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Palladium-catalyzed selective cleavage of the distal C—-C bond and proximal C-C bond of keto-
vinylidenecyclopropanes by altering the sterically bulky phosphine ligands has been realized. The proximal
C-C bond cleavage can be achieved by using dtbpf as a phosphine ligand, affording bicyclic products
containing dihydrofuran skeletons in good yields along with broad substrate scope. In proximal C-C bond
cleavage reactions, the eight-membered cyclic palladium intermediate plays a key role in the reaction. The

[3 + 2] cycloaddition of keto-vinylidenecyclopropanes through the distal C—C bond cleavage can be
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Accepted 14th May 2024 effectively accomplished with ‘BuXPhos as a phosphine ligand and ZnCl, as an additive, delivering bicyclic
products containing tetrahydrofuran skeletons in good yields. The further transformation of these bicyclic

DOI: 10.1035/d4sc02536a products has been demonstrated, and the reaction mechanisms of two different C-C bond cleavage
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Introduction

Organic compounds with a bicyclic skeleton are widely found in
natural products and pharmaceutical molecules.' In the past
few decades, significant progress has been made in the
construction of bicyclic compounds through transition metal
(TM)-catalyzed C-C bond cleavage of alkylidenecyclopropanes
(ACPs) and vinylidenecyclopropanes (VDCPs).>* In the synthesis
of bicyclic compounds,* these interesting functionalized
strained small rings played key roles as three-carbon compo-
nents. Particularly, several novel examples of cycloaddition
reactions with regard to ACPs and VDCPs have been recently
disclosed using Pd,” Rh,° Co,” and Ni® as the catalysts. For
unactivated VDCPs, it has been established that oxidative
addition of TM to the distal C-C bond of VDCP produces
a metallacyclobutane species I-1, accompanied by inter- or
intramolecular migratory insertion into the unsaturated C-C
bond to afford metallacyclohexane species I-2. The
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reactions have been investigated by control experiments and DFT calculations.

metallacyclohexane species I-2 undergoes further trans-
formations via two pathways: (a) direct reductive elimi-
nation;*** (b) nucleophilic reagent attack,’** furnishing the
cyclized products (Scheme 1).

In the past few decades, the reaction of proximal C-C bond
cleavage of alkylidenecyclopropanes has made significantly
effective progress.® As for activated VDCPs, our group's previous
work has disclosed the palladium-catalyzed and Lewis acid-
assisted proximal C-C bond cleavage of the vinyl-
idenecyclopropane-diester as shown in Scheme 2.* In this prox-
imal C-C bond cleavage, a n'-(allenyl)palladium species II-1 is
produced, which can be transformed into n*-(propargyl)palla-
dium species II-2 and n'-(propargyl)palladium species II-3 to
undergo the downstream transformations."* Moreover, Chen's
group recently also revealed that the vinylidenecyclopropane-
diester'” reacted with nucleophilic copper species to form a vinyl
copper intermediate III-1," which underwent a B-carbo elimina-
tion to give a copper species III-2 and a protonation to deliver
products III-3 (Scheme 2).

Thus far, the proximal C-C bond cleavage of unactivated
vinylidenecyclopropane has never been reported before. As
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Scheme 1 TM catalyzed cycloaddition reactions of VDCPs through
distal C—C bond cleavage (well-established).
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Scheme 2 Ring-opening reactions of proximal C—C bond cleavage of
the VDCP-diester.
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Scheme 3 Proposed ring opening reaction of proximal C-C bond
cleavage of unactivated VDCP (unexplored).
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Scheme 4 This work.

a consequence, we envisaged that the activation of the proximal
C-C bond of VDCPs tethered with a carbonyl group would
produce a metallacyclobutane species IV-1, which can lead to
the metallacyclic species IV-2 through a cyclometallation
process. IV-2 is energetically and structurally stabilized by
coordination of the alkyne to palladium.* Then, the interme-
diate IV-2 undergoes a B-hydrogen elimination to generate an
intermediate IV-3. Subsequently, intramolecular migratory
insertion affords intermediate IV-4, which undergoes a reduc-
tive elimination to give the bicyclic product bearing a dihy-
drofuran skeleton (Scheme 3).**

In this work, we wish to report the combined results of
palladium-catalyzed and sterically bulky tertiary phosphine
ligand-controlled selective proximal and distal C-C bond
cleavage of keto-VDCPs for the rapid construction of a series of
bicyclic products containing dihydrofuran and tetrahydrofuran
skeletons (Scheme 4).

