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Persistent Borafluorene Radicals
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Abstract: N-Heterocyclic carbene (NHC)- and cyclic (alkyl)-
(amino)carbene (CAAC)-stabilized borafluorene radicals
have been isolated and characterized by elemental analysis,
single-crystal X-ray diffraction, UV/Vis absorption, cyclic
voltammetry (CV), electron paramagnetic resonance (EPR)
spectroscopy, and theoretical studies. Both the CAAC–bora-
fluorene radical (2) and the NHC–borafluorene radical (4)
have a considerable amount of spin density localized on the
boron atoms (0.322 for 2 and 0.369 for 4). In compound 2, the
unpaired electron is also partly delocalized over the CAAC
ligand carbeneC and N atoms. However, the unpaired electron in
compound 4 mainly resides throughout the borafluorene
p-system, with significantly less delocalization over the NHC
ligand. These results highlight the Lewis base dependent
electrostructural tuning of materials-relevant radicals. Notably,
this is the first report of crystalline borafluorene radicals, and
these species exhibit remarkable solid-state and solution
stability.

Borafluorene,[1] a five-membered aromatic heterocycle, has
been studied extensively as a building block for molecular
materials, and new chemistries utilizing this platform are
rapidly emerging.[2] Indeed, the incorporation of main group
heteroatoms into the p-system of polycyclic aromatic hydro-
carbons has led to functional materials with wide-ranging
applications in organic light-emitting diodes, organic thin film
transistors, and photovoltaic devices.[3] The neutral tricoordi-
nate borafluorene (Figure 1a) has been explored extensively
and shows interesting reactivity with alkynes,[2b, 4] azides,[2c,5]

1,2-dipolar substrates,[6] and carbenes.[7] In addition, bora-

fluorene-based polymers exhibit high luminescence quantum
yields.[2f] While the structure of the first borafluorene cation
(i.e., borafluorenium) was reported by Nçth over three
decades ago,[1b] we recently described the synthesis, optical
tuning, and thermochromism of borafluorenium species
supported by carbenes (Figure 1b).[8] Anionic tricoordinate
borafluorene was targeted by Rivard and co-workers by
chemical reduction strategies; however, hydrogen atom
abstraction (from THF or residual water) led to the formation
of the tetracoordinate hydridoboron adduct (Figure 1c).[9] It
is noteworthy that the intermediate radical species of bora-
fluorene has remained elusive.

Radicals possess energetically accessible electrons, and
therefore the materials community has targeted stable
organic radicals for their potential in charge transport and
storage applications, and they have played a key role as active
layer materials in devices.[10] Indeed, the unpaired electron
can facilitate access to uncommon doublet spin states, which
are advantageous with regard to the function of optoelec-
tronic materials.[11] Moreover, redox-active radicals are bene-
ficial as they may perform in an ambipolar fashion, being
susceptible to both oxidation or reduction processes.[12]

However, many radicals are short-lived, and thus the devel-
opment of stable materials-relevant radical compounds that
are well-poised for synthetic elaboration still presents a major
challenge for the scientific community. Boron-centered
radicals have been studied extensively in recent years because
of their importance in both pure and applied chemistry.[13]

Neutral boryl radicals germane to this report include Lewis
base stabilized BH2C,

[14] BR1R2C,[15] and borole radicals.[16] In
order to expand the radical-based chemistry to molecular

Figure 1. Structural and electronic diversity in the tricoordinate bora-
fluorene framework: a) neutral, b) cationic, c) anionic, and d) radical.
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platforms that are stable and relevant to materials, we report
the synthesis, molecular structures, UV/Vis absorption, elec-
trochemistry, electron paramagnetic resonance (EPR) spec-
troscopy, and theoretical studies of N-heterocyclic carbene
(NHC)- and cyclic (alkyl)(amino)carbene (CAAC)-stabilized
borafluorene radicals (2 and 4 ; Figure 1d). Notably, com-
pounds 2 and 4 represent the first examples of isolated
borafluorene radicals. These deeply colored radical species
are remarkable in the sense that they are persistent in solution
for at least three months and are indefinitely stable in the
solid state under inert atmosphere.

