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Abstract: A new N^C^N palladium pincer complex (C10) containing ligand (L4), was synthesised from [PdCl2(CH3CN)2] 

and fully characterised by spectroscopic and analytical techniques. Its catalytic activity in hydrogenation of CO2 to formate 

studied. Its nanoparticle nature (N^C^N-Pd/NPs) was established using UV-vis spectroscopy and high-resolution 

microscopic techniques such as HR-TEM. Catalytic hydrogenation of CO2 performed in the presence of THF/H2O solvent 

mixture and KOH resulted in a TON of 533 and 1.6 mmol formate yield. Though C10 could hydrogenate CO2 to formate it 

was forming nanoparticles during the hydrogenation process. Since nanoparticles were visibly formed during the reaction 

using C10, this complex was purposely reduced to form N^C^N pincer ligand supported Pd nanoparticles (N^C^N-Pd/NPs), 

which exhibited excellent CO2 hydrogenation performance in comparison to C10. Hydrogenation of CO2 to formate with 

N^C^N-Pd/NPs produced the highest TON of 937 with 2.81 mmol formate. Additionally, N^C^N-Pd/NPs were robust and 

could be reused four times without reducing catalytic activity 
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1.Introduction 
Both heterogeneous and homogeneous transition metal catalysts have been explored in the reduction of CO2, with homogeneous 

catalysts being advantageous due to better selectivity and mild operating conditions. Ruthenium(II)1–3, iridium(III),4 rhodium(III)5 

and rhenium(II)6 are the dominant homogeneous catalysts that have been reported for the reduction of CO2. This is due to their 

affinity for CO2 binding and ability to inhibit dimerization of the catalyst during the reaction.7 The use of pincer ligands in the 

hydrogenation of CO2 has been explored due to their ability to strongly bind to the metal centre whist preventing ligand-metal 

dissociation.8-12 A series of P^N^P-Ir(III) pincer catalysts were synthesised from imine diphosphine ligands by Liu and co-workers 

for the catalytic hydrogenation of CO2 to formate in high yields of up to of 99 % and with TON of 45 000. It was established that 

the imine group in these complexes played an important role, that being H2 cleavage and CO2 activation.12 

Palladium on the other hand, has gained much attention in the hydrogenation of carbon dioxide  and it features in several 

heterogeneous catalyst systems.13–17 A typical example is the bimetallic Pd@Zn core-shell catalyst prepared via CdSe. A high yield 

of 6.1 gmethanol gactive metal
−1 h−1 of methanol with over 70% selectivity using the Pd@Zn core-shell catalyst at a pressure of 2.0 MPa 

was obtained. The results were attributed to the ability of the Zn  to stabilise the surface HCOO species over COOH; thus 

suppressing CO production from reversed water gas shift reaction (RWGS).18 

Palladium nanoparticles have been reported to have a high affinity for hydrogenation, which makes them ideal candidates for CO2 

hydrogenation.19,20 Bai and co-workers synthesised Pd-Cu nanoparticles for the hydrogenation of CO2 and the nanoparticles 

exhibited 92.0% selectivity towards ethanol formation with the highest turnover frequency of 359.0 h-1.21 Bahruji and co-workers 

synthesised Pd/ZnO catalyst for the hydrogenation of CO2 and the catalyst achieved methanol  with 11% conversion and 60% 

selectivity at 250 oC.22 Nano-dispersed GaPd2/SiO2 catalysts were reported for the hydrogenation of CO2 to methanol and achieved 

optimum conversion at 250 oC. 23   

Notably, the high temperature conditions associated with heterogeneous hydrogenation of CO2 using palladium catalysts has 

motivated us to design and synthesise novel N^C^N pincer palladium complex for this purpose. As such, a new N^C^N palladium 

pincer complex (C10) derived from reacting (1E,1'E)-1,1'-(1,3-phenylene)bis(N-propylmethanimine), L4, with [PdCl2CH3CN)2] 

was prepared and used as a pre-catalyst in hydrogenation of CO2. Moreover, nanoparticles of complex C10 were also applied in the 

same reaction. 

2. Experimental 
2.1 Materials and methods 

All air and moisture sensitive compounds were manipulated using standard Schlenk and vacuum line techniques under an argon 

atmosphere. Argon HP/zero -grade, carbon dioxide HP/zero -grade gas and hydrogen gas HP/zero-grade (> 99%) cylinders were 

purchased from Afrox Gases. Propan-1-amine (Aldrich, >99%) isophthalaldehyde (Aldrich, 97%), chloroform-d, dimethyl 

sulfoxide–d6, mesitylene (Aldrich, 98%), sodium borohydride (Aldrich, >99%), pyridine (Aldrich, >99%) and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (Aldrich, 98%) were purchased from Sigma-Aldrich. Potassium hydroxide, absolute 

