
 

 73 

5 Electronic and Steric Effects on 
Bite-Angle Flexibility and Nonlinearity 

Previously appeared as 

d10-ML2 Complexes: Structure, Bonding, and Catalytic Activity 

L. P. Wolters, F. M. Bickelhaupt 
In Structure and Bonding (Eds.: O. Eisenstein, S. Macgregor), Springer, Berlin, 2016 

5.1 Introduction 

In this chapter, we present a study on the activation of the methane C–H bond by halogen-
substituted palladium phosphine complexes Pd(PX3)2, where X = F, Cl, Br or I. This topic 
has been briefly touched upon before,[241,249] but these studies only included Pd(PCl3)2. 
Here, we will therefore discuss not only the difference in reactivity upon going from 
Pd(PH3)2 to halogen-substituted Pd(PX3)2, but also the effect of the decreasing electroneg-
ativity of the substituents along Pd(PF3)2, Pd(PCl3)2, Pd(PBr3)2 and Pd(PI3)2, which is new. 
Furthermore, as the bulkiness of the ligands increases from PH3 to PF3, PCl3, PBr3 and PI3, 
we do not only expect electronic effects to play a role, but steric effects as well. Thus, by 
studying the reactivity of this series of catalysts, we investigate both electronic and steric 
effects on catalytic activity, and their interplay. 

In a previous study[241] the Pd(PCl3)2 complex was found to have a nonlinear equilib-
rium geometry. This feature was overlooked by Fazaeli and co-workers:[249] in an attempt to 
reproduce their results using the same computational methodology, we found Pd(PCl3)2 to 
have a P–Pd–P angle of 135.5°, and the linear conformer to be 1.4 kcal mol–1 higher in 
energy, with two degenerate imaginary frequencies that both correspond to bending the 
complex. We will therefore first present detailed bonding analyses to investigate the reasons 
behind this nonlinearity of Pd(PCl3)2, and compare its situation to the other halogenated 
phosphine catalysts in this series. Interestingly, the latter appear to have nonlinear geome-
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tries as well. Furthermore, we will compare these findings to the results discussed in chap-
ters 3 and 4. 

5.2 Pd(PX3)2 Geometries and Pd–PX3 Bond Analyses 

Our dispersion-corrected computations at ZORA-BLYP-D3/TZ2P reveal that all halo-
gen-substituted bisphosphine palladium complexes Pd(PX3)2 have nonlinear geometries. 
Initially, one may expect that the complexes become more linear from Pd(PF3)2 to Pd(PI3)2, 
based on stronger steric repulsions between the heavier halogens. We find, however, that 
the opposite is true: along this series the P–Pd–P angle in the equilibrium geometries de-
creases from 151.7° for X = F to 143.2° (X = Cl), 136.6° (X = Br) and 122.4° for X = I, as 
shown in Figure 5.1. Furthermore, we find that Pd(PH3)2, Pd(PF3)2, Pd(PCl3)2 and 
Pd(PBr3)2 have eclipsed geometries, leading to a D3h-symmetric geometry for Pd(PH3)2 and 
C2v-symmetric geometries for the halogenated Pd(PX3)2 complexes. In the latter, two halo-
gens from different ligands point towards each other. For Pd(PI3)2, we find that the ligands 
are rotated, avoiding close contacts between the iodines on one ligand with the iodines on 
the other ligand, lowering the symmetry of the complex to C2. 

It is tempting to attribute the bending of these complexes to stronger dispersion in-
teractions between the heavier halogen substituents on different ligands, basically pulling 
the ligands towards each other. However, dispersion-free computations at the otherwise 
same ZORA-BLYP/TZ2P level reveal that also without dispersion the angles decrease 
steadily from 153.9° for Pd(PF3)2 to 141.6° for Pd(PI3)2. Thus, although dispersion does 
contribute to bending, it is not exclusively responsible for this nonlinearity. 

We recall from chapter 3 that sufficient π backbonding can lead to nonlinear ML2 
geometries, because, upon bending from 180° to 90°, this π backbonding is enhanced. In 

