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Charging OBO-Fused Double [S]Helicene with Electrons
Zheng Zhou, Xiao-Ye Wang, Zheng Wei, Klaus Miillen,* and Marina A. Petrukhina*

Abstract: Chemical reduction of OBO-fused double-
[5]helicene with Group 1 metals (Na and K) has been
investigated for the first time. Two doubly-reduced products
have been isolated and structurally characterized by single-
crystal X-ray diffraction, revealing a solvent-separated ion
triplet (SSIT) with Na* ions and a contact-ion pair (CIP) with
K" ion. As the key structural outcome, the X-ray crystallo-
graphic analysis discloses the consequences of adding two
electrons to the double helicene core in the SSIT without metal
binding and reveals the preferential binding site in the CIP with
K" counterions. In both products, an increase in the twisting of
the double helicene core upon charging was observed. The
negative charge localization at the central core has been
identified by theoretical calculations, which are in full agree-
ment with X-ray crystallographic and NMR spectroscopic
results. Notably, it was confirmed that the two-electron
reduction of OBO-fused double[5 [helicene is reversible.

P olycyclic aromatic hydrocarbons (PAHs) have attracted
enormous attention due to their intriguing optical and
electronic properties.!! The possibility to vary the fusion
modes of aromatic rings has furnished a great variety of PAH
structures. In particular, helicenes, which consist of ortho-
fused aromatic rings, are a unique class of compounds with
nonplanarity, structural flexibility, and inherent chirality.””
Recently, multiple helicenes® with two or more helicene
moieties fused together in one PAH framework have gained
increasing interest owing to their contorted three-dimen-
sional structures and multiple chiral states, as well as their
applications in organic electronic devices.! Charging PAHs
with electrons and elucidating the structural, electronic and
supramolecular consequences are of fundamental significance
in PAH chemistry.”! Particular attention has been paid to
nonplanar PAHSs, ! such as bowl-shaped corannulene, which
was shown to exhibit unique self-assembly pathways with
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multiple alkali metal ions upon multi-electron acquisition.”’
This has prompted broad explorations of stepwise reduction
reactions of nanocarbon systems with different framework
topologies.®! However, although mobility of alkali metals in
helicenes has been recently probed theoretically,”! chemical
reduction of the emerging multiple helicenes and the resulting
structural changes have never been investigated.

On the other hand, incorporation of heteroatoms into
PAHs has been an effective strategy to modulate their
physicochemical properties.'” Among various heteroatoms,
boron (B) is particularly appealing because of its Lewis
acidity and electron-accepting character, but its intrinsic
instability towards oxygen and moisture poses challenges for
the synthesis of B-doped PAHs.'! As a result, B-fused
helicenes are still very rare and they are mostly stabilized by
adjacent nitrogen (N) or oxygen (O) atoms.'” The concom-
itant incorporation of B and N/O atoms enhances the stability,
but compromises the electron-accepting properties. To our
knowledge, the electron-accepting behavior of B-fused heli-
cenes or multiple helicenes has never been revealed.
Recently, we have developed a new type of OBO-fused
double helicenes with excellent stability."**¢!l Herein, we
disclose the chemical reduction of an OBO-fused double
[S]helicene (1)"**! with sodium (Na) and potassium (K)
metals (Scheme 1), revealing enhanced structural distortions
and counterion-dependent solid-state structures. This work
represents the first study on the effects of adding electrons to
double helicenes and demonstrates that the OBO unit can still
serve as an electron-accepting site in PAHs even in the
presence of O-atoms.

Na, 18-crown-6

THE, 24 hr [{Na*(18-crown-6)(THF),},(127)]

)

G ABCTOWNEE ;i:;v:;s KK*(18-crown-6)(THF),}{K*(18-crown-6)}(12-)]
(3)

Scheme 1. Chemical reduction of OBO-fused double [5]helicene 1 with
Na and K metals to afford the reduced products 2 and 3.

