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4 The effect of steric bulk on C–H bond activation 

Inspired by: 

Joost N. P. van Stralen, Daan P. Geerke, Willem-Jan van Zeist, 
F. Matthias Bickelhaupt 

To be submitted 

Abstract 

We have studied the effect of steric bulk on the Pd(0)-catalyzed activation of alkane 

C–H bonds. Interestingly, introducing methyl substituents at the C–H bond causes 

the latter to become weaker but, nevertheless, the barrier for its activation increases. 
By employing the activation strain model along all the reaction paths, trends (both the 

more pronounced and the subtle ones) in the height and position along the reaction 

coordinate of transition states are explained in a transparent and straightforward man-
ner. After investigating the effect of steric bulk on the substrates, we again return to 

the steric effect of phosphine ligands, but also examine the influence of the anionic 

chloride ligand. 
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4.1 Introduction 

Our main aim of this chapter is 

to investigate what happens with 
the transition state for oxidative 

insertion (OxIn) of Pd(0) into 

the C–H bond of alkanes if we systematically substitute the hydrogens on the carbon 
atom by methyl groups. For this purpose we subsequently replace each hydrogen by a 

methyl group. So we start with methane, then ethane, propane and at last methylpro-

pane, where the C–H unit is fully surrounded by methyl groups. We want to see 
whether with this systematic substitution we can see any effect of steric hindrance on 

the barrier. Not only are we interested in changes in the barrier height due to this 

steric bulk, but also if the position of the barrier changes. In other words, does the 
transition state become more reactant like or more product like?  

Besides studying what effect steric bulk on the substrate has on the transition state 

for insertion of Pd(0) into the C–H bond, we are also interested in the effect of using 
different Pd catalysts on the transition states. We used four different palladium cata-

lysts in this study: a bare Pd atom, PdCl–, Pd(PH3)2 and Pd(PH3)2Cl–. Of course it will 

be interesting to connect the steric nature of the ligands with that of this series of sub-
strates. 

In this chapter, we dis-

cuss the potential energy 
surfaces (PES) of our [Pd] 

+ alkane reactions and the 

trends are analyzed in 
terms of the activation 

strain model. The nomen-

clature used in the figures 
is the following (see 

Figure 4.1 and Figure 4.3): 

the capital indicates the 
catalyst used, the number 

indicates the substrate 

used and the letter indi-
cates the stage of the reac-

C H

[Pd]

OxIn
[Pd]  +  R3C–H R3C–[Pd]–H

 
Figure 4.1 Geometries (in Å, deg) of the substrates and cata-
lysts used in this study. 
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tion. For example, C2b means that catalyst C is used, which is Pd(PH3)2, the second 

substrate is used (2), which is ethane and the reaction is in the second stage (b), which 

is the transition state. 

4.2 Substrates 

The substrates used in this study, meth-

ane, ethane, propane and methylpropane, 
are shown in Figure 4.1. Homolytic C–H 

bond dissociation enthalpies can be found 

in Table 4.1, where the calculated and ex-
perimental values138 are compared. In the 

equilibrium geometry, the length of the 

activated C–H bond, which is the one 
directed upward in Figure 4.1, slightly in-

creases in the more bulky alkane, going 

from 1.095 Å for methane to 1.104 Å for methylpropane. Along this series the C–H 
bond gets significantly weaker, 102.2 kcal mol–1 for methane and 90.0 kcal mol–1 for 

methylpropane. Geometries of the catalyst used in this study can also be found in 

Figure 4.1. 

We have performed a simple and straightforward bond analysis on the range of 

substrates, in order to explain the trends in bond lengths. We can do this via a simple 

energy decomposition as a 
function of the C–H bond 

distance. Thus, we take the 

equilibrium structures of the 
substrates and adjust, without 

optimization, the C–H bond 

length, and apply the interac-
tion energy decomposition 

analysis at each bond dis-

tance. Figure 4.2 shows the 
result of this analysis. Note 

that this only shows the de-

composition terms of the 
actual interaction energy, 

Table 4.1 Homolytic R3C–H bond lengths 
and bond dissociation enthalpies at 298 K 
($H298).a 

