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3 The steric nature of the bite angle 
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Willem-Jan van Zeist, F. Matthias Bickelhaupt 

Dalton Trans. 2011, 40, 3028 

Abstract 

The bite angle (ligand–metal–ligand angle) is known to greatly influence the activity of 

catalytically active transition-metal complexes towards bond activation. Here, we have 
explored how and why the bite angle has such effects in a wide range of prototypical 

C–X bonds and palladium complexes. We elucidate the steric nature of the bite angle 

where smaller bite angles decrease steric interactions and thus reduce barriers. A 
smaller bite angle makes more room for coordinating a substrate by bending away the 

ligands. In this light also the ‘building in’ of the catalyst deformation into already 

strained chelating ligands, which avoids the building up of strain energy, is an impor-
tant energetic factor. Our model reactions cover the substrates H3C–X (with X = H, 

CH3, Cl) and this series is expanded with, among others, the model catalysts, 

Pd[PH2(CH2)nPH2] (with n = 2 - 6) and Pd[PR2(CH2)nPR2] (n = 2 - 4 and R = Me, Ph, 
t-Bu, Cl), Pd(PH3)X– (X = Cl, Br, I), as well as palladium complexes of chelating and 

non-chelating N-heterocyclic carbenes. The wide range of model ligands further con-

solidates the steric picture by revealing its occurrence in this broader range, but also 
provides insight into competing electronic factors due to changes in the ligands. 
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3.1 Introduction 

The reaction barrier of oxidative inser-

tions is well known to depend on the 
ligand–metal–ligand angle, the so-called 

bite angle (see Figure 3.1).110,111 Also for 

the reverse reaction of reductive elimina-
tion the bite angle can play a role.112,113 

Many pioneering studies have been under-

taken in order to understand how exactly reaction barriers are affected by this and 
related structural parameters of the catalytically active complex.114-124 It is commonly 

accepted that the effect of the bite angle on the reaction barrier of, for example, C–X 

bond activation, originates from an electronic factor. 
According to this electronic model, the transition 

state (TS) is stabilized by donor–acceptor interactions 

from metal d orbitals (specifically, the "4d"" orbital, see 
Figure 3.2) to the substrate $*C–X, which becomes more 

stabilizing as the metal-ligand d hybrid orbital is pushed 

up in energy, at smaller bite angles.35-38 Although the rise 
in energy of the d orbital can be indeed observed in 

calculations, there has been as of yet no direct evidence that it is really this phenome-

non that causes the more stabilizing catalyst–substrate interaction at smaller bite an-
gles. In this chapter, the electronic picture of the bite-angle effect is challenged. It will 

show that mainly steric effects are responsible for the lower oxidative-insertion barrier 

in the case of catalyst complexes with smaller bite angles. We put this finding on a 
broad basis with a number of different reactions and provide detailed bonding analy-

ses to elucidate the nature of bite-angle effect. We also connect these analyses to the 

activation strain of the catalytic compound, which on itself is dependent on the car-
bon backbone in chelating ligands. Also, we will investigate the steric nature of the 

related ‘twist angle’ (see Figure 3.1).125,126 

We have investigated methane C–H, ethane C–C and chloromethane C–Cl bond 
activation by oxidative insertion (OxIn) of a variety of model catalysts. The model 

catalysts are based on Pd, Pd[PH2(CH2)nPH2] (n = 2 - 6, denoted as Pd[PnP]), which 

enable us to explore a wide variety in bite angles, ranging from 98° to 156° along n = 
2 - 6 (see Figure 3.3). The chapter can be divided into a number of topics: (i) through 

 
Figure 3.1 Bite angle (left) and twist angle 
(Newman projection, right) in the transi-
tion state geometry of an oxidative inser-
tion of Pd(PH3)2 into a H3C–X bond. 

 

 
Figure 3.2 Donation from 
"4d"" into empty $*C–X. 
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detailed catalyst–substrate bonding analyses as a function of bite and twist angle and 

its connection to the catalyst strain; (ii) variation of steric bulk on the catalysts, 

Pd[PR2(CH2)nPR2] (n = 2 - 4 and R = Me, Ph, t-Bu), to see how sterically demanding 
groups on the phosphine ligands compare with the intrinsic steric effect of simple 

phosphine ligands; (iii) halogen substituent effects on the phosphine ligands; (iv) the 

effect of an additional anionic halide coordinating to metal and/or the phosphine 
ligands; (v) palladium complexes of chelating and non-chelating N-heterocyclic car-

benes; and (vi) solvent effects for the range of model catalysts Pd, Pd(PH3)2 and 

Pd[PnP] with n = 2 - 6.  

 
Figure 3.3 Pd[PnP] (n = 2 - 6) and Pd(PH3)2 catalysts with bite angles (in degrees). 

3.2 Stationary points 

In the following, we will first focus on 
oxidative addition to plain palladium 

diphosphine complexes. After a thor-

ough analysis of the bite and twist angle 
effects we will continue with ligand sub-

stituent effects. Table 3.1 shows the 

results of our calculations for the simple model phosphine ligand palladium com-
plexes. The oxidative insertion (OxIn) reactions proceed in principle from the reac-

tants PdL2 + CH3X (R), via a reactant complex (RC), to the transition state (TS) and, 

finally, the product (P). Along the reaction path, the C–X bond is progressively 
stretched and, finally, fully dissociates. This is illustrated in Figure 3.4 which shows the 

stationary points for OxIn of palladium into the methane C–H bond. Unlike bare pal-

 
Figure 3.4 Stationary points for the OxIn of 
palladium into the methane C–H bond. 
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ladium, the chelate complexes Pd[PnP] and Pd(PH3)2 form essentially no stable reac-

tant complex with methane and ethane (except Pd[P2P] which binds very weakly) and 

only weakly bound ones with chloromethane, via Pd–Cl coordination 

Table 3.1 Reaction profiles for oxidative insertion (OxIn) of [Pd] into the H3C–X bonds. 
Shown are C–X bond distances (in Å) and energies (kcal mol–1) relative to reactants.a Values in 
parenthesis include water solvent effects as obtained by the COSMO method. 
   RC    TS    P  

