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The modular synthesis of asymmetric rylenes from naphthalic anhydride derivatives is presented. Imidization,
Suzuki—Miyaura coupling and cyclodehydrogenation reactions are utilized for the generation of novel func-
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tional rylenes with these three core transformations providing significant flexibility over the final structure.
The combination of simple purification and high yields enables access to asymmetric rylenes with functional
handles at the imide-position and site-specific incorporation of bay position substituents. The resulting

library of perylenes and bisnapthalimide-anthracene derivatives showcase the presented methodology and
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Introduction

Rylenes encompass a large family of molecules that are
comprised of naphthalene units joined at the peri-position,"
including well-known and sought-after perylene diimides
(PDIs). PDIs were originally used as dyes due to their high
molar absorptivity and excellent chemical, thermal, light, and
air stability.” More recently, other attractive properties of PDIs
have emerged, such as high fluorescence quantum yield* and
strong electron accepting (n-type) character,* lending to applica-
tions in fluorescent light collectors,”® dye lasers,” electro-
photography,'® organic field-effect transistors,"" " and organic
photovoltaics.'>'* In particular, asymmetric substitution at the
imide position has resulted in improved solubility and function-
ality, granting access to multichromophoric systems,">"® supra-
molecular architectures,"”” and incorporation into polymers for
organic electronic applications.'®2°

While asymmetric PDIs are attractive, their synthesis has
proven challenging. In contrast to their symmetric counter-
parts, which are produced readily through the condensation
of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) with
aliphatic primary amines or anilines,”* asymmetric PDIs are
not typically accessible through direct imidization given the
increased reactivity of the singly substituted monoimide species.**
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the ability to tune optoelectronic and electrochemical properties.

Instead, the typical approach involves an inefficient (<30%
overall yield) stepwise synthesis; imidization of PTCDA with
one amine, partial hydrolysis to the monoanhydride monoimide,
and imidization with a second amine.***> A one-step synthesis
of asymmetric PDIs in ~40% yield was recently developed in our
group by taking advantage of the difference in reactivity between
alkyl- and aryl-amines, however the scope of products is limited
to alkyl/aryl combinations.?®

In seeking to further expand the availability and structural
diversity of asymmetric perylenes, we report a modular approach
to a wider range of functional asymmetric rylene derivatives.
This strategy is enabled by the disconnection of the perylene/
rylene core to give the readily available naphthalic anhydride
starting material (Fig. 1). By having a common initial building
block (substituted naphthalimide - one half of PDI), the func-
tionalization and purification is greatly simplified. As a result,
high yielding imidization, followed by Suzuki-Miyaura coupling
and cyclodehydrogenation reactions could be utilized to
achieve the asymmetric PDI targets in greater than 40% yield.
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Fig. 1 Retro-synthetic comparison of asymmetric rylenes through the
traditional approach starting from PTCDA versus the presented methodol-
ogy from naphthalic anhydride derivatives.
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Moreover, the synthesis could be extended to bay-substituted
PDIs as well as larger-core rylenes, highlighting the versatility of
this modular approach.

Results and discussion

The general synthetic protocol to asymmetric PDIs is represented
in Scheme 1. Bromination of the inexpensive (~$50 kg ')
commercial reagent ‘“naphthalic”’, to produce 4-bromo-1,8-
naphthalic anhydride (1), followed by imidization, is easily
achieved by reacting with the desired primary amine in ethanol
(EtOH) at reflux. The reaction mixture changes from an opaque
to translucent solution after 2 hours due to improved solubility
as 1 is converted to the imides, for example 4-bromo-1,8-
naphthalimide 2 (n-octyl) and 3 (2-ethylhexyl) in near quanti-
tative yields. The robust nature of this process allows for facile
reaction monitoring and product purification. Following imide
diversification, Miyaura borylation of 3 then leads to the boronic
ester naphthalimide 4, which could be cross coupled by Suzuki-
Miyaura cross-coupling with a different bromo-naphthalimide 2
derived from the same bromo-substituted starting material, 1.
This results in clean conversion to the desired asymmetric
product (5), which is easily purified through standard techniques.
A base catalyzed cyclodehydrogenation ring-closure of 5
was then investigated for formation of the asymmetric PDI 6.
Initial cyclodehydrogenation attempts employed potassium
tert-butoxide (+BuOK) and 1,5-diazabicyclo[4.3.0Jnon-5-ene (DBN)
in diglyme,”” however the reaction provided inconsistent yields. As
an alternative, potassium carbonate (K,CO;) in ethanolamine at
elevated temperature (130 °C) was investigated for cyclization, but
this procedure leads to transimidation of less sterically hindered
side-chains (e.g., n-alkyl) by ethanolamine (Fig. S1, ESIf{).*®
Triethanolamine was selected as an alternative to ethanolamine,>
and the change from primary amine to tertiary amine was found to
mitigate transimidation, while providing excellent yields (~94%).
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The conversion from 5 to 6 can be monitored using proton NMR
(Fig. 2a), particularly in the aromatic region as the five peaks of the
Suzuki-coupled diad (5) collapse to two doublets (6) with formation
of the perylene core. Additionally, the success of the ring-closing can
also be observed by eye due to the substantial bathochromic shift in
absorbance (~150 nm) from 5 (yellow solution) to 6 (bright red
solution), shown as an inset in Fig. 2b.

