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7 Activation of H–AHn and CH3–AHn bonds 

Inspired by: 

Willem-Jan van Zeist, Anton H. Koers, Lando P. Wolters, F. Matthias Bickelhaupt 
In Preparation 

Abstract 

We have studied the palladium oxidative insertion reactions into a series of model 
bonds across the second period, that is, the H–AHn and CH3–AHn bonds, where AHn 

= CH3, NH2, OH, and F. We investigate what effect this series of increasingly polar 

bonds has on their intrinsic barriers upon activation by palladium. Our activation 
strain analyses show nicely how the observed trends are strongly influenced, and 

dominated, by the inherent strength of the H–A and C–A bonds, which increase 

along this series. On the other hand the &* LUMO orbital becomes increasingly lower 
and the accompanying increased back-donation counteracts the trends in bond 

strengths. We have also incorporated the catalysts PdCl–, Pd(PH3)2, and Pd(PH3)2Cl–. 

We mainly focus on the effect the ligands have along the reaction path compared to 
the bare palladium, and in general see that the effect of the ligands on the interaction 

between catalyst and substrate becomes progressively stronger along the series of sec-

ond period bonds. 
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7.1 Introduction 

The main aim of this chapter is to investigate changes in the transition state for the 

oxidative insertion (OxIn) of Pd(0) into a series of H–AHn and CH3–AHn bonds 
where AHn = CH3, NH2, OH, and F (see Figure 7.1 and Figure 7.2). Thus, we cover 

the whole range of archetypal bonds along the second period and want to explore 

what effect this series has on the oxidative insertion reaction pathway. Important will 
be, obviously, the effect of increasing electronegativity of A along A = C, N, O, and 

F, and the differences in bond strength and character that this will induce. 

Besides investigating the intrinsic reactivity of H–AHn and CH3–AHn bonds to-
wards the bare Pd(0), we are also interested in using different ligands on palladium. In 

this study we include the model phosphine and chloride anion ligands, and use these 

to construct the catalysts PdCl–, Pd(PH3)2, and Pd(PH3)2Cl–. The Pd(PH3)2 complex 
has served as a model catalyst in many papers on this subject, and was of course al-

ready extensively used in the previous chapters, and the Cl– anion is often considered 

to play an important role in facilitating lower reaction barriers.39 Our main aim is to 
compare the effects of the ligands directly to that of the bare palladium, which can be 

nicely done with our activation strain approach. In addition to ligand effects, we have 

also incorporated water solvent effects via usage of the COSMO solvent model. 

7.2 Stationary Points 

Substrates: The substrates used in this study are H–AHn and CH3–AHn (with AHn = 

CH3, NH2, OH, and F, see Figure 7.1 and Figure 7.2) and were extensively discussed 
in chapter 6. This is a model series of bonds along the second period with increasing 

electronegativities, which in Pauling units adopts the values 2.55, 3.05, 3.44, and 3.98 

along C, N, O, and F. This trend, which leads to an increasing difference in electro-
negativity across H–AHn and CH3–AHn bonds, derives from the np (or np-derived) 

singly-occupied molecular orbital (SOMO) of the effective electronegative AHn• frag-

ment. This SOMO constitutes the main component of the H–AHn or CH3–AHn elec-
tron-pair bonding molecular orbital of the overall molecule and a decrease of its en-

ergy translates, in general, directly into a stronger bond.154,157 This affects the intrinsic 

strengths of these bonds, and we show this data in Table 7.1 and Table 7.2. Also of 
importance will be the &* LUMO anti-bonding and & HOMO bonding orbital ener-

gies. The bond orbital energies of the C–X bonds decrease along the hybridization 

series, which we can attribute to the increasing compactness and lower energy on the 
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AHn moiety. Along the H–A series we observe, as might be expected from the reason-

ing above, ever-increasing bond dissociation enthalpies. However in the case of the 

CH3–A series, there is first a decrease in bond strength from CH3–CH3 to the more po-
lar CH3–NH2 bond, after which the strengths increase again. 

In the previous chapter, we investigated these trends in bond strengths for these 

substrates and described how the CH3 moiety behaves differently compared to the 
other second period bonds, due to the bending of the methyl radical into the umbrella 

shape that it acquires in the overall molecule. The main difference with the other H–

AHn and CH3–AHn bonds is that, instead of A–H bonds, these latter have lone pairs 
on A which can not be bent away by moving back a hydrogen nucleus. The result is 

lower Pauli repulsive interactions, making the bonds involving the methyl moiety 

stronger than would be expected on the basis of electronegativity differences. 

