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Helical Threads: Enantiomerically Pure Carbo[6]Helicene

Oligomers
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Abstract: We report the synthesis of enantiomerically
pure carbo[6]helicene oligomers with buta-1,3-diyne-1,4-
diyl bridges between the helicene nuclei. The synthesis of
monomeric (4)-2,15-bis[(triisopropylsilyl)ethynyllcarbo[6]-
helicene was achieved in 25% yield over six steps. Pure
(+)-(P)- and (—)-(M)-enantiomers were obtained by HPLC
on a chiral stationary phase. The dimeric (+)-(P),- and (—)-
(M),-configured and the tetrameric (+)-(P),- and (—)-(M),-
configured oligomers were obtained by sequential oxida-
tive acetylenic coupling. The ECD spectra of the tetrameric
oligomers displayed large Cotton effect intensities of Ae=
—851m~'ecm™' at A =370 nm ((M),-enantiomer). We trans-
formed the buta-1,3-diyne-1,4-diyl bridge in the dimeric
(P), and (M), oligomer by heteroaromatization into a
thiene-2,5-diyl linker. Although the resulting chromophore
showed reduced ECD intensities, it exhibited a remarkably
strong fluorescence emission at 450-500 nm, with an ab-
solute quantum vyield of 25%. )

Carbo[n]helicenes are polyaromatic hydrocarbons (PAH) featur-
ing a helical, m-conjugated backbone, which imparts inherent
chirality and strong chiroptical responses.”” Elongation of the
helical backbone has been intensively pursued,” culminating
in the recent synthesis of a carbo[16]helicene by Fujita and co-
workers.”) More recently, fused helicenes have been incorpo-
rated into nanographenes, breaking the planarity of the
carbon sheets and enhancing their processability.” Yamaguchi
and co-workers reported the first acyclic and macrocyclic heli-
cene oligomers, based on 1,12-dimethylbenzo[c]phenanthrene
monomers linked by ethyne-1,2-diyl moieties.”’ These [4]heli-
cene-containing macromolecules showed strong chiroptical re-
sponses while suffering from aggregation in solution. In 2013,
our group reported the first ethene-1,2-diyl-linked (P),- and
(M),-configured [6]helicene dimers.” The unexpectedly intense
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chiroptical properties displayed by these dimeric systems were
found to originate from an increase in the m-conjugated chro-
mophore surface. Encouraged by these findings, we report
herein the synthesis and properties of enantiopure dimeric
((P),-1 and (M),-1) and tetrameric ((P),-2 and (M),-2) [6]helicene
oligomers, in which the helicene nuclei are connected by buta-
1,3-diyne-1,4-diyl linkers in a linear fashion (Scheme 1). We
show that the buta-1,3-diyne-1,4-diyl linker in the dimeric sys-
tems can be transformed by heteroaromatization into a thio-
phene ring, and investigated the interesting photophysical
properties of the resulting thiene-2,5-diyl-linked dimeric [6]heli-
cene.” Additionally, building on the many theoretical studies
performed on helicene scaffolds,’® we fully supplemented the
experimental spectroscopic study by density functional theory
(DFT) calculations, providing further insight into the measured
electronic circular dichroism (ECD) and UV/Vis spectra.
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Scheme 1. Synthesis of dimeric (P),-1 and tetrameric (P),-2 from enantiopure
(P)-3. Reagents and conditions: a) TBAF (0.7 equiv), MeOH/THF (1:5), 22°C,
72 h, 30% ((P)-4) and 21% ((P),-5); b) Cul (10% mol), [Pd(PPh;),Cl,] (10%
mol), TMEDA, toluene, 22°C, 14 h, 89 % (for the formation of (P),-1) and 45%
(for the formation of (P),-2). TBAF =tetrabutylammonium fluoride, TMEDA =
tetramethylethylenediamine.

