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Herein, we developed the first example of copper-catalyzed silicon radical-initiated 1,4-silylcyanation
of unactivated 1,3-enynes, which provided an efficient method to access CN-bearing tri- and tetra-
substituted homoallenylsilane derivatives in high yields with excellent regioselectivities. This protocol
featured good functional group compatibility and broad substrate scopes, enabling the formation of C-Si
bond under cheap copper catalyst with a low loading. Furthermore, this means showed potential appli-
cation value in the late-stage functionalization of natural products.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Allenes are important synthetic blocks in organic synthesis
due to their unique chemical structure, which are widely found
in natural products, pharmaceutical molecules and functional or-
ganic materials [1-7]. In the past few decades, continuous efforts
have been devoted to their diversified synthesis. Traditional meth-
ods for the synthesis of allenes including the isomerization of
alkynes [8,9], elimination [10,11], substitution [12,13], rearrange-
ment [14,15], and 1,4-addition to enynes, etc. [16-18], usually in-
troduce only one functional group into allene products. Recently,
the catalytic 1,4-difunctionalization of 1,3-enynes has attracted
widespread attention as a powerful tool for the one-step prepa-
ration of multi-functionalized allenes. Notably, 1,3-enynes can be
broadly categorized into two types based on their reactivity: un-
activated enynes (enynes with aryl, alkyl, or hydrogen substitu-
tions) and activated enynes (1,3-enynes with a C-C double bond
or triple bond attached to an electron-withdrawing group). Among
these two types, unactivated enynes are relatively easy to syn-
thesize. However, they often encounter various challenges, includ-
ing lower reactivity, inferior regioselectivity, and an increased like-
lihood of side reactions. Therefore, the 1,4-difunctionalization of
unactivated 1,3-enynes has always been one of the research hot
topics. During the past period, many effective methodologies have
been successfully developed, enabling facile 1,4-difunctionalization
of unactivated 1,3-enynes via different allenyl intermediates path-
way. Compared with the allenyl ions [19-23], allenyl radical mode
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represents one of the most efficient novel strategies [24-27]. On
the other hand, the introduction of the cyano group into organic
molecules is significant in organic synthesis [28,29], and reports
from Liu [30], Bao [31,32], Ma [33], and others groups [34-36],
demonstrated the practicality of 1,4-difunctionalization of unacti-
vated 1,3-enynes via a radical cyanation. However, most of these
studies are focused on alkyl or fluoroalkyl radical, and silyl radical
remains elusive (Scheme 1a).

Silyl radicals are common intermediates in the formation of
organosilicon compounds [37-39]. Homoallenylsilane compounds
possess highly potential worth as important organosilicon syn-
thons in organic synthesis [40,41]. In this research field, we have
developed some convenient methods to synthesize various ho-
moallenylsilane derivatives applying 1,4-protosilylation of enynes
[42,43]. Unfortunately, the necessity of using activated 1,3-enynes,
the difficulty to obtain tetrasubstituted allenes, and the require-
ment of expensive PhMe,Si-Bpin still motivated us to tackle these
challenges. In 2017, we also reported a copper-catalyzed 1,2-
silylperoxidation of 1,3-enynes via a silyl radical pathway [44].
The silyl radical 1,4-addition of 1,3-enynes has not been explored
(Scheme 1b). Thus, this study focused to demonstrate whether the
1,4-silylcyanation via silyl radicals would become a complemen-
tary approach to overcome aforementioned limitations of previ-
ous works. Based on this idea, herein we would like to report the
results of copper-catalyzed silyl radical-initiated 1,4-silylcyanation
of unactivated 1,3-enynes to synthesize CN-bearing tri- or tetra-
substituted homoallenylsilane products (Scheme 1c).

Generally, the generation of silicon radicals plays an important
role on radical silylation reaction, thus different free-radical initi-
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a) Transition metal-catalyzed 1,4-difunctionalization of 1,3-enynes via radical pathway
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Scheme 1. 1,4-Difunctionalization of unactivated 1,3-enynes.

ation pathways were firstly investigated. The use of peroxide as
the radical initiator in metal-free conditions was unsuccessful for
this 1,4-silylcyanation reaction (Table 1, entry 1). Transition-metal-
induced peroxide decomposition initiated radical silylation repre-
senting an appealing way to access free silicon radical, hence dif-
ferent catalysts were evaluated. The desired product 3 was ob-
tained in an encouraging yield (33%) when CuO was selected as the
catalyst in the presence of 1,10-phenanthroline as ligand (entry 3).
Delightly, when Ph3SiH with lower Si-H bond dissociation energy
was used as silicon radical precursor, the yield of target product 3
was improved to 53% even at lower reaction temperature (entry 4).
This result illustrated the important influence of the generation of
silicon radicals on this reaction. Basis on this outcome, other cop-
per salts were also screened (entries 4-8), and CuCN was found to
be the best choice (entry 7). Then, other peroxides including DTBP,
TBPB, BPO were examined, but no better results were obtained
(entries 9-11). To adjust the electron-donor capacity of copper cat-
alyst, different diazo ligands were tested, but the results were not
satisfactory. To enhance the formation efficiency of silicon radicals,
(TMS)3SiH with lower Si-H bond dissociation energy than PhsSiH
was applied as silicon radical precursor. As expected, the yield of
product 3 was improved to 86% (entry 15). Moreover, reducing the
amount of (TMS);SiH to 2.0 equiv. gave similar result even at lower
catalyst loading (1 mol%) (entry 16). Slightly higher yield was de-
livered when the reaction was performed on 50 °C (entry 17). In
the absence of ligand, no desired product was obtained, and 1,2-
silylperoxidation product was formed in 25% yield (entry 19).