Table 7.1 Bond dissociation energies (BDE) and reaction profiles for oxidative insertion of Pd 
into the H–A bonds.a 

 BDE RC TS P 

H–CH3 109.7 -6.7 (-9.0) 3.9 (-0.6) -3.4 (-8.3) 
H–NH2 112.1 -21.4 (-25.8) 6.9 (4.6) -3.9 (-5.9) 

H–OH 122.5 -7.8 (-10.2) 11.7 (9.2) 1.2 (-3.0) 

H–F 140.3 -5.0 (-7.6) 12.1 (5.6) 0.5 (-8.6) 
a Energies in kcal mol–1, COSMO values in parenthesis. 

Oxidative insertion potential energy surfaces: Firstly, we will discuss the insertion 

of bare palladium into the model bonds H–AHn and CH3–AHn. At a later stage, we 

will introduce the effects of ligands on palladium and compare them to the bare palla-
dium oxidative insertion reactions. Figure 7.1 and Figure 7.2 show the geometries of 

the stationary points for these reactions and Table 7.1 and Table 7.2 show the energies 

relative to the separate reactants. We will give a brief overview of the energetics of the 
stationary points, after which we will analyze the reactions using the activation strain 

model. 

Because of the diffuse, high-energy lone pair on N, the NH2 moiety is very suitable 
for interaction with the 5s LUMO of palladium, leading to the most stable reactant 

complexes at around -22 kcal mol–1. The lone pairs on oxygen are a lot more compact 

and therefore allow for a far less favorable interaction with palladium, and the RC sta-
bility drops accordingly to around -8 kcal mol–1. For carbon and fluorine, palladium 

binds weakly at around -7 kcal mol–1, via #2 and #1 coordination on the hydrogens. 

As can be seen in Table 7.1, the barriers for the oxidative insertions into the H–A 
bonds proceed with the same trend as that of the strength of the bonds that are acti-
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vated, increasing along AHn = CH3, NH2, OH, and F. The activation barrier is the 

highest for H–F (12.1 kcal mol–1), decreasing along H–O (11.7 kcal mol–1), H–N (6.9 

kcal mol–1) and H–C (3.9 kcal mol–1). This trend originates from the large influence of 
the H–A bond strengths on what is essentially a bond breaking process. However, the 

differences between the barrier heights are not as large as would be expected solely on 

differences in the bond dissociation energies. 
The activation barriers for the C–A bonds (Table 7.2) correlate only partially with 

the BDEs. The activation barrier is highest for C–C at 18.2 kcal mol–1 and the barrier 

decreases to 14.1 kcal mol–1 for the C–N insertion. When moving further along the 
second period, the barriers increase again, to 16.8 and 17.7 kcal mol–1 for C–O and C–

F, respectively, following again the trend in BDEs. However, the insertion into the C–

C bond has the highest activation barrier, despite the fact that the C–F bond is almost 
30 kcal mol–1 stronger. The rationale that stronger bonds require more energy to dis-

sociate and therefore induce higher reaction barriers seems to be only partially true. 

As can be seen from comparing Table 7.1 and Table 7.2, the barrier for the C–C 
insertion is some 14 kcal mol–1 higher than H–C, despite the bond being almost 20 

kcal mol–1 weaker. The 

reason for this is the steric 
congestion of the C–C 

bond due to the methyl 

groups. These methyl 
groups first have to bend 

away to enable the metal to 

approach the central bond, 
thus inducing a high strain 

energy term.83 Besides this 

destabilizing effect of the 
strain, the steric congestion 

also means that the interac-

tion of palladium with the 
bond is diminished, which 

also results in a higher bar-

rier. The insertion into 
methane is much less steri-

cally congested, and palla-

 
Figure 7.1 Geometries of the stationary points of the oxida-
tive insertion of palladium into the H–AHn substrates. The 
H–A bond distance is given (in Å) for each stationary point. 
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dium can approach easily via the hydrogen moiety. Similar differences apply across the 

second period bonds, since in all CH3–AHn systems methyl moieties have to bend 

away, a fact visible also in the TS geometries (see Figure 7.2). Indeed, across the sec-
ond period bonds, the C–A insertion barriers are systematically higher than the H–A 

barriers. For the C–C insertion, two methyl groups need to bend away, making this 

effect even stronger. Thus, the necessity of bending away groups happens, similarly as 
that observed for the bulky substituents in chapter 4 and 5, in moieties that are fully 

saturated with substituents. 

