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6.1 Introduction 

In this chapter, we wish to develop a generic understanding of how the type and charge of 
the metal center determines the reaction barrier height for methane C–H bond activation, 
and how these barriers are modulated by different types of ligands. Earlier work dealt with 
the insertion of palladium into several types of bonds,[201,304,305] with a variety of lig-
ands.[241,251] These studies provided a detailed understanding of the electronic and steric 
mechanisms that govern trends in catalytic activity and selectivity, to which the previous 
chapters further contributed. However, besides a preliminary study on bare coinage metal 
cations,[306] the influence of the metal center on catalyst activity has never received much 
attention. Here, we bridge this gap by presenting a broad and deep analysis of the causal 
relationship between catalytic activity and the nature of the metal center, as well as the lig-
ands. 

To this end, we have explored and analyzed how and why the activity of catalyst 
complexes d10-MLn toward methane C–H oxidative addition varies along all nine metal 
centers of groups 9, 10 and 11 (M = Co−, Rh−, Ir−, Ni, Pd, Pt, Cu+, Ag+, Au+). We have 
done this for all metal centers in uncoordinated, monoligated, and bisligated systems (n = 0, 
1, 2), for which the ligands are varied along L = NH3, PH3, and CO. These ligands provide 
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small yet representative models accounting for the electronic effects of the (often bulkier) 
ligands used in practice. 

Reaction profiles are analyzed with respect to the metal centers in their d10s0 electron-
ic configuration. This configuration most closely resembles the electronic configuration of 
these metals in molecular complexes, and is therefore the main electronic configuration of 
interest in order to understand the catalytic activity of these complexes.[307,308] This is an 
important difference with earlier work by other groups that focused on the ground state of 
the isolated atoms (often d9s1 or d8s2), which is, however, only relevant for gas-phase exper-
iments involving bare metal atoms.[23,33,309-311] For each model catalyst we have located the 
minima and transition state on the energy profile of the oxidative addition of methane, thus 
arriving at a rather large set of results. Trends along these results have been analyzed by 
using the activation strain model, allowing us to explain the characteristics of each energy 
profile in terms of intrinsic properties of the catalyst and the substrate. 

We will first discuss the effect of metal variation on oxidative addition, followed by an 
investigation of ligand effects. Thereafter, we will combine insights obtained from these 
sections, to show how the electronic nature of the metal center and the ligands influence 
each other, and consequently the reaction barrier for oxidative addition. The analyses ena-
ble us to unveil a number of new insights and concepts that are crucial for developing more 
rational approaches to catalyst design. At variance with textbook knowledge, bond activa-
tion reactions are not in all cases favored by pushing up metal d orbitals through ligand 
lone pairs, which, in principle, makes them better backdonating agents. We show that the 
supposedly lower bond activation barriers that may be expected only really occur if the cata-
lyst complex is in what we designate the d regime. In addition, as will become clear from 
the results in this chapter, metals can also be in what we designate the s regime. In the lat-
ter, ligands that destabilize the metal d orbitals have no, or even the opposite, effect on the 
catalyst’s activity toward bond activation, namely, a reduction in its bond-activating capa-
bility. 

Furthermore, we elaborate on the concept of bite-angle flexibility that we mentioned 
already in chapter 4. Using this concept, we propose new ways of tuning the catalyst activa-
tion strain associated with the bond activation reaction. We show, using results from chap-
ter 3, how the catalyst’s activation strain can be tuned (reduced) electronically, without the 
help of structural constraints as imposed by a molecular scaffold. Such a scaffold is often 
applied, for example, in chelate complexes to pull the ligands in ML2 toward each other in 
order to achieve a smaller bite angle. 



New Design Concepts for d10-MLn Catalysts 

 85 

The concepts that we propose herein constitute a set of generally applicable design 
principles for catalysts. In chapter 7, we will show how these principles manifest themselves 
in situations in which various bonds compete for activation, and how the design principles 
developed in the present work can be applied to achieve selective activation of one particu-
lar of these bonds. 

6.2 General Reaction Profiles and Exceptions 

ZORA-BLYP/TZ2P energies relative to the reactants of stationary points along all oxida-
tive addition reactions are collected in Table 6.1. These energies are relative to the catalysts 
in a d10s0 (uncoordinated metal atoms) or d10-like (coordinated metal centers) configuration, 
to be able to make a direct comparison with d10-MLn catalysts used in practice. Most of our 
model catalysts do indeed have a d10 ground state, but there are a few exceptions: according 
to our computations, Co−, Rh−, and Ir− have d8s2 atomic ground states, whereas Ni and Pt 
have d9s1 ground states. For these uncoordinated metal centers, strong mixing with the low 
metal s orbital leads to an enhanced stability of the stationary points relative to reactants 
(see Table 6.1). The addition of ligands to these metal centers generally results in catalyst 
complexes with d10-like electronic ground states. Only the monocoordinated cobalt com-
plexes, as well as the dicoordinated Co(NH3)2

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

configurations. 
We will first systematically discuss the main trends in the reaction barriers that we 

find along the commonly encountered energy profiles, such as depicted in Figure 6.1 for 
the archetypal model systems Pd, PdPH3 and Pd(PH3)2. In general, the reactions start from 
a reactant complex (RC), in which the methane coordinates in an η2 fashion to the catalyst. 
For the bare and monoligated catalysts these complexes are stable, while for the bisligated 
catalysts they are essentially not bound, or the substrate coordinates only weakly (see Table 
6.1). Moving onwards from the reactant complex, the catalyst migrates towards the C–H 
bond, which starts to elongate until it is, via a transition state (TS), effectively broken in 
the product complex (PC). Figure 6.2a shows a schematic representation of the potential 
energy surface (PES). We find, however, that a number of catalysts, mainly those based on 
a metal from group 9, insert into the methane C–H bond without barrier, leading to a PES 
as shown in Figure 6.2b. For most of the catalyst complexes based on a metal center from 
group 11, on the other hand, transition states do not occur, because the oxidative addition 
proceeds from the RC with an entirely uphill energy profile, and does not lead to a kinet-
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ically stable product (PES as in Figure 6.2c). The reasons behind these different PESs will 
be discussed in more detail in section 6.3. 