ethanol, acetonitrile, toluene, tetrahydrofuran (THF), dichloromethane (DCM) and dimethyl sulfoxide (DMSO) were purchased 

from Rochelle Chemicals. PdCl2 was purchased from Heraeus Metals and PdCl2(MeCN)2 was synthesised according to literature 
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method by Inkpen abd co-workers.40 1H and 13C NMR spectra were recorded on a Bruker Ultrashield 400 MHz (1H: 400 MHz; 
13C:100 MHz) spectrometer. Spectrometer values were reported relative to the internal standard tetramethylsilane (δ 0:00). All 

chemical shifts were reported in ppm. 1H and 13C NMR chemical shifts for the hydrogenation products were determined relative to 

the internal standard mesitylene. FT-IR spectra were recorded using a Perkin Elemer FT-IR Spectrum BX Spectrometer. Elemental 

analysis was carried out using the Thermos Scientific Flash 2000 CHNSO analyser. ES1-MS was determined at Stellenbosch 

University Central Analytical Services on a Waters Synapt G2 mass spectrometer. Melting point was determined using the Stuart 

Scientific melting point apparatus SMP 10. UV-vis spectra were performed on a Shimadzu UV1800 UV-vis spectrophotometer 

with a temperature controller. High Resolution Transmission Electron Microscopy (HR-TEM) images were obtained on a JOEL 

JEM -1200F electron microscope with an acceleration voltage of 200 kV. The average particle sizes were obtained by analysing 

HR-TEM images by ImageJ software. 

 

2.2. N^C^N pincer Ligand (1E,1'E)-1,1'-(1,3-phenylene)bis(N-propylmethanimine), (L4) Synthesis and Characterisation 

 
Isophthalaldehyde (250.00 mg, 18.6 mmol) and propan-1-amine (220. mg, 37.2 mmol) were refluxed in absolute ethanol (50 mL) 

for 12 h, giving a yellow solution. The solvent was removed in vacuo and a yellow oily product was isolated and dried under vacuum 

for 1 h. Yield: 330.00 mg; 81%. 1H NMR (DMSO-d6) (ppm): δ 8.36 (s, 2H, Hd), δ 8.10 (s, 1H, Hh,), δ 7.77 (dd, 2H,  3JH-H = 1.6 Hz, 
3JH-H = 1.6 Hz, Hf), δ 7.49 (t, 1H, 3JH-H = 7.6 Hz, Hg), δ 3.52 (t, 4H,  3JH-H = 0.8 Hz, Hc), δ 1.63 (m, 4H, Hb), δ 0.88 (t, 6H, 3JH-H = 

7.6 Hz, Ha).13C NMR (DMSO-d6) (ppm): δ 160.1 (Cd), 136.5 (Ce), 129.8 (Cf), 128.9 (Cg), 126.56 (Ch), 62.2 (Cc), 23.6 (Cb), 11.64 

(Ca). FT-IR (cm-1): ʋ(C=N) 1677. Solubility: insoluble in water; soluble in MeOH, EtOH, DCM, THF, DMSO, DMF. Elemental 

analysis: Found: C 77.46, H 8.55 and N 13.23 %. Calculated: C 77.57, H 8.51 and N 13.92 %. HR-ESI-MS (m/z): [M+H] + = 

217.1710  

 

2.3. Synthesis and Characterisation of pincer Complex C10. 

 
 

Compound L4 (80.00 mg, 0.37 mmol) was dissolved in 10 mL ethanol in a 100 mL round bottom flask followed by addition sodium 

acetate (3.01 mg, 0.37 mmol). The solution was stirred at room temperature for 10 min followed by addition of PdCl2(MeCN)2 

(10.00 mg, 0.37 mmol) in 25 mL acetonitrile to form an orange mixture. The mixture was heated under reflux for 4 h to give a 

green- yellow solution. The solution was filtered by gravitational filtration. The resulting filtrate was evaporated to dryness by 

rotary evaporation to give a yellow solid product. Yield: 100.00 mg, 77 %. Melting point: 122-125 oC.  1H NMR (DMSO-d6) (ppm): 

δ 8.30 (s, 2H, Hd), δ 7.39 (d, 2H,  3JH-H = 7.6, He), δ 7.11 (t, 1H, 3JH-H = 7.6 Hz, Hf), δ 3.59 (t, 4H,  3JH-H = 6.00 Hz, Hc), δ 1.77 (d, 

4H, 3JH-H = 6.4, Hb), δ 0.83 (t, 6H, 3JH-H = 7.2 Hz, Ha).13C NMR (DMSO-d6) (ppm): δ 175.6 (Cd), 143.37 (Ce), 127.3 (Cf), 123.9 

(Cg), 126.56 (Ch), 61.2 (Cc), 22.8 (Cb), 10.83 (Ca). Solubility: insoluble in water, EtOH; soluble in MeOH, DCM, THF, DMSO, 

DMF. Elemental analysis: Found: C 46.99, H 5.24, and N 7.21 %. Calculated: C 47.08, H 5.36 and N 7.84 %. HR-ESI-MS (m/z): 

[M + H]+ = 358.0269, where [M]+ = 357.1871. FT-IR (cm-1): ʋ(C=N) 1609.  

