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Bidentate Rh(I)-Phosphine Complexes for the C�H
Activation of Alkanes: Computational Modelling and
Mechanistic Insight
Tianbai Huang,[a] Stephan Kupfer,[a] Martin Richter,[a, b] Stefanie Gräfe,[a] and Robert Geitner*[c]

The C�H activation and subsequent carbonylation mediated by
metal complexes, i. e., Rh(I) complexes, has drawn considerable
attention in the past. To extend the mechanistic insight from Rh
complexes featuring monodentate ligands like P(Me)3 towards
more active bisphosphines (PLP), a computationally derived
fully conclusive mechanistic picture of the Rh(I)-catalyzed C�H
activation and carbonylation is presented here. Depending on
the nature of the bisphosphine ligand, the highest lying
transition state (TS) is associated either to the initial C�H

activation in [Rh(PLP)(CO)(Cl)] or to the rearrangement of the
chloride in [Rh(PLP)(H)(R)(Cl)]. The chloride rearrangement was
found to play a key role in the subsequent carbonylation. A set
of 20 complexes of different architectures was studied, in order
to fine tune the C�H activation in a knowledge-driven
approach. The computational analysis suggests that a flexible
ligand architecture with aromatic rings can potentially increase
the performance of Rh-based catalysts for the C�H activation.

Introduction

Petroleum is the foundation of the chemical industry, as it
provides the most important raw chemicals in synthetic
chemistry – alkenes, which are mainly produced via catalytic
cracking[1] from alkanes, one of the main constituents of crude
oil. Compared to alkenes with a C=C double bond accessible for
chemical functionalization, alkanes are chemically more stable
under most conditions due to the inert nature of the C�H (as
well as of the C�C) bonds, and hence are hardly convertible
into other more valuable functionalized compounds, e.g.,
aldehydes, alcohols,[2] or cyanides.[3]

However, in comparison to the catalytic cracking process,
the direct transformation of alkanes into other compounds
benefits from the high atom efficiency as well as the lower
number of conversion steps. Key to the conversion of alkanes is
the activation of the inert C�H bond. Currently, four distinct
reaction mechanisms are known to realize C�H bond

activation,[4] namely oxidative addition,[5] σ-bond metathesis,[6]

electrophilic substitution (amphiphilic metal ligand activation)[7]

and base-assisted metalation.[8] Among these mechanisms,
oxidative addition using electron-rich transition metal com-
plexes, e.g., based on Rh(I), has drawn most attention in the
field of C�H activation due to its versatility.[5–9]

The broad range of applications of organometallic com-
pounds in catalytic processes originates from their favorable
redox properties, which can be easily tuned and optimized to
the specific chemical process of interest by alteration of the
metal center but even more importantly, by structural mod-
ification of the ligand sphere. With respect to the oxidative
addition reaction, the addition of strongly coordinating σ-donor
ligands such as phosphines,[10] N-heterocyclic carbenes[11] or
bidentate nitrogen-containing molecules,[12] can be beneficial to
enhance the chemical stability and, thus, the long-term
performance of the molecular catalyst, as well as to provide a
handle for tuning the oxidation potential of the metal center,
and in consequence, the catalytic turnover.[13] Sawamura et al.[14]

discovered that the yields of Rh-catalyzed borylation with
assisting phosphine ligand increased by approximately 10%
compared to phosphine-free conditions. Furthermore, Semproni
et al.[15] found that introducing an electron-donating iPrPNP
ligand enabled the oxidative addition of H2 or of C�H bonds in
benzene onto the central Co(I). From the classes of the
mentioned ligands, bidentate and polydentate phosphine
ligands are among the most promising ligands in C�H
activation, due to the chelate effect[16] as well as due to the
strong σ-donor strength induced by the phosphor atoms.[17]

