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We present a manganese-mediated cross-electrophile coupling (XEC) that directly constructs C(sp)-Si

bonds between alkynyl halides and chlorosilanes. By leveraging manganese as a reductant, this method

enables a mild and operationally simple approach. Mechanistic studies reveal the in situ generation of

key intermediates alkynylmanganese in amide media, which undergo Sy2 substitution with chlorosilanes
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to afford diverse alkynylsilanes in high yields (up to 99%) with suppressed diyne byproducts. To our

knowledge, this is the first discovery of alkynylmanganese species, derived from readily available alkynyl
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Introduction

Cross-electrophile coupling (XEC) has emerged as a trans-
formative strategy for C-C bond formation, holding consider-
able potential across diverse disciplines including
pharmaceutical chemistry, materials science, and natural
product synthesis." The XEC protocol achieves direct coupling
of two electrophilic substrates via transition-metal catalysis
under reductive conditions, exhibiting exceptional substrate
compatibility while eliminating preformed organometallic
reagents over conventional cross-coupling approaches.” Beyond
its well-established C-C coupling, XEC has recently demon-
strated notable progress in the coupling of carbon electrophiles
with commercial chlorosilanes as an indispensable strategy for
constructing C-Si bonds, spanning C(sp’)-Si and C(sp®)-Si
architectures, as evidenced by pioneering contributions from
Shu and Oestreich, and others (Fig. 1a).> Huang's recent report
of a cobalt-catalyzed XEC reaction that couples pre-synthesized
alkynyl sulfides with chlorosilanes to access C(sp)-Si alkynylsi-
lanes represents a significant advancement (Fig. 1b, top).*
Nevertheless, the direct cross-coupling of readily available
alkynyl halides with chlorosilanes to construct C(sp)-Si bonds
has remained unreported.

Three fundamental challenges could persist in C(sp)-Si XEC
reactions involving alkynyl halides and chlorosilanes. First, the
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halides, for C(sp)-Si cross-electrophilic coupling. This work expands the scope of XEC in organosilicon
chemistry and provides a robust alternative for C(sp)—Si bond formation.

high reactivity of alkynyl halides often results in undesired
homocoupling and addition side reactions.” Second, the low
reactivity and elevated bond dissociation energy (BDE) of R;Si-
Cl bonds (ca. 117 keal mol™),® compared to R;C-Cl bonds (ca.
84 kcal mol ), adversely affect the XEC reactivity of alkyne

electrophiles. Third, the diminished nucleophilicity of
a) TM-catalyzed/mediated XEC of chlorosilanes
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Fig. 1 Cross-electrophile C-Si coupling reactions.
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commonly reported C(sp)-Ni/Co intermediates, relative to aryl
or alkyl-Ni/Co species, further reduces their reactivity toward
chlorosilanes.**® Therefore, developing an efficient cross-
electrophilic coupling protocol for the direct synthesis of alky-
nylsilanes from alkynyl halides is both timely and essential.

Herein, we report a manganese-mediated XEC reaction that
enables direct C(sp)-Si bond formation between alkynyl halides
and chlorosilanes. This method innovatively employs metal
manganese as a reductant, circumventing requirements for
sophisticated catalytic systems involving transition-metal cata-
lysts and organic ligands. Notably, mechanistic investigations
reveal the in situ generation of intermediate alkynylmanganese
species from alkynyl halides as precursors in the presence of
manganese metal and amide solvent, followed by Sx2 nucleo-
philic substitution reactions with chlorosilanes.” This protocol
enables the synthesis of a variety of alkynylsilanes in high yields
(up to 99%) under mild conditions, effectively suppressing the
formation of diyne byproducts (Fig. 1b, bottom). As such, this
discovery establishes an alternative synthetic toolkit for orga-
nosilicon chemistry.

