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Cross-coupling Reactions Using Mechanochemistry 
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‡Institute for Chemical Reaction Design and Discovery (WPI-ICReDD), Hokkaido University, Kita 21 Nishi 10, Sapporo, 
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ABSTRACT: Carbon–nitrogen (C–N) bond-forming cross-coupling reactions catalyzed by palladium-based catalysts, the so-
called Buchwald–Hartwig aminations, have been widely employed for the synthesis of pharmaceuticals and aryl-amine-based 
organic materials in academic and industrial settings. However, in solution, these reactions usually require glove-box and 
Schlenk-line techniques, which greatly reduces their practical utility. Here, we report the development of operationally simple 
mechanochemical C–N cross-coupling reactions in the solid-state. Intensive investigations of various ball milling parameters 
revealed that the air-stable ligand tri(1-adamantyl)phosphine can be used to achieve solid-state coupling reactions between 
aryl halides and diarylamines with high efficiency. Notably, all experimental operations of the developed protocol can be 
carried out in air, thus providing a more convenient, industrially attractive, and sustainable alternative to conventional solu-
tion-based palladium-catalyzed C–N coupling reactions. 

KEYWORDS: Mechanochemistry, Ball mill, Cross-cou-
pling, Solid-state reactions, Triarylamine 

INTRODUCTION 
The development of carbon–nitrogen (C–N) bond-form-

ing coupling reactions catalyzed by transition-metals is of 
great importance in the synthesis of nitrogen-containing 
pharmaceuticals and organic electro and optical materi-
als.1-3 Palladium-based catalysts have been widely used 
for the cross-coupling of aryl halides with amine nucleo-
philes, the so-called Buchwald–Hartwig aminations.1-9 
However, these reactions usually necessitate synthetic 
techniques that involve glove boxes and/or high-vacuum 
Schlenk lines, which are costly and require special train-
ing.10,11 Additionally, significant amounts of dry and de-
gassed organic solvents are used in these reactions. Thus, 
the development of operationally simple, solvent-free pal-
ladium-catalyzed C–N coupling reactions would greatly 
improve the practicality of the desired aryl amine deriva-
tives. 

In this context, the use of ball-milling techniques for sol-
vent-free palladium-catalyzed C–N bond-forming coupling 
reactions that can be carried out in air has attracted atten-
tion.12–41 In 2018, Su and co-workers reported the first ex-
ample of the use of ball milling to carry out solvent-free 
mechanochemical C−N coupling reactions in air in the 
presence of Pd(OAc)2/XPhos as a catalyst.31 Almost simul-
taneously, Browne and co-workers developed robust 
mechanochemical C–N coupling reactions in air using Pd-
PEPPSI-iPENT as the catalyst.32 Although these pioneering 
studies are remarkable, they are mainly focused on liquid 
substrates that serve as both reactants and the reaction 

solvent. As most aryl-amine-based organic materials ex-
hibit extended polyaromatic structures and are prepared 
from solid starting materials,42-44 the development of 
mechanochemical cross-coupling reactions of solid aryl 
halides with solid amine nucleophiles in air would be 
highly desirable. 

We have previously reported the first general solid-
state palladium-catalyzed C–N cross-coupling reactions 
using mechanochemistry (Scheme 1A).33 The key to 
achieving this mechanochemical transformation was the 
addition of small amounts of olefins such as 1,5-cycloocta-
diene (1,5-cod). These additives can act as dispersants and 
stabilizers to facilitate the C–N cross-coupling in the solid-
state reaction environment.28 However, this procedure 
still requires glove-box techniques, as highly air-sensitive 
tri-tert-butylphosphine (t-Bu3P) is used as the ligand.45 
This restriction greatly reduces the practical utility of the 
mechanochemical protocol.  

