Open Access Article. Published on 29 November 2024. Downloaded on 3/13/2026 1:48:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton
Transactions

COMMUNICATION

’ M) Check for updates ‘
Cite this: Dalton Trans., 2025, 54, 65

Received 13th November 2024,
Accepted 28th November 2024

DOI: 10.1039/d4dt03176h

rsc.li/dalton

Bis(catecholato)silanes were showcased as strong Lewis acids,
while their inherent redox activity remained unexplored in this
context. In the present work, we study the oxidation of monomeric
bis(3,6-di-tert-butyl-catecholato)silane (1), leading to the Lewis
superacidic radicalic silylium ionradical 1"+ (FIA 784 kJ mol™).
Oxidation of 1 with [N(p-CgH4Br)s1[B(CeFs)s] yielded [11[B(CgFs)4l,
displaying strong catalytic activity in the Friedel-Crafts-dimeriza-
tion, hydrodeoxygenation and carbonyl-olefin-metathesis. It
demonstrates how Lewis acidity can be amplified through oxi-
dation without needing an add-on redox-active substituent.
Instead, it synergizes the constraining effect of catecholates with
their inherent redox non-innocence to unlock enhanced catalytic
performance.

Lewis acids are extensively used in all kinds of chemistry,
ranging from materials science over organic chemistry and
drug discovery to biological research.'”” This broad applica-
bility fostered a continuous development that led to numerous
new p-block Lewis acids - an interest further propelled by the
field of frustrated Lewis pairs.® Frequently, the effect of a
Lewis acid is related to its strength;’ a precept fueling the
search for continuously stronger Lewis (super)acids.'® Typical
strategies for increasing Lewis acidity include, among others, the
installation of electron-withdrawing substituents, the introduc-
tion of cationic charge, Other
approaches aim to exploit a Lewis acidity enhancement on
demand to overcome obstacles associated with the limited stabi-
lity of the most potent Lewis acids. For instance, aryl- or alkyl-sily-
lium ions are usually synthesized in situ by hydride abstraction
through carbocations to mitigate side reactions, e.g., with the
solvent or the counteranion.'’™ Another strategy relies on
photochemical concepts to release Lewis acids upon
irradiation.”*™® Moreover, redox approaches were shown to
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Amplifying Lewis acidity by oxidation: leveraging
the redox-activity of bis(3,6-di-tert-butyl-
catecholato)silanet
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stimulate Lewis acidity. A change in the main group element oxi-
dation states for increased reactivity was exemplified for pnicto-
gen- and tin-compounds.’®>* As an alternative, the oxidation of
redox-non-innocent ligands instead of the central elements was
considered more recently (Fig. 1a). Paradies and coworkers inves-
tigated a row of ferrocenyl-substituted boranes and unlocked
Lewis superacidity by oxidation (Fig. 1b).>* Caputo and coworkers
presented a phenothiazine-substituted borane as transition metal
free representative for this concept (Fig. 1c).>*

In recent years, we pursued the search for novel main-group
Lewis superacids based on the catecholato ligand.**™** The
bidentate ligand has been shown to have a multifold impact
on the increase of Lewis acidity. First, it exhibits a bite angle

a)
e .
B A substituent —l
£\ oxidation Q_E -\ increased
YN N ) Lewis acidity at E
b) c)
(e] Cl
@ =01 X Q
] o Cl N
Fe Cl B
=7
Paradies 2023 Caputo 2024
d) this work " g
S _~ enhance
catechglato effect + oxidation = Lewis acidity
‘Bu
f -
o_ Bu f )
Si - t‘d
o~ o3
Bu 1 Bu X
v’ straightforward synthesis potAer'1t Calel A
activity
Fig. 1 (a) Schematic representation of the strategy of Lewis acidity

amplification by oxidation, (b/c) examples of previously reported
boranes with redox-active substituents and (d) the redox-active silicon
Lewis acid 1 presented in this work.
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that suits the geometry of hypervalent structures.**** Second,
the pronounced electronegativity of the primary oxygen substi-
tuents stabilizes the non-bonding orbitals in the 3-center-4-
electron (3c4e) bonds that supports hypercoordinate adduct
formation. Lastly, the aromatic system allows for adjustment
of the mesomeric rn-acidity by introducing electron-withdraw-
ing substituents in the ligand backbone. This synergistic
impact on Lewis acidity was recently termed the catecholato
effect.>® Interestingly, catecholates are mainly known as proto-
typical redox-active ligands, which can be oxidized to semiqui-
nonate (sq) radicals or quinones. Even though this property
was investigated holistically with transition metals,’” and also
found application in the context of main group chemistry,*® it
remained unconsidered in the design of catecholate Lewis
acids. In contrast to previous approaches that require the
aimed installation of a redox-active substituent (e.g., Fig. 1b
and c), bis(catecholato)silanes are easily prepared and already
exhibit considerable Lewis acidity through the catecholato
effect.”® In this work, we identify bis(3,6-di-tert-butyl-catecho-
lato)silane (1) as suitable model system that allows first
insights on the oxidation chemistry of bis(catecholato)silanes
(Fig. 1d). We then continue to investigate the chemical oxi-
dation to 1™ and subsequently assess its increased Lewis
acidity through computations and catalytic activity.

