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Additive-free selective methylation of secondary amines

with formic acid over a Pd/In_2O_3 catalyst

a Reaction conditions: 1a (5 mmol), catalyst 1.5 mol%, FA (60 mmol), DME (10 mL), 200°C, 18 h. Yields determined by GC/MS using isooctane as an internal standard, after calibration.

4-fluoro-N-methylaniline was retained as a benchmark substrate. Among the various catalysts tested, Pd/In2O3 afforded the best activity for N-methylation (yield: 94%). Remarkably, Pd/In2O3 showed better activity than both In2O3 and Pd/C, indicating that a positive synergistic effect occurs between the oxidic support and the Pd catalytic species. The same observation can be made with Ru and Pt containing catalysts (entries 5-8).

Pd/In2O3 displays higher activity than the Pt and Ru containing analogues (100% conversion vs 85 and 82%, respectively), and higher selectivity towards 1b (94% yield vs 30 and 14% respectively). The reaction conditions for the methylation of various amines were therefore optimized with this catalyst (see Table S1). When the reaction is conducted at 150°C, there is total conversion of 1a but the yield in 1b is limited to 22% after 12 h (entry 2). The results are much better at 200°C, with an 85% yield in the desired product. This is consistent with reports showing that In2O3 is more active for CO2 hydrogenation above this temperature. 17 Screening different solvents revealed that DME is the best suited for the methylation reaction (entry 1), while yields fall when the reaction is conducted in hexane (entry 3). With THF, significant degradation of the solvent is observed, making its use impractical (entry 4).

A 12h reaction time with 4-fluoro-N-methylaniline as a substrate leads to a 100% conversion with a 85% yield of 1b (Table S1, entry 1), which increased to 94% after 18h (entry 5). Longer reaction times did not provide better yields (entry 6).

The quantity of FA relative to the substrate was also optimized. Tests were made with 2, 4, 8 and 12 equivalents of FA (entries 5 and 7-9). The best conversion (100% vs 58, 73, and 93%, respectively) and 1b yield (94% vs 6, 16 and 23% respectively) were obtained with 12 eq. FA (entry 5). This stoichiometry was thus selected for further catalytic reactions.

The Pd/In2O3 catalyst is a brown powder that turns to black after it is reduced, and turns back to brown after it is annealed again, as would be the case in a typical recycling experiment. SEM-EDX mappings of a fresh catalyst sample show that Pd, In, and O are spread uniformly on a micrometric scale (Fig. S3). XPS spectra of the samples were recorded before and after reaction with a substrate, as well as after annealing under air of a spent catalyst sample. They confirmed the presence of In, Pd and O in the samples. In the as-prepared state, the Pd3d signal at 336.7 eV is ascribed to PdO (Fig. S4). 18 The In3d5/2 signal was detected at 444.1 eV, characteristic of In2O3 (Fig. S5) 19 . A shift of the Pd3d signal to 335.6 eV is observed for the reacted catalyst sample, which according to literature corresponds to elemental Pd. 18 After annealing of the spent catalyst, the Pd signal appeared at 337.3 eV, indicating a re-oxidation of palladium. In the reacted catalyst, the In 3d5/2 signal was recorded at 444.9 eV and the peak became broader, signaling that while indium was not significantly reduced during the reaction, another chemical environment is present, possibly In(OH)3. After annealing of the spent catalyst, the In signal was detected at 444.5 eV and the peak became narrower again, signaling a return to In2O3. The atomic concentration of Pd of the near surface region was 16.7% for the as-prepared catalyst and decreased to 4.1% in the spent catalyst (Table S2). It retained a similar value (4.2%) over annealing (400°C, 3 h) of the spent catalyst.

