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ABSTRACT

In the presence of rhodium complexes of triethylphosphine, CO and ethene react in methanol
at 110 °C to give 3-pentanone with selectivities up to 85 %. The active catalytic species is

[RhH(CO)(PEt3)2] and the high selectivity to 3-pentanone is due to formation of a r|2-3-
oxopentyl species, complex A, after the second insertion of ethene. (Equation 1). This
intermediate preferentially protonates over further reaction with CO, producing the first
ketone over longer chain polyketones. Methyl propanoate is a secondary product resulting
from the competing methanolysis of the acyl intermediate.

Equation 1 - Hydride mechanism

The observation of multiple deuterium incorporation into one methyl group of 3-pentanone

in the CD3OD labelling experiment implies rearrangement of the r| -3-oxopentyl species into

an enolate, complex C, prior to termination. (Equation 2). This process is reversible and
combined with exchange of Rh-H for Rh-D with the deuterated solvent in complex B, CHD2
end groups ultimately result.

Complex A Complex B Complex C

Equation 2 - Enolate rearrangement

xi



As the carbonyl oxygen is bound to Rh in complex B in addition to the double bond, 3-

pentenone is not released from the coordination sphere of the metal as a product. This

implies the initial coordination of the oxygen donor in the 3-oxo-pentyl intermediate before

rearrangement. The deuterium labelling studies also allow the carbomethoxy mechanism for
ester formation to be ruled out as only CH2D groups were observed for methyl propanoate.

Multiple deuterium incorporation would have been similarly expected from this mechanism
if it occurred. (Equation 3). The hydride cycle operates exclusively in the formation of both

products.

p P P
O

oc—Rh—OMe ^ OC—Rh

P

CO
——Rh ( —C2"4 » OC Rh^^?I OMe ■ \

p P \r
OMe

Equation 3 - Carbomethoxy mechanism

Model studies involving the passing of CO through [Rh(CH3)(CO)(PEt3)2] in C?Ds and then
ethene in the presence of added CD3OD have shown that the mechanism may involve
formation of a hydroxycarbene species prior to the rf-3-oxopentyl intermediate.

The mechanism was also explored using 13CH3OH and the presence of H13C0213CH3 in the
13C NMR spectrum confirmed that methanol is the source of the two H atoms required for
the formation of 3-pentanone and the product derived from it is methyl formate.

The addition of ethylene glycol as a cosolvent in the [Rh(acac)(CO)2] / 4 PEt3 / MeOH

system or the application of a potentially hemilabile functionalised phosphine in place of

PEt3 can improve the selectivity to longer chain products such as 3,6-octanedione. Systems

based on p-ketophosphines for example, produced higher selectivities to 3,6-octanedione,

methyl 4-oxohexanoate and 1 -methoxy-3-pentanone. Methyl acrylate and 3-pentenone were

formed fiom P-H abstraction, a mode of termination now occurring in this system in addition
to protonation, which gives rise to methyl propanoate and 3-pentanone. These products can

be explained if the carbonyl group of one R2PCH2C(0)R' ligand is coordinated to rhodium.
Preferential chelation of the ligand prevents binding of the growing chain and allows
additional monomer insertions, resulting in increased chain growth. Similarly, P-H
abstraction in the uncoordinated chain allows unsaturated products to be released from the

xii



coordination sphere of the metal. The observation of methyl acrylate confirms that a

different mechanism operates in the ketophosphine systems, as this product can only form
via the carbomethoxy mechanism. Deuterium labelling studies in CD3OD and 13C {1H, 2H}
NMR spectroscopy confirm the lack of coordination of the carbonyl group in the growing
chain.
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Chapter One

1.0 INTRODUCTION

Over the last few decades, the production of perfectly alternating polyketones using
transition metal catalysts has attracted much interest with many eminent contributions to the

field by Drent1'2, Sen3'4'5'6 and Keim7. These polymeric materials are synthesised using the

readily available and inexpensive monomers, ethene and carbon monoxide. The properties
of these highly crystalline perfectly alternating ethene / CO (E-CO) copolymers are more

o

desired than those of the random copolymers, which resulted from the free radical initiated
or y-radiation induced methods9 previously used. Some of these qualities include good
solvent resistance and barrier properties as well as high stiffness, strength and melting point,
which make the polymers suitable for a wide range of applications.10 Reports of perfectly

alternating ethene / CO copolymers are now ubiquitous in the literature and their production

by Shell to give the Carilon material is now a commercial reality.10

However, the production of short chain E-CO cooligomers is less well covered.11'12'13 These
materials belong to a class of compounds called oxygenates, which can be employed as

solvents for a variety of purposes. Many oxygenates that are readily available from simple

processes are volatile and hence potentially polluting. There is a demand for the production
of less volatile oxygenates for use as environmentally friendly solvents and their production
from cheap starting materials would be especially appealing. E-CO cooligomers with up to

11 or more atoms in their backbone such as 3,6-octanedione or 3,6,9-undecanetrione are low

volatile compounds with high solvating ability and so meet these current demands. The aim
of this research was to develop a convenient catalytic system, which would show selectivity
to the cooligomers in preference to the end members of the series, i.e. copolymers (large n)
or 3-pentanone / alkyl propanoates (n=l). (Figure 1.1).

2



Chapter One

R
R = C2H5 , OMe

CO + C2H4 + MeOH

R' = H, C(0)0Me
R2 = OMe, C2H5

[n is large - polyketones]

Figure 1.1 - Possible reaction products ofethene and carbon monoxide in methanol using
transition metal catalysts

Gough at ICI disclosed the first example of palladium catalysed alternating copolymerisation

(250 °C and 2000 bar) and relatively low rates. In the early 1980s, a breakthrough occurred

in this field at Shell Research in Amsterdam with the report by Drent et al of a dicationic

palladium-diphosphine system that produced perfectly alternating ethene / CO copolymer
with high rates and essentially 100 % selectivity.1

Equation 1.1 - Formation ofcationic palladium precursorfor the copolymerisation of
ethene and carbon monoxide

The most efficient catalyst system was formed from an equimolar amount of 1,3-

bis(diphenylphosphino)propane (dppp) and [Pd(OAc)2] upon the addition of 2 equivalents of
a Bronsted acid such as HBF4 or HO3ST0I. The resulting dicationic complex, [Pd(dppp)X2]

(X = BF4, O3ST0I), following displacement of the acetate anions contains weakly

coordinating anions which can be readily displaced by nucleophiles such as monomers or

solvent molecules.

of ethene and CO in 1967.14 However, the process suffered from severe reaction conditions

dppp 2 HX 2 HOAc

3



[Pd(dppp)X2] + MeOH

Chapter One

[Pd(dppp)(OMe)X] + HX

Equation 1.2 - Formation ofactive methoxide complex

The reaction with methanol forms a methoxide complex, which initiates the carbomethoxy

cycle. (Equation 1.3). Termination of the alkyl intermediates after multiple monomer

insertions generates polymeric ketoesters and reforms the methoxide complex.

[Pd(dppp)(OMe)X] — [Pd(dppp)(COOMe)X]

1 f C2H4
[Pd(dppp)((C2H4CO)n+1OMe)X] ^^ [Pd(dppp)(C2H4COOMe)X]

nC2H4

MeOH

[Pd(dppp)(OMe)X] + H(C2H4CO)n+1OMe
Ketoester

Equation 1.3 - Palladium catalysed ketoesterformation via carbomcthoxy cycle

Alternatively, methanolysis of the acyl intermediates leads to diesters and formation of an

active Pd hydride species.

[Pd(dppp)((C2H4CO)n+1OMe)X] CQ » [Pd(dppp)(CO(C2H4CO)n+1OMe)X]

MeOH
v

[Pd(dppp)HX] + MeOCO(C2H4CO)n+1OMe
Diester

Equation 1.4 - Diesterformation via methanolysis ofacyl intermediate (carbomethoxy

cycle)

Generation of this hydride species allows cross over from the carbomethoxy to the hydride

cycle, from which ketoesters and diketones result.

4



Chapter One

[Pd(dppp)HX] — [Pd(dppp)(C2H5)X]

CO
H

[Pd(dpppX(COC2H4)„+1H)Xl [Pd(dppp)(COC2H5)X]
nCO

MeOH
M

[Pd(dppp)HX] + MeO(COC2H4)n+1H
Ketoester

Equation 1.5 - Palladium catalysed ketoesterformation via hydride cycle

[Pd(dppp)((COC2H4)n+1H)X] C'"4 • [Pd(dppp)(C2H4(COC2H4)n+1H)X]

MeOH
t

[Pd(dppp)(OMe)X] + C2H5(COC2H4)n+1H

Diketone

Equation 1.6 - Diketoneformation via protonation ofalkyl intermediate (hydride cycle)

The high activity displayed by the [Pd(dppp)X2] system was attributed to optimal
stabilisation by this ligand (containing 3 bridging methylenes) of both the square planar

ground state and the trigonal bipyramidal transition state which is believed to result during
substitution and nucleophilic attack. Efficient catalysis resulted due to the low energy

barrier between these two states. The cationic nature of these catalysts prevents strong

binding of ethene and CO, which facilitates rapid alternate insertion steps. Typical reaction
rates of the order of 104 mol of converted ethene (mol Pd)"1 h"1 were achieved, producing

polymers with an average molecular weight of 20 000.

The unexpected breakthrough, which led to the development of these efficient catalysts for

copolymerisation, came from a study of the alkoxycarbonylation of ethene to methyl

propanoate in methanol. The catalyst system prepared from [Pd(OAc)2], an excess of

5



Chapter One

triphenylphosphine and a Bronsted acid of a weakly or non-coordinating anion (e.g. p-

tosylate (OTs~)) produced methyl propanoate in methanol in contrast to polyketones. 1,2

The dramatic difference in chemoselectivities displayed by the monodentate and bidentate

systems was rationalised by the potential of the former system only for geometric
isomerisation. Catalytic intermediates containing cfs-chelated diphosphine ligands, such as

dppp, cannot isomerise and thereby impose cis orientation of the vacant coordination site
and the growing chain. This favours multiple insertion steps and therefore the production of

polyketones. (Equation 1.7).

^C2H5
^Pd

p

Polyketone

co p^ .c2h5
Pd.

P CO

P\ .C2H4COC2H5
PdCT

P^

^Pd\
P COC2H5

c2h4
+

^Pd\
P COC2H5

Equation 1.7 - Production ofpolyketones via chain propagation (due to enforced cis

geometry by chelating diphosphine)

On the other hand, cis / trans isomerisation is possible for intermediates containing
monodentate ligands such as PPI13. In fact, both the alkyl and acyl palladium intermediates

prefer the phosphine ligands to be in a trans orientation to one another as this avoids the
unfavourable occurrence of a Pd-P bond trans to a Pd-C bond. Hence, as soon as the acyl

complex is formed, isomerisation of the cis PPI13 ligands to a trans arrangement occurs. The

presence of excess PPI13 allows this cis / trans isomerisation to be rapid. Further chain

growth is therefore opposed, as the vacant coordination site is trans to the acyl chain. The

acyl intermediate can then be terminated by methanolysis to yield methyl propanoate.

(Equation 1.8).

6
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^c2H5
Pd^

cr p

+
Isomerise

-p.

P\ /H
/Pd\

ct p

P = PPh3

+

MeOH

*r.
OMe

O

P\ /C2H5
^Pd\

Y □

Methyl Propanoate

+

p^ /coc2h5
cr p

Isomerise

'P' w

^c2H5CO P\
^ w I'd

p ^co

p\
AW

p coc2h5

Equation 1.8 - Cis / trans isomerisation in monodentate ligand system (PPhj) leading to

methyl propanoate

However, cis / trans isomerisation in these monodentate PPh3 intermediates can be

suppressed using low reaction temperatures in the absence of excess ligand. As a result, the
likelihood of cooligomer or copolymer formation under these conditions is higher. Indeed,
Sen et al reported the production of E-CO copolymers at 25 °C from the series of cationic
monodentate ligand systems, [Pd(PPh3)n(CH3CN)4-n](BF4)2 (n=l-3), in aprotic solvents such
as chloroform.3'4 However, the reaction rates were found to be low under the moderate

pressure and low temperature conditions employed, as were the molecular weights of the

polymers. An increase in the number of equivalents of PPh3 (n=4-6) led to inactivity in

copolymer formation. The active Pd-H species, which initiated the reaction, most probably
formed from the interaction of the Pd(II) compounds with protic impurities in the reaction
mixture. Internal coordination of the growing polymer chain to the Pd centre through the

carbonyl oxygen donor was proposed by Drent to aid copolymerisation in these monodentate

ligand systems by enforcing the necessary cis geometry for successful propagation.2

7



Chapter One

P
+

P (?) = Polymer chain

P = PPh3

Figure 1.2 - Internal coordination ofpolymer chain aids chain growth in monodentate

systems (low temperature conditions required and absence ofexcess PPhf

The growing chain effectively assists its own stereoregular formation through formation of
these oxametallocycle rings. The competition between CO and ethene to effect displacement
of the oxygen donor prevents the double insertion of ethene and unfavourable

thermodynamics prevents the double insertion of CO. Therefore, strictly alternating E-CO

copolymers result.

Equation 1.9 - Preferred reaction steps offive and six membered oxametallocycles

The catalytic formation of E-CO cooligomers would appear to involve finding the middle

ground between the two extremes of methyl propanoate and polyketone formation. This
review will focus on reports of ethene / CO cooligomerisation as well as on the selective

synthesis of 3-pentanone and methyl propanoate, which are the first members of the
saturated family of oligoketones and oligoketoesters respectively.

1.1 TRANSITION METAL CATALYSED COOLIGOMERISATION OF

ETHENE AND CARBON MONOXIDE

Typically, cationic palladium complexes are used to catalyse the copolymerisation of ethene
and carbon monoxide in a variety of solvents such as methylene chloride or alcohols.1'2'3'4

O
+

8



Chapter One

However, palladium systems that are efficient in effecting copolymerisation when contacted
with a 1:1 ratio of ethene to CO can be directed towards production of unsaturated

alternating cooligomers when higher ratios of 10:1 are used.11 The following allyl palladium

complexes containing functionalised phosphine ligands were found to be active in the

production of these unsaturated cooligomers. (Figure 1.3). Complexes 1 to 6 showed

optimal stability and activity at 50 - 65 °C with near complete conversion of CO achievable.

Ph2
IC

/ (CH2)n

OR

1 : n= 1, R = Me 4 : n=l

2 : n=2, R = Et 5 : n=2

3 : n=3, R = Et 6 : n=3

Figure 1.3 - Cationic palladium allyl complexes with hemilabile ligands used as catalyst

precursors

The low concentration of carbon monoxide permits chain termination by p-H elimination to

compete with propagation producing lower molecular weight products. The product

cooligomers produced are outlined in Equation 1.10. Comparable results were found for the

phosphine-ester and phosphine-thiophene complexes.

9
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O

\/V\
Catalyst O

C2H4 + CO N/VA/X25 - 80 °C

30 bar

C2H4 / CO = 10:1 O

mH

m H

m = 1 : 3-pentenone
6-hepten-3-one
cis & trans 5-hepten-3-one

m = 2 : l-octen-3,6-dione
9-decen-3,6-dione
cis & trans 8-decen-3,6-dione

Equation 1.10 Unsaturated products resultingfrom cooligomerisation ofethene and
carbon monoxide using cationic allyl Pd complexes

The coordination behaviour of the ligands was also investigated. The lack of impact of the
nature of the donor atom or varying the number of atoms in the ligand backbone on the

system activity or selectivity suggested that these ligands were monodentate in the catalytic
intermediates and served only to stabilise the precursor complex through chelation. On the
other hand, complexes which have been shown through model experiments to retain the

chelating ligand such as those shown in Figure 1.4 produced only insoluble copolymers even

under high ethene / CO conditions.

O Ph

Figure 1.4 Bidcntatc complexes ofPd which produce only polymeric product:

10
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This result can likewise be explained by the enforcement of a cis orientation of the vacant

fourth coordination site and the growing chain, which favours multiple propagation steps in
these bidentate ligated systems.

Initiation of activity in the hemilabile ligand systems is via substitution of the labile arm by
ethene followed by insertion into the allyl moiety. (Scheme 1.1). Several insertions of CO
and ethene may then result prior to (j-H abstraction and generation of a Pd-H species, which
is the active species in the hydride cycle from which the major products result.

(?) = Polymer chain

Scheme 1.1 - Mechanism ofethene / CO cooligomerisation employing cationic allyl

palladium complexes with hemilabile functionalisedphosphine ligands as precursors

The unsaturated cooligomers form by several alternate insertions of ethene and CO into the
Pd-H bond followed by (3-H abstraction. The early termination step prevents

copolymerisation and reforms the hydride complex for initiation of another cycle. The

cooligomers with butenyl end groups were proposed to form by codimerisation of vinyl

11
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ketones and ethene rather than by the double insertion of ethene into a Pd-acyl bond. The
selectivities to the internal or terminal isomers were found to vary according to the reaction
conditions and to the catalytic precursor employed.

Alternatively, saturated E-CO oligomers have also been reported. 1'4,12,13 Oligoketoesters of
the general formula MeO(COCH2CH2)nH where n=l-5 were identified and separated from
the longer chain polyketoesters (n>5) which were also produced when [Pd(PPh3)n(CH3CN)4-

n](BF4)2 (n=T-3) was treated with CO / C2H4 in the presence of methanol as the only
solvent.4 However, these oligoketoesters were not formed exclusively and were isolated

simply to gain understanding of the single mode of stepwise chain growth. The rate of
termination relative to the rate of propagation was found to be crucially dependent on the

concentration, steric nature of the alcohol and also on the nucleophilicity of the alcohol. The
termination rate was 1.74 times slower in ethanol than in methanol due to the increase in

steric size. Only the higher polyketoesters (n>5) were formed when the reaction was carried
out in CF3CH2OH, which is less nucleophilic than CH3CH2OH due to the presence of
electron withdrawing fluorine substituents.