 

2.4. Synthesis of N^C^N-Pd/NPs  

Complex C10 (40.2 mg, 0.12 mmol) was dissolved in THF (1 mL) and sonicated for 10 min. Pyridine (56.2 mg, 0.71 mmol) was 

added to the THF solution of C10 and sonicated for 20 min during which the solution changed colour from yellow to pale-yellow. 

The resulting pale-yellow complex was reduced by addition of sodium borohydride (1 % w/v, 1.100 mL) in 0.100 mL aliquots after 
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1 min, resulting in a colour change from pale-yellow to dark-brown. The dark-brown nanoparticles where analysed immediately by 

various analytical techniques.  

 

2.5 General procedure for hydrogenation of CO2 

using C10 and N^C^N-Pd/NPs pre-catalysts 
In a typical experiment, the pre-catalysts C10 (3.00 µmol), KOH (5.00 mmol), THF (5 mL) and H2O (1 mL) were mixed in a 50 

mL stainless steel autoclaves. The reactor vessels were flushed with three cycles of nitrogen gas followed by addition of CO2 gas 

and H2 gas (1:3, CO2/H2 bar) to make a total pressure of 60 bar. The reactor vessels were subsequently heated in a preheated EYELA 

reactor block at 160 oC and at a stirring speed of 1000 rpm for 24 h. After reaction completion, the reactor was cooled to room 

temperature followed by careful venting of the reactor. The reaction mixture was analyzed by 1H NMR and 13C NMR spectroscopy 

using DMF as an internal standard. The homogeneity of the catalytic reaction was tested by the mercury poisoning test. 

3. Results and Discussion 
3.1 N^C^N ligand and complex; synthesis and characterisation 

A known Schiff base pincer ligand, L4 was synthesised by modifying a  procedure described by Fossey and co- workers.24 The 

reaction of isophthalaldehyde and propan-1-amine under refluxed in absolute ethanol (Scheme 1) produced a yellow oily product 

in a high yield of 81% after solvent removal in vacuo. 

 
Scheme 1: Outline preparation of Schiff base ligand L4 and N^C^N pincer complex C10. 

 

The signals in the 1H NMR spectrum of L4, (Figure 1) confirm the ligand synthesis by exhibiting the imine proton peak, which 

appears as a sharp singlet at 8.36 ppm. The aromatic ring proton peaks are accounted for as a singlet (8.10 ppm Hh,), doublet of 

doublet (7.77 ppm 3J H-H = 1.6, J H-H = 1.6 Hz, Hf), and triplet (7.49 ppm 3J H-H = 7.6 Hz, Hg). Two types of CH2 signals are observed 

for the propyl in L4; at 3.52 ppm and 1.63 ppm for protons Hc and Hb respectively. One proton signal for the -CH3 group was 

observed as a triplet at 0.88 ppm for proton Ha. 13C{1H} NMR coupled with HSQC NMR spectroscopy was used for assignment 

and interpretation of carbons of ligand L4. The correlation of the 13C{1H} NMR and 1H NMR in the HSQC 2D NMR spectrum for 

L4 shows the imine carbon as the most de-shielded carbon (160.1 ppm Cd) and de-shielded proton (8.36 ppm Hd).  
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Figure 1: 1H NMR spectrum for L4 recorded in DMSO-d6 at 25 oC. 

 

Modifying a  method reported by Stoccoro and co-workers25, N^C^N Pd pincer complex C10 was synthesised. The addition of 

sodium acetate into a stirring solution of L4 in ethanol promoted C-H activation to aid the coordination of palladium (II) metal 

precursor, [PdCl2CH3CN)2], between the two imine groups to give a yellow solid Pd N^C^N complex C10. A relatively high of 77 

% was obtained. The signals in the 1H NMR spectrum of C10, (Figure 2) confirm coordination of the ligand to palladium as 

evidenced by an upfield shift (8.36 ppm- 8.31 ppm) observed for the imine protons. All proton signals in the aromatic region of 

complex C10 are accounted for as a doublet 7.39 ppm (2H, 3J H-H = 7.6, He) and triplet 7.11 ppm (1H, 3J H-H = 7.6 Hz, Hf). 

Disappearance of the aromatic singlet proton, (8.10 ppm Hh,) from the ligand also confirmed the synthesis of complex C10. Two 

types of CH2 signals are observed for the alkyl chains at 3.59 and 1.77 ppm for protons Hc and Hb respectively.  

