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Alkoxycarbonylation of aryl iodides using gaseous carbon monoxide and
pre-pressurized reaction vessels in conjunction with microwave heating†
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The microwave-promoted alkoxycarbonylation of aryl iodides using reaction vessels pre-pressurized
with carbon monoxide is reported. Reactions are performed using 0.1 mol% palladium acetate as
catalyst, DBU as base and are complete within 20–30 min. A range of aryl iodide substrates can be
converted to the corresponding esters using this methodology. Primary and secondary alcohols work
well whereas a tertiary alcohol substrate proves less reactive. The potential for scale-up of the reaction
has also been explored.

Introduction

The palladium catalyzed carbonylation of aryl halides is a reaction
of both academic and industrial relevance since a range of
products including amides, esters and carboxylic acids can be
prepared in one step.1–4 A range of palladium complexes have been
prepared and screened for activity in these reactions, the majority
bearing highly basic monodentate or bidentate phosphine ligands.
These complexes are used in an attempt to limit clustering and
agglomeration of palladium atoms in the presence of CO to
give catalytically inactive species. Issues associated with the use
of phosphines are that they are often difficult to prepare and
can be highly air sensitive. There have been some recent reports
of stable phosphine-containing palladium complexes for use in
carbonylation chemistry.5 These go some way to alleviating some
of the issues of using phosphines and also expand the substrate
scope of the reaction. However simpler, cheaper and more easy to
use catalyst systems would also be beneficial.

In our laboratory we have been focusing attention on the use
of simple ligandless palladium complexes as catalysts for car-
bonylation chemistry. We perform our reactions using microwave
heating, this being a valuable tool for synthetic chemists because
it is possible to enhance the rate of reactions and, in many cases,
improve product yields.6,7 Most scientific microwave systems do
not have a commercially available gas-loading accessory and the
glass tubes used for reactions have a pressure limit of 20–30 bar.
As a result, with the combination of a pressure of reactive gas
and the autogenic pressure of solvents at elevated temperatures,
there is a limit to the temperature to which reaction mixtures
can be heated. These factors have been reflected in the scarcity
of reports of organic synthesis in pre-pressurized vessels using
microwave heating.8,9 Using a newly developed dedicated multi-
mode microwave reactor we have shown that it is possible to
perform hydroxycarbonylation reactions using aryl iodides as
substrates.10 The chemistry is carried out in heavy-walled quartz
reaction vessels with operating limits of 80 bar. The reactor is
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also equipped with a gas-loading interface, allowing the vessels
to be pre-pressurized to up to 20 bar prior to placing in the
microwave cavity.11,12 We performed our hydroxycarbonylation
reactions using palladium acetate as the catalyst and water as
the solvent and a CO pressure of 10 bar. The reactions were
complete within 20 min of microwave heating and no additional
ligand is required. A range of aryl iodides were converted to the
benzoic acids. Strategies for performing carbonylation chemistry
using microwave heating but without the need for using gaseous
carbon monoxide have also been reported. Larhed and co-workers
have used Mo(CO)6 as a source of carbon monoxide for the
preparation of amides, esters and carboxylic acids from aryl
halides.13 Advantages of using Mo(CO)6 as a replacement for
gaseous CO include the fact that it is a solid and is easily used on
a small scale with commercially available monomode microwave
apparatus with no modification required. However, Mo(CO)6 is
toxic and its use results in metal waste; this being a particular
problem if the reaction is to be scaled up. We therefore wanted to
expand our carbonylation chemistry to the preparation of esters.
Our results are presented here.

