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Abstract 
 

The work detailed in this thesis describes density functional (DF) calculations that were 

performed to investigate the possible role of metallophosphoranes in the reactions of 

palladium-phosphine complexes.   

 

A study was conducted on X/R exchange in [M(Cl)X(PH3)(PR3)] (X = F, OH, NH2, Me, 

Ph, Cl; R = H, Me, F; M = Ni, Pd, Pt), to see how metallophosphorane formation, followed 

by R-transfer, was affected by varying the X ligand, nature of the accepting phosphine 

(PR3) or the metal centre.  Metallophosphorane formation was easiest with the small, 

electronegative X ligands such as F and OH and was promoted by electron-withdrawing R 

substituents on the accepting phosphine.   When the metal centre was varied, the trend for 

the activation barriers was Ni < Pd < Pt.  Subsequent R-transfer was always more facile 

than metallophosphorane formation. 

 

The mechanism of disproportionation of [Pd(Cl)OH(PPh3)2] was studied using DF 

calculations on the model system [Pd(Cl)OH(PH3)2] and hybrid DF:HF methods on the full 

experimental complex.  In the small model a reaction profile was found via a 

metallophosphorane intermediate formed via a transition state at 28.3 kcal/mol (from the 

trans reactant) or a transition state at 21.8 kcal/mol (from the cis reactant).  A similar 

mechanism was found with the full experimental complex (highpoint 27.5 kcal/mol) but a 

more accessible route was located via a zwitterion intermediate, [PdPPh3Cl]-[P(OH)Ph3]
+ 

(highpoint 26.7 kcal/mol).   

 

Possible mechanisms for experimentally-observed Ph/Ph exchange in trans-

[PdX(Ph)(PPh3)2] (X = Cl, Br, I) and R/Ph exchange in trans-[PdI(R)(PPh3)2] (R = Me, 

CH2CF3) were studied using DF:HF calculations.  For Ph/Ph exchange, the most accessible 

pathway involved pre-dissociation of a phosphine, followed by intermolecular attack of the 

palladium-bound phenyl on the remaining phosphorus.  The lowest activation barriers were 

seen when X = I.  The equivalent mechanism was also the most accessible for Me/Ph 

exchange, although the analogous mechanism without pre-dissociation of phosphine was 

very competitive.  R/Ph exchange was computed to be considerably less accessible when R 

= CH2CF3 than when R = Me.   
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Chapter 1: Literature Introduction 

 

1.1  Section 1:  Introduction to metallophosphoranes 

Metallophosphoranes are a class of complexes containing a pentavalent 

pentacoordinated phosphorus where at least one substituent is a metal fragment.  Figure 

1.1 shows the general structure of a metallophosphorane, focusing on the key region 

around the pentacoordinated phosphorus.  The geometry around the phosphorus tends to 

be close to trigonal bipyramidal, with the metal fragment in an equatorial position.   

 

The discussion of metallophosphoranes will begin by looking at phosphoranes such as 

PH5, to understand the bonding around a pentacoordinated phosphorus.  Then the 

molecular orbital diagram for C2v {PH4}
- will be explored, as typically 

metallophosphoranes are considered to consist of a phosphoranide ligand bound to a 

metal fragment.  The preference of different atoms or groups to lie either equatorial or 

axial to a pentacoordinated phosphorus will also be discussed.       

 

1.1.1 Bonding around phosphorus in phosphoranes 

The bonding character of the phosphorus in a phosphorane is interesting because there 

are ten electrons in the valence shell, which is a violation of the octet rule and means 

that the phosphorus is hypervalent.  It is useful to model the bonding in the yet 

unsynthesised molecule PH5 to gain insight into the bonding around a phosphorane 

phosphorus.  It has been proposed that the 3d orbitals of phosphorus could be utilised, 

however, the 3s/3p-3d energy gap is large, making their involvement unlikely.1  Instead, 

a bonding model was proposed by Rundle2 where the axial hydrogens and phosphorus 

in PH5 are involved in a three-centre-four-electron (3c-4e) bond.  This bond consists of 

the 3pz orbital of phosphorus interacting with the two 1s orbitals from the two axial 

hydrogens, as shown in Figure 1.2.3  These combine to form a bonding, a non-bonding 

(HOMO) and an antibonding molecular orbital (LUMO). 

 

 

Figure 1.1: General structure of a metallophosphorane. 

PMLn
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The molecular orbitals (MOs) constructed for the axial 3c-4e bond in {PH2} (with pz 

orbitals from P) can then be combined with the MOs for a trigonal planar {PH3} 

fragment (with s, px and py orbitals from P), as shown in Figure 1.3.3  The a1' orbital of 

the 3c-4e axial bond combines with the a1' orbital of {PH3}, resulting in some of the 

electron density from the axial bond moving onto the equatorial hydrogens.  The other 

orbitals of a2'' are unable to mix and remain unchanged. 

 

 

 

 

 

Figure 1.2: The molecular orbitals in the axial 3c-4e bond in PH5, formed from 

the linear combination of 3pz from P and two H 1s orbitals.  D3h symmetry labels 

are shown. 
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1.1.2  Bond lengths in phosphoranes  

An interesting aspect of trigonal bipyramidal (TBP) phosphoranes is that when a 

substituent appears in both axial and equatorial sites, such as fluorine in PF5, the axial 

bonds are longer than the equatorial P-F bonds.4  The P-F bond lengths for PF5
4 and a 

series of substituted phosphoranes, PR2F3, where R = chlorine,5,6 hydrogen7 or methyl8 

are shown in Table 1.1.   

 

 

 

Figure 1.3: The MO diagram for PH5, constructed from the linear combination of 

trigonal planar {PH3} (equatorial H 1s orbitals + P 2s, px and py orbitals) and linear 

{PH2} (axial H 1s orbitals + P pz).     
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The axial P-F bonds are longer than the equatorial in all four compounds.  This is likely 

to be a result of the different types of bonds in a TBP; equatorial bonds are two-centre 

two-electron bonds whereas axial bonds are three-centre four-electron bonds.  Albright 

et al.9 proposed that there could be mixing between the 1a1' and 1e' orbitals in the 

equatorial plane of PH5, which would form sp hybrid orbitals, as shown in Figure 1.4.  

This would result in there being more s character in the equatorial bonds, making them 

shorter than the axial bonds. 

 

Table 1.1 also shows that the mean P-F bond lengths and the difference between the 

axial and equatorial P-F bonds (ǻ(PFax-PFeq)) in a molecule both increase with fluorine 

substitution.  The increase in ǻ(PFax-PFeq) when changing the substituent (Cl < H < Me) 

shows that the axial P-F bonds are more sensitive to the nature of the equatorial 

substituents than the equatorial P-F bonds are.  Specifically, the axial P-F bonds are 

lengthened by increased electron-donating ability of the equatorial substituents.   

 

1.1.3  Ligand site preferences in phosphoranes 

There has been a considerable amount of research performed into determining the 

structure of five-coordinated trigonal bipyramidal (TBP) molecules, focusing especially 

on site preferences when a mixture of substituents are present.  Muetterties et al.
10 used 

19F NMR to investigate the structures of mono-, di- and trisubstituted phosphorus (V)  

fluorides in 1963.  This work focused on alkyl- and aryl-substituted systems.  The 

following year they published further work where they had extended their study to 

cover a wider range of substituents.11  All the results led to the same conclusion: in a 

Table 1.1: P-F bond lengths (Å) in phosphorus (V) fluorides, PF5 and PX2F3 where 

X = F, Cl, H or Me and the X groups are equatorial in the TBP geometries.  

+

Figure 1.4: sp hybrid orbital produced from mixing equatorial 1a1' and 1e' orbitals. 

PF5
4 PCl2F3

5 PH2F3
7 PMe2F3

8

P-Feq 1.532(3) 1.538(7) 1.541(5) 1.533(6)

P-Fax 1.580(2) 1.593(4) 1.619(4) 1.643(3)

∆ (P-Fax - P-Feq) 0.048(5) 0.055(7) 0.079(6) 0.090(8)

(P-F) mean 1.550(1) 1.575(3) 1.593(2) 1.614(2)



 5

TBP phosphorane, the most electronegative ligands will occupy the axial sites.  In 

RPF4, R2PF3 and R3PF2, the aryl or alkyl R groups were always found to occupy 

equatorial sites.  It was suggested that alkyl groups and hydrogen atoms might prefer 

equatorial sites as there is more s character to the phosphorus bonding orbitals in this 

plane, as discussed above.  Conversely, electronegative ligands prefer the axial sites 

where they can form more ionic bonds.  More recently, in 1989, Christen et al.7 used 

electron diffraction to determine the gas-phase structures of the hydrogen 

fluorophosphoranes PHF4 and PH2F3.  Their findings support the trend, with all the 

hydrogens located in equatorial sites.  Additionally, an electron diffraction study on 

PF4Me and PF3Me2
8 revealed that the methyl groups are only observed occupying 

equatorial sites.  The structures of a range of phosphorus (V) chlorofluorides were 

analysed by Holmes et al.5 using low temperature 35Cl nuclear quadrupole resonance 

and 19F NMR techniques.  This work reinforced the trends seen in the other studies, 

with the chlorine atoms always occupying equatorial positions in PCl3F2 and PCl2F3.   

 

Electronegativity is not the only factor that can affect ligand site preference.  Emsley 

and Hall12 suggested that both electronic and steric factors could influence the preferred 

position of a ligand.  For instance, they propose that if a ligand has lone pairs capable of 

ʌ-bonding, it will prefer to occupy an equatorial site.  This is however dependent on 

electronegativity.  A bulky ligand should also prefer an equatorial site, as there is more 

space than in an axial site.  

 

1.1.4 Bonding around phosphorus in phosphoranides 

When metallophosphoranes are reported in the literature they are commonly considered 

as a phosphoranide ligand bound to a metal fragment.13  To gain insight into the 

bonding picture in a simple phosphoranide such as {PH4
-}, a qualitative MO diagram 

can be produced by removing an equatorial H from the MO diagram for PH5 shown in 

Figure 1.5.9    It can be seen that orbitals 1a1, 1a2 and 2a2 are largely unaffected by the 

removal of an equatorial H, but the symmetry labels have changed to reflect the change 

to C2v symmetry.  The 1e' and 2e' orbitals from TBP PH5 have lost their degeneracy and 

split into pairs of b1 and b2 orbitals.  There is a degree of sp mixing in the upper a1 

orbitals of {PH4
-}.  This can be seen in 3a1 which is the HOMO and contains the lone 

pair of electrons on phosphorus. 
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Figure 1.5: The change in the MO diagram from TBP PH5 when an equatorial H 

is removed to form {PH4}
-.9 
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By identifying the orbitals in {PH4
-} with the correct symmetry to interact with a ʌ-

donor or ʌ-acceptor substituent, it is possible to predict which orientation the substituent 

should prefer.  For instance, if a ʌ-acceptor substituent occupies the vacant equatorial 

site in {PH4
-}, there are two possible ways in which it can orient itself to accept electron 

density from either 1b1 or 1b2, as shown in Figure 1.6.3  It can be seen that there is a 

greater overlap when a ʌ-acceptor substituent interacts with 1b1, perpendicular to the 

equatorial plane.  Similarly, a ʌ-donor substituent could interact with the unoccupied 

orbitals 2b1 or 2b2 in {PH4
-}, as shown in Figure 1.7.  In this case interaction with the b2 

orbital is favourable, as it avoids an antibonding interaction between the ligand p orbital 

and the equatorial H s orbitals.  This suggests that a ʌ-donor ligand should prefer to 

interact with {PH4
-} in the equatorial plane. 

 

This prediction of positional preference has been observed in various substituted 

fluorophosphoranes.  For instance, low temperature NMR studies on PF4SR (R = Me, Et 

or Ph), where the lone pair on sulphur acts as a ʌ-donor, showed that the preferred 

conformation features a sulphur lone pair lying parallel to the equatorial plane, despite 

Figure 1.6: The possible orientations for a ʌ-acceptor ligand to interact with a 

{PH4
-} fragment, where 1b1 has the greater overlap. 

1b1
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ADD EQUATORIAL
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Figure 1.7: The possible orientations for a ʌ-donor ligand to interact with a {PH4
-} 

fragment, where 2b2 has the greater overlap. 
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this leading to greater steric crowding.14  The same orientation was seen using NMR 

with PF3(NH2)2, with both amido lone pairs lying in the equatorial plane.15 

 

1.1.5 Metal site preferences in metallophosphoranes 

As mentioned before, metallophosphoranes tend to be considered as cationic metal 

fragments bound to a phosphoranide ligand.  Since a late transition metal fragment 

would normally be bulky and a ʌ-donor, it would be expected to bond to an equatorial 

site in a phosphoranide.  Examination of metallophosphorane structures in the 

Cambridge Crystallographic Database16 show that the metal fragment indeed always 

lies in an equatorial site.   

 

Nakazawa et al.1 were able to gain insight into the nature of the M-P bond in 

metallophosphoranes by looking at X-ray crystallographic and IR data.  They compared 

the Fe-P bond lengths in [FeCp{P(OC6H4NMe)2}(CO)2], which has two amido and two 

aryloxy substituents on the phosphorus, to [FeCp{P(OC6H4NMe)(OC6H4O)}(CO)2], 

which has one amido and three aryloxy substituents, as shown in Figure 1.8.  They 

argued that if ı donation dominates the Fe-P bond, the complex with the more electron-

rich phosphorus would have the shorter Fe-P bond.  Conversely, if ʌ-bonding 

dominates, the complex with the more electron-poor phosphorus would have a shorter 

Fe-P bond.  The X-ray data showed that the Fe-P bond is shorter in the second complex 

(2.272(1) Å cf. 2.291(1) Å),17 which has a more electron-poor phosphorus, revealing 

that ʌ-back donation dominates the Fe-P bond.  As the number of amido substituents on 

the phosphorus decreases, the ȣCO values in the IR spectra move to a higher energy, 

indicating greater ʌ-back donation from iron to phosphorus. 

A diverse range of metallophosphoranes containing different metals and substituents 

bound to the pentacoordinated phosphorus will be discussed further in this chapter, 

P

O

O

NMe

NMe
Fe

OC

OC

P

O

O

NMe

O
Fe

OC

OC

2.272(1) 2.291(1)

Figure 1.8: The structures of metallophosphoranes [FeCp{P(OC6H4NMe)2}(CO)2] 

and [FeCp{P(OC6H4NMe)(OC6H4O)}(CO)2], bond lengths in Å. 
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along with the methods of their formation.  This will be followed by examples of 

reactions where metallophosphoranes have been proposed as intermediate species.  

Finally, there will be a discussion of experimental work that may involve 

metallophosphoranes as intermediates or transition state structures, the possibility of 

which will be investigated in this thesis. 
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1.2  Section 2:  General synthetic routes to metallophosphoranes 

There are a range of different synthetic routes by which metallophosphoranes can be 

formed, and most of them can be characterised by one of the general reaction schemes 

shown in Figure 1.9.  

 

The first metallophosphoranes to be synthesised were produced using deprotonation, as 

shown in Route A.  Generally, LiMe is used to deprotonate a nitrogen in a polycyclic 

phosphine species, forming a P-N bond and causing the phosphorus to become 

pentacoordinated.  In Route B, a TM-anion performs a nucleophilic substitution at a 

phosphorane phosphorus atom.  Metallophosphorane complexes can also be formed via 

Route C, where an electron-poor TM fragment is attacked by a phosphoranide, which 

has been formed by removal of H+ from a phosphorane.  In Route D, 

metallophosphoranes are synthesised from a halogen, X2, undergoing oxidative addition 

to the phosphorus in a TM-phosphide complex.  In Route E, an organic Lewis base 

performs a nucleophilic attack on a phosphite phosphorus bound to a TM-centre.   

 

Figure 1.9: General synthetic routes to produce metallophosphoranes. 
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All of the metallophosphorane structures that will be discussed in this chapter have been 

synthesised using a variation of one of the methods outlined above.  The following 

section will introduce a range of metallophosphorane structures from the literature that 

illustrate how this field has developed over the last thirty years.   

 

1.2.1  Synthesis and structures of selected metallophosphoranes 

The first example of a crystallographically-characterised metallophosphorane structure 

was published by Riess et al.
18 in 1981.  They deprotonated a cyclic phosphine ligand 

on a molybdenum complex, 1, using LiMe in THF at 60ºC, as shown in Figure 1.10, to 

produce complex 2.  This is analogous to Synthetic Route A, except that the more 

electronegative oxygen forms a bond to molybdenum. 

 

Complex 2 is the first example of a transition metal complex with a phosphoranide ion 

as a ligand.  It is also the first example of an Mo-P-O three-membered ring.  The P-O1 

bond is 0.24 Å shorter than the P-O2 bond (1.893(4)  Å), and the P-N bond (1.69(5) Å) 

falls into the expected range for a P-Neq bond19 in a TBP.  The Mo�P distance (2.375(2) 

Å) is shorter than in [MoCp(NCO)(CO)(PPh3)2] (2.497(3) Å),20  a similar molybdenum 

complex but with a phosphine rather than a phosphoranide ligand.  They proposed that 

the reason for the difference in bond length may lie in the different oxidation states at 

phosphorus.  However, this contradicts the common view of phosphorane ligands being 

regarded as phosphoranides.  The molybdenum, phenyl group and nitrogen occupy 

equatorial positions in the TBP, while the more electronegative oxygen atoms occupy 

axial sites.  This is consistent with the site preferences discussed earlier in the chapter.   

 

When complex 1 is reacted with LiMe in THF/ether at –20ºC, an alternative 

metallophosphorane structure, 3, is formed.21  Complex 3 appears to be less 

thermodynamically stable than 2, as heating 3 for 4 hours in THF at 60ºC produces 

complex 2.  Tungsten analogues of 2 and 3 were also synthesised using the same 

Figure 1.10: Formation of [MoCp{PO2NPh}(CO)2], 2, by the deprotonation of 1. 
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methods as described above, and their structures were characterised using 31P NMR 

spectroscopy.  

 

The structure of 3 (see Figure 1.11) features a TBP pentacoordinated phosphorus with a 

Mo-P bond length (2.382(4) Å) similar to in 2.  The nitrogen atom is now in an axial 

position and coordinated to the metal, and is part of a Mo-P-N three-membered ring.  

The axial P-N bond is long19 at 1.908(12) Å, while the P-O bonds are shorter than in 2 

now that they occupy equatorial sites (P-O1 = 1.625(10)  Å, P-O2 = 1.624(10)  Å).   

 

Riess et al. also used Synthetic Route A to form a molybdenum complex containing a 

cyclamphosphoranide ligand, 5, where the phosphorus atom is not only 

pentacoordinated but is also pentacyclic.22  Complex 5 was formed by treating a 

molybdenum salt, 4, with LiMe in THF at room temperature, which resulted in a 91% 

yield after 1 hour (see Figure 1.12).  Despite the polycyclic nature of the phosphoranide, 

the geometry around phosphorus is very close to a TBP, with a N1-P-N3 angle of 176 ± 

0.9º and the three angles in the equatorial plane close to 120º (118.0 ± 0.6º, 116.4 ± 0.6º, 

117.6 ± 0.9º).  N1 has a typical Mo-N bond length22 of 2.223(5) Å, but a long P-N 

bond22 of 1.854(5) Å, as seen in complex 3.  Unusually for a TBP, the axial P-N3 bond 

Figure 1.11: Alternative isomer of metallophosphorane [MoCp{PO2NPh}(CO)2], 3,  

with the oxygen atoms equatorial in the phosphorane TBP. 
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is of a similar length to the equatorial P-N bonds, all of which are reasonably short (P-

N3 = 1.696(7) Å, P-N2 = 1.697(6) Å, P-N4 = 1.670(7) Å).  As discussed earlier in the 

chapter, normally the axial bonds to substituents in a TBP will be longer than the 

equatorial bonds.  In this case the P-N1 bond is longer due to the coordination of N1 to 

molybdenum, which in turn shortens the opposite P-N3 bond. 

 

In 1983 Lattman et al. published the first example of a metallophosphorane containing a 

monodentate phosphoranide ligand, 6.23  Complex 6 was formed by the nucleophilic 

attack of a manganese pentacarbonyl anion on the phosphorus in (C6H4O2)2PCl 

(Synthetic Route B), as shown in Figure 1.13. 

Two years later, Lattman et al. published crystallographic data on a cobalt 

metallophosphorane, 7,24 which contains the same {(C6H4O2)2P}- phosphoranide ligand 

as in 6.  Complex 7 was also formed by the nucleophilic attack of a metal ion on 

(C6H4O2)2PCl, as shown in Figure 1.14.  The geometry around pentacoordinated P2 is a 

distorted TBP, with an O2-P2-O4 angle of 162.1(5)º and the three equatorial angles 

close to 120º (Co-P2-O1 = 116.4(4)º, Co-P2-O3 = 116.8(4)º, O1-P2-O3 = 126.9(5)º).  

The Co-P1 bond (2.230(4) Å) is shorter than the Co-P2 bond (2.257(4) Å), which the 

authors explained by comparing metal-PR3 bonds with metal-PR4 bonds in other 

systems.25  

 

 

 

 

 

Figure 1.13: Formation of metallophosphorane [Mo{P(C6H4O2)2}(CO)5], 6. 
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During the 1980s and early 1990s Lattman and co-workers published the synthesis of a 

series of metallophosphorane complexes with structures determined by X-ray 

crystallography.  These complexes were produced by deprotonation of a phosphorane 

followed by coordination to a metal centre, as in Synthetic Route C.  An example of this 

is shown in Figure 1.15, where two different complexes are produced, both of which 

have a pentacoordinated phosphorus ligand.26,27 

 

Figure 1.14: Metallophosphorane 7 can be formed by attack of an anionic cobalt 

complex on the phosphorus in (C6H4O2)2PCl.  
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[PtCl2(PPh3)2] forms complexes 8 and 9. 
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In metallophosphorane 8, the {cyclenP}- ligand is bidentate, bonding to palladium 

through phosphorus and an axial nitrogen, N1.  It is likely that the Pt-P1-N1 three-

membered ring is strained, which causes P1-N1 (1.872(11) Å) to be longer than P1-N3 

(1.698(11) Å).  In contrast to the trends seen in Section 1.3 of this chapter, in 8 the axial 

P1-N3 bond is of a similar length to the equatorial P1-N2 (1.698(11) Å) and P1-N4 

(1.676(11) Å) bonds, as seen in complex 5.  In species 9 the {cyclenP}- ligand has been 

protonated twice, and acts as a monodentate ligand.  In this case the axial P-N bonds are 

both relatively long (P1-N1 = 1.936(34) Å, P1-N3 = 1.924(42) Å), though it is typical 

for the axial P-N bonds in these ligands to be over 1.9 Å when the nitrogens are 

coordinated or protonated.26,28  The equatorial P-N bonds (P1-N2 = 1.663(35) Å, P1-N4 

= 1.598(37) Å) are shorter than the axial bonds, as expected in a TBP.   

 

Lattman et al. have published the crystallographically-determined structures of a wide 

range of complexes containing a {cyclenP}- ligand.  These complexes feature different 

transition metals, including cobalt,29 platinum30,31 and molybdenum.32    

 

The first example of a metallophosphorane containing a monodentate phosphoranide 

ligand with non-cyclic substituents was published by Ebsworth et al.
33 They prepared 

[IrCl2(PCl4)(CO)(PEt3)2], 10, by reacting  [IrCl2(PCl2)(CO)(PEt3)2] with Cl2 in 

chloroform, an example of Synthetic Route D.  This complex is the first example of a 

phosphoranide with terminal atomic substituents bound to a TM centre.  It was not 

possible to grow single crystals of 10 for X-ray crystallography, so the complex was 

identified using other analytical techniques and by probing its reactivity.  Ebsworth and 

co-workers also produced a similar iridium complex containing a {PF4}
- group, 11, as 

shown in Figure 1.16.34  Complex 11 was formed in the reaction of 

[IrCl2(PF2)(CO)(PEt3)2] with XeF2 in CH2Cl2, and was characterised using X-ray 

crystallography.  {PF4}
- lies trans to Cl, and has a TBP geometry with iridium in an 

Figure 1.16: Synthesis of metallophosphorane [IrCl2CO(PEt3)2{PF4}], 11. 
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equatorial position.  The axial P-F bonds (1.69(1) Å, 1.64(11) Å) are longer than the 

equatorial P-F bonds (1.56(2) Å, 1.52(2) Å), as expected in a TBP.   

 

Miyoshi et al.35 later published the synthesis of iron complexes containing {PF4}
-, 

produced by the reaction between a cationic iron complex containing a phosphite ligand 

and Et4NF in CH2Cl2 at room temperature.  As shown in Figure 1.17, two iron 

metallophosphoranes were produced in the reaction.  These products were characterised 

using 31P and 19F NMR spectroscopy.  This reaction is an example of 

metallophosphoranes formation using a novel method developed by Miyoshi and co-

workers, namely a nucleophilic attack on a phosphite phosphorus bound to a transition 

metal centre,36 Synthetic Route E.  They used this method to synthesise a range of iron 

and ruthenium metallophosphoranes which were characterised using X-ray 

crystallography.36,37  In these complexes the more electronegative atoms occupy the 

axial sites around the pentacoordinated phosphorus, as seen previously.  For instance, 

complex 13 has the less electronegative oxygen atom in an equatorial position.  In a 

complex with oxygen and nitrogen substituents, an example of which is shown in 

Figure 1.18, the nitrogen atoms occupy equatorial sites and the oxygen atoms axial 

sites. 

 

 

 

 

 

 

 

 

Figure 1.17: Synthesis of two iron metallophosphoranes via a nucleophilic attack 

on a metal-bound phosphite. 
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More recently, further crystallographically-determined metallophosphorane structures 

have been published, normally featuring two bidentate ligands on the pentacoordinated 

phosphorus and mainly palladium,30,38 rhodium39,40 or platinum41 metal centres.  The 

formation and structures of these species build on the earlier chemistry and techniques 

that have been described. 
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1.3  Section 3: Reactions with metallophosphoranes as intermediates 

There are several reactions where metallophosphoranes have been either proposed or 

observed as intermediate species.  This section will provide an overview of these 

reactions. 

 

Early work by Riess and Vierling in 198442 identified a metallophosphorane complex, 

16 (see Figure 1.19), as an intermediate in the migration of a phosphorus-bound allyl 

onto an iron centre.  The σ-allyl ligand isomerises to become a σ-vinyl bound to iron in 

17.  Complex 16 was characterised using 13C and 1H NMR spectroscopy and the ν(CO) 

stretching frequency.  Riess et al. also observed an analogous metallophosphorane 

species in a reaction where a phenyl43 similarly transfers from phosphorus to iron. 

 

In 1992 Miyoshi et al.44 investigated the mechanism by which [FeCp(CO)2(PHPh2)]PF6 

reacts with NaBH4 to form [FeCp(H)(CO)2] and PHPh2. They were focusing on the 

initial part of the reaction, namely phosphine loss, and considered several possible 

mechanisms.  Further tests revealed that the reaction did not proceed via the attack of H- 

on either the iron centre or an iron-bound carbonyl group, and did not require 

dissociation of the phosphine.  Therefore, they concluded that the most likely 

mechanism for the first step in the reaction, forming [FeCpH(CO)2] and PHPh2, was via 

a nucleophilic attack by H- directly on the phosphorus, giving a metallophosphorane 

intermediate, as shown in Figure 1.20. 
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Figure 1.19: Mechanism of allyl-transfer from phosphorus to iron, via a 

metallophosphorane intermediate (16). 
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The mechanisms proposed by Miyoshi and co-workers were further strengthened by the 

isolation of an iron metallophosphorane complex similar to those suggested as 

intermediate structures.45  The structure of metallophosphorane [FeCp(CO)2{P(o-

OC6H4NH)2}], formed by the reaction of [FeCp(CO)2{P(OMe)3)]
+ with aminophenol, 

was shown in Figure 1.18.  The structure was characterised using IR, 31P NMR and 1H 

NMR spectroscopies.  It was reported that the metallophosphorane was formed by the 

attack of the organic Lewis base on the phosphorus. 

 

Further work by Miyoshi and co-workers46 published in 1994 focused on another range 

of iron complexes, [FeCpL2(P(NC4H8)n(OMe)3-n)]
+ (L = CO, PMe3; n = 1-3), and their 

reaction with KOH.  The fact that the reaction proceeded with L = CO or PMe3 shows 

that it does not require the presence of carbonyl, so it is not directly involved in the 

reaction mechanism.  Although they were unable to detect an intermediate structure, 

they suggested that a nucleophilic attack of hydroxide on the phosphorus was the most 

feasible mechanism, as shown in Figure 1.21.   

 

 

 

 

 

 

 

 

 

 

Figure 1.20: Proposed mechanism for reaction of [FeCp(CO)2(PHPh2)]
+ with 

NaBH4 via a metallophosphorane intermediate. 
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A case where a metallophosphorane was observed as a reaction intermediate was 

published by Miyamoto et al. in 2003.47  They reacted [IrCl2Cp*(PMe3)] with a 

phosphorane bearing two 8-oxy-1-naphthyl groups in the presence of t-BuLi in THF to 

form Ir(III) metallophosphorane structure 18, as shown in Figure 1.22.  The structure of 

18 was characterised using 31P and 1H NMR spectroscopy.  This was then converted by 

heating to Ir(III) complexes 19 and 20 by heating in xylene or ethanol, to remove PMe3 

or Cl- respectively.  This second stage of the reaction involves a 1,2-shift of a carbon on 

an 8-oxy-1-naphthyl group from phosphorus to iridium.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.21: Proposed mechanism for reaction of [FeCp(CO)2{P(NC4H8)(OMe)2}]+ 

with KOH via a metallophosphorane intermediate structure. 
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1.3.1  Computational studies with metallophosphoranes proposed as intermediates 

Many of the metallophosphoranes which have been proposed within reaction 

mechanisms are transient intermediate species, and as such cannot be isolated or 

characterised.  For this reason, computational modelling is well suited to investigate the 

feasibility and possible structures of species that are difficult to study experimentally.  

To date there have been several papers published by Macgregor and co-workers and 

Braga et al. to this end. 

 

The first such study was published by Macgregor and Neave in 2004.48  They were 

using computational methods to study why CO inserts into the Pt-OMe bond in 

[PtMe(OMe)(dppe)],49 while conversely CO inserts into the Ni-Me bond in [NiMe(O-p-

C6H4CN)(bpy)]50 (dppe = 1,2-bis(diphenylphosphino)ethane, bpy = 2,2'-bipyridine).  

Whilst looking for an isomerisation pathway to link structures 21 and 23 (see Figure 

1.23), thus linking two accessible parts of the mechanism together, they came across a 

competitive route via a metallophosphorane intermediate structure, 22.  Formation of 22 

involves the chelating ligand changing from mono- to bidentate, and migration of OMe 

onto the previously unbound phosphorus.  To complete the isomerisation, the OMe 

transfers back to the platinum, displacing one arm of the chelating ligand.  This 

Figure 1.22: Formation of cyclic complexes 19 and 20 from an Ir(III) 

metallophosphorane, 18.   
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mechanism via a metallophosphorane species was an unexpected novel isomerisation 

route. 

  

In 2004, Grushin and Marshall51 published details of some unexpected reactivity of the 

fluoro analogue of Wilkinson’s catalyst, [RhF(PPh3)3].  They discovered that 

[RhF(PPh3)3] can cleave the C-Cl bond in chlorobenzene, under mild conditions (see 

Figure 1.24), while Wilkinson’s catalyst, [RhCl(PPh3)3], is unreactive, even at higher 

temperatures.52 

 

The mechanism of the facile exchange of the Rh-bound fluoride with a phosphine 

phenyl group was unknown, however it was proposed that it may occur by fluoride 

Figure 1.23: Computed isomerisation pathway between structures 21 and 23, via   

metallophosphorane 22.  Energies in kcal/mol, relative to [PtCO(H2CH2CH2PH2)-

Me(OMe)] + free CO set to zero. 

Figure 1.24:  Cleavage of the C-Cl bond in ArCl by [RhF(PPh3)3], accompanied 

by Ph/F exchange.   
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transferring onto a PPh3 to create a metallophosphorane, followed by transfer of a 

phenyl group onto rhodium, as shown in Figure 1.25.  They observed that addition of 

excess PPh3 did not decelerate the reaction, so concluded that the mechanism does not 

require the dissociation of a phosphine ligand. 

 

To investigate possible mechanisms for this F/Ph exchange, Macgregor and co-workers 

carried out density functional calculations firstly on a small model system,53 then on the 

full experimental system.54  The initial computational studies were performed on a 

model system, [RhF(PPhH2)(PH3)2], where hydrogens replace all phenyl groups except 

the phenyl which is exchanging.  They compared the relative accessibility of two 

possible pathways for F/Ph exchange, as shown in Figure 1.26.  

 

Pathway 1 proceeds via oxidative addition of the phosphine phenyl group to rhodium, 

and calculations were performed on both cis (Pathway 1a) and trans (Pathway 1b) 

isomers of 24.  Pathway 2 has an initial step of attack of the fluoride onto PH2Ph, which 

can form two different isomers of the metallophosphorane intermediate (Pathway 2a: 

Figure 1.25:  A proposed mechanism for Ph/F exchange in [RhF(PPh3)3] via a 

metallophosphorane species. 
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TPH3
, Pathway 2b: TPFH2Ph).  They found that Pathways 1a, 1b and 2b all have similar 

activation barriers (31.1, 30.0 and 31.0 kcal/mol respectively) while the highest barrier 

in Pathway 2a was less accessible (36.9 kcal/mol) with respect to cis-24.   

 

Macgregor and Wondimagegn54 proceeded to compute the mechanisms for the full 

experimental system, [RhF(PPh3)3], using the DF/HF ONIOM method within Gaussian 

03.55  With this system, both of the activation barriers in Pathway 1 increased (1a = 

34.3, 1b = 34.9 kcal/mol), while both of the barriers in Pathway 2 decreased (2a = 27.5, 

2b = 22.3 kcal/mol).  Pathway 2b has the lowest activation barrier, and this value is 

very close to the experimentally determined activation enthalpy of 22.0 ± 1.2 

kcal/mol.53  

 

A further computational study where a metallophosphorane was proposed as an 

intermediate was published by Braga et al. in 2005.56  They were investigating the role 

of the base, in this case OH-, in a Suzuki-Miyaura cross-coupling reaction between a 

palladium complex and an organoboronic acid.  In one of the reaction pathways 

investigated, Path B, the hydroxyl makes an intermolecular attack on a palladium-bound 

phosphine, before migrating onto palladium and displacing bromide, in Path B' (see 

Figure 1.27).  They found this pathway to be energetically competitive to the other 

possibilities investigated, but concluded that it was unlikely as no oxidised phosphine 

products were observed, as in Path B''.   
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A recent paper by Macgregor and Erhardt57 investigates possible mechanisms for C-F 

and P-C bond activations in the reaction between C6F6 and [IrMe(PEt3)3].  This reaction 

produces trans-[Ir(C6F5)((PEt3)2(PEt2F)], C2H4 and CH4 when conducted at 60ºC, as 

shown in Equation 1.1.58   

 

A mechanism was proposed in which C-F activation proceeds via an initial step through 

a novel 4-centred transition state, leading to a metallophosphorane intermediate (see 

Figure 1.28).  This pathway transpired to be more accessible than an alternative 

pathway computed, which involves the oxidative addition of C6F6 to iridium, forming 

an Ir(III) intermediate.              

Figure 1.27:  Intermolecular attack of OH- on trans-[PdBr(R)(PH3)2] followed 

by displacement of Br- (Path B') as a step of a proposed mechanism in a Suzuki-

Miyaura cross-coupling reaction. 
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Another example of a mechanism involving phosphine-assisted C-F activation via a 

metallophosphorane intermediate was proposed for the reaction of pentafluoropyridine 

with [Pt(PR3)2] (R = Cy, iPr).59  The mechanism was investigated using a model system, 

namely [Pt(PH3)(PH2Me)].  Figure 1.29 shows one of the mechanisms that was 

computed for the initial step, and as with the iridium complex discussed above, the 

reaction proceeds via a 4-centred transition state, and leads to a metallophosphorane 

intermediate species.  Methyl is then transferred from phosphorus to platinum to form 

the experimentally-observed product. 

 

 

 

 

 

 

 

 

Figure 1.28:  Proposed mechanism for reaction between C6F6 and the model 

complex [IrMe(PH2Et)(PH3)2] via a 4-centred transition state. 
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1.3.2  Overview 

It has been shown thus far that a range of different metallophosphoranes have been 

synthesised and characterised over the last three decades, and some of these species 

have been identified as intermediates in reaction pathways.  The work in this thesis 

focuses on two specific types of reaction where metallophosphoranes may be involved 

as intermediate species.  The first reaction, which is investigated in Chapter 4, is the 

hydroxide-induced disproportionation of a Pd(II) phosphine species.  The relevant 

background literature to this reaction is discussed in the following section in this 

chapter.  Chapters 5 and 6 focus on aryl/ aryl and alkyl/aryl exchange reactions in Pd(II) 

phosphine complexes respectively.  The literature surrounding these types of reactions 

is reviewed in Section 1.5 of this chapter. 

 

 

 

 

 

 

Figure 1.29:  Part of a proposed mechanism for the reaction between C5F5N and 

the model complex [Pt(PH3)(PH2Me)] via a 4-centred transition state. 
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1.4   Metallophosphoranes in disproportionation reactions 

In this context, disproportionation is observed when palladium is reduced from Pd(II) to 

Pd(0), normally to yield a catalytically active species, while phosphorus is oxidised 

from P(III) to P(V), normally forming phosphine oxide.  The following reactions feature 

this redox chemistry and also may feature metallophosphorane species either as 

intermediates or transition state structures. 

 

A novel reaction involving the reduction of Pd(II) phosphines in the presence of 

fluoride was published by Mason and Verkade60 in 1992.  They observed the 

unexpected formation of [Pd(dppp)2] (dppp = 1,3-bis(diphenylphosphino)propane) 

whilst trying to synthesise [Pd(dppp)2]
2+, as shown in Equation 1.2.  None of the usual 

reagents which may be expected to reduce Pd(II) phosphine complexes, such as 

NaBH4
61,62 or KOH/phosphine,63,64 were present.  There was no precedent for this type 

of reaction found in the literature, and the only reagent present that could be responsible 

for this reaction was thought to be tetrafluoroborate, which can act as a fluoride source 

to TM-complexes.65,66  To test this idea, they added a source of fluoride to a range of 

solutions of Pd(II) phosphines complexes, and as anticipated the formation of Pd(0) 

species was observed.  The reaction mechanism proposed for this fluoride-induced 

reduction of palladium is shown in Figure 1.30. 

 

It was suggested that a metallophosphorane intermediate is formed either by direct 

nucleophilic attack of the fluoride on a phosphine, or else the fluoride initially 

coordinating to the palladium then migrating onto the phosphorus.  The reduction of 

Pd(II) then occurs through the loss of a fluorophosphonium cation, [PR3F]+, and 

chloride to yield the Pd(0) product.  [PR3F]+ then either reacts with fluoride to produce 

the phosphorane PF2R3, or with water to produce phosphine oxide.   

 

Pd(BF4)2.4CH3CN  +  2 dppp [Pd(dppp)2][BF4]2  +  [Pd(dppp)2]

[PdCl2(PR3)2] P

F
R

R
R

(PR3)2ClPd
F-, PR3

-Cl-
[Pd(PR3)4]

2 PR3

-Cl-, -{PR3F}+

Figure 1.30: Mechanism proposed by Mason and Verkade for the fluoride induced 

reduction of [PdCl2(PR3)2]. 

(1.2) 
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Mason and Verkade were confident that the presence of fluoride is necessary to reduce 

the Pd(II), as the reaction of [PdCl2] with PPh3 with added water but no source of 

fluoride only produced [PdCl2(PPh3)2].  It was attempted to perform the reaction in 

anhydrous conditions, and as these were approached, the yield of phosphorane product 

was increased while the yield of phosphine oxide decreased.  A competition experiment 

was used to show that is the phosphorus coordinated to palladium which is oxidised 

(Equation 1.3).  The fact that no O=PPh3 or PF2PPh3 was formed shows that only 

coordinated phosphines were oxidised. 

 

It was possible to do the same disproportionation reaction with analogous Pt(II) 

phosphine complexes, but with a lower yield of Pt(0) phosphine than seen with 

palladium.  However, the same redox reaction was not possible with nickel complexes. 

 

Also in 1992 Amatore et al.67 published details of a disproportionation reaction when 

[PdII(OAc)2] reacts with triphenylphosphine to form a palladium(0) species and 

O=PPh3.  Initially [Pd(OAc)2(PPh3)2] is formed, and this complex has been detected and 

identified by its reduction peak in cyclic voltammetry.  From this point [AcO-PPh3]
+  

was lost, to yield a Pd(0) species, which in the presence of excess phosphine can be 

identified as [Pd(OAc)(PPh3)3]
-.68  Through kinetic experiments it was proved that the 

formation of the Pd(0) species was first order in Pd(II), and there was also evidence for 

formation of an intermediate.  Thus, Amatore et al. proposed the reaction mechanism 

shown in Figure 1.31.  

[PdCl2]  +  5 PPh3  +  5 dppe [Pd(dppe)2]Cl2

[Pd(dppe)2]  +  O=PPh2(CH2CH2PPh2)

+  PF2Ph2(CH2CH2PPh2)

DMSO

n-Bu4NF.3H2O

(1.3) 

Figure 1.31: Mechanism proposed by Amatore et al. for disproportionation of 

[Pd(OAc)2(PPh3)2] in presence of excess PPh3. 

PdII

OAcPh3P

AcO PPh3

STEP 1 [Pd0(PPh3)(OAc)]-  +  AcO-PPh3
+

STEP 2

+ 2PPh3, H2O, H+
[Pd0(PPh3)3(OAc)]-  +  O=PPh3  +  AcOH
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They demonstrated that Step 1 is an intramolecular disproportionation and is the rate-

determining step in the overall reaction.  This intramolecular attack of an acetate ligand 

on a coordinated phosphine bears strong similarities to the mechanism proposed by 

Mason and Verkade60 with a fluoride attacking a phosphine.  The disproportionation of 

[Pd(OAc)2(PR3)2] was performed with a range of different para-substituted 

triarylphosphines groups, and it was discovered that it is easier and faster to reduce the 

Pd(II) when R is para-substituted with an electron-withdrawing group.  Presumably the 

reduced electron density on the phosphorus makes it more susceptible to attack by the 

acetate.   