We also note that bond activation by monoligated catalysts proceeds with the ligand 
positioned either trans or cis to the methyl group of the activated methane substrate. For 
most transition state geometries, the trans isomer (as shown in Figure 6.1 for PdPH3) is 
preferred, with differences in relative energies varying from 0.5 to 8 kcal mol–1. Only the 
complexes containing AgNH3

+, AuNH3
+ and AuCO+ are slightly more stable when the 

ligand is located cis to the methyl group, but the difference is less than 2 kcal mol–1. A spe-
cial situation occurs for NiCO, for which insertion of the catalyst with the ligand trans to 

Table 6.1 Energies ΔE relative to reactants (in kcal mol–1) for the oxidative addition of the 
methane 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][e]   RC TS PC][e] 
              Co− [a] ][b] ][b] −241.4[c]  Ni[a] −55.8 −54.2][e] −68.6][d]  Cu+ −30.8 ][d] [−3.1][d] 

CoNH3
− [a] ][b] ][b] −37.9[c]  NiNH3 −18.6 −12.7][e] −15.5][d]  CuNH3

+ −25.5 ][d] [+13.0][d] 
CoPH3

− [a] −18.8 −18.4[c] −36.5[c]  NiPH3 −16.8 −5.0][e] −5.9][d]  CuPH3
+ −21.5 ][d] [+20.3][d] 

CoCO− [a] −15.9 −14.4[c] −29.5[c]  NiCO −17.4 ][d] [−0.1][d]  CuCO+ −29.2 ][d] [+11.2][d] 

CoNH3
−(NH3)[a] −2.4 −2.3[c] −20.6[c]  NiNH3(NH3) +12.0 +17.1][e] +14.5][d]  CuNH3

+(NH3) +20.0 ][d] [+57.7][d] 
Co(NH3)2

− [a] 0.0 +10.2[c] +5.1[c]  Ni(NH3)2 −0.8 +24.1][e] +5.3][d]  Cu(NH3)2
+ −1.5 ][d] [+42.2][d] 

Co(PH3)2
− −5.8 −1.0[c] −15.4[c]  Ni(PH3)2 −0.4 +13.4][e] +10.7][d]  Cu(PH3)2

+ −0.6 ][d] [+42.8][d] 
Co(CO)2

− −2.2 +7.1[c] −4.1[c]  Ni(CO)2 −2.4 +19.9][e] +19.8][d]  Cu(CO)2
+ −6.1 ][d] [+38.9][d] 

              
Rh− [a] −44.5 −44.4[c] −73.8[c]  Pd −6.7 +4.0][e] −3.6][d]  Ag+ −15.8 ][d] [+28.5][d] 
RhNH3

− −13.9 −12.5[c] −26.8[c]  PdNH3 −12.2 +1.2][e] −0.8][d]  AgNH3
+ −14.2 ][d] [+34.6][d] 

RhPH3
− −10.9 −3.8[c] −16.8[c]  PdPH3 −7.7 +15.7][e] +14.9][d]  AgPH3

+ −12.7 ][d] [+40.6][d] 
RhCO− −9.5 −0.4[c] −11.8[c]  PdCO −9.9 +15.5][e] +15.4][d]  AgCO+ −17.0 ][d] [+32.2][d] 
RhNH3

−(NH3) −0.1 +1.4[c] −12.1[c]  PdNH3(NH3) +10.7 +23.5][e] +21.8][d]  AgNH3
+(NH3) +16.5 ][d] [+65.3][d] 

Rh(NH3)2
− −2.4 +28.2[c] −5.5[c]  Pd(NH3)2 −0.1 [+29.0][e] +14.7][d]  Ag(NH3)2

+ −1.3 ][d] [+49.5][d] 
Rh(PH3)2

− 0.0 +13.9[c] −2.8[c]  Pd(PH3)2 0.0 +32.6][e] +27.3][d]  Ag(PH3)2
+ −0.5 ][d] [+54.7][d] 

Rh(CO)2
− −0.8 +22.1[c] +5.5[c]  Pd(CO)2 0.0 +33.9][e] +30.3][d]  Ag(CO)2

+ −2.5 ][d] [+48.3][d] 
              
Ir− [a] ][b] ][b] −117.7[c]  Pt[a] ][b] ][b] −54.8][d]  Au+ −28.6 −22.5 −28.9][d] 
IrNH3

− ][b] ][b] −40.9[c]  PtNH3 −18.4 −17.2][e] −25.0][d]  AuNH3
+ −24.8 ][d] [−3.3][d] 

IrPH3
− −10.4 −8.4[c] −32.4[c]  PtPH3 −10.0 +2.2][e] −4.5][d]  AuPH3

+ −17.6 ][d] [+15.7][d] 
IrCO− −8.0 −3.7[c] −25.1[c]  PtCO −14.3 +0.7][e] −4.5][d]  AuCO+ −28.6 ][d] [+0.1][d] 
IrNH3

−(NH3)[a] ][b] ][b] −27.2[c]  PtNH3(NH3) +16.1 −17.3][e] +10.4][d]  AuNH3
+(NH3) +23.0 ][d] [+47.5][d] 

Ir(NH3)2
− [a] −3.7 +22.4[c]  +10.3[c]  Pt(NH3)2 −0.3 [+43.1][e] +0.8][d]  Au(NH3)2

+ −1.6 +38.3 +27.5][d] 
Ir(PH3)2

− 0.0 +12.8[c] −17.8[c]  Pt(PH3)2 −0.1 +30.3][e] +11.7][d]  Au(PH3)2
+ −0.6 +44.1 +37.8][d] 

Ir(CO)2
− −0.9 +21.0[c] −8.2[c]  Pt(CO)2 0.0 +31.1][e] +14.6][d]  Au(CO)2

+ −1.2 +34.3 +29.8][d] 
              [a] Catalyst complex with a non-aufbau d10s0 or d10-like electronic configuration. [b] Inserts without 

barrier. [c] 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). [d] No reverse barrier: energy of 
the labile PC within brackets. [e] One ligand dissociates during insertion: energy in brackets ob-
tained by constraining both metal-ligand bond lengths to remain equal (see section 6.6). 
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the methyl group is a lower-energy pathway but does not lead to a kinetically stable product 
complex. A labile product complex on this energy profile was found at a relative energy of 
−0.1 kcal mol–1, which is not separated by a reverse barrier from the reactant complex at 
−17.4 kcal mol–1. When the ligand is positioned cis to the methyl group, a kinetically stable 
product complex exists (+8.4 kcal mol–1) as well as a transition state (+8.6 kcal mol–1) corre-
sponding to C–H activation, which constitutes a reverse barrier of only +0.2 kcal mol–1. 
However, when thermodynamic effects are included, this barrier for the reverse reaction 
vanishes as well. 

Finally, we encountered several alternative pathways for a number of M(NH3)2 com-
plexes, mainly those with metal centers from group 9 or 10. These pathways can involve 
dissociation of one M–NH3 bond, such as for Pd(NH3)2, leading to stationary points as 
shown in Figure 6.1 where the catalyst complex is denoted PdNH3(NH3) to emphasize that 

Figure 6.1 Representative geometries of the stationary points for the oxidative addition of 
methane to selected model catalysts. 
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one ligand is dissociated. Another possible alternative pathway occurs, for example, for 
Rh(NH3)2

−, also shown in Figure 6.1. This catalyst complex approaches the substrate with 
its ligands perpendicular to the plane formed by the targeted C–H bond and the metal cen-
ter, in contrast to many other catalysts, including Pd(PH3)2. The occurrence of these path-
ways can be explained if the effects of both metal and ligand variation are known, and will 
therefore be discussed, along with other ligand effects in sections 6.5 and 6.6, after the sec-
tions on the effect of metal variation. 

