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Rhodium-Catalyzed Enantioselective Intermolecular C-H Silylation
of Simple Arenes: Synergistic Substituent Effects Overcome Silane
Redistribution to Enable Synthesis of Si-Stereogenic Arylsilanes

Lichuan Liu,®>" Xingliang Chen,®" Guiyu Guan,>' Xinyue Su,® Mengging Liu,® Yuefei Hu,® Wei He,”
Linxing Zhang,*c Wenpeng Ma,* and Kun An*?

The non-directed intermolecular C—H bond silylation has manifested itself as a versatile tool for the access of organosilicon

compounds, however the corresponding asymmetric transformations remain elusive primarily due to the facile self-

reactions of silane reactants. Herein we disclose an efficient protocol that involves steric-hindrance enabled, Rh-catalyzed

enantioselective intermolecular C-H bond silylation of simple arenes to deliver a broad array of Si-stereogenic

monohydrosilanes in good yields with excellent enantioselectivities (up to 99% ee), featuring readily available starting

materials, simple synthetic operations and mild reaction conditions.

Introduction

The direct transformation of inexpensive, bulk chemicals into
value-added products via C—H bond functionalization under
mild conditions represents a longstanding goal in synthetic
chemistry.110 Particularly, the non-directed intermolecular C-H
silylation has attracted considerable interest from both
industrial and academic communities, owing to the broad utility
of organosilicon compounds across materials science, organic
synthesis, and pharmaceutical chemistry.11-1° Despite efficient
conversion of alkyl/aryl C—H bonds into C-Si bonds has seen
major advances,''13 the development of corresponding
asymmetric variants that forge carbon- or silicon-stereogenic
centers remains in its infancy (Scheme 1a).2° This scarcity stems
primarily from a pronounced reactivity mismatch between the
inert C—H bonds and the relatively more labile C-Si or Si—H
bonds, which favors self-reactions of silane reactants over
interception by C—H bond partners. Such challenge is further
exemplified in the intermolecular dehydrogenative coupling of
prochiral dihydrosilanes with simple arenes, the most
straightforward and atom-economical route to Si-stereogenic
monohydrosilanes, which have found versatile applications as
mechanistic probe, bioactive molecule, and CPL-active
material.21-30 However, this route is often compromised by
competing, entropy-driven silane redistribution arising from the
formation of volatile silane byproducts.314° Such challenge has
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largely restricted the available choice to heteroarenes, in which
the a-C—H sites exhibit enhanced reactivity.*42 Although the
mechanism of the side reaction is not fully understood, the
concomitant cleavage of Si—C and Si—H bonds unequivocally
lead to complex mixtures. We envision that suppressing C-Si
bond activation by increasing steric hindrance around the
silicon center might divert selectivity toward Si—H activation,*3-
45 thereby enabling intermolecular C-H silylation in the
presence of unactivated arenes. Building on our previous work
in enantioselective C—H silylation of thiophenes using
silacyclobutane as the silylation reagent,*® herein we report a
more challenging, Rh-catalyzed, enantioselective, and non-
directed intermolecular C-H silylation of simple arenes,
providing direct access to a wide range of Si-stereogenic
diarylsilanes in good yields and with excellent
enantioselectivities (Scheme 1b).

