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(Abstract: Cyclic silylated chalconium borates 13[B(C¢Fs),]
and 14[B(CF5),] with peri-acenaphthyl and peri-naphthyl
skeletons were synthesized from unsymmetrically substitut-
ed silanes 3, 4, 6, 7, 9 and 10 using the standard Corey pro-
tocol (Chalcogen Ch=0, S, Se, Te). The configuration at the
chalcogen atom is trigonal pyramidal for Ch=S, Se, Te, lead-
ing to the formation of cis- and trans-isomers in the case of
phenylmethylsilyl cations. With the bulkier tert-butyl group
at silicon, the configuration at the chalcogen atoms is prede-

termined to give almost exclusively the trans-configurated
cyclic silylchalconium ions. The barriers for the inversion of
the configuration at the sulfur atoms of sulfonium ions 13 ¢
and 14a are substantial (72-74 kJmol™") as shown by vari-
able temperature NMR spectroscopy. The neighboring group
effect of the thiophenyl substituent is sufficiently strong to
preserve chiral information at the silicon atom at low tem-
peratures.

/

Introduction

The last 25 years have witnessed the successful development
of silyl cations from laboratory curiosities to valuable catalysts
in organic transformations."® By virtue of their high Lewis
acidity, silyl cations have proven to be excellent catalysts in
Diels-Alder reactions,”'? hydrodefluorination"**" and CO-acti-
vation reactions.”?? In these applications, it is mandatory that
the high Lewis acidity of the tricoordinate silylium ion is paci-
fied by an intramolecular or intermolecular donor to control
the reactivity of the silyl Lewis acid. For regeneration of the
cationic catalysts, it is important that the donor/cation interac-
tion is reversible. These partly contradicting requirements have
to be addressed and to be compromised on the way to an effi-
cient silyl cation-based catalyst. Already in 1998, the quest for
chiral silyl cation catalysts appeared on the agenda. Jergensen
and Helmchen designed a chiral cationic silyl Lewis acid by in-
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troducing the axially chiral bis-naphthyl backbone.*” Later,

Ghosez and co-workers used non-ionic chiral silyltriflimides de-
rived from substituents from the chiral pool.”>* In a series of
investigations, Oestreich and co-workers used different families
of intramolecularly stabilized silyl cations to introduce chirality
on these silyl Lewis acids.”’=3 Particularly interesting in
the context of our study are silylsulfonium ions [I-IV
(Figure 1).283°33 |n these examples the neighboring group
effect of the sulfur donor creates new centers of chirality that
are controlled by the present stereo element (centered chirality
at the silicon atom or axial chirality). Consequent structure
modifications finally led to the silylsulfonium species IV, which
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Figure 1. Chiral silyl cations synthesized by the groups of Oestreich and
Landais.[27'28’32’36’37]
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catalyzes challenging Diels-Alder reactions at low tempera-
tures in good yields and decent enantioselectivities (up to
81%ee).®? This approach based on chiral silyl Lewis acids com-
petes with the asymmetric counter-anion-directed silylium cat-
alysis popularized by the List group.?** The question whether
the stereochemical information at the silicon atom is retained
by the neighboring group effect of an electron-donating
group during the typical ionization/nucleophilic addition se-
quence of silylium ion catalysis was recently addressed by
Landais, Robert and co-workers.®**” They showed in their
chiral memory experiments for the intramolecularly stabilized
silyl cations V-VII that during the complete silyl cation forma-
tion/hydride addition reaction sequence the stereochemistry at
the silicon atom is controlled by the anchimeric assistance of
the oxygen or nitrogen donors.

We recently investigated silyl chalconium ions VIII (R'=R*=
Me) based on the rigid peri-naphthyl and peri-acenaphthyl
skeleton (Figure 2).5® These silyl cations are stabilized by the
electron donating neighboring effect of the chalcogen atom
generating a trigonal pyramidal chiral center at the chalcogen
atom. Based on the result by the Oestreich group,*” we ex-
pected control of the stereochemistry at the chalcogen atom
by installing a chiral silicon center (R'=tBu, Ph; R?=Me). We
report here the synthesis of cations VIII with non-symmetric
substitution pattern at the silicon atom (R'#R?). Depending on
the substituents at silicon, we found indeed a clear control of
the stereochemistry at the chalcogen donor and we deter-
mined its stability by NMR methods supported by the results
of density functional calculations. Finally, the conservation of
the stereochemistry at the chiral silicon atom through anchi-
meric assistance by the chalcogenyl group was tested applying
the silicon cation formation/hydride addition sequence sug-
gested by Landais and Robert.®%3”

a) £
Rz Si—Ch’’ R2wSi iCh.
1/ Ar 1/® \Ar
R R
Vil
b)
Rz\.--/Si—Ch; Rz.U}Si—Ch;' ®
1 Ar 1 l‘Al’
R R
syn-VIl anti-VIll

Figure 2. a) peri-Naphthyl and peri-acenaphthyl-based silylchalconium ions
VIIl. (Ch=0, S, Se, Te; R'=Me, Ph, tBu, R>=Me, Ar="Ph, Mes) b) Inversion of
the configuration at the chalcogen atom in cations VIII (for Ch=S, Se, Te).