Racemic  2,15-bis[(triisopropylsilyl)ethynyllcarbo[6]helicene
(4)-3 was prepared in 25% over six steps according to known
procedures (Section ST in the Supporting Information) and
subsequently resolved by preparative HPLC on a chiral station-
ary phase (Pirkle-type Regis Technologies (S,5)-Whelk-O 1,
hexane/CHCI; 98:2, see Section S2 in the Supporting Informa-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion). The absolute configuration was unambiguously con-
firmed by X-ray crystallography and ECD spectroscopy, coupled
with DFT calculations (B3LYP/6-31G(d)®). Consistent with previ-
ous reports, the longest-wavelength band exhibits a positive
Cotton effect for the first, and a negative Cotton effect for the
second eluting fraction (see Figure 2 for ECD spectra and Sec-
tion S4 in the Supporting Information for the X-Ray crystal
structures).'®™ Subsequent measurement of the specific rota-
tion confirmed that the first eluted fraction at retention time
t;=6.6 min corresponded to the (P)-enantiomer, whereas the
second eluted fraction at t;=11.0 min gave the (M)-enantio-
mer.

Selective cleavage of one triisopropylsilyl group in (P)-3 by
using tetrabutylammonium fluoride (0.7 equiv) gave singly de-
protected (P)-4 (not shown, see the Supporting Information) in
30% yield, while recovering 60% of (P)-3. Pd-catalyzed oxida-
tive homocoupling by using [Pd(PPh;),Cl,] and Cul gave (P),-1
in high yield (89%; Scheme 1)."? The enantiomeric purity of
this compound was ascertained by HPLC on a chiral stationary
phase (see Chapter S2 in the Supporting Information) and fur-
ther confirmed by X-ray analysis (see Chapter S4 in the Sup-
porting Information).

The crystal structure of (M),-1 (space group P2,) shows a di-
hedral angle of 34° between the two benzene rings that are
connected by the buta-1,3-diyne-1,4-diyl linker, with both heli-
cenes placed on opposite sides of this fragment (Figure 1). A

Figure 1. ORTEP plot of (M),-1. Hydrogen atoms have been omitted for clari-
ty. Atomic displacement ellipsoids at 100 K are drawn at the 50 % probability
level. Further information on bond lengths [A] and torsions [] can be found
in the Supporting Information.

polymorph of (M),-1 with the space group P2,2,2, showed an
angle of —57°, with both helicenes rotating to the same side
of the diphenylbutadiyne fragment. In contrast, the meso,
(M,P)-configured dimer (M,P)-1 with the space group P1
showed a flat diphenylbutadiyne fragment with an interplanar
angle of 0° (see Section S4 in the Supporting Information). DFT
calculations gave a barrier for rotation of the two benzene
rings attached to the buta-1,3-diyne-1,4-diyl moiety of only
0.7 kcalmol™" (DFT:B3LYP/6-31G(d)), with the highest-energy
conformation displaying a 91° angle between the two rings
(Section S3.3 in the Supporting Information).
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Monodeprotection of (P),-1 and (M),-1 afforded singly de-
protected (P),-5 and (M),-5 (not shown, see the Supporting In-
formation) in 21% and 35 % yield, respectively. Subsequent oxi-
dative Glaser-Eglinton coupling yielded the tetrameric (P),-
and (M),-configured oligomers in 45% and 27 % vyield, respec-
tively (Scheme 1).

The chiroptical properties of the enantiomerically pure
mono-, di-, and tetrameric helicenes are shown in Figure 2. UV/
Vis absorbance and Cotton effect intensities of monomeric
(P)-3 and (M)-3 were consistent with previously reported
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Figure 2. ECD spectra of monomeric 3 (green lines), dimeric 1 (orange line),
and tetrameric 2 (blue line) measured at c=10"°m in CH,Cl, at 296 K.
Dashed lines correspond to the (M),-enantiomers, solid lines to the (P),-
enantiomers (n=1,2,4). The inset shows a magnified view of the band in the
410-430 nm region.

values for related compounds (Figure 3).5Y Similarly to the
previously reported dimeric, ethene-1,2-diyl-linked [6]heli-
cene,™ (M),- and (P),-1 show a non-linear increase in Cotton ef-
fects compared to (M)-3 and (P)-3, respectively, accompanied
by a bathochromic shift of the 'B, band" maxima (,,) by
23 nm (Table 1).

