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Pd-supported on N-doped carbon: Improved heterogeneous 

catalyst for base-free alkoxycarbonylation of aryl iodides 

Ida Ziccarelli,
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a
 Carsten Kreyenschulte,

a
 Bartolo Gabriele*

b
 and Matthias 

Beller*
a

Novel Pd-based heterogeneous catalysts were prepared through 

immobilization of Pd(OAc)2/phenanthroline on carbon and 

subsequent pyrolysis. The most active catalyst was characterized 

by TEM, XPS and XRD techniques and was successfully used for the 

base-free methoxycarbonylation of aryl iodides. Notably, no metal 

contamination (detection limit <0.5 ppm) in the final products was 

observed. 

 The development of heterogeneous catalysts for advanced 

organic transformation is of increasing interest for organic and 

material chemists.
1
 In general, such catalysts present several 

advantages over the classical homogeneous systems, due to 

their easy recovery (by simple filtration or centrifugation 

procedures) and the possibility to recycle it.
2
 This is of 

particular importance when the catalyst is based on less 

abundant and expensive noble metals. On the other hand, 

heterogeneous catalysts often display lower reactivity and 

selectivity with respect to their homogeneous counter parts.  

Among the various catalytic transformations applied for the 

synthesis of bio-active compounds, palladium-catalyzed 

coupling reactions are of exceptional importance. We have a 

long standing interest in this area, especially in Pd-catalyzed 

carbonylation of aryl halides and related substrates.
3
 In 

addition to molecular-defined palladium-phosphine 

complexes, recently also several heterogeneous catalysts have 

been developed for the alkoxycarbonylation of aryl halides to 

afford benzoate esters (Equation 1).
4
  

Although in most cases the catalytic system could be easily 

recovered and reused for several additional runs, the possible 

contamination of the organic product by the metal catalyst 

was not systematically investigated. However, such 

contamination is of primary importance for applications in the 

life science area, particularly for pharmaceuticals.
5
 In fact, the 

removal of metal impurities for late stage pharmaceutical 

intermediates can be cost determining for the process.  

 

+  CO   +   ROH   +  BAr X

heterogeneous
metal catalyst

Ar CO2R   + BH
+   +  X (1)

(Ar = aryl, B = base)  

 Moreover, the amount of metal impurities allowed in drugs 

is currently critically debated. Therefore, there is an increasing 

demand for stable, non-leaching catalysts. In this respect, here 

we report a new heterogeneous palladium-based catalyst 

(Pd/PdO@NGr-C), able to promote the alkoxycarbonylation of 

aryl iodides in the absence of any added external base.
6
 Our 

system can be easily recovered and recycled for several times 

and no metal contamination could be detected in the final 

product. 

 In the past, palladium has been mainly supported on 

“classic” inorganic oxides as well as carbon. Recently, the 

incorporation of dopants into the matrix of the parent support 

has become a highly active and interesting area in material 

sciences. More specifically, N-doped carbon materials 

generated major interest.
7
 We thought that such doping could 

result in improved binding properties of the support and 

therefore minimizes the leaching of palladium atoms (small 

clusters).  

Initially, palladium supported on N-doped carbon 

(Pd/PdO@NGr-C) was prepared using palladium acetate (as 

palladium precursor) and 1,10-phenanthroline as a nitrogen-

rich ligand. The resulting complex [Pd-Phen]
2+

 was adsorbed 

on carbon and then subjected to pyrolysis under vacuum at 

800°C for 2 h (Scheme 1). The amount of palladium, 

determined by elemental analysis, was 5.63 wt%, while the 

nitrogen and carbon contents were 2.2 wt% and 85.93 wt%, 

respectively. 

 In order to investigate the structure of the catalyst in more 

detail, several characterization methods were carried out.
8
 The 

nature of the palladium and nitrogen species on the surface of 

the catalyst were analyzed by X-ray photoelectron 
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spectroscopy (Figure 1A). The Pd3d XPS data (Figure 1B) reveal 

the presence of two Pd species. The first one has a binding 

energy of approximately 334.9 eV and is attributed to Pd(0) 

(19,7%). The second Pd species has a binding energy of 

approximately 337.3 eV and is attributed to Pd(II) in the form 

of palladium oxide (80.3%).
9
 Three distinct peaks are observed 

in the N1s spectra with an electron-binding energy of 398.2 eV, 

399.5 eV and 400.5 eV (Figure 1C).The lowest binding-energy 

peak can be attributed to pyridine-type nitrogen (sp2 

hybridized, 41.4%). The electron-binding energy of 399.5 eV is 

characteristic of a pyrrole-type nitrogen (sp3 hybridized, 

24.8%). The peak at 400.5 eV is typical of quaternary N (sp2 

hybridized, 24.6%). Apart from this three nitrogen types, N 

oxide of pyridinic N (small peak at 402.2 eV, 9.3%) was also  

 

Pd(OAc)2

N N

+

1,10-Phen

2

N N

N N

Pd

2+

2 (AcO  )

EtOH
60°C
1 h

VULCAN 
XC72R

overnight
60°C

Pd(Phen)2(OAc)2
adsorbed on Carbon under argon

800°C
2 h

RT
Pd/PdO@NGr-C

 

Scheme 1. Preparation of palladium supported on N-doped carbon (Pd/PdO@NGr-C). 