 

Amatore et al. also reported that this disproportionation reaction can be accomplished 

with a variety of oxygen-containing ligands, including CF3CO2
- and Acac (Acac = 

MeC(O)CHC(O)Me).  Therefore, the results published by several groups suggest that 

the reduction of Pd(II) to Pd(0) by triphenylphosphine is a general reaction which can 

occur with a variety of oxygen-containing ligands such as OAc, CF3CO2
-,69 Acac, NO3 

and oxide.70 

 

It has also been found that hydroxide can induce a disproportionation reaction in Pd(II) 

phosphine complexes.  Grushin and Alper published a detailed paper on the 

investigation of such reactions in 1993.71  They were studying the biphasic 

carbonylation of aryl halides catalysed by [PdCl2L2] (L = tertiary phosphine), and were 

particularly interested in how the Pd(II) species converts to a catalytically active Pd(0) 

species.  They believe that OH- induces the reduction of Pd(II), and proposed two 

possible reaction mechanisms, as shown in Figure 1.32. 

 

Path A proceeds via an external nucleophilic attack of OH- on a phosphine followed by 

the loss of phosphine oxide, then Cl- and HCl to form a Pd(0) species.  In Path B OH- 

initially coordinates to palladium, substituting a chloride, the performs an 

intramolecular attack on the phosphine.  This is followed by loss of phosphine oxide 

and HCl to yield the Pd(0) complex. 
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By using chiral phosphines, in this case L = (R)-benzylmethylphenylphosphine, and 

examining the stereochemistry of the phosphine oxide produced, it was possible to gain 

an important insight into the reaction mechanism.  It was found that the reaction always 

proceeded with retention of configuration at the chiral phosphorus which was oxidised 

to phosphine oxide, proving that OH- performs an intramolecular attack on phosphorus, 

consistent with Path B. 

 

 

 

 

 

 

 

 

 

 

 

P

Ph

Ph

Ph

LCl2Pd

OH-

PATH A PATH B

LCl2Pd P OH

Ph

Ph
Ph

P

Ph

Ph

Ph

LCl2Pd OH-

Pd P

Ph

Ph
Ph

OH

L

Cl

-Cl-

- O=PPh3 - O=PPh3

[PdCl2HL]- [PdL] [PdClHL]
-HCl-Cl-, -HCl

Figure 1.32: Two possible pathways proposed by Grushin and Alper for 

hydroxide-induced disproportionation of [PdCl2L2].  
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1.5   Aryl/aryl and alkyl/aryl exchange reactions 

1.5.1  Aryl/aryl exchange 

Palladium catalysed cross coupling reactions are very important for a range of organic 

synthetic applications, especially in the production of pharmaceuticals, but more 

fundamentally as a way of forming carbon-carbon bonds.  For example, palladium 

phosphine complexes are used as catalysts in the Stille cross coupling reaction.  A 

general outline for the catalytic cycle72 is shown in Figure 1.33. 

 

However, the use of these catalysts often results in the formation of unwanted side 

products.  These side products seem to be created by aryl/aryl (Ar/Ar') scrambling at 

some point in the catalytic cycle.  It is possible that exchange could occur in 

[PdAr'(R)L2] (L=PAr3), formed in Step 2 of the cycle.   

 

An example of this problem was encountered by Chenard et al.73 when they reacted 6-

methoxy-2-(trimethylstannyl)naphthalene with p-anisyl bromide with a [Pd(PPh3)4] 

catalyst (see Figure 1.34).  The desired methoxy-substituted product was produced in a 

yield of 21.9% in DMF at 105ºC, while the unwanted phenyl biaryl was the major 

product, with a yield of 54.8%.  It was proposed that this mixture of products arose due 

to exchange between a phenyl group on triphenylphosphine and the aryl from the aryl 

bromide, when attached to the palladium centre.  This reaction is a clear example of 

what a problem unwanted Ar/Ar' scrambling can be. 

 

Figure 1.33: Mechanism of palladium-catalysed direct coupling in the Stille reaction. 
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Similar unwanted side products have been observed in a wide range of reactions, 

including Suzuki74 and Heck75 couplings, amination,76 amidation,77 and cyanation.78  

Interest in this area has grown considerably over the last 20 years, and some detailed 

experimental work has been undertaken to try to elucidate the mechanism by which 

these aryl exchange reactions are occurring.73,79,80  Insights into reaction mechanisms 

have led to the tailoring of catalysts and reaction conditions in an attempt to inhibit 

unwanted scrambling.  On the other hand, some chemists have exploited the tendency 

for exchange to their advantage, as a source of aryl groups in their reactions. 

 

A range of different possible exchange mechanisms have been proposed, as summarised 

by Macgregor81 and shown in Figure 1.35.  These include (a) the oxidative addition 

across a P-R bond followed by reductive elimination, (b) nucleophilic attack on the 

phosphine, either by an external nucleophile or a group coordinated to the metal, (c) 

attack of the metal-bound aryl group on the phosphine, coupled by the breaking of the 

M-P bond to form an ion pair or salt and (d) the more novel possibility of a 

metallophosphorane intermediate, featuring a penta-coordinated phosphorus.    

 

 

 

 

 

 

Figure 1.34: The Stille reaction can lead to a mixture of products when catalysed by 

[Pd(PPh3)4]. 
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1.5.2  Examples of aryl/aryl exchange  

Bryant and Abatjoglou observed aryl interchange in their studies of rhodium-catalysed 

hydroformylation.82  This led them to examine whether the catalyst [RhH(CO)(PPh3)3] 

would cause phenyl/p-tolyl scrambling between triphenylphosphine and tri-p-

tolylphosphine, which was indeed observed.83  They experimented with a range of 

rhodium catalysts, and found that the rate of aryl scrambling was higher with 

mononuclear complexes, such as [RhCl(PPh3)3], than with clusters such as [Rh6(CO)16].  

They propose that clusters need higher temperatures to facilitate the breakdown into the 

more reactive mononuclear compounds.  It was also reported aryl group interchange 

between triphenylphosphine and tri-p-tolylphosphine is catalysed by other transition 

metal complexes, including [Co2(CO)8], [Os3(CO)12], [Ni(CO)2(PPh3)2] and 

Figure 1.35: Possible mechanisms for P-R/M-Ar' exchange. 

(a) Oxidative addition / reductive elimination

(b) Nucleophilic attack (internal or external)

(c) Phosphonium salt formation

(d) Metallophosphorane formation
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[Pd(PPh3)4].  Oxidative addition (as seen in Figure 1.35(a)) was suggested as a possible 

reaction mechanism. 

 

Goel reported the palladium catalysed cleavage of P-C bonds in aryl phosphines.84  He 

observed aryl/p-tolyl scrambling between two different triarylphosphines, but this time 

with [Pd(OAc)2] as the catalyst.85  Goel used para-substituted aryl groups to gain 

insight into the mechanism of the exchange process.  The fact that only 4,4’-dimethyl 

biphenyl was produced on heating [Pd(OAc)2] with P(p-CH3C6H4)3 in benzene ruled out 

the possibility of a mechanism involving ortho-metallation, as shown in Figure 1.36.  

He found that electron-withdrawing groups (e.g. Cl) in a para position on the aryls 

increased the rates of exchange, leading him to suggest a mechanism involving a 

nucleophilic attack on a coordinated phosphine.  Goel also proposes the idea of a radical 

mechanism, but without any experimental evidence to support these possibilities. 

 

1.5.3  Mechanistic studies of aryl/aryl exchange 

A detailed study of palladium catalysed Ar/Ar' exchange was published by Cheng and 

Kong.86  This was the first example where the reactants and products of exchange were 

well-characterised transition metal complexes, rather than observations of scrambled 

organic products from a catalysed reaction.  They conducted studies on [PdI(p- 

XC6H4)(PPh3)2] (X = Me) and observed regiospecific exchange between a phosphine 

phenyl group and the palladium-bound aryl group.  The exchange process was followed 

using 1H NMR, and when equilibrium was reached at 60ºC, the ratio of complexes 

containing P-tolyl to those containing Pd-tolyl was 90:10.  There was also evidence that 

intermolecular phosphine scrambling led to a mixture of products (Figure 1.37). 

 

Figure 1.36: The result of an ortho-metallation mechanism in a cross coupling 

reaction. 
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Features of the 1H NMR spectrum suggested that further exchange could also occur, to 

produce PPh(p-CH3C6H4)2 complexes.  When X = methoxy, the equilibrium reactant to 

product ratio moved to favour product formation (96:4), suggesting that an electron-

donating group moves the equilibrium to the right.  By using deuterium labelling, 

Cheng and Kong confirmed that phenyl/phenyl exchange does occur in  

[PdI(Ph)(PC6D5)2], with a product to reactant equilibrium ratio of 6.3:1.  It was 

discovered that addition of 1 equivalent of excess PPh3 to the reaction almost 

completely inhibited exchange.  This led to the conclusion that the exchange reaction 

requires initial phosphine dissociation, and proceeds via a 3-coordinate intermediate 

structure.  They postulate that oxidative addition across a P-C bond could occur, leading 

to a Pd(IV) intermediate.  Reductive elimination (as shown in Figure 1.35(a)) and 

reassociation of phosphine would then lead to formation of an exchange product.   

 

Mechanistic studies on the Ar/Ar' exchange in [PdI(Ar')(PAr3)2] complexes were carried 

out by Novak et al.80  They found that the addition of excess halide slightly inhibited the 

rate of exchange, and excess phosphine caused much stronger inhibition.  This suggests 

that halide and phosphine dissociation may be involved in the exchange mechanism.  

They investigated the effect of a wide range of substituted aryls on the Ar/Ar' 

scrambling.  Tests varying the para substituent on either Ar' or the Ar’s yielded the 

same result: electron-donating groups (eg Me) accelerate aryl exchange while electron 

withdrawing-groups (eg F) inhibit it, sometimes completely.  Other groups have also 

reported this substituent effect.73,74,86 Additionally, Novak et al. observed that the 

position of the equilibrium was moved to the right by electron-donating substituents on 

the palladium-bound aryl, as reported by Cheng and Kong.86  If the exchange 

mechanism does involve a phosphonium cation (as shown in Figure 1.35(c)), electron-

donating substituents would also have the effect of stabilising the positive charge on the 

cation.  The mechanism proposed is shown in Figure 1.38 and features a phosphonium 

salt intermediate and the possibility of exchange with or without phosphine dissociation. 

 

Figure 1.37: Ar/Ar' scrambling observed in palladium phosphine complexes. 

Pd

PPh3

PPh3

Ar' I Pd

PPh2Ar'

PPh3

Ph I Pd

PPh2Ar'

PPh2Ar'

Ph I Pd

PPh3

PPh3

Ph I++



 37

To investigate whether a phosphonium salt could enter into the catalytic cycle of the 

Stille reaction (seen in Figure 1.33), Chenard et al.73 reacted 6-methoxy-2-

(trimethylstannyl)naphthalene with tetraphenylphosphonium bromide under the 

conditions outlined in Figure 1.39. 

 

This conclusively showed that a phosphonium salt could enter into the process without 

terminating the reaction.  Yamamoto et al.87 showed the oxidative addition of a 

phosphonium salt to a Pd(0) species, as shown in Figure 1.40. 

Figure 1.38: Mechanisms proposed by Novak et al. for Ar/Ar' exchange via 

phosphonium salt formation. 

Figure 1.39: Phosphonium salt is able to enter into the catalytic cycle of the Stille 

reaction. 
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The solvent used can also affect the efficiency of the exchange process.  Chenard et al.73 

found that exchange decreased in less polar solvents.  This suggests that there may be 

charged species being produced during the reaction.  Altogether there is strong evidence 

to support a reaction mechanism via a phosphonium salt mechanism.   

 

An extensive study of Ar/Ar' exchange in [PdX(C6D5)(PPh3)2] (X = Cl, Br, I, F) was 

published by Grushin in 2000.79  He found that the rate of exchange in these complexes 

was highly dependent on the halide present.  In benzene at 75ºC the rate constant ratio 

of kI:kBr:kCl was 100:4:1.  This was believed to be due to the relative ease of phosphine 

dissociation from these complexes, with the order Cl < Br < I, based on Pd-P bond 

lengths from crystallographic data.  It was found that addition of excess phosphine 

strongly inhibited exchange, as seen by Novak et al.80 and Cheng and Kong,86 

supporting the idea of phosphine dissociation being a key step.  A deceleration in the 

rate of exchange was observed on the addition of excess halide too, but to a lesser 

degree than with excess phosphine, also seen by Novak et al.80  However, Grushin 

suggested that halide dissociation is unlikely to be part of the mechanism with the 

relatively mild reaction conditions and a benzene solvent.  The proposed mechanism is 

shown in Figure 1.41.  It features initial phosphine dissociation, followed by reversible 

reductive elimination of a phosphonium cation to form a tight ion pair.  The aryl 

interchange can occur if the P-Ar bond undergoes oxidative addition to Pd, otherwise 

the reactant is reformed. 

 

 

 

 

 

 

 

 

 

Figure 1.40: Oxidative addition of a phosphonium salt to a Pd(0) centre. 
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Unwanted Ar/Ar' scrambling was encountered by Hartwig and Barañano whilst forming 

aryl sulfides via reductive elimination from a [Pd(dppe)] species (dppe = 

Ph2P(CH2)2PPh2).
88  Exchange of Pd-Ar' and P-Ph was found to be competitive with the 

desired C-S forming reductive elimination.  Consistent with other research into Ar/Ar' 

interchange, it was found that the addition of excess phosphine could effectively inhibit 

the exchange process.  This could also be achieved with use of other trapping agents 

such as PhCCPh or ArI.   

 

Research has led to the discovery of a range of different ways to suppress unwanted 

Ar/Ar' exchange.  A very effective way is to add excess phosphine to the reaction.79,80 

Addition of excess halide and the use of bulkier groups on the triarylphosphines can 

also reduce the rate of exchange.74,80,89  Electron-withdrawing groups on both the metal-

bound and phosphorus-bound aryls can reduce exchange.73,74,80  Reduction in the 

amount of catalyst used can also be inhibiting.74,79  Alternative catalysts have also been 

investigated, including a NiCl2/PPh3 catalyst for cross coupling,90 which do not appear 

to suffer from unwanted Ar/Ar' exchange as many palladium/phosphine complexes do. 

 

 

Figure 1.41: Proposed reaction mechanism for Ar/Ar' exchange involving 

phosphine dissociation and the formation of tight ion pairs. 
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Some chemists are using Ar/Ar' exchange reactions to their advantage in synthesis.  As 

Yamamoto et al.87 suggested, phosphonium salts can act as a source of aryl groups to a 

reaction.  De la Torres et al.91 used [PdCl2(PPh3)2] as a catalyst in a reaction between 

tri(tert-butyl)iodophthalocyaninate zinc (II) (ZnPcI) with PPh3 in DMF at 100ºC to form 

R4P
+, as shown in Figure 1.42.  These Pc-phosphonium salts are of interest as they can 

be used to make materials with non-linear optical properties.  The fact that two different 

phosphonium salts are formed suggests that Ar/Ar' exchange is occurring at the 

palladium catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.42: A mixture of phosphonium salts were formed in the palladium-

catalysed reaction of ZnPcI with PPh3. 
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(1.5) 

(1.4) 

1.5.4  Alkyl/aryl Exchange 
Examples of alkyl/aryl scrambling have been observed, but seem to be less 

commonplace than Ar/Ar' exchange.  There has been considerably less research 

published on this type of exchange, and there is only one detailed mechanistic study to 

date. 

 

An early case of alkyl/aryl exchange was published by Smith and Green in 1971.92  

They observed a mixture of phosphine and aryl products in a reaction between 

[NiCl2(PPh3)] and methyl magnesium bromide at room temperature (see Equation 1.4).  

They proposed that the reaction may proceed via a metallophosphorane intermediate, 

[Ni(Me)(MgBr)(PMePh3)], as shown in Figure 1.35(d). 

 

A similar mixture of products was produced by the decomposition of [Co(Me)(PPh3)3] 

at 0ºC in THF.93  Schumann et al. observed this in a range of [Co(R)L3] (R = Me, Ph, L 

= PPh2Me, PPhMe2) complexes,94 with decomposition yielding products including 

biphenyl and rearranged phosphines such as PPh3 and PPh2Me.   

 

Rhodium complexes have also been identified as catalysts which can cause alkyl/aryl 

interchange in phosphines.82  Specifically, [Rh(H)(CO)(PPh3)3] catalyses scrambling 

between triphenylphosphine and propene under hydrogenation conditions (see Equation 

1.5). 

 

This reaction also occurs, though more slowly, during the low-pressure 

hydroformylation of propene.  The mechanism proposed for the reaction in Equation 1.4 

is shown in Figure 1.43.  It features the reversible oxidative addition of a P-C bond in 

PPh3 to the rhodium centre, insertion of C3H6 into a Rh-H bond, and reductive 

elimination of the scrambled phosphine.  Interestingly, alkyl/aryl exchange does not 

occur under these conditions with [RhCl(PPh3)3] or [RhCl(CO)(PPh3)2].  However, both 

of these complexes undergo Ar/Ar' exchange,83 suggesting that exchange is more 

accessible for an aryl group. 

[NiCl2(PPh3)2]
i) MeMgBr

ii) H2O
PhH  +  PhMe  +  Ph2

+  PPh2Me  +  PPhMe2

PPh3  +  H2  +  C3H6
[Rh(H)CO(PPh3)3]

130oC
PPh2(C3H7)  +  PhH
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The only detailed study of alkyl/aryl exchange published to date was carried out by 

Norton et al.95 on trans-[PdI(Me)(PAr3)2] (Ar = C6H5).  They observed not only 

methyl/phenyl scrambling in C6D6 at 50ºC, but also phosphine interchange.  The first 

step in the reaction is the irreversible exchange between the palladium-bound methyl 

and a phosphine phenyl, to form complex 25 (see Figure 1.44).  The irreversibility of 

this exchange was explained by the comparative bond strengths, favouring a Pd-Ph 

bond over a weaker Pd-Me bond.  When equilibrium is reached, only complexes 25, 26 

and 27 are present, as characterised by 31P{1H} NMR.  When Ar = C6H4D, an 

equilibrium mixture of complexes 25, 26 and 27 was produced in benzene, with all of 

the deuteriums remaining in para positions.  When trans-[PdI(Me)(PAr3)2] (Ar = C6D5) 

was added to [PMePh3]OTf in CD2Cl2 at 36ºC, none of the unlabelled phenyls from 

[PMePh3]
+ exchanged with the deuterated phenyls in the palladium complex.  This rules 

Figure 1.44: Methyl/phenyl exchange in a palladium phosphine complex in 

C6D6 at 50ºC. 
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Figure 1.43: Proposed mechanism for alkyl/aryl scrambling in a rhodium-

catalysed propene hydrogenation reaction. 
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out the possibility of a mechanism involving the formation of a phosphonium cationic 

intermediate, as proposed for Ar/Ar' exchange.  Another fundamental difference in 

mechanism was revealed by the fact that the rate of exchange is completely unaffected 

by the addition of excess phosphine, suggesting that phosphine dissociation is not 

necessary.  These findings suggest that the mechanism of alkyl/aryl exchange is 

different to that of Ar/Ar' exchange, but it is not clear why this is the case.  

 

1.6  Thesis overview 

The aim of the work detailed in this thesis was to investigate the possibility of 

metallophosphoranes being intermediate species in TM-phosphine reaction pathways.  

All of the work was carried out using either density functional (DF) or DF/Hartree-Fock 

ONIOM methods, which are explained in more detail in Chapters 2 and 7.     

 

Chapter 3 contains general studies carried out on simple model systems, to give an 

insight into the ease of forming metallophosphorane intermediates in TM-phosphine 

complexes with the general formula  [M(X)(PH3)(PR3)], where M = Pd, Pt or Ni, X = F, 

OH, NH2, Cl, Me or Ph, and R = H, F or Me.  After the intermediate was formed, the 

reaction then proceeded to give an X/R exchange product.  This work provided insight 

into what conditions favour the formation of metallophosphorane intermediates. 

 

Chapters 4, 5 and 6 focus on three specific reactions where metallophosphoranes have 

been proposed as possible intermediate species.  Chapter 4 focuses on the hydroxide-

induced disproportionation of [PdCl2L2] (L = tertiary phosphine) as published by 

Grushin and Alper,71 and investigates a reaction mechanism which proceeds via an 

intramolecular attack of a palladium-coordinated hydroxy group on a phosphine.   

 

Chapter 5 details the investigation of possible reaction mechanisms for phenyl/phenyl 

exchange in trans-[PdX(Ph)(PPh3)2] (X = Cl, Br, I).  This work is based on kinetic and 

mechanistic experimental work on [PdX(C6D5)(PPh3)2] (X = Cl, Br, I, F) complexes                   

published by Grushin.79  In Chapter 5 four possible mechanisms are explored, 

comparing routes via metallophosphorane intermediates with other possible exchange 

mechanisms.  The effect of changing the halide on the comparative accessibility of the 

reaction pathways is also investigated. 
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Chapter 6 continues the study of exchange, but looks at methyl/phenyl exchange.  This 

work is closely linked to experimental work carried out by Norton et al.95 on trans-

[PdI(Me)(PPh3)2].  As in Chapter 5, several different mechanisms for exchange are 

compared, some featuring metallophosphorane intermediates.  The results for 

methyl/phenyl exchange are compared with those for phenyl/phenyl exchange. 
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Chapter 2:  Computational Details 

 

This chapter contains technical information about the calculations within this thesis, along 

with the functionals and basis sets chosen.  A more comprehensive discussion of the 

methodologies involved can be found in Chapter 7. 

 

2.1  Calculation details 

The results in this thesis were produced by running calculations using the Gaussian 98
1 and 

Gaussian 03
2 packages.  The following details apply to all of the calculations performed, 

except for those calculated using the ONIOM method3 which is discussed below.  The 

functional used was the exchange functional of Becke4 with the correlation functional of 

Perdew.5  Nickel, palladium, platinum, chlorine, bromine, iodine and phosphorus were 

represented by the relativistic core potential of the Stuttgart group6 and the associated basis 

sets (SDD), with an added polarisation function on phosphorus, chlorine, bromine and 

iodine.7  The basis set 6-31G(d,p)8 was used to represent the nitrogen, carbon, oxygen, 

fluorine and hydrogen atoms. 

 

For the calculations performed using the ONIOM method within Gaussian 03, the 

following functionals and basis sets were used.  On the ‘high’ model, BP86 and the basis 

sets described in the previous paragraph were used.  However, the Hartree-Fock 

approximation was used to calculate at the ‘low’ level within ONIOM.  Palladium, 

phosphorus, chlorine, bromine and iodine were represented by LANL2DZ9 and all other 

atoms were described using 6-31G.  

 

The term ‘transition state’ should be more clearly defined in relation to this project.  In 

order to locate a transition state, a scan was initially performed, beginning from a chosen 

optimized species and varying a parameter (normally a bond length, atomic distance or 

angle) in a stepwise manner.  A transition state optimisation was then started from the 

geometry corresponding to the energy highpoint of the scan.  The transition state was then 

characterised by having one imaginary frequency.  Intrinsic reaction co-ordinate (IRC) 

calculations were also run, which involve optimising a series of geometries down both 
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directions in the potential energy curve to find local minima, i.e. the reactant and product 

directly linking to the transition state.  It is not possible within Gaussian 03 to perform IRC 

calculations when using ONIOM, therefore an alternative method, named pseudo-IRC 

(PIRC) calculations, was used instead.  In these cases the transition state geometry would 

be slightly displaced by lengthening and shortening the bond corresponding to the negative 

frequency.  From these geometries normal optimizations was then run to determine the 

local minima. 

 

All energies reported in this thesis are enthalpies which include a zero-point energy 

correction, unless otherwise stated.  These values were obtained from frequency 

calculations performed on optimized stationary points.  When relevant to the discussion, 

free energy data have been given, and these also came from frequency calculations.  In 

some cases the effect of solvation has been investigated using polarisable continuum model 

(PCM)10 calculations (radii=UFF).  These produce a correction value which can be added 

to the electronic energy associated with the gas-phase result. The enthalpy and/or free 

energy contributions derived from the gas phase calculation can then also be included.  

 

All complexes investigated have a C1 point group unless otherwise stated. 
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Chapter 3: Study of X/R exchange in trans-[M(Cl)X(PH3)(PR3)] species 

(M = Pd, Ni, Pt; X = F, OH, NH2, Me, Ph, Cl; R = H, F, Me)   

 

3.1  Overview 

The aim of this chapter is to look at metallophosphorane formation and subsequent X/R 

exchange in the model system trans-[M(Cl)X(PH3)(PR3)].  The effect of changing the X 

group (X = F, OH, NH2, Me, Ph, Cl), the nature of the active phosphine (R = H, F, Me) 

and the metal centre (M = Pd, Ni, Pt) on the exchange profile and structures will be 

investigated.  However, to begin with, the discussion of site preferences in phosphorane 

structures, which began in Chapter 1, will be continued and explored through some 

simple calculations. 

 

3.2  Calculations exploring site preferences in PH4R 

Calculations were performed on a range of simple PH4R molecules to see whether the 

literature results for phosphorane site preference could be reproduced.  The R groups 

that were chosen range from electronegative halogens to more electron donating 

hydrocarbon groups.  The results are shown in Table 3.1.  It was found that not all of the 

molecules could form stable isomers with the R group in both axial and equatorial 

positions in the molecule.  For instance, when fluorine or chlorine were placed in 

equatorial positions in PH4R, both molecules isomerised to the axial isomer when 

optimised.  This clearly indicates that the electronegative halogens prefer axial sites in 

the TBP, which is in line with the experimental observations, as discussed in Chapter 1.  

To obtain energy values for the equatorial isomers for comparison, it was necessary to 

impose Cs symmetry on some of the molecules, which made optimisation without 

               Energy / a.u.

R PH4R(ax) PH4R(eq) ∆E / kcalmol-1

F -108.76356 -108.75466 -5.6
Cl -23.96222 -23.94905 -8.3

OH -84.72837 -84.73359 3.3

NH2 -64.84458 -64.85686 7.7

CH3 -48.78382 -48.79147 4.8

C6H5 -240.52020 -240.52773 4.7

Table 3.1: Comparison of optimised energies of PH4R, with the R group in either an 

axial or equatorial position.  Blue = Cs symmetry imposed to prevent isomerisation, 

red = bond angles fixed. 
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isomerisation possible.  The ǻE values are negative for molecules containing either 

halogen, further supporting the axial preference.   Hydroxy and methyl were the only 

two R groups which formed stable structures for both the axial and equatorial isomers 

without symmetry constraints.  The ǻE values are both positive, indicating that both R 

groups form more stable molecules with R in an equatorial position.  This is not a 

surprising preference for methyl, as its electron-donating ability suggests it would prefer 

an equatorial site.  However, the oxygen in hydroxy is relatively electronegative, so it 

must be its ability to engage in ʌ-bonding which leads it to be more stable in an 

equatorial position.  The amido and phenyl R groups isomerised from an axial position 

when optimised, and only formed stable molecules with R in an equatorial position.  It 

was necessary to fix two angles in both axial isomers to hold the R groups in position to 

obtain energy values for comparison.  The ǻE values also support the equatorial 

preference.  This result is also consistent with experimental findings, and is possibly due 

to the amido group having a lone pair available for ʌ-bonding that is not so tightly held 

as in the halides.  The phenyl group is bulky and has a ʌ-system, so would also be 

expected to prefer an equatorial site.   

 

In summary, these calculations have reproduced the trend seen experimentally, that only 

strongly electronegative groups will prefer to be in the axial sites of a TBP 

phosphorane.   

 

3.3  Site preferences of the metal fragments in metallophosphoranes 

All metallophosphoranes with published crystallographically determined structures have 

the transition metal fragment in an equatorial position with respect to the TBP 

pentacoordinated phosphorus.1,2  Two crystallographically characterised 

metallophosphoranes were chosen,2m,v and simplified models of each were constructed 

and optimised, to see whether this equatorial preference would be reproduced by 

calculations.  The crystallographically determined structures and the calculated model 

structures are shown in Figure 3.3.  The model structures were set up with starting 

geometries where the metal was at equatorial and axial positions.  In each case the axial 

isomer was not stable, and isomerised to the equatorial structure.  This supports the 

experimental evidence that the metal is always observed in an equatorial position.  Since 

the metal fragment is normally bulky and less electronegative than other substituents, it 

is logical that it would prefer an equatorial position.   
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The trend of axial bonds being longer than equatorial bonds around a TBP phosphorus 

is seen in all four structures.  In addition, in each structure the phosphorane M-P bond is 

shorter than the phosphine M-P bond, a trend which is common with these types of 

complex.3  Although the correct trend was reproduced in the model systems calculated, 

the TBP bonds and the M-P1 bonds were overestimated. 

 

 

 

 

 

 

 

Figure 3.1: Metallophosphorane structures determined by X-ray crystallography:  

A12m and B12v.  Optimised model structures: A2 and B2. 
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3.4  Model system: trans-[M(Cl)X(PH3)(PR3)] (M = Pd, Ni, Pt; X = F, OH, NH2, 
Me, Ph, Cl; R = H, F, Me)   
The aim of the work described in this thesis was to investigate the possibility of 

metallophosphoranes being involved, as intermediates or transition states, in Pd(II) 

phosphine disproportionation and exchange reactions.  Before specific experimental 

systems were looked at in detail, it was decided that it would be useful to look at the 

formation of metallophosphorane species by the intramolecular attack of an X ligand on 

a coordinated phosphine, the structures of the resulting complexes, and the transfer of R 

(normally H) back to the metal to complete the exchange reaction, as shown in Figure 

3.2.  A range of calculations were performed on a model system which is a simplified 

version of the experimental species.  The basic model system used was trans-

[M(Cl)X(PH3)(PR3)],  where the metal (M), the ligand attacking the phosphine (X) and 

the active phosphine (PR3) were varied as shown in Figure 3.3.  The following sections 

describe the results of changing these three variables.  The defaults of M = Pd, R = H 

and X = OH were used so that only one variable at a time was changed.  These were 

chosen as they make up a model system for trans-[Pd(Cl)(OH)(PPh3)2], which is an 

important intermediate in the hydroxide-induced disproportionation reaction published 

by Grushin and Alper,4 which is investigated in detail in Chapter 4.  All of the following 

calculations were done using density functional methods as described in Chapter 2. 

Figure 3.2: X/R exchange pathway in trans-[M(Cl)X(PH3)(PR3)]. 

Figure 3.3: Structure of trans-[M(Cl)X(PH3)(PR3)]. 
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3.5 Changing the X ligand: trans-[M(Cl)X(PH3)2] (X = F, OH, NH2, Me, Ph, Cl)  
F/H exchange in trans-[Pd(Cl)F(PH3)2] 
 
3.5.1  F-transfer from Pd onto PH3 

The first reaction investigated was metallophosphorane formation from 1a (E = 0.0 

kcal/mol), trans-[Pd(Cl)F(PH3)2]. This is a simple model of a possible precursor in the 

formation of [Pd(Cl)(PPh3F)(PPh3)2], which was proposed as an intermediate in the 

fluoride-induced reduction of palladium(II) by Mason and Verkade.5 

 

The first attempt at forming a metallophosphorane from reactant 1a was made by 

decreasing the FLP1 distance as shown in Figure 3.4 (A).  However, the energy was 

found to only increase as the FLP1 distance decreased, and optimisation without any 

geometric constraints led back to 1a.  Therefore, the FLP1 distance was fixed at 1.9 Å, 

which is somewhat longer than the predicted P-F bond length of 1.59 Å (for an axial P-

F bond in PF5).
3  Stepwise rotation around the Pd-P1 bond was performed to move 

fluoride out of the metal coordination plane (shown in Figure 3.4 (B)), but this was also 

unsuccessful at yielding a stable metallophosphorane.  It was finally discovered that it 

was necessary to open the Cl-Pd-P2 angle in conjunction with the shortening of the 

P1LF distance to lead to a metallophosphorane, as shown in Figure 3.4 (C).  The 

isomerisation results in there no longer being a vacant site cis to {PH3F}, which seems 

to prevent the fluoride from transferring back to the metal.   

 

The geometry from the highest energy point of a scan that reduced the Cl-Pd-P2 angle 

was used as a starting point for a transition state calculation.  This led to the discovery 

of TS1a-1b (E = 29.0 kcal/mol).  IRC calculations confirmed that this transition state 

links 1a to a metallophosphorane intermediate, 1b (E = 16.8 kcal/mol). 

Figure 3.4: Attempts to form a metallophosphorane by attack of F on P1 in 1a. 
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The structures of 1a, TS1a-1b and 1b are shown in Figure 3.5, and some key bond 

lengths and interatomic distances are shown in Table 3.2.  In the progression from 1a to 

1b, the Pd-F bond is broken and an F-P1 bond is formed.  This bond formation and 

cleavage is almost complete in TS1a-1b.  The geometry around P1 is seen to change from 

tetrahedral in 1a (average H-P1-Pd = 117.8º) to trigonal bipyramidal in 1b (F-P1-Hax = 

172.5º, F-P1-Pd = 86.2º, average equatorial angle = 119.9º).  This causes the 

lengthening of the axial P1-H1 bond (1a = 1.429 Å, 1b = 1.465), while the equatorial P-

H bond lengths are unchanged or shortened (1a = 1.430, 1.431 Å, 1b = 1.425, 1.430 Å).  

This trend is consistent with the observations made earlier in the chapter on PH4X 

molecules.  There is also rotation around the P1-Pd bond as the metallophosphorane is 

formed, which causes the fluoride to move out of the metal coordination plane (F-P1-

Pd-Cl: 1a = 180.0º, TS1a-1b = 165.9º, 1b = 118.4º).  In metallophosphorane 1b the 

fluoride is in an axial site and the palladium in an equatorial site around P1, which is 

consistent with the trends discussed earlier in this chapter and in Chapter 1. 

 

 

Figure 3.5: Profile for F/H exchange in trans-[Pd(Cl)F(PH3)2].  Energies in 

kcal/mol, bond lengths in Å. 
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The isomerisation which occurs in the formation of 1b was found to be essential to 

create a stable metallophosphorane structure.  It is likely that the {PH3F
-} ligand has a 

stronger trans influence than either chloride or phosphine, leading it to prefer the 

position trans to the vacant site.6  The changes that occur in the Pd-Cl bond length are 

probably initially due to the difference between the trans influences of fluoride in 1a 

(Pd-Cl = 2.334 Å) and a partial vacant site in TS1a-1b (Pd-Cl = 2.279 Å).   1b (Pd-Cl = 

2.299 Å) is not directly comparable as the complex has changed from being 4- to 3-

coordinate, a phenomenon which is investigated further in Chapter 5.  Conversely, the 

Pd-P2 bond lengthens considerably in the formation of the transition state (by 0.24 Å), 

as the phosphine moves away from its position trans to P1 in 1a, and the Cl-Pd-P2 angle 

opens by 51.6º to create a Y-shaped geometry around the metal in TS1a-1b. The Pd-P2 

bond shortens again when T-shaped 1b is formed.  The Y-shaped geometry around 

palladium and the lengthening of the Pd-P2 bond observed in TS1a-1b can be explained 

by consideration of the molecular orbitals involved in the bonding.   

 

In TS1a-1b the Pd-F bond has broken and the P-F bond has largely formed, so the 

structure could be considered as a 14e- d8-ML3 species, and a geometric isomer of 1b 

(TPH3F).  The orbital interactions for 14e- d8-ML3 [MCl(PH3)(PH3F)] isomerising 

between TCl and TPH3F forms of complex were investigated.  Firstly, the preference of 

TS1a-1b to be Y-shaped rather than trigonal planar will be discussed, then the reason for 

the lengthening of the Pd-P2 bond will be investigated.   

 

Figure 3.6 shows two possible isomerisation pathways: (i) via a Y-shaped TS or (ii) via 

a trigonal planar transition state structure.  The geometry preference for TS1a-1b is 

explained in Figure 3.7.   

 

 

 

Table 3.2: Selected computed bond lengths and distances in 1a, TS1a-1b and 1b. 

Bond Length or Atomic Distance / Å
Pd-F F-P1 Pd-Cl Pd-P2 Pd-P1 P1-H1

1a 1.971 3.005 2.334 2.311 2.315 1.429

TS1a-1b 2.390 1.908 2.279 2.551 2.222 1.451

1b 2.793 1.770 2.299 2.276 2.281 1.465
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Figure 3.6: The possible transition state geometries when isomerising between TCl 

and TPH3F forms of [MCl(PH3)(PH3F)]. 

Figure 3.7: Walsh diagram of the reduction of an L-M-L angle (Į) in a 14e- d8-

ML3 complex. 
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As the geometry changes from a C2v T-shape to D3h trigonal planar, the 2a1 orbital is 

stabilised by removal of the antibonding interactions with two of the ligands. At the 

same time the b2 orbital is destabilised as it gains two antibonding ligand interactions 

when angle Į is reduced.  The 2a1 and b2 orbitals become a degenerate e' set when the 

L-M-L angles are all 120º.  Since these are 14-electron complexes, the e' set of orbitals 

would be half-filled. This would cause Jahn-Teller distortion either back to a T-shape, 

or alternatively to a Y-shaped geometry via a further closing of the Į angle, to maintain 

the existing singlet spin state and remove the degeneracy, or else the system would have 

a triplet spin state.7  Therefore, this 14e- d8-ML3 species will avoid having a D3h 

geometry, instead preferring T-shape or Y-shape geometries.  In the present case where 

X = F, the minima are T-shaped and the transition state is Y-shaped. 

 

The reason for the long Pd-P bond seen in Y-shaped TS1a-1b can be explained by 

focusing on the b2 orbital, as shown in Figure 3.8.  This relates to the metal dxz orbital, 

which is non-bonding with all three ligands when the complex has a C2v T-shaped 

geometry, as shown on the left hand side of the diagram.  However, when the complex 

is C2v Y-shaped, as in TS1a-1b, there is an antibonding interaction between the metal dxz 

orbital and the phosphine ligand.  This causes the lengthening and weakening of the Pd-

P ı-bond. 

 

Further calculations were carried out on a model d8-ML3 system in order to investigate 

the particular orbitals affected by the isomerisation taking place from 1a to 1b.   In 

[Pd(Cl)(PH3F)(PH3)], the PH3F ligand was replaced by methyl, an alternative one-

electron-donor ligand, to increase the symmetry of the complex to Cs, thus allowing the 

orbitals to be seen more clearly.  Figure 3.9 shows the frontier molecular orbitals and 

their computed energies. 

Figure 3.8: The interaction between the metal b2 orbital and ligands in the 

isomerisation from a T-shaped to a Y-shaped 14e- d8-ML3 complex. 
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Only the 1a' orbital, equivalent to the dxz orbital in Figure 3.8, experiences a significant 

change in energy between the three structures investigated.  In the TCl geometry on the 

left the energy of 1a' is –0.218 a.u.  As the Cl-Pd-PH3 angle is opened to 135º, the 

antibonding interaction between the phosphine and the metal dxz orbital is activated, 

raising the orbital energy to –0.205 a.u. in the Y-shaped transition state.  When the Cl-

Pd-P angle is opened further to 180º to form the TMe isomer, shown on the right hand 

side of the diagram, the P-Pd antibonding interaction is removed and the 1a' orbital 

stabilises to –0.222 a.u.  This confirms that the effect predicted in Figure 3.8 for the b2 

orbital of a C2v complex is indeed the cause of the lengthening seen in the Pd-P bond in 

the palladium complex being investigated. 

 

 

 

 

 

Figure 3.9: Evolution of the frontier molecular orbitals for the isomerisation of  

TCl-[Pd(Cl)(Me)(PH3)] via a Y-shaped TS, to TMe-[Pd(Cl)(Me)(PH3)].  Energy in 

atomic units. 
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3.5.2 H-transfer from P to Pd 

To complete the exchange, it was necessary to transfer H1, the axial hydrogen in 

{PH3F}, to palladium.  Shortening of the PdLH1 distance from 1b led to the required 

transfer, with a relatively small activation barrier of 7.7 kcal/mol.  Thus the exchange 

product, [Pd(Cl)H(PH2F)(PH3)], 1c (E = -9.3 kcal/mol) was formed via TS1b-1c (E = 

24.5 kcal/mol).  Their structures are also in Figure 3.5 and selected bond lengths and 

inter-atomic distances are shown in Table 3.3.   

 

This process involves the reversal of many of the changes which occurred in the 

formation of 1b.  As the P1-H1 bond starts to break, the Pd-H1 bond starts to form in 

TS1b-1c, a process which is completed in 1c.  The Pd-P2 bond lengthens to 2.344 Å in 

TS1b-1c, for the reasons discussed previously, then shortens to 2.302 Å in 1b as the Cl-

Pd-P2 angle closes (Cl-Pd-P2: 1b = 170.3º, TS1b-1c = 138.4º, 1c = 102.7º) and P2 returns 

to its previous position trans to P1.  In 1c both F and H1 lie in the metal coordination 

plane (F-P1-Pd-Cl = 179.0º, H1-P1-Pd-Cl = 179.0º). 

 

Comparison of structures 1a and 1c shows that hydride has a much stronger trans 

influence than fluoride (Pd-Cl: 1a = 2.334 Å, 1c = 2.431 Å).  Also, the Pd-P1 is shorter 

with the {PH2F} ligand in 1c than for PH3 in 1a.  The electron-withdrawing effect of the 

fluoride in PH2F makes the phosphine a better ʌ-acceptor and results in the shortening 

of Pd-P1 by 0.05 Å.   

 

 

 

 

 

 

 

 

Table 3.3: Selected computed bond lengths and distances in 1b, TS1b-1c and 1c. 

