamikawa et al. recently showed that the energies accompanying solvent association to
and dissociation from the palladium center are negligible relative to the other processes along the
reaction coordinate (~1.5 kcal mol™), and were thus not considered here.*®! Ligands were disregarded

for the same reason.*® The formation of diene P3 proceeds via TS-l, whose energy barrier for
formation was found to be 23.6 kcal mol™. For the trimerization of benzyne, the corresponding diene
has a C,y symmetry,?® whereas steric clash between the spatially proximal rings in palladacycle P3
results in the adaptation of a non-planar C; geometry. Coordination of a third phenanthryne to diene
P3 results in a further 17.4 kcal mol™ lowering in free Gibbs energy, to yield reaction intermediate P4.
It is of interest to note that this phenanthryne unit in P4 is oriented perpendicularly to the diene plane,
which already alludes to the way in which it will insert itself into the complex.? Namely, the addition
of the third phenanthryne unit to the diene was found to proceed via a two-step insertion mechanism.
First, a seven-membered intermediate is formed via TS-1l at 13.2 kcal mol™ yielding intermediate P5.
This is then followed by the concomitant formation of the final C—C bond and reductive elimination of
the palladium center via a slightly lower transition state TS-lll at 12.7 kcal mol™ to give reaction
complex P6. Like others before us,'®® we were unable to locate a TS that describes a concerted [4 + 2]
cycloaddition, i.e. a canonical Diels-Alder addition. A constrained PES was therefore constructed in
which bond forming C-:-C distances were artificially constrained to be synchronously concerted (Sl
Figure S6). Although the initial products of both PESs are different, the energetic maximum of the
concerted synchronous reaction was approximately 25 kcal mol™ more endergonic with respect to the
TS of the step-wise addition (i.e. TS-Il at AG* = 13.6 kcal mol™). This is attributable to a much less
favorable orbital alignment, steric clash and the requirement for an unfavorable dearomatization of
the palladacyclic complex. Regardless of the exact mechanism, the C; symmetry of the reaction
product is introduced at this point along the PES, and is asserted to be substrate independent.
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Figure 3. a) The potential energy surface of the palladium(0) catalyzed trimerization of phenanthren-9,10-yne.
Gibbs free energies and enthalpies are computed at the SMD(MeCN)-PBE-D3(BJ)/6-31G(d,p) level of theory are
given in kcal mol™. b) Transition state structures with key interatomic distances given in Angstroms.

Photo-physical properties. As the C; and D3 conformer of 1 can be separately isolated, the properties
of the individual conformers could be studied separately (Fig. 4a). Both conformers yield yellow
solutions in chloroform under ambient light, and show green under UV light (Aex. = 254 nm). The UV-
Vis spectrum of 1-C; shows an onset at 504 nm, corresponding to an optical band gap of 2.46 eV. Weak
shoulders are observed at 439 nm and 416 nm, which were computed using time dependent (TD) DFT
at the SMD(CHCIl5)-B3LYP/6-311+G(2d,p)//B3LYP-D3(BJ)/6-31G(d,p) level, to correspond to the HOMO
— LUMO transition (Acaic = 436 nm, f=0.0179; Acaic = 466 nm, f=0.1099), as well as mixtures of different
frontier orbital transitions. Two local maxima are found at 385 nm and 365 nm, with a global maximum
is located at 295 nm (€maxc2 = 3.05 x 10* mol™ L ecm™). The spectrum of 1-Ds is distinctly different to
that of 1-C,. The absorption onset is slightly red shifted compared to that of 1-C; at 522 nm,
corresponding to an optical band gap of 2.37 eV. Absorption bands are found at 506 nm and 473 nm,
corresponding respectively to the HOMO — LUMO +1 (Acaic = 493 nm, f = 0.0000) and a mixed HOMO
— LUMO / HOMO -1 — LUMO+1 (Acaic = 448 nm, f = 0.3454) transition. A single local maximum is found
at 394 nm with the global maximum located at 282 nm (&maxps = 2.83 x 10* mol™ L cm™). Comparison
of the UV-Vis spectra of 1 to that of [5]helicene,?? dibenzo[f,j]picene,?® and HBT (Figure S5), reveals
that an increase of conjugation results in a bathochromic broadening of the UV-Vis spectrum, as well
as a bathochromic shift of the initial (higher wavelength) absorption maximum. Comparison of the UV-
Vis spectrum of 1 to that of hexapole [5]helicene of Hosokawa et al. shows only minimal differences, ¢
suggesting that, although increased m-conjugation results in a noticeable change in spectroscopic



