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ABSTRACT: A catalytic protocol has been developed to access Fischer carbene nickel complexes using acylsilanes as stable
and readily available precursors. The as-generated Fischer carbene complexes exhibit versatile reactivity, including cyclopro-
panation with alkenes, a-C-H insertion reactions, and two-component C-H addition to norbornene, which demonstrate the
broad utility of the nickel(0)/acylsilane system for the catalytic applications of Fischer carbene complexes.

Introduction

Among the transition metal carbene complexes, Fischer car-
bene complexes, which are characterized by a coordinated
carbene carbon bearing electronegative substituents, have
held a prominent position in synthetic organic chemistry
because of their unique reactivity profiles.'2 However, the
generation of Fischer carbene complexes normally requires
stoichiometric amounts of group 6 metal carbonyl com-
plexes because heteroatom-substituted diazo compounds
are unsuitable precursors due to their instability (Scheme
1a). This contrasts with other carbene complexes, which
can be generated in situ from the corresponding diazo com-
pounds, facilitating their use in numerous catalytic pro-
cesses.3* Recently, we reported that Fischer carbene com-
plexes can be generated in situ from acylsilanes via palla-
dium catalysis, enabling catalytic reactions involving
Fischer carbene complexes, such as siloxycyclopropanation
and f-lactam synthesis (Scheme 1b).> Although acylsilanes
are known to isomerize to siloxycarbenes under visible-
light irradiation or high-temperature conditions (>250 °C),
6 the short lifetime and nucleophilic nature of the resulting
metal-free siloxycarbenes limit their applications.” At-
tempts to capture the photochemically generated siloxycar-
bene with transition metal complexes for the catalytic gen-
eration of Fischer carbene complexes have been made;
however, this approach has met with limited success, pre-
sumably due to the challenge of capturing short-lived metal-
free carbene species with a catalytic amount of metal com-
plexes.® In this context, our palladium-catalyzed method
provides an attractive alternative with potential application
to an array of catalytic reactions because it depends solely
on organometallic processes and avoids photoirradiation.
To further expand the scope of this catalytic method, it is
crucial to investigate whether the organometallic process

involving the transformation of acylsilanes into siloxycar-
bene complexes can occur with metal species other than
palladium. Herein, we report that nickel complexes can also
mediate the generation of a siloxycarbene complex from
acylsilanes (Scheme 1c). Importantly, this nickel-mediated
organometallic process can be successfully applied not only
to catalytic cyclopropanation and a-insertion reactions but
also to the unusual catalytic addition to norbornene, which
cannot be catalyzed by palladium. It should be noted that
photochemical reactions of acylsilanes with external rea-
gents to form silyl enol ethers have also been reported.’

Scheme 1. Generation of Siloxycarbene-Metal Complexes
from Acylsilanes
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Results and Discussion

We started our investigation by examining a cyclopropana-
tion reaction using acylsilane 1a and norbornene (2a)
(Scheme 2). We previously reported that Pd-IPr and Pd-
IPr* catalysts can efficiently promote this reaction, with the
latter catalyst being more stereoselective (Scheme 2a).
When the same reaction was conducted using Ni(cod)z (20
mol%) as a catalyst and IPr (20 mol%) as a ligand at 160 °C,
cyclopropanated product 3a was obtained in 3% yield
(Scheme 2b). Although the major product was decarbonyl-
ation product 4a,° the formation of 3a clearly indicates that
nickel can promote the generation of Fischer carbene com-
plexes. When IPr was replaced with the bulkier ligand IPr*,
the yield of 3a increased to 55%. The yield was further im-
proved to 79% by using norbornene as a limiting reagent
(i.e, 1a/2a=2/1). Interestingly, the nickel catalyst afforded
considerably better stereoselectivity than the palladium
catalyst (24:1 for nickel vs. 6.5:1 for palladium), even
though the nickel-catalyzed reactions required harsher con-
ditions.

