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A Potent Auto-Umpolung Ligand for Conjugative Radical
Stabilization
Jana M. Holthoff,[a] Elric Engelage,[a] Adrian Ruff,[a, b] Laura Galazzo,[a, c] Enrica Bordignon,[a, c]

Stefan M. Huber,*[a] and Robert Weiss*[d]

Abstract: Carbenes with conjugatively connected redox
system act as “auto-umpolung” ligands. Due to their
electronic flexibility, they should also be particularly suitable
to stabilize open-shell species. Herein, the first neutral radical
of such sort is described in form of a dialkylamino-substituted
bis(dicyanomethylene)cyclopropanide. Despite the absence
of steric shielding, the radical is stable for an extended

amount of time and was consequently characterized in
solution via EPR measurements. These data and accompany-
ing X-ray structural analyses indicate that the radical species
is in equilibrium with aggregates (formed via π-stacking) and
dimers (obtained via σ-bond formation between methylene
carbons).

Introduction

In previous work, we have identified a class of ligands 1 with
chameleonic properties (Figure 1, top).[1] Here, a two-step redox
system (RED/OX) is conjugatively connected with a trigonal
carbon center, which can be attached to various substrates via
its free valence. To which extent resonance structures A or B
dominate in the “redox resonance” of 1 depends on the
electronic structure of the appended substrate. If the latter is a
donor moiety, A will prevail, if it is an acceptor moiety, B will be
the major contribution. Systems featuring this electronic
flexibility have been termed “auto-umpolung”[1e] ligands (see
examples 1a–e in Figure 1, bottom).[2]

As such π-systems are capable of stabilizing both donor and
acceptor centers on demand, they are then a fortiori also
predestined to stabilize radical centers (which are known to
profit from interactions with both types of substituents).
Examples for this approach exist in the literature, although the
general principle has not yet been fully recognized.
This refers most prominently to bis(dimeth-

ylamino)cyclopropenium salts, i.e. derivatives of 1a.[1a,b,c,3] The
corresponding aminiumyl radical (with NMe2 as third substituent)
was the first stable dication radical salt, generated by Gerson in
1971[4] and isolated by Weiss in 1975.[5] More recently, the groups
of Sanford and Lambert succeeded to crystallize dicationic radicals
based on this trisaminocyclopropenium (TAC) scaffold[6,7] and
tested their stability towards air and water.[7] Due to the high
persistency of their radicals, TAC salts and their derivatives are
used as redoxactive polymers,[8] as catholytes in all-organic redox
flow batteries,[7,9] as redox shuttles to prevent overcharge in Na
batteries,[10] and as electrophotocatalysts for the coupling of
benzene and halogenated benzenes with azoles.[6] Lately, further
derivatives of 1a, featuring an oxo or a thioether substituent, have
been successfully oxidized to the respective radical.[9,11]
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Figure 1. Top: Schematic depiction of “auto-umpolung”; RED/OX= reduced/
oxidized form of redox system. Bottom: Previous examples of ”auto-
umpolung” ligands; R= alkyl, Ar= aryl; anions omitted.
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All auto-umpolung ligands 1a–1e (Figure 1) are positively
charged, but other charge types are also feasible. In 1976,
Fukunaga introduced the dicyanomethid-substituted cyclopro-
penium dianion 2 (Figure 2),[12] which can be oxidized to a
persistent monoanionic radical 2’.[13]

We reasoned that the corresponding ligand 3 (Figure 2, red)
should also constitute a powerful auto-umpolung system
capable of strong radical stabilization. However, even though
some monoanionic derivatives of scaffold 3 were reported by
the groups of Fukunaga and Seitz,[12,14] their ability to form
persistent radicals was not extensively studied.
All reported radicals based on ligands 1a–1e are either

cationic or anionic. Herein, we report the synthesis and proper-
ties of an aminiumyl radical based on ligand 3, which
constitutes the first neutral radical of this sort. Its relative
stability (which is not influenced by steric or electronic effects
of counterions) and further computational studies demonstrate
that ligand 3 is markedly superior to classical systems like 1a in
terms of radical stabilization.

