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A B S T R A C T   

In this paper, we studied an efficient protocol of reductive carbonylation of two aryl iodides, namely 2-iodo-5- 
ethylthiofene and 5-iodobenzo[d][1,3] dioxole, employing formic acid, propylphosphonic anhydride (T3P) and a 
base, to afford aldehydes used as such as industrial flavors/fragrances or as key intermediates for some APIs and 
other fragrances. Our approach, comparing to the previously described protocol [1], not only avoids the use of 
unsafe reagents and/or solvents but, noteworthy, uses easily prepared heterogeneous catalysts with a low content 
of metal(s), such as 0.3 % Pd/Al2O3, (0.18 % Pd, 0.44 % Cu)/Al2O3 and 1 % Cu/Al2O3. These catalysts, as well as 
commercial Pd/C species tested here for a comparison, are also recyclable and have been characterized before 
and after use by FE-SEM, EDS and TEM spectroscopy. Noteworthy, both the bimetallic system Pd-Cu/Al2O3, 
containing a very low amount of expensive palladium (0.18 %) and Cu/Al2O3, containing no palladium at all, 
showed very high activities.   

1. Introduction 

In a recent work, we presented and discussed the state of the art of 
the synthesis of aromatic and heteroaromatic aldehydes [2–24], and a 
quite sustainable protocol for the preparation of this type of products 
was identified on two model substrates of industrial interest. As a matter 
of fact, optimized reductive carbonylation on two iodo aryl and heter
oaryl derivatives, using CO and silanes, in the presence of 
palladium-based recyclable catalysts, was successfully carried out [2]. 
However, the employment of pressurized CO may represent a serious 
drawback: it is an unsafe gas and can require considerable investment 
costs, thus limiting its use only to industries having a suitable equip
ment. Therefore, CO, and also H2, gas-free carbonylations could offer an 
applicability to a broad number of industries. Moreover, some carbon 
monoxide surrogates are easily transportable and available from waste 
biomass (e.g., paraformaldehyde, methanol, oxalates, formates etc.) [8, 
24,25]. Recently, a palladium-catalyzed CO-free carbonylative proced
ure for the synthesis of aromatic aldehydes from aryl iodides was 
described [1]. Formic acid, used as syngas surrogate, requires both CO 
and H2 to be generated, so decomposition pathways must occur under 

the reaction conditions. This was made possible by activation of formic 
acid with propylphosphonic anhydride (T3P). This last reagent is 
commercially available at industrial level and can be solubilized in 
different solvents. It is often employed as a reagent for the conversion of 
carboxylic acids into their derivatives such as esters and amides, to 
convert amides into nitriles, in the oxidation of alcohols, in C-C coupling 
reactions and in the synthesis of alkenes [26]. Noteworthy, the produced 
by-product propylphosphonic acid, could stabilize the active palladium 
center and make the addition of a phosphine ligand not necessary. 
Moreover, it is easily removed in the work-up, being water soluble. 
However, the previous protocol [1] had two relevant drawbacks: i) the 
best used solvent was DMF, that is a no more acceptable reaction me
dium, being a potent liver toxin and probably a carcinogenic agent [27]; 
ii) a homogeneous catalyst, such as palladium acetate, was employed. 
Disappointingly, no attempt to reuse it or to recover the precious metal 
was described [1]. Spurred by the interesting results described [1], we 
decided to identify a more sustainable procedure using 2-iodo-5-ethylth
iofene (I) and 5-iodobenzo[d][1,3] dioxole (II) as model substrates to 
obtain 5-ethylthiophen-2-carbaldehyde (III) and piperonal (IV), 
respectively (Scheme 1). These aldehydes are used either as industrial 
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flavors/fragrances of commercial interest [28,29] or as key in
termediates for the preparation of some APIs [30] and of other fra
grances [31]. 