Bond Length or Atomic Distance / Å
Pd-H1 H1-P1 Pd-Cl Pd-P2 Pd-P1 P1-F

1b 2.638 1.465 2.299 2.276 2.281 1.770

TS1b-1c 1.834 1.609 2.383 2.344 2.215 1.663

1c 1.557 2.880 2.431 2.302 2.267 1.655
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3.6 OH/H exchange in trans-[Pd(Cl)OH(PH3)2] 
 
3.6.1 OH-transfer from Pd onto PH3 

trans-[Pd(Cl)(OH)(PH3)2], 2a, was the second molecule studied, and as mentioned in 

Chapter 1, it is an important complex as it is a model system for trans-

[Pd(Cl)(OH)(PPh3)2], a key intermediate in a hydroxide-induced disproportionation 

reaction.4 

 

The process of forming a metallophosphorane was the same as that described in the case 

of the fluoride analogue.  No assumptions were made as to whether the isomerisation 

seen with fluoride would occur here, but it was found to be essential to allow the 

formation of a metallophosphorane intermediate.   

 

By shortening the P1LO distance to 1.9 Å, then opening up the Cl-Pd-P2 angle in a 

stepwise manner, a transition state was found at the energy highpoint, which led to a 

metallophosphorane intermediate.  The structures of TS2a-2b (E = 28.3 kcal/mol) and 

metallophosphorane 2b (E = 14.1 kcal/mol) can be seen in Figure 3.10, with key bond 

lengths shown in Table 3.4.   

 

 

 

Figure 3.10: Profile for OH/H exchange in trans-[Pd(Cl)OH(PH3)2].  Energies in 

kcal/mol, bond lengths in Å. 
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It can be seen that the same geometric changes occur here during metallophosphorane 

formation as happened in the fluoride analogue.  The most important changes to note 

are the cleavage of the Pd-O bond, formation of an O-P1 bond, the opening of the Cl-

Pd-P2 angle (Cl-Pd-P2: 2a = 86.8º, TS2a-2b = 135.1º, 2b = 173.0º) and the change in 

geometry around palladium and P1.  The P1-O bond length of 1.746 Å is within the 

typical range for a P-O single bond in a metallophosphorane.8  In 2a, as in 1a, the X 

group lies in the metal coordination plane (O-P1-Pd-Cl = 176.5º).  As the P1-O bond 

forms in TS2a-2b, rotation around Pd-P1 causes the hydroxide to move out of the plane, 

reaching an approximately perpendicular position in 2b (O-P1-Pd-Cl = 78.3º).   A 

geometric feature that is not present in the fluoride system is the different orientations 

possible due to the location of the hydroxide hydrogen.  In 2a the H-O-Pd-Cl torsion 

angle is 163.7º, reducing to 62.1º in TS2a-2b, and further reducing to 29.2º in 2b.  This is 

coupled with a short PdLH2 distance in TS2a-2b (2.621 Å) and a short ClLH2 distance 

in 2b, both of which may be stabilising interactions. 

 

The main difference between the fluoride and hydroxide pathways is the position of the 

X groups and the relative energies, which may be related issues.  The hydroxide system 

has a slightly lower activation energy (by -0.7 kcal/mol) and a relatively more stable 

metallophosphorane (by 2.7 kcal/mol) than the fluoride analogue.  The relative stability 

of the hydroxide pathway may be because a hydroxide hydrogen has the ability to form 

an interaction with palladium or chloride, an ability which fluoride does not possess.  

To investigate this possibility, calculations were performed on alternative structures 

where these interactions are removed by changing the position of the hydroxide 

hydrogen, H2, by rotation around P1-O by 180º, then transition state calculations were 

run.  This led to the location of an alternative transition state structure, TS'2a-2b (E = 

30.3 kcal/mol).  Once optimised, the H2 has repositioned from H2-O-Pd-Cl = 62.1º in 

TS2a-2b to 164.1º in TS'2a-2b and the H2LPd distance has increased from 2.621 Å to 

Table 3.4: Selected computed bond lengths and distances in 2a, TS2a-2b and 2b. 

Bond Length or Atomic Distance / Å
Pd-O O-P1 Pd-Cl Pd-P2 Pd-P1 P1-H1

2a 2.025 2.857 2.354 2.314 2.305 1.433

TS2a-2b 2.467 1.901 2.319 2.453 2.239 1.458

2b 2.835 1.746 2.337 2.275 2.329 1.477
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2.770 Å.    The structure of this new transition state is shown in Figure 3.11, with the 

data for TS2a-2b shown in parenthesis for comparison. 

  

TS'2a-2b links the same 4-coordinate reactant to metallophosphorane 2b, but is 2 

kcal/mol higher in energy than TS2a-2b.  The effect of rotating the hydroxide group 

around the O-P1 bond is even more pronounced with the metallophosphorane structure, 

2b.  A new geometry was optimised with a constraint to hold the alternative hydroxide 

orientation at 180º with respect to 2b, and was found to be 8.7 kcal/mol less stable (SCF 

energy) than 2b.  Geometric constraints can make the energy artificially higher, but not 

by so much as to negate the effect being investigated.   

 

These results seem to suggest that there are indeed stabilising interaction between H2 

and palladium or chloride in TS2a-2b and 2b respectively.  This may explain why the 

hydroxide metallophosphorane, 2b, is more accessible than the fluoride analogue, 1b. 

 

3.6.2 H-transfer from P to Pd 

To complete the profile H1 must break its bond to P1 and transfer onto palladium, to 

form exchange product 2c, [PdCl(H)(PH3)(PH2OH)] (E = -17.4 kcal/mol).  This was 

achieved by shortening the PdLH1 distance from 2.707 Å in 2b in a stepwise manner, 

and seeking a transition state at the energy highpoint.  The structures of TS2b-2c (E = 

15.2 kcal/mol) and 2c are shown in Figure 3.10 with key bond lengths in Table 3.5.  The 

same structural changes occurred in the formation of product 2c as were seen in the 

formation of 1c.  Comparison of the two analogous transition states, TS1b-1c and TS2b-2c, 

shows that the transition state is much more easily formed in the hydroxide system, with 

Figure 3.11: Structure of alternative transition state TS'2a-2b.  Data for TS2a-2b  is 

shown in parenthesis. Energies in kcal/mol, distances in Å. 
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an activation energy of 1.1 kcal/mol from 2b, compared to 7.7 kcal/mol from 1b.  H-

transfer from 2b may be assisted by the orientation of the {PH3OH} group.  In 2b the 

O-P1-Pd-Cl torsion angle is 78.3º, meaning that H1 is close to the site to which it will 

transfer.  However, in 1b the F-P1-Pd-Cl angle is 118.4º, so the hydrogen has further to 

travel to reach the destination site in the metal coordination plane.  TS2b-2c is also 

earlier, with P1LH1 and Pd-P2 being shorter, PdLH1 and Pd-P1 being longer, and a 

wider Cl-Pd-P2 angle of 150.0º compared to 138.4º in TS1b-1c.     

 

The main structural difference between the exchange products 1c and 2c is the 

orientation of the X group.  In 1c the fluoride has an F-P1-Pd-Cl torsion angle of 179.0º, 

which keeps the two halogen groups as far away from each other as possible.  This 

means that a rotation must occur to deliver H1 onto palladium.  However, in 2c the O-

P1-Pd-Cl angle is 0.0º, presumably due to the intramolecular hydrogen-bonding-type 

interaction between the chloride and H1, so it is already in a good orientation to transfer 

H1.  A similar test as described earlier was performed on structure 2c to see whether 

this interaction was stabilising the structure, by removing the H1LCl interaction to see 

whether the product became less stable.  The {PH2OH} group was rotated around the 

P1-Pd bond by 180º and then allowed to optimise without constraint.  The alternative 

minimum structure identified was found to be 10.8 kcal/mol less stable than 2c, 

supporting the theory that the ClLH1 interaction stabilises 2c.   

 

 

 

 

 

 

 

 

Table 3.5: Selected computed bond lengths and distances in 2b, TS2b-2c and 2c. 

Bond Length or Atomic Distance / Å
Pd-H1 H1-P1 Pd-Cl Pd-P2 Pd-P1 P1-O

2b 2.523 1.477 2.337 2.275 2.329 1.746

TS2b-2c 1.978 1.540 2.408 2.309 2.286 1.696

2c 1.558 2.690 2.437 2.318 2.276 1.658
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3.7  NH2/H exchange in trans-[Pd(Cl)NH2(PH3)2] 

 

3.7.1  NH2-transfer from Pd onto PH3 

The next X group to be investigated was the amido group, NH2.  Despite being another 

small, relatively electronegative ligand, NH2 showed some very different behaviour 

from the hydroxide and fluoride analogous systems.  In fact, NH2 also behaved 

differently in the studies discussed at the beginning of the chapter, as it preferred to 

occupy an equatorial site in {PH4R}, while fluoride preferred axial sites.  All the 

structures with their corresponding energies are shown in Figure 3.12 and key bond 

lengths and distances are shown in Table 3.6.   

 

The reactant, trans-[PdCl(NH2)(PH3)2], 3a (0.0 kcal/mol) was found to have a square 

planar geometry similar to the other reactants.  The amido ligand exerts a stronger trans 

influence than the other X groups so far, with a trans Pd-Cl bond of 2.381 Å, almost 

0.03 Å longer than in 2a.   

 

 

 

 

 

Figure 3.12: Profile for NH2/H exchange in trans-[PdCl(NH2)(PH3)2].  Energies in 

kcal/mol, bond lengths in Å. 

17.9

-13.1

3b

3c Pd

P

Cl

H

0.0

3a

20.6

7.7

3c'

TS3b-3c'

N

24.3

3b'

-PH3

2.283

2.073

2.183

2.1071.455

Cl-Pd-P2 = 179.7o

N-P-Pd-Cl = 179.0o

P1

P1

P1

P1

P1

P1

P2

P2

P2

P2

P2

Cl-Pd-P2 = 170.6o

N-P-Pd-Cl = 68.8o

Cl-Pd-N = 167.7o

N-P-Pd-Cl = 90.6o

Cl-Pd-P2 = 88.0o

Cl-Pd-P2 = 85.1o

2.381

2.304

2.070

2.311

1.437

2.756 2.2452.339

2.498

2.903

1.724 1.427

3.005

H1

H1

H1

H1

H2

H2

H2

H1

H1

2.450

2.435 1.557

2.308

2.289 2.724

1.719

Cl-Pd-P2 = 175.6o

2.330 2.238

1.6002.283

1.880

1.713

2.344
2.242

2.236

1.422

1.706

2.733



 69

 

The methods previously described were employed to locate a transition state leading 

forward towards a metallophosphorane intermediate.  However, it was not possible to 

find such a transition state, as the Pd-N bond would not break, even when the complex 

was forced to isomerise by opening the Cl-Pd-P2 angle. Instead, an N-Pd-P 

metallacycle was formed, and the spectator phosphine dissociated, forming structure 3b' 

(E = 24.3 kcal/mol).  No transition state was located for this process as the energy just 

rose as the Pd�P2 distance increased from 2.304 Å in 3a.  The geometry around the 

metal in 3b' is a distorted 3-coordinate T-shape.  In this case no isomerision was 

required between reactant and transition state, as the phosphine leaving created a vacant 

site opposite P1.  The N�P1 distance shortened to 2.107 Å in 3b' but the N-Pd bond 

remained intact, lengthening only by 0.003 Å.   

 

Nitrogen has the ability to form a metallacycle because even after making a bond to P1, 

it has another lone pair to maintain the bond to the palladium.  This type of Pd-P-N 

metallacycle has been seen in other metallophosphorane structures characterised 

experimentally.  For example, Figure 3.13 shows the structure of [(Ș2-

cyclenP)PtClPPh3] which was determined by Lattman et al.
9 using X-ray 

crystallography.  This structure features a Pt-P-N metallacycle where the phosphorus is 

also pentacoordinated.  The P1-N1 bond is shorter than P1-N in 3b'; this difference may 

be due to the different axial substituent of N as opposed to H1 in 3b'.  One further 

difference is that there is a long Pt-Cl bond (2.440(4) Å) in [(Ș2-cyclenP)PtClPPh3].   

Lattman suggests that this may be due to steric and/or electronic effects caused by the 

distortion from a square planar geometry within the metallacycle.  Conversely, in 3b' 

the Pd-Cl bond is quite short compared to the other structures in the profile (2.283 Å).  

This may be because the nitrogen has a reduced trans influence when it is part of a 

Table 3.6: Selected calculated bond lengths and distances in structures from the 

NH2/H exchange profile. 

Bond Length or Atomic Distance / Å
Pd-N N-P1 Pd-Cl Pd-P2 Pd-P1 P1-H1 Pd-H1

3a 2.070 2.756 2.381 2.304 2.311 1.437 -
3b' 2.073 2.107 2.283 - 2.183 1.455 -
3b 3.005 1.724 2.339 2.245 2.498 1.427 2.903

TS3b-3c' - 1.706 2.334 2.242 2.733 1.442 2.236

3c' - 1.713 2.330 2.238 - 1.880 1.600
3c - 1.719 2.435 2.308 2.289 2.724 1.557
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metallacycle.  It is not clear why the phosphine dissociates upon formation of the 

metallacycle in the model system, but is stable with the triphenylphosphine attached in 

this experimental system.  It may be due to the strong trans influence of the {Ș2-

cyclenP} ligand.  

 

Although a pathway was not found for transfer of the amido group from palladium to 

P1, it was possible to find a metallophosphorane structure which was similar to those 

seen with the other X groups. It was located by substituting the hydroxide group in 2b 

with the amido group and optimising without constraints.  The comparative energy of 

the minimum structure found, 3b (E = 17.9 kcal/mol), is higher than the fluoride 

analogue (1b E = 16.8 kcal/mol) and the hydroxide analogue (2b E = 14.1 kcal/mol).  

The main structural difference between this amido metallophosphorane and 1b and 2b 

is the arrangement at P1.  In 3b P1 has a distorted trigonal bipyramidal geometry, with 

palladium in an axial position and NH2 in an equatorial position, the opposite from in 

1b and 2b.  This is consistent with the findings in Section 3.2, where PH4(NH2) with 

NH2 in an axial position isomerised to the preferred equatorial isomer.  The Pd-P1-H2 

angle is 174.2º and N, H1 and H3 are coplanar with P1 (sum of equatorial angles around 

P1 is 359.1º).  The Pd-P1 bond is long in 3b at 2.498 Å.  This may be because it is in an 

axial position on P1, rather than its usual equatorial position (Pd-P1: 1b = 2.281 Å, 2b = 

2.329 Å).  Axial bonds are normally longer than equatorial bonds in PF5 and other 

phosphorus (V) halides, as discussed in Chapter 1.  This effect is also exhibited in the 

difference between the P1-H bond lengths in 3b: P1-Hax = 1.468 Å, P1-Heq = 1.427 Å 

and 1.439 Å.   

 

 

 

Figure 3.13: Structure of [(Ș2-cyclenP)PtClPPh3] with selected bond lengths and 

angles. 
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3.7.2  H-transfer from P to Pd  

Starting from 3b, the PdLH1 distance was reduced stepwise to facilitate the transfer of 

H1 from P1 onto palladium.  A transition state, TS3b-3c' (E = 20.6 kcal/mol), was found 

close to the energy highpoint in the scan.  It is evident from the structure of TS3b-3c' that 

this part of the profile is different from the fluoride and hydroxide systems.  Firstly, the 

PdLP1 distance is very long in TS3b-3c' at 2.733 Å, compared to less than 2.3 Å in both 

TS1b-1c and TS2b-2c.  The geometry around P1 has also altered to a distorted tetrahedron, 

with the three N-P1-H angles in the range of 97-121º.  The lengthening usually seen in 

the Pd-P2 bond in all the transition states so far is not present either, with Pd-P2 actually 

shortening by 0.003 Å from 3b.  There is only a small change in the Cl-Pd-P2 angle, 

which reduces by 2.9º from 3b, which is much less than the change seen in the other 

systems.   

 

It seems that although H1 is breaking its bond to P1 and forming a bond to palladium, 

the isomerisation around palladium that normally accompanies this is not present here.  

Instead, as H1 is transferring to palladium, the Pd-P1 bond is breaking, resulting in the 

dissociation of {PH2NH2}.  Indeed, an IRC calculation confirmed that TS3b-3c' leads to a 

structure where the Pd-P1 bond has broken and {PH2NH2} has dissociated, to form 

structure 3c' (E = 7.7 kcal/mol).  The palladium now has a 3-coordinate T-shaped 

geometry with H1 trans to a vacant site.  The Pd-Cl and Pd-P2 bonds are both slightly 

shorter than in 3b, where the chloride and phosphine groups also lie trans to each other, 

possibly because there is less steric crowding around the palladium in 3c' and the 

complex is 3- rather than 4-coordinate.  The free {PH2NH2} fragment has a trigonal 

pyramidal structure, with the three angles in the range of 97-111º.  There is an 

interaction between P1 and H1 (1.880 Å) and between an amido hydrogen and the 

chloride (2.283 Å).   

 

Although it was not possible to link it into the reaction profile, a 4-coordinate square 

planar product analogous to 1c and 2c was constructed by substituting the X group in 1c 

with the amido group.  The structure, 3c (E = -13.1 kcal/mol), was optimised, but a 

transition state to link to a metallophosphorane species was not found.  The structure 

was similar to that of 2c, with a hydrogen-bonding interaction between an NH2 

hydrogen and chloride (2.450 Å), keeping the amido group on the same side of the 

molecule as the chloride (N-P1-Pd-Cl = 31.0º).  This product is considerably more 

thermodynamically favourable than product 3c'.       
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3.8  Me/H exchange in trans-[Pd(Cl)Me(PH3)2] 

 

3.8.1  Me-transfer from Pd onto PH3 

It was of interest to investigate how the properties of the reaction profile would be 

affected by a hydrocarbyl X group, the simplest example of which being methyl.  These 

systems are particularly relevant to the work discussed in Chapters 5 and 6, which look 

at methyl and phenyl exchange processes.  The structures and energies for the profile 

when X = Me are shown in Figure 3.14, with bond lengths and distances in Table 3.7 

below.   

 

 

Figure 3.14: Profile for Me/H exchange in trans-[PdCl(Me)(PH3)2].  Energies in 

kcal/mol, bond lengths in Å. 
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The reactant, 4a, trans-[PdCl(CH3)(PH3)2] (set to 0.0 kcal/mol), was optimised and 

found to have a similar structure to the other reactants.  The Pd-Cl bond is very long at 

2.413 Å, indicating that methyl exerts a strong trans influence. 

 

The standard method was used to locate a methyl-transfer transition state, TS4a-4b (E = 

37.9 kcal/mol), and IRC calculations confirmed that it leads to a metallophosphorane 

intermediate, 4b (E = 26.3 kcal/mol).   In geometric terms, TS4a-4b seems to be earlier 

than the analogous structures from the fluoride and hydroxide pathways.  This is 

exhibited by a longer P1LC distance of 2.110 Å (P1LF in TS1a-1b = 1.908 Å) and a 

small Cl-Pd-P2 angle of 129.3º.  TS4a-4b also has a relatively long Pd-Cl bond (2.405 Å) 

and a short Pd-P2 bond (2.350 Å).  Despite this, the activation energy is high at 37.9 

kcal/mol.  The comparative energy of 4b is also considerably higher than the 

metallophosphoranes in the other systems investigated; the structure of 4b, however, is 

similar to 1b.  The methyl group lies almost perpendicular to the metal coordination 

plane (C-P1-Pd-Cl = 83.0º), as there is no evidence for any stabilising interaction with 

the chloride, in contrast to the hydroxide and amido groups.  The Pd-P1 bond is slightly 

longer than in the other metallophosphoranes in the series: for example it is 0.1 Å 

longer than in 1b. 

 

3.8.2  H-transfer from P to Pd 

The pathway to the exchange product trans-[PdCl(H)(PH3)(PH2CH3)], 4c (E = -8.7 

kcal/mol), was found by decreasing the PdLH1 distance.  An extremely early transition 

state was located, TS4b-4c (E = 26.0 kcal/mol), the structure of which only shows small 

geometric changes from the structure of 4b.  In this case the transition state energy is 

actually lower than one of the minima it links to.  This effect is often seen when a 

destabilising zero-point energy correction is made to SCF energies.  If the pure 

electronic SCF energies of 4b and TS4b-4c are compared, the transition state is the less 

stable by 0.5 kcal/mol.  However, when the zero-point energy correction is applied, the 

relative energy of the transition state is destabilised by less than that of 4b, resulting in 

TS4b-4c being 0.3 kcal/mol more stable than 4b.  This happens because a transition state, 

as a turning point with one imaginary frequency, is considered in a frequency 

calculation by the Gaussian program to have one less vibrational mode than a minimum 

(with 3N-7 rather than 3N-6 vibrational modes).  If a minimum and a transition state are 

close in energy, this difference in the degree of destabilisation can lead to the transition 

state having a lower energy than the minimum.  In this case, this results in there being 
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effectively no barrier for the H-transfer, meaning that Me/H exchange is a concerted 

reaction. 

 

The structure of exchange product 4c is very similar to the other products seen before.  

The methyl group lies almost 180º from chloride (C-P1-Pd-Cl = 179.8º), as seen in 

analogous fluoride complex 1c, presumably for steric reasons.  This Me/H exchange 

reaction is thermodynamically favourable by 8.7 kcal/mol.   

 

3.9  Ph/H exchange in trans-[Pd(Cl)Ph(PH3)2] 

 

3.9.1  Ph-transfer from Pd onto PH3 

The next variation of the X group to be investigated was phenyl.  The structures and 

energies for the phenyl system are shown in Figure 3.15 with bond lengths and 

distances in Table 3.8.   

 

 

 

 

 

Figure 3.15: Profile for Ph/H exchange in trans-[PdCl(Ph)(PH3)2].  Energies in 

kcal/mol, bond lengths in Å. 
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The reactant structure trans-[PdCl(C6H5)(PH3)2], 5a (E = 0.0 kcal/mol), was optimised 

and found to have a square planar structure similar to the other reactants.  Phenyl 

appears to have a strong trans influence, exceeded only by methyl in the series of 

reactants investigated.  A transition state, TS5a-5b (E = 32.9 kcal/mol), was identified to 

lead from 5a to a metallophosphorane structure. It has structural features suggestive of 

an early transition state (P1-C = 2.041 Å), coupled with a high activation barrier – as 

was the case with the methyl system.  The Cl-Pd-P2 angle in TS5a-5b is small at 131.9º 

(compared to 139.7º in TS1a-1b); the Pd-Cl bond has not shortened much towards its 

eventual length in 5b, and Pd-P2 has not lengthened as much as in other analogous 

transition states.  However, the phenyl group has rotated completely out of the metal 

coordination plane (C1-P1-Pd-Cl = 119.0º).  The phenyl ring adopts an orientation 

perpendicular to the metal coordination plane in TS5a-5b, as predicted by Hoffmann et 

al.10 

 

3.9.2  H-transfer from P to Pd 

The pathway continues with TS5b-5c (E = 28.8 kcal/mol), which was located using the 

method previously described.  As seen in the analogous Me/H exchange reaction, the 

second transition state is only slightly geometrically different to its corresponding 

metallophosphorane, and its energy is slightly lower - in this case Ea = -0.5 kcal/mol.  

This makes the formation of exchange product 5c, trans-[PdCl(H)(H2PC6H5)(PH3)] (E = 

-5.2 kcal/mol), a concerted process.  Complex 5c has a C1-P1-Pd-Cl torsion angle of 

178.4º, meaning the chloride and phenyl group lie on opposite sides of the molecule, as 

seen with the analogous fluoride and methyl exchange products, 1c and 4c.   

 

Table 3.8: Selected calculated bond lengths and distances in structures from the 

Ph/H exchange profile.

Bond Length or Atomic Distance / Å
Pd-C1 C1-P1 Pd-Cl Pd-P2 Pd-P1 P1-H1 Pd-H1

5a 2.033 3.134 2.422 2.311 2.311 1.430 -

TS5a-5b 2.213 2.041 2.441 2.352 2.267 1.450 -

5b 2.407 1.905 2.357 2.274 2.350 1.474 2.977

TS5b-5c - 1.882 2.384 2.284 2.332 1.498 2.118

5c - 1.851 2.417 2.300 2.296 2.705 1.560
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3.10  Summary of the effect of changing the X ligand on X/H exchange 

Before going on to look at the ways in which changing the metal or the nature of the 

phosphine affects metallophosphorane formation and subsequent exchange, the results 

from varying the X ligand will be summarised.  Table 3.9 shows the comparative 

energies of the five structures which are common to each reaction pathway, for each 

variation of the X ligand.   

 

Focusing first on the transition states which link structures a and b, with the activation 

energy Ea1, the more electronegative X groups have a lower activation energy than the 

less electron-withdrawing X groups.  Since TSa-b essentially features an intramolecular 

nucleophilic attack of the X group on a phosphine, it is logical that the process would be 

easier with more electronegative X groups as they make better nucleophiles.  With this 

in mind, TS2a-2b should be higher than TS1a-1b due to electronegativity, however, as 

discussed earlier in the chapter, there seems to be intermolecular stabilisation occurring 

when X = hydroxyl. 

 

Calculations were performed on a range of model molecules to obtain relative bond 

interaction (BI) energies for the bonds formed and broken in the exchange reaction 

profiles.  The model molecules that were used are shown in Figure 3.16, with the 

relevant bonds highlighted by a dashed line.  Molecule ii models the phosphorane part 

of the metallophosphorane intermediate structures (b), with a hydrogen atom in place of 

the palladium fragment.  In each case, the energies of the two fragments were taken 

without allowing relaxation to occur, and compared to the optimised energy of the 

parent molecule. 

Table 3.9: Comparison of the comparative energies from X/H exchange in trans-

[PdCl(X)(PPh3)2], varying the X ligand. 

Energy / kcal/mol
Reactant Metallo- Exchange

phosphorane Product
X a TSa-b b TSb-c c

F (1) 0 29.0 16.8 24.5 -9.3
OH (2) 0 28.3 14.1 15.2 -17.4

NH2 (3) 0 - 17.9 - -13.1

CH3 (4) 0 37.9 26.3 26.0 -8.7

C6H5 (5) 0 32.9 29.3 28.8 -5.2



 77

 

TSa-b involves breaking a Pd-X bond and forming a P-X bond.  Therefore, differences 

in BI energies will also play a role in the accessibility of these transition states.  Table 

3.10 shows calculated Pd-X and P-X BI energies for three of the X groups that were 

studied.   

  
      BI / 
kcalmol-1   ∆BI Ea 1 E of b 

X Pd-Xi P-Xii   (TSa-b)   

F (1) 100.5 129.8 29.3 29.0 16.8 

OH (2) 74.8 97.7 22.9 28.3 14.1 

Me (4) 66.0 68.5 2.5 37.9 26.3 

 

If the profiles for F/H exchange and Me/H exchange are compared, it can be seen that 

the greater value of ǻBI when X = F results in a lower activation barrier and a more 

comparatively stable metallophosphorane species (1b) being formed.  However, the 

analogous hydroxide system does not fit in with this trend.  As the ǻBI value for X = 

OH is lower than when X = F, TS2a-2b should be comparatively higher than TS1a-1b, and 

2b should be less comparatively stable than 1b.  In fact, the reverse is true.  This 

anomaly can be attributed to the stabilising interactions present in TS2a-2b and 2b, as 

discussed earlier in the chapter. 

 

It is also worth noting that the barrier for transferring methyl onto PH3 was calculated to 

be 5 kcal/mol higher than for the same process with phenyl.  An earlier computational 

study by Hoffman et al.
10 using extended Hückel calculations on [PdH3(PH2R)]- (R = 

Me, Ph) investigated the relative barriers for transferring the R group from phosphorus 

to palladium.  The absolute values are not helpful for comparison as they had 

Table 3.10: Comparison of  BI energies for metallophosphorane formation,  the initial 

step in X/H exchange in trans-[PdCl(X)(PPh3)2], when X = F, OH, or Me. 

Figure 3.16: The model systems used to obtain BI energies (of dashed bonds) for 

OH/R exchange profiles. 
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constraints on the geometries during the transfer, which was formally an oxidative 

addition.  However, the overall result is relevant, that it is easier to transfer a phenyl 

group than a methyl.  The process would also be expected to be more accessible with 

phenyl as it has a ʌ-system that is able to strengthen the bonding interactions in the 

transition state by simultaneously interacting with the atoms it is transferring from and 

to, lowering the activation barrier.  

 

The trend in the relative stabilities of the metallophosphorane structures follows the 

same trend as for ǻEa1.  This can partly be attributed to the ǻBI values discussed 

previously.  Another factor could be the more electron-withdrawing X groups making 

the PH3X ligand a better ʌ-acceptor, which may be stabilising the intermediate species.  

There is evidence for this in the Pd-P1 bond lengths shown in Table 3.11.  The 

increased ʌ-back donation from the palladium shortens the Pd-P1 bond.  This effect was 

discussed in Chapter 1,  when comparing the Fe-P bond lengths in 

[FeCp{P(OC6H4NMe)2}(CO)2] to [FeCp{P(OC6H4NMe)(OC6H4O)}(CO)2].  The X-ray 

data showed that the Fe-P bond is shorter in the second complex (2.272(1) Å cf. 

2.291(1) Å),11 which has a more electron-poor phosphorus, making it a better ʌ-

acceptor.  The exception to this trend is 3b (X = NH2), but in this case the palladium is 

in an axial site on P1, and as discussed earlier in the chapter, axial bonds in a TBP are 

longer than equatorial bonds.   

  Pd-P1 Length / Å 
  Metallophosphorane 
X b 

F (1) 2.281 

OH (2) 2.329 

Ph (5) 2.350 

Me (4) 2.383 

NH2 (3) 2.498 

 

The most comparatively stable metallophosphorane is seen when the X group is 

hydroxide.   As demonstrated earlier, this structure can obtain extra stability by the 

hydroxide group forming a hydrogen-bonding-type interaction with chloride. 

 

The second activation energy, Ea2, is smallest when the X group is methyl or phenyl, as 

shown in Table 3.12.  In both of these cases TSb-c is actually slightly lower in energy 

Table 3.11: Pd-P1 bond lengths (Å) in structure b when varying the X ligand. 
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than the preceding metallophosphorane structure due to the inclusion of zero point 

energy corrections on extremely small activation barriers.  The process of H-transfer 

from {PH3X} to palladium involves breaking a P-H bond and forming a Pd-H bond.  

Since the Pd-H bond formed is approximately the same in each case (all 1.56 Å), the 

nature of the {PH3X} group and the ease of breaking the P-H bond are  

the key to ǻEa2.  There is no obvious link between the P-H1 bond lengths in the 

metallophosphorane structures (X = F < CH3 < C6H5 < OH) and the ease of breaking P-

H1.  It is possible that it is simply the greater electronegativity of fluoride and 

hydroxide which make the P-H1 bond harder to break than with methyl or phenyl as the 

X group.  In general, it is easier to transfer a hydrogen than it is to transfer any of the X 

groups. 

X Ea 2 
 / kcal/mol 

F (1) 7.6 
OH (2) 1.1 
NH2 (3) - 

Me (4) -0.4 

Ph (5) -0.6 

 

The final energies to be analysed are the comparative stabilities of the exchange 

products, which all have the structure [PdCl(H)(PH2X)(PH3)] (trans-phosphine).  Their 

energies are shown again in Table 3.13 alongside the Pd-P1 bond lengths for the 

different variations of X.  The products with the more electronegative X groups - 

fluoride, hydroxide and amido - are more thermodynamically favourable than methyl 

and phenyl.  However, the hydrogen-bonding-type interaction in products 2c (ClLH(O) 

= 2.160 Å) and 3c (ClLH(N) = 2.450 Å) seem to cause these two structures to be 

further stabilised.   

 

As was seen with the metallophosphorane Pd-P1 bond lengths, shorter bonds are 

observed in the exchange products with more electronegative X groups.  Hence Pd-P1 is 

longer when X is a hydrocarbyl group.  Since all these structures have the same groups 

cis and trans to the PH2X phosphine in the [PdCl(H)(PH3)(PH2X)] products, it can only 

be the nature of the X group that is affecting the Pd-P1 bond length.   

 

Table 3.12: Activation energy Ea2 (kcal/mol) for H-transfer from P to Pd. 
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 Pd-P1 Length / Å Energy of c 
X Product c / kcal/mol 

F (1) 2.267 -9.3 

OH (2) 2.276 -17.4 
NH2 (3) 2.289 -13.1 

Me (4) 2.292 -8.7 

Ph (5) 2.296 -5.2 

 

It is surprising that the Pd-P1 bond is longer in 5c than in 4c, as P(C6H5)3 would be 

expected to have a stronger ʌ-acceptor ability than P(CH3)3.
12,13  However, the 

difference between the Pd-P1 in the methyl and phenyl systems is very small, and it is 

possible that the order would reverse with PX3 rather than PH2X.   

 

To conclude, it is easier to form a metallophosphorane structure with a more 

electronegative X group.  The resultant metallophosphoranes are more comparatively 

stable with electronegative X groups rather than hydrocarbyl groups.  The activation 

energy is smaller for the H-transfer step than for metallophosphorane formation in all 

cases.  The electronegative X groups also lead to the most thermodynamically 

favourable exchange products.  Intramolecular interactions can lower the comparative 

energies of both minimum and transition state structures. 

 

 

 

Table 3.13: The Pd-P1 bond lengths and relative energies in the exchange product 

structures, when varying the X ligand in [PdCl(H)(PH3)(PH2X)] (trans-PR3). 
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3.11  Cl/H exchange in trans-[Pd(Cl)2(PH3)2] 

 

3.11.1  Cl-transfer from Pd onto PH3 

One further variation of the X group was investigated: chloride. It was of interest to 

discover whether a larger, less electronegative halide would behave similarly to the 

smaller, harder halide, fluoride.  Chloride was found to behave quite differently to 

fluoride, and in fact to all the other X groups investigated, which is why it has not been 

included in the general comparison.   

 

The reactant, trans-[PdCl2(PH3)2], was optimised, and is shown along with the Cl/H 

exchange profile in Figure 3.17.  Table 3.14 shows key bond lengths and distances for 

all the species involved.   

 

The structure of reactant 6a (energy set to 0.0 kcal/mol) is very similar to the fluoride 

analogue, 1a.  Chloride and fluoride exert an almost identical trans influence, with the 

trans Pd-Cl bond being only 0.001 Å longer in 6a than in 1a.  The transition state, TS6a-

Figure 3.17: Profile for Cl/H exchange in trans-[PdCl(Cl)(PH3)2].  Energies in 

kcal/mol, bond lengths in Å. 
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6b (E = 37.6 kcal/mol), was found in the standard way, but structural differences to the 

other X group profiles became apparent.  TS6a-6b displays a much later geometry than 

TS1a-1b, with a large Cl1-Pd-P2 angle of 151.4º and a long PdLCl2 distance.  The 

activation barrier is 8.6 kcal/mol higher than at TS1a-1b.   

 

Despite the long PdLCl2 distance, the P1LCl2 distance is also unusually long, at 

2.631 Å.  This compares with the experimentally determined axial P-Cl bond length in 

PCl5 of 2.127(3) Å.14  TS6a-6b was found to lead to an intermediate species, 6b (E = 34.5 

kcal/mol).  This structure also features an extremely long P1LCl2 distance of 2.478 Å. 

The P1-H1 bond is shorter than in the hydroxide and fluoride systems, probably due to 

the weak P1�Cl2 interaction trans to it.  This structure could be considered as a tight 

ion pair between [PdCl(PH3)2]
+ and Cl-. Whatever the description, 6b is the most 

thermodynamically unfavourable intermediate seen so far in this series.   

 

3.11.2  H-transfer from P to Pd 

The PdLH1 distance was reduced in the standard way in order to find a pathway 

linking species 6b with the exchange product 6c (E = 10.7 kcal/mol), trans-

[PdCl(H)(PH3)(PH2Cl)].  However, all attempts to locate a transition state were 

unsuccessful.  As seen before, as the PdLH1 distance was shortened, the Cl1-Pd-P2 

angle also started to reduce.  The difference in this case was that as a vacant site became 

available, Cl2 would always form a bond to the palladium before H1 was able to, as the 

chloride is so loosely bound to P1.  Exchange product 6c (E = 10.7 kcal/mol) was 

optimised for comparison, and was found to have a similar structure to the fluoride 

product, 1c.  The Cl2-P1-Pd-Cl1 torsion angle is 180.0º, so the two halides are as far 

away from each other as possible, as seen in 1c.  An important difference is that 6c is 

the first exchange product that is less stable than its corresponding reactant, at +10.7 

kcal/mol. 

Table 3.14: Selected calculated bond lengths and distances in structures from 

the Cl/H exchange profile. 

Bond Length or Atomic Distance / Å
Pd-Cl2 Cl2-P1 Pd-Cl1 Pd-P2 Pd-P1 P1-H1 Pd-H1

6a 2.349 3.249 2.335 2.314 2.314 1.429 -

TS6a-6b 2.778 2.631 2.316 2.446 2.214 1.437 -

6b 3.190 2.478 2.296 2.309 2.264 1.450 2.755
6c - 2.133 2.430 2.290 2.295 2.936 1.555
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Overall, Cl/H exchange from trans-[PdCl2(PH3)2] does not occur through a similar 

mechanism to the other variations of the X group investigated.  Species 6b is difficult to 

form and is relatively unstable, with its very long P�Cl2 distance casting doubt over its 

true nature.  H-transfer from 6b was also problematic, resulting in the conclusion that X 

= Cl cannot be compared to exchange with the other X groups. 

 

3.12 Changing the nature of the phosphine: trans-[Pd(Cl)(OH)(PH3)(PR3)] (R = F, 

Me) 

 
The next aspect of the model system trans-[M(Cl)X(PR3)(PH3)] to be investigated was 

the effect of varying the R group in the active phosphine.  To allow a direct comparison, 

X will be hydroxyl and M will be palladium, so that only the R group is varied.  R = H 

has already been analysed in section 3.6; this will be compared with R = F and R = CH3.  

The results will be presented for these two new exchange profiles, followed by a more 

general discussion of the effect of changing the nature of the active phosphine in these 

types of systems. 

 

3.13  OH/F exchange in trans-[Pd(Cl)OH(PH3)(PF3)] 
 

3.13.1 OH-transfer from Pd onto PF3 

The structures and energies of the profile for OH/F exchange will be compared to the 

OH/H exchange profile described earlier in the chapter.  Selected bond lengths and 

distances are shown in Table 3.15; structures and the energy profile are displayed in 

Figure 3.18.   

Table 3.15: Selected calculated bond lengths and distances in structures from the 

OH/F exchange profile.

Bond Length or Atomic Distance / Å
Pd-O O-P1 Pd-Cl Pd-P2 Pd-P1 P1-F1 Pd-F1

7a 2.100 2.065 2.312 2.347 2.252 1.639 -
TS7a-7b 2.479 1.787 2.288 2.500 2.196 1.647 -

7b 2.847 1.686 2.312 2.292 2.273 1.709 2.782
TS7b-7c - 1.659 2.319 2.501 2.229 1.764 2.391

7c - 1.623 2.356 2.332 2.279 3.062 1.958
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The reactant structure trans-[Pd(Cl)OH(PF3)(PH3)], 7a (set to 0.0 kcal/mol), was 

optimised.  The structure is considerably distorted from a square planar geometry with a 

short OLP1 distance of 2.065 Å and a small P1-Pd-O angle of 56.5º.  This OLP1 

interaction may be the cause of the longer O-Pd bond observed (O-Pd: 7a = 2.100 Å, 2a 

= 2.025 Å).  This in turn may disrupt the trans influence that the hydroxyl has on the 

chloride, leading to a shorter Pd-Cl bond (Pd-Cl: 7a = 2.312 Å, 2a = 2.354 Å).  The Pd-

P1 bond (2.252 Å) is shorter than the Pd-P2 bond (2.347 Å), due to the non-equivalence 

of the two phosphine ligands.  This can be attributed to the better ʌ-acceptor ability of 

PF3 compared to PH3.  Generally, when the R group on a phosphine is more 

electronegative, the empty ı*-orbital on the phosphorus that is able to accept electron 

density from the metal becomes more stable. This allows better orbital overlap and a 

smaller energy mismatch with the donating dʌ-orbital on the metal.  Stronger ʌ-back 

donation from the palladium leads to a shorter Pd-P bond.  In some cases the ı-donating 

ability of the phosphine can also be an important factor affecting the Pd-P bond length.  

However, with electron-withdrawing fluorides on the phosphorus in this system, the ı-

donating ability of the phosphorus to the metal should be reduced compared to PH3.  It 

therefore seems likely that ʌ-effects are dominant in this particular case.   

 

Figure 3.18: Profile for OH/F exchange in trans-[PdCl(OH)(PH3)(PF3)].  Energies in 

kcal/mol, bond lengths in Å. 
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A transition state for OH-transfer was located using the method developed earlier in the 

chapter, namely by reducing the OLP1 distance, then opening the Cl-Pd-P2 angle in a 

scan.  The transition state, TS7a-7b (E = 17.5 kcal/mol), was found near the energy 

highpoint.  This activation energy of 17.5 kcal/mol is extremely low, because P1 is very 

susceptible to nucleophilic attack as the fluorines withdraw electron density from the 

phosphorus.  The OLP1 distance (1.787 Å) is much shorter than in TS2a-2b (1.901 Å), 

and the Pd-P1 bond is also shorter in TS7a-7b  (2.196 Å) than in TS2a-2b (2.239 Å), 

presumably due to the ʌ-donation effects discussed above.  The Pd-P2 bond, however, 

is long (Pd-P2: TS7a-7b = 2.500 Å, TS2a-2b = 2.453 Å). 

 

IRC calculations showed that TS7a-7b leads to a metallophosphorane intermediate, 7b (E 

= 0.0 kcal/mol).  This is by far the most stable metallophosphorane seen so far in this 

study.  This stability may arise from ʌ-back donation from palladium to P1.  The case 

for good ʌ-back donation is supported by the short Pd-P1 bond (2.273 Å) seen in 7b 

compared to in 2b (2.329 Å).  The O-P1 bond is also shorter (O-P1: 7b = 1.686 Å, 2b = 

1.746 Å), presumably due to the presence of the fluorine substituents on P1.  There is a 

short ClLH(O) interaction that causes the O-P1-Pd-Cl torsion angle to be small at 53.9º 

(24.4º less than in 2b).   

