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Abstract: The use of an equivalent amount of an organic base leads 

to high enantiomeric excess in the asymmetric hydrogenation of N-

benzylated 3-substituted pyridinium salts into the corresponding 

piperidines. Indeed, in the presence of Et3N, a Rh-JosiPhos catalyst 

reduced a range of pyridinium salts with ee’s up to 90%. The role of 

the base was elucidated via a mechanistic study involving the 

isolation of the various reaction intermediates and isotopic labeling 

experiments. Additionally, this study provided some evidence for an 

enantiodetermining step involving a dihydropyridine intermediate. 

The asymmetric hydrogenation (AH) of double bonds is one 

of the most efficient methods to prepare enantiopure organic 

compounds.[1] Although AH has been applied to a wide range of 

substrates, the development of catalysts for the AH of 

substituted N-heteroaromatic substrates is still in its early 

stages.[ 2 ] Such substrates are particularly challenging due to 

their high resonance stabilization energy and strong ability to 

deactivate the catalyst via irreversible coordination. Among the 

N-heteroaromatic substrates, substituted pyridines are of special 

interest, since the products of their hydrogenation, i.e. chiral 

piperidines, are subunits of many biologically active compounds. 

Moreover, hundreds of pyridines are commercially available and 

countless methods exist for their preparation. During the last 10 

years, several successful methods have been disclosed for the 

homogeneous AH of 2-substituted pyridines,[ 3 ] and more 

recently of di- and trisubstituted pyridines.[4] In most of these 

contributions, a quaternization of the pyridine nitrogen atom is 

used to lower the resonance energy of the ring and prevent 

substrate coordination to the catalyst.[ 5 ] Unfortunately, the 

translation of these methods to 3-substituted pyridines is not 

straightforward. All reports dealing with this class of substrates 

are restricted to nicotinic acid or its esters,[6] and the obtained 

enantiomeric excesses were overall low. Only indirect protocols 

relying on the use of a chiral auxiliary[6d] or a two-step 

hydrogenation procedure[6e] allowed to obtain high ee’s.  

Although there is no general agreement on the mechanism 

of the AH of N-heteroarenes,[ 7 , 8 ] the current data led us to 

speculate that the poor enantiomeric excesses obtained with 3-

substituted pyridines in comparison to their 2-substituted 

analogs were due to a non-enantioselective enaminium-iminium 

isomerization of a partially hydrogenated intermediate (Scheme 

1).[9] Based on this hypothesis, we surmised that the addition of 

a base in the AH of N-benzylated pyridines[5] could retard the 

tautomerization by scavenging HBr produced during the reaction. 

As a consequence, the formation and subsequent hydrogenation 

of a racemic iminium salt would be prevented (Scheme 1). 

 

Scheme 1. Speculated mechanism for the hydrogenation of 3-substituted 

pyridinium salts and possible effect of the addition of base. 

For our initial trials, we selected Rh-JosiPhos as AH catalyst. 

Rh has indeed been extensively used for the AH of enamines 

and enamides.[ 10 ] Equally, the chiral bis-phosphine, JosiPhos 

J002-2 was shown to be an efficient ligand[ 11 ] for the AH of 

related substrates, i.e. 2,4-disubstituted pyrimidines[12] and 3,4-

disubstituted pyridinium salts.[13] Diisopropylamine (DIPEA) was 

chosen as the base to prevent the iminium formation. Indeed, its 

steric bulkiness was expected to decrease its propensity to 

coordinate to the rhodium center. A mixture of THF:MeOH was 

selected as solvent to solubilize both the catalyst and the 

pyridinium salt. Our first hydrogenation was carried out with N-

benzyl-3-phenylpyridinium bromide 1a as a substrate at 50 °C 

under 50 bar of H2 with and without DIPEA (Scheme 2). In both 

cases, N-benzylpiperidine 2a was obtained in low yield (13% 

and 16%, respectively) together with some N-benzyl 

tetrahydropyridine TH-1. In the absence of base, the piperidine 

was obtained with only 9% ee. In sharp contrast, when DIPEA (5 

equivalents relative to the substrate) was added to the reaction, 

the enantiomeric excess rose to 73%, which was, to our 

knowledge, the highest enantiomeric excess ever obtained in 

the direct AH of a 3-substituted pyridine. 
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Scheme 2. First hydrogenation attempts of N-benzyl-3-phenylpyridinium 

bromide 1a, with and without base. 

