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Transition-metal-catalyzed chain-walking reactions have emerged as a powerful strategy for remote

functionalization of alkenes; however, their integration with C–C bond activation remains largely unex-

plored. Herein, we report a rhodium-catalyzed reaction that combines long-range alkyl chain-walking

with selective cyclopropyl C–C bond cleavage within a single catalytic system. In this transformation,

migratory alkene isomerisation across extended carbon frameworks enables distal activation of a cyclo-

propylmethyl unit, leading to the efficient formation of substituted benzofurans under mild conditions.

Unlike conventional chain-walking processes that terminate in remote functionalization, the present

system exploits catalyst migration as a prerequisite for subsequent C–C bond activation at a spatially sep-

arated site. Mechanistic investigations, including temperature-controlled and time-resolved NMR studies,

support a sequential pathway involving alkene chain-walking followed by cyclopropane activation. This

work demonstrates a cooperative catalytic strategy that orchestrates spatially separated reaction events

and expands the conceptual scope of chain-walking catalysis in organic synthesis.

Multitasking catalysts are catalysts capable of sequentially pro-
moting multiple distinct chemical transformations within a
single catalytic system, which reduces the number of extraction
and purification steps required, thereby decreasing the con-
sumption of reagents, solvents, and other materials needed for
these processes. They are of significant synthetic chemical
utility as they enable the one-pot synthesis of complex mole-
cules, typically requiring multiple reactions, from simple start-
ing materials (Scheme 1).1,2 Particularly, the ability to catalyse
multiple chemical reactions involving rare elements using a
single multi-task catalyst holds significant environmental con-
servation value.

Among multitasking catalytic reactions, methodologies pro-
moting three or more reactions to construct bicyclic hetero-
cyclic structures, a key constituent structure of functional
molecular compounds, via cycloisomerisation are currently
limited to the rhodium-catalysed examples we have reported in
recent years (Scheme 2A).3

Inert C(sp3)–H bond is functionalized after the alkene is
isomerized and the double bond is moved along the carbon

chain. Various reports have detailed the remote alkylations,4

arylations,5 aminations,6 borylations,7 carbonylations,8 etc.,
using palladium, nickel, rhodium, iridium, cobalt, iron, etc.,
with alkene chain-walking.

In this context, we envisioned that substrates bearing a
long-chain alkene tethered to an oxygen atom could enable a
fundamentally different type of multitasking catalysis, in
which long-range alkene chain-walking and cyclopropylmethyl

Scheme 1 Multitasking catalytic reaction and conventional reaction.
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C–C bond activation proceed concurrently under a single
rhodium catalytic system.

Herein, we report a rhodium-catalysed transformation that
orchestrates four chemically distinct reaction modes—long-
range alkene isomerisation, cyclopropane isomerisation invol-
ving C–C bond cleavage, cycloisomerisation, and subsequent
aromatisation—within a single catalytic manifold. Notably, the
alkene migration occurs over extended carbon chains, signifi-
cantly beyond the scope of previously reported multitasking
cycloisomerisation reactions.

Furthermore, time-resolved NMR experiments reveal that
these multiple isomerisation processes do not occur as an
uncontrolled cascade but instead proceed in a defined tem-
poral order, providing rare experimental insight into how a
single rhodium catalyst mediates and differentiates multiple
elementary steps. This study therefore expands the conceptual
framework of multitasking catalysis by demonstrating the con-
trolled integration of long-range chain-walking with C–C bond
activation chemistry.

As an initial study, substrate 1a bearing cyclopropane and a
long-chain alkene, Wilkinson’s catalyst, and silver trifluoro-
methanesulfonate in a p-xylene solution were stirred at 120 °C
for 24 hours. As a result, the desired benzofuran 2a was
obtained in a 17% yield (Table 1, entry 1). Additionally, dihy-
drobenzofuran 3a was obtained as a by-product in a 13% yield.
As the desired long-distance isomerisation reaction proceeded
under the above conditions, further optimisation of the reac-
tion conditions was carried out.

