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Abstract

Oxidative addition of carbon–hydrogen or carbon–halogen bonds occurs in many reactions 
catalyzed by late transition-metal complexes. Metals of group 9 typically react with C–H bonds 
faster than C–X bonds, while those of group 10 react with C–X bonds faster than C–H bonds. We 
conducted comparative computational studies on the oxidative addition of C–H and C–Cl bonds 
in chlorobenzene to complexes of Rh, Ir, Pd, and Pt. Our calculations show that addition of an aryl 
C–Cl bond to complexes of Rh(I) or Ir(I) is thermodynamically more favorable but kinetically less 
favorable than addition of an aryl C–H bond. Oxidative addition of a C–Cl bond to Pd(0) or Pt(0) 
complexes is also thermodynamically favorable but addition of an aryl C–H bond to Pd(0) or Pt(0) 
is endergonic. Energy decomposition analysis and natural population analysis of the reactions with 
Ir(I) and Pd(0) suggest that interactions in the transition state between the electrophilic Ir(I) and 
the more electron-rich C–H bond are more stabilizing than those between Ir(I) and the more 
electrophilic C–Cl bond, whereas the weakness of the Pd–H bond causes addition of the C–H bond 
to Pd(0) to be endergonic; additional factors, such as Pd(0) and Pt(0) nucleophilicity, also 
contribute to these selectivities.

Keywords: oxidative addition, DFT calculation, energy decomposition analysis

Introduction

The oxidative addition of a single bond (Y–Z) to a transition metal center (M) typically forms 
a new M–Y and a new M–Z bond by cleavage of the Y–Z bond. The formal oxidation state of the 
metal center is increased by +2 in this process.[1] The oxidative additions of carbon–hydrogen (C–
H) and carbon–halogen (C–X) bonds to transition-metal complexes are key steps in many 
important catalytic reactions, such as the functionalization of C–H bonds[2-7] and cross-coupling 
reactions.[8-14] Iridium complexes are well-known to activate or functionalize C–H bonds but are 
rarely reported to undergo oxidative addition of carbon–halogen bonds.[4, 15-18] In contrast, 
palladium complexes readily undergo oxidative additions of carbon–halogen or carbon–
pseudohalogen bonds and catalyze a large variety of cross-coupling reactions, but they rarely 
undergo oxidative addition of C–H bonds.[8-14] Although many Pd-catalyzed functionalizations of 
C–H bonds have been reported, Pd complexes cleave C–H bonds, in almost all cases, by 
electrophilic activation or a concerted-metalation-deprotonation (CMD) mechanism,[19-26] during 
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which the formal oxidation state of the Pd center does not change. Studies on the origins of the 
high selectivity of Pd complexes to oxidatively add C–X bonds over C–H bonds and the high 
selectivity of Ir complexes to oxidatively add C–H bonds over C–X bonds would answer 
fundamental questions about the reactivity of complexes of these transition metals, which catalyze 
a wide range of reactions, and will help establish foundational principles for the future 
development of catalytic reactions.

Computational methods, including density functional theory (DFT) and energy decomposition 
analysis (EDA), have been a powerful tool for understanding the property, reactivity and 
selectivity of transition metal complexes.[27-35] However, most of such studies focused on 
individual types of transition metal complexes or catalysts[36-44] and comparative studies of the 
reactivity and selectivity of complexes containing transition metals from different groups and rows 
are rare. For example, energy barriers were calculated for the oxidative addition of aryl C–H and 
C–Cl bonds to cationic and neutral iridium complexes, but detailed explanation for the selectivity 
of these complexes and comparisons with transition metals from different groups and rows were 
not provided.[36-37] We envision that a comparative analysis of the oxidative addition of C–H and 
C–X bonds to Ir and Pd complexes based on thermodynamic and kinetic data, partial charge, and 
EDA will reveal the key factors that determine the difference in selectivity of these complexes for 
oxidative additions of C–H versus C–X bonds and, thus, facilitate the design of transition metal 
catalysts.

Here, we report computational investigations of the origin of the high selectivity of Pd 
complexes for oxidative addition of C–Cl bonds over C–H bonds and the origin of the high 
selectivity of Ir complexes for oxidative addition of C–H bonds over C–Cl bonds. Density 
functional theory calculations and energy decomposition analysis were performed on the 
(L1)iridium complexes (L1 = 2,6-bis((dimethylphosphino)methyl)pyridine) and (L2)palladium 
complexes (L2 = (1-adamantyl)-di-tert-butylphosphine) undergoing oxidative addition of the C–
H or the C–Cl bond in chlorobenzene (PhCl). To investigate the effect of second-row versus third-
row transition metals on oxidative addition and the effect of the overall charge of the complex, we 
also computed oxidative additions of the same C–H and C–Cl bonds to (L1)rhodium complexes, 
(L2)platinum complexes, and a neutral iridium(I) complex containing an LXL-type ligand L3 (L3 
= bis(2-(dimethylphosphaneyl)phenyl)amide). These computations suggest that oxidative addition 
of an aryl C–H bond by the (L2)Pd(0) complex is endergonic, whereas oxidative addition of an 
aryl C–Cl bond to (L2)Pd(0) is exergonic. Oxidative addition of a C–H bond to the (L1)Ir(I) 
complex is less exergonic than that of a C–Cl bond, but the barrier to oxidative addition of a C–H 
bond to Ir is lower than that of a C–Cl bond. The selectivity of the cationic (L1)Ir complex for the 
oxidative addition of an aryl C–H bond over an aryl C–Cl bond is greater than that of the neutral 
(L3)Ir complex. Oxidative additions of both the C–H and the C–Cl bond to third-row metals is 
more exergonic (or less endergonic) than that to second-row metals, and the barriers to oxidative 
addition to second-row metals are higher than those to third-row metals. Energy decomposition 
analysis and natural population analysis (NPA) reveal that transfer of electron density from the 
breaking bond to Ir occurs before transfer of electron density from Ir to the breaking bond during 
oxidative addition of an aryl C–H or C–Cl bond to iridium complexes, and that a more electron-
donating ligand on Ir leads to an earlier transition state.[45] The cationic (L1)iridium(I) complex is 
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highly selective for oxidative addition of C–H bonds over C–Cl bonds because the stabilization 
afforded by charge transfer between the d orbitals on Ir and the σ and σ* orbitals of the C–H bond 
in the transition state is greater than that between Ir and the C–Cl bond. In contrast, the high 
selectivity of (L2)palladium(0) complexes for the oxidative addition of C–Cl bonds over C–H 
bonds is primarily caused by the endergonicity of the oxidative addition of C–H bonds and the 
weakness of the Pd–H bond (Scheme 1).

Scheme 1. Oxidative addition of the para-C–H bond and the C–Cl bond in chlorobenzene to Group 
9 and Group 10 transition metal complexes and key observations from this work and previous 
experimental studies.

Results and Discussions

1. Selection of Model Systems for Oxidative Additions of C–H and C–Cl Bonds

We chose to study oxidative additions of the C–Cl and C–H bonds in chlorobenzene (PhCl) to 
the cationic Ir complex of the tridentate PNP pincer ligand L1 (L1 = 2,6-
bis((dimethylphosphino)methyl)pyridine), which contains an L-type nitrogen donor, and oxidative 
addition of the same arene to the Pd complex containing the trialkylphosphine ligand L2 (L2 = (1-
adamantyl)-di-tert-butylphosphine) because activation of aryl C–H bonds by Ir(I) complexes 
containing ligands similar to L1 and oxidative addition of aryl halides to (L2)Pd(0) complexes are 
well-documented.[36, 46-48] Iridium complexes of 2,6-bis((di-tert-butylphosphino)methyl)pyridine 
(tBuL1), which is a bulky analog of ligand L1, were reported to undergo selective oxidative 
addition of aryl C–H bonds over aryl C–Cl bonds.[46, 48] Results from calculations on (tBuL1)Ir+ 
complexes are consistent with reported experimental results, suggesting that our choice of ligand 
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L1 is suitable for this study (see Supporting Information). We chose the bulky ligand L2 because 
the monoligated species (L2)Pd(0) was reported to undergo oxidative addition of aryl halides[47] 
and complications caused by competing oxidative addition to Pd(0) species containing different 
numbers of phosphine ligands are avoided. We also computed oxidative addition to the Ir complex 
of a PNP pincer ligand containing an X-type nitrogen donor L3 (L3 = bis(2-
(dimethylphosphino)phenyl)amide) to assess the effect of the charge of the complex on the 
thermodynamics of and barriers to oxidative addition of the C–Cl and C–H bonds and computed 
oxidative addition of the same C–H or C–Cl bond in PhCl to (L1)Rh(I) and (L2)Pt(0) complexes  
to assess the effect of the row of the transition metals (2nd vs 3rd) on the oxidative addition. 
Computations on this set of complexes also revealed the effect of the group (Group 9 versus Group 
10 metals) on the oxidative addition by enabling a comparison between the reactivity of (L1)Rh 
and of (L2)Pd and the reactivity of (L1)Ir and of (L2)Pt.

