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Allylation of C-, N-, and O-Nucleophiles via a Mechanochemically-
Driven Tsuji–Trost Reaction Suitable for Late-Stage Modification of
Bioactive Molecules

Johanna Templ and Michael Schnürch*

Abstract: We present the first solvent-free, mechano-
chemical protocol for a palladium-catalyzed Tsuji–Trost
allylation. This approach features exceptionally low
catalyst loadings (0.5 mol%), short reaction times
(<90 min), and a simple setup, eliminating the need for
air or moisture precautions, making the process highly
efficient and environmentally benign. We introduce
solid, nontoxic, and easy-to-handle allyl trimeth-
ylammonium salts as valuable alternative to volatile or
hazardous reagents. Our approach enables the allylation
of various O-, N-, and C-nucleophiles in yields up to
99% even for structurally complex bioactive com-
pounds, owing to its mild conditions and exceptional
functional group tolerance.

In recent years, mechanochemistry has emerged as a revolu-
tionary tool in modern synthetic chemistry.[1] Especially en
route to more sustainable and environmentally benign
chemical processes, mechanochemical transformations are
privileged,[2] since this approach offers a unique advantage:
the ability to conduct conventional synthetic reactions with-
out the need for solvents coupled with rapid reaction
kinetics. These unique features make mechanochemistry
highly attractive for both industrial applications[3] and
fundamental research across diverse fields, including materi-
al science, inorganic chemistry, and organic chemistry.[1a,2c,d,4]

In the past few years, significant efforts have been made
to devising more economical protocols for palladium-
catalyzed reactions employing ball milling setups that rely
solely on mechanical force for energy input.[5] To date,
mechanochemical adaptions of various fundamental Pd-
catalyzed reactions, such as the Negishi,[6] Mizoroki–Heck,[7]

Suzuki–Miyaura,[8] Buchwald–Hartwig,[9] Sonogashira,[10] a
C� S coupling[11] and C� H arylation[12] have been successfully
established. To further enrich this “green” toolbox, we

present a novel and solvent-free protocol for a mechano-
chemical palladium-catalyzed Tsuji–Trost allylation of O-,
N-, and C-nucleophiles using a ball mill reactor (Figure 1).

Our endeavor prioritized the development of an envi-
ronmentally benign and entirely safe process, aligning with
the principles of green chemistry.

In the Tsuji–Trost reaction, the presence of a leaving
group in the allylic position of the substrate is crucial.[13]

Numerous protocols have been developed for various
leaving groups, encompassing halides, carbonates, acetates,
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Figure 1. Pd-catalyzed mechanochemical reactions according to their
first appearance in literature (top) and the mechanochemical Tsuji–
Trost allylation (middle) with an outline of potential application in late-
stage functionalization of bioactive compounds (bottom).
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hydroxy groups, and amides.[14] Notably, quaternary
ammonium moieties in allylic positions are seldomly
employed as leaving groups with only limited examples
documented in literature.[15] Nevertheless, harnessing these
quaternary ammonium salts as the allyl source presents a
distinctive advantage, especially when considering the
potential hazards and toxicity associated with traditionally
applied allylating agents, such as allyl chloride or bromide.
Quaternary ammonium salts are nontoxic and pose signifi-
cantly fewer health and safety risks. Moreover, their solid
nature drastically simplifies the handling. Consequently,
they represent a valuable and sustainable alternative to
hazardous reagents.[16]

The allylic trimethylammonium chlorides employed in
this protocol solely release gaseous trimethylamine as the
leaving group, obviating the need for an additional by-
product separation step. This feature can be particularly
advantageous in the pharmaceutical industry[17] or when the
product is intended for use in subsequent reactions without
further purification.

Building upon our prior research involving ammonium
salts as solid alkylating agents,[16,18] we initiated our current
investigation using allyl trimethylammonium chloride as the
allylating agent (II), paired with 4-hydroxybiphenyl (I)
serving as the nucleophile. Based on mechanistic
considerations[19] of the catalytic cycle for Tsuji–Trost
allylation, where a leaving group elimination prompts the
formation of an η3 π-allyl-PdII complex, we commenced our
optimization studies (see Figure 2) by selecting a known and
robust catalytic system of [Pd(allyl)Cl]2 (cat 1) with cheap
rac-[2,2’-bis(diphenylphosphino)-1,1’-binaphthyl] (rac-BI-
NAP) ligand (L1).[20] Initially, 30 mol% of Cs2CO3 were
added, aligning with precedent literature
recommendations[20–21] and the allylated product was ob-
tained in 42% yield (entry A2). Increasing the amount of