The stabilizing ability of the strongly s-donating and
p-accepting CAAC ligand is now well-established.[17] We
reduced the 9-bromo-9-borafluorene–CAAC adduct 1[8] with
one equivalent of potassium graphite (KC8) in toluene at
room temperature, which produced the CAAC-stabilized
borafluorene radical 2 as a purple crystalline solid in 69%
isolated yield (Scheme 1a). Based on the electronic proper-

ties of carbenes, we expected that the synthesis of an NHC-
stabilized borafluorene radical would lead to a species with
dramatically different chemical and physical properties.
Therefore, the NHC-stabilized borafluorene radical 4 was
isolated in 47% yield as a blue crystalline solid by reduction
of the 9-bromo-9-borafluorene–NHC adduct 3[8, 9] with KC8

under similar conditions (Scheme 1b). It is noteworthy that
both radical compounds are remarkably stable in the solid
state, retaining their color and crystallinity under inert
atmosphere indefinitely. Surprisingly, solution-phase stability
tests demonstrated that 2 and 4 are also stable in dry toluene
at room temperature for over three months.

Air- and moisture-sensitive purple (2) and blue (4) single
crystals suitable for X-ray crystallographic analysis were
obtained for both radicals (Figure 2, see Table S1 in the
Supporting Information for additional crystallographic infor-
mation).[18] The tricoordinate boron center exhibits trigonal
planar geometry in both structures. The interplanar angles
between the central carbene ring and the borafluorene units
are 21.42(9)8 for 2 and 33.15(9)8 for 4, which differ from the
calculated interplanar angles of model compounds where
N-Dipp is replaced with N-Me (31.9418 for 2NMe and 45.0068

for 4NMe). The carbene–boron (B1�C1) bonds are similar in 2
[1.551(2) �] and 4 [1.550(2) �] and are comparable to those
in cationic borafluorene compounds.[8] However, the C�B
bonds in the borole ring of 4 [1.554(2) and 1.553(2) �] are
shorter than those in 2 [1.611(2) and 1.605(2) �], and agree
with the calculated values (1.572 and 1.570 � in 2NMe and
1.549 and 1.549 � in 4NMe). This observation is consistent with
the radical being more localized over the borafluorene
p-system in the NHC-stabilized compound 4. In compound
2, the radical is more delocalized onto the carbene ligand, and
this result clearly highlights the enhanced p-acceptor property
of the CAAC.

The UV/Vis absorption spectra of 2 and 4 in hexane are
shown in Figure 3a. Both radicals exhibit strong absorption in
the visible region. It is noteworthy that 2 (lmax = 550 nm)
showed a 60 nm blue-shift compared to 4 (lmax = 610 nm).
Theoretical calculations (B3LYP-D3(BJ)/def2-TZVP) were
carried out with model compounds 2NMe and 4NMe, which
provided geometries consistent with the X-ray structures
(Figure 2; see the Supporting Information for computational

Scheme 1. Synthesis of borafluorene radicals. Dipp= 2,6-diisopropyl-
phenyl.

Figure 2. Molecular structures of 2 (a) and 4 (b). Thermal ellipsoids
set at 50% probability; H atoms and one of the two molecules in the
asymmetric unit of 4 were omitted for clarity. Selected experimental
[calculated] bond lengths [�] and angles [8]: 2 : B1–C1 1.551(2) [1.530],
B1–C23 1.611(2) [1.572], B1–C34 1.605(2) [1.570]; C1-B1-C34 131.89-
(14) [125.29], C1-B1-C23 125.96(14) [131.00], C34-B1-C23 101.84(13)
[103.44]; 4 : B1–C1 1.550(2) [1.548], B1–C28 1.554(2) [1.549], B1–C39
1.553(2) [1.549]; C1-B1-C39 128.20(15) [127.66], C1-B1-C28 127.03(15)
[127.66], C39-B1-C28 104.77(14) [104.67]. Calculated values are for
model compounds 2NMe and 4NMe.
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details). TD-DFT (wB97XD/def2-SVP) calculations of UV/
Vis absorbance gave a 70 nm blue-shift in 2NMe compared to
4NMe, consistent with the 60 nm blue-shift in the experimental
spectra. Broad absorption bands were calculated at 496 nm
for 2NMe and 553 nm for 4NMe, and were characterized as
SOMO!LUMO transitions (p!p*), where the SOMO is
the singly occupied MO. Shorter wavelength absorptions at
about 245 nm were characterized as SOMO!LUMO + 1 for
2NMe, and SOMO!LUMO + 2 for 4NMe. Plots of the SOMO
and LUMO of 2NMe and 4NMe are shown in Figure 3b.