 

 
Figure 2: 1H NMR spectrum for C10 recorded in DMSO-d6 at 25 oC. 

 

These same protons are observed in the ligand L4 but at different resonances of 3.52 ppm and 1.63 ppm. One signal for the -CH3 

group was observed as a triplet at 0.88 ppm for proton Ha in the ligand but was observed at 0.83 in complex C10. These shifts in 

proton signals further substantiate formation of complex C10. The 2D NMR (COSY) spectrum of complex C10 shows imine proton 
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Hd as the most de-shielded proton at 8.30 ppm. The aromatic protons show strong coupling to each other as seen in the COSY 

spectrum where signal He couples to signal Hf with a coupling constant value of 7.6 Hz. The coupling of protons is also seen in the 

alkyl chain region where signals Hb and Hc couples with a coupling constant value of 6.4 Hz followed by signals Hb and Hc coupling 

to each other as well. A long-range coupling of proton Hd and Hc in the COSY spectrum is also observed. 13C NMR and HSQC 

confirm the synthesis of the complex by accounting for all carbons in the complex C10. In both spectra the imine carbon is the most 

de-shielded carbon. The infrared spectroscopy also confirmed the formation of the ligand L4 and complex C10 by displaying sharp 

and strong ʋ(C=N) absorption bands at 1646 cm-1 and 1609 cm-1 respectively which is a characteristic imine absorption band.  

Elemental analysis data of ligand L4 and complex C10 were found to be within acceptable limits of the calculated values. High 

resolution mass spectrometry in the positive mode confirmed L4 formation by displaying a peak for the [M+H] + ion at m/z = 

217.1710 (Figure 3). ESI mass spectrometry in the positive mode agrees with the C10 formation by displaying a peak for the 

[M+H] + ion at m/z = 358.0269.  

 

 
Figure 3: HR-MS (ESI+) for L4. 

 

Single crystals of C10 suitable for analysis were grown by slow diffusion of n-hexane (3 mL) into a concentrated solution of C10 

in DCM. Yellow crystals were formed after 14 days. Complex C10 crystallises in the tetragonal crystal system with P41 space 

group. The asymmetric unit comprises of one palladium centre and one L4 coordinated ligand. The two imine nitrogen atoms and 

carbon (C10) are coordinated to the palladium centre forming a pincer shape (Figure 4). The complex displays a distorted square 

planar geometry around the metal centre. Selected bond lengths and bond angles are given in the caption of Figure 4. The Pd-N, 

Pd-C and Pd-Cl bond lengths are comparable with related complexes that have been reported in literature.41,42 The Pd-N bond 

lengths ranges from 2.072(5) Å to 2.065(5) Å while the Pd(II)-Cl bond is 2.407 Å. Structural analysis of the complex in 

PLATON26,27 shows that there are no classic hydrogen bonds in compound C10. 

 
Figure 4: Crystal structure for C10. Hydrogen atoms have been omitted for clarity. Selected bond 

lengths (Å) and bond angles (deg.): Pd(1)–Cl(1), 2.3895(15); Pd(1)–N(1), 2.063(5); Pd(1)–N(2), 

2.075(5), Pd(1)–C(10); 1.904(6), N(1)–Pd(1)–Cl(1), 99.32(14); N(2)–Pd(1)–Cl(1), 102.19(16); N(2)–

Pd(1)–C(10), 79.6(2); N(1)–Pd(1)–C(10), 79.0(2).   
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3.2 N^C^N-Pd/NPs synthesis and characterisation 

The synthesis of N^C^N palladium nanoparticles (N^C^N-Pd/NPs) was done through deposition-precipitation method of forming 

nanoparticles reported by Zanella and co-workers.28 The synthesis of N^C^N-Pd/NPs was a two-step reaction (Scheme 2).  C10 

was dissolved with pyridine in the presence of THF and then reduced with NaBH4
 to yield N^C^N-Pd0 nanoparticles.  

 
Scheme 2: Outline for the preparation of N^C^N-Pd/NPs 

 

Nanoparticles formation was monitored by UV-visible spectrophotometry and the results are shown in Figure 5. The spectra for 

the aqueous ligand (L4) and (C10) had weak absorbances of λ 300 and 350 nm respectively. After the reduction of C10 with sodium 

borohydride, the spectrum for the aqueous N^C^N-Pd/NPs appeared as a featureless spectrum between λ 250 and 800 nm with a 

continuous increase from λ 250 nm and below. The similar  featureless spectrum has been reported by Carino and co-workers and 

Bingwa and co-workers.29,30 It is important to note that pyridine used in the synthesis of N^C^N-Pd/NPs was not a stabilizer 

according to the UV-Vis spectra because there is no absorbance peak which links pyridine with N^C^N-Pd/NPs. These results 

compliment the 1H NMR results obtained and support that pyridine acts as a solvent. As presented in Figure 5, N^C^N-Pd/NPs 

absorbance peak relates to C10. Based on these results, it can be concluded that complex C10 stabilized the formed nanoparticles 

as opposed to pyridine. 
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Figure 5: UV-vis spectra of L4, Pd Precursor (PdCl2(MeCN)2), C10, aqueous N^C^N-Pd/NPs and 

pyridine. 
 

