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Abstract: The formation and regeneration of active Cu' species
is a fundamental mechanistic step in copper-catalyzed atom
transfer radical cyclizations (ATRC). Typically, the presence of
the catalytically active Cu' species in the reaction mixture is
secured by using high Cu' catalyst loadings or the addition of
complementary reducing agents. In this study it is demon-
strated how the piezoelectric properties of barium titanate
(BaTiO;3) can be harnessed by mechanical ball milling to
induce electrical polarization in the strained piezomaterial.
This strategy enables the conversion of mechanical energy into
electrical energy, leading to the reduction of a Cu" precatalyst
into the active Cu' species in copper-catalyzed mechanochem-
ical solvent-free ATRC reactions.

The ability of metal complexes to change their oxidation
states is fundamental in catalysis, and achieving a complete
control of this process is a long-sought-after goal of synthetic
organic chemists. Currently, one of the most effective
strategies to tune the redox properties of reactants in
a chemical reaction is by implementation of electrochemistry
through the direct application of an electrical potential in
electrochemical cells.!! However, other stimuli, such as light
or mechanical force, are also known to induce similar redox
changes in matter. For example, grinding of the mineral
cinnabar (HgS) with vinegar in a copper mortar has been
known since antiquity to reduce mercury(I) sulfide into
elemental mercury.”) Also, as early as 1893 Lea reported
a mechanical reduction of hexacyanoferrate (III) ions by
manual grinding that led to the mechanochemical formation
of Fe' and Fe species.”! In a more recent example, Yan
et al., demonstrated that high pressures applied on a copper(I)
m-carborane-9-thiolate complex induced a redox reaction
resulting in the formation of copper (0) concomitantly with
the generation of new sulfur—sulfur bonds.™

Historically, attempts to merge electric and mechanical
activation modes for chemical synthesis have been made, such
as the development of electric-assisted ball milling. This
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approach relies on the application of low-current, high-
voltage electrical impulses during ball milling to accelerate
chemical transformations and to afford products sometimes
inaccessible by standard ball milling techniques.’! Although
effective, electric-assisted ball mills require an external power
supply and additional connecting devices, rendering the ball
milling process complex. However, there is no doubt that the
combination of electrochemistry and mechanochemistry could
be highly synergistic and may lead to new frontiers in catalysis
research. On this basis, we became curious if mechanical forces
transduced by ball milling could be directly harnessed to
induce electrical polarization in piezoelectric materials.® If
achievable, the strained piezoelectric material would develop
domains in its structure that could resemble both electrodes
found in electrochemical cells thereby enabling chemical
reactions influenced by mechanical force and electric fields.
Until now, activation of piezoelectric materials for catalysis has
been predominantly limited to the use of acoustic cavitation by
ultrasonication in solution.”” Hence, we set to investigate
whether the intrinsic mechanical dynamics operating inside
a ball mill could be leveraged to induce piezoelectricity in
materials such as barium titanate (BaTiOs) (Figure 1a).”

To test this idea, we selected the copper-catalyzed atom
transfer radical cyclization (ATRC) reaction. In ATRCs,
copper(I) complexes promote the generation of radicals from
alkyl halides A through reversible redox processes (Fig-
ure 1b). The formed carbon-centered radicals B undergo
intramolecular cyclizations to afford products C through the
formation of new C—C bonds. Finally, the in situ generated
Cu" complex transfers back the halide atom to C providing
the corresponding ATRC products D. This last step promotes
the quantitative regeneration of the catalytic Cu' species
(Figure 1b).”! However, in ATRC reactions there is often an
accumulation of Cu" deactivator species due to radical-
radical couplings and disproportionation background reac-
tions.”! Moreover, oxidation of the Cu' catalyst by oxygen can
render inactive Cu'' species, which slow down the ATRC.['"
Based on these precedents, our rationale was that the lack of
catalytic activity by copper(I) complexes in ATRCs was
a desirable property to determine if the reduction of a Cu"
precatalyst into active Cu' species could be triggered by
strained piezoelectric materials during a mechanochemical
ATRC by ball milling (Figure 1c). If required, the electric
field obtained from the strained piezoelectric material could
also possibly prevent the build-up of copper(II) parasitic
species in the reaction mixture, thus maintaining the progress
of the reaction.