Table 7.2 Bond dissociation energies (BDE) and reaction profiles for oxidative insertion of Pd 
into the C–A bonds.a 

 BDE RC TS P 

CH3–CH3 89.9 -6.8 (-9.0) 18.3 (15.4) -9.3 (-9.9) 

CH3–NH2 85.4 -22.0 (-25.9) 14.1 (11.8) -17.3 (-19.1) 

CH3–OH 93.8 -8.3 (-10.3) 16.8 (14.9) -15.8 (-20.8) 
CH3–F 114.4 -5.5 (-7.5) 17.7 (14.0) -15.8 (-26.3) 
a Energies in kcal mol–1, COSMO values in parenthesis. 

Solvent effects: We have 
optimized all stationary 

points with water solvent 

effects included via use of 
the COSMO model. As can 

be seen in Table 7.1 and 

Table 7.2, including water 
solvent effects does not 

dramatically change the trend 

in activation energies. The 
stationary points are all 

stabilized by a small amount 

(generally around 3 to 4 kcal 
mol–1), due to a charge 

separation that occurs as the 

palladium binds to the sub-
strate. In the cases where 

AHn = F, the solvent effect is 

strongest, due to stronger 
charge localization on F, and 

 
Figure 7.2 Geometries of the stationary points of the oxi-
dative insertion of palladium into the CH3–AHn substrates. 
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induces a lower barrier compared to AHn = OH in both cases. Also, the exothermicity 

is considerably larger for AHn = F. In general, the solvent effect is strongest at the 

product, since the charge separation is largest at that point. Because the COSMO reac-
tion profiles are comfortably close to those in the gas phase and the changes are not at 

all unexpected, we will resume our more detailed analysis based on the gas phase re-

sults. While keeping the COSMO effect in mind, it can be treated as a perturbation on 
the intrinsic gas phase reaction profiles. 

7.3 Activation strain analysis 

For all the palladium insertion reactions we have computed the complete potential 
energy surfaces by use of IRC calculations. Figure 7.3 shows the activation strain 

analyses (see section 2.3) for all the bare palladium insertions into the H–A and C–A 

bonds, respectively. The decomposition into the strain (!Estrain) and interaction (!Eint) 
visualizes the differences in bond strengths (and other geometrical deformations) and 

the interaction between palladium and the substrates. The strain energy is, as men-

tioned previously, related to the breaking of the bond and is expected to correlate to 
the bond strengths. The interaction is mainly related to the back-donation process, 

which we would expect to become more stabilizing across this series as the &* LUMO 

orbital energy of the substrate drops.  
For the H–AHn series of oxidative insertions, the trend in strain energy is decisive 

for the trend in total energy. The strain energy for the H–F bond is higher than for 

the other bonds, which is in agreement with the calculated bond dissociation energies. 
The strain energy of CH4 is relatively high, caused by the bending of the methyl 

group. Before the palladium can approach the bond, the methyl group must bend 

away, causing the strain energy to increase rapidly at small bond elongations. This 
bending is not necessary in the other systems and thus the strain curve for CH4 is the 

only one that does not correspond directly to a simple stretching of the H–A bond. 

The CH3–AHn series behaves approximately like the H–AHn series. In the case of 
AHn = CH3, the strain is much higher, due to the two methyl groups that have to 

bend away. This effect, together with the C–C bond which is inherently stronger than 

the C–N bond, causes the higher barrier for C–C, and explains the deviation from the 
trend observed in the H–AHn series. The interaction energies follow a similar pattern 

as observed in the H–AHn activation series, with the C–F bond showing the strongest 

interaction with palladium. As a last point, we note that the strain curve of CH3F is 
relatively high at the beginning of the reaction path because it approaches from the 



 

 107 

methyl moiety, and not from the fluoride. This is due to differences in the bonding 

site in the reactant complex (see Figure 7.2). 

 
Figure 7.3 Potential energy surfaces (a, c) and activation strain analysis (b, d) for the oxidative 
insertion of Pd into H–CH3 (black), H–NH2 (blue), H–OH (red), and H–F (green), and CH3–
CH3 (black), CH3–NH2 (blue), CH3–OH (red), and CH3–F (green). 

