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ABSTRACT: Leveraging congested catalyst scaffolds has emerged as a key strategy for altering innate substrate site-selectivity 
profiles in C−H functionalization reactions. Similar to enzyme active sites, optimal small molecule catalysts often feature reactive 
cavities tailored for controlling substrate approach trajectories. However, relating three-dimensional catalyst shape to reaction 
output remains a formidable challenge, in part due to the lack of molecular features capable of succinctly describing complex 
reactive site topologies in terms of numerical inputs for machine learning applications. Herein, we present a new set of descriptors, 
“Spatial Molding for Approachable Rigid Targets” (SMART), which we have applied to quantify reactive site spatial constraints for 
an expansive library of dirhodium catalysts and to predict site-selectivity for C–H functionalization of 1-bromo-4-pentylbenzene via 
donor/acceptor carbene intermediates. Optimal site-selectivity for the terminal methylene position was obtained with Rh2(S-2-Cl-
5-MesTPCP)4 (30.9:1 rr, 14:1 dr, 87% ee), while C−H functionalization at the electronically activated benzylic site was increasingly 
favored for Rh2(TPCP)4 catalysts lacking an ortho-Cl, Rh2(S-PTAD)4, and Rh2(S-TCPTAD)4, respectively. Intuitive global site-selectivity 
models for 25 disparate dirhodium catalysts were developed via multivariate linear regression to explicitly assess the contributing 
roles of steric congestion and dirhodium-carbene electrophilicity in controlling the site of C−H functionalization. The workflow 
utilizes spatial classification to extract descriptors only for reactive catalyst conformers, a nuance that may be widely applicable for 
establishing close correspondence between ground-state model systems and transition states. Broader still, SMART descriptors are 
amenable for delineating salient reactive site features to predict reactivity in other chemical and biological contexts. 

Introduction 
The advent of catalysts capable of mediating selective C–H 

functionalization has transformed traditional approaches to 
organic synthesis.1 As this field continues to evolve, developing 
predictive models for catalyst propensity to differentiate 
between numerous similar substrate C−H	 bonds	 would	 be	
enabling.2	 Namely,	 improving	 predictive	 modeling	
capabilities	would	expedite	the	design	of	new	catalysts that 
are increasingly adept at overriding inherent substrate 
reactivity profiles in high stereoselectivity.3 This formidable 
challenge is generally pursued via trial-and-error catalyst 
modification guided by chemical intuition alone. Nevertheless, 
substantial progress toward catalyst-controlled intermolecular 
C−H functionalization4 has been achieved by leveraging 
sterically congested catalysts to confine the approach 
trajectories of substrate toward highly reactive metal-
carbene,5 metal-nitrene,6 and metal-oxo intermediates.7 In 
effect, many of these advances have relied upon peripheral 
repulsive interactions to bridge the continuum between small 
molecule catalysts and enzymes.8 Indeed, many C−H 
functionalization catalysts that invert innate substrate site-

selectivity profiles have come to resemble miniature enzymes, 
with both featuring dynamic reactive site cavities with 
irregular shapes that are critical to function (Figure 1).   
The extensive library of dirhodium tetracarboxylate 

catalysts developed by the Davies group is an illustrative 
example of specifically tailoring catalyst pocket shapes for 
mediating site- and stereoselective C−H functionalization.5h By 
tuning catalyst properties, the site-selectivity of benzylic C−H 

 
Figure 1. Application of new molecular descriptors to enable 
prediction of site-selectivity in C−H functionalization reactions 
as a function of complex catalyst cavity shapes.   
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insertion via donor/acceptor carbene intermediates was 
shifted from 2o to 1o sites using a sterically demanding Rh2(R-
p-PhTPCP)4 catalyst (TPCP = triphenylcyclopropane 
carboxylate; Scheme 1).9 Subsequently, further developments 
showcased stereoselective functionalization of unactivated 1o, 
2o, or 3o C–H bonds by identifying the	appropriate	catalyst.10 
Most recently, a new class of hindered catalysts, Rh2(S-o-
ClTPCP)4, was developed that afforded unprecedented site-
selectivity for terminal unactivated methylene C−H bonds (C2) 
in the presence of electronically activated benzylic (Bn) C–H 
bonds (Scheme 1).11 Previous computational and X-ray 
crystallographic studies have established that these Rh2(S-o-
ClTPCP)4 catalysts preferentially adopt “bowl-shaped” C4 
symmetric structures,11b, 12 which has been hypothesized to 
play an important role in inverting site-selectivity to 
functionalize the more sterically accessible C2 position. 
However, understanding how modest changes in catalyst 
structure will impact performance is challenging, both in the 
context of post hoc rationalization and a priori prediction. This 
difficulty stems from the intricacy of these catalyst scaffolds, 
which contain multiple flexible ligands that conspire to induce 
a unique reactive site cavity shape. 
Considering the ubiquity of this type of spatial control 

element in catalysis, we aimed to build an efficient 
computational modeling workflow for predicting the 
performance of large, complex catalysts as a function of 
reactive site steric constraints and electronic environment. An 

invaluable and widely applied computational strategy for 
understanding catalyst performance is interrogating 
competing selectivity-determining transition states in the 
reaction pathway using quantum mechanical calculations.10a, 
11b, 12a, 13 Such analyses, in conjunction with experimental 
mechanistic studies, are typically performed for a few catalysts 
of interest after the empirical discovery of an optimal catalyst 
to rationalize divergent reactivity. However, transition state 
analysis is prohibitively time-intensive to employ as a virtual 
screening tool for large, conformationally flexible transition 
metal catalysts across an extensive library of potential catalyst 
candidates.2g, 14 Alternatively, large-scale in silico screening can 
potentially be achieved using multivariate linear regression 
(MLR)15 or other machine learning (ML) algorithms,16 where a 
predictive model for reaction output can be established as a 
function of relative differences in more readily computed 
ground-state molecular descriptors of a simplified catalyst 
model system (e.g., a free ligand).17 However, predictive 
modeling has seldom been applied for catalysts as complex as 
those developed by the Davies group. This void is primarily due 
to the lack of molecular descriptors capable of meaningfully 
quantifying the spatial constraints and accessibility of catalyst 
reactive sites (vide infra), a critical prerequisite for developing 
intuitive structure-reactivity/selectivity relationships that are 
sufficiently robust for extrapolation. 
With this as a backdrop, we sought to intimately link catalyst 

cavity shape with reactivity by developing new molecular 
descriptors for reactive site spatial constraints. Herein, we 
introduce “Spatial Molding for Approachable Rigid Targets” 
(SMART) descriptors (Figure	1), which we demonstrate to be 
an effective means of quantitatively understanding catalyst 
steric effects that dictate site-selectivity in the C−H	
functionalization	 of	 1-bromo-4-pentylbenzene via 
donor/acceptor dirhodium-carbene intermediates.	 Global 
statistical models were developed that leverage SMART cavity 
constraint and peripheral rigidity descriptors, in conjunction 
with interpretable catalyst electronic parameters, to predict 
site-selectivity across a systematically diversified series of 25 
dirhodium catalysts. In addition to providing a framework for 
understanding peripheral repulsive interactions, the model 
also deconvolutes the interplay of electrostatic and global 
structural effects on dirhodium-carbene electrophilicity that 
dictate site-selectivity. More broadly, the tools applied herein 
are adaptable for capturing the underlying steric effects that 
govern other reaction types, in both synthetic and biological 
contexts, where substrate access to a reactive site is restricted 
by irregular peripheral cavity constraints. 