Herein, we report a comprehensive investigation of var-
ious ball-milling parameters, which revealed that the air-
stable tri(1-adamantyl)phosphine (Ad3P)46 can be used 
successfully in mechanochemical solid-state C–N coupling 
reactions under ambient conditions (Scheme 1A). Com-
pared to the previous mechanochemical reaction using t-
Bu3P as the ligand,45 the newly developed system shows 
comparable substrate generality. But more importantly, 
all experimental operations of the modified protocol can 
be carried out under ambient conditions, i.e., the chemi-
cals, reagents, and catalysts can be added to the milling jar 
in air (Scheme 1B). Thus, this operationally simple proto-
col provides a more convenient, industrially attractive, 
and sustainable alternative to conventional solution-
based palladium-catalyzed C–N coupling reactions. 
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Mechanistic studies to elucidate the effect of varying the 
mechanochemical conditions on this solid-state C–N 
cross-coupling reaction are also described.  

Scheme 1. Glove-box- and Schlenk-line-free Protocol 
for Solid-State C−N Cross-Coupling Reactions. 
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RESULTS AND DISCUSSION 
In light of our previous studies, we have been interested 

in identifying monodentate ligands that exhibit catalytic 
properties similar to or better than those of t-Bu3P. To this 
end, we began our investigation by exploring the ligand ef-
fect in the solid-state mechanochemical C–N cross-cou-
pling in the presence of 1,5-cod as a liquid-assisted-grind-
ing (LAG) additive.33 Reactions were conducted in a stain-
less-steel milling jar (SUS420J2, 1.5 mL) with one stain-
less-steel ball (SUS420J2, diameter: 5 mm) using a Retsch 
MM400 mill at 30 Hz. First, we conducted the mechano-
chemical palladium-catalyzed cross-coupling between a 
solid aryl bromide (1a) and diphenylamine (1b) in the 
presence of tri-tert-butylphosphonium tetrafluoroborate 
(t-Bu3P•HBF4), which is an air-stable precursor of t-Bu3P. 
Although the use of t-Bu3P efficiently promoted the C–N 
cross-coupling to form 3a in high yield (87%) in our pre-
vious study,33 the reaction using t-Bu3P•HBF4 showed 
poor conversion and furnished 3a in 14% yield under sim-
ilar mechanochemical conditions (Table 1, entry 1). We 
then turned our attention to air-stable tri(1-adaman-
tyl)phosphine (Ad3P), which was first synthesized by Car-
row and co-workers.46-50 This ligand is sterically similar to 

t-Bu3P but has been discovered to be more electron-do-
nating.46-50 We thus reasoned that Ad3P might exhibit bet-
ter catalytic properties than t-Bu3P for the solid-state 
mechanochemical C−N cross-coupling reactions. Pleas-
ingly, the reaction using Ad3P proceeded efficiently under 
mechanochemical conditions to furnish 3a in good yield 
(72%; Table 1, entry 2). In contrast, the use of Buchwald 
ligands, which are commonly employed in solution-based 
cross-coupling reactions, resulted in poor yields (Table 1, 
entries 3–6). Notably, the yield was very low when XPhos, 
which is the optimal ligand under the conditions reported 
by Su,31 was used (8%, Table 1, entry 4).51 No reaction was 
observed when we used Pd-PEPPSI-iPent, which is the op-
timal palladium-based catalyst under the conditions re-
ported by Browne32 (Table 1, entry 7).51 We also con-
firmed that the use of 1,5-cod as a LAG additive and sup-
porting ligands for the palladium-based catalyst are essen-
tial for this transformation (Table 1, entries 8 and 9).  

Table 1. Ligand Effect on the Mechanochemical Solid-
State C−N Cross-Coupling Reaction between 1a and 2a 
in Air.a 

5 mol % Pd(OAc)2
5 mol % ligand
Na(O-t-Bu) (1.5 equiv)

1,5-cod (0.20 µL/mg)
1.5 mL jar (stainless)
5 mm ball x 1 (stainless)
ball milling (30 Hz)
in air, 90 min

