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Novel norbornene-based imine-stabilized silylium ions 2 have been synthesized via the simple reaction of
sulfide-stabilized silylium ion 1 with carbonyl derivatives. Those silylium ions were fully characterized in
solution and in the solid state by NMR spectroscopy and X-ray diffraction analysis as well as DFT calcu-
lations. Unlike the previously reported phosphine-stabilized silylium ion VI, behaving as a Lewis pair, cal-
culations show that 2 have a strong Lewis acid character. Indeed, imine-stabilized silylium ions 2 are able
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Introduction

Since the isolation of the first stable free silylium ion I (Fig. 1)
by Reed and Lambert in 2002," considerable effort has been
devoted to studying the chemistry of silylium ions.> The
accumulation of knowledge has allowed the development of
stabilized systems that are easy to handle while preserving
their unique reactivity and exceptional Lewis acidity. Of par-
ticular interest, the use of a weak Lewis base on the cationic
silicon atom II has proven to be an excellent methodology® to
find a good compromise between stability and reactivity,
making those species useful as synthetic tools that can be
applied in various transformations.* One of the best examples
is the ferrocenium-stabilized silylium ion III, developed by
Oestreich’s group.® Indeed, this species is by far the most
efficient catalyst to promote the Diels-Alder reaction in good
yields at low temperature so far, even with challenging dieno-
phile/diene combinations.® Interestingly, silylium ion III also
smoothly catalyze in mild conditions the hydrosilylation reac-
tion of carbonyl derivatives.” Another particularity of silylium
ions lies in their potential to activate C-F bonds, due to the
strong affinity between silicon and fluoride. Thus, catalysts of
type IV and V are together with Ozerov’s trialkylsilylium-carbor-
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to activate Si—H bonds and catalyzed the hydrosilylation of carbonyl derivatives under mild conditions.

ane systems efficient catalysts for hydrodefluorination
reactions.>® Obviously, the stability/reactivity balance of these
species is strongly related to the choice of Lewis base ligand,
which is crucial for their catalytic activity.

We recently reported the synthesis of phosphine- and
sulfide-stabilized silylium ions VI and 1 with a particular nor-
bornene-based framework connecting the silylium ion and the
donor ligand (Fig. 1 and Scheme 1)."° Interestingly, we have
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Fig. 1 Free silylium ion | and Lewis base-stabilized silylium ions 11-VII.
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Scheme 1 Synthesis of sulfide-stabilized silylium ions 2.
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demonstrated that these two silylium ions exhibit very
different reactivity toward methyl acrylate. Indeed, due to the
moderate flexibility of the ligand framework and its strong
nucleophilic character, despite its high stability, phosphine-
stabilized silylium ions VI behave as a Lewis pair and undergo
ambiphilic type reactions leading to nine-membered heterocy-
cles."® Similarly, VI reacts with benzaldehyde to give the car-
bonyl insertion product VIIL In contrast, the sulfide-stabilized
silylium ion 1 acts as a simple Lewis acid due to a less nucleo-
philic character of sulfide ligand and efficiently catalyzes the
Diels-Alder reaction with various olefins.'”” Here, we report
that the sulfide-stabilized silylium ion 1 reacts with various
carbonyl derivatives in a peculiar way, polar [4 + 2]-cyclo-
addition, allowing to synthesize the original imine-stabilized
silylium ions 2, which are efficient catalysts for hydrosilylation
and allylsilylation reactions.

Results and discussion

Sulfide-stabilized silylium ion 1 readily reacts with benz-
aldehyde at room temperature to give the corresponding
imine-stabilized silylium ion 2a (Scheme 1). Cation 2a was iso-
lated as an air-sensitive yellow-orange powder (isolated yield:
44%). 2a was obtained as a mixture of two diastereomers
(75:25) as indicated by the presence of two sets of signals in
the NMR spectra in the same ratio. In the *Si-NMR spectrum,
two signals appear at higher field (12.3/7.4 ppm, major/minor
products respectively) compared to the sulfide-stabilized sily-
lium ion 1 (54.3 ppm). These chemical shifts are in good
agreement with that of previously reported imine-stabilized
silylium ions."'®'* In the '*C- and the "H-NMR spectra, the
two isomers of 2a exhibit two sets of singlet signals at 76.9 and
80.4 ppm and at 5.60 and 5.44 ppm, respectively corres-
ponding to the former carbonyl group.

Interestingly, similar reactivity of 1 was observed with
different carbonyl compounds affording the corresponding
imine-stabilized silylium ions 2b-e in good yields (Scheme 1).
The less nucleophilic trifluoroacetophenone reacts more
slowly with 1 This suggests that the reaction starts with carbo-
nyl coordination on the cationic Si atom of 1. The following
nucleophilic attack of enamine on the activated carbonyl
carbon center completes the reaction. Indeed, the highly elec-
tron-poor perfluoroacetophenone [(CF;)(C¢F5)C=O0] is totally
unreactive. All the >°Si NMR signals of the different base-stabil-
ized silylium ions 2a-e appear in the area of 5.5-12.3 ppm. In
3C NMR spectra, the chemical shift of Si-coordinated imine
fragment can be found between 210.5 and 213.2 ppm, which is
the typical region for iminium carbon atoms (or Lewis acid co-
ordinated imines)."***?

