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Abstract: The reactivity towards C-H bond activation of alkanes with transition metals is 
determined by the ability of the metal to donate and withdraw electron density in due 
proportion. Manipulating this reactivity in a controlled way is difficult, because the 
hypothesized metal-alkane charge-transfer interactions are challenging to access 
experimentally. Using time-resolved X-ray spectroscopy, we track the charge-transfer 
interactions in a C-H activating Rh complex and reveal changes in oxidation state as well as 
valence-orbital energies and character from femtosecond Rh-alkane bond formation to 
nanosecond C-H bond cleavage. Our X-ray spectroscopic signatures reflect how alkane-to-
metal donation determines metal-alkane bond stability and how metal-to-alkane back-donation 
facilitates C-H bond cleavage by oxidative addition. The ability to dissect charge-transfer 
interactions on an orbital-level provides new opportunities for manipulating reactivity for C-H 
activation with transition metals. 
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The transformation of saturated hydrocarbons under mild conditions into more valuable 
products constitutes a long-standing challenge in chemistry (1–4). Making methane and higher 
alkanes readily available as abundant and cheap raw materials for chemical synthesis relies on 
the ability to selectively and efficiently cleave inert C-H bonds for further functionalization. 
Ever since their first observation (5, 6), photochemical routes employing transition metal 
complexes have become established ways for activating C-H bonds in room-temperature 
solution (1, 2, 4, 7). Photo-induced ligand loss from the metal complex is known to create a 
highly reactive species with an undercoordinated and electron-deficient metal center 
(exemplary scheme in Fig. 1A for the here-studied complex). The metal then rapidly binds an 
alkane C-H group from solution and forms a 𝜎-complex, in which the C-H group coordinates 
with the metal via one of its 𝜎-bonds. Ultimately, by being inserted between C and H in the 
reaction, the metal breaks the C-H bond to form a metal alkyl hydride product. 𝜎-complexes 
are the decisive reaction intermediates and have therefore been extensively studied over the 
past decades in terms of their molecular structure and mechanistic role (8–18). 

Quantum chemical calculations, in particular, suggest that the metal-alkane bond in 𝜎-
complexes is formed by donation of electron density from the occupied C-H 𝜎-orbital into 
unoccupied metal d-orbitals concomitant to back-donation from occupied metal d-orbitals into 
the unoccupied antibonding C-H 𝜎*-orbital (19–22) (similar to, albeit significantly weaker than 
metal-carbonyl bonds as illustrated in Fig. 1B). Both types of interactions at the same time 
enhance metal-alkane bonding and weaken the alkane C-H bond. Since it is the balance of 
back-and-forth charge-transfer via different orbitals which determines whether a 𝜎-complex 
ultimately proceeds to C-H bond cleavage, dissecting individual charge-transfer interactions 
could provide orbital-based design principles as a guide for catalyst development. 
Experimentally, time-resolved infrared spectroscopy has been instrumental in identifying 
reaction intermediates in C-H activation (15) by probing shifts in infrared marker modes of 
spectator ligands. Such shifts are the result of changes in spectator-ligand bond strengths 
induced by changes of the integrated charge-transfer interactions in the complex. Separately 
accessing donation and back-donation to and from the metal in a 𝜎-complex, however, would 
be a way to experimentally correlate individual orbital interactions with reactivity towards C-
H bond cleavage (7). 