1a 2a 3a

Br

Ph
N

H
+ N

Ph

 
 

entry ligand NMR yield (%) 
1 t-Bu3P•HBF4 14 
2 Ad3P 72 
3 SPhos <5 
4 XPhos 8 
5 tBuXPhos <5 
6 DavePhos 15 
7b Pd-PEPPSI-iPent <5 
8c Ad3P 10 
9 none <5 

aConditions: 1a (0.50 mmol), 2a (0.50 mmol), Pd(OAc)2 
(0.025 mmol), ligand (0.025 mmol), Na(O-t-Bu) (0.75 
mmol), and 1,5-cod (0.20 μL/mg) in a stainless-steel ball-
milling jar (1.5 mL) with a stainless-steel ball (diameter: 
5 mm). Yields were determined by 1H NMR analysis with 
CH2Br2 as an internal standard. bPd-PEPPSI-iPent (5 
mol %) was used instead of Pd(OAc)2. cThe reaction was 
carried out without 1,5-cod. 
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To further improve the reactivity of the Pd(OAc)2/Ad3P 

system, the effect of the ball-milling conditions on the 
solid-state C–N cross-coupling reaction was investigated 
(Table 2). For this purpose, the reaction between 1a and 
2a was performed in a larger stainless-steel jar (5.0 mL) 
using one stainless-steel ball (diameter: 10 mm) (Table 2, 
entry 2). Unfortunately, this resulted in a lower yield 
(51%) than conducting the reaction in a 1.5 mL stainless-
steel milling jar using a 5-mm ball (Table 2, entry 1). The 
use of an agate or ZrO2 jar also significantly decreased the 
yield of 3a (16% and 5%, respectively; Table 1, entries 3 
and 4). In our previous study on the development of a 
mechanochemical solid-state Suzuki–Miyaura cross-cou-
pling reaction,28 the product yields have increased signifi-
cantly with increasing mechanical impact, which sug-
gested that strong mechanical stimulation facilitates uni-
form dispersion of the reactants, palladium-based cata-
lysts, and bases in the solid-state reaction mixture. With 
this in mind, we investigated the effect of the number of 
balls (Table 1, entries 5 and 6). As anticipated, the yield of 
3a improved dramatically when three balls (diameter: 10 
mm) were used (>99%; Table 1, entry 6). Under these op-
timized conditions, the reaction using t-Bu3P•HBF4 pro-
vided 3a in good yield (67%; Table 1, entry 7), albeit that 
the use of Ad3P affords the most satisfactory results.  

Table 2. Investigation of the Effect of Varying the 
Mechanochemical Parameters.a 

5 mol % Pd(OAc)2
5 mol % Ad3P
Na(O-t-Bu) (1.5 equiv)

1,5-cod (0.20 µL/mg)
ball milling (30 Hz)
in air, 90 min1a 2a 3a

Br

Ph
N

H
+ N

Ph

 

en-
try 

jar/ball ma-
terial  

jar 
size 

(mL) 

number of 
balls 

(mass, g) 

ball 
size 

(mm) 

NMR 
yield 
(%) 

1 stainless 
steel 

(SUS420J2) 

1.5 1 
(0.5 g × 1) 

5 72 

2 stainless 
steel 

(SUS420J2) 

5.0 1 
(4.0 g × 1) 

10 51 

3 Agate 5.0 1 (1.4 g × 
1) 

10 16 

4 ZrO2 10 2 (3.0 × 2 
g) 

10 5 

5 stainless 
steel 

(SUS420J2) 

5.0 2 (4.0 × 2 
g) 

10 82 

6 stainless 
steel 

(SUS420J2) 

5.0 3 (4.0 × 3 
g) 

10 >99 

7b stainless 
steel 

(SUS420J2) 

5.0 3 (4.0 × 3 
g) 

10 67 

aConditions: 1a (0.50 mmol), 2a (0.50 mmol), Pd(OAc)2 
(0.025 mmol), Ad3P (0.025 mmol), Na(O-t-Bu) (0.75 
mmol), and 1,5-cod (0.20 μL/mg). bt-Bu3P•HBF4 was 
used as the ligand instead of Ad3P. 
 