As a model system we selected monobromoacetamide 1a
as the alkyl halide, Cu(OTf), as the copper salt and solid
tris(2-pyridylmethyl)amine (TPMA) as the ligand for
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Figure 1. a) Mechanical activation of piezoelectric materials (for exam-
ple, BaTiOs) in a ball mill. b) Postulated mechanism of copper-
catalyzed ATRC reactions. c) Reduction of inactive Cu" complexes into
catalytically active Cu' species by piezoelectric materials under ball
milling conditions. d) PXRD patterns of piezoelectric BaTiO; samples.

a mechanochemical ATRC. Initial milling experiments of 1a
in a mixer mill in the absence or in the presence of either
copper(II) triflate (5.0 mol %) or TPMA (30 mol %) attested
its mechanical stability since 1a was recovered unchanged
after 90 min of milling at 25 Hz (for details, see the Support-
ing Information). However, when a mixture of alkyl halide
1a, Cu(OTY), (5.0 mol % ) and TPMA (30 mol % ) was ground
under the same reaction conditions full consumption of 1a
was detected by 'H NMR spectroscopy (Table 1, entry 1). At
first, this result was puzzling since the copper complex
[Cu"(TPMA)(OTT),] expected to form in situ was anticipated
to be inactive in the ATRC. However, a series of experiments
lowering the amount of TPMA demonstrated that the excess
of ligand had simultaneously acted as a reducing agent
rendering active Cu' species.'!l Therefore, to suppress the
background formation of 2a caused by the excess of TPMA,
a catalytic system composed of Cu(OTf), (5.0 mol%) and
TPMA (4.5mol%) was chosen (Table 1, entry4). Under
these reaction conditions only traces of 2a were observed,
which was the indispensable requirement to study the ability
of piezoelectric materials to trigger an ATRC.

Then, alkyl halide 1a, Cu(OTf), (5.0 mol %) and TPMA
(4.5 mol % ) were milled in the presence of tetragonal BaTiO;
nanoparticles of 200 nm and 500 nm in diameter (Table 2,
entries 1 and 2). The analysis of the milled mixture by
"H NMR spectroscopy revealed that in both cases the
presence of BaTiO; during the milling had clearly favored
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Table 1: Effect of the ligand loading on the copper-catalyzed mechano-
chemical ATRC reaction of 1a in a mixer mill.”!

Me B | E
iBfJ/ Cu(OTH), (5.0 mol%) Mej\_{ ro _N
_TRMA N
Ball m||||ng Bn ,
1a 2a ;
; TPMA
Entry TPMA [mol %] 1a:2a [%]"
1 30 1:99
2 15 1:99
3 10 42:58
4 4.5 98:2

[a] Reaction conditions: Ta (100 mg, 0.34 mmol), Cu(OTf), (6.1 mg,
0.017 mmol, 5.0 mol %) and ligand were charged inside a 10 mL ZrO,
milling jar using one ZrO, ball (10 mm in diameter), under argon
atmosphere. The mixture was milled at 25 Hz for 90 min. [b] Determined
by 'H NMR spectroscopy.

Table 2: Copper-catalyzed mechanochemical ATRC reaction of 1a in the
presence of piezoelectric and non-piezoelectric additives.”!

Me Cu(OTf), (5.0 mol%) Me
Me Br = o Me Br
i J/ TPMA (4.5 mol%) /j\—{
o N Additive o) ’T‘
Bn Ball milling Bn
1a 2a
Entry Additive Additive Number of balls (@)!? T1a:2a
[wt %][b] (%] I
1 tet-BaTiO; (200 nm) 40 1 (10 mm) 71:29
2 tet-BaTiO; (500 nm) 40 1 (10 mm) 68:32
3 tet-BaTiO; (500 nm) 40 8 (5 mm) 3:97
4 tet-BaTiO; (500 nm) 40 39 (3 mm) 60:40
5 tet-BaTiO; (500 nm) 40 39 (3 mm) 4:96'
6 tet-BaTiO; (500 nm) 20 8 (5 mm) 3:9711
7 tet-BaTiO; (500 nm) 10 8 (5 mm) 1:99
8 TiO, (anatase) 20 8 (5 mm) 94:6
9 Al,O; (gamma)®® 20 8 (5 mm) 95:5
10 SiTio, 20 8 (5 mm) 50:50
1 ZnO (18 nm) 40 8 (5 mm) 8:92
12 cub-BaTiO; (100 nm) 40 8 (5 mm) 3:.97