 BLYP Exp.b 

Substrate C–H (Å) $H298 $H298 
1 H–CH3 1.095 102.2 105.0 
2 H–CH2Me 1.098 97.1 101.1 
3 H–CHMe2 1.100 93.0 98.6 
4 H–CMe3 1.104 90.0 96.5 
a In kcal mol-1. b Experimental values taken from 
Blanksby and Ellison.138 

 
Figure 4.2 Interaction energy decomposition analysis of the 
substrates as a function of C–H bond distance. 
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which determines the final equilibrium. The analysis supports what one would intui-

tively expect to happen for this series of bonds. As more sterically demanding methyl 

groups are added, the destabilizing Pauli repulsion increases, destabilizing the bond. 
The Pauli repulsion also becomes steeper for more crowded bonds, resulting in the 

longer equilibrium bond distances. It is clear from the analysis that the orbital and 

electrostatic interactions play a small, and even opposite, role to the Pauli repulsion 
that ultimately dictates the downward trend in bond strengths. 

4.3 Stationary points 

All oxidative insertions proceed via the same reaction profile: via a reactant complex 
the insertion of the Pd complex continues via a central barrier after which a product 

complex is formed. All the stationary points of the reactions with the bare palladium 

are shown in Figure 4.3. Figure 4.4 depicts the transition state geometries for all the 
other catalysts. 

 
Figure 4.3 Geometries (in Å, deg) of stationary points along the potential 
energy surface for the oxidative insertion reaction of Pd into the C–H bond 
of CH4 (1), C2H6 (2), C3H8 (3) and C4H10 (4). 
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First, we discuss the direct oxidative insertions (OxIn) of the bare Pd atom into the 

C–H bonds. The OxIn reaction of Pd + CH4 proceeds, via the -7.5 kcal mol–1 exo-

thermic formation of reactant complex A1a, towards the transition state A1b at 0.5 
kcal mol–1 relative to reactants and 8.0 kcal mol–1 relative to the reactant complex and, 

finally to the OxIn product A1c (all values are 298 K enthalpies, see Table 4.2). The 

reaction is exothermic by -6.1 kcal mol–1 relative to reactants. The product (A1c) is, 
however, slightly less stable relative to the reactant complex.  

Going to ethane we see a 

slight increase in the height of 
the transition state A2b com-

pared to methane, 0.8 kcal 

mol–1 versus 0.5 kcal mol–1. 
The product (A2c) is with a 

value of -7.1 kcal mol–1 more 

exothermic. For the OxIn 
reaction of Pd + C3H8 we see 

the same trends as going from 

methane to ethane: an in-
crease of the barrier and the 

product gets more exother-

mic. The transition state A3b 
exists at 1.5 kcal mol–1 above 

the reactants, the product A3c 

is exothermic by -7.8 kcal 
mol–1. The most interesting 

reaction profile is found for Pd + C4H10. The activation barrier of this reaction (A4b) 

is clearly higher than the activation barrier of the less substituted alkanes. The transi-
tion state for OxIn of Pd into the C–H bond of methylpropane is 5.5 kcal mol–1, that 

is 5.0 kcal mol–1 higher than for the OxIn of Pd + CH4. The OxIn product of Pd + 

C4H10 A4c is the most exothermic, -9.1 kcal mol–1. 
The fact that methylpropane experiences the highest barrier upon insertion of Pd 

into the C–H bond is interesting since methylpropane has the weakest C–H bond. 

Another interesting feature is the trends in the C–H bond length in the transition 
state. The length of the C–H bond in the transition state, Figure 4.3, is 1.616 Å, 1.628 

Å, 1.655 Å and 1.580 Å for methane, ethane, propane and methylpropane respec-

Table 4.2 Reaction profiles for oxidative insertion 
(OxIn) of [Pd] into the R3C–H bond of CH4, C2H6, 
C3H8 and C4H10: 298 K enthalpies (in kcal mol-1).a 
[Pd] catalyst Substrate a RC b TSa c P 

