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A solvent-minimized nickel-catalyzed synthesis of ketones, enabled
by mechanochemistry, using thioesters as an acyl source is demon-
strated. Mechanistic studies suggest a radical-chain-type mechanism.

Ketones represent a fundamental compound class in organic
chemistry, ubiquitous in pharmaceuticals and natural products.”
Classical syntheses typically rely on nucleophilic 1,2-additions to
carboxylic acid derivatives. However, due to the electrophilicity of
the resulting ketone, undesired over-addition can occur, necessi-
tating pre-functionalization or metal catalysis (Scheme 1A).>”
These approaches also depend on nucleophilic reagents, often
organometallic species, which limit the functional group toler-
ance and are frequently toxic, air-sensitive and less readily avail-
able than electrophiles.® Another approach towards ketones is the
Wacker-type oxidation of alkenes.”*°

In addition, cross-electrophile couplings (XECs) have emerged
as a powerful alternative, enabling the union of two electrophiles
under reductive conditions.® Due to the abundance of electro-
philes and high functional group tolerance, this strategy offers a
broad scope. The first ketone synthesis via nickel-catalyzed XEC
was reported by Mukaiyama in 1981."* Subsequent developments,
independently pioneered by the Weix and Gong groups, expanded
the scope of acyl-alkyl XECs through the use of bidentate nitrogen
ligands and acyl chlorides.">"* Since then, various XEC variants
have been developed offering a diverse toolkit towards the syn-
thesis of ketones (Scheme 1B)."*™"® Nonetheless, XECs still face
challenges including extended reaction times, elevated tempera-
tures, and reproducibility issues associated with heterogeneous
metal reductants.>?® Mechanochemistry offers a promising
solution by enabling rapid, solvent-minimized reactions under
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ambient conditions.”" Vigorous mixing conditions improve the
reactivity of solid reductants, enhancing the reaction efficiency
and reproducibility.>' ¢

Moreover, mechanochemical methods align with green chem-
istry principles, offering a more sustainable alternative to con-
ventional solution-phase synthesis.””° Despite progress in
mechanochemical XECs,>*' application to ketone synthesis
remains underexplored, with to the best of our knowledge only a
single report by Browne and co-workers describing the coupling of
twisted amides with alkyl bromides (Scheme 1C).*" In this work,
N-acyl glutarimides were used as the only acyl source. While they
have several advantages,®® fine-tuning the reactivity is rather
difficult. Our ongoing studies on thioesters demonstrated that
they are attractive electrophiles in coupling reactions as they are
readily accessible, bench-stable and their reactivity is tunable by
the modulation of the S-substituent.***” While thioesters repre-
sent established electrophiles in solution-phase chemistry,>**>°

A) Traditional Ketone Synthesis Methods
o (0]
Nu
o x o

« over addition * organometallics

B) Acyl-Alkyl XEC
o) o
e e ee

O)L X O solution phase

« inert atmosphere « long reaction times « elevated temperatures

C) State-of-the-art mechanochemical XEC by the Browne group

O O @
())L N + Br _O mechanochemical %
(EEm) oo
O >

D) This Work @ 0
= o Y°

(0]
5
O)Lsph Br
30Hz,1h

« ambient conditions « short reaction times

~® o

« prefunctionalization

* room temperature

Scheme 1 Brief overview of traditional ketone syntheses alongside
solution phase and mechanochemical XEC alternatives.
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they have never been applied to mechanochemistry. Motivated by
this potential, we envisioned a mechanochemical XEC of thio-
esters with alkyl halides to access ketones under ambient condi-
tions (Scheme 1D).

Preliminary experiments revealed that S-ethyl thioesters
remained unreactive, while S-phenyl thioesters furnished the
desired ketone. Ligand screening identified bidentate nitrogen
ligands, particularly 1,10-phenanthroline (phen) and 4,4'-di-tert-
butyl-2,2'-dipyridine (dtbbpy), as most effective (Table 1, entries 1
and 2), while other ligand classes resulted in diminished reactivity
(see the SI, Section S3). Subsequently, liquid-assisted grinding
(LAG) media were explored. Polar amide solvents such as DMA,
commonly used in XECs, proved effective, while protic MeOH
presented an interesting alternative (entry 3). Even water could
serve as an LAG medium, leading to substantial but not complete
loss of yield. This highlights moisture tolerance, which is consis-
tent with ambient conditions and utilization of non-dried LAG
agents (see the SI, Section S3).