Next, the choice of silver salt and its equivalent amount
were examined (Table 1, entries 2–6). When silver hexafluor-
oantimonate or silver tetrafluoroborate was used, compounds
2a and 3a were scarcely obtained (entries 2 and 3). Increasing
the silver trifluoromethanesulfonate equivalent from 10 mol%
to 15 mol% improved the yield of 2a to 44% (entry 4). Neither
reducing the silver salt equivalent to 5 mol% (entry 5) nor
increasing it to 30 mol% (entry 6) improved the yield of 2a. In
the experiments where NaBArF was added, neither the isomeri-
sation nor the cycloisomerisation of cyclopropane proceeded,
and the desired benzofuran was not obtained.

Next, the rhodium catalyst was changed to [Rh(C2H4)2Cl]2,
and various ligands were investigated (Table 2). Initially, using
triphenylphosphine yielded benzofuran 2a in 75% yield (entry
1). Using tri(o-tolyl)phosphine, tri(m-tolyl)phosphine, and tri
(p-tolyl)phosphine yielded 2a in 10%, 70%, and 64% yields,
respectively; the yield of 2a decreased significantly when tri(o-
tolyl)phosphine was employed (entries 2–4). These results
suggested that the cone angle, arising from the steric bulki-
ness of the ligand, significantly influenced the reaction.
Therefore, ligands bearing multiple substituents on the
benzene ring were investigated. Using tri(2,6-xylyl)phosphine
and tris(2,4,6-trimethylphenyl)phosphine, chain-walking pro-
ceeded, but cyclopropane did not open, and 2a was not
obtained (entries 5 and 6). Next, ligands bearing two substitu-
ents in the meta position on the benzene ring were investi-
gated. Using tri(3,5-xylyl)phosphine, the yield for 2a improved
to 81% (entry 7). Replacing the methyl group with the more

Scheme 2 Multitasking catalytic system to give 2-alkyl-3-isopropylbenzofurans using multitasking single rhodium catalyst.
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bulky ethyl group reduced the yield for 2a to 55% and yielded
3a in 22% (entry 8). Furthermore, replacing the methyl group
with a methoxy group also reduced the yield of 2a (entry 9).

Furthermore, the reaction temperature and reaction time
were investigated (Table 3, entries 1–5). When the reaction

temperature was lowered to 80 °C, the yield of 2a decreased
significantly, and dihydrobenzofuran 2a′ was obtained in a
28% yield (entry 2). At 100 °C, the yield of 2a improved slightly
to 45%, but 2a′ was obtained similarly to entry 2 (entry 3).
Furthermore, no yield improvement was observed even when

Table 1 Effect of silver salt and its equivalents

Entry Ag salt (mol%) Yield of 2a/3a a (%)

1 ArOTf (10) 17/13
2 AgSbF6 (10) 9/trace
3 AgBF4 (10) trace/trace
4 AgOTf (15) 44/22
5 AgOTf (5) trace/trace
6 AgOTf (30) 16/21

aNMR yield (1,3,5-trimethoxybenzene was used as an internal standard).

Table 2 Effect of ligand, PAr3

Entry Ar= 2a/3a a (%) Entry Ar= 2a/3a a (%)

1 Ph 75/11 6 2,4,6-triMePh 0/0
2 o-Tolyl 10/3 7 3,5-Xylyl 81/11
3 m-Tolyl 70/3 8 3,5-diEtPh 55/22
4 p-Tolyl 64/14 9 3,5-diOMePh 71/22
5 2,6-Xylyl 0/0

aNMR yield (1,3,5-trimethoxybenzene was used as an internal standard).

Table 3 Optimization of reaction conditions; reaction temperature, time, and equivalent of AgOTf

Entry AgOTf (mol%) Temp. (°C) Time (h) 2a a (%) 2a′ a (%) 3a a (%)

1 15 120 24 81 0 11
2 15 80 24 9 28b 4
3 15 100 24 45 20c 10
4 15 130 24 80 0 12
5 15 120 12 68 0 16
6 10 120 24 8 0 12
7 20 120 24 46 0 33

aNMR yield (1,3,5-trimethoxybenzene was used as an internal standard). b cis/trans = 7/3. c cis/trans = 11/9.
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the temperature was increased to 130 °C (entry 4), thus the
optimum temperature was determined to be 120 °C. Moreover,
shortening the reaction time to 12 hours reduced the yield of
2a to 68% (entry 5).