 

3.13.2  F-transfer from P to Pd 

A transition state for the transfer of F1 from P1 onto palladium was found by shortening 

the PdLF1 distance in a scan.  TS7b-7c (E = 12.9 kcal/mol) was found near the energy 

highpoint.  While Ea1 is comparatively small in this profile, a high activation barrier of 

12.9 kcal/mol is seen in the second stage of the exchange reaction.  This barrier is more 

than ten times larger than the equivalent barrier in the R = H system at TS2b-2c.  This 

may be due to the strong P1-F1 bond which has to be broken.  Consistent with the trend 

thus far, the Pd-P1 bond (2.229 Å) is shorter than in TS2b-2c (2.286 Å).  As in TS7a-7b the 

Pd-P2 bond is long (2.501 Å) and the Cl-Pd-P2 angle is small at 129.3º.  This results in 

P2 having a weak trans influence on the chloride, leading to a shorter Pd-Cl bond (2.319 

Å) than in TS2b-2c (2.408 Å).   

 

TS7b-7c leads forwards to exchange product trans-[PdCl(F)(PH3)(PF2OH)], 7c (E = -8.5 

kcal/mol).  The structure of 7c is very similar to the structure of 2c.  Surprisingly, the 

Pd-P1 bond is longer in 7c than in 2c (2.276 Å).  7c has a shorter Pd-Cl bond (2.356 Å) 
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than 2c (2.437 Å), indicating once again that hydride exerts a stronger trans influence 

than fluoride.   

 
3.14 OH/Me exchange in trans-[Pd(Cl)OH(PH3)(PMe3)] 
 
3.14.1  OH-transfer from Pd onto PMe3 

The third variation in the type of active phosphine which was investigated was R = CH3, 

to see the effect that electron donating substituents on the phosphine would have on the 

reaction profile.  Perhaps unsurprisingly, the profile for OH/Me exchange was found to 

be more similar to OH/H exchange than OH/F exchange.  The structures and energies 

for this profile are shown in Figure 3.19 and selected bond lengths are in Table 3.16. 

 

Reactant trans-[PdCl(OH)(PMe3)(PH3)], 8a (set to E = 0.0 kcal/mol) was optimised and 

found to be structurally very similar to reactant 2a.  The change in the nature of the 

phosphine has only caused a very small lengthening of 0.004 Å in the Pd-P1 bond and 

0.025 Å in the Pd-P2 bond compared to 2a.  The added steric bulk on the active 

phosphine has little effect on the adjacent P1-Pd-Cl and P1-Pd-P2 angles, enlarging 

them by less than 1º each.   

 

TS8a-8b (E = 29.0 kcal/mol) was found using the standard methods, and IRC calculations 

confirmed that it links reactant 8a to a metallophosphorane intermediate.  Comparison 

Figure 3.19: Profile for OH/Me exchange in trans-[PdCl(OH)(PH3)(PMe3)].  Energies 

in kcal/mol, bond lengths in Å. 
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of the structures reveals that TS8a-8b has a geometry indicative of an early transition 

state.  For example, the hydroxyl is earlier in its transfer to P1, with a PdLO distance 

0.112 Å shorter and an OLP1 distance 0.044 Å longer than in TS2a-2b.  The Cl-Pd-P2 

angle is 9.0º smaller than in TS2a-2b, coupled with a smaller increase in the Pd-P2 bond 

length.  The Pd-Cl bond has lengthened from 2.366 Å in 8a to 2.370 Å in TS8a-8b, which 

seems counterintuitive, as the trans influence of hydroxyl has greatly lessened, which 

should shorten the Pd-Cl distance in the transition state.  The activation barrier for 

metallophosphorane formation is 0.7 kcal/mol higher than for the same barrier in the 

profile where R = H.  The positive inductive effect of the methyl groups will make P1 

slightly more electron rich, making it less susceptible to nucleophilic attack, which may 

account for the slightly higher activation barrier.   

 

The metallophosphorane intermediate located, 8b (E = 18.5 kcal/mol), is 4.4 kcal/mol 

less comparatively stable than 2b.  Nevertheless, the two compounds are structurally 

similar.  The greatest difference is in the length of the Pd-P1 bond, which is longer in 8b 

(2.440 Å) than in 2b (2.329 Å).  The connection between the Pd-P1 bond length and the 

electronegativity of the R groups on P1 will be discussed further in section 3.16.   

 

3.14.2  H-transfer from P to Pd 

A scan lengthening the P1LC1 distance in 8b led to the discovery of a transition state, 

TS8b-8c (E = 23.9 kcal/mol).  The activation barrier for methyl transfer is 5.4 kcal/mol, 

higher than the barrier of 1.1 kcal/mol for the H-transfer in the OH/H exchange profile.  

The geometry of TS8b-8c seems to bear features of a late transition state – with a long 

Pd-P2 bond (Pd-P2: TS8b-8c = 2.345 Å, TS2b-2c = 2.309 Å) and a small Cl-Pd-P2 angle 

(Cl-Pd-P2: TS8b-8c =129.1º, TS2b-2c = 150.0º).  However, the transferring methyl group 

is still quite far from the palladium (PdLC1 = 2.453 Å).  It is typical for a methyl-

Table 3.16: Selected calculated bond lengths and distances in structures from the 

OH/Me exchange profile. 

Bond Length or Atomic Distance / Å
Pd...O O-P1 Pd-Cl Pd-P2 Pd-P1 P1-C1 Pd-C1

8a 2.027 2.863 2.366 2.339 2.309 1.854 -
TS8a-8b 2.355 1.945 2.370 2.411 2.272 1.905 -

8b 2.741 1.767 2.350 2.257 2.440 1.936 2.910
TS8b-8c - 1.717 2.424 2.345 2.300 2.050 2.453

8c - 1.666 2.454 2.332 2.300 3.077 2.078
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transfer to have a higher activation barrier than an H-transfer.  This difference in 

barriers was studied by Low and Goddard15 using theoretical methods to compare the 

reductive elimination of H2 and CH4 from palladium and platinum bisphosphine 

species.  They pointed out that since a hydrogen atom’s 1s orbital is spherical, it can 

simultaneously overlap with the two moieties to which it is forming and breaking a 

bond.  Conversely, the sp3 orbital of a methyl has a definite directionality, and so the 

methyl must change its orientation between breaking one bond and forming another.  

For this reason, the barrier to methyl-transfer should be considerably higher than the 

barrier to H-transfer. 

 

The route forwards from TS8b-8c to an exchange product, 8c (E = -10.6 kcal/mol), was 

confirmed by IRC calculations.  As with the previous systems, the exchange product 

formed has a square planar geometry with the two phosphine ligands trans to each other.  

In accordance with the other products containing a hydroxyl group, the hydroxyl lies in 

the metal coordination plane (O-P1-Pd-Cl = 0.0º) with an short distance between the 

hydroxyl hydrogen and the chloride (ClLH(O) = 2.127 Å).  All the other bond lengths 

in 8c are very similar to those in 2c, varying by less than 0.025 Å.  The overall process 

of OH/Me exchange is thermodynamically favourable by 10.6 kcal/mol.   

 

3.15  Summary of changing the nature of the phosphine 

Varying the R group in trans-[PdCl(OH)(PH3)(PR3)] between R = H, F or CH3 did not 

change the mechanism of metallophosphorane formation or OH/R exchange.  However, 

it did affect the activation barriers and comparative stabilities of the structures, and 

geometric differences were also seen.   

 

A summary of the comparative energies of the structures in each of the profiles where 

the R group is varied is shown in Table 3.17.  The trends in the activation energies and 

the stability of the minima will be discussed in turn. 

Table 3.17: Comparative energies (kcal/mol) of the five structures in each OH/R 

exchange profile, varying the R groups in the active phosphine. 

Structure
R a TSa-b b TSb-c c
F 0.0 17.5 0.0 12.9 -8.5

H 0.0 28.3 14.1 15.2 -17.4

CH3 0.0 29.0 18.5 23.9 -10.6
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The energies of the first activation barrier, Ea1, corresponding to the transfer of 

hydroxyl from palladium to phosphorus, are equivalent to the TSa-b energies shown in 

Table 3.17.  This step in the reaction can be considered essentially as a nucleophilic 

attack of hydroxy on the phosphorus in PR3.  Therefore, the accessibility of the reaction 

will be governed by the nucleophilicity of the attacking group and the susceptibility of 

the phosphorus to nucleophilic attack.  In this case the attacking group, hydroxy, is 

common to all three profiles.  The differences lie in the way that varying the R group 

changes the environment around the phosphorus.  When R = F, the electronegative 

fluorine atoms withdraw electron density from P1, making it more electron poor, and 

thus more susceptible to nucleophilic attack by the hydroxy group.  Conversely, when R 

= CH3, the methyl groups’ positive inductive effect push electron density onto P1, 

making it more electron rich and subsequently less susceptible to nucleophilic attack.  

When R = H, the electronegativity value is between those of the two other R groups, but 

closer to the value of methyl, which is reflected in the values of Ea1 when R is varied F 

< H < CH3.   

 

When progressing from the reactant structures, a, to the metallophosphorane 

intermediate species, b, a Pd-O bond is broken and a P-O bond is formed.  The Pd-O / 

P-O BI energies are shown along with the comparative energies of the 

metallophosphorane structures in Table 3.18.  An approximately equivalent Pd-O bond 

is broken in all three systems, however the strengths of the P-O bonds formed vary 

depending on the R groups attached to the phosphorus.  It can be seen that the P-O bond 

formed when R = F is the strongest of the three, and this is consistent with the very 

stable metallophosphorane formed.  The P-O bond is weakest when R = Me, 

presumably due to the more electron rich phosphorus, and this corresponds to the least 

stable metallophosphorane of the three.     

 

                 BI / kcal/mol ∆BI Energy of b 
R Pd-Oi P-Oii (P-O) - (Pd-

O) 
/ kcal/mol 

F 74.8 102.2 27.4 0.0 
H 74.8 97.7 22.9 14.1 

CH3 74.8 89.2 14.4 18.5 

 

Table 3.18: Calculated BI energies in i, trans-Pd(OH)Cl(PH3)2, and in 

ii, fac-PR3H(OH). 
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There is also a trend in these metallophosphorane structures that as the relative stability 

decreases, the Pd-P1 bond lengthens (Pd-P1: 7b = 2.273 Å, 2b = 2.329 Å, 8b = 2.440 

Å).  This is likely to be similar to the effect seen in metal-phosphine bonds, where more 

electronegative substituents on the phosphine improve ʌ-bonding with the metal, thus 

shortening the metal-phosphorus bond.  This appears to stabilise the 

metallophosphorane structures.  Indeed, the literature examples of characterised 

metallophosphorane structures feature electronegative heteroatoms attached to the 

pentacoordinated phosphorus,2 suggesting that their presence is indeed a stabilising 

influence. 

 

The barrier to formation of an exchange product, Ea2, is smaller than Ea1 in all three 

profiles.  In Ea2 a P-R bond must be broken, so clearly a variation in R should affect the 

magnitude of the activation barrier.  The calculated relative P-R BI energies are shown 

in Table 3.19.  It can be seen that breaking a strong P-F bond results in a larger 

activation barrier than breaking a weaker P-C or P-H bond.  The barrier for transferring 

hydrogen from phosphorus to palladium would be expected to be lower than the barrier 

for transferring methyl, for the reasons of directionality discussed in Section 3.14.2. 

 BI of P-Rii Ea2 

R / kcal/mol / kcal/mol 

F 121.8 12.9 
H 72.7 1.1 

CH3 73.2 5.4 

 

The overall exchange process involves the breaking of a Pd-O and a P-R bond, and the 

formation of a P-O and a Pd-R bond, to form product structure c.  The BI energies for 

the three profiles are shown in Table 3.20, along with the relative energies of structure 

c.  Since the overall ǻBI = (bonds formed – bonds broken) and the value is positive, it 

equates to energy being released by the process.  Indeed, all three profiles are 

exothermic.  The greatest value for ǻBI is when R = H, and this also corresponds to the 

most thermodynamically favourable product, 2a (E = -17.4 kcal/mol).  Conversely, the 

smallest overall ǻBI value is seen for R = F, which produces the least stable product, 7a 

(E = -8.5 kcal/mol).   

 

Table 3.19: Calculated BI energies in ii, fac-PR3H(OH), and values for Ea2 

(kcal/mol). 
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    BI / kcal/mol  ∆BI E of c 

R Pd-Oi P-Oii P-Rii Pd-Riii Overall / kcal/mol

F 74.8 102.2 121.8 100.5 6.1 -8.5 
H 74.8 97.7 72.7 76.5 26.7 -17.4 

CH3 74.8 89.2 73.2 66.0 7.2 -10.6 

  

As discussed in section 3.13.1, the electronegativity of the R groups in PR3 can affect 

the length of a bond between the phosphorus and a metal centre.  Usually stronger ʌ-

back donation from palladium to phosphorus, and thus a shorter Pd-P bond, is seen with 

more electronegative R groups.  Indeed, this trend was seen during the work reported 

here, with the Pd-P1 bonds increasing in length as the electronegativity of the R group 

decreased F > H > CH3.  This was the case for all of the structures in the reaction 

profiles, apart from the exchange products, 7c, 2c and 8c.  In these structures the Pd-P1 

bond lengths were all close in value (Pd-P1: 7c = 2.279 Å, 2c = 2.276 Å, 8c = 2.300 Å).  

However, the effect of the electronegativity of the R group will be diluted in these 

structures by the exchange of one R group in the active phosphine by a hydroxy group.  

 

To summarise, having more electronegative R groups on the active phosphine lowers 

Ea1 by making the active phosphine more susceptible to nucleophilic attack.  However, 

the value of Ea2 is likely to increase, as a strong P-R bond must be broken.  The most 

stable metallophosphorane structure is seen with electronegative R groups, but they 

produce a less thermodynamically stable exchange product.   

 

Table 3.20: Calculated BI energies in i trans-Pd(OH)Cl(PH3)2, ii fac-PR3H(OH) 

and iii trans-Pd(R)Cl(PH3)2.
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3.16 Changing the metal centre: trans-[M(Cl)(OH)(PH3)2] (M = Ni, Pt) 

The final variation to be examined in the [MClX(PH3)(PR3)] model system is the effect 

of changing the metal.  To allow a direct comparison, X is hydroxide and R is hydrogen 

for this section.  Although a wide range of main group and transition metals can be 

found in metallophosphoranes, this work will focus on the group 10 transition metal 

triad. 

 

3.17 OH/H exchange in trans-[Ni(Cl)OH(PH3)2] 

 

3.17.1  OH-transfer from Ni onto PH3 

The reactant structure, trans-[NiCl(OH)(PH3)2], was constructed by substituting nickel 

for palladium in 2a, then optimising the structure.  This new reactant, 9a (E = 0.0 

kcal/mol) has a very similar square planar structure to 2a.  The four metal-ligand bonds 

are 0.1-0.2 Å shorter in 9a than in 2a, which is consistent with the smaller metal centre.  

The structures and energies for the nickel profile can be seen in Figure 3.20, with key 

bond lengths and distances in Table 3.21. 

 

 

Figure 3.20: Profile for OH/H exchange in trans-[NiCl(OH)(PH3)2].  Energies in 

kcal/mol, bond lengths in Å. 

9b

Ni

P

O

Cl

H

23.9

TS9a-9b

20.1

TS9b-9c

-8.6

9c

20.5

0.0

9a

P1

P1

P1

P1

P1

P2

P2

P2

P2

P2

2.200

1.846

2.186

2.202

2.614

1.436

Cl-Ni-P2 = 87.7o

O-P1-Ni-Cl = 175.0o

Cl-Ni-P2 = 140.3o

O-P1-Ni-Cl = 74.9o

Cl-Ni-P2 = 166.5o

O-P1-Ni-Cl = 83.7o

Cl-Ni-P2 =157.5 o

O-P1-Ni-Cl = 79.7o

Cl-Ni-P2 = 94.3o

O-P1-Ni-Cl =0.0 o

1.859 1.476

2.128

2.126
2.181

2.517
2.230

1.762

2.171

1.492

2.136
2.131

2.371
2.743

2.743

1.736

2.139

2.147
2.143

1.517

2.764 2.084

1.668

2.124

2.236 1.460

2.179

2.274 2.380



 93

The P1LO distance was shortened, followed by the opening of the Cl-Ni-P2 angle, in 

order to locate a transition state, TS9a-9b (E = 23.9 kcal/mol), for the transfer of OH onto 

P1.  The structure indicates that TS9a-9b is a later transition state than TS2a-2b, with a 5.2º 

larger Cl-M-P2 angle, a 0.04 Å shorter P1LO distance and a much shorter M-P2 bond 

(M-P2: TS9a-9b = 2.126 Å, TS2a-2b = 2.453 Å).   The OH group lies much closer to the 

chloride, with an O-P1-Ni-Cl torsion angle of 74.9º (O-P1-Pd-Cl = 143.5º in TS2a-2b) 

and a ClLH distance of 2.517 Å.   

 

The activation energy for the transfer of OH from Ni onto P1 is 4.4 kcal/mol lower than 

in the equivalent profile where M = Pd.  The energy required to break a Ni-O bond 

(74.3 kcal/mol)16 is very similar to a Pd-O bond (74.8 kcal/mol)17 so that cannot be the 

cause of the difference in barriers.  The ClLH interaction in TS9a-9b may lead to extra 

stabilisation.  To test this theory, an alternative transition state structure was computed 

by substituting nickel for palladium in TS'2a-2b (see Figure 3.11) and running a 

transition state calculation.  As suspected, when the ClLH interaction was removed, the 

transition state raised in energy by 5 kcal/mol.   

 

IRC calculations confirmed that TS9a-9b leads forward to a metallophosphorane 

intermediate, 9b (E = 20.5 kcal/mol).  9b appears to have a lesser HLCl interaction 

than 2b, with a 0.16 Å longer ClLH distance and a 5.4º larger O-P1-M-Cl torsion 

angle.  This may contribute to 9b being comparatively less stable than 2b.  In contrast to 

the other metallophosphorane structures optimised so far, the M-P1 is shorter in the 

intermediate, 9b, than in the reactant, 9a.  The Ni-Cl bond is 9b is 0.071 Å shorter than 

in 9a (cf. 2b is 0.017 Å shorter than 2a), possibly due to the smaller Cl-M-P2 angle (Cl-

Table 3.21: Selected calculated bond lengths and distances in structures from the OH/H 

exchange profile (M = Ni). 

Bond Length or Atomic Distance / Å
Ni-O O-P1 Ni-Cl Ni-P2 Ni-P1 P1-H1 Ni-H1

9a 1.846 2.614 2.202 2.200 2.186 1.436 -

TS9a-9b 2.230 1.859 2.181 2.126 2.128 1.476 -

9b 2.743 1.762 2.131 2.136 2.171 1.492 2.371

TS9b-9c - 1.736 2.147 2.143 2.139 1.517 2.084

9c - 1.668 2.236 2.179 2.124 2.380 1.460
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M-P2: 9b = 166.5º, 2b = 173.0º) reducing the trans influence of the phosphine.  It is not 

obvious why 9b is considerably less comparatively stable than 2b.   

 

3.17.2  H-transfer from P to Ni 

It is essentially a barrierless process to transfer hydrogen from P1 onto the nickel, with 

TS9b-9c (E = 20.1 kcal/mol) lying 0.4 kcal/mol lower in energy than 9b.  It is therefore 

not surprising that TS9b-9c has geometric features of an early transition state, with a short 

P1-H1 bond (1.517 Å) and a large Cl-Ni-P2 angle (157.5º).  The HLCl interaction seen 

in 9b is still present in TS9b-9c, with an HLCl distance of 2.764 Å and an O-P1-Ni-Cl 

torsion angle of 79.7º.  TS9b-9c leads forwards to an exchange product, 9c (E = -8.6 

kcal/mol).  It has a slightly distorted square planar structure, with a reduced P1-M-H 

angle (P1-M-H: 9c = 80.9º, 2c = 87.0º) and a larger P1-M-Cl angle (P1-M-Cl: 9c = 

95.3º, 2c = 90.5º) compared to the palladium system.  9b is less thermodynamically 

favourable than 2c by 8.8 kcal/mol.   

 

3.18 OH/H exchange in trans-[Pt(Cl)OH(PH3)2] 
 
3.18.1  OH-transfer from Pt onto PH3 

The reactant, trans-[PtCl(OH)(PH3)2], 10a (E = 0.0 kcal/mol) was optimised first.  All 

of the structures and energies for the platinum profile are shown in Figure 3.21, with 

key bond lengths in Table 3.22.  The structure and bond lengths for 10a are very similar 

to those in 2a, which is not surprising as palladium and platinum have similar ionic radii 

(rion(Pd2+) = 1.00 Å, rion(Pt2+) = 0.94 Å).   

 

The P1LO distance was shortened and fixed, followed by stepwise opening of the Cl-

Pt-P2 angle, which led to the discovery of TS10a-10b (E = 36.9 kcal/mol) at the energy 

highpoint.  This transition state was similar to TS2a-2b in the Cl-M-P2 angle (0.2º larger) 

and the O-P1-M-Cl torsion angle (2.1º larger), but also in the M-Cl distance (0.013 Å 

longer) and M-P1 distance (0.014 Å longer).  However, the M-P2 bond is 0.062 Å 

shorter, despite the similar Cl-M-P2 angles.  Also, the P1LO distance is 0.029 Å 

longer.  Overall though, the structures are similar, which is why it is surprising that the 

activation energy in the platinum profile is 8.6 kcal/mol higher than in the palladium 

profile.  The fact that a Pt-O bond (BI = 79.4 kcal/mol)18 is stronger than a Pd-O bond 

(74.8 kcal/mol)17 may contribute to the comparative instability of TS10a-10b.   
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IRC calculations showed that as expected, TS10a-10b leads to a metallophosphorane 

intermediate, 10b (E = 17.8 kcal/mol).  Despite the Cl-M-P2 angle being only 1.5º 

smaller than in 2b, the Cl-M and P2-M bonds are both shorter in 10b (Cl-M: 10b = 

2.328 Å, 2b = 2.337 Å; P2-M: 10b = 2.245 Å, 2b = 2.275 Å).  However, the M-P1 bond 

is 0.022 Å longer in 10b.  The ClLH distance is 0.147 Å longer in 10b than in 2b, and 

as this has been proven to be a stabilising interaction in other structures in this chapter, 

this may contribute to 10b being 3.7 kcal/mol less comparatively stable than 2b.   

 

 

Figure 3.21: Profile for OH/H exchange in trans-[PtCl(OH)(PH3)2].  Energies in 

kcal/mol, bond lengths in Å. 
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3.18.2 H-transfer from P to Pt 

Shortening the PtLH distance in 10b led to the location of TS10b-10c (E = 22.2 

kcal/mol).  Again, the structure of the transition state is similar to the analogous 

structure in the palladium profile, TS2b-2c.  The main difference is that H1 is further on 

in its transfer from P1 to the metal, with a 0.048 Å longer P1LH1 distance and a 0.069 

Å shorter H1LM distance than in TS2b-2c.  The rest of the structure is similar, with just 

a 0.049 Å shorter MLP2 bond worth noting.  The activation energy for H-transfer is 

4.4 kcal/mol, a little larger than in the palladium profile (Ea2 = 1.1 kcal/mol), perhaps 

due to the slightly later transition state. 

 

When the P1LH bond is completely broken, an exchange product, 10c (E = -23.0 

kcal/mol), is formed.  This product has the same square planar structure seen in all of 

the previous exchange products.  As expected, the hydroxy group lies in the metal 

coordination plane (O-P1-Pd-Cl = 0.0º) and has an HLCl interaction at a distance of 

2.160 Å.  Overall, the platinum exchange process is 5.6 kcal/mol more 

thermodynamically favourable than for palladium. 

 

3.19 Summary of changing the metal centre 

The comparative energies for the five structures that make up the exchange profile for 

each group 10 metal are shown in Table 3.23.  The factors affecting the differences in 

these energies will be discussed in turn. 

 

Firstly, it can be seen that the initial activation energies (Ea1 = TSa-b) increase in 

magnitude down the triad from nickel to platinum.  This process involves the breaking 

of the M-O bond in the reactant.  Table 3.24 shows that the higher activation energies 

correspond to the breaking of stronger M-O bonds.  Although, the Ni-O and Pd-O BI 

energies are very close in value, which does not explain the 4.4 kcal/mol difference in 

Table 3.23: Comparative energies (kcal/mol) of the five structures in 

each reaction profile, varying the metal centre. 

Structure
M a TSa-b b TSb-c c
Ni 0.0 23.9 20.5 20.1 -8.6

Pd 0.0 28.3 14.1 15.2 -17.4

Pt 0.0 36.9 17.8 22.2 -23.0
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Ea1.  This may be due to a stabilising Cl�H(O) interaction in TS9a-9b which is not 

present in TS2a-2b. 

BI 
M M-Oiv Ea1 

Ni 74.3 23.9 
Pd 74.8 28.3 
Pt 79.4 36.9 

 

The correlation between bond strengths and comparative stability is unclear for the 

metallophosphorane intermediates, b.  As Table 3.25 shows, to form the intermediates, 

varying strengths of M-O bonds must be broken, but equivalent P-O bonds are formed.  

In fact, the nickel system has the most energy released from bond cleavage and 

formation, but has the least comparatively stable intermediate.  Clearly other factors are 

at work.  One such factor may be the stabilising interaction between H1 and Cl in the 

intermediate structures.  The palladium intermediate has the shortest ClLH distance 

(ClLH: Ni 9b = 2.743 Å, Pd 2b = 2.583 Å, Pt 10b = 2.730 Å), which may contribute to 

the fact that it is the most comparatively stable intermediate in the triad. 

 

          BI energies / kcal/mol  

M M-Oiv P-Ov ∆BDE b 

Ni 74.3 97.7 23.4 20.5 
Pd 74.8 97.7 22.9 14.1 
Pt 79.4 97.7 18.3 17.8 

 

The second activation energy, Ea2, requires a P-H bond in intermediate b to be broken, 

to allow H-transfer to the metal.  The P-H bonds should all be of similar strengths in the 

three systems.  In the nickel profile there is no barrier to H-transfer (Ea2 = -0.4 

kcal/mol).  Intermediate 9b has a longer P-H1 bond and a shorter H1LPd distance than 

in either 2b or 10b, which may aid the H-transfer.  There is a small barrier to H-transfer 

Table 3.24: Calculated BI energy (kcal/mol) in iv trans-M(OH)Cl(PH3)2 

and the first activation energy for each profile. 

Table 3.25: Calculated BI energies in iv trans-M(OH)Cl(PH3)2 and v fac-

PR3H(OH) and the comparative energies of the intermediate structures, b 

(kcal/mol).
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in the palladium (Ea2 = 1.1 kcal/mol) and platinum (Ea2 = 4.4 kcal/mol) systems, but 

the range of values is much smaller than for the first activation energy. 

 

Finally, the comparative energies of the products, c, are also a measure of how 

thermodynamically favourable the exchange process is for each group 10 metal system.  

Table 3.26 shows the BI strengths of the bonds formed and broken in the exchange 

process, along with the overall energy released (ǻBI) and the comparative energies of 

the products, c.  It can be seen that the ǻBI values are directly proportional to the 

increasing thermodynamic stability of the three exchange profiles.  Thus, the exchange 

process is most thermodynamically favourable when M=Pt, mainly due to the strong Pt-

H bond formed. 

 

Overall, the highest activation barriers are seen when M = Pt, but the most 

thermodynamically stable product is formed. 

 

 BI energies / kcal/mol ∆BI E of c 
M M-Oiv P-Ov P-Hv M-Hvi Overall / kcal/mol 

Ni 74.3 97.7 72.7 67.2 17.9 -8.6 
Pd 74.8 97.7 72.7 76.5 26.7 -17.4 
Pt 79.4 97.7 72.7 86.4 32.0 -23.0 
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Chapter 4: Investigation of the Reaction Mechanism for the 

Hydroxide-Induced Disproportionation of [PdCl2(PPh3)2] 

 

4.1  Introduction 

The focus of this chapter is on the mechanism of the hydroxide-induced 

disproportionation of [PdCl2(PPh3)2] to yield a catalytically-active Pd(0) species and 

triphenylphosphine oxide, as studied in detail by Grushin and Alper1 and discussed in 

Chapter 1.  They proposed two possible mechanisms for the reaction, shown in Figure 

4.1, which differ in the way that the hydroxide attacks [PdCl2(PPh3)2]. 

 

By using chiral phosphines and examining the stereochemistry of the phosphine oxide 

produced, it was observed that the reaction always proceeded with retention of 

configuration at the chiral phosphorus which was oxidised to phosphine oxide.  This led 

to the conclusion that hydroxide performs an intramolecular attack on phosphorus, 

consistent with Path B.   This mechanism is shown in Figure 4.2, broken down into 

three steps.   
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Figure 4.1: Two possible pathways proposed by Grushin and Alper for hydroxide-

induced disproportionation of [PdCl2L2], where L = PPh3.  
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Step 2 of the proposed mechanism presents some interesting questions as to how the 

mechanism could proceed.  Earlier work published by Neave and Macgregor,2 discussed 

in more detail in Chapter 1, suggests the novel idea that an OR- group can attack a 

phosphine to produce metallophosphoranes as intermediates in certain reactions.    This 

chapter seeks to investigate the possibility that metallophosphoranes play a role in Step 

2 of the mechanism of this disproportionation reaction, as illustrated in Figure 4.3. 

 

Initially calculations were performed at full DFT level on a small model of the 

experimental complexes using the methods outlined in Chapter 2.  In the small model 

the PPh3 groups are replaced by PH3 groups, which reduces the size of the complex 

Figure 4.2: Reaction mechanism for the hydroxide-induced disproportionation of 

[PdCl2(PPh3)2] proposed by Grushin and Alper.1 
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Figure 4.3: The proposal that a metallophosphorane intermediate may feature in 

Step 2 of the mechanism for the hydroxide-induced disproportionation of 

[PdCl2(PPh3)2]. 
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from 72 atoms down to 12 atoms.  This allows the structures and mechanism to be 

explored in a more time efficient manner. When the small model work was complete, 

calculations were performed on the full experimental system using the ONIOM/HF 

method outlined in Chapter 2.  A comparison of the results obtained for the two models 

will be discussed. 

 

4.2  Small Model [PdCl(OH)(PH3)2]: P-O bond formation 

Investigation of the mechanism begins after the initial displacement of a chloride group 

by hydroxide.  As it was not possible to determine the active isomer experimentally, 

both the trans (1a) and cis (1b) isomers of [PdCl(OH)(PH3)2] were used as initial 

reactants in the small model system.  All energies for the small model system are 

relative to the energy of 1a, which is set to zero.  

 

The structures of both isomers, trans 1a (E = 0.0 kcal/mol) and cis 1b (E = -1.6 

kcal/mol), can be seen in Figure 4.4.  Both Pd-P bonds are longer in 1a than 1b, 

suggesting that PH3 has a stronger trans influence than either chloride or hydroxide.  

Additionally, the fact that Pd-P2 is longer than Pd-P1 in 1b, suggests that hydroxide has 

a stronger trans influence than chloride.  That being the case, it is surprising that the Pd-

Cl bond lengths are almost identical in both isomers and that the Pd-O bond is longer in 

1a, despite being trans to chloride.  It is possible that the Pd-Cl and Pd-O bonds are 
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Figure 4.4: Structures of trans reactant 1a and cis reactant 1b.  Bond lengths and 

distances in Å, energies in kcal/mol. 
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longer in 1a than one might expect, as chloride and hydroxide are two π-donors lying 

trans to each other. 

 

In 1b the hydroxide is oriented so that the hydrogen is pointing towards the chloride, 

with a (O)HLCl distance of 2.652 Å.  It is possible that this intramolecular hydrogen 

bonding interaction contributes to 1b being 1.6 kcal/mol more stable than 1a.  

 

Transition states for P-O bond formation were found from both reactants 1a and 1b by 

using the methods described in Chapter 3, and the structures are shown in Figure 4.5.  

The transition state from trans reactant 1a, TS1a-2a (E = 28.3 kcal/mol), was found to be 

less stable than TS1b-2a (E = 21.8 kcal/mol), which originates from cis reactant 1b.  In 

TS1a-2a the Pd-O bond breaks (PdLO: 1a = 2.025 Å, TS1a-2a = 2.467 Å) as a P1-O bond 

is formed (P1LO: 1a = 2.857 Å, TS1a-2a = 1.901 Å).  Equivalent bond breaking 

(PdLO: 1b = 1.996 Å, TS1b-2a = 2.545 Å) and bond formation (P1LO: 1b = 2.790 Å, 

TS1b-2a = 1.837 Å) is seen in TS1b-2a.  TS1b-2a can be considered to be slightly later than 

TS1a-2a, as it has a longer PdLO distance and a shorter P1LO distance. The hydroxyl 

group has started to move out of the metal coordination plane with the O-P1-Pd-Cl 

torsion angle decreasing from 176.6º in 1a to 143.5º in TS1a-2a.  Similarly, in TS1b-2a the 

O-P1-Pd-Cl torsion angle has increased from 0.0º in 1b to 45.8º.   

 

Figure 4.5: Structures of TS1a-2a and TS1b-2a.  Bond lengths and distances in Å, 

energies in kcal/mol. 
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A major difference between the two transition state structures is the orientation of the 

hydroxyl group, but in both cases the position is entirely consistent with the orientation 

in the corresponding reactant.  In TS1b-2a the hydroxyl hydrogen is pointing towards the 

chloride with a relatively short (O)HLCl distance of 2.538  Å.  In TS1a-2a the (O)HLCl 

distance is large at 4.226 Å, but there may be a stabilising interaction with palladium 

((O)HLPd = 2.621  Å).  To investigate whether the transition states are being stabilised 

by interacting with chloride or palladium, the orientation of the hydroxyl hydrogens in 

both transition state structures was altered by rotating around the O-P1 bond by 180º, 

and then running new transition state calculations.  When the hydrogen position is 

altered in TS1a-2a (H-O-Pd-Cl = 62.1º in TS1a-2a and 164.1º in the new geometry), the 

resultant transition state has a (O)HLCl distance of  2.770 Å and is 2.0 kcal/mol less 

stable, presumably as any stabilising interaction with palladium has been removed.  

Similarly, if the hydrogen is repositioned and allowed to optimise in TS1b-2a (H-O-Pd-Cl 

= 17.4º in TS1b-2a and 81.0º in the new geometry), the alternative transition state has an 

increased (O)HLPd distance of 3.564Å and is also 2.0 kcal/mol less stable, relating to 

the removal of any stabilising hydrogen-bonding-type interaction with the palladium.  

These alternative transition states will not be considered further as they are less stable 

than those included in the reaction profile. 

 

In addition to the movement of the hydroxyl from palladium towards P1, in TS1a-2a the 

Cl-Pd-P2 angle has increased from 86.8º in 1a to 135.1º, and similarly in TS1b-2a the Cl-

Pd-P2 angle has increased to 136.6º.  This movement is indicative of an isomerisation 

occurring, whereby P2 (in TS1a-2a) and Cl (in TS1b-2a) are moving into the sites 

previously occupied by the hydroxy groups, creating a vacant site opposite P1.   

 

In both transition states a significantly elongated bond is seen between the palladium 

and the ligand which is changing sites. In TS1a-2a an unusually long Pd-P2 bond is 

observed (Pd-P2: 1a = 2.314 Å, TS1a-2a = 2.453 Å), and similarly in TS1b-2a the Pd-Cl 

bond is slightly elongated (Pd-Cl: 1b = 2.355 Å, TS1b-2a = 2.376 Å).  The effect seems 

more pronounced for the phosphine than for chloride.  As both ligands move positions, 

they both experience repulsion due to the close proximity of their σ-bonding electrons 

with filled orbitals on palladium, as shown in Figure 4.6.  However, chloride is able to 

counter this repulsion by performing ʌ-donation to the palladium, which stabilises the 
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transition state structure and shortens the Pd-Cl bond.  A phosphine cannot to do this 

therefore the Pd-P bond remains comparatively long. 

 

IRC calculations were performed and it transpired that both TS1a-2a and TS1b-2a go 

forwards to a common intermediate, complex 2a (E = 14.1 kcal/mol). The structure of 

intermediate 2a can be seen in more detail in Figure 4.8.  This is metallophosphorane 

‘2b’ which was identified in Chapter 3 and the structural details of this complex were 

discussed in section 3.6.1.   

 

Figure 4.7 shows the energy profile for this initial part of the reaction.  The activation 

energy from the cis reactant, 1b, to TS1b-2a has the lower activation barrier at +23.4 

kcal/mol.  This may be due to the stabilisation of TS1b-2a as described above.   

 

Additionally, this P-O bond formation pathway can be considered as a novel route for 

cis-trans isomerisation.  Starting from the trans isomer, the barrier is 28.3 kcal/mol to 

form metallophosphorane 2a, then the isomerisation can continue via TS1b-2a, which has 

a barrier of 7.7 kcal/mol, leading to formation of the cis isomer.  The highpoint for the 

isomerisation is TS1a-2a at 28.3 kcal/mol. 

 

 

Figure 4.6: Orbital interactions in TS1a-2a and TS1b-2a between palladium and the 

ligand that is changing site. 
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4.3  Small model [PdCl(OH)(PH3)2]: H-transfer and O=PH3 formation 

To reach the desired products from 2a, the hydroxy hydrogen needs to be transferred to 

palladium and phosphine oxide must be produced.  To achieve this, the O-H bond and 

the Pd-P1 bond must be broken.  Therefore, the effect of shortening the PdLH(O) 

distance was investigated.  It was found that as the PdLH distance was shortened in a 

stepwise manner, the Pd-P bond simultaneously lengthened.  A transition state was 

found, TS2a-2b (+15.5 kcal/mol), and IRC calculations showed that TS2a-2b links 

intermediate 2a to another minimum structure before hydrogen transfer has occurred.   

This is the intermediate 2b (+15.2 kcal/mol), which is shown in Figure 4.8. 

 

If intermediate 2b is compared to 2a, it can be seen that 2b appears to be on the path 

towards generating phosphine oxide because the Pd-P bond has lengthened and the 

PdLH(O) distance has reduced.  The geometry around P1 is still trigonal bipyramidal, 

but has changed from having the hydroxide in an axial position and palladium 

equatorial in 2a, to having the palladium axial and the hydroxide equatorial in 2b (Hax-

P1-Pd = 174.2º, Hax-P1-O = 88.9º).  This has occurred by rearrangement of the 

hydrogens on P1.  A precedent for a hydroxyl group occupying either an axial or 

equatorial position in a TBP was observed before.  In Chapter 3 hydroxyl was found to 

be the only X group in the set investigated that had minimum structures with X in an 

Figure 4.7: Reaction profile (kcal/mol) for P-O bond formation, from reactants 1a 

and 1b to metallophosphorane 2a. 
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equatorial or an axial position in PH4X.  Other structural changes include the 

lengthening of the O-H bond to 0.997 Å as the hydrogen strengthens its interaction with 

palladium, and the shortening of the P1-O bond to 1.690 Å now that it lies equatorial to 

phosphorus.  The small activation barrier of +1.4 kcal/mol reflects the subtlety of the 

geometric changes between 2a and 2b.  The structure of TS2a-2b is intermediate between 

those of 2a and 2b, and corresponds to rotation around the P1-O bond and isomerisation 

around P1.   It is one of the equatorial hydrogens in 2a that lies axial in 2b. 

  

A further transition state, TS2b-3 (E = 15.3 kcal/mol), shown in Figure 4.9, was found by 

shortening the PdLH distance from 2b and running a transition state calculation from 

the energy highpoint.  An IRC calculation showed that TS2b-3 leads to complex 3 (E = 

12.9 kcal/mol), where the hydroxy hydrogen is bridging between the oxygen (OLH = 

1.108  Å) and the palladium (PdLH = 1.884  Å), and one of the hydrogens on P1 is 

interacting with chloride (HLCl = 1.857 Å).  If the structures of 2b, TS2b-3 and 3 are 

compared (see Table 4.1), the P1-O bond can be seen to shorten as the O-H bond begins 

to break and the Pd-H bond forms.   

 

 

Figure 4.8: Structures of metallophosphoranes 2a and 2b.  Bond lengths and 

distances in Å, energies in kcal/mol. 
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From 3 it is an energetically uphill process, with no transition state located, to break the 

OLH interaction, lengthening it from 1.108 Å in 3 to yield the Pd(II) complex, 4 

[PdCl(H)PH3], and phosphine oxide, 5 (combined E = 28.9 kcal/mol).   

 

 

 

 

 

 

 

 

Figure 4.9: Structures of TS2b-3, intermediate 3, and products 4 and 5.  

Bond lengths and distances in Å, energies in kcal/mol. 
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Table 4.1:  Bond lengths and distances (Å) involved in H-transfer and 

O=PH3 formation in the structures of 2b, TS2b-3, 3 and products 4 and 5. 

Structure Bond Length and distances / Å
Pd-H O-H P-O

2b 2.346 0.997 1.69

TS2b-3 2.104 1.039 1.641

3 1.884 1.108 1.618
4 1.509 - -
5 - - 1.525
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4.4 Small model: Overall reaction profile  

The entire reaction profile using the small model can be seen in Figure 4.10.  The 

highest energy barrier in the process is the initial formation of metallophosphorane 2a 

via TS1a-2a (+28.3 kcal/mol).  If the starting point is cis reactant 1b, the initial activation 

barrier is smaller, at 23.4 kcal/mol.  Once 2a has been formed, the rest of the process is 

relatively easy through to H-bridged product 3, with no activation energies above 2 

kcal/mol.  Forming dissociated products 4 and 5 is uphill in energy, however it is 

important to bear in mind that these energies do not include entropy.  In fact, the ǻG 

value for the combination of products 4 and 5 is +19.0 kcal/mol above reactant 1a.  This 

is still an energetically unfavourable process, but the value for free energy is almost 10 

kcal/mol lower than the computed enthalpy.  The other stationary points are not 

significantly affected by the inclusion of entropy. 
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Figure 4.10: Reaction profile (kcal/mol) for the disproportionation mechanism, 

using the small model system, [PdCl(OH)(PH3)2].  ǻG values are shown in 

parenthesis. 
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4.5 Small Model: Natural population analysis 

All of the structures were analysed by computation of the natural atomic orbital 

populations and the results for the charge on palladium and the key phosphorus atom 

(P1) are shown in Table 4.2.  PH3 and phosphine oxide have been included to show 

typical values for P(III) and P(V) respectively, as all the charges on P1 fall between 

these two extremes. 

