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Bifunctional molecules incorporating both germyl and boryl groups represent a significant class of com-
pounds that have attracted considerable attention in organic synthesis due to their unique reactivity and
versatility in diverse chemical trans-formations. Here, we present a highly efficient, one-step synthesis of
such molecules through the catalytic C-H borylation of parent organogermanes, utilizing germanium as
a directing atom. The process employs an iridium catalyst in conjunction with a ligand and acetate base,
facilitating the formation of a germylametallacycle intermediate within the catalytic cycle. This methodol-
ogy demonstrates broad substrate scope, successfully accommodating three distinct classes of organoger-
manes: benzylhydrogermanes, biaryl-type hydrogermanes, and triarylhydrogermanes, encompassing both
sp? and sp? C-H activation. The versatile reactivity of the products, derived from both boron and germa-
nium chemistry, highlights their potential utility in various applications.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Germanium, a key element in Group 14 of the periodic ta-
ble, shares notable chemical similarities with its congeners, in-
cluding carbon, silicon, tin, and lead (Fig. 1a) [1,2]. Its distinc-
tive properties, such as the capacity to form stable organometal-
lic compounds and its role in enhancing molecular hydrophobicity,
have profound implications across multiple disciplines. In medic-
inal chemistry, organogermanium compounds are under investi-
gation for their potential therapeutic applications, particularly as
anticancer agents and immune system modulators [3-5]. The in-
creased hydrophobicity conferred by germanium can enhance the
bioavailability and stability of pharmaceutical compounds, thereby
improving their efficacy in vivo [6-8]. In material science, the in-
corporation of germanium into polymers and coatings can result in
materials with exceptional thermal stability, mechanical strength,
and resistance to environmental degradation [9]. In morden syn-
thetic chemistry, the use of organogermanium in cross-coupling re-
actions has broadened to include various activation modes, such as
SgAr-type electrophilic substitution [10], transition metal catalysis
(e.g., Au [11-13], Pd [14-17]), and visible-light-driven radical path-
ways [18,19].

The development of efficient synthetic methodologies for
organogermanes has emerged as a critical research focus due to
their extensive utility in various applications. Among the promi-
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nent strategies, the utilization of hydrogermanes as precursors has
gained significant attention (Fig. 1b). This approach capitalizes on
Ge-H bond functionalization [20], enabling the hydrogermylation
of diverse substrates, including alkenes [21-23], alkynes [24-32],
and carbenes [33,34]. Additionally, it facilitates the germylation of
aryl (pseudo)halides, leading to the formation of organogermanes
[35-37]. Another notable strategy involves the use of chloroger-
manes as starting materials. Traditionally, this method relies on
nucleophilic substitution with Grignard or organolithium reagents
in non-catalytic processes [38,39]. However, recent advancements
have introduced catalytic methods for their preparation through
C-Ge cross-coupling [40]. A groundbreaking contribution in this
area comes from Shu and co-workers, who have pioneered nickel-
catalyzed reductive C—Ge coupling of aryl [41-45], alkenyl, and
propargylic [46] electrophiles with chlorogermanes to construct
organogermanes (Fig. 1c). Despite these significant advancements,
the synthetic methodologies for organogermanes remain consider-
ably more limited compared to their silicon analogs. This gap un-
derscores the need for continued innovation and exploration in the
field to unlock the full potential of organogermanes in various ap-
plications.

The synthetic prominence of organoboron compounds is rooted
in their remarkable versatility as functional group transformation
agents [47-55]. The advent of catalytic C-H borylation has revolu-
tionized their preparation, enabling the direct and selective incor-
poration of boron moieties into complex molecular architectures
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Fig. 1. Background and the discovery of Ge-directed C-H borylation.

[56-68]. In this context, silicon has been extensively employed as
a directing atom. Over the past decade, a series of organosilicon
compounds have been successfully functionalized at a late stage
through this approach, as exemplified by the pioneering work of
Hartwig [69-75] and others [76] (Fig. 1d). Inspired by these ad-
vancements, we envisioned the development of C-H activation in
organogermanes, which could pave the way for a novel synthetic
strategy for these compounds.

