
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Computational study on the Rh-catalyzed chemodivergent oxidative annulation of benzamides and enynes

[bookmark: _Hlk19523284][bookmark: _Hlk526353519]Jing Zhang1,3,*, Qingli Zhang2,*, Zhenyuan Zhu1, Bingkai Wang1 
1Department of Chemistry and Chemical Engineering, Jining University, Qufu 273155, Shandong Province, People’s Republic of China
2China People’s Police University, Langfang 065000, Hebei Province, People’s Republic of China
3School of Chemistry and Chemical Engineering, Qufu Normal University, Qufu 273165, Shandong Province, People’s Republic of China

Correspondent author emails: zj810810@163.com and 30221978@qq.com

[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK17][bookmark: _Hlk519517728][bookmark: OLE_LINK1][bookmark: _GoBack]Abstract: The mechanisms of Cp*Rh(OAc)2-catalyzed coupling reaction of N-methoxybenzamide with alkyl-terminated enyne have been investigated by density functional theory (DFT) calculations. With the addition of NaOAc and changing solvent, the product transforms from lactam P1 in reaction A to iminolactone P2 in reaction B, due to the formed stable OAc- coordinated intermediate. The electronic effect and steric effect account for the observed regioselectivity in reaction B collectively.
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1. INTRODUCTION
[bookmark: OLE_LINK39]Arenes are one of the most extensively used substrates to access important products in the pharmaceutical and agrochemical industry. Much efforts have been devoted to their functionalization in the few decades.[1-11] Among of them, alkynes are often employed as the powerful C2 coupling partners.[12-14] Rhodium-catalyzed C−H functionalization of arenes has been established as an effective strategy to synthesize desired functional structures.[15-32] However, the multitudinous C−H bonds in arenes would lead to diverse regioselectivity. In the previous reports, many multifunctional directing groups have been introduced to improve the desired regioselectivity. Despite great progress has been achieved, the nucleophilic directing group was limited to amide, carboxylic acid, phenol, and enolate. Thus, such coupling assisted by a NH directing group still remains rare.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: _Hlk20297934][bookmark: _Hlk18417356][bookmark: _Hlk18488255][bookmark: _Hlk20303945]Recently, Li group[33] reported the Cp*Rh(OAc)2-catalyzed coupling of N-methoxybenzamide R1 and alkyl-terminated enyne R2 (Scheme 1). As shown in Scheme 1, by employing Cu(OAc)2 as additive and ethanol as solvent, the major product is lactam P1 (reaction A). While the major product becomes iminolactone P2 in the presence of Cu(OAc)2 and NaOAc, with 1,4-dioxane as the solvent (reaction B).


[bookmark: _Hlk20302210]SCHEME 1 Cp*Rh(OAc)2-catalyzed coupling of N-methoxybenzamide with alkyl-terminated enyne reported by Li group
[bookmark: _Hlk18477504][bookmark: _Hlk18477303][bookmark: _Hlk18477459][bookmark: _Hlk16706841]To account for the distinct regioselectivity, Li group postulated possible reaction mechanisms that are summarized in Scheme 2. The ortho arene C−H bond activation firstly occurs to afford rhodacycle complex I catalyzed by Cp*Rh(OAc)2 (1cat). Then the enyne R2’ migratory inserts into the alkyne unit selectively to afford Rh(III) alkenyl II. Subsequent 1,4-Rh migration gives a Rh(III) π-allyl species III. In reaction A, III then rearranges to form allyl complex IV, which is followed by the nucleophilic attack of the softer amide nitrogen at the η3 position to produce P1 together with a Rh(I) complex 2cat. The Rh(I) complex could then be re-oxidized by Cu(II) salt to regenerate the active catalyst 1cat for the next cycle. For comparison, in the presence of an excess of NaOAc (reaction B), acetate coordination triggers allyl rearrangement to the η1 intermediate V, which is followed by the C−O reductive elimination to deliver product P2. 

