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7.1 Introduction 

The purpose of this chapter is to unravel how a transition metal catalyst can be rationally 
designed such as to selectively activate one particular bond in a substrate. Here, the bonds 
between which we wish the model catalyst to be selective are in the first place the C–H and 
C–C bonds in ethane and, in the second place, the C–H bonds in ethane versus those in 
methane. The stability of C–H and C–C bonds is a prerequisite for human life, while, at 
the same time, the development of methods to break these chemical bonds in a selective 
manner is of great importance as well. Activation of C–H and C–C bonds has received 
considerable attention,[26,27,29,52,321-326] mainly because this is an important step towards effi-
cient conversion of abundant and inert hydrocarbons into more useful products. Also, 
cleavage of C–C bonds can potentially lead to new synthetic pathways towards complex 
molecules.[321,327,328] Besides the efficiency, also the selectivity of the catalysts has been topic 
of a vast body of research.[329-336] 

Previously, the reactivity of ethane towards palladium-based catalysts has been exam-
ined.[57,194,201,241,251,337] It was found that activation of the C–C bond occurs with higher bar-
riers, despite the fact that this bond is weaker than the C–H bond. The reason for this is 
that, due to steric shielding by the C–H bonds as well as the additional nodal plane present 
in the C–C σ* orbital, the C–C bond has to be stretched further in order to achieve a fa-
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vorable overlap with the donating metal d orbital.[338] The orbital overlap situations are 
shown schematically in Figure 7.1. The resulting delay in overlap leads to a significant de-
lay in the build-up of stabilizing catalyst-substrate interactions, and therefore a higher reac-
tion barrier.[194] 

To obtain insight into the effect of the nature of the electronic structure of the cata-
lyst on the energy barriers, we have analyzed the activity and selectivity of a large series of 
model catalysts towards ethane. The catalysts comprise the complexes that were also ana-
lyzed in chapters 3 and 6, namely the d10-MLn complexes with coordination number n = 0, 
1 and 2, metal centers M = Co−, Rh−, Ir−, Ni, Pd, Pt, Cu+, Ag+ and Au+, and ligands L = 
NH3, PH3, and CO. For comparison, we will also make use of the results for methane acti-
vation, as discussed in the previous chapter. 

In this way, we can compose and analyze model catalysts with a wide range of elec-
tronic and steric properties, which is important for our proof of concept for rationally de-
signing and tuning a catalyst’s activity and selectivity. Our analyses demonstrate that the 
rather subtle electronic differences between bonds can be exploited to induce a lower barrier 
for activating one or the other, depending, among others, on the catalyst’s electronic regime 
(i.e. s-regime versus d-regime catalysts). Interestingly, the concepts and design principles 
emerging form this work appear to be successfully applicable to the more challenging prob-
lem of differentiating between activation of the C–H bonds in ethane versus those in me-
thane. 

7.2 General Energy Profiles for Ethane C–H and C–C Activation 

The results of our computations at ZORA-BLYP/TZ2P on ethane C–H and C–C bond 
activation reactions are listed in Table 7.1 and 7.2, respectively. Similar to results in chap-

Figure 7.1 Schematic representation of the overlap of a metal d orbital with the σ* orbital of 
(a) a C–H bond and (b) a short and stretched C–C bond. 
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ters 3 and 6, these energies are relative to the catalysts in a d10s0 (uncoordinated metal at-
oms) or d10-like (coordinated metal centers) configuration. We kept our model catalysts in 
this electronic configuration because it enables us to make a direct comparison with d10-
MLn catalysts used in practice. Nearly all catalysts included in this study indeed have a d10 
or d10-like ground state, but there are exceptions: Co−, Rh− and Ir− have s2d8 atomic ground 
states, whereas Ni and Pt have s1d9 ground states, according to our computations. For these 
uncoordinated catalysts, strong mixing with the low metal s orbitals stabilizes the entire 
energy profile with respect to the isolated reactants (see Table 7.1 and 7.2). When ligands 
are added to these metal centers, the resulting complexes generally have d10-like electronic 
ground states. Only the monocoordinated cobalt complexes, as well as the dicoordinated 
Co(NH3)2

− and Ir(NH3)2
− have non-aufbau d10-like configurations. 

Oxidative addition of the ethane C–H and C–C bonds generally starts with the for-
mation of a dihapto reactant complex (RC), in which the ethane substrate coordinates via 
two C–H bonds to the metal center. For the bisligated model catalysts, such pre-reactive 
complexes are not always bound, or only weakly. From here, the metal center of the catalyst 
moves towards the C–H or C–C bond to proceed with the oxidative addition. In a number 
of instances, mostly for the strongly d-donating catalysts with a group 9 metal center, the 
oxidative addition proceeds without reaction barrier, and stable reactant complexes do 
therefore not exist. 

We find that there are three different orientations for the catalyst to approach the 
ethane C–H bond. Schematic representations of these orientations are shown in Figure 7.2. 
Not all of these three orientations are necessarily feasible for each catalyst. Most commonly, 
the oxidative addition pathway starts from the dihapto reactant complex, in which the met-
al coordinates to two C–H bonds of a methyl moiety, followed by the insertion of the cata-
lyst into one of these bonds (Figure 7.2, left). 

Figure 7.2 Schematic geometries of the different orientations of ethane in the transition 
state geometries for addition of the ethane C–H bond to the metal center of a 
catalyst. 
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Alternatively, the metal can approach a methyl moiety from the back (opposite the 
other methyl moiety) and insert into one of its C–H bonds (Figure 7.2, middle), or the 
catalyst can approach with the metal center within the plane containing the C–C bond and 
a C–H bond, and insert into this C–H bond (Figure 7.2, right). Only for a few catalysts is 
this latter pathway found, and usually it is higher in energy owing to the additional defor-
mation of the substrate that is required to avoid repulsion with the catalyst. There are some 
bare and monocoordinated catalysts for which this situation is feasible, because there is ad-
ditional stabilization stemming from an agostic interaction between the metal center and a 
C–H bond of the adjacent methyl moiety. In those cases, this latter methyl moiety is rotat-
ed to an eclipsed position.[339,340] Within this work, we focus on the analysis of the pathway 

Table 7.1 Energies ΔE relative to reactants (in kcal mol–1) for the oxidative addition of the 
ethane C–H bond to various model catalysts. Square brackets indicate that 
constraints were applied (see text). 

