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Abstract

A series of substituted [4] and [5]helicenes were
synthesized in moderate to good yields by an Ir-catalyzed
annulative coupling of biarylcarboxylic acid chlorides with
internal alkynes, which involves facile C-H bond cleavage and

decarbonylation. The double annulative coupling of
1,1’:5°,1”’-ternaphthalene-2,2*’-dicarboxylic acid dichloride
with 4-octyne was also accomplished to give rise to an
S-shaped double helicene.  Unexpectedly, a m-extended
benzofluoranthene-merged [5]helicene was constructed through
the annulative coupling and the successive C(aryl)-C(aryl)
bond forming reaction when
1,1:4°,1”’-ternaphthalene-2,2*’-dicarboxylic acid dichloride
was employed as the substrate. The crystal structure and the
optical properties of the latter unique product were also
investigated.

Keywords: Helicene, C-H Bond Functionalization,
Ir-Catalyzed Coupling

1. Introduction

Helicenes, which are screw-sense m-conjugated
polyaromatic compounds, are receiving immense attention due
to their potential utility as functional organic molecules. The
characteristic features of helicenes offer promising prospects
for applications in asymmetric catalysis, supramolecular
chemistry, liquid crystals, and organic devices."*'* Various
synthetic approaches for the efficient construction of twisted
conjugated aromatic systems have been actively investigated.
As one such approach, the aromatic C-H bond activation
reactions by transition-metal catalysts are promising due to
their efficient and straightforward nature that allows access to a
wide range of condensed aromatic compounds.” Meanwhile,
there have only been few studies of helicene synthesis so far
although they could render a number of approaches to carbo-
and hetero-helicenes with asymmetrical blades.> As part of
our continuous efforts to uncover new approaches to helicene

molecules, especially new n-conjugated aromatic substances. He received the CSJ award for Creative work for 2012.

synthesis, we previously reported the synthesis of azahelicene
N-oxides by a Pd-catalyzed direct C-H annulation of the
pendant Z-bromovinyl side chain (Scheme 1 (1)).** However,
some drawbacks remain, including the need to introduce a
Z-bromovinyl side chain and to activate a C-H bond by an
electron-withdrawing N-oxide group. In order to synthesize
multi-functionalized helicenes, it is crucial for the development
of versatile methods to overcome such drawbacks.
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Scheme 1. Helicene synthesis involving C-H bond cleavage.

In light of these results, we focused on the development
of an Ir-catalyzed annulative coupling of biarylcarboxylic acid
chlorides with alkynes in our quest for the efficient helicene
synthesis (Scheme 1 (2)). This protocol features a unique
process that involves two successive carbon-carbon bond
formation steps accompanied by the elimination of carbon
monoxide and hydrogen chloride via facile C-H bond cleavage,
which would confer a high degree of flexibility in the design of
helicene molecules.* Consequently, we took on the task of



synthesizing a series of [4] and [5]helicenes by using the above
methodology. The results are reported herein.

2. Results and Discussion
In order to optimize the reaction conditions, we initially
evaluated the performance of several phosphine ligands in the
transformation of 1-phenyl-2-naphthoyl chloride (1) into
corresponding benzophenanthrene derivative 2 using 4-octyne
as the coupling partner (Table 1).

Table 1. Ligand screening for Ir-catalyzed annulative coupling
of 1-phenyl-2-naphthoyl chloride (1) with 4-octyne.

"Pr

O 4-octyne (5 eq.)
[IrCl(cod)], (5 mol%) O

ligand (10 mol%
cocl _"oand( ) ‘
OO xylene, reflux, 18 h o npr
2

Entry Ligand Yield/%
1 P'‘Bu;-HBE, 57
2 JohnPhos 50
3 PCy; HBF, 35

Table 2. Substrate scope for Ir-catalyzed annulative coupling
of 1-aryl-2-naphthoyl chloride 3 with alkynes 4.
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5da: 34% 5ea: 39%

