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Abstract: Quinones are mild oxidants, whose redox potentials can 

be increased by supramolecular interactions. Whereas this goal has 

been achieved by hydrogen bonding or molecular encapsulation, a 
Lewis acid-binding strategy for redox amplification of quinones is 

unexplored. Herein, we study the redox chemistry of silicon 

tris(perchloro)dioxolene 1 – the formal adduct of 

ortho-perchloroquinone QCl with the Lewis superacid 
bis(perchlorocatecholato)silane 2. By isolating the anionic 

monoradical 1●-, we complete the redox-series of a century-old class 

of compounds. Cyclic voltammetry measurements reveal that the 

redox potential in 1 is shifted by more than 1 V into the anodic 
direction compared to QCl, reaching that of "magic blue" or NO+. It 

allows oxidation of challenging substrates such as aromatic 

hydrocarbons and can be applied as an efficient redox catalyst. 

Remarkably, this powerful reagent forms in situ by combining the 

two commercially available precursors SiI4 and QCl.  

The amplification of the redox-potential of quinones by 
supramolecular interactions has been the subject of recent 
efforts. Tetrahalogenated para-quinones were shown to operate 
as potent single-electron oxidants if encapsulated as guests in 
Pd2L4 cages, catalyzing various cycloaddition reactions (Figure 
1A).[1] Moreover, NOCERA and JACOBSEN demonstrated that the 
redox potential of QCl is increased by dicationic 
bis(amidinium)salts acting as dual hydrogen-bond donors 
(Figure 1B).[2]  However, the increase of redox-potentials by the 
binding of Lewis acids has not been studied yet. Silicon 
tris(perchloro)dioxolene 1, the two-electron oxidized form of a 
century-old class of dianions 12−, is an easily prepared neutral 
triplet diradical and the first non-metal centered open-shell 
semiquinonate (Figure 1C).[3] By taking a hypothetical 
perspective, 1 can be considered as ortho-perchloroquinone, QCl, 
coordinated to the Lewis superacid bis(perchlorocatecholato) 
silane 2 (Figure 1D).[4] In the present work, we study the redox 
properties of 1 and, by doing so, we elaborate this third concept 
to turn quinones into potent two-electron acceptors by Lewis 
acid binding. This strategy resembles the combination of XeF2 or 
F2 with fluoride ion acceptors,[5] but offers substantially easier 
handling as than that of those highly corrosive and toxic 
reagents. Beyond, it touches the emerging field of frustrated 
radical pairs and offers a new means for redox catalysis.[6] 
Remarkably, 1 can be prepared from the two commercially 
available compounds SiI4 and QCl in situ and acts as a powerful 
oxidant and highly efficient catalyst. Furthermore, these studies 
lead to the isolation of the monoradical anion 1●−, ultimately 
completing the redox series of the century-old substance class 
of silicon triscatecholates.[3a] 

  

 

Figure 1. a) Activation of p-fluoroquinone by host-guest encapsulation in Pd-
cages. b) Activation of QCl through binding to a hydrogen-bond donor. c) 
Neutral diradical silicon tris(perchloro)dioxolene 1, and d) its hypothetical 
representation as QCl bound to the Lewis superacid 2.  

