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Abstract
This DFT study treats thermal metal-catalyzed alkene aziridination by azides, where the catalysts are copper(II) triflate, cobalt(II) porphin and ruthenium(II) porphin. Three azides RN3 (R = H, Me, Ac) react with alkene substrates in the presence of these catalysts leading to aziridine formation by a two-step catalysed mechanism. In Step I, the azide reacts with the catalyst to first form a metal nitrenoid via transition state TS1. The Ru(porph) catalyst is particularly effective for Step I. In Step II, the metal nitrenoid adds to the alkene via TS2 giving the aziridine product. Cu(trfl)2 is most effective as a catalyst for Step II. The facility order H > Me > Ac (with respect to the azide R group) holds for Step I, and the reverse order for Step II. Transition states TS1 and TS2 are described as “early” and “late”, respectively, in good accord with Hammond’s postulate.
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1   INTRODUCTION
Aziridines figure importantly in organic synthesis, serving as building blocks and synthons in the synthesis of other products, besides showing in vivo biological activities.[1] A general method for aziridine synthesis is nitrene transfer to alkene C=C bonds[2] using nitrene carriers like azides and (N-(p-tolylsulphonyl)imino)phenyl iodinane (PhI=NTs). The uncatalyzed aziridination of alkenes by azides was studied computationally in earlier work.[3] Aziridination of alkenes is analogous to epoxidation and cyclopropanation of alkenes. Many other methods exist for the synthesis of aziridines, including 2-chloroalkylamine cyclization, conversion of epoxides, and ylide addition to imines.
    Catalytic approaches are widely used today for aziridine synthesis to help offset drawbacks of non-catalyzed methods. The first metal-catalyzed nitrogen-atom transfer from an azide to an olefin[4] used copper powder to promote decomposition of benzenesulfonyl azide in cyclohexene. The product structures strongly suggest a nitrene or metal nitrenoid reactive intermediate, although a radical mechanism was also put forward.[5] Later, various olefins were aziridinated by PhI=NTs using Fe(III) porphyrins as catalysts.[6] Other catalyzed syntheses include palladium-catalyzed nitrene transfer reactions to olefins[7,8] and N-atom transfer from a nitridomanganese(V) porphyrin to cycloalkenes.[9]
   Enantioselective aziridine synthetic methods have been developed which involve porphyrin- and salen-based transition metal catalysts (Mn, Co, and Ru) for nitrene transfer to olefins, beside use of Cu complexes having N−donor ligands.[10] The most commonly used nitrene precursor PhI=NTs attaches nitrene ligands to transition metal catalysts forming metal nitrenoids M=NR for cycloaddition to alkenes. However, PhI=NTs is poorly soluble and expensive, generating stoichiometric amounts of PhI as waste product. The search continues for cheaper and more effective nitrene sources and catalysts.[11-13]
    Organic azides are eco-friendly reactants suitable for a wide range of alkene substrates. Extrusion of N2 from these precursors generates nitrene ligands for transition metal catalysts. Photolysis of tosyl azide (TsN3) in the presence of Cu-based catalysts and alkenes led to aziridine formation.[14] Iminoiodinanes have now largely replaced azides as nitrene sources in metal-mediated aziridination of alkenes.[15] Tosyl azide is not as effective a nitrene precursor as PhI=NTs, where the latter produced aziridine in 96% yield with styrene, while tosyl azide gave only 12% yield.[16,17] Copper diimine-catalyzed aziridination of oleﬁns yielded similar trends.[18] The scope for aryl azides with metal porphyrin catalysts for aziridination of alkenes has been explored.[19,20]
    The use of rhodium-based catalysts[21-25] and ruthenium catalysts[26-31] has been explored. Iron-based catalysts have also been used for these reactions.[32-35] Other metal-based catalysts for nitrene transfer include copper catalysts[36-39] and cobalt catalysts,[40-44] where the nitrene precursors include organic azides. Metal-catalyzed asymmetric synthesis[45] has had much scope of application to aziridine synthesis.
1.1  Copper-based catalysts
The initial work on metal-catalyzed decomposition of azides and aziridination of alkenes used metallic copper and involved formation of a copper nitrenoid.[4] N-tosylaziridines were also obtained in good yield from electron-deficient and electron-rich alkenes using PhI=NTs as nitrene precursor and various Cu(I) and Cu(II) based catalysts.[17] A redox mechanism was proposed for asymmetric aziridination using PhI=NTs as nitrene source with a (diimino) copper(I) catalyst.[14] Use of (diimino)Cu(I) along with tosyl azide and substituted PhI=NTs did not result in enantioselectivity, indicating a stepwise radical-type mechanism.[18]
    Asymmetric aziridination of alkenes was achieved using copper catalysts and tartrate-derived bis-oxazoline ligands.[36,37] Other nitrene precursors of the type PhI=NSO2Ar were considered in the context of copper-catalyzed aziridination of alkenes.[37,38] A variety of nitrene donor species and transition metal catalysts (M = Cu, Mn, Fe, Co, Rh, Ni, Pd) were examined for aziridination of styrene and cyclohexene,[17] where the Cu catalysts (including copper triflate) were found the most efficient. A very efficient copper(II) catalyst was discovered,[46] which was required in only 0.5 mol % amounts to catalyze aziridination of alkenes to N-p-tosylaziridines.
    A theoretical and experimental study on Cu-catalyzed aziridination with PhI=NTs as nitrene source showed that the Cu(I) species is the active catalyst, where Cu(II) also enters the Cu(I)/Cu(II) cycle through reaction with PhI=NTs.[47] The B3LYP method was used to trace the various mechanistic options. This study showed metallonitrene formation as the rate-determining step. The aziridination reaction may occur by a non-radical concerted pathway or a stepwise route with singlet or triplet biradicals.

