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ABSTRACT    The cytochrome P411 enzyme is a variant of cytochrome P450BM3 from Bacillus megaterium 

whose active site is an iron porphyrin imine ([Fe(Por)(NH)]-) specie. This specie has been reported to successfully 

promote the primary amination of benzylic and allylic C(sp3)−H bonds. We employed density functional theory to 

study the electronic structure of the active site of P411 enzyme and the primary amination of C−H bond reaction 

that it catalyzes. The calculated spin densities and orbital values indicate the existence of resonance in this specie; 

namely, [(por)(–OH)FeIV–N2-–H]- ↔ [(por)(–OH)FeIII–N•-–H]-. The amination of C(sp3)−H bonds consists of two 

main reaction steps: hydrogen-atom abstraction and radical recombination, and the former is demonstrated to be the 

rate-determining step. Furthermore, we studied the regioselectivity of the amination of primary and secondary 

C(sp3)−H bonds. Our calculations indicated that the secondary C(sp3)−H bonds of the substrate would be more 

favored for the activation by P411 enzyme. These results provide valuable information for understanding the 

properties and selectivity of C−H/C−N bond-activation reactions catalyzed by the P411 enzyme or other similar 

enzymes. 
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1  INTRODUCTION  

 

Nitrogen is one of the basic elements present in all living 

organisms[1]. The primary amine (NH2) is an important, 

nitrogen-containing functional group that serves as an 

essential intermediate in the construction of secondary 

amines, tertiary amines, and heterocycles. Primary amines are 

widely present in FDA-approved, bestselling drugs such as 

imatinib, meclizine, clopidogrel, sertraline, rivastigmine, and 

donepezil among many others[2-5]. The traditional synthesis of 

primary amines is usually achieved by the reduction of azides 

or nitriles, the reductive amination of carbonyl compounds[6], 

or the Buchwald-Hartwig amination of aryl halides[7, 8]. 

Unfortunately, nitrogen cannot be introduced into natural 

organic molecules by direct activation of their C–H 

bonds[9-13]. However, this would be a beneficial protocol as it 

could convert C−H bonds directly into C−N bonds[14-17]. In 

recent years, C−H functionalization has emerged as a 

promising strategy for amine synthesis. For instance, the 

selective and direct installation of new functional groups into 

the hydrocarbon framework of organic compounds can 

greatly simplify amine synthesis, thus reducing waste and 

promoting sustainable chemical production[18-20]. Some 

progress has been recently made in protocols providing the 

primary amination of C(sp2)–H bonds, such as photoredox 

catalysis[21, 22], electrochemical catalysis[23], and the use of 

other novel amination reagents and metal catalysts[5, 24-29]. 

It is well known that enzymes offer numerous advantages 

to biological catalysis, such as excellent stereoselectivity and 

high reaction rates. For instance, cytochrome P450 enzymes 

are hemoproteins that catalyze the hydroxylation of 

nonactivated C−H bonds with a potentially high degree of 

stereo- and regioselectivities[30]. However, the primary 

amination of C(sp3)–H bonds remains a challenge in biology.  
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Notably, Arnold and coworkers successfully designed the 

cytochrome P411 enzyme through the directed evolution of a 

cytochrome P450 from Bacillus megaterium, P450BM3. These 

engineered, iron-heme enzymes can catalyze benzylic and 

allylic C(sp3)−H aminations with excellent reactivity and 

regioselectivity[31-33]. Recently, Arnold and coworkers were 

the first to report the primary amination of C−H bonds 

catalyzed by NH-bearing iron porphyrin (Fe (Por)(NH)) 

specie of the P411 enzyme, where tetrahydronaphthalene (1) 

and 1-(3-methylphenyl)ethane (2)[32] served as the substrates 

(Scheme 1). In reaction 1, the primary amination of benzylic 

C−H bond of 1 gives tetrahydronaphthalen-1-amine (1a) as 

the main product and 1b as a low-yield byproduct. In reaction 

2, 1-(3-methylphenyl)ethan-1-amine (2a) is the main product 

reported, indicating that the primary amination of the 

secondary C(sp3)–H bond of 2 is more favorable than that of 

the primary C(sp3)–H bond[32, 34]. However, the active 

structure of the P411 enzyme and the reaction mechanism of 

the primary amination of C−H bonds are still unclear, 

particularly the regioselectivity of the primary amination of 

different C−H bonds in a substrate. 

