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A prototype tube-in-tube reactor in which it is possible to load gas and heat simultaneously has been
used in a continuous-flow approach to alkoxycarbonylation reactions of aryl iodides. In the stainless
steel coil, liquid flows on the outside of a gas-permeable membrane. The coil can be heated and the
temperature can be measured accurately via a probe touching the outer steel surface. A range of aryl
iodides can be transformed to the corresponding esters in excellent conversion by reaction at 120 ◦C
using 0.5 mol% palladium acetate as the catalyst with no additional ligand required. Small-scale
optimization and substrate screening runs were followed by scale-up.

Introduction

Continuous-flow processing on micro- and mesoscale is currently
a technology of considerable interest in the synthetic chemistry
community.1,2 It is possible to control reaction parameters very
precisely and to perform chemistry across a wide temperature
range very effectively. One class of reactions that has attracted
is that involving reactive gases. Hydrogenation reactions can be
performed using the now ubiquitous H-cube system.3,4 Gases such
as oxygen,5 fluorine,6 and dimethylsulfide7 have also been used in
flow. One of the key considerations when performing reactions
involving gaseous reagents, is the ability to introduce the gas into
the reaction mixture effectively. Typically this is achieved by plug
flow or mixing of two phases.

Our laboratory recently took the plug flow approach to the
palladium-mediated carbonylation of aryl iodides in ethanol to
prepare ethyl esters.8 Palladium acetate (0.5 mol%) was used as
the catalyst with no additional ligand required. We introduced the
carbon monoxide gas through a back-pressure regulator and at an
angle of 90◦ to the liquid flow. The gas/liquid flow then entered a
coiled tube reactor heated to 120 ◦C. An issue associated with this
approach was the necessity to control very carefully the gas flow
in order to obtain satisfactory product yields. In addition, a large
excess of toxic carbon monoxide gas was used in the reaction.

Recently, a way to alleviate some operational issues with
performing reactions involving gaseous reagents has been reported
by Ley and co-workers.9–11 They use a “tube in tube” approach
(comprising of an outer PTFE tube in which a gas-permeable
Teflon AF2400 tube is inserted) to load gas into either a solvent
or reagent stream. This allows the flow of liquid within the
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membrane tubing while the gas fills the PTFE outer tubing
and diffusion transfers the gas into the liquid stream. This
approach has been successful for numerous reactions including
the ozonolysis of alkenes,9 carboxylation of Grignard reagents
with carbon dioxide10 and both homogeneous and heterogeneous
hydrogenation reactions.11 All reactions were performed at room
temperature. In the case of ozonolysis, carboxylation and homoge-
neous hydrogenation, the reagents are flowed through the tube-in
tube unit, loading gas and allowing the reaction to proceed. When
performing heterogeneous hydrogenation reactions, the reagents
are passed through the tube-in-tube unit to load the solution with
hydrogen before passing into a cartridge of palladium on carbon.
To convert all the starting material to product it was necessary to
recycle the reagent mixture through the entire system a number
of times.11 This illustrates one of the limitations of the tube-in-
tube approach in its current configuration. When passing reagents
through either a supported catalyst/reagent bed or through a
heated zone, the reaction is limited by the quantity of gas that can
be loaded into the solution in the tube-in-tube unit beforehand.
This necessitates running reactions at more dilute concentrations
or else performing multiple passes through the entire system.
Recently we have had access to a prototype tube-in-tube reactor
in which it is possible to load gas into a heated reaction as it
is consumed. In a proof-of-concept study we have used this to
perform our palladium-catalysed alkoxycarbonylation reactions
and present our results here.