Results and discussion

We commenced our verification by reacting prochiral
dihydrosilane 1 with 1,4-difluorobenzene under the catalysis of
[Rh(cod)Cl]2/(R)-DTBM-Segphos, a catalytic system proven
effective in our prior intramolecular C—H silylation studies.*’
However, even under neat conditions, dihydrosilanes 1a-1b
predominantly yielded the redistribution byproducts 3a-3b in
73~86% vyield, with no detectable formation of the desired
cross-coupled products. We therefore hypothesized that
further augmenting steric hindrance on silicon might reverse
the selectivity. Consistent with this premise, dihydrosilane 1c
bearing bulky cyclohexyl substituent reacted smoothly to give
2c in 57% vyield, albeit with no enantiocontrol (0% ee).
Fortunately, the introduction of an additional ortho-substituent
on the phenyl ring (1d) induced a pronounced shift in both
chemoselectivity and enantioselectivity, cleanly furnishing the
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enantioenriched monohydrosilane 2d in 77% yield with 97% ee
(Scheme 2). To further demonstrate the synergistic effect of
ortho-OEt and ortho-Me  substituents on steering
chemoselectivity toward intermolecular C-H silylation, we
conducted additional control experiments using benzene as the
coupling partner to decouple electronic and steric contributions
(see Supporting Information for details).
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Scheme 1. Undirected intermolecular C—H bond silylation for the synthesis
of diarylsilanes bearing Si-stereogenic centers.
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Scheme 2. Enantioselective intermolecular C—H bond silylation of 1,4-
difluorobenzene. Reaction condition: dihydrosilane 1 (0.2 mmol), 1,4-
difluorobenzene (neat, 2.0 mL), [Rh(cod)Cl]; (1.5 mol%), (R)-DTBM-segphos
(3 mol%) at room temperature for 24 h. Isolated yields were given and the
ee value was determined by chiral HPLC analysis.

Encouraged by the above preliminary
undertook a comprehensive optimization of the reaction
parameters (Table 1). Our investigation began with a systematic
evaluation of chiral bisphosphine ligands for the benchmark
reaction of 1d with 1,4-difluorobenzene under neat conditions
(entry 1 - 8). A clear structure-activity relationship emerged as
ligands with substantial steric hindrance (L4, L7, and L8)
consistently delivered good yields and enantioselectivities,
whereas their less hindered counterparts (L1, L2, L3, L5 and L6)
afforded only trace product. Among the effective ligands, L7
was identified to provide the highest enantiomeric purity (97%

results, we then

2| J. Name., 2012, 00, 1-3

ee). Subsequent screening of the rhodium catalysts, shawed
that [Rh(NBD)CI], outperformed [Rh(cod}CI]D 1iFereasiHg e
yield of 2d to 85% without eroding enantiocontrol (entry 9). The
reaction efficiency was further probed by reducing the amount
of 1,4-difluorobenzene to 10 equivalents (entry 10). This
modification left the enantioselectivity unaffected but led to a
decrease in yield, accompanied by incomplete consumption of
the starting material. Considering a balance between efficiency
and practicality, the optimal conditions were defined as follows:
[Rh(NBD)CI]; (1.5 mol%), (R)-DTBM-Segphos (3 mol%), in neat
arenes, at room temperature for 24 h.

Table 1. Optimization of reaction conditions.

OEt "i'e £ [Rh(cod)Cllz. 1.5 mol% OFt l\|1e R
Sty o chiral ligand, 3 mol% Sieiy,
\H neat, room temperature, 24 h h
Me F Me f
1d 2d

9% ® ¢
PAr; MeQ PAr; o)

PAr; MeO I PAry o

OO O

L, OO
PAr; (8] PAr;
O PAr, [c) PAr;
0 g

L2 Ar = CgHg L5: Ar = CgHs
L1 Ar=35MeyCgHy L3 Ar=35MeyCgHy L6 Ar=35Me;CgHy LB Ar=35'Buy
L4 Ar = 3 5Buy- L7: Ar = 3 5-'Buy 4-MeO-CgH3
4-Me0-CgHy 4-MeO-CgHy
Entry Ligand Yield of 2d/% ee of 2d/%
1 L1 trace -
2 L2 trace -
3 L3 trace -
4 L4 60 93
5 L5 trace -
6 L6 trace -
7 L7 77 97
8 L8 62 90
9lal L7 85 97
10kl L7 58 97

Reaction conditions: 1d (0.2 mmol), 1,4-difluorobenzene (neat, 2.0 mL),
[Rh(cod)Cl]; (1.5 mol%), chiral ligand (3 mol%) at room temperature for 24
h. Isolated yields were given and the ee values were determined by chiral
HPLC analysis. BI[Rh(NBD)CI]> was used as catalyst. [PJA mixed solvent was
employed (hexane: 1.0 mL, 1,4-difluorobenzene: 0.2 mL).