 

Scheme 1.  Primary amination of C−H bonds catalyzed by cytochrome P411 enzyme 

 

In this work, we employed the density functional theory 

(DFT) method to study the active structure of the cytochrome 

P411 enzyme and the reaction mechanism of the 

P411-catalyzed primary amination reactions of substrates 1 

and 2. Furthermore, we revealed the regioselectivity of the 

mechanism behind the primary amination of the primary and 

secondary C(sp3)−H bonds in 2. The electronic characteristics 

and geometrical structures of the transition states and 

intermediates of these aminations were also investigated, and 

reasonable reaction pathways were elucidated. 

 

2  COMPUTATION METHODS AND DETAILS 

 

2. 1  Setup of the system  

According to the relevant literature reported by Arnold[32, 33], 

we used the crystal structure of the variant closely related to 

P411-B2 (PDB ID: 5UCW) as the initial structure. All the 

missing hydrogen atoms in the systems were added by the 

LEaP program of Amber 20 package. The force field for 

metal and its surrounding amino acids was parameterized by 

using “MCPB.py” model[35]. The parameters for residue 

HEM, -NH and substrate were obtained by the parmchk 

utility from AMBERTools using the general AMBER force 

field (gaff)[36]. The protonated states of all titratable residues 

were determined by the PROPKA program at the 

experimental optimum pH = 7.4[37], and visually inspected 

using VMD software[38]. To simulate the enzyme-catalyzed 

environment, the proteins were immersed in A periodic TIP3P 

tank with a minimum distance of 15 Å from the protein 

boundary. Then, several Cl-/Na+ ions were added to neutralize 

the total charges of the systems. The protein in all the 

simulations were described by the Amber ff14SB force field. 

2. 2  MD simulations  

After system setup, first, all the water molecules are mini- 

mized while keeping the protein fixed, and then the mini- 

mization is performed when the whole system is relaxed. Sub- 

sequently, the system was gradually heated from 0 to 300 K 

under the NVT ensemble for 300 ps with a 1 fs time step[39, 40]. 

This was followed by equilibrating the density of the systems 

for 1 ns in NPT ensemble at a target temperature of 300 K 

and pressure of 1.0 atm. During this procedure, Langevin 

thermostat with collision frequency of 2 ps-1 and Berendsen 

barostat with pressure relaxation time of 1 ps were used to 

maintain the temperature and density of the system. 

Thereafter, the system was further equilibrated for 4 ns, 

followed by a productive MD run of 100 ns for the system[41]. 

The root-mean-squared deviations (RMSD) of the trajectory 

were calculated for the MD simulation, as shown in Fig. 1. 
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We can see that the whole system remains very stable. The 

QM region in our QM calculations includes Fe, porphyrin 

ligand, NH group, and the side chains of serine residues 

Ser398. 

           

Fig. 1.  RMSD analysis of the whole system 

 

2. 3  QM methodology 

All calculations were performed using the ORCA 3.0.3 

software program and UB3LYP functional[42, 43]. We use the 

ORCA keyword “BrokenSym” to calculate the open-shell 

state. All geometric optimizations were performed using the 

Def2-SVP basis set (BS1). Def2-TZVP basis set (BS2) was 

used for single-point energy calculations. We use SMD model 

to calculate the solvent effect to correct the single-point 

energy[44]. Following the conditions set in previous studies 

exploring enzyme-catalyzed reactions, the SMD solvation 

model for chlorobenzene was used to simulate a non-polar 

protein environment, and the dispersion corrections were 

computed with Grimme’s D3BJ method[43]. For all species, 

the electronic structure was checked by visualizing 

spin-natural orbitals (SNOs) at the BS1 level and spin-natural 

orbitals at the BS2 level. 

After geometric optimization, the frequencies of all species 

were calculated to ensure that all the optimized structures had 

no imaginary frequencies, and that the transition states had 

only one imaginary frequency with correct vibration direction, 

from which the zero-point energy was obtained. Intrinsic 

reaction coordination (IRC) calculations were performed to 

confirm the relationships among the transition state, the 

reactant, and the product. In order to facilitate calculation, the 

porphyrin ligand was modeled as porphine[45], as has been 

done in similar model system studies. Imitating P450cam, the 

serine ligand was modeled as −OH[11]. We consider four spin 

states in total: css (closed-shell singlet), oss (open-shell 

singlet), triplet and quintet. The optimization of all open-shell 

singlet structures is carried out based on the initial guess of 

the triplet state, and then geometric optimization is performed 

according to the conjecture. 

