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A B S T R A C T

We describe a novel strategy to increase the unit-time-productivity of flow synthesis by using hierarchical bi-
modal porous silica gel (HBPSG) supported palladium column reactors. Because HBPSG has a significantly large
surface area, the column reactors have low pressure drop, enabling high-volume production. We demonstrated
flow synthesis of the precursor of adapalene, a pharmaceutical compound, at 5 g/h which is over 10-fold greater
productivity than previous approaches.

1. Introduction

Flow chemistry has brought great benefits for organic synthetic
chemistry [1,2]. Because of its excellent heat- and mass-transfer ability
and precise reaction-time control performance, flow synthesis has
achieved a lot of synthetic transformations, which are difficult or even
impossible for conventional batch processes [3]. Especially, as U.S.
Food and Drug Administration (FDA) announced [4], in pharmaceutical
manufacturing, continuous flow synthesis has several advantages par-
ticularly in terms of productivity, safety, and reproducibility.

Palladium catalyzed cross-coupling reactions are ubiquitous in or-
ganic synthesis as well as pharmaceutical manufacturing [5]. Flow
chemistry has showcased successful examples of flow-cross-coupling
syntheses using transition metal homogeneous and heterogeneous cat-
alysts [6]. From the viewpoint of manufacturing, heterogeneous cata-
lysts, which are typically immobilized in a flow reactor tube, are ideal
reactors because of their separation and recycling abilities. Despite
these advantages, flow heterogeneous coupling reaction has little po-
tential to scale-up.

Basically, scaling-up for flow synthesis is achieved by increasing the
substrate solution flow rate (volume/time). Because the reaction col-
umns are filled with catalysts and supporting materials, the pressure
within a column may become much higher than that in a usual flow
reactor. Thus slower flow rates (typically mL/h scale) have been

applied in heterogeneous column reactors resulting in lowered pro-
ductivity of flow coupling reactions (typically hundreds mg/h) [6,7].

We hypothesized that increasing the number of column reactors
would overcome the limitation to scale-up, and developed and reported
parallel- and linear-column connection flow systems [8]. These systems
allowed an increase in the number of catalyst-supported column re-
actors and simultaneous use of multiple columns, enabling a flow-rate
increase corresponding to the number of columns. Although these
systems improved productivity of the coupling reactions, the flow rate
was insufficient (1 mL/min), prompting the necessity of novel column
reactors with lower pressure drops for further improvement.

To solve this problem, we focused on hierarchical bimodal porous
silica gel (HBPSG) as a supporting material for column reactors [9].
Three-dimensional silica gel (SiO2) with hierarchically macro-meso-
porous structures are important porous materials for catalysis support
applications. Compared with conventional SiO2 without hierarchical
porosity, microparticles of HBPSG have several inherent advantages,
including high surface-area-to-volume ratios, small transverse tem-
perature gradients, and low pressure drop [10]. Thus we envisaged a
column reactor with HBPSG as a supporting material for palladium
catalyst would be an ideal reactor having low pressure drop, enabling
high productivity. Herein we report flow Suzuki–Miyaura cross cou-
pling reaction [11] using HBPSG supported palladium column reactors,
which achieved extremely high flow rates such as 8mL/min and high
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productivity such as 5 g/h of a precursor of adapalene, a third-gen-
eration topical retinoid mainly used in the treatment of mild-moderate
acne.

2. Material and methods

2.1. Experimental instruments and materials

1H and 13C NMR spectra were recorded on a Varian MERCURY plus-
400 spectrometer (1H 400MHz, 13C 100MHz). Chemical shifts were
recorded using TMS (0.0 ppm) or solvent (2.50 ppm for DMSO) signals
as an internal standard for 1H NMR, and methine signal of CHCl3 for 13C
NMR (77.0 ppm) unless otherwise noted. Gas chromatography (GC)
analysis was performed on a SHIMADZU GC-2014 gas chromatograph
equipped with a flame ionization detector using a fused silica capillary
column (column, CBP1; 0.22mm x 25m). High performance liquid
chromatography was performed on Shimadzu with YMC TA12S05-
2546WT (4.6×250mm, acetone/water= 9/1, v/v, flow rate
=1.0mL/min, 30 °C, UV =220 nm) using commercial compounds.
Electrospray ionization (ESI) mass spectrum was obtained on Thermo
Fisher Scientific EXACTIVE plus. X-ray fluorescence (XRF) analyses
were carried out using Shimadzu EDX-8000. For flow coupling reac-
tions, a syringe pump (Harvard Model PHD 2000 or PHD ULTRA)
equipped with a gastight syringe (purchased from SGE), or a plunger
pump (SHIMADZU LC-20AR) was used for introduction of the reaction
solutions into the column reactor. For flow synthesis of lithium ar-
ylborate complexes, stainless steel (SUS304) T-shaped micromixers
with inner diameter (ID φ) of 250 μm (Sanko Seiki Co., Inc.), stainless
steel (SUS316) microtube reactors ID ϕ 1000 μm (GL Sciences), and
PTFE pre-cooling tube ID φ 1000 μm (ISIS Co, Ltd.) were used. The
solution of n-butyllithium was prepared by dilution of the commercial
solution with dehydrated n-hexane.