 SCHEME 2 Plausible reaction pathways for the Cp*Rh(OAc)2-catalyzed coupling of N-methoxybenzamide with alkyl-terminated enyne proposed by Li et al
[bookmark: OLE_LINK31][bookmark: _Hlk18487952]Although the plausible mechanistic pathway has been proposed by the Li group, some key issues still need to be further discussed. (1) Which steps are rate- and regioselectivity-determining in both of the two reactions? (2) By using Cu(OAc)2 as additive and ethanol as solvent, the product is P1, while the product becomes P2 in the presence of Cu(OAc)2 and NaOAc, with 1,4-dioxane as the solvent. Why? (3) What is the role of NaOAc in reaction B. To address these questions, a theoretical investigation for detailed reaction mechanisms is needed. Herein, we report our detailed density functional theory (DFT) calculations on the reaction mechanisms, in order to gain insight into the interesting experimental observations and distinct selectivity. We expect this work would help understand the detailed mechanisms and design new related reactions.

2. COMPUTATIONAL DETAILS 
[bookmark: OLE_LINK38][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK36][bookmark: _Hlk481605649]All structures were optimized at the B3LYP-D3[34-36]/BSI level (BSI designates the basis set combination of LanL2DZ[37-39] for Rh atom, and 6-31G(d,p) for main group elements) in the gas phase. Harmonic vibrational frequencies were also calculated at the same level of theory to identify all stationary points as minima (zero imaginary frequencies) or transition states (one imaginary frequency). Intrinsic coordinate reaction (IRC)[40-42] calculations were carried out to examine the connectivity of a transition state with its backward and forward minima when necessary. The energetic results were then further refined by single-point calculations at the M06[43,44]/BSII level with solvation effects accounted for by the SMD[45-49] solvent model using ethanol or 1,4-dioxane as solvent according to the experimental conditions, where BSII denotes the basis set combination of SDD[50-52] for Rh atom, and 6-311++G(d,p) for main group elements. Natural bond orbital (NBO) analyses were performed at the B3LYP/BSII level on selected systems with the NBO code included in Gaussian 09.[53] In all of the figures that contain energy diagrams, calculated relative Gibbs free energies are presented. For reference, relative enthalpic energies are also given in parentheses. All the energies are given in kcal/mol. Unless otherwise stated, Gibbs free energies are used for the discussion of reaction mechanisms. All the calculations were performed with the Gaussian 09 software package.[53]

3. RESULTS AND DISCUSSION
3.1 Reaction A
[bookmark: _Hlk18477271][bookmark: _Hlk8460607][bookmark: _Hlk20302584][bookmark: _Hlk18477713]The free energy diagrams for the N–H and C–H bond activation processes of R1 catalyzed by 1cat in reaction A are calculated and presented in Figure 1. The reaction would begin with the N–H bond activation leading to intermediate 1 via transition state TS1 with the free energy barrier of 11.7 kcal/mol. Then the ortho arene C–H bond activation occurs to afford intermediate 2 via transition state TS2, requiring the barrier of 19.4 kcal/mol. With the releasing of HOAc molecule, a more stable intermediate 3 is generated.


[bookmark: _Hlk20302644][bookmark: OLE_LINK21][bookmark: OLE_LINK22]FIGURE 1 Free energy profiles for the N–H and C–H bond activation processes in reaction A. The relative free energies and relative enthalpic energies (in parentheses) are given in kcal/mol
[bookmark: _Hlk20302661][bookmark: _Hlk20298299][bookmark: _Hlk18511593][bookmark: _Hlk18480952][bookmark: _Hlk18485947]The calculated free energy diagrams for the enyne migratory insertion and 1,4-Rh migration steps are given in Figure 2. With the coordination of R2 to 3, intermediate 4 is formed, which is followed by the alkynyl inserting into Rh–C bond to yield intermediate 5 with the barrier of 14.9 kcal/mol (TS3). Other infeasible alkynyl and alkenyl insertion transition states are given in Figure S1 in Supporting Information. 5 could then isomerize to a η3 intermediate 6 via transition state TS4 with a facile barrier of 5.4 kcal/mol. From 6, Lam et al proposed the successive acetolysis and 1,4-Rh migration mechanism,[54] but the forbidden high barrier restricts this possibility (see Figure S2 in Supporting Information). Thus, an alternative pathway might be expected.[55] In fact, for the following 1,4-Rh migration process, the H-migration firstly occurs from methyl group to the N center to afford intermediate 7 through transition state TS5, requiring the barrier of 23.7 kcal/mol. The ensuing H-transferring to C4 atom from N center completes the 1,4-Rh migration by crossing a barrier of 22.7 kcal/mol

FIGURE 2 Free energy profiles for the enyne insertion and 1,4-Rh migration processes in reaction A. The relative free energies and relative enthalpic energies (in parentheses) are given in kcal/mol

