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ABSTRACT

Multitasking catalysis offers a robust and sustainable strategy for achieving multiple transformations within a single catalytic
system. Herein, we describe a rhodium-catalyzed multitasking sequence that orchestrates long-range isomerization, cycloisome-
rization, and hydrosilylation of 1,n-dienes in a single operation. This work represents the first demonstration of a single catalytic
system capable of performing these three distinct reactions consecutively. The transformation efficiently delivers silylated 2,3-
disubstituted dihydrobenzofuran derivatives, which are key structural motifs in bioactive and functional molecules. Systematic
optimization revealed that the hydrosilylation step is highly sensitive to the steric and electronic properties of the silane reagent.
Mechanistic investigations, including in situ "H NMR analyses, indicated that the hydrosilane strongly influences the equilibrium
of long-range isomerization by modulating the availability of catalytically active Rh-H species. In contrast to our previously
developed hydroboration system, the current hydrosilylation conditions suppress alkene migration, resulting in limited product
convergence. These findings uncover how the terminal functionalization reagent governs multitasking catalysis and provide valu-
able insight for designing next-generation integrated catalytic systems.

1 | Introduction oxygen atom within the ring, is recognized as necessary in both

Heterocycles constitute central structural units that govern medicinal and materials chemistry, and efficient methods for

molecular function in pharmaceuticals, bioactive compounds,
functional molecules, and numerous natural products [1-3].
In such compounds, ring systems incorporating heteroatoms
such as oxygen and nitrogen regulate molecular conformation

constructing polysubstituted benzofurans have been investigated
for decades [4-7]. However, access to these scaffolds generally
requires multistep sequences with intervening purifications,
leading to high environmental burdens associated with step

and electronic properties, thereby making significant contribu-
tions to biological activities and physicochemical behavior.
Among them, the benzofuran framework, which contains an

count and solvent usage.

A multitasking catalysis [8-13], in which a single catalytic system
that can promote several distinct chemical transformations, has
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emerged as a promising strategy in sustainable organic synthesis.
By integrating several reaction steps under a unified catalytic
environment, this approach reduces waste, shortens synthetic
routes, and enables efficient construction of complex molecular
architectures (Figure 1a) [14-20]. A variety of multitasking cata-
lytic systems have been developed, including those capable of
performing oxidation-reduction, hydrofunctionalization, and
C—C bond-forming sequences [21, 22]. Despite these advances,
systems that accomplish three or more distinct transformations
with a single catalyst have emerged as a new concept aligned
with the goals of sustainable synthesis.

In this research background, we recently reported a rhodium-based
multitasking catalysis that affects three reactions, long-range

(a) Multitasking catalyzed reaction M: metal catalyst

Q— O —%

substrate one-pot reaction product

Multitasking catalytic system

A

. " Transformations 2
intermediate

Transformations 1

h Conventional reaction — --------=--=-====--=r-smommemoeoeey

Q O

substrate Transformations 1

A

intermediate
Need to two steps reactions:
Consume more solvents and reagents

C
>

intermediate

'

©

Transformations 2 product

Bpin
R? R? ( . R’
X x/ Rh cat. HBpin X
\ REL LU O gt
X O/\P);\/ X0

x=10r2 R':H, aryl, ester, amine etc.
y=1-9 R2:F, Cl, OMe, CO,Me

i
L
e
X0

Hydroboration

Long-range
isomerization &
Cycloisomerization

Converged
intermediate |

Rh-catalyzed three transformation proceeded.

(c) This work Si
R? 2 R'

R
X Z Rhcat. HSRy (X A
S o R BSRy YN,
o N0
1

y=1-9 R':H, aryl, ester, amine etc. 2
R?: F, Cl, OMe, CO,Me

O O
B
| )

Long-range
isomerization &
Cycloisomerization

Not converged Hydrosilylation

intermediate Il

Y Synthesis of heterocycles ¥ Catalyzed three reactions

FIGURE 1 | Multitasking catalyzed reactions. (a) Multitasking cata-
lyzed reaction. (b) Our previous work. (c) This work.

isomerization/cycloisomerization/hydroboration of 1,n-dienes
(Figure 1b) [23]. In that process, sequential isomerization of the
diene relocates the alkene to a suitable position to trigger cycliza-
tion, followed by hydroboration to furnish 2,3-disubstituted dihy-
drobenzofuran derivatives in high yields. This outcome constitutes
a vital demonstration that multitasking catalysts can integratively
control three reactions to give polysubstituted heterocycles.

