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Abstract: The synthesis, property evaluation, and single
crystal X-ray structures of four 5,7,12,14-tetrafunctionalized
diazapentacenes are presented. The synthesis of these
compounds either starts from tetrabromo-N,N-dihydrodia-
zapentacene or from a diazapentacene tetraketone. Pd-
catalyzed coupling or addition of a lithium acetylide gave
the precursors that furnish, after further redox reactions,
the diazapentacenes as stable crystalline materials. The
performance of the tetraphenyl-substituted compound as
n-channel semiconductor was evaluated in organic field
effect transistors.
/

Herein, we describe the synthesis of tetrasubstituted 6,13-dia-
zapentacenes by using two different precursors. Azaacenes!
have aroused great interest, starting with the synthesis of the
superb n-channel semiconductor TIPS-TAP.2 This interest was
further stoked by new syntheses to construct azapentacenes"
to azaheptacenes,”” by using Pd-catalyzed formation of em-
bedded N,N'-dihydropyrazines,®” and the availability of several
privileged, bis(tri-iso-propylsilylethynyl)-substituted aromatic
ortho-diamines.”” These approaches lead to disubstituted azaa-
cenes. The synthesis of higher substituted azaacenes (tetrasub-
stituted, hexasubstituted, etc.) is not common, although for

[a] G. Xie, M. Hauschild, H. Hoffmann, L. Ahrens, Dr. F. Rominger,
Dr. J. Freudenberg, Prof. M. Kivala, Prof. U. H. F. Bunz
Organisch-Chemisches Institut, Ruprecht-Karls-Universitct Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
E-mail: freudenberg@oci.uni-heidelberg.de
milan.kivala@oci.uni-heidelberg.de
uwe.bunz@oci.uni-heidelberg.de
[b] M. Borkowski, Dr. T. Marszalek
Department of Molecular Physics, Lodz University of Technology
Zeromskiego 116, 90924 Lodz (Poland)
[c] Dr. T. Marszalek
Max Planck Institute for Polymer Research, Ackermannweg 10, 55128
Mainz (Germany)
[d] Prof. M. Kivala
Centre for Advanced Materials, Im Neuenheimer Feld 225
69120 Heidelberg (Germany)
Supporting information and the ORCID identification number(s) for the au-
thor(s) of this article can be found under:
https://doi.org/10.1002/chem.201904516.
© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons At-
tribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

e

&,

Chem. Eur. J. 2020, 26, 799 - 803 Wiley Online Library

their hydrocarbon analogues,®'” some derivatives have re-

cently been explored, including per-substituted species fur-
nishing twistacenes." Herein, we decorate the diazapentacene
framework either by fourfold Suzuki-Miyaura coupling™ or by
fourfold addition of a lithium acetylide. Reaction of the litera-
ture known tetrabromide 1"¥ with different boronic acids
under standard palladium catalysis conditions gave the crude
N,N'-dihydro-intermediates 2 a-c, which were not further char-
acterized but immediately oxidized by MnO, into the target
compounds 3a-c (53-79% overall yield). The dihydro-species 1
is much more soluble (and does not re-oxidize the intermedi-
ately formed Pd° species) than its oxidized heteroacene coun-
terpart and was employed in our coupling reactions. Because
1 did not undergo Sonogashira reaction directly (see
Scheme S1 in the Supporting Information for conditions), we
obtained tetrayne 3d by reacting tetraone 4 with an excess of
the lithium salt of TIPS acetylene and treatment of the inter-
mediate with tin dichloride.™ Compound 5 was isolated in
26% yield. Oxidation with MnO, in acetonitrile then gave 3d
in 95% yield. Note that the electron-withdrawing pyrazine
units enable fourfold nucleophilic addition—TIPS acetylide
only adds twice to the corresponding hydrocarbon tetraketone
analogue."™'®

Figure 1 displays the normalized absorption spectra of non-
fluorescent 3a-d (see also Table 1). We note that 3a-c display
almost identical UV/Vis spectra despite the significant electron-
ic differences in the substituents of 3a-c. The substituents
only exert an inductive effect but do not increase the conjuga-
tion—not unexpected, because the arene groups are heavily
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Figure 1. Normalized absorption spectra of 3a-d recorded in dichlorome-
thane (DCM).
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Table 1. Photophysical and electrochemical properties of 3a-d.
Compound Abs, ., E® Eet™ lonization poten- Electron affinity Gap
[nm] I\ V1 tial [eV] meas./ [eV] meas.”/calcd™/