A Pd 1 H–CH3 -7.5 0.5 (5.6) -6.1 

 2 H–CH2Me -7.5 0.8 (7.1) -7.1 
 3 H–CHMe2 -7.3 1.5 (8.9) -7.8 

 4 H–CMe3 -6.3 5.5 (12.4) -9.1 

B PdCl– 1 H–CH3 -12.9 -8.4 (-1.0) -11.1 
 2 H–CH2Me -13.2 -7.9 (0.7) -10.8 

 3 H–CHMe2 -13.5 -7.6 (2.0) -10.9 

 4 H–CMe3 -9.5 -4.1 (5.2) -11.2 

C Pd(PH3)2 1 H–CH3 -0.6 29.7 (37.2) 25.6 

 2 H–CH2Me -0.5 30.8 (40.4) 26.5 

 3 H–CHMe2 -1.0 32.4 (41.6) 27.3 

 4 H–CMe3 -0.5 36.2 (47.2) 30.6 

D Pd(PH3)2Cl– 1 H–CH3 -1.4 31.7 (42.0) 22.8 

 2 H–CH2Me -1.6 33.4 (43.8) 24.0 
 3 H–CHMe2 -2.0 33.8 (46.3) 24.5 
 4 H–CMe3 -2.0 37.0 (49.6) 27.0 
a 298K Gibbs free energies in parentheses. 
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tively. This corresponds to a stretch of the C–H bond of 0.521 Å, 0.530 Å, 0.555 Å 

and 0.476 Å respectively (see also Table 4.1). So the insertion of Pd into the C–H 

bond of the most substituted system goes via the highest barrier, but in contrast to 
what might be intuitively expected since it has the earliest barrier, the C–H bond is 

stretched least. This unexpected behavior will be analyzed in a later section. 

 
Figure 4.4 Geometries (in Å, deg) of transition states for the OxIn reaction 
of [Pd] in the C–H bond of CH4 (1), C2H6 (2), C3H8 (3) and C4H10 (4). 

Adding a Cl– ligand to the bare Pd atom lowers the barrier for insertion of Pd into the 

C–H bond (Table 4.2), as has been shown before for CH4 and C2H6.39 All stationary 
points are more stabilized compared to reactants and especially the barriers drop sub-
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stantially by about 9 kcal mol–1. Comparing Pd and PdCl– the change in the barrier 

height of the alkanes relative to the barrier for methane is +0.2 kcal mol–1, -0.2 kcal 

mol–1 and -0.7 kcal mol–1 for ethane, methane and methylpropane respectively. So the 
addition of a Cl– ligand does not substantially change the relative differences in barrier 

height. For all substrates the transition state appears a few hundreds of an Ångström 

earlier, Figure 4.4. 
Adding two phosphine ligands makes the palladium much less reactive towards 

OxIn in the C–H bond, as was seen in chapter 3. The reactant complexes are only 

exothermic by about 0.5 kcal mol–1 (see Table 4.2). Compared to the bare Pd an 
enormous rise in barrier height is found, by about 30 kcal mol–1. Comparing Pd and 

Pd(PH3)2 the change in the barrier height relative to the barrier for methane is +0.8, 

+1.7 and +1.5 kcal mol–1 for ethane, methane and methylpropane respectively. So the 
differences between the different substrates get slightly larger. In all transition states 

and products the twist angle is zero, or very close to zero. This is favorable for a good 

overlap between the C–H $* orbital and the occupied "4d"" orbital of the metal, re-
sulting in a good charge transfer from the metal to the $* orbital, which is important 

in order to break the C–H bond. Compared to Pd and PdCl– a clear increase of the C–

H stretch can be seen in the transition state. Compared to these catalysts the C–H 
bond is about 0.15 Å more stretched in the transition state (see Figure 4.3 and Figure 

4.4). An interesting point to notice is that for the palladium diphosphine system the 

transition state of methane corresponds to a C–H stretch of 0.630 Å and for methyl-
propane to a C–H stretch of 0.631 Å. So methylpropane does not have an earlier bar-

rier then methane anymore, as was the case in the Pd and PdCl– catalyzed reactions.  

