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We present a solvent-free Sonogashira coupling of various para-substituted aryl halides with terminal
alkyne using a palladium catalyst and copper (0) co-catalyst under mechanochemical conditions. This
study investigates the critical components required for C-C bond formation and explores the in situ
generation of an active catalyst from individual precursors traditionally used in solution-phase chemistry.
We demonstrate the role of palladium [Pd (0)] in different metal forms (powder and foil) within a copper
milling jar, highlighting the importance of thermal activation and ligand presence in generating a reactive
catalytic species. Notably, Pd was found to embed into the copper surface, enabling multiple reaction
cycles without additional Pd, as confirmed by surface analysis. Furthermore, thermal control of the

reaction allows for chemoselective activation of one halide over another. Our findings provide insights
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into the development of catalytic systems during mechanochemical reactions from
components, offering a cost-effective and sustainable approach to solvent-free organic transformations.

DOI: 10.1039/d5mr00060b This study underscores the potential of mechanochemical methods for designing reusable catalytic

Open Access Article. Published on 30 September 2025. Downloaded on 6/13/2026 6:53:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/RSCMechanochem

1 Introduction

C (sp)-C (sp®) coupling reactions are crucial for the synthesis of
alkyne derivatives utilized broadly across the organic, organo-
metallic, industrial, materials, agricultural, medicinal, and
biological chemical industries."* The classic Sonogashira
reaction employs high temperature reflux with stochiometric
base in the presence of palladium or copper/palladium bime-
tallic catalysts to achieve bonding between alkynes and aryl
halides or pseudohalides as the electrophilic coupling partners
(see Scheme 1).»** Recent explorations have advanced this
protocol to include reactions with electrophilic diaryliodonium
salts, aryldiazonium salts, aryl/benzylic ammonium salt, diaryl
sulfoxide, aryl sulfonium salt, and tetraphenylphosphonium.*
While incredibly beneficial, the standard protocol has a number
of drawbacks including reliance on precious metals, air free
conditions, high temperatures, and dependence on large
amounts of hazardous solvent.
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systems with enhanced efficiency and selectivity.

Recent efforts by chemists have been geared to overcoming
these limitations. Particularly notable advances have come in
the areas of photochemistry and mechanochemistry. Photo-
chemistry has enabled several Pd-free coupling transformations
with moderate to good yields. However, the protocols still
generally rely on air-free conditions to optimize output and
require large amounts of solvent, long reaction times, and high
temperatures.* In contrast, recent mechanochemical protocols
have shown promise to conduct solvent-free Songashira
couplings under ambient atmosphere at room temperature with
good to excellent yields; but continue to rely on classic copper/
palladium bimetallic catalysts to achieve high conversions.

Mechanochemists have responded to the remaining chal-
lenge of the metal catalyst by exploiting the unique nature of the
solvent free environment. This can be achieved by two main
routes. One approach focuses on reducing the amount of
precious metal required due to the enhanced relative catalyst
concentrations that can be achieved when solvent is removed.®”
Alternatively, milling materials in their native metal forms can
be employed as the catalysts directly (a technique known as

o
.
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Scheme 1 Sonogashira reaction.
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direct mechanocatalysis) thus removing the need for the often
complex pre-synthesis of metal-ligand catalyst systems and
simplifying catalyst removal and reuse.”® This can include
adding ligands to prepare the active catalysts in situ.”® These
mechanocatalytic techniques have shown promise for a number
of reaction systems including cyclopropanations,*®™** sulfonyl-
urea couplings,™ cycloadditions of alkynes,* Suzuki-Miyaura
couplings,”*”  Glaser  couplings,”  Buchwald-Hartwig
reactions,'** CuACC reactions,*” and Songashira
couplings.®#2%?32* Mechanocatalysis has been particularly well
demonstrated for Songashira coupling reactions by the use of
Pd and Pd-electroplated milling balls in PFA vials by the
Borchardt group.®**** Their recent explorations have revealed
the critical role played by ligands in the reaction system and
have demonstrated a Cu-based catalyst complex which differs
from the known catalyst complexes expected from traditional
solution based protocols.?