With the optimal reaction conditions in hand, we next turned
our attention to investigating the substrate scope of 1,3-enynes
(Scheme 2). In general, a library of mono- or disubstituted 1,3-
enynes bearing different substituents were competent in this
transformation, affording the corresponding tri- or tetrasubstituted
allene derivatives in good to excellent yields (3a-3ac). The variation
of R! was investigated and whether R! was an aryl or alkyl substi-
tute groups, the target products were obtained in high yields. A
series of electron-withdrawing (Cl, CF3) or electron-donating (Me,
OMe) groups on the phenyl ring were well tolerated, and provided
the target products in excellent yields (3b-3f). Besides, free hy-
droxyl group, amides or ester group were also tolerated (3j, 3k,
3m, 3n). Similarly, when R? was replaced with other aryl- or alkyl
groups, the corresponding allene derivatives were afforded in good
yields (30-3t). In addition, activated 1,3-enynes were also compat-
ible in this reaction, and the desired products were furnished in
satisfactory yields (3u-3z). Furthermore, the synthesis of trisubsti-
tuted homoallenylsilanes was also explored, and the products 3aa,
3ab, and 3ac were formed from the corresponding monosubsti-
tuted 1,3-enynes in moderate yields under the standard conditions.

Subsequently, the silanes substrate compatibility was also ex-
amined. The results indicated that different tertiary silanes were
well tolerated under the optimal conditions, delivering the cor-
responding allene derivatives in moderate yields (3ba-3ga). How-
ever, primary and secondary silanes were not competent silyla-
tion reagents under this condition. This phenomenon was prob-
ably caused by the higher bond dissociation energy (BDE) of Si-
H bond of primary and secondary silanes. In addition, the pres-
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Scheme 2. Substrate scope of copper-catalyzed 1,4-silylcyanation of 1,3-enynes. Unless otherwise noted, reaction was run under the following reaction conditions: 1
(0.4 mmol), HSi(TMS)3 (0.8 mmol), CuCN (1 mol%), phen (1.1 mol%), TBHP (0.8 mmol, 70% in H,0), TMSCN (0.8 mmol) in 2.0 mL of acetone at 50°C for 12h under argon
atmosphere. Isolated yield. ¢ 1a (0.2 mmol), silane (1.0 mmol), CuCN (5 mol%), L; (5.5 mol%), TBHP (0.6 mmol, 70% in H,0), TMSCN (0.6 mmol) in 1.0 mL of acetone at 60 °C

for 12 h under argon atmosphere.
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Table 1
Optimization of reaction conditions.?
[Cu] (5 mol %)
M ligand (7 mol %
° . pergxide((S.OZq{Ji)v.) NG, Me
/& + TMSCN + HSiRg >==§_
72 ) . acetone (0.2 mol/lL), PH SiRg
Ph (3.0 equiv.) (5.0 equiv.) Ar, 12 h, T °C
1a 2 3
_ Ph Ph
4 \ (¢ _\ \ /) / N\
= = N N = \=
L L, Ly
Entry [Cu] Silane (2) L Peroxide T (°C) Yield P (%)
1 / HSiEts Ly TBHP 85 0
2 Fe(OTf), HSiEt; L; TBHP 85 0
3 CuO HSiEt; L; TBHP 85 33
4 CuO HSiPh; Ly TBHP 60 53
5 CuOAc HSiPhs L, TBHP 60 45
6 Cu(CH3CN)4PFs  HSiPhs L, TBHP 60 53
7 CuCN HSiPh; L, TBHP 60 63
8 Cu(OAc), HSiPhs L, TBHP 60 43
9 CuCN HSiPh; L, DTBP 60 0
10 CuCN HSiPh; L, TBPB 60 21
11 CuCN HSiPhs Ly BPO 60 15
12 CuCN HSiPh; L, TBHP 60 58
13 CuCN HSiPh; L; TBHP 60 15
14 CuCN HSiPh; Ly TBHP 60 33
15 CuCN HSi(TMS); L;  TBHP 60 86
16 CuCN HSi(TMS); Ly  TBHP 60 88 ¢
17 CuCN HSi(TMS); Ly  TBHP 50 92/88¢d
18 CuCN HSi(TMS); L;  TBHP 40 78¢
19 CuCN HSi(TMS); - TBHP 80 0¢

3 Unless otherwise noted, reaction was run under the following reaction condi-
tions: 1a (0.2 mmol), silane (1.0 mmol), [Cu] (5 mol%), L (7 mol%), TBHP (0.6 mmol,
70% in H,0), TMSCN (0.6 mmol) in 1.0 mL of acetone at different temperatures for
12 h under argon atmosphere.

b Yield was determined by 'H NMR.