Additive screening revealed that both pyridine and triphe-
nylphosphine oxide (TPPO) enhanced the reaction efficiency,
whereas ZnBr, had a detrimental effect (entries 4-6). These
results suggest that Lewis-basic pyridine and TPPO may reduce
the inhibitory effect of in situ generated Zn(u), an interpretation
supported by a previous report by Weix,.*" and the observed
solid-state structure of a [(pyridine)ZnBr;]~ complex obtained
from the crude reaction mixture via single-crystal X-ray diffrac-
tion (see the SI, Section S4). Alternative reductants such as
manganese and tetrakis(dimethylamino)ethylene (TDAE) were
both tolerated but provided lower yields compared to zinc

Table 1 Optimization of the nickel-catalyzed mechanochemical acyl—
alkyl XEC

NiCl, » 6 H,0 (20 mol%)
dtbbpy (40 mol%)

[ o Zn (3 equiv.) o :
Ph)J\SPh + B ~_Ph DA (100 ) Ph/U\/\/Ph [
| 1a (1 mmol) 2a (2 equiv.) ( gl ) 3aa :
__30Hz2h |
Bu 'Bu MeoN  NMe, [
= = \_ N
\ N/ }\l / N N= Me,N NMe,
dtbbpy phen TDAE |
Entry  Variation Yield® (%)
1 None 51
2P Phen as ligand 44
3 MeOH as LAG 47
4 + Pyridine (1 equiv.) 64
5 + TPPO (1 equiv.) 60
6 + ZnBr, (1 equiv.) 6
7 Mn instead of Zn 21
8 TDAE instead of Zn 27
9° Pyridine as LAG and 10 mol% catalyst loading 78
10° + NacCl (2 equiv.) >99
11° No Ni/no ligand 2/0

Reaction conditions: performed in a stainless steel (SS) milling jar
10 ml) with 2 x 4 g SS milling balls for 2 h at 30 Hz. * GC-FID yields.

N,N-Dimethylpropyleneurea (DMPU) instead of DMA. ¢ NiCl,-6H,0
(10 mol%), dtbbpy (20 mol%), Zn (2 equiv.), pyridine (2 equiv.) mixer
mill (30 Hz, 1h).
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(entries 7 and 8). The use of other nickel salts decreased the
efficiency (see the SI, Section S3). A key discovery was that
pyridine could act as both an additive and LAG agent, eliminat-
ing the need for DMA. This change increased the yield, reduced
the catalyst loading (10 mol%), and shortened the reaction time
to 1 h (entry 10). Finally, adding NaCl, potentially acting as a
grinding auxiliary or enabling more complex interactions,*"*!
further improved the outcome, defining the optimized condi-
tions for subsequent studies. Control experiments confirmed
the necessity of both NiCl,-6H,0 and the ligand (entry 11).

With the optimized conditions at hand, the substrate scope
was investigated (Scheme 2). Aside from simple benzoic thio-
ester (3aa), sterically hindered thioesters could be coupled in
good yields (3ba, 3ca). An upscaled reaction gave 3aa in 89%
yield (3.99 g). Both electron-withdrawing and -donating groups
were accommodated, including aryl halides (3da, 3ea), a tri-
fluoromethyl group (3fa), an ester (3ga), or a methoxy substi-
tuent (3ha) in good yields. Meanwhile, more electron-rich
benzodioxol decreased the yield (3ia). It should be noted that
electron-withdrawing substituents led to increased amounts of
the decarbonylated coupling product. To our delight, aliphatic
thioesters could also be used, efficiently yielding dialkylketones
in excellent yields (3ja, 3la). However, homobenzylic thioesters
suffered from decarbonylation and homocoupling, producing
higher amounts of side-products (3ka). Unsaturated alkyl
chains were also viable (3ma). Gratifyingly, ketones with sec-
ondary aliphatic cycles on the acyl moiety could be obtained in
good to high yields (3na, 3qa), and heterocyclic substrates were
well tolerated (30a, 3pa). Notably, even the coupling of a
sterically encumbered tertiary thioester was successful, albeit
in a reduced yield (3ra). Next, the alkyl bromide scope was
studied. Primary alkyl bromides afforded products in good
yields (3ja, 3jb). The reaction was compatible with alkyl and
aryl chlorides (3jc, 3jd), a trifluoromethyl group (3jf) and even
aryl bromides (3je), representing a handle for further functio-
nalization. Ketones containing silyl- or methyl-protected alco-
hols (3jg, 3jh) as well as esters (3ai, 3ji) could be produced in
moderate to good yields. Secondary alkyl bromides were also
feasible despite their higher steric demand, delivering ketones
in good to high yields (3jj-3jl). Notable limitations included the
use of tertiary (low conversions) and benzylic bromides (homo-
coupling). Finally, thioesters derived from pharmaceutically
active compounds Ibuprofen, Oxaprozin or Probenecid as well
as an intermediate in the Roflumilast synthesis could be
coupled in moderate to good yields (3sa-3va).

