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Despite significant progress in the B—H functionalization of carboranes, the development of cost-effective
catalytic systems devoid of noble metals, coupled with mechanistic validation of regioselectivity control,
remains a formidable challenge. Herein, we disclose an Ag salt-free, redox-neutral, and inexpensive
ruthenium(il)-catalyzed protocol that enables exclusive B(4)-H acylmethylation of o-carboranes through
a novel post-coordination strategy. By exploiting weakly coordinating carboxylic acid as a traceless
directing group, this method achieves excellent mono-site selectivity for B—C(sp®) bond formation using
diverse sulfoxonium ylides, demonstrating both functional group tolerance and synthetic scalability. This
work not only establishes a practical synthetic platform but also addresses critical mechanistic questions
unresolved in prior analogous studies. Through deuterium labeling, in situ high-resolution mass
spectrometry (HRMS) tracking, and single-crystal X-ray analysis of critical Ru intermediates, we
unequivocally demonstrate that the mono-site selectivity originates from a unique post-coordination
mode of Ru(i). The Ru catalyst simultaneously engages both the carboxylic acid and the enolizable
acylmethyl moiety in the mono-acylated intermediate, thereby dictating the B(4)—-H activation trajectory.
Our findings establish a generalizable platform for regiocontrolled carborane functionalization while
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Introduction

As a class of three-dimensional (3D) c-aromatic cousins to
benzene, polyhedral boron clusters have triggered a revived
interest for decades in building blocks, such as versatile
ligands, functional materials, and tuneable pharmacophores.*
In these clusters, icosahedral carboranes, a unique class of
valuable bioisosteres of the phenyl group and adamantane,
feature sphere-like geometry, 3D delocalization ¢ aromaticity,
inherent robustness, etc.,'**»*> making them considerably
attractive scaffolds for applications in materials to medicine
(especially applied in boron neutron capture therapy, BNCT)
and other numerous areas.®>* One of the challenges is structural
modifications at boron vertexes to enhance the properties and
effects. Among carborane derivatives, alkylated-o-carboranes
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defining mechanistic paradigms in transition metal-mediated B—H activation chemistry.

are highly desirable due to their potentially beneficial applica-
tions,**%” especially in medicinal chemistry.”**

The past decades have witnessed the huge development of
B-H of carboranes functionalization strategies, including tran-
sition-metal-catalysis,® electrophilic substitution,*® nucleophilic
substitution," oxidative coupling,'> and others.™ Despite recent
advancements in transition metal-catalyzed B-H bond activa-
tion of carboranes,'™® the development of direct synthetic
methods for the preparation of cage B-H alkylated carboranes is
still constrained by the challenge of f-H elimination, particu-
larly in the case of mono-alkylated carboranes. Hence, the
practical and general mono-alkylation strategy of cage B-H
bonds using readily accessible and structurally diverse reagents
for potentially beneficial applications is highly desirable.
Recently, the regioselective B(4,5)-dialkylation of o-carboranes
catalyzed by Rh(m) catalyst was developed through oxidative
Heck reactions followed by enol isomerization from o-carbor-
ane acids and allylic alcohols with Ag salt as an additive
(Scheme 1a).** Moreover, the Rh(ur)-catalyzed B(4)-alkylation of
1-pyridyl-o-carboranes with a-diazodicarboxylates was demon-
strated (Scheme 1b).** On the other hand, sulfoxonium ylides
are readily accessible from commercially available reagents.
Their safety and stability make them practical surrogates for
carbene. Metal-carbene intermediates in which sulfoxonium
ylides function as precursors are known to X-H (X =N, O, S, C)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Transition metal-catalyzed cage B-H alkylation of o-
carboranes.

bond insertion reactions. However, insertion into the B-H bond
was scarcely reported.'® Inspired by the unusual properties of
sulfoxonium ylides and the nitrene moiety can insert into the
M-B(cage) bond to build a new cage B-N bond,"” we have
developed a general an Rh(m)-catalyzed B(4) acylmethylation of
1-pyridyl-o-carboranes with sulfoxonium ylides without any
additives (Scheme 1c)."® In that work, the mono-substituted
selectivity has been achieved by the post-coordination of the
pyridyl, enolizable acylmethyl groups with rhodium. Later,
Ir(m)-catalyzed B(4)-acylmethylation or B(3,5)-diacylmethylation
of o-carborane acids with sulfoxonium ylides through B(4)-H
activation with Ag salt as an additive was also reported (Scheme
1d).* In pursuing to develop the efficient functionalization of
carboranes and broaden the reactivity of sulfoxonium ylide, we
wonder whether carbene derived from sulfoxonium ylide could
insert into Ru-B(cage) bond to form B-C(sp®) bond and control
the mono-vertex selectivity via post-coordination mode. With
this in mind, we have explored herein the Ag salt-free, Ru(u)-
catalyzed exclusively cage B(4) acylmethylation of o-carborane
with a-carbonyl sulfoxonium ylides as the alkylating reagents
through direct B-H activation (Scheme 1e).