Despite the extensive number of experimental investigations
on the transition metal-mediated C�H activation,[9b,18] there is
still a lack of insight with respect to the underlying reaction
mechanism at the molecular level when dealing with alkanes. In
this regard, Sakakura et al.[5] postulated a mechanism for the
C�H carbonylation of alkanes using Rh(I)-complexes with
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monodentate phosphine ligands. Bridgewater et al.[19] per-
formed time-resolved optical (TRO) spectral and nanosecond
time-resolved infrared (TRIR) spectral studies onto trans-[Rh-
(P2)(CO)(Cl)] complexes, which provides a strong evidence for
the light-induced CO loss. Furthermore, several experimental
results also confirmed the importance of the light-drivenCO loss
in the C�H activation step catalyzed by Rh-based complexes
featuring Cp (η5-C5H5) ligands[1b,20] or Tp* (HB�Pz*3, Pz*=3,5-
dimethylpyrazolyl) ligands.[9b,21] Unfortunately, the scope of the
full description of the mechanism of the investigated phos-
phines was limited exclusively to monodentate PR3 ligands.
Thus, the mechanistic insight obtained for the highly flexible
monodentate ligand sphere, is not fully applicable to the case
of more rigid bidentate ligands.

The present computational study aims to build on the
previously obtained knowledge while extending the mechanis-
tic insight in the frame of transition metal complex-mediated
C�H activation in alkanes to the family of bidentate phosphine
ligands. In particular, we focused on the C�H carbonylation of
the terminal carbon of propane by Rh(I)-complexes featuring
various bidentate phosphine ligands (PLP), see Figure 1, and
derived the underlying reaction mechanism based on the
catalytic intermediates along several reaction pathways.

To this aim, we applied quantum chemical simulations at
the density functional level of theory (DFT) to investigate the
electronic properties of catalytic intermediates featuring the
mentioned ligands, which cover a broad range of ligand
structures. Based on the results of the mechanistic investigation,
we strive to improve the catalytic performance of present C�H
catalysts by virtue of a knowledge-driven approach, which
correlates structural features to catalytic performance.

Results and Discussions

Bidentate ligand selection

In this mechanistic study, we focused on 20 prototypic PLP
ligands to evaluate structure-property dependencies in the
catalytic C�H activation of propane (see Figure 1). During an
initial screening process on the computational calculation
process, we furthermore excluded the ligands with a flexible
linker consisting of more than four atoms, namely ligands 7, 10,
18 and 20, because flexible linkers enable cis-trans conforma-
tional change during the reaction, which increases the complex-
ity of determining the reaction path significantly. Typically, the
active species for C�H activation [Rh(PLP)(Cl)] is generated from

Figure 1. Structures of investigated Rh(I) complexes with bidentate phosphine ligands in the scope of C�H activation (i. e. propane). In-depth quantum
chemical studies were performed for all systems in black while species in grey are omitted from mechanistic studies as they feature low-lying triplet states.
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the precursor [Rh(PLP)(CO)(Cl)] via a light-driven CO elimination.
This activation process is not studied in-depth in this inves-
tigation, which focuses on the subsequent reaction pathways.
However, to evaluate the impact of (long-lived) triplet states,
which are potentially accessible upon intersystem-crossing, on
the reaction steps of the C�H activation, we carefully analyzed
the energetics of the low-lying spin states in all 20 Rh
phosphine complexes. In all cases, the closed-shell (singlet)
configuration was thermodynamically more favorable than the
open-shell (triplet) species (see Table S3 for details). However, it
is also observed that complexes featuring ligand 7, 10, 18 and
20 were predicted to have a smaller singlet-triplet energy gap
than the others. Noteworthy, the stabilization of the high-spin
state is likely associated with the flexible nature of these ligands
(see above), which allows a rapid alternation of the coordina-
tion sphere upon light-driven CO dissociation. Thus, we focused
our theoretical investigations with respect to further mecha-
nistic insights on the remaining 16 complexes.