Group 9  Group 10  Group 11 
 RC TS[d] PC[d]   RC        TS][f]      PC]    RC TS      PC][e] 
              Co− [a] ][b] ][b] −242.0[c]  Ni[a] −55.9[c,e] −54.0][e] −69.7[c]  Cu+ −31.1[c] −15.7 −16.0][e,h] 

CoNH3
− [a] ][b] ][b] −37.6[c]  NiNH3 −18.6[c,e] −12.0][e] −14.7[c]  CuNH3

+ −28.0[c] ][h] [+6.0][e,h] 
CoPH3

− [a] −18.8[b] −18.0[b] −34.7[c]  NiPH3 −12.2[c,e] −7.2][e] −12.7[e]  CuPH3
+ −24.1[c] ][h] [+12.1][e,h] 

CoCO− [a] −16.3[b] −14.0[b] −27.4[c]  NiCO −13.7[c],e −3.9][e] −7.0[e]  CuCO+ −29.7[c] ][h] [+3.1][e,h] 

Co(NH3)2
− [a] 0.0[b] +11.5[d] +5.7[d]  Ni(NH3)2 −0.8[c,e] [+25.2][f] +6.9[e]  Cu(NH3)2

+ −2.1[c] ][h] [+40.0][h],e 
Co(PH3)2

− −7.5[b] −0.4[b] −14.0[d]  Ni(PH3)2 0.0[c],e +15.3][e] +12.3[e]  Cu(PH3)2
+ −1.3[c] ][h] [+40.8][h],e 

Co(CO)2
− −1.4[b] +8.2[b] −2.7[d]  Ni(CO)2 −3.2[c,e] +21.1][e] +21.0[e]  Cu(CO)2

+ −8.6[c] ][h] [+34.1][h],e 
              
Rh− [a] −44.4[b] −44.3[b] −74.4[d]  Pd −6.7[c,e] +4.5][e] −4.3[c]  Ag+ −15.5[c] ] +15.7 +15.6][h],e 
RhNH3

− −14.3[b] −12.5[b] −26.4[d]  PdNH3 −12.1[c,e] +2.1][e] +0.1[c]  AgNH3
+ −16.2[c] ][h] [+26.4][h],e 

RhPH3
− −11.1[b] −2.7[d] −15.1[c]  PdPH3 −7.9[c,e] +16.5][e] +15.8[c]  AgPH3

+ −14.8[c] ][h] [+32.5][h],e 
RhCO− −9.7[b] +0.7[d] −9.7[c]  PdCO −10.3[c,e] +16.1][e] +16.1[c]  AgCO+ −19.6[c] ][h] [+24.4][h],e 
Rh(NH3)2

− −2.8[b] +29.5[d] −3.8[d]  Pd(NH3)2 0.0[c,e] [+30.6][f] +16.0[e]  Ag(NH3)2
+ −1.8[c] ] +46.6 +46.6][h],e 

Rh(PH3)2
− 0.0[b] +15.0[d] −1.0[c]  Pd(PH3)2 0.0[c,e] +34.2][e] +28.9[e]  Ag(PH3)2

+ −1.0[c] ][h] [+52.0][h],e 
Rh(CO)2

− −1.0[b] +23.5[d] +7.2[d]  Pd(CO)2 −0.1[c,e] +35.2][e] +31.5[e]  Ag(CO)2
+ −4.0[c] ][h] [+43.1][h],e 

              
Ir− [a] ][b] ][b] −119.2[c]  Pt[a] ][b],e ][b] −56.3][c]  Au+ −34.8[c] −30.5 −40.6][h],e 
IrNH3

− ][b] ][b] −41.2[c]  PtNH3 −18.6[c,e] −16.6][e] −24.1][c]  AuNH3
+ −27.8[c] −10.9 −11.2][h],e 

IrPH3
− −10.6[b] −7.9[d] −30.7[d]  PtPH3 −10.4[c,e] +3.0][e] −2.5][c]  AuPH3

+ −20.1[c] ][h] [+7.6][h],e 
IrCO− −8.2[b] −2.9[d] −22.9[d]  PtCO −14.9[c,e] +1.2][e] −2.9][c]  AuCO+ −32.1[c] ] −8.7 −9.7][h],e 
Ir(NH3)2

− [a] −4.7[b] +22.9[d]  +11.8[d]  Pt(NH3)2 −0.2[c,e] ][g] +1.9][e]  Au(NH3)2
+ −2.1[c] +37.1 +25.7][h],e 

Ir(PH3)2
− 0.0[b] +13.3[d] −16.5[d]  Pt(PH3)2 0.0[c,e] +31.7][e] +13.2][e]  Au(PH3)2

+ −0.9[c] +42.5 +36.3][h],e 
Ir(CO)2

− −1.2[b] +22.0[d] −6.5[d]  Pt(CO)2 0.0[c,e] +32.0][e] +16.1][e]  Au(CO)2
+ −2.3[c] +31.3 +26.2][h],e 

              [a] Catalyst complex with a non-aufbau d10s0 or d10-like electronic configuration. [b] Inserts without 
barrier. [c] Minimum directly connected to TS, rearrangement to more stable complex possible. [d] 
Energy refers to the complex with the ligands oriented out of the plane formed by the metal center 
and the C–H bond to be activated (see section 6.6). [e] Complex containing an agostic interaction 
between the metal center and a C–H bond. [f] One ligand dissociates during insertion: energy in 
brackets obtained by constraining both metal-ligand bond lengths to remain equal (see section 6.6). 
[g] Transition state not found (see text). [h] No reverse barrier, energy of the labile PC within 
brackets. 
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with the energetically lowest reaction barrier to the first C–H insertion product. In some 
cases a second, more stable product can be formed after rearrangement via a small barrier. 
The energetic difference with the second, more stable product is usually small, unless a fa-
vorable agostic interaction occurs within this second product complex. This is the case, for 
example, for some monocoordinated catalysts based on Co− and Ni, for which the second 
product is 4.8 to 6.4 kcal mol–1 more stable than the first product (see Table 7.1). 