Herein, we report a successful iridium-catalyzed C-H borylation
utilizing germanium as a directing atom, thereby establishing a ro-
bust platform for the construction of innovative bifunctional archi-
tectures (Fig. 1e). Given germanium’s pronounced metallic charac-
ter and the low bond dissociation energies of the Ge-H and C-
Ge bonds, achieving this reaction while maintaining the stability
of organogermanium skeleton posed significant challenges [77,78].
This methodology addresses two critical issues: (1) Overcoming
germanium'’s inherent reactivity limitations through systematic op-
timization of catalysts and reaction parameters, and (2) facilitating
efficient access to densely functionalized organogermanes derived
from diverse parent substrates. Considering the well-established
synthetic utility of both Ge-H and Bpin, their simultaneous inte-
gration within a single molecular framework opens unprecedented
pathways for the assembly of complex Ge-containing molecules.

To develop an efficient catalytic system for this transformation,
we first investigated the reaction between germane 1a and HBpin
under various conditions (Table 1). The initial attempt employing
[Ir(cod)OMe], as the catalyst in combination with a bipyridine-
type ligand L1 in THF at 115°C yielded merely trace quantities
of the target C-H borylation product 1b (entry 1). Subsequent in-
vestigations revealed that the incorporation of LiOAc significantly
enhanced the yield of 1b to 43% (entry 2). Further exploration
demonstrated that NaOAc exhibited even higher reactivity, achiev-
ing a yield of 53%, whereas the use of KOAc and CsOAc markedly
reduced the yield (entries 3-5). Screening various sodium salts,
such as Na,COs3, was entirely unreactive (entry 6). These findings
underscore the critical role of both the Na* cation and the OAc
anion in influencing the reaction’s overall efficiency. Moreover, we
examined the impact of different ligands on the reaction. The use
of an F-substituted bpy ligand L2 resulted in lower reactivity (en-
try 7). In contrast, 1,10-phenanthroline L3 and the analogues L4-
L6 proved to be optimal in promoting the reaction (entries 8-11),
with the 75% yield of 1b achieved in the presence of L5 (entry
8). Additionally, employing bipyrazine L7 and terpyridine L8 as
ligands also yielded comparable results (entries 12 and 13). No-
tably, increasing the amount of ligand L5 to 20 mol% led to the
best outcome, achieving an 80% yield of product 1b, with excellent
mono-selectivity. Interestingly, alternative iridium sources such as

[Ir(coe),Cl], and [Ir(cod),BF4], resulted in a substantial decrease
in yield (entries 15 and 16), while other transition metals like
[Rh(cod)Cl], almost failed to promote the reaction (entry 17). We
also explored the potential of alternative boron reagents, such as
B,pin,, which only led to the product 1b only in trace amount
(entry 18). Finally, control experiments confirmed that the reaction
yielded only 18% in the absence of the ligand (entry 19) and did
not proceed at all without the catalyst (entry 20).

With the optimized reaction conditions established, we pro-
ceeded to investigate the applicability of various organoger-
manes in C-H borylation (Scheme 1). Initially, we explored a
series of benzyl-substituted hydrogermanes, which form a five-
membered germylmetallacycle during the catalytic cycle. A diverse
array of benzylhydrogermanes, featuring both electron-neutral and
electron-donating groups such as methyl (2a, 3a), tert-butyl (4a),
methoxy (5a), and pivaloyloxy (6a), were subjected to the reac-
tion, yielding products 2b-6b in moderate to good yields and ex-
cellent mono-selectivity. Notably, halide substituents like fluorine
(7a) and chlorine (8a) were also compatible with the reaction.
Additionally, substrates with electron-withdrawing groups, includ-
ing CF3 (9a), and cyano (10a), were successfully converted into
products 9b and 10b, also in modest yields. The reaction exhib-
ited excellent regioselectivity, exclusively targeting the less hin-
dered C-H bonds. Secondary benzyl substrates such as 11a and
12a underwent borylation at the aromatic ring, yielding 11b and
12b with moderate efficiency. Naphthyl-substituted hydrogermanes
also participated in the reaction, producing 13b and 14b with
exclusive regioselectivity and excellent mono-selectivity. We fur-
ther examined the influence of aryl substituents on germanium,
finding that various groups such as methyl (15a), methoxy (16a),
and fluorine (17a) were all compatible, yielding the corresponding
products 15-17b with a small amount of di-substituted byprod-
ucts. Si-directed C-H borylation via a six-membered metallacy-
cle represents a novel and previously unreported approach in or-
ganic synthesis. Remarkably, this transformation has been success-
fully achieved through the formation of a six-membered metal-
lacyclic intermediate. In the case of biaryl-substituted hydroger-
manes, the utilization of a terpyridine ligand L8 facilitated the
smooth progression of the reaction, effectively suppressing the for-
mation of any disubstituted byproducts. Under slightly optimized
reaction conditions, the ortho-phenyl substrate 18a yielded the
mono-borylated product 18b with a respectable 55% yield. The
versatility of this methodology was further demonstrated through
its successful application to a range of biaryl-substituted hydroger-
manes bearing diverse substituents, including methyl (19a, 20a),
n-butyl (21a), isopropyl (22a), and trimethylsilyl (23a) groups.
These substrates were efficiently converted to their correspond-
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Table 1
Optimization of the reaction conditions.?