Results and discussion

With ethanol as a substrate and solvent, our starting point was
to use reaction conditions similar to those developed for the
hydroxycarbonylation chemistry in water; namely using ligandless
palladium sources as catalysts and sodium carbonate as a base.
Pre-loading reaction vessels to 10 bar with CO, we screened
a range of conditions for the conversion of 4-iodoanisole to
ethyl 4-methoxybenzoate. In the screening reactions, absolute (200
proof) ethanol was used. Key results are shown in Table 1. Using
similar conditions to those employed in our hydroxycarbonylation
reactions [0.1 mol% Pd(OAc)2, 1.1 eq. Na2CO3, 165 ◦C] we
obtained only a 7% yield of the desired ester product (Table 1,
entry 1). Reducing the reaction temperature from 165 ◦C to
125 ◦C gave a 16% yield of the desired ester (Table 1, entry
2). This could be improved to 45% by changing the base from
Na2CO3 to Cs2CO3 (Table 1, entry 3). We next decided to screen
an organic base in the reaction. The use of amines as bases for
alkoxycarbonylation reactions has been reported before.14,15 Using
1.1 eq DBU (1,8-diazobicyclo[5.4.0]undec-7-ene) as the base, a
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Table 1 Optimisation of conditions for the alkoxycarbonylation reaction

Entry Reaction conditionsa ,b Yield (%)

1 0.1 mol% Pd(OAc)2, 1.1 eq. Na2CO3, 165 ◦C 7
2 0.1 mol% Pd(OAc)2, 1.1 eq. Na2CO3, 125 ◦C 16
3 0.1 mol% Pd(OAc)2, 1.1 eq. Cs2CO3, 125 ◦C 45
4 0.1 mol% Pd(OAc)2, 1.1 eq. DBU, 125 ◦C 91
5 0.1 mol% Pd(OAc)2, 1.1 eq. NEt3, 125 ◦C 60
6 0.1 mol% Pd(OAc)2, 1.1 eq. DBU, 115 ◦C 86
7 0.01 mol% Pd(OAc)2, 1.1 eq. DBU, 125 ◦C 12
8 0.01 mol% Pd(OAc)2, 1.1 eq. DBU, 135 ◦C 24

a Reactions were run in a sealed tube, pre-loaded with 10 bar CO, using
1.5 mmol 4-iodoansole and 15 mL 200 proof ethanol. An initial microwave
irradiation power of 1000 W was used, the temperature being ramped from
r.t. to that shown and held until a total reaction time of 20 min had elapsed.
b For clarity, changes in reaction conditions from entry 1 are noted in bold.

91% yield of the desired ester was obtained (Table 1, entry 4).
Triethylamine, another reported organic base, gave a lower product
yield (Table 1, entry 5). Having found a good base for the reaction,
we next wanted to see if the temperature could be reduced further
but moving from 125 ◦C to 115 ◦C had a slightly deleterious effect
on the product yield (Table 1, entry 6). Working at 125 ◦C, we tried
reducing the catalyst loading by a factor of 10 from 0.1 mol% to
0.01 mol%. This resulted in a significant drop in yield (Table 1,
entry 7), even when the reaction temperature was increased to
135 ◦C (Table 1, entry 8). Thus our optimum conditions were: 0.1
mol% Pd(OAc)2 as catalyst, 1.1 eq. DBU as the base, heating to
125 ◦C and holding at this temperature until a total reaction time
of 20 min had elapsed.

Of interest is that the conditions for alkoxycarbonylation are
milder than those used for hydroxycarbonylation. In particular, the
reaction temperature is 40 ◦C lower. We attribute the differences
to the fact that carbon monoxide is significantly more soluble in
ethanol than water.

Before continuing to screen a range of aryl halide substrates, we
had to overcome a problem with the isolation of the ester product.
Performing a simple aqueous/organic work-up of the reaction
mixture left significant quantities of ethanol in the organic layer.
Subsequent removal of the organic solvent and ethanol on a rotary
evaporator resulted in significant loss of ester product. We believe
that an azeotrope forms, the ethanol facilitating the evaporation
of the product ester. To overcome this problem, we had to develop
an alternative work-up procedure. An amount of brine equal
to the volume of alcohol was added. The mixture was then
shaken with diethyl ether (3 × 15 mL) and the organic washings
combined. Addition of hexane to the combined organics, resulted
in a biphasic solution. One layer comprised of the hexane and
ether and contained the ester product. The other layer contained
the unreacted ethanol, draining of which then allowed for the ester
to be recovered without loss.