2.2. Preparation of supercritical fluid-assisted immobilization of palladium
nanoparticles in dual-pore silica gel

Palladium (Pd) nanoparticles were immobilized in the pores of dual-
pore SiO2 using supercritical carbon dioxide (scCO2)-acetone solution.
As in our previous report [10d], palladium(II) acetate (Pd(OAc)2) was
used as the precursor of Pd nanoparticles, because of its good solubility
to scCO2-acetone solution. To immobilize Pd nanoparticles in the sup-
ports, 5 g of dried dual-pore SiO2 microparticles [12], 0.3 g of Pd
(OAc)2, and 180mL of acetone were placed in a 200mL high-pressure
cell. CO2 was pumped into the cell through a preheater at 20MPa and
343 K. The cell was then placed in an air bath, and the system tem-
perature was maintained at 343 K. The mixture was stirred with a
magnetic agitator for 24 h. After which the vessel was slowly de-
pressurized to atmospheric pressure over approx. 30min and the con-
tent removed. Leftover acetone was removed by centrifugation, and the
precipitate was successively subjected to reduction in a mixed stream of
H2 and N2 (5mL/min each) at 573 K for 5 h. During reduction, the
formed Pd nanoparticles were dispersed within the pores of dual-pore
SiO2. After the reduction, the color of the sample had changed from
ochre (Pd(OAc)2) to gray. XRF analysis indicated that the amount of Pd
in dual-pore SiO2 was 0.3 wt%. In order to improve hydrophobicity, the
surface Pd@dual-pore SiO2 was coated with hexamethyldisilazane
(HMDS). 2 g of Pd@dual-pore SiO2 was added in 100ml of toluene
solution containing 10wt% HMDS. The mixture was heated under re-
flux at 373 K for 12 h. Leftover toluene solution was removed by fil-
tration, and Pd@dual-pore SiO2 were washed with absolute 2-propanol
to remove the free HMDS. The remaining 2-propanol was removed
under reduced pressure at 353 K. 0.25 g of Pd@dual-pore SiO2 was
placed in stainless steel (SUS316) tube reactors ID φ 4.6 mm and
lengths of 100mm and 250mm.

2.3. Typical procedure for flow Suzuki coupling reaction using commercial
boronic acid

To a 200mL Erlenmeyer flask were placed phenyl boronic acid (1,
1.65 g, 13.5mmol), 4-iodobenzonitrile (2, 1.03 g, 4.5 mmol), potassium
hydroxide (0.50 g, 9.0mmol), methanol (MeOH, 30mL), and tetra-
hydrofuran (THF, 120mL). After those chemicals had homogeneously
dissolved, the solution was introduced into the column reactor (10 cm),
which was heated to 60 °C in a water bath, by a syringe pump (flow
rate: 1.0 mL/min). After a steady state was reached (typically by 5min),
the product solution was collected for 10min. To the aliquot, sat. NH4Cl
aq., ethyl acetate (EtOAc), and n-tridecane (internal standard) were
added, and then the organic phase was analyzed by GC to determine the
yield of the desired product, 4-cyanobiphenyl (3), whose retention time
on GC was in a good agreement with that of commercial one.

2.4. Typical procedure for flow Suzuki coupling reaction using arylborate

The reaction solution containing lithium triisopropoxy phenyl bo-
rate (4) with 2 was prepared as follows: To a flame dried round-bot-
tomed flask were added bromobenzene (4.71 g, 30.0 mmol) and THF
(200mL). The solution was stirred at −78 °C, and a solution of n-bu-
tyllithium (1.6mol/L, 19.7 mL) was added dropwise. After 15min,
triisopropyl borate (5.92 g, 31.5 mmol) was added to the mixture, and
the solution was stirred at the same temperature for 2 h. The reaction
was quenched by methanol (54mL) to obtain 300mL solution. Finally,
to an aliquot (50mL), 4-iodobenzonitrile (2, 763mg, 3.33mmol), THF
(10mL), and methanol (40mL) were added to prepare the reaction
solution (0.033mol/L for 2).

The reaction solution was introduced into column reactor(s) (10, 20,
25 and 50 cm), whose length was the sum of those of the columns
connected by stainless tubes. The column reactor was heated by a water
bath. The syringe pump was applied for the reaction with 10 cm column
reactor (flow rate: 0.5–5mL/min), whereas a plunger pump was used
for reactions in 20, 25 and 50 cm column reactors (flow rate: 5 mL/
min). After a steady state was reached, the product solution was col-
lected. To the aliquot, sat. NH4Cl aq. and EtOAc were added, and the
organic phase was analyzed by GC to determine the yield of the desired
product, 4-cyanobiphenyl (3). The yields were determined by area
percentage of 3 with 2 using a scaling factor calculated by the com-
mercial compounds.