The OBO-fused double [S]helicene 1 was synthesized
according to the reported procedure.'” The chemical reduc-
tion of 1 with Na and K metals in THF proceeds through two
distinctive steps characterized by an intermediate red-brown
color followed by a persistent blue-green color. Since no
further changes have been observed even upon prolonged
reaction time (Figures S1, S2, S4, S5, Supporting Informa-
tion), the UV/Vis data pointed out the formation of a stable
doubly-reduced state of 1. The resulting products have been
successfully crystallized as sodium and potassium salts
(Scheme 1) from THF solutions in the presence of 18-
crown-6 ether, which facilitated crystallization. The products
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were isolated as bulk single-crystalline materials and fully
characterized. The X-ray diffraction analysis confirmed the
formation of a solvent-separated ion triplet (SSIT) with
sodium ions, [{Na*(18-crown-6)(THF),},(1*)] (2), which is
crystallized with two interstitial THF molecules as 2-2THF.
The second product gives rise to a contact-ion pair (CIP) with
one bound potassium cation, [{K*(18-crown-6)(THF),}-
[{K*(18-crown-6)}(1>7)]] (3), which is crystallized with
a one/half interstitial THF molecule as 3-0.5THF (See
Supporting Information for more details)."!

The UV/Vis spectra of the doubly-reduced products are
characterized by the appearance of two new absorption peaks
with A,,, at 541 and 753 nm in 2, 535 and 773 nm in 3
(Figures S3, S6). The anions 1%~ are stable in THF solution
and exhibit characteristic 'H NMR spectra at 25 °C (Figure 1).
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Figure 1. a) "H NMR spectra of 1, 2 and 3, b) "H-"H COSY spectrum of
1, ¢) 'H-"H COSY spectrum of 2, in THF-d; at 25°C, aromatic region.

The addition of two electrons to 1 is accompanied by high-
field shifts of the aromatic proton signals in 2 and 3. This
change can be attributed to the increased electronegativity of
the double helicene core, including the peripheral six-
membered rings, upon two-electron charging. Interestingly,
the observed shifts are the largest at the position d (ca.
4.1 ppm) in contrast to those for a, b and ¢ (ca. 1.5, 1.8 and
0.8 ppm, respectively). A direct comparison of 'H NMR data
for 2 and 3 shows that aromatic protons of 1°~ in the latter are
slightly more deshielded, most probably as a result of direct
metal binding existing in solution. As the temperature goes
down to —80°C (Figure S16), an additional slight down-field
shift is observed in 3, which is again indicative of the persisting
interaction between 1>~ and {K"(18-crown-6)} cations in
solution.

The large difference in chemical shifts of aromatic protons
upon reduction prompted us to gain deeper insights into the
charge distribution of the dianionic species 1*~ by conducting
density functional theory (DFT) calculations. Electrostatic
potential (ESP) maps of the parent 1 and its dianion 1~ were
calculated at the B3LYP/6-311 ++ G(d,p) level for compar-
ison. In the neutral state (1), there is only a small charge
difference over the whole molecule (Figure 2). In contrast, in
the doubly-reduced state (1?7), a significant localization of the
negative charge is observed in the central benzene ring, to
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Figure 2. Electrostatic potential (ESP) maps of a) neutral 1 and b) its
dianionic congener 12~

which the two B atoms are connected. This charge distribu-
tion pattern may help to identify the potential metal binding
site and also to explain the significant effect of the two-
electron acquisition process on the H, protons in the adjacent
fjord region, as indicated by the "H NMR data. The observed
high-field shifts of aromatic signals in 2 and 3 pointed toward
the reduced aromaticity of 1>~ and stimulated detailed
structural analysis of the products.

In the crystal structure of 2, both [Na'(18-crown-6)-
(THF),] cations are solvent-separated from the 1°~ core
(Figure 3), allowing for the structural analysis of the “naked”
OBO-fused double [5S]helicene dianion. The Na™ ions are

Figure 3. Molecular structure of 2, a) ball-and-stick model, b) space-
filling model.

axially coordinated by one 18-crown-6 ether molecule
(Na-O, oo 2.635(5)-2.821(5) A) and capped by two THF
molecules (Na-Oqyp 2.270(16)-2.292(13) A) with all Na--O
distances being close to those previously reported.™ The
average B—C bond length distance in 2 of 1.518(7) A is very
similar to that in 1 (1.514(6) A),l%! consistent with its single
bond character (Table S3). The average B—O bond length
distances in 1 and 2 (1.377(5) and 1.371(8) A, respectively)
also correspond to the typical values for the three-coordi-
nated boron-oxygen compounds.!™!