The structure of 2e was unambiguously confirmed by an
X-ray diffraction analysis (Fig. 2). Yellow crystals were obtained
in good yield (85%) from a saturated chloroform solution. The
molecular structure of 2e exhibits a relatively short C2-N1
bond [1.292(5) A] and a planar environment (X° = 359.7°)
characteristic of the imine fragment. The N1-Si1 bond length
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Fig. 2 Molecular structure of cationic part of imine-stabilized silylium
borate 2e. Thermal ellipsoids represent 30% probability. H and dis-
ordered atoms, counterion [B(CgFs)s]~ and solvent molecule were
omitted for clarity. Selected bond lengths [A] and angles [°]: N1-Sil
1.839(3), Si1-O1 1.614(3), C26-01 1.428(5), S1-C1 1.857(4), C1-C2
1.550(6), C2—-N1 1.292(5), N1-C14 1.484(5), S1-C8 1.804(4), C26-C33
1.542(6), C26—C27 1.559(9), Si1-C39 1.823(4), Si1-C40 1.838(4); N1-
Si1-01 99.8(1), Si1-0O1-C26 135.4(2), C26-C1-C2 111.6(3), C1-C2-N1
124.3(4), C2-N1-Si1 120.0(3), O1-C26-C1 105.8(3), C2-N1-C14 120.9
(3), C14—N1-Si1 118.8(2), O1-Si1-C39 111.8(2), O1-Si1-C40 112.4(2).

is significantly elongated [1.839(3) A] compared to that
observed in 1 [1.737(2) A], in agreement with a N — Si* dative
character.

To gain more insight into the electronic structure of imine-
stabilized silylium ion 2, DFT calculations have been per-
formed at the M062X/def-2TZVP level of theory. At this level,
the optimized molecular structure of 2a, 2c¢ and 2e are very
similar and the structure of 2e is in good agreement with all
relevant parameters experimentally observed (see Table S37).
The results of the computations indicated that the formation
of cation 2a is favoured by 80 k] mol ™" over the FLP-type carbo-
nyl insertion product into the S-Si bond of silylium ion 1
(similar to the carbonyl insertion product VII, see also
Table S27).

The electrophilic center of cations 2 is the imine carbon
atom. Similarly to the case of imine-stabilized silylium ions
described by Inoue,"** the LUMO corresponds in all cases to
the n* orbital of the C=N double bond (see Fig. 3 and
Fig. S301). In addition, the electrostatic potential map of
cation 2a shows the most positive potential around the imine
group (Fig. S31%).

X

Fig. 3 Optimized molecular structure of cation 2a and calculated
surface diagram of its LUMO (E = —4.24 eV, isodensity value: 0.04).
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The electronic structure of cations 2 is similar to those of
typical stabilized silyl cations such as V and VL2*%'° Taking
into account the steric shielding around the imine group, we
suggest that the Lewis acidity of cations 2 arises from reaction
of nucleophiles at the silicon center. The Lewis acidity of 2 is
high as they are able to activate even Si-H bonds."® Indeed,
H/D exchange between two deuterated/non-deuterated silanes
(Et;Si-D/PhMe,SiH) in the presence of 10 mol% of 2 was evi-
denced either at 60 °C or at room temperature (Fig. 4). After
12 h at 60 °C in presence of 10 mol% of 2a, the reaction
attains the equilibrium with a thermodynamic ratio (38: 62) of
Et3SiD/Et;SiH (or PhMe,SiH/Et;SiH). Even with a large excess
of silane and a prolongated heating time, NMR data of catalyst
2 remain unchanged. Of particular interest, the equilibrium is
achieved at room temperature in less than 2 h with 2¢, which
demonstrates that the Lewis acid character of 2 is strongly
related to the nature of substituents on the carbon atom next
to the oxygen and can be easily modulated just by changing
the carbonyl derivative used.

Silylium ion 2a also efficiently catalyzes the hydrosilylation
and allylsilylation of benzaldehyde with triethylsilane and
allyltrimethylsilane respectively. Indeed, in presence of 2 or
10 mol% of 2a at room temperature, both reactions are quanti-
tative in 15 min (isolated yield: 92% and 99% respectively,
Scheme 2). The same results were obtained in the presence of
a proton sponge (2,6-di-tert-butylpyridine), excluding a
Bronsted acid catalysis due to a possible hydrolysis of 2a.

Then the potential catalytic activity of silylium ions 2 in
hydrosilylation of ketones has been evaluated (Table 1). For
this purpose, we have started this study with the hydrosilyl-
ation of acetophenone in the presence of triethylsilane using
different catalysts 2a-e (10 mol%) in order to evaluate the
influence of catalyst substituents. The hydrosilylation in the
presence of 2a (10 mol%) as catalyst at room temperature
results in a quasi-full conversion of acetophenone in 4 hours
affording two products, the silylated alcohol A and ethylben-
zene B which is the result of the reaction of A with a second
equivalent of silane, in the proportion of 87 :10 (Table 1, entry
2). This full deoxygenation reaction is often observed when
hydrosilylation is promoted by silylium ions."* A prolongated
reaction time slowly increases the proportion of B (A:B =
74:21 in 29 h, Table 1, entry 3). Catalysts 2a, 2b, 2d and 2e,
respectively with H/Ph, CH;/Ph, Et/Et and Ph/Ph substituents,
present similar catalytic activities, leading to quasi-full conver-
sions (95% to 99%) after 4 h with similar A:B proportions