Results and discussion
Experimental investigations

At the start of our investigations, keto-VDCP 1a was used as the
model substrate to examine the reaction outcomes. Interest-
ingly, the [3 + 2] cycloaddition reactions successfully took place
in the presence of 6 mol% of Pd,(dba); and 12 mol% of ‘BuX-
Phos in anhydrous toluene at 100 °C after 8 hours, giving 2a in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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8% isolated yield and 3a in 46% isolated yield along with the
intramolecular hydroalkoxylation product 4a in 12% isolated
yield (Table 1, entry 1). These [3 + 2] cycloaddition reactions can
take place with another bulky biaryl phosphine-RuPhos, while
affording the corresponding products 2a, 3a and 4a in lower
yields (Table 1, entry 2). Some other bisphosphine ligands
including (rac)-BINAP were also screened, but no reaction
occurred (Table 1, entries 3-5). On increasing the reaction
temperature to 120 °C and increasing the amount of Pd catalyst
and ‘BuXPhos, we found that the yield of 3a was improved to
60% yield along with 2a in 12% yield and 4a in 10% yield (Table
1, entry 6). However, even under such rigorous reaction condi-
tions, substrate 1a still did not react completely. Inspired by Yu
and Dong's work,*#4 we next considered that using ZnCl, as an
additive in the catalytic system may improve the reaction
outcome, and found that the yield of 3a was considerably
increased to 86% with the addition of 20 mol% ZnCl, without
the formation of 2a and 4a (Table 1, entry 7). Furthermore, the
product 3a was exclusively obtained in 92% yield with the
addition of 100 mol% ZnCl, (Table 1, entry 8). Accordingly,
a series of Lewis acids were screened, such as InCl;, GaCls,
Zn(OTf),, Yb(OTf); and Znl,, and none of them showed a better
yield of the desired products than ZnCl,, probably due to the
good solubility of ZnCl, in toluene (Table 1, entries 9-13). The
examination of solvent revealed that toluene should be used for
the production of 3a (Table 1, entries 14 and 15). Next, we tried
to explore the role of K,CO; in this reaction. The addition of 6
mol% Pd,(dba);, 12 mol% ‘BuXPhos and 20 mol% K,CO;
produced 3a in 50% yield along with 4a in 20% yield and the
result is similar to entry 1 (Table 1, entry 16). On the other hand,
we also identified that the cyclized product 2a was obtained in
80% yield along with 4a in 12% yield using 6 mol% of Pd,(dba);
as the catalyst and 12 mol% HP‘BuzBF, as the ligand in the
presence of 20 mol% K,COjs (Table 1, entry 17). As the loading of
K,COj; increased to 50 mol%, the yield of product 2a reduced to
20% and the yield of product 4a increased to 60% in the pres-
ence of 6 mol% of Pd,(dba); and 12 mol% of HP‘Bu;BF, (Table
1, entry 18). Upon increasing the amount of K,COj; to 100 mol%,
4a was formed in 82% yield (Table 1, entry 19). Fortunately, the
cyclized product 2a with proximal C-C bond cleavage of 1a was
achieved in 96% yield as a sole product using dtpbf as a ligand
in the absence of K,COj; (Table 1, entry 20). When the reaction
temperature was lowered to 90 °C, the yield of 2a decreased to
72% (Table 1, entry 21). On adding 100 mol% K,COj; into the
catalytic system in the presence of 6 mol% of Pd,(dba); and 12
mol% of dtbpf, product 4a becomes the major product (Table 1,
entry 22). We hypothesize that a large amount of K,CO; in the
reaction system promotes the reductive elimination of inter-
mediate 2-Int4 (shown in Scheme 10) more quickly than the
alternative migratory insertion, affording 4a as the major
product.*® On adding 100 mol% ZnCl, into this catalytic system,
no reaction occurred (Table 1, entry 23). Solvent screening was
performed and toluene was found to be the optimal solvent for
this reaction as well (Table 1, entries 24-25) (for more infor-
mation, see page S7 in the ESIY).