 

There is a clear trend of decreasing negative charge (reduced electron density) on P1 as 

the nature of the phosphorus gradually changes from P(III) in a phosphine ligand in 1a 

(q = 0.25) and 1b (q = 0.23), to end up as P(V) in phosphine oxide, 5 (q = 1.21).  Most 

of the change occurs between the reactants 1a and 1b and the first transition states, 

suggesting that P1 is closer to the nature of P(V) than P(III) in the metallophosphorane 

structures 2a and 2b.  This suggests that the phosphorus in a {PPh3OH} fragment is 

closer to P(V) in nature, which is contradictory to the normal view of the fragment as a 

phosphoranide ligand, which is formally P(III).    

 

The negative charge on palladium increases through the reaction mechanism, concurrent 

with the opposite trend in q(P1), until TS2b-3 (q = -0.18), where it has its highest value 

of electron density when the hydroxy hydrogen is bridging between the oxygen and the 

palladium.  When the O-H bond completely breaks and the Pd-H bond is fully formed, 

the charge is similar to that of 2a (q = 0.08) in structure 4 (q = 0.14), [PdCl(H)(PH3)]. 

   

Table 4.2:  Computed natural atomic charges (q) on P1 and Pd for all 

structures from the small model disproportionation profile. 

Structure q(P1) q(Pd)

PH3 0.01

trans 1a 0.25 0.32
cis 1b 0.23 0.32

TS1a-2a 0.70 0.21

TS1b-2a 0.70 0.19

2a 0.81 0.08

TS2a-2b 0.88 0.00

2b 0.93 -0.05

TS2b-3 1.02 -0.18

3 1.05 -0.15
4 0.14

5 O=PH3 1.21
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4.6 Large model system [PdCl(OH)(PPh3)2] 

The HF/ONIOM method, as described in Chapter 2, was used to investigate Step 2 of 

the disproportionation reaction mechanism using the full experimental system, 

[PdCl(OH)(PPh3)2] (trans 6a and cis 6b).  In this case, Pd, P1, P2, OH, Cl and one 

phenyl group on P1 were at the ‘high’ DFT level of calculation, with the remaining five 

phenyl groups at the ‘low’ HF level.  It was necessary to have one phenyl group at the 

‘high’ level in the calculation to allow for any possible interactions with palladium.  

 

4.7 Large model: Overview 

The discussion of the possible reaction mechanisms for the large model system will be 

separated into two parts.  The first part of the discussion (Section 4.9) will focus on the 

formation of a P-O bond.  At first, a pathway via a metallophosphorane intermediate 

was sought, similar to what was seen in the small model pathway.  Such a pathway was 

found (A), but it was not possible to proceed forward and perform H-transfer and 

phosphine oxide formation from a metallophosphorane species.  However, a new type 

of intermediate was found, where the Pd-P1 bond has broken and a phosphorus-bound 

phenyl engages in an Ș2-interaction with palladium to form a zwitterion.  Routes were 

found to form a zwitterion intermediate either directly from reactants 6a and 6b (B), or 

via a metallophosphorane intermediate (A-B).  The second part of the discussion 

(Section 4.10) focuses on the transfer of the hydroxy hydrogen from oxygen onto 

palladium (C), producing phosphine oxide and [PdCl(H)(PPh3)].  These pathways are 

depicted in Figure 4.11. 
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4.8 Large model: Method Comparison 

The first task was to generate geometries for the starting species 6a and 6b that were as 

realistic as possible.  Since there was no structural data available for either isomer of 

[PdCl(OH)(PPh3)2], the most closely related crystallographically determined structures 

were used.  Therefore, trans-[PdCl2(PPh3)2]
3 was used as a starting point for 6a, and cis-

[Pd(H2O)2(PPh3)2]
2+ 4 for 6b.  To see whether structures optimised using DF/HF 

ONIOM would accurately model the experimental data, a series of test calculations 

were performed for trans-[PdCl2(PPh3)2]
3 and these were compared with results of full 

DFT calculations.  Key bond lengths are shown in Figure 4.12. 

 

The calculations consistently overestimate the bond lengths compared to the 

experimental data.  One possible explanation is that the calculations model a single 

molecule in the gas phase as opposed to a solid crystal.  This trend is not unusual, and 

has been observed in other computational work.5  An exception to this is the 

Figure 4.11: Overview of mechanistic possibilities. 
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underestimation of the Pd-P bond lengths in the small model, but since it is a different 

phosphine (PH3) it is not a direct comparison. 

 

The maximum overestimation is the HF/ONIOM Pd-Cl bond length, which is 0.066 Å 

(3%) longer than in the experimentally determined structure.  If the bond lengths for the 

HF/ONIOM and large model DFT structures are compared, the maximum difference is 

only 0.016 Å in the Pd-P bond lengths, which suggests that HF/ONIOM can produce 

structures with only a negligible difference from the DFT structures in this type of 

complex.  Thus, HF/ONIOM should be able to produce good structural results in this 

type of system. 

 

 

 

 

 

 

 

 

 

Figure 4.12: The structure of trans-[PdCl2(PPh3)2] with bond lengths (Å) from the 

experimentally determined structure and 3 structures computed at different levels. 

2.291

2.337

1.817

2.357

2.365

1.867

2.350

2.381

1.859

(2.342)

(2.314)

Key
Crystal Structure

HF/ONIOM
DFT large model

(DFT small model)

Pd

P

Cl

C



 116

4.9 Large model: P-O bond formation  

4.9.1 Pathway A 

 

The complex trans-[PdCl(OH)(PPh3)2], 6a, was constructed from crystallographic data 

for trans-[PdCl2(PPh3)2],
3 with a chloride substituted for a hydroxy group.  Similarly, 

cis-[PdCl(OH)(PPh3)2], 6b (E = 4.0 kcal/mol), was constructed from a closely related 

experimental determined structure, that of cis-[Pd(H2O)2(PPh3)2]
2+,4 with substitution of 

the water ligands.  These were then optimised, and their structures can be seen in Figure 

4.13.  All energies for the large model system will be reported relative to the energy of 

6a.  If these structures are compared to the analogous structures in the small model 

(Figure 4.4), the main difference is that all the bond lengths shown are longer in the 

large model, as was seen in section 4.8.  This can be explained by the greatly increased 

steric bulk of the triphenylphosphine groups in the large model compared to the PH3 

groups in the small model.  Similar to the trend seen in the small model, the bonds to 

palladium in trans isomer 6a are longer than in cis isomer 6b, with the exception of the 

Pd-Cl bond.  The order of trans influence is also the same as in the small model 

reactants, with the phosphines exerting the strongest trans influence, and the chloride 

the weakest. 
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In the small model, where purely the electronic character of the phosphine is present, cis 

isomer 1b is more stable than 1a by 1.6 kcal/mol.  Conversely, in the large model, the 

trans isomer, 6a, is the more stable isomer by 4.0 kcal/mol.  This can be accounted for 

by the close proximity of the two bulky triphenylphosphine ligands in the cis form.  

Although the P1-Pd-P2 angle only increases by 1.1º between 1b and 6b, it is likely to be 

a steric effect that is destabilising the cis isomer.   

 

To progress towards P-O bond formation, the P1LO distances in 6a and 6b were 

reduced to 1.9 Å, followed by the opening of the P2-Pd-Cl angle, to yield two transition 

states at the energy highpoints of the scans.  These were found to link both reactants to a 

common metallophosphorane intermediate, as seen in the small model.  The structures 

of the two transition states, TS6a-7a (E = 32.3 kcal/mol) and TS6b-7a (E = 30.5 kcal/mol) 

can be seen in Figure 4.14. As seen in the small model, the activation barrier is smaller 

when starting from the cis reactant than the trans.   

 

Figure 4.13: The optimised structures of 6a and 6b, trans- and cis-

[PdCl(OH)(PPh3)2] respectively. Bond lengths in Å, energies in kcal/mol. Phenyl 

hydrogens are omitted for clarity. 
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Looking firstly at TS6a-7a, the structure exhibits many similar features to TS1a-2a in the 

small model.  The additional steric bulk caused by the triphenylphosphines in TS6a-7a 

may contribute to a longer P1LO distance (TS6a-7a P1LO =2.026 Å, TS1a-2a P1LO 

=1.901 Å) and a smaller P1-Pd-P2 angle (TS6a-7a = 126.5º, TS1a-2a  = 120.5º) than in the 

small model.  There is a lengthening of the Pd-Cl bond by 0.085 Å in TS6a-7a that was 

not seen in the small model, but cause of which is unclear.  The Pd-O bond has 

elongated, increasing from 2.046 Å in 6a to 2.24 Å.  Pd-P1 has shortened by 0.1 Å 

compared to the reactant as the other phosphine group moves away from the trans 

position, leaving a vacant site.  Pd-P2 lengthens by 0.06 Å, presumably due to the same 

orbital factors as in the small model, but to a lesser extent.  P1-C1 lengthens from 

reactant 6a to TS6a-7a as the geometry at P1 changes from tetrahedral to trigonal 

bipyramidal.   

 

Examination of TS6b-7a, which links the cis reactant 6b to intermediate 7a, shows the 

same trend of shortening of the Pd-P1 bond (by 0.05 Å) and lengthening of the Pd-Cl 

bond (by 0.07 Å) as seen in the equivalent small model structure, TS1b-2a.    TS6b-7a has 

a longer P1-O bond (TS6b-7a =1.961 Å, TS1b-2a =1.837 Å) and a smaller P2-Pd-Cl angle 

(TS6b-7a =124.9°, TS1b-2a =136.6°) than in the equivalent small model structure. The P1-

Pd-P2 angle is 114.8º in TS6b-7a, but is 126.5º in TS6a-7a, probably due to steric 

crowding caused by the two cis triphenylphosphines. 

Figure 4.14: The optimised structures of TS6a-7a and TS6b-7a. Bond lengths and 

distances in Å, energies in kcal/mol.  
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The two transition states both lead to a common metallophosphorane intermediate, 7a 

(E = 26.0 kcal/mol), shown in Figure 4.15.  If 7a is compared to structure 2a in the 

small model, similar trends in the bond lengths are observed.  For instance, in both 

intermediates the Pd-P2 bond is shorter than in the corresponding reactant structures, as 

P2 is now trans to chloride rather than P1.  Similarly, the Pd-P1 bond is longer in the 

intermediates 2a and 7a than in their respective reactants.  The P2-Pd-Cl angle is 22.2° 

smaller in 7a, and the P1-Pd-Cl angle is 12.9° larger.  This is likely to be an attempt to 

ease the steric crowding of having two triphenylphosphine ligands cis to each other. 

 

An important difference between the structures of intermediates 7a and 2a is the relative 

orientation of the hydroxide groups. Comparison of the H-P1-Pd-Cl torsion angles (7a 

=135.3°, 2a =29.1°) shows that in 2a the hydroxyl hydrogen is pointing towards the 

chloride (torsion < 90°) but in 7a the hydrogen points in the direction of P2 (torsion > 

90°).  This difference in orientation is also exhibited by the (O)HLCl distances (7a 

3.900 Å, 2a 2.583 Å).  The orientation of the hydroxyl in 7a is consistent with that seen 

in TS6a-7a and TS6b-7a, but it is possible that a lower energy metallophosphorane 

structure may exist, with stabilisation from an (O)HLCl hydrogen-bonding-type 

interaction.  Indeed, a metallophosphorane structure with an orientation more similar to 

2a was identified and will be discussed further in section 4.9.4. 

 

Figure 4.15: The optimised structures of metallophosphorane intermediate 7a. 

Bond lengths and distances in Å, energy in kcal/mol.  
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4.9.2 Pathway A: Energy profile 

The energy profile for this initial part of the reaction mechanism is shown in Figure 

4.16.  TS6a-7a is the highpoint in the profile, as was its corresponding structure, TS1a-2a, 

in the small model pathway.  Furthermore, the activation barrier to form the transition 

state from the trans reactant is larger in both models than the barrier from the cis 

isomers.  This is consistent with the experimental observations of Grushin and Alper, 

who reported that the disproportionation occurred more quickly from cis-[PdCl2(PPh3)2] 

than from the trans isomer.1  However, in their study it was postulated that this was 

because the strong trans influence of PPh3 would labilise the chlorides in the cis isomer. 

 

Both activation barriers are higher in the large model than in the small model (Large 

model: ǻEa(TS6a-7a ) = 32.3 kcal/mol, ǻEa(TS6b-7a ) = 26.5 kcal/mol; Small model: ǻEa 

(TS1a-2a ) = 28.3 kcal/mol, ǻEa(TS1b-2a ) = 21.8 kcal/mol).  The increase in the 

activation barriers in the large model is possibly due to the steric hindrance of the bulky 

phosphines.  This may also explain why the metallophosphorane intermediate 7a is 11.9 

Figure 4.16: P-O bond formation: Pathway A – Energy profile (kcal/mol) for 

mechanism linking reactants 6a and 6b to metallophosphorane 7a. 
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kcal/mol less accessible than metallophosphorane 2a in the small model.  As mentioned 

in the small model, this is a mechanistic route for cis-trans isomerisation. 

 

4.9.3 Pathway B 

 

As mentioned earlier in this chapter, it was thought that transition state structures with 

the hydroxy hydrogen pointing towards chloride may exist in the large model system, 

analogous to the small model system.  To investigate this possibility, the orientation of 

the hydroxy hydrogen was rotated by 180º around the O-P1 bond in the structures of 

TS7a-8a and TS7b-8a, and new transition state calculations were run from these 

geometries.  Indeed, two new transition states were found.  The structures of TS6a-8a (E 

= 31.7 kcal/mol) and TS6b-8b (E = 26.7 kcal/mol) are shown in Figure 4.17. 
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PIRC calculations showed that TS6a-8a and TS6b-8b link reactants trans 6a and cis 6b to a 

new type of intermediate, featuring an Ș2-interaction between the palladium and a 

phenyl carbon-carbon bond.  The two new transition states are very similar to the two 

found previously in the large model.  Therefore, only the major structural differences 

will be discussed.   

 

Firstly, comparing TS6a-8a to TS6a-7a from Pathway A, the main difference is the 

orientation of the hydroxy group, with the hydroxy hydrogen now pointing in the 

direction of the chloride (H-O-Pd-Cl: TS6a-8a = 16.9º, TS6a-7a = 169.0º).  However, the 

energies of these two transition states differ by only 0.6 kcal/mol, perhaps because the 

HLCl distance is long in both structures (HLCl: TS6a-8a = 3.437 Å, TS6a-7a = 4.741 Å) 

so there is no hydrogen bonding stabilisation in either.  In TS6a-8a the hydroxy group is 

closer to P1 than in TS6a-7a and further from palladium (PdLO: TS6a-8a = 2.402 Å, TS6a-

7a = 2.243 Å; P1LO: TS6a-8a = 1.954 Å, TS6a-7a = 2.026 Å).  Other differences include 

an even longer Pd-Cl bond than before (Pd-Cl: TS6a-8a = 2.501 Å, TS6a-7a = 2.446 Å) and 

a larger P1-Pd-P2 angle (P1-Pd-P2: TS6a-8a = 149.3º, TS6a-7a = 126.5º).   

 

Figure 4.17: The optimised structures of TS6a-8a and TS6b-8b. Bond lengths and 

distances in Å, energies in kcal/mol.  
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Secondly, the new transition state TS6b-8b can be compared to the other transition state 

which links to cis reactant 6b, TS6b-7a.  As before, the different orientation of the 

hydroxy groups is shown by comparing the H-O-Pd-P torsion angles (H-O-Pd-Cl: TS6b-

8b = 4.8º, TS6b-7a = 134.9º).  TS6b-8b has a considerably shorter HLCl distance than in 

TS6b-7a (HLCl: TS6b-8b = 2.225 Å, TS6b-7a = 4.123 Å), which means that the 3.8 

kcal/mol energy difference between these two transition states could be due to a 

stabilising intramolecular hydrogen bonding-type interaction in TS6b-8b.  As seen 

previously, the P1-Pd-P2 angle is larger in the large model than in the small model (P1-

Pd-P2: TS6b-8b = 119.5º, TS6b-7a = 114.8º, Small model: TS1b-2a = 98.9º).   

 

These two new transition states do not lead towards a metallophosphorane intermediate, 

as seen in the small model.  Instead they lead to a new type of structure that features an 

Ș2-interaction between the palladium and a phenyl group from a {PPh3OH+} ligand.  

The structures of these new intermediates, 8a (E = 1.2 kcal/mol) and 8b (E = 7.1 

kcal/mol), can be seen in Figure 4.18.  Looking more closely at structure 8a, one of the 

major features is that the Pd-P1 bond present in TS6b-7a has now broken (PdLP1 = 

3.236 Å).  The vacant site on the palladium has been filled by one of the phenyl groups 

attached to P1 forming an Ș2-interaction with palladium (C1-Pd = 2.213 Å and C2-Pd = 

2.149 Å).  ı-Donation from the carbons to palladium, coupled with ʌ-back donation 

from palladium into a vacant ʌ* orbital causes lengthening of the C1-C2 bond, from 

around 1.39-1.41 Å in reactant 6a, to 1.469 Å in 8a.  The HLCl distance has also 

significantly shortened from 3.437 Å in TS6a-8a to 1.914 Å in 8a, which may have an 

additional stabilising effect.  The Pd-P2 bond has shortened compared to the TS6a-8a 

structure (Pd-P2:  8a = 2.325 Å, TS6a-8a = 2.425 Å).  Conversely, the Pd-Cl bond is 

longer in 8a than in TS6a-8a (Pd-Cl:  8a = 2.567 Å, TS6a-8a = 2.501 Å).  The palladium 

has adopted a structure which is approximately trigonal planar, with the main angles 

around the palladium adding up to 359.7º.  The {PPh3OH+} ligand is now formally a 

cation, and can be considered to be interacting with the {PdCl(PPh3)
-} fragment as a 

zwitterion.  Now that P1 is no longer bonded to palladium, it has adopted a tetrahedral 

geometry with its remaining four substituents (O-P1-C1 = 114.7º, O-P1-C3 = 102.3º, O-

P1-C4 = 108.0º). 
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Intermediate 8b, which is formed from the cis reactant 6b, has a similar Ș2-bound 

structure to 8a.  The hydroxyl hydrogen in 8b has a short interaction with palladium 

(PdLH = 2.708 Å) and with chloride (HLCl = 1.795 Å).  The HLCl hydrogen 

bonding interaction may contribute to the long Pd-Cl bond (Pd-Cl = 2.676 Å).  The 

main difference between structures 8a and 8b is the orientation of the C1-C2 bond with 

respect to the metal coordination plane.  As discussed before, in 8a the C1-C2 bond lies 

in the metal coordination plane (C1-C2-Pd-P2 = 168.1º).  However, the C1-C2 bond in 

8b is closer to being perpendicular to the plane, with a C1-C2-Pd-P2 torsion angle of 

62.3º.   

 

 

 

Figure 4.18: The optimised structures of 8a and 8b. Bond lengths and 

distances in Å, energies in kcal/mol.  
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Intermediate 8a is 5.9 kcal/mol more stable than 8b.  A possible explanation for this is 

the different orientations adopted by the Ș2-phenyl groups coordinated to the palladium.  

In 8a palladium interacts with a phenyl ring, which can be simplified to an alkene when 

looking at the orbitals involved.  The PdLPh interaction can be modelled by 

approximating 8a and 8b to a d10-ML2 fragment interacting with ethene. 

 

Generally, alkene ligands show a conformational preference to lie in the metal 

coordination plane when bonding to a d10-ML2 C2v fragment, rather than lying 

perpendicular to the plane.  Figure 4.19 illustrates the key frontier ʌ-molecular orbitals 

in a d10 trigonal planar ML2(C2H4) system, and how the interactions change depending 

on the orientation of the alkene.6  The diagram only shows the metal orbitals with the 

correct symmetry to interact with the ligand ʌ* orbitals and does not include the orbitals 

involved in ı-bonding as these are independent of the alkene orientation. 

 

If the alkene is perpendicular to ML2, as shown on the left hand side of Figure 4.19, its 

ʌ* orbital has the correct symmetry to overlap with the metal b1 orbital, leaving the 

metal b2 orbital unaffected and non-bonding.  However, if the alkene lies in the metal 

coordination plane, as shown on the right hand side of Figure 4.19, its ʌ* orbital has b2 

symmetry, so it overlaps with the metal b2 orbital, and the metal b1 orbital is non-

Figure 4.19: Molecular orbital diagram for ML2(C2H4) featuring the 

interaction between dʌ orbitals of ML2 and ʌ* orbitals of ethene.  
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bonding.  There is a smaller energy mismatch in the ʌ*± b2 combination and the high-

lying b2 orbital is strongly stabilised, resulting in a preference for the in-plane alkene 

conformation.   

 

Examples of well-characterised zwitterions similar to 8a and 8b have been synthesised.  

An example of an Ș2-phosphoniostyrene-palladium(0) complex, [PdBr(trans-

PhCH=CHPPh3)(PPh3)], was published by Huang et al. in 1998.7  A diagram of the 

crystallographically determined structure is shown in Figure 4.20.  There are several 

interesting geometric features to this structure.  Firstly, the Ș2-interacting carbon-carbon 

bond lies almost coplanar with the halide and PPh3 ligands (C1-C2-Pd-P1 = 6.6°, C2-

C1-Pd-I = 11.8°).8  Furthermore, the {PhCH=CH(PPh3)
+} ligand has an unsymmetrical 

Ș2-interaction with the palladium, with a Pd�C1 distance of 2.084(8) Å and a Pd�C2 

distance of 2.136(7) Å.  This can be explained by the stronger trans influence of the 

PPh3 ligand on C2 than the bromide exerts on C1.  The C1-C2 bond is a similar length 

(1.435(10) Å) as the analogous bond in 8a (1.469 Å) and 8b (1.450 Å). 

 

4.9.4 Pathway B: Energy profile 

The energy profile for P-O bond formation via Pathway B is shown in Figure 4.21.  As 

seen in the formation of 7a, the energy barrier is larger when starting from the trans 

reactant 6a (ǻEa = 31.7 kcal/mol) than from the cis reactant 6b (ǻEa = 22.7 kcal/mol).  

Figure 4.20: The crystallographically determined structure of [PdBr(trans-

PhCH=CHPPh3)(PPh3)].  Bond lengths in Å.  
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However, despite the larger barrier, TS6a-8a leads to the more thermodynamically stable 

intermediate, 8a (+1.2 kcal/mol), due to the more favourable orientation of the Ș2-

phenyl group.  TS6a-8a is close in energy to TS6a-7a (E = 32.3 kcal/mol) and TS6b-7a (E = 

30.5 kcal/mol) from Pathway A, while TS6b-8b is the most accessible transition state 

located so far. 

 

4.9.5  Pathway A': Route to a new metallophosphorane structure 

In the small model it was possible to go from a metallophosphorane intermediate to 

transfer the hydroxyl hydrogen onto palladium, accompanied by cleavage of the Pd-P1 

and O-H bonds.  The analogous mechanism was thoroughly investigated in the large 

model system, by first shortening the PdLH distance and then lengthening the Pd-P 

bond, but none of the attempts was successful.  Each time the Pd-P bond started to 

break, a phenyl moved into the new vacant site rather than the hydroxyl hydrogen.  

Extensive investigations led to the conclusion that it is not possible to transfer the 

hydroxyl hydrogen onto palladium directly from metallophosphorane 7a. 
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Figure 4.21: P-O bond formation, Pathway B – Energy profile (kcal/mol) for 

mechanism linking reactants 6a and 6b to intermediates 8a and 8b respectively. 
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However, during these studies the structure of a second metallophosphorane 

intermediate, 7b (E = 23.2 kcal/mol), was discovered.  In fact, 7b is similar to 

metallophosphorane 2a from the small model pathway, as the hydroxy hydrogen is 

pointing in the direction of the chloride (H-O-Pd-Cl:  7b = 28.8º, 2a = 29.1º) with a 

reasonably short HLCl distance (HLCl:  7b = 2.482 Å, 2a = 2.583 Å).  This HLCl 

interaction, which is not present in metallophosphorane 7a (H-O-Pd-Cl  = 135.3º, 

HLCl  = 3.900 Å), could account for 7b being 2.8 kcal/mol more stable than 7a.  The 

structures of 7b and the isomerisation transition state linking 7a and 7b, TS7a-7b (E = 

25.6 kcal/mol), corresponding to rotation about the P1-O bond, can be seen in Figure 

4.22.  There are only small changes in geometry and energy going from 7a, through 

TS7a-7b to 7b. 

 

Attempts were also made to transfer the hydroxy hydrogen from the oxygen to 

palladium in metallophosphorane 7b, but as was found with 7a, this process was not 

possible.  It was discovered, however, that it is possible to transfer the hydroxy group 

back onto palladium, leading to cis reactant 6b. This provides a route for the formation 

of a metallophosphorane from 6b, with an activation barrier of 23.5 kcal/mol through 

TS6b-7b (E = 27.5 kcal/mol).  

 

Figure 4.22: The optimised structures of TS7a-7b and metallophosphorane 7b. 

Bond lengths and distances in Å, energies in kcal/mol.  
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The structure of TS6b-7b, shown in Figure 4.23, is very similar to TS6b-8b (Figure 4.16), 

which links cis reactant 6b to zwitterion 8b.  Both transition states have an interaction 

between chloride and the hydroxy hydrogen, with a short HLCl distance (HLCl: TS6b-

7b = 2.511 Å, TS6b-8b = 2.225 Å) and a similar orientation (H-O-Pd-Cl TS6b-7b = 3.5º, 

TS6b-8b = 4.8º).  There are only small differences in bond lengths and distances, notably 

the PdLC1 distance is longer in TS6b-7b (3.220 Å) than in TS6b-8b (3.068 Å), which may 

explain why they lead to different intermediate species. 

 

4.9.6 Pathway A': Energy profile 

The energy profile leading from the cis reactant 6b via the new metallophosphorane 7b 

to the original metallophosphorane 7a, is shown in Figure 4.24.  The energy highpoint 

in this part of the mechanism is at TS6b-7b (27.5 kcal/mol).  This is more accessible than 

the other two transition states that lead to 7a, TS6a-7a (E = 32.3 kcal/mol) and TS6b-7a (E 

= 30.5 kcal/mol).  TS7a-7b is comparatively lower in energy than 7a, due to the zero 

point correction as discussed previously.   This means that isomerisation from 7a to 7b 

is essentially a barrierless process, and also that the energy surface is very flat in this 

region. 

 

 

Figure 4.23: The optimised structures of TS6b-7b. Bond lengths and distances 

in Å, energy in kcal/mol.  
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4.9.7 Linking Pathways A and B 

As explained previously, it was not possible to find a pathway leading directly from a 

metallophosphorane intermediate to a product where hydrogen had been transferred to 

palladium in the analysis of the full experimental species.  Nevertheless, a transition 

state linking metallophosphorane 7a with zwitterion 8b was located.  This transition 

state, TS7a-8b (E = 25.6 kcal/mol), is a link between Pathways A and B.  It was hoped 

that a mechanism leading to [PdCl(H)PPh3] and triphenylphosphine oxide from 8b 

would subsequently be found.  Figure 4.25 shows the structure of TS7a-8b in more detail, 

and the energy profile for this part of the mechanism, linking pathways A and B. 

 

 

 
 
 
 

Figure 4.24: Pathway A' – Energy profile (kcal/mol) for mechanism linking 

reactant 6b to metallophosphorane intermediate 7a. 
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TS7a-8b shows only small structural differences to metallophosphorane 7a.  The greatest 

differences are seen in the shortening of the P1-O bond from 1.805 Å in 7a to 1.761 Å 

in TS7a-8b, and the P1-C1 bond from 1.971 Å in 7a to 1.865 Å in TS7a-8b.  The similarity 

of the structures is mirrored by the very small energy difference (ǻE = 0.4 kcal/mol).  

As seen in the previous section, the transition state is comparatively lower in energy 

than 7a, due to the zero point energy correction, indicating that the potential energy 

surface is very flat in this region. 

 

Conversely, major structural changes occur between TS7a-8b and 8b, accompanied by a 

substantial stabilisation in energy (ǻE = 18.5 kcal/mol).  The changes are very similar to 

those seen in section 4.9.3 when zwitterion 8b was formed from TS6b-8b.  The most 

significant changes are the breaking of the Pd-P1 bond and the formation of a PdLPh 

Ș2-interaction. 
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Figure 4.25: Phase 1: Pathway A-B – Energy profile (kcal/mol) for mechanism 

linking metallophosphorane 7a to zwitterion 8b. Bond lengths in Å. 
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4.9.7 Comparing Pathways A and B 

All of the pathways for P-O bond formation are shown in Figure 4.26.  Pathway A is 

shown from the left of the diagram to the centre, and features the three routes which 

pass through a metallophosphorane intermediate. The two routes for Pathway B, which 

lead directly to zwitterions 8a and 8b, are shown at the right hand side of the diagram.  

Four of the five pathways converge at zwitterion 8b, with the fifth pathway via TS6a-8a, 

leading to zwitterion 8a.   

 

Comparison of the energy highpoints for the five pathways shows that the most 

accessible route is from cis reactant 6b, via TS6b-8b (E = 26.7 kcal/mol), to intermediate 

8b.  The routes from cis 6b are more accessible than those from trans 6a, which is 

consistent with experimental observations.1  
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Figure 4.26: P-O Bond Formation: Pathways A and B – Energy profiles 

(kcal/mol) for both pathways. 
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4.10 Large model: Hydrogen Transfer 

 

4.10.1 Pathway C: H-transfer and O=PPh3 formation from 8b  

As four of the five pathways in the initial part of the mechanism were found to converge 

at zwitterion structure 8b, it was hoped that a mechanism could be found to lead from 

this species and transfer hydrogen from oxygen to palladium.   

 

H-transfer onto palladium should displace the Ș2- phenyl ring and break the O-H bond.  

To achieve this, the PdLH distance in 8b was shortened in a stepwise manner.  

However, rather than leading directly to hydrogen transfer, instead another zwitterion 

isomer was formed, with a different carbon-carbon bond in the phenyl interacting with 

palladium.  The structures of the transition state, TS8b-8c (E = 7.1 kcal/mol), and the new 

zwitterion structure, 8c (E = 0.5 kcal/mol), are shown in Figure 4.27. 

 

The isomerisation between 8b and 8c is essentially barrierless, as it has an activation 

energy of less than 0.05 kcal/mol.  Not surprisingly, the structure of TS8b-8c is very 

similar to 8b.   The main difference between the two zwitterion structures, 8b and 8c, is 

the way in which the phenyl ring interacts with palladium.  In 8b the Ș2-interaction is 

between palladium, ipso-C1 and ortho-C2, and the C1-C2 bond lies out of the metal 

coordination plane (C1-C2-Pd-P2 = 62.3º).  In 8c, however, the palladium interacts with 

ortho-C2 and meta-C3, and the C2-C3 bond lies in the metal coordination plane (C2-

C3-Pd-P2 = 179.5º).  In 8c the C1LPd interaction has ceased (C1LPd = 3.063 Å) and 

has been replaced by a C3LPd interaction (C3LPd: 8b = 2.876 Å, 8c = 2.161 Å). 
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Selected bond lengths and distances for structures 8a, 8b, TS8b-8c and 8c are shown in 

Table 4.3.  If the carbon-carbon bond lengths (Ș2-bound to Pd) are compared for all 

three zwitterion structures, it can be seen that the longest bond is in 8a, where the ipso-

C1- ortho-C2 bond is parallel to the metal coordination plane (C1-C2 = 1.469 Å) and 

this suggests it has the strongest coordination to the metal.  The next longest carbon-

carbon bond is seen in 8c, where the ortho-C2-meta-C3 bond also lies in the plane (C2-

C3 = 1.452 Å).  The shortest carbon-carbon bond is seen in 8b, where the ipso-C1-

ortho-C2 bond lies out of the metal coordination plane (C1-C2 = 1.450 Å), so does not 

coordinate as effectively to palladium.  The relative stability of 8c, as with 8a, could be 

explained by the conformational preference for analogous alkene ligands to lie in the 

metal coordination plane when bonding to a d10-ML2 fragment, as discussed earlier in 

the chapter. 

 

Figure 4.27: Structures of TS8b-8c and zwitterion 8c.  Bond lengths and distances 

in Å and energies in kcal/mol. 
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Bond 8a 8b TS8b-8c 8c 

Pd – C1 2.213 2.274 2.344 3.064 

Pd – C2 2.149 2.187 2.156 2.187 

Pd – C3 3.091 2.877 2.757 2.161 

C1 – C2 1.469 1.450 1.450 1.452 

C2 – C3 1.439 1.429 1.430 1.452 

 

The different orientation in the Ș2-phenyl in 8c causes the whole {PPh3OH+} fragment 

to shift its position, resulting in longer PdLO (4.065 Å) and PdLP1 (4.134 Å) 

distances than in 8b (PdLO = 3.241 Å; PdLP1 = 3.271 Å).  Since this also means that 

the PdLH(O) distance has increased (PdLH: 8b = 2.708 Å, 8c = 3.286 Å) it is 

surprising that this is indeed a step towards transferring the hydroxy hydrogen onto the 

palladium.  However, despite extensive efforts, no direct route was found from 8b. 

 

Further reduction of the PdLH(O) distance from 8c led to the location of TS8c-9 (E = 

14.0 kcal/mol), which was found to lead to palladium hydride complex 9 (E = 4.9 

kcal/mol).  The structures of these species are shown in Figure 4.28.  The major 

structural change seen in TS8c-9 is the position of the {PPh3OH+} fragment with respect 

to palladium.  The hydroxy hydrogen has moved away from chloride (HLCl: 8c = 

1.807 Å, TS8c-9 = 2.853 Å) and closer to palladium (HLPd: 8c = 3.286 Å, TS8c-9 = 

2.015 Å).  Meanwhile, the Ș2-phenyl has moved away from palladium (PdLMPC2-C3: 8c 

= 2.049 Å (MP = midpoint), TS8c-9 = 2.488 Å) as it is being displaced by the hydroxy 

hydrogen.  Changes seen around palladium include the opening of the P2-Pd-Cl bond 

from 112.3º in 8c to 131.0º in TS8c-9 and the shortening of the P2-Pd and Cl-Pd bonds 

(P2-Pd: 8c = 2.333 Å, TS8c-9 = 2.297 Å; Cl-Pd: 8c = 2.544 Å, TS8c-9 = 2.456 Å).  The 

bond lengths and geometry around P1 do not change significantly. 

 

Table 4.3: Selected bond lengths and distances (Å) in structures 8a, 8b, TS8b-8c 

and 8c.  The values in italics are not directly relevant. 
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The final structure in the reaction mechanism is 9, where hydrogen has been transferred 

onto the metal (Pd-H = 1.543 Å) and the O-H bond has broken (OLH = 1.777 Å).  This 

means that phosphine oxide has been formed, but is still associated with the newly 

formed [Pd(Cl)H(PPh3)].  The P1-O bond has shortened from 1.623 Å in 8c to 1.561 Å 

in 9, as this is now consistent with a P=O double bond.  The Pd-P2 bond has shortened 

from 2.353 Å in 8c to 2.241 Å in 9 and similarly the Pd-Cl bond has reduced from 2.544 

Å in 8c to 2.326 Å in 9.  This effect could be due to the change in formal oxidation state 

of the metal, from Pd(0) in [Pd(Cl)PPh3]
-[PPh3OH]+, 8c, to Pd(II) in 9. 

 

The structure of 9 is rather different to the analogous species in the small model, 

complex 3.  The hydrogen is further on in its transfer to palladium in 9, with a shorter 

PdLH distance (3 = 1.884 Å, 9 = 1.543Å) and a longer OLH distance (3 = 1.108 Å, 9 

= 1.777 Å).  Also, the Pd-Cl bond is longer in 3 (2.379 Å) than in 9 (2.326 Å), possibly 

due to the interaction between chloride and a phosphorus-bound hydrogen in 3.  Species 

Figure 4.28: The structures of TS8c-9 and 9.  Bond lengths and distances in Å, 

energies in kcal/mol. 
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9 (E = 4.9 kcal/mol) is considerably more comparatively stable than 3 (E = 12.9 

kcal/mol).  This may be due to the greater reduction of steric interactions in 9 than in 3. 

 

4.10.2 Pathway C: H-transfer and O=PPh3 formation from 8a 

To complete the overall picture of the reaction mechanism, a pathway to link zwitterion 

8a, formed from trans reactant 6a, to product 9 needed to be located.  A transition state, 

TS8a-9 (E = 9.4 kcal/mol), was located by shortening the PdLH distance from 2.684 Å 

in 8a.  The structures of 8a and TS8a-9 are shown in Figure 4.29. 

 

Figure 4.29:  Structures of 8a and TS8a-9.  Bond lengths and distances in Å, 

energies in kcal/mol. 
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The structure of TS8a-9 is similar to TS8c-9, as it features a lengthening of the HLCl 

distance and a shortening of the HLPd distance (see Table 4.4).  In addition, the Ș2-

phenyl has begun to move away from palladium, with PdLC1 increasing by 0.664 Å 

from 8a to TS8a-9 and PdLC2 increasing by 0.238 Å.  As seen in the formation of 9 

from 8b, the Cl-Pd-P2 angle opens when passing from zwitterion 8a to product 9 (Cl-

Pd-P2: 8a = 111.3º, TS8a-9 = 144.1º, 9 = 173.7º).  There is also a shortening of the Pd-Cl 

and Pd-P2 bonds as the oxidation state of the palladium changes from Pd(0) to Pd(II). 

 

4.10.3  Pathway C (from 8a to 9): Energy profile 

Unlike the route from 8b to 9, the pathway from 8a to 9 is a one-step process (see 

Figure 4.30).  The energy highpoint is low compared to transition states earlier in the 

mechanism, at 9.4 kcal/mol.  Therefore, this process provides a simple and accessible 

route to 9. 

Atomic Distance / Å Bond Length / Å
Structure H…Cl H…Pd Pd…C1 Pd…C2 Pd-Cl Pd-P2

8a 1.914 2.684 2.213 2.149 2.567 2.325

TS8a-9 3.184 1.972 2.877 2.387 2.405 2.265

9 1.543 2.326 2.241

Table 4.4:  Selected bond lengths and distances (Å) in structures 8a, 

TS8a-9 and 9. 

Figure 4.30:  Pathway C: Energy profile (kcal/mol) linking 8a to 9. 
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4.10.4  Pathway C (from 8b to 9): Energy profile  

The energy profile linking zwitterion 8b to 9, with the relevant structures included, is 

shown in Figure 4.31.  The formation of 8c is essentially a barrierless process, but a 

barrier of 13.5 kcal/mol must be overcome to transfer the hydrogen from oxygen to 

palladium, to form 9.  The energy highpoint for this part of the mechanism is TS8c-9 (E = 

14.0 kcal/mol), but this is not a rate-limiting step in the overall reaction as it is 

considerably lower than the initial transition states to form a P-O bond (lowest initial 

transition state is TS6b-8b, E = 26.7 kcal/mol). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31:  Pathway C: Energy profile (kcal/mol) linking 8b to 9. 
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4.11  Large model [PdCl(OH)(PPh3)2]: Overview  

Investigation of the mechanism of the disproportionation reaction found a number of 

possible routes linking reactants trans- and cis-[PdCl(OH)(PPh3)2] (6a and 6b) to 

[PdCl(H)(PPh3)] and O=PPh3.  Three routes passed through metallophosphorane 

intermediate structures, and all five routes passed through zwitterion species.  The most 

energetically accessible route starts from 6b and has an overall highpoint at TS6b-8b of 

26.7 kcal/mol.  This profile is shown in Figure 4.32.  This route does not pass through a 

metallophosphorane intermediate.  However, the most accessible route that does pass 

through a metallophosphorane species (7a) has a highpoint of 27.5 kcal/mol (TS6b-7b) 

which is less than 1 kcal/mol higher than TS6b-8b, making it competitive with the 

globally most accessible route. 

 

If the energies of products [PdCl(H)(PPh3)] and O=PPh3 are calculated separately and 

added together, the combined enthalpy is 13.1 kcal/mol.  However, if a correction is 

made for free energy, the value becomes 0.0 kcal/mol, making the process 

thermoneutral.  This is quite a difference from the energy of the combined products for 

the small model system, which was 28.9 kcal/mol, decreasing to 19.0 kcal/mol for free 

energy.  It seems that there is a large effect on the energy when the steric bulk is 

included in the system.  Additionally, in the small model it was necessary to overcome a 

Cl�H interaction which is not present in the large model system. 
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Figure 4.32:  Energy profile (kcal/mol) of the lowest route for the 

disproportionation mechanism in the large model analysis.  Free energy values 

shown in parenthesis. 
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4.12 Large model: Natural population analysis 

All of the structures from the large model were analysed using natural atomic 

population analysis calculations, as were performed for all the species in the small 

model earlier in this chapter.  As before, the focus of the analysis was on the charges on 

P1 and palladium, and the values are shown in Table 4.5.  The values for only one 

pathway are shown as the same trends were observed in all of the possible pathways.  

This pathway was selected because it features both a metallophosphorane and zwitterion 

intermediates, allowing their charge distribution to be compared. 

 

As seen in the small model, the negative charge (electron density) on P1 decreases 

considerably between the reactant 6b (q = 1.16) and the metallophosphorane 

intermediate 7a (q = 1.63).  The then negative charge decreases further as zwitterion 8b 

(q = 2.08) is formed.   This value then remains almost constant through to the product 

structure, 9 (q = 2.06), and is consistent with the charge on P1 in phosphine oxide (q = 

2.04).  This suggests that P1 in a zwitterion (8b and 8c) is closer in nature to P(V) than 

P1 in a metallophosphorane (7a). 

 

An increase in negative charge on palladium is seen between the 4-coordinate reactant 

6b (q = 0.34) and the metallophosphorane intermediate 7a (q = 0.14), as seen in the 

small model analysis.  The negative charge then decreases further with the formation of 

the zwitterions 8b (q = 0.20) and 8c (q = 0.24).  As in the small model analysis, the 

Table 4.5:  Computed natural atomic charges (q) focusing on P1 

and Pd for a selected pathway in the large model of the 

disproportionation mechanism.