  C–X $E  C–X $E‡  C–X $E 

H3C–H Pd 1.123 -6.7 (-9.0)  1.616 3.9 (-0.6)  2.479 -3.4 (-8.3) 
 Pd[P2P] 1.108 -1.3 (-2.6)  1.704 18.6 (14.0)  2.473 12.6 (3.3) 
 Pd[P3P] 1.102 -0.5 (-1.3)  1.691 22.3 (18.2)  2.479 15.7 (7.0) 
 Pd[P4P] 1.097 -0.5 (-1.6)  1.701 25.7 (22.9)  2.453 19.6 (12.5) 
 Pd[P5P] 1.096 -0.1 (-1.4)  1.697 29.2 (27.0)  2.437 23.1 (16.8) 
 Pd[P6P] 1.096 ~0 (~0)  1.705 32.1 (31.0)  2.423 26.4 (21.7) 
 Pd(PH3)2 1.096 ~0 (~0)  1.725 32.2 (31.6)  2.432 27.1 (22.8) 
H3C–CH3 Pd 1.540 -6.8 (-9.0)  1.945 18.3 (15.4)  3.025 -9.3 (-9.9) 
 Pd[P2P] 1.541 -1.7 (-3.2)  2.073 38.4 (36.2)  2.861 11.3 (3.7) 
 Pd[P3P] 1.540 ~0 (~0)  2.078 43.1 (41.2)  2.857 14.3 (7.1) 
 Pd[P4P] 1.540 ~0 (~0)  2.090 46.3 (45.6)  2.838 18.7 (12.9) 
 Pd[P5P] 1.540 ~0 (~0)  2.094 49.5 (49.5)  2.825 22.4 (17.6) 
 Pd[P6P] 1.540 ~0 (~0)  2.107 51.5 (52.3)  2.829 26.0 (22.6) 
 Pd(PH3)2 1.540 ~0 (~0)  2.107 51.3 (52.6)  2.836 26.4 (23.0) 
H3C–Cl Pd 1.862 -12.9 (-15.2)  2.054 -0.6 (-2.6)  3.221 -33.1 (-40.0) 
 Pd[P2P] 1.856 -6.4 (-7.6)  2.206 14.3 (12.2)  3.175 -27.1 (-41.8) 
 Pd[P3P] 1.849 -3.3 (-4.4)  2.217 18.5 (16.1)  3.183 -25.1 (-38.1) 
 Pd[P4P] 1.839 -1.4 (-1.6)  2.227 21.7 (20.6)  3.174 -20.3 (-32.2) 
 Pd[P5P] 1.828 -0.9 (-1.6)  2.249 25.1 (24.3)  3.191 -17.9 (-27.6) 
 Pd[P6P] 1.829 -1.1 (-1.5)  2.240 26.2 (25.4)  3.151 -13.3 (-24.6) 
 Pd(PH3)2 1.828 -0.5 (-1.2)  2.250 27.1 (27.3)  3.148 -11.6 (-20.6) 
a [PnP] = [PH2(CH2)nPH2]. Reactant complexes essentially unbound (by less than -0.1 kcal mol–1) are indicated as ~0. 

A number of general trends can be observed in Table 3.1. Both, the endothermicity 

and barrier height increase from Pd, along the series Pd[P2P] to Pd[P6P] and 

Pd(PH3)2. This is, in part, caused by a weakening of the catalyst–substrate interaction 
from bare to coordinated palladium, as suggested by the concomitant loss of stability 

of the reactant complexes. Our activation strain analyses do confirm this but they also 

show that a different, steric mechanism mainly responsible for this trend along the 
various model catalysts. Furthermore, barrier heights increase for all model catalysts as 

one goes from C–Cl to C–H to C–C activation (see Figure 3.5 for representative TS 

structures), which was discussed in detail already previously, but mainly for the inser-
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tion of uncoordinated Pd atoms.83 Here we find that solvent effects in aqueous solu-

tion do not lead to any significant change in the above trends (see Table 3.1). Solva-

tion only causes a slight stabilization of the stationary points and this solvation stabili-
zation increases as the reaction, and thus the Pd–CH3 and Pd–X charge separation, 

progresses. Thus, we can treat the influence of solvation effects as a mild perturbation 

on the gas-phase results, and we will base our analyses on these gas-phase calculations. 

 
Figure 3.5 TS geometries for insertion of Pd[P2P] into C–H, C–C, and C–Cl bonds (TS 
geometries for other Pd[PnP] are similar). 

3.3 Bite and twist angle 

Table 3.2 shows the activation strain analysis at the transition states. In all cases, there 
is a pronounced correlation between an increase of the bite angle in the model catalyst 

(values in parentheses in Table 3.2) and an increase in reaction barrier !E‡ as well as 

in the twist angle. Thus, Pd(PH3)2 has both, the largest bite angle, 180°, and the high-
est barrier, whereas this barrier decreases monotonically as the number of methylene 

units in the model catalyst's bidentate ligand shrinks from n = 6 to 2 and forces the 

bite angle down to 98°. As the bite angle decreases, also the twist angles in the transi-
tion state geometries of the C–C and C–Cl insertion reactions decrease. All C–H tran-

sition states are planar, see for example Figure 3.5. 

The main source of the barrier rise from Pd to Pd(PH3)2 insertion is, in all cases, a 
steric mechanism. This shows up in the increased activation strain !E‡strain (see Table 

3.2). For example, from Pd to Pd(PH3)2 + methane, the activation strain terms 

!E‡strain[substr] and !E‡strain[cat] increase by some 10 and 17 kcal mol–1, respectively, 
whereas the catalyst–substrate interaction !E‡int is weakened by less than 1 kcal mol–1. 

Together, this yields the observed increase of the overall barrier by some 28 kcal mol–1 

(from 3.9 to 32.2 kcal mol–1). The strain of the methane substrate mainly stems from 
C–H bond expansion. The strain of the Pd(PH3)2 model catalyst is generated nearly 

exclusively through the bending of the phosphine ligands, away from the substrate. 

This causes the P–Pd–P angle to decrease from 180° in the free Pd(PH3)2 complex to 
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108° in the TS for insertion into the methane C–H bond. The barrier for the Pd[P2P] 

insertion, however, lies significantly lower, at 18.6 kcal mol–1. This is mainly due to a 

sharp decrease of !E‡strain[cat] to 6.0 kcal mol–1, because the P–Pd–P bite angle 
changes far less, as it goes from 98° in the free Pd[P2P] to 85° in the TS. 

Table 3.2 Geometry (in Å, deg) and activation strain analysis of transition states (in kcal mol–1) 
for Pd-induced C–X bond activation.a 

  biteb twist C–X $E‡int $E‡strain[substr] $E‡strain[cat] $E‡ 

H3C–H Pd -     (-) - 1.616 -48.4 52.2 0.0 3.9 
 Pd[P2P] 85   (98) 2 1.704 -48.4 61.0 6.0 18.6 

 Pd[P3P] 95 (115) 0 1.691 -46.7 59.9 9.0 22.2 

 Pd[P4P] 103 (131) 2 1.701 -46.3 60.9 11.0 25.7 

 Pd[P5P] 109 (146) 2 1.697 -45.6 60.6 14.2 29.2 
 Pd[P6P] 119 (156) 1 1.705 -44.5 61.2 15.3 32.1 

 Pd(PH3)2 108 (180) 0 1.725 -47.8 63.3 16.7 32.2 

H3C–CH3 Pd -     (-) - 1.945 -19.6 37.9 0.0 18.3 
 Pd[P2P] 87   (98) 49 2.073 -16.7 50.7 4.3 38.4 

 Pd[P3P] 97 (115) 48 2.078 -15.1 51.4 6.8 43.1 

 Pd[P4P] 105 (131) 49 2.090 -14.6 52.6 8.3 46.3 
 Pd[P5P] 115 (146) 56 2.094 -13.7 52.8 10.5 49.5 

 Pd[P6P] 126 (156) 62 2.107 -13.3 53.6 11.2 51.5 

 Pd(PH3)2 113 (180) 56 2.107 -15.8 53.7 13.4 51.3 

H3C–Cl Pd -     (-) - 2.054 -10.5 9.9 0.0 -0.6 

 Pd[P2P] 89   (98) 43 2.206 -9.1 20.3 3.1 14.3 

 Pd[P3P] 101 (115) 48 2.217 -7.7 21.5 4.6 18.5 

 Pd[P4P] 111 (131) 52 2.227 -6.7 22.7 5.8 21.7 
 Pd[P5P] 128 (146) 72 2.249 -6.2 25.4 5.9 25.1 

 Pd[P6P] 137 (156) 88 2.240 -5.0 25.8 5.3 26.2 

 Pd(PH3)2 123 (180) 68 2.250 -7.6 25.6 9.1 27.0 
a [PnP] = [PH2(CH2)nPH2]. b Bite angle in TS and, in parentheses, in isolated PdL2. 

