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Abstract: Suzuki–Miyaura cross-coupling reactions between het-
eroaryl bromides and arylboronic acids were performed employing
a continuous-flow approach using a simple flow reactor designed
in-house. Pd(PPh3)4 was used as catalyst, and arylboronic acids con-
taining both electron-withdrawing and electron-donating groups
were applied. The coupling process required 23 minutes of resi-
dence time to be completed and generally good yields were ob-
tained. Subsequent arylation of 2-phenyl pyridine was carried out
via a C–H activation strategy using substituted bromobenzene com-
pounds and a ruthenium(II) catalyst. To the best of our knowledge
in this work we present for the first time the possibility of perform-
ing intermolecular C–H activation in a continuous-flow system.

Key words: heterocycles, cross coupling, flow chemistry, C–H ac-
tivation, catalysis

The formation of arylated heterocycles is a process of
great importance due to their presence in molecules with
interesting biological activities or interesting properties in
material science.1 To synthesize such compounds, the Su-
zuki–Miyaura cross-coupling reaction is a very successful
method and is considered as a general and versatile protocol
for the formation of C–C bonds.2 Beneficial features are
the stability of the boronic acids towards moisture and air
as well as the comparatively low toxicity of byproducts.
Many examples of Suzuki–Miyaura reactions have been
reported in the literature using standard batch conditions.
Recently, significant scientific interest has been raised to
further develop this strategy in a process-friendly fashion.3
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In this regard, continuous-flow chemistry has gained in-
creasing recognition in the synthetic community due to
several advantages such as rapid optimization of reaction
conditions, easy scale up, high reaction rates, efficient
heat transfer, and potential automation.4 The latter point is
of particular interest to the pharmaceutical industry since
it enables accelerated synthesis of diverse compound li-
braries leading to more time-efficient structure–activity
relationship studies. Furthermore, performing reactions in
flow provides an inherently safer process which has many
additional advantages such as increased surface-to-vol-
ume ratios, excellent mass and heat transfer capabilities,
facile scale-up, and eventually even higher product
yields.5 Several examples for cross-coupling reactions in
continuous flow have been reported to date.6

Within this work, our efforts were focused on synthesiz-
ing several arylated pyridines and further decorating these
products via C–H activation chemistry taking advantage
of an in-house developed continuous-flow reactor system.
Recently, C–C bond formation via C–H activation has
stirred much attention since these transformations allow
direct use of a C–H bond for the C–C coupling step.7 To
the best of our knowledge this is the first example of a in-
termolecular direct arylation reaction under continuous-
flow conditions since only one intramolecular example
was disclosed, so far.8

We began our investigation optimizing the reaction con-
ditions for the Suzuki–Miyaura coupling of 2-bromopyri-
dine (1) and phenylboronic acid (2a). Since the reactions
should be carried out in continuous flow ultimately, it had
to be assured that the reaction solution is homogeneous at
all times at room temperature. This is a prerequisite since
before and after the heated reaction zone the tubing is at
room temperature. Hence, we conducted several batch ex-
periments with microwave irradiation initially, using dif-
ferent catalysts, bases, solvents, and temperatures in order
to identify conditions enabling a transfer of the procedure
to continuous flow without clogging the system. Selected
screening results are summarized in Table 1 (for a com-
plete list see Supporting Information). In all cases biphe-
nyl and bipyridine were observed as side products (see
Supporting Information). It has to be mentioned that in the
initial series of batch experiments encapsulated palladium
catalysts were used since such heterogeneous catalysts
could be packed in a cartridge eventually. However, when
such a method was used in flow significant palladium
leaching occurred and this approach was abandoned.

We screened two different catalysts, Pd(PPh3)4 and
Pd(OAc)2, three different bases, K3PO4, Cs2CO3, and
K2CO3 with 180 seconds hold time. Pd(OAc)2 performed
significantly worse than Pd(PPh3)4. The different bases
showed only negligible differences in conversion. Over-
all, we observed the best relation between conversion, ho-
mogeneity, and reaction time using the conditions shown
in Table 1, entry 6.

Transferring these conditions to a flow process required a
second round of optimization in order to adjust the proto-

col to the respective flow system. Initially, it was tried to
use an immobilized palladium catalyst in a prepacked car-
tridge but due to significant leaching of the catalyst and
concomitant lower conversion over time this approach
was abandoned early on.