2. Experimental section 

2.1. General 

2-Iodo-5-ethylthiophene (I) and 5-iodobenzo[d][1,3]dioxole (II) 
were prepared as previously described [2,32]. 50 % Solutions of T3P in 
different solvents were received from Curia Germany GmbH (Germany). 
Different anhydrous 5 % Pd/C and γ-Al2O3 were received from Chimet S. 
p.A. (Italy). 0.3 % Pd/Al2O3, (0.18 % Pd, 0.44 % Cu)/Al2O3 and 1 % 
Cu/Al2O3 were prepared in a one pot procedure, as better described 
below, inspired by a reported procedure [2,33]. All the other reagents 
were Aldrich products. The quantitative analysis of the metals present in 
home-made catalytic systems was carried out by means of measure
ments of atomic absorption on a Perkin Elmer Analyst 100 spectrometer 
with a mono lamp hollow cathode element (Pd). Furthermore, some 
quantitative measurements of the metals were carried out using MP-AES 
(Microwave Plasma - Atomic Emission Spectrometer), on Agilent 
Technologies 4210. GC analyses were carried out on an Agilent 6850 A 
gas chromatograph (FFAP column 30 m x 0.25 mm×0.25 µm) and 
GC-MS analyses were performed by using an Agilent Technologies 
7820 A GC System coupled with quadrupole mass spectrometer Agilent 
Technologies 5977B MSD (HP-5MS column 30 m x 0.25 mm×0.25 µm). 
As concerning the obtained results, we analysed the amount of the re
action products and the conversion degree of the starting materials by 
suitable calibration lines, using hexadecane as standard, with an un
certainty lower than 5 %. 

2.2. Preparation of low metal content catalysts on alumina 

2.2.1. Preparation of Pd/Al2O3 [2,33] 
In a glass test tube, 26 mg (0.15 mmol) of PdCl2, 20 ml of cyclopentyl 

methyl ether (CPME), 0.22 ml (0.50 mmol) of trioctyl amine (TOA) and 
5 g of alumina type 49 (Chimet) were introduced. Three vacuum- 
nitrogen cycles were then performed. The test tube was placed in a 
steel autoclave by flushing nitrogen, and subsequently 0.1 MPa of H2 
were loaded. The autoclave was maintained at 50 ◦C under stirring for 
24 h and then, the gases were discharged. The gray solid was filtered, 
under nitrogen, on gooch and washed first with CPME and then with n- 
hexane; the solid was then dried under vacuum. The solid catalyst was 
analysed to determine the content of Palladium finding 0.3 % Pd/Al2O3. 
It was stored in a nitrogen atmosphere, before the use. 

2.2.2. Preparation of Pd-Cu/Al2O3 and Cu/Al2O3 [2] 
(0.18 % Pd, 0.44 % Cu)/Al2O3 was obtained following the above- 

described procedure but using 2.5 mg (0.071 mmol) of PdCl2, 27.9 mg 
(0.282 mmol) of CuCl, 10 ml of CPME, 0.25 ml (0.56 mmol) of TOA, 
2.5 g of alumina type 49 (Chimet) and 0.5 MPa of H2. 1 % Cu/Al2O3 was 
obtained using 15.6 mg (0.158 mmol) of CuCl, 15 ml of CPME, 0.23 ml 
(0.527 mmol) of TOA, 1 g of alumina type 49 (Chimet) and 0.5 MPa of 
H2. 

2.3. Characterization of catalysts 

The morphology and composition were examined by Field Emission 
Gun Electron Scanning Microscopy (FE-SEM) LEO 1525 ZEISS. 
Elemental composition and chemical mapping were determined using 
Bruker Quantax EDS. TEM images were obtained using a Philips 208 
Transmission Electron Microscope. The samples were prepared by 
putting one drop of an ethanol dispersion of the catalyst powder on a 
copper grid pre-coated with a Formvar film and dried in air. The char
acteristics of the catalysts are presented in Section 3 (Results and 
Discussion). 

2.4. General procedure for the synthesis of 5-ethylthiophene-2-carbalde
hyde (III) and piperonal (IV) 

In the reactor, under inert atmosphere, the catalyst of choice, sub
strate (I) or (II) solubilized in acetonitrile, formic acid, 50 % of T3P 
solution and TEA were introduced in the ratios reported in the Plots. The 
order in which the reagents are added is important, as the base once 
added to the reactive environment develops effervescence. Once closed, 
the reactor was connected to a thermostat at the predetermined reaction 
temperature and the mixture was maintained under magnetic stirring. 
After the reaction time required for the test, the equipment was cooled 
down quickly and the reaction gases produced were vented. The het
erogeneous catalyst was removed by filtration and the mixture was 
introduced into a separating funnel together with an aqueous super
saturated sodium chloride solution. The organic phase was separated, 
dried over sodium sulphate and filtered. The reaction mixture was 
analysed by gas chromatography, using hexadecane as internal stan
dard. The aldehydes (III) and (IV) were characterized by 1H NMR and by 
GC-MS. The results were in agreement with the literature data [34,35]. 

