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We report the development of a heterogeneous catalyst system on continuous flow chemistry. A palladium (Pd) coated tubular reactor was placed
in line with copper (Cu) tubing using a continuous flow platform, and a Sonogashira C—C coupling reaction was used to evaluate the performance.
The reactions were favorably carried out in the Cu reactor, catalyzed by the traces of leached Pd from the Pd reactor. The leached Pd and Cu were
trapped with a metal scavaging resin at the back-end of the continuous flow system, affording a genuine approach toward green chemistry.

Microreactor and tubular reactor technologies in con-
tinuous flow are particularly advantageous as they im-
prove heat transfer and atom economy through better
reaction control.! Recent trends have shown an increase
in the use of metal tubular reactors as a catalytic source to
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promote green chemistry.> The Cu tubular reactor has
been shown to be effective in catalyzing the click reactions
from simple starting materials using the one-pot method-
ology, employing conventional heating and ultrasound as
additional sources of energy.> Commercially available Cu
tube flow reactor has also been used to carry out several
synthetic transformations in good yields.* Kawanami et al.
developed a Pd—Cu alloy on the inner surface of the tubular
reactor and investigated Sonogashira C—C coupling under
elevated temperature and pressure.’ Despite the tedious Pd
coating, the use of water as a reaction solvent, the short
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residence time, and the nonleaching nature of the system
promoted green chemistry efforts.

Pd is a precious metal of relatively low abundance, high
toxicity, and higher risk to sustainable sourcing.® Many
cross-couplings are carried out with the use of Pd cata-
lysis.” There is a great need to further reduce the amount of
Pd used for practical applications. In this paper, a dual
Pd—Cu inline tubular reactor was reported. A Pd coated
tubular reactor was placed in line with a Cu tubing, pro-
viding facile access to a wide range of Sonogashira coupling
products from moderate to good yields under ambient
conditions, while utilizing only a minimal amount of Pd.
An in-line scavenger resin column easily removed the minute
amount of leached Pd and Cu.

Our initial setup showed good conversions when a homo-
geneous Pd catalyst was used in a Cu reactor (Table 1,
entries 1—3).% Notably, the efficiency was maintained at a
low catalyst loading (0.1 mol %). It has been widely re-
ported that a quasi-homogeneous mechanism takes place in
a heterogeneous Pd reaction where the leached Pd(II) from
solid supports catalyzes the reaction.’ To explore a new Pd-
source, we chose a Pd tubular reactor and carried out the
same reaction without any homogeneous Pd catalyst'
where 47% of the desired product was observed (Table 1,
entry 4). Leaching of 3785 ppb of Pd occurred from the Pd
reactor, and we assume this to be the standard catalytic
amount needed for this transformation. The amount of
Pd leached is equivalent to about 0.5 mol % of the homo-
geneous Pd system. We also noticed that a negligible
amount (~6 ppb) of Pd is leached out when only solvent
is flowing through the Pd tube. Apparently, the Pd was
leached out during oxidative addition in Cycle A (Scheme 1).

Table 1. Sonogashira Coupling Reactions between 1c¢ and 2a
Showing the Efficiency of the Palladium—Copper Dual Reactor

Conditions —
—+ |@ 7 N —{ /)
iPrNEt, DMF —

120°C
1c 2 3c
yield? Pd collected’
entry® reaction conditions (%) (ppb)

1 Pd(Cly)(PPhs)s (1 mol %)? quant 102.9 (7601)°
2 Pd(Cl,)(PPh3), (0.5 mol %) 95 78.9 (3801)
3 Pd(Cly)(PPhg)s (0.1 mol %) 90 65.7 (760.1)
4 Pd reactor 47 3785 (NA)
5 Pd—Cu dual reactor quant 51.7 (3785)
6 Cu—Pd dual reactor 60 - (NA)
7 Pd—PFA dual reactor 0 — (NA)
8 Pd—SS dual reactor 10 - (NA)

“0.6 mL/min flow rate and residence times of 2 min (Cu reactor),
2.67 min (Pd reactor), 3.67 min (PFA reactor), and 6.83 min (stainless
steel reactor) where applicable. ®Normalized GC vyield. ¢Palladium
collected was analyzed using ICP-OES for entries 1—5 only. ¢ Reaction
was carried out using homogeneous catalystin a Cureactor. ¢ Amount of
Pd introduced into the reaction.

