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Abstract: The Suzuki reactions of aryl chlorides containing both
electron-donating and electron-withdrawing groups with aryl bo-
ronic acid, catalyzed by a simple non-phosphine ligand catalyst sys-
tem, Pd(OAc),/DABCO, were performed in a continuous capillary
microreactor at 50 °C. In the microreactor, the coupling product
was obtained mostly in near quantitative yield within a four hour
residence time. In contrast, the conversions were only 12-69% in
batch reactions.
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There is an increasing demand for research and develop-
ment of new technologies that enable rapid and efficient
performance enhancement of difficult reactions, especial-
ly in the construction of biologically interesting small
molecules.' The application of automated methods to the
synthesis of focused libraries® in order to populate screen-
ing collections is an important field of research, particu-
larly for the biopharmaceutical sectors and increasingly
for the academic community.? In recent years, the use of
microreactors as an alternative to round-bottom flask
chemistry for organic synthesis has attracted considerable
interest, particularly within the biochemical and fine
chemicals industries.* The use of microreactors represent
a promising way to reduce reaction time and the costs of
chemical processes. They provide great benefits that can-
not be achieved in traditional reactors, such as increased
surface-to-volume ratios, excellent mass- and heat-trans-
fer capabilities, process safety, significantly higher yields,
greater product selectivity, facility for scaling up and di-
minishing the quantity of waste (e.g. solvent), all of which
would be expected to promote highly effective chemical
reactions. Thus, microreactors have been widely applied
to high temperature and long reaction time processes,
which do not proceed well through conventional large
scale synthesis.’

The Suzuki reaction, a cross-coupling reaction between
aryl halides and arylboronic acids, is a well-known gener-
al and versatile method employed for the construction of
C—C bonds.® In particular, the method can be used for the
formation of unsymmetrical biaryls in a single step, which
represent important intermediate materials in the pharma-
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ceutical industries.” As an intriguingly flexible reaction, it
offers considerable potential in the syntheses of bioactive
natural products, pharmaceuticals and polymers. The tra-
ditional Suzuki reaction is usually conducted with palladi-
um catalysts, and phosphine ligands are most frequently
used.® However, many phosphines are sensitive to air and
moisture and are often not environmentally friendly. Due
to the instability of most phosphine ligands, the coupling
reactions are usually carried out under anhydrous condi-
tions. However, water or aqueous solutions represent very
attractive mediums for organic reactions, and consider-
able effort has been directed toward the application of
these solvents in coupling reactions.’ To date, significant
advances have been made including the use of palladium
nanoparticles,'® water-soluble amines as ligands,!' and
microwave technologies.”® Aryl iodides and aryl bromides
are the most frequently used reactants for the coupling.
However, their higher price has limited their industrial ap-
plication. In order to use cheaper and more readily avail-
able aryl chlorides, due to their poor reactivity, there are
general requirements for special catalysts and complex
ligands.'? Furthermore, reaction times are usually longer,
the temperatures required are generally higher (100—
120 °C), and the yields are not ideal."?

In our efforts directed toward developing reasonable reac-
tion conditions for C—C bond formation that are environ-
mentally benign and efficient, a methodology study on
palladium-catalyzed Suzuki reactions using a microreac-
tor was performed. Here, we report a highly efficient Su-
zuki coupling of aryl chlorides catalyzed by a simple
catalyst system, Pd(OAc),/DABCO, using a continuous
flow capillary microreactor, which gave satisfactory resi-
dence times and excellent conversions. The results ob-
tained using the microreactor were also compared with
those obtained using a round-bottom glass flask (batch re-
action).

Palladium complexes are excellent catalysts for various
coupling reactions.'* As a cheap and green catalyst sys-
tem, Pd(OAc),/DABCO has been used in the Suzuki reac-
tions in order to avoid the use of phosphine ligands, and
good results have been obtained for the coupling of aryl
iodides and aryl bromides with phenylboronic acid."
However, the yields for aryl chlorides, especially with
electron-donating substituents, were only 24-64% using
this catalyst system.!"!> In order to obtain appropriate re-
action conditions, an optimization of the reaction system
was conducted using a batch reaction (Table 1). We tested
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Table 1 Suzuki Coupling of 4-Chlorotoluene with Phenylboronic Acid®

Pd(OAC); (3 mol%)
DABCO (6 mol%)