Results and Discussion 
Synthesis and Evaluation of a Diversified Catalyst Library 
Introducing an ortho-Cl substituent to the C1 phenyl ring of 

TPCP ligands was previously found to have a dramatic effect on 
site-selectivity in the dirhodium-catalyzed C−H 
functionalization of 1-bromo-4-pentylbenzene, with Rh2(S-2-
Cl-5-BrTPCP)4 (B) affording optimal C2:Bn site-selectivity 
(20.2:1 rr) and enantioselectivity (90% ee).11b Seeking to 
further understand catalyst performance and improve upon 

Scheme 1. Dirhodium catalysts developed by Davies and co-
workers for controlling C–H functionalization via donor/acceptor 
carbenes intermediates 
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this result, we designed and synthesized a diversified library of 
Rh2(S-o-ClTPCP)4 catalysts (see SI).18 Notably, complexes with 
additional aryl rings were synthesized via four-fold Pd-
catalyzed cross-coupling from the parent dirhodium 
complexes, Rh2(S-2-Cl-5-BrTPCP)4 (I) and B (Scheme 2a).10c 
This expanded series of Rh2(S-o-ClTPCP)4 catalysts was 

evaluated in the C−H functionalization of 1-bromo-4-
pentylbenzene with 2,2,2-trichloroethyl-2-(4-bromo-phenyl)-
2-diazoacetate (Scheme 2b). Much like B and I, all new Rh2(S-
o-ClTPCP)4 catalysts evaluated also exhibited a strong 
preference for C2 functionalization, with site-selectivity 
ranging from 2.9:1 to 30.9:1 rr. While more sterically hindered 
catalysts should prefer to functionalize the more accessible 
substrate C2 site,5h quantitative trends that intuitively relate 
catalyst properties with performance are not discernable 
(Scheme 2b). Although C2 site-selectivity was generally higher 
for Rh2(S-o-ClTPCP)4 catalysts with aryl substitution at the 5-
position rather than the 4-position (c.f., M to G, K to F, O to H, 
I to B), catalysts within each subclass bearing both electron-
rich and electron-poor aryl groups afforded similar site-
selectivity (c.f., D to F, K to N). Excitingly, catalysts featuring 
bulky mesityl groups at either the 4- (H) or 5-position (O) gave 
markedly improved C2:Bn site-selectivity. Optimal site-
selectivity (30.9:1 rr) was obtained using O, which also 
afforded favorable yield (77%) and stereoselectivity (14:1 dr, 
87% ee).  

To better understand the unique performance of Rh2(S-o-
ClTPCP)4 catalysts, it is necessary to elucidate why other 
classes of dirhodium catalysts do not perform as well. In this 
vein, the data set for the C−H functionalization of 1-bromo-4-
pentylbenzene under identical conditions was expanded to 
investigate the site-selectivity afforded by 10 more dissimilar 
dirhodium tetracarboxylate catalysts (Scheme 3), building 
upon the originally reported catalyst screening.11b The parent 
Rh2(R-TPCP)4 catalyst (P) showed a modest predilection for 
functionalization at the electronically activated benzylic site 
(entry 1). Similarly, para-substituted TPCP derivatives, Rh2(R-p-
XTPCP)4 (Q-T), also gave minimal differentiation between 
functionalization at the C2 and benzylic sites (1:1.8 to 2.1:1 rr, 
entries 2-5). In addition, three di-meta-substituted derivatives, 
Rh2(3,5-diXTPCP)4 (U-W), were found to exhibit a slight 
preference for the C2 site (1.5:1 to 3.2:1 rr, entries 6-8). 
Notably, within both the Rh2(3,5-diXTPCP)4 and Rh2(p-XTPCP)4 
subclasses, the catalysts with the bulkiest substituents 
afforded the highest C2 site-selectivity (X = p-tBuC6H4 and Ph, 
respectively). Lastly, two phthalimido catalysts, Rh2(S-PTAD)4 
(X) and Rh2(S-TCPTAD)4 (Y), were found to favor benzylic C–H 
functionalization. This preference was especially strong for Y 
(1:8.7 rr, entry 10). Intriguingly, X-ray crystallographic and 
computational analyses indicate that Y adopts a similar C4 
symmetric bowl-shaped structure to those of Rh2(S-o-ClTPCP)4 
catalysts that facilitate selective C2 functionalization.11b, 19  

Scheme 2. Synthesis (a) and evaluation of site-selectivity (b) for an expanded library of Rh2(S-o-ClTPCP)4 catalysts. 
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Workflow for Catalyst Performance Prediction 
With experimental data for 25 dirhodium tetracarboxylate 

catalysts in hand, catalyst structures and properties must next 
be accurately obtained to establish robust quantitative 
structure-reactivity relationships. Single-crystal X-ray 
diffraction studies are an invaluable experimental tool for 
obtaining structural insights, and X-ray structures were 
determined for four new catalysts (G and M in Figure 2; H and 
N in Figure S44). Despite the larger substituents on the ortho-
Cl-aryl rings, all four catalysts were found to adopt C4 
symmetric configurations in the solid-state similar to those 
previously observed for A, B, and I.11b, 12b As shown in Figure 2, 
access to the bottom Rh face is significantly blocked by four 
closely packed phenyl rings. Thus, dirhodium-carbene 
formation can only occur on the top Rh face within the axially 
chiral, “bowl-shaped” pocket induced by hindered rotation of 
the ortho-Cl-aryl groups, which are maximally separated to 
minimize ortho-Cl steric clashes.  
To enable virtual screening of potential catalysts that have 

not yet been synthesized, a prediction platform must rely on 
calculated structures. Given the large number of atoms and 
possible conformations20 for each of the 25 catalysts, a 
QM/MM approach21 was utilized to efficiently identify 
preferred catalyst conformations (M06-D3/def2tzvp-SDD(Rh)-
SMD(CH2Cl2)// [B3LYP-D3(BJ)/6-31G*-lanl2dz(Rh)]:UFF).22 
Adapting the methods of Houk and Musaev10a to include the 
C1 aryl and cyclopropyl rings in the QM partition was found to 
be critical for matching the “bowl” shapes adopted by Rh2(S-o-

