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Continuous-flow technology, already firmly establishd on
very large scale in the petrochemical industry, is becoming a
point of emphasis for many companies in the pharmaceutical
industry as the push for lean manufacturing intensifies. The
decrease in the number of isolated intermediates, the
reduction of the capital equipment footprint, and better
control over the production line are some of the key benefits
of these methods. The use of microfluidic systems with small
channels can provide fast mixing and efficient mass transfer
for homogeneous reactions. However, as is the case in batch
reactions, mixing and mass transfer are major issues in flow
reactions involving multiple phases (liquid/liquid or liquid/
gas). As a result of these issues, a large number of reactions
that are vital to the preparation of pharmaceuticals require
significant modification to be run in flow, and practical
methods are required to overcome these obstacles.”!

Microfluidics have found considerable application in this
area of research, as the ability to perform a large number of
reactions without the need for a large amount of reagents and
solvents is desirable for research on a laboratory scale. The
ability to perform a large number of reactions allows for
thorough optimization of the reaction conditions and can also
allow for studies of the reaction kinetics to aid in the
transition from laboratory scale to production scale.™

The palladium-catalyzed amination reaction of aryl hal-
ides is a widely utilized transformation in the pharmaceutical
industry,®] and thus a general method for performing this
reaction in flow"® would greatly aid in the development of
flow syntheses of active pharmaceutical ingredients (APIs).
However, while a great deal of research has been devoted to
the development of highly active catalyst systems that can
facilitate the coupling of a wide range of aryl electrophiles
with a host of amine nucleophiles, the vast majority of these
methods involve insoluble inorganic bases and/or form
insoluble salt by-products.” Moreover, attempts to use
soluble organic bases in these reactions have seen limited
success.!

We postulated that a biphasic system with an organic
solvent and water could solubilize both the organic and
inorganic components of these reactions and could be a
general solution to the formation of solids in flow.*!"!
Biphasic amination reactions that employ hydroxide bases,
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which could provide significant economic savings,'! have
been already reported.'” The first report of palladium-
catalyzed C—N bond formation using NaOH as a base was
reported by Boche and co-workers in 1998.1%* In 2001, Grasa
et al. reported the coupling of aryl bromides with indoles
using an N-heterocyclic carbene (NHC) ligand and NaOH as
the base, with the reaction being performed in 1,4-dioxane.['?!
Similar conditions were later reported by Goofen et al.l'*!
Hartwig and co-workers have examined the use of hydroxide
bases more thoroughly, and in 2002 they reported a method
that employes KOH or NaOH, an equimolar amount of
water, and a phase-transfer catalyst (PTC).'*¥ Similar con-
ditions were later reported by Urgaonkar and Verkade.'*!
Reactions using KOH in fert-butyl alcohol, as well as the first
examples of amination performed in water without a cosol-
vent were reported by Huang et al. in 2003."21 Additional
studies include the use of KOH in water with small amounts
of BuOH by Gong and Xu,!'”! the use of toluene and highly
concentrated KOH under microwave conditions by Van Bae-
len and Maes,["™ and reactions carried out in water with KOH
and PTC by Lipshutz et al.'?l However, a general method
that allows for the complete solubility of all of the compo-
nents of the reaction, which would be imperative for flow
synthesis, remains an elusive goal.

These previous methods fall into two categories: those
that used very small amounts of water in an organic solvent,
and those that used water as the solvent. For our study, it was
decided to work with equal volumes of water and organic
solvent to ensure complete solubility of both the organic and
inorganic reagents and products. Initial studies were per-
formed using the XPhos precatalyst (3)["*! with toluene as a
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solvent and aqueous KOH as the base, and were performed
under batch conditions. The reaction of 4-chloroanisole and
aniline in the presence of 3 (1 mol %) at 80°C for one hour
resulted in only a 32 % yield (Table 1, entry 1).