Building on this foundation, we sought to gain new mechanistic
insight into this rhodium multitasking system by replacing the
terminal hydroboration step with a different functionalization
—hydrosilylation (Figure 1c).

We found that, after long-range isomerization and cycloisomeriza-
tion of 1,n-dienes to form intermediate II bearing a dihydrobenzo-
furan framework, the terminal alkene of intermediate IT undergoes
consecutive hydrosilylation to give silylated 2,3-disubstituted dihy-
drobenzofurans. To the best of our knowledge, there are no previous
examples in which a single catalytic system accomplishes sequential
long-range isomerization, cycloisomerization, and hydrosilylation.

The present study thus not only establishes the first rhodium mul-
titasking catalyst capable of executing these transformations but
also reveals that the nature of the hydrosilylation reagent pro-
foundly influences the alkene-isomerization equilibrium, thereby
providing new mechanistic insight into multitasking catalysis.

2 | Result and Discussion
2.1 | Reaction Optimization

We previously reported a one-pot long-range isomerization/
cycloisomerization/hydroboration of alkenes using a rhodium
catalyst [23]. In the present work, we optimized the reaction con-
ditions to obtain hydrosilylated dihydrobenzofuran 2 from the
terminal-alkene substrate 1a (Table 1).

In entry 1, we began from the optimal conditions established in
our earlier work [23]. A p-xylene solution of substrate la
(0.100 mmol), [Rh(CH,=CH,)Cl], (10 mol%), tris-2,4,6-trime-
thylphosphine (30 mol%), and AgOTf (10 mol%) was stirred at
110°C for 14 h. After cooling to 60°C, triethylsilane (3.0 equiv.)
was added and the mixture was stirred for an additional 2 h.
Product 2a bearing a silyl group was obtained in 88% NMR yield
and 86% isolated yield. (In this study, we examined the reaction
using the chiral ligands (L1-L5) shown below; however, no
cyclized products were obtained. Further investigations to
address this issue are currently underway).

CO, oS
Op\  PNR NH HN PPh,
0y
L1

L2

O Ph,P.
PAr, O
PAr, O
‘ PhyP

L3 Ar = 3,5-dimethyl-CgH3 L5
L4 Ar = 3,5-dit-Bu-4-OMe-CgH3

o/\o OAO

In entry 2, guided by precedents in rhodium-based multitasking
catalysis [20], we removed the phosphine ligand and examined
Wilkinson’s catalyst under otherwise identical conditions; no
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TABLE 1 | Optimization of reaction conditions.

[Rh] (10 mol% as [Rh]) SiEt,

tris-2,4,6-trimethylphenylphosphine

_ (30 mol%) H-[Si] reagent /_/_
AgOTf (10 mol%) (X equiv.)
@/\/\ p-xylene (0.10 M) - Temp., Time'
110 °C, 14 h
1a 2a
(0.10 mmol)
Entry [Rh] H-[Si]reagent X Temp., °C Time, h Yield,” %
1 [Rh(C,H,),Cl], H-SiEt, 3.0 60 2 88 (86)°
2¢ RhCI(PPh,), H-SiEt, 3.0 60 2 0
3 [Rh(C,H,),Cl], H-Si'Pr; 3.0 60 2 trace
4 [Rh(C,H,),Cl], H-SiEt, 2.0 60 2 46
5 [Rh(C,H,),Cl], H-SiEt, 4.0 60 2 81
6 [Rh(C,H,),Cl], H-SiEt, 3.0 40 2 75
7 [Rh(C,H,),Cl], H-SiEt, 3.0 80 2 trace
8 [Rh(C,H,),Cl], H-SiEt, 3.0 60 1 58
9 [Rh(C,H,),Cl], H-SiEt, 3.0 60 3 74
10 [Rh(C,H,),Cl], H-SiEt, 3.0 60 4 68

*NMR yield: The internal standard is 1,3,5-trimethoxybenzene.
®Isolated yield.
“Without tris-2,4,6-trimethylphenylphosphine.

conversion was observed. Accordingly, we retained the rhodium
precatalyst/ligand combination from entry 1 and varied the iden-
tity and loading of the silylation reagent, as well as the tempera-
ture and duration of the second stage.

