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temperature. Thereby, a series of cage C-sulfenylated and C-selenylated o-carboranes anchored with

valuable functional groups was accessed with high levels of position- and chemo-selectivity control. The
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Carboranes are polyhedral molecular boron-carbon clusters,
which display unique properties, such as a boron enriched
content, icosahedron geometry and three-dimensional elec-
tronic delocalization.' These features render carboranes as
valuable building blocks for applications to optoelectronics,> as
nanomaterials, in supramolecular design,® organometallic
coordination chemistry,* and boron neutron capture therapy
(BNCT) agents.” As a consequence, considerable progress has
been witnessed in transition metal-catalyzed regioselective cage
B-H functionalization of o-carboranes® and different functional
motifs have been incorporated into the cage boron vertices.”*
However, progress in this research arena continues to be
considerably limited by the shortage of robust and efficient
methods to access carborane-functionalized molecules. While
C-S bonds are important structural motifs in various biologi-
cally active molecules and functional materials," strategies for
the assembly of chalcogen-substituted carboranes continue to
be scarce. A major challenge is hence represented by the strong
coordination abilities of thiols to most transition metals, which
often lead to catalyst deactivation.’”> While copper-catalyzed
B(4,5)-H disulfenylation of o-carboranes was achieved,’

elevated reaction temperature was required, and 8-

“Institut fiir Organische und Biomolekulare Chemie, Georg-August-Universitit
37077 Gottingen, Germany. E-mail: Lutz.
Web:  http://www.ackermann.chemie.uni-

Géttingen, Tammannstrafie 2,
Ackermann@chemie.uni-goettingen.de;
goettingen.de/
Institut  fiir
Tammannstrafle 4, 37077 Gottingen, Germany

Anorganische ~ Chemie,  Georg-August-Universitdt — Gottingen,
‘Woehler Research Institute for Sustainable Chemistry, Georg-August-Universitiit
Géttingen, TammannstrafSe 2, 37077 Gottingen, Germany

1 Electronic supplementary information (ESI) available. CCDC 2049567 (3aa),
2049566 (3am), 2049564 (3a0), 2065339 (4br), 2049565 (4av) and 2063919 (5b).
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/d1sc02905¢

i These authors contributed equally.

© 2021 The Author(s). Published by the Royal Society of Chemistry

cupraelectrocatalysis provided efficient means to activate otherwise inert cage C—H bonds for the late-
stage diversification of o-carboranes.

aminoquinoline was necessary as bidentate directing group.
The bidentate directing group™ needs to be installed and
removed, which jeopardizes the overall efficacy. Likewise, an
organometallic strategy was recently devised for cysteine bor-
ylation with a stoichiometric platinum(u)-based carboranes.**
Meanwhile, oxidative cage B/C-H functionalizations largely call
for noble transition metal catalysts’ and stoichiometric
amounts of chemical oxidants, such as expensive silver(1) salts.*®

In recent years, electricity has been identified as an
increasingly viable, sustainable redox equivalent for
environmentally-benign molecular synthesis.’”*®* While signifi-
cant advances have been realized by the merger of electro-
catalysis with organometallic bond activation,™ electrochemical
carborane functionalizations continue unfortunately to be
underdevelopment. In sharp contrast, we have now devised
a strategy for unprecedented copper-catalyzed electrochemical
cage C-H chalcogenations of o-carboranes in a dehydrogenative
manner, assembling a variety of C-sulfenylated and C-
selenylated o-carboranes (Fig. 1a). It is noteworthy that our
electrochemical cage C-S/Se modification approach is devoid of
chemical oxidants, and does not need any directing groups,
operative at room temperature.