Compound (III) [34]: 1H NMR (CDCl3): δ = 9.74 (s, 1 H, COH), 7.54 
(d, 1 H, J= 3.7 Hz), 6.85 (d, 1 H, J= 3.7 Hz), 2.84 (q, 2 H, J= 7.5 Hz), 
1.27 (t, 2 H, J= 7.5 Hz). m/z: 140 [M]+, 125[M - CH3]+, 111[M - 
HCO]+, 97 [M - CH3CH2HCO]+. 

Compound (IV) [35]: 1H NMR (300 MHz, CDCl3): δ = 9.8 (s, 1 H, 
CHO), 7.43 (dd, 1 H, J1 = 7.9 Hz, J2 = 1.6 Hz), 7.35 (d, 1 H, J = 1.6 Hz), 
6.95 (d, 1 H, J = 7.9 Hz), 6.10 (s, 2 H). MS (70 eV): m/z:150 [M]+, 149 

Scheme 1. 5-Ethylthiophen-2-carbaldehyde (III) and piperonal (IV) synthetic scheme.  
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[M - H]+, 121 [M - CHO]+, 91 [M - CHO - CH2O]+. 
Once separated, the heterogenous catalyst was washed several times 

with diethyl ether under a nitrogen atmosphere, dried under vacuum 
and finally pre-activated with H2. The pre-activation consisted in 
keeping the catalyst stirred in the reaction solvent at 0.1 or 0.5 Mpa of 
hydrogen at rt for 1–2 h before to be used in recycling experiments. 

3. Results and discussion 

In order to synthesize the two target molecules (III) and (IV), first, 
we prepared the two iodo derivatives (I) and (II), by iodination of the 
commercially available 2-ethylthiophene and benzo[d] [1,3]dioxole, 
respectively, by using the NaIO3/I2 redox system in acetonitrile as the 
solvent [2,32]. Subsequently, both substrates (I) and (II) were car
bonylated to give the corresponding aldehydes (III) and (IV), respec
tively. Initially, for a better comparison with the reported results and 
with the aim to replace the previously used unsafe DMF [1], we explored 
an alternative and more acceptable solvent by using a 50 % solution of 
propylphosphonic anhydride (T3P) in toluene, acetonitrile or isopropyl 
acetate. The results obtained in the reductive carbonylation of substrate 
(I) with formic acid, triethylamine (TEA), T3P and in the presence of the 
homogeneous catalyst Pd(OAc)2 are reported in Plot 1. 

Basing on the results described for similar compounds [1], all the 
reactions were carried out at 100 ◦C. A first reaction, carried out on (I), 
by using a 50 % solution of propylphosphonic anhydride in toluene and 
a molar ratio substrate/Pd catalyst = 32/1, after 5 h, afforded a 57 % 
conversion but only 12 % of aldehyde (III) was formed, being 2-ethyl
thiophene the main reaction product (exp. 1, Plot 1). Also performing 
the reaction with a 50 % solution of propylphosphonic anhydride in 
iso-propyl acetate, the substrate dehalogenation was the prevailing re
action (exp. 2, Plot 1). Surprisingly and noteworthy, by using the 50 % 
solution of propylphosphonic anhydride in acetonitrile, after 5 h at 
100 ◦C, conversion was complete and 83 % of the sought aldehyde was 
obtained (exp. 3, Plot 1). Also in this case, 2-ethylthiophene was formed 
but in lower amount (17 %). Selectivity was strongly increased by 
lowering both catalyst amount and reaction time and doubling the 
amount of TEA. As a matter of fact, with a substrate to catalyst molar 
ratio 100/1, after only 45 min at 100 ◦C, both conversion and selectivity 
were almost complete (exp. 4, Plot 1). In the view of a more efficient 
process, Pd/C was then used as the catalyst instead of palladium acetate. 
Four commercially available 5 % Pd/C catalysts named (Chimet 
1237 L), (Chimet 1238 L), (Chimet 1239 L) and (Chimet 1240 L), 

respectively, with a water content < 1 %, different for palladium 
dispersion, for reduced or not-reduced metallic form and for the origin 
of the coal, were used. All the reactions were carried out in acetonitrile 
at 100 ◦C for 24 h and with a (I)/Pd molar ratio equal to 30/1. All these 
species showed a very good activity and selectivity affording total sub
strate conversion and a very good aldehyde (III) yield (90–94 %) both in 
the pristine experiment and in recycle ones (exp. 1–4, 7–8, 16–19, 
20–21, Plot 2). Moreover, a pre-activation with H2, before any experi
ment, leaded to an improvement in selectivity. The worst results were 
observed by using the catalyst (Chimet 1239 L), on peat-coal, especially 
in the recycled experiment performed without the pre-activation with 
H2 (exp. 15, Plot 2). 

