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ABSTRACT: Rare earth metals exhibit high catalytic activity and selectivity in various organic reactions due to their unique 
electronic properties. Among them, praseodymium has been shown high catalytic activity under mild reaction conditions 
compared with transitional metals. Here, we report a strategy of Pr-catalyzed aerobic dehydrogenative aromatization of 

saturated N-heterocycles to produce 7 classes of products with abroad substrate scope. Preliminary mechanistic studies 
indicated the oxidation state of Pr probably changed during the reaction from +3 to +2 via a single electron transfer process. 

Rare earth metals are widely utilized in various 
applications such as materials, batteries, electronics, and 
medical imaging reagents, among others, owing to their 
exceptional chemical, optical, and electronic properties.1-5 
In the domain of organic synthesis, rare earth metals are 
often employed as Lewis acids to expedite desired organic 
transformations with remarkable efficiency, selectivity, 
and stability6. One of the distinctive aspects of rare earth 
metals in catalysis is their ability to form diverse oxidation 
states, wherein the most stable oxidation state is typically 
+3. This characteristic enables them to effectively activate 
and stabilize intermediates during the catalytic process, 
further enhancing their catalytic prowess. The large 
electron reservoir of lanthanide metals,the Lewis acidic 
character of the Ln3+ ions and their intermediate 
electronegativity compared to lithium or magnesium can 
provide unique reactivity patterns.6 

For example, Praseodymium, an important rare earth 
metal, has found diverse applications as a crucial 
component in high-performance magnets, glass, ceramics, 
alloys, and more. However, despite its versatility, 
praseodymium and its complexes have been scarcely 
utilized in organic synthesis. There are only a few 
instances where praseodymium organometallic complexes 
were prepared and employed for carbon-carbon bond 
formation.7 Imamoto et al. discovered that a simple 
praseodymium chloride salt combined with lithium 
reagents could efficiently yield alcohols from carbonyl 
compounds under mild conditions.8 Priefer et al. reported 
that the in-situ formed reagents of Pr0/TMSCl induced 
carbon-carbon coupling of ketones to generate pinacols.9 

Zhang et al. studied the Barbier-type reaction with 
praseodymium reagents, which showed efficient insertion 
of the carbon-iodide bond of allyl iodide to yield the 
organometallic complex, reacting with ketones under mild 
conditions without any additives.10 In 2017, Pan et al. 

discovered that Pr(OTf)3-catalyzed regioselective 
amination using azides could produce C3-N-substituted 
coumarins.11 Nitrogen heterocycles are abundant in 
natural products and pharmaceuticals, dehydrogenation of 
partially saturated aromatic N-heterocycles shows utmost 
importance for the synthesis of heterocycles.12 

Scheme1. The Application of Praseodymium in 
Organic Synthesis  

 

Our group previously reported an efficient Pr(OTf)3-
catalyzed intermolecular hydroamination of unactivated 
alkenes with anilines in an ionic solvent to obtain the 
Markovnikov products.13 In continuation of our efforts 
towards green synthesis,13 we hereby report an efficient 
protocol of Pr-catalyzed aerobic dehydrogenative 
aromatization of saturated N-heterocycles. The reaction is 
also tolerant with electron-withdrawing groups 



 

substituted at the N-1 position and this process probably 
involved a single electron transfer process (Scheme 1). 

Table 1.Optimization of Reaction conditionsa 

 

entry Rare earth catalyst 
(mol%) 

Additive Yield of 2 
(%) 

1 PrCl37H2O (10 mol%) NA 67 

2 Pr(NO3)36H2O (10 
mol%) 

NA 21 

3 Pr(SO4)38H2O (10 
mol%) 

NA 37 

4 Pr(OAc)3H2O (10 
mol%) 

NA n.d. 