In his breakthrough publication1, Drent et al reported the dramatic shift in chemoselectivity
from methyl propanoate to polyketones by using the bidentate ligand of 1,3-

bis(diphenylphosphino)propane instead of PPI13 in the presence of cationic palladium

catalysts. However, when studying the more subtle variation of changing the number of

methylene bridges between the diphenylphosphine ends within the series of bidentate

chelating ligands, Ph2P(CH2)mPPh2, a significant effect on the reaction rate and molecular

weight distribution was observed. The rates were negligible with DPPMe and DPPHe but

rapidly increased and decreased between these values, reaching a maximum with DPPPr.

(Table 1.1).

12
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Table 1.1 - The effect of varying m in Ph2P(CH2)mPPh2 on the palladium catalysed
reaction ofethene and carbon monoxide " (Taken from reference 1)

Ligand Abbreviation
n of

H(C2H4CO)nOCH3

Reaction Rate

(g/g Pd/h)

Ph2P(CH2)PPh2 DPPMe 2 1

Ph2P(CH2)2PPh2 DPPEt 100 1000

Ph2P(CH2)3PPh2 DPPPr 180 6000

Ph2P(CH2)4PPh2 DPPBu 45 2300

Ph2P(CH2)5PPh2 DPPPe 6 1800

Ph2P(CH2)6PPh2 DPPHe 2 5

a
Reaction carried out in 150 cm3 MeOH with [Pd(MeCN)2(03STol)2] (0.1 mmol) and Ph2P(CH2)mPPh2 (0.1

mmol): C2H4 / CO = 1, 45 MPa, T = 84 °C.

A similar variation was noted for the product distribution. The molecular weight of the

copolymer decreased in the order, DPPPr > DPPEt > DPPBu > DPPPe. (Table 1.1). Short
chain cooligomers were selectively made from the DPPMe, DPPHe and DPPPe systems

although only the last system gave appreciable rates. The methanol soluble oligomer
fractions (n=l-5) produced from the [Pd(MeCN)2(03STol)2] / DPPBu system at 85 °C, were

clearly identified in the GC trace and end group analysis of these cooligomers provided
evidence for diketones, ketoesters and diesters. (The same end groups were proposed for the

high molecular weight copolymers. Distinguishing the end groups by NMR through direct
observation of the copolymers was difficult as n was large).

C2H5(COC2H4)nCOOMe (I) Ketoester

MeO(COC2H4)nCOOMe (II) Diester

C2H5(COC2H4)nCOC2H5 (III) Diketone

Figure 1.5 - Evidencefor ketoester, diester and diketune end groups from end group

analysis ofoligomerfraction (n=0—5)

13
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Mainly oligoketoesters were synthesised at 85 °C with selectivities greater than 95 %.

However, conditions of higher temperature, e.g. 125 °C, substantially increased the

production of the diesters and diketones, for which a combined selectivity of 50 % was

noted. The GC trace of the reaction products formed at 125 °C also showed that higher

temperatures favoured the fonnation of the lower molecular weight cooligomers. The

intensity of the peaks for 3-pentanone and methyl propanoate were the largest, with a

gradual decrease in size of the subsequent sets of signals. (Each set contained 3 peaks

corresponding to the diester, ketoester and diketone in that order). At 80 °C, a rise and fall in
the intensity of the signals was observed, with maximum intensity occurring for the ketoester
with 3 repeating units, C2Hs(COC2H4)3COOMe.

The application of rhodium (I) catalysts in the alternating cooligomerisation of alkenes and
i ^

carbon monoxide has also received attention. Sen et al tested the hypothesis that the

typical hydroformylation catalysts could, in principle, produce cooligomers of alkenes and
CO in preference to aldehydes under low H2 and high alkene concentrations. Under these

conditions, further successive insertions of the alkene and CO into the metal-acyl
intermediates was possible before termination. Indeed, oligoketones and oligoketoesters
were formed upon contacting the catalysts, [RhH(PPh3)4], [RhH(CO)(PPh3)3] and

[RhCl(CO)(PPh3)2], with a 1:1 mixture of ethene and CO in a variety of solvent systems at

elevated temperature. (Equation 1.11).

Rh(I) / ROH
CH2=CH2 + CO » H(C2H4CO)nC2H5 + H(C2H4CO)nOR

Solvent

mixture Oligoketones Oligoketoesters
(10 cm3)

n = 1 - 4

[Catalyst] = 0.01 mol dm 3 T = 110°C Ptota) = 1000 psi (70 bar) Pco = Pr „ = 500 psi (35 bar)

Equation 1.11 - Rh(I) catalysed cooligomerisation ofethenc and carbon monoxide

The reaction was found to proceed smoothly for all three rhodium complexes mentioned
above. These complexes were catalyst precursors and their structural similarities most

probably caused the formation of the same active catalytic species. The only subtle
14
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difference noted was in the ratio of 3,6-octanedione to 3-pentanone, which decreased as the

phosphine to metal ratio increased.

The solvent system was found to have a large impact on the nature and weight distribution of
the products. Reactions carried out in a 1:1 (v/v) mixture of acetic acid and alcohol

produced both oligoketones and oligoketoesters. The extent of the reaction and the ketone to

ester ratio was found to depend on the steric bulk of the alcohol employed. (Figure 1.6).
The bulkier the alcohol, the more limited the reaction (as evidenced by a smaller drop in

pressure) and the higher the selectivity to the oligoketones. In fact, almost exclusive
formation of oligoketones was noted from the reaction carried out in acetic acid and lBuOH.

Extent ofReaction

CH3OH < CH3CH2OH < CH3CH2CH2OH < (CH3)2CHOH « (CH3)3COH

Selectivity to Oligoketones

Figure 1.6 - Effect ofalcohol on extent ofreaction and ketone to ester ratio

Reactions performed in a 5:1 methanol - water solvent mixture were much more selective
than those in acetic acid / alcohol, producing oligoketones with only trace quantities of the
ester products. Surprisingly, no reaction was observed when pure water or pure methanol
was used. Likewise, no products were generated in pure acetone or acetic acid, but upon

addition of water as a cosolvent, the cooligomerisation proceeded smoothly once again. The
acetic acid-water system yielded the oligoketone products predominantly but contamination

by a substantial quantity of propanoic acid was also noted. In contrast, the acetone-water

system produced oligoketones without propanoic acid contamination.

Several experiments were designed in order to probe the origins of the hydrogen atoms

required for mass balance in the formation of the ketonic products. Possible sources of

hydrogen atoms in the system were from water, dehydrogenation of the alcohol, or the

water-gas shift reaction (WGSR).
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R2CHOH *- R2C=0 + 2[H]

CO + H20 . C02 + 2[H]

Figure 1.7 - Possible sources ofhydrogen atoms for mass balance in the formation of
ketonic products

The absence of cyclopentanone in the system carried out in cyclopentanol-water made it

unlikely that alcohol dehydrogenation was the source. Extensive deuterium scrambling into

3-pentanone produced in CH3OD-D2O proved problematic. However, the origin of the

hydrogen atoms from the WGSR was finally confirmed through the observation of l3C02 by
IT 1T

C NMR spectroscopy in the system using CO in place of CO. In addition, the occurrence

of the WGSR in these systems explains the method of initiation by formation of a Rh-H
active species. The insertion of ethene into this hydride complex followed by subsequent
alternate insertions of CO and ethene provides a rational mechanism for the

cooligomerisation process. (Although water was not added in the acetic acid / alcohol

systems, activity was observed due to the formation of water as a byproduct from
esterification of the solvents).

Formation of the oligoketoesters from an initiating metal alkoxide species (carbomethoxy

cycle) was ruled out for three reasons. Firstly, if the esters were indeed formed from a metal
alkoxide species, oligoketoester formation should have resulted and, indeed, been enhanced
from the reaction carried out in dry alcoholic solvents. However, no reaction was observed
in pure alcohols at all. Secondly, the absence of diester formation makes the carbomethoxy

cycle unlikely as termination of an acyl intermediate during this cycle should have led to

these products. Finally, the dependence of the termination rate on the steric bulk of the
alcohol suggests that methanolysis of intermediate acyl species is the operative route to the

esters. Fonnation of the ester from the carbomethoxy cycle would involve termination by

protonation, a step that should be almost independent of the nature of the alcohol.

Hence, both the oligoketones and oligoketoesters result from a common metal hydride

species and the product that forms after several monomer insertions is dependent on the
method of termination. Alcoholysis of the rhodium acyl intermediates yields the esters. The
mode of termination generating the oligoketones was proposed to encompass a bimolecular

16
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reductive elimination of the Rh-H and Rh-alkyl species. Reactions of this type are well
documented.15,16 The evidence for this mechanism over protonolysis was the observation of

high yields of 3-pentanone under basic conditions. The addition of triethylamine increased
formation of this cooligomer over longer chain ketones through promotion of the WGSR,
which generates more of the chain terminating Rh-H species for the bimolecular reductive
elimination step.

Et3N-~-x
EGNH

2 ,o

Rh P~HAbstraction

OH

co2
+

Rh H

OC—Rh

Equation 1.12 - Promotion of the WSGR using NEts and generation ofthe chain

terminating Rh-H species

Protonolysis of the Rh-alkyl is unlikely as the weight distribution of the ketone products,
which is governed by the termination rate, was largely unaffected by changes in the
concentration of the proton sources, (such as water, alcohol or acetic acid). In addition, if

protonolysis was the method of termination, the ratio of the ketone to ester products should
be higher under acidic conditions than neutral conditions. In fact, just the opposite was

observed. Selectivity to the ketones was much higher in neutral solvent systems such as

methanol-water than under acidic solvent conditions (e.g. methanol-acetic acid). Scheme 1.2
describes the hydride cycle in operation and the methods of termination that lead to the ester

and ketone products.

17
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Scheme 1.2 - Hydride cycle for the production ofketone and ester products in Rli(I)

triphenylphosphine catalysed systems

The addition of an excess of PPI13 was found to cause drastic suppression of the formation of

higher weight products in MeOH / H2O solvent. The selectivity to 3-pentanone was

improved, with small amounts of methyl propanoate and 3,6-octanedione also formed. The
use of pyridine as an additive tended to favour production of the ketoesters and at high
concentrations of this base, the monomeric alkyl propanoate was produced in yields

exceeding 90 %. On the other hand, the addition of triethylamine favoured production of 3-

pentanone over the alkyl propanoate. The different result using the two bases as additives
was interpreted as arising from differing electronic influences during coordination to the
rhodium centre. Pyridine can coordinate to rhodium and remove electron density through

back donation from the metal into the vacant rc-orbitals. This would cause the acyl

intermediates to become more electropositive and therefore more susceptible to nucleophilic
attack by the alcohol, increasing the selectivity to the ketoesters. The higher the
concentration of pyridine, the more the vacant coordination sites for monomers are blocked,

reducing the chain growth in favour of the monomeric alkyl propanoate. Due to its steric

bulk, triethylamine most probably has difficulty in coordinating to rhodium. The potential
for back donation from the metal is not possible for this base and so the acyl carbon is not

activated towards nucleophilic attack. Instead, reaction with ethene ensues. The main effect
of NEt3 on the reaction is its promotion of the WGSR, which produces more of the chain
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terminating Rh-H species. Hence, the bimolecular reductive elimination of Rli-H with the

alkyl intermediates was found to occur early on in the reaction sequence, resulting in the

production of mainly short chain ketones.

The absence of unsaturated products, in all the systems tested, suggested that the metal-alkyl

intermediates were short lived, as the rate of (3-H abstraction forming these products must

have been slow in comparison to the rapid insertion of CO. Therefore, the rate determining

step in the mechanism was proposed to be the insertion of ethene into the Rh-acyl bond.
These catalytic systems proved unsuccessful in the synthesis of higher alkene / CO

cooligomers. Low activity, side reactions and the inability to form higher cooligomers were

all problematic.

Prior to this work, Iwashita et al described the alternating cooligomerisation of ethene and

CO catalysed by rhodium carbonyl, [Rh4(CO)i2].13 The oligoketones of general formula,

H(C2H4CO)nR (R = C2H5, OCH3 and OC2H5), were produced with high conversion rates

when a suspension of rhodium oxide in a 1:1 mixture of acetic acid / alcohol was exposed to

a 1:6 molar ratio of ethene and carbon monoxide and heated to 130 °C for 24 hours. The

remarkable feature of this work is the production of cooligomers from a catalyst system

without phosphine modification and at high CO to ethene ratios. Previously, high ethene to

CO ratios had been required to improve selectivity to the cooligomers over the copolymers
in palladium phosphine systems.11 Nonetheless, in a typical experiment in 1:1 acetic acid /

methanol, 3,6-octanedione (26 %), 3,6,9-undecanetione (6 %), 3,6,9,12-tetradecanetetraone

(1 %) and methyl 4-oxohexanoate (15 %) were produced alongside smaller amounts of

higher members (n=7,9). These compounds were characterised by infrared and showed

carbonyl stretching frequencies at 1700 cm"1 as well as by NMR spectroscopy. Indeed, the

degree of oligomerisation was determined for the pure substances by comparison of the
NMR integration of the terminal methyl protons and the methylene protons.

Carbon dioxide (85.2 %) was identified on analysis of the gas phase at the end of the

reaction, in addition to remaining ethene (1.3 %) and carbon monoxide (3.6 %). This

provided evidence for the operation of the water gas shift reaction. The water required for
this process originated from the formation of methyl acetate (from acetic acid and methanol)
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and generation of the initiating active hydride species, [RhH(CO)3], was proposed to form
via the [Rh/](CO)i2] catalysed WGSR. [N.B. rhodium carhonyl formed from reaction of the
rhodium source (rhodium oxide) with the excess volume of CO],

CO CO

[Rh203] [Rh4(CO)12] ——"
ri?U

CH3COOCH3

[RhH(CO)3] + C02

CH3C02H +ch3oh

Py = Pyridine

O

Rh(CO)3(NEt3)

C2H4

Rh(CO)3(NEt3)

[RhH(CO)3]

o

c7h2"4

Rh(CO)3

CO

O

Rh(CO)3

Rh(CO)3(Py)

ROH

Rh(CO)3

O

CO

c2h4

OR

+

[RhH(CO)3]

H(C2H4CO)nRI

R1 = OR, C2H5
n = 2-4 (typically)

Scheme 1.3 - Cooligomerisation ofethene and carbon monoxide catalysed by [RhfCO)u]
in acetic acid / alcohol solvent and the effect ofadded base

Scheme 1.3 describes the reaction sequence for the production of the cooligomers and the
effect of added bases. As observed by Sen in the rhodium triphenylphosphine catalysed
reaction of CO and ethene, the addition of pyridine altered the reaction selectivity to methyl

propanoate.12 The reaction carried out in pure methanol with added pyridine (0.1 mol)

produced 58 % yield of this product alone. Similarly, the addition of triethylamine (0.1 mol)
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to the reaction in methanol-water produced 3-pentanone as the main product in 71 % yield
with only 4 % yield of methyl propanoate. The explanation, based on the electronic nature

of the bases coordinated to rhodium, was given as before.

The observation of products from the [Rh4(CO)i2] system in pure alcohols, in addition to the
acetic acid-alcohol solvent mixtures, may seem surprising based on the reliance of the

system on the WGSR for the generation of the active species. The absence of water in the

system would surely make generation of the hydride species impossible. For this reason, no
12

reaction was observed from the rhodium triphenylphosphine system in pure alcohols.

However, the formation of water was proposed to arise in the former system from methanol
via the formation of dimethyl ether, although no mention of detection of the ether product
was made.17

Table 1.2 - Main productsfrom cthcnc / CO cooligomerisation using [RhjOJ (50 mg) in a

variety ofsolvent systems at 130 °Cfor 24 hours, CO : C2H4 = 6:1, (taken from ref 13)

Solvents Main Products Yield (%)

3,6-Octanedione 14

CH3OH (50 cm3) 3,6,9-Undecanetrione 2

Methyl 4-oxohexanoate 25

3,6-Octanedione 26

CH3OH (25 cm3) 3,6,9-Undecanetrione 6

CH3C02H (25 cm3) 3,6,9,12-Tetradecanetetraone 1

Methyl 4-oxohexanoate 15

CH3OH (50 cm3)

Pyridine (0.1 mol)
Methyl Propanoate 58

CH3OH (50 cm3) 3-Pentanone 27

NEt3 (0.1 mol) Methyl Propanoate 4

CH3OH (50 cm3) 3-Pentanone 71

H20 (0.2 mol), NEt3 (0.1 mol) Methyl Propanoate 4

Examples of transition metal catalysed cooligomerisation of ethene and CO can also be
found in the patent literature.18'19 Anderson et al patented a method in 1962 for the

production of oxygenated organic compounds from carbon monoxide and alkenes in the

presence of a chelate complex of a group VIII noble metal in alcohols or water.18 The
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method was successful using a wide range of alkenes such as ethene, propene, butadiene and

methyl acrylate in a variety of aliphatic alcohols. Typically, solutions of rhodium (III)

acetylacetonate or ruthenium (III) acetylacetonate in water or methanol were used as

catalysts. The oligoketones, 3-pentanone and 3,6-octanedione, were generated upon

contacting a solution of [Rh(acac)3] or [Ru(acac)s] in water with a 1:1 molar ratio of ethene
and CO at 190 °C and 1000 atmospheres for 16 hours. (Equation 1.13). Harsh conditions
were therefore necessary using this early method.

h2o
[Rh(acac)3]

C2h4 / CO = 1:1

1000 atm, 190 °C, 16h

Equation 1.13 - Production of3-pentanone and 3,6-octanedionefrom [Rh(acac)j]

catalysed cooligomerisation ofethene and carbon monoxide in water

However, Reppe and Magin patented the very first example of metal catalysed

cooligomerisation of ethene and carbon monoxide in 1951. Using alkali metal or alkaline
earth metal salts of nickel cyanide complexes such as K2[Ni(CN)4], alkene-carbon monoxide

cooligomers were produced under a variety of conditions in water or water-cosolvent
mixtures. Many aliphatic and cyclic alkenes were found to be suitable starting materials as

well as alkenes containing substituents such as allyl alcohol or allyl chloride. The
observation of carbon dioxide at the end of the process confirmed operation of the WGSR
With ethene / CO gas mixtures, growth of the alternating E-CO chain was either interrupted

by reaction with water, forming oligoketo acids or by addition of hydrogen from the WGSR,

producing oligoketones.

