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Abstract: We disclose a Ni-catalyzed cyclization/alkyl-
metal interception reaction in which products are readily
linearized to permit regiodefined alkene dicarbofunc-
tionalization. This method offers a convenient route to
access 1,2-oxasilolane heterocycles, 3-hydroxysilanes
and 4-arylalkanols with the formation of C(sp3)� C(sp3)
bonds at primary and secondary alkyl carbon centers. In
this reaction, a silicon-oxygen (Si� O) bond functions as
a detachable linker that can be delinked with several
hydride, alkyl, aryl and vinyl nucleophiles to create
profusely functionalized 3-hydroxysilanes. A silicon
motif in the cyclic C(sp3)� Si� O construct in 1,2-
oxasilolane heterocycles can also be selectively deleted
by Pd-catalyzed hydrodesilylation affording Si-ablated
linear alcohol products reminiscent of vicinal ethylene
dicarbofunctionalization with C(sp3) and C(sp2) carbon
sources.

Metal-catalyzed difunctionalization of an alkene with two
carbon sources is emerging as a powerful tool to create
complex carbon skeletons rapidly from readily available
feedstock chemicals.[1] In the last few years, a suite of
remarkable methods have emerged to showcase the feasi-
bility to difunctionalize alkenes with a combination of
organic halides, organometallic reagents and other carbon
sources.[2] However, the regiochemical outcomes vary
broadly in different alkene difunctionalization reactions[3]

and predictive regiofidelity has been a challenging feat to
realize.[4] Because of low C(sp2)� C(sp2) bond polarizability,
these reactions create a regiofidelity quandary (Scheme 1A),
which is a major problem that’s harder to solve even via in
situ generation of heteroatom-stabilized transient
metallacycles.[3g,h,5] First, the ability to maneuver regioselec-
tivity is plagued by the contraction of metallacycles and the
migration of catalytic metals along a carbon chain, which

results into 1,1- and 1,3-difunctionalized products.[2h,5c,6]

Second, the regiofidelity is also highly dependent on the
oxidation state of the turnover initiating metal catalyst, such
as M(0) or M(I), that often causes regioreversals of 1,2- to
2,1- and 1,3- to 3,1-difunctionalization under subtle pertur-
bations in reaction parameters, and variations in substrate
skeletons and coupling reagents.[3g,h,5,6d]

By virtue of entropic favorability, catalytic cyclization
synchronized with in situ interception of alkylmetal inter-
mediates by carbon sources could offer an excellent
opportunity to difunctionalize vicinal C(sp2) sites in alkenes
with high regiochemical fidelity.[7] Yet, the potential of
cyclization/alkylmetal interception reactions has thus far
been constrained to creating cyclic products.[8]

Herein, we demonstrate a Ni-catalyzed strategy to define
regioselectivity in alkene difunctionalization via the incorpo-
ration of silicon-oxygen as a detachable linker (Scheme 1B).
The method produces 1,2-oxasilolane heterocycles, which
can be further elaborated in situ to 3-silyl-4-arylalkanols and
4-arylalkanols as linear products upon nucleophilic scission
of the silicon-oxygen linkage and catalytic deletion of the
silicon linker, respectively.

With our continued efforts to difunctionalize alkenes
regioselectively, we envisioned that silicon-oxygen connec-
tion could serve as an excellent detachable linker to
generate regiodefined linear products because of the ease
with which silicon can be linked to alcohols and subse-
quently detached during alcohol deprotection. Accordingly,
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Scheme 1. Regiofidelity problems in alkene difunctionalization and the
current strategy.
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we began to examine reaction parameters to develop
cyclization/alkylmetal interception process for a silicon-
linked alkenyl alkyl iodide 1 with phenylzinc bromide
(Table 1). We found that a combination of NiBr2 and
terpyridine (NiBr2 · terpy) served as an effective catalyst
system to promote the cyclization/arylation reaction at 50 °C
in MeCN, which afforded the 1,2-oxasilolane (C(sp3)� Si� O)
heterocycle 2 in 94% yield (entry 1). The reaction didn’t
proceed in the absence of NiBr2 or terpy indicating that
NiBr2 · terpy is an active catalyst for the reaction (entries 2–
3). Terpy could be replaced with bipyridine (4) albeit the
C(sp3)� Si� O heterocycle 2 was formed in lower yield
(entry 4). Other ligands such as N,N,N,N,N-pentameth-

