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Abstract: We disclose the unprecedented hybrid-ruthenium catalysis
for distal meta-C—H activation. The hybrid-ruthenium catalyst was
recyclable, as was proven by various heterogeneity tests, and fully
characterized with various microscopic and spectroscopic techniques,
highlighting the physical and chemical stability. Thereby, the hybrid-
ruthenium catalysis proved broadly applicable for meta-C—H
alkylations of among others purine-based nucleosides and natural
product conjugates. Additionally, its versatility was further reflected by
meta-C—H activations through visible-light irradiation, as well as para-
selective C—H activations.

Introduction

Methods for achieving position-selective functionalizations of
specific C—-H bonds have surfaced as transformative tools for
molecular science.['l Thus, a plethora of ortho-selective arene C—
H functionalizations has been accomplished by proximity-induced
C-H activation through chelation assistance.? In sharp contrast,
distal C-H functionalizations continue to be challenging with
considerable momentum gained by steric control,®! template
assistance, weak hydrogen bonding,® or transient mediatort®
(Figure 1al-IV). Recently, Greaney,”! Frost,!®! and Ackermannl®
among others!'% developed site-selective homogeneous C-H
functionalization via ruthenium-catalyzed o-activation, allowing
meta- and para-functionalization to the metal center (Figure
1aV).""l In spite of recent notable progress, the realm of C—H
functionalizations was thus far considerably limited to
homogeneous catalysis. This approach impedes challenging
catalyst separation and reuse, directly translating into trace metal
impurities in the target molecules. While classical heterogeneous
catalysts — a metal catalyst dispersed on a solid surface — have
been previously reported for C—H functionalizations,['? hybrid
catalysts,[3 namely a homogeneous catalyst immobilized with an
organic linker on a solid support, add unique properties to the
design of the reusable catalysts.' Thereby, numerous
heterogenized homogeneous catalysts, namely hybrid catalysts,

have been devised particularly by Jones!'™ and Sawamural'®!
among others.l' In sharp contrast to this advance in hybrid
catalysis, recyclable polymer-based!'®! hybrid-ruthenium catalyst
for remote C—H alkylations via o-activation has as of yet
unfortunately proven elusive.
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Figure 1. Towards heterogeneous distal C—H functionalization
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Within our program on sustainable C—H activation,['® we have
now unravelled an unprecedented recyclable hybrid-ruthenium
catalyst for remote C-H alkylations in a biomass-derived
solvent,?° on which we report herein (Figure 1b). Salient features
of our strategy include a) the first hybrid-ruthenium catalysis for
distal C—H alkylations, b) robust hybrid-ruthenium catalyst for
meta-C—H functionalization, c¢) full characterizations of the
recyclable hybrid-ruthenium catalyst for remote C—H alkylation, d)
expedient position-selective C—H alkylations with ample scope,
ranging from purine-based nucleosides to natural product
conjugates with the aid of typical heterocyclic groups and
alkylating reagents in an eco-friendly solvent, and e) experimental
and computational mechanistic insights.

Results and Discussion

We initiated our studies by probing various reaction conditions for
the envisioned recyclable ruthenium-catalyzed meta-C-H
alkylation of arene 1a (Table 1).2"! The amount of ruthenium in
the hybrid-ruthenium catalysts were determined by detailed
inductive coupled plasma-optical emission spectrometry (ICP-
OES) analysis.?"

Table 1. Establishing meta-C—H functionalization by hybrid-ruthenium catalyst.

S N S
‘ Hybrid-Ru 1 (10 mol %) \
=N )B: KOAG (2 equiv) 2N
H T M COEt T pmeTHR (2mL), 60°C, 24 h H
" CO,Et
Me
1a 2a 3aa
Hybrid-Ru | Hybrid-Ru Il
Pr—<C>—Me
cl ;Ru\ cl ’Ru\
cl R cl R
x4 )Q Paa®
Hybrid-support RuCI,PPhs(p-cymene)
iPr—<C—Me Ru@SIO,
(Ph)f‘@—O Cl\féu\ 2
Cl PPhy
Yield [%]®
Entry  Deviation from above
1trun - 29 run

1 none 66 64
2 RuCl2PPhs(p-cymene) instead of Hybrid-Ru | 81 0
3 Hybrid-Ru Il instead of Hybrid-Ru | 70 69
4 Without Hybrid-Ru | 0 -
5 Only Hybrid-support 0 -
6 1,4-dioxane instead of 2-MeTHF 63 -
7 PhCMes instead of 2-MeTHF 45 -
8 80 °C instead of 60 °C 61 -
9 Ru@SiO2 instead of Hybrid-Ru | 0 -

