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Abstract

This Thesis is concerned with the study of the mechanistic aspects involved

in the methoxycarbonylation of ethene promoted by a catalytic system based on

Pdtd'bpxjrdba) and MeS03H

Chapter I surveys the literature of the reactions between carbon monoxide

and ethene, with particular regard to the mechanistic studies. Moreover, the new

catalyst for the synthesis ofMeP recently developed by Ineos Acrylics is described.

Chapter 2 describes the reactivity of Pdid'bpxudba) with TfDH.

[Pd(dtbpx)(dbaH)t is, first, formed and, then, it further reacts with 02 resulting in

the formation of [Pdtd'bpxjlhsolvj]'. This hydride complex has been fully

characterised in solution via multinuclear NMR spectroscopy in the temperature

range 193-353 K. Its reactivity with oxidants and different ligands (e.g. Py, PPh3,

H20, Cl', Br', I') is also described. Moreover, the mechanism of formation of

[Pdtd'bpxjlhsolvj]" from Pdtd'bpxjtdba) is discussed.

Chapter 3 describes the reactivity of Pdtd'bpxjtdba) with MeS03H. Addition

of the acid and BQ (or O2) to Pdtd'bpxjtdba) results in the formation of

[Pd(dtbpx)(112-MeS03)t, which has been characterised in the solid state via X-ray

diffraction. Its structure is compared to analogous complexes [Pd(dtbpx)(112-TfD)r

and [Pd(dtbpx)(1l2-TsO)t, obtained in similar conditions. The behaviour in solution

of [Pd(dtbpx)(112-MeS03)t is also described; it can exist as two different conformers

which mutually inter-convert in solution. Moreover, the conditions for the

conversion of [Pd(dtbpx)(112-MeS03)f into [Pd(dtbpx)H(solv)t are described.



Chapter 4 describes the reactivity of some catalyst precursors and catalytic

intermediates with olefins. Reaction of'[Pdtd'bpxjlItsolvj]" with ethene results in the

formation of [~d(dtbpx)(CH2C~3)t, containing an agostic-interaction. This complex

has been fully characterised in solution via multinuclear variable temperature NMR

spectroscopy and I3C-Iabelling; different exchange processes have been detected and

fully characterised. In the second part of the Chapter, the reactivity of

[Pd(dtbpx)H(solv)t with other cc-olefins is described, and the last part of the Chapter

deals with the reactivity of[Pd(dtbpx)(1l2-MeS03)t with ethene.

Chapter 5 describes the reactivity of some catalyst precursors and catalytic

intermediates with CO. [pid(dtbpx)(CH22H3)t reacts with CO in non-alcoholic

solvents resulting in the formation of [Pd(dtbpx)(COEt)(solv)t, which has been

characterised in solution via multinuclear variable temperature NMR spectroscopy

and I3C-Iabelling. The reactivity of [Pd(dtbpx)(COEt)(solv)r with MeOH is found to

result in the formation of [Pdtd'bpxjl-ltsolvj]' and MeP, whereas rapid

decomposition is observed after addition of CO. Moreover, the reaction between

[Pd(dtbpx)H(solv)r and CO results in the formation of [Pd(dtbpx)H(CO)t; this

complex is stable only at low temperature. Finally, the synthesis and characterisation

ofPd(dtbpx)(CO)x (x = 1,2) is reported.

Chapter 6 describes the effect of the diphosphine ligand on some of the

reactions reported in the previous Chapters. The product of the reaction between

Pd(P-P)(dba), BQ and TtDH in MeOH strongly depends on the nature of the ligand.

Thus, the hydride [Pd(P-P)H(MeOH)t is formed only when P-P = d'bpx, d'ppx,

'b'ppx, d'bpp, dapp and dapx; whereas no hydride has been observed when P-P =

dcpx, dppp, dppx and d'ppx, The case of 'bcpx is not very clear. The reactivity of

these complexes with ethene is also described.



Chapter 7 contains general conclusions about the mechanistic aspects of the

catalytic process. The catalytic cycle and the catalyst activation are described in

detail. Moreover, some considerations on the catalyst deactivation are reported.

Finally, the reasons of the particular selectivity of this process are discussed.

Chapter 8 describes all the experimental details of the work reported In

Chapters 2, 3,4,5 and 6.
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Chapter One



The reactions between carbon monoxide and

ethene

1.1 Historical background

The reactions between carbon monoxide and ethene have attracted

considerable interest from both academia and industry over the last few decades.!?

First, the two monomers, i.e. ethene and carbon monoxide, are quite cheap and

readily available. Second, this reaction can give rise to a broad spectrum of products,

which can range from high melting thermoplastic polymers - the so called

"polyketones" - to low boiling liquids such as methyl propanoate. The former

materials are very interesting from different points of view. In fact it is reported that

a perfect alternating CO/C2H4 copolymer, because of its crystallinity, has high

mechanical strength, making these copolymers very interesting as new thermoplastic

materials." Moreover, because of the relative reactivity of the carbonyl group

(especially in photochemical reactions) present in the polymer backbone, these

polyketones are expected to constitute a new class of photodegradable and, perhaps,

biodegradable polymers.i'" Finally, because of the ease with which the carbonyl

group can be chemically modified, the polyketones serve as excellent starting

materials for other classes of functionalised polymers.?" As a result of all this

interest, Shell has recently started the production of these polyketones on an

industrial scale.':' The first commercial polymer is an ethene/propene/CO terpolymer

which is marketed by Shell under the trade name of Carilon. Recently, methyl
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propanoate has also attracted interest as a possible intermediate for the production of

methyl methacrylate (see section 1.5).

The first example of non-alternating CO/C2H4 copolymerisation was reported

in the late 1940s.14 At that time, a free radical process was used under very extreme

conditions (500-1500 bar). The product obtained was a polymer with a low

molecular weight containing branched molecular structures and irregular carbon

monoxide incorporation.

In 1951 Reppe and Mangin reported the first example of a metal-catalysed

process." They used the complex K2[Ni(CN)4] in water; as products they obtained

low melting oligomers, in addition to diethyl ketone and propionic acid. In the early

1970s, Shryne and Holler succeeded in improving the catalyst by the addition of

strong acids such as TfOH and TsOH in solvents such as hexafluoroisopropanol."

With that system, they obtained a polymer with a relatively high molecular weight,

but the yield of polymer per gram of catalyst was still low. Recently Klabundel7 has

reported a new nickel catalyst, based on a bidentate P-O anionic ligand. With all

these nickel catalysts, the copolymerisation has to be started with pure ethene.

At the same time, rhodium catalysts were also investigated.l'' but gave low

molecular weight copolymer and also the rates of formation of the products were

low.

The most successful route to polyketones as well as methyl propanoate has

been that using palladium catalysts. These were first disclosed by Gouch at ICI in

1967.19He used bis(tertiaryphosphine)palladiumdichloro complexes as catalysts. The

disadvantage was that severe conditions were required (250°C, 2000 bar) and that

yields in gram of polymer/gram of palladium were low. During the following 15

years only small advances were made in increasing catalyst efficiency." In
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particular, Sen21 reported that cationic bis(triphenylphosphine)-palladium

tetrafluoroborate complexes in aprotic solvents such as dichloromethane, produced

C2H4/CO copolymers under very mild conditions. The reaction rates were, however,

very low as were the molecular weights.

In addition to the synthetic problems mentioned above, insurmountable

processing problems were encountered for the resulting polymers. Extensive

crosslinking under melt processing conditions led to a lack of significant

thermoplastic properties of the resulting materials, and this also presented a major

development hurdle. At the end of the 1970s, it was therefore concluded (1) that the

polymer backbone of polyketone was inherently unstable and (2) that polyketones

could not be efficiently produced. Both conclusions proved to be invalid.

In the early 1980s, workers at Shell could demonstrate melt processability of

polyketone produced by palladium cyanide catalysts, after extensive extraction of

catalyst residues from the polymers and blending these with other polymers. From

these studies, it was suggested that thermoplastic properties were possible in

principle, and that the polyketone backbone was not inherently unstable in the melt

as previously concluded. However, catalyst extraction did not offer a viable

production option from a technical and economical viewpoint.

At the same time, another big development occurred, as a consequence of

research at Shell in Amsterdam. Cationic palladium complexes containing tertiary

phosphine ligands and weakly co-ordinating anions (e.g. sulfonates) were studied in

MeOH as catalysts for the synthesis of methyl propanoate from CO and ethene.

Experiments in which bidentate tertiary phosphine ligands were used, surprisingly

gave no methyl propanoate; instead high molecular weight polyketone was formed at

very high rates. These catalysts22 are very active, and high yields have been achieved
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under economically attractive conditions (90°C, 45 bar). Also, the catalysts are easy

to prepare either separately or in-situ.

1.2 Production of polyketone; the Shell process

The discovery made by Shell of a very efficient catalyst for the synthesis of

polyketone has persuaded a lot of scientific research groups all around the world to

focus their attention to the study of this new catalytic process. A lot of work has been

done in order to understand the mechanism of the reaction;3,4,23,24moreover, new

catalytic systems have been developed (see Section 1.3). In all cases, the Shell

process remains the central point in order to understand this new technology. Hence,

it will be described in detail in the rest of this section.

1.2.1 General features

Usually, the catalyst is formed in-situ by mixing in MeOH a Pd(II) salt (e.g.

Pd(OAc)z) with a diphosphine, e.g. Ph2P(CH2)nPPh2 (n = 1-6, Pdlphosphine = 1:1),

in order to obtain polyketone, or an excess of PPh3 if methyl propanoate is the

desired product. Then, an acid (usually TsOH) is added. Polyketone is formed

according to eq. 1.1.

(1.1 )
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The formation of methyl propanoate can be considered to be a particular case

of the polymerisation process, which involves only the initiation and termination

steps, without the propagation processes. A typical reaction rate would be ~ 104 mol

of converted ethene (mol of Pdrl h-I to give a polymer with an average molecular

weight (Mn) of -20000 (dppp/TsOHfMeOH, 65°C).3,25Under suitable conditions, the

catalysts are highly stable and total conversions of more than 106 mole of ethene per

mole of Pd can be obtained.

Different factors can control both the reaction rate and the molecular weight

of the product, i.e. the amount and the nature of the acid, the ligand, the solvent, the

temperature, the pressure and composition of the gas, the use of particular promoters.

As described above, ligand variation can lead to large changes in the product formed.

The most noteworthy effect is the change of selectivity from polyketone to methyl

propanoate by passing from a bidentate to a monodentate phosphine. Furthermore,

varying the nature of the bidentate ligand also results in significant changes in the

activity and selectivity of the process. This topic will be further discussed in Section

1.5, where some new diphosphine ligands, which contradict the previous statement,

will be described.

For the moment, only the production of polyketone will be analysed. Table

1.14 shows the effect of changing the chain length, m, of the diphosphine,

Ph2P(CH2)mPPh2, on the rate and molecular weight. The best results are obtained

when m=3, whereas both the rate and molecular weight rapidly decrease by either

increasing or decreasing the chain length. It has been suggested" that the control

exerted by the phosphine is due to its ability to stabilise both square-planar and

trigonal-bipyramidal geometries, the maximum activity being observed for

phosphines in which the bite angle (P-Pd-P) allows complexation in both geometries.
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Table 1.1

Synthesis of polyketone: the effect of variation of the chain length

between bidentate phosphine groups a

Ph2P(CH2)mPPh2 Product b Reaction rate C

(m) H(CH2CH2CO)nOCH3 (gig Pd.h)

(fi)

1 2 1

2 100 1000

3 180 6000

4 45 2300

5 6 1800

6 2 5

• Reaction carried out In 150 ml MeOH with Pd(MeCNh(TsO)2 (0.1 mrnol), and Ph2P(CH2)mPPh2 (0.1

mmol); C2H.JCO=I; the temperature was maintained at 357 K; the pressure was maintained at 4.5

MPa. See refA. b The averaged degree of polymerisation determined by end-group analysis from I3C

NMR spectra, except for the low molecular weight products, where a combination of GC and NMR

was used. C Reaction time was between 1 and 5 h; the rate was the highest measured during the

reaction period.

Further studies have subsequently shown that the activity of the catalyst

correlates better with the parallel pocket angle (8 II) rather than with the bite angle

(see Table 1.2).26 In fact, if the bite angle was the most important factor, then

(dmpe )Pd[C(O)'Bu lCI, (dppe )Pd[C(O)'Bu lCI and (dcpe )Pd[C(O)'Bu lCI should

exhibit similar catalytic behaviours, which they do not. It appears from this work that

there is an optimum size for the active site, which corresponds to a value of 8" of

106-108°. If 8" is too small, then ethene is precluded from complexation (see
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Scheme 1.1). If e II is too big, two different explanations have been proposed for the

low catalytic activity. (1) The lack of steric hindrance about palladium could provide

a facile pathway for the decomposition of the active catalyst. (2) Large e IIcan favour

the formation of stable metallacycles, which oppose the insertion of the next

monomer unit. Which explanation is true depends on the ligand used. Palladium

metal is in fact observed during reactions using dmpe, but not using dppe.

Table 1.2

Catalytic activity and pocket angles for a series of palladium phosphine

complexes

Phosphine Bridge Initial Rate Total Polymer Parallel Perpendicular

Length dP/dt(psi.min·1) Yield (g)
Pocket Angle Pocket Angle

dppe 2 0.19 0.22 132 129

dppp 3 0.75 1.42 108 146

dppb 4 0.12 0.03 93 102

dmpe 2 not reported none 141 174

dcpe 2 0.83 1.25 106 115

Parallel Pocket Angle Perpendicular Pocket Angle
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Scheme 1.1

1.2.2 Mechanism ofpo/ymerisation

Most of the mechanistic considerations about the formation of polyketone

have been proposed on the basis of the analysis of the end-groups of the products.

Some more detailed studies appeared in the literature and will be discussed in

Section 1.4. It is important to note that the ligand used affects not only the activity

and selectivity of the catalyst, but sometimes also some changes in the mechanism

have been proposed. Therefore, it is difficult to draw general conclusions on the

mechanism by comparing results obtained with different systems. Despite that, it is

possible to outline some basic characteristics, which are common to most of the

systems studied. Most of these results have been reviewed by Drent,3,4,25which is the

source for the following discussion unless otherwise stated.

1.2.2.1 Initiation

Two initiation mechanisms are possible." The first initiation pathway involves

the formation of a palladium carbomethoxy species,27 by CO insertion into a
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palladium methoxide (eqs. 1.2 and 1.3) or by direct attack of MeOH on co-ordinated

CO (eqs. 1.4 and 1.5).

L2Pd2++ MeOH ---.~ L2Pd(OMef + H+ (1.2)

L2Pd(OMef + CO ---.~ L2Pd(COOMef (1.3)

--- ..~ L2Pd(CO)2+ (l.4)

L2Pd(CO)2++MeOH --- ..~ L2Pd(COOMef (1.5)

The next step is the insertion ofethene in the Pd-COOMe bond (eq. 1.6)

L2Pd(COOMe)2+ + C2H4 --- ..~ L2Pd(CH2CH2COOMe)+ (1.6)

The second initiation pathway involves the insertion of ethene into a

palladium hydride (eq. 1.7), followed by CO insertion into the Pd-C bond of the

resulting Pd-ethyl complex (eq. 1.8).

(1.7)

(1.8)
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These two steps are believed to be both rapid and reversible, whereas the

second ethene insertion (eq. 1.9) is irreversible and traps the acyl to start the chain

propagation.

(1.9)

Many different hypotheses have been advanced to account for hydride

formation:

i) by ~-hydrogen elimination from a palladium methoxide (eq. 1.10)

(1.10)

ii) via the water-gas shift reaction (eq. 1.11)

(1.11 )

iii) by a Wacker-type oxidation of ethene (eq. 1.12)

(1.12)

iv) by hydrogen activation (when H2 is added, eq. 1.13)

(1.13)

During the catalysis, hydrides can also be produced by two termination steps:
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v) by alcoholysis (eq. 1.14)

(1.14)

vi) by fl-hydrogen elimination (eq. 1.15)

( 1.15)

In MeOH, vinyl ketone end-groups have never been observed, but their

presence is considerable in strongly polar but aprotic solvents.

1.2.2.2 Propagation

The catalytically active species in polyketone formation is thought to be a d8

square-planar cationic complex L2PdP+, where L2 represents the bidentate ligand and

P is the growing polymer chain. The fourth co-ordination site at palladium may be

filled by an anion, a solvent molecule, a carbonyl group of the chain or a monomer

molecule. The competition among all these species is very important for the

catalysis, and explains the sensitivity of the system to the choice of solvent and

anion. The two alternating propagation steps are migratory insertion of CO into a

palladium-alkyl bond 28(eq. 1.16) and migratory insertion of ethene into the resulting

palladium-acyl bond (eq. 1.17).

(1.16)



Chapter One: The reactions between carbon monoxide and ethene 13

(1.17)

Ethene insertion is the slowest (rate-determining) and irreversible step.2SThe

reason for the perfect alternation is probably the stronger co-ordination of CO to

Pd(II) compared with ethene. Once a Pd-alkyl is formed, the stronger CO co-

ordination ensures that the next monomer to insert will usually be a CO molecule.f"

Of course, CO also co-ordinates more strongly to a Pd-acyl but since CO insertion is

thermodynamically unfavourable.'" the system will now wait for an ethene molecule

to displace CO, to co-ordinate and insert. This competition between ethene and CO

also explains the necessity of using a high C2HJCO ratio, in order to have high rates

of product formation.

1.2.2.3 Termination

The two most relevant termination pathways in MeOH are:

a) protolysis of the Pd-alkyl bond (eq. 1.18).

(1.18)

b) alcoholysis of the Pd-acyl bond (eq. 1.14).

Hence, two catalytic cycles are possible: a methoxy cycle, starting with a Pd-

OMe species and terminating by a protolysis process, and a hydride cycle, starting

with a Pd-H complex and terminating by alcoholysis. Each cycle produces a polymer

which contains a keto and an ester-group (keto-ester).
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CH3-CH2-( -COCH2CH2- )n-COOCH3

keto-ester 1

n~O

CH3-0-( -COCH2CH2- )n-COOCH3

diester 2

n~1

CH3-CH2-(-COCH2CH2- )n-COCH2CH3

diketone 3

n~O

End group analysis of the CO/ethene copolymer by I3C NMR has

demonstrated the presence of 50% ester and 50% ketone groups.' It is not a priori

clear which group is the head and which is the tail of the polymer. Moreover, GC and

MS analyses of oligomer fractions show, in addition to the expected keto-ester

product, the presence of diester and diketone compounds. At low temperature

(:S85°C), the majority of the products are keto-esters, with only small, but balanced,

quantities of diesters and diketones. At higher temperatures C::85°C), the same

products are produced in a ratio (112/3) close to 2: 1:1. This product distribution has

been explained assuming that at high temperature both the catalytic cycles are

operating and that they are connected by cross termination steps (see Scheme 1.2).

However, at low temperature only one cycle seems to operate, and between the two

proposed the hydride one is the more probable."
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Scheme 1.2

Proposed mechanism of ethenelCO co-polymerisation

o
"HCH,cHiCCH2CH2l.H

DIKETONE

I-Initiation
P ~ Propagation
H = Prolonolysia
M = Methanolyli.

o 0
II II

CH30C(CH2CH,cln)CH3
DIESTER

1.2.3 The role of the acid

In these catalysts the main role of the acids HX is to introduce the anion,

according to eq. 1.19.

L2Pd(OAc h+ 2HX -----.. L2PdX2 + 2AcOH (1.19)

In fact, in some cases, a metal salt of the anion can be used instead of the free

acid. The effect of the anion is shown in Table 1.3. It is evident that the reaction rate

increases greatly on going from a strongly co-ordinating anion, like chloride, to a

weakly or completely non co-ordinating one, like p-toluenesulfonate or

tetrafluoroborate. This observation can be explained by a competition between the

anion and the monomers for the co-ordination sites of the metal.
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Table 1.3

Synthesis of polyketone: the effect of the anion a

Acid Added Acid Added Product Reaction Rate

Type Amount H(CH2CH2CO)nOCH3 (gig Pd.h)

(mmol) (ft)

HCl b 2.0 50 30

TsOHb 2.0 50 5000

TfUH 0.20 150 6900

TsOH 0.20 150 6200

HBF4 0.20 115 5000

AcOH 10.0 - -

CChCOOH 0.20 >100 300

TFA 0.20 200 6000

a Reaction carried out in 50 ml MeOH with Pd(OAc)2 (0.1 mmol) and dppp (0.1 mmol, except b) at

900C and 4.0 MPa CO/ethene (1: 1). Ref.4. b 0.15 mmol dppp, 115°C and 4.5 MPa.

A weakly co-ordinating anion favours co-ordination of the monomer and,

hence, speeds up the reaction rate.

The amount of added acid also plays an important role." In general, the best

results are obtained with a significant excess of acid with respect to that required by

eq. 1.19 (see Figure 1.1). The beneficial effect of the excess acid may have several

origins. The acid may increase the concentration of [Pd-Hr species reactivating the
",.J,

complexes of Pd(O) which inevitably form in the reducing reaction medium.

i;
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Figure 1.1

Influence of the amount of the added acid
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Moreover, the acid can shift equilibria of the type 1.20 towards more active

. . 32monomenc species.

(1.20)

The fact that the productivity decreases with increasing concentration of

palladium (see Figure 1.2) gives further support to the previous hypothesis that in

solution there are monomeric catalytic species in equilibrium with dimeric ones, and

that the latter are less active.

However, at high acid concentrations, the acid becomes a poison, because the

anion can compete with the monomers for the co-ordination sites of the metal.
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Figure 1.2

Influence of the concentration of the catalyst precursor
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1.2.4 The role of oxidant promoters

The copolymerisation catalysts generally show a higher activity In the

presence of added oxidants like quinones. Rate enhancements vary from 2-15 for

catalysts based on diphosphines 33 to more than 200 for bipyridine-type ligands."

These rate enhancements are not due to faster propagation, since chain lengths are

not affected by the addition of oxidants. Therefore, added quinones must cause the

participation of a larger number of active centres. As discussed before, a chain can be

started either from a palladium hydride or from a carbomethoxy species. Both

initiation reactions are rapid, at least for alkyl olefins. Initiation by a hydride gives

alkyl end groups, while initiation by a carbomethoxy gives an ester end group.

Termination can produce either a hydride (by p-elimination or methanolysis) or a
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methoxide (by protonolysis) which is rapidly converted to a carbomethoxy species.

Addition of low concentrations of oxidants does not affect the chain length (and

therefore the propagation or termination steps) but results in a greater proportion of

ester end groups. This means that it causes more chains to start via carbomethoxy

species. Quinones can in fact oxidise a Pd-hydride to a Pd-carbornethoxide (eq.

1.21).

(1.21)

If both hydride and carbomethoxy precursors remained intact until they

started a new chain, and (as suggested above) both initiation steps were rapid relative

to propagation, oxidants could affect the end groups (via eq. 1.21) but should not

affect the rate. The fact that they do indicates that the palladium hydride can drop out

the catalytic cycle. The most obvious way for it to do so is by decomposition to

Pd(O).

(1.22)

For complexes bearing nitrogen ligands, the Pd(O)-complex may immediately

lose its ligand and precipitate as metallic palladium. For diphosphine systems, the

Pd(O) complexes might have a reasonable stability. In the case of aryldiphosphines,

they could combine with a Pd(II) species to form a palladium dimer, thus removing

two Pd atoms from the catalysis.

L Pd L Pd2+ -.=====~" [L2Pd]22+2 + 2 .... ... (1.23)
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Such palladium dimers have been detected by Dekker/" and one example has been

structurally characterised." Each of these three reactions (formation of Pd(O),

precipitation of Pd metal, formation of Pd2
2+ dimers) reduces the rate at which

palladium hydrides can reenter the catalytic cycle. Presumably, oxidants function by

oxidising some or all these dead ends to Pd2+, which can then immediately reenter

the cycle.

(1.24)

1.2.5 Selectivity. Polyketone vs. methyl propanoate

Under conditions of polyketone synthesis, cationic Pd(II) catalysts modified

with excess monodentate phosphines and Bronsted acids of weakly co-ordinating

anions, selectively give methyl propanoate with high rates. Methyl propanoate

formation can be considered as the result of the poly ketone initiation and termination

steps, without the intervening propagation steps. As in polyketone catalysis two

catalytic cycles are possible (see Scheme 1.3).4 The absence of cycle-transfer

products diethylketone and dimethyl succinate suggests that only one cycle is

operative, but it is also possible that both cycles operate in isolation. The main

difference between monodentate and bidentate phosphines is the fact that in the case

of bidentate ligands the two phosphorus atoms are always in cis-position, hence the

growing polymer chain and the. empty fourth co-ordination site are always cis to each

other, which is the most favourable position for insertion.
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Scheme 1.3

Proposed Mechanisms for the formation of MeP

Pd~

co II

Hydroe Cycle Methoxy Cycle

However, in the case of monodentate ligands a trans orientation is favoured,

for steric reasons and probably also because it avoids the unfavourable situation of a

Pd-P bond trans to a Pd-C bond. Moreover, because of the presence of excess ligand,

cis/trans isomerisation is expected to be rapid.37 It is reasonable to assume that both

the insertion of ethene into a Pd-H bond and the insertion of CO into a Pd-alkyl can

only occur when the reacting ligands are cis, requiring cis phosphines. Immediately

after insertion, a cis/trans isomerisation is likely to occur, which places the chain and

the fourth site trans, preventing further monomer insertion. These considerations

about the change in selectivity are summarised in Scheme 1.4, where a hydride cycle

has been assumed. If cis/trans isomerisation is suppressed (by the absence of excess

ligand and/or at low temperature) one could expect a higher tendency to form

oligomers. Indeed, it has been shown 21 that at low temperature in MeOH,
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[Pd(PPh3)2(CH3CN)2f+ converts CO and ethene into methyl propanoate and a

significant amount of keto ester oligomers.

Scheme 1.4

Effect of the nature of the phosphine on the selectivity

a) Monophosphine

~OMe

o

b) Diphosphine

c-. [("/1 r P" ~ rco

~~OEt
/p~o

C2H4

Polyketone [C>\:0"l [(>;~Hl
P ~OEt
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1.3 Other catalytic systems

The success of the Shell process has promoted much attention to this kind of

chemistry. As a result, a lot of new catalytic systems have been investigated.

Different metals have been studied in the past (e.g. cobalt." rhodium,18,39 nickel

16,17),but giving results very far away from the ones obtained using palladium

complexes. Hence, palladium remains, at the moment, the best choice for the

copolymerisation of carbon monoxide and alkenes, and for the alkoxycarbonylation

of olefms in general. A lot of different parameters (i.e. the ligand, the solvent, the

olefin, the promoters) can be changed, resulting in a never ending list of possible

new catalysts. Therefore, we will focus our attention on just some of them.

Diphosphines of general formula Ph2P(CH2)nPPh2 and monophosphines PR3

are the widest used ligands in this kind of chemistry. With these ligands the catalyst

is usually formed in-situ. Preformed complexes of the type L2PdX2 27and L2Pd(R)X

40 where L2 represents the phosphine ligand, X a weakly co-ordinating anion, and R a

hydrocarbyl group (e.g. methyl) have also been tested as catalysts. The results are,

generally, very similar to those obtained with the catalysts prepared in-situ.

A lot of other diphosphine ligands, which differ from the standard dppp

ligand because of different substituents on the phosphorus orland because of a

different backbone, have been studied. Some examples are reported in Scheme 1.5;

other examples will be discussed in Section 1.5. A lot of different reasons have

aimed the investigations of all these new ligands. The most obvious reason is, of

course, the desire to find more active and selective catalysts. Moreover, the fact that

it is possible to gradually change the electronic and steric properties of the

phosphines allows, in theory, a better understanding of the relationships between
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these factors and the catalyst performance. At present, however, this work has not

been completely successful.

2 (dppe)

5

8 (rae)

11

Scheme 1.5

Ph2P~PPh2

1 (dppp)

Me2P~ CY2P~
PMe2 PCY2

3 (dmpe) • (dcpe)

PPh2 XPh

'

M ~Ph2

6 7

PPh2 <tPh

'

PPh2 PPh2

9 (meso) 10

12 13

14 15
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It has been shown in Section 1.2.1 that for diphosphines with an aliphatic

(CH2)n backbone, it is possible to correlate the activity with the parallel pocket

angle.26 Recent work by Bianchini 41 shows that for diphosphines with a C2 backbone

the activity for CO/ethene copolymerisation increases by decreasing the flexibility of

the backbone (see Table 1.4).

Table 1.4

Effect of the backbone flexibility on the co-polymer productivity a

p_p Ligand b Copolymer Productivity

(Kg of polymer/g Pd)

2 1.1

11 9.8

12 6.4

13 5.5
a Conditions: catalyst (0.01 mmol Pd(P-P)(OAc)z), MeOH (l00 ml), BQ (0.8 mmol), TsOH (0.2

mmol), initial P(C2~) (300 psi), initial p(CO) (300 psi), temperature (85°C), time (3 h). Ref.42. b See

Scheme 1.5 for the numeration of the P-P ligands.

Different dppp-analogue ligands have been also studied (entries 5-10 in

Scheme 1.5), but the introduction of alkyl substituents in the 2-position of the carbon

backbone of dppp does not significantly improve the catalytic performance of the

dppp-based Pd(II) precursors.Y Eventually, a decrease may be observed. In contrast,

the productivity increases remarkably when methyl groups are introduced into the

backbone at both I-positions. These are, in all cases, only experimental trends

observed for particular classes of diphosphine ligands. At present, the activity and
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selectivity of the copolymerisation catalysts seem to be governed by a very complex

web of electronic and steric effects and, therefore, it is not possible to draw general

conclusions. Things are even more complicated. For instance, it has been shown that

for CO/cyclopentene copolymerisation different ligands require different anions in

order to obtain the best performances.Y

Looking to Scheme 1.5, there are a few entries containing -S03Na groups,

This is in order to confer solubility in water to the catalyst and, hence, to carry out

the copolymerisation process in water or in a biphasic system."

Finally, palladium catalysis offers the possibility of reacting CO with a lot of

different olefms, i.e. propene and higher homologues." functionalised olefins in

which the functionality is separated by at least one methylene group from the olefinic

bond;46 styrene and its functionalised analogues.Y internal 0Iefins.43,48 This

introduces new problems, like regioselectivity and stereoselectivity. Hence, the need

to find an adequate ligand for every substrate.

For the same reasons, bidentate ligands with other donor atoms have also

been studied. These include: p-o ligands (e.g. PhzP(CHz)nCOOR,49 R = H, Me, Et, n

=1-3), N-N ligands (e.g. phenanthrolines.r'f" bisrarylaminojacenaphthene."

bipyridines 40,50),N-O 52and P-N 53ligands and, even, carbene complexes. 54

1.4 Mechanistic studies

As described above (Section 1.2), two different catalytic cycles (i.e. a hydride

and a methoxy cycle) have been proposed for the copolymerisation of CO and

ethene. It has been also shown that under certain conditions, they are believed to
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operate at the same time. A third catalytic mechanism involving palladium carbene

species has been proposed by Consiglio." Subsequent work by Drent 3 and Sen 2

have ruled out this possibility; hence, there is now complete agreement for the

assumption that copolymerisation takes place via a hydride or a methoxy route, or

both at the same time. However, a detailed study to distinguish between these two

mechanisms is very difficult. Most of the reasons in support of them and also in

order to discriminate between them are usually inferred by end-group analysis of the

polymer. The real polyketone catalytic systems are highly active, and intermediates

are usually too reactive to isolate or even detect. Therefore, several groups have

studied model systems using other ligands (mainly dinitrogen systems) and oletins

(styrene, norbomene, norbomadiene) for which intermediates can be detected or

sometimes isolated. While such model studies provide valuable background

information, it is often difficult to translate the results to the real catalytic systems.

Despite that, some in-situ studies have recently appeared in literature.56-59 The main

results obtained will be now briefly summarised.

1.4.1 Propagation

The mechanism for copolymer chain growth involves two sequential

propagation steps: migratory CO insertion into the Pd-alkyl bond of the growing

polymer chain followed by migratory ethene insertion into the resulting Pd-acyl

bond. There is consensus that double CO insertion does not occur for thermodynamic

reasons, while double ethene insertion is kinetically hampered due to the higher

affinity of Pd(II) centres for CO over ethene." Both these insertion processes have

been widely studied on model compounds from a qualitative and quantitative point
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of view. Some thermodynamic and kinetic data are available;23,60the major problem

is that they depend a lot on the system considered and, therefore, generalisations are

very difficult. In all cases, all these data suggest that olefin insertion is the rate-

determining step in polyketone formation.' Moreover, all the studies on the effect of

the anion, agree with the fact that the rates for the insertion processes increase by

decreasing the co-ordinating ability of the anion.61,62This confirms that the anion can

compete with the monomer during the propagation.

Another very interesting feature of the propagation process is that, after

ethene insertion into a Pd-acyl complex, the carbonyl group is actually in the right

position to occupy the fourth co-ordination site of the complex and form a five-

membered palladacycle (see Scheme 1.6).