2. Geometries and Energies of the Reactants, Transition States, and Products

We optimized the geometries and calculated the relative Gibbs free energies (G) of the ground-
state and the transition-state structures in these model oxidative additions. The free-energy 
diagrams of these reactions are shown in Figures 1–5. 

2.1. Oxidative Additions to Cationic Complexes of Transition Metals of Group 9

For reactions with (L1)Ir complexes, the η2-complex between the iridium center and the C(2)–
C(3) double bond of PhCl is the lowest-energy structure ((L1)Ir-SC-1, Figure 1, SC denotes 
“starting complex”) prior to the transition state for oxidative addition. This complex is usually 
formed by displacement of a labile L-type ligand (such as cyclooctene) on the iridium precursor 
by chlorobenzene.[46, 48] The σ-complex between the Ir center and the C–Cl bond of PhCl ((L1)Ir-
SC-2, Figure 1), which is 5.1 kcal/mol higher in energy than (L1)Ir-SC-1, was located as another 
local minimum geometry at this stage of the reaction coordinate. We computed the pathway for 
oxidative addition of the C–H bond that is para- to the Cl atom in the PhCl within (L1)Ir-SC-1 to 
form the product (L1)Ir(H)(Ar). Although oxidative addition of the C–H bond that is ortho to the 
chlorine in PhCl to (L1)Ir(I) and (L1)Rh(I) complexes is kinetically and thermodynamically more 
favorable than addition of the para-C–H bond (see Supporting Information), we chose to study 
oxidative addition of the para-C–H bond because interactions between the chlorine and the metal 
center are negligible during this reaction and do not complicate our analysis of the C–H activation 
process.
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Figure 1. Free-energy diagram for the oxidative addition of the para-C–H bond (blue pathway) 
and the C–Cl bond (orange pathway) in PhCl to a cationic (L1)Ir(I) complex.

The σ-complex (L1)Ir-SC-2 undergoes oxidative addition of the C–Cl bond to form the 
product (L1)Ir(Cl)(Ph), which adopts the square pyramidal geometry with the phenyl ligand 
occupying the axial position. The oxidative addition of the C–Cl bond to the cationic (L1)Ir 
complex (ΔG(Ir-Cl) = -26.5 kcal/mol) is more exergonic than that of the C–H bond (ΔG(Ir-H) 
= -3.6 kcal/mol), but the barrier to oxidative addition of the C–Cl bond to (L1)Ir (ΔG‡(Ir-Cl) = 
18.6 kcal/mol) is higher than that for oxidative addition of the C–H bond (ΔG‡(Ir-H) = 7.8 kcal/mol, 
Figure 5.1). The large difference between the barriers to oxidative additions of the C–H and the 
C–Cl bond (ΔΔG‡ = 10.8 kcal/mol) suggests that (L1)Ir+ undergoes solely oxidative addition of 
the C–H bond when reacting with PhCl. Such high selectivity of (L1)Ir complexes for oxidative 
addition of carbon–hydrogen bonds over carbon–halogen bonds was confirmed by experimental 
results on similar iridium complexes containing pincer ligands that are more sterically hindered 
than L1 (see Supporting Information) and are consistent with previously reported computational 
studies on similar complexes.[36-37, 48-49]

The computed energies for the oxidative addition of the C–H and C–Cl bonds of chlorobenzene 
to the analogous cationic (L1)Rh(I) are shown in Figure 2. Like the reactants (L1)Ir-SC-1 and 
(L1)Ir-SC-2, the π-complex between the Rh center and PhCl (Rh-SC-1), as well as the σ-complex 
between Rh and the C–Cl bond in PhCl (Rh-SC-2), were computed to be local minima prior to the 
transition states for oxidative additions involving (L1)Rh complexes. The σ-complex between Rh 
and the ortho-C–H bond in PhCl (Rh-SC-3) is a third stable complex in this portion of the reaction 
coordinate and was computed to lie 7.4 kcal/mol higher in free energy than Rh-SC-1. 
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The structures of the transition states and the products for the oxidative addition of C–H or C–
Cl bonds to the cationic (L1)Rh fragment are similar to their Ir analogues. The oxidative additions 
of C–H and C–Cl bonds to (L1)Rh+ are less thermodynamically favorable than the oxidative 
additions to (L1)Ir+ (ΔG(Ir-H) = -3.6 kcal/mol, ΔG(Rh-H) = 7.0 kcal/mol; ΔG(Ir-Cl) = -26.5 
kcal/mol, ΔG(Rh-Cl) = -18.2 kcal/mol), and these thermodynamic data are consistent with the 
known trend of weaker metal–hydrogen, metal–carbon and metal–halogen bonds to second-row, 
late transition metals than to third-row, late transition metals.[1] In the case of late transition metals 
from Group 9, the Ir–H bond is stronger than the Rh–H bond because the former is more ionic 
than the latter.[50] These computed data are also consistent with experimental reports that oxidative 
additions of C–H bonds to Rh(I) complexes are less thermodynamically favorable than those to 
analogous Ir(I) complexes.[51-54] For example, the oxidative addition of aryl C–H bonds to a 
rhodium(I) complex typically requires a strong base, and a stable Rh(III)(H)(Ar) complex has not 
been isolated.[55-57] In contrast, iridium(I) complexes readily cleave C–H bonds in the absence of 
bases, and several stable Ir(III)(H)(Ar) complexes have been isolated.[46, 58] The computed barrier 
for oxidative addition of the aryl C–H bonds to the cationic (L1)Rh(I) is higher than that for 
oxidative addition to the cationic (L1)Ir(I) (ΔG‡(Ir-H) = 7.8 kcal/mol, ΔG‡(Rh-H) = 13.7 kcal/mol), 
whereas the barrier to oxidative addition of the C–Cl bond to (L1)Rh(I)+ is similar to that for 
oxidative addition to (L1)Ir(I)+ (ΔG‡(Ir-Cl) = 18.6 kcal/mol, ΔG‡(Rh-Cl) = 17.0 kcal/mol). The 
difference between the barriers to oxidative additions of a C–H and a C–Cl bond to (L1)Rh+ 
(ΔΔG‡(Rh) = 3.3 kcal/mol) is much smaller than the corresponding value for (L1)Ir+ (ΔΔG‡(Ir) = 
10.8 kcal/mol), indicating that Rh(I) complexes are less selective for the oxidative addition of an 
aryl C–H bond over an aryl C–Cl bond than Ir(I) complexes are. Indeed, several rhodium(I) 
complexes were reported to cleave aryl–halide bonds over aryl C–H bonds[59-62] because the 
difference between barriers is small and because oxidative addition of a C–H bond is less 
thermodynamically favorable than that of a carbon–halogen bond.
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Figure 2. Free-energy diagram of the oxidative addition of the para-C–H bond (blue pathway) 
and the C–Cl bond (orange pathway) in PhCl to (L1)Rh(I) complexes.