The C–C oxidative addition pathway proceeds for most catalyst complexes from the 
dihapto RC to the C–C activation product via a single transition state. However, for some 
catalysts the only route to this C–C activation product involves the activation of one, or 
even two, C–H bonds. For the discussion of the trends in reaction barrier height, as well as 

Table 7.2 Energies ΔE relative to reactants (in kcal mol–1) for the oxidative addition of the 
ethane C–C bond to various model catalysts. Square brackets indicate that 
constraints were applied (see text). 

Group 9  Group 10  Group 11 
 RC TS[d] PC[d]       RC       TS][f]        PC    RC  TS      PC][e] 
              Co− [a] −243.2[b],c −208.9[b] −254.5[e]  Ni[a] −51.0[f] −46.7][e] −80.4  Cu+ −31.1[f] −18.6][h] −26.0][h] 

CoNH3
− [a] −45.5[b],c −11.1[b] −47.0[e]  NiNH3 −9.3[f] −2.2][e] −20.9  CuNH3

+ −28.0[f] ][h] [−0.9][h] 
CoPH3

− [a] −40.8[c,d] −9.2[c] −40.5[e]  NiPH3 −12.2[f] +2.4][e] −9.3  CuPH3
+ −24.1[f] ][h] [+7.3][h] 

CoCO− [a] −33.8[c,d] −3.5[c] −33.3[e]  NiCO −13.7[f] +4.0][e] −2.7  CuCO+ −29.7[f] ][h] [−1.5][h] 

Co(NH3)2
− [a] 0.0[b],c +18.2[e] −4.5[e]  Ni(NH3)2 −0.8[c] [+43.6][g] +2.0  Cu(NH3)2

+ −2.1[f] −41.9][h] +35.3][h] 
Co(PH3)2

− −7.5[b],c +14.1[b] −18.1[e]  Ni(PH3)2 0.0[f] +28.5][e] +10.2  Cu(PH3)2
+ −1.3[f] −41.5][h] +39.5][h] 

Co(CO)2
− −1.4[f],c +24.3[b] −7.0[e]  Ni(CO)2 −3.2[c] +33.0][e] +19.4  Cu(CO)2

+ −6.8[f] ][h] [+32.1][h] 
              
Rh− [a] −68.8[b],c −30.6[b] −80.0[e]  Pd −6.7[c] +18.5][e] −9.4  Ag+ −15.5[f] +13.3][h] +8.5][h] 
RhNH3

− −14.3[b],c +8.0[b] −30.8[e]  PdNH3 −12.1[c] +16.5][e] −3.2  AgNH3
+ −16.2[f] +20.7][h] +20.7][h] 

RhPH3
− −11.1[b],c +15.0[d] −16.7[e]  PdPH3 −7.9[c] +26.3][e] +13.6  AgPH3

+ −14.8[f] ][h] [+28.4][h] 
RhCO− −9.7[b],c +18.4[d] −11.8[e]  PdCO −10.3[c] +24.4][e] +13.8  AgCO+ −19.6[f] ][h] [+19.6][h] 
Rh(NH3)2

− −2.8[b],c +43.6[e] +17.2[e]  Pd(NH3)2 0.0[c] [+53.3][g] +12.9  Ag(NH3)2
+ −1.8[f] +50.9][h] +41.8][h] 

Rh(PH3)2
− −0.0[b],c +36.2[d] −4.8[e]  Pd(PH3)2 0.0[c] +51.7][e] +26.6  Ag(PH3)2

+ −1.0[f] +54.3][h] +48.7][h] 
Rh(CO)2

− −1.0[b],c +44.5[d] +2.8[e]  Pd(CO)2 −0.1[c] +51.4][e] +29.0  Ag(CO)2
+ −4.0[f] +42.8][h] +39.3][h] 

              
Ir− [a] −134.7[b],c −62.1[b] −125.8[e]  Pt[a] −56.6[c] −1.5][c] −60.0  Au+ −34.8[f] −13.0][g] −45.9][h] 
IrNH3

− −55.4[b],c +6.6[b] −46.1[e]  PtNH3 −18.6[c] +10.0][e] −25.9  AuNH3
+ −27.8[f] +0.1][g] −11.7][h] 

IrPH3
− −30.2[c,d] +14.0[c] −31.0[e]  PtPH3 −10.4[c] +21.1][e] −3.9  AuPH3

+ −20.1[f] +12.0][g] +6.4][h] 
IrCO− −22.4[c,d] +19.1[c] −23.8[e]  PtCO −14.9[c] +17.2][e] −5.0  AuCO+ −32.1[f] −3.6][g] −10.7][h] 
Ir(NH3)2

− [a] −4.7[b],c +44.3[e]  +5.0[e]  Pt(NH3)2 −0.2[c] +75.1][e] +0.6  Au(NH3)2
+ −2.1[f] [+60.8][g] +23.7][h] 

Ir(PH3)2
− 0.0[b],c +40.2[d] −19.1[e]  Pt(PH3)2 0.0[c] +57.5][e] +12.2  Au(PH3)2

+ −0.9[f] +61.2][g] +34.8][h] 
Ir(CO)2

− −1.2[b],c +47.3[d] −10.6[e]  Pt(CO)2 0.0[c] +55.0][e] +14.1  Au(CO)2
+ −2.3[f] +49.1][g] +24.1][h] 

              [a] Catalyst complex with a non-aufbau d10s0 or d10-like electronic configuration. [b] Ethane C–C 
activation achieved via activation of two C–H bonds. [c] Ethane C–C activation achieved via activa-
tion of one C–H bond. [d] Complex containing an agostic interaction between the metal center and 
a C–H bond. [e] Energy refers to the complex with the ligands oriented out of the plane formed by 
the metal center and the C–C bond (see section 6.6). [f] Minimum directly connected to TS, rear-
rangement to more stable complex possible. [g] One ligand dissociates during insertion: energy in 
brackets obtained by constraining both metal-ligand bond lengths to remain equal (see section 6.6). 
[h] No reverse barrier, energy of the labile PC within brackets. 
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the demonstration for catalyst tuning, we will focus on the results obtained for the direct 
C–C activation pathways. A separate section is devoted to a brief discussion of the C–C 
activation pathways that proceed by prior C–H activation. 