2.5. Flow synthesis of tert-butyl 6-(3-(1-adamantyl)-4-anisyl)-2-
naphthoate (7) and its transformation to adapalene

The reaction solution containing lithium arylborate complex 5 was
prepared using a flow microreactor system comprising two T-shaped
micromixers (M1 and M2), two microtube reactors (R1 and R2), and
three pre-cooling units dipped into a cooling bath at 0 °C. A solution of
2-(1-adamantyl)-4-bromoanisole (0.10 mol/L in THF, flow rate:
6.0 mL/min) and a solution of n-butyllithium (0.42mol/L in n-hexane,
flow rate: 1.5mL/min) were introduced to M1 using syringe pumps,
and the mixture was passed through R1 (50 cm, residence time
tR1= 3.1 s). The resulting solution was introduced to M2, where a so-
lution of triisopropyl borate (0.42 mol/L in THF) was introduced (flow
rate: 1.5mL/min). The resulting solution was passed through R2
(100 cm, residence time tR2= 5.2 s). After a steady state was reached,
the product solution was put into a 300mL round-bottomed flask. To an
aliquot (171mL) of the solution were added tert-butyl 6-iodo-2-
naphthoate (6, 2.72 g, 7.67mmol) and methanol (138mL) to obtain the
reaction solution (24.8mol/L of 6).

For Suzuki coupling, the 80 cm column reactor system comprising
three 10 cm reactors with two 25 cm reactors connected by stainless
tubes, heated to 97 °C by a water bath, was applied. The reaction so-
lution was introduced into the column reactor by plunger pump (flow
rate: 8 mL/min). After a steady state was reached, the product solution
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was collected for 20min. To the solution, water was added, and the
mixture was extracted by dichloromethane. The combined organic
phase was concentrated under reduced pressure, and the obtained solid
was washed by methanol to afford tert-butyl 6-(3-(1-adamantyl)-4-an-
isyl)-2-naphthoate (7) in 91 % yield (1.70 g, 3.62mmol) as a white
solid. 1H NMR (400MHz, CDCl3) δ 1.66 (s, 9 H), 1.80 (s, 6 H), 2.10 (s,
3 H), 2.18 (s, 6 H), 3.90 (s, 3 H), 6.99 (d, J =8.4 Hz, 1 H), 7.54 (dd,
J=2.4, 8.4 Hz, 1 H), 7.60 (d, J =2.4 Hz, 1 H), 7.78 (dd, J=2.0,
8.4 Hz, 1 H), 7.88 (d, J =8.8 Hz, 1 H), 7.97 (d, J =8.4 Hz, 1 H), 8.00
(br, 1 H), 8.03 (dd, J=1.6, 8.4 Hz, 1 H), 8.54 (br, 1 H), 13C NMR
(100MHz, CDCl3) δ 28.3, 29.1, 37.1, 37.2, 40.6, 55.1, 81.1, 112.0,
124.7, 125.6, 125.7, 125.9, 126.3, 127.9, 128.8, 129.6, 130.4, 131.2,
132.6, 135.7, 138.9, 141.0, 158.8, 166.0, HRMS (ESI) calculated for
C32H36O3Na [M+Na+]: 491.2557, found 491.2541.

To a 200mL round-bottomed flask were added 7 (1.68 g,
3.59mmol, the whole amount of the product of the former synthesis),
trifluoroacetic acid (38mL), and dichloromethane (115mL). The mix-
ture was stirred at room temperature for 22 h then added to distilled
water (450mL). After extraction (CH2Cl2, 50mL), the combined or-
ganic phase was concentrated under reduced pressure to afford 6-(3-(1-
adamantyl)-4-anisyl)-2-naphthoic acid (adapalene) in 100 % yield
(1.48 g, 3.59mmol) as a pale yellow solid. 1H NMR (400MHz, DMSO-
d6) δ 1.76 (s, 6 H) 2.07 (s, 3 H), 2.14 (s, 6 H), 3.87 (s, 3 H), 7.12 (d, J
=8.8 Hz, 1 H), 7.58 (d, J =2.4 Hz, 1 H), 7.66 (dd, J=2.4, 8.4 Hz, 1 H),
7.89 (dd, J=2.0, 8.4 Hz, 1 H), 7.98 (dd, J=1.6, 8.4 Hz, 1 H), 8.08 (d,
J =8.8 Hz, 1 H), 8.16 (d, J =8.8 Hz, 1 H), 8.22 (s, 1 H), 8.58 (s, 1 H),
13.05, br, 1 H). The spectrum was in good agreement with a previous
one [8b].