2.2. Oxidative Additions to a Neutral Ir Complex Containing an LXL-type Pincer Ligand

Neutral Ir complexes containing LXL-type pincer ligands have been reported to undergo 
selective oxidative addition of aryl C–H bonds over C–Cl bonds.[37, 58] To determine the effects of 
the charge of the complex on the oxidative addition of C–Cl and C–H bonds, we computed the 
ground-state and transition-state structures for oxidative additions to the neutral (L3)Ir complex 
(Figure 3), which is structurally closely related to the cationic (L1)Ir. The formal oxidation state 
of Ir in both (L1)Ir and (L3)Ir complexes is +1. The π-complex between the (L3)iridium center 
and the C(3)–C(4) bond in PhCl ((L3)-Ir-SC-1) was the lowest-energy structure located prior to 
the transition states. Stable σ-complexes between the metal center and a C–H or a C–Cl bond, 
which were located for the cationic Ir and Rh complexes ((L1)Ir-SC-2, Rh-SC-2, and Rh-SC-3), 
were not found for the neutral (L3)Ir complex. Oxidative addition of the C–Cl bond to (L3)Ir is 
more exergonic by 3.6 kcal/mol than to (L1)Ir+ (ΔG((L1)Ir-Cl) = -26.5 kcal/mol, ΔG((L3)Ir-Cl) 
= -30.1 kcal/mol) and the barrier to oxidative addition of the C–Cl bond to (L3)Ir is slightly higher 
than to (L1)Ir+ by 1.6 kcal/mol (ΔG‡((L3)Ir-Cl) = 20.2 kcal/mol, Figure 3; ΔG‡((L1)Ir-Cl) = 18.6 
kcal/mol, Figure 1). Oxidative addition of the para-C–H bond in PhCl to the neutral (L3)Ir 
complex was computed to be exergonic by -3.9 kcal/mol, which is similar to the corresponding 
value for the cationic (L1)Ir complex (ΔG((L1)Ir-H) = -3.6 kcal/mol, Figure 1). However, the 
computed barrier to oxidative addition of the C–H bond to the neutral (L3)Ir (ΔG‡((L3)Ir-H) = 
17.3 kcal/mol, Figure 3) is significantly higher than the corresponding barrier for (L1)Ir+ 
(ΔG‡((L1)Ir-H) = 7.8 kcal/mol, Figure 1). Indeed, the barrier to oxidative addition of the C–H 
bond to the neutral (L3)Ir is comparable to the barrier to oxidative addition of the C–Cl bond to 
the same (L3)Ir complex. These results are consistent with reported experimental data[46, 58] 
suggesting that the selectivity of cationic (PNP)Ir complexes for oxidative addition of aryl C–H 
bonds over C–X bonds is greater than that of the neutral (PNP)Ir complexes. The bond lengths of 
the C–H and the C–Cl bonds that are being cleaved in the transition states for the neutral (L3)Ir 
complex are shorter than those in the transition states for the cationic (L1)Ir (C–H bond length in 
(L3)Ir-H-TS = 1.128 Å, C–H bond length in (L1)Ir-H-TS = 1.436 Å; C–Cl bond length in (L3)Ir-
Cl-TS = 1.799 Å, C–Cl bond length in (L1)Ir-Cl-TS = 1.909 Å), whereas the distances between 
Ir and the two atoms in the bond that is being broken in the transition states for (L3)Ir are longer 
than those in the transition states for (L1)Ir+. These results suggest that the transition states for 
oxidative additions to the neutral (L3)Ir complex are earlier than those to the cationic (L1)Ir 
complex, especially for the oxidative addition of the C–H bond.
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Figure 3. Free-energy diagram of the oxidative addition of the para-C–H bond (blue pathway) 
and the C–Cl bond (orange pathway) in PhCl to (L3)Ir(I) complexes.
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2.3. Oxidative Additions to Complexes of Transition Metals of Group 10
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Figure 4. Free-energy diagram for the oxidative addition of the para-C–H bond (blue pathway) 
and the C–Cl bond (orange pathway) in PhCl to (L2)Pd(0) complexes.

The computed energies for oxidative addition of the para-C–H bond and the C–Cl bond in 
PhCl to (L2)Pd(0) are shown in Figure 4. The complex between (L2)Pd and the π-bond between 
C(2) and C(3) in PhCl (Pd-SC) was computed to be the lowest-energy structure prior to the 
transition states for either type of oxidative addition. This complex is formed by substitution of 
one L2 ligand in (L2)2Pd, which is the resting state of the catalytic reaction, by chlorobenzene.[47] 
Oxidative addition of the C–Cl bond to Pd forms the three-coordinate, T-shaped product 
Pd(Cl)(Ph), in which the phosphine and the chloride ligands are trans to each other. This reaction 
is exergonic (ΔG(Pd-Cl) = -13.7 kcal/mol) and is computed to occur with a relatively low barrier 
(ΔG‡(Pd-Cl) = 13.6 kcal/mol). In contrast, oxidative addition of the para C–H bond to (L2)Pd(0) 
is endergonic (ΔG(Pd-H) = 23.4 kcal/mol), and the barrier to oxidative addition of the C–H bond 
(ΔG‡(Pd-H) = 23.9 kcal/mol) is significantly higher than that of the C–Cl bond (∆∆G‡ = 10.3 
kcal/mol). In agreement with Hammond’s postulate, the structure of transition state Pd-H-TS is 
similar to that of the product Pd(H)(Ar). The small difference in energy (0.5 kcal/mol) between 
Pd-H-TS and Pd(H)(Ar) also implies that reductive elimination to form the C–H bond from the 
arylpalladium hydride is nearly barrierless.
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Figure 5. Free-energy diagram of the oxidative addition of the para-C–H bond (blue pathway) 
and the C–Cl bond (orange pathway) in PhCl to (L2)Pt(0) complexes.

The structures of reactant complexes, transition states, and products of the oxidative addition 
of C–H and C–Cl bonds in PhCl to the (L2)Pt(0) unit (Figure 5) are similar to those of the Pd 
counterparts (shown in Figure 4). Oxidative addition of the C–H bond to (L2)Pt(0) is less 
endergonic than that to (L2)Pd(0) (ΔG(Pt-H) = 9.0 kcal/mol, ΔG(Pd-H) = 23.4 kcal/mol), and 
oxidative addition of the C–Cl bond to Pt is more exergonic than that to Pd (ΔG(Pt-Cl) = -23.9 
kcal/mol, ΔG(Pd-Cl) = -13.7 kcal/mol). Like the energetic differences between reactions with Rh 
and Ir complexes (vide supra), these data agree with the trend that the metal–hydrogen, metal–
carbon and metal–halogen bonds to second-row, late transition metals are weaker than those to 
third-row late transition metals.[1] The computed barrier for oxidative addition of the C–H bond to 
the (L2)Pt(0) complex is lower than that to (L2)Pd(0) (ΔG‡(Pt-H) = 15.9 kcal/mol, ΔG‡(Pd-H) = 
23.9 kcal/mol), whereas the barrier for oxidative addition of the C–Cl bond to (L2)Pt(0) is similar 
to that to (L2)Pd(0) (ΔG‡(Pt-Cl) = 14.7 kcal/mol, ΔG‡(Pd-Cl) = 13.6 kcal/mol) even though 
oxidative addition of the C–Cl bond to Pt is more exergonic than that to Pd.