TBAB (0.1 equiv)
base, solvent, 24 h

WaWa

Entry Base Solvent (1:1, v/v) T (°C) Conversion (%)°

1 K,CO, H,0-PEG200 80 27

2 K,CO; H,0-DMF 80 61

3 K,CO;4 H,O0-THF 80 trace

4 K,CO; H,0-MeCN 80 trace

5 K,CO; H,0-Acetone 80 12

6 K,CO; PEG200-DMF 80 69

7 K,CO; PEG200-THF 80 57

8 K,CO; PEG200-MeCN 80 39

9 K,CO; PEG200-Acetone 80 38
10 K;PO,:3H,0 H,O-THF 80 59
11 K;PO,-3H,0 H,0-Acetone 80 93
12 K;PO,-3H,0 H,0-Dioxane 80 trace
13 K;PO,:3H,0 PEG200-DMF 80 14
14 K;PO,-3H,0 PEG200-Acetone 80 60
15 K;P0O,-3H,0 H,0-DMF 80 98
16 K;PO,:3H,0 H,0-DMF 50 98

2 Reaction conditions: 4-chlorotoluene (1.0 equiv), phenylboronic acid (1.5 equiv).

® Determined by 'H NMR.

the reaction with respect to three key variables: solvent
composition, nature of the base and reaction temperature.
"H NMR analysis of the product mixture was used to de-
termine the extent of product conversions.'® Due to the
modest solubility of the palladium complexes in water and
in order to increase the solubility of all the reactants, co-
solvents including H,O or PEG200 were incorporated
with organic solvents. The coupling reactions were per-
formed in the presence of K,CO; and K;PO,-3H,0. In
agreement with previously reported results, the co-sol-
vents with K,CO; did not provide satisfactory yields.
However, when the base was changed to K;P0O,-3H,0 in
a H,O-DMF co-solvent system, the target coupling prod-
uct 4-methylbiphenyl was afforded with 98% conversion
after 24 hours, while the reported yields were 24—61% us-
ing the same Pd(OAc),/DABCO catalyst system.!"!> Fur-
thermore, the reaction temperature could be lowered to
50 °C under this reaction system with the same high yield,
compared to the conventional reaction temperature of
about 120 °C.'"15 The results revealed that the use of an
appropriate co-solvent system and base were critical for
the successful coupling; not only did they significantly in-
crease the reactants conversion, but they also reduced the
required reaction temperature. In all reactions, 0.1 equiv-

alents of TBAB was added in order to prevent the genera-
tion of palladium black and make the catalytic system
more stable.!>

Based on the results presented above (Table 1), a contin-
uous flow capillary microreactor was employed under the
same conditions as the batch reaction. The microreactor
made use of a TS2-60 syringe pump and two SGE gas-
tight syringes, one containing aryl chloride, Pd(OAc),,
DABCO and TBAB in DMF, the other containing
K;PO,-3H,0 and phenylboronic acid in H,O (50 uL DMF
was added in order to dissolve phenylboronic acid well).
The two reactant streams were mixed in a 1:1 ratio
through a micro static mixing Tee, and then delivered into
a 200 cm capillary coil with an inner diameter of 530 pm.
Different flow rates were used in order to adjust reaction
times (Figure 1).

In order to understand the coupling reaction process with-
in the microreactor, a detailed reaction time course was
performed. As shown in Figure 2, the microreactor greatly
enhanced the reaction speed. Within four hours, the con-
version of the coupling of 4-chlorotoluene with phenylbo-
ronic acid reached 98%, while it was just 60% in the batch
reaction. To obtain the same yield, the reaction time using
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Figure 1 Continuous flow capillary microreactor

the batch system required 24 hours. Because the capillary
microreactor has a higher surface-area-to-volume ratio,
heat-transfer coefficient and mass transportation, the reac-
tions in many cases were much more efficient and gave
better yields than those obtained using a conventional sys-
tem.!” In agreement with previous reported results,!” the
present capillary microreactor possesses much higher re-
action efficiency than the batch system.
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Figure 2 Profile of the Suzuki coupling of 4-chlorotoluene with
phenylboronic acid

As mentioned above, aryl chlorides are less reactive than
the corresponding aryl iodides and bromides. However,
electron-donating groups, such as methyl or methoxy

