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Frustrated Lewis pair catalyzed hydrosilylation and
hydrosilane mediated hydrogenation of fulvenesf
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The frustrated Lewis pair (FLP) mediated hydrosilylation of pentafulvenes is described yielding allyl silanes

with high regioselectivity in excellent yields. While phenyl substituted allyl silanes undergo B(CgFs)s-

mediated rearrangement to vinyl silanes, dimethyl derivatives experience FLP-catalyzed hydrogenation
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Introduction

Hydrogenations and hydrosilylations are two of the most
applied processes in industrial chemistry." Although both
transformations are efficiently catalyzed by transition metal
complexes,” research in the field of metal-free alternatives has
flourished in the past few decades. Piers and co-workers
demonstrated that the strong Lewis acid B(CeFs); (1) is a
powerful hydrosilylation catalyst of a number of substrates
including aldehydes, ketones, imines and enones.’ Also, less
polarized substrates such as olefins were susceptible to borane
and phosphonium-mediated hydrosilylation. We have
reported earlier® that the B(CgF5);-catalyzed 1,4-hydrosilylation
of enones® can be combined with frustrated Lewis pair (FLP)
catalyzed hydrogenations®” of the in situ generated silylenol
ethers.® Also, allyl silanes were susceptible to FLP-catalyzed
hydrogenation,”®® providing access to saturated silanes. We
sought to expand this methodology to compounds bearing two
or more non-polar double bonds. Particularly pentafulvenes
are highly reactive, electron-rich compounds which readily
undergo cycloaddition reactions' to construct complex mole-
cules.’®? In particular, this reactivity obstructs the use of penta-
fulvenes as cyclopentyl building blocks for natural products or
fragrant syntheses.'" Erker has shown that FLPs can influence
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followed by an unprecedented protodesilylation. This observation allowed the metal-free hydrogenation
of 6,6-dimethylfulvene to iso-propyl cyclopentene according to a FLP-catalyzed triple domino reaction
consisting of hydrosilylation, hydrogenation and protodesilylation. The mechanisms were investigated by

the fulvene-reactivity to yield unusual [6 + 4] cycloaddition
products.?

Herein we report the FLP-catalyzed hydrosilylation and sub-
sequent hydrogenation of pentafulvenes to access silylated
cyclopentene-derivatives according to a domino reaction
sequence."

Results and discussion
Hydrosilylation of fulvenes

We initiated our investigations by reacting 6,6-dimethylfulvene
(2) with 1 equiv. of methyl(diphenyl) silane (3) in the presence
of 10 mol% of the Lewis-acid B(C¢F5); (1) (Table 1, entry 1).
Instantaneous conversion of the starting material was
observed, yielding a mixture of hydrosilylation and oligomeri-
zation products. Remarkably, employing 10 mol% of the FLP
consisting of P(1-naphth); (4) and B(C4Fs); (1) (Table 1, entry
2) as the catalyst provided exclusively the hydrosilylation
product 5 as a single regioisomer after 1 h in quantitative
yield. The hydrosilylation product 5 was unambiguously
characterized by NMR spectroscopy and X-ray crystallography™*
as the addition product to the C2-C3 position (Fig. 1). Alterna-
tive products arising from FLP mediated cycloaddition"” were
not detected throughout our study. Evidently the choice of the
Lewis base has a dramatic impact on the outcome of the reac-
tion, and we expanded our investigation to other phosphines
and amines (Table 1, entries 3-8). Indeed, the nature of the
employed Lewis base has a significant influence on the reac-
tion rate. In the presence of P(¢-Bu); (6)/1 the fulvene 2 was not
consumed even after prolonged reaction time (78 h, entry 3),
most likely due to the formation of the stable silylium salt [(#Bu)s-
P-SiPh,Me][HB(C4F5);].'> Phosphines or amines comprising
less basic heteroatomic sites are viable Lewis bases for the
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Table 1 Lewis base influence on the hydrosilylation of dimethylfulvene
(2

H-SiMePh, (3)

Me 10 mol% B(CeFs)s (1) Me
Me 10 mol% Lewis base Me )
\ \\_ _siMePh,
CD,Cly, rt.
H
2 5
Entry Lewis base Time (h) Yield (%)
18 — — —
2 P(1-naphth); (4) 1 >95
3¢ P(t-Bu); (6) 78 0
4 P(Mes); (7) 24 >95 (79%)7
5 P(CeF5)Ph, (8) 0.5 >95
6 PhNMe; (9) 24 >95
7 (1-naphth)NMe, (10) 1 >95
8P (p-tol),NMe (11) 1 <5

“Reactions performed on a 0.1 mmol scale in CD,Cl, (0.5 mL, 0.2 M)
at r.t. using 1 equiv. of hydrosilane 3 and 10 mol% of B(C¢Fs); (1) and
the corresponding Lewis base. Yields were determined by '"H NMR
spectroscopy using the residual solvent signal as an internal standard.
b'significant amounts of the oligomerization product were observed.
°No hydrosilylation was observed even at 70 °C. ¢ Isolated yield.