Previous work in our group has demonstrated that using
a copper vial as the milling jar is crucial for the success of this
protocol in the presence of a Pd catalyst.” In the absence of
copper, the reaction did not proceed. This approach can be seen
as a complementary inverse to the work of Borchardt and co-
workers, where Pd(0) metal acts as the milling material and
copper is introduced as a ligated additive (see Scheme 2).*
Building off this work, we extend our previous explorations
along with our recently developed capacity to control the reac-
tion temperature to further develop the Sonogashira coupling
reaction examining the applicability of using both elemental Cu
milling media and elemental palladium. We demonstrate the
selective embedding of Pd powder on the surface of copper
vials, enabling C-C bond formation across multiple reaction
cycles. This approach allows the system to be recharged with
a small amount of Pd powder while a portion remains
embedded on the surface. Surface analysis confirms the pres-
ence of Pd on Cu, highlighting the role of thermal energy,
mechanical mixing, and ligand selection in generating a reac-
tive catalytic species in situ for Sonogashira coupling. Further-
more, precise temperature control under solvent-free
conditions is achieved using a heating apparatus equipped with
a thermocouple attached directly to a heating sleeve enclosing
the milling media (see SI 1.2). In combination with ligand

a) Traditional mechanochemical approach
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Scheme 2 Explorations of the Sonogashira reaction driven by direct
mechanocatalysis.

R' (Borchardt 2023)
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variations, this setup enables the chemoselective activation of
one halide over another which is a level of selectivity not
commonly observed in conventional solution-phase reactions.

2 Experimental

All terminal alkynes were purchased from Sigma-Aldrich and
used without further purification. Similarly, iodobenzene (98%,
Acros Organics), potassium carbonate (Mallinckrodt), caesium
carbonate (99%, Acros Organics), and deuterated chloroform
(Cambridge Isotope Laboratories, Inc.) were obtained directly
from suppliers and used without further purification.

2.1 Nuclear magnetic resonance

'H Nuclear Magnetic Resonance (NMR) spectra were obtained
using a Bruker Advance 400 MHz spectrometer. ">C NMR
spectra were recorded at 100.6 MHz on a Bruker AV400 spec-
trometer. Chemical shift values are reported in ppm on the
0 scale.

2.2 Flash column chromatography

Flash column chromatography was performed using a Combi-
flash® Automated Flash Column Chromatography system with
RediSep Rf Gold® high performance flash columns (fine
spherical silica gel 20-40 pm).

2.3 Gas chromatography mass spectroscopy

Mass spectral determinations were obtained using a Hewlett—
Packard 6890 series GC column (30 m, 0.250 mm, 0.25 um) from
J&W GC Columns, sold by Agilent. The samples were analysed
using Agilent Technologies 7890B GC/5977A MSD.

2.4 Milling system modifications for direct
mechanocatalysis under controlled temperature

All Sonogashira coupling reactions by mechanochemical ball
milling were carried out in a SPEX 8000M Miller/Mill operating
at a frequency of 18 Hz using a custom-made copper vial with
copper shot. Further details on copper and palladium material
suppliers and manufacturing are available in SI 1. The heating
apparatus used for control of the milling temperature employed
is described in detail in previous work* (See SI 1.2).

2.5 Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS)

Cleaning and cutting processes to prepare Cu vial samples for
subsequent analysis are described in more detail in SI 1.
Scanning electron microscopy measurements on Cu vial
samples were obtained at the Materials Characterization
Facility of Texas A&M University (RRID:SCR_022202) on a Tes-
can FERA-3 Model GMH Focused Ion Beam Microscope equip-
ped with a Schottky Field Emission electron source, SE and BSE
detectors, and an Integrated Plasma Ion Source (Xe) Focused
Ion Beam (FIB). An Oxford Ultim Max system was employed for
EDS measurements. Beam parameters were as follows: v = 20
kv and beam intensity = 15 kV.