Analysis of the crystal structure of 3 (Figure 4) revealed
that one K* ion is bound to the central six-membered ring of
1> in an n*mode, with the corresponding K--C bond
distances ranging from 3.108(3) to 3.360(3) A (Figure 4c).
This binding mode is in good agreement with the negative
charge localization pattern observed in the ESP map analysis
of 1~ (Figure 2b). The coordination of this K' ion is
completed by one 18-crown-6 ether molecule with the
K-Ogown bond length distances ranging from 2.769(2) to
3.004(2) A. The second [K*(18-crown-6)(THF),] cation is
solvent-separated from the anionic [{K"(18-crown-6)}(1*")]"
complex. This K* ion is fully wrapped by one 18-crown-6
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Figure 4. Molecular structure of 3, a) ball-and stick model, b) space-

filling model, c) metal coordination in ball-and-stick model (fragment
of 1%~ is shown for clarity; K—=C7: 3.108(3) A, K—=C22: 3.272(3) A, K—

€23:3.360(3) A, K—C30: 3.151(3) A), d) metal coordination in space-
filling model.

ether (K-Ogoum, 2.756(5)-2.843(5) A) and two THF mole-
cules (KO 2.786(3) A and 2.848(3) A) with all KO
bond length distances being in the range of previously
reported.'16]

Analysis of C—C bonds of 1" in 2 and 3 vs. neutral
1 (Table S2) reveals that the main changes are associated with
the central part of the helicene core (Figure 5a). Specifically,
the bond length distances of C6—C7, C8—C9, C22—C21 and
(C23—C24 are shortened in both 2 and 3, while the adjacent
C7—C8 and C22—C23 bonds become notably elongated. These
structural changes are fully consistent with the decreased
aromaticity of 1°~. As shown above, the significant local-
ization of negative charge has been detected at the central
benzene site of 1>~ and that can explain the observed bond
distance alterations.

The key structural feature of helicenes is the twist of the
aromatic core. In order to evaluate the possible changes upon
two-electron addition, the selected torsion and dihedral
angles of 1*~ in 2 and 3 were measured and compared with

Bond 1(A) 2(A) 3(A)

C6—-C7 1.478(5) 1.446(9) 1.445(4)

C7-C8  1.430(5) 1.475(9) 1.479(4)

C8-C9  1.467(5) 1.450(9) 1.447(4)

C21-C22 1.472(5) 1.446(9) 1.448(4)

C22-C23  1.430(5) 1.499(9) 1.483(4)

C23-C24 1.474(5) 1.435(9) 1.440(4)

b)

“ e — /qu- & wjz—
Wzmv ée> $>~4i’j 24.7° =) ‘ﬁj’jb.{j& 31.8°

S e, o e

1 SSIT (2) CIP (3)

6(H): 8.26 ppm S(H): 4.10 ppm 6(H): 4.15 ppm

Figure 5. a) The helicene core in 1, 2, and 3 along with the table of
selected C—C distances. The bond is circled in red/green when the
distance is shorter/longer in 2 and 3 compared to that in 1, b) Twisting
of the helicene core upon reduction (2 and 3).
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those in 1. The torsion angles for C6-C7-C8-C9 and C21-C22-
C23-C24 in 2 are 34.2° and 35.1°, respectively. Notably, both
are larger than those in 1 (32.3° and 28.2°, Table S4),
illustrating an increase in the core twisting upon two-electron
acquisition. The corresponding angles for 1~ are further
increased in 3 (34.3° and 35.8°, respectively), showing the
clear influence of metal binding. The measured A/B plane
angle (Figure 5a) of 24.7° in 2 also illustrates an increased
twist upon charging in comparison with that in 1 (21.4°).
Moreover, the presence of metal binding renders the dianion
core in 3 even more twisted with the A/B plane angle
increased to 31.8° (Figure 5b). These findings are remarkable
since efficient charge delocalization in non-helical PAHs is
expected to be favored by a planarized core.