Encouraged by this result, we initiated a solvent and base 

screening (Table 1) in order to increase both yield and ee of 2a 

and to minimize the amount of side product TH-1. When pure 

MeOH was used as solvent, a high yield but a low ee was 

obtained (Table 1, entry 2). In pure THF, the reaction gave the 

opposite enantiomer with very low yield (entry 3). THF:alcohol 

mixtures turned out to be optimal, as they allowed to obtain good 

yields and high ee’s. Among the mixtures tested, 2:1 

THF:trifluoroethanol (TFE) gave the best result (entry 6) and 

thus was selected for further experiments. 

 

Table 1. Selected results on the optimization of the reaction conditions.
[a]

 

 

# Solvent 
Base 

(pKBH+ in H2O) 

2a 
[%]

[b]
 

ee 
[%]

[b]
 

TH-1 
[%]

[b]
 

1 THF:MeOH (2:1) DIPEA (11.07) 13 73 34 

2 MeOH  DIPEA 81 13 9 

3 THF DIPEA 5 -59
[c]

 41 

4 THF:EtOH (2:1) DIPEA 10 63 50 

5 THF:iPrOH (2:1) DIPEA 6 34 48 

6 THF:TFE (2:1) DIPEA 27 83 17 

7 THF:TFE (1:1) DIPEA 40 68 2 

8 THF:TFE (1:2) DIPEA 40 52 2 

9 THF:TFE (2:1) - 5 23 0 

10 THF:TFE (2:1) 2,6-lutidine (6.65) 98 31 0 

11 THF:TFE (2:1) N-Me-morpholine 
(7.38)  

40 74 6 

12 THF:TFE (2:1) DMAP (9.2) 23 84 13 

13 THF:TFE (2:1) Et3N (10.75) 57 85 20 

14 THF:TFE (2:1) Cs2CO3 (10.32) 40 48 32 

15 THF:TFE (2:1) Et3N 50
[d]

 90 26 

16 THF:TFE (2:1) Et3N [0.5 equiv.] 40 76 9 

17 THF:TFE (2:1) Et3N [1 equiv.] 54 85 16 

18 THF:TFE (2:1) Et3N [10 equiv.] 58 78 16 

[a] Reaction conditions: 1a (0.025 mmol), Rh(cod)2OTf (2 mol%), JosiPhos 

J002-2 (2.2 mol%), base (5 eq relative to the substrate unless otherwise 

indicated), solvent (1.5 mL), 50 °C, 50 bar H2, 20 h. [b] Determined by GC 

analysis with CP-Chirasil-Dex CB column and dodecane as internal standard. 

[c] R configuration was obtained in this case. [d] Reaction time: 16 h. 

In the absence of base or in the presence of weak bases 

(pKBH+ < 8, entries 9-11), a lesser amount of TH-1 was detected, 

but the obtained ee’s were very low. On the contrary, the use of 

stronger amines gave the best ee’s, together with a significant 

amount of TH-1 (entries 12-13). Among them, Et3N was found to 

be the best performing (entry 13). When the reaction time was 

reduced from 20 h to 16 h, a slightly higher ee was obtained at 

the expense of the yield (entry 13 vs 15) suggesting an erosion 

of ee with time. Varying the amount of base had little effect as 

long as at least one equivalent of base relative to the substrate 

was used (entries 16-18). Unfortunately, further catalyst 

screening involving 8 metal precursors (including an iridium 

source) and 25 chiral ligands failed to give better results (see 

Supporting Information). 