6.3 Metal Variation from Group 9 to Group 11 

According to the results of our computations, collected in Table 6.1, the anionic catalysts 
based on a group 9 metal center have early transition states, at a significantly lower energy, 
compared to the catalysts with a group 10 metal center. In fact, a number of group 9 metal-
based catalysts, as well as Pt from group 10, insert into the methane C–H bond without 
barrier, which leads to a PES as shown in Figure 6.2b. For most of the group 11 metal cen-
ters on the other hand, transition states do not occur, because the oxidative addition pro-
ceeds from the RC with an entirely uphill energy profile, and does not lead to a kinetically 
stable product (Figure 6.2c). For these group 11 catalysts, which do not experience a barrier 
for the reverse reaction, we have obtained a labile PC-like structure through optimization 
with the C–M–H angle fixed to its value in the product of the insertion of the analogous 
palladium-based catalyst. We have modeled, for example, the PC of addition to AgPH3

+ by 
optimizing the complex with the C–Ag–H angle constrained to the value of the C–Pd–H 
angle in the resulting PC of the addition to PdPH3. Only for some gold-based catalysts, 

Figure 6.2 Reaction potential energy profiles occurring in this work: (a) the general profile 
with stable reactant complex, a transition state, and stable product complex; (b) 
profile with a labile reactant complex and stable product complex; and (c) profile 
with only a stable reactant complex and a labile product complex. 
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which activate methane with very high barriers (well above 30 kcal mol–1), did we find sta-
ble product complexes. 

Thus, in general, we find that from group 9 to group 11, reaction barriers increase 
and product complexes become less stable. From Rh(PH3)2

− to Pd(PH3)2 to Ag(PH3)2
+, for 

example, barriers increase from +13.9 to +32.6 to +54.7 kcal mol–1 (see Table 6.1). Similar 
trends are observed for the other ligands, and with metal centers from the first or third 
transition metal row. We have compared the activation strain analyses for methane activa-
tion by Rh(PH3)2

−, Pd(PH3)2, and Ag(PH3)2
+ along the full reaction path, projected onto 

the stretch of the activated C–H bond (see activation strain diagrams in Figure 6.3a). From 
these analyses it is clear that, from group 9 to group 11 catalyst complexes, the energy pro-

Table 6.2 HOMO and LUMO energies (in eV) of model catalysts in their equilibrium 
geometry and an effective d10 electronic configuration. 

Group 9  Group 10  Group 11 
 HOMO LUMO   HOMO LUMO   HOMO LUMO 
           Co− [a] +12.0 +4.3  Ni[a] +0.3 −2.8  Cu+ −14.0 −12.3 
CoNH3

− [a] +4.0 +3.2  NiNH3 −2.2 −2.0  CuNH3
+ −11.8 −9.2 

CoPH3
− [a] +3.4 +2.5  NiPH3 −2.9 −2.4  CuPH3

+ −12.0 −8.9 
CoCO− [a] +3.2 +2.7  NiCO −4.1 −3.0  CuCO+ −13.7 −10.2 
Co(NH3)2

− [a] +3.9 +3.2  Ni(NH3)2 −1.5 −0.7  Cu(NH3)2
+ −10.3 −5.9 

Co(PH3)2
− +2.0 +2.8  Ni(PH3)2 −2.9 −1.3  Cu(PH3)2

+ −10.9 −6.3 
Co(CO)2

−  +1.1 +2.5  Ni(CO)2 −5.2 −3.1  Cu(CO)2
+ −13.2 −9.2 

           
Rh− [a] +4.7 +2.7  Pd −4.1 −3.4  Ag+ −15.6 −11.5 
RhNH3

− +2.5 +2.6  PdNH3 −3.5 −2.1  AgNH3
+ −12.6 −9.0 

RhPH3
− +2.2 +2.4  PdPH3 −4.5 −2.3  AgPH3

+ −12.4 −8.7 
RhCO− +1.6 +2.4  PdCO −5.3 −2.9  AgCO+ −14.1 −9.7 
Rh(NH3)2

− +2.7 +3.0  Pd(NH3)2 −3.1 −0.9  Ag(NH3)2
+ −11.0 −6.2 

Rh(PH3)2
− +1.4 +2.7  Pd(PH3)2 −4.4 −1.2  Ag(PH3)2

+ −11.3 −5.9 
Rh(CO)2

− +0.4 +2.4  Pd(CO)2 −5.8 −3.1  Ag(CO)2
+ −13.3 −8.6 

           
Ir− [a] +4.3 +2.0  Pt[a] −4.3 −4.8  Au+ −15.3 −13.3 
IrNH3

− +2.9 +3.0  PtNH3 −3.7 −2.7  AuNH3
+ −12.5 −9.9 

IrPH3
− +2.3 +2.3  PtPH3 −4.5 −2.9  AuPH3

+ −12.5 −9.3 
IrCO− +1.7 +2.5  PtCO −5.8 −3.6  AuCO+ −14.2 −10.8 
Ir(NH3)2

− [a] +3.2 +3.2  Pt(NH3)2 −3.0 −0.7  Au(NH3)2
+ −11.1 −6.0 

Ir(PH3)2
− +1.5 +2.8  Pt(PH3)2 −4.4 −1.3  Au(PH3)2

+ −11.5 −6.1 
Ir(CO)2

− +0.2 +2.4  Pt(CO)2 −6.1 −3.4  Au(CO)2
+ −13.5 −9.1 

           [a] Catalyst complex with a non-aufbau d10s0 or d10-like electronic configuration. 
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files become progressively less exothermic due to weaker interactions between the catalysts 
and the substrate. Because the strain curves ΔEstrain(ζ) are similar, the energy profile ΔE(ζ), 
and thus the transition state, shifts up in energy. Also, because of the less steeply descend-
ing interaction energy curves ΔEint(ζ), the position of the transition state shifts towards the 
product complex geometry. Indeed, for many of the cationic catalysts, this effect is strong 
enough to make the transition state merge into the product complex, resulting in a disap-
pearance of the barrier for the reverse reaction. 

A further decomposition of the interaction energy (using Equation 2.11; results not 
shown) reveals that the weakening from group 9 to group 11 catalysts is primarily the result 
of the orbital interactions, which clearly show a trend from strongly stabilizing for 
Rh(PH3)2

− to less stabilizing for Pd(PH3)2 and even less stabilizing if we go to Ag(PH3)2
+. 