Finally, the equivalent amount of silver trifluoromethane-
sulfonate was re-examined (Table 3, entries 6–7). When
10 mol% of silver trifluoromethanesulfonate was added, the
yield of the target benzofuran 2a was 8% (entry 6). At
15 mol%, 2a was obtained in 81% yield and 3a in 11% yield
(entry 1). Further increasing the molar percentage to 20 mol%
resulted in a decrease in the yield of 2a to 46%, while the yield
of 3a increased to 33% (entry 7). Although it was considered
that 10 mol% trifluoromethanesulfonate might be optimal as
the counter anion for the rhodium catalyst, experimental
results indicated that 15 mol% was optimal.9

Based on the above results, the optimal conditions were
determined to be stirring at 120 °C with the addition of tri(3,5-
xylyl)phosphine (30 mol%) and silver trifluoromethanesulfo-
nate (15 mol%) using [Rh(C2H4)2Cl]2 (5 mol%) as the catalyst
precursor (entry 1).

All reactions up to this stage were conducted on a
0.10 mmol scale. To investigate the feasibility of gram-scale
reactions, 1 g (3.59 mmol) of 1a was used as the substrate,
yielding benzofuran 2a in 83% yield and dihydrobenzofuran
3a in 17% yield. Given that the yields at the 0.10 mmol scale
were 81% for 2a and 11% for 3a (Table 3, entry 1), this reaction
was found to be scalable and not significantly affected by stir-
ring efficiency, heating method, or heating efficiency.

Under optimised reaction conditions, substrate generality
was investigated. First, we investigated whether chain-walking
and subsequent reactions proceeded when substrates with
extended carbon chain lengths were used (Table 4). Although
yields decreased with increasing chain length, the desired
reaction proceeded for all substrates (1a–1h), yielding the
corresponding benzofuran 2 in 39% to 81% yields (2a–2h).
Furthermore, substrates bearing long-chain alkenes increased
the yield of by-product 3a; using 1g and 1h yielded 3a in 32%
and 39% yields, respectively. Additionally, when 1g and 1h
were used as substrates, compounds were observed where
chain-walking had halted prematurely. In long-chain sub-

strates, chain-walking causes the double bond to migrate over
a greater distance, increasing the number of stages involving
the rhodium catalyst. This renders the catalytic cycle ineffi-
cient, resulting in a reduced yield of the desired benzofuran.

Subsequently, the effects of substituent groups on the
benzene ring were investigated (Table 5). The results revealed
that benzofuran derivatives bearing fluorine, chlorine, methyl,
methoxy, or methoxycarbonyl groups at positions 4 to 7 were
obtained in moderate to good yields.

Although benzofuran derivatives bearing fluorine and
methoxy groups at the 4-position were obtained, the yields
remained moderate at 50% (2i) and 57% (2j). This is thought
to arise from electronic effect and/or steric hindrance imposed
by the 4-substituents.

The benzofuran bearing a fluorine group at the 5-position
with electron-withdrawing properties, and electron-donating
methyl, methoxy, or methoxycarbonyl groups, was obtained in
good yields of 75% (2k), 85% (2n), 70% (2o), and 64% (2p). On
the other hand, the desired benzofuran was not obtained from
substrates bearing bromo or cyano groups (1m, 1q). Instead,
dihydrobenzofuran derivatives 3m and 3q, bearing bromo and
cyano groups at the 5-position respectively, were obtained in
yields of 46% and 53%.

For benzofuran derivatives bearing substituents at the
7-position, introduction of a methyl group yielded 80%, while
introduction of a methoxy group yielded 54%, revealing a sig-
nificant yield difference.10

NMR experiments were conducted to analyse the reaction
mechanism of this reaction. It is thought that this reaction
proceeds through the stages of chain-walking of the terminal
alkene, isomerisation involving cyclopropane cleavage, cyclo-
isomerisation of the resulting diene, and aromatisation. To
confirm that the reaction actually proceeds through these
stages and to determine the order in which each reaction
occurs, the reaction was monitored by 1H NMR. As the initial
reaction stage proceeded rapidly, making detailed observation
difficult, the temperature was lowered to 80 °C and sub-
sequently raised to 120 °C. Specifically, 0.20 mmol of substrate
1a, 5 mol% [Rh(C2H4)2Cl]2, 30 mol% tri(3,5-xylyl)phosphine,
and 15 mol% silver trifluoromethanesulfonate were added.