ClTPCP)4 catalysts in the solid-state (Figures S1-S4). Recent 
studies of Rh2(TPCP)4 catalysts have highlighted the potential 
for crystal packing effects to give rise to drastic differences 
between solid-state structures and those relevant for 
reactivity in solution.12a Thus, the accuracy of our QM/MM 
approach for describing catalyst conformational ensembles in 
CH2Cl2 was also verified via comparison with structures and 
relative energetics from previous QM studies (Figure S6).11b, 12, 
23 
The results of our detailed analysis of the ground state 

catalyst conformations and the interconversion between them 
are summarized in Figure 3. The “chiral crown” α,α,α,α 
geometry is unambiguously the most stable for Rh2(S-2-Cl-4-
XTPCP)4 and phthalimido catalysts (e.g., B, X, and Y in Figure 
3A).10b, 11b, 12b, 19 Our analysis indicates that several “all-up” 
conformers are possible for some catalysts (Figures S8-S20). 
For example, we find X to be less structurally rigid than Y 
(Figure 3A), which is consistent with experimental studies for 
Rh2(S-[TC]PTTL)4 complexes.19, 24 It is also necessary to consider 
whether interconversion from each pre-catalyst geometry to 
the most stable conformers is kinetically feasible under the 
reaction conditions (Figure 3B).5h, 11b, 12a, 25 Catalyst ligand 
flipping transition states are costly to identify, so we instead 
calculated the related rotational barriers for ligand M/P isomer 
interconversion (∆G‡

rot) to assess relative catalyst rigidity 
(Figure S21).11b Interestingly, a well-defined classification is 
observed based on ∆G‡

rot,26 where Rh2(S-o-ClTPCP)4 catalysts 
with rotationally hindered ligands afford higher C2:Bn site-
selectivity (Figure 3B, Tables S10-S11).  
Reasoning that relative ∆G‡

rot values would track with 
catalyst ligand flipping barriers, our prediction platform uses 
∆G‡

rot to classify whether each pre-catalyst can interconvert to 
adopt its most stable configurations (Figure 3B). Notably, on 
the right side of the single-node ∆G‡

rot classification, Rh2(S-2-
Cl-5-ArTPCP)4 pre-catalysts, which have been isolated in 
α,α,α,α configurations analogous to those of other Rh2(S-o-

Scheme 3. Performance of more disparate Rh2L4 catalysts. 

 
aConditions: 2 (0.3 mmol) in 6 mL CH2Cl2 solution was added over 
3 h to a solution of Rh2L4 (1.0 mol%) and 1 (0.6 mmol) in 3 mL 
CH2Cl2 under reflux. The reaction was stirred for an additional 1 
h. bDetermined by crude 1H NMR in lieu of isolation. 

Figure 2. Space-filling diagrams of representative Rh2(S-2-Cl-
4-ArTPCP)4 (G) and Rh2(S-2-Cl-5-ArTPCP)4 (M) catalysts based 
on X-ray crystal structures (Ar = p-tBuC6H4). 
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ClTPCP)4 catalysts, are predicted to be unable to interconvert 
under the reaction conditions to generate more 
thermodynamically stable α,β,α,β and α,α,β,β configurations. 
Interestingly, the isolation of Rh2(S-2-Cl-5-ArTPCP)4 catalysts in 
the α,α,α,α configuration is likely the dual consequence of 
their synthesis, via cross-coupling with I in its pre-formed 
α,α,α,α geometry, and their prohibitive ligand flipping barriers. 

Classification of Catalyst Conformers Relevant to Reactivity 
Next, a robust method is required for classifying which Rh2L4 

catalyst conformers present in solution are relevant to 
consider for extracting properties that best predict dirhodium-
carbene C−H insertion site-selectivity. Ideally, mechanistic 
insights could be leveraged to globally identify relevant ground 
state catalyst conformers that closely correspond with C−H 
insertion transition states. Recently, a thorough computational 
analysis of stereoselective donor/acceptor carbene C−H 
insertion catalyzed by Rh2(S-p-BrTPCP)4 was reported, building 
on prior studies by Musaev and Houk.27 The initial reaction 
sequence exhibits non-Curtin-Hammett behavior, where 
dirhodium-carbene formation via N2 loss is rapid relative to 
diazo dissociation.27a Thus, the catalyst shape to which diazo 
initially binds will likely closely resemble that of the 
downstream dirhodium-carbene species that dictates C−H 
insertion site-selectivity.30 

To exploit this mechanistic link, a spatial filtering protocol 
was devised to automatically identify the most reactive 
catalyst “shapes” toward diazo binding (Figures 3C-D). The 
kinetic rates of diazo binding to a catalyst of a given 
electrophilicity should depend primarily on the spatial 
accessibility of the reactive site to approach, which can be 
quantified in terms of Guzei and Wendt’s G-parameter (G%).29, 
31 G% can be interpreted as the percentage of vector paths, 
originating on the surface of the surrounding coordination 
sphere, by which the diazo precursor cannot approach Rh due 
to steric blocking. Therefore, only catalyst conformers with 
lower G% values will be kinetically competent to bind diazo, 
and consequently the dirhodium-carbene species generated 
will feature reactive sites that spatially resemble those of these 
accessible Rh2L4 conformers. Based on this premise, we 
implemented a G% spatial classification filter (see SI for full 
details). Two illustrative examples of this strategy are depicted 
(Figures 3C-D). Although stable conformation W’1 of Rh2[R-
3,5-di(p-tBuC6H4)TPCP]4 is present in the solution-state 
ensemble, its Rh binding sites are clearly significantly blocked 
(Figure 3C). In contrast, conformer W2 is significantly more 
accessible for diazo to approach. Thus, W’1 and all other 
conformers where the reactive site is largely inaccessible were 
not considered for extracting molecular descriptors for MLR 
modeling (Figure S20). In a more subtle example, although 

Figure 3. Mechanistically guided workflow that accounts for thermodynamic and kinetic considerations to identify relevant catalyst 
conformers from which to extract molecular descriptors for statistical modeling. The axial Rh site of interest is shown in yellow for each 
catalyst conformer, along with relative free energies (kcal/mol) and equilibrium populations (% at 313 K in CH2Cl2). [%] indicates the net 
population of all conformers within a given configuration (i.e., “all-up”) based on free energies only (i.e., facile kinetic interconversion). 
Catalyst space-filling surfaces are colored by configuration (top: blue = α,α,α,α; orange = α,α,α,β; pink = α,α,β,β; and purple = α,β,α,β), 
or by spatial accessibility classification (bottom: green = accessible and red = blocked or kinetically irrelevant). The equilibrium population 
remainder for Rh2(S-PTAD)4 is also α,α,α,α’ [19%], while Rh2(S-3,5-diBrTPCP)4 can also adopt an α,α,β,β [18%] configuration. Barriers for 
C1 aryl or phthalimido rotation in free ligands were computed at the M062X-D3/6-311++G(d,p) level of theory with SMD solvation 
(CH2Cl2).22e, 28 Note that catalyst isomerization via ligand flipping occurs via CCO2−Cα rotation. ∆∆G‡ was determined from experimental 
C2:Bn product ratios, with negative values defined as C2 site-selective. The rotational barrier threshold was obtained using a single node 
decision tree, where ∆∆G‡ = −0.9 kcal/mol divided catalysts in terms of site-selectivity.26 Both Rh faces of all catalyst conformers were 
considered for spatial accessibility classification (see SI), where G% for each Rh was evaluated using the Solid-G program.29  
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conformer N’3 is relatively accessible (Figure 3D), a methyl 
group protrudes into the reactive site and restricts the 
available space for diazo binding. Therefore, it stands to reason 
that N’3 would readily interconvert to a more accessible 
conformer like N1 to spatially accommodate diazo binding and 
subsequent dirhodium-carbene formation and reactivity 
(Figure S14, Tables S3-S5).  