With the optimized conditions in hand, we then evaluated the
substrate scope of simple arenes under neat conditions
(Scheme 3). This protocol proved robust in delivering the
targeted Si-stereogenic monohydrosilanes 2d-2q in moderate
to high vyields (51~93%) with consistently excellent
enantioselectivities (76~99% ee). A key observation was that
enantioselectivity remained uniformly high and was insensitive
to variations in the electronic properties or steric demand of the
substituents. In contrast, regioselectivity was strongly sterically
dependent: di- and multi-substituted arenes (2d-2j and 2n)
exhibited high regioselectivity, whereas monosubstituted
arenes (2k—2m and 20-2p) gave mixtures of regioisomers. We
propose that the observed regioselectivity is governed by a
combination of steric and electronic effects. For substrates in
the sterically differentiated,
regioselectivity is predominantly dictated by steric repulsion
from the substituents. The bulkier groups effectively shield one
potential reaction site, directing the transformation to the more
accessible position. In contrast, for substrates that possess
multiple less hindered sites with comparable steric

which reactive sites are

This journal is © The Royal Society of Chemistry 20xx
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environments, electronic effects emerge as the key factor
governing regioselectivity. In these cases, the intrinsic
electronic bias of the substrate dictates the preferential
activation of one site over others. Besides, the absolute S
configuration of a representative product, 2d, was
unambiguously confirmed by single-crystal X-ray diffraction
analysis.
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elucidate this phenomenon, additional control experiments
were performed, and a similar trend was revealed (see
Supporting Information for details). Moreover, the absolute
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single-crystal X-ray diffraction analysis.
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Scheme 3. Scope of simple arenes. Reaction conditions: 1d (0.2 mmol), arene
(neat, 2.0 mL), [Rh(NBD)CI]> (1.5 mol%), (R)-DTBM-segphos (3 mol%), at
room temperature for 24 h. Isolated yields were given and the ee values
were determined by chiral HPLC analysis. [@lat 65 °C for 48 h. [PI[Rh(NBD)CI],
(3 mol%), (R)-DTBM-segphos (6 mol%), at room temperature for 48 h.

Having demonstrated the scope of arenes, we next evaluated a
range of dihydrosilanes under analogous conditions (Scheme 4).
These substrates were successfully converted into diarylsilanes
bearing Si-stereogenic centers, using 1,4-difluorobenzene as
the representative coupling partner. By strategically modulating
the alkoxy and alkyl substituents on silicon, unwished C-Si bond
cleavage was effectively suppressed. Consequently, the
reactions of 1r-lw proceeded efficiently, affording the
corresponding enantioenriched monohydrosilanes in high
yields (80~88%) with excellent enantioselectivities (88~98% ee).
Notably, the sterically demanding 2,6-dimethylphenyl-
substituted dihydrosilane 1x was also compatible, delivering 2x
in good yield (78%) with moderate enantioselectivity (69% ee).
This result implies that the ortho-OEt group might play a unique
synergistic role, combining optimal steric demand with

This journal is © The Royal Society of Chemistry 20xx
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Scheme 4. Scope of dihydrosilanes. Reaction conditions: dihydrosilane 1 (0.2
mmol), 1,4-difluorobenzene (neat, 2.0 mL), [Rh(NBD)CI]> (1.5 mol%), (R)-
DTBM-segphos (3 mol%), at room temperature for 24 h. Isolated yields were
given and the ee values were determined by chiral HPLC analysis.