To gather first insights into the redox properties of 1, we started 
with a guiding cyclic voltammetry (CV) measurement of the two-
electron reduced, most stable form [NBu4]2[1] (Figure 2A). 
Fluorinated electrolytes like NBu4PF6 or NBu4BArF24 in CH2Cl2 
were avoided due to potential defluorinating side reactions 
mediated by Lewis superacidic products. With NBu4BArF20 
(0.1 M) as the electrolyte, the cyclic voltammogram of [NBu4]2[1] 
revealed two separated, non-reversible oxidation waves at 
0.45 V and 0.86 V vs. Fc/Fc+ (Figure S17). We attributed those 
peaks to the redox couples 12−/1●− and 1●−/1, respectively. The 
substantial peak separation allowed to estimate the 
comproportionation constant (K ≈ 8x106), which encouraged us 
to access the hitherto elusive silicon trisdioxolene monoradical 
anion 1●− by reacting 1 with 12−. Indeed, mixing of equimolar 
amounts of 1 and [NBu4]2[1] in CH2Cl2 at low temperatures lead 
to the formation of a green crystalline species whose analytical 
features were in line with 1●− (Figure 2B). The anionic part of the 
salt was 13C-NMR silent, whereas EPR spectroscopy revealed a 
strong featureless signal (g = 2.0064), indicating an S=1/2 state. 
UV-Vis spectroscopy of [NBu4][1●] showed the characteristic 
absorption bands for an open-shell semiquinonate ligand and 
several weak intervalence charge transfer band (IVCT) in the 
NIR-region (Figure S39). Typical C-O stretching modes for 
catecholate and semiquinonate were visible in the IR-spectra, 
but different from those of 1 or 12− (Figure S36).[7] Single crystal 
X-ray diffraction (SCXRD) of the crystalline compound confirmed 
the correct spectroscopic interpretation (Figure 2B). 
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Figure 2. a) Lewis structures of the involved redox-isomers 12−, 1●− and 1. b) Synthesis of 1●− by comproportionation, together with SCXRD molecular structure 
(ellipsoids are set at 50% probability, selected bond length [Å]: O1-C1 1.284(3), O2-C2 1.277(3), O3-C7 1.350(3), O4-C8 1.342(3), C1-C2 1.447(4), C7-C8 
1.397(3), O1-Si1 1.868(2), O2-Si1 1.884(2), O3-Si1 1.761(2), O4-Si1 1.743(2)). c) Synthesis of 32− by liberation of QCl with SCXRD structure (ellipsoids are set at 
50% probability, cations omitted for clarity, selected bond length [Å]: O1-C1 1.362(4), O2-C2 1.353(5), O5-C13 1.367(4), C1-C2 1.395(5), C13-C14 1.394(6), O1-
Si1 1.689(3), O2-Si1 1.796(3), O5-Si1 1.671(3)). d) Left: Cyclic voltammogram of [NBu4][1●] (red trace) and QCl (black trace) in dichloromethane, referenced 
against Fc/Fc+, [NBu4][BArF20] (0.1 M), 500 mV/s and 100 mV/s, respectively. Right: Pseudo-reversible peaks for both oxidation events of at different scan-rates 
(25 mV/s – 700 mV/s) under similar conditions. 

The measured bond lengths were used to calculate the metrical 
oxidation states of the dioxolene units according Brown’s 
procedure (see supporting information).[8] Those parameters 
confirm the Lewis formulation of 1●−, with two dianionic 
catecholato ligands (C-Oavg = 1.35 Å) and one monoanionic 
open-shell semiquinonate (C-Oavg = 1.28 Å), and are in line with 
those of transition metal dioxolene complexes of identical ligand 
oxidation states.[7, 9]  
An alternative reaction outcome was observed during the 
attempted comproportionation reaction of 1 and 12− with the 
protic counter cation [H2N(nPr)2]+ (Figure 2C). Instead of the 
electron transfer described above, the release of QCl and the 
formation of a new diamagnetic species was observed by 
13C NMR spectroscopy. SCXRD of the reaction product revealed 
the formation of a diamagnetic, dianionic product 32−, in which 
two units of 2 are bridged by a dianionic catecholate (Figure 2C). 
Apparently, ligand scrambling is favored over electron transfer 
through hydrogen bond activation by the protic cation 
[H2N(nPr)2]+. Very interestingly, the 13C NMR spectrum of 32− 

was showing only one set of catecholate signals at room 
temperature, indicating a fast exchange of the terminal 

