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Abstract

Herein, we report the mechanism of Ir(III)-catalyzed intermolecular branch-selective allylic C−H amidation, including the influence of substituent effect on yield and regioselectivity. The sequence of amidation reaction is alkene coordination, allylic C−H activation, oxidative addition of methyl dioxazolone, reductive elimination of allyl-Ir-nitrenoid complex, amine protonation and proto-demetallation. The apparent activation energy of amidation between hexene and methyl dioxazolone is 17.8 kcal/mol, and the energy difference between two transition state for formation amide is only 2.8 kcal/mol. The introduction of more electron-deficient groups at the allyl terminal  increases the apparent activation energy, conversely, the introduction of electron-donating groups  significantly reduces the apparent activation energy. Among them, the apparent activation energy of the reaction between aniline group substituted allyl and methyl dioxazolone is only 13.8 kcal/mol, which further improves the reaction yield. In addition, the introduction of more electron-withdrawing groups on dioxazolone can significantly improve the regioselectivity. When 3,4,5,-trifluorophenyl substituted dioxazolone and hexene occur C−N bond coupling reaction, the energy difference of the two transition states is as high as 9.0 kcal/mol, indicating that the  regioselectivity is greatly improved. The mechanism explanation of allylic C−H amidation will provide strong theoretical support for streamlined synthesis of allyl branched amides.
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1. Introduction

Amides are not only important intermediates in organic synthesis, but also widely applied in immunology, polymer material science and engineering and agricultural chemicals.1-5 What is more, amidation is often used in the construction of various bioactive molecules and the development of new drugs.6, 7 In classical ways, amides are achieved by coupling reaction between carboxylic acids and amines, in which carboxylic acids can be replaced by esters with good stability and more electrophilic properties.8 This method is simple, but slow condensation reaction and low atomic utilization rate are not conducive to large-scale production.9
Transition metal complexes catalyzed direct C–H amidation have developed greatly in the last 10 years.10-20 Allyl substitution, hydroboration, hydrogenation and dehydrogenation can be transferred through  iridium complexs.21, 22 [Cp*IrCl2]2 is an excellent catalyst precursor, which can be activated to catalyze various amidation reactions under alkaline conditions.23-26 In 2014, Chang and co-workers27 reported a facile approach based on the C–N bond formation via Ir-catalyzed direct C–H amidation. In this experiment, benzamide and diphenylphosphoryl azide were used as substrates for reaction, under the condition of NaOAc as additive, the yield of [Cp*RhCl2]2/AgNTf2 catalyzed amidation reaction was less than 1%, while the yield of [Cp*IrCl2]2/AgNTf2 catalyzed amidation reaction was up to 99%. This indicates that Ir-catalyzed C–H bond direct amidation can efficiently form C–N bond. Ralated studies have shown that d electrons in metals play an important role in stabilizing metal-carbene or metal-nitrene active species.28 Iridium is a post-periodic element, rich d electrons make it a good catalytic performance.
Amides with linear and circular structures have been found in large numbers, but the presence of branched amide unit at the allyl site has been rarely reported.29-31 In 2019, Professor Rovis32 group reported a new discovery of Ir-catalyzed intermolecular branch-selective allylic C−H amidation (Scheme 1). The Curtius-type rearrangement can be commendably avoided by using dioxazolone as nitrogen source in the experiment.33, 34 The reaction has the characteristics of high activity, good regioselectivity and unique branched chain structure, so it has high research value. Coincidentally, in April 2021, Yanfeng Dang et al.35 reported the allylic C−H amidation mechanism catalyzed by two different catalysts. Theoretical studies have found that, compared with Cp*Rh(III), Cp*Ir(III) has a stronger interaction force with the transferred H proton, and the isosurface of the central metal Ir (III) and the activated H proton is clearly seen from the molecular orbital, this is the key to high yield. In addition, charge distribution on allyl groups is a key factor affecting regioselectivity. The mechanism of transition metal catalyzing C−H amidation reaction has been widely reported, but the effect of substituents on allylic C−H amidation has not been reported. In this paper, the mechanism of Ir-catalyzed allylic C−H amidation and the influence of substituent effect were studied by using density functional theory (DFT). The reaction mechanism can be clearly understood by analyzing the change in the transition state and the intermediate structure.36