5db: 52% Seb: 44%

5dc: 38% 5ec: 47%

In the first instance, 1 was reacted with 4-octyne for 18 h in
refluxing xylene in the presence of [IrCl(cod)], together with
P'‘Bus-HBF,, which was an optimal ligand in our previous
study.4 Under these conditions, desired product 2 was
furnished in 57% yield (entry 1). The major byproduct for
this reaction was 1-phenyl-2-naphthoic acid (27%), which was
formed by the hydrolysis of unreacted starting material 1. For

the further improvement of yield, other phosphine ligands were
also examined. Among them, JohnPhos was found to give a
comparable yield to that using P'Bus-HBF,, forming product 2
in 50% yield (entry 2). PCy;-HBF, was also inferior to
P'‘Bus-HBF, (entry 3). Therefore, P'Bus-HBF, was confirmed
to be the ligand of choice for the substituted helicene synthesis.
After the optimization studies, we adopted the conditions to the
synthesis of other substituted [4] and [S]helicenes (Table 2).

The  substrates we  prepared were as  follows:
1-(o-tolyl)-2-naphthoyl chloride (3a),
1-(o-methoxyphenyl)-2-naphthoyl chloride (3b),
1-naphthyl-2-naphthoyl chloride 3¢),

1-(phenanthren-9-yl)-2-naphthoyl chloride (3d) and
1-(pyren-4-yl)-2-naphthoyl chloride (3e). These substrates were
coupled with internal alkynes 4a—c for 18 h in refluxing xylene
in the presence of [IrCl(cod)],/P'Bus-HBF, and a series of
substituted [4] or [5]helicene derivatives 5 with symmetric and
asymmetric blades were obtained in preparatively useful yields.
In particular, m-extended helicenes 5ea—5ec, which have a
pyrene-helicene hybrid structure, were obtained in reasonable
yields. The hybrid core derivatives are known to exhibit
unique physical properties.’ Meanwhile, multiple helicenes
with plural helicities have attracted considerable attention and
been developed actively in recent years as these compounds
may have unique optoelectronic properties.*''  Thus, we next
examined double annulative coupling reactions for substrates
with two carboxylic acid chloride functions, anticipating the
generation of S- and W-shaped double helicenes (Figure 1)."?

S-Shaped Double Helicene W-Shaped Double Helicene

Figure 1. Disconnection approach for the synthesis of S- and
W-shaped double helicenes.

4-octyne (10 eq)
[IrCl(cod)], (10 mol%)
PBug-HBF, (20 mol%)
xylene, reflux, 18 h

6 %

Scheme 2. Synthesis of S-shaped double helicene 7 by double
Ir-catalyzed coupling.

Initially, we prepared
1,1°:5°,1”’-ternaphthalene-2,2°’-dicarboxylic acid dichloride (6)
by cross-coupling and subsequent conventional transformations
(see Supporting Information for details) and conducted the
reaction with 4-octyne in the presence of 10 mol% of Ir catalyst
under standard conditions. To our delight, the double
coupling reaction proceeded to afford desired S-shaped double
helicene 7 albeit in a low yield. Other by-products were also
formed but could not be identified.



Scheme 3. Synthesis of 9 via successive C-H bond cleavage.

‘ [IrCl(cod)], (10 mol%)
PBug-HBF, (20 mol%)

1,1°:4°,1”’-ternaphthalene-2,2’-dicarboxylic acid dichloride (8)
was prepared and subjected to the double annulative coupling
as above. However, the desired W-shaped product could not
be obtained. In this case, benzo[j]fluoranthene-merged
helicene 9 was isolated in 8% yield instead (Scheme 3) and its
bonding nature was confirmed by X-ray diffraction analysis
(vide infra). A plausible reaction mechanism for the
9 formation of 9 is illustrated in Scheme 4. The formation of 9
may be rationalized by two successive coupling processes
involving a single Ir-catalyzed annulative coupling with alkyne
(First Ir Cycle) and an Ir-catalyzed direct C(aryl)-C(aryl)
coupling (Second Ir Cycle). Initially, acyliridium species A is
formed and subsequent decarbonylation and C-H bond
cleavage take place to give iridacycle intermediate B.*
Insertion of the alkyne gives seven-membered iridacycle
intermediate C and subsequent reductive elimination gives
singly cyclized product 10. Then, thus-formed 10 enters the
second Ir-catalyzed C-C bond formation process (Second Ir

4-octyne (10 eq)