3. Thermodynamics of the Oxidative Additions and Correlations with Bond Strengths

To investigate the correlation between the strengths of the bonds that are broken or formed 
during the oxidative additions to (L1)Ir, (L3)Ir, (L1)Rh, (L2)Pd, and (L2)Pt complexes and the 
thermodynamics of these reactions, we computed the vertical bond dissociation energies (vBDEs) 
of the C–H, C–Cl, M–H, and M–Cl bonds that are broken or formed during these reactions. These 
results are summarized in Table 1. Vertical bond dissociation energies (vBDEs) are equivalent to 
the interaction energy in a distortion/interaction analysis of single bonds and, therefore, provide 
an estimate of the relative strengths of chemical bonds and thermodynamics of the reactions. These 
data show that the vBDE of a C(aryl)–H bond is higher than that of a C(aryl)–Cl bond (entries 21–
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22), whereas the vBDE of a metal–hydrogen bond is lower than that of a metal–chlorine bond for 
each metal. These data are consistent with our computational results showing that oxidative 
addition of a C(aryl)–H bond to a metal center is less exergonic than that of a C(aryl)–Cl bond. 
Data from Table 1 indicate that the vBDEs of M–H and M–Cl bonds for third-row transition metals 
(Ir, Pt) are higher than those for second-row metals (Rh, Pd). This trend is consistent with our 
computations showing that oxidative additions of C–H or C–Cl bonds to (L1)Ir are more exergonic 
than to (L1)Rh and that oxidative additions of these bonds to (L2)Pt are more thermodynamically 
favorable than to (L2)Pd. Electronegativities of elements in different oxidation states and with 
different coordinate numbers have been evaluated[63] and computational studies suggested that a 
more electronegative transition metal generally forms a stronger M–H bond than a less 
electronegative transition metal does.[50] Our vBDE values are consistent with this trend since Ir(III) 
(𝜒 = 1.664) is more electronegative than Rh(III) (𝜒 = 1.622) and Pt(II) (𝜒 = 1.432) is more 
electronegative than Pd(II) (𝜒 = 1.346). Specifically, the Pd–H bond (entry 14) is the weakest 
among all calculated metal–hydrogen bonds and the Pd–C(Ar) and Pd–C(Ph) bonds (entries 13 
and 15) are the weakest among all calculated M–C(Ar) and M–C(Ph) bonds, respectively. Such 
weakness of Pd–H and Pd–C bonds is consistent with the high endergonicity of oxidative addition 
of an aryl C–H bond to (L2)Pd.

Table 1. Computed vertical bond dissociation energies (vBDEs) of C–H, C–Cl, M–H, and M–Cl 
bonds that are broken or formed during reactions with Rh, Ir, Pd, and Pt complexes.

Entry Compound Bond vBDE (kcal/mol)
1 (L1)Ir(H)(Ar) Ir–C(Ar) 98.9
2 (L1)Ir(H)(Ar) Ir–H 81.5
3 (L1)Ir(Cl)(Ph) Ir–C(Ph) 78.6
4 (L1)Ir(Cl)(Ph) Ir–Cl 107.4
5 (L3)Ir(H)(Ar) Ir–C(Ar) 95.4
6 (L3)Ir(H)(Ar) Ir–H 76.4
7 (L3)Ir(Cl)(Ph) Ir–C(Ph) 73.5
8 (L3)Ir(Cl)(Ph) Ir–Cl 111.0
9a Rh(H)(Ar) Rh–C(Ar) 84.7
10 Rh(H)(Ar) Rh–H 71.4
11 Rh(Cl)(Ph) Rh–C(Ph) 69.5
12 Rh(Cl)(Ph) Rh–Cl 97.1
13 Pd(H)(Ar) Pd–C(Ar) 78.3
14 Pd(H)(Ar) Pd–H 65.4
15 Pd(Cl)(Ph) Pd–C(Ph) 64.0
16 Pd(Cl)(Ph) Pd–Cl 103.5
17 Pt(H)(Ar) Pt–C(Ar) 93.3
18 Pt(H)(Ar) Pt–H 82.0
19 Pt(Cl)(Ph) Pt–C(Ph) 83.7
20 Pt(Cl)(Ph) Pt–Cl 110.5
21 PhCl C–Cl 101.9
22 PhCl para-C–H 120.1

Page 11 of 25 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

8:
30

:2
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6SC00090H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00090h


12

4. Energy Decomposition Analysis of Transition States and Ground States

To investigate the factors that influence the barriers to oxidative addition of C–H and C–Cl 
bonds in PhCl to complexes containing Rh, Ir, Pd, and Pt, we conducted energy decomposition 
analysis (EDA) of the transition states and reactants by partitioning each structure into two 
fragments: one containing chlorobenzene and the other containing the metal center and the ligand 
L1, L2 or L3. The results are summarized in Tables 2(A) and 2(B). In the following subsections, 
we rationalize the trends in barriers to oxidative addition based on the data from EDA.

Table 2(A). Results from Energy Decomposition Analysis of the Ground States and Transition 
States of Oxidative Addition of the C–H and C–Cl Bonds in Chlorobenzene to Complexes of Ir, 
Rh, Pd, and Pt.a

Structure ΔEFRZ ΔEPOL ΔECT ΔEML ΔELM ΔEINT ΔEGD
PhCl ΔEGD

(L)M ΔEGD + 
ΔEINT

(L1)Ir-SC-
1 74.6 -54.8 -76.7 -37.0 -33.1 -56.9 12.3 4.7 -39.9

(L1)Ir-H-
TS 98.5 -72.4 -97.8 -42.3 -43.1 -71.7 40.6 5.6 -25.5

(L1)Ir-Cl-
TS 67.2 -41.2 -63.6 -33.4 -26.5 -37.6 13.4 4.4 -19.7

(L3)Ir-SC-
1 94.6 -64.1 -90.0 -52.3 -28.4 -59.5 16.3 2.6 -40.7

(L3)Ir-H-
TS 34.1 -24.7 -34.2 -13.7 -15.5 -24.8 1.6 1.3 -21.8

(L3)Ir-Cl-
TS 42.1 -25.3 -42.0 -19.6 -17.1 -25.3 3.4 3.4 -18.4

Rh-SC-1 30.2 -21.6 -51.4 -25.9 -21.9 -42.8 7.8 2.7 -32.3
Rh-H-TS 61.5 -43.4 -102.3 -53.6 -36.0 -84.3 69.0 3.6 -11.7
Rh-Cl-TS 51.1 -26.8 -64.3 -40.2 -20.3 -40.0 24.1 3.5 -12.5

Pd-SC 29.3 -15.9 -44.4 -30.8 -11.6 -31.0 3.7 1.6 -25.8
Pd-H-TS 60.9 -58.9 -94.7 -63.0 -24.7 -92.6 93.0 3.9 4.3
Pd-Cl-TS 43.6 -18.7 -55.5 -42.4 -10.9 -30.6 16.2 1.6 -12.8

Pt-SC 64.0 -37.7 -65.3 -38.2 -22.6 -38.9 5.9 3.9 -29.1
Pt-H-TS 108.4 -82.9 -102.5 -56.5 -36.4 -77.0 59.3 7.8 -9.9
Pt-Cl-TS 39.3 -20.7 -42.1 -24.3 -15.9 -23.4 5.3 1.4 -16.7

aAll energies are reported in kcal/mol. Abbreviations: ΔEFRZ = change in energy attributable to the frozen density 
term; ΔEPOL = change in energy attributable to the polarization term; ΔECT = change in energy attributable to the 
charge transfer term; ΔEML = the part of ΔECT caused by charge transfer from the metal-containing fragment to 
the PhCl fragment; ΔELM = the part of ΔECT caused by charge transfer from PhCl to the metal-containing fragment; 
ΔEINT = ΔEFRZ + ΔEPOL + ΔECT, the total interaction energy; ΔEGD

PhCl = destabilization caused by distorting the 
geometry of the PhCl fragment from its isolated, lowest-energy ground-state structure; “GD” stands for geometry 
distortion; ΔEGD

(L)M = destabilization caused by distorting the geometry of the (L)M (L = L1, L2, or L3, M = Ir, 
Rh, Pt, or Pd) fragment from its isolated, lowest-energy ground-state structure.
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Table 2(B). Difference in Each EDA Term between the Transition State to Oxidative Addition of 
the C–H Bond and That of the C–Cl Bond