To highlight the practical utility of this method, the reaction
between 1d and 1,4-difluorobenzene was performed on a
preparative scale, providing 2d in undiminished yield and
enantioselectivity (Scheme 5a). The versatility of the
enantioenriched monohydrosilane was then demonstrated via
two distinct late-stage transformations, enabling access to
diverse chiral tetraorganosilicon architectures (Scheme 5b):
Dehydrogenative coupling of the Si—H moiety in 2d with BnOH
furnished 2y in 89% yield with full preservation of enantiopurity
(96% ee). Alternatively, Karstedt’s catalyst promoted
hydrosilylation delivered adduct 2z in 56% yield, albeit with a

modest reduction in enantiomeric excess (89% ee).
(a) Gram-scale reaction
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Scheme 5. Scaled-up reaction and synthetic elaborations. Condition A: CuCl
(10 mol%), (R,R)-Ph-BPE (11 mol%), tBuONa (10 mol%), 2d (0.2 mmol), BnOH
(0.3 mmol, 1.5 equiv.), toluene (2.0 mL), at 30 °C for 24 h. Condition B:
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Pt(dvds) (5 mol%), 2d (0.2 mmol), alkene (0.4 mmol, 2.0 equiv.), cyclohexane
(2.0 mL), 65 °C for 24 h.

To gain further insight into the reaction mechanism, deuterated
reactant D-1d was prepared and kinetic studies were conducted
(Scheme 6a). Parallel reactions employing isotopically labeled
substrates revealed distinct kinetic isotope effects (KIEs). A
small KIE (~1/1) was obtained from competition between D-1d
and 1d in benzene, whereas a significantly larger KIE (~4/1) was
observed when comparing reactions of 1d in benzene versus
perdeuterated benzene. These results collectively suggest that
cleavage of the arene C—H bond, rather than the Si—H bond, is
likely involved in the rate-limiting step.

Integrating these preliminary results with literature
precedents,*®4° we propose a plausible catalytic cycle as
illustrated in Scheme 6b. The cycle is initiated by the in situ
generation of a rhodium hydride species, followed by
coordination of the ethereal oxygen atom of the ortho-OEt
group to the rhodium center prior to the oxidative addition
step. This coordination effectively transforms what would
otherwise be an intermolecular Si-H bond oxidative addition
into a formal intramolecular process. Oxidative addition of A
into the less sterically hindered Si—H bond then occurs to yield
intermediate B, accounting for the observed high
enantioselectivity. Subsequent reductive elimination from B
affords the rhodium—silicon species C with concomitant release
of H,. Species C then undergoes oxidative addition into the C—H
bond of the neat arenes to give intermediate D. Finally,
reductive elimination of D delivers the resulting Si-stereogenic
monohydrosilane and regenerates the active rhodium hydride
catalyst.

To validate the proposed role of ortho-OEt group and elucidate
the origin of enantioselectivity, density functional theory (DFT)
calculations were performed on the Si—H oxidative addition step
of 1d (Scheme 6¢) in benzene. The results revealed that the
formation of (R)-2q via TS1-R is kinetically favored over the
formation of (S)-2q via TS1-S by 3.4 kcal mol, consistent with
the experimentally observed stereoselectivity. Notably, both
transition states feature comparable Rh—O interactions,
providing computational support for the proposed coordination
of the ortho-OEt group to the rhodium center. The resulting
conformational restriction enhances steric differentiation
between TS1-R and TS1-S, with TS1-S experiencing greater
steric repulsion between the silyl methyl group and the chiral
ligand. Furthermore, additional DFT calculations were
conducted to investigate the competing oxidative addition
pathways of 1d (Si—Me and Si—Ar activation), and the calculated
chemoselectivity is in good agreement with the experimental
findings (see Supporting Information for details).
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calculations.

Conclusions

To sum up, we have developed an efficient and highly
enantioselective method for the non-directed intermolecular
C-H bond silylation of simple arenes with prochiral

This journal is © The Royal Society of Chemistry 20xx
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dihydrosilanes. This work establishes an unprecedented
protocol for the direct conversion of simple arenes into value-
added Si-stereogenic monohydrosilanes in high yield with
excellent enantioselectivity. Our systematic investigation
identified and overcame silane redistribution as a major
challenge, which was effectively suppressed through strategic
selection of dihydrosilane substrates and chiral ligands. We
reckon that future advances in ligand design will broaden the
current substrate scope. Related studies, including a full
mechanistic investigation, are underway in our laboratory and
shall be disclosed in due course.
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