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An Experimental Acidity Scale for Intramolecularly Stabilized Silyl
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Abstract: A new NMR-based Lewis acidity scale is suggested

and its application is demonstrated for a family of silyl Lewis

acids. The reaction of p-fluorobenzonitrile (FBN) with silyl
cations that are internally stabilized by interaction with a

remote chalcogenyl or halogen donor yields silylated nitril-
ium ions with the silicon atom in a trigonal bipyramidal co-

ordination environment. The 19F NMR chemical shifts and

the 1J(CF) coupling constants of these nitrilium ions vary in a

predictable manner with the donor capability of the stabiliz-

ing group. The spectroscopic parameters are suitable probes
for scaling the acidity of Lewis acids. These new probes

allow for the discrimination between very similar Lewis
acids, which is not possible with conventional NMR tests,

such as the well-established Gutmann–Beckett method.

Introduction

Lewis acid (LA) catalysts are of widespread use in synthetic

chemistry and catalysis.[1] Consequently, there is a constant
quest for new Lewis acids of particular strength and for Lewis

acids with clearly defined acidity, which is adjusted to the syn-
thetic challenge. Silyl Lewis acids are particularly interesting

because they span a very broad spectrum of different acidity

strengths, beginning with moderate LAs, such as trimethylsilyl
chloride, to extremely strong examples, such as triarylsilylium

ions or solvent complexes of trialkylsilylium ions.[2] Recently,
cationic silyl Lewis acids in particular have come into the focus

of synthetic chemists due to their promising exceptional high
Lewis acidity.[2b, 3, 4] The requirement for their beneficial use in

preparative work is however a clear control over their reactivi-

ty.[5] In many cases, this was achieved by intramolecular coordi-
nation of weak Lewis bases (LB) to the cationic silicon center
that results in tetra-coordination for the silicon center
(Figure 1). In saying that, the parallels to intramolecular Frus-

trated Lewis Pairs (FLPs) popularized by Erker and Stephan
become obvious.[1c, d, 3p, 6] The strength of the LA/LB interaction

determines structure, spectroscopic properties and, in the con-
text of this report most important, the Lewis acidity of these

species. For synthetic purposes, a quantitative evaluation of
the Lewis acidity is desirable and a clear ranking of similar
Lewis acids is especially needed.[7] Several experimental meth-

ods have been established that allow for the scaling of Lewis
acidity. The most prominent ones are based on the change in
NMR chemical shifts of a probe Lewis base upon coordination
to a series of Lewis acids. The Gutmann–Beckett method uses

the change of the 31P NMR chemical shift of the probe Lewis
base OPEt3 upon complexation for scaling different Lewis

acids.[8] In Childs method the base is crotonaldehyde and the
1H NMR chemical shift of the g-proton is probed.[9] Related to
these methods, Hilt and co-workers applied the 2H NMR chemi-

cal shifts of the g-deuterium of the Lewis acid complexes of
perdeutero-pyridine to gauge their acidity.[10] Although Childs

method could not be applied to cationic silyl Lewis acids, pyri-
dine as well as phosphane oxides have been used to measure

their Lewis acidity and these investigations revealed the high

Lewis acidity of cationic silicon compounds.[10c, 11] In addition, it
was shown that these methods fail to gauge correctly the

Lewis acidity of intramolecularly stabilized silyl cations I. In
both cases, the interaction between the external probe base

and the silyl Lewis acid cancels the intramolecular interaction
between the stabilizing donor and the silyl group.[10c, 11] Conse-

Figure 1. Intramolecularly stabilized silyl cation I and its non-stabilized
isomer II. Relevant NMR parameters of triaryl silylium ion 1, of selenylether-
stabilized cation 2 c and their complexes with OPEt3 [Dd31P NMR of the
OPEt3 complex relative to that of OPEt3 (d31P = 46.2)] .
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quently, the authors did not report the Lewis acidity of the in-
ternally stabilized silyl Lewis acid I but, instead, that of a not

relevant donor-free species II. A comparison highlights this
issue: triarylsilylium ion 1[12] and silyl cation 2 c,[13] which is sta-

bilized by the remote selenylether donor, are very different
with respect to their electronic properties (as for example

shown by their vastly different 29Si NMR chemical shift) and
their reactivity. Nevertheless, the Gutmann–Beckett method as-
signs to both nearly the same Lewis acidity, expressed by

almost identical Dd31P values (Figure 1). Moreover, the selenyl-
stabilized silyl cation 2 c is, according to the Gutmann–Beckett
method, even slightly more Lewis acidic than silylium ion 1.
Clearly, the stabilization of the silyl cation 2 c by the selenyleth-

er substituent is pushed back by the external base phosphine
oxide and all information on the actual acidity of the stabilized

cation 2 c is lost. This example highlights the need for a less

strong Lewis base as a probe, which would allow for the clas-
sification of subtle distinctions in the Lewis acidity of intramo-

lecularly stabilized silyl cations. Here, we report our results by
using p-fluorobenzonitrile (FBN) as an NMR probe for the scal-

ing of intramolecularly stabilized silyl Lewis acids.