[a] Reaction conditions: 1a (0.25 mmol), 2a (0.75 mmol), catalyst (10 mol %),
KOACc (2 equiv), 2-MeTHF (2.0 mL), 60 °C, 24 h, isolated yield. [b] See the
reference 22. "--" indicates that the reaction is not performed.
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After considerable experimentations, we were delighted to obtain
the meta-alkylated product 3aa with KOAc as the base in
biomass-derived 2-MeTHF at 60 °C, and observe the reusability
of hybrid-ruthenium catalysts (entries 1 and 2). Fine-tuning the
hybrid-ruthenium catalyst by changing the arene ligands
highlighted the pivotal role of the designable hybrid catalysts,
giving a higher yield and improved reusability (entry 3). Control
experiments confirmed the essential role of the recyclable hybrid-
ruthenium catalyst, suggesting a simple electrophilic aromatic
substitution less likely to be operative (entries 4-5). Furthermore,
conventional solvents for meta-C—H alkylation proved to be less
effective, while an elevated reaction temperature gave
unsatisfactory results (entries 6-8). Having shown slightly higher
reactivity and recyclability than the Hybrid-Ru I, Hybrid-Ru Il was
chosen as a better candidate for distal C—H functionalizations and
further characterizations to elucidate its mode of action. Notably,
one heterogeneous catalyst was reported for meta-C—H
bromination.?? However, the previously employed catalyst fell
short in delivering the desired meta-alkylated product (entry 9).2"]
To obtain detailed understanding of the hybrid-ruthenium-catalyst,
we became intrigued to further probe its reusable nature (Scheme
1).21 We were hence delighted to observe that the hybrid-
ruthenium featured excellent reusability, enabling practical
access to meta-C—H alkylated arenes (Scheme 1a). Practitioners
in pharmaceutical, agrochemical and chemical industries
performing large scale reactions or flow applications in
homogeneous catalysis are mainly concerned with the removal of
metal impurities, which are detrimental to synthetic and economic
efficiency, while well-designed heterogeneous catalysts help to
avoid additional process by a simple separation. It is noteworthy
that less than 8 ppm of ruthenium was detected by detailed ICP-
OES studies of the reaction mixture, reflecting negligible leaching
of the transition metal. The sustainable feature of the hybrid-
ruthenium catalysis was also mirrored by a gram-scale reaction,
maintaining high efficiency along with position-selectivity and
reusability of hybrid-ruthenium catalyst (Scheme 1b).

a) Reuse test of hybrid-ruthenium catalysis and ICP-OES analysis of trace metal impurities
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b) Recyclability test with gram-scale reaction
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Scheme 1. Recyclability and reusability of hybrid-ruthenium catalyst
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As the reusability and recyclability of the hybrid-ruthenium
catalyst were demonstrated, we became attracted to further
delineating its heterogeneous nature (Scheme 2). A hot-filtration
test demonstrated that the physical removal of the hybrid-
ruthenium catalyst completely inhibited the hybrid catalysis for
meta-C—H alkylations (Scheme 2a). In addition, we performed a
poisoning test with SMOPEX®-105, of which the role was clearly
shown to inhibit the homogeneous ruthenium catalysis. In
contrast, the hybrid catalysis occurred in the presence of the
metal scavenger (Scheme 2b). Furthermore, a three-phase test
clearly illustrated the heterogeneous mode of the hybrid-
ruthenium catalyst, rendering homogeneous catalysis unlikely to
be operative (Scheme 2c).

a) Hot-filtration test

Z-N a =N
Hybrid-Ru Il (10 mol %)
H H
KOAc, 2-MeTHF, 60 °C
CO,Et
H
Me
1a 3aa
Yield (%) | 20 | 40 | 24n
Standard reaction | 32 48 70
Hot filtration after 2h | 32 33 33
Hot filtration after 4h 48 50
b) Poison test
& 2 \
N RuClI,PPhg(p-cymene) (10 mol %) N
SMOPEX® -105 (70 mg)
H H
KOAc, 2-MeTHF, 60 °C
CO,Et
H
Me
1a 3aa: <5%
& 2 \
N Hybrid-Ru Il (10 mol %) _N
SMOPEX® -105 (70 mg)
H H
KOAc, 2-MeTHF, 60 °C
CO,Et
H
Me
1a 3aa: 49%

c) Three-phase test
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Scheme 2. Heterogeneity tests.

Given the unique features of recyclable and reusable hybrid-
ruthenium catalyst, we sought to determine its chemical and
physical properties. It is noteworthy that the hybrid-ruthenium
catalyst has not been yet characterized by any means of
spectroscopic or microscopic tools, whereas a metathesis
reactivity was reported.?¥ To shed light on the characteristic
features, we firstly conducted detailed solid-state NMR
spectroscopic studies of the Hybrid-support, RuCl.PPhs(p-
cymene), Hybrid-Ru Il and reused Hybrid-Ru Il (Figure 2a and
2b).2" Interestingly, °C and 3'P-NMR spectra showed similar
chemical shifts among RuCl>PPhs(p-cymene), the Hybrid-Ru I,
and the reused Hybrid-Ru Il, providing a strong evidence that
coordination of the ruthenium by phosphorus remained stable
during the course of the hybrid-ruthenium catalysis. X-ray
photoelectron spectroscopy (XPS) was also employed to
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determine the oxidation state of ruthenium from hybrid-ruthenium
catalyst and the reused one (Figure 2c). The peak of Ru 3d5/2 at
281.1 eV from the surface of both catalysts corresponds to
ruthenium(ll) species.?* Furthermore, the powder X-ray powder
diffraction (PXRD) patterns of the Hybrid-Ru Il identified two very
wide peaks around 10° and 20° showing the amorphous support,
whereas the formation of crystalline ruthenium compounds such
as ruthenium oxide was not detected (Figure 2d).?"! The PXRD
patterns from the reused Hybrid-Ru Il confirmed crystalline KBr
(JCPDS 730381) as an insoluble byproduct in 2-MeTHF while the
residue was proven to be innocuous to the reusability of the
hybrid-ruthenium catalyst.

b) 31p spectra

a) 3¢ spectra with H-C cross polarization

C1s

E 03 Ru 3d5/2

290 288 286 284 282 280 278
Binding Energy (eV)
d) Powder X-ray powder diffraction studies

| I

10 20 30 40 50 60 70

Intensity (a.u.)

oo Colorlegend ----------o oo oo oo oo o e e

Hybrid-support

Hybrid-Ru Il

RuCly(PPh3)(p-cymene) e reused Hybrid-Ru |1

Figure 2. Characterizations of the hybrid-ruthenium catalysts.