The last catalyst used in this study is Pd(PH3)2Cl– (D), which was also discussed in 
chapter 3. As in case of the Pd(PH3)2 catalyzed reaction, the reactant complex is very 

weakly bound. The transition states are even a bit higher than for Pd(PH3)2, about 2 

kcal mol–1. Going from Pd(PH3)2 to Pd(PH3)2Cl– the change in the barrier height rela-
tive to the barrier for methane is -0.6 kcal mol–1, 0.6 kcal mol–1 and 1.2 kcal mol–1 for 

ethane, methane and methylpropane respectively, so differences between the sub-

strates become progressively somewhat larger. The Cl– drifts away from the metal 
complex, it stays only very weakly bound to the P–H bonds, at distances of about 2.5 

Å. Although the barriers with Pd(PH3)2Cl– are higher than with Pd(PH3)2, the barriers 

with Pd(PH3)2Cl– are, in terms of the length of the activated C–H bond, about 0.1 Å 
earlier than with Pd(PH3)2. The barrier of methylpropane is again later than the barrier 

for methane. 
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4.4 Activation strain analyses 

The activation strain model enables us to also investigate the trends discussed above, 

and to answer the questions why OxIn of Pd into the C–H bond of methylpropane 
experiences a higher barrier than insertion into the C–H bond of the lighter alkanes 

although the C–H bond of methylpropane is the weakest, and why the insertion of Pd 

into the C–H bond of methylpropane occurs via the earliest transition state. An analy-
sis of the difference in behavior of the different catalysts is also given. 

The energy profiles !E(#) for the OxIn reactions of the bare palladium atom into 

the C–H bonds of the alkanes are shown in Figure 4.5a with the stretch of the acti-
vated C–H bond (relative to isolated R3C–H) as the reaction coordinate #. The figure 

clearly shows that OxIn of Pd into the C–H bond of methylpropane proceeds via a 

higher barrier than for the other alkanes, but also that the barrier occurs earliest. 

 
Figure 4.5 Activation strain analysis along the reaction coordinate for the oxidative insertion 
of Pd into the C–H bond of CH4 (1, black), C2H6 (2, red), C3H8 (3, yellow) and C4H10 (4, 
green): (a) potential energy profiles $E("), and (b) their decomposition ($E(") = $Estrain(") + 
$Eint("), upper and lower curves, respectively). 

In Figure 4.5b, we show the activation strain analysis in which the net energy of the 
reaction system !E(#) is decomposed into the strain energy !E(#)strain of the sub-

strates (the upper curves) plus the interaction energy !E(#)int between Pd and the sub-

strate (the lower curves). Because the strain curves play an important role in explain-
ing the height and position of the transition states we also show the strain curves, till a 

C–H stretch of about 0.7 Å, in more detail in Figure 4.6. Vertical lines indicate the 

positions of the transition states. For comparison, the energy of stretching the C–H 
bond in the free substrate and optimizing the structure at each C–H bond length is 

also plotted in Figure 4.6 (lower curves). 
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The strain curves show 

an interesting behavior. The 

curves for methane, ethane 
and propane behave as 

might be expected on the 

basis of the C–H bond 
strength: the curve of pro-

pane lies lowest, the one of 

ethane in the middle and the 
strain curve of methane lies 

highest in energy. Methyl-

propane shows a different 
behavior; in the beginning of 

the curve there is quite a 

steep increase of the energy, 
making the strain curve of 

methylpropane lying higher in energy than the other alkanes. After about 0.15 Å the 

slope of the strain curve becomes less steep than the slope of the other alkanes, which 
becomes more pronounced after 0.3 Å. At about 0.8 Å the strain curve of methylpro-

pane lies lowest in energy, the same as the order of bond strengths. It can be con-

cluded that methylpropane gets an energy shift upwards in the beginning of the reac-
tion path and further along the reaction path the curve lies lower in energy than the 

other alkanes because the slope of curve is less steep, in agreement with the weaker 

bond strength of methylpropane. From Figure 4.5b we can see that the order of ap-
pearance of the !E(#)int curves is determined by the substitution degree. The less sub-

stituted, the more stabilizing the interaction energy. So methane has the most stabiliz-

ing !E(#)int with the steepest slope. Methylpropane has the least stabilizing !E(#)int 
with the least steep slope. The curves of propane and methylpropane are almost over-

lapping. 

