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Abstract: The reactivity, mechanism and chemoselectivity of the Mn-catalyzed intramolecular C–H
amination versus C=C aziridination of allylic substrate cis-4-hexenylsulfamate are investigated by
BP86 density functional theory computations. Emphasis is placed on the origins of high reactivity
and high chemoselectivity of Mn catalysis. The N p orbital character of frontier orbitals, a strong
electron-withdrawing porphyrazine ligand and a poor π backbonding of high-valent MnIII metal
to N atom lead to high electrophilic reactivity of Mn-nitrene. The calculated energy barrier of C–H
amination is 9.9 kcal/mol lower than that of C=C aziridination, which indicates that Mn-based
catalysis has an excellent level of chemoselectivity towards C–H amination, well consistent with the
experimental the product ratio of amintion-to-aziridination I:A (i.e., (Insertion):(Aziridination)) >20:1.
This extraordinary chemoselectivity towards C–H amination originates from the structural features
of porphyrazine: a rigid ligand with the big π-conjugated bond. Electron-donating substituents
can further increase Mn-catalyzed C–H amination reactivity. The controlling factors found in this
work may be considered as design elements for an economical and environmentally friendly C–H
amination system with high reactivity and high chemoselectivity.
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1. Introduction

Direct nitrene transfer (NT) reaction is an emerging and powerful method to convert C–H into
C–N bonds from cheap and easily available starting materials [1–6]. Of these NT reactions catalyzed by
organometallic complexes or metalloenzyme using metalloporphyrins as reactive center, the C(sp3)-H
aminations of sulfamate esters are of immense interest because these reactions can install important
structural motifs of therapeutic drugs, natural products and materials [7–11]. However, it is a particular
challenge for amination of unsaturated sulfamate ester compounds such as allylic substrates since C=C
may also react with nitrenoids to provide the aziridines, resulting in mixtures of amine and aziridine
products [12–14]. Therefore, controlling the chemoselectivity of C–H bond amination vs. C=C bond
aziridination is imperative to harness the full potential of this emerging method [15–19].

Noble metal such as rhodium [20–22], silver [23–25], ruthenium [26,27], palladium [28,29] and
base metal such as iron [30–32], cobalt [33,34], copper [35,36] have been shown to accomplish C(sp3)-H
aminations. Both of them, however, have some drawbacks in either reactivity or chemoselectivity
for such catalysis. For example, noble metal rhodium catalysts are well known to catalyze the -NR
group insertion reaction for its high reactivity but lack the chemoselectivity due to the competitive
oxidation of π bonds (I (Insertion):A (Aziridination) = 1:1 by Rh2(esp)2 catalyst) [37]. Conversely,
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base metal catalyst like [FePc] (Pc = phthalocyanine) have been attested the excellent chemoselectivity
for intramolecular allylic amination over aziridination (I:A > 20:1) but poor chemical reactivity [13].
Moreover, this inverse correlation between reactivity and chemoselectivity universally exist in NT
reactions. Therefore, obtaining a single product in both high effective and excellent chemoselective
manner has been a long-standing goal in organic methodology. Excavating more effective metal
catalysts to achieve this goal is going to be a significant trend. Recently, White and co-workers
experimentally made a breakthrough wherein they found a novel manganese catalyst [Mn(tBuPc)]
(tBuPc = tert-butylphthalocyanine) that exhibited prominent chemoselectivity (I:A > 20:1) while
maintaining high reactivity observed with Rh2-catalyst (Scheme 1) [38]. Both the reason for this
reactivity-selectivity positive correlation and controlling factors for high chemoselectivity are still
unknown up to now, and we infer that both of them might relate to the mechanism of the reaction and
the structure of the Mn-catalyst.
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Computational chemistry plays an indispensable role in elucidating the reaction mechanism,
unraveling the driving force for selectivity and designing new effective catalytic system [10,22,39–41].
Our group has engaged in theoretical investigations on mechanisms of C–N and C–C bond formations
by means of C–H functionalization [42–45]. Herein, we performed detailed computational studies on
the mechanisms of Mn-catalyzed intramolecular -NR insertion into C–H and C=C of allylic substrate,
with an emphasis on the origins of reactivity and chemoselectivity for C–H amination vs. C=C
aziridination. The insights drawn from Mn-phthalocyanine (porphyrin analogues) is expected to
pave the way for the creation of new organometallic and metalloenzymatic catalysis system with high
reactivity and high chemoselectivity.