HR-TEM images of samples of the fresh, reacted and recycled catalyst were recorded, as well as EDX spectra. The fresh Pd/In2O3 materials is made of objects varying in size from about 20 to 50 nm aggregated into bigger objects (100-500 nm) (Fig S6a). The bigger objects seem to result from the aggregation of two different kinds of material (Fig. S6b). Close-ups of zones containing both types of material, (zones 1 and 2 on Fig. S6b) were recorded, and EDX analysis of both zones were carried-out. The material in zone 1 is highly crystalline, with the planes clearly visible (Fig. S6c). The EDX spectrum shows a high concentration of palladium in the material (Fig. S6d). A close up of zone 2 shows that the material is crystalline as well (Fig S6e). EDX showed a high concentration of indium and no palladium in this zone (Fig. S6f). We can deduct from these studies that fresh Pd/In2O3 catalyst is likely made of particles of indium oxide decorated with palladium oxide. This is consistent with the catalyst synthesis method, where indium oxide is suspended in a solution containing Pd 2+ ions before solvent evaporation and subsequent annealing.

A sample of the reacted catalyst was analyzed with similar methods. The reacted catalyst displays nanostructures with a 5-10 nm size aggregated into bigger objects (Fig S7a). The material is crystalline with the planes clearly visible. The material is much more homogeneous in nature than the fresh catalyst. EDX spectra of various zones of a number of different particles all confirmed the presence of both metals in every point of the sample (Fig. S7b). These results are consistent with observations reported by Neumann et al., who described the formation of intermetallic In-Pd particles, as well as diffusion of Pd into the bulk upon exposure of similar Pd/In2O3 sample to reducing conditions at 200°C. 19 These observations, combined with the homogenization of the catalyst material most likely account for the decrease of the concentration of palladium observed by XPS.

A sample of reacted catalyst that was subsequently re-oxidized by annealing under air was observed with HR-TEM as well. The morphology is the same as with the reacted catalyst, with nanostructures of ca. 10 nm aggregated into bigger objects (Fig S8a). The material is still crystalline, and quite homogeneous. EDX analyses in various points of the sample showed that confirmed the presence of both In and Pd everywhere (Fig. S8b). This is consistent with the stable atomic concentration of Pd in the samples detected with XPS.

In order to ensure that there is no contribution from Pd possibly leached from the solid catalyst, our benchmark reaction was carried out with pure In2O3 powder in the liquid phase recovered from a previous run of the reaction, but only extremely limited activity for amine methylation could be observed (3%).

All these observations allow us to propose that Pd in the catalyst is reduced by either FA or H2 (produced upon FA decomposition), and that metallic Pd on In oxide and/or In-Pd intermetallic species are the active catalytic species.

Recycling experiments were carried out with 1a as a substrate (Fig. 1). After each run, the recovered catalyst was annealed under air at 400°C for 3h. Full conversion and excellent specificity were obtained with a second and third run of the catalyst. In a fourth run, specificity decreased to 85% of the desired product.

The methylation of a variety of primary and secondary amines was carried out to explore the potential of this novel catalytic transformation. Using 12 equivalents of FA, the methylation of secondary aromatic amines (entries 1-7) is efficient, with yields ranging between 70 and 93% (18h, 200°C, 1.5 mol% [Pd]). The catalytic system tolerates a variety of substituents on the aromatic ring. Interestingly, no hydrogenation of the aromatic cycle was observed, as can be the case with other Pd containing catalysts during hydrogenation of aromatic species including amides 20 . With aniline and N-methylaniline, coupling by-products, mostly 4,4'methylenebis(N,N-dimethylaniline), were observed, which explains the low yield in product 11b. The same kind of coupling was observed with 5a and 10a, yielding 4,4'-methylenebis(3-chloro-N,N-dimethylaniline) and 4,4'-methylenebis(N-isopropyl-Nmethylaniline) as side products. The catalytic system displayed limited activity with aliphatic amines (entries 9-13). The best yield was obtained with morpholine (60%). With substrate 12a, secondary products such as N,N-diethylbenzylamine and Nisopropylbenzylamine are observed, driving down the yield in desired product 12b. In light of these results, and in order to enhance the scope of this catalytic transformation, we investigated possible reaction pathways and intermediates. Based on the species detected at the end of the reaction, it quite plausible that the methylation of the NH function involves the formation of a formamide intermediate, which is subsequently reduced.