Results and discussion

Our prototype reactor comprises of a coil of stainless steel tubing
through which liquid flows on the outside of a gas-permeable
inner membrane. The fact that the coil is made of stainless steel
and that the liquid is in contact with the outer wall means that the
coil (a) is rugged, (b) can be heated or cooled and (c) the liquid
temperature can be measured accurately via a probe touching the
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Table 1 Optimisation of conditions for the alkoxycarbonylation reaction

Entry Reaction conditionsa ,b Conversion (%)b

1 Pass through one coil at 0.5 mL min-1 38
2 Pass through one coil at 0.25 mL min-1 46
3 Pass through two coils at 0.5 mL min-1 60
4 Pass through two coils at 0.25 mL min-1 97

a Reactions were performed on the 5 mmol scale at 1 M concentration,
0.5 mol% Pd(OAc)2 as catalyst, 1.1 eq DBU as base, a gas pressure of
180 psi and a reagent flow rate of 0.25 mL min-1 through two ~15 mL
liquid volume coils heated to 120 ◦C and exiting through a 250 psi back-
pressure regulator. b Determined using 1H NMR spectroscopy.

outer steel surface. The reactor has a working liquid volume of
approximately 15 mL when the inner gas tube is inflated. Gas and
reagents enter the coil in a counter-current manner, the gas coming
in where the reagents exit and vice versa. Our first step was to
find suitable conditions for the alkoxycarbonylation reaction, the
results being shown in Table 1. We initially passed ethanol through
the coil and out through a 250 psi back-pressure regulator at a flow
rate of 0.5 mL/min. We gradually increased the gas pressure to
180 psi and then heated the coil to 120 ◦C. Once stabilized we saw
a constant stream of bubbles after the back-pressure regulator
but none before it indicating the carbon monoxide was indeed
dissolving in the ethanol as desired. We then flowed the reagents
through the coil at 0.5 ml min-1 maintaining the gas pressure at
180 psi. We used 4-iodotoluene (5 mmol) as our aryl halide starting
material, ethanol as the nucleophile and solvent (5 mL), DBU (1.1
eq) as base and 0.5 mol% Pd(OAc)2 as catalyst. Following the
stream of reagents we again passed ethanol through the reactor.
As the product mixture began to emerge through the back-pressure
regulator at the end of the reactor, we observed that the gas bubbles
initially subsided and then stopped entirely. Towards the time that
the product stream was fully exiting the coil the bubbles started
appearing again after the back-pressure regulator. This told us
that the reaction was gas-limited and this was exemplified by the
38% conversion to product that we obtained (Table 1, entry 1).
We performed a second trial, this time reducing the flow rate
to 0.25 mL/min. While this resulted in a somewhat improved
conversion of 46%, the reaction was still gas limited (Table 1, entry
2). We turned next to running two gas reactors in series. Working
at 0.5 mL min-1 we obtained a 60% conversion but running at
0.25 mL min-1 increased this to 97% (Table 1, entries 3 and 4). In
addition, we saw bubbles of CO after the back-pressure regulator
throughout the run, showing us that the reaction was no longer
gas-limited. Thus, our optimised reaction conditions were: 1 M
aryl iodide in ethanol, 0.5 mol% Pd(OAc)2 as catalyst, 1.1 eq
DBU as base, a gas pressure of 180 psi and a reagent flow rate of
0.25 mL min-1, through two ~15 mL liquid volume coils heated to
120 ◦C and exiting through a 250 psi back-pressure regulator. A
pictorial representation of our optimised configuration is shown
in Fig. 1.

With the optimised conditions in hand, we screened a range of
aryl iodides to probe substrate scope. Our results are shown in
Table 2. On the 5 mmol scale, working at a reagent concentration

Fig. 1 Optimised flow configuration.

Table 2 Alkoxycarbonylation of aryl halidesa

Entry Aryl halide Alcohol Conversion (%)b ,c

1 EtOH 91

2 EtOH 98

3 EtOH 95

4 EtOH 98

5 EtOH 98

6 EtOH 95

7 n-PrOH 99

8 i-PrOH 99

a Reactions were performed on the 5 mmol scale at 1 M concentration,
0.5 mol% Pd(OAc)2 as catalyst, 1.1 eq DBU as base, a gas pressure of
180 psi and a reagent flow rate of 0.25 mL min-1 through two ~15 mL
liquid volume coils heated to 120 ◦C and exiting through a 250 psi back-
pressure regulator. b Determined using 1H NMR spectroscopy. c Our earlier
work, both using batch microwave heating12 and continuous plug-flow8 has
shown that product conversion is a very close measure for isolated product
yields for these alkoxycarbonylation reactions.

