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Computational Details 
 
Computational Methods. Density functional theory (DFT) calculations were carried out 

using the Gaussian 16 suite of programs.1 DFT methods were chosen because of the 

size of the molecules involved in this study and their reliability to perform well in similar 

mechanistic studies. DFT methods (similar to those used here) have been successfully 

implemented in past computational mechanistic studies of C-H insertion reactions of 

dirhodium carbenes and other transition-metal catalyzed reactions in the field of 

homogeneous catalysis.2–7 Geometries of transition state structures (TSSs) and minima 

along the reaction pathway were optimized using the B3LYP8 functional with Grimme’s 

D3 correction with Becke-Johnson (BJ) damping (i.e., B3LYP-D3(BJ)) to correct for the 

lack of dispersion treatment in B3LYP alone.9,10 Harmonic vibrational frequencies were 

computed at the same level, from which we extracted free energy correction values (vide 

infra) to compute relative free energies (G); imaginary vibrational modes were visualized 

to confirm we identified true TSSs; one imaginary frequency confirmed we computed first-

order saddle points for TSSs and the lack of any imaginary frequencies confirmed we 

computed energy minima. Intrinsic reaction coordinate (IRC) calculations were carried 

out from each TSS to identify flanking minima on the potential energy surface.11–13  

All computations were carried out with an ultrafine integration grid (99 radial shells 

and 590 angular points per shell), the default in Gaussian 16 and recommended 

minimum-sized integration grid to achieve quantitative accuracy.14 We employed a Pople-

type double- basis set, 6-31G(d) basis set15 for C, H, O, and N and the LANL2DZ16 basis 

set and effective core potential (ECP) for Rh (i.e., B3LYP-D3(BJ)/LANL2DZ[6-31G(d)]) 

for geometry optimizations. Single-point calculations were subsequently carried out on 

the above-mentioned optimized geometries with the same functional, B3LYP-D3(BJ), 

using a larger, more flexible basis set and ECP—the Stuttgart/Dresden SDD ECP17 for 

Rh, and 6-31+G(d,p) for C, H, O, and N, which includes diffuse and polarization 

functions—to more-accurately account for the charged-minima and TSSs in this reaction 

(i.e., PCM(CH2Cl2)-B3LYP-D3(BJ)/SDD[6-31+G(d,p)]//PCM(CH2Cl2)-B3LYP-

D3(BJ)/LANL2DZ[6-31G(d)]).18 We observed that increasing the basis set size from 

double-  to triple- (i.e., 6-31G to 6-311G) was too costly to be practical given the size of 



the system studied here and the computational resources at our disposal. Adding 

additional diffuse and/or polarization basis functions, too, can be harmful—not to mention 

increase the cost—so we reasoned that a minimally-augmented 6-31+G(d,p) basis set 

would suffice.19  

All optimized structure coordinates are reported on the ioChem-BD database for 

ease of access.20 The reader may find these structures at the following DOI: 

https://doi.org/10.19061/iochem-bd-6-94 

 

Discussion.  

 

Key Conclusions and Takeaways 

The robustness of our chosen level of theory was tested by employing a series of 

various functionals and computing the E‡ for TSS’s TS-6b and TS-6a (Table S1). 

Different functionals achieved varying quantitative results in predicting E‡’s—the free 

energy differences fall within ~1-2 kcal/mol, all within typical DFT error. This suggests that 

we are unable to accurately predict the experimentally observed diastereoselectivity with 

our employed DFT methods. However, these results do not diminish the validity and value 

of our main conclusions that the C-H insertion mechanisms with R-PTAD catalyst is 

stepwise. After all, the conclusions drawn from our studies are qualitative, not 

quantitative. 

The key advance that emerges out of our computational studies regards the nature 

of the bond-making and –breaking events in the C-H insertions event: that the C-H 

insertion event involves a formally stepwise mechanism with hydride transfer-SE2 C-C 

bond formation events. SE2 mechanisms are unusual and sparsely reported in the 

literature; as far as we know, they have not been reported for systems involving Rh. 