Scheme 1.6

5-membered palladacycle
p

6-membered palladacycle

In the same way, further CO insertion can results in the formation of a six-

membered palladacycle. The formation of both this class of compound has been

fi d . II 2340,51-53,63d' . h b iblcon irme spectroscopica Y' an , m some cases, It as een POSSI e to

isolate and characterise them in the solid state." The formation of these

palladacycles is very important. If they are too stable, they can slow down the
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process, or even stop it. It should also be noted that a five-membered paUadacycle is

more stable than a six-membered one, and it is believed that one of the reasons for

the perfect alternation of the polymer is the fact that ethene can open a six-membered

palladacycle but not a more stable five-membered complex. Hence, only CO can

react with the last one,23 making it very difficult for the insertion of a second ethene

unit.

As highlighted recently by Drent." all the mechanistic studies published

focus on copolymerisation on solution, while under actual process conditions (slurry

or gas-phase), the initial single-site palladium catalyst is heterogenised and resides

on the surface or in the bulk of the copolymer. So far, only one brief communication

has appeared on this topic, which outlines the identification by PM-RAIRS of

different intermediates involved in the CO/ethene copolymerisation at a single site

Pd catalyst, [Pd(dppp)(CH3)(OTt)].58 On the basis of this study, a quite detailed

mechanism for the propagation process has been proposed (see Scheme 1.7). Apart

from the involvement of five and six-membered palladacycles, two other features are

noteworthy. First, the fact that five co-ordinate palladium complexes are supposed to

be formed during the process; other authors support this hypothesis.f Moreover,

substitution reactions in square-planar complexes are usually believed to occur via

penta-eo-ordinate intermediates.64,65 Second, it is established that during polymer

growth ethene insertion into the Pd-acyl bond of the six-membered palladacycle is

CO-assisted. This has never been observed during studies in solution, nor evaluated

theoretically.i"
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Scheme 1.7

Proposed catalytic propagation cycle

1.4.2 Initiation and termination

Chain initiation and termination mechanisms have been mostly discussed

only on the basis of the end-group analysis of the polymer, and on how they are

affected by changes in the copolymerisation conditions. Very few spectroscopic

studies are available,56,57and they do not produce very clear results. In all cases, all

these studies agree with the fact that the process proceeds via a hydride or a methoxy

cycle. As mentioned before, the end-group analysis of low molecular weight

oligomers obtained by copolymerisation of CO and ethene at high temperature in

alcoholic media, results in a mixture of keto-ester, diketone and diester products,
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indicating that in these conditions both the cycles are operative and they are also

linked by cross-termination reactions. By contrast, at lower temperatures, keto-esters

are mainly obtained, suggesting that only one mechanism is operating. Similar

considerations apply to methyl propanoate production, though no temperature effect

has been observed, i.e.. only one mechanism is always operating. It is very difficult

to be sure which mechanism is correct, although most of the researchers in this area

believe that under normal conditions the hydride mechanism is the preferred one.

First, a change in the rate and product distribution is observed in MeOH when

oxidants are added (see Section 1.2). As already discussed, these results can be easily

interpreted by assuming that copolymerisation mainly proceeds via the hydride cycle

in the absence of oxidants, whereas the methoxy cycle is the predominant when

oxidants are added. Moreover, it has been noticed that addition of water or hydrogen

results in copolymers with mainly ketone end-groups.' This effect can be explained

assuming that, according to eqs. 1.11 and 1.13, water and hydrogen help the

formation of hydride complexes. For higher olefins, the hydride cycle seems the

preferred one also by considering the regiochemistry of the process.24,67 As far as we

know, an in-situ characterisation of some of the intermediates involved in the hydride

cycle has been reported in only one case. 56 The system investigated in this case was

the methoxycarbonylation of styrene in MeOH promoted by Pd(OAchIPPh3ffsOH;

the hydride, the alkyl and the acyl complexes have been spectroscopically detected,

and the hydride and the acyl also isolated in the solid state (but no X-ray structures).

A quite detailed catalytic cycle for this process has, then, been proposed (see Scheme

1.8).
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Scheme 1.8

Proposed catalytic cycle for the methoxycarbonylation of styrene

j

[HPd(CO)(PPh312t(TsO)-

[b~PPh3><Lt(TSOr

6
[HP~CO)(PPh3ht(TSO)-

o

To the best of our knowledge, only one paper 57 disagrees with the fact that

the hydride cycle is the preferred one in the absence of oxidants. Luo et al. have in

fact recently reported an in-situ NMR, IR and EXAFS study on the CO/ethene

copolymerisation promoted by a Pd(OAc)2/dppp/CF3COOH catalyst in MeOH. They

do not have any evidence for the formation of the hydride intermediate. Moreover,

from the IR data they conclude that a carbomethoxy species is formed. The problem

is that they do not have any NMR evidence for this complex, and also the IR data are

quite confused. Hence, the hydride hypothesis still remains the best one.
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1.5 Recent developments. The Ineos process

Recent patents by Shell 68 and Ineos Acrylics (formerly ICI Acrylics) 69

partially contradict the hypothesis made in Section 1.2.5 about the relationship

between the nature of the phosphine and the observed products. In particular, they

have reported some examples of tertiary butyl substituted bidentate phosphines

which give methyl propanoate in high yield and selectivity. In the Shell patent, the

ligand 1,3-bis( di-tert-butylphosphino )propane (d'bpp) is used, whereas the Ineos

process is based on 1,2-bis( di-tert-butylphosphinomethyl)benzene (d'bpx).

In the case of the Ineos process, the catalyst is formed in-situ via the reaction

of Pdid'bpxudba) [dba = trans,trans-(PhCH=CHhCO] with e.g. MeS03H in MeOH.

The resulting catalytic system gives methyl propanoate (MeP) with a selectivity of

99.98% at a production rate of 50000 mol product (mol Pdrl h·1 under very mild

conditions (353 K and 10 atm of CO-ethene).7o These features make this process

very attractive from a commercial point of view since MeP is an attractive precursor

for the synthesis of methyl methacrylate." It is noteworthy the fact that the catalyst

based on Pd(OAchIPPh3 (excess)/TsOH gives MeP with a selectivity of 95% at a

production rate of only 500 mol product (mol Pdrl h-I.72

Other bidentate ligands have been studied for the same process,72 and the

most relevant results are reported in Table 1.5. It is clear from these data that the best

overall performance is obtained using d'bpx as ligand. This catalytic system gives the

best initial rate, tum over number and also selectivity. For example, the selectivity

reported for the Shell catalyst based on d'bpp is only 98%. From the data in Table

1.5, it is also evident that the activity and selectivity of the catalyst are greatly

influenced by changing the substituents on the phosphorus atom and/or the



Chapter One: The reactions between carbon monoxide and ethene 34

phosphine backbone. Both electronic and steric factors could influence the catalyst

behaviour. The analysis of structural data of some Pd(P-P)(dba) complexes suggests

a relationship between the selectivity of the catalyst and the parallel pocket angle

(see Table 1.6). In particular, it seems that a small parallel pocket angle is needed in

order to achieve high selectivity on MeP.

Table 1.5

Influence of the P-P ligand in the methoxycarbonylation of ethene a

Ligand Initial rate b TONe Selectivity Lag Time d

d'bpx 35000 24000 MeP 0

d'ppx 5800 6000 MeP/co-poly 18

dcpx 0 0 trace co-poly n/a

'bcpx (1) e 1300 3500 MeP 37

'bcpx (2) e 2300 5000 MeP 33

d'ppx 1000 2400 MeP 45

'b'ppx 5800 6400 MeP 9

dppx 0 0 n/a n/a

d'bpp 9000 6000 MeP not reported

a Catalyst formed in-situ from Pd(P-P)(dba) and MeS03H in MeOH. b Maximum initial rate in moles

product/mole catalystlh. C Turn-over number in moles product/mole catalyst. d Time (in minutes) taken

before maximum initial rate is attained. e The catalyst derived from d'bcpx has been evaluated as two

separate fractions, because it exists as different stereo-isomers.

In all cases, the behaviour of this tertiary butyl substituted bidentate phosphines is

quite astonishing. Moreover, even the co-ordination chemistry seems to be quite

different from that observed for complexes containing the ligands which are

normally used for the synthesis of polyketone.
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Table 1.6

Relationship between selectivity and parallel pocket angle for different

Pd(P-P)(dba) catalysts

p-p Parallel Pocket Perpendicular Bite Angle Selectivity

Angle Pocket Angle

d'bpx 127.8 196.2 103.9 MeP

d'ppx 157.92 277.2 104.3 MeP/co-poly

dcpx 150.5 220.3 103.9 MeP/co-poly

dppx 145.44 196.2 104.6 MeP/co-poly

dppp 156.2 205.2 94.9 co-poly

For example, dppp reacts with Pd(II) species as Pd(OAc)2 and Pd(PhCN)2Clz

resulting in the formation ofPd(dppp)(OAc)2 and Pdtdppp.Cl«, respectively, whereas

d'bpx reacts with Pd(OAc)2 to give a tetrameric species containing metallated

phosphines (see Scheme 1.9); the same reaction using d'bpp results in the formation

of [Pd(dtbpp)(OAc)z]4 (see Figure 1.3).

The particular behaviour of this class of phosphines has been studied also by

Spencer.r' Protonation of M(P-P)(alkene) [M = Ni, Pd, Pt; P-P = dcpe, dcpp, d'bpe,

d'bpp, d'bpx; alkene = styrene, norbomene, ethene] results in the formation of quite

unusual complexes. In the case of styrene, cationic 113-methylbenzy I complexes are

formed, whereas the formation of cationic alkyl complexes containing a ~-agostic

interaction is observed in the case of ethene and norbomene.
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Scheme 1.9

Figure 1.3

Structure of [Pdtdbpp) (OAchl 4
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Moreover, in the case of ethene, it has been shown that there is an equilibrium

between the ethyl agostic complex and a classic ethene-hydride complex, and the

position of this equilibrium depends on the steric properties of the ligand (see

Scheme 1.10). In the case of the more bulky d'bpx and d'bpp ligands, the non-classic

ethyl-agostic complex is preferred.

Scheme 1.10

1.6 Aim and scope of this thesis

The results described in the last Section are quite surprising. Questions arise

with regard to the reasons for this complete change in selectivity. Moreover, a

fundamental question concerning the mechanism for the methoxycarbonylation of

ethene remains unresolved. Ineos is making a big effort to develop this system into a

commercial process. Therefore, a full understanding of the intermediates involved in

the catalytic process becomes very important.

This thesis describes spectroscopic and preparative studies aimed at

elucidating the mechanism involved in the methoxycarbonylation of ethene promoted

by the palladium catalyst containing d'bpx. This requires a full understanding of the
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chemistry of this ligand together with a detailed step-wise investigation of the single

components involved in the catalytic cycle. In-situ spectroscopic studies have also

been found to be very important. Second, the reasons for the selectivity of the

catalyst has been investigated by carrying out similar studies on other related ligands.
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Numbering scheme for Chapter 2

Pd( d'bpxjf dba) 1

[Pd( dtbpx)( dbaH) I' 2

[Pd(dtbpx)H(MeOH)r 3
[Pd( d'bpx )H(THF) r 3a
[Pd(dtbpx)H(H20) r 3b
[Pd( dtbpx)H(CH)CN)t 3c
[Pd(dtbpx)H(EtCN) I' 3d
[Pd( d'bpx )H(MeP) r 3e
Pd(dtbpx)HCl 3f
Pd(dtbpx)HBr 3g
Pd(dtbpx)HI 3h
[Pd(dtbpx)H(Py)t 3i
[Pd( d'bpx )H(PPh3) r 3j
[Pd( d'bpx )H(PPh2H) J' 3k
[Pd( dtbpx)H(CO)t 31
[Pd(dtbpx)H(13CO)r 3m
Pd( d'bpx)! TJ I_TfD)2 4

[Pd( d'bpx)! rrTtO) r 5

[Pd( dtbpx)(solv)2f+ 6
[Pd( dtbpx)(CH)CN)2f+ 6a
[Pd( d'bpx )(EtCN)z]2+ 6b
[Pd( d'bpx )(H20 )2f+ 6c
[Pd( dtbpx)(Py h]2+ 6d
Pd( dtbpx)H(TfD) 7

[Pd( dtbpx)D(CD30D) r 8

Pd( dtbpx)Ch 9

[Pd {TJz_P(tBU)2CH2C6H3CH2PHtBuz}(TJ2-TfD)t 10
[Pd {TJ2-P(Bu)2CH2C6H2(OCH3)CH2PHtBu2} (TJ2-TfO)r 11

Pd( dtbpx)Br2 12

Pd(dtbpx)h 13



Reactivity ofPd(dtbpx)(dba) with acids: the

TfOHsystem

2.1 Introduction

The Ineos catalyst for the synthesis of MeP is formed in-situ by mixing

Pd(dtbpx)(dba), 1, in MeOH with a sulfonic acid (e.g. MeS03H) followed by heating

to 80-100°C under 10 atm of CO/C2H4• The resulting catalytic system is very active

and, then, it is very difficult to look at it under these operative conditions. Therefore,

the approach adopted in this work has been, first, to dissect the catalytic system into

single components and to study their chemistry under different conditions. Then,

these components have been, gradually, put together again, in order to re-obtain the

initial catalytic system.

Thus, the reactivity of Pdfd'bpxjtdba) with different acids under nitrogen has

been studied first. In the actual catalytic process, the best catalytic results are

obtained using MeS03H and the reactivity of 1 with this acid will be discussed in the

next chapter. However, we find that analogous but cleaner reactions occur with

TfDH which are described in this chapter; this allows the introduction of many very

important concepts which will be useful in the subsequent discussion.
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2.2 Synthesis and characterisation of

2.2.1 Prolonalion of Pd(dbpx) (dba), 1

The complex Pd(d'bpxjt dba) is only slightly soluble in MeOH, and the

resulting solution is pale-yellow. Addition of one equivalent of HX (X = MeS03,

TsO, TID, BF4) results in the complete dissolution of the solid and the solution

becomes deep-red; further addition of acid does not cause any noticeable change.

The 31peH} NMR spectrum at 193 K (see Figure 2.1) consists of two sets of

doublets which indicates the presence of two different species, containing two cis

inequivalent phosphorus atoms. Moreover, the spectrum changes with temperature

and this indicates the existence of an exchange process involving these two

compounds. The reaction seems to be completely independent of the nature of the

acid. In fact, in all four cases examined, the phosphorus spectrum at 193 K shows

four doublets with nearly the same chemical shift, coupling constant and intensities.

In particular, in the case of HBF4 no P-F coupling has been observed. This clearly

means that the resulting product does not contain a direct interaction between the

metal and the anion. Moreover, the NMR spectra of the protonation products are not

significantly affected by the solvent, even in very different solvents (i.e. MeOH,

THF, CH2Ch). Thus, no direct interactions between the solvent and the metal seem

to be involved. The simplest explanation to account for all these data is to assume

that the addition of acid to 1 results in the protonation of the co-ordinated dba ligand

and, therefore, the formation of [Pd(dtbpx)(dbaH)t, 2.
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Figure 2.1

3JP{J H} NMR spectra of [Pdtdbpx) (dbaH)]+, 2, in MeOH

8S 80 75 70 65 60 55 50 45 40 35 30 2S 15
(ppm)

I! I I
b) at 193K J I l II I !
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The protonation can occur on a C=C bond or on the c=o bond. Spencer 1 has

reported examples in which protonation of Pdtd'bpxuolefin) containing non

substituted olefins (e.g. ethene, styrene, nonrborn-2-ene) gives [Pdtd'bpxjtalkylj]'

which contains a p-agostic Pd-H interaction as a result of the protonation of the C=C

bond. This should be contrasted with protonation of the benzoquinone ligand in
r;
I
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Pd(COD)(BQ) 2 which results in protonation of the oxygen atom. Hence, it seems

that when the olefin ligand is an a,~-unsaturated ketone, protonation of the oxygen

atom is preferred (see Scheme 2.1). In agreement with this conclusion, the complex

[Pd(dcpx)(dbaH)t has been isolated during the protonation of Pd(dcpx)(dba), and

characterised by X-ray diffraction (see Chapter 6), which clearly indicates that

protonation occurs on the oxygen atom. Finally, a conformational equilibrium in

solution can easily account for the presence of two different species in the 3lpeH}

NMRof2.

Scheme 2.1

tau JU OH 1+\ HeOCP

" . H
I ~ P\/'J H)C

tl
Bu llu

2

2.2.2 Oxidation of[Pd(dbpx)(dbaH)l+, 2

The deep-red solution of 2 slowly turns pale-yellow with time, with a

co~comitant change in the NMR spectrum. This process can be accelerated by

bubbling oxygen through the solution or by addition of benzoquinone (BQ). In this

case, the product of the reaction depends on the acid previously used. In the case of

are formed, respectively (see Chapter 3). Whereas, [Pd(L-L)H(MeOH)t, 3, is

formed when TfDH or HBF4 are used. Complex 3 can also be obtained by

dissolution of Pd(dtbpx)(lll- TfD)2, 4, in MeOH. This second method of synthesis is
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very useful since it avoids the presence of free acid. Using other primary and

secondary alcohols (e.g. EtOH, n-PrOH, i-PrOH, n-BuOH; class A), both the

synthetic routes described above result in the formation of similar Pd-hydride

complexes. However, in CF3CH20H, tertiary alcohols or non-alcoholic media

CBuOH, THF, CH2Ch, CH3CN, EtCN, MeP, acetone; class B) a palladium-hydride

is not formed. In these cases, the hydride has first to be synthesised in MeOH; then,

the solvent can be removed in vacuum and the residue dissolved in the new solvent.

The stability of the hydride in non-alcoholic solvents decreases in the presence of

free acid and, hence, for these solvents it is better to use the synthesis from 4. The

oxidation of 2 in solvents of class B, as well as dissolution of 4, results in the

formation of [Pd(dtbpx)(rrTtD)]\ 5, or [Pd(dtbpx)(solvh]2+, 6, depending on the

solvent used (see Scheme 2.2 for a summary of the synthesis of all these complexes).

Scheme 2.2

+ Ox in
Class B solvents

[Pd(dtbpx)(112-TfO)t or [Pd(dtbPX)(SOlvh12+,\
5 6

Class B solvents

Pd(dtbpx)(111_TfO)2
4[Pd(dtbpx)(dbaH)t

2

+ Ox in
Class A solvents

Class A solvents

[Pd(d'bpx)H(ROH)t
R = Me3

Pd(dtbpx)(dba)
1 l1. Vacuum2. Class B solvent

[Pd(dtbpx)H(solv)t
solv = THF 3a

CH3CN 3c
EtCN 3d
MeP 3e
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2.2.3 Characterisation of[Pd(dbpx)H(MeOH)Z+, 3

Complex 3 has been fully characterised by multinuclear NMR spectroscopy

(see Figure 2.2). The 31pCH} NMR spectrum at 293 K shows two doublets at 25.8

and 77.5 ppm, with 2J(P-P) = 17 Hz, indicating the presence of two inequivalent cis-

P atoms. Moreover, in the 31p spectrum, the resonance at higher field is split into a

doublet with 2J(P_H) = 179.4 Hz, showing that this phosphorus is trans to the

hydride. Finally, a doublet of doublets at -10 ppm is present in the IH spectrum, and

this is the typical region for terminal Pd-hydride complexes.t" In agreement with this

conclusion, a strong band at 1963 em" is present in the IR spectrum recorded in

MeOH; v(Pd-H) usually occurs in the range 2060-1890 cm-I. In this way, the ligands

present in three of the four co-ordination sites of the complex have been determined,

i.e. d'bpx (two cis-sites) and a hydride ligand. Basically, the fourth co-ordination site

could be occupied by a TtD- anion or by a MeOH molecule and, hence, the hydride

complex could be formulated as [Pd(dtbpx)H(MeOH)t, 3, or Pd(dtbpx)H(TtD), 7.

This problem has been solved by studying the effect of the acid and the solvent. In

particular, on using HBF4 instead of TfDH, the same hydride complex has been

obtained, without any significant change in the NMR spectra. Moreover, no P-F or

H-F coupling constant is present, even at low temperature. Therefore, the product

formed is the solvato-hydride complex 3. According to this formulation, the NMR

spectra of the hydride are strongly solvent-dependent (see Table 2.1). In particular,

the resonance due to the P-atom trans to the co-ordinated solvent molecule shows a

noticeable shift in different solvents, consistent with a change of the trans group.
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Figure 2.2

NMR spectra of [Pd(dbpx)H(MeOH)}+, 3, in MeOH at 293 K

a) 31p(H}

b) 31p
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Table 2.1

3Jp(HJ NMR data/or [Pdidbpxtlltsolvt]" in different solvents

Solvent and BPA BPB lJ(PA-PB)

Temperature (K) (ppm) (ppm) (Hz)

MeOH 293 K 25.8 77.5 17.0

iPrOH 293 K 24.4 72.9 18.8

nprOH 293 K 24.4 74.1 17.0

EtOH 293 K 23.9 73.9 17.3

THF 293 K 21.3 69.7 18.3

THF/CH2Ch 293 K 23.3 72.4 br

CH3CN 293 K 23.9 68.8 19.8

EtCN 293 K 23.0 69.4 19.6

MeP 293 K 24.3 72.7 18.6

MeOH 193 K 21.8 75.5 16.1

nprOH 193 K 19.4 68.5 br

THF 193 K 21.6 72.8 18.1

THF/CH2Clz 193 K 21.5 73.3 br

EtCN 193 K 21.1 67.1 19.8

Complex 3 has been studied via NMR spectroscopy in the range 193-353 K

in MeOH, and 193-298 K in most of the other solvents. In all these different

conditions, it always shows two separate resonances in the 31p{iH} spectrum. Hence,
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the two P-atoms remain always inequivalent. This is surprising, because analogous

square-planar Rh(I)-compounds undergo rapid solvent inter-exchange on the NMR

time-scale 5 and there is also exchange at room temperature between the hydride and

CO ligand in the bridged Pd(l)-hydride complex 6 [Pd2(~-CO)(~-H) {(S,S)-

BDPPhf+. Not a lot of examples of mononuclear Pd(II) hydride complexes

containing a diphosphines are reported in literature 7·9 and, as far as we know, in only

one case NMR data at variable temperature have been reported." Thus, the NMR

are reported to be almost temperature independent. But, in this case, the presence of

the very particular ligand, -SnR3, could be the explanation for the lack of exchange.

2.2.4 Synthesis of[Pd(cibpx)D(CD?OD)l+, 8

Dissolution of Pd( dtbpx)(TfO)2 in CD30D results in the formation of the new

deuteride [Pd(dtbpx)D(CD30D)]\ 8. Its 3IP{IH} spectrum at 293 K shows two

multiplets at 75.4 and 23.4 ppm, each composed of six resonances with the same

intensities, because of the mutual coupling of the two cis-P atoms and their couplings

with the deuteride ligand [cis-2J(P-P) = 17.1 Hz, cis-2J(P-D} = 3 Hz, trans-2J(P-D) =

27.4 Hz]. The measured values for cis and trans-2J(P-D) are fully consistent with the

values calculated from the relative 2J(P-H}, YH and Yo. Addition ofTfOH results only

in a partial conversion of 8 into 3. The rate of HID-exchange is thus very slow; at

293 K, the NMR spectrum consists of the sum of the spectra of 3 and 8 and it is

interesting to note that, once more, 3 shows a very static behaviour.
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2.3 On the formation of [Pd(dtbpx)H(MeOHU\ 3

Palladium(II) hydrides are usually obtained by (i) treatment of Pd(II)

complexes with hydric reagents and (ii) oxidative addition to Pd(O) complexes.t"

Other methods include 13-elimination reactions.V' ligand exchange,12-14addition of

H2 to Pd(II) complexes. IS

The formation of [Pd(dtbpx)H(MeOH)t is clearly not a case of oxidative

addition. In fact, addition of TfOH to Pdtd'bpxjtdba) results in the formation of

[Pd(dtbpx)(dbaH)t and not 3. The fact that protonation and not oxidative addition is

observed is due to steric and electronic factors. Oxidative addition of acids to Pd(O)

compounds is usually reported to occur more easily in the case of co-ordinatively

unsaturated complexes.' 1 is co-ordinatively unsaturated, but both d'bpx and dba are

very bulky ligands. It should be noted that 1 contains two basic sites, i.e. the Pd(O)

centre and the oxygen atom; since H+ is a hard acid, it shows more affinity towards

the hard basic centre (i.e. the oxygen atom) rather than the softer metal centre.

The hydride 3 can be also obtained from the Pd(II) complex 4 in the absence

of acid. These data suggest that the role of the acid and the oxidant in the synthesis of

3 from 1 is just to oxidise the starting Pd(O) complex and to form a Pd(II) compound.

In this case, the hydric reagent is the solvent, as suggested by the formation of 8

when CD30D is used as solvent. In agreement with this, formation of acetone is

observed via IR when the hydride is synthesised by dissolution of 4 in iso-propanol

(eq.2.1)

Pd(dtbpx)(1l1-TfO)2 + 2CH3CH(OH)CH3--' [Pd(dtbpx)H(iprOH)t + CH3COCH3

+ TfDH + TfD- (2.1)
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Being the solvent also a key reagent in the formation of the hydride explains

why the solvent is so important (see Table 2.2).

Table 2.2

Effect of the solvent on the formation of the hydride by direct dissolution

of 4 or oxidation of 2

Hydride Formed Hydride Not Formed

(Class A) (Class 8)

MeOH, EtOH, nprOH, 'r-oa, nBuOH, tBuOH, CF3CH20H, THF, CH2Ch,

THFIH20 CH3CN, EtCN, MeP, acetone

The hydride is probably formed via ~-hydride elimination from a molecule of

alcohol co-ordinated to the metal (see Scheme 2.3). As consequence of this process,

the alcohol is oxidised to form an aldehyde or a ketone. No hydride is formed in

CF3CH20H, probably because the presence of a very strong electron withdrawing

group (i.e. CF3-) makes the alcoholic site electron poor and, hence, more difficult to

oxidise than in a normal aliphatic alcohol.

Scheme 2.3

RR'C=O + H+ +
I

-Pd-H

I



Chapter Two: Reactivity ofPd(d1bpx)(dba) with acids: the TfOH system 57

Examination of Table 2.2 shows that the only non-alcoholic medium in which

it is possible to obtain the hydride is in a mixture of THFIl-hO (the amount of water

to be added depends on the amount of acid present, as described in Section 2.3.2). In

this case, the hydride is formed by oxidation of water (eq. 2.2); gas evolution

(probably 02) is observed during the process.

Pd(dtbpx)(TJ1-TID)2 + 2H20 - •• [Pd(dtbpx)H(H20)t + 0.502 + TIDH + TID- (2.2)

4 3b

Formation of Pd-hydrides from the reaction of Pd(U) complexes and MeOH

has been widely claimed as one of the possible routes to hydride species during the

catalytic alchoxycarbonylation of ethene (see Section 1.2.2.1). Therefore, the full

characterisation of such a process during the study of the Ineos catalytic process

represents a very important goal in the understanding of the real catalytic

mechanism. Oxidation of alcohols by Pd(II) salts is a well known process," and it is

believed that it takes place via co-ordination of the alcohol, transfer of an a-

hydrogen from the alcohol to the metal with formation of a Pd(II)-hydride, which

usually decomposes very fast to form Pd-metal. This process is also believed to be

the main reason for the instability of Pd(II) salts in alcoholic solvents towards metal

formation. To the best of our knowledge, the formation of 3 is the first case in which

this kind of process has been successfully used for the synthesis of a stable and fully

characterised Pd(II)-hydride complex. A similar reaction has been observed in the

case of platinum.V and in fact, the complex Pt(PR3)zClz is converted into

Pt(PRJ)2HCI in EtOH or iprOH.
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cis-Pt(PR3)2Clz + KOH + RR'CHOH -- •• frans-Pt(PR3)2HCI + RR'CO + H20

(R = R' =Me; R =Me, R' = H) (2.3)

A mechanism involving transfer of hydride from the a-carbon on the alcohol

to the metal in a metal alkoxide intermediate has been proposed (see Scheme 2.4).

Scheme 2.4

RR'C=O +
I

-Pt-H

I

It is important to note that this reaction is carried out in basic conditions,

whereas the formation of 3 occurs in neutral or even acidic conditions. Bases are

usually used in order to make the reduction of the alcohol easier. Therefore, the

formation of 3 under acidic conditions suggests that in the presence of d'bpx,

palladium can easily activate the solvent. It is also interesting to note that it has

already been shown that methanol reduction is involved in the formation of Pd(l)-

hydride dimers.4•18 It is believed that the formation of these dimers involves the

formation of an intermediate Pd(II)-hydride and a Pd(O)-complex which, then,

condense to form the final Pd(I) dimer. Also in this case, the reactions are usually

performed in the presence of bases (e.g. amines). In the case of the bulky d'bpx

ligand, steric effects probably make it very difficult to form binuclear species and,

hence, the Pd(II)-hydride is the final, stable product.
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2.3.1 The crystal structure of[Pd(dbpx)(r/-TfO)Z+, 5

Pdid'bpxjtdba) reacts with TtDH and BQ (or O2) in class B solvents (see

Table 2.2) to give a new species which shows a singlet at ca. 80 ppm in the 3Ip{IH}

spectrum, whereas in CH3CN and EtCN, the resonance occurs at 58 ppm.

Considering the strong co-ordinating ability of these last solvents, it is possible to

conclude that the species present in CH3CN and EtCN is [Pd(dtbpx)(RCNh]2+(R =

Me, 6a; Et, 6b). Other experiments support this hypothesis. Pd(dtbpx)Ch, 9, reacts in

CH2Ch with two equivalents of AgBF4 to give the same species at 58 ppm; the same

result is obtained by reacting 1 with HBF4 in the same solvent and an oxidant (see

Scheme 2.5). It is interesting to note that the complex obtained in the case of

tetrafluoroborate, is not very stable, and its stability increases using CH2Ch with

traces of water. Thus, the compound obtained in the last two cases can be formulated

as [Pd(dtbpx)(H20)2]2+, 6c; in agreement with this conclusion, no P-F coupling has

been observed. Other bis-solvento species will be described in Section 2.4 and

Chapter 3, and they always show a singlet in the phosphorus spectrum at 52-60 ppm

(see Table 2.3).

Reaction of 9 with two equivalents of AgOTf in CH2Ch results, again, in a

species which resonates at 79 ppm in the phosphorus spectrum. Therefore, it is

possible to conclude that all the species resonating at ca. 80 ppm contain a direct

interaction between the metal and the TtD- anion. One of these compounds has been

crystallised from THFlhexane showing that the species formed is [Pd(dtbpx)(rr

TtD)f,5.
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Scheme 2.5

tBuOH, CF3CH20H, THF,
CH2CI2, MeP, acetone/r------- ...[Pd(dtbPX)(~2-TtO)r

Pd(dtbpx)(dba) + TtOH + Ox

1 \. .._ ____.._ • [Pd(dtbpx)(RCN)t
R = Me 6a
R = Et 6b

Pd(dtbpx)(dba) _--'"

1 + HBF4 + Ox in CH2CI2

[Pd( dtbpx)(H20 )2f+
6c

+ AgOTf in CH2CI2 • [Pd(dtbpx)(1l2_TfO)t
5

Table 2.3

31p(H} NMR data at 293 Kfor [Pd(dbpx)(solvh]2+ in different solvents

solvent BP (ppm) solvent BP (ppm)

CH3CN 57.3 MePlMeOH (3:1) 59.8

Mepa 51.9 MePlMeOH (3:1) a 58.5

MePlMeOH (4:1) 60.0 THFIH20 53.9

MePlMeOH (2:1) 60.6 DeM/H2O 53.6

"at 193 K
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In the solid state,S is present as the triflate salt [Pd(dtbpx)(112-TfD)][TfD]

(see Figure 2.3 and Table 2.4).

Figure 2.3

Crystal structure of [Pd(dbpx) (T(-TfO))+, 5. Different views
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Table 2.4

Main bond distances and angles/or [Pd(dbpx)(ri-T/O)]+, 5

Pd-Pl 2.267(3) P2-Pd-Ol 161.75(27)

Pd-P2 2.267(3) 01-Pd-02 63.08(35)

Pd-Ol 2.261(10) 02-Pd-Pl 161.75(27)

Pd-02 2.261(10) PI-Pd-Ol 98.67(27)

PI-Pd-P2 99.56(12) P2-Pd-02 98.67(27)

The structure refinement is not very good, due to the disorder in the free

anion (RI = 0.1118). Nevertheless, it is possible to see very well the co-ordination

environment of the metal. The complex is nearly square planar, with two cis-co-

ordination sites occupied by the d'bpx ligand and the other two by a triflate anion

acting as a bidentate ligand via two oxygen atoms. The structure will be discussed

more in detail in Chapter 3, together with other similar structures. For the moment, it

is interesting to note the very particular co-ordination mode of the triflate anion. A

few examples in which the triflate anion acts as a bidentate ligand have been reported

in the case of rhodium." Whereas, more usually, TfU- acts as a monodentate ligand,

or as a completely non co-ordinating anion.2o For instance, Pd(dppp)(TfDh reacts in

CH2Ch with one equivalent of H20 to give [Pd(dppp)(r{TfD)(H20)t; further

addition of water results in the formation of the bis-aquo complex

[Pd(dppp )(H20 »f". 21
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2.3.2 The free acid system based on PdCdbpx)(r/ -TfO)?d

As seen before, 4 dissolves in CH2Ch to give 5, which reacts with H20

resulting in the formation of 6c. The reaction can be partially reversed by addition of

TfOH. The process is not completely reversible because (1) the presence of water

also promotes partial decomposition to form Pd-metal and the protonated ligand and

(2) all these complexes are not very soluble in the presence of water. In the same

way, 4 dissolves partially in dry THF to give the same species S. As described above,

a hydride species can be obtained in THF, by synthesising 3 in MeOH in the absence

of acid, drying the solution in vacuum and dissolving the residue in THF. The

compound present in THF is the new hydride [Pd(dtbpx)H(THF)t, 3a, as shown by

NMR (see Figure 2.4).

