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Abstract: Borrowing hydrogen (BH) has reached a wide attention from the chemistry community as a new opportunity to 
construct efficiently C-N bond (as well as C-C or C-S bond) without any activation. This straightforward strategy is usually 
supported by relevant organometallic catalysts, involved in the dehydrogenation-reduction processes. This short review 
highlights specifically the application of the borrowing hydrogen to the preparation of saturated aza-heterocycles 
(piperidines, pyrrolidines and piperazines) extensively present in high-added value molecules of pharmaceutical industry, 
with focus on appropriate metals (noble metals and more recently non noble metals) used for this transformation. An 
extension to chiral induction in order to prepare enantiopure N-heterocycles will be also reported.  

Introduction 

The concept of borrowing hydrogen (BH) is a very powerful tool for the direct construction of C-N bonds, using alcohols and 
amines, avoiding the use of highly toxic reagents and the generation of a large amount of waste.1 The general BH approach 
relies on a three-step sequence: i. organometallic catalyst (Ru, Ir, Fe, Ni and so on) catalyzed oxidation of an alcohol to the 
corresponding carbonyl compound, ii. condensation of the aldehyde/ketone with an amine to generate an imine/enamine 
with elimination of water as sole by-product, and iii. reduction of the imine by the hydrogen stored by the metal catalyst 
(Scheme 1 – 1st catalytic cycle). Over the last few decades, a great enthusiasm has been devoted to explore this methodology 
for the synthesis of saturated aza-heterocycles, which are present in a large class of biologically molecules and natural 
products.2 Up to now, the preparation of cyclic amines has often relied on multi-step reactions,3 making this BH strategy 
particularly attractive. In this case, the reaction of an amine (ammonia or primary amine) with a diol proceeds through a 
repeated BH reaction as shown on Scheme 1 (1st and 2nd catalytic cycle) leading to pyrrolidine, piperidine or azepane 
depending on the alkyl chain length of the diol. After a focus on appropriate metals used for this transformation (mainly 
ruthenium, iridium plus others), an extension to the stereoselective induction in order to prepare enantiopure saturated aza 
heterocycles will be discussed. 

 

Scheme 1. General mechanism for the synthesis of saturated aza-heterocycles using the BH approach 
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To the exception of Grigg who reported the synthesis of 1-benzylpyrrolidine from benzylamine and an excess of 1,4-
butanediol (10 eq.) in the presence of rhodium catalyst [RhH(PPh3)4,4 the most widely used noble metals for this 
transformation remain ruthenium and iridium. 

Ruthenium Catalysis  

Seminal work, reported by Murahashi in 1982, described the preparation of 1-hexylpiperidine from a stoichiometric quantity 
of 1,5-pentanediol and hexylamine in the presence of 2.5 mol% of RuH2(PPh3)4 at 155°C during 4 hours in 83% yield (Scheme 
2a).5 A few years later in 2009, Williams reported the N-heterocyclization of amines with diols using 2.5 mol% of [Ru(p-
cymene)Cl2]2, 5 mol% of bis-[2-(diphenylphosphino)phenyl]ether ligand (DPEPhos) and 10 mol% of Et3N in refluxing toluene 
within 24 hours producing an extended family 5 to 7-aza-membered rings in 33-87% yield.6 Microwave activation under 
solvent-free conditions, instead of thermic activation allowed an improvement of the yield with the same combination of 
ruthenium precursor and ligand.7 Replacement of DPEPhos ligand by phenylalanine derived ligand (6 mol%) in combination 
with 3 mol% of [Ru(p-cymene)Cl2]2 was reported by Enyong in quantitative yield at remarkably low temperature (55°C) 
(Scheme 2a).8 Many contributors have reported their efforts in different catalytic systems to access pyrrolidines, piperidines 
or azepanes such as Seayad who prepared air and moisture stable ruthenium N-heterocyclic carbene Ru-1 that was 
successfully evaluated as a unique catalyst,9 or Takacs who developed a phosphinoxazoline ruthenium complex Ru-2.10  

 

