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Mechanistic Insights on the Full Hydrogenation of 

2,6-substituted Pyridine Catalyzed by the Lewis Acid 

C6F5(CH2)2B(C6F5)2 

Jiyang Zhaoa,b, Guoqiang Wanga and Shuhua Li*,a 

The reaction mechanism for the full hydrogenation of 2-phenyl-6-methyl-pyridine catalyzed by 
the Lewis acid C6F5(CH2)2B(C6F5)2 was investigated in detail by density functional theory 
calculations. Our calculations show that a plausible reaction pathway of the hydrogenation of 
pyridine contains five stages: (1) The generation of a new borane C6F5(CH2)2B(C6F5)2 from the 
hydroboration of the alkene, which forms a frustrated Lewis pair (FLP) with a pyridine; (2) 
The activation of H2 by FLP to yield an ion pair intermediate; (3) Intramolecular hydride 
transfer from the boron atom to the pyridinium cation in the ion pair intermediate to produce 
the 1,4-dihydropyridine; (4) Hydrogenation of the 1,4-dihydropyridine by the FLP to form the 
1,4,5,6-tetrahydropyridine; (5) Hydrogenation of the 1,4,5,6-tetrahydropyridine by the FLP to 
yield the final piperidine. The last two hydrogenation processes follow the similar pathway, 
which include four steps: (a) Proton transfer from the pyridinium moiety to the substrate; (b) 
Dissociation of the newly generated pyridine; (c) Hydride migration from the hydridoborate 
moiety to the protonated substrate to produce the hydrogenated product; (d) Release of the 
hydrogenated product to regenerate the free borane. The full hydrogenation of pyridine is 
calculated to be exothermic by 16.9 kcal/mol, relative to the starting reactants. The rate-
limiting step is the proton transfer in the second hydrogenation step, with a free energy barrier 
of 28.2 kcal/mol in gas phase (27.9 kcal/mol in toluene) at room temperature and 1.0 atm. Our 
results can account for the observed experimental facts.  
 

Introduction 

Homogeneous hydrogenation of unsaturated substrates is a 
subject of great importance in the chemical and process 
industries.1 The powerful methodology in this area is the 
transition metal-catalyzed direct or transfer hydrogenations.2,3 
However, these transition metals are always precious and toxic. 
Many efforts have been made to explore non-transition-metal 
homogeneous catalytic hydrogenation.4 A great breakthrough 
occurred in 2006 when Stephan and co-workers uncovered 
frustrated Lewis pairs (FLPs),5 which can activate the 
heterolytic cleavage of dihydrogen under mild conditions6 and 
serve as metal-free catalysts for homogeneous hydrogenation of 
a polar double bonds in imines, enamines, ketones, and so on.7 

A typical catalytic cycle involving FLPs8 includes: (a) The 
formation of an “encounter complex” by a Lewis acid and a 
Lewis base; (b) Heterolytic cleavage of H2 by FLP; (c) Hydride 
transfer from the center of the Lewis acid to the carbonium ion 
to yield the saturated product. Obviously, the mechanism of the 
FLP-catalyzed hydrogenation reactions is quite different from 
the transition metal-catalyzed hydrogenation reactions, in 
which substrates are activated via coordination to transition 
metals.3 Furthermore, T. Repo9 and J. Paradies10 reported that 
FLPs can be used to catalyze the hydrogenation of alkynes or 

olefins, although only partial catalytic reduction of substrates 
was achieved. 

Despite these advances, full hydrogenation of heteroaromatic 
compounds is still a challenge for both transition metal 
compounds and FLPs.11 The main reason is due to the fact that 
these compounds have stable aromatic structures. Recently, an 
important advance has been made by several groups.12-14 They 
reduced pyridines completely to produce piperidine or 
piperidinium salts. H. F. Du and coworkers described the 
hydrogenation of pyridines under H2 (50 bar) using catalytic 
amounts of borane catalysts generated in situ from alkenes and 
HB(C6F5)2 at 100 ℃, furnishing piperidines in high yields with 
excellent cis stereoselectivities. D. W. Stephan and co-workers 
reported the successful hydrogenation of pyridines to give 
piperidinium salts, when the Lewis acid is B(C6F5)3.  