Figure 2.4

3/ prj H} NMR at 293 K of [Pdidbpxiiltsolvt]"

(solv = MeOH, 3; THF, 3a)

a) in MeOH

80 60 (ppm) 40 20
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It is also possible to obtain a hydride in THF by adding very carefully water

to a THF solution of 5. The complex so formed is [Pd(dtbpx)H(H20)]\ 3b (for its

spectroscopic characterisation see Section 2.4); once formed, 3b further reacts with

water to give 6c (see Scheme 2.6).

Scheme 2.6

[Pd( dtbpx)(H20 )212+
6c

Pd(dtbpx)(" 1-TfOh
4

Dry THF ~ [Pd(dtbpx)(,,2_TfO)]+

5

[Pd( dtbpx)H(MeOH)t 1."---'V:....::.a--'-cu'-u_m ----l~

3 2. THF
[Pd(dtbpx)H(S)]+

3*

No reaction [Pd( dtbpx)(H20 hf+
6c

* S = THF, 3a; H20, 3b

All these reactions can be partially reversed by addition of TtDH. It is enough

to add 6-7 equivalents of acid to a J:HF solution of the hydride in order to convert it
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nearly completely into 5; gas evolution (probably H2) is observed during this

reaction. This last process can be reversed by addition of water. Hence, there is a

three-components two-equilibria system in THF, involving 5, [Pd(dtbpx)H(solv)t

(solv = THF or H20) and 6c. The main product present in solution depends on the

acid to water ratio used. The only limit to the complete reversibility of the system is

the low solubility of these complexes when excess water is used.

Further information on the hydride formation can be obtained using mixtures

of MePlMeOH as solvent. This system is also very interesting, because engineering

considerations on the process suggest that it is better to carry out the reaction on the

industrial scale in such mixtures rather than in pure MeOH. MeP seems to behave

quite similar to THF. The reaction of 1with TfDH and BQ (or 02) in MeP results in

the formation of 5, which reacts with MeOH to give 6 (MePlMeOH = 4:1). Further

addition of MeOH results in the formation of the hydride. This result is quite

important, because it shows that 6 is a precursor in the hydride formation. Probably,

MeOH has first to co-ordinate to the metal in order to be activated and, then, the

redox process described in Section 2.3 can take place.

Dissolution of 4 in pure MeP results in the formation of 5 (3p = 81 ppm); on

cooling the solution down to 193 K, 6 (3p = 52 ppm) is formed. Hence, an

equilibrium between these two species exists in solution (eq. 2.4) and its position

depends on the temperature and the acid present.

[Pd(dtbpx)(rrTfD)t + 2solv ~.====~~[Pd(dtbpx)(solv)2f+ + TtU-

5 6

(2.4)

Using the same procedure described above in the case of THF, it is possible

to obtain the hydride also in MeP. Similarly, the stability of the hydride in MeP
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decreases after addition of acid. In all cases, also in the absence of acid, 5 is slowly

formed, suggesting that the presence of the hydride in pure MeP is more likely due to

kinetic than thermodynamic factors. Interestingly, dissolution of 4 in MePlMeOH

results in a mixture of 6 and 3, and the relative amounts depend on the ratio of

MePlMeOH. 5 is the only product present (at room temperature) in pure MeP. By

adding MeOH, 6 is first formed and, then, the hydride starts to appear. In a MeOH

rich solution, the hydride is the main species (see Scheme 2.7).

Scheme 2.7

[Pd(dtbpx)(solv)212+ + [Pd(dtbpx)H(solv)t
8 3*

in MePlMeOH

Pd(dtaJpx'(1l1_TfOh
4ji"~H

[Pd(dtbpx)H(MeOH)t
3

1. Vacuum
2.MeP

j in MeP

lowT
[Pd(dtbpx)(1l2_TfO)t ======~ [Pd(dtbpx)(SOlv)212+

5 highT 6

+ MeOH
[Pd(dtbpx)H(sOlv)t

3* + TfOH

+ TfOH
[Pd(dtbpx)(solv)212+ + [Pd(dtbpx)H(solv)t

6 3*

[Pd(dtbpx)(1l2_TfO)t

5
[Pdt dtbpX)(1l2 -TfO)]+

5

* solv = MeOH, 3; MeP, 3e
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These results once more confirm the conclusion that 6 is a precursor in the

hydride formation. They also show that the stability of the hydride 3, once formed,

strongly depends on the solvent used. A lot of different factors contribute to the

stabilisation of 3, i.e. the stability of the Pd-solvent bond, the ability of the medium

to solvate ionic species and in particular H+ (if H+ is not well solvated, it becomes

very reactive towards the hydride and, in fact, H2 is formed in non-alcoholic

solvents), the nucleophilicity of the solvent (a very strong basic ligand can in fact

displace H- from 3 and form 6, see Section 2.4.2).

2.4 Reactivity of [Pd(dtbpx)H(MeOH)]+, 3

The hydride complex 3 has been studied in MeOH in the temperature range

193-353 K. Apart from the lack of any dynamic process over this temperature range

which has already been discussed, this study has shown that the thermal

decomposition of 3 always results in the formation of Pd-metal and the protonated

ligand. None of the intermediates involved in this process has been observed, maybe

because the decomposition, once started, is very fast. Nevertheless, it is very

interesting to note that it is possible to detect the hydride even at 353 K, which is

very similar to the conditions used for the catalysis. As expected, the thermal

decomposition of 3 becomes faster and faster by increasing the temperature. Hence,

the half life of 3 in solution at 293 K is 2-3 days, whereas at 353 K it is ca. 10

minutes. Its stability, of course, depends also on other factors, e.g. the amount of acid

present. It is not very clear how the presence of acid contributes to the stabilisation of

3 in MeOH. As discussed before, addition of TfOH to a solution of the hydride in a
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non-alcoholic solvent results in the formation of 5 and H2. Whereas, addition of up to

60 equivalents ofTtDH to a solution of3 in MeOH does not cause any change in the

species present. As reported in Section 1.2.3, it has been suggested that acids

stabilise Pd-catalysts by stopping their decomposition pathways,22 but also hydrogen

bonds between the hydride 3 and the counter-ion could be important. In fact, it has

been shown that such a hydrogen bonds are very important for the stabilisation in

solution of other Pd-hydrides, e.g. [Pd(PCYJhH(H20)t23

2.4.1 Reactivity of[Pd(dbpx)H(MeOH)Z+, 3, with oxidants

Palladium hydrides are usually reported to be very air sensitive." However, 3

was first obtained by bubbling 02 for ca. 20 minutes through a solution of 2 in

MeOH at room temperature. This reaction is very clean, giving only 3, and there is

no other compound present in solution even after bubbling O2 for a further hour.

The reaction of 3 with BQ is more interesting. As reported in Section 2.2.2, it

is possible to obtain 3 by reacting a solution of 2 in MeOH with BQ. The reaction

goes to completion in a few minutes, and the best results have been obtained using 1-

7 moles of BQ per mole of palladium. Using these conditions, 3 is the only product

formed. On using more BQ, a second species starts to appear, which shows in the

31peH} NMR spectrum two singlets at 42.4 and 105.6 ppm (see Figure 2.5). The

resonance at higher field is split into a doublet [IJ(P_H) = 460 Hz] in the 31p

spectrum. This species can be formulated as [Pd {112-

PCBuhCH2C6H3CH2PHIBu2}(112-TtD)]+, 10 (see Scheme 2.8), by analogy with the

NMR data ofa similar compound, i.e. [Pd{,,2-PCBuhCH2C6H2(OCH3)CH2PtBu2}(~-

Br)h, 11, which has been recently synthesised and characterised by NMR (105 ppm,
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s) and X-ray diffraction (see Scheme 2.9).24 The complete conversion of 3 into 10

requires ca. 50 moles of BQ per mole of palladium.

Figure 2.5

NMR spectra of [Pd{rf-P(BuhCH2CJl3CH2PHBu2}(rf-TfO)}+,]O,

in MeOH at 293 K
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Scheme 2.8
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Metalation of the phosphine ligand is not an unusual reaction in palladium

chemistry, in particular in the case of Pd-hydrides." Nevertheless, it is quite unusual

to observe a metalation process of a Pd-hydride promoted by an oxidant. It is in fact

reported that quinones react with Pd-H complexes to form Pd-OMe compounds/"

Once again, the d'bpx ligand seems to show a very particular chemistry, quite
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different from the one usually shown by the phopshines used for the synthesis of

polyketones. Moreover, the fact that no Pd-OMe complexes have ever been observed

even in the presence of a large excess of BQ seems to rule out the possibility of a

methoxy cycle for the Ineos catalyst.

2.4.2 Substitution reactions

Complex 3 is a very useful starting material for the preparation of other Pd-

hydride complexes via the substitution of the co-ordinated MeOH molecule with

other ligands. Some examples of this reaction have already been discussed, when it

has been shown that the synthesis of 3 in MeOH followed by evaporation of the

solvent and dissolution of the residue in a new solvent results in the formation of the

complexes [Pdtd'bpxjlftsolvj]" (solv = THF, 38; CH3CN, 3c; EtCN, 3d; MeP, 3e).

The aquo-hydrido complex 3b can be obtained in MeOH by addition of an excess of

water, or in THF using traces of water. Moreover, 3 reacts in MeOH with [Me4N]X

(X = CI, Br, I) to give Pd(dtbpx)HX (X = CI, 3(; Br, 3g; I, 3h). In the same way,

[Pd(dtbpx)H(Py)t, 3i, [Pd(dtbpx)H(PPh3)t, 3j, and [Pd(dtbpx)H(PPh2H)r, 3k, can

be obtained by addition of Py, PPh3 or PPh2H to a solution of 3 in MeOH. Finally,

addition of CO to 3 at 198 K results in the formation of [Pd(dtbpx)H(CO)t, 31 (this

last reaction will be discussed more in detail in Chapter 6).

All these compounds have been characterised spectroscopically by

multinuclear NMR measurements. None of them show any exchange process in the

range 173-293 K. All the relevant NMR data are summarised in Table 2.5. As found

for 3, the compounds 3a-i show in the 3IpCH} spectrum two doublets and the

resonance at higher field is further split into a doublet in the 31p spectrum; a doublet

of doublets is always present in the IH spectrum.
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Table 2.5

NMR data/or Pd-hydride complexes containing dbpx

at 293 K in MeOHa

PA PB H 2
2J(PAH) 2J(P&HJ(PAPB)

)

MeOH3 75.7 23.9 -10.0 16.0 22.0 181

THF3a 69.7 21.3 -12.4 18.3 28.3 184

H203b 72.9 22.4 b br b 190- -

H20 3b c 71.7 23.1 b 18.3 b 186- -
CH3CN 3c 68.8 23.9 -9.1 19.8 21.6 185

EtCN 3d 69.4 23.0 b 19.6 b 189- -

MeP3e 72.7 24.3 b 18.6 b 183- -
cr sr 67.2 20.0 -10.4 21.6 28.4 180.7

Br- 3g 67.6 21.6 -9.7 d 21.4e 26.2 d 203

r ss 63.5 21.0 -9.3 e 21.2 38.0 e 182

Py 3i 66.6 23.3 -9.4 18.4 17.1 182

PPb33j f 60.0 35.0 -8.1 27.1 23 or 11 g 160

PPb2H 3k h 59.2 32.9 -6.4 26.4 Not resolved 168.0

C031e 60.3 30.7 -5.3 21.6 15.8 167.4

a 8 10 ppm, J 10 Hz. b 'H not recorded. C In THF at 293 K. dIn THF at 193 K. em MeOH at 193 K.

f Supplementary NMR data: O(rPh3)=11 ppm, 2J(PPhrPA)=330 Hz, 2J(PPh3-PB)=26.3 Hz, 2J(PPh3-

H)= 23 or II Hz. g Impossible to distinguish between the two cis-2J(P-H). h Supplementary NMR data:

8crPhzH)=5.4 ppm, 5(PPh2H)=6.6 ppm, 2J(PPhzH-P A)=327.0 Hz, 2J(PPh2H-PB)=33.1 Hz. IJ(rPhzH-

H)=315.0 Hz.
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The 3lpeH} spectra of 3j and 3k show an AMX pattern due to the presence

of three inequivalent P-atoms, and a doublet of doublets of doublets is present in the

IH spectrum. 31 has been fully characterised by repeating the reaction using 13CO.In

this way, [Pd(dtbpx)H(13CO)t, 3m, is clearly formed [NMR data at 193 K: 8H = -5.3

ppm, 8p = 60.3 and 30.7 ppm, 8e = 183.3 ppm, 2J(p_p) = 21.6 Hz, 2J(p_C) = 12.6 and

108 ppm, 2J(P_H)= 15.8 and 167.4 Hz].

The stoichiometries of all these reactions are quite different. The formation of

3a and 3c-e requires the use of the ligand as solvent and the absence of acid. In the

presence of acid, 5 (in THF and MeP) and 6 (CH3CN and EtCN) are respectively

formed. The formation of 3b in THF requires the addition of a few equivalents of

water, and the exact amount depends on the amount of free acid present. Further

addition of water results in the formation of6c. Whereas, the same reaction in MeOH

requires the addition of a large excess of water, and no further reaction has been

observed. Complexes 3f-h have been always obtained in mixture with Pd(dtbpx)X2

(X = CI, 9; Br, 12; I, 13). The formation of 3j-k requires the addition of exactly one

equivalent of the phosphine, whereas 5-10 equivalents of Py have been used for the

synthesis of 3i. Further addition of Py results in the formation of [Pd(dtbpx)(Py h]2+,

6d. The NMR data for all these dicationic and neutral Pd-complexes are reported in

Table 2.6. The formation of such complexes, formally, involves the displacement of

a H- ligand with a neutral or anionic ligand (i.e. H20, Py, Cl, Br', I) The hydride ion

R can not exist in this form in solution, but it transforms into H2 by combination

with a proton (from the acid or the solvent). A similar reaction has been reported for

other Pd-hydride complexes. For instance, Pd(PEt3hH(CI) 27 reacts with KCN in

MeOH to give Pd(PEt3hH(CN) (one equivalent of KCN) and then Pd(PEt3)2(CNh

after addition of a second equivalent of KCN. Formation of H2 has been observed,
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and it has been supposed that the proton comes from the methanol, according to eq.

2.5.

Pd(PEt3hH(CI) + 2KCN +MeOH --'Pd(PEt3)2(CNh + H2+KCl +KOMe (2.5)

Table 2.6

31p NMR data/or Pd(dbpx)X2 and [Pd(dbpx)X212
+ at 293 Kin MeOH

X 8P in ppm

H206c 53.8 a

Py6d 48.7

Cr9 39.3

Bf 12 42.9 b

r 13 40.0 a

a in THF. bin MeOH at 193 K

2.5 Conclusions

It has been shown in this Chapter that it is possible to easily form the hydride

3 from 1, even using conditions which are similar to those used for the catalytic

process. In particular, it has been possible to observe the presence of the hydride in

solution at temperatures similar to those used in the catalytic process carried out in

an autoclave (i.e. 80°C). Moreover, 3 is surprisingly stable toward addition of

oxidants. No reaction has been observed with O2, and only a large excess of BQ is

able to convert 3 into 10. This reaction is quite unusual and contradicts what has
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previously been reported about oxidation of Pd-hydrides in MeOH to give methoxy

complexes. Also the mechanism for the formation of 3 has been elucidated in detail.

1 is first protonated to give 2, which is then easily oxidised to form 3. The last

process takes place in at least three steps. First, 2 is oxidised by O2 or BQ to form 5.

TiD' can then be displaced from the metal in 5 by the solvent in a polar medium to

give 6. Finally, the bis-solvento complex 6, in the presence of an alcohol with an u-

hydrogen, activates the alcohol, which is oxidised to form a carbonyl-containing

species and a proton is reduced to give the hydride.

The formation of the hydride 3, its extraordinary stability and its unusual

reactivity with BQ further support the idea introduced in Chapter I that the d'bpx

ligand induces a quite particular chemistry, significantly different from the one

observed with more classic diphosphine ligands, and this could be correlated with the

selectivity of the catalytic system based on 1 for the formation of MeP.
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Chapter Three



Numbering scheme for Chapter 3

Pd(d'bpxjt dba) 1

[Pd(d'bpxjf dbaH) r 2

[Pd(d'bpx )H( solv) I' 3

[Pd(d'bpx )H(Py) r 3a

[Pd( dtbpx)( 112_TfD)r 4

[Pd( dtbpx)( solvhf+ 5

[Pd( d'bpx )(H20 h]2+ 5a

[Pd(d'bpxjt CH3CN)z]2+ 5b

[Pd(dtbpx)(112-MeS03)r 6

[Pd(dtbpx)(112_TsO)r 7

Pd(dippx)(MeSO))z 8

[Pd( dppp )(H20)(TsO)] [TsO] 9

[Pd( dppp )(H20 )(TfD) ][TfD] 10



Reactivity of Pd(dtbpx)(dba) with acids: the

MeSOJH system

3.1 Synthesis and characterisation of [Pd(dtbpx)(n2-

MeSO~)J+, 6

It has been shown in Chapter 2 that the complex Pdtd'bpxjtdba), 1, is

protonated by TtOH, TsOH, MeS03H or HBF4 resulting in the formation of

[Pd(dtbpx)(dbaH)r, 2. In the case ofTtOH and HBF4, 2 is readily oxidised by O2 or

BQ in primary and secondary alcohols to give [Pdtd'bpxjl-ltsolvj]", 3. In other

solvents, [Pd(dtbpx)(1l2-TfD)r, 4, is normally obtained, apart from in CH3CN and

EtCN, where [Pd(dtbpx)(solv)2f+, 5, is formed. In all cases, the initial solution deep-

red of 2, becomes pale-yellow at the end of the reaction. The same colour change of

the solution is observed on addition of 02 or BQ to a solution of 2 in the presence of

MeS03H; in this case, the reaction is completely independent of the solvent. In fact,

in all the solvents studied (MeOH, EtOH, CF3CH20H, CH3CN, MeP, THF, CH2Ch,

acetone), the 31p{IH} NMR spectrum at 293 K always shows a singlet at ca. 70 ppm.

Moreover, no P-H coupling is present in the 31p spectrum. It has been possible to

crystallise this compound from THFlhexane, and X-ray analysis showed that it is

[Pd(dtbpx)(1l2-MeS03)t, 6, the analogue of 4. Using the same conditions with

TsOH, a similar compound [Pd(dtbpx)(1l2-TsO)r, 7, is obtained and characterised

via X-ray diffraction.
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3.1.1 The crystal structures o([Pd(dbpx)(r/-RS01)Z+ (R = Me.....

6; CF1.4; p-CH 1Cdl4Jl

The three compounds referred to above have all been obtained as single

crystals from THF!hexane using a similar procedure. Complex 6 is present in the

solid state as the salt [Pd(dtbpx)(1l2-MeS03)][MeS03][MeS03H], where the anion is

actually a dimer in which a methylsulfonate anion interacts through a hydrogen bond

with a molecule of methylsulfonic acid. This is probably due to the fact that 6 has

been crystallised in the presence of an excess of acid. Nevertheless, the refmement of

the structure is quite good (RJ = 0.0397).

7 crystallises in an even more complicated form; the elemental cell contains

two independent cations, which show the same connectivity but slightly different

bond angles and distances, two TsO' anions, four molecules of free TsOH acid and

six molecules of water. Moreover, there are disordered groups in some of the

molecules of the free acid and free anion, and there are also residual electronic

densities that could not be attributed during the refmement. This is probably due to

the poor quality of the crystals used for the analysis. The resulting RJ factor is very

high (0.1447); the overall connectivity is not in doubt, whereas, the quality of the

refinement does not allow a detailed discussion of the structural parameters.

4 crystallises as [Pd(dtbpx)( T'J
2-TID) ][TID] , but the refinement is not very

good due to disorder in the fluorine atoms of the free anion (RJ= 0.1118). The

structures of the cations 6 and 7 are reported in Figure 3.1 and 3.2, and the structure

of 4 has been already reported in the last Chapter. The main bond distances and

angles for the all three cations are reported in Table 3.1.
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Figure 3.1

Crystal structure of [Pd(dbpx) (r/-MeS03))+, 6. Different views.
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Figure 3.2

Crystal structure of [Pdidbpx) (r/-TsO)]+, 7. Different views.
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Table 3.1

Main bond distances and angles/or [Pdtdbpx) (tT-RS03)] + (R = CH3, 6;

R= CH3 CF3 p-CH3C6H4 b

Pd-Pl 2.267(8) 2.267(3) 2.272(5) 2.293(5)

Pd-P2 2.273(66) 2.267(3) 2.276(5) 2.305(5)

Pd-Ol 2.172(80) 2.261(10) 2.186(15) 2.161(16)

Pd-02 2.188(38) 2.261(10) 2.200(15) 2.169(14)

PI-Pd-P2 100.58(7) 99.56(12) 101.4(2) 100.59(19)

P2-Pd-Ol 163.21(14) 161.75(27) 164.0(4) 161.4(4)

01-Pd-02 65.68(17) 63.08(35) 64.7(5) 65.8(6)

02-Pd-Pl 160.99(13) 161.75(27) 159.1(4) 163.8(4)

PI-Pd-Ol 95.82(13) 98.67(27) 94.6(4) 98.0(4)

P2-Pd-02 98.19(13) 98.67(27) 99.3(4) 95.6(4)

a Bond distances in A, angles in degree. b This compound exists as two independent molecules in the

elemental cell.

All these three complexes are nearly square-planar. In particular, the two

phosphorus, the palladium and the two oxygens co-ordinated to the metal and the

sulphur atoms are approximately in the same plane. The bond angles systematically

deviate from the perfect geometry: the PI-Pd-P2 angle is ca. 100° in all the
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complexes, whereas 01-Pd-02 is in the range 63-66°. The resulting local symmetry

around the metal centre is nearly C2v.In all the three cases, the benzene ring of d'bpx

and the alkyl or aryl substituent of RS03- adopt a pseudo-trans configuration with

respect to the plane determined by the palladium, the two phosphorus and the two

oxygen atoms.

The R) factors for 4 and 7 are very high and, hence, it is not possible to

discuss in detail their structural parameters. Whereas, the R, value for 6 is quite good

and, therefore, its structure will be further discussed. The structure of the bis-aquo

complex [Pd(dtbpx)(H20h]2+, 5a, has been reported previously.' Also in this case,

the bite angle of the diphosphine is ca. 1000, whereas the average value of the Pd-P

bonds (2.296 A) is greater than in 6. At the same time, the average value for Pd-O in

5a (2.137 A) is shorter than in 6. This is due to the fact that water is a stronger ligand

than RS03-.

The co-ordination mode of RS03- in the three cationic complexes is very

particular and rare, especially for palladium. To the best of our knowledge, the

structure of a palladium complex containing a chelating sulfonate anion has not been

reported previously, and examples with other metals are also very rare.2,3 The co-

ordination of RS03- as a monodentate ligand is more common. As examples, it is

worthwhile to report Pd(dippx)(MeS03h.' 8, [Pd(dppp)(H20)(TsO)][TsO],4 9, and

[Pd(dppp)(H20)(TfD)][TfD],5 10. In all these cases, the Pd-O bond for the sulfonate

anion is shorter than in 6 [2.117(2) and 2.131 (2) A for 8; 2.152(3) A for 9 and

2.159(3) A for 10]. This is obviously due to the fact that the sulfonate anion is a

stronger base when it acts as a mono-dentate ligand rather than when it co-ordinates

as a chelating ligand.
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3.1.2 The behaviour in solution of[Pd(dbpx)(rf-MeSO?2Z+, 6
--

The complex 6 shows a very interesting behaviour in solution. The case of

CH3CN will be discussed apart in Section 3.1.3, since in this solvent the co-ordinated

MeS03- anion partially dissociates to form [Pd(dtbpx)(CH3CNhf+, Sb. Whereas, in

the solvents used in this Section (i.e. MeOH, acetone, THF, MeP and CH2Ch) the

dissociation of the anion has not been observed under any conditions. In all these

solvents, only one singlet at ca. 70 ppm is present at room temperature. On cooling

the solution down to 193 K, two separate singlets appear in all solvents except for

CH2Clz (see Table 3.2).

Table 3.2

in different solvents

Solvent ~p (I" singlet) s- (2nd singlet) ~o
ppm ppm ppm

Acetone 66.9 65.6 1.3

MeOH 66.7 65.5 1.2

MeOH (213 K) 67.0 66.0 1.0

THF 66.1 65.4 0.7

THF (173 K) 66.3 62.1 1.2

MeP 66.6 66.0 0.6

CH2Ch 66.2 none 0
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These two singlets never integrate 1:1, and the relative intensities depend on

the experimental conditions (i.e. solvent and temperature). It is interesting to note

that the difference in chemical shift (~o) between the two singlets is greater in more

polar solvents, e.g. MeOH and acetone, than in the less polar solvent THF.

Moreover, in THF ~O increases from 0.7 ppm to 1.2 ppm by cooling the solution

from 193 K to 173 K, whereas, in MeOH, ~() increases from 1.0 to 1.2 ppm on

cooling the solution from 213 K to 193 K. Further information about this system

comes from the use of mixtures of different solvents. In Table 3.3, the NMR data

obtained at 193 K in mixtures of CH2ChIMeOH at different compositions are

reported. It is evident that ~() increases as the amount of MeOH (and so, the polarity

of the medium) increases.

Table 3.3

3Jp(HJ NMR data at 193 Kfor [Pd(dbpx) (r/-MeS03)]+' 6, in mixtures

CH2Cl21MeOH

Composition Op (1st singlet) ()p (2nd singlet) ~()

(% CH2Ch) ppm ppm ppm

100 66.19 none 0

75 66.63 66.52 0.11

63 66.76 66.56 0.19

50 66.82 66.55 0.28

25 66.95 66.33 0.62

10 66.96 66.09 0.87

0 67.06 65.99 l.07
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Moreover, in Table 3.4 the NMR data obtained at different temperatures in a

mixture 1:1 THF /CH2Clz are reported. In this case, .1B increases as the temperature

decreases. Therefore, two well resolved singlets are present at 154 K. As the

temperature increases, they start to broaden, until at 223 K only one singlet is

present.

Table 3.4

NMR data at VTfor [Pd(dbpx)(r/-MeS03)]+, 6, in mixtures

CH2Cl/THF 1: 1

Temperature Bp (1st singlet) Bp (2nd singlet) .1B

K ppm ppm ppm

154 65.6 64.8 0.8

193 66.3 65.9 0.4

223 66.4 none 0

290 67.4 none 0

All these data can be explained by assuming that 6 exists in solution as two

conformers, A and B, which differ only in the orientation of the benzene ring of the

d'bpx ligand with respect to the Me-group of the chelating MeS03' anion relative to

the plane determined by Pd, the two P and the two co-ordinated oxygen atoms (see

Scheme 3.1). These two conformers can exchange and, hence, at higher temperatures

only one resonance is present. The coalescence temperature depends on the solvent,

and increases with the polarity of the medium. At 193 K, MeOH, acetone, MeP and

THF are all below the coalescence temperature and, hence, two resonances are
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present, whereas CH2Clz is above the coalescence temperature and, so, only one

singlet is present in the spectrum. Moreover, at 193 K the exchange rate in THF is

greater than in MeOH. In fact, in THF the two singlets are broad and quite close

together (small d8): only at 173 K do they become well resolved. In a similar way,

all the other observations can be explained easily using this hypothesis (no

dissociation, two conformers with an exchange rate which decreases as the polarity

of the medium increases).

Scheme 3.1

Orthogonal representations of the proposed conformers of

R· 0
Ing /

\~d~

Me

Ring Me
\~d--o----S'

""0
o

-, /Me

)
( S.,'<> 11/0

p 0

trans cis

The outstanding problem is to understand the mechanism of the exchange.

The inverse relationship between rate and polarity excludes the involvement of a

direct interaction between the metal and the solvent. In fact, supposing a mechanism

(see Scheme 3.2) in which a) the solvent co-ordinates to the metal, b) the co-

ordination mode of MeS03 - changes from 112 to lll, c) lll- MeS03 - rotates, d) MeS03-



Chapter Three: Reactivity ofPd(dtbpx)(dba) with acids: the MeS01H system 90

becomes again TJ2 by displacing the solvent, a direct relationship between rate and

polarity would be expected (a more polar solvent interacts more strongly with the

metal).

Scheme 3.2
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Hence, a different mechanism has to be used to explain the exchange between

the cis and trans conformers of 6. Two hypotheses are possible:

1) Intra-molecular mechanism. The exchange between the conformers could involve

just the rotation of some bonds inside the molecule, without any bond

dissociation. As a particular case of this mechanism, an isomerisation through a

tetrahedral intermediate can be assumed. The solvent-dependence can be

explained considering the interactions between the cation and the solvent. In

particular, the "free" oxygen of the co-ordinated MeS03' is a centre with a partial

negative charge, which can interact via dipolar interactions and/or hydrogen bond

with the solvent. These interactions are stronger in polar solvents and create a

network of forces that slows down the exchange.

2) Inter-molecular (anion assisted) mechanism. In this case, it is supposed that the

exchange between the conformers takes place via exchange of the co-ordinated

MeS03' with the free anion. In a polar solvent, the two ions are quite far away

and, hence, the exchange is slow. Reducing the polarity of the medium, the cation

and anion come close together and, therefore, the exchange becomes faster.
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The actual mechanism involved in the exchange process can be distinguished

by studying the effect of the concentration of the free anion on the exchange rate. In

fact, if the anion-assisted mechanism is correct, and the free anion is directly

involved in the inter-molecular mechanism, the rate of the exchange should increase

by increasing the concentration of the anion. For the intra-molecular mechanism the

anion is not involved, and the rate of the process should not change on varying the

anion concentration. As shown before, the easiest way to measure the exchange rate

in different conditions is to report the difference in chemical shift (~5) between the

two singlets due to the two conformers of 6 vs. the concentration of the anion (see

Table 3.5).

Table 3.5

31ptH} NMR data at 193 Kfor [Pd(dbpx)(r/-MeS03)]+, 6, in MeOH

Number of equivalents of ~5
MeS03- per mole of palladium (ppm)

2 0.90

5 0.88

10 0.87

15 0.81

20 0.91

30 0.92

45 0.91

60 0.99

80 1.00
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It is clear from the NMR data reported, that there is not a significant

dependence of the exchange rate on the concentration of the anion and, therefore, the

actual mechanism for the exchange process is the intra-molecular one, probably via a

tetrahedral intermediate (see Scheme 3.3). The involvement of a tetrahedral

intermediate has been widely claimed in order to explain other exchange processes

on a square-planar centre, like cis-trans isomerisation." Moreover, other kinds of

intra-molecular rearrangements in 6 are very difficult. Thus, inversion of the sulphur

centre without any bond dissociation is very unlikely, whereas theoretical

calculations I rule out the possibility of an internal rotation of the d'bpx ligand.

Scheme 3.3
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3.1.3 The behaviour of[Pd(dbpx)(rl-MeS01)Z+, 6, in CH1CN--
Dissolution of 6 in CH3CN results in a system different from those described

in the previous section. The spectrum at 298 K (see Figure 3.3) is very broad,

whereas a sharp singlet at 55 ppm is present at 237 K. By increasing the temperature,

this resonance starts to broad and its intensity decreases, whereas a new resonance at

ca. 68 ppm begins to appear; finally, at 327 K, only the resonance at 68 ppm is

present." By analogy with the NMR data of other species studied in this thesis, the

• The apparent change in chemical shift is due to the fact that the spectra at low and room
temperature have been recorded using C02Ch as external lock, whereas the spectra at 315 K and 327
K have been recorded using 020 as external lock.
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species at 68 ppm can be formulated as 6, whereas the one at 55 ppm is 5b. Thus, an

equilibrium between these two species exists in CH3CN.