Scheme 1. Branch-selective allylic C−H amidation 
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2. Computational details

All reported molecular structures were optimized by the B3LYP functional and mixed basis set methods. The Ir atoms were described with the LANL2DZ basis set with effective core potential (ECP), modified by Couty and Hall, whereas five C atoms in Cp group directly connected with Ir atom, all the C and H atoms in the allyl group, all the atoms of dioxazolone and the C atom of the methyl group attached to it, the two O atoms on the acetate and the C atoms sandwiched between them, and all the atoms on the carboxyl group in the provided acetic acid were represented with 6-311+G(d,p) basis set. F, Br, N atoms in the substituent group were described with the 6-31+G(d) basis set, and all other atoms were described with the 6-31G basis set. Meanwhile, frequency calculations were performed to confirm that the calculated species corresponded to minima (no imaginary frequencies) or transition states (only one imaginary frequency), and to provide thermodynamic corrections at 1 atm and 298.15 K. Subsequently, intrinsic reaction coordinate calculations (IRC) were also performed to ensure that the obtained transition states are correctly connected to the identified intermediates.37, 38 Finally, considering the effect of electron dispersion, the M06-L functional is implemented to obtain more accurate energy. The Ir atoms were still described with the LANL2DZ basis set, while all other atoms were used with 6-311++G(d,p) basis set. Additionally, the solvation effect in the system was considered, using PCM as the solvation model, the selected solvent was DCE solvent consistent with the experimental conditions. Corrected Gibbs free energy was used to describe the reaction energy profiles. All calculations were performed using the Gaussian 09 program package.39

3. Results and discussion  

The Cp*Ir-catalyzed allylic C-H amidation reaction can be divided into three major steps, which are the coordination reaction of alkene and the allylic C-H activation reaction, the oxidative addition reaction of methyl dioxazolone and the reductive elimination reaction of allyl-Ir-nitrenoid complex, amine protonation and proto-demetallation reaction. The detailed thermodynamic calculations and kinetic analysis are as follows.

3.1 Mechanism of the Cp*Ir(III)-catalyzed allylic C-H amidation
     
The [Cp*IrCl2]2 catalyst was pretreated by AgNTf2 and LiOAc to produce  cationic Cp*Ir(OAc)+ species 1 with catalytic activity, and we used active catalyst 1 as the zero point of the reaction in the theoretical calculations, and the relative values of electronic energy after zero-point energy correction and Gibbs free energy of other intermediates and transition states were calculated with active catalyst 1 as reference. There are two ways of coordination reaction of alkene with active catalyst 1, one is complexation of alkene with monodentate acetate ligands, while the other is direct complexation of alkene with didentate acetate ligands. Activated catalyst 1 generates monodentate acetate-Cp*Ir species 4 via a transition state TS1-4. This process requires overcoming an energy barrier of 9.6 kcal/mol, and absorbing energy of 6.8 kcal/mol. In the transition state TS1-4, the distance between Ir and O1 atoms in acetate is shortened from 2.181 Å to 2.074 Å, and there is no interaction with O2 atoms in acetate, and the angle between the Ir-O1 bond and the Ir-O2 bond also changes from 60 degree with a symmetric square triangle structure to 49.8 degree with an asymmetric structure. (Figure 2) The transition state TS1-4 belongs to the post-transition state, species 4 is largely configurationally enantiomorphic to the transition state TS1-4, and the angle between the Ir-O1 bond and the O1-C bond increases from the original 112.9 degree in TS1-4 to 130.7 degree. Subsequently, the isomerized species 4 coordinates with alkene to form intermediate 3. In intermediate 3, the distances between metal Ir and  C atoms in terminal alkene are 2.266 Å and 2.349 Å, respectively, and the length of Ir-O1 bond is 2.025 Å. On the other hand, alkene and the bidentate acetate ligand can directly coordinate to form intermediate 2, which subsequently undergoes transition state TS2-3 to generate isomerized intermediate 3. In the transition state TS2-3, O2 atoms in acetate vibrate toward the backward direction of the central metal Ir, making Ir and O2 atoms have no interaction force and the distance between Ir and O1 atoms in acetate is shortened by 0.10 Å. These isomerization manifestations favor the coordination of the H atom in the allyl with the metal Ir in the next step. This step requires an activation energy of 11.9 kcal/mol, endergonic by 8.2  kcal/mol. Intermediate 2 is 16.9 kcal/mol lower in energy than the transition state TS1-4, and the conformational stability makes the latter more advantageous in kinetic conversion reactions. (Figure 1(a))
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Fig. 1. (a) Energetic profiles for coordination of alkene and the allylic C-H activation. (b) Energetic profiles for the oxidative addition of methyl dioxazolone. (c) Energetic profiles for the reductive elimination of allyl-Ir-nitrenoid complex, amine protonation and proto-demetallation. Born–Oppenheimer energies (top) and Gibbs free energies (bottom) are given in kcal/mol.