Numerical experiments show that the energetically unfavorable geometrical deforma-

tion of the catalyst along the insertion process occurs in reaction to the even more 

destabilizing steric (Pauli) repulsion that would be experienced if the catalyst fragment 
would retain its linear geometry during the approach to the substrate. Thus, using the 

various TS geometries of Pd(PH3)2 inserting into the C–H, C–C and C–Cl bonds, we 

have analyzed the catalyst–substrate interaction !Eint as a function of varying the P–
Pd–P angle, under the constraint that all other geometry parameters are kept frozen to 

their value in the TS stationary point. The results are shown in Figure 3.6. Note that 

this analyses focuses on how and why the catalyst–substrate interaction changes dur-
ing a well-defined but fictitious deformation, leaving out the associated strain energy 
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in the catalyst which one would have to add in order to arrive at the total energy. 

Figure 3.6 shows that the interaction !Eint becomes less stabilizing if the P–Pd–P an-

gle is increased. Interestingly, this is so because of increased steric Pauli repulsion 
(!EPauli Total in Figure 3.6). It is not because of a weakening in the orbital interaction 

!Eoi. The latter would be expected if one proceeds from the traditional electronic 

model for bite-angle effects, owing to the reduced back-donation from the metal "4d"" 
orbital to the substrate $*C–X orbital (see Figure 3.7, left).35-38 This decrease in back-

donation can be easily seen in population analyses; for example the $*C–H population 

drops from 0.54 to 0.41 from 60 to 180 degrees bite angle; not particularly large for 
such a sizeable geometrical change. The orbital overlaps have a small role in this, 

which do not correlate directly with the bite angle and vary little.  

However, Figure 3.6 clearly shows unexpected behavior of the orbital interaction: 
!Eoi becomes more stabilizing (not less stabilizing) as the P–Pd–P angle approaches 

180°. The reason is that more severe Pauli repulsion also induces secondary stabilizing 

relaxation effects in !Eoi that, here, dominate and thus mask the effect of a weakening 
in the (first-order) back-donation. Preliminary calculations on non-bonding systems 

show this relaxation of the orbital interaction falls within the range associated with 

this level of increased repulsion. This analysis was done by performing a number of 
energy decomposition analyses on pairs of approaching noble gasses, which indeed 

show a secondary stabilization of orbital interactions in the region of 20 to 30 kcal 

mol–1 for a Pauli repulsion that increases around 150 kcal mol–1. 

 
Figure 3.6 Energy decomposition analysis of the catalyst–substrate interaction !Eint as a func-
tion of the bite angle, with all other geometry parameters kept frozen to their values in the TS 
structures for Pd(PH3)2 insertion into three different H3C–X bonds (see text). 

We have also estimated to which extent the trend in total Pauli repulsion is deter-
mined: (i) directly by overlap between the ligands and the substrate; and (ii) indirectly 

by ligand-induced changes in the palladium electronic structure. To this end, the 
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analyses have been repeated for the exact same set of geometries and deformations of 

the reaction system, however, with the palladium atom removed. Now, the remaining 

Pauli repulsion stems entirely from direct steric contact between ligands and substrate 
(!EPauli Ligands in Figure 3.6). The difference !EPauli via Pd = !EPauli Total – !EPauli Ligands is 

an estimate of the Pauli repulsion that occurs between the palladium atom in the cata-

lyst complex and the substrate. The steric (Pauli) repulsion !EPauli Ligands between 
ligands and substrate is approximately zero for small bite angles. But, at bite angles 

larger than 130 degrees, !EPauli Ligands suddenly increases rapidly. This is when the 

ligands come "too" close to the substrate and cause direct steric repulsion. Interest-
ingly, this result nicely matches the experimental observation that many catalyst com-

plexes have bite angles below 130°.104 The more continuous increase estimated for 

!EPauli via Pd is related to the fact that a "4d!" orbital is pushed up in energy and better 
overlaps with the occupied substrate $C–X bond orbital as the bite angle decreases 

(e.g., for C–H activation, the overlap increases from 0.02 to 0.27 if one goes from 60° 

to 180°). 
As mentioned above, the tendency of the twist angle to deviate in the TS from 0° 

becomes stronger as the bite angle in the catalyst complex increases (see Table 3.2). 

The trend is most pronounced in the case of oxidative insertion into the C–Cl bond. 
Thus, in the reactions of Pd[PnP] + CH3Cl, along n = 2 - 6, the twist angle in the TS 

increases from 43° to 88° while the bite angle in the isolated catalyst complex in-

creases from 98° to 156° (see Table 3.2: in the TS the corresponding bite angle values 
are somewhat smaller, 89° - 137°). This correlation between bite angle and twist angle 

turns out to be again a consequence of 

the system's attempt to avoid steric re-
pulsion between the ligands and the 

substrate. 

Twist angle: The twist angle is in 
fact determined by the balance between 

two counteracting mechanisms: (i) an 

electronic one that favors a planar four-
coordinate Pd complex; and (ii) the al-

ready alluded steric mechanism. The 

electronic mechanism is the donor–
acceptor interaction between the occu-

pied metal-ligand "4d"" hybrid orbital of 

 
Figure 3.7 Back-donation from PdL2 
"4d"" orbital to substrate $*C–X acceptor 
orbital (left). The '"4d""($*C–X) overlap is 
optimal for a twist angle of 0° (left) and 
minimal for a twist angle of 90° (right). 
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the catalyst complex and the unoccupied $*C–X orbital of the substrate. This orbital 

interaction is most stabilizing for a planar TS geometry because the '"4d""($*C–X) 

overlap is optimal at a twist angle of 0° and minimal at 90° (see Figure 3.7). This is 
also confirmed by a quantitative energy decomposition analysis: proceeding from the 

various TS geometries of Pd(PH3)2 inserting into the C–H, C–C and C–Cl bonds, we 

have analyzed the catalyst–substrate interaction !Eint as a function of varying the twist 
angle between the catalyst and the substrate, under the constraint that all other ge-

ometry parameters are kept frozen to their value in the TS stationary point. The re-

sults in Figure 3.8 show that indeed the orbital interaction !Eoi is in all cases most 
stabilizing for a planar TS geometry (0° and 180°) and least stabilizing at a twist angle 

of 90°. 

 
Figure 3.8 Energy decomposition analysis of the catalyst–substrate interaction !Eint as a func-
tion of the twist angle, with all other geometry parameters kept frozen to their values in the TS 
structures for Pd(PH3)2 insertion into three different H3C–X bonds (see text). 