Scheme 2. Palladium- and Nickel-Catalyzed Cyclopropana-
tion of 2a with 1a
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Next, we compared nickel and palladium catalysts in the re-
actions of acylsilanes with aliphatic substituents. When
acylsilane 1b, which bears a primary alkyl group, was re-
acted under the Pd-IPr*-catalyzed conditions, silyl enol
ether 5b was selectively obtained in 78% yield (Scheme 3a).
Compound 5b is presumably formed through an a-C-H in-
sertion reaction of the postulated siloxycarbene complex,
which is a common reaction pathway with carbene com-
plexes bearing a $-hydrogen-containing alkyl substituent.!!
In contrast, the nickel-catalyzed reaction of 1b exclusively
yielded decarbonylation product 4b in 80% yield. Next,
acylsilane 1¢, which possesses a cyclohexyl group as a sec-
ondary alkyl substituent, was examined (Scheme 3b). In
contrast to the reaction of 1b, 1c was converted into silyl

enol ether 5c¢ under palladium- and nickel-catalyzed condi-
tions without formation of decarbonylation product 4c. In-
terestingly, nickel was a better catalyst than palladium with
this specific substrate, as evidenced by the higher yield ob-
tained with nickel (76% yield with nickel vs. 42% yield with
palladium). Similarly, acylsilane 1d, which also contains a
secondary alkyl substituent, was also converted into silyl
enol ether 5d in quantitative yield by using a nickel catalyst.
Acylsilane 1e bearing a tertiary alkyl group failed to react
irrespective of the catalyst, possibly due to its steric bulk in-
hibiting the initial oxidative addition of the C(acyl)-Si bond.

Scheme 3. Nickel-catalyzed a-Insertion of Aliphatic
Acylsilanes
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Next, we examined the reactions of aliphatic acylsilanes in
the presence of 2a to examine whether cyclopropanation
occurs, as was observed for the reaction of aromatic
acylsilane 1a. The palladium-catalyzed reaction of 1b with
2a resulted in the selective formation of silyl enol ether 5b,
without incorporation of 2a (Scheme 4a). In contrast, using
nickel in place of palladium afforded silyl enol ether 6b
(56% isolated yield), in which 2a was incorporated at the a-
position of the siloxy group. It is noteworthy that the decar-
bonylation pathway was completely suppressed in the pres-
ence of 2a (see Scheme 3a). The palladium and nickel



catalysts were also compared in the reaction of secondary
alkyl-substituted acylsilane 1c with 2a (Scheme 4b). As ob-
served with 1b, 1c afforded a-C—H insertion product 5c¢ us-
ing palladium, whereas addition to 2a occurred to form 6c¢
in the case of nickel. The structure of 6¢ was unambiguously
determined by means of an X-ray crystallography analysis
of the derivatized hydrazone 7c¢ (Scheme 4c). The nickel-
catalyzed reaction of aliphatic acylsilanes with 2a was
found to be general, as evidenced by the formation of 6d and
6f from acylsilanes 1d and 1f, respectively. Meanwhile, us-
ing other alkenes instead of 2a, such as 1-octene, styrene,
vinyltrimethylsilane, tert-butyl acrylate, and acenaph-
thylene, did not afford the corresponding products under
these nickel-catalyzed conditions.

Scheme 4. Nickel-Catalyzed Synthesis of Silyl Enol Ethers
from Alkanoylsilanes and 2a
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We conducted several mechanistic studies to obtain in-
sights into the reaction mechanism. When silyl enol ether 5¢
was reacted with 2a under the standard nickel-catalyzed
conditions, no reaction occurred (Scheme 5a), which al-
lowed excluding 5c as an intermediate for the formation of
6c. Next, the reaction with labeled substrate 1c-d, in which
the a-position of the acylsilane was deuterated (Scheme 5b),
furnished silyl enol ether 6c-d with the 98% of the deuter-
ium being incorporated into the 3-position of the nor-
bornane skeleton in a stereoselective manner.



Scheme 5. Mechanistic Studies
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We investigated computationally the origin of the different
behaviors between palladium and nickel using density func-
tional theory (DFT) calculations at the wB97XD/SDD-6-
311+G(d,p)-SDD//wB97XD/LANL2DZ-6-31G(d,p)-SDD

level of theory (Scheme 6). First, we examined the palla-
dium-catalyzed reactions of primary alkyl-substituted
acylsilane (Scheme 6a). The initial oxidative addition of the
C(acyl)-Si bond was found to proceed with an activation
barrier of 8.6 kcal/mol to form INT1 (see SI for details). The

oxidative addition complex INT1 can then undergo two pos-
sible pathways. One is the extrusion of CO to form INTZ2;
however, this is an unfavorable endothermic process (AG =
+21.1 kcal/mol) with a high activation barrier of 26.2
kcal/mol. In contrast, 1,3-migration of a silyl group in INT1
to form siloxycarbene complex INT3 would occur in an ex-
othermic manner (AG = -1.0 kcal/mol) with a lower activa-
tion barrier (22.3 kcal/mol), which renders this pathway
more favored than decarbonylation. Subsequently, INT3
undergoes insertion into an a-C—H bond via TS3 to form
INT4. Similarly, in the case of a secondary alkyl-substituted
substrate, the activation barrier for decarbonylation from
the corresponding oxidative addition complex INT5!2 was
substantially higher than that required for the a-insertion
reaction.’® These results are in agreement with the experi-
mental observation that alkyl-substituted acylsilanes led
exclusively to a-insertion products rather than decarbonyl-
ation products (Scheme 3a, b).