FTIR studies of N^C^N-Pd/NPs show characteristic bands for v(C-H), v(C=N), v(C=C) and v(C-C) vibrations. Of great interest is 

the imine, C=N stretching band, which was observed at 1609 cm-1 for C10, was observed at 1559 cm-1 in N^C^N-Pd/NPs. Other 

infrared bands appeared to have shifted during the nanoparticle synthesis process. For example, C-H shifted from 2961 to 2937 cm-

1 
, aromatic C=C shifted from a range of  1419 to 1331 cm-1 and the  alkyl chain C-C shifted from  1030 to 1014 cm-1. FTIR results 

are a clear indication of the complex Pd2+ (C10) being reduced to nanoparticles Pd0 whilst maintaining the ligand framework to 

stabilise the nanoparticles. High resolution transmission electron microscopy (HR-TEM) micrographs of N^C^N-Pd/NPs show 

spherical nanoparticles distribution with average particle size diameter of 3.34 nm and standard deviation of ± 0.5 nm) (Figure 6). 

Similar results were reported by Flanagan with an average Pd nanoparticles diameter of 3.4 nm and standard deviation of ± 0.5 

nm.31  
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Figure 6: TEM images for N^C^N-Pd/NPs at (a) 50 nm and (b) 20 nm scale and (c) histogram of 

particle size distribution for N^C^N-Pd/NPs. 
 

The detailed qualitative chemical analysis of N^C^N-Pd/NPs was carried out using EDX (Figure 7). The composition of N^C^N-

Pd/NPs was mainly Pd, N, Cl and C. The ICP-MS analysis revealed that N^C^N-Pd/NPs contains palladium 88.8% m/m and C10 

contains <90 % m/m palladium. The results are comparable showing complete conversion of C10 to N^C^N-Pd/NPs during 

synthesis. 

 
Figure 7: EDX analysis of N^C^N-Pd/NPs. 

3.3 Hydrogenation of gaseous CO2 with pre-catalyst C10. 

The hydrogenation of CO2 to formate using pre-catalyst C10 was carried out according to Scheme 3. The hydrogenation of CO2 

with pre-catalyst C10 proceeded with catalyst loading optimisation studies and the results are shown in Table 1. 

 

 
Scheme 3: Base-assisted CO2 hydrogenation to formate. 

According to Table 1 (Entry 1 and 2), increase in catalytic loading from 1.00 µmol to 3.00 µmol had an increase in formate 

production from 0.20 mmol to 0.75 mmol with a TON value increase from 200 to 250 respectively. Further increase in catalyst 

loading to 12.00 µmol (Entry 4) resulted in decrease in formate production (0.25 mmol) and TON value (21) which could have been 

due to catalyst saturation under our reaction conditions. In the absence of C10 (Entry 5), there was no formate production clearly 
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showing that the reaction is catalysed. The optimum catalyst loading was found to be 3.00 µmol which was maintained throughout 

CO2 hydrogenation studies.  

 

Table 1: Effect of catalyst loading on CO2 hydrogenation with pre-catalyst C10 
Entry Cat. (µmol) Base Temp/ 

(oC) 

Solvent P(CO2)/P(H2) 

(bar/bar) 

HCOO-    

(mmol) 

TON TOF 

(h
-1

) 

1 1.00 DBU 120 THF/H2O 20/40 0.20 200 8.3 

2 3.00 DBU 120 THF/H2O 20/40 0.75 250 10 

3 6.00 DBU 120 THF/H2O 20/40 0.70 117 4.9 

4 12.00 DBU 120 THF/H2O 20/40 0.25 21 0.87 

5 0.00 DBU 120 THF/H2O 20/40 - - - 

Conditions: DBU (5.00 mmol), total pressure 60 bar, THF (5 mL), H2O (1 mL) and 24 h. Cat.  = C10 pre-catalyst; cat loading 

(µmol). Products were determined by 1H NMR and 13C{1H} NMR spectroscopy in the presence of DMF (10 µL) as an internal 

standard. Average error estimate: 1.00 µmol = 0.25,3.00 µmol = 0.19, 6.00 µmol = 0.23, 12.00 µmol = 0.20.TON = (mmol of 

formate/mmol of pre-catalyst). TOF = TON/reaction time. 