of 1 M, a range of aryl iodides could be converted to the ethyl
esters including ortho-substituted examples (Table 2, entries 4
and 6). A representative heteroaromatic substrate, 3-iodopyridine,
gave a good conversion of the desired ester (Table 2, entry 3).
Both 1-propanol and 2-propanol can be used as the alcohol for
the reaction (Table 2, entries 7 and 8). Product conversions were
as good, and in many cases better, than those obtained in our
previous plug-flow approach.8

Our next objective was to determine the scalability of the
reaction. It occurred to us that as we were passing relatively
small portions of reagents through the coils during our reaction
optimization and substrate screening studies, there may be some
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considerable dispersion in the length of the two reactors. Therefore,
although we were passing reagents into the flow reactor at a
concentration of 1 M, it may be that steady-state is not achieved
and that the concentration of the reaction mixture as it passes
through the length of the two coils may be lower. To probe this,
we performed the reaction using 4-iodotoluene on the 25 mmol
scale, therefore passing 50 mL of reaction mixture through the
system. As the product mixture exited the flow reactor, we collected
fractions of 10 mL. Immediately noticeable was that in the middle
of the run we saw no gas bubbles emerging beyond the back-
pressure regulator, this suggesting that the reaction may have
become gas limited when the reagents had reached a steady-state
concentration in the reactors. Analysis of representative fractions
from the product stream confirmed this. While at the start of the
run and towards the end we obtained conversion of 98%, during
the middle this dropped to 77%. We repeated the 50 mL run but
this time inputting a reagent solution that was 0.75 M in iodoarene.
Again at the start and the end of the run we obtained near-
quantitative conversion. An improvement was observed during
the middle of the run (86% conversion), but the reaction was still
gas limited. Performing the 50 mL run inputting a reagent solution
that was 0.5 M in iodoarene led to a 98% conversion throughout
and gas bubbles were clearly seen after the back-pressure regulator.
This shows that, due to dispersion factors, while smaller-scale trails
can be performed at higher input reagent concentrations, scale-up
may require operating at more dilute conditions.

Experimental section

General experimental

All aryl iodides were obtained from commercial suppliers and
used without further purification. For the alcohol substrates:
ethanol used was 200 proof (anhydrous); commercially available
anhydrous 1-propanol and 2-propanol were used. Reactions were
run without the need for exclusion of air. 1H-NMR spectra were
recorded at 293 K on either a 300 MHz or 400 MHz spectrometer,
products being characterized by comparison with literature data
or in-house samples.

Apparatus

Experiments were performed on a Vapourtec R series.13 The
system was equipped with two gas loading reactor coils. The
“reagent out” port on the first reactor coil was connected to the
second reactor coil “reagent in” port using a 32 mm length of
tubing. The “reagent out” port of the second reactor was equipped
with a 250 psi back pressure regulator after which a length of
tubing led to a waste or collection flask. To load the reagent gas
to each reactor, the tubing from the gas tank was equipped with a
T-piece and connected to the “gas in” ports on each reactor coil.
The “gas out” ports were plugged. At this point the system was
then primed and flushed with anhydrous ethanol for ~5 min at
8 mL min-1. The pump was turned off to prime the gas line. The
plugs on the “gas out” were loosened and the carbon monoxide
tank, was fitted with a regulator capable of delivering pressures of
up to 250 psi, was opened at 180 psi. CAUTION: Make sure the
“gas out” apertures vent into a fumehood since carbon monoxide
is toxic and may be fatal if inhaled in significant quantities. After

10 s of venting, the gas flow was turned off while continuing to
vent into the hood. The “gas out” plugs were then closed. Next,
the system pump was set to “solvent” and the flow rate set to
0.250 mL min-1 while heating each reactor to 120 ◦C. Once the
system pressure reached ~60 psi (~4 bar) the gas was turned on at
180 psi for the duration of the experiment. The system was then
allowed to continue to pressurize from liquid flow, until it reached
250–275 psi (~19 bar). At this pressure, gas bubbles are present
after the back pressure regulator. Once a constant bubble stream
is seen, the system is ready for loading the reagents.