Additionally, we performed detailed microscopic studies including
scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and transmission electron microscopy energy-
dispersive X-ray spectroscopy (TEM-EDX) studies of the Hybrid-
Ru Il and the reused one (Figure 3).2'1 SEM analysis of the
Hybrid-Ru Il revealed non-aggregated spheres up to 100 um in
diameter with relatively smooth surface (Figure 3a). The reused
Hybrid-Ru Il in SEM studies showed innocent KBr on the surface
previously detected by PXRD. TEM analysis of the Hybrid-Ru Il
and the reused Hybrid-Ru Il revealed that both hybrid catalysts
have homogeneous non-porous amorphous morphology (Figure
3b). This reflected the durability of hybrid catalyst, enabling
outstanding reuses in meta-C—H functionalization. TEM-EDX
mapping studies also confirmed the excellent stability of
coordination between phosphourus (yellow) and ruthenium (red)
with homogeneous dispersion (Figure 3c).
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a) Scanning electron microscopy analysis

1) Hybrid-Ru I

b) Transmission electron microscopy analysis

1) Hybrid-Ru Il

2) Reused Hybrid-Ru Il

c) Transmission electron mit py energy-dispersive X-ray spectroscopy analysis

1) Hybrid-Ru Il

2) Reused Hybrid-Ru Il

Figure 3. Detailed microscopic analysis of the hybrid-ruthenium catalysts.

The thus established reactivity and recyclability together with full
characterization of hybrid-ruthenium catalyst allowed us to
explore its unique catalytic performance. We commenced the
exploration by hybrid-ruthenium-catalyzed meta-C—H
functionalization with a set of representative arenes (Scheme 3).
The robust heterogeneous meta-C—H alkylations were not limited
to pyridinyl arenes, but arenes having pyrimidine, oxazoline,
pyrazole, and purine groups were also found to be viable. Also,
differently substituted arenes 1 bearing electron-deficient and
electron-rich  functional groups were position-selectively
transformed to the desired meta-functionalized products 3. Distal
meta-C—H alkylation by the Hybrid-Ru Il tolerated various alkyl
bromides 2, including valuable functional groups, featuring
halides, ethers, esters, and amides, while natural product
derivatives were converted without racemization.

10.1002/chem.202003622
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R =0OMe (3ca): 88%
R = Cl (3da): 54%
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H H
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R =H (3na): 92%
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* The yield in a parenthesis was obtained with Hybrid-Ru 1.
** The yield in a parenthesis was obtained in the gram-scale reaction.

Scheme 3. Robustness of meta-C-H

functionalization.

hybrid-ruthenium catalysis for

Hence, the Hybrid-Ru | was identified as a powerful hybrid-
ruthenium catalyst for meta-C—H alkylations, showing comparable
reactivities (3aa, 3ag, 3ga, 3ia, 3ma, and 3pa). It is noteworthy
that the robust nature of the hybrid-ruthenium catalysis was
mirrored by the gram-scale meta-C—H functionalization of purine
(3sa). In contrast, alternative attempted alkylating reagents led
thus far to less satisfactory results.?"l

As photocatalysis enables valuable chemical transformations,?!
visible-light-induced homogeneous ruthenium-catalyzed C-H
functionalization was realized,”® but yet explored with
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heterogeneous ruthenium catalyst. Interestingly, experiments
with hybrid-ruthenium catalyst provided meta-C-H alkylated
products at room temperature in a reusable manner (Scheme 4a).
While accessing para-selective C-H functionalization was
typically achieved by the substrate’s inherent substitution
patterni?’l or template-based directing groups,?® homogeneous
ruthenium catalysts enabled distal functionalization of arenes.”®
%l Delightfully, hybrid-ruthenium catalyst also efficiently
accomplished para-C-H alkylation under slightly modified
reaction condition (Scheme 4b). Indeed, the robust and versatile
hybrid-ruthenium-catalyst allowed for distal C—H transformation
with excellent level of site-selectivity, exclusively leading to
functionalization at the meta or para position in both thermal and
mild light-induced conditions. Importantly, the versatile hybrid-
ruthenium catalysis set the stage for novel position-selectivity as
compared to the homogeneoust! ruthenium catalysis.?']