2 (10 mol%)

Et;SID + PhMe,SIH <> Et;SiH + PhMe,SiD

R R T[C] time?®
2a H Ph 80 12h
2¢c CF; Ph 1t 15h

Fig. 4 H/D exchange between EtsSiD and PhMe,SiH catalyzed by 2. (a)
Time to achieve the 38:62 ratio of EtsSiD/EtsSiH. (b) Determined by
1H-NMR monitoring of PhMe,SiH/Et3SiH.
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HSIEt, o-SiEts
2a (2 mol%) Ph/i\H
i CHoCl, RT, 15 min 1 g2 9,
Ph™ "H /\/SiMes o,SlMe3
2a (10 mol%) Phﬂ'\/\
CHyCly, RT, 15 min 99 %

Scheme 2 Hydrosilylation and allylsilylation of benzaldehyde catalyzed
by 2a.

Table 1 Hydrosilylation of acetophenone using triethylsilane catalyzed
by imine-stabilized silylium ions 2a—2e

o _SiEts
I+ HsiEt __2(10 mol%), Hl o+ PR+ (E6Si0
Ph t,CD,Cl, Ph
A B
Catalyst Time Conv.?
Entry" (10 mol%) R R (h) (%) A° B¢
1 2a H Ph 2 61 52 4
2 4 97 87 10
3 29 99 74 21
4 2b CH; Ph 2 48 40 4
5 4 99 87 10
6 29 99 68 32
7 2¢ CF; Ph 2 76 43 30
8 4 99 43 51
9 29 99 0 99
10 2d Et Et 2 85 74 7
11 3 95 78 11
12 25 99 67 25
13 2e Ph Ph 2 52 34 14
14 4 95 75 14
15 23 99 61 28

% Reactions were carried out by using 0.25 mmol of acetophenone, tri-
ethylsilane (2.1 equiv., 0.53 mmol) and 10 mol% of 2 in 1 mL of
CD,Cl, in presence of 0.041 mmol of hexamethylbenzene used as
internal standard. ” Conversions were determined by "H NMR analysis
following acetophenone consumption compared to hexamethyl-
benzene (D1 = 10 s).  Formation of products A and/or B were deter-
mined by "H NMR analysis of the crude compared to hexamethyl-
benzene (D1 =10 s).

(75:14 to 87:10, Table 1, entries 2, 5, 11 and 14)."*> In con-
trast, in the case of catalyst 2c with an electron-withdrawing
CF; substituent, the consumption rate of acetophenone is
similar but the reduction of the silylated alcohol is much
faster since 51% of B is already formed when all acetophenone
is consumed in 4 h (Table 1, entry 8). A full deoxygenation
takes place in less than 29 h (Table 1, entry 9). Therefore, con-
sidering the catalytic activity, we decided then to check the
scope of the reaction with different carbonyl substrates using
catalyst 2¢ with CF5/Ph substituents (Table 2).

In contrast to the case of acetophenone (Table 1, entry 9),
hydrosilylation reactions of trifluoroacetophenone and diethyl-
ketone using catalyst 2¢ (10 mol%, at room temperature) are
selective and afford the hydrosilylated alcohol C as single
product (Table 2, entries 3 and 5). However, despite the clean

This journal is © The Royal Society of Chemistry 2023
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Table 2 Hydrosilylation of ketones using triethylsilane with imine-sily-
lium ion 2c

o o SiEts
0,
J]\ + HSiEty __2c (10 mol%) J\ + RITR? + (Et5Si),0
R "R? rt, CD,Cl, R" "R?
D
Entry” R R? Time (h) Conv.? (%) (o D¢
1 ph CF, 2 13 13 0
2 4 67 67 0
3 7 99 99 0
4 Et Et 2 4 4 0
5 72 43 43 0
6 Ph Ph 2 99 58 41
7 4 99 0 99

“ Reactions were carried out by using 0.25 mmol of carbonyl derivative,
triethylsilane (2.1 equiv., 0.53 mmol) and 10 mol% of 2¢ in 1 mL of
CD,Cl, in presence of 0.041 mmol of hexamethylbenzene used as
internal standard. ” Conversions were determined by "H NMR analysis
following acetophenone consumption compared to hexamethyl-
benzene (D1 = 10 s). Formation of products C and/or D were deter-
mined by "H NMR analysis of the crude compared to hexamethyl-
benzene (D1 = 10 s).

and rapid reaction with the trifluoroacetophenone (full conver-
sion in 7 h, Table 2, entry 3) the hydrosilylation of diethyl-
ketone is sluggish and leads to low conversion even after pro-
longed reaction time (43% in 72 h, Table 2, entry 5) probably
due to the decomposition of catalyst during the reaction.
Contrary to these selective reactions, in the case of more reac-
tive benzophenone, the reaction is not selective any more.
Indeed, a full conversion of benzophenone is obtained in 2 h,
leading to a 58:41 mixture of the corresponding silylated
alcohol C and D (Table 2, entry 6). In 4 h, silylated alcohol C is
fully converted into diphenylmethane together with hexaethyl-
disiloxane (Table 2, entry 7).