Results and Discussion

The synthesis of phenoxy- and phenylsulfanyl-substituted ace-
naphthyl silanes 3 and 4 was realized by a metalation/salt
metathesis sequence starting from 5-bromo-6-phenoxyace-
naphthene 1 or 5-bromo-6-(phenylsulfanyl)acenaphthene 2
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Br ChPh RMeHSi Ch\
Ph
1,2 3,4
1:Ch=0, 3a: Ch=0,R=Ph;
2:Ch=8 3b: Ch=0, R =tBu;
4a: Ch=8,R=Ph;
4b: Ch=S§, R=tBu
Br Br PhMeHSi Br PhMeHSi Ch
N
Ar
5 6,7

6: Ch = Se, Ar = Ph;
7: Ch =Te, Ar=Mes

Br Br RMeHSi Br RMeHSi Ch\
Ph
8 9,10
8a: R=Ph; 9:Ch=S,R=Ph;
8b: R =t-Bu 10a: Ch = Se, R = Ph;

10b: Ch = Se, R=t-Bu

Scheme 1. Syntheses of silanes 3, 4, 6, 7, 9, 10. a) 1 equiv nBuLi, THF,
—80°C; b) 1 equiv RMeSiHCI, THF, —80°C, R=Me, Ph, tBu; c) 1 equiv PhSSPh
or PhSeSePh or MesTeTeMes, THF, —80°C.

(Scheme 1, top). Selanyl- and tellanyl-substituted derivatives 6
and 7 as well as naphthyl-substituted derivatives 9 and 10
were synthesized by two subsequent metalation/salt metathe-
sis steps starting from 5,6-dibromoacenaphthene or 1,8-dibro-
monaphthalene (Scheme 1, middle, bottom). In the first step,
the silyl group is introduced to obtain peri-bromo silyl ace-
naphthene 5 or naphthalenes 8 and in the second step the
chalcogenyl group is installed by lithiation and subsequent
treatment with the corresponding dichalcogenide.*®3

Kinetic resolution using a protocol developed by Oestreich
et al. was successful for the separation of the racemic phenyl
substituted silanes 3a, 4a and 9 into their enantiomers.*” It
relies on the dehydrogenative Si-O coupling of silanes and
uses 0.5 equivalent tert-butylpyridyl alcohol (R)-11 as an auxil-
iary and a copper(l) catalyst system (Scheme 2). The enantio-
merically selective dehydrogenative Si-O coupling led to the
formation of siloxanes 12, while the (4)-enantiomer of silanes
3a, 4a and 9 did not react. After separation from the (+)-si-
lanes, the siloxanes 12 were reduced to the (—)-silanes 3a, 4a
and 9 using diisobutylaluminium hydride. Enantiomerically en-
riched silanes (+)-3a, 4a, 9 and (—)-3a, 4a, 9 were obtained
in moderate to good purities (ee=54-84%, further details see
Supporting Information). The tert-butyl-substituted silane 4b
was found to be completely inert under the tested reaction
conditions, probably due to the steric demand of the tert-butyl
substituent.

The obtained silanes were fully characterized by multinu-
clear NMR and IR spectroscopy as well as using high-resolution
mass spectrometry and elemental analysis. Selected NMR and
IR data are summarized in Table 1. All investigated silanes 3, 4,

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202002977

Chemistry
Europe

European Chemical
Societies Publishing

$ -)-3a
OH b O
N [ —- (4a
f-Bu()m\@ . )9
o 1 = PhMeS\I Ch\
N ) t-Bu \(O Ph
co 2
Py
PhMeHSi Ch\ 12
Ph
3a,4a,9 (+)-3a
(+)-4a
3a: Ch =0, ace; (+)-9
4a: Ch =S, ace;
9: Ch =S, naph

Scheme 2. Chiral resolution of silanes 3a, 4a and 9. a) 0.2 equiv CuCl,
0.4 equiv PhsP, 0.2 equiv NaOtBu, 0.5 equiv (R)-11, toluene, r.t.; b) 2 equiv

DIBAL-H, Et,0, rt.).

Table 1. Selected NMR® and IR®’ spectroscopic data of silanes.

Compound 8%si  &'H 875e/8'*Te  V(Si-H)=®
J(HX)[HZ] J(ChX) [Hz] [em™"]

3a OPh, Ph —14.7 5.63 - 2096, 2136
'J(HS) =196

3b OPh, t-Bu 1.3 4.95 - 2090, 2151
TJ(HS) =193

4a SPh, Ph —17.2 5.89 - 2091
'J(HSi) =203

4b SPh, t-Bu —3.2 5.80 - 2175
TJ(HSi) =200

6 SePh, Ph —18.1 5.55 8”7Se=374.1 2094
J(HS) =202

7 TeMes, Ph —21.3 6.29 8'*Te=432.4 2108
J(HS) =193,
T J(HTe) =66

9 SPh, Ph —16.9 5.83 - 2144
'J(HSi) =203

10a SePh, Ph —18.0 598 §"7Se=393.0 2083, 2141
JHS) =202 ™JSeH)=14

10b SePh, t-Bu —4.9 545 87Se=416.3 2131
JHS)=196  TJ(SeH)=27
TSJ(HSe) =28

[a] In C¢Dg. [b] Neat.