Results and Discussion

We found that FBN is only a weak donor towards typical Lewis
acids. For example, it forms no Lewis acid–base complex with

trityl cation 3, [Ph3C]+ , as suggested by the unchanged NMR
parameters for both compounds when trityl tetrakis-penta-

fluorophenyl borate 3[B(C6F5)4] was mixed with FBN in methyl-
ene chloride (see Supporting Information). Stronger Lewis

acids, such as tris-pentafluorophenyl borane (BCF), however,

form a stable complex with FBN upon mixing both compounds
in methylene chloride. A relative sharp 11B NMR resonance at

d11B =@10.0 (FWHH = 275 Hz) for the complex 4 indicates tet-
racoordination for the boron atom (c.f. : [B(C6F5)4]@ , w(1/2) =

21 Hz). This is supported by the relative small separation of the
19F NMR signals for p- and m-fluorine atoms of the C6F5-groups

in ylide 4 (4 : Dd19Fm/p = 7.2, c.f. [B(C6F5)4]@ : Dd19Fm/p = 3.9 and

[B(C6F5)3]: Dd19Fm/p = 20.1).[14] The 19F NMR signal of the p-fluo-
rine atom is shifted upon formation of the complex 4 by

Dd19F = 10.9 to lower field. The deshielding of the fluorine
atom and the increased 1J(CF) coupling constant indicates the

importance of the quinoid resonance structure 4B (Figure 2).
Finally, formation of nitrilium ylide 4 was confirmed by X-ray

diffraction (XRD) analysis of suitable crystals. The molecular

structure of ylide 4 reveals a tetra-coordinated boron atom
[Sa(CBC) = 340.08] with a regular B@N bond (158.8 pm, sum of

the predicted covalent radii : 156 pm)[15] and the expected
linear B-N-C unit (Figure 3).

Silylium ions are commonly accepted to be stronger Lewis
acids than tricoordinated boron compounds.[11] We prepared si-

lylium ion 5 by the standard Corey protocol using [Ph3C]
[B(C6F5)4] in methylene chloride in the presence of exactly one

equivalent of FBN which gave the silylated nitrilium borate

6[B(C6F5)4] .[2c] Nitrilium ion 6 is characterized by the 29Si NMR
chemical shift of d29Si = 23.0, in the typical spectral range for si-

lylated nitrilium ions (d29Si = 6–40).[16] The stronger deshielding
of the p-fluorine atom (d19F =@86.6) and the large 1J(CF) cou-

pling constant [1J(CF) = 272.8 Hz] indicate a higher contribution
of the quinoid resonance structure for the silylated nitrilium
ion 6 compared to the nitrilium borate ylide 4 and suggests a

higher Lewis acidity for silylium ion 5.
Next, we tested the reactions of FBN with a series of silyl cat-

ions stabilized by interaction with chalcogenyl and halogen
substituents based on the acenaphthene (2) and naphthalene

(9) backbone. Recently, sulfur- and oxygen-stabilized silyl cat-
ions have attracted special interest as possible Lewis acidic cat-

alysts.[4, 13] The selenyl-stabilized cation 2 c was chosen as a test
case, considering that the cationic silicon atom and the seleni-
um-based donor group can be easily monitored by NMR spec-

troscopy. Silyl borate 2 c[B(C6F5)4] was prepared according to
Scheme 1 by using the standard Corey reaction[17] and was

fully characterized by multinuclear NMR spectroscopy. Its iden-
tity was verified by comparison with literature data.[13] Finally,

the molecular structure of cation 2 c was unequivocally estab-

lished by an XRD analysis of the salt [2 c]2[B12Br12] . The molecu-
lar structure of the acenaphthene-based cation 2 c closely re-

sembles that of the previously reported naphthalene-based
cation 9 c (Figure 4).[13] The silicon atom in 2 c is tetracoordinat-

ed with a significant trigonal flattening of the tetrahedral coor-
dination of the silicon atom [Sa(SiC3) = 346.18] . The coordina-

Figure 2. Selected NMR parameters of p-fluorobenzonitrile (FBN) and of nitri-
lium ylide 4.

Figure 3. Molecular structure of complex 4 in the crystal. Pertinent bond
lengths and angles: B@N 158.77(11) pm; C@N 114.56(10) pm; C@Cipso

142.47(10) pm; B-N-C 179.732(77)8 ; Sa(CBC) = 340.08. (Thermal ellipsoids
drawn at 50 % probability, hydrogen atoms are omitted, color code: grey
carbon; green fluorine; blue nitrogen, brown boron).
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tion environment of the selenium atom is trigonal pyramidal

[Sa(Se) = 288.48] . As expected, the ethylidene bridge in cation
2 c elongates the silicon selenium bond slightly [243.05(6) pm

(2 c) vs. 240.6 pm (9 c)] . The attractive Lewis acid–base interac-
tion between the two atoms in peri-position of the acenaph-

thene moiety does not lead to significant strain in cation 2 c.[18]

This is indicated by the sum of the bay angles Sb of 355.98
that is close to the ideal value of 3688 for the unsubstituted

acenaphthene (see Figure 4).[19] The silicon atom is placed
39 pm above the plane spanned by the ten carbon atoms of

the naphthalene subunit, while the selenium atom is essential-
ly placed in this plane.