Conclusions

In conclusion, the imine-stabilized silylium ions 2, which can
be easily obtained by simple reaction between the sulfide-
stabilized-silylium ion 1 and carbonyl derivatives, were found
to be strong Lewis acids able of activating Si-H bonds and
effectively catalyzing the hydrosilylation and allylsilylation of
carbonyl derivatives. Because of the simplicity of the synthesis,
derivatization of 2 is particularly easy and its Lewis acidity can
be tuned just by changing the carbonyl derivative employed.
Efforts are currently underway to expand the diversity of cata-
lytic applications of 2.

Experimental
General procedures

All manipulations were performed under an inert atmosphere
of argon by using standard Schlenk techniques or high-
pressure NMR tube techniques. Dry and oxygen-free solvents

This journal is © The Royal Society of Chemistry 2023
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were used. 'H, "B, *C, "F and *°Si NMR spectra were
recorded on Brucker Avance II 300 MHz, Avance III HD
400 MHz and Avance I and II 500 MHz spectrometers.
Chemical shifts are expressed in parts per million with
residual solvent signals as internal reference (*H, *°Si and **C
{*H}). '°F chemical shifts were reported in ppm relative to
CFCl;. The following abbreviations and their combinations are
used: br, broad; s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet. 'H and '*C resonance signals were attributed by
means of 2D COSY, HSQC and HMBC experiments. The
sulfide-stabilized silylium ion 1 was synthesized as previously
reported.’® All commercially available reagents were used
after drying and/or distillation in proper conditions.

Synthesis of 2a. To a solution of 1 (150 mg, 0.13 mmol) in
benzene (2.0 mL) was added benzaldehyde (13.7 pL,
0.13 mmol). Reaction mixture was stirred for two hours and
two phases were formed, the upper phase was removed and
the lower phase washed twice with benzene (0.3 mL). Lower
phase was dried under vacuum to obtained the adduct 2a as a
yellow-orange powder (71.6 mg, 44%). M.p. = 74 °C
(decomposition).

Major isomer (75%). "H NMR (500 MHz, CD,Cl,): = 0.48 (s,
3H, Si-CH,), 1.17 (s, 3H, Si-CH3), 1.28 (d, *Jy_yy = 6.8 Hz, 3H,
CHjipy), 1.31 (d, *Jiy_y; = 6.6 Hz, 3H, CHj;p,), 1.40 (d, /iy = 6.8
Hz, 3H, CHjipy), 1.42 (d, *Jiy_y = 6.6 Hz, 3H, CHjip,), 1.83-1.65
(m, 1H, CH,), 2.17-1.86 (m, 3H, 3CH,), 2.43-2.31 (m, 2H,
2CH,), 2.47 (sept, *Jy_u = 6.6 Hz, 1H, CHp,), 2.99-2.85 (sept,
1H, CH;p, overlapped by signals of minor isomer), 3.34-3.27
(m, 2H, 2CHpriqgehead), 5-60 (s, 1H, CHO), 6.39-6.33 (m, 2H,
CHpncro), 7.01-6.97 (m, 2H, CHphcpo), 7.13-7.06 (m, 1H,
CHpncro), 7-73-7.28 (m, 8H, 5 S(C¢Hs) and 3CHgipp). ~C NMR
(126 MHz, CD,CL): § = 0.2 (s, Si-CH;), 3.3 (s, Si-CH,), 24.5 (s,
CHsipy), 24.7 (S, CHaipy), 25.4 (s, CH,), 25.8 (s, CHzipy), 26.1 (s,
CHjipy), 26.7 (s, CH,), 28.6 (s, CHipy), 29.7 (s, CHipy), 40.6 (s,
CH,), 43.6 (S, CHpridgehead); 493 (S, CHpridgenead)s 68.5 (s, C-S),
76.9 (s, CH-0), 124.6 (br, i of BAr), 127.2 (s, CHaipp), 127.3 (s,
CHuipp), 127.3 (s, CHpy), 128.2 (S, CHpp), 128.7 (S, CHpp), 129.2
(s, CHprp,), 129.8 (s, CHpy), 130.3 (s, CHpp,), 131.9 (s, Cpp), 132.2
(S, CHaipp), 132.6 (S, N=Cpjipp), 135.5 (S, Cpn), 135.5 (S, Cpncro),
136.6 (br d, Jo_p = 244.8 Hz, ArC-F), 138.6 (br d, Jo_p = 244.8
Hz, ArC-F), 142.2 (s, Cip;), 143.8 (s, Cipy), 148.5 (br d, Je_p =
241.3 Hz, ArC-F), 212.0 (s, N-C). '°F NMR (471 MHz, CD,Cl,):
8= —167.6 (t, Jep = 19.2 Hz, m of ArC-F), —163.7 (t, Jpp = 20.4
Hz, p of ArC-F), —133.1 (br, o of ArC-F). ''B NMR (160 MHz,
CD,Cl,): § = —16.7 (s, BAr,). *>°Si NMR (99 MHz, CD,Cl,): § =
12.3 (s, Si-CHj,).

