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DFT Studies of the Catalyst Structure -Activity & Selectivity Relationships in Rh(I)-catalyzed Transfer C-H Borylation of Alkenes

We report the results of a computational investigation that shed light on the catalyst structureactivity & selectivity relationships for our recently developed Rh(I)-xantphos catalyzed transfer C-H borylation of alkenes. Our study uncovered the influence that the ligand properties have on the free energy surfaces of the reactions catalyzed by a series of Rh catalysts bearing derivatives of the xantphos ligand with varied electronic features and steric demands. We present the full reaction profiles and provide a closer look on how different modifications to the ligand structure influence each step of the catalytic reaction. We observed that the increased steric effects have a large effect on the free energy surfaces, increasing the energy barriers, thereby decreasing the rates of the reaction. In turn, the electronic effects can stabilize key transition states and destabilize crucial intermediates, such as the resting of the catalyst, thus accelerating the overall catalytic process. Additionally, the electronic effects can modify the relative rates of the alternative pathways and therefore affect the selectivity preferences. In general, our study provides guidelines for the rational development of new catalysts to further enhance the performance of the catalytic system and address the remaining challenges.

INTRODUCTION

Methods enabling the borylation of C-H bonds are attractive for the preparation of synthetically valuable intermediates as well as for the diversity-oriented late-stage modification of complex molecules, [START_REF] Hartwig | Homogeneous C-H Bond Functionalization: Challenges and Opportunities[END_REF][START_REF] Mkhalid | C-H Activation for the Construction of C-B Bonds[END_REF][START_REF] Hartwig | Regioselectivity of the Borylation of Alkanes and Arenes[END_REF][START_REF] Xu | Recent Advances in Catalytic C-H Borylation Reactions[END_REF][START_REF] Reyes | An Introductory Overview of C-H Bond Activation/ Functionalization Chemistry with Focus on Catalytic C(Sp3)-H Bond Borylation[END_REF][START_REF] Veth | Recent Trends in Group 9-Catalyzed C-H Borylation Reactions: Different Strategies to Control Site-, Regio-, and Stereoselectivity[END_REF] which can utilize a broad range of C-B bond post-functionalization reactions. [START_REF] Miyaura | Palladium-Catalyzed Cross-Coupling Reactions of Organoboron Compounds[END_REF][START_REF] Nicolaou | Palladium-Catalyzed Cross-Coupling Reactions in Total Synthesis[END_REF][START_REF] Lennox | Selection of Boron Reagents for Suzuki-Miyaura Coupling[END_REF][START_REF] Xu | Boron-Selective Reactions as Powerful Tools for Modular Synthesis of Diverse Complex Molecules[END_REF] Strategies of C-H functionalization by functional group transfer, often referred to as shuttle catalysis, are particularly appealing, because they typically avoid using highly reactive reagents, thereby improving the scope and utility of the methods. [START_REF] Bhawal | Catalytic Isofunctional Reactions-Expanding the Repertoire of Shuttle and Metathesis Reactions[END_REF][START_REF] Rochette | Perspectives and Proof of Concept of Transfer Borylation Catalysis[END_REF] Inspired by prior works of Marciniec [START_REF] Marciniec | New Catalytic Route to Functionalized Vinylboronates[END_REF][START_REF] Marciniec | A New Catalytic Route for the Activation of Sp-Hybridized Carbon-Hydrogen Bonds[END_REF] , Wu [START_REF] Shi | H2-Acceptorless Dehydrogenative Boration and Transfer Boration of Alkenes Enabled by Zirconium Catalyst[END_REF] and Lin and Marder [START_REF] Lam | DFT Studies of β-Boryl Elimination Processes: Potential Role in Catalyzed Borylation Reactions of Alkenes[END_REF] , our group recently developed a potent method for the transfer C-H borylation of alkenes using a Rh(I)-xantphos catalytic system, which offers high functional group tolerance and excellent -regioand (E)-stereoselectivity (Figure 1a). [START_REF] Veth | Transfer C-H Borylation of Alkenes under Rh(I) Catalysis: Insight into the Synthetic Capacity, Mechanism, and Selectivity Control[END_REF] However, some challenges remain to be addressed, such as the limited activity of the catalyst especially in the case of reactions for internal alkenes or the control of selectivity to promote formation of other regio-and stereoisomers of the product. For instance, synthesis of ()-regioisomer of the product remains inaccessible with either transfer catalysis or any other methods of C-H borylation of alkenes. [START_REF] Carreras | Alkenyl Boronates: Synthesis and Applications[END_REF][START_REF] Wang | Direct Synthesis of Multi(Boronate) Esters from Alkenes and Alkynes via Hydroboration and Boration Reactions[END_REF] During our previous studies of the transfer C-H borylation reaction under Rh(I) catalysis, we unraveled the detailed mechanism of the reaction and its key features. [START_REF] Veth | Transfer C-H Borylation of Alkenes under Rh(I) Catalysis: Insight into the Synthetic Capacity, Mechanism, and Selectivity Control[END_REF] Specifically, we found that the catalytic cycle consists of a sequence of four reversible steps: (i) alkene insertion into Rh-H bond, (ii) -boryl elimination, which was unprecedented for Rh complexes, (iii) alkene insertion into Rh-B bond, and (iv) -hydride elimination releasing the product and closing the cycle (Figure 1b). Investigation of the free energy surface of the model reaction gave insight into the key catalytic intermediates and transition states. The DFT data revealed that alkene insertion into Rh-B bond determines the rate and regioselectivity at the -position (commonly described as a nucleophilic attack of metal-Boryl bond at the most -electron deficient olefinic carbon), [START_REF] Dang | DFT Studies of Alkene Insertions into Cu-B Bonds in Copper(I) Boryl Complexes[END_REF] while -hydride elimination determines the stereoselectivity of the reaction (Figure 1c), in agreement with our experimental mechanistic studies. [START_REF] Veth | Transfer C-H Borylation of Alkenes under Rh(I) Catalysis: Insight into the Synthetic Capacity, Mechanism, and Selectivity Control[END_REF] Additionally, our computational studies successfully predict that the formation of the product is kinetically controlled. In this context, experiments regarding interconversions of (Z)-3 and ()-3 to the product 3, which were found to be fast and slow in comparison to the rate of the catalytic reaction, are in accordance with the computed relative rates of those reactions, giving further support and reliability of our DFT studies.