Mechanistic model

Based on the mechanism regarding the carbonylation of
alkanes using monodentate phosphine ligands proposed by

Sakakura et al.,[5] we suggest a refined, computationally derived
mechanism for C�H carbonylation using [Rh(PLP)(CO)(Cl)]
complexes, Figure 2. As for the previously proposed
mechanism,[5] our catalytic cycle also starts from a stable
square-planar species I’. Thereafter, the catalyst is activated by
the light-induced CO loss, which generates a highly active triply
coordinated Rh(I) species I. This light-driven step does not only
raise the catalyst to a high energy level, but also creates a
spatially accessible vacancy for the alkane (propane as model
compound in this study), which allows the subsequent
oxidative addition (I!II). Thereafter, the chloride ion rotates in
the newly formed square-pyramidal complex II to form III, which
leads to a vacancy in the equatorial plane. This transformation
is followed by the addition of a CO molecule to complex III
forming the octahedral carbonyl complex IV. Subsequently, the
CO molecule inserts into the Rh�C bond of the propyl group,
forming an acyl complex (IV!V). This reaction again generates
a vacancy, which enables the addition of a second CO molecule,
forming the stable octahedral complex VI with an 18-electron
configuration. In the last step (VI!VII), the product, here
butyraldehyde, is formed via reductive elimination and the
associated cleavage of the Rh�H and Rh�C bonds. Conse-
quently, the initial square-planar Rh complex is regenerated
closing the catalytic cycle.

Figure 2. Schematic representation of C�H functionalization mechanism. Structures in black represent main intermediates along the reaction while those in
grey are possible side intermediates for the reaction. Paths with crosses are potentially inaccessible due to high activation barriers.
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Reaction profile

The corresponding energy profile of the entire catalytic cycle
for complex 1 is shown in Figure 3. All steps labelled by roman
numbers denote (local) minima on the potential energy
(hyper-)surface (PES), namely the educt, intermediates and
product. Further, the energy levels of transition states (TSs)
connecting the respective minima are also indicated in the
profile. Comparing the energy level of I’ and I, it is apparent
that the initial light-activation provides a substantial amount of
energy acting as the driving force for the entire catalytic cycle.
As evident from the energy landscape predicted on the level of
density functional theory (DFT, see Computational Section for
details), three noticeably high barriers could hamper the overall
catalytic turnover frequency (TOF): This includes the C�H
oxidative addition (I!II, 94.63 kJmol�1), the C�C bond forma-
tion (IV!V, 66.98 kJmol�1) as well as the reductive elimination
of butyraldehyde (VI!VII, 82.24 kJmol�1). On the other hand,
both CO addition steps (III!IV and V!VI) are barrierless and
stabilize the system significantly. From this point of view, the
C�H addition could be the rate-determining step of the entire
catalytic cycle. However, according to the energetic span
model,[22] the TOF of a catalyst is not determined by the
difference between the TS and the intermediate within the
same elementary reaction, but is dependent on the largest
energy gap between the TS and the intermediate in the entire
catalytic cycle, namely the apparent activation energy δE. The
relation is described by Equation (1):

TOF ¼
kBT
h

e�dE=RT ; (1)

where the apparent activation energy is determined by the
turnover-determining transition state (TDTS) and turnover-
determining intermediate (TDI), both of which could be termed
as the rate determining states of the catalytic cycles [Equa-
tion (2)].

dE ¼
GTDTS � GTDI TDTS after TDI;

GTDTS � GTDI þ DGr TDTS before TDI:

(

(2)

Due to the high energy of the five-times coordinated
structure (II), obtained upon C�H activation, the TS associated
with Cl rotation (II!III) could also be a competitor for the TDTS
depending on the structure of the utilized ligand, although the
step itself requires only 15.62 kJmol�1 to overcome in the case
of complex 1. Based on the energetic span model [Equation (1)],
the TOF of Rh-catalysts featuring different ligands, approxi-
mated by the energy levels of two competing TSs and the
corresponding apparent activation energy, are summarized in
Table 1. From the table it can be concluded that complex 9 is
predicted to have the highest TOF with δE being approximately
80 kJmol�1. On the one hand, complexes 6, 8 and 14 feature
ligands with electron-donating phenyl groups which results in a
low barrier of the C�H activation (I!II). On the other hand,
except for the complexes featuring bulky ligands, e.g., 2 and
14, the activation barrier for the subsequent rearrangement is

