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A dinaphtho[2,3-b:2°,3’-i]dihydrophenazine (DNP) derivative was synthesized by Buchwald-
Hartwig cross-coupling, and. its  electronic spectrum was compared with that of
dinaphtho[b,i]dihydrophenazine-5,18-dione (DNP-dione) as an anthraquinone analog. An
absorption band of DNP is attributed to extension of m-conjugation over the entire molecule via
the N atom. DNP-dione showed a broad absorption band in the range 450-490 nm due to
intramolecular charge-transfer interactions. Additionally, the absolute fluorescence quantum
yield of DNP was larger than that of DNP-dione. DNP-dione exhibited reversible oxidation
peaks and. a similar oxidation potential to DNP, since there are very weak electronic interactions
between the anthracene and anthraquinone units across the N atoms with the 4-octyloxyphenyl

Photophysical property substituent.
Electrochemical property

Intramolecular charge-transfer interaction
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1. Introduction

As an electron-sufficient moiety, the phenazine framework
has proven an attractive building unit for the molecular design of
new n-conjugated functional materials.! Particularly, n-extended
phenazine derivatives, including aza analogs® of pentacenes and
heptacenes, have been extensively applied to developing new
organic dyes and devices® such as organic field-effect
transistors.” Dibenzo[b,i]dihydrophenazine is also a promising
candidate for constructing different functional molecules,® while
anthraquinone-based dihydrophenazine derivatives such as
indanthronehave been used as organic dyes.® Recently,
Shinokubo et al. reported the facile synthesis of m-extended
dinaphtho[a,h]dihydrophenazines with zigzag structure by
oxidation using DDQ.’
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Figure 1. Molecular structures of dinaphtho[2,3-b:2°,3’-i]-
dihydrophenazine derivatives 1 and 2.

However, to the best of our knowledge, linear-type
dinaphtho[2,3-b:2°,3’-i]dihydrophenazine derivatives and

anthraquinone analogs have not yet been reported in the
literature.  Thus, we  designed dinaphtho[2,3-b:2",3°-
iJdihydrophenazine 1 and dinaphtho[2,3-b:2°,3’-
i]dihydrophenazine-5,18-dione 2 possessing a anthraquinone
unit, in which the nitrogen atoms derived from 4-octyloxyaniline
function as connecting groups (Figure 1). These derivatives were
diaza analogs of 7,16-diphenylheptacene, which is an extremely
weak photo-oxidation.®> Herein, we report the synthesis and
spectroscopic data of dinaphtho derivative 1 and its quinone
analog 2, and their photophysical and electrochemical properties
are compared to assess the electronic interactions via nitrogen
atoms.

2. Results and Discussion

2.1. Synthesis
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Scheme 1. Synthesis of 2,3-dibromoanthraquinone 3 and 2,3-
dibromoanthracene 4.
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Scheme 2. Synthesis of 2,3-diaminoanthracene derivative 6.
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Scheme 3. Synthesis of dinaphtho[b,i]dihydrophenazine
derivatives 1 and 2.
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To synthesize the target phenazine derivatives, 2,3-
dibromoanthracene 4° was used as a key intermediate for
amination via cross-coupling.’® This precursor was produced
according to Scheme 1. Friedel-Crafts reaction of phthalic
anhydride with 1,2-dibromobenzene in the presence of AICI;
yielded the adduct, which was then dehydrated with conc. H,SO,
to afford 2,3-dibromoanthraquinone 3 via the known method:*!
Reduction of 3 with NaBH, gave 2,3-dibromoanthracene 4 in a
stepwise manner. Compound 4 was produced in 17% overall
yield from 1,2-dibromobenzene.

Conventional Buchwald-Hartwig coupling -of 4 with 4-
octyloxyaniline 5 (2 equiv.)*? gave compound 6 asa yellow solid
in 64% vyield (Scheme 2). The reaction conditions were
optimized for synthesizing 1 from dibromide 4 and diamine 6
(Scheme 3). We reacted 4 and 6 in the presence of Pd(X-
Phos_G1) in xylene under reflux for 48 h, this reaction gave a
complicated mixture which is not including the target compound.
The reaction with 10 mol% of Pd(t-BusP), gave the desired
compound in 3% yield. This yield was further increased to 5% by
adding Pd(dba), and t-BusPHBF, rather than Pd(t-BusP),; this
tetrafluoroborate salt easily-generates fresh Pd(0) catalyst in this
reaction system. Anthraquinone analog 2 was prepared by same
cross coupling using Pd(t-BusP), catalyst of 2,3-
dibromoanthraquinone 3 and diamine 6 (3% yield).