Furthermore, our studies showed that the oxygen atom of the xanthene motif is not involved in the coordination to the Rh center, indicating that a rigid structure of xantphos and its bite angle is more important than an additional potential coordination site. However, the importance and influence that electronic and steric properties of the coordinating phosphine moieties have on the reaction profile was not elucidated. Such features of ligands often have a dramatic effect on the activity and selectivity of catalysts. [START_REF] Torker | Tuning the Steric Properties of a Metathesis Catalyst for Copolymerization of Norbornene and Cyclooctene toward Complete Alternation[END_REF][START_REF] Khan | Reactivity and Selectivity Differences between Catecholate and Catechothiolate Ru Complexes. Implications Regarding Design of Stereoselective Olefin Metathesis Catalysts[END_REF] Using DFT studies as a tool, the effects that certain modifications to the catalyst structure have on the reaction profile can be easily explored and understood. [START_REF] Funes-Ardoiz | Established and Emerging Computational Tools to Study Homogeneous Catalysis-From Quantum Mechanics to Machine Learning[END_REF] Such studies are particularly attractive prior to tedious experimentation required for the synthesis of new putative catalysts. 24 The computational insights can facilitate a rational design and selection of new candidates, thereby saving significant resources and time [START_REF] Ahn | Design and of Catalysts Based on Mechanistic Insights Derived from Quantum Chemical Reaction Modeling[END_REF] , as shown for instance in works dedicated to the design and development of (Z)-selective catalysts for the cross-metathesis reaction. [START_REF] Khan | Reactivity and Selectivity Differences between Catecholate and Catechothiolate Ru Complexes. Implications Regarding Design of Stereoselective Olefin Metathesis Catalysts[END_REF][START_REF] Reim | Toward E-Selective Olefin Metathesis: Computational Design and Experimental Realization of Ruthenium Thio-Indolate Catalysts[END_REF][START_REF] Smit | Phosphine-Based Z-Selective Ruthenium Olefin Metathesis Catalysts[END_REF] With the overall goal of addressing the remaining challenges in the transfer C-H borylation of alkenes, we aim to gain further insights into the reaction and understand the catalyst structureactivity and selectivity relationships. Here we present our studies to reveal how the electronic and steric features of the phosphine ligand of the Rh catalyst influences the activity and selectivity of the transfer C-H borylation reaction. A computational investigation of four Rh catalysts bearing analogues of xantphos ligand with either electron-donating, electron-withdrawing, or sterically demanding motifs was performed (Figure 1d). The study revealed the effects that these modifications have on the free energy surfaces of the reaction. Insights into the effects on each elementary step of the catalytic cycle are also discussed. 

