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Abstract

:

Pd-catalysed reactions are amongst the most important in current chemistry. Consequently, very reactive catalysts were developed during the last decades, allowing very high conversions at low catalytic rates. However, decreasing Pd leaching in final products without decreasing catalyst efficiency remains an unsolved issue, especially in the pharma industry. We recently showed that using calixarenes as platforms for Pd-based catalysts constitutes an efficient answer to this concern. In the present work, we show that using these calixarenic platforms in combination with suitably engineered ligands allows for an even more strongly decreased Pd leaching. It thus opens up interesting perspectives for the synthesis of new families of catalysts combining a very high reactivity and a very low Pd leaching in final products.
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1. Introduction


Organometallic catalysis emerged as one of the most powerful synthetic tools during the last century. A broad scope of organic transformations can now be performed in excellent conditions regarding yields, selectivities and catalyst loading [1]. Among them, metal-catalysed C-C bond formation reactions are of central importance, and Pd chemistry offers highly efficient systems in this regard [2,3,4,5,6,7].



Despites this well documented efficiency, these catalysts are still suffering from drawbacks, especially regarding industrial applications. Indeed, along with cost considerations, the reactivity of a given catalyst (i.e., the amount of Pd to be used for a given transformation) is not the only criterion to be taken into account. Indeed, metal leaching is observed during all Pd-catalysed reactions. This may originate from both catalyst decomposition and activation processes [8], or from the intrinsic solubility of the catalyst used. This could result in final products being contaminated with Pd. This issue turns out to be critical in the pharma industry, where toxicity concerns are of paramount importance. Here, the amount of Pd in active principles is severely constrained (in some cases less than 1 ppm [9]). Post-process removal of metal traces is thus commonly used (often using active carbons or metal scavengers).



These considerations led to the development of supported catalysts [10,11,12,13,14,15], where the active species are grafted onto solid organic [16,17] or inorganic [18,19] supports. This considerably reduces metal leaching, but also usually decreases the activity of the catalyst, due to its reduced accessibility.



Recently, we described new calixarene-supported catalysts [20,21]. Calix[8]arenes were functionalised by imidazole-derived ligands, that were subsequently converted to carbenes and used for the anchoring of different Pd complexes.



PEPPSI-type (Figure 1, Cat. 1, Cat. 2, Cat. 3) or Pd (cinnamyl) complexes (Figure 1, Cat. 4) were obtained in this way. All these calixarene-supported catalysts demonstrated their efficiency for Suzuki–Miyaura [22,23,24,25,26,27] and Buchwald [28] catalysis, allowing for both high activities and low metal leaching to be achieved at once. Even if low metal leaching values are observed using calixarenes-supported catalysts [22,23,24,25,26,27,28], obtaining even lower values is still required in some cases, and is always an important target by itself.




2. Results and Discussion


Towards that goal, a new calixarene-based catalyst was designed, where the carbenic ligand is associated with a quinoline group, able to form a stable chelate complex with palladium. This possibility is likely to more efficiently hold the Pd species inside the support, thus lowering metallic leaching. Its synthesis is outlined in Scheme 1.



The strategy relies on the alkylation of the commercially available quinoline 6 by the chlorobutyl-functionalised calixarene 5 [22,23,24,25,26,27,28]. The resulting imidazolium salt 7 was first characterised by 1H NMR spectroscopy (see Supplementary Materials), clearly evidencing the presence of the expected imidazolium protons, with the expected intensity. The signals appear quite broadened compared with 5. This results from the increased crowding associated with the introduction of the quinolinium moieties, resulting in reduced conformational flexibility for the calixarenic macrocycle. However, the signals are sufficiently symmetric to confirm the full conversion of all the chlorobutyl moieties of 5 to imidazolium groups. An elemental analysis of this compound was provided by XPS analysis of a powdered sample. It shows the presence of the expected elements. Interestingly, the N 1s/Cl 2p normalised ratio is 2.6, close to the expected value of 3 (see Supplementary Materials).