Alternatively we used a flow system designed in our lab-
oratory consisting of one (or potentially more) syringe
pump(s) and an aluminum reactor. The reactor is wrapped
around with a coil which can be of different materials such
as steel or perfluoroalkoxy (PFA). The reactor is placed
on top of a hot plate (see Supporting Information) in order
to adjust to the required temperature. The syringe pump is
connected with the reactor through the coil. This system
allows performing reactions with ease in flow when it is
not required to pressurize a reaction mixture. Early on
Pd(PPh3)4 was identified as best performing catalyst and
hence it was chosen for further optimization of the reac-

Table 1 Screening Conditions for Palladium-Catalyzed Suzuki–Mi-
yaura Cross-Coupling Reactions between 2-Bromopyridine (1) and 
Phenyl Boronic Acid (2a)

Entrya Base [Pd]b Conv. (%)c

1 K3PO4 Pd(OAc)2 45

2 K3PO4 Pd(PPh3)4 82

3 Cs2CO3 Pd(OAc)2 52

4 Cs2CO3 Pd(PPh3)4 90

5 K2CO3 Pd(OAc)2 35

6 K2CO3 Pd(PPh3)4 92

a R ti diti 1 (1 i ) 2 (1 2 i ) 1 l% t l t

N
"Pd"

"base"
N Br

B(OH)2

1a 2a 3a

+

Table 2 Optimization in Flowa

Entry Catalyst load 
(mol%)

Flow rate 
(mL/min)

Residence time 
(min)

Conv. 
(%)b

1 0.35 0.5 8 30

2 0.35 0.5 23 40

3 1.05 0.5 23 59

4 1.4 0.5 23 63

5 1.7 0.5 23 80

6 2.1 0.5 23 82

a Reaction conditions: 1 (1equiv), 2a (1.2 equiv), K2CO3, Pd(PPh3)4, 
dioxane–H2O (1:1), 90 °C, 0.05 M; steel coil.
b As determined by GC using dodecane as internal standard.
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tion conditions in flow (Table 2) under homogeneous con-
ditions.

Starting with low catalyst loading (0.35 mol%) and a res-
idence time of eight minutes gave only 30% conversion
(Table 2, entry 1). Extending the reaction time to 23 min-
utes gave only a minor improvement to 40% (Table 2, en-
try 2). However, increasing the catalyst loading to an
amount of 2.1% ultimately gave a satisfying conversion of
82% (Table 2, entry 6). These conditions are a good com-
promise between catalyst loading and flow rate and,
hence, subsequent substrate-scope investigations were
performed using this protocol. It has to be mentioned that
the process in flow takes significantly longer than the
batch experiment. This can be attributed to a difference in
temperature eventually: temperature measurement in mi-
crowave is usually very accurate. In the flow process we
measure the temperature of our aluminum block but can-
not measure the temperature inside the coil. Hence there
could be a significant difference. Additionally, a higher
temperature at the metal center in microwave cannot be
excluded due to the better microwave absorbing capacity
of the metal compared to the solvent.

Then, 2-bromopyridine and 3-bromopyridine were cou-
pled with various boronic acids bearing electron-donating
or electron-withdrawing groups (Scheme 1). We were
also interested to investigate if the material of the coil had
any influence on reaction performance. Therefore we con-
ducted experiments either using a steel coil or a PFA coil
and in some cases both for comparison. The advantage of
the PFA coil is the easier handling and the lower price (ap-
prox. 40% less) and easier to wash and unclog when it is
necessary.

Scheme 1 Suzuki reaction with 2-bromopyridine and 3-bromopyri-
dine with arylboronic acids in dioxane–H2O (1:1). Reagents and con-
ditions: (a) 1 (1equiv), 2a (1.2 equiv), K2CO3, Pd(PPh3)4, dioxane–
H2O (1:1), 90 °C, 0.05 M. (b) As determined by GC using dodecane
as internal standard.

Table 3, entries 1–4 show the coupling reaction of 1 with
phenylboronic acid (1.2 or 3.0 equiv) in both coil materi-
als. It can be seen that when 1.2 equiv of boronic acid
were used the results are comparable for both coil materi-
als (Table 3, entries 1 and 3). However, when 3.0 equiv

boronic acid were used the PFA coil performed signifi-
cantly better.

Electron-donating substituents on the boronic acids gave
generally better yields. This is also true for sterically hin-
dered o-tolylboronic acid (2c) where 91% yield were ob-
tained in the PFA coil (Table 3, entry 9). p-
Methoxyphenylboronic acid (2d) gave a good yield al-
ready in the steel coil (Table 3, entries 10 and 11). 3-Ni-
trophenylboronic acid (2e) gave a low yield of 12% in the
steel coil using 1.2 equivalents of 2e (Table 3, entry 12).
Increasing this to 3.0 equivalents improved the yield to
51% (Table 3, entry 13). A comparable yield was obtained
in the PFA coil with 1.2 equivalents of 2e already (Table
3, entry 14). 3-Cyanophenylboronic acid (2f) gave an ac-
ceptable yield only in the PFA coil and 3.0 equivalents of
2f (Table 3, entry 19).