Electrophilic cleavages of organomercurial compounds usually exhibit SE2 retention of 

configuration at carbon mechanisms; while SE2 inversion has been reported for some 

organotin compounds, it is much more rare (at least as far as we know).21 Concerted 

(sometimes asynchronous) C-H insertion mechanisms have been invoked frequently for 

donor/acceptor and acceptor carbenes and these have involved retention of configuration 

at the C-H insertion carbon, but previously-reported intramolecular C-H insertions with 

https://doi.org/10.19061/iochem-bd-6-94


donor/donor carbenes catalyzed by Rh2(OAc)4 also involve stepwise mechanisms. All of 

these mechanistic possibilities for hydride shift and C-C bond closure events are depicted 

on a More O'Ferrall-Jencks plot22,23 of the sort shown in SI Figure 3.24,25 The stepwise 

mechanism we report exists very close to (but not within) the border area (light blue) of 

concerted, and we suspect that this is the case due to the distortion the substrate must 

adopt in the chiral catalyst cavity (and this distortion may even be stronger with inclusion 

of adamantane groups at the methyl positions where we needed to truncate our R-PTAD 

catalyst model due to computational cost). We hope that future work may validate this 

claim. 

 

SI Figure 3. Qualitative More O’Ferrall-Jencks plot for Rh-catalyzed C-H insertion of 

donor/donor carbenes. Past studies have either found clearly stepwise or concerted 

asynchronous mechanisms, whereas the mechanism discovered here borders the two. 



 

Notable Limitations 

That our current model is limited with respect to the origin of diastereoselectivity 

presents ample opportunity for future experimental and/or theoretical studies to update 

the current model. Variations in energies emerging out of the DFT functionals in Table S1 

leave the origin of diastereoselectivity hanging in the balance and suggests that the use 

of much higher levels of theory and/or running dynamics simulations—an as-yet 

impractical task with currently available tools given the size of the system studied here—

might aid in future studies.  

The relatively flat surface connecting the hydride-shift and SE2 TSSs on the PES 

also indicates caution when drawing conclusions based solely on stationary point 

analysis: plenty of literature discusses that dynamic effects can govern selectivity of 

reactive species on broad plateau-like regions of potential energy surfaces (PESs).26 Our 

model may be further updated by considering the effects of explicit solvent. As we 

mentioned above, truncating the catalyst may have had a significant effect on the chiral 

cavity shape, which poses an additional limitation on our model, but we do not believe 

this compromises the evidence in favor of a stepwise mechanism. So, we are left with a 

“thin” mechanistic model, which is still valuable for the purposes of this study.27  

 In sum, we have gathered strong evidence that supports a stepwise C-H insertion 

mechanism.28 Though the qualitative structure of our mechanism is championed by our 

results, the details about the origin of diastereoselectivity remain elusive. These 

limitations, however, should inspire future experimental or computational studies. We 

foresee in the future ab initio molecular dynamics and/or a fuller treatment of explicit 

solvent effects elucidating a clearer origin of stereoselectivity. 

 

 
  



Performance of Functionals and Basis Sets, Energies, 
and Frequencies 
 

Table S1. Single-point energy comparison of E‡ with various DFT functionals. E‡’s 
are computed as the difference between TS-6b and TS-6a. All single-points were carried 
out with the SDD basis set and ECP for Rh and 6-31+G(d,p) for all other atoms, unless 
stated otherwise (in one case we employ the def2-SVP basis set). Single-point 
calculations were computed at the B3LYP-D3(BJ)/LANL2DZ[6-31G(d)]-optimized 
geometry. 
 