RSC Mechanochem., 2026, 3, 46-55 | 47
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2.6 X-ray photoelectron spectroscopy (XPS)

XPS data were obtained using an EnviroESCA (SPECS Group)
operating under traditional high vacuum pressure (~10>-107°
mbar). Spectra were processed and fit with peak models devel-
oped by Biesinger et al.”” Samples of the Cu vials examined were
kept under nitrogen except when loading them into the
instrument for analysis (~1-3 min process, an insufficient time
for significant oxide formation). To ensure that the potential
effects of reduction of the copper surface by X-rays were mini-
mized, Cu 2p*? and Cu LMM (Auger electron spectrum that
arises from the electronic transitions within the L shell of an
atom) spectra were recorded first, followed by the collection of
other XPS data.”

3 Results and discussion

3.1 Optimizing Cu (0) and Pd (0) sources as
mechanochemical catalysts

Traditional palladium catalysts have many drawbacks including
cost, sensitivity, limited shelf life, and different reactivity
depending on the supplier.”® Furthermore, palladium catalysts
are generally reacted under inert atmosphere and tend to be
difficult to recover. We sought to expand our previous meth-
odology to overcome these challenges by exploring the combi-
nation of Pd foil in Cu vials. Foil was chosen as we have
previously had success employing direct mechanocatalysis with
a number of foil coated vials and it offers high recyclability."
The reaction between iodobenzene and 4-phenyl-1-butyne was
chosen for initial explorations. When tetra-
kis(triphenylphosphine)palladium (0) was utilized as the
palladium source (in accordance with the established method-
ology in literature),” we routinely observed high yields. Unfor-
tunately, replacing this catalyst with palladium foil only
afforded us trace amounts of product and recovered starting
materials after 17 h of milling (Scheme 3).

The Stolle group has shown these reactions can proceed
much faster in planetary mills using zirconia jars.® Planetary
mills can operate at temperatures around 120 °C; this is
significantly hotter than the shaker/vibratory mills which we are
using for our experimental study.> More recently the Borchardt
group demonstrated the ability to conduct both Sonogashira
and Suzuki-Miyaura reactions in a vibratory mill, but needed to

a) Cu milling media in the presence of commercially available catalyst
& P
Cu vials, Cu shots Z

/v@ * @
& I O
1a 2a

3a, 78%
b) Cu milling media+ elemental Pd(0) Source without ligand use
+ 4>&) F
%/© |/© Cu vials, Cu shots O Z
1a 2a

Scheme 3 Comparison of the mechanochemical Sonogashira reac-
tion using different Pd sources: (a) tetrakis(triphenylphosphine)palla-
dium (0) as the palladium source, (b) Pd (0) foil as the Pd source in
absence of ligand. The reaction was conducted in a Spex Certiprep
8000M mill.

17 hr, K,CO; (1 eq)
Pd(PPhs), (2.5 mol%)

17 hr, K,CO;3 (1 eq)

Added Pd (0) foil (5 mol%) 3a, Trace
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shake the vial at 35 Hz to achieve high yields of product.®® These
setups also employed larger milling vessels which may enable
greater reaction mixing and correspondingly more frictional
heating for faster rates. Based on these reports we decided to
heat the reaction to determine if the Sonogashira reaction
would produce more of the desired product with increased
temperature. Unfortunately, we discovered that heating the
reaction at 90 °C for 3 hours in the absence of the proper ligand
did not improve the reaction yield in the presence of Pd foil.