Since phase-transfer catalysts had been shown to accel-
erate similar coupling reactions, in which KOH was used as
the base, a selection of these catalysts was examined.
Tetrabutylammonium salts (Table 1, entries 2-4) provided
an increase in yield, with the bromide giving the best result at
73% (Table 1, entry 2). Other quaternary ammonium bro-
mides and a phosphonium bromide were also examined, but
gave decreased yields in all cases (Table 1, entries 5-7). Next,

SWILEY g

ONLINE LIBRARY

9469


http://dx.doi.org/10.1002/anie.201004425

Communications

9470

Table 1: Batch optimization of the phase-transfer catalyst (PTC) for the
biphasic, palladium-catalyzed, C—N cross-coupling.”!

3 (1 mol%
o Nt (1 mol%) .
MeO MeO

PTC, dodecane

toluene
aq KOH (2.0 m)

Entry PTC PTC [%] T[°C] t [min] Yield [96]"
1 none - 80 60 32
2 Bu,N"Br~ 10 80 60 73
3 Bu,N"OAc™ 10 80 60 42
44 Bu,N*OH™ - 80 60 51
5 Me;NBn*Br~ 10 80 60 10
6 Et;NOct*Br~ 10 80 60 18
7 Ph,P"Br~ 10 30 60 22
8 Bu,N"Br~ 1 80 120 99
9 "’ 5 80 120 99
10 " 10 80 120 99
11 " 50 80 120 27
12 "’ 1 100 60 99

[a] Reaction conditions: Solution 1 (0.5 mL), ArCl (2m), ArNH, (2.4 m),
dodecane (2.4 M) in toluene; solution 2 (0.5 mL), 3 (0.02 M) in toluene;
solution 3 (1.0 mL), base (2m) in water; PTC added as a solid. [b] GC
yield. [c] 1.0 mL of a 2.0m solution of Buy,N"OH™ in water was used in
place of KOH.

the effect of the amount of tetrabutylammonium bromide
(TBAB) was investigated: No difference in yield was
observed when it was used between 1 and 10 mol%
(Table 1, entries 8-10). However, when the quantity was
increased to 50 mol % a drastic decrease in yield was observed
(Table 1, entry 11).

During the course of these optimization reactions it was
observed that the efficiency of the reaction was strongly
influenced by the effectiveness of the mixing. As seen in
Figure 1, the stirring rate was found to be directly propor-
tional to the reaction yield; an increase of the stirring rate
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Figure 1. Stirring-rate dependence in batch. Reaction conditions: ArCl
(1.0 mmol), ArNH, (1.2 mmol), 3 (1 mol %), TBAB (5 mol %), internal
standard (biphenyl, 20 mol %), toluene (1 mL), 2.0m KOH (aq)

(1 mL).
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from 60 rpm to 900 rpm resulted in an increase in the yield of
desired product from 13% to 60 %.

In addition to these initial studies that were performed
with 1 as the supporting ligand, experiments were also
performed using 2, which gives rise to a more active catalyst
but is also more expensive than 1.'%'*l When reactions were
performed using a reduced loading of 4, it was found that the
effect of the PTC loading was more evident, with higher
amounts, resulting in increased yields of the cross-coupled
product (Table 2, entries 1-4). While 10 mol % of TBAB gave

Table 2: Batch optimization of the C—N cross-coupling.”

4 (0.2 mol%
Cl NH, ¢ o) H
/©/ * ©/ /©/ \©
MeO MeO'

TBAB, dodecane

toluene, 75 °C

base (aq)
Entry  PTC[mol%]  Base Base[M]  t[min] Yield [%]"
1 - KOH 2.0 17 12
2 1 KOH 2.0 17 24
3 5 KOH 2.0 17 63
4 10 KOH 2.0 17 74
5 5 KOH 2.0 10 50
6 5 K,PO, 2.0 10 14
7 5 Cs,CO, 20 10 20
8 5 K,CO, 2.0 10 30
gl 5 KOH 2.0 10 14
104 5 KOH 1.0 20 51
1 5 KOH 2.0 20 78
12 5 KOH 4.0 20 90

[a] Reaction conditions: Solution 1 (0.5 mL), ArCl (2m), ArNH, (2.4m),
TBAB, dodecane (0.4 M) in toluene; solution 2 (0.5 mL), 6 (0.004 m) in
toluene; solution 3 (1.0 mL), base (2m) in water. [b] GC yield. [c] 1,4-
Dioxane used in place of toluene. [d] 2.0 mL of 1.0m KOH. [e] 0.5 mL of
4.0m KOH.

the highest yield, it was found to be above the solubility limit
of TBAB in toluene. Thus, 5 mol % TBAB was used for the
remainder of the study. Several other inorganic bases besides
KOH were also investigated; however, only moderate levels
of conversion were observed when K;PO,, Cs,CO;, or K,CO;
were employed (Table 2, entries 5-8).