To highlight the versatility of the aforementioned methodology
a library of functional asymmetric PDIs were synthesized, as
shown in Table 1. Given the modular nature of this strategy side
chains can be easily mixed and matched, for example, partnering
naphthalimide 4 containing a solubilizing 2-ethylhexyl chain with
functional naphthalimides bearing a carboxylic acid or alkene
chain to give asymmetric PDIs 7 and 8 respectively. Moreover, two
orthogonal functionalities, such as a carboxylic acid and alkene
can be easily paired with this approach to give 9. Overall, the
yields range from 41% to 51%, as compared to <30% for
traditional methods.

While varying imide substituents on PDIs is a facile route
to increase solubility and incorporate functional handles,
modifications at the 1, 6, 7, and 12 (bay) positions on the
perylene core directly influence the optoelectronic properties of
the molecule.’® As with direct imide substitutions towards
asymmetric PDIs, reactions at the perylene core typically
produce mixtures of mono-, di-, tri-, and tetra-substitution that
are challenging to separate, reducing reaction yields and lead-
ing to impure samples.*® The power of this modular strategy is
that by constructing the central perylene core in a step-wise
fashion starting from discrete naphthalic units, precise control
over the location of the bay substitution in the final PDI is possible.
As shown in Fig. 3a, functional naphthalic anhydrides are com-
mercially available, which provides easy access to alkoxy-functional
naphthalimides, such as methoxy-substituted naphthalimide (10),
through Williamson-ether synthesis (Fig. 3a). Suzuki-Miyaura
coupling of 10 with a boronic ester naphthalimide (11), bearing
no bay-substituents and a functional (alkene) imide chain,
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Scheme 1 Representative synthesis of asymmetric PDI 1. (i) EtOH, reflux, 4 h, 87% (2) and 85% (3); (i) Pd(dppf)Cl,, bis(pinacolato)diboron, KOAc, p-dioxane,

100 °C, 24 h, ~quantitative; (jii) K;COs (aqg.), Pd(PPhs)4, toluene, 100 °C, 12 h,

reaction yields for two ring-closure conditions is provided as an inset.
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67%; (iv) K,COs, triethanolamine, 130 °C, 24 h, 94%. Comparison between
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Fig. 2 Monitoring of ring-closure reaction to convert 5 to 6. (a) Structures with
corresponding *H-NMR, showing diagnostic aromatic protons. (b) Absorption

spectra (100 puM in dichloromethane) and corresponding images of 5 and 6
(5 mM in dichloromethane).

produces a PDI that is asymmetric at both the imide and bay
positions (12). It was immediately apparent that methoxy sub-
stitution altered the electronic properties of the perylene core,
given the visual difference in color for solutions of 12 (pink)
relative to non-bay substituted PDIs (6-9, red) (Fig. 3b). UV-Vis
absorption spectroscopy quantified this observation, revealing
a 30 nm bathochromic shift for methoxy-substituted PDI (12)
relative to unsubstituted PDI (6) (Fig. 3b). Additionally, cyclic
voltammetry (CV) measurements show that bay substitution
with an electron-donating methoxy group leads to an increase
in reduction potentials for 12 (—1.19 and —1.50 V) relative to 6
(—1.11 and —1.41 V) (Fig. S2, ESI}), providing further evidence
that bay substitution can be used to directly tune the electronic
properties of PDIs.

As a final demonstration of modularity of this approach a
novel core-extended rylene derivative was synthesized based on a
structure inspired by pentarylene®® and an aminoanthraquinone-
based rylene.*’ As shown in Fig. 4a, the reaction of two
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Table1 Asymmetric PDlIs (6—9) synthesized with varying imide substituents.
Overall yields account for all synthetic steps
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Fig. 3 (a) Representative synthesis of bay-substituted PDI 12. (i) K2COsz(,q).
Pd(PPhs)4, toluene, 100 °C, 12 h, 63%; (ii) K,COs3, triethanolamine, 130 °C,
20 h, 91%. (b) Absorption spectra (100 puM in dichloromethane) and
corresponding images of 6 and 12 (5 mM in dichloromethane).

