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Inhibitor in a Continuous-Flow System Based on a Copper-Free Sonogashira

Reaction Using an Ionic Liquid as a Catalyst Support
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Abstract: The key intermediate of matrix metalloproteinase
(MMP) inhibitor was synthesized using a flow microreactor for a
copper-free Sonogashira coupling reaction in an ionic liquid. The
ionic liquid [emim]NTf, was used as a solvent and a catalyst sup-
port. A 100 g scale synthesis was achieved in combination with a
flow-extraction/catalyst-recycling system, in which the ionic liquid
containing the palladium catalyst was continuously recycled.
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In the last decade, rapidly evolving microreaction technol-
ogy based on tiny microchannels, typically tens to hun-
dreds of um wide and/or deep, has attracted broad
attention in organic synthesis, because of its great poten-
tial as a reaction apparatus for chemical reactions, since it
allows efficient mixing, efficient heat and mass transfer,
precise residence time control, and high operational
safety.!> Microreaction systems when coupled with a con-
tinuous-flow system have good potentials as a tool for
chemical production.’ We recently reported the synthesis
of matrix metalloproteinase (MMP) inhibitor 1* (Figure 1)
via a Pd/Cu-catalyzed Sonogashira coupling reaction
in DMF wusing an automated microreactor system
(Scheme 1).° Time-saving optimization of flow-reaction
conditions was accomplished using our home-made auto-
mated microreactor system, and the optimal conditions
could be immediately applied to a 100 gram scale produc-
tion. In this system, however, the recovery and the reuse
of the Pd/Cu catalysts has yet to be realized, since the used
solvent DMF, created a homogeneous solution.
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Figure 1 Matrix metalloproteinase (MMP) inhibitor 1

Ionic liquids (IL) can act as excellent supports for transi-
tion-metal NHC complexes, and we have reported a con-
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tinuous microflow system for carrying out a copper-free
Sonogashira coupling reaction,® the Mizoroki—Heck reac-
tion,” and a carbonylative Sonogashira reaction® using low
viscosity IL such as [bmim]|NTf, as a reaction medium
and a palladium N-heterocyclic carbene complex (Pd-
NHC) as a catalyst, in which IL can serve as a catalyst
support.”!® We also developed a continuous catalyst-
recycling system by connecting with a microextraction
system, which allowed the 100 g scale synthesis of butyl
cinnamate via the Mizoroki—Heck reaction.” Then, we
embarked on the construction of a bench-top production
facility to synthesize 100 grams of 1 using such a
catalyst-/medium-recycling protocol (Scheme 2).
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Scheme 1 Microflow synthesis of MMP inhibitor 1
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Scheme 2 Concept of a continuous catalyst-recycling system using
an IL as a reaction medium
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To investigate the viability of a microflow version of the
above-mentioned step using IL as a solvent, we initially
checked a batch reaction (Scheme 3). Methyl ester 2’ was
used as the Sonogashira precursor, which was prepared by
the reaction of 5-bromo-2-thiophenesulfonyl chloride and
methyl ester of tryptophan. The batch reaction was carried
out using [emim]NTf, as a reaction medium and Pd-NHC
complex A as a catalyst. Although the reaction was com-
pleted within 30 minutes to give the desired product 1,
this reaction was unsuitable as a flow system for the fol-
lowing reasons: (i) the solubility of 2’ in a [emim]NTf,
solution containing (p-tolyl)acetylene (3) and diisopro-
pylamine was quite low, and (ii) the product could not be
extracted efficiently from a polar IL layer by a nonpolar
solvent such as cyclohexane.
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Scheme 3

To circumvent such limitations, we had to reconsider
another strategy suitable for the microflow system using
an IL. We planned to use sulfonyl ester derivatives 4
(Scheme 4), since the sulfonyl ester 4 should meet the fol-
lowing requirements: (i) sulfonyl ester derivatives 4
would be soluble with 3 and amine to give a homogeneous
solution; (ii) the copper-free Sonogashira reaction would
be successful in IL; (iii) the coupling product 5 would be
separated from the IL layer by an extraction using nonpo-
lar or less polar solvent; and, (iv) the coupling product 5
would react readily with a methyl ester of tryptophan 6 to
give the desired precursor 1'.

Several sulfonyl esters were tested, and we found penta-
fluorophenyl ester 4a to have the most potential as a sub-
strate. Thus, we examined the reaction of 4a with 3 in
[emim]NTT, in the presence of i-Pr,NEt as a base. When
these compounds were mixed at room temperature, a
homogeneous solution resulted. During and after the reac-
tion (80 °C to r.t.), the mixture remained homogeneous.
The coupling product 5 could be extracted by 30% diethyl
ether in cyclohexane. After silica gel chromatography,
compound 5 was obtained in 70% yield (Scheme 5). The
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Scheme 4 Modified protocol for synthesis of MMP inhibitor’s pre-
cursor 1’

obtained coupling product 5 reacted with compound 6 in
the presence of bases at 90 °C for 18 hours to give a 78%
yield of 1’ (Scheme 6).