With the optimal reaction conditions established, we next
explored the substrate scope of the production of 2 derived from
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Table 1 Optimization of the reaction conditions®
y J J
v/yﬁi/\ oy Cb_// . rj/@ e
Solvent, T, 8 h H
1a 2a 3a 4a
Yield?/%
Entry® Catalyst L Additive Solvent T (°C) 2a 3a 4a
1 d,(dba), ‘BuXPhos None Toluene 100 8 46 12
2 Pd »(dba)z RuPhos None Toluene 100 6 26 6
3 d,(dba), dppf None Toluene 100 — — —
4 Pd »(dba)z dppb None Toluene 100 — — —
5 Pd,(dba); (rac)-BINAP None Toluene 100 — — —
6° Pd,(dba); ‘BuXPhos Nonejlv Toluene 100 12 60 12
7 Pd,(dba); ‘BuXPhos 20 mol% ZnCl, Toluene 100 — 86 Trace
8 Pd,(dba); ‘BuXPhos 100 mol% ZnCl, Toluene 100 — 96 Trace
9 Pd,(dba), ‘BuXPhos 100 mol% InCI;, Toluene 100 — 60 Trace
10 Pd,(dba); ‘BuXPhos 100 mol% GaCly Toluene 100 — 72 Trace
11 Pd,(dba); ‘BuXPhos 100 mol% Zn(OTf), Toluene 100 — 62 Trace
12 sz(dba)3 ‘BuXPhos 100 mol% Yb(OTf); Toluene 100 — 48 Trace
13 d,(dba), ‘BuXPhos 100 mol% Znl, Toluene 100 — 82 Trace
14 sz(dba)3 ‘BuXPhos 100 mol% ZnCl, Toluene 100 — 80 Trace
15 Pd,(dba), ‘BuXPhos 100 mol% ZnCl, DCE 100 — 80 12
16¢ Pd,(dba); ‘BuXPhos K,CO; Toluene 100 — 50 20
174 Pd,(dba); HP'Bu;BF, K,CO; Toluene 100 80 — 12
18° Pd,(dba); HP'Bu,BF, K,CO; Toluene 100 20 — 60
19 Pd,(dba); HP'Bu;BF, K,CO;3 Toluene 100 6 — 82
20 Pd,(dba), dtbpf None Toluene 100 96 — —
21 Pd,(dba); dtbpf None Toluene 90 72 — 6
22/ Pd,(dba); dtbpf K,CO; Toluene 100 12 — 82
23 Pd,(dba); dtbpf 100 mol% ZnCl, Toluene 100 — — —
24 Pd,(dba); dtbpf None Dioxane 100 80 — 10
25 Pd,(dba), dtbpf None DCE 100 82 — 12
, O P, O Poy, @—F‘th o, OO ooy ?—P(‘Bu)2
Pr. O Pr Pro, O O'Pr E@é_Pth 2P pph, OO PPh, C—P(Bu,
iPr
BuXPhos RuPhos dppf dppb (rac)-BINAP dtbpf

“ Reactlon conditions: substrate 1a (0.10 mmol) Pd,(dba); (6 mol%) and L (12 mol%) in 1.0 mL anhydrous toluene under an argon atmosphere for 8

h. ? Isolated yield. ¢ Pd,(dba); (10 mol%), L
was added.

(20 mol%) was added. ¢

the proximal C-C bond cleavage, and the results are summa-
rized in Scheme 5. It can be found that R' can be an alkyl,
cycloalkyl, or benzyl group, affording the desired products 2a-2f
in good yields ranging from 72% to 96%. The structure of 2a was
identified by X-ray diffraction, and its CIF data have been
deposited in CCDC with the number 2206931. Introducing
functionalized alkyl substituents such as an olefinic moiety and
acetal moiety in keto-VDCPs 1 gave the desired products 2g and
2h in 82% yield and 93% yield, respectively. We also investi-
gated aryl substituted 1 in this reaction and found that whether
an electron-donating group, an electron-withdrawing group, or
methyl substitution was introduced at different positions of the
benzene ring, the reactions proceeded smoothly, giving the
target products 2i-2m in good yields ranging from 78% to 94%.
2-Naphthyl-substituted keto-VDCP 1n was also tolerated, giving
the desired product 2n in 82% yield. We then explored the R*
substituent in this reaction and found that R* can be a hydrogen