[a] Reaction conditions: Ta (100 mg, 0.34 mmol), Cu(OTf), (6.1 mg,
0.017 mmol, 5.0 mol %), TPMA (4.4 mg, 0.015 mmol, 4.5 mol %) and
the additive were charged inside a 10 mL ZrO, milling jar using ZrO, ball
bearing under argon atmosphere and milled at 25 Hz for 90 min. [b] The
weight percentage of the additive is calculated in relation to the overall
reaction mixture mass (substrate, copper salt, and ligand). [c] 1 x 10 mm
ZrO, ball=3.45 g; 39x3 mm ZrO, ball=3.40 g; x5 mm ZrO,
ball=3.33 g. [d] Determined by 'H NMR spectroscopy, each 1a:2a ratio
value corresponds to the average of four independent reactions.

[e] Milling experiment at 30 Hz. [f] Control experiments by quadruplicate
in the absence of tet-BaTiO;, copper salt, or TPMA using eight milling
balls did not promote the formation of 2a in comparable values (see the
Supporting Information). [g] Al,O; for chromatography, mainly gamma-
type aluminum oxide crystalline form according to the commercial
supplier (see the Supporting Information).

the formation of product 2a (Table 2, entries 1 and 2 vs.
Table 1, entry 4).1" Encouraged by these results, and recog-
nizing that the changes in electrical polarization of the
piezoelectric material would depend on both the number and
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the strength of the collisions experienced by BaTiO; in the
ball mill, the ATRC reaction was repeated using a larger
number of balls, while the original total mass of the ball
bearing was kept constant (Table 2, entries 3 and 4). These
experiments showed that not only the number but also the
strength of the collisions had an amplifying effect on the
performance of piezoelectric ter-BaTiO;. For example, the use
of eight milling balls of 5 mm in diameter significantly favored
the formation of product 2a (Table2, entries2 and 3).
However, a similar reaction using 39 milling balls of 3 mm
in diameter had only a modest improvement in the reaction
(Table 2, entries2 and 4). These results indicated that
securing a large number of impacts inside the milling
container was not enough prerequisite for the activation of
tet-BaTiO;. Only individual collisions capable of exerting
sufficient mechanical force would activate the piezoelectric
material by milling. This idea was corroborated after repeat-
ing the same experiment but at a higher milling frequency
(30 Hz vs. 25 Hz). Under these new milling conditions, the
formation of product 2a was greatly improved (Table 2,
entries 4 and 5), which is most likely due to the larger number
of colliding events of higher linear momentum achieved at
30 Hz. Additionally, ball milling with multiple balls (that is,
eight milling balls of 5 mm in diameter) enabled reducing the
amount of tet-BaTiO; from 40wt% to 10 wt% without
affecting the yield of the ATRC reaction in the mixer mill
(Table 2, entries 6 and 7). Attempts to carry out the ATRC
reaction in a planetary ball milll"® proved feasible as well,
although significantly lower amounts of product 2a were
obtained (Supporting Information, Tables S3 and S6).

At this point of the research we had demonstrated that the
presence of tet-BaTiO; was indispensable for the ball milling
ATRC reaction. As illustrated in Figure 1c, mechano-induced
electron transfer from the piezoelectric tet-BaTiO; is sug-
gested to generate catalytically active Cu' species from
[Cu"(TPMA)(OTTY),]. To maintain electron neutrality in the
system, tet-BaTiO; is expected to develop positive electron
holes (Figure 1c¢), which could have been stabilized by the
presence of the remaining counterion (not shown in Fig-
ure 1c¢). Moreover, even though TPMA was used as limiting
reagent in the in situ formation of [Cu"(TPMA)(OTY),], it is
plausible that TPMA could have served as the sacrificial
electron donor in this system (oxidation potential of TPMA =
+1.04 V vs. SCE)."" Since only traces of Cu' might have been
necessary to initiate the ATRC catalytic cycle.