Such poor yields suggest that performing the reaction with
only the native metals is not a feasible process. This is parallel
to the findings from the Bolm group when attempting to drive
transformations directly with copper and vanadium mineral
ores.”* They observed that adding ligands to convert the
minerals to more active forms in situ would activate the mech-
anochemical process.”® We thus wondered if this would be
valuable for our system and found there is warrant for such an
approach. Tetrakis(triphenylphospine)palladium (0), first re-
ported in 1957, has been demonstrated to be a very versatile
and effective catalyst for a plethora of reactions.*” It has been
demonstrated that mechanochemical conditions inherently
mimic the inert reactions conditions needed to perform air and
moisture sensitive reactions.**** Because we would be gener-
ating the catalyst in situ, there would be no need to store the
catalyst. Furthermore, the synthesis of tetra-
kis(triphenylphospine)palladium (0) requires the use of various
harmful reagents which would be avoided under these condi-
tions.*® This approach also leads to significant savings; 1 gram
of tetrakis(triphenylphospine)palladium (0) costs $ 119.5
(USD).*” The same raw components (i.e., elemental palladium
and triphenyl phosphine) that would net a gram of Pd(PPh;),
would cost $36.75 (USD).*”* Therefore, the net difference of
$82.75 gram ™' (USD) (69% of the total cost) is related to the cost
of assembly and isolation.

Toward this end, we added 10 mol% of triphenylphosphine
to the reaction vial, in addition to palladium metal foil and
observed a 55% yield after 17 h of milling (Fig. 1). Next, we
pursued heating the reaction mixture to reduce reaction times
and found that conducting the reaction for 3 hours at 90 °C
result in quantitative yield (see Fig. 1 and SI 2). Percent yield was
found to be linearly related to temperature (see Fig. 1 and SI 2).
Although we achieved high yields in a relatively short time,
recovering the palladium foil proved challenging. The foil
fragmented into smaller pieces due to abrasion, making it
difficult to (i.e., 100% recovery before tri-
phenylphosphine addition, 60% after), which was a key objec-
tive of the experimental design (see SI 3).

Since the recovery of bulk foil was largely unsuccessful, we
explored an in situ catalyst synthesis using Pd powder instead.
This approach aimed at minimizing palladium loss compared
to the foil method. Under these conditions, using a large excess
of Pd powder (matching the excess available with foil trials)
resulted in a 99% yield of the expected coupling product (Table
1, entry 1). However, decreasing the Pd loading led to reduced
yields (Table 1, entries 2-4). Interestingly, yield improvements
were observed when potassium carbonate was replaced with
cesium carbonate (Table 1, entries 5-8 and SI 4).

active

retrieve

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Mechanochemical Sonogashira using elemental palladium

foil and triphenylphosphine at milling temperature (45 °C) and 17 hours
of milling. (b) Mechanochemical Sonogashira using elemental palla-
dium foil at various temperatures after 3 hours of milling.

Table 1 Sonogashira reaction under optimized conditions using Pd
powder and different bases®

& .~ _
/\/© /© Cu vials, Cu shots O Z

90°C- 3 hr 3a
Added Pd Powder (X mol%)
PPh; (20 mol%)

= Percent Yield (%)

M2CO; (1 eq)
Entry Added Pd (mol%) M,CO; Isolated yield (%)
1 230 K,CO; >99
2 5 K,CO;, 41
3 1 K,CO; 53
4 0 K,CO; 52
5 230 Cs,CO5 >95
6 5 Cs,CO;, 93
7 1 Cs,CO; 90
8 0 Cs,CO; 86

¢ Reactions performed using a Cu ball (3/32"), Cu vial (2" x x 0.5") with
3 hours of milling at 18 Hz and 90 °C using a Spex Certiprep 8000M.