To evaluate also the activity of wet catalysts and to verify the in
fluence of water content, we performed some experiments with two 
Johnson Matthey catalysts: the 10 % Pd/C (JM-LY0434) and the 5 % Pd/ 
C (JM-DLZ0085), having about 28 % and 59 % of water content, 
respectively. Their performances are reported in Plot 3. 

The performances of the tested wet palladium catalysts were quite 
satisfactory, even if they did not reach the best values obtained with the 
more efficient anhydrous Chimet Pd/C. Also in this case, pre-activated 
catalyst with H2, leaded to an improvement in selectivity. Based on 
the good results reported above, we decided to increase the substrate 
(I)/Pd ratio to 100/1 and to evaluate also the effect of the molar ratio 
between HCOOH and NEt3 (1/1 or 2/1). (Chimet 1237 L) was chosen as 
model catalyst and it was always pre-activated as usual in a reducing 
atmosphere. The results are reported in Plot 4. 

With great satisfaction, we observed that the results obtained in 
terms of conversion and aldehyde (III) yield were comparable to those 
obtained with lower substrate (I)/catalyst ratio (30/1), thus allowing 
the carbonylation process to be carried out in even more sustainable 
conditions. Noteworthy, in this case, there was no substantial difference 
in adopting a molar ratio HCOOH /NEt3 2/1 rather than 1/1. 

We also performed some experiments to produce piperonal (IV), to 
verify the outcome of this carbonylation protocol on 5-iodo- benzo[d] 
[1,3]dioxole (II), a substrate with different electronic and steric char
acteristics, and the results are reported in Plots 5 and 6, respectively. By 
comparison, 5 % Pd/C (Chimet 1237 L) was the catalyst, and it was 

Plot 1. Carbonylation of (I) catalyzed by Pd(OAc)2 in the presence of HCOOH, 
TEA and 50 % solution of T3P in different solvents. Reaction conditions: sub
strate (I) = 238 mg (1 mmol); Pd(OAc)2 (0.031 mmol); Formic acid 
(4.5 mmol); T3P (0.8 mmol); T = 100 ◦C. TEA = triethylamine. a Determined 
by GC analysis, using hexadecane as standard. 

Plot 2. Carbonylation of (I) catalyzed by some anhydrous 5 % Pd/C in the 
presence of HCOOH, TEA and T3P (50 % in acetonitrile). Reaction conditions: 
substrate (I) = 238 mg (1 mmol); (I)/Pd (molar ratio) = 30/1; T = 100 ◦C; 
t = 24 h; Solvent (CH3CN) = 5 ml; Formic acid (4.5 mmol); T3P (0.8 mmol); 
HCOOH/TEA molar ratio = 2. a Determined by GC analysis, using hexadecane 
as standard. b Pre-activated catalyst with 0.1 MPa of H2 at rt for 1 h in aceto
nitrile. c Not pre-activated catalyst with H2. Experiments 2, 3, 4, 6, 8, 10, 12, 13, 
15, 17, 18, 19 and 21 were carried out by using the catalyst recovered from the 
previous reaction. 
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preactivated in a reducing atmosphere as in previous experiments. 
Remarkably, the experiments carried out with the recycled catalyst, 

working with (II)/Pd (molar ratio) = 30/1, gave better results than with 
the fresh catalyst, especially with a HCOOH/TEA molar ratio equal to 1, 
affording the desired aldehyde with 98 % yield (exp. 2–4, Plot 6). 
Disappointingly, working with a lower catalyst amount, a progressive 
decrease of catalytic efficiency was noted both in terms of conversion 
and selectivity. We hypothesized that this could be probably due to a 
partial deactivation of the catalyst for metal particles aggregation or to a 
slight loss of the metal. 

