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Abstract: Given its earth abundance, silicon is ideal for constructing
Lewis acids of use in catalysis or materials science. Neutral silanes
were limited to moderate Lewis acidity, until halogenated catecholato
ligands provoked a significant boost. However, catalytic applications
of bis(perhalocatecholato)silanes were suffering from very poor
solubility and unknown deactivation pathways. Herewith, the novel
per(trifluoromethyl)catechol, H,cat®™, and adducts of its silicon
complex Si(cat®F), (1) are described. According to the computed
fluoride ion affinity, 1 ranks among the strongest neutral Lewis acids
currently accessible in the condensed phase. The improved
robustness and affinity of 1 enable deoxygenations of aldehydes,
ketones, amides, or phosphine oxides, and a carbonyl-olefin
metathesis. All those transformations have never been catalyzed by
a neutral silane. Attempts to obtain donor-free 1 attest to the
extreme Lewis acidity by stabilizing adducts with even the weakest
donors, such as benzophenone or hexaethyl disiloxane.

Introduction

The Lewis acidity of common silanes is weak to moderate but
reaches satisfying levels with electron-withdrawing ligands such
as ftriflates, perfluoroalkyls, or by Lewis base or strain release
activation.[ If it comes to Lewis superacidity (fluoride ion affinity
(FIA) > 500 kJ mol ™), silicon was previously considered as a less
appropriate central element.”l Only through halogenated
catecholato ligands (Si(catX)z, cat* = 0,CeXs, X = Cl, Br, Figure
1), neutral silanes were pushed into the ranks of Lewis
superacids.®l Experimental and computational studies on the
Lewis acidity of Si(catX). revealed that the m-back bonding of the
substituents X into the catecholates determines the electron
deficiency at silicon.! The o-Hammet parameter of X gave a
reasonable correlation with the fluoride ion affinity (FIA) of the
corresponding  bis(perhalocatecholato)silane and disclosed
Si(cat®"), as the top-edge FIA reachable with a neutral silane.
Unfortunately, the application of the entire class of Si(catX)2 in
catalysis was ~hampered by its very poor solubility and
unidentified deactivation channels. Recent and ongoing studies
on the structure of bis(catecholato)silanes suggest covalent
oligomerization as the cause.l® Thus, we considered addressing
these issues by suitable substitution of the catecholates with
sufficiently large yet electron-withdrawing groups.
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Figure 1. Previously described bis(perhalocatecholato)silanes Si(catX)2 with
the o-Hammet parameter of X, and the per(trifluoromethyl) derivative
described in this work.

According to its o-Hammet parameter, a CFs-substituted
catecholate should furnish a Lewis acid even more potent than
the perhalogenated derivatives.®! Besides, the steric demand of
-CF3 might block oligomerization, thus hindering catalyst
deactivation. Unfortunately, the synthesis of
per(trifluoromethyl)catechol (Hzcat®?) or any precursor has
never been reported. Herewith, we describe the synthesis of
per(trifluoromethyl)catechol and its installation at silicon, yielding
Si(cat®), (1) stabilized by weak donors at gram-scale. The
experimental and computed features of 1 confirm a top-ranking
Lewis acidity among all elements in the periodic table. The
compound has improved robustness compared to the
perhalogenated derivatives and substantially broadens the
catalytic portfolio of the second most abundant element in the
earth’s crust.

Results and Discussion

Literature unknown tetraiodoveratrole (ver') was synthesized by
HOTf induced iodination of veratrole with N-iodo succinimide
(NIS), and subsequently converted to
per(trifluoromethyl)veratrole (ver®™) by using a copper-based
protocol for trifluoromethylation (Figure 2a).[l Lewis acid-
mediated aryl ether cleavage failed to yield the corresponding
catechol, but the addition of hydroxide or thiolates allowed a
nucleophilic cleavage of one ether moiety at rt. Single-crystal x-
ray diffraction analysis (SCXRD) of the
tetrakis(trifluoromethyl)guaiacol (gua®) showed strong bending
of the CF3z-groups out the aryl-plane.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

CF3 CFs

a)

TMSCFs N
O\ v o Gk, FsC O kon FC OH
ubr, —_—
T e DNH DMF  FsC o7 DMA po 0"
2% CFs 72% CF: 7%
ver®Fs gua®"
C) (;I [Cation]*
CF b)