Figure 3. DFT-predicted reaction profile of the mechanism, shown exemplarily for complex 1. All energies are shown with respect to intermediate I, obtained
upon photo-activation of I’. The corresponding elementary steps are labeled as followed: I!II: C�H (oxidative) addition; II!III: Cl rotation; III!IV: CO insertion;
IV!V C�C formation; V!VI: CO insertion; VI!VII: butyraldehyde generation, see Figure 2 for reaction details). For clarity, structures of intermediates are
provided.
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relatively low. This leads to complex 9 having the highest TOF.
From this data, we can preliminarily conclude that the catalytic
performance could benefit from a less-bulky ligand with
electron-donating character. However, an in-depth correlation
between the ligand structures and the resulting energy states
requires more data, which is part of future studies.

Influence of ligand structure

With the general mechanism in mind, this section describes
structure-property dependencies and alternative pathways
found for the individual elementary steps.

C�H addition

Figure 4a describes the energetic properties of the TSs and
intermediates of the two possible pathways of the C�H addition
(I!II vs. I’!IV) for various ligands. Based on this substantial
difference in activation energy, it becomes clear that the initial

Table 1. Approximated turnover frequencies [TOF in s�1, according to
Equation (1)] at 298.15 K, energy level (ΔGg(TSi) in kJ mol�1) of TS
associated to C�H activation (I!II) and chloride rearrangement (II!III) as
well as the barrier height (Ea in kJ mol�1) between II and III of Rh-complexes
featuring different ligands. The apparent activation energy δE of the
catalytic cycle is highlighted in bold.

Complex TOF ΔGg [TSI!II] ΔGg [TSII!III] Ea [TSII!III]

1 1.64×10�4 95 92 16
2 1.20×10�11 105 135 55
3 1.01×10�6 96 107 27
4 5.23×10�6 101 103 27
5 7.05×10�5 97 85 15
6 4.39×10�4 92 89 15
8 4.65×10�3 86 70 8
9 7.05×10�2 80 72 15
11 1.46×10�4 94 95 7
12 1.30×10�8 96 118 32
13 5.20×10�8 115 101 4
14 1.67×10�4 86 95 45
15 9.02×10�6 93 102 33
16 3.81×10�5 98 97 5
17 2.17×10�5 100 91 8
19 8.81×10�9 119 102 7

Figure 4. Performance (driving force vs. activation barrier) of different ligands on selected key elementary reactions in the catalytic cycle: (a) C�H addition (I!
II), (b) Cl rotation (II!III), (c) C�C formation (IV!V) and (d) butyraldehyde formation (VI!VII). Data points represented by black dots (*) describe the driving
force and corresponding activation energy of the main reaction pathway of the corresponding steps, while the hollow grey triangles (~) describe possible
alternative pathways, respectively. For details, please refer to the main text.
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light-induced CO loss in I!II considerably reduces the barrier
height of the C�H activation when compared to the direct
activation in I’!IV. This is important as the TSI!II could
potentially be the rate-determining state of the entire reaction
(Table 1). The reason of the lower activation barrier for the path
from I!II is twofold: Firstly, compared to the mechanism that
starts with the four-times coordinated structure I’, the gener-
ation of a vacancy in I avoids the rotation of other ligands to
the axial position during the C�H activation reaction. Secondly,
a strong attractive interaction between the subsequently
activated hydrogen atom and the central Rh ion is formed due
to the vacancy in I. This pre-coordination reduces the activation
barrier for the C�H activation substantially.