Fig. 1 Crystal structure of allyl silane 5.

FLP-catalyzed hydrosilylation of 2 providing the product 5 in
quantitative yield. The FLP consisting of PMes; (7)/(1) required
24 h for the quantitative hydrosilylation of 2 whereas the
corresponding P(C¢F5)Ph, (8)/(1) needed only 0.5 h for com-
pletion. The electronic modification of the aniline derivatives
exhibited even more drastic effects on the reaction rates
(Table 1, entries 6-8). While N,N-dimethylaniline (9) as a Lewis
base component gave 5 in 24 h (entry 6, >95%), the slightly
less basic N,N-dimethyl-1-naphthylamine (10) provided the
product in quantitative yield in 1 hour (Table 1, entry 7). In
contrast, the FLP derived from N,N-di(p-toloyl)methylamine
(11) and B(C¢Fs); (1) furnished only traces of the hydrosilyl-
ation product 5 accompanied by significant amounts of
oligomerization products (Table 1, entry 8). From these obser-
vations some tentative conclusions can be drawn.

The dependence of the reaction rates may be attributed to
the formation of the encounter complex.'® Precoordination of
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Ph  H-SiMePh, (3) Ph
Ph 10 mol% 41 (1:1) 7"
a) N TOmoBRd4M ) TN\ siMePh,  93%yield
CD,Cl, (> 95% by "H NMR)
rt,24h H
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ppMe oh.Me Ve
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T bl * 69% yield
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13 (E)-15 (2)-15
16 : 1

Scheme 1 Hydrosilylation of (a) 6,6-diphenylfulvene (12) and (b) 6-
phenyl-6-methylfulvene (13).

H SiMePh,
H-SiMePh, (3)
10 mol% 4/1 (1:1) SiMePh, H
+

—_—
\ CD,Cl \ \
Me rt, 224";1 Me Me

Me Me
90% yield

17 18
1
(by "HNMR) 1.2 : 1

Scheme 2 Hydrosilylation of dimethylbenzofulvene (the yield was
determined by *H NMR spectroscopy using the residual solvent signal as
an internal standard).

borane 1 by the corresponding Lewis base significantly decele-
rates the undesired oligomerization, thus favoring the hydro-
silane activation.

In order to investigate the substrate scope of the reaction,
different pentafulvenes were reacted with hydrosilane 3 in the
presence of 10 mol% 4/1 at room temperature. The aryl substi-
tuted pentafulvenes, 6,6-diphenylfulvene (12) and 6-methyl-6-
phenylfulvene (13), readily underwent regioselective 1,2-hydro-
silylation in 98% and 93% yield for 14 and 15 respectively with
remarkable C2 regioselectivity (Scheme 1). The hydrosilylation
of the unsymmetric fulvene 13 provided a mixture of (E)-15
and (2)-15 in a 1.6: 1 ratio (Scheme 1b). As a fourth substrate
we investigated the reactivity of 6,6-dimethylbenzofulvene (16)
in the FLP-catalyzed hydrosilylation with 3 (10 mol% 4/1). In
accord with the previous examples the hydrosilylation was
complete in 24 h in excellent yield (90%, Scheme 2). However,
the reaction proceeds with low regioselectivity and a mixture of
regioisomers (17 : 18; 1.2 : 1 ratio) was obtained.

Catalytic hydrogenation

The catalytic hydrosilylation of 6,6-disubstituted fulvenes was
achieved using FLPs derived from P(1-naphth); (4), P(C¢Fs)Ph,
(8) and (p-tol),NMe (11) and B(CeFs); (1) as Lewis acids. Our
group has shown earlier that the same FLPs were active cata-
lysts for the metal-free hydrogenation of allyl silanes”®® giving
rise to a hydosilylation/hydrogenation domino-reaction
sequence.>® Consequently we first investigated the reduction
of the prepared allylic silanes using H, and 4/1 as catalysts.
Indeed, when 5 was subjected to H,-atmosphere in the pres-
ence of 4/1 the corresponding cyclopentenylsilane 19 together
with small amounts of 1-iso-propylcyclopent-1-ene (20) and
hydrosilane 3 as by-products were observed (Scheme 3a).