Results and discussion
Reaction development

The reaction development is summarized in Table 1. At the
outset of the investigation, to evaluate the feasibility, we
selected 1-CO,H-2-Ph-o-carborane 1a and a-carbonyl sulfoxo-
nium ylide 2a as the model substrates. In the presence of
5 mol% [Ru(p-cymene)Cl,],, the treatment of 1a with 1.5 equiv.
of 2a in the absence of any additives in HFIP at 100 °C for 12 h

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction development®

COH

H Q cat. Ph
)]\/\S//O additive
—_—
Ph N\ solvent
2

temperature

Entry  Catalyst Additive Solvent Yield® [%]
1 [Ru(p-cymene)Cl,], HFIP 73

2 [Cp*RhCl,], HFIP 0

3 [Cp*IrCL,], HFIP 64

4 [Ru(benzene)Cl,], HFIP 93

5 [Ru(benzene)Cl,], PivOH HFIP 78

6 [Ru(benzene)Cl,], NaOAc HFIP Quant

7 [Ru(benzene)Cl,], NaOAc Toluene 0

8 [Ru(benzene)Cl,], NaOAc TFE 89

9 [Ru(benzene)Cl,], NaOAc HFIP 82°¢

10 [Ru(benzene)CL,], NaOAc HFIP Quant.? (99)°
11 Ru(benzene)Cl,], NaOAc HFIP 784

¢ Unless otherwise stated, the reaction in HFIP (1.0 mL) was performed
with 1a (0.1 mmol), 2a (0.15 mmol) Cat. (5 mol%) additive (1.0 equiv.)
at 100 °C for 12 h under N,. ” NMR yield by using CHzBr2 as an internal
standard. © The reaction was carried out at 40 °C. ¢ The reaction was
carried out at 60 °C for 3 h with Cat. 2.5 mol%. ©Isolated yield.

J Under air. HFIP: hexafluoroisopropanol; TFE: trifluoroethanol.

afforded the target product 3a in 73% NMR yield (entry 1).
However, [Cp*RhCl,], does not work in this system, which is an
effective catalyst in pyridyl-directed B(4)-H bond alkylation
using the same a-carbonyl sulfoxonium ylide as the coupling
partner (entry 2).*® In addition, [Cp*IrCl,], yielded a 64% yield
(entries 3). Attempts to replace the ruthenium catalyst with
earth-abundant metal-based catalysts Cp*Co(CO)I, or Cu(CHj;-
CN),PF, were unsuccessful (Table S17). Other ruthenium cata-
lysts, including Cp*Ru(COD)Cl, [Cp*RuCl,],, or Ru(COD)Cl,,
were also evaluated, but no product was detected (Table S17). To
our delight, [Ru(benzene)Cl,], exhibited a significant increase
in the yield, reaching 93% (entry 4). Adding Lewis acid PivOH as
an additive is detrimental (entry 5). On the contrary, adding
acetate (NaOAc or KOAc) improved yields, resulting in a quan-
titative yield (entry 6 and Table S3t). In addition, no desired
product was detected when toluene, CH;CN, DCE, or anisole
were used as solvents (entry 7 and Table S2t). On the contrary,
TFE and THF provided good yields (89% and 75%, respectively;
entry 8 and Table S3t). Furthermore, a quantitative yield was
obtained when the reaction was performed at 60 °C for 3 h
(Table S41). A shortened time has little effect on yields (Table
S4t1). When the reaction was set at 40 °C for 12 h, an 82% yield
can be obtained (entry 9). The reduction of 2a to 1.2 equiv. led to
the formation of 3a in a slightly lower yield (93%, Table S57).
Notably, when the loading of [Ru(benzene)Cl,], was decreased
to 2.5 mol%, quantitative yield was also achieved (entry 10). The
reaction still afforded a 78% yield when set up under an air
atmosphere (entry 11). The results mentioned above indicate
that the method is highly robust. No target product was detec-
ted in the absence of a catalyst, suggesting that the catalyst plays
a critical role in these cross-coupling reactions (Table S57).

Chem. Sci., 2025, 16, 9406-9412 | 9407
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Given all the factors, entry 10 was chosen as the optimal reac-
tion condition.