Other sulfonyl esters, such as ethyl ester 4b and neopentyl
ester 4¢, were found unsuitable for this protocol (Figure 2).
The Sonogashira coupling reaction of 4b with 3 gave a
complex mixture. In the case of 4¢, while the coupling
product was obtained in good yield, the reaction with 6
was very sluggish.
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Figure 2

We then investigated the reaction of 4a with 3 in a micro-
flow system using a T-shaped mixer (1000 pm i.d.) and a
stainless steel tube (1000 pm i.d. x 50 cm) under varied
conditions. These results are summarized in Scheme 7.
The reaction at 80 °C with two minutes residence time
gave a 17:83 mixture of 4a and 5. A higher reaction tem-
perature (95 °C) resulted in complete conversion. A simi-
lar result was obtained with a shorter residence time
(1.75 min), while a 1.5 minutes residence time resulted in
a remaining portion of the starting substrate 4a. In all cas-
es, the reaction mixture obtained had a higher viscosity
because of the formation of an ammonium salt byproduct.
Since a high viscous IL solution might not flow smoothly
and could overburden the pumps, we tested the reaction in
amixed-flow system, in which 1.5 M potassium carbonate
aqueous solution was mixed with the reaction mixture to
remove the ammonium salt quickly from the IL layer. For-
tunately, prior addition of an aqueous solution to the reac-
tion mixture did not interfere with the formation of 5.
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Scheme 5 Batch synthesis of §

With these promising results in hand, we then constructed
a continuous production system (Scheme 8). For the pro-
duction, a 2000 pum i.d. tube was used as a residence time
unit to increase productivity. Thus, a homogeneous mix-
ture of 4a, 3, and i-Pr,NEt was mixed with the IL contain-
ing the Pd-NHC complex using a T-shaped mixer
(600 um 1i.d.), followed by mixing with 1.5 M potassium
carbonate aqueous solution. The resulting mixture was in-
troduced into a 2000 pm i.d. tube that was heated at 95 °C
for 1.75 minutes (residence time). The reaction mixture
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Scheme 7 Microflow synthesis of 5
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was removed from the residence time unit after 1.75 min-
utes and mixed with 30% diethyl ether in cyclohexane us-
ing another T-shaped mixer (400 um i.d.). The entire
mixture was then passed through another tube (2000 um
i.d. x 25 cm, 40 °C) to ensure extraction. The exiting re-
action mixture was collected by a Y-shaped container
where it was partitioned in three distinct phases: an IL lay-
er (bottom), an aqueous layer (middle), and an organic
layer containing the product (top). The IL layer was con-
tinuously fed into the reaction system using another
pump. The process was run for 5.5 hours, and consumed
269 mmol of the starting material 4a. After workup, 103
g of the desired compound 5 was obtained (86% yield).

In summary, the key intermediate of matrix metallo-
proteinase (MMP) inhibitor was successfully synthesized
via a flow copper-free Sonogashira reaction in
[emim]NTf, as a solvent. Sulfonyl ester 4a was found to
be a suitable substrate for the present continuous-micro-
flow synthesis. A 100 gram scale synthesis of 5, the pre-
cursor for matrix metalloproteinase (MMP) inhibitor 1,
was achieved using the continuous catalyst-recycling sys-
tem.

— s

1000 pm x 50 cm

microflow
temp residence time 4/52
80 °C 2 min 17:83
95°C 2 min 0:100
95°C 1.75 min 0:100
95°C 1.5 min 5:95

a determined by "H NMR analysis
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Scheme 8 Synthesis of 5 on a 100 gram scale using a continuous-flow and catalyst-/solvent-recycling system

Procedure for the 100 Gram Scale Synthesis of 5

A mixture of 4a (332.9 mmol, 136.2 g), (p-tolyl)acetylene (3,
400 mmol, 46.5 g), and i-Pr,NEt (674 mmol, 87.1 g) was loaded
into a container. The Pd catalyst A (5.1 mmol, 3.0 g) in [emim]NTf,
(75 mL) was loaded into another container. The flow rates were ad-
justed to 0.6 mL/min for both the substrates and the Pd-catalyst so-
lution, and the two solutions were mixed in a T-shaped micromixer
(MiChS a-600, 600 pm i.d.). The mixture was mixed with 5 M
K,CO; aq solution in a T-shaped mixer with a 2000 pm i.d., and the
mixture was then fed into the residence time unit (2000 um i.d. x
1 m, residence time: 1.75 min), which was heated at 95 °C. The re-
action mixture was mixed with 30% Et,0 in cyclohexane in another
T-shaped mixer (MiChS a-400, 400 pm i.d.), and the entire mixture
was passed through another tube (2000 pm i.d. % 25 cm, 40 °C) for
extraction. The exiting reaction mixture was collected in a Y-
shaped flask, where it was partitioned in three distinct phases. The
IL layer containing the Pd catalyst was pumped to the catalyst solu-
tion. This system was operated for 5.5 h and consumed 269 mmol
of the sulfonyl ester 4a. The organic phase was separated from the
aqueous phase and dried over MgSO,. After evaporation, a light
brown solid was obtained. The solid was washed with 10% Et,0—
hexane to remove any remaining 3 to give 90 g of 5 (mp 116-118 °C,
"H NMR analysis indicates a purity of >95%.). The washing (Et,O
+ hexane) was evaporated, and the resulting residue was purified by
Si0, column chromatography (Et,O) providing another 13 g of pure
5 (mp 119-119.5 °C) (combined weight of 5 =103 g, 86% yield).
"H NMR (500 MHz, CDCly): 8 =7.20 (d, /= 7.8 Hz, 2 H), 7.25 (d,
J=4.1Hz,1H),7.44(d,J="7.8 Hz,2 H), 7.68 (d, J=4.1 Hz, 1 H).
13C NMR (125 MHz, CDCL,): & = 21.7, 79.8, 99.2, 118.3, 129.5,
1314, 131.8, 132.3, 135.2, 136.2, 136.9 (m), 139.0 (m), 140.3,
141.4 (m), 143.4 (m). IR (neat): 2253.4, 1520 cm™". MS (EI): m/z =
408 [M']. HRMS: m/z caled for C,,H,BrF;0,S, [M']: 407.8549;
found: 407.8540.
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