Scheme 6. Plausible Reaction Pathways for the Palladium-Catalyzed System?

a) primary alkyl substrate

P
" EtSO
e

co
O SiEt
\P:d—leg { Loy }i

AG/ keal mol™

.co
—
Pd-SiEty

IPr

TS1
+262 IPr

TH 183

+26.4

decarbonylation

f-hydride
migration

silicon 1,3-migration

(0] OSiEts

SiEt,
Pd -
Hj\ - K&Pd\lpr

IPr
INT1 INT3
primary alkyl

b) secondary alkyl substrate
AG/ keal mol™!

t
MesSio
< -Pd—IPr
TH Ts6

Shydride
migration

silicon 1,3-migration

(0]

- OSiMe; INT8
\HLPd IVlez -
P

|
IPT INTS
sceondary alkyl INT7

aDFT calculations were conducted at the wB97XD/6-311+G(d,p)-SDD//wB97XD/6-31G(d,p)-Lanl2DZ level of theory. Red:
decarbonylation; blue: a-insertion via a siloxycarbene-palladium complex.

A similar comparison was also performed for the nickel-cat-
alyzed system (Scheme 7). In the case of primary alkyl-sub-
stituted acylsilanes, the activation barrier for decarbonyla-
tion from oxidative addition complex INT9# was consider-
ably lower (9.8 kcal/mol, TS7) than that required with the
Pd catalyst (26.2 kcal/mol, TS1 in Scheme 6).1> Meanwhile,
the activation barriers for the formation of the silyl enol
ether via siloxycarbene-nickel complex INT11 were compa-
rable to those calculated for the palladium catalyst (19.0
kcal/mol for TS8 and 25.1 kcal/mol for TS9). These results
are consistent with the experimental observation that de-
carbonylation occurred with the nickel catalyst when pri-
mary alkyl-substituted acylsilanes were used (Scheme 3a).
In the case of secondary alkyl-substituted substrates, the
activation barrier required for decarbonylation from

oxidative addition complex INT14!¢ increased to 22.0
kcal/mol (i.e.,, TS11), possibly due to the increased steric
demand for C—C bond activation, which makes the a-C-H in-
sertion pathway more energetically feasible, as was experi-
mentally observed (Scheme 3b). It should be noted that the
mechanism for the a-insertion from siloxycarbene-nickel
complexes (i.e., INT11 or INT16) differs from that involving
the palladium catalyst. While siloxycarbene-palladium com-
plexes undergo a-C-H insertion in a concerted manner
without any intermediate (Scheme 6), a $-hydrogen elimi-
nation/reductive elimination sequence occurs in the case of
siloxycarbene-nickel complexes via a nickel-hydride inter-
mediate (i.e., INT12 or INT17) to form a-insertion products.



Scheme 7. Plausible Reaction Pathways for the Nickel-Catalyzed System¢
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Finally, we investigated the mechanism for the nickel-cata-
lyzed reaction of aliphatic acylsilanes with norbornene via
DFT calculations using the reaction of isopropyl-substituted
acylsilane with ethylene catalyzed by a Ni-IPr complex as a
model reaction (Scheme 8). The oxidative addition of the
C(acyl)-Si bond to the Ni-IPr complex was revealed to pro-
ceed via three-centered transition state TS15 with an acti-
vation barrier of 18.2 kcal/mol, leading to the formation of
oxidative addition complex INT20. Intermediate INT20 can
isomerize through migration of the silyl group to the oxygen
atom of the acyl ligand via TS16 with a feasible energetic
barrier (20.4 kcal/mol), furnishing siloxycarbene-nickel
complex INT21. Upon addition of ethylene, INT21 forms a

more stable three-coordinate complex, i.e, INT22, which
subsequently undergoes a concerted o-C-H insertion
through transition state TS15 to produce silyl enol ether-
ligated nickel complex INT23. This a-C-H insertion process,
which requires the highest activation barrier (30.3
kcal/mol) during the reaction pathway, is the turnover-lim-
iting step. Subsequently, INT23 undergoes ligand-to-ligand
hydrogen transfer (LLHT)'? via TS18 (3.4 kcal/mol) to form
INT24. The resulting intermediate INT24 affords the silyl
enol ether product via reductive elimination.