7.3 Trends in Reaction Barriers for Ethane C–H Activation 

In general, the trends observed for ethane C–H activation closely resemble the trends pre-
viously obtained and described for activation of the rather similar methane C–H bond (see 
chapter 6, Table 6.1). Thus, starting with the effect of varying the metal center from group 
9 to group 11, we find that the barrier increases monotonically. For example, the barrier 
increases from +15.0 kcal mol–1 for Rh(PH3)2

− to +34.2 kcal mol–1 for Pd(PH3)2, and for 
Ag(PH3)2

+ there is not even a stable product complex. By optimization with the C–Ag–H 
angle constrained to the value of the analogous palladium-based product complex, we have 
modeled a labile product complex for Ag(PH3)2

+ at +52.0 kcal mol–1. Also, while the reac-
tion is exothermic for Rh(PH3)2

−, it is endothermic for Pd(PH3)2 and even more so for 
Ag(PH3)2

+. Activation strain analyses (see Figure 7.3a) revealed that the computed trend 
originates from decreased metal-to-substrate electron donation as the d orbital energies 
become lower along this series of catalyst complexes, in agreement with the results in chap-
ter 6. This leads to a less stabilizing interaction energy, and therefore a higher reaction bar-
rier and less stable product complex. 

A comparison of catalyst complexes with metal centers from the same group, for ex-
ample the group 10 triad Ni(PH3)2, Pd(PH3)2 and Pt(PH3)2, reveals that the barriers first 
increase from the first row to the second row transition metal center, and then again de-
crease for the catalyst complex with a metal center from the third transition metal row (for 
analyses, see Figure 7.3b). The barrier of +15.3 kcal mol–1 for Ni(PH3)2 is lower than that 
of +34.2 kcal mol–1 for Pd(PH3)2 because the d-derived orbitals on the former are higher in 
energy and therefore better electron donors. From Pd(PH3)2 to Pt(PH3)2, the electron-
donating capability increases slightly due to the larger spatial extent of the Pt d orbitals, 
and resulting better overlap with the σ*C–H acceptor orbital. Furthermore, the third row 
transition metals are better electron acceptors as a consequence of the relativistic stabiliza-
tion of the empty 6s atomic orbital. This leads to a low-lying virtual orbital on Pt(PH3)2 
that enhances the substrate-to-catalyst donation during the oxidative addition process. The 
result is a strengthened interaction between the reactants, which also contributes to the 
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lower reaction barrier of +31.7 kcal mol–1 for Pt(PH3)2 compared to that of +34.2 kcal 
mol–1 for Pd(PH3)2, as well as a more stable product complex for the former model catalyst. 

Finally, we sketch the main trends in ligand effects in ethane C–H activation (see 
Figure 7.3c and 7.3d), which are again similar to those found for methane C–H activation 
(see chapter 6). Typically, we find higher reaction barriers when the ligand is a better π 
acceptor, because these ligands deplete the electron density on the metal center and thereby 
reduce donation from the metal d orbitals to the substrate. In general, the carbonyl-ligated 
catalysts therefore have higher barriers than the phosphine-ligated catalysts, which in turn 
have higher barriers than the ammine-ligated catalysts. This is nicely illustrated by a com-
parison of NiCO, NiPH3 and NiNH3, which activate the ethane C–H bond via barriers of 
−3.9, −7.2 and −12.0 kcal mol–1, respectively (see Table 7.1). In section 6.7, we have desig-
nated this the d regime of catalysts. In the d regime, the most important catalyst-substrate 
orbital interactions involve the d orbitals on the metal center of the catalyst, and ligand 
effects are therefore best described by considering the influence of the ligand on these d 
orbitals. For the model catalysts in our study, adding π-accepting ligands stabilizes the do-

Figure 7.3 Comparison of activation strain analyses (see Equation 2.10) for the oxidative 
addition of the ethane C–H bond to four different series of model catalysts (us-
ing constraints for Pd(NH3)2; see text). A dot designates the position of the TS. 
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nating d orbitals, which results in less electron donation to the substrate, and consequently 
a higher reaction barrier for the oxidative addition. Ligand effects can be completely re-
versed in the s regime, where the primary catalyst-substrate interaction is the donation of 
electrons from the substrate to the empty metal s orbitals. Many group 11 catalyst com-
plexes are in the s regime, because their positive charge makes them good electron accep-
tors. This feature is improved when π-accepting ligands are attached, resulting in an even 
stronger substrate-to-metal donation, which leads to a lowering of the reaction barrier. 
This is most clearly seen for the bisligated gold complexes, comparing for example the bar-
rier of +31.3 kcal mol–1 for Au(CO)2

+ to that of +42.5 kcal mol–1 for Au(PH3)2
+ or +37.1 

kcal mol–1 for Au(NH3)2
+. 