Results and Discussion

First, DFT calculations (M06-2X[15] def2-TZVP[16]) on the isodesmic
reaction shown in Scheme 1[17] were performed to quantify the
(carbon) radical stabilization induced by ligand 3 in comparison
to classical donor/acceptor substituents or other cycloprope-
nium ligands.[18]

The results (Table 1) indicate that ligand 1a (entry 5) is
about as stabilizing as one amino substituent (entry 4), while
ligand 3 (entry 8) is markedly outperforming two donor (entry 6)
or two acceptor (entry 7) substituents and reaches almost the
stabilization induced by a capto-dative setup (entry 9). This is
very remarkable, as 3 is thus able to exert capto-dative-like
stabilization but with just one ligand. In contrast to the capto-
dative setup, however, ligand 3 can be attached multiple times
to the same radical center (entries 10 and 11) to amplify its
effect.
The superior stabilizing capabilities of 3 compared to 1a

may be due to a higher-energy HOMO and a smaller HOMO-
LUMO gap (7.1 eV for 3 vs. 8.7 eV for 1a). The spin densities on
the formal radical center (Table 1) also show the most
pronounced delocalization for ligand 3.
As experimental system to study radical stabilization, we

opted for amino-substituted precursor 6 (Scheme 2), as we had
seen in other context[19] that it can be obtained by dealkylation
of known salt 5 with iodide. A planarized amino nitrogen in the
solid-state structure of 6 (see Supporting Information) confirms
the expected predominance of resonance structure 6 (A)
(Scheme 2). Fittingly, its 13C NMR spectrum indicates slow
rotation around the C3� C(CN)2 bond (see Figure S10 in Support-
ing Information). In precursor 5, however, two well-separated
signals for the cyano groups corroborate B-type umpolung.

Figure 2. Fukunaga’s dianion 2, its corresponding radical anion salt 2’ and
ligand 3 (cations omitted; Z= substituent, here -C(CN)2). Cations omitted for
clarity.

Scheme 1. Isodesmic reaction to evaluate radical stabilisation (see also
Table 1).

Table 1. Calculated[a] gas-phase enthalpy (ΔH) and Gibbs free energy[b]

(ΔG) for the isodesmic reactions of Scheme 1 (all in kcalmol� 1) and
Mulliken spin density at the “spin-bearing” carbon atom (in %).

S� H ΔH ΔG spin density

1 H 0 0 91
2 CN � 8.1 � 7.2 59
3 4 � 9.1 � 7.7 71
4 NMe2 � 12.4 � 12.0 71
5 1a � 13.9 � 12.1 46
6 2x NMe2 � 13.2 � 13.1 70
7 2x CN � 16.1 � 15.2 44
8 3 � 21.7 � 19.6 26
9 CN and NMe2 � 24.7 � 24.6 42
10 2x 3 � 33.4 � 31.3 19
11 3x 3 � 42.1 � 39.8 18

[a] M06-2X/def2-TZVP [b] including low frequency entropy correction.

Scheme 2. Dealkylation reaction of 5 to obtain radical precursor 6 and
subsequent oxidation to radical 6-rad. i) tetramethylammonium iodide,
MeCN/H2O, 70 °C, 12 h, 62%; ii) 0.5 eq bromine, DCM, r.t.
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Electrochemical measurements on precursor 6 (see Figure 3,
red) demonstrate its chemically reversible oxidation with Em=

