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nes and cationic helicenes: from
weak to intense chiroptical properties in the far red
region†

Romain Duwald,a Johann Bosson, a Simon Pascal, a Stéphane Grass,a

Francesco Zinna, ab Céline Besnard, c Lorenzo Di Bari, b Denis Jacquemin *d

and Jérôme Lacour *a

A series of helical tetracenes and pentacenes was synthesized from cationic [6] and [4]helicene precursors.

These colorful acenes fluoresce in the far red region. While [4]helicene-based pentacenes exhibit

chiroptical properties mainly in the UV region, [6]helicene-derived tetracenes show enhanced ECD in the

visible range, in addition to clear CPL responses. This difference is rationalized using first principles.
Polyacenes, linearly fused polycyclic aromatic hydrocarbons or
PAHs, are strongly studied for their electronic properties.1

Thanks to their narrow HOMO–LUMO gap, these compounds
are efficient charge transport materials,2 with potential appli-
cations in semi-conductors, thin-lm and light emitting devi-
ces.1c,e,3 Their heterocyclic analogs, and more specically aza
heteroacenes,1e,f,4 show improved resistance to oxidative degra-
dation5 while maintaining their exceptional electronic behavior.
Alternatively, helicenes, that are ortho fused polyaromatic
systems and inherently chiral molecules, can be used.6 These
entities are involved in various applications spanning from
physical chemistry to biochemistry and catalysis.7 Helicenes
generally possess optical properties in the blue part of the
visible light spectrum, although both push–pull systems8 and
cationic helicenes9 see their optical properties shied toward
the red domain. In addition, the chiroptical properties of heli-
cenes have been intensively scrutinized,10 including their ability
to emit circularly polarized light.10,11 Herein, the privileged
polyacene and helicene motifs are merged into single frame-
works to provide polyaza helical acenes 1–6 (Fig. 1).12 These
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derivatives, prepared by late-stage introduction of N-phenyl-
quinolone motifs at internal or terminal extremities of cationic
[4] or [6]helicenes 7 and 8 (Scheme 1, 3–5 steps),13 are colorful
dyes emitting in the far red region.14 Tetracenes 4–6 exhibit
strong electronic circular dichroism (ECD) and circularly
polarized luminescence (CPL) properties in the whole visible
domain while pentacenes 1–3 mainly display ECD in the UV
spectral range, an outcome rationalized using ab initio
calculations.

To prepare polyaza acenes 1–6, recent developments on the
late-stage functionalization of cationic [4] or [6]helicenes were
used.9a,15 With 7 as substrate, three regioselective routes to
pentacenes 1–3 were developed (Scheme 1, top). Under mild
conditions,9a ketone K1 was obtained in three steps via
a selective formylation of 7 at position 6 or 8 (46% overall
yield). In strongly acidic conditions, benzoylations of 7
occurred at positions 2 and/or 12 instead.15 With an excess of
2-bromobenzoic acid in Eaton's reagent (MsOH, P2O5),16

ketone K2 was obtained in 93% yield. From K2, in even more
Fig. 1 Helical pentacenes 1–3 and tetracenes 4–6. M enantiomers
shown.
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Scheme 1 Synthesis of pentacenes 1–3 from [4]helicene 7 (top) and
tetracenes 4–6 from [6]helicene 8 (bottom): [a] POCl3, DMF, 90 �C; [b]
[(2-bromophenyl)magnesium bromide$LiCl],19 CH2Cl2, 0 �C; [c] PCC,
CH2Cl2, 40 �C; [d] 2-bromobenzoic acid, Eaton's reagent, 60 �C; [e] 2-
bromobenzoic acid, TfOH, P2O5, 50 or 80 �C; [f] PhNH2, Pd(OAc)2,
rac-BINAP, Cs2CO3, DMF, 90 or 100 �C; [g] CuI, 2,20-bipyridine, DMF
or NMP, air, 90 or 130 �C; [h] 2-bromobenzoic acid, PPA, 100 �C. 1 is
isolated as a BF4

� salt, 2–6 as PF6
� salts.