This trend derives from the energies of the catalyst’s frontier orbitals (see Table 6.2). For 
the group 9 catalysts the energies of the d orbitals are high, due to the negative potential 
that the electrons are confined in, while for the neutral group 10 catalysts, the orbital ener-
gies are much lower, and they again decrease significantly going to the group 11 catalysts, 
due to their net positive charge. As a result, the anionic Rh(PH3)2

−, with its high-energy  
d-derived HOMOs, is a better electron donor than Pd(PH3)2, which in turn is a better do-
nor than the cationic Ag(PH3)2

+. Therefore, Rh(PH3)2
− donates electrons into the anti-

bonding σ*C–H orbital of the substrate more easily, which translates into a stronger orbital 
interaction term, and a lower barrier for methane C–H bond breaking. This is also reflect-
ed in the σ*C–H populations, which decreases from 1.06 electrons in the product complex of 
Rh(PH3)2

−, to 0.80 electrons in the product complex of Pd(PH3)2, to 0.52 electrons in the 
labile product complex obtained for Ag(PH3)2

+. 
The strain curves associated with geometrical deformations more or less coincide, be-

cause these reactions proceed via very similar geometrical transformations. The strain ener-
gy originates predominantly from the deformation of the substrate, because breaking the 
covalent C–H bond induces more strain than bending the L–M–L bite angle to smaller 
values. However, as shown in Figure 6.3a, the strain energy for Rh(PH3)2

− increases slowly 
at the beginning of the reaction and is lower than the strain curves for Pd(PH3)2 and 
Ag(PH3)2

+. For the last two, the strain curves increase steeply at an early stage of the reac-
tion, thereby pushing up the total energy profile immediately. This is related to the intrin-
sic bite-angle flexibility of the catalysts, especially in the case of Rh(PH3)2

−, which already 
has a bent equilibrium geometry. This nonlinearity also occurs for M(PH3)2 in which M is 
Co−, Rh− or Ir−, and for M(CO)2 with all metal centers M from groups 9 or 10, such as 
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Pd(CO)2, which has a ligand-metal-ligand (L–M–L) angle of 155°. We have elucidated 
the reason for this bending in chapter 3. Our analyses showed that L–M–L bending is fa-
vorable for d10-ML2 complexes with strong π backbonding, because the increase in steric 
repulsion is outweighed by a more strongly increasing stabilization that occurs when one of 
the two ligand π* acceptor orbitals overlaps and interacts with a different metal d orbital 
that is not yet stabilized by backbonding to the other ligand and therefore at a higher or-
bital energy. 

Again, we find that the enhanced L–M–L bite-angle flexibility has the effect of low-
ering the strain curves in a manner that is related to, and yet also different from well-
known bite-angle effects in chelate complexes. In earlier work[241,251] it was shown that 
smaller bite angles in chelate complexes enhance the catalyst’s activity by reducing its con-
tribution to the activation strain. The physical mechanism behind this reduced catalyst 
strain is that there is no longer a need for the bending away of ligands from the approach-
ing substrate, a process that occurs in linear d10-ML2 complexes to relieve steric (Pauli) re-

Figure 6.3 Comparison of activation strain analyses (see Equation 2.10) for the oxidative 
addition of methane to four different series of model catalysts (using constraints 
for Pd(NH3)2; see text). A dot designates the position of the TS. 
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pulsion between ligands and substrate, but which still causes the build-up of catalyst strain. 
Thus, in a sense, the deformation energy needed to bend the catalyst during the reaction is 
taken out of the strain term by building it into the catalyst with a structural constraint, such 
as the bridging scaffold in chelating ligands. In chapters 4 and 5, we already showed that 
such a bridging ligand is not needed when the catalyst complex adopts a bent geometry 
intrinsically. In the present case, such a bridging ligand is not needed as the catalyst com-
plex becomes bent for electronic reasons (namely strong π backbonding, as described in 
chapter 3). Going from Pd(PH3)2 to Ag(PH3)2

+, we find a slightly more steeply increasing 
catalyst strain in an early stage of the reaction, despite the fact that both catalyst complexes 
have linear L–M–L angles in their equilibrium geometries. In accordance with the conclu-
sions from chapter 4, this shows that not the bite angle itself, but the intrinsic bite-angle 
flexibility of the catalyst is of relevance to the reaction barrier. This also proves that a single 
structural parameter based on the catalyst’s equilibrium geometry (e.g., the bite angle) is not 
necessarily sufficient to account for the catalyst’s activation strain, let alone for predicting 
its activity. 

6.4 Metal Variation from Row 1 to Row 3 

Considering the trend within a group, descending the periodic table, we find that the cata-
lysts with a metal center from the second row (Rh−, Pd, Ag+) generally have higher barriers 
than their congeners with a first row (Co−, Ni, Cu+) or third row (Ir−, Pt, Au+) metal center. 
Thus, if we consider for example the triad NiPH3, PdPH3, PtPH3, we find a significantly 
higher barrier for PdPH3 (+15.7 kcal mol–1), than for NiPH3 and PtPH3 (−5.0 and +2.2 
kcal mol–1, respectively). Although the differences in barrier heights within a certain group 
are generally smaller than the differences in barrier heights between groups, they can still be 
considerable. The barrier for AgNH3

+, for example, is more than 30 kcal mol–1 higher than 
that of AuNH3

+. This trend, combined with the general increase of reaction barriers going 
from group 9 to group 11 (see previous section), accounts for the earlier observation that 
addition to Cu+ and Au+ is more feasible than to Pd, for which it is again more feasible 
than to Ag+.[306] The preliminary nature of this earlier work, however, did not allow for a 
careful analysis of this trend. Now, we have addressed its origin and, having already ex-
plained the general increase in barriers from group 9 to group 11, we turn to the activation 
strain diagrams for the triad of group 10 metal bisphosphine complexes shown in Figure 
6.3b. 
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We find that the barrier for Ni(PH3)2 is the lowest in this series, while the barriers for 
Pd(PH3)2 and Pt(PH3)2 are much higher. Note that, although the last two barriers are 
comparable in height, the transition state for Pt(PH3)2 occurs at shorter C–H bond stretch, 
that is, in an earlier stage of the reaction. The barrier for Ni(PH3)2 is lowest for two rea-
sons: (i) the strain curve is least destabilizing and (ii) the interaction curve is, along most of 
the reaction path, most stabilizing (see Figure 6.3b). The differences in strain energy origi-
nate again from the contributions of bending the catalysts, that is, we again recover the 
consequences of the intrinsic bite-angle flexibility. All three catalysts have linear L–M–L 
angles in their equilibrium geometries, which must decrease to a value around 110° as the 
methane substrate approaches and oxidatively adds. The concomitant catalyst deformation 
energy ΔEstrain[cat] is smallest for Ni(PH3)2 and largest for Pt(PH3)2, because a somewhat 
stronger π backbonding from the higher-energy nickel d orbitals causes Ni(PH3)2 to have a 
reduced resistance against bending the ligands away, as described in chapter 3. Therefore, 
the energy profiles of Pd(PH3)2 and Pt(PH3)2 rise faster in an early stage of the reaction 
than that of Ni(PH3)2. Later on, however, the interaction energy curve starts to descend 
more steeply for Pt(PH3)2 than for Ni(PH3)2 and Pd(PH3)2. As a result, the product side of 
the energy profile for Pt(PH3)2 is stabilized relative to the reactant side, which shifts the 
transition state towards a smaller C–H stretch. The interaction energy for Pd(PH3)2 does 
not descend as fast, and hence this addition reaction occurs with a relatively high barrier, 
and via a transition state appearing at a larger C–H stretch. 