Common bis(catecholato)silanes readily undergo oligomeri-
zation via low-barrier dynamic covalent processes.”® Thus, to
simplify the investigation for redox chemistry, we first
screened for a bis(catecholato)silane representative that does
not undergo oligomerization. Previous work suggested that the
self-aggregation of bis(catecholato)silanes can be steered by
suitable substitution of the catechol ligand.”® Whereas the
parent compound bis(catecholato)silane (Si(cat™),) forms
cyclic decamers as the favored configuration in the solid state
(Fig. 2a), 3,5-substituted (tert-butyl or cumyl) catecholates are
present as dimer, and related ortho-amidophenolates exhibit
monomeric forms.”®?° These examples suggested that an
increased steric demand around the silicon center will cause a
decreased nuclearity of silicon atoms in the thermodynamic
minimum. Thus, we proposed that a monomeric bis(catecho-
lato)silane can be realized from a 3,6-substituted catechol
ligand. In analogy, the use of 3,6-di-tert-butyl-catechol
(Hacat>®™") was previously shown to prevent oligomerization
of 3d metal complexes.””*' Therefore, we synthesized
H,cat>®™®" according to Ershov’s procedure*” (Fig. 2b) and
subsequently converted it with HSiCl; in acetonitrile to give Si
(cat®>®™®%), (1) in 82% yield (Fig. 2c). While 1 was known from
previous studies,”®™*> a thorough characterization and unam-
biguous structure assignment has been lacking, while recent
work even stated problems regarding its purification.*> We
found that the present synthetic route yields analytically pure
1 as a colorless precipitate right from the reaction mixture.

In contrast to previous representatives of bis(catecholato)
silanes, 1 is exceptionally soluble in dichloromethane, which
allowed us to undertake a more profound NMR spectroscopic
investigation. Indeed, 'H, C, and *°Si NMR spectroscopy
revealed sharp signals, indicating a monomeric form in solu-
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Fig. 2 lllustration of the syntheses of (a) the decamer of bis(catecho-
lato)silane, (b) 3,6-di-tert-buyl-catechol according to Ershov’s pro-
cedure, and (c) the monomeric bis(3,6-di-tert-butyl-catecholato)silane
(1) investigated in this work. (d) SCXRD derived molecular structure of 1
(hydrogen atoms omitted for clarity; ellipsoids shown at 50%
probability).

tion (details see ESIt). SCXRD analysis of single crystals, grown
by liquid diffusion of acetonitrile into a CH,Cl, solution of 1,
confirmed the monomeric, distorted tetrahedral entity in the
solid state (Fig. 2d). Accompanying computations on the
dimerization of 1 and related derivatives revealed a thermo-
dynamic and not a kinetic inhibition of oligomerization (see
ESIY). Of note, 1 showcases similar physicochemical properties
to the previously reported bis(3,4,6-tri-iso-propyl-catecholato)
silane (Si(cat>***7),), for which the monomeric form could
not be proven by scXRD.*®

With this monomeric bis(catecholato)silane in hand, we
proceeded with the strategy of Lewis acidity amplification by
oxidation. Oxidation of 1 would result in Si(cat>*™")
(sq®®™")™* (1°*, Fig. 3a). The computed fluoride ion affinity
(FIA, (DLPNO-CCSD(T)/def2-QZVPP//PBE0-D3(BJ)/def2-TZVP))
of 784 k] mol™" confirms a significant increase compared to 1
(404 k] mol™"), surpassing the FIA of the prominent electrophi-
lic phosphonium cation (EPC) [FP(CcFs);]" (ref. 47) and
approaching even the strongest EPC known to date ([P
(am"phF),]") (Fig. 3b).*® The same holds for the solvation-cor-
rected FIAqy, which have been found mandatory for compar-
ing Lewis acids of varying charge states.*’

Thus, the oxidation of 1 was explored. Cyclovoltammetry
revealed an oxidation potential of 0.04 V (vs. Fc/Fc', details see
ESI}) for 1 in dichloromethane (Fig. 3c). In accordance with
the determined potential, the ferrocenium salt Fc[B(CeFs)],

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Illustration for the strategy of enhancing the Lewis acidity of 1
upon oxidation; (b) comparison of the FlAs of 1 and 1" with the electro-
philic phosphonium cations [FP(CgFs)sl™ and [P(amfphf),]* as well as
with the trimethylsilylium cation; FIAs refer to vacuum values, FlAs in
CH,Cl, are shown in parentheses; details on the FIA data are given in
the ESI;} (c) cyclic voltammogram of 1 (details see ESIT). (d) Stacked EPR
spectra from experiment ([1][B(CgFs)4] in 0-CgH4F») and simulation (1°*).