Structure q(P1) q(Pd)

PPh3 0.95

6b 1.16 0.34

TS6b-7a 1.52 0.27

7a 1.63 0.14

TS7a-8b 1.70 0.13

8b 2.08 0.20

TS8b-8c 2.08 0.20

8c 2.06 0.24

TS8c-9 2.07 0.11

9 2.06 0.06

O=PPh3 2.04

[PdClH(PPh3)] 0.13
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minimum complex with the lowest negative charge on palladium is the structure where 

the hydroxy hydrogen is bridging between palladium and oxygen, in this case 9 (q = 

0.06).  The negative charge falls to around the value of the palladium in 7a (q = 0.14) 

when [PdClH(PPh3)] is formed (q = 0.13).  This suggests that there is slightly more 

electron density on palladium in a metallophosphorane (7a) than in a zwitterion (8b and 

8c). 

 

4.13 Effects of solvation 

Polarisable continuum model (PCM) calculations were performed to investigate 

whether the energy profiles reported in this chapter would be affected by solvation.  

Single point values at full DFT level were obtained, and then enthalpy corrections using 

values from the ONIOM/HF calculations were applied to the values.  The experimental 

work by Grushin and Alper on this disproportionation reaction was carried out in a 

mixture of benzene and water.1  Therefore, PCM single point calculations were 

performed in water and in benzene, and then compared to the enthalpy values in a 

vacuum that have been reported in this chapter. 

 

There was a clear trend across all the results, namely that the addition of water solvation 

stabilised the energies along the reaction profile by an average of 2.9 kcal/mol, while 

solvation in benzene stabilised the energies by an average of 1.4 kcal/mol.  It is not 

surprising that water, a more polar solvent, has a larger effect when stabilising these 

complexes which do contain a degree of charge separation.  However, as the whole 

profile was affected by solvation to a similar extent, there was no change in the order of 

the energy highpoints in the key first transition states.   

 

4.14 Conclusions 

The analysis of the small model, [PdCl(OH)(PH3)2], was useful to study routes via 

metallophosphorane intermediates.  However, with PH3 rather than PPh3, it was not 

possible to form species with an Ș2-interaction between palladium and a phenyl group.   

 

A greater variety of routes were found when the full experimental complex, 

[PdCl(OH)(PPh3)2], was modelled.  The most accessible route in the small model 

analysis had a highpoint of 21.8 kcal/mol (TS6b-7a) while in the large model system it 

was 26.7 kcal/mol (TS6b-8b).  This may be result of the inclusion of steric factors in the 

large model system. 
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Both the small and large model analyses showed that the reaction is more accessible 

from the cis reactant than the trans, which is consistent with the experimental 

observations of Grushin and Alper.1   

 

Overall, the computational investigations have shown that there are energetically 

accessible pathways for the hydroxide-induced disproportionation reaction that proceed 

via an intramolecular attack of hydroxide on a palladium-bound phosphine ligand.   
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Chapter 5: A mechanistic study of Ph/Ph' exchange in trans-

[PdX(Ph)(PPh3)2] (X = Cl, Br, I) 

 

5.1  Introduction 

Aryl/aryl (Ar/Ar') exchange occurs in a wide range of systems, as discussed in Chapter 

1.  This can be a problem, as it can lead to the formation of unwanted side products, as 

Chenard et al. observed when using [Pd(PPh3)4] as a catalyst in a Stille cross-coupling 

reaction.1  Many cases of Ar/Ar' scrambling have been reported, and some detailed 

studies have been performed to attempt to understand the mechanism of this type of 

exchange reaction.  Bryant and Abatjoglou,2 and later Cheng and Kong3 suggested that 

exchange may proceed via an oxidative addition across a phosphine P-C bond, followed 

by a reductive elimination to form a bond between phosphorus and a metal-bound aryl 

group, as shown in Path 1 in Figure 5.1.  Goel, however, proposed that exchange may 

occur with an initial nucleophilic attack of an aryl onto a coordinated phosphine ligand.4  

The observation that the addition of excess phosphine strongly inhibits exchange led 

several groups to hypothesise that pre-dissociation of the spectator phosphine was 

necessary for exchange to occur.  Novak et al.
5 and Grushin6 published a possible 

reaction schemes featuring a phosphonium salt intermediate, as shown in Path 2 in 

Figure 5.1.               

 

This chapter contains a detailed mechanistic study of phenyl/phenyl (Ph/Ph') exchange 

in trans-[PdX(Ph)(PPh3)2] (X = Cl), followed by an investigation into the effect that 

changing the halide (X = Br, I) has on the reaction profiles and energies.  Drawing from 

the experimental work that has been conducted in this area, mechanisms based on both 

Paths 1 and 2 from Figure 5.1 will be investigated. 

Figure 5.1: Two proposed mechanisms for Ar/Ar' exchange. 
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The ONIOM approach (BP86:HF) was used for this study, as described in Chapter 2.  

The palladium, phosphorus and halide atoms are at the ‘high’ level of calculation, as are 

the carbons and hydrogens of the palladium-bound phenyl ligand and the phosphorus-

bound phenyl group that will undergo exchange.  The carbon and hydrogen atoms in the 

five spectator phenyl groups are at the ‘low’ level of calculation, as depicted in Figure 

5.2. 

Four distinct mechanisms were investigated for the exchange of the palladium-bound 

phenyl group with one of the phosphine phenyl groups.  The mechanisms differ in their 

initial step, as to whether this involves attack of the palladium-bound phenyl group on a 

phosphorus, or the transfer of a phosphine phenyl group onto palladium.  Also, a further 

factor considered was whether the mechanism involves the pre-dissociation of the 

spectator phosphine group, so that exchange occurs from a 3-coordinate reactant.  These 

mechanisms are shown in Figure 5.3. 

 

Mechanisms A and B both begin from the 4-coordinate reactant, trans-

[PdCl(Ph)(PPh3)2].  Mechanisms C and D both start from a 3-coordinate reactant, 

formed by dissociation of the spectator triphenylphosphine in trans-[PdCl(Ph)(PPh3)2].  

In principle, this would initially form TPPh3
-[PdCl(Ph)(PPh3)], however this was found 

to isomerise to form TPh-[PdCl(Ph)(PPh3)].  The second part of this Ph/Ph' exchange 

study investigates the effect of using iodide and bromide in place of chloride, to enable 

comparison with the experimental results.  Grushin found that exchange was most facile 

with iodide, followed by bromide and then chloride.6  

 

 

Figure 5.2: trans-[PdX(Ph)(PPh3)2] with the atoms at high and low level of 

calculation indicated. 
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Figure 5.3: The four initial phenyl transfer steps to be considered for Ph/Ph 

exchange from trans-[PdCl(Ph)(PPh3)2] (A and B) and TPh-[PdCl(Ph)(PPh3)] (C 

and D). 
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5. 2  Mechanism A 

 

The initial structure of the reactant, trans-[PdCl(Ph)(PPh3)2], was optimised starting 

from the crystallographically determined structure of this species.7  This provided a 

conformationally realistic structure from which to begin the reaction profile.  The 

optimised structure of reactant 1a (E set to 0.0 kcal/mol) is shown in Figure 5.4.  All 

subsequent energies reported in this chapter will be relative to 1a, unless otherwise 

stated.  The two phenyl groups with numbered carbons are the groups that will 

exchange, and are therefore at the high level of calculation. 

 

If the structure of 1a is compared to the crystallographically determined structure of 

trans-[PdCl(Ph)(PPh3)2], they are found to be very similar.  Table 5.1 shows selected 

bond lengths and angles for both structures.  Both species have a distorted square planar 

geometry, with a P1-Pd-P2 angle of 177.55(2)º experimentally and 170.3º in 1a, which 

Figure 5.4: The optimised structure of reactant 1a, trans-[PdCl(Ph)(PPh3)2].  

Phenyl hydrogens have been omitted for clarity.  Bond lengths and distances in Å, 

energy in kcal/mol. 
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is presumably less than 180º due to the steric bulk of the palladium-bound phenyl.  The 

calculated bond lengths are all slightly longer than those determined experimentally, but 

all by less than 3%.  For instance, the Pd-P bond lengths are overestimated by <0.06 Å 

in 1a.  This overestimation was also seen by Macgregor and Wondimagegn8 in 

calculated Rh-P bond lengths in [RhF(PPh3)3] when comparing them to the 

crystallographically determined structure.  To see whether the difference in bond 

lengths are significant, the four bonds to palladium in 1a were fixed at the values 

observed experimentally, and the resulting optimised structure was only 0.8 kcal/mol 

less stable.  Therefore, these small overestimations in bond lengths for a computed 

structure are not thought to make a significant difference to the computed energies. 

 

To begin the exchange reaction profile, the P1LC1 distance was reduced in a stepwise 

scan, starting from a distance of 3.152 Å in 1a.  A transition state calculation was run 

from the maximum energy point in the scan, which led to the location of TS1a-1b (E = 

31.1 kcal/mol), shown in Figure 5.5.  The main geometric change that occurs between 

1a and TS1a-1b is the position of the palladium-bound phenyl group.  The C1LP1 

distance reduces by 0.91 Å, coupled with an increase of 0.110 Å in the PdLC1 

distance.  The two phosphorus atoms and the chloride remain in the metal coordination 

plane, with the P1-Cl-Pd-P2 torsion angle only reducing by 3.5º to 167.2º in TS1a-1b.  

However, the transferring phenyl moves out of the metal coordination plane, with the 

Cl-P1-Pd-C1 torsion angle reducing from 171.3º in 1a to 129.6º in TS1a-1b.  The plane of 

the transferring phenyl group lies approximately perpendicular to the Pd-P1 bond, as 

predicted by Hoffmann et al.9  The phenyl group on P1 that lies opposite to the 

attacking phenyl moves closer to palladium, with the PdLC1' distance reducing from 

3.512 Å in 1a to 2.705 Å in TS1a-1b.  The P1-Pd-P2 angle has reduced by 24.5º, so the 

spectator phosphine group has begun to move into the new vacant site.  Other more 

minor changes in geometry can be observed.  For instance, the Pd-P2 bond lengthens by 

Table 5.1: Selected bond lengths and angles in the crystallographically determined 

structure of trans-[PdCl(Ph)(PPh3)2]
7 and the calculated structure of 1a. 

Experimental Calculated bond Experimental Calculated bond
Atoms bond lengths / Å lengths in 1a / Å Atoms angles / º angles in 1a / º
Pd-P1 2.316(1) 2.378 C1-Pd-P2 91.38(7) 92.8
Pd-P2 2.324(1) 2.372 P1-Pd-C1 90.29(7) 91.2
Pd-Cl 2.407(1) 2.453 P1-Pd-Cl 89.75(2) 89.6
Pd-C1 2.016(3) 2.023 P1-Pd-P2 177.55(2) 170.3
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0.09 Å as the geometry distorts further from a square planar structure, with the Cl-Pd-

P1 angle opening by 21.0º and the Cl-Pd-P2 angle opening by 14.5º.    There is virtually 

no change in the Pd-P1 bond length. 

 

Pseudo-intrinsic reaction coordinate (PIRC) calculations were carried out from TS1a-1b 

and they confirmed that the transition state links to 1a and to intermediate 1b (E = 22.9 

kcal/mol).  The structure of 1b with key bond lengths and angles denoted are shown in 

Figure 5.6.  Major structural changes have occurred in the transition from 1a to 1b.  

These include the breaking of the Pd-C1 and Pd-P1 bonds, and the formation of a P1-C1 

bond and an Ș2-interaction between palladium and the ipso-ortho C1'-C2' bond in the 

exchanging phenyl group.   

 

The Ș2-interaction in zwitterion 1b, [Pd(Cl)PPh3]
-[PPh4]

+, was also seen in structures 8a 

and 8b, isomers of [Pd(Cl)PPh3]
-[P(OH)Ph3]

+, in Chapter 4.  As in 8a, the Ș2-C-C bond 

is almost coplanar with the metal coordination plane in 1b (C2'-C1'-Pd-P2 = 9.6º).  The 

Ș2-interaction with palladium in 1b is almost symmetrical, with only 0.006 Å difference 

between the Pd-C1' and Pd-C2' bond lengths.  The C1'-C2' bond has lengthened from 

1.410 Å in 1a to 1.473 Å in 1b as a result of the interaction with palladium.     
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2.061 1.880
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C2'
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2.373

TS1a-1b
E = 31.1

Figure 5.5: The structure of TS1a-1b. Bond lengths and distances in Å, energy in 

kcal/mol. 
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The geometry around palladium has changed from distorted square planar to distorted 

trigonal planar, with the main angles around palladium adding up to 360.0º.  P1 is now 

formally cationic, and lies above the metal coordination plane with a P2-Cl-Pd-P1 

torsion angle of 156.1º.   

 

The atom labelling in Figure 5.6 shows that the phenyl that was originally bound to 

palladium is not the phenyl engaged in the Ș2-interaction.  To move forwards in the 

exchange process from 1b, either the C1'-P1 bond must break as Pd-P1 reforms, or one 

of the other phenyl groups on P1 must transfer onto palladium as Pd-P1 forms.  

Attempts were made to break the C1'-P1 bond so that the Ș2-phenyl group would 

transfer to the metal, yielding the exchange product, but this was not possible.  Instead, 

it is believed that one of the other phenyls, shown in Figure 5.7 in italics, would transfer 

onto palladium.   This could be achieved by rotation around P1-C1' to place an 

alternative phenyl group in the position for transfer onto the metal.  Unfortunately, it 

was not possible to locate a transition state (TS1b-1b') for the rotation around P1-C1' by 

120º, as the phenyl groups on P1 are not equivalent.  Due to the type of calculation 

employed, namely ONIOM, the two phenyl groups shown in italics in Figure 5.6 are at 

the low level of calculation, while the Ș2-interacting phenyl and the phenyl in bold are at 

Figure 5.6: The structure of zwitterion 1b from Mechanism A. Bond lengths and 

distances in Å, energy in kcal/mol. 
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the high level.  This means that the rotation around P1-C1' by 120º or 240º does not 

produce energetically equivalent isomers, as it would if the phenyls were all equivalent.  

The calculations that were performed indicated that the barrier to rotation would be 

small, at around 5 kcal/mol, meaning it would be lower than TS1a-1b.  Assuming facile 

rotation occurs, the pathway forwards to the production of the exchange product is the 

same as the pathway connecting 1a to 1b, but now with a different phenyl transferring 

to palladium.  The overall process is thermoneutral, as the product, 1a' (E = 0.0 

kcal/mol), is indistinguishable from reactant 1a.   

 

The reaction profile, assuming a small barrier for rotation at TS1b-1b', can be seen in 

Figure 5.8.  The highest activation barrier for this exchange process corresponds to the 

transfer of the palladium-bound phenyl onto P1 (Ea = 31.1 kcal/mol).  As this is a type 

of intramolecular nucleophilic attack, it is not surprising that phenyl, a relatively poor 

nucleophile in this situation, does not readily transfer onto P1.  This barrier is of a 

similar magnitude to the activation energy for the transfer of phenyl from palladium 

onto P1 from 5a, trans-[PdCl(Ph)(PH3)2], in Chapter 3 (Ea1 = 32.9 kcal/mol). 
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Figure 5.7: Indication of the rotation required in 1b to allow a different phenyl to 
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Figure 5.8: Reaction profile for Ph/Ph' exchange via Mechanism A, starting from 

trans-[PdCl(Ph)(PPh3)2], 1a.  TS1b-1b' could not be located, so an approximation is 

shown.  Energies in kcal/mol.    
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5.3  Mechanism B 

 

The second mechanism considered for Ph/Ph' exchange starts from the same 4-

coordinate reactant as before, 1a, but begins with the transfer of a phenyl group from P1 

onto palladium, which is formally an oxidative addition.   

 

Several problems were encountered when investigating this profile.  If the P1-C1' bond 

which is to be broken is simply lengthened in a scan, the phenyl dissociates from the 

phosphorus without moving towards the palladium.  A scan reducing the PdLC1' 

distance was therefore run, but this was also unsatisfactory, as the P1-C1' bond would 

not break.  It was, however, possible to optimise the expected square pyramidal 

structure where the phenyl transfer to palladium had occurred.  This 5-coordinate 

intermediate structure, 1c (E = 38.1 kcal/mol), is shown in Figure 5.9.  

Figure 5.9: The structures of reactant 1a and intermediate 1c from Mechanism B. 

Bond lengths and distances in Å, energies in kcal/mol. 
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The Pd-Cl and Pd-C1 bond lengths are only slightly longer in 1c than in 1a.  However, 

the Pd-P bonds are more greatly affected.  The PPh2 ligand in 1c seems to exert a 

stronger trans influence than PPh3, with the Pd-P2 bond lengthening by 0.314 Å.  The 

Pd-P1 bond lengthens by 0.095 Å with the change in the nature of the ligand.  

Alternative isomeric forms of 1c were considered by constructing the eight possible 

isomers, i.e. the cis and trans isomers formed with each variation of the axial group.   

Each structure was allowed to optimise, but only one other structure was found to be a 

minimum.  This alternative isomer has PPh2 in the axial site of the square-based 

pyramid and the two phenyl groups cis to each other, however, due to its high energy of 

45.1 kcal/mol it is even less accessible than 1c.   

 

Intermediate 1c is higher in energy than TS1a-1b, which is the highest energy point in 

Mechanism A.  A transition state linking 1a with 1c would be even higher in energy 

than 1c, meaning that Mechanism B would be considerably less energetically accessible 

than Mechanism B.  Therefore, on this basis, Mechanism B is not considered to be a 

competitive mechanism for Ph/Ph' exchange, therefore the rest of the profile was not 

investigated. 
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5.4  Mechanism C 

 

The third mechanism considered starts from a 3-coordinate reactant that is formed by 

the pre-dissociation of the spectator phosphine ligand in 1a.  It is important to 

investigate the possibility of the reaction mechanism proceeding from a 3-coordinate 

species since it was found experimentally that addition of excess phosphine strongly 

inhibits exchange,3,5,6 implying that phosphine dissociation is involved in the exchange 

mechanism.   

 

To form a 3-coordinate reactant, the Pd-P2 bond in 1a was gradually lengthened to 

dissociate the triphenylphosphine.  This process involved a steady increase in energy, 

but did not pass through a maximum. Once the triphenylphosphine had dissociated to 

leave TPPh3
-[PdCl(Ph)(PPh3)], this 3-coordinate palladium complex isomerised resulting 

in the phenyl ligand lying trans to the vacant site.  The optimised structure of 2a, TPh-

[PdCl(Ph)(PPh3)], (E = 21.1 kcal/mol) is shown in Figure 5.10.   

Figure 5.10: The structure of reactant 2a in Mechanism C. Bond lengths and 

distances in Å.  Energy including free PPh3 in kcal/mol, relative to 1a. 
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Comparison of 2a with 4-coordinate reactant 1a reveals a shorter Pd-C1 bond in 2a (Pd-

C1: 1a = 2.023 Å, 2a = 1.998 Å).  This could be attributed to the absence of a ligand 

trans to C1, however in 2a the Pd-Cl bond is 0.145 Å shorter and the Pd-P1 bond is 

0.103 Å shorter.  To investigate the reason for all the bonds around palladium being 

shorter in 2a than in 1a, it is useful to compare 2a to cis-[PdClPh(PPh3)2] as this species 

has the same trans influences acting on the ligands.  

 

Figure 5.11 shows that the Pd-C1 bond is 2.6% shorter when opposite to a vacant site in 

2a than trans to PPh3 in cis-[PdClPh(PPh3)2].  Since there is no change in the trans 

influence for the chloride and PPh3(1) groups, the bond lengths would not be expected 

to change by much.  In fact, the Pd-P1 bond is 1.7% shorter and the Pd-Cl bond is 3.5% 

shorter in 2a than in cis-[PdClPh(PPh3)2].  This shortening is therefore attributed to a 

more general effect upon changing from a 4-coordinate to a 3-coordinate species.   

 

After the loss of PPh3, Mechanism C proceeds in a similar way to A, via the attack of 

the palladium-bound phenyl on P1, therefore the PLC1 distance was reduced in a scan.  

A transition state calculation was performed at the energy highpoint of the scan, leading 

to the location of TS2a-2b (E = 44.3 kcal/mol), shown in Figure 5.12.  The PLC1 

distance has reduced, whereas the Pd-C1 bond has lengthened by 0.096 Å.  The phenyl 

maintains a perpendicular orientation during the transfer, as seen in TS1a-1b.  The 

Figure 5.11: The structures of cis-[PdClPh(PPh3)2] and 2a, TPh-[PdCl(Ph)(PPh3)]. 

Bond lengths and distances in Å. 
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chloride has changed its position from trans to triphenylphosphine, to a position trans to 

C1, with the Cl-Pd-C1 angle increasing from 99.4º in 2a to 160.9º in TS2a-2b.  This is 

accompanied by a lengthening of the Pd-Cl bond by 0.039 Å.  Although the energy of 

TS2a-2b is comparatively high at 44.3 kcal/mol, the activation energy for this initial step 

relative to 2a in Mechanism C is 23.2 kcal/mol, which is lower than the corresponding 

barrier in Mechanism A (Ea1 = 31.3 kcal/mol). 

 

PIRC calculations revealed that TS2a-2b leads to an intermediate structure, 2b (E = 38.5 

kcal/mol), which is a zwitterion featuring an Ș2-interaction between palladium and the 

ipso-ortho C1-C2 bond on the previously palladium-bound phenyl group.  Figure 5.13 

shows the structure of zwitterion 2b, [PdCl]-[PPh4]
+.  In the formation of 2b, the Pd-P 

bond has broken, and the palladium now adopts a distorted linear geometry, with a MP-

Pd-Cl angle of 170.7º (MP = midpoint of the C1-C2 bond).  Unlike in 1b, 2b has an 

unsymmetrical Ș2-interaction between C1-C2 and palladium, with the PdLC2 distance 

being the longer of the two.  2b is 17.4 kcal/mol less stable than 3-coordinate reactant 

2a, while 1b, the zwitterion in Mechanism A, is 22.9 kcal/mol less stable than 4-

coordinate reactant 1a.   

 

 

Figure 5.12: The structure of TS2a-2b from Mechanism C. Bond lengths and 

distances in Å, energy in kcal/mol. 
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Intermediate 2b differs to the zwitterion structure 1b in the fact that it is the phenyl that 

was initially bound to palladium in 2a that engages in an Ș2-interaction with palladium 

in 2b.  This means that a slightly different route must be taken to form the exchange 

product.  In Mechanism C it is not necessary to rotate around the Pd-P bond to further 

the reaction profile; instead the palladium must bind to a different phenyl group.  This 

was achieved by reducing the PdLC1' distance from its value of 3.285 Å in 2b.  This 

was successful as it led to the location of TS2b-2b' (E = 44.8 kcal/mol), which features 

the breaking of the C1-C2LPd interaction and the formation of a C1'-C2'LPd 

interaction.  The structure of TS2b-2b' is shown in Figure 5.14.   

 

In TS2b-2b' the PdLC1 distance has increased by 0.174 Å and the PdLC2 distance has 

increased by 0.149 Å as the Ș2-interaction has reduced.  Simultaneously, the PdLC1' 

distance has shortened as this phenyl forms an Ș2-interaction to palladium.  The PdLP 

distance has also shortened by 0.291 Å.  The chloride has changed its position such that 

the Cl-Pd-P angle is 132.7º, giving TS2b-2b' a bent geometry around the palladium with 

almost Cs symmetry.  This transition state is easily accessible from 2b with an 

activation energy of 6.3 kcal/mol.   

 

 

 

Figure 5.13: The structure of zwitterion 2b in Mechanism C. Bond lengths and 

distances in Å, energy in kcal/mol. 
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PIRC calculations confirmed that TS2b-2b' links two isomers that are identical apart from 

the fact that they have different phenyl groups interacting with the palladium.  From this 

point the exchange process can be completed through an equivalent transition state to 

TS2a-2b, which will lead to an exchange product where the phenyl containing C1' is 

bound to the palladium.   

 

The energy profile for this exchange profile, starting from the 3-coordinate reactant 2a, 

is shown in Figure 5.15.  The overall energy highpoint in the reaction profile is TS2b-2b', 

however, it is accessible from 2b with a small activation energy.  The first activation 

barrier is smaller than the equivalent barrier in Mechanism A, but due to the pre-

dissociation of a triphenylphosphine in this mechanism, all of the energies are high 

compared to 1a. 

 

 

 

 

 

 

 

 

Figure 5.14: The structure of TS2b-2b’ from Mechanism C. Bond lengths and 

distances in Å, energy in kcal/mol. 
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Figure 5.15: Reaction profile for Ph/Ph exchange, starting from TPh-

[PdCl(Ph)(PPh3)], 2a.  Energies in kcal/mol, relative to the energy of 1a.   

21.1

44.3

38.5

21.1

44.8 44.3

38.5

2a

TS2a-2b

2b 2b'

2a'

TS2b'-2a'
TS2b-2b'

Pd
P

Cl
C



 163

5.5  Mechanism D 

 

The final mechanism that was investigated for Ph/Ph' exchange had the same 3-

coordinate starting species, 2a, as in Mechanism C, but features the initial transfer step 

of oxidative addition of a P-C bond to form a 4-coordinate Pd(IV) intermediate.  In 

order to transfer a phenyl from phosphorus to palladium, the PLC1' distance was 

reduced from its distance of 3.172 Å in 2a using a scan, then the 4-coordinate 

intermediate structure produced by the phenyl-transfer was optimised.  The structure of 

intermediate, 2c (E = 70.4 kcal/mol), trans-[PdCl(Ph)2PPh2], can be seen alongside 2a 

in Figure 5.16. 

 

Intermediate 2c has a distorted square planar structure where all the atoms bonded to 

palladium lie in the metal coordination plane, with the four main angles around 

Figure 5.16:  The structure of reactant 2a and intermediate 2c from Mechanism D. 

Bond lengths and distances in Å.  Energies in kcal/mol, relative to the energy of 1a.   
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palladium adding up to 360.0º.  The two phenyl groups attached to phosphorus lie out of 

the metal coordination plane, with a C3-P-Pd-C1 torsion angle of 58.4º.  The Pd-Cl 

bond is 0.057 Å longer in 2c than in 2a, suggesting again that PPh2 exerts a stronger 

trans influence than PPh3.  The Pd-C1 bond has lengthened considerably, by 0.106 Å, 

now that it is no longer trans to a vacant site and the complex has changed from 4-

coordinate to 3-coordinate. 

 

As in Mechanism B, the Pd(IV) intermediate is very high in energy.  In this case the 

activation energy to pass from 2a to 2c is likely to be over 50 kcal/mol, and 2c is 70.4 

kcal/mol less comparatively stable than 1a, making this mechanism very inaccessible.  

There is no need to locate a transition state for this process, as it is clear that Mechanism 

D is considerably less energetically accessible than Mechanism C.   
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5.6  Comparison of the four exchange mechanisms 

Four possible reaction mechanisms for Ph/Ph' exchange in trans-[PdCl(Ph)(PPh3)2] 

have been investigated, and the energies are compared in Figure 5.17. 

 

It is clear that Mechanism D, where a phenyl initially transfers onto palladium from 3-

coordinate 2a, is not competitive with any of the other three mechanisms as it is 

considerably higher in energy.  The intermediates in Mechanisms B and C are close in 

energy, but by far the most accessible pathway is Mechanism A.  The pre-dissociation 

of triphenylphosphine results in Mechanisms C and D starting from their 3-coordinate 

reactant, 2a, at 21.1 kcal/mol above the energy of the 4-coordinate reactant 1a.  

However, these energies do not reflect the whole situation, as they are enthalpies and 

entropy is not accounted for.  The energies were adjusted to account for entropy, and 

this resulted in Mechanism C becoming much more competitive with Mechanism A, 

due to the phosphine dissociation increasing the entropy of the system.  The 

Figure 5.17:  Reaction energy profiles (enthalpies relative to 1a, in kcal/mol) for 

four possible Ph/Ph' exchange mechanism pathways. 
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comparative free energy reaction profiles for all four mechanisms are shown in Figure 

5.18. 

 

The energy profiles for Mechanisms A and B, which begin from the same 4-coordinate 

reactant, 1a, are largely unaffected by the inclusion of entropy.  In contrast, the entropy 

change associated with the removal of a phosphine stabilises 2a from its enthalpy value 

of 21.1 kcal/mol down to 5.7 kcal/mol.  This relative stabilisation is seen in all of the 

species in Mechanisms C and D.  The reactant and intermediate in Mechanism D, 2a 

and 2c respectively, have become 15.4 kcal/mol more stable, but intermediate 2c (55.0 

kcal/mol) is still much higher in energy than any of the structures in the other 

mechanisms, hence it is not a competitive pathway.   The key effect of the addition of 

entropic effects is in the relative stabilisation of the species in Mechanism C by up to 

15.4 kcal/mol, which makes this mechanism very competitive with Mechanism A.  The 

initial activation energy in Mechanism C is 25.2 kcal/mol, smaller than the analogous 

barrier in Mechanism A which is 31.8 kcal/mol.  The overall energy highpoint in 

Figure 5.18:  Reaction free energy profiles (relative to 1a, in kcal/mol) for four 

possible Ph/Ph' exchange mechanisms. 
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Mechanism C is 32.4 kcal/mol, only 0.6 kcal/mol higher than the highpoint in 

Mechanism A.  In terms of free energy, there is very little separating the two 

mechanisms. 

 

One more factor should be taken into account when comparing the reaction profiles: the 

effect of solvation.  When Ph/Ph' exchange in trans-[PdCl(Ph)(PPh3)2] was studied by 

Grushin, the reaction was performed in a benzene solvent.6  Polarisable continuum 

model (PCM) single point calculations were performed for each of the structures in the 

four mechanisms in a benzene solvent, and then TǻS corrections using values from the 

ONIOM calculations were applied to the values.  The resultant PCM free energy 

comparative energies for the two most accessible mechanisms are shown in Figure 5.19. 

The energies for the structures in Mechanisms B and D remained relatively much 

higher, therefore they will not be considered from this point onwards. 

 

Solvation has stabilised Mechanism C by more than Mechanism A, resulting in C now 

being the most accessible pathway.  This may be due to differences in dipole moments.  

For instance 1a has a dipole moment of 2.53 debye, while 2a is 9.65 debye, which 

results in 2a being be more stabilised by solvation than 1a.  Overall, not only does 

Mechanism C have the smallest initial energy barrier of 24.0 kcal/mol, but also the 

Figure 5.19:  Reaction free energy profile with benzene solvation (relative to 1a, in 

kcal/mol) for Mechanisms A and C. 
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lowest highpoint, at 28.1 kcal/mol, compared to the Mechanism A highpoint of 30.7 

kcal/mol. 

 

In conclusion, once the effects of entropy and solvation are included in the analysis of 

the four different mechanisms, the result is that the 3-coordinate Mechanism C, which 

involves pre-dissociation of the spectator triphenylphosphine followed by attack of the 

palladium-bound phenyl on P1, is the most accessible mechanism for Ph/Ph' exchange 

in trans-[PdCl(Ph)(PPh3)2].  This is consistent with the experimental result that Ph/Ph' 

exchange is strongly inhibited by the addition of excess phosphine, 3,5,6 which would 

have the effect of suppressing phosphine dissociation.   
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5.7  Effect of changing the halide 

Grushin performed a detailed experimental study on the effect of changing the halide 

ligand on the rate of Ar/Ar' exchange in trans-[PdX(C6D5)(PPh3)2] (X = Cl, Br, I).6  He 

observed that the rate of exchange was affected by changing X, and in deuterated 

benzene at 75ºC the rate constant ratio kCl:kBr:kI was approximately 1:4:100.   

 

To investigate these findings, calculations were performed on the four Ph/Ph' exchange 

reaction mechanisms, changing the halide ligand from chloride to bromide and iodide.  

The basic features of the mechanisms remained the same for all three halides, with only 

structural and energetic differences observed.  The following discussion will focus 

Mechanisms A and C, as they were the two most accessible pathways with X = Cl, and 

remained so for X = Br and X = I. 

 

5.8  Effect of changing the halide on the energy profile for Mechanism A 

Firstly, the effect of changing the halide ligand on the energy profiles will be discussed.  

Figure 5.20 shows the comparative energies for Mechanism A when the halide is varied 

between chloride, bromide and iodide.  The energies of the reactants, trans-

Figure 5.20:  Reaction energy profiles showing the effect of varying the halide on 

the comparative energies (kcal/mol) in Mechanism A for Ph/Ph' exchange in trans-

[PdXPh(PPh3)2] (X = Cl, Br, I).   
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[PdX(Ph)(PPh3)2] (X = Cl, Br, I), have all been set to zero.  The relative energies for 

TS1a-1b and 1b follow the trend Cl > Br > I.  The stabilisation is greater for intermediate 

1b (Br = -2.1, I = -4.4 kcal/mol) than for the transition state (Br = -0.6, I = -2.5 

kcal/mol).   

 

The three structures for each halide are shown in Figure 5.21, with the bond lengths and 

energies shown.  The values for chloride are shown in bold, those for bromide in italics 

and for iodide in normal text.  Close examination of the structures reveals that changing 

the halide does not result in many structural changes.  Looking firstly at 1a, a small 

change in the Pd-C1 bond length can be seen with changing halide, due to the differing 

trans influence.  Experimental6 and calculated bond lengths for the four bonds around 

palladium in the reactant 1a are shown in Table 5.2.  The computed data suggest that 

the strength in trans influence increases as X = Cl < Br < I.  There is also a trend of 

increasing Pd-P1 and Pd-P2 bond lengths as the halide is varied Cl < Br < I.  The 

experimentally determined data also show similar effects on bond lengths around 

palladium, with the exception of an anomalously short Pd-C1 bond when X = Br.    The 

geometry around palladium remains square planar in all cases.   

 

 

 

 

 

 

 

The same trends in bond length for the bonds around palladium are seen in the 

structures of TS1a-1b, with the longest bonds seen when X = I.  The Pd-P1 bond and 

bonds in other parts of the transition state structures, further from the palladium centre, 

are less affected by changing the halide, for instance the P1-C2 bond is only 0.004 Å 

shorter with X = I than when X = Cl.  The angles change by only a small amount when 

the halide is varied, for instance the P2-Pd-X angle is 101.2º when X = Cl, 102.9º when 

X = Br and 104.4º when X = I.   

   
Experimental 

data6     
Calculated 
structures   

Bond Cl Br I Cl Br I 

Pd-X 2.407(1) 2.532(1) 2.701(8) 2.453 2.583 2.778 

Pd-C1 2.016(3) 1.995(6) 2.029(4) 2.023 2.029 2.036 

Pd-P1 2.316(1) 2.322(2) 2.338(1) 2.378 2.379 2.383 

Pd-P2 2.324(1) 2.327(2) 2.342(1) 2.372 2.376 2.382 

Table 5.2:  The effect of varying the halide on selected bond lengths (Å) 

in trans-[PdX(Ph)(PPh3)2] (X = Cl, Br, I) complexes.   
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Figure 5.21:  The structures of 1a, TS1a-1b and 1b from Mechanism A.  Energies   

(kcal/mol) and bond lengths (Å) are shown for X = Cl, Br or I in trans-

[PdX(Ph)(PPh3)2]. 
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The structures of intermediate 1b have an exception to the trend of bonds lengthening 

with changing the halide down group 17.  This occurs with the Pd-C2' bond, which 

shortens from 2.162 Å when X = Cl, to 2.153 Å when X = Br, to 2.136 Å when X = I.  

However, the Pd-P2 and P1-C1' bonds and the PdLMP distances lengthen by a small 

amount in the order Cl < Br < I.  The C1'-C2' bond, which has an Ș2-interaction with 

palladium in 1b, is only 0.002 Å shorter when X = I than when X = Cl or Br.  The 

similarity in the length of this bond when varying the halide is surprising, as this bond 

may be expected to be sensitive to the environment at the metal centre.     

 

Overall, the structures in Mechanism A do not change greatly when the halide is varied.  

There is a general trend of the bonds around palladium lengthening when the halide is 

changed, in the order Cl < Br < I.   

 

5.9  Effect of changing the halide on energy profile for Mechanism C 

The structures from Mechanism C were optimised and a reaction profile was generated 

for X = Br and I, to compare with the profile and structures for X = Cl.  The energy 

profile is shown in Figure 5.22.  The profiles begin at 3-coordinate TPh-[PdX(Ph)PPh3], 

2a.  The dissociation of phosphine is easier when X = Br (E = 19.9 kcal/mol) and X = I 

(E = 17.8 kcal/mol) than when X = Cl (21.1 kcal/mol).  Grushin proposed6 that this may 

be due to the Pd-P bond in trans-[PdX(Ph)(PPh3)2] which breaks to dissociate 

triphenylphosphine, being longer and thus weaker when X = I.  Indeed, the 

crystallographically determined structures10 reveal that the Pd-P bonds are longest when 

X = I, and shortest when X = Cl (see Table 5.2), and the calculations performed also 

reproduced this trend.  To investigate this further, the strengths of the bonding 

interaction (BI) in the Pd-P1 bonds in trans-[PdX(Ph)(PPh3)2] (X = Cl, Br, I) were 

calculated using the same method as described in Chapter 3.  However, surprisingly, the 

Pd-P1 bonds in the three species were all of around the same strength (BI(Cl) = 34.4 

kcal/mol, BI(Br) = 35.3 kcal/mol, BI(I) = 34.5 kcal/mol).  It therefore seems that the 

halide effect must be present when the 3-coordinate species isomerises from TPPh3
-

[PdX(Ph)PPh3] to TPh-[PdX(Ph)PPh3], rather than when the Pd-P1 bond is broken.  It is 

not clear why this should be the case.  One possibility is that iodide is a better ʌ-

acceptor in TPh-[PdX(Ph)PPh3] than chloride or bromide are.  The Pd-I bond does 

shorten slightly more between 1a and 2a (6.2%) than the Pd-Br (6.0%) or Pd-Cl (5.9%) 

bonds do, but the difference is so small that the cause is unclear. 
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Unlike Mechanism A, where the intermediate was more stabilised by changing the 

halide than the transition state, in Mechanism C the transition states were stabilised by 

more than the minima (e.g. 2a: Br = -1.2, I = -3.3, TS2a-2b: Br = -1.7, I = -4.7 kcal/mol).  

The relatively large stabilisation of TS2b-2b' when X = I leads to a switching over of the 

energy highpoint in the iodide profile, so TS2a-2b is the highpoint when X = I, while 

TS2b-2b' is the highpoint when X = Cl or Br.   Overall, a similar trend of stabilisation 

compared to the profile where X = Cl is seen in both Mechanisms A and C when the 

halide is varied, with the profile when X = Br being 0.6-2.1 kcal/mol more stable and 

the profile when X = I being stabilised by 2.5-5.7 kcal/mol.   

 

The structures of 2a, TS2a-2b, 2b and TS2b-2c from Mechanism C, with the bond lengths 

for X = Cl, Br and I, are shown in Figure 5.23.  In reactant 2a the Pd-P bond, which lies 

trans to the halide, is affected most by a change in halide (0.021 Å longer for X = I than 

X = Cl).  The Pd-C1 bond is less sensitive, and is only 0.002 Å longer when X = I than 

Figure 5.22:  Reaction profiles demonstrating the effect of varying the halide on the 

comparative energies (kcal/mol) in Mechanism C for Ph/Ph exchange.   
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for X = Br or Cl.  The other bonds in the complexes are largely unchanged by varying 

the halide, and a T-shaped geometry is seen throughout.   

 

In TS2a-2b an isomerisation has occurred, so that C1 now lies trans to the halide.  

Therefore, it is not surprising that the Pd-C1 bond is more sensitive to the nature of the 

halide than it is in 2a.  The Pd-P bond differs by 0.012 Å between the structures when X 

= Cl and X = I, despite no longer being trans to the halide.  The P-C1 and P-C2 bonds 

are not particularly affected by a change in halide.  The geometry of zwitterion 2b 

follows the trend of the bonds around palladium increasing in length as the halide 

changes (X = Cl < Br < I).  The Ș2-phenyl lies trans to the halide in a distorted linear 

structure, and the C1-C2 bond is furthest from the palladium when X = I (PdLMP (X = 

Cl) = 1.996 Å, (X = Br) = 2.002 Å, (X = I) = 2.011 Å).  As seen in 1b, the C1-C2 bond 

length is not affected by a change in halide.  Zwitterion 2b is most stable when X = I, 

yet this structure has the longest PdLP distance of 3.098 Å, hence the increased 

stability is not linked to the proximity of oppositely charged parts of the zwitterion.  In 

TS2b-2c the Pd-C1 and Pd-C1' bonds and the PdLP distances all increase as the halide is 

varied Cl < Br < I.    The P-C1 and P-C1' bonds get slightly shorter (by 0.008 Å) when 

changing from X = Cl to X = I.  However, the C1'-C2' and C1-C2 bonds are not 

affected, and neither are the other bonds in TS2b-2b'. 
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Figure 5.23:  The structures of 2a, TS2a-2b, 2b and TS2b-2c from Mechanism C.  

Energies in (kcal/mol) and bond lengths (Å) are shown for when X = Cl, Br and 

I in TPh-[PdX(Ph)(PPh3)]. 
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5.10  The effect of changing the halide on free energy 

The analysis of Ph/Ph' exchange in trans-[PdCl(Ph)(PPh3)2] showed that it is important 

to consider the effects of entropy and solvation when comparing the possible reaction 

mechanisms.   Therefore, it is also relevant to see how all these energies are affected by 

changing the halide.  Figure 5.24 shows the energy highpoints for Mechanisms A and C 

when X = Cl, Br or I.  The column on the left show the profile highpoints for the 

enthalpies, the free energy values are shown in the middle column, and the PCM free 

energy values for solvation in benzene are shown on the right.   

 

In all cases, the energy highpoints in both mechanisms become lower as the halide is 

varied Cl > Br > I, meaning Ph/Ph' exchange becomes more energetically accessible.  