In general, temperatures between 100 and 250 °C were used. Longer chain cooligomers
were preferentially formed using temperatures at the lower end of the scale (110 °C) whilst,
under identical conditions at 200 °C, the reaction products consisted of approximately 50 %

3-pentanone and a mixture of the longer cooligomers. This effect was attributed to the

promotion of the WGSR at elevated temperatures, which produced higher concentrations of

O

O
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hydrogen for chain termination. Typically, pressures in the range of 50 - 200 atmospheres
were employed in the batch autoclave or continuous process method with a variety of CO
and ethene molar ratios. Using an excess of ethene increased the selectivity to the ketone

products, whereas the keto acids were preferably formed using excess carbon monoxide.

Diluting the water with a cosolvent such as ethers, ketones or saturated hydrocarbons was

found to aid formation of the higher cooligomers. The pH of the reaction was also a

parameter that could be changed to influence the weight distribution. Alkaline pH, achieved

by the addition of amines or sodium carbonate for example, favoured the lower cooligomers

compared with the neutral reaction systems. Equation 1.14 describes a typical experiment,

showing the conditions used and products produced.

H20 - 1.2 dm
K2[Ni(CN)4] _____

Na2C03 - 106 g, (1 mol)
160 g

(0.66 mol) C2H4 / CO ~ 3:1 (400 g /130 g)

150 °C, 24 h, 170 atm*

m = 1 3-Pentanone (2.77 mol)
m = 2 3,6-Octanedione (0.73 mol)
m = 3 3,6,9-Undecanetrione (0.46 mol)
m = 4 3,6,9,12-Tetradecanetetraone (0.18 mol

* N.B Pressure maintained at 170 atm

by replenishing with 1:1 ethene / CO.
After 24 h, 370 atm consumed.

n = 1 Propanoic acid (1.19 mol)
n = 2 4-Oxohexanoic acid (0.59 mol)
n = 3 C9 Acid (4 g)

Equation 1.14 - Production ofoligoketones and oligoketo acids from potassium nickel

cyanide catalysed cooligomerisation ofethene and carbon monoxide in water.
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1.2 SELECTIVE SYNTHESIS OF METHYL PROPANOATE FROM ETHENE,

CARBON MONOXIDE AND METHANOL

The synthesis of esters such as methyl propanoate from hydroesterification processes has
20 21 22 23been described extensively. ' ' '

[Catalyst] .C02R'
R + CO + R'OH r

Equation 1.15 - Hydroesterification ofalkenes to esters

Standard carbonylation catalysts such as Co2(CO)8 and Ni(CO)4 have been largely

superseded by Pd, Pt, Rh and Ru catalysts due to improved performance under milder
reaction conditions. For instance, palladium catalysts were found to operate successfully at

temperatures in the range of 70 - 120 °C and pressures between 1 and 200 bar whereas

higher temperatures and pressures of 150 - 200 °C and 150 - 200 bar were required for
cobalt catalysed systems.

Two possible mechanisms of the hydroesterification reaction are typically described.24 The

hydride mechanism involves formation of a metal hydride bond presumably via reaction
with adventitious hydrogen, a proton source or the alcohol solvent. Alkene insertion into
this bond followed by alkyl migration onto coordinated CO then forms a labile acyl

intermediate, which readily undergoes alcoholysis, yielding the ester. The carbomethoxy
mechanism stems from formation of a metal alkoxide by reaction with the alcohol. Insertion
of CO and migration of the carbomethoxy ligand so fonned onto a bound alkene molecule
occurs before cleavage of the ester by a proton source.

With alkenes other than ethene, regioselectivity of the catalyst becomes an important factor.

Selectivity to the branched and linear esters was found to be influenced by the temperature,

pressure, presence of additives or cocatalysts and by varying the phosphine ligand
used.25'26'27'28'29
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As previously discussed in section 1.0, the use of palladium (II) bidentate phosphine

complexes as catalysts for the transformation of ethene - carbon monoxide mixtures in
methanol generally affords high selectivity to polyketones, whereas the use of monodentate

1 2
phosphines, such as PPh3, produces methyl propanoate. ' Examples of complexes

containing bidentate phosphine ligands contradicting this observation are rare.30'31

Nonetheless, Tooze et al reported the discovery of a catalytic system containing l,2-bis(di-

?er/-butylphosphino)benzene, which was capable of producing methyl propanoate with up to

99.98 % selectivity.32'33 Methyl propanoate is a key intermediate in the production of methyl

methacrylate, which is an important monomer in the plastics industry and is produced

annually on a multi-million tonne scale.34 The catalyst precursor was formed upon addition
of this bidentate ligand to [Pd2(dba)3] (dba = trans, /ra«.s -di benzyl ideneacetone) in methanol.

(Figure 1.8 -1).

= R2 = (Bu, X = H
= R2 = fBu, X = N02
= R2 = fBu, X = OMe
= R2 = !Pr, X = H
= R2 = Cy, X = H
= R2 = Ph, X = H

Figure 1.8 - Structure ofvarious catalyst precursors testedfor selectivity in formation of

methyl propanoate

A study of the above complexes revealed the expected r|2 binding of one of the alkene

groups of the dba ligand in addition to the chelate ring structure formed by the bidentate

ligand. The geometry around the palladium centre was found to be trigonal planar and the

diphosphine ligand bite angle of 104 0 was consistent across the range (1-6).32

The addition of a sulfonic acid, e.g. methanesulfonic acid, initiated the reaction by

generation of the active species in situ. The process was carried out under very mild

temperature and pressure conditions of 80 °C and 10 atm respectively. The system

containing l,2-bis(di-tert-butylphosphino)benzene was capable of converting ethene, CO
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and methanol to methyl propanoate at a rate of 50 000 mol of product (mol Pd)"1 h"1 with
99.98 % selectivity. (Equation 1.16). Under steady state conditions, the catalyst was found
to be stable and gave total turnover numbers on palladium in excess of 100 000. In contrast,

PPh3 based systems have only shown modest stability in methyl propanoate synthesis under
continuous operation.35

Equation 1.16 - Highly selectiveformation ofmethyl propanoate using a palladium

complex of l,2-bis(di-tert-butylphosphino)benzene under mild conditions

The presence of electron releasing and withdrawing groups such as OMe and NO2 on the

aryl bridge did not cause any substantial effect on the catalyst performance, presumably due
to the remote location of these functional groups from the palladium centre. (Figure 1.8, 2

and 3). However, a more dramatic effect was observed by changing the substituents on the

phosphorus atom. The isopropyl analogue was much less active by a factor of 60. Not only
was the activity reduced, by replacement of the tert-butyl groups with other substituents, but
the selectivity to methyl propanoate also decreased. For example, the phenyl analogue

produced a mixture of oligomers and polymers with only 20 % selectivity to methyl

propanoate. This effect was thought to be related to the steric environment created by the
substituents on phosphorus, which control the possibility of single or multiple monomer

insertions prior to termination.

Subsequently, a detailed spectroscopic investigation of all the possible intermediates in this

system was carried out and the results unambiguously confirmed the sole operation of the

hydride cycle in the formation of methyl propanoate.36

[Pd(P-P)(dba)]

(0.01 mmol)

MeOH (300 cm3)

CH3SO3H (0.2 mmol)

CO / C2H4 = 1:1

Ptot=10atm, 80 °C, 3 h
99.98 % Selectivity

TOF = 50 000

(P-P) = l,2-(CH2PlBu2)2C6H4
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[a] [b] [c]
MeOH C2H4

[Pd(P-P)(dba)] [Pd(P-P)H(MeOH)]X [Pd(P-P)Et(MeOH)]X
HX

Benzoquinone O

X = [CF3SO3I-, [BF4]' V

- CO

MeOH

(P-P) = 1,2-(CH2PtBu2)2C6H4 [Pd(P-P)H(MeOH)]X

[b]

MeOH
Trace
MeOH

[Pd(P-P)Et(THF)]X - [Pd(P-P)(COEt)(THF)]X ^ » [Pd(P-P)H(MeOH)]X
[d] [e] o [b]

\Av och3

Scheme 1.4 - Intermediates in the hydride cyclefor the production ofmethylpropanoate

catalysed by a palladium complex of1,2-bis(di-tert-butylphosphino)benzene

Scheme 1.4 shows all the reaction intermediates identified by 31P, ]H and 13C NMR

spectroscopy at various stages during the model studies. The addition of HBF4 or CF3SO3H
to the catalyst precursor [a], in the presence of oxygen or benzoquinone, was found to

produce a solvento-cation species, [b], containing a Pd-H bond. The anion was present only
as a non-coordinating counter ion. Bubbling of ethene gas through the methanolic solution
of [b] produced the ethyl complex [c] by insertion of ethene into the Pd-FI bond. Passing
carbon monoxide through the resulting solution immediately produced methyl propanoate

and regenerated [b] without the observation of the expected acyl intermediate from the
insertion of CO. However, the acyl intermediate was confirmed by repeating the process in
THF instead of methanol. Production of methyl propanoate and regeneration of [b] once

again ensued upon addition of trace amounts of methanol to a solution of [e].

Drent, who described the production of polyketones from similar bidentate phosphine

systems, provided evidence of the operation of the carbomethoxy cycle (through the
observation of diesters) and even suggested that this cycle was dominant over the hydride
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9 97

cycle in the presence of oxidants. ' An increase in selectivity to the diester products, which
can only be generated from the carbomethoxy cycle, in the presence of benzoquinone

suggested that oxidation of the palladium hydride into a palladium carbomethoxy species
had occurred.1'38 (Equation 1.17). An increase in rate was also noted and possibly indicated
a faster rate of the carbomethoxy cycle over the hydride cycle.

_ [PdP2(C(0)0CH3)]+
[PdP2(H)]+ + 0=(^=0 + CH3OH + CO +

HO-^^OH
Equation 1.17 - Oxidation of[PdP2(H)]+ to [PdP2(C(O) OCHf]+ in the presence of

benzoquinone, methanol and carbon monoxide

However, complex [b] (Scheme 1.4) was stable in the presence of excess benzoquinone and

upon bubbling of oxygen for 30 mins at 80 °C.36 No evidence for the formation of a

methoxy species was found. As a result, the catalytic mechanism for the production of

methyl propanoate from these systems was proposed to arise from the hydride cycle only.

Keim et al carried out an investigation into the hydroesterification of alkenes to esters using
90

alcohols as the source of CO as well as hydrogen. (Equation 1.18). This research followed
on from a 1971 patent by McClure and Slaugh.40 Ruthenium complexes of basic phosphine

ligands such as [Ru(CO)3(PCy3)2] proved most effective in this alternative route to esters

over conventional hydroesterification. (Equation 1.15).

C02R'

Equation 1.18 - Hydroesterification ofalkenes using alcohols as the CO /H2 source
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When ethene was used, methyl propanoate was obtained with 100 % selectivity in a yield of
81 %. Longer alkenes afforded both linear and branched esters in approximately a 60:40
ratio. An experiment carried out in 13CH3OH with propene confirmed the origins of CO
from the alcohol through observation of C3H713C(0)013CH3 and (CH3)2CH13C(0)013CH3.
The hydride cycle was proposed with the initial formation of a Ru-H from dehydrogenation
of methanol. Carbon monoxide then followed by decarbonylation of the resulting

formaldehyde for incorporation into the ester backbone. Although high temperature (240 °C)
and pressure conditions (400 bar) were required, the application of the alcohol as the source

of CO and H2 simplifies gas transport and handling. Another benefit of the process is its

ability to form esters from internal alkenes via initial isomerisation to a terminal double
bond.

Subsequently, decarbonylation of formates41 appeared more attractive than alcohol

decarbonylation due to the simultaneous release of CO and ROH, which could afford esters

directly on reaction with alkenes.42'43 (Equation 1.19).

co2r*

Equation 1.19 - Esterification ofalkenes with alkylformates

Jenner proposed the mechanism of formate decomposition to involve activation of the
formate C-H bond followed by formation of a hydridocarbonyl ruthenium alkoxide

species.41 Loss of CO from this intermediate generated a complex capable of losing ROH.

(Scheme 1.5).
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Ru-complex
H Ru-

complex
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Ru-complex

ROH

H Rut

complex

-CO

OR

CO

H Ru OR

complex

Scheme 1.5 - Decarbonylation offormates to alcohols and carbon monoxide

Interception of this intermediate before loss of ROH (or reformation from reaction of the Ru-

complex with ROH) by the insertion of an alkene into the Ru-H bond would lead to an alkyl
ruthenium alkoxide complex. Coordination and insertion of the CO previously released
would generate an acyl ruthenium alkoxide, which could eliminate the ester product.43
Indeed, contacting a variety of catalytic systems with ethene allowed production of methyl

propanoate in high yields with excellent selectivities.44'45'46 However, alternative
mechanisms via metal formyl intermediates44'45 or carbomethoxy alkyl intermediates42 were

also proposed.

Comparison of methyl propanoate production using either HC02Me or MeOH / CO as

methoxycarbonylation reagents of ethene showed that the formate process was far superior

giving a yield of 93 % compared to 30 %.44 Identical conditions of pressure (90 bar N2 or 90
bar CO) and temperature (230 °C) were employed for fair comparison in the Ru3(CO)i2

catalysed processes.

Jenner et al extended the study of the application of methyl formate as an in situ source of
CO by applying aqueous methyl formate as a source of synthesis gas47 in the

hydroformylation of alkenes.48'49 The water and the CO generated in situ (through

decarbonylation of the formate) allowed the formation of H2 via the WGSR.
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1.3 SELECTIVE SYNTHESIS OF 3-PENTANONE

In methanol, in the presence of a variety of complexes of Pd(II), CO and ethene react to give
either perfectly alternating copolymers or methyl propanoate, which is formed being

dependent upon the other ligands present in the complex.2 3-Pentanone is sometimes
observed as a side product, but high selectivities to this product, which is a useful solvent of

relatively low volatility, are often only obtained if water or hydrogen gas is a component of
the mixture.50'51'52'53 Various ethene hydrocarbonylation systems selective to 3-pentanone
are now described.

Early investigations into ethene hydrocarbonylation by Murata and Matsuda found that 3-

pentanone could be selectively formed from C2H4 / CO and H20 in dioxane solvent using a

relatively high ratio of ethene to a phosphine modified Co2(CO)g catalyst.50 Selectivities of
the order of 99 ± 1% were noted and the only by-product of the reaction was propanal, (1 ±

1%). The high ethene to catalyst ratio of 150 / 2 allowed direction of the system towards

production of the ketone over the aldehyde (from hydroformylation). The same effect had
been previously noted with propene as the substrate. High concentrations of C3H6 resulted
in formation of dipropyl ketones as the primary products whilst lower concentrations

produced predominantly C4 aldehydes.54'55

The effect of various reaction parameters upon the Co2(CO)s system using 1,2-

bis(diphenylphosphino)ethane (dppe) were studied, but the selectivity to 3-pentanone
remained fairly high under a variety of conditions tested. The main detrimental effects on

the selectivity were the use of excess phosphine or an equimolar amount of hydrogen instead
of water. Only slight variations in selectivity were noted in changing the nature of the
bidentate phenyl phosphine ligand and triphenylphosphine performed equally well.

In the absence of alkenes, the system was found to catalyse the WGSR. From this reaction,
the origins of the active species, [CoH(CO)m(dppe)n], were proposed. However, direct

spectroscopic evidence for this complex was not obtained under the reaction conditions at

165 °C, presumably due to rapid consumption of the active species.
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[Co2(CO)8] + H20 + dppe + CO

CO
slow

C,H2n4

[CoH(CO)m(dppe)n] [Co(C2H5)(CO)m(dppe)n] [Co(COC2H5)(CO)m.1(dppe)n]
(iii)0)

M

CO,

CO
h2o'

slow
(C2H5)2CO

(i)

C,H2"4

[Co2(CO)2m.j(dppe)2n]
(v)

c2h5cho

[Co(C2H4COC2H5)(CO)m_i (dppe),,]

(iv)

(i) + (iii)

Scheme 1.6 - Mechanism for the synthesis of3 pentanone from cthene, CO and HjO using
conditions ofhigh [C2H4] in the presence ofCo2(CO)s and dppe

Generation of 3-pentanone occurs via the hydride mechanism as described by Scheme 1.6.

[CoH(CO)m(dppe)n] is trapped by ethene and thereby prevented from releasing hydrogen

gas. 3-Pentanone is liberated by the bimolecular reductive elimination of the 3-oxopentyl

complex, (iv), with the hydride species, forming Co2(CO)2m-i(dppe)2n (v), which is then
converted back to the active hydride by the WGSR pathway.