Figure 3.3

31ptHJ NMR at VToj[Pd(dbpx)(r/-MeS03)]+, 6, in CH3CN

327K

315K

255K

237K
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[Pd(dtbpx)(TJ2-MeS03)r + 2CH3CN ... ~ [Pd(dtbpx)(CH3CN)2]2+ +MeS03- (3.1)

6 ~
Due to the fact that the spectrum is very broad, it is very difficult to do a

quantitative analysis of the equilibrium. In all cases, it is very surprising that even a

strongly co-ordinating solvent such as CH3CN is not able to fully displace the

"weakly" co-ordinating methanesulfonate anion. Once again, the bulky d'bpx ligand

seems to be able to stabilise species which are supposed to be very reactive.
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3.2 Reactivity of [Pd(dtbpx)(n2-MeSO~J+' 6

It is noteworthy that 6 is very stable in MeOH at room temperature, whereas

in the same conditions 4 reacts very fast with the solvent to give the hydride 3. This

is probably due to the fact that MeS03 - co-ordinates more strongly to the metal than

TfU-. Thus, in a polar medium the triflate anion readily dissociates to form the bis-

solvento complex 5. In an inert solvent as CH3CN, the bis-solvento complex is

stable, whereas in an alcoholic medium the dicationic species 5 activates the solvent

and a redox process takes place (see Chapter 2) resulting in the formation of the

hydride. The fact that MeS03 - is more strongly bound to the metal explains the

stability of 6 in MeOH and, at the same time, suggests that probably more forcing

conditions are needed in order to form the hydride with this anion. This can be

achieved in different ways.

The fact that dissociation of the anion is required in order to form the hydride,

suggests that addition of an appropriate ligand should be able to induce the

elimination of MeS03 '. Indeed, this has been confirmed by addition of pyridine (Py).

Thus, reaction of 6 in MeOH with 6-10 equivalents of pyridine results in the nearly

complete formation of the hydride complex [Pd(dtbpx)H(Py)t, 3a (see Chapter 2 for

its characterisation). The following mechanism can be proposed to be responsible for

hydride formation on addition of pyridine to 6. Pyridine is quite a strong ligand and,

thus, it can co-ordinate to the metal, forcing the methylsulfonate anion to pass from a

112 to a 111 co-ordination. The loss of the extra-stabilisation due to the chelating effect

labilises the MeS03- which is readily displaced by one molecule of MeOH. Finally,

co-ordination to the metal activates MeOH and the hydride is formed (see Scheme
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3.4). Water can be used instead of pyridine, but in this case a large excess is needed,

probably because of the fact that water is a weaker ligand than pyridine.

Scheme 3.4

Finally, the hydride can also be partially formed by thermal activation of 6. In

fact, refluxing 6 in MeOH under nitrogen for ca. 1 hr results in the partial formation

of the hydride as indicated by NMR (see Figure 3.4). This result is very important,

since it shows that the hydride can be formed in the presence of MeS03H using the

operative conditions of the industrial process.

3.3 Reactivity of Pd(dtbpx)(dba), 1, with TsOH

The reaction between 1 and TsOH is very similar to the analogous reaction

with MeS03H. Addition of TsOH to 1 results in the formation of 2, which is, then,

readily oxidised by oxygen or BQ affording 7. No hydride has been observed in all

the solvents considered at room temperature, as in the case of MeS03H, whereas, it is

possible to form the hydride by addition of water to a solution of7 in MeOH.
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Figure 3.4

31p( H} NMR spectrum at 293 K of Pdtdbpx) (dba)/MeSOfl after

A [Pd(d'bpx)('l2.MeSOJ»)'. 6
B (Pd(d'bpx)H(MeOH)t. 3
C [d'bpxH2]2+

rejluxing for 1hour under nitrogen
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The 31peH} NMR spectrum of 7 at 293 K always shows a singlet at ca. 70

ppm, in all the solvents considered (except CH3CN), whereas at 193 K it is possible

to have one of two singlets, dependent on the solvent (see Table 3.6). As in the case

of 6, it is possible to explain this observation for the tosylate complex by assuming

that 7 exists in solution as two conformers, which can mutually inter-convert. The

presence of only one singlet means that the conversion is fast on the NMR time-

scale, whereas the rate is slow when two singlets are present. Hence, it is also

possible to correlate the rate of exchange with the polarity of the solvent.

Surprisingly, 7 shows a direct relationship between the rate and the polarity, whereas

an inverse relationship has been observed for 6. Therefore, it is possible to conclude
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that the exchange for 7 occurs via a solvent-assisted mechanism (see Scheme 3.5 and

Section 3.1.2 for a detailed discussion of the different mechanisms).

Table 3.6

31ptHJ NMR data at 193Kfor [Pd(dbpx) (rt-TsO))+, 7,

in different solvents

Solvent 68 (ppm)

MeOH 0

Acetone 0

THF 0.24

MeP 0.36

CH2Ch 0.55

Scheme 3.5

It is very surprising that replacing a methyl group on the anion with a tolyl

group affects the mechanism of the exchange process so much. At the same time, this

also suggests that the chemistry of these palladium complexes is regulated by a very

delicate balance between the steric and electronic properties of all the ligands

involved, and it could explain also the change in catalytic activity induced by
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MeS03H versus TsOH (i.e. the catalyst based on 1 and MeS03H has higher

performances than the one based on 1 and TsOH).

Also in the case of 7, partial dissociation of the sulfonate anion is observed in

CH3CN at low temperature. In fact, one main species which resonates at 55 ppm (see

Figure 3.5) is present at 238 K, whereas, on raising the temperature a second species

at 68-70 ppm starts to appear, until at 284 K this become the main species in

solution.

Figure 3.5

31p(H} NMR at VT oj[Pd(dbpx) (r/-TsO)]+, 7, in CH3CN

3I5K

~K

aBK
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On the basis of all the results discussed previously, the resonance at 65 ppm

can be assigned to 7 and the one at 55 ppm to 5b. Hence, the following equilibrium is

present in solution:

[Pd(dtbpx)(T)2-TsO)t + 2CH3CN... ~ [Pd(dtbpx)(CH3CNhf+ + TsO· (3.2)

7 5b

In this case, the NMR spectra are less broad than found for 6 and, and this

allows calculation of the thermodynamic parameters for the equilibrium 3.2, giving

~Ho = -5.3 ± 0.4 kcal mort and ~So = -21.8 ± 1.5 cal mort x'. Hence, 7 is the

entropic product, whereas 5b is favoured enthalpically. It is important to note that the

spectrum at 315 K is shifted towards higher field, while the others are shifted to

lower field as the temperature is increased; this is simply due to the change in the

solvent used for the lock (CD2Ch in the first five spectra, D20 in the last one). It is

also important to note that the resonances at low temperature are very sharp, whereas

they broaden as the temperature increases. This is clearly a kinetic effect. At low

temperature, the exchange between the two species is slow on the NMR time-scale

and, hence, the resonances are not affected by the exchange. Afterwards, as the

temperature increases, the exchange becomes faster and faster, and, therefore, the

resonances start to broaden.

3.4 Conclusions

It has been shown in this Chapter that [Pd(dtbpx)(1l2-MeS03))" is formed in

the presence of MeS03H, whereas using the same conditions the hydride
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[Pd(dtbpx)H(solv)r is formed in the presence of TfDH. This change in the product

formed is due to the different co-ordination ability of the two anions TfD- and

MeS03-. It is very interesting to note the very high sensitivity of the complexes

containing d'bpx towards also little changes in the electronic and/or steric properties

of the other ligands present. Moreover, complexes containing a chelating sulfonate

anion are quite rare and, in all cases, the anion is usually easily displaced by polar

solvents, whereas, MeS03- in [Pd(dtbpx)(112-MeS03)r is very strongly bound and is

only partially displaced in CH3CN. Thus, d'bpx seems to stabilise this particular co-

ordination mode of the anion, probably because in this way the steric repulsions

between the diphosphine and the other ligands are reduced.

[Pd(dtbpx)(112-MeS03)r can be converted into the hydride in different ways.

The reaction involving pyridine clearly shows that the anion has to be dissociated

and MeOH co-ordinated to the metal before the hydride is formed. Moreover, the

fact that the hydride can also be obtained by thermal activation of [Pd(dtbpx)(112-

MeS03)r indicates that a hydride might be present in the operative conditions of the

industrial process based on Pd(dtbpx)/MeS03H and, therefore, it could be involved in

the catalytic process. At the same time, [Pd(dtbpx)(112-MeS03)r is more stable than

the hydride and this could explain why the Pd(dtbpx)/MeS03H system results in

higher catalytic performances than the Pd(dtbpx)/TfDH system.
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[Pd(dtbpx)(,,2 -TiD)r 3

[PaCdtbpx)(CH22H3) r 4
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[Jd( dtbpx)(CH22H2(CH2)3CH3)r 10
, t I

[Pd(d bpx)(CH2CH2(CH2)I3CH3)r lOa
[Pd(dtbpx)(,,2 -MeS03) r 11



Reactivity of some catalyst precursors and

catalytic intermediates with olefins

4.1 Introduction

It has been shown in the last two Chapters that it is possible to convert under

certain conditions the complex Pdtd'bpxjtdba), 1, into the hydride

[Pd(dtbpx)H(MeOH)r, 2. Of particular interest is the fact that 2 can be partially

obtained in the presence of MeS03H under conditions very similar to the ones used

for the catalytic process. All the reactions presented in the previous Chapters have

been carried out under N2• Hence, in this Chapter the reactivity of the same
.~.

complexes under ethene will be considered.

''''''- The reaction between metal-hydrides and olefms is one of the classic routes

for the synthesis of metal-alky I complexes. lOne of the problems associated with the

compounds obtained in this way is that they contain a ~-hydrogen and, as a result,

the reaction can be, sometimes, reversed via ~-H-elimination. In all cases, ~-H-

elimination is one of the main reasons for the decomposition of metal-alkyl

complexes, I and this is widely exemplified in palladium chemistry.v' Different

strategies have been adopted in order to avoid this problem. The most obvious

solution is to use alkyl groups without a ~-hydrogen; this strategy has been very

successful in a very large number of cases. Thus, it is interesting to note that,

whereas the complex Pd(TMEDA)IMe is quite stable, the analogous ethyl complex
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Pd(TMEDA)IEt decomposes over one day in CHCh to form palladium metal." ~-H-

elimination in an ethyl-palladium square planar complex is favoured by the presence

of a labile ligand in the cis position. Thus, ethyl complexes can be stabilised using

strongly bound ligands cis to the ethyl group. Phosphines have been largely used for

this purpose. It is interesting to note that most of the known palladium-ethyl

complexes containing monophosphine ligands adopt a trans geometry.i" In all cases,

the stability of these complexes is increased if the ligand trans to the ethyl group is

also not labile (e.g. a halide anion or a thiolate group); otherwise, cis-trans

isomerisation becomes quite facile and, hence, ~-H-elimination can occur. In the

case of diphosphine ligands, the trans arrangement is not possible and, therefore,

ethyl complexes are quite rare. Also in this case, the introduction of a good cis ligand

is fundamental; e.g. the complex Pd[(R,R)-Duphos]Et(C6F5) has been recently

characterised. 8

A completely different strategy has been adopted by Spencer, who has

synthesised new nickel, palladium and platinum ethyl complexes, stabilised by bulky

diphosphine ligands and an agostic interaction between the metal and one of the ~-

hydrogens of the ethyl ligand.c'" These compounds are very interesting, because they

represent a stable form of one of the possible intermediates in the ~-H-elimination

process. Moreover, Spencer has shown clearly that these complexes are in

equilibrium with the ethene-hydride form, which can then lose ethene resulting (in

the case of platinum) in a binuclear di-hydride species (see Scheme 4.1); what is the

ground state of the complex ii.e. the ~-agostic ethyl compound or the ethene-hydride

one) and the possibility of the formation of the dimer, is completely controlled by the

phosphine used. Bulky and basic diphosphines (e.g. d'bpx and d'bpp) favour the ~-

agostic ethyl compound, whereas, decreasing the size of the ligand, the ethene-
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hydride form and, then, the dimer become the main product present in solution.

Spencer's work represents a very important analogy for the work described in this

Chapter.

Scheme 4.1

4.2 Reactivity of [Pd(dtbpxlH(solvU+' 2, with ethene:

synthesis, characterisation and dynamic behaviour of

[pa(dtbpx)(CH6C~~]+' 4

The hydride complex [Pd(dtbpx)H(MeOH)r, 2 (obtained using TfDH, see

Chapter 2), reacts in MeOH with one equivalent of ethene to give in a new species

which shows in the 3IPCH} NMR spectrum at 193 K two doublets at 36.3 and 67.7

ppm with 2J(p_p) = 31.0 Hz (see Figure 4.1). Further addition of ethene (up to 10

bar) does not result in any change in the product formed. The same reaction can be

carried out in a wide range of solvents, using the procedures described in Chapter 2

for the synthesis of the corresponding hydride precursor. The NMR spectrum of the

product obtained is not very sensitive to the solvent used (see Table 4.1); moreover,

the spectra at room temperature are slightly broader than at low temperature, but the

two resonances always remain well separated and, usually, the fine structure of the

spectrum is well resolved.
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Figure 4.1

31p(H} NMR spectrum of[P~(dbpx)(CH2JH3)]+' 4, in MeOH at 193 K

Table 4.1

31p(H} NMR datafor [Pd(dbpx)(CH2CH3)]+, 4, in different solvents

Solvent T(K) BPA BPB 2J(PA-PB)

MeOH 293 38.0 70.0 25.4

MeOH 193 36.3 67.7 31.0

"PrOH 293 37.8 69.8 br

THF 293 38.7 70.3 br

THF 193 37.1 67.9 31.5

THF/CH2Ch 193 36.5 67.9 30.0

CH3CN 293 39.0 70.3 27.0

EtCN 293 38.1 69.7 br

EtCN 193 36.4 67.1 31.5



Chapter Four: Reactivity of some catalyst precursors and catalytic intermediates with oletins 107

The stability of this new compound depends on the solvent used, as found for

the hydride. In particular, it is very stable in primary and secondary alcohols,

whereas it slowly transforms into [Pd(dtbpx)(1l2-TfD)t, 3, in non-alcoholic solvents;

this reaction is faster in the presence of TfDH.

,I In order to better understand the nature of the product formed, the reaction

has been repeated using 13CH2=CH2 instead of CH2=CH2. The experiment has been

carried out by adding 13CH2=CH2 (1 equivalent) to a solution of 2 in MeOH. The

31p{IH} NMR spectrum at 193 K (see Figure 4.2) clearly shows that the resonance at

67.7 ppm is still a doublet eJ(p-p) = 31.0 Hz], whereas the resonance at 36.3 ppm is

now a more complicated multiplet.

Figure 4.2

31p(H} NMR spectrum of a mixture of 4a and 4b in MeOH at 193K
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Assuming that ethene inserts into the Pd-H bond of 2 to give a Pd-ethyl

complex [td(dtbPX)(CH2JH3)r, 4 (for the formulation of 4 as a l3-agostic ethyl

complex see the remaining part of this section), this spectrum can be fully explained.



Chapter Four: Reactivity of some catalyst precursors and catalytic intermediates with olefins 108

On using 13CH2=CH2, two different isotopomers can be formed, i.e.

[Jd(dtbpx)(CH2I3C~3)t, 4a, and [Jd(dtbpx)(13CH22H3)t, 4b (see Scheme 4.2). In

the isotopomer 4a, PAcouples only with Ps (the coupling with CB is too small to be

resolved), and, hence, the expected signal is a doublet with 2J(pA-PB) = 31 Hz. For

the isotopomer 4b, PA couples with both PB eJ(PA-PS) = 31 Hz] and the trans I3C

atom eJ(PA-CA) = 38 Hz], resulting in a doublet of doublets.

Scheme 4.2

(48) (4b)

Of course, in solution an equal amount of the two isotopomers is present but,

because 4b gives four resonances and 4a only two, the intensity of each of the

resonance due to 4b has to be one half of the intensity of each of the resonances due

to 4a. Hence, the resulting signal for PAis a multiplet consisting of six lines, with
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relative intensities 1:2: 1:1:2: 1, as observed in the experimental spectrum. Similar

considerations can be applied to PB; the problem is that, usually, cis- 2J(p_C) coupling

constants are very small (less than 10Hz) and so, the fact that PB appears as a simple

doublet is probably due to the fact that the P-C coupling is not resolved in the

spectrum.

" In the 13C{'H} spectrum at 193 K (see Figure 4.3), two main signals are

clearly present at high field: a singlet at 8 ppm and a doublet at 31 ppm eJ(p-C) = 38

Hz]. It is reasonable to assign the singlet to the -CH3 group of the ethyl ligand, and

the doublet to the -CH2- group, which couples strongly with the trans-P atom. On

using a gaussian enhancement of this spectrum, it is possible to resolve also the cis

coupling constant, as 2J(p-C) = 5 Hz.

Figure 4.3

"ct'H} NMR spectrum of a mixture of 4a and 4b in MeOH at 193 K
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Finally, the l3C spectrum at 193 K has also been recorded (see Figure 4.4). In

this spectrum, the signal at 8 ppm is a quartet [IJ(C-H) = 124 Hz], and that at 31 ppm

is a triplet of doublets [IJ(C-H) = 158 Hz, 2J(C-p) = 38 Hz], in perfect agreement

with the formulation of 4 as an ethyl complex.

Figure 4.4

J3CNMR spectrum of a mixture of 4a and 4b in MeOH at 193 K
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In this way, three of the four co-ordination sites of the complex have been
\

assigned; the 'problem is to identify the ligand present in the fourth sit'~The data in

Table 4.1 clearly show that the phosphorus spectrum of 4 does not change very much

in different solvents. In Chapter 2 it has been shown that in the case of the solvento-

hydride complex [Pd(d'bpx)H(solv)t varying the solvent results in a significant shift

of the resonance due to the P-atom trans to the co-ordinated solvent molecule.

Therefore, it is possible to exclude the presence of the solvent directly co-ordinated

to the metal in 4. Spencer has reported that protonation of Pd(dtbpx)(C2H4), 5, results
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in an ethyl complex containing a ~-agostic interaction, which would be identical to

.t}~Unfortunately, no NMR data for this species has been reported. Hence, the

reaction of 5 with TfDH in MeOH has been studied, resulting in the formation of the

same product 4 (see Scheme 4.3).

Scheme 4.3

2 5

'--The easiest way to detect an agostic interaction in an ethyl complex is to run

the 13CNMR spectrum at a temperature low enough to freeze the rotation of the

methyl group. ~~ Spencer has reported that this process is frozen, for

[Pt(dtbpx)(CH2CH3)]\ 6, at ca. 150 K.9 Hence, the I3C NMR spectrum of the

palladium-ethyl complex has been run in THFICH2Ch at 155 K, but even at this

temperature the exchange process is still too fast on the NMR time-scale and, hence,

the resonance of the methyl group is still a quartet. Therefore, other data must be

considered. A literature search on "classical" Pd-ethyl complexes 6-8 (where there is

no agostic interaction) shows that, in all the compounds reported, IJ(C-H) for both

the CH2 and the CH3 groups is in the range 125-135 Hz, which is normal for an sp'
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carbon; moreover the CH2 group always resonates at higher field than the CH3 group

(see Table 4.2). No NMR data exists for Pd-ethyl complexes with an agostic

interaction. Therefore, analogous Pt-complexes must be considered.

Table 4.2

NMR data/or palladium and platinum ethyl complexes

Complex CHz• CR3•

trans-Pd(PMe3)2(Et)(SPh) b 9.4(131) 16.1 (124)

trans-Pd(PMe3)2(Et)(Cl) b 8.6 (134) 16.5 (125)

trans-Pd(PMe3h(Et)(I) b 15.5 (133) 16.5 (125)

Pd[(R,R')-Duphos ](Et)(C6F 5) c 10.0 15.9

Pt(dtbpp)(Et)2 d 11.1 17.2

[~( d'bpp )(CH22H3) r e 22.0 (158) 8.2 (60 + 153)

[~(dtbpx)(CH2C »r e 22.0 (155) 9.0 (75 + 155)

• Chemical shift in ppm and 'J(C-H) in Hz (when reported). bat 233 Kin CD2Ch, see ref. ~. c at 293 K

in CD2Ch, see ref. 8. d at 298 Kin C6D6, see ref. 9. e at 145 Kin CD2CVfHF, see ref. 9

'"\J In all these complexes, the CH2 group resonates at lower field than the CH3

group. Moreover, IJ(C-H) for the CH2 group assumes a higher value (150-160 Hz)

than in classical ethyl complexes, nearer to a Sp2 than a Sp3 carbon. The value

observed for the coupling constant in the methyl group depends on the temperature.

When the rotation of the methyl group is frozen, two different values are observed,

i.e. 150-160 Hz for the two non-agostic proton and 60-80 Hz for the agostic proton.

Whereas, when the rotation is fast, an averaged constant is observed, which assumes

a value similar to the classical one, i.e. 120-130 Hz. [P~(dtbpx)(CH22H3)r, 4, clearly

shows the inversion of the chemical shifts of the CH2 and CH3 groups, typical of an
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agostic ethyl ligand. Moreover, also the values of IJ(C-H) (158 and 133 Hz for CH2

and CH3, respectively) agree with the presence of an agostic interaction. Hence, it is

possible to conclude that the product formed by reaction of 2 with ethene is

[Jd(dtbPx)(CH2C13)t, 4, which contains an agostic interaction.x.

The NMR data reported in Table 4.1 also suggest that the agostic interaction

is maintained in all the solvents examined, even in strongly co-ordinating solvents

such as CH3CN and EtCN. In order to confirm this, the reaction between

[Pd(dtbpx)H(EtCN)t, 2a, and BCH2=CH2 in EtCN has been studied. The NMR data

for the resulting BC-enriched ethyl complex are reported in Table 4.3 and compared

with the analogous data in MeOH.

Table 4.3

NMR data at 193 Kfor [Pd(dbpx)(CH2CH3)]+, 4, in MeOH and EtCN

MeOH EtCN

SPA 36.3 36.4

SPB 67.7 67.1

SCA 31.0 31.8

SCR 7.9 9.3

2J(PA-PB) 31.1 31.5

2J(PA-CA) 38.0 39.8

2J(PB-CA) 5 5.5

IJ(CA-H) 158 157

IJ(CB-H) 124 *
• Hidden by the solvent
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These data clearly show that even in EtCN the agostic interaction is also

maintained intact. This conclusion is quite surprising, since it is usually reported that

agostic interactions are relatively weak.

I ,_:I I +
4.2.1 The dynamic behaviour of [Pd(a bpx)(CH2CH?)1 ! 4: low--

temperature processes

It has been shown in the last Section that the protons of the methyl group of

the ethyl substituent in 4 are equivalent in the NMR time-scale, even at 155 K. This

can be explained assuming a very low energy barrier for the rotation of the methyl

group. A similar behaviour has been observed by Spencer in analogous platinum

complexes.I The rotation can occur with or without full dissociation of the agostic

interaction, as described by Green and Wong." Usually, such a kind of dynamic

process in agostic-ethyl complexes is explained on the base of a dissociative

mechanism (see Scheme 4.4). First the agostic interaction is broken, then the free

methyl group can rotate and, finally, the agostic interaction is re-formed.

Scheme 4.4

Dissociative mechanism for the methyl-rotation in 4

Green and Wong have, instead, demonstrated that scrambling of the p-

hydrogens of the agostic ethyl group in some molybdenum and cobalt complexes
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occurs via a mechanism analogous to that described in Scheme 4.5. They also claim

that this mechanism may be quite general for such l3-agostic interactions. This

mechanism requires, of course, a gradual weakening of Ha-Pd and strengthening of

Hs-Pd agostic interactions and, therefore, the dissociative mechanism can be

considered to be the limiting case. It is thus very difficult to quantify the degree of

weakening of the agostic interaction during the rotation of the methyl group in 4. In

all cases, the fact that this interaction has been shown to be very strong even in very

polar solvents and, moreover, the fact that the process is very fast even at low

temperature, seems to suggest that the mechanism shown in Figure 4.5 is preferable

to the dissociative one shown in Figure 4.4.

Scheme 4.5

In-place rotation mechanism

etc

There is another exchange process which occurs below room temperature. In

Figure 4.5, the 31p{ IH} NMR spectra of a 1:1 mixtures of 4a and 4b in MeOH from
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183 K to 293 K are reported. These spectra clearly change with temperature, and it is

interesting to note that the two resonances of the complex change in a different way.

Figure 4.5 A

vr31p(H} NMR spectra of a mixture of 4a and 4b in MeOH
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Figure 4.5 B

VT 31p( H} NMR spectra of a mixture of 4a and 4b in MeOH (PB-

resonance)
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Figure 4.5 C

vr31p(H} NMR spectra of a mixture of 4a and 4b in MeOH (PA-

resonance)
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The cis resonance is always a well resolved doublet from 183 K to 283 K,

and only at 293 K starts to broaden. Whereas, the trans resonance from 183 K to 233

K appears as a 1:2:1:1:2: 1 multiplet, which starts to broaden at 243 K. At 248 K

there is complete coalescence, and from 253 K to 283 K, it becomes a doublet of

doublets, with 2J(p_p) = 31 Hz and 2J(p-C) = 19 Hz. Finally, at 293 K, the trans

resonance starts to broaden again. Hence, from these data, it is possible to conclude

that in this temperature range, two different dynamic processes are present. The first

one, which takes place at low temperature, involves only the trans resonance (PAin

Scheme 4.6), whereas the second one, starting at room temperature, involves both the

resonances of the ethyl complex 4. In this Section, only the low temperature process

is considered; the high temperature one will be discussed in Section 4.2.2. The

easiest explanation for the low temperature process is to assume that a process which

scrambles the two carbons of the ethyl group takes place (see Scheme 4.6).

Scheme 4.6

13c/ 2C scrambling in 4

The pattern observed in Figure 4.5 is, of course, peculiar of the fact that a

mono-labelled sample has been used. On repeating the experiment using non labelled

ethene, the low temperature process is, in fact, not observed (see Figure 4.6).

Whereas, using 13CH2=CH2, after the coalescence point, PAfor half of the time sees a
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trans a 12C with, of course, no coupling, and for half of the time sees a 13C with 2J(p_

C) = 38 Hz. Hence, the average value for the coupling constant, when the scrambling

process is fast on the NMR time-scale, is 2J(p-C)av = (38+0)/2 = 19 Hz, as observed

in the experimental spectra.

Figure 4.6

3Jprj H) NMR spectra at VT of [Pdidbpx) (CH2CH3J+, 4, in MeOH

(PA-resonance)

283K

253K ~)\A_
248K }Jl
243K _R_
233K _JVL
193K

39.0 38.0 37.0 36.0 35.0 34.0
(ppm)

As expected for such a process, the J3C { JH} resonances due to the methyl and

methylene groups both broaden with increasing temperature. When the scrambling is

fast enough to make them equivalent, a broad resonance at ca. 18 ppm appears (see
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Figure 4.7; the nature of the resonance at 30 ppm which appears on increasing the

temperature is not at present understood).

Figure 4.7

VT 13CtH} NMR spectra of a mixture of 4a and 4b in MeOH
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Spencer has shown that in the case of similar platinum complexes," the

carbon atoms of the ethyl group, which are inequivalent at low temperature, also

become equivalent on increasing the temperature. It is usually accepted that the

scrambling process occurs via an equilibrium between the ethyl-agostic complex and

a hydride-ethene complex which readily undergoes ethene-rotation (see Scheme 4.7).

In some cases, the occurrence of such an equilibrium has been proved

experimentally.9,11,13 The electronic and steric properties of the ligands really

influence the position of the equilibria shown in Scheme 4.7 with either the ethene-

hydride or the agostic-ethyl complex being the most stable. The energy difference

between the two forms is usually quite small, and this explains why the scrambling

process occurs at low temperature.

Scheme 4.7

"",4.2.2 The dynamic behaviour of[Pd(dbpx)(CH)CH ;)1+, 4: high
-,I
",-'

temperature processes

In order to study the dynamic behaviour of 4 in solution at high temperature

(greater than room temperature), the following experiment has been done. A solution

of 4 in MeOH has been prepared with normal ethene, and then it has been put in a

sapphire tube under 3 bar of ethene, in order to avoid the solvent boiling at high

temperature. Hence, the 3IP{IH} spectra have been recorded from 293 K to 353 K
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(see Figure 4.8). At 293 K the two peaks of the ethyl complex are clearly present;

some impurities are also present (mainly the metallated phosphine). On increasing

the temperature, the resonances of the ethyl complex start to broaden, until they

collapse at 353 K to form only one broad resonance at 54 ppm.

Figure 4.8

VT3Ip(H} NMR spectra of[PJ(dbpx)(CH2CJ3J+, 4, in MeOH; high

temperature experiment

110 100 so 70 (i)
(wn)

50 40 30 20 10
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Three other species are clearly present at this point: the metallated phosphine,

the protonated phosphine and 2. The metallated phosphine is an impurity which was

present from the beginning of the experiment, whereas the protonated phosphine is a

-decornposition product. In fact, at this temperature, decomposition starts to be quite

fast, even under ethene. After 45 minutes at 353 K, the amount of [dtbpxH2]2+ greatly

increases (see Figure 4.9) and Pd-metal is also present in the tube. Apart from this,

two other processes occur at these high temperatures.

Figure 4.9

31ptHJ NMR spectrum of[P~(dbpx)(CH2C~3)J+, 4, at 353 K after 45

minutes

# [~d(dtbpx)(CH22H3)t
% [dtbpxH2]2+
+ metallated phosphine
* [Pd(dtbpx)H(MeOHW
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First, the ethyl complex 4 partially loses ethene affording the soIvento-

hydride complex 2. In other words, an equilibrium exists between 4 and 2, and the

position of this equilibrium depends on the temperature, the pressure of ethene and

the solvent.
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(4.1 )

4 2

In MeOH, there is an appreciable amount of 2 only at 353 K, whereas, in

EtCN, it is possible to detect the presence of a small amount of the hydride

[Pd(dtbpx)H(EtCN)t, 2a, at 193 K (see Figure 4.10); in this solvent, the hydride is

the main species present in solution at room temperature.

Figure 4.10

VT 31P{JH} NMR spectra of a mixture of 4a and 4b in EtCN
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This enormous dependence of the equilibrium 4.1 on the solvent can be

explained on the basis of the different co-ordinating ability of MeOH and EtCN, and

it suggests the involvement of an associative mechanism (via a penta co-ordinated

species) for the elimination of ethene from 4 (see Scheme 4.8). It has been shown in
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many cases that substitution in square-planar complexes often occurs by such a

mechanism. 14

Scheme 4.8

(" CH,,' e '''','-, ./)(-)CH, + solv Pd__ CH2

- solv p/ ~H-\H2p 'H'

+ solv -,:« + C2H4 ()<~'- solv p/ "'H
- C2H4

The second exchange process operating at high temperature accounts for the

equivalence of the P-atoms at 353 K. This process and the equilibrium discussed

above seem to be completely independent. First, it has been shown in Chapter 2 that

the two P-atoms in 2 remain always inequivalent, even at high temperature; hence,

the P-atoms in 4 cannot become equivalent through the formation of 2. Second, the

proposed mechanism for the p-elimination does not exchange the relative position of

the phosphorus atoms. In fact, the equilibrium is reached very fast in EtCN at all the

temperatures studied, and in all cases 4 shows two very sharp resonances.

Two different mechanisms can be proposed in order to explain the

equivalence of the P-atoms of 4 at high temperature (see Scheme 4.9). The first

mechanism involves an intra-molecular rearrangement of 4 via a tetrahedral

intennediate. Such a kind of mechanism has been proposed in order to explain other

internal rearrangement occurring in four co-ordinated square-planar complexes, such
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as cis-transisomerisation.15 Tetrahedral geometry is widely exemplified in nickel

chemistry," whereas not a lot of stable tetrahedral palladium compounds are known.

For instance, Hor et al.17 recently reported the synthesis, solid state structure (X-ray)

and spectroscopic characterisation in solution of the tetrahedral complex

PdCh(dppf02-0,O'); interestingly, it does not exhibit an unusual value for Op as a

result of the expected paramagnetic shift.

Scheme 4.9

A) Mechanism without dissociation of the agostic interaction

B) Mechanism with dissociation of the agostic interaction

The second mechanism involves dissociation of the agostic interaction with

formation of a 14 electron T-shaped intermediate which can, then, become Y-shaped

allowing the change of the relative positions of the ethyl group and the P-atoms.
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Spencer 9 has proposed this second mechanism in order to explain the same process

in similar platinum complexes. Romeo et al.5 have claimed the formation of T-

shaped intermediates and their rearrangement via a Y-shaped form for explaining the

cis-trans isomerisation process in Pt(PR3h(Meh (R = alkyl or aryl substituents). The

theoretical possibility of this mechanism has been proved by Thorn and Hoffmann 18

who made quantomechanical calculations on model platinum compounds. They

calculated a very low activation energy for the T-Y interconversion, whereas all the

experimental data (including those presented in this thesis) suggest a higher value.

This is probably due to the very simplistic model adopted in the calculation (i.e. the

complex [PtH(PH3)t). Also the work by Yamamoto suggests a high activation

energy for this process." Hence, even though the experimental data do not allow a

clear distinction between the two mechanisms proposed for the equivalence of the P-

atoms at high temperature, the analysis of the literature suggests that the second

mechanism (dissociation of the agostic interaction and rearrangement of the resulting

T-shaped intermediate) is probably preferable.
. i"'-.