base to 1.1 equiv. drastically increased the yield of 1 to 77%
and even 93% when 2 equiv. were used. As no significant
difference in yields could be observed when using Cs2CO3 or
K2CO3 as the base, we continued our studies with the latter
cheaper base (cf. entry A4 and A5). Through systematic
optimization, we achieved a remarkable reduction of cata-
lyst and ligand loadings to as little as 0.5 mol% and 1 mol%
(entry B4), respectively, and reduction of the milling time to
as short as 90 min, while still attaining an excellent yield of
97% (entry C3). Excluding both the catalyst and the ligand
(entry B5) or the ligand only (entry B6), no or only 5%
product formation could be observed. These findings prove
that the reaction requires the catalytic system to operate,
distinctively from a conventional nucleophilic substitution
mechanism. Finally, we conducted a reaction in toluene
(0.5 M) at 60 °C with a comparable reaction time of 90 min
(entry C5). Only 19% product formation could be observed,
underscoring the typically accelerated reaction kinetics
inherent to mechanochemical reactions.[2b]

We initiated our scope evaluation by testing various
nucleophiles (Scheme 1), including O-, N-, and C-nucleo-
philes, with commercially available allyl trimethyl-
ammonium chloride (II) under the optimized reaction
conditions (Figure 2, entry C3). The choice between potas-
sium or cesium carbonate as the base depended on the
specific reaction‘s yield. For most substrates, pure allylated
product was obtained solely through silica filtration (for
further details see the SI). Phenol nucleophiles consistently
delivered excellent yields ranging from 61% to 99% (1–13,
17, 18, and 21) independent of their substitution pattern.
Electron-donating (1, 2, 8–11, and 17) and electron-with-
drawing (4–6, 12, 13) groups as well as combinations thereof
(5 and 7), were tolerated at various positions on the aryl
ring. Aliphatic (15, 16, and 20) and allylic (19) alcohols also
readily underwent allylation, with yields reaching 96%.

Figure 2. Optimization of the reaction conditions for the mechanochemical Tsuji–Trost allylation. Reactions were performed on a 0.5 mmol scale
under air in an IST636 mixer mill, using a Teflon milling jar (7 mL) and two ZrO2 milling balls (one with 7 mm diameter, one with 10 mm diameter,
see Supporting Information for details) at a frequency of 30 Hz. Allyl trimethylammonium chloride (II) was used as allylating agent and 4-
hydroxybiphenyl (I) as nucleophile, [Pd(allyl)Cl]2 as catalyst (cat 1) and rac-BINAP as ligand (L 1). Full table see SI. [a] Reaction performed in
toluene (0.5 M) at 60 °C with a reaction time of 90 min.
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Even the complex bioactive compound estrone was quanti-
tatively allylated (21). To underscore the robustness and
practicality of this approach, we conducted the synthesis of
product 1 on a 1 g scale. The reaction scale-up involved an
increase of the dimensions of the milling vessels and the
milling balls, yet the reaction yielded comparable results,
with silica filtration sufficing to obtain pure product 1 in a
quantitative yield of 1.15 g.

Given the significance of nitrogen-containing motifs in
biologically active compounds, we next focused on N-
nucleophiles, particularly in small molecule drugs and
frequently encountered motifs thereof.[22] Aniline derivatives
could be mono- or bis-allylated (22–24). However, primary
amines showed diminished yields due to the challenging
prevention of over-alkylation (22). Secondary amines, on

Scheme 1. Scope of the Pd-catalyzed, mechanochemical Tsuji–Trost reaction of O-, N-, and C-nucleophiles. Reactions were performed on a
0.5 mmol scale under air in an IST636 mixer mill, using a Teflon milling jar (7 mL) and two ZrO2 milling balls (one with 7 mm diameter, one with
10 mm diameter, see Supporting Information for details) with a milling time of 90 minutes at a frequency of 30 Hz. If not stated otherwise, K2CO3

was used as the base. Isolated yields are shown. [a] Reaction performed in toluene (0.5 M) at 60 °C with a reaction time of 90 min. [b] Reaction was
performed on a 5.5 mmol scale using 2 Teflon milling jars (25 mL) each equipped with two 12.7 mm ZrO2 milling balls. [c] Cs2CO3 was used as the
base. [d] No base. [e] 2.5 equiv. of II. [f ] 3 equiv. of the base were used. [g] 1 equiv. of II, 1 mol% Pd[(allyl)Cl]2, 2 mol% rac-BINAP.
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the other hand, gave excellent allylation yields without
overalkylation concerns (23, 27, 32–35).