We commenced our studies by probing various reaction
conditions for the envisioned copper-catalyzed cage C-H thio-
lation of o-carborane in an operationally simple undivided cell
setup equipped with a GF (graphite felt) anode and a Pt cathode
(Fig. 1b and Table S1f}). After extensive experimentation, we
observed that the thiolation of substrate 1 proceeded efficiently
with catalytic amounts of CuOAc and 2-phenylpyridine, albeit in
the presence of 2 equivalents LiO¢Bu as the base, and 2 equiv-
alents n-BuyNI as the electrolyte at room temperature under
a constant current of 2 mA (entry 1). The yield was reduced
when other copper sources or additives were used (entries 2-5).
Surprisingly, n-Bu,NPF; as the electrolyte failed to facilitate the
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a) Electrochemical diversification of o-carboranes (this work)

GFfﬁ Pt
H
@ + R%-XH
R1
Electrocatalytic C-S/Se formation

IRoom Temperature
positional selectivity
Earth-abundant Cu

Electricity as green oxidant
No directing group

X =8 orSe

b) Optimizaiton of reaction conditions @

GF h|:||=>t
(

CuOAc (15 mol %)
2-PhPy (15 mol %)

*  RCgH,SH
LiOBu, TBAI, THF
R=4.0Me 2a ™ 160, CCE@2mA
R=4-Bu 2b

Entry Deviation from standard conditions Yield [%] b
1 None 90% (85%)
2 Cu(OAc), instead of CuOAc 51%

3 Cul instead of CuOAc 43%
4 2,6-Lutidine instead of 2-PhPy 71%
5 1,10-Phen instead of 2-PhPy 16%
6 TBAPFg instead of TBAI —
7 TBAI (3 equiv) 49%
8 KI (1 equiv) as additive 67%
9 DCE instead of THF -
10 CH3CN instead of THF 49%
11 No electricity 14%
12 No [Cu] -
13 Procedure B (2b) 66% (62%) *°
14 Procedure B: second step without —

electricity (2b)
15 Procedure B (2a) 92% ¢

Fig. 1 Electrochemical diversification of o-carboranes and optimiza-
tion of reaction conditions. “Reaction conditions: procedure A: la
(0.10 mmol), 2a (0.3 mmol), CuOAc (15 mol%), 2-PhPy (15 mol%),
LiOtBu (0.2 mmol), TBAI (2.0 equiv.), solvent (3 mL), platinum cathode
(10 mm x 15 mm x 0.25 mm), graphite felt (GF) anode (10 mm x
15 mm x 6 mm), 2 mA, under air, r.t., 16 h. ®Yield was determined by 'H
NMR with CH,Br; as the internal standard. “Isolated yields in paren-
thesis. 9KI (1.0 equiv.) as additive. ®Procedure B: 2 (0.3 mmol), LiOtBu
(0.2 mmol), TBAI (2.0 equiv.), solvent (3.0 mL), 2 mA, r.t, 3 h, then
adding 1a (0.10 mmol), 2-PhPy (15 mol%), CuOAc (15 mol%), 2 mA, rt,
16 h. 2b (0.3 mmol), LiOtBu (0.2 mmol), KI (1.0 equiv.), TBAI (2.0
equiv.), solvent (3.0 mL), 2 mA, r.t,, 3 h, then adding 1a (0.10 mmol), 2-
PhPy (15 mol%), CuOAc (15 mol%), r.t., 16 h. TBAI = tetrabutylammo-
nium iodide, TBAPFg = tetrabutylammonium hexafluorophosphate.
DCE = 1,2-dichloroethane, THF = tetrahydrofuran.
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carborane modification, indicating that n-Bu,NI operates not
only as electrolyte, but also as a redox mediator (entry 6).
Altering the stoichiometry of the electrolyte or using KI did not

improve the performance (entries 7-8). Product formation was

not observed, when the reaction was conducted with DCE as the

—
GFI Tth

Cu(OAc) (15 mol %)

H
2-PhPy (15 mol %) SAr
+ ArSH
Ph LiOtBu, n-BugNI, THF
1t, 16 h, CCE @ 2 mA Ph
1a 2 3
GO =y &0
Ph OMe Uat ¢ ﬁ Ph tBu
3aa: 85% CeDC 2049567 3ab: 62%2°
&0, & & L
Ph Me Ph CF3 Ph F
3ac: 55%° 3ad: 77% 2P 3ae: 61%°
@lo, &, aro”
Ph cl Ph Br Ph
3af: 71% 3ag: 71%3b° 3ah: 88%2°

GO0 &UT eno”