It is worth mentioning that the molecular mechanism of the 
complete hydrogenation of pyridines catalyzed by FLPs has not 
been established. A thorough understanding of the mechanistic 
details of FLP-catalyzed hydrogenation of pyridines is 
significant for designing more effective FLPs for hydrogenation 
of other heteroaromatic compounds. In this work, we have 
performed density functional theory (DFT) calculations to 
investigate the molecular mechanism for the Lewis acid-
catalyzed hydrogenation of 2-phenyl-6-methyl-pyridine (as 
shown in Scheme 1). The Lewis acid we choose is 
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C6F5(CH2)2B(C6F5)2. 2-phenyl-6-methyl-pyridine can be 
considered as a typical example of substituted pyridines. 

 
Scheme 1 Catalytic pyridine hydrogenation by the Lewis acid 
C6F5(CH2)2B(C6F5)2 
 

Computational details 

Geometry optimizations of all stationary points for the studied 
reaction were performed with the M06-2X functional,15 which 
has been proven to describe the dispersion effects very well. 
The 6-311G(d,p) basis set16 was used for all atoms in substrates 
and the catalyst. Vibrational frequencies were obtained for all 
stationary points on the potential energy surface to make sure 
whether the optimized geometry corresponds to a minimum or 
a transition state. The calculated Gibbs free energies refer to 
T=298K and 1atm. For species in the rate-limiting step, we also 
calculated their Gibbs free energies at T=373K and 50 atm in 
toluene, which correspond to the experimental conditions. IRC 
calculations are performed to verify whether the transition 
states are truly connected by the reactants and the products. The 
polarization effect of the solvent (toluene) was treated with the 
polarizable continuum model (PCM) for species in the studied 
reaction. All calculations were carried out with the Gaussian 09 
software package.17 

Activation free energy barriers used in this text are defined as 
the free energy difference between the transition state and the 
most stable species (initial reactants and intermediates) in the 
reaction channel. 
 

Results and discussion 

In this section, we discuss the generation of the actual catalyst 
first. Then the successive hydrogenation of pyridine ring will be 
explored.  

Generation of the New Borane  

For this reaction, optimized geometries of all stationary points 
along the reaction pathway are displayed in Figure 1. The 
Gibbs free energy profile in gas phase is presented in Figure 2.  

Our calculations show that the first step of the reaction 
process is the hydroboration of the alkene 2 to produce the new 
borane 4. First, the B-H bond in the borane 1 attacks on the C-C 
double bond of 2 to form a precursor complex 3. Then, the 
hydrogen atom and the boron atom add on the same face of the 
double bond in a concerted process via a four-membered 
transition state (TS3/4) to give a new borane 4, 
C6F5(CH2)2B(C6F5)2. The reaction is strongly exothermic and 
the barrier is only 8.8 kcal/mol (8.7 kcal/mol in toluene). This 
indicates that the hydroboration of alkenes is a feasible way to 
yield more novel boranes. Our calculations show that the 
acidity of the product 4 is stronger than that of 1. 

The Activation of H2 by the Frustrated Lewis Pair  

For this step, optimized geometries of all stationary points 
along the reaction pathway are displayed in Figure 3. The 
Gibbs free energy profile in gas phase is presented in Figure 4. 

 

Fig. 1 Optimized structures of some species involved in the 
generation of the new borane 4. Selected bond distances are 
given in Å. 
 

Fig. 2 Gibbs free energy profile for the generation of the new 
borane 4. Free energies are calculated at 298.15 K and 1.0 atm 
in the gas phase. 

 
The interaction between the pyridine 5 and the borane 4 

may lead to two possible isomers. One is the FLP 6. Another is 
the classical Lewis adduct 6a with the B-N distance of 1.70 Å. 
6a lies 1.6 kcal/mol in free energy below 6, suggesting that an 
equilibrium between 6a and 6 may exist.18 However, 6 is the 
reactive intermediate for subsequent reactions as it can facilitate 
the activation of H2, as demonstrated below. It is expected that 
6a can easily transform into 6 via rearrangement of Lewis acid 
and Lewis base in solutions. 