 

Fig. 2.  Crystal structure of a variant (PDB ID: 5UCW) closely related to  

P411-B2 and simplified model used in our calculations 
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3  RESULTS AND DISCUSSION  

 

3. 1  Geometry and electronic structure  

of the Fe(Por)(NH) species 

In this section, the geometry and electronic structure of the 

Fe(Por)(NH) species are investigated. The optimized 

geometries of Fe(Por)(NH) in four different spin states (css, 

oss, triplet, and quintet) are presented in Fig. 3. The 

Fe(Por)(NH) species in the triplet state has the lowest energy 

among all spin states. The energy level of the open-shell state 

is only higher than that of the triplet ground state by 1.5 

kcal/mol. In contrast, both the quintet state and the 

closed-shell singlet state lie on energy levels (9.3 and 10.1 

kcal/mol, respectively) much higher than that of the triplet 

ground state. Thus, the primary amination reactions are 

mainly discussed with respect to the triplet and open-shell 

singlet state surfaces. The optimized geometries of the 

Fe(Por)(NH) species in these two states are shown in Fig. 3, 

where the lengths of Fe–N bonds are 1.83 (triplet state) and 

1.87 Å (open-shell singlet state). Based on these values, the 

Fe–N bonds of Fe(Por)(NH) species in the triplet and 

open-shell states were determined to be single bonds. The 

spin densities of the Fe and N atoms in the triplet state are 

1.00 and 1.03, respectively. In the open-shell singlet state, the 

spin density of Fe is 0.96, which is similar to that of its triplet 

state. However, the spin density of nitrogen in the open-shell 

singlet state is –0.99 and opposite of its spin density in the 

triplet state. These calculations indicate that one unit electron 

might transfer from nitrogen to Fe(IV), which would result in 

the formation of a [(por)(–OH)–FeIII–N•-–H]- species with an 

Fe(III) metal center and a radical N atom. 

     

   
Fig. 3.  Geometric optimization of the Fe(Por)(NH) species 

 

To further understand the electronic configuration of the 

Fe(Por)(NH) species, we calculated its spin-natural orbitals 

(SNOs). We found that the triplet state contains two 

single-occupied orbitals, namely *
xz and *

yz (Fig. 4). The 

*
xz orbital is composed of the dxz orbitals of Fe atom and the 

px orbitals of the nitrogen atom and mainly corresponds to the 

d orbital of Fe atom. The *
yz orbital is composed of the dyz 

orbitals of the Fe atom and the py orbitals of the nitrogen 

atom and mainly corresponds to the p orbital of N atom. 

Furthermore, we used orbital composition analysis with the 

Mulliken partition to count the contributions of Fe and N 

atoms in the single-occupied SNOs. The calculations showed 

that the *
yz orbital (Orb. 2) contributions of the Fe and 

nitrogen atoms were approximately 28.8% and 66.4%, 

respectively, which implies that the unpaired electron 

preferred to occupy the py orbital of the nitrogen atom. 

Therefore, it would be possible for one unit electron to 

transfer from the N to the Fe atom, which indicates that a 
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resonance structure of the reactants exists; namely,  

[(por)(–OH)–FeIII–N•-–H]- ↔ [(por)(–OH)–FeIV–N2-–H]-. For 

the open-shell singlet state, the Mulliken partition results 

show that the contributions of the Fe and N atoms in the *
yz 

orbital (Orb. 2) were approximately 1.03% and 95.1%, 

respectively. This result indicates that the unpaired electron is 

mainly located on the py orbital of the nitrogen atom. 

However, the biggest difference between the open-shell 

singlet and triplet states is the single-occupied orbital *
yz, 

which bears two spin-opposite electrons. The open-shell 

singlet state exhibits antiferromagnetic coupling between the 

*
yz orbital which possesses N radical character and the *

xz 

orbital which owns unpaired electrons on the dxz orbitals of Fe. 

In contrast, the triplet state exhibited ferromagnetic coupling. 

Thus, the triplet and open-shell singlet states of Fe(Por)(NH) 

species are degenerate. Thus, the active structure of the P411 

enzyme might exhibit resonance; namely, [(por)(–OH)–FeIII–

N•-–H]- ↔ [(por)(–OH)–FeIV–N2-–H]-. 