Fig. 2 Stick view of the crystal structures of 2, 4 and 6. For clarity
reasons, hydrogen atoms, propyl side chains and counterions are
omitted or truncated.N-phenyl groups are drawn in blue. For 6, due to
disorder, two side chain residues appear on one N-atom, see ESI.†
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acidic conditions (TfOH, P2O5), a second regioselective ben-
zoylation was possible to afford K3 (40%). Then, with bromide
K1–K3 in hand, nal aza ring closures were achieved by
sequences of Pd-catalyzed Buchwald–Hartwig reactions
(introduction of NPh groups in place the bromine atoms),17

and Cu-catalyzed oxidative (air) C–N bond formations closing
the acridone ring and thus completing the acene extension.18

Starting from 7, pentacenes 1, 2 and 3 were thus afforded in
24%, 41% and 13% yields in 5-, 3- and 4-step procedures
respectively.

With [6]helicene 8 as substrate, tetracenes 4–6 were prepared
using similar procedures and conditions to that above
described. They are summarized at the bottom of Scheme 1.15

Depending on the acidic medium used,20 intermediates K4 and
K5 were prepared in single steps. They were then engaged
directly in the Buchwald–Hartwig/oxidative ring closure
sequence. Using K4, aer the Pd-catalyzed Br/ NPh exchange,
the aza ring closure occurred under oxidative coupling condi-
tions at position 2 preferentially to yield 4 (combined yield 15%
from 8). From K5, two regioisomers were isolated aer the
second oxidative acridone ring closure, C1-symmetric 5 (C-2 and
C-14 reactivity) along with C2-symmetric regioisomer 6 (C-2 and
C-16 reactivity). Products 5 and 6 were isolated in 10% and 9%
combined yields from 8, respectively. In this series, and of
importance to explain both the lower yields and some of the
later properties, let us underline that the phenylaniline
substituents are primarily introduced in the sterically encum-
bered interior and not on the outer rim of the helicene as in
compounds 1 to 3.
1166 | Chem. Sci., 2020, 11, 1165–1169
Helical polyacenes 1–6 were bench and moisture stable and
the BF4

� or PF6
� salts could be characterized as any other

organic material (see the ESI†). Solid-state structures of acenes
2, 4, and 6 were also studied by X-ray diffraction analyses
(Fig. 2). Key structural features like the dihedral angles and
helical pitches are provided in Table 1 and in the ESI.† Unsur-
prisingly, the presence of aromatic phenyl groups on the inner
rim of the helicenes (inside the ord region) strongly increases
the helicity from 2 to 4 and then 6. Nevertheless, there is enough
space inside the groove to accommodate a quasi-perpendicular
arrangement of the extra Ph ring(s). The angles between the
mean planes of the pyridinone and phenyl motifs are 75� for 4,
and 79� and 86� for Ph groups of 6 respectively. With this
amplication and based on precedents,21 larger chiroptical
responses were foreseen for the later derivatives. The helical
pitch determined by DFT (Density Functional Theory) in solu-
tion are very similar (vide infra).

As mentioned, helicenes 1–6 are colorful dyes and efficient
uorophores. Their optical properties were investigated in
acetonitrile (ca. 10�5 M, see the ESI†). In the [4]helicene series
(1–3, Fig. 3 top), strong modications of the absorption spectra
were observed in the visible range as compared to parent 7 that
presents a lowest energy transition at 616 nm with a shoulder at
higher energy.9a Pentacene 1 exhibits a lowest energy transition
peaking at 576 nm. This blue-shi, compared to 7, is inherent to
the electron-withdrawing ketone functional group at the C-6/C-8
position. Conversely, pentacene 2 is red-shied compared to 1
with a lmax of absorption at 620 nm, and three maxima of
similar intensities appear in the 500–600 nm range. Further
bathochromic shi is observed for the bis pentacene 3 that
presents a broad absorption between 500 and 700 nm with
a lmax at 572 nm. Overall, relative to parent 7, the lowest energy
transitions of 2 and 3 are hardly shied. The same trend is
observed in uorescence with blue and red-shis of the emis-
sions for 1, and 2–3 compared to parent [4]helicene 7. The
uorescence quantum yield of 1–3 is similar to that of 7 (f ¼
0.15, 0.09 and 0.04 vs. 0.13 for 1, 2, 3 and 7 respectively). In
contrast, the elongation of the naphthalene part of [6]helicene 8
has only a marginal inuence on the optical properties (Fig. 3,
bottom).9b In fact, for 4 and 6, the lowest energy transitions are
centered around 614–616 nm with a shoulder at higher energies
and present a moderate hypochromic shi compared to parent
This journal is © The Royal Society of Chemistry 2020
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Table 1 Key geometrical parameters for 2, 4 and 6a

Helical acene Dihedral angle (�) Helical pitch (�A)

2 46.8 2.66
4 44.7 3.09
6 50.8 3.28

a Dihedral angles dening the ord region are common descriptors for
[4] and [6]helicene scaffolds (see ESI). The helical pitch is the distance
between the rst two overlapping atoms of the helicene.