Scheme 2. [Ru]-catalyzed annulation of diols and diethyleneglycol 

Recently, Xu and co. extended the reaction to 1,2,4-butanetriol, affording in the same mechanism 3-hydroxy-pyrrolidines, by 
using a combination of [Ru(p-cymene)Cl2]2 (5 mol%), Xantphos (10 mol%) with a scope with only anilines diversely 
substituted, demonstrating chemoselective control during the borrowing hydrogen procedure.11 Watanabe changed the 
catalytic system and adapted smoothly the conditions (using RuCl2(PPh3)3 in 3 mol% with a 50% excess of diol). Starting from 
diethyleneglycol or N-substituted diethanolamine, the reaction was extended respectively to the preparation of substituted 
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morpholine and piperazine in 5 hours. The reactions required harsh conditions of temperature, leading to a moderate yield 
of 25% when N-methyldiethanolamine was used as a substrate for the preparation of 1-methyl-4-phenylpiperazine (Scheme 
2b).12 The ruthenium catalysis was applied successfully to the preparation of some molecules of interest such as TFMPMP, a 
potent serotonine agonist. The NN’N-containing ruthenium(II) catalyst Ru-3 was more active than RuCl2(PPh3)3 with a load 
of 2 mol% at 180°C leading to TFMPMP in 44% yield (Scheme 2b). 13 

Iridium Catalysis 

In 2004, Fujita and Yamaguchi reported the N-heterocyclization of benzylamine with diols in toluene at 110°C for 17 hours 
using 1-2 mol% of [Cp*IrCl2]2 giving the five-, six-, and seven-membered cylic amine in 72 to 91% yield (Erreur ! Source du 
renvoi introuvable.a). Noticeably, addition of a base such as NaHCO3 was required to activate the iridium(III) catalyst and to 
enhance the reaction. Although the scope of the reaction was wide, when anilines were used as reagents, higher catalytic 
loadings (5 mol%) and higher temperatures (130 °C) were required.14  Later, the same methodology was applied for the 
double N-cycloalkylation of p-xylenediamine with 1,4-butanediol affording the 1,4-bis(pyrrolidin-1-ylmethyl)-benzene in 95% 
yield.15 Interestingly, ammonium salts, which are easily and safely handled compared to ammonia, could also undergo BH 
amination with diols. The reaction of 1-phenyl-1,5-pentanediol and 1-phenyl-1,4-butanediol with ammonium 
tetrafluoroborate in the presence of [Cp*IrCl2]2 and NaHCO3 at 140°C without any solvent gave the corresponding piperidines 
and pyrrolidines with 85 and 62 % yield respectively (Scheme 3a).16 Madsen et al. also applied those reaction conditions 
either in toluene or in water for the synthesis of piperazines using 1,2-diamines and 1,2-diols.17 Dong and Zhao later 
demonstrated that the use of microwave irradiation could be beneficial for the reaction. Indeed, the synthesis of saturated 
aza-heterocycles was reported using 1 mol% of [Cp*IrCl2]2 without any base or solvent under microwave irradiation at 140 °C 
for 1 hour. Noticeably, for 5 and 7-membered N-heterocycles, a higher reaction temperature of 160 °C was required to reach 
complete conversion.18 Trudell also reported the use of microwave irradiation for the synthesis of nicotine and anabasine 
derivatives using the BH strategy. Reaction time could be reduced from 17 hours using thermal activation to 2 hours using 
microwave irradiation.19 Williams also showed that the reaction of α-methylbenzylamine with a diol could be performed in 
water at 115 °C without requiring any base using the SCRAM catalyst [Cp*IrI2]2 (Scheme 3a). Under those reaction conditions, 
the corresponding pyrrolidine, piperidine, pyrazine and azepane were obtained within 56 to 95% yields.20  