catecholates a with bridging catecholate b (Figure 2C). Indeed, 
DFT-computations of the corresponding exchange pathway 
revealed a very low exchange barrier of ΔG‡ = 50 kJ mol-1 
(Figure S48). This high fluxionality once more underscores the 
dynamic covalent chemistry of the Si-O bond in silicon 
catecholates, but for the first time, this exchange is observed 
spectroscopically.[10]  
Next, we turned our attention back to the redox properties of the 
system. CV measurements on the monoradical anion [NBu4][1●] 
provided two quasi reversible redox peaks at 0.43 V and 0.88 V 
(Figure 2D, red trace), in line with the peaks already observed 
for the dianion [NBu4]2[1]. The well-separated peaks qualify the 
compound as Robin-Day class II/III mixed-valence 
compounds.[11] This interpretation also agrees with the IVCT 
observed experimentally for 1 and 1●− in the NIR-region and 
highlights the potential of silicon to act as a bridging unit for the 
construction of metal-free electronic devices.[12] Having the 
electrochemical parameters, a comparison of the redox 
potentials of 1 with that of QCl could be made (Figure 2D, black 
trace). A massively shifted redox potential by about 1.2 V into 
the anodic direction becomes apparent. Hence, the effect 
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evoked by binding of QCl to 2 outperforms the anodic shift of 
~1.0 V for p-quinones caused by Pd-cages encapsulation 
(Figure 1C),[1] or of ~0.6 V with QCl coordinated to dicationic 
hydrogen-bond donors (Figure 1D),[2] and illustrates the 
effectiveness of Lewis superacid-binding strategy for redox 
amplification.  
EPR-spectroscopic monitoring of reactions with substrates of 
known redox potentials served to bracket the potential of 1.[13] 
Indeed, successful oxidations were observed by mixing 1 with 
thianthrene (0.84 V vs. Fc/Fc+) and tris(4-bromophenyl)amine 
(0.72 V vs. Fc/Fc+, “magic blue”) in CH2Cl2. An upper bound was 
encompassed by the reaction with tris(2,4-dibromo-
phenyl)amine (1.12 V vs. Fc/Fc+). Although the formation of the 
corresponding aminium radical cation could not be detected by 
EPR spectroscopy, substantial line broadening of the 1H-NMR 
aromatic signals of the phenylamine indicated electron transfer 
processes occurring. Accordingly, the experimental findings 
ranged the redox potential of 1 between tris(2,4-dibromo-
phenyl)amine and thianthrene (0.86 – 1.12 V vs. Fc/Fc+), in line 
with the electroanalytical results. Next, the oxidation of alkyl-
substituted benzenes was followed by EPR spectroscopy. Given 
the fleeting nature of those radical cations, their isolation was 
not attempted.[14] Formation of the corresponding radical cations 
was observed for hexamethylbenzene, pentamethylbenzene, 
and 1,2,3,4-tetramethylbenzene by the appearance of 
characteristic hyperfine coupling patterns (Figures S31/S32). 
With mesitylene (1,3,5-trimethylbenzene), no reaction occurred. 
Since the oxidation potentials of alkyl-benzenes are poorly 
documented, they were determined in CH2Cl2 with 0.1 M 
NBu4PF6 as electrolyte (Table S1). Remarkably, these values 
were exceeding the oxidative power of 1. We explain this 
observation by the possibility of 1 to engage in proton-coupled 
electron transfer and the rapid follow chemistry of the oxidation 
products. Interestingly, the π-π-stacked complexes observed 
between 1 and less strong electron donors, such as benzene, 
can be considered as precursor complexes for the herein 
observed electron transfer.[4]  
After investigations on the redox chemistry of 1 applied in 
stoichiometric fashion, we were keen to know whether 1 holds 
the potential to act as a redox catalyst. As a model reaction, an 
intramolecular oxidative lactonization was chosen (Figure 3A).[2] 
Quantitative conversion of 2-(4-methoxybenzyl)benzoic acid 4 
into the corresponding lactone 5 was achieved with a catalyst 
loading of 5 mol% of 1 and 1.3 eq. of QCl at r.t. in less than 2h. 
Thus, 1 shows improved efficiency than the hydrogen-bond 
donor system (Figure 1D), well in line with the more positive 
redox-shifting effect for QCl.[2] The mechanistic proposal consists 
of a net 2H+/2e- delivery from the substrate to 1, with the formed 
o-tetrachlorocatechol H2CatCl being replaced by another QCl, 
redelivering 1.[2] This assumption finds support by the respective 
signals of 1 eq of H2CatCl in the NMR spectra (Figure S43). 
Given the straightforward synthesis of 1 by the combination of 
SiI4 with QCl, we attempted to form the catalyst 1 in situ. 
Remarkably, transformation of 4 to 5 succeeded in similar 
efficiency by premixing 5 mol% of SiI4 and 1.3 eq. of QCl before 
adding the substrate (Figure 3a). It is by no means required to 
pre-isolate 1. 

 

Figure 3. a) Redox-catalytic transformation of 4 into 5, either with 5 mol% of 1 
or with in situ formed 1 from 5 mol% SiI4 and QCl (+ 30 min premixing). b) 
Dehydrogenative coupling of 6 by redox catalyst 1. 