equivalents of borylated naphthalimide (13) with 1,5-dibromo-
anthracene (14) produces a dinaphthalimide-anthracene triad
(15). In contrast to the synthesis of electron deficient cores,
such as perylene, a two-step ring-closure is required for the
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Fig. 4 Core-extended rylenes, synthesis and absorption. (a) Representative synthesis of 17; (i) K2COgz(aq), Pd(PPhz)4, toluene, 100 °C, 12 h, 68%; (ii) FeCls,
nitromethane, DCM, 55 °C, 24 h; (iii) K,COs, ethanolamine, 130 °C, 16 h, 56%. (b) Absorption spectra of 15 and 17 (100 uM in dichloromethane) and
corresponding images of solutions in vials (5 MM in dichloromethane). (c) Summary of core-extended rylene derivatives (18—-20) synthesized with varying

imide and bay substituents.

anthracene-based derivative due to the greater electron density
and corresponding lower acidity of the aromatic protons.** The
first ring closure was accomplished using traditional Lewis-acid
chemistry with iron(m) chloride to give the partially closed
derivative, 16, which was used directly for the second ring
closing step. Employing different conditions (K,COj; in ethanol-
amine or triethanolamine), then gives the final rylene product
(17). The dual ring-closures results in a dramatic bathochromic
shift in absorption (370 nm) on going from the precursor 15 to
rylene 17 (Fig. 4b) with the distinct change in color, from yellow
(15) to green-blue (17), being indicative of successful ring-
closing. Additionally, UV-Vis absorption spectroscopy reveals
an absorption maximum in the near infrared region (Amax =
723 nm) for 17, highlighting its narrow energy-gap, which falls
between terrylene diimide and quatterylene dimide derivatives,
demonstrating the ability to significantly tune the electronic
structure through the introduction of a n-extended core.*® The
synthesis of asymmetric extended-core rylenes was achieved in
a similar fashion to that described in Fig. 4a, however using a
stepwise Suzuki-Miyaura coupling. In short, coupling com-
pounds 13 with 14 in a 1:1 molar ratio produces a diad (S1),

J. Mater. Chem. C

which is subsequently coupled with the borylated derivative of
naphthalimide 2 to yield an asymmetric triad (S2) (chemical
structures given in Chart S1, ESIT). Cyclodehydrogenative ring-
closing of the triad provides an asymmetric extended rylene
derivative (18), highlighting the ability to incorporate different
side chains at the imide positions for classes of larger rylenes
beyond PDIs using this methodology. Moreover, the electronic
properties of the higher order rylene can be tuned with core
substitutions, which was demonstrated for methoxy-substituted
rylene 19, synthesized in an analogous fashion to 17. As observed
for PDIs, methoxy substitution of extended rylenes in the bay
position led to a bathochromic shift (~20 nm) in absorption,
which corresponds with a noticeable color change in solution,
going from 17 (blue-green) to 19 (green) (Fig. S3, ESIt). Addi-
tionally, CV showed a similar increase in reduction potentials
from —0.67 and —0.86 V to —0.79 and —0.96 V for 17 and 19
respectively (Fig. S4, ESIt). The asymmetric and bay-substituted
core-extended rylenes showcase the modularity of this approach.

In summary, we have developed a strategy for the facile
synthesis of asymmetric PDIs that takes advantage of modular
naphthalimide units to provide increased versatility, greater

This journal is © The Royal Society of Chemistry 2017
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atom efficiency, and simpler purification. Using cross-coupling
and base-catalyzed ring-closing, asymmetric PDIs and extended
rylene derivatives can be prepared in high yields with a variety
of substituents in both the imide and bay positions. This
methodology provides an efficient avenue towards a wide range
of novel, tunable, and functional rylene structures for utility in
electronic materials applications.

Competing financial interest

The authors declare no competing financial interest.

Acknowledgements

We thank the MRSEC program of the National Science Founda-
tion (Award No. DMR 1121053) and the AFOSR MURI program
(FA9550-12-1-0002) for partial financial support. This work was
also supported by the National Science Foundation Graduate
Research Fellowship under Grant No. 1650114. Any opinion,
findings, and conclusions or recommendations expressed in
this material are those of the authors and do not necessarily
reflect the views of the National Science Foundation.

References

1 L. Chen, C. Li and K. Miillen, J. Mater. Chem. C, 2014, 2,
1938-1956.

2 W. Herbst and K. Hunger, Industrial Organic Pigments,

Wiley-VCH, Weinheim, 2nd edn, 1997.

