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Abstract 

The combination of either two same in nature catalysts or two different in nature catalysts leads to the 

formation of the homohybrid catalysts or heterohybrid catalysts, respectively. They can undergo the 

process of hybrid catalysis and this process may be sequence specific or directed either in one or both 

directions. The homohybrid catalyst can be synthesized via concise and practical but a proposed method 

using reagocatalysis after combining the two organocatalysts. The four heterohybrid catalysts devised by 

the combination of NiBr2 complexes of 4-Amino-2,2’-bipyridine, 5-Amino-2,2’-bipyridine, 4-Formyl-2,2’-

bipyridine and 5-Formyl-2,2’-bipyridine (organometallic catalysts) with the 3-Formylpyrrolidine as well as 

3-Aminopyrrolidine (organocatalysts) respectively were tested via in silico investigation. This in silico 

study suggested that the efficiency of Ni complexes of the 4-Amino-2,2’-bipyridine and the 5-Amino-2,2’-

bipyridine was either less affected or reduced after their combination with the 3-Formylpyrrolidine to form 

heterohybrid catalysts but a better efficiency could be observed from the Ni complexes of 4-Formyl-2,2’-

bipyridine and 5-Formyl-2,2’-bipyridine with when combined with the 3-Aminopyrrolidine to generate 

heterohybrid catalysts. The Ni complexes involving the pyrrolidine moiety were found to be less stable than 

that of the aforementioned Ni complexes of heterohybrid catalysts. 

 

Keywords: Hybrid Catalysis, Homohybrid Catalysis, Heterohybrid Catalysis, Reagocatalysis, Sequence 

Specific Catalysis, Directed Catalysis. 

 
 

Introduction 

 
Homogeneous catalysis came into action for the polymerization of olefins with the discovery of 

metallocenes as organometallic catalysts. The organometallic complexes of nickel (Ni) are found to be very 

useful organometallic catalysts for the polymerization process to prepare polyethene. A bis-ylide complex 

of Ni showed the high activity towards the polymerization process to synthesize the polyethylene 

(Starzewski & Witte, 1985). The removal of phosphine from the P,O-chelated complexes of Ni(II) metal 

changes the process of olefinic oligomerization into the olefinic polymerization. The phosphine removal 

and replacement are carried out by the Rhodium or the Nickel complexes and weakly coordinated pyridine 

ligand, respectively (Klabunde et al., 1987). A nickel-ylide complex shows promising activity as an 

organometallic catalyst when it is introduced with some substituents in the chelate ring (Kurtev & Tomov, 

1994). The dibromide complexes of Ni(II) along with the aryl ligands are revealed to be more efficient as 

well as more active organometallic catalysts when subjected to the oligomerization of the ethylene (Killian, 

Johnson, & Brookhart, 1997). The role of substituents on the aryl ligands of Ni(II) dibromide complexes 

was investigated and it revealed the increased catalytic activity for the polymerization of ethene (Kinnunen, 

Haukka, Pakkanen, & Pakkanen, 2000).  
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Figure. 1 (a) 3-Formylpyrrolidine (b) 3-Aminopyrrolidine 

 

The compounds (a) and (b) as shown in the figure 1 can be used as organocatalysts like that of the Proline 

molecule which is used for catalysing the aldol condensation reaction (List, Lerner, & Barbas, 2000). These 

two compounds can also be employed separately for their combination with another catalyst owing to the 

presence of reacting moieties in them. However, a protected catalysing moiety in such compounds will help 

to prevent the complications during the process of their combination with other catalysts. The reacting 

moieties of the two same or different in nature catalysts help them to combine leading to the formation of 

the hybrid catalysts and the phenomenon is given the name of hybrid catalysis. 