Figure 5.1  Equilibrium geometries and P–Pd–P angles of Pd(PH3)2 and halogen-
substituted palladium phosphine Pd(PX3)2 complexes. 
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order to investigate the π-accepting properties of the ligands included in this work, we have 
performed a bond energy analysis for the Pd–L bond in monocoordinated PdPH3 and 
PdPX3 (Table 5.1). We find a Pd–PH3 bond energy of −40.9 kcal mol–1, whereas the halo-
gen-substituted phosphines bind a little stronger to Pd, with bonding energies between 
−43.8 and −46.1 kcal mol–1. A further decomposition using Equations 2.11 and 2.13 reveals 
that, indeed, the halogen-substituted phosphines have a larger contribution from the π 
component of ΔEoi and hence are apparently better π acceptors. This also follows from the 
lower π* orbital energies that decrease from −1.5 eV to −2.4 eV, −2.7 eV and −3.0 eV from 
PF3 to PI3, which are all lower than that of PH3 at −0.2 eV. However, we do not find 
stronger π backbonding along the halogen-substituted series. The reason is that the π* or-
bital on PX3 (which has antibonding character between P and X) is increasingly localized 
on the halogen substituents, and less on the phosphorus atom. Therefore, the overlap be-
tween the π* orbital and the Pd d orbitals decreases along this series, thereby counteracting 
the effect of the lower energy of the π* orbital. Thus, while the stronger π backbonding for 
the halogen-substituted phosphines may explain why the Pd(PX3)2 complexes are bent 
whereas Pd(PH3)2 is not, it does not explain the increased nonlinearity from Pd(PF3)2 to 
Pd(PI3)2. 

We have also performed bonding analyses between ML and the second ligand, where 
we start from D3h-symmetric Pd(PH3)2 or Pd(PX3)2 complexes optimized at the dispersion-
free ZORA-BLYP/TZ2P level, and then bend the complex from 180° to 90° without fur-
ther optimization. This way, we eliminate any geometric relaxation effects, allowing for a 
concise, and detailed investigation of the bonding mechanism. Thus, in Figure 5.2 we show 
the results of the interaction energy decomposition for Pd(PH3)2, as well as the series of 

Table 5.1 Metal-ligand bond energies and analyses (in kcal mol–1) for the monocoordinated 
PdPX3 complexes, relative to the ground state (d10s0) Pd atom and the ligand.[a] 

 ΔE ΔEstrain ΔEint ΔEdisp ΔVelstat
 ΔEPauli ΔEoi ΔEσ

oi ΔEπ
oi

[b] 
PdPH3 −40.9 0.3 −41.2 −1.4 −165.6 +189.4 −63.6 −35.2 −28.4 

PdPF3 −44.4 0.1 −44.5 −2.4 −157.8 +193.4 −77.7 −36.5 −41.3 

PdPCl3 −43.8 0.1 −43.9 −5.1 −141.8 +178.8 −75.9 −34.4 −41.5 

PdPBr3 −45.2 0.4 −45.6 −6.2 −133.7 +172.0 −77.7 −36.1 −41.6 

PdPI3 −46.1 0.6 −46.7 −7.0 −131.0 +169.0 −77.7 −36.8 −40.9 
          

[a] See Equations 2.9, 2.11 and 2.13. [b] Also includes small contributions from δ orbital interac-
tions. 
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Pd(PX3)2 complexes. As this graph reveals, there is no significant difference between the 
orbital interaction curves within the halogen-substituted series. Also a further decomposi-
tion of this term into contributions from each respective irreducible representation (Equa-
tion 2.13; results not shown) does not reveal any factor contributing significantly to a 
preference for nonlinear geometries. Figure 5.2 does reveal however, that the minimum on 
the energy profiles shifts to smaller L–M–L angles from Pd(PH3)2 to Pd(PF3)2, and further 
to Pd(PI3)2, because the Pauli repulsion increases less steeply for the Pd(PX3)2 series than 
for Pd(PH3)2, and also along the Pd(PX3)2 series as the halogen substituents become heavi-
er. 

This, again counterintuitive, trend originates from the composition of the highest oc-
cupied MOs (HOMOs) on the L and ML fragments. The HOMO on the ligand L is the 
lone pair on phosphorus. For PH3, this is the bonding combination of the hydrogen s or-
bitals and the phosphorus pz orbital (with antibonding admixture of the phosphorus s or-
bital), which is strongly localized on phosphorus (see Figure 5.3). For the halogenated PX3 
ligands, the HOMO has considerably more admixture of the substituent halogen orbitals. 
It consists of the pz orbitals on P and X, mixing in antibonding fashion. Thus, the larger 
amplitude is on the more electropositive phosphorus atom. As from F to I the halogen be-

Figure 5.2  Bond energy decomposition (Equation 2.11) along the L–M–L angles for 
Pd(PH3)2 and halogen-substituted Pd(PX3)2 complexes. A dot designates the po-
sition of the energy minimum. Due to the use of frozen geometries and the 
omission of dispersion corrections, all minima are shifted to the right. 
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comes less electronegative, this orbital becomes less localized on phosphorus (see Figure 
5.3). 