Nitrogen containing heterocycles are important motifs
due to their presence in numerous biologically active
compounds. Gratifyingly, our protocol allowed efficient
allylation of many N-heterocyclic systems, both aromatic
and aliphatic ones. Benzotriazole gave a high overall yield
of 85% (26), with the allylation occurring predominantly at
the N1-position, and to some extent at position N2 at a
4.75 :1 ratio. Notably, column chromatography easily sepa-
rated these two isomers. Other N-heterocyclic compounds
were allylated with excellent yields, including benzimidazole
towards product 25 and Theophylline giving product 30.
Unfortunately, bioactive Azathioprine could be allylated
only in a modest yield of 35% (31), likely due to its steric
congestion. Phenylhydrazine was exclusively allylated at the
N1-position, consistent with recent literature reports[23]

(product 28). The sulfonamide moiety in Celecoxib was fully
bis-allylated as its high nucleophilicity hampers a mono-
selective reaction (36). This mild protocol successfully
facilitated the allylation of several complex N-containing
small molecule drugs (30–36), highlighting its potential in
late-stage modifications.

C-nucleophiles bearing electron-withdrawing groups in
alpha-position could be mono-allylated, giving products 38–
40, or fully converted to the bis-allylated products (37 and
41) with yields up to 99%. Notably, in the case of product
39, the competitive byproduct formed via O-allylation of the
enolate was significantly reduced when K2CO3 was em-
ployed as the base, rather than Cs2CO3.

Subsequently, we explored the versatility of substituted
allyl ammonium salts (Scheme 2) with O-, N-, and C-
nucleophiles (42–51). These salts can be readily derived
from the respective allyl chlorides by reacting with Me3N
solution. Initially, when employing the freshly synthesized
and recrystallized ammonium salt from cinnamyl chloride,
the yield of product 44 did not exceed 20%. However, as
others have calculated, we made the noteworthy discovery
that the addition of water significantly accelerated the
reaction.[24] Specifically, when we conducted the reaction
with 4-hydroxybiphenyl as the nucleophile and dried
cinnamyl trimethylammonium chloride as the allylating
agent, only 6% of product 44 was obtained when additional
molecular sieves were added to the milling vessel. In
contrast, when 2 equivalents of water were added, the yield
of 44 increased to 63%, and upon the addition of 5
equivalents of water, the reaction proceeded with complete
conversion, and an isolated yield of 96%. This water-
mediated enhancement of reaction rates was consistently
observed with all other synthesized allyl ammonium salts
employed in this protocol. Alternatively, the acceleration of
the reaction by addition of water might be due to the effect
of liquid assisted grinding,[25] or a combination of both
factors. Interestingly, when employing terminal allyl
ammonium compounds, exclusively linear products were
obtained with moderate to excellent yields (44–46, 49–51).
To ensure a cleaner reaction, we slightly increased the
catalyst loading to 1.5 mol% since it resulted in the
exclusive formation of the trans-isomer. Due to competing

bis-allylation, yields for the C-allylated products 50 and 51
were diminished. Interestingly, the 3,3-dimethylallyl trimeth-
ylammonium chloride did not give the desired product 52
but only starting material was recovered, assumingly due to
steric hindrance upon Pd-allyl complex formation and
subsequent nucleophilic attack.

This novel reaction, employing allyl trimethylammonium
chloride as the allylating agent, achieves an exceptional level
of selectivity, yielding only a single product. This is in stark
contrast to using the corresponding allyl chloride directly
under the conditions outlined. For example, using cinnamyl
chloride instead of cinnamyl trimethylammonium chloride
under the reaction conditions described in Scheme 2, the
crude NMR reveals a complex mixture of products and
starting material. Conversely, when alternative cinnamyl
trimethylammonium chloride is utilized, the reaction yields
pure product 43 after simple silica filtration.

Prompted by our results, we explored the potential for
enantioselective reactions using chiral ligands (Scheme 3, for
further details see SI). Several enantioselective reactions
using ball milling conditions are already established under
organocatalytic conditions.[26] In contrast, metal-catalyzed
mechanochemical reactions have received only limited
attention so far. Employing a chiral (R)-BINAP ligand, we
achieved an enantiomeric excess (ee) of 28% under the
described conditions. Gratifyingly, using a chiral (R)-5,5’-bi-
(diphenylphosphino)-4,4’-bi-1,3-benzodioxole ((R)-SEG-

Scheme 2. Scope of the Pd-catalyzed, mechanochemical Tsuji–Trost
reaction employing various substituted allyl trimethylammonium salts
as allylating agents. Reactions were performed on a 0.5 mmol scale
under air in an IST636 mixer mill, using a Teflon milling jar (7 mL) and
two ZrO2 milling balls (one with 7 mm diameter, one with 10 mm
diameter, see Supporting Information for details) with a milling time of
90 minutes at a frequency of 30 Hz. If not stated otherwise, K2CO3 was
used as the base. Isolated yields are shown. [a] 2 mol% of Pd[(allyl)Cl]2
and 4 mol% rac-BINAP were used. [b] Cs2CO3 was used as the base.
[c] 3 equiv. of base were used.
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PHOS) ligand, we obtained compound (R)-42 in a yield of
73% with a moderate ee of 52%. Further investigations to
improve the ee-values are currently underway in our
laboratories.