This journal is © The Royal Society of Chemistry 2014
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Me_ e Hy (4 bar) Me_Me
) \_ sivepn, 10 moi% 411 (1:1) SiMePh,
a _—
CDCl

24 h, 50 °C
5 94% 19
(by "H NMR)
Me Hy (4 bar)
Me 10 mol% 4/1
b) + HSiMePh, (1)
CD2C|2
24 h,70°C
20 3 68%
(by "H NMR)

Scheme 3 FLP catalyzed hydrogenation of allylsilane 5 (yields were
determined by *H NMR spectroscopy using the residual solvent signal as
an internal standard).

Surprisingly the hydrogenation provided (2-iso-propylcyclo-
pent-2-en-1-yl)trimethylsilane (19) as the sole isomer, indicat-
ing a double bond migration during the reaction (vide infra for
mechanistic details). Since product 19 is once again an allyl
silane a second reduction step to the saturated iso-propyl sub-
stituted cyclopentylsilane seems feasible. However, pro-
longation of the reaction time or increase of the reaction
temperature (up to 70 °C) did not result in the reduction of the
double bond but unexpectedly in the dehydrosilylation of 19 to
produce iso-propyl-cyclopentene (20) and the hydrosilane 3 in
68% yield (Scheme 3b). Accordingly the by-product formation
in the hydrogenation of 5 is a result of the over-hydrogenation
of 19. Such reactivity is known for allyl silanes when treated
with strong Brensted acids.'” However, these reactions usually
require nucleophilic oxo-groups in order to cleave the silicon
carbon bond. The unexpected protodesilylation prompted us
to investigate the reactions in more detail. Therefore hydrogen-
ation experiments of allyl silane 5 were conducted using
10 mol% of FLPs comprising different Lewis bases (Table 2).
Lewis pairs consisting of electron rich phosphines P(¢-Bu); (6)/
1 and P(Mes); (7)/1 were not reactive (Table 2, entries 1 and 2).
FLPs with a less electron releasing phosphine or amine e.g. 8
and 9 were able to catalyze the hydrogenation of 5 even at

Table 2 Lewis base influence on the hydrogenation and protodesilylation®

Hy (4 bar)
Me Me 10 mol% 1 Me
A\ SiMePh, 10 mol% Lewis base SiMePh,
CDZCIZ
5
Lewis T Conv. Product
Entry base [eC] [%] ratio 19 : 20
1 6 70 0 —
2 7 70 0 —
3 4 50 >95 10.8:1
4 8 r.t. 76 5.3:1
5 9 I.t. 68 7.5:1

“Reactions performed on a 0.1 mmol scale in CD,Cl, (0.5 mL, 0.2 M)
at the given temperature using 10 mol% of B(C¢Fs); (1) and Lewis base
under 4 bar of hydrogen atmosphere. Yields were determined by "H
NMR spectroscopy after 24 h with the residual solvent signal as an
internal standard.

This journal is © The Royal Society of Chemistry 2014
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Scheme 4 FLP mediated protodesilylation of allylsilane 17 (the yield
was determined by 'H NMR spectroscopy using the residual solvent
signal as an internal standard).

room temperature (entries 4 and 5). Products resulting from
protodesilylation were already generated in significant
amounts even under these mild reaction conditions. The FLP-
catalyzed protodesilylation was not only restricted to 19.
Exposure of the mixture of 17 and 18 (1.2 : 1) to H,-atmosphere
in the presence of 4/1 (10 mol%) resulted in the formation of
the iso-propyl indene 21. As expected, only the allyl silane 17
underwent protodesilylation (56%) while the homo allyl silane
18 remained unchanged (Scheme 4).

Finally the two allyl silanes 14 and E/Z-15 were subjected to
the hydrogenation (10 mol% 4/1), but even after prolonged
reaction time (48 h) at elevated temperatures (70 °C) the
corresponding hydrogenation products were not identified.
However, under the reaction conditions the allyl silanes under-
went rearrangement to the corresponding vinyl silanes
(compare Table 2). Subsequent control experiments revealed
that this rearrangement is catalyzed by B(CgFs); (1).'® The sym-
metrical diphenyl-derivative 14 was converted to the corres-
ponding vinyl silane 22 in quantitative yield after 48 h at 70 °C
(Table 3, entry 1 > 95% yield). Interestingly the two diastereo-
mers E/Z-15 displayed different rates for the rearrangement. In
the mixture of E/Z-15 (1.6:1) the E-diastereomer underwent
the Lewis acid-catalyzed rearrangement more readily (entry 2:
40 °C, 24 h) than Z-15 (entry 2: 70 °C, 92 h).

The combined data for the hydrosilylation of 2, hydrogen-
ation of 5 and final protodesilylation of 19 suggest that this
sequence may be combined in a triple FLP-catalyzed domino-
reaction cascade using hydrosilane 3 as the mediator
(Scheme 5).