groups could further lower the reactivity of the aryl ha-
lides and make the coupling reaction more difficult. In or-
der to address this problem, the coupling reactions of
various aryl chlorides containing mainly electron-donat-
ing groups were examined using the capillary microreac-
tor. Keeping the flow rate constant for the residence time
of four hours, the same microfluidic sequence also proved
applicable to various aryl chlorides.'”® As shown in
Table 2, phenylboronic acid coupled to deactivated chlo-
rotoluene derivatives to afford the corresponding biphe-
nyls in the near quantitative conversions regardless of the
substitution pattern in the chlorides (entries 1-4). Anisole
derivatives (entries 6—7) also provided the same excellent
yields. However, the conversion of an ortho-substituted
substrate (entry 5) was lowered to 81% due to the steric
hindrance; increasing of the amount of catalyst to 5 mol%
did not improve the yield. The activated chloroacetophe-
none derivatives (entries 8—10) provided 99% conver-
sions regardless of the substitution position. In order to
further examine the suitability of the microreactor, the re-
actions of 4-methylphenylboronic acid with aryl chlorides
(entries 11-13) were also conducted. Again, excellent
yields were obtained. These results revealed that, in our
microreactor system, aryl chlorides with both electron-do-
nating and electron-withdrawing groups delivered the
products in high conversions. As a comparison, the batch
reactions under the same conditions for four hours were
also performed.'”” As can been seen from Table 2, the
batch reactions of deactivated reactants gave only 10—
60% conversions; this was particularly evident using
ortho and para-methoxy substituted substrates (entries 5
and 7), where only 12% and 35% conversions were ob-
tained, respectively. For activated reactants (entries 8—10
and 13), the product yields of the batch system after four
hours were no more than 70%.

Table 2 Suzuki Coupling of Aryl Chloride and Arylboronic Acid in Water/DMF Using Pd(OAc),*

Pd(OAc), (3 mol%)

7\ B/OH . CI@— DABCO (6 mol%) — —
/s N /)
e on N\ K3PO,+3H20 (3 equiv) R 7/ N\ R

TBAB (0.1 equiv)
H,O-DMF (1:1), 50 °C

Entry ArB(OH), ArCl Product Conversion (%)°
Microreactor (4 h)  Batch (4 h) Batch (24 h)
OH Me, Me,
OH
OH Me Me
2 @B/ 99 56 99 (94)
/OH
OH
OH Me Me
4 @—B/ 99 45 86 (85)
Lo o
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Table 2 Suzuki Coupling of Aryl Chloride and Arylboronic Acid in Water/DMF Using Pd(OAc),* (continued)

Pd(OAC)5 (3 mol%)
DABCO (6 mol%)

K3P0O43H20 (3 equiv)
TBAB (0.1 equiv)
H,O-DMF (1:1), 50 °C

OH —
7 N _¢
B cl
R= oH ’ \_ g

<
©

Entry ArB(OH), ArCl Product Conversion (%)®
Microreactor (4 h)  Batch (4 h) Batch (24 h)
OH MeQ MeQ
o )4
OH
OH OMe OMe
6 QB/ 98 61 94 (91)
o )
OH
OH
Me _/Me
OH e}
8 @,E( © 99 66 99 (96)
v O OO
Me Me
OH 0 o
9 @a’ 99 64 99 (97)
w O OO
/OH (0] (o]
OH Me Me
/OH
OH
OH OMe OMe
12 MQOB 97 54 95 (89)
oH O© Me
13 O 99 (98)

@.
o
T
o
< @]
o
=
o

\
OH

O
Me

* Reaction conditions: aryl chloride (1.0 equiv), aryl boronic acid (1.5 equiv).

® Determined by '"H NMR. The isolated yield is shown in parentheses.

Because the reactant 4-chlorotoluene in the batch reaction
gave a 98% conversion after 24 hours, the same set of re-
actions were also conducted in a round-bottomed flask for
24 hours. As shown in Table 2, the conversions of the ac-
tivated reactants (entries 8—10 and 13) all reached 99%.
For the deactivated reactants (entries 2, 3, 6, 11 and 12)
good yields were obtained. However, the yields for entries
1 and 4 were lower, and those for entries 5 and 7 were ex-
tremely poor. Hence, the results revealed that our reaction
conditions could provide relatively good yields even in
the batch reactions compared with reported data.'

In conclusion, we have described an efficient and rapid
synthesis using the Suzuki reaction in a continuous capil-
lary microreactor. Our microreactor was assembled sim-
ply from syringes, a conventional capillary, a mixing unit,

and one syringe pump. In this way, the coupling reactions
of aryl chlorides, especially those containing electron-do-
nating groups, showed a dramatic rate enhancement and
increased conversion compared to the corresponding con-
ventional flask reaction. Our results show for the first time
the excellent conversions that can be achieved from cou-
pling reactions of deactivated aryl chlorides under a con-
ventional Pd(OAc),/DABCO catalyst system. The system
has the potential to deliver grams of product if desired.?’
Continuous flow library preparation using this method is
in progress.

Supporting Information for this article is available online at
http://www.thieme-connect.com/ejournals/toc/synlett.
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