+0.20 V vs. Fc/Fc+ (a shift of +0.21 V compared to dianion
2).[20] A second, chemically irreversible oxidation (at a scan rate
of 100 mVs� 1) was detected at Eox= +1.10 V vs. Fc/Fc+.
Both SOMO and spin density plots of presumably created

neutral radical 6-rad display broad spin distribution over the
whole molecule (see Supporting Information). Except for the
ethyl groups, the compound is entirely flat. Thus, due to the
absence of steric shielding (and counterions), any persistency of
the radical species can be purely attributed to electronic
factors.
Elemental bromine should be sufficient to oxidize 6, and

indeed after addition of the halogen to a solution of the latter
in organic solvents, the colourless solution turned intensely

green. A reversible redox process was once again detected for
the product obtained after aqueous work-up (Figure 3, black),
albeit with a mid-point potential of � 0.02 V vs. Fc/Fc+. It is
currently unclear which effect (e.g. electrolyte composition,
aggregation) is responsible for the difference in potentials.[21]

The chemical oxidation is also reversible, as the green colour
vanishes upon treatment with Na2S2O3 but can be revived with
further bromine.
In orientating UV-vis measurements to investigate radical

stability, apparently different degradation processes were
observed depending on the overall concentration (see Support-
ing Information). In one case, no changes were detected within
eight days, demonstrating the pronounced persistency of 6-rad
even without exclusion of air and moisture.
EPR measurements further elucidated the nature of the

radical species. At room temperature, in predominantly aque-
ous solution (MeCN:water=8 :92, 0.5 mM concentration) a
defined hyperfine-coupled spectrum was obtained (Figure 4a,
black). The simulated spectrum of radical 6-rad featuring a
complex signal pattern due to 14N/1H spin couplings corrobo-
rated the assignment of the experimental spectrum to rad-6
(Figure 4a, red; see Supporting Information). In organic solvents
(MeCN, MeCN:H2O=3 :1 or chloroform), however, a broad
signal was observed (Figure 4b, black), even upon dilution to
0.05 mM. The broadening indicates aggregation, and indeed
the simulated spectrum of a stacked dimer of 6 with 6-rad
(using the hyperfine parameters obtained by DFT) (Figure 4b,
red) strongly resembles the experimental one. Interactions
between two rad-6 moieties in a triplet state were also
considered, which also led to similarly broad EPR features
(Figure 4c, red, see Supporting Information). Therefore, it is not
possible to unveil the exact origin of the broad signal observed
by room temperature analysis. In MeCN:water=3 :1 (5 mM), the
signal intensity had decreased after 80 min (black, dashed) but
was still observable. Radical 6-rad thus markedly outrivals a
TAC-based analogue in stability, as the latter is reduced in
15 min upon addition of only 2% water.[7] The EPR data clearly
show that aggregate formation of 6-rad is prevented in
predominantly aqueous solution.

Figure 3. Cyclic voltammogram (in 0.1 M NBu4PF6/MeCN at a glassy carbon
electrode) for 6-rad, starting from precursor 5 (red) and generated by
treatment of 5 with Br2 (black) (scan rates of v=100 mVs� 1).

Figure 4. EPR-measurements of radical species deriving from precursor 6 (black) compared to simulated spectra in liquid state (red). a) Experimental data in
MeCN:H2O=92 :8 (0.05 mM) at room temperature (black). Simulation of free 6-rad (doublet, red). b) 5 mM in MeCN:H2O=3 :1, after bromine addition (solid
line, black) and 80 min later (dashed, black). Simulation of dimer 6 ·6-rad (doublet, red). c) 5 mM in MeCN:H2O=3 :1, after bromine addition (black, as in panel
b). Simulation of dimer π-[6-rad]2 (triplet, red).
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Next, the structure of 6-rad in the solid state was analysed.
In three different crystallization vessels, three different crystals
were obtained from the same starting material by diffusion of
diethyl ether or cyclopentane into a DCM solution. Figure 5
shows “pancake-bonding”-like[22] π-dimers of 6-rad, found in
metallic dark-bronze crystals, which feature an interacting
distance of 3.08 Å. All geometric parameters – longer C� C
bonds within the cyclopropenium unit (1.398 Å) and shorter
ones towards the substituents (1.381 Å)–point towards a 6 (B)-
like resonance structure as the most relevant (see Supporting
Information). Other compounds like phenalenyl or tetracyano-
ethylene radicals also form similar π-dimers,[23] with comparable
C� C distances between 2.87 and 3.32 Å.[23a,b]