Nitrilium ion 10 c was synthesized by addition of exactly an
equimolar amount of FBN to a solution of 2 c[B(C6F5)4] in meth-

ylene dichloride (Scheme 1). Its formation is indicated by a sig-
nificant high-field shift of the 29Si NMR resonance (Dd29Si =

@38) and by a deshielding of the selenium atom (Dd77Se = 26)
compared to cation 2 c (Figure 5). Interestingly, the 77Se NMR

chemical shift of nitrilium ion 10 c is still markedly smaller than

reported for dicoordinated bisarylselenides such as selenide 7 c
and suggests for the selenium atom a trigonal pyramidal coor-

dination environment. In agreement, the substantial 1J(SiSe)
coupling constant of 33 Hz points to the presence of a Si@Se

bond.[20] The coordination of the nitrile to the silicon atom is
shown by the low field shift of the 19F NMR signal and an in-

crease of the 1J(CF) coupling constant [Dd19F = 4.9, D1J(CF) =

4.5 Hz]. Upon formation of the nitrilium ion 10 c from selenoni-
um ion 2 c the diasterotopic methyl groups, syn/antiMe, at the sili-

con atom become magnetically equivalent at room tempera-
ture in both 1H and 13C NMR spectra (Figure 5). This indicates a
lower barrier for the inversion of the trigonal pyramidal config-
uration at the selenium atom.[13] All attempts to obtain definite

structural information for the pentacoordination of the silicon
atom in nitrilium ion 10 c by growing suitable single crystals
for XRD analysis from salts of weakly coordinating anions, such

as perfluorinated tetraarylborates or brominated dodecahedral
borates, failed.[21] Either slow decomposition occurred or crys-

tals of the corresponding silyl cation 2 c salts were obtained.
For example, the salt [2 c]2[B12Br12] crystallized from a methyl-

ene chloride/hexane solution of nitrilium closo-borate

[10 c]2[B12Br12] .
In summary, the NMR spectroscopic data for nitrilium ion

10 c clearly indicate pentacoordination for the silicon atom and
a significant bonding interaction between the silicon and sele-

nium atoms, although the nitrile is coordinated to the silicon
atom. The fact that nitrile coordination does not cancel the sili-

Scheme 1. Formation of silyl cations 2, 5 and 9 and subsequent transforma-
tion to nitrilium ions 6, 10 and 11 (2, 5, 7 and 10 : acenaphthene-based com-
pounds; 8, 9, 11: naphthalene-based compounds).

Figure 4. Molecular structure of cation 2 c in the crystal of [2 c]2[B12Br12] x 8
[H2CCl2] . Pertinent bond lengths and angles: Se@Si 243.05(6) pm; Se@C5

192.4(2) pm; Si@C6 185.2(2) pm; b1 115.37(16)8 ; b2 125.7(2)8 ; b3 114.85(16)8 ;
C5-Se-Cipso 101.19(9)8 ; C6-C1-Se-Si @7.941(67)8 ; Sa(SiC3) 346.06(3)8 ;
Sa(Se) = 288.41(2)8 ; Sb= 355.9(4)8. (Thermal ellipsoids drawn at 50 % proba-
bility, hydrogen atoms are omitted, color code: grey carbon; violet silicon;
red selenium).

Figure 5. Selected NMR parameters of silylselenide 7 c and cations 2 c and
10 c.
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con–selenium interaction suggested to us that the spectro-
scopic data of nitrilium ion 10 c, such as 19F NMR chemical shift

and 1J(CF) coupling constant, reflect the Lewis acidity of the
stabilized silyl cation. The modification of these two parame-

ters clearly show the attenuation of the acidity of the silyl
Lewis acid 2 c by the selenium donor compared to silyl cation

5. To test if both NMR spectroscopic parameters are general
measures of the acidity of intramolecularly stabilized Lewis

acids, we analyzed the NMR spectroscopic data obtained for

the series of nitrilium borates 10[B(C6F5)4] and 11[B(C6F5)4]
(Scheme 1). All investigated nitrilium borates 10[B(C6F5)4] and
11[B(C6F5)4] were fully characterized by multinuclear NMR spec-
troscopy and the complete data are summarized in the Sup-

porting Information. Results that are pertinent for the discus-
sion are shown in Table 1. The 19F{1H} NMR spectra were col-

lected at room temperature in CD2Cl2, and were calibrated

against the signal of the p-fluorine atoms of the [B(C6F5)4]@

anion (d19F =@163.44), which was referenced against fluoro-

benzene [d19F (C6H5F) =@113.78].[22] In this series of intramolec-
ularly stabilized silyl cations, the two NMR parameters varied

from d19F =@102.1 and 1J(CF) = 257.1 Hz for the telluryl-substi-
tuted nitrilium ion 10 d to d19F =@86.6 and 1J(CF) = 272.8 Hz

for the unsubstituted silyl cation 6 (Figure 6 a,b). The values for

the tellurium compound 10 d are close to those measured for
the free FBN, which indicates for cation 2 d the strongest inter-

action between the donor group and the silicon center. For
the other extreme, the bromo-substituted species 10 e, the pa-

rameters are close to those for cation 5. Hence, bromo-substi-

tuted silyl cation 2 e is the strongest Lewis acid in this series,

whereas the tellurium compound 2 d is the weakest. As expect-
ed, we noticed a clear linear correlation between both NMR

parameters, which indicates that both values can be used as
measure for the Lewis acidity of intramolecularly stabilized silyl

cations (Figure 7). Consequently, both scales predict the same

Table 1. Experimental NMR parameters of nitrilium ions 10, 11 and relat-
ed compounds (in CD2Cl2 at 305 K) and calculated bond energies (BDE)
and fluoride ion affinity (FIA) of the corresponding silyl cation 2, 5, 9 and
BCF (at M06-2X/Def2-TZVP, FIA at SCIPCM M06-2X/Def2-TZVP). Cpd =

compound.