In summary, we have established a solvent-free, robust,
and high-yielding protocol for a palladium-catalyzed mecha-
nochemical Tsuji–Trost allylation. This method offers an
easy setup without the need for air or moisture precautions,
very low catalyst and ligand loading, very mild reaction
conditions, short reaction times, and high conversion rates.
The outstanding functional group tolerance allows clean and
mild late-stage allylation of complex bioactive compounds.
This study underscores the underappreciated potential of
solid, nontoxic allyl ammonium salts as allylating agents in
Tsuji–Trost reactions, offering a valuable and environ-
mentally friendly alternative to traditional hazardous allyla-
tion reactions.

Supporting Information

Complete optimization screening data, experimental proce-
dures, and characterization data for all compounds isolated.

The authors have cited additional references within the
Supporting Information.[20,27–56]

Acknowledgements

This work was funded by the Austrian Science Fund (FWF,
Project P33064-N).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the supplementary material of this article.

Keywords: Ammonium Salts · Ball Milling · Green Chemistry ·
Mechanochemistry · Solvent Free

[1] a) G.-W. Wang, Chem. Soc. Rev. 2013, 42, 7668–7700; b) L.
Takacs, Chem. Soc. Rev. 2013, 42, 7649–7659; c) J. L. Howard,
Q. Cao, D. L. Browne, Chem. Sci. 2018, 9, 3080–3094.

[2] a) E. Colacino, F. Garcia, Mechanochemistry and Emerging
Technologies for Sustainable Chemical Manufacturing, CRC
Press, 2023, ISBN: 1000891623, 9781000891621; b) K. J. Ardila-
Fierro, J. G. Hernández, ChemSusChem 2021, 14, 2145–2162;
c) S. L. James, C. J. Adams, C. Bolm, D. Braga, P. Collier, T.
Friščić, F. Grepioni, K. D. M. Harris, G. Hyett, W. Jones, A.
Krebs, J. Mack, L. Maini, A. G. Orpen, I. P. Parkin, W. C.
Shearouse, J. W. Steed, D. C. Waddell, Chem. Soc. Rev. 2012,
41, 413–447; d) D. Margetić, Physical Sciences Reviews 2023,
https://doi.org/10.1515/psr-2022-0351.

[3] F. Gomollón-Bel, ACS Cent. Sci. 2022, 8, 1474–1476.
[4] a) D. Margetić, Pure Appl. Chem. 2023, 95, 315–328; b) D. Tan,

F. García, Chem. Soc. Rev. 2019, 48, 2274–2292; c) P. S. Weiss,
Science 2023, 380, 1013–1013; d) F. J. L. Ingner, Z. X. Giustra,
S. Novosedlik, A. Orthaber, P. J. Gates, C. Dyrager, L. T.
Pilarski, Green Chem. 2020, 22, 5648–5655; e) S. Ni, M.
Hribersek, S. K. Baddigam, F. J. L. Ingner, A. Orthaber, P. J.
Gates, L. T. Pilarski, Angew. Chem. Int. Ed. 2021, 60, 6660–
6666.

[5] K. Kubota, H. Ito, TRECHEM 2020, 2, 1066–1081.
[6] Q. Cao, J. L. Howard, E. Wheatley, D. L. Browne, Angew.

Chem. Int. Ed. 2018, 57, 11339–11343.
[7] a) E. Tullberg, D. Peters, T. Frejd, J. Organomet. Chem. 2004,

689, 3778–3781; b) E. Tullberg, F. Schacher, D. Peters, T.
Frejd, Synthesis 2006, 2006, 1183–1189; c) V. Declerck, E.
Colacino, X. Bantreil, J. Martinez, F. Lamaty, Chem. Commun.
2012, 48, 11778–11780.