Rh-xantphos (c) Free energy surface of the reaction for Rh-xantphos

Key features:

-Xantphos is coordinated as a P-P ligand.

(Oxygen is not involved.)

-Regioselectivity is determined at the alkene insertion step into the Rh-B bond.

-Stereselectivity is determined at the β-H elimination step.

-The overall process is reversible, but both (Z)-and (a)-pathways are of high energy.

Remaining challenges:

-Limited activity and low yields are observed for reactions of internal alkenes.

-Limited access to other regioor stereoisomers of the products.

This work: DFT studies for a series of Rh catalysts aiming to assist the development of the next-generation of catalysts. Key questions to be answered:

-How do the electronic and steric properties of the phosphine ligand of the Rh catalyst influence the reaction profile?

-Do they modify the regio-and stereoselectivity?

- 

RESULTS AND DISCUSSION

COMPUTATIONAL DETAILS

All DFT calculations [START_REF] Cramer | Density Functional Theory for Transition Metals and Transition Metal Chemistry[END_REF] were performed with the Gaussian09 suite of programs. 29 Geometries were optimized with the M06-L 30 functional and the def2-SVP basis set [START_REF] Weigend | Balanced Basis Sets of Split Valence, Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn: Design and Assessment of Accuracy[END_REF][START_REF] Andrae | Energy-Adjustedab Initio Pseudopotentials for the Second and Third Row Transition Elements[END_REF] together with the corresponding Coulomb fitting basis set [START_REF] Weigend | Accurate Coulomb-Fitting Basis Sets for H to Rn[END_REF] to speed up calculations. [START_REF]The Effect of Solvent Was Considered Only with Single Point Point Calculations for the Sake of Computational Time. It Is Worth Noting That This Is a Source of Inacuracies and It Can Introduce a Bias towards Less Polar Structures in Gas Phase Calculations[END_REF] In all cases, the default numerical integration grid was modified to the denser and more accurate 'SuperFineGrid'. Stationary points were probed through vibrational analysis. Gibbs free energy corrections were performed under standard conditions (298.15 K, 1.0 atm). Transition states were verified through Intrinsic Reaction Coordinate calculations (IRC) or optimization to minima at both sides of the frequency. Single point energy calculations including the effect of 1,4-dioxane as a solvent were performed with the M06-L functional [START_REF] Zhao | Density Functionals with Broad Applicability in Chemistry[END_REF] , the SMD solvation model 35 , and the larger def2-TZVP basis set [START_REF] Weigend | Balanced Basis Sets of Split Valence, Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn: Design and Assessment of Accuracy[END_REF][START_REF] Andrae | Energy-Adjustedab Initio Pseudopotentials for the Second and Third Row Transition Elements[END_REF] .