We then decided to place the Pd reactor in line with a
Cu reactor where the former may provide the required
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catalytic amount of leached Pd for the Sonogashira reaction.
Indeed, the reaction with the Pd—Cu flow reactor afforded
the desired product in quantitative conversions (Table 1,
entry 5). Notably, the Pd collected from the Pd—Cu dual
reactor was much lower (51.7 ppb) than the single Pd reactor
(3785 ppb),'" probably due to the redeposition of Pd
particles on the Cu reactor.'? The deposition of the Pd
catalyst was also observed for the homogeneous system.

Scheme 1. Outline of the Reaction Mechanism for Sonogashira
C—C Coupling Reaction'
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The sequence and the presence of Cu from the Pd—Cu
dual reactor are crucial to the overall efficiency. Low con-
versions were obtained when (i) the sequence was re-
versed (Table 1, entry 6) and (ii) Cu was absent (Table 1,
entries 4, 7, and 8)."* These investigations revealed that
the heterogenecous Pd—Cu dual reactor follows the
Sonogashira mechanism, where the transmetalation in
Cycle B with Cu occurs after the oxidative addition in
Cycle A (Scheme 1).'* The close proximity of the Pd cata-
lyst with Cu during transmetalation probably aids the
redeposition of the Pd on the Cu tubing.
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Table 2. Sonogashira C—C Coupling Using the Pd—Cu
Flow Reactor

Palladium Copper
tubular reactor  tubular reactor
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“Flow rates for selected entries were set at 0.6 mL/min to give a
residence time of 2.83 min in the Pd reactor and 2 min in the Cu reactor,
with reagent concentrations at 0.05 M. ® Normalized GC yield. ¢ Flow
rates were set at 0.1 mL/min with a lower reagent concentration (0.025 M).

Having developed the optimal conditions for this Pd—
Cu dual reactor, we then extended this methodology to a
range of commercially available substituted iodobenzenes.
The range of substitution patterns and functionalities that
were tested using this setup is shown in Table 2. From the
results shown, substrates with both electron-withdrawing
and -donating substituting groups afforded the diarylal-
kynes through coupling with the terminal alkyne and the con-
versions range from 40% to 98%. Generally, substrates
with electron-withdrawing groups afforded a higher con-
version due to the ease of oxidative addition. The unsatis-
factory conversion for 4-iodoaniline (Table 2, entry 6) could
be attributed to the coordination of the amino group to the
Pd particles to form a Pd complex, thereby deactivating the
catalytic system in the Pd reactor.'® Although the Cu reactor
has shown to be an effective scavenger by facilitating the
redeposition of Pd particles, the backend of the continuous
flow was fitted with a chromatographic column, packed
with metal scavenging resin (QuadraPure TU). Trace
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Figure 1. Performance of the Pd—Cu dual reactor during a con-
tinuous run of 10 cycles of the Sonogashira C—C coupling reaction.

amounts of Pd and Cu were effectively trapped with less
than 20 ppb of these metals detected using ICP-OES.

Most of the continuous flow reactors with prepacked
catalysts usually require postloading after extended usage.
For our Pd—Cu dual reactor, the performance was main-
tained even after a continuous run of 10 cycles (Figure 1).
Since only a minute amount of Pd is used in each cycle, the
Pd tube provides a quasi-unlimited source of Pd catalyst.

In conclusion, we have established the first continuous
flow Sonogashira C—C coupling reaction on a heteroge-
neous Pd—Cu dual reactor, through a quasi-homogeneous
type mechanism. The Pd reactor can serve as a Pd source,
and the catalytic amount can be reduced significantly with
no loss of reaction efficiency. The following advantages
strongly increase the appeal of this method: (i) ease of
setting up and carrying out the reactions; (ii) promoters
such as phosphines are not needed; (iii) only the required
amount of Pd is leached out from the Pd tubing through
oxidative addition; (iv) traces of leached Pd can be re-
moved effectively with the Cu reactor and, subsequently,
the metal scavenging resins at the backend of the flow
setup; (v) the performance can be maintained after several
catalytic cycles. Subsequent applications of this method on
the large-scale synthesis of chemicals will be reported in
due course.
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