[8] a) S. F. Nielsen, D. Peters, O. Axelsson, Synth. Commun. 2000,
30, 3501–3509; b) L. M. Klingensmith, N. E. Leadbeater, Tetra-
hedron Lett. 2003, 44, 765–768; c) F. Schneider, B. Ondruschka,
ChemSusChem 2008, 1, 622–625; d) F. Schneider, A. Stolle, B.
Ondruschka, H. Hopf, Org. Process Res. Dev. 2009, 13, 44–48;
e) F. Schneider, T. Szuppa, A. Stolle, B. Ondruschka, H. Hopf,
Green Chem. 2009, 11, 1894–1899; f) F. Bernhardt, R. Trotzki,
T. Szuppa, A. Stolle, B. Ondruschka, Beilstein J. Org. Chem.
2010, 6, 7; g) G. Cravotto, D. Garella, S. Tagliapietra, A. Stolle,
S. Schüßler, S. E. S. Leonhardt, B. Ondruschka, New J. Chem.
2012, 36, 1304–1307; h) Z.-J. Jiang, Z.-H. Li, J.-B. Yu, W.-K.
Su, J. Org. Chem. 2016, 81, 10049–10055; i) T. Seo, T. Ishiyama,
K. Kubota, H. Ito, Chem. Sci. 2019, 10, 8202–8210; j) G. Báti,
D. Csókás, T. Yong, S. M. Tam, R. R. S. Shi, R. D. Webster, I.
Pápai, F. García, M. C. Stuparu, Angew. Chem. Int. Ed. 2020,
59, 21620–21626; k) T. Seo, K. Kubota, H. Ito, J. Am. Chem.
Soc. 2020, 142, 9884–9889; l) T. Seo, N. Toyoshima, K. Kubota,
H. Ito, J. Am. Chem. Soc. 2021, 143, 6165–6175; m) R.
Takahashi, T. Seo, K. Kubota, H. Ito, ACS Catal. 2021, 11,
14803–14810; n) K. Kubota, K. Kondo, T. Seo, H. Ito, Synlett
2022, 33, 898–902; o) P. W. Seavill, Nat. Synth. 2023, 2, 307–
307; p) T. Seo, K. Kubota, H. Ito, J. Am. Chem. Soc. 2023, 145,
6823–6837.

[9] a) Q. Cao, W. I. Nicholson, A. C. Jones, D. L. Browne, Org.
Biomol. Chem. 2019, 17, 1722–1726; b) Q.-L. Shao, Z.-J. Jiang,
W.-K. Su, Tetrahedron Lett. 2018, 59, 2277–2280; c) K. Kubota,
T. Seo, K. Koide, Y. Hasegawa, H. Ito, Nat. Commun. 2019,
10, 111; d) K. Kubota, R. Takahashi, M. Uesugi, H. Ito, ACS
Sustainable Chem. Eng. 2020, 8, 16577–16582; e) K. Kubota, T.
Endo, M. Uesugi, Y. Hayashi, H. Ito, ChemSusChem 2022, 15,
e202102132.

[10] a) Y. Liang, Y.-X. Xie, J.-H. Li, J. Org. Chem. 2006, 71, 379–
381; b) D. A. Fulmer, W. C. Shearouse, S. T. Medonza, J.
Mack, Green Chem. 2009, 11, 1821–1825; c) R. Thorwirth, A.
Stolle, B. Ondruschka, Green Chem. 2010, 12, 985–991; d) Y.
Gao, C. Feng, T. Seo, K. Kubota, H. Ito, Chem. Sci. 2022, 13,
430–438; e) W. Pickhardt, E. Siegfried, S. Fabig, M. F. Rappen,
M. Etter, M. Wohlgemuth, S. Gratz, L. Borchardt, Angew.
Chem. Int. Ed. 2023, 62, e202301490.

Scheme 3. Enantioselective reaction towards (R)-42 using chiral (R)-
SEGPHOS ligand.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2023, e202314637 (5 of 6) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202314637 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [21/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1039/c3cs35526h
https://doi.org/10.1039/c2cs35442j
https://doi.org/10.1039/C7SC05371A
https://doi.org/10.1039/C1CS15171A
https://doi.org/10.1039/C1CS15171A
https://doi.org/10.1515/psr-2022-0351
https://doi.org/10.1021/acscentsci.2c01273
https://doi.org/10.1039/C7CS00813A
https://doi.org/10.1126/science.adi3388
https://doi.org/10.1039/D0GC02263B
https://doi.org/10.1002/anie.202010202
https://doi.org/10.1002/anie.202010202
https://doi.org/10.1002/anie.201806480
https://doi.org/10.1002/anie.201806480
https://doi.org/10.1016/j.jorganchem.2004.06.045
https://doi.org/10.1016/j.jorganchem.2004.06.045
https://doi.org/10.1039/c2cc36286d
https://doi.org/10.1039/c2cc36286d
https://doi.org/10.1080/00397910008087262
https://doi.org/10.1080/00397910008087262
https://doi.org/10.1016/S0040-4039(02)02645-X
https://doi.org/10.1016/S0040-4039(02)02645-X
https://doi.org/10.1002/cssc.200800086
https://doi.org/10.1021/op800148y
https://doi.org/10.1039/b915744c
https://doi.org/10.1039/c2nj40064b
https://doi.org/10.1039/c2nj40064b
https://doi.org/10.1021/acs.joc.6b01938
https://doi.org/10.1039/C9SC02185J
https://doi.org/10.1002/anie.202007815
https://doi.org/10.1002/anie.202007815
https://doi.org/10.1021/jacs.0c01739
https://doi.org/10.1021/jacs.0c01739
https://doi.org/10.1021/jacs.1c00906
https://doi.org/10.1021/acscatal.1c03731
https://doi.org/10.1021/acscatal.1c03731
https://doi.org/10.1038/s44160-023-00298-3
https://doi.org/10.1038/s44160-023-00298-3
https://doi.org/10.1021/jacs.2c13543
https://doi.org/10.1021/jacs.2c13543
https://doi.org/10.1039/C8OB01781F
https://doi.org/10.1039/C8OB01781F
https://doi.org/10.1016/j.tetlet.2018.04.078
https://doi.org/10.1021/acssuschemeng.0c05834
https://doi.org/10.1021/acssuschemeng.0c05834
https://doi.org/10.1021/jo051882t
https://doi.org/10.1021/jo051882t
https://doi.org/10.1039/b915669k
https://doi.org/10.1039/c000674b
https://doi.org/10.1039/D1SC05257H
https://doi.org/10.1039/D1SC05257H