EPR spectroscopy unambiguously confirmed the radical
nature of compounds 2 and 4, which display drastically
different multiple-line spectra in toluene at room temperature
centered at g = 1.9971 and 2.0085, respectively (Figure 4a).
Despite the complexity of the hyperfine splitting, simulated
spectra were obtained for both radicals (see Figures S1 and S2
for plots and Table S2 for hyperfine coupling parameters).
These data clearly indicate that the chemical environment of
the unpaired electron in 2 is substantially different from that
in 4. The shape of the SOMO reveals that the unpaired
electron in both 2NMe and 4NMe is significantly delocalized over
both the borafluorene and the CAAC or NHC moieties
(Figure 3b). The calculations of spin density (plotted in

Figure 4 and tabulated in Tables S3–S5) show that the net spin
density located on the CAAC (0.38e�) is larger than that on
the NHC (0.16 e�), which is in line with the strong p-acidity of
the former ligand compared to the latter.

Energy decomposition analysis in combination with
natural orbital for chemical valence (EDA-NOCV)
theory[19] was performed to shed additional light on the
nature of the bonding in compounds 2NMe and 4NMe. The
numerical results of EDA-NOCV using singlet L = CAACMe

or NHCMe and doublet borafluorene as interacting fragments
are provided in Table S6. The consideration of the alternative
choice, doublet [L]� and singlet [borafluorene]+ as interacting
fragments, shows that the former scheme is better suited to
describe the bonding in these compounds as it gives a lower
orbital value, DEorb, than the latter (see Table S7). The data in
Table S6 reveal that the intrinsic interaction between L and
borafluorene is rather strong, being �135.1 (2NMe) and
�117.9 kcalmol�1 (4NMe). The contributions from the covalent
(DEorb) and Coulomb attraction (DEelstat) towards the intrinsic
attraction are similar, with the former being slightly more
dominant over the latter in 2NMe and a reverse situation in
4NMe. The dispersion is only responsible for 3–4 % of the total
attraction. The breakdown of DEorb into pairwise orbital
interactions shows that the strongest orbital interaction,
DEorb(1), originates from the [L]![borafluorene] s-donation
(67–72% of total DEorb), whereas the next important orbital
term, DEorb(2), is due to the [L] ![borafluorene] p-back-
donation, which correlates with the SOMO. The associated
charge flow (red!blue) is nicely reflected in the correspond-
ing plots of deformation densities (D1) along with the charge
eigenvalues in Figure 5. The stronger s-donating and
p-accepting ability of the CAAC compared to the NHC is
clearly understood from the relative size of DEorb(1) and
DEorb(2), and from the corresponding charge eigenvalues, j n j .

Figure 3. a) UV/Vis absorbance spectra of 2 and 4 in hexane. b) Plots
of SOMO and LUMO for 2NMe and 4NMe.

Figure 4. Experimental EPR spectra of 2 and 4 in toluene solution at
298 K (left). Spin density contour plots of 2NMe and 4NMe (right).

Angewandte
ChemieCommunications

3852 www.angewandte.org � 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 3850 –3854

http://www.angewandte.org


To gain insight into the redox properties of 2 and 4, cyclic
voltammograms (CV) were recorded in THF (Figure 6).
Although the anions were chemically unstable under speci-
fied conditions (see Figure 1c),[9] the anionic species are
stable on an electrochemical timescale, and were observed by
the reversible reduction waves at E1/2 =�1.82 and�2.25 V for
2 and 4, respectively (referenced against the ferrocene/
ferrocenium (Fc/Fc+) redox couple, see Figures S3 and S4
for multiple scans). Compound 2 has a lower reduction
potential than 4, which can be attributed to the greater
p-accepting ability of the CAAC ligand. Both compounds
show an irreversible oxidation, which is due to THF
coordination to the cationic species, a behavior that we
recently explored in detail.[8]