To the best of our knowledge, tetrameric helicene (P),-2 and
(M);-2 show the highest Cotton effect for any [6]helicene-
based chromophoric system reported to date, with Ae=
842m ' cm™' at A=371 nm for the (P),-enantiomer, a fourfold
increase in intensity compared to monomeric (P)-3 and (M)-3.
However, there is no more non-linear increase in Cotton band
intensity from dimeric to tetrameric oligomer, and the intensity
is not even doubled, as expected for a linear increase from the
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Figure 3. UV/Vis spectra of monomeric 3 (green lines), dimeric 1 (orange

line), and tetrameric 2 (blue line) measured at c=10"°m in CH,Cl, at 296 K.
The inset shows a magnified view of the band in the 410-430 nm region.
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Table 1. Summary of the Ae values of the 'B,"* bands for both enantio-
mers of monomeric 3, dimeric 1, and tetrameric 2, and the thiene-2,5-
diyl-bridged dimeric 6, recorded in CH,Cl, at concentrations at c~10°
[molL~"] in CH,Cl, at 296 K.
Compound Ae [Lmol™'em™] Amax [NM]
(P)-3 209 344
(M)-3 —220 345
(P)-1 561 368
(M)1 —579 367
(P)s-2 842 371
(M),-2 —851 370
(P);-6 332 364
(M),-6 —283 363

doubling of the number of helicene nuclei. Additionally, the
Jmax Values for the 'B, bands of the tetrameric system only
show a modest bathochromic shift of 3 nm (Table 1). Interest-
ingly, the second 'B, band of tetrameric 2 displays a Cotton
effect of Ae=716M "' cm™' at A,.,=314nm, which corre-
sponds to a substantial bathochromic shift and intensity in-
crease compared to dimeric 1 (Ae=426m""'cm™' at A=
299 nm).

The increase in the number of helicene nuclei in the oligo-
mers comes with a linear increase in specific and molar optical
rotations. Indeed, the molar optical rotation doubled from
[P125=18125 [°cm?’dmol™"] in (P)-3 to 40767 [°cm?’dmol™'] in
(P),-1 and again to 82084 [°cm?dmol™'] in (P),-2. Such a linear
increase had already been previously reported for bis-helicenic
terpyridine systems by Crassous and co-workers."”

The UV/Vis spectra showed a 2.7-fold increase of the intensi-
ty from (M)-3 to (M),-1 (Figure 3). Tetrameric (M),-2 (blue line)
showed another large increase in UV/Vis intensity, although
less than a doubling of the Cotton effect is seen upon chang-
ing from dimeric (M),-1 to tetrameric (M),-2. The g-factor (g=
Aée/e) plots display strong similarities for all three oligomers be-
tween 240 and 360 nm (Figure S4 in the Supporting Informa-
tion). However, the tetrameric chromophores exhibit a three-
fold higher g-factor intensity at 422 nm, originating from the
new band that appears in the ECD (inset in Figure 2) and UV/
Vis (inset in Figure 3) spectra.

DFT calculations of ECD and UV/Vis spectra were performed
by using Gaussian 09 (Section S3 in the Supporting Informa-
tion). Structures were optimized at the B3LYP/6-31G(d) level of
theory, with the TIPS replaced by TMS groups. ECD spectra for
the lowest-energy conformer of each of (P)-3, (M),-1 and (M),-2
were calculated at the TD-DFT:cam-B3LYP/6-31G(d) level of
theory incorporating 72 states. A comparison between experi-
mental and theoretical spectra showed good agreement (Sec-
tion S3 in the Supporting Information).