The electronic mechanism becomes more dominant as the reaction progresses and the 

C–X bond lengthens, since this decreases the energy of the substrate $*C–X and makes 
it a better acceptor orbital for electrons of the catalyst "4d"" orbital. This results in a 

planar geometry for all the product complexes. For a given model catalyst, the twist 

angle in the TS decreases along the substrates CH3Cl, CH3CH3 and CH4 (e.g., from 
68° to 56° to 0° in the case of Pd(PH3)2) because along this series the TS is located 

increasingly later along the reaction path, resembling more closely the situation in the 

products. This is again reflected in Figure 3.8 which shows that the "rotational barrier" 
in the orbital interaction, i.e., !!Eoi(180°%90°), increases from 7 to 9 to 12 kcal mol–1 

along the OxIn reactions of C–Cl to C–C to C–H. 

The steric mechanism stems from Pauli repulsion between the catalyst complex 
and the substrate. The larger the bite angle, i.e., along Pd[P2P] to Pd[P6P] to 

Pd(PH3)2, the more the steric mechanism opposes the electronic one leading to in-
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creasingly non-planar TS geometries (see Table 3.2). In Figure 3.8, we see how the 

Pauli repulsion !EPauli Total achieves indeed a minimum at a twist angle of 90°. A sepa-

ration of the Pauli repulsion into direct ligand–substrate repulsion !EPauli Ligands + pal-
ladium–substrate repulsion !EPauli via Pd (related to the destabilizing "4d!" orbital) fur-

thermore shows that both terms contribute approximately equally (see Figure 3.8). 

Note that for insertion into the C–H bond, the Pauli repulsion !EPauli Total is high but 
has a shallow minimum as function of the twist angle. The ligands–substrate repulsion 

!EPauli Ligands is however lower for this reaction than for insertion into the C–C and C–

Cl bonds. The reason for the different behavior in the OxIn reaction of C–H is the 
very small effective size of the H atom in this bond. 

The above bite and twist angle analyses show that the effect of the bite angle has a 

steric nature: a smaller bite angle corresponds to less steric repulsion between the cata-
lyst complex and substrate since the ligands have been bent away from the substrate's 

coordination site at the catalyst complex. This picture is further consolidated in three 

additional numerical experiments. First, we have repeated the above twist-angle analy-
sis for Pd[P2P], which has a much smaller bite angle (results not shown). In that case, 

the steric effect is indeed smaller and, consequently, the balance shifts towards a more 

planar transition state geometry (see Table 3.2). Second, we have optimized the TS of 
Pd(PH3)2 inserting into the ethane C–C bond under the constraint that the P–Pd–P 

bite angle is frozen to a smaller (80°) or larger value (150°) than the one it really 

adopts in an unconstrained TS optimization (113°). In line with the steric bite-angle 
mechanism, the twist angle reacts by also becoming smaller (48°) and larger (82°), re-

spectively, than in the fully optimized TS geometry (56°; data of constraint optimiza-

tions not shown in Table 3.2).  
Third, we have extended our activation strain analyses along the entire reaction 

coordinate for the OxIn reactions of Pd, Pd(PH3)2 and Pd[P2P] into the methane C–

H, ethane C–C, and chloromethane C–Cl bonds (see Figure 3.9). This allows for a 
more easy visualization of the strain energy along the reaction coordinate. As dis-

cussed in section 2.6, the reaction coordinate is chosen as the stretch of the C–X bond 

relative to the substrate. The reaction profiles in Figure 3.9a again show the dramatic 
increase by almost 30 kcal mol–1 from uncoordinated Pd (black curve) to Pd(PH3)2 

(blue curve) and the substantial drop in energy from Pd(PH3)2 to the geometrically 

confined Pd[P2P] complex with its small bite angle (red curve). Comparison of the 
activation strain diagrams of Pd and Pd(PH3)2 + CH4 in Figure 3.9d reveals that the 

main reason for the higher reaction barrier for Pd(PH3)2 is a substantial destabilization 
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of the strain curve !Estrain. A weakening in the interaction curve !Eint also contributes 

but is almost two times smaller. And, finally, comparison of the activation strain dia-

grams of Pd(PH3)2 and Pd[P2P] + CH4 in Figure 3.9g shows that the accompanying 
drop in reaction barrier is indeed nearly exclusively caused by a corresponding reduc-

tion in the strain curve. Note that the interaction curves for Pd(PH3)2 and Pd[P2P] 

practically coincide. The corresponding analyses for the C–C and C–Cl bond give 
similar results, as can be seen in corresponding graphs in Figure 3.9. However, in 

these cases, the interaction energy clearly changes more dramatically upon moving to 

Pd(PH3)2. This is a consequence of the increased difficulty the catalyst has in ap-
proaching these more sterically crowded bonds which delays the interaction (see also 

section 2.4). 

 
Figure 3.9 Activation strain analyses for the OxIn reactions of Pd (black), Pd(PH3)2 (blue) and 
Pd[P2P] (red) with CH4 (a, d, g), C2H6 (b, e, h) and CH3Cl (c, f, i): Potential energy surfaces !E 
(a, b, c); Activation strain diagrams !E = $Estrain +$Eint comparing Pd and Pd(PH3)2 (d, e, f); 
Activation strain diagrams comparing Pd(PH3)2 and Pd[P2P] (g, h, i). Dots indicate TS. 

These results confirm the steric nature of bite-angle effects. Importantly, they also 
show that catalytic bond activation can be promoted by taking away destabilizing 

strain from the reaction profile. This is achieved by building it, right from the begin-

ning, into the catalytically active transition metal complex (e.g., as in Pd[P2P]) instead 
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of letting it build up during the reaction (e.g., as in Pd(PH3)2). Interestingly, the in-

creased strain in short-bridged palladium chelate complexes has also been demon-

strated and applied in a related but different context, namely, catalyst selection 
through mass spectrometry, based on the catalyst's intrinsic stability.127 

3.4 More ligand effects 

Bulky ligands: We have further explored the validity and applicability of the steric 
bite-angle model by examining the effect of introducing bulky substituents R = Me, 

Ph, t-Bu (instead of H) in our catalyst complexes Pd(PR3)2 and Pd[PR2(CH2)nPR2] 

with n = 2 - 4 (see Figure 3.10). The latter are designated Pd[PnP]R. The results of 
activation strain analyses for OxIn reactions with ethane are compared with those of 

the unsubstituted systems (R = H) in Table 3.3 and Table 3.4. Bite angles in the iso-

lated catalyst complexes slightly but consistently widen if we go from the R = H to the 
bulky ligands (R = Me, Ph, t-Bu) but all changes remain within 5°. Importantly, the 

analyses in Table 3.3 and Table 3.4 confirm an important impact of steric factors. 

First, for a given type of catalyst complex, we find that the barrier, as well as the twist 
angle, increases together 

with the bite angle. This 

confirms again the in-
creasing steric effects at 

larger bite angles. 