2. Results and Discussion

In this work, porphyrazine (Pz) was utilized as a model for tBuPc. As seen in Scheme 2, it is
accepted that the whole process of Mn-catalyzed reaction can be divided into two parts: the formation
of Mn-nitrene intermediate (Part I) and the insertion of nitrene group into the C–H or C=C bond
(Part II). Notably, metal-nitrene is a key species for nitrene delivery reaction. The competition of C–H
amination vs. C=C aziridination depends solely on those reaction steps following the Mn-nitrene (vide
the red box in Scheme 2). That is to say, chemoselectivity—the focus of this report—is irrespective of
Part I. Thus our investigations on mechanism, reactivity and chemoselectivity for C–H amination vs.
C=C aziridination start from the Mn-nitrene.

We use the following notations for the computed structures: nNIX (Mn-nitrene species), nTSX-Y

(transition states), nIMX-Y (radical intermediates), nPCY (products) and n[M] (Mn-based catalysts);
where n = 1 and 3 for singlet and triplet spin state, respectively; X = CSS for closed-shell singlet, OSS
for open-shell singlet; and Y = I and A for the C–H amination and C=C aziridination.
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2.1. Electronic Structure and Reactivity of Mn-Nitrene

In order to explain the high reactivity of Mn-nitrene species, three possible spin states of Mn-nitrene
were investigated: closed-shell singlet state (CSS, 1NICSS), open-shell singlet state (OSS, 1NIOSS) and
triplet states (3NI). As shown in Figure 1, pz, py and one of the sp-hybridization orbitals of the nitrenoid
N atom overlap with dzz, dyz and dxz orbitals of Mn center to form a σ- and two π- symmetry molecular
orbitals, respectively. One may expect a qualitatively energetic ordering of Mn-nitrene as σ < π’ <

π” < dxy (Mn) < π”* < π’* < σ*. The electronic configuration of closed-shell singlet nitrene can be
described as (σ)2 (π’)2 (π”)2 (dxy)2 (π”*)0 (π’*)0 (σ*)0. The important frontier orbitals of Mn-nitrene
are the nonbonding dxy orbital, two antibonding π* orbitals and one antibonding σ* orbital. The π”*
orbital is expected to be lower in energy than π’* orbital since π”* is also involved in the N-S bond
of the bent nitrene unit leading to a poor overlap. The dxy and π”* orbitals are close in energy, and
the transition of one electron from dxy to π”* orbital leads to the formations of open-shell singlet state
nitrene (two unpaired electrons of antiparallel spin) and triplet nitrene (two unpaired electrons of
parallel spin). Obviously, Mn-N bond has a multiple-bond characteristic and its bond order would be
3 for 1NICSS (one σ and two π bonds), 2.5 for 1NIOSS and 3NI (one σ, one π and half π bonds). Orbital
overlap of p and d symmetry is not perfect in this system, especially for π” orbital, therefore the actual
Mn-N bonding is significantly mitigated. The length of Mn-N bond follows the trend: 1NICSS (1.60 Å) <
1NIOSS (1.61 Å) << 3NI (1.70 Å). It is worth pointing out that a longer Mn–N bond is sterically accessible
and dramatically facilitates the formation of the subsequent transition state, which is one of the factors
contributing to the preference for triplet pathways (vide infra). More importantly, the π’* and π”*
orbitals of 1NICSS, 1NIOSS and 3NI have a large contribution from the N p orbital, which indicates
that they can easily accept electrons from heterolytic or homolytic cleavages of σC–H/πC=C bond of the
substrates to trigger C–H amination/C=C aziridination reactions. In other words, Mn-nitrene has a
strong electrophilic reactivity.
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Figure 1. Molecular orbital ordering and optimized geometry of Mn−nitrene.

The other powerful factors influencing reactivity are the electronic effects from the Pz ligand
and MnIII metal. As shown in Figure 2, four stronger electronegativity of N vs. C atoms remarkably
increases ability to accept electrons of Pz ligand, makes a less electronic Mn–N reactive center and lead
to a Mn(Pz)-nitrene with higher electrophilic reactivity than Mn(Por)-nitrene, consistent with observed
experiments [38]. In metal-center terms, Mn(III) (d4) has less d-electrons compared to FeIII (d5), which
indicates a poorer π-backbonding effect from Mn(III) to N1 and a more electron-deficient nitrenoid N
atom, thus a stronger electrophilicity for Mn(Pz) than Fe(Pz).
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Figure 2. Effects of the Pz ligand and MnIII on reactivity of Mn-nitrene.