Bluish-green needles consisted of co-crystals of starting
material 6 and its radical form 6-rad (denoted as [6 ·6-rad]n),
which featured infinite chains formed by stacking of the three-
membered rings (for further details see Supporting Informa-
tion). Lastly, dark green crystals contained σ-bonded dimers σ-
[6-rad]2 (Scheme 3, see also Supporting Information) with very
long Csp3� Csp3 single bonds (1.633 Å) between two C(CN)2
carbons. Similar bond lengths were observed for other σ-
bonded radical dimers.[23c,d]

The three crystal structures illustrate that free radical 6-rad,
which was detected in aqueous solution via EPR, is in
equilibrium with several other di- or polymeric aggregates (see
Scheme 3). DFT calculations indicate that the formation of π-
dimers/aggregates is preferred over σ-dimerization (see Sup-
porting Information). We note that diamagnetic σ-[6-rad]2 was

not detected in solution via 1H NMR spectroscopy. Dimer π-[6-
rad]2 can exist in singlet or triplet state (with orientating DFT
calculations prefering the singlet state by few kcal mol� 1). The
aggregates observed in EPR-measurements are consistent with
[6 ·6-rad]n and cannot exclude triplet π-[6-rad]2 (including
higher aggregates).

Conclusion

Auto-umpolung ligands feature a high electronic flexibility
which makes them also prime candidates for the stabilization of
open-shell species. DFT calculations indicate that the
bis(dicyanomethylen)cyclopropanide scaffold is a particularly
powerful representative of this class, exerting almost the same
stabilizing effect as two donor/acceptor substituents in a
classical capto-dative setup – yet in an ipso fashion. Herein, the
first example of a neutral radical stabilized by auto-umpolung
ligands was presented in the form of 6-rad. Even though this
radical, which was identified in solution via EPR, is not sterically
shielded, it is persistent and can exist in solution for at least
8 days. EPR measurements and X-ray analysis demonstrated
that 6-rad is involved in several dynamic processes involving
dimerization and aggregation.

Experimental Section
Full details of all experiments and characterisation data of the
described compounds are given in the Supporting Information.

1,2-Bis(dicyanomethylene)-3-triethylammonium-cyclopropanide (5)
was prepared according to a reported procedure.[12a]

Synthesis and characterization of tetramethylammonium
1,2-bis(dicyanomethylene)-3-diethylamino-cyclopropanide (6)

Precursor 5 (0.50 g, 1.88 mmol, 1.00 eq.) was dissolved in 15 mL
acetonitrile and 0.38 g (1.88 mmol, 1.00 eq.) tetramethylammonium
iodide was added. To increase the salt’s solubility, a few drops of
water were added. The reaction mixture was stirred at 80 °C for
13 h. Afterwards, the solvent was removed under reduced pressure
and the crude product was reprecipitated from DCM with diethyl
ether. The obtained powder was crystallised for further purification.
Therefore, it was dissolved in DCM and diethyl ether was used as
co-solvent. Product 6 was obtained as a colourless powder in 62%
yield (360 mg, 1.16 mmol).

M.p. 183 °C; 1H NMR (chloroform-d1, 300 MHz, 300 K): δ=3.44 (bs,
4H, CH2), 3.29 (s, 12H, N(CH3)4), 1.25 (t, J=7.2 Hz, 6H, CH2CH3) ppm;
1H NMR (DMSO-d6, 300 MHz, 300 K): δ=3.36 (q, J=7.1 Hz, 4H, CH2),
3.10 (s, 12H, N(CH3)4), 1.15 (t, J=7.1 Hz, 6H, CH2CH3) ppm;