[11] A. C. Jones, W. I. Nicholson, H. R. Smallman, D. L. Browne,
Org. Lett. 2020, 22, 7433–7438.

[12] a) S.-J. Lou, Y.-J. Mao, D.-Q. Xu, J.-Q. He, Q. Chen, Z.-Y.
Xu, ACS Catal. 2016, 6, 3890–3894; b) J. G. Hernández, Chem.
Eur. J. 2017, 23, 17157–17165; c) D. Das, Z. T. Bhutia, A.
Chatterjee, M. Banerjee, J. Org. Chem. 2019, 84, 10764–10774.

[13] J. Tsuji, in Handbook of Organopalladium Chemistry for
Organic Synthesis, Wiley, New York, 2002, pp. 1669–1687.

[14] S. Bhattacharya, B. Basu, Physical Sciences Reviews 2022,
https://doi.org/10.1515/psr-2021-0100.

[15] a) T. Doi, A. Yanagisawa, M. Miyazawa, K. Yamamoto,
Tetrahedron: Asymmetry 1995, 6, 389–392; b) N. Kvasovs, J.
Fang, F. Kliuev, V. Gevorgyan, J. Am. Chem. Soc. 2023, 145,
18497–18505; c) S.-I. Murahashi, Y. Imada, in Handbook of
Organopalladium Chemistry for Organic Synthesis, Wiley, New
York, 2002, pp. 1817–1825.

[16] a) J. Templ, E. Gjata, F. Getzner, M. Schnürch, Org. Lett.
2022, 24, 7315–7319; b) J. Templ, M. Schnürch, J. Org. Chem.
2022, 87, 4305–4315.

[17] A. L. Dunn, A. Payne, P. R. Clark, C. McKay, G. D. Williams,
K. Wheelhouse, K. Arendt, F. Dixon, S. Shilcrat, J. Chem.
Educ. 2021, 98, 175–182.

[18] D. Schönbauer, M. Spettel, R. Pollice, E. Pittenauer, M.
Schnürch, Org. Biomol. Chem. 2019, 17, 4024–4030.

[19] B. M. Trost, T. Zhang, J. D. Sieber, Chem. Sci. 2010, 1, 427–
440.

[20] S. V. Sieger, I. Lubins, B. Breit, ACS Catal. 2022, 12, 11301–
11305.

[21] P. Koschker, A. Lumbroso, B. Breit, J. Am. Chem. Soc. 2011,
133, 20746–20749.

[22] E. Vitaku, D. T. Smith, J. T. Njardarson, J. Med. Chem. 2014,
57, 10257–10274.

[23] X. Wang, X. Wang, S. Shu, J. Liu, Q. Liu, T. Wang, Z. Zhang,
Org. Lett. 2023, 25, 4880–4885.

[24] K. E. McPherson, M. P. Croatt, A. T. Morehead Jr., A. L.
Sargent, Organometallics 2018, 37, 3791–3802.

[25] a) T. Friščić, S. L. Childs, S. A. A. Rizvi, W. Jones, CrystEng-
Comm 2009, 11, 418–426; b) P. Ying, J. Yu, W. Su, Adv. Synth.
Catal. 2021, 363, 1246–1271.

[26] a) C. G. Avila-Ortiz, M. Pérez-Venegas, J. Vargas-Caporali, E.
Juaristi, Tetrahedron Lett. 2019, 60, 1749–1757; b) M. T. J.
Williams, L. C. Morrill, D. L. Browne, ChemSusChem 2022, 15,
e202102157.