Here, we demonstrate a new way to experimentally evaluate metal-ligand charge-transfer 
interactions in C-H activation with metal complexes. Using time-resolved X-ray absorption 
spectroscopy (XAS) at the metal L-edge (23–28), we select in time the short-lived reaction 
intermediates and in space the reactive metal site to interrogate the decisive charge-transfer 
interactions that determine the overall reaction. In two UV-pump and X-ray probe experiments 
at the Swiss Free Electron Laser facility (SwissFEL) and the Swiss Light Source synchrotron 
radiation facility (SLS), we track 𝜎-complex formation and oxidative addition using 
CpRh(CO)2 (where Cp = cyclopentadienyl) (10, 16–18) in octane solution. The time-resolved 
Rh L-edge absorption spectra were recorded by collecting the X-ray fluorescence as a function 
of incident X-ray photon energy around the Rh L3 absorption edge (Fig. 1C and Supporting 
information for experimental details). As in the case of other 4d transition metal complexes 
(25, 29, 30), the Rh L3-edge transitions can be assigned to excitations of Rh 2p core electrons 
to unoccupied molecular orbitals  (see Fig. 1D). Changes in transition energies reflect changes 
in orbital energies, whereas oscillator strengths vary with the degree to which Rh 4d and ligand 
orbitals hybridize (see Supporting Information). In combination with our calculations, this 
provides direct access to back-and-forth charge-transfer interactions along the C-H activation 
reaction down to the level of individual orbitals. 
The steady-state Rh L3-edge absorption spectrum of CpRh(CO)2 shown in Fig. 1D exhibits a 
peak at a photon energy of ~3006 eV that results from excitation of Rh 2p core-electrons into 
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the LUMO, the empty 4d-derived orbital of the Rh(I) d8 ground state configuration. The second 
peak at ~3007.5 eV instead is due to transitions of Rh 2p electrons into unoccupied orbitals of 
mainly CO and Cp ligand character. Through metal-ligand back-donation, these ligand-derived 
orbitals acquire Rh 4d character and become accessible by the Rh 2pàd dipole transitions in 
L3-edge XAS (31). 

Upon laser excitation, as seen in the difference spectrum recorded at a pump-probe time delay 
of 250 fs, a pre-edge peak appears at ~3002.5 eV together with significant bleaching of main 
edge features (Fig. 1D). The temporal evolution of the pre-edge peak intensity, shown as a time 
trace in Fig. 1E, is well-described by a biexponential decay to a meta-stable species (see 
Supporting Information for kinetic model). The two time constants are assigned to CO 
dissociation from excited states of CpRh(CO)2 within (370 ± 50) fs followed by octane 
association within (2.0 ± 0.1) ps. These assignments agree with the timescales for ligand 
substitution in other metal-carbonyls from previous femtosecond measurements (26, 32). Our 
experiment establishes the timescale of formation of the CpRh(CO)-octane 𝜎-complex and the 
spectrum at 10 ps in Fig. 1D constitutes a direct fingerprint of how metal-ligand charge-transfer 

Fig. 1. Basic mechanisms and time-resolved X-ray absorption spectroscopy of C-H activation with 
CpRh(CO)2 in octane solution. (A) Schematic of C-H activation by CpRh(CO)2 via photo-induced oxidative 
addition. (B) Orbital-specific metal-ligand charge-transfer interactions for metal-carbonyl and metal-alkane 
bonds. (C) Schematic of the experiment with UV laser pump pulses triggering the reaction and X-ray pulses 
probing orbital evolution as a function of time delay between pump and probe pulses. Photo-induced reaction 
intermediates and products (as well as ground-state CpRh(CO)2) are characterized with X-ray absorption 
spectroscopy by detecting the Rh fluorescence as a measure of Rh-specific X-ray absorption (see Supplementary 
Information). (D) Steady-state and transient Rh L3-edge absorption spectra at indicated pump-probe time delays 
as well as schematic depiction of the L-edge absorption process (difference spectra are plotted relative to the 
edge-jump of the steady-state spectrum, intensity at 3015 eV, which is normalized to 1, steady-state and 
difference spectrum at delays > 190 ns are scaled for illustration). (E, F) Time traces (intensities versus time 
delay) measured at indicated X-ray photon energies with (E) femtosecond and (F) picosecond time-resolution. 
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interactions change upon substituting a CO by an alkane ligand. On nanosecond timescales, 
the disappearance of the 𝜎-complex pre-edge peak (time trace at 3004.4 eV in Fig. 1F) and the 
simultaneous emergence of a positive absorption feature (time trace at 3006.6 eV in Fig. 1F 
and transient spectrum at nanosecond delay times in Fig. 1D) reflect how the metal-ligand 