a) Visible-light-induced hybrid-ruthenium-catalyzed meta-C—H alkylation

10.1002/chem.202003622

a) Competition experiment
O N o) o)
Z Hybrid-Ru Il (10 mol %) N N
H 2a (3 equiv) H . H
0
" KOAc, 2-MeTHF, 60 °C, 24 h, N, COLE COLE
OMe/F OMe Me F  Me
1ilj 3ia: 33 % 3ja: 19%

b) H/D exchange study

[\ 69%D [\ 69%D 72%D /[ \ 49%D
ON Hybrid-Ru Il (10 mol %) \ ON J \ ON /
2a (3 equiv)
H H H . H H
KOAc, 2-MeTHF, CD30D (10 equiv), N, CO,Et
H 60°C, 24 h
OMe OMe OMe Me
1 [D,]-1i: 23 % [D,]-3ia: 71%
c¢) KIE studies
N U\
N Hybridz-R(usu (10 ;nol %) N’
a (3 equiv,
HA | HoA |
S KOAc, 2-MeTHF, 60 °C, 24 h, N, e COLE
He/Ds 1 Hs/Ds

1m and [Ds]-1m 3ma and [D,]-3ma: 49%

® )

N 2N {/ \
Hybrid-Ru I (10 mol %) =

H i H N

2a (3.0 equiv) H
=
H KOAg, H,0, 2-MeTHF, RT, 24 h, N, COEt \@
Me - H

Hybrid-Ru II (10 mol %)
2a (3 equiv)

KOAc, 2-MeTHF, 60 °C, N,

Hs/Ds

H = ‘
S CO,Et
Hs/Ds
Me

Blue LEDs
1a ‘ S od Saa
R First run: 57%
Second run: 51%
OMe OMe Me
H
CO,Et
H H
Hybrid-Ru Il (10 mol %)
N N\> 2a (3.0 equiv) N N\>
| {
kN/ N KOAc, H,0, 2-MeTHF, RT, 24 h, N, kN/ N
iPr Blue LEDs 3 iPr
’ a
P 249 First run: 65%

Second run: 54%

Ny O N O
Hybrid-Ru Il (10 mol %)
H 2a (3.0 equiv) H
H KOAg, H,0, 2-MeTHF, RT, 24 h, N, CO,Et
OMe Blue LEDs OMe M
1i 99 3ia

First run: 62%
Second run: 48%

b) Hybrid-ruthenium-catalyzed para-C—H alkylation

J\‘:’\‘TCI )N:TCI

HN Hybrid-Ru 1l (10 mol %) HN™ N
H 2g (3.0 equiv) H
NaOAc, DCE, 120 °C, 48 h, N,
H H
H Me
*d COEt
4a Sag

First run: 62%
Second run: 39%

Scheme 4. Versatility of hybrid-ruthenium catalysis.

Furthermore, we performed mechanistic studies to elucidate the
hybrid-ruthenium catalyst's mode of action (Scheme 5).2"
Notably, we made mechanistic observations comparable to those
of our homogeneous catalysis,®'l reflecting that hybrid catalysis is
characterized by predictable reactivity and selectivity that are in
accordance with the homogeneous realm.

KIE by independent experiments
kifkp = 1.2

1m or [D5]-1m { 3ma or [D,]-3ma

d) Reaction inhibition by radical scavangers

OMe OMe Me
H
CO,Et Me>O<Me
Hybrid-Ru I (10 mol %) Me™ "N” Me
H 2a (3 equiv) H O.__CO,Et
N7 N NN \(
k > KOAc, Radical scavenger (1 equiv), N, m N Me
N ~
NN 2MeTHF, 60°C, 24 h NN Detected by HRMS
iPr iPr
10 | Yield of 3pa (%)
TEMPO 0 momoemmemoemoennd
Galvinoxyl free radical 0
1,1-Diphenylethylene 54

e) Reaction rates of the catalysis with Hybrid-Ru Il and reused Hybrid-Ru Il

X 2a X
‘ cat. Hybrid-Ru Il ‘
=N or 2N
cat. reused Hybrid-Ru Il
H H
KOAc, 2-MeTHF, 60 °C, 24 h
CO,Et
H
Me
1a 3aa
70
.
60 . .
50
.
.
R0
o
£30 . o1 R 151308
. stRun Reaction rate (k;) = 1.7139 molLs10°

©3rd Run Reaction rate (k) =1.5226 molL'’s10°

5thRun Reaction rate (ks) = 14466 molL’s'10°

400 600 800 1000 1200 1400
Time (Min)

Scheme 5. Experimental key mechanistic findings.

To this end, an intermolecular competition experiments revealed
that the electron-rich arene 1i was preferentially reacted (Scheme
5a). meta-C—H activations in the presence of isotopically labelled
CDsOD provided strong support for facile and reversible C-H
activation solely at the ortho position (Scheme 5b), while kinetic
experiments indicated a secondary isotope effect, being
suggestive of C—H cleavages at the ortho and meta position are
not kinetically relevant (Scheme 5c). Furthermore, we examined
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a SET-type regime by the use of the typical radical scavengers
TEMPO, Galvinoxyl free radical, and 1,1-diphenylethylene,
resulting in a significant inhibition of meta-C—H alkylation
catalyzed by the Hybrid-Ru I (Scheme 5d). Kinetic studies
demonstrated similar initial rates of the hybrid catalyst Hybrid-Ru
Il upon reuse, albeit featuring an extended induction period
(Scheme 5e). Additionally, free p-cymene was observed by 'H
NMR spectroscopy and gas chromatographic study.2"
Additionally, the positional selectivity of the hybrid-ruthenium-
catalyzed meta-C-H functionalization was further probed by
means of radical Fukui indices!® for the ruthenacycle complexes
B' and B2 at the PBEO0-D3(BJ)/def2-TZVP,SDDAII(Ru)+SMD
(THF)//TPSS-D3(BJ)/def2-SVP,SDDAII(Ru) level of theory and
with  PPh; (Scheme 6a).21 While the intermediate A',
ruthenium(ll) complex B', and 1a did not show site-selectivity, we
could observe that ruthenium(lll) complex B2 only showed a
significant meta-selectivity, providing support for a SET oxidation
process on the ruthenium(ll) center for meta-selectivity through o-
activation by ortho-C—H metalation.

