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B(CeFs)s/Amine-Catalyzed C(sp)—H Silylation of Terminal Alkynes
with Hydrosilanes: Experimental and Theoretical Studies

Yuanhong Ma, @ Shao-Jie Lou,®! Gen Luo,*é! Yong Luo,® Gu Zhan,!a Masayoshi Nishiura,®"! Yi Luo,

and Zhaomin Hou*@.b.cl

Abstract: Transition-metal-catalyzed C-H functionalization of
organic compounds has proved to be a useful atom-efficient strategy
in organic synthesis. In contrast, main-group-element-based catalytic
processes for C-H functionalization have remained much
underexplored to date. We herein report the catalytic C(sp)-H
silylation of a wide range of terminal alkynes with hydrosilanes by a
combination of B(C¢Fs)3; and an organic base such as
triethylenediamine (DABCO). This protocol constitutes the first
example of boron-catalyzed C(sp)-H functionalization, offering a
convenient route for the synthesis of a variety of alkynylsilanes.
Experimental and computational studies have revealed that DABCO
plays crucial dual roles (Lewis base and Brensted base) in this
catalytic transformation.

The catalytic activation and functionalization of C—H bonds by
transition metal complexes have resulted in a wide variety of
useful synthetic strategies for organic synthesis.l"? In endeavors
to develop main-group-element-based catalytic processes for
organic synthesis, boron catalysts, such as B(C¢Fs)s, have
recently received much attention.>4l However, studies on the
catalytic C—-H functionalization by boron catalysts are still
limited.>® Recently, the catalytic C(sp?)-H borylation,?!
silylation,®® alkylation! and deuteration!® of (hetero)arenes by
boron-based catalysts have been reported (Scheme 1a). As to
C(sp)—H activation, the stoichiometric C—H cleavage of terminal
alkynes by frustrated Lewis pairs (FLPs) has been achieved.®!
However, the catalytic transformation of a C(sp)-H bond by a
boron catalyst has not been reported previously.

Alkynylsilanes are useful building blocks for the construction
of C—C and C-X bonds!' as well as for the synthesis of various
functional materials.'"' The catalytic C(sp)-H silylation of
terminal alkynes with hydrosilanes through release of H; is the
most atom-efficient approach for the synthesis of alkynylsilanes.
Previously, various transition metall' and alkali metall’3
catalysts, including the elegant work of Stoltz and Grubbs on
KOH-based catalyst,['*¢! have been reported for the synthesis of
alkynylsilanes by the C(sp)-H silylation of terminal alkynes with
hydrosilanes. However, challenges still exist despite recent
advances. The development of new catalytic systems with
different working mechanisms and wide substrate scope for the
synthesis of alkynylsilanes is of great significance. We herein
report the catalytic C(sp)—H silylation of a wide range of terminal
alkynes with hydrosilanes by a combination of B(CgsFs); with an
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organic base such as triethylenediamine (DABCO) (Scheme 1b).

(a) Previous Work: C(sp?)-H functionalization of arenes

@+ [B] @~

Electron-rich (Hetero)arenes R = silyl, boryl, or alkyl groups
[B] = B(CeFs)3, R(C¢Fs)2, RaNArBH,; etc.
(b) This Work: C(sp)-H silylation of terminal alkynes with hydrosilanes
Cat. B(CgFs)3
Si]—H R—=
"N >\
NN
/

R———H +

[Si] +H;

« Wide substrate scope * High chemoselectivity
« No need for H, acceptor + Gram-scalable synthesis
« Detailed mechanism studies