D. Sl\.o
' :CFs

FaC OH  HsiCly FaC
Bl <
2 . CHCN
. 5 FiC
FaC 07 2 meci h [er

“H,;

CF

[Cation]® = "CHaCN-H™"

. )Nra3
CH3CN==H=NEl3
9 o
P
CFa © 5
FiC FaC
FiC OH sich, 100°C. Facd o..,*_‘..‘o 2
2 sulfolane’ FBC:Q:O’SI"O:@:
FaC 0 benzene(97:3) CFa + CF3
¢Fa -2 Mecl 0
h -HCI -H, 420
90%,>15¢g Q 1-(sulfolane)z

Figure 2. a) Synthesis of per(trifluoromethyl)guaiacol gua®f:. b) Molecular
structure of guaC® (selected bond length and angles: C1-O1 1.3672(16) A,
C2-02 1.3468(15) A; C4-C3-C2-C1 5.09(19)°, C10-C5-C4-C9 25.64(17)°). c)
Formation of [1-Cl]” in acetonitrile. d) Synthesis of 1-(sulfolane)2.

Neighboring substituents have torsion angles up to 25° (Figure
2b), similar to the pentakis(trifluoromethyl)phenyl group.” To a
solution of gua® in CD3CN, 0.5 eq. of HSIiCl; was added, and
the mixture was heated to 50 °C. ""F NMR spectroscopic
monitoring revealed the disappearance of the four signals of
gua®® and the appearance of only two new signals with
equivalent integrals within 24 h. In accordance, '"H NMR spectra
showed a decrease of the OH and OCHj3 peaks of gua®F along
with chloromethane formation. However, in contrast to the
reactions of bis(perhalocatecholato) silanes, no precipitation
occurred in this case.® 4 Instead, 2°Si NMR spectroscopy
revealed a signal at —90.4 ppm, in line with the computed value
of a corresponding chlorido silicate [1-Cl]” (Figure 2c and SlI).
SCXRD analysis of several poor-quality crystals obtained from
the reaction mixture verified the formation of [1-Cl]~, while the
nature of the cation remained unclear. An unexpected number of
signals in '"H NMR spectroscopy, including a characteristic 1:1:1
triplet at 6.35 ppm, indicated protonated nitriles and nitrilium ion
follow products.® Further support was obtained by adding one

equivalent of triethylamine to the fully converted reaction mixture,

yielding single crystals of the chlorido silicate [1-Cl]” with a
triethylammonium-acetonitrile counter cation. Although not
yielding the desired compound, this observation revealed two
vital points: 1) The guaiacol undergoes an unprecedented
chlorosilane induced ‘aryl methyl ether deprotection and can
serve as a convenient precursor for Si-O bond formation. 2) The
chlorido silicate [1-Cl]” is a WCA that is compatible with the
highly Bregnsted acidic conditions of protonated acetonitrile.
Since a WCA's stability against Brgnsted acids is connected to
the strength of its underlying Lewis acid,®! this observation
promised beneficial features of the target compound.

To tackle the difficulties encountered with acetonitrile (DNUI'? =
14.6), sulfolane was chosen as a similar weakly coordinating
solvent (DN!'"l = 14.8) more robust toward Brensted acids.l'?
After heating a solution of gua®™ and HSiCl; or SiCls in a
sulfolane:benzene mixture (97:3 v%) to 100 °C for 15 h,
colorless single-crystals developed in 90% yield (Figure 2d).
SCXRD analysis verified the target compound as bis-sulfolane
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adduct, 1-(sulfolane), (Figure 3a). Identity and purity were
confirmed by NMR-spectroscopy, elemental analysis, and mass
spectrometry, and 1-(sulfolane), obtained at >1.5 gram-scale as
a robust precursor for all following experiments. For structural
comparison, the bis-sulfolane adduct of Si(cat®). was prepared
similarly (see SI). The Si-O3 bond length in 1-(sulfolane),
(1.905(1) A) is shortened compared to the one in the
perchlorinated derivative (1.925(2) A), giving indications for a
more substantial electron deficiency on the silicon center in 1.
The donor-free Lewis acid 1 was not accessible by direct
methods thus far, but approached by reduction of a ketone-
adduct, as described in a later section. Hydrolysis of
1-(sulfolane), provided the free pertrifluoromethylcatechol,
Hzcat®: whose structure was verified by SCXRD (see SI).