Cpd Do d19F 1J(CF)
[Hz]

1J(SiDo)
[Hz]

FIA
[kJ mol@1]

BDE (Si@N)
[kJ mol@1]

10 a OPh @87.9 269.1 – 215 96
10 b SPh @94.3 264.1 – 182 70
10 c SePh @98.5 260.2 33 176 65
10 d TeMes @102.1 257.1 171 171 51
10 e Br @87.6[b] 269.7 – 235 119
10 f I @90.9[b] 266.7 – 222 105
11 a OPh @90.2[a] 267.7[a]} – 201 90
11 c SePh @101.9 257.2 56 167 62
11 e Br @88.0[b] 269.1 – 224 112
4 – @92.5 268.0 – – –
6 – @86.6 272.8 – 302 183
FBN – @103.4 255.7 – – –

[a] At 233 K in CD2Cl2vs. reference at 233 K d19F =@162.87, see Support-
ing Information. [b] Broad signals : [FWHH = 299 Hz (10 e) ; 347 Hz (10 f) ;
109 Hz (11 e)] .

Figure 6. Different scales for the Lewis acidity for cations 2 and 9 and related compounds. a) Scale based on 19F NMR chemical shifts of nitrilium ions 10 and
11. b) Scale based on 1J(CF) coupling constants of nitrilium ions 10 and 11. c) Scale based on fluoride ion affinities (FIA) calculated for cations 2 and 9 at
SCIPM/M06-2X/Def2-TZVP for methylene chloride solution by using reaction (1) in Scheme 2.
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order of Lewis acidity for the tested silyl Lewis acids. We note,

however, that the relative position of BCF varies somewhat on
both scales (see Figure 6 a,b). In addition, we note that both

scales indicate a larger dispersion of the data for weak Lewis
acids and a smaller separation for stronger Lewis acids (Fig-

ure 6 a,b). Clearly, this confers to the sequence of strong Lewis

acids a larger degree of uncertainty. Nevertheless, when ace-
naphthene-based silyl Lewis acids 2 are compared to the corre-

sponding naphthalene systems 9, the Lewis acidity is always
larger for the acenaphthene-based cation. For example, for the

donor OPh, cation 2 a is more Lewis acidic than 9 a. This is in
line with the weaker Si–Do (Do = donor) interaction previously

found for acenaphthene-based cations 2 compared to the

naphthalene systems 9 with the same donor.[13]

Quantum mechanical calculations at the M06-2X/def2-TZVP

level of theory were used to gain further insights. This compu-
tational model is justified by the close agreement between the

theoretically predicted molecular structure of cation 2 c and
that determined experimentally by XRD. Optimized structural

parameters that are pertinent to the discussion, such as bond

lengths and bond angles in the bay region of cation 2 c, differ
by less than 1 % and provide a solid basis for the structural dis-
cussion. The calculated structural data for all investigated nitri-
lium ions are summarized in Table 2. As a typical example,

Figure 8 compares the calculated molecular structure of cation
2 c with that of nitrilium ion 10 c. In nitrilium ion 10 c the sili-

con atom adopts a trigonal bipyramidal coordination sphere
with the selenyl group and the nitrile at the axial positions and
an almost planar trigonal basis spanned by the silicon atom

and its three carbon substituents [Sa(SiC3) = 3598] . The Si–Se
distance is 275.6 pm, elongated by 30.9 pm compared to sele-

nonium ion 2 c,[13] and the coordination of the nitrile is indicat-
ed by the short Si@N distance of 199.7 pm. Both values are sig-

nificantly smaller than the respective sum of the van der Waals

radii [SvdW; 400 pm (SiSe) and 365 pm (SiN)] .[23] The sum of
the bay angles (Sb) taken as a measure for strain induced by

the peri substitution indicates no significant hindrance in
cation 2 c and in nitrilium ion 10 c [Sb= 3578 (2 c) and 3658
(10 c)] .[18] Very similar structural parameters are computed for
all nitrilium ions 10 and 11 and are summarized in Table 2. A

first idea about the Lewis acidity of the stabilized silyl cations

is provided by the complexation energy between the cation
and the coordinating nitrile, which is the bond dissociation

energy of the Si@N(FBN) bond, BDE (Si@N) (Table 1). FBN is
weakly bonded to the chalcogenyl-substituted cations 2 a–d,

9 a [BDE (Si@N) = 51–96 kJ mol@1] and only slightly stronger to

Figure 7. a) Plot of the 1J(CF) coupling constants versus the 19F NMR chemical shifts of nitrilium ions 6, 10, 11, and ylide 4. A line fit using all eleven data
points results in the following statistics : 1J(CF) = (0.91:0.05) Hz V d19F + (350.27:4.62) Hz; R2 = 0.97. b) Plot of d19F (black circles, left axis) and 1J(CF) (red tri-
angles, right axis) data for nitrilium ions 10 and 11 versus FIA calculated for the corresponding cations 2 and 9 by using reaction (1) in Scheme 2.

Table 2. Calculated structural parameters of cations 2, 9 and nitrilium
ions 10, 11 and silyl fluorides 12, 13 that are relevant to the discussion
(M06-2X/Def2-TZVP). (Do-Si : atomic distance donor atom silicon; Sb : sum
of the bay angles; d(Si), d(Do): distances of the silicon atom and donor
atom from the plane that is spanned by the ten carbon atoms of the
naphthalene ring, Sa(SiC3) ; Sa(Do): sum of the bond angles around the
silicon atom and the donor atom). Experimental XRD data are given for
comparison in parentheses. Cpd = compound.