4.2.3 The reactivity of[~d(clbpx)(CH2C1~)1+! 4

It is interesting to note that the ethyl complex 4 is more stable in MeOH than

the hydride 2. The half-life of 2 at room temperature in MeOH is in fact 2-3 days,

whereas 4 is still the main species in solution even after one week. Also, at high

temperature 4 is more stable than 2. For instance, 2 completely decomposes at 353 K

after 20 minutes, whereas it is still possible to observe the presence of 4 even after 1

hour at this temperature. As found for 2, 4 also decomposes to give [dtbpxH2]2+ and

Pd-metal as main products, and its stability in MeOH (and other alcoholic media)

depends on the amount of acid present; addition of TroB, usually, stabilises all these
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complexes in MeOH. The behaviour in non-alcoholic media is different. As in the

case of 2, 4 converts with time into 3 or [Pd(dtbpx)(solv)2f+, 7, depending on the

solvent; 3 is formed in most of the non-alcoholic solvents studied (e.g. THF, MeP,

THF/CH2Cb, acetone) whereas 7 is formed in EtCN and CH3CN. These reactions are

accelerated by addition of TtUH. Apart from the formation of these complexes, the

usual decomposition pathway to form [dtbpxH2]2+ and Pd-metal is also observed in

non-alcoholic solvents; decomposition can start from either 4 or 3 and 7 (see Scheme

4.10).

Scheme 4.10

Decomposition of 4 in non-alcoholic solvents
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It has been shown in Section 2.4.2 that the solvent in [Pdtd'bpxjlffsolvj]", 2b,

can be displaced by a variety of neutral (i.e. PPh3, PPh2H, Py, THF, H20, CH3CN,

EtCN) and anionic ligands (Cl, Br', I') to give quantitatively new cationic and

neutral Pd-hydrides, respectively. The behaviour of 4 seems quite different. In fact,

its reaction with different halide salts results in the quantitative formation of

Pd(dtbpx)HX (X = CI, 8a; Br, 8b; I, 8e) and not Pd(dtbpx)EtX. Gas evolution has

been observed during this reaction.

[PkdtbPx)(CH22H3)t +x --_.. Pd(dtbpx)HX + C2H4

4 8

(4.2)

Moreover, 4 reacts with PPh3 to give a mixture containing many different

compounds, among which it is possible to identify [Pd(dtbpx)H(PPh3)r, OPPh3,

[dtbpxH2f+, 4 and the metallated ligand. However, there is no evidence for the

formation of [Pd(dtbpx)Et(PPh3)r. The reaction of 4 with pyridine also results in the

formation of a complicated mixture of products. However, there is no trace of

resonances attributable to [Pd(dtbpx)Et(pY)r. It should be noted that 4 does not seem

to react with water in MeOH. In fact, starting with a MeOH solution (2 ml) of the

ethyl complex and adding of water (up to 4 ml), the chemical shifts of the two

resonances change by only few tenths of a ppm, whereas in the case of 2 a shift of

ca. 3 ppm had been observed (see Section 2.4.2). Further addition of water results in

the complete precipitation of the complex. It has already been shown that dissolution

of 4 in EtCN results in a mixture of 4 and 2a; in all cases, there is no evidence for the

formation of [Pd(dtbpx)Et(EtCN)t Such complexes are probably unstable because

of steric problems.
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4.3 Reactivity of [Pd(dtbpx)H(MeOH)]\ 2, with other

olefins

The catalyst based on Pdtd'bpxjtdba), 1, has been mainly studied for the

methoxycarbonylation of ethene. However, some preliminary studies aimed to test

the possibility of using the same catalyst for the methoxycarbonylation of other

olefins have been undertaken.i" Apart from commercial reasons, these studies are of

interest in order to better understand the chemical behaviour of this catalytic system.

The autoclave experiments have shown that, using the same conditions in which the

methoxycarbonylation of ethene is usually carried out, the catalyst is able to convert

higher ce-olefins into the respective esters, but not internal alkenes. Moreover, the

activity of the catalyst rapidly decreases by increasing the chain length of the a-

olefin used, and the catalyst is also very selective. In fact, only the linear ester is

formed. Thus, in order to have a better understanding of all these reactions, the

reactivity of 2 with a few n-olefins will be examined in this Section.

The variable temperature 3lpeH} NMR spectra obtained by adding 3

equivalents of propene to a MeOH solution of 2 are reported in Figure 4.11. In the

spectra at low temperatures, two doublets at ca. 40 and 70 ppm are present. The

chemical shifts of both these resonances are very close to those observed for the two

resonances of 4. Moreover, no P-H coupling is present in the 31p spectrum. Hence, it

seems that in this case the olefin also inserts into the Pd-H bond to form a Pd-alkyl

complex. In theory, propene can insert in two different ways, to give either the linear

or the branched Pd-propyl complex; whereas, only one species is present in solution

and, for steric reasons, it is possible to reasonably conclude that the isomer formed is



Chapter Four: Reactivity of some catalyst precursors and catalytic intermediates with olefins 132

the linear one, i.e. [~d(dtbpx)(CH22H2CH3)r, 9. The fact that propene inserts

forming only 9 explains why CH3CH2CH2COOCH3 is the only product of the

reaction between propene, CO and MeOH promoted by 1.

Figure 4.11

vr31ptH} NMR spectra of[Pd(dbpx)(CH2dH2CH3)]+, 9, in MeOH
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It is interesting to note that in the above spectrum at room temperature there

is also an appreciable amount of the hydride 2. Hence, on raising the temperature, the

propyl complex loses propene. The process is reversible; in fact, on cooling the
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solution down to 193 K, 2 disappears and 9 is the only species detected by NMR.

Thus, it is possible to conclude that 2, in presence of propene, is in equilibrium with

9. The same behaviour has been observed in Section 4.2.2 for the ethyl complex 4.

The only difference is the temperature at which an appreciable amount of 2 starts to

appear in the NMR spectrum. For the propene system, this happens at room

temperature, whereas on using ethene the hydride is only observed at 353 K. Hence,

it seems that it is sufficient to add one carbon atom to the olefin chain in order to

destabilise the Pd-alkyl complex and favour ~-elimination.

The same reaction has been repeated using l-hexene and the variable

temperature 31peH} spectra are reported in Figure 4.12. In the spectrum at 196 K, a

species showing two doublets at ca. 40 and 70 ppm is present, and it can be

formulated as [~d(dtbpx)(CH2C~2(CH2)3CH3)t, 10, by analogy with what has been

observed with propene. This species is already present at 196 K together with a small

amount of the hydride complex 2. On raising the temperature, the ratio 2:10

increases, until at room temperature 2 is the main species present in solution. The

system is completely reversible on cooling the solution, except for the presence of

some decomposition products, i.e. [dtbpxH2]2+ (50 ppm, s) and the metallated

phosphine (41 and 110 ppm, both singlets). Hence, this experiment also confirms the

preceding statement: the hydride is always in equilibrium with the linear alkyl

complex in the presence of an a-olefin, whereas the stability of the Pd-alkyl toward

~-elimination and formation of 2 depends on the length of the olefin aliphatic chain.
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Figure 4.12

VT31p(H} NMR spectra of[Pd(dbpx)(CH2dHdCHj3CH3)]+, 10, in

MeOH
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Further confirmation of this hypothesis has been obtained by studying the

reaction of 2 with l-hexadecene. In this case, traces of the insertion product

[P~(dtbpx)(CH2~H2(CH2)13CH3)r, lOa, have been observed at 193 K, whereas at

293 K only 2 is present. The values of Keq for the equilibrium described in eq. 4.3 at

different temperatures and with different olefins are reported in Table 4.4
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Table 4.4

Equilibrium constant (Keq) for different linear a-olefins (C"H2,J (see

eq.4.3)

n Keq at 193 K Keq at 293 K

2 00 00

3 00 134

6 351 1.8

16 1.3 0

In the case of l-hex ene, Keq has been calculated at different temperatures by

integration of the NMR spectra. Then, using basic thermodynamic laws, it has been

possible to calculate the 8HO and 8S0 associated to the equilibrium. The resulting

values are 8HO = -5.8 ± 0.3 kcal mol" and 8S0 = -18.4 ± 1.2 cal mol" Kl. Hence,

the olefin insertion is an exothermic process with a decrease of entropy. Then, the

Pd-alkyl is enthalpically favoured, whereas the Pd-hydride is entropically favoured.

The fact that the position ofthe equilibrium 4.3 strongly depends on the alkyl

group R is probably connected with the fact that d'bpx is a very bulky ligand, and

this fact is probably very closely related with the very high selectivity of this

catalysts toward the formation of methylpropanoate. In the same context, it is

noteworthy that 4 does not react with excess ethene to give a higher alkyl complex.

Moreover, it is usually reported that the catalysts used for the formation of
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polyketones result in the oligomerisation of ethene, if the process is carried out in the

absence of CO,21 whereas, the catalytic system based on 1 is completely inactive

under the same conditions.r'

4.4 Reactivity of [Pd(dtbpx)(n2-MeSOJlJ+' 11, with

ethene

Three different classes of experiments have been considered in order to

understand the reactivity of [Pd(dtbpx)(112-MeS03)t, 11, under ethene.

I) Ethene has been bubbled through a solution of 11 in MeOH at room temperature

and atmospheric pressure. In this way, 11 is completely converted into 4 after ca.

30 minutes. Leaving this solution under nitrogen for a few days results in the

partial reformation of 11. The reaction can be reversed again by further bubbling

ethene.

2) A solution of 11 in MeOH has been pressurised with 2-10 bar of ethene. Under 2

bar of ethene at room temperature, 4 became the main species present in solution

after 24 hours. The sample was, then, degassed and stored under nitrogen; after 4

days, 4 was still the main species present in solution. Operating at 353 K under

lObar of ethene, a considerable amount of 4 is formed after ca. I hr. 11 was

always present in these experiments. In all these reactions, the inadequate mixing

of gas with solution has been always a great problem, causing a low

reproducibility of the results.
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3) A solution of 11 in MeOH has been refluxed under atmospheric pressure of

ethene at 353 K. The solution was, then, cooled under ethene to room

temperature and analysed by NMR. 4 was the main species in solution after 1

hour and the other species present were 11 and [dtbpxH2f+

J These data can be explained by assuming the presence of the three

components in the two equilibria system described in Scheme 4.11 The equilibrium

between 4 and 2 has been discussed previously in this Chapter, where it has been

shown that an appreciable amount of 2 is present only at 353 K, when the ~-H-

elimination process is favoured for entropic reasons; whereas, at lower temperatures,

the equilibrium is nearly quantitatively shifted towards 4.

Scheme 4.11

2

(P)lH\]+
P 'H'

4

(

p 0 :l+X)<~ -
P 0

11

P Hl+
(>(, -

The inter-conversion of 11 into 2 has been discussed in Chapter 3. It is very

difficult in this case to distinguish between thermodynamic and kinetic parameters.

Considering a MeOH solution of 11 at room temperature, there is no evidence for the

formation of 2 even after a few days. However, it is possible to observe small traces

of 2 after refluxing the same solution at 353 K for 1 hour. Addition of MeS03H to a

solution of 2 in MeOH results in the formation of 11, but it is possible to have

complete conversion only after a few hours in the presence of an excess of acid.

Thus, however the position of the equilibrium between 11 and 2 is, the rate of the
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direct and inverse reaction is very low at room temperature. Moreover, the present

data suggest that the equilibrium is always shifted towards the formation of 11.

When ethene is added, thermodynamic effects favour the formation of 4. It is

known that the conversion of 2 into 4 is very fast. Hence, the rate determining step is

the conversion of 11 into 2. The experiments described above suggest that addition

of ethene has not only a thermodynamic effect, but also a kinetic effect. In fact, it is

possible to suppose that ethene co-ordination to the metal can favour the dissociation

of the methanesulfonate anion and the co-ordination of MeOH, which becomes

activated for J3-hydride elimination. The hydride and, then, the ethyl complex are

formed in this way.

4.5 Conclusions

It has been shown in this Chapter that it is possible to convert the hydride 2

into the ethyl complex 4. This reaction is very fast and goes to completion after the

addition of one equivalent of ethene. The same reaction, starting from 11, requires

much more forcing conditions. Despite this, it has been possible to demonstrate that

4 forms also in the presence of MeS03H and in conditions similar to the ones used

for the catalytic process (10 bar of ethene, 353 K).

The complex 4 exists in solution as an ethyl-agostic complex; this agostic

interaction is surprisingly very strong and this is probably due to the presence of the

very bulky and basic d'bpx ligand. The ethyl complex 4 undergoes four different

exchange processes in solution. The first process is the scrambling of the J3-

hydrogens of the ethy I group, which occurs via in-place rotation mechanism without
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apparent dissociation of the agostic interaction. The energy barrier for this process is

very low and, thus, the ~-hydrogens are equivalent even at 155 K. The second

exchange process scrambles the two carbon atoms of the ethyl substituent, and

occurs via an ethene-hydride intermediate. This process is frozen below 248 K, but is

fast at higher temperatures. The other two processes can only be clearly detected at

353 K; one makes the two P-atoms in 4 equivalent via a Y-shaped intermediate,

whereas the other process involves the elimination of ethene and formation of the

hydride 2.

Other o-olefins can insert in the Pd-H bond of 2. The reaction is completely

regioselective; in fact only the linear Pd-alkyl complex is formed. The formation of

the alkyl complex is disfavoured on increasing the length of the olefin, probably for

steric reasons. This accounts for the decrease of catalytic activity passing from

ethene to other terminal olefins. Moreover, it suggests that the bulkiness of the d'bpx

ligand controls most of the chemistry of these complexes. In particular, it can be

correlated to the very high selectivity of the catalytic system based on 1. Poly ketones

are not formed mainly because there is not enough room for the growing polymer

chain. The problem of the selectivity will be examined again in Chapter 6.
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Numbering scheme for Chapter 5

Pd( dtbpx)( dba) 1

[Pd{dtbpx)H{MeOH)t 2

[ph(dtbpx)(CH2dH3)t 3

[PU(dtbpx)(13CH2Clh)t 3a

[p&(dtbpx)(CH2
13Clh) r 3b

[Pd(dtbpx)(COEt)(MeOH)t 4

[Pd(dtbpx)(COEt)(THF)t 5

[Pd(dtbpx)(13COEt)(THF)t Sa

[Pd(dtbpx)( I3COI3CH2CH3)(THF)r 5b

[Pd(dtbpx)( J3COCH213CH3)(THF)r Sc

Pd(dtbpx)(COEt)(Cl) 6

Pd(dtbpx)Ch 7

Pd(dtbpx)(CF 3COOh 8

[Pd(dtbpx)(CH3CN)2]2+ 9

[Pd(dtbpx)(COEt)(EtCN)l' 10

[Pd(dtbpx)(13COEt)(EtCN) r lOa
[Pd(dtbpx)( 112-TfO)t 11

Pd(dtbpx)(COMe)Cl 12

[Pd(dtbpx)(COEt)(CO)t 13

[Pd(dtbpx)H{CO)t 14

[Pd(dtbpx)( 112-MeS03)t 15

Pd( dtbpx)(CO) 16

Pd{dtbpx)(CO)2 17



Reactivity of some catalyst precursors and

catalytic intermediates with carbon monoxide

5.1 Introduction

Two of the three main intermediates involved in the hydride cycle for the.
methoxycarbonylation of ethene promoted by the catalytic system based on

Pd(dtbpx)(dba), 1, have been characterised in the previous Chapters, i.e.

[Pd(dtbpx)H(MeOH)r, 2, and [~d(dtbpx)(CH22H3)r, 3. The last step in order to

close the catalytic cycle is to add CO.

~) CO insertion into a M-alkyl bond is a classic reaction for the synthesis of

metal-acyl complexes;' Pd-acyl compounds are usually not very stable.i However,

spectroscopic data 3,4 and, in a few cases, X-ray structures are now available.Y' The

mechanism of the carbonylation of metal-alkyl or metal-aryl bonds has been

extensively studied for many systems both experimentally 7-10 and theoretically.!':"

The generally accepted mechanism contains four main features (see Scheme 5.1): (i)

co-ordination of a CO molecule to the metal centre, (ii) isomerisation of the metal-

carbonyl complex via pseudorotations to achieve a configuration suitable for alkyl

migration, (iii) migration of the alkyl or aryl group to CO co-ordinated in a cis

position, and (iv) stabilisation of the unsaturated complex via association with an

additional ligand or 112-acyl co-ordination. Relatively little work has been carried out

on the carbonylation of organopalladium compounds.
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Scheme 5.1

Generally accepted simplified mechanism of co insertion in M-R bonds

in square-planar complexes 15

co

CO
y""" '», I .z

"M"
X/,"'R "zy"/".... I .....\,"(0

"M" _)
X/,"'R

/z

Heck et a/. 13 have studied the carbonylation of trans-M(PR3)z(R')X (M =Ni,

Pd, Pt; R' = alkyl or aryl; X = CI, Br, I), showing that the first step of the reaction is

the co-ordination of CO to the metal to give a penta co-ordinated species,

M(PR3MR')X(CO), which can exist as different isomers. The reaction can, then,

follow two different pathway (or both to different extents), depending on the

conditions (see Scheme 5.2). The first mechanism involves direct migration of R'

onto CO in M(PR3h(R')X(CO), whereas the second mechanism involves

dissociation of one phosphine ligand and, then, migration to the resulting square-

planar complex.
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Scheme 5.2

Proposed mechanism for the carbonylation oftrans-M(PR3h(R ')X

(M = Ni, Pd, Pt) 13

+ CO M(PR3MR')(CO)X

_C~~

In the case of palladium complexes containing diphosphine ligands, the

dissociation of the diphosphine is unfavourable and, hence, the mechanism must be

reviewed. Also in this case, the first step is CO co-ordination resulting in a 5 co-

ordinate complex (see Scheme 5.3). Then, the alkyl or aryl group can directly

migrate onto the co-ordinated CO, probably after pseudo-rotation of the ligands in

order to achieve an appropriate geometry for the migration (associative mechanism);

alternatively, the complex can lose the ancillary ligand X (dissociative mechanism)

to give a square planar complex, cis-[Pd(P-P)(CO)Rt; the cis geometry favours

migration and, finally, the solvent or another ligand can enter in the fourth co-

ordination site of the complex. The dissociative mechanism has been proved

experimentally in some cases. In particular, Toth and Elsevier 14 have shown that



Chapter Five: Reactivity of some catalyst precursors and catalytic intermediates with CO 146

[Pd{(S,S')-BDPP}(CH3)(CO)t is one of the intermediates in the carbonylation of

[Pd{(S,S')-BDPP}(CH3)(solv)t Moreover, this mechanism is in some cases clearly

indicated by the fact that the rate of the carbonylation process increases by replacing

strongly co-ordinating ligands (e.g. halides) with labile ligands."

Scheme 5.3

CX
x l

(X:OR-co ()M(-CO
-cop/ R p R

+ x- -X" +X" - x-

CXcOl+ l+C>-CORp/ R p

5.2 Reactivity of [Pd(dtbpx)(CH~rn~)J+,3, with CO

[~d(dtbPx)(CH2~H3)]+' 3, reacts in MeOH under N2 with one equivalent of

CO to give [Pd(dtbpx)H(MeOH)t, 2, and MeP (this last product is detected by I3C

NMR when labelled compounds are used). On using more CO, decomposition

becomes a serious problem, but it is always possible to detect the formation of MeP.

This data can be explained assuming that CO inserts in 3 to give

[Pd(dtbpx)(COEt)(MeOH)t, 4, followed by rapid methanolysis and formation of the

final products (see Scheme 5.4). On using excess of CO, the formation of MeP

suggests that the same process takes place (at least partially) followed by CO-
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induced decomposition of 2 (see Section 5.3 for more detail). In this way, the last

step of the catalytic cycle has been achieved.

Scheme 5.4

p. "H" 1+ -co (>(~. (><~'.()\)CH' +MeOH + MeOH MeP

-co
p C -MeOH ~Me

H2 H
3 4 2

In order to characterise the last intermediate, this reaction has been repeated

in non-alcoholic solvents. Thus, 3 reacts in THF at low temperature with one

equivalent .of CO resulting in the formation of a new species which shows two

doublets at 36.3 and 83.4 ppm eJ(p-p) = 40 Hz] in the 3lpeH} NMR spectrum at

193 K. These NMR data indicate that the new species contains two cis inequivalent

P-atoms, in agreement with the formulation [Pd(dtbpx}(COEt)(THF)t, 5. The

complex Pd(dtbpx)(COEt}(CI}, 6, is well known," and shows two doublets at 15.1

and 44.2 ppm eJ(p-p) = 52.6 Hz]. The shift to lower field observed for 5 agrees

perfectly with the substitution of an anionic ligand, Cl, with a neutral and less basic

molecule of THF. The same behaviour has been observed during this work for other

Pd(I1) species containing d'bpx, e.g. Pd(dtbpx)Cb, 7 (36 ppm), Pd(dtbpx)(CF3COOh,

8 (42 ppm), and [Pd(dtbpx}(CH3CN)2f+, 9 (55 ppm).

In order to confirm the nature of the product formed, the reaction has been

repeated using one equivalent of I3CO instead of 12CO. In these conditions, the two

resonances at 36.4 and 83.4 ppm appear as two doublets of doublets (see Figure 5.1),

instead of the two doublets present in the previous experiment, due to the formation

of [Pd(dtbpx)(13COEt)(THF)t, Sa. The cis P-P coupling constant is still 40 Hz,
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whereas the resonance at 36.4 ppm (PAin Scheme 5.5) clearly also shows a P-C

coupling constant of 84.0 Hz due to the trans acyl group, and the resonance at 83.4

ppm (PB in Scheme 5.5) has a P-C coupling constant of 17.0 Hz (cis-coupling).

Figure 5.1

31p( H} NMR spectrum of [Pdtdbpx) (3COEt) (THF)]+, Sa, in THF at

~J_.
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Scheme 5.5

Sa
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Finally, the I3C{IH} NMR spectrum shows an acyl resonance 3,4,14,15at ca.

232 ppm. The carbon spectrum is strongly temperature dependent, because of the

presence of a dynamic process (see Section 5.2.1). The system is completely static at

173 K (see Figure 5.2), and, hence, in these conditions the acyl resonance is a

doublet of doublets, with trans-2J(P-C) = 84.0 Hz and cis-2J(P-C) = 17.0 Hz.

Figure 5.2

J3etH} NMR spectrum o/[Pd(dbpx)(13eOEt)(THF)]+, Sa, in THF at

173 K

2J~- ,. ·23~,~"r-·1;~-··-·~j~···-··2;;~~~"-'--m-"'--;;; --"-'2;;" -2~~ .'-'-.;~..-~n2;;·--·"12;-· 216 ;;;-.. 224 223 "2ZZ--r. '22;"'~"-"
'.....,

A doubly !3C-enriched acyl can be obtained in THF or THF/CH2Ch by

. I t 13 t + I t 13 I +reacting a 1:1 mixture of [Pd(dbpx)( CH2 H3)] , 3a, and [Pd(dbpx)(CH2 CH3)] ,

3b, with one equivalent of I3CO at 193 K. The product of this reaction is a mixture

1:1 of the two isotopomers [Pd(dtbpx)(13C013CH2CH3)(THF)t, 5b, and

[Pd(dtbpx)(13COCH213CH3)(THF)t, 5c, (see Scheme 5.6 for the labelling of the

atoms). The exchange process is completely frozen below 173 K and, hence, the

NMR spectra are just the sum of the separate spectra of 5b and 5c. Two resonances



Chapter Five: Reactivity of some catalyst precursors and catalytic intermediates with CO 150

are present in the 3'peH} NMR spectrum at 173 Kin THF/CH2Ch, at 33.5 and 82.0

ppm, both consist of a doublet of doublets due to 5c eJ(p A-PS)= 39 Hz; 2J(pA-CA)=

83 Hz; 2J(PS-CA) = 18 Hz] and a doublet of doublets of doublets due to the extra

coupling with Cs in 5b eJ(PA-CS) = 23 Hz; 3J(PB-CS) = 23 Hz], with relative

intensity 2: 1.

Scheme 5.6

5b 5c

The 13CCH} NMR spectrum shows three resonances: a doublet at 10.9 ppm

Hz] and a multiplet at 231.9 ppm containing two doublets of doublets of doublets.

The I3C NMR spectrum clearly shows that the resonance at 10.9 ppm is due to the

CH3 group [quartet, 'J(Cc-H) = 130 Hz] and the one at 38.2 ppm to the CH2 group

[triplet, 'J(Cs-H) = 133 Hz]. All the NMR data are summarised in Table 5.1. The fact

that 3J(pA-Ca) and 3J(Pa-Ca) are very similar suggests that Cs lies very close to the

bisector of the PA-Pd-PB angle. A similar behaviour has been found previously for

The values for 'J(C-H) are as expected for normal Sp3 carbons; therefore, in

this case there is no evidence for any agostic interaction which is in keeping with the

suggestion at the beginning of this Section that the fourth co-ordination site is

occupied by a solvent molecule.
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Table 5.1

NMR data/or [Pd(dbpx)(COEt)(THF)]+ in THFICH2Cl2 at 173 K

a) NMR chemical shifts

PA Po CA Co Cc
8 (ppm) 33.5 82.0 231.9 38.2 10.9

b) Coupling constants (Hz)

PA PB CA CB Cc
PA - 39 83 23 -

Po 39 - 18 23 -

CA 83 18 - 23 3-4

Co 23 23 23 - -

Cc - - 3-4 - -

IJ(CB-H) = 133 Hz

IJ(Ce-H) = 130 Hz

In order to confirm this hypothesis, the syntheses of the unenriched and

mono-enriched acyl have been repeated in EtCN, following the same procedures as

before, i.e. addition at low temperature of one equivalent of CO or 13COto a EtCN

solution of 3. In the 13Cspectrum (see Table 5.2 for all the NMR data) a resonance at

233 ppm clearly indicates that an acyl complex has been formed, i.e.

[Pd(dtbpx)(COEt)(EtCN)t, 10, or [Pd(dtbpx)(13COEt)(EtCN)r, lOa. The two cis-

inequivalent P-atoms resonate in the 31p spectrum at 20.2 and 49.4 ppm; this big

difference in chemical shift on changing from THF to EtCN is clearly consistent with

solvent co-ordination to the metal.
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Table 5.2

NMR data/or [Pdtdbpx) (COEt) (solv)] + (solv = THF, 5; EtCN, 10) at

193 K

EtCN THF

8PA 20.2 36.4

8PB 49.4 83.4

8C(O) 233.2 232.0

2J(PA-PB) 40 40

2J(PA-C) 92 83.9

lJ(PB-C) 13 17.0

5.2.1 The dynamic behaviour of [Pd(dbpx) (COEt) (THF)J+, 5

The VT I3CeH} NMR spectra in the acyl region of the mono-enriched

complex Sa in THF are reported in Figure 5.3. The system is completely static at 173

K, where a doublet of doublets is present at ca. 232 ppm. With increasing the

temperature, the two outer resonances of the multiplet do not change at all, whereas

the two inner resonances start to broaden until at 213 K there is complete

coalescence. At higher temperature, a new resonance at the centre of the two outer

resonances starts to appear and, finally, at 243 K a triplet is clearly present with 2J(p_

C) = 50 Hz. The observed coupling constant at high temperature is the average of the
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cis and trans constants observed at low temperature; thus, the two P-atoms become

equivalent in these conditions.

Figure 5.3

VT 13C(Hj NMR spectra of [Pdidbpx) (J3COEt) (THF)]+, 5a, in THF

243 K

233 K

223 K
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203 K
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Using the doubly enriched sample (i.e. a mixture 1:1 of 5b and 5c), it has

been possible to follow the exchange process looking at different atoms. Two sharp

resonances are present at 176 K in the 3IpCH} NMR spectrum (see Figure 5.4),

which start to broaden with increasing the temperature.