3. Results and discussion

3.1. Flow Suzuki–Miyaura coupling reaction of phenylboronic acid with 4-
iodobenzonitrile using HBPSG-Pd column reactor

First we tried flow Suzuki–Miyaura cross coupling reaction of
commercially available reagents using HBPSG-Pd column. The combi-
nation of phenylboronic acid (1) with 4-iodobenzonitrile (2) was se-
lected as reagents to compare catalyst activity to our previous report
[8b]. Since the support was silica gel, we avoided highly polar solvent
such as water. Thus, we chose to use THF, toluene, and co-solvent of
methanol with THF as reaction solvent. In those solvent conditions,
inorganic base, which is typically used for conventional Suzuki–-
Miyaura coupling reaction, was not applicable because they are not
soluble to such less polar solvents. Thus, we used organic base such as
triethylamine (Et3N) and tri-n-butylammonium fluoride (TBAF) instead
of the inorganic base. The investigation was carried out using 10 cm
column reactor in a 60 °C water bath. The solution of 2, 1 (X equiv to 2),
and base (2 equiv to 1) in the respective solvent was introduced into the
column reactor by syringe pumps at the flow rate of 1mL/min. The
results are summarized in Table 1.

Entries 1–5 of Table 1 indicate the combination of less polar sol-
vents with organic base was not applicable for flow Suzuki–Miyaura
cross coupling reaction. Only entry 6 (10 % MeOH/THF with TBAF)
yielded an amount of product 3 but the yield rapidly decreased during
continuous collection of the reacted solution (62 % to 44 %), suggesting
this condition may seriously damage the column reactor. Although
those reactions resulted in dismal yields, the trial of TBAF suggested
adequate reaction conditions would achieve a high yield of 3, so we
continued to optimize reaction conditions. We found that potassium
hydroxide, an inorganic base, was soluble to 10 % MeOH/THF solvent,
and using this condition, 45 % of product was obtained (entry 7). The
yield was increased when the amount of 1 was increased (entry 8).
Finally, 83 % yield was achieved with 3 equivalent of phenylboronic
acid in 20 % methanol/THF solution (entry 9). While our previous
column reactor required temperatures above 80 °C for over 80 % yield
of this particular transformation [8b], in the present study 83 % yield

was accomplished at 60 °C, which indicated the novel column reactor
filled with HBPSG-Pd has higher reactivity than the previous one.

Since the optimized condition (Table 1 entry 9) was in hand, we
demonstrated continuous production using this column reactor. The
solution containing 1, 2 (3 eq), and KOH in 20 % methanol/THF was
passed through 10 cm of HBPSG-Pd column reactor dipped in 60 °C
water bath with a 1mL/min flow rate. The 100mL solution was con-
tinuously introduced and an aliquot was collected every 10min. The
results are shown in Fig. 1. During 80min the reaction yield remained
around 80 %, strongly suggesting high productivity and high reusability
of this column reactor. It should be mentioned that after a long-time
flow synthesis, all palladium might be finally removed from the support
[6b] although the reaction efficiency was not diminished after 80min
operation in our reactor. Therefore, the preferred long operation for
larger scale experiments would be considered as a combination with an
appropriate catalyst recycling technology in near future.

3.2. Flow Suzuki–Miyaura coupling reaction of phenylborate with 4-
iodobenzonitrile using HBPSG-Pd column reactor

We next investigated the integration of lithiation, borylation, and
coupling reaction to enhance the process. We previously reported
Suzuki–Miyaura cross coupling reaction using lithium arylborate com-
plex, which is synthesized from halogen–lithium exchange reaction of
aryl halide with butyllithiums followed by reaction with boronic esters.
Because the products are lithium arylborate complexes, Suzuki reaction
can proceed without a base [13]. We envisaged that if our new column
reactor was applicable for the coupling reaction of such aryl borates, a
high productive integrated coupling process would be achieved.

Lithium triisopropoxy phenylborate (4) was synthesized from the
reaction of phenyl lithium, which was generated by halogen–lithium
exchange of bromobenzene with n-butyllithium, with triisopropyl bo-
rate, shown in Scheme 1. To the solution, 4-iodobenzonitrile (2) and
methanol were added to make the concentration of 2 to 0.033M. The
resultant solution was introduced into the HBPSG-Pd column reactor
(10 cm) by syringe pump at the respective flow rates. The results are
summarized in Table 2.

The initial condition (flow rate: 0.5 mL/min, reaction temperature:
60 °C, entry 1) gave an excellent result where 2 was perfectly converted
to the desired product 3. Encouraged by this result, we increased the
flow rate to 1.0 mL/min in order to increase the volume per unit time.
However, disappointingly, the product yield was dramatically de-
creased, leading to decreased productivity (entry 2). Then we raised the
reaction temperature (entries 3 and 4). When applying higher tem-
perature, product yields were increased, and finally 99 % yield was
achieved at 97 °C (entry 4), doubling productivity. As expected, this
temperature produced higher flow rate with high productivity and in-
creased flow rates (entries 5–9). As anticipated, productivity increased

Table 1
Flow Suzuki–Miyaura coupling reaction of phenylboronic acid (1) with 4-io-
dobenzonitrile (2) using HBPSG-Pd column reactor.