The solid state structures of 2 and 3 (Figure 6) differ from
the crystal structure of parent 1 that is based on intermolec-
ular 7-; interactions.'”! Analysis of packing in both struc-

Figure 6. a) Solid state packing in 2 and b) Solid state packing in 3,
space-filling models. The [Na* (18-crown-6) (THF),] moieties are shown
in different shades of blue. The [K"(18-crown-6) (THF),] and [K* (18-
crown-6)] moieties are shown in different shades of purple.

tures identifies only weak intermolecular C—H--;t contacts
between the 1> anions and adjacent 18-crown-6 ether
cationic moieties, with the shortest distances ranging from
2.551(8) A to 2.628(8) A in 2 and those of 2.607(4) A in 3.

Finally, it was shown that the doubly-reduced 1°~ helicene
can be reversibly re-oxidized back to the neutral state, as
confirmed by 'HNMR and DART-MS spectroscopy (Fig-
ures S18, S19). This indicates the inherent flexibility and
stability of the OBO-fused double [S]helicene core towards
reduction/oxidation cycles.

In summary, the first chemical reduction study of a double
helicene and successful X-ray structural characterization of
the reduced products of the OBO-fused double [S]helicene
(1) has been accomplished. The use of two different alkali
metals, Na and K, has allowed to switch metal binding on and
off in the counterion-dependent crystal structures. The direct
comparison of the “naked” and complexed forms of the
dianion 1*~ reveals a structural distortion of the helicene core
upon two-electron acquisition that is further enhanced by
metal binding. Analysis of the charge density distribution
using DFT methods has demonstrated that the OBO unit can
serve as an electron-accepting site even in the presence of O-
atoms. Notably, the observed changes in electronic structure
of 1> are accompanied by significant shifts of aromatic
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proton signals, as detected by 'H NMR spectroscopy. The
reduced aromaticity of the 1>~ core is clearly manifested by
the CC bond length alterations and de-shielding of the
aromatic protons in the '"H NMR spectra. Importantly, the
doubly-reduced helicene 1* can be reversibly re-oxidized
back to the neutral state, suggesting potential applications for
redox-driven chiroptical switches.

Acknowledgements

Financial and instrumentational support of this work from the
U.S. National Science Foundation (CHE-1608628, MRI-
1337594 and MRI-1726724) is gratefully acknowledged (M.
A. P). X.-Y. W. and K. M. sincerely thank the financial
support from the Max Planck Society and the Alexander von
Humboldt Foundation.

Conflict of interest

The authors declare no conflict of interest.

Keywords: alkali metals - chemical reduction - helicene -
NMR spectroscopy - X-ray diffraction

How to cite: Angew. Chem. Int. Ed. 2019, 58, 14969-14973
Angew. Chem. 2019, 131, 15111-15115

[1] a) A. Narita, X.-Y. Wang, X. Feng, K. Miillen, Chem. Soc. Rev.
2015, 44, 6616 -6643; b) Z. Sun, Q. Ye, C. Chi, J. Wu, Chem. Soc.
Rev. 2012, 41, 7857-7889; c) R. Rieger, K. Miillen, J. Phys. Org.
Chem. 2010, 23, 315-325; d) J. Wu, W. Pisula, K. Miillen, Chem.
Rev. 2007, 107, 718 -747.

a) Y. Shen, C.-F. Chen, Chem. Rev. 2012, 112, 1463 -1535; b) M.
Gingras, Chem. Soc. Rev. 2013, 42, 968 —1006; ¢) M. Gingras, G.
Felix, R. Peresutti, Chem. Soc. Rev. 2013, 42, 1007 -1050; d) M.
Gingras, Chem. Soc. Rev. 2013, 42,1051-1095; e) N. J. Schuster,
R. H. Sanchez, D. Bukharina, N. A. Kotov, N. Berova, F. Ng,
M. L. Steigerwald, C. Nuckolls, J. Am. Chem. Soc. 2018, 140,
6235-6239.