The subsequent C-H activation reaction is considered to be a crucial core process of the allylic C-H amidation, completing the transfer of H protons from the allyl C3 position via a concerted metalation deprotonation (CMD) pathway to form the more oxidizable allyl-Ir complex 10. In the first step, the H atom in the C3 position of intermediate 3 starts to coordinate with the central metal Ir, passing through the transition state TS3-5 to form the Ir…H…C3 coordination complex 5. During this transition, the double bond is gradually broken and the acetate ligand is reoriented so that the O2 atom is close to the activated H atom. In TS3-5, the distances between Ir and C1 and C2 atoms in the terminal position are shortened by 0.08 Å and 0.06 Å, respectively, relative to that of intermediate 3, the length of the breaking C3-H bond is 1.155 Å, and the length of the forming Ir-H bond is 2.067 Å. (Figure 2) Then, the intermediate 5 is converted to the intermediate 6 via the transition state TS5-6. In this process, the p orbital of the C3 atom and the π orbital in the double bond overlap each other and the three conjugated C atoms interact with metal Ir. In TS5-6, the length of the breaking C3-H bond is 1.671 Å, and the length of the forming Ir-H bond is 1.638 Å, which indicates that the activated H atom begins to detach from the allyl group and interacts with the metal Ir. The conjugated species 6 is generated in the activated system, and the length of the newly generated Ir-C3 bond is 2.316 Å. The Ir-H bond length of the formed hydride 6 is 1.597Å (consistent with the reported literature)40, 41, which is a good indication of the central metal iridium-assisted transfer of the H atom. In the third step, when acetate is a accepting protons  moiety, the hydride 6 is converted to the intermediate 7 via the transition state TS6-7, which in a real sense completes the migration of activated H atoms. In the transition state TS6-7, the Ir-H bond elongates to 1.695 Å and the O2-H distance during formation is 1.523 Å. The newly formed O2-H distance of 0.986 Å in intermediate 7 is the main reason for the exergonicity of 14.0 kcal/mol for this elementary reaction. The last step shows that intermediate 7, which has completed the C-H activation, needs to overcome only 0.9 kcal/mol energy barrier to dissociate an acetic acid molecule and produce a more oxidizable allyl-Ir complex 10. The C-H bond activation process needs  to be overcome an energy barrier of 17.8 kcal/mol (belonging to the medium activation barrier), it is also the rate-determining step of the whole reaction. The above four consecutive elementary reations are fast with concomitantly little change in energy. In addition, direct deprotonation reaction of alkene (non-CMD mechanism) was also considered. Intermediate 2 undergoes transition state TS2-8 to generate allyl-Ir-acetic acid complex 8. In TS2-8, the lengths of the Ir-O1 bond and the Ir-O2 bond  increase by 0.13 Å and 0.08 Å, respectively, and the length of the breaking C3-H bond is 1.478 Å, and the newly generated O2-H distance is 1.192 Å. Similarly, intermediate 2 undergoes transition state TS2-9 to generate alkene-Ir-acetic acid complex 9. In TS2-9, the lengths of the Ir-O1 bond and the Ir-O2 bond increase by 0.12 Å and 0.11 Å, respectively, and the length of the breaking C3-H bond is 1.512 Å, and the newly generated O2-H distance is 1.177 Å. In terms of molecular structure, both transformations are only the interaction of the terminal C atom with the central metal Ir and the acetate is bidentate to the central metal Ir, causing difficulty for the H atom at the C3 position to approach the central metal Ir, so the CMD mechanism is difficult to occur. The two transitions need to span the energy barrier of 36.7 kcal/mol and 37.8 kcal/mol, respectively, which are ruled out because the high reaction potential barrier makes the number of reacting molecules small. (Figure 1(a))
Then, methyl dioxazolone is restored to generate allyl-Ir-nitrenoid species. When a methyl dioxazolone is coordinated to an allyl-Ir complex 10, herein, we define the direction of the methyl group in the methyl dioxazolone to coincide with the direction of the coordinated allyl as isotropic coordination, and vice versa as reverse coordination. During isotropic coordination, intermediate 12 undergoes a transition state TS12-14 to give intermediate 14, a step that requires an activation energy of 4.3 kcal/mol. In contrast, the reverse coordination process is more advantageous because of the moderate distance of the atomic groups, the weaker interaction forces, and the formation of the transition state TS11-13 only needs to overcome the energy barrier of 3.5 kcal/mol. Both intermediate 11 and intermediate 12 are important oxidative addition precursor substances. The N-O4 bond length in the tight five-membered ring in the transition state TS11-13 was stretched from 1.438 Å to 1.831 Å (basically the same as reported in the literature), 42, 43 while the C4-O3 bond length elongates from the original 1.381 Å to 1.432 Å. (Figure 2) The N-O4 bond breaking and C4-O3 bond