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Abstract: Continuous-flow synthesis of baclofen precursor (2) was
achieved using achiral and chiral heterogeneous catalysts in high
yield with high enantioselectivity. The key steps are chiral calcium-
catalyzed asymmetric 1,4-addition of a malonate to a nitroalkene
and chemoselective reduction of a nitro compound to the
corresponding amino compound by using molecular hydrogen. A
dimethylpolysilane (DMPS)-modified platinum catalyst supported on
activated carbon (AC) and calcium phosphate (CP) has been
developed that has remarkable activity for the selective
hydrogenation of nitro compounds.

Continuous-flow synthesis of active pharmaceutical
ingredients (APIs) has attracted much attention because the
approach has several advantages over conventional batch
synthesis in terms of environmental compatibility, efficiency, and
safety.! Moreover, in a practical sense, continuous production of
APIs can offer benefits such as saving time, space, and energy,
allowing production sites to be easily moved, decreasing the risk
of human error, and enabling on-demand synthesis; ultimately,
the approach can be expected to lead to high-quality production
and low-cost synthesis.?

Baclofen (1) is one of the most important gamma-
aminobutyric acid (GABA) receptor agonists, and it is used as a
medication for the treatment of muscle spasticity and multiple
sclerosis.® Recently, attention has also focused on therapy for
alcohol dependence.* Commercialized baclofen is usually an
(R)/(S)-mixture; however, differences in the biological activity of
the enantiomers have been discussed recently.® While
enantioselective synthesis of baclofen in batch has been
reported, no continuous synthesis has been achieved. Here, we
describe enantioselective continuous-flow synthesis of a
baclofen precursor by using asymmetric 1,4-addition and
chemoselective hydrogenation as key steps. A novel Pt catalyst
consisting of dimethylpolysilane (DMPS), activated carbon (AC),
and calcium phosphate (CP) has been developed for the
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synthesis.

A retrosynthetic analysis of the continuous enantioselective
synthesis of baclofen (1) is shown in Scheme 1. Chiral induction
could be conducted by asymmetric 1,4-addition of malonate to
nitroalkene 4 to afford the optically active compound 3, and a
polymer-supported chiral calcium catalyst would be promising
for this asymmetric reaction.® Another key step is the
chemoselective reduction and cyclization of 3, providing lactam
2. Among the various methods available for transformations of
nitro groups into amino groups, catalytic hydrogenation with
molecular hydrogen as a reductant is one of the best and most
promising ways to achieve green and sustainable chemical
processes, because the by-product is only water.” In the
current case, however, anticipated issues included low reactivity
of the aliphatic nitro compound and selectivity between the nitro
group and the p-chlorophenyl group of 3.
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Scheme 1. Retrosynthetic plan for baclofen (1).

In the context of our previous investigations on continuous-
flow hydrogenation of aliphatic nitro compounds, a DMPS-
modified palladium on bone charcoal (BC) catalyst was found to
be a sustainable, powerful catalyst to give the corresponding
amines in good yields and high space—time yields (STYs)."0-1?
BC is a component of animal biomass and is produced by
charring cow bones. A problem is that its composition is
dependent on the method of production. In addition, a BC supply
crisis occurred due to mad cow disease. We then decided to
reinvestigate the hydrogenation of aliphatic nitro compounds by
using polysilane-supported precious-metal catalysts, and to
assess the use of a number of supports that can be chemical
surrogates of bone char.