The imidazolium salt 7 is then metalated using palladium bromide in pyridine, resulting in the targeted catalyst, compound 8 [29,30]. 1H NMR analysis shows the complete disappearance of the imidazolium protons, as expected. The signals appear as quite broadened, as observed for 7, due to further reduced conformational flexibility. Interestingly, this broadening effect is more pronounced in CDCl3 compared with (DMSO)-d6 (see Supplementary Materials). This could be indicative of the presence of aggregated species in the former solvent, due to its smaller dielectric constant. The signals observed in (DMSO)-d6, although broadened, are sufficiently symmetric to ensure that all the eight constituting units of the calixarenic core are metalated. Despite several attempts, we were not able to achieve mass spectrometry analyses, regardless of the technique used (ESI or MALDI). We believe that the highly apolar nature of the product along with its high molecular weight is not compatible with ESI-MS. Regarding MALDI-MS attempted analyses, it seems that an extensive reduction in the Pd2+ ions occurs, resulting in the decomposition of 8. As reliable elemental analyses cannot be obtained with such large, empty molecules as our calix[8]arenes derivatives, the only option left to obtain accurate information on the composition is thus XPS. Common light elements analysis (C and O) is difficult, as they are widespread contaminants. However, reliable results are obtained for such elements as N, Br and Pd that do not suffer from such contamination problems. Accordingly, the measured N/Pd ratio for compound 8 is 2.7, close to the expected value of 3 (as pyridine is eliminated under the required UHV conditions for XPS analyses). In the same way, the observed Br/Pd ratio is 1.86, close to the expected value of 2.



This, in turn, also confirms the full conversion of 5 to the octa(imidazolium) salt 7 at the previous step. Full synthetic details are provided in the Supplementary Materials, along with the characterisations of all these compounds. Regarding the structure of 8, it can reasonably be assumed that the presence of the quinoline ligand may favour its occurrence as a chelated specie. However, signals associated with the pyridine ligand are still observed on its 1H NMR spectra, but their intensity is lower than expected for a 1:1 Pd:pyridine complex. This shows that compound 8 probably exists as two species in equilibrium (Scheme 1). Note that the chelating effect of the large, coordinating aromatic quinoline ligand may also be effective at stabilising the different PdII/Pd(0) intermediates involved in the catalytic cycle.



An evaluation of the reactivity of 8 in the Suzuki–Miyaura coupling of a representative scope of aryl halides was performed (Scheme 2).



Its activity was compared with a reference catalyst (Cat. 2, Figure 1). The results are reported in Table 1.



The conditions used for these experiments are directly inspired by our previous studies [11,12,13,14,15,16], with alcohols being used as green solvents.



In these experiments, a high selectivity towards the expected couplings products was obtained, with only small amounts of dehalogenated or deborylated by-products observed. The performances of compound 8 are lower than the reference catalyst Cat. 2 (Figure 1). This was expected, as the presence of the quinoline, acting as an auxiliary ligand, tends to stabilise coordinatively unsaturated Pd species, thus reducing the overall reactivity.



However, the performances of compound 8 are still interesting, as full conversions with a broad panel of substrates are still observed at relatively low catalyst loadings.



With these results in hand, the Pd leaching of compound 8 was measured (and compared with the same reference catalyst as before) using the model reaction shown in Scheme 3.



The crude reaction media was directly filtered using a filter paper, and the filtrate was mineralized by refluxing in concentrated nitric acid [11].



The results are shown in Table 2.



Very high conversions (>90%) were observed for both catalysts.



To insure accurate comparisons, the protocol used for leaching evaluation was the same for both catalysts, regarding (i) filtration, (ii) mineralisation, and (iii) ICP-MS analyses of residual Pd [11,12,13,14,15,16].



Delightfully, we observed that the leaching of compound 8 is four times lower than the one observed for the reference catalyst 2, 99.62% of the initial Pd content being retained in the catalyst. Thus, although the presence of the quinoline ligand decreases the reactivity of compound 8, it also strongly reduces its release of Pd species. This is probably due to their trapping by coordination. Note that the electron-deficient, pi-extended structure of the quinoline moiety is also likely to favour strong stacking interactions with Pd nanoparticles (commonly observed at the end of Suzuki–Miyaura coupling reactions), keeping them inside the support and further reducing leaching values.




