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Abstract: Molecular silicon polycations of the types R,Si*" and
RSP (R=H, organic groups) are elusive Lewis superacids
and currently unknown in the condensed phase. Here, we
report the synthesis of a series of isolable terpyridine-stabilized
R,S*" and RS** complexes, [R,Si(terpy)*" (R = Ph I*"; R, =
C,Hs 2°', (CH,); 3°") and [RSi(terpy)]’" (R=Ph 4,
cyclohexyl 5%, m-xylyl 6°%), in form of their triflate salts.
The stabilization of the latter is achieved through higher
coordination and to the expense of reduced fluoride-ion
affinities, but a significant level of Lewis superacidity is
nonetheless retained as verified by theory and experiment.
The complexes activate C(sp’)—F bonds, as showcased by
stoichiometric fluoride abstraction from 1-fluoroadamantane
(AdF) and the catalytic hydrodefluorination of AdF. The
formation of the crystalline adducts [2(F)]" and [5(H)]*"
documents in particular the high reactivity towards fluoride
and hydride donors.

M ain group Lewis acids (LA) have garnered increasing
attention over the last two decades with the emerging concept
of frustrated Lewis pairs contributing significantly to this
development.'®! With the need for potent LAs, the focus
often lies on Lewis superacids (LSA), that are defined as
“molecular LAs, which are stronger than monomeric SbF; in
the gas phase”, according to Krossing.! Recent reports on
Lewis superacidic perhalogenated bis(catecholato)ger-
manes®! and -silanes® emphasize the great potential of
molecular main group LAs, with silicon-based LAs being
particularly attractive due to the high abundance and low
toxicity of this element. Furthermore, silylium ions, R;Si, are
well-established as valuable catalysts in organic synthesis!”®!
and exhibit high fluoride ion affinities (FIAs), which catego-
rize them as LSAs? Expectedly, molecular silicon(IV)
dications of the type R,Si*" represent stronger LAs (e.g.,
FIA(SiF,*") =2167 kImol "),™  but such species are
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unknown in the condensed phase; merely SiH,*" and SiF,*"
were observed in mass spectrometry."'! To date, there is no
experimental evidence for the formation of RSi*" are
repulsive.’? Further stabilization is required in order to
make such gas-phase molecules accessible in the condensed
phase. In this regard, the formation of complexes with neutral
Lewis bases represents a viable approach towards isolable
silicon-based polycations (cf. Figure 1). However, increased
stability comes at the cost of lower electrophilicity and Lewis
acidity. Accordingly, numerous di- and tetracationic silicon
complexes with hexacoordinated Si'V atoms are even water
stable."™

Here, we demonstrate that silicon-based polycations
retain Lewis superacidic features upon stabilization with the
terpyridine ligand (terpy) and in the presence of the OTf
(CF;SO0s; triflate) counter anion. Their Lewis superacidity is
confirmed theoretically (FIA > SbFs) and experimentally (F~
abstraction from SbF¢~). Further reactivity investigations
revealed that they are one of the strongest silicon-based LAs
known to date. The Lewis acidity of dications R,Si*" and their
terpy complexes [R,Si(terpy)]*" was assessed by determining
isodesmic FIAs using the TMS-reference system!"! (Table 1,
for computational details see Supporting Information).
Expectedly, dicationic R,Si*" (FIA >1450 kJmol™") are
stronger LAs than R;Si* (700-950 kJmol ™).’ Notably,
through terpy-coordination, the FIAs of [R,Si(terpy)]*" are
about 35-40 % lower than those of “free” R,Si**, but still well
above the SbF; threshold of 500 kJmol~'. An estimation of
solvation correction in CH,Cl, was included (FIA,,,) using
the C-PCM solvation model,'® as gas phase FIAs of cations
often contain strong contributions of charge neutralization
and electrostatic attraction.*”] This resulted in a pronounced
FIA-damping for R,Si** and [R,Si(terpy)]*". The reduced

Silyliumions and ,silylium-like* species — well established

R3Si* [RsSiL]*
Silicon di- and trications — this work
FIA FIA
>1450  R,Si# stabilizing [RoSILI** ' >900
>1850  RSi%* ks [RSILP* | >1500
gas-phase sola

molecules

Figure 1. Previously studied silicon-based monocations and polycat-
ions (L=terpyridine; this work) with their fluoride ion affinities (FIA
[k} mol ™).
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Table 1: DFT-derived fluoride ion affinities (FIA) and solvent corrected
FIAs (FlA,,) of the cations R,Si** and their terpyridine complexes in
k) mol~".