To probe the generality of 1 to act as redox-catalyst, other 
reactions were tested. Methoxy substituted terphenyl 6 
underwent quantitative dehydrogenative coupling with 10 mol% 
of 1 after 24h at r.t. (Figure 3b). Moreover, dihydroanthracene 
was oxidized to anthracene, but the product reacted faster than 
the starting material, resulting in secondary oxidation products 
(Figure S47). 
In conclusion, we describe the redox chemistry of silicon 
trisdioxolenes and complete its redox-series. In doing so, we 
establish the strategy of Lewis acid-induced redox amplification 
of ortho-quinones. Cyclic voltammetry and guiding redox 
reactions disclose a potential of E1/2 ≈ 1.0 V vs. Fc/Fc+, 
rendering 1 as strong an oxidant as "magic blue" or NO+. 
However, in contrast to such oxidants that might possess 
limitations due to their charged nature, non-innocence, or a 
tedious synthesis, 1 stands out as a neutral oxidant that is 
obtained by the simple combination of the two commercially 
available compounds SiI4 and QCl. Proof-of-concept reactions 
exemplify 1 as an efficient redox catalyst, that can be generated 
in situ. We foresee the combination of QCl and SiI4 and, more 
generally, the concept of Lewis acid-binding induced redox 
amplification as a powerful tool for challenging transformations 
and catalysis, wherever high oxidation potentials are needed. 

Acknowledgements 

We gratefully thank Prof. H.-J. Himmel for his support, the FCI, 
the DFG (GR5007/2-1) and the HeiKa Research Bridge for 
financial support and the BWFor/BWUniCluster for 
computational resources. 

Keywords: electron transfer • main group elements • oxidation • 

quinones • redox catalysis 

10.1002/chem.202004712

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



COMMUNICATION          

4 
 

[1] R. L. Spicer, A. D. Stergiou, T. A. Young, F. Duarte, M. D. 
Symes, P. J. Lusby, J. Am. Chem. Soc. 2020, 142, 2134-
2139. 

[2] A. K. Turek, D. J. Hardee, A. M. Ullman, D. G. Nocera, E. 
N. Jacobsen, Angew. Chem. Int. Ed. 2016, 55, 539-544. 

[3] a) A. Rosenheim, O. Sorge, Ber. Dtsch. Chem. Ges. 1920, 
53, 932-939; b) R. Maskey, H. Wadepohl, L. Greb, Angew. 
Chem. Int. Ed. 2019, 58, 3616-3619. 

[4] R. Maskey, M. Schädler, C. Legler, L. Greb, Angew. Chem. 
Int. Ed. 2018, 57, 1717-1720. 

[5] a) H. Poleschner, K. Seppelt, Angew. Chem. Int. Ed. 2013, 
52, 12838-12842; b) K. O. Christe, R. Haiges, M. Vasiliu, 
D. A. Dixon, Angew. Chem. Int. Ed. 2017, 56, 7924-7929. 

[6] a) X. Tao, C. G. Daniliuc, R. Knitsch, M. R. Hansen, H. 
Eckert, M. Lübbesmeyer, A. Studer, G. Kehr, G. Erker, 
Chem. Sci. 2018, 9, 8011-8018; b) L. L. Liu, D. W. 
Stephan, Chem. Soc. Rev. 2019; c) F. Holtrop, A. R. Jupp, 
B. J. Kooij, N. P. van Leest, B. de Bruin, J. C. Slootweg, 
Angew. Chem. Int. Ed., 2020, 10.1002/anie.202009717. 

[7] A. Vlček, Comments on Inorganic Chemistry 1994, 16, 
207-228. 

[8] S. N. Brown, Inorg. Chem. 2012, 51, 1251-1260. 
[9] H.-C. Chang, H. Miyasaka, S. Kitagawa, Inorg. Chem. 

2001, 40, 146-156. 
[10] a) Y. Kawakami, T. Ogishima, T. Kawara, S. Yamauchi, K. 

Okamoto, S. Nikaido, D. Souma, R. H. Jin, Y. Kabe, Chem. 
Commun. 2019, 55, 6066-6069; b) J. Roeser, D. Prill, M. J. 
Bojdys, P. Fayon, A. Trewin, A. N. Fitch, M. U. Schmidt, A. 
Thomas, Nat. Chem. 2017, 9, 977-982; c) D. Hartmann, L. 
Greb, Angew. Chem. Int. Ed. 2020, 
10.1002/anie.202009942; d) D. J. McCord, J. H. Small, J. 
Greaves, Q. N. Van, A. J. Shaka, E. B. Fleischer, K. J. 
Shea, J. Am. Chem. Soc. 1998, 120, 9763-9770. 

[11] R. J. Crutchley, in Adv. Inorg. Chem., Vol. 41 (Ed.: A. G. 
Sykes), Academic Press, 1994, pp. 273-325. 

[12] A. Heckmann, C. Lambert, Angew. Chem. Int. Ed. 2012, 
51, 326-392. 