1H NMR
(acetonitrile-d3, 300 MHz, 295 K): δ=3.40 (q, J=7.2 Hz, 4H, CH2),
3.07 (m, 12H, N(CH3)4), 1.19 (t, J=7.2 Hz, 6H, CH2CH3) ppm;

13C NMR
(DMSO-d6, 75 MHz, 300 K): δ 128.5 (C

1 and C2), 121.7 (C(CN)2), 121.1
(C(CN)2), 119.4 (C

3), 54.9 (t, J=3.9 Hz, N(CH3)4), 47.2 (CH2CH3), 24.4
(C(CN)2), 14.7 (CH2CH3) ppm; IR (ATR): ν=2185 (vs) (CN), 2158 (vs)
(CN), 2127 (w) (CN), 1927 (m) (cyclopropenyl) cm� 1; MS (ESI):
positive mode: m/z=74.13 (NMe4), negative mode: m/z=235.90
(cyclopropanide anion); elemental analysis calcd (%) for C17H22N6: C
65.78, H 7.14, N 27.07; found: C 65.40, H 6.89, N 27.22.

Figure 5. a) Dimer motif of radical 6-rad (ellipsoids at 50% probability); b)
space-filling model of π-[6-rad]2.

Scheme 3. Possible equilibria of 6-rad as indicated by X-ray analysis and
EPR-spectroscopy.
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Crystallographic data

Deposition Numbers 2164373 (6·TDA), 2164371 (6·K), 2164372 (6-
rad), 2164369 ([6 ·6-rad]n) and 2164375 (σ-[6-rad]2) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Acknowledgements

Funded by the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) under Germany's Excellence Strat-
egy – EXC 2033–390677874 – RESOLV. We thank Mate Erdelyi
(Uppsala University) for measuring 13C NMR spectra, Wolfgang
Schuhmann (RU Bochum) for assistance with the electrochemis-
try, Dominik Munz (Saarland University) for insightful discus-
sions, and A. Kultaeva for initial simulations. J.M.H. is grateful for
financial support by the Studienstiftung des deutschen Volkes.
Open Access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: carbene ligands · cyclopropenium salts · radicals ·
density functional calculations · EPR measurements

[1] a) Ligand 1a: R. Weiss, C. Priesner, Angew. Chem. Int. Ed. Engl. 1978, 17,
457; b) R. Weiss, C. Priesner, H. Wolf, Angew. Chem. Int. Ed. Engl. 1978,
17, 446; c) R. Weiss, C. Priesner, H. Wolf, Angew. Chem. Int. Ed. Engl.
1979, 18, 472; 1b:; d) R. Weiss, N. Kraut, Angew. Chem. Int. Ed. 2002, 41,
311; 1c:; e) R. Weiss, S. Reichel, M. Handke, F. Hampel, Angew. Chem. Int.
Ed. 1998, 37, 344; 1d:; f) R. H. Lowack, R. Weiss, J. Am. Chem. Soc. 1990,
112, 333; g) R. Weiss, R. H. Lowack, Angew. Chem. Int. Ed. Engl. 1991, 30,
1162; 1e:; h) S. M. Huber, F. W. Heinemann, P. Audebert, R. Weiss, Chem.
Eur. J. 2011, 17, 13078.