Results and discussion

We initiated our studies by evaluating the coupling reaction
between alkynyl bromide 1a and chlorosilane 2a (Table 1).
Following extensive optimization, we identified the optimal
combination of Mn (3 equiv.) in dimethylacetamide (DMA)

Table 1 Optimization of reaction conditions®

Ph

o Ph Ph  Mn (3 equiv.) o o )
TIPS———Br + oSue T DMA TIPS—=—Si-Me + TIPS—=—H + Diyne
25°C,25h Ph

1a 2a 3a 3a’' 3a"
Yield (%)
Entry Variation 3a 3a’ 3a”
1 None 86 (80)” 6 0
2 w/ NiBr,(dtbbpy) (10 mol%) Trace 23 57
3 w/ CoBr, & Terpy (10 mol%) 23 3 29
4 w/o Mn 0 0 0
5 TDAE instead of Mn 0 0 0
6 Mg instead of Mn 64 12 0
7 Zn instead of Mn 25 25 0
8 Fe instead of Mn 0 0 0
9 DMTF instead of DMA 52 15 0
10 THF instead of DMA 0 Trace 0
11 Toluene instead of DMA 0 0 0
12 DMSO instead of DMA 0 Trace 0
13 CH;CN instead of DMA 0 Trace 0
14 Under air 22 29 0
15 1.0 equiv. D,O was added 25 23°¢ 0
16 4 mmol of 1a (gram scale) 64” 8 0

“ Standard conditions: 1a (0.15 mmol), 2a (0.45 mmol), Mn (0.45 mmol),
DMA (1 mL), 25 °C, Argon, yields were determined by GC using
dodecane as the internal standard. ” Isolated yield. ¢ Deuterated
product. TDAE = tetrakis(dimethylamino)ethylene. Terpy = 2,2':6',2"-
terpyridine. w/ = with. w/o = without.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(0.15 mol L™ "), which produced the desired product 3a with an
isolated yield of 80% within a reaction time of 2.5 hours
(Table 1, entry 1). The addition of catalytic amounts of
NiBr,(dtbbpy) or CoBr,/Terpy under these conditions notably
reduced the yields, resulting in 23% and 3% of the desired
alkynes, and 57% and 29% of diynes, respectively (Table 1,
entries 2 and 3). The reaction did not proceed in the absence of
Mn, nor when the organic reductant TDAE was used as
a substitute (Table 1, entries 4 and 5). Alternative metal reduc-
tants, aside from iron, were capable of yielding the target
product, albeit with lower yields; magnesium specifically may
facilitate the formation of the alkynyl Grignard reagent (Table 1,
entries 6-8). Amide solvents are essential for the success of this
reaction, with DMA exhibiting particularly favorable properties
(Table 1, entries 1 and 9-13). Under an air atmosphere, the
reaction yielded only 22% of product 3a, alongside 29% of side
product 3a’ (Table 1, entry 14). Furthermore, upon introducing
D,0 (1.0 equivalent) into the reaction conditions, the formation
of 3a was inhibited, yielding 23% of deuteryne (Table 1, entry
15). These findings further support the presence of an organo-
manganese intermediate.”*' Additionally, we performed
a gram-scale synthesis of 3a, achieving a yield of 64%, thereby
underscoring the robustness of this protocol and its potential
for synthetic applications (Table 1, entry 16).

Under optimized reaction conditions, we undertook an
initial exploration of the scope of alkynyl bromides and repre-
sentative alkynyl iodides in this manganese-mediated XEC
utilizing TMSCI, VinylMe,SiCl, or VinylPhMeSiCl. The unac-
tivated alkynyl halides exhibited significant reactivity with
chlorosilanes, producing target products in yields ranging from
31% to 87%. Both silicon- and alkyl-substituted alkyne halides
demonstrated compatibility within this reaction system (Fig. 2,
products 3b-3f). Notably, tertiary alkyl-substituted alkynyl
bromides (3f) exhibited significantly higher reactivity than
secondary alkyl counterparts (3e), whereas primary alkyl-
substituted alkynyl bromides (3¢, 3d) required elevated
amounts of chlorosilane and manganese, along with prolonged
reaction times, to achieve complete conversion. We postulate
that primary alkyl-substituted alkynyl bromides exhibit rela-
tively low steric hindrance at the propargylic position may drive
substrate isomerization to the allenic form, thereby inhibiting
the formation of the alkynylmanganese species and enabling
substrate recovery." Subsequently, we examined the scope of
aromatic alkynyl halides (3g-3y). Remarkably, alkynylferrocene
(3g) and alkynylbiphenyls (3h-3i) were found to be compatible
with the standard conditions, yielding moderate results. The
products 3j-3l indicate that aromatic alkynyl halides containing
electron-donating groups (EDGs), such as methoxy and alkyl
substituents on the benzene ring, are still able to yield the
desired products in moderate to good yields. Similarly, the
presence of electron-withdrawing groups (EWGs) such as -
CO,Me (3m), -CO,Ph (3n), and -CF; (30) on the benzene ring
produced comparably favorable outcomes. The reaction also
exhibits excellent chemo-selectivity; we performed the XEC with
alkynyl bromides containing various active functional groups,
synthesizing products such as bromobenzene (3p), benzonitrile
(39), and benzaldehyde (3r) in yields ranging from 42% to 91%,
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Fig. 2 Scope of alkynyl halides.