Fig. 2. X-ray absorption signatures of 𝜎-complex formation and C-H activation by oxidative addition. (A) 
Experimental spectra at t = 10 ps and > 190 ns (top) compared to calculated spectra of CpRh(CO)-octane and 
CpRh(CO)-H-R (middle, calculated on the B3LYP level of theory (40)). L3-edge transitions and spectra calculated 
for intermediate structures (bottom) illustrate the interconversion of spectral features from reactant to product 
along the C-H activation reaction coordinate (37). Calculated difference spectra are scaled such that the 
CpRh(CO)-octane difference spectrum matches the pre-edge intensity of the experimental spectrum at 10 ps. 
Vertical lines indicate positions of spectral fingerprints a, b and c. (B) Correlation diagram between the valence 
orbitals of CpRh(CO)2, CpRh(CO)-octane and CpRh(CO)-H-R detailing the interconversion of orbital energies 
and character upon ligand substitution and C-H activation. The calculated orbital plots represent the antibonding 
counterpart of the bonding interactions schematically shown in Fig. 1B. For illustration, calculated orbitals are 
displayed with varying isovalues (see Supporting Information). (C) Calculated free energies (top), Rh 4d character 
of LUMO+1 and +3 orbitals (middle) and oscillator strengths of transitions into LUMO+1 and LUMO+3 orbitals 
(bottom) as a function of reaction coordinate of oxidative addition. 
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charge-transfer interactions further change upon C-H activation by oxidative addition. Both 
time traces are modeled with a single exponential yielding a time constant of (13 ± 1) ns, in 
excellent agreement with the ~14 ns for C-H activation of octane with CpRh(CO)2 from time-
resolved IR measurements (16). 

This assignment of the transient X-ray absorption spectra is further validated and detailed by 
the calculated spectra in Fig. 2A. Because shapes and intensities of the measured spectra are 
well-reproduced, we can robustly assign X-ray transitions to underlying charge-transfer 
interactions (see Supporting Information for computational details and discussion on deviations 
between experiment and theory). We use the experiment-theory comparison to extract the 
orbital correlation diagram shown in Fig. 2B. Importantly, this correlation diagram, based on 
robust experimental observations, relates orbital interactions from ligand substitution and 𝜎-
complex formation to C-H bond breaking and oxidative addition. 

Two major effects in metal-ligand bonding of the CpRh(CO)-octane 𝜎-complex compared to 
CpRh(CO)2 are reflected in the 10 ps transient spectrum. First, substituting the strong-field CO 
ligand by the weakly-interacting octane stabilizes (decreases the energy of) the Rh 4d-derived 
LUMO orbital (see LUMO energy levels in Fig. 2B). This is directly reflected in a decrease of 
2pàLUMO transition energies: The pre-edge peak due to 2pàLUMO transitions is shifted to 
lower energy in the 𝜎-complex (3004.2 eV) compared to CpRh(CO)2 (3006 eV, Fig. 2A). 
Second, an overall reduced degree of back-donation in the 𝜎-complex compared to CpRh(CO)2 
lowers the hybridization of ligand orbitals with Rh 4d orbitals. This reduces intensities of the 
Rh 2p transitions to ligand-derived orbitals in the 𝜎-complex and causes the depletion in the 
main-edge region of 3006-3009 eV (Fig. 2A).	

For the subsequent C-H bond breaking and oxidative addition step from the 𝜎-complex to the 
metal alkyl hydride, calculations of the free-energy landscape shown in the top panel of Fig. 
2C suggest a barrier of ~7 kcal/mol and an exothermic reaction. The underlying reaction 
coordinate is constructed from a Nudged-Elastic-Band/TPPSh/Def2-TZVP computation (33–
35). Using the geometries of this reaction path scan, the free-energy landscape was computed 
on the DLPNO-CCSD(T)/Def2-TZVP level of theory (36). While we do not experimentally 
observe the intermediate structures along the reaction coordinate, the L3-edge XAS spectra 
computed for these structures relate the spectral changes from the 𝜎-complex reactant to the 
metal alkyl hydride product, which we observe. The key spectral fingerprint regions (denoted 
as a, b and c in Fig. 2A) can be assigned to excitations of Rh 2p electrons predominantly into 
the LUMO, LUMO+1, LUMO+2 and LUMO+3 orbitals (LUMO+4, +5, … are not discussed 
since they contribute to a negligible degree only). Changes of the features a-c hence report on 
the combined transformations of the four lowest unoccupied orbitals upon C-H bond breaking 
and oxidative addition. 