¢ 1a (0.4mmol), HSi(TMS); (0.8 mmol), CuCN (1 mol%), L; (1.1 mol%), TBHP
(0.8 mmol, 70% in H,0), TMSCN (0.8 mmol) in 2.0mL of acetone at different tem-
peratures for 12 h under argon atmosphere.

4 Isolated yield.

¢ 1,2-Silylperoxidation product was observe in 25% yield.

ence of multiple Si-H bonds may have caused additional undesired
side-reaction. To further demonstrate the practicability of the cur-
rent method, we studied the 1,4-silylcyanation of 1,3-enynes for
the late-stage functionalization of biologically active molecules and
natural products. A number of 1,3-enynes derived from menthol,

(a) Radical trapping experiment

% + (TMS)3SiH + TMSCN

Ph (2.0 equiv.)
1a 2a

78% recovered

cal. 404.2650 N

O._.
found 404.2658 “Si(TMS);

7, detected by HRMS

(b) Radical clock experiment
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Scheme 3. Scale up and derivatization experiments.

dihydrocholesterol, and estrone reacted smoothly, producing the
corresponding allene derivatives in high efficiency (3ae-3ag).

Next, the copper-catalyzed 1,4-silylcyanation of 1a was car-
ried out smoothly in a gram scale without obvious diminish-
ment in yield (Scheme 3A). To showcase the synthetic utility of
this method, further derivatizations of the silylcyanation products
were conducted based on the transformations of allene fragment
(Scheme 3B). For example, the product 3a reacted smoothly with
bis(pinacolato)diboron under the copper-catalyzed protoborylation
conditions, and provided protoborylation product 4a in 94% yield.
In addition, homoallenylsilanes could also be used as a powerful
precursor to construct butadienyl fragments. For example, treat-
ment of 3a with NIS led to the formation of butadienyl derivative
5a in high yield and 3da could also be readily converted into bu-
tadienyl derivative 6a in moderate yield in the presence of CO, as
an electrophile.

CuCN (1 mol%)
L4 (1.1 mol%)

(2.0 equiv.)

‘BUOOH (2.0 equiv.) NC>: :<V'_e
TEMPO (2.0 equiv.)  PH Si(TMS)s
acetone, 50 °C, Ar, 12 h
3a 0%
8+H*
N . 546.3433
0 Me cal. :

PH =<_Si(TMS)3 found 546.3440

8, detected by HRMS
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‘BUOOH (2.0 equiv.)
TR Ph
(2.0 equiv.) (2.0 equiv.) acetone, 50 °C, Ar, 12 h

9 2a

CN
10, 78% (ratio = 5:1)

Scheme 4. Mechanistic experiments.
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Scheme 5. Plausible mechanism.

Several control experiments were performed to gain further in-
sight into the reaction mechanism. When the reaction was run in
the presence of the radical trapper TEMPO, the 1,4-silylcyanation
was completely inhibited. Meanwhile, in this reaction system, the
TEMPO-trapped products 7 and 8 could be detected by HRMS
(high resolution mass spectrometry), which comfirmed the forma-
tion of silicon radical and allene radical species during the reac-
tion (Scheme 4a). Moreover, compound 9 was used to perform the
radical clock experiment under the standard reaction conditions.
This reaction proceeded smoothly and generated the ring-opened
product 10 in 78% yield (Scheme 4b). This result further demon-
strated that the reaction indeed prodeed through a silyl radical
pathway.

On the basis of abovementioned experimental results and pre-
vious literature studies, a plausible mechanism was proposed
(Scheme 5). Initially, tert-butoxyl radical species was generated
from the single-electron-transfer (SET) process between TBHP and
Cu(I) catalyst. Then, the tert-butoxyl radical would abstract the H
atom from the HSi(TMS); to form the silicon radical. Silicon radi-
cal intermediate then reacted with 1,3-enyne 1 to give a propar-
gyl radical intermediate III. Owing to the significant steric hin-
drance of the tertiary propargyl radical, propargyl radical III rapidly
resonated with allenyl radical IV [33,45,46]. This process led to
the coupling of intermediate II, formed by ligand exchange of
intermediate I with TMSCN, with allenyl radical IV, resulting in
the formation of allenyl copper(Ill) intermediate V. The subse-
quent reductive elimination of V produced the desired product
3, along with the regeneration of the catalytically active Cu(I)
species.

In summary, we developed an efficient copper-catalyzed 1,4-
silylcyanation of conjugated enynes via a silyl radical pathway. Un-
der the mild reaction conditions, various tri- and tetra-substituted
homoallenylsilane products could be obtained in good yields with
high regioselectivity by using trace amount of cheap copper as cat-
alyst. In addition, a wide range of functional groups were well tol-
erated in this conversion. This work provided a complementary
method for the synthesis of homoallenylsilanes.
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