The relative early position of the transition state of methylpropane can be under-
stood by looking at the slopes of !E(#)strain and !E(#)int. After # = 0.3 Å the strain 

curve of methylpropane has a much lower steepness than the strain curves of the 

other alkanes, while at this point the interaction curves don’t show such a high differ-
ence in steepness. Thus, in the reaction at methylpropane the point is first reached at 

which the slope of !E(#)strain and !E(#)int are the same. Because the strain curves of 

 
Figure 4.6 The strain ($Estrain("), upper curves) along the 
first part of the reaction coordinate and the energy corre-
sponding to a stretch of the C–H bond in the free sub-
strate (lower curves). Vertical lines indicate the position of 
the transition states. The curves are indicated as CH4 (1, 
black), C2H6 (2, red), C3H8 (3, yellow) and C4H10 (4, green). 
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methane, ethane and propane show significant overlap in the part of the reaction co-

ordinate before the transition state, the subtle differences in position and height of the 

barrier of these systems are mainly determined by differences in !Eint. Methane has 
the strongest interaction with Pd, so it has the earliest and lowest barrier, followed by 

ethane and propane. 

From the strain energy graphs, it can be concluded that for the insertion of Pd into 
the C–H bond of methylpropane, the substrate first has to adopt a geometry that sub-

stantially differs from the equilibrium geometry of the isolated substrate, to make pos-

sible a favorable interaction with Pd. Looking at the geometries of methylpropane 
during the IRC calculations we found that for methylpropane the methyl group clos-

est to the Pd is bent away more than the corresponding hydrogen in the other alkanes. 

So, it seems that first the methyl group has to bend away to make space for the Pd to 
insert into the C–H bond, allowing a favorable interaction with the C–H bond. For 

the other systems the C–H bond is much less sterically hindered because of the 

smaller hydrogen. From a comparison with the C–H stretch graphs of the substrates 
(see in Figure 4.6) we can see that this effect happens in all cases, but mostly for 

methylpropane. 

To validate our conclusion we did a computational experiment. We took, for all 
four substrates, the Pd–C–H unit as it is in the real transition state of Pd + CH4. The 

R3C unit has the same geometry as in the optimized free substrate. This means that 

the methyl groups in methylpropane and the corresponding hydrogen in the other 
alkanes are not bent away. Using this geometry we performed an energy decomposi-

tion analysis. The results of this analysis can be found in Table 4.3. 

These numbers clearly indicate that if the methyl group of methylpropane is not 
able to bend away there is a 

substantial increase in Pauli 

repulsion. The energy of this 
fictitious transition state of 

methylpropane is much 

higher (about 40 kcal mol–1) 
than for the other alkanes. 

The other alkanes have a tran-

sition state that is comparable 
to each other. The Pauli re-

pulsion becomes very large, 

Table 4.3 Activation strain analysis of a fictitious transi-
tion state of the oxidative insertion (OxIn) of Pd + 
R3C–H.a, b 

 H3C–Hc H3C–H MeH2C–H Me2HC–H Me3C–H 

!E‡ 3.9 13.7 13.5 15.2 56.0 

!E‡strain 52.2 42.1 42.2 42.1 33.8 
!E‡int -48.4 -28.4 -28.6 -26.8 22.2 

!E‡Pauli 201.7 209.7 213.6 224.2 390.4 

!V‡elstat -159.2 -150.0 -155.3 -162.5 -241.6 

!E‡oi -90.9 -88.1 -86.9 -88.5 -126.7 
a Energies in kcal mol-1. b The Pd-C–H unit has been chosen the same 
as in the real transition state of Pd + CH4. The R3C unit is as in the 
free substrates. c Real transition state of Pd + CH4. 
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390.4 kcal mol–1 for methylpropane compared to 209.7 kcal mol–1 for methane. This 

results in a total !E‡int that is positive (not attractive) for methylpropane. As can be 

seen from the comparison of the real Pd + CH4 transition state, this effect is also pre-
sent for methane, ethane, and propane. However, the effect is less pronounced com-

pared to methylpropane. 

The extended activation strain analysis and the computational experiment clearly 
show that differences between the profiles of the reaction at methylpropane on one 

hand and at the other alkanes on the other hand, are mainly due to the steric hin-

drance caused by the methyl groups in methylpropane. It is apparently more favorable 
to bend the methyl group away first, at the cost of some strain energy, but allowing 

for a favorable interaction between Pd and the C–H bond. If the methyl group does 

not bend away methylpropane has the lowest strain energy, since the C–H bond is 
weakest, but the interaction between Pd and the C–H bond is unfavorable because of 

Pauli repulsion between Pd and the methyl group. 