stretching eventually generate allyl-Ir-nitrene complex 13, with the exergonicity of 19.7 kcal/mol, the strong thermal effect makes the reaction irreversible. Subsequently, intermediate 13 can smoothly transition to intermediate 15 after releasing one molecule of CO2. Intermediate 15 undergoes a transition state TS15-16 to form an allyl-Ir-nitrenoid complex 16 that is conducive to the migratory insertion process. In this process, the nitrenoid gradually approaches the allyl group, and the N…C3 distance is shortened from the original 2.982 Å to 2.800 Å. At the same time, the plane composed of Ir-N-C6 and the plane composed of N-C6-O3 form a dihedral angle, the angle is changed from the original 84.5 degree to -78.7 degree, and the downward movement of the nitrenoid facilitates the coupling of C3 atoms and N atoms in the next step. In addition, Curtius/Lossen-type rearrangement is an undesirable reaction trend in the amidation reaction, thus the occurrence of rearrangement of intermediate 15 was also considered. Intermediate 15 is transformed into isocyanate 17 via a transition state TS15-17. This step needs to absorb energy of 14.8 kcal/mol and release energy of 27.7 kcal/mol. In TS15-17, the C6-C7 bond length is increased from 1.518 Å to 1.854 Å, and the forming C7-N bond length was 2.091 Å. During the formation of isocyanate 17, the angle of N-C6-O3 increased from 122.1 degree in TS15-17  to 178.6 degree with the migration of methyl group to N atom. Compared to the small energy barrier of 2.1 kcal/mol required to pass through transition state TS15-16, the elementary reaction to generate isocyanate 17 is kinetically unfavorable. (Figure 1(b))
C-N bonds have high bond energies and are nearly planar in structure (with double bond-like characteristics). This stage has a highly negative free energy due to the generation of high-energy C-N bonds in the reduction elimination reaction. Allyl-Ir-nitrenoid complex 16 absorbs energy to form transition states TS16-18 and TS16-22, the former needs to overcome the energy barrier of 11.3 kcal/mol, while the latter needs to overcome the energy barrier of 14.1 kcal/mol, with an energy difference of only 2.8 kcal/mol, which is extrinsic to the difference in regioselectivity. In terms of ease of migration insertion, the Ir-C1 bond length (2.212 Å) in the intermediate 16 is 0.209 Å smaller than the Ir-C3 bond length (2.421 Å). This makes the migration insertion of Ir-nitrenoid species into the Ir-C3 bond much easier than the Ir-C1 bond. Likewise, in terms of the distances of the atoms to be bonded, the distance between the N…C1 (2.922 Å) atoms in intermediate 16 is 0.142 Å larger than that of N…C3 (2.800 Å), which makes it much easier for the coupling reaction to occur in N…C3. (Figure 2) These two reasons are the origin of the regioselectivity of the reaction. In TS16-18, the distance between the C3 atom and the N atom on the allyl is reduced to 2.257 Å. In TS16-22, the distance between the C1 atom and the N atom on the allyl is shortened to 2.197 Å. The bond length of the newly constructed C-N bond in the generated intermediate 18 is 1.478 Å, which is consistent with the bond length of the C-N bond reported in the literature.44-46 After absorbing the energy of 7.2 kcal/mol, it can be complexed with a molecule of acetic acid to form intermediate 19. The amine group at the allyl position in intermediate 19 is protonated, and intermediate 20 is generated through a transition state TS19-20. This process needs to overcome the energy barrier of 1.7 kcal/mol while releasing the energy of 5.3 kcal/mol. In TS19-20, the O8-H1 distance in cleavage is 1.180 Å, and the N-H1 distance in formation is 1.329 Å. The intermediate 20 finally undergoes a proto-demetallation process to give the branched amide product 21 and the active catalyst 1. This is the end of a complete catalytic cycle, and the resulting active catalyst 1 can continue to coordinate the alkene to start a new catalytic cycle. (Figure 1(c))
There is a similar route to branched amide product 21. Intermediate 22 also undergoes acetic acid complexation, amine protonation and proto-demetallation to finally form linear amide product 25. Acetic acid complexation and protonation reactions require smaller energy barriers, 3 kcal/mol and 0.3 kcal/mol, respectively. In the transition states TS23-24, the O9-H2 distance in the break is 1.183 Å and the N-H2 distance in the generation is 1.314 Å, (Figure 2) which indicates that the H atom is moving closer to the amine group. Finally, intermediate 24 undergoes proto-demetallation to realize the separation of the active catalyst 1 and the linear amide product 25, a step that releases the energy of 2.8 kcal/mol and the reaction can proceed spontaneously and smoothly. (Figure 1(c)) 
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Figure 2. Optimized structures of selected species (for clarity, methyl groups of Cp* and H atoms that are not involved in the reaction are omitted.) involved in the reaction of hexene and methyl dioxazolone. Distances are given in Å, and angles and dihedral angles are given in °.