In line with previous work (37), our calculated reaction coordinate describes the C-H bond 
moving towards the Rh center and, at the same time, the C-H bond elongating and breaking 
until the individual Rh-C and Rh-H bonds are established (cartoon in Fig 2A, bottom). These 
atomic rearrangements destabilize the Rh 4d-derived LUMO orbital due to increasing orbital 
overlap with the approaching C-H group with minor changes in hybridization (Fig. 2B and 
Supporting Information). The corresponding increase of 2pàLUMO transition energies is 
directly observed experimentally by the disappearance of the pre-edge feature a in Fig. 2A 
upon transformation of the 𝜎-complex to the alkyl hydride product: The 2pàLUMO transitions 
shift to higher energy and merge with the main edge of the spectrum, thereby contributing to 
the generation of feature b in the spectrum of the CpRh(CO)-H-R alkyl hydride product. 

LUMO+1 in the 𝜎-complex is the energetically lowest ligand-derived orbital with dominant 
CO π* character and with some Rh 4d admixture due to Rh-CO back-donation (see orbital plots 
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in Fig. 2B). Upon oxidative addition, LUMO+1 shifts to slightly lower energy and, importantly, 
gains significant Rh 4d character (see calculated Rh 4d character in Fig. 2C). The increase is 
so significant that the Rh 4d character becomes the dominating contribution, effectively 
transforming the former ligand-derived orbital into, in addition to the LUMO, a second 
unoccupied Rh 4d-derived orbital (see orbital plots in Fig. 2B). The increase of Rh 4d character 
directly scales with an increase of oscillator strength of the Rh 2pàLUMO+1 transitions (Fig. 
2C). As a result, feature b emerges as a strong peak because it draws intensity from both, the 
LUMO+1 transforming into a second unoccupied Rh 4d-derived orbital and the LUMO shifting 
to higher energy and merging with the main edge (Fig. 2A). Feature b thus reflects the 
combined electronic-structure effects of C-H bond cleavage and oxidative addition. Oxidation 
of the metal center from a Rh(I) (d8) to a Rh(III) (d6) configuration, in particular, is evidenced 
by the occurrence of two unoccupied Rh 4d orbitals. 

The increase of the Rh oxidation state significantly destabilizes LUMO+2 (Fig. 2B) and 
slightly reduces its Rh 4d character (see the calculated Rh 4d character in the Supporting 
information). As the second CO π* orbital, its destabilization hence directly reflects the 
reduction of back-donation from the oxidized metal onto CO π*, which has been argued to 
cause the shift of CO marker modes to higher energy upon C-H activation (15), consistent with 
our results. Finally, LUMO+3 in the 𝜎-complex constitutes the octane C-H 𝜎* orbital with 
weak Rh 4d admixture due to low back-donation from Rh to C-H (orbital plot in Fig. 2B). 
Back-donation, however, increases as the C-H bond is broken and the covalent Rh-C and Rh-
H bonds are formed and so does the Rh 4d character in LUMO+3 (Rh 4d character in Fig. 2C 
and orbital plots with increase in Rh 4d amplitude in Fig. 2B). Accordingly, the oscillator 
strengths of Rh 2pàLUMO+3 transitions strongly increase upon oxidative addition (Fig. 2C). 
Together with the transitions into LUMO+2 shifting towards higher energies, this explains the 
formation of the strong peak c in the alkyl hydride spectrum with an intensity similar to the 
steady-state spectrum of CpRh(CO)2 and considerably stronger than in the  𝜎-complex (Fig. 
2A). Experimentally, this is reflected in negligible intensities in the alkyl hydride difference 
spectrum at the energies of feature c compared to the strong bleaching in the transient 𝜎-
complex spectrum. 