So far we have mainly focused on the large difference in strain between methyl-
propane and the other alkanes. However, the differences in interaction energy be-

tween the other alkanes can also be explained. Looking at Figure 4.5b it can be con-

cluded that the differences between the barrier height and position are mainly deter-
mined by the differences in !E(#)int (also, the strain curves would dictate a decreasing 

barrier, which contradicts the observed trends). The source of the more stabilizing 

!E(#)int can be traced further by decomposing !Eint and plotting these components. 
We do not show these graphs here, but only give a small description in words. Plot-

ting !Velstat, !EPauli and !Eoi reveals that !Eoi is the decisive factor. The orbital inter-

actions are most stabilizing for the interaction of Pd with CH4. More about the nature 
of the orbital interactions can be learned by plotting, e.g., overlaps between the 

HOMO of the catalyst and the LUMO of the substrate and vice versa, the orbital en-

ergies of the HOMO and LUMO of the catalyst and substrate, and charges on the 
atoms. An analysis of these plots shows that the interaction between the 4d orbitals of 

Pd and the &* of the C–H bond is most favorable for methane. In other words: the 

back-bonding from Pd to the C–H bond of methane is larger. The reason for this ef-
ficient back-bonding is the energy of the &* of the C–H bond (the LUMO). For the 

free substrates the order of increasing orbital energies of this &* is: methylpropane, 

propane, ethane and methane, so methane has the highest lying LUMO, which seems 
unfavorable. However, in an early stage of the stretching of the C–H bond (after 0.15 

– 0.20 Å) this order reverses, methane has then the lowest lying &*. This behavior is 
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depicted in Figure 4.7a. This means that the HOMO – LUMO gap between the 4d 

orbitals of Pd and the &*C–H orbital is smaller for the interaction of Pd with methane, 

which results in a more favorable back-donation. 

 
Figure 4.7 (a) Energies of the &*C–H LUMO orbital orbital and (b) distance of Pd to the cen-
tral C and measured perpendicular to the C–H bond along the reaction coordinate for the pal-
ladium oxidative insertion. Black lines correspond to CH4, red lines to C2H6, yellow lines to 
C3H8 and green lines to C4H10 respectively. 

Another effect to be taken into account when explaining the diminishing interaction 
energy is a geometrical effect induced by the reluctance of the substituents to bend 

away and make room for the approaching palladium. The effect of this is that, along 

the reaction coordinate, the palladium is further away from the C–H bond when the 
number of methyl groups increases (see Figure 4.7b), leading to a less attractive inter-

action at that point. In order to get a clearer picture of this effect, we again performed 

an analysis on fictional transition states. By keeping the C–Pd–H central part fixed in 
the geometry of the methane OxIn transition state and optimizing the rest of the sys-

tem, we can add the methyl groups without changing the actual distance of palladium 

to the C–H bond. The analyses of these points are found in Table 4.4. 
We want to understand with this 

analysis why the palladium becomes 

further distanced from the C–H 
bond as the number of methyl 

groups increases. We can see from 

the fictional transition states analy-
ses that, if we would place the pal-

ladium closer to the C–H bond, this 

results mostly in an increase in the 
Pauli repulsion term. The palladium 

Table 4.4 Activation strain analysis of a fictitious 
transition state of the OxIn of Pd + R3C–H.a, b 
 H3C–H MeH2C–H Me2HC–H Me3C–H 

!E‡ 3.9 4.4 5.5 9.7 

!E‡strain 52.2 50.4 48.9 55.6 

!E‡int -48.4 -46.0 -43.4 -45.9 
!E‡Pauli 201.7 208.5 212.6 223.7 

!V‡elstat -159.2 -165.0 -167.5 -178.2 

!E‡oi -90.9 -89.5 -88.5 -91.4 
a Energies in kcal mol-1. b The Pd-C–H unit has been chosen 
the same as in the real transition state of Pd + CH4. The rest 
of the molecule is optimized. 
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is “pushed away” by steric effects. This can be rationalized by the fact that it will be-

come increasingly difficult for the substrate to bend away and make room for the pal-

ladium to approach the central bond. Again, this effect is most pronounced for the 
fully substituted substrate (where it translates into a comparatively high strain energy), 

but it is also definitely a factor to be taken into account when adding the first of the 

methyl groups. 
Figure 4.8a shows the energy profiles for the interaction of CH4 with the four dif-

ferent catalysts used in this study: Pd, PdCl–, Pd(PH3)2 and Pd(PH3)2Cl–. In Figure 

4.8b, we show the extended activation strain analysis of the interaction of CH4 with 
these catalysts. The extended activation strain analysis graphs of all catalyst and sub-

strates used in this study are summarized in Figure 4.9. Due to time constraints, the 

Pd(PH3)2Cl– reaction paths with the larger substrates (as shown in Figure 4.9d) were 
obtained via TV-IRC approximations (see section 2.7). 