We screened a range of aryl halide substrates using our optimal
reaction conditions. The results are shown in Table 2. As with our
hydroxycarbonylation protocol, only aryl iodides can be converted
to esters; aryl bromides are unreactive (Table 2, entry 3). A range

Table 2 Alkoxycarbonylation of aryl halidesa

Entry Aryl halide Alcohol Product yield (%)

1 EtOH 90

2 EtOH 99

3 EtOH 0

4 EtOH 91

5 EtOH 94

6 EtOH 91

7 EtOH 90

8 EtOH 89

9 EtOH 95

10 EtOH 92

11 EtOH 98

12 iPrOH 90

13 iPrOH 90

14 iPrOH 99

15 iPrOH 76

16 iPrOH 81

17 tBuOH 17b

a Reactions were run in a sealed tube, pre-loaded with 10 bar CO, using
1.0 mmol aryl halide, 10 mL of the desired alcohol, 0.1 mol% Pd(OAc),
and 1.1 mmol DBU. An initial microwave irradiation power of 1000 W
was used, the temperature being ramped from r.t. to 125 ◦C and held until
a total reaction time of 20 min had elapsed. b Reaction time extended to
30 min.
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of aryl iodides can be converted to the ethyl esters including ortho-
substituted examples (Table 2, entries 9 and 10). A representative
heteroaromatic substrate, 3-iodopyridine, gave a good yield of the
desired ester (Table 2, entry 11). This is noteworthy since, in the
case of the hydroxcarbonylation reaction, only low yields of the
desired acid product were obtained when using heteroaromatic
substrates. This is attributed in part to competitive decomposition
as well as to the difficulty in isolating the acid product from the
reaction mixture.

Changing the alcohol substrate from a primary (ethanol) to a
secondary alcohol (2-propanol) did not have a significant effect
on product yield, except slightly when using ortho-substituted aryl
iodide substrates (Table 2, entries 12–16). However, moving to a
tertiary alcohol (tert-butanol) was not successful, a low product
yield being obtained presumably due to steric bulk (Table 2,
entry 17).

We wanted to probe the scalability of the reaction. To do this,
we screened the ethoxy- and isopropoxycarbonylation reaction
with increasing quantities of iodobenzene. The results are shown
in Table 3. With ethanol as a substrate, it is possible to scale the
reaction to 4 mmol without a drop in product yield if the reaction
time is extended from 20 min to 30 min (Table 3, entries 1–4). The
drop in yield beyond this scale could be attributed in part to the fact
that the CO concentration becomes too low. The parameters of
the apparatus allow only a 10 atm initial gas load. However, given
that the microwave unit can accommodate up to eight reaction
vessels, it would be possible to prepare up to 32 mmol of a desired
product in one run. With 2-propanol, moving to higher than the
1.5 mmol scale had a deleterious effect on product yield (Table 3,
entries 5–8).

In summary, using microwave heating it is possible to per-
form alkoxycarbonylation reactions of aryl iodides in reaction
vessels pre-pressurized with carbon monoxide. Reactions can be
performed using 0.1 mol% palladium acetate as catalyst with no
additional ligand required. DBU proves to be the optimal base for
the reaction. A range of aryl iodide substrates can be converted to
the corresponding esters using this methodology. While ethanol

Table 3 Scale-up of the alkoxycarbonylation of aryl halidesa

Entry Alcohol Scale/mmol Product yield (%)

1 EtOH 1.5 91
2 EtOH 3.0 93
3 EtOH 4.0 92
4 EtOH 5.0 78
1 iPrOH 1.5 92
2 iPrOH 3.0 83
3 iPrOH 4.0 75
4 iPrOH 5.0 64

a Reactions were run in a sealed tube, pre-loaded with 10 bar CO, using
the noted quantity of aryl halide, 15 mL of the desired alcohol, 0.1 mol%
Pd(OAc), and 1.1 equiv. DBU. An initial microwave irradiation power of
1000 W was used, the temperature being ramped from r.t. to 125 ◦C and
held until a total reaction time of 30 min had elapsed.

and 2-propanol work well, tert-butanol proves less reactive. The
potential for scale-up of the reaction has also been explored.