Notably, control experiments done in quadruplicate using
non-piezoelectric solid additives such as TiO, and Al,O; only
afforded trace amounts of product 2a (Table 2, entries 8 and
9). Moreover, UV/Vis analysis of milled mixtures of Cu(OTf),
and TPMA in the presence of tet-BaTiO; or Al,O; revealed
spectral differences in the samples in terms of wavelength of
maximum absorption and absorbance, suggesting that Cu"
species underwent redox processes when piezoelectric tet-
BaTiO; was present in the milling experiment (Supporting
Information, Figure S2). Additionally, the use of SrTiO;,
a material that has been reported to exhibit ferroelectricity at
room temperature when strained, led to moderate reactivity
(Table 2, entry 10).1 On the other hand, when piezoelectric
zinc oxide was used as an additive,’*¥! the mechanochemical
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ATRC was significantly reactivated (Table?2, entry 11).
Similarly, cubic barium titanate nanoparticles proved active
to favor the ATRC by ball milling (Table 2, entries 12). At
first, this result was surprising because pristine cub-BaTiO; is
highly symmetric and it would develop a weaker macroscopic
polarization upon strain when compared to tet-BaTiO;.5%
However, cub-BaTiO; has also proven piezoelectric active in
mechanochemical atom transfer radical polymerizations by
ultrasonication in solution.” Moreover, while this work was
reviewed, Ito and co-workers reported the ability of cub-
BaTiO, to reduce aryl diazonium salts upon ball milling.!"
Importantly, the ability of piezoelectric materials to effec-
tively trigger reaction by mechanochemistry is expected to
depend not only on the polarizability of the material (that is,
their dielectric constants) or its crystal structure. Other
parameters such as the particle size of the piezomaterial
should also be considered, since mechano-induced electron
transfer events between piezoelectric materials and reactants
by ball milling are anticipated to occur at their interface.

Having identified the best milling conditions to use the
piezoelectric properties of fer-BaTiO; for mechanochemical
ATRC reactions, we selected a few additional representative
examples to further test this concept. Owing to the readily
availability of BaTiOs;, its recyclability after the reaction
(Figure 1d),l"! and the stochastic nature of the activation of
BaTiO; by ball milling, 20 wt % of fet-BaTiO; (500 nm) was
selected as the best loading. Subjecting N-Me-monobromoa-
cetamide 1b to the standard reaction conditions gave ATRC
product 2b in 73 % yield after 90 min of milling (Scheme 1).
The use of tertiary acetamides was found essential for the
success of the reaction, since substrates such as N-H free
acetamide 1a-NH failed at undergoing the ATRC reaction.
This may be the result of competition between free acetamide
and TPMA ligand for the copper metal center. On the other
hand, N-benzyl-N-(2-methylallyl) acetamide (1c¢) and N-
benzyl-N-(but-2-en-1-yl)acetamide (E:Z 83:17; 1d) reacted
smoothly to give cyclized products 2¢ and 2d in 71 % yield
and 85 % yield, respectively (Scheme 1).

In summary, we have demonstrated how mechanical
activation of piezoelectric materials by ball milling enables
precise control over the oxidation state of ligand-stabilized

& Cu(OTf), (5.0 mol%) Me g2
TPMA (4.5 mol%) Me Ro
Bf})L N /\/%Ra tet-BaTiO; (20 wi%)

Me 1 (0] N
1 2 25 Hz
L 90-180 min R
1 2

1a;R'=Bn,R2=R%=H
1b; R' =CH;, R2=R%=H

1¢; R' = Bn, R2=CH3, R3=H
1d; R' =Bn, R2=H, R® = CH,3

Me Me Me Me Me
o7y 07N 7N N
Bn Me Bn o
2a 2b 2c 2d
yield = 84% yield = 73% yield = 71% yield = 85%
(90 min) (90 min) (180 min) (180 min)
dr =64:36