We also calculated the highest occupied (HOMO) and lowest
unoccupied (LUMO) orbitals (B3LYP/6-31G(d); the accuracy of
this basis set was confirmed by comparison with B3LYP/
DGTZVP for tetrameric (P),-2; Section S3.2 in the Supporting
Information). In dimeric (P),-1, the electronic density of these
orbitals was fully delocalized over both helicene moieties. In
contrast, in tetrameric (P),-2, a clear loss in delocalization can
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be seen. The HOMO and LUMO are no longer delocalized over
the whole molecule, but are mostly localized on the central di-
meric helicene core. It is tempting to correlate these changes
in delocalization of the HOMO/LUMO orbitals to the experi-
mentally observed chiroptical properties, although other ef-
fects, such as differences in charge-transfer states, may also
contribute. A greatly increased m-electron delocalization in the
dimeric chromophore leads to non-linear increase of the ECD
band intensities, compared to the monomer.” Subsequent re-
duction in m-electron delocalization in the tetrameric chromo-
phore gave a much weaker increase in intensity of the Cotton
effects.

We subjected (P),-1 to heteroaromatization conditions with
Na,S in DMSO/THF 1:1 in the presence of KOH (Scheme 2).7<¢
Quantitative conversion to thiene-2,5-diyl-linked (P),-6 oc-
curred, as was evidenced by the '"H NMR spectra of the crude

(F)-(P)1

(+)-(P)-6

Scheme 2. Quantitative cyclocondensation of the buta-1,3-diyne-1,4-diyl
moiety in (P),-1 with Na,S with simultaneous cleavage of the TIPS groups af-
fords thiene-2,5-diyl-linked (P),-6. Reagent and conditions: KOH (0.3 equiv),
Na,S-9H,0 (2 equiv), DMSO/THF 1:1, 80°C, 1.5 h, quant. (isolated

yield =96 %).

material. Remarkably, both TIPS groups were cleaved under
the basic conditions. The longest-wavelength Vis absorptions
of (P),-6 are substantially bathochromically shifted (by 12 nm)
compared to the absorptions of the buta-1,3-diyne-1,4-diyl-
bridged dimer (P),-1 (Figure S5 in the Supporting Information).
The thiophene-linked dimer exhibited fluorescence under labo-
ratory UV light at 365 nm, and we further explored this desira-
ble property, which is quite rare for carbohelicenes with un-
substituted all-benzene backbones.™ The compound shows a
structured emission band between 440 and 580 nm with two
maxima at 1., =457 and 481 nm, attributed to the S, symmet-
rical vibrational mode.'*® The absolute fluorescence quantum
yield" is 0.25 at A..=400nm (Figure 4). Monomeric (P)-3,
buta-1,3-diyne-1,4-diyl-linked dimeric (P),-1, and tetrameric
(P),-2 showed expectedly low absolute fluorescence quantum
yields of 0.04, 0.1, and 0.06, respectively, with the emission
band (4., =420 and 454 nm) also indicative of the S, vibration-
al mode (Figure S3 in the Supporting Information). ECD (Fig-
ure S6 in the Supporting Information) and UV/Vis spectral in-
tensities of the thiophene-bridged dimer (P),-6 were moderate-
ly lower than those of (P),-1.

A DFT investigation of the HOMO and LUMO orbitals of
(P),-6 revealed that the density of the HOMO is localized
around the thiophene core. In the LUMO state, this trend is re-
versed, showing little density on the central thiophene, but on
the outer helicene benzene rings instead. This picture resem-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. UV/Vis spectrum (blue line) and emission spectrum (orange line)
(Aexc =400 nm) of (P),-6 measured at c=10"°m in CH,Cl, at 296 K. The fluo-
rescence spectrum is given in arbitrary units. Identical features were mea-
sured for (M),-6 (see Figure S5 in the Supporting Information).

bles that for intermolecular non-planar push/pull chromo-
phores""” and suggests that the thiophene ring acts as a donor
and the helicene nuclei as the acceptors, in agreement with
the bathochromic shift of the longest-wavelength Vis band
(see Figure S5 in the Supporting Information).