Cpd Do Do@Si
[pm]

Sb

[8]
Si@N
[pm]

d(Si)
[pm]

d(Do)
[pm]

Sa(SiC3)
[8]

Sa(Do)
[8]

2 a OPh 185.4 337.3 – 0.0 0.0 352.2 360.0
2 b SPh 232.1 353.4 – 18.1 @8.0 349.0 299.4
2 c SePh 244.7

(243.1)
357.2

(355.9)
– 15.6

(39.2)
@6.8

(@0.1)
347.9

(346.1)
288.9

(288.4)
2 d TeMes 261.4 361.8 – 5.1 @4.1 345.4 290.1
2 e Br 247.0 358.4 – 0 0 351.6 –
2 f I 264.3 363.0 – 0 0 349.5 –
9 a OPh 183.2

(183.8)
337.7

(337.9)
–

(–)
0.6

(3.2)
0.9

(9.5)
351.7

(351.3)
359.5

(360)
9 e Br 243.9 358.6 – 0 0 350.7 –
10 a OPh 244.7 355.1 191.4 0.01 @0.01 354.8 360.0
10 b SPh 263.6 361.8 199.9 27.4 @17.5 359.4 300.6
10 c SePh 275.6 364.8 199.7 28.8 @22.2 358.9 289.3
10 d TeMes 292.2 369.8 201.9 13.0 @11.3 359.7 295.5
10 e Br 302.9 373.7 190.0 1.9 @1.6 353.9 –
10 f I 328.7 377.0 190.0 45.6 @42.9 355.0 –
11 a OPh 219.1 348.2 196.2 0.3 @0.1 357.7 360.0
11 c SePh 267.6 362.4 201.8 38.3 @31.9 359.3 290.2
11 e Br 291.4 369.3 191.0 38.8 @29.2 355.2 –
12 a OPh 285.8 367.8 – 6.4 @7.9 342.4 349.4
12 b SPh 318.2 378.0 – 24.8 @16.5 345.2 289.5
12 c SePh 328.5 380.5 – 21.0 @17.0 345.6 280.8
12 d TeMes 352.5 384.4 – 32.5 @42.8 345.4 301.6
12 e Br 333.2 381.9 – 23.3 @12.5 331.2 –
12 f I 351.3 384.2 – 42.3 @30.8 330.4 –
13 a OPh 270.7 363.6 – 5.8 @6.1 344.4 355.6
13 e Br 326.0 378.3 – 49.6 @31.6 329.9 –
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the bromo- and iodo-stabilized cations 2 e, f and 9 e [BDE (Si@
N) = 105–119 kJ mol@1] . Based on these calculated cation–nitrile

interaction energies, the strongest Lewis acid among our test
set is the bromo-stabilized silyl cation 2 e and the weakest is

the telluryl-stabilized 2 d, in qualitative agreement with the
scales based on 19F NMR chemical shifts and the 1J(CF) cou-

pling constants (Figure 6 a,b). A commonly accepted theoreti-

cal scale for Lewis acidity is based on calculated fluoride ion af-
finities.[7, 24] We calculated the fluorine ion affinity (FIA) for cat-

ions 2 and 9 versus BEt3 at the M06-2X/Def2-TZVP level of
theory with inclusion of solvent effects using the SCIPM model

with methylene chloride as solvent according to reaction (1)
(Scheme 2). The results are summarized in Table 1 and are

graphically displayed in Figure 6 c. The FIAs for the stabilized

silyl cations 2, 9 are clearly separated from that predicted for
the non-stabilized cation 5 (303 kJ mol@1) and fall in the relative

narrow range (FIA = 171–224 kJ mol@1). The relative order of
the Lewis acidity for cations 2 and 9 on the FIA scale is close

to that given by the experimental d19F NMR and 1J(CF) NMR
parameters, although there is no linear correlation between
the experimental scales and the FIA scale (Figure 7 b). It is

worth noting that for the limited subset of data of chalcogen-
yl-substituted cations all three scales provide the same se-
quence of increasing Lewis acidity as they do for the subset of
halo-substituted cations (Figure 6). The missing correlation be-

tween the computed FIA scale and the two experimental nitri-
lium-based scales might be rationalized by a closer inspection

of the computed structures of cations 2/9, nitrilium ions 10/11
and the corresponding silylfluoride 12/13. For the series of se-
lenyl-substituted compounds, the computed structures are

shown in Figure 8. By taking the sum of the bay angles Sb as
an indicator for kind of interaction between the selenyl and

the silyl group, it becomes evident that there is small attractive
interaction in the stabilized silyl cation 2 c (Sb8= 3578). The in-

teraction becomes slightly repulsive in the nitrilium ion 10 c
with a pentacoordinated silicon atom (Sb8= 3658) and finally

the repulsion between the peri-substituents is significant in
silyl fluoride 12 c (Sb8= 3818).[25] This comparison indicates that

the attractive donor–acceptor interaction originally present in

cation 2 c, is preserved to a certain extent in nitrilium ion 10 c
but it is significantly pushed back and is even repulsive in silyl

fluoride 12 c. This suggests that the scales based on the NMR
parameters of the nitrilium ions 10 and 11 are better suited to

gauge the modifications of the Lewis acidity by the intramolec-
ular donor than the theoretical FIA scale is.