In conclusion, we have synthesized and fully characterized
the first isolated examples of borafluorene radicals. The
optical and electrochemical properties were tuned by varying
the carbene ligand. Compared to the CAAC-stabilized
borofluorene radical, the NHC-stabilized radical exhibited
a red-shifted absorption and a higher reduction potential in
CV experiments. EPR and DFT analyses clearly showed that
both radicals possess a significant amount of spin density on
boron (0.322 for 2 and 0.369 for 4). In the CAAC-stabilized
borafluorene radical, the unpaired electron is delocalized
over the carbene ligand carbon and nitrogen atoms. In
contrast, the unpaired electron is mainly located within the
borafluorene p-system in the NHC-stabilized radical. Unlike
the majority of heterocyclic organic radicals, the borafluorene
radicals reported herein are remarkably stable in the solid
state indefinitely, and in dry toluene for at least three months.

As the borafluorene framework is now ubiquitous in many
areas of materials chemistry, we expect that these results will
pave a way for new borafluorene-based redox-active materi-
als. Efforts are now underway to extend the radical chemistry
to multi-boron-doped materials with extended conjugation.
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Figure 5. Shapes of the deformation densities D1(1) and D1(2), which
are associated with the orbital interactions DEorb(1) and DEorb(2) in 2NMe

and 4NMe, and eigenvalues jnn j of the charge flow. The isosurface value
is 0.001. The color code of the charge flow is red!blue.

Figure 6. Cyclic voltammograms of 2 and 4 in THF/0.1m [nBu4N][PF6]
at room temperature. Scan rate: 100 mVs�1.

Angewandte
ChemieCommunications

3853Angew. Chem. Int. Ed. 2020, 59, 3850 –3854 � 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


Keywords: borafluorenes · boron · carbenes · radicals

How to cite: Angew. Chem. Int. Ed. 2020, 59, 3850–3854
Angew. Chem. 2020, 132, 3878–3882

[1] a) R. Kçster, G. Benedikt, Angew. Chem. Int. Ed. Engl. 1963, 2,
323 – 324; Angew. Chem. 1963, 75, 419 – 419; b) C. K. Narula, H.
Nçth, J. Organomet. Chem. 1985, 281, 131 – 134.

[2] a) A. H�bner, Z.-W. Qu, U. Englert, M. Bolte, H.-W. Lerner,
M. C. Holthausen, M. Wagner, J. Am. Chem. Soc. 2011, 133,
4596 – 4609; b) Y. Shoji, N. Tanaka, S. Muranaka, N. Shigeno, H.
Sugiyama, K. Takenouchi, F. Hajjaj, T. Fukushima, Nat.
Commun. 2016, 7, 12704; c) W. Zhang, G. Li, L. Xu, Y. Zhuo,
W. Wan, N. Yan, G. He, Chem. Sci. 2018, 9, 4444 – 4450; d) A.
H�bner, M. Bolte, H.-W. Lerner, M. Wagner, Angew. Chem. Int.
Ed. 2014, 53, 10408 – 10411; Angew. Chem. 2014, 126, 10576 –
10579; e) M. M�ller, C. Maichle-Mçssmer, H. F. Bettinger,
Angew. Chem. Int. Ed. 2014, 53, 9380 – 9383; Angew. Chem.
2014, 126, 9534 – 9537; f) T. Matsumoto, S. Ito, K. Tanaka, Y.
Chujo, Polym. J. 2018, 50, 197 – 202; g) M. F. Smith, S. J. Cassidy,
I. A. Adams, M. Vasiliu, D. L. Gerlach, D. A. Dixon, P. A.
Rupar, Organometallics 2016, 35, 3182 – 3191.

[3] a) F. Vidal, F. J�kle, Angew. Chem. Int. Ed. 2019, 58, 5846 – 5870;
Angew. Chem. 2019, 131, 5904 – 5929; b) F. Pop, N. Zigon, N.
Avarvari, Chem. Rev. 2019, 119, 8435 – 8478; c) Z. M. Hudson, S.
Wang, Acc. Chem. Res. 2009, 42, 1584 – 1596; d) X. He, T.
Baumgartner, RSC Adv. 2013, 3, 11334 – 11350.