With the optimized conditions in hand, we explored the 
scope and limitations of aryl bromides in the present 
solid-state C–N cross-coupling reaction system in air (Ta-
ble 3). This reaction is applicable to a wide range of sub-
strates and permits the synthesis of various triarylamines 
that contain large polycyclic hydrocarbon cores. For ex-
ample, naphthalene, pyrene, triphenylene, fluorene, 
acenaphthene, phenanthrene, and anthracene efficiently 
formed the corresponding triarylamines (3a–3i) in mod-
erate to high yields. Unfortunately, the present catalytic 
system is very sensitive to steric hinderance in the aryl 
halides, i.e., substrates such as 1-bromonaphthalene de-
rivatives (1g and 1h) and 9-boromoanthracene (1i) pro-
vided the corresponding coupling products (3g–3i) in low 
yield (12−37%). Triarylamines that contain internal al-
kyne (3j) and stilbene (3k) moieties were synthesized in 
good yield (84% and 80%, respectively) under the opti-
mized conditions. Unfortunately, the reaction between 2-
chloronaphthalene (1b’) and diphenylamine (2a) af-
forded the product (3b) in very low yield (8%). 

Next, we explored various amine nucleophiles (Ta-
ble 3). Both bis(4-methylphenyl)amine (2b) and 
bis(4-methoxyphenyl)amine (2c) were reacted with 
1c under the optimized conditions to form the desired 
products (3l and 3m) in high yield (87% and 93%, re-
spectively). Diarylamines that contain a naphthyl 
group (2d and 2e) are also compatible under the ap-
plied conditions (64% and 60% yield, respectively). 
Finally, this method was applied to boron-substituted 
or ketone-containing substrates to form the corre-
sponding functionalized triarylamines (3p and 3q) in 
42% and 96% yield, respectively. 
 

Table 3. Substrate Scope.a 
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Br
+

N
H

N

5 mol% Pd(OAc)2
5 mol% Ad3P
Na(O-t-Bu) (1.5 equiv)

1,5-cod (0.20 µL/mg)
5 mL jar (stainless)
10 mm ball x 3 (stainless)
ball milling (30 Hz)
in air, 90 min

Ar1

Ar2

Ar3

Ar2

Ar1 Ar3

N

N

N

Me

Me

N

OMe

OMe

N

N

N

Ph

N

N

N N

N
NMe

Me

N
N

3l
87% yield

3m
93% yield

3o
60% yield

3n
64% yield

3b
96% yield
(8% yield)b

3h
30% yield

3i
12% yield

3g
37% yield

3d
83% yield

3e
73% yield

3k
80% yield

N

3q
96% yield

Ph

O

N

B

3p
42% yield

Mes

Mes

1 2 3

3c
80% yield

3a
87% yield

3f
93% yield

3j
84% yield

 
aConditions: 1 (0.50 mmol), 2 (0.50 mmol), Pd(OAc)2 
(0.025 mmol), Ad3P (0.025 mmol), Na(O-t-Bu) (0.75 
mmol), and 1,5-cod (0.20 μL/mg) in a stainless-steel ball-
milling jar (5 mL) with three stainless-steel balls (10 
mm). b2-Chloronaphthalene (1b’) was used instead of 1b. 
 

To demonstrate the practical utility of this protocol, we 
investigated the gram-scale synthesis of triarylamines un-
der mechanochemical conditions in air (Scheme 2). The 
reaction of 1b with 2a was conducted on a 4.5 mmol scale 

under the modified mechanochemical conditions using a 
stainless-steel ball milling jar (10 mL) with three stain-
less-steel balls (diameter: 10 mm). Pleasingly, the gram-
scale reaction proceeded smoothly, providing 3b in 80% 
yield. This result demonstrates the potential utility of the 
present mechanochemical protocol for the large-scale 
preparation of valuable synthetic targets in air.  

Scheme 2. Gram-scale Synthesis. 