The computed geometries are listed in the Supporting Information. In addition, a separate file of computed geometries for convenient viewing with the freeware program Mercury (Martinez_coordinates.xyz) is included as part of the Supplementary Materials. 

INFLUENCE OF THE ELECTRONIC PROPERTIES

We commenced our studies by analyzing the influence that electronic features of the ligand of the catalyst have on the reaction profile, by installing either electron-donating or electron-withdrawing motifs in the para-positions of all four phenyl groups of the Rh-xantphos system. Specifically, we studied L1-Rh catalyst bearing phenyls with electron-donating methoxy functions and L2-Rh catalyst bearing phenyls with electron-withdrawing trifluoromethyl functions (Figure 1d). Considering the relatively small size of the substituents and their positions, these modifications have minor influence on the steric requirements, thereby allowing to dissect the electronic effects irrespectively of the steric demand.

The free energy surfaces for the reactions with L1-Rh and L2-Rh (Figure 2) closely resemble that with the original Rh-xantphos catalyst (Figure 1c; for the overlays of energy surfaces, see Figures S1-S2). In this context, the resting state of the catalyst (Rh(I)-boryl intermediate coordinating to an alkene starting material), as well as the rate-limiting and regioselectivity determining step (alkene insertion into Rh-B bond), and the stereoselectivity determining step (-hydride elimination) remain the same for all three catalysts. Although the data indicate a rather limited impact of the electronic properties of the ligand on the overall reaction profile, the detail analysis reveals distinct influences on the reaction intermediates and the elementary reactions, which will be discussed below.

L1-Rh catalyst bearing electron-rich aryl groups

Resting state. The formation of the lowest energy intermediate L1RhBpin( 2 -1) from the initial Rh(I)hydride complex L1RhH( 2 -2) through alkene insertion into Rh-H bond, -boryl elimination to generate Rh(I)-boryl intermediate, L1RhBpin( 2 -ethene), followed by olefin exchange (and ethene extrusion) occurs with slightly higher free energy barriers in comparison to those with Rh-xantphos catalyst (Figures 8a-b andS3). Most notably, the relative free energy of L1RhBpin( 2 -1) is higher than that of xantphos-RhBpin( 2 -1), (-7.0 kcal/mol vs. -9.0 kcal/mol, respectively), indicating that electron rich ligands can destabilize the lowest energy intermediate without affecting the subsequent transition state. Importantly, such a resting state destabilization might be used as a strategy to increase the activity of catalytic reactions, as previously observed for processes catalyzed by enzymes or transition metal complexes. [START_REF] Phillips | Ground-State Destabilization by Phe-448 and Phe-449 Contributes to Tyrosine Phenol-Lyase Catalysis[END_REF][START_REF] Aldrich | Catalyst Design Insights from Modelling a Titanium-Catalyzed Multicomponent Reaction[END_REF] Rate & regioselectivity. Analogous to the Rh-xantphos catalyst, alkene insertion into Rh(I)-B bond, occurring through TS-3(L1) with a free energy barrier of +11.0 kcal/mol, is predicted to be the rate and regioselectivity determining step of the reaction, favoring the formation of product 3. The other pathway leading to the formation of ()-3 through alkene insertion through TS-3  (L1) presents a substantially higher free energy barrier of +16.1 kcal/mol. Additionally, the subsequent -hydride elimination step, occurring through high energy TS-4  (L1), leads to an overall free energy barrier of +20.4 (Figure 8). Most notably, in the productive pathway for the formation of 3, the barrier for the rate determining step is 1.6 kcal/mol lower with L1-Rh than with Rh-xantphos. This difference is mainly due to a destabilization of the L1RhBpin( 2 -1) intermediate rather than a stabilization of the corresponding transition state, which is mainly caused by diminished van der Waals interactions (see Figure 3 andS8). Specifically, a comparison with the Rh-xantphos system showed that complex L1RhBpin( 2 -1) is 2.0 kcal/mol less stable in respect to the initial hydride complex, whereas the transition state TS-3(L1) is only 0.4 kcal/mol less stable in respect to the hydride complex (Figure S3). TS-4(L1) with a relative free energy barrier of +3.0 kcal/mol for the formation of product 3. The alternative (Z)-selective pathway is predicted to occur through less stable intermediate and transition state, Int-2 H(Z) (L1) and TS-4 Z (L1), accounting for a higher relative free energy barrier of +7.1 kcal/mol and overall free energy barrier of +19.2. kcal/mol for the formation of (Z)-3.