F. Wiirthner, Chem. Commun., 2004, 1564-1579.

S. K. Lee, Y. Zu, A. Herrmann, Y. Geerts, K. Miillen and

A. ]. Bard, J. Am. Chem. Soc., 1999, 121, 3513-3520.

G. Seybold and G. Wagenblast, Dyes Pigm., 1989, 11, 303-317.

W. E. Ford and P. V. Kamat, J. Phys. Chem., 1989, 91, 6373-6380.

M. Sadrai and G. R. Bird, Opt. Commun., 1984, 51, 62-64.

R. Reisfeld and G. Seybold, Chimia, 1990, 44, 295-297.

R. Gvishi, R. Reisfeld and Z. Burshtein, Chem. Phys. Lett.,

1993, 213, 338-344.

10 K. Y. Law, Chem. Rev., 1993, 93, 449-486.

11 M. ]. Ahrens, M. J. Fuller and M. R. Wasielewski, Chem. Mater.,
2003, 15, 2684-2686.

12 X. Zhan, Z. A. Tan, B. Domercq, Z. An, X. Zhang, S. Barlow,
Y. Li, D. Zhu, B. Kippelen and S. R. Marder, J. Am. Chem.
Soc., 2007, 129, 7246-7247.

Bsow

O 0 N O U

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

13 B. ]. Jung, N. J. Tremblay, M.-L. Yeh and H. E. Katz, Chem.
Mater., 2011, 23, 568-582.

14 A. Yakimov and S. R. Forrest, Appl. Phys. Lett., 2002, 80,
1667-1669.

15 M. P. O’Neil, M. P. Niemczyk, W. A. Svec, D. Gosztola, L. G.
Gaines and M. R. Wasielewski, Science, 1992, 257, 63-65.

16 T. van der Boom, R. T. Hayes, Y. Zhao, P. J. Bushard, E. A.
Weiss and M. R. Wasielewski, J. Am. Chem. Soc., 2002, 124,
9582-9590.

17 S. Shinde and S. K. Asha, Macromolecules, 2016, 49,
8134-8145.

18 S. Hiittner, M. Sommer and M. Thelakkat, Appl. Phys. Lett.,
2008, 92, 093302.

19 C. E. Finlayson, R. H. Friend, M. B. J. Otten, E. Schwartz,
J. J. L. M. Cornelissen and R. ]J. Nolte, Adv. Funct. Mater.,
2008, 18, 3947-3955.

20 S. Rajaram, P. B. Armstrong, B. J. Kim and ]J. M. Fréchet,
J. Chem. Mater., 2009, 21, 1775-1777.

21 H. Langhals, Chem. Ber., 1985, 118, 4641-4645.

22 S. Fukuzumi, K. Ohkubo, J. Ortiz, A. M. Gutierrez,
F. Fernandez-Lazaro and A. Sastre-Santos, Chem. Commun.,
2005, 3814-3816.

23 Y. Nagao, Prog. Org. Chem., 1997, 31, 43-49.

24 Y. Nagao, N. Ishikawa, Y. Tanabe and T. Misono, Chem. Lett.,
1979, 151-154.

25 Y. Nagao, Y. Abe and T. Misono, Dyes Pigm., 1985, 6, 303-311.

26 M. ]. Robb, B. Newton, B. P. Fors and C. J. Hawker, J. Org. Chem.,
2014, 79, 6360-6365.

27 T. Sakamoto and C. Pac, J. Org. Chem., 2001, 66, 94-98.

28 N. G. Pschirer, C. Kohl, F. Nolde, J. Qu and K. Miillen,
Angew. Chem., Int. Ed., 2006, 45, 1401-1404.

29 J. Qu, N. G. Pschirer and R. Sens, US Pat., 8202994, 2012.

30 C. Huang, S. Barlow and S. R. Marder, J. Org. Chem., 2011,
76, 2386-2407.

31 F. Wiirthner, V. Stepanenko, Z. Chen, C. R. Saha-Moller,
N. Kocher and D. Stalke, J. Org. Chem., 2004, 69, 7933-7939.

32 M. Kivala, D. Wu, X. Feng, C. Li and K. Miillen, Cyclodehy-
drogenation in the Synthesis of Graphene-Type Molecules,
in Synthesis of Polymers: New Structures and Methods, ed.
A. D. Schliiter, C. J. Hawker and J. Sakamoto, Wiley-VCH,
Weinheim, Germany, 1st edn, 2012, pp. 373-420.

33 T. Vosch, J. Hofkens, M. Cotlet, F. Kéhn, H. Fujiwara,
R. Gronheid, K. Van Der Biest, T. Weil, A. Herrmann,
K. Miillen, S. Mukamel, M. Van der Auweraer and F. C. De
Schryver, Angew. Chem., Int. Ed., 2001, 40, 4643-4648.

J. Mater. Chem. C


http://dx.doi.org/10.1039/c6tc05139a