The attractive interaction can be visualized by an interaction
region indicator (IRI) analysis.[23] Similar to the reduced density
gradient (RDG) analysis[24] that can be performed via NCIPLOT,[25]

the IRI function also utilizes the information of the electron
density of the molecular system and its gradient, however, is
better parametrized. The value of an IRI function is small in the
region of chemical bonds as well as in case of weak interactions,
compared to the value in the vicinity of nuclei and at the edge
of molecules. Hence, these interaction regions could be clearly
distinguished. In the present study, the IRI analysis reveals that
besides the regions between Rh and Cl as well as between Rh
and P, which are typical chemical bonds, the region between
Rh and H also displays an attractive intermolecular interaction
similar to a hydrogen bond. This intermolecular interaction pre-
coordinates the educt to the complex and increases the
reaction probability. Due to the lower activation energy and the
pre-coordination of Rh and H, the path from I!II is favored
over the I’!IV.a channel.

Cl rotation

Beyond the analysis of the C�H addition, we turned our
attention to the structure of the five-times coordinated

intermediate II. A Localized-orbital Locator (LOL) analysis[26] was
performed on complex II, in order to elucidate the electronic
nature of the bonds between the central Rh and the various
ligands. The three-dimensional LOL function ranges from 0 to 1
and depends on the ratio between the local kinetic energy
density and the Kohn-Sham kinetic energy density: The higher
the LOL value is, the lower the local kinetic energy of the
electrons will be. The cross section defined by the H�Rh-Cl
plane of the 3D LOL function is shown in Figure 5b. Alongside
the Rh�H bond, a maximum is found close to the H atom. This
allows interpreting the bond between Rh and H as a polar
covalent bond, as the formation of covalent bonds will lower
this local kinetic energy.[27] On the contrary, a region with high
local kinetic energy (and thus low LOL value) is visible along the
Rh�Cl axis, which leads to the interpretation of an ionic
interaction between Rh and Cl. As there exists one remaining
vacancy in the five-times coordinated structure, it is possible for
ligands to rearrange their positions. Among the five-times
coordinated ligands, the chloride ion has the highest flexibility
for rearrangement due to the non-directional ionic interaction
in the Rh�Cl fragment. The energy change of the chloride
rotation is shown in Figure 4b. For most bisphosphine ligands,
the conformational change is only slightly endothermic, and
the activation energy is relatively low ranging from 4 to
40 kJmol�1. However, some exceptions could be found for
bulky ligands and/or ligands which feature additional halogen
atoms in their structure. These halogen atoms have the
tendency to interact with the central Rh and, thus, block the
vacancy. Therefore, adding on top of the high energy level of
species II, the TS associated to the Cl rotation (II!III) could
potentially be the TDTS of the entire catalytic cycle, based on
the energetic span model, even though the activation barrier of
this elementary step itself is not insurmountable.

Figure 5. (a) Interaction Region Indicator (IRI) function for visualizing the weak interaction between the Rh and H on propane before addition. (b) Localized-
orbital Locator (LOL) function for visualizing different types of chemical bonds in the complex after the oxidative addition. Corresponding Lewis structures are
shown in the top-right corner, respectively.
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C�C bond formation

Both five-times coordinated Rh(III) species, II and III, display a
strong tendency to accept another electron pair, yielding a
stable octahedral coordination sphere. Thus, CO insertion into II
and III leads to the octahedral structures IV.b and IV.a,
respectively, both of which feature an 18-electron configuration.
The difference between these two complexes is merely the
position of the CO group relative to the bisphosphine ligand:
while in IV.a, the CO group is inserted in the equatorial plane
defined by P�Rh-P and, thus, trans to one phosphorous, in IV.b,
it is in cis position to both phosphorous atoms. Although in
both complexes the subsequent C�C formation proceeds via
the migration of the propyl group to the CO group, the
activation barrier of this reaction step is significantly different
depending on the position of the CO ligand. For the path from
IV.a to V.a, the activation barrier ranges from 20 to 80 kJmol�1

(Figure 4c represented by filled black dots) depending on the
bisphosphine ligands while the activation barrier for the path
from IV.b to V.b ranges from 80 to 140 kJmol�1 (represented by
hollow triangles in Figure 4c). Thus, the DFT calculations clearly
indicate that for most ligands, intermediate IV.b could poten-
tially be a dead end, rendering the path from IV.a to V.a more
likely the main reaction pathway. It is important to note that
the transformation from IV.a to V.a can only occur after the
chloride rotation has taken place (II!III, recall previous
subsection), where the TS can be the rate-determining state of
the catalytic cycle, depending on the steric demand of the
coordinated ligand.