For PdPH3 and PdPX3, the HOMO is the antibonding combination of the ligand 
lone pair and the dz2 orbital on Pd. Because from PH3 to PF3, PCl3, PBr3 and PI3 the ligand 
lone pair becomes less localized on phosphorus, there is less destabilization from repulsions 
between this orbital and the palladium dz2 orbital. Due to the decreased destabilization, 
there is less Pd 5s admixture in the PdPH3 or PdPX3 HOMO, resulting in the torus of the 
Pd dz2 orbital becoming smaller (see Figure 5.3). It is this smaller torus from PdPH3 to 
PdPX3, and from PdPF3 to PdPI3, combined with the lone pair orbital on the second lig-
and being less localized on phosphorus, that results in a less steeply increasing Pauli repul-
sion term upon bending for the halogen-substituted catalysts compared to Pd(PH3)2, as 
well as along the Pd(PX3)2 series as the halogen becomes heavier (Figure 5.2). 

5.3 Reactivity of Pd(PX3)2 Towards the Methane C–H Bond 

In this section, we investigate how the steric and electronic effects discussed in the previous 
section influence the activity of the Pd(PX3)2 catalyst complexes in the oxidative addition of 
methane. For all catalyst complexes the methane C–H bond activation starts from a reac-
tant complex (RC) that is more strongly bound along the series of catalysts, from −1.9 kcal 
mol–1 for Pd(PH3)2 to −4.7 kcal mol–1 for Pd(PI3)2 (Table 5.2 and Figure 5.4). This is be-
cause, along this series, the catalyst complexes are bent further and therefore have a sterical-

Figure 5.3 Schematic representations of the HOMO on PH3, PF3, and PI3 (top, from left 
to right) and on monocoordinated PdPH3, PdPF3, and PdPI3 (bottom, from left 
to right). 
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ly less shielded metal center, allowing for a stronger catalyst-substrate interaction immedi-
ately at the beginning of the reaction. This interaction is further strengthened by increas-
ingly stabilizing dispersion interactions between methane and the catalyst complexes with 
the heavier halogens. 

 
As the reaction proceeds, a transition state (TS) is encountered at +29.5 kcal mol–1 for 

Pd(PH3)2, and at slightly lower energies for the Pd(PX3)2 series, in line with findings of 
previous studies.[241,249] Along the Pd(PX3)2 series, the barriers first decrease from +26.6 kcal 
mol–1 for Pd(PF3)2 to +24.1 kcal mol–1 for Pd(PCl3)2 and +23.7 kcal mol–1 for Pd(PBr3)2, 
and then increase again to +25.1 kcal mol–1 for Pd(PI3)2. 

Based on activation strain analyses along part of the reaction energy profile obtained 
using the Transition-Vector Approximation to the IRC (TV-IRC),[188] we find that this 
ordering of the barriers is the result of two counteracting trends (see Figure 5.5), namely: 
(i) a reduced strain energy from Pd(PH3)2 to the halogen-substituted catalysts, as well as a 
reduction when the halogens become heavier, and (ii) a simultaneous weakening of the in-
teraction between the catalyst complex and methane substrate, which we address later on. 
Because the strain energy from Pd(PH3)2 to Pd(PF3)2 and onwards to Pd(PI3)2 decreases in 
progressively smaller steps, while on the other hand the interaction energy terms weaken 
with progressively larger steps, the oxidative addition barrier first decreases from Pd(PH3)2 
to Pd(PBr3)2 and then increases again for Pd(PI3)2. 

A further decomposition of the strain energy into individual contributions from the 
catalyst and substrate clearly reveals that the differences in catalyst strain are decisive. These 
differences are directly related to the bite-angle flexibility, or indeed nonlinearity, of the 
complexes, as we also encountered in the previous chapter. Thus, although the easier bend-

Table 5.2 Relative energies (in kcal mol–1) of the stationary points and transition states for 
methane C–H activation by the different palladium-based catalysts. 

 RC TS PC 

PdPH3 −1.9 +29.5 +24.3 
PdPF3 −2.8 +26.6 +24.1 
PdPCl3 −3.7 +24.1 +22.1 
PdPBr3 −4.4 +23.7 +22.3 
PdPI3 −4.7 +25.1 +24.1 
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ing of the L–M–L angle contributes to the progressively decreasing catalyst strain from 
Pd(PH3)2 to Pd(PI3)2, the potential energy surfaces for bending these complexes are very 
flat. The bending itself therefore only contributes a few kcal mol–1 to the total catalyst 
strain. A significant contribution to the catalyst deformation energy stems from further 
tilting and rotation of the ligands, which accompanies the bending. These deformations are 
less needed when the L–M–L angle is intrinsically more bent, and therefore add to the 
lowering of the catalyst strain originating from the increased bite-angle flexibility. From 
Pd(PBr3)2 to Pd(PI3)2, however, this increase in flexibility is less important because it has 

Figure 5.4 Geometries of the RC, TS, and PC along the energy profile for oxidative addi-
tion of methane to Pd(PH3)2, Pd(PF3)2, Pd(PCl3)2, Pd(PBr3)2, and Pd(PI3)2. 