The steps are fast from the insertion of ethene right up to the formation of the dimer. The
initial formation of the hydride from Co2(CO)8 / H20 / dppe / CO is slow and accounts for
the induction period of 1 hour. Regeneration of the hydride from the dimer is also slow and

proceeds only at relatively high temperature, (120 °C or above). The small amount of

propanal observed was produced from the bimolecular reductive elimination of the acyl

complex, (iii), with the hydride complex, (i), but this step occurs rarely and can be virtually

disregarded. In summary, this cobalt system was very selective and typical rates, using dppe
as the phosphine ligand, were 22.9 mmol DEK h"1.
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Zudin et al also noted the production of small quantities of dialkyl ketones during the

hydroformylation of alkenes, and set about finding the reaction conditions that favoured this

process over formation of aldehydes.51 In the absence of hydrogen gas, contacting the Pd(II)
/ PPh3 catalyst solution in 80 % aqueous trifluoroacetic acid with a mixture of ethene and
CO resulted in formation of 3-pentanone at a rate of 2 mol (g-atom Pd)"1 h"1 under very mild
conditions. In the absence of ethene, the homogeneous catalyst system is capable of

effecting the WGSR, a process that undoubtedly led to the origins of the necessary Pd-H
bond for the formation of the ketone. The liberation of H2 from this Pd-H complex is
inhibited in favour of the hydrocarbonylation of the ethene with CO / H20 giving 3-

pentanone. Indeed, the rate of C02 formation was equal to the rate of 3-pentanone
formation. (Equation 1.20).

Pd(II): PPh3
2 C2H4 + 2 CO + H20 ► (C2Hs)2CO + C02

30 - 70 °C /1 atm

cf3co2h / h2o

Equation 1.20 - Production of3-pentanone from ethene, CO and water using an aqueous

trifluoroacetic acid solution ofPd(OAc)2 / PPI13 under mild conditions

A substantial increase in the rate was obtained when hydrogen gas was introduced into the

gas mixture along with ethene and CO. When a 2:1:1 mixture of ethene : CO : H2 was used,
the system produced rates up to 35 mol (g-atom Pd)"1 h"1 with high selectivities to 3-

pentanone of 95-99 %. (Equation 1.21). Only traces of ethane and carbon dioxide were

detected.

Pd(II): PPh3
2 C2H4 + CO + H2 ► (C2H5)2CO

30 - 70 °C /1 atm

cf3co2h / h2o

Equation 1.21 - Production of3-pentanone from ethene, CO and H2 using an aqueous

trifluoroacetic acid solution ofPd(OAc)2 / PPJ13 under mild conditions
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The same active Pd-H complex, [PdH(PPh3)3]X, was formed in both systems but the origins
of this complex differed. In the former system, the WGSR is operative and formed the Pd-H
bond during reduction of the Pd(II) complex by CO in the presence of excess PPI13.

CO P Ph 3
[Pd(PPh3)2X2] + CO + H20 hx +2pph» [PdH(PPh3)3]X [Pd(PPh3)4] + HX3

fastslow

Equation 1.22 - Origins of[PclH(PPhff+ in ethene / CO /H20 system

However, the WGSR is obviously suppressed in the latter system due to the presence of
added H2, as only traces of C02 were produced. Instead, [PdH(PPh3)3]X was probably
formed by heterolytic rupture of H2 by the initial Pd(II) complex, [Pd(PPh3)2X2].

PPh3
[Pd(PPh3)2X2] + H2 —► [PdH(PPh3)3]X + HX

Equation 1.23 - Origins of[PdllfPPhff * in ethene / CO / IP system

The hydride mechanism generates 3-pentanone from consecutive insertions of ethene and
CO into Pd-H. The reaction is sensitive to the water concentration as levels of propanoic

acid, resulting from hydrolysis of the acyl intermediate, become significant with increasing
levels of water. Kinetic investigations into the mechanism revealed the slow and potentially
rate determining steps to be the formation of the hydride complex and the insertion of ethene
into the acyl intermediate.52

Three termination mechanisms producing 3-pentanone from the 3-oxopentyl intermediate
were possible and are described in Equation 1.24. Chelation of the 3-oxopentyl chain

through the carbonyl oxygen was proposed, forming the four coordinate complex,

[Pd(C2H4C(0)C2H5)(PPh3)2]+.
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[Pd(c2H4coc2H5)P2]+ + H2 - ► [PdHP3]+ + DEK (a)

[Pd(c2H4coc2H5)P2]+ + H+ ► [PdP2]2+ + DEK (B)

C,H +

1,2 - H shift

fast

c2h5
-PdP,

CHi

+

H
DEK + [PdP2]2+ (c)

fast

Equation 1.24 - Three possible modes of termination producing 3-pentanone

The likelihood of (A) being the operative mechanism was slim as the system was able to

produce 3-pentanone in the absence of H2. The keto-enol isomerisation mechanism, (C),
was more complex and involved a 1,2 - H shift in the keto alkyl chain, rupture of the Pd-C
bond and formation of a Pd-0 ct bond. 3-Pentanone could then be quickly released by

protonolysis of the resulting enolate complex. To elucidate whether mechanism (B) or (C)
was operative, deuteration studies were carried out using H2 / D+ and D2 / D+ systems. The
nature of the labelled products unambiguously concluded that termination was via the

enolate mechanism (C).

Analogous platinum (II) triphenylphosphine complexes showed minimal catalytic activity in
the hydrocarbonylation of ethene and the nature of the catalyst precursor was highly

important.53 Only [Pt(PPh3)2X2] - CF3C02H / H20 (X = CF3C02") was found to produce 3-

pentanone in low yields, with the [Pt(PPb.3)4] - CF3C02H / H20 system being completely
inactive under the same conditions.

Drent has made numerous contributions to the field of ethene-CO copolymerisation using
cationic Pd(II) complexes based on bidentate aryl phosphine ligands.1'2 More recently, his
attention has turned to the hydrocarbonylation of aliphatic and functionalised alkenes, using

palladium (II) complexes with more electron donating bidentate ligands, in combination with
a variety of acid promoters.56 The catalyst precursors were prepared in situ as described in

Equation 1.25 and aprotic solvents such as diglyme were typically used.
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R2

r\ /xDiglyme / \ /
R2P(CH2)nPR2 + Pd(OAc)2 + 2 HX (CH2)n Pd + 2 HOAc

^P^
R2

Acids HX (Abbreviations) Ligands (Abbreviations)

ch3co2h (HOAc)

cf3co2h (tfa)

cf3so3h (HOTf)

ch3so3h (HOMs)

(ch3)3cso3h (HOtBs)

/>-ch3c6h4so3h (HOTs)

Ph

sec-Bu

Et

n-Bu

scc-Bu

tert-Bu

(DPPP, n = 3)

(DsBPE, n = 2)

(DEPP, n = 3)

(DnBPP, n = 3)

(DsBPP, n = 3)

(DtBPP, n = 3)

Equation 1.25 - In situ preparation ofPd(II) complexesfor alkene hydrocarbonylation

Three possible catalysed reactions can occur for RCH=CH2 / CO and H2. Scheme 1.7
describes the mechanisms by which hydroformylation, hydroacylation and

cooligomerisation occur in the system. The application of hydrogen gas prevents

copolymerisation and allows production of aldehydes / alcohols, monoketones or short chain

cooligomers in preference. Tailoring the choice of both the neutral ligand and the anion
allows careful control of the chemoselectivity of the hydrocarbonylation process.
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c:h2oh -

n CO n Cooligom erisation

/

Hydroacylation

Scheme 1.7 - Mechanisms ofcooligomerisation, hydroacylation and hydroformylation

An active hydride species is formed from the precursor by reaction with hydrogen gas. The

hydroacylation and hydroformylation mechanisms diverge beyond fonnation of the acyl
intermediate from alkene and CO insertion into Pd-H. If the palladium centre is not strongly

electrophilic and the anions are moderately coordinating, hydroformylation occurs

selectively. For example, the combination of DtBPP, a highly basic ligand, and TFA, a

weak acid, led to selective aldehyde / alcohol production. As the coordination ability of the
anion increased, the selectivity to hydroformylation increased. However, this was at the

expense of the overall rate, presumably due to the more difficult displacement of the anion

by the monomers. The manner in which the coordinating anion favours hydroformyation
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was proposed to involve anion assistance in the heterolytic dissociation of H2. The

coordinating anion may be able to temporarily bind H+. As a result, non-coordinating anions
that are more remote from the Pd centre, cannot assist hydrogenolysis of the acyl species.
Instead the second insertion of alkene is favoured over formation of the aldehyde.
Monoketones are selectively formed in a similar system using the same basic diphosphine

ligand, DtBPP, but replacement of TFA with a stronger acid such as HOTf. The palladium
centre is more electrophilic and internal coordination of the chain results producing a five
membered ring. In a similar manner, the carbonyl group of the chelate ring may assist

hydrogenolysis of the alkyl intermediate by temporarily binding H+ from the heterolytic
dissociation of H2. Further chain growth is thus prevented producing the monoketone

product selectively.

However, if the palladium centre is highly electrophilic such as in the Pd(OAc)2 / DPPP /
HOTf system, termination seems to be more difficult and multiple CO / alkene insertions
can occur prior to termination. Higher oligoketones are thus produced. Although no

mention was made of ethene hydrocarbonylation, these findings are very promising indeed.
Selective production of 3-pentanone, ethene-CO cooligomers or propanal by tailoring the

ligand and acid components of the system could soon be a commercial reality. (Equation

1.26).
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\

Pd(OAc)2 + tBu2P(ch2)3PtBu2 + cf3c02h
rch=ch2 / co / h2

Diglyme

Pd(OAc)2 + 'BuzPCCH^P'Buz + cf3s03h

Pd(OAc)2 + Ph2P(ch2)3PPh2 + cf3s03h

rch=ch2 / co / h2

Diglyme

rch=ch2 / co / h2

Diglyme

ch2oh

H,

V. ii

o

o

\

/

oJ n

Equation 1.26 - Selective formation ofaldehydes / alcohols, monoketones or oligoketones

from alkene carbonylation by careful choice ofligand / acid components

Various transition metal heterogeneous catalyst systems have been described which show

activity in the synthesis of 3-pentanone from either C2H4 / CO / H20 57 or C2H4 / CO /

H2 58,59,60,61 pfowever, many of these systems were not highly selective to 3-pentanone due
to the production mainly of propanal and / or ethane. The best catalytic system for 3-

pentanone production was based on a carbon supported Co catalyst.57 An unusual change in

selectivity from ethane to 3-pentanone was noted when Co2(CO)8 was adsorbed on a carbon

support rather than on oxide supports.
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1.4 USE OF ALCOHOLS AS THE SOURCE OF HYDROGEN IN THE

TRANSFORMATION OF ETHENE - CARBON MONOXIDE MIXTURES

An early patent by Gresham and Brooks described the selective synthesis of 3-pentanone
from ethene and CO in 3-pentanol using a variety of typical hydrogenation catalysts.62
(Equation 1.27). Systems based on cobalt produced the best results but high temperatures

and pressures were required. Typically conditions of 500 atm and 250 °C were applied.

OH O

2 C2H4 + CO + X |C°Ca*"yStl. sJKyV V
Ptot= 500 atm V V

250 °C

Equation 1.27 - Selective production of3-pentanone from ethene and CO in 3-pentanol

The alcohol solvent, 3-pentanol, provided the two hydrogen atoms necessary for formation
of 3-pentanone by undergoing hydrogen transfer via dehydrogenation. In this particular

solvent, the product of alcohol dehydrogenation is itself 3-pentanone, resulting in the
observed high selectivity. The use of more common secondary alcohols, such as

isopropanol, resulted in formation of acetone alongside 3-pentanone. (Equation 1.28).

OH O O

2C2H4 + CO + A 1C°Cati"yStl» AA + A
3-Pentanone Acetone

(Dehydrogenation
Product)

Equation 1.28 - Production of3-pentanone (and acetone byproduct) from ethene and CO
in isopropanol

Subsequently, Natta et al demonstrated that [Co2(CO)g] could catalyse the production of 3-

pentanone (and 2-butanone) from ethene, CO and 2-butanol under milder conditions of 210
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°C and 250 atm.17 However, reactions performed in methanol were less selective due to the

formation of methyl propanoate and propanal in addition to 3-pentanone. Similarly,
Gresham et al had briefly noted the loss of selectivity to the ketone product using primary
alcohols and suggested that near exclusive formation of the ester could be achieved.62

C2H4 + CO + CH3OH |C"2(CO)8'. \Jfy + sjf + \Jsv v v och3 v h

(Major) (Major) (Minor)

Equation 1.29 - Production of3-pentanone and methyl propanoate from cthcnc, CO and
methanol in addition to minor quantities ofpropanal

Formaldehyde was expected as the dehydrogenation product from methanol. However, no

appreciable quantity was detected at the end of the reaction, but dimethyl ether was found

unexpectedly in the gas phase. This volatile product was explained as arising from

dehydration of two methanol molecules. (Equation 1.30). The water thus formed then

produced the necessary hydrogen atoms for formation of the ketone via the WGSR.

2ch3oh ch3och3 + h2o

h2o + co >- h2 + co2

Equation 1.30 - Production ofwaterfrom the dehydration ofmethanol and generation of

H2 via the WGSR

A slightly different result was reported by Sneeden et al in the ruthenium catalysed synthesis
of ketones from alkene - CO mixtures in alcohols.63 In secondary alcohols, 3-pentanone
was not formed in the same selective manner due to the production of major quantities of the

alkyl propanoate as well as the alkane as secondary products. Equation 1.31 shows the
various products formed from ethene-CO mixtures in isopropanol. Minor products of H2,

C02 and Ci - C4 hydrocarbons were also detected.
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o o

+ A Major Products

O

C2H4 + CO +

OH I

I tRuC13] r \A
Ptot= 30 bar U

+ C2H6 " Secondary Products

160 °C

h2 + co2
+ Cj - C4 Hydrocarbons

> Minor Products

Equation 1.31 - Various products formedfrom the ruthenium catalysed transformation of
ethene - CO mixtures in isopropanol

Exceptionally mild conditions were used in comparison to the systems previously described.

Temperatures of 160 °C and pressures as low as 15 bar could be employed.

In primary alcohols, such as ethanol, the ester product, ethyl propanoate, was favoured over

3-pentanone. In contrast to the cobalt catalysed methanolic system,17 which did not appear

to involve dehydrogenation of the alcohol as the hydrogen source, acetaldehyde was indeed

proposed as a reaction byproduct in this ethanolic system. However, further reaction of

acetaldehyde with ethanol resulted in the direct detection of acetaldehyde diethyl acetal in

preference.

Suitable ruthenium catalysts for this reaction were [R11CI3] or base promoted [Ru3(CO)i2].
The nature of the active species was not defined but was proposed to involve mono- or

binuclear entities. The yield of 3-pentanone was found to be inversely proportional to the
concentration of the [Ru3(CO)i2] catalyst but directly proportional to the concentration of the

[R11CI3] catalyst. The yield and selectivity to 3-pentanone was improved by using a 2:1 ratio
of ethene to CO at elevated pressures between 20 and 40 bar. Temperatures around 190 -

200 °C were ideal for high yields of 3-pentanone but higher temperatures above this range

resulted in transfer of selectivity to the hydrogenation of ethene.
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An improvement in the synthesis of esters and ketones from ruthenium catalysed alkene-CO-

ROH systems was reported by Hidai et al some years later.64 The use of iodide promoters

with [Ru3(CO)i2] led to higher activities than the ruthenium systems previously reported by
Sneeden et al.63 Moreover, control over the selectivity could be achieved by application of a

covalent or ionic iodide. The covalent iodides, such as CH3I or Phi, were found to promote

the formation of both the ester and ketone. (Equation 1.32). The distribution of these

products greatly depended on the I / Ru ratio. Low ratios, e.g. 1:1, favoured the ester

product such as methyl propanoate from ethene-CO-MeOH mixtures, whilst high ratios

(10:1) favoured the ketone product, 3-pentanone. The temperature of the reaction also
altered the product distribution. The ester was the preferred product at 150 °C, whereas both

products were formed in near equal amounts at 190 °C. The quantity of covalent iodide
added was not found to influence greatly the reaction rate.

C2H4 + CO + CH3OH [Rll3(CQ)'2l-Phl » \ Jl / +z 4
I / Ru = 3.0,5 h \/ \/ ^ OCH3

Yield at 190 °C 29 % 37 %

Yield at 150 °C 2% 11%

Equation 1.32 - Product distribution from ethene - CO - MeOH mixtures using 3:1 ratio

ofcovalent iodide to [Ru] at 150 °C and 190 °C

In contrast, the quantity of ionic iodide added, such as Nal, nBu4NI or PhqPI, was found to

affect the rate dramatically. Increasing quantities of these promoters resulted in a steady
increase in rate. With I / Ru ratios of 10:1, the rate was found to be 10 times faster than

using [Ru3(CO)i2] alone. Use of ionic iodides also allowed preferential fonnation of methyl

propanoate from ethene-CO-MeOH mixtures, due to enhancement of the hydroesterification
of ethene. (Equation 1.33). 3-Pentanone was not generated in this case and temperatures of
190 °C were required for activity. Free iodide anion was thought to be crucial to the
enhancement ofmethyl propanoate synthesis.

43



Chapter One

o

C2H4 + CO + CH3OH
[Ru3(CO),2] - Nal

>

I / Ru = 3.0,1.5 h

Yield at 190 °C

Yield at 150 °C

OCH3

86%

0%

Equation 1.33 ~ Selective synthesis ofmethyl propanoate from ethene - CO - MeOH
mixtures using 3:1 ratio of ionic iodide to [Ru] at 190 °C

Smaller quantities of the alkane from hydrogenation were sometimes observed. In the

secondary alcohol systems producing the ketone, the dehydrogenation product of the alcohol
was also noted. For example, acetone was observed as a byproduct in the [Ru3(CO)i2] - Phi

system in isopropanol. However, formaldehyde was not detected in the equivalent

experiment in methanol and no attempts to explain this observation were made.

Propene reacted much more slowly than ethene and gave poorer results overall. In contrast

to the ketone and ester products observed using ethene, products from the propene reaction
under the same conditions were propane and methyl butyrate (n:i = 1:1).