Using 4 as substrate in combination with 2a gave the best
results using 3.0 equivalents of 2a and the PFA coil (80%,
Table 3, entry 23). Hence, all subsequent coupling reac-
tions on 4 were carried out under these conditions. Best
tolerated were methyl substituents no matter whether in 2-
or 4-position of the boronic acid (Table 3, entries 24 and
25). 4-Methoxy-, 3-nitro-, and 3-cyanophenylboronic ac-
ids gave similar yields just below 60% (Table 3, entries
26–28).

Comparing results using the steel and the PFA coil mate-
rial it was found that PFA performed significantly better.
The overall better performance of the PFA coil could be
due to the fact that the metal coil might undergo metal–
metal interactions with the metal center of our palladium
catalyst resulting in decreased catalyst activity. However,
for a detailed explanation more experiments would be
necessary (e.g., analyzing the inner surface of the steel
coil) which was beyond the scope of this work.

Besides Suzuki–Miyaura coupling, we were also interest-
ed in direct arylation reactions under continuous flow.
Due to the ubiquity of C–H bonds, their use as a ‘function-
al group’ has been explored in recent years by an increas-
ing number of research groups.9 One common substrate
for direct functionalization reactions is 2-phenylpyridine
where the pyridine nitrogen directs the catalyst in ortho
position of the adjacent phenyl ring.10 Since we could ef-
ficiently synthesize this compound with our flow process,
we decided to investigate its further application in C–H
activation chemistry, also via a continuous-flow ap-
proach. To the best of our knowledge there is no literature
precedence for direct intermolecular arylation in continu-
ous-flow systems. Recently, one example of intramolecu-
lar direct arylation of aryl bromides was reported.8

Syringe pumps were used as the preferred flow system,
and ultrasound irradiation was employed for avoiding
clogging of the microreactors due to a precipitate formed
during the experiment, a technique applied previously by
Buchwald and Jensen.11

N

B(OH)2

+ R1

K2CO3

Pd(PPh3)4

dioxane–H2O
90 °C

N

Br

R1

1 3a–f

2a–fN

Br

4 N

R1

5a–f
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Table 3 Suzuki Reaction with 2-Bromopyridine and 3-Bromopyridine with Arylboronic Acids in Dioxane–H2O (1:1) and 2.1 mol% Catalyst 
Loading 

Entry Substrate Boronic acid Boronic acid (equiv) Coil type Product Yield (%)

1
2
3
4

1
1
1
1

2a

1.2
3.0
1.2
3.0

steel
steel
PFA
PFA

3a

64
76
68
93

5
6

1

1
2b

1.2
3.0

steel
steel

3b

60
61

7
8
9

1
1
1

2c

1.2
3.0
1.2

steel
steel
PFA

3c

62
64
91

10
11

1

1

2d

1.2
3.0

steel
steel

3d

85
89

12
13
14
15

1
1
1
1 2e

1.2
3.0
1.2
3.0

steel
steel
PFA
PFA

3e

12
51
44
45

16
17
18
19

1
1
1
1 2f

1.2
3.0
1.2
3.0

steel
steel
PFA
PFA

3f

4
6

24
45

20
21
22
23

4
4
4
4 2a

1.2
3.0
1.2
3.0

steel
steel
PFA
PFA

5a

18
53
64
80

24 4

2b

3.0 PFA

5b

87

25 4

2c

3.0 PFA

5c

75

(HO)2B

N

(HO)2B

N

(HO)2B

N

(HO)2B

OMe

N

OMe

(HO)2B NO2

N
NO2

(HO)2B CN

N
CN

(HO)2B

N

(HO)2B

N

(HO)2B

N
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Prerequisites for direct arylation in flow are of course the
same as for cross-coupling, most importantly homogenei-
ty of the reaction solution at all times. Initially, we wanted
to use a palladium catalyst as well since then it would be
possible to combine both reaction steps in a single opera-
tion potentially. When testing literature-known palladi-
um-catalyzed protocols12 it turned out that they did not
result in homogeneous solutions and, additionally, reac-
tion times of 24 hours were required in batch; far too long
for a useful continuous-flow process. Therefore, we aban-
doned palladium-catalyzed methods and decided to
switch to ruthenium catalysts which have been used in
many C–H activation protocols effectively.13

Again we started screening for homogeneous reaction
conditions. A promising method was reported by Oi et
al.14,15 where NMP was used as solvent, benzenerutheni-
um(II) chloride dimer as catalyst, and K2CO3 as a base at
120 °C for 20 hours. Even though the base is insoluble in
this case, NMP allows increasing the reaction temperature
and shorten the reaction time below one hour simultane-
ously. The initial screening was conducted with 3a as sub-
strate, bromobenzene 6a as aryl source, and different
bases under microwave irradiation (Scheme 2). Addition-
ally, different temperatures and ruthenium(II) catalysts
were tested (see Supporting Information for details).