b)
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Figure 3. a) SCXRD-derived molecular structure of 1-(sulfolane)z,
cocrystallized benzene molecule was omitted for clarity. Selected bond lengths
and angles: Si-O1 1.7321(10) A, Si-02 1.7379(10) A, Si-O3 1.9051(11) A; O1-
Si-02 90.10(5)°, O1-Si-O3 92.75(5)°. b) Comparison of computed fluoride ion
affinities (FIA) and hydride ion affinities (HIA) of 1 and the strongest fluoride
ion acceptors currently accessible (for computational details see Sl).

As a global measure for Lewis acidity, the fluoride ion affinity
(FIA) and the hydride ion affinity (HIA) were computed at the
DLPNO-CCSD(T)/aug-cc-pVQZ//PW6B95-D3(BJ)/def2-TZVPP
level of theory and anchored isodesmically to the TMS
system.I"¥ An FIA of 584 kJ mol”" and an HIA of 559 kJ mol
were obtained for 1. Comparison with other Lewis acids
disclosed 1 not only as a distinct new FIA-record holder for
neutral silanes, but approaching even the strongest Lewis acids
currently accessible in the condensed phase (Figure 3b).[* 131 |t
is worth noting that those stronger aluminum-based Lewis acids
require stabilization by weak donors or aggregation alike.['
Further, the HIA of 1 significantly exceeds that of B(CsFs)s
(471 kJ mol™"), qualifying the compound as the first soft Lewis
superacid based on silicon.!l Experimental evaluation of the
effective Lewis acidity of 1 was performed according to
Gutmann-Beckett.[' The addition of sub-stochiometric amounts
of OPEt; to 1-(sulfolane), in CD.ClI; led to immediate liberation of
sulfolane, and the formation of the mono-adduct, as confirmed
by SCXRD (Figure 4a). 3'P NMR spectroscopy showed an
induced shift of A3'P = 39 ppm, surpassing that of the hitherto
strongest Si(cat®), (AP = 37 ppm). The addition of >1
equivalent of OPEt; provided the bis-adduct, with a shift (A3'P =
24.2 ppm) also larger compared to that of Si(cat®)2—(OPEt;),
(AP = 226 ppm). In contrast to the halogenated
bis(catecholato)silanes,”! the bis-OPEt; adduct adopted cis-
arrangement in solution (**F NMR spectroscopy, see Sl) and the
solid-state (SCXRD, Figure 4a). This altered conformational
preference might be associated with the distinguished catalytic
efficiency, as discussed below.

This article is protected by copyright. All rights reserved.
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Figure 4. a) Formation of adducts and reactivities of 1-(sulfolane)z. b)
Molecular structures of 1-OPEt; (selected bond lengths: 1-OPEts: Si-OP
1.6815(16) A, Si-OC 1.7162(15) A, 1.7293(15) A, 1.7173(15) A, 1.7293(16) A)
and 1-(OPEts)2 (connectivity).

Adding one equivalent [PPhs][SbFs] to a suspension of
1-(sulfolane), in CD,Cl, led to a prompt dissolution, and the
fluoridosilicate [1-F]~ was observed by '°F NMR spectroscopy
(matching shifts compared to [(n-Bu)sN][1-F] prepared
independently, Figure 4a). Opposed to the slow reactions
observed with the poorly soluble acetonitrile-adducts of Lewis
superacids Si(catX)2 (X = CI, Br, several hours), the fluoride
abstraction from SbFs~ with 1-(sulfolane), occurred within
seconds.™ Subsequent ligand scrambling/oxidation  prevented
the isolation of defined reaction products. Adding CICPhs to a
suspension of 1-(sulfolane), in CH,ClI; led to the characteristic
coloration, and 'H/'3C NMR revealed quantitative formation of
the trityl cation. A sole 2°Si NMR signal at -89.7 ppm verified the
formation of the chlorido silicate [1-Cl]” (matching signal with
[EtsN-H-NCCHj3][1-Cl]). This behavior gives further evidence for
the distinguished Lewis acidity of 1 since the acetonitrile adducts
of the bis(perhalocatecholato)silanes afforded the trityl cation in
max. 83% equilibrium.“!