3. Materials and Methods


3.1. General


All the solvents were purchased from TCI and Aldrich as anhydrous, and used as received. Compound 5 was purchased form NOVECAL (Orsay, France: https://www.novecal.com/, accessed on 22 July 2022). Compound 6 was purchased from CHEMIELIVA (JiangBei, Chongqing, China) and used as received.




3.2. Synthesis of the Imidazolium Salt 7


In a Schlenk flask equipped with a magnetic stirring bar and flushed with argon, compound 5 (250 mg, 0.1 mmol), 6 (1.2 g, 6.61 mmol) and sodium bromide (1.74 g, 14.6 mmol) were introduced and dry DMF (6 mL) was then added under argon. The reaction mixture was stirred at 60 °C under argon for 3 days. Then, 4 mL of DCM were added and the mixture was filtered over a Celite pad. The filtrate was evaporated under vacuum and the residue was dissolved in DCM and precipitated with Et2O. The solid was filtrated and washed with Et2O affording the imidazolium salt 7 as a white solid (136 mg, 31%).



1H NMR (300 MHz, CDCl3): δ = 10.51 (s, 8H); 8.80 (s, 8H); 7. 73–8.40 (m, 32H); 7.35–7.71 (m, 16H); 7.19 (bs, 40H); 6.42 (bs, 16H); 4.21–4.96 (m, 32H); 3.39–4.21 (m, 32H); 1.48–2.43 (m, 40H).



13CNMR (100.4 MHz, CDCl3): δ = 159.6 (N=(CH)-N)+imidazolium; 154.23, 152.20 (quaternary Car-O); 139.6, 138.4 ArC-Hpyridine/quinoline; 130–123 ArC-H.




3.3. Synthesis of Compound 8


In a Schlenk flask equipped with a magnetic stirring bar and flushed with argon, compound 7 (552 mg, 0.127 mmol), palladium bromide (100 mg, 1.43 mmol) and potassium carbonate (763 mg, 5.1 mmol) were introduced and pyridine (4 mL) was added under argon. The reaction mixture was stirred at 100 °C under argon for 24 h. DCM (20 mL) was added and the mixture was centrifuged. The mixture was filtrated and evaporated under vacuum. The residue was dissolved in DCM and precipitated with Et2O. The solid was filtrated and washed with Et2O affording a yellow solid after drying under vacuum (296 mg, 40%).



1H NMR



(300 MHz, DMSO-d6): δ (ppm) = 8.74–9.01 (m, 8H), 8.40–8.66 (m, 24H), 8.10–8.22 (m, 8H), 7.49–7.94 (m, 32H), 7.18–7.47 (m, 3H), 6.87–7.15 (m, 5H), 6.52 (bs, 2H), 4.58 (bs, 4H), 3.67–4.16 (m, 4H), 2.39–1.64 (m, 5H).



(300 MHz, CDCl3): δ (ppm) = 8.82 (d, o-pyridine); 7.69 (t, p-pyridine); 7.26 (t, m-pyridine)–8.95 (m, o-quinoline), 7.87 (m, p-quinoline); 7.70 (m, m-quinoline); 8.6-8.8 (Ar quinoline); 7.2–6.80 (Ar benzyl), 6.2–6.8 (Ar-hydroquinone); 4.25–5 (Ar-CH2-O-); 3.2–4.2 (Ar-CH2-Ar/CH2-O/CH2-N+); 1.6–2.6 (-CH2-CH2-)



13C NMR (CDCl3)



(100.62 MHz): δ (ppm) = 157.16 (o-pyridine); 154.5, 152.3 (quaternary Car-O); 148.4 (Ccarbene-Pd); 138.61/125.59 (p-pyridine/m-quinoline); 136/121.8 (C-H carbene); 129.21 (o-quinoline); 121.7 (benzylic Ar); 51.35 (benzylic carbon).