9194 | Chem. Sci, 2024, 15, 9192-9200

K,CO; (20 mol%) was added. °

K,COj; (50 mol%) was added.” K,CO; (100 mol%)

atom, ethyl, and isopropyl substituents, furnishing the desired
products 20-2q in 80% to 86% yields. In addition, R* can be an
aromatic group as well, in which regardless of whether an
electron-donating group or electron-withdrawing group was
introduced at the different positions of the benzene ring, the
reactions were compatible, affording the desired products 2r-
2aa in moderate to good yields ranging from 62% to 82%.
Furthermore, the use of 2-naphthyl substituted and 2-thio-
phene substituted keto-VDCPs 1ab and 1lac as substrates
delivered the desired products 2ab and 2ac in 80% yield and
36% yield, respectively. Among them oxygen atom-linked 1ad
could also be used in the reaction, giving 2ad in 86% yield
although the carbon atom-linked substrate 1ae did not provide
the corresponding product, presumably due to this substrate
without the Thorpe-Ingold effect. On extending the carbon
chain in the designed substrate 1af, we found that the reaction
also occurred efficiently, affording 2af in 80% yield.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Substrate scope of 2 derived from the proximal C-C bond
cleavage. Reaction conditions: substrate 1 (0.10 mmol), Pd,(dba)z (6
mol%) and dtbpf (12 mol%) in 1.0 mL anhydrous toluene under an
argon atmosphere for 8 h.

We next explored the substrate scope for the [3 + 2] cyclo-
addition products 3 derived from the distal C-C bond cleavage
(Scheme 6). The R' substituent of keto-VDCPs 1 can be an alkyl,
cycloalkyl, or benzyl substituent or a phenyl group, affording
the desired products 3a-3i in 76-92% yields. A variety of elec-
tron-rich or electron-poor aryl-substituted keto-VDCPs 1 as well
as naphthyl-substituted VDCP 1n underwent this cyclization
reaction smoothly, affording the corresponding products 3j-3n
in 68-76% yields. For ortho-methyl group substituted keto-
VDCP 1m, the desired product 3m was a pair of atropisomers.
Besides, we tried to probe the R* substituents of keto-VDCPs 1
and found that for the aldehyde substituted substrate 10 and
the ethyl carbonyl substituted substrate 1p, the reactions pro-
ceeded smoothly, affording the desired products 30 and 3p in
72% yields, respectively. A series of electron-rich or electron-
poor aryl-substituted keto-VDCPs 1r-1y could be converted to
the bicyclic products 3r-3y in 26% to 76% yields along with
a small amount of cyclized 2-chlorocyclobutene derivatives (see
Scheme 8f, side effect of ZnCl,). When the bridge linkage was
replaced with an oxygen atom and a CH, moiety, the reactions
were also tolerated, giving the desired products 3ad and 3ae in
42% yield and 40% yield, respectively.

Synthetic applications

In order to explore the synthetic applicability of these protocols,
gram-scale syntheses were first performed as shown in Scheme
7a & ¢ by employing 1.0 g (3.2 mmol) of 1a, producing 0.9 g of 2a
in 90% yield and 0.6 g of 3a in 60% yield, respectively under the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Substrate scope of 3 derived from the distal C-C bond
cleavage. Reaction conditions: substrate 1 (0.10 mmol), Pd,(dba)s (6
mol%), ‘BuXPhos (12 mol%) and ZnCl, (100 mol%) in 1.0 mL anhydrous
toluene under an argon atmosphere for 8 h.