Furthermore, also the dicoordinated group 9 catalysts with ammine ligands have rela-
tively high barriers. These catalysts have poor bite-angle flexibility (see chapter 3), which 
prohibits the formation of a planar tetracoordinated transition state. Instead, for these cata-
lyst complexes, transition state geometries are found in which the ligands point out of the 
plane containing the metal center and the C–H bond to be activated. In this perpendicular 
orientation, the unfavorable bending of the ligand-metal-ligand angle of the catalyst, which 
would be required if the ligands were oriented parallel to the C–H bond, is avoided. The 
reason that these perpendicular transition states nevertheless have high energies, is that the 
σ*C–H substrate orbital does not overlap with the high-energy b2 orbital of a bent ML2 com-
plex, but with an essentially pure, lower-energy d orbital (the b1 orbital) on the metal center. 
These orbital overlap situations are schematically depicted in Figure 7.4, for the case of 
overlap with the σ*C–C orbital. Also, whereas the high-energy b2 orbital of a bent ML2 com-
plex is pushed towards the substrate due to the antibonding interactions with the ligand 
lone pair orbitals, this pure d orbital of the nearly linear ML2 complex is not, leading to a 
decreased overlap with the σ*C–H orbital. To compensate for these two consequences and 
nevertheless build up sufficiently strong donor-acceptor interactions, the catalyst moves 
much closer to the substrate, which in turn induces additional Pauli repulsive occupied-
occupied orbital interactions, and a relatively high reaction barrier. For the strongly d-
donating group 9 catalysts, this situation is feasible, but for the group 10 M(NH3)2 catalysts, 
which also have poor bite-angle flexibility, such nonplanar transition state geometries are 
not found, because the stabilizing orbital interactions provided by donation from the d hy-
brid orbitals are not strong enough to overcome the additional Pauli repulsion. 

The reaction barriers of Ni(NH3)2 and Pd(NH3)2 reported in Table 7.1 have been ob-
tained by constraining the two M–NH3 coordination bonds to remain mutually equal in 
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length. This is done to avoid the expulsion of one of the NH3 ligands, which otherwise oc-
curs. In this way, we ensure direct comparability of analogous reaction pathways of bisligat-
ed catalyst complexes for all ligands, taking into account that a few of them have a fictitious 
character. We recall from section 6.7 that for M(NH3)2 catalyst complexes with metal cen-
ters from group 9 and group 10 an alternative pathway is viable, in which one of the NH3 
ligands is expelled from the metal center. Here, we have not further investigated these reac-
tion paths, because none of these complexes plays a role in the discussion on selectivity, to 
which we will soon turn our focus. 

Finally, for dicoordinated Pt(NH3)2, we were unable to locate a transition state corre-
sponding to C–H activation. Our attempts either led to weakly interacting reactants (simi-
lar to the RC listed in Table 7.1), the product complex of C–H addition (similar to the PC 
listed in Table 7.1), or several possible transition states that, however, do not correspond to 
C–H activation, including one in which an M–NH3 bond dissociates (results not shown). 

7.4 Trends in Reaction Barriers for Ethane C–C Activation 

The trends in reaction barriers along series of catalyst complexes are not significantly af-
fected when going from the ethane C–H bond to the C–C bond (compare Table 7.1 and 
7.2, and Figure 7.3 and 7.5), and are therefore largely similar to the trends discussed in the 
previous section. In general, barriers for C–C activation also increase when the metal center 
is varied from group 9 to group 11, and barriers within a group are usually highest for the 
second row transition metal. However, among the dicoordinated complexes, the barriers 
for the third row transition metal-based catalysts are highest, which is mainly due to the 
additional strain induced by the more rigid ligand-metal-ligand angles (see chapter 3). Also 
ligand effects are rather similar: transition states are destabilized when π-accepting ligands 

Figure 7.4 Schematic representation of the different catalyst-substrate orbital overlaps, de-
pending on the orientation of the ML2 catalyst complex. 
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are added to a strongly d-donating catalyst, whereas such ligands tend to stabilize transition 
states when the catalyst belongs to the s regime. Again, we find transition state geometries 
with nearly linear ligand-metal-ligand angles (perpendicular to the activated C–C bond) for 
Co(NH3)2

−, Rh(NH3)2
−, Ir(NH3)2

−, and Pt(NH3)2. For Ni(NH3)2, Pd(NH3)2 and now also 
Au(NH3)2

+, we have located planar tetracoordinated transition states by constraining the 
metal-ligand bonds to remain equal in length. This is done in order to avoid the expulsion 
of one ligand, which would otherwise occur, as discussed in the previous section. 

Furthermore, we note that nearly all barriers for ethane C–C activation are higher 
than the barriers for ethane C–H activation, despite the less destabilizing strain energy 
ΔEstrain(ζ) associated with the lower BDE in the former. The reason turns out to be a delay 
in building up stabilizing interaction energy ΔEint(ζ) along the reaction coordinate for C–C 
activation, as compared to C–H activation. This effect was first discovered for palladium-
based catalysts[194] and is shown here to occur also for other catalyst complexes. The delay 
in interaction energy for C–C activation is caused by the fact that the C–C bond is sterical-
ly shielded by C–H bonds from all sides. The model catalyst can only approach the C–C 

Figure 7.5 Comparison of activation strain analyses (see Equation 2.10) for the oxidative 
addition of the ethane C–C bond to four different series of model catalysts (us-
ing constraints for Pd(NH3)2; see text). A dot designates the position of the TS. 
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bond after this bond partially elongates and the methyl groups have tilted away. The slight-
ly elongated C–C bond that occurs at that later stage of the reaction also allows for a better 
overlap between the metal dπ (hybrid) orbital and the σ*C–C acceptor orbital (see Figure 7.1). 
Importantly, the strain curve is hardly affected by varying the model catalyst. It is a charac-
teristic of the bond that is being activated, depending mainly on that bond’s BDE. 