Process ∆ΔEFR

Z

∆ΔEPO

L
∆ΔECT

∆ΔEM

L

∆ΔEL

M
∆ΔEINT

∆ΔEGD-
PhCl

∆ΔEGD-
(L)M

∆ΔEGD + 
Δ∆EINT 

(= ∆∆E‡)
(L1)Ir-H-

TS → 
(L1)Ir-
Cl-TS

-31.3 31.2 34.2 8.9 16.6 34.1 -27.2 -1.2 5.8

(L3)Ir-H-
TS → 

(L3)Ir-
Cl-TS

7.9 -0.6 -7.8 -5.8 -1.6 -0.5 1.8 2.1 3.4

Rh-H-TS 
→ Rh-Cl-

TS
-10.4 16.6 38.0 13.4 15.7 44.3 -44.9 -0.1 -0.8

Pd-H-TS 
→ Pd-Cl-

TS
-17.3 40.2 39.2 20.6 13.8 62.0 -76.8 -2.3 -17.1

Pt-H-TS 
→ Pt-Cl-

TS
-69.1 62.2 60.4 32.2 20.5 53.6 -54.0 -6.4 -6.8

aAll energies are reported in kcal/mol. Abbreviations: ∆ΔEFRZ = energy change attributable to the frozen density 
term; ∆ΔEPOL = energy change attributable to the polarization term; ∆ΔECT = energy change attributable to the 
charge transfer term; ∆ΔEML = the part of ∆ΔECT caused by charge transfer from the metal-containing fragment 
to the PhCl fragment; ∆ΔELM = the part of ∆ΔECT caused by charge transfer from PhCl to the metal-containing 
fragment; ∆ΔEINT = ∆ΔEFRZ + ∆ΔEPOL + ∆ΔECT, the total interaction energy; ∆ΔEGD

PhCl = destabilization caused by 
distorting the geometry of the PhCl fragment from the C–H oxidative addition TS geometry to the C–Cl oxidative 
addition TS geometry; “GD” stands for geometry distortion; ∆ΔEGD

(L)M = destabilization caused by distorting the 
geometry of the (L)M (L = L1, L2, or L3, M = Ir, Rh, Pt, or Pd) fragment from the C–H oxidative addition TS 
geometry to the C–Cl oxidative addition TS geometry.

4.1. Barriers to Oxidative Addition of C(aryl)–H Bonds to Complexes of Second-row Transition 
Metals are Higher than Those to Complexes of Third-row Transition Metals Because the PhCl 
Fragment in Transition States of Second-row Metals is Highly Distorted

A comparison between Figures 1 and 2 indicates that the barrier to oxidative addition of the 
aryl C–H bond to the cationic (L1)Rh is 5.9 kcal/mol higher than that to the analogous (L1)Ir. 
Likewise, a comparison between Figures 4 and 5 indicates that the barrier to oxidative addition of 
the aryl C–H bond to (L2)Pd is 8.0 kcal/mol higher than that to the analogous (L2)Pt. Energy 
decomposition analysis of the transition states suggests that the C–H bond in the PhCl fragment in 
the transition states for reactions with second-row metals is more distorted than it is with third-
row metals and that this relative degree of distortion is the primary cause of the difference in barrier 
for oxidative addition to second-row transition metals versus third-row metals. For example, the 
difference between interaction energies of transition states (L1)Ir-H-TS and Rh-H-TS 
(ΔEINT((L1)Ir-H-TS) = -71.7 kcal/mol, ΔEINT((L1)Rh-H-TS) = -84.3 kcal/mol, a difference of 
12.6 kcal/mol) is much smaller than the difference between distortion energies of the PhCl 
fragment in Rh-H-TS and (L1)Ir-H-TS (ΔEGD

PhCl(Rh-H-TS) = 69.0 kcal/mol, ΔEGD
PhCl((L1)Ir-
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H-TS) = 40.6 kcal/mol, a difference of 28.4 kcal/mol). The interaction energy between the PhCl 
fragment and the (L2)M fragment in Pd-H-TS is 15.6 kcal/mol more stabilizing than that in Pt-
H-TS (ΔEINT(Pd-H-TS) = -92.6 kcal/mol, ΔEINT(Pt-H-TS) = -77.0 kcal/mol) but the 
destabilization caused by distortion of the PhCl fragment in Pd-H-TS is 33.7 kcal/mol larger than 
that in Pt-H-TS (ΔEGD

PhCl(Pd-H-TS) = 93.0 kcal/mol, ΔEGD
PhCl(Pt-H-TS) = 59.3 kcal/mol). For 

transition metals from either Group 9 or Group 10, the difference in ΔEGD
PhCl between second-row 

and third-row metals is much larger than the difference in ΔEINT or ΔEGD
(L)M and, therefore, is the 

main contributor to the difference in barrier to oxidative addition for second-row versus third-row 
transition metals.

Table 3. Bond Length of the para-C–H Bond in the PhCl Fragment in Computed Structures
Entry Structure para-C–H Bond Length (Å)

1 PhCl 1.092
2 Rh-H-TS 1.672
3 (L1)Ir-H-TS 1.436
4 Pd-H-TS 1.951
5 Pt-H-TS 1.616

As shown in Table 3, the para-C–H bond in PhCl that is being cleaved in transition state Rh-
H-TS is longer than that in (L1)Ir-H-TS (entries 2–3), and the same bond that is being cleaved in 
transition state Pd-H-TS is longer than that in Pt-H-TS (entries 4–5). The greater distance between 
the carbon and the hydrogen atoms undergoing oxidative addition in the transition states involving 
second-row metals is consistent with the greater degree of distortion of the PhCl fragment in these 
structures, as determined from energy decomposition analysis. These results indicate that the 
transition states to oxidative addition of the aryl C–H bond to second-row transition metals are 
later in the reaction coordinate than those to third-row transition metals. These trends are consistent 
with the periodic trend in polarizability of late transition metals. We propose that less elongation 
of the C–H bond in PhCl is required to achieve the greatest overlap between the σ* orbital of the 
C–H bond and the d orbitals on the Ir or Pt centers than is required for that on the Rh or Pd centers 
because a third-row transition metal is more polarizable than a second-row transition metal.

4.2. The Electrophilicity of Ir(I) Leads to High Selectivity of Ir Complexes for Oxidative Addition 
of C–H Bonds over C–Cl Bonds

Energy decomposition analysis of transition states (L1)Ir-H-TS and (L1)Ir-Cl-TS suggests 
that the PhCl fragment in (L1)Ir-H-TS is more distorted than that in (L1)Ir-Cl-TS 
(ΔEGD

PhCl((L1)Ir-H-TS) = 40.6 kcal/mol, ΔEGD
PhCl((L1)Ir-Cl-TS) = 13.4 kcal/mol), whereas the 

total interaction energy between the PhCl fragment and the (L1)Ir fragment in (L1)Ir-H-TS is 
more negative, i.e., more stabilizing, than that in (L1)Ir-Cl-TS (ΔEINT((L1)Ir-H-TS) = -71.7 
kcal/mol, ΔEINT((L1)Ir-Cl-TS) = -37.6 kcal/mol). These data suggest that (L1)Ir-H-TS is a later 
transition state than (L1)Ir-Cl-TS is. Similar analyses of the ΔEGD

PhCl and the ΔEINT term for 
transition states containing (L1)Rh, (L2)Pd, and (L2)Pt (see Table 2(A)) reveal the same trend: 
the transition states for oxidative addition of an aryl C–H bond to these complexes are later than 
those for oxidative addition of an aryl C–Cl bond.
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The difference between the interaction energies of the two transition states containing (L1)Ir 
(ΔEINT((L1)Ir-H-TS) – ΔEINT((L1)Ir-Cl-TS) = -34.1 kcal/mol) is larger than the difference 
between the distortion energy of these transition states (ΔEGD

PhCl((L1)Ir-H-TS) – 
ΔEGD

PhCl((L1)Ir-Cl-TS) = 27.2 kcal/mol). Therefore, significant stabilization afforded by 
electronic interactions between the Ir center and the aryl C–H bond that is being cleaved in the 
transition state contributes to the low barrier to oxidative addition of aryl C–H bonds to Ir 
complexes. Such stabilizing electronic interactions are partially reflected in ΔEML and ΔELM, 
which represent stabilization caused by charge transfer from the metal to the arene and from the 
arene to the metal, respectively. As shown in Table 2, ΔEML((L1)Ir-H-TS) is 8.9 kcal/mol more 
stabilizing than ΔEML((L1)Ir-Cl-TS), and ΔELM((L1)Ir-H-TS) is 16.6 kcal/mol more 
stabilizing than ΔELM((L1)Ir-Cl-TS). This comparison indicates that the interactions between d 
orbitals on Ir and the σ and σ* orbitals of the C–H bond are more stabilizing than those between d 
orbitals on Ir and the orbitals of the C–Cl bond in the two transition states.