Next, we turned our attention to the reaction mechanism
(Scheme 3), as both a Negishi-type as well as a radical-chain
mechanism seemed possible.”’*> We were especially interested
in the activation of thioesters, as there is no clear mechanistic
evidence on their oxidative addition (OA) to nickel. Conse-
quently, we sought to synthesize the OA complex by adding
thioester 1a to a dtbbpy-preligated nickel(0) complex, affording
Ni1 (Scheme 3A). Interestingly, a mixture of the acyl complex
Nila and its CO-deinserted isomer Nilb was obtained with the
latter as the major product (ca. 35:65). This was revealed by
'HC-HMBC NMR spectroscopy, showing the presence or
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Scheme 2 Substrate scope for the nickel catalyzed mechanochemical XEC of S-phenyl thioesters with alkyl bromides. Reaction conditions: la
(2 mmol), 2a (2 equiv.), NiCl,-6 H,O (20 mol%), dtbbpy (40 mol%), Zn (2 equiv.), NaCl (2 equiv.), pyridine (2 equiv.) in a stainless steel (SS) milling jar (10 ml)
with 2 x 4 g SS milling balls for 1 h at 30 Hz. Isolated yields. ? Yield calculated by *H NMR from an isolated sample (inseparable mixture of products). °2 h.

absence of *J coupling of the carbonyl carbon with a proton in
the ortho-position of the aromatic ring. Varying the addition
temperature (—80 °C to rt) or measurement conditions (—40 °C
to rt) did not significantly influence this ratio, suggesting that a
fast equilibrium between these two species is present in
solution. While attempts to crystallize Ni1 remained unsuccess-
ful, a 4-fluoro-substituted derivative Ni2a could be character-
ized by XRD, displaying a square-planar coordination of
nickel(nr) with an intact acyl moiety, although the acyl form
was also the minor form in solution for this derivative. The
solid-state structure is in line with the literature and the
observed diamagnetism.*?

Because the isomer ratio Nila/Ni1b in THF solution may not
be directly transferable to mechanochemical conditions, we
performed a control experiment: Upon subjecting Nil to the
ball mill, several scrambling products were obtained. Interest-
ingly, the major products resembled decarbonylated species,
indicating that under these conditions, Nilb was also the major
species or reacted faster. However, upon subjecting Nil to a
stoichiometric coupling with alkyl bromide 2a, mainly the
ketone product 3aa was obtained, along with a minor amount
of decarbonylated product 4. This suggests that Nila reacts
faster with 2a than Ni1b and is (re-)generated from Ni1lb during
the reaction in a Curtin-Hammett-like scenario. A reason could

5286 | Chem. Commun., 2026, 62, 5284-5288

be that Ni1b requires extrusion of CO before radical capture is
possible. Notably, for more electron-poor aryl thioesters, con-
siderable amounts of the decarbonylated product were
observed in catalytic reactions, suggesting that this reaction
may be competitive in cases where extrusion of CO is more
favorable. Evidence for a radical-chain mechanism was
obtained by suppression of the coupling reaction when adding
a radical inhibitor (TEMPO) and the formation of the ring-
opened coupling product (3an) upon using a radical reporter
(Scheme 3B). The radical activation of alkyl bromides by SET
from nickel is consistent with numerous literature reports.®
While Browne and co-workers also reported the formation of
organozine species under similar conditions,>*" the absence
of 3am contradicts a Negishi-type mechanism, which is also
supported by the finding that organic reductants can be used
(Table 1, entry 8). Moreover, adding a Michael-acceptor to the
standard reaction resulted in the formation of the formal Giese-
adduct 4, pointing towards the formation of an acyl radical,*>**
although a competitive migratory insertion mediated by nickel
cannot be excluded. Thus, we propose a radical-chain mecha-
nism, consistent with recent literature,*>*> involving oxidative
addition of the thioester to afford the respective oxidative-
addition complex (Scheme 3C). Capture of the alkyl radical,
likely produced by SET from a Ni(1) species,”® followed by

This journal is © The Royal Society of Chemistry 2026
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Scheme 3 Mechanistic studies. Isolated yields unless stated otherwise. ?Yields determined by GC-FID using pentadecane as the internal standard.
bYields estimated by GC-MS. ©Selected bond lengths and angles for Ni2a ([A] or [°]): Ni-C 1.859(1), C-O 1.220(1), N-Ni-C 94.66(4), S—Ni-C 90.21(3).

reductive elimination yields the coupling product, while the
catalytic cycle is closed by reduction of the resulting Ni(u)
complex with zinc. The detailed mechanism of oxidative addi-
tion may be a subject of future investigations.

In conclusion, an efficient procedure for XEC of aliphatic
and aromatic thioesters with alkyl bromides was developed.
Applicability was demonstrated on numerous examples, includ-
ing biologically relevant compounds. The mechanochemical
set-up enables rapid, simple reactions without the need for
Schlenk-techniques or a Glovebox. Compared to recent
mechanochemical methods for the synthesis of ketones, our
work featured comparable yields at shorter reaction times.
Moreover, preliminary mechanistic studies advance the current
understanding on mechanochemical transformation of acyl
electrophiles.
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