7.5 Selective C–C or C–H Bond Activation 

To achieve selective activation of either the C–H or C–C bond in ethane, we recall that the 
C–C bond is weaker (the purely electronic bond dissociation energies are 104.7 kcal mol–1 
and 90.0 kcal mol–1, respectively), but nevertheless reaction barriers are higher for addition 
of this bond due to the aforementioned delayed catalyst-to-substrate charge donation. The-
se two features show up separately in our activation strain analyses: for C–C activation the 
strain term ΔEstrain(ζ) is generally softer due to its lower bond dissociation energy, while the 
interaction term ΔEint(ζ) is weakened due to the delay in the build-up of stabilizing donor-
acceptor interactions.[194] However, while the effect on the strain term is essentially equal 
for each catalyst complex (the strain originates primarily from stretching the C–H or C–C 
bond in the substrate), the effect on the interaction energy is catalyst dependent. If the lat-
ter effect is sufficiently diminished, the preferred reaction pathway would shift from the  
C–H to the C–C bond. Thus, understanding the catalyst dependency of the ΔEint term, 
and relating it to the previously introduced concepts of d-regime and s-regime catalysts, 
turns it into a tool to rationally devise a selective catalyst that activates either the C–H or 
the C–C bond in ethane. 

The build-up of stabilizing interactions is delayed because the C–C bond has to be 
stretched further, before a favorable overlap of the catalyst’s d-derived orbital with the σ*C–C 
orbital is achieved for the d-donation to take place. Its effect can therefore be mitigated 
when (i) a catalyst with compact d-derived orbitals is applied, and (ii) catalyst-to-substrate 
donation plays only a moderate role. Candidates for selective C–C activation are therefore 
s-regime catalysts with a small metal center. This design principle is schematically illustrat-
ed in Figure 7.6a, in which we compare addition of the ethane C–H bond (solid lines) and 
C–C bond (dashed lines), considering two cases: (i) a catalyst from the d regime, such as 
the anionic, or most of the neutral complexes, and (ii) a catalyst from the s regime, such as 
one of the cationic complexes. For both d-regime and s-regime catalysts, activation of the 
C–C bond goes with less strain energy (black lines in Figure 7.6a). For the strongly d-



Chemical Bonding and Catalysis 

 116 

donating catalysts, however, the difference in the interaction energy due to the delay effect 
is greater than the difference in the strain term. This results in an increased reaction barrier 
(red lines in Figure 7.6a), which is the situation for most catalyst complexes. However, for 
an s-regime catalyst the delay in the build-up of favorable interaction energy can be smaller 
than the difference in strain energy (blue lines in Figure 7.6a), in which case a lower barrier 
for C–C activation than for C–H activation is obtained. 

The most obvious candidates with the properties required by our design model are 
the copper-based catalyst complexes. Comparing the results in Table 7.1 and 7.2, we find 
indeed a lower barrier for addition of the C–C bond to Cu+ (−18.6 kcal mol–1, ΔG ‡

  = −13.2 
kcal mol–1) than for the C–H bond (−15.7 kcal mol–1, ΔG ‡

  = −11.6 kcal mol–1), while for 
the iso-electronic Ni, addition of the C–H bond is favored (−54.0 kcal mol–1 compared to 
−46.7 kcal mol–1, or −50.1 and −42.6 kcal mol–1, respectively, for Gibbs free energy barriers). 
The same shift in preferred reactivity is observed from Pd to Ag+, for which the computed 
activation strain diagrams are shown in Figure 7.6b. This shift is also observed for many of 
the coordinated complexes based on these metal centers, such as the monocoordinated 
copper- and silver-based catalysts. However, the results for these monocoordinated com-
plexes should be considered more carefully, since the results have been obtained from con-
strained optimizations. 

The validity of our design approach is further supported by a tendency towards C–C 
activation that is observed throughout the entire set of catalysts. For example, when com-
paring the results of C–C activation to those of C–H activation, and going from anionic 
group 9 catalysts to cationic group 11 catalysts, we find that for catalysts from all three 
groups the interaction energy is delayed in the case of C–C activation, but that this effect is 
more pronounced for the more strongly d-donating catalysts. 

For example, from Ir(CO)2
− to Pt(CO)2 and Au(CO)2

+, the difference between C–H 
and C–C activation barriers decreases from 25.3 kcal mol–1 to 23.0 kcal mol–1 to 17.8 kcal 
mol–1 (compare data in Table 7.1 and 7.2). Furthermore, when going from larger third row 
metal centers to the smaller first row metal centers, we find a tendency towards preferred 
C–C activation. This is true, for example, along the monocoordinated group 9-based cata-
lysts: whereas for IrPH3

− the C–C activation barrier is 21.9 kcal mol–1 higher than the C–H 
activation barrier (+14.0 and −7.9 kcal mol–1, respectively), this difference decreases to 17.7 
kcal mol–1 for RhPH3

− and further to 8.8 kcal mol–1 for CoPH3
−. 

It should be noted that we limit ourselves here to gas-phase results. Previous studies 
have shown that including a dielectric model to account for solvation has only a moderate 
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effect on the stationary points and does not alter the trends.[241] We have performed a pre-
liminary exploration in the aqueous phase (including optimizations) for the model catalysts 
that are suggested for selective C–H or C–C activation. This has been done by applying the 
COSMO (Conductor-like Screening Model) method[297,298] as implemented in ADF,[299] 
using a dielectric constant for water of 78.4, a solvent radius of 1.9 Å, and atomic radii tak-
en from the MM3 van der Waals radii[300] scaled by 0.8333.[301] These results suggest that 
the ordering of the reaction barriers for these model catalysts is not changed, that is, the 
observed selectivity in the gas phase is upheld in the aqueous phase. Note that these exam-
ples include the charged Ag+. We choose, however, not to provide the results, because the 
atomic radii have never been confirmed to give reliable results for ionic species, and, more 
importantly, coordination of a solvent molecule to the catalyst might occur during the 
reaction,[41,278,341] which cannot be accounted for using a continuum model. 