We can conclude that for these model substrates the trend in activation energy origi-

nates to a large extent from the strain energy and thus from the BDEs of activated 
bonds. Although the interaction energy has a significant influence, the trends in bar-

rier height are dominated by this strain energy term. In all cases, the inclusion of the 

hydrogen-saturated methyl moiety has a significant impact on the behavior along the 
reaction path due to its higher steric shielding. This had been previously observed 

when comparing H–CH3 with CH3–CH3, but this insight now also covers the H–AHn 

and CH3–AHn series. The type of behavior seen here is essentially similar to the dif-
ference between to that in chapters 4 and 5 where going towards the fully substituted 

alkane bonds, a sharp increase in strain energy is observed. The increased interaction 

because of more stabilizing back-donation due to the lower-lying LUMO is quite eas-
ily observed and has an important, yet not decisive, influence on the trends in barrier 

heights. Further analysis shows that the increased interaction is at least partially coun-
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teracted by a decreasing donation from the substrate HOMO to the 5s acceptor on 

palladium, which has a detrimental effect on the stabilizing interaction. 

7.4 Ligand effects 

As mentioned before, we want to 

investigate a number of model 

ligands on palladium. Using phos-
phine and chloride, we can construct 

the catalysts PdCl–, Pd(PH3)2, and 

Pd(PH3)2Cl– (see Figure 7.4). For 
each of these, we have again com-

puted all stationary points, also including COSMO solvent effects. For all H–AHn 

reactions, we also computed the complete reaction paths. We have chosen to focus on 
the effect of the ligands on the reaction path, directly compared to the bare palladium. 

This turns out to be a very insightful strategy. The geometries of the transition states 

are shown in Figure 7.5 and Figure 7.6 for the H–A and C–A insertions. Similarly, 
Figure 7.7 and Figure 7.8 show the reaction energy profiles for H–A reaction paths. 

 
Figure 7.5 Geometries of the TSs of the oxidative insertion of all catalyst 
complexes into H–AHn. 

PdCl–: The first ligand we investigate is the anionic chloride, whose effect has been 

described in earlier work as ‘anion assistance’, since it has a stabilizing effect on the 

 
Figure 7.4 The geometries of the catalysts: PdCl–, 
Pd(PH3)2, and Pd(PH3)2Cl–. Distances in Å. 
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barriers.39 The anion assistance effect is also observed in our series of substrates, as in 

general all stationary points are stabilized when going from Pd to PdCl–. The effect, 

however, becomes stronger along the second period, as the trend in activation barriers 
is almost completely reversed and HF and CH3F now have the lowest barriers at -13.9 

and 8.9 kcal mol–1, respectively. In both cases, there is a clear trend of increasing exo-

thermicity in going down the second period bonds. Solvent effects become larger in 
this series due to the charged PdCl– catalyst. In this series, the solvent effect is not 

overall stabilizing (as in the case of Pd), since the charged PdCl– catalyst is highly sta-

bilized in the solvent and the stabilization becomes less upon complexation.68 Espe-
cially the A–H barriers are destabilized, though in general the trends remain roughly 

similar. 

Table 7.3 Reaction profiles for oxidative insertion of [Pd] into the C–H bonds. 
  RC TS P 

PdCl– H–CH3 -12.4 (-12.7) -5.4 (-2.6) -8.8 (-4.5) 

 H–NH2 -19.2 (-28.2) -4.3 (0.4) -13.6 (-7.0) 

 H–OH -14.6 (-15.0) -7.0 (1.6) -17.9 (-11.1) 
 H–F -19.0 (-11.4) -13.9 (-4.0) -29.4 (-23.9) 

Pd(PH3)2 H–CH3 0.2 (-1.0) 32.2 (31.6) 27.1 (22.8) 

 H–NH2 -1.6 (-1.6) 33.8 (35.2) 23.8 (19.2) 
 H–OH -3.6 (-3.4) 33.5 (32.0) 17.2 (11.1) 

 H–F -7.3 (-7.8) 26.8 (18.8) 9.0 (-3.1) 

Pd(PH3)2Cl– H–CH3 -1.4 (b) 33.7 (b) 23.8 (b) 

 H–NH2 -5.5 (b) 35.1 (b) 19.3 (b) 
 H–OH -10.8 (b) 30.7 (b) 11.1 (b) 

 H–F -18.8 (b) 20.6 (b) -0.1 (b) 
a Energies in kcal mol–1, COSMO values in parenthesis. b Transition states not found due to dissociation of Cl–. 