The active ruthenium species were proposed to be [Ru3(H)(CO)i 1]" and [Ru(CO)3l3]\
Insertion of ethene and CO into the Ru-H bond of the former hydride species would form an

acyl intermediate. Formation of methyl propanoate was thought to occur via reaction of
MeOH with EtC(0)I, the latter being produced from the bimolecular reductive elimination
of the acyl intermediate with [Ru(CO)3l3]\

This review has shown that a diverse range of products, from 3-pentanone and methyl

propanoate to polyketones, can be obtained from ethene and CO by careful choice of the
transition metal catalyst, gas ratio and solvent composition as well as the temperature and

pressure conditions. Copolymerisation of ethene and carbon monoxide has been widely
studied but the cooligomerisation of these cheap monomers to form oxygenates is currently
of increasing interest.
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Chapter Two

2.0 INTRODUCTION

Short chain ketones such as 3-pentanone and 3,6-octanedione are desirable materials due to

their potential application as solvents. These low volatility oxygenates have good solvating

ability and could eventually replace more volatile conventional solvents that are therefore
less environmentally friendly.

Synthesis of the four cooligomers shown in Figure 2.1 from the readily available starting

materials, ethene, CO and CH3OH, using phosphine modified rhodium catalysts was

explored and selectivities to the second members of the homologous series of ketones and
ketoesters were preferentially desired. (3,6-Octanedione and methyl 4-oxohexanoate are not

commercially available and were synthesised for GC calibration purposes by the reaction of

propanal with 3-pentenone and methyl acrylate respectively using a method developed by

Stetter).1

O
O

3-Pentanone

O

OCH3

Methyl Propanoate

O

3,6-Octanedione

O

OCH3

o

Methyl 4-Oxohexanoate

Figure 2.1 - Four desired cooligomers from ethene / CO and CH3OH mixtures

Cole-Hamilton and coworkers demonstrated that the hydrido rhodium complex,

[RhH(PEt3)4], successfully catalysed the hydroformylation of 1-hexene using ethanol as the
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2
source of hydrogen. Selectivity to the alcohol products, heptanol and 2-methylhexanol, was

high with formation of esters detected in addition to these materials. (Equation 2.1).

Equation 2.1 -• Hydroformylation of 1 hcxcnc catalysed by [RhH(PEtj)4] using cthanol as

the source ofhydrogen

The possibility of similar chemistry, but involving multiple alternate insertions of the
smaller substrate, ethene, and CO remained and could result in production of the desired

cooligomers. As a result, this rhodium hydride catalyst was tested in a variety of solvent
mixtures containing alcohol.

2.1 TESTING OF [RhH(PEt3)4]

Typically, the solution of [RhH(PEt3)4] 3 was transferred under nitrogen to a 250 cm3
Hastalloy autoclave, which was then pressurised with a 1:1 mixture of ethene and carbon

monoxide. (Total volumes and pressures were 10 cm and 70 bar respectively and a catalyst
concentration of 0.01 mol dm"3 was used). The autoclave was heated to 110 °C for a period
of 24 hours, after which, cooling and venting took place. The contents were removed and
the solutions checked by GCMS for cooligomer formation, before being quantitatively

analysed by GC, using toluene as the internal standard. The results obtained using a variety
of different solvent systems are collected in Table 2.1.
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Using a 2:1 mixture of acetic acid and methanol, the only product detected was propanal.

However, when the complex was tested in a 4:1 solvent mixture of methanol and water, all
four desired cooligomers were detected. (Figure 2.1). 3-Pentanone and methyl propanoate

were the primary products regardless of the length of the reaction time and a relatively high

selectivity to 3-pentanone of 85 % was achieved. 3,6-Octanedione and methyl-4-
oxohexanoate were only trace products and were detected slightly later on the GC column.

A study of the growth in turnover of the primary products with time was carried out for this

MeOH-HiO system. Graph 2.1 shows the steady growth in turnover over the first 12 hours.
After this period, the activity of the system levels out and only a moderate increase is
observed.

140

0 1 1 I 1 T 1

0 5 10 15 20 25 30

Time (h)

3-Pentanone

■"■•Methyl Propanoate
Total Turnover

Graph 2.1 - Turnover numbers of3-pentanone and methyl propanoate (from [RhHfPFjff
/ Me0H-H20 system) with time

When the catalyst was tested in dry methanol, the results showed an improvement on the
MeOH-HiO system with up to 168 turnovers for 3-pentanone and 34 for methyl propanoate

under the standard conditions. (Table 2.1, [1] and [2]). These figures are approximately 1.5
times larger than the equivalent system in ethanol and so methanol remained the alcohol of
choice.
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Table2.1-Products(expressedascatalystturnovers)fromthe[RhH(PEt3)4]catalysedreactionofCOandetheneinmethanolor methanol/cosolventmixtures,(10cm3).[Catalystconcentration-0.01moldm3](%Selectivityshowninbrackets) Entry no.

SolventSystem
Solvent Ratio (v/v)

Time (h)

Temp (°C)

o

o

PC2H4

3-Pentanone

Methyl Propanoate

3,6-Octanedione

1

MeOH

-

24

110

35

35

167.6 (83.3)

33.5 (16.7)

tr

2

MeOH/H20

4:1

24

110

35

35

105.8 (84.7)

19.1 (15.3)

tr

3

MeOH

-

6

80

35

35

0

0

0

4

MeOH

-

6

110

35

35

96.9 (73.6)

34.7 (26.4)

tr

5

MeOH

-

6

140

35

35

220.6 (66.4)

111.8 (33.6)

tr

6

MeOH/Acetone
1:3

24

110

35

35

79.3 (76.5)

21.4 (20.6)

3.0 (2.9)

7

MeOH/Acetone
1:3

24

110

60

15

14.4 (70.6)

6.0 (29.4)

0

8

EthyleneGlycol/ MeOH

3:1

24

110

35

35

28.4 (78.2)

2.5 (6.9)

5.4 (14.9)
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The observed activity in pure methanol was in contrast to recent reports by Sen et al, who
found catalyst systems based on [RhH(PPh3)4], [RhH(CO)(PPh3)3] and [RhCl(CO)(PPh3)4]
to be completely inactive in pure methanol.4 Water was a vital component of the solvent

system for the production of cooligomers from ethene / CO mixtures as the necessary

hydrogen, required for formation of the ketone products, was derived from the WGSR rather
than the alcohol in these systems. (N.B. Acetic acid-methanol systems also generated

oligomeric products, however, water can be produced in these systems via esterification).

250 -i

□ 3-Pentanone

B Methyl Propanoate

Graph 2.2 - Effect of temperature on product turnovers and selectivity using [RhlUPEtpf
/MeOH system (6 h reaction)

The effect of temperature was studied using the [RhH(PEt3)4] / MeOH system. (Graph 2.2).

(Table 2.1, [3], [4] and [5]). Over a period of 6 hours at 80 °C, no reaction occurred but,
under the same conditions at 140 °C, turnover numbers of 221 and 111 were achieved for 3-

pentanone and methyl propanoate respectively. The reaction is not initiated at temperatures

below 80 °C but becomes activated at a temperature between 80 and 110 °C. The rate is
accelerated at higher temperatures but at the expense of the selectivity to 3-pentanone, which
falls to 66.4 %. The standard reaction conditions of 110 °C and 24 hours yield the best
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selectivity to 3-pentanone of 83.3 %. (Table 2.1, [1]). [However, it is important to note that
the temperature quoted is that of the heating jacket used to heat the autoclave and not of the

solution, which will be lower than this value].

This catalyst system only produced trace quantities of the second member of the oligoketone
and oligoketoester families. In an attempt to increase the production of 3,6-octanedione and

methyl-4-oxohexanoate, the concentration of methanol was reduced by dilution with acetone

or ethylene glycol. This may hinder termination and allow further chain growth as methanol
is involved in the termination steps through protonation and methanolysis of the alkyl and

acyl intermediates respectively. (See chapter 4). Small quantities of 3,6-octanedione were

indeed observed with the diluted systems but the turnover numbers to this product were still

very low. (Table 2.1, [6] and [8]). Total yields were reduced in comparison to the run in

pure methanol, but the selectivity to 3-pentanone was not greatly affected. [The combination
of methanol and acetone also yielded the by-product 2,2-dimethoxypropane from the direct
ketalisation reaction between the solvents].

As expected, no products were formed in contacting ethene / CO mixtures with THF or

toluene solutions of [RhH(PEt3)4]. This indicated the necessity of a protic solvent such as

methanol, to provide hydrogen atoms for stoichiometric completion of the saturated ketone

products such as 3-pentanone. (Equation 2.2).

MeOH

Equation 2.2 - Generation of 3-pentanonefrom ethene, carbon monoxide and methanol

Another approach to enhance 3,6-octanedione production was to increase the partial pressure

of CO relative to C2H4 so that a second insertion of CO could take place in competition with
termination to yield the longer chain product. However, when the autoclave was filled with
a 3:1 acetone / methanol solution of [RhH(PEt3)4] and charged with 60 bar CO / 15 bar

C2H4, the reaction was found to be low yielding. (Table 2.1, [7]). No 3,6-octanedione was
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produced under these conditions even although the ratio of CO to C2H4 was 4:1. The second
CO insertion should be favoured at elevated concentrations of CO; however, the poorer

solubility of this gas compared to ethene in these solvent systems may prevent the synthesis
of longer chain products. Since the pressure of ethene was only 15 bar in the experiment, the
overall yield may be expected to decrease as a result.

2.2 TESTING OF RHODIUM PHOSPHITE COMPLEXES

The hydrido phosphite complexes, [RhH(CO)(P(OPh)3)3] and [RhH(CO)2(P(OPh)3)2], were

synthesised in the autoclave prior to the catalytic run by contacting an acetone solution of

[Rh(acac)(CO)2] and n equivalents of P(OPh)3 with synthesis gas (20 bar) for 1.5 h at 60 °C.
This technique of forming the hydride complexes in the autoclave before commencement of
the main catalytic run with CO / C2H4 was based on a procedure by van Leeuwen.5'6
Formation of these species was confirmed, in the experiment using 2 equivalents of P(OPh)3,

by 3IP and !H NMR spectroscopy. (Equation 2.3).

[Rh(acac)(CO)2l
+

n P(OPh)3

(n = 2,10)

H2 / CO - 20 bar

Acetone (7.5 cm3)
60 °C /1.5 h

H

(PhO)3P Rh
..,\\\\ P(OPh)3

P(OPh)3
CO

31P : d, 8 141.2 ppm
'h : d, 5 -10.46 ppm

+ H-

P(OPh)3

-Jh^CO
I ^CO
P(OPh)3

31
P : d, 8 147.8 ppm

'h : td, 8 - 10.82 ppm

Equation 2.3 - Synthesis ofhydrido phosphite complexes ofrhodium in situ using syn gas

prior to main catalytic experiment with CO / C2H4

The 31P NMR spectrum in acetone-d6 contained two doublets at 5 141.2 ppm (Jri-,-p = 240

Hz) and 5 147.8 ppm (jRh-p = 229 Hz) in an approximate ratio of 2:1 respectively. The

hydride region of the !H NMR spectrum contained a triplet of doublets at 5 - 10.82 ppm (JP.H
= 22 Hz, Jrivh = 4 Hz) due to [RhH(CO)2(P(OPh)3)2] as expected. (Spectrum 2.1).

However, the hydride signal for [RhH(CO)(P(OPh)3)3] was, unusually, a doublet, rather than
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the expected quartet of doublets. The signal at 5 -10.46 ppm showed only the smaller Rh-H

coupling of 3.15 Hz. The lack of P-H coupling for this species may he in the angles of the
H-Rh-P bonds, which, if around 90 °, may reduce the P-H coupling to zero as the
McConnell relationship predicts. The same anomaly was found by Trzeciak et al during
studies of this complex.7'8

H

(PhO)3P —Rh^P(OPh)3
| ^P(OPh)3
CO

P(OPh)3

I CO
H Rh

I ^CO
P(OPh)3

»"» ■ .i.kL lMh all i aiilLl l

-1D.D -10.2 -10.4 -10.S -10.S -11.0 -11.2

PPM

Spectrum 2.1 - Hydride region of'HNMR spectrum of[RhH(CO)(P(OPh)s)i] and

[RhH(CO)2(P(OPh)s)2] in acetone

Methanol was added after cooling the autoclave and venting the synthesis gas in order to

minimise the transesterification reaction of the phosphite ligand with methanol. (However,

phenol was always observed in the product solution after the catalytic reaction, indicating
that transesterification had taken place to some degree). The autoclave was then pressured
with 1:1 CO / C2H4 under the standard reaction conditions. (Equation 2.4).
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[RhH(CO)(P<OPh)3)3] Acetone (7.5 cm3)
t H-(C3H4C(0)]nR R = C2H5,„ = 1,2

[RhH(CO)2(P(OPh)3)2] CO / C2H4 - 70 bar, 1:1 R-OCH3,n-l
110 °C / 24 h

Equation 2.4 - Conditions ofmain catalytic run (using hydrido phosphite complexes of

rhodium) andproducts formed

Table 2.2 shows the catalytic results for these systems. 3-Pentanone, methyl propanoate and

3,6-octanedione were formed under the standard conditions and, in fact, the turnover number

for the latter was higher than that of the ester. (Table 2.2, [2]). Although a reduction in

activity was noted, selectivity to 3,6-octanedione was relatively good in comparison to the

equivalent system using [RhH(PEt3)4], (Table 2.1, [6]). An increase in selectivity from 2.9
to 15.2 % was observed.

As expected, higher concentrations of methanol such as a 4:1 ratio with acetone generates a

more active system, but, at the expense of selectivity to 3,6-octanedione, which was not

generated at all. (Table 2.2, [1]). The use of excess P(OR)3 brought about a surprising

change in chemoselectivity. Methyl propanoate became the principle product upon addition
of 10 equivalents of either P(OPh)3 or P(OMe)3. (Table 2.2, [3] and [4]). Little change in
turnover of 3-pentanone and 3,6-octanedione was observed using excess P(OPh)3 but a

dramatic rise in ester production was noted.
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Table 2.2 - Products (expressed as catalyst turnovers) from the reaction of CO (35 bar)
and ethene (35 bar) in methanol / acetone at 110 °C for 24 h, catalysed by the hydrido

phosphite complexes of Rh, [RhH(CO)(P(OR)3)3] and [RhH(CO)2(P(0R)3)2]■ [Formed in

situ from [Rh(acac)(CO)>] / n P(OR)j and synthesis gas], (%> Selectivity shown in brackets)

Entry
No

Ligand n

Solvent

System

Ratio

(v/v)
3-Pentanone

Methyl

Propanoate

3,6-

Octanedione

1 P(OPh)3 2
MeOH /

Acetone
4:1

82.0

(82.5)

17.4

(17.5)
0

2 P(OPh)3 2
MeOH/

Acetone
1:3

41.1

(73.5)

6.3

(11.3)

8.5

(15.2)

3 P(OPh)3 10
MeOH/

Acetone
1:3

48.8

(38.7)

70.0

(55.5)

7.3

(5.8)

4 P(OMe)3 10
MeOH/

Acetone
1:3

21.2

(24.7)

63.1

(73.4)

1.7

(2.0)

[Rh(acac)(CO)2] / n P(OR)3 / syn gas pre-run. [Rh] = 0.01 mol dm" .

2.3 TESTING OF CATALYSTS FORMED IN SITU FROM [Rh(acac)(CO)2] AND

TERTIARY PHOSPHINE LIGANDS

2.3.1 VARIATION OF THE PHOSPHINE AND PR3 / Rh RATIO

Rhodium complexes, prepared in situ from the addition of various phosphine ligands to

[Rh(acac)(CO)2] in methanol, were found to catalyse the cooligomerisation of ethene and
carbon monoxide upon heating to 110 °C. Typically a 4:1 molar ratio of PR3 / Rh was used
in the procedure described by Equation 2.5.

[Rh(acac)(CO)2] CH3OH (10 cm3) R = c2H„ n = 1,2
H-[C2H4C(0)]nR '

CO / C2H4 - 70 bar, 1:1 R-OCH3, n = l
4 PR3 110 °C / 24 h

Equation 2.5 - Preparation ofcatalysts in situ from [Rh(acac)(CO)2] and 4 PR3 in
methanol and their application in ethene-CO cooligomerisation
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Table 2.3 shows the various turnover numbers and selectivities to the products formed. The

primary product was found to depend on the nature of the phosphine ligand. The PMe3

system was more selective to methyl propanoate whilst the PEt3, P'Pr3 and PPh3 systems

produced 3-pentanone as the main product. [N.B. Sen reports no activity with

triphenylphosphine complexes of Rh under these conditions]4 Chain growth was very

limited in all systems. The most active system with the highest selectivity to 3-pentanone
was based on PEt3. (Spectrum 2.2).

MeOH
\1

DEK - Diethyl Ketone (3-Pentanone)
MP - Methyl Propanoate
OD - 3,6-Octanedione
MF - Methyl Formate

DEK

/OD

?? n 200

MP

mf

Jl.

cdci3
MP

\|
mf

N
*11 JwrtWll

^DEK-

OD

180 160 140 120 100
ppm

' I 1 1 1 '
60

• I '

ao

Spectrum 2.2 - 13C NMR spectrum ofethene / CO cooligomers formed using

[Rh(acac)(CO)2] / 4 PEts in methanol
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Table 2.3 - Products (expressed as catalyst turnovers) after 24 h at 110 °C from the

[Rh(acac.)(C0)2] / 4 PR3 catalysed reaction of CO (35 bar) and ethene (35 bar) in methanol

(10 cm3). (% Selectivity shown in brackets)

PR3 3-Pentanone
Methyl

Propanoate
3,6-Octanedione

Total

Turnover

PMe3
24.7

(37.8)

38.8

(59.4)

1.8

(2.8)
65.3

PEt3
164.1

(72.2)

56.4

(24.8)

6.7

(2.9)
227.2

PPr,
58.8

(55.5)

44.7

(42.2)

2.5

(2.3)
106.0

PPh3
12.3

(33.1)

10.1

(27.2)

4.8

(12.9)
37.2*

[Rh(acac)(CO)2] (0.1 mmol), PR3 (0.4 mmol) as catalyst precursor in 10 cm methanol.
*Contains 10 turnovers for l-methoxy-3-pentanone.

l-Methoxy-3-pentanone was also observed in the [Rh(acac)(CO)2] / 4 PPh3 system. This

product is formed from the addition of methanol across the unsaturated bond of 3-pentenone
in a non catalysed reaction. Its presence implies that (3-H abstraction is an important
termination step in the mechanism. PPh3 is much less basic than the trialkylphosphines and
is therefore less able to activate the rhodium centre towards protonation and

dehydrogenation of methanol, allowing P-H abstraction to occur in competition after the
second insertion of ethene.