Figure 5.4

VT31p(H} NMR spectra of a 1:1 mixture of5h and 5c in THFICH2Cl2

~~ __ . ---'-.'~_J'_. _ _'___.__J_. L_._j,'__ .__. . . . _
~~~~rr-.--,----.-l-'----.-.~.-----.-~-
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256K 1\ I--~~-----/ '------.-~----"----~--)~--,-~---.----.-----

~_----J\"-',~~J-..----~)J...-l-f..,.-~~.~~~~~----,~.~
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Above 220 K they are so broad that it is very difficult to distinguish them

from the baseline. Finally, at 256 K a broad hump is clearly present at ca. 59 ppm,

indicating the equivalence of the two P-atoms. The ethyl complex begins to appear,

too, with increasing the temperature, as clearly indicated by the presence of two new
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resonances at ca. 40 and 70 ppm. Whereas, the broad resonance at 78 ppm is due to

[Pd(dtbpx)(Tl2-TtD)t, 11, which is the thermodynamic product in non-alcoholic

solvents (see Chapter 2). The sharp resonance at 52 ppm present at low temperature

is probably a bis-solvento species present in equilibrium with 11; a similar

equilibrium has been discussed in Chapter 2 in the case of MeP as solvent. The other

resonances which start to appear at high temperature are unknown decomposition

products. In fact, their formation, as well as the formation of 11, is not reversed on

cooling the solution to 173 K; whereas, the ethyl complex 3 disappears with

decreasing the temperature. Thus, the formation of 5 is a reversible process, which

follows eq. 5.1 (if decomposition is not considered).

[PH(dtbpx)(CH2CH3)t + CO + solv -4111--. [Pd(dtbpx)(COEt)(solv)t

3 5

(5,1 )

The acyl resonance in the carbon spectra (see Figure 5.5) shows a behaviour

similar to that observed for the mono-enriched sample Sa. Therefore, the structure of

doublet of doublets present at 155 K for both 5b and 5c, due to the coupling of CA

with PAand PB, becomes a simple triplet at higher temperature; as expected, the new

P-C coupling constant is just the average of the cis and trans values observed at low

temperature. Interestingly, during the exchange process, 2J(CA-Cc) and IJ(CA-CB) do

not change, meaning that the whole acyl group is moving without any dissociation

process. As a consequence, the resonances due to the CH3 and CH2 groups do not

change at all in the temperature range examined (see Figure 5.6). In the case of the

CH2 group, this behaviour is also a consequence of the fact that 2J(pA-CB)and 2J(PB-

CB) have the same value.
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Figure 5.5

VTI3C(Hj NMR spectra of a 1:1mixture of Sb and 5c in THFICH2Cl2

(acyl region)
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Figure 5.6

VT13C{lHJ NMR spectra of a 1:1mixture ol5h and 5c in THFICH2Cl2

Two different mechanisms could be in agreement with all these data (see

Scheme 5.7). The first one involves dissociation of the solvent, formation of a Y-

shaped molecule followed by solvent association. The other one does not involve any

dissociation process, but only an internal exchange via a tetrahedral intermediate.
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Scheme 5.7

a) Dissociative mechanism

'C' (~' -solv C> I' 'OON e (OO~'~COEtp/ 001,
+ solv - solv p/ COEIPA

b) Intra-molecular mechanism

e c~' C ~' e oo~'
P/<ool'

\ ....•••,COEt P/<o.l/d--..SOIV

PA

Two similar mechanisms have been proposed for the process which makes

the P-atoms equivalent in 3 (see Chapter 4). Pd(dtbpx)(COMe)CI, 12, can be

obtained from Pd(COD)(Me)CI, d'bpx and CO (see Scheme 5.8). The 31p{ IH} NMR

spectrum of 12 at 196 K shows two sharp doublets, whereas at room temperature

they are broader but still separated. This suggests that the exchange process is slower

in the case of 12 than in the case of 5, and supports the dissociative mechanism. In

fact, dissociation of Cl' is more difficult than dissociation of the solvent.

Scheme 5.8

+ p-p C>(Me _+ C_O _

P CI

C><COM.
P CI

12
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5.2.2 Reactivity of[Pd(cibpx)(COEt)(THF)Z+, 5

The acyl complex, 5, is very unstable. At room temperature, it decomposes in

a few minutes, whereas at low temperature it can be kept for ca. 10 hours.

Decomposition of 5 in THF results mainly in the formation of 11, Pd-metal and

[dtbpxH2]2+. Decomposition is accelerated by addition of excess CO; under 1 bar of

CO, 5 decomposes in ca. 1 hour also at 193 K. Since the decomposition is very fast,

it makes it very difficult to carry out mechanistic studies. Addition of 3 equivalents

of CO to 5 in THF at 193 K results in the partial formation of a new species,

although 5 is still the main species in these conditions. In the 13C { 1H} spectrum (see

Figure 5.7, 13CO has been used in this experiment) there is still, in fact, the doublet

of doublets due to 5, but there is also a second acyl resonance, partially hidden by the

first one.

Figure 5.7

J3e(H} NMR of [Pd(dbpx) (J3eOEt) (THF)]+, Sa, + 3 "co
in THF at 173K

I
I III
'\1[' {I
I ~/ 'I i \
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Because of this, it is impossible to deduce the fine structure of the second

resonance. Moreover, at least one carbonyl resonance is present at ca. 176 ppm. One

explanation could be that the excess CO partially displaces the solvent from 5 to give

[Pd(dtbpx)(COEt)(CO)]\ 13, as described by eq. 5.2.

[Pd(dtbpx)(COEt)(THF)t + CO... • [Pd(dtbpx)(COEt)(CO)t + THF (5.2)

5 13

In the presence of up to 4 equivalents of CO, equilibrium 5.2 is shifted

towards 5; on adding more CO, complete decomposition is observed. This result is

interesting, since it indicates that co-ordination of THF is preferred to CO co-

ordination, and this is very unusual. For instance, Toth and Elsevier 14have reported

that carbonylation of [Pd{(S,s')-BDPP}(Me)(solv)t results in the formation of

[Pd{(S,S')-BDPP}(COMe)(CO)t; they do not observe the formation of [Pd{(S,S')-

BDPP}(COMe)(solv)t even on using a deficiency of CO. Moreover, they report that

the reaction of Pd{(S,S')-BDPP}(COMe)CI with AgBF4 under N2 results in a 1:1

mixture of [Pd{(S,S')-BDPP}(COMe)(CO)t and [Pd{(S,S')-BDPP}(Me)(solv)t It

is also interesting to note that carbonylation of [Pd(dippe)(Me)(solv)t results in the

analogous species [Pd(dippe)(COMe)(CO)t;17 this species is stable only at low

temperature for a short time. Hence, it further reacts resulting, finally, in the

formation of [Pd(d'ppe )(J.l-CO)Pd(d'ppe )Mer. Thus, small changes in the electronic

and/or steric properties of the diphosphine ligand can significantly affect the

chemistry of the carbonylation process.
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5.3 Reactivity of [Pd(dtbpx)H(MeOH)]+, 2, with CO

and mixtures CO/C~~

The only process observed on reacting 2 with CO in MeOH at room

temperature is decomposition of the complex to form Pd-metal and the protonated

phosphine. Therefore, the reaction has been studied again at lower temperature, in

order to see whether any intermediates could be detected in the decomposition

process. The experiment has been carried out by adding a few equivalents of CO to a

MeOH solution of 2 cooled in a dry ice/acetone bath and, then, the sample was

transferred directly into the pre-cooled NMR probe, avoiding any warming of the

sample. 2 is converted in these conditions into a new species and the complete

conversion, in the presence of 2-3 equivalents of CO, takes place over ca. 20-30

minutes at 193 K; some other decomposition products are also formed. The 31P {1H}

NMR spectrum at 193 K of the new compound shows two doublets at 61.0 and 31.4

ppm (see Figure 5.8), with 2J(p A-PS) = 21.9 Hz. The resonance at higher field is

further coupled in the 31pNMR spectrum, 2J(PB-H) = 167.4 Hz, indicating that this

new species is a hydride complex; consistent with this, a doublet of doublets is

observed at-5.3 ppm in the IH NMR spectrum at 193 K eJ(PB-H) = 15.8 Hz; 2J(PA-

H) = 167.4 Hz]. In order to characterise the ligand present in the fourth co-ordination

site of the complex, the experiment has been repeated using I3CO. The resonance at

lower field in the 3IPCH} NMR spectrum at 193 K is now a doublet of doublets (see

Figure 5.9), due to additional coupling with a trans C-atom eJ(PB-C) = 102 Hz], and

a doublet of doublets at 183.3 ppm is observed in the I3CeH} NMR spectrum.
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Figure 5.8

3Jp(HJ NMR spectrum ojfPd(dbpx)H(CO)]+, 14, in MeOH at 193K

, II I'J4'i.'a\

Figure 5.9

3Jp(HJ NMR spectrum ojfPd(dbpx)H(J3CO)]+, 14, in MeOH at 193 K

, '~C~S~i~U~.~.,u~,~,.a~D.,~ck'~'~'~U~i~'~i~'~i~i~'
(ppml
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Therefore, it is possible to conclude that CO displaces solvent from 2 to give

[Pd(dtbpx)H(CO)t, 14 (see Scheme 5.9 for the atom labelling).

Scheme 5.9

The hydride-carbonyl complex 14 is very unstable, and decomposes in a few

minutes even at 223 K. This study suggests that the co-ordination of CO to the metal

could play an important role in the decomposition of the catalyst. Hence, some

further studies using ethene and mixtures ethene/CO have been done. Repeating the

previous experiment using ethene instead of CO, 3 is formed quantitatively,

suggesting that the insertion of the olefin into the Pd-H bond is also very fast at low

temperature. Then, a mixture 1:1 of ethene/CO has been added to 2 using the same

conditions. Running directly the phosphorus spectrum of this solution at 193 K

without warming the sample, a ca. 1:1 mixture of 3 and 14 is present. By warming

the solution up to 293 K, 14 completely disappears, and only 3 with some

decomposition products are present. After 20 minutes at room temperature, complete

decomposition has been observed. The same experiment was then repeated with a 9:1

mixture of ethene/CO and, in this case, a mixture ca. 20:1 of 3 and 14 is present at

193 K. Decomposition in this last experiment is not as fast as in the previous

experiment, indicating that the rate of decomposition increases by increasing the

concentration of CO. All these data clearly suggest that both CO and ethene
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effectively compete in reacting with 2. The reaction with ethene allows continuation

of the catalytic cycle, whereas CO co-ordination induces fast decomposition (see

Scheme 5.10).

Scheme 5.10

Fast
decomposition

2 H21+

C)<C)cH,P 'H'

3

to the catalytic
cycle

Finally, the reaction of [Pd(dtbpx)(TJ2-MeS03)f, 15, with CO and mixtures

CO/ethene has been studied. The only products observed by reacting t 5 with CO are

Pd-metal and [d'bpxll-]"; however, decomposition is slower than in the case of 2.

Decomposition has been observed also using a 1:1 mixture of CO/ethene; however,

MeP is clearly formed in these conditions, too.
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5.4 Synthesis and characterisation of new Pd(O)-

carbonyl complexes

One of the major problems associated with all Pd-catalysed homogeneous

catalytic processes is the formation of Pd_metaI.18-2o In particular, in the presence of

CO it has been suggested that one possible step in the metal deposition is the

reduction of a Pd(II)-complex to a Pd(O)-carbonyl complex, which then loses CO to

give Pd_metal.2l,22 Hence, the attempted spectroscopic characterisation of Pd(O)-

complexes containing CO and d'bpx seemed to be a useful goal and ideally suited for

an in-situ spectroscopic study of the Pd-catalysed reactions between CO and ethene.

In order to do that, the reaction between 1 and CO has been studied. Two different

compounds can be obtained. The first compound is obtained on bubbling CO for a

few minutes through a THF solution of 1; on addition of more CO, a second

compound is gradually formed. The most relevant spectroscopic data for both these

compounds are reported in Table 5.3. On the basis of the chemical and spectroscopic

data, these two complexes can be formulated ad Pd(dtbpx)(CO), 16 (trigonal planar,

as for similar tri co-ordinated Pd(O) and Pt(O) complexes reported in literature 23),

and Pd(dtbpx)(CO)2, 17 (tetrahedral, as in the case of similar Ni(O), Pd(O) and Pt(O)

complexes 23).Their formation is well explained in eqs. 5.3 and 5.4:

Pd(dtbpx)(dba) + CO 44111==~"Pd(dtbpx)(CO) + dba

1 16

Pd(dtbpx)(CO) + CO ... .. Pd(dtbpx)(COh

16 17

(5.3)

(5.4)
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Table 5.3

Spectroscopic data/or Pdidbpx) (CO)x (x = 1, 16; 2, 17) in THF

Pd(dtbpx)(CO) 16 Pd(dtbpx)(CO)2 17

v(CO) (em") a 1948s 2019ms, 1998s

oP (ppm) b 45.5 (s) 51.1 (s)

oP (ppm) C 45.5 51.1

(d, 2Jpc = 24.5 Hz) (s)

8e (ppm) C 211 197.9 (s)

(t, 2Jpc = 24.5 Hz) 198.8 (s)

a at 298 K. b at 173 K. C at 173 K using I3CO

In agreement with this formulation, the IR and l3C NMR spectra show the

presence of the free dba ligand. Moreover, the first species should have one IR band,

the second two bands (the symmetric and the asymmetric stretching vibrations) in the

carbonyl region, as found in the observed spectra. Also, the observed frequencies of

the bands agree with this formulation. In fact, 17 would be expected to have a higher

value ofv(CO) than 16 because of the presence of two n-acid CO ligands.

The NMR data of 16 are in perfect agreement with its formulation as a

trigonal planar complex. In the carbon spectrum, the CO-resonance is a triplet

because of the equivalence of the two P-atoms, which is also consistent with the 31P

spectrum.

However, the NMR data of 17 are not so straightforward. All the spectra are

well resolved only at 173 K. In these conditions, no P-C coupling has been observed

in the 13C and 31p NMR spectra, even on using BC-enriched CO. This same

behaviour had been observed in the past for analogous Ni(PR3)2(COh complexes."
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and it is assumed that the P-C coupling constants for a tetrahedral complex are very

small. The other interesting point is that the two CO ligands in 17 appear to be

inequivalent in the l3C spectrum at 173 K. This depends on the fact that the two faces

of the PdP2 plane are inequivalent because of the conformation of the phosphine

backbone (see Scheme 5.11).

Scheme 5.11

17

On increasing the temperature to 193 K, the two singlets in the l3C spectrum

become a broad signal at 198.5 ppm, showing that at this temperature the rate at

which the two CO ligands exchange is similar to the NMR time-scale. The

compounds Pd(dippe)(CO)2 and Pd(dtbpe)(COh have been reported in literaturer"

their IR and NMR data are reported in Table 5.4. Both these compounds show just

one resonance in the 13Cspectrum; this is due to the fact that the phosphine backbone

is symmetric respect to the PdP2 plane and, therefore, the two CO ligands are

equivalent. Moreover, the carbonyl resonance in both cases is a triplet with 2J(p-C) ~

4Hz.

Finally, at room temperature intermolecular CO exchange between 16 and 17

occurs since there is only one resonance in the 31p spectrum and the carbonyl region

of the 13Cspectrum consists ofa broad band at ca. 200 ppm.
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Table 5.4

Spectroscopic data/or Pdidppe) (COh and Pd(dbpe)(COh25

Pd(dippe)(CO)2 Pd(dtbpe)(CO)2

v(CO) (cm'] 2016, 1978 2012, 1969

eSP(ppm) 59.5 (s) 81.2 (s)

eSc (ppm) 199.0 198.7

(t, 2Jpc = 4 Hz) (t, 2Jpc = 4.4 Hz)

5.5 Conclusions

It has been shown in this Chapter that [pa(dtbpx)(CH22H3)r, 3, reacts in

MeOH with CO to give [Pd(dtbpx)H(MeOH)]+' 2, and MeP. Moreover, when the

same reaction is carried out in THF, it has been possible to isolate the acyl complex

[Pd(dtbpx)(COEt)(THF)t, 5; addition of MeOH results again in the formation of 2

and MeP. In this way, all the complexes involved in the hydride catalytic cycle (see

Chapter 1) have been identified and characterised as well as their chemical links.

Moreover, it has been shown that [Pd(dtbpx)(112-MeS03)r, 15, is able to convert in
(~

MeOH a mixture of CO/ethene into MeP. Thus, even though 15 is not the catalytic

active species, it can convert (at least partially) into it, allowing catalysis to take

place. At the same time, 15 is more stable in the presence of CO than all the other

complexes studied. Thus, it could act as a catalyst reservoir, and this would explain
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why the catalytic system based on MeS03H is more active than the one based on

TfOH.

Decomposition remains one of the main problems with this catalytic process.

The results described in this Chapter clearly indicate that decomposition is

accelerated on increasing the concentration of CO. In these conditions,

decomposition probably commences by CO co-ordination to the metal, either onto 2

or 5. Both these two reactions are in competition with reactions which allow the

continuation of the catalytic cycle.

5 has been fully characterised in solution. As far as we know, this is the first

case in which a Pd-acyl complex containing a diphosphine and a labile solvent-

molecule has been unambiguously identified. Other authors have reported similar
,~.. , J - . , ~,f'> "

complexes but with a strongly bound CO molecule instead of the solvent.14•17

Whereas,S seems to prefer solvent co-ordination rather than CO co-ordination even

in the presence of free CO; however, when CO co-ordination occurs, this results in a

rapid decomposition of the complex.

It is reported in literature that the use of electron-rich diphosphine ligands

results in the easy formation of Pd-dimers.17 Examples include d'ppe, d'ppp, d'ppb

and dtbpe,17.25,26which are closely related to d'bpx and d'bpp, However, dimer

formation has never been observed with d'bpx, even in conditions similar to the ones

reported in literature for the dimerisation of the other phosphine complexes. Hence,

steric factors should be very important in rationalising the chemistry of these ligands

and their complexes. This point will be further discussed in the next Chapter.
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Numbering scheme for Chapter 6

Pd(dtbpx)( dba)

Pd(d'ppxjf dba)

Pdl'b'ppxjtdba)

Pd(dtbpp)( dba)
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[P6(dtppx)(CH2CH3)t
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[P6(d1bpp)(CH2aH3) r
[P6(dapx)( CH2Ck3) r
[P6(dapp)( CH2Ck3)r
[Pd(d1bpx)(COEt)(solv)t

[Pd(dtbpx)(1l2-MeS03)t

[Pd(P-P)(CH3CNh]2+

[Pd(dcpx)(H20)2] [MeS0312[MeS03H]

[Pd(dcpx )(H20 )2]2+

Pd(dippX)(1l1-MeS03)2

[Pd(P-P)(dbaH)t

[Pd(dcpx)( dbaH)][MeS03][MeS03H][THF12

[Pdt'bcpx)(H20 )2] [TID 12

[Pdt'bcpx )(H20)2f+

1

la

Ib
Ie

Id
Ie

1f

P-P = dppp, tg; d'ppx, Ih

P-P = dppx, Ji; 'bcpx, 1j

2

2a
2b
2e

2d

2e

3

3a

3b
3e

3d

3e

4

5

P-P = d'bpx, 6; dppx, 6a

7

8

9

p.p = d'bpx, 10; dcpx, lOa; dppx, lOb

11

12

13



The effect of the P-P ligand

6.1 Introduction

It has been shown in the previous Chapters that the methoxycarbonylation of

ethene promoted by the catalyst based on Pdtd'bpxudba), I, proceeds through a

hydride cycle. All the most relevant intermediates (i.e. [Pd(dtbpx)H(MeOH)t, 2,

[~d(dtbpx)(CH2ci-I3)r, 3, and [Pd(dtbpx)(COEt)(solv)]\ 4) have been synthesised

and characterised in solution via variable temperature multinuclear NMR

spectroscopy. In this way, the mechanism of the process seems to be understood, at

least in its fundamental aspects. This Chapter deals with another basic problem of the

process, i.e. the reasons for the very particular selectivity. As reported in Chapter I,

diphosphines usually result in the formation of polyketones and not MeP. There are

only a few other complexes containing diphosphines which are good catalysts for the

synthesis of MeP (see Section 1.5), and the catalyst based on d'bpx is the best in

terms of both selectivity and activity.

It has been pointed out several times in the last Chapters that d'bpx is able to

stabilise different palladium-species which are usually reported to be unstable. This

particular behaviour had been previously outlined also by other authors. For instance,

Moulton and Shaw I using this phosphine have been able to synthesise and

characterise the first example of a cis-dihydride Pt(II)-complex, i.e. cis-

Pt(d1bpx)(Hb More recently, Spencer 2-6has investigated the possibility of using

d1bpx and related ligands (i.e. dcpe, d'bpe, dcpp, d'bpp) in order to stabilise alkyl
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compounds of metals of the platinum group containing an agostic interaction. All the

ligands reported by Spencer result in the formation of these particular complexes.

However, their stability and behaviour in solution is further affected by the nature of

the ligand used. For instance, Pt(COD)Et2 reacts with dcpe, d'bpe, dcpp and d'bpp

resulting in the formation of Pt(P-P)Et2, whereas the reaction with d'bpx results in the

formation of Pt(dtbpx)(C2H4).6 These results have been rationalised by Spencer on

the basis of the fact that d'bpx is the bulkiest ligand and also the one with the most

rigid backbone.

In order to shed further light on the reasons for the selectivity of this catalytic

process, other diphosphine ligands will be considered in this Chapter (see Scheme

6.1 for the full list). All these ligands have been evaluated as their Pd(P-P)(dba) (P-P

= d'bpx, I; d'ppx, la; 'b'ppx, Ib; d'bpp, Ie; dapx, Id; dapp, Ie; dcpx, If; dppp, Ig;

d'ppx, Ih; dppx, Ii; 'bcpx, Ij) complexes in the reaction with BQ and TfUH. In some

cases, this reaction results, as in the case of d'bpx, in the formation of a hydride

complex (see Section 6.2), in other cases they do not; only the case of 'bcpx is not

very clear (see Section 6.4.2). In the cases in which the hydride is formed, also the

reactivity under ethene has been considered. Finally, these results will be compared

with the performances in the catalysis of these complexes in Section 6.5
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Scheme 6.1

dta,pp dapx dapp

dcpx dppp d'ppx

dppx
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6.2 The effect of the P-P ligand on the formation and
stability of [Pd(P-P)H(solv]+

The reaction of Pd(P-P)(dba) (P-P = d'ppx, Ia; 'b'ppx, Ib; d'bpp, Ic; dapp,

Id; dapx, Ie) with BQ and TfOH in MeOH results in the formation of the hydride

[Pd(P-P)H(MeOH)t (P-P = d'ppx, 2a; 'b'ppx, 2b; d'bpp, 2e; dapx, 2d; dapp, 2e), as

in the case of the analogous reaction of Pdtd'bpxjtdba), I, which results in the

formation of [Pd(dtbpx)H(MeOH)t, 2. Whereas, in the case of all the other ligands

considered (i.e. dppp, dppx, dcpx, d'ppx) no hydride has been observed; the case of

'bcpx is not very clear, and it will be discussed in Section 6.4.2. The NMR data for

all the hydride complexes are reported in Table 6.1.

Table 6.1

NMR data/or [Pd(P-P)H(MeOH)J+ in MeOH at 293 K

5PA 5PR 5U 2J(PA-PB) 2J(PA-H) 2J(PB-H)

(ppm) (ppm) (ppm) (Hz) (Hz) (Hz)

d'bpx 2 23.9 75.7 -10.0 16.0 181 22.0

d'ppx 2a 29.9 82.4 -10.3 16.0 179 23.0

'b'ppx 2b 26.9 78.8 -10 a 16.3 183 a-

d'bpp 2e 22.8 74.5 -8.9 22.9 193 21.8

dapx 2d 15.8 72.5 -10.0 16.8 178 23.0

dapp 2e 17.1 74.1 -9.6 23.4 189 22.6

• IH data not very good, because this species is not very stable
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The 3IpCH} NMR spectrum always shows two doublets due to the presence

of two cis-inequivalent P-atoms; moreover, the resonance at higher field is always

strongly coupled to the trans-hydride ligand in the 31p spectrum. The hydride in the

proton spectra resonates in all cases at ca. -10 ppm, apart from the case of 2~,which

gives a doublet of doublets at -8.9 ppm. Moreover, all the spectra are always very

well resolved at room temperature. In the case of 2b, because of its instability, it has

not been possible to obtain a good quality IH spectrum.

The formation rates of the hydrides 2a-e are quite different. In the case of

d'bpx, d'ppx, 'b'ppx and dapx, the hydride complexes 2, 2a, 2b and 2d are formed in

a few minutes after mixing all the reagents, whereas, the complete formation of 2c

requires ca. I hour, and the formation of 2e is complete only after a few days.

Also, the stability of [Pd(P-P)H(MeOH)t depends strongly on P-P. The

stability of these hydride complexes must be considered from two different points of

view, i.e. (i) stability towards metallation and (ii) stability towards formation of Pd-

metal and [HP_PH]2+. It has been shown in Section 2.4.1 that complete metallation of

2 occurs only after addition of 50 equivalents of BQ; moreover, no metallation has

been observed using 02 as oxidant. No metallation has been observed in the case of

2~, and only traces of a possible metallation product have been detected in the case

of 2e. Metallation, in the case of 2, occurs on the benzene ring of d'bpx, as shown in

Chapter 2. Thus, the lack of metallation in the case of 2~ and 2e can be due to the

fact that the xylyl backbone has been replaced with a propane backbone. The

metallation process is, instead, quite easy in the case of 2a, and even easier in the

case of 2b. In both cases, it is enough to have a slight excess of BQ in order to have

complete metallation and, for 2b, metallation also occurs using O2 instead of BQ.

Also in the case of 2d, metallation can occur using O2 instead of BQ, but the process
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is more difficult than in the previous cases. The NMR data for all the metallated

phosphines are reported in Table 6.2. It is interesting to note that in the case of 2d

two different metallated products are formed, even though in different amounts. This

can be explained by assuming that, in this case, metallation can occur either in the

benzene ring (main product) or on one of the adamantyl substituents (minor product);

this hypothesis agrees also with the fact that partial metallation has been observed in

the case of 2e but not with 2c.

Table 6.2

MNR data/or the metallated phosphine complexes in MeOH at 293 K

oP (ppm) oP' (ppm) IJ(P_H)

d'bpx 42.4 105.6 460

d'ppx 38.0 110.0 488

'b'ppx 29.8 108.3 432

dapp 35.3 92.9 480

dapx 35.5 100.4 (Mayor) 454

98.7 (minor)

Decomposition of 2 to give Pd-metal occurs, at room temperature, in a few

days. A similar behaviour has been observed for 2c and 2e. Whereas decomposition

of 2d is a little bit faster, 2d is still stable in solution for more than one day at room

temperature. Complete decomposition occurs in a few hours in the case of 2a and 2b.

The high instability of 2a-b makes it very difficult to reproduce their syntheses. The

relative stability of all these hydrides is summarised in Scheme 6.2.
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Scheme 6.2

a) Relative stability of the complexes [Pd(P-P)H(MeOH)J+ towards

formation of Pd-metal

d'bpx » d'bpp e dapp > dapx »> d'ppx > 'b'ppx

2 2c 2e 2d 2a 2b

b) Relative stability of the complexes [Pd(P-P)H(MeOH)J+ towards

metallation of the phosphine

d'bpp > dapp > d'bpx »> dapx > d'ppx > 'b'ppx

2c 2e 2 2d 2a 2b

c) Relative rate offormation of [Pd(P-P)H(MeOH)J+

d'bpx e dapx e d'ppx e 'b'ppx > d'bpp »> dapp

2 2d 2a 2b 2c 2e

6.3 The effect of the P-P ligand on the formation and

stability of l~d(P-P)(CH~2H~t

In Chapter 4, it was shown that 2 reacts with ethene to give 3. The complete

conversion of the hydride into the ethyl complex needs only one mole of ethene per

mole of hydride. Hence, the same reaction has been repeated with all the phosphine
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ligands reported in Scheme 6.1, and the results obtained follow closely those outlined

in Section 6.2. In fact, the formation of the ethyl complex has been observed only

with the phosphines which give under nitrogen the hydride, i.e. d'bpx, d'ppx, 'b'ppx,

d'bpp, dapp and dapx. No trace of the ethyl complex has been observed with all the

other ligands (i.e. dppp, dppx, dcpx, d'ppx and 'bcpx), even after bubbling ethene

through the solution for 40-50 minutes.

The NMR data for all the [~r-d(-P--P-)-(C-H-2-'aH3)rcomplexes (P-P = d'bpx, 3;

d'ppx, 3a; 'b'ppx, 3b; d'bpp, 3c; dapx, 3d; dapp, 3e) are summarised in Table 6.3. All

these data have been obtained in MeOH at room temperature.

Table 6.3

NMR data/or [~d(P-P)(CH2dH3)J+ in MeOH at 293 K

SPA SPo 2J(PA-PB)

(ppm) (ppm) (Hz)

d'bpx 3 36.3 67.7 31.0

d'ppx 3a 46 78 br

'b'ppx 3b 43 75 br

d'bpp 3c 39.3 65.3 37.0

dapx3d 31.7 66.9 br

dapp 3e 33.8 62.7 36.4
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All these compounds show two well-separated resonances in the 3lpeH}

spectrum at room temperature. The spectra of 3c and 3e are very well resolved in

these conditions and, therefore, it is possible to resolve clearly the coupling

constants. Using the same conditions, it is not possible for 3 to resolve the couplings

without acquiring a lot of scans. In the case of 3a, 3b and 3d, the resonances are very

broad, even at low temperature, and, hence, no coupling constants have been

measured. These three last compounds are also not very stable and, hence, it is very

difficult to obtain better data.

3c, as found for 3, is quite stable in THF at low temperature and, thus, it has

been possible to characterise it too in THF. The spectra in MeOH and THF (see

Table 6.4) look more or less the same, conftrming also in this case the presence of an

agostic interaction.

Table 6.4

NMR data/or rPd(dbpp)(CH;CH3)]+, 3c, in MeOH and THF at 223 K

MeOH THF

BPA 37.4 37.1

BPB 62.8 62.1

2J(PA-PB) 35.2 36.0

The relative stability of the ethyl complexes 3a-e closely follows the stability

of the analogous hydrides 2a-e (see Scheme 6.3). It is only interesting to note that 2d

is quite stable, whereas 3d is not.
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Scheme 6.3

Relative stability of the complexes r)d(p-p)(CH2JH3)]+

d'bpx ~ d'bpp > dapp > dapx »> d'ppx > 'b'ppx

3 3c 3e 3d 3a 3b

6.4 Further information about the effect of the P-P

ligands

The reaction ofPd(P-P)(dba) (P-P = dcpx, If;dppp, 19; d'ppx, Ih; dppx, Ii)

with BQ and TtDH in MeOH does not result in the formation of any hydride

compound; moreover, no ethyl complex is formed after addition of ethene. All the

species formed in these conditions show only one singlet in the 3Ip{IH} NMR

spectrum at room temperature in MeOH, apart from the case of dcpx where two

singlets at 45.6 (major) and 42.1 (minor) ppm are present (see Table 6.5). At 193 K,

two singlets with different integrals are present in the case of dcpx and dppx,

whereas three singlets (two major and one minor) are present in the case of d'ppx,

The reaction of If has also been studied using MeS03H instead of TtDH in MeOH

and THF (see Table 6.6). In this case, two resonances are present at 193 K in THF

and four in MeOH. It is also interesting to note that in the case of the two isomers of

[Pd(dtbpx)(1l2-MeS03)t. 5, ~B was always less than 1.4 ppm. Whereas, in the case

of the products of the reactions of If-i with RS03H and BQ, ~B is always bigger than

2 ppm. These data seem to rule out the possibility of formulating these products as
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[Pd(P-P)(112-MeSO)r (P-P = dcpx, Sf; dppp, Sg; d'ppx, Sb; dppx, Si). Moreover, it

has been shown in Chapter 3 that S dissolves in CH)CN resulting in the formation of

[Pd(dtbpx)(CH)CN)2f+, 6, and in that case ~(3MeOH - 3MeCN) = 18 ppm. Whereas, on

reacting Iiwith TfOH and BQ in CH3CN a product showing a resonance at 22 ppm

is formed; thus, ~(3MeOH - 3MeCN) = 8 ppm in this case. If the species formed in these

conditions is [Pd(dppx)(CH)CNh]2+, 6a, it is then difficult to formulate the species

present in MeOH as Si.

Table 6.S

3Ip NMR datafor the products of the reaction of Pd(P-P)(dba) with

TfOH and BQ in MeOH

3P (ppm) 3P (ppm)

at 293K" at 193K"

dcpx 45.6 (1) 46.0 (1)

42.1 (0.1) 41.6 (0.25)

dppp 16.8 -
d'ppx 52.6 52.4 (1), 51.4 (0.2)

47.9 (1)

dppx 28.7 30.0 (20)

28.6 (1)

* Relative intensity reported in brackets when more than one resonance is present
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Table 6.6