Surveying Available Steric Descriptors for Catalyst Cavities 
With Rh2L4 conformers relevant to reactivity in hand, 

numerical features describing these catalyst reactive site 
shapes and electronic environments must next be extracted 
for MLR modeling. It is particularly challenging to succinctly 
quantify the spatial constraints imposed by the intricate 
reactive pockets of these catalysts. Indeed, our initial survey of 
modern steric descriptors was unsatisfactory for establishing 
robust correlations with site-selectivity (vide infra). Sterimol 
values32 are best deployed for describing the spatial profile of 
a single substituent (Figure 4A) rather than for capturing cavity 
constraints that arise based on the size and orientation of 
many substituents. Descriptors based on percent buried 
volume (%Vbur),33 such as those introduced by Cavallo 
(SambVca, Figure 4B),33b, 33c are more appropriate for capturing 
how reactive site topology impacts organometallic catalysis.26e, 
34 However, catalyst %Vbur defined for varying spheres 
exhibited poor univariate correlations with observed site-
selectivity (R2 ≤ 0.12 with ∆∆G‡

exp; Figures S23-S24), 
presumably due to an inability to account for peripheral 
repulsive interactions (Figure S22).35 Even G% (Figure 4C) 

shows essentially no correlation with site-selectivity (R2 = 0.03; 
Figure S25).29  
We hypothesized that G% does not correlate with site-

selectivity because it is unable to distinguish between different 
catalyst reactive site shapes. This hypothesis was validated by 
considering an instructive comparison between the structures 
of Rh2[S-2-Cl-5-(p-tBuC6H4)TPCP]4 (M) and Rh2[S-2-Cl-4-(3,5-
diMe-4-OMeC6H2)TPCP]4 (D; Figure 5). M features a compact 
bowl shape where substrate is primarily allowed to approach 
via the top aperture. In contrast, Rh2(S-2-Cl-4-ArTPCP)4 
catalysts like D have larger, more permeable bowl structures 

that additionally permit the substrate to approach the 
dirhodium-carbene via spatial gaps between adjacent ligands. 
Despite their clear differences in cavity shape and site-
selectivity outputs (Figure 5), catalysts M and D have nearly 
equivalent net spatial accessibility in terms of G% (82.5% and 
82.4%, respectively). In addition, electronic descriptors like Rh 
partial charges and d-orbital energies are nearly identical for 
the two catalysts (see SI). Therefore, we qualitatively reasoned 
that the inferior C2:Bn site-selectivity afforded by D likely 
results from its less spatially confined reactive site, which 
permits the hindered but electronically activated benzylic C−H 
bond to more readily access the dirhodium-carbene. 
Moreover, given the inability of G%, %Vbur, and Sterimol 
descriptors to capture differences in catalyst cavity shape that 
impact performance, it became clear that more sophisticated 
spatial descriptors must be developed.    
SMART Descriptors for Quantifying Spatial Constraints 
Most of the steric parameters surveyed are designed to 

address the interrelated questions of how bulky a substituent 
or ligand is and where its bulk resides in space relative to a 
particular site of interest. The implication of these parameter 
types in organometallic catalysis is that if the ligand atoms 
occupy a particular region, then substrate(s) cannot occupy 
that space to engage in a reaction at a nearby metal center. 
However, an artifact of this approach is that not all steric bulk 
in a particular region (e.g., %Vbur in an arbitrarily defined 
sphere) contributes equally, or at all, to confining the reactive 
site. G% elegantly defines accessibility by eliminating these 
artifacts, but in doing so it obscures whether steric bulk is 
peripheral or proximal, such that reactive sites with distinctly 
different shapes may have equivalent net accessibility (vide 
supra).  
To complement these existing steric parameters, we sought 

to develop a descriptor set that quantifies the empty void 
space at a reactive site in a manner that better captures all 
relevant proximal and peripheral spatial constraints. We have 

Figure 5. Illustrative comparison of catalysts Rh2[S-2-Cl-5-(p-
tBuC6H4)TPCP]4 (M) and Rh2[S-2-Cl-4-(3,5-diMe-4-
OMeC6H2)TPCP]4 (D), which highlights the inability of G% to 
capture shape differences that control reaction output. 

 
Figure 4. Surveying available descriptors for quantifying steric 
profile and spatial accessibility. Note that G% = 100·Ω/(4π). 
Figure B-i was adapted from ref. 29 
(https://pubs.acs.org/doi/10.1021/acs.organomet.6b00371), 
copyright 2016 ACS. Further permissions related to the 
material excerpted should be directed to the ACS. 
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dubbed these descriptors “Spatial Molding for Approachable 
Rigid Targets”, or SMART descriptors (Figure 6). This approach 
treats the reactive site of each relevant catalyst conformation 
as an “approachable rigid target” to which a probe molecule 
can be docked (Figures 6A-B). The spatial constraints of the 
reactive site are then directly captured by assessing what 
space the probe molecule can occupy in a constrained 
conformational search where the catalyst atoms are frozen 
(Figure 6C; MacroModel20a/OPLS3e20b). This workflow is 
illustrated for Rh2(S-2-Cl-5-PhTPCP)4 (L) in comparison to a 
Rh2(OAc)4 control catalyst with minimal axial steric hindrance. 
A macrocyclic thioether probe was employed (Figure 6A), 
which is flexible enough to map the contours of the catalyst 
pocket and exhibits maximal sensitivity to changes in catalyst 
shape (see SI). The overlaid conformations of the macrocyclic 
probe can then be enclosed within a 3D surface using UCSF 
ChimeraX 1.1,36 which allows for visualization and 
quantification of all possible space that the probe can occupy 
given the spatial constraints of the catalyst pocket (Figure 6D).  
From there, various SMART features can be tabulated and 

utilized as inputs for relating feature space to catalyst 
performance via statistical modeling. For example, VCAVITY is the 
volume in Å3 of the surface enclosing all probe conformers, and 
it provides a direct measure of reactive site spatial constraints 
(Figure 6E). In comparison to Rh2(OAc)4, where the probe is 
free to move with minimal constraints and the resulting 
surface enclosing all probe conformers has a relatively large 
volume, bulky dirhodium catalysts like L have significantly 
smaller VCAVITY values. Hence, VCAVITY can be interpreted as a 
quantitative scale for the degree of reactive site spatial 
confinement. Conceptually, tabulating VCAVITY descriptors 
across catalyst conformers is somewhat related to the inverse 
of average steric occupancy (ASO) descriptors recently 
pioneered by Denmark.16e However, an important difference is 
that not all void space is relevant to consider as space in which 
a reaction may occur. By leveraging the space that a probe 

molecule can occupy as the basis for defining VCAVITY, irrelevant 
regions within a given radius of the reactive site that are 
inaccessible for accommodating incoming substrates are 
rightly excluded from consideration (i.e., channels, crevices). 
Notably, this approach also provides a related NPROBE descriptor 
(Figure 6E), where a smaller number (N) of probe 
conformations are possible for more confined reactive sites. 
Building upon the cavity surface defined to compute VCAVITY, 