[27] a) B. M. Trost, M. R. Machacek, H. C. Tsui, J. Am. Chem. Soc.
2005, 127, 7014–7024; b) B. M. Trost, F. D. Toste, J. Am.
Chem. Soc. 1998, 120, 815–816.

[28] J. Wang, Y. Wang, G. Ding, X. Wu, L. Yang, S. Fan, Z. Zhang,
X. Xie, Tetrahedron Lett. 2021, 81, 153341.

[29] T. Arndt, A. Raina, M. Breugst, Chem. Asian J. 2023, 18,
e202201279.

[30] S. Bhuyan, A. Gogoi, J. Basumatary, B. Gopal Roy, Eur. J.
Org. Chem. 2022, e202200148.

[31] I. Triandafillidi, M. G. Kokotou, C. G. Kokotos, Org. Lett.
2018, 20, 36–39.

[32] R. A. Fernandes, S. S. Yadav, P. Kumar, Org. Biomol. Chem.
2022, 20, 427–443.

[33] A. A. Folgueiras-Amador, A. E. Teuten, M. Salam-Perez, J. E.
Pearce, G. Denuault, D. Pletcher, P. J. Parsons, D. C. Har-
rowven, R. C. D. Brown, Angew. Chem. Int. Ed. 2022, 61,
e202203694.

[34] N. R. Lee, F. A. Moghadam, F. C. Braga, D. J. Lippincott, B.
Zhu, F. Gallou, B. H. Lipshutz, Org. Lett. 2020, 22, 4949–4954.

[35] P. M. Kathe, A. Berkefeld, I. Fleischer, Synlett 2021, 32, 1629–
1632.

[36] J. Wu, M. C. Kozlowski, Org. Lett. 2023, 25, 907–911.
[37] J. Liu, J. Cui, F. Vilela, J. He, M. Zeller, A. D. Hunter, Z. Xu,

Chem. Commun. 2015, 51, 12197–12200.
[38] E. D. D. Calder, S. A. I. Sharif, F. I. McGonagle, A. Suther-

land, J. Org. Chem. 2015, 80, 4683–4696.
[39] Y. Kayaki, T. Koda, T. Ikariya, J. Org. Chem. 2004, 69, 2595–

2597.
[40] S. Bag, R. Jayarajan, R. Mondal, D. Maiti, Angew. Chem. Int.

Ed. 2017, 56, 3182–3186.
[41] P. Xu, F. Wang, G. Fan, X. Xu, P. Tang, Angew. Chem. Int.

Ed. 2017, 56, 1101–1104.
[42] M. L. N. Rao, R. J. Dhanorkar, Eur. J. Org. Chem. 2014, 5214–

5228.
[43] K. A. Bahou, D. C. Braddock, A. G. Meyer, G. P. Savage, Z.

Shi, T. He, J. Org. Chem. 2020, 85, 4906–4917.
[44] S. Kyasa, R. N. Meier, R. A. Pardini, T. K. Truttmann, K. T.

Kuwata, P. H. Dussault, J. Org. Chem. 2015, 80, 12100–12114.
[45] L. W. Lawrence Woo, B. Leblond, A. Purohit, B. V. L. Potter,

Bioorg. Med. Chem. 2012, 20, 2506–2519.
[46] Z. Chang, T. Ma, Y. Zhang, Z. Dong, H. Zhao, D. Zhao,

Molecules 2020, 25, 1233.
[47] F. Zhao, X.-W. Gu, R. Franke, X.-F. Wu, Angew. Chem. Int.

Ed. 2022, 61, e202214812.
[48] B. Huang, L. Guo, W. Xia, Green Chem. 2021, 23, 2095–2103.
[49] R. Shimazumi, R. Tanimoto, T. Kodama, M. Tobisu, J. Am.

Chem. Soc. 2022, 144, 11033–11043.
[50] A. Dierks, L. Fliegel, M. Schmidtmann, J. Christoffers, Eur. J.

Org. Chem. 2020, 7164–7175.
[51] C. Zhang, R. Su, Y. Guo, D. Li, J. Zhao, Y. Zhao, T. Yu, J.

Mol. Struct. 2022, 1262, 133062.
[52] S. Govaerts, L. Angelini, C. Hampton, L. Malet-Sanz, A.

Ruffoni, D. Leonori, Angew. Chem. Int. Ed. 2020, 59, 15021–
15028.

[53] H.-J. Zhang, B. Demerseman, Z. Xi, C. Bruneau, Adv. Synth.
Catal. 2009, 351, 2724–2728.