A closer look at the interaction energy curves for this series shows that, similar to the 
series from Rh(PH3)2

− to Pd(PH3)2 to Ag(PH3)2
+, the orbital interactions are decisive for 

the final trend in the interaction energies (results not shown). Those interactions are weak-
est for Pd(PH3)2, more stabilizing for Ni(PH3)2 and most stabilizing for Pt(PH3)2. Our 
bonding analyses show that this is again related to the catalyst’s capability to interact with 
and donate electrons to the substrate acceptor σ*C–H orbital. This is again reflected by the 
population of this orbital, which, at the same point near the TS of the reactions (i.e., at a 
C–H stretch around 0.57 Å), has risen from zero to 0.50 electrons for the addition to 
Ni(PH3)2 and Pt(PH3)2, while for Pd(PH3)2 it is less, only 0.43 electrons. Compared to 
Pd(PH3)2, Ni(PH3)2 is a better electron donor because of its energetically higher d-derived 
HOMO (see Table 6.2). Pd(PH3)2 and Pt(PH3)2 have comparable orbital energies for their 
d-derived HOMO, but the platinum d orbitals are larger and, therefore, achieve a better 
overlap with the substrate’s σ*C–H LUMO: 0.31 for Pt(PH3)2 as compared to 0.28 for 
Ni(PH3)2 and Pd(PH3)2 at the same point in the TS region (again at a C–H stretch of 0.57 
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Å). Furthermore, the energy profile for Pt(PH3)2 is additionally stabilized by a relatively 
strong substrate-to-catalyst donor-acceptor interaction. This interaction benefits from the 
relativistic contraction and stabilization of the platinum 6s orbital, which translates into a 
low orbital energy and thus favorable acceptor capability of the 6s-derived LUMO on 
Pt(PH3)2 (also listed in Table 6.2).[200,312-314] This description closely resembles a picture 
commonly put forward, based on competition between the d10s0 and d9s1 state of the cata-
lyst complex.[8,248,315] However, as we will show and explain later on, it is important to con-
sider the catalyst-to-substrate backdonation separately from the substrate-to-catalyst 
donation. 

6.5 Variation from σ-Donating to π-Accepting Ligands 

As shown by the results in Table 6.1, reaction barriers for oxidative addition to MLn com-
plexes increase in most cases along L = NH3 < PH3 < CO. For example, from RhNH3

− to 
RhPH3

− to RhCO− the barrier increases from −12.5 to −3.8 and to −0.4 kcal mol–1. For the 
monoligated palladium-based catalysts, we find that the barrier increases substantially from 
PdNH3 to PdPH3 and PdCO. Note, however, that addition to the last two model catalysts 
goes via essentially equally high barriers; we will return to this in a later section. The rela-
tive energy of the product complexes, however, increases systematically and monotonically 
along NH3 < PH3 < CO. 

In Figure 6.3c, we show the activation strain diagrams for the monoligated palladi-
um-based catalysts and, for comparison, bare palladium. We find that the higher barriers 
and increased endothermicity for PdPH3 and PdCO are the result of a less stabilizing cata-
lyst-substrate interaction ΔEint, compared to PdNH3. This is related to the σ-donating and 
π-accepting properties of the ligands. NH3 acts primarily as a σ-donating ligand, pushing 
up the metal d orbitals (see Table 6.2). This improves the catalyst-substrate interaction and 
thus reduces the reaction barrier. PH3 and especially CO, on the other hand, have π* ac-
ceptor orbitals that stabilize the d orbitals on the metal center (see Table 6.2) and deplete 
some electron density from the metal center (the VDD atomic charge on Pd in these cata-
lysts is −0.15 a.u. for PdNH3, −0.04 a.u. for PdPH3 and +0.14 a.u. for PdCO). This reduc-
es the electron-donating capability of the catalyst and weakens the catalyst-substrate 
interaction ΔEint, resulting in a higher barrier. 

One might argue, that the M(CO)n catalysts are exceptions to this general trend, be-
cause they have relatively high barriers for metal centers from groups 9 or 10, while they 
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have the lowest barriers for group 11 metal centers. Indeed, although the effects of the lig-
ands on the metal orbitals as just described also apply to metal centers from group 11, the 
effect on the reaction barrier is completely reversed as a consequence of the combined effect 
of the metal and the ligand. In section 6.7, we introduce the ‘d regime’ and ‘s regime’ of 
catalysts, which serve as useful concepts to understand this intriguing reversal of ligand ef-
fects. 

The same ligand effects can be recognized in the case of the bisligated catalysts, alt-
hough these generally react via significantly higher barriers than the monocoordinated 
complexes (see Figure 6.3d for Pd and PdL2). It is known that this is the result of addition-
al catalyst strain induced by the need to bend the catalyst complex to avoid even stronger 
repulsive steric interactions between the catalyst and the substrate.[241,251] Although this is 
true in general, the concept needs refinement, because, as we encountered in previous sec-
tions, the amount of destabilization of the strain term also changes along linear catalysts 
when the metal center is varied along a row or a group of the periodic table. Here, we find 
a similar effect when varying the ligands, while keeping the same metal center. Thus, from 
Pd(CO)2 to Pd(PH3)2 to Pd(NH3)2, the intrinsic bite-angle flexibility of the catalyst de-
creases, and therefore the catalyst strain becomes more destabilizing. This effect is small 
from Pd(CO)2 to Pd(PH3)2, despite the fact that Pd(CO)2 is intrinsically bent, while 
Pd(PH3)2 is not. From Pd(PH3)2 to Pd(NH3)2, however, the flexibility of the bite angle 
decreases significantly, while the metal-ligand bond weakens as well. Consequently, the 
search for a transition state for methane activation by Pd(NH3)2 with both ligands attached 
fails, as one of the NH3 ligands dissociates from the metal. To obtain nevertheless an idea 
of how such a TS would look like, we have optimized and analyzed the fictitious reaction 
profile for methane activation by Pd(NH3)2 under the constraint that the two Pd–NH3 
bonds remain equal in length. The strain curve for Pd(NH3)2 is therefore significantly 
higher than those of the other two bisligated palladium catalysts, because not only does 
bending this more rigid catalyst (see chapter 3) lead to a larger deformation energy, but also 
the simultaneous elongation (but not rupture!) of both Pd–NH3 bonds contributes to this 
term. Importantly, the same ligand effects as for monocoordinated PdL can still be ob-
served: the catalyst-substrate interaction ΔEint is strongest for Pd(NH3)2 and weaker for 
Pd(PH3)2 and Pd(CO)2, because the metal d orbitals are more effectively stabilized in the 
last two due to the strong π-backbonding capability of PH3 and especially CO. 