Scheme 8. DFT-Computed Energy Profile for the Nickel-Catalyzed Reaction of Aliphatic Acylsilanes with Ethylene to Form

Silyl Enol Ethers
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According to the experimental and theoretical studies dis-
cussed above, a plausible mechanism for the nickel-

catalyzed reactions of aliphatic acylsilanes is depicted in
Scheme 9. First, the C(acyl)-Si bond of the acylsilane



substrate is oxidatively added to the nickel catalyst to form
A, which can then undergo two possible pathways. When a
primary alkyl-substituted acylsilane is used in the absence
of 2a, complex A predominantly undergoes decarbonyla-
tion. This decarbonylation pathway can be suppressed by
adding 2a, presumably because it occupies a vacant coordi-
nation site that is required for the decarbonylation, or by
using bulkier secondary alkyl-substituted acylsilane sub-
strates. In these cases, the silicon group in A migrates to the
oxygen atom to form siloxycarbene-nickel complex B.

Carbene complex B undergoes a-C—H insertion via nickel-
hydride C to furnish a silyl enol ether when secondary alkyl-
substituted acylsilanes are reacted in the absence of 2a.
Meanwhile, in the presence of 2a, carbene complex B under-
goes a-C—H insertion in a concerted manner to form enol
ether complex E,'® which immediately forms alkenyl-nickel
species F via LLHT. Subsequent reductive elimination from
F affords two-component coupling product G.

Scheme 9. Plausible Mechanism for the Nickel-Catalyzed Reactions of Aliphatic Acylsilanes
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Conclusion

In summary, we have demonstrated that generation of si-
loxycarbene complexes from acylsilanes via oxidative addi-
tion of a C-Si bond followed by 1,3-silicon migration is not
limited to palladium but can be also catalyzed by nickel. This
protocol enables the generation of otherwise inaccessible
Fischer carbene complexes of nickel. When aromatic
acylsilanes are used, the resulting siloxycarbene-nickel in-
termediate undergoes cyclopropanation with alkenes, as in
the case of palladium. Nickel-catalyzed reactions of ali-
phatic acylsilanes follow two distinct pathways depending
on the bulkiness of the acyl substituents: primary alkyl-sub-
stituted acylsilanes afford decarbonylation products,
whereas substrates with secondary alkyl groups form silyl
enol ethers via a-C-H insertion from a siloxycarbene-nickel
intermediate. These results contrast sharply with those ob-
tained using the palladium-catalyzed system, which uni-
formly provides silyl enol ethers from aliphatic acylsilanes.
Most notably, nickel-catalyzed reactions of aliphatic
acylsilanes with norbornene furnish two-component
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coupling products, in which a C—H bond of the silyl enol
ethers adds across norbornene. These findings underscore
that the reactivity of siloxycarbene complexes is markedly
influenced by the nature of the metal center, enabling new
catalytic transformations using acylsilanes. Studies on fur-
ther applications of siloxycarbene-Pd and -Ni complexes, as
well as exploration of other late transition metals, are cur-
rently underway in our laboratory.

Methods

Typical Procedure for Nickel-Catalyzed Synthesis of Si-
lyl Enol Ethers from Alkanoylsilanes with Norbornene.

In a glove box, to an oven-dried 10 mL screw-capped vial,
Ni(cod)2 (11.0 mg, 0.040 mmol), IPr* (36.6 mg, 0.040 mmol),
acylsilane 1b (49.7 mg, 0.20 mmol), 2 (38.8 mg, 0.40 mmol),
and 1,4-dioxane (1.0 mL) were added. The cap was closed
and the resulting mixture was stirred at 160 °C for 18 h. Af-
ter cooling to rt, the resulting mixture was filtered through
a celite pad. The filtrate was concentrated to dryness in



vacuo and the residue was purified by silica gel column
chromatography (hexane to hexane/EtOAc = 1/9) to afford
the desired product 6b as a colorless oil (38.2 mg, 56%
yield).
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