Entry solvent X eq. base Yield (%)

1 THF 1.1 Et3N 1
2 TBAF 1
3 Toluene 1.1 Et3N 1
4 TBAF 7
5 10 % MeOH/THF 1.1 Et3N 12
6 TBAF 44
7 KOH 45
8 3 KOH 61
9 20 % MeOH/THF 3 KOH 83
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with increased flow rate, and 0.9 g/h productivity was achieved (entry
9). To our amazement, quite high flow rates, such as 5mL/min, were
achieved by use of the syringe pump, which is usually considered un-
suitable equipment for introducing reaction solution into column re-
actors with high flow rates. This strongly signified that our HBPSG-Pd
column reactor has extraordinarily low pressure drop. Although this
flow rate strategy increased productivity near to g/h scale, conversion
worsened (51 %), reducing the benefits of this process in terms of green
economy. To overcome the low conversion, we decided to take ad-
vantage of the series connection of the reactors (entries 10–12) [8b].
With increasing reactor length, the conversion of 2 increased, and fi-
nally 96 % yield was achieved with a 50 cm column reactor (entry 12).
Compared to entry 4, this result seemed reasonable; a five times longer
reactor with 5-fold faster flow rate achieved a corresponding product
yield, quintupling productivity.

Since a benchmark condition (entry 12) was established, our in-
terest moved toward further improvement of productivity. First, in

order to take full advantage of the low pressure drop column reactor,
we investigated reactions with higher flow rates. With a 50 cm column
reactor, the flow rate was gradually increased to 10mL/min, which was
double the benchmark giving an acceptable product yield (90 %) as
shown in Fig. 2(a). Another possibility for productivity improvement is
increase of the concentration. We carried out the flow coupling reaction
with increased concentration of 2 (and 4). The results summarized in
Fig. 2(b) were beyond expectation; the product yield was not dimin-
ished, but, if anything, increased. Although the detailed reason was
unclear, the coupling reaction in HBPSG reactors seemed to be ac-
celerated by higher concentration. Finally, a 4-fold higher concentra-
tion enabled over quadruple higher productivity, 7.1 g/h.

During these series of experiments, the general idea for improve-
ment of productivity was established. Increasing reaction temperature
and length helped to increase the product yield, and increasing flow
rate and concentration directly contributed to improvement of the mass
of production in this process.

3.3. Flow synthesis of adapalene precursor using HBPSG-Pd column reactor
and its transformation to adapalene

Finally, we demonstrated flow synthesis of tert-butyl 6-(3-(1-ada-
mantyl)-4-anisyl)-2-naphthoate (7), the precursor of adapalene, which
is a third-generation topical retinoid mainly used in the treatment of
mild-moderate acne. In accordance with the above mentioned bench-
mark, we adopted 80 cm length HBPSG-Pd column reactor with 8mL/
min flow rate, depicted in Fig. 3.

In accordance with our previous method [14], lithium arylborate 5
was synthesized from the corresponding arylbromide in a flow micro-
reactor. To the solution of 5, the coupling partner 6, which has tert-
butyl group instead of methyl group to increase solubility and acces-
sibility to adapalene, was added, and the obtained solution was passed
through the column reactors at 97 °C. After 20min operation, we iso-
lated 1.7 g of the coupling product 7 (91 % yield), which was quanti-
tatively converted to adapalene. It is noteworthy that our previous re-
port using another column reactor [8b], although the ester moiety was
methyl group instead of tert-butyl group, showcased 370mg/h pro-
duction of this coupling process. This means over 10-fold higher pro-
ductivity was achieved by our new HBPSG-Pd reactor. Because our
reactor has quite lower pressure drop than the previous one, dramati-
cally high flow rate of the reaction solution was applicable, leading
such a high productivity.

Fig. 1. 80min continuous production of 3 using HBPSG-Pd column. Yields of 3 in the solution collected every 10min determined by gas chromatography are shown.

Scheme 1. Synthesis of lithium triisopropoxy phenylborate (4).

Table 2
Flow Suzuki–Miyaura coupling reaction of triisopropoxy phenylborate (4) with
4-iodobenzonitrile (2) using HBPSG-Pd column reactor.