 

observed, the oxygen atoms probably arising from the acetate 

counter ions. Also, the C1s spectra showed 3 peaks (Figure 

1D): the sharp peak at 283.8 eV corresponds to the sp2 carbon 

with C=C, meanwhile the smaller peaks at 284.6 eV and 286.6 

eV are assigned to C=N and C-N respectively.
10

 The peak 

observed at 289.1 eV is ascribed to the π-π* transition typical 

for aromatic rings.
11

 As shown in Figure 2 the X-ray diffraction 

(XRD) studies confirmed the presence of palladium dispersed 

into the carbon powder. Comparing XRD patterns of the new 

material with the XRD patterns of Pd/C, it is possible to identify 

the characteristic broad peak of the amorphous carbon 

support (around 2θ = 25°C) and also the three peaks belong to 

palladium (0), at 2θ = 40°, 46° and 68°. On the other hand, the 

peaks at 2θ = 31°, 44° and 55° demonstrate the existence of 

PdO.
 

 

A 

 

B 

 
  
C 

 

D 

 
  

Figure 1. A: XPS spectra for palladium supported on N-doped carbon 

(Pd/PdO@NGr-C); B: Pd3d XPS spectrum; C: N1s XPS spectrum; D: C1s 

XPS spectrum. 

 TEM analysis confirmed the presence of well-defined and 

spherical-like Pd nanoparticles with a very broad range of sizes 

(Figure 3a). On some particles layers of several graphenes 

were formed through the carbonization of the nitrogen ligand. 

These layers cover or partially cover some of the Pd particles 

(Figure 3b). Additionally palladium atoms could be found in a 

carbon phase on the Vulcan particles (Figure 3c). Due to 

HAADF image contrast and EDXS data showing the presence of 

Pd in an area without Pd particles, these finely distributed 

atoms and clusters are likely Pd atoms. 

 
Figure 2. XRD pattern of palladium supported on N-doped carbon 

(Pd/PdO@NGr-C). 

 

 

   

 

Figure 3. a) HAADF-STEM image of palladium supported on N-doped 

carbon (Pd@NGr-C) showing the broad range of different particle 

sizes, b) ABF-STEM image of a Pd particle showing several graphene 

layers covering a Pd particle, c) HAADF-STEM images of finely 

distributed heavy atoms or clusters of heavy atoms, probably Pd,  in a 

carbon phase on Vulcan particles. 

a) c) b) 
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 In order to examine the activity of the prepared catalyst for 

the alkoxycarbonylation of aryl halides, we tested 

Pd/PdO@NGr-C with iodobenzene as the model substrate. The 

reaction was initially carried out in anhydrous MeOH in the 

presence of a catalytic amount of Pd/PdO@NGr-C (0.01 mol%, 

Pd=5.63 wt%) and hexadecane as internal standard under 20 

bar CO pressure at 100°C for 19h. The reaction mixture was 

filtered through a silica plug and analyzed by GLC and GC-MS, 

which showed the formation of the desired methyl benzoate in 

53% yield. This result confirmed the general activity of the 

newly developed catalyst. It is worth noting that this 

procedure occurred successfully without the need for an 

external base. Under the same conditions, other similar 

heterogeneous catalysts, based on iron (Fe2Ox@NGr-C),
12

 

cobalt (Co3O4@NGr-C),
13

 or copper, (CuOx@NGr-C) were not 

active. 

 Increasing the reaction temperature and the palladium 

content (Table 1), the product yield was improved to 79%. A 

“hot filtration experiment” showed that no significant 

palladium leaking occurred from the catalyst, thus avoiding the 

removal of metal impurities from the product. 

 

Table 1. Methoxycarbonylation of iodobenzene catalyzed by 

heterogeneous Pd/PdO@NGr-C: optimization of reaction conditions.
a 

 

I
CO2Me

1a 2a

Pd@NGr-C

+  CO   + MeOH
MeOH

100-120 °C
   19-24 h  

Entry Pd@NGr-

C (mol %) 

Conc. of 1a
b
 T (°C) t (h) Conv. of 

1a (%)
c
 

Yield of 

2a (%)
d
 

1 0.01 0.25 100 19 64 53 

2 0.1 0.25 100 19 79 71 

3 0.1 1.0 100 19 59 57 

4 0.1 0.5 100 19 78 78 

5 0.1 0.5 120 19 74 55 

6 0.5 0.5 120 19 86 77 

7 0.5 0.5 120 24 90 79 

a
 Reaction conditions: 0.5 mmol iodobenzene, 20 bar CO. 

b
 Mmol of 1a per mL of 

MeOH. 
c
 Determined by GLC.

 c
 GLC yield. 