Changing the hydrosilane, from triethylsilane to triisopropylsi-
lane (entry 3) produced only trace amounts of product.
Varying the equivalents of triethylsilane (entries 4 and 5) showed
that 3.0 equivalents gave the highest yield of 2a; thus, the con-
ditions in entry 1 were adopted as optimal. Adjusting the temper-
ature (entries 6 and 7) and reaction time (entries 8-10) during the
second stage did not improve the outcome, confirming entry 1 as
the standard set of conditions for further studies.

2.2 | Substrate Scope
2.2.1 | Substrate Scope 1 (Alkene Groups)

With the optimized conditions in hand, we next investigated sub-
strate scope (Figure 2) to evaluate the influence of alkyl-chain
length and substituent class. For substrates bearing a terminal
alkene in the alkenyl enol ether moiety, the C6 chain (n=3,
1a) provided dihydrobenzofuran 2a in 86% yield, whereas the
C8 (n=>5,1b) and C9 (n =6, 1c) analogs gave 2b and 2c in mod-
erate yields. Substrates 1d-1f bearing internal alkenes furnished
2d-2f in moderate-to-low yields.

These results indicate that product convergence diminishes as
the alkyl-chain length increases. We attribute this trend to the
equilibrium nature of long-range isomerization: as the chain
becomes longer, the population of alkenes is more widely distrib-
uted along the backbone, reducing the fraction capable of

undergoing cycloisomerization and thus the overall conversion
to the product.

A substrate bearing a phenyl substituent (1g) delivered cyclized
product 2g in moderate yield. For ester-containing substrates, the
nonconjugated ester 1h afforded 2h in moderate yield, whereas
the conjugated a,f-unsaturated ester 1i gave neither the desired
product 2i nor detectable intermediates. This outcome likely
reflects the greater thermodynamic stability and electron defi-
ciency of a,f-unsaturated esters, which reduces reactivity.

Substrates containing nitrogen-based functionalities (1j, 1K) pro-
duced the corresponding products 2j and 2k in low yields.

2.2.2 | Substrate Scope 2 (Aryl Groups)

We next examined substituent effects on the benzene ring
(Figure 3). With a methoxy group at C3 (11), the corresponding dihy-
drobenzofuran 20 was obtained in moderate yield. Substrates 1m-
1p bearing para substituents revealed that electron-withdrawing
groups such as fluoro, chloro, and methoxycarbonyl led to low
to moderate yields of 2m-2p, with particularly strong decreases
for the fluoro and methoxycarbonyl derivatives. Similar trends were
observed for fluoro- and chloro-substituted substrates at C5 (1q, 1r).

Overall, electron-withdrawing substituents reduced product con-
vergence, probably because decreased electron density on the
arene attenuates the reactivity of the alkene during the cycloiso-
merization step.

2.2.3 | Substrate Scope 3 (Silyl Groups)

We also evaluated various silylation reagents (Figure 4). In
our prior hydroboration study, the choice of boron reagent
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[Rh(C2H4),Cll, (5 mol%)
tris-2,4,6-trimethylphenylphosphine (30 mol%)

AgOTf (10 mol%)

H-SiEt; (3.0 equiv.)

>

p-xylene (0.10 M) 60°C,2h
110°C, 14 h
1 2
(0.10 mmol)

SiEts SiEty

n=23:86% (2a) n-pentyl

n=5:47% (2b)

n=6:46% (2c) ( n=6:41% (2e)

1 n=8:38% (2f)
48% (2d)
SiEt; SiEts

CO,Et
CO,Me

o o
48% (2g) 49% (2h) 0% (2i)
NTsMe
20% (2j) 32% (2k)
FIGURE 2 | Substrate scope 1 (alkene groups).
SiEt;

[Rh(C2H4),Cll (5 mol%) ? COaEt
R tris-2,4,6-trimethylphenylphosphine (30 mol%) R2
2,\/ | & AgOTf (10 mol%) H-SiEt3 (3.0 equiv.)
X o N p-xylene (0.10 M) 60°C,2h

110°C, 14 h
1 CO,Et 2
(0.10 mmol)
CO,Et 2 2 Yield (%) CO,Et
OMe 2| 30
R2 2 Yield (%)
F 2m 26
CO,Et -

R2 2 Yield (%) Cl 2n 46

F 2q 17 OMe 20 30

Cl 2r 41 CO,Me 2p 19

FIGURE 3 | Substrate scope 2 (aryl groups).

was limited; we therefore explored analogous restrictions in
hydrosilylation.