Experimental

General experimental

All aryl iodides were obtained from commercial suppliers and used
without further purification. For the alcohol substrates: ethanol
used was 200 proof; commercially available anhydrous 2-propanol
was used; tert-butanol was distilled over potassium tert-butoxide.
Reaction vessels were loaded with reagents without the need for
exclusion of air. 1H- and 13C-NMR spectra were recorded at
293 K on a 400 MHz spectrometer. All product mixtures were
worked-up using the specific procedure outlined below. Yields were
determined by integration of NMR signals relative to an internal
standard.

Description and use of the microwave apparatus

A commercially available multimode microwave unit (Anton
Paar Synthos 3000) was used for the reactions. The instrument
is equipped with two magnetrons, with combined continuous
microwave output power from 0 to 1400 W. Heavy-walled quartz
reaction vessels (80 mL capacity, up to 60 mL working volume)
were used. These vessels are dedicated for reactions at high
pressure (up to 80 bar) and temperatures. The quartz vessels
were capped with special seals and a protective PEEK cap and
then were placed inside protecting air cooling jackets made of
PEEK. The seals comprise a release valve that could be manually
operated. The individual vessels were placed in an eight-position
rotor and fixed in place by screwing down the upper rotor plate,
and the rotor was finally closed with a protective hood. The vessels,
once placed and secured in the rotor with the hood attached,
were loaded with gas using a commercially available gas-loading
kit, access being via a bayonet link. The vessels were evacuated
and flushed with CO three times and then a pressure of 10 atm
CO was adjusted at ambient temperature. The rotor was then
placed into the microwave cavity. The temperature was monitored
using an internal gas balloon thermometer placed in one reference
vessel and additionally by exterior IR thermography. Pressure was
monitored by a simultaneous hydraulic pressure-sensing device
for all vessels, with recording of the highest pressure level and
pressure increase. Reaction vessels were stirred by means of a
rotating magnetic plate located below the floor of the microwave
cavity and a Teflon-coated magnetic stir bar in the vessel. At the
end of a reaction, any remaining pressure was vented by releasing
the venting screw on each reaction vessel whilst still in the rotor,
access being via frontal holes in the rotor lid.

General experimental procedure

The ethoxycarbonylation of 4-iodoanisole. In an 80 mL quartz
tube was placed 4-iodoanisole (234 mg, 1.0 mmol) and 10 mL of
a stock solution of DBU (168 mg, 1.1 mmol mL−1) and palladium
acetate (0.0225 mg mL−1) in ethanol. The vessel was sealed and
loaded onto the rotor. Three other vessels were prepared similarly.
Each vessel was pressurized to 10 bar with carbon monoxide. The
loaded rotor was subjected to a maximum of 1000 W microwave
power in a ramp to 125 ◦C and then held at this temperature until
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a total reaction time of 20 min had elapsed. The reaction mixture
was stirred continuously and the pressure peaked at approximately
30 bar. Upon completion, the reaction vessels were allowed to cool
to 50 ◦C, this taking around 20 min. Any remaining pressure was
vented in a fume cupboard and then the vessels were removed
from the rotor. Brine (10 mL) was added and the contents of the
vessel transferred to a separatory funnel where it was shaken with
diethyl ether (3 × 15 mL) and the organic washings combined.
Hexane (30 mL) was added to the combined organics, resulting
in a biphasic solution. The unreacted ethanol was removed and
the ether–hexane layer containing the ester product was dried
over MgSO4 and concentrated on a rotary evaporator. This left
the crude product as a colourless oil which was isolated and
characterized by comparison of NMR data with that in the
literature.
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