    A DFT study[48] on alkene aziridination with copper-catalysts (XCuNH, X = Cl, Br and I) predicted asynchronous attack of the Cu catalyst on one CH2 group of ethene with a barrier less than 78 kcal/mol. The one-step nitrene transfer occurs through a three-centered transition state. Theoretical results here accord with the results of experiment, where the BrCuNHBr catalyst is the most efficient. DFT studies on copper(I)-nitrene complexes of the structure L-Cu-NR[49] predicted the Cu-N bond as double for some cases, and as single for most, where geometry, electronic structure, frontier MOs and MEP maps figured in the discussion.
    DFT, CASSCF and QM/MM methods were used[50] to probe bonding and structure of copper nitrenes, specifically, (β-diketiminate)Cu(NPh). DFT results assigned a triplet ground state to this species, while the CASSCF method gave a singlet ground state. The singlet state is a bent biradical, while the triplet state is linear. CASSCF results also predict a closed shell singlet state with a Cu-N multiple bond.
   A combined experimental and theoretical study on the mechanism of aziridination of styrene by various (bispidine)Cu(I)/Cu(II) catalysts correlated the Cu(I)/Cu(II) redox potential with the level of catalytic activity.[51] DFT predicted a stepwise pathway for formation of the two N-C bonds in good accord with experiment. Due to a very high barrier from the triplet ground state of the Cu nitrene to the singlet ground state aziridine product, the scope for spin inversion was examined and found to be feasible.
1.2  Cobalt- and ruthenium-based catalysts

Studies on cobalt- and ruthenium-based catalysts for alkene aziridination are fewer in number than those on copper-based catalysis. An efficient cobalt catalyst for alkene aziridination was reported.[52] Co(II) tetraphenylporphyrin was used as a catalyst for alkene aziridination as well as allylic amination with aryl azides as nitrene sources.[53] This involved a concerted nitrene transfer from aryl azide (ArN3) to olefin with simultaneous C-N bond formation and loss of N2. A radical mechanism was proposed for aziridination of alkenes using a Co(II) porphyrin catalyst.[54] This study revealed the ‘nitrene’ complex was actually a ‘nitrene radical ligand’. Addition of nitrene radical to the C=C bond formed an alkyl radical intermediate, followed by formation of aziridine in an almost barrier-less ring closure step.

    Chiral ruthenium porphyrins have been shown[30] to catalyze the asymmetric aziridination of alkenes. Ruthenium porphyrins can also catalyze the amidation of hydrocarbon C-H bonds with high diastereospecificity and enantioselectivity.[31] Other ruthenium catalysts have been shown to facilitate the amidation of various types of C-H bonds.[26-29]
    Copper triflate has never been studied theoretically, providing room for investigation here using computational methods. Although Co(II) porphyrin catalysis were studied theoretically, use of organic azides as nitrene transfer agents in this context has not yet been studied theoretically. This prompts our choice of Co(II) porphin as a catalyst model for aziridination of alkenes by azides. Lastly, the catalyzing action of the Ru(II) porphyrin species has not yet been subjected to theoretical probing, so Ru(II) porphin is taken up here for consideration as a catalyst model for alkene aziridination by azides. The choice of catalysts involving three different transition metals (Cu, Co and Ru) gives scope for fruitful comparisons.
2   METHODS
DFT in the form of the popular B3LYP method was used for all computations. The B3LYP method uses the Becke three-parameter exchange functional B3[55] along with the Lee-Yang-Parr correlation functional.[56] The B3LYP method gives a good account of structure, bonding and relative energy of fairly large systems like transition metal complexes. The 6-31G(d,p) basis set is used for non-metal atoms like H, C, O, N and S. Metal atoms were treated using the LANL2DZ basis sets - pseudopotential-based correlation-consistent basis sets with an effective core representing the sub-valence shell electrons.[57] This approach has proven an effective tool for electronic structure studies on heavy elements like transition metals.[58]
    All computations were carried out using the Gaussian 2009 suite of programmes.[59] Energy minima for reactants and products (nitrenes, aziridines, catalysts and metal-nitrenoid complexes) were obtained by standard procedures. Location of transition states involved the inerpolation (a reverse search strategy) between reactant and product geometries for each one-step reaction. A reactant (or entry) complex was set up having the two reactants associated at non-covalently bonded distances, and likewise for the product (or exit) complex. The entry and exit complexes were fully optimized with respect to all internal coordinates except the one appropriate inter-nuclear distance that defined the non-covalently bonded interaction. 
    Frequency analysis of stationary points led to characterization of the molecule as an energy minimum or as a transition state. Zero point vibrational energies (ZPE) were obtained using a prescribed scaling factor of 0.9806 to correct the total electronic energy.[60] Reactivity of the various species was gauged through use of atomic charges and bond orders obtained through natural population analysis.[61] 

    For each one-step reaction, note was taken of the energy change involved in the reaction, written as the ZPE-corrected total energy change ΔEr and the ZPE-corrected free energy change ΔGr, where these energy differences are expressed as follows:
             
ΔEr = Σ [Et(products)] – Σ [Et(reactants)



(1)

                    
ΔGr = Σ [Gt(products)] – Σ [Gt(reactants)



(2)

 where Et refers to the ZPE-corrected total electronic energy of each species, while Gt refers to the ZPE-corrected total free energy of each species, as calculated using the B3LYP method in gas phase with the basis sets described above. Negative values of ΔEr and ΔGr denote that the reaction step is exothermic, while positive ΔEr and ΔGr values indicate endothermicity.

    In like manner, for each one-step reaction, note was taken of the activation barrier, expressed in terms of the ZPE-corrected total energy as ΔE≠, and in terms of the ZPE-corrected free energy as ΔG≠, where these energy differences are derived as follows:

      

ΔE≠ = Et(transition state) – Σ Et(reactants)



(3)

      

ΔG≠ = Gt(transition state) – Σ Gt(reactants)



(4)
    The transition states for all the one-step reactions studied here are analyzed in terms of the Hammond postulate.[62] This states that for an exothermic reaction with a modest activation barrier, the geometry of the transition state tends to resemble the product(s) in geometry and in energy, being termed as “early”. The converse holds true for endothermic reactions, where the transition states tend to resemble the reactant(s) and may be termed as being “late”. Salient features of geometry are used to describe the reactants, transition states, and products. 