Minor isomer (25%). All signals marked with *are overlapped
by signals of the major isomer. '"H NMR (500 MHz, CD,Cl,): 6
= 0.62 (s, 3H, Si-CHj), 1.00 (d, *Ji .y = 6.7 Hz, 3H, CHjipy),
1.25-1.21 (m, 1H, CH,*), 1.26 (d, 3H, CHz;p,*), 1.33 (s, 3H, Si-
CH3*), 1.40 (d, 3H, CH;ip:*), 1.48 (d, *Jyy = 6.6 Hz, 3H, CHjipy),
1.83-1.65 (m, 3H, CH,*), 2.17-1.86 (m, 2H, CH,*), 2.66 (sept,
*Ju-n = 6.6 Hz, 1H, CHip,), 2.99-2.85 (m, 4H, 2CHpridgenead +
CHip: + 1H CH,*), 5.44 (s, 1H, CHO), 7.14-7.06 (m, 1H,
CHpnhcno*),7.73-7.28 (m, 12H, all Ar* signal excepted for 1H
CHppcro). °C NMR (126 MHz, CD,Cl,): & = 0.8 (s, Si-CH3), 4.8

Dalton Trans., 2023, 52, 3052-3058 | 3055
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(s, Si-CH3), 24.6 (s, CHaipy), 24.7 (s, CHaipy), 24.7 (S, CHzipy),
25.0 (s, CHaipy), 25.2 (S, CHy), 25.9 (s, CHgipy), 27.6 (S, CH,),
28.8 (s, CHipp), 29.1 (s, CHp), 38.3 (s, CH,), 44.8 (s,
CHbridgehead), 46.6 (S, CHpriagenead), 68.8 (s, C-S), 80.4 (s, CH-
0), 124.6 (br, i of BAr), 127.2 (s, CHaipp), 127.2 (S, CHaipp)s
128.1(s, CHpy), 129.2 (s, CHpy), 130.4 (s, CHpp), 131.1 (s,
CHpn), 132.1 (s, CHgipp), 132.1 (s, CHgipp), 133.4 (s, N-Cpipp),
136.6 (br d, Jc_p = 244.8 Hz, ArC-F), 136.7 (S, Cpncro), 138.6 (br
d, Jo_r = 244.8 Hz, ArC-F), 141.5 (s, Cip;), 143.6 (S, Cip), 148.5
(br d, Jo-r = 241.3 Hz, ArC-F), 212.9 (s, N-C). Signal of 3 Cpy
could not be detected due to overlapping. '°F NMR (471 MHz,
CD,CL,): 6 = —167.6 (t, Jgr = 19.2 Hz, m of ArC-F), —163.7 (t, Jyr
= 20.4 Hz, p of ArC-F), —133.1 (br, o of ArC-F). "'B NMR
(160 MHz, CD,CL,): § = —16.7 (s, BAr). *°Si NMR (99 MHz,
CD,Cl,): 5 = 7.4 (s, Si-CH3).

Synthesis of 2b. To a solution of 1 (150 mg, 0.13 mmol) in
benzene (2.0 mL) was added acetophenone (15.7 pL,
0.13 mmol). Reaction mixture was stirred for 2 h and two
phases were formed, the upper phase was removed and the
lower phase washed twice with benzene (0.3 mL). Lower phase
was dried under vacuum to obtained the adduct 2b as a yellow
powder as a single stereomer (88.1 mg, 53%). M.p. = 70 °C
(decomposition).

"H NMR (300 MHz, CD,Cl,): § = 0.56 (s, 3H, Si-CH;), 1.07
(s, 3H, Si-CHj), 1.30 (d, *Jy_y = 6.6 Hz, 3H, CHyp,), 1.31 (d,
3Ji4-u = 6.6 Hz, 3H, CHjip,), 1.43 (d, *Ji_11 = 6.6 Hz, 3H, CHjip,),
1.42 (d, *Jyu = 6.6 Hz, 3H, CHzipy), 2.12 (s, 3H, PhCOCH;3),
2.22-1.64 (m, 5H, 3CH,), 2.38-2.26 (m, 1H, CH,), 2.67 (sept,
g = 6.6 Hz, 1H, CHip,), 3.14 (sept, *Jy_y = 6.6 Hz, 1H,
CHiPr]’ 3.23 (m7 1H, CHbridgehead)) 3.46 (m1 1H, CHbridgehead);
6.31-6.17 (m, 2H, 2CHpncocn,), 7-68-6.89 (m, 11H, S(Ce¢Hs) +
3CHgipp + 3CHpncocn,)- *C NMR (75 MHz, CD,CL,): 6 = 1.0 (s,
Si-CHj), 2.4 (s, Si-CHj;), 24.3 (s, CHgipy), 24.5 (s, CHjipy), 25.7
(s, CHsipr), 26.3 (S, CHgipr), 28.0 (s, CH,), 28.2 (s, CH,), 28.3 (s,
CHipy), 30.1 (s, CHipy), 42.4 (s, CH,), 44.3 (S, CHpridagehead)s 47.5
(S, CHbridgeheaa)y 58.5 (s, PhCOCH;), 73.5 (s, C-S), 83.1 (s,
PhCOCH3;), 127.2 (S, CHaipp), 127.5 (S, CHaipp), 127.6 (s, 2 Cpp
overlapped), 129.6 (s, Cpp), 129.7 (s, Cpp), 130.7 (s, Cpp), 132.2
(s, CHaipp)s 132.3 (S, Cpn), 132.5 (s, Cpn), 133.7 (s, N-Cpipp),
136.6 (br d, Jo_p = 245.2 Hz, ArC-F), 138.8 (br d, Jo_r = 245.4
Hz, ArC-F), 141.0 (5, Cpp), 142.5 (S, Cipy), 144.7 (S, Cip;), 148.5
(br d, Jer = 241.2 Hz, ArC-F), 212.2 (s, N-C). '°F NMR
(471 MHz, CD,CL,): 6 = —167.6 (t, Jpr = 19.2 Hz, m of ArC-F),
-163.7 (t, Jer = 20.4 Hz, p of ArC-F), —133.1 (br, o of ArC-F).
"B NMR (160 MHz, CD,CL,): § = —16.7 (s, BAr). *°Si NMR
(99 MHz, CD,Cl,): § = 8.3 (s, Si~-CHj).