@\/\GeHPh2
H

cat [Ir]/L
base (2.5 equiv.)
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THF, 115 °C, 6 h Bpin
1a [B] 1b
R R _ Me, Me N N = ‘
N7 N\ < ENE/ZA\ /N Y N
\ 7 B 1\ N N= R\ 7 )R &N/ NJ \ N \
N N R R N N _N =
L1 (R=Bu);L2(R=F) L3 (R =H); L4 (R = Me) L5 (R =H); L6 (R =Me) L7 L8
Entry [B] (equiv.) cat [M] (mol%) L (mol%) Base (equiv.) Yield (%)b
1 HBpin (2.5) [Ir(cod)OMe], (2.5) L1 (5.0) - <5
2 HBpin (2.5) [Ir(cod)OMe], (2.5) L1 (5.0) LiOAc (2.5) 43
3 HBpin (2.5) [Ir(cod)OMe], (2.5) L1 (5.0) NaOAc (2.5) 53
4 HBpin (2.5) [Ir(cod)OMe], (2.5) L1 (5.0) KOAc (2.5) 22
5 HBpin (2.5) [Ir(cod)OMe], (2.5) L1 (5.0) CsOAc (2.5) 6
6 HBpin (2.5) [Ir(cod)OMe], (2.5) L1 (5.0) Na,CO3 (2.5) 0
7 HBpin (2.5) [Ir(cod)OMe], (2.5) L2 (5.0) NaOAc (2.5) 38
8 HBpin (2.5) [Ir(cod)OMe]; (2.5) L3 (5.0) NaOAc (2.5) 68
9 HBpin (2.5) [Ir(cod)OMe], (2.5) 14 (5.0) NaOAc (2.5) 24
10 HBpin (2.5) [Ir(cod)OMe], (2.5) L5 (5.0) NaOAc (2.5) 75
11 HBpin (2.5) [Ir(cod)OMe], (2.5) L6 (5.0) NaOAc (2.5) 73
12 HBpin (2.5) [Ir(cod)OMe], (2.5) L7 (5.0) NaOAc (2.5) 71
13 HBpin (2.5) [Ir(cod)OMe], (2.5) L8 (5.0) NaOAc (2.5) 65
14 HBpin (2.5) [Ir(cod)OMe], (2.5) L5 (20.0) NaOAc (2.5) 80 (74)¢
15 HBpin (2.5) [Ir(coe),Cl], (2.5) L5 (20.0) NaOAc (2.5) 31
16 HBpin (2.5) [Ir(cod);BF4] (5.0) L5 (20.0) NaOAc (2.5) 42
17 HBpin (2.5) [Rh(cod)Cl], (2.5) L5 (20.0) NaOAc (2.5) <5
18 B,pin, (2.5) [Ir(cod)OMe]; (2.5) L5 (20.0) NaOAc (2.5) <5
19 HBpin (2.5) [Ir(cod)OMe]; (2.5) - NaOAc (2.5) 18
20 HBpin (2.5) - L5 (20.0) NaOAc (2.5) 0

2 Reaction conditions: cat [M] (2.5-5.0 mol%),
under argon.

b Determined by crude 'H NMR.

¢ Isolated yield.