[3] a) C. Li, Y. Yang, Q. Miao, Chem. Asian J. 2018, 13, 884 —894;
b) W.-B. Lin, M. Li, L. Fang, C.-F. Chen, Chin. Chem. Lett. 2018,
29, 40 -46.

a) Y. Wang, Z. Yin, Y. Zhu, J. Gu, Y. Li, J. Wang, Angew. Chem.
Int. Ed. 2019, 58, 587-591; Angew. Chem. 2019, 131, 597601,
b) Y. Zhu, Z. Xia, Z. Cai, Z. Yuan, N. Jiang, T. Li, Y. Wang, X.
Guo, Z. Li, S. Ma, D. Zhong, Y. Li, J. Wang, J. Am. Chem. Soc.
2018, 740, 4222-4226; c) G. Liu, T. Koch, Y. Li, N. L. Doltsinis,
Z. Wang, Angew. Chem. Int. Ed. 2019, 58, 178-183; Angew.
Chem. 2019, 131,184 -189; d) K. Kato, Y. Segawa, L. T. Scott, K.
Itami, Angew. Chem. Int. Ed. 2018, 57, 1337-1341; Angew.
Chem. 2018, 130, 1351 -1355; ¢) 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, 3374-3378; Angew. Chem. 2017, 129,
3423-3427; f) T. Hosokawa, Y. Takahashi, T. Matsushima, S.
Watanabe, S. Kikkawa, I. Azumaya, A. Tsurusaki, K. Kamikawa,
J. Am. Chem. Soc. 2017, 139, 18512-18521; g) M. Ferreira, G.
Naulet, H. Gallardo, P. Dechambenoit, H. Bock, F. Durola,
Angew. Chem. Int. Ed. 2017, 56, 3379-3382; Angew. Chem.
2017, 129, 3428 -3431; h) V. Berezhnaia, M. Roy, N. Vanthuyne,
M. Villa, J.-V. Naubron, J. Rodriguez, Y. Coquerel, M. Gingras, J.
Am. Chem. Soc. 2017, 139, 18508 -18511; i) D. Meng, H. Fu, C.

2

—

(4

—_—

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

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,
10184-10190; j) Y. Zhong, M. T. Trinh, R. Chen, G. E. Purdum,
P. P. Khlyabich, M. Sezen, S. Oh, H. Zhu, B. Fowler, B. Zhang, W.
Wang, C.-Y. Nam, M. Y. Sfeir, C. T. Black, M. L. Steigerwald, Y.-
L. Loo, FE. Ng, X. Y. Zhu, C. Nuckolls, Nat. Commun. 2015, 6,
8242; k) H. Kashihara, T. Asada, K. Kamikawa, Chem. Eur. J.
2015, 21, 6523 -6527; 1) T. Fujikawa, Y. Segawa, K. Itami, J. Am.
Chem. Soc. 2015, 137, 7763-7768; m) Y. Zhong, B. Kumar, S.
Oh, M. T. Trinh, Y. Wu, K. Elbert, P. Li, X. Zhu, S. Xiao, F. Ng,
M. L. Steigerwald, C. Nuckolls, J. Am. Chem. Soc. 2014, 136,
8122-8130; n) 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, 2018-2023; 0) A. Pradhan, P. Dechambenoit, H. Bock,
F. Durola, Angew. Chem. Int. Ed. 2011, 50, 12582-12585;
Angew. Chem. 2011, 123, 12790-12793.

[5] a) R. Benshafrut, E. Shabtai, M. Rabinovitz, L. T. Scott, Eur. J.

Org. Chem. 2000,1091-1106;b) A. V. Zabula, S. N. Spisak, A. S.

Filatov, A. Yu. Rogachev, M. A. Petrukhina, Acc. Chem. Res.

2018, 51, 1541-1549; c) M. A. Petrukhina, Dalton Trans. 2019,

48, 5125-5130.

a) R. Frim, A. Mannschreck, M. Rabinovitz, Angew. Chem. Int.

Ed. Engl. 1990, 29, 919-921; Angew. Chem. 1990, 102, 919 -920;

b) R. Frim, G. Zilber, M. Rabinovitz, J. Chem. Soc. Chem.

Commun. 1991, 1202-1203; c) R. Frim, A. Goldblum, M.

Rabinovitz, J. Chem. Soc. Perkin Trans. 2 1992, 267-274; d) A.

Weitz, M. Rabinovitz, Synth. Met. 1995, 74, 201 -205.

a) A.V. Zabula, A.S. Filatov, S. N. Spisak, A. Yu. Rogacheyv,

M. A. Petrukhina, Science 2011, 333, 1008-1011; b) A. V.

Zabula, S. N. Spisak, A.S. Filatov, M. A. Petrukhina, Angew.