COCI  xylene, reflux, 18 h
8%

not detected

One of the possible reasons for the low yield may be the
increased molecular distortion by the plural helicities. Next,
expecting the formation of a W-shaped double helicene,

8 Ir "Pr 9
Py Ir
cocl
10
O First Ir Cycle Second Ir Cycle

"Pr

Scheme 4. Plausible reaction mechanism for the formation of 9.

to form acyl iridium D and to avoid steric repulsion between
one of the n-propyl groups and the acyl iridium group, a
rotation around the axis occurs to produce iridacycle
intermediate E.  Finally, reductive elimination gives product 9.
Single crystals of 9 suitable for X-ray diffraction analysis were
obtained as yellow prisms by room-temperature vapor diffusion
of hexane into chloroform solution. The dihedral angle
defined by the two least squares planes in the [S]helicene
moiety was measured as 50.9°, which is within the typical
range of those of [5]helicene derivatives,'> whereas the

(a) Front View (b) Side View

z’ l 50.9°

. o Crystal Packi
benzo[j]fluoranthene moiety in 9 was found to be almost flat (€) Crystal Packing \*\

(Figure 2 (b)). The crystal packing of 9 showed that the P-

and M-isomers of the [S]helicene moiety formed a pair of e WA c
. . . b 3.53 A "4

molecules via the intermolecular m-m stacking between the

benzo[j]fluoranthene moieties, whose interplanar distance was A78 A S D 7 A

calculated as 3.525 A. In addition, CH-rt interaction was w

observed between both edged aromatic rings of the @ N 53‘53 A

benzo[/]fluoranthene and [S]helicene moieties with a distance LS i
of 2.776 A (Figure 2 (c)). 278 A R\ 274 A

Cycle). Another acyl chloride unit reacts with the Ir catalyst



Figure 2. X-ray crystallography of 9 (a: Front View, b: Side
View, c: Crystal Packing).

Although nt embedded in a [5]helicene moiety, such as pyrene,’
corranulene,' and others,'* were well investigated, to the best
our knowledge, the reported fluoranthene—[5]helicene hybrid
derivative is only benzo[jlindeno[1,2,3-hi]chrysene (11)'>'¢
(see ref 15 for the structure of 11). As 9 showed a green
emission in CHCI; solution (Figure 3, (a)) and a yellow
emission in powder form (Figure 3, (b)), we investigated its
photophysical properties (Figure 4).

Figure 3. Photographs of (a) green emission in CHCl; solution
and (b) yellow emission in powder of 9 excited at 365 nm.
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Figure 4. UV-vis absorption in CHCI, solution (blue line),
fluorescence in CHCL, solution (green line), and fluorescence
in powder form (orange line) of 9.

The UV-vis spectrum of 9 in CHCIl; showed complicated
absorptions with A, of 318, 356, and 402 nm and a shoulder
at 432 nm. The longest absorption (432 nm) was significantly
red-shifted compared to those of [5]helicene (350 nm)™ and
benzo[/]fluoranthene (365 nm),"” which should be ascribed to
the extended m-conjugation. Time—dependent (TD) DFT
calculations at B3LYP/6-311+G(2d,p)/B3LYP/6-31G(d) level
of theory revealed that this absorption is assignable to the
HOMO-LUMO transition (Ae. = 460.8 nm, f= 0.180). The
HOMO (-5.26 eV) is delocalized over the whole molecule,
whereas the LUMO (-1.97 eV) is mainly delocalized over the
benzo[j]fluoranthene moiety together with some contribution of
the [Slhelicene moiety (Figure S1). The fluorescence
spectrum of 9 in CHCl; solution is a mirror image of the longer
wavelength region of the UV-vis spectrum (370-460 nm)
(Figure 4), the maxima of which (A, = 484 and 510 nm) are
also red-shifted compared to those of [5]helicene (375 nm)™
and benzo[j]fluoranthene (468 nm).'”  The fluorescence
spectrum of 9 in powder form (A,,x = 560 nm) is broad and
red-shifted compared to that in solution, which may be

explained by the paring nature of two molecules as found in the
X-ray diffraction analysis. The quantum yield (&) of 9 in
CHCl; solution is 0.16, which is higher than that of [S]helicene
(P = 0.04)18 and benzol[j]fluoranthene (&; = 0.07).19 The
observed lifetime (7;) is 7.6 ns, which is shorter than that of
[5]helicene (7, = 25.5 ns)'® and comparable to that of
benzo[/]fluoranthene (7, = 8.0 ns)." The quantum yield and
the observed lifetime of 9 in powder form are 0.073 and 12-13
ns, respectively.”’