3y, X = Br, 24%,
from alpha-D-glucopyranose

Bioactive Molecules

Me ,TMS
Mgpr‘\\//

3z, X =Br, 81%

3aa, X = Br, 66%

X=1,81% X=1,41%
from Ethinyl Estradiol from Norethindrone
TMS
K FZ

3ad, X =Br, 1%
from Ezetimibe

3ae, X = Br, 55%
from Ospemifene

? Reaction conditions: 1 (0.15 mmol), 2 (0.45 mmol), Mn (0.45 mmol), DMA (1 mL), 25 °C, Argon, isolated yield.

b Chlorosilane (0.75 mmol) and Mn (0.75 mmol) were used, 48 h. € 0.6 mmol 2 and 0.6 mmol Mn were used.

while maintaining the integrity of their functional groups.
Reactions involving aromatic alkynyl bromides with hetero-
aromatic rings proceeded smoothly, yielding alkynylsilanes (3s-

14218 | Chem. Sci,, 2025, 16, 14216-14224

3v) in yields of 48% to 95%. Furthermore, by increasing the
amount of chlorosilanes, the bisilylation product 3w was ob-
tained with a yield of 73%. In certain cases, silica-based drug

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The scope of alkynyl chlorosilanes. Reaction conditions: 1k (0.15 mmol), 2 (0.45 mmol), Mn (0.45 mmol), DMA (1 mL), 25 °C, Argon,

isolated yield. n.d. = not detected.

analogs exhibited superior pharmacokinetic properties.’> We
also explored the incorporation of alkynylsilane fragments into
pharmaceutical and natural product scaffolds, including DL-
menthol (3x), glycosides (3y), steroids (3z-3aa), icaridine (3ab),
podophyllotoxin (3ac), ezetimibe (3ad), and ospemifene (3ae),
achieving promising results. Additionally, when utilizing both
unactivated and activated alkynyl iodides (1ea, 1ja, 1ka), as well
as steroidal alkyne iodides (1za, 1aaa), corresponding silylation
products were obtained with yields ranging from 49% to 99%.

We subsequently examined the scope of chlorosilanes by
coupling them with alkynyl bromide 1k under standard

Me\'\[/Ie l
> SiOAC
J@/ =
i i a
MeO (Cross-coupling)

conditions (Fig. 3). Depending on the varying chain lengths,
steric properties, and functional groups of the chlorosilanes, we
achieved yields ranging from good to excellent. For instance,
TMSCI (3af), TESCI (3ag), chlorodimethyl(butyl)silane (3ah),
and chlorodimethyl(isobutyl)silane (3ai) furnished the desired
products in yields between 69% and 95%. Additionally, we
assessed the compatibility of corresponding alkynyl halides
under these conditions. Notably, alkynyl chloride (1kb) did not
perform as anticipated, whereas alkynyl iodide (1ka) yielded
product 3ab with a 90% yield. Chlorosilanes bearing sterically
hindered or conjugated functional groups, such as aryl and

@W

(Nucleophilic addition)”

OMe

6, 42%

(Diels-Alder reaction)”

7,70%

OH
Si-Me

Me’ Me
8, 95%

(I3 + 2] annulation)?