We found that both catalysts investigated, benzeneruthe-
nium(II) chloride dimer and dichloro(p-cymene)rutheni-
um(II) gave almost identical results in terms of
conversion. Since the latter is significantly cheaper we
continued further optimization using this catalyst.

Furthermore we observed no difference under inert condi-
tions (as used by Oi et al.) or under air. Therefore all
screening reactions as well as compound syntheses have
been carried out under air.

The biggest issue was the bad solubility of the base. We
tested several bases. Some of them were the following:
K2CO3, Cs2CO3, NaOH, KOAc, KOt-Bu, and NaOt-Bu.
With Cs2CO3 we received promising GC yields of 7a and
8a (MW, 1.5 equiv of bromobenzene, 2 equiv of the base,
120 °C, 30 min, 74% GC yield), but the reaction mixture
was not homogeneous and when adding various amounts
of water to dissolve the base a significant drop of the GC
yield was observed. In other solvents such as DMF, anis-
ole, or mixtures of NMP–EtOAc, the base was not soluble
at all (see Supporting Information).

When KOt-Bu and NaOt-Bu were used, we observed bet-
ter solubility but again a significant drop of the GC yield
to only 2–3%. Using NaOH or KOAc gave inhomoge-
neous solutions as well.

Changing to an organic base such as DABCO or Hünig’s
base solved the solubility issue but led again to a signifi-
cant drop in yield (1–3% GC yield). Attempts to improve
solubility by changing the concentration did not help ei-
ther.

26 4

2d

3.0 PFA

5d

58

27 4

2e

3.0 PFA

5e

58

28 4

2f

3.0 PFA

5f

56

Table 3 Suzuki Reaction with 2-Bromopyridine and 3-Bromopyridine with Arylboronic Acids in Dioxane–H2O (1:1) and 2.1 mol% Catalyst 
Loading  (continued)

Entry Substrate Boronic acid Boronic acid (equiv) Coil type Product Yield (%)

(HO)2B

OMe
N

OMe

(HO)2B NO2

N

NO2

(HO)2B CN

N

CN

Scheme 2 Ruthenium-catalyzed ortho arylation of 2-phenyl pyri-
dine with bromobenzene

N
+

Br Ru(II) complex

N

Ph

3a

7a

6a
N

Ph

Ph

8a

Ph3P, base
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The breakthrough came by switching to DBU where we
obtained a homogeneous solution which we used for fur-
ther optimization in flow. We performed several screen-
ings regarding equivalents of bromobenzene, DBU,
catalyst loading, and a synopsis of the most important re-
sults is provided in Table 4 (for a more comprehensive ta-
ble see Supporting Information). In all cases we found that
mixtures of 7a and 8a were formed. However, for the op-
timization we looked at overall conversion and yield.

One equivalent of DBU gave 29% GC yield of 7a and 8a
(Table 4, entry 1). Increasing the amount up to four equiv-
alents gave an improvement to 55% (Table 4, entry 3). In-
creasing the catalyst loading to 5% and the equivalents of
bromobenzene to three finally gave a good GC yield of
89% of 7a and 8a (Table 4, entry 5). Next we tried to
transfer these conditions to a continuous-flow process.

Applying the optimized conditions (Table 3, entry 5), we
were able to isolate 7a in 26% and 8a in 69% yield, re-
spectively (ratio 1:2.65). This result differs from Oi’s
findings where a total yield of 82% of the same two prod-
ucts was obtained but in favor of the monoarylated one
(6.7:1). However, in his case only one equivalents of bro-
mobenzene was used. Using 2.214 or 3.015 equivalents, 8a
was formed exclusively. Of course a different base was
applied which can be responsible for the observed differ-
ences.

The electronic nature of the halide had a significant influ-
ence on the product distribution (Scheme 3). Electron-rich
bromoanisole gave exclusively the monoarylated product
7b (59%, Table 5, entry 2). Bromotoluene favored the for-
mation of bisarylated 8c over monoarylated 7c (1:2, Table
5, entry 3). When an electron-withdrawing substituent
was present as in 4-bromo-trifluoromethylbenzene, the
bisarylated product was massively favored (1:23.7) with
good overall yield (Table 5, entry 4). A nitro group was
not tolerated (Table 5, entry 5), however, this we have ob-
served in ruthenium-catalyzed arylations previously and
can be attributed to the ability of the nitro group to coor-
dinate to ruthenium leading to catalyst inactivation.16

Overall these results show that an increase in electron
density favors monoarylation and vice versa.