[2] a) For other concepts combining redox systems and carbene ligands,
see: review: E. Peris, Chem. Rev. 2018, 118, 9988; examples:; b) U.
Siemeling, Z. Anorg. Allg. Chem. 2005, 631, 2957; c) M. D. Sanderson,
J. W. Kamplain, C. W. Bielawski, J. Am. Chem. Soc. 2006, 128, 16514;
d) D. M. Khramov, E. L. Rosen, V. M. Lynch, C. W. Bielawski, Angew.
Chem. Int. Ed. 2008, 47, 2267; e) V. César, N. Lugan, G. Lavigne, Chem.
Eur. J. 2010, 16, 11432; f) A. G. Tennyson, R. J. Ono, T. W. Hudnall, D. M.
Khramov, J. A. V. Er, J. W. Kamplain, V. M. Lynch, J. L. Sessler, C. W.
Bielawski, Chem. Eur. J. 2010, 16, 304; g) A. R. Petrov, A. Derheim, J.
Oetzel, M. Leibold, C. Bruhn, S. Scheerer, S. Oßwald, R. F. Winter, U.
Siemeling, Inorg. Chem. 2015, 54, 6657; h) A. J. Teator, Y. Tian, M. Chen,
J. K. Lee, C. W. Bielawski, Angew. Chem. Int. Ed. 2015, 54, 11559; i) J. K.
Mahoney, V. Regnier, E. A. Romero, F. Molton, G. Royal, R. Jazzar, D.
Martin, G. Bertrand, Org. Chem. Front. 2018, 5, 2073; j) E. Tomμs-

Mendivil, M. Devillard, V. Regnier, J. Pecaut, D. Martin, Angew. Chem. Int.
Ed. 2020, 59, 11516.

[3] a) Z. Yoshida, Y. Tawara, J. Am. Chem. Soc. 1971, 93, 257; b) Z. Yoshida,
S. Araki, H. Ogoshi, Tetrahedron Lett. 1975, 16, 19; c) Z. Yoshida, H.
Konishi, S. Sawada, H. Ogoshi, J. Chem. Soc. Chem. Commun. 1977, 850;
d) Z. Yoshida, H. Konishi, Y. Miura, H. Ogoshi, Tetrahedron Lett. 1977, 18,
4319.

[4] F. Gerson, G. Plattner, Z. Yoshida, Mol. Phys. 1971, 21, 1027.
[5] a) R. Weiss, K. Schloter, Tetrahedron Lett. 1975, 16, 3491; b) R. Weiss,
A. M. H. Grimmeiss, Z. Naturforsch. 1989, 44b, 1447; c) R. Weiss, A. M. H.
Grimmeiss, Z. Naturforsch. 1991, 46b, 104.

[6] H. Huang, Z. M. Strater, M. Rauch, J. Shee, T. J. Sisto, C. Nuckolls, T. H.
Lambert, Angew. Chem. Int. Ed. 2019, 58, 13318.

[7] C. S. Sevov, S. K. Samaroo, M. S. Sanford, Adv. Energy Mater. 2017, 7,
1602027.

[8] a) E. C. Montoto, Y. Cao, K. Hernández-Burgos, C. S. Sevov, M. N. Braten,
B. A. Helms, J. S. Moore, J. Rodríguez-López, Macromolecules 2018, 51,
3539; b) S. Odom, ACS Cent. Sci. 2018, 4, 140; c) P. J. Griffin, J. L. Freyer,
N. Han, N. Geller, X. Yin, C. D. Gheewala, T. H. Lambert, L. M. Campos,
K. I. Winey, Macromolecules 2018, 51, 1681; d) K. H. Hendriks, S. G.
Robinson, M. N. Braten, C. S. Sevov, B. A. Helms, M. S. Sigman, S. D.
Minteer, M. S. Sanford, ACS Cent. Sci. 2018, 4, 189; e) Y. Jiang, J. L. Freyer,
P. Cotanda, S. D. Brucks, K. L. Killops, J. S. Bandar, C. Torsitano, N. P.
Balsara, T. H. Lambert, L. M. Campos, Nat. Commun. 2015, 6, 5950.

[9] Y. Yan, S. G. Robinson, M. S. Sigman, M. S. Sanford, J. Am. Chem. Soc.
2019, 141, 15301.

[10] W. Ji, H. Huang, X. Zhang, D. Zheng, T. Ding, T. H. Lambert, D. Qu, Nano
Energy 2020, 72, 104705.

[11] Z. M. Strater, M. Rauch, S. Jockusch, T. H. Lambert, Angew. Chem. Int. Ed.
2019, 58, 8049.

[12] a) T. Fukunaga, J. Am. Chem. Soc. 1976, 98, 610; b) T. Fukunaga,
US4005091, 1974.