 

The hybrid catalysis can be of two types based on the nature of the combining catalysts. When the 

combining catalysts are same in nature i.e. both are either organocatalysts or organometallic catalysts etc, 

they are given a name of homohybrid catalysts and when both the combining catalysts are different in 

nature i.e. one of them is an organocatalyst and other is an organometallic catalyst etc, they are given a 

name of heterohybrid catalysts. The homohybrid catalyst can be synthesized via the process of 

reagocatalysis. A reagocatalyst undergoes an intermolecular process and uses its catalysing and reacting 

moieties respectively, during the process of reagocatalysis (Abbas, 2024). The homohybrid catalyst can be 

synthesized both by a homoreagocatalyst and a heteroreagocatalyst. The proposed example along with the 

utilization of homoreagocatalyst and heteroreagocatalyst for the synthesis of homohybrid catalyst offered a 

better, practical and workable method of implementation of the idea of reagocatalysis here in this article 

that involves the use of modified bipyridines employed as homoreagocatalyst and heteroreagocatalyst 

unlike the simple bipyridines employed for performing the same function i.e. to reduce and convert the 

nitro groups (-NO2) present on aromatic rings into amino groups (-NH2) and at the same time avoiding its 

interaction with the sensitive functionalities (Jang, Lim, Park, & Han, 2022) present in the substrates 

involved in the reagocatalysis.  Since the in-silico study with the help of Gaussian 16 software (Frisch et 

al., 2016) is employed for this article, only the heterohybrid catalysis have been considered here as a 

manageable test case during the computational studies. 

 

Research Methods 
 

Homohybrid Catalysis  
 

The 4-nitro-2,2ʹ-bipyridine and 4-formyl-2,2ʹ-bipyridine are proposed as the homoreagocatalyst and 

heteroreagocatalyst and can be reacted with N-protected, 3-formylpyrrolidine and 3-nitropyrrolidine 

respectively. The homoreagocatalyst and the heteroreagocatalyst used here were tested and found to be 

ineffective to carbonyl, halogens, vinyl, cyanide and ethynyl functional groups (Jang et al., 2022) which 

makes them the best candidates to be proposed for the implementation of idea of homoreagocatalysis and 

heteroreagocatalysis as well as for the synthesis of the homohybrid catalysts. 
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Figure 2: Proposed synthesis of homohybrid catalyst via (a-c) homoreagocatalysis and (d-f) 

heteroreagocatalysis (a) Homoreagocatalyst (b) Catalysed intermediate (c) Homohybrid catalyst (d) A 

molecule to be catalysed by the heteroreagocatalyst (e) Catalysed intermediate (f) Homohybrid catalyst 

 

Heterohybrid Catalysis 

 

As described earlier, the heterohybrid catalyst involved the combination of two different in nature catalysts. 

Two different organocatalysts as shown in the figure 1 were separately combined with the different suitable 

organometallic catalysts i.e. NiBr2 complexes of 4-Amino-2,2ʹ-bipyridine, 5-Amino-2,2ʹ-bipyridine, 4-

Formyl-2,2ʹ-bipyridine and 5-Formyl-2,2ʹ-bipyridine (see figure 3 and 4) to give rise to the four different 

hybrid catalysts. The bond energies of Ni-Br bond were calculated as this bond was involved in the 

polymerization of olefinic double bonds of the substrate and may be affected owing to the extended 

conjugation when the above-mentioned organometallic catalyst containing these bonds was combined with 

the organocatalysts. The organometallic catalyst of Ni and the heterohybrid catalyst were subjected to the 

optimization using B3LYP/LanL2DZ level of theory. The bromide ion (Br
1-

) was separated from the 

organometallic complexes as well as from the heterohybrid catalysts as shown in the figures (3) and (4).  

 

Figure 3: (a,b) Complexes of 4- and 5-Amino-2,2ʹ-bipyridine and their ionized fragments (c-f) Schiff bases 

and their ionized fragments (g) Complexes of Schiff bases involving pyrrolidine ring 
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The ionized organometallic fragments and the bromide ion were separately optimized and subjected to 

single point energy calculation respectively using B3LYP/LanL2DZ level of theory. The Ni metal was also 

complexed with the (-NH-) group of pyrrolidine ring and nitrogen atom of imine (Schiff base) linkage 

present in the heterohybrid catalyst and then optimized using B3LYP/LanL2DZ level of theory because it 

could also be a site of complex formation by the Ni metal. 