With the base and PTC chosen, an experiment was
performed using 1,4-dioxane in place of toluene to determine
whether increasing the miscibility of the two phases would
increase the efficiency of the reaction (Table 2, entry 9). This
solvent change resulted in a decreased yield of product;
therefore, toluene was used as the organic solvent for the
remainder of our study. Next, the effect of the concentration
of the base on these reactions was explored (Table 2,
entries 10-12). The use of a more concentrated base gave a
higher yield. However, as the method was being developed
for use in flow, the increase was not sufficient to compensate
for the increased viscosity of the base, which would lead to an
unacceptable pressure drop when the reaction was performed
under flow conditions.

Lastly, we examined the long-term stability of the catalyst
precursors used for these experiments. In the same way that
solubility was important to facilitate use in flow, it was
essential to have reagents and catalysts that could be stored as
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solutions for the duration of an experiment. While large-scale
flow equipment often incorporates a dissolution step to
minimize the time spent in solution, laboratory-scale experi-
ments require solutions which can be loaded onto pumps at
the beginning of the experiment. This requirement resulted in
a test being performed where the three solutions used in these
experiments were prepared and then stored under argon in
sealed volumetric flasks for 24 hours. In the case of 4 (Table 3,

Table 3: Batch optimization of the catalyst for the C—N cross- coupling Gl

Pd source, 2
Cl NH,
- O &
eO

TBAB, biphenyl

toluene, 100 °C

aq KOH (2.0 m)
Entry Pd Pd [mol%] L[mol%] Aging[h]® t[min] Yield [%]
source
1 4 0.5 0.1 0 3 88
2 4 0.5 0.1 24 3 70
3 4 0.5 0.1 24 6 96
4 5 0.5 0.6 0 3 45
5 5 0.5 0.6 24 3 45
6 5 0.5 0.6 24 6 94

[a] Reaction conditions: Solution 1 (0.5 mL), ArCl (2wm), ArNH, (2.4 m),
TBAB (0.1m), biphenyl (0.4m) in toluene; solution2 (0.5 mL), Pd
(0.01 m), ligand (0.012 ™) in toluene; solution 3 (1.0 mL), 2m KOH in
water. [b] Time between preparation and use of solution 2. [c] GC yield.

entries 1 and 2), the activity of the catalyst decreased from
88% to 70% over the course of the 24 hours of storage.
Performing the same experiment with allylpalladium chloride
dimer (5) and 2 gave a 45% yield for both the freshly made
and the aged catalyst solutions. The yield was lower with 5,
which is attributable to slower activation of the catalyst, but
once the active catalyst was formed, both reactions provided
excellent yields (Table 3, entries 3 and 6).

We next applied our optimized reaction conditions to
experiments in flow. The strong influence on the efficiency of
the mixing that was observed for the batch reactions was also
observed when the reaction was performed in continuous
flow. The use of immiscible liquid phases leads to segmented
flow, which does not provide the same kind of mixing that is
possible in a mechanically stirred reaction. We found that
when the optimized (in batch) reaction conditions were
transferred to a flow system, the reaction proceeded with
greatly reduced efficiency. A variety of approaches were
examined, including modification of the flow reactor (tubing)
dimensions and changes in the microfluidic connections, in an
attempt to overcome this mixing issue. However, all initial
efforts resulted in only minor increases in the reaction
efficiency.

As a consequence of the observed influence of mixing on
the reaction proficiency, we tested the effect of a commer-
cially available microfluidic mixing tee on this reaction. The
mixing tee provided efficient mixing, but the two phases
quickly separated to segmented flow upon exiting the mixer
and no improvement in the reaction was observed. This result
suggested that a more continuous source of mixing was
required. It was found that the use of tube reactors packed
with stainless-steel spheres could provide both the appropri-
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ate reactor volumes and the required biphasic mixing
necessary for these reactions. This finding was in agreement
with the elegant work recently reported by Bogdan and
McQuade.!"