Interestingly, we observe anti-Hammond behavior if we go from mono- to bisligated 
catalyst complexes. Thus, oxidative addition to PdL2 proceeds with higher barriers and 
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higher endothermicity than to PdL, yet the TS of the former, more endothermic reaction is 
located more at the reactant side (at shorter C–H stretch) than the TS of the latter. The 
transition states for the monoligated catalysts occur at C–H bond lengths of 1.777 
(PdNH3), 1.908 (PdPH3), and 2.012 Å (PdCO), whereas for the bisligated catalysts the 
transition states occur at 1.465 (Pd(NH3)2), 1.733 (Pd(PH3)2) and 1.770 Å (Pd(CO)2; see 
Figure 6.3c and 6.3d). This anti-Hammond behavior results from the more steeply de-
scending interaction curves for the PdL2 catalysts. Thus, the catalyst-substrate interaction 
ΔEint shows the same trend for bisligated catalysts as for the monoligated ones, because the 
orbital energies in both series of catalyst complexes, PdL and PdL2, decrease in the same 
order along L = NH3 > PH3 > CO (see Table 6.2). However, all bisligated catalysts show a 
faster descending interaction energy than their monoligated analogues, because the elec-
tron-donating capability of bisligated catalysts ML2 is improved with respect to ML as 
soon as L–M–L bending in the former begins and turns on the antibonding overlap of the 
ligand lone pairs with a metal d orbital. The effect of this phenomenon is that the resulting 
hybrid d orbital is pushed up in energy and oriented more towards the substrate σ*C–H or-
bital.[37,241,251] Thus, as we proceed along the reaction coordinate for oxidative addition to 
the bisligated metal complexes, the interaction curve experiences an additional reinforce-
ment, becomes steeper and pulls the TS to an earlier, more reactant-like geometry. 

6.6 Alternative Reaction Pathways for M(NH3)2 Catalysts 

As alluded to in section 6.2, a number of reaction paths for M(NH3)2 catalysts deviate from 
the general path that is depicted in Figure 6.1 for the archetypal dicoordinated model cata-
lyst Pd(PH3)2. We have found a viable alternative pathway for Pd(NH3)2 in which one lig-
and is dissociated (see Figure 6.1). Such hemilability has often been applied in ligand 
design and is a known feature of N-coordinating sites.[316-320] Expulsion of one of the NH3 
ligands avoids not only bending the L–M–L angle, which is unfavorable for Pd(NH3)2 due 
to its bite-angle rigidity, but also avoids steric repulsion between the dicoordinated catalyst 
and the substrate. Thus, this directly links our concept of intrinsic bite-angle flexibility (or 
rigidity) to that of hemilability. We have investigated these alternative pathways for all 
metal centers M, and listed the energies (relative to dicoordinated, linear M(NH3)2 and 
methane) of the stationary points on these pathways in Table 6.1. These are denoted as 
MNH3(NH3), because when M–N dissociation occurs the dissociated ligand forms a com-
plex with the remaining MNH3 moiety through a hydrogen bond between its nitrogen lone 
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pair and an N–H bond of the still metal-coordinated ammine ligand. For the metal centers 
from groups 9 and 10, but not group 11, these complexes are further stabilized by an agos-
tic interaction between one of the hydrogen atoms of the expelled NH3 ligand and the met-
al center. The isolated catalyst complexes RhNH3

−(NH3) and IrNH3
−(NH3) are 13.9 and 

12.8 kcal mol–1 higher in energy compared to the linear dicoordinated M(NH3)2
− complex-

es, respectively. For CoNH3
−(NH3), we could not reach full convergence, but based on a 

partially converged calculation, we estimate this complex to be around 12 kcal mol–1 higher 
in energy than the linear Co(NH3)2

−. For the neutral complexes Ni(NH3)2, Pd(NH3)2 and 
Pt(NH3)2, these rearrangements lead to species that are 30.3, 22.7 and 33.6 kcal mol–1 less 
stable than the linear dicoordinated complexes, respectively. For the cationic complexes 
such rearrangements are even less feasible, due to the stronger M+–NH3 bonds (see chapter 
3) and the absence of agostic interactions. As a result, the complexes CuNH3

+(NH3), 
AgNH3

+(NH3) and AuNH3
+(NH3) are 42.8, 29.1 and 44.1 kcal mol–1 less stable than the 

corresponding linear dicoordinated M(NH3)2
+ complexes. 

Alternative pathways involving ligand dissociation are therefore feasible for catalysts 
based on a metal center from group 9 or 10, but not for the catalysts based on a metal cen-
ter from group 11. In fact, we were unable to find planar tetracoordinated transition states 
for the M(NH3)2 complexes with M = Co−, Rh−, Ir−, Pd and Pt. For Ni(NH3)2 we located 
a transition state and product complex with both ligands attached to the metal center, but 
an alternate path including the rearrangement of one ligand is also feasible. For Ir(NH3)2

−, 
we find no transition state for methane activation after the catalyst rearranges to 
IrNH3

−(NH3), but instead a barrierless formation of the addition product (see Table 6.1, 
PES as in Figure 6.2b). In general, the geometries of the stationary points along these al-
ternative reaction paths are similar to those of the corresponding monocoordinated MNH3 
catalyst complexes. Note also that the shape of reaction profiles is similar, although they 
have been shifted up due to the reorganization of M(NH3)2 to MNH3(NH3). 

Interestingly, in the case of Co(NH3)2
−, Rh(NH3)2

− and Ir(NH3)2
−, we also find an 

additional pathway via a transition state in which the ligands remain coordinated to the 
metal, but the metal-ligand bonds are oriented perpendicular to the plane formed by the 
activated C–H bond and the metal center (see Figure 6.1 for Rh(NH3)2

−). This distorted 
tetrahedral arrangement also avoids steric repulsion between the ligands and the substrate, 
and allows the catalyst to remain almost linear, thereby avoiding the unfavorable strain en-
ergy that would be induced by decreasing its rigid bite angle (see chapter 3), or dissociating 
one of the two NH3 ligands. Despite avoiding both destabilizing effects, these transition 
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states are relatively high in energy compared to the barriers for other catalyst complexes 
based on these metal centers (see Table 6.1), due to additional (Pauli) repulsion between 
the occupied orbitals of the reactants, which significantly weakens the catalyst-substrate 
interaction. 