 
Figure 4.8 Activation strain analysis for the oxidative insertion of different Pd catalyst into the 
C–H bond of CH4: (a) potential energy profiles $E("), and (b) their decomposition ($E(") = 
$Estrain(") + $Eint("), upper and lower curves, respectively). The curves are indicated as bare 
Pd (A, black), PdCl– (B, pink), Pd(PH3)2 (C, yellow) and Pd(PH3)2Cl– (D, turquoise). 

The addition of a Cl– ligand to Pd reduces the barrier for insertion of Pd in the C–H 

bond significantly. Besides reducing the barrier height, the barrier is also shifted more 
to the reactant side. From Figure 4.8b it is clearly seen that the strain curve for Pd and 

PdCl– are almost identical. The reason for this is that the strain that PdCl– experiences 

is negligible; PdCl– is hardly deformed. Thus, to explain energy profile differences of 
Pd and PdCl– we can simply focus on the !E(#)int. Since PdCl– experiences a stronger 

interaction, !E(#)int lies not only lower in energy, resulting in a lower barrier, but 

!E(#)int has also a more negative slope, resulting in an earlier barrier. As described 
above the source of the stronger interaction can be traced by decomposing the !Eint 
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plot. This reveals that the interaction of PdCl– with the C–H bond is more favorable 

because in case of PdCl–, less Pauli repulsion is experienced. The orbital interaction is 

slightly less stabilizing but this is overruled by the smaller Pauli repulsion. The reason 
for the decrease in Pauli repulsion is the increased HOMO – HOMO gap between the 

metal “4d” and the substrate &C–H bond orbital. Besides the increased HOMO – 

HOMO gap, the corresponding overlap is decreased as well, in line with conclusions 
previously drawn.39 

The diphosphine palladium catalyst experiences much higher barriers for the OxIn 

into the C–H bond than the bare palladium atom. The barriers are also shifted to-
wards the product state. Figure 4.8b shows that the strain energy of the Pd(PH3)2 in-

creases considerably in the early stage of the reaction. So, apparently in an early stage 

of the reaction the two phosphine ligands bend away, which results in a high strain 
energy. This bending of the ligands results in a P–Pd–P angle (the bite angle) that ap-

proaches around 110 degrees already early in the reaction. After a C–H stretch of 

about 0.2 Å the strain curves for Pd(PH3)2 and Pd are roughly parallel to each other. 
This can also be seen in a plot of the strain energy of the Pd(PH3)2 fragment alone 

(not shown in this chapter), after a steep increase, it becomes almost flat after 0.2 Å, 

and the total change in !Estrain comes almost exclusively from the change in !Estrain of 
the substrate. So the barrier for Pd(PH3)2 being shifted towards the product side is 

mainly caused by the !E(#)int being less steep. The reason why the barrier is about 30 

kcal mol–1 higher is determined by both !Estrain and !Eint. Why the interaction energy 
is smaller can again be investigated more thoroughly. The main effect of the ligands is 

an increased Pauli repulsion, which makes it more difficult to approach the C–H 

bond. As a consequence, the distance to the C–H bond is larger (see also Figure 4.4), 
which decreases the overall interaction. Of course, many of these conclusions are in 

line with those already discussed in chapter 3. 