For a given bite angle (i.e., for a given length of the poly-methylene bridge), the 
barrier increases if the substituent becomes sterically more demanding. For example, 

in the OxIn reactions of Pd(PR3)2 + H3C–CH3, the barrier increases from 51 to 56 to 

57 to 72 kcal mol–1 along R = H, Me, Ph, t-Bu. The activation strain analyses in Table 
3.4 show that both a weakening in the catalyst–substrate TS interaction !E‡int and an 

increase in the catalyst activation strain !E‡strain[cat] are responsible for this trend. For 

example, going from R = H to t-Bu in the OxIn reactions of Pd(PR3)2 + H3C–CH3, 
!E‡int is weakened from -16 to -7 kcal mol–1 and !E‡strain[cat] is raised from 13 to 24 

kcal mol–1. Moreover, the effect of introducing more bulky ligands is larger if the bite 

angle in the catalyst complex is larger. Thus, it is sizable for Pd(PR3)2 (bite angle ~ 
180°; the barrier increases by up to 21 kcal mol–1 on substituting R = t-Bu for R = H), 

and it is relatively small for Pd[P2P]R (barrier increases by no more than 3 kcal mol–1, 

on substituting R = t-Bu for R = H; see Table 3.4). 

 
Figure 3.10 Pd[P2P]R (R = Me, Ph, t-Bu) with bite angles. 
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Besides the steric effects of the phosphine R substituents, which are particularly 

important for the sterically more crowded TSs of the C–C insertions, there is also an 

electronic effect: the bulky substituents R push the palladium d orbitals up in energy 
which causes a more stabilizing catalyst–substrate interaction and thus a lower reac-

tion barrier !E‡. This effect on barrier heights can be nicely seen in Table 3.3 and 

Table 3.4. Note however that the strengthening in the catalyst–substrate interaction 
does not appear in the TS interaction !E‡int. The reason is that the more stabilizing 

(and steeper) catalyst-substrate interaction curve !Eint(#) induces a shift of the TS to-

wards the reactant side (see also section 2.3). This indirect, structural effect is reflected 
nicely by the shorter C–C and C–H bonds in the TSs involving bulky phosphine sub-

stituents R. The consequence of having an earlier TS is that, despite a strengthening at 

a given point along #, the catalyst–substrate TS interaction !E‡int = !E‡int(#TS) ends 
up being weaker because #TS(R = Bulky) < #TS(R = H). 

Table 3.3 Geometry (in Å, deg) and activation strain analysis of transition states (in kcal mol-1) 
for Pd[PnP]R-induced H3C–H bond activation with bulky ligands. 

  bitea twista C–X $E‡int $E‡strain[substr] $E‡strain[cat] $E‡ 

R = H Pd[P2P] 85   (98) 2 1.70 -48.4 61.0 6.0 18.6 
 Pd[P3P] 95 (115) 0 1.69 -46.7 59.9 9.0 22.2 

 Pd[P4P] 103 (131) 2 1.70 -46.3 60.9 11.0 25.7 

 Pd(PH3)2 108 (180) 0 1.73 -47.8 63.3 16.7 32.2 

R = Me Pd[P2P]Me 87 (100) 3 1.64 -44.3 55.0 6.1 16.7 
 Pd[P3P]Me 98 (118) 0 1.64 -42.5 54.5 9.3 21.3 

 Pd[P4P]Me 111 (136) 4 1.65 -41.7 56.0 11.9 26.3 

 Pd(PMe3)2 117 (180) 1 1.66 -41.5 56.9 18.7 34.0 

R = Ph Pd[P2P]Ph 87   (99) 3 1.65 -44.1 55.6 5.5 17.0 

 Pd[P3P]Ph 98 (118) 1 1.66 -43.2 56.4 8.8 21.9 

 Pd[P4P]Ph 108 (136) 1 1.69 -43.9 59.3 11.9 27.3 

 Pd(PPh3)2 117 (179) 2 1.74 -46.2 64.8 18.0 36.6 

R = t-Bu Pd[P2P]tBu 89 (102) 1 1.63 -42.2 53.5 6.1 17.5 

 Pd[P3P]tBu 101 (120) 3 1.65 -42.1 56.0 8.9 22.8 

 Pd[P4P]tBu 114 (138) 7 1.71 -43.7 62.8 12.4 31.5 
 Pd(P(t-Bu)3)2 129 (179) 7 1.85 -51.0 78.1 26.8 53.9 

a Bite and twist angle in TS and, in parentheses, in isolated PdL2. 

One can reveal the stabilizing electronic effect more directly by comparing the TS in-

teraction !E‡int for the bulky R with the catalyst–substrate interaction with the cata-
lyst–substrate interaction in exactly the same, frozen TS structure (and thus at the 

same point along #) through replacing the bulky substituent R by R = H (and only 

optimizing the position of these R = H). Thus, for example, along the OxIn reactions 
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of Pd[P2P]Me and Pd[P2P]tBu + H3C–H, the catalyst–substrate interaction drops from 

!E‡int = –44.3 and –42.2 kcal mol–1, respectively, in the TS of the full systems (see 

Table 2a) down to –41.1 and –38.5 kcal mol–1, respectively, in the same, frozen struc-
tures in which R has become H (not shown in the Tables). The electronic effect of the 

bulky R substituents is also reflected by a higher extent of charge transfer from metal 

d orbitals to substrate $*C–X acceptor orbitals (not shown in the Tables). 

Table 3.4 Geometry (in Å, deg) and activation strain analysis of transition states (in kcal mol-1) 
for Pd-induced H3C–CH3 bond activation with bulky ligands. 

  bitea twista C–C $E‡int $E‡strain[substr] $E‡strain[cat] $E‡ 

R = H Pd[P2P] 87   (98) 49 2.07 -16.7 50.7 4.3 38.4 

 Pd[P3P] 97 (115) 48 2.08 -15.1 51.4 6.8 43.1 
 Pd[P4P] 105 (131) 49 2.09 -14.6 52.6 8.3 46.3 

 Pd(PH3)2 113 (180) 56 2.11 -15.8 53.7 13.4 51.3 

R = Me Pd[P2P]Me 88 (100) 42 2.05 -14.1 48.9 4.8 39.5 

 Pd[P3P]Me 100 (118) 48 2.06 -12.7 49.8 7.2 44.2 
 Pd[P4P]Me 111 (136) 51 2.08 -12.0 51.5 9.6 49.1 

 Pd(PMe3)2 120 (180) 56 2.09 -11.3 52.6 14.8 56.0 

R = Ph Pd[P2P]Ph 88   (99) 37 2.05 -13.6 48.9 4.6 39.9 
 Pd[P3P]Ph 100 (118) 45 2.06 -13.2 50.4 7.3 44.5 

 Pd[P4P]Ph 108 (136) 46 2.08 -13.7 51.6 10.1 48.0 

 Pd(PPh3)2 122 (179) 62 2.13 -13.1 55.8 14.3 56.9 

R = t-Bu Pd[P2P]tBu 90 (102) 50 2.04 -12.2 48.1 5.3 41.2 
 Pd[P3P]tBu 102 (120) 54 2.06 -10.9 50.4 7.6 47.0 

 Pd[P4P]tBu 117 (138) 76 2.12 -12.0 55.8 12.1 56.0 

 Pd(P(t-Bu)3)2 133 (179) 79 2.12 -6.9 55.0 24.0 72.1 
a Bite and twist angle in TS and, in parentheses, in isolated PdL2. 