Butyraldehyde generation

After the formation of the new C�C bond and the associated
CO insertion, a vacancy in the vicinity of the central Rh ion is
formed. This vacancy is filled by another CO molecule to form a
stable octahedral, 18-electron complex. The insertion of CO can
be achieved via three pathways: a) CO directly inserts into the
equatorial P�Rh-P plane (V.a!VI.a) after the migration of the
propyl group, b) from VI.b to V.b, while noteworthy species V.b
could not be generated due to the high activation barrier, or
c) chloride rearrangement from the axial position to the
equatorial P�Rh�P plane, followed by the addition of the CO
molecule into the axial position (V.a!V.c!VI.c). For all our
studied Rh complexes, the formations of both VI.a and VI.c are
exothermic, but VI.a is predicted to be the intermediate with
the lowest energy (see Section 2 in SI for details). Finally, the
product, i. e., butyraldehyde, is obtained by the migration of the
carbonyl group to the axial position, accompanied by the
rearrangement of the chloride (VI.a!I’) taking place in
pathway a), or by the rearrangement of CO (VI.c!I’) into the
equatorial plane in pathway c). As highlighted in Figure 4d, in
most cases, the barrier of the carbonyl group migration in
pathway c) ranges from 20 to 60 kJmol�1 while the respective
barrier for pathway a) is in general ~80 kJmol�1. This indicates
that VI.a is thermally favored, while the generation of
butyraldehyde via path c) is kinetically favored. In summary, the

computational results indicate that in both cases, the final
butyraldehyde product can be obtained, which subsequently
recovers the initial species I’ closing the catalytic cycle.

Finally, from Figures 4a and c, the strong correlations
between driving force and activation barrier of the C�H
activation (I!II) and C�C formation (IV.a!V.a) are evident.
Therefore, the more stable the five-times coordinated structure
(II) is, the lower the activation barrier for the C�H activation is.
The same trend is also observed for the C�C formation process.
This implies that the energy of TSs can be predicted entirely
from the information of the connecting intermediates for step
I!II and step IV.a!V.a via linear free-energy relationships
based on the Bell–Evans–Polanyi principle.[28] On the other side,
the correlation of the TSs and their associated intermediates for
the other steps involved in the reaction mechanism is
unfortunately not as straightforward. An in-depth study on the
utilization of linear free-energy relationships to accelerate the
theoretical prediction in the future is currently under way.

Conclusions

Our in-depth computational study unraveled the complete
catalytic cycle as well as the leading intermediates involved in
the C�H carbonylation of alkanes mediated by bidentate Rh(I)-
phosphine complexes. The mechanistic analysis covers details
on all key steps, including the C�H oxidative addition, the
ligand rearrangement, C�C bond formation and the reductive
elimination. It was found that the TS for the initial reaction step,
namely C�H activation, is related to the rate-determining state
of the catalytic cycle for the vast majority of the investigated Rh
catalysts. In addition, it is noteworthy that via the rearrange-
ment of the chloride, the thermodynamics of the reaction can
be tuned. Based on our computational results, we predict that
the C�H activation step benefits from ligand architectures
decorated by multiple phenyl groups or their derivatives –
possibly due to conjugation that increases the electron density
around the central Rh. On the other hand, decreasing bulkiness
of the ligands can reduce the hinderance in the chloride
rearrangement. Therefore, a flexible ligand architecture with
aromatic rings could potentially increase the performance of
Rh-based catalysts.