As a result of the optimal activity using [Rh(acac)(CO)2] / 4 PEt3, the molar ratio of PEt3 to

Rh was varied to test for dependence of the chemoselectivity on the concentration of the

ligand. Table 2.4 shows the differences in the products formed as the number of equivalents
of phosphine was varied.

59



Chapter Two

Table 2.4 - Products (expressed as catalyst turnovers) after 24 h from the reaction of CO

(35 bar) and ethene (35 bar) in methanol using catalysts prepared in situ from

[Rh(acac)(C0)2] / n PEt3, (n = 1 - 4). (% Selectivity shown in brackets)

n
Methyl

Acrylate

Methyl

Propanoate
3-Pentenone 3-Pentanone

1-Methoxy-

3-Pentanone

Methyl

4-oxoliexanoate

3,6-

Octanedione

1
6.5 5.5 2.4 45.9 15.3 4.1 12.8

(7.0) (5.9) (2.6) (49.6) (16.5) (4.4) (13.8)

3.5 19.7 84.7 8.6 3.3 10.2
L

(2.7) (15.2) (65.2) (6.6) (2.5) (7.8)

3 -

74.0

(24.0)
-

222.5

(72.1)
- -

12.1

(3.9)

4 -

56.4

(24.8)
-

164.1

(72.2)
- -

6.7

(2.9)

[Rh(acac)(CO)2] (0.1 mmol), PEt3 (O.ln mmol) as catalyst precursor in 10 cm methanol.

Using low PEt3 / Rh ratios of 1 or 2, methyl acrylate and 3-pentenone were observed for the
first time as well as l-methoxy-3-pentanone from the reaction of 3-pentenone with methanol.
These systems, which produce a wider range of products, were less active than those using
ratios of 3 or 4, but the selectivity to the longer chain products was notably improved.

Optimum activity was observed with 3 equivalents of PEt3 (over 300 product turnovers in

total) and selectivity to the saturated products was once again resumed. It is important to

note that use of 4 PEt3 lowers the activity in comparison but the selectivity remains almost

unchanged. The transition in chemoselectivity between the use of 2 and 3 equivalents

suggests that the species responsible for the production of the unsaturated products may only
be present at low PEt3 concentrations. NMR studies revealed that addition of 3 or more

equivalents of PEt3 to [Rh(acac)(CO)2] produced only [Rh2(CO)2(PEt3)6], whilst 2

equivalents produced [RhH(CO)2(PEt3)2] and [Rh(r|2-acac)(CO)(PEt3)], in addition to this
dimeric species. (See chapter 3). The monophosphine complex, which has retained the acac

ligand in bidentate coordination mode, may be responsible for the unsaturated products by

behaving in a similar manner to the bidentate fj-ketophosphine complexes discussed in

chapter 5. Indeed, similar product distributions were observed with [Rh(acac)(CO)2] / n PEt3

(n = 1,2) compared to the ketophosphine systems. In addition, the quantity of unsaturated
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products was highest from the [Rh(acac)(CO)2] / 1 PEt3 system where [Rh(r|2-
acac)(CO)(PEt3)] was formed almost exclusively.

2.3.2 EFFECT OF SOLVENT COMPOSITION

Although the highest activity was observed from the catalyst generated in situ from

[Rh(acac)(CO)2] and 3 PEt3 in methanol, the following experiments were carried out using 4

equivalents of PEt3, in order that comparisons could be drawn with the [RhH(PEt3)4]

catalysed process. (Section 2.4)

As discussed above, the [Rh(acac)(CO)2] / 4PEt3 / MeOH system produced 3-pentanone as

the primary product and methyl propanoate as the major secondary product. Chain growth
was limited, as the selectivity to 3,6-octanedione was very low at only 2.9 %. The

application of either acetone or ethylene glycol as cosolvents with [RhH(PEt3)4] / MeOH
was found to increase this selectivity, albeit to a small extent, due to the reduction in the
concentration of methanol, which is involved in chain termination. Table 2.5 describes the

various experiments carried out in methanol / acetone, ethylene glycol / acetone and ethylene

glycol / methanol using the catalyst generated in situ from [Rh(acac)(CO)2] / 4 PEt3.
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Table 2.5 - Products (expressed as catalyst turnovers) after 24 h from the [Rh(acac)(C0)2]
/ 4 PEti catalysed reaction of CO (35 bar) and ethene (35 bar) at 110 °C in methanol or

alcohol / cosolvent mixtures, (10 cm3). (% Selectivity shown in brackets)

Entry

No
Solvent System

Ratio

(v/v)

EG

Volume

(cm3)
3-Pentanone Ester 3,6-Octanedione

I MeOH - -

164.1

(72.2)

56.4

(24.8)

6.7

(2.9)

2 MeOH / Acetone 1:3 -

80.9

(75.7)

23.6

(22.1)

2.3

(2.2)

3 MeOH / Acetone 3:1 -

68.2

(72.0)

22.8

(24.1)

3.7

(3.9)

4 MeOH/EG 1:3 7.5
50.6

(77.5)

4.5 *

(6.9)

10.2

(15.6)

5 EG / Acetone 0.18:1 1.5
36.8

(-100)
tr tr

6 EG / Acetone 0.54:1 3.5
26.7

(84.5)
-

4.9

(15.5)

7 EG / Acetone 1.06:1 5.15
47.6

(85.8)
-

7.9

(14.2)

8 EG / Acetone 3:1 7.5
30.2

(91.5)
-

2.8

(8.5)

9 EG / Acetone 9:1 9
22.6

(-100)
tr tr

10 EG/THF 1.06:1 5.15
24.0

(87.0)
-

3.6

(13.0)

EG - Ethylene glycol, THF - Tetrahydrofuran, Ester - depends on alcohol used, (tr - trace). *Methyl

propanoate. [Rh(acac)(CO)2] (0.1 mmol), PEt3 (0.4 mmol) as catalyst precursor in 10 cm3 solvent mixture.

Diluting methanol with acetone to varying degrees does not improve the selectivity to 3,6-
octanedione in this catalyst system. (Table 2.5, [2] and [3]). The main effect was a

reduction in the overall activity in comparison to the experiment in pure methanol. (Table

2.5, [1]). The selectivities to all three products remained virtually unaltered by dilution of
the alcohol with acetone. However, dilution with ethylene glycol was found to affect the
distribution of products. The selectivity to 3,6-octanedione was increased from 2.2 % to
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15.6 % at the expense of the ester product rather than 3-pentanone. (Table 2.5, compare [2]
and [4]). In fact, the turnover to 3,6-octanedione was higher than that of the ester. In this

system, both methyl propanoate and 1-hydroxyethyl propanoate (1-HEP) could be formed by

alcoholysis of the acyl intermediate with methanol and ethylene glycol respectively.

(Equation 2.6).

Equation 2,6 - Possible reactions of the acyl intermediate in ethylene glycol / methanol

A diester product could also be envisaged if the OH group of 1-HEP reacted further with
another acyl intermediate. However, just as ethylene glycol was a poor nucleophile in

comparison to methanol for alcoholysis of the acyl complex due to its larger steric size, 1-
HEP would be expected to perform even less well. As a result, no diester and only traces of
1-HEP were detected. Methyl propanoate was the dominant ester formed.

As regards the beneficial effects of ethylene glycol as a solvent component, a series of

experiments were carried out using ethylene glycol as the only protic medium. Due to the
lower solubility of the catalyst in this viscous alcohol, various quantities of acetone were

also added to aid solution. (Table 2.5, [5] - [9]). Although the activity of the ethylene

glycol / acetone systems were low, benefits were again seen in the selectivity to 3,6-
octanedione. An approximate EG / acetone ratio of 1:2 (v/v) gave the best selectivity to this

longer product (15.5 %). Only traces of the ester, 1-HEP, were noted alongside the ketone

products.

o

\/\v och3

Methyl Propanoate
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The higher selectivity of the EG / acetone systems to oligoketones over oligoketoesters was

probably due to disfavoured alcoholysis of the acyl intermediate because of the steric bulk of
the alcohol as discussed above. The low activity may be explained by the lower acidity and
therefore reduced ability of ethylene glycol to donate hydrogen atoms in comparison to

methanol.

Initially, it was envisaged that ethylene glycol might protect the carbonyl groups of the

growing chain by forming a cyclic ketal, so that coordination of the carbonyl oxygen to

rhodium might be prevented. (Equation 2.7). (Formation of the r|2-3-oxopentyl chelate

species following the second ethene insertion hinders chain growth due to the blocking of
the vacant coordination site for the incoming CO monomer). (See Chapter 4). Elowever, the

resulting cooligomers did not contain protected carbonyl groups and therefore had probably
not undergone the condensation reaction with ethylene glycol. Nonetheless, this solvent was

found to promote chain growth, although the manner in which this was achieved was

unclear. Potentially, the rate of protonation of the 3-oxopentyl intermediate by the less
acidic alcohol may be sufficiently slow for the competitive insertion of monomers to take

place, allowing further chain growth.

Equation 2.7 - Intended application ofethylene glycol as carbonyl protecting agent

Often the protection of carbonyl groups by diols requires acid catalysis for improved

However, a small quantity of 2,2-dimethyl-l,3-dioxolane from the reaction of acetone with

ethylene glycol was formed, perhaps due to the higher concentration of acetone over the

products. (Equation 2.8). 2,2-dimethyl-l,3-dioxolane was found to have the same retention

(T .O

efficiency.9'10 The absence of an acid may explain the lack of protection of the products.
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time on the GC column as 3-pentanone and so a more polar column was required to separate

the components for quantitative analysis. The use of THF as a cosolvent with ethylene

glycol produces similar selectivities and avoids this problem. (Table 2.5, [7] and [10]).

2,2-Dimethyl-1,3-dioxolane

Equation 2.8 - Protection ofacetone by ethylene glycol

Analysis of the EG / acetone solution after the reaction by 13C NMR spectroscopy allows all
the products to be identified. (Spectrum 2.3). Figure 2.2 contains the assignments of all
compounds in the system. Evidence for ethylene glycol monoformate was also found and
the only unknown in the spectrum occurred at 5 122 ppm.

DEK - Diethyl Ketone (3-pentanone)
OD - 3,6-Octanedione
1-HEP - 1-Hydroxyethyl Propanoate
EG - Ethylene Glycol
EGMF - Ethylene Glycol Monoformate
DMDL - 2,2-Dimethyl-l,3-dioxolane

0 l-HEP
' unwiown i

-HEP

EGMF

/1-HEP

1>1

DEK
OD

/1-HEP.

1 I 1 1 1 1 I 1 ' 1 ' I ' ' ' 1 I 1 1 1 1 1 1

200 160 140 120 100
ppitt

M1-

80 60 40 20

Spectrum 2.3 - 13C NMR spectrum ofethylene glycol / acetone solution after
cooligomerisation ofethene and CO catalysed by [Rh(acac)(CO)2] / 4 PEti
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O

3-Pentanone 3,6-Octanedione

174.10

1-Hydroxyethyl propanoate

63.82

Ethylene glycol Acetone Ethylene glycol monoformate 2,2-Dimethyl-l,3-dioxolane

Figure 2.2 - 13 C NMR assignments ofall compounds in ethylene glycol / acetone solutions

after the catalytic reaction
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2.4 COMPARISON OF THE PREFORMED CATALYST, [RhH(PEt3)4], AND

THE CATALYST PREPARED IN SITU FROM |Rh(acac)(CO)2] AND 4 PEt3

Table 2.6 - Products (expressed as catalyst turnovers) after 24 h from the reaction of CO

(35 bar) and ethene (35 bar) at 110°C in methanol or alcohol / cosolvent mixtures, (10 cm3).
(%> Selectivity shown in brackets)

Entry
No

Solvent
Ratio

(v/v)

Catalyst

System"
3-Pentanone

Methyl

Propanoate

3,6-

Octanedione

1 MeOH - 1
167.6

(83.3)

33.5

(16.7)
tr

2 MeOH - 2
164.1

(72.2)

56.4

(24.8)

6.7

(2.9)

3 MeOH / Acetone 1:3 1
79.3

(76.5)

21.4

(20.6)

3.0

(2.9)

4 MeOH / Acetone 1:3 2
80.9

(75.7)

23.6

(22.1)

2.3

(2.2)

5 EG / MeOH 3:1 1
28.4

(78.2)

2.5

(6.9)

5.4

(14.9)

6 EG / MeOH 3:1 2
50.6

(77.5)

4.5

(6.9)

10.2

(15.6)
a 1 [RhlH(PEt3)4] (0.01 mol dm"J) as catalyst precursor, 2 [Rh(acac)(CO)2] (0.1 mmol) / PEt3

(0.4 mmol) as catalyst precursor. Total volume - 10 cm3.

In MeOH / acetone, both precursor systems were equally active and gave near identical
turnover numbers and product selectivities. In pure methanol, the catalyst prepared in situ

(2) produced more methyl propanoate than the preformed hydride catalyst system (1)

although similar turnover numbers were observed for 3-pentanone. This, in addition to the
small amount of chain growth observed, makes the fonner less selective to 3-pentanone than
the [RhH(PEt3)4] system. Very similar selectivities were observed using the two precursors
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in ethylene glycol / methanol. However, the [Rh(acac)(CO)2] / 4 PEt3 system was nearly
twice as active.

In conclusion, the activity and selectivity of these tertiary phosphine modified rhodium

systems in the cooligomerisation of ethene and CO was found to depend on the nature of the

catalyst precursor and on the solvent composition, except in methanol / acetone mixtures

where very similar results were obtained. Optimum selectivity to 3-pentanone was found

using the [RhH(PEt3)4] / MeOH system, whilst the catalyst prepared in situ from

[Rh(acac)(CO)2] and 4 PEt3 in ethylene glycol / methanol (3:1 v/v) produced the highest

selectivity to the desired long chain product, 3,6-octanedione.
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Chapter Three

3. NMR STUDIES OF RHODIUM TRIETHYLPHOSPHINE COMPLEXES (P =

PEt3)

3.0 INTRODUCTION

In order to understand the nature of the active species and reaction intermediates in the

catalytic cycle which produce the short chain cooligomers of ethene and carbon

monoxide, a series of experiments were carried out and monitored by NMR

spectroscopy. In general, the complexes under study were dissolved in the appropriate
solvent and placed in an NMR tube. Various gases were then bubbled through the
solutions at room temperature or 60 °C before monitoring. [NMR parameters for
selected Rh complexes are listed in Table 3.4 at the end of the chapter for ease of

reference],

3.1 REACTIONS OF [RhH(PEt3)4]

The complex [RhH(PEt3)4] was successfully synthesised1 and its reactions with various

gases in methanol were studied in an attempt to model the species formed from the

catalyst precursor, [RhH2(PEt3)4]+ OMe". The latter shows good activity in methanol or

methanol / cosolvent mixtures for the generation of CO / ethene cooligomers as described
in chapter 2.

3.1.0 REACTION WITH METHANOL

[RhH(PEt3)4] was protonated by methanol on dissolving to form a six coordinate cationic

dihydrido complex.2 The equilibrium lay well to the right. (Equation 3.1). The 3IP
NMR spectrum at room temperature showed two doublets of triplets of equal intensity at

5 4.4 and 5 19.4 ppm due to the two different phosphorus environments.

+
p P

MeOH
OMe"

>>P
P

H

P

P

Equation 3.1 - Reaction of[RhH(PEts)4] with methanol
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P +
H\ I /P

Spectrum 3.1 - 31P NMR Spectrum of[RhiPPEtff in CH3OH

Likewise, [RhH(PEt3)4] is also protonated by ethanol. [RhH2(PEt3)4]+ OEt" and

[RhH(PEt3)4] exist initially in equilibrium but, with time, the peak in the 3IP NMR

spectrum from the dihydrido complex decreased and was replaced by a new signal from

[RhH(CO)(PEt3)3] at 5 26.0 ppm.2 The latter is formed by the gradual decarbonylation of
ethanol. (Scheme 3.1).

[RhH2(PEt3)4]+OEt" < * [RhH(PEt3)4] ;=£ [RhH(PEt3)3]

[RhH(PEt3)3] + CH3CH2OH ► [RhH(CO)(PEt3)3] + H2 + CH4

Scheme 3.1 - Reaction of [Rfill(PEt$)4] with ethanol
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3.1.1 REACTION WITH CO FOLLOWED BY H2

Carbon monoxide gas was bubbled through a methanol solution of [RhH2(PEt3)4]+. This
reaction resulted in loss of dihydrogen and formation of a dimeric species termed species

2 • 31A. (Equation 3.2). The P NMR spectrum of the product solution at room temperature

showed a doublet at 5 16.4 ppm due to species A as well as free PEt3 at 8 - 17.8 ppm with
which it is in relatively slow, but observable exchange. Residual peaks due to the

dihydrido complex were also present.

31

Hydrogen gas was subsequently bubbled through the solution and the P NMR spectrum

confirmed that the starting dihydrido complex had reformed.