5 Pr(OTf)3 NA 26 

6 CeCl37H2O (10 mol%) NA 58 

7 EuCl36H2O (10 mol%) NA 57 

8 SmCl36H2O (10 mol%) NA 59 

9 NdCl36H2O (10 mol%) NA 60 

10 PrCl37H2O (10 mol%) NA 63b 

11 PrCl37H2O (10 mol%) DDQ 

(15 mol %) 

98c 

12 PrCl37H2O (10 molt%) DDQ 

(10 mol %) 

98c 

13 PrCl37H2O (10 mol%) DDQ 

(7.5mol %) 

93c 

14 PrCl37H2O (7.5 mol%) DDQ 

(15 mol %) 

98c (90)d 

15 PrCl37H2O (5 mol%) DDQ 

(7.5mol %) 

88c 

aReaction conditions: 1 (0.2 mmol), Rare earth metalSalt 
(10 mol%), in 1,4-Dioxane (1.0 mL) at 80 oC under 1 atm 
O2 for 12h. Yield is based on 1 and was determined by 1H-
NMR analysis by using CH3NO2 as an internal standard. bIn 
THF. cAt 60oC. dIsolated yields. 

Aerobic dehydrogenative aromatization has recently 
emerged as a powerful tool for synthesizing diverse N-
heterocycles.14-22 To optimize the reaction conditions, we 
began our study with indoline as the model substrate, 
using rare earth metal salts as the catalysts (Table 1, 
entries 1-10). In the absence of additives, indole was 
obtained in 67% yield with 10 mol% of PrCl3·7H2O as the 
catalyst at 80 °C (Table 1, entry 1). We systematically 
screened other parameters of the reaction conditions, and 
promising results were demonstrated using solvents such 
as 1,4-dioxane and THF, yielding indole in 67% and 63% 
yields, respectively (Table 1, entries 1 and 10). We also 
screened different additives and ligands (Tables S6-S7), 

and to our delight, adding 15 mol% DDQ as the co-oxidant 
increased the reaction yield to 98% at a lower temperature 
of 60 °C (Table 1, entry 11). The amounts of PrCl3·7H2O 
and DDQ were adjusted slightly, and the results were 
shown (Table 1, entries 11-15). Finally, using 7.5 mol% of 
PrCl3·7H2O as the catalyst, 15 mol% DDQ as the co-oxidant, 
1,4-dioxane as the solvent, and under O2 atmosphere, 
indole was isolated in 90% yield at 60 °C in 12 hours 
(Table 1, entry 14). 

Next, we examined diverse classes of N-heterocycles 
under the optimal reaction conditions(Scheme 2). We first 
explored a broad range of indolines and successfully 
obtained the corresponding indole products in good to 
excellent yields (2a-2ab). Even N-methyl indoline was 
suitable, producing N-methyl indole in 93% yield (2b). 
When we tested other substituted groups at the N1 
position of indolines, we found that benzyl and phenyl 
groups were well-tolerated, delivering the desired 
products (2c) and (2d) in 70% and 85% yields, 
respectively. Although electron-withdrawing groups such 
as acetyl, tert-butoxycarbonyl, and p-toluenesulfonyl 
groups resulted in lower yields (2e-2h), they were still 
tolerated in our protocol, with the synthetic intermediate 
(2g) of Enzastaurin generated in 78% yield to demonstrate 
the potential application of our aerobic dehydrogenative 
aromatization strategy. We also screened other 
substituents at the C2 and C3 positions of indolines. A 
methyl group at the C2 position, for instance, yielded the 
corresponding product in 79% yield (2i), while an 
aromatic group, phenyl-substituted at the C2 position, 
resulted in a lower yield of 58% (2j). Electron-
withdrawing groups, such as an ester group at the C2 
position, were successfully introduced in a 97% yield (2k), 
while a 70% yield of the target product at the C3 position 
was isolated (2l). Halogen groups at the benzyl ring of 
indolines were also subjected to the current protocol, and 
the corresponding products were obtained in 76-92% 
yields, paving the way for further transformations (2m-2r). 
A methyl substituent at the C5 position was well-tolerated, 
yielding 2s in 93% yield, while a methoxyl substitute had a 
negative impact, producing 2t in 50% yield. Other 
functional groups at the C5 position, including cyano, 
formyl, ester, hydroxyl, and amine, were applicable in this 
reaction. To our surprise, a nitro-substituted indoline at 
the C6 position exhibited efficient tolerance, yielding the 
desired product in 98% yield (2x). Moreover, with N-
hetero indoline as the substrate, the corresponding N-
hetero indole was obtained in 40% yield (2ab). It is 
noteworthy that the decarboxylation process occurred, 
yielding 2a in 40% yield when the carboxyl group 
occupied the C2 position of indoline. To showcase the 
general application of our protocol, other N-heterocycles 
such as nifedipine (3), quinoline (4), benzoxazole (5), 
quinazoline (6), quinazolone (7), and β-carboline (8) were 
obtained in 30-86% yields from their saturated precursors 
under the standard conditions (5-8). 