Under the optimized conditions, a substrate screening (Table 

2) was performed both in the presence and in the absence of 

Et3N. The best results were obtained with N-benzylated 

pyridines bearing an aromatic substituent. For these substrates, 

the ee values of the corresponding N-benzylpiperidines ranged 

from 75% to 90% in the presence of Et3N, as compared with the 

14-40% ee obtained without base (Table 2, entries 1-6). The 

presence of the base was also beneficial with alkyl-substituted 

pyridines, but overall the ee’s were lower with this class of 

substrates (entries 7 and 11). 

 

Table 2. Substrate scope under the optimized conditions, with and without 

base.
[a]

 

 

# R =  
With Et3N Without Et3N 

2 [%]
[b]

 ee [%]
[b]

 2 [%]
[b]

 ee [%]
[b]

 

1 Ph (1a) 50 90 (S) 5 23 (S) 

2 Ph (1a)
[c]

 57 (52)
[d]

 84 (S) 

3 4-CF3C6H4 (1b) 20 83 (–) 12 14 (–) 

4 2-MeC6H4 (1c) 50 75 (–) 7 30 (–) 

5 4-MeOC6H4 (1d) 52 90 (–) 8 40 (–) 

6 2-naphthyl (1e) 42 86 (–) 21 20 (–) 

7 Me (1f) 36 57 (R) <1% nd 

8 CO2Et (1g) 2 33 3 -17
[e]

 

9 NHBoc (1h) 24 55 (R) 25 27 (R) 

10 CF3 (1i) 2 41 2 11 

11 nBu (1j) 43 32 (–) <1% nd  

[a] Reaction conditions: 1 (0.025 mmol), Rh(cod)2OTf (2 mol%), JosiPhos 

J002-2 (2.2 mol%), Et3N (5 eq), THF:TFE (2:1, 1.5 mL), 50 °C, 50 bar H2, 16 

h. [b] Determined by GC or HPLC analysis with dodecane as internal 

standard. Absolute configuration assigned by comparison of the optical 

rotation with literature data (See the Supporting Information). [c] Reaction 

performed on 500 mg scale (1.53 mmol) for 20 h. [d] Isolated yield. [e] The 

opposite enantiomer was obtained. 

 



          

 

 

 

 

Finally, lower conversions were obtained for substrates 

possessing electron-withdrawing groups (entries 3, 8 and 10). 

Since the catalyst was optimized with 3-phenylpyridine as model 

substrate, it is not surprising that the best results were obtained 

with aryl substituents. However, a positive effect of the base was 

observed for all substrates, suggesting a similar hydrogenation 

pathway for all substrates. 

To gain some insight into the mechanism, the reaction was 

monitored over time by GC and NMR spectroscopy (Figure 1). 

The starting material 1a was consumed relatively quickly (over 

90% conversion within the first 4 hours), with concomitant 

formation of piperidine 2a and of several partially hydrogenated 

intermediates that were identified as N-benzylated 

tetrahydropyridines.[14] Tetrahydropyridine TH-1, the main side 

product at the end of the reaction, was formed at a fast rate 

during the first two hours and then its amount very slowly 

decreased. This compound was isolated and fully characterized 

(see the Supporting Information). A small amount of 

tetrahydropyridine TH-2 [15] (< 3% yield) was also produced, and 

remained constant during the course of the reaction.  

 

Figure 1. Evolution of the yield and ee of different reaction species over time. 

Reaction conditions: 1a (1.53 mmol), Rh(cod)2OTf (2 mol%), JosiPhos J002-2 

(2.2 mol%), Et3N (5 eq), THF:TFE (2:1, 27 mL), 50 °C, 50 bar H2. 