Ph,Si*t 127 (Cy,Hg)Si*"T 227 (CH,),Si*" 3%
FIAE 1459 934 1541 982 1622 1000
FIAL 673 263 767 306 691 296

[a] B3LYP-D3B)/def2svp//PW6B95-D3B)/def2qzvpp [b] B3LYP-D3B)/
def2svp, gas phase geometries with C-PCM solvation model in CH,Cl,.

positive charge around the Si centers in the terpy-ligated
R,Si*" moieties can be visualized by mapping of the electro-
static potential on a 0.025¢ Bohr™ isodensity surface
(Figure 2). Areas with blue color-coding represent sections
which are more positively charged, whereas the delocalization
of the positive charges in [R,Si(terpy)]*" results in areas with
lower potential (red color-coding =less positively charged),
notably also around the Si centers.

In contrast to the reported synthesis of the [PhP(terpy)]**
phosphorus dication from PhPCL,!' attempts to obtain
analogous cations directly from dichlorosilanes failed. How-
ever, treatment of the corresponding R,Si(OTf), ditriflates
(R,=Ph,, (CH,);, C;,Hg) with terpy afforded the stable
complex salts 1{OTf],, 2[OTf], and 3[OTf], in 73-93 % yields
(Scheme 1), which were fully characterized by NMR, IR,
CHN analysis and SC-XRD. The Si centers are penta- (1**) or
hexacoordinated (2** and 3*") in the solid state (Figure 3), but
'H, “C and "F NMR spectra imply that the Si-OTf inter-
actions are labile in solutions.

The Lewis superacidity of 1[OTf],, 2[OTf],, and 3[OTf],
was confirmed by reactions with [PPh,][SbF,] in CD;CN. In
all cases, fluoride abstraction from SbF,” leads to the
formation of “SiF” species as observed by '"FNMR

[ * ¢

Ph,Siz* (CyoHg)Si2* (CH,),Si2+ |

S -
12+ 22+ 32+

25— B I 75

Figure 2. Projection of the calculated electrostatic potential (B3LYP-
D3BJ/def2svp) onto the isodensity surface (0.025e~ Bohr™*) of the
dications R,Si*" (top) and their terpyridine complexes [R,Si(terpy)]*"
(bottom).

R =Ph 1[0Tf],
RR = C12H8 2[0Tf]2
RR = (CHy)3 3[0Tf],

oTf [0Tf]

Scheme 1. Synthesis of the triflate salts of the dications 1**, 2** and
32t
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Figure 3. Molecular structures of 1%, [2(OTf)]* and [3(OTf)]" (from
left to right; thermal ellipsoids at 50% probability; H atoms omitted
for clarity and terpy ligand reduced to wireframe).

(Figure 4). For 1*", the formation of Ph,SiF, (8"F
—142.9 ppm, Vg =291 Hz)!"”! was observed after 20 h, while
the product mixtures resulting from 2*" and 3*" could not be
identified unambiguously. In order to avoid ligand scrambling
and other side-reactions, the compounds were exposed to 1-
fluoroadamantane (AdF) as a F~ source. Furthermore, C-
(sp®)—F bond activation is a crucial step for catalytic hydro-
defluorination reactions (HDF) and silylium ions readily
abstract F~ from fluorocarbons.>”?) ’F NMR spectra of the
reactions of 1*, 2** and 3*" with AdF showed complete
consumption of AdF in less than 1 h. With 1**, the generation
of Ph,SiF, was observed similarly to the results obtained with
SbF,~. For 2>, SiF HMQC measurements showed the clean
formation of [2(F)]" (8”Si —135.9 ppm, 8"F —112.5 ppm,
Jgr =224 Hz), which was isolated in 42% yield. SC-XRD
analysis revealed a hexacoordinate Si center with a Si—F bond
length of 1.6693(14) A (Figure 4). The same species was
detected in the reaction mixture of 2[OTf], and [PPh,][SbF].
Exposure of 3[OTf], to AdF gave a complex mixture of
products. Most likely, the strained silacyclobutane fragment is
not stable under the reaction conditions. In fact, a ring-
cleavage reaction was observed for the reaction of 1,1-
difluorosilacyclobutane with KF.?!