The electronic effect of the R substituents is more pronounced for insertion into C–H 

bonds than into C–C bonds because the catalyst–substrate interaction is intrinsically 

more stabilizing in the case of the former. Thus, in the case of small bite angles, this 
larger back-donation substantially lowers the barriers for C–H insertion. However, if 

one goes towards systems with larger bite angles, the barrier-lowering electronic ef-

fect, although still present, is masked by a stronger steric destabilization resulting in 
the net effect that the barrier increases. This is particularly apparent in the CH4 series 

for which all transitions states involving Pd[PnP]R are slightly (ca 2 kcal mol–1) stabi-

lized compared to those involving Pd[PnP] in the case of n = 2 whereas they become 
destabilized by a similar amount if we go along n = 2, 3 and 4 (see in Table 3.3). 

Halophosphine ligands: We have also investigated the effect of introducing elec-

tron-withdrawing substituents R = F, Cl, Br and I on the phosphine groups of our 
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model catalysts. First, we examine the reactions of Pd[PCl2(CH2)nPCl2] with n = 2 - 4 

(see Table 3.5). Interestingly, Pd(PCl3)2 behaves quite differently and is discussed 

hereafter. The introduction of the chlorine substituents stabilizes the phosphine lone-
pair orbital, which translates into the palladium d orbitals being stabilized compared to 

the catalysts without halogen substitution.121 This has two important, mutually coun-

teracting, effects: (i) less stabilizing back-donation from the catalyst's "4d"" to the sub-
strate's $*C–X orbital; and (ii) less Pauli repulsion between the catalyst's "4d!" orbital 

and closed shells on the substrate, e.g., the $C–X bond orbital. 

Table 3.5 Geometry (in Å, deg) and activation strain analysis of transition states (in kcal mol-1) 
for Pd-induced C–X bond activation with chlorine substituents. 

  bitea twista C–H $E‡int $E‡strain[substr] $E‡strain[cat] $E‡ 

H3C–H Pd[P2P]Cl 85   (96) 1 1.82 -52.9 71.6 6.2 24.8 

 Pd[P3P]Cl 93 (111) 12 1.82 -53.1 71.2 9.0 27.1 

 Pd[P4P]Cl 101 (125) 11 1.80 -52.4 70.4 12.8 30.8 

 Pd(PCl3)2 107 (149) 0 1.86 -55.6 75.1 9.6 29.1 

H3C–CH3 Pd[P2P]Cl 87   (96) 40 2.14 -20.7 55.9 3.5 38.8 

 Pd[P3P]Cl 96 (111) 43 2.13 -19.8 56.1 5.7 42.0 

 Pd[P4P]Cl 106 (125) 47 2.15 -19.5 57.4 8.7 46.5 
 Pd(PCl3)2 111 (149) 55 2.16 -23.0 57.6 7.4 42.0 

H3C–Cl Pd[P2P]Cl 88   (96) 36 2.27 -12.8 25.1 3.2 15.5 

 Pd[P3P]Cl 98 (111) 38 2.28 -11.7 25.8 4.6 18.7 
 Pd[P4P]Cl 111 (125) 54 2.30 -11.1 27.9 7.7 24.4 

 Pd(PCl3)2 111 (149) 51 2.29 -13.8 27.6 6.9 20.6 
a Bite and twist angle in TS and, in parentheses, in isolated PdL2. 

The electronic effect of a reduced back-donation dominates and shows up again pro-
nouncedly in the case of C–H bond activation because, as mentioned in the previous 

section, this process is characterized by a strongly stabilizing catalyst–substrate inter-

action. This causes a 3 - 6 kcal mol–1 higher reaction barrier and a shift of the TS to-
wards the reactant side (compare Table 3.5 and Table 3.1 for H3C–H + Pd[PnP] with 

n = 2 - 4). The latter, i.e., the structural effect, is hiding again that, at a fixed point # 

along the reaction coordinate, the interaction !Eint(#) is weakened because it brings 
the system to a later stage of the insertion process at which all interactions become 

stronger. 

The same electronic effect also occurs in the case of C–C and C–Cl activation but 
is cancelled here, because the counteracting effect of a reduced Pauli repulsion be-

tween the catalyst's "4d!" orbital and closed shells on the substrate is more important 
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in these reactions than in C–H activation. Thus, C–C and C–Cl activation barriers are 

hardly affected by introducing chlorine substituents on the phosphine ligands. 

As alluded to above, the effect of introducing R = Cl on phosphine ligands in 
Pd(PCl3)2 is quite different. This time, the effect is a pronounced reduction of the bar-

rier by 7 - 9 kcal mol–1 (see Table 3.5). The reason turns out to be an increased flexi-

bility of Pd(PCl3)2 towards bending as a result of the fact that, upon bending the com-
plex, the palladium "4d"" is pushed up less by the lower-energy PCl3 lone pairs (vide 

supra).121 In fact, we find that the isolated complex is no longer linear but has a bite 

angle of 149° (the linear structure is only 1 kcal mol–1 higher in energy). Consequently, 
the activation strain stemming from the catalyst complex drops substantially (e.g., 

from 13.4 to 7.4 kcal mol–1 in the case of C–C activation) which leads to lower barri-

ers (compare Table 3.5 and Table 3.1). This mechanism of lowering OxIn barriers, by 
taking away the catalyst bending strain, is reminiscent of what we proposed earlier in 

this chapter; in that case, catalyst strain was taken out of the reaction profile by build-

ing it from the beginning into the catalyst complex. In the present case, the bending 
strain is reduced by making the catalyst complex more flexible. 

Table 3.6 Geometry (in Å, deg) and activation strain analysis of transition states (in kcal mol-1) 
for Pd-induced C–X bond activation with chlorine substituents. 

  bitea twista C–X $E‡int $E‡strain[substr] $E‡strain[cat] $E‡ 

H3C–H Pd[P2P] 85 (98) 2 1.70 -48.4 61.0 6.0 18.6 
 Pd[P2P]F 85 (97) 1 1.78 -52.3 68.1 7.0 22.7 

 Pd[P2P]Cl 85 (96) 1 1.82 -52.9 71.6 6.2 24.8 

 Pd[P2P]Br 84 (95) 1 1.85 -53.3 73.7 6.0 26.4 

 Pd[P2P]I 84 (95) 2 1.87 -53.6 75.4 5.9 27.7 

H3C–CH3 Pd[P2P] 87 (98) 49 2.07 -16.7 50.7 4.3 38.4 

 Pd[P2P]F 87 (97) 43 2.13 -19.6 55.4 4.1 39.9 

 Pd[P2P]Cl 87 (96) 40 2.14 -20.7 55.9 3.5 38.8 
 Pd[P2P]Br 86 (95) 36 2.14 -21.2 56.5 3.5 38.8 

 Pd[P2P]I 86 (95) 33 2.15 -21.7 56.9 3.5 38.7 

H3C–Cl Pd[P2P] 89 (98) 43 2.21 -9.1 20.3 3.1 14.3 

 Pd[P2P]F 88 (97) 39 2.27 -12.2 24.9 3.8 16.5 
 Pd[P2P]Cl 88 (96) 36 2.27 -12.8 25.1 3.2 15.5 

 Pd[P2P]Br 87 (95) 27 2.28 -13.1 25.3 3.1 15.3 

 Pd[P2P]I 87 (95) 23 2.28 -13.8 25.5 2.9 14.6 
a Bite and twist angle in TS and, in parentheses, in isolated PdL2. 