Consumption of 1a determined by NMR with dimethyl terephthalate as internal 

standard. Yield and ee of 2a and the different tetrahydropyridines monitored 

by GC analysis with CP-Chirasil-Dex CB column with dodecane as internal 

standard. 

A third compound, also identified by GC-MS (m/z = 249) as a 

N-benzyl tetrahydropyridine, was formed in appreciable amounts 

at the beginning of the reaction and then slowly consumed. 

Although it was not possible to isolate or synthesize it by 

alternative methods, this compound showed two peaks when 

injected in a chiral GC column, suggesting that it contains a 

stereocenter and therefore may be either tetrahydropyridine TH-

3 or TH-4. Remarkably, its ee was very high (93%) and 

remained constant during the entire course of the reaction. N-

Benzylpiperidine 2a was slowly formed with an enantiomeric 

excess that increased sharply during the first 10 hours of the 

reaction and then slowly decreased over the next 10 hours. 

Furthermore, the monitoring the reaction by NMR revealed that 

one equivalent of triethylammonium bromide formed at the same 

rate than that of the pyridinium salt consumption (see the 

Supporting Information). This finding confirms the role of the 

added base as a scavenger of HBr.  

The tetrahydropyridines TH-1 and TH-2 were submitted to 

hydrogenation under optimized conditions. After 20 h of reaction, 

only 7% of TH-1 was hydrogenated to give the racemic 

piperidine product. Similarly, the hydrogenation of TH-2 occurred 

with 7% conversion to 2a (with 15% ee) and 13% isomerization 

to TH-1.[16] These results strongly indicate that TH-1 and TH-2 

are not involved in the enantioselective formation of 2a. Since 

they are the only prochiral tetrahydropyridines, the 

enantioselective step must occur through the hydrogenation of a 

dihydropyridine leading to an unidentified tetrahydropyridine 

derivative (TH-3 or TH-4), whose ee was measured and found to 

be high (Figure 1). 

The possible pathways for the hydrogenation of the 

pyridinium salt 1a are shown in Scheme 3. The first hydride 

addition can occur at the 2-, the 4- or the 6-position leading to 

three different dihydropyridines (DH-1, DH-2 and DH-3, 

respectively) that are not observed experimentally due to their 

instability or high reactivity. Their enantioselective reduction into 

TH-3 or TH-4 involves either the reduction of the conjugated 

enamine double bond (DH-3 → TH-4 or DH-2 → TH-3) or the 

reduction of the C3-C4 double bond (DH-1 → TH-3). 

 

Scheme 3. Possible pathways and intermediates for the AH of 1a to 2a. 

To identify the main pathway, an isotopic labeling 

experiment was carried out by conducting the AH of 1a with D2 

instead of H2 (Scheme 4). As expected from all the possible 

intermediates involved in this reaction, the deuteration pattern of 

2a was complex but provided some useful information. One of 



          

 

 

 

 

the most important observations is the syn incorporation of two 

deuterium atoms in C3 and C4. According to the postulated 

pathways (Scheme 3), this can be due to the hydrogenation of 

either TH-2 → 2a, or DH-1 → TH-3. Since the hydrogenation of 

isolated TH-2 was shown to occur with very poor stereocontrol 

(see above), it is reasonable to assume that the conversion DH-

1 → TH-3 is the one leading to high enantiomeric excess (93% 

ee) and to assign the unidentified tetrahydropyridine as TH-3. A 

second observation is that the total amount of deuterium 

incorporated accounts for 4 deuterium atoms. Therefore one 

proton from the solvent is incorporated, probably in the least 

deuterated carbon C5 via an enamine-iminium tautomerization 

of TH-3. Finally, it should be noted that, while the deuterium 

incorporation at the two diastereotopic positions of C2 is quite 

similar (36% vs. 49%), the extent of deuteration of the pro-S 

hydrogen at C6 is remarkably higher than that of the pro-R 

hydrogen (80% vs. 28%). A possible interpretation of this finding 

is that the hydride attack at C2 occurs before the formation of 

the stereocenter at C3 (and thus is only influenced by the chiral 

catalyst), whereas the hydride attack at C6 occurs after the 

stereocenter formation, so that a remarkable substrate control 

also operates.[17] The analysis of the deuterium distribution in the 

isolated intermediates TH-1 and TH-2 (see the Supporting 

information) suggests that these compounds are formed by 

hydrogenation of DH-3 and DH-1, respectively (Scheme 3). 