Furthermore, the activation barriers and the driving forces
of several elementary reactions in the cycle show strong
correlations, which suggests a great potential for the applica-
tion of machine learning techniques to partially replace the
time-consuming quantum chemical calculations and, thus, to
accelerate the ligand screening process. The identified mecha-
nism and its underlying energy landscape will thus serve as a
basis for the large-scale screening of new phosphine ligands
and the design of the Rh-based catalysts for the C�H activation
and subsequent functionalization of alkanes. In a future study,
we aim to experimentally solidify the suggested mechanism by
in situ spectroscopy studies on the catalytic C�H functionaliza-
tion of alkanes. The focal point of this upcoming investigation
will be the synthesis and application of the best performing
ligands from the present study.

ChemCatChem
Research Article
doi.org/10.1002/cctc.202200854

ChemCatChem 2022, 14, e202200854 (7 of 9) © 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 21.09.2022

2218 / 262455 [S. 245/247] 1

 18673899, 2022, 18, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202200854 by Technische U
niversitat Ilm

enau, W
iley O

nline Library on [31/01/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Computational Section
All quantum chemical simulations were performed using the
Gaussian 16 software package.[29] The [Rh(PLP)(CO)(Cl)] complexes
(Figure 1) featuring a bidentate phosphine ligand were investigated
to evaluate structure-property relationships with respect to the
energy landscape of the catalytic cycle. All these symmetric
bisphosphines consist of three main building blocks: The linker L
that connects the two chelating phosphorus atoms as well as two
different residual groups, R1 and R2, located at each phosphorus
atom. In this study, we selected a basis of 21 different linkers and
62 residual groups for the initial investigation (see Figure S1 and S2
in SI for details). With the aid of SMILES string representation,[30] the
data points in the phosphine-based Rh complex space could be
built in a combinatorial manner in a fully automatic fashion. From
the resulting ligand space of 38,430 ligands and upon removal of
duplicate structures, a set of 20 prototypic ligands was selected to
build the respective Rh complexes. The selection process was done
in R[31] and its package ChemineR[32] via a k-means clustering
analysis. First a 1024-bit long fingerprint was built for each ligand
from its respective atom pair library. The fingerprint uses the 1024
most frequent atom pairs found in the atom pair library.
Subsequently, the fingerprints were used in a k-means clustering
analysis with 10 clusters. From each cluster, two ligands were
randomly selected to represent the entire cluster in the following
detailed mechanistic analysis.

Closed-shell equilibrium structures, i. e., minima and transition
states (TSs) as well as electronic properties of educts, intermediates,
and products involved in the C�H activation of propane (methyl
group activation) and subsequent steps mediated by the Rh
complexes were obtained at the DFT level of theory. The range-
separated wB97XD functional,[33] which was previously successfully
applied in the frame of hydrogen formation in structurally related
transition metal-based catalysts,[34] [5+2] cycloisomerization of
ynamide-vinylcyclopropanes catalyzed by Rh-based catalysts[35] and
hydrosilylation of C=C and C=O bonds mediated by Rh-
complexes[36] was employed. The def2-SVP basis set and the
respective effective core potential (ECP) were utilized for all
atoms.[37] TSs were fully optimized at the same level of theory using
the rational function optimization (RFO) approach[38] as well as
nudged elastic band (NEB) method[39] as implemented in the
pysisyphus[40] software suite. Subsequently, a vibrational analysis
was carried out for each stationary point to verify that a minimum
or first-order saddle point was obtained on the 3N-6-dimensional
potential energy (hyper)surface (PES). The electronic structure, i. e.
chemical bond formation and cleavage, was analyzed in-depth
using the Localized Orbital Locator (LOL)[26] and the Interaction
Region Indicator (IRI)[23] as implemented in Multiwfn.[41] All opti-
mized structures (xyz files) can be found online at the open-source
repository of the European Commission Zenodo (DOI: 10.5281/
zenodo.6865896).
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