 

Combination with 3-Formylpyrrolidine 

 

3-Formylpyrrolidine as an organocatalyst was combined with the differently positioned amino groups (-

NH2) of organometallic catalysts of Ni metal to give rise to the heterohybrid catalysts (Schiff bases) as 

shown in the figure 3(c-f). The Schiff bases were also complexed with Ni at a different place available 

involving the pyrrolidine ring as shown in the figure 3(g). The B3LYP/LanL2DZ level of theory was used 

to either calculate single point energy (for bromide ion) or optimize all the species involved as shown in the 

figure 3(a-g). 

 

Combination with 3-Aminopyrrolidine 

 

Figure 4: (a,b) Complexes of 4- and 5-Formyl-2,2ʹ-bipyridine and their ionized fragments (c-f) Schiff bases 

and their ionized fragments (g) Complexes of Schiff bases involving pyrrolidine ring 

 

3-Aminopyrrolidine as an organocatalyst was combined with the differently positioned formyl groups (-

CHO) of organometallic catalysts of Ni metal to give rise to the heterohybrid catalysts (Schiff bases) as 

shown in the figure 4(c-f). The Ni metal was also complexed with the resulting Schiff base but at a 

different site involving the pyrrolidine ring as shown in figure 4(g). All the species involved as shown in 

the figure 4(a-g) were either optimized or their single point energy (for bromide ion) was calculated using 

B3LYP/LanL2DZ level of theory. 

 

Results and Discussion 
 

The species derived from 4-Amino-2,2ʹ-bipyridine complex i.e. its Schiff bases and ionized fragments as 

shown in the figure 3 were optimized separately and their energies were given in table 1. The bond energy 

of Ni–Br bonds present in these species was calculated using the following equation and given in the table 

1.  
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E bond = E fragments – E molecule   Eq. (i) 

 

The bond energy (524.417 kJ/mol) of Ni–Br bond of the 4-Amino complex is slightly more than that of the 

bond energy (520.783 kJ/mol) of the same bond but present in the Schiff base resulted from the 

combination of 4-Amino-2,2ʹ-bipyridine and 3-Formylpyrrolidine. This comparison indicated that the 

imine linkage in the Ni complex of Schiff base affected the bond energy of Ni–Br less than that of the 

unreacted amino group present at position 4 of bipyridine Ni complex. An opposite and drastically changed 

result was observed in the case of the Ni–Br bond energy data present in the table 1 and derived from the 

complex, the Schiff base’s complex and the ionized fragments of 5-Amino-2,2ʹ-bipyridine also shown in 

the figure 3. It indicated that 5-amino group is not invigorating the Ni–Br bond as much as the imine 

linkage present at the position 5 of derived Schiff base. 

 

There was another site involving pyrrolidine ring where Ni can make complex as shown in the figure 3(g). 

However, these complexes involving pyrrolidine ring (G) were found to be energetically less stable and 

less favourable than that of Ni Complexes derived from the bipyridine moiety (D) as shown in the table 1. 

It was a result of strained geometry formed by the Ni complex of pyrrolidine ring. 

 

Table 1: Energies of complexes, Schiff bases and their ionized fragments with 3-Formylpyrrolidine 

 

Amines 

involved 

in 

complex 

and Schiff 

Base 

formation 

Energies of Complexes before and after Schiff Base formation 

Ionized 

Fragments 

of NiBr2 

complexes 

(A)  

(Hartree) 

Intact 

Complexes 

of NiBr2 

(B)  

(Hartree) 

Difference 

(Ni–Br 

bond 

energy) 

E = (A–B) 

*2625.5 

(KJ/mol) 

Ionized 

Fragments 

of Schiff 

bases (C)  

(Hartree) 

Intact 

Schiff 

base’s 

complexes 

of NiBr2 

(D) 

(Hartree) 

Difference 

(Ni–Br 

bond 

energy) 

E = (C–D) 

*2625.5 

(KJ/mol) 

NiBr2 

Complex 

with 

pyrrolidine 

ring (G) 

(Hartree) 

 

4-Amino-

2,2’-

bipyridine 

-746.235 

 

-746.435 

 

524.417 

 

-995.649 

 

-995.848 

 

520.783 

 

-995.826 

5-Amino-

2,2’-

bipyridine 

-746.242 

 

-746.418 

 

461.345 

 

-995.653 

 

-995.850 

 

517.076 

 

-995.825 

 

The 4-Formyl-2,2ʹ-bipyridine complex, its Schiff bases and ionized fragments as shown in the figure 4 

were optimized separately and their energies were given in table 2. The bond energy of Ni–Br bond was 

calculated using the following equation and also given in table 2.  