 

After hydrogenation of CO2 to formate with C10 (Entry 1-4), black nanoparticles were observed in the reaction vessels and were 

analysed by HR-TEM and EDX. The chemical composition of analysed by EDX revealed Pd, N, Cl and C as the main elements 

(Figure 8 (a)) and HR-TEM image (Figure 8 (b)) showed spherical Pd nanoparticles with diameter of 3.4 nm.   

 
Figure 8: a) EDX analysis and b) TEM images for nanoparticles formed during CO2 hydrogenation 

with C10. 
 

3.3.1 Evaluation of homogeneity during hydrogenation reaction with pre-catalyst C10 

A mercury drop test was carried out during a reaction using C10 and in the presence of elemental mercury and there was a significant 

drop in conversion. Only 0.55 mmol formate (Figure 9) was produced which was a significantly less than a reaction without 

mercury (0.75 mmol formate produced). This suggested that catalytic activity was due to the presence of a “cocktail” of catalytic 

species ( of both homogeneous and heterogeneous nature) in the system; since mercury poisons nanoparticles by forming an 

amalgam therefore reducing the available catalytically active species thus reducing activity.33–35 Though pre-catalyst C10 was found 

to be hydrogenating CO2 to formate as a mixture of both homogeneous and heterogeneous active species, further optimisation 

studies were performed to increase the production of formate. 
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Figure 9: Effect of mercury test on CO2 hydrogenation with pre-catalyst C10. Conditions: pre-

catalysts (3.00 µmol), DBU (5.00 mmol), CO2 (20 bar), H2 (40 bar), 120 oC, elemental mercury 

(catalyst to mercury ratio 1:3), 24 h, THF (5 mL) and H2O (1 mL). Products were determined by 1H 

NMR and 13C{1H} NMR spectroscopy in the presence of DMF (10 µL) as an internal standard. 
 

3.3.2 Effect of base and solvent on the hydrogenation of CO2 with pre-catalyst C10 

Base optimisation studies using C10 were performed in the presence of molecular CO2 and H2 at 120 oC in THF/H2O solvent mixture 

and the results are shown in Table 2. In the absence of a base, no formate was observed (Table 2; Entry 1). In the presence of KOH 

base (Entry 2) 0.80 mmol of formate was produced with a TON value of 267. Catalytic reactions in the presence of Et3N base (Entry 

3) produced 0.78 mmol of formate with a TON value of 260. The presence of a triethylamine base seemed to activate the 

hydrogenation process. DBU base gave a TON value of 250 as illustrated in (Table 1; Entry 2). This could be due to the higher 

solubility of organic nitrogen containing bases in  a wide range of solvents range thus providing homogeneous conditions.36 These 

results suggest that CO2 hydrogenation process is base dependent. DFT and NMR studies have revealed that the presence of a base 

facilitate hydrogen dissociation and also in the activation of H2 by forming hydrogen bonding during heterolytic process.37–39 The 

inorganic base, KOH was chosen as the optimum base which was used for further optimisation studies. 

 

Table 2: Effect of base and solvent on CO2 hydrogenation with pre-catalyst C10. 
Entry C10 Cat. 

(µmol) 

Base Temp/ 

(oC) 

Solvent P(CO2)/P(H2) 

(bar/bar) 

HCOO-    

(mmol) 

TON TOF 

(h
-1

) 

1 3.00 No base 120 THF/H2O 20/40 0.00 0.00 0.00 

2 3.00 KOH 120 THF/H2O 20/40 0.80 267 11 

3 3.00 Et
3
N 120 THF/H2O 20/40 0.78 260 10.8 

4 3.00 KOH 120 No solvent 20/40 0.00 0.00 0.00 

5 3.00 KOH 120 DMSO 20/40 0.00 0.00 0.00 

6 3.00 KOH 120 H2O 20/40 0.00 0.00 0.00 

7 3.00 KOH 120 THF 20/40 0.45 150 6.3 

Conditions: Base (5.00 mmol), total pressure 60 bar, THF (5 mL), H2O (1 mL), total solvent (6 mL), and 24 h. C10 Cat.  = pre-

catalyst loading (µmol). Products were determined by 1H NMR and 13C{1H} NMR spectroscopy in the presence of DMF (10 µL) 

as an internal standard. Average error estimate: KOH = 0.20, Et3N = 0.23, THF = 0.17, H2O = 0.25. TON = (mmol of 

formate/mmol of pre-catalyst). TOF = TON/reaction time. 
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Solvent variation studies were performed to understand the formation of formate in the hydrogenation process. Under our conditions 

(C10 (3.00 µmol), KOH (5.00 mmol), CO2 (20 bar), H2 (40 bar),120 oC and 24 h) there was no catalytic conversion of CO2 in the 

absence of a solvent (Table 2; Entry 4). CO2 hydrogenation in the presence of DMSO (Entry 5), H2O (Entry 6), ethanol and toluene 

did not show any CO2 conversion to formate due to the insolubility and partial solubility of C10 in these solvents which resulted in 

a hydrogenation reaction mixture which was not homogeneous. However, C10 is completely soluble in DMSO but no conversion 

was observed, and this could be attributed to the fact that DMSO is a coordinating solvent which might have competed with the 

substrates for the reaction site. Conversion of CO2 to formate with C10 in the presence of THF produced 0.45 mmol of formate 

(Entry 7) which was lower than that of the THF/H2O biphasic mixture which had 0.80 mmol of formate (Entry 2). The biphasic 

mixture (THF/H2O) was the best solvent under our reaction conditions and it was maintained for further optimisation studies.  