Table 4 Effect of number of methylenes on phenol alkyl ether

Entry 1 (n=) 2/3a a (%) Entry 1 (n=) 2/3a a (%)

1 1a (1) 81 (2a)/11 5 1e (5) 61 (2e)/29
2 1b (2) 74 (2b)/26 6 1f (6) 67 (2f)/31
3 1c (3) 74 (2c)/26 7 1g (7) 48 (2g)/32
4 1d (4) 68 (2d)/30 8 1h (8) 39 (2h)/39

aNMR yield (1,3,5-trimethoxybenzene was used as an internal standard).

Paper Organic & Biomolecular Chemistry

Org. Biomol. Chem. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/2
1/

20
26

 7
:4

2:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ob00534a


The mixture was stirred at 80 °C for 6 hours, then heated to
120 °C and stirred for a further 6 hours. Reaction solutions
were collected at each time point, diluted with dichloro-
methane, the solvent removed, and 1H NMR measurements
performed in CDCl3. The

1H NMR spectra of the reaction solu-
tion at each time point are shown below (Fig. 1).

Throughout the conversion process from substrate 1a to the
desired benzofuran 2a, several distinct peaks are observable.
Here, we synthesised various anticipated intermediates and
compared their characteristic peaks. First, we compared the

spectra of the reaction mixture obtained from 1 minute to
1 hour after reaction initiation with those of the substrate and
the various intermediates. The results are shown below
(Fig. 2).

Focusing first on the cyclopropyl moiety, five minutes after
reaction initiation, peaks ( ) originating from the terminal
alkene of 8a appear around 4.7 and 4.8 ppm, while peaks
corresponding to the terminal dimethyl groups of 9a and 9a′
appear around 1.9 and 2.0 ppm ( ). This confirms that iso-
merisation involving cyclopropane cleavage, followed by sub-

Table 5 Effect of substituent effect on benzene ring

Entry 1 (R=) 2/3 (%) Entry 1 (R=) 2/3 (%)

1 1a (5-Ph) 81 (2a)/11 (3a) 9 1p (5-CO2Me) 64 (2p)/26 (3p)
2 1i (4-F) 50 (2i)/trace 10 1q (5-CN) 0/53 (3q)
3 1j (4-OMe) 57 (2j)/trace 11 1r (6-F) 70 (2r)/trace
4 1k (5-F) 75 (2k)/trace 12 1s (6-Cl) 51 (2s)/20 (3s)
5 1l (5-Cl) 55 (2l)/14 (3l) 13 1t (6-OMe) 70 (2t)/trace
6 1m (5-Br) 0/46 (3m) 14 1u (7-CH3) 80 (2u)/trace
7 1n (5-CH3) 85 (2n)/trace 15 1v (7-OMe) 54 (2v)/37 (3v)
8 1o (5-OMe) 70 (2o)/trace

Fig. 1 Time-dependent changes in the reaction (1H NMR, 500 MHz, CDCl3, 80 °C to 120 °C).
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sequent isomerisation to an internal alkene, has commenced.
9a′. After one hour, the cyclopropane-derived proton peaks
( ) near 0.2 and 0.5 ppm and the terminal alkene peaks ( )
near 4.7 and 4.8 ppm had almost disappeared, confirming
that isomerisation had progressed to the trisubstituted alkene.
In our previous work, we confirmed that 1a was converted to
9a, when we choose an appropriate rhodium salt.3a

Focusing next on the alkene side chain, observation of a
double bond peak ( ) originating from the oxygen β-position
of 9a around 5.4 ppm five minutes after reaction initiation
indicated that chain-walking of the terminal alkene had com-
menced. Furthermore, one hour after reaction initiation, the
proton peak ( ) originating from the oxygen α-position of
substrate 1a, appearing around 4.1 ppm, had disappeared,
confirming that the terminal double bond had isomerised
internally.