L (5.0-20.0 mol%), 1a

ing borylated products (19b-23b) under the established reaction
conditions. Of particular note, the molecular structure of com-
pound 22b was unequivocally determined through single-crystal
X-ray diffraction analysis, providing definitive structural confirma-
tion (detailed crystallographic data are available in Supporting in-
formation). Finally, we explored triaryl-substituted hydrogermanes
with an ortho-methyl group. Using ligand L8, the reaction of hy-
drogermane 24a in the catalytic system led to preferential benzylic
C-H borylation, yielding 24b with 48% yield. While Si-directed
systems typically give only disubstituted products via dual C-H
borylation [72], the germyl-directed protocol affords exclusively
mono-borylated species, likely due to the greater steric bulk of
the germyl group, which hinders a second activation. Other triaryl-
hydrogermanes with various substituents, including methyl (26a),
methoxy (27a), silyl ether (28a), fluorine (29a), chlorine (29a), tri-
fluoromethyl (30a), and trifluoromethoxy (31a), at different posi-
tions on the benzene core, underwent smooth benzylic C-H bory-
lation. In the case of hydrogermane 32a, bearing an alkynyl group,
borylation occurred exclusively at the benzylic position as well.
The efficient synthesis of borylated germanes has opened new
avenues for the exploration of these bifunctional compounds
(Scheme 2). We initially investigated the reactivity of the Bpin moi-
ety in product 1b (Scheme 2a). Oxidation of 1b with H,0, yielded
phenol 33 in 66% yield, while the germyl group remained intact
[79]. Unexpectedly, when 1b was treated with ZnEt, and CH;l,, a
germyl-methylated product 34 was obtained in nearly quantitative
yield [80]. Further studies revealed that 34 could undergo a Pd-
catalyzed Suzuki-Miyaura coupling with Phl, affording the biaryl
product 35 in 67 % yield. Additionally, the use of BnBr as a coupling

(0.20 mmol), boron reagent (0.5 mmol), and base (0.5mmol) in 1.5mL of solvent at 115°C for 6 h

partner under Pd catalysis led to the formation of the Csp2-Csp?;
coupled product 36 in high yield [81]. Similarly, reaction with (bro-
moethynyl)triisopropylsilane under Pd catalysis provided the Csp2-
Csp coupled product 37 in 83% yield. Further functionalization of
34 was achieved by iodination in the presence of Cul, yielding
product 38 in 85% yield [82]. Moreover, the reaction of 1b with
CICH,I and "Buli, generating the in situ-formed CH,BrLi reagent,
resulted in the formation of boronate 39 with an additional methy-
lene group in 75% yield [83]. We then turned our attention to
the reactivity of the germyl moiety in compound 1b (Scheme 2b).
Notably, in the presence of a rhodium catalyst, 1b underwent
hydrogermylation with 1,2-diphenylethyne (40a) to afford prod-
uct 41aa in 97 % yield with exclusive Z-selectivity, while the Bpin
group remained unaffected. Building on this discovery, we explored
the substrate scope of alkynes. A range of substituted pheny-
lacetylenes, including those with Me (40b), {Bu (40c), OMe (40d),
F (40e), ClI (40f, 40g), Br (40h), and OCF3 (40i), were compatible,
yielding products 41ab-41ai. Furthermore, alkyl-substituted inter-
nal alkynes such as Et (40j) and "Pr (40Kk) also exhibited high
reactivity, stereospecifically affording alkenyl-substituted germanes
413j and 41ak. Under rhodium catalysis, 1b also underwent hy-
drogermylation with alkenes. For instance, reactions with styrene
(42) provided the linear-selective product 43 in a modest yield. Fi-
nally, we discovered that the Ge-H bond in 1b could efficiently
insert to carbenes under rhodium catalysis [84]. For example, us-
ing [Rh(OAc), ], as the catalyst, the reaction of 1b with diazo com-
pound 44 yielded product 45 in 86% yield, with no observed side
reactions involving the Bpin group. This systematic exploration
highlights the versatile reactivity of ortho-borylated germanes,
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Scheme 1. Substrate scope of germanes. Reaction conditions I: [Ir(cod)OMe], (2.5 mol%), L5 (20.0 mol%), 2-17a (0.20 mmol, 1.0 equiv.), HBpin (0.5 mmol, 2.5 equiv.), NaOAc
(0.5mmol, 2.5 equiv.) in 1.5 mL of THF at 115°C for 6 h under argon; II: [Ir(cod)OMe], (4.0 mol%), L8 (30.0 mol%), 18-23a (0.20 mmol, 1.0 equiv.), HBpin (1.0 mmol, 5.0 equiv.),
KOAc (0.5 mmol, 2.5 equiv.) in 3.0mL of THF at 115°C for 12 h under argon; III: [Ir(cod)OMe], (5.0 mol%), L8 (20.0 mol%), 24-32a (0.20 mmol, 1.0 equiv.), HBpin (0.5 mmol,
2.5 equiv.), NaOAc (0.5 mmol, 2.5 equiv.) in 3.0 mL of THF at 115°C for 24 h under argon. The isolated yield was determined after purification.

enabling the construction of diverse molecular architectures
through selective functionalization of both the Bpin and germyl
moieties.