 

3.3.3 Effect of pressure, temperature and time 

The influence of pressure on the hydrogenation of CO2 to formate with C10 was performed by varying partial pressure and 

maintaining the total pressure of 60 bar and the results are shown in Table 3. Variation of partial pressure of CO2:H2 from 1:1 to 

1:3 (Entry 1-3) showed an increase in formate production from 0.45 mmol to 0.97 mmol. This trend shows that CO2 hydrogenation 

to formate with C10 depends on H2 pressure and a CO2:H2 ratio of 1.3 was found to be the optimum and economical under our 

reaction conditions. Pre-catalyst C10 was screened at different temperatures ranging from 100-160 oC in KOH and THF/H2O solvent 

mixture with CO2/H2 pressure ratio of 1:3 and the results are shown in Table 3; Entry 4-6. Conversion of CO2 was to formate 

increased from 0.39 mmol at 100 oC (Entry 4) to 1.4 mmol at 140 oC (Entry 6). Increasing the temperature to 160 oC, the highest 

TON of 533 was obtained with 1.6 mmol formate produced. The increase in formate production could be due to increased kinetic 

energy of the substrates with increase in temperature and the lower production of formate at lower temperatures could be due to the 

thermodynamic and kinetically stability of CO2. A decrease in reaction time to 12 h, formate production decreased to 0.71 mmol 

(Entry 7) with a TON value of 237. This shows that CO2 hydrogenation to formate with C10 is a time dependent reaction. 

 

Table 3: Effect of pressure, temperature and time on CO2 hydrogenation with pre-catalyst C10 
Entry C10 Cat. 

(µmol) 

Base Temp/ 

(oC) 

Solvent  P(CO2)/P(H2) 

(bar/bar) 

HCOO-    

(mmol) 

TON TOF 

(h
-1

) 

1 3.00 KOH 120 THF/H2O 30/30 0.45 150 6.3 

2 3.00 KOH 120 THF/H2O 20/40 0.80 267 11 

3 3.00 KOH 120 THF/H2O 15/45 0.97 323 13 

4 3.00 KOH 100 THF/H2O 15/45 0.39 130 5.4 

5 3.00 KOH 140 THF/H2O 15/45 1.4 467 19 

6 3.00 KOH 160 THF/H2O 15/45 1.6 533 22 

7[a] 3.00 KOH 160 THF/H2O 15/45 0.71 237 20 

Conditions: Base (5.00 mmol), total pressure 60 bar, THF (5 mL), H2O (1 mL) and 24 h. C10 Cat.  = pre-catalyst loading (µmol). 

7[a] = 12 h. Products were determined by 1H NMR and 13C{1H} NMR spectroscopy in the presence of DMF (10 µL) as an internal 

standard. Average error estimate: 30/30 = 0.20, 20/40 = 0.19, 15/45 = 0.25, 100 oC = 0.17, 140 oC = 0.19, 160 oC = 0.23. 

TON = (mmol of formate/mmol of pre-catalyst). TOF = TON/reaction time. 

 

Figure 10 and Figure 11 show an example of 1H NMR and 13C{1H) NMR spectra observed after CO2 hydrogenation in the presence 

of KOH base in a THF/H2O mixture with the formate peak observed at 8.32 ppm and 170 ppm respectively. The hydrogenation of 

CO2 with C10 produced nanoparticles in-situ thus CO2 hydrogenation with pre-synthesized nanoparticles (N^C^N-Pd/NPs) from 

C10 was performed. 
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Figure 10: 1H NMR spectrum after hydrogenation of CO2 using KOH base and pre-catalyst C10 at 

120 oC with a pressure ratio of 15:45(CO2:H2) recorded in D2O at 25 oC in the presence of DMF 

internal standard. 