6, 7, 9 and 10 show the expected 'H NMR chemical shift for
the hydrogen atom which is attached to the silicon atom in
the range from 8'H=4.95 to 6.29.5%* The corresponding *Si
NMR chemical shifts are between §*°Si=1.3 and —21.3. The Si-
H coupling constants are in the expected range of 'J(HS) =193
to 203 Hz.P%3% A trend of the **Si NMR resonance moving to-
wards higher field with increasing atomic weight of the
remote chalcogen atom is noticeable (Table 1). The "’Se and
>Te NMR chemical shifts of silanes 6, 7 and 10a,b are in the
expected range for diarylchalcogenides.®®3%*~*3! Remarkably,
the selanyl- and tellanyl-substituted derivatives show in addi-
tion to the Si-H 'J coupling, a characteristic chalcogen-hydro-
gen through-space coupling ("J(ChH)) between the chalcogen
atom and the hydrogen atom of the silyl group ("J(SeH)=14-

the expected range of 2083-2175 cm™'. Hereby it is notewor-
thy, that silanes 3a,b and 10a show two IR bands due to
Fermi resonance.””

Single crystals suitable for X-ray diffraction (XRD) analysis
have been obtained for silanes 3a, 4a, and 4b (Figure 3). Se-
lected structural data are listed in Table 2. In general, the mo-
lecular structures show indications of steric strain due to the
peri-disubstitution as measured by the sum of the bond angles
in the bay region 2f (£6=f,+p,+p;) and the out-of-plane
distances d of the peri-substituents (Figure 3).¥ In the case of
the phenylsulfanyl-substituted derivatives 4a,b, = are 382°
and 384° and are larger compared to the phenoxy-substituted
derivatives 3a (£ =369°), which equals almost that of un-
strained acenaphthene (£ =368°"). The out-of-plane distances
of the peri-substituents of silanes 3a, 4a, and 4b are rather

4a 4b

Figure 3. Molecular structures of phenylmethylsilanes 3a, 4a and tert-butyl-
methyl silane 4b (thermal ellipsoids at 50% probability, H atoms omitted for
clarity except the Si-H). Pertinent bond lengths [pm] and bond angles [°].
Phenylmethyl silane 3 a (triclinic space group P-1): ): Si/O 292.3(2), Si—C6
187.6(1), O—C5 138.8(2), Si—H 141(2), O-C5-C12 114.7(9), Si-C6-C12 126.8(8),
C5-C12-C6 127.4(1), C6-Si-C13 109.4(6), C6-Si-C14 116.9(7), C13-Si-C14
(112.6(8). Phenylmethyl silane 4a (monoclinic space group Cc): Si/S
330.55(2), Si—C6 189.6(5), S—C5 178.4(4), Si—H 147.(5), S-C5-C12 121.8(4), Si-
C6-C12 132.1(3), C5-C12-C6 128.2(4), C6-Si-C13 113.5(3), C6-Si-C14 115.7(3),
C13-Si-C14 (111.2(3). tert-Butylmethyl silane 4 b (triclinic space group P-1): Si/
S 333.49(3), Si—C6 190.15(5), S—C5 177.16(5), Si—H 138, S/H 281, S—C5-C12
123.20(4), Si-C6-C12 130.63(3), C5-C12-C6 128.99(4), C6-Si-C13 110.063(23),
C6-Si-C14 108.420(25), C13-Si-C14 108.718(24).

Table 2. Selected structural parameters from XRD analysis of silanes 3a
and 4.

28 Hz and ™J(TeH)=66 Hz).23**! Previously, Beckmann and | P4 dGVCh pm] ZP[T  ZaSiC) [T dS) lpm]  d(Ch) [pm]
co-workers disclosed a related Si-H--P interaction in acenaph- 3a 2923 3689 3365 21.3 -1z
thene based compounds.*® The IR absorption bands for the :ab ::g: ;gi'; ;‘z‘gg 2‘2 ’éi
Si-H stretching vibration of silanes 3, 4, 6, 7, 9 and 10 are in ) . i . :
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small (d=3.2-21.3 pm). The heavy atom distances in the peri- . 1 equiv [PhaCIIB(CeFs)d] . mfc)
positions are larger than the distance in unstrained acenaph- OO CeD, rt. 30 min O
thene (d(Si/Ch)=292-334 pm vs. d(H/H)=270 pm) but distinct
smaller than the corresponding sum of the van der Waals radii
of the silicon and the chalcogen atom (ZvdW (Si/O) =362 pm,
SvdW (Si/S) =390 pm).*?

A remarkable feature of the molecular structures of the si-

S}
RMeHSi Ch - PhsCH RMeSi—Ch [B(CgF5)4l
\Ar \Ar

3,4,6,7 13

alo pPh Ph
lanes 3a, and 4a,b is the configuration of the silyl hydrogen : g gﬁu g:

atom relative to the chalcogenyl substituent. The molecular d|s tBu Ph

structure of the tert-butyl-substituted silane 4b, reveals a syn- f ?: g: ;’;S
orientation of the hydrogen atom relative to the phenylsulfan-

yl substituent (C12-C6-Si-H=38.5"). The S/H distance is by

9 pm smaller than the sum of the van der Waals radii (d(S/H) = OO 1 equiv [Ph3C][B(CgFs)4] _\®