The N p orbital character of frontier orbitals, a strong electron-withdrawing porphyrazine ligand
and a high-valent MnIII metal lead to high electrophilic reactivity of Mn-nitrene. This is supported
by the relative experimental results that both Mn(Pz)-catalyzed intramolecular C−H amination/C=C
aziridination can be executed at approximately regular temperature.

2.2. Mechanistic Investigation on C–H Amination and C=C Aziridination

One of the main advantages for Mn-based catalyst is its excellent chemoselectivity towards
C–H amination, and this high chemoselectivity is related to reaction mechanism. Here we present
mechanistic investigation findings of the C–H amination and C=C aziridination. All potential energy
surfaces are shown in Figure 3 and optimized geometries are depicted in Figure 4 for transition states
and S1 for other species. For the convenience of discussion, Figure 3 also presents labels of important
atoms of all species involved in the amination and aziridination pathways.
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2.2.1. C–H Amination Mechanism

For Mn-catalyzed intramolecular C–H amination reaction, there are three possible pathways:
closed-shell singlet pathway, open-shell singlet pathway and triplet pathway.

Closed-Shell Singlet (CSS) Pathway of Amination

For nitrene 1NIcss, its π”* or π’* orbitals, as analyzed above, have a significant N p component
and can accept two electrons from the heterolytic cleavage of σC3–H2 to promote the singlet pathway.
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This heterolytic cleavage of C3–H2 with the negative hydrogen transferring process is supported
by calculated NBO charges. As 1NICSS →

1TSCSS-I → PCI, the total NBO negative charges of the
C3–C4–C5 moiety decrease gradually (|−0.787 e|→ |−0.549 e|→ |−0.475 e|), while negative charges for
nitrenoid N1 atom increase correspondingly (|−0.263 e|→ |−0.518 e|→ |−0.844 e|). In structure terms,
the distances of C3

···H2, N1
···H2, and C3

···N1 in the transition state 1TSCSS-I are 1.48, 1.22, and 2.67 Å,
respectively, indicative of a breaking C3

···H2 bond with forming N1
···H2 and C3

···N1 bonds (Figure 4).
Moreover, in the subsequent six-membered ring amination product 1PCI, the bond lengths of N1–H2

and C3–N1 are 1.03 and 1.50 Å, respectively, suggesting that both N1–H2 and C3–N1 bonds are indeed
completely formed. All the above bond distances show that the cleavage of the C–H bond and the
formations of the N1–H2 and C3–N1 bonds proceed in a concerted manner. Therefore, the singlet
intramolecular amination mechanism of Manganese catalysis (1NICSS →

1TSCSS-I → PCI) can be
described as a concerted hydride-transfer pathway.

Triplet and OSS Pathway of Amination

OSS and triplet pathways is analogous. Herein, the triplet pathway is given as an example to
illustrate the nature of triplet and OSS mechanisms. In contrast to CSS pathway, the triplet pathway
begins in the triplet 3NI. Its π”* or π’* orbital with large N p character accept one electron from the
homolytic cleavage of the σC3–H2 bond to form N1–H2 bond via transition state 3TSI wherein the
calculated distances of C3

···H2 and N1
···H2 are 1.34 and 1.35 Å, respectively. The other electron of

the homolytic cleavage is left on C3 atom, leading to the formation of a radical intermediate 3IMI

with a good p–π conjugation. This σC3–H2 bond homolytic process is supported by a gradually
increasing trend of spin populations of the C3–C4–C5 moiety (|−0.113 e| for 3NI→ |−0.378 e| for 3TSI

→ |−0.406 e| for 3IMI) and decreasing of spin populations on N1 atom (|−0.204 e| for 3NI→ |−0.133
e| for3TSI → |0.037 e| for 3IMI). Subsequently, C3 and N1 atoms in 3IMI recombine to form the final
amination product PCI with the dissociation of triplet catalyst 3[Mn]. In conclusion, Mn-catalyzed
triplet amination pathway (3NI → 3TSI →

3IMI → PCI) can be described as H-abstraction/radical
recombination process. The overall process along this triplet pathway is exothermic by −13.5 kcal/mol.