Scheme 1. Catalytic C—H functionalization by boron-based catalysts

We have recently found that B(CsFs); can serve as an
efficient catalyst for the C(sp?)-H silylation[®® of electron-rich
arenes with hydrosilanes and the C-Si/Si—H cross metathesis!“l
of hydrosilanes. These results promoted us to explore the
potential of B(C¢Fs5); as a catalyst for the C(sp)-H silylation of
terminal alkynes with hydrosilanes. At first, we examined the
reaction of phenylacetylene (1a) with diphenylsilane (2a) using
B(CsFs); as a catalyst under various conditions (Table 1 and
Table S1). In the presence of 10 mol % of B(CeFs)s, the reaction
of 1a with 2a in toluene at 100 °C did not give a silylation product
(Table 1 entry 1), showing that the C(sp)-H silylation of a
terminal alkyne significantly differs from the analogous C(sp?)-H
silylation of arenes. In contrast, addition of 1 equiv. of 2,6-lutidine
to the reaction system afforded the alkyne C—H silylation product
3a in 49% yield in 24 h (Table 1, entry 2). We then investigated
the influence of various organic bases on this reaction. The use
of EtsN and DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene) gave a
lower vyield of 3a, while 2,6-dicloropyridine or 2,6-di-t-
butylpyridine did not work under the same conditions (Table 1,
entries 3—-6). When DABCO (triethylenediamine) was used as an
additive, the desired product 3a was isolated in 81% yield (Table
1 entry 7). It is also worth noting that even a catalytic amount of
DABCO (10-20 mol %) could promote this transformation,
although a slightly lower yield of 3a (60—-68%) was obtained,
compared to that (85%) in the case of 1 equiv of DABCO (Table
1, entries 7, 8 and 9). In all of these reactions, hydrosilylation at
the C=C unit of 1a was not observed.

Next, we examined the scope of hydrosilanes using 1a as an
alkyne partner in the presence of 10 mol % of B(C¢Fs)s and 1.0
equiv of DABCO at 100 °C for 24 h. Some representative results
are shown in Table 2. In addition to Ph,SiH; (2a), a wide range
of secondary hydrosilanes such as PhMeSiH;, Ph(PhCH>)SiH,,
(n-Bu)2SiH,, and Et,SiH, were suitable for the C(sp)—H silylation
of 1a, affording the corresponding alkynylsilane products (3a-3e)
in 65-81% yields. A gram-scale (5 mmol) reaction of 1a with 2a
could be easily performed, affording 3a in 77% isolated yield. In
the case of primary hydrosilanes such as n-C4gH3;SiH; and
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PhSiHs, the target alkynylsilane products 3f and 3g were formed
in 85% and 74% yields, respectively, as shown by 'H NMR
analyses. However, attempts to isolate a pure product in a
significant yield by chromatography were not successful
probably due to decomposition. A tertiary hydrosilane such as
PhMe,SiH did not work for this transformation under the same
conditions.

Table 1. Optimization of reaction conditions!®!

B(CgFs)3 (10 mol%) Ph
_ , Additive JN\
< >—: H o+ Ph,SiH, { Y—=—si—pn
Toluene, 100 °C, 24 h — \
H
1a 2a 3a
Entry Additive Yield (%)®!
1 None 0
2 2,6-Lutidine (1.0 equiv.) 49
3 2,6-Dichloropyridine (1.0 equiv.) Trace
4 2,6-Di-t-butylpyridine (1.0 equiv.) N.D.[
5 EtsN (1.0 equiv.) 25
6 DBU (1.0 equiv.) 10
7 DABCO (1.0 equiv.) 85 (81)
8 DABCO (0.1 equiv.) 60
9 DABCO (0.2 equiv.) 68

[a] Conditions: 1a (0.25 mmol), 2a (0.75 mmol), B(CsFs)3 (10.0 mol %),
additive and toluene (1.0 mL) under N2 at 100 °C for 24 h, unless otherwise
noted. [b] Yield determined by 'H NMR with CH2Br: as an internal standard. [c]
Isolated yield. [d] N.D. = Not detected. DABCO = triethylenediamine. DBU =
1,8-Diazabicyclo[5.4.0]lundec-7-ene

Table 2. Scope of hydrosilanes.[a]
@—:—H + [Si—H

B(CgFs5)3 (10 mol%)
DABCO (1.0 equiv)

1a 2 Toluene, 100.°C, 24 h 3
Ph Ph
/ / ) Ph
@—:—Si—Ph @—:—Si—Ph ——si/
\ \ \
H H H
3a, 81% (77%!%)) 3b, 74% 3c, 79%
nBu Et H
/ / !
©—:<SI\7HBU @—:—stEt @—7—S|\7018H37
H H H
3d, 71% 3e, 65% 3f, 85%!°9
/H /
@—:—Si*Ph @—:—Si—Ph
\ \
H
3g, 74%!9 3h, N.D.1¢J

[a] Conditions: 1a (0.25 mmol), 2 (0.75 mmol), B(CeFs)s (10.0 mol%) , DABCO
= triethylenediamine (1.0 equiv) and toluene (1.0 mL) under N2 at 100 °C for
24 h, unless otherwise noted. Isolated yield. [b] 5 mmol scale, 48 h. [c] 12 h.
[d] Yield determined by 'H NMR with CH2Brz as an internal standard. [e] Not
detected.