281 pm, ZvdW (S/H) =290 pm).*” The sum of the bond angles CeDg, rt. 30 min o
around the silicon atom in derivative 4b is Za(SiR;) =327.2°, RMeHSi  Ch - PhsCH RMesi—Ch  [B(CeFs)al
confirming the expected tetrahedral coordination sphere. In 9,10 Ph 14 Ph

contrast, the orientation of the silyl hydrogen atom in phenyl-
substituted silanes 3a, 4a is anti relative to the chalcogen-
phenyl group (i.e. in 4a: C12-C6-Si-H=170.4°). The sums of
the bond angles of the silicon atom to the carbon substituents
of derivatives 3a, 4a show a trigonal flattening of the coordi-
nation sphere of the silicon atom (i.e. 4a Za(SiR;) =340.5°).
This distortion of the coordination environment of the silicon
center in the anti-structures of 3a, 4a indicates the onset of
Lewis acid/base interaction between the silicon and the sulfur Table 4. Selected NMR data of silyl borates 13[B(C4F5)] and 14[B(C4Fs),l

Ch R
S Ph
Se Ph
Se t-Bu

oo

Scheme 3. Synthesis of silyl borates 13[B(C4F5),] and 14[B(C¢Fs),].

atoms.”™ As a consequence of the donation of electron density | (in CeDs).
of the chalcogen atom to the silicon atom in the anti-struc- Compound  8%Si S'H 875e/015Te  'J(ChS) cis/trans
tures, the silicon-hydrogen bond is weakened compared to of SiCH, [Hz] ratio®
the syn-structures. This is visible by comparing the IR res- 13aOPh, 608 0.63 ~ ~ —
onances of the Si-H vibration. The value for the experimentally Ph
determined IR resonance (ATR, solid state) of tert-butylmethyl 13bOPh, 722 0.37 - - -
derivative 4b (syn-structure) is by 84 cm™' larger compared to t-Bu
h b f the deri . 4a. F . he IR 13 ¢ SPh, 42.7 (trans) 0.34 (trans) - - 60:40
the wave number of the derivative 4a. For comparison, the Ph 452 (cis) 080 (cis)
resonances for both conformers (syn and ant) of the species 13d SPh,  70.0 (trans) 0.12 (trans) - _ <1:99
3a, 4a,b were calculated using quantum mechanical methods t-Bu
at the DFT M06-2X/def2-TZVP level of theory.*" The calculated 13e SePh, 497 (trans) 0.0 (trans) 2603 (cis), 60 (trans),  60:40
| h imilar h h ic shift of th b Ph 42.3 (cis) 0.83 (cis) 262.6 (trans) 9 (cis)
values show a simiiar hypsochromic shift of the Wavenumber | 43¢ qomes, 36.4 (trans), 0.62 (trans), 234.4 (trans), 171 (trans), 50:50
of the syn- relative to the anti-conformation (Table 3), discard- Ph 407 (cis) 088 (cis)  239.7 (cis) 163 (cis)
ing the possibility of a pure substituent effect and supporting 14a SPh, 429 (trans) 0.33 (trans) - - 60:40
the assumption of an onset of an intramolecular Lewis-acid/ Ph 45.5 (cis) 073 (cis)
b int ti ith itant keni f the SiH 14b SePh, 41.4 (trans) 0.37 (trans) 254.7 (cis), 61 (cis) 60:40
ase interaction with a concomitant weakening of the Si— Ph 437 (cis) 077 (cis) 2561 (trans)
bond. 14cSePh, 543 (cis)  0.06 (trans) 202.0 (trans), 68 (trans) < 1:99
For the synthesis of the silyl cations, we followed the stan- t-Bu 62.9 (trans) 037 (cis)  251.7 (cis)
[52] . . . .
dard Corey protocol.”™™ The reaction of silanes with trityl [alIn C,Dq [b] Obtained by integration of the 'H NMR signals of the
borate [Ph;CI[B(C4Fs),] in benzene or toluene resulted in the methyl groups attached to the silicon center.

formation of silyl borates 13[B(CsFs),] and 14[B(C4Fs),]

(Scheme 3). All new silyl borates were fully characterized by

multinuclear NMR spectroscopy. Selected NMR data are sum-
marized in Table 4.

Table 3. Experimental and calculated IR Si-H vibrations of silanes 3a and The phenylmethyl-substituted silylsulfonium, silylselenonium
4 and silyltelluronium borates 13¢, 13e, 13f, 14a and
Compound V(Si-H)®® V(Si-H)<* W(Si-H)@ 14 b[B(C4Fs),] show in all recorded NMR spectra two sets of sig-
[em™] anti-conformation  syn-conformation nals, indicating the formation of two isomers, whereas the silyl-

fem ] fem ™) oxonium ions 13a, 13b and the tert-butylmethyl-substituted

3a OPh, Ph 2096, 2136 2138 2101 silylsulfonium 13d and silylselenonium ion 14c show only one
:E ;'1‘1' :-Tau i?;’; ig; ig: set of signal. This is demonstrated in Figure 4 for a set of *Si
’ NMR spectra. The ?°Si NMR chemical shifts of silyl borates 13

Chem. Eur. J. 2020, 26, 16441 - 16449 www.chemeurj.org 16444 © 2020 The Authors. Published by Wiley-VCH GmbH
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alc)
0 s

PhMeSi—O._  [B(CeFs)al
Ph

®
’

S}
PhMeSi—S, [B(CsFs)al
Ph
@ .
7 e
I S}
tBuMeSi—S [B(CgFs)4]
Ph
90 80 70 60 50 40 30 20

Figure 4. *°Si{'"H} NMR spectra (99 MHz, 305 K) of a) silyloxonium borate
13 a[B(C4Fs),] in C¢Dg, b) silylsulfonium borate 14 a[B(C4Fs),] in C,Dg and
@) silyl sulfonium borate 13 d[B(C4Fs),] in CsDe.