Preference of Singlet–Triplet Pathway for C–H Amination

A look at the Figure 3 shows that the energetic ordering of the three transition states is 3TSI

(5.4 kcal/mol) < 1TSOSS-I (10.9 kcal/mol) < 1TSCSS-I (13.4 kcal/mol). The energy barrier of triplet 3TSI is
the lowest among three transition states, which suggests that triplet pathway is greatly favored over
the closed-shell and open-shell singlet pathways for allylic C–H amination reactions. Firstly, in triplet
3TSI, an unpaired electron from the homolytic cleavage of σC–H can delocalize to the adjacent C=C by
a p–π conjugation, which stabilizes triplet 3TSI. Secondly, as seen from the C3–H2 bond length (3TSI

(1.34 Å) < 1TSOSS-I(1.39 Å) < 1TSCSS-I(1.48 Å), see Figure 4), the least breakage extent of C3–H2 lead to
the lowest barrier for 3TSI. Finally, a longest Mn–N bond (3TSI (1.79 Å) > 1TSOSS-I (1.70 Å) > 1TSCSS-I

(1.68 Å)) reduces the steric repulsion between rigid Pz ligand and the sulfamate reactant, and thus
lowers the energy of 3TSI.

2.2.2. C=C Aziridination Mechanism

Triplet and OSS Pathways of Aziridination

As mentioned above, π”* or π’* orbitals for triplet Mn-nitrene have a significant N p orbital
character. These orbitals can accept not only the σ electron from C–H bond cleavage but also the π

electron from C=C bond cleavage leading to a competitive aziridination reaction. Despite all the efforts
to search for a concerted closed-shell singlet transition state for C=C bond aziridination, it was unable
to be located. We infer that a large steric repulsion between Mn-catalyst and sulfamate substrate
fragments results in the absence of the concerted CSS transition state for aziridination mechanism.
Open-shell singlet and triplet pathways for aziridination were located.



Catalysts 2020, 10, 292 7 of 12

In triplet aziridination pathways (3NI→ 3TSA→
3IMA→ PCA, Figure 3), the first step is that π”*

or π’* orbitals of triplet Mn-nitrene 3NI accept one electron from πp-p homolytic cleavage of C4=C5

bond to form a new N1–C5 bond via the transition state 3TSA, while the other electron is left on
C4 center. As a result, the radical intermediate 3IMA is formed. This homolytic cleavage process is
supported by a gradually increasing trend of β-spin population on the C4 atom (|−0.039 e| for 3NI
→ |−0.430 e| for 3TSA → |−0.686 e| for 3IMA) and decreasing trend of spin populations on N1 atom
(|−0.204 e| for 3NI→ |−0.139 e| for3TSA→ |0.084 e| for 3IMI). In 3IMA, there are three unpaired α-spin
electrons on the Mn center (2.469 e) and a β-spin electron on the C4 atom (−0.686 e). Subsequently, one
of α electrons of Mn center transfers to N1 atom and couples with the β electron of C4 atom to form the
C–N bond with the dissociation of triplet catalyst 3[M]. As a result, the final aziridine product PCA is
obtained. In conclusion, Mn-catalyzed triplet aziridination pathway can be characterized as radical
addition/recombination process. This intramolecular aziridination mechanism by [Mn(Pz)]+ is similar
to the intermolecular by [(MeCN)(L)Mn-NCMe)]- [33]. The overall process along this pathway (3NI→
3TSA→

3IMA→ PCA) is exothermic by −28.5 kcal/mol.
As shown in Figure 3, the open-shell singlet pathway proceeds as the two-step mechanism

similar to triplet pathways. Through transition state 1TSOSS-A, nitronid N atom of 1NIOSS accept one
electron from πp–p homolytic cleavage of C4=C5 bond to form the intermediate 1IMOSS-A, which is
then followed by radical recombination to yield the aziridine product PCA with the dissociation of
open-shell singlet catalyst 1[M]OSS.