These. compounds showed good stability under ambient
conditions-and were reliably characterized by NMR and mass
spectroscopy. Molecular ion peaks of 1 and 2 were observed at
m/z 790.45 (CseHsgN,O,) and 820.43 (CsgHssN,Oy), respectively,
in the mass spectra. In the "H NMR spectrum of 1, two singlets
were observed in the aromatic region at ¢ 7.7 and 6.3, while in
the ®C NMR spectrum, compound 2 gave a signal due to
carbonyl carbons at 6182.0. Compounds 1 and 2 gave 11 and 17
aromatic carbon signals, respectively, which was consistent with
their molecular symmetry.

2.2. Structures

We obtained a single crystal of compound 1 suitable for X-ray
analysis from a hexane/CH,Cl, solution (Figure 2)."° As
expected, compound 1 has a planar framework with C,,
symmetry. To avoid steric hindrance, the two 4-octyloxyphenyl
groups are twisted from the naphthophenazine plane as indicated

Figure 2. X-=ray structure (a) and packing diagram (b) of
compound 1 (solvent molecules are included).

by the dihedral angles (6) between the two planes (+81.1° and
=75.6°). In the crystal packing, intermolecular C-H---n contacts
(2.8 A) between the anthracene and phenyl groups rather than
7w contacts (3.5 A) between the anthracene units are dominant.
The molecules have no significant intermolecular contacts as
they are sterically protected by the two 4-octyloxyphenyl groups.
Because we could not obtain single crystals suitable for X-ray
analysis for 2, the molecular structure of model compound 2’
possessing methoxy groups in place of octyloxy groups was
optimized at the B3LYP/6-31G(d) level (Figure S1). In the

global minimum structures, compound 2’(lhas a planar
framework with a large surface area.
16
14
- 12 —1
; — |z
< 10 — 3
-3 1-FL %
E g 2
- Q
B 2
4 <
2 7N
Y O s W LT
250 300 350 400 450 500 550 600

Wavelength /nm

Figure 3. UV-vis (solid line) and FL (dotted line) spectra of
compounds 1 and 2 in CH,Cl,.

2.3. Electronic Spectra

The absorption spectra of compounds 1 and 2 were recorded
in CH,CI, (Figure 3). The spectroscopic data are summarized in
Table 1. These compounds showed absorptions at An.x 474 nm
(1) and 431 nm (2). An absorption band for 1 is attributed to
extension of m-conjugation over the entire molecule via the N
atom, while compound 2 exhibited a characteristic broad
shoulder band extending to ca. 490 nm in the longest wavelength



Table 1. UV-vis absorption and fluorescence data for compounds 1
and 2 in CH,Cl,.

Anax /MM caled A, /nm (f)? A /mm
G [composition of band ] (Dp)
474 443 (0.65)

1 483 (0.72)
(59600) [H-1->L, 45%; H->L+2, 3%]
a 646 (0.02) [H->L, 49%]

2 553 (0.08) N.D.©

(68000)
[H-1—->L, 48%; H-1->L, 2%]
*TD-DFT calculations (TD/B3LYP/6-31G(d)) were performed by using
optimized structures of compounds 1” and 2’ at the B3LYP/6-31G(d) level; f
= oscillator strength.

®Absolute fluorescence quantum yields.

°Not measured due to weak fluorescence.
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Figure 4. Eneréy levels (eV) and calculated MOs of 1 and 2’
(octyloxy groups were replaced to methoxy groups) using the
B3LYP/6-31G(d) level of theory.

region. This broad band of 2 was assigned to the HOMO-1 to
LUMO transition based on TD-DFT calculations using model
compound-2’ as described above. The calculated MOs of 2’
suggested - that the HOMO-1 and LUMO levels were mainly
located on the anthracene and anthraquinone units, respectively
(Figure 4). Thus, the shoulder absorption peak of 2 at 450-490
nm is attributed to an intramolecular charge-transfer interaction.