Using Cs,CO; with excess Pd powder afforded a 95% yield
(Table 1, entry 5), while reducing Pd loading still provided
comparable yields (Table 1, entries 6 and 7). Trials exploring
alternate ligands for Pd-catalyst generation confirmed that the
triphenylphosphine continues to have the best overall reactivity
under our conditions (see SI 5). Surprisingly, even in the
absence of added Pd powder, the reaction proceeded with an
86% yield (Table 1, entry 8). This result was unexpected, as

© 2026 The Author(s). Published by the Royal Society of Chemistry

= Cu Vial Mass (g) |

90 o

Percent Yield (%)
Cu Vial Mass (g)

Runs

Fig. 2 Recyclability of palladium embedded in copper vial. Replicate
reactions performed using a Cu ball (3/32”), Cu vial (2” x 0.5") with 3
hours of milling at 18 Hz and 90 °C using a Spex Certiprep 8000M.

palladium has traditionally been essential for the mechano-
chemical Sonogashira coupling. A similarly incongruent
outcome was observed when no Pd powder was added in the
presence of K,COj; (Table 1, entry 4).

Skeptical of these findings, we repeated the reaction five
times under standard conditions without adding new palla-
dium powder. Over these runs, the product yield progressively
declined from 86% to 30% (Fig. 2). These results suggested that
residual palladium might have embedded itself in the vial walls
and was not completely removed by routine cleaning. To test
this hypothesis, we machined a new copper vial free of palla-
dium contamination. In this vial, 1a, 2a, triphenylphosphine,
caesium carbonate, and a copper ball were added under our
optimized conditions and milled for 3 hours at 90 °C. Only
starting materials were recovered, indicating that the unex-
pected reactivity observed in our previous experiments (Table 1,
entries 4 and 8) was likely due to palladium embedded in the
original copper vial.

To minimize powder loss while maintaining high yields, we
chose to proceed with the use of 5 mol% Pd for each trial, which
was the lowest reliable palladium powder loading to give greater
than 90% yield (Table 1, entry 6). In this way we would maintain
sufficient Pd loading in the vial to probe the synthetic utility of
the process to evaluate the capability of utilizing bulk metals
directly rather than catalyst precursors.

3.2 Examining the synthetic utility of catalyst generation in
situ

We proceeded to investigate the versatility of the palladium-
catalysed mechanochemical Sonogashira reaction with various

RSC Mechanochem., 2026, 3, 46-55 | 49
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terminal alkynes under optimized conditions (Table 2). These
conditions provided moderate to excellent yields of a variety of
alkyne substrates. Excellent yields were observed when 4-
phenyl-1-butyne (1a), phenylacetylene (1b), 1-bromo-4-
ethynlbenzene (1c), 1-ethynylcyclohex-1-ene (1d), were used as
substrates (Table 2). Trimethylsilyl acetylene (S-1a) provided
poor yields at 90 °C, and without any additional heat at long
milling times (see SI 6). Since trimethylsilyl acetylene (S-1a) has
a relatively low boiling point, it is a less effective coupling
partner at elevated temperatures. Further, since we observed no
cross-coupling product if the reaction is not heated to at least
60 °C (a temperature above the boiling point of trimethyl silyl
acetylene) this substrate was not compatible with these condi-
tions. However, using triethylsilyl acetylene (1e) provided 67%
yield using our optimized conditions (Table 2).

No reaction was observed when propargyl alcohol (S-1b) was
used as the starting alkyne, most likely due to the alcohol
moiety competing with the triphenylphosphine for the

Table 2 Various substrates screening for the mechanochemical
Sonogashira reaction

X
N o g S—
Y Cu vials, Cu shots —

90°C- 3 hr
Added Pd (0) Powder (5 mol%)
PPh; (20 mol%)

o

Cs,CO03 (1 eq)
Alkyne (R) Aryl halide (X,Y) Product  Isolated yield (%)
QV\\\ 2a (LH) 3a 93
1a
« 2a (IH) 3b >95
b S
Br
, 2a (I,H) 3c 90
¢ A
Q 2a (LH) 3d 68
1d
TES—— 1e 2a (I,H) 3e 67
I
2a (LH) 3f 71?
N
\\ 7 2b(Br, 1) 3g >95¢

“ Reactions performed using a Cu ball (3/32”) Cu vial (2" x 0.5”) with 3
hours of milling at 18 Hz and 90 °C using a Spex Certiprep 8000M.

b Mono-addition product observed. ¢ Di-addition product made when
1f was reacted firstly with 2a and then 2b.
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palladium (see SI 6). Surprisingly, 1,3-diethynylbenzene (1f)
only yielded the monosubstituted product (3f), exclusively, in
71% yield after 3 hours of milling (Table 2). To obtain the
disubstituted product (3g), the reaction time was extended to 6
hours, and an additional aryl halide (2b) can be used to give
product in >95% yield (Table 2).