Table 3 Lewis acid-catalyzed double bond migration®

R R
R R
\\_ _SiMePh, 10 mol% B(CeFs)s (1) \__SiMePh,
CD,Cl
H 2 H
14, (E)-15, (2)-15 R, R'= Me, Ph 22, (E)-23, (2)-23
Starting material
Temp. Time  Yield
Entry R= R'= Product (°C) (h) (%)
1 Ph Ph 14 22 70 48 >95
2 Ph  Me (E)}15 (E)22 40 24 >95
3 Me Ph (2015 (2)22 70 92 78

“Reactions performed on a 0.1 mmol scale in CD,CI, (0.5 mL, 0.2 M)
at the given temperature and reaction time using 10 mol% of B(C¢Fs);
(1). Yields were determined by "H NMR spectroscopy with the residual
solvent signal as an internal standard.
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Scheme 5 FLP-catalyzed triple reaction cascade for the hydrosilane
mediated hydrogenation of fulvene 2 (the yield was determined by *H
NMR spectroscopy using the residual solvent signal as an internal
standard).

Indeed, after reaction of 2 with 10 mol% FLP consisting of
4/1, 10 mol% hydrosilane 3 in the presence of H, (4 bar) for
24 h at room temperature, complete consumption of the start-
ing material was observed, yielding a mixture of cycloaddition
and hydrosilylation products. However, after an additional 6
days the mixture was converted to iso-propylcyclopentene (20)
in 77% yield. In this sequence the hydrosilane 3 enabled the
FLP-catalyzed hydrogenation of 6,6-dimethylfulvene (6), which
was not possible by direct metal-free hydrogenation as dis-
cussed earlier.

Mechanistic investigations

Finally we investigated the FLP-catalyzed triple cascade in
more detail by deuteration experiments (Scheme 6).
Treatment of 2 with deuterosilane 3 furnished the
2-(propan-2-ylidene)-5-deutero-cyclopent-3-en-1-yl)silane (D-5)
selectively in quantitative yields (>95%, Scheme 6a). The
exposure of 5 to D,-atmosphere in the presence of FLP 4/1 pro-
vided the 1,4-addition of deuterium to the diene with concomi-
tant double bond migration, supporting a protonation/hydride
addition mechanism (Scheme 6b). The resulting 3-cyclopen-
tene 24 underwent deuterodesilylation in 48% yield with selec-

tive vicinal deuterium incorporation and formation of
a) Me D-SiMePh, (D-3) Me
Me o T Me
)\ 10 mol% 4/1 (1:1) % sivepn,
CD.Cl, r.t.
95% D
2 D-5
b) " D, (4 bar) D me
Y 10mol% 41 (1:1) Me .
W\ _siMePh SiMePh;
2 CD,Cl,
50 °C, 24 h
76 %
5 D24
<) D wme D me
Me ] D, (4 bar) Me
SiMePh, 10 mol% 4/1 (1:1)
D + D-SiMePh;
CD,Cl,
70°C,3d
D * D
24 48 % 25 D-3
Scheme 6 (a) Deuterosilylation of dimethylfulvene (2), (b) deuteration

of 5 and (c) deuterodesilylation of allylsilane 24 (yields were determined
by 'H NMR spectroscopy with the residual solvent signal as an internal
standard).
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Scheme 7 Catalytic cycle for the FLP-catalyzed triple reaction cascade.

equimolar amounts of deuterosilane D-3 (Scheme 6¢). Accord-
ingly, protodesilylation occurs via electrophilic attack of the
double bond and nucleophilic deuteride-transfer from the
borodeuteride to the silyl-group. Based on these observations a
catalytic cycle for the FLP-catalyzed triple reaction cascade is
proposed (Scheme 7). After the FLP-assisted hydrosilylation of
2 the allyl silane 5 is hydrogenated via metal-free H,-activation
to the cyclopentene 19. Finally hydrosilane 3 is regenerated by
FLP-mediated H,-activation, and subsequent protodesilylation
of 19 closes the catalytic cycle.

Conclusions

In conclusion, we have shown that FLPs are potent catalysts for
the hydrosilylation of pentafulvenes in excellent yields. Here the
FLPs not only catalyzed the hydrosilylation with remarkable
regioselectivity but also suppressed undesired side reactions e.g.
the Lewis acid catalyzed oligomerization of fulvenes. Dimethyl-
substituted allyl silanes underwent FLP-catalyzed hydrogenation
and protodesilylation. The latter observation led to the develop-
ment of the triple reaction cascade consisting of hydrosilyl-
ation/hydrogenation/protodesilylation, allowing for the metal-
free hydrogenation of 6,6-dimethyl fulvene to iso-propyl cyclo-
pentene. The mechanisms of the individual reactions were
investigated by deuteration experiments.
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