Table 3.6 shows the results when employing catalyst complexes Pd[P2P]R with R = F, 

Cl, Br, and I, the result of which is an increased stabilization of the d orbitals, decreas-

ing the back-donation. We attribute this stabilization to a decreased anti-bonding 



 

 55 

overlap with the lone pairs on the phosphine, which have increasingly smaller sp3-type 

lone-pair amplitude on the phosphine and more on the increasingly larger halogen 

substituents. Again, the steric hindrance is also decreased, mainly via the stabilization 
of the repulsive "4d!" orbital, which negates of less efficient back-donation mostly for 

C–C and C–Cl. For C–H the interaction component is dominant, and the barrier is 

increasingly destabilized by 4 kcal mol–1 for Pd[P2P]F up to 9 kcal mol–1 for Pd[P2P]I. 
On the other hand, the C–C and C–Cl insertion barriers hardly change when adding 

the halogen substituents. Again the TSs shift to the reactant side due to stronger or-

bital interactions. These results again clearly show how the two different aspects com-
pete to determine the eventual change in barrier height. 

 
Figure 3.11 Pd(PH3)2X– catalyst complexes and their TS for insertion into C–H, C–C and C–
Cl bonds. Stacks of values for geometry parameters (in Å, deg.) refer to X– = Cl–, Br– and I–. 

Anion assistance: The introduction of an additional halide X– on PdL2 can promote 

oxidative addition of a C–X bond to the resulting catalyst complex PdL2X–. An inter-

esting perspective, in the present context of a steric bite-angle mechanism, is to con-
ceive the mechanism of this anion assistance as stemming from the fact that in the TS, 

the halide no longer coordinates to palladium but connects the two phosphine moie-

ties through a P–H•••Cl–•••H–P bridge (see the TS geometries in Figure 3.11).128-130 
Kozuch et al.38 proposed that this structural arrangement turns the [L2X–] ligand sys-

tem effectively into one chelating ligand with a smaller bite angle and that this lowers 

the barrier through the electronic mechanism of a more stabilizing catalyst-substrate 
back-donation (see introduction). We have analyzed this issue for oxidative addition 

to the model catalysts Pd(PH3)2X– with X– = F–, Cl–, Br– and I–. In the course of the 



 

 56 

reaction, fluoride abstracts a proton from a phosphine group, which makes it difficult 

to compare this reaction with the others. Therefore, X– = F– is left out in the follow-

ing analyses. 

Table 3.7 Geometry (in Å, deg) and activation strain analysis of transition states (in kcal mol-1) 
for Pd-induced C–X bond activation, including anion halide effects. 

  bitea twista C–X $E‡int $E‡strain[substr] $E‡strain[cat] $E‡ 

H3C–H Pd(PH3)2 108 0 1.73 -47.8 63.3 16.7 32.2 

 Pd(PH3)2Cl– 98 0 1.63 -41.3 52.8 22.2 33.7 
 Pd(PH3)2Br– 99 0 1.63 -41.6 53.5 21.6 33.5 

 Pd(PH3)2I– 100 0 1.64 -42.1 54.4 22.1 34.4 

 Pd[P2P] 85 2 1.70 –48.4 61.0 6.0 18.6 

 Pd[P2P]Cl– 85 4 1.63 -43.4 52.9 21.3 30.9 

H3C–CH3 Pd(PH3)2 113 56 2.11 -15.8 53.7 13.4 51.3 

 Pd(PH3)2Cl– 100 50 2.04 -10.6 47.1 20.1 56.5 

 Pd(PH3)2Br– 101 50 2.04 -10.9 47.6 19.4 56.1 
 Pd(PH3)2I– 104 52 2.05 -11.4 48.3 19.7 56.6 

 Pd[P2P] 89 49 2.07 -16.7 50.7 4.3 38.4 

 Pd[P2P]Cl– 86 49 2.03 -12.5 46.1 19.9 53.5 

H3C–Cl Pd(PH3)2 123 68 2.25 -7.6 25.6 9.1 27.0 

 Pd(PH3)2Cl– 104 46 2.18 -5.2 17.8 17.1 29.7 

 Pd(PH3)2Br– 106 48 2.18 -5.2 18.4 16.4 29.5 

 Pd(PH3)2I– 109 51 2.19 -5.3 19.1 16.4 30.2 
 Pd[P2P] 89 43 2.21 -9.1 20.3 3.1 14.3 

 Pd[P2P]Cl– 89 26 2.18 -8.8 16.6 18.6 26.4 
a Bite and twist angle in TS and, in parentheses, in isolated PdL2. 

Inspection of the results in Table 3.7 leads to two observations: (i) an additional halide 
ion raises the barrier for bond activation instead of reducing it; and (ii) the reason for 

this is that the catalyst strain !E‡strain[cat] increases instead of dropping as one would 

expect for a rigid, chelate-like bidentate ligand with a short bridge between the 
phosphine moieties. This effect is quite similar for all halides, Cl–, Br– and I–. What 

happens is that the negative charge of the additional halide destabilizes the metal d 

orbitals which leads to a more stabilizing back-donation into the $*C–X orbital of the 
substrate, in line with earlier work.23,24 This effect is hidden again because, as before, 

the steeper interaction curve !Eint(#) shifts the TS towards the reactant side at which 

all interactions are weaker. Note however that this indirect geometry effect shows up 
clearly in the up to 0.1 Å shorter C–X bond distances in the transition states in the 

case of anion assistance (see Table 3.7). 
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Most importantly, however, the stabilizing electronic effect is dominated by a sub-

stantial destabilization of the catalyst activation strain. Apparently, the [L2X–] system is 

not behaving the same way as a regular bidentate ligand such as [PnP], even though 
the phosphine units in [L2X–] are indeed connected by a P–H•••Cl–•••H–P bridge (see 

Figure 3.11). The explanation is simple: the catalyst activation strain !E‡strain[cat] is 

increased from Pd(PH3)2 to Pd(PH3)2X– because, in the course of the OxIn reaction, 
the halide–metal coordination bond in Pd(PH3)2X– has to dissociate to make room for 

the substrate that is oxidatively added to the metal center. The dissociation of the pal-

ladium–halide coordination bond is associated with an energy penalty that shows up 
as the increased activation strain. We find the same behavior if a halide ion is intro-

duced as a third ligand on the chelate complex Pd[P2P] (see Figure 3.12). Thus, the 

barriers for C–X bond activation increase from Pd[P2P] to Pd[P2P]X– because the 
catalyst activation strain !E‡strain[cat] increases due to the need to dissociate the palla-

dium–halogen coordination bond as the substrate is oxidatively added. This happens 

despite a substantial strengthening of the catalyst–substrate back-donation caused by 
the charge effect of the halide ion. The balance can, however, shift to a situation in 

which the charge effect dominates and lowers the barriers. This happens, for example, 

in the case of the oxidative insertion into the 
chlorobenzene C–Cl bond, which, as 

described by Kozuch et al.,38 proceeds more 

facile when adding chloride. It is clear from 
our analysis, however, that this is not due to a 

chelating ligand effect, neither through the 

classical electronic bite-angle effect nor 
through the steric bite-angle effect. Instead, 

anion assistance of this arylic C–Cl bond 

activation is brought about by the charge 
effect, i.e., the negative electrostatic potential 

of the halide anion. 