standard conditions. Furthermore, the synthetic utilities of
products 2a and 3a were investigated as that Pd-catalyzed
hydrogenation of 2a and 3a furnished the corresponding
reduced products 5 and 8 as diastereomeric mixtures in 96%
yield and 80% yield, respectively (Scheme 7b & d). Product 2a
can be used as a dienophile and undergo a D-A cycloaddition
reaction with electron deficient olefins. After screening a series
of electron-deficient olefins (e.g., N-phenylmaleimide, benzo-
quinone, diethyl maleate, diethyl acetylenedicarboxylate and
ethene-1,1,2,2-tetracarbonitril), the product 2a only reacted
with ethene-1,1,2,2-tetracarbonitril to give the desired tricyclic
product 6 in 90% yield. This reaction probably required strongly
electron-deficient olefins to take place.” The N-tosyl group of 2f
was removed upon treating with sodium naphthalenide in THF
at —78 °C, affording the product 7 in 90% yield (Scheme 7b).
The product 3a could be transformed into the functionalized
cyclic ketone 9 in 90% yield as well as the lactone product 10 in
36% yield upon using two different oxidation methods as shown
in Scheme 7d."™' Removal of the N-tosyl group of 3f with
sodium naphthalenide afforded the isomerization product 11 in
62% yield (Scheme 7d).

Mechanistic studies

We designed and synthesized the substrate 1f without a cyclo-
propane moiety; however, the reaction of 1f did not occur
under the standard reaction conditions. Apparently, the cyclo-
propane moiety plays a critical role in initiating the reaction
(Scheme 8a). The control experiments indicated that 4a could
be rapidly converted to product 2a in the presence of Pd,(dba),
with the participation of HP‘Bu;BF, combined with K,COj; (20
mol%) or ‘BuXPhos or dtpbf in high yields, showing that
product 4a derived from proximal C-C bond cleavage could

Chem. Sci., 2024, 15, 9192-9200 | 9195
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Scheme 7 Scale-up experiments and synthetic transformations: (a) Gram-scale experiment of 2a; (b) synthetic applications of 2; (c) Gram-scale

experiment of 3a; (d) synthetic applications of 3.

undergo hydroalkoxylation to give the product 2a (Scheme 8b).
In addition, product 2a cannot be converted to 3a under the
standard conditions, suggesting that products 2 and 3 are
produced by their own selective C-C bond cleavages of the
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Scheme 8 Control experiments: (a) reations of 1f under standard
conditions; (b) hydroalkoxylation of 4a to 2a; (c) experiments on the
interconversion between 2a and 3a; (d) reactions of 1a with arylbor-
onic acids and phenylacetylene; (e) reactions under 1.0 eq. catalyst and
ligand condition.
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cyclopropane unit at the beginning of the reaction (Scheme 8c).
Based on previous work, we added nucleophile like arylboronic
acid and phenylacetylene in the reaction system, and attempted
to obtain cross-coupled products;*** but we only isolated the
product 2a and the unreacted substrate 1a (for more informa-
tion, see page S14 in the ESIt), probably due to intramolecular
reactions taking place faster than intermolecular reactions at
such a high temperature (Scheme 8d). We added 1.0 equiv of
Pd,(dba); and 1.0 equiv of dtpbf to participate in the reaction,
and product 2a was obtained in 86% yield in 30 min. Product 2a
was also obtained in 40% yield in 10 min, and 56% of the
substrate 1a was recovered. Obviously, employing 1.0 equiv of
Pd,(dba); and 1.0 equiv of dtpbf makes the reaction very rapid;
therefore, it is difficult to obtain the reaction intermediates at
such a high temperature (for more information, see page S13 in
the ESIt) (Scheme 8e).

As described above, adding ZnCl, facilitated the completion
of the [3 + 2] cycloaddition reaction; however, we also found that
the deliquescence of ZnCl, by ambient moisture caused one
side reaction, giving another cyclization product as the
byproduct.”® We attempted to explore the reaction results by
adding H,O (2.0 equiv.) under the standard conditions. The
results showed that the desired [3 + 2] cycloaddition reaction
and the side reaction proceeded simultaneously, affording [3 +
2] eycloaddition products 3s and 3u in 48% and 58% yields and
the minor products 12 and 13 in 20% and 26% yields (Scheme
9a). As shown in Scheme 9b, treating 1u, 1s and 1ac with ZnCl,
(1.0 equiv) and water (2.0 equiv) in toluene at 100 °C provided
the corresponding chlorocyclobutene derivatives 12-14 in 38—
46% yields (Scheme 9b). The structure of 14 has been confirmed
by X-ray diffraction and the CIF data are deposited in CCDC
with the number 2246469. This finding can explain why in some
cases, the [3 + 2] cycloaddition products 3 were obtained in low
yields such as 3y, 3ad, and 3ae.