Recently, we prepared a new class of low metal content catalysts on 
alumina using an improved one-pot preparation [2,33]. We decided to 
explore the activity of these heterogeneous catalysts [0.3 % Pd/Al2O3, 

(0.18 % Pd, 0.44 % Cu)/Al2O3 and 1 % Cu/Al2O3] in the carbonylation 
process. All these catalysts were not characterized before but now the 
fresh and used catalysts were studied by SEM and TEM electron mi
croscopy and by EDX elemental mapping. The SEM images are shown in  
Fig. 1. They show that the sizes of the catalysts are less than 100 nm and 
with a lamellar structure. EDX analyses (Fig. 2) show the presence of Pd 
and Cu on the surface of the catalysts. 

TEM images (Fig. 3) confirm the lamellar structure of Al2O3 and 
highlight the presence of metal nanoparticles on support surface with 
dimensions less than 10 nm (indicated by arrows). SEM e TEM images 
demonstrated that the metal nanoparticles remain well dispersed on the 
support surface and do not aggregate after the reaction. 

Plot 3. Carbonylation of (I) catalyzed by some wet Pd/C catalysts in the 
presence of HCOOH, TEA and T3P (50 % in acetonitrile). Reaction conditions: 
substrate (I) = 238 mg (1 mmol); (I)/Pd (molar ratio) = 30/1; T = 100 ◦C; 
t = 24 h; Solvent (CH3CN) = 5 ml; Formic acid (4.5 mmol); T3P (0.8 mmol); 
HCOOH/TEA molar ratio = 2. a Determined by GC analysis, using hexadecane 
as standard. b Pre-activated catalyst with 0.1 MPa of H2 at rt for 1 h in aceto
nitrile. c Not pre-activated catalyst with H2. Experiments 2, 3, 4, 7, 8 and 10 
were carried out by using the catalyst recovered from the previous reaction. 

Plot 4. . Carbonylation of (I) catalyzed by 5 % Pd/C (Chimet 1237 L) in the 
presence of HCOOH, TEA and T3P (50 % in acetonitrile). Reaction conditions: 
substrate (I) = 280 mg (1.18 mmol); (I)/Pd (molar ratio) = 100/1; Formic acid 
(4.5 mmol); T3P (0.8 mmol); T = 100 ◦C; t = 24 h; Solvent (CH3CN) = 5 ml. a 

Determined by GC analysis, using hexadecane as standard. Experiments 2–4 
and 6–8 were carried out by using the catalyst recovered from the previ
ous reaction. 

Plot 5. Carbonylation of (II) catalyzed by 5 % Pd/C (Chimet 1237 L) in the 
presence of HCOOH/TEA (molar ratio = 2) and T3P (50 % in acetonitrile). 
Reaction conditions: substrate (II) = 235 mg (0.95 mmol); T = 100 ◦C; 
t = 24 h; Solvent (CH3CN) = 5 ml; Formic acid (4.5 mmol); T3P (0.8 mmol); 
(II)/Pd (molar ratio) = 30/1 (exp. 1–4); (II)/Pd (molar ratio) = 100/1 (exp. 
5–8); a Determined by GC analysis, using hexadecane as standard. Experiments 
2–4 and 6–8 were carried out by using the catalyst recovered from the previ
ous reaction. 

Plot 6. Carbonylation of (II) catalyzed by 5 % Pd/C (Chimet 1237 L) in the 
presence of HCOOH/TEA (molar ratio = 1) and T3P (50 % in acetonitrile). 
Reaction conditions: substrate (II) = 235 mg (0.95 mmol); T = 100 ◦C; 
t = 24 h; Solvent (CH3CN) = 5 ml; Formic acid (4.5 mmol); T3P (0.8 mmol); 
(II)/Pd (molar ratio) = 30/1 (exp. 1–4); (II)/Pd (molar ratio) = 100/1 (exp. 
5–8); a Determined by GC analysis, using hexadecane as standard. Experiments 
2–4 and 6–8 were carried out by using the catalyst recovered from the previ
ous reaction. 
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The carbonylation reactions were carried out on both substrates (I) 
and (II), and the results are shown in Plot 7 and Plot 8, respectively. 
Catalysts 0.3 % Pd/Al2O3 was pre-activated with 0.1 MPa of H2 at rt for 
1 h in acetonitrile while catalysts (0.18 % Pd, 0.44 % Cu)/Al2O3 and 1 % 
Cu/Al2O3 were pre-activated with 2.0 MPa of H2 always at rt for 1 h in 
acetonitrile. The treatment with H2 was carried out at different pressure 
as it depends on the different capacity of the metals to be reduced. 

