


lished mechanochemical Sonogashira protocols rely on the

use of several additives, such as a copper source, amine

bases or ligands.[10, 17] In the following experiments, we

determined the importance of said additives for direct

mechanocatalysis by adding them separately to the reaction

mixture. In line with the literature, our protocol was first

expanded by adding a copper source.[18] After the addition

of the co-catalyst, only 5% of DA could be detected (cf.

Figure 2A, Entry 1) as simultaneously the copper-catalyzed

competing Glaser reaction took place giving rise to the side

product, 1,4-diphenylbutadiyne (DB).[15] Indeed both, other

transition metals (cf. Supporting Information, chapter 2.1)

and inert atmosphere could suppress this side reaction, but

neither led to higher yields even after 12 h milling time.

Glaser side products can entirely be avoided if the Cu

co-catalyst is substituted by 1,4-diazabicyclo(2.2.2)octane

(DABCO).[9] Using DABCO and a Pd milling ball as the

only catalyst lead to yields of 55% (cf. Figure 2A,

Entry 2+3) after one hour and quantitative yields after 4 h

(cf. Supporting Information, chapter 2.2.1). To increase the

conversion rates further, we began to explore combinations

of the additives. CuI and DABCO together, however,

performed worse than pure DABCO (cf. Figure 2A, En-

try 5), which was surprising as this combination was reported

as a catalyst for the conventional solvent-based Sonogashira

coupling, already hinting towards the possibility of different

reaction pathways under mechanochemical conditions.[19]

We further examined the addition of triphenylphosphine

(PPh3), which is a widely applied phosphine ligand in

classical liquid phase catalysis and even finds applications as

ligand in Cu-catalyzed reactions.[20, 21] We could observe trace

amounts of DA product formation (cf. Figure 2A, Entry 4).

Binary combinations of copper iodide and DABCO or PPh3

(cf. Figure 2A, Entry 5–8) each led to an insignificant

increase in conversion and being worse than the approaches

utilizing solely DABCO, but the ternary combination of all

additives led to excellent yields of 95% after 90 minutes of

milling (cf. Figure 2A, Entry 8). The protocol using all three

additives is also no longer dependent on an inert atmos-

phere to suppress the Glaser coupling, so further experi-

ments could be performed under air, facilitating sample

preparation substantially.

In a next step we aimed to reduce the amount of these

additives to a minimum starting from Figure 2A, Entry 8 as

benchmark. Our results indicate that DABCO needs to be

present in high sub stoichiometric amounts of around 0.3 to

0.6 equiv to achieve high yields (cf. Figure 2C, blue curve).

Maintaining these DABCO levels the other additives

however can be scaled down to catalytic quantities of

0.5 mol% (cf. Figure 2C, green curve). Substituting DAB-

CO with other amine bases such as triethylamine is feasible

(cf. Figure 2B, control reaction b5), but results in slightly

lower yields while utilizing more hazardous reagents.

Similarly, the CuI can be replaced by CuCl and Cu2O (cf.

Supporting Information, chapter 2.1) which both lead to

lower yields.[21, 22] Using Cu2O as a co-catalyst, however, by

far outperforms any reported protocols relying on it as a

copper source.[21] Nevertheless, CuI was kept as copper

source and DABCO as base, as the conversion was the most

efficient.

Finally, liquid-assisted grinding (LAG) was tested.

Mainly, LAG was intended to counter the problem of the

substrates being kneaded into a paste which then sticks to a

side of the vial, an effect known as snowballing.[23] This

hinders the mass transport during mixing, lowering the

yields. In our screening (cf. Supporting Information, chap-

ter 2.3) ethanol, 1,4-cyclooctadiene, 2-butanol and

cyclohexane showed an impact on either yield or rheology.

We finally settled for the use of cyclohexane in quantities of

0.3 μLmg�1 which resulted in an improved rheology without

negatively impacting the yield (cf. Figure 2A, Entry 11).

To rule out rheological influences we continued with the

LAG approach and screened substrates of different elec-

tronic properties for their efficiency in this coupling.

Excellent yields could be generated in as little as 90 minutes

with even highly deactivated substrates. Interestingly, polar

and aliphatic substrates were proven to react slower in this

coupling (cf. Table 1). Even deactivated substrates as well as

aniline derivatives show good yields, even though amines

are known to bind to copper, which could in theory interfere

with the activity of the co-catalyst (cf. Table 1, Entry 5).