Entry T (°C) F (mL/min) L (cm) Yield (%) Productivity (g/h)

1 60 0.5 10 100 0.18
2 60 1.0 37 0.13
3 80 1.0 79 0.28
4 97 1.0 99 0.32
5 97 1.5 10 89 0.47
6 2.0 80 0.57
7 3.0 65 0.70
8 4.0 56 0.79
9 5.0 51 0.90
10 97 5.0 20 87 1.5
11 5.0 25 89 1.6
12 5.0 50 96 1.7

Y. Ashikari, et al. Catalysis Today xxx (xxxx) xxx–xxx

4



4. Conclusion

Gram-per-hour productive flow Suzuki coupling was developed by
means of a hierarchical bimodal porous silica gel supported palladium
catalyst reactor. Because HBPSG has a significantly big surface area,
this present column reactor has low pressure drop. This remarkable
characteristic enabled extremely high productivity improved by in-
creasing reaction temperature, flow rate, reactor length, and con-
centration of reagents. Just 20min operation produced 1.7 g of the
precursor to adapalene, a pharmaceutical compound, demonstrating
the practicality of this process and column reactor. We are confident
that this study represents a major step in the field of flow manu-
facturing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This work was partially supported by JSPS KAKENHI Grant
Numbers JP15H05849 (Grant-in-Aid for Scientific Research on
Innovative Areas 2707 Middle molecular strategy), JP26288049
(Grant-in-Aid for Scientific Research (B)), JP26220804 (Grant-in-Aid
for Scientific Research (S)), JP25220913 (Grant-in-Aid for Scientific
Research (S)), and JP17865428 (Grant-in-Aid for Scientific Research
(C)). This work was also partially supported by AMED
(JP19ak0101090), the Japan Science and Technology Agency’s (JST) A-
step program (18067420), CREST, and the Ogasawara Foundation for
the Promotion of Science & Engineering.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cattod.2020.07.014.

References

[1] Books and reviews on organic flow synthesis.
(a) T. Wirth (Ed.), Microreactors in Organic Chemistry and Catalysis, 2nd ed.,

Fig. 2. Effects of flow rate and concentration for Suzuki–Miyaura coupling reaction of triisopropoxy phenylborate with 4-iodobenzonitrile (2). Bar: yield (%). Dot:
productivity (g/h).

Fig. 3. Flow synthesis of tert-butyl 6-(3-(1-adamantyl)-4-anisyl)-2-naphthoate (7) and its transformation to adapalene.

Y. Ashikari, et al. Catalysis Today xxx (xxxx) xxx–xxx

5

https://doi.org/10.1016/j.cattod.2020.07.014
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0005


Wiley, Hoboken, 2013;
(b) F. Darvas, V. Hessel, G. Dorman, Flow Chemistry, DeGruyter, Berlin, 2014;
(c) J. Yoshida, Basics of Flow Microreactor Synthesis, Springer, Tokyo, 2015;
(d) J.C. Pastre, D.L. Browne, S.V. Ley, Chem. Soc. Rev. 42 (2013) 8849;
(e) I.R. Baxendale, J. Chem. Technol. Biotechnol. 88 (2013) 519;
(f) T. Fukuyama, T. Totoki, I. Ryu, Green Chem. 16 (2014) 2042;
(g) D. Cambié, C. Bottecchia, N.J.W. Straathof, V. Hessel, T. Noël, Chem. Rev. 116
(2016) 10276;
(h) S. Kobayashi, Asian J. Org. Chem. 11 (2016) 425;
(i) M.B. Plutschack, B. Pieber, K. Gilmore, P.H. Seeberger, Chem. Rev. 117 (2017)
11796;
(j) D. Cantillo, C.O. Kappe, React. Chem. Eng. 2 (2017) 7

[2] Recent examples on organic flow chemistry.
(a) S. Fuse, Y. Mifune, H. Nakamura, H. Tanaka, Nat. Commun. 7 (2016) 13491;
(b) A. Nagaki, Y. Takahashi, J. Yoshida, Angew. Chem. Int. Ed. 55 (2016) 5327;
(c) H. Seo, M.H. Katcher, T.F. Jamison, Nat. Chem. 9 (2017) 453;
(d) G. Parisi, M. Colella, S. Monticelli, G. Romanazzi, W. Holzer, T. Langer, L.
Degennaro, V. Pace, R. Luisi, J. Am. Chem. Soc. 139 (2017) 13648;
(e) S. Inuki, K. Sato, T. Fukuyama, I. Ryu, Y. Fujimoto, J. Org. Chem. 82 (2017)
1248;
(f) M. Islam, B.M. Kariuki, Z. Shafiq, T. Wirth, N. Ahmed, Eur. J. Org. Chem. (2019)
1371;
(g) Y. Ashikari, K. Saito, T. Nokami, J. Yoshida, A. Nagaki, Chem. Eur. J. 25 (2019)
15239;
(h) H. Miyamura, F. Tobita, A. Suzuki, S. Kobayashi, Angew. Chem. Int. Ed. 58
(2019) 9220;
(i) S. Masui, Y. Manabe, K. Hirao, A. Shimoyama, T. Fukuyama, I. Ryu, K. Fukase,
Synlett 30 (2019) 397;
(j) M. Elsherbini, B. Winterson, H. Alharbi, A.A. Folgueiras-Amador, C. Génot, T.
Wirth, Angew. Chem. Int. Ed. 58 (2019) 9811;
(k) D. Cambié, J. Dobbelaar, P. Riente, J. Vanderspikken, C. Shen, P.H. Seeberger,
K. Gilmore, M.G. Debije, T. Noël, Angew. Chem. Int. Ed. 58 (2019) 14374;
(l) G.-N. Ahn, T. Yu, K.-W. Gyak, J.-H. Kang, D. You, D.-P. Kim, Lab Chip 19 (2019)
3535