To gain mechanistic insights into the catalytic process, we con-
ducted comprehensive deuterium-labeling studies, which provided
valuable information about possible reaction pathways (Scheme 3).
When DOAc was introduced to the reaction system containing 1a,
deuterium incorporation was observed at the ortho position (24%
D), along with trace deuteration at the germanium center of re-
covered 1a (Scheme 3a). These results indicate that the C-H acti-
vation step is reversible. Notably, when DOAc was added after the
reaction, 21% deuteration was detected at the germanium atom,
suggesting the formation of a sodium germyl intermediate that un-
dergoes hydrolysis. Control experiments confirmed that no deuter-
ation occurs in the absence of the iridium catalyst (Supporting in-
formation). Furthermore, reaction of d-1a in the absence of HBpin
led to 59% deuterium incorporation at the ortho position of recov-
ered 1a, while 17% deuteration was observed at the germanium
center (Scheme 3b). This outcome supports an irreversible oxida-
tive addition of the Ge-H bond to the iridium center, consistent
with a germylacyclic metal intermediate in the reaction pathway.
When d-1a was subjected to standard reaction conditions with
HBpin, 19% Ge-D incorporation was detected in the final product
1b (Scheme 3c). Further mechanistic insight was gained by intro-

ducing D,0 during the workup of the reaction mixture of 1a and
HBpin, which resulted in 36% Ge-D incorporation in 1b (Scheme
3d). These observations confirm that the borylated product origi-
nates from a sodium germyl precursor as well. The partial deuter-
ation at germanium suggests that residual protons (e.g., from AcOH
or trace H,O in the solvent) protonate the sodium germyl species
before it reacts with the external proton source.

Based on experimental observations, we propose a plausible
reaction mechanism (Fig. 2). The catalytic cycle begins with the
formation of iridium species A from [Ir(cod)OMe],, ligand, and
base. Species A then undergoes oxidative addition with the Ge-H
bond in substrate 1a, yielding intermediate B. Subsequent acetate-
assisted C-H activation converts B into a five-membered iridacycle
C, releasing HOAc as a byproduct [85-91]. In the absence of HBpin,
C undergoes reductive elimination to form intermediate D, which
then engages in transmetallation with NaOAc. This step regener-
ates the active catalyst A while producing sodium salt E. Finally,
protonolysis of E recovers the 1a. In the presence of HBpin, species
C reacts via oxidative addition to form D’, which then undergoes
reductive elimination to generate intermediate E’. Further reduc-
tive elimination releases iridium species F, which then undergoes
transmetallation with NaOAc forming sodium salt G and regenerate
catalytic species A. Protonolysis of G ultimately furnishes the prod-
uct 1b Deuterium labeling studies reveal an important mechanis-
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Scheme 2. Further conversions of bifunctional molecule 1b based on boron and germanium chemistry.

tic nuance: Intermediate B can alternatively undergo reversible re-
ductive elimination to form B’ in a competing equilibrium process
(Schemes 3c and d). This equilibrium explains the partial deuter-
ation observed at the germanium center in the absence of addi-
tional DOAc. While the current mechanism is consistent with ex-
perimental data, the potential involvement of Ir-Bpin in C-H acti-

GePh,
irL \Qxc

B’ -HOAc

Geth
,I b

Aco L H
B

LIrOAC <7

vation cannot be ruled out, necessitating further investigation for
a complete mechanistic understanding [92-94].

We have developed a groundbreaking strategy for Ge-directed
C-H borylation enabled by iridium catalysts. This innovative
methodology offers a streamlined, one-step synthesis of borylated
germanes directly from parent organogermanes, thereby signifi-

HOAc

GePh2
Ir |- HBpin

GePh2 J
IrL

. H/L\H
NaOAc D
GePh, GeF'hz " D'
llla —» 1a
Bpin
G
H* NaOAc Gephz GePh,  HH
ML /) L
Bp\n e v e o Ir\B,
@GeHth F - K
Bpin
1b

Fig. 2. Proposed mechanism.
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HBpin
1a d-1b

then D,0 (0.5 mL.)

Scheme 3. Deuterium labeling experiments.

cantly expanding the synthetic chemist’s toolbox. The versatile re-
activity of the products, derived from both boron and germanium
chemistry, underscores their potential utility in diverse applica-
tions. The successful integration of two metalloid atoms within a
single organic framework through catalytic C-H activation repre-
sents a major advance in the field, offering new solutions to long-
standing synthetic challenges. Ongoing studies focus on mechanis-
tic details and practical applications.
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