2.1  Scope of this study

We study aziridination of alkenes by organic azides catalyzed by copper(II) triflate or Cu(tflt)2, cobalt(II) porphin or Co(porph) and ruthenium(II) porphin or Ru(porph). The substituted porphyrin rings in the experimentally studied cobalt and ruthenium porphyrins are replaced by the unsubstituted porphin ring. Three organic azides are consideration as nitrene carriers, viz., hydrazoic acid HN3, methyl azide MeN3 and acetyl azide AcN3. The 4 alkene substrates for aziridination include ethene, propene, cis 2-butene and trans 2-butene. 

2.2  Mechanisms and transition states
The catalyzed aziridination reaction is treated as two concerted steps, viz., (1) Step I - reaction of the azide precursor with the catalyst to produce a metal nitrenoid species with release of N2, and (2) Step II - transfer of the nitrene moiety R-N within the intermediate metal nitrenoid to the C=C bond of the alkene substrate, yielding the aziridine product.. Each step is treated as concerted with location of the transition state. Reaction energy changes ΔEr and ΔGr, with activation barriers ΔE≠ and ΔG≠ describe thermodynamic and kinetic facility for each step.
2.2.1  Copper triflate catalysis
The aziridination reaction catalyzed by Cu(trfl)2 is shown in Figure 1. The transition state TS1 for Step I between azide and catalyst is depicted in Figure 2(a) with geometry descriptors as follows: (a) R1, the forming Cu-N1 bond between the imido nitrogen and the Cu centre, (b) R2, the breaking N1-N2 bond between the imido nitrogen and the N2 moiety, (c) the Oα-Cu-N1 angle θ1, the Cu-N1-N2 angle θ2 and the Cu-N1-R angle θ3; and (d) the dihedrals φ1 [Oα-Cu-N1-R] and φ2 [Oα-Cu-N1-N2]. The transition state TS2 for Step II is portrayed in Figure 3(a), with geometry descriptors as follows: (a) R1, the breaking Cu-N bond length, (b) R2 and R3, the forming N-C1 and N-C2 bond lengths in the forming aziridine moiety, (c) the C1-N-C2 angle θ1 and the N-Cu-Oα angle θ2, and (d) the φ1, φ2 and φ3 dihedrals spanning the [R-N-Cu-Oα], [C1-N-Cu-Oα] and [C2-N-Cu-Oα] atoms.
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FIGURE 1  Step I and Step II for alkene aziridination catalyzed by copper (triflate)2
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FIGURE 2  Transition state TS1 for Step I of the metal-catalyzed nitrene transfer reaction with descriptors of molecular geometry given for (a) copper(II) triflate catalyzed reaction and (b) metal porphin catalyzed reaction.

2.2.2  Metalloporphin catalysis
Aziridination catalyzed by the two metalloporphin catalysts Co(porph) and Ru(porph) consists of Steps I and II (Figure 4), where M stands for Co(II) or Ru(II). For each of these Steps I and II, the energy changes ΔEr and ΔGr, as well as the activation barriers ΔE≠ and ΔG≠, are taken note of. Transition state TS1 for the reaction between azide and metalloporphin catalyst is depicted in Figure 2(b), with geometry descriptors as follows: (a) R1, the forming Cu-N1 bond between the imido nitrogen and the metal centre, (b) R2, the breaking N2-N3 bond between the imido nitrogen and the N2 moiety, (c) the N1-M-N angle (1 and the N2-N1-M angle (2, and (d) the dihedrals (1 and (2 spanning the [N-M-N1-R] and [N-M-N1-N2] atoms. Transition state TS2 for Step II of the metalloporphin-catalyzed route is portrayed in Figure 3(b), with geometry descriptors as follows: (a) R1, the breaking M-N1 bond length, (b) R2 and R3, the forming N1-C1 and N1-C2 bond lengths in the aziridine moiety, (c) the θ1 and θ2  angles C1-N-C2 and N1-M-N respectively, and (d) the φ1, φ2 and φ3 dihedrals spanning the [R-N1-M-N], [C1-N1-M-N] and [C2-N1-M-N] atoms, respectively.
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FIGURE 3  Transition state TS2 for Step II of the metal-catalyzed nitrene transfer reaction with descriptors of molecular geometry given for (a) copper(II) triflate catalyzed reaction and (b) metal porphin catalyzed reaction.
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FIGURE 4  Steps I and II for aziridination of alkenes by organic azides using the metallo-porphin catalysts Co(porph) and Ru(porph) [M stands for Co(II) and Ru(II)]

2.4  Aims of this study

The first aim is to estimate the thermodynamic and kinetic facility of each step, and of the nitrene transfer reaction as a whole. The effects of azide structure (change in the group R in RN3) are taken note of here. We also examine for the effects of methyl substitution in the alkene upon facility of Step II. More importantly, the three catalysts are compared with each other regarding their ability to reduce the activation barrier. Another aim is to examine the transition states TS1 and TS2 in the light of Hammond’s postulate and to describe them with respect to relative position along the reaction coordinate for the Steps I and II.
3   RESULTS AND DISCUSSION
This Section runs as follows: (a) structures of the catalysts and metal nitrenoids, (b) energetics of Step I forming the metal nitrenoid complex, (c) transition states TS1 for Step I, (d) energetics of Step II leading to aziridine formation, and (e) transition states TS2 for Step II.
3.1  Structures and spin states of catalysts and metal nitrenoids
Optimized B3LYP geometries of the three catalysts Cu(trfl)2, Co(porph) and Ru(porph) are depicted in Figure 5 as GaussView representations (where white, black, blue, red, green and yellow circles stand for H, C, N, O, F and S atoms respectively).