Scheme 1. Mechanochemical ATRC examples using tet-BaTiO;. Yields
after column chromatography.
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metal complexes, and its application in mechanically induced
copper-catalyzed atom transfer radical cyclizations. Mechan-
ical stimulation of piezoelectric tetragonal BaTiO; nano-
particles was found to depend on both the number and the
strength of colliding events experienced by BaTiO; inside the
milling vessel. Systematic fine-tuning of the milling parame-
ters led to the identification of the best ATRC conditions to
convert monobromoacetamides 1a—d into the corresponding
lactams 2a-d in good yields. The results of this proof-of-
concept study demonstrate the feasibility to productively
merge electro- and mechanical activation modes in mecha-
nochemical reactions by ball milling, and will certainly guide
future studies on the use of piezoelectric materials not only as
additives!"® but also, as in the present work, in a catalytic
fashion.

Acknowledgements

C.B. and J.G.H. are grateful to RWTH Aachen University for
financial support through the Distinguished Professorship
Program funded by the Excellence Initiative of the German
Federal and State Governments. C.S. is grateful for a Kekulé
scholarship from Verband der Chemischen Industrie e.V. We
are also grateful to M. Miiller and C. Vermeeren (RWTH
Aachen University) for the access to PXRD and UV/Vis
facilities, respectively. We thank Dr. Krunoslav Uzarevi¢
(Ruder Boskovi¢ Institute) and Prof. Dr. Sonja Herres-Pawlis
(RWTH Aachen University) for helpful discussion.

Conflict of interest
The authors declare no conflict of interest.

Keywords: ATRC reaction - ball milling - BaTiO; -
mechanochemistry - piezoelectric materials

[1] For selected recent reviews, see: a) M. Yan, Y. Kawamata, P. S.
Baran, Chem. Rev. 2017, 117, 13230-13319; b) A. Wiebe, T.
Gieshoff, S. Mohle, E. Rodrigo, M. Zirbes, S. R. Waldvogel,

Angew. Chem. Int. Ed. 2018, 57, 5594-5619; Angew. Chem.

2018, 130, 5694-5721; c) M. D. Kirkis, Chem. Soc. Rev. 2018,

47, 5786-5865; d) N. Sauermann, T.H. Meyer, Y. Qiu, L.

Ackermann, ACS Catal. 2018, 8, 7086—7103; S. R. Waldvogel, S.

Lips, M. Selt, B. Riehl, C. J. Kampf, Chem. Rev. 2018, 118, 6706 —

6765.

E.R. Caley, J. F. C. Richards, Theophrastus on Stones, Ohio

State University, Ohio, 1956, pp. 58 and 204.

[3] a) M. C. Lea, Am. J. Sci. 1893, s3-46, 413 -420; for more recent
studies on ferricyanide ions under mechanical force, see: b) P. G.
Sim, E. Whalley, J. Phys. Chem. 1987, 91, 1877-1878; ¢) H. A.
Larsen, H. G. Drickamer, J. Phys. Chem. 1957, 61, 1249-1252;
for a recent mechanochemical application of ferricyanide ions in
organic synthesis, see: d) C. Bolm, R. Mocci, C. Schumacher, M.
Turberg, F. Puccetti, J. G. Hernandez, Angew. Chem. Int. Ed.
2018, 57, 2423 -2426; Angew. Chem. 2018, 130, 2447 —2450.

[4] H. Yan, F. Yang, D. Pan, Y. Lin, J. N. Hohman, D. Solis-Ibarra,
F. H. Li, J. E. P. Dahl, R. M. K. Carlson, B. A. Tkachenko, A. A.
Fokin, P. R. Schreiner, G. Galli, W. L. Mao, Z.-X. Shen, N. A.
Melosh, Nature 2018, 554, 505-510.

[2

—

Zuschriften

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
Ch

emie

[5] a) A. Calka, D. Wexler, Nature 2002, 419, 147-151; b) L.
Ouyang, Z. Cao, H. Wang, R. Hu, M. Zhu, J. Alloys Compd.
2017, 691, 422 -435.

[6] M. Wang, B. Wang, F. Huang, Z. Lin, Angew. Chem. Int. Ed.
2019, 58, 7526 -7536; Angew. Chem. 2019, 131, 7606 —-7616.