Only a small subset of silylation reagents promoted the reaction
in an acceptable yield.

Silyl chlorides, disilanes, and siloxanes were completely ineffec-
tive, directing our attention to hydrosilanes. Benzyl-dimethylsilane

and dimethylphenylsilane provided the corresponding dihydro-
benzofurans 3a and 3b in low yields. In contrast, triethoxysilane
and triphenylsilane failed to effect hydrosilylation, producing no
or only trace product. Several trialkylsilanes were subsequently
evaluated, but none were competent. Furthermore, this reaction
was performed with secondary silanes. When diethylsilane was
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[Rh(C2H4)2Cll, (5 mol%)

tris-2,4,6-trimethylphenylphosphine (30 mol%)

AgOTf (10 mol%)

H-[Si] reagent (3.0 equiv.)

7
NN
1a
(0.10 mmol)

p-xylene (0.10 M)
110 °C, 14 h

60°C,2h

20% (3a)

trace (3d)

FIGURE 4 | Substrate scope 3 (silyl groups).

used, product 3e was obtained in 14% yield. Due to the low stabil-
ity of the product, we did not choose the purification method using
the oxidation reaction.

These results indicate that triethoxysilane may induce catalyst
deactivation through electronic effect. Moreover, increasing ste-
ric congestion around silicon markedly diminishes reactivity,
with bulky trialkylsilanes such as triisopropylsilane being partic-
ularly ineffective.

2.3 | Gram Scale Experiment

To evaluate scalability, we conducted the reaction on a gram
scale (Scheme 1). Using 1.08 g of substrate 1a, the process
proceeded smoothly to provide 2a, albeit in somewhat reduced
yield compared with the small-scale experiment. These results
demonstrate that the reaction is not inherently limited by scale
and remains effective under preparative conditions.

2.4 | Control Experiments
2.41 | Comparison of Reaction Yields

To probe the origin of reactivity differences, we compared out-
comes under the conditions of our previous study and the present
system (Scheme 2). For a C9 chain substrate, the earlier hydro-
boration protocol delivered the hydroborated dihydrobenzofuran

36% (3b)

14% (3e)

4c in 70% yield, whereas the current hydrosilylation-based con-
ditions afforded the corresponding silylated product 2¢ in 46%
yield. More generally, the hydrosilylation system provided mod-
erate-to-low yields for most substrates.

2.42 | 'H-NMR Experiment

We therefore performed control experiments to identify the cause
of the reduced yields relative to hydroboration. Because the
sequence involved a two-temperature protocol, we first analyzed
the reaction mixture after completion of the first stage by ‘H
NMR spectroscopy (Figure 5). p-xylene-d;, was used as the
NMR solvent; after quenching the first stage, the solution was
transferred from the reaction tube to an NMR tube for measure-
ment. After 14 h, starting material 1a had been consumed, and
signals corresponding to dihydrobenzofuran 4a and benzofuran
5a were observed. Additional resonances attributable to unsatu-
rated species appeared at 6.5-5.5 ppm, but no single convergent
product dominated. These observations suggest that long-range
isomerization, followed by cycloisomerization, yields 4a, part of
which undergoes aromatization to 5a; species that have not
cyclized are also present.

2.4.3 | Comparison With Previous Research

We next examined the divergence from the prior hydroboration
system. Under the previous conditions, substrate 1q underwent
long-range isomerization and cycloisomerization to form a

T
o/\/\/\

1a

SiEt;
[Rh(C2Hy4),Cl]2 (5 mol%) :
tris-2,4,6-trimethylphenylphosphine (30 mol%)
AgOTf (10 mol%) H-SiEt; (3.0 equiv.) /_/7
p-xylene (0.10 M) 60°C,2h o
110°C, 14 h
2a
67%

(5.0 mmol, 1.08 g)

SCHEME 1 | Gram-scale experiment.
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[Rh(C2H4),Cl], (5 mol%)

tris-2,4,6-trimethylphenylphosphine (30 mol%)

AgOTF (10 mol%)

=
@fo\/i/\/\/\/ p-xylene (0.10 M)
110°C, 14 h
1c
(0.10 mmol)

[Rh(C2H4),Cl], (5 mol%)
tris-2,4,6-trimethylphenylphosphine (30 mol%)

AgOTf (10 mol%)

Bpin
H-Bpin (2.0 equiv.)
60°C,3h o
4c
70%

H-SiEt; (3.0 equiv.)