 

Fig. 4.  Orbital composition analysis with Mulliken partition of the  

open-shell singletand triplet states of the Fe(Por)(NH) species 

 

3. 2  Primary amination of the C(sp3)−H bond  

of tetrahydronaphthalene 

The amination of the C–H bond of 1 (reaction 1 in Scheme 1) 

catalyzed by the Fe(Por)(NH) species was then investigated. 

The optimized geometries of RC1 in four different spin states 

(css, oss, triplet, and quintet) are shown in Fig. 5. The 

amination of the C(sp3)−H bond of 1 consists of two main 

reaction steps: hydrogen-atom abstraction and radical 

recombination. Hydrogen atom H1 of substrate 1 is the target 

of the N atom of Fe(Por)(NH) for the abstraction process, and 

the distance between these two atoms is 3.04 Å. The process 

of this N atom abstracting H1 was investigated by scanning 

the energy profile during the acceptance of H1 by the N atom. 

The calculations indicate that the H1-atom abstraction must 

tackle a low energy barrier of only 7.1 kcal/mol to reach the 

transition state of 3TS1, where the N–H1 distance decreases to 

1.31 Å. As shown in Fig. 7, the single-occupied *
yz orbital of 

3RC1 is mainly distributed on the p orbital of the N atom, 

which is generally perpendicular to the Fe–N bond and 

coplanar with the N−H1−C1 plane. As a result, along with the 

coordination of N−H1 within the H-abstraction process, the 

radical orbital of the N atom could effectively overlap with 

the orbital of the C1−H1 bond, which could promote the 

H-abstraction of 3RC1. Moreover, on the open-shell single 

state surface, the Fe(Por)(NH) species could undergo a 

similar H-abstraction process to that of the triplet ground 

state, except with a slightly higher energy for each structure. 

Upon completion of the H-abstraction process, the radical 

intermediate (3IM1-1) of the [(por)(–OH)–Fe–NH2]
- species is 

generated. The optimized geometry of IM1-1 revealed that the 

intermediate comprises a coordinated NH2 group and a radial 

substrate within the cage (Fig. 6). The spin densities of the Fe, 

N, and C1 atoms changed from 1.04, 0.97, and 0.0 for RC1 to 

0.93, 0.08, and 0.71 for IM1-1, respectively. The changes in 

the spin densities of these atoms from RC1 to IM1-1 indicate 

that spin-down electron transfers from the C−H1 σ orbital to 

the N p orbital upon the generation of 3IM1-1 via the H1-atom 

abstraction process. Subsequently, the radical substrate and 

Fe(Por)(NH) species in the well-caged should undergo a 

so-called rebound reaction, which involves the amination of 

the radical substrate to generate the product. By scanning the 

energy profile of the process by which the distance between 

N and C1 along the rebound reaction coordination was 

shortened, the rebound reaction needed to conquer an energy 

barrier of only 0.6 kcal/mol to generate the product. 

Therefore, the H-abstraction is the rate-limiting step of the 

amination of C(sp3)−H bond of substrate 1. Additionally, this 

amination process involving open-shell singlet state surface is 
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similar to that involving the triplet ground state, which results 

in only slightly different energies for each produced structure. 

The potential energy surface of this reaction is shown in Fig.8. 

We also considered another reaction site for the amina tion 

of C(sp3)−H bonds, which resulted in a similar reaction 

process to those presented in the Supporting Information (Fig. S1). 

     

       

Fig. 5.  Geometric optimization of the reactant structure 

 

           
Fig. 6.  Optimized structures of TS, IM and PC. Some important bond lengths and spin densities  

for the open-shell singlet and triplet states are listed. All distances are given in angstroms 

   

  Fig. 7.  Spin-natural orbitals (SNOs) of the open-shell singlet state and triplet state RC1, TS1-1, and IM1-1.  

   All orbitals were computed at the BS2 level of theory and are shown with their occupancies 
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    Fig. 8.  Potential energy surface for C(sp
3
)-H primary amination 

 

Furthermore, according to the experimental result of 

Arnold’s work[32], the product of C(sp2)−H amination by the 

P411 enzyme can also be detected in negligible amounts. 

Thus, we also studied the primary amination of the C(sp2)−H 

bonds of substrate 1. Since benzene C(sp2)−H bonds are very 

stable, the direct abstraction of their H atoms is very difficult. 

We calculated that an energy barrier greater than 30 kcal/mol 

would need to be overcome to accomplish this (Supporting 

Information, Fig. S2). Therefore, we investigated another 

possible reaction pathway for this C(sp2)−H amination reac- 

tion involving the assistance of the porphyrin ligand (Fig. 9). 