Free triarylsilylium ions, such as tris-pentamethylphenyl silyli-

um, 1 (Pemp3Si+), are not stable in CH2Cl2 solutions,[12b] there-
fore we quantified their Lewis acidity with nitrile 1 in chloro-

benzene solution. The borate 1[B(C6F5)4] was synthesized by
substituent-exchange reaction and identified by NMR spectros-

copy.[12] An equimolar amount of FBN was added and the for-
mation of the corresponding nitrilium ion 14 was indicated by
the substantially high-field shifted 29Si resonance [d29Si(1) =

216.8; d29Si(14) =@2.2] . As expected, the experimental NMR
parameters of nitrilium ion 14 [d19F =@87.3, 1J(CF) = 270 Hz]

characterize silylium ion 1 as a very strong Lewis acid, stronger
than bromonium ion 2 e and somewhat weaker than silylium

ion 5. As an example for an intermolecular stabilized silyl
cation, we tested the reactivity of triethylsilyltoluenium,

[Et3Si(C7H8)]+ , versus FBN.[6b] As expected from several previous
examples, the nitrile replaces the toluene molecule completely
as indicated by the typical 29Si NMR chemical shift of d29Si =

41.2.[2c, 16] Consequently, also the NMR parameters of
[Et3Si(FBN)]+ indicate the Lewis acidity of the free silylium ion

Et3Si+ [d19F =@87.9, 1J(CF) = 270 Hz]. According to
our measured NMR parameters, the difference be-

tween the Lewis acidity of the silylium ions 1, 5 and

Et3Si+ are small and reflect the stabilizing electronic
effects of the different substituents. In view of the

vastly different steric requirement of the substituents
in these cations, it suggests also that steric effects on

nitrilium ion formation are only of minor importance.

Figure 8. Calculated molecular structures of selenonium cation 2 c, nitrilium ion 10 c and silyl fluoride 12 c (at M06-2X/def2-TZVP, all hydrogen atoms are omit-
ted, color code: grey carbon; violet silicon; red selenium, blue nitrogen, green fluorine).

Scheme 2. Reaction (1) used for the evaluation of the fluoride ion affinity.
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In this respect, the linear arrangement of the atoms in the ni-
trile donor is certainly beneficial.

The relative order of Lewis acidity was tested experimentally
for the hydride transfer reaction of silane 7 c with bromonium

ion 2 e. A biphasic solution of 2 e[B(C6F5)4] was prepared by the
standard Corey protocol from the silane 7 e in [D6]benzene
(Scheme 3). The clean formation of cation 2 e was indicated by
1H NMR spectroscopy (see Supporting Information). Addition
of one equivalent of selenyl silane 7 c at room temperature

gave the less Lewis acidic selenyl-stabilized silyl cation 2 c
(d29Si = 64, d77Se = 254)[13] and the bromoacenaphthyl silane 7 e
was recovered [d29Si =@15, d1H = 5.46, 0.64 (SiHMe2)] .

Conclusion

The reactions of the weak donor p-fluorobenzonitrile, FBN,
with a family of internally stabilized silyl cations 2 and 9 were

studied. The formed nitrilium ions 10 and 11 are stable in ben-
zene solutions and in many cases, also in methylene chloride.

They were fully characterized by NMR spectroscopy. Two spec-
troscopic parameters, the 19F NMR chemical shift of the p-fluo-

rine atom and the 1J(CF) coupling constant between the fluo-

rine atom and the p-carbon atom were found to be sensitive
to the different Lewis acidity of the investigated intramolecu-
larly stabilized silyl cations. The NMR investigations that were
supported by the results of density functional calculations indi-

cate a trigonal bipyramidal coordination environment for the
silicon atom in nitrilium ions 10 and 11. Therefore, the coordi-

nation of the nitrile to the silicon center is not strong enough
to cancel the interaction with the internal donor. As a conse-
quence, the electronic situation of nitrilium ions 10 and 11 as

disclosed in their NMR parameters reflect closely the original
situation in the underlying silyl Lewis acids 2 and 9. This sug-

gests that FBN is a NMR probe well suited to distinguish and
to gauge the Lewis acidity of silyl Lewis acids that are stabi-

lized by relatively strong donors. This is shown by the clear dis-

crimination between very similar silyl Lewis acids, such as
iodine compound 2 f, thiophenyl ether 2 b, and phenylselenyl

ether 2 c (see Figure 6 a,b). The sequence found with the FBN
probe is supported by the DFT calculations for the complexa-

tion energies with FBN, BDE (Si@N) (Table 1) and by competi-
tion experiments. The Lewis acidity based on the FBN scale

parallels that of the theoretically derived FIA scale (Figure 6 c);
there is, however, no linear correlation. The lack of proportion-

ality between both scales can be rationalized by the stronger
affinity of the fluoride ion used in the theoretical scale to sili-

con, which suppresses the small differences in the intramolecu-
lar donation by the different donor groups. Therefore, we sug-

gest that the FBN NMR probe is well suited for gauging the
actual Lewis acidity of a stabilized silyl Lewis acid. The probe is

applicable to strong donors (weak Lewis acids), although there

is clearly a limitation for very strong donors, which do not
allow for an additional coordination of the nitrile. For weak

donors (strong Lewis acids), their influence on the Lewis acidity
of the donor-stabilized acid is canceled as soon as they are re-

placed by the nitrile. The advantage of the FBN probe com-
pared to established scales, such as the Gutmann–Beckett
method, is demonstrated by the example quoted in the intro-

duction, that is, the direct comparison between silylium ion 1
and the internally stabilized silyl cation 2 c. Practically, the

same Lewis acidity of both ions is suggested on the basis of
the Gutmann–Beckett method, whereas the FBN probe differ-
entiates substantially between both cations. This is a result
that is expected from the vastly different reactivity of silylium

ion 1 and intramolecularly stabilized silyl cation 2 c (Figure 9).