@(\%
O N NNNF

1c
(0.10 mmol)

p-xylene (0.10 M)
110°C, 14 h

SCHEME 2 | Comparison with some reaction yield.

[Rh(CH4),Cll (5 mol%)

60°C,2h

tris-2,4,6-trimethylphenylphosphine (30 mol%) —
Pz AgOTf (10 mol%) /—/>
©f\/ C[é/ + CE\Q/I + not cyclized compounds
07NN p-xylene (0.10 M) (0] (6]

110 °C, 14 h
1a 5 6
(0.10 mmol)
=
a
4,1‘ \\_,7,'1[[ i, f}ﬁlf Ji}ngu — f—'y' MM f
s ol | 'N
] S, s
=2 \
il J‘ ©fo§5 - i e Ay L AN H‘ _‘.'iﬂl i
Reaction mixture I I [ u
. A‘n'ﬁ':—_\l‘»,_ ‘\m‘l'l‘_ MM T, ,’JJ‘, A ‘}‘ I i 4““" = .J"“ / w “.?"Alﬂ "“

77 75 73 71 69 67 65 63 6.1

FIGURE 5 | 'H-NMR experiment.

benzofuran core without exception, after which continued
isomerization delivered a terminal alkene that underwent selec-
tive hydroboration (Scheme 3).

In contrast, in the present hydrosilylation-based system, sub-
strate 1q afforded only a trace amount of the corresponding prod-
uct 2q. Notably, hydrogenated product 7, derived from the alkene
of the postcycloisomerization intermediate, was obtained in 37%
yield—an outcome not observed previously. These findings sug-
gest that the functionalization stage generates different active
rhodium species depending on the reagent added. With a hydro-
borane, sufficient rhodium-hydride activity is maintained to sus-
tain long-range isomerization. In the presence of a hydrosilane,
however, the concentration of rhodium-hydride species capable
of isomerization appears insufficient.

2.5 | Mechanistic Consideration
2.5.1 | Proposed Reaction Pathway

Based on previous reports [23-29], our experimental results, and
in situ NMR observations, we propose the mechanism shown in
Figure 6. Isomerization of substrate 1 by the rhodium catalyst

A H P S8 Lk ] b ik A0 ) Ao oty o] P R ) L
X 5 13 11 09

29 27 25 23 21 19 17 15

T

0.7

400 MHz, p-xylene-d,,

proceeds without strict preference for either alkene; both double
bonds can undergo isomerization. Repeated insertions of rhodium
hydride into alkenes and p-hydride eliminations drive chain-walk-
ing. Because this process is an equilibrium, it does not inherently
converge to a single product. However, when an irreversible down-
stream event becomes available, the equilibrium can be biased
toward that pathway. In the present system, continued isomeriza-
tion enriches intermediate G, from which cycloisomerization forms
the benzofuran core, shifting the equilibrium toward cyclization.
The resulting intermediate J then undergoes rhodium-catalyzed
hydrosilylation to furnish silylated dihydrobenzofuran 2.

2.5.2 | Hypothesis on Nonconvergent Intermediate

The marked yield difference between the current hydrosilylation
sequence and the previous hydroboration sequence can be ratio-
nalized by considering the distribution of catalytically active spe-
cies (Figure 7). In the earlier hydroboration system, continued
chain-walking after cycloisomerization provides a terminal
alkene, which—owing to its higher reactivity relative to internal
alkenes—undergoes selective hydroboration to give boron-
substituted dihydrobenzofuran 7. In the present system, by con-
trast, the catalyst population after cycloisomerization is largely
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[Rh(C2Hy4),Cl], (5 mol%)
tris-2,4,6-trimethylphenylphosphine (30 mol%)

) e e g AgOTf (10 mol%) H-Bpin (2.0 equiv.)
OW p-xylene (0.10 M) 60 °C,3h

110°C, 14 h

1q
(0.10 mmol, E/Z = 3:2)

[Rh(C2Hy),Cll, (5 mol%)
tris-2,4,6-trimethylphenylphosphine (30 mol%)

NN AgOTf (10 mol%) H-SiEt; (3.0 equiv.)
OW p-xylene (0.10 M) 60 °C,2h

110°C, 14 h

1q
(0.10 mmol, E/Z = 3:2)

SCHEME 3 | Comparison with previous research.