Thus, it became clear that isomerisation of both side
chains proceeded almost simultaneously, with the majority
converting to 9a under 80 °C conditions.

Subsequently, the spectra of the reaction mixtures obtained
at 6 and 8 hours after reaction initiation were compared with
those of the respective intermediates and products, as shown
below (Fig. 3).

Upon heating at 80 °C, a double bond peak ( ) originating
from the oxygen β-position of 9a was observed around
5.4 ppm. However, proton peaks ( , ) originating from the
benzyl position of 2a′ around 4.0 and 3.8 ppm, and the proton
peak ( ) at the isopropyl group base around 3.1 ppm were
scarcely detected. This indicated that cyclisation does not
proceed at 80 °C.

Subsequently, upon raising the reaction temperature to
120 °C, the double bond peak ( ) near 5.4 ppm disappeared,
and proton peaks ( , ) originating from the benzyl position
of 2a′ were observed near 3.8 and 4.0 ppm, confirming that
cyclisation was proceeding. Furthermore, a proton peak ( )
at approximately 3.1 ppm was observed at the isopropyl group
site, indicating that aromaticisation proceeded rapidly, yield-
ing benzofuran 2a.

We then proposed a reaction mechanism for this reaction
(Scheme 3). NMR experiments indicate that chain-walking and
cyclopropane isomerisation proceed almost simultaneously.
For explanatory purposes, however, we will depict cyclopropane
isomerisation on the inner side of the ring and chain-walking
on the outer side, describing each sequentially. Furthermore,
the tips of the wavy lines for A–C represent the structure where
the butenyl group, the lower side chain of D–G, has iso-

Fig. 2 Comparison of peaks in reaction solutions at each reaction time (1 min–1 h, 80 °C) concerning intermediates and products (1H NMR,
500 MHz, CDCl3).
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Fig. 3 Comparison of peaks in reaction solutions at each reaction time (6 h, 8 h, 80 °C to 120 °C) concerning intermediates and products (1H NMR,
500 MHz, CDCl3).

Scheme 3 Plausible reaction mechanism to give compound 2a.
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merised, while the tips of the wavy lines for D–G represent the
structure where the cyclopropyl group, the upper side chain of
A–C, has isomerised.

First, focusing on the portion depicted inside the ring, the
cyclopropane moiety undergoes oxidative addition to the
rhodium catalyst (A), followed by β-hydrogen elimination and
subsequent reductive elimination to form 8a. Subsequently, iso-
merisation of 8a converts it to H. Simultaneously, as shown on
the outer side of the ring, after the terminal alkene coordinates
to rhodium hydride,11 alkene insertion generates E, followed by
β-hydrogen elimination to form F. Thus, through repeated
cycles of alkene insertion and β-hydrogen elimination, when the
double bond reaches the oxygen α-position, cyclisation is
achieved via the alkyl rhodium intermediate I. Subsequent
β-hydrogen elimination yields the dihydrobenzofuran 2a′.
Finally, it is proposed that the terminal alkene of 2a′ coordi-
nates to rhodium, followed by aromatisation, converting to 2a.

Finally, the formation of the by-product of this reaction,
2,2-dimethyl-2,3-dihydrobenzofuran 3, will be discussed. It is
postulated that 3 is formed by cyclisation following the elimin-
ation of an alkyl chain from the substrate (Scheme 4).