 
Scheme 3. [Ir]-catalyzed annulation of diols 
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In 2012, Bruneau et al. also took advantage of the BH methodology to develop the tandem N-heterocyclization / alkylation 
reaction using Ir-3, an iridium complex bearing a phosphinesulfonate ligand (Erreur ! Source du renvoi introuvable.b). The 
reaction proceeds as follow: anilines first reacted with 1,5-pentanediol in the presence of Ir-3 (3 mol%), then benzaldehyde 
derivatives were added and trapped by the endocyclic enamine intermediate. The final reduction step assisted by formic 
acid, an external reducing agent, led to C-3 alkylated piperidines within 46 to 66% yields.21   
Similarly, triols could be subjected to BH annulation with amines. Fujita and Yamaguchi reported the synthesis of 
quinolizidine in 85% yield from 1,5,9-nonanetriol and aqueous ammonia in the presence of the water soluble Ir-1 catalyst at 
140 °C for 24 hours (Scheme 4). In this transformation, the N-alkylation proceeds thrice leading to quinolizidine in 85% yield.22   
In 2023, Jacolot and Popowycz reported the synthesis of 3-pyrrolidinols and 4-piperidinols combining triols with primary 
amines in tamyl alcohol using iridacycle Ir-4 as catalyst. Noticeably, better results were obtained when a catalytic amount of 
tBuOK, was added to activate the catalyst. Taking advantage of the third hydroxyl group, the methodology was further 
extended to the sequential diamination of triols affording 3-aminopyrrolidines and 4-aminopiperidines (Erreur ! Source du 
renvoi introuvable.).23 

 

Scheme 4. [Ir]-catalyzed annulation of triols 

Other metals 

Confronted with the hegemony of iridium and ruthenium, widely used in the BH transformation, alternatives for less-noble 
metals have emerged in the recent years to overcome the economic cost and improve the sustainable character of this 
transformation such as iron and to a less extent nickel (Scheme 5). 
In 2014, Feringa and Barta reported the synthesis  of 5-, 6- and 7-membered rings catalyzed by Knölker’s modified catalyst 
Fe-1 (5 mol%) activated by trimethylamine N-oxide (10 mol%) at 120-130°C in CPME, providing a family of 6 derivatives with 
a range of yields varying from 60% to 85%.24 Although the most common synthetic strategy for the preparation of saturated 
aza-heterocycles is the annulation of diols in the presence of a primary amine, versatile synthetic routes were investigated. 
As an example, N-benzylpiperidine could be synthesized either from benzylamine and 1,5-pentanediol or from benzyl alcohol 
and 5-aminopentan-1-ol under the same experimental conditions.25 During the same period, Zhao promoted the direct use 
of Knölker’s catalyst Fe-2 (10 mol%) at 110°C in toluene during 24 hours using AgF (40 mol%) as additive. 26 Only one example 
of intramolecular borrowing hydrogen was reported with this set of conditions (condensation of 1,5-butanediol with p-
anisidine in 61% yield). In 2017, Wills reported a modification of the Feringa catalyst Fe-1 that allowed the reaction of aniline 
on hexane-1,6-diol  with a moderate yield of 43% with 10 mol% of loading (and activation with Me3NO at 9 mol%).27 
Noticeably a better yield (87%) was observed with 3-trifluorobenzylamine. The work of Gennari, with modification using 
larger cyclooctane on the cyclopentadienone part (Fe-4) allowed the amination of primary amines and anilines on more 
hindered 2,5-hexanediols affording 2,5-dimethylpyrrolidines in 43 to 71% yields after 72 hours.28 All the iron catalysts used 
for the transformation by well-known groups share in common a fine tuning around the Knölker’s complex. 



5 
 

 
Scheme 5. Emergence of other catalysts (iron and nickel) 

In 2019, Tang reported the annulation of 1,5-pentanediol with aniline in 89% yield by using 3 mol% of Ni(OTf)2 and 3 mol% 
of 1,2-bis(dicyclohexylphosphino)-ethane (dcype), in HFIP solvent (Scheme 5).29 The conditions could be extended to a wide 
range of saturated N-heterocycles, such as pyrrolidines, piperidines, azepanes and tetrahydroquinoxaline when 1,2-
phenylenediamine and 2,3-butanediol were used.  