10.1002/anie.201809533

Table 3. Scope of terminal alkynes!®?!
B(CgFs)s (10 mol%)
R—=——H + PhSH, —————— —=Sj
=T DABCO (1.0equy) SiHPh
1 2a Toluene, 100 °C, 24 h 4
% >——: SiHPh, §—< >——: SiHPh, Pho{ >——: SiHPh;
4a, 75% 4b, 73% 4c, 60%!°!
Ph
/N@—:—SiHth F3CS©—:—SiHPh2 Ph@—:—SiHth
Ph
4d, 55% de, 42% 4f, 80%
F%i >——: SiHPh, CI—< >——: SiHPh, Br*< >——: SiHPh,
49, 80% 4h, 85% 4i, 86%
F3C©—:—SiHPh2 Q—:—SiHth Q—:—SiHth
4j, 539 F
j, 53% 4K, 70% 41, 66%
=—SiHPh, =—SiHPh, Q—:—SiHPm
Br a
4m, 63% 4an, 72% 40, 74%
Q — SiHPh, QQ ——SiHPh, N@—:—SiHth
4p, 68% 4q, 70% O 4r, 80%
A
NI ,
)—=—=—S8iHPh, P S
y . = ;/g‘j’/fj‘?/ Iy
——SiHPh, & Nod
4s,76% 4t, 70% \‘;/'*“/ X-ray structure of 4r
Q—:"SHPW { )—=—sHph, > ——SiHPh,
4u, 73% av,61% 4w, 62%
/———SiHPh, n-CgHi7—=—SiHPh, /—=—SiHPh,
PH Ph-S
4x, 43% 4y, 36% 4z, 79%°!
iPr.
N SN
‘/\siHth Me,Si—==—SiHPh, /Ijlrjr/&—; SiHPh,
4aa, 82%"! 4ab, 56% 4ac, 75%
}©—1<SiHth
4ae, 56%

a
thHSi—E—Q—:—SiHPh
4ad, 56%I°!

4ae’, 61%°°1

[a] Conditions: 1 (0.25 mmol), 2a (0.75 mmol), B(CsFs)3 (10.0 mol %), DABCO
= triethylenediamine (1.0 equiv) and Toluene (1.0 mL) under N2 at 100 °C for
24 h, unless otherwise noted. Isolated vyield. [b] 48 h. [c] B(CsFs)s (20.0
mol %), DABCO (2.0 equiv) and 2a (1.50 mmol).

Zhh

Ph,HSi

We then evaluated the scope of terminal alkynes by using
diphenylsilane 2a as a hydrosilane partner. Some representative
results are summarized in Table 3. Phenylacetylenes bearing a
wide range of functional groups such as alkyl, phenoxy,
diphenylamino, halogen (F, CI, Br), trifluoromethyl, and
trifluoromethylthiol substituents at the phenyl ring were smoothly
C-H silylated by 2a, affording the corresponding alkynylsilane
products (4a-0) in moderate to high yields. The bulky 1-
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ethynylnaphthalene and 9-ethynylphenanthrene also worked
well with 2a, affording the desired products 4p (68%) and 4q
(70%), respectively. Important heteroaromatic groups such as
carbazolyl (4r), dibenzofuryl (4s) and thienyl (4t), which are
often used as efficient donor units in materials science,[' were
compatible with this catalyst system. The solid structure of 4r
was confirmed by single-crystal X-ray diffraction analysis.
Besides (hetero)aryl-substituted alkynes, terminal alkynes
bearing cyclohexenyl (4u), cyclohexyl (4v), cyclopropyl (4w),
benzyl (4x), n-octyl (4y), phenylthiomethyl (4z), aminomethyl
(4aa), and silyl (4ab, 4ac) substituents could also be efficiently
C-H silylated with 2a. In view of the wide existence of silicon-
containing components in pharmaceuticals and natural products,
the reaction of 3B-ethynylcholestane with 2a was examined,
which afforded the corresponding C—H silylation product 4ad in
56% isolated yield. In the case of 1,4-diethynylbenzene, the
monosilylation product 4ae was formed in 56% yield together
with 8% vyield of the disilylation product 4ae’ under the standard
conditions. When a further excess of the hydrosilane partner 2a
(6 equiv) was used, the disilylation product 4ae’ was obtained as
a major product in 61% isolated yield. To demonstrate the
synthetic usefulness of the alkynylsilane products, several
transformations of 3a were also examined as shown in the
Supporting Information.