To understand why orbital interactions between Ir and a C–H bond are more stabilizing than 
those between Ir and a C–Cl bond, we conducted Natural Population Analysis of ground states and 
transition states for the oxidative additions of C–H and C–Cl bonds to the cationic (L1)Ir complex. 
Results from such analysis indicate that the partial charge on Ir changes from -0.02 ((L1)Ir-SC-1) 
to -0.12 ((L1)Ir-H-TS), and then to +0.10 ((L1)Ir(H)(Ar)) during oxidative addition of the C–H 
bond, and the sum of partial charges on the carbon and hydrogen atoms of the C–H bond that is 
being cleaved changes from -0.10 ((L1)Ir-SC-1) to +0.04 ((L1)Ir-H-TS), and then to -0.09 
((L1)Ir(H)(Ar), Table 4(A), left). These results suggest that transfer of electron density from the 
occupied σ orbital of the C–H bond to the vacant d orbitals of Ir occurs before the transfer of 
electron density from the occupied d orbital of Ir to the vacant σ* orbital of the C–H bond, and the 
Ir center contains partial negative charge in the transition state, despite the overall +1 charge of 
the whole complex. We propose that such transfer of electron density from the C–H bond to the 
positively charged, electrophilic (L1)Ir fragment stabilizes the transition state for oxidative 
addition of the C–H bond.

Table 4(A). Natural charges of atoms in the ground states and transition states for oxidative 
addition of C–H and C–Cl bonds to (L1)Ir complexes.

Structure Atoma Chargeb Structure Atoma Chargeb

Ir -0.02 Ir -0.24
α-H 0.25 Cl 0.17(L1)Ir-SC-1

α-C(Ar) -0.35
(L1)Ir-SC-2

α-C(Ar) -0.05
Ir -0.12 Ir 0.00

α-H 0.25 Cl 0.03(L1)Ir-H-TS
α-C(Ar) -0.21

(L1)Ir-Cl-TS
α-C(Ar) -0.02

Ir 0.10 Ir 0.37
α-H 0.15 Cl -0.46(L1)Ir(H)(Ar)

α-C(Ar) -0.24
(L1)Ir(Cl)(Ph)

α-C(Ar) -0.07
aα-C(Ar) refers to the carbon atom in PhCl that is bound to Ir in the product (L1)Ir(H)(Ar) or (L1)Ir(Cl)(Ph); α-
H refers to the hydrogen atom that is bound to α-C(Ar) in PhCl; bcharge is determined by natural population 
analysis.
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Similar analysis of the oxidative addition of a C–Cl bond to (L1)Ir shows that the partial charge 
on Ir decreases from -0.02 ((L1)Ir-SC-1) to -0.24 ((L1)Ir-SC-2) as the reaction progresses from 
the lowest-energy reactant (L1)Ir-SC-1 to the σ-complex (L1)Ir-SC-2. Between (L1)Ir-SC-2 and 
the product for oxidative addition, the partial charge on Ir increases monotonically from -0.24 
((L1)Ir-SC-2) to 0.00 ((L1)Ir-Cl-TS), and then to 0.37 ((L1)Ir(Cl)(Ph)), whereas the partial 
charge on Cl decreases monotonically from 0.17 ((L1)Ir-SC-2) to 0.03 ((L1)Ir-Cl-TS), and then 
to -0.46 ((L1)Ir(Cl)(Ph)), and the partial charge on carbon undergoes little change (Table 4(A), 
right). The more negative partial charge on Ir (-0.24) in (L1)Ir-SC-2 than that in (L1)Ir-SC-1 (-
0.02) and the partial positive charge on Cl (+0.17) in the σ-complex (L1)Ir-SC-2 are attributed to 
coordination of Cl to the Ir center. The large difference in partial charges on Ir and Cl in the product 
(L1)Ir(Cl)(Ph) (+0.37 for Ir, -0.46 for Cl) suggests that this Ir–Cl bond is partially ionic in 
character, consistent with the large BDE of Ir–Cl bonds (Table 1, entry 4) and the exergonicity of 
oxidative addition of C–Cl bonds. Such changes in partial charges suggest that, unlike oxidative 
addition of the C–H bond, transfer of electron density from the Cl atom to the cationic (L1)Ir 
occurs before the step that breaks the C–Cl bond. During the bond-breaking step, transfer of 
electron density from Ir to the 𝜎∗ orbital of the C–Cl bond is not accompanied by transfer of 
electron density to Ir, and we propose that this loss of electron density from the electrophilic (L1)Ir 
fragment destabilizes the transition state and accounts for the high barrier to oxidative addition of 
C–Cl bonds to (L1)Ir complexes.

In summary, comparing the oxidative additions of the aryl C–H bond and the aryl C–Cl bond 
to (L1)Ir+, we attribute the low barrier of oxidative addition of the C–H bond to the matching 
polarity of the electrophilic Ir(I) atom and the electron-rich C–H bond. In contrast, the 𝛼-C(Ar) 
atom in the C–Cl bond is electrophilic because Cl is more electronegative than C, resulting in a 
mismatch of polarity between the electrophilic Ir(I) atom and the electrophilic 𝛼-C(Ar) atom, and, 
thus, a higher activation barrier.

4.3. Effects of the Overall Charge of the Ir Complex on Oxidative Addition 

Energy decomposition analysis shows that interactions caused by charge transfer between the 
iridium complex and the PhCl fragment (ΔECT) in the neutral ground state (L3)Ir-SC-1 are more 
stabilizing than those in the cationic ground state (L1)Ir-SC-1 by 13.3 kcal/mol. Specifically, 
ΔEML((L3)Ir-SC-1) is 15.3 kcal/mol more negative than ΔEML((L1)Ir-SC-1), suggesting that 
backbonding from d-orbitals of the neutral (L3)Ir to the π-system of PhCl is more stabilizing than 
that from d-orbitals of the cationic (L1)Ir. The PhCl fragment in the neutral transition states (L3)Ir-
H-TS and (L3)Ir-Cl-TS is significantly less distorted than that in their cationic counterparts, 
(L1)Ir-H-TS and (L1)Ir-Cl-TS, suggesting that (L3)Ir-H-TS and (L3)Ir-Cl-TS are earlier 
transition states than (L1)Ir-H-TS and (L1)Ir-Cl-TS. This conclusion is consistent with our 
analysis based on bond lengths in the transition states (see Section 3.2). The interaction energy in 
(L3)Ir-Cl-TS is less stabilizing than that in (L1)Ir-Cl-TS (ΔEINT((L3)Ir-Cl-TS) = -25.3 kcal/mol, 
ΔEINT((L1)Ir-Cl-TS) = -37.6 kcal/mol; a difference of 12.3 kcal/mol) whereas the interaction 
energy in (L3)Ir-H-TS is significantly less stabilizing than that in (L1)Ir-H-TS (ΔEINT((L3)Ir-
H-TS) = -24.8 kcal/mol, ΔEINT((L1)Ir-H-TS) = -71.7 kcal/mol; a difference of 46.9 kcal/mol), 
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consistent with the significantly higher barrier to oxidative addition of the C–H bond to (L3)Ir than 
that to (L1)Ir+.

To understand why the interaction energy in the neutral (L3)Ir-H-TS is significantly less 
stabilizing than that in the cationic (L1)Ir-H-TS, and to understand why transition states for (L3)Ir 
are earlier than those for (L1)Ir+, we conducted Natural Population Analysis on (L3)Ir structures 
and the results are summarized in Table 4(B).

Table 4(B). Natural charges of atoms in the ground states and transition states for oxidative 
addition of C–H and C–Cl bonds to (L3)Ir complexes.