3ai: 62% 7

caey

3ak: 59%

3aj: 74% 2P

o -6

3al: 59% ab.c 3am: 53% 3P CCDC 2049566
3am
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Gro B0 =4 Ty
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CCDC 2049564

o o/ a
3an: 76% 2° 3a0:61% 3a0

B acl - ave

Me

RS

3ap: 65% 2P 3aq: 90% 2P 3ar: 93%7
/
Ph Ph Ph
3as: 54% 2 3at: 60% 2P 3au: 54%°7

Scheme 1 Electrochemical C-H thiolation of o-carborane 1la. (a)
Procedure B. (b) Kl (1 equiv.). (c) Cul as the catalyst.
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solvent, while CH3;CN resulted in a drop of the catalytic
performance (entries 9-10). Control experiments confirmed the
essential role of the electricity and the catalyst (entries 11-12),
while a sequential procedure was found to be beneficial (entries
13-15).

With the optimized reaction conditions in hand, we explored
the versatility of the cage C-H thiolation of o-carborane 1a with
different thiols 2 (Scheme 1). Electron-rich as well as electron-
deficient substituents on the arenes were found to be
amenable to the electrocatalyzed C-H activation, providing the
corresponding thiolation products 3aa-3ao in good to excellent
yields. Thereby, a variety of synthetically useful functional
groups, such as fluoro (3ae, 3am), chloro (3af, 3ak, 3an) and
bromo (3ag, 3al), were fully tolerated, which should prove
instrumental for further late-stage manipulations. Various
disubstituted aromatic and heterocyclic thiols afforded the
corresponding cage C-S modified products 3ap-3as. Notably,
aliphatic thiols efficiently underwent the electrochemical

—
o [

Cu(OAc) (15 mol %)
2-PhPy (15 mol %)

R

ArXH
LiOtBu, n-BuyNI, THF
rt, 16 h, CCE@ 2 mA
1 2 4
& CO
Ar
4bo: 94% Ar = 4-tBuPh Ar = 4-MePh
' 4bb: 62%? 4br: 62%2
SPh P
—
O /,r&:\ -0
Y
4co: 70%2 4do: 78% 2 CCDC 2065339
4br
IS, SPh @S\@\ @SCHQ(CHQQCH:;
7 I nBu OMe nBu
4e0: 64%° 4fa: 53% Afu: 54% 2
& 0L
Me
DC 204
4ga: 68% 7 CC C42v9565
@Se%
nBu
4bv: 77%°? 4cv: 52%° 4fv: 65%°7

Scheme 2 Electrochemical cage C—H chalcogenation of o-carbor-
anes. (a) Procedure B. (b) KI (1 equiv.).
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transformation to provide the corresponding cage alkylthio-
lated products 3at-3au. Notably, the halogen-containing thiols
(2e-2f, 2k-2n and 2q) reacted selectively with o-carboranes to
deliver the desired products without halide coupling byprod-
ucts being observed. The connectivity of the products 3aa, 3am
and 3ao was unambiguously verified by X-ray single crystal
diffraction analysis.”

Encouraged by the efficiency of the cupraelectro-oxidative
cage C-H thiolation, we became intrigued to explore the chal-
cogenantion of differently-decorated o-carboranes 1 (Scheme 2).
Electronically diverse carboranes 1 served as competent
coupling partners, giving the corresponding thiolation products
4bo-4do with high levels of efficacy in position-selective
manner. The strategy was not restricted to phenyl-substituted
o-carboranes. Indeed, substrates bearing benzyl and even alkyl
groups also performed well to deliver the desired products 4eo-
4ga. It is noteworthy that the C-H activation approach was also
compatible with selenols to give the o-carboranes 4av-4fv. The
molecular structures of the carborane 4br and 4av were unam-
biguously verified by single-crystal X-ray diffraction.?