3. Conclusion

We have succeeded in constructing a series of substituted
[4] and [S]helicenes by the Ir-catalyzed annulative coupling of
biarylcarboxylic acid chlorides with internal alkynes in
moderate to good yields. This protocol enabled us to integrate
three different components into a framework, thereby
delivering multi-functionalized helicenes. We also succeeded
in synthesizing S-shaped double helicene 7. During the
course of this work, we unexpectedly synthesized
benzofluoranthene-merged helicene 9, which showed unique
optical properties.

4. Experimental

Typical Procedure for Reactions of 3 with 4 in Table
2. The carboxylic acid chlorides 3 were prepared by the
procedure described in Supporting Information. To the crude
mixture of acid chloride 3 was added [IrCl(cod)],, ‘Bu;P-HBF,,
and p-xylene (0.2 M). After the addition of alkyne (5 equiv.),
the reaction mixture was stirred at 160 °C (bath temperature)
for 18 h. The volatiles were removed under reduced pressure at
room temperature. The residue was chromatographed on silica
gel with eluent (hexane/EtOAc or hexane/CHCI;) to give 5.

Supporting Information

Detailed experimental procedures, spectroscopic data for
the products, theoretical studies, and crystallographic data for 9
are  described. = This  material is  available on
http://dx.doi.org/xxxxxx/bcsj.20180081.

Acknowledgement

This work was supported by a Grant-in-Aid for Scientific
Research on Innovative Areas "Precisely Designed Catalysts
with Customized Scaffolding" (#JP16H01039 to K.K.) from
JSPS; a Grant-in-Aid for Scientific Research (B) (#15H03780);
a Qrant-in-Aid for Challenging Exploratory Research
(#16K13956 to K.K.); a Grant-in-Aid for Research Activity
start-up (#16H07126 to A.T.); and a Grant-in-Aid for Specially
Promoted Research (#17H06092 to M.M). K.K. also thanks
the Naito Foundation and the Yamada Science Foundation. A.
T. thanks Takasago International Corporation for a research
fellowship. The authors thank Professor Ikuko Miyahara
(Osaka City University). Professor Hideki Fujiwara (Osaka
Prefecture University) is gratefully acknowledged for providing
access to UV-vis and fluorescence  spectroscopy
instrumentation.  The authors would also like to thank
Professor Satoshi Minakata and Professor Youhei Takeda
(Osaka University) for the measurement of absolute quantum
yield and photoluminescence lifetime. All theoretical
calculations were carried out at the Research Center for
Computational Science (Japan).

References

1. (a) M. Rickhaus, M. Mayor, M. Juri¢ek, Chem. Soc. Rev.
2016, 45, 1542. (b) M. Gingras, Chem. Soc. Rev. 2013, 42,
968. (c) M. Gingras, G. Félix, R. Peresutti, Chem. Soc.



Rev. 2013, 42, 1007. (d) M. Gingras, Chem. Soc. Rev.
2013, 42, 1051. (e) Y. Shen, C.-F. Chen, Chem. Rev. 2012,
112, 1463.