The activation of H2 by the FLP 6 occurs in a stepwise 
manner.19 First, H2 coordinates to the boron center of species 6 
to form the species 7, which is then deprotonated by the 
nitrogen atom of the pyridine ring to yield a pyridinium 
hydridoborate ion pair 8. In the species 7, the two B-H 
distances are 1.64 Å and 1.75 Å, respectively. The H-H bond is 
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elongated to 0.77 Å, showing that the H–H bond is activated. 
There is also a non-covalent interaction between the nitrogen 
atom of the pyridine ring and a nearby hydrogen atom of H2 
(the N-H distance is 2.17 Å). The subsequent H2 cleavage 
process occurs via the transition state TS7/8, which lies 19.0 
kcal/mol (19.4 kcal/mol in toluene) in free energy above the 
most stable intermediate 6a and H2. In TS7/8, the H-H bond is 
elongated to 0.87 Å, and the B-H and N-H distances are 1.39 Å 
and 1.54 Å, respectively. The formation of the ion pair 8 is 
found to be exothermic by 15.3 kcal/mol (relative to the starting 
reactants), because this intermediate is stabilized by N-H+···-H-
B (2.35 Å) and N-H···F-C (1.98 Å) non-covalent contacts. 
Species 8 is the key intermediate for subsequent hydrogenation 
steps.  

For the ion pair 8, we also located some of its other 
conformers, in which the relative position of the pyridium ion 
and the borohydride ion is different. They all have slightly 
higher energies, whose relative energies (relative to species 8) 
are within 4 kcal/mol. For two isomers, which are above 
species 8 in free energy by 0.5 and 3.2 kcal/mol, respectively, 
we have explored their possible role in the following 
hydrogenation reaction. Our calculations show that the reaction 
mechanism and the rate-limiting step with these two isomers as 
the key intermediate are the same as those with species 8 as the 
key intermediate. For brevity, only the results with species 8 as 
the key intermediate in the hydrogenation reaction are 
discussed in the subsections below. 
 

 

Fig. 3 Optimized structures of some species involved in H2 
cleavage step. Selected bond distances are given in Å. The 
hydrogen atoms of the species are omitted for clarity. 
 

Fig. 4 Gibbs free energy profile for the H2 cleavage step. 
Relative free energies calculated at 298.15 K and 1.0 atm in the 
gas phase (with respect to that of the reactants) are given. The 
free energy barrier ∆G≠ is relative to that of the most stable 
intermediate 6a and H2. 

First Hydrogenation Step 

For this step, optimized geometries of all stationary points 
along the reaction pathway are displayed in Figure 5. The 
Gibbs free energy profile in gas phase is presented in Figure 6. 
First, the ion pair 8 is likely to transform into another isomer 9 
by intramolecular rearrangement. In the intermediate 9, the B-H 
bond is oriented towards the center of the pyridinium cation. In 
the next step, the hydride transfer from the B atom to the C4 
atom of the pyridinium cation occurs through the transition 
state TS9/10 to form the intermediate 10, in which 1,4-
dihydropyridine 11 and the borane 4 are loosely bound. In 
TS9/10, the B-H and C-H distances are 1.31 and 1.58 Å, 
respectively. The corresponding free energy barrier of this 
hydride transfer process is 24.0 kcal/mol (relative to the most 
stable intermediate 6a). Then, the product 10 will dissociate to 
generate the 1,4-dihydropyridine 11 (the product of the first 
hydrogenation of the pyridine 5) and the borane 4. Interestingly, 
the 1,4-dihydropyridine 11 has a nearly planar structure. The 
first hydrogenation step of the pyridine 5 is endothermic by 
12.8 kcal/mol, relative to the starting reactants (5 and H2). The 
rate-limiting step is the hydride transfer process with a free 
energy barrier of 24.0 kcal/mol (23.2 kcal/mol in toluene), as 
mentioned earlier. Moreover, the product 4 and the pyridine 5, 
will continue to form an FLP, which then activates H2 to yield 
the key intermediate 8. 