   Copper(II) ditriflate has a square planar geometry around the copper atom partially bonded to the four oxygen atoms from the two triflate anions. The catalysts Co(II) porphin and Ru(II) porphin have planar D4h symmetry with a square planar ligand array around the central metal ion partially bonded to the four N-atoms of the porphin ligand. 
    First of all, the two lowest lying spin states of these three catalysts were examined, where systems with unpaired electrons were treated by the unrestricted approach. The 4s13d8 Cu(II) ion enables copper(II) (triflate)2 to have doublet or quartet spin states. The 4s13d6 Co(II) ion enables doublet or quartet spin states for the Co(II) porphin. The 5s14d5 Ru(II) ion enables the Ru(II) porphin to adopt singlet or triplet spin states.
    Table 1 lists the ground state spin multiplicity and the energy splitting between the ground state and the next higher excited state for these three systems. The spin state splitting is expressed in terms of the ZPE-corrected total energy difference ΔEsp as well as the corresponding ZPE-corrected free energy difference ΔGsp.
    The Cu(trfl)2 system has a doublet ground state with a doublet-quartet spin state splitting ΔEsp value of -13.0 kcal/mol (ΔGsp = -11.8 kcal/mol). The Co(porph) system has a doublet ground state with a very small doublet-quartet separation given by a ΔEsp value of only -0.02 kcal/mol (ΔGsp = -0.03 kcal/mol). The Ru(porph) system has a singlet ground state with a singlet-triplet splitting given by a ΔEsp value of -18.7 kcal/mol (ΔGsp = -17.8 kcal/mol). 
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FIGURE 5  Optimized B3LYP ground state structures for the three catalysts

TABLE 1.  B3LYP values of spin state splittings (Esp and (Gsp for the free 
catalysts and for the metal nitrenoid complexes LM=NR along with M-N bond 
distances for ground and excited states of the metal nitrenoid complexes[a]
-----------------------------------------------------------------------------------------------
M=NR 
        
 (Esp 
        
 (Gsp 
 
(M-N)gs          (M-N)ex 
-----------------------------------------------------------------------------------------------
Cu(tfl)2


-13.0

-11.8
LCu=NH 

  -0.6 

  -0.4 

1.908 

1.975 

LCu=NMe 

  -1.2 

  -0.6 

1.960 

2.028 

LCu=NAc 

  -9.0 

  -7.7 

1.877 

1.978 
Co(porph)

-0.03

-0.02
LCo=NH 

-10.1 

  -9.4 

1.850 

1.953 

LCo=NMe 

  -3.4 

  -2.3 

1.970 

2.074 

LCo=NAc 

  -7.8 

  -4.9 

1.859 

1.918 
Ru(porph)

-18.7

-17.8
LRu=NH 

  -4.5 

  -2.6 

1.794 

1.833 

LRu=NMe 

  -2.6 

  -1.8 

1.804 

1.836 

LRu=NAc 

  -4.5

  -3.5 

1.810 

1.823 

____________________________________________________________

[a] Spin state splittings in kcal/mol; M-N bond distances in angstrom  

    For each catalyst, three different metal nitrenoid complexes arise – with HN3, MeN3 and AcN3 – each in the two lowest lying sin states. Metal nitrenoids from the Cu(trfl)2 catalyst with HN3, MeN3 and AcN3 are written as LCu=NH, LCu=NMe and LCu=NAc, respectively, L standing for the two triflate ligands. Nitrenoids from the Co(porph) catalyst are written as LCo=NH, LCo=NMe and LCo=NAc, L standing for the porphinate ligand. Metal nitrenoids from the Ru(porph) catalyst are written as LRu=NH, LRu=NMe and LRu=NAc, L standing for the porphinate ligand. Figure 6 shows GaussView structures of these metal nitrenoids.
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FIGURE 6  The three series of metal nitrenoid complexes formed by action of catalysts 

                 Cu(trfl)2, Co(porph) and Ru(porph) with the azides HN3, MeN3 and AcN3
    The spin state splittings and assignments of ground state multiplicity are given in Table 1 for the three series of metal nitrenoids. For the Cu(II) nitrenoids, the ground state emerges as a doublet like the free catalyst. However, the doublet-quartet splittings are much diminished in magnitude compared with the free catalyst for the LCu=NH and LCu=NMe cases. Nitrenoids from Co(porph) have doublet ground states like the free catalyst. Doublet-quartet splittings are appreciable compared with the near spin-state degeneracy found for the free Co(porph) system. The nitrenoids from the Ru(porph) catalyst have singlet ground states, but the singlet-triplet splittings are much smaller compared to that of the free catalyst.
    B3LYP values of the M-N bond lengths between the metal atom M and the N-atom of the N-R moiety of the metal nitrenoids are listed in Table 1 for the ground state species [given as (M-N)gs] and for the lowest excited state [given as (M-N)ex]. The consistent trend is that the M-N bond distance increases upon going from the ground to the excited state. This increase in the M-N bond length ranges from about 0.013 Å (for LRu=NAc) to over 0.10 Å (for the cases of LCu=NH, LCu=NAc, LCo=NH and LCo=NMe). Diminished bonding between metal atom M and the nitrene N-atom occurs upon spin uncoupling within the M-N bond. The electrons involved in determining spin multiplicity are associated with the metal atom itself.
    The M-N bond lengths in the ground and excited states of the nitrenoid may be compared with standard estimates of M–N single and M=N double bond lengths. Covalent radii of the metal pertaining to M–M single bond or M=M double bond lengths have been proposed in a recent review[63]. The single-bonded and double-bonded covalent radii of copper emerge as 1.22 and 1.11 Å, respectively. For cobalt, the single-bonded and double-bonded radii are 1.19 and 1.13 Å, respectively, and 1.25 and 1.14 Å for ruthenium. The N–N single and N=N double bonds have standard lengths of 1.45 and 1.25 Å, respectively. These give the values of 1.945 and 1.735 Å, respectively, for the lengths of a Cu–N single bond and a Cu=N double bond. For Co–N single and Co=N double bonds, the lengths are, respectively, 1.915 and 1.755 Å. For Ru–N single and Ru=N double bonds, the lengths are 1.975 and 1.765 Å, respectively.