[eV] meas./ calcd® opt.”
calcd®

3a 664 0.64 —-1.33 —5.44/—-5.08 —3.47/-2.98 1.97/2.10/1.69

3b 668 0.63 —-1.32 —5.43/-5.33 —3.48/-3.25 1.95/2.08/1.68

3c 674 1.13 —-1.14 —5.93/-6.27 —3.66/—4.23 2.27/2.04/1.72

3d 743 0.77 —0.96 —5.57/- —3.84/- 1.73/-/1.59

5,7,12,14-tetraphenylpenta- 6219 - - -/—4.80” -/—2.59 -/2.21/1.88°

cene

[a] Absorption peaks in DCM. [b] First oxidation and reduction potentials measured in CV using ferrocene/ferrocenium as the reference redox system and
internal standard (—4.8 eV vs. vacuum);""¥ [c] Calculated from CV measurements (Eyoumo=—4.80 eV—E,,;; E.umo = —4.80 eV—E,.4;). [d] Calculated with Gaussi-

an 09 B3LYP/6-311 + 4 G**//DFT/B3LYP/6-31 +
in DCM.

G** 1% [e] Estimated from Eyomo and Eumo (Egap = ELumo—Eromo)- [f] Estimated from absorption onset recorded

twisted with respect to the diazapentacene backbone. Com-
pound 3d with the four alkyne groups displays a 70-80 nm
redshifted absorption at 743 nm, a consequence of the strong
conjugation of the four alkyne groups with the diazapentacene
nucleus (Scheme 1)."”

Compounds 3a-d were investigated by cyclic voltammetry
(Table 1). They can be both oxidized and reduced, suggesting
ambipolar behavior.”” As was expected, 3d and ¢ display the
highest oxidation potential. The effect is particularly strong for
3¢, featuring four CF; groups. The same trend was observed
for the reduction potentials, which are —1.14V for 3¢ and
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Scheme 1. Synthesis of substituted diazapentacenes 3a-d.
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—0.96 V for 3d. The electron affinity for 3c and d are estimat-
ed to be —3.7 and —3.8 eV, respectively. Although the alkyne
substituents influence HOMO and LUMO position differently
and lead to a decreased electrochemical and optical gap, elec-
tron withdrawing substituents on the aryl groups in 3¢ stabi-
lize both frontier molecular orbitals (FMOs) similarly. In com-
parison to 5,7,12,14-tetraphenylpentacene,” nitrogen substitu-
tion leads to decreased FMO energy levels, as was expected.
Compounds 3a-d form suitable specimens useful for X-ray
single crystal analysis (Figure 2 and the Supporting Informa-
tion). In compounds 3a-c, the diazapentacene backbone is
planar, and the four aryl groups are oriented parallel to each
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Figure 2. Molecular structures and solid-state packings of (a) 3
(c) 3b (hydrogen atoms omitted for clarity).

¢, (b) 3d, and
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other and considerably twisted with respect to the diazapenta-
cene (dihedral angles: 63° and 65° for 3a; 57° and 61° for 3b
and 66° and 71° for 3¢). The molecules of 3a and c pack in a
herringbone pattern with no m—mt overlap between the mole-
cules. The molecules of 3b pack in m-m stacked dimers with
an interplanar distance of 3.60 A, which are arranged in one-di-
mensional slipped stacks. In the case of 3d, the four TIPS-eth-
ynyl groups crowd each other. This leads to a twist of the dia-
zapentacene nucleus with an end-to-end torsion angle of 20°.

The steric crowding of the four TIPS groups also enforces a
bend in the alkynes away from each other, even though direct
peri interactions are not present due to the pyrazine unit inter-
spersed between the alkyne-carrying rings. Compound 3d also
packs in a herringbone motif; here also, as was expected,”" n—
7t overlap is absent. The observed packing suggests that larger
acenes, for example, diazaheptacenes,”” might be stabilized in
the solid state with the current substituent pattern and at the
same time display attractive solid-state ordering that would
allow their use in ambipolar transistors.

Next issue to address was stability of the diazapentacenes
compared to their hydrocarbon analogues. The stability of
5,7,12,14-tetraphenylpentacene was assessed through UV/Vis
measurements in dilute solution—it photooxidized in tolu-
ene' or dichloromethane® under ambient conditions (light
and air) in less than 20 minutes via endo-peroxide formation.
Nitrogen substitution protected the system. The absorption
profile of alkynylated 3d remains unchanged for 24 hours,
photooxidation of 3a-c depends on the electronic demand of
the aryl substituents. Electron-deficient trifluoromethyl groups
stabilize the system most (14% absorption loss after 24 h), but
even electron-rich, dimethoxy-substituted 3a was still fairly
stable (50% loss after 24 h).