Firstly focussing on the dashed lines, which represent the highpoints in Mechanism A, 

inclusion of entropy does not greatly affect the relative energies.  This is not surprising 

as there is no ligand dissociation in Mechanism A, thus the complexes are not 

significantly stabilised by the inclusion of entropy.  Conversely, the energy levels in 

Mechanism C are significantly stabilised when comparing free energy values to 

Figure 5.24:  Enthalpies (H), free energy (G) and free energy with solvation in 

benzene (G PCM) (kcal/mol) of the profile highpoints in Mechanism A and 

Mechanism C when varying the halide.   
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enthalpies.  Entropy is important in Mechanism C due to the initial dissociation of one 

of the triphenylphosphine ligands.  The complexes in Mechanism C have larger dipole 

moments than those in Mechanism A, resulting in a greater stabilisation by inclusion of 

solvation effects.  The free energy values for Mechanisms A and C are very close in 

value, but once solvation is considered, Mechanism C becomes more energetically 

accessible than Mechanism A.   

 

5.11 Conclusions          

The calculated results reported in this chapter suggest that the most accessible 

mechanism for intramolecular Ph/Ph' exchange in trans-[PdCl(Ph)(PPh3)2] in benzene is 

Mechanism C.  This involves the dissociation of a triphenylphosphine ligand followed 

by the transfer of the palladium-bound phenyl group onto the remaining phosphorus.  

The reaction proceeds via a zwitterion structure containing an Ș2-interaction between a 

phenyl ipso-ortho C-C bond and palladium.  Swapping the phenyl groups, followed by a 

reversal of the process to that point completes the exchange.  This mechanism is 

consistent with the experimental finding of Grushin6 and others,3,5 that excess 

phosphine inhibits the exchange process, as excess phosphine would reduce the 

concentration of 3-coordinate species. 

 

Grushin’s experimental results for the effect of changing the halide ligand in trans-

[PdX(Ph)(PPh3)2] (X = Cl, Br, I)6 were reproduced in this investigation.  The key trend 

is that the rate of exchange increases in the order Cl < Br < I.  The calculations showed 

that this trend is not a result of differences in Pd-P bond strengths.   Overall, the most 

accessible pathway for Ph/Ph' exchange for trans-[PdCl(Ph)(PPh3)2] in benzene (X = 

Cl, Br or I) is via Mechanism C when X = I (Highpoint = 22.3 kcal/mol) with no excess 

phosphine present. 
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Chapter 6:  A mechanistic study of R/Ph exchange in trans-

[PdI(R)(PPh3)2] (R = Me, CH2CF3) 

 

6.1  Introduction 

This chapter follows on from the investigation into the mechanism of Ar/Ar' exchange 

in Chapter 5, with the focus now turning to R/Ph exchange in the related complexes 

trans-[PdI(R)(PPh3)2] (R = Me, CH2CF3).    

 

In contrast to the extensive experimental work that has been published on Ar/Ar' 

exchange, there is only one paper which studies alkyl/Ar exchange in depth, published 

by Norton et al.
1 in 1995.  They observed Me/Ar scrambling followed by phosphine 

interchange in trans-[PdI(Me)(PAr3)2] (Ar = C6H5) in C6D6 at 50ºC.  Initially there is an 

irreversible exchange between the palladium-bound methyl and a phosphine phenyl 

group, forming complex 2 (see Figure 6.1).  This is followed by facile intermolecular 

phosphine interchange, creating an equilibrium mixture between complexes 2, 3 and 4.  

Further investigations suggested that the mechanism for Me/Ph exchange does not 

involve the formation of a phosphonium cationic intermediate as none of the unlabelled 

phenyls from added [PMePh3]
+ exchanged with the deuterated phenyls in trans-

[PdI(Me)(PAr3)2] (Ar = C6D5).  Also, addition of excess phosphine did not affect the 

rate of Me/Ph exchange, suggesting that phosphine dissociation is not necessary in the 

mechanism, in contrast to what was proposed for Ar/Ar' exchange.2 

 

This chapter contains a detailed mechanistic study of Me/Ph exchange in trans-

[PdI(Me)(PPh3)2], the complex studied experimentally by Norton et al.
1  The ONIOM 

(BP86:HF) approach was used, as described in Chapter 2.  The palladium, phosphorus 

and iodine atoms were at the ‘high’ level of calculation, along with the carbons and 

hydrogens from the exchanging methyl and phenyl groups.  The remaining five phenyl 

groups were at the ‘low’ level of calculation, as shown in Figure 6.2.   

Figure 6.1: Me/Ph exchange in trans-[PdI(Me)(PPh3)2] in C6D6 at 50ºC. 
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As in Chapter 5, four different possible mechanisms for exchange were investigated.  

These mechanisms are defined by whether the reactant is 3- or 4-coordinate, and by the 

initial transfer step in each mechanism, as shown in Figure 6.3. 

 

Mechanisms A and B begin from the 4-coordinate reactant trans-[PdI(Me)(PPh3)2], with 

the initial step of methyl attacking a phosphorus in A, and a phenyl transferring onto 

palladium in B.  A triphenylphosphine ligand has been removed and isomerisation 

occurs to give the 3-coordinate starting point TMe-[PdI(Me)(PPh3)] for Mechanisms C 

and D, with C proceeding via a methyl attack on the phosphorus, while D progresses 

with a phenyl transferring onto palladium. 

Figure 6.2: trans-[PdI(Me)(PPh3)2] with the atoms which are at high and low 

level in ONIOM calculations indicated. 

Figure 6.3: The four initial transfer steps to be considered for Me/Ph exchange 

from trans-[PdI(Me)(PPh3)2] (A and B) and TMe-[PdI(Me)(PPh3)] (C and D). 
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6.2  Mechanism A 

 

Before the reaction profile for Mechanism A could be investigated, it was necessary to 

optimise the 4-coordinate reactant structure, trans-[PdI(Me)(PPh3)2].  To obtain a 

realistic structure, the optimisation began from the structure of trans-

[PdCl(Me)(PPh3)2],
3 a related complex whose structure has been crystallographically 

determined.  The halide was changed and the structure was optimised, to produce 

reactant 3a (set to 0.0 kcal/mol), as shown in Figure 6.4.  All energies for Me/Ph 

exchange in this chapter will be relative to the energy of 3a. 

 

Selected bond lengths, angles and torsion angles for 3a are compared to the 

crystallographic data for trans-[PdCl(Me)(PPh3)2]
3 in Table 6.1.  In both structures the 

palladium has a slightly distorted square planar geometry.  The P1-Pd-P2 angle is 

A Transfer of Me from Pd to P
(4 coord)

Pd

Me

I

Ph3P P

Ph

Ph
Ph

Figure 6.4: Optimised structure of reactant 3a, trans-[PdI(Me)(PPh3)2]. Phenyl 

hydrogens are omitted for clarity. Bond lengths and distances in Å, energy in 

kcal/mol. 
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smaller than 180º at 177.38(2)º experimentally and 172.2º in 3a, presumably due to the 

steric bulk of the iodide.  The I-Pd-C1 angle is less than 180º at 175.23(8)º 

experimentally and 163.7º in 3a, as the methyl lies slightly out of the metal coordination 

plane.  Since the two structures have different halides coordinated to the palladium, it is 

not possible to directly compare the Pd-X bond lengths.  The Pd-C1 bond is 0.055 Å 

longer in 3a, which will be partly due to the stronger trans influence of I in 3a, as seen 

in Chapter 5.  The Pd-P bonds are overestimated by around 0.03 Å in the calculated 

geometry, which is a good agreement.  When the Pd-P and Pd-C1 bonds in 3a were 

fixed at the experimentally determined values, the calculation revealed the constrained 

structure to be only 0.5 kcal/mol less stable than 3a, so the difference to the 

experimental structure was not expected to cause much difference energetically.   

 

Mechanism A starts from structure 3a, and begins with the palladium-bound methyl 

attacking one of the phosphorus atoms.  Therefore, a scan was performed from 3a, 

reducing the P1LC1 distance from 3.048 Å.  A transition state calculation was run 

from the geometry at the energy highpoint of the scan, and this led to the location of 

TS3a-3b (E = 30.5 kcal/mol).  The structure of TS3a-3b is shown in Figure 6.5.  As the 

methyl attacks P1, the PdLC1 distance lengthens (PdLC1: 3a = 2.109 Å, TS3a-3b = 

2.405 Å) and the C1LP1 distance shortens (C1LP1: 3a = 3.048 Å, TS3a-3b = 2.115 Å).  

The methyl group has also moved further out of the metal coordination plane (C1-P1-

Pd-I: 3a = 163.7º, TS3a-3b = 92.3º).  This results in a change in the coordination 

environment around palladium, from distorted square planar in 3a to distorted trigonal 

planar in TS3a-3b, if the {PMePh3} moiety is considered as a single ligand.  The three 

angles around palladium reflect this new geometry (P1-Pd-I = 114.0º, I-Pd-P2 = 116.8º, 

Table 6.1: Bond lengths and angles in trans-[PdX(Me)(PPh3)2]  for the 

crystallographically-determined structure (X = Cl)3 and optimised structure 3a (X = I). 

Experimental Bond lengths Experimental Angles 
Atoms bond lengths / Å in 3a / Å Atoms angles / º in 3a / º
Pd-P1 2.3224(7) 2.354 C1-Pd-P2 91.50(7) 86.6
Pd-P2 2.3289(7) 2.359 P1-Pd-C1 90.63(7) 86.0
Pd-X 2.4227(6) 2.746 P1-Pd-X 89.03(2) 93.5
Pd-C1 2.054(2) 2.109 P1-Pd-P2 177.38(2) 172.2
P1-C2 1.828(2) 1.866 C1-Pd-X 175.23(8) 163.7
P1-C4 1.830(2) 1.877
P1-C5 1.815(3) 1.869
P1~C1 (3.117) 3.048
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P1-Pd-P2 = 128.7º) and these angles add up to 359.5º.  The phenyl group on the 

opposite side of P1 from the attacking methyl has dropped down to approach palladium, 

with a lengthening of the P1-C2 bond (3a = 1.866 Å, TS3a-3b = 1.901 Å) and a reduction 

in the C2LPd distance (C2LPd: 3a = 3.670 Å, TS3a-3b = 2.682 Å).   

 

Pseudo-intrinsic reaction coordinate (PIRC) calculations revealed that TS3a-3b links to 

the 4-coordinate reactant 3a, and leads directly to the 4-coordinate exchange product, 

trans-[PdI(Ph)(PMePh2)(PPh3)], 3b (E = -7.5 kcal/mol).  The structure of 3b with key 

distances and angles is shown in Figure 6.6.  The methyl carbon has formed a bond to 

P1 (C1-P1 = 1.865 Å), a phenyl group has transferred onto palladium, with a new Pd-

C2 bond (2.038 Å), and the P1-C2 bond has completely broken (P1LC2 = 3.063 Å).  

The geometry around palladium has reverted to being distorted square planar, with the 

four angles around palladium adding up to 360.7º, and a P2-I-Pd-P1 torsion angle of 

174.6º.  The Pd-P2 bond is slightly longer in 3b (2.383 Å) than in 3a (2.359 Å), which 

suggests that the PMePh2 ligand exerts a stronger trans influence than PPh3.  Similarly, 

the Pd-I bond is longer in 3b (2.774 Å) than in 3a (2.746 Å), suggesting that phenyl 

exerts a stronger trans influence than methyl.   

Figure 6.5: Optimised structure of TS3a-3b. Bond lengths and distances in Å, 

energy in kcal/mol. 
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The reaction profile for Mechanism A is shown in Figure 6.7.  The activation barrier 

(30.5 kcal/mol) is slightly higher than the equivalent barrier for Ph/Ph exchange in 

trans-[PdI(Ph)(PPh3)2] via Mechanism A in Chapter 5, which is 28.6 kcal/mol.  As seen 

in Chapter 3, it is easier to transfer a phenyl group onto PH3 than a methyl group, as 

phenyl has a π-system which is able to strengthen the bonding interactions in the 

transition state, lowering the activation barrier.4 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Optimised structure of 3b. Bond lengths and distances in Å, 

energy in kcal/mol. 
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It is useful to consider the bond interaction (BI) strengths of the bonds that are made 

and broken in the exchange process to gain insight into the energetics of the process.  

This was done using the same techniques as in Chapter 3 and the energies are shown in 

Table 6.2.  The bonds formed (Pd-Ph and P-Me) are collectively stronger (146.6 

kcal/mol) than the bonds that are broken (Pd-Me and P-Ph, 131.1 kcal/mol).  This is 

consistent with the fact that the overall process was found to be exothermic in the 

calculations (∆E = -7.5 kcal/mol) and irreversible experimentally.1   

 

Bond Complex BI / kcalmol-1 

Pd-Me 3a 59.2 

P-Ph 3a 71.9 

P-Me 3c 81.4 

Pd-Ph 3c 65.2 

 

Figure 6.7: Mechanism A Me/Ph exchange reaction profile, starting from 3a, 

trans-[PdI(Me)(PPh3)2].  Energies in kcal/mol. 

Table 6.2: Bond interaction energies (BI/kcalmol-1) of the bonds broken and 

formed in Me/Ph exchange in trans-[PdI(Me)(PPh3)2]. 
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6.2.1  The search for a pathway via a zwitterion 

A difference between the mechanisms for Ph/Ph and Me/Ph exchange has already come 

to light.  Namely, in Mechanism A Me/Ph exchange has a concerted pathway while 

Ph/Ph exchange was found to be a two-step process via a zwitterion species.  Therefore, 

it was of interest to see whether Me/Ph exchange could also proceed via a zwitterion in 

Mechanism A.  A structure containing an η2-interaction between palladium and a phenyl 

group was located by allowing ions [PdIPPh3]
- and [PMePh3]

+ to interact and optimise.  

The resulting structure was 3c (E = 10.0 kcal/mol) and is shown in Figure 6.8.  This 

structure bears similarities to other computed zwitterion structures which were 

discussed in previous chapters, such as 1b, [PdClPPh3]
-[PPh4]

+ (a zwitterion bound 

through a PdLPh η2-interaction), in Chapter 5.  The geometry around palladium in 3c is 

planar, with the relevant angles adding up to 360.0º.  The C2-C3 bond is longer (1.472 

Å) than in reactant 3a (1.413 Å) due to the interaction with the palladium. 

 

In order to find a transition state linking reactant 3a to zwitterion 3c, a scan was 

performed reducing the PdLC1 distance from its value of 3.371 Å in 3c.  A transition 

state was located from the highpoint of the scan, but when it was characterised using 

PIRC calculations, it was found to link 3c to exchange product 3b.  The structure of this 

transition state, TS3c-3b (E = 22.2 kcal/mol), is also shown in Figure 6.8.  This 

Figure 6.8: Optimised structures of zwitterion 3c and TS3c-3b. Bond lengths 

and distances in Å, energies in kcal/mol. 
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corresponds to a barrier for phenyl-transfer of 12.2 kcal/mol, which is only slightly 

larger than the analogous barrier in Ph/Ph exchange (X = I) of 10.1 kcal/mol (TS1b'-1a' = 

28.6 kcal/mol).  Extensive efforts were made to try to find a transition state linking 

reactant 3a to zwitterion 3c, but it was not possible to find one.  Therefore, although a 

zwitterion species was found, it does not appear to feature in a pathway for Me/Ph 

exchange via Mechanism A. 

 

6.2.2  Mechanism A starting with cis-[PdI(Me)(PPh3)2] 

In the experimental work carried out by Norton et al.,1 it was specified that trans-

[PdI(Me)(PPh3)2] (1) was the reactant used, and that no free PPh3 was observed within 

the limits of the NMR experiment.  However, after Me/Ph exchange had occurred to 

form trans-[PdI(Ph)(PMePh2)] (2), they observed facile intermolecular phosphine 

exchange, resulting in an equilibrium between 2, trans-[PdI(Ph)(PPh3)2] (3) and trans-

[PdI(Ph)(PMePh2)2] (4), as shown in Figure 6.1.  It therefore seems possible that there is 

phosphine dissociation occurring in a solution of 1, and so there may be equilibrium 

between the cis and trans isomers of 1.   

 

There is no crystallographically determined structure for cis-[PdI(Me)(PPh3)2] in the 

Cambridge Crystallographic Database,5 so the structure of cis-[Pd(H2O)2(PPh3)2](OTf)2 

was used to get a realistic orientation for the cis triphenylphosphine groups,6 and the 

H2O ligands were replaced by methyl and iodide.  The optimised structure for cis-

[PdI(Me)(PPh3)2], 3a' (E = 4.3 kcal/mol), is shown in Figure 6.9.  The structure is rather 

distorted from square planar, with a P1-Pd-P2 angle of 102.6º, caused by the bulky PPh3 

ligands lying cis to each other.  The Pd-P2 bond (2.447 Å) is longer than the Pd-P1 

bond (2.335 Å) as methyl exerts a stronger trans influence than iodide.  The geometry is 

also distorted from an ideal planar geometry by the iodide lying slightly out of the metal 

coordination plane (P1-P2-Pd-I = 166.6º).  Energetically the cis isomer, 3a', is 4.3 

kcal/mol less stable than trans isomer 3a, which is consistent with the fact that only the 

trans isomer was observed experimentally.1   
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To investigate Me/Ph exchange from the cis isomer, 3a', a scan was performed, which 

reduced the P1-C1 distance from 2.979 Å.  This led to the location of TS3a'-3b (E = 30.4 

kcal/mol), which is shown in Figure 6.10.  There are only small differences in bond 

lengths and angles between TS3a-3b and TS3a'-3b, including the methyl group being 

slightly earlier in its transfer in TS3a'-3b (PdLC1: TS3a-3b = 2.405 Å, TS3a'-3b = 2.381 Å) 

and lying closer to the iodide side of the complex (C1-P1-Pd-I: TS3a-3b = 92.3º, TS3a'-3b 

= 83.7º). The methyl group lies out of the metal coordination plane (C1-P1-Pd-P2 = 

101.1º) and the Pd-C1 bond is breaking (PdLC1: 3a' = 2.117 Å, TS3a'-3b = 2.381 Å) as 

a C1-P1 bond is forming (C1LP1: 3a' = 2.979 Å, TS3a'-3b = 2.148 Å).  The geometry 

around the metal has changed from distorted square planar to distorted trigonal planar, 

with the three angles around palladium totalling 359.8º.  The energies of the two 

transition states are very close, with TS3a'-3b 0.1 kcal/mol more stable. 

 

TS3a'-3b was also found to be a concerted transition state, with PIRC calculations 

showing that it links to the cis reactant 3a', and leads to exchange product 3b.  If indeed 

there is a presence of the cis isomer [PdI(Me)(PPh3)2] in the reacting solution, this 

alternative form of Mechanism A would certainly be competitive to the concerted 

process derived from the trans isomer, as the two pathways have a very similar energy 

Figure 6.9: Optimised structure of cis-[PdI(Me)(PPh3)2], 3a'. Bond lengths 

and distances in Å, energy in kcal/mol. 
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highpoint.  As they are both concerted processes, and form the same products, it would 

be extremely difficult to distinguish between them experimentally.   

 

6.3  Mechanism B 

 

The second mechanism to be considered for Me/Ph exchange begins with the oxidative 

addition of a phenyl group onto palladium.  It was presumed that this would lead to a 5-

coordinate square pyramidal intermediate species.  Such a species, 3d (E = 35.6 

kcal/mol), was formed by reducing the PdLC2 distance in 3a using a scan, then 

optimising the resulting structure.  In principle, there are 15 other possible isomers of 

this 5-coordinate intermediate, as there are 3 isomers for each variation of the axial 

ligand, hence structures of each were constructed and optimised, to see whether a more 

relatively stable form could be found.  In total three additional local minima which are 

geometric isomers of 3d were found, and their structures are shown in Figure 6.11.  In 

all four isomers the PPh2 ligand lies cis to both the methyl and palladium-bound phenyl 

Figure 6.10: Optimised structures of TS3a'-3b. Bond lengths and distances in Å, 

energy in kcal/mol. 
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groups, therefore the transfer of either group onto PPh2 should be possible without 

further rearrangement.  The most stable isomer is 3d'' (E = 31.6 kcal/mol), which is a 

distorted square pyramid with PPh2 in the axial position, and phenyl trans to iodide. 

 

Pathways to link these four species with their appropriate reactants and products were 

sought by performing scans to reduce the PLC distances to form either PPh3 or 

PMePh2.  This investigation resulted in two pathways being characterised, both 

originating from 3a or 3a' to form the exchange product 3b.   

 

6.3.1 Mechanism B starting from 3a 

The pathway from trans reactant 3a was ultimately shown to pass through three 5-

coordinate intermediate species and four transition states to produce exchange product 

3b.  All of the transition states were located by performing scans starting from each 

individual intermediate species.  Transition states were located from the scans and then 

PIRCs were run, to see to which local minima each transition state links to.  The 

transition state that was found to link reactant 3a to an intermediate species is TS3a-3d (E 

= 38.5 kcal/mol), and the structures of TS3a-3d and 3d are shown in Figure 6.12. 

 

In the transfer of the phenyl group (containing C2) from P1 to Pd, the C2-P1 bond 

breaks (3a = 1.866 Å, TS3a-3d  = 2.595 Å, 3d = 3.245 Å), and a Pd-C2 bond is formed 

(3a = 3.433 Å, TS3a-3d  = 2.153 Å, 3d = 2.060 Å).  During this process the four angles  

Figure 6.11: Optimised structures of the four stable isomers (3d-3d’’’) of the 

5-coordinate oxidative addition intermediate in Mechanism B. Energies in 

kcal/mol. 
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Figure 6.12: Optimised structures of TS3a-3d, 3d, TS3d-3d' and 3d' in 

Mechanism B. Bond lengths and distances in Å, energies in kcal/mol.  Phenyl 

groups on P2 have been truncated at the ipso-carbons for clarity. 
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around palladium in the metal coordination plane stay close to 90º.  There is a general 

trend of the metal-ligand bonds being longer in 3d than in 3a, with the exception of the 

Pd-C1 bond which becomes slightly shorter (3a = 2.109 Å, 3d = 2.080 Å).  This 

lengthening may be due to the more crowded environment around palladium with an 

extra ligand coordinated. 

 

Scans were performed from each intermediate species with a shortening of the P1LC1 

distance, to try to find a pathway to form the exchange product 3b.  However, it was not 

possible to transfer the methyl onto P1 from isomers 3d, 3d' or 3d''', as each isomerised 

rather than completing the exchange pathway.  A transition state was found to link 3d'' 

to 3b, and will be discussed in more detail in due course.  Therefore, to complete the 

pathway between 3d and 3b, it was necessary to isomerise before the methyl transfer 

could occur.    

 

It is not possible to isomerise from 3d to 3d'' directly, this was instead achieved in a 

two step process via 3d'.  Firstly, a transition state was sought to change the position of 

iodide to lie trans to phenyl rather than methyl.  This was possible by increasing the C2-

Pd-I angle from 105.0º in 3d, using a scan to find the energy highpoint.  Thus TS3d-3d' (E 

= 36.0 kcal/mol) was located, and the structure with key bond lengths, along with the 

structure of 3d', is shown in Figure 6.12.  The C2-Pd-I angle has increased to 140.3º in 

TS3d-3d', and C1, C2 and I form a Y-shape around palladium (C1-Pd-C2 = 88.8º, C1-Pd-

I = 130.9º), while P1 and P2 remain trans to each other.  Both Pd-P bonds become 

slightly longer in TS3d-3d', and though they shorten again when 3d' is formed, they 

remain longer than in 3d.  This could be due to having phenyl in the basal plane of the 

square-pyramid in 3d', which is more bulky than the methyl in 3d.  The Pd-C1 bond is 

slightly shorter in 3d' than in 3d, as it no longer has a ligand lying trans and now 

occupies an axial position.  In contrast to this, the Pd-C2 bond is actually slightly 

shorter in 3d' than in 3d, which cannot be attributed to trans influence effects.  The 

energy barrier to pass from 3d to 3d' is only 0.4 kcal/mol, indicating that the 

isomerisation is facile.   

 

A further isomerisation was necessary to form 3d'', therefore a scan was performed that 

opened the C1-Pd-P2 angle from 101.0º in 3d', to move the triphenylphosphine ligand 

to lie trans to methyl, leaving PPh2 in the axial position.  A transition state, TS3d'-3d'' (E 
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= 36.0 kcal/mol), was located from the energy highpoint of the scan, and the structure of 

this and 3d'' are shown in Figure 6.13. 

 

In TS3d'-3d'' the C1-Pd-P2 angle has opened to 130.0º and as in TS3d-3d', P1, C1 and P2 

are in a Y-shape around palladium (P1-Pd-P2 = 144.1º, P1-Pd-C1 = 85.7º).  The iodide 

and phenyl ligands remain trans to each other with only small changes in bond length.  

There is a small activation energy of 1.8 kcal/mol to isomerise from 3d' to 3d''.  All of 

the palladium-ligand bonds are slightly longer in 3d'' than in 3d', which may be due to 

the more distorted geometry in 3d''.  There is a distortion from a square pyramidal 

geometry towards TBP in 3d'' as C2 and I lie slightly below the metal coordination 

plane (C2-Pd-I = 140.2º, P1-Pd-C2 = 106.1º).  The exception to the general trend of 

bond lengthening is with Pd-P2, which is slightly shorter in 3d'' (2.584 Å) than in 3d' 

(2.632 Å).   

 

As mentioned earlier, a transition state which links 3d'' to exchange product 3b, TS3d''-

3b (E = 37.6 kcal/mol), was located.  Its structure is also shown in Figure 6.13.  The 

geometry of TS3d''-3b is further distorted from square pyramidal than 3d'', with a 

shortening of the P1LC1 distance from 3.227 Å in 3d'' to 2.449 Å in TS3d''-3b.  As P1 

and C1 approach each other, the Pd-C1 bond lengthens by 0.129 Å and simultaneously 

the Pd-P2 bond trans to C1 shortens by 0.206 Å.  The Pd-I and Pd-C2 bonds shorten 

slightly in TS3d''-3b, and even further in 3b.  The Pd-P1 bond shortens from 2.458 Å in 

the axial position of 3d'' to 2.367 Å in 4-coodinate square planar 3b.  This step also has 

a relatively small energy barrier of 6.0 kcal/mol.  There is a large stabilisation 

associated with the formation of 4-coordinate product 3b (E = -7.5 kcal/mol).   
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Figure 6.13: Optimised structures of TS3d'-3d'', 3d'' and TS3d''-3b in Mechanism 

B. Bond lengths and distances in Å, energies in kcal/mol.   
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6.3.2 Mechanism B starting from 3a' 

A profile to link cis reactant 3a' to exchange product 3b via 5-coordinate intermediate 

3d'' was found by performing a scan to shorten the P1LC2 distance from 3.620 Å in 

3d''.  Thus TS3a'-3d'' (E = 43.2 kcal/mol) was located, and its structure is shown below in 

Figure 6.14.  The major structural changes occurring are the breaking of the P1-C2 bond 

(3a' = 1.882 Å, TS3a'-3d'' = 2.458 Å) and the reduction of the PdLC2 distance (3a' = 

3.711 Å, TS3a'-3d'' = 2.145 Å), leading to the formation of a Pd-C2 bond in 3d'' (2.062 

Å).  There is a general trend of lengthening of the palladium-ligand bonds in TS3a'-3d'', 

with the exception of the Pd-C1 bond, as was the case with the analogous transition 

state, TS3a-3d, discussed in the previous section.  Another similarity is the high activation 

barrier, in this case 38.9 kcal/mol, required to form a 5-coordinate intermediate species.   

 

From complex 3d'' it is possible to form the exchange product 3b via TS3d''-3b as 

discussed in the previous section.  Therefore, a simple two-step mechanism links 3a' to 

product 3b. 

 

6.3.3 Mechanism B energy profiles 

The two profiles found for Mechanism B are shown in Figure 6.15.  Although the 

pathway starting from 3a' is a simpler process, it also contains the overall energy 

highpoint at TS3d''-3b of 43.2 kcal/mol.  The pathway starting from 3a is slightly more 

accessible, but involves several isomerisations before the exchange product can be 

formed.  Overall, Mechanism B, with a highpoint of 38.5 kcal/mol, is considerably less 

Figure 6.14: Optimised structure of TS3a'-3d'' in Mechanism B. Bond lengths 

and distances in Å, energies in kcal/mol.   
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accessible than Mechanism A, which has an energy highpoint of 30.5 kcal/mol (TS3a-

3b).   

Figure 6.15: Reaction profiles in Mechanism B. Energies in kcal/mol.   
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6.4  Mechanism C 

 

Mechanism C begins from the 3-coordinate reactant TMe-[PdI(Me)(PPh3)].  This was 

formed by running a scan to lengthen the PdLP2 distance from 2.359 Å in 3a. This 

process did not pass through an energy maximum, hence the PPh3 was removed and the 

remaining complex was allowed to optimise.  The complex isomerised so that the 

methyl group lies opposite the vacant site.  The optimised geometry of TMe-

[PdI(Me)(PPh3)], 4a (E = 16.1 kcal/mol), is shown in Figure 6.16.  The geometry 

around the palladium is T-shaped, with the three angles adding up to 360.1º.  The Pd-P 

bond (2.269 Å) and the Pd-I bond (2.615 Å) are both shorter than in 3a (2.354 Å and 

2.746 Å respectively), as seen before in both Chapters 5 and 6 when going from a 4- to 

3-coordinate species.   

 

Figure 6.16: Optimised structures of TMe-[PdI(Me)(PPh3)], 4a. Bond lengths 

and distances in Å, energy in kcal/mol. 
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A scan reducing the PLC1 distance from its value of 3.166 Å in 4a was performed, and 

this led to the discovery of a transition state from the geometry at the energy highpoint, 

TSi (E = 45.1 kcal/mol).  However, PIRC calculations showed that this transition state 

links reactant 4a forwards to a very shallow minimum, ii (E = 45.3 kcal/mol).  The 

structure of the complex at this energy minimum point was very close to that of the 

transition state, and the energy difference was very small.  Further investigation of this 

very flat area in potential energy revealed a second minimum, iii (E = 45.6 kcal/mol) 

and transition state TSiv (E = 45.8), both having structures and energies very similar to 

the other two complexes.  Some key bond lengths and distances for these four structures 

are shown in Table 6.3. 

 

 P-C1 PdLC1 P-C2 PdLC2 C1-H1 PdLH1 E / kcalmol-1 

TSi 1.939 2.261 1.860 2.741 1.161 1.820 45.1 

ii 1.906 2.285 1.847 2.727 1.167 1.797 45.3 

iii 1.894 2.307 1.843 2.676 1.168 1.795 45.6 

TSiv 1.887 2.335 1.841 2.586 1.166 1.807 45.8 

 

The bond lengths and distances for these four structures show that the methyl is 

transferring onto phosphorus and the opposite phenyl group is moving towards 

palladium.  There seems to be an agostic interaction between Pd and H1 (a methyl 

hydrogen), which is slightly stronger in minima ii and iii than in the transition states.  

This may be a factor causing these shallow minima.  This section of the potential energy 

surface is clearly very flat, and in a chemical reaction intermediates ii and iii would not 

be isolable.  Therefore, the energy highpoint in this region, TSiv, will be taken as the 

energy barrier for this part of the reaction.  From hereon this transition state will be 

called TS4a-4b (E = 45.8 kcal/mol) and its structure is shown in Figure 6.17.  In TS4a-4b 

the Pd-C1 bond is breaking (PdLC1: 4a = 2.043 Å, TS4a-4b = 2.335 Å) and a P-C1 

bond is forming (PLC1: 4a = 3.166 Å, TS4a-4b = 1.887 Å).  The phenyl group that lies 

on the opposite side of the phosphorus from the attacking methyl has moved closer to 

palladium (PdLC2: 4a = 3.261 Å, TS4a-4b = 2.586 Å).  There is now a bent geometry 

around palladium, with an I-Pd-P angle of 140.7º.   

Table 6.3: Key bond lengths and distances (Å) and energies (kcal/mol) for 

structures TSi, minima ii and iii, and TSiv. 
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When PIRC calculations were performed from TS4a-4b, it was found that the transition 

state leads to an intermediate zwitterion structure, 4b (E = 27.6 kcal/mol), which is 

shown in Figure 6.18.  The geometry around palladium is distorted by around 10º from 

being linear (I-Pd-MP = 169.9º).  The Pd-P bond has broken and the phosphorus now 

lies 3.091 Å from palladium.  There is an η2-interaction between the ipso-ortho C2-C3 

bond in one of the phenyl rings and palladium.  As seen in structure 2b in Chapter 5, the 

Figure 6.17: Optimised structure of TS4a-4b. Bond lengths and distances in Å, 

energy in kcal/mol. 

Figure 6.18: Optimised structure of zwitterion 4b in Mechanism C. Bond 

lengths and distances in Å, energy in kcal/mol. 
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η
2-interaction is slightly unsymmetrical, with the ispo-carbon 0.072 Å closer to 

palladium than the ortho-carbon.  The C2-C3 bond here is only 0.003 Å longer than the 

corresponding bond in 2b.  However, the structures differ in that in 2b, it is the phenyl 

that was originally palladium-bound which forms the η2-interaction with palladium, 

which is not possible in 4b.  If compared to the 3-coordinate reactant 4a, intermediate 

4b is rather stable with ∆E4b-4a = 11.5 kcal/mol.   

 

To complete the exchange process, a P-C bond must break to allow a phenyl group to 

transfer from phosphorus to palladium, and the Pd-P bond must reform.  To achieve 

this, a scan was performed to lengthen the PLC2 distance from its value of 1.828 Å in 

4b.  However, this was not successful as the {PMePh2} fragment started to dissociate 

from the metal, without a Pd-P bond forming.  Therefore, the exchange product, TPh-

[PdI(Ph)(PMePh2)], was constructed and optimised, then a reverse scan decreasing the 

PLC2 distance from the product geometry was performed.  A transition state was 

located at the energy highpoint of the scan with a geometry that looked promising, and 

the energy of the transition state located, TS4b-4c (E = 33.1 kcal/mol), is higher than the 

energy of the zwitterion 4b. TS4b-4c also has a PdLP distance (2.340 Å) of an 

intermediate value between 4b (3.091 Å) and the exchange product (2.289 Å).  PIRC 

calculations were run from TS4b-4c, and these confirmed that this transition state did 

indeed link zwitterion 4b to the exchange product.  The structure of TS4b-4c is shown in 

Figure 6.19.  If the structure of TS4b-4c is compared to 4b, it can be seen that the η2-

interaction between C2-C3 and palladium has weakened, as the C3LPd distance has 

increased by 0.35 Å while the Pd-C2 bond has remained intact.  This is highlighted by 

the shortening of the C2-C3 bond from 1.456 Å in 4b to 1.427 Å in TS4b-4c.  As 

mentioned above, the Pd-P bond has reformed as required.   
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The geometry of the exchange product, TPh-[PdI(Ph)(PMePh2)], 4c (E = 14.2 kcal/mol), 

produced in the PIRC calculations from TS4b-4c, was optimised, and the structure with 

key bond lengths denoted is shown in Figure 6.20.  The geometry around palladium in 

4c is a distorted T-shape, with the three angles adding up to 360.0º and is close to planar 

with an I-C2-Pd-P torsion angle of 179.4º.  The structure is similar to that of 2a in 

Figure 6.19: Optimised structure of TS4b-4c in Mechanism C. Bond lengths 

and distances in Å, energy in kcal/mol. 

Figure 6.20: Optimised structure of the exchange product TPh-

[PdI(Ph)(PMePh2)], 4c, in Mechanism C. Bond lengths and distances in Å, 

energy in kcal/mol. 
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Chapter 5, TPh-[PdCl(Ph)(PPh3)], with the Pd-C2 bond only 0.002 Å longer in 4c and 

the X-Pd-P angle only 1.3º smaller.  If the structure of 4c is compared to 4a, it can be 

seen that the Pd-P bond is longer in 4c (2.289 Å) than in 4a (2.269 Å) now that the 

phosphine is PMePh2 rather than PPh3.   

 

6.4.1  Overview of Mechanism C 

Mechanism C for Me/Ph exchange proceeds along a similar pathway as was found for 

the analogous Ph/Ph exchange in Chapter 5.  In particular, both pathways proceed via a 

zwitterion species.  The energy profile for Mechanism C for Me/Ph exchange is shown 

in Figure 6.21.  The overall energy highpoint in this mechanism is TS4a-4b (E = 45.8 

kcal/mol), with an activation barrier of 29.7 kcal/mol from 4a.  The barrier for the 

second transition state, TS4b-4c, is much smaller at only 5.5 kcal/mol above 4b.  Product 

4c is 1.9 kcal/mol more stable than 3-coordinate reactant 4a.   

 

 

 

Figure 6.21: Reaction profile for Mechanism C in Me/Ph exchange. Energies 

in kcal/mol, relative to 3a. 
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6.5  Mechanism D 

 

The final mechanism to be investigated for Me/Ph exchange features an initial step of a 

phosphorus-bound phenyl group transferring onto the palladium in 4a.  The 4-

coordinate intermediate formed in this process was located by reducing the PdLC2 

distance from 3.261 Å in 4a down to 2.0 Å, then optimising the end geometry without 

constraints.  The structure formed was confirmed to be a minimum point by running a 

frequency and the structure of 4d (E = 61.6kcal/mol) is shown in Figure 6.22. 

 

The geometry around palladium in 4d is distorted square planar with a P-Pd-I angle of 

171.0º and a P-C1-Pd-I torsion angle of 171.2º.  The P-C2 bond has broken and a Pd-C2 

bond (2.100 Å) has formed.  The Pd-C1 bond has lengthened by 0.103 Å from its value 

in 4a, as it is now trans to phenyl rather than a vacant site.  The Pd-P bond is 0.063 Å 

shorter now that the phosphine has become a phosphide, and this PPh2
 ligand appears to 

exert a stronger trans influence than PPh3, as seen previously.   

Figure 6.22: Optimised structure of reactant 4a and intermediate 4d in 

Mechanism D. Bond lengths and distances in Å, energies in kcal/mol. 

Pd

Me

I P

Ph

Ph
Ph

D Transfer of Ph from P to Pd
(3 coord)

2.690

2.100

2.146

2.206

3.276

3.117

C1

C2

C1

C2
C3

2.043

2.615

2.269

3.166

1.857 3.261

1.416 P-Pd-I = 166.6o

P-Pd-C1 = 94.4o

C1-Pd-I = 99.1o

P-C1-Pd-I = 179.8o

C1-Pd-P-C2 = 166.3o

4a
E = 16.1

P-Pd-C2 = 99.1o

P-Pd-I = 171.0o

P-Pd-C1 = 91.5o

C1-Pd-C2 = 167.1o

C1-I-Pd-C2 = 171.1o

4d
E = 61.6

Pd

P

I

C
H



 204

 

With the energy of 4d being 61.6 kcal/mol less stable than 3a, it would be expected that 

the activation energy for this process would be ever larger.  This is considerably less 

accessible than the energy highpoint in Mechanism C (TS4a-4b = 45.8 kcal/mol), making 

Mechanism D much less favourable.  Therefore, the full profile for Mechanism D will 

not be discussed.   

 

6.6  Comparing the four Me/Ph exchange mechanisms 

Four mechanisms have been considered for Me/Ph exchange, as depicted in Figure 6.23, 

and the comparative energies for pathways A, B and C are shown in Figure 6.24.  The 

energies for Mechanism D have not been included as they were both found to be too 

high to be competitive.  The mid section of Mechanism B has been omitted to make the 

diagram clearer. 

 

Figure 6.24 clearly shows that Mechanisms B and C are considerably less accessible 

than Mechanism A.  The energy highpoint in Mechanism A is 30.5 kcal/mol, compared 

to 38.5 kcal/mol in B and 45.8 kcal/mol in C.   

 

 

 

Figure 6.23: The initial transfer steps considered for alkyl/aryl exchange from 

trans-[PdI(Me)(PPh3)2] (A and B) and TMe-[PdI(Me)(PPh3)] (C and D). 
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Figure 6.24: Energy profiles (kcal/mol) in Mechanisms A, B and C for Me/Ph 

exchange from trans-[PdI(Me)(PPh3)2] (A&B) and TMe-[PdI(Me)(PPh3)] (C). 



 206

However, these values are based on computed enthalpies, and as demonstrated in 

Chapter 5, it is important to compare the free energies for these mechanisms, especially 

since there is a dissociation in Mechanism C.  The comparative free energy values for 

Mechanisms A, B and C are shown in Figure 6.25.   

 

As would be expected, the structures in Mechanism C have a greater difference between 

their enthalpy and free energy values than those in Mechanism A and B, due to the 

dissociation of triphenylphosphine.  Reactant 4a is now only 1.2 kcal/mol less stable 

than 3a, and is more stable than the 4-coordinate cis reactant, 3a'.  TS3a-3d is now the 

Figure 6.25: Comparative free energies (kcal/mol) in Mechanisms A, B and C for 

Me/Ph exchange from trans-[PdI(Me)(PPh3)2] (A&B) and TMe-[PdI(Me)(PPh3)] (C). 
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overall energy highpoint for the three mechanisms at 40.1 kcal/mol.  The gap between 

the highpoints in Mechanisms A and C is now very small at 1.0 kcal/mol.   

 

The final factor that should be taken into account is the effect of solvation on the 

relative energies of the mechanisms.  As in Chapter 5, polarisable continuum model 

(PCM) calculations with a benzene solvent were performed, and then corrections for 

T∆S using the values from the ONIOM calculations were added, to give the free energy 

including solvation for each structure in the three reaction mechanisms.  The results are 

shown in Figure 6.26. 

 

Figure 6.26: Comparative PCM (benzene) free energies (kcal/mol) in Mechanisms 

A, B and C for Me/Ph exchange from trans-[PdI(Me)(PPh3)2] (A&B) and TMe-

[PdI(Me)(PPh3)] (C). 
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It can be seen that now 3-coordinate reactant 4a is 0.3 kcal/mol more stable than 4-

coordinate reactant 3a.  There has also been a change in the most accessible mechanism, 

as the energy of TS4a-4b (28.6 kcal/mol, Mechanism C) has dropped below both TS3a-3b 

(E = 29.5 kcal/mol) and TS3a’-3b (E = 30.6 kcal/mol) (Mechanism A).   

 

6.7 Conclusions and comparison with experimental results 

To conclude, when the free energies for Mechanisms A, B and C (Figure 6.21) are 

compared, Mechanism A is the most accessible, with its highpoint, TS3a’-3b at 30.6 

kcal/mol, compared to TS4a-4b at 32.3 kcal/mol in Mechanism C and TS3a-3d at 40.1 

kcal/mol in Mechanism B.  However, when the effect of solvation is taken into account, 

Mechanism C is the most accessible, although the energy highpoints for Mechanisms A 

and C are close, with only 0.9 kcal/mol between them.  Mechanism B is considerably 

less accessible than the other two mechanisms so is not considered to be competitive. 