Chem. Int. Ed. 2012, 51, 12194—-12198; Angew. Chem. 2012, 124,

12360-12364; c) A. S. Filatov, A. V. Zabula, S. N. Spisak, A. Yu.

Rogachev, M. A. Petrukhina, Angew. Chem. Int. Ed. 2014, 53,

140-145; Angew. Chem. 2014, 126, 144-149; d) A. S. Filatov,

S. N. Spisak, A. V. Zabula, J. McNeely, A. Yu. Rogachev, M. A.

Petrukhina, Chem. Sci. 2015, 6, 1959-1966; e) S. N. Spisak,

A. Yu. Rogachev, A. V. Zabula, A. S. Filatov, R. Clérac, M. A.

Petrukhina, Chem. Sci. 2017, 8, 3137-3145.

[8] a) S.N. Spisak, Z. Wei, E. Darzi, R. Jasti, M. A. Petrukhina,
Chem. Commun. 2018, 54, 7818-7821; b) S. N. Spisak, A. V.
Zabula, M. Alkan, A.S. Filatov, A.Yu. Rogachev, M. A.
Petrukhina, Angew. Chem. Int. Ed. 2018, 57, 6171-6175;
Angew. Chem. 2018, 130, 6279-6283; c) S. N. Spisak, M. U.
Biihringer, Z. Wei, Z. Zhou, R. R. Tykwinski, M. A. Petrukhina,
Angew. Chem. Int. Ed. 2019, 58, 2023 -2028; Angew. Chem.
2019, 131, 2045 -2050.

[9] J. Barroso, F. Murillo, G. Martinez-Guajardo, F. Ortiz-Chi, S.
Pan, M. A. Fernandez-Herrera, G. Merino, Chem. Eur. J. 2018,
24, 11227 -11233.

[10] a) M. Stepieni, E. Gorika, M. Zyta, N. Sprutta, Chem. Rev. 2017,
117,3479-3716; b) J. E. Anthony, Chem. Rev. 2006, 106, 5028 —
5048.

[11] a) E. von Grotthuss, A. John, T. Kaese, M. Wagner, Asian J. Org.
Chem. 2018, 7, 37-53; b) L. Ji, S. Griesbeck, T. B. Marder,
Chem. Sci. 2017, 8, 846-863; c) A. Escande, M. J. Ingleson,
Chem. Commun. 2015, 51, 6257-6274; d) V. M. Hertz, M. Bolte,
H.-W. Lerner, M. Wagner, Angew. Chem. Int. Ed. 2015, 54,
8800-8804; Angew. Chem. 2015, 127, 8924-8928; ¢) C. Dou, S.
Saito, K. Matsuo, I. Hisaki, S. Yamaguchi, Angew. Chem. Int. Ed.
2012, 57, 12206 -12210; Angew. Chem. 2012, 124, 12372 -12376.

[12] a) D.-T. Yang, T. Nakamura, Z. He, X. Wang, A. Wakamiya, T.
Peng, S. Wang, Org. Lett. 2018, 20, 6741-6745; b) Z. Dom-
inguez, R. Lopez-Rodriguez, E. Alvarez, S. Abbate, G. Longhi,
U. Pischel, A. Ros, Chem. Eur. J. 2018, 24, 12660-12668; c) C.
Shen, M. Srebro-Hooper, M. Jean, N. Vanthuyne, L. Toupet,
J. A.G. Williams, A.R. Torres, A.J. Riives, G. Muller, J.
Autschbach, J. Crassous, Chem. Eur. J. 2017, 23, 407-418;