yldiethylenetriamine (PMDTA) (5), Ph3P (6), Bis[(2-di-
phenylphosphino)phenyl] ether (DPEphos) (7) and
((phenylphosphanediyl)bis(ethane-2,1-diyl))bis(diphenyl-
phosphane) (triphos) (8) remained ineffective (entry 5).
While MeCN could be replaced with NMP, solvents like
THF, dioxane and toluene were only moderately effective
(entries 6–7). In addition, Ni was the most effective catalyst
as other metals such as Pd, Co and Fe generated the
oxasilolane heterocycle 2 only in 10–36% yields (entry 8).

Upon optimization of reaction parameters, we further
explored the scope on the synthesis of 1,2-oxasilolane
heterocycles (Table 2). The synthesis of C(sp3)� Si� O hetero-
cycles is uncommon,[9] and this moiety has been prepared in
a handful of occasions via ring closure of linear silanes by
UV photolysis, heating with metallic Na/Li at 200 °C, Si� H
hydride abstraction by a trityl cation and H2PtCl6-catalyzed
hydrosilylation.[10] Cyclic silylethers were also generated
previously by C(sp3)� H activation.[8b] Our method provides
a most convenient catalytic route to create variously
substituted monocyclic and bicyclic 1,2-oxasilolane hetero-
cycles. The reaction works well for the cyclization/arylation
of both cyclic[11] and acyclic C(sp3)� Si� O linked alkenylalkyl
iodides and tolerates functional groups like Me, CF3, OMe,
and esters.[12,13]

Next, we attempted to delink the Si� O bond in 1,2-
oxasilolane heterocycles to linearize the products. In situ
generated 1,2-oxasilolane heterocycles were previously oxi-
dized to 1,3-diols by Oshima, Yorimitsu and co-workers[14]

without purification and characterization of these unique
heterocycles (Table 3). The oxidation protocol is applicable
to a range of C(sp3)� Si� O linked alkenyl alkyl halides
including both cyclic and acyclic motifs, and electronically
varied arylzinc and heteroarylzinc reagents. However, direct
delinking of the Si� O bond in 1,2-oxasilolane heterocycles
without destructive modification is difficult due to the
stability of the heterocycles and reversible binding of the
alcohol oxygen to Si. The 1,2-oxasilolane heterocycles
resisted several fluoride (F� )-assisted Si� O delinking proto-
cols including those in the presence of Lewis acids,
pyridine · (HF)X, triethylamine (TEA) ·3HF and other unsta-
bilized strong acids.[15]

Table 1: Optimization of reaction parameters.[a]

[a] Reactions were conducted at 0.10 mmol scale in 0.5 ml solvent.
[b] 1H NMR yields using pyrene as a standard. Isolated yield from a
0.50 mmol scale reaction in parenthesis. [c] 2 mol% of CoCl2, FeCl2, or
Pd(dba)2 was used.

Table 2: Synthesis of 1,2-oxasilolane heterocycles.[a]

[a] Reactions were conducted at 0.50 mmol scale in 2.5 ml MeCN.
Isolated yield reported.

Table 3: Oxidation of 1,2-oxasilolanes to 1,3-diols.[a]

[a] Reactions were conducted at 0.50 mmol scale in 2.5 ml MeCN.
Isolated yield reported.
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Recognizing the difficulty in linearizing C(sp3)� Si� O
heterocycles, we sought to investigate new catalytic con-
ditions to delink the C� Si bond. C(sp)� Si and C(sp2)� Si
bonds are generally cleaved with a base/fluoride or under a
catalytic AgNO3 condition.[16] However, these conditions
were not amenable for C� Si� O heterocycles in which the
carbon is sp3-hybridized in a cyclic construct. Upon further
studies, we were pleasantly surprised that Si was selectively
deleted by protodesilylation from the cyclic C(sp3)� Si
construct in the presence of catalytic Pd(dba)2 and 1 equiv.
tetra-N-butylammonium fluoride (TBAF) in DMF at 85 °C
in 3 h (Table 4). The use of DMF-d7 as a solvent or D2O
(5 equiv) as an additive indicated that the hydrogen for
desilylation is provided by H2O (40% D incorporation). The
reaction protocol could be directly applied to crude reaction
mixtures after cyclization, thus eliminating the obligation for
intermediate purification. The catalytic condition is amena-
ble to the deletion of silicon from a variety of C(sp3)� Si� O
linked heterocyclic backbones with different functional
groups. The selective deletion of Si permits the detachable
vinyldimethylsilane linker to function as an ethylene equiv-
alent for difunctionalization to produce 4-arylalkyl alcohols.