Encouraged by the strong affinity of 1-(sulfolane),, catalytic
applications were addressed. Previously, the acetonitrile
stabilized bis(perfluorocatecholato)silane (Si(catf)2) has been
applied for catalytic hydrosilylation reactions (5 mol%), but the
scope was limited to electron-deficient, aromatic aldehydes.?
Interestingly, reactions of aldehydes with triethylsilane in the
presence of 1 mol% of 1-(sulfolane), did not lead to the
hydrosilylation products, but the formation of dialkyl ethers in
excellent yields (Figure 5a).l'® Beyond activated electron-poor
aldehydes, also electron-rich p-methylbenzaldehyde or an alkyl
aldehyde were efficiently converted. With benzophenone as a
substrate, the exclusive and quantitative formation of the
deoxygenation product diphenylmethane was detected after 30
min at rt (Figure 5b). At 100 °C and PhSiHz as the reducing
agent, the deoxygenation catalysis was successful also for
acetophenone. For the dialkyl ketone cyclohexanone,
deoxygenative olefine formation (cyclohexene) was observed in
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moderate yields (Figure 5b). Next, the catalyst was tested in
conjunction with an amide and two phosphine oxides, as more
challenging substrates (Figure 5¢).I"" In toluene at 100 °C with 5
mol% of 1-(sulfolane), and PhSiH; as reducing agent,
exhaustive deoxygenation proceeded with excellent conversion.
Under the harsher reaction conditions and excess of PhSiHs,

even the deoxygenation of p-fluor benzaldehyde to p-
fluorotoluene was effectuated (Figure 5a).
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Figure 5. Catalytic applications of 1-(sulfolane): in a) the reduction of
aldehydes to dialkyl ethers, b) the deoxygenation of ketones and amides, c)
the deoxygenation of phosphine oxides, and d) the intramolecular carbonyl-
olefin metathesis. Conversions were determined by 'H NMR or 3'P NMR
integration against an internal standard.

To probe a Lewis acid catalysis beyond reductions, and inspired
by the fact, that the carbonyl-olefin metathesis (COM) critically
depends on the strength of a Lewis acid,!'® the cyclization of A
with 5 mol% of 1-(sulfolane), was attempted (Figure 5d). Indeed,
the reaction went to completeness at rt during 24 h without any
observable side reactions. In light of the previous restriction to
metal halide catalysts for the COM (e.g., MCls, M = Fe, Al, Ga,
Au),l'8 191 this is very promising as it ultimately allows to tackle
selectivity by ligand design in future. Overall, the first
deoxygenation reactions catalyzed by a neutral silane and the
first silicon catalyzed carbonyl-olefin metathesis are realized,
clearly broadening silicon’s reach in homogeneous catalysis.

A comparison was made with adducts of Si(cat®)2 to demarcate
the advancement of 1-(sulfolane), against its perhalogenated
predecessors (Table 1). The catalytic superiority of 1-(sulfolane),
becomes apparent from the significantly higher conversion and
the higher selectivity in the reductive dialkyl ether formation
(Table 1, col2 vs. col3).

This article is protected by copyright. All rights reserved.
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Table 1. Comparison of catalytic activity of 1-(donor), and Si(cat®)2-(donor)z in the reductive alkyl ether formation and the deoxygenation of benzophenone. P1
dialkyl ether for aldehydes, and diphenylmethane for benzophenone, P2 carbonyl hydrosilylation product. General conditions: 24 h, 150 ymol substrate, 1 mol%
catalyst and 225 umol HSIEts or ’'2 mol% catalyst and 450 pmol HSiEts in 0.5 mL CD2Cl2. Yields determined via 'H NMR integration against an internal standard.