Structure Atoma Chargeb Structure Atoma Chargeb

Ir 0.06 Ir 0.06
α-H 0.22 Cl 0.00(L3)Ir-SC-1

α-C(Ar) -0.18
(L3)Ir-SC-1

α-C(Ar) 0.01
Ir -0.16 Ir -0.09

α-H 0.27 Cl 0.09(L3)Ir-H-TS
α-C(Ar) -0.35

(L3)Ir-Cl-TS
α-C(Ar) -0.03

Ir 0.08 Ir 0.39
α-H 0.11 Cl -0.55(L3)Ir(H)(Ar)

α-C(Ar) -0.17
(L3)Ir(Cl)(Ph)

α-C(Ar) -0.06
aα-C(Ar) refers to the carbon atom in PhCl that is bound to Ir in the product (L3)Ir(H)(Ar) or (L3)Ir(Cl)(Ph); α-
H refers to the hydrogen atom that is bound to α-C(Ar) in PhCl; bcharge is determined by natural population 
analysis.

During oxidative addition of the C–H bond to the neutral (L3)Ir, the partial charge on Ir 
changes from +0.06 ((L3)Ir-SC-1) to -0.16 ((L3)Ir-H-TS), then to +0.08 ((L3)Ir(H)(Ar)). During 
oxidative addition of the C–Cl bond, the partial charge on Ir changes from +0.06 ((L3)Ir-SC-1) to 
-0.09 ((L3)Ir-Cl-TS), then to +0.39 ((L3)Ir(Cl)(Ph)). Data from Tables 4(A) and 4(B) suggest 
that electron density is transferred from the PhCl fragment to the Ir center before it is donated to 
the PhCl fragment from the Ir center during oxidative addition of the C–H or the C–Cl bond to 
both the cationic (L1)Ir complex and the neutral (L3)Ir complex. We hypothesize that the 
accumulation of partial negative charge on Ir in the transition states can be attributed to two 
processes: (1) the π-system in PhCl dissociates from the Ir center as the π-complex (L1)Ir-SC-1 
or (L3)Ir-SC-1 is converted to the transition state, and the electron density that was originally 
donated from the d orbitals of Ir to the π* orbitals of PhCl is transferred back to the Ir center; (2) 
the σ orbital of the C–H bond or the lone pair on Cl donates electron density to the Ir center. 
Because the neutral (L3)Ir complex is less electrophilic (more electron-rich) than the cationic 
(L1)Ir complex, transfer of electron density from PhCl to (L3)Ir is less stabilizing than that to 
(L1)Ir+ and donation of electron density from (L3)Ir to PhCl is more stabilizing than that from 
(L1)Ir+. Consistent with our analysis, the stable σ-complex (L1)Ir-SC-2, in which the chlorine 
atom coordinates to the cationic iridium center, was located prior to the transition state but an 
analogous σ-complex for the neutral (L3)Ir could not be found, presumably due to the unfavorable 
Pauli repulsion between the electron-dense (L3)Ir and the chlorine atom in PhCl. Because charge 
transfer from PhCl to Ir occurs before charge transfer from Ir to PhCl, and because the charge 
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transfer from PhCl to (L3)Ir is less stabilizing than that to (L1)Ir+ and the charge transfer from 
(L3)Ir to PhCl is more stabilizing than that from (L1)Ir+, the transition states for the neutral (L3)Ir 
are earlier than those for the cationic (L1)Ir. We further hypothesize that the significantly less 
stabilizing interaction energy in (L3)Ir-H-TS than that in (L1)Ir-H-TS can be attributed to two 
factors: (1) the interactions between a C–H bond that is prone to donate electron density and the 
less electrophilic, neutral (L3)Ir complex are less stabilizing than those between the same C–H 
bond and the more electrophilic, cationic (L1)Ir complex; (2) (L3)Ir-H-TS is an earlier transition 
state than (L1)Ir-H-TS, and the orbitals of the approaching Ir and PhCl fragments in (L3)Ir-H-
TS overlap less than those in (L1)Ir-H-TS do. 

In summary, we propose that orbital interactions between (L1)Ir and a C–H bond are more 
stabilizing than those between (L1)Ir and a C–Cl bond because the (L1)Ir complex is electrophilic 
and a C–H bond is more prone to donate electron density to Ir than is a C–Cl bond, presumably 
due to the high electronegativity of chlorine. The interactions between two electrophilic fragments, 
i.e., the cationic Ir(I) complex and the C–Cl bond, significantly destabilize the transition state for 
oxidative addition of the C–Cl bond, even though oxidative addition of the C–Cl bond is 
thermodynamically more favorable than that of the C–H bond. Consistent with our explanation 
and data from experiments and calculations, the neutral (L3)Ir complex, which is less electrophilic 
(less electron-poor) than (L1)Ir+, is less selective for the oxidation addition of C–H bonds over C–
Cl bonds than is (L1)Ir+ because orbital interactions in the transition state between the C–H bond 
and the less electron-poor Ir complex are less stabilizing than those with (L1)Ir+, which is highly 
electrophilic. Indeed, reaction of PhCl with a cationic (PNP)Ir complex containing an L-type N 
donor formed the products solely from oxidative addition of the C–H bonds (Figure 5(A))[46] 
whereas reaction of PhCl with a more electron-rich, neutral (PNP)Ir complex containing an X-type 
N donor formed a mixture of products from oxidative addition of the C–H and C–Cl bonds (Figure 
5(B)).[58] 

Our explanation for the high selectivity of an electrophilic Ir complex to oxidatively add C–H 
bonds over C–Cl bonds is also consistent with the trend in reactivities of Vaska-type complexes.[1] 
As shown in Figure 5(C), the complex containing a more electron-rich Ir center reacts faster than 
the more electron-poor Ir center toward an SN2 reaction with methyl iodide because interactions 
between the electrophilic C–I bond and an electron-rich Ir nucleophile stabilize the transition state. 
However, the complex containing the more electron-rich Ir center undergoes oxidative addition of 
hydrogen more slowly than the more electron-poor Ir center because H2 is prone to donate electron 
density, and the interactions between H2 and an electron-poor Ir center are more stabilizing than 
those between H2 and an electron-rich Ir center. These results suggest that conclusions from this 
work are applicable to a broad scope of transition metal complexes from Group 9 containing 
ligands beyond the PNP class.
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Figure 5. (A) Oxidative additions with a cationic (PNP)Ir complex (COE = cyclooctene); (B) 
oxidative additions with a neutral (PNP)Ir complex; (C) trends in relative rates of reactions with 
Vaska-type complexes.

4.4. Weak Pd–H Bond Causes the High Selectivity of Pd Complexes for Oxidative Addition of C–
Cl Bonds over C–H Bonds

Energy decomposition analysis suggests that the PhCl fragment in transition state Pd-H-TS is 
significantly more distorted than it is in Pd-Cl-TS (ΔEGD

PhCl(Pd-H-TS) = 93.0 kcal/mol, 
ΔEGD

PhCl(Pd-Cl-TS) = 16.2 kcal/mol). The difference in distortion energy (76.8 kcal/mol) between 
Pd-H-TS and Pd-Cl-TS is greater than the difference in interaction energy between these two 
structures (ΔEINT(Pd-H-TS) = -92.6 kcal/mol, ΔEINT(Pd-Cl-TS) = -30.6 kcal/mol, different by 62 
kcal/mol). Therefore, significant destabilization caused by distortion in the transition state Pd-H-
TS is a major contributor to the high barrier to oxidative addition of C–H bonds to Pd species. We 
recognize that this conclusion offers limited insight into the high selectivity of Pd complexes to 
oxidatively add C–Cl bonds over C–H bonds because this difference in distortion energy results 
from the endergonicity of the oxidative addition of C–H bonds to Pd species (vide supra). In 
agreement with Hammond’s postulate, which states that the transition state of an endergonic 
reaction is more similar in structure to the product than to the reactant, the structure of Pd-H-TS 
is similar to that of the product Pd(H)(Ar), and the C–H bond is broken in the transition state 
(bond length = 1.951 Å, Table 3, entry 4). Such a long distance between the carbon and the 
hydrogen atom naturally leads to large distortion energy. In this case, the conclusion derived from 
EDA also can be derived from conventional analysis of structures and thermodynamics. Therefore, 
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the high selectivity of Pd complexes to undergo oxidative addition of C–Cl bonds over C–H bonds 
is directly related to the endergonicity of oxidative addition of C–H bonds versus the exergonicity 
of the addition of C–Cl bonds. We propose that such endergonicity stems primarily from the well-
established, low BDE of Pd–H bonds[64-66] and the trend that late transition metals form weaker 
M–H and M–C bonds than do early transition metals.[1] This conclusion applies to a broad range 
of palladium complexes because a weak Pd–H bond is an intrinsic property of the metal, regardless 
of the identity of the ancillary ligand. The weakness of Pd–H and Pd–C bonds facilitates reductive 
eliminations from Pd to form C–H and C–C bonds that are well established to occur during the 
many palladium-catalyzed cross-coupling reactions.