As noted in previous work, the Cl– ligand greatly destabilizes the d orbitals as well as 
the empty 5s LUMO. An important effect is lowering the repulsive interactions with 

the occupied orbitals on the substrate. Along the series from C to F, the HOMO en-

ergies drop considerably, and this stabilizing effect across the series is enhanced by the 
Cl– ligand. From further analysis (data not shown here) we can deduce that the donor-

acceptor interactions are less affected because, on the one hand, the back-donation is 

more favorable due to the higher 4d orbitals, yet on the other hand donation from 
substrate to metal decreases because the Pd 5s orbital is pushed up and thus becomes 

a less favorable acceptor. These two effects balance out differently for each substrate. 

For example, for the H–F insertion, the back-donation is already strong due to the 
low-lying LUMO, so the effect of the higher 4d orbitals is important, and overall the 
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orbital interaction energy term is stabilized. For the H–C insertion, the donation from 

the H–C HOMO is comparatively more important and the total orbital interaction 

decreases due to this diminished stabilizing effect. Incidentally, the decreased donation 
into the palladium 5s can be seen in the destabilized RCs of AHn = NH2, where this 

interaction is important. 

 
Figure 7.6 Geometries of the TSs of the OxIn of all catalyst complexes into CH3–AHn. 

We have conducted full activation strain analyses for the PdCl– with H–AHn and fo-

cus on the ligand-induced change compared to the bare palladium analyses. Figure 7.7 
compares directly the two activation strain analyses for each of the H–AHn bond acti-

vations. Along the reaction coordinate, the main effect of the Cl– ligand is an increase 

of the stabilizing interactions, an effect that becomes stronger across the series. The 
strain energy hardly changes, as the catalyst complex hardly deforms, and contributes 

little to the strain term. The position and height of the transition state is thus only af-

fected by the increased interaction, which pulls the transition state more towards the 
reactant state and decreases the barrier. The same comparison can be made for the C–

A bonds, with similar results (data not shown here). It is clear from the activation 

strain graphs, that the interaction energies become increasingly important across the 
series of bonds. The reversal of the trends in barriers across the second period bonds 

(compare Table 7.1 and Table 7.3) can thus be attributed to the progressively stronger 

interaction energy induced by the chloride anion, which also shifts the transition states 
towards the reactant side of the potential energy surface. 
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Figure 7.7 Activation strain plots of Pd (solid curves) and PdCl– (dashed) for the H–A bonds. 

Pd(PH3)2: As analyzed in chapter 3, one of the largest effects of going towards the 
diphosphine system is a large increase in strain due to the fact that the ligands have to 

bend away from the optimal linear geometry, at the cost of destabilizing strain energy. 

Because of this, all reactant complexes become less stabilized, and for AHn = CH3 the 
RCs almost disappear. For the other substrates there are still some weak interactions 

with the substrates’ hydrogen bonds. In all cases, the heights of the barriers have been 

drastically increased. In the H–AHn series, C, N, and O, are similar in barrier height at 
32.2, 33.8, 33.5 kcal mol–1, with CH4 being slightly lower. Going towards the H–F bar-

rier, there is a significant decrease (26.8 kcal mol–1) compared to the rest of the series. 

Also in the CH3–AHn series, fluoride has the lowest barrier at 42.5 kcal mol–1, pre-
ceded by a steadily dropping barrier from ethane (51.3 kcal mol–1) onwards. Again 

there is a clear trend in increased exothermicity. The solvent effects are not very large, 

as we are still dealing with neutral compounds. Though in this case some of the transi-
tion states are destabilized due to water solvation effects, the trends observed are 

largely maintained, and again we see that the stabilizing effect is largest when going 

towards AHn = F. 
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Table 7.4 Reaction profiles for oxidative insertion of [Pd] into the C–A bonds. 
  RC  TS  P  

PdCl– CH3–CH3 -14.7 (-12.6) 15.4 (15.1) -11.9 (-5.8) 

 CH3–NH2 -20.1 (-28.2) 12.4 (10.9) -22.7 (-16.4) 
 CH3–OH -12.5 (-15.3) 9.6 (11.6) -30.4 (-25.1) 