We therefore focused on the process by which the alkyl
chain is eliminated. Corey et al. reported that, following the
isomerisation of allyl ethers to enol ethers under rhodium cat-
alysis, hydrolysis proceeds rapidly upon addition of acidic con-
ditions, yielding alcohols (Scheme 5).12 Then, we hypothesised
that in this reaction, silver trifluoromethanesulfonate acts as
a Lewis acid, leading to the cleavage of the C–O bond in the
enol ether; consequently, we conducted investigations into the
conditions for the elimination of the alkyl chain using allyl
ether 4 as the substrate (Table 6). The results of the experi-
ments showed that the addition of a rhodium ethylene
complex and a ligand resulted only in the isomerisation of
allyl ether 4 to enol ether 5, with no cleavage of the C–O bond
occurring (entry 1). When silver trifluoromethanesulfonate
was added alone, allyl ether 4 was obtained in 12% yield and
phenol 6 in 26% yield (entry 2). It was found that, in addition
to the isomerisation of the allyl ether to an enol ether, cleavage
of the C–O bond occurs under the action of silver trifluoro-
methanesulfonate. Furthermore, when the rhodium ethylene
complex, the ligand and silver trifluoromethanesulfonate
were all added, phenol 6 was obtained in 70% yield (entry 3).
It is thought that phenol 6 is obtained in high yield because,
after the isomerisation to enol ether proceeds efficiently under
the action of the rhodium catalyst, silver trifluoromethanesul-
fonate acts as a Lewis acid, causing cleavage of the C–O bond
in the enol ether.

Next, we investigated the cyclisation process following the
elimination of the alkyl chain. Specifically, using compound
7a—formed after the cyclopropane moiety had opened and the
alkyl chain had been eliminated—we examined the effects of
temperature and the presence or absence of silver trifluoro-
methanesulfonate (Table 7). When a solution of substrate 7a
in paraxylene was stirred for 24 hours at 80 °C, 100 °C or
120 °C, the cyclised product 3a was not obtained at any of
these temperatures (entries 1–3). It was therefore found that
the cyclisation reaction of 7a does not proceed under heat alone.

Next, silver trifluoromethanesulfonate was added and the
mixture was subjected to the same heating conditions (entries
4–6). As a result, whilst cyclised product 3a was not obtained
under conditions of 80 °C or 100 °C, it was obtained in a yield
of 68% under conditions of 120 °C. Consequently, it was
found that silver trifluoromethanesulfonate and heat are
required for the cyclisation process to yield by-product 3a.

These results indicate that by-product 3a is formed by cycli-
sation following the elimination of the alkyl chain from the
substrate, and that this process requires silver trifluorometha-
nesulfonate and heat. This finding is consistent with the result
shown in entry 7 of Table 3, where the yield of 3a increased
to 33% when silver trifluoromethanesulfonate was used at
20 mol%.

Furthermore, Table 4 shows that the yield of by-product 3
increases when long-chain alkenes are used as substrates. This
can be explained as follows. After the double bond moves to
the α-position of the oxygen via chain-walking, the substrate
proceeds along one of two pathways: (i) a pathway involving
rhodium, via cyclo-isomerisation and aromatisation, yielding
benzofuran 2; or (ii) a pathway without rhodium involvement,
where the alkyl chain departs and cyclises to yield by-product
3. When long-chain alkenes 1g and 1h were used, the distance
over which the double bond migrates increased, and the
number of steps involving the rhodium catalyst rose; conse-
quently, the efficiency of the catalytic cycle decreased, and
pathway (ii), which does not require rhodium, was favoured
over pathway (i), which does. It is thought that this resulted in
an increase in the yield of by-product 3.

In conclusion, we conducted research into the development
of long-range isomerisation/cyclopropane isomerisation/cycloi-

Scheme 4 Plausible reaction mechanism to give compound 3.

Scheme 5 Reported cleavage of allyl ether using Rh catalyst.
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somerisation/aromatisation reactions using a multitasking
rhodium catalyst, yielding the following results: [Rh
(C2H4)2Cl]2, tri(3,5-xylyl)phosphine, and trifluoromethanesul-
fonate, four distinct reactions proceeded consecutively to yield
benzofuran. The ability of a single rhodium catalyst to regulate
long-range alkene migration and cyclopropyl C–C bond acti-
vation in a controlled manner highlights an underexplored
dimension of chain-walking catalysis.

Through investigations into substrate generality, the appli-
cation was successfully extended to eight substrates with
elongated carbon chains and twelve substrates bearing substi-
tuents on the benzene ring.

NMR experiments were conducted to identify the intermedi-
ates in the sequential reaction and their order of formation,
enabling the proposed reaction mechanism.
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