«///„. I
Rh

H'

+
CO

+ CO, - H2

- CO, + H2 ^
Rh Rh „u\\P

CO

Species A

Equation 3.2 - Reaction of [RhH2(PEt3)4]+ with COfollowed by H2

3.1.2 REACTION WITH SYNTHESIS GAS

After synthesis gas was bubbled through a solution of the dihydrido complex in
31 ~b

methanol, the three species observed in the P NMR spectrum were [RhH2(PEt3)4]

OMe", [Rh2(CO)2(PEt3)6] and [RhH(CO)(PEt3)3]. Equation 3.3 shows the equilibria in

operation.

J. „wWpRh

H

+

+ CO, - P, - H

- CO, + P, + H4

H

-Rh .„W\P
-H7

+ h7

p////.,.
Rh-

CO

...i\WPRh

CO CO

Equation 3.3 - Reaction of[RhH2(PEt3)4] with synthesis gas
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The 31P NMR spectrum at room temperature showed two doublets of triplets for

[RhH2(PEt3)4]+ as well as the doublet for species A, [Rh2(CO)2(PEt3)6], and a broad

doublet for [RhH(CO)(PEt3)3] at 5 26.0 ppm.

3.1.3 REACTION WITH ETHENE

Ethene gas was bubbled through an NMR tube containing the dihydrido complex. The
31P NMR spectrum of the resulting solution showed a new doublet at 8 9.2 ppm (jRh-p —

136.2 Hz) which had not been observed previously. [A similar experiment involving
addition of 1-hexene to the dihydrido complex resulted in an identical spectrum.] The
solution possibly contains [Rh(PEt3)4]+ as a product of the reaction with ethene. It is

possible that one molecule of ethene replaces a triethylphosphine ligand and

subsequently becomes inserted into one of the Rli-H bonds to form an ethyl ligand. This

complex may then lose ethane, resulting in formation of [Rh(PEt3)4]+. (Scheme 3.2).

Scheme 3.2 - Reaction of [RhH2(PEt3)4]+ with C2H4 followed by H2

[Rh(PEt3)4]+ also reacted with CO giving the dimeric species A via an unknown
mechanism and also with hydrogen gas to reform the initial dihydrido complex. The
latter reaction may be additional evidence for [Rh(PEt3)4]+.
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3.2 REACTIONS OF [Rh(CH3)(CO)(PEt3)2]

The active catalytic species for the formation of oligomers from C2H4 / CO / ROH is

likely to be [RhH(CO)(PEt3)2], therefore, the first Rh-alkyl complex to form after
coordination and insertion of C2H4 is [Rh(Et)(CO)(PEt3)2]. In order to understand the
insertion steps in the catalytic mechanism, [Rh(CH3)(CO)(PEt3)2] was synthesised as a

model of the ethyl complex. The aim was to gain an understanding of the sorts of species
that might form under the catalytic reaction conditions. Therefore, the methyl complex
was subjected to CO and C2H4 bubbling in an NMR tube, in the presence and absence of
alcohols. Analysis by 31P and ]H NMR then followed.

3.2.0 REACTION WITH METHANOL

[Rh(CH3)(CO)(PEt3)2] was dissolved in CD3OD and the 31P and 'H NMR spectra were

immediately recorded. Two doublets were observed at 5 26.1 ppm, (JRh-p =139 Hz), and

8 23.8 ppm, (jRh-p = 127 Hz) in the 31P NMR spectrum at room temperature as well as

two small impurities around 5 46 ppm. The first doublet was due to

[Rh(CH3)(CO)(PEt3)2] and the second doublet was interpreted as arising from the hydride

complex, [RhD(CO)2(PEt3)2] 2

SI.4(4 7221
47.547 S77I
44.112 SS44
41.319 5507
43 III 5343
24 151 3231
21.104 3017
24 320 2153

[Rh(CH3)(CO)(PEt3)2| ,

[RhD(CO)2(PEt3)2]

KJ
65 60 55 50 d5 dO 35 30 25 20

ppm

Spectrum 3.2 - 31P NMR Spectrum of[Rh(CH3)(CO)(PEt3)2] in CD3OD
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The ]H NMR spectrum showed a triplet of doublets at 5 - 0.73 ppm arising from the

methyl group of [Rh(CH3)(CO)(PEt3)2]. This signal is approximately 0.38 ppm upheld
from the signal produced by the same complex dissolved in toluene.

PEt3

ch3d
: 1:1 Triplet

■J

| Rh(CH3)(CO)(P Et3)21

(ch3)

ppm

Spectrum 3.3 - 'HNMR Spectrum of[Rh(Chf)(CO)(PEti)2] in CD3OD

When the 31P NMR spectrum was recorded 1 day later, the signal from the methyl

complex had disappeared leaving only the broad doublet at 5 23.8 ppm. A possible
mechanism for the formation of [RhD(CO)2(PEt3)2] may involve the initial protonation
of [Rh(CH3)(CO)(PEt3)2] by the alcohol solvent. The resulting complex could then
eliminate methane gas, CH3D, which may remain dissolved in the solvent. Indeed, a

1:1:1 triplet from CH3D was observed at 0.2 ppm in the 'H NMR spectrum. The four
coordinate methoxy product may then undergo a [3-D abstraction process. If the

generated formaldehyde remained coordinated and subsequently underwent oxidative
addition to the metal, a dihydrido rhodium (III) formyl complex would result as shown in
Scheme 3.3. This species may then lose deuterium gas and after a-D abstraction, the
stable final product of [RhD(CO)2(PEt3)2] would be produced.
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CD,OD
-Rh oc—Rh

^ >CH,

31
P: 26.1 ppm

,mt\D

rCH,

+

-CH3D OO/,, „AP
Ktl

^OCD

\

31
P: 23.8 ppm

OC Rh
„u\\CO

D

°0"„.R|i.„«vp D

O

OC Rh ,n\WD
ON»

/
D D

■D2 I ,>D
RH

OC
,D

O

Scheme 3.3 - Reaction of [Rh(CH3) (CO) (PEt3)2] with CD3OD

In order to prevent the loss of the pre-formed Rh-CH3 bond, the acetyl complex must be
formed before addition of methanol by bubbling CO through a solution of

[Rh(CH3)(CO)(PEt3)2] in dg-toluene.

3.2.1 REACTION WITH CO FOLLOWED BY CD3OD

[Rh(CH3)(CO)(PEt3)2] was dissolved in d8-toluene and carbon monoxide gas was

bubbled through the sample in an NMR tube. This forms the acetyl dicarbonyl species,

[Rh(COCH3)(CO)2(PEt3)2].2 A small amount of d4-methanol was then added. A variable

temperature NMR experiment was carried out which began with the heating of the

sample to 40 °C followed by cooling to - 60 °C. At room temperature and higher, the 31P
and 'fl NMR spectra contained broad peaks and resolution was poor, but at - 60 °C
resolution was much improved.
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31
Two sets of double doublets were observed in the P NMR spectrum around § 10.0 ppm

and 5 18.5 ppm from the two different phosphorus environments of the hydrogen bonded

acetyl dicarbonyl complex.2 Mixed in with the double doublet at 5 18.5 ppm, was a large

doublet, which was assigned to the hydroxycarbene species2 shown in Spectrum 3.4.

i 1 1 1 1 i ■ 1 ■ ■ i ! ' 1 ■ i - 1 ■ '. i : ; ; ' i ' * ' 1 i ■ 1 ! 1 i ; ; ■ '
60 50 40 30 20 10 0 -10 -20 -30

PPM

Spectrum 3.4 - 31P NMR Spectrum at - 60 °C of [Rh(COCHs)(CO)2(PEtf2] in CzAs /
CDsOD
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[Rh(=C(OD)CH3)(CO)(PEt3)2]+ probably existed in equilibrium with the H-bonded

acetyl monocarbonyl complex, [Rh(COCH3)(CO)(PEt3)2]. The latter may then have

partially degraded back into the starting material via retromigration of the methyl

fragment onto Rh and loss of CO. [Rh(CH3)(CO)(PEt3)2] could then react with methanol

giving [RhD(CO)2(PEt3)2], as described in Scheme 3.3. Elowever, retromigration may be
slow at room temperature and below; hence [RhD(CO)2(PEt3)2] was only observed as a

minor product. [Alternatively, [RhD(CO)2(PEt3)2] could be produced directly from
reaction of the acetyl dicarbonyl species with methanol]. Impurity signals were also
identified in the spectrum. The 'H NMR spectrum contained a sharp singlet due to H-

bonded [Rh(COCH3)(CO)2(PEt3)2] at 6 2.7 ppm but the singlet for the hydroxycarbene

was hidden under a broad signal at 8 2.0 ppm. Scheme 3.4 describes the possible

reaction sequence in operation.

Hydroxycarbene Complex
1+ 31 P : d, 19.0 ppm

'H : 2.0 ppm, (=C(OD)CH3).

oc-

Kn

CD,OD

cd3od

ch3co2cd3

(*) Denotes Main Species

P : dd, 18.0 ppm, 10.3 ppm

H : 2.7 ppm, (C(0)CH3)

P : 23.7 ppm

Scheme 3.4 - Reaction products and intermediates from [Rh(COCIf) (CO)2(PEtf2] in

C7D8 upon addition ofCD3OD
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3.2.2 REACTION WITH CO AND C2H4 - (IN C7D8 ONLY)

[Rh(CH3)(CO)(PEt3)2] was dissolved in C7D8 and CO bubbled through in order to form

[Rh(COCH3)(CO)2(PEt3)2]. A colour change from pale orange to yellow was noted.
Ethene was then passed through this solution, with heating to 60 °C, in the hope that the
alkene would become inserted into the Rh-acetyl bond. Cavell et al reported that ethene
insertion into Pd-acetyl bonds was possible, producing stable products from which

crystal structures could be obtained.3 Therefore, it was hoped that a complex containing
a 3-oxobutyl chain, RI1-C2H4COCH3, could be observed by NMR spectroscopy. Sen et

al previously reported that stable alkene insertion products could only result with bulky

or strained alkenes, which formed products with no (3 hydrogens.4 The decay of the

inserted product by P-H elimination was thought to be problematic for alkenes such as

ethene.

However, the ethene gas did not appear to react in our experiments, even at elevated

temperatures. Instead, it flushed CO out of solution, as does argon gas, resulting in the

following equilibrium. (Scheme 3.5). The main species observed at - 50 °C by 31P
NMR was just the starting material, [Rh(CH3)(CO)(PEt3)2]. No ethene insertion

products were detected at all.

3IP : dd, 17.8 ppm, 12.1 ppm
'h : 2.9 ppm, (COCH3)

31P : 26.6 ppm ?

OC//",.D. „\\WpRh'

"^CH,

Cco8 p—

X:o

-co
o

c2h4
-co

p

Retromigration

31P : 19.0 ppm
'H: 2.3 ppm, (COCH3)

Scheme 3.5 - Reaction pathway of[Rh(COCH3) (CO) 2 (PEts[2] in C7D8 with ethene

bubbling and heat (60 °C)
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A different spectrum was obtained upon ethene bubbling in the absence of heat. In

addition to [Rh(CH3)(CO)(PEt3)2] from retromigration, [Rh(COCH3)(CO)2(PEt3)2] and a

new species, giving rise to a doublet at 8 19.0 ppm with JRh.p = 147 Hz, were observed.

The chemical shift and coupling constant of this species are identical to those for

[Rh(=C(OD)CH3)(CO)(PEt3)2]+ but the signal could not have arisen from the

hydroxycarbene as the reaction was carried out in a non-protic solvent. The large

coupling constant of this new signal suggested square planar geometry of the species and
the multiplicity of the signal suggested trans PEt3 ligands as only Rh-P coupling was

found. The 1 IT NMR spectrum contained a singlet at 8 2.9 ppm from the acetyl protons

of [Rh(COCH3)(CO)2(PEt3)2] as well as a new singlet at 8 2.3 ppm which indicated the

presence of a second acetyl species. All the evidence pointed to the formation of

[Rh(COCH3)(CO)(PEt3)2] in CyDg. This square planar complex is the unprotonated form
of the hydroxycarbene and its H bonded form has been proposed to exist in equilibrium
with [Rh(=C(OD)CH3)(CO)(PEt3)2]+ in methanol. (Section 3.2.1).

The retromigration step must occur more slowly at room temperature, allowing

[Rh(COCH3)(CO)2(PEt3)2] and [Rh(COCH3)(CO)(PEt3)2] to be observed in the 31P NMR

spectrum of the fresh solution at - 50 °C. (Spectrum 3.5).
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30 20 10
PPM

Spectrum 3.5 - 31P NMR Spectrum at - 50 °C of [Rh(COCHf(CO)2(PEtf2] in CyDs
with ethene bubbling

When this sample was then heated to 60 °C, all the signals became broad indicating facile
exchange between the various species involved. The two singlets in the 'H NMR
spectrum from [Rh(COCH3)(CO)(PEt3)2] and [Rh(COCH3)(CO)2(PEt3)2] were also
observed to merge into a broad hump since, at this temperature, they were in fast
exchange.

The hydroxycarbene in Scheme 3.4 and its proposed deprotonated form,

[Rh(COCH3)(CO)(PEt3)2] encountered above in CyDg, gave the same doublet at S 19.0
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ppm with JRh-P = 147 Hz. The main difference distinguishing the two species lay in the

'H NMR spectrum. [Rh(=C(OD)CH3)(CO)(PEt3)2]+ produced a singlet at § 2.0 ppm

whilst [Rh(COCH3)(CO)(PEt3)2] produced a singlet at 5 2.3 ppm in C7D8 solvent. The

plane of the double bond in Rh=C(OD) possibly lies perpendicular to the plane of the
Rh-P bonds in the hydroxycarbene resulting in the same environment for both

phosphorus atoms. Hence only Rh-P coupling would be observed giving the doublet

signal. Alternatively, fast rotation of the bond may produce the single phosphorus
environment. (Figure 3.1).

Figure 3.1 - Possible explanation ofsingle phosphorus environment in hydroxycarbene
through rotation ofRh-C bond

3.2.3 REACTION WITH CO AND C2H4 IN CD3OD / C7D8

When the same process was carried out in the presence of CD3OD, a more complex set of

equilibria resulted than in the absence of CD3OD. Methanol-d4 was added to

[Rh(COCH3)(CO)2(PEt3)2] in toluene, and the solution subjected to C2H4 and heat

simultaneously. Again, ethene did not appear to react with the rhodium complexes.
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[Rh(CH3)(CO)(PEt3)2|

[RhD(CO)2(PEt3)2l

J jUaJ

- [Rh(=C(OD)CH 3)(CO)(PEt3)2] <

—J—
45

~T~
40

—J—

35
—I—

30
—T~

1525 20

Spectrum 3.6 - P NMR Spectrum at - 50 °C of [Rh(COCH3)(CO)2(PEt3)2] in C7A5 /
CD3OD with ethene bubbling (and heat)

t 1

The three main species observed by P NMR are shown above. (Spectrum 3.6).

[RhCl(CO)(PEt3)2] impurity was also present at 8 24.1 ppm. The 'H NMR spectrum

contained a singlet at 8 2.0 ppm from the hydroxycarbene complex as well as a triplet of
doublets at ~ 8 - 0.5 ppm from [Rh(CH3)(CO)(PEt3)2].
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Scheme 3.6 describes the species in equilibrium. This equilibrium closely resembles that

observed before for the same experiment without the action of ethene bubbling. (Scheme

3.4). However, under the conditions of ethene bubbling, CO was flushed from the

solution of the acetyl dicarbonyl. This primarily caused formation of the hydroxycarbene

species, which readily degraded back into the starting methyl complex due to the addition
of heat in this experiment. [Rh(CH3)(CO)(PEt3)2] then reacted with the methanol present

as described in Scheme 3.3 yielding [RhD(CO)2(PEt3)2] and with time, dimer formation
of [Rh2(CO)4(PEt3)4] was also observed through loss of D2.

Hence, the retromigration products of [Rh(CH3)(CO)(PEt3)2] and [RhD(CO)2(PEt3)2]
were observed alongside the hydroxycarbene as the main species rather than

[Rh(COCH3)(CO)2(PEt3)2] and [Rh(=C(OD)CH3)(CO)(PEt3)2]+ seen previously.

31P : 26.0 ppm

'H : - 0.5 ppm, (CH3).

-d2

Scheme 3.6 - Reaction products and intermediates of[Rh(COCHs)(CO)2(PEt})2] in
CyDg / CD3OD with ethene bubbling (and heat)
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When ethene was bubbled through without the addition of heat, only the hydroxycarbene
was observed strongly in the 31P NMR spectrum at § 19.0 ppm (JRh-p = 147 Hz) as the

rate of retromigration was slow at room temperature. [Small signals for the acetyl
1 T

dicarbonyl were also observed]. Therefore, the C NMR spectrum was recorded for

evidence of the hydroxycarbene species and two low field signals were observed at § 302

ppm and 5 200 ppm confirming its presence. (Spectrum 3.7). The broad signal at 5 302

ppm was due to the carbon in the Rh=C bond and the doublet of triplet signal at 6 200

ppm resulted from the carbonyl ligand. Winter et al report similar shifts of 8 295.6 ppm

and 5 218.1 ppm for the W=C and CO carbon environments respectively in the tungsten

hydroxycarbene species, [WI(=C(OH)Me)(CO)2(r|5-C5H5)].5

Spectrum 3.7 - 13C NMR Spectrum at - 50 °C of [Rh(=C(OD)CH3)(CO)(PEt3)2J+ in

CD3OD/C7D8

3.2.4 REACTION WITH CO AND C2H4 IN EtOH / C7D8

Non deuterated ethanol was added to [Rh(COCH3)(CO)2(PEt3)2] and ethene gas was

passed in the absence of heat. In this case, not only is there evidence of retromigration

products but also of the acetyl dicarbonyl species from incomplete removal of CO and
conversion to the hydroxycarbene. Nonetheless, as no heating took place, the main
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species was again the hydroxycarbene. (Spectrum 3.8). Scheme 3.7 describes the
species formed.

|Rh(=C(OH)CH3)(CO)(PEt3)2r

[RhH(CO)2(PEt3)2] p Rh
.,„H\CO

rco

/N
H3C H-OEt

I Rh2(CO)4(PEt3)41

30
—r~
20 10

PPM

Spectrum 3.8 - P NMR Spectrum at - 50 °C of [Rh(COCHi)(CO)2(PEti)2] in CyDg /
CH3CH2OH with ethene bubbling
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31P : dd, 18.0 ppm, 10.3 ppm

P

Scheme 3.7 - Reaction products and intermediates of[RhfCOCHj)(CO)2(PEt3)2] in

C7D5 / CH3CH2OH with ethene bubbling

Ethyl acetate and acetaldehyde were detected by GCMS after the reaction was complete.
The small quantity of ethyl acetate was rationally explained by alcoholysis of the acetyl
mono or dicarbonyl species*, whilst the formation of acetaldehyde was attributed to the

P-hydrogen abstraction of a Rli-OEt intermediate. (The latter would be expected to form

after elimination of methane from the protonated starting material, which reformed from

retromigration). Since acetaldehyde remained in the solution and did not appear to be
further broken down into CH4 and CO, the major source of CO for trapping

[RhH(CO)(PEt3)2] and forming [RhH(CO)2(PEt3)2] was from the retromigration step.