[13] N. G. Connelly, W. E. Geiger, Chem. Rev. 1996, 96, 877-
910. 

[14] J. O. Howell, J. M. Goncalves, C. Amatore, L. Klasinc, R. 
M. Wightman, J. Kochi, J. Am. Chem. Soc. 1984, 106, 
3968-3976. 

 
 

10.1002/chem.202004712

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



COMMUNICATION          

5 
 

 
Entry for the Table of Contents 

 

 
 

Completing the Redox-Series of Silicon Trisdioxolene – The redox chemistry of silicon tris(perchlorodioxolene) is studied and the 
series completed by the isolation of the monoradical anion. The neutral diradical state turns out as a remarkably potent oxidant (as 
strong as "magic blue" or NO+) and redox catalyst, which can be generated from SiI4 and ortho-chloranil in situ. In a more general 
sense, this study serves as a blueprint for the redox-amplification of ortho-quinones by Lewis acid binding.  

Institute and/or researcher Twitter usernames: @GrebGroup 

 
[1] R. L. Spicer, A. D. Stergiou, T. A. Young, F. Duarte, M. D. Symes, P. J. Lusby, J. Am. Chem. Soc. 2020, 142, 2134-2139. 
[2] A. K. Turek, D. J. Hardee, A. M. Ullman, D. G. Nocera, E. N. Jacobsen, Angew. Chem. Int. Ed. 2016, 55, 539-544. 
[3] a) A. Rosenheim, O. Sorge, Ber. Dtsch. Chem. Ges. 1920, 53, 932-939; b) R. Maskey, H. Wadepohl, L. Greb, Angew. Chem. Int. 

Ed. 2019, 58, 3616-3619. 
[4] R. Maskey, M. Schädler, C. Legler, L. Greb, Angew. Chem. Int. Ed. 2018, 57, 1717-1720. 
[5] a) H. Poleschner, K. Seppelt, Angewandte Chemie International Edition 2013, 52, 12838-12842; b) K. O. Christe, R. Haiges, M. 

Vasiliu, D. A. Dixon, Angew. Chem. Int. Ed. 2017, 56, 7924-7929. 
[6] a) X. Tao, C. G. Daniliuc, R. Knitsch, M. R. Hansen, H. Eckert, M. Lübbesmeyer, A. Studer, G. Kehr, G. Erker, Chem. Sci. 2018, 9, 

8011-8018; b) L. L. Liu, D. W. Stephan, Chem. Soc. Rev. 2019; c) F. Holtrop, A. R. Jupp, B. J. Kooij, N. P. van Leest, B. de Bruin, J. 
C. Slootweg, Angew. Chem. Int. Ed., early view. 

[7] A. Vlček, Comments on Inorganic Chemistry 1994, 16, 207-228. 
[8] S. N. Brown, Inorg. Chem. 2012, 51, 1251-1260. 
[9] H.-C. Chang, H. Miyasaka, S. Kitagawa, Inorg. Chem. 2001, 40, 146-156. 
[10] a) Y. Kawakami, T. Ogishima, T. Kawara, S. Yamauchi, K. Okamoto, S. Nikaido, D. Souma, R. H. Jin, Y. Kabe, Chem. Commun. 

2019, 55, 6066-6069; b) J. Roeser, D. Prill, M. J. Bojdys, P. Fayon, A. Trewin, A. N. Fitch, M. U. Schmidt, A. Thomas, Nat. Chem. 
2017, 9, 977-982; c) D. Hartmann, L. Greb, Angew. Chem. Int. Ed. 2020, accepted article; d) D. J. McCord, J. H. Small, J. Greaves, 
Q. N. Van, A. J. Shaka, E. B. Fleischer, K. J. Shea, J. Am. Chem. Soc. 1998, 120, 9763-9770. 

[11] R. J. Crutchley, in Adv. Inorg. Chem., Vol. 41 (Ed.: A. G. Sykes), Academic Press, 1994, pp. 273-325. 
[12] A. Heckmann, C. Lambert, Angew. Chem. Int. Ed. 2012, 51, 326-392. 
[13] N. G. Connelly, W. E. Geiger, Chem. Rev. 1996, 96, 877-910. 
[14] J. O. Howell, J. M. Goncalves, C. Amatore, L. Klasinc, R. M. Wightman, J. Kochi, J. Am. Chem. Soc. 1984, 106, 3968-3976. 

 

10.1002/chem.202004712

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.