We then proceeded to investigate other aryl and alkyl halides
as coupling partners. We first attempted to substitute iodo-
benzene (2a) with iodododecane (S-2a) to observe if our system
could tolerate an alkyl halide in hopes of demonstrating
a method for forming a sp®>-sp® carbon-carbon bond as typical
formation requires the use of excess protecting groups and
harsh reagents. Unfortunately, only starting material was
observed (see SI 6). All other halogens and triflates gave
moderate to poor yields (S-2b-S-2d) (see SI 6). This is unsur-
prising as such molecules are generally found to be challenging
to react in literature.*®

We were able to overcome this limitation in the case of the
Aryl bromide substituent (2¢). While the previous optimized
conditions gave only a 2% yield, this value could be increased to
57% by employing excess palladium and higher temperatures
(Table 3, entries 1 and 2). While this was promising, we wanted
to further reduce the palladium requirements for these
substituents. We found that substituting triphenylphosphine
with tri-ter¢-butylphosphine provided higher yields for bromide
substrate than iodide substrate (Table 3, entries 3-5). A good
yield of 84% was obtained when the reaction was conducted at
120 °C for 17 hours (Table 3, entry 6).

Since iodobenzene (2a) and bromobenzene (2¢) are both
active at different temperatures and with different ligands, it is
quite possible to chemoselectively react one over the other. We
demonstrated this by first reacting 1-bromo-4-iodobenzene (2b)
with phenylacetylene (1b) in the presence of tri-
phenylphosphine at 90 °C. This presumably afforded 4-bromo
diphenylacetylene (3c) as an intermediate with % conversion

Table 3 Optimizing conditions for Sonogashira reaction with bromine
substituent®

W@

Pz
/© Cu vials, Cu shots O Z

120°C- 17 hr
Added Pd Powder (X mol%)
Ligand (20 mol%)

2c 3a

M,CO; (1 eq)
Added pPd Time Isolated
Entry (mol%) (h) Ligand M,CO; yield (%)
1 5 3 PPh, K,COs 5
2 230 3 PPh, K,CO; 57
3 5 3 PPh, Cs,CO;4 5
4 5 3 PCy; Cs,CO; 3
5 5 3 P(t-Bu), Cs,CO; 27
6 5 17 P(t-Bu); Cs,CO; 84

“ Reactions performed using a Cu ball (3/32"), Cu vial (2” x 0.5") with
milling at 18 Hz and 120 °C using a Spex Certiprep 8000M.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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1b 2 90°C-3 hr
Pd (0) powder- PPh; (20 mol%) 3|: 99%*
Cs,CO; (1 eq)

Pd (0) powder- P(t-Bu); (20 mol%)
Cs,CO3 (1 eq)
120°C- 17 hr

3h, 86%**

Scheme 4 Tandem one pot mechanochemical Sonogashira reaction
exploiting varying reactivity of iodine and bromine substituents.
reactions performed using a Cu ball (3/32”), Cu vial (2” x 0.5”) with
milling at 18 Hz using a Spex Certiprep 8000M. * Calculated as GCMS
% conversion, ** Calculated as isolated yield.

observed as 99%. After milling at 90 °C for three hours, the vial
was cooled before adding 4-phenyl-1-butyne (1a) and tri-tert-
butylphosphine. The reaction mixture was then milled for an
additional 17 hours at 120 °C, yielding 1-(4-phenylbut-1-yn-1-yl)-
4-(phenylethynyl)benzene (3h) in 86% yield (Scheme 4).