[13] a) T. Fukunaga, M. D. Gordon, P. J. Krusic, J. Am. Chem. Soc. 1976, 98,
611; for recent examples of this and a related system, see also:; b) Y.
Karpov, N. Kiriy, M. Al-Hussein, M. Hambsch, T. Beryozkina, V. Bakulev,
S. C. B. Mannsfeld, B. Voitac, A. Kiriy, Chem. Commun. 2018, 54, 307;
c) N. A. Turner, M. B. Freeman, H. D. Pratt III, A. E. Crockett, D. S. Jones,
M. R. Anstey, T. M. Anderson, C. M. Bejger, Chem. Commun. 2020, 56,
2739.

[14] a) G. Seitz, Phosphorus Sulfur Silicon Relat. Elem. 1989, 43, 311; b) A.
Landau, G. Seitz, Chem. Ber. 1991, 124, 665; c) R. Allmann, F.-J. Kaiser, M.
Krestel, G. Seitz, Angew. Chem. Int. Ed. 1986, 25, 183; d) G. Seitz, P.
Imming, Chem. Rev. 1992, 92, 1227.

[15] Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 2008, 120, 215.
[16] F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297.
[17] a) G. Leroy, J. P. Dewispelaere, H. Benkadour, D. Riffi Temsamani, C.

Wilante, Bull. Soc. Chim. Belg. 1994, 103, 367; b) G. Leroy, D. Peeters,
Journal of Molecular Structure: THEOCHEM 1981, 85, 133; c) D. J. Henry,
C. J. Parkinson, P. M. Mayer, L. Radom, J. Phys. Chem. A 2001, 105, 6750;
d) A. S. Menon, D. J. Henry, T. Bally, L. Radom, Org. Biomol. Chem. 2011,
9, 3636.

[18] For a recent computational investigation of radical stabilization with
carbenes, see: K. Breitwieser, H. Bahmann, R. Weiss, D. Munz, Angew.
Chem. Int. Ed. 2022, e202206390.

[19] J. M. Holthoff, E. Engelage, R. Weiss, S. M. Huber, Angew. Chem. Int. Ed.
2020, 59, 11150.

[20] T. J. LePage, R. Breslow, J. Am. Chem. Soc. 1987, 109, 6412.
[21] Similar findings for metallocenes: L. I. Denisovich, N. V. Zakurin, A. A.

Bezrukova, S. P. Gubin, J. Organomet. Chem. 1974, 81, 207.
[22] M. Kertesz, Chem. Eur. J. 2019, 25, 400.
[23] a) K. Goto, T. Kubo, K. Yamamoto, K. Nakasuji, K. Sato, D. Shiomi, T.

Takui, M. Kubota, T. Kobayashi, K. Yakusi, J. Ouyang, J. Am. Chem. Soc.
1999, 121, 1619; b) J. J. Novoa, P. Lafuente, R. E. Del Sesto, J. S. Miller,
Angew. Chem. Int. Ed. 2001, 40, 2540; c) T. Kobashi, D. Sakamaki, S. Seki,
Angew. Chem. Int. Ed. 2016, 55, 8634; d) K. Okino, S. Hira, Y. Inoue, D.
Sakamaki, S. Seki, Angew. Chem. Int. Ed. 2017, 56, 16597.

Manuscript received: October 9, 2022
Accepted manuscript online: October 14, 2022
Version of record online: November 22, 2022

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202203149

Chem. Eur. J. 2023, 29, e202203149 (5 of 5) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 04.01.2023