a) Relative radial Fukui indices analysis

PPh;

3 g
| Oy Me £ 06 2 o
< neRI= E 2 o5
o6 .\:5 Z £
s s ES g o4
Intermediate B' g S
: 02 z 02
€ o1 2 o1
0 0
a s a o o
b) Orbital analysis for the singlet and triplet states of intermediate C
1) Singlet
N 14 1
CO,E PPhy o W “ .I“\ N |
Me | O=Me T P - e 4
== Rum v o e
; SRi=g AC L0, Ay A Sed
= o ) i, > pd
Br 4‘5, & B! LT .
= ™ [ y
Intermediate C* > 5 j A o ;
. o “ A > D) 4 b 4
(0.0 keal mol"') \, SN P *: " "
double occupied metal orbital vacantligand orbital
2) Triplet N
" CO,Et Tpga y - s 0 ¥ \/‘\
o e
TR - *'_f’ N ’
H =N l. ¥ . » _4, aa’ ¢
. Py -
Py % 7
t P
Intermediate C' ¢ ‘,_.)‘ ~3 4, /(‘ 3 ;
(19.2 keal mol') ’? 2 = 2

single occupied metal orbital single occupied ligand orbital

Scheme 6. Computational mechanistic studies.

Furthermore, we carried out detailed orbital analysis for the singlet
and the triplet state of complex (C® and C!) at the same level of
theory (Scheme 6b).2" The triplet state C! bears single occupied
ligand and metal orbitals whereas the singlet state C® has a
double occupied metal orbital and a vacant ligand orbital, showing
a clear evidence of stabilization of the singlet state by the charge
transfer from the ligand to the metal.l°

On the basis of our detailed experimental and computational
mechanistic studies along with the spectroscopic and microscopic
characterization of the hybrid-ruthenium catalyst, a plausible
catalytic cycle for the heterogeneous meta-C—H alkylation was
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proposed (Scheme 7). The mechanistic rationale commences by
a carboxylate-assisted C-H ruthenation.®? Subsequently,
ruthenium(lll) intermediate is generated via single electron
transfer from the ruthenium(ll) complex B to the alkyl halide 2.
The alkyl radical attacks aromatic moiety at the position para to
ruthenium, rendering intermediate C. Thereafter,
protodemetallation followed by aromatization delivers the desired
meta-alkylated product 3 and regenerates the catalytically active
ruthenium(ll) complex A as confirmed by various characterization
of reused hybrid-ruthenium catalyst.
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Scheme 7. Proposed catalytic cycle.

Conclusion

In summary, we have reported on a recyclable catalyst for remote
C—-H functionalizations within a hybrid-ruthenium catalysis
manifold. Full characterizations by microscopic and spectroscopic
analysis illustrated the outstanding physical and chemical stability
of the hybrid-ruthenium catalysts for position selective C-H
functionalization. The modular hybrid-ruthenium catalyst featured
remarkable robustness towards meta-C—H alkylation in a
reusable manner without significant loss of catalytic efficacy. Its
versatility was further mirrored by meta-C—H alkylations under
photo-induced conditions and selective para-C—H alkylations.
Detailed experimental and computational mechanistic studies
provided strong support for high position-selectivity enabled by a
reusable hybrid catalyst.

Acknowledgements

The research leading to these results has received funding from
the NMBP-01-2016 Program of the European Union’s Horizon
2020 Framework Program H2020/2014-2020/ under grant

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

agreement no [720996].

Generous supports by the DFG

(Gottfried-Wilhelm-Leibniz-Preis to LA and SPP1807) and the

Kwanjeong Educational

Foundation (fellowship to IC) are

gratefully acknowledged. We thank Johnson Matthey for
providing SMOPEX®-105. We also thank Judit Dunkine-Nagy and
Irina Ottenbacher for support with the ICP analysis.