 

Scheme 4. Isotopic labeling experiment for the AH of N-benzyl-3-

phenylpyridinium bromide 1a. 

On the basis of all these experimental data, a pathway for 

the highly enantioselective formation of piperidine 2a can be 

proposed (Scheme 5). Initially, a 1,2-hydride addition at the C2 

position takes place. The formed dihydropyridine DH-1 is then 

enantioselectively hydrogenated to TH-3 by reduction of the C3-

C4 double bond. Finally, TH-3 slowly tautomerizes to the 

iminium form and a final 1,2-hydride addition at the C6 position 

affords the enantioenriched piperidine 2a. At the same time, at 

least one other pathway operates, involving the prochiral 

enamine TH-1 (which is observed as a side-product) as a key 

intermediate. As the hydrogenation of TH-1 occurs with no 

enantioselectivity, the reaction path(s) involving this intermediate 

lead to erosion of the final observed ee. A plausible role of the 

added base is to scavenge HBr generated by the first hydride 

addition, thus slowing down the tautomerization of TH-1 to the 

corresponding iminium form and its non-enantioselective 

hydrogenation to 2a. The other enamine TH-3 is more readily 

hydrogenated than TH-1 because it is both less sterically 

hindered (cis-disubstituted C-C double bond compared to 

trisubstituted) and more prone to tautomerization due to the 

absence of an adjacent aromatic group leading to stabilization 

via conjugation. Overall, the high enantiomeric excess of 2a is in 

part due to the inhibition of the hydrogenation of TH-1.[18] 

 

Scheme 5. Proposed mechanism for the AH of N-benzyl-3-phenylpyridinium 

bromide 1a to the piperidine 2a. 

In conclusion, we have successfully developed the first 

highly enantioselective hydrogenation of 3-substituted pyridines 

using a Rh-JosiPhos system. The use of a simple base, like 

Et3N, remarkably improved the yields and ee’s obtained in the 

AH of such substrates. Furthermore, our mechanistic studies 

shed some light on the complex reaction network involved in the 

AH of pyridines. All experimental data point towards an 

enantioselective step taking place during the hydrogenation of 

one of the dihydropyridine intermediates. The beneficial role of 

the base was also identified as preventing the erosion of ee of 

the piperidine by retarding the non-enantioselective 

hydrogenation of one of the prochiral enamines. We hope that 

our results will contribute to the rational design of more efficient 

catalysts towards an efficient production of 3-substituted chiral 

piperidines. 

Experimental Section 

Inside a glovebox, Rh(cod)2OTf (0.23 mg, 2 mol%) and JosiPhos J002-2 

(0.30 mg, 2.2 mol%) were stirred for 1 h at 40 °C in 0.5 mL of THF. The 

catalyst solution was then transferred into a vial containing a mixture of 1 

(0.025 mmol), Et3N (17.4 μL, 0.125 mmol) and dodecane (10 mg) in 0.5 

mL of THF and 0.5 mL of TFE. The vial was capped and placed into a 

Premex A96 hydrogenation reactor. After flushing 5 times with N2 and 5 

times with H2, the vial was pressurized to 50 bar of H2 and stirred at 

50 °C for 16 h. The yield and ee of the reaction were determined by GC 

or HPLC using dodecane as internal standard. Alternatively, the reaction 

crude could be concentrated and purified by flash column 

chromatography with hexane/AcOEt. 
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