Under current conditions, brominated or chlorinated sub-

strates, showed no reaction during this screening. In contrast
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to previous studies[16] the use of potassium iodide, intended

to carry out a trans halogenation, did not lead to a successful

coupling of brominated substrates.

Being aware that utilizing pure Pd balls as catalysts is

costly, we applied a direct mechanocatalytic protocol

elaborated in our group to this coupling which utilizes

electroplated steel balls, lowering the catalyst ball costs

significantly.[24] The experiments were carried out according

to Figure 2A, Entry 10. After 5 cycles the reactivity re-

mained unchanged, which highlights the capability of the

electroplated balls, even though the electroplated milling

balls showed consistently slightly lower yields than pure Pd

balls (cf. Supporting Information, chapter 5).

After the additives and their role in this reaction were

identified and the method was tested for its versatility, we

wanted to investigate how these additives interact and lead

to this astonishing reaction rates once combined in the right

stoichiometry. First, we directed our attention to the PPh3

and investigated its role with several spectroscopic methods,

utilizing the refined reaction conditions (cf. Figure 2A,

Entry 9). We can show by X-ray photoelectron spectroscopy

(XPS) that Pd in its form of a milling ball is not able to form

a molecular Pd(PPh3)4 complex (cf. Supporting Information,

chapter 4.5).[16] Next, nuclear magnetic resonance spectra

(NMR) of the phosphorus were recorded. 31P NMR spectra

were recorded from the milled mixture washed with CDCl3
directly after milling. The absence of any phosphorus signals

indicates that the phosphine must be bound in an insoluble

compound, and not in a typical homogeneous Pd complex

(cf. Supporting Information, chapter 4.4). This is further

reinforced by the low amount of Pd abrasion of less than

1 μg within one hour (cf. Supporting Information, chap-
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ter 4.4.1) and the low activity of the protocol with only PPh3

as additive (cf. Figure 2A, Entry 4). To further exclude the

possibility of PPh3 acting as surface-bound ligand, cyclisation

experiments were done which ultimately showed that the

ligand does not bind to the Pd ball (cf. Supporting

Information, chapter 2.4). The XPS investigations of the

milled mixture showed that the PPh3 signals shift in the

procedure (cf. Supporting Information, chapter 4.5).

This is further corroborated by powder X-ray diffraction

(PXRD), where during milling, new reflexes appear which

are neither present in the starting materials nor possible

products of this reaction (cf. Supporting Information,

chapter 4.3). Together, these investigations pointed towards

a crystalline Pd-free complex of the co-catalyst which is

formed during milling. Attempts were made to obtain crystal

structure data of the formed copper complex, but were not

successful (cf. Supporting Information, chapter 4.3.1).

Therefore, Raman spectroscopy investigations targeting

the stoichiometry of the milled mixture were performed to

get a deeper insight into the complex stoichiometry and

structure. Here, a shift of the C�C triple bond from

2125 cm�1 in pure phenylacetylene to 2035 cm�1 in the milled

mixture was observed, proving that the phenylacetylene is

part of the formed co-catalyst complex (cf. Supporting

Information, chapter 4.1, Figure 3A+B, Complex I). Refer-

ence experiments utilizing a strong base, potassium tert-

butoxide (KOtBu) showed that this shift is not due to an

end-on copper complex, but rather a side-on coordination

(cf. Figure 2B, control experiment b3, Figure 3A, Supporting

Information, chapter 4.1.2+4.1.3).

After isolating the participating components, we synthe-

sized the complex in absence of the aryl iodine and

potassium carbonate by milling everything together stoichio-

metrically for 30 min at 35 Hz. This resulted in a light-yellow

powder, which exclusively show the previously discovered

Raman shift, indicating a quantitative complex formation.

Further investigations showed that the additives can be

added to the phenylacetylene regardless of order and will

always result in complex I to be formed (cf. Figure 3A+B,

Supporting Information, chapter 4.1.2+4.1.3). During these

investigations we could even identify a second copper

complex with a characteristic C�C triple bond signal at

1940 cm�1 when only CuI, phenylacetylene and DABCO are

milled together (cf. Figure 3C, Complex II). However, this

complex shows a low reactivity (cf. Figure 2A, Entry 5).

Adding PPh3 to this complex leads to a complete conversion

to complex I (cf. Figure 3C, Supporting Information,

chapter 4.1.3).