and 14 are in the expected region for intramolecularly chalco-
genyl-stabilized silyl cations (8%Si=236-72).27:2830-33383  pq
shown previously for related silyl cations, the °Si NMR reso-
nance experiences a high-field shift with increasing size and
polarizability of the remote donor atom.*® Furthermore, tert-
butylmethyl-substituted derivatives 13b,d and 14c are low-
field shifted compared to the corresponding phenylmethyl-
substituted derivatives 13a,c and 14b. This effect is most pro-
nounced for the phenylsulfanyl-stabilized acenaphthyl-substi-
tuted derivatives 13c and 13d (8*°Si=42.7 and 452 (13¢,
PhMe) vs. §°Si=70.0 (13d, tBu)).

The "7Se NMR chemical shifts of silylselenonium ions 13e,
14b and 14c are significantly high-field shifted compared to
the corresponding precursors (Ad”’Se=—114 (13e), —138
(14b), —165 (14¢)), indicating the increase of the coordination
number of the selenium atom by intramolecular addition of
the electropositive silyl group. This effect is also visible for the
Te NMR chemical shift of the tellanyl-stabilized silyl borate
13 f[B(C4Fs).] (AS'Te=—193). Moreover, a J-coupling between
the silicon atom and the selenium and tellurium atom, respec-
tively, is observable. The coupling constants are 'J(SiSe) = 59-
68 Hz, 'J(SiTe) =163 Hz and 171 Hz and are in accordance with
those reported previously for the corresponding dimethyl-sub-
stituted derivatives (cf. 'J(SiSe)=55-66 Hz, 'J(SiTe)=161-
169 Hz).*® These observations demonstrate the direct linkage
of the silicon center to the chalcogen atom.

The formation of two isomers upon ionization of the sulfan-
yl-, selanyl- and tellanyl-substituted silanes is a result of the
trigonal pyramidal coordination environment of the heavy
chalcogen atom in the formed cation. This causes a syn/anti re-
lation of the substituents at the silicon atom relative to the
aryl substituent at the chalcogen atom. This coordination envi-
ronment is expected based on a fundamental VSEPR treatment
and it was confirmed recently by the results of XRD analysis of
related dimethyl-substituted silylselenonium borates and trisi-
lylsulfonium borates and carborates®®3%® The stereochemistry
of cations 13c—f and 14 was determined by 'H NMR Nuclear
Overhauser Effect (NOE) difference spectroscopy. Saturation of

Chem. Eur. J. 2020, 26, 16441 - 16449 www.chemeurj.org
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H
@ Me 1 57 Me
NOE no NOE
trans-isomer cis-isomer

Figure 5. Assignment of the absolute stereochemistry at the Si—Ch linkage
in cations 13 and 14 by NOE NMR spectroscopy (Ch=S, Se; R=Ph, tBu).

the "H NMR resonance of the silylmethyl groups leads in the
case of the trans-isomers to an enhancement of the signals of
the ortho-H-atoms of the phenyl substituent at the chalcogen
atom (Figure 5). The cis/trans-ratio was determined by 'H NMR
spectroscopy to be 60:40 in the case of the PhMeSi substituted
cations 13 c,e and 14a,b while the two stereoisomers of tellan-
yl-stabilized cation 13 f were produced in equal amounts. In
contrast, the trans-isomers of tert-butylsilyl substituted cations
13d and 14 c were formed almost stereoselectively. Only in the
case of cation 14¢, small amounts of the cis-stereocisomer were
detected (app. 1%, see Supporting Information).

The different cis/trans-ratios are the result of the interaction
between the substituents of the silyl group and the aryl sub-
stituent at the chalcogen atom. The preference of the cis-con-
figurated phenylmethyl-substituted derivatives 13ce, and
14a,b indicates slightly attractive interactions (mt-stacking) be-
tween the two phenyl groups at the two heteroatoms. In con-
trast, in tert-butylmethyl-substituted derivatives 13d and 14c
the tBu group at silicon is oriented anti relative to the phenyl
substituent at sulfur, demonstrating the strong steric repulsion
between the two substituents. Consequently, the configuration
of the sulfanyl-, selanyl- and tellanyl-substituted derivatives is
controlled by the substitution pattern at the silicon atom.

The coordination environment of the oxygen atom in sym-
metrically substituted silyloxonium ions 15 and 16 (Scheme 4)
is trigonal planar in solution and in the solid state.*®*? The for-

1@ ®
_|

SULEENYS o

|

Si—0 : ,Si—Ch ,Si—Ch
Me'" AN ' Me,, N Me'" ‘.
! P A X A
f cis trans
13a:R=Ph 13c:R=Ph, Ar=Ph,Ch=S§
13b: R = t-Bu 1 13d: R=tBu, Ar=Ph,Ch=S8
15 :R=Me : 13e: R = Ph, Ar=Ph, Ch = Se
' 13f: R=Ph, Ar=Mes, Ch=Te
OO -1® 1@ 1@
Si—0 5 ,Si—Ch _.Si—Ch
N i Me » Me ‘.
Ml\ﬁe/ Ph R/ Ph R’ Ph
: cis trans
16 ' 14a: R=Ph, Ch=8

14b: R =Ph, Ch=Se
14c: R = t-Bu, Ch = Se

Scheme 4. Silyloxonium ions 13a,b, 15, 16 with the trigonal planar coordi-
nation sphere of the oxygen atom and silylchalconium ions 13 c-f, 14 with

the trigonal pyramidal coordination sphere of the heavy chalcogen atom.
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mation of only one isomer of silyloxonium ions 13a,b suggests
also in these unsymmetrical substituted cations a planar coor-
dination at the tricoordinated oxygen atom.