6

—_

[7

—

Angew. Chem. Int. Ed. 2019, 58, 14969-14973


https://doi.org/10.1039/C5CS00183H
https://doi.org/10.1039/C5CS00183H
https://doi.org/10.1039/c2cs35211g
https://doi.org/10.1039/c2cs35211g
https://doi.org/10.1021/cr068010r
https://doi.org/10.1021/cr068010r
https://doi.org/10.1021/cr200087r
https://doi.org/10.1039/C2CS35154D
https://doi.org/10.1039/C2CS35111K
https://doi.org/10.1039/C2CS35134J
https://doi.org/10.1021/jacs.8b03535
https://doi.org/10.1021/jacs.8b03535
https://doi.org/10.1002/asia.201800073
https://doi.org/10.1016/j.cclet.2017.08.039
https://doi.org/10.1016/j.cclet.2017.08.039
https://doi.org/10.1002/anie.201811706
https://doi.org/10.1002/anie.201811706
https://doi.org/10.1021/jacs.8b01447
https://doi.org/10.1021/jacs.8b01447
https://doi.org/10.1002/anie.201810734
https://doi.org/10.1002/ange.201810734
https://doi.org/10.1002/ange.201810734
https://doi.org/10.1002/anie.201711985
https://doi.org/10.1002/ange.201711985
https://doi.org/10.1002/ange.201711985
https://doi.org/10.1002/anie.201610434
https://doi.org/10.1002/anie.201610434
https://doi.org/10.1002/ange.201610434
https://doi.org/10.1002/ange.201610434
https://doi.org/10.1021/jacs.7b07113
https://doi.org/10.1002/anie.201610793
https://doi.org/10.1002/ange.201610793
https://doi.org/10.1002/ange.201610793
https://doi.org/10.1021/jacs.7b07622
https://doi.org/10.1021/jacs.7b07622
https://doi.org/10.1021/jacs.6b04368
https://doi.org/10.1021/jacs.6b04368
https://doi.org/10.1002/chem.201500074
https://doi.org/10.1002/chem.201500074
https://doi.org/10.1021/jacs.5b03118
https://doi.org/10.1021/jacs.5b03118
https://doi.org/10.1021/ja503533y
https://doi.org/10.1021/ja503533y
https://doi.org/10.1039/c3sc50374g
https://doi.org/10.1039/c3sc50374g
https://doi.org/10.1002/anie.201105105
https://doi.org/10.1002/ange.201105105
https://doi.org/10.1002/1099-0690(200004)2000:7%3C1091::AID-EJOC1091%3E3.0.CO;2-W
https://doi.org/10.1002/1099-0690(200004)2000:7%3C1091::AID-EJOC1091%3E3.0.CO;2-W
https://doi.org/10.1021/acs.accounts.8b00141
https://doi.org/10.1021/acs.accounts.8b00141
https://doi.org/10.1039/C9DT00424F
https://doi.org/10.1039/C9DT00424F
https://doi.org/10.1002/anie.199009191
https://doi.org/10.1002/anie.199009191
https://doi.org/10.1002/ange.19901020814
https://doi.org/10.1039/c39910001202
https://doi.org/10.1039/c39910001202
https://doi.org/10.1039/p29920000267
https://doi.org/10.1016/0379-6779(95)03393-X
https://doi.org/10.1126/science.1208686
https://doi.org/10.1002/anie.201206936
https://doi.org/10.1002/anie.201206936
https://doi.org/10.1002/ange.201206936
https://doi.org/10.1002/ange.201206936
https://doi.org/10.1002/anie.201308090
https://doi.org/10.1002/anie.201308090
https://doi.org/10.1002/ange.201308090
https://doi.org/10.1039/C4SC03485F
https://doi.org/10.1039/C6SC05370J
https://doi.org/10.1039/C8CC03693D
https://doi.org/10.1002/anie.201801537
https://doi.org/10.1002/ange.201801537
https://doi.org/10.1002/anie.201812283
https://doi.org/10.1002/ange.201812283
https://doi.org/10.1002/ange.201812283
https://doi.org/10.1002/chem.201802222
https://doi.org/10.1002/chem.201802222
https://doi.org/10.1021/cr050966z
https://doi.org/10.1021/cr050966z
https://doi.org/10.1002/ajoc.201700495
https://doi.org/10.1002/ajoc.201700495
https://doi.org/10.1039/C6SC04245G
https://doi.org/10.1039/C5CC00175G
https://doi.org/10.1002/anie.201502977
https://doi.org/10.1002/anie.201502977
https://doi.org/10.1002/ange.201502977
https://doi.org/10.1002/anie.201206699
https://doi.org/10.1002/anie.201206699
https://doi.org/10.1002/ange.201206699
https://doi.org/10.1021/acs.orglett.8b02850
https://doi.org/10.1002/chem.201801908
https://doi.org/10.1002/chem.201604398
http://www.angewandte.org