Firstly, the N atom directly attacks the C2 atom to form a 

bridged imine group (energy barrier = 13.9 kcal/mol) to 

generate IM1-2. Subsequently, the H2 atom of C(sp2)–H bond 

is abstracted by the coordinated nitrogen. The energy barrier 

that must be overcome was calculated as 15.1 kcal/mol, 

which is lower than the energy barrier that must be overcome 

for the nitrogen to directly abstract the H2 atom (30.6 

kcal/mol). Finally, the generated IM2-2 undergoes a rebound 

reaction with fewer energy barriers and releases the product. 

Compared with the reaction pathway of C(sp3)−H amination, 

the reaction of C(sp2)−H amination requires a much higher 

energy barrier to be conquered than that required by the 

C(sp3)−H bond amination. These reaction mechanism studies 

revealed that the H-abstraction is the rate-determining step, 

and that the P411 enzyme favorably catalyzes the primary 

amination of the C(sp3)−H bond of tetrahydronaphthalene. 
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Fig. 9.  Another possible reaction mechanism of C(sp
2
)−H bond amination 

 

3. 3  Regioselectivity of the primary amination of 

C(sp3)−H bonds catalyzed by the P411 enzyme 

We then investigated the regioselectivity of P411-enzyme- 

catalyzed primary amination of different C(sp3)−H bonds 

(primary and secondary bonds) of 1-(3-methylphenyl) ethane 

(substrate 2 in Scheme 1). The optimized geometries of RC2 

when loading substrate 2 in four different spin states (css, oss, 

triplet, and quintet) are shown in Fig. 10. As discussed in the 

previous section, the active site of the triplet ground state and 

open-shell singlet state of RC2 have the following resonance: 

[(por)(–OH) FeIV–N2-–H]- ↔ [(por)(–OH)–FeIII–N•-–H]-. This 

resonance can activate the C(sp3)−H bond of substrate 2 

(Scheme 1). Fig. 11 shows images of the potential energy 

surfaces of the aminations of primary and secondary 

C(sp3)−H bonds that take place on the open-shell singlet state 

and triplet state surfaces, respectively.  

  

    
Fig. 10.  Geometric optimization of the reactant structure 
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Fig. 11.  Potential energy surfaces for the primary aminations of primary (left side of central axis)  

and secondary (right side of central axis) C(sp
3
)−H bonds 

 

The primary amination of the C(sp3)−H bonds of the 

Fe(Por)(NH) species should undergo two main reaction steps: 

H-abstraction and radical recombination. The process by 

which Fe(Por)(NH) abstracts the H4 atom of 2 was 

investigated by scanning the energy profile of the N atom as 

it accepts the H4 atom. The calculations suggested that the 

abstraction of H4 requires an energy barrier of 11.1 kcal/mol 

at the triplet state (12.1 kcal/mol at the open-shell single state) 

to be overcome to generate the radical intermediate of 3IM1-4. 

Finally, in 3IM1-4, the coordinated NH2 group would 

recombine with the radical C4 atom with only a slight barrier 

of 2.5 kcal/mol (2.6 kcal/mol in open-shell singlet) to 

overcome. In contrast, the H-abstraction step of the primary 

amination of the secondary C(sp3)−H bonds requires an 

energy barrier of 9.8 kcal/mol (9.7 kcal/mol in open-shell 

singlet) to be conquered, which is lower than the barrier that 

must be overcome for the amination of the primary C(sp3)−H 

bonds. Moreover, the generated radical intermediate IM1-3 

has an energy level of −11.6 kcal/mol (−11.8 kcal/mol in 

open-shell singlet), which is lower than that of IM1-4 (−7.2 

kcal/mol; −7.4 kcal/mol in open-shell singlet). These 

calculations reveal that the secondary C(sp3)−H bond is more 

easily activated by the Fe(Por)(NH) species than the primary 

C(sp3)−H bond. Subsequently, the rebound reaction must 

overcome only a slight barrier to achieve the rebound of the 

NH2 group to the radical substrate 2 in IM1-4, resulting in the 

formation of the product. Additionally, the reaction pathway 

of Fe(Por)(NH)-catalyzed amination of the secondary 

C(sp3)−H bonds in the open-shell single state is similar to 

that in the triplet ground state, with only slightly different 

energies for each structure. Therefore, the P411 enzyme is 

energetically favored for aminations of secondary C(sp3)−H 

bonds. 