Fig. 3 Absorption (plain lines) and emission (dashed lines) spectra in
acetonitrile. Top: pentacenes 1–3 and comparison to [4]helicene 7.
Bottom: tetracenes 4–6 and comparison to [6]helicene 8.

Fig. 4 Top: ECD spectra in acetonitrile for 1 eluted (plain lines) and 2nd

eluted (dashed lines) enantiomers of pentacenes 1–3. Middle: ECD
spectra in acetonitrile for 1 eluted (plain lines) and 2nd eluted (dashed
lines) enantiomers of tetracenes 4–6. Bottom: CPL of 4–6 in aceto-
nitrile and 6 in PMMA films for 1 eluted (plain lines) and 2nd eluted
(dashed lines) enantiomers; insert: picture of the films under UV light
irradiation.
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8. The absorption of 5 is very slightly red-shied to 625 nm. In
terms of uorescence, the emissions are centered at 653, and
656 nm for 4 and 6, and at 658 nm for parent 8. Again a small
bathochromic shi is observed for 5 that uoresces at 663 nm.
The uorescence quantum yields in acetonitrile (0.29, 0.25 and
0.21 for 4, 5 and 6) are similar to that of 8 (f ¼ 0.31).9b

Regarding the chiroptical properties,22 striking differences
are noted, this time, in favor of [6]helicene-derived 4–6 over
pentacenes 1–3. For all compounds, single enantiomers were
obtained by mean of chiral stationary phase (CSP) HPLC (see
Fig. S1–S12†). Noticeably, the ECD spectra of pentacenes 1 and 2
exhibit only very weak Cotton effects in the visible range (Fig. 4,
top). Bis pentacene 3 presented a more intense response but
only for the absorption band in the 520–600 nm region (D3 ¼ +
or �15 M�1 cm�1 at 574 nm) and not for the lowest-energy
peak.23 For derivatives 4–6, Cotton effects were observed for
the lowest energy transitions around 620 nm (Fig. 4, middle).
Interestingly, an increase is noted from mono 4 to “distorted” 5
and nally to 6 (D3¼ + or�7, 10 and 18M�1 cm�1 for 4, 5 and 6,
respectively).23 The circularly polarized luminescence (CPL) of
helicenes 1–6 was also recorded in acetonitrile solutions.9b,c,11,24
This journal is © The Royal Society of Chemistry 2020
For derivatives 1–3, the glum values were below the detection
limit and are not displayed. In sharp contrast, helicenes 4–6
were effective CPL emitters (Fig. 4, bottom). While mono tet-
racene 4 presented at the uorescence wavelength only an
anisotropy factor glum of 1 � 10�4, non-symmetrical 5 exhibited
a glum value of 6 � 10�4 at 650 nm. Finally, bis tetracene 6 was
characterized by a glum value of 1.4� 10�3 at 640 nm. This trend
of the glum values of 4–6 is similar to that of the gabs values for
the most red-shied Cotton effects. This is an indication that
major geometry variations do not occur between ground and
emitting excited states; rst principles calculations will conrm
this observation (vide infra).25 With derivative 6, CPL was also
measured in the solid state. For that purpose, samples were
dispersed at a 0.5% weight level in methyl poly-
methylmethacrylate (PMMA) and the mixture was deposed on
a quartz plate affording a glum value of 8 � 10�4 at 640 nm.26 In
view of the marked contrast between the (chir)optical properties
of pentacenes 1–3 on one side and 4–6 on the other, care was
taken to gain a larger understanding of the dichotomic behavior
through rst principles analysis.
Chem. Sci., 2020, 11, 1165–1169 | 1167
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The details of the applied theoretical protocol are given in
the ESI.† The helical pitches determined by DFT in solution are
2.69, 2.61, 2.59, 3.18, 3.15, and 3.20 Å for 1, 2, 3, 4, 5, and 6,
respectively. In the instance of compounds 2, 4 and 6, featuring
experimental XRD values (Table 1), an excellent agreement is
noticed, suggesting modest changes in solution. Clearly, helical
pitches are signicantly larger in the tetracene 4–6 series than
in pentacenes 1–3. In the lowest excited-states, pitches remain
very similar: 2.71, 2.63, 2.62, 3.27, 3.09, and 3.34 Å for 1, 2, 3, 4,
5, and 6, respectively, conrming the rigidity of the systems,
which is consistent with the rather moderate Stokes shi noted
experimentally (Fig. 3).