Scheme 3 Arylation of 2-phenylpyridine (3a) with substituted bro-
mobenzenes

Next, we aimed at the synthesis of bisarylated compounds
bearing two different aryl substituents. Monoarylated
products 7a and 7b were used as starting materials for a
second arylation step with bromobenzene (Scheme 4).

Scheme 4 Arylation of the monophenylated product with bromoben-
zene

Table 4  Optimization in Flowa

Entry Aryl source 
(equiv)

DBU 
(equiv)

Cat. load 
(mol%)

GC yield of 
7a + 8a (%)b

1 1.5 1 2.5 29

2 1.5 2 2.5 35

3 1.5 4 2.5 55

4 3 4 2.5 58

5 3 4 5 89

a Reaction conditions: DBU, dichloro(p-cymene)ruthenium(II)chlo-
ride dimer, 10 mol% Ph3P, NMP, 0.25 M, 30 min residence time, 160 
°C.
b As determined by GC using dodecane as internal standard.

Table 5  Isolated Yieldsa

Entry R 7a–e (%) 8a–e (%) Combined yield (%)

1 6a H 26 69 95

2 6b OMe 59 0 59

3 6c Me 17 34 51b

4 6d CF3 3 71 74

5 6e NO2 0 0 0

a Reaction conditions: aryl source (3 equiv), DBU (4 equiv), 5 mol% 
catalyst, 10 mol% Ph3P, NMP, 0.25 M, 30 min residence time, 160 
°C.
b For this example we isolated an inseparable mixture of the mono- 
and bisarylated product and the ratio of mono- to bisphenylated prod-
uct was determined as 1:2 by NMR analysis.
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To our surprise the yield of 8a (Scheme 4) was signifi-
cantly lower starting from 7a (44%) compared to the reac-
tion starting from 2-phenylpyridine (3a). The reason for
this observation is not clear. A possible explanation is that
after the insertion of the Ru(II) into the C–H bond and the
first arylation, ruthenium stays coordinated to the pyridine
nitrogen (to some extent) leading to a second arylation
rapidly. However, when the substrate is the already mono-
substituted compound 7a the phenyl group exhibits steric
hindrance, and precoordination of ruthenium to the pyri-
dine nitrogen might be more difficult and hence the reac-
tion might be slower overall. Since at 160 °C catalyst
decomposition/inactivation is also an issue, a lower reac-
tion rate will give lower yields. By increasing the catalyst
loading to 7.5 mol% we received 59% yield which is in
agreement with our explanation. In order to support our
hypothesis further, we performed a time course for the ar-
ylation of 3a with bromobenzene. If the catalyst dissoci-
ates from pyridine completely after the first arylation step
we should see accumulation of 7a at the beginning and
only small amounts of 8a. When the concentration of 7a
increases and simultaneously that of 3a decreases, 7a be-
comes the preferred substrate and the amount of 8a will
increase. However, if our hypothesis is true, we should see
formation of 8a to a similar extent compared to 7a already
from the beginning and no accumulation of 7a. Indeed, 8a
is the major product from the very beginning (Table 6, en-
tries 1–5) which supports our line of argument.

We also subjected 7b to a second arylation step. From the
previous result (Table 5, entry 2), it can be expected that
arylation of 7b might be difficult and slow. Indeed, a yield
of only 24% was obtained (with 7.5 mol% catalyst) which
underlines the importance of electronic effects on the aryl
substituents.

Overall, we have synthesized a series of Suzuki–Miyaura
coupling products employing the efficient and robust
technology of a continuous-flow system, using a reactor
designed in-house and Pd(PPh3)4 as cheap catalyst. The
low cost required for the production of the reactor and its
simple design makes it readily available to synthetic
chemists (construction plans are provided in the Support-
ing Information). Suzuki–Miyaura coupling products of
pyridine bromides and arylboronic acids containing both

electron-donating and electron-withdrawing groups were
obtained in good yields and within 23 minutes residence
time.

Furthermore, to the best of our knowledge, in this work
we present for the first time the possibility of performing
metal-catalyzed C–H activation, using a continuous-flow
process in an intermolecular fashion. Both transforma-
tions are operationally simple since they do not require in-
ert techniques making them user-friendly and effective at
the same time.17
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