Functional E‡ (kcal mol-1) 

B3LYP-D3(BJ) 1.1 

B3LYP-D3(BJ)/def2-SVP 0.3 

PW6B95-D3(BJ) -0.1 

wB97X-D 0.2 

PBE0-D3 0.1 

M06-D3 -0.6 

M06 -0.4 

MN15 -1.2 

 
Table S2. Energies and lowest frequencies for structures reported in main text (PCM-( 
CH2Cl2)-B3LYP-D3(BJ)/SDD[6-31+G(d,p)]//PCM(CH2Cl2)-B3LYP-D3(BJ)/LANL2DZ[6-
31G(d)]). Structure files reported below have been uploaded to ioChem-BD computational 
chemistry results repository.20 See the following DOI for structures (included coordinates) 
for each file name: https://doi.org/10.19061/iochem-bd-6-94 
 

Structure and File 
Name 

Electronic Energy 
(Hartree)a 

Free Energy 
Correction 
(Hartree)b 

Lowest Frequencies 
(cm-1) 

Rh_RPTAD -3340.516422 0.6195 8.9 

7 -881.5497442 0.269887 25.8 

11 -4222.095811 0.921565 11.0 

TS-8 -4222.086415 0.919567 -457.7 

8 -4112.599943 0.915646 17.2 

TS-9 -4112.576339 0.913306 -666.9 

9 -4112.579226 0.915079 11.9 

10 -4112.581325 0.915125 17.2 

TS-6a -4112.578749 0.915002 -260.5 

TS-6b -4112.57698 0.91628 -202.9 

6a -4112.654441 0.921153 16.7 

https://doi.org/10.19061/iochem-bd-6-94


6b -4112.656318 0.918993 13.5 

SI-22 -4222.09567 0.924957 16.1 

SI-TS-23 -4222.083163 0.923123 -444.6 

SI-23 -4112.592847 0.914711 12.7 

SI-TS-24 -4112.576261 0.910947 -652.7 

SI-24 -4112.58106 0.91548 15.4 

SI-TS-6benan -4112.576102 0.913293 -77.0 

SI-6benan -4112.644575 0.914162 11.6 

SI-25 -4112.579978 0.914734 9.8 
a Electronic energies computed at PCM(CH2Cl2)-B3LYP-D3(BJ)/SDD[6-
31+G(d,p)]//PCM(CH2Cl2)-B3LYP-D3(BJ)/LANL2DZ[6-31G(d)] level of theory. 
b Free energy correction computed at PCM(CH2Cl2)-B3LYP-D3(BJ)/LANL2DZ[6-31G(d)] level 
of theory. 

 
Table S3. Absolute free energies and lowest frequencies for structures reported in SI 
Figure 8 (see below). Geometry and frequency calculations were computed at the 
CPCM(CH2Cl2)-B3LYP-D3(BJ)/LANL2DZ[6-31G(d)] level. 
 

Structure and File 
Name 

Sum of Electronic and Free 
Energies (Hartree) 

Lowest Frequencies (cm-1) 

A-SM -2019.096198 16.43 

A-TSS1 -2019.083461 -697.51 

A-INT -2019.088658 11.96 

A-TSS2 -2019.087938 -123.83 

A-P -886.120479 25.38 

A-Cat -1133.045429 36.75 

 
  



Potential Energy Surfaces, IRC, and Scans 
 
The potential energy surfaces (PESs) below, SI Figures 4 and 5, provide supporting 

evidence for a stepwise C-H insertion mechanism in formation of products 6a, 6b, SI-

6aenan, and SI-6benan. The observed experimental product from the main-text (see Table 

2) when 2 is subjected to R-3 (entry 4) is 6a in high dr and er. That the barrier from 

intermediate 9 to form 6a (TS-6a) is much lower than TS-6b in SI Figure S4 supports 

these data. Though we could not identify a transition state structure (TSS) from 9 to 

10—locating a Caryl-O bond rotation barrier in a large dirhodium complex cavity with a 

multitude of interactions remained futile after countless attempts—the differences in 

relative free energies between TS-6a and TS-6b clearly show TS-6a is the favored 

kinetic exit channel. 