 

Scheme 2.Scope of substratea 



 

 
aReaction conditions: 1 (0.2mmol), PrCl37H2O (0.015 mmol), DDQ (0.03mmol) in 1,4-Dioxane (1.0 mL) at 60 oCunder 1 atm 
O2 for 12 h.bYields of isolated products are given.cAt 110 oC. 

As shown in (Scheme 3-1), we also demonstrated the 
potential utility of this reaction to synthesize 2 on a gram 
scale. To elucidate the probable mechanism for this rare 
earth metal catalyzed aerobic dehydrogenative 
aromatization reaction, we first performed a series of 
control experiments (Scheme 3-2). In the absence of 
PrCl3·7H2O, the efficiency of the model reaction decreased 
significantly, resulting in only 35% yield of 2. It is 
noteworthy that 2 was generated in 65% yield when the 
reaction was conducted in air, but only 7% of the target 
product was detected in an argon atmosphere, indicating 
that oxygen molecules were necessary for the efficient 
transformation. A kinetic isotope effect (KIE) experiment 
was also carried out independently by intramolecular 
competition. Deuterated N-methylindolines (S2q-d2)were 
synthesized according to literature procedures,,The kinetic 
isotope effect (KIE) experiments was conducted to achieve 
the rates of dehydrogenation with 2q-d2. An obvious 
deuterium KIE was observed as 2.23, as proved by the 
isolation of 2q-d2 in 31% yield (Scheme 3-3). 

To investigate the possible pathway, we also compared 
the UV-visible absorption spectra(Figure1). From the 
spectra shown in Figure 1, which include indoline (orange), 
DDQ (green), PrCl3·7H2O (purple), and indicated samples 
of different combinations, we found that the major 
absorption of PrCl3·7H2O and indoline distributed beyond 
250 nm and around 300 nm, respectively. In addition, 
there was an obvious absorption peak at 350 nm in the 
mixture curve of praseodymium and indoline, revealing 
the direct coordination between the rare earth metal and 
the substrate. 

 

Scheme 3. Gram scale synthesis and preliminary 
mechanistic study 

 

 

 

 

 



 

 

Figure 1. UV-Vis absorption spectraa. 

 

aUV-Vis absorption in methyl alcohol ( 2.5×10−4M) at 22 oC. 

In conclusion, we have developed a protocol for rare 
earth metal-catalyzed aerobic dehydrogenative 
aromatization to produce a series of unsaturated N-
heterocycles. This method demonstrated good substrate 
compatibility with a wide range of functional groups, 
including indoline, nifedipine, quinoline, benzoxazole, 
quinazoline, quinazolone, and β-carboline under mild 
conditions. Notably, the N1 position of indolines 
accommodated diverse electron-donating and electron-
withdrawing substituents. Our preliminary mechanistic 
study indicated that the reaction started by the direct 
coordination of Pr3+ with indoline. Further mechanistic 
investigation and applications of rare earth metal-
mediated transformations are ongoing in our lab. 
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