a new feature, entry surface area (ESA), was developed to 
quantify the absolute accessibility of the catalyst reactive site. 
While G% also captures accessibility, it is a relative metric. 
Thus, among two catalysts with equivalent G%, one may have 
a larger absolute surface area through which substrate can 
enter the reactive site (Figure S42). We hypothesized that this 
absolute “entry surface area” (ESA in Å2) could capture how 
accessible the catalyst pocket is for an approaching substrate 
of a given size, which is a somewhat similar idea to a previous 
effort to quantify an “accessible molecular surface.”37 ESA was 
tabulated by first generating a catalyst surface, followed by 
measuring the contact area between the catalyst surface and 
the cavity surface (see SI for details).36, 38 This contact area (CA; 
shaded black in Figure 6F) represents the surface area on the 
catalyst pocket through which substrate cannot enter due to 
repulsive interactions with the ligands. ESA is computed by 
subtracting this contact area (CA) from the total surface area 
(SA) of the cavity (Figure 6E). It should be noted that both ESA 
and VCAVITY can be computed for a quadrant, or “lobe”, of the 
full cavities (“the brains”), or in terms of their deviation across 
lobes to capture pocket asymmetry. Additionally, SMART 
descriptors can be computed as Boltzmann-average, 
maximum, minimum, delta (Δ), or weighted standard 
deviation values by considering parameters and their variance 
across all relevant catalyst conformations. 
In essence, SMART descriptors represent the adaptation for 

small molecule catalysts of a host of previous methods 

Figure 6. Workflow for obtaining SMART descriptors for spatial constraints using MacroModel and UCSF Chimera programs. 
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developed for analyzing protein cavities and channels.39 An 
important difference is that the reactive sites of small molecule 
catalysts are generally much less spatially enclosed than 
binding sites in proteins and enzymes, the latter of which are 
often defined based on cavity filling with small spheres that 
can access spatial regions that slightly larger spheres 
cannot.39g, 40 This definition is not as applicable to small 
molecule catalysts, as even highly sterically hindered reactive 
sites like those of the dirhodium catalysts described here have 
apertures through which very large spheres could fit. 
Alternatively, many less hindered catalysts do not have true 
cavities (e.g., Rh2OAc4), such that spheres of nearly all sizes can 
access their reactive sites.41 Furthermore, grid-based methods 
for defining cavities in biology can suffer from the challenges 
presented by the so-called “mouth opening ambiguity” (MOA), 
which stems from the inherent difficulty involved in defining 
where a shallow cavity ends and where the exterior void space 
begins.39g, 41-42 This can be especially problematic for describing 
reactive sites with irregular shapes. By defining the reactive 
pocket to be anywhere that a given docked probe molecule 
can reside, SMART descriptors provide a minimally arbitrary 
MOA solution that is generalizable for directly comparing the 
spatial constraints imposed across a diverse set of reactive 
sites. Thus, SMART can allow disparate catalysts to be unified 
in a single model (Figures 7A-B), which should enable more 
reliable out-of-sample extrapolations for in silico screening 
applications.  

Statistical Model for Catalyst-Controlled Site-Selectivity 
A MLR model was subsequently pursued to understand the 

relative influence of cavity spatial constraints on C−H 
functionalization site-selectivity in comparison to the effects of 

other catalyst properties. A statistically robust model was 
found that features one spatial descriptor (SMART VCAVITY, MAX) 
and two electronic descriptors capturing carbene stabilization 
by the dirhodium catalyst via both π-backbonding and σ-
accepting interactions (Figures 7B-C). The model was obtained 
using a forward-stepwise search algorithm15, 43 with 117 
normalized descriptors for each catalyst as the input.44 Catalyst 
descriptors included 18 spatial descriptors (SMART, G%, 
Sterimol, %Vbur) and 13 electronic descriptors derived from 
Natural Bond Orbital (NBO) analysis45 (Rh charges, d-orbital 
energies), with additional descriptors included based on the 
maximum, minimum, Δ, and weighted standard deviation 
values of these properties among all reactive conformers for 
each catalyst (Table S12). High internal cross-validation Q2 and 
K-fold metrics that approach R2,46 along with an adequate test 
R2 despite a high data-to-parameter ratio,47 collectively 
indicate that the model is not the result of overfitting the 
training set data.48 Additionally, the model retains similar 
parameter coefficients and statistical metrics for alternative 
Kennard-Stone49 training/validation splits (Figure S30), 
indicating that the favorable performance of the model is not 
due to fortuitous training set partitioning.  
Beyond its favorable performance, the model is also 

chemically interpretable and enables the relative contributions 
of intuitive catalyst properties to be explicitly assessed (Figure 
7C). Catalyst spatial constraints are accounted for in terms of 
SMART VCAVITY, MAX values, which are shown for representative 
catalysts with varying cavity shapes in Figure 7A. The positive 
coefficient for VCAVITY, MAX in the model signifies that catalysts 
with more spatially restricted reactive sites (i.e., smaller 
absolute cavity volumes, more negative normalized z-scores) 

Figure 7. (A) Cavity confinement visual scale for catalysts E, S, Y, W, J, and O in descending VCAVITY, MAX order (E = Rh2[S-2-Cl-4-(p-
NMe2C6H4)TPCP]4, S = Rh2(S-p-BrTPCP)4, Y = Rh2(S-TCPTAD)4, W = Rh2[R-3,5-di(p-tBuC6H4)TPCP]4, J = Rh2(S-2-Cl-5-CF3TPCP)4,  O = 
Rh2(S-2-Cl-5-MesTPCP)4). (B) MLR model for catalyst-controlled C−H site-selectivity, where greater C2 site-selectivity is defined as a 
more negative ∆∆G‡ value. An 80:20 training/validation partitioning was performed to yield equidistant site-selectivity outputs. Internal 
cross-validation was performed with K=4 (n=20!/{5!·15!}), while hollow squares indicate leave-one-out (LOO) predictions, the precision 
of which are reflected in Q2. (C) Chemical interpretation of the parameters in the model. 
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will afford increased C2:Bn site-selectivity (i.e., more negative 
∆∆G‡ value from the product of the positive coefficient and 
more negative z-score). This is consistent with our qualitative 
hypothesis that more sterically hindered catalysts will be less 
readily able to facilitate C−H functionalization at the more 
hindered benzylic site. Furthermore, the maximum VCAVITY 
values across the reactive conformers of each catalyst were 
found to best capture the relative spatial constraints. 
Presumably, Rh2L4 catalysts will adopt conformations most 
similar to those that maximize void space near their reactive 
sites to accommodate carbene formation and substrate 
approach in the selectivity-determining transition states. This 
principle can be better appreciated by visually overlaying the 
largest (red) and smallest (blue) cavities among the reactive 
conformations for a given catalyst, as displayed for T in Figure 
7C. Additionally, a similar MLR model can also be obtained 
wherein VCAVITY, MAX is replaced with a SMART NPROBE, MAX 
descriptor (Figure S31), indicating that increased C2 site-
selectivity is afforded by catalysts for which a smaller 
maximum number of probe orientations are possible within 
their reactive sites (ceteris paribus). 
Based on the model coefficient magnitudes, cavity spatial 