[7] For selected recent examples, see: a) K.-S. Hong, H. Xu, H.
Konishi, X. Li, J. Phys. Chem. Lett. 2010, 1, 997-1002; b) H.
Mohapatra, M. Kleiman, A. P. Esser-Kahn, Nat. Chem. 2017, 9,
135-139; ¢) Z. Wang, X. Pan, J. Yan, S. Dadashi-Silab, G. Xie, J.
Zhang, Z. Wang, H. Xia, K. Matyjaszewski, ACS Macro Lett.
2017, 6,546 -549; d) Z. Wang, X. Pan, L. Li, M. Fantin, J. Yan, Z.
Wang, Z. Wang, H. Xia, K. Matyjaszewski, Macromolecules
2017, 50, 7940-7948; ¢) H. Mohapatra, J. Ayarza, E. C. Sanders,
A.M. Scheuermann, P.J. Griffin, A.P. Esser-Kahn, Angew.
Chem. Int. Ed. 2018, 57, 11208 -11212; Angew. Chem. 2018, 130,
11378 -11382; f) Y.-N. Zhou, J.-J. Li, D. Ljubic, Z.-H. Luo, S.
Zhu, Macromolecules 2018, 51, 6911-6921; g) Z. Wang, J.
Ayarza, A.P. Esser-Kahn, Angew. Chem. Int. Ed. 2019, 58,
12023-12026; Angew. Chem. 2019, 131, 12151-12154; for
a review article, see: h) I. Zaborniak, P. Chmielarz, Materials
2019, 12, 3600; for an example on activation of piezoelectrics by
stirring, see: i) Y. W. Feng, L. L. Ling, Y. X. Wang, Z. M. Xu,
F. L. Cao, H. X. Li, Z. F. Bian, Nano Energy 2017, 40, 481 —486.

[8] B.Jiang, B.J. Iocozzia, L. Zhao, H. Zhang, Y.-W. Harn, Y. Chen,
Z. Lin, Chem. Soc. Rev. 2019, 48, 1194 -1228.

[9] A.J. Clark, Eur. J. Org. Chem. 2016, 2231 —-2243.

[10] J. Yeow, R. Chapman, A. J. Gormley, C. Boyer, Chem. Soc. Rev.
2018, 47, 4357 -4387.

[11] a) X. Pan, S. Lathwal, S. Mack, J. Yan, S. R. Das, K. Matyjas-
zewski, Angew. Chem. Int. Ed. 2017, 56, 2740-2743; Angew.
Chem. 2017, 129, 2784-2787; b) Q. Yang, J. Lalevée, J. Poly,
Macromolecules 2016, 49, 7653 —-7666.

[12] Experiments carried out for different reaction times (15 min to
90 min) revealed that only after 60 min of milling an appreciable
amount of ATRC product 2a was formed (Supporting Informa-
tion, Table S3). The induction time before the reaction onset
could be related to a period required for the in situ formation of
the Cu" precatalyst. For representative examples of mechano-
chemical reactions exhibiting induction times, see: a)K.J.
Ardila-Fierro, S. Lukin, M. Etter, K. Uzarevi¢, 1. Halasz, C.
Bolm, J. G. Herndndez, Angew. Chem. Int. Ed. 2020, https://doi.
org/10.1002/anie.201914921; Angew. Chem. 2020, https://doi.org/
10.1002/ange.201914921; b) A. M. Belenguer, A. A. L. Michal-
chuk, G. I. Lampronti, J. K. M. Sanders, Beilstein J. Org. Chem.
2019, 15, 1226-1235.

[13] C.F. Burmeister, A. Kwade, Chem. Soc. Rev. 2013, 42, 7660-7667.

[14] a) J. H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche, Y. L. Li,
S. Choudhury, W. Tian, M.E. Hawley, B. Craigo, A.K.
Tagentsev, X. Q. Pan, S. K. Streiffer, L. Q. Chen, S. W. Kirchoe-
fer, J. Levy, D. G. Schlom, Nature 2004, 430, 758 -761; b) J. Dec,
W. Kleemann, K. Boldyreva, M. Itoh, Ferroelectrics 2005, 314, 7 —
18.