3.3 Examining the phenomenon of Pd embedding into Cu
vials

To investigate the suspected embedding of Pd within the copper
milling vial surfaces, a copper vial that had been overloaded

a) New Unused Cu vial

| rre—

100pm f !

100pum

View Article Online

RSC Mechanochemistry

with excess Pd powder utilized in the previous synthetic utility
reactions was analysed using SEM and EDS. As shown in Fig. 3,
Pd contamination is apparent when compared to an unused
copper vial. Contamination is confined to distinct regions of
~100 um or more long scattered across the vial surface rather
than being homogeneously distributed. The copper vials also
showed trace silica-containing species (SiO,), likely residual on
the vial surface from sanding during the machining process.
Phosphorus-containing species mapped surprisingly well with
the Pd regions, suggesting an affinity between the two which
may suggest catalyst formation responsible for promoting the
reaction. Similarly, potassium-containing species also mapped
well onto the Pd regions. More information on other contami-
nant species which are not constrained to copper or Pd regions
can be found in SI 7.

To determine if the addition of 5 mol% Pd was sufficient for
reliable embedding and Pd build-up on the surface over time,
multiple freshly machined copper vials were used for the stan-
dard reaction. These vials were then subjected to surface anal-
ysis to confirm Pd embedding and assess its ability to form an
active catalyst for C-C bond formation. Copper vial 1 was used
under optimized conditions with a 5 mol% Pd powder loading,
resulting in 55% conversion to the desired product (see Table 4,
entry 1 and Fig. 4a). This result suggests the in situ formation of

an active catalytic species. Subsequent surface analysis

K Kal

P Kal

100pm

Fig. 3 SEM-EDS chemical composition maps of the elemental species on (a) a brand new, unused copper vial, and (b) a copper vial utilized for
a variety of reactions to test reaction substrate scope. More composition maps of other species observed on the vial utilized for a variety of

reactions are available in SI 7.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table4 Screening Palladium powder load for recyclability and surface
analysis®

FZ | Cu vials, Cu shots O
1a 2a

90°C- 3 hr 2a
Added Pd (0) Powder (X mol %)
PPh; (10 mol%)
Cs,CO; (1 eq)

3

Entry Pd (mol%) Conversion” (%) Cu vial label
1 5 55 Vial 1
2 5 57 Vial 2
3 — 5 Vial 2
4 — 3 Vial 2
5 — 27 Vial 2

“ Reactions performed using a Cu ball (3/32"), Cu vial (2” x 0.5") with
milling at 18 Hz and 90 °C using a Spex Certiprep 8000M. ” %
Conversion reported using GCMS.

confirmed that 5 mol% Pd was sufficient for embedding (see
Fig. 4b). The Pd appears in generally smaller regions ~10-20 pm
or more. These findings ensure that 5 mol% additions of Pd
lead to increased reactivity in each subsequent trial rather than
reduced reactivity as the amount of added Pd must be sufficient
to overcome the rate of surface wear and loss to ensure high
yields.

We note that the surface of the vial upon reaction comple-
tion was coated with a dark black residue (see Fig. 4a). Attempts
to remove this residue by sonication in acetone, isopropanol,
and ethyl acetate were unsuccessful, but citric acid was found to
restore the copper to visually clean. SEM-EDS indicated that, in

a) before b)
cleaning

w
after
cleaning

500um

500um

Fig. 4

View Article Online

Paper

both clean and dirty regions, SiO, (from vessel sanding during
manufacture) and Cs,CO; are present on the surface. Surpris-
ingly, iodine species can also be seen to cover the Cu vial surface
in both regions. Regions more intensely cleaned show more
uniform iodine species coverage while poorly cleaned areas
show spotty iodine species coverage suggesting species are
deeply incorporated into the vial (see Fig. 4b). Aside from this,
there was no significant difference in the surface composition

2500004 2p™?
200000 —|
150000 —
100000 —
@ 50000 —
3 — —— ———— ——— —
) 950 945 940 935 930
2 m =cu(0)
2 B =Cul
£ 80000 m =cu0
c ] cuLmm ® =Cuo
| O = Calculated Fit
70000 @ =Baseline

578 576 574 572 570 568 566 564 562 560
Binding Energy (eV)

Fig.5 XPS spectra of the clean region of vial 1 and associated fits from
copper surface species.