Synthesis of 2c. To a solution of 1 (150 mg, 0.13 mmol) in
benzene (2.0 mL) was added a,a,a-trifluoroacetophenone
(18.9 pL, 0.13 mmol). Reaction mixture was stirred for 4 h and
two phases were formed, the upper phase was removed and
the lower phase washed twice with benzene (0.3 mL). Lower
phase was dried under vacuum to obtained the adduct 2¢ as a
pale brown powder (131.2 mg, 76%). M.p. = 71 °C
(decomposition).

Major isomer (70%). "H NMR (300 MHz, CD,CL,): 5 = 0.68 (s,
3H, Si-CH,), 1.24 (s, 3H, Si-CH;), 1.49-1.27 (m, 12H, CHz;py),
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2.28-1.88 (m, 5H, 3 CH,), 2.47-2.33 (m, 1H, CH,), 2.72 (sept,
*Liw = 6.7 Hz, 1H, CHip,), 3.24 (sept, *Jy_y = 6.7 Hz, 1H,
CHiPr)y 3.37 [m7 1H, CHbridgehead)? 3.83 (m, 1H, CHbridgehead)y
6.55-6.48 (m, 2H, 2 CHpncocr,), 7.96-6.95 (m, 11H, S(CeHs) +
3CHgipp + 3CHpncocr,)- '°C NMR (75 MHz, CD,Cl,): 6 = —0.5 (s,
Si-CH3), 2.8 (s, Si-CHj), 23.9 (s, CHzipy), 24.4 (S, CHsipr), 24.9
(s, CHzipy), 25.8 (S, CHgipr), 27.4 (s, CHy), 27.6 (s, CHip), 27.8
(s, CHipy), 28.2 (s, CH,), 41.2 (s, CH,), 44.2 (S, CHpyidgehead),
47.4 (S, CHpridgeheaa), 72-6 (s, C-S), 84.2 (q, Jo-r = 28.3 Hz,
PhCOCF3), 123.8 (br, i of BAr), 127.2 (s, CHaipp), 127.3 (s,
CHaipp), 128.3 (s, SCpn), 128.7 (s, CHphcocr,), 129.3 (s,
CHpncocr,), 129.9 (S, SCpp), 130.8 (s, SCph), 131.3 (s, SCpn),
132.1 (s, CHaipp)s 132.2 (S, N=Cpipp), 136.3 (br d, Jop = 244.2
Hz, ArC-F), 136.9 (br d, Jcr = 244.5 Hz, ArC-F), 138.3 (s,
CHpncocr,), 142.7 (s, Cipr), 144.3 (s, Cipr), 148.1 (br d, Jor =
241.1 Hz, ArC-F), 211.4 (s, N-C). Signal of carbon ipso of
PhCOCF; and PhCOCF; are not visible. 'F NMR (282 MHz,
CD,Cly): 6 = —=167.5 (t, Jgp = 19.2 Hz, m of ArC-F), —163.6 (t, Jyr
=20.4 Hz, p of ArC-F), —133.0 (br, o of ArC-F), —68.6 (br, CF3).
"B NMR (96 MHz, CD,Cl,): § = —16.6 (s, BAr). *°Si NMR
(99 MHz, CD,Cl,): 6 = 10.5 (s, Si-CH3).