did not indicate any reactivity with 1 in dichloromethane.
When using Ag[SbF,] instead, the immediate coloration of the
reaction mixture was accompanied by a paramagnetic species
as judged by EPR spectroscopy. However, various signals in the
F NMR spectrum suggested an undefined reactivity, likely
involving ligand scrambling after initial fluoride abstraction
from SbFs~ by 1°*, supporting Lewis superacidic character.
Thus, we tested silver salts with anions that were less prone to
decomposition. When using AgOTf, AgNTf,, or Ag(o-CeH,F,)[Al
(O'C4Fo)4]° such reactivity was indeed absent. However, in
those cases, the oxidation processes were found slow, with full
conversion not reached even after several days. In sight of the
light-sensitivity of Ag(1) salts we aimed to reduce the reaction
time by exploiting the increased oxidation capability of the Ag/
I, system.”" Indeed, the addition of half an equivalent of mole-
cular iodine tremendously accelerated the conversion of 1 with
the silver salts. Again, a deep coloration of the reaction
mixture in conjunction with an EPR active sample strongly
supported the initial oxidation. However, EPR spectra did not
match the expected pattern for 1°* but indicated side reactivity
under the harsh oxidation conditions.

Next, we considered [N(p-CeH,Br)s][B(CeFs)s] as a suitable
oxidant with a preference for outer-sphere electron-transfer’
and a low inner-sphere reorganization.”® In an attempt to
isolate the target radical cation, 1 was reacted with [N(p-
CeH,Br);][B(CFs)4] in ortho-difluorobenzene (0-CcH,F,). While
the oxidation process required several days, EPR monitoring

This journal is © The Royal Society of Chemistry 2025
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suggested cleaner oxidation. After a complete reaction, an
intensely colored oil was isolated, which solidified after tritura-
tion with n-hexane. Simulation of the room temperature
recorded EPR spectrum revealed a resonance at g"*® = 2.00269
with a triplet hyperfine coupling constant of Al° = 716 uT from
two equivalent hydrogens (S = 1/2) (Fig. 3d). Comparison of
the IR spectra of 1 and [1][B(C¢Fs)s] indicated altered C-O
stretching modes (Fig. S137), in line with typical catecholato
and semiquinonato ligands.>* The compound was additionally
characterized by mass spectrometry and elemental analysis,
further supporting the proposed structural motif, but also
indicating partial decomposition. This observation aligns with
previously reported decomposition pathways for cat>®*®" and
related tert-butyl-phenol derivatives under Lewis acidic®>™® or
oxidative®®®® conditions. Unfortunately, the viscous nature of
the compound prevented crystallization and analysis of a
solid-state structure by scXRD. We also attempted oxidation in
the presence of donors. However, scXRD analysis of proposed
adducts with donors could not be achieved, as the resulting
species suffered from the same obstacle. However, the isolated
species allowed us to probe the initial hypothesis of whether
1" displays an amplified Lewis acidity over 1. A Gutmann-
Beckett classification was judged as unsuitable given the para-
magnetic nature of the target species.®* Thus, we attempted to
gauge the Lewis acidic potential by testing the catalytic activity
of [1][B(C¢Fs),). Indeed, using 5 mol% [1][B(CeFs),] enabled
efficient and fast Friedel-Crafts dimerization of 1,1-diphenyl-
ethylene (Fig. 4a). Notably, [1][B(CeFs),] was also found to be
catalytically applicable in the reductive hydrodeoxygenation of
benzophenone (Fig. 4b). To utilize the full potential of 1" we
next attempted the more challenging carbonyl-olefin-meta-
thesis (COM) as its outcome is known to be critically depen-

dent on the strength of the applied Lewis acid.®*®®
Ph
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It »
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Fig. 4 Representative (a) Friedel-Crafts dimerization, (b) hydrodeoxy-
genation, and (c) carbonyl-olefin-metathesis (COM) catalyzed by [1][B
(CgFs)4l; (d) in situ generation of the catalytic species for the COM.
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Indeed, 5 mol% of [1][B(CcFs)s] enabled complete for-
mation of the cyclization product B from the substrate A
within one hour, thus ranging above the activity of the neutral
bis(pertrifluoromethylcatecholato)silane®® but similar to the
hitherto most active bis(catecholato)phosphonium ions*®
(Fig. 4c). strikingly, the catalytic activity of 1" can be unlocked
by in situ generation before substrate addition (Fig. 4d). Of
note, the formation of B was not observed in the presence of 1
or the [N(p-C¢H,4Br);]™" cation alone, supporting 1" as catalyti-
cally active species.

Overall, the disclosed approach of combining two stable
pre-catalysts for the generation of a Lewis superacid that takes
profit from a combination of the catecholato effect and its
redox activity states a valuable alternative to existing methods.
The in situ oxidation approach allows the mitigation of long-
term instability and represents a valuable extension of pre-
vious strategies for generating silylium ions.
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