Chemical Bonding and Catalysis 

80

reached a point where the catalysts are sufficiently flexible, and the direct steric interaction 
between the ligands prevents further bending 

This steric repulsion is also revealed in Figure 5.2 by the strong increase in Pauli re-
pulsion that occurs at angles below 110°. Although only the beginning of this sharp in-
crease of the Pauli repulsion term is visible in the graph and most of it is off the scale, its 
effect (even though partly masked by the more stabilizing electrostatic attraction and orbital 
interactions) is still clearly visible in the total interaction energy curve. Due to this direct 
ligand-ligand repulsion, the bite angle does not decrease any further from the TS to the PC 
of addition to Pd(PI3)2, but retains a value of 105.0°; slightly larger than for Pd(PBr3)2 (see 
Figure 5.4). 

Finally, we address the progressively weaker interaction between the fragments. From 
Pd(PH3)2 to the series of halogen-substituted catalysts, the interaction weakens mainly due 
to a less stabilizing orbital interaction term. This is caused by weaker catalyst-to-substrate 
backbonding, due to a lower orbital energy of the donating orbitals on the halogenated cat-
alysts. The reason for these lower orbital energies is the better π backdonation to the halo-
genated phosphine ligands (Table 5.1). The stronger backdonation generates a more 
positive potential on the Pd center, which stabilizes the donating orbitals. This is accompa-
nied by the fact that, upon bending, the HOMO on the catalyst is pushed up less in energy, 
because from PH3 to the halogen-substituted PX3, the lone pairs are less localized on the 

Figure 5.5 Activation strain analyses (Equation 2.10) along partial energy profiles for 
Pd(PH3)2 and Pd(PX3)2, obtained with the TV-IRC method. A dot designates 
the position of the TS. 
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phosphorus atom (see section 5.2 and Figure 5.3) and therefore have a weaker antibonding 
interaction with the palladium d orbitals. 

Along the halogenated series, from Pd(PF3)2 to Pd(PI3)2, the orbital interaction term 
is remarkably similar, and the weakening of the catalyst-substrate interaction along this 
series results from an increasing Pauli repulsion. This destabilizing term is strengthened 
along the series because, from Pd(PF3)2 to Pd(PI3)2, there are more orbitals on the catalyst 
with energies in the vicinity of the methane HOMO energy, and therefore an increasingly 
large number of occupied catalyst orbitals enters a 2-center, 4-electron repulsion with the 
methane HOMO.[303] 

5.4 Conclusions 

Halogen-substituted palladium phosphine complexes Pd(PX3)2 with X = F, Cl, Br or I all 
have nonlinear ligand-metal-ligand angles, unlike Pd(PH3)2 which has a linear ligand-
metal-ligand angle. Along the Pd(PX3)2 series the ligand-metal-ligand angle decreases 
from 151.7° for Pd(PF3)2, to 143.2°, 136.6° and 122.4° for Pd(PCl3)2, Pd(PBr3)2 and 
Pd(PI3)2, respectively. This follows from dispersion-corrected relativistic density functional 
computations. We found that the nonlinearity is the result of a combination of factors: 
firstly, the potential energy surfaces for bending the halogenated palladium phosphine 
complexes are flat due to the increased π backbonding that occurs upon bending from 180° 
to 90°. Secondly, from Pd(PH3)2 to Pd(PF3)2 and onwards to Pd(PI3)2, the Pauli repulsion 
between PdPH3 or PdPX3 and the second ligand increases less steeply, due to a smaller 
overlap of the highest occupied MOs upon bending. Thirdly, as along the Pd(PX3)2 series 
the halogen substituents become heavier, the stronger dispersion interactions between the 
ligands pull them more closely to each other. 

When applied as catalysts for methane C–H bond activation, this nonlinearity leads 
to a lower reaction barrier for the halogenated catalysts Pd(PX3)2 compared to Pd(PH3)2, 
because there is less deformation energy needed to bend away the ligands in order to make 
room for the approaching methane. Along the Pd(PX3)2 series, there are two opposing 
trends, resulting in lower barriers from Pd(PF3)2 to Pd(PBr3)2, but a slightly higher barrier 
for Pd(PI3)2. The two trends are: (i) a less destabilizing catalyst strain energy due to in-
creased nonlinearity; counteracted by (ii) a less stabilizing interaction energy due to a larger 
number of repulsive occupied-occupied orbital interactions. From Pd(PBr3)2 to Pd(PI3)2 
this latter trend outweighs the effect of the decreased strain energy. 
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