All these catalysts gave comparable results with those obtained with 
commercial 5 % Pd/C catalysts but the advantage of using low metal 
content catalysts in terms of safety and sustainability must be empha
sized, especially as regards the Pd-based catalysts. Noteworthy, when 
the bimetallic system Pd-Cu/Al2O3 was used, despite the lower amount 
of palladium employed, the activity of the catalyst was very high, 
probably due to a synergic effect of the two metals, even if no metal alloy 
was formed. The low metal content and the use of a not precious metal as 
Cu represents a significant advantage in terms of cost-effectiveness and 
process safety. Even more surprising the results obtained in the presence 
of the only copper-based catalyst 1 % Cu/Al2O3. Although, it does not 
contain any precious metal, as checked by atomic absorption, excellent 

conversions and aldehyde yields were obtained, especially in the case of 
substrate (I) (Plot 7). The results with the simple copper catalyst are 
particularly remarkable and deserve further study as they pave the way 
for an even more sustainable industrial process for these and other 
important aryl and heteroaryl aldehydes. 

4. Conclusions 

Using two model substrates, having different steric and electronics 
properties, an improved synthesis of two industrially important alde
hydic compounds was realized by reductive carbonylation of aryl- and 
heteroaryl iodo precursors, employing formic acid, propylphosphonic 
anhydride (T3P) and TEA as reagents. In comparison with the previous 
protocol reported in the literature [1], it was possible to avoid 
dangerous solvents and to use commercial or easily prepared hetero
geneous recyclable mono- or bi- metallic catalysts, instead of homoge
neous palladium acetate. It was also particularly significant the 
possibility: a) to improve the performances of palladium catalyst adding 
copper on alumina; b) to realize the synthesis using only copper as 

Fig. 1. SEM images of fresh catalysts a) 0.3 % Pd/Al2O3, b) (0.18 % Pd, 0.44 % Cu)/Al2O3, c) 1 % Cu/Al2O3 and of corresponding used catalysts a′) 0.3 % Pd/Al2O3, 
b′) (0.18 % Pd, 0.44 % Cu)/Al2O3, c′) 1 % Cu/Al2O3. 
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metallic catalyst, even if under more severe conditions. In perspective, 
this last procedure could represent a more sustainable preparative 
pathway of many other valuable aryl and heteroaryl aldehydes, possibly 
applicable on a large scale. 
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Fig. 3. TEM images of fresh catalysts a) 0.3 % Pd/Al2O3, b) (0.18 % Pd, 0.44 % Cu)/Al2O3, c) 1 % Cu/Al2O3 and of the corresponding used catalysts a′) 0.3 % Pd/ 
Al2O3, b′) (0.18 % Pd, 0.44 % Cu)/Al2O3, c′) 1 % Cu/Al2O3. 

Plot 7. . Carbonylation of (I) catalyzed by some low metal content catalysts on 
alumina in the presence of HCOOH, TEA and T3P (50 % in acetonitrile). Re
action conditions: substrate (I) = 280 mg (1.18 mmol); (I)/Pd (molar ratio) 
= 100/1; Formic acid (4.5 mmol); T3P (0.8 mmol); T = 100 ◦C; t = 24 h; Sol
vent (CH3CN) = 5 ml. a Determined by GC analysis, using hexadecane as 
standard. Experiments 2–4, 6 and 8 were carried out by using the catalyst 
recovered from the previous reaction. Experiments 5 and 6: (I)/(Pd &Cu) 
(molar ratio) = 100/1and T = 120 ◦C. Experiments 7 and 8: (I)/Cu (molar 
ratio) = 50/1 and T = 120 ◦C. 

Plot 8. . Carbonylation of (II) catalyzed by some low metal content catalysts on 
alumina in the presence of HCOOH, TEA and T3P (50 % in acetonitrile). Re
action conditions: substrate (II) = 293 mg (1.18 mmol); (II)/Pd (molar ratio) 
= 100/1; Formic acid (4.5 mmol); T3P (0.8 mmol); T = 120 ◦C; t = 24 h; Sol
vent (CH3CN) = 5 ml. a Determined by GC analysis, using hexadecane as 
standard. Experiments 2–5, 7 and 9 were carried out by using the catalyst 
recovered from the previous reaction. Experiments 6 and 7: (II)/(Pd &Cu) 
(molar ratio) = 100/1 and T = 120 ◦C. Experiments 8 and 9: (II)/Cu (molar 
ratio) = 50/1 and T = 120 ◦C. 
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