In the meantime, we also explore the possibility of a 
hydride transfer from the B atom to the C2 or C6 atom in the 
pyridinium cation, which could generate 1,2-dihydropyridine or 
1,6-dihydropyridine. The corresponding reaction barriers are 
calculated to be 25.1 and 20.8 kcal/mol (relative to the most 
stable intermediate 6a), respectively. However, our calculations 
show that the further hydrogenation of 1,2-dihydropyridine or 
1,6-dihydropyridine in the following steps involves 
significantly higher energy barriers. Hence, we will not discuss 
the reaction pathways for the formation of 1,2-dihydropyridine 
or 1,6-dihydropyridine.   
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Fig. 5 Optimized structures of some species involved in the 
first hydrogenation step. Selected bond distances are given in Å. 
The hydrogen atoms of the species are omitted for clarity. 

 
Fig. 6 Gibbs free energy profile for the first hydrogenation step. 
Relative free energies calculated at 298.15 K and 1.0 atm in the 
gas phase (with respect to that of the reactants) are given. The 
free energy barrier ∆G≠ is relative to that of the most stable 
intermediate 6a and H2. 

Second Hydrogenation Step 

There are two double bonds (C2=C3 and C5=C6) in the 1,4-
dihydropyridine 11. Since the hydrogenation of the C5＝C6 
double bond facilitates the conjugation between pyridine and 
the lateral phenyl substituent, we expect that the hydrogenation 
of the C5＝ C6 double bond may occur at the second 
hydrogenation step. For this reaction step, the optimized 
structures of all stationary points along the reaction pathway are 
displayed in Figure 7. The Gibbs free energy profile in gas 
phase is presented in Figure 8. 

First, the 1,4-dihydropyridine 11 approaches the key 
intermediate 8 to afford a stable complex 12, which is stabilized 
by N-H···N hydrogen-bond (2.26 Å) andπ-πstacking (3.36 Å) 
interactions. Then, the nitrogen-bound proton transfers from the 
pyridinium cation to the C5 atom of the 1,4-dihydropyridine 
moiety to produce the intermediate 13, through the transition 
state TS12/13. This proton transfer step is endothermic by 3.2 

kcal/mol, with a free energy barrier of 28.2 kcal/mol (relative to 
the most stable intermediate 6a). After a loosely bound pyridine 
is released, species 13 will convert into the ion pair complex 14, 
in which the pyridinium and the hydridoborate forms an ion 
pair. In the next step, the hydride may migrate from the boron 
atom to the C6 atom of the 1,4-dihydropyridinium ion through 
the transition state TS14/15 to give the intermediate 15. The 
corresponding free energy barrier of this hydride transfer 
process is 24.0 kcal/mol (relative to the most stable 
intermediate 6a). Then, the intermediate 15 will dissociate to 
give the 1,4,5,6-tetrahydropyridine 16 and the borane 4. Finally, 
the 1,4,5,6-tetrahydropyridine 16 can isomerize via the 
transition state TS16/17 to produce the thermodynamically more 
stable isomer 17, which is the product of the second 
hydrogenation of the pyridine 5. This isomerization process has 
a relatively low free energy barrier of 9.7 kcal/mol (relative to 
the most stable intermediate 6a). 

The second hydrogenation step of the pyridine 5 is 
exothermic by 2.4 kcal/mol (relative to the starting reactants, 5 
and H2). The rate-limiting step is the proton transfer process 
with a free energy barrier of 28.2 kcal/mol, as described above. 
When the solvent (toluene) effect is considered, the free energy 
barrier of the proton transfer step decreases slightly to 27.9 
kcal/mol. It is obvious that this hydrogenation process is more 
difficult than the first hydrogenation step. 
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Fig. 7 Optimized geometries of some species involved in the 
second hydrogenation step. Selected bond distances are given 
in Å. The hydrogen atoms of the species are omitted for clarity. 
 