Stereoselective induction  

Despite their importance as biologically active compounds2 or in the field of asymmetric aminocatalysis,30 the preparation of 
chiral saturated N-heterocycles still often involves multi-step reaction sequences.31 In the light of this observation, in 2004, 
Fujita and Yamaguchi applied the BH annulation for the asymmetric synthesis of 2-substituted piperidine using the chiral (R)-
1-phenylethylamine and 1-phenyl-1,5-pentanediol (Erreur ! Source du renvoi introuvable.). The reaction was carried out 
using [Cp*IrCl2]2 and KOAc as a base in toluene at 100 °C for 17 hours and led to the corresponding 2-substituted piperidine 
in 76% yield and with 96:4 dr.14 This strategy was further applied to the synthesis of both enantiomers of Naranabasamine 
by Trudell and co-workers.32 In both cases, despite the use of α-methylbenzylamine enantiomerically pure (er > 99:1), a slight 
racemization (93:7 < er < 96:4) was observed, probably due to isomerization of the iminium intermediate shown in Scheme 
6.  
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Scheme 6. Diastereoselective reactions with chiral substrates 
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The non-trivial retention of stereochemistry of either chiral amines or chiral diols in BH cascade reactions were later 
investigated (Scheme 6). In 2009, Williams et al. reported the synthesis of (S)-1-(1-phenylethyl)pyrrolidine by N-
heterocyclization of (R)-1-phenylethylamine with 1,4-butanediol using [Ru(p-cymene)Cl2]2, DPEPhos and Et3N, without any 
loss of stereochemical integrity.6 In 2021, Feringa and Barta also reported a complete retention of chirality for the N-
alkylation (R)-p-fluorophenylethylethylamine with terminal diols using Fe-1 and Me3NO in toluene at 135 °C for 24 hours.33 
In 2020, Donohoe et. al disclosed an iridium-catalyzed annulation strategy for the asymmetric synthesis of C-3 substituted 
saturated aza-heterocycles using β-chiral diols and benzylamines (Scheme 6). A wide range of C-3 substituted pyrrolidines 
and piperidines were thus synthesized with 64:36 to 93:7 er. The partial racemization is likely to occur via the enamine 
formation and could be minimized using water as solvent. Noticeably, lower levels of enantio-retention were observed with 
bulkier (naphthyl, α-methylphenyl) and electron-enriched (p-OMe, 3,4-methylenedioxy) benzylamines.34  
 
In 2023, Yang and Zhao achieved a major breakthrough for the synthesis of chiral saturated N-heterocycles. They reported 
the first enantio-convergent aminative annulation of racemic diols with anilines using the borrowing hydrogen catalysis 
(Scheme 7).35 Their success relies on a cooperative catalysis between a chiral iridacycle Ir-5 and a chiral phosphoric acid (R)-
TRIP.  On contrary to their previous work on enantioselective amination,36 the configuration of the chiral pyrrolidine is 
controlled by the chirality of the iridium complex instead of the phosphoric acid. A wide range of 2-substituted pyrrolidines 
was obtained from 1-substituted-1,4-butanediols and anilines using 2.5 mol% of Ir-5, 2.5 mol% of (R)-TRIP in the presence of 
4Å MS in cyclohexane at 85 °C for 24 to 48 hours in good yields and enantioselectivities. Although broad, the scope of the 
reaction remained limited to anilines or N-heterocyclic amines. The use of benzylamine led to the formation of the cyclization 
product in 75% yield, but with a modest ratio of 69:31. Notably, this strategy allowed the direct preparation of a key precursor 
of MSC 2530818, a potent CDK8 inhibitor (Scheme 7).37 

 
Scheme 7. Enantioselective annulation of 1,4-diols with amines 

The more challenging access to chiral di-substituted pyrrolidines was also investigated using the previously depicted reaction 
conditions. Pyrrolidines were obtained as a mixture of diastereoisomers in ratio 2:1 to > 9:1 depending of the nature of the 
1,4-disubstituted-1,4-butanediols. This transformation involves two stereoselective steps: the substrate first controls the 
diastereoselectivity of the reaction (rather in favor of the cis) while the enantioselectivity-determining step is controlled by 
the catalyst, resulting in match/mismatch effects depending on the substituents.  

Conclusion 

The saturated nitrogen-heterocycles are widely present in the pharmaceutical industry: regarding the top 100 most 
frequently used ring systems from small molecule drugs listed by FDA, piperidine and pyrrolidine rank respectively the 3rd 
and 8th position.38 The borrowing hydrogen amination reaction was first developed in an intermolecular fashion before being 
extended to intramolecular versions, with diastereoselective and/or enantioselective controls.39 Interestingly, this BH 
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reaction can also be coupled to other intramolecular reactions to access novel scaffolds of interest such as the Pictet Spengler 
reaction or other BH cascade reactions (tetrahydro-β-carbolines,29,40 tetrahydroquinolines,41 tetrahydropyridines,42 etc.). 
Even if iridium and ruthenium remain the most currently used metals involved in this transformation, recent developments 
with less-noble metals should open opportunities for larger applications. 
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