[54] Y. Jiang, C.-M. Park, T.-P. Loh, Org. Lett. 2014, 16, 3432–3435.
[55] A. J. Grenning, J. A. Tunge, Org. Lett. 2010, 12, 740–742.
[56] H. Li, H. Chen, Y. Zhou, J. Huang, J. Yi, H. Zhao, W. Wang,

L. Jing, Chem. Asian J. 2020, 15, 555–559.

Manuscript received: September 29, 2023
Accepted manuscript online: November 6, 2023
Version of record online: ■■■, ■■■■

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2023, e202314637 (6 of 6) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202314637 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [21/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1021/acs.orglett.0c02418
https://doi.org/10.1021/acscatal.6b00861
https://doi.org/10.1002/chem.201703605
https://doi.org/10.1002/chem.201703605
https://doi.org/10.1021/acs.joc.9b01280
https://doi.org/10.1515/psr-2021-0100
https://doi.org/10.1016/0957-4166(95)00021-G
https://doi.org/10.1021/jacs.3c04968
https://doi.org/10.1021/jacs.3c04968
https://doi.org/10.1021/acs.orglett.2c02766
https://doi.org/10.1021/acs.orglett.2c02766
https://doi.org/10.1021/acs.joc.1c03158
https://doi.org/10.1021/acs.joc.1c03158
https://doi.org/10.1021/acs.jchemed.0c00115
https://doi.org/10.1021/acs.jchemed.0c00115
https://doi.org/10.1039/C9OB00243J
https://doi.org/10.1039/c0sc00234h
https://doi.org/10.1039/c0sc00234h
https://doi.org/10.1021/acscatal.2c03105
https://doi.org/10.1021/acscatal.2c03105
https://doi.org/10.1021/ja210149g
https://doi.org/10.1021/ja210149g
https://doi.org/10.1021/jm501100b
https://doi.org/10.1021/jm501100b
https://doi.org/10.1021/acs.orglett.3c01684
https://doi.org/10.1021/acs.organomet.8b00507
https://doi.org/10.1002/adsc.202001245
https://doi.org/10.1002/adsc.202001245
https://doi.org/10.1016/j.tetlet.2019.05.065
https://doi.org/10.1021/ja050340q
https://doi.org/10.1021/ja050340q
https://doi.org/10.1021/ja972453i
https://doi.org/10.1021/ja972453i
https://doi.org/10.1016/j.tetlet.2021.153341
https://doi.org/10.1021/acs.orglett.7b03256
https://doi.org/10.1021/acs.orglett.7b03256
https://doi.org/10.1039/D1OB02227J
https://doi.org/10.1039/D1OB02227J
https://doi.org/10.1021/acs.orglett.0c01329
https://doi.org/10.1021/acs.orglett.2c04122
https://doi.org/10.1039/C5CC04476F
https://doi.org/10.1021/acs.joc.5b00583
https://doi.org/10.1021/jo030370g
https://doi.org/10.1021/jo030370g
https://doi.org/10.1002/anie.201611360
https://doi.org/10.1002/anie.201611360
https://doi.org/10.1002/anie.201609741
https://doi.org/10.1002/anie.201609741
https://doi.org/10.1002/ejoc.201402455
https://doi.org/10.1002/ejoc.201402455
https://doi.org/10.1021/acs.joc.0c00067
https://doi.org/10.1021/acs.joc.5b02043
https://doi.org/10.1016/j.bmc.2012.03.007
https://doi.org/10.3390/molecules25051233
https://doi.org/10.1039/D1GC00317H
https://doi.org/10.1021/jacs.2c04527
https://doi.org/10.1021/jacs.2c04527
https://doi.org/10.1002/ejoc.202001226
https://doi.org/10.1002/ejoc.202001226
https://doi.org/10.1016/j.molstruc.2022.133062
https://doi.org/10.1016/j.molstruc.2022.133062
https://doi.org/10.1002/anie.202005652
https://doi.org/10.1002/anie.202005652
https://doi.org/10.1002/adsc.200900498
https://doi.org/10.1002/adsc.200900498
https://doi.org/10.1021/ol501010k
https://doi.org/10.1021/ol902828p
https://doi.org/10.1002/asia.201901778


Communications
Mechanochemistry

J. Templ, M. Schnürch* e202314637

Allylation of C-, N-, and O-Nucleophiles via
a Mechanochemically-Driven Tsuji–Trost
Reaction Suitable for Late-Stage Modifica-
tion of Bioactive Molecules

A mechanochemical, solvent-free proto-
col for Tsuji–Trost allylation of O-, N-,
and C-Nucleophiles using nontoxic, sol-
id allyl trimethylammonium chloride as
alternative allylating agent is presented.
This method features fast reaction ki-

netics, very low catalyst loadings, high
yields, mild conditions, and high func-
tional group tolerance. Its potential for
late-stage modifications of bioactive
compounds is demonstrated through
multiple examples.
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