    For the copper nitrenoids L-Cu=NH and L-Cu=NAc, the Cu-N bond lengths of 1.908 and 1.877 Å suggest the Cu-N bonds are intermediate between single and double. L-Cu=NMe has a longer Cu-N bond length (1.960 Å) which suggests a long Cu-N single bond. For the cobalt nitrenoids L-Co=NH and L-Cu=NAc, the Co-N bond lengths (1.850 and 1.859 Å) suggest Co-N bonds intermediate between single and double. For L-Co=NAc, the Co-N bond length (1.970 Å) suggests a long, weak Co-N single bond. For the excited states, the Cu-N and Co-N bonds are all long and weak single bonds. For the ruthenium cases, all three nitrenoids have Ru-N bonds intermediate between single and double. An earlier DFT study[49] found mostly single and some double metal-nitrogen bonds in the nitrenoids studied. Another DFT study reported some degree of multiple Cu-N bond character in the copper nitrenes.[50]
3.2  Formation of metal nitrenoid complex in Step I
Step I consists of catalytic decomposition of the azide to give the metal nitrenoid complex with release of N2 (Figures 1 and 4). B3LYP values of the total energy change ΔEr, the free energy change ΔGr, the activation barrier ΔE≠ and the free energy activation barrier ΔG≠ for Step I are given in Table 2 for all 9 cases, along with the imaginary frequency νi  associated with the reaction coordinate involving transition state TS1.

TABLE 2  B3LYP values[a] of energy parameters for Step I – catalyzed decomposition 
of the azide and formation of the metal nitrenoid LM=NR via transition state TS1.

-------------------------------------------------------------------------------------------------------------

Systems

 (Er

 (Gr
             (E(
             (G(
                νi 
--------------------------------------------------------------------------------------------------------------
Cu(tfl)2 

LCu=NH 

30.3

17.6

32.1

19.5
            -109.6
LCu=NMe 

21.2 

  8.6 

22.0 

  9.2                 -112.5 

LCu=NAc 

13.3

  5.1

15.9

  7.2
            -104.6

Co(porph)

LCo=NH 

17.2 

  6.4 

20.5 
            11.0

-321.1 

LCo=NMe 

13.4 

  2.5 

17.9 

  6.1 

-301.2
LCo=NAc 

11.5 

  4.9 

15.9 

  5.9 

-312.6

Ru(porph)

LRu=NH 

15.5 

  2.6 

19.9 

  8.8 

-531.8
LRu=NMe 

11.8 

  3.1 

15.3 

  4.5

-577.7
LRu=NAc 

15.1
       
  2.8
            17.9

  5.6
            -544.5

-------------------------------------------------------------------------------------------------------------------------------------  [a] Energy terms in kcal/mol;  νi  in cm–1 

  . Step I is not thermodynamically favorable, attributed to the energy lost in breaking the N-N bond of the azide reactant. In general, endothermicity is highest for catalysis by Cu(trfl)2 and lowest for catalysis by Ru(porph). (Er ranges from 11.5 to 30.3 kcal/mol ((Gr from 2.5 to 17.6 kcal/mol). Endothermicity is highest for R = H, while MeN3 and AcN3 give lower values of (Er and (Gr. For the uncatalyzed decomposition of azides treated in a previous paper,[3a] B3LYP results predicted maximal endothermicity for the HN3 case as compared to the MeN3 and AcN3 cases. Further, our MP2 results for azide uncatalyzed decomposition did not allow for the concerted generation of singlet nitrene, and other higher level studies do not predict a concerted pathway for this. However, the catalyzed reaction Step I studied here does allow for concerted decomposition of the ground state singlet azide. For the Cu(trfl)2 and Co(porph) cases, these B3LYP (Er values yield the order of endothermicity as HN3 > MeN3 > AcN3, the same as the B3LYP order for the uncatalyzed decomposition reaction studied earlier.[3a]
    The activation barriers (E( and (G( are appreciable ((E( from 15.3 to 32.1 kcal/mol; (G( from 4.5 to 19.5 kcal/mol). These values for the catalyzed reactions may be compared with the B3LYP values of (E( and (G( for the uncatalyzed reactions from our earlier work.[3a] The uncatalyzed HN3, MeN3 and AcN3 cases all yielded appreciably higher values of (E( and (G( in each case, demonstrating marked lowering of activation barriers here when catalysis is employed. The activation barriers (E( are only somewhat larger in magnitude than the corresponding energy changes (Er, as expected for a highly endothermic reaction having the energy of the transition state close to that of the product(s). For the Cu(trfl)2 and Co(porph) cases, the order of magnitude followed by the activation barriers (E( and (G( is HN3 > MeN3 > AcN3. The HN3 case is the least favored from both thermodynamic and kinetic aspects with regard to Step I (catalyzed azide decomposition). This trend was predicted in the uncatalyzed decomposition reaction as well.
    Endothermicity for the HN3 and MeN3 cases falls in the order Cu(trfl)2 > Co(porph) > Ru(porph), also followed by the (Gr values for the AcN3 case. The same order Cu(trfl)2 > Co(porph) > Ru(porph) is followed by the activation barriers (E( and (G( for the HN3 and MeN3 cases, and by the free energy barrier (G( for the AcN3 casel. Copper triflate is thus predicted as the least effective catalyst for facilitating Step I from both thermodynamic and kinetic aspects, while the Ru(II) porphyrin catalyst is the most effective one.
3.3  Transition state TS1 for Step I

The geometry of transition state TS1 for Step I (azide decomposition and metal nitrenoid formation) is discussed here for the three different catalysts and for the three different azides. The B3LYP structures for 9 cases of TS1 are given in Figure 7 as GaussView representations. In accordance with the late character of these transition states, the dinitrogen N2 moiety is situated at quite an appreciable non-covalently bonded distance away from the R-N moiety in the transition state. Likewise, the bonding between the metal atom M and the N1-atom of the R-N1 nitrene moiety is quite well advanced in these transition states. The ligands of the catalyst, however, largely retain the geometries they possess in the free state. For example, the triflate ligands of the Cu(trfl)2 moiety in TS1 are still orientated in roughly square planar manner around the Cu(II) atom. Likewise, the porphin rings of the Co(porh) and Ru(porph) moieties in TS1 still retain their largely planar characteristics. So it is in the region around the forming and breaking bonds that the late character of TS1 is most apparent.
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FIGURE 7 Transition states TS1 for formation of the metal nitrenoids LM=NR (M = Cu, Co and Ru; R = H, Me and Ac; L = (trfl)2 for Cu catalyst and (porph) for Co and Ru catalysts)                  