To initially evaluate the potential of the newly synthesized
tetrasubstituted diazapentacenes as n-channel organic semi-
conductors, organic field-effect transistors (OFETs) were fabri-
cated by physical vapor deposition of 3b (for details regarding
the device fabrication, see the Supporting Information). The
compound showed n-type charge transport behavior with a
maximum electron mobility of 3.2x107> cm?V~'s™, threshold
voltage 30V and on/off ratio on the level of 10% The average
charge carrier mobility calculated for twelve transistors was
1.76x1073+0.51 cm?V's™". In contrast, for parent unsubsti-
tuted 6,13-diazapentacene hole mobilities in a range of 107
were reported.®? This finding clearly highlights the beneficial
impact of the 5,7,12,14-substitution pattern on the n-channel
device performance and constitutes an asset for our future ef-
forts in this area.

In conclusion, we developed symmetrically tetrafunctional-
ized 6,13-diazapentacenes, either starting from bisquinone 4 or
from the N,N'-dihydro-tetrabromide 1. Both routes work well
and give the expected products in reasonable yields. The com-
pounds are stabilized with respect to photooxidation and the
tetraphenyl-substituted representative 3 b shows n-channel be-
havior. In future, we will expand this concept to 6,7,14,15-tet-
raazahexacene and to 7,16-diazaheptacene. Herein, the solubil-
ity of the precursors might be a problem, but the prospect of
stable diazaheptacenes is particularly attractive.””
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Experimental Section

6,13-Dihydro-6,13-diazapentacene and 5,7,12,14-tetrabromo-6,13-
dihydro-6,13-diazapentacene were synthesized by literature proce-
dUre.“3’24]

General synthesis procedure for 3a-c

5,7,12,14-Tetrabromo-6,13-dihydro-6,13-diazapentacene 1 (200 mg,
0.33 mmol), arylboronic acid (8.00 equiv), Pd(PPh,), (76.0 mg,
65.8 umol, 0.20 equiv), and K,CO; (462 mg, 3.34 mmol, 10.0 equiv)
were added into the flask under N,. 1,4-Dioxane (16 mL) and water
(4 mL) were purged with N, for 20 min and then added into the
flask. The resulting mixture was stirred at 70°C for 4 days. After
cooling to room temperature (rt), a pale green precipitate was
formed. It was collected by filtration and washed with water and
ethanol. The crude product was dissolved in DCM (20 mL), fol-
lowed by treatment with MnO, (872 mg, 10.0 mmol, 30.0 equiv.) at
rt for 6 h.
5,7,12,14-Tetra(3,5-dimethoxylphenyl)-6,13-diazapentacene (3a):
3,5-Dimethoxylphenylboronic acid (487 mg, 2.56 mmol, 8.00 equiv)
was employed. After reaction, DCM was evaporated under reduced
pressure and the crude product was purified by flash column chro-
matography (SiO,, ethyl acetate (EE)) to give a dark green solid.
Further washing with petroleum ether (PE) gave pure 3a. Yield:
146 mg, 0.18 mmol, 53%. Melting point (M.p.): >400°C (decomp).
H NMR (CDCl;, 500 MHz, 295 K): 6 =8.15-7.98 (m, 4H), 7.42-7.32
(m, 4H), 6.67-6.47 (m, 12H), 3.78-3.66 (m, 24H) ppm. ">C {"H} NMR
(CDCl;, 126 MHz, 295 K): d=160.2, 138.1, 133.2, 127.8, 127.2, 110.2,
100.2, 55.4 ppm. IR: 7=3073, 2993, 2932, 2829, 1594, 1449, 1206,
1137, 1057, 757 cm™'. MS (MALDI) m/z: [M]": calcd for Cs,H,4N,0¢:
824.9300; found 825.3180; correct isotope distribution.
5,7,12,14-Tetraphenyl-6,13-diazapentacene (3b): Phenylboronic
acid (326 mg, 2.56 mmol, 8.00 equiv) was employed. After reaction,
DCM was evaporated under reduced pressure, and the crude prod-
uct was purified by flash column chromatography (SiO,, DCM) to
give a dark green solid. Subsequent washing with EE gave pure
3b. Yield: 116 mg, 0.20 mmol, 59%. M.p.: >400°C (decomp).
'H NMR (CD,Cl,, 600 MHz, 295 K): 6 =8.00-7.94 (m, 4H), 7.50-7.46
(m, 8H), 7.45-7.40 (m, 12H), 7.33-7.29 (m, 4H) ppm. "*C {"H} NMR
(CD,Cl,, 151 MHz, 295 K): 6 =138.9, 138.8, 137.4, 133.2, 132.8, 128.1,
128.0, 127.5, 126.7 ppm. IR: 7=3080, 3053, 3023, 1730, 1434, 1392,
761, 697, 476 cm™'. MS (ESI) m/z: [M4+H]": calcd for C,H,N,":
585.7300; found 585.2330; m/z: [M+Na]™*: calcd for C,H,gN,Na™:
607.7118; found 607.2149; correct isotope distribution.
5,7,12,14-Tetra(3,5-bis(trifluoromethyl)phenyl)-6,13-diazapenta-
cene (3c¢): 3,5-Bis(trifluoromethyl)phenylboronic acid (690 mg,
2.56 mmol, 8.00 equiv) was employed. After reaction, DCM was
evaporated under reduced pressure, and the crude product was
purified by a flash column chromatography (SiO,, PE/DCM 3:1) to
give a dark green solid. After washing by petroleum ether (PE),
pure 3¢ was obtained. Yield: 298 mg, 0.26 mmol, 79%. M.p.:
>400°C (decomp). 'H NMR (CD,Cl,, 600 MHz, 295 K): 6 =8.00-7.97
(m, 4H), 7.86-7.84 (m, 8H), 7.80-7.76 (m, 4H), 7.49-7.45 (m, 4H)
ppm. C {"H} NMR (CD,Cl,, 126 MHz, 295 K): 6=139.0, 138.7, 136.5,
133.7, 1325, 131.6, 128.7, 127.0, 124.8, 123.0, 122.2, 121.2 ppm. IR:
7=2920, 2844, 1609, 1502, 1263, 1008, 974, 826, 552 cm~". MS
(MALDI) m/z: [MI": caled for CsHyN,Fy: 1128.7007; found
1128.1257; correct isotope distribution.
5,7,12,14-Tetrakis(triisopropylsilylacatylene)-6,13-dihydro-6,13-
diazapentacene (5): TIPS acetylene (3.63mL, 16.2 mmol,
11.0 equiv) was dissolved in dry THF (30 mL). Subsequently, nBuLi
(2.5M in hexanes, 5.88 mL, 14.7 mmol, 10 equiv) of was added at