[4] H. Braunschweig, J. Maier, K. Radacki, J. Wahler, Organo-
metallics 2013, 32, 6353 – 6359.

[5] a) H. Braunschweig, M. A. Celik, F. Hupp, I. Krummenacher, L.
Mail�nder, Angew. Chem. Int. Ed. 2015, 54, 6347 – 6351; Angew.
Chem. 2015, 127, 6445 – 6449; b) S. Yruegas, J. J. Martinez, C. D.
Martin, Chem. Commun. 2018, 54, 6808 – 6811.

[6] a) K. Huang, C. D. Martin, Inorg. Chem. 2015, 54, 1869 – 1875;
b) S. Yruegas, J. H. Barnard, K. Al-Furaiji, J. L. Dutton, D. J. D.
Wilson, C. D. Martin, Organometallics 2018, 37, 1515 – 1518; c) J.
Kashida, Y. Shoji, T. Fukushima, Chem. Asian J. 2019, 14, 1879 –
1885.

[7] T. A. Bartholome, K. R. Bluer, C. D. Martin, Dalton Trans. 2019,
48, 6319 – 6322.

[8] W. Yang, K. Krantz, F. Lucas, D. Diane, A. Molino, A. Kaur, D.
Wilson, R. J. Gilliard, Chem. Eur. J. 2019, 25, 12512 – 12516.

[9] C. J. Berger, G. He, C. Merten, R. McDonald, M. J. Ferguson, E.
Rivard, Inorg. Chem. 2014, 53, 1475 – 1486.

[10] a) Z. Liu, J. Liu, S. Mateti, C. Zhang, Y. Zhang, L. Chen, J. Wang,
H. Wang, E. H. Doeven, P. S. Francis, C. J. Barrow, A. Du, Y.
Chen, W. Yang, ACS Nano 2019, 13, 1394 – 1402; b) I. Ratera, J.
Veciana, Chem. Soc. Rev. 2012, 41, 303 – 349; c) J. M. Rawson, A.
Alberola, A. Whalley, J. Mater. Chem. 2006, 16, 2560 – 2575;
d) D. A. Wilcox, V. Agarkar, S. Mukherjee, B. W. Boudouris,
Annu. Rev. Chem. Biomol. Eng. 2018, 9, 83 – 103; e) K. Zhang,
M. J. Monteiro, Z. Jia, Polym. Chem. 2016, 7, 5589 – 5614;
f) T. A. Skotheim, J. R. Reynolds, Conjugated Polymers: Theory,
Synthesis Properties, and Characterization, CRC Press, Boca
Raton, FL, 2006.

[11] V. A. Dediu, L. E. Hueso, I. Bergenti, C. Taliani, Nat. Mater.
2009, 8, 707.

[12] S. Castellanos, V. Gaidelis, V. Jankauskas, J. V. Grazulevicius, E.
Brillas, F. L�pez-Calahorra, L. Juli�, D. Velasco, Chem.
Commun. 2010, 46, 5130 – 5132.

[13] a) B. Wang, Y. Li, R. Ganguly, R. D. Webster, R. Kinjo, Angew.
Chem. Int. Ed. 2018, 57, 7826 – 7829; Angew. Chem. 2018, 130,
7952 – 7955; b) C. Ollivier, P. Renaud, Chem. Rev. 2001, 101,
3415 – 3434; c) D. Lu, C. Wu, P. Li, Chem. Eur. J. 2014, 20, 1630 –
1637; d) Y. Su, R. Kinjo, Coord. Chem. Rev. 2017, 352, 346 – 378;
e) H. Braunschweig, I. Krummenacher, M.-A. L�gar�, A.
Matler, K. Radacki, Q. Ye, J. Am. Chem. Soc. 2017, 139, 1802 –
1805; f) P. P. Power, Chem. Rev. 2003, 103, 789 – 810; g) C. D.
Martin, M. Soleilhavoup, Chem. Sci. 2013, 4, 3020 – 3030.