3.2 Effects of dioxazolones bearing different substituents on the amidation reaction
     
Since only dioxazolone is changed, the potential energy surface of the allylic C-H activation reaction is not changed. We considered the effect of two different substituents of dioxazolone on the reaction, namely phenyl dioxazolone and 3,4,5,-trifluorophenyl dioxazolone. Oxidative addition reactions of both phenyl dioxazolone and 3,4,5,-trifluorophenyl dioxazolone can occur, and theoretical calculations indicate that the reactions are heavily exothermic and irreversible, and that oxidative addition reactions of the two substituents require overcoming the energy barriers of 4.1 kcal/mol and 4.5 kcal/mol, respectively (3.5 kcal/mol for methyl dioxazolone). In addition, when transitioning from the intermediate 31 to the transition state TS31-32 and the transition state TS31-36 (see Fig. S1. (b) in Supporting Information (SI)), the energy barriers of 10.0 kcal/mol and 17.6 kcal/mol need to be crossed, respectively, and species that can produce amide units are generated in this process. The energy barrier is too high when transforming to TS31-36, and the reaction rate is slow. The free energy of TS31-32 was 7.6 kcal/mol lower than that of TS31-36 during the reductive elimination reaction of phenyl-substituted dioxazolone and hexene, which indicated excellent regioselectivity of the reaction. While the C-N bond coupling reaction with 3,4,5,-trifluorophenyl dioxazolone and hexene, the transition of intermediate 43 to the transition states TS43-44 and TS43-48 (see Fig. S2. (b) in Supporting Information (SI)) need to overcome the energy barriers of 8.3 kcal/mol and 17.3 kcal/mol , respectively, the difference in energy between the two transition states is as high as 9.0 kcal/mol. Hence, we can conclude that the regioselectivity of the amidation reaction increases further when the dioxazolone is substituted with more electron-withdrawing groups, where the 3,4,5,-trifluorophenyl dioxazolone regioselectivity is optimal.