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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—70°C, and the mixture was stirred for 2 h at —70°C. After this
time, 4 (500 mg, 1.47 mmol, 1.00 equiv) was added, the reaction
mixture was brought to room temperature, and stirred for 16 h.
The solvent was removed under reduced pressure, and the precipi-
tate was filtered through a SiO, pad first with PE and afterwards
with EE. The solvent of the EE fraction was removed under reduced
pressure, and the resulting colorless solid was dissolved in acetoni-
trile (5 mL), and SnCl,-2H,0 (4.00 g) was added. The reaction mix-
ture was stirred for 1 h at room temperature. The solvent was re-
moved under reduced pressure and purification by column chro-
matography (SiO,, PE/DCM 4:1) gave 387 mg (386 pmol, 26 %) of 5
as a yellow solid. M.p.: >350°C (decomp). 'HNMR (CD,Cl,
600 MHz, 295 K): 6 =7.98-7.96 (m, 4H), 7.28 (s, 2H), 7.28-7.26 (m,
4H), 1.31-1.17 (m, 84H) ppm. C{'H}NMR (CD,Cl, 151 MHz,
295 K): 6=132.5, 130.8, 125.7, 125.3, 106.0, 100.6, 100.5, 19.1,
12.5 ppm. IR: 7=3370, 2940. 2862, 2124, 1590, 1526, 1468, 1425,
1407, 1381, 1349, 1254, 1154, 1070, 996, 917, 881, 753, 674, 658,
640, 526, 502cm”'. MS (DART+) m/z: [M+H]': calcd for
CeaHosN,Si, "2 1003.6567; found 1003.6514; correct isotope distribu-
tion.
5,7,12,14-Tetrakis(triisopropylsilylacatylene)-6,13-diazapenta-
cene (3d): Compound 5 (200 mg, 199 umol, 1.00 equiv) was dis-
solved in DCM (20 mL), followed by treatment with MnO, (520 mg,
5.98 mmol, 30.0 equiv) at room temperature for 6 h. The solvent
was removed under reduced pressure, and purification by column
chromatography (SiO,, PE/DCM 4:1) gave 190 mg (190 pmol, 95 %)
of 3d as a dark green solid. M.p.: >350°C (decomp). 'H NMR
(CD,Cl,, 400 MHz, 295 K): 0 =8.80-8.78 (m, 4H), 7.64-7.61 (m, 4H),
1.31-1.41 (m, 14H), 1.23-1.31 (m, 7T1H), 1.41-1.22 (m, 84H) ppm.
BC{H}NMR (CD,Cl,, 101 MHz, 295K): 6=140.9, 137.5, 128.7,
128.4, 121.2, 110.5, 104.2, 19.2, 12.4 ppm. IR: 7=2940, 2888, 2862,
2123, 1525, 1460, 1439, 1428, 1391, 1366, 1234, 1121, 1101, 1074,
1052, 1015, 995, 919, 881, 856, 758, 672, 655, 641, 566, 513, 506,
482, 459, 452, 442, 410 cm~'. MS (DART") m/z: [M+H]": calcd for
CeaHo3N,Si, ™2 1001.6410; found 1001.6369; correct isotope distribu-
tion.