 CH3–F -16.8 (-11.5) 8.9 (10.9) -40.1 (-36.7) 

Pd(PH3)2 CH3–CH3 0.4 (-0.6) 51.3 (52.6) 26.4 (23.0) 
 CH3–NH2 -1.5 (-1.6) 45.9 (48.0) 15.6 (11.1) 

 CH3–OH -3.2 (-3.6) 45.8 (46.5) 6.4 (-0.6) 

 CH3–F -0.7 (-1.1) 42.5 (36.4) -1.5 (-13.6) 

Pd(PH3)2Cl– CH3–CH3 -1.5 (b) 56.5 (b) 22.6 (b) 

 CH3–NH2 -5.8 (b) 52.5 (b) 10.8 (b) 

 CH3–OH -10.9 (b) 49.8 (b) 0.4 (b) 

 CH3–F -5.9 (b) 45.0 (b) -9.9 (b) 
a Energies in kcal mol–1, COSMO values in parenthesis. b Transition states not found due to dissociation of Cl–. 

In chapter 3 we have looked closely at the nature of the P–Pd–P angle (the bite angle) 

and the angle between the planes P–Pd–P and A–Pd–C/H (the twist angle) in the 

transition state. We uncovered that the main effects of changes in bite and twist angles 
lie in repulsive effects between catalyst compound and substrates. The planarity of the 

system, for example, is determined by the intrinsic tendency of the orbital interactions 

to favor a planar geometry, where the d orbital overlap with the LUMO of the sub-
strate is optimal. This is also the reason that all products are planar, since in the course 

of the reaction the substrate’s LUMO energy drops in energy, and interaction be-

comes stronger. These effects are counteracted by stronger steric interactions at lower 
twist angles (more planar geometries). 

In the H–AHn series, all transition states are planar since the phosphine ligands 

experience little steric (Pauli) repulsion with the small substrates. Furthermore, the 
bite angle becomes slightly larger when going towards the smaller substrates, which is 

also in line with the steric viewpoint of the bite angle, where less sterically demanding 

substrates allow for larger, more relaxed, bite angles. For the CH3–AHn series, we ob-
serve that the more polar bonds favor a more non-planar transition state. This seems 

to be mainly due to the fact that, along the series N, O, and F, the transition state lies 

increasingly early along the reaction path, at a point with lower interaction that does 
not favor planarity. The consequentially lower steric repulsion influences the bite an-

gle, which increases in the transition states along the series. 
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Figure 7.8 Activation strain analyses of Pd (solid curves) and Pd(PH3)2, Pd(PH3)2Cl– (dashed 
curves) for the H–CH3 and H–F insertions. 

For the Pd(PH3)2 insertions into the H–A bonds we have computed the entire reac-

tion paths. Figure 7.8a and b show the comparative activation strain analysis, for the 
sake of brevity only for H–CH3 and H–F. The increase in strain energy is immediately 

visible, and can directly be attributed to the deformation of the catalyst. Initially the 

interaction is destabilized for CH4, mainly due to repulsive interactions between cata-
lyst and substrate. This effect, however, becomes smaller along the series because of 

the smaller substrates. At the same time there is an increase in back-donation that, due 

to the higher d orbitals on bent Pd(PH3)2, plays an increasingly stronger role compared 
to bare palladium. The net effect is that the interaction approaches the value of bare 

palladium in the case of HF. The result of these factors is an increasingly less destabi-

lizing reaction path along the bonds when compared to the bare palladium, resulting 
largely in a reversal of the trends in barriers. These results also are applicable to the 

range of CH3–AHn activations, where the CH3–F barrier is substantially stabilized 

compared to CH3–CH3 due to the increased interaction and decreased repulsive inter-
actions (compare Table 7.2 and Table 7.4). 

Pd(PH3)2Cl–: In the TS geometry, the d orbitals of the Pd(PH3)2Cl– systems are 

very similar to Pd(PH3)2, yet pushed upwards due to the presence of the anionic 
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ligand. Note that at the geometry of the transition state of the Pd(PH3)2Cl– catalyst, 

the chloride anion migrates away and complexes in between the two phosphine 

ligands, acting like a bridge, reminiscent to the carbon backbones in chelating ligands 
(see Figure 7.5 and Figure 7.6, and also section 3.4). We do see this backbone-like ef-

fect as the bite angles are somewhat reduced upon addition of the chloride anion, yet 

the intrinsic electronic effect of the anionic species (which increases back-donation) is 
larger than its geometrical effect on the bite angle, as was also discussed in chapter 3. 