Variable temperature experiments of the phenylmethyl-sub-
stituted phenylsulfanyl-stabilized silyl cations 13¢c and 14a re-
vealed a dynamic process which leads to a line broadening of
the 'H NMR signals and finally to coalescence of the signals of
the methyl groups at the silicon atom of the cis- and trans-iso-
mers upon heating (Figure 6). With the coalescence tempera-
tures obtained for the phenylsulfanyl-stabilized derivatives 13 ¢
and 14 a, the free Gibbs energy barriers for this process that in-
terconverts cis- and trans-isomers were determined to be
AG'(378 K\=74kJmol™' (13¢) and AG*(368 K)=72 kJmol™'
(14a). For the selanyl-stabilized derivative 13 e, line broadening
was observed at T=373 K, but coalescence of the signals was
not achieved. The telluronium ion 13f was not tested at
higher temperatures, since related telluronium ions showed
decomposition at higher temperatures.®®

In principle, two possible processes could be responsible for
the observed configurational instability of the phenylsulfanyl
substituted cations 13c and 14a. The cleavage of the S—Si
bond would allow free rotation around both the C—Si and the
S—C bond. An alternative process could be the inversion of the
configuration at the tricoordinated sulfur atom without break-
ing the Si—S linkage, similar to the well-known inversion of
configuration in isoelectronic phosphanes and amines. Quan-
tum mechanical calculations at the DFT MO06-2X/def2-TZVP
level of theory were used to distinguish between the two pos-
sibilities.®" In qualitative agreement with the results of the
NMR investigation, this model chemistry predicts a relative
small preference of the cis-configuration for the SiMePh substi-
tuted cations and favors significantly the trans-isomers of the
SiMetBu substituted cations (Table 5). The heterolytic bond dis-
sociation energies (BDE) of the Si—S bonds, as obtained from
the isodesmic reaction shown in Scheme 5 are in the range of
BDE=141-169 kimol™" (Table 5) and are similar to those re-
ported for the dimethylsilyl derivatives (BDE=144 and
188 ki mol™").%¥ In short, we note that the calculated BDEs are
significantly larger than the measured free activation enthal-
pies AG* (see Table 5). For the non-dissociative inversion pro-

A |

333 K

323 K

305 K 1

5 2.0 1.5 1.0 0.5 0.0

Figure 6. High-field region of the VT 'H NMR spectra (500 MHz, C,D;) of phe-
nylmethyl-substituted phenylsulfanyl-stabilized silyl borate 14a [B(C¢Fs),].
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Table 5. Experimentally obtained free Gibbs activation enthalpies for the
cis—trans isomerization in stabilized silyl cations, calculated energies for
the inversion of the configuration of the chalcogen atom and the BDE of
the Si-Ch bond (M06-2X/def2-TZVP, all energies are given in kJmol™").
Compound AG* AGF* BDE AG* (cis—trans)
13a OPh, Ph 94
13¢ SPh, Ph 74 74 141 4
13d SPh, t-Bu - 71 164 —-13
13 e SePh, Ph - 93 138 2
13 f TeMes, Ph - 101 152 1
14a SPh, Ph 72 71 169 1
14b SePh, Ph - 90 166 1
14c SePh, t-Bu - 95 196 —13
1@
() () () ()
0 OO~ OO« OO«
ch i i Ch
RMeSi—Ch SiHMeR RMeHSi Ch RMeS|®
AN N
Ar Ar
Ch/Ar Ch/Ar
1@
Noo R e
RMeSi—Ch SiHMeR RMeHSi Ch RMeSi®
N AN
Ar Ar
- c] Y o e @
Si—Ch wSi—Ch Si—Ch
Me: N b
MeR/ \Ar R/ Ar MeR/ Ar

cis-13/14 TS(cis/trans) trans-13/14

Scheme 5. Isodesmic reactions for the assessment of the bond dissociation
energy of the Si—Ch bond in silyl cations 13,14; and inversion of the config-
uration of the chalcogen atom (for Ch=S, Se, Te).

cess, the cation passes through a transition state with a trigo-
nal planar coordination environment of the sulfur atom
(Scheme 5, TS-cis/trans). The calculated free Gibbs energy bar-
riers (AG™) for this process are for the series phenylsulfanyl-
substituted cations 13c,d, 14a in a range of AG*=71-
74 kJmol ™', in almost perfect agreement with the experimental
values (Table 5). Therefore, the observed cis/trans isomerization
of phenylsulfanyl-substituted cations 13 c and 14a proceed via
inversion of the configuration of the sulfur atom. The calculat-
ed free Gibbs energy barriers of selanyl- and tellanyl-stabilized
silyl cations 13e, f and 14b are with AG®“=90-101 kJmol™
significantly higher. In these cases, the VT NMR experiments
did not lead to coalescence up to T=378 K. These results sug-
gest, that selanyl- and tellanyl-stabilized silyl cations 13 e,f and
14b are configurationally more stable than their phenylsulfan-
yl-stabilized counterparts 13 ¢ and 14a. Consequently, not only
the choice of the substitution pattern (as described above)
controls the configuration of chalcogenyl-stabilized silyl cation
but also the choice of the stabilizing donor group.