Scope of sulfoxonium ylides

Subsequently, the scope of (hetero)aryl-substituted sulfoxonium
ylides 2 was evaluated with 1a as the model substrate (Scheme 2).
Substrates bearing electronically diverse substituents at different
positions of phenyl were compatible, giving the corresponding
products moderate to excellent yields. Generally, substrates with
electron-withdrawing groups in the para position of the phenyl
ring showed higher yields than substrates with electron-donating
groups. Aryl sulfoxonium ylides bearing electron-donating
groups, such as -Me, -OMe, and -OCF;, furnished products
(3b-3d) in 80-95% yields. Moreover, aryl sulfoxonium ylides
bearing electron-withdrawing groups such as halogen (F, Cl, Br,
1), -CF;, -Ph, -CO,Me, and -NO, furnished 3e-31 in almost
quantitative yields. Notably, valuable halogen functional groups
and ethers were well tolerated, allowing for late-stage manipula-
tion of the initial products. Ylides with substituents at the ortho-
or meta-position were all well tolerated (3m-3p). Substrates

COH
Ph _H 1) \ o [Ru?benzene)Clz]z Ph
NS & Neone (10 eaiv /\[(
A )k&s NaOAc (1.0 equiv.) /\/\l
N/ Rz \ TRID (10 mb)
N N, eoé °C,3h
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IO L0 Q00
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|
e :
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Scheme 2 Scope of sulfoxonium ylides. “Reaction conditions: 1a (0.1
mmol), 2 (1.5 equiv.), [Ru(benzene)Cl,], (2.5 mol%), HFIP (1.0 mL), 60 °
C, 3 h, N, atmosphere. PIsolated yield. “1 mmol scale. 923 was used as
a racemic mixture. *No d.r. was determined. ‘Enantiopure 2K was used.
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bearing two or multiple substituents were also examined, and the
yields were comparable to those of the monosubstituted
substrates (3q-3s). The lower yield for the substrate bearing -
NHCOPh may be attributed to its toxicity to the catalyst or the
presence of reactive N-H (3t). Naphthalen-1-yl- and naphthalen-2-
yl-substituted sulfoxonium ylides afforded 65% and 99% yields,
respectively (3u and 3v). The substrate bearing a furan scaffold
was effectively transformed into the corresponding product 3w
(94%). Similarly, thiophene and benzothiophene were compat-
ible with the cross-coupling reaction (3x and 3y), which may serve
as important frameworks in organic photoelectronic materials.
The molecular structures of 3b and 31 were further confirmed by
single-crystal X-ray analyses (Schemes S1 and S27).

The scope of the alkyl-substituted sulfoxonium ylide
coupling partners was also investigated (Scheme 2). With 1a as
the model substrate, the coupling reactions with aliphatic sul-
foxonium ylides smoothly led to the desired products in good to
excellent yields. Both primary and secondary aliphatic acids
derived ylides exhibited good to excellent reactivity (3z-3H).
Interestingly cyclic secondary alkyl-containing substrates can be
converted into respective products in nearly quantitative yields
(3D-3F). The piperidine unit, which is a key structural motif in
numerous natural products and pharmaceuticals, was well
tolerated (3G). Tetrahydropyran was also demonstrated to be
a suitable motif (3H). The sterically hindered tertiary alkyl-
substituted sulfoxonium ylide can also afford the desired
product in a good yield (3I). This state-of-the-art protocol could
also be employed to facilitate the direct incorporation of
a polyhedral boron cluster unit into pharmaceutical drugs. For
instance, flurbiprofen is a non-steroidal anti-inflammatory drug
with fever-reducing and pain-relieving properties. Dehy-
drocholic acid has been utilized to stimulate the secretion of
biliary lipids, while adapalene is employed for the topical
treatment of acne vulgaris. These drug-derived ylides reacted
readily with 1a, affording the mono-alkylated-carboranes 3J, 3K,
and 3L in good to high yields. To demonstrate the practicality of
the strategy, a scale-up reaction of 1a and 2a at a 1 mmol scale
gave 3a in 86% yield. Finally, given that knowing the limits of
this reaction might be helpful for the potential user, four
unsuccessful substrates were given in Scheme 2 (3M-3P).