L2-Rh catalyst bearing electron-deficient aryl groups

Resting state. The profile for the formation of the intermediate L2RhBpin( 2 -1) closely resembles that of the Rh-xantphos system, presenting a similar barrier for the alkene insertion step occurring through TS-1(L2) (+4.6 kcal/mol) and a slightly higher free energy barrier for the -boryl elimination step occurring through TS-2(L2) (+7.5 kcal/mol, Figure 8a-8b). When compared to the profile of the Rh-xantphos catalyst, the higher free energy barrier is imposed mostly by the transition state destabilization, while the relative stability of L2RhBpin( 2 -ethene) and L2RhBpin( 2 -1) complexes remained nearly unmodified (Figure S4).

Rate & regioselectivity. The rate determining step for the reaction with L2-Rh catalyst is also predicted to be alkene insertion into Rh(I)-B bond occurring through TS-3(L2), which accounts for a free energy barrier of +11.4 kcal/mol for the formation of product 3. When compared with that of the Rh-xantphos catalyst, the slightly lower barrier with L2-Rh results from the stabilization of the corresponding transition state, in contrast to the resting destabilization observed for L1-Rh (compare Figure S3 vs. S4). The alternative alkene insertion occurring at the -position through TS-3  (L2) accounts for a higher free energy barrier (+15.5 kcal/mol). However, it is worth noting that L2-Rh catalyst causes a significant decrease in the free energy difference between the insertion at -position vs. -position, originated mainly from the stabilizing C-H - interactions (see Figure 4 andS9). In this context, the original difference of 7.0 kcal/mol observed for the Rh-xantphos catalyst is lowered to 4.1 kcal/mol for L2-Rh (Figure S4). Assuming a consistent trend, this result suggests that the regioselectivity of the reaction could be modified by means of catalysts bearing ligands with even stronger electron withdrawing groups. Stereoselectivity. The following steps of the profile leading to products 3 and (Z)-3 are closely related to those observed in the original Rh-xantphos system (Figure S4). The -hydride elimination step leading to the (E)-product 3 occurs through the more stable Int-2 H (L2) and TS-4(L2), with a relative free energy barrier of +4.1 kcal/mol, while the alternative -hydride elimination leading to (Z)-product requires to adapt to a significantly less stable Int-2 H(Z) (L2), overcoming TS-4 Z (L2) with a significantly higher energy barrier of +8.1 kcal/mol, accounting for an overall barrier of +20.6 kcal/mol for the formation of (Z)-3 (Figure 8d-e).

L3-Rh catalyst bearing electron-rich cyclohexyl groups

Bolstered by the results obtained for L1-Rh catalyst bearing the electron rich aryl ligand, we investigated L3-Rh catalyst bearing a ligand with cyclohexyl groups in place of the phenyl groups, the catalyst with a strongly increased electron donating character on the phosphine moieties. Noteworthy, besides the electronic effects, the replacement of the phenyl rings by cyclohexyl groups leads to a moderate increase of the steric demand, [START_REF] Tolman | Steric Effects of Phosphorus Ligands in Organometallic Chemistry and Homogeneous Catalysis[END_REF] thus caution should be taken when comparing the data. The obtained free energy surface for the L3-Rh catalyst resembles the profile for the original Rh-xantphos catalyst (Figures 5a vs. 1c; for the overlay of the profiles, see Figure S5). However, notable changes are observed regarding the alkene insertion into Rh(I)-H bond and -hydride elimination steps (Figure 8a-d), which hint toward the abovementioned electronic changes being beneficial for the design of prospective (Z)-selective catalysts.