Keywords: heterogeneous catalysis « C—H activation « alkylation
» meta-selectivity » photocatalysis

(1

(2

(3]

4

5]

(6]

a) P. Gandeepan, T. Mdiller, D. Zell, G. Cera, S. Warratz, L. Ackermann,
Chem. Rev. 2019, 119, 2192-2452; b) C. Sambiagio, D. Schénbauer, R.
Blieck, T. Dao-Huy, G. Pototschnig, P. Schaaf, T. Wiesinger, M. F. Zia,
J. Wencel-Delord, T. Besset, B. U. W. Maes, M. Schniirch, Chem. Soc.
Rev. 2018, 47,6603-6743; c) P. Gandeepan, L. Ackermann, Chem 2018,
4, 199-222; d) J. C. K. Chu, T. Rovis, Angew. Chem. Int. Ed. 2018, 57,
62-101;e) Y. Park, Y. Kim, S. Chang, Chem. Rev. 2017, 117,9247-9301;
f) J. He, M. Wasa, K. S. L. Chan, Q. Shao, J.-Q. Yu, Chem. Rev. 2017,
117, 8754-8786; g) J. F. Hartwig, M. A. Larsen, ACS Cent. Sci. 2016, 2,
281-292; h) B. Ye, N. Cramer, Acc. Chem. Res. 2015, 48, 1308-1318; i)
O. Daugulis, J. Roane, L. D. Tran, Acc. Chem. Res. 2015, 48, 1053-
1064; j) S. R. Neufeldt, M. S. Sanford, Acc. Chem. Res. 2012, 45, 936-
946; k) T. Satoh, M. Miura, Chem. Eur. J. 2010, 16, 11212-11222; |) H.
M. L. Davies, J. R. Manning, Nature 2008, 451, 417-424.

a) S. M. Khake, N. Chatani, Trends Chem. 2019, 1, 524-539; b) K. Gao,
N. Yoshikai, Acc. Chem. Res. 2014, 47, 1208-1219; c) K. M. Engle, T.-
S. Mei, M. Wasa, J.-Q. Yu, Acc. Chem. Res. 2012, 45, 788-802; d) D. A.
Colby, A. S. Tsai, R. G. Bergman, J. A. Ellman, Acc. Chem. Res. 2012,
45, 814-825; €) Y. Nakao, Chem. Rec. 2011, 11,242-251;f) T. W. Lyons,
M. S. Sanford, Chem. Rev. 2010, 110, 1147-1169; g) L. Ackermann, Top.
Organomet. Chem. 2007, 24, 35-60.

a) P. Wang, P. Verma, G. Xia, J. Shi, J. X. Qiao, S. Tao, P. T. W. Cheng,
M. A. Poss, M. E. Farmer, K.-S. Yeung, J.-Q. Yu, Nature 2017, 551, 489-
493; b) C. Cheng, J. F. Hartwig, Science 2014, 343, 853-857; c) R. J.
Phipps, M. J. Gaunt, Science 2009, 323, 1593-1597; d) J.-Y. Cho, M. K.
Tse, D. Holmes, R. E. Maleczka, M. R. Smith, Science 2002, 295, 305-
308.

a) S. Porey, X. Zhang, S. Bhowmick, V. Kumar Singh, S. Guin, R. S.
Paton, D. Maiti, J. Am. Chem. Soc. 2020, 142, 3762-3774; b) R.
Jayarajan, J. Das, S. Bag, R. Chowdhury, D. Maiti, Angew. Chem. Int.

Ed. 2018, 57, 7659-7663; c) G. Cheng, P. Wang, J.-Q. Yu, Angew. Chem.

Int. Ed. 2017, 56, 8183-8186; d) S. Bag, R. Jayarajan, U. Dutta, R.
Chowdhury, R. Mondal, D. Maiti, Angew. Chem. Int. Ed. 2017, 56, 12538-

12542; e) A. Maji, B. Bhaskararao, S. Singha, R. B. Sunoj, D. Maiti, Chem.

Sci. 2016, 7, 3147-3153; f) S. Li, L. Cai, H. Ji, L. Yang, G. Li, Nat.
Commun. 2016, 7, 10443; g) D. Leow, G. Li, T.-S. Mei, J.-Q. Yu, Nature
2012, 486, 518-522.

a) R. Bisht, M. E. Hoque, B. Chattopadhyay, Angew. Chem. Int. Ed. 2018,
57, 15762-15766; b) Z. Zhang, K. Tanaka, J.-Q. Yu, Nature 2017, 543,
538-542; c) A. J. Neel, M. J. Hilton, M. S. Sigman, F. D. Toste, Nature
2017, 543, 637-646; d) M. E. Hoque, R. Bisht, C. Haldar, B.
Chattopadhyay, J. Am. Chem. Soc. 2017, 139, 7745-7748; e) H. J. Davis,
R. J. Phipps, Chem. Sci. 2017, 8, 864-877; f) H. J. Davis, G. R. Genov,
R. J. Phipps, Angew. Chem. Int. Ed. 2017, 56, 13351-13355; g) H. J.
Davis, M. T. Mihai, R. J. Phipps, J. Am. Chem. Soc. 2016, 138, 12759-
12762; h) Y. Kuninobu, H. Ida, M. Nishi, M. Kanai, Nat. Chem. 2015, 7,
712-717.

a) K.-Y. Yoon, G. Dong, Angew. Chem. Int. Ed. 2018, 57, 8592-8596; b)
H. Shi, A. N. Herron, Y. Shao, Q. Shao, J.-Q. Yu, Nature 2018, 558, 581-
585; ¢) R. Li, G. Dong, Angew. Chem. Int. Ed. 2018, 57, 1697-1701; d)
M. E. Farmer, P. Wang, H. Shi, J.-Q. Yu, ACS Catal. 2018, 8, 7362-7367;
e) J. Ye, M. Lautens, Nat. Chem. 2015, 7, 863-870; f) X.-C. Wang, W.
Gong, L.-Z. Fang, R.-Y. Zhu, S. Li, K. M. Engle, J.-Q. Yu, Nature 2015,
519, 334-338; g) P.-X. Shen, X.-C. Wang, P. Wang, R.-Y. Zhu, J.-Q. Yu,
J. Am. Chem. Soc. 2015, 137, 11574-11577; h) Z. Dong, J. Wang, G.
Dong, J. Am. Chem. Soc. 2015, 137, 5887-5890.