constraints are not as influential as carbene electronic 
stabilization in controlling site-selectivity across this disparate 
catalyst set. The most important catalyst property is RhRh dπ 
LPEμ, which is the average energy of Rh dxz/dyz orbitals obtained 
from NBO analysis.45 NBO describes dirhodium electronic 
structure to consist of σ-bonding (filled) and σ-antibonding 
(empty) orbitals derived from dz2−dz2 overlap, along with three 
localized lone-pairs at each Rh (dxy, dxz, dyz). This treatment 
does not consider mixing of localized Rh dπ orbitals to 
engender Rh−Rh π-bonding (filled) and π-antibonding (filled) 
orbitals, the latter of which are the relevant frontier molecular 

orbitals that engage in π-backbonding interactions to stabilize 
the singlet carbene fragment (Figure 7C). Nevertheless, higher 
energy localized Rh dπ orbitals will give rise to higher energy 
RhRh π* orbitals upon mixing that have more favorable 
energetic overlap for π-backbonding interactions with the 
conserved donor/acceptor carbene moiety. The negative 
model coefficient for RhRh dπ LPEμ signifies that catalysts that 
better stabilize the carbene via π-backbonding (i.e., higher 
energy Rh dπ, more positive z-score) will afford greater C2 site-
selectivity (i.e., more negative ∆∆G‡). In other words, catalysts 
that better quench latent carbene electrophilicity will afford 
more stable dirhodium-carbenes with larger C−H insertion 
transition state barriers, which in this case results in greater 
discrimination between the C2 and Bn C−H bonds in 
accordance with the oft-maligned reactivity-selectivity 
principle.3k, 5h, 50 Similarly, catalysts with a lower energy RhRh 
σ* orbital (i.e., more negative z-score multiplied by a positive 
coefficient) will better stabilize the carbene via σ-accepting 
interactions (Figure 7C), and will therefore afford greater C2 
site-selectivity by the analogous rationale.  

Deconvoluting Dirhodium-Carbene Electrophilicity Effects 
The relative importance of catalyst electronic properties in 

dictating site-selectivity was somewhat surprising given our 
initial qualitative hypotheses. Additionally, we were intrigued 
by the feature independence of RhRh σ* E and RhRh dπ LPEμ 
(R2 = 0.35)51 and wondered how each of these electronic 
descriptors relates to our intuitive conception of electron-
richness in physical organic chemistry. Thus, we proceeded to 
further deconvolute their precise chemical meaning by 
visualizing where catalysts in each of the four subclasses lie on 
a plot of RhRh σ* E vs. RhRh dπ LPEμ (Figure 8A). Strikingly, the 
RhRh σ* energy remains largely invariant for catalysts within 
the same subclass for phthalimido, p-XTPCP, and o-ClTPCP 

Figure 8. Deconvoluting catalyst electronic effects in the MLR model via qualitative electronic structure perturbation analysis. 
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catalysts. This can be most clearly observed for the p-XTPCP 
subclass (red), where serial variation of the para substituent 
impacts the relative propensity for π-backbonding across the 
catalyst set without significantly perturbing the RhRh σ* 
energy and the associated catalyst σ-accepting capability 
(Figure 8A). The same trend holds true within the phthalimido 
(gray) and o-ClTPCP catalyst (blue) subclasses, albeit with two 
slightly offset horizontal lines observed for the latter 
depending on whether the o-ClTPCP ligand has 5-Ar 
substitution. 

These observations can be reconciled by considering the 
electronic structure of dirhodium catalysts (Figure 8B).52 Each 
Rh fragment possesses square-planar geometry with respect 
to the carboxylate ligand field and engages in Rh−Rh σ-, π-, and 
δ-interactions via the overlap of dz2, dxz/dyz, and dxy/dx2−y2 
orbitals, respectively. A net Rh−Rh single bond (σ) results from 
in-phase dz2 overlap, with otherwise equal population of 
metal-metal bonding and antibonding orbitals of π and δ 
symmetry. The electronic perturbations of more electron-rich 
carboxylates, such as moving from p-NO2TPCP to the parent 
TPCP ligand, are shown with red arrows in Figure 8B. More 
electron-rich carboxylates will act as stronger σ-donors, which 
will significantly destabilize the unfilled Rh−Rh δ and δ* 
orbitals derived from weak dx2−y2 orbital overlap. Stronger 
carboxylate σ-donation will also slightly destabilize the Rh−Rh 
σ and σ* orbitals via the modest interaction of the ligand field 
with the torus of each dz2 orbital. Carboxylates are also 
excellent π-donors, and so more electron-rich carboxylates will 
significantly destabilize the Rh−Rh π and π* orbitals as well 

(Figure 8B). Thus, the observation that varying carboxylate 
electronics (e.g., across the p-XTPCP series) impacts Rh−Rh π* 
energy to a much greater extent than Rh−Rh σ* energy is 
borne out by electronic structure analysis.  
Further visual clarity for the deconvolution of dirhodium 

catalyst electronic properties as a function of ligand electron-
richness is provided by the heatmap in Figure 9A. The 
colormap quantifies carboxylate ligand electron-richness in 
terms of the minimum molecular electrostatic attraction 
potential (Vmin) of a positive point charge to the lone-pair 

region of each carboxylate oxygen atom.53 Vmin has been shown 
to quantitatively describe the electron-donor propensity of 
phosphine ligands.54 A clear visual stratification can be 
observed in Figure 9A, where horizontal movement along the 
RhRh dπ LPEμ axis separates more electron-poor carboxylate 
ligands (red points) from more electron-rich ones (blue points). 
Importantly, free ligand electron-richness does not appear to 
have any bearing on the σ-accepting propensity of the 
corresponding catalyst (i.e., the vertical RhRh σ* energy 
coordinate in Figure 9A).  
Having established that RhRh σ* energy is largely 

independent of carboxylate ligand electronic properties, we 
hypothesized that catalyst σ-accepting propensity may be 
primarily dictated by global catalyst structural effects. In 
support, catalyst structure is invariant within each of the 
subclasses where RhRh σ* energy remains constant (Figure 
8A), as p-XTPCP catalysts universally adopt C2’ symmetric 
structures (α,α’,α,α’) and both phthalimido and o-ClTPCP 