To further understand the mechanistic paradigm, density
functional theory (DFT) calculations were performed. The
calculations on the tandem cyclization reaction derived from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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proximal C-C bond cleavage have been performed at the
SMD(toluene)/B3LYP/6-311+G(d,p)/Lanl2dz//B3LYP/6-31G(d)/

Lanl2dz level with the Gaussian 16 program. We investigated
the reaction pathway starting from a stable palladium complex
2-Int1 (shown in Scheme 10a), in which the allene units of 1a
are coordinated to a palladium catalyst. The insertion of the
palladium catalyst into the proximal C-C bond of VDCP
produces a palladacyclic 2-Int2 through 2-Ts1 with an energy
barrier of 22.4 kcal mol *. We also investigate the oxidative
cyclometallation of 2-Int1 through 2-Ts1’ to generate a pallada-
cyclic intermediate 2-Int2’; however, this process has an
extremely high energy barrier of 50.4 kcal mol ', and thus, we
exclude this pathway (for more details, see Scheme S1 in page
S15 of the ESIf). The intermediate 2-Int2 subsequently
undergoes cyclometallation to generate an intermediate 2-Int3
via the transition state 2-Ts2. The energy barrier for cyclo-
metallation is 13.8 kcal mol ™, which is lower than that of the
competitive pathway involving the so-called a B-H elimination
step (41.7 kcal mol ™" via 2-Ts2") (for more details, see Scheme

. 24nts
N +36

O\ TsN:

3-Ts2-b R @ O
R

34nt3-b

Scheme 10 DFT calculations on the possible reaction pathways: (a) DFT calculations of 1a to 2a; (b) DFT calculations of 1a to 3a.
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S2 in page S16 of the ESIT). The palladium intermediates 2-Int3
presents the alkyne moiety coordinated to palladium (Pd-C=C,
2.49 A and 2.35 A). The intermediate 2-Int3 is a stable inter-
mediate, probably due to the alkyne moiety coordinated to
palladium.”™ We also attempted to locate the intermediate in
which the alkyne moiety is not coordinated-to palladium;
however, we failed to obtain such a kind of intermediate and it
always reverses to the previous intermediates 2-Intl or 2-Int2
after geometry optimization. The intermediate 2-Int3 subse-
quently undergoes B-hydrogen elimination to generate an
intermediate 2-Int4 via 2-Ts3 with a low energy barrier of 4.4
kecal mol . The intermediate 2-Int4 can undergo reductive
elimination to afford product 4a, which was accessed in the
experiment. Alternatively, 2-Int4 undergoes migratory insertion
via 2-Ts4 to generate 2-Int5 with a free energy of 10.9 kcal mol .
Subsequently, reductive elimination of 2-Int5 is performed to
afford 2-Int6 via 2-Ts5 with an energy barrier of 14.7 kcal mol "
and then releasing the palladium catalyst to form product 2a.
This is in line with the result of the control experiment shown in
Scheme 8b, in which 4a could be rapidly converted to product
2a under standard conditions. We also investigated another
possible reaction pathway that involves 2-Int2 undergoing B-C
elimination followed by B-H elimination (for details, see
Scheme S2 in the page S16 of ESIT).