 SI Figure 5 displays the results of the PES for formation of the enantiomers of the 

diastereomers that are unfavored. Careful inspection of the relative energies between SI 

Figures S4 and S5 reveals that the relative barriers for the elementary steps in SI Figure 

S5 are generally all higher than those in SI Figure S4. What is more, though 8 and SI-23 

look like the same structure—and thus have the same 2D depiction—in the chiral cavity 

of the (R)-catalyst, they are atropisomers of each other due to the diaryl rings (see R. 

Costil et al.28 for an example of how atropisomerism arises out of diaryl systems), which 

results in formation of an (E)-9 or (Z)-SI-24 oxocarbenium ion, respectively. Finally, SI-

TS-23, SI-TS-6aenan and SI-TS-6benan in SI Figure S5 have higher relative energies than 

TS-8, TS-6a and TS-6b, which all points to toward a theoretical prediction that formation 

of 6a should predominate formation of 6b and their enantiomers, all consistent with 

what is observed experimentally in the diastereomeric and enantiomeric ratios of Table 

2, entry 4 of the main text. 



 
SI Figure 4. Full potential energy surface (PCM(CH2Cl2)-B3LYP-D3(BJ)/SDD[6-
31+G(d,p)]//PCM(CH2Cl2)-B3LYP-D3(BJ)/LANL2DZ[6-31G(d)]) diagram with Rh2(R-
PTAD)4 for formation of 6a and 6b. Free energies and electronic energies (underlined) 
are both shown in kcal mol-1. 



 
SI Figure 5. Full potential energy surface ((PCM(CH2Cl2)-B3LYP-D3(BJ)/SDD[6-
31+G(d,p)]//PCM(CH2Cl2)-B3LYP-D3(BJ)/LANL2DZ[6-31G(d)])  diagram with Rh2(R-
PTAD)4 for formation of SI-6aenan and SI-6benan. Free energies and electronic energies 
(underlined) are both shown in kcal mol-1. 
 
 
  



 
SI Figure 6. Representative intrinsic reaction coordinate (IRC) for TS-6a. The “0” 
coordinate on the IRC (x-axis) denotes the location of the TSS; intermediate 9 is close 
in structure to TS-6a and C-C bond formation is highly exergonic. This IRC confirms that 
TS-6a connects 9 to 6a. Similar IRC calculations were carried out on all TSSs to confirm 
they indeed led to flanking minima. 
 

 
SI Figure 7. Potential energy surface for stereochemical scrambling from 9 to 10. 
Based on these results, we observe rotation about the Caryl-O bond (highlighted by the 
dihedral angle in blue) is higher in potential energy (~1.4 kcal mol-1 versus 0.3 kcal mol-
1) but not high enough to ignore. A barrier of ~1.4 kcal mol-1 to convert 9 to 10 reflects a 
dr of 86:14 in favor of 6a with some 6b diastereomer. 
 



 
SI Figure 8. Relative free energy (kcal mol-1, CPCM(CH2Cl2)-B3LYP/LANL2DZ[6-
31G(d)]) profile for formation of 5a demonstrates the mechanism is stepwise. [Rh] = 
Rh2(OAc)4. 
 
 

 
SI Figure 9. The data from the plot indicate that with dirhodium tetraacetate, rotation 
about the b-c bond in A-INT requires more energy than to close the ring by a C-C bond 
formation, approximately greater than 4 kcal/mol for rotation versus 0.5 kcal/mol to 
close the ring. Though this energy scan only yields relative electronic energies, not free 
energies as in SI Figure 8, we believe it provides sufficient evidence to suggest that 
bond rotation for R= Ph, even in the case of an achiral catalyst, costs a greater 
energetic penalty than forming the product. We suspect that in the chiral cavity of 
Rh2(R/S-PTAD)4, this energetic penalty will go up due to significant steric effects 
between the phthalimide arms of the catalyst and the Ph ring. 
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