Figure 9. (A) Visual deconvolution of catalyst electronics using a carboxylate ligand electrostatic heatmap. (B-C) Effects of steric 
crowding and NCIs on Rh−Rh covalency, which dictates catalyst propensity for carbene stabilization via σ-accepting interactions. 
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catalysts adopt pseudo-C4 symmetric structures (α,α,α,α).5h, 12a 
The only catalyst subclass within which RhRh σ* and π* 
energies both change is the 3,5-diXTPCP series, and, 
intriguingly, the major structural configuration also changes as 
X is varied from Br to CF3 to p-tBuC6H4 (Figure 8A). Within this 
subclass, we find that as the steric bulk of X increases, less X 
substituents prefer to be oriented above a single Rh face. This 
is illustrated in Figure 9B, where the major reactive catalyst 
conformer shifts from “all-up” for X = Br (α,α,α,α’) to “three-
up” for X = CF3 (α,α,α,β) to an alternating “two-up” D2 
symmetric structure for X = p-tBuC6H4 (α,β,α,β). These 
structural preferences seem to be dictated by the size of the X 
substituents (Figures S18-S20). Indeed, α,α,α,β and α,α,α,α 
structures for Rh2[R-3,5-di(p-tBuC6H4)TPCP]4 (W) are highly 
unstable because p-tBuC6H4 groups are simply too large for 
three or four ligands to fit about one Rh face without requiring 
significant structural distortions to minimize steric clashes.10c  
A subtle consequence of these global structural preferences 

is that the two Rh atoms can be locally electronically 
differentiated to varying extents depending on the degree of 
asymmetry in the preferred catalyst structure. For example, 
the D2 symmetric (α,β,α,β) structure of W features 
electronically equivalent Rh atoms, as quantified in terms of 
the nearly identical computed Rh partial charges from NBO 
analysis (Figure 9B).45 Upon flipping one ligand to adopt a C1 
(α,α,α,β) structure, Rh2(S-3,5-diCF3TPCP)4 (U) features more 
electronically differentiated Rh atoms (∆δ = 0.116). Upon 
flipping another ligand, maximum electronic differentiation 
across the subclass is observed for the “all-up” structure of 
Rh2(S-3,5-diBrTPCP)4 (V; ∆δ = 0.150). We propose that this 
electronic differentiation of the two Rh atoms plays a critical 
role in dictating the propensity of the dirhodium catalyst to 
stabilize the donor/acceptor carbene moiety via σ-accepting 
interactions (RhRh σ* E in the MLR model). Specifically, 
electronically identical Rh fragments will have favorable 
energetic dz2 orbital overlap for σ-bonding, which will result in 
highly covalent Rh−Rh bonding with maximal bonding 
stabilization (RhRh σ) and antibonding destabilization (RhRh 
σ*; Figure 9B). As the two Rh become more electronically 
differentiated, Rh−Rh bonding will become more dative (i.e., 
partial donor/acceptor character between an electron-rich 
and an electron-poor Rh). Rh electronic differentiation 
manifests in less favorable energetic overlap for Rh−Rh σ-
bonding, which will give rise to a lower energy catalyst RhRh 
σ* orbital that can better stabilize the lone pair of the singlet 
carbene moiety.  
While all Rh−Rh bonds are highly covalent in comparison to 

heterometallic metal-metal bonds,55 clearly this subtle 
continuum toward more dative Rh−Rh bonding leads to 
dramatic electronic effects on reactivity that have largely been 
underappreciated when considering how to rationally design a 
selective dirhodium catalyst. That we were able to elucidate 
this subtle relationship between global structure and 
dirhodium-carbene electrophilicity56 speaks to the power of 
the multivariate modeling approach when molecular 
descriptors that closely quantify the underlying catalyst 
properties that control reactivity are utilized as numerical 

inputs. Interestingly, the RhRh σ* energy for a given Rh2(S-o-
ClTPCP)4 catalyst increases markedly upon distorting its C4 
symmetric (α,α,α,α) structure to a D2 symmetric (α,β,α,β) 
structure with equivalent Rh atoms (Figure S29). Unlike TPCP 
ligands, the properties of phthalimido ligands are such that 
even for the maximally electronically differentiated α,α,α,α 
structures that these catalysts adopt, the phthalimido and 
adamantyl Rh faces are only slightly electronically 
differentiated (Rh ∆δ < 0.02). Thus, despite their α,α,α,α 
structures, Rh2(S-TCPTAD)4 and Rh2(S-PTAD)4 feature highly 
covalent Rh−Rh bonding that gives rise to relatively high 
energy RhRh σ* orbitals (Figure 8A).  
In addition to arising from catalyst structural symmetry 

effects, it is worth noting that Rh electronic differentiation can 
also result from inductive effects stemming from noncovalent 
interactions (NCIs) between neighboring ligands. This scenario 
is depicted in Figure 9C, where the Rh atoms in Rh2(p-
NO2TPCP)4 become substantially more electronically similar 
upon structural distortion from an unstable C4 symmetric 
(α,α,α,α) structure to the preferred C2’ configuration 
(α,α’,α,α’) that features (C−H)−π interactions between 
neighboring ligands with close computed contacts of 2.90 Å. 
This structural configuration is preserved across the p-XTPCP 
catalyst series,12a with the electron-density sequestered in 
these NCIs presumably inductively diverted from the Rh atom 
on the proximal face (Figure S29). Collectively, this in-depth 
analysis has clarified the chemical meaning of the RhRh σ* E 
term in the MLR model by uncovering an intimate relationship 
between global catalyst structure and Rh−Rh covalency, which 
clearly plays a larger role in promoting selective catalysis via 
carbene stabilization than has previously been understood. 

Influence of Structural Rigidity on Site- and Stereoselectivity 
Catalyst structural dynamics are also undoubtedly 

important to performance, and these considerations have not 
yet been emphasized. Sufficient conformational flexibility is 
needed to allow the dirhodium-carbene species to form and 
react with substrate amid the highly congested catalyst pocket, 
but conformational rigidity is also critical to ensure a 
consistently defined cavity for facilitating selective product 
formation. The only term that captures catalyst rigidity to any 
extent in the MLR model is SMART VCAVITY, MAX, as catalysts that 
are more rigid cannot adopt more open conformations with 
less spatial restrictions on reactivity. We reasoned that among 
catalysts that are electronically similar, such as the set of 15 
Rh2(S-o-ClTPCP)4 catalysts, increased rigidity would be a 
defining feature that differentiates catalysts that afford more 
selective C−H functionalization. This hypothesis is supported 
by the univariate correlation among Rh2(S-o-ClTPCP)4 catalysts 
between site-selectivity ∆∆G‡ and ∆G‡

rot, the M/P ligand 
rotational barrier in the previously discussed threshold 
classification (R2 = 0.46; Figure 3B).  
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To further probe this hypothesis for the entire catalyst set, 
we consolidated the two electronic terms in the model into a 
single RhRh ∆Eπ*/σ* parameter, where a smaller energetic gap 
between the frontier RhRh π* and σ* orbitals is ideal for 
carbene stabilization via both π-backbonding and σ-
accepting.57 Upon re-modeling with this additional descriptor 
(Figure 10), a model with improved internal cross-validation 
(Q2 = 0.79, 4-fold = 0.77) and external validation metrics (test 
R2 = 0.87) was identified that captures dirhodium-carbene 
electrophilicity (RhRh ∆Eπ*/σ*), reactive site spatial constraints 
(SMART NPROBE, LE), and catalyst rigidity (SMART ESA ∆). Catalyst 
rigidity is quantified by SMART ESA ∆, or the change in entry 
surface area across reactive catalyst conformers. Rigid 
catalysts with relatively constant ESA across possible reactive 
conformers were found to afford higher C2 site-selectivity, as 
were catalysts with more confined reactive sites (i.e., fewer 
SMART NPROBE, LE) and greater propensity for carbene 
stabilization (i.e., smaller RhRh ∆Eπ*/σ*). Although exceedingly 
high rigidity could hinder catalysis in principle, this limit has 
evidently not been approached within this catalyst set.  
It is also important to note that these same catalyst 

properties also largely dictate diastereoselectivity as well, 
since ∆∆G‡ for C2 product dr is highly correlated with that for 
C2:Bn site-selectivity (R2 = 0.83; Figure S27). Although C2 
enantioselectivity and C2:Bn site-selectivity are not correlated 
(R2 = 0.04 for respective ∆∆G‡; Figure S28), threshold analysis 
indicates that increased catalyst rigidity to provide a more 
well-defined reactive site is also beneficial for stereoselective 
catalysis (Figure S38). We envision that SMART descriptors 
capturing catalyst pocket dynamics will be useful alternatives 
to traditional steric and RMSD-based rigidity descriptors,58 as 

not all changes in atomic positions across conformers 
represent pertinent changes in reactive site shape. 