The nonplanar transition state for Rh(NH3)2
− leads to a planar product at −5.5 kcal 

mol–1, with the NH3 ligands in trans positions (see Figure 6.1). In the product complexes 
for Co(NH3)2

− and Ir(NH3)2
− the ligands keep their almost perpendicular orientation to 

the plane containing the metal and the activated C–H bond, leading to complexes with a 
distorted tetrahedral geometry, with ligand-metal-ligand angles of 166.2° and 175.8°, re-
spectively. These product complexes are at +5.1 kcal mol–1 for Co(NH3)2

− and +10.3 kcal 
mol–1 for Ir(NH3)2

− (see Table 6.1). For comparison, we have optimized planar cis products 
for these catalysts, similar to the product shown in Figure 6.1 for Pd(PH3)2. These cis com-
plexes were found to have relative energies of −25.3, −11.2 and −25.4 kcal mol–1 for 
Co(NH3)2

−, Rh(NH3)2
− and Ir(NH3)2

−, respectively. 
Methane activation by group 10 catalysts Pd(NH3)2 and Pt(NH3)2 also proceeds via 

dissociation of one of the NH3 ligands. To obtain an idea of how the reaction profile in-
volving a tetracoordinated TS would look like, we have optimized and analyzed the ficti-
tious reaction profile for methane activation under the constraint that the two M–NH3 
bonds remain equal in length, to prevent dissociation of one ligand; the resulting relative 
energies are collected in Table 6.1. For the product complexes, no such constraint was nec-
essary as these complexes do have equilibrium structures Pd(NH3)2(CH3)(H) and 
Pt(NH3)2(CH3)(H) in which both M–NH3 coordination bonds are intact. These product 
complexes have relative energies of +14.7 kcal mol–1 and +0.8 kcal mol–1, respectively. The-
se numbers fit the trends observed for the other bisligated catalyst complexes. For 
Ni(NH3)2, we found a regular planar tetracoordinated complex, such as that shown in Fig-
ure 6.1 for Pd(PH3)2. Its relatively high barrier compared to the other dicoordinated nickel-
based catalysts again originates from the bite-angle rigidity of M(NH3)2 complexes. 

6.7 Catalyst Design Principles: d Regime versus s Regime 

The emerging insights about metal and ligand effects on catalyst activity may be combined 
to yield design principles for catalyst complexes that are tailor-made for activating particu-
lar bonds in a substrate. In most cases, we can even simply add up the different effects that 
we have uncovered. Barriers can be tuned down, for example, by making the metal complex 
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a better electron donor and by increasing its intrinsic bite-angle flexibility to accommodate 
the incoming substrate. These two effects cause the interaction curve ΔEint to become more 
stabilizing, and the strain curve ΔEstrain to become less destabilizing, which both result in a 
lowering of the overall reaction profile and barrier. This is illustrated by the schematic acti-
vation strain diagrams in Figure 6.4. The electron-donating capability of MLn can be en-
hanced, for example, by choosing an effectively negatively charged d10 metal center from 
group 9 (see section 6.3), introducing a strong σ-donating ligand or even a negatively 
charged ligand (anion assistance[201,304,305]). The bite-angle flexibility can be enhanced by 
increasing the intrinsic tendency of the complex to adopt a bent L–M–L geometry through 
enhanced π backbonding (see chapter 3), steric attraction (see chapter 4), or by introducing 
a short bridge between the two coordinating L moieties as a structural constraint to force 
the bite angle to smaller values, as in chelating ligands.[241,251] 

Interestingly, barriers cannot in all cases be lowered by pushing up metal d orbitals, as 
we already alluded to in previous sections. In the majority of model reactions, we do ob-
serve this relationship between a lower barrier and a higher catalyst d orbital energy. This 
more common situation is what we designate the ‘d regime’ (see Figure 6.5). Examples of 
d-regime catalysts are the anionic group 9 and neutral group 10 catalysts. For d-regime 
catalysts, the ammine-ligated complex has the lowest barrier because the ammine ligands 
slightly push the d orbitals up in energy through σ donation. Addition to carbonyl-ligated 
d-regime catalysts, on the other hand, goes with higher barriers, despite reduced bending 
strain, because the carbonyl ligand effectively stabilizes the d orbitals through π backbond-

Figure 6.4 Schematic activation strain diagrams (Equation 2.10) showing how the reaction 
barrier can be reduced: (a) by strengthening the interaction ΔEint (from black to 
green curves); and (b) by softening the activation strain ΔEstrain (from red to black 
curves); for example (c) by reducing the activation strain ΔEstrain[cat] contributed 
by the bending of the catalyst during the reaction (blue curve). A dot designates 
the position of the TS. 
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ing. Consequently, along RhCO−, RhPH3
−, and RhNH3

−, the energy of the catalyst 
HOMO increases from +1.6 to +2.2 to +2.5 eV (see Table 6.2), which induces a more sta-
bilizing interaction ΔEint curve and therefore a lower and lower barrier ΔE ‡ for C–H bond 
activation. The latter goes down from ΔE ‡ = −0.4 to −3.8 to −12.5 kcal mol–1, along 
RhCO−, RhPH3

−, and RhNH3
−, respectively (see Table 6.1). 

However, a different trend is obtained for group 11 complexes, which are in what we 
designate the ‘s regime’. Now, the lowest barrier no longer occurs for the ammine-ligated 
complexes, but for the carbonyl-ligated catalysts. The reason why this may seem unex-
pected is the fact that the ML2 d hybrid orbitals are still highest in energy for the ammine-
ligated catalysts and lowest for the carbon monoxide-ligated ones (see Table 6.2). Thus, 
according to the activation strain diagram in Figure 6.4, one might expect the lowest barri-
er to occur for the catalyst complex that can enter into the strongest π-backbonding inter-
action with the substrate, namely, the ammine-ligated complex with its high-energy d 
hybrid orbitals. 

What has happened, however, is that a different catalyst-substrate bonding mecha-
nism, with a different dependence on orbital energies, has joined the game for the group 11 
complexes. Due to the net positive potential in these cationic species, all metal complex 
orbitals are at relatively low energy and π backbonding is no longer of much importance 
(see also chapter 3). The question whether the ligands push the d orbital energy up or not 

Figure 6.5 Schematic representation of key orbital interactions between the metal center M 
of the catalyst and the substrate CH4, defining: (a) the d regime in which catalyst 
activity can be adjusted by tuning d orbitals (indicated in red) and (b) the s re-
gime in which catalyst activity can be adjusted by tuning the s orbital (indicated 
in blue). 
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still matters (for example, the C–H activation barrier for Au(PH3)2
+ is still a bit higher than 

for Au(NH3)2
+), but has become less important. On the other hand, the empty metal s or-

bitals have been stabilized significantly, such that donation from the substrate σC–H 
HOMO to this low-energy catalyst LUMO becomes important. We are now in the s re-
gime (see Figure 6.5), for which trends in reaction barriers are dictated primarily by the 
metal s orbital and how this orbital is affected by the choice of ligands. 