Bone char mainly consists of calcium phosphate (CP),
calcium carbonate, and carbon. Therefore, we started this
investigation by searching for an appropriate combination of CP
and activated carbon (AC) as a catalyst support. A procedure for
the preparation of catalysts for our purpose (DMPS-Pd/AC-CP)
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is shown in Scheme S1. AC was used as the first support and
Pd(OAc): was used as a palladium source. The palladium
species dissolved in tetrahydrofuran was reduced with NaBH4
and the reduced Pd was deposited onto the first support. After
this treatment, the other two components, CP and DMPS, were
added successively. We set the amount of Pd(OAc)2 as 0.1
mmol and changed the amounts of AC and CP systematically.
The DMPS concentration in the whole mass of the support was
set to 10 wt%. Given that it is well known that the state of metal
dispersion on the support strongly influences the properties of
the catalyst, the catalyst support used in this study consisted of
two different types of materials that are expected to give
different effects on metal species. A series of catalysts were
tested in the sequential hydrogenation—cyclization reactions of
3a to afford 2a, a precursor in the synthesis of rolipram,'® under
batch conditions (Scheme 2 and Figure 1). The highest values of
96% conversion and 91% yield were attained by using a catalyst
in which the composition of the support was AC:CP:DMPS =
67.5:22.5:10.0 and the target Pd loading was 0.10 mmol/g.
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Scheme 2. Sequential hydrogenation—lactamization reaction.
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Figure 1. Effect of Pd concentration with AC and CP supports. (a) Top: Yield
is represented by size and color of the circle. The corresponding number is the
yield for each catalyst. (b) Bottom: Yield is represented by the contour lines.
Dots indicate the catalysts tested; fields in dark red indicate high-performance
catalysts. The best catalyst is indicted with a yellow ellipse.

We then applied DMPS-Pd/AC-CP for the chemoselective
hydrogenation. 2-(p-Chlorophenyl)nitroethane (5a) was chosen
as a model and the hydrogenation was conducted under the
continuous-flow conditions shown in Table 1. Both chloro and
nitro groups of 5a were fully reduced using DMPS-Pd/AC-CP
(entry 1). Another heterogeneous Pd catalyst (Pd/C) was tested;
however, lower activity was observed (entry 2). We then decided
to prepare DMPS-Pt/AC-CP as a new platinum catalyst. The
latter platinum catalyst, with a composition of AC:CP:DMPS =
67.5:22.5:10.0 and a target Pt loading of 0.10 mmol/g, was
prepared as described for the preparation of Pd catalysts,
except now, CP was used as the first added support and AC
was used as the second added support. Evaluation of the novel
platinum catalyst was performed under continuous-flow
hydrogenation of 5a and 5b (bearing a reducible benzyloxy
group). The DMPS-Pt/AC-CP catalyst successfully converted
both these nitro substrates into the corresponding
phenethylamine derivatives 6a and 6b, in high yields without
loss of either the Cl or the BnO group (entries 3 and 7). Pt/C and
Pt/Al203 showed lower activity and selectivity (entries 4 and 5).
Notably, the corresponding Pd catalyst gave nonselective
hydrogenation product (entry 6). These results indicate that the
novel platinum catalyst is more efficient than the palladium
catalyst for several substrates that require site-selective
activation for hydrogenation, due to the mild catalytic ability of
platinum.

Table 1. Site-selective hydrogenation using a flow system.

H, Catalyst
(15 mL/min) (0.075 mmol)
Celite
Ar/\/NOZ Ar/\/NH2
10 x 50 mm

0.2 M5EtOH 100°C ®

N :Ar = p-CICgH
0.2 mL/min 6a: Ar = p-ClCqHy

6b: Ar = p-BnOCgH,4
5a: Ar = p-ClCgH,4 6c: Ar=Ph

5b: Ar = p-BnOCgH,4
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Entry Ar (5) Catalyst Yield (%)
1 p-CICsHq (5a) DMPS-Pd/AC-CP ot

2 5a Pd/C ol

3 5a DMPS-PYAC-CP 92

4 5a PYC 30

5 5a PYALO3 0

6 p-BnOCsHs (5b) DMPS-Pd/AC-CP ot

7 5b DMPS-PYAC-CP 91

[a] Compound 6¢ was obtained in 65% yield. [b] Compound 6¢ was obtained
in 25% yield. [c] 4-(2-Aminoethyl)phenol was obtained in 85% yield as a single
product.

With this selective catalyst in hand, we conducted
continuous-flow synthesis of baclofen precursor 2 (Figure 2). A
solution of p-chlorobenzaldehyde and nitromethane in toluene
was flowed into the first column reactor, containing amine-
functionalized silica gel and MS 4A to afford nitroalkene 4.° The
resulting solution was then combined with a toluene solution of
dimethyl malonate including a small amount of triethylamine and
flowed into chiral column reactors containing a polymer-
supported PyBOX-CaCl, catalyst® This sequential-flow
enantioselective conversion proceeded to give intermediate 3
with high enantioselectivity (92% ee). The ongoing processes
could be monitored to check the progress of the reaction by
switching the valves set at the end of the first and the second
reactor. The flow chemoselective hydrogenation—cyclization of 3
was conducted sequentially in the third column reactor,
containing DMPS-Pt/AC-CP. The overall yield of 2 based on
nitromethane during the 69-hour operation was 93-96% with
92% ee (1.75 g/day). The target (S)-baclofen 1 was obtained by
following the reported methods."