"r NMR datafor the products of the reaction of Pd(dcpx) (dba), If, with

RSO~ and BQ in MeOH and THF

8P (ppm) 8P (ppm)

at 293 K * at 193 K *

TfOHin MeOH 45.6 (1) 46.0 (1)

42.1 (0.1) 41.6 (0.25)

MeS03H in MeOH 44.2 45.7 (0.9), 44.9 (8.3)

42.0 (0.2), 41.1 (7.4)

MeS03H in THF 41.3 42.6 (0.9)

40.6 (1.1)

• Relative intensity reported in brackets when more than one resonance is present

These systems have not been studied extensively, and it is therefore difficult

to understand the nature of the species formed. Diffusion of n-hexane into a THF

solution containing 1f, MeS03H and BQ resulted in the isolation of yellow crystals

of a new species which was found to be [Pd(dcpx)(H20h][MeS03h[MeS03H], 7,

after X-ray analysis (see Figure 6.1 for the structure and Table 6.7 for the main bond

distances and angles). An extended network of hydrogen bonds between the two

anions, the free acid molecule and the two molecules of water co-ordinated to the

metal is present in the solid state. One of the cyclohexyl substituents of the dcpx

ligand is partially disordered, but the structure refinement is quite good (R, =

0.0777). This salt contains the cation [Pd(dcpx)(H20)2f+, 8.
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Figure 6.1

Crystal structure of [Pd(dcpx) (H20hJ2+, 8. Different views
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Table 6.7

Main bond distances (A) and angles (deg) for [Pd(dcpx)(H20hJ2+, 8

Pd-Pl 2.2556(11) P2-Pd-Ol 172.42(11 )

Pd-P2 2.2557(12) 01-Pd-02 87.31(4)

Pd-Ol 2.137(3) 02-Pd-Pl 173.66(11)

Pd-02 2.1222(3) PI-Pd-Ol 86.46(10)

PI-Pd-P2 100.24(4) P2-Pd-02 86.05(11)

2+

The square-planar geometry around the palladium centre is almost perfect,

with the trans P-Pd-O angles very near to 180°, and all the four cis angles quite near

to 90°. The biggest deviation is the PI-Pd-P2 angle which is ca. 100°, but this can

easily explained because of the presence of a very long backbone in the diphosphine

ligand. The two Pd-P bond lengths are almost identical, as also the two Pd-O

distances. Finally, the two oxygen, the two phosphorus and the palladium atoms lie

nearly in the same plane.

It is interesting to note that, on using d'bpx instead of dcpx, under similar

conditions, the complex 5 has been crystallised (see Chapter 3), whereas, on using

d'ppx, Pd(dipPx)(1l1-MeS03h. 9, had been isolated in previous work.' The fact that

the three compounds have been crystallised under the same conditions and found to

result in the formation of different complexes, suggests that the nature of the

diphosphine ligand plays a very important role in the chemistry of this class of
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palladium complexes. Moreover, the differences do not seem to arise (in these cases)

from the bite angle of the diphosphine ligand; in fact, in all three the cases, the Pl-

Pd-P2 angles are nearly the same [i.e. 100.24(4) for 8; 100.58(7) for 7; 99,17(3) for

9]. Hence, the different behaviour of the three o-xylyl based ligands is probably due

to the different steric properties of the tert-butyl groups compared to cyclohexyl and

isopropyl. So, it seems that a very small change in the nature of the ligand is enough

to change the behaviour of the resulting compounds.

6.4.1 The crystal structure of[Pd(dcpx) (dbaH) Z+, lOa

Reaction of If and Ii in MeOH with MeS03H or TfDH in the absence of

oxidants results in the formation of [Pd(P-P)(dbaH)t (P-P = dcpx, lOa; dppx, lOb)

as in the case of I which gives [Pdtd'bpxjtdbal-lj]", 10. Also in this case, the NMR

spectra do not depend on the acid used (see Table 6.8). In the case of lOb, two

conformers are present in solution, as in the case of 10. However, the exchange

process for lOb is already slow at room temperature; thus, four sharp resonances are

present. Whereas, in the case of lOa the 31p{IH} spectrum at room temperature is

broad, and only at 193 K does it become well resolved. Moreover, in this case three

main species are present in solution. This is probably due to the fact that the

substitution of the tert-butyl and phenyl groups of 10 and lOb, with cyclohexyl

groups in lOa introduces more conformational possibilities into the complex.

Crystals of lOa as the salt [Pd(dcpx)(dbaH)][MeS03][MeS03H][THFh, 11,

have been grown in THF/n-hexane and then analysed by X-ray diffraction (see

Figure 6.7 for the structure of the cation and Table 6.9 for the main bond distances

and angles). The palladium, the two phosphorus and the two co-ordinated carbon

atoms are more or less in the same plane. The phosphine bite angle is 101.04°, i.e.
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very close to the values found during this work for other diphosphine ligands with a

o-xylyl backbone. It has been also possible to locate a proton on the oxygen atom of

the dba ligand. As a consequence of the protonation, the C-O bond in lOa is longer

than in 1(7 (1.344 A VS. 1.244 A).

Table 6.8

31pNMR data/or [Pd(P-P)(dbaH)J[X] (X= T/O, MeS03) in MeOHa

X= dppx dcpx

TfO (293 K) 21.1 + 15.2 (J = 67.8) b -
26.8 + 14.7 (J = 82.9) c

TfO (193 K) 21.3 + 16.8 (J = 63.7) b 21.9+ 11.7(J=70)B

28.8 + 13.6 (J = 80.2) c 28.9 + 10.7 (J = 79.1) d

23.4 + 7.7 (J = 71.4) c

MeS03 (293 K) - 12.3 (br)

24.6 (J = 67.9)

31.0 (J = 80.0)

MeS03 (193 K) - 21.9 + 11.7 (J = 69.4) b

29.0 + 10.4 (J = 79.2) d

23.4 + 7.7 (J = 71.4) c

a Chemical shift in ppm. J in Hz. b Mayor species. C Minor species. d Intermediate species
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Figure 6.2

Crystal structure of [Pd(dcpx) (dbaH)]+, lOa. Different views
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Table 6.9

Main bond distances (A) and angles (deg)for [Pd(dcpx)(dbaH)]+, lOa

Pd-Pl 2.305(15) PI-Pd-P2 101.04(4)

Pd-P2 2.353(22) PI-Pd-Cl 100.57(15)

Pd-Cl 2.158(38) PI-Pd-C2 138.18(15)

Pd-C2 2.213(51) CI-Pd-C2 38.07(17)

CI-C2 1.427(15) P2-Pd-Cl 157.94(13)

C2-C3 1.406(11) P2-Pd-C2 119.91(12)

C3-C4 1.448(23) CI-C2-C3 123.42(55)

C4-C5 1.341(10) C2-C3-C4 123.69)56)

C3-0 1.348(13) C3-C4-C5 124.92(57)

O-H 0.819(16)

6.4.2 The case oftbcpx

The reaction of Ij with BQ and TfOH in MeOH is quite complicated. The

31P{1H} NMR spectrum at room temperature run just after mixing the reagents

shows only a relatively broad resonance at 54.7 ppm, whereas at 193 K a very

complicated spectrum appears (see Figure 6.3), which is very difficult to understand.
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Figure 6.3

31p(H} NMR spectrum at 193Kin MeOH of the product of the reaction

between Pdt'bcpx) (dba), lj, TfOH and BQ

90 80 70 60 50

(ppm)

10

A similar behaviour has been observed also in THF. Diffusion ofn-hexane in

this second solvent causes the formation of yellow crystals, which were found to be

[PdCbcpx)(H20)2][TtDh, 12. One of the two anions is disordered because of the free

rotation of the CF 3 group. However, this does not affect very much the refmement of

the structure (RJ = 0.0668). The cation [PdCbcpx)(H20)2]2+, 13 (see Figure 6.4 and

Table 6.10), is very similar to 8. In fact, the palladium, the two oxygen and the two

phosphorus atoms are nearly in the same plane. The fact that the bond angles around

the palladium centre deviate from 90° is due to the bite angle ofbcpx (100.42°), as in

the case of 8. The two cyclohexyl groups are on the same side of the plane
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determined by the palladium and the two P-atoms, as well as the benzene ring of the

phosphine backbone.

Figure 6.4

Crystal structure of [Pd/bcpx) (H20h]2+, 13. Different views.
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Table 6.10

Main bond distances (A) and angles (deg) for [Pd(bcpx)(H20hJ2+, 13

Pd-Pl 2.262(15) P2-Pd-Ol 173.24(1)

Pd-P2 2.264(1) 01-Pd-02 85.37(1)

Pd-Ol 2.130(1) 02-Pd-Pl 170.88(1)

Pd-02 2.140(15) PI-Pd-Ol 86.30

PI-Pd-P2 100.42(1) P2-Pd-02 87.88(0)

Dissolution of 12 in MeOH results in the same spectrum obtained by reacting

I] with BQ and TtUH. The presence of the cation 13 cannot, of course, account for

the spectrum at low temperature. It is probable that in solution more species are

present, in part due to the stereochemistry of the diphosphine ligand, but maybe also

due to the substitution of water by the solvent and/or the anion.

In all cases, this situation is not stable in MeOH; after a few days, the

phosphorus spectrum changes (see Figure 6.5). Some resonances are now present at

higher field, and part of them are split into doublets in the 31p spectrum, with 2J(P_H)

~ 180 Hz, suggesting the formation of hydride species. However, the spectra are so

complicated that it has not been possible to fully characterise the new products.
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Figure 6.5

NMR spectra at 193 Kin MeOH of the product of the reaction between

Pdt'bcpxltdba), I], TfOH and BQ after 4 days

90 80 70 60 50 40
(ppm)

30 20 10

6.5 Conclusions

It has been shown in this Chapter that it is possible to divide all the phosphine

complexes studied into two groups, on the basis of whether or not they form a

hydride complex on reaction of the Pd(P-P)(dba) complex with BQ and TfOH in
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MeOH. The first group (A) consists of all the ligands where it has been possible to

characterise a hydride complex, i.e. d'bpx, d'ppx, 'b'ppx, d'bpp, dapx and dapp; in

group (8) are the ligands for which no hydride complex has been observed, i.e. dcpx,

dppp, dppx and d'ppx, The case of 'bcpx remains uncertain. What is very interesting

is the fact that complexes containing class A ligands always give catalysts which are

selective for the synthesis of MeP, whereas using catalysts based on class 8 ligands,

no activity or formation of polyketones has been observed." Hence, it seems that the

factors which control the formation of the hydride, control also the selectivity of the

catalyst. The bite angle for the diphosphines considered (apart from dppp) is close to

100° (see Table 6.11) and, hence, this parameter does not appear to be the most

important.

Table 6.11

Measured Bite Angles (deg) for different P-P ligands a

d'bpx b 100.6 dppp C 94.9

d'ppx C 104.3 'bcpx b 100.4

dcpx b 100.2 d'bpp C 98.09

dppx C 104.6 d'ppx C 102.8

a Measured experimentally via X-ray analysis. b This work. C Ref. 7

It has been suggested in Chapter 1 that it is possible to correlate the

selectivity with the parallel pocket angle." This suggests that what is more important

is the environment created by the groups present on the two P-atoms and, in

particular. the size of the pocket in which the "reactive" ligands are situated. The
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hydride and MeP are obtained only on using tert-butyl, tert-pentyl or adamantyl

groups. The last two are just modifications of the first; moreover, the tert-pentyl

group is more flexible than the tert-butyl, whereas the adamantyl substituent is more

rigid. In all cases, the best results are obtained in the case of tert-butyl substituted

ligands, which probably have the best compromise of all the required properties.
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Chapter Seven



Numbering scheme for Chapter 7

Pd(dtbpx)( dba)

Pd(P-P)( dba)

1

p_p = d'ppx, la; 'b'ppx, Ib; d'bpp, Ic; dapp, Id; dapx,

Ie; dcpx, If; dppp, Ig; dppx, Ih; d'ppx, 1i; 'bcpx, I]

[Pd(P-P)H(MeOH)t P-P = d'ppx, 2a; 'b'ppx, 2b; d'bpp, 2c; dapp, 2d; dapx, 2e

[Pd(dtbpx)H(MeOH) r 2

[pH(dtbpx)(CH2dH3) r 3

[Pd(dtbpx)(COEt)(solv)t 4

[Pd(dtbpx)H(C2H4)t s
[Pd(dtbpx)H(MeOH)(C2H4) r 6

[Pb(dtbpx)(CH2CH3)(CO)r 7

[Pd(dtbpx)Et(CO)t 8

[Jt( dtbpx)(CH2aH3)r 9

[Pt(d'bpx )Et(CO)t 10

[Pt(dtbpx)(COEt)(solv)t 11

[Pd(dtbpx)( dbaH) I' 12

[Pd(dtbpx)( 112-MeS03) r 13a
[Pd(dtbpx)( 112-TtD)t 13b
[Pd(dtbpx)(T\2-TsO)t 13c
[Pd(dtbpx)(solv)z]2+ 14
[Pd(dtbpx)(112-RS03)( solv)r 15

[Pd(dtbpx)(111-MeS03)(solv)t 16

[Pd(dtbpx)H(CO)t 17
[Pd(dtbpx)(COEt)(CO)t 18



General Conclusions

7.1 The catalytic cycle

All the data presented in this Thesis support the fact that the

methoxycarbonylation of ethene promoted by the catalyst based on Pdtd'bpxudba),

1, proceeds through a hydride cycle (see Scheme 7.1).

Scheme 7.1

MeOH MeOH

MeOH

COMeOH
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The three principle intermediates involved in this cycle, i.e.

[Pd(dtbpx)H(MeOH)t, 2, [P~(dtbpx)(CH2Ch3)t, 3, and [Pd(dtbpx)(COEt)(solv)t,

4, have been synthesised and fully characterised in solution. Moreover, it has been

shown that 2 can be formed from 1 and MeS03H in MeOH at the same temperature

at which the industrial process is operated (i.e. 80°C). Also, the presence in solution

of 3 has been demonstrated at high temperature although, it is only possible to detect

4 at low temperature and in non-alcoholic media.

2 reacts with ethene resulting in the formation of 3 and the reaction is

reversible at high temperature; CO-insertion into 3 to give 4 is a reversible reaction,

too.

2 3
[Jd(dtbpx)(CH2dH3)t + CO +MeOH4.==~. [Pd(dtbpx)(COEt)(MeOH)t (7.2)

3 4

Equilibrium 7.1 is always shifted towards the formation of3, and only at high

temperature is an appreciable amount of 2 detected. Equilibrium 7.2 is also shifted

towards the formation of 3 above room temperature. Thus, the concentration of 4 in

the operating conditions of the process is very low. Both these insertion reactions, as

well as their inverse reactions, are very fast, even at low temperature. Methanolysis

of 4 is an irreversible process, and it is believed to be the rate determining step of the

catalytic cycle. This hypothesis is supported by other authors who have studied the

methoxycarbonylation of higher a-olefms.l,2
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[Pd(dtbpx)(COEt)(MeOH)t +MeOH-+ [Pd(dtbpx)H(MeOH)t + EtCOOMe (7.3)

4 2

Apart from the two equilibria 7.1 and 7.2 which involve the complexes 2, 3

and 4, other intra-molecular exchange processes involving 3 and 4, but not 2, have

been detected (see Scheme 7.2). In the case of 3, three exchange processes occur in

solution, with different activation energies. The lowest energy process is the

scrambling of the protons of the methyl group of the ethyl-agostic ligand, which

occurs via the in-place mechanism described previously by Green and Wong.' This

process results in the equivalence of all the f3-protons at all the temperature studied

(155-353 K). The next higher energy process is the exchange of the position of the

two carbon atoms of the ethyl-agostic ligand, and involves an equilibrium between

the ethyl-agostic complex and a ethene-hydride complex, [Pd(dtbpx)H(C2H4)t, 5;

the coalescence temperature for this process is ca. 248 K, as evaluated in the 31peH}

NMR spectrum. The last process is the inversion of the relative position of the two P-

atoms, which probably occurs via dissociation of the agostic interaction and internal

rearrangement of the complex via a Y-shaped tri-co-ordinate species. A similar

process has been detected in the case of 4. It is noteworthy the fact that the

equivalence of the P-atoms in 3 occurs only at 353 K, whereas they are already

equivalent below room temperature in the case of 4.

On the basis of the data collected during this work, it is also possible to

discuss in more detail the mechanism of the reactions 7.1-3.
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Scheme 7.2

A) In-place rotation of the methyl group in 3

etc ~-

C) Exchange of the relative position of P-atoms in 3

0) Solvent-exchange in 4
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Insertion reactions in palladium square-planar complexes are usually believed

to involve, first, co-ordination of CO or ethene and formation of a penta-co-ordinate

species," This species can have either a square-planar pyramidal structure or a

trigonal bipyramidal geometry; in all cases, there is ready inter-conversion via

pseudo-rotation. The insertion process can, then, occur directly on the five-co-

ordinate species, or in a square-planar species obtained by elimination of one of the

ligands (see Section 5.1).

In the case of the formation of 3, ethene co-ordination to 2 would result in the

formation of[Pd(dtbpx)H(MeOH)(C2~)r, 6, which is probably the precursor for the

substitution of MeOH with ethene, resulting in the formation of 5 (see scheme 7.3).

Finally, ethene insertion into the Pd-H bond in 5 results in the formation of3. Neither

5 nor 6 have been directly detected; however, the study of the dynamic behaviour of

3 at different temperature has clearly indicated the presence of an equilibrium

between 3 and 5.

Scheme 7.3

(

~+

XOM-=====-
H e

2 6 5
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Formation of 4 probably proceeds via a similar mechanism (see Scheme 7.4).

First, CO co-ordination to 3 results in the formation of [~d(dtbpx)(CH22H3)(CO)t,

7, which still contains an agostic interaction. Then, CO displaces the agostic

interaction resulting in the formation of the square-planar complex

[Pd(dtbpx)Et(CO)t, 8. Also in this case, neither 7 nor 8 have been directly detected,

probably because both reactions are very fast. However, it has recently been shown 5

that CO addition to [~(dtbPx)(CH2tH3)r, 9, at low temperature results in the

formation of [Pt(dtbpx)Et(CO)r, 10, the analogue of 8; with increasing the

temperature, 10 rearranges to give [Pt(dtbpx)(COEt)(solv)t, 11.

Scheme 7.4

(> ~+

~o

3 7 8

4

7.2 The activation process

Formation of the hydride 2 from 1 is not a direct process, but it takes place in

at least four different steps (see Scheme 7.5). The first reaction is protonation of 1 to
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give [Pdtd'bpxjidbal+j]", 12. This reaction is irreversible and it is quite important

since it transforms the insoluble compound 1 into the soluble species 12. Moreover,

it activates the starting Pd(O) species towards oxidation.

Scheme 7.S

Pd( d'bpxjf dba)
11+tr

[Pd( dtbpx)( dbaH)r
12

+BQ or O2

[Pd( dtbpx)( 112-RS03)r

13

11
[Pd(dtbpxXsolv)2]2+

14

Only in primary and secondary

Alcohols

[Pd(d'bpx )H( solv) r
2
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12 is readily oxidised by 02 or BQ resulting in the formation of

[Pd(dtbpx)(T)2-RS03)t (R = Me, 13a; CF3, 13b; p-MeC6H4' 13c); the oxidation is

very fast at high temperature. Moreover, in the operating conditions of the industrial

process, a very low concentration of catalyst is used and, thus, the presence of traces

of 02 are sufficient to obtain full conversion of 12 into 13.

The third step is the displacement of the co-ordinated RS03- anion and

formation of [Pd(dtbpx)(solv)2]2+, 14. This reaction is an equilibrium (see eq. 7.4),

and its position depends on the nature of the R-group present on the anion and the

solvent used. Polar solvents favour formation of 14, whereas basic R-groups shift the

equilibrium 7.4 towards the formation of 13.

[Pd(dtbpx)(112-RS03)t + 2solvr.iil.t==:::::::1~~[Pd(dtbpx)(solv)z]2+ + RS03-

13 14

(7.4)

The replacement of RS03- probably proceeds through three further steps (see

Scheme 7.6). First, one molecule of solvent co-ordinates to the metal resulting on the

formation of the penta-co-ordinate species [Pd(dtbpx)(112-RS03)(solv)t, 15; then,

RS03- changes its co-ordination mode from 112 to T)1, resulting in [Pd(dtbpx)( T)1-

RS03)(solv)t, 16. Thus, the co-ordinated anion, RS03-, loses the extra-stabilisation

due to the chelate effect and, therefore, it is readily displaced by a second molecule

of solvent. In agreement with this mechanism, formation of the hydride 2 (which is

the fmal result of all this process) is facilitated by addition of basic ligands (e.g.

pyridine). However, the presence of basic ligands could be a problem in the catalytic

process since such ligands bind strongly to the metal, preventing co-ordination of the

monomers. In fact, it has been shown in this work that addition of pyridine prevents



DA AGED 
TE T 

I 
ORIGI AL 

. . 
_ i<': 



Chapter Seven: General Conc.lysions 207

the formation of 3. MortC»ver, it has also been shown that excess pyridine results in

removal of the hydride ligand from the metal.

Scheme 7.6

(X; 2+

13 16 14

The last step in the hydrid~ forma~ is ~ndox process involving the solveat

(see Scheme 7,1). This reaotiorr'js irrevers~e arid involves p-hydride eliminatitilt

from a Prim~~ti_· alcohols which Is 4IO-ordinated to the metal; only in

such a solvents is thdlij tpI torw.

R,f\
I \ -~+)

R--c---°-""Pd--
1_____.,y <,
H

SC~7.7

RR'C=O+ H+ +
I

-Pd-H

I

Thus, MeOH has at 1915tthree different roles in the catalytic process:

1) it is a reagent in the formation of MeP;

2) it is a reagent in the hydride formation;

3) it stabilises the hydride, probably via solvation of the ionic species present in

solution and, in particular, H+. For instance, 2 reacts in THF with W to give 13
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As a result of all these reactions, 2 is easily formed on using TfDH but more

forcing conditions are required when MeS03H is used. However, the best catalytic

results are obtained with MeS03H and not with TfDH. As it will be discussed in the

next Section, this is mainly due to the different stabilities of the two systems.

It is interesting to note that when 1 is activated with MeS03H, the two main

species present in solution are 3 and 13a. These conclusions are based on analysis of

all the data for all the equilibria described in this Thesis. Moreover, in-situ NMR

experiments performed during this work support this hypothesis experimentally.

7.3 The deactivation process

A rapid decomposition of the catalyst to form Pd-metal and [dtbpxH2f+ is

observed during the process. However, it is very noteworthy that, despite the easy

decomposition, the catalyst is still very active. Nevertheless, decomposition remains

one of the main problems of this process.

All the compounds studied in this Thesis spontaneously decompose in

solution to form Pd-metal and [dtbpxH2]2+; decomposition rates are always enhanced

with increasing the temperature. Therefore, it is possible to refer to this process as

"thermal decomposition", to distinguish it from the "CO-induced decomposition"

which will be described later in this Section. Thermal stability strongly changes

when different complexes are considered. Thus, 4 is quite unstable and, in fact it has

been observed only below room temperature. However, its concentration during

catalysis is very low and methanolysis is very fast. Thus, the possibility of getting

out of the catalytic cycle by direct decomposition of 4 is noticeably reduced, and this
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is probably one of the reasons why the catalyst is so active. 2 is also relatively

unstable, even though it is far more stable than 4. Whereas, 3 and especially 13a are

quite stable even at high temperature.

The stability of all these complexes dramatically depends on the

concentration of CO. It is widely documented in the literature that Pd-complexes are

not very stable in the presence of CO, especially in alcoholic solvents.t" In all the

cases reported, decomposition is so fast that a detailed mechanism is not available.

During this Thesis, two different points for CO-induced decomposition of the Ineos

Acrylics catalyst have been found. First, CO can co-ordinate to 2 resulting in the

formation of [Pd(dtbpx)H(CO)]+, 17, which is very unstable even below room

temperature. Decomposition of 17 results, as usual, in the formation of Pd-metal and

[dtbpxHz]2+;the process is very fast and, hence, no intermediate has been detected.

However, formation of 17 from 2 is a reversible process, and it competes with the

reaction of2 with ethene to give 3 (see Scheme 7.8).

Scheme 7.8

Fast
decomposltlon

to the catalytic
cycle

3
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Therefore, competition between CO and ethene for reaction with 2 is

fundamental in order to decide whether catalysis or decomposition takes place.

Formation of 17 can be disfavoured by using a high C2HJCO ratio. Nevertheless,

even using these conditions, decomposition of the catalyst via 17 could remain quite

important, since 17 decomposes very fast.

CO reacts also with 4 to give [Pd(dtbpx)(COEt)(CO)t, 18, and this

compound is also highly unstable. Formation of 18 is a reversible process, and it

competes with methanolysis (see Scheme 7.9). The same considerations made for 17

apply for the decomposition of the catalyst via 18.

Scheme 7.9

Fast
decomposition

Decomposition of the catalyst can, therefore, start from many different points

and, probably, thermal and CO-induced decomposition are both important. It is clear

that decomposition remains the key point in determining the catalyst activity.

Moreover, it has been shown that stability of the system increases on using MeS03H

instead of TfUH, probably because 13a, in these conditions acts as a catalyst
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reservoir. Thus, this is the reason why the best catalytic performances are obtained

when 1 is activated with MeS03H.

7.4 Selectivity

One of the most surprising features of the catalytic system based on 1 is its

very particular selectivity; most of the Pd-catalysts based on bidentate ligands result

in the formation of polyketones. Only a few other diphosphines form Pd-complexes

which promote the selective formation of MeP (see Chapters 1 and 6 of this Thesis).

However, the catalytic system based on 1 is still the best one in terms of activity and

selectivity.

Different complexes of the type Pd(P-P)(dba) (P-P = d'bpx, 1; d'ppx, 18;

'b'ppx, Ib; d'bpp, Ic; dapp, Id; dapx, Ie; dcpx, If; dppp, Ig; dppx, Ih; d'ppx, Ii;

'bcpx, Ij) have been studied during this work with regard to their reactivity in MeOH

with oxidants (i.e. 02 and BQ) and TfOH. Complexes 1 and la-e result in the

formation of [Pd(P-P)H(MeOH)t (P-P = d'bpx, 2; d'ppx, 28; 'b'ppx, 2b; d'bpp, 2e;

dapp, 2d; dapx, 2e), whereas in the other cases no hydride is formed. It is noteworthy

the fact that all the complexes which can be transformed under these conditions into

a hydride are also selective catalysts for the synthesis of MeP. Thus, a correlation

between hydride formation and selectivity must exist. Very interestingly, the best

catalytic system for MeP formation is the one based on d'bpx, and this ligand is also

the best one for the synthesis of the hydride, in term of stability and rate of formation

of the complex.
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All the ligands which allow formation of hydride complexes (and production

of MeP) are very basic and very bulky. Moreover, all apart d'bpp and dapp have an

o-xylyl backbone. The bite angle of the diphosphine does not seem to be very

important (see Chapter 1 and 6). Whereas, the selectivity of the catalyst and the

possibility of forming hydride complexes correlate quite well with the parallel pocket

angle (9 n)of the ligand. Thus, the hydride (and MeP) is formed when 9" is smaller

than 130° (see Chapter 1). The parallel pocket angle gives, basically, a measure of

the space available on the plane for the growing chain and the monomer co-ordinated

to the metal. A small pocket angle disfavours propagation and favours termination

for steric reasons; moreover, the presence of a basic diphosphine, because of a strong

trans effect, labilises the trans group favouring termination, too. Thus, steric and

electronic effects co-operate in order to enhance the rate of the termination process,

.resulting in high selectivity towards MeP formation. The importance of steric effects

is further substantiated by the analysis of [Jd(dtbpx)(CH2tH2(CH2)nHt (n = 0-12)

complexes. As shown in Chapter 4, their stabilities dramatically decrease with

increasing the length of the alkyl chain. The ethyl complex is very stable, whereas

the propyl complex starts to eliminate propene already at room temperature. Thus, it

seems that there is no physical space for a long chain to co-ordinate to the metal.

However, both steric and electronic parameters are important; it is, in fact,

enough to slightly change the nature of the R-groups on the phosphorus or the

backbone of the ligand in order to completely change the selectivity of the catalyst

(and prevent hydride formation). Thus, the particular results obtained with these

ligands are due to a delicate balance of different parameters.

As shown on many occasions in this Thesis, the particular behaviour of these

ligands extend to different areas of their chemistry. On using d'bpx (or analogous



Chapter Seven: General Conclusions 213

ligands) is, in fact, possible to stabilise Pd-complexes which are otherwise very

unstable and, in some cases, have never been observed before. The most important

examples are listed below:

a) [Pd(P-P)H(solv)t. Pd-hydrides are usually unstable and, as far as we know, this

is the first example of a fully characterised Pd-hydride containing a diphosphine

ligand and a labile solvent molecule cis to the hydride ligand. Moreover, this

complex is surprisingly very stable, even towards oxidation.

b) [Jd(P-P)(CH2Ck3)t. These bulky ligands are able to stabilise ethyl-agostic

complexes and, moreover, the agostic interaction is maintained even in strongly

co-ordinating solvents.

c) [Pd(dtbpx)(COEt)(solv)t To the best of our knowledge, this is the first example

of a fully characterised Pd-acyl complex containing a diphosphine ligand and a

molecule of solvent. Usually CO co-ordination is more preferable than solvent

co-ordination (see Chapter 5).

d) [Pd(dtbpx)(112-RS03)t. RS03- very rarely co-ordinates as a bidentate ligand (see

Chapters 2 and 3) and, usually, the anion is readily lost in co-ordinating solvents.

However, for 13a, even the strongly co-ordinating solvent, CH3CN, is not able to

completely displace 112-RS03-.
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Chapter Eight



Experimental Section

8.1 General methods and procedures

This Chapter summarises all the experimental procedures and syntheses of

complexes described in this Thesis. All the manipulations involving solutions or

solids were performed under an atmosphere of nitrogen (or carbon monoxide or

ethene where appropriate) using standard Schlenk line techniques. Most of the

solvent were dried and distilled under nitrogen following standard literature methods;

i.e. MeOH over Mg(OMe)2, EtOH over Mg, THF over Nalbenzophenone, CH2Ch

over CaH2, CH3CN over CaH2, n-hexane over Na and acetone over B203. All the

other solvents were degassed under vacuum and stored under nitrogen. Deuterated

solvents were degassed under vacuum in a liquid nitrogen bath and stored over

activated 4 A molecular sieves under nitrogen for at least 24 hours prior to use. All

the reactions were carried out in a 10 mm NMR tube, unless stated otherwise. Most

of the compounds have been characterised only in solution; thus, no yield nor

elemental analysis is reported for them. The "co and 13CH2=CH2 containing

samples were prepared on using a high vacuum line with a mercury vapour pump.

All the reactions involving CO have been carried out in a well ventilated

fume-hood. During the preparation of the samples for experiments under gas

pressure, the NMR tubes have been always kept inside an appropriate metal or

plastic protection. All the other experiments have been carried out following standard

safety procedures.
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All 3lpeH}, 31p, 13CeH}, I3C and IH NMR measurements were performed

on Bruker AMX200, AMX400, WM200 or WM250 instruments using commercial

probes. The chemical shifts were referenced to external H3P04 (85% in DzO) for

phosphorus, and to internal TMS for proton and carbon. Spectra of samples dissolved

in non-deuterated solvents were referenced using an external deuterated solvent lock

(i.e. C02Clz for measurements at room and low temperature, 020 for measurements