The free energy diagrams from 8 to product complex 11 are displayed in Figure 3. 8 rearranges to intermediates 9 and 10 successively by exothermic of 1.7 and 1.9 kcal/mol, respectively. Finally, C–N reductive elimination occurs to produce the product complex 11 via the transition state TS8 with the activation barrier of 3.8 kcal/mol. The possible C–O reductive elimination pathway was also considered, but the higher O-coordinated intermediate 10’ compared with the transition state TS8 precludes this possibility (see Figure S3 in Supporting Information). 
[bookmark: OLE_LINK24][bookmark: _Hlk8490375]As shown in Figures. 1-3, the rate-determining step for the annulation of R1 with R2 catalyzed by 1cat in reaction A is the 1,4-Rh migration with an overall barrier of 26.9 kcal/mol (TS5 relative to 6), in agreement with the experimental condition.


FIGURE 3 Free energy profiles from 8 to product complex 11 in reaction A. The relative free energies and relative enthalpic energies (in parentheses) are given in kcal/mol

3.2 Reaction B
[bookmark: _Hlk19003124][bookmark: _Hlk20299709][bookmark: _Hlk19355355][bookmark: _Hlk19356138]In Li group’s experiment, with the participant of additive NaOAc, the product would reverse to be iminolactone P2 in 1,4-dioxane solvent. As shown in Figure 4, OAc-, generated from the excess ionic compound NaOAc, could coordinate to 9 to create a more stable intermediate 12 in comparison to 10 (the corresponding free energy diagram from 9 to 11 in 1,4-dioxane is given in Figure S4 in Supporting Information) through the transition state TS9 with the barrier of 6.2 kcal/mol. 12 would then isomerize to η3 intermediate 13, followed by the C–N reductive elimination (TS10) to yield product complex 14. As shown in Figure 4, 9 could also transform into a more stable O-coordinated intermediate 15 via the C–C rotation and OAc- coordination steps, respectively. The subsequent C–O reductive elimination transition state (TS12) is 2.4 kcal/mol lower than the C–N one (TS10), suggesting the iminolactone complex 17 is the major product. Other infeasible pathway is put into Figure S5 in Supporting Information.

FIGURE 4 Free energy profiles from 9 to product complex 17 in reaction B. The relative free energies and relative enthalpic energies (in parentheses) are given in kcal/mol

     The pathway of OAc- coordinating to R1 at the entrance of reaction B was also considered, but the high barrier for the C–H bond activation (see TS2’ and TS2’’ as shown in Figure S6 in Supporting Information) precludes this possibility.
As shown in Figure 4, the regioselectivity-determining step in reaction B is the reductive elimination. The relative stability of reductive elimination transition state (TS10 and TS12) controls the regioselectivity. To gain insight into origin of the observed regioselectivity, natural population analysis (NPA) was performed. Figure 5 gives the NPA charges on the atoms of C…N and C…O which participate the reductive elimination. Due to the stronger electronegativity of O atom in comparison to N atom, the charge on the O atom (-0.508 e) in TS12 is more negative than that on the N atom (-0.263 e) in TS10. Thus, the positive C1 atom (0.154 and 0.182 e in TS10 and TS12, respectively) prefers to interact with O atom to carry the C–O reductive elimination to afford iminolactone product. Moreover, the steric effect could also account for the O-coordinated regioselectivity. As indicated in Figure 5, the distance between carbonyl carbon atom and C1 atom in TS10 (2.47 Å) is shorter than that (2.82 Å) in TS12, causing much larger steric repulsion and destabilizing TS10. 


FIGURE 5 The optimized structures of TS10 and TS12. NPA charges are given in e and distances are given in Å

4. CONCLUSIONS 
[bookmark: OLE_LINK4][bookmark: OLE_LINK7]DFT calculations were employed to study the mechanism of coupling reaction of N-methoxybenzamide with alkyl-terminated enyne catalyzed by Cp*Rh(OAc)2. For both of the two reactions, the steps include N−H activation, C−H cleavage, enyne insertion, 1,4-Rh migration, and reductive elimination, respectively. Through the addition of NaOAc and changing solvent, the product transforms from P1 in reaction A to P2 in reaction B. NPA charge calculation was performed to reveal the origin of regioselectivity for reaction B. The calculated results suggest that the electronic effect  and steric effect account for the regioselectivity collectively. 
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