The chloride does, however, have the effect of stabilizing the bite angles at a smaller 

value, and a comparison with the Pd(PH3)2 transition states with CH3–AHn shows this 
very clearly. This also has the effect of inducing more planar transition states, as is 

especially clear for CH3F (see Figure 7.6). 

The trend in reaction barriers is similar to the other bisligated catalysts. All station-
ary points are substantially destabilized due to a large strain effect from the catalyst’s 

ligands. The strain in this case also includes the initial dissociation of the Cl– from the 

palladium in the catalytic complex. The barrier for CH4 is 33.7 kcal mol–1, and after an 
increase for NH3 (35.1) the barrier decreases again for H2O (30.7) and HF (20.6). So, 

after an initial increase due to higher destabilizing strain, the Cl– anion actually sub-

stantially stabilizes the H–F barrier compared to Pd(PH3)2. For the CH3–AHn species 
the barriers decrease steadily from the C–C (56.5) to the C–F (45.0 kcal mol–1) bond, 

and all are shifted upwards by around 5 kcal mol–1 compared to Pd(PH3)2. The strong 

water solvent effects dissociate the already not so strongly bound chloride anion and 
no analogues of the transition states are found when including solvent effects. 

When again comparing the full activation strain analysis, Figure 7.8c and d, with 

that of bare palladium for the H–A bond activations, we notice some similarities with 
the other bisligated systems. The interaction is destabilized by a small amount for the 

C–H insertion, and again becomes progressively more stabilizing. As the back-

donation is now aided by the presence of the negative charge, it shouldn’t be surpris-
ing that the stabilization of the interaction for H–F is more pronounced compared to 

Pd(PH3)2. This again reminds of the previous findings; when (back-donating) interac-

tions are inherently stronger, changes on the ligands that increase the corresponding 
interaction will have a more pronounced effect. The result is again a reversal of the 

trends in barriers as expected based on the trends in bond strengths. For the C–A 

range of bond activations, this effect is less strong because there, the changes in steric 
interactions become more important. 
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7.5 Conclusions 

In this chapter, we have investigated the catalytic activation of a series of H–AHn and 

CH3–AHn bonds where AHn = CH3, NH2, OH, and F. Thus, we cover the whole 
range of archetypal bonds along the second period and have explored what effect this 

series has on the oxidative insertion reaction pathway. We have shown that the inher-

ent bond strengths of the series of increasingly polar bonds are very dominant in de-
termining the trends in activation barriers for these bonds by bare palladium. The ef-

fects of the trends in bond dissociation energies are to some extent counteracted by 

an increase of back-donation capabilities into the lower &* LUMO of the more polar 
bonds. 

Regarding the cases where AHn = CH3, we can conclude that the methyl groups 

always induce higher strain than would be expected based on the bond strength. This 
effect is due to the necessity of the more sterically demanding methyl groups to bend 

away, inducing extra destabilizing strain energy. Interestingly, this effect is also present 

when comparing the H–CH3 activation with the rest of the H–AHn bonds. It is there-
fore that the barriers in these cases are higher than expected solely on the difference in 

BDE. In the case of the CH3–CH3 insertion, the high barrier for this substrate causes 

a breaking of the trend expected based on bond strengths. This behavior, when mov-
ing to a fully substituted moiety induces a sharp increase in the strain energy, is similar 

to that of going to the fully substituted alkane bonds as seen in chapters 4 and 5. 

It was shown to be highly informative to compare the ligand effects directly with 
the reaction paths of the bare palladium. It then becomes clear that, in all cases, the 

interaction with the substrate usually becomes progressively stronger along the series 

of C, N, O and F (after initial stabilization or destabilization on AHn = CH3). This 
results in a general tendency of the trends in activation barriers to be reversed, negat-

ing the effect of the trends in bond strengths on the behavior of the barriers. This 

reminds us of the ligand effects discussed in section 3.4, where for example the intro-
duction of ligands which enhanced back-donation had a stronger effect on the C–H 

activation compared to C–C, because of the latter’s intrinsically stronger interaction. 

 