[14] a) S.-H. Ueng, A. Solovyev, X. Yuan, S. J. Geib, L. Fensterbank,
E. Lac�te, M. Malacria, M. Newcomb, J. C. Walton, D. P. Curran,
J. Am. Chem. Soc. 2009, 131, 11256 – 11262; b) J. C. Walton,
M. M. Brahmi, L. Fensterbank, E. Lac�te, M. Malacria, Q. Chu,
S.-H. Ueng, A. Solovyev, D. P. Curran, J. Am. Chem. Soc. 2010,
132, 2350 – 2358.

[15] a) P. Bissinger, H. Braunschweig, A. Damme, I. Krummenacher,
A. K. Phukan, K. Radacki, S. Sugawara, Angew. Chem. Int. Ed.
2014, 53, 7360 – 7363; Angew. Chem. 2014, 126, 7488 – 7491;
b) C.-W. Chiu, F. P. Gabba	, Angew. Chem. Int. Ed. 2007, 46,
1723 – 1725; Angew. Chem. 2007, 119, 1753 – 1755; c) C.-W. Chiu,
F. P. Gabba	, Angew. Chem. Int. Ed. 2007, 46, 6878 – 6881;
Angew. Chem. 2007, 119, 7002 – 7005; d) M. F. Silva Valverde, P.
Schweyen, D. Gisinger, T. Bannenberg, M. Freytag, C. Kleeberg,
M. Tamm, Angew. Chem. Int. Ed. 2017, 56, 1135 – 1140; Angew.
Chem. 2017, 129, 1155 – 1160; e) T. K. Wood, W. E. Piers, B. A.
Keay, M. Parvez, Chem. Commun. 2009, 5147 – 5149; f) N. Yuan,
W. Wang, Z. Wu, S. Chen, G. Tan, Y. Sui, X. Wang, J. Jiang, P. P.
Power, Chem. Commun. 2016, 52, 12714 – 12716; g) A. D. Ledet,
T. W. Hudnall, Dalton Trans. 2016, 45, 9820 – 9826; h) J. C.
Walton, M. M. Brahmi, J. Monot, L. Fensterbank, M. Malacria,
D. P. Curran, E. Lac�te, J. Am. Chem. Soc. 2011, 133, 10312 –
10321; i) Y. Aramaki, H. Omiya, M. Yamashita, K. Nakabayashi,
S.-i. Ohkoshi, K. Nozaki, J. Am. Chem. Soc. 2012, 134, 19989 –
19992; j) T. Matsumoto, F. P. Gabba	, Organometallics 2009, 28,
4252 – 4253.

[16] R. Bertermann, H. Braunschweig, R. D. Dewhurst, C. Hçrl, T.
Kramer, I. Krummenacher, Angew. Chem. Int. Ed. 2014, 53,
5453 – 5457; Angew. Chem. 2014, 126, 5557 – 5561.

[17] a) V. Lavallo, Y. Canac, C. Pr�sang, B. Donnadieu, G. Bertrand,
Angew. Chem. Int. Ed. 2005, 44, 5705 – 5709; Angew. Chem.
2005, 117, 5851 – 5855; b) M. Soleilhavoup, G. Bertrand, Acc.
Chem. Res. 2015, 48, 256 – 266; c) M. Melaimi, R. Jazzar, M.
Soleilhavoup, G. Bertrand, Angew. Chem. Int. Ed. 2017, 56,
10046 – 10068; Angew. Chem. 2017, 129, 10180 – 10203.

[18] CCDC 1942595 and 1942596 (2 and 4, respectively) contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

[19] a) T. Ziegler, A. Rauk, Theor. Chim. Acta 1977, 46, 1 – 10; b) M.
Mitoraj, A. Michalak, Organometallics 2007, 26, 6576 – 6580;
c) A. Michalak, M. Mitoraj, T. Ziegler, J. Phys. Chem. A 2008,
112, 1933 – 1939.