The breaking extent of C4=C5 bond in 3TSA is less than that in 1TSOSS-A (3.7% vs. 4.9%), while the
forming N1

···C5 bond distance in 3TSA is longer than that in 1TSOSS-A (2.053 Å vs. 1.940 Å), both of
which reveal that the triplet 3TSA has a more reactant-like character than open-shell singlet 1TSOSS-A,
and thus a lower activation barrier (15.3 vs. 21.7 kcal/mol). In other words, the triplet pathway (3NI
→

3TSA →
3IMA → PCA) is preferable over the open-shell singlet one for Mn-catalyzed C=C bond

aziridination reaction. The overall process along this triplet pathway is endothermic by 6.3 kcal/mol.
Alternatively, C4=C5 Aziridination might proceed via triplet transition state 3TSA-C4 in which

C4 center is initially attacked by triplet nitrenoid N1 atom. The calculated energy barrier of 3TSA-C4

is 6.9 kcal/mol higher than that of 3TSA (22.2 vs. 15.3 kcal/mol), indicating that C4=C5 aziridination
occurs via the transition state 3TSA rather than via 3TSA-C4.

2.3. Chemoselectivity of C–H Amination vs. C=C Aziridination

As shown in Figure 3, 3TSI is 9.9 kcal/mol lower in energy than 3TSA (5.4 vs. 15.3 kcal/mol)
while triplet amination and aziridination pathways are exothermic by −13.5 kcal and endothermic by
6.3 kcal/mol, respectively, which indicates that C–H amination significantly is both kinetically and
thermodynamically favorable over C=C aziridination for Mn-catalyzed system, excellently consistent
with the experimental I:A > 20:1. This extraordinary chemoselectivity toward C−H amination can be
explained by the following. Firstly, the p–π conjugation in triplet 3TSI lowers the activation energy of
the amination. This role of the p–π conjugation in the selectivity of intramolecular reactions is also
reflected on the intermolecular: aromatic over aliphatic alkenes in aziridination reactions catalyzed
by [(MeCN)(L)Mn-NCMe)]− [33]. Secondly, the Pz is a π-conjugated macrocyclic ligand with good
planarity and strong rigidity. It is difficult for Pz to make a pocket-like space to accommodate other
approaching atoms in the reaction process. Namely, nitrenoid N atom above Pz is sterically inaccessible.
As seen in Figure 4, 8-membered ring moiety of 3TSA “lie” above the Pz plane whereas moiety of 3TSI

“stand” above the Pz plane. Obviously, “lie” mode has a much larger steric repulsive-force between
Pz ligand and sulfamate substrate compared to “stand” mode, which greatly lead to a higher energy
barrier for 3TSA than for 3TSI. Thermodynamically, a 7-membered ring and a 3-membered ring in the
aziridination product PCA indicate much larger tension than 6-membered ring in amination product
PCI. It further inhibits C=C aziridination competition.

It is worth pointing out that the planar and rigid character in structure for Pz ligand plays a
critical role in inhibiting C=C aziridination to increase I:A ratio. This directed effect is also observed
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in Co-catalyzed allylic C−H amination vs. C=C aziridination system where the experimental I:A
chemoselectivity is >99:1 and all utilized Co-catalysts involve a porphyrin framework with planar and
rigid character as Pz ligand [18]. One may consider this sterically directed effect as a design element
for a new high chemoselectivity system. To obtain a single amination product for allylic substrate,
metal-based catalyst with a rigid planar ligand is a more suitable candidate.

2.4. Substitution Effects on the Aminations

To find out the electronic nature of the transition state for C–H cleavage of amination reaction by
Mn-catalyst, we extend our research to the effects of substituents with different electronic property
for Mn-catalyzed C–H aminations. In this section, the nitrene and transition state were denoted as
R–Bn–3NI and R–Bn–3TS, respectively, where R = CH3, H and F (Figure 5). The computed activation
energy are shown in Table 1. A gradually increasing trend of activation energy such as CH3–Bn–3TS
(7.2 kcal/mol) < H–Bn–3TS (8.7 kcal/mol) < F–Bn–3TS (9.1 kcal/mol) intimates that the electron-donating
group tends to increase the reactivity for C-H amination whereas electron-withdrawing group makes a
slight deactivation, which is consistent with experimentally negative Hammett ρ value (ρ = −0.88) [38].
The reasonable explanation is that electron-donating −CH3 can increase electron density of benzylic
C–H bond, and then the increased electron-rich character of benzylic C–H bond is more readily attacked
by the electrophilic nitrene N atom. This substituent effect is analogous to Rh2-based system [42].
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Table 1. Comparison of active free energy in solvent (kcal/mol) of the C–H aminations for R = CH3,
H and F. Free energies are calculated at the BP86/6-31+G(d,p)-LANL08(f)//BP86/6-31G(d,p)-LANL08(f)
level of theory.