Resting state. A notable change in the profile is observed for the alkene insertion into Rh(I)-H bond occurring through TS-1(L3) with a small free energy barrier of +0.8 kcal/mol (vs. +4.4 kcal/mol for the Rh-xantphos system, Figure 8a). Additionally, the energy barrier for the -boryl elimination step occurring through TS-2(L3) is increased (+7.0 kcal/mol, Figure 8b), while both L3RhBpin( 2 -ethene) and L3RhBpin( 2 -1) complexes are destabilized in respect to their counterparts in the Rh-xantphos system (Figure S5). In general, these changes to the reaction profile resemble those observed for electron-rich L1-Rh, indicating consistent trends imposed by increasing the electron donating properties of the ligands.

Rate & regioselectivity.

The alkene insertion into Rh(I)-B bond, occurring through TS-3(L3) with a free energy barrier of +11.1 kcal/mol, remains the rate limiting and regioselectivity determining step of the reaction (Figure 8c). Alike for L1-Rh, the observed lower free energy barrier originates from the destabilization of the resting state rather than from the stabilization of the corresponding transition state (Figure S5). Notably, the difference in free energy for insertion at the -position through TS-3  (L3) vs. insertion at the -position through TS-3(L3) is increased to +7.8 kcal/mol. These findings are consistent with the predicted stabilization of the corresponding -transition state when the catalyst bearing an electron-deficient ligand L2-Rh was employed (Figure 8c).

TS-3(L2)

C-H -p Interactions -37 kcal/mol +81 kcal/mol

Stereoselectivity. The -hydride elimination proceeds readily from Int-2 H (L3), through TS-4(L3) with an energy barrier of +3.3 kcal/mol, towards the formation of product 3. Once more, this reveals the selectivity toward the E-selective pathway over the Z-selective pathway occurring through an alternative Int-2 H(Z) (L3) and TS-4 Z (L3), which accounts for a higher barrier of +6.7 kcal/mol for the formation of the (Z)-3 product (Figure 8d). However, the free energy difference between the competing transition states, that is, the difference that determines the stereoselectivity is significantly decreased for L3-Rh in comparison to the other systems studied; G ‡ TS-4(Z-E) is +4.4 kcal/mol for L3-Rh vs. +9.3 kcal/mol for Rhxantphos, +9.9 kcal/mol for L1-Rh, +10.4 kcal/mol for L2-Rh (Figure 8d). This decreased difference originates from the substantial stabilization of the alternative alkyl intermediate presenting an agostic interaction, Int-2 H(Z) (L3), respect to Int-2 H (L3), which differ in energy only +0.8 kcal/mol (Figure 5a). Such stabilization is favored by the van der Waals interactions between the PCy motif of the ligand and phenyl ring of the substrate (Figure 6 andS10). This result suggests that catalysts bearing strong electrondonating alkyl phosphines could be a good starting point towards the development of (Z)-selective catalyst candidates, which would capitalize on electronic stabilization of the intermediates of the (Z)-selective pathway. 