Crystallographic data: CCDC 1957020 (3a), 1958306 (3b), 1957021
(3¢), and 1957022 (3d) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by The
Cambridge Crystallographic Data Centre

Acknowledgements

We gratefully acknowledge financial support from the Deut-
sche Forschungsgemeinschaft (DFG) SFB 1249 and SFB 953—
Project number 182849149 (M.K.). G.X. thanks the CSC (Chinese
Scholarship Council) for a fellowship. M.B. and T.M. acknowl-
edge the Foundation for Polish Science financed by the Euro-
pean Union under the European Regional Development Fund
(POIR.04.04.00-00-3ED8/17-01).

Conflict of interest

The authors declare no conflict of interest.

Keywords: diazapentacenes . heteroacenes .

tetrasubstitution - X-ray diffraction

[1] a)J. Freudenberg, U. H.F. Bunz, Acc. Chem. Res. 2019, 52, 1575-1587;
b) U. H. F. Bunz, Acc. Chem. Res. 2015, 48, 1676-1686; c) U. H. F. Bunz,

Chem. Eur. J. 2020, 26, 799 - 803 www.chemeurj.org

[4]

[10]
[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

CHEMISTRY

A European Journal
Communication

J. U. Engelhart, B. D. Lindner, M. Schaffroth, Angew. Chem. Int. Ed. 2013,
52, 3810-3821; Angew. Chem. 2013, 125, 3898-3910; d) B. Kohl, F. Ro-
minger, M. Mastalerz, Angew.Chem. 2015, 127, 6149-6154; e) M. Masta-
lerz, Angew. Chem. Int. Ed. 2016, 55, 45-47; Angew. Chem. 2016, 128,
45-47; f) B. L. Hu, C. An, M. Wagner, G. Ivanova, A. lvanova, M. Baum-
garten, J. Am. Chem. Soc. 2019, 141, 5130-5134; g) Q. Miao, Adv. Mater.
2014, 26, 5541 -5549.

S. Miao, A. L. Appleton, N. Berger, S. Barlow, S. R. Marder, K. I. Hardcastle,
U. H. F. Bunz, Chem. Eur. J. 2009, 15, 4990 -4993.

a) Z. X. Liang, Q. Tang, J. B. Xu, Q. A. Miao, Adv. Mater. 2011, 23, 1535-
1539; b) M. Chu, J. X. Fan, S.J. Yang, D. Liu, C. F. Ng, H. L. Dong, A. M.
Ren, Q. Miao, Adv. Mater. 2018, 30, 1803467; c) Q. Miao, Synlett 2012,
326-336.

H. Reiss, L. Ji, J. Han, S. Koser, O. Tverskoy, J. Freudenberg, F. Hinkel, M.
Moos, A. Friedrich, I. Krummenacher, C. Lambert, H. Braunschweig, A.
Dreuw, T. Marder, U. H. F. Bunz, Angew. Chem. Int. Ed. 2018, 57, 9543 -
9547; Angew. Chem. 2018, 130, 9688 -9692.

U. H. F. Bunz, J. U. Engelhart, Chem. Eur. J. 2016, 22, 4680 -4689.

F. Paulus, J. Engelhart, P. Hopkinson, C. Schimpf, A. Leineweber, H. Sir-
ringhaus, Y. Vaynzof, U.H.F. Bunz, J. Mater. Chem. C 2016, 4, 1194-
1200.

a) J. U. Engelhart, B. D. Lindner, M. Schaffroth, D. Schrempp, O. Tverskoy,
U. H. F. Bunz, Chem. Eur. J. 2015, 21, 8121-8129; b) Z. Wang, Z. Wang, Y.
Zhou, P. Gu, G. Liu, K. Zhao, L. Nie, Q. Zeng, J. Zhang, Y. Li, R. Ganguly,
N. Aratani, L. Huang, Z. Liu, H. Yamada, W. Hu, Qichun Zhang, J. Mater.
Chem. C 2018, 6, 3628 -3633.