It is interesting to understand why the pyridine 5 could be 
hydrogenated successively by the ion pair 8, because the 
aromatic ring is usually difficult to be hydrogenated. To get 
some insight into the factors that contribute to the 
hydrogenation of the pyridine, we have calculated the proton 
and hydride affinities20 of the reactants and the FLP 
components. The calculated results are shown in Scheme 2. 

The calculated proton affinity of 11 is 232.1 kcal/mol, which 
is slightly larger than that of the pyridine 5 (231.2 kcal/mol). At 

the same time, the calculated hydride affinity of [11H]+ is 199.5 
kcal/mol, which is much larger than that of the borane 4 (125.8 
kcal/mol). These data suggest that the unsaturated bond (C5＝
C6) of the reactant 11 is thermodynamically favorable in taking 
a proton and a hydride from the generated FLP 8. The weak 
acidity of 4 plays a major role in driving the hydrogenation 
reaction. 

In addition, if we choose the C2＝C3 double bond in the 1,4-
dihydropyridine 11 to be hydrogenated, the free energy barrier 
in the rate-limiting step will rise up to 32.1 kcal/mol. Thus, the 
most probable sequence of hydrogenation of the pyridine ring is 
N1-C4-C5-C6-C3-C2. 

 
Fig. 8 Gibbs free energy profile for second hydrogenation step. Relative free energies calculated at 298.15 K and 1.0 atm in the 
gas phase (with respect to that of the reactants) are given. The free energy barrier ∆G≠ is relative to the most stable intermediate 6a 
and H2.  

 
Scheme 2 The calculated proton and hydride affinities of pyridine, borane and key intermediates in the reaction processes. All 

energies are given in kcal/mol. 
 

Third Hydrogenation Step 

The hydrogenation process of the unsaturated C2＝C3 bond in 
the pyridine ring is very similar to that in the second 

hydrogenation step. Optimized geometries of all stationary 
points along the third hydrogenation step are displayed in 
Figure 9. The Gibbs free energy profile in gas phase are 
presented in Figure 10. It can be seen from Figure 10 that the 
barriers of the proton transfer (via TS18/19) and the hydride 
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transfer (via TS21/22) in this step are only 15.1 and 7.3 kcal/mol 
(relative to the most stable intermediate 6a and H2), 
respectively. The barrier of the proton transfer step increases 
slightly to 15.2 kcal/mol, when the solvent (toluene) effect is 
considered. The final hydrogenation product is cis-piperidine 
23, with a chair-like six-membered ring. This result is 
consistent with the experimental observation. The third 
hydrogenation step is exothermic by 16.9 kcal/mol, relative to 
the starting reactants (5 and H2). As shown in Scheme 2, the 
calculated proton affinity of 17 (232.3 kcal/mol) and the 
hydride affinity of [17H]+ (191.2 kcal/mol) also suggest that the 
third hydrogenation process by the key FLP intermediate is 
thermodynamically feasible. 

Furthermore, we also consider the direct hydrogenation of 
the 1,4,5,6-tetrahydropyridine 17 by the borane 4 in this step. 
First, the activation of H2 by the borane 4 and the 1,4,5,6-
tetrahydropyridine 17 proceeds through the transition state TSB-
C, generating the ion pair 24. The utilization of carbon Lewis 
acid based FLP for H2 activation has been realized by 
experiment.21 Then the species 24 may isomerize into the more 
stable complex 21. The subsequent hydride transfer process, 
which produces the final product, will be the same as described 
above. Since the free energy barrier of this pathway (21.2 
kcal/mol) is much higher than that mentioned above, this 
reaction channel is unlikely for the third hydrogenation step.  

 

Fig. 9 Optimized geometries of some species involved in the third hydrogenation step. Selected bond distances are given in Å. The 
hydrogen atoms of the species are omitted for clarity. 