 

E bond = E fragments – E molecule   Eq. (ii) 

 

The bond energy (551.956 kJ/mol) of Ni–Br bond of the 4-Formyl complex is more than that of the bond 

energy (533.207 kJ/mol) of the same bond but present in the Schiff base complex resulted from the 

combination of 4-Formyl-2,2ʹ-bipyridine Ni complex and 3-aminopyrrolidine. It revealed that the imine 

linkage in the Schiff base affected the bond energy less than that of the unreacted formyl group. Similar 

situation was observed in the case of complex, Schiff base and their ionized fragments derived from 5-

Formyl-2,2ʹ-bipyridine Ni complex as shown in the table 2. 

 

There was another site involving pyrrolidine ring where Ni can make a complex as shown in the figure 

4(g). However, these complexes involving pyrrolidine ring (G) were found to be energetically less stable 

and less favourable than that derived from the bipyridine moiety (D) as shown in the table 2 owing to the 

strained structure opted by the Ni complex of pyrrolidine ring. 
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Table 2: Energies of complexes, Schiff bases and their ionized fragments with 3-Aminopyrrolidine 

 

Aldehydes 

involved 

in 

complex 

and Schiff 

Base 

formation 

Energies of Complexes before and after Schiff Base formation 

Ionized 

Fragments 

of NiBr2 

complexes 

(A)  

(Hartree) 

Intact 

Complexes 

of NiBr2 

(B)  

(Hartree) 

Difference 

(Ni–Br 

bond 

energy) 

E = (A–B) 

*2625.5 

(KJ/mol) 

Ionized 

Fragments 

of Schiff 

bases 

(C)  

(Hartree) 

Intact 

Schiff 

base’s 

complexes 

of NiBr2 

(D) 

(Hartree) 

Difference 

(Ni–Br 

bond 

energy) 

F = (C–D) 

*2625.5 

(KJ/mol) 

NiBr2 

Complex 

involving 

pyrrolidine 

ring 

(G) 

(Hartree) 

4-Formyl-

2,2’-

bipyridine 

-804.165 

 

-804.375 

 

551.956 

 

-995.650 

 

-995.853 

 

533.207 

 

-995.837 

5-Formyl-

2,2’-

bipyridine 

-804.164 

 

-804.376 

 

558.982 

 

-995.653 

 

-995.853 

 

526.058 

 

-995.836 

 

The heterohybrid catalysts used here for in silico studies can be sequence specific in one direction. It is 

inferred that the employment of protected pyrrolidine ring will further reduce the formation of unnecessary 

and comparatively less stable Ni complexes involving the pyrrolidine ring. The complexes of the Schiff 

bases involving bipyridine should be allowed first to catalyze the polymerization of alkenes followed by the 

deprotection and employment of the pyrrolidine moiety to catalyze the aldol condensation on the same 

substrates containing enolizable carbonyl functionalities as proposed in the figure 5. 

 

 
Figure 5: (a) Proposed substrate undergoing the polymerization (b) Polymerized substrate undergoing aldol 

condensation (c) Proposed final product after heterohybrid catalysis 

 

Conclusion 
 

The Ni–Br bond energies of the Ni complexes of Schiff bases derived from 4-Formyl- and 5-Formyl-2,2ʹ-

bipyridine are considerably less than that of the complexes before the Schiff bases formation. This indicates 

the better catalysing power of these heterohybrid catalysts towards their role of polymerization. The Ni–Br 

bond energy of the 4-Amino- and 5-Amino-2,2ʹ-bipyridine’s complexes are close to or higher than that of 

their Schiff base complexes. But these bond energy values of the latter are still closer to the Schiff bases of 

4-Formyl- and 5-Formyl-2,2ʹ-bipyridine Ni complex counterparts and expected to behave well during the 

process of polymerization carried out by the bipyridine complex portion. The Ni complex formation 

involving the pyrrolidine ring is energetically less favourable and can also be avoided by the use of N-

protected pyrrolidine ring and it will make the heterohybrid catalyst sequence specific in one direction as 

well. 
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