[15] a) Q. Zhang, T. Cagin, W. A. Goddard III, Proc. Natl. Acad. Sci.
USA 2006, 103, 14695-14700; b) V. Petrovsky, T. Petrovsky, S.
Kamlapurkar, F. Dogan, J. Am. Ceram. Soc. 2008, 91, 3590—3592.

[16] While an earlier version of this publication was being reviewed
in this journal in late 2019, the activation of cub-BaTiO; by ball
milling was reported; see: K. Kubota, Y. Pang, A. Miura, H. Ito,
Science 2019, 366, 1500 —1504.

[17] Recycled tet-BaTiO; (500 nm) could be reused in the ATRC
reaction giving a ratio 1a:2a of 18:82 after 90 min of milling at
25 Hz.

Manuscript received: March 9, 2020
Revised manuscript received: April 18, 2020
Accepted manuscript online: June 3, 2020
Version of record online: July 9, 2020

Angew. Chem. 2020, 132, 16499 —16502


https://doi.org/10.1021/acs.chemrev.7b00397
https://doi.org/10.1002/anie.201711060
https://doi.org/10.1002/ange.201711060
https://doi.org/10.1002/ange.201711060
https://doi.org/10.1039/C7CS00619E
https://doi.org/10.1039/C7CS00619E
https://doi.org/10.1021/acscatal.8b01682
https://doi.org/10.1021/acs.chemrev.8b00233
https://doi.org/10.1021/acs.chemrev.8b00233
https://doi.org/10.2475/ajs.s3-46.276.413
https://doi.org/10.1021/j100291a038
https://doi.org/10.1021/j150555a026
https://doi.org/10.1002/anie.201713109
https://doi.org/10.1002/anie.201713109
https://doi.org/10.1002/ange.201713109
https://doi.org/10.1038/nature25765
https://doi.org/10.1038/nature00985
https://doi.org/10.1016/j.jallcom.2016.08.179
https://doi.org/10.1016/j.jallcom.2016.08.179
https://doi.org/10.1002/anie.201811709
https://doi.org/10.1002/anie.201811709
https://doi.org/10.1002/ange.201811709
https://doi.org/10.1021/jz100027t
https://doi.org/10.1038/nchem.2633
https://doi.org/10.1038/nchem.2633
https://doi.org/10.1021/acsmacrolett.7b00152
https://doi.org/10.1021/acsmacrolett.7b00152
https://doi.org/10.1021/acs.macromol.7b01597
https://doi.org/10.1021/acs.macromol.7b01597
https://doi.org/10.1002/anie.201804451
https://doi.org/10.1002/anie.201804451
https://doi.org/10.1002/ange.201804451
https://doi.org/10.1002/ange.201804451
https://doi.org/10.1021/acs.macromol.8b01153
https://doi.org/10.1002/anie.201903956
https://doi.org/10.1002/anie.201903956
https://doi.org/10.1002/ange.201903956
https://doi.org/10.3390/ma12213600
https://doi.org/10.3390/ma12213600
https://doi.org/10.1016/j.nanoen.2017.08.058
https://doi.org/10.1039/C8CS00583D
https://doi.org/10.1002/ejoc.201501571
https://doi.org/10.1039/C7CS00587C
https://doi.org/10.1039/C7CS00587C
https://doi.org/10.1002/anie.201611567
https://doi.org/10.1002/ange.201611567
https://doi.org/10.1002/ange.201611567
https://doi.org/10.1021/acs.macromol.6b01808
https://doi.org/10.1002/anie.201914921
https://doi.org/10.1002/anie.201914921
https://doi.org/10.1002/ange.201914921
https://doi.org/10.1002/ange.201914921
https://doi.org/10.3762/bjoc.15.120
https://doi.org/10.3762/bjoc.15.120
https://doi.org/10.1039/c3cs35455e
https://doi.org/10.1038/nature02773
https://doi.org/10.1080/00150190590926003
https://doi.org/10.1080/00150190590926003
https://doi.org/10.1073/pnas.0606612103
https://doi.org/10.1073/pnas.0606612103
https://doi.org/10.1111/j.1551-2916.2008.02693.x
https://doi.org/10.1126/science.aay8224
http://www.angewandte.de