The fluorescence spectra were measured in CH,CI, (Figure 3
and Table 1). An emission peak for compound 1 was observed at
483 nm, while compound 2 showed a weak emission. The
absolute fluorescence quantum yield @ of 1 was 0.72. The non-
fluorescence of 2 was attributed to efficient photoinduced
intramolecular  electron-transfer from anthracene to the
anthraquinone unit.™

2.4. Electrochemical Properties

Finally, the redox properties of 1 and 2 were explored by
cyclic voltammetry in CH,CI, (Figure 5). The redox potentials

3

and calculated energy levels are given in Table 2. Compound 1
gave irreversible reduction potentials, while compound 2 gave
reversible reduction potentials at —1.48 and —1.71 V due to the
formation of a radical anion and a dianion species of the
anthraquinone unit, respectively. The first oxidation peak of 1
was observed at +0.24 V, and that of 2 at a similar potential
(+0.26 V). There are very weak electronic interactions between
the anthracene and anthraquinone units through the N_atoms of
the p-alkoxyphenyl substituent. This tendency is consistent with
the calculated HOMO energies given in Table 2.

Table 2. Electrochemical data for compounds 1 and 2.

HOMO LUMO
EI/ZOX /Va El/zmd /V a
level /eV ® level /eV ®
1 +0.24 =€ -4.52 -1.45
2 +0.26 -1.48,-1.71 -4.74 -2.37

@ Measured in CH,Cl, (1.00 mmol L") with n-Bu;NBF, (0.10 mol L™) as the
supporting electrolyte and Ag/Ag™ as the reference electrode.

b Calculated at the B3LYP/6-31G(d) level for model compounds 1° and 2°.

¢ Only the first redox potential is shown due to irreversible waves.

iZOpA

2 15 1 05 0 05 1 15 2 25
Potential / V vs. Fc/Fc*
Figure 5. Cyclic voltammograms of 1 (black) and 2 (red) in
CH,Cl, with 0.10 mmol L* n-Bu,NPFg as supporting electrolyte,
Ag/Ag” as reference electrode, a glass carbon disk as working
electrode, a Pt wire as counter electrode, and a scan rate of 0.10 V
-1
s
3. Conclusion

In conclusion, we synthesized dinaphtho[b,i]dihydrophenazine
derivatives via Buchwald-Hartwig coupling. The X-ray
crystallographic analysis of 1 indicated a planar structure. The
photophysical properties were influenced by nitrogen atoms,
resulting in extended m-conjugation for 1 and intramolecular
donor-acceptor interactions for 2. The oxidation potentials of 1
and 2 were similar due to the independence of the 2,3-
diaminoanthracene unit. Further studies involving the synthesis
of m-extended heteroacene analogs and their application to the
design of efficient hole transport materials are in progress.

Supplementary data

Supplementary data associated with this article is available in
the online version under http://dx.doi.org/## ####.

Acknowledgments

This work was partly supported by JSPS KAKENHI Grant-in-
Aid for Young Scientists (B) (Grant Number 16K17874) and
Grant for Promotion of OUS Research Project (OUS-PR-29-1).
The authors gratefully thank the Research Instruments Center,



4 Tetrahedron

Okayama University of Science for provision of NMR and
MALDI-TOF mass spectra. The authors also thank Prof. Kan
Wakamatsu of Okayama University of Science for their useful
suggestions.

References and notes

1.  a) Holzapfel, M.; Lambert, C.; Selinka, C.; Stalke, D. J. Chem.
Soc. Perkin Trans. 2, 2002, 1553-1561; b) Lee, J.; Shizu, K.;
Tanaka, H.; Nakanotani, H.; Yasuda, T.; Kaji, H.; Adachi, C. J.
Mater. Chem. C 2015, 3, 2175-2181, c) Huang, W.; Sun, L.;
Zheng, Z.; Su, J.; Tian, H. Chem. Commun. 2015, 51, 4462-4464.