3.4  Alkene aziridination by metal nitrenoid (Step II)

In Step II, the nitrene group N-R is transferred concertedly to the alkene via transition state TS2 forming the aziridine product and regenerating the catalyst (Figures 1 and 4). B3LYP values of the energy parameters associated with Step II are listed in Tables 3, 4 and 5 for catalysis by Cu(trfl)2, Co(porph) and Ru(porph), respectively. The energy changes (Er and (Gr, the activation barriers (E( and (G( are entered in, along with the imaginary frequency (i associated with TS2.
    An earlier DFT study[47] treated the aziridination reaction using a Cu(I) catalyst in gas phase, inferring a concerted singlet path as the most favorable energetically. This prompts us to treat the catalyzed alkene aziridination step here as a concerted one-step singlet process. 
3.4.1  Energetics of Cu(trfl)2 catalyzed aziridination

Table 3 gives B3LYP values of the (Er, (Gr, (E(, (G( and (i for Step II of the aziridination reaction catalyzed by Cu(II) (triflate)2. It is predicted as highly exothermic, with (Er values from -63.0 to -82.6 kcal/mol ((Gr from -47.0 to -66.7 kcal/mol). The degree of exothermicity with respect to the nitrene group R follows the order H > Ac > Me for all alkene substrates. No consistent trend is apparent, though, for changes in exothermicity with successive methyl substitution in the alkene substrate, where the reaction energy changes most often do not differ much among the 4 alkene substrates within each R group.
TABLE 3  B3LYP values for energy parameters[a] associated with the concerted 
aziridination of alkenes by copper nitrenoid LCu=NR (R = H, Me and Ac) via TS2
as shown in Figure 3(b)

----------------------------------------------------------------------------------------------------------

Systems

    (Er

 (Gr
          (E(
      (G(
       (i

----------------------------------------------------------------------------------------------------------
LCu=NH






Ethene


  -78.4
    
-66.4
      
3.0
      13.1
    -136.2
Propene

  -79.3
    
-65.8

5.8
      14.9
    -111.3


cis 2-Butene

  -81.3
    
-66.0

6.6
      17.0
    -229.5


trans 2-Butene

  -79.5
    
-66.0

3.2
      13.3
    -107.7


LCu=NMe






Ethene


  -63.0

-47.0
      
2.4
     13.3
    -229.8
Propene

  -63.6

-47.5
      
9.7
     22.5
    -140.3
cis 2-Butene

  -65.6

-48.4
          10.1
     23.0
    -172.3


trans 2-Butene

  -65.7

-47.4
            8.0
     18.0
    -105.8


LCu=NAc






Ethene


  -72.9

-63.9
     
1.2
     13.5
    -164.4
Propene

  -73.9

-57.6

2.8
     15.0
    -193.0


cis 2-Butene

  -82.6

-66.7

4.0
     16.1
    -110.0


trans 2-Butene

  -73.6

-57.3

2.1
     14.0
    -127.5
______________________________________________________________________

[a] Energy terms in kcal/mol; (i in cm(1
    The activation barriers (E( are modest (1.2 to 10.1 kcal/mol; (G( values from 13.1 to 23.0 kcal/mol). For each alkene substrate, aziridination with the acetyl group Ac as nitrene substituent yields the lowest activation barriers, since the Ac group has a stabilizing effect on transition state TS2. The consistent order for size of the barrier with respect to substituent R is Me > H > Ac for all alkene substrates. The ethene case emerges as the most facile case.
3.4.2  Energetics of Co(porph) catalyzed aziridination

Table 4 presents the B3LYP values of (Er, (Gr, (E(, (G( and (i for Step II catalyzed by Co(porph), a highly exothermic step ((Er values from -61.5 to -75.8 kcal/mol; (Gr from -48.0 to -65.2 kcal/mol). Like the Cu(trfl)2-catalyzed reactions, exothermicity with respect to the group R follows the order H > Ac > Me for all alkenes. Successive methyl substitution in the alkene does not lead to marked differences in the (Er values within each R group. 
    The activation barriers (E( are modest (1.6 to 19.5 kcal/mol; (G( values from 12.1 to 32.6 kcal/mol). For all alkene substrates, aziridination with the acetyl group as nitrene substituent yields the lowest activation barriers, since the Ac group stabilizes transition state TS2. The consistent order for size of the barrier with respect to substituent R is Me > H > Ac for all alkene substrates. Ethene emerges as the most facile case when the R substituent is H and Me.

TABLE 4  B3LYP values[a] for energy parameters associated with the concerted aziridination of alkenes by cobalt nitrenoid LCo=NR (R = H, Me and Ac) action upon alkenes via TS2 as shown in Figure 4(b).

-----------------------------------------------------------------------------------------------------

Systems

 (Er

 (Gr
         
(E(
      (G(
      νi
-----------------------------------------------------------------------------------------------------

LCo=NH






Ethene


-75.8

-65.2

 8.2
      19.0
   -408.9

Propene

-76.3

-63.6

 8.9
      19.0
   -421.2

Cis 2-butene

-77.1

-64.1
        
 9.8
      21.1
   -410.7

Trans 2-butene
-77.0

-63.8
     
13.4           25.0
   -413.5

LCo=NMe






Ethene


-61.5

-48.4
     
12.4
      23.4
   -478.6

Propene

-62.1

-48.0
      
16.8
      28.4
   -400.2

Cis 2-butene

-64.0

-50.3
    
17.5
      29.5
   -369.5

Trans 2-butene
-63.4

-49.2
    
19.5
      32.6
   -385.4

LCo=NAc






Ethene


-69.0

-56.5
   
 1.7
      13.0
   -284.4

Propene

-69.1

-55.3
 
 1.6            12.1   
   -255.2

Cis 2-butene

-71.8

-58.8
  
 1.6
      12.2              -227.1

Trans 2-butene
-69.8

-56.7
   
 2.5            12.6
   -299.8
--------------------------------------------------------------------------------------------------------

[a] Energy terms in kcal/mol; νi in cm-1
3.4.3  Energetics of Ru(porph) catalyzed aziridination