        

        
Fig. 12.  Geometric optimization of the structures of TS, IM and PC of primary and secondary C(sp

3
)−H bonds. Some important bond lengths 

and spin densities for the open-shell singlet and triplet states are provided. All distances are given in angstroms 
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According to our calculations, the H-abstraction step is the 

rate-determining step of the reaction pathway of the primary 

amination of C(sp3)−H bonds, which involves an electron 

transferring from the reactive moiety of the substrate to the 

Fe(Por)(NH) species. Thus, it can be expected that if the 

reactive moiety of the substrate is a better electron donor, the 

barrier of H-abstraction toward that moiety would be 

decreased. To further understand the reason for the preferred 

amination of secondary C(sp3)−H bonds, we investigated the 

SNOs via orbital composition analysis with Mulliken 

partitions of the primary and secondary C−H moieties of the 

substrate. As shown in Fig. 13, the single-occupied SNOs of 

TS1-3 and TS1-4 represent the orbitals interacting when the N 

atom of Fe(Por)(NH) attacks the primary and secondary 

C(sp3)−H moieties, respectively of the substrate. For TS1-4, 

the C4-atom (primary carbon) contribution to the transfer 

process was 20.3%, while the contributions of N and Fe 

atoms of the Fe–N center were 43.6% and 21.5%, 

respectively. For the single-occupied SNOs of TS1-3, the 

contribution of the C3 atom (secondary carbon) of the 

substrate to the transfer process was 12.9%, while those of 

the N and Fe atoms of the Fe–N center were 34.0% and 

42.6%, respectively. Upon comparing these results, it is 

obvious that the contribution of carbon atoms to the single- 

occupied SNOs of the transition state at the secondary site is 

lower than that at the primary site. Meanwhile, the higher 

contribution (42.6～21.5%) of the Fe atom of the Fe–N 

active center also indicates that the secondary C−H bonds 

may be more easily reactivated by the Fe(Por)(NH) species 

than the primary bonds, and the barrier of C−H bond 

activation should be reduced. This distinguishes the 

contribution of TS1-3 and TS1-4 to the single-occupied SNOs, 

indicating that the secondary C(sp3)−H moiety of the 

substrate exhibits a stronger electron-donor ability than that 

of the primary C(sp3)−H moiety. As a result, the Fe(Por)(NH) 

species abstracts the H3 atom from the secondary site of the 

substrate, which is promoted by the stronger electron-donor 

ability of the primary site. Therefore, the Fe(Por)(NH) 

species preferentially catalyzes the primary amination of 

secondary C(sp3)−H bonds.  

 

 

Fig. 13.  Transition-state single-occupied SNOs and the contribution of selected atoms 

 

4  CONCLUSION  

 

In this work, we employed the DFT method to study the 

electronic structure of the active center of the cytochrome 

P411 enzyme and the primary amination of C−H bonds 

catalyzed by its Fe(Por)(NH) species. The calculated spin 

densities and SNOs indicated the existence of resonance in 

the reactants; namely, [(por)(–OH) FeIV–N2-–H]- ↔ [(por)- 

(–OH)FeIII–N•-–H]-. Then, we explored the reactivity of this 

Fe(Por)(NH) species and revealed the reaction mechanism 

through which it aminates the C(sp3)−H bonds of substrate 

tetrahydronaphthalene. The calculated reaction pathway 

occurring on the triplet ground state surface indicates that the 

H-abstraction is the rate-determining step of the primary 

amination. We also found that the energy barrier to be 

overcome for the subsequent NH2-group rebound reaction to 

proceed is lower than that of H-abstraction step. 

Furthermore, the regioselectivity of Fe(Por)(NH)-catalyzed 

primary amination of different C(sp3)−H bonds (primary and 

secondary bonds) was investigated using substrate 

1-(3-methylphenyl) ethan. Distinguishing the orbital 

contribution of single-occupied SNOs in the transition state 

indicated that the secondary C(sp3)−H moiety of the substrate 

has a stronger electronic donor ability than that of the 

primary C(sp3)−H moiety. Therefore, the secondary site of 

the substrate would be favored for activation by the P411 

enzyme. The calculation of the above reactivity and 

selectivity of the P411 enzyme can provide useful ideas and 
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information for understanding the properties and selectivity 

of the C−H/C−N bond-activation reactions it catalyzes, as 

well as those catalyzed by similar enzymes. Our results can 

also be used for developing and synthesizing new, related 

catalysts. 
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