Figure 7.6 Activation strain diagrams (see Equation 2.10), comparing the addition of ethane 
C–H and C–C bonds to (a) an idealized set of catalysts, and (b) to an actual set 
of catalysts, as well as a comparison of the methane and ethane C–H bonds to (c) 
an idealized set of catalysts and (d) an actual set of catalysts. A dot designates the 
position of the TS. 
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7.6 Selective Methane C–H versus Ethane C–H Bond Activation 

Although the C–H bonds in ethane are very similar to those in methane, there are two im-
portant differences. Albeit subtle, these differences appear to have interesting consequences 
when these bonds interact with the various types of catalysts included in this work. The 
first difference between these bonds is that the ethane C–H bonds are slightly weaker than 
the methane C–H bonds (purely electronic BDE of 104.7 kcal mol–1, compared to 109.7 
kcal mol–1). Secondly, and importantly, when these bonds are stretched during the oxidative 
addition, the methane σ*C–H LUMO energy drops faster than the ethane σ*C–H LUMO en-
ergy. For the elongated C–H bonds, the ethane σ*C–H LUMO is higher in energy due to the 
contribution from the singly occupied MO on the ethyl fragment, which is destabilized by 
the antibonding interaction between its constituting methylene and methyl units. Such an 
antibonding interaction is absent in the singly occupied MO on the methyl fragment in 
CH4, leading to its σ*C–H LUMO being lower in energy. Figure 7.7 contains the σ*C–H or-
bital energies for both substrates as a function of C–H bond stretch, starting from the sub-
strates in their equilibrium geometries and stepwise elongating the C–H bond while all 
other geometry parameters are optimized. During an oxidative addition, the faster drop-
ping methane σ*C–H LUMO induces a stronger enhancement of the donor-acceptor orbital 
interaction with the d hybrid orbital of the catalyst complex. 

A comparison of the activation strain analyses (see Figure 7.3 and 7.5), reveals that 
the weaker C–H bond of ethane translates into a less destabilizing strain term ΔEstrain(ζ), 
while the weaker backbonding to the ethane C–H bond translates into a less stabilizing 

Figure 7.7 Energy of the σ*C–H orbital as a function of the stretch of the methane (solid line) 
and ethane (dashed line) C–H bond. 
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interaction energy term ΔEint(ζ). These counteracting effects tend to cancel out, at least 
partially. However, while the effect on the strain term is essentially equal for each catalyst 
complex, the effect on the interaction energy is, again, catalyst dependent. Thus, to ration-
ally design selective catalysts, we can take an approach similar to that described above for 
the ethane C–H and C–C bonds. 

To exemplify this, we consider again two cases: (i) a catalyst from the d regime, such 
as the anionic, or most of the neutral complexes, and (ii) a catalyst from the s regime, such 
as one of the cationic complexes. Schematic activation strain analyses for these two situa-
tions are shown in Figure 7.6c. For both cases, we find a less destabilizing strain term 
ΔEstrain for ethane activation (dashed black line), compared to methane activation (solid 
black line), due to the slightly lower bond dissociation energy of the former. Going from 
the methane to the ethane C–H bond, also the catalyst-substrate interaction ΔEint weakens 
as a result of the weaker catalyst-to-substrate backbonding that goes with the higher orbital 
energy of the ethane σ*C–H LUMO (see Figure 7.7). However, this latter effect hinders the 
catalysts from the d regime more than the catalysts from the s regime, for which this d do-
nation plays a less prominent role (compare the difference between the red ΔEint lines with 
the difference between the blue ΔEint lines in Figure 7.6c). Thus, the interaction energy 
ΔEint goes up for both catalysts if one goes from methane to ethane C–H activation, but the 
difference is greater for the d-regime catalyst, for which it outweighs the less destabilizing 
ΔEstrain and results in an overall higher reaction barrier for ethane C–H activation. For the 
s-regime catalysts the weakening of the ΔEint curves does not outweigh the lower ΔEstrain 
curve, and these catalysts therefore activate the ethane C–H bond with a lower barrier. 

An example of a catalyst from the s regime is Au(CO)2
+, for which the positive 

charge, the relativistic stabilization of the gold 6s atomic orbital and the π acceptor charac-
ter of the ligands all contribute to an excellent s-accepting capability. When this catalyst is 
compared to its group 10 analogue Pt(CO)2, we do indeed find that Au(CO)2

+ prefers 
ethane C–H activation (+31.3 kcal mol–1, ΔG ‡

  = +36.5 kcal mol–1) over methane activation 
(+34.3 kcal mol–1, ΔG ‡

  = +38.3 kcal mol–1), while for Pt(CO)2 this is the other way around: 
the barrier of +32.0 kcal mol–1 (ΔG ‡

  = +39.8 kcal mol–1) for ethane C–H activation is higher 
than the +31.1 kcal mol–1 (ΔG ‡

  = +37.3 kcal mol–1) barrier for methane activation (see Ta-
ble 7.1). The selectivity is not only observed in the reaction barriers, but also when the sta-
bility of the product complexes is considered. Figure 7.6d shows a comparison of the 
activation strain analyses of the addition of the methane and ethane C–H bond to Pt(CO)2 
(red lines) and Au(CO)2

+ (blue lines), which also displays the subtlety of the effect on the 
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scale of these terms. The most eye-catching features are the stronger strain energy for 
Au(CO)2

+, due to the greater bite-angle rigidity of the catalyst (see chapter 3), and the 
stronger interaction in the beginning of the addition to Au(CO)2

+, due to the stronger sub-
strate-to-catalyst donation for this complex. Again, preliminary results indicate that the 
selectivity observed for these catalyst complexes is also upheld in aqueous solutions. 

The above analyses not only confirm earlier observations on the importance of the 
catalyst-substrate interaction for (regio-)selectivity in C–H bond activation,[342-350] but also 
provide an explanation and the practical requirements to switch the preferred reaction 
pathway to the stronger bond: the strength of the interaction has to be sufficiently im-
proved (as in the case of the strongly d-donating catalysts), such that it outweighs the dif-
ference in strain energy that originates primarily from the dissociation energy of the bond. 
By separating and individually analyzing the two different physical factors (i.e., C–H bond 
strength and catalyst-substrate interaction), we have turned them into tuning parameters 
for rationally modifying a catalyst’s preference from one bond to another. As demonstrated 
here, this can be done even when the two bonds are very similar in nature. 