The 'H NMR examination of the independent reactions of 1a
and [D]1a with 2a at the initial stage revealed a significant
kinetic isotope effect (KIE = ku/kp = 4.3) (Scheme 2), suggesting
that the C(sp)-H bond cleavage of the terminal alkyne is
involved in the rate-determining step in the present catalytic
reaction. To gain more information on the present C—H silylation
reaction mechanism, some stoichiometric reactions were
examined. The reaction of phenylacetylene (1a) with DABCO
and B(CeFs)3 in a 1:1:1 feed ratio at 80 °C for 8 h gave an ion-
pair product 8 in 69% yield through deprotonation and borylation
of the terminal C—H unit of 1a (Scheme 3).°'% Treatment of 8
with 2 equiv of Ph,SiH; (2a) at 100 °C afforded the alkynylsilane
product 3a in 65% yield in 4 h (Scheme 3). The use of 5 mol %
of 8 in the reaction of 1a with 2a gave 3a in 46% yield (See
Supporting Information). These results suggest that an ion-pair
intermediate like 8 could be involved in the catalytic cycle.
However, the density functional theory (DFT) studies showed
that the reaction of an ion-pair intermediate like 8 with PhSiH; to
give the alkynylsilane product has to overcome an energy barrier
of as high as 43.7 kcal/mol (See Scheme S1 and Figure S2),
which is energetically inaccessible under the present experiment
conditions.

B(C&Fs); (10 mol%) Ph
H DABCO (1.0 equiv) 7 o S( Ph (a)
= i ==—Sj— a
<:> * PhaSHz Toluene, 100 °C, 55 min C— Y
1a, 1.0 equiv  2a, 3.0 equiv K 3a
25.7% conversion
B(CsF5)s (10 mol%) Ph
. DABCO (1.0 equiv _
{ V=D + prysit, ——20UIeq), /' \, ——gipn ()
A Toluene, 100 °C, 150 min \H
98%D 53 3.0 equiv Kp 3a

[D]1a, 1.0 equiv

KIE = Ky/Kp = 4.3 20.8% conversion

Scheme 2. Kinetic isotope effect experiments

10.1002/anie.201809533

Ph—=—H _

10equw 2 |Ph—== B(Cst)s} PhySiH,

100°C, 4h
[g] _Toluene N Toluene-dg S oh
- < >—— .
80°C.8h \f/N H-- fN H-| N/\N
1.0 equiv 8, 69% 3a, 65 %
¥ g *B(CeFs)3
B(CeFs)s
1.0 equiv

Scheme 3. Isolation and transformation of an ion-pair compound 8

It is well-known that a hydrosilane such as PhSiH; could be
activated by B(CsFs); through the “B-:-H” interaction to give an
adduct PhH,Si-H--B(CeFs)s.24 The DFT examination of a
catalytic cycle involving such an adduct suggests that the
reaction of PhH;Si—H---B(C¢Fs)s with phenylacetylene to afford
the desired C-H silylation product requires overcoming a rather
high energy barrier (38.2 kcal/mol) (See Scheme S2 and Figure
S3). Therefore, this reaction process may also be ruled out.