Table 5 gives the B3LYP values of (Er, (Gr, (E( and (G( and (i for Step II catalyzed by Ru(porph), predicted as highly exothermic ((Er from -61.1 to -74.0 kcal/mol; (Gr from -47.0 to -61.1 kcal/mol). Like for the Cu(trfl)2-catalyzed and Co(porph)-catalyzed reactions, the degree of exothermicity with respect to the nitrene group R follows the order H > Ac > Me for all alkene substrates. With successive methyl substitution in the alkene, the reaction energy changes most often do not differ much among the four alkene substrates. The activation barriers (E( range from 2.0 to 22.7 kcal/mol ((G( values from 13.2 to 36.3 kcal/mol). For each alkene substrate, aziridination involving the acetyl group Ac as the nitrene substituent yield the lowest activation barriers, markedly low compared with the H and Me cases.
TABLE 5  B3LYP values[a] for energy parameters associated with the concerted aziridination of alkenes by ruthenium nitrenoid LRu=NR (R = H, Me and Ac) upon alkenes via TS2 as shown in Figure 4(b).

----------------------------------------------------------------------------------------------------------

Systems

  (Er

 (Gr
              (E(
             (G(
      
   νi
---------------------------------------------------------------------------------------------------------- 

LRu=NH






Ethene


-72.6

-61.1
      
 12.3
    
23.9
   
-136.2

Propene

-73.0

-59.9
     
 22.7
     
36.2
    
-182.5

Cis 2-butene

-74.0

-60.8     
 20.9
     
36.3
      
-261.1

Trans 2-butene
-73.5

-59.7
     
 15.9
    
28.7
     
-384.0

LRu=NMe






Ethene


-61.1

-47.0

 19.4

32.5

-422.3

Propene

-62.0

-47.9

 19.8

32.8

-412.9

Cis 2-butene

-63.7

-49.3

 17.5

29.6

-409.5


Trans 2-butene
-62.5

-48.1

 15.1

27.8

-431.0


LRu=NAc






Ethene
     

-65.5
      
-51.7

   2.7

13.2

-376.1

Propene
      
-66.5
      
-51.7

   3.0

13.9

-362.6

Cis 2-butene
      
-66.9
      
-51.1

   2.0

13.5

-368.5

Trans 2-butene      
-66.6
      
-50.8

   2.0

13.5

-365.7

----------------------------------------------------------------------------------------------------------------

[a] Energy terms in kcal/mol; νi in cm-1
3.4.4  Comparison of three catalysts

Exothermicity of the Step II catalyzed reaction is catalyst-dependent, where the general trend Cu(trfl)2 > Ru(porph) > Co(porph) is noted for all cases. The activation barriers (E( for Step II follow the order Ru(porph) > Co(porph) > Cu(trfl)2 for cases where the substituent R is H and Me. For R = Ac, though, all three catalysts give low barriers of comparable height. The free energy barrier ΔG( gives the same order for cases with R = H, and predicts the lowest ΔG( values for the Cu(trfl)2 catalyst for cases where R = Me. The ΔG( values for R = Ac are comparable for all catalyst cases and give no clear-cut trend. It may be gathered that, at least for R = H and Me, the trend is that the Cu(II) catalyst Cu(trfl)2 is the most efficient of all three in catalyzing Step II. This trend is in opposition to that found for the first Step I, where the Cu(II) catalyst is predicted as the least efficient of all three.

    Whether Step I or Step II is the rate-determining step depends on the respective values of the activation barriers. Here, the inferences arrived at depend most substantially on whether the activation barrier (E( or the free energy barrier (G( is taken as the point of reference. The activation barriers (E( for Step I given earlier in Table 2 for the Cu(trfl)2 catalyzed cases are all higher than the barriers (E( for Step II. However, this is true for the free energy barrier (G( only for the cases where R = H. For cases where R = Me and Ac, the free energy barriers for Step I are always less than those for Step II. So the conclusion as to which is the rate-limiting step depends on which energy index is taken for reference. For the Co(porph) and Ru(porph) catalyzed cases, the general conclusion (except for some cases where R = Me) is that the activation barriers (E( predict Step I as rate-limiting, while the free energy barriers predict Step II as rate-limiting. 
3.5  Geometry of transition state TS2
The transition states TS2 for Step II of the catalyzed aziridination reaction have their broad geometrical features discussed below, along with estimates of their relative positions along the reaction pathway as per the Hammond postulate. The select geometry parameters for TS2 are as depicted in Figure 3(a) for the Cu(trfl)2-catalyzed cases and in Figure 3(b) for the metal porphin catalyzed cases. The B3LYP values of these geometry descriptors are given in Tables S2, S3 and S4 for the Cu(trfl)2, Co(porph) and Ru(porph) catalyzed cases respectively. 
3.5.1  Cu(trfl)2 catalyzed cases
Table S2 (SI) lists B3LYP values of the relevant bond distances, bond angles and dihedrals of the transition states TS2 for Step II of the Cu(trfl)2 catalyzed reaction for three different R substituents (R = H, Me and Ac) and 4 alkene substrates. Figure 8 depicts these transition states TS2. Since Step II is appreciably exothermic, TS2 would have “early” character.
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FIGURE 8  GaussView representations of transition states TS2 for Step II of aziridination of alkenes by nitrenoids formed with copper(II) triflate catalyst (R = H, Me and Ac)

    From Table S2, the distances R1 of the breaking Cu-N bond (1.959 to 2.048 Å) are close to the Cu-N distances in the Cu(II) nitrenoids (Table 1; 1.908, 1.960 and 1.877 Å for R = H, Me and Ac, respectively), indicating an early transition state. The R2 and R3 distances for the forming N1-C1 and N1-C2 bonds of the ring have large values (2.113 to 2.672 Å) noticeably longer than the N-C bond distances of about 1.46 Å in the aziridine product, pointing to an early transition state. The N1-C1 bond length R1 is shorter than the N1-C2 bond length R2, which shows the N-C1 bond forms earlier than the N-C2 bond. Furthermore, the C1-N-C2 bond angle θ1 in TS2 is quite acute in most cases (26.9 to 54.7°; as compared to the value of around 60° in the aziridine product), indicating an early transition state in almost all cases. These geometry criteria taken together predict an early transition state TS2 for Step II in good accord with the Hammond postulate for this exothermic reaction.
    The Cu-N bond between the metal centre and the amino nitrogen of the forming aziridine is more or less perpendicular to the plane of the catalyst, as seen from the values of the O-Cu-N angle (2 approaching 90(. The dihedral angles φ1, φ2 and φ3 describe the 3D arrangement of the forming aziridine ring around the Cu-N bond. Each dihedral has its own rather narrow range of values, so that the C1 atom points towards approximately the same direction for the different cases, and likewise the C2 atom and the R group as well. The general shape of transition state TS2 is roughly the same for all cases, with approximately the same orientation of the forming aziridine ring with respect to the catalyst for most of the different cases.