Compared to R,Si*!, the determined FIAs for RSi*"
suggest a tremendous increase in Lewis acidity and reach
almost 2000 kI mol ™" (cf. Table 2). The transition to the four-
coordinate [RSi(terpy)]*" results in FIAs decreased by only
ca. 20% (> 1500 kImol "), which lie above the FIA of the
two-coordinate ~ borenium  cation  [(catecholato)B]*
(1210 kI mol™).2? Solvation damping is pronounced for
the triply charged species but the obtained FIA,, for 4, 5"

for
Ry = Ph,, (CHJ);3
SbFg or AdF -
[R,Si(terpy)][OTf], i [R,Si(terpy)(F)]OTf R,SiF, +..
—~_ @F1
~—N2/ Observed by
> 9F NMR and FSi

M HMQC

" C16 forR = Ph

[2(F)1
isolable for

Rz = CyoHs
Figure 4. Reaction of [R,Si(terpy)][OTf], with [PPh,][SbF¢] or 1-fluoroa-

damantane (AdF) and the molecular structure of [2(F)]" (thermal
ellipsoids at 50% probability; Si-F 1.6693(14) A).
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Table 2: DFT-derived fluoride ion affinities (FIA) and solvent corrected
FIAs (FIA,,,) of cations RSi’** and their terpyridine complexes in k) mol™".

PhSiP* 4 st 5t m-XylSi*t 6
FIAE 1951 1522 1542 1890 1519
FIA, LT 764 563 - 566 767 564

solv

[a] B3LYP-D3B)/def2svp//PW6B95-D3B)/def2qzvpp [b] B3LYP-D3B)/
def2svp, gas phase geometries with C-PCM solvation model in CH,Cl,.
[c] No global minimum was found for CySi**.

and 6°' surpass the FIA,, of SbFs by more than 200 kJ mol".
Electrostatic potential maps illustrate the “smearing” of the
positive charge over the larger complex cations when
comparing RSi*" and [RSi(terpy)]’" (Figure 5). However,
regions with high potential remain around the silicon centers
also for [RSi(terpy)]** (blue color-coding), which is in agree-
ment with the high FIAs despite the additional coordination.

The stable 4[OTf];, 5[OTf]; and 6[OTf]; triflate salts were
obtained in 83-91% yields from RSi(OTf); precursors
(Scheme 2) with no sign of decomposition upon storage
over >6 months under inert atmosphere. X-Ray structure
analyses of 4[OTf]; and 6[OTf]; indicate that the anions
provide further stabilization through interaction with the
silicon centers (Figure 6 A). NMR data show the dynamic
exchange of coordinating and “free” triflate anions for
5[OTf]; and 6[OTf]; in solutions, whereas two singlets are
observable for Si-OTf and OTf~ in the ’F NMR spectrum of
4[OTf]; in CD,Cl,.

The Lewis superacidity of 4[OTf];, 5{OTf]; and 6[OTf];
was confirmed experimentally by fluoride abstraction from
SbF,~. '"H NMR measurements showed the consumption of
the starting material promptly after mixing the respective
complex salt with [PPh,][SbF,] in CD,CN. Furthermore, "F
and FSi-HMQC NMR measurements gave evidence for the

@ il
PhSi3+ m-XylSi3*
. » - » - - i)
“ Yy i
[0.35 — I T.00|

Figure 5. Projection of the calculated electrostatic potential (B3LYP-
D3BJ/def2svp) onto the isodensity surface (0.025e~ Bohr™) of tricat-
ions RSi*" (top) and their terpy complexes [RSi(terpy)]** (bottom). No
minimum geometry was found for CySi**.

oTf R=Ph  4[OTfl
= R=Cy 5[0Tf]
—Nu., R = m-Xyl 6[0Tf];

(:)Tf [OTf]

Scheme 2. Synthesis of the triflate salts of trications 4°%, 5°* and 6.
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Figure 6. Molecular structures of [4(OTf),]", [6(OTH)]*" (A) and [6-
(OPEL;)]** (B) (from left to right; thermal ellipsoids at 50% proba-
bility; H atoms are omitted for clarity and terpy ligand reduced to
wireframe).

formation of several species with a SiF bond. F~ abstraction
from AdF gave cleaner reactions with two unidentified major
products from 4[OTf]; and 6[OTf];, respectively, and a single
product from 5[OTf]; (probably [5(F)][OTf],, see Supporting
Information). The corresponding SiF species were also
observed in the respective reactions with [PPh,][SbF].