Scaffold functionalization of the thus obtained carborane
3ag provided the alkynylated derivative 5a and amine 5b
(Scheme 3), giving access to carborane-based host materials of
relevant to phosphorescent organic light-emitting diodes.*

Next, we became attracted to delineating the mode of the
cupraelectro-catalyzed cage C-H chalcogenation. To this end,
control experiments were performed (Scheme 4a). First, elec-
trocatalysis in the presence of TEMPO or Ph,C=CH, gave the
desired product 3aa. EPR studies of thiol 2a, LiOtBu and THF
under the electrochemical conditions showed a small radical
signal, which might be attributed to a thiol radical.”* Second,
the cupraelectrocatalysis occurred efficiently in the dark. Third,
detailed cyclovoltammetric analysis of the thiol and iodide
mediator (Scheme 4b and ESIf)* revealed an irreversible
oxidation of the thiol anion at E, = —0.62 V vs. Ag/Ag" and two
oxidation events for the iodide, including an irreversible
oxidation at E, = 0.12 V vs. Ag/Ag" and a reversible oxidation at

=—TMS (4 equiv)
PdCl,(PPh3), (5 mol %)

@EQ

Cul (10 mol %)
NHiPr, (2 equiv)
PhMe, 100 °C, Ny, 24 h

5
p\
™S

5a: 52%

i GO\
Ph N
5b: 83% O

Carbazole (2 equiv)
Pd(OAc), (5 mol %)
PtBus (15 mol %)
K,CO3 (3 equiv)
PhMe, 120 °C, 12 h

&L,

CCDC 2063919
5b

Scheme 3 Late-stage diversification.
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a) Control experiments
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WE potential vs. Ag/Ag"

Scheme 4 Control experiments and cyclic voltammograms.

E, = 0.44 V vs. Ag/Ag®, which is in good agreement with the
literature reported iodide oxidation potentials,"*? and is
suggestive of the preferential oxidation of the iodide as a redox
mediator. In this context, the use of n-Bu,NI as a redox mediator
to achieve copper-catalyzed electrochemical arene C-H amina-
tions had been documented.'® Furthermore, we calculated the
redox potential of complex C by means of DFT calculations at
the PW6B95-D4/def2-TZVP + SMD(MeCN)//TPSS-D3B]/def2-SVP
level of theory.** These studies revealed a calculated oxidation
half-wave potential for complex C is E95* = —0.08 V vs. SCE.
Hence, iodide is a competent redox mediator to achieve the
transformation from complex C to complex D. Analysis of non-
covalent interactions® in complex C (Fig. 2) show the presence

v v

.. 4
SN, \ ‘U"\;‘y ;
R

&
Cu(2-PhPy)OAC
c 2-PhPy D SAr

Fig. 2 Non-covalent interaction plots for the complexes C and D.
Strong attractive interactions are shown in blue, weak attractive
interactions are given in green, while red corresponds to repulsive
interactions. Ar = 4-MeOCgH4.
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Scheme 5 Proposed reaction mechanism.

ArSH
LiOtBu

of a weak stabilization interaction between the chalcogen's
anisole group and the 2-phenylpyridine. In contrast, in complex
D these interactions were found more relevant between the o-
carborane phenyl group and the chalcogen aromatic motif.

On the basis of the aforementioned findings,'® a plausible
reaction mechanism is proposed in Scheme 5, which
commences with an anodic single electron-transfer (SET) oxida-
tion of the thiol anion E to form the sulfur-centered radical F.
Subsequently, the copper(r) species A reacts with the sulfur
radical F to deliver copper(i1) complex B, which next reacts with o-
carborane 1 in the presence of LiOtBu to generate a copper(u)-o-
carborane complex C. Thereafter, the complex C is oxidized by
the anodically generated redox mediator I, to furnish the cop-
per(m) species D,** which subsequently undergoes reductive
elimination, affording the final product and regenerating the
catalytically active complex A. Alternatively, the direct oxidation
of copper(u) complex C by electricity to generate copper(u)
species D can not be excluded at this stage.***?

In conclusion, a sustainable electrocatalytic C-H chalcoge-
nation of o-carboranes with thiols and selenols was realized at
room temperature by earth abundant copper catalysis. The C-H
activation was characterized by mild reaction conditions and
high functional group tolerance, leading to the facile assembly of
various o-carboranes. Thereby, a transformative platform for the
design of cage C-S and C-Se o-carboranes was established that
avoids chemical oxidants by environmentally-sound electricity in
the absence of directing groups. A plausible mechanism of paired
electrolysis was established by detailed mechanistic studies.
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