As seen in Figure2, when the reaction of ethyl 2-
aminobenzoate and 2-chloroanisole was run in 0.04 inch
PFA tubing (56 cm, 448 pL), less than 20 % of the product was

2 (0.6 mol%)
5 (0.25 mol%) CO,Et
@: @NHZ TBAB _TBAB, biphenyl N
M CO,Et  ad KOH (2.0 m)
OMe °c oMe
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Figure 2. Comparison between a packed bed and an open tube.
Reaction conditions: ArCl (1.0 equiv), ArNH, (1.2 equiv), 2
(0.6 mol %), 5 (0.25 mol %), TBAB (5 mol %), internal standard
(biphenyl, 20 mol %), toluene (1 mL), 2.0m KOH (ag, 1 mL).

observed for residence times of 2-10 minutes. When the
tubing reactor was replaced with a packed-bed reactor
(100 mm x3.8 mm ID tubing, 60-125 um packing, 448 puL
void volume), the same reaction gave full conversion after a
residence time of 6 minutes. These results clearly demonstrate
the importance of effective mixing for these reactions.
Additionally, a sample was collected for 71 minutes
(2.0 mmol, 8 minutes residence time, 56 pLmin~! total flow
rate, 14 uL min ' for solution 2). This sample provided 530 mg
of isolated product, which corresponds to 98 % yield, and was
in agreement with the yields obtained by gas chromatography
(GC). This result shows that the combination of a toluene/
water biphasic system and the packed-bed reactor results in
an effective protocol for palladium-catalyzed amination
reactions of aryl halides in flow.

We next wanted to examine the range of reaction
conditions that could be used for this biphasic reaction. The
results in Figure 3 demonstrate the effect of reactor size on
the yield of the reaction. The reactions in Figure 3 were
performed using a series of four packed beds of different sizes.
In the largest packed bed, the results tracked very closely with
the results obtained for this reaction in the batch process with
high stirring rates. In addition to the samples collected for GC
analysis, one sample was collected for 46 minutes (2.0 mmol,
10 min residence time, 87 uLmin™' total flow rate,
22 uLmin™" for solution 2). This sample provided 374 mg
(94 %) of isolated product. As the size of the packed bed was
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Figure 3. Comparison of different sized packed beds. Reaction con-
ditions: ArCl (1.0 equiv), ArNH, (1.2 equiv), 2 (1.2 mol %), 5
(0.5 mol %), TBAB (5 mol %), internal standard (biphenyl, 20 mol %),
toluene (1 mL), 2.0m KOH (aq, 1 mL).

decreased, the yield of the reaction was also decreased.
Interestingly, it was found with the two smallest packed beds
that after a certain point the reaction yield began to decrease
with increased residence time (decreased flow rate). The
reaction conversion was in agreement with the reaction yield,
thereby implying that the product was not degrading over
time. It was postulated that the mixing in the packed beds was
related to the flow rate of the two reaction streams. Such a
postulation suggested that the biphasic amination method
presented herein would be most effective for fast reactions
where moderate flow rates can be maintained. Further studies
to quantify the hydrodynamic parameters of the packed beds
are underway.

One important benefit of continuous-flow chemistry is the
ability to access reaction conditions that are either difficult to
achieve or unsafe in standard batch systems. The most
common example of this is the use of high temperatures
and pressures. We thought that increasing the temperature
above the boiling point of the two solvents in the biphasic
amination system could allow for the reduction of the reaction
time, thereby increasing the number of possible reactions that
could be performed efficiently using this method.

Figure 4 shows the effect of increasing the temperature
and pressure for a palladium-catalyzed amination reaction
performed in toluene. In this experiment a 1000 psi back-
pressure regulator was used to inhibit solvent vaporization,
and HPLC pumps were used to overcome this pressure drop.
The reaction time was held constant and the temperature was
systematically increased from 80°C to 200°C. The reaction
rate was greatly enhanced by the increased temperature, to a
point where catalyst decomposition began to take place.
Gratifyingly, a reaction that only proceeded to approximately
30% yield under the standard conditions was driven to
complete conversion at the increased temperature. One
sample was collected at the 120°C conditions for 20 minutes
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Figure 4. High temperature experiments. Reaction conditions: ArCl
(1.0 equiv), ArNH, (1.2 equiv), 1 or 2 (0.3 mol %), 5 (0.075 mol %),
TBAB (5 mol %), internal standard (biphenyl, 20 mol %), toluene

(1 mL), 2.0m KOH (aq, 1 mL).