2303 / 276655 [S. 187/187] 1

 15213765, 2023, 3, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202203149 by B

ibliotheque de l'U
niversite de G

eneve, D
ivision de l'inform

ation, W
iley O

nline L
ibrary on [28/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

r.l. Chemistry 
.. Europe 

European Chemical 
Societies Publishing 

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202203149
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202203149
http://www.ccdc.cam.ac.uk/structures
http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1002/anie.197804571
https://doi.org/10.1002/anie.197804571
https://doi.org/10.1002/anie.197804461
https://doi.org/10.1002/anie.197804461
https://doi.org/10.1002/anie.197904721
https://doi.org/10.1002/anie.197904721
https://doi.org/10.1002/1521-3773(20020118)41:2%3C311::AID-ANIE311%3E3.0.CO;2-L
https://doi.org/10.1002/1521-3773(20020118)41:2%3C311::AID-ANIE311%3E3.0.CO;2-L
https://doi.org/10.1002/(SICI)1521-3773(19980216)37:3%3C344::AID-ANIE344%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3773(19980216)37:3%3C344::AID-ANIE344%3E3.0.CO;2-H
https://doi.org/10.1021/ja00157a051
https://doi.org/10.1021/ja00157a051
https://doi.org/10.1002/anie.199111621
https://doi.org/10.1002/anie.199111621
https://doi.org/10.1002/chem.201101999
https://doi.org/10.1002/chem.201101999
https://doi.org/10.1002/zaac.200500270
https://doi.org/10.1021/ja067475w
https://doi.org/10.1002/anie.200704978
https://doi.org/10.1002/anie.200704978
https://doi.org/10.1002/chem.201000870
https://doi.org/10.1002/chem.201000870
https://doi.org/10.1002/chem.200901883
https://doi.org/10.1021/acs.inorgchem.5b01064
https://doi.org/10.1002/anie.201506269
https://doi.org/10.1039/C8QO00447A
https://doi.org/10.1016/S0040-4039(00)71766-7
https://doi.org/10.1039/c39770000850
https://doi.org/10.1016/S0040-4039(01)83497-3
https://doi.org/10.1016/S0040-4039(01)83497-3
https://doi.org/10.1080/00268977100102181
https://doi.org/10.1016/S0040-4039(00)91392-3
https://doi.org/10.1515/znb-1989-1120
https://doi.org/10.1515/znb-1991-0119
https://doi.org/10.1002/anie.201906381
https://doi.org/10.1002/aenm.201602027
https://doi.org/10.1002/aenm.201602027
https://doi.org/10.1021/acs.macromol.8b00574
https://doi.org/10.1021/acs.macromol.8b00574
https://doi.org/10.1021/acscentsci.8b00099
https://doi.org/10.1021/acs.macromol.7b02546
https://doi.org/10.1021/acscentsci.7b00544
https://doi.org/10.1021/jacs.9b07345
https://doi.org/10.1021/jacs.9b07345
https://doi.org/10.1016/j.nanoen.2020.104705
https://doi.org/10.1016/j.nanoen.2020.104705
https://doi.org/10.1002/anie.201902265
https://doi.org/10.1002/anie.201902265
https://doi.org/10.1039/C7CC08671G
https://doi.org/10.1039/C9CC08547E
https://doi.org/10.1039/C9CC08547E
https://doi.org/10.1080/10426508908040292
https://doi.org/10.1002/cber.19911240334
https://doi.org/10.1002/anie.198601831
https://doi.org/10.1021/cr00014a004
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1039/b508541a
https://doi.org/10.1016/0166-1280(81)85056-7
https://doi.org/10.1021/jp010442c
https://doi.org/10.1039/c1ob05196b
https://doi.org/10.1039/c1ob05196b
https://doi.org/10.1002/anie.202003083
https://doi.org/10.1002/anie.202003083
https://doi.org/10.1021/ja00255a030
https://doi.org/10.1016/S0022-328X(00)84841-X
https://doi.org/10.1002/chem.201802385
https://doi.org/10.1021/ja9836242
https://doi.org/10.1021/ja9836242
https://doi.org/10.1002/1521-3773(20010702)40:13%3C2540::AID-ANIE2540%3E3.0.CO;2-O
https://doi.org/10.1002/anie.201603409
https://doi.org/10.1002/anie.201710354