In summary, we achieved continuous-flow synthesis of
baclofen precursor 2 in high yield with high enantioselectivity.
Three columns with achiral and chiral heterogeneous catalysts
were connected and materials were flowed into the columns
sequentially. It is noted that such sequential-flow synthesis™
does not require any isolation or separation of intermediates, by-
products, co-products, unreactive/excess materials, etc., during
the synthesis. The key steps are chiral heterogeneous calcium-
catalyzed asymmetric 1,4-addition of a malonate to a nitroalkene
and chemoselective reduction of a nitro compound to an amino
compound using molecular hydrogen with a heterogeneous
catalyst. For the latter reduction, we developed a DMPS-
modified platinum catalyst supported on AC and CP that has
remarkable activity for the selective hydrogenation.
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Figure 2. Sequential flow synthesis of baclofen precursor 2. Note: Toluene
was used as a solvent. v1 = 0.05 mL/min, v2 = 0.05 mL/min, the malonate
solution contained 0.016 M Et3N, v3 = 0.033 mL/min, v4 = 3.0 mL/min. T1 =
75°C,T2=0°C, T3 =100 °C.

Experimental procedures
Continuous-flow synthesis of baclofen
Flow setups

For nitroalkene synthesis (Flow 1): An SUS (¢ 10 mm x 300 mm)
column with column ends protected with filters was used as Column I. A
mixture of amine-functionalized silica gel (Chromatorex DM1020 of Fuji
Silysia, 0.73 mmol/g of amine concentration, 7.0 g) and molecular sieves
4A (powdered, Aldrich, 14.0 g) was introduced into the column.

Asymmetric 1,4-addition reaction (Flow 2): Two glass columns (¢ 10
mm x 100 mm) were used. Celite® (1.40 g), calcium chloride (Wako Pure
Chemical, 0.37 g), and polymer-supported (S,S)-Ph2Pybox (0.77 mmol/g,
0.83 g) were charged into the columns (Column II-1, 1I-2). A pre-column
(glass column, ¢ 5 mm x 50 mm) filled with Celite® (0.35 g) equipped
with two-way column-head unit was inserted between Columns | and II.

Hydrogenation (Flow 3): An SUS (¢ 10 mm x 200 mm) column was
used. A mixture of Celite® (1.9 g) and DMPSi-Pt/AC-CP (Pt: 0.10 mmol/g,
7.5 g) was charged into the column (Column IIl). To mix well the elution
from Flow 2 and co-solvent, acetone, a pre-column (glass, ¢ 5 mm x 50
mm) equipped with two-way column-end unit was filled with dried Celite®
(0.35 g) and inserted between Columns [I-2 and III.

Sequential flow reaction (Figure 2): A solution of 4-
chlorobenzaldehyde and nitromethane was introduced into Column | at
0.05 mL/min. After confirming the progress of the reaction, the resulting
solution (nitroalkene 4 in toluene) and a 0.1 M solution of malonate in
toluene were both introduced into the pre-column at 0.05 mL/min. The
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mixed solution was introduced into Columns Il at a total flow rate of 0.10
mL/min. During the reactions, Column | was heated at 75 °C and
Columns II-1 and 11-2 were cooled at 0 °C. The resulting solution from
Column 1l-2 and acetone were introduced into the pre-column at flow
rates of 0.10 mL/min and 0.033 mL/min, respectively. The mixed solution
(total flow rate 0.133 mL/min) and gaseous hydrogen (3.0 mL/min) were
introduced into Column 1l on the top of the column. During the reactions,
Column IlIl was heated at 100 °C. After stabilization, several fractions
were collected to check the progress of the reaction. To analyze
composition, the collected solution was evaporated under vacuum and
then purified by preparative TLC (ethyl acetate) to determine the yield.
The enantioselectivity of the obtained product was determined by chiral
HPLC analysis.
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