The main reasons for the subtle changes between the different substrates are found 
in the strain energies. The strain the catalyst experiences is not exactly the same in all 

cases, there is a tiny difference (0.5 - 1.5 kcal mol–1). The diphosphine Pd catalyst ex-

periences the least strain for methane and the most for methylpropane. This can also 
be seen in Figure 4.4, in case of methane C1b the P–Pd–P bite angle is 108.1°, while 

for methylpropane the P–Pd–P angle is 104.9°. So, in case of methylpropane the 

phosphine ligands are more pushed towards each other, resulting in a higher strain. 
Besides the catalyst having a higher strain the more substituted the alkane, the sub-

strate itself also has a slightly higher change in strain. In chapter 3 we focused on the 
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steric repulsive effects that the ligands can induce, with larger bite angles inducing 

larger destabilizing repulsive effects. In this light, it makes perfect sense that, in this 

chapter, the bulkier substituents induce smaller bite angles, since the repulsive interac-
tions with the ligands will be larger. However, since the hydrogen moiety of the acti-

vated C–H bond has little steric contact with the catalyst, all transition state are still 

planar, in contrast to the C–C transition state geometries discussed in chapter 3 (and 
also chapter 5). 

 
Figure 4.9 Activation strain analysis for the oxidative insertion of different Pd catalysts into 
the substrates with potential energy profiles $E("), and the decomposition ($E(") = $Estrain(") 
+ $Eint("), upper and lower curves, respectively). Black lines correspond to CH4, red lines to 
C2H6, yellow lines to C3H8 and green lines to C4H10 respectively. 

The barriers for OxIn of [Pd] into the C–H bond are about 3 kcal mol–1 higher for 
Pd(PH3)2Cl– than for Pd(PH3)2. The reason for this is that the strain energy !E(#)strain 

is higher for Pd(PH3)2Cl–. Pd(PH3)2Cl– has a steeper strain curve in the beginning of 

the reaction path. However, after 0.2 Å the strain curves for Pd(PH3)2Cl– and 
Pd(PH3)2 are roughly parallel to each other. After this point the total strain curve for 

Pd(PH3)2Cl–  is about 8 kcal mol–1 higher than for Pd(PH3)2. Since the !E(#)int is more 

stabilizing when the chlorine ion is present, the barrier appears in an earlier stage of 
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the reaction. A more detailed analysis shows that the interaction energy with 

Pd(PH3)2Cl– is larger than with Pd(PH3)2 because the orbital interaction is more stabi-

lizing, due to a more favorable back-bonding, see also chapter 3. The changes in inter-
action across the bonds are, however, not very large, and the trends in barrier heights 

are not much changed, similar to the other ligands. 

4.5 Conclusions 

To study the effect of steric bulk on the activation of alkane C–H we systematically 

substituted hydrogens by methyl groups at the methane C–H bond. Although the C–

H bond becomes weaker upon this substitution, the barrier for its activation increases. 
With the help of activation strain analyses we show that the insertion of [Pd] into the 

C–H bond of methylpropane has the highest barrier, because a methyl group hinders 

the effective interaction of [Pd] with the C–H bond. First the methyl group has to 
bend away, before a favorable interaction can be established. This raises the strain 

energy in the early stage of the reaction, which results in a raise of the total energy and 

the barrier height. This effect is, in essence, very similar to that of the destabilizing 
Pd(PH3)2 catalyst. However, because the C–H bond of methylpropane is the weakest, 

the barrier appears earlier than the less substituted alkanes. 

Differences in interaction energies are caused by less favorable back-bonding from 
Pd to the C–H bond if the C–H bond is surrounded by more methyl groups. One of 

the reasons for this is that the energy of the &* orbital of the more bulky C–H bonds 

decrease less in energy upon stretching the methane C–H bond. Another general ef-
fect is a decrease in stabilizing interaction energy, because the palladium has increasing 

difficulty to approach the C–H bond. The necessity for the methyl group to bend 

away is also applicable to the hydrogens. As substitution increases, it is more difficult 
to bend the hydrogens away and make space for the approaching palladium. This 

makes the interaction less attractive. 

PdCl– inserts more easily into the C–H bond than a bare Pd atom. The reason is 
that the interaction between PdCl– and the C–H bond is more favorable, because the 

Pauli repulsion is smaller. Barriers for insertion of Pd(PH3)2 into the C–H bond are 

much higher than for bare Pd, because the catalyst needs to be deformed, resulting in 
a high $Estrain, and because the ligands induce steric repulsion which diminishes the 

interaction. The Pd(PH3)2Cl– catalyst shows a more favorable $Eint with the C–H 

bond than Pd(PH3)2, however, the $Estrain is higher, resulting in barriers that are about 
3 kcal mol–1 higher than for Pd(PH3)2.  