Scope of carboranyl acids

To further expand the substrate scope, we examined the reac-
tion by varying C-substituted o-carboranyl acids using 2a as the
model substrate (Scheme 3). The o-carborane acid substrates
bearing different substituents at cage C(2) yielded the desired
products (4b-4h) in high yields. It is encouraging to note that all
the primary, secondary, and tertiary C(2)-alkylated o-carboranyl
acids offered the corresponding products in 86-88% isolated
yield (4c-4e). Furthermore, C(2)-arylated o-carboranyl acids
underwent the B(4) acylmethylation with 2a smoothly and effi-
ciently, producing the corresponding products 4f-4h in 76-87%
yields. The substituent (phenyl or alkyl) at the cage C(2) position
exhibits negligible impact on B(4) selectivity, which is governed
by the synergistic interaction between the -CO,H directing
group and the catalytic system.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Scope of carboranyl acids. Reaction conditions: 1 (0.1
mmol), 2a (1.5 equiv.), [Ru(benzene)Cly], (2.5 mol%), HFIP (1.0 mL),
60 °C, 3 h, N, atmosphere. PIsolated yield.

Synthetic applications

The carbonyl in the acylmethylated compounds allows for
additional post-functionalization options, either at the carbonyl
site or at its a-carbon position (Scheme 4a). The carbonyl group
at 3a can be converted to methylene using THF-BH; as
a reducing reagent, resulting in the mono-alkylated product 5.
Additionally, compound 3a can be reduced in the presence of

a) Post-functionalization of 3a

THF-BH5 (5.0 equiv.)

THF
Ny, reflux, 12 h

Ph
NaBH, (3.0 equiv.)
MeOH

e
r.t., 20 min

Ph
Py+HBr; (1.1 equiv.)
EA
Ny, 60 °C, 18 h

NuH (2.0 equiv.) Ph
K3PO, (2.0 equiv.)

Ny, Tt 12h

Ph

Scheme 4 Synthetic applications.
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NaBH, to yield o-carboranyl aliphatic alcohol 6, which serves as
an important synthon in the derivation of carboranes and is
a crucial structural unit in pharmaceutical compounds. More-
over, the mono-acylmethylated product 3a can undergo mono-
bromination at the a-carbon (adjacent to the boron atom) by
being treated with Py-HBr; at 60 °C, as the carbonyl group can
activate the neighbouring C-H bond (7). Currently, BNCT drugs
and drug candidates often lack either a targeting moiety,
a boron-enriched pharmacophore, or a functional group for
visualization. Our strategy offers a rational approach for con-
structing targeted BNCT drug candidates. For instance, the
polyhedral boron cluster (carborane), fluorine (a magic element
in drug molecules), and the targeting moiety (amino acid) can
be merged into a single molecule (Scheme 4b). This is achieved
through perfluoroaryl-thiol nucleophilic aromatic substitution
chemistry, where penta-fluorobenzyl-containing acylmethylated
carborane reacts with nucleophilic thiolated amino acids under
mild conditions (8). Polyethylene glycol (PEG) can also be
incorporated into the acylmethylated carborane by the same
method (9).

Mechanism study

Several control experiments were conducted to gain insights
into the reaction mechanism, as shown in Scheme 5. The
reaction of 1-Ph-carborane 13 and 2a did not proceed as the
starting material was fully recovered (Scheme 5a). Therefore, it
can be concluded that the directing group carboxyl is essential.
Notably, 2-methyl-benzoic acid did not react with sulfoxonium
ylide 2a under the optimal reaction conditions (Scheme 5b).
This result indicated a significant difference in reactivity
between the 3D delocalization ¢ aromatic carborane and the 2D
7 aromatic benzene. When employing deuterated 1a-D10 as the
substrate, the 'H NMR indicates the deuterium atom was
unlikely transferred to the a-carbon of the B(4) (Scheme 5c). In
addition, the reaction of 1a and 2a under the optimal reaction

[Ru(benzene)Ch]l, ph
(2.5 mol%)

NaOAc (1.0 equiv.)
Ar, 60°C, 3h

[Ru(benzene)Clyl, Ph
(2.5 mol%)

NaOAc (1.0 equiv.) o
14 Ar,60°C,3h

D [Ru(benzene)Cl], Ph
(2.5 mol%)

NaOAc (1.0 equiv.)
HFIP
Ar,60°C, 3 h

3a-d10, 68% NMR yield

(53% D) D (SE)% D)

[Ru(benzene)Cl], Ph
(2.5 mol%)

N AL L
NaOAc (1.0 equiv.)
HFIP/D,0O
Ar,60°C,3h

D(51% D)

d)

1a + 2a

3a-d3, 73%

Scheme 5 Control experiments.
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conditions in a mixed solution of D,0O and HFIP led to the
incorporation of deuterium at the a-carbon of the carbonyl and
C(1) of the cage with a deuterium level of 53% and 51%,
respectively (Scheme 5d). At room temperature, the >H NMR
spectrum of 3a-D3 in dichloromethane displays two signals for
the deuterium atoms aforementioned (Fig. S57). These results
indicate that the newly incorporated acylmethyl group attached
to boron undergoes facile enolization. In sharp contrast, stir-
ring 3a in D,0 and HFIP at 60 °C in the absence of any other
reagent or catalyst is insufficient to enable deuterium incorpo-
ration at the enolizable positions. This observation demon-
strates that the product undergoes reversible enolization and
coordination with the ruthenium catalyst.