[3] (a) A. Nagaki, H. Kim, J. Yoshida, Angew. Chem. Int. Ed. 47 (2008) 7833;
(b) A. Nagaki, H. Kim, J. Yoshida, Angew. Chem. Int. Ed. 48 (2009) 8063;
(c) H. Kim, A. Nagaki, J. Yoshida, Nat. Commun. 2 (2011) 264;
(d) Y. Tomida, A. Nagaki, J. Yoshida, J. Am. Chem. Soc. 133 (2011) 3744;
(e) A. Nagaki, D. Ichinari, J. Yoshida, J. Am. Chem. Soc. 136 (2014) 12245;
(f) A. Nagaki, Y. Takahashi, J. Yoshida, Angew. Chem. Int. Ed. 55 (2016) 5327;
(g) A. Nagaki, H. Yamashita, K. Hirose, Y. Tsuchihashi, J. Yoshida, Angew. Chem.
Int. Ed. 58 (2019) 4027.

[4] S.L. Lee, T.F. O’Connor, X. Yang, C.N. Cruz, S. Chatterjee, R.D. Madurawe,
C.M.V. Moore, L.X. Ya, J. Woodcock, J. Pharm. Innov. 10 (2015) 191.

[5] (a) F. Diederich, P.J. Stang, Metal-Catalyzed Cross-Coupling Reactions, Wiley-
VCH, New York, NY, USA, 1998;
(b) S.P. Stanforth, Tetrahedron 54 (1998) 263;
(c) J. Hassan, M. Sévignon, C. Gozzi, E. Schulz, M. Lemaire, Chem. Rev. 102 (2002)
1359;
(d) C.C.C.J. Seechurn, M.O. Kitching, T.J. Colacot, V. Snieckus, Angew. Chem. Int.

Ed. 51 (2012) 5062;
(e) P.G. Gildner, J. Thomas, T.J. Colacot, Organometallics 34 (2015) 5497;
(f) D. Roy, Y. Uozumi, Adv. Synth. Catal. 360 (2018) 602.

[6] (a) T. Noël, S.L. Buchwald, Chem. Soc. Rev. 40 (2011) 5010;
(b) D. Cantillo, C.O. Kappe, ChemCatChem 6 (2014) 3286;
(c) R. Munirathinam, J. Huskens, W. Verboom, Adv. Synth. Catal. 357 (2015)
1093;
(d) C. Len, S. Bruniaux, F. Delbecq, V. Parmar, Catalysts 7 (2017) 146;
(e) K. Masuda, T. Ichitsuka, N. Koumura, K. Sato, S. Kobayashi, Tetrahedron 74
(2018) 1705.

[7] (a) N. Nikbin, M. Ladlow, S.V. Ley, Org. Process Res. Dev. 11 (2007) 458;
(b) J. Lim, S.N. Riduan, S.S. Lee, J.Y. Ying, Adv. Synth. Catal. 350 (2008) 1295.

[8] (a) A. Nagaki, K. Hirose, O. Tonomura, S. Taniguchi, T. Taga, S. Hasebe,
N. Ishizuka, J. Yoshida, Org. Process Res. Dev. 20 (2016) 687;
(b) A. Nagaki, K. Hirose, K. Mitamura, K. Matsukawa, N. Ishizuka, T. Yamamoto,
M. Takumi, Y. Takahashi, J. Yoshida, Catalysts 9 (2019) 300;
(c) O. Tonomura, S. Taniguchi, K. Nishi, A. Nagaki, K. Hirose, J. Yoshida,
N. Ishizuka, S. Hasebe, Catalysts 9 (2019) 308.

[9] H. Yue, Y. Zhao, L. Zhao, J. Lv, S. Wang, J. Gong, X. Ma, AIChE J. 58 (2012) 2798.
[10] (a) A. Sachse, N. Linares, P. Barbaro, F. Fajula, A. Galarneau, Dalton Trans. 42

(2013) 1378;
(b) I. Miguel-García, M. Navlani-García, J. García-Aguilar, Á. Berenguer-Murcia,
D. Lozano-Castelló, D. Cazorla-Amorós, Chem. Eng. J. 275 (2015) 71;
(c) A. Galarneau, A. Sachse, B. Said, C.-H. Pelisson, P. Boscaro, N. Brun,
L. Courtheoux, N. Olivi-Tran, B. Coasne, F. Fajula, C.R. Chim. 19 (2016) 231;
(d) K. Matsuyama, S. Tanaka, T. Kato, T. Okuyama, H. Muto, R. Miyamoto, H.-
z. Bai, J. Supercrit. Fluids 130 (2017) 140.