[

8l

19

[10]

[11]

2]

(3]

[14]

[15]

[16]

7]

(8]

[19]

[20]

[21]
[22]

[23]

10.1002/chem.202003622

WILEY-VCH

C. J. Teskey, A. Y. W. Lui, M. F. Greaney, Angew. Chem. Int. Ed. 2015,
54,11677-11680.

a) C. G. Frost, A. J. Paterson, ACS Cent. Sci. 2015, 1, 418-419; b) O.
Saidi, J. Marafie, A. E. W. Ledger, P. M. Liu, M. F. Mahon, G. Kociok-
Kéhn, M. K. Whittlesey, C. G. Frost, J. Am. Chem. Soc. 2011, 133,
19298-19301.

a) K. Korvorapun, R. Kuniyil, L. Ackermann, ACS Catal. 2020, 10, 435-
440; b) K. Korvorapun, N. Kaplaneris, T. Rogge, S. Warratz, A. C. Stiickl,
L. Ackermann, ACS Catal. 2018, 8, 886-892; c) F. Fumagalli, S. Warratz,
S.-K. Zhang, T. Rogge, C. Zhu, A. C. Stiickl, L. Ackermann, Chem. Eur.
J. 2018, 24, 3984-3988; d) Z. Ruan, S.-K. Zhang, C. Zhu, P. N. Ruth, D.
Stalke, L. Ackermann, Angew. Chem. Int. Ed. 2017, 56, 2045-2049; e) J.
Li, K. Korvorapun, S. De Sarkar, T. Rogge, D. J. Burns, S. Warratz, L.
Ackermann, Nat. Commun. 2017, 8, 15430; f) J. Li, S. Warratz, D. Zell,
S. De Sarkar, E. E. Ishikawa, L. Ackermann, J. Am. Chem. Soc. 2015,
137, 13894-13901; g) N. Hofmann, L. Ackermann, J. Am. Chem. Soc.
2013, 135, 5877-5884; h) L. Ackermann, N. Hofmann, R. Vicente, Org.
Lett. 2011, 13, 1875-1877.

a) G. Li, C. Jia, X. Cai, L. Zhong, L. Zou, X. Cui, Chem. Commun. 2020,
56, 293-296; b) X.-G. Wang, Y. Li, H.-C. Liu, B.-S. Zhang, X.-Y. Gou, Q.
Wang, J.-W. Ma, Y.-M. Liang, J. Am. Chem. Soc. 2019, 141, 13914-
13922; c) Z.-Y. Li, L. Li, Q.-L. Li, K. Jing, H. Xu, G.-W. Wang, Chem. Eur.
J. 2017, 23, 3285-3290; d) G. Li, X. Lv, K. Guo, Y. Wang, S. Yang, L. Yu,
Y. Yu, J. Wang, Org. Chem. Front. 2017, 4, 1145-1148; e) B. Li, S.-L.
Fang, D.-Y. Huang, B.-F. Shi, Org. Lett. 2017, 19, 3950-3953; f) Z. Fan,
J. Li, H. Lu, D.-Y. Wang, C. Wang, M. Uchiyama, A. Zhang, Org. Lett.
2017, 19, 3199-3202.

a) J. A. Leitch, C. G. Frost, Chem. Soc. Rev. 2017, 46, 7145-7153; b) J.
Li, S. De Sarkar, L. Ackermann, Top. Organomet. Chem. 2016, 55, 217-
257.

S. Santoro, S. I. Kozhushkov, L. Ackermann, L. Vaccaro, Green Chem.
2016, 18, 3471-3493.

a) R. Ye, J. Zhao, B. B. Wickemeyer, F. D. Toste, G. A. Somorjai, Nat.
Catal. 2018, 1, 318-325; b) J. M. Notestein, A. Katz, Chem. Eur. J. 2006,
12, 3954-3965; c) A. P. Wight, M. E. Davis, Chem. Rev. 2002, 102, 3589-
3614.

a) T. A. Hatridge, W. Liu, C.-J. Yoo, H. M. L. Davies, C. W. Jones, Angew.
Chem. Int. Ed. 2002, DOI:10.1002/anie.202005381; b) C.-J. Yoo, D.
Rackl, W. Liu, C. B. Hoyt, B. Pimentel, R. P. Lively, H. M. L. Davies, C.
W. Jones, Angew. Chem. Int. Ed. 2018, 57, 10923-10927.

a) L.-C. Lee, J. He, J.-Q. Yu, C. W. Jones, ACS Catal. 2016, 6, 5245-
5250; b) K. M. Chepiga, Y. Feng, N. A. Brunelli, C. W. Jones, H. M. L.
Davies, Org. Lett. 2013, 15, 6136-6139.

a) T. lwai, T. Harada, K. Hara, M. Sawamura, Angew. Chem. Int. Ed.
2013, 52, 12322-12326; b) S. Kawamorita, H. Ohmiya, T. lwai, M.
Sawamura, Angew. Chem. Int. Ed. 2011, 50, 8363-8366.