at high temperature). IH NMR spectra of metal hydrides dissolved in non-deuterated

solvents were recorded using the IHJ31p correlations measured via zero and double

quantum coherences, I calibrated on trans-2J(P-H) measured in the 31pNMR spectra.

High pressure NMR measurements were recorded using a home-built special 10 mm

thick glass wall tube or a 10 mm sapphire tube.

IR spectra were obtained in solution using cells with CaF2 windows and in

the solid state using KBr disks on a Perkin Elmer 1720-X Fourier transform

spectrometer or on a Perkin Elmer 883 CW IR spectrometer.

X-ray structures were determined on a STOE-IPDS image plate

diffractometer using graphite monochromated MoKa radiation (A. = 0.71073 A), apart

from the case of [Pd(dtbpx)(1l2-MeS03)][MeS03][MeS03H] which was determined

on a Rigaku AF65 diffractometer using graphite monochromated MoKa radiation (A.

= 0.7169 A). Crystals were mounted in a glass fibre. Structures were solved by

Direct Methods and structure refmements by full-matrix least-squares were based on

all data using F2.2 All non-hydrogen atoms were refmed anisotropically unless

otherwise stated. Hydrogen positions were placed geometrically.

All the chemical products were purchased from Aldrich Chemical Co., except

Pdzdba3.3 Pd(COD)(Me)CI,4 Pd(CsHs)(C3Hs),s Pd(dtbpx)(C2~).6 and d'bpx 7 which
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were prepared by published methods. I3CO (99.8 %) was purchased from Isotec Inc.,

and 13CH2=CH2from Aldrich Chemical Co.

8.2 Preparation of the starting:materials

8.2.1 Preparation of Pd(dbpx)(dba)

To a solution of'Pd-dba, (5.00 g, 5.47 mmol) dissolved in THF (200 ml) in a

500 ml two-necked round-bottomed flask equipped with a magnetic stirring bar and a

gas inlet tube (N2), d'bpx (4.31 g, 10.9 mmol) was added as a solution in THF (100

ml). The deep purple colour of the starting solution of Pd-dba, changed to bright

orange after stirring for 1 hour. The reaction solution was stirred for a further 16

hours during which no further colour change occurred. The reaction solution was

filtered through a glass sinter to remove any palladium metal, and the solvent

removed under reduced pressure to yield an orange sticky gum. This was washed

with cold n-hexane (243 K) followed by cold ether (243 K). The washings were

discarded and the remaining solid dried under reduced pressure to yield the product

as an orange powder.

Yield 2.56 g (32.1 %). Found: C, 67.14; H, 8.00 %. C41HssOP2Pd requires C,

67.03; H, 7.90 %.

31peH} NMR at 293 Kin THF: S(ppm) = 49 (br), 51 (br)

31peH} NMR at 193 Kin THF: S(ppm) = 43.1 (s), 46.2 (s), 47.3 (s), 49.7 (d, J = 8

Hz), 51.0 (s), 52.0 (d, J = 8.1 Hz)
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31p{IH} NMR at 293 Kin MeOH: o(ppm) =49 (br), 53 (br)

3Ip{IH} NMR at 193 K in MeOH: o(ppm) == 54.0 (d, J == 14 Hz), 49.3 (d, J = 14 Hz),

47.2 (d, J = 14 Hz), 42.9 (d, J = 14 Hz)

IR in THF at 293 K: v(cm-1) = 1646vs, l623ms

Note: All the other Pd(P-P)(dba) (P-P = d'ppx, 'b'ppx, d'bpp, dapp, dapx, dcpx,

d'ppx, dppx, dppp, 'bcpx) complexes were prepared in a similar way, using the

appropriate diphosphine.

8.2.2 Preparation ofPd(dbpx)CI2

To a solution of Pdrd'bpxjtdba) (2.00 g, 2.72 mmol) in Et20 (100 ml) in a 250

ml two-necked round-bottomed flask, EtCOCI (2.60 g, 27.2 mmol) was added via a

syringe. The solution turned from orange to yellow in colour immediately and a

yellow precipitate began to form after 15 minutes. The reaction mixture was stirred

for a further 2 hours before the precipitate was separated by filtration and dried in

vacuum.

Yield 1.4 g (90 %). Found: C, 50.39; H, 7.65 %. C24lit4P2ChPd requires: C,

50.43; H, 7.70 %.

31peH} NMR at 293 Kin CH2Cb: o(ppm) = 35.0 (s)

8.2.3 Preparation ofPd(dbpx)(r/ -TfOh

To a solution of Pd(dtbpx)Ch (1.50 g, 2.62 mmol) in CH2Ch (100 ml) in a

250 ml two-necked round-bottomed flask, AgOTf (1.35 g, 5.24 mmol) was added. A

white precipitate of AgCl was immediately formed. The solution was further stirred
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for 1 hour before removing the precipitate by filtration. The volume of the solution

was, then, reduced in vacuum to ca. 40 ml and the product precipitated by addition of

n-hexane (100 ml). The solid was separated by filtration and dried in vacuum.

Yield 1.8 g (86 %). Found: C, 38.66; H, 5.67 %. C26HuP206S2F6Pd requires: C,

39.08; H, 5.55 %.

8.2.4 Preparation ofPd(dbpx)(Me)Cl

To a solution ofPd(COD)(Me)CI (1.00 g, 3.77 mmol) in CH2Ch (50 ml) in a

200 ml Schlenk tube equipped with a magnetic stirring bar, d'bpx (0.39 g, 3.8 mmol)

was slowly added as a CH2Ch (50 ml) solution. The solution was stirred at room

temperature for 4 hours and, then the volume reduced to ca. 30 ml. The product was

precipitated by addition ofn-hexane (100 ml), separated by filtration, washed with n-

hexane (2x30 ml) and dried in vacuum.

Yield 1.8 g (88 %). Found: C, 54.39 %; H, 8.63 %. PdC25~7P2CI requires: C, 54.45

%; H, 8.59 %.

31p{IH} NMR at 293 Kin CH2Ch: 8(ppm) = 49.0 (d, J = 30.5 Hz), 18.4 (d, 30.5 Hz)

3lpeH} NMR at 196 K in CH2Ch: 8(ppm) = 47.8 (d, J = 29.5 Hz), 15.8 (d, J =

29.5 Hz)
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8.3 Experimental for Chapter Two

8.3.1 Synthesis of [pd(dbpx) (dbaH) lX (X = MeSO~, TfO, TsO,

BFJ

The reaction can be carried out in MeOH, THF or CH2Ch and, usually, one

mole of acid per mole of Pd-complex is enough to have complete reaction. It is very

important to avoid the presence of oxygen in order to prevent oxidation of

[Pd(dtbpx)(dbaH)t. Usually, to a solution of Pdrd'bpxjrdba) (100 mg, 0.136 mmol)

in the appropriate solvent (2 ml) the acid HX (X = TtO, TsO, MeS03, BF4) was

added with a micropipette (or in solid in the case of TsOH). The colour of the

solution changes from yellow-orange to deep-red, with a concomitant change in

NMR spectrum.

31p{IH} NMR at 293 Kin MeOH (using MeS03H): 8(ppm) = 43.9 (d, J = 48.7 Hz),

48.5 (d, J = 51.3 Hz), 63.3 (d, J = 48.7 Hz), 68.2 (d, J = 59 Hz)

31peH} NMR at 193 Kin MeOH (using MeS03H): 8(ppm) = 38.5 (d, J = 48.0 Hz),

43.6 (d, J = 48.0 Hz), 59.3 (d, J = 48.0 Hz), 65.3 (d, J = 48.0 Hz)

31peH} NMR at 193 K in MeOH (using TtOH): 8(ppm) = 36.7 (d, J = 47.7 Hz),

41.8 (d, J = 47.8 Hz), 57.6 (d, J = 47.7 Hz), 63.7 (d, J = 47.8 Hz)

8.3.2 Synthesis of[Pd(dbpx)H(MeOH)l[TfOl

A) Oxidation of [Pd{dtbpx){dbaH)][TtO] with O~. To a solution of Pdtd'bpxjtdba)

(100 mg, 0.136 mmol) in MeOH (2 ml), TtOH (60.5 ul, 0.680 mmol) was added

with a micropipette. Oxygen was, then, bubbled through the solution for ca. 20
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minutes. The colour of the solution changed from deep-red to orange-yellow, and

completion of the reaction was monitored via NMR spectroscopy.

B) Oxidation of (Pd{dtbpx){dbaH)][TfO] with BO. Pdtd'bpxjtdba) (100 mg, 0.136

mmol) and BQ (29.4 mg, 0.272 mmol) were mixed in solid and degassed under

vacuum. The solids were partially dissolved under nitrogen in MeOH (2 ml) and

then TfOH (60.5 ul, 0.680 mmol) was added via a micropipette. The product was

formed in a few minutes, as revealed by NMR spectroscopy.

C) From Pd(dtbpx)(nl-TfO),. Pd(dtbpx)(r(TfO)2 (100 mg, 0.125 mmol) was

dissolved in MeOH (2 ml) under nitrogen. The hydride was formed immediately.

3lpeH} NMR at 293 Kin MeOH: o(ppm) = 25.8 (d, J = 17 Hz), 77.5 (d, J = 17 Hz)

31pNMR at 293 Kin MeOH: o(ppm) = 25.8 (d, J = 179.4 Hz), 77.5 (br)

IH NMR at 293 K in MeOH: o(ppm) = -10.0 (dd, J = 179.7 and 14.3 Hz)

Note: The same three syntheses can be used for the preparation of analogous

hydrides using other primary and secondary alcohols

8.3.3 Synthesis of[Pd(dbpx)H(solv)l[TfOl (solv = THF. EICN,

CH~CN. MeP)

A solution of [Pd(dtbpx)H(MeOH)][TfD] (0.136 mmol) in MeOH (2 ml) was

prepared as described in. Section 8.3.2. The solution was, then, dried in vacuum and

the residue dissolved in the appropriate solvent (2 ml). The product was then

analysed via NMR spectroscopy. The best results were obtained preparing

[Pd(dtbpx)H(MeOH)](TfO] from Pd(dtbpx)(lll-TfOh The NMR data are reported in

Table 2.1.
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8.3.4 Synthesis of[Pd(dbpx)(r/-TfO)l[TfOl

A) General synthesis. To a solution in an appropriate solvent (2 ml of THF,

CF3CH20H, CH2Ch, MeP or acetone) containing Pd(dtbpx)(dba) (65.0 mg, 0.088

mmol) and BQ (65.0 mg, 0.583 mmol), TfOH (39.0 Ill, 0.440 mmol) was added

through a micropipette. An orange solution was obtained and analysed by NMR.

The same product can be obtained directly by dissolving Pd(dtbpx)(111.TfO)2

(100 mg, 0.125 mmol) in the same solvents.

31p{'H} NMR at 293 Kin THF: B(ppm) = 80.0 (s); 31pCH} NMR at 193 K in THF:

B(ppm) = 78.7 (s); 31pCH} NMR at 293 K in CH2Ch: B(ppm) = 77.0 (s); 31pCH}

NMR at 293 K in acetone: B(ppm) = 74.0 (s);

B) Synthesis in tBuOH. Pd(dtbpx)(dba) (94.5 mg, 0.128 mmol) and BQ (82.0 mg,

0.759 mmol) were mixed as solids in an NMR tube, degassed in vacuum and put

under nitrogen. Solid tBuOH (2.56 mg) was added and the tube warmed up to

303 K in order to melt the alcohol. At this point, the solution was red and TfOH

(57.2 Ill, 0.64 mmol) was added. An orange solution was obtained and the NMR

spectrum recorded at 303 K

31pCH} NMR at 303 Kin tBuOH: B(ppm) = 70.8 (s);

C) Crystallisation of [Pd(dtbpx)(n2.TfO)UTfO]. To a solution of Pdid'bpxjtdba)

(200 mg, 0.272 mmol) in THF (4 ml), BQ (29.4 mg, 0.272 mmol) and TfOH

(200 Ill, 1.36 mmol) were added in a Schlenk tube. resulting in the formation of a
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homogeneous pale-yellow solution. Crystallisation was then induced by slow

diffusion of n-hexane (5 ml). Yellow crystals of [Pd(dtbpx)(Tl2-TfD)][TfO]

suitable for X-ray analysis were obtained. Crystal data and data collection

parameters are reported in Table 8.1. The positions of the fluorine atoms of the

non-co-ordinated anion are disordered.

Table 8.1

Crystal data and data collection parameters/or [Pd(dbpx)(rf-

TfO)J[TfOJ

Chemical Formula C2J{.2F 606P2S2Pd Z 4

FW 797.14 Pcaldgern" 1.530

Crystal system Orthorhombic TIK 213(2)

Space group Pnma A_(MoKa)/A 0.71073

alA 32.718(3) Jl( MoKa)/mm-1 0.730

b/A 11.4933(15) Data/parameters 2899/207

cIA 9.2030(8) n, (I>2cr(I» 0.1118

V/A3 3460.7(6) WR2(all data) 0.2440

8.3.5 Synthesis of[Pd(dbpx)(CH'lCN)iJ[TfOb

Pdtd'bpxjtdba) (100 mg, 0.136 mmol) and BQ (82.0 mg, 0.759 mmol) were

mixed as solids under nitrogen. Then, CH3CN (2 ml) and TfOH (60.5 JlI, 0.680

mmol) were added, resulting in the formation of an orange solution of

[Pd(dtbpx)( CH3CN)2][TtD]z.
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3Ip{IH} NMR at 293 K in CH3CN: 8(ppm) = 57.3 (s); 3lpeH} NMR at 246 K in

CH3CN: 8(ppm) = 55.5 (s); 3lpeH} NMR at 328 K in CH3CN: 8(ppm) = 58.8 (s);

8.3.6 Synthesis of [Pd(dbpx)D (CD 30D) l[Tf01

Pd(dtbpx)("I-TiDh (100 mg, 0.125 mmol) was introduced into a 10 mm

NMR tube under nitrogen. Addition of CD30D (2 ml) to the solid resulted in the

immediate formation of the deuteride, which was the only product detected by NMR.

3lpeH} NMR at 293 K in CD30D: 8(ppm) = 23.4 (sextet composed of six equal

intense resonances, J = 17 and 23 Hz), 75.4 (sextet composed of six equal intense

resonances, J = 17 and 3 Hz)

8.3.7 Synthesis of [Pd{r/ -PBU2CHzCdlJCH,PHBuM

TfOll{Tf01

Pdtd'bpxjtdba) (62.0 mg, 0.084 mmol) and BQ (406.5 mg, 3.76 mmol) were

mixed as solids and then MeOH (2 ml) was added through a syringe. TiDH (37.6 Ill,

0.420 mmol) was added to this red solution and the resulting orange solution

analysed by NMR spectroscopy. [Pd {,,2_ptBU2CH2C6H3CH2PHtBU2}{,,2_TID} ][TiD]

is the only product detected in these conditions.

3IpCH} NMR at 293 K in MeOH: 8(ppm) = 42.4 (s), 105.6 (s)

31pNMR at 293 Kin MeOH: 8(ppm) = 42.4 (d, J = 460 Hz), 105.6 (s)
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8.3.8 Synthesis [pd(dbpx)H(H20)1[TfOl

A) Synthesis in MeOH. BQ (14.7 mg, 0.l36 mmol) and TfOH (100 ul, 0.680 mmol)

were added to a solution of Pdid'bpxjtdba) (100 mg, 0.136 mmol) in MeOH (2

ml). Then, H20 was added slowly and the reaction monitored via NMR

spectroscopy. After the addition of 2 ml of H20, the starting complex,

[Pd(dtbpx)H(MeOH)t, was completely converted into the final product.

3IpCH} NMR at 293 Kin MeOH: o(ppm) = 22.4 (br), 72.9 (br)

31pNMR at 293 Kin MeOH: o(ppm) = 22.4 (d, J = 190 Hz), 72.9 (br)

B) Synthesis in THF. A solution of [Pd(dtbpx)H(THF)t (0.136 mmol) in THF (2

ml) was prepared as described in Section 8.3.3. Then, H20 (5.00 ul, 0.278 mmol)

was added with a micropipette and the reaction followed via NMR. Further

addition of water results in the formation of [Pd(d'bpx )(H20 )2f+.

3IpCH} NMR at 293 Kin THF: o(ppm) = 23.1 (d, J = 18.3 Hz), 71.7 (d, J = 18.3 Hz)

31pNMR at 293 K in MeOH: o(ppm) = 23.1 (d, J= 186 Hz), 71.7 (br)

8.3.9 Synthesis of[Pd(dbpx)H(PY)l[TfOl

BQ (14.7 mg, 0.136 mmol) and TfOH (100 Ill, 0.680 mmol) were added to a

solution of'Pdtd'bpxjtdba) (100 mg, 0.136 mmol) in MeOH (2 ml). Then, pyridine

(52.4 Ill, 0.653 mmol) was added with a micropipette and the solution analysed via

NMR. It is better to add the pyridine slowly and to monitor the progress of the

reaction via NMR, in order to avoid formation of [Pd(dtbpx)(Py )2]2+.
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3lpeH} NMR at 293 Kin MeOH: o(ppm) = 23.3 (d, J = 18.4 Hz), 66.6 (d, J = 18.4

Hz)

31pNMR at 293 Kin MeOH: 8(ppm) = 23.3 (d, J = 182 Hz), 66.6 (br)

IH NMR at 293 K in MeOH: 8(ppm) =-9.4 (dd, J = 17.1 and 182 Hz)

8.3.10 Synthesis of[Pd(cibpx)H(pPhJ21[TfOl--
Solid PPh3 (28.5 mg, 0.102 mmol) was added to a solution of

[Pd(dtbpx)H(MeOH)][TfO] (0.102 mmol) in MeOH (2 ml), prepared as described in

Section 8.3.2. All the solid dissolved and the solution slightly changed colour from

brown-orange to orange-red. The formation of the new complex was then detected

through multinuclear NMR measurements.

3lpeH} NMR at 293 Kin MeOH: 8(ppm) = 11 (dd, J = 330 and 26 Hz), 35 (t, J = 27

Hz), 60 (dd, J = 330 and 26 Hz)

31pNMR at 293 Kin MeOH: 8(ppm) = 11 (d, J = 330 Hz), 35 (d, J = 160 Hz), 60 (d,

J = 330 Hz)

IH NMR at 293 Kin MeOH: o(ppm) = -8.1 (ddd, J = 160,23 and 11 Hz)

8.3.11 Synthesis ofPd(cibpx)HX (X = el, Br, 1)

[NMe4]X (X = Cl, Br, I) was slowly added as a solid to a solution of

[Pd(dtbpx)H(MeOH)][TfO] (0.136 mmol) in MeOH (2 ml), until all the starting

material had completely reacted as indicated by NMR spectroscopy. The final

products were not very soluble in MeOH. Hence, part of the data have been collected
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in THF, after evaporation of the solvent in vacuum and dissolution of the residue in

THF. The IH NMR spectrum of Pd(dtbpx)HI has been recorded only at 193 K,

because the compound is not very stable at room temperature. In all the reactions,

Pd(dtbpx)X2 was formed as a by-product.

31peH} NMR at 293 Kin MeOH: o(ppm) = 20.0 (d, J = 21.6 Hz), 67.2 (d, J = 21.6

Hz) (X = Cl); 21.6 (d, J = 21.4 Hz), 67.6 (d, J = 21.4 Hz) (X = Br); 21.0 (d, J = 21.2

Hz), 63.5 (d, J = 21.2 Hz)

31pNMR at 293 K in MeOH: o(ppm) = 20.0 (d, J = 180.7 Hz), 67.2 (br) (X = Cl);

21.6 (d, J = 203 Hz), 67.6 (br) (X = Br); 21.0 (d, J = 182 Hz), 63.5 (br) (X = I)

IH NMR at 293 Kin MeOH: o(ppm) = -10.4 (dd, J = 18.4 and 180.7 Hz) (X = Cl); -

9.7 (dd, J = 26.2 and 203 Hz) (X = Br); -9.3 (dd, J = 38.0 and 182 Hz) (X = I, in

MeOH at 193 K)

8.4 Experimental for Chapter Three

8.4.1 Synthesis of[Pd(clbpx)(r[-MeSO})l[MeSOJ1_

MeS03H (45.7 ul, 0.680 mmol) was added with a micropipette to a solution

of Pdtd'bpxjidba) (100 mg, 0.136 mmol) in MeOH (2 ml). Oxygen was then bubbled

through the solution for ca. 30 minutes, until the colour of the solution turned from

deep-red to pale-yellow. [Pd(dtbpx)(1l2-MeS03)r was the only species detected in

solution via NMR at this point. Alternatively, the same product can be obtained by

addition of BQ to the same deep-red solution. Crystals suitable for X-ray analysis
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were obtained on layering n-hexane (3 ml) on this solution. The compound

collection parameters are reported in Table 8.2.

3lpeH} NMR at 193 K: 67.1 (5),66.0 (5) in MeOH; 66.1 (5),65.4 (s) in THF; 66.9

(s), 65.6 (s) in acetone; 66.2 (s) in CH2Ch; 70.0 (s) in MeOH at 293 K.

Table 8.2

Crystal data and data collection parameters/or [Pd(dbpx)(r/-

MeS03)] [MeS03] [MeSO~]

Chemical Formula C27Hs409P2S3Pd V/A3 1784(3)

FW 787.27 Z 2

Crystal system Triclinic J -I 1.465Peal gem

Space group P -1 TIK 153(2)

alA 11.87(2) A.(MoKa)lA 0.71069

blA 15.410(7) J.!( MoKa)/mm-1 0.762

cIA 11.168(6) I>ataJparameters 37211379

al° 109.17(4) RI (1)20(1)) 0.0397

WO 108.21(7) WR2(all data) 0.0488

rIo 72.06(6)

8.4.2 Synthesis of[Pd(dbpx)(r/-TsO)l[TsOl
BQ (29.4 mg, 0.272 mmol) and TsOH.H20 (258.4 mg, 1.360 mmol) were

added to a solution of Pdtd'bpxudba) (200 mg, 0.272 mmol) in THF (4 ml), in a
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Schlenk tube, resulting in a homogeneous pale-yellow solution. Crystals suitable for

X-ray analysis were then obtained on layering n-hexane (6 ml) on this solution. The

elemental cell contains two independent cations, two TsO· anions, four molecules of

free TsOH acid and six molecules of water. In the structure there were disordered

groups that were split in two positions in the refmement, using distance and

anisotropic displacement parameter restraints: the phenyl ring atoms and the methyl

group in two of the four TsOH molecules of the asymmetric unit and the oxygen

atoms belonging to a third acidic group. In the structure there are high residue

electron densities that could not be attributed. This is due to the fact that the crystals

were very small and of poor quality, leading to a rather high R factor. While the

overall connectivity is not in doubt, the quality of the refinement does not allow a

detailed discussion of the structural parameters. Crystal data and data collection

parameters are reported in Table 8.3.

3lpeH} NMR at 193 K: 68.3 (s) in MeOH; 68.4 (s), 68.2 (s) in THF; 67.8 (s), 66.9

(s) in CH2Ch; 69.7 (s) in MeOH at 293 K.

Table 8.3

Crystal data and data collection parameters for [Pd(dbpx)(rI-

TsO)] {TsO] (TsOH] 2{H20]3

Chemical Formula CS2Hn02lP2PdS4 V/A3 5871.2(14)

FW 1329.82 Z 4

Crystal system Triclinic J ·1 1.504Peal gem

Space group P -1 TIK 213(2)
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alA 14.919(2) A(MoKa)lA 0.71073

blA 16.936(2) Il( MoKa)/mm-1 0.516

ciA 24.621(3) I>atalpararneters 14595/1226

a/o 76.092(15) RJ (I>2cr(I)) 0.1447

~/o 76.814(16) wR2 (all data) 0.3715

ylO 89.694(17)

8.4.3 Study of the reactivity of Pd(dbpx)(dba) with MeSO?H in

boiling MeOH

Pdtd'bpxjtdba) (120 mg, 0.163 mmol) was suspended in MeOH (5 ml) in a 50

ml two-necked round bottomed flask. MeS03H (52.8 Ill, 0.815 mmol) was added and

the resulting deep-red solution refluxed at 80°C under nitrogen (1 atm) for 1 hour.

The fmal yellow solution was then cooled down to room temperature and analysed

by NMR spectroscopy. See Figure 3.4.

8.5 Experimental for Chapter Four

8.5.1 Synthesis of[fd(dbpx)(CH2CH?)l[TfOl.....

Different syntheses are possible.

A) Ethene was bubbled for a few seconds through a solution of

(Pd(dtbpx)H(MeOH)](TfO] (0.136 mmol) in MeOH (2 ml), prepared as
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described in Section 8.3.2. Immediately the solution turned from brown-orange to

brown-yellow and the product was detected via NMR spectroscopy.

B) In a 10 mm NMR tube, Pdtd'bpxjfdba) (100 mg, 0.136 mmol) and BQ (14.7 mg,

0.136 mmol) were mixed as solids under a C2~ atmosphere (1 bar). Then,

MeOH (2 ml) and TfDH (60.5 Ill, 0.680 mmol) were added and the new complex

detected in the NMR spectra.

C) To a suspension of Pd(dtbpx)(C2H4) (100 mg, 0.189 mmol) in MeOH (2 ml),

TfDH (84.3 ul, 0.945 mmol) was added via a micropipette. The resulting yellow

solution was then analysed using NMR spectroscopy.

3lpeH} NMR at 193 Kin MeOH: 8(ppm) = 36.3 (d, J = 31 Hz), 67.7 (d, J = 31 Hz)

8.5.2 Characterisation of [ptJ(dbpx) (CH,CH?)l[TfOl via....

TfDH (100 Ill, 0.680 mmol) was added with a micropipette to a MeOH

solution (2.5 ml, 25% CD30D) of Pdrd'bpxjtdba) (100 mg, 0.136 mmol) and BQ

(14.7 mg, 0.136 mmol), in a Schlenk tube under N2 (1 bar). A brown-orange solution

containing [Pd(dtbpx)H(MeOH)t was formed immediately. After having controlled

the purity of the sample via NMR spectroscopy, the solution was transferred to a 10

mm NMR tube equipped with a connection for the high vacuum line. The tube was

then frozen in liquid nitrogen and evacuated on a high vacuum line equipped with a

mercury diffusion pump. The liquid nitrogen bath was, then, removed and the tube

put immediately in a dry ice/acetone bath, in order to avoid the condensation of

ethene. To this solution, one equivalent of 13CH2=CH2was added through the high
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vacuum line, then the tube was put again in the liquid nitrogen bath and sealed. This

sample was used for all 31pand I3Cmeasurements at low temperature.

3lpeH} NMR at 193 Kin MeOH: 8(ppm) = 36.3 (d + dd, J = 31 and 38 Hz), 67.5 (d,

J = 31 Hz)

3lpeH} NMR at 293 Kin MeOH: 8(ppm) = 38.3 (br), 70.2 (br)

13CeH} NMR at 193 Kin MeOH: 8(ppm) = 8 (s), 32 (dd, J = 38 and 5 Hz)

8.5.3 Characterisation of [p'd(dbpx)(CH2(3H?)Z[TfOZ at high_..

temperature

A MeOH solution (2 ml, 25% CD30D) of [Pd(dtbpx)(CH2CH3)][TfO] (0.136

mmol) was prepared as described in Section 8.5.1 in a Schlenk tube under ethene (1

atm), and then transferred via a syringe to a 10 mm NMR sapphire tube. The tube

was pressurised with 4 atm of ethene, and the phosphorus spectra of this solution

were recorded in the temperature range 293-353 K.

3lpeH} NMR at 293 Kin MeOH: 8(ppm) = 37 (br), 70 (br)

31pCH} NMR at 353 Kin MeOH: 8(ppm) = 54 (br)

8.5.4 Synthesis ofgJd(dbpx)(CH2dHzCH1)Z[TfOZ

A solution of [Pd(dtbpx)H(MeOH)][TfO] (0.l36 mmol) in MeOH (2.5 ml,

25% CD30D) was prepared as described in Section 8.3.2. After having controlled the

purity of the sample via NMR spectroscopy, the solution was transferred in a 10 mm

NMR tube equipped with a connection for the high vacuum line. The tube was then
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frozen in liquid nitrogen and evacuated on a high vacuum line equipped with a

mercury diffusion pump. Then, the liquid nitrogen bath was removed and replaced

with a dry ice/acetone bath. To this solution, two equivalents of propene were added

through the high vacuum line, followed by cooling in liquid nitrogen and sealing.

This sample was used for all the 31pNMR measurements at low temperature.

3lpeH} NMR at 193 Kin MeOH: 8(ppm) = 37.8 (d, J=30.5 Hz), 67.6 (d, J=30.5 Hz)

I I
8.5.5 Synthesis of[Pd(dbpx)(CH2CH2(CHzhCH })l[TfOl

A solution of[Pd(dtbpx)H(MeOH)][TID] (0.136 mmol) in MeOH (2 ml) was

prepared as described in Section 8.3.2. Then, I-hexene (42.0 J.11,0.400 mmol) was

added and the 31pNMR spectra were recorded in the temperature range 193-293 K.

3lpeH} NMR at 196 K in MeOH: 8(ppm) = 38.6 (d, J=30.2 Hz), 67.7 (d, J=30.2 Hz)

8.5.6 Thermodynamic calculations (or the equilibrium involving

[Pk(dbpx) (CH2Ck2(CH;) 1CH})1+and [Pd(dbpx)H(MeOH)Z+

Let consider the following equilibrium:

Pdalk

Its equilibrium constant is:
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Let define:

R = integral of the resonance due to Pdalk/ integral of the resonance due to Pdhyd

C = total concentration of palladium in solution

A = total concentration ofC6HI2 in solution

Hypotheses:

1. The concentration of phosphorus-containing species is directly proportional to

the integral of their resonances in the NMR spectra, and the constant of

proportion is the same for all the species. Hence: R = [Pda1k]/ [Pdhyd];

2. There are no side products. Hence: C = [Pdalk] + [Pdhyd] and A = [Pdalk] +

[C6HI2]'

Then:

I<eq = R(1 +R)/(A + AR - CR)

Using this last equation is possible to calculate from the experimental spectra

I<eq at different temperatures. Then, applying the fundamental thermodynamic

equations:

L\GO=-RTlnKeq

L\Go = MiO - TL\So

it is possible to calculate also ~o and L\So.
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8.6 Experimental for Chapter 5

8.6.1 Synthesis of[Pd(dbpx) (COEt) aHF) l[Tf01

A solution in MeOH (2 ml) of [~d(dtbpx)(CH22H3)][TfD] (0.136 mmol) was

prepared as described in Section 8.5.1. The solution was, then, dried in vacuum and

the residue dissolved in THF (2 ml, 25% d8 -THF) under N2. The resulting solution

was stored in a dry ice/acetone bath, and its purity checked via NMR spectroscopy.

The solution was then transferred to a special 10 mm NMR tube equipped with a

connection for the high vacuum line. The tube was frozen in liquid nitrogen and

evacuated on a high vacuum line equipped with a mercury diffusion pump. To this

solution, one equivalent of CO was added through the high vacuum line and, then,

the tube was sealed. The experiment has been performed with either 12COand t3CO.

31peH} NMR at 173 Kin THF (with 12CO):o(ppm) = 32.5 (d, J= 40 Hz), 79.9 (d, J=

40Hz)

31pCH} NMR at 173 Kin THF (with t3CO): o(ppm) = 32.5 (dd, J= 40 and 82.9 Hz),

79.9 (dd, J= 40 and 18.2 Hz)

13CeH} NMR at 173 Kin THF (with t3CO): o(ppm) = 232 (dd, J= 82.9 and 18.2 Hz)

Note: It is possible to obtain a I3C-double enriched acyl complex operating as follow.

A solution of [Pd(dtbpx)H(THF)][TfD] (0.136 mmol) in THF (2 ml, 25% d8-THF)

was prepared as described in Section 8.3.3. To this solution, one equivalent of

13CH2=CH2 was added through the high vacuum line following the procedure

reported in Section 8.5.2 and, then I3CO was added to the resulting ethyl complex as

in the experiment described above.
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8.6.2 Synthesis of Pd(dbpx)(COMe)Cl

Pd(dtbpx)(Me)CI (100 mg, 0.181 mmol) was dissolved in CH2Ch (2 ml)

under CO (1 atm). In these conditions, the starting material is partially converted into

Pd(dtbpx)(COMe )Cl.

3lpeH} NMR at 196 K in CH2Ch: 8(ppm)= 15.4 (d, J=52.4 Hz), 43.8 (d, J=52.4 Hz)

3Ip{IH} NMR at 293 Kin CH2Ch: 8(ppm)= 17.6 (br), 45.6 (br)

8.6.3 Synthesis of[Pd(dbpx)H(CO)l[TfOl

A solution of [Pd(dtbpx)H(MeOH)][TID] (0.136 mmol) in MeOH (2 ml) was

prepared as described in Section 8.3.2 and cooled in a dry ice/acetone bath. Then, ca:

one equivalent of CO was added through a syringe. After 30 minutes, the NMR tube

was directly transferred from the low temperature bath to the pre-cooled N MR probe

and analysed via multinuclear NMR spectroscopy. A similar experiment using I3CO

was repeated on the high vacuum line.

3lpeH} NMR at 193 K in MeOH: 8(ppm)= 31.4 (d, J=21.9 Hz), 61.0 (d, J=21.9 Hz)

31PNMR at 193 Kin MeOH: 8(ppm)= 31.4 (d, J=167.4 Hz), 61.0 (br)

IHNMRat 193 Kin MeOH: 8(ppm)= -5.3 (dd, J= 167.4 and 15.8 Hz)

8.6.4 Synthesis of Pd(dbpx) (CO)

Pdid'bpxudba) (100 mg, 0.136 mmol) was dissolved in THF (2 ml) and CO

was, then, bubbled through the solution for 2 minutes. The resulting yellow-orange

solution was analysed by NMR and IR spectroscopy. Storage of this sample in a
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special 10 mm HP-NMR tube (thick glass tube) under 1 atm of l3CO at 193 K

resulted in the formation ofPd(dtbpx)(13CO).

3lpeH} NMR at 173 Kin THF: 8(ppm)= 45.2 (s)

13CeH} NMR at 173 Kin THF: 8(ppm)= 211 (t, J = 24.5 Hz)

IR in THF at 293 K: vtcm") = 1948s

8.6.5 Synthesis o(Pd(dbpx)(COh

Pdtd'bpxjrdba) (100 mg, 0.136 mg) was dissolved in THF (2 ml) and CO

was, then, bubbled for 40 minutes, adding periodically new THF in order to replace

the evaporated solvent. The resulting yellow-orange solution was analysed by NMR

and IR spectroscopy under CO. Storage of the solution in a special 10 mm HP-NMR

tube (thick glass tube) under I3CO (3 atm) resulted in the formation of

Pd(dtbpx)( 13COh.

3Ip{IH} NMRat 173 Kin THF: 8(ppm)= 51.1 (s)

I3C{IH} NMR at 173 K in THF: 8(ppm)= 197.9 (s), 198.8 (s)

IR in THF at 293 K: v(cm-I) = 2019ms, 1998s
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8.7 Experimental for Chapter 6

8.7.1 Synthesis of [Pd(P-P)H(MeOH)l[TfOl (p-P - dbpp.

dppx. tbppx. dapx and dapp)

In all five cases, BQ (14.7 mg, 0.136 mmol) and TfOH (100 Ill, 0.680 mmol)

were added to a solution of the appropriate Pd(P-P)(dba) complex (0.136 mmol) in

MeOH (2 ml). The products were then analysed via NMR spectroscopy. The

formation of the hydride takes place in a few minutes in the cases of d'ppx, 'b'ppx

and dapx. Whereas, its complete formation occurs in ca. 1 hour in the case of d'bpp

and in 2-3 days in the case of dapp. The NMR data are reported in Table 6.1, Chapter

6.

8.7.2 Synthesis of [Pd(P-P)(CH2CH 1l1[TfOl (P-P - dbpp.

dppx. tbppx. dapx and dapp)

A solution of the appropriate hydride complex (0.136 mmol) in MeOH (2 ml)

was prepared as described in Section 8.7.1 and, then, ethene (1 atm) was added. The

NMR data are reported in Table 6.3, Chapter 6.

8.7.3 Synthesis of[Pd(dcpx)(dbaH)l[MeSOJ1_

Pd(dcpx)(dba) (200 mg, 0.238 mmol) was dissolved in THF (5 ml) in a

Schlenk tube, and MeS03H (77.2 Ill, 1.19 mmol) was added via a micropipette,

resulting in the formation of a deep-red solution of [Pdtdcpxjtdbal-lj]". Then, n-

hexane (5 ml) was layered over the solution; after a week, some red crystals, which
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X-ray analysis showed to be [Pd(dcpx)(dbaH)][MeS03][MeS03H][THFh, were

formed. Crystal data and data collection parameters are reported in Table 8.4.

3lpeH} NMR at 193 K in MeOH: o(ppm)= 7.5 (d, J = 71.7 Hz), 11.0 (d, J = 78.6

Hz), 11.8 (d, J = 70.2 Hz), 21.7 (d, J = 69.4 Hz), 23.2 (d, J = 72.5 Hz), 28.9 (d, J =

79.4 Hz)

Table 8.4

Crystal data and data collection parameters for

[Pd(dcpx)(dbaH)J[MeS03J[MeSO~J[THFJ2

Chemical Formula CS9H9009P2PdS2 V/A3 2995.6(11)

FW 1175.95 Z 2

Crystal system Triclinic J -I 1.304Peal g em

Space group P -1 TIK 293(2)

alA 14.422(3) A(MoKa)/A 0.71073

b/A 15.236(3) J.1( MoKa)/mm-1 0.423

ciA 15.695(3) I>ataJparameters 7168/672

aJo 72.45(3) RI (I>2cr(I» 0.0538

~/o 85.34(3) wR2 (all data) 0.1403

"flO 65.79(2)
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8.7.4 Synthesis of[Pd(dcpx)(H,O)i/[MeSOJh_

This compound has been originally obtained as a side product during the

crystallisation of [Pd(dcpx)(dbaH)][MeS03][MeS03H][THFh (see Section 8.7.3); X.

ray analysis of the yellow crystals of the side product showed them to be

[Pd(dcpx)(H20h][MeS03h[MeS03H]. Crystal data and data collection parameters

are reported in Table 8.5. The same compound can be obtained easily by reaction of

[Pdtdcpxjtdbalfj]" (0.136 mmol) in MeOH or THF (2 ml) with 02 (bubbled for 1

hour) or BQ (14.7 mg, 0.136 mmol).

3lpeH} NMR at 293 Kin MeOH: S(ppm)= 44.2 (s)

Table 8.5

Crystal data and data collection parameters for

Chemical Formula C35~5011P2PdS3 Z 4

FW 926.52 J -I 1.441Peal g cm

Crystal system Monoclinic TIK 213(2)

Space group P 211c A(MoKa)/A 0.71073

alA 12.0457(14) J.l( MoKa)/mm-1 0.631

blA 18.5776(14) I>ataJparameters 5566/486

ciA 19.825(2) RI (1)20(1)) 0.0342

WO 105.762(13) WR2(all data) 0.0777

V/A3 4269.7(8)
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8.7.5 Synthesis of[Pd(bcpx)(H20)dlTfOlz

TfDH (60.5 Ill, 0.680 mmol) was added with a micropipette to a solution

containing Pdi'bcpxjtdba) (115.5 g, 0.136 mmol) and BQ (14.7 mg, 0.136 mmol) in

MeOH (2 ml), resulting in a orange-yellow solution. Crystals suitable for X-ray

analysis were obtained on layering n-hexane (4 ml) over this solution. Crystal data

and data collection parameters are reported in Table 8.6.

Table 8.6

Crystal data and data collection parameters for

Chemical Formula C30Hs2F60sP2PdS2 Z 4

FW 887.28 c! -I 1.441Peal g ern

Crystal system Monoclinic TIK 293(2)

Space group P 211n A(MoKa)/A 0.71073

alA 12.4596(14) Il( MoKa)/mm-1 0.544

b/A 19.034(3) I>ata/parameters 6523/443

cIA 19.877(3) RI (I>2cr(I» 0.0668

Wo 94.923(14) wR2 (all data) 0.2216

V/A3 4696.5(11)
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