Minor isomer (30%). "H NMR (300 MHz, CD,CL,): 6 = 0.76 (s,
3H, Si-CHj,), 0.94 (s, 3H, Si-CHj;), 1.49-1.27 (m, 12H, CHj;p,),
1.72-1.63 (m, 1H, CH,), 2.28-1.88 (m, 5H, 3CH,), 2.68 (m, 1H,
CHopridgehead), 2.75 (sept, 1H, CHip, overlapped by CHip, of
major isomer), 3.41 (m, 1H, CHpidgehead), 3-64 (S€pt, am =
6.7 Hz, 1H, CHip,), 6.37-6.31 (m, 2H, 2CHpncocr,), 7-96-6.95
(m, 11H, S(CeHs) + 3CHaipp + 3CHpncocr,)- ~C NMR (75 MHz,
CD,CL,): 6 =—0.3 (s, Si-CH3), 0.5 (s, Si-CH,), 22.8 (s, CHzipy),
23.8 (s, CHgipy), 25.9 (S, CHaipr), 26.9 (S, CHjipy), 27.6 (S, CH,),
27.7 (s, CHipy), 27.9 (s, CHipy), 28.5 (s, CH,), 40.2 (s, CH,), 45.6
(S, CHbridgehead)’ 47.9 (S’ CHbridgehead)i 73.7 (S’ C—S), 84.2
(PhCOCF; overlapped with major isomer), 123.8 (br, i of BAr),
127.1 (s, CHaipp), 127.2 (s, CHgipp), 128.2 (S, SCHpp), 128.6 (s,
CHphoocr,), 129.4 (S, CHphoocr,), 129.8 (s, SCHpy), 130.8 (s,
SCHpy, overlapped by major isomer), 131.1 (s, SCpy), 131.9 (s,
CHpncocr,), 132.0 (S, CHaipp), 132.4 (s, N-Cpipp), 136.3 (br d,
Jcr = 244.2 Hz, ArC-F), 138.3 (br d, jc_p = 244.5 Hz, ArC-F),
143.8 (s, Cipr), 144.7 (s, Cipy), 148.1 (br d, Jc_r = 241.1 Hz, ArC-
F), 210.5 (s, N-C). Signal of carbon ipso of PhCOCF; and
PhCOCF; are not visible. 'F NMR (282 MHz, CD,Cl,): § =
—167.5 (t, Jer = 19.2 Hz, m of ArC-F), —163.6 (t, Jrr = 20.4 Hz, p
of ArC-F), —133.0 (br, o of ArC-F), —68.1 (s, CF;). ''B NMR
(96 MHz, CD,Cl,): § = —16.6 (s, BAr). **Si NMR (99 MHz,
CD,Cl,): 6 = 11.1 (s, Si~CH3).

Synthesis of 2d. To a solution of 1 (300 mg, 0.27 mmol) in
benzene (2.0 mL) added 3-pentanone (28.5 pL,
0.27 mmol). Reaction mixture was stirred for 2 h and two
phases were formed, the upper phase was removed and the
lower phase washed twice with benzene (0.3 mL). Lower phase
was dried under vacuum to obtained the adduct 2d as an
orange powder (263 mg, 81%). M.p. = 69 °C (decomposition).

'H NMR (500 MHz, CD,CL,): 6 = 0.43 (s, 3H, Si-CHj,), 0.87
(s, 3H, Si-CH3), 0.93 (t, *Jy_y = 7.7 Hz, 3H, CHsgy), 1.15 (t, *Jin
= 7.3 Hz, 3H, CHsg), 1.23 (d, *Jyu = 6.7 Hz, 3H, CHzjp,), 1.28
(d, *Jiy = 6.6 Hz, 3H, CHjip,), 1.36 (d, *Jy_y = 6.6 Hz, 3H,

was
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CHsipr), 1.37 (d, *Jyns = 6.7 Hz, 3H, CHjip,), 2.18-1.75 (m, 8H,
2CH,g and 2CH,), 2.29-2.20 (m, 1H, CH,), 2.43-2.31 (m, 2H,
CH,), 2.55 (sept, *Jiy_u = 6.7 Hz, 1H, CHip,), 3.03 (sept, *Jy_y =
6.6 Hz, 1H, CHip,), 3.12 (br, 1H, CHpidgehead), 3-37 (br, 1H,
CHyridgehead), 7-61-7.37 (m, 8H, CHpp). '*C NMR (126 MHz,
CD,Cl,): 6 = 0.8 (s, Si-CH3), 2.5 (s, Si-CHj3), 8.9 (s, CHs), 9.2 (s,
CH3,), 24.2 (s, CHsip,), 24.6 (s, CHsipy), 25.6 (s, CHzipy), 26.3 (s,
CH3ip), 27.4 (s, CH,), 28.2 (s, CHip), 29.3 (s, CH,), 29.7 (s,
CH,gy), 30.0 (S, CHip,), 32.8 (S, CH,gy), 41.4 (s, CH,), 44.3 (s,
CHbridgehead); 46.8 (S, CHpriagehead), 75.6 (s, C-S), 87.4 (s, CEt,),
124.3 (br, i of BAr), 127.1 (s, CHgipp), 127.5 (s, CHaipp), 128.9 (s,
SCph), 129.4 (s, SCpp), 130.2 (S, SCpn), 132.1 (s, CHaipp), 132.7(s,
N—Cpipp); 134.6 (s, CHpy), 136.7 (br d, Jc_r = 244.5 Hz, ArC-F),
138.6 (br d, Jo_¢ = 244.5 Hz, ArC-F), 144.3 (s, Cip;), 142.3 (s,
Cipr), 148.6 (br d, Jo_p = 240.5 Hz, ArC-F), 212.9 (s, N-C). '°F
NMR (471 MHz, CD,Cl,): § = —167.6 (t, Jgr = 19.2 Hz, m of ArC-
F), —163.7 (t, Jgr = 20.4 Hz, p of ArC-F), —133.1 (br, o of ArC-F).
"B NMR (160 MHz, CD,CL,): § = —16.7 (s, BAr). *°Si NMR
(99 MHz, CD,Cl,): § = 6.4 (s, Si-CH3).