Further Lewis acidity scaling with the Gutmann-Beckett
(GB) method, that relies on the induced *'P NMR shift A*'P
of OPEt; upon coordination to a LA, gave the lowest A*'P
for 1**-OPEt; (23.5 ppm, cf. Figure $26). This is in agreement
with the lower FIA compared to the strained silacyclobutane
and silafluorene derivatives 2** and 3*" (A¥P=28.6,
27.7 ppm), which exceed the reported A¥P for B-
(C4F5);"OPELt, in CH,Cl, (26 ppm).”¥ X-Ray structure anal-
yses confirmed the formation of octahedral [2(OPEt;)]*" and
[3(OPEt,]*" (Figures S101 and S102). With 4[OTf]; and
5[OTf];, mixtures of bis-adducts and other unidentified
species formed (A*'P ranging from 35.5 to 48.9 ppm), which
hampered a meaningful scaling with the GB method (see
Supporting Information). Remarkably, the well-defined
mono-adduct [6(OPEt;)]** formed from an equimolar mix-
ture of 6[OTf]; and OPEt;, NMR spectroscopy (6%Si
—92.0 ppm) and SC-XRD (Figure 6B) confirmed the pres-
ence of a pentacoordinate Si center. Strikingly, the resulting
A*'P (61.1 ppm) for [6(OPEt;)]*" not only exceeds the A*'P
for OPEt; adducts of silylium ions (43.9 +2.7 ppm for [R;Si-
(OPEt;)]" (R = alkyl or aryl)!*?>*! but also for the borenium
adduct [(catecholato)B(OPEt,)]* (60.7 ppm).*! While com-
parisons between different classes of compounds have to be
considered with caution due to the large impact of steric and
HSAB effects,” the GB scaling nevertheless substantiates
the ranking of 6" among the strongest silicon LAs known to
date.

As a matter of fact, 5[OTf]; and 6[OTf]; react with
triethylsilane (Et;SiH) under hydride abstraction (Figure 7).
Conclusively, HSi-HMQC NMR measurements showed the
formation of Et;SiOTf (8%°Si 46-47 ppm)?”! in both cases. The
conversion to [S(H)][OTf], proceeded slowly at room temper-
ature and was confirmed by independent synthesis from
CySi(H)(OTf), and terpy. SC-XRD analysis confirmed the
connectivity of the pentacoordinate dication. Contrastingly,
compound 6[OTf]; was consumed within hours in presence of
Et;SiH with clear NMR spectroscopic evidence for the
activation of the para-carbon of the terpy ligand (Figure 7,
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i
[RoSi(terpy)][OTf], or 4[OTf]3 AH no reaction

Et;SiH
S[OTf]5
- Et3SiOTf
6[OTfls EtsSiH observed by 'H,
- E4,SiOTf 3C and #Si NMR

Figure 7. Reactivity of 5[OTf]; and 6]OTf]; towards Et,SiH with depic-
tion of the molecular structure of [5(H)]*".

8”Si —94.8 ppm, see Supporting Information). Recently,
a similar carbon-centered Lewis acidity was reported for
a series of N-heterocycle-ligated borocations®! and for terpy-
stabilized PV dications.””! Furthermore, the catalytic cycle for
the hydrosilylation of pyridines to 1-silyl-4-hydropyridines is
supposed to involve hydride transfer to N-silyl-pyridinium
cations.”™ We attribute the activation of the terpy-backbone
to the lower spatial accessibility of the silicon center in 6*'.

Finally, the applicability of the silicon cations in the
catalytic HDF of AdF with Et;SiH was demonstrated with
a catalyst loading of 10 mol % (Table 3). The low respective
yields of Et;SiF may be attributed to the formation of stable
fluoride adducts and fluorosilanes (vide supra). The catalytic
efficiencies correlate well to the scaled Lewis acidities (1"
<2**, 3% < 4", 5°7) with exception of 6[OTf];, where the
concurring side-reaction with Et;SiH probably leads to the
deactivation of the catalyst.

In conclusion, we have demonstrated that the stabilization
of R,Si*" and RSi*" species with the chelate terpyridine ligand
affords stable complex cations, which still behave as Lewis
superacids (LSAs), even in the presence of coordinating
triflate anions. Theoretical and experimental Lewis acidity
scaling corroborates that the terpy-ligated Si-based trications
rank with the strongest isolable silicon Lewis acids known to
date. The H™ abstraction from Et;SiH suggests high hydride

Table 3: Catalytic hydrodefluorination of 1-fluoroadamantane.?

@\F + Et;SiH — @\H + Et;SiF

Communications

Catalyst Yield (Et;SiF) [%)] Conv. (C-F) [%]
1[0TfL, 8 23

2[0Tf], 31 48

3[0Tf], 30 51

4[OTf], 54 >99

5[0Tfl 56 >99

6[0Tf], 40 83

[a] Reaction conditions: CH;CN solutions, 10 mol % catalyst loading,
0.13 M AdF, 2 equiv. of silane. Conversion and yield determined by

F NMR integration using fluorobenzene as internal standard after 26 h
at room temperature.
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ion affinities for 5*" and 6*' and represents a promising
starting point for E—H bond activation studies beyond Si—H
bonds.
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