The concepts of d regime and s regime explain in a straightforward manner the inver-
sion of ligand effects that we encountered for the group 11 complexes. The additional low-
ering of the metal LUMO that occurs via backbonding from metal to a π-accepting ligand, 
such as CO (i.e., through the associated increase of the effective positive potential at M) 
makes the metal an even better acceptor for σ donation from the substrate. Thus, the inter-
action curve ΔEint for these positively charged group 11 complexes becomes more stabiliz-
ing and the barrier goes down from values between +35 and +41 kcal mol–1 for AgNH3

+ 
and AgPH3

+, respectively, to +32 kcal mol–1 for AgCO+ (see Table 6.1). Other prominent 
examples of s-regime catalysts are the bisligated gold catalysts, which achieve the lowest 
barrier for Au(CO)2

+ (see Table 6.1 and 6.2). A closer inspection of the palladium-based 
catalysts shows that, already for the neutral complexes, this influence on ΔEint of σ donation 
from substrate to catalyst begins to play a role. The interplay of electronic mechanisms is, 
however, rather subtle, leading to only a small energy difference between, for example, the 
barriers for PdPH3 and PdCO (+15.7 and +15.5 kcal mol–1, respectively). 

It follows that, to rationally devise a catalyst with the desired reactivity, one should 
not only consider the effect of metal variation and ligand variation, but also their combined 
effect, as well as the primary mode of interaction with the target substrate: (i) for catalyst 
complexes from the d regime, in which bond breaking depends primarily on d orbital prop-
erties, modifications for tuning should be aimed at adjusting these d orbitals; and (ii) on the 
other hand, for catalysts from the s regime, one should aim at adjusting the metal s orbitals. 
For the latter category of catalysts, d orbital tuning has, at best, little effect on the reactivity, 
but is likely to induce effects opposite to what is attempted, as revealed by the unexpected 
lowering of barriers when π-backbonding ligands are attached to group 11 catalyst com-
plexes. This picture is qualitatively different from the picture based on the splitting of the 
d10s0 to d9s1 states in the catalyst, as is commonly suggested.[8,248,315] Although the two bear 
resemblances, a description based on the splitting of the d10s0 and d9s1 states does not indi-
cate when to tune the d orbitals or the s orbitals, because both affect the d10s0-d9s1 transi-
tion energy similarly. 
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6.8 Conclusions 

We have developed three new concepts for catalyst design: (i) bite-angle flexibility, (ii) d-
regime catalysts, and (iii) s-regime catalysts. These concepts, further detailed below, 
emerge from our activation strain analyses of 72 methane C–H bond activation reactions by 
d10-MLn complexes, based on relativistic density functional theory. The analyses of this vast 
set of reaction potential energy surfaces, all obtained consistently at the same level of theory, 
make it possible to examine systematically how and why the activity of d10-MLn catalysts 
toward methane C–H oxidative addition varies along all of the nine d10 metal centers of 
groups 9 to 11, combined with the effects of variations along uncoordinated, mono- and 
bisligated systems, involving σ-donating and π-accepting ligands. 

The concept of bite-angle flexibility is a change of paradigm regarding the role of the 
bite angle in a catalyst complex. We have shown that the bite angle is not decisive for the 
catalyst’s activity. What is decisive instead is the catalyst’s flexibility towards assuming a 
nonlinear L–M–L geometry during the bond activation. Such a nonlinear geometry is cru-
cial when the C–H bond to be activated is coordinating and breaking, because in that situa-
tion a bent L–M–L geometry avoids strong steric (Pauli) repulsion between the catalyst 
complex and the substrate. Traditionally, this factor is addressed by tuning (reducing) the 
bite angle with the help of a structural constraint, imposed by the molecular scaffold, that 
pulls the two coordinating sites closer to each other, thus making room for the incoming 
substrate. This indeed reduces the catalyst activation strain ΔE ‡

strain[cat] and thus the reac-
tion barrier ΔE ‡.[241,251] However, the catalyst activation strain can also be reduced simply by 
making the catalyst complex sufficiently flexible, that is, by designing the electronic struc-
ture of the d10-MLn complex, such that the PES for L–M–L bending becomes shallow. 
This can be done by amplifying metal-to-ligand π backdonation, for example, by improv-
ing the π-accepting capability of the ligands in the catalyst complex, as discussed in chapter 
3.  

The choice of ligands and metal determines not only the bite-angle flexibility, but al-
so the catalyst’s binding capability towards the substrate. In what we designate the d regime, 
the catalyst-substrate interaction is dominated by donor-acceptor orbital interactions be-
tween the catalyst dπ hybrid orbitals and the substrate σ*C–H acceptor orbital. This situation 
is implicitly assumed in textbook examples about catalyst tuning. In this regime, the metal 
d orbitals are therefore the prime target for catalyst tuning (see Figure 6.5a). The d regime 
occurs for anionic group 9 and, to a lesser extent, for neutral group 10 MLn catalyst com-
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plexes. The catalyst-substrate interaction in this regime is enhanced by σ-donating ligands 
(e.g., NH3) that push the d orbitals up in energy, and it is weakened by π-backbonding lig-
ands (such as CO, and to a lesser extent PH3) that stabilize the d orbitals. 

However, a breakdown of this textbook behavior occurs if we switch over to the s re-
gime. For s-regime catalysts, such as the cationic group 11 MLn complexes, the catalyst-
substrate interaction is dominated by donor-acceptor orbital interactions between the sub-
strate’s HOMO (σC–H in the case of methane) and the catalyst’s s-derived acceptor orbital. 
In this regime, catalyst tuning is achieved by influencing the metal s orbital (see Figure 
6.5b). The d orbitals have little or no influence. Ligand effects in the s regime therefore 
work in opposite direction: the catalyst-substrate bonding is enhanced by π-backbonding 
ligands (most notably CO) and it is weakened by σ-donating ligands, such as NH3. 

The insights obtained in this chapter reveal causal relationships between barriers for 
bond activation, on one hand, and the orbital electronic structure of the catalyst’s metal and 
ligands, on the other hand, and thus constitute new tools for a more rational design and 
tuning of catalysts. In the following chapter, we demonstrate how these design principles 
allow activation of selectively targeted bonds in substrates. 
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