For some reviews of C-H bond functionalization, see: (a)
M. Miura, T. Satoh, K. Hirano, Bull. Chem. Soc. Jpn.
2014, 87, 751. (b) S. De Sarkar, W. Liu, S. I. Kozhushkov,
L. Ackermann, Adv. Synth. Catal. 2014, 356, 1461. (c) K.
Gao, N. Yoshikai, Acc. Chem. Res. 2014, 47, 1208. (d)
B. Li, P. H. Dixneuf, Chem. Soc. Rev. 2013, 42, 5744. (¢)
J. Wencel-Delord, F. Glorius, Nat. Chem. 2013, 5, 369. (f)
D. Y.-K. Chen, S. W. Youn, Chem. Eur. J. 2012, 18, 9452.
(g) J. Yamaguchi, A. D. Yamaguchi, K. Itami, Angew.
Chem., Int. Ed. 2012, 51, 8960. (h) N. Kuhl, M. N.
Hopkinson, J. Wencel-Delord, F. Glorius, Angew. Chem.
Int. Ed. 2012, 51, 10236. (i) D. A. Colby, R. G. Bergman,
J. A. Ellman, Chem. Rev. 2010, 110, 624. (j) P. Sehnal, R.
J. K. Taylor, L. J. S. Fairlamb, Chem. Rev. 2010, 110, 824.
(k) T. W. Lyons, M. S. Sanford, Chem. Rev. 2010, 110,
1147. () L.-M. Xu, B.-J. Li, Z. Yang, Z.-J. Shi, Chem. Soc.
Rev. 2010, 39, 712.

(a) S.-S.; Li, C.-F. Liu, G.-T. Zhang, Y.-Q. Xia, W.-H. Li,
L. Dong, Chem. Asian J. 2017, 12, 415. (b) M. Murai, R.
Okada, A. Nishiyama, K. Takai, Org. Lett. 2016, 18, 4380.
(c) A. A. Ruch, S. Handa, F. Kong, V. N. Nesterov, D. R.
Pahls, T. R. Cundari, L. M. Slaughter, Org. Biomol. Chem.
2016, 74, 8123. (d) E. Kaneko, Y. Matsumoto, K.
Kamikawa, Chem. Eur. J. 2013, 19. 11837. (e) J. Coté, K.
S. Collins, Synthesis 2009, 1499. (f) K. Kamikawa, I.
Takemoto, S. Takemoto, H. Matsuzaka, J. Org. Chem.
2007, 72, 7406.

T. Nagata, K. Hirano, T. Satoh, M. Miura, J. Org. Chem.
2014, 79, 8960.

(a) M. Buchta, J. Rybacek, A. Jancaiik, A. A. Kudale, M.
Budg&sinsky, J. V. Chocholousova, J. Vacek, L. Bednarova,
L. Cisafova, G. J. Bodwell, L. Stary, I. G. Stara, Chem. Eur.
J. 2015, 21, 8910. (b) K.-i. Yamashita, A. Nakamura, M.
A. Hossain, K. Hirabayashi, T. Shimizu, K.-i. Sugiura,
Bull. Chem. Soc. Jpn. 2015, 88, 1083. (c) H. Bock, D.
Subervie, P. Mathey, A. Pradhan, P. Sarkar, P.
Dechambenoit, E. A. Hillard, F. Durola, Org. Lett. 2014,
16, 1546. (d) A.-C. Bédard, A. Vlassova, A. C.
Hernandez-Perez, A. Bessette, G. S. Hanan, M. A. Heuft,
S. K. Collins, Chem. Eur. J. 2013, 19, 16295. (e) J.-Y. Hu,
A. Paudel, N. Seto, X. Feng, M. Era, T. Matsumoto, J.
Tanaka, M. R. J. Elsegood, C. Redshaw, T. Yamato, Org.
Biomol. Chem. 2013, 11,2186.

For double carbohelicenes, see: (a) T. Fujikawa, N.
Mitoma, A. Wakamiya, A. Saeki, Y. Segawa, K. Itami,
Org. Biomol. Chem. 2017, 15, 4697. (b) Y. Hu, X.-Y.
Wang, P.-X. Peng, X.-C. Wang, X.-Y. Cao, X. Feng, K.
Miillen, A. Narita, Angew. Chem. Int. Ed. 2017, 56, 3374.
(c) M. Ferreira, G. Naulet, H. Gallardo, P. Dechambenoit,
H. Bock, F. Durola, Angew. Chem. Int. Ed. 2017, 56, 3379.
(d) R. K. Mohamed, S. Mondal, J. V. Guerrera, T. M.
Eaton, T. E. Albrecht-Schmitt, M. Shatruk, I. V. Alabugin,
Angew. Chem. Int. Ed. 2016, 55, 12054. (f) T. Fujikawa, Y.
Segawa, K. Itami, J. Am. Chem. Soc. 2015, 137, 7763. (g)
H. Kashihara, T. Asada, K. Kamikawa, Chem.-Eur. J.
2015, 21, 6523. (h) J. Luo, X. Xu, R. Mao, Q. Miao, J. Am.
Chem. Soc. 2012, 134, 13796. (i) C. L. Eversloh, Z. Liu, B.
Miiller, M. Stangl, C. Li, K. Miillen, Org. Lett. 2011, 13,
5528. (j) D. Pefia, A. Cobas, D. Pérez, E. Guitian, L.
Castedo, Org. Lett. 2003, 5, 1863.