Q. Miao, X. Chi, S. Xiao, R. Zeis, M. Lefenfeld, T. Siegrist, M. L. Steiger-
wald, C. Nuckolls, J. Am. Chem. Soc. 2006, 128, 1340-1345.

I. Kaur, W. Jia, R. P. Kopreski, S. Selvarasah, M. R. Dokmeci, C. Pramanik,
N. E. McGruer, G. P. Miller, J. Am. Chem. Soc. 2008, 130, 16274-16286.
B. Jang, S. H. Lee, Z. H. Kafafi, Chem. Mater. 2006, 18, 449-457.

a)J. Lu, D. M. Ho, N. J. Vogelaar, C. M. Kraml, R. A. Pascal, J. Am. Chem.
Soc. 2004, 126, 11168-11169; b) J. Li, Q. Zhang, Synlett 2013, 24, 686 -
696; c) W. Fan, T. Winands, N. L. Doltsinis, Y. Li, Z. Wang, Angew. Chem.
Int. Ed. 2017, 56, 15373-15377; Angew. Chem. 2017, 129, 15575-15579;
d) W. Chen, X. Li, G. Long, Y. Li, R. Ganguly, M. Zhang, N. Aratani, H.
Yamada, M. Liu, Q. Zhang, Angew. Chem. Int. Ed. 2018, 57, 12549-
12553; Angew. Chem. 2018, 130, 12729-12733; e) R. G. Clevenger, B.
Kumar, E. M. Menuey, G.-H. Lee, D. Patterson, K. V. Kilway, Chem. Eur. J.
2018, 24, 243-250; f) Y. Xiao, J. . Mague, R.H. Schmehl, F. M. Haque,
R. A. Pascal, Angew. Chem. Int. Ed. 2019, 58, 2831-2833; Angew. Chem.
2019, 131, 2857 -2859.

G. Xie, S. Hahn, F. Rominger, J. Freudenberg, U.H.F. Bunz, Chem.
Commun. 2018, 54, 7593 -7596.

X.-Y. Wang, F.-D. Zhuang, R.-B. Wang, X.-C. Wang, X.-Y. Cao, J.-Y. Wang, J.
Pei, J. Am. Chem. Soc. 2014, 136, 3764 -3767.

a)J. E. Anthony, Chem. Rev. 2006, 106, 5028-5048; b)J. E. Anthony,
Angew. Chem. Int. Ed. 2008, 47, 452-483; Angew. Chem. 2008, 120,
460-492; c) J. E. Anthony, J.S. Brooks, D. L. Eaton, S.R. Parkin, J. Am.
Chem. Soc. 2001, 123, 9482-9483; d) S. H. Etschel, A.R. Waterloo, J. T.
Margraf, A.Y. Amin, F. Hampel, C. M. Jager, T. Clark, M. Halik, R. R. Tyk-
winski, Chem. Commun. 2013, 49, 6725-6727.

H. Hoffmann, D. Mukanov, M. Ganschow, F. Rominger, J. Freudenberg,
U. H. F. Bunz, J. Org. Chem. 2019, 84, 9826 - 9834.

J. 1. Nishida, Y. Fujiwara, Y. Yamashita, Org. Lett. 2009, 11, 1813-1816.

S. Miao, C. G. Bangcuyo, M. D. Smith, U. H. F. Bunz, Angew. Chem. Int. Ed.
2006, 45, 661-665; Angew. Chem. 2006, 118, 677 -681.