Fig. 4 Derivatization of alkynylsilanes/alkynylgermanes. Reaction conditions: ¢ 1-(4-iodophenyl)ethan-1-one (0.15 mmol), 3ao (2 equiv.),
Pd(OAC), (4 mol%), LICL (4 equiv.), pyridine (2.4 equiv.), DMI, r.t. ? 3p (0.15 mmol), 4-methoxybenzenethiol (1 equiv.), KOH (1 equiv.), DMSQ, 120 °C.
€ 3ar (0.10 mmol), 2-pyrone (2 equiv.), ZnCl, (10 mol%), DCE, 140 °C. ¢ 3v (0.15 mmol), ortho-formylphenylboronic acid (1.5 equiv.), Co(acac),
(10 mol%), DPPE (10 mol%), MeCN, 80 °C.
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alkenyl substituents (3aj-3al), resulted in target products with
yields ranging from 60% to 78%. The incorporation of chlor-
omethyl and chloropropyl functionalities onto the chlorosilanes
was well tolerated, thus offering enhanced opportunities for
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Chlorohydrosilanes represent a fundamental class of materials
in organosilicon chemistry.*>** Previous studies have shown
that the bond dissociation energy of Si-H (ca. 77 kecal mol ™) is
significantly lower than that of the Si-Cl bond.** Products 3ao-

g late-stage modifications of the resultant products (3am-3an). 3aq further illustrate that chlorohydrosilanes exhibit
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Fig. 5 Experiments designed to elucidate the reaction mechanism.
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remarkable chemical selectivity under standard conditions.
Moreover, the present method is also applicable to chlor-
ogermanes, as demonstrated by examples 3ar and 3as.

The versatility of alkynylsilane functionality enables further
structural variations (Fig. 4). The synthesized 3ao derivatives are
readily accessible for cross-coupling reactions, exemplified by
the formation of compound 5, which was obtained in 78% yield
from the reaction of 3ao with methyl 4-vinylbenzoate and 1-(4-
iodophenyl)ethan-1-one.” In the nucleophilic addition of 4-
methoxybenzenethiol to 3p, product 6 is preferentially formed,
yielding 42% and demonstrating exceptional chemical selec-
tivity.*® Additionally, alkynylgermane 3ar undergoes a Diels-
Alder reaction with 2-pyrones to afford biphenyl compound 7 in
a yield of 70%, accompanied by the cleavage of the trime-
thylgermyl group.” Furthermore, a cobalt-catalyzed regiose-
lective [3 + 2] annulation of 3v with ortho-formylphenylboronic
acid produced cyclized product 8 in a remarkable yield of 95%.®
These compounds hold significant promise in biomedical
applications and organic synthesis.>**

To elucidate the mechanism underlying this process, several
control experiments were conducted. Firstly, in the presence of
Michael acceptors 4a-4f (3 equivalents), the reactions pro-
ceeded effectively, yielding the desired products with results
ranging from 56% to 89%. Notably, no radical trapping product
9 was observed (see Scheme S17). Furthermore, radical capture
and inhibition experiments involving the addition of TEMPO

1k + Mn°(DMA)s

’ AGg, (kcal/mol)

5 DMA
716

i

(DMA)Mn'”~

a) DFT computations for 1k to TS3

b) Proposed mechanism
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and BHT to the silylation reaction demonstrated no significant
effect on the formation of the desired product. In contrast, the
introduction of 1,4-dinitrobenzene, a known single-electron
transfer (SET) inhibitor, completely inhibited the reaction
(Fig. 5a), indicating that the SET process may be involved in the
oxidative addition of alkynyl bromide with active manganese
(Mn*). Secondly, when the reaction was quenched with HCI
(1 M, aqueous), no hydrogenation products were detected in the
absence of chlorosilane, and nearly all of reactant 1a was
remained (Fig. 5b, top). Substituting AcCl (2 equiv.) for chlor-
osilane yielded the hydrogenated product in 87% yield with Mn
as the reductant, while the yield decreased to 6% with Mg,
leaving a surplus of 28% of reactant 1a (Fig. 5b, bottom). The
decomposition of chlorosilane in the reaction milieu Mn*
facilitates the formation of the alkynylmanganese reagent.»>®
Thirdly, to identify the type of alkynylmanganese reagent
involved in this reaction, the 1ki solution generated from 1k
and manganese activated with acyl chloride was analyzed by LC-
HRMS (Fig. 5c, eqn (1)). The results corresponded with the
di(alkynyl)manganese species (HRMS data: exact mass [M + H|":
318.0447, found: 318.0445). This 1ki solution was subsequently
reacted with TMSC], resulting in the formation of 3ab with
a yield of 17% (Fig. 5¢, eqn (1)). Alternatively, 1ki was synthe-
sized through a previously established transmetallation of an
acetylene lithium reagent with MnBr,, followed by reaction with
TMSC], yielding 3ab with a yield of 30% (Fig. 5c, eqn (2)). To