3.3 Effects of alkenes bearing different substituents on the amidation reaction
   
We selected six different substituents at the allyl position to examine the changes in the potential energy surface of the amidation reaction, and the results showed that significant differences occur mainly in the C-H activation and reductive elimination reactions. Since the amidation reactions of hexene with methyl dioxazolone have been previously discussed in detail, a reasonable reaction pathway can be optimized.
When the bromine, difluorine and trifluorine groups are substituted on the terminal position of hexene, it makes the alkene undergo some polarization. Through their electron-withdrawing substituents, the polarized alkenes make the apparent activation energy of the reaction increase (18.6, 19.1 and 19.6 kcal/mol, respectively). Due to the delocalization of electrons, phenyl groups have the properties of stabilizing intermediates compared to hydrocarbyl groups (the effect of large π bonds in phenyl groups). As a result, phenyl, anilino and p-trifluoromethyl phenyl groups were also introduced into the unactivated allyl terminus, and the C-H activation reaction potentials were varied. The p-trifluoromethyl phenyl group increases the activation energy of the system (18.5 kcal/mol), but the phenyl and aniline groups decrease the activation energy of the system (17.4 and 13.8 kcal/mol, respectively). Additionally, upon C-N bond coupling, the bromine, difluoro, trifluoro, phenyl, and aniline groups all increase the regioselectivity further (3.8, 3.9, 3.6, 3.7, and 9.2 kcal/mol, respectively), except for the p-trifluoromethyl phenyl group, which decreases regioselectivity (2.3 kcal/mol).
From the above results, it can be seen that due to more electron-withdrawing substituents, the apparent activation energy of the reaction is higher and the polarization angle of the alkene is larger. Therefore, the introduction of more electron-donating groups at the end of the unactivated alkene will reduce the reaction barrier. The electron-rich aniline substituent significantly reduces the apparent activation energy of the reaction, so that the reaction yield and regioselectivity are significantly improved.

4. Conclusion

In summary, DFT theoretical calculations have explained in detail the mechanism of Ir(III)-catalyzed intermolecular branch-selective allylic C−H amidation of hexene and methyl dioxazolone, including the influence of substituent effect on yield and regioselectivity. On the reaction potential energy surface, a large number of contrasting reaction  pathways are presented to enable a clear understanding of the choice of allylic C−H amidation reaction pathways. The computational results suggest that the reaction mainly includes the following processes. Undergoing coordination of the alkene with the active catalyst, the H atom at the C3 position of allyl  is transferred via a concerted metalation deprotonation (CMD) mechanism to generate the more oxidizable allyl-Ir complex. The energy barrier for C-H bond activation is 17.8 kcal/mol, which allows the reaction to proceed under mild conditions and controls the overall reaction rate. Afterwards, Ir(III) was oxidized to form  the key allyl-Ir-nitrenoid complex 16 via N−O bond cleavage and CO2 extrusion in the coordination of methyl dioxazolone with metal Ir. Then, allyl-Ir-nitrenoid complex 16 undergoes C-N coupling reaction, producing two different types of amide transition states with an energy difference of only 2.8 kcal/mol between the two. Finally, the branched amide and active catalyst are obtained after amine protonation and  proto-demetallation. In addition, the introduction of more electron-deficient groups at the allyl terminal  increases the apparent activation energy, conversely, the introduction of electron-donating groups  significantly reduces the apparent activation energy. Among them, the apparent activation energy of the reaction between aniline group substituted allyl and methyl dioxazolone is only 13.8 kcal/mol, which further improves the reaction yield. Moreover, the introduction of more electron-withdrawing groups on dioxazolone can significantly improve the regioselectivity. When 3,4,5,-trifluorophenyl substituted dioxazolone and hexene occur C−N bond coupling reaction, the energy difference of the two transition states is as high as 9.0 kcal/mol, indicating that the  regioselectivity is greatly improved. The mechanism explanation of allyl amidation reaction and electronic effect will provide strong theoretical support for streamlined synthesis of allyl branched amides.
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