C. M. Cardona, W. Li, A. E. Kaifer, D. Stockdale, G. C. Bazan, Adv. Mater.
2011, 23, 2367 -2371.

Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Pe-
tersson, H. Nakatsuji, X. Li, M. Caricato, A. Marenich, J. Bloino, B. G. Jane-
sko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J.L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J.
Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzew-
ski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, T. Vreven, K. Throssell, J.A. Montgomery,Jr., J.E. Peralta, F.
Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroveroy,
T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C.
Burant, S.S. lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://www.ccdc.cam.ac.uk/services/strctures?id=doi:10.1002/chem.201904516
https://www.ccdc.cam.ac.uk/services/strctures?id=doi:10.1002/chem.201904516
https://www.ccdc.cam.ac.uk/services/strctures?id=doi:10.1002/chem.201904516
https://www.ccdc.cam.ac.uk/services/strctures?id=doi:10.1002/chem.201904516
https://www.ccdc.cam.ac.uk/services/strctures?id=doi:10.1002/chem.201904516
https://www.ccdc.cam.ac.uk/services/strctures?id=doi:10.1002/chem.201904516
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
https://doi.org/10.1021/acs.accounts.5b00118
https://doi.org/10.1021/acs.accounts.5b00118
https://doi.org/10.1021/acs.accounts.5b00118
https://doi.org/10.1002/anie.201209479
https://doi.org/10.1002/anie.201209479
https://doi.org/10.1002/anie.201209479
https://doi.org/10.1002/anie.201209479
https://doi.org/10.1002/ange.201209479
https://doi.org/10.1002/ange.201209479
https://doi.org/10.1002/ange.201209479
https://doi.org/10.1002/ange.201411972
https://doi.org/10.1002/ange.201411972
https://doi.org/10.1002/ange.201411972
https://doi.org/10.1002/anie.201509420
https://doi.org/10.1002/anie.201509420
https://doi.org/10.1002/anie.201509420
https://doi.org/10.1002/ange.201509420
https://doi.org/10.1002/ange.201509420
https://doi.org/10.1002/ange.201509420
https://doi.org/10.1002/ange.201509420
https://doi.org/10.1021/jacs.9b01082
https://doi.org/10.1021/jacs.9b01082
https://doi.org/10.1021/jacs.9b01082
https://doi.org/10.1002/adma.201305497
https://doi.org/10.1002/adma.201305497
https://doi.org/10.1002/adma.201305497
https://doi.org/10.1002/adma.201305497
https://doi.org/10.1002/chem.200900324
https://doi.org/10.1002/chem.200900324
https://doi.org/10.1002/chem.200900324
https://doi.org/10.1002/adma.201004325
https://doi.org/10.1002/adma.201004325
https://doi.org/10.1002/adma.201004325
https://doi.org/10.1002/adma.201803467
https://doi.org/10.1055/s-0031-1290323
https://doi.org/10.1055/s-0031-1290323
https://doi.org/10.1055/s-0031-1290323
https://doi.org/10.1055/s-0031-1290323
https://doi.org/10.1002/anie.201805728
https://doi.org/10.1002/anie.201805728
https://doi.org/10.1002/anie.201805728
https://doi.org/10.1002/ange.201805728
https://doi.org/10.1002/ange.201805728
https://doi.org/10.1002/ange.201805728
https://doi.org/10.1002/chem.201505018
https://doi.org/10.1002/chem.201505018
https://doi.org/10.1002/chem.201505018
https://doi.org/10.1039/C5TC03326H
https://doi.org/10.1039/C5TC03326H
https://doi.org/10.1039/C5TC03326H
https://doi.org/10.1002/chem.201500518
https://doi.org/10.1002/chem.201500518
https://doi.org/10.1002/chem.201500518
https://doi.org/10.1039/C8TC00628H
https://doi.org/10.1039/C8TC00628H
https://doi.org/10.1039/C8TC00628H
https://doi.org/10.1039/C8TC00628H
https://doi.org/10.1021/ja0570786
https://doi.org/10.1021/ja0570786
https://doi.org/10.1021/ja0570786
https://doi.org/10.1021/ja804515y
https://doi.org/10.1021/ja804515y
https://doi.org/10.1021/ja804515y
https://doi.org/10.1021/cm052069h
https://doi.org/10.1021/cm052069h
https://doi.org/10.1021/cm052069h
https://doi.org/10.1021/ja046576w
https://doi.org/10.1021/ja046576w
https://doi.org/10.1021/ja046576w
https://doi.org/10.1021/ja046576w
https://doi.org/10.1002/anie.201709342
https://doi.org/10.1002/anie.201709342
https://doi.org/10.1002/anie.201709342
https://doi.org/10.1002/anie.201709342
https://doi.org/10.1002/ange.201709342
https://doi.org/10.1002/ange.201709342
https://doi.org/10.1002/ange.201709342
https://doi.org/10.1002/anie.201807814
https://doi.org/10.1002/anie.201807814
https://doi.org/10.1002/anie.201807814
https://doi.org/10.1002/ange.201807814
https://doi.org/10.1002/ange.201807814
https://doi.org/10.1002/ange.201807814
https://doi.org/10.1002/chem.201704501
https://doi.org/10.1002/chem.201704501
https://doi.org/10.1002/chem.201704501
https://doi.org/10.1002/chem.201704501
https://doi.org/10.1002/anie.201812418
https://doi.org/10.1002/anie.201812418
https://doi.org/10.1002/anie.201812418
https://doi.org/10.1002/ange.201812418
https://doi.org/10.1002/ange.201812418
https://doi.org/10.1002/ange.201812418
https://doi.org/10.1002/ange.201812418
https://doi.org/10.1039/C8CC01662C
https://doi.org/10.1039/C8CC01662C
https://doi.org/10.1039/C8CC01662C
https://doi.org/10.1039/C8CC01662C
https://doi.org/10.1021/ja500117z
https://doi.org/10.1021/ja500117z
https://doi.org/10.1021/ja500117z
https://doi.org/10.1021/cr050966z
https://doi.org/10.1021/cr050966z
https://doi.org/10.1021/cr050966z
https://doi.org/10.1002/anie.200604045
https://doi.org/10.1002/anie.200604045
https://doi.org/10.1002/anie.200604045
https://doi.org/10.1002/ange.200604045
https://doi.org/10.1002/ange.200604045
https://doi.org/10.1002/ange.200604045
https://doi.org/10.1002/ange.200604045
https://doi.org/10.1021/ja0162459
https://doi.org/10.1021/ja0162459
https://doi.org/10.1021/ja0162459
https://doi.org/10.1021/ja0162459
https://doi.org/10.1039/c3cc43270j
https://doi.org/10.1039/c3cc43270j
https://doi.org/10.1039/c3cc43270j
https://doi.org/10.1021/acs.joc.9b01567
https://doi.org/10.1021/acs.joc.9b01567
https://doi.org/10.1021/acs.joc.9b01567
https://doi.org/10.1021/ol9003838
https://doi.org/10.1021/ol9003838
https://doi.org/10.1021/ol9003838
https://doi.org/10.1002/anie.200502067
https://doi.org/10.1002/anie.200502067
https://doi.org/10.1002/anie.200502067
https://doi.org/10.1002/anie.200502067
https://doi.org/10.1002/ange.200502067
https://doi.org/10.1002/ange.200502067
https://doi.org/10.1002/ange.200502067
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
https://doi.org/10.1002/adma.201004554
http://www.chemeurj.org