=——Mn'Br

Br ™S
= H
i T™SCI solvent

MeO 3ab

oxidative addition @ -
via solvent- nucleqph_/l:c T™SCI
facilitated substitution
MnX,

Meo@

Fig. 6 DFT computations and proposed mechanism.
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isolate or trap the di(alkynyl)manganese species 1ki, 1,10-phe-
nanthroline (Phen) was added. Upon the addition of Phen to the
1ki solution formed via both pathways, an intermediate (Int-I)
precipitated from the solution, with both exhibiting consistent
paramagnetic NMR spectra. Unfortunately, the X-ray structure
of Int-I was not identified as a di(alkynyl)manganese species;
rather, it corresponded to (Phen),MnCl, (Fig. 5¢). We speculate
that the formation of MnX, occurs concurrently with the
generation of the di(alkynyl)manganese species or stems from
the activation of manganese with acyl chloride or TMSCL
Furthermore, results from the control experiments show that
after the coupling of 1k with TMSCI under standard conditions,
the filtrate remains suitable for the synthesis of Int-I (X = Cl),
indicating that a significant amount of MnCl, is produced
during the reaction.”

Based on these experimental results and previous
reports,>***'> a reaction pathway is illustrated in Fig. 6b. Alkyne
bromide 1k reacts with Mn* through an oxidative addition
mechanism that involves a solvent-facilitated process, resulting
in the formation of alkynylMn(i) bromide TS3. This is subse-
quently followed by transmetallation to yield 1ki, accompanied
by the generation of MnX,.** The nucleophilic substitution of
1ki with chlorosilanes produces the desired product, and the
reaction pathway via TS3 with chlorosilanes is ruled out.”
Density Functional Theory (DFT) computations from 1k to TS3
provide support for this mechanistic proposal (Fig. 6a).>* Our
calculations indicate a significant decrease in free energy of
71.6 kcal mol ' as the Mn(DMA); complex** binds to the
bromine atom of 1k via a SET process, forming the highly stable
intermediate IM1, which features a prominent six-membered
ring with notable hydrogen bonding between the DMA and Br
atoms. This finding underscores the indispensable role of
amide solvents in facilitating this reaction (Table 1 and Fig. 6a).
The reductive Mn(i) complex interacting with the electron-
accepting compound 1k leads to the formation of a three-
membered transition state TS1, accompanied by the dissocia-
tion of a DMA molecule, requiring a moderate energy barrier of
6.2 keal mol™*. To achieve the transition state TS3, the syner-
gistic process includes the dissociation of multiple DMA
molecules and necessitates overcoming an additional energy
barrier of 28.1 kcal mol™', which represents the rate-
determining step of the entire reaction. DFT computations
suggest that if the synergistic process fails to facilitate the
dissociation of DMA, a less stable transition state TS2 would
form, requiring the overcoming of a higher energy barrier,
thereby rendering this pathway unfavorable.

Conclusions

In summary, we have developed a novel method that enables
the direct construction of C(sp)-Si bonds from alkynyl halides
and chlorosilanes. This study marks the first reported XEC
reaction mediated by the in situ-generated alkynylmanganese
species, which subsequently engage in Sy2 reactions with
electrophilic chlorosilanes. Density Functional Theory (DFT)
computations highlight the pivotal role of amide solvents in
facilitating the formation of these key alkynylmanganese
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intermediates. This protocol exhibits a broad substrate scope
under mild reaction conditions, tolerating various aliphatic and
aromatic alkynyl halides, as well as natural products and
pharmaceutical-relevant molecules. The unique reactivity of
alkynylsilanes offers diverse opportunities for late-stage deriv-
atization and functionalization. Notably, our approach can also
be extended to the XEC of alkynyl halides with chlorogermanes,
and further explorations are currently being conducted in our
laboratory. We expect to publish the progress in due course.
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