I. Choi, V. Muller, G. Lole, R. Koéhler, V. Karius, W. Viél, C. JooB, L.
Ackermann, Chem. Eur. J. 2020, DOI: 10.1002/chem.202000192.

a) J. K. Stille, Reactive Polymers 1989, 10, 165-174; b) N. Madhavan, C.
W. Jones, M. Weck, Acc. Chem. Res. 2008, 41, 1153-1165; c) N. E.
Leadbeater, M. Marco, Chem. Rev. 2002, 102, 3217-3274; d) S.
Kobayashi, R. Akiyama, Chem. Commun. 2003, 449-460; e) Y. Chauvin,
D. Commereuc, F. Dawans, Prog. Polym. Sci. 1977, 5, 95-226.

a) L. Ackermann, Acc. Chem. Res. 2020, 53, 84-104; b) J. Loup, U.
Dhawa, F. Pesciaioli, J. Wencel-Delord, L. Ackermann, Angew. Chem.
Int. Ed. 2019, 58, 12803-12818; ¢) M. M. Lorion, K. Maindan, A. R. Kapdi,
L. Ackermann, Chem. Soc. Rev. 2017, 46, 7399-7420; d) M. Moselage,
J. Li, L. Ackermann, ACS Catal. 2016, 6, 498-525; e) W. Liu, L.
Ackermann, ACS Catal. 2016, 6, 3743-3752; f) G. Cera, L. Ackermann,
Top. Curr. Chem. 2016, 374, 57.

P. Gandeepan, N. Kaplaneris, S. Santoro, L. Vaccaro, L. Ackermann,
ACS Sustain. Chem. Eng. 2019, 7, 8023-8040.

For detailed information, see the Supplementary Information.

a) S. Warratz, D. J. Burns, C. Zhu, K. Korvorapun, T. Rogge, J. Scholz,
C. Jooss, D. Gelman, L. Ackermann, Angew. Chem. Int. Ed. 2017, 56,
1557-1560; b) S. Vasquez-Céspedes, M. Holtkamp, U. Karst, F. Glorius,
Synlett 2017, 28, 2759-2764.

N. E. Leadbeater, K. A. Scott, L. J. Scott, J. Org. Chem. 2000, 65, 3231-
3232.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202003622

WILEY-VCH

[24] a) R. Sun, A. Kann, H. Hartmann, A. Besmehn, P. J. C. Hausoul, R.
Palkovits, ChemSusChem 2019, 12, 3278-3285; b) A. B. Dongil, B.
Bachiller-Baeza, A. Guerrero-Ruiz, |. Rodriguez-Ramos, J. Catal. 2011,
282, 299-309; c¢) P. Brant, T. A. Stephenson, Inorg. Chem. 1987, 26, 22-
26.

[25] a) M. D. Kéarkas, J. A. Porco, C. R. J. Stephenson, Chem. Rev. 2016,
116,9683-9747; b) K. L. Skubi, T. R. Blum, T. P. Yoon, Chem. Rev. 2016,
116,10035-10074; c) L. Marzo, S. K. Pagire, O. Reiser, B. Kdnig, Angew.
Chem. Int. Ed. 2018, 57, 10034-10072.

[26] a) P. Gandeepan, J. Koeller, K. Korvorapun, J. Mohr, L. Ackermann,
Angew. Chem. Int. Ed. 2019, 58, 9820-9825; b) A. Sagadevan, M. F.
Greaney, Angew. Chem. Int. Ed. 2019, 58, 9826-9830.

[27] a) C.-L. Ciana, R. J. Phipps, J. R. Brandt, F.-M. Meyer, M. J. Gaunt,
Angew. Chem. Int. Ed. 2011, 50, 458-462; b) Y. Masato, M. Hideki, K.
Nobumasa, Chem. Lett. 1988, 17, 2017-2020.

[28] S. Bag, T. Patra, A. Modak, A. Deb, S. Maity, U. Dutta, A. Dey, R.
Kancherla, A. Maji, A. Hazra, M. Bera, D. Maiti, J. Am. Chem. Soc. 2015,
137,11888-11891.

[29] a) C. Yuan, L. Zhu, C. Chen, X. Chen, Y. Yang, Y. Lan, Y. Zhao, Nat.
Commun. 2018, 9, 1189; b) J. A. Leitch, C. L. McMullin, A. J. Paterson,
M. F. Mahon, Y. Bhonoah, C. G. Frost, Angew. Chem. Int. Ed. 2017, 56,
15131-15135.

[30] J. A. Leitch, C. L. McMullin, M. F. Mahon, Y. Bhonoah, C. G. Frost, ACS
Catal. 2017, 7, 2616-2623.

[31]  For previous mechanistic studies, see reference [9]

[32] L. Ackermann, Chem. Rev. 2011, 111, 1315-1345.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202003622

WILEY-VCH

Entry for the Table of Contents

)

meta-
functionalization

T

LR 'Spectrosc
p &
[ ) para-
" ~ -
" @
H
visible-light-induced
meta-

R
R —r? functionalization Q IE)
= R C 3 o \J&H

o’ r
s\
PI" P
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