.@‘* ChemPubSoc
x Europe

Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas,
J. B. Foresman, D. J. Fox, Gaussian, Inc., Wallingford CT, 2016.

[20] a)J.J. Hoff, L. Zhu, Y. Dong, T. Albers, P.J. Steel, X. Cui, Y. Wen, I. Lebe-
dyeva, S. Miao, RSC Adv. 2016, 6, 86824 -86828; b) A.V. Lunchey, S. A.
Morris, R. Ganguly, A. C. Grimsdale, Chem. Eur. J. 2019, 25, 1819; c) C.-L.
Song, C.-B. Ma, F. Yang, W.-J. Zeng, H-L. Zhang, X. Gong, Org. Lett.
2011, 73, 2880-2883.

[21] J. E. Anthony, D. L. Eaton, S. R. Parkin, Org. Lett. 2002, 4, 15-18.

[22] M. M. Payne, S.R. Parkin, J. E. Anthony, J. Am. Chem. Soc. 2005, 127,
8028-8029.

CHEMISTRY

A European Journal
Communication

[23] U. Engelhart, O. Tverskoy, U.H.F. Bunz, J. Am. Chem. Soc. 2014, 136,
15166-15169.

[24] Q. Miao, T. Q. Nguyen, T. Someya, G.B. Blanchet, C. Nuckolls, J. Am.
Chem. Soc. 2003, 125, 10284-10287.

Manuscript received: October 1, 2019
Accepted manuscript online: October 14, 2019

Version of record online: December 16, 2019

Chem. Eur. J. 2020, 26, 799 - 803 www.chemeurj.org

803  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1039/C6RA15359C
https://doi.org/10.1039/C6RA15359C
https://doi.org/10.1039/C6RA15359C
https://doi.org/10.1002/chem.201805466
https://doi.org/10.1021/ol2008999
https://doi.org/10.1021/ol2008999
https://doi.org/10.1021/ol2008999
https://doi.org/10.1021/ol2008999
https://doi.org/10.1021/ol0167356
https://doi.org/10.1021/ol0167356
https://doi.org/10.1021/ol0167356
https://doi.org/10.1021/ja051798v
https://doi.org/10.1021/ja051798v
https://doi.org/10.1021/ja051798v
https://doi.org/10.1021/ja051798v
https://doi.org/10.1021/ja509723q
https://doi.org/10.1021/ja509723q
https://doi.org/10.1021/ja509723q
https://doi.org/10.1021/ja509723q
https://doi.org/10.1021/ja036466+
https://doi.org/10.1021/ja036466+
https://doi.org/10.1021/ja036466+
https://doi.org/10.1021/ja036466+
http://www.chemeurj.org