(2.0 mmol, 4.3 min residence time, 200 pLmin~"' total flow
rate, 50 uLmin~' for solution 2), and the product was isolated
in 90 % yield (409 mg). This result suggests that a wide range
of reactions could be performed by using this method by
optimizing catalyst loading, reaction time, and reaction
temperature. In addition to the ability to push difficult
reactions to completion with increased temperature, this
approach can also be used to decrease the amount of catalyst
needed for these reactions, as shown in Figure 4, where only
0.15mol% Pd was used. Another benefit of the ability to
perform flow reactions under forcing conditions is the
potential to use less-expensive supporting ligands to form
the catalysts for these reactions. As can be seen in Figure 4,
although 2 provided the most active catalyst, it was possible to
achieve the same levels of reactivity using 1, which at present
is considerably cheaper.!"”!

In conclusion, conditions have been developed for palla-
dium-catalyzed C—N bond-forming reactions carried out in a
continuous-flow manner. The optimized conditions involve
the use of aqueous KOH, toluene as a reaction solvent, TBAB
as a phase-transfer catalyst, and a packed-bed microreactor.
Moderate flow rates (>40ul min™') are necessary for
efficient mixing. High temperature and pressure reaction
conditions are easily accessed, and lead, in some cases, to
greatly enhanced reaction rates.

Experimental Section

Materials: Endcaps from standard 1/4 inch HPLC columns were
recycled for the preparation of the packed beds used in this study.
Sintered stainless-steel (SS) frits (0.189 inch diameter and 10 pm pore
size) were purchased from IDEX Health and Science (formerly
Upchurch Scientific). Nuts and ferrule sets (1/4inch SS) were
purchased from Swagelok. The tubing (SS, 0.25 inch OD x 0.21 inch
ID) was purchased from McMaster Carr and was cut to length.
Microspheres (SS, 60-125 um) were purchased from Duke Scientific,
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a subsidiary of Thermo Fisher. Microfluidic connections were made
with standard Upchurch fittings (IDEX Health and Science), either
10-32 coned fittings, or 1/4-28 flat-bottomed fittings for 1/16 inch OD
tubing.

Procedure for the reaction reported in Figure 1: An oven-dried
screw-top volumetric flask (5.00 mL), equipped with a stir bar and a
teflon screw-cap septum, was charged with 2 (32.2 mg, 0.06 mmol)
and 5 (9.2 mg, 0.025 mmol). The vessel was evacuated and back-filled
with argon (this process was repeated a total of 3 times) and toluene
(ca. 5 mL) was added to make the solution up to volume. Solution 1
was stirred for 5min to allow complete dissolution of the solid
reagents. A second flask (5.00 mL), equipped in the same manner,
was charged with biphenyl (308 mg, 2.0 mmol) and TBAB (161 mg,
0.5 mmol). The vessel was evacuated and back-filled with argon (this
process was repeated a total of 3 times), and then 2-chloroanisole
(121mL, 10.0mmol) and ethyl 2-aminobenzoate (1.77 mL,
12.0 mmol) were added, with toluene used to make the solution up
to volume. Solution 2 was stirred to allow the dissolution of the solid
reagents. Solutions 1 and 2 were loaded into plastic syringes and fitted
to syringe pumps as described in the Supporting Information (448 uL
packed bed). Three other syringes were filled separately with KOH
(2Mm), ethyl acetate and water, and were fitted to the remaining
syringe pumps. The reagents were flowed through the packed-bed
reactor at the appropriate flow rates to give residence times of 2—
10 min. Samples were collected, diluted with ethyl acetate and water,
mixed vigorously, and an aliquot of the organic layer was filtered
through a plug of silica, eluting with ethyl acetate, and the sample was
analyzed by GC.
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