BE
e 1

S0um S0um

(a) Optical images of vial 1 (as described in Table 4) before and after cleaning, (b) SEM-EDS chemical composition maps of significant

elemental species on clean and dirty regions of vial 1, and (c) SEM-EDS chemical composition maps of significant elemental species on clean

region on vial 1 zooming into the embedded Pd powder.
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Fig. 6
portion of the surface, and (c) an average area on the surface.

between the clean and dirty vial regions. Further examinations
by XPS reveal that the copper reacts with the iodine from the
iodobenzene (2a) to form Cul which accounts for the penetra-
tion of the iodine species into the surface observed by SEM (see
Fig. 5, note that residual copper oxides are also observed). A
more in-depth analysis of XPS data is available in SI 7.

A second freshly machined Cu vial was subjected to the same
conditions with 5 mol% Pd, yielding comparable results (Table 4,
entry 2). This vial was then used for three additional runs without
introducing new Pd powder, leading to a progressive decline in
conversion (Table 4, entries 3-5 and Fig. 6a). The small uptick
noted in Table 4, entry 5 was unexpected and may be the result of
the release of additional sub-surface Pd following additional
milling, but this is beyond the current scope of this work. Further
studies by secondary-ion mass spectrometry (SIMS) depth
profiling, will aim to examine the extent of Pd embedding into
the Cu vials, with reactions run for up to 5 cycles. The yield drop
suggests the gradual depletion of embedded Pd, which was
further corroborated by surface analysis of vial 2. SEM revealed
that no Pd remained in the vial surface (see Fig. 6). Rather, the
surface was covered with Cs,CO; and SiO,. Cs,CO; species ten-
ded to be more concentrated in scratches on the surface. We also
observed Ca species which we attribute to being present in the jar
sanding matrix due to the overlap of Ca and SiO, species when
observed (see Fig. 6 and SI 7).

4 Conclusion

In conclusion, we have demonstrated that palladium powder
serves as an effective alternative to pre-formed catalysts for
Sonogashira coupling under mechanochemical conditions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Vial 2 after cleaning by sonication in acetone, SEM-EDS chemical composition maps of the elemental species on (b) a scratched

This system accommodates a wide variety of terminal alkynes,
with temperature, ligand, base all playing crucial roles in reac-
tion efficiency. Temperature control and ligand presence facil-
itate the formation of the active catalyst, while the base
promotes reductive elimination via ion pairing.

Surface analysis confirmed that Pd progressively embeds
into the copper vial over time. Using excess Pd powder results in
an embedded Pd load that enables multiple reaction cycles
before recharging is necessary. A 5 mol% Pd loading has been
identified as sufficient to recharge the system for subsequent
reactions.

Furthermore, temperature control and ligand selection
enable chemoselective activation of different aryl halides over
one another. Iodobenzene, with a lower thermal activation
energy barrier, reacts more readily than bromobenzene.
Bromobenzene, requiring a higher activation energy, necessi-
tates a more electron-donating ligand, such as tri-tert-butyl-
phosphine, and longer reaction times. By tuning temperature
and proper ligand choice, selective activation of one halide over
another is achievable which is not typically observed in
solution-phase reactions. These findings highlight the potential
of mechanochemically developed, solvent-free catalytic systems
to expand the scope of metal-ligand catalysis, enabling trans-
formations that may be challenging or impractical in conven-
tional solution chemistry.
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