 

Mechanism C was found to be the most accessible pathway for Ph/Ph exchange in 

Chapter 5.  However, in Ph/Ph exchange (X = I) there was a 5.9 kcal/mol difference in 

the relative highpoints of free energy with solvation (benzene) between Mechanisms A 

and C.  In Me/Ph exchange the highpoints of the two mechanisms are much closer in 

energy, making them more competitive.   

 

The experimental work published by Norton et al.1 on Me/Ph scrambling in trans-

[PdI(Me)(PPh3)2] showed the exchange to be an irreversible process.  The fact that 

exchange was found to be exothermic in the calculations performed, and that a Pd-Ph 

bond was found to be stronger than a Pd-Me bond supports this observation. 

 

Norton et al.
1 found that adding excess triphenylphosphine to the reaction did not 

inhibit Me/Ph exchange.  This finding was not consistent with the results from this 

chapter, which indicate that a mechanism requiring the pre-dissociation of 

triphenylphosphine is the most accessible pathway.  However, the difference in 

accessibility between Mechanisms A and C is very small. 
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6.8  CH2CF3/Ph exchange 

Norton et al. looked at R/Ph exchange in a range of different [PdI(R)(PPh3)2] 

complexes.1  They found that when R = CF3CH2, no exchange occurs in benzene at 

50ºC over a 24 hour period.  It appears that adding an electron-withdrawing group to the 

palladium-bound alkyl ligand completely inhibits exchange. 

 

To gain insight into why exchange occurs when R = Me but not when R = CH2CF3, the 

mechanisms for 4- and 3-coordinate exchange when R = CH2CF3 were investigated.  

Since Mechanisms A and C were found to be the most accessible for both Ph/Ph and 

Me/Ph exchange, only these two mechanisms were modelled with R = CH2CF3 (see 

Figure 6.27). 

 

6.9  Mechanism A for CH2CF3/Ph exchange 

The 4-coordinate starting species, trans-[PdI(CF3CH2)(PPh3)2], was formed by 

substituting a methyl hydrogen for CF3 in structure 3a, then optimising.  The optimised 

geometry of reactant 5a (set to 0.0 kcal/mol) is shown in Figure 6.28.  The energies for 

all of the structures in CH2CF3/Ph exchange will be reported relative to 5a.   

 

The structure of 5a is similar to that of 3a, with a distorted square planar geometry 

around palladium.  The Pd-I bonds (3a = 2.746 Å, 5a = 2.745 Å) and Pd-C1 bonds (3a 

= 2.109 Å, 5a = 2.101 Å) are of a similar length in both reactant structures.  However, 

the Pd-P bonds are longer in 5a (Pd-P1= 2.363 Å, Pd-P2 = 2.375 Å) than in 3a (Pd-P1= 

2.354 Å, Pd-P2 = 2.359 Å).  This may be a steric effect as {CH2CF3} is bulkier than 

methyl, which is also suggested by the increase in the P2-Pd-C1 angle from 86.6º in 3a 

to 93.4º in 5a. 

 

Figure 6.27: Initial transfer steps in Mechanisms A and C for CH2CF3/Ph 

exchange from trans-[PdI(CF3CH2)(PPh3)2] (A) and TCH2CF3
-[PdI(CF3CH2)(PPh3)] 
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The reaction profile was explored in the standard way, by decreasing the P1LC1 

distance in a stepwise scan, and running a transition state calculation at the energy 

highpoint.  This led to TS5a-5b' (E = 42.8 kcal/mol), which is shown in Figure 6.29. 

 

Figure 6.28: Reactant 5a, trans-[PdI(CF3CH2)(PPh3)2] from Mechanism A of 

CH2CF3/Ph exchange.  Bond lengths in Å, energy in kcal/mol.  

Figure 6.29: TS5a-5b' from Mechanism A of CH2CF3/Ph exchange.  Bond lengths 

in Å, energy in kcal/mol. 
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The structure of TS5a-5b' does not differ much from that of TS3a-3b, the analogous 

transition state in Me/Ph exchange.  The geometry of TS5a-5b' could be considered to be 

later than TS3a-3b, shown by a shorter P1LC1 distance (TS3a-3b = 2.115 Å, TS5a-5b' = 

2.062 Å) and a shorter PdLC2 distance (TS3a-3b = 2.682 Å, TS5a-5b' = 2.669 Å).  The 

activation barrier for this step is considerably higher for CH2CF3/Ph exchange (Ea = 

42.8 kcal/mol) than in Me/Ph exchange (Ea= 30.5 kcal/mol).  A possible reason for this 

lies in the comparative Pd-C bonding interaction (BI) strengths.  The strength of the Pd-

C1 bond in 5a was calculated to be 66.9 kcal/mol, while the same bond in 3a was 

weaker, at 59.2 kcal/mol.  The energy required to break the stronger Pd-C1 bond in 5a 

would lead to a higher activation energy. 

 

PIRC calculations showed that TS5a-5b' does not lead to a trans exchange product, as 

observed in Me/Ph exchange.  Instead, the cis exchange product, 5b' (E = 10.0 

kcal/mol), is formed.  The structure of TS5a-5b' was studied in detail, and compared to 

TS3a-3b, but it remains unclear why TS5a-5b' leads to a cis product while TS3a-3b leads to 

a trans product.  The structure of 5b' with key bond lengths and distances is shown in 

Figure 6.30. 

 

The geometry around palladium in 5b' is rather distorted from square planar.  The P1-

Pd-P2 angle is large at 107.3º, presumably due to steric interactions between the two 

phosphine groups.  The complex is not planar, with the P(CH2CF3)Ph2 ligand lying out 

of the metal coordination plane (P1-P2-Pd-I = 155.3º). 

 

To enable direct comparison with Mechanism A in Me/Ph exchange, the structure of the 

trans exchange product, 5b (E = 0.5 kcal/mol) was constructed by substituting the 

methyl group for CH2CF3 in 3b, and optimising.  The structure is also shown in Figure 

6.30.  With the two bulky phosphine groups lying trans to each other, the geometry 

around palladium is less distorted from square planar than in 5b'.  All four angles 

around palladium are within 2º of 90º, and PCH2CF3Ph2 lies in the metal coordination 

plane (P1-I-Pd-P2 = 178.8º).  The structure of 5b is very similar to that of 3b.   
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The energy profiles for Mechanism A in CH2CF3/Ph exchange and Me/Ph exchange can 

both be seen in Figure 6.31.  The energies shown are relative to the respective reactant 

energies, which are set to zero.  As discussed previously, the activation barrier for 

CH2CF3/Ph exchange (Ea = 42.8 kcal/mol) is much higher than for Me/Ph exchange (Ea 

= 30.5kcal/mol), which can be attributed to the stronger Pd-C bond in 5a compared to 

3a.  The bond interaction (BI) energies for the four bonds broken and formed in 

exchange were calculated as described in Chapter 3 and are shown in Table 6.4.   

 

Apart from the Pd-C (R) bond that has broken, the other bonds are similar in strength 

whether R = Me or CH2CF3.  The overall energy released from bond formation and 

breaking in CH2CF3/Ph exchange is 0.7 kcal/mol, which corresponds to Mechanism A 

being almost thermoneutral (∆E(5b'-5a) = 0.5 kcal/mol).  Thus, Mechanism A is both 

thermodynamically and kinetically less accessible when R = CH2CF3 than when R = 

Me. 

 

Figure 6.30: 5b and 5b' from Mechanism A of CH2CF3/Ph exchange.  Bond 

lengths in Å, energy in kcal/mol. 

P1

P2

C1

C2

C3

P1-Pd-I = 150.3o

I-Pd-P2 = 89.9o

P2-Pd-C2 = 162.6o

C2-Pd-P1 = 81.5o

Pd...C1 = 3.597
Pd...C3 = 5.017

P1-P2-Pd-I = 155.3o

C2-P1-Pd-P2 = 164.6o

C1-P1-Pd-C2 = 173.5o

P1-Pd-I = 89.3 o

I-Pd-P2 = 89.7o

P2-Pd-C2 = 91.3o

C2-Pd-P1 = 89.8o

Pd...C1 = 3.477
Pd...C3 = 3.792

P1-I-Pd-P2 =178.8 o

C2-P1-Pd-I = 178.0o

2.693

2.443

2.389

2.0672.918

1.898

1.524

2.367

2.793

2.377

2.038

1.890

1.524

P2

P1

C1

C2

C3

3.116

5b'
E = 10.0

5b
E = 0.5

Pd

P

I

C H
F



 213

 

 

Bond BI energy (R = Me) BI energy (R = CH2CF3) 

Pd-C (R) 59.2 66.9 

P-C (Ph) 79.1 79.9 

Pd-C (Ph) 65.2 64.9 

P-C (R) 81.4 82.7 

Total ∆E -8.3 -0.7 

 

 

 

 

 

Table 6.4: Comparison of BI energies for the bonds broken and formed during 

R/Ph exchange (R = Me or CH2CF3).  Energies in kcal/mol. 

Figure 6.31: Energies for Mechanism A in Me/Ph exchange (blue) and 

CH2CF3/Ph exchange (red). 
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6.10  Mechanism C for CH2CF3/Ph exchange  

 

The 3-coordinate starting species for Mechanism C was formed by removing a 

triphenylphosphine ligand from 5a, and allowing the remaining complex to optimise.  

As seen in previous examples, isomerisation occurred to result in the CF3CH2 ligand 

lying trans to the vacant site.  The structure of 6a, TCH2CF3
-[PdI(CF3CH2)(PPh3)], (E = 

18.9 kcal/mol) is shown in Figure 6.32.   The geometry around palladium is T-shaped 

and planar, and overall the structure is very similar to that of 4a. 

 

A scan to reduce the PLC1 distance from its value of 3.233 Å in 6a was performed, 

and transition state TS6a-6b (E = 56.9 kcal/mol) was located from the energy highpoint.  

PIRC calculations showed that this transition state connects to a zwitterion species, 6b 

(E = 38.5 kcal/mol), and both structures are shown in Figure 2.33. 

 

 

Figure 6.32: Reactant 6a, TCH2CF3
-[PdI(CF3CH2)(PPh3)], from Mechanism A of 

CF3CH2/Ph exchange.  Bond lengths in Å, energy in kcal/mol, relative to 5a. 
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The structure of TS6a-6b is very similar to that of TS4a-4b, the analogous species in 

Me/Ph exchange.  The main difference between the two structures is that the alkyl 

group is later in its transfer to palladium in TS6a-6b, illustrated by a longer PLC1 

distance (TS6a-6b = 1.923 Å, TS4a-4b = 1.887 Å) and a shorter C1LPd distance (TS6a-6b 

= 2.261 Å, TS4a-4b = 2.335 Å).  The problems encountered relating to a very flat 

potential energy surface in this region for Me/Ph exchange were not an issue in this 

case.  The relative energy of TS6a-6b is more than 10 kcal/mol less accessible than TS4a-

4b (E = 45.8 kcal/mol).   

 

PIRC calculations confirmed that TS6a-6b leads to zwitterion 6b, shown in Figure 6.33.  

The structure of 6b is similar to the analogous species from the Me/Ph exchange 

pathway, 4b.  The geometry around palladium is close to linear (MP-Pd-I = 173.2º) and 

the Pd-I bond is 0.013 Å longer than in 4b.  The C2-C3 bonds are identical in length, at 

1.456 Å, and the Pd⋯MP distance is just 0.005 Å longer in 6b.  However, the 

comparative energies are quite different, with 6b (38.5 kcal/mol) being much less 

accessible than 4b (27.6 kcal/mol).   

 

As in Mechanism C for Me/Ph exchange, it was necessary to construct the exchange 

product and perform a scan reducing the P⋯C2(phenyl) distance to locate TS6b-6c.  The 

structure of the transition state located, TS6b-6c (E = 42.7 kcal/mol), is shown in Figure 

Figure 6.33: The structures of TS6a-6b and 6b from Mechanism C of CH2CF3/Ph 

exchange.  Bond lengths in Å, energies in kcal/mol.  
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6.34 along with exchange product 6b (E = 20.2 kcal/mol).  The structure of TS6b-6c 

shows a lengthening of Pd⋯C3 from its value of 2.177 Å in 6b, as the Pd⋯Ph η2-

interaction weakens.  A bond has formed between palladium and phosphorus 

(2.341 Å) and between palladium and C2 (2.097 Å).  Although the structure of 

TS6b-6c is similar to that of TS4b-4c, it is 9.6 kcal/mol less accessible.   

 

Exchange product 6b exhibits a distorted T-shaped planar geometry, with iodide trans to 

phosphine.  The Pd-P (2.298 Å) and Pd-C2 (1.994 Å) bonds have fully formed, and the 

Pd-I (2.609 Å) bond has lengthened slightly.  The geometry and bond lengths in 6c are 

very similar to those in 4c, however 6c is 6 kcal/mol less accessible. 

 

The energy profiles for Me/Ph and CF3CH2/Me exchange via Mechanism C are shown 

in Figure 6.35.  Despite reactant 4a being only 2.8 kcal/mol comparatively higher in 

energy than 6a, as the profiles proceed they become further apart energetically.  The 

barrier for formation of the zwitterion intermediates 4b and 6c are 29.7 and 38.0 

kcal/mol respectively.  In both profiles the first transition state is the energy highpoint 

of the exchange process.  The barriers for the second step are of similar magnitude, at 

5.5 kcal/mol for Me/Ph exchange and 4.2 kcal/mol for CF3CH2/Me exchange, however 

the transition state is 9.6 kcal/mol less accessible in the latter profile.          
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6.11  Comparison of Me/Ph and CH2CF3/Ph exchange 

The values of enthalpy, free energy and free energy with solvation (PCM in benzene) 

for Mechanisms A and C are shown in Table 6.5.  As seen in Chapter 5, the values with 

a correction for free energy and solvation are close to the enthalpy values in Mechanism 

A.  However, all the minima and transition states in Mechanism C are stabilised 

compared to their enthalpy, with the free energy and solvation corrections applied.   

 

The ∆G (PCM) values for CF3CH2/Ph exchange show that Mechanism C (highpoint = 

40.4 kcal/mol) is more accessible than Mechanism A (highpoint = 42.3 kcal/mol), but 

the difference is small.  This is consistent with the findings for Me/Ph exchange. 

 

Comparison of the data for Me/Ph exchange and CF3CH2/Ph exchange shows that in 

Mechanism A the highpoint for CF3CH2/Ph exchange is 11.9 kcal/mol higher, and in 

Mechanism C the highpoint for CF3CH2/Ph exchange is 12.1 kcal/mol higher than for 

Me/Ph exchange.  This difference in accessibility supports the experimental observation 

that no CF3CH2/Ph exchange occurs in benzene at 50ºC over a 24 hour period,1 whereas 

Me/Ph exchange is observed under the same conditions.     
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Figure 6.35: Energies (kcal/mol) for Mechanism C in Me/Ph exchange (green) 

and CH2CF3/Ph exchange (purple). 
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Mechanism A ∆H ∆G ∆G (PCM)
Me/Ph 3a 0 0 0

TS3a-3b 30.5 31.3 30.4
3b -7.5 -7.1 -6.7

CF3CH2/Ph 5a 0 0 0

TS5a-5b 42.8 43.1 42.3
5b' 10 10.2 10.1
5b 0.5 0.7 1.2

Mechanism C

Me/Ph 4a 16.1 1.2 -0.3
TS4a-4b 45.1 31.4 28.3

4b 27.6 13.9 9.9
TS4b-4c 33.1 20.4 18.4

4c 14.2 -0.6 -2.0
CF3CH2/Ph 6a 18.9 2.9 1.8

TS6a-6b 56.9 43.2 40.4
6b 38.5 24 20.2

TS6b-6c 42.7 28.8 26.9
6c 20.2 4.2 2.6

Table 6.5: Enthalpy (∆H), free energy (∆G) and free energy with solvation 

(∆G(PCM)) for Me/Ph and CH2CF3/Ph exchange via Mechanisms A and C.  

Energies in kcal/mol. 
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Chapter 7: Computational background 

 

7.1  Introduction 

This chapter contains an overview of the main concepts in density functional theory 

(DFT), the main computational method utilised in this thesis.  The discussion will begin 

with some important principles from quantum mechanics and continue with an 

overview of the Hartree-Fock approximation.  This is followed by the key points in the 

development of DFT and some practical considerations when performing calculations.  

Finally, the results of benchmark calculations to compare different methodologies, 

functionals and basis sets are presented.     

 

7.2  Basic quantum mechanics        

When seeking to use quantum mechanics to model the type of chemical system 

discussed in this thesis, the aim is to solve the time-independent Schrödinger equation,1 

the general form of which is: 

Ψ=Ψ EH     (7-1) 

 

where H is the Hamiltonian operator, which acts on the wave function, ょ, to produce an 

eigenvalue, E, the energy of the system. 

 

The Hamiltonian operator is constructed from the sum of potential and kinetic energy 

operators. 

    V
m

H +∇−= 2
2

2

h
    (7-2) 

 Kinetic  Potential 
 energy  energy 

 

The potential energy part, represented by V, describes the field resulting from the 

repulsive force between electrons or nuclei and the electron-nuclear attraction.  The 

kinetic energy is composed of contributions from all the nuclei and electrons in a 

system with particles of mass, m.  The Laplacian operator, ∇2, is defined in Equation 7-

3, where x, y and z are Cartesian coordinates. 
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The total Hamiltonian operator can be expressed in terms of the kinetic (T) and potential 

(V) energies of the nuclei (N) and electrons (e), as shown in (7-4). 

 

NNeeNeeNtot VVVTTH ++++=    (7-4) 

 

There are several approximations which can be made to simplify the task of solving the 

Schrödinger equation, which are outlined in the following sections. 

 

7.3  The Born-Oppenheimer approximation 

The considerable difference in mass between nuclei and electrons is exploited in the 

Born-Oppenheimer approximation,2 resulting in the simplification of the Schrödinger 

equation.  The smallest possible nucleus, a proton, is more than 1800 times heavier than 

an electron.  This difference means that nuclei move extremely slowly compared to 

electrons, and consequently electrons can adjust almost instantaneously to a change in 

nuclear position.  The nuclei can therefore be considered to be fixed points with respect 

to the electrons, thus TN in equation (7-4) becomes zero and VNN is a constant.  Now the 

Schrödinger equation can be approached using an electronic Hamiltonian for each fixed 

nuclear geometry. 

 

eeNeee VVTH ++=     (7-5) 

 

7.4  The variational principle 

The variational principle is important to many quantum mechanical applications, as it 

provides a way of homing in on the ground state wave function of a system.  It states 

that any energy calculated from a trial wave function will be higher than the actual 

ground state energy, E0. 

 

][min0 Ψ≤
Ψ

EE     (7-6) 

 

Thus, it is possible to assess the quality of trial wave functions, as the lower the energy, 

the better the trial wave function. 
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7.5  The Slater determinant 

Only certain mathematical functions are suitable as wave functions.  They must obey 

certain constraints, for instance ょ must be finite, single-valued and continuous.  A 

suitable function must also obey Pauli’s exclusion principle and forbid two electrons 

from occupying the same state.       

 

In 1929 Slater realised that a type of matrix called a determinant was a convenient way 

of expressing wave functions.3  Equation (7-7) shows a Slater determinant, fSD, of N 

electrons.     
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=Φ≈Ψ   (7-7) 

 

1/√N! is used to normalise the wave function and each electron is represented by a one-

particle wave function known as a spin orbital, ぬN(xN), encompassing an electron’s 

position (xN) and spin angular momentum (g or く). A Slater determinant is 

antisymmetric with respect to the interchange of any two electrons.  This means that 

swapping two rows will result in a change of sign in fSD.  If two columns are the same, 

corresponding to two electrons occupying the same spin orbital, fSD goes to zero, thus 

obeying the Pauli exclusion principle.     

 

7.6  The Hartree-Fock approximation 

The Hartree-Fock (HF) approximation4 is a common method used to attempt to solve 

the electronic Schrödinger equation resulting from using the Born-Oppenheimer 

approximation on the time-independent Schrödinger equation.   

 

The approximation makes the assumption that the wave function of a chemical system 

can be described by a single Slater determinant composed of spin orbitals, each 

representing one electron.  Each electron feels the field of the nuclei and an average 

repulsion from the other electrons present.   

 

Hartree-Fock theory adopts a self-consistent field (SCF) approach which works by 

starting with an initial set of guess spin orbitals and improves them iteratively.  The 
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guess orbitals are solved using the Fock equation (7-8) and then compared to the input 

orbitals.  If the new orbitals are lower in energy, these then replace the guess orbitals.    

This cycle continues, lowering the total energy until the new energy does not vary by 

more than a certain threshold when compared to the previous energy. 

 

The Fock operator, ƒi, can be defined as, 

 

HF

i

A iA

A
ii V

r

Z
f +−∇−= ∑2

2

1
   (7-8)  

 

where the first term is the kinetic energy, the second term is the attractive potential 

energy between electron i and the nucleus and the third term, Vi 
HF, is the Hartree-Fock 

potential.  Vi 
HF is one of the key approximations in the theorem, representing the 

average repulsion felt by an electron due to all the other electrons in the system.  It 

consists of two parts, the Coulomb operator, J, and the exchange operator, K. 
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The Coulomb operator, Jj(x1), represents the potential experienced by an electron due to 

another electron in ぬj.  It is defined in equation (7-10) as, 
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where an average potential is calculated by integrating the r12
-1 interaction over all space 

and possible positions of another electron, weighted by the probability that the other 

electron is in position x2.    

 

The second term, the exchange operator, Kj(x1), does not have a classical interpretation.  

It needs to be defined by its effect when operating on a spin orbital, as in Equation 7-11. 
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As in Equation 7-10, the value is inversely proportional to the distance between two 

electrons (r12), and is integrated over all possible positions of the second electron in 

space.  However, Equation 7-12 also features an exchange of the two electrons in the 

two spin orbitals, χi and χj.  Kj(x1) is considered to be non-local as it depends on the 

value of χi over all space, not just at position x1.  The exchange operator also serves a 

useful purpose by removing the inaccuracy of ‘self-interaction’ in a one-electron 

system, which is a problem created by the Coulomb operator.  Basically, when i=j is 

input into Jj(x1), the result is non-zero, despite the fact that there is no electron-electron 

interaction possible in a one-electron system.  Kj(x1) removes this problem by producing 

an identical value to Jj(x1) when i=j, thus when Kj(x1) is subtracted in Equation 7-9, the 

result is zero. 

 

7.7  Electron correlation 

Electron correlation is essentially the interaction of electrons within a system.  This can 

be divided into dynamic correlation, where the electron feels repulsion from each of the 

other electrons in the system, and static correlation, where a single determinant is not 

flexible enough for the system in question. 

 

The major weakness of the Hartree-Fock approximation is its failure to represent 

electron correlation.  In Hartree-Fock each electron experiences an average field 

contribution from the other electrons present in the chemical system.  This does not 

accurately model a molecule because in reality two electrons would have a direct 

Coulomb repulsion between them and electrons do not move independently of each 

other.  The correlation energy is negative due to the overestimation of dynamic electron-

electron repulsion in Hartree-Fock.  The electron correlation energy, Ecorr, can be 

defined as the error in energy between the Hartree-Fock energy and the true ground 

state energy, E0.
5 

 

HFcorr EEE −= 0     (7-12) 

 

The approximation also fails to correctly model the behaviour of infinitely separated 

particles, as a single Slater determinant is not a sufficient model in these types of cases.  

This failure is seen when considering an H2 molecule.6  The Hartree-Fock 

approximation models H2 well at the equilibrium bond length, but fails as rHH →∞.    

This static correlation energy gets larger at greater distances of rHH, and there is a 
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probability of both electrons being on the same nucleus factored into the calculation.  

This is unrealistic as H2 dissociates to give two neutral atoms, and results in an 

overestimation of the interaction energy. 

 

7.8  Density functional theory 

Density functional theory (DFT) is centred on the experimentally evincible property of 

electron density, と.  In DFT, と is used to calculate the ground state energy of a system, 

moving the primary focus away from the wave function.  Electron density represents the 

probability of finding an electron at a point in space, and the density tends to zero as the 

distance from the nucleus tends to infinity.  A major strength of DFT is that electron 

density only has 3 spatial variables regardless of the size of the system.  This is much 

simpler than wave function approaches which have 3N variables for an N-electron 

system, making calculations on large systems extremely complex.   

 

In the 1920s Thomas7 and Fermi8 were the first to use electron density rather than wave 

functions to investigate chemical systems.  However, it was not until 1964 that a paper 

by Hohenberg and Kohn9 laid the foundations on which modern DFT is built. 

 

The first Hohenberg-Kohn theorem legitimises the use of electron density to find the 

ground state energy, and thus all other properties, of a system.  The ground state energy 

of a system can now be expressed purely as a functional of と. 

 

][][][][ 0000 ρρρρ eeNe VVTE ++=   (7-13) 

 

This equation can then be separated into two parts, defined by whether each term is 

system dependent.  This gives rise to a system independent term, the Hohenberg-Kohn 

functional, FHK[と0], as defined in Equation 7-15. 

 

∫ += ][)(][ 0000 ρρρ HKNe FdrVrE   (7-14) 

    ][][][ 000 ρρρ eeHK VTF +=    (7-15) 

 

The first term in Equation 7-14 is system dependent, meaning that it depends on 

properties unique to the molecule or system studied.  Conversely, FHK[と0] is 

independent of the system being investigated, and is therefore universal.  The electron-
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electron interaction (Vee[と0]) can be divided into a classical Coulomb repulsion (J[と]) 

and a non-classical part (Encl[と]), as shown in Equation 7-16. 
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The non-classical term contains the exchange-correlation energy, which is one of the 

terms that is particularly difficult to calculate. 

 

The second Hohenberg-Kohn theorem is related to the variational principle outlined in 

Section 7.4.  It states that the energy calculated from a trial density conforming to the 

appropriate boundary conditions will always be higher than the energy of the ground 

state density, E0. 

      

][0 trialEE ρ≤      (7-17) 

 

Thus, E0 can only be calculated if the ground state density, と0, is known exactly.   

 

In 1979 Levy10 published a paper which proposed a method of using the variational 

principle to find the ground state energy of a system using the electron density.  The 

Levy constrained-search approach consists of a two step search.  The first step searches 

through the subset of antisymmetric wave functions which yield a certain density on 

integration.  The second step searches over all densities to produce a ground state 

energy.  This can be expressed as shown in Equation 7-18, where the inner 

minimisation is the first step. 
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By separating this equation according to which terms are system dependent (as in 

Equation 7-14), and employing the Hohenberg-Kohn functional, the equation can be 

simplified. 
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This approach is good in theory, but in practice it is not possible to search over all 

possible densities, so further development was needed to turn these ideas into practical 

methods. 

 

7.9  The Kohn-Sham approach 

Additional developments towards the application of density functional methods to 

chemical problems were made by Kohn and Sham in 1965.11  They realised that by 

using a reference system of non-interacting electrons built from one-electron functions, 

a large part of the kinetic energy can be calculated very accurately.  The remaining part 

of the kinetic energy contribution is approximated along with the non-classical part 

within EXC.  This results in only a small part of the total energy being approximated. 

 

The non-interacting reference system is constructed from a Slater determinant as seen 

before in the Hartree-Fock approximation, where l represents a Kohn-Sham orbital. 
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The kinetic energy for non-interacting electrons, Ts, is expressed as it was in the 

Hartree-Fock approximation.  Thus, the overall DFT energy can be defined as: 

 

][][][][][ ρρρρρ XCNes EJETE +++=   (7-21) 

 

Where EXC, the exchange-correlation energy, can be defined as: 

 

][][])[][(])[][(][ ρρρρρρρ nclCeesXC ETJVTTE +=−+−=  (7-22) 

 

The variational principle is then applied, where the best spin orbitals correspond to the 

lowest energy, expressed as, 

 

iii

KSf ϕεϕ =     (7-23) 

 

where f KS is the one-electron Kohn-Sham operator, as defined in 7-24. 
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Veff, the Kohn-Sham effective potential, consists of the components of J[と], Exc and 

ENe[と].  The exchange correlation potential, Vxc, resulting from Exc, can be defined as: 
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Unfortunately, the exact functional for Exc is unknown and has to be approximated. 

 

7.10  The local density approximation 

In fact the search to find accurate values for Exc[と] is still the greatest challenge in DFT.  

A common starting point for modelling Exc[と] is considering that the exchange and 

correlation energy for each particle, iXC, can be calculated from the local value of 

electron density at that point.  One case where this is possible is the uniform electron 

gas, which is a model with a structure similar to an idealised metal, where electrons 

move uniformly against a background of positive cores.  This model is used because the 

exchange is known exactly and the correlation energy is known very accurately.  In the 

local density approximation (LDA), EXC[と] can be defined as, 
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which is the exchange-correlation energy per particle of a uniform electron gas with the 

density ρ(r).  iXC can be split into separate contributions from exchange and correlation. 
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The exchange part of a particle’s energy, iX(と), can be calculated by using an equation 

similar to one developed earlier by Slater.12  
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However, there is no such equation known for the correlation energy, iC(と).  Therefore, 

accurately calculated values from Monte-Carlo simulations of a uniform electron gas 

are commonly used.13 

 

The LDA approximation represents a major step forward for DFT, and it performs 

better than the Hartree-Fock approximation for many systems.14  However, a major 

drawback with LDA is that it overestimates atomisation energies, resulting in 

overbinding.     

 

7.11  The generalised gradient approximation 

Real molecular systems do not have uniform electron density.  Therefore, a correction 

must be added to any energy calculated using LDA to represent a real system more 

closely.  The generalised gradient approximation (GGA) is a method which has been 

developed to improve on the LDA by making iC depend not only on the local density at 

point r, と(r), but on the extent to which the local density is changing, ∇ と(r).  The GGA 

functional can be expressed as: 

 

∫ ∇= drfE GGA

XC ),(][ ρρρ    (7-29) 

 

The exchange and correlation parts of Exc can be considered separately.  The exchange 

part, Ex, can be expressed as, 
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where sσ is a local inhomogeneity parameter, dependent on the gradient and electron 

density of the particular point on the potential energy surface. 
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There are two widely used types of GGA exchange functionals, the first of which was 

developed by Becke15 and is commonly abbreviated to ‘B’.  It can be defined as, 
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It employs an empirical parameter, β, which has been fitted to exactly known exchange 

energies of the six noble gases.  Other functionals similar to the Becke approach are 

CAM16 and PW91.17 

 

The second class of GGA exchange functionals do not contain any empirical 

parameters.  Instead they use a rational function expansion of the reduced density 

gradient.  Examples of this approach include B86,18 P86,19 LG20 and PBE.21 
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There are several correlation functionals which are commonly used.  One was 

developed alongside the Perdew 1986 exchange functional, which contains an empirical 

parameter fitted to the neon atom.  Perdew and Wang developed this Ec functional 

further in 1991 (PW91)17 to become free of the empirical parameter.  A different 

approach was made by Lee, Yang and Parr in 1988 when they developed Ec
LYP.22  This 

was derived from a correlated wave function that provides the correlation energy for the 

helium atom. 

 

The exchange and correlation functionals can be paired together to give some of the 

popular functionals used today, such as BP86, BPW91 and BLYP. 

 

7.12  Hybrid functionals 

The use of hybrid functionals was first introduced by Becke in 1993.23  The idea was to 

calculate an exact value for Ex as calculated in the Hartree-Fock approximation, but 

using Kohn-Sham orbitals rather than Hartree-Fock orbitals.  However, this did not 

reproduce experimental data particularly well.  Therefore, the exact exchange is 

combined with exchange and correlation contributions calculated using the local density 

approximation. 
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Becke proposed an approach that included empirical parameters to tailor the weight of 

contribution from each term.  These parameters were chosen to make the calculations 

reproduce experimental data. 
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In Equation 7-36, ‘そ = 0’ refers to a non-interacting system where electron correlation is 

not present.  This led to the development of the popular B3LYP functional by Stephens 

et al.,24 which is similar to Becke’s hybrid functional, but uses LYP rather than PW91.  
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7.13 Basis sets 

In ab initio methods molecular orbitals are represented by a linear combination of basis 

functions.  Slater-type orbitals (STOs) would be the ideal choice of function as they 

closely model the radial form of atomic orbitals.  However, when these methods were 

first developed STOs were too computationally demanding for most applications, so 

basis sets consisting of gaussian-type orbitals (GTOs) were developed instead.  The 

functions are as follows: 
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GTO: )exp(),(),,( 222
,,,, rrNYr ln

mlmln ζϕθϕθχζ −= −−  (7-37) 

 

N is a normalisation constant, r, θ and ϕ are spherical coordinates, Yl,m is angular 

momentum and n, l and m are quantum numbers.  Although GTOs are much easier to 

compute, their r2 exponential dependence means they fail to accurately model the cusp 

at the nucleus or the wave function at large values of r.  The model can be improved by 

using a linear combination of several primitive GTOs to model each STO.   

 

The minimal basis set only contains the number of basis functions required to 

accommodate all the electrons in the ground state neutral molecule.  A popular minimal 

basis set is STO-3G25 where 3 primitive GTOs are combined to simulate each STO. 
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These simple basis sets can be improved upon by increasing the number of basis 

functions used to describe each atom.  For instance, a double zeta basis set has twice as 

many basis functions as a minimal basis set.  This allows the flexibility needed to create 

a better model of electrons both close to and further away from the nuclei.  Since most 

chemistry is governed by the actions of the valence electrons, it makes sense to dedicate 

more computing power to those regions.  The use of ‘split valence’ can allow the core 

and valence electrons to be treated appropriately.  A widely used example of a split 

valence basis set is 3-21G,26 where the core electrons are represented by a contraction of 

3 GTOs while the valence electrons are described by 2 basis functions constructed from 

2 GTOs and 1 GTO.     

 

Basis sets can be further improved, for example by adding d-orbital polarisation 

functions onto heavy atoms and possibly by also adding p-orbital polarisation onto 

hydrogen atoms.  This is indicated by one or two asterisks respectively, for example 6-

31G** has polarisation on all heavy atoms and hydrogens.  The addition of polarisation 

enables much better, more flexible modelling of systems where the electron cloud on a 

particular atom is distorted, for instance by the presence of other nuclei. 

 

When modelling a system with a considerable amount of electron density away from the 

nuclei, for example in an anion, it can be useful to use a basis set with added diffuse 

functions.  These are symbolised using a plus sign, +.  These functions use gaussians 

with a small exponent so that the function decays slowly as the distance from the 

nucleus increases.     

 

It is important to find the most appropriate basis set for each application.  It must be a 

sensible choice for the chemical system, but also be a balance between accuracy and 

computing time. 

 

When the chemical system of interest contains elements from the second row of the 

periodic table and beyond, it is not necessary to accurately model the chemically-inert 

core electrons in such elements.  The use of effective core potentials (ECPs) can be 

employed to greatly reduce the complexity of calculations on heavier atoms, while 

adequately modelling the nucleus and core electrons of an atom.  Examples of ECPs 

commonly used include LANL27 and SDD.28 
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7.14  Hybrid DF/HF methods 

A balance between accuracy and computing time must also be sought when choosing 

the most appropriate methodology for the chemical system to be studied.  The full 

experimental systems studied in this thesis contain over seventy atoms and it was not 

practical to compute these systems using purely DF methods with the computing 

resources available.  Therefore, a hybrid DF/HF method was used, which allows the 

user to calculate the parts of the molecule important for reactivity at the high DF level, 

and the less important outer parts of the molecule at the lower HF level of calculation. 

 

This was achieved using the ONIOM (our own N-layered integrated molecular orbital + 

molecular mechanics) method developed by Morokuma et al.29  Within ONIOM the 

user can define either two or three different layers in a given molecule, which will be 

calculated using different computational methods.   Figure 7.1 shows how trans-

[Pd(Cl)OH(PPh3)2] from Chapter 4 is divided into two levels of calculation.  The atoms 

in blue are calculated at the high DF level and the phenyl groups in black are calculated 

at the lower HF level.  

 

The energy of the molecule is then calculated using Equation 7.39, where the whole 

molecule is calculated using HF, then the HF energy of the high region is subtracted, 

and then finally the DF energy of the high region is added. 

 

Etot = EHF(whole) – EHF(high) + EDF(high)   (7-38) 

 

The high and low regions of the molecule are connected using ‘linker’ atoms.  In the 

ONIOM calculations performed in this thesis hydrogen atoms were used as linker atoms 

Figure 7.1: The different levels of calculation in trans-[Pd(Cl)OH(PPh3)2] using 

the DF/HF ONIOM method.  
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in place of the P-C covalent bonds in the high model system.  Thus, the high model 

system is considered as [PdCl(OH)(PH3)2] in the example in Figure 7.1.  This is 

necessary so that the high model region makes chemical sense when it is calculated.   

 

The DF/HF ONIOM method was used to compute all of the large model complexes in 

Chapters 4, 5 and 6.  Initial testing of the method, as described in Chapter 4, showed 

that this method produces geometries with a good structural agreement to those 

calculated using pure DF methods, but is much less computationally demanding. 

 

7.15  Comparing functionals and basis sets 

There are many different options when it comes to choosing an appropriate functional 

and corresponding basis sets to use on a project.  As there are no suitable experimental 

data available for the systems investigated in this thesis, it is not possible to make a 

quantitative comparison between experiment and calculation.  However, it is possible to 

compare the different computational methods to each other, in order to try to strike a 

balance between accuracy and computing time. 

 

To this end, a range of calculations using different functionals and basis sets were 

performed using Gaussian 9830 to compare their performance.  The F/H exchange 

mechanism for [PdCl(F)(PH3)2] from Chapter 3 was used for the comparison.  Table 7.1 

shows the comparative energies (in kcal/mol) of the exchange reaction profile 

calculated using six different functionals, Hartree-Fock and post Hartree-Fock methods.    

In each case the same basis sets were used, namely SDD31 on palladium, SDD with 

added polarisation on chlorine and phosphorus, and 6-31G**32 on fluorine and the 

hydrogens. 

  

The first three columns show the results using pure DF methods, and they show similar 

values with TS1 consistently the energy highpoint and the exchange being exothermic 

Tables 7.1:  F/H exchange profile (kcal/mol) for [PdCl(F)(PH3)2] computed using 

different functionals.   

BP86 BLYP BPW91 B3P86 B3LYP B3PW91 RHF MP2

Reactant 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

TS 1 29.0 29.5 29.1 30.8 31.3 30.8 42.4 32.3

Intermed 15.4 18.3 15.5 16.6 19.4 16.9 35.5 15.7

TS 2 24.2 29.4 26.1 27.9 31.1 28.3 - 24.6

Product -9.7 -6.7 -8.9 -10.2 -7.7 -9.6 0.8 -10.8
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overall.  Columns 4-6 in Table 7.1 show the results using the corresponding hybrid 

functionals of the columns 1-3.  The values are slightly higher but maintain the key 

trends.  An important difference when using hybrid functionals is the extra time taken 

for a calculation compared to using the pure functional.  For instance, it took 55 seconds 

for one step in the optimisation of the reactant species using BLYP, whereas it took 66 

seconds (20% longer) for a step with the same number of cycles in the same 

optimisation using B3LYP.  Column 7 in Table 7.1 shows the comparative energies 

using Hartree-Fock methods.  These results are significantly different from the other 

functionals as there is no allowance for electron correlation in the HF approximation.  

Column 8 in Table 7.1 shows a post-HF function based on Møller-Plesset perturbation 

theory,33 which does allow for electron correlation effects but takes considerably longer 

(145 seconds for one step comparable with data above).  However, these results are 

much more consistent with the DF results. 

 

The next comparison conducted was to assess the importance and impact of adding 

polarisation to the basis sets used.  Table 7.2 shows the results for the pure density 

functional BP86, while in Table 7.3 the hybrid functional B3LYP was used. 

 

Columns 1 and 2 in Tables 7.2 and 7.3 show the effect of adding polarisation to the 

basis sets of all the atoms except palladium in the system on the comparative profile 

Tables 7.2 and 7.3:  F/H exchange profile (kcal/mol) for [Pd(F)(PH3)2] computed 

using BP86 / B3LYP and varying the basis sets.   

                     BP86
Basis Sets on Pd, P + Cl: SDDALL SDDALL+pol SDDALL+pol

Basis Sets on F + H: 6-31G 6-31G** 6-311G**
Reactant 0.0 0.0 0.0

TS 1 41.5 29.0 28.2
Intermed 35.7 15.4 15.3

TS 2 52.1 24.2 26.2
Product 7.3 -9.7 -8.6

                     B3LYP
Basis Sets on Pd, P + Cl: SDDALL SDDALL+pol SDDALL+pol

Basis Sets on F + H: 6-31G 6-31G** 6-311G**
Reactant 0.0 0.0 0.0

TS 1 44.5 31.3 30.3
Intermed 39.8 19.4 19.2

TS 2 58.8 31.1 32.0
Product 9.5 -7.7 -6.3
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energies.  With both functionals the absence of polarisation causes the comparative 

energy for all stationary points to be higher, the overall profiles highpoint to change to 

TS 2 and the overall process to become endothermic.  This demonstrates the major 

differences that inclusion of polarisation makes to an energy profile.  The polarisation 

on hydrogen was particularly important as TS 2, the H-transfer step, is most affected by 

adding polarisation.  Columns 2 and 3 in Tables 7.2 and 7.3 show the effect of changing 

from a double zeta to a triple zeta basis set for the fluorine and hydrogen atoms.  As 

discussed earlier in the chapter, this should improve the description of the outer region 

of the valence orbitals.  In fact, for this reaction profile it makes no significant changes 

to the comparative energies. 

 

A further comparison between the data in column 2 of Table 7.2 and the computed 

energies with the addition of f orbitals on palladium was performed.  This made no 

significant difference to the comparative energies for the reaction profile. 

 

In conclusion, it has been demonstrated that no significant advantage would be gained 

by using a hybrid functional over a pure DF theory method.  In addition, it is important 

to include polarisation in the basis sets for all atoms in the system except palladium, but 

not much is gained by using a triple rather than double zeta basis set on the lighter 

atoms. 
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