3.4. General Protocol for Suzuki–Miyaura Couplings Using Catalyst 8


A 10 mL Schlenk-tube equipped with a magnetic stirring bar and a septum was loaded with the aryl halide derivative (1 mmol), the boronic acid (1.5 mmol), K3PO4 (2 mmol) and the catalyst (x mol% Pd). The mixture was dried under vacuum for 10 min and EtOH (anhydrous, 2 mL) and the aryl halide derivative (1 mmol) were then added under argon. The flask was flushed with three brief vacuum/argon cycles. The reaction mixture was subsequently stirred at 80 °C for two (or more) hours. The heterogeneous solution was then allowed to cool down to room temperature, filtered on a Whatman® grade 5 filter (rinsed with EtOH) and the filtrate was evaporated under reduced pressure. The residue was poured into water (20 mL) and extracted with DCM (3 × 20 mL). The combined organic layers were dried over MgSO4, filtered and the filtrate was concentrated under reduced pressure. The crude material was purified by column chromatography on silica gel, to afford the expected biaryl derivatives as pure products.





4. Conclusions


We disclose here a new calix[8]arene-supported Pd PEPPSI catalyst, where an additional quinoline ligand was added on the carbenic core. This new catalyst (along with all the synthetic intermediates) was fully characterised by NMR spectroscopy and XPS analysis.



The performances of this new catalyst were compared with those of previously described reference calix[8]arene-supported ones in Suzuki–Miyaura couplings. This comparison shows that the presence of the quinoline ligand reduces the reactivity, but the performances are still very interesting. Most importantly, it also strongly reduces Pd leaching in the final product. Thus, an important conclusion is that two leaching-reduction strategies can be combined: along with their intrinsically low leaching due to their calixarenic core [11,12,13,14,15,16], the performances of our previously developed calixarenic support can be further improved by engineering the ligands around the palladium.



This work opens interesting possibilities for the preparation of new families of calixarene-supported catalysts with even improved performances.
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Figure 1. Previously described calix[8]arene-based catalysts. 
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Scheme 1. Synthesis of a calix[8]arene-based catalysts with added quinoline ligand (compound 8). 
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Scheme 2. Conditions used for reactivity evaluation of compound 8. 
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Scheme 3. The reference reaction used for compared leaching evaluation. 
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Table 1. Compared results obtained with compound 8 and the reference catalyst 2.
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Halide

	
Catalyst

	
Pd (mol%)

	
T (°C)

	
Solvent

	
Conversion (%) a,b
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Cat. 2

	
0.001

	
80

	
EtOH

	
93




	
8

	
0.5

	
80

	
EtOH

	
95




	
8

	
0.5

	
100

	
n-BuOH

	
100
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Cat. 2

	
0.05

	
80

	
EtOH

	
97




	
8

	
2

	
80

	
EtOH

	
76
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Cat. 2

	
0.05

	
80

	
EtOH

	
>99 c




	
8

	
2

	
80

	
EtOH

	
95




	
8

	
1

	
80

	
EtOH

	
100




	
8

	
0.5

	
80

	
EtOH

	
96




	
8

	
0.1

	
80

	
EtOH

	
90
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Cat. 2

	
0.01

	
80

	
EtOH

	
>99




	
8

	
0.1

	
80

	
EtOH

	
>99
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Cat. 2

	
0.1

	
80

	
EtOH

	
>99 d




	
8

	
0.1

	
80

	
EtOH

	
>99
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Cat. 2

	
2

	
80

	
EtOH

	
57




	
8

	
0.5

	
80

	
EtOH

	
4




	
8

	
0.5

	
100

	
n-BuOH

	
15








a Aryl halide (1 eq, 0.50 M), phenylboronic acid (1.5 eq), K3PO4 (2 eq), compound 8, argon. b Determined by GC. c 27 °C. d 0.25 M.
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Table 2. Comparative leaching measurement of Cat. 2 and compound 8.
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	Catalyst
	Conv.
	Pd (ppm)





	Cat. 2
	99%
	50



	8
	95%
	12.5
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