[11] (a) N. Miyaura, K. Yamada, A. Suzuki, Tetrahedron Lett. 20 (1979) 3437;
(b) N. Miyaura, A. Suzuki, J. Chem. Soc. Chem. Commun. (1979) 866;
(c) A. Suzuki, in Metal-Catalyzed Cross-Coupling Reactions. (Eds.: F. Diederich, P.
J. Stang), Wiley-VCH, Weinheim, 1998, pp 49–97.
(d) A. Suzuki, in Handbook of Organopalladium Chemistry for Organic Synthesis.
(Ed. E. Negishi), Wiley, New York, 2002, pp 249–262.

[12] Manufactured by DPS. Inc.: http://www.dps-inc.co.jp/en/ (Accessed on 19th
March, 2020).

[13] (a) A. Nagaki, Y. Moriwaki, J. Yoshida, Chem. Commun. 48 (2012) 11211;
(b) A. Nagaki, K. Hirose, Y. Moriwaki, K. Mitamura, K. Matsukawa, N. Ishizuka,
J. Yoshida, Catal. Sci. Technol. 6 (2016) 4690;
(c) T. Fujita, N. Konno, Y. Watabe, T. Ichitsuka, A. Nagaki, J. Yoshida, J. Ichikawa,
J. Fluorine Chem. 207 (2018) 72;
(d) Y. Takahashi, Y. Ashikari, M. Takumi, Y. Shimizu, Y. Jiang, R. Higuma,
S. Ishikawa, H. Sakaue, I. Shite, K. Maekawa, Y. Aizawa, H. Yamashita, Y. Yonekura,
M. Colella, R. Luisi, T. Takegawa, C. Fujita, A. Nagaki, Eur. J. Org. Chem. (2020)
618.

[14] (a) A. Nagaki, K. Imai, S. Ishiuchi, J. Yoshida, Angew. Chem. Int. Ed. 54 (2015)
1914;
(b) A. Nagaki, Tetrahedron Lett. 60 (2019) 150923;
(c) D. Ichinari, Y. Ashikari, K. Mandai, Y. Aizawa, J. Yoshida, A. Nagaki, Angew.
Chem. Int. Ed. 59 (2020) 1567.

Y. Ashikari, et al. Catalysis Today xxx (xxxx) xxx–xxx

6

http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0005
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0010
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0015
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0020
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0025
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0030
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0035
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0035
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0040
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0045
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0045
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0050
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0055
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0060
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0065
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0070
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0070
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0075
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0075
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0080
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0080
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0085
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0085
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0090
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0090
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0095
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0095
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0100
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0100
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0105
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0105
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0110
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0110
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0115
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0120
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0125
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0130
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0135
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0140
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0145
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0145
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0150
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0150
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0155
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0155
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0160
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0165
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0165
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0170
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0170
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0175
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0180
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0185
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0190
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0195
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0195
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0200
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0205
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0205
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0210
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0215
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0220
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0220
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0225
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0225
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0230
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0230
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0235
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0240
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0240
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0245
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0245
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0250
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0250
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0255
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0255
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0260
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0265
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0265
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0265
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0265
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0265
http://www.dps-inc.co.jp/en/
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0270
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0275
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0275
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0280
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0280
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0285
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0285
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0285
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0285
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0290
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0290
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0295
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0300
http://refhub.elsevier.com/S0920-5861(20)30474-0/sbref0300

	Flow grams-per-hour production enabled by hierarchical bimodal porous silica gel supported palladium column reactor having low pressure drop
	Introduction
	Material and methods
	Experimental instruments and materials
	Preparation of supercritical fluid-assisted immobilization of palladium nanoparticles in dual-pore silica gel
	Typical procedure for flow Suzuki coupling reaction using commercial boronic acid
	Typical procedure for flow Suzuki coupling reaction using arylborate
	Flow synthesis of tert-butyl 6-(3-(1-adamantyl)-4-anisyl)-2-naphthoate (7) and its transformation to adapalene

	Results and discussion
	Flow Suzuki–Miyaura coupling reaction of phenylboronic acid with 4-iodobenzonitrile using HBPSG-Pd column reactor
	Flow Suzuki–Miyaura coupling reaction of phenylborate with 4-iodobenzonitrile using HBPSG-Pd column reactor
	Flow synthesis of adapalene precursor using HBPSG-Pd column reactor and its transformation to adapalene

	Conclusion
	Declaration of Competing Interest
	Acknowledgments
	Supplementary data
	References