2. a)Bunz, U. H. F,; Engelhart, J. U.; Lindner, B. D.; Schaffroth, M.
Angew. Chem. Int. Ed. 2013, 52, 3810-3821; b) Bunz, U. H. F.
Acc. Chem. Res. 2015, 48, 1676-1686; c) Wudl, F.; Koutentis, P.
A.; Weitz, A.; Ma, B.; Strassner, T.; Houk, K. N.; Khan, S. I. Pure
Appl. Chem. 1999, 71, 295-302; d) Fleischhauer, J.; Beckert, R;
Jittke, Y.; Hornig, D.; Gunther, W.; Birckner, E.; Grummt, U.-W.;
Gorls, H. Chem. Eur. J. 2009, 15, 12799-12806; €) He, Z.; Mao,
R.; Liu, D.; Miao, Q. Org. Lett. 2012, 14, 1050-1053; f) Liang, Z.;
Tang, Q.; Mao, R.; Liu, D.; Xu, J.; Miao, Q. Adv. Mater. 2011, 23,
5514-5518.

3. a) Miao, Q. Adv. Mater. 2014, 26, 5541-5549; b) Miao, Q. Synlett
2012, 326-336; b) Liang, Z.; Tang, Q.; Xu, J.; Miao, Q. Adv.
Mater. 2011, 23, 1535-1539.

4. a)Diao, Y.; Tee, B. C.-K,; Giri, G.; Xu, J.; Kim, D. H.; Becerril,
H. A,; Stoltenberg, R. M.; Lee, T. H.; Xue, G.; Mannsfeld, S. C.
B.; Bao, Z. Nat. Mater. 2013, 12, 665-671; b) Liu, D.; He, Z.; Su,
Y.; Diao, Y.; Mannsfeld, S. C. B.; Bao, Z.; Xu, J.; Miao, Q. Adv.
Mater. 2014, 26, 7190-7196; c) Xu, X.; Yao, Y.; Shan, B.; Gu,

10.

11.

12.

13.

14.

X.; Liu, D.; Liu, J.; Xu, J.; Zhao, N.; Hu, W.; Miao, Q. Adv.
Mater. 2016, 28, 5276-5283; d) Wang, C.; Zhang, J.; Long, G.;
Aratani, N.; Yamada, H.; Zhao, Y.; Zhang, Q. Angew. Chem. Int.
Ed. 2015, 54, 6292-6296.

Gu, X.; Shan, B.; He, Z.; Miao, Q. ChemPlusChem 2017, 82,
1034-1038.

a) Leete, E.; Ekechukwu, O.; Delvigs, P. J. Org. Chem. 1966, 31,
3734-3739; b) Clark, M. C. J. Chem. Soc. C 1966, 277-283.
Nagasaki, J.; Hiroto, S.; Shinokubo, H. Chem. Asian J. 2017, 12,
2311-2317.

Kaur, I.; Stein, N. N.; Kopreski, R. P.; Miller, G. P.J. Am. Chem.
Soc. 2009, 131, 3424-3425.

Ohashi, T.; Watanabe, M. Jpn. Kokai Tokkyo Koho, JP-A-2009-
155308, 2009.

Ruiz-Castillo, P.; Buchwald, S. L. Chem. Rev. 2016, 116, 12564—
12649.

Toyota, S.; Shimasaki, T.; Tanifuji; N.; Wakamatsu, K.
Tetrahedron Asymmetry 2003, 14, 1623-1629.

Kim, D.-Y.; Lee, S.-A,; Kim, H.; Kim, S. M.; Kim, N.; Jeong, K.-
U. Chem. Commun. 2015, 51, 11080--11083.

Crystal data of 1: formula CsgHssN2O,-2CH,Cl,, M = 960.90,
triclinic, space group P-1, a =7.534(3), b = 10.172(4), c =
16.405(6) A, 0. =88.9308(10), B=78.941(8), y = 85.465(8) °, V =
1230.0(8) A%, Z=1, D, = 1.297 g cm >, x(Mo Ke) = 0.286 mm ™,
T =123(2) K, 19754 reflections, R1 = 0.0439 (I > 2.00(1)), wR2 =
0.1188, GOF 1.058. Crystallographic data reported in this
manuscript have been deposited with Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-1890893.
lwanaga, T.; Ida, H.; Takezaki, M.; Toyota, S. Chem. Lett. 2011,
40, 970-971.



Highlights

m-Extended phenazine derivatives and its quinone analog were prepared.

An absorption band of phenazine derivatives is attributed to s-extension.

A broad absorption of quinone analog is attributed to intramolecular CT interactions.

Electrochemical properties of these compounds are disclosed.