We then searched for a new pathway for the formation of the
alkynylsilane product by DFT studies. As illustrated in Figure 1,
phenylacetylene could easily be deprotonated by DABCO in the
presence of B(CeFs); via transition state TS1 (AG = 11.2
kcal/mol) to give a thermodynamically stable ion-pair
intermediate  (A),®! which is equivalent to 8 obtained
experimentally. The intermediate A could be viewed as a resting
state, which may regenerate phenylacetylene, DABCO and
B(CsFs)3 by overcoming an energy barrier of 26.0 kcal/mol. The
reaction of B(CsFs)3 with PhSiH; could easily take place to give
the adduct PhH,Si—H--B(CsFs); (B), as reported previously.B4
The reaction between B and DABCO through N-Si bond
formation via TS2 could give a more stable ion-pair species C.
The role of DABCO in this process is to stabilize the cationic
PhSiH,* moiety. The subsequent reaction of C with
phenylacetylene and DABCO through N---H and F---H.
interactions would give D, which then yields the alkynylsilane
product 3g and an ion-pair species [DABCO-H]*[HB(CsFs)3]™ (E)
via TS3 through deprotonation of PhC=CH by DABCO and
concerted C-Si bond formation. The relative high energy barrier
(31.6 kcal/mol, A—TS3) for such deprotonation process could
account for the experimental observation of KIE. The
regeneration of B(CeFs)s could be effectively promoted by the
entropy-driven elimination of Hy, although this process needs to
overcome an energy barrier of 325  kcal/mol.
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Figure 1. Energy profile (kcal/mol) for the B(CsFs)s-catalyzed C(sp)-H silylation of PhC=CH with PhSiHs calculated at the level of M06-2X(SMD, toluene)/6-

311+G(d,p)//M06-2X/6-31G(d) (373.15 K, 1.0 atm).

N/;\N +H, B(CsFs)3
s \hsﬁ*’ NfN
€)
H-B(CeFs) Fh
’ N
@H
N o N@
N Ph—=—B(CeFs)s | [ "
N @ Sl
\" /0 --B(CeF
N~ NeH . 6Fs)3
N
T |
SiH;Ph t (CeFs)3BH
+ Ph H H 65 3@
I\ k \® @ M
N~"~N NG 2NN PhH,Si--N—"N
! n
% (CPFh JoBH ,/\/
V)
NS_) 65 Ph—=—H + N—"N

Scheme 4. Proposed catalytic cycle based on experimental and DFT studies

Based on the above experimental and DFT studies, the
most possibly operative mechanism for the present alkyne C—H
silylation is shown in Scheme 4. The deprotonation of
phenylacetylene by DABCO would easily give an ion-pair
intermediate | (equivalent to A in Figure 1) in a reversible way.
On the other hand, PhSiH; could be activated by B(C¢Fs)s with
the assistance of DABCO to give an ion-pair intermediate Il
(which is equivalent to C in Figure 1) via a transition state like Il
(equivalent to TS2 in Figure 1). The reaction of Il with
phenylacetylene and DABCO may give the alkynylsilane product
via IV (equivalent to TS3 in Figure 1) with release of DABCO
and V. The elimination of H, from V would regenerate B(C¢Fs)s
and DABCO. It is worth noting that DABCO plays two important
roles in this transformation. One is acting as a Lewis base to

stabilize the cationic PhSiH,* species and the other is serving as
a Brensted base to deprotonate a terminal alkyne.

In summary, we have demonstrated for the first time that the
combination of a boron Lewis acid such as B(CeFs); and an
organic base such as DABCO can serve as an excellent
catalytic system for the C(sp)-H silylation of terminal alkynes
with hydrosilanes. This protocol offers a novel route for the
efficient synthesis of alkynylsilanes, featuring wide substrate
scope, excellent chemoselectivity, good functionality tolerance,
good scalability, and no need for H, acceptor. Experimental and
computational studies have revealed that DABCO plays critically
important roles in this catalytic transformation, thus offering
unprecedented insights into the B(CeFs)s-catalyed C—H silylation
reactions.
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. B(C¢Fs)3/DABCO
R——=—H + H=[Si] ” R———Isi]
=g

39 examples

The combination of B(Ce¢Fs); and an organic base such as triethylenediamine
(DABCO) served as an excellent catalytic system for the C(sp)-H silylation of
terminal alkynes with hydrosilanes, in which DABCO played crucial dual roles
(Lewis base and Brgnsted base) as revealed by experimental and DFT studies.
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