For double heterohelicenes, see: (k) M. Krzeszewski, T.
Kodama, E. M. Espinoza, V. 1. Vullev, T. Kubo, D. T.
Gryko, Chem. -Eur. J. 2016, 22, 16478. (1) X.-Y. Wang,

10.

11.

12.

13.

X.-C. Wang, A. Narita, M. Wagner, X.-Y. Cao, X. Feng,
K. Miillen, J. Am. Chem. Soc. 2016, 138, 12783. (m)
Wang, X.-Y.; Narita, A.; Zhang, W.; Feng, X.; Miilen, K.
J. Am. Chem. Soc. 2016, 138, 9021. (n) T. Katayama, S.
Nakatsuka, H. Hirai, N. Yasuda, J. Kumar, T. Kawai, T.
Hatakeyama, J. Am. Chem. Soc. 2016, 138, 5210. (o) D.
Sakamaki, D. Kumano, E. Yashima, S. Seki, Angew.
Chem. Int. Ed. 2015, 54, 5404. (p) D. Sakamaki, D.
Kumano, E. Yashima, S. Seki, Chem. Commun. 2015, 51,
17237. (q) S. Hashimoto, S. Nakatsuka, M. Nakamura, T.
Hatakeyama, Angew. Chem. Int. Ed. 2014, 53, 14074. (1)
X. Liu, P. Yu, L. Xu, J. Yang, J. Shi, Z. Wang, Y. Cheng,
H. Wang, J. Org. Chem. 2013, 78, 6316. (s) Z. Wang, J.
Shi, J. Wang, C. Li, X. Tian, Y. Cheng, H. Wang, Org.
Lett. 2010, 12, 456. (t) K. Shiraishi, A. Rajca, M. Pink, S.
Rajca, J. Am. Chem. Soc. 2005, 127, 9312.
For triple helicenes, see: (a) H. Saito, A. Uchida, S.
Watanabe, J. Org. Chem. 2017, 82, 5663. (b) D. Meng, H.
Fu, C. Xiao, X. Meng, T. Winands, W. Ma, W. Wei, B.
Fan, L. Huo, N. L. Doltsinis, Y. Li, Y. Sun, Z. Wang, J.
Am. Chem. Soc. 2016, 138, 10184. (c) A. Pradhan, P.
Dechambenoit, H. Bock, F. Durola, J. Org. Chem. 2013,
78, 2266. (d) M. Yanney, F. R. Fronczek, W. P. Henry, D.
J. Beard, A. Sygula, Eur. J. Org. Chem. 2011, 6636. (e) A.
Pradhan, P. Dechambenoit, H. Bock, F. Durola, Angew.
Chem. Int. Ed. 2011, 50, 12582. (f) M. A. Bennett, M. R.
Kopp, E. Wenger, A. C. Willis, J. Organomet. Chem.
2003, 667, 8. (g) L. Barnett, D. M. Ho, K. K. Baldridge, R.
A., Jr. Pascal, J. Am. Chem. Soc. 1999, 121, 727. (h) D.
Pefia, D. Pérez, E. Guitian, L. Castedo, Org. Lett. 1999, 1,
1555. (i) S. Hagen, M. S. Bratcher, M. S. Erickson, G.
Zimmermann, L. T. Scott, Angew. Chem. Int. Ed. Engl.
1997, 36, 406. (j) S. Hagen, L. T. Scott, J. Org. Chem.
1996, 61, 7198. (k) H. Fu, D. Meng, X. Meng, X. Sun, L.
Huo, Y. Fan, Y. Li, W. Ma, Y. Sun, Z. Wang, J. Mater.
Chem. A 2017, 5, 3475.
For quadrapule helicenes, see: T. Fujikawa, Y. Segawa, K.
Itami, J. Am. Chem. Soc. 2016, 138, 3587.
For a quintuple helicene, see: K. Kato, Y. Segawa, L. T.
Scott, K. Itami, Angew. Chem. Int. Ed. 2018, 57, 1337.
For hexapole helicenes, see: (a) T. Hosokawa, Y.
Takahashi, T. Matsushima, S. Watanabe, S. Kikkawa, I.
Azumaya, A. Tsurusaki, K. Kamikawa, J. Am. Chem.
Soc. 2017, 139, 18512. (b) V. Berezhnaia, M. Roy,
N. Vanthuyne, M. Villa, J.-V. Naubron, J. Rodriguez, Y.
Coquerel, M. Gingras, J. Am. Chem. Soc. 2017, 139,
18508. (¢) Y. Yang, L. Yuan, B. Shan, Z. Liu, Q. Miao,
Chem.-Eur. J. 2016, 22, 18620. (d) S. Xiao, M. Myers, Q.
Miao, S. Sanaur, K. Pang, M. L. Steigerwald, C. Nuckolls,
Angew. Chem. Int. Ed. 2005, 44, 7390. (e) E. Clar, J. F.
Stephen, Tetrahedron 1965, 21, 467.
For contorted polycyclic aromatics, see: (a) M. Ball, Y.
Zhong, Y. Wu, C. Schenck, F. Ng, M. Steigerwald, S.
Xiao, C. Nuckolls, Acc. Chem. Res. 2015, 48, 267. (b). S.
Xiao, S.J. Kang, Y. Wu, S. Ahn, J. B. Kim, Y.-L. Loo, T.
Siegrist, M. L. Steigerwald, H. Li, C. Nuckolls, Chem. Sci.
2013, 4, 2018. (¢) Y. Chen, T. Marszalek, T. Fritz, M.
Baumgarten, M. Wagner, W. Pisula, L. Chen, K. Miillen,
Chem. Commun. 2017, 53, 8474.
(a) T. Biet, K. Martin, J. Hankache, N. Hellou, A. Hauser,
T. Biirgi, N. Vanthuyne, T. Aharon, M. Caricato, J.
Crassous, N. Avarvari, Chem. Eur. J. 2017, 23, 437. (b) K.
Nakamura, S. Furumi, M. Takeuchi, T. Shibuya, K.
Tanaka, J. Am. Chem. Soc. 2014, 136, 5555.