Br

1b
4.5 mmol

5 mol% Pd(OAc)2
5 mol% Ad3P
Na(O-t-Bu) (1.5 equiv)

1,5-cod (0.20 µL/mg)
10 mL jar (stainless)
10 mm ball x 3 
(stainless)
ball milling (30 Hz)
in air, 90 min

2a

N
H

+

80% yield
1.06 g

N

3b

 
To demonstrate the applicability of the developed 

mechanochemical conditions to the synthesis of triaryla-
mine-based organic materials, we synthesized hole-trans-
porting materials for organic light-emitting diodes 
(Scheme 3).42-44, 52,53 Under the optimized conditions, the 
reaction of 4,4′-dibromo-1,1′-biphenyl (1o) and 2d af-
forded the targeted triarylamine (3r) in excellent yield 
(96%).52,53 This result suggests outstanding potential of 
this solid-state C−N coupling reaction for the efficient 
preparation of materials-science-oriented nitrogen-con-
taining polyaromatic compounds in an environmentally 
friendly manner. 

Scheme 3. Mechanochemical Synthesis of a Hole-
transporting Material. 
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To determine the mechanism by which increasing the 

number of balls facilitates the solid-state Pd(OAc)2/Ad3P-
catalyzed C–N coupling reaction, we conducted prelimi-
nary mechanistic studies (Figure 1). First, in order to in-
vestigate whether the acceleration effect originates the 
frictional heat during ball milling, the temperature inside 
the milling jar during the mechanochemical coupling reac-
tion of 1a and 2a was measured using thermography im-
mediately after opening the jar (Figure 1A). The thermog-
raphy images showed that the temperature after the cou-
pling reactions under the optimized conditions using dif-
ferent numbers of 10-mm balls was ~40 °C (<±3 °C) in all 
cases, which discounts the possibility of a thermally in-
duced acceleration due to heat generated by the ball mill-
ing. 

Subsequently, we measured the kinetics of reactions 
with different numbers of balls (Figure S2–S4). As periodic 
sampling of the reaction runs requires stopping the mill 
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and opening the jar, each data point was obtained from an 
individual reaction. The reaction using three balls (diame-
ter: 10 mm) did not proceed during the first 30 min but 
was subsequently rapidly completed within 90 min (Fig-
ure S2). Unfortunately, the reactions using one or two 
balls were not reproducible, impeding a kinetic analysis 
(Figure S3 and S4). At this point, we think that this irre-
producibility is due to the poor mixing efficiency of the 
solid-state reaction mixture under these conditions. To 
test this hypothesis, the surface morphology of the milled 
2a was analyzed using scanning electron microscopy 
(SEM) (Figure 1B). The SEM image of commercially avail-
able 2a shows fine particles with a diameter range of <500 
µm [Figure 1B(a)]. The distortion of the particles became 
more pronounced with increasing number of balls under 
the applied mechanochemical conditions [Figure 
1B(b)−1B(d)]. This result implies that increasing the num-
ber of balls increases the surface area of the reactant by 
crushing it into finer particles, thus facilitating the solid-
state coupling reactions and providing good reproducibil-
ity.  

 

 
Figure 1. Mechanistic Studies. (A) Thermographic im-
ages of the milling jar after the solid-state cross-coupling 
reactions between 1a and 2a under the optimized condi-
tions. (B) SEM images of 2a (a) before ball milling and af-
ter ball milling (30 Hz) using (b) one ball, (c) two balls, (d) 
or three balls (ball diameter: 10 mm) for 60 min. Scale 
bars in the SEM images (bottom left): 50 µm. 

 
In summary, we have developed a glove-box-and-

Schlenk-line-free protocol for the solid-state C–N cross-
coupling reactions catalyzed by the Pd(OAc)2/Ad3P sys-
tem. The present mechanochemical cross-coupling reac-
tions can be conducted in the solid-state in air and does 
not require glove-box and Schlenk-line techniques. The 
present approach would therefore provide a practical and 
sustainable method to complement conventional solution-
based palladium-catalyzed C–N bond-forming reactions 
for the synthesis of valuable triarylamine-based materials. 
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Synopsis: The development of operationally simple mechanochemical solid-state C–N cross-coupling reactions in air is reported. 

 