Synthesis of 2e. To a solution of 1 (300.0 mg, 0.27 mmol) in
benzene (2.0 mL) was added benzophenone (4.91 mg,
0.27 mmol). Reaction mixture was stirred for 2 h and precipi-
tate was formed, solvent was removed by filtration and the
solid washed twice with benzene (0.5 mL). Solid was dried
under vacuum to obtained the adduct 2e as a yellow powder
(295.0 mg, 85%). Crystals were obtained from a chloroform
solution at —30 °C. M.p. = 70 °C (decomposition).

'H NMR (500 MHz, CD,CL,): § = 0.77 (d, *Ji_i1 = 6.5 Hz, 3H,
CHzipr), 0.78 (s, 3H, Si-CHj), 1.26 (d, *Jyu = 6.7 Hz, 3H,
CHsipr), 1.33 (d, *Jyy_u = 6.5 Hz, 4H, CH,;p, + CH,), 1.36 (s, 3H,
Si-CH;), 1.37 (d, *Jy_u1 = 6.7 Hz, 3H, CHj;p,), 2.20-1.95 (m, 4H,
CH,), 2.24 (sept, *Jy_u = 6.5 Hz, 1H, CHip,), 2.84-2.75 (m, 1H,
CH,), 2.93 (br, 1H, CHpridgehead), 3-10 (sept, *Ju_u = 6.7 Hz, 1H,
CHipy), 4.08 (br, 1H, CHypridgehead), 7-06-6.93 (m, 6H, CHpn),
7.18 (m, 1H, CHpy), 7.75-7.34 (m, 10H, CHp,). *C NMR
(126 MHz, CD,Cl,): § = 1.2 (s, Si-CHj3), 5.8 (s, Si-CH3), 24.6 (s,
CHipy), 24.9 (s, CHgipy), 24.9 (S, CHsipr), 25.8 (s, CHzipy), 27.1
(s, CH,), 28.6 (s, CHip,), 28.6 (s, CHjpy), 29.2 (s, CH,), 40.6 (s,
CHZ): 45.8 (57 CHbridgehead): 47.1 (S7 CHbridgehead)y 76.9 (57 C_S]’
89.3 (s, CPh,), 124.4 (br, i of BAr), 127.0 (s, CHpy), 127.2 (s,
CHyipp), 127.4 (s, CHgipp), 127.6 (s, CHpyp), 128.4 (br, CHpy),
128.8 (s, CHpyp), 128.9 (s, CHpy), 129.6 (s, CHpy), 129.6 (s,
CHpy), 129.7 (s, CHpy), 131.0 (S, SCpp), 132.1 (s, CHaipp), 133.4
(s, N=Cpipp), 133.5 (s, CHpp), 136.6 (br d, Jo ¢ = 244.5 Hz, ArC-
F), 138.7 (br d, Jc_p = 244.5 Hz, ArC-F), 140.5 (s, CPh), 141.9 (s,
CPh), 142.2 (s, Cipy), 143.7 (s, Cipy), 148.5 (br d, Jo_r = 240.5 Hz,
ArC-F), 213.2 (s, N-C). "F NMR (471 MHz, CD,Cl,): § = —167.5
(t, Jer = 19.2 Hz, m of ArC-F), —163.7 (t, Jzr = 20.4 Hz, p of ArC-
F), —133.0 (br, o of ArC-F). "'B NMR (160 MHz, CD,Cl,): § =
-16.6 (s, BAr). >°Si NMR (99 MHz, CD,Cl,): & = 5.5 (s, Si-CH3).

Scrambling H/D reaction

In a J. Young NMR tube, to a solution of 2a or 2¢ (10 mol%) in
CD,Cl, was added D;-triethylsilane (0.082 mmol, 13.1 pL) and
dimethylphenylsilane (0.082 mmol, 12.6 pL) successively.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Exchange reactions were monitored by "H NMR at different
temperature (relaxation time D; = 10 s).

Hydrosilylation of acetophenone

In a J. Young NMR tube, to 2a-2e (10 mol%) was added a solu-
tion of CD,Cl, containing acetophenone (0.025 mmol), tri-
ethylsilane (0.053 mmol) and hexamethylbenzene as internal
standard (0.0041 mmol). Reaction was monitored by "H NMR
(relaxation time D; = 10 s). Conversions and selectivities were
determined by "H NMR analysis of the crude samples.

Hydrosilylation of benzaldehyde

In a J. Young NMR tube, to a solution of 2a (2.0 mol%) in
CD,Cl, was added benzaldehyde (0.41 mmol, 41.8 pL) and tri-
ethylsilane (0.41 mmol, 47.6 pL) successively. NMR was rea-
lized 15 minutes after and full conversion was observed.

Allylation of benzaldehyde

In a J. Young NMR tube, to a solution of 2a (10 mol%) in
CD,Cl, was added benzaldehyde (0.082 mmol, 8.37 pL) and
allylsilane (0.082 mmol, 13.0 pL) successively. NMR was rea-
lized 15 minutes after and full conversion was observed.
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