Comparing Models: SMART vs. Other Steric Descriptors 
When introducing a new set of molecular descriptors, it is 

prudent to explicitly compare their strengths and predictive 
utility to established parameters so that others may 
appropriately apply them (Table S13).59 Unsurprisingly, models 
based on free ligand steric and electronic parameters (mD-mE) 
were of decreased quality and interpretability compared to the 
catalyst descriptor model in Figure 10 (mA), especially in terms 
of test set predictions (Δtest R2 ≤ −0.21; Figure S32). Likewise, 
replacing SMART steric and rigidity descriptors in model mA 
with the best Sterimol combination (B1R−COO and B5R−COO Δ) 
results in poor fitting of the training set data (mF: ΔR2 = −0.14, 
ΔQ2 = −0.18, Δ4-fold = −0.19; Figure S33). The best %Vbur 
combination for catalyst sterics (%Vbur,4.0c,4.5r) and rigidity 
(%Vbur,4.0c,4.5r Δ) performs better than Sterimol (c.f., mG to mF), 
but still offers decreased predictive power relative to SMART 
model mA (ΔR2 = −0.05, ΔQ2 = −0.08, Δ4-fold = −0.11, Δtest R2 
= −0.14; Figure S33). Combining a descriptor for peripheral 
rigidity (e.g., G% Δ, Sterimol Δ, or ΔG‡

rot) with %Vbur (proximal 
sterics) and RhRh ∆Eπ*/σ* (catalyst electronics) also does not 
lead to improved models (mI-mK; Figure S34-S35).  
Examining the performance of %Vbur further, 14-20 of the 25 

catalysts have nearly identical values (i.e., ±1%; depending on 
sphere position and radius) due to the presence of essentially 
no proximal ligand atoms directly within the axial cavity 
(Figures S22 and S39-S40). This inability to differentiate 
catalysts with little proximal steric hindrance likely explains the 
larger losses in predictive utility in terms of test R2 when %Vbur 
descriptors are used. Despite this limitation, %Vbur can be 
successfully deployed in combination with SMART peripheral 
rigidity descriptors like SMART ESA Δ (mM; Figure S36). This 
illustrates that, although SMART NPROBE and VCAVITY parameters 
are more descriptive than %Vbur for unhindered catalysts 
(Figures S39-S40), the most unique effects captured by SMART 
descriptors are described by ESA-type parameters (Figures 
S42-S43). Indeed, SMART ESA Δ cannot be replaced in model 
mA by any other traditional descriptor (e.g., %Vbur Δ or G% Δ) 
without precipitous drops in utility (mN-mO: ΔQ2 ≤ −0.11, Δ4-
fold ≤ −0.12, Δtest R2 ≤ −0.22; Figure S37). This highlights that, 
relative to traditional steric parameters, SMART analysis 
enables access to a larger suite of more generalizable, 
continuous-scale descriptors, any one of which may enable 
reliable predictions for a given reaction. 
Lastly, it is notable that model mA provides favorable 

performance by focusing on repulsive interactions in lieu of 
explicitly accounting for the potential influence of attractive 
NCIs. We tentatively hypothesize that NCIs between the 
substrate benzyl moiety and the aryl group of the dirhodium-
carbene (e.g., π−π or C−H−π) could act as a minor perturbation 
to divert C–H insertion away from the benzylic site. Future 
studies may probe these subtle effects via transition state 
analysis, as well as by designing an expanded experimental 
data matrix for MLR modeling that pairs the catalyst diversity 

 
Figure 10. Improved MLR model accounting for catalyst 
rigidity effects. Note that SMART NPROBE, LE denotes the 
number of low energy probe conformers (≤ 5 kcal/mol). 
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explored here with an array of substrates and diazo precursors 
with varying propensity to engage in attractive NCIs.    

Conclusions  
A series of Rh2(S-o-ClTPCP)4 catalysts with systematic 

perturbations was designed and found to adopt C4 symmetric 
bowl-shaped structures with varying depth and permeability. 
Together with a diverse set of Rh2(TPCP)4 and Rh2([TC]PTAD)4 
catalysts, their performance in terms of C–H functionalization 
site-selectivity between the terminal methylene (C2) and 
benzylic (Bn) sites in 1-bromo-4-pentylbenzene was evaluated, 
with Rh2(S-2-Cl-5-MesTPCP)4 discovered to be optimal for 
stereoselective C2 functionalization (30.9:1 rr, 14:1 dr, 87% 
ee). Based on evaluating the performance of this expanded 
catalyst library, intuitive quantitative structure-selectivity 
relationships were uncovered by performing MLR modeling 
using newly developed SMART descriptors for reactive site 
spatial constraints. Rigid catalysts with more confined reactive 
sites were found to afford greater site-selectivity for 
functionalizing the more sterically accessible C2 position. 
Additionally, catalyst electronic stabilization of the singlet 
donor/acceptor carbene fragment via increased π-
backbonding and σ-accepting interactions was found to play a 
comparatively greater role in affording high C2 site-selectivity 
and dr. Although broad generalization of the reactivity-
selectivity principle is an enduring myth,50 clearly it still may 
often hold true for catalytic transformations traversing highly 
reactive intermediates that engage in competing selectivity-
determining pathways.  
Using the MLR model as inspiration for further mechanistic 

inquiry, subtle global catalyst structural effects were 
elucidated that influence Rh−Rh covalency and catalyst 
propensity for carbene stabilization via σ-accepting 
interactions. The uncovering of this structural effect on 
dirhodium-carbene electrophilicity highlights the power of 
holistically analyzing data for catalysts that are both effective 
and ineffective for a given reaction class to pinpoint the 
properties that render an optimal catalyst. We anticipate that 
the understanding presented here of the many factors that 
conspire to dictate catalyst-controlled site-selectivity in C−H 
functionalization will prove valuable for guiding the design of 
next-generation catalysts using data-driven tools. While typical 
statistical models are derived from highly simplified model 
systems, the workflow presented preserves mechanistic 
fidelity by utilizing a spatial classification filter to efficiently 
extract descriptors only for catalyst conformers relevant for 
carbene formation and reactivity. In doing so, this study should 
inform future efforts to efficiently extend mechanistic insights 
from a single representative transition state study to predict 
reactivity across a combinatorial library of potential catalysts 
using data science techniques. Furthermore, both the 
computational workflow and SMART descriptors developed in 
this study are broadly transferrable for quantifying reactive 
site topology and predicting reactivity in other chemical and 
biological systems. 
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