To investigate whether the endergonicity of the oxidative addition of C–H bonds to Pd(0) 
complexes is related to the electronic properties of the metal complexes, we calculated the partial 
charge of the PhCl fragment based on Atoms-In-Molecules (AIM) or Natural Population Analysis 
(NPA) for a series of π-complexes. These results are summarized in Table 5. The partial charge of 
the PhCl fragment in (L2)Pd-SC (entry 3) is more negative than that in Rh, Ir, or Pt complexes 
containing ligand L1 or L2 (entries 1, 2, 4). This result suggests that (L2)Pd(0) is the most electron-
donating complex among the four, and this conclusion is consistent with the high selectivity of the 
Pd(0) complex to undergo oxidative addition of the more electrophilic C–Cl bonds over the less 
electrophilic C–H bonds. However, the partial charge of the PhCl fragment in the neutral Ir 
complex (L3)Ir-SC is more negative than it is in (L2)Pd-SC, (Table 5, entries 3, 5) even though 
(L3)Ir complexes are selective for oxidative additions of C–H bonds over carbon–halogen 
bonds.[58] These results suggest that, in general, a more nucleophilic organometallic complex tends 
to be selective for oxidative additions of C–Cl bonds over C–H bonds and a more electrophilic 
complex tends to be selective for oxidative addition of C–H bonds over C–Cl bonds and are 
consistent with the lower selectivity of neutral (L3)Ir for addition of C–H bonds over C–Cl bonds 
than the selectivity of the cationic (L1)Ir. However, the measure of charge on the arene alone does 
not account for the selectivity in the reactions of C–H vs C–X bonds when comparing Ir to Pd 
complexes. Such selectivity is influenced by many factors, including the strengths of the M–H and 
M–C bonds in the products, the electrophilicity and nucleophilicity of the metal complex, and 
pathways of electron transfer between the arene and the metal center.

Table 5. Computed Partial Charge of the PhCl fragment in π-Complexes

Cl

N

PMe2

PMe2

M

(L1)M-SC-1
M = Ir or Rh

Cl

M

(L2)M-SC

P
AdtBu

tBu

M = Pd or Pt

N

PMe2

PMe2

Ir

Cl

(L3)Ir-SC

Entry Complex AIM charge of PhCl NPA charge of PhCl
1 (L1)Ir-SC-1 -0.027 -0.036
2 (L1)Rh-SC-1 -0.007 0.010
3 (L2)Pd-SC -0.138 -0.184
4 (L2)Pt-SC -0.094 -0.181
5 (L3)Ir-SC -0.247 -0.254

Page 20 of 25Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

8:
30

:2
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6SC00090H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00090h


21

Conclusion

We conducted DFT calculations and energy decomposition analysis of iridium, rhodium, 
palladium, and platinum complexes containing ligands L1, L2 or L3 (L1 = 2,6-
bis((dimethylphosphino)methyl)pyridine, L2 = (1-adamantyl)-di-tert-butylphosphine, L3 = bis(2-
(dimethylphosphaneyl)phenyl)amide) to investigate the origins of the high selectivity of Pd 
complexes to undergo oxidative addition of C–Cl bonds over C–H bonds, as well as the high 
selectivity of Ir complexes to oxidative add C–H bonds over C–Cl bonds. Computations suggest 
that oxidative addition of a C–H bond to the (L2)Pd(0) complex is endergonic, whereas oxidative 
addition of a C–Cl bond to (L2)Pd(0) is exergonic. Oxidative addition of a C–H bond to the 
cationic (L1)Ir(I) complex is less exergonic than that of a C–Cl bond, but the barrier to oxidative 
addition of a C–H bond is lower than that of a C–Cl bond. Consistent with bond dissociation 
energies of metal–hydrogen, metal–carbon and metal–chlorine bonds for transition metals from 
Groups 9 and 10, the oxidative addition of C–H or C–Cl bonds to third-row metals is more 
exergonic (or less endergonic) than that to second-row metals. Energy decomposition analysis of 
the transition states suggests that the barriers to oxidative addition of C–H or C–Cl bonds to 
second-row transition metals are higher than those to third-row transition metals primarily because 
the difference between the destabilizing distortion energy of the PhCl fragment in the transition 
states for the second-row metal is greater than that difference in the stabilizing interaction energy 
of transition states for the third-row metal. Iridium complexes of the ligand L1 are highly selective 
towards oxidative addition of C–H bonds because the stabilization afforded by charge transfer 
between the d orbitals on Ir and the σ and σ* orbitals of the C–H bond is greater than that between 
Ir and the orbitals of the C–Cl bond. Results from Natural Population Analysis suggest that these 
iridium(I) complexes are electrophilic and the comparison between oxidative addition of an aryl 
C–H bond to the cationic (L1)Ir and the neutral (L3)Ir complex shows that the selectivity of a 
more electrophilic Ir complex for oxidative addition of a C–H bond over a C–Cl bond is greater 
than that of a less electrophilic one. During oxidative addition of either a C–H or a C–Cl bond to 
an Ir complex, charge transfer from the breaking bond to the Ir center occurs before the charge 
transfer from Ir to the breaking bond. Transition states involving a more electrophilic Ir complex 
are later than those involving a less electrophilic one because charge transfer from the breaking 
bond to the more electrophilic Ir center is more stabilizing than it is to the less electrophilic Ir 
center and because charge transfer from the more electrophilic Ir center to the breaking bond is 
less stabilizing than that from the less electrophilic Ir center.

The high selectivity of a palladium(0) complex to undergo oxidative addition of a C–Cl bond 
over a C–H bond is closely related to the endergonicity of the reaction with a C–H bond, which, 
in turn, can be attributed primarily to the low bond dissociation energy (BDE) of the Pd–H bond. 
Analyses based on partial charges suggest that a more electrophilic transition metal complex tends 
to be more selective for the oxidative addition of C–H bonds over C–Cl bonds and a more 
nucleophilic complex tends to be selective for the oxidative addition of carbon–halogen bonds 
over C–H bonds. Yet there are exceptions to this trend, such as neutral iridium(I) complexes 
containing X-type ligands, and the electronic property is only one of the factors that affect 
selectivity.
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This work demonstrates that energy decomposition analysis, when combined with analyses of 
thermodynamics, reaction barriers, and partial charges, is a powerful tool to understand the origins 
of the selectivities of transition metal complexes. As demonstrated by the example of the neutral 
ligand L1 versus the anionic ligand L3, the properties of the ligand affect the reactivity and 
selectivity of metal complexes. Nevertheless, the conclusions from this work are transferable to a 
broad range of complexes of Group 9 and 10 metals because many of our conclusions are based 
on the intrinsic properties of the metals, such as the electrophilicity of iridium, the instability of a 
Pd–H bond, and the periodic trends of second-row versus third-row transition metals, rather than 
specific properties of the ligands. This study should provide a valuable template for computational 
studies of the fundamental reactivities of transition-metal complexes with varying oxidation states, 
overall charges, and ligands.
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