INFLUENCE OF THE STERIC DEMAND ON THE REACTION PROFILE

L4-Rh catalyst bearing electron-rich, sterically demanding tert-butyl groups Because the increased steric demand of phosphine ligands might accelerate the transition metal catalyzed reactions, [START_REF] Hamann | Sterically Hindered Chelating Alkyl Phosphines Provide Large Rate Accelerations in Palladium-Catalyzed Amination of Aryl Iodides, Bromides, and Chlorides, and the First Amination of Aryl Tosylates[END_REF][START_REF] Old | A Highly Active Catalyst for Palladium-Catalyzed Cross-Coupling Reactions: Room-Temperature Suzuki Couplings and Amination of Unactivated Aryl Chlorides[END_REF][START_REF] Dai | The First General Method for Palladium-Catalyzed Negishi Cross-Coupling of Aryl and Vinyl Chlorides: Use of Commercially Available Pd(P( t -Bu) 3 ) 2 as a Catalyst[END_REF][START_REF] Ma | Accelerating Effect Induced by the Structure of α-Amino Acid in the Copper-Catalyzed Coupling Reaction of Aryl Halides with α-Amino Acids. Synthesis of Benzolactam-V8[END_REF][START_REF] Surry | Dialkylbiaryl Phosphines in Pd-Catalyzed Amination: A User's Guide[END_REF] we next evaluated the reaction profile for L4-Rh catalyst bearing a xantphos analogue with sterically demanding tert-butyl groups in place of the phenyl rings. Noteworthy, the electronic influence of tert-butyl group at the phosphine center is similar to that of a cyclohexyl ring, [START_REF] Tolman | Electron Donor-Acceptor Properties of Phosphorus Ligands. Substituent Additivity[END_REF] hence L3-Rh and L4-Rh are electronically similar, but the latter carries a substantially increased steric demand. [START_REF] Tolman | Steric Effects of Phosphorus Ligands in Organometallic Chemistry and Homogeneous Catalysis[END_REF] The obtained reaction profile is presented in Figure 5b (for the overlays with profiles for the Rh-xantphos catalyst or L3-Rh, see Figure S6-S7). Overall, the increased steric demand leads to the destabilization of transition states and intermediates bearing sizeable alkene or alkyl ligands, thereby resulting in high free energy barriers for most of the steps of the catalytic cycle.

Resting state. Both alkene insertion into Rh(I)-H bond through TS-1(L4) and -boryl elimination steps through TS-2(L4) occur with significantly higher free energy barriers, +13.5 kcal/mol and +20.4 kcal/mol, respectively, than the counterparts with any other ligands (Figure 8a-b). In addition, L4RhBpin( 2 -ethene) is found to be the lowest energy intermediate, instead of the commonly found LRhBpin( 2 -1), reflecting the remarkable steric repulsion even for coordination of substrate 1 (vs. ethene) as shown in Figure 7 and S11, leading to a change of the prospective resting state of the catalyst.

Rate & selectivity. In addition to the change of the resting state, the -hydride elimination step is predicted to be the rate, regio-and stereoselectivity determining step. The formation of 3 requires endergonic alkene exchange for 1 (+13.1 kcal/mol), endergonic alkene insertion into Rh(I)-B bond (+6.2 kcal/mol) through TS-3(L4), followed by rate-limiting and selectivity determining -hydride elimination through TS-4(L4), accounting for an overall free energy barrier of +23.0 kcal/mol. The formation of ()-3 and (Z)-3, through rate limiting TS-4  (L4) and TS-4 Z (L4), respectively, is predicted to involve substantially higher overall free energy barriers, +33.0 kcal/mol and +34.5 kcal/mol respectively.

Overall, the computed profile for L4-Rh indicate that a significant increase in the catalyst steric demand is rather detrimental for the title reaction. IV) Increasing the steric demand of the phosphine moieties leads to a destabilization of reaction intermediates and transition states, leading to higher free energy barriers, thereby being rather detrimental for the development of new Rh-based catalysts.