In the next step, we tested if the neighboring group effect
of the chalcogenyl substituent can be used to preserve stereo-

© 2020 The Authors. Published by Wiley-VCH GmbH
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chemical information at the silicon atom during the generation
of silyl borates from chiral silanes. For this purpose we fol-
lowed the chiral memory strategy developed by Landais and
co-workers.®**”) The enantiomerically enriched silanes 3a, 4a
und 9 were treated with trityl borate. The resulting silyl bo-
rates 13a, 13c and 14a[B(C,F;),] were subsequently reduced
to regenerate the precursor silanes. The obtained silanes were
then analyzed regarding their enantiopurity (Scheme 6).

The test reactions were carried out in chlorobenzene at dif-
ferent temperatures and their results are summarized in
Table 6. The reaction of naphthyl-substituted silane (+)-9 (ee=
84%) was carried out at +20°C. After purification, the recov-
ered silane 9 showed no enantiomeric excess indicating com-
plete racemization (Table 6, Entry 1). The reaction of the phen-
oxy-stabilized silane (—)-3a (ee=54%) was carried out at
—40°C (Table 6, Entry 2). After work up and purification an
enantiomeric excess of ee=32% was obtained, consequently a
racemization of about 41% has occurred. The experiment was
repeated at —80 °C in dichloromethane but only the decompo-
sition of the silyl borate 13a[B(C4F;),] was observed, due to re-
action with the solvent. The best result was obtained with phe-
nylsulfanyl-substituted silane (—)4a. At —40°C, the complete
conservation of the chiral information was observed (Table 6,
Entry 4).

These results are in agreement with our previous conclu-
sions that in peri-acenaphthyl substituted silyl cations similar
to 13 the phenylsulfanyl substituent is a more efficient donor
group than the phenoxy group.®® The small size of the oxygen
atom creates significant strain that weakens the Si—O interac-
tion and leads to loss of stereochemical information at the sili-
con atom. This idea is supported by comparison of the calcu-
lated structures of cations 13a and 13 c (Figure 7). The sum of
the bay angles Zf is significantly smaller for cation 13a than
for the phenylsulfanyl substituted cation 13 ¢ and non-substi-
tuted acenaphthene,® which indicates decreasing strain in
this series. In agreement, the calculated BDE for the Si—O bond

ST r 19 5
i-HY {+HO

I & G CO

PhMeHSi  Ch PhMeSi—Ch PhMeHSi  Ch
Ph Ph Ph
(-)-3a(Ch=0) 13a (Ch=0) (-)-3a (Ch =0)
(-)-4a (Ch=S5) 13c (Ch=S) (-)-4a(Ch=5)
(+)9 (Ch=9) 14a (Ch=S5) (+)-9 (Ch=5)

Scheme 6. Test for the chiral memory of silyl borates 13 and 14[B(C4F;),]
(The anion is not shown, conditions: a) 1 equiv [Ph;CI[B(C4Fs),], CeHsCl, r.t. or
—40°C, 30 min; b) 1 equiv Na[Et;BH], C;HsCl, r.t.,16 h or —40°C, 30 min then
to rt.).

Table 6. Results of the chiral memory test for silanes 3a, 4a, 9.

Entry silane®™ solvent T[°C ee start [%] ee end [%]
1 9 C4HSCl +20 84 0

2 3a C4HSCl —40 54 32

3 3a CH,Cl, —80 decomposition

4 4a CeHsCl —40 64 64
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o
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PhMeSi (o] PhMeSi S
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Ph Ph
13a 13c
2B =338° B = 354° 2B = 368°

Figure 7. The sum of the bay angles =f as a qualitative measure for strain
from calculated molecular structures of cations 13a and 13 ¢ (at M062X/
def2-TZVP) and. The value for acenaphthene is given for comparison.

in cation 13a is 94 kymol ™, only 2/3 of that predicted for the
phenylsulfanylstabilized cation 13c (Table 5). Landais and co-
workers observed a similar decisive influence of strain on the
configurational stability of chiral silicon centers in their recent
study on pyridyl- and quinoline-stabilized chiral silyl cations VI
and VILF"

Recently, our group developed an experimental acidity scale
for the assessment of the Lewis acidity of intramolecularly sta-
bilized silyl cations using para-fluorobenzonitrile (FBN) as a
NMR chemical shift probe.*” This method relies on the fact,
that coordination of the nitrile to the silicon atom does not
cancel the intramolecular interaction of the donor group with
the silicon atom. Thereby, it provides a measure of the actual
Lewis acidity of the stabilized silyl cation. The para-fluorine
atom of the coordinated nitrile is used as the reporter nuclei.
The stronger the Lewis acid, the more deshielded is the fluo-
rine atom. We tested the effect of the substituent at silicon on
the Lewis acidity in phenylsulfanyl stabilized silyl cations using
the FBN probe (Scheme 7, Figure 8). The 'F NMR chemical
shifts of the formed nitrile complexes 18 are 8'°F=-95.5
(18a) and 8"F=-101.3 (18b). This indicates that the Lewis
acidity of both here tested cations 13¢,d is smaller than that
of the dimethylsilyl substituted cation 17 (8'F=—-94.3 (18¢).
The effect of the phenyl substituent in 13 ¢ on the Lewis acidi-
ty is small and expected due to its electron donating ability.
On the first view surprising is the large decrease in Lewis acidi-
ty by the tert-butyl substituent. The "F NMR chemical shift of
the complex 18b is close to that of free FBN (8"F(FBN)=
—103.4). We suggest that this is due to steric hindrance of
complex formation by the tert-butyl group, rather than to an
electronic effect.