Manuscript received: July 30, 2019
Revised manuscript received: November 19, 2019
Accepted manuscript online: December 9, 2019
Version of record online: January 22, 2020

Angewandte
ChemieCommunications

3854 www.angewandte.org � 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 3850 –3854

https://doi.org/10.1002/anie.196303232
https://doi.org/10.1002/anie.196303232
https://doi.org/10.1002/ange.19630750909
https://doi.org/10.1016/0022-328X(85)87101-1
https://doi.org/10.1039/C8SC00688A
https://doi.org/10.1002/anie.201405957
https://doi.org/10.1002/anie.201405957
https://doi.org/10.1002/ange.201405957
https://doi.org/10.1002/ange.201405957
https://doi.org/10.1002/anie.201403213
https://doi.org/10.1002/ange.201403213
https://doi.org/10.1002/ange.201403213
https://doi.org/10.1038/s41428-017-0002-x
https://doi.org/10.1021/acs.organomet.6b00537
https://doi.org/10.1002/anie.201810611
https://doi.org/10.1002/ange.201810611
https://doi.org/10.1021/acs.chemrev.8b00770
https://doi.org/10.1021/ar900072u
https://doi.org/10.1039/c3ra40286j
https://doi.org/10.1021/om400708y
https://doi.org/10.1021/om400708y
https://doi.org/10.1002/anie.201500970
https://doi.org/10.1002/ange.201500970
https://doi.org/10.1002/ange.201500970
https://doi.org/10.1039/C8CC01529E
https://doi.org/10.1021/ic502784d
https://doi.org/10.1021/acs.organomet.8b00248
https://doi.org/10.1002/asia.201900047
https://doi.org/10.1002/asia.201900047
https://doi.org/10.1039/C9DT01032G
https://doi.org/10.1039/C9DT01032G
https://doi.org/10.1002/chem.201903348
https://doi.org/10.1021/ic402408t
https://doi.org/10.1039/C1CS15165G
https://doi.org/10.1039/b603199d
https://doi.org/10.1146/annurev-chembioeng-060817-083945
https://doi.org/10.1039/C6PY00996D
https://doi.org/10.1038/nmat2510
https://doi.org/10.1038/nmat2510
https://doi.org/10.1039/c0cc00529k
https://doi.org/10.1039/c0cc00529k
https://doi.org/10.1002/anie.201803547
https://doi.org/10.1002/anie.201803547
https://doi.org/10.1002/ange.201803547
https://doi.org/10.1002/ange.201803547
https://doi.org/10.1021/cr010001p
https://doi.org/10.1021/cr010001p
https://doi.org/10.1002/chem.201303705
https://doi.org/10.1002/chem.201303705
https://doi.org/10.1016/j.ccr.2017.09.019
https://doi.org/10.1021/jacs.6b13047
https://doi.org/10.1021/jacs.6b13047
https://doi.org/10.1021/cr020406p
https://doi.org/10.1039/c3sc51174j
https://doi.org/10.1021/ja904103x
https://doi.org/10.1021/ja909502q
https://doi.org/10.1021/ja909502q
https://doi.org/10.1002/anie.201403514
https://doi.org/10.1002/anie.201403514
https://doi.org/10.1002/ange.201403514
https://doi.org/10.1002/anie.200604119
https://doi.org/10.1002/anie.200604119
https://doi.org/10.1002/ange.200604119
https://doi.org/10.1002/anie.200702299
https://doi.org/10.1002/ange.200702299
https://doi.org/10.1002/anie.201610903
https://doi.org/10.1002/ange.201610903
https://doi.org/10.1002/ange.201610903
https://doi.org/10.1039/b911982e
https://doi.org/10.1039/C6CC06918E
https://doi.org/10.1039/C6DT00300A
https://doi.org/10.1021/ja2038485
https://doi.org/10.1021/ja2038485
https://doi.org/10.1021/ja3094372
https://doi.org/10.1021/ja3094372
https://doi.org/10.1021/om900476g
https://doi.org/10.1021/om900476g
https://doi.org/10.1002/anie.201402556
https://doi.org/10.1002/anie.201402556
https://doi.org/10.1002/ange.201402556
https://doi.org/10.1002/anie.200501841
https://doi.org/10.1002/ange.200501841
https://doi.org/10.1002/ange.200501841
https://doi.org/10.1021/ar5003494
https://doi.org/10.1021/ar5003494
https://doi.org/10.1002/anie.201702148
https://doi.org/10.1002/anie.201702148
https://doi.org/10.1002/ange.201702148
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201909627
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
https://doi.org/10.1007/BF02401406
https://doi.org/10.1021/om700754n
https://doi.org/10.1021/jp075460u
https://doi.org/10.1021/jp075460u
http://www.angewandte.org