Reaction of N-methylformanilide 2c with 12 equivalents of FA in our chosen conditions indeed provided N,N-dimethylaniline with an excellent 94% yield. A possible pathway is thus the conversion of the starting amine into the corresponding formamide, followed by either direct or transfer hydrogenation.

During the reaction, the pressure inside the autoclave increased to 30 bar. Gas chromatography analysis of the autoclave atmosphere confirms the presence of H2 and CO2, likely resulting from FA decomposition over the catalyst. It is thus possible that either FA or/and H2 are responsible for formamide (transfer)-hydrogenation. To test these hypotheses, the hydrogenation of Nmethylaformanilide was conducted in our preferred conditions with FA at 200°C and under a H2 and a H2/CO2 atmosphere. At 160°C, conversion was extremely low, regardless the nature of the reductant, indicating that reduction of the amide is the rate determining step in the methylation of amines. A >99% conversion and excellent 94 % yield of N,N-dimethylaniline were obtained with FA as a reductant (Table 3, entry 1) at 200°C. In contrast, the direct hydrogenation (30 bar H2) of N-methylformanilide 2c provided a mixture of N-methylaniline 2a and N,N-dimethylaniline 2b with a 50 to 60 % yield depending on the conditions. This is consistent with recent results published by Sorribes et al., 21 whereas only traces of the de-methylated product were observed with FA (Table 3, entries 2, 3). A higher H2 pressure (50 bar) did not significantly modify the results, and a CO2 pressure only had a marginal impact (Table 3, Entries 3, 4). This leads us to propose that FA, and not H2 issued from its decomposition, is the principal reductant in the methylation of amines over Pd/In2O3 (Fig. 2). Methanol was observed in the reaction medium, as could be anticipated from the fact that In2O3 catalyzes the hydrogenation of CO2 to methanol. The use of 4 equivalents of methanol as a methylating agent was tested with N-methylaniline in our preferred conditions. The reaction yielded a moderate 22% yield of methylated product (conversion: 30%). It is thus possible that methanol issued from CO2 hydrogenation is a minor contributor to amine methylation as well.
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 1 Fig. 1 Conversion and yield in 1b (%) for methylation of 4-fluoro-N-methylaniline over Pd/In2O3 after 1, 2, 3 and 4 runs

a 4 .

 4 Scheme 1. Reaction of N,N-dimethylaniline with FA over Pd/In2O3

Table 1 .

 1 Methylation of 4-fluoro-N-methylaniline (1a) with FA over various catalysts. a

	Entry	Cat.	Conv. (%)	Yield 1b (%)	Yield 1c (%)
	1	None	97	Traces	96
	2	In2O3	98	11	74
	3	Pd/In2O3	100	94	4
	4	Pd/C	88	9	72
	5	Pt/In2O3	85	30	51
	6	Pt/C	58	5	47
	7	Ru/In2O3	82	14	59
	8	Ru/C	75	8	44

Table 2 .

 2 Pd/In2O3 catalyzed methylation of aromatic and aliphatic amines with FA

	Entry	Substrate Conv. (%) Yield b (%)	Yield c (%)
	1	1a	100	94	traces
	2	2a	100	84	8
	3	3a	100	90	traces
	4 a	4a	100	76	24
	5	5a	100	77	traces b
	6	6a	95	70	traces
	7	7a	100	78	22
	8	8a	100	99	traces
	9	9a	100	82	16
	10	10a	100	80	traces c
	11	11a	89	29 (12 d )	20
	12	12a	e	40 (1 f )	20 g
	13	13a	100	60	38
	14	14a	98	31	65
	15	15a	100	25	73

Hydrogenation of N-methylformanilide with various reductants
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a Reaction conditions: 1a (5 mmol), Pd/In2O3 80 mg, DME (10 mL), 200°C, 18 h. Yields determined by GC/MS using isooctane as an internal standard, after calibration.

In conclusion, we have developed a simple, additive-free procedure for the N-methylation of amines with FA as a carbon and hydrogen source, by using a water and air resistant Pd/In2O3 catalyst, without the need for an additional reductant. Aromatic amines are methylated with good yields and no reduction of the aromatic cycle is observed.
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