7.7 Ethane C–C Activation via Ethane C–H Activation 

In section 7.2, we already alluded to an alternative, somewhat exotic pathway to C–C acti-
vation that proceeds via C–H activation. This reaction pathway is encountered for a num-
ber of model catalysts that activate the ethane C–H bond with low barrier, or without 
barrier, namely, Co−, Rh−, Ir−, Pt and the monocoordinated cobalt- and iridium-based 
complexes. For the most strongly d-donating catalysts, that is, for Co−, Rh−, Ir−, CoNH3

− 
and IrNH3

−, the pathway to the C–C activation product even includes cleavage of two  
C–H bonds. For CoPH3

−, CoCO−, IrPH3
− and IrCO−, where the d-donating capability is 

decreased due to π backbonding to the ligand, only one C–H insertion occurs. In Figure 
7.8, we show for Rh− and C2H6 all stationary points and transition states leading to the  
C–C addition product at −80.0 kcal mol–1, starting from an initial dihapto reactant complex 
at −44.4 kcal mol–1, and including two reaction steps that involve C–H rupture. 

The first reaction step is the oxidative addition of a C–H bond to d10-Rh−, which 
takes place from the reactant complex at −44.4 kcal mol–1, via a transition state at −44.3 
kcal mol–1 to a stable product at −74.4 kcal mol–1 (see also Table 7.1). Secondly, the RhH 
moiety rotates around the Rh–C bond (TS at −72.3 kcal mol–1), followed by a rotation of 
the methyl group to an eclipsed position (TS at −72.9 kcal mol–1). This establishes an agos-
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tic interaction between one of its hydrogens and the rhodium center and furnishes a stable 
intermediate at −73.8 kcal mol–1. From this intermediate, the second C–H addition occurs, 
via a TS at −66.8 kcal mol–1, resulting in a product at −84.5 kcal mol–1. This intermediate 
consists of an ethylene coordinated to a Rh(H)2

− moiety. Rotation of Rh(H)2
− leads to a 

stable intermediate at −68.7 kcal mol–1; this is the minimum listed as the RC in Table 7.2, 
from which the C–C activation is initiated. The final reaction step occurs via a TS at −30.6 
kcal mol–1, in which both the hydrogens are transferred back to the carbon atoms, while 
simultaneously the C–C bond is cleaved, leading to formation of the common Rh(CH3)2

− 
product complex. Note that this final step constitutes the overall reaction barrier of the 
complete reaction path.  

We expect that the C–C activation product is obtained through a similar reaction 
path for Co− and Ir−, as well as for CoNH3

− and IrNH3
−, although for the latter two the 

addition of the second C–H bond leads directly to the RC for C–C addition. For the cata-
lysts that activate the C–C bond via activation of just one C–H bond, we expect the path-
way to contain identical reaction steps, up to and including the formation of the first C–H 
addition product containing an agostic interaction between the metal center and a hydro-
gen of the adjacent methyl group (such as depicted for Rh− in Figure 7.8, at −73.8 kcal 
mol–1). From there, a single transition state leads to the C–C addition product. In this tran-
sition state (which corresponds to those listed in Table 7.2), breaking the C–C bond occurs 
again simultaneously with restoring the C–H bond. We have not further explored each of 
these alternative reaction pathways, because these more exotic pathways are beyond the 
scope and purpose of the current work. 

Figure 7.8 Geometries and energies (kcal mol–1, relative to reactants) of the stationary 
points and transition states along the full reaction path for oxidative addition of 
the ethane C–C bond to Rh−. 
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7.8 Conclusions 

We have developed an approach that allows for rationally tuning a catalyst’s preference for 
activating one particular bond. Here, we have focused on ethane C–H versus C–C activa-
tion, as well as on the more subtle balance between the relatively similar C–H bonds of 
ethane and methane. The tuning parameters are the electronic regime of the catalyst (d 
regime or s regime) and the effective size of the metal center. This follows from our quan-
tum chemical exploration of almost 200 model reactions using the activation strain model 
in conjunction with relativistic Kohn-Sham molecular orbital theory. 

The physical mechanism behind the tuning is, among others, the difference in stabil-
ity of the activated bonds and the precise electronic nature of both these bonds and the cat-
alyst complex. The polar C–H bond is more stable and thus yields a higher strain energy 
curve than the C–C bond. This factor alone would make the barrier for C–H activation 
higher than that for C–C activation. 

The eventual height of the barrier arises as the sum of the above-mentioned activa-
tion strain and the interaction between the strained substrate and catalyst. This interaction 
can therefore modulate the barrier. Unlike the C–H bond, the C–C bond is sterically 
shielded from all sides by six C–H bonds. This steric shielding requires the C–C bond to 
stretch first, before the metal d orbitals can overlap with, and donate charge into, the σ*C–C 
acceptor orbital. The resulting delay in stabilizing interaction is a factor that works in the 
direction of giving C–C activation a higher barrier. We have shown that this effect is large 
for the strongly interacting d-regime catalysts (i.e., with high-energy d orbitals). Thus, d-
regime catalysts such as Pd(PH3)2 favor C–H activation. This can be turned around by go-
ing to s-regime catalysts. Now, metal d to substrate σ*C–C donation is no longer crucial and 
the delay effect becomes small. Consequently, the difference in strain curves takes over the 
trend, and the model catalyst activates the weaker C–C bond. Thus, s-regime catalysts, 
such as those based on Ag+, favor C–C activation. 

The concepts and design principles emerging form this work serve as a proof of prin-
ciple. They were also successfully applied to the more challenging problem of differentiat-
ing between activation of the C–H bonds in ethane versus those in methane. We envisage 
that these insights contribute to a more rational and efficient approach to catalyst design. 
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