Catalyst / Si(cat®"3)2+(sulfolane)z Si(cat®)z+(sulfolane). Si(cat®)2¢(CH3CN)2 Si(cat®),2OCPh2
Substrate Conv. P1 P2 Conv. P1 P2 Conv. P1 P2 Conv. P1 P2
PCH3CsH4sCHOM! 98% 97% <0.5% 31% 27% 3% 7% 6% <0.5% 98% 97% <0.5%
PFCeH4sCHOM! > 99% 96% 3% 26% 10% 16% 11% 5% 5% 82% 80% 2%
Ph,COP! > 99% 99% - 25% 24% - 16% 16% - 78% 7% -

Whereas with 1-(sulfolane),, the pristine formation of dialkyl
ethers P1 was observed, with Si(cat)z(sulfolane),, the
unselective formation of both P1 and hydrosilylation product P2
was encountered. The conversions with Si(cat®)z2-(sulfolane),
are higher than the ones for the corresponding bis-acetonitrile
adduct, but the selectivity remains low (col3 vs. col4). In contrast
to the previously reported Si(catX)z2, which form their bis-adducts
in trans orientation,®! the cisoid binding mode, as observed for
OPEt; with 1 (Figure 4), might preorganize two substrates for
intramolecular ether formation. Beyond, the cis-adduct arranges
the substrates trans with a catecholate, which might cause more
efficient substrate activation. Indeed, a cisoid coordination was
indicated for aldehydes by four peaks in the "*F-NMR spectra
upon mixing 1-(sulfolane), with 10 eq. of
cyclohexanecarboxaldehyd (see Sl).

Finally, benzophenone’s deoxygenation in the coordination
sphere of 1 was considered a promising route to donor-free 1.
Thus, the mono-benzophenone adduct 1-(OCPh;) was prepared
at a 200 mg scale and fully characterized (see Supporting
Information for SCXRD). To the best of our knowledge, it
represents the first Lewis adduct of a silane with a ketone, and it
gives experimental evidence for the mode of carbonyl activation
proposed during the catalytic hydrosilylation also with
Si(catf)2-(acetonitrile),.*a Deoxygenation of benzophenone with
Et;SiH occurred quantitatively, but donor-free 1 could not be
separated from the reaction mixture. Instead, the formation of an
adduct between 1 and the reaction product Et;SiOSiEt; was
observed (see section 2.5 in the Sl). Although not isolable in the
crystalline state, multinuclear NMR spectroscopy and
computations strongly support such an adduct. To the best of
our knowledge, this is the first example of a neutral Lewis acid
pairing with a disiloxane, an extremely weak donor.['>2% From a
catalytic  perspective, the mono-benzophenone adduct
1-(OCPh;) promised to serve as a precatalyst under reductive
conditions. Thus, the representative set of catalytic silane
reductions was performed with 1-(OCPh;) and compared with 1-
(sulfolane), (Table 1, col4 vs col2). Interestingly, the catalytic
activity of 1-(OCPhy) turned out as inferior compared to
1-(sulfolane),,  particularly for the deoxygenation of
benzophenone itself. This observation indicates that the donor-
free Lewis acid 1 is a less effective catalyst, but sulfolane might
take an active role in the catalytic cycle. Although further
mechanistic studies are required, this handle offers exciting
opportunities to control the activity and the selectivity within this
class of Lewis superacids.

Conclusion

The present contribution serves the advancement of Lewis acids
in a two-fold sense. First, we introduce a neutral silicon-based

Lewis acid that ranges among the strongest fluoride ion
acceptors currently accessible in the condensed phase. This is a
notable step for silicon, a central element that was associated
with moderate Lewis acidity due to the lack of obvious acceptor
orbitals. It allows stabilizing adducts with very weak donors,
such as the first Lewis pair of a neutral Lewis acid with a
disiloxane. Second, this Lewis acid allows expanding the
catalytic portfolio of neutral silanes onto the first silicon catalyzed
deoxygenation reactions of aldehydes, ketones, amides and
phosphine oxides, as well as the carbonyl-olefin metathesis. The
possibility of controlling the steric and electronic profile of Lewis
acids by defined ligand-variations while maintaining their “super”
aptitude to maneuver through high-energy reaction pathways will
propel a transfer of Lewis superacids into synthetically relevant
fields. Finally, the new compound Hzcat®F will stimulate other
fields such as hydrogen bond donor catalysis,?'!! redox-active
ligands,?? or weakly coordinating anions.[°°!
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The extremely electron deficient tetratrifluorocatechol is synthesized and installed at silicon, providing a Lewis superacid that ranks
among the strongest fluoride ion acceptors accessible in the condensed phase. The compound enables silicon-catalyzed
deoxygenation of ketones, aldehydes, amides and phosphine oxides and the first silicon catalyzed carbonyl-olefin metathesis.
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