e e mfc)
[ e X

RMeSi—S_ Ar-CEN—S\i—S\ Ar-CEN—:\i—S nPh
Ph Mé R Ph Me g
13¢ R = Ph 18aR = Ph
13d R = t-Bu 18b R = t-Bu
17 R=Me 18¢c R = Me

Scheme 7. Formation of nitrilium borates 17[B(C4F),] from phenylsulfanyl
substituted silyl borates 13 ¢, d[B(C¢Fs),] (FBN: p-fluorobenzonitrile, Ar=p-F-
C¢H,, the [B(C4Fs),]™ anion is not shown).
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Figure 8. Substituent effect on the Lewis acidity for phenylsulfanyl-stabilized
silyl cations based on the F NMR chemical shift of the corresponding FBN
complexes.

Some details of the reaction of the cis- and trans-mixture of
cations 13 ¢ with FBN are of interest. As expected, the *°Si NMR
chemical shift of silylnitrilium ion 18a is high-field shifted com-
pared to the corresponding phenylmethyl-substituted silyl
cation 13c (8%Si=6.4 vs. 8”Si=42.7 (trans-13¢c), 45.2 (cis-
13¢)), indicating the increase of the coordination number at
the silicon atom. Notably, at r.t., the formation of cis- and
trans- isomers was not observed (only one set of signals in the
'H, C as well as in the ?°Si NMR spectra). VT 'H NMR spectros-
copy of the nitrilium borate 18a[B(C.Fs),] showed however
severe broadening of the 'H NMR signal of the methyl groups
at 203 K and two signals below this temperature. The observa-
tion of cis- and trans-isomers of silylnitrilium 18a points to an
intact Si—S bond and penta-coordination for the silicon atom.
The simultaneous interaction of the donating sulfanyl group
and the FBN probe molecule is the premise for an accurate de-
termination of the Lewis acidity of the intramolecularly stabi-
lized Lewis acid. The coalescence temperature corresponds to
a free Gibbs energy barrier of the inversion of the configura-
tion at the sulfur atom of AG(203 K)=39 kimol™" which is
54% of that determined for cation 13c¢c (AG*(378K)=
72 kJmol™).

Conclusions

We synthesized a series of chalcogenyl-substituted acenaph-
thyl and naphthyl-silanes 3, 4, 6, 7, 9, 10 with an unsymmetri-
cal substituted silicon atom. The chalcogenyl substituent was
varied from oxygen to tellurium. For the sub-set of phenylsul-
fanyl substituted silanes 3a, 4a and 9 an established protocol
relying on kinetic resolution™®” allowed the separation of both
enantiomers. The silanes were used as starting material for the
preparation of potentially chiral intramolecularly chalcogenyl
stabilized silyl borates 13[B(C4Fs),] and 14[B(C¢Fs),] based on
the acenaphthene and naphthalene scaffold according to the
standard Corey protocol. These cations are characterized by a
relatively  strong  chalcogen—silicon bond (BDE=94-
169 kimol™). In silyloxonium ions 13a,b, we found, according
to our NMR investigations and in agreement with previous re-
sults for related cations,***>*>=*"! 3 trigonal planar configuration
at the oxygen atom. In contrast, the higher congeners show a
trigonal pyramidal configuration of the chalcogenyl group.
This is demonstrated by the formation of a mixture of cis- and
trans-isomers of phenylmethylsilyl cations 13¢, e, f and 14a, b.
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In the case of the tert-butyl-substituted cations 13d and 14c
only the trans-isomer was detected by NMR spectroscopy, indi-
cating that the steric bulk at the silicon atom controls the con-
figuration at the chalcogenyl group. The experimentally deter-
mined barriers for the inversion of the configuration at the
sulfur atoms in phenylsulfanyl-stabilized silyl cations 13¢ and
14a are substantial (AG*=72-74 kJmol™") and close to that
measured for isoelectronic neutral silyl- and arylphosphanes
(AG*=69-75 kJmol™").5%* Moreover, the experimental data is
in almost perfect agreement with the computed barrier for the
inversion process using DFT methods at the M062X/def2-TZVP
level (Table 5). The calculations predict an even higher inver-
sion barrier for the selanyl and tellanyl stabilized silyl cations
13e, f and 14b. We used the cationization/reduction sequence
proposed by Landais and co-workers®%3” to demonstrate that
the neighboring effect of the phenylsulfanyl substituent in
cation 13 c is sufficiently strong to preserve the chiral informa-
tion at the silicon atom at —40°C. In addition, these chiral
memory experiments showed that the phenylsulfanyl group is
a better donor to the silyl cation than the phenoxy substituent.
Finally, the determination of the Lewis acidity using the FBN
protocol®” indicated that Lewis acidity of these intramolecular-
ly stabilized silyl cation can be fine-tuned by electronic effects
of the substituent at silicon.

Experimental Section

Experimental Details, all relevant analytic information including
NMR spectra and computational details can be found in the Sup-
porting Information.
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