 

  To generalize the process, the best reaction conditions 

found on the model substrate were applied to different aryl 

iodides; the results obtained are shown in Table 2. Different 

halo-substituted aryl iodides including bromides were 

selectively alkoxycarbonylated and produced the 

corresponding esters in moderate to good yields (Table 2, 

entries 2-6). The reaction also worked nicely with substrates 

substituted both with electron-withdrawing groups such as the 

methoxycarbonyl (Table 2, entry 7), and with electron-

donating groups such as amino, methoxy and alkyl (Table 2, 

entries 8-10). Notably, 4-iodostyrene gave the corresponding 

ester in 53% yield (Table 2, entry 11) without any 

carbonylation at the double bond. Finally, vinyl 2-

Iodonaphthalene 1l afforded an excellent yield of methyl 2-

naphthoate 2l (90%; Table 2, entry 12). To demonstrate the 

stability and utility of this novel heterogeneous catalyst for life 

science applications ICP analysis on representative products 2a, 2b, 

2g and 2i was performed. Gratifyingly, no trace of palladium was 

observed in all the products (ICP Instrument Sensitivity= 0.5 ppm). 

   

 

Table 2. Substrate scope for the methoxycarbonylation of aryl iodides 

catalyzed by heterogeneous Pd/PdO@NGr-C.
a 

I

1

Pd@NGr-C (0.5 mol %)

+  CO   + MeOH
MeOH, 120 °C, 24 h

R

CO2Me

2

R

 

Entry 1 Conv. of 1 (%)
b
 2 Yield of 2 (%)

c
 

1 I

1a  

98 CO2Me

2a  

69 (79) 

2 
I

1b
Br

 

98 
CO2Me

2b
Br

 

84 

3 
I

1c

Br

 

99 
CO2Me

2c

Br

 

74 

4 
I

1d
Cl

 

100 
CO2Me

2d
Cl

 

82 

5 
I

1e

Cl

 

99 
CO2Me

2e

Cl

 

74 

6 
I

1f

F

 

98 
CO2Me

2f
F

 

52 

7 
I

1g
MeO2C

 

96 
CO2M

2g
MeO2C

 

55 

8
d
 

I

1h

H2N

 

98 
CO2Me

2h

H2N

 

70 

9 
I

1i
MeO

 

99 
CO2Me

2i
MeO

 

84 

10 
I

1j
Me

 

98 
CO2Me

2j
Me

 

57 

11 
I

1k  

100 
CO2Me

2k

 

53 

12 
I

1l  

99 
CO2Me

2l

 

90 

a
 Reaction conditions: 0.5 mmol of 1, 20 bar CO. Substrate concentration was 0.5 

mmol per mL of MeOH. 
b
 Determined by isolation of unreacted 1.

 c
 Isolated yield 

(GLC yield). 
d
 The reaction was carried out in presence of Et3N (1.5 equiv) to 

obtain free methyl 3-aminobenzoate. 

 

 To test the recyclability of the catalyst, the model reaction 

was performed under the optimized reaction conditions. The 

catalyst was easily separated from the reaction mixture by 

centrifugation at 8000 RPM for 10 min, and then reused for an 

additional four runs. As shown in Figure 4, we observed a 
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decline of the conversion, but not of selectivity which 

remained around 90%. This loss of catalytic is explained by 

some agglomeration of the smaller active particles and the 

mechanical abrasion of the catalytic material during the 

reaction and the work-up procedure.  

 
I CO2Me

1a (5 mmol)
2a

Pd@NGr-C (10 mg, 0.1 mol%)
+  CO   + MeOH

MeOH (10 mL), 100 °C, 19 h

PCO = 20 bar  

 
Figure 4. Recycle study of Pd/PdO@NGr-C for alkoxycarbonylation of 

aryl iodide. 

 

 In conclusion, we have developed a heterogeneous 

palladium catalyst via adsorption of a defined palladium–

phenanthroline complex onto commercially available carbon 

support and subsequent pyrolysis. This new material was fully 

characterized by several techniques and allows for the 

alkoxycarbonylation of aryl iodides to give the corresponding 

benzoates in good yields. Notably, these coupling reactions 

occurred without the need for an external base. No metal 

contamination in the alkoxycarbonylation products makes 

Pd/PdO@NGr-C a promising catalyst for the synthesis of 

intermediates required for material of life science applications, 

where high product purity is required. 
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