; s
i 1
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i %w §
[Rh]- H g L g

[Rh] H

N [Rh}-H

» /a2

HSIR,
[Rhl

OWR1
Cc

Hydrosilylation

Cycloisomerization

Multitasking rhodium catalytic system

[l\?\h] (j\/\f
O)\/\/\ R ow R1
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FIGURE 6 | Proposed reaction pathway.
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SCHEME 4 | Transformation of the product.

inactive toward further long-range isomerization, preventing
convergence to the terminal alkene. Hydrosilylation of the small
fraction of terminal alkenes that does exist affords product 2 in
comparatively lower yields.

2.6 | Transformation of the Product

Finally, to evaluate the synthetic utility of the products
obtained in this reaction, we conducted chemical transforma-
tions of the representative product (Scheme 4) [30, 31].
(Transformation reactions of the borylated products have been
demonstrated in reference [23]) When the Tamao-Fleming oxi-
dation of dihydrobenzofuran 3b, bearing a dimethylphenylsilyl
group, was examined, the corresponding alcohol 8 was
obtained in 94% yield. These results demonstrate that products
generated in this reaction are amenable to further chemical
transformations.

3 | Conclusion

We have demonstrated a rhodium-catalyzed multitasking
sequence comprising long-range isomerization, cycloisomeriza-
tion, and hydrosilylation. This work extends our previous multi-
tasking rhodium system for one-pot long-range isomerization/
cycloisomerization/hydroboration, thereby expanding the reper-
toire of transformations achievable under a single catalytic
framework. More importantly, comparison with the prior system
reveals that the functionalization reagent introduced in the final
stage profoundly influences the upstream alkene-isomerization
equilibrium. In the hydroboration sequence, the added boron

reagent promotes continued alkene isomerization and establishes
a reaction network that converges on a specific product. In con-
trast, the addition of a silylation reagent suppresses further isomer-
ization, impeding convergence. These insights are significant for
the design of multitasking catalytic systems that orchestrate mul-
tiple reactions under a single catalyst, and they provide a concep-
tual foundation for future advances in this emerging field.

4 | Experimental Section

4.1 | General Procedure for Silylated
Dihydrobenzofuran 2

In a glovebox, an oven-dried test tube was added [Rh(C,H,4),Cl],
(1.94 mg, 5 mol%), tris-2,4,6-trimethylphenylphosphine (11.7 mg,
30 mol%), and anhydrous p-xylene (1.0 mL, 0.10 M). The result-
ing solution was stirred for 30 min at ambient temperature, then
AgOTf (2.57 mg, 10 mol%) was added and the reaction mixture
was stirred for 30 min.

Next, substrate 1 (0.10 mmol, 1.0 equiv.) was added and the reac-
tion mixture was sealed, removed from the glovebox and heated
at 110°C for 14 h. Finally, H-SiEt; (48 pL, 3.0 equiv.) was added to
the reaction mixture and stirred at 60°C for 2 h. After being
cooled to room temperature, the reaction mixture was filtered
by short silica-gel column chromatography and the filtration
was concentrated in vacuo to remove the solvent.

Subsequently, oxidation of the remaining alkenes in the crude
mixture with mCPBA was conducted to facilitate the isolation
of the desired product. The concentrated crude material was
dissolved into anhydrous CH,Cl, (0.50 mL, 0.20 M) and mCPBA
(ca. 65 wt%, 53.1 mg, 2.0 equiv.) were added at 0°C. The resulting
mixture was stirred at room temperature for 3 h and subsequently
quenched by the addition of a saturated aqueous solution of
Na,S,0;. The mixture was extracted three times with CH,Cl,,
and the combined organic portions were washed with brine, dried
over Na,SOy,, filtered, and concentrated. The obtained residue was
purified by flash column chromatography on silica gel to give the
corresponding 2,3-dihydrobenzofuran 2.
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