(a) T. Fujikawa, D. V. Preda, Y. Segawa, K. Itami, L. T.
Scott, Org. Lett. 2016, 18, 3992. (b) V. Rajeshkumar, M.



14.

15.

16.

17.

18.
19.
20.

C. Stuparu, Chem. Commun. 2016, 52, 9957.

(a) W. Matsuoka, H. Ito, K. Itami, Angew. Chem., Int. Ed.
2017, 56, 12224. (b) T. Amaya, T. Ito, T. Hirao, Angew.
Chem., Int. Ed. 2015, 54, 5483. (¢) ref. 7c

B. P. Cho, L. Zhou, Tetrahedron Lett. 1996, 37, 1535.

g
gl

1

For examples of the hybrid compounds with fluoranthene
and [4]helicene: (a) Z. Marcinow, P. W. Rabideau, J. Org.
Chem. 2000, 65, 5063. (b) E.-C. Liu, M.-K. Chen, J.-Y. Li,
Y.-T. Wu, Chem. Eur. J. 2015, 21, 4755. (c) N. Ogawa, Y.
Yamaoka, K.-i. Yamada, K. Takasu, Org. Lett. 2017, 19,
3327. (d) See also ref.14a.

R. Dabestani, 1. N. lvanov, Photochem. Photobiol. 1999,
70, 10.

M. Sapir, E. V. Donckt, Chem. Phys. Lett. 1975, 36, 108.
H. Giisten, G. Heinrich, J. Photochem. 1982, 18, 9.

The fluorescence decay curves were fitted to a double
exponential models. Thus, the average lifetime is
described in the text. The details are found in SI.