Fig. 3. X-ray orbital view on reactivity modulations in C-H activation by varying the ligand environments 
in 𝜎-complexes. (A) Schematic of the LUMO orbitals of CpRh(CO)-octane and Rh(acac)(CO)-octane with  
variations in metal-ligand bonding (charge-transfer indicated by arrows) and their effect on the affinity for 
oxidative addition (calculated free energies). (B) Calculated difference spectra of CpRh(CO)-octane and 
Rh(acac)(CO)-octane compared to transient difference L3-edge absorption spectra measured at SwissFEL at a 
pump-probe delay time of 10 ps. For comparison, the experimental Rh(acac)(CO)-octane spectrum is scaled to 
match the depletion of the CpRh(CO)-octane. This scaling is validated by the excellent agreement with the 
calculated spectra, which both are shown with the same scaling as in Fig. 2A (see Supporting Information). 
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By experimentally observing individual charge-transfer interactions including the involvement 
of spectator ligands, we verify and expand upon previous notions of orbital transformations 
along C-H activation reactions derived from quantum chemical calculations (38). This 
approach allows us to compare varying charge-transfer interactions in 𝜎-complexes exhibiting 
different reactivities towards C-H activation due to different ligand environments. It has 
previously been shown that replacing the Cp moiety with an acetylacetonate (acac) group leads 
to a stable 𝜎-complex, which, however, does not proceed to oxidative addition of the C-H bond 
(39). Our calculations shown in Fig. 3A suggest a 4.2 kcal/mol stabilization of the 
Rh(acac)(CO)-octane with respect to the CpRhCO-octane 𝜎-complex. Together with the 
endothermic free-energy profile we calculate, this makes the C-H activated product 
unfavorable. We find the extra stabilization of Rh(acac)(CO)-octane to be predominantly due 
to a higher donation from the octane onto the Rh center. This stronger donation is favored by 
the higher charge deficiency at the Rh in the case of the more ionic bond between Rh and the 
acac group compared to Cp (see the Mulliken charges in Tab. 1). 
 
Table 1. Mulliken charge and orbital properties of the CpRh(CO)-octane and Rh(acac)(CO)-
octane 𝜎-complexes (B3LYP level of theory). 

 Rh Mulliken 
charge 

LUMO character 

Rh 4d (%) Cp / acac (%) CO (%) Alkane (%) 

CpRh(CO)-octane 0.37 39.3 28.8 4.2 6.2 

 Rh(acac)(CO)-octane 0.46 52.2 15.2 1.5 9.2 

 

Our calculations predict this variation in ionicity and the related variation in reactivity for C-H 
activation to manifest in the XAS difference spectra of the two 𝜎-complexes as shown in Fig. 
3B. Our experiment directly confirms this prediction. In quantitative agreement with theory, 
the measured spectrum of Rh(acac)(CO)-octane shows a higher pre-edge intensity than 
CpRh(CO)-octane (Fig. 3B). We find this difference to be due to a higher Rh 4d character in 
the LUMO (at the expense of a lower hybridization with the acac group, see Table 1) causing 
the more intense 2pàLUMO pre-edge transitions in Rh(acac)(CO)-octane. This higher Rh 4d 
character, directly correlating with higher Rh ionicity, finally, makes the reaction step to the 
Rh(acac)(CO)-H-R species endothermic. A more charge-deficient Rh(I) center, in the case of 
acac, having a lower propensity to be further oxidized to Rh(III) is consistent with and extends 
established trends in alkane oxidative addition (7). We thus establish a direct measure of how 
the lower hybridization of Rh 4d with spectator-ligand orbitals in the more ionic bond to the 
acac ligands modulates reactivity for C-H activation by unfavorably changing the balance of 
charge-transfer interactions that bind (alkane-to-metal 𝜎-donation) versus those that break the 
C-H bond (propensity for oxidation via metal-to-alkane back-donation). 
Our results demonstrate the value of time-resolved metal-specific L-edge X-ray absorption 
spectroscopy for understanding, on an orbital level, what determines reactivity for C-H 
activation with a metal complex. We anticipate our approach to be used in the future to 
systematically screen 𝜎-complexes and alkyl hydride reaction products to provide a distribution 
of valence orbital energies and character as measures of metal-alkane bond stability and 
propensity towards C-H activation with oxidative addition and, potentially, other mechanisms 
(38). We envision this to extend established trends for reactivity (7) by providing new 
experimentally verified correlations between metal-ligand charge-transfer interactions and 
reactivity for orbital-level control of C-H activation. 
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