In conjunction with the previously proposed concept of
hemilabile interactions between the palladium, and bulky biaryl
phosphine ligands,*> we also compared the difference between
the presence and absence of hemilabile interactions by DFT
calculations to show the role of the bulky biaryl phosphine ligand
in the [3 + 2] cycloaddition reaction (shown in Scheme 10b). The
DFT calculations for this reaction were performed at the
SMD(toluene)/wB97X-D/6-31G(d)/Lanl2dz//wB97X-D/6-31G(d)/
Lanl2dz level with the Gaussian 16 program.*® We used the
hemilabile palladium complex and substrate 1a as the first step.
The palladium complex coordinated to the distal C-C bond of
VDCP to produce 3-Intl-a with an activation free energy of 2.3
kcal mol . The hemilabile interactions between the palladium
and bulky phosphine ligands allows the energy of 3-Int1-a to be
12.9 kcal mol™' less than that of 3-Intl’. The insertion of
a palladium catalyst into the distal C-C bond of VDCP gives
a palladacyclic intermediate 3-Int2-a through 3-Ts1-a with an
energy barrier of 4.8 kcal mol ™. 3-Int2-a then isomerizes to 3-
Int3-a via 3-Ts2-a with an energy barrier of 28.7 kcal mol ", which
is lower than that of 3-Ts2’ due to the presence of hemilabile
interactions. Subsequently, carbonyl group insertion occurs via
3-Ts3-a with an activation free energy of 28.3 kcal mol ™" to give
a palladacyclohexane intermediate 3-Int4. Then, the reductive
elimination reaction (via 3-Ts4) converts 3-Int4 to 3a+PdL with an
activation free energy of 19.5 kcal mol *. For comparison, the
reaction pathway without hemilabile interactions is also inves-
tigated systematically (Scheme 10b, blue letters). Generally, the
energies of all intermediates and transition states without
hemilabile interactions are higher in the range of 7.9-21.3 kcal
mol ™, indicating that hemilabile interactions play important
roles in this reaction. Moreover, DFT calculations on the reaction
pathway involving ZnCl,-promoted the [3+2] cycloaddition were
also performed (Scheme 10b, red letters). It is noteworthy that
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Scheme 11 (a) Asymmetric studies of 2a; (b) asymmetric studies of 3a.

the intermediates and transition states are more energetically
stable (5.9-9.3 kcal mol ') due to binding between ZnCl, and the
C=0 bond in 1a. The addition of ZnCl, decreases the energy
barrier of carbonyl group insertion (3-Int3-b to 3-Ts3-b) which is
lower than that without ZnCl, (3-Int3-a to 3-Ts3-a) by 3.4 kcal
mol %, and indicates that the addition of ZnCl, facilitates the
migratory insertion of the C=O bond. For comparison, the
insertion of a palladium catalyst with the bulky biaryl phosphine
ligand into the proximal C-C bond of VDCP which produces
a palladacyclic intermediate 3-Int2-b’ was also investigated. The
energy of 3-Int2-b’ is higher than that of 3-Int2-b by 8 kcal mol %,
probably due to steric hindrance. This may account for the distal
C-C bond cleavage being preferred, utilizing the bulky biaryl
phosphine ligand. In general, the phosphine ligand can tune the
modes of the initial C-C bond cleavage, which leads to different
reaction patterns and generates different products.

Asymmetric studies

The asymmetric variants of these reactions were investigated
with a series of sterically bulky chiral phosphine ligands,***
and we found that the use of ligands L3 and L15 gave 2a in 86%
yield along with 15% ee and 40% yield along with 20% ee,
respectively (Scheme 11a). However, for the product 3a, no
chiral induction was observed, presumably due to the high
reaction temperature (Scheme 11b) (for more information, see
pages S10-S12 in the ESIf). In asymmetric catalysis, high ee
values were difficult to be obtained at such a high temperature
(100 °C), probably because the chiral ligands dissociate on the
central palladium.

Conclusions

In summary, we have developed a divergent protocol for the
palladium-catalyzed and ligand-controlled selective cleavage of
the distal C-C bond and proximal C-C bond of cyclopropane
units in keto-vinylidenecyclopropanes 1, affording a series of
bicyclic products containing dihydrofuran skeletons and tetra-
hydrofuran skeletons in moderate to good yields with a broad
substrate scope and good functional group tolerance. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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further transformations of the obtained bicyclic products have
been also conducted to obtain a variety of their derivatives.
Control experiments and DFT calculations have been used to
elucidate the reaction mechanisms of the selective C-C bond
cleavage. We propose a palladium intermediate in which the
alkyne moiety coordinated to palladium is the key intermediate
for the reaction involving the proximal C-C bond of unactivated
vinylidenecyclopropane. To the best of our knowledge, this is
the first example of transition metal catalyzed cleavage of the
proximal C-C bond of unactivated vinylidenecyclopropane,
opening up numerous avenues for further development. The
utilization of these synthetic methodologies for the synthesis of
biologically active molecules is currently under investigation.
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