N-heterocyclic carbene ligands: Finally, to illustrate a more general applicability, 
we have transferred our approach from diphosphorus to dicarbon ligands, that is, N-

heterocyclic carbene (NHC) ligands which currently receive much attention in transi-

tion metal catalysis.131-136 Our model catalysts comprise palladium–NHC chelate com-
plexes Pd[CnC], with n = 2 - 5, as well as monodentate Pd(NHC)2 complexes (see 

 
Figure 3.12 TS for OxIn of 
Pd[P2P]Cl– into the C–H bond. 
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Figure 3.13). Note that n = x + 2 

equals again the number of atoms in 

the bridge connecting, in this case, 
two coordinating C atoms.  

The activation strain analysis of 

the OxIn reactions of Pd[CnC] and 
Pd(NHC)2 with methane C–H and ethane C–C bonds once more confirm the steric 

nature of the bite-angle effects (see Table 3.8 and Figure 3.14). Thus, along the series 

Pd(NHC)2 to Pd[C5C] to Pd[C2C], again the bite angle becomes smaller (from 180° 
to 85°) and the barrier lower (from 40 to 8 kcal mol–1 for insertion into C–H), mainly, 

because the catalyst activation strain !E‡strain[cat] is lowered (from 30.3 to 5.7 kcal 

mol–1 for insertion into C–H). This is the same trend and the same steric mechanism, 
even more pronounced so, as found in the analyses of the corresponding Pd(PH3)2 

and Pd[PnP] complexes (compare Table 3.2 and Table 3.8). 

Table 3.8 Geometry (in Å, deg) and activation strain analysis of transition states (in kcal mol-1) 
for Pd-induced C–X bond activation, using chelating NHC ligands. 

  bitea twista C–H $E‡int $E‡strain[substr] $E‡strain[cat] $E‡ 

H3C–H Pd[C2C] 77   (85) 13 1.53 -40.1 42.2 5.7 7.9 

 Pd[C3C] 88 (104) 6 1.52 -37.0 41.5 8.8 13.2 

 Pd[C4C] 102 (130) 3 1.49 -32.6 37.6 15.6 20.6 

 Pd[C5C] 93 (143) 2 1.54 -36.9 44.0 18.8 25.9 
 Pd(NHC)2 112 (180) 0 1.55 -34.2 44.3 30.3 40.4 

H3C–CH3 Pd[C2C] 78   (85) 18 1.98 -12.4 41.7 3.4 32.8 

 Pd[C3C] 89 (104) 44 1.98 -9.1 42.1 6.4 39.3 
 Pd[C4C] 106 (130) 31 1.98 -4.8 41.6 11.3 48.0 

 Pd[C5C] 96 (143) 43 2.00 -7.8 44.8 14.8 51.8 

 Pd(NHC)2 125 (180) 48 2.06 -4.0 49.7 19.2 64.8 
a Bite and twist angles in TS and, in parentheses, in isolated PdL2. 

 
Figure 3.14 TS geometries for insertion of Pd[CnC] and Pd(NHC)2 into the methane C–H 
bond (similar TS geometries for other bonds). 

The overall barriers $E‡ are somewhat higher in the case of the dicarbene complexes. 
An in-depth analysis reveals an interplay of factors responsible for this difference. The 

 
Figure 3.13 Pd[CnC] catalysts with bite angles. 
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dominant effect is that the dicarbene complexes Pd[CnC] are sterically more demand-

ing than the simple Pd[PnP] complexes. In addition, they are also somewhat less 

flexible. This translates into more catalyst activation strain $E‡strain[cat] and thus a 
higher barrier (compare Table 3.2 and Table 3.8). 

Interestingly, the electronic mechanism does show up here and it counteracts the 

steric mechanism. Thus, the catalyst–substrate interaction is more stabilizing in the 
case of the NHC ligands because the latter push up the back-donating "4d*" orbital 

more than the phosphine ligands do. This effect does however not overrule the steric 

effect (i.e., the barrier is raised, not lowered). The strengthening of the back donation 
does not show up in the form of a more stabilizing catalyst–substrate TS interaction 

$E‡int in Table 3.8. The reason is that the steeper slope of $Eint along the reaction 

coordinate shifts all transition states towards the reactant side at which all energy 
terms are smaller. This geometrical consequence, finally, is clearly visible: the C–X 

bonds in the transition states of the dicarbene complexes have been expanded much 

less (e.g., C–H = 1.53 Å in TS of Pd[C2C] + H3C–H, see Table 3) than in the corre-
sponding transition states of the diphosphine complexes (e.g., C–H = 1.70 Å in TS of 

Pd[P2P] + H3C–H, see Table 3.2). 

3.5 Conclusions 

We show, based on activation strain analyses, that the well-known dependence of a 

catalyst's activity in C–H, C–C and C–Cl bond activation on the ligand-metal-ligand 

bite angle has a primarily steric origin: by bending the catalyst a priori, e.g., in chelate 
complexes, one avoids unfavorable non-bonded interactions with the substrate which 

cause the catalyst to deform and build up strain. In a sense, our steric model comes 

down to "taking away" destabilizing strain (i.e., catalyst deformation due to steric re-
pulsion with substrate) from the reaction profile by building it, right from the begin-

ning, into the catalytically active transition metal complex. We find this steric mecha-

nism to be active in all model catalysts in this study. They cover a broad spectrum of 
monodentate and chelate complexes of palladium with simple, bulky and halogen-

substituted diphosphine as well as N-heterocyclic carbene ligands. Anion assistance by 

halide ions is shown to lower barriers because of a more stabilizing catalyst–substrate 
back donation, not because of the fact that the halide ion adopts a bridging position 

between two phosphine ligands in the catalyst complex. 

The fact that steric factors play a key role in the effect of the bite-angle on the bar-
rier height does not imply the absence of * back-donation from the metal "d*" to the 
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substrate $*C–X acceptor orbital, as has also been pointed out, recently, by Kamer and 

coworkers.137 In our present collection of model reactions, this electronic mechanism 

reveals itself, among others, through a shift in TS geometries if one goes from the 
diphosphorus to the dicarbene catalyst complexes. 

Our results show how bending a PdL2 catalyst towards smaller bite angle increases 

its activity through a steric mechanism. But they also show how electronic effects can 
modulate the activity in a selective manner. A characteristic of C–H activation is that 

it goes with relatively strong catalyst-substrate interaction and the introduction of elec-

tron-pushing substituents R on the phosphine ligands in the catalyst complex will 
translate in even more stabilizing catalyst–substrate interaction and thus lower barri-

ers. On the other hand, C–C activation is characterized by a sterically more crowded 

TS and here the steric bulk of substituents R will be often the dominant factor, lead-
ing to more steric repulsion and thus higher barriers. But the relative importance of 

such electronic and steric factors also depends on other parameters, such as, indeed, 

the bite angle: small bite angles make electronic effects relatively more important 
whereas larger bite angles lead to a more dominant role of the steric effects of sub-

stituents. 