 
Figure 11: Example of 13C{1H} NMR spectrum after hydrogenation of CO2 using KOH base and pre-

catalyst C10 at 120 oC recorded in D2O at 25 oC in the presence of DMF internal standard. 
3.4 Hydrogenation of gaseous CO2 with N^C^N-Pd/NPs 

CO2 hydrogenation was carried out on the pre-synthesized nanoparticles N^C^N-Pd/NPs at similar conditions as described for 

C10 and the results are recorded in Table 4. The studies began with carrying out catalysis with N^C^N-Pd/NPs pre-catalyst under 

C10 optimum catalytic conditions (N^C^N-Pd/NPs (3.00 µmol), KOH (5.00 mmol), CO2 (15 bar), H2 (45 bar),160 oC and 24 h) 

and 2.50 mmol of formate with a TON of 833 (Table 4, Entry 1) which is higher than that of C10 (TON 533).Changing the base to 

Et3N and DBU (Entry 2-3) increased formate production with DBU giving the highest TON of 937 and 2.81 mmol formate. This 

could be due to the fact N^C^N-Pd/NPs is stabilised by the presence of organic bases.  
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Table 4: Hydrogenation of CO2 with pre-catalyst N^C^N-Pd/NPs. 
Entry Cat. 

(µmol) 

Base Temp/ 

(oC) 

Solvent  P(CO2)/P(H2) 

(bar/bar) 

HCOO-    

(mmol) 

TON TOF 

(h
-1

) 

1 3.00 KOH 160 THF/H2O 15/45 2.50 833 34 

2 3.00 Et3N 160 THF/H2O 15/45 2.52 840 35 

3 3.00 DBU 160 THF/H2O 15/45 2.81 937 39 

4 3.00 DBU 160 DMSO 15/45 0.00 0.00 0.00 

5 3.00 DBU  160 THF 15/45 2.30 767 32 

6 3.00 DBU 160 H2O 15/45 trace - - 

7 3.00 No base 160 THF/H2O 15/45 - - - 

8 3.00 DBU 160 No solvent 15/45 - - - 

Conditions: Base (5.00 mmol), total pressure 60 bar, THF (5 mL), H2O (1 mL) and 24 h. N^C^N-Pd/NPs Cat.  = pre-catalyst 

loading (µmol). Products were determined by 1H NMR and 13C{1H} NMR spectroscopy in the presence of DMF (10 µL) as an 

internal standard. Average error estimate = 0.25. TON = (mmol of formate/mmol of pre-catalyst). TOF = TON/reaction time. 

In the absence of a base and solvent (Entry 7 and 8), N^C^N-Pd/NPs could not hydrogenate CO2 to formate. Using DBU base we 

carried out recycling studies of N^C^N-Pd/NPs in the hydrogenation of CO2 to formate. N^C^N-Pd/NPs pre-catalyst can be 

recovered and reused four times in THF/H2O solvent mixture whilst maintaining a TON value of 937 (Figure 12).  

 

 
Figure 12: Catalyst recycling studies pre-catalyst N^C^N-Pd/NPs. Conditions: pre-catalysts (3.00 

µmol), KOH (5.00 mmol), CO2 (15 bar), H2 (45 bar), 120 oC, 24 h, THF (5 mL), H2O (1 mL). Products 

were determined by 1H NMR and 13C{1H} NMR spectroscopy in the presence of DMF (10 µL) as an 

internal standard. TON = (mmol of formate/mmol of pre-catalyst). TOF = TON/16 h. 
 

3.4.1 Leaching studies on N^C^N-Pd/NPs pre-catalyst  

Leaching experiments were conducted at the end of the fourth cycle to verify whether the observed catalytic activity was due to the 

heterogeneous identity of N^C^N-Pd/NPs or the leached palladium species in solution. The catalyst was separated by centrifuge 

from the solution and the solution was analysed by ICP-OES to give 0.01 %m/m compared to 88.8 %m/m of palladium in the fresh 

catalyst. These results rule out any contribution to the observed catalytic activity due to the homogeneous palladium species in 

solution but indicate that the catalytic results are intrinsically heterogeneous. The solid N^C^N-Pd/NPs was analysed with HR-
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TEM (Figure 13) and the nanoparticles maintained their spherical nature after the fourth cycle with an average particle size of 3.34 

nm and standard deviation of ± 0.5 nm. 

 
Figure 13: TEM images for N^C^N-Pd/NPs after the fourth cycle of CO2 hydrogenation to formate in 

THF/H2O at 160 oC. 
 

4. Conclusion   
In summary, novel complex C10 was catalytic evaluated as a pre-catalyst for hydrogenation of CO2. C10 has been observed to 

effectively reduce CO2 to formate with the highest TON of 533 obtained in the presence of THF/H2O mixture at 160 oC. The 

preparation and further catalytic evaluation of pincer complex C10 nanoparticles (N^C^N-Pd/NPs), exhibited excellent 

performance with high TON of 937 which was superior than the homogeneous system under moderate conditions of temperature 

(160 oC) and total pressure (60 bar). These results further support our hypothesis on the mixed-phase involvement upon 

hydrogenation of CO2 using the complex as pre-catalyst. This system may offer a potential design strategy for the development of 

selective and sustainable catalysts based on palladium for utilization of CO2. 
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