properties, the location of at which this increased conjugation is introduced is only of nominal
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Figure 4. a) UV-Vis spectrum of 1-C; (red) and 1-D3
(blue) in chloroform (¢ =3.149 x 10 and 3.000 x 10°M
respectively). Inset: 450 — 550 nm. The gap around 350
nm is due to switching of the lamp. b) Energy diagram
of the frontier orbitals of 1-C2 and 1-Ds computed at TD
DFT SMD(CHCls)-B3LYP/6-311+G(2d,p)//B3LYP-

D3(BJ)/6-31G(d,p). Phases are arbitrarily colored.

Frontier orbitals. The semblance of the UV-Vis
spectra of 1 vis-a-vis hexapole [5]helicene
suggested a corresponding similarity of the
underlying molecular orbital structure. Thus, the
frontier orbitals of both conformers of 1 were
computed using TD-DFT at the SMD(CHCls)-
B3LYP/6-311+G(2d,p)//B3LYP-D3(BJ)/6-31G(d,p)
level of theory, and compared. The HOMOs and
LUMOs in both conformations are found to be an
expected m and mn*-type respectively. The
HOMO/HOMO -1 and LUMO/LUMO +1 pairs are
distinguishable by the presence of MOs on either
one or two of the K-regions of the pyrene
moieties respectively (Fig. 4b). This feature
allows tracking of the frontier orbitals during the
C; — D; conversion. It is observed that, during
this transition, the HOMO of 1-C; becomes more
stabilized, whereas the LUMO becomes more
destabilized, yielding the HOMO -1 and LUMO
+1 in 1-D; respectively. Concomitantly, the
HOMO -1 and LUMO +1 of 1-C; become more
and less destabilized respectively, yielding the
HOMO and LUMO of 1-Ds. The net result is a
widening of the band gap from —-3.12 eV t0o—-3.20
eV. Interestingly, HBT was computed to show
the same behavior (Fig. S2 and S3), and which
has also been reported for hexapole
[5]helicene.’®  This suggests this “frontier
orbital cross-over effect” to be a general feature
of benzenoid triphenylenes, and is suspected to
be the result of the greater planarity of
propellerenes in their D3 conformation (cq. Fig.

S1).

For completeness, computation of the FMOs of [5]helicene and dibenzo[f,jlpicene revealed a clear

correlation between n-extension and size of the HOMO — LUMO gap, with an increase and decrease in

the HOMO and LUMO energy respectively, when going from [5]helicene to 1 and hexapole [5]helicene

(Fig. S4); supporting the bathochromic shift observed in their UV-Vis spectra (Fig. $5).24

Conclusion

To conclude, we here reported the synthesis of the n-extended propelleren tripyrenylene 1 by the

palladium(0) catalyzed [2+2+2] cyclization of in situ generated pyren-4,5-yne. The compound was

isolated at the thermodynamically less stable C; conformer. Interconversion of 1 between its two C;



enantiomers and conversation to a D; conformer were followed by VT-NMR, with experimental results
showing good agreement with those obtained by DFT computations. Moreover, the origin of the
kinetic control of this reaction was investigated by computing the PES of this reaction, which showed
it to be substrate independent. The photo-optical properties of both conformers of 1 were studied by
UV-Vis, and showed large similarities to known m-extended propellerenes. Frontier orbitals were
computed using TD DFT and showed a characteristic crossing of the frontier orbitals during the G; =
Ds transition. The large similarity between the photo-optical properties of tripyrenylene 1 compared
to known propellerenes hexabenzotriphenylene and hexapole [5]helicene, indicates that, although mt-
extension has a noticeable effect on the physico-chemical properties of propellerene molecules, the
position at which additional benzene rings are added is of only nominal importance. These results
therefore suggest that the helicene motives are dominant in determining the physico-chemical
properties of this class of chiral, non-planar PAHs.
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TOC

Propellerenes in the limelight! The way propellerenes interact with light is engrained in their
structure. A proper understanding of the relationship between the two is thus vital for their rational
design. We found the helical motives to dominate their physico-chemical properties, which is modulated
by extension of the n-conjugated system.