Although precise prediction of a catalyst activity and selectivity is known to be challenging by means of DFT methods 24 , such studies provided insights into the effects that certain changes have on the reaction profiles. In this study, the set of interrogated catalysts is predicted to carry out the title reaction with overall similar activities and selectivities (except for unproductive L4-Rh; Figure 8e), but understanding of the difference between their profiles provides the suggestions for the design of future catalysts. Understanding of the importance of the backbone core of the ligand, i.e., its size, rigidity, and imposed bite-angle, would be also instrumental for further reaction development. [START_REF] Van Leeuwen | Ligand Bite Angle Effects in Metal-Catalyzed C-C Bond Formation[END_REF] Based on the studies just described, we foresee that catalysts bearing electron-rich bisalkyl phosphines or unsymmetric electron-rich electron-deficient bisphosphines, plausibly with modifications to the backbone core of the ligand, would be attractive candidates to develop Z-selective or -selective methodologies respectively. Following studies in this regard are being currently performed in our laboratory and will be reported in due course. Overall, this work sets the stage for the rational design of new catalysts to address the remaining challenges of the transfer C-H borylation reaction. S11), charts of the optimized structures (Charts 1-4), and details of the .xyz file format can be found in the Supporting Information file. The Supporting Information is available free of charge on the ACS Publications website.

Figure 1 .

 1 Figure 1. (a) Previously reported transfer C-H borylation under Rh(I)-catalysis and its key features, (b) reaction mechanism, and (c) its free energy surfaces with the Rh-xantphos catalyst leading to products 3, (Z)-3, or (α)-3. Int, intermediate, TS, transition state. (d) Catalysts studied in this work bearing different electronic and steric properties, and the key findings.

Figure 2 .

 2 Figure 2. Free energy surfaces for the transfer borylation reaction leading to products 3, (Z)-3, or (α)-3 for: (a) catalyst Rh-L1 bearing aryl electron-donating groups; (b) catalyst Rh-L2 bearing aryl electrondeficient groups. Int, intermediate, TS, transition state.

Figure 3 .

 3 Figure 3. Destabilization of the catalyst resting state of L1-Rh in comparison to Rh-Xantphos. (a) Optimized geometries. (b) Non-covalent interaction analysis. For details see SI.

  Stereoselectivity. Subsequently, Int-2 B (L1), the formed Rh-alkyl intermediate engaged in a C-B-Rh agostic-like interaction, is predicted to easily interconvert to Int-2 H (L1), Rh-alkyl intermediate engaged in a C-H-Rh agostic interaction. The latter undergoes readily (E)-selective -hydride elimination, through

Figure 4 .

 4 Figure 4. Boryl insertion at the -position for L3-Rh. Optimized geometry (left) and Molecular Electrostatic Potential (right). For details see SI.

Figure 5 .

 5 Figure 5. Free energy surfaces for the transfer borylation reaction leading to products 3, (Z)-3, or (α)-3 for: (a) catalyst Rh-L3 bearing alkyl electron donating groups; (b) catalyst Rh-L4 bearing alkyl electron rich and sterically demanding tert-butyl groups. Int, intermediate, TS, transition state.

Figure 6 .

 6 Figure 6. Stabilization of (Z)-pathway intermediate Int-2 H(Z) (L3). (a) Optimized geometry. (b) Non-covalent interaction analysis. For details see SI.

Figure 7 .

 7 Figure 7. Steric repulsion between styrene and t-butyl units of L4-Rh. (a) Optimized geometries of L4RhBpin( 2 -ethene) and L4RhBpin( 2 -1). (b) Molecular Electrostatic Potential for Int-3(L4). For details see SI.CONCLUSIONS

Figure 8 .

 8 Figure 8. Influence of the electronic and steric variations on the free energy barriers of the elementary steps of the reaction: (a) alkene insertion, (b) -boryl elimination, (c) alkene insertion into Rh-B bond, and (d) -H elimination, as well as (e) Overall barriers for the formation of the products 3, (Z)-3, or ()-3.ASSOCIATED CONTENTSupporting InformationAccuracy assessment of the DFT method (FiguresS1-S2), overlay of free energy surfaces (FiguresS3-S7), Non-covalent Interaction Analysis (NCI) and molecular electrostatic potential surfaces (FiguresS8-S11), charts of the optimized structures (Charts 1-4), and details of the .xyz file format can be found in the Supporting Information file. The Supporting Information is available free of charge on the ACS Publications website.

(d) Aim & key findings of this work
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