Crystallization of (M),-6 afforded two solvomorphs: Vapor
diffusion of n-hexane into a CH,Cl, solution of the helicene
gave (M),-6-0.5CH,Cl, in space group €222, (Figure 5), while
vapor diffusion of MeCN into CH,Cl, gave (M),-6-MeCN in
space group P6;22. The structures of the same solvates of
enantiomeric (P),-6 were also solved, in the space groups
(€222, (0.5CH,Cl,) and P6,22 (MeCN; for all crystal structures,
see Section S5 in the Supporting Information). The asymmetric
unit of €222, contains two halves of each dimeric unit due to
crystallographic symmetry. The thiophene sulfur of the first
dimer, with a nearby CH,Cl, molecule (d(S--Cl)=3.7 A, angle
Cl---S-C=117°), is located on a 2, axis, whereas the thiophene
of the second dimer rests on a 2 axis. The torsional angles be-
tween the linked benzene rings of the helicenes are 22° and
41°, respectively (Figure 5). Terminal benzene rings of neigh-
boring dimers come close, yielding even a repulsive contact at
d(C+C)=3.1 A. The second solvomorph (space group P6s22)
shows a close S-contact (d(S--N)=3.7 A) to the MeCN solvate
molecule (which is disordered about a twofold axis; see Sec-
tion S4 in the Supporting Information). The molecular geome-

Figure 5. ORTEP plots of (M),-6:0.5CH,Cl, in C222,. Hydrogen atoms have
been omitted for clarity. Atomic displacement parameters at 100 K are
drawn at the 50% probability level. For further information on bond
lengths [A] and torsions [°], see the Supporting Information.
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tries of the thiene-2,5-diyl-linked dimers were nicely repro-
duced by DFT calculations (DFT:B3LYP/6-31G(d)).”

In conclusion, a synthetic route to enantiopure 2,15-bis[(tri-
isopropylsilyl)ethynyllcarbo[6]helicenes (P)-3 and (M)-3 in 25%
yield over 6 steps, followed by optical resolution by HPLC on a
chiral stationary phase was reported. Monodeprotection fol-
lowed by oxidative acetylenic coupling afforded buta-1,3-
diyne-1,4-diyl-linked dimeric [6]helicenes (P),-1 and (M),-1 and
subsequently tetrameric (P),-2 and (M),-2. The tetrameric oligo-
mers display large Cotton effects in ECD spectroscopy. The dif-
ferences in the increase of the chiroptical properties upon
moving from monomeric to dimeric and tetrameric systems
were explained by DFT calculations and correlated with the ex-
tension of s-electron delocalization. We also prepared the
thiene-2,5-diyl-linked dimeric (P),-6 and (M),-6 which feature a
strong fluorescence intensity, a desirable but rare property of
carbo[n]helicenes. Monomeric and dimeric helicenes were
characterized by extensive X-ray analysis showing a remarkable
tendency of the dimeric chromophores to form solvo- and
polymorphs, allowing for confirmation of the conformations
predicted by DFT calculations. Other heteroarene-linked dimer-
ic helicenes are currently under preparation.
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Bigger, better! An efficient route to
enantiopure 2,15-dialkynylated carbo[6]-
helicenes and buta-1,3-diyne-1,4-diyl-
and thiene-2,5-diyl-linked dimeric and
tetrameric oligomers is described. The
chiroptical properties are correlated
with the extent of m-electron delocaliza-
tion. X-ray analysis provided conforma-
tional information consistent with DFT-
calculated structures. The thiene-2,5-
diyl-bridged dimers display intense fluo-
rescence emission, which is a rare prop-
erty in carbohelicene chemistry (see
scheme).
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