Based on the aforementioned experimental results, a plau-
sible reaction mechanism has been elucidated by using the
reaction of 1a and 2a as an example (Scheme 6a). Firstly, the
ruthenium species Ru(benzene)Cl, reacts with NaOAc,

a) Proposed catalytic cycle for the mono-acylmethylati
CO,H

Ph
decarboxylation ) /ﬁ(
O, +3a <—2yalon &\ A\|
Af: L= OAc

A2: L,=

Ph
Ph

&\/QI

N7
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resulting in the formation of Ru(benzene)(OAc),, which reacts
with the carboxyl of 1a to form an active catalytic intermediate
Al or A2, subsequently inducing B-H cleavage to generate
a ruthenacyclic complex B containing a Ru-B bond. Subse-
quently, B undergoes migratory insertion of a-carbonyl sul-
foxonium ylide 2a via a metal carbene intermediate C,
accompanied by the release of dimethyl sulfoxide (DMSO), to
give rise to D. This intermediate then delivers the final product
3a via protodemetallation of D with concomitant regeneration
of Ru(benzene)(OAc), and decarboxylation of E. Here, HFIP
acts as the proton donor in the protodemetallation step.'®
Notably, the conversion between D and E should be reversible,
as indicated by the deuteration experiment. This post-
coordination between the carboxy and enolizable acylmethyl
groups of the B(4)-acylmethylated o-carborane and the ruthe-
nium catalyst can prevent the iterative B-H activation pathway
caused by metal “cage walking” around the carboranyl

on of 1-CO,H-o-carborane

1/2 [Ru(benzene)Cl,],
NaOAc

\\'7 [Ru(benzene (OAC)] 1a
|
HOAc '
HOAc Ru
/ \
o O (0] Lyork,

KA

AjorA,

D Detected by HRMS

DMSO 2a

A1 Detected by HRMS
A2 Confirmed by X-ray analysis

Ph O HOAc or 1a
O O,
\ j N
Ru Ru
7 @ Ph /
WA AW
Ly

B
Detected by HRMS

Detected by "H NMR

b) Key post-coordination step controling the mono-vertex selectivity
+ HOAc

Ru(benzene),(OAc),

Ru
reg 1) o_o. @
CO,H Ru
R4 ‘ Rz /'\H/RZ
//4\ /N enolization Q\ /sl'
N7 N7
E D
/

’ Ru(benzene),(OAc), R4

finely controlled mono-substitution via
post-coordination with Ru catalyst

iterative B—H bond activation prohibited

Scheme 6 Proposed reaction cycle for Ru(i)-catalyzed B(4)—H alkylation of o-carboranyl acid (a) and illustration of the post-coordination step

(b).
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surface,” thereby controlling the selective mono-substitution
(Scheme 6b). The molecular structure of A2 was confirmed by
single-crystal X-ray determination. Trials to isolate other Ru(u)
intermediates were unsuccessful. To our delight, HRMS
measurements successfully detected the intermediates A1, B,
and D (Fig. S8-S13t). Furthermore, the free DMSO in the
catalytic reaction mixture was readily identified by '"H NMR
spectroscopy (Fig. S15t). All the results are well-corroborated
with the proposed mechanism.

Conclusions

In conclusion, we have achieved a highly efficient Ru(u)-cata-
lyzed site-selective B(4)-H mono-acylmethylation of o-carbor-
ane using sulfoxonium ylides as the alkyl agents. This protocol
features a broad substrate scope and directly delivers valua-
ble B(4) alkylated carborane derivatives in moderate to excel-
lent yields. The carborane derivatives contain acidic C-H
units, carbonyl, and other newly incorporated organic func-
tional groups, providing new opportunities for post-
functionalization. This work establishes a foundation for
synthesizing carborane-based functional molecules, which
have potential applications in drug discovery (especially for
BNCT). Control experiments have enhanced our understanding
of the possible reaction mechanism. Notably, the post-
coordination of the traceless directing group 1-carboxyl and
enol moieties to the ruthenium catalyst prohibits the iterative
B-H activation event and results in finely controlled mono-
substitution. This post-coordination strategy provides a reli-
able approach for mono site-selective B-H functionalization of
polyhedral boron clusters with similar chemical environments
B-H bonds.
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