General procedure for alkoxycarbonylation reactions on the
5 mmol scale: The ethoxycarbonylation of 4-iodotoluene

To a 10 mL test tube was added anhydrous ethanol (5 mL),
followed by DBU (0.820 mL, 5.5 mmol, 1.1 equiv.). The solution
was thoroughly mixed before adding Pd(OAc)2 (5.0 mg, 0.022
mmol). The solution was again mixed thoroughly. If upon
examining the test tube particulate matter remained, the mixture
was gently heated until no particles remained.

With this solution prepared, the flow reactor was readied. Once
this was complete, 4-iodotoluene (1.09 g, 5 mmol) was added to
the test tube containing the other reaction components and mixed
thoroughly. The reagent line was then placed inside the prepared
solution, reaching the bottom of the tube. The line was secured
to the test tube and the reactor pump switched from “solvent”
to “reagent”. Product collection was commenced immediately
after this switch. After the reaction mixture had been completely
inputted into the reactor, the reactor pump was turned back to
“solvent”.

To the product mixture was added diethyl ether (50 mL) followed
by a volume (about 80 mL) of brine and the biphasic mixture
transferred to a 500 mL separatory funnel. The layers were
separated and the aqueous layer was re-extracted with diethyl ether
3 times (equal volumes, about 80 mL each). The combined organic
layers were then mixed with an equal volume (about 300 mL) of
hexanes. This facilitated removal of ethanol from the diethyl ether
layer. After waiting about 10 min the ethanol layer was removed.
The diethyl ether layer was then dried with Na2SO4 and filtered.
The solvent was removed by rotary evaporation and the product
conversion determined by 1H-NMR spectroscopy.14,15

General procedure for alkoxycarbonylation reactions on the
25 mmol scale: The ethoxycarbonylation of 4-iodotoluene

To a 125 mL Erlenmeyer flask was added anhydrous ethanol
(50 mL), followed by DBU (4.1 mL, 27.5 mmol, 1.1 equiv.). The
solution was thoroughly mixed before adding Pd(OAc)2 (28 mg,
0.125 mmol, 0.5 mol%). The solution was again mixed thoroughly.
If upon examining the test tube particulate matter remained, the
mixture was gently heated until no particles remained.

With this solution prepared, the flow reactor was readied. Once
this was complete, 4-iodotoluene (5.45 g, 25 mmol) was added
to the flask containing the other reaction components and mixed
thoroughly. The reagent line was then placed inside the prepared
solution, reaching the bottom of the flask. The line was secured
to the flask and the reactor pump switched from “solvent” to
“reagent”. Aliquots of 10 mL exiting the reactor were collected
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and then the product mixture isolated and analyzed using the
same procedure as for the smaller-scale trials.

Conclusion

In summary, a prototype tube-in-tube reactor in which it is possible
to load gas and heat simultaneously has been used for continuous-
flow alkoxycarbonylation reactions of aryl iodides. A range of aryl
iodides can be transformed to the corresponding esters in excellent
conversion by reaction at 120 ◦C using 0.5 mol% palladium acetate
as the catalyst with no additional ligand required. Small-scale
optimization and substrate screening runs were followed by scale-
up. Due to dispersion factors, while smaller-scale trails can be
performed at 1 M input reagent concentrations, scale-up required
operating at 0.5 M. The methodology using the heated tube-in-
tube reactor was found to be operationally far superior to a plug-
flow approach. No longer was it necessary to painstakingly opti-
mize bubble size and use a significant excess of carbon monoxide
gas. An additional benefit was that the significant build up of
palladium black at the point of exit through the back-pressure
regulator that occurred with the plug-flow approach due to excess
CO poisoning the catalyst was no longer an issue when using the
heated tube-in-tube reactor. Work is now underway to use the
reactor for other chemical transformations, including expanding
the substrate scope of the alkyoxycarbonylation methodology
to aryl bromides and chlorides by using a phosphine-ligated
palladium complex as the catalyst.
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