The vertical transition wavelengths determined with TD
(Time-Dependent)-DFT are 459, 499, 503, 507, 512, 507, 491,
and 504 nm for 1, 2, 3, 4, 5, 6, 7, and 8 respectively. These values
are obviously blue-shied compared to the measurements
(Fig. 3), which is explainable by the nature of the considered
systems and the neglect of vibronic couplings (see the ESI† for
discussion, and calculations with higher levels of theory).
Nevertheless, the ranking of the TD-DFT and experimental
values perfectly agree, with almost no shi in the tetracene
series but for a very small red-shi of 5, and more sizeable
effects in the pentacene series with a large blue-shi of 1 as
compared to the other members of the series. In Fig. 5, we show
density difference plots corresponding to the lowest excited
state (S1) for four selected dyes (see the ESI† for other
compounds). One nds the typical pattern for such deriva-
tive,9b,c with alternating lobes of density gain and depletion, the
central carbon atom (formally positively charged) acting has
a strong acceptor (in red) and the “top” phenyl ring as an
electron donor (mostly in blue). In 1, the pattern of the state is
globally preserved (with limited delocalization on the added
moiety), but the presence of the carbonyl group renders the
donating character of the top phenyl weaker, hence explaining
Fig. 5 Density difference plots for the lowest transition in selected
compounds. Blue and red regions indicate decrease and increase of
electron density upon electronic excitation, respectively (contour
threshold: 0.001 au).

1168 | Chem. Sci., 2020, 11, 1165–1169
the blue-shi. Nevertheless, one notes overall that the delocal-
ization of the excited state over the added phenyl rings is very
limited in all cases, hence the nature of this lowest excited state
is mostly preserved in the full series of compounds.

In Table S5 in the ESI,† we report the computed rotatory
strengths (R) for the ve lowest singlet states. For the lowest
transition, we note rather small responses (<40 cgs, ca.
<10 M�1 cm�1 in the D3 scale) in the pentacene series 1–3, but
signicantly higher responses (up to 218 cgs or ca. 38 M�1 cm�1

for 6) in the tetracene series 4–6, which is clearly in line with the
experimental data (Fig. 4, top and middle). Theory also restores
the outcome that the response is maximal for 5 and 6 and rather
negligible for 1 and 2. As seen above, the electronic nature of the
S1 state is globally preserved within all compounds, so that we
qualitatively relate the larger ECD response in the tetracene
series to their higher helicity, as illustrated by the pitch values
(vide supra). For the higher-lying transitions, one notices in
Table S5† that R values are very diverse in both series, e.g., for S2,
TD-DFT predicts |R| of 97 cgs for 1, 176 cgs for 3, 48 cgs for 4,
and 282 cgs for 6. This is consistent with the rather large
responses of 3 and 6 at shorter wavelength as compared to 1 and
4 (Fig. 3). This variation as compared to S1 can be explained by
the different natures of the S2 excited states that, as can be seen
in Fig. S26 in the ESI,† now involve much more importantly the
added acene rings as compared to 7 and 8. Thus, at higher
energies, the helical pitch is not a sufficient parameter to
understand the experimental responses.

Conclusions

Through late-stage functionalizations of cationic [6] or [4]heli-
cenes, series of helical tetracenes and pentacenes were
prepared. Due to a larger helical pitch (ca. 3.2 Å vs. 2.6–2.7 Å)
and as demonstrated through rst principles analyses, only the
class of tetracene derivatives exhibit strong ECD and CPL
properties in the far red domain, including in the solid state.
Based on these enhanced properties, a wealth of developments
can be considered.26b,d,f
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