3.5.2  Co(porph) catalyzed cases
Table S2 (SI) lists B3LYP values of relevant bond distances, bond angles and dihedrals which describe the geometries of the transition states TS2 for Step II of the Co(porph) catalyzed reactions. Figure 9 shows GaussView representations of the transition states TS2. The appreciable exothermicity of Step II indicates that TS2 would have “early” character.

    From Table S2, the distances R1 of the breaking Co-N bond (1.901 to 2.123 Å) are close to the Co-N distances in the Co(porph) nitrenoid reactants (Table 1; 1.850, 1.970 and 1.859 Å for R = H, Me and Ac respectively), indicating an early transition state. Likewise, the R2 and R3 distances for the forming N-C1 and N-C2 bonds of the ring have large values (2.073 to 2.628 Å) much longer than the C-N bond distance of about 1.46 Å in the aziridine product, also pointing to an early transition state. The N1-C1 bond length R1 is always shorter than the N1-C2 bond length R2, where the N1-C1 bond forms earlier than the N1-C2 bond. Further, the C1-N-C2 bond angle θ1 in TS2 is quite acute in most cases, indicating an early transition state. The geometry criteria taken together predict an early transition state TS2 for Step II in good accord with the Hammond postulate for this exothermic reaction.
    The Co-N1 bond between the Co atom and the aziridine N1-atom is perpendicular, more or less, to the plane of the catalyst, with the O-Co-N angle (2 approaching 90(. The porphin ring largely retains its planar characteristics in the transition state. The dihedral angles φ1, φ2 and φ3 show that the C1 and C2 atoms and the R group point in different directions. Some cases present roughly the same overall shape, with similar orientations of the forming aziridine ring with respect to the catalyst. However, in some cases, the shapes differ significantly (as seen from the values of the dihedral angles).
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FIGURE 9  GaussView representations of transition states TS2 for Step (II) of aziridination of  alkenes by nitrenoids formed with Co(II) porphyrin catalyst (R = H, Me and Ac)

3.5.3  Ru(porph) catalyzed cases

Table S4 (SI) lists B3LYP values of bond distances, bond angles and dihedrals which describe geometries of transition states TS2 for Step II of the Ru(porph) catalyzed reaction for R = H, Me and Ac, and 4 alkene substrates. Figure 10 shows representations of these transition states TS2 for Step II. The exothermicity of Step II predicts “early” character for TS2.
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FIGURE 10  GaussView representations of transition states TS2 for Step (II) of aziridination of alkenes by nitrenoids formed with Ru(II) porphyrin catalyst (R = H, Me and Ac)

    Table S2 shows the lengths R1 of the breaking Ru-N1 bond (1.870 to 1.917 Å) are close to the Ru-N bond lengths in the Ru(porph) nitrenoids (Table 1; 1.794, 1.804 and 1.810 Å for R = H, Me and Ac respectively), indicating early transition states. The R2 and R3 distances for the forming N-C1 and N-C2 bonds of the ring moiety are long (1.909 to 2.387 Å) compared to the C-N bond length of about 1.46 Å in the aziridine product. The C1-N-C2 bond angle θ1 in TS2 is more acute in most cases (29.0 to 39.1°) than the value around 60° in the aziridine product. These geometry criteria predict an early transition state TS2 for Step II in agreement with the Hammond postulate for this exothermic reaction.

    The Ru-N bond between the Ru and aziridine N atoms is more or less perpendicular to the plane of the catalyst, with the O-Cu-N angle (2 approaching 90(. The porphin ring within the transition state TS2 is still basically planar. The dihedrals φ1, φ2 and φ3 differ widely in value, describing the three-dimensional arrangement of the forming aziridine ring around the Ru-N bond, where the C1 and C2 atoms and the R group point in different directions for the different cases. Thus, the R groups do not all point in the same direction for all cases, and likewise for the C1 and C2 atoms. The forming aziridine ring is orientated in different ways with respect to the catalyst for the different cases.

4   CONCLUSIONS
This B3LYP study on the mechanisms of metal-catalyzed aziridination of alkenes by azide reagents leads to the following predictions, observations and conclusions:

1. Among the three catalysts, Cu(trfl)2 and Co(porph) are predicted to have doublet ground states and quartet excited states, while Ru(porph) has a singlet ground state and a triplet excited state. The same is also inferred for the metal nitrenoids they form.

2. The catalysts reduces the activation barrier for Step I of azide decomposition, which effect is most prominent for catalysis by the Ru(porph) complex, also giving the most stable nitrenoid species in each case.

3. Catalyzed decomposition of the azide to nitrenoid plus N2 is predicted to follow the facility order H > Me > Ac with respect to the R group in the azide R-N3.

4. Transition state TS1 for Step I of catalyzed azide decomposition is predicted to be on the “late” side on the basis of its geometry, which accords well with the Hammond postulate applied to this endothermic reaction.

5. Among the three catalysts, Cu(trfl)2 is predicted to be the most efficient in catalyzing Step II (alkene aziridination by the metal nitrenoid). This is reverse to the trend shown for Step I, where Cu(trfl)2 is predicted as the least effective among the three catalysts.

6. The acetyl case (among the three R groups in the azide) leads to the most facile reaction for Step II, followed by the methyl case and then the H case.
7. The geometry of transition state TS2 for Step II predicts “early” character in good accord with the Hammond postulate applied to this exothermic reaction.
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