QDCh Communications Angydie

Angew. Chem. Int. Ed. 2019, 58, 14969-14973

d) X.-Y. Wang, X.-C. Wang, A. Narita, M. Wagner, X.-Y. Cao, X.
Feng, K. Miillen, J. Am. Chem. Soc. 2016, 138, 12783 -12786;
e) X.-Y. Wang, A. Narita, W. Zhang, X. Feng, K. Miillen, J. Am.
Chem. Soc. 2016, 138,9021-9024; f) T. Katayama, S. Nakatsuka,
H. Hirai, N. Yasuda, J. Kumar, T. Kawai, T. Hatakeyama, J. Am.
Chem. Soc. 2016, 138, 5210-5213; g) H. Hirai, K. Nakajima, S.
Nakatsuka, K. Shiren, J. Ni, S. Nomura, T. Ikuta, T. Hatakeyama,
Angew. Chem. Int. Ed. 2015, 54, 13581 -13585; Angew. Chem.
2015, 7127, 13785-13789; h) M. Miiller, S. Behnle, C. Maichle-
Mossmer, H.F. Bettinger, Chem. Commun. 2014, 50, 7821 -
7823; i) T. Hatakeyama, S. Hashimoto, T. Oba, M. Nakamura,
J. Am. Chem. Soc. 2012, 134, 19600-19603; j) X.-Y. Wang, T.
Dienel, M. Di Giovannantonio, G.B. Barin, N. Kharche, O.
Deniz, J.I. Urgel, R. Widmer, S. Stolz, L. H. De Lima, M.
Muntwiler, M. Tommasini, V. Meunier, P. Ruffieux, X. Feng, R.
Fasel, K. Miillen, A. Narita, J. Am. Chem. Soc. 2017, 139, 4671 —
4674.

[13] CCDC 1922915 (2) 1922916 (3) contain the supplementary
crystallographic data. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

[14] a) A. V. Zabula, S. N. Spisak, A. S. Filatov, V. M. Grigoryants,
M. A. Petrukhina, Chem. Eur. J. 2012, 18, 6476-6484; b) Z.
Zhou, S.N. Spisak, Q. Xu, A.Yu. Rogachev, Z. Wei, M.
Marcaccio, M. A. Petrukhina, Chem. Eur. J. 2018, 24, 3455
3463.

[15] C. A. Coulson, T. W. Dingle, Acta Crystallogr. Sect. B 1968, 24,

153-155.

a) A. V. Zabula, A. S. Filatov, J. Xia, R. Jasti, M. A. Petrukhina,

Angew. Chem. Int. Ed. 2013, 52, 5033-5036; Angew. Chem.

2013, 7125, 5137-5140; b) A. V. Zabula, M. A. Petrukhina, Adv.

Organomet. Chem. 2013, 61, 375-462.

[16

—

Manuscript received: July 11, 2019
Accepted manuscript online: August 20, 2019
Version of record online: September 9, 2019

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 14973


https://doi.org/10.1021/jacs.6b08664
https://doi.org/10.1021/jacs.6b04092
https://doi.org/10.1021/jacs.6b04092
https://doi.org/10.1021/jacs.6b01674
https://doi.org/10.1021/jacs.6b01674
https://doi.org/10.1002/anie.201506335
https://doi.org/10.1002/ange.201506335
https://doi.org/10.1002/ange.201506335
https://doi.org/10.1039/C4CC01424C
https://doi.org/10.1039/C4CC01424C
https://doi.org/10.1021/ja310372f
https://doi.org/10.1021/jacs.7b02258
https://doi.org/10.1021/jacs.7b02258
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201908658
http://www.ccdc.cam.ac.uk/
https://doi.org/10.1002/chem.201200416
https://doi.org/10.1002/chem.201705814
https://doi.org/10.1002/chem.201705814
https://doi.org/10.1107/S0567740868001846
https://doi.org/10.1107/S0567740868001846
https://doi.org/10.1002/anie.201301226
https://doi.org/10.1002/ange.201301226
https://doi.org/10.1002/ange.201301226
https://doi.org/10.1016/B978-0-12-407692-1.00003-5
https://doi.org/10.1016/B978-0-12-407692-1.00003-5
http://www.angewandte.org