 
Fig. 10 Gibbs free energy profile for the third hydrogenation step. Relative free energies calculated at 298.15 K and 1.0 atm in the 
gas phase (with respect to that of the reactants) are given. The free energy barrier ∆G≠ is relative to that of the most stable 
intermediate 6a and H2. 
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In addition, we also investigate the process of generating 
another product, trans-piperidine. The barrier of the protonation 
step in the third hydrogenation step is 16.4 kcal/mol, which is 
higher than that (15.1 kcal/mol) of the similar process in the 
generation of cis-piperidine. More importantly, the cis-
piperidine with equatorial phenyl and methyl group is 1.9 
kcal/mol lower in free energy than the trans-piperidine. This 
result is consistent with the experimental fact that the cis:trans 
diastereomeric ratio is 95:5.  

Stephan et al13 reported that the hydrogenation product, 
piperidine can continue to active H2 to produce the 
corresponding piperidinium salt, if the Lewis acid B(C6F5)3 is 
employed. However, in the case of the borane 4, no 
piperidinium salt was observed.12 Our calculations show that 
the splitting of dihydrogen by the possible FLP, 23 and 4, is 
endothermic by 6.2 kcal/mol (3.2 kcal/mol in toluene), relative 
to the Lewis adduct (generated by 23 and 4) and H2. This result 
can be used to account for the corresponding experimental fact. 

Do the partially hydrogenated substrates act as the Lewis 

base component of an FLP to activate H2? 

It is worthwhile to investigate whether the partially 
hydrogenated products 11 and 17 can act as the Lewis base 
partner of the Lewis acid 4 in an FLP to activate H2. Our 
calculations show that the reaction barriers of the H2 activation 
by the corresponding FLPs (formed by the Lewis acid 4 and the 
Lewis bases 11 or 17) are 34.7 and 25.0 kcal/mol, respectively. 
As discussed above, the barrier of H2 cleavage by the FLP 6 
(formed by the Lewis acid 4 and the pyridine 5) is only 19.0 

kcal/mol. Thus, the possibility of the partially hydrogenated 
substrates acting as the Lewis base partner of the Lewis acid 4 
can be excluded. 

Conclusions 

We have performed detailed DFT calculations to explore the 
molecular mechanism of the hydrogenation of pyridine to yield 
the piperidine, in the presence of the Lewis acid, 
C6F5(CH2)2B(C6F5)2. The main conclusion drawn from our 
present study can be summarized as follows: 

(1) The actual catalyst for the hydrogenation of pyridine is 
the borane 4, generated from the hydroboration of the alkene.  

(2) The borane 4 and the pyridine form a FLP. This FLP 
then activates H2 to produce the pyridinium hydridoborate ion 
pair, which is the key intermediate for the further 
hydrogenation of the partially hydrogenated product. In the 
next step, the hydride in the hydridoborate moiety transfers 
from the boron atom to the C4 atom in the pyridinium moiety to 
produce 1,4-dihydropyridine.  

(3) The subsequent second and third hydrogenation steps of 
the substrate (the partially hydrogenated product) occur through 
the similar steps: (a) Proton transfer from the pyridinium 
moiety to the substrate; (b) Dissociation of the newly generated 
pyridine; (c) Hydride migration from the hydridoborate moiety 
to the protonated substrate to produce the hydrogenated 
product; (d) Release of the hydrogenated product to regenerate 
the free borane. 

 

 
Scheme 3 The proposed pathway for the full hydrogenation of pyridine to yield the piperidine. 

 
The proposed pathway from our study can be summarized 

in Scheme 3. Our calculations show that the full hydrogenation 
of pyridine is exothermic by 16.9 kcal/mol, relative to the 
starting reactants (5 and H2). The rate-limiting step is the proton 
transfer in the second hydrogenation step, with a free energy 
barrier of 27.9 kcal/mol in toluene at room temperature and 1.0 
atm. At T=373K and 50.0 atm in toluene, the free energy 
barrier of this rate-limiting step decreases slightly to 27.0 
kcal/mol. Our results are in good accord with the observed 
experimental facts. The results provide important insight into 
the full hydrogenation of pyridine catalyzed by the FLP, which 
may be useful in designing more effective FLP catalysts for 
hydrogenation of other heteroaromatic compounds. 
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Computational study indicates that the pyridinium hydridoborate ion pair is the key 
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Lewis acid C6F5(CH2)2B(C6F5)2. 
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