Spieces ∆G(CH3) ∆G(H) ∆G(F)

R-Bn-3NI 0.0 0.0 0.0
R-Bn-3TS 7.2 8.7 9.1

In summary, it is a good choice introducing some electron-donating groups such as OCH3, OH,
or CH3 on the substrate to further improve aminating reactivity by Mn-catalyst.

3. Computational Details

All calculations were performed by employing the pure functional BP86 [46] level of theory, which
has been shown to give reliable results for NT systems including multiple spin-state pathways [11,47–50].
All reported structures were fully optimized without any geometry constraints where the 6-31G(d,p)
basis sets were utilized for C, H, N, O and S atoms, and LANL08(f) basis sets with the corresponding
effective core potentials (ECPs) were used for Mn atom (referred to below as basis sets BS1) [51–53].
All transition states were confirmed according to the vibrational mode of their one and only imaginary
negative frequency (see Supporting materials for more details). Broken symmetry calculations were
employed for all open-shell singlet species and the stability of wave functions were confirmed.
To improve energetics of the reported structures, we performed single-point energy calculations at
the BP86 level of theory combined with 6−311+G(df,p) basis sets for C, H, N, O and S atoms, and
LANL08(f) basis sets for Mn-center (referred to below as basis sets BS2). At the BP86/BS2 level of
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theory, solvent effects were estimated in benzene by means of the solvation model based on density
(SMD) [54] and corresponding free energies are shown in the Supplementary materials.

All calculations were performed by the Gaussian 09 suite of programs [55]. In order to enhance
the calculation accuracy, the integration grid and 2-electron integral accuracy were set to ‘UltraFine’
and ‘10−12’, respectively. The reported thermodynamic data were computed at 298.15K temperature
and 1 atm pressure.

4. Conclusion

This work presents a theoretical investigation on the reactivity, mechanism and chemoselectivity
of Mn-catalyzed intramolecular nitrene transfer reaction: C–H bond amination vs. C=C bond
aziridination. The origin of high reactivity and high chemoselectivity were explored in detail. We also
studied the influence of substituents on the reactivity of Mn-catalyzed C–H amination.

(1) Axial Mn=N bond has an obvious multiple bonding character. A large N p orbital component
of frontier orbitals indicates that nitrenoid N atom can readily accept electrons of C–H or C=C bond
and thus Mn-nitrene has an electrophilic reactivity. A good electron-withdrawing Pz ligand and a poor
π backbonding of MnIII metal to N atom lead to increased electron-deficiency at the nitrenoid N center,
which further enhances electrophilic reactivity of Mn-nitrene.

(2) Mn-catalyzed C−H amination and C=C aziridination both proceed as a triplet stepwise
pathway involving H-abstraction/radical recombination for the former and radical addition/radical
recombination for the latter to produce singlet amination and aziridination product, respectively.

(3) For allylic substrate cis-4-hexenylsulfamate, the calculated energy barrier of C–H amination
is 9.9 kcal/mol higher than that of C=C aziridination, which indicates that Mn-nitrene has a very
high chemoselectivity towards C–H amination, well consistent with the experimental I:A > 20:1.
This extraordinary chemoselectivity originates from structurally rigid and planar characters of Pz
ligand which results in a large steric repulsion between Pz and sulfamate substrate moieties in the
aziridination transition state and thus greatly inhibiting C=C aziridination to increase the I:A ratio.
This sterically directed effects may be considered as a design element for a new high chemoselectivity
system. To obtain a single amination product for allylic substrate, Metal-based catalyst with rigid
planar ligand is a suitable candidate.

(4) Electron-donating substituents can further increase Mn-catalyzed C–H amination reactivity.
It is a good choice through introducing some electron-donating groups such as OCH3, OH, or CH3 in
appropriate position of the substrate to increase C–H amination efficiency.

Mn base metal is ten million times more abundant than Rh noble metal, while owning high
reactivity and chemoselectivity. Our results will greatly facilitate future sustainable chemical catalysis
and biocatalysis related to nitrene transfer reactions.
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Abbreviations

vs. versus
Mn Manganese
NT nitrene transfer
I Insertion
A Aziridination
Pc phthalocyanine
tBuPc tert-butylphthalocyanine
Pz Porphyrazine
CSS closed-shell singlet state
OSS open-shell singlet state
Por Porphyrin
NBO Natural Bond Orbital
ECPs effective core potentials
BS basis sets
IRC Intrinsic reaction coordinate
SMD solvation model based on density
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