Next, we sought to linearize C(sp3)� Si� O heterocycles
with additional nucleophiles by maintaining the integrity of
the silicon constituent to produce 3-hydroxysilanes. The
cyclic Si� O linkage could be readily delinked with a number
of aryl, alkyl and vinyl Grignard reagents in tandem with the
preceding cyclization process (Table 5). Aryl, 4-fluoroaryl,
4-methoxylaryl and 2-naphthyl Grignard reagents were
applied to delink the cyclic Si� O bond in crude products
derived from both acyclic and cyclic C(sp3)� Si� O linked
alkenylalkyl iodides. The C(sp3)-silylated secondary ali-
phatic and benzylic alcohol products are derived from the
formation of primary-secondary and secondary-secondary
C(sp3)� C(sp3) bonds in C(sp3)� Si� O linked alkenylalkyl
iodides bearing primary and secondary alkyl iodides, secon-
dary alkyl O� Si ethers, and secondary benzylic O� Si ethers.
The cyclic Si� O delinking was also effectively achieved with
primary alkyl Grignard reagents containing Me, nBu and
phenyethyl nucleophiles as well as functionalized alkyl
Grignard reagents such as (2-(1,3-dioxan-2-yl)ethyl) and 6-

hexenylmagnesium bromides. The cyclic Si� O linkage was
also readily delinked with acyclic and cyclic secondary alkyl
Grignard reagents and vinyl Grignard reagents.

We also conducted preliminary studies to understand the
mechanism of the reaction. Since the reaction of alkyl
halides with a Ni-catalyst is generally known to proceed via
an alkyl radical, we examined the effect of radical scav-
engers, such as (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO), which suppressed the reaction and no product
was formed (eq. 1). In addition, we also examined the
diastereoselectivity of the reaction with respect to the cis
and trans-iodosilyl ethers 57-cis and 57-trans. Both stereo-
isomers produced 1,2-oxasilolane 11 in 1 :1 diastereoisomer-
ic ratios (eq. 2 and 3). These experiments suggest that the
Ni-catalyst reacts with alkyl iodides via a single electron
transfer (SET) process and that carbon (C)-centered radicals
are generated as an intermediate. The C-radicals then
undergo cyclization onto the tethered alkene followed by
transmetallation and reductive elimination to form the final
product as outlined in the catalytic cycle in Scheme 2.

(1)

(2)

(3)

In summary, we report a Ni-catalyzed cyclization of
Si� O linked alkenylalkyl halides synchronized with in situ
alkylmetal interception with arylzinc reagents. The detach-
able Si� O linkage can be readily delinked with different

Table 4: Product linearization by Pd-catalyzed Si deletion.[a]

[a] Reactions were conducted at 0.50 mmol scale in 2.5 ml MeCN.
Isolated yield reported. Scheme 2. Proposed catalytic cycle.
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nucleophiles, such as hydride, and alkyl, aryl and vinyl-
magnesium reagents, to generate regiodefined linear prod-
ucts. During our studies, we also developed a Pd-catalyzed
silicon deletion reaction by protodesilylation of cyclic C-
(sp3)� Si� O heterocycles to afford corresponding Si-ablated
linear products. Collectively, this method provides a con-
venient route to readily access 1,2-oxasilolane heterocycles,
3-hydroxysilanes, 4-arylalkanols.
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Ni-Catalyzed Linearizable Cyclization/Cou-
pling with Detachable Silicon-Oxygen Link-
er: Access to 1,2-Oxasilolanes, 3-Hydroxysi-
lanes and 4-Arylalkanols

A Ni-catalyzed cyclization/coupling has
been developed in which the products
are readily linearized to permit regiode-
fined alkene dicarbofunctionalization. In
this reaction, a silicon-oxygen (Si� O)

bond functions as a detachable linker
that can be delinked with several
hydride, alkyl, aryl and vinyl nucleophiles
to create profusely functionalized 3-
hydroxysilanes.
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