To investigate the previously observed Raman shift,

density-functional theory (DFT) calculations with regards to

the used additives and their stoichiometry were used to

simulate a Raman spectrum of a possible complex formed

from CuI, DABCO phenylacetylene and PPh3 (cf. Support-

ing Information, chapter 4.1.2). The calculated relative

Raman shift position observed for phenylacetylene and the

shifts of the triple bond with varying additives match the

obtained spectroscopic data. Common complexes observed

in the Sonogashira coupling or an end-on coordinated,

deprotonated species would not show any shift (cf. Support-

ing Information, chapter 4.1.1–4.1.3).

To shed light onto the time-related procedure of the

catalysis, two powerful in situ techniques were utilized. First,

in situ Raman spectroscopy was done which confirmed our

assumption of a co-catalyst complex to be formed from

phenylacetylene and the additives. This complex in turn is

converted into the Sonogashira coupling product, which can

be seen on the shift of the C�C triple bond during the

reaction (cf. Supporting Information, chapter 4.1.4). Ad-

vancing even further and exploiting the crystalline nature of

the suspected co-catalyst species, in situ XRD experiments

were carried out (Figure 4). The analysis revealed the

reflection associated with the co-catalyst complex I are

formed in the first minutes of the reaction and coincide with

the fast consumption of CuI, which is finished after only

10 minutes. Over time, these reflections start to vanish with

�

�
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simultaneous occurrence of the product reflections. Both

previously elaborated structures (cf. Figure 3C) were shown

to be formed by this principle and generate the product,

with complex I, featuring PPh3, outperforming complex II

significantly (cf Figure 4, Supporting Information, chap-

ter 4.3.2). It became apparent that DABCO indeed is part of

the formed complex and does not deprotonate the acetylene,

which can be seen on the formed KI reflection as well as on

the slowly emerging KHCO3 reflection. These experiments

confirm our previous results and prove not only the course

of the reaction and highlight the importance of PPh3, but

also show which component is the active base, being K2CO3.

In typical liquid-phase Sonogashira coupling, the copper first

binds side-on to the phenylacetylene which is subsequently

deprotonated by an amine base, leading to an end-on

complex which then undergoes the transmetalation. In this

mechanocatalytic protocol, however, this is not the case.

The amine base DABCO does not deprotonate the

acetylene, as this would lead to an immediate formation of

DB, which is not observed when DABCO, CuI and phenyl-

acetylene are milled together (cf. Figure 2B, reference

experiment b3, Figure 3B).

Ultimately, the combination of these powerful spectro-

scopic tools provided the following information:

1) Copper, DABCO and PPh3 are part of the complex of

the co-catalyst.

2) Copper, DABCO as well as the phosphine undergo an

electronic change.

3) The acetylene moiety remains protonated and is part of

a complex, formed from one equivalent DABCO, PPh3

and a copper atom which is bound side-on to the

acetylene.

Regarding the goal of performing a Sonogashira coupling

under direct mechanocatalytic conditions, a facile, sustain-

able, and fast protocol for the Sonogashira was developed.

This can be performed with Pd balls as well as with coated

steel balls. Furthermore, and less included in the initial

objective of our work, we found that under mechanochem-

ical conditions, intermediates and reaction pathways can

occur that are substantially different from those in estab-

lished chemistry. This study highlights how mechanochemis-

try can provide insights into reaction mechanisms and

intermediates directly from the reaction mixture. The

complex of the co-catalyst, which enables this fast coupling

was investigated. Even though single-crystal data could not

be obtained, the complex structure was elucidated by experi-

ments proving the molecular composition with subsequent

analysis of the complex. The data was compared to spectra

obtained from DFT calculations, proving the structures. The

complex found during this work differs from the typical

copper complex found in the Sonogashira coupling (cf.

Figure 3C, Supporting Information, chapter 4.1.2–4.1.3).

Furthermore, we tested the capability of our system on

various substrates with different electronic properties (cf.

Table 1). Our results show the versatility of the approach

which can generate excellent yields with various starting

material combinations. A general trend is seen that more

polar and aliphatic starting materials react slower in this

coupling and even typical catalyst poisoning substrates such

as primary amines can be coupled. Brominated and chlori-

nated substrates, however, do not show any conversion in

the direct mechanocatalytic Sonogashira coupling under the

given conditions.
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