The FBN NMR probe in our hands is a valuable extension of
the toolbox of methods for quantifying the actual acidity of

stabilized Lewis acids, which do find more and more applica-
tions in synthesis. It allows for the discrimination between silyl

cations stabilized by donors of very similar donor ability and it

is therefore useful for the design and fine tuning of silyl Lewis
acids in particular and of Lewis acids in general. Currently, we

are applying the FBN method to other intramolecularly stabi-
lized cationic Lewis acids.
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[25] E. Hupf, M. Olaru, C. I. Raţ, M. Fugel, C. B. Hebschle, E. Lork, S. Grabow-
sky, S. Mebs, J. Beckmann, Chem. Eur. J. 2017, 23, 10568 – 10579.

Manuscript received: July 16, 2019

Accepted manuscript online: August 30, 2019

Version of record online: October 31, 2019

Chem. Eur. J. 2019, 25, 15123 – 15130 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim15130

Full Paper

https://doi.org/10.1021/cr030680z
https://doi.org/10.1021/cr030680z
https://doi.org/10.1021/cr030680z
https://doi.org/10.1021/jacs.5b06794
https://doi.org/10.1021/jacs.5b06794
https://doi.org/10.1021/jacs.5b06794
https://doi.org/10.1002/anie.201409800
https://doi.org/10.1002/anie.201409800
https://doi.org/10.1002/anie.201409800
https://doi.org/10.1002/ange.201409800
https://doi.org/10.1002/ange.201409800
https://doi.org/10.1002/ange.201409800
https://doi.org/10.1002/ange.201409800
https://doi.org/10.1021/cr020003p
https://doi.org/10.1021/cr020003p
https://doi.org/10.1021/cr020003p
https://doi.org/10.1070/RCR4868
https://doi.org/10.1070/RCR4868
https://doi.org/10.1070/RCR4868
https://doi.org/10.1126/science.aat5440
https://doi.org/10.1126/science.aam7975
https://doi.org/10.1021/acscatal.8b01666
https://doi.org/10.1021/acscatal.8b01666
https://doi.org/10.1021/acscatal.8b01666
https://doi.org/10.1039/C8SC02279H
https://doi.org/10.1039/C8SC02279H
https://doi.org/10.1039/C8SC02279H
https://doi.org/10.1002/anie.201712088
https://doi.org/10.1002/anie.201712088
https://doi.org/10.1002/anie.201712088
https://doi.org/10.1002/ange.201712088
https://doi.org/10.1002/ange.201712088
https://doi.org/10.1002/ange.201712088
https://doi.org/10.1021/acscatal.7b02658
https://doi.org/10.1021/acscatal.7b02658
https://doi.org/10.1021/acscatal.7b02658
https://doi.org/10.1021/acs.organomet.7b00689
https://doi.org/10.1021/acs.organomet.7b00689
https://doi.org/10.1021/acs.organomet.7b00689
https://doi.org/10.1021/acs.organomet.7b00689
https://doi.org/10.1038/nchem.2863
https://doi.org/10.1038/nchem.2863
https://doi.org/10.1038/nchem.2863
https://doi.org/10.1038/nchem.2863
https://doi.org/10.1126/science.aao5894
https://doi.org/10.1126/science.aao5894
https://doi.org/10.1126/science.aae0010
https://doi.org/10.1021/jacs.6b04878
https://doi.org/10.1021/jacs.6b04878
https://doi.org/10.1021/jacs.6b04878
https://doi.org/10.1039/c003097j
https://doi.org/10.1039/c003097j
https://doi.org/10.1039/c003097j
https://doi.org/10.1021/cs4003244
https://doi.org/10.1021/cs4003244
https://doi.org/10.1021/cs4003244
https://doi.org/10.1002/chem.201703798
https://doi.org/10.1002/chem.201703798
https://doi.org/10.1002/chem.201703798
https://doi.org/10.1002/anie.200904520
https://doi.org/10.1002/anie.200904520
https://doi.org/10.1002/anie.200904520
https://doi.org/10.1002/anie.200904520
https://doi.org/10.1002/ange.200904520
https://doi.org/10.1002/ange.200904520
https://doi.org/10.1002/ange.200904520
https://doi.org/10.1021/acs.orglett.8b02945
https://doi.org/10.1021/acs.orglett.8b02945
https://doi.org/10.1021/acs.orglett.8b02945
https://doi.org/10.1021/acs.organomet.6b00548
https://doi.org/10.1021/acs.organomet.6b00548
https://doi.org/10.1021/acs.organomet.6b00548
https://doi.org/10.1021/acs.organomet.6b00548
https://doi.org/10.1021/acs.organomet.5b00351
https://doi.org/10.1021/acs.organomet.5b00351
https://doi.org/10.1021/acs.organomet.5b00351
https://doi.org/10.1021/acs.organomet.5b00351
https://doi.org/10.1021/om500570d
https://doi.org/10.1021/om500570d
https://doi.org/10.1021/om500570d
https://doi.org/10.1002/chem.201501987
https://doi.org/10.1002/chem.201501987
https://doi.org/10.1002/chem.201501987
https://doi.org/10.1002/anie.200705291
https://doi.org/10.1002/anie.200705291
https://doi.org/10.1002/anie.200705291
https://doi.org/10.1002/anie.200705291
https://doi.org/10.1002/ange.200705291
https://doi.org/10.1002/ange.200705291
https://doi.org/10.1002/ange.200705291
https://doi.org/10.1021/ja9109665
https://doi.org/10.1021/ja9109665
https://doi.org/10.1021/ja9109665
https://doi.org/10.1021/ja2040392
https://doi.org/10.1021/ja2040392
https://doi.org/10.1021/ja2040392
https://doi.org/10.1021/ja2040392
https://doi.org/10.1021/acscatal.6b00421
https://doi.org/10.1021/acscatal.6b00421
https://doi.org/10.1021/acscatal.6b00421
https://doi.org/10.1021/acscatal.6b00421
https://doi.org/10.1002/anie.201107958
https://doi.org/10.1002/anie.201107958
https://doi.org/10.1002/anie.201107958
https://doi.org/10.1002/anie.201107958
https://doi.org/10.1002/ange.201107958
https://doi.org/10.1002/ange.201107958
https://doi.org/10.1002/ange.201107958
https://doi.org/10.1002/chem.201802698
https://doi.org/10.1002/chem.201802698
https://doi.org/10.1002/chem.201802698
https://doi.org/10.1007/BF00913599
https://doi.org/10.1007/BF00913599
https://doi.org/10.1007/BF00913599
https://doi.org/10.1016/S0010-8545(00)82045-7
https://doi.org/10.1016/S0010-8545(00)82045-7
https://doi.org/10.1016/S0010-8545(00)82045-7
https://doi.org/10.1016/S1387-7003(00)00129-5
https://doi.org/10.1016/S1387-7003(00)00129-5
https://doi.org/10.1016/S1387-7003(00)00129-5
https://doi.org/10.1016/S1387-7003(00)00129-5
https://doi.org/10.1039/b100981h
https://doi.org/10.1039/b100981h
https://doi.org/10.1039/b100981h
https://doi.org/10.1139/v82-117
https://doi.org/10.1139/v82-117
https://doi.org/10.1139/v82-117
https://doi.org/10.1002/ejoc.201101307
https://doi.org/10.1002/ejoc.201101307
https://doi.org/10.1002/ejoc.201101307
https://doi.org/10.1002/ejoc.201101029
https://doi.org/10.1002/ejoc.201101029
https://doi.org/10.1002/ejoc.201101029
https://doi.org/10.1021/om401040y
https://doi.org/10.1021/om401040y
https://doi.org/10.1021/om401040y
https://doi.org/10.1021/acs.organomet.5b00556
https://doi.org/10.1021/acs.organomet.5b00556
https://doi.org/10.1021/acs.organomet.5b00556
https://doi.org/10.1021/acs.organomet.5b00556
https://doi.org/10.1002/anie.201106582
https://doi.org/10.1002/anie.201106582
https://doi.org/10.1002/anie.201106582
https://doi.org/10.1002/ange.201106582
https://doi.org/10.1002/ange.201106582
https://doi.org/10.1002/ange.201106582
https://doi.org/10.1002/ange.201106582
https://doi.org/10.1021/om400366z
https://doi.org/10.1021/om400366z
https://doi.org/10.1021/om400366z
https://doi.org/10.1002/chem.201700995
https://doi.org/10.1002/chem.201700995
https://doi.org/10.1002/chem.201700995
https://doi.org/10.1016/j.ccr.2008.01.018
https://doi.org/10.1016/j.ccr.2008.01.018
https://doi.org/10.1016/j.ccr.2008.01.018
https://doi.org/10.1016/j.ccr.2008.01.018
https://doi.org/10.1021/ja01237a037
https://doi.org/10.1021/ja01237a037
https://doi.org/10.1021/ja01237a037
https://doi.org/10.1021/ja01237a037
https://doi.org/10.1021/ja00899a020
https://doi.org/10.1021/ja00899a020
https://doi.org/10.1021/ja00899a020
https://doi.org/10.1021/ja00844a063
https://doi.org/10.1021/ja00844a063
https://doi.org/10.1021/ja00844a063
https://doi.org/10.1002/chem.200903523
https://doi.org/10.1002/chem.200903523
https://doi.org/10.1002/chem.200903523
https://doi.org/10.1002/chem.200903523
https://doi.org/10.1107/S0108270186094908
https://doi.org/10.1107/S0108270186094908
https://doi.org/10.1107/S0108270186094908
https://doi.org/10.1021/cr400330g
https://doi.org/10.1021/cr400330g
https://doi.org/10.1021/cr400330g
https://doi.org/10.1002/ange.201710782
https://doi.org/10.1002/ange.201710782
https://doi.org/10.1002/ange.201710782
https://doi.org/10.1002/ange.201710782
https://doi.org/10.1021/acs.chemrev.8b00551
https://doi.org/10.1021/acs.chemrev.8b00551
https://doi.org/10.1021/acs.chemrev.8b00551
https://doi.org/10.1021/acs.chemrev.8b00551
https://doi.org/10.1002/anie.201802620
https://doi.org/10.1002/anie.201802620
https://doi.org/10.1002/anie.201802620
https://doi.org/10.1002/anie.201802620
https://doi.org/10.1002/ange.201802620
https://doi.org/10.1002/ange.201802620
https://doi.org/10.1002/ange.201802620
https://doi.org/10.1021/jp8111556
https://doi.org/10.1021/jp8111556
https://doi.org/10.1021/jp8111556
https://doi.org/10.1021/jp8111556
https://doi.org/10.1016/0022-1139(96)03388-X
https://doi.org/10.1016/0022-1139(96)03388-X
https://doi.org/10.1016/0022-1139(96)03388-X
https://doi.org/10.1016/S0022-1139(99)00151-7
https://doi.org/10.1016/S0022-1139(99)00151-7
https://doi.org/10.1016/S0022-1139(99)00151-7
https://doi.org/10.1002/chem.201700992
https://doi.org/10.1002/chem.201700992
https://doi.org/10.1002/chem.201700992
http://www.chemeurj.org