The CO released from this step may have remained dissolved in solution. A 'H NMR

spectrum could not be obtained from this experiment due to the presence of non

deuterated ethanol.

[* The observation of ethyl acetate in this experiment suggests alcoholysis of the acetyl

dicarbonyl is indeed an alternative route to [RhD(CO)2(PEt3)2] as described in Scheme

3.4].
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3.3 STUDY OF [Rh(acac)(CO)2] / n PEt3 COMPLEXES IN BENZENE AND

METHANOL - [acac = acetylacetonate, n=l-4]

It is often highly desirable to form catalysts in situ rather than transferring a ready made
air sensitive catalyst to a reactor vessel. As described in chapter two, very similar results
were observed with both the hydride catalyst in methanol, [RhH(PEt3)4], and the catalyst

prepared in situ from the addition of four equivalents of PEt3 to [Rh(acac)(CO)2] in
methanol. The active species in the former system was clearly the 16 electron complex,

[RhH(CO)(PEt3)2], which formed under the CO / C2H4 pressure and allowed

coordination and insertion of C2H4 into the Rh-H bond. However, the active species
formed in the latter system was not so apparent. It was therefore necessary to conduct a

study of the species formed upon addition of 1 to 4 equivalents of PEt3 to the rhodium

precursor in methanol and also in a non-protic solvent such as benzene for reference.

3.3.0 [Rh(acac)(CO)2] / PEt3 IN CD3OD AND C6D6

The addition of 1 equivalent of PEt3 to [Rh(acac)(CO)2] in methanol resulted in only one
o 1

species which produced a doublet at 5 44.8 ppm with JRh_p = 164.6 Hz in the P NMR

spectrum. This signal probably arose from [Rh(q2-acac)(CO)(PEt3)] through

replacement of one carbonyl ligand by the incoming phosphine ligand. (Figure 3.2).

,x\WCO
^Rh^PEt3

Figure 3.2 - Structure of[Rh(rf-acac)(CO)(PEt3)]

The acac ligand of [Rh(r|2-acac)(CO)(PEt3)] remained bidentate and as a result of the

unsymmetrical nature of the complex, the CH3 groups of the chelating acetylacetonate

ligand were in different environments, giving two equally sized singlets in the 'H NMR

spectrum at § 1.90 and 5 2.02 ppm. The methyne proton of acac produced a smaller

singlet at 5 5.50 ppm. The ethyl groups of PEt3 were also apparent at 5 1.2 and 5 1.85

ppm in all the 1II NMR spectra considered in this subsection and are not discussed
further.

Rhodium complexes of this nature have been previously described in the literature.6'7'8'9
In 1964, G. Wilkinson et al described the synthesis of [Rh(r|2-acac)(CO)(PPh3)].6
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Subsequently, in 1983, A.M. Trzeciak et al identified [Rh(r|2-acac)(CO)(P(OPh)3)] in her

mechanistic studies of the rhodium catalysed hydroformylation of olefins with [Rh(r|2-
acac)(P(OPh)3)2].7 The former was identified as an intermediate in the formation of the

latter from [Rh(acac)(CO)2] and 2 P(OPh)3 and could be made either stoichiometrically

using only one equivalent of P(OPh)3 or from a ligand exchange process between

[Rh(acac)(CO)2] and [Rh(rf-acac)(P(OPh)3)2]. The identification of [Rh(rf-

acac)(CO)(P(OPh)3)], which was found to be stable in the solid state, was made by
means of NMR and IR spectra. More recently, in 1992, she described the reaction of

these [Rh(q -acac)(CO)(L)] type complexes with methanol and formaldehyde to produce

carbonyl clusters where L = P(OMe)3, P(OEt)3, P(OPh)3, P(0-o-MeC6H4)3, PPh3, P(/>

MeC6H4)3, PMePh2 and AsPh3.8 A more closely related complex has also been reported
with triisopropylphosphine, which, like PEt3, is also a strongly electron donating

phosphine. Yoshida et al described the formation of [Rh(rj2-acac)(CO)(P'Pr3)] from the
addition of one equivalent of P'Pr3 to [Rh(acac)(CO)2] in diethyl ether.9 The complex
showed a sharp carbonyl absorption at 1962 cm"1 from the CO ligand and bands at 1585
and 1518 cm"1, which were indicative of the acac chelate structure.

[Rh(ri2-acac)(CO)(PEt3)] was also observed when this reaction was carried out in
benzene. The 31P NMR spectrum in C6D6 contained a doublet at 5 43.9 ppm and JRh-p =

165.4 Hz. [!H, C6D6, 1.75 ppm, 1.90 ppm (CH3), 5.30 ppm (CH)]. In addition to this,
there was also evidence for two other species in the spectrum and for unreacted

[Rh(acac)(CO)2], of which, the acac ligand was observable by ]H NMR at 6 1.6 and 5 4.9

ppm. A doublet at 5 24.6 ppm with JRh-P = 125 Hz was assigned as the unusual species

[Rh(r|1 -acac)(CO)(PEt3)2] where the acac ligand was bound via only one oxygen donor.
This complex was isolated and fully characterised, (see later, section 3.3.1). A very

small second order signal was also seen at § 24.0 ppm. This may have been due to a

dimeric species containing only 2 PEt3 ligands, [Rh2(CO)4(PEt3)2], although its origins
were unclear.
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INDEX CHEMICAL FREQUENCY OIFF

SHIFT(pp«) (HZ) (HZ)

44.579

43.217
25.083

24.050

5414.1

5248.7
3046.3

2920.9

165.44

2202.35 ,

12S.42 '

[Rh(T^-acac)(CO)(PEt3)j

IIJl jjj y [Rh2(CO)4(PEt3)2]

IRhfri'-acacKCOKPEtjhl

20 ppm

Spectrum 3.9 - 31P NMR Spectrum of[Rh(acac)(CO)2] with 1 equivalent ofPEt2 in
benzene

-O^ PEtj

,Rh

J L

Spectrum 3.10 - HNMR Spectrum of[Rh(acac)(CO)2] with 1 equivalent ofPEtj in
benzene
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3.3.1 [Rh(acac)(CO)2] / 2 PEt3 IN CD3OD AND C6D6

Three different species were observed in the 31P NMR spectrum when 2 equivalents of

PEt3 were added to [Rh(acac)(CO)2] in methanol-d4.

INDEX CHEMICAL

5527

5362

3053

[Rh(riz-acac)(CO)(PEt3)l

[RI.D(CO)2(PEt3)2I

[Rh2(CO)2(PEt3)6]

-20 ppm

Spectrum 3.11 - 31P NMR Spectrum of[Rh(acac)(CO)2] with 2 equivalents ofPEtj in

methanol

(r0/" r,v^xCOV-o^" ^co
2PEt3

CD3OD

oc

oc'

PEt,

Rh D

PEt,

+

'— ^ tlii, ^xWCO
( ;Rh-

Main Product

PEt,

CO PEt3

EtsP/^-ih—Rh^PEt3
Et3P I I ^PEt,

PEt3 CO

Minor Products

Equation 3.4 - Reaction of[Rh(acac)(CO)2] and 2 PEt3 in CD3OD

Equation 3.4 describes the three products observed. This result was surprising since

[Rh(ti1-acac)(CO)(PEt3)2] was expected as the main product after having identified small
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quantities of this material in the reaction in benzene using 1 equivalent of PEt3. (Section

3.3.0). However, no signals for [Rh(r|l-acac)(CO)(PEt3)2] were observed in the !H NMR

spectrum, perhaps due to the further reaction of this species with methanol. Protonation
followed by loss of the acac ligand as acacD may form the methoxy complex,

[Rh(OCD3)(CO)(PEt3)2], which could undergo P-D abstraction to give

[RhD(CO)(PEt3)2]. There are two possible ways in which this 16 electron hydride

species may then have increased its electron count to 18 in the absence of another

equivalent of PEt3. [RhD(CO)(PEt3)2] could potentially react with dissolved CO, which

was released in the formation of [Rh(ri1-acac)(CO)(PEt3)2], or it may have been an active

catalyst for the dehydrogenation of the formaldehyde (produced in the P-D abstraction

step) to CO. (See Scheme 3.3). As a result, the main product formed in this experiment
was [RhD(CO)2(PEt3)2]. (Scheme 3.8). It gave rise to a doublet at 8 24.6 ppm with jRh-p
= 121.6 Hz. These parameters are very similar to those reported in the literature for

[RhH(CO)2(PEt3)2] dissolved in ethanol. [Lit2 31P, C7D8 / EtOH, 8 24.5 ppm, JRh.P = 127

Hz],

The other two species observed were [Rh2(CO)2(PEt3)6] and [Rh(r|2-acac)(CO)(PEt3)].
[RhD(CO)(PEt3)2] could trap PEt3 to give [RhD(CO)(PEt3)3] which can lose D2 in
methanol to give [Rh2(CO)2(PEt3)6]. This would mean that there was insufficient PEt3 in
solution for all [Rh(acac)(CO)2] to form [Rh(q1-acac)(CO)(PEt3)2], hence accounting for

the formation of [Rh(ri2-acac)(CO)(PEt3)]. (Scheme 3.8).

OC//,. ,A\PEt3

PEt,
CO or CD20 (-D2)

Et3P D Main Process OC^
PEt3

V*

D CO PEt3

Rh Rh>^PEt3
I I >pEt3

Scheme 3.8 - Possible reactions of[RhD(CO)(PEts)2]

93



Chapter Three

As expected, when the reaction was carried out in benzene, [Rh(r|l-acac)(CO)(PEt3)2]
was indeed the sole product. (Figure 3.3). The chemical shift and coupling constant of
the sharp doublet in the 31P NMR spectrum were 5 24.5 ppm and 125.3 Hz respectively.
The 'H NMR spectrum contained two equally sized singlets produced by the methyl

groups of the acac ligand at 8 2.26 and 8 2.74 ppm as well as a singlet further downfield

at 8 5.80 ppm from the methyne proton of this ligand.

^(O

Figure 3.3 - Structure of[Rh(ri -acac)(CO)(PEtf>2]

INDEX CHEMICAL FREQUENCY DIFF HEIGHT

SHIFT(pp.) (Hz) (HZ) (■■)

[Rh^'-acacXCOHPEtjh]

u

Spectrum 3.12 31P NMR Spectrum of [Rh facacjfCO)±] with 2 equivalents ofPEtj in
benzene
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Spectrum 3.13 - 'HNMR Spectrum of[Rh(acac)(CO)2] with 2 equivalents ofPEt3 in

benzene

The non equivalence of the methyl groups was key to understanding the monodentate
nature of the acac ligand. If this ligand had remained bidentate, the five coordinate

species, [Rh(r| -acac)(CO)(PEt3)2], would have resulted and only one isomer of this, II,

would have led to non equivalent methyl groups but equivalent phosphorus
environments. (Table 3.1, Scheme 3.9). However, this isomer would have to be

stereochemically rigid as Berry Pseudo rotation would have rendered the two methyl

groups equivalent. This was unlikely as the process of Berry Pseudo rotation, which can

occur for trigonal bipyramidal complexes would probably have led to a broader 31P NMR

spectrum than was observed. [Rh(r| -acac)(PEt3)2] was also discounted due to the

symmetry of the molecule which would create the same environment for both methyl

groups. Also, the infrared spectrum showed a large absorbence at 1954.5 cm"1 which
confirmed the presence of a terminal carbonyl ligand. An explanation as to why only one

CO ligand was substituted on the addition of 2 equivalents of PEt3 and not both, may be

that, on formation of [Rh(r| -acac)(CO)(PEt3)], the Rh-C bond was strengthened by the

strong a donor nature of PEt3 and was therefore resistant to substitution when the second

PEt3 bound to Rh. Hence, one of the oxygen atoms of the chelate acac ligand was

displaced in preference.
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2
Table 3.1 - Predicted spectra of isomers of [Rh(rf -acac) (CO) (PEt2)2] (I - IV) and

[Rh(rf-acac) (PEt2)2] (V), (Scheme 3.9)

Species
Predicted

31P NMR spectrum

Predicted 'H signal of
acac CH3 groups,

(intensity)

I 2 x double doublet 2 singlets (3H)

II doublet 2 singlets (3H)

III 2 x double doublet 1 singlet (6H)

IV doublet 1 singlet (6H)

V doublet 1 singlet (6H)

..„\WCO

PEt-i

Acac : ea

PEt3: e, a

Acac : ea

PEt3: e, e

PEt,

PEt,

Acac : ee

PEt3: e, a

CO

PEC

Acac : ee

PEt3: a, a

,„v\\PEt3
^ Kh>>

PEt,

e = equatorial site

a= axial site

Scheme 3.9 - Possible isomers of[Rh(rf-acac)(CO)(PEt3)2] (I - IV) and
[Rh(rf-acac) (PEtf2] (V)
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The only structure which truly complied with the NMR and infrared data was [Rlifi]1-
acac)(CO)(PEt3)2]. Crystals were easily grown from this solution and a crystal structure

was obtained which finally confirmed the identity of this species. (Figure 3.4). [Full
data for the crystal structure can be found in the appendix section].

C(7)

0(3)

Figure 3.4 - Crystal structure of [Rh(rj1 -acac)(CO)(PEts)2]

The rhodium (I) metal centre is four coordinate, with bonds to P(l), P(2), 0(1) and

C(18). The PEt3 ligands occupy trans positions to one another and the P(l)-Rh-P(2)

angle is almost 180 °. The acac ligand is clearly monodentate, with the ketonic oxygen

atom, 0(3), situated over 7 A away from Rh. The double bond between C(l) and C(2)
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adopts an E configuration in order to minimise steric interaction with the PEt3 ligands.
The sum of the angles around rhodium is 360 °, showing that the molecule is planar
around rhodium. The angles P(l)-Rh(l)-0(1) and P(2)-Rh(l)-0(1) are approximately
90 °, but the carbon atom of the carbonyl ligand is displaced towards P(l) relative to the

position expected for a truly square planar complex, resulting in a distorted square planar
metal environment.

Closely related rhodium compounds have been reported before by Yoshida et al 9 and
Ansell et al10 and are discussed in section 3.5. Table 3.2 lists the important bond lengths

obtained from X-ray analysis of [Rh(r|1-acac)(CO)(PEt3)2] and Table 3.3 lists the
relevant bond angles. The equivalent data from the previously reported P'Pr3 9 and PCy3
10

complexes is presented alongside for ready comparison. [In order to compare bond

length and angle data, reassignment of the carbonyl fragment was necessary. (See Figure

3.5)].

(6)C

O(l)

C(5) C (2)

0(3)

Figure 3.5 - Reassignment ofterminal CO ligand
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Table 3.2 - Selected bond lengths (A) with standard deviations for [Rh(r/1-
acac)(CO)(PRs)2], R = Et, 'Pr and Cy

Bond Length R = Et R = 'Pr 50 ii O

Rh-O(l) 1.891 (7) 2.056 (6) 2.052 (5)

C(l)-0(1) 1.36(2) 1.290(11) 1.291 (9)

C(l)-C(5) 1.52 (2) 1.492 (17) 1.464(12)

C(l)-C(2) 1.26 (2) 1.370(13) 1.378 (13)

C(2)-C(3) 1.40 (2) 1.431 (15) 1.423 (13)

C(3)-C(4) 1.41 (3) 1.515 (22) 1.497 (15)

C(3)-0(3) 1.33 (2) 1.240(14) 1.238 (12)

Rh-C(6) 1.941 (8) 1.782 (13) 1.7869 (7)

C(6)-0(2) 1.08 1.146(19) 1.142(10)

Rh-P(l) 2.315 (3) 2.359 (2) 2.361 (2)

Rh-P(2) 2.330 (2) 2.355 (2) 2.348 (2)

It is important to note that the bond lengths are very similar in the P'Pr3 and PCy3

complexes, whilst several deviations from this norm are found for the PEt3 complex. For

example, the Rh-C(6) bond length is substantially longer, whilst the Rh-O(l) bond
distance is shorter in [Rh(ri1-acac)(CO)(PEt3)2] than previously observed. The ranges of

possible values, calculated from the standard deviation, do not overlap in these instances.
The double bond in the acac ligand between C(l) and C(2) is also shorter, as are both the
Rh-P bonds. The length of the triple bond in the terminal carbonyl ligand is fairly similar
in all three complexes.
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Table 3.3 - Selected bond angles ( " ) with standard deviations for [Rh(rj -

acac)(CO)(PRi)2], R = Et, lPr and Cy

Bond Angle R = Et iiec R = Cy

P(l)-Rh-P(2) 179.2 (3) 176.9(1) 178.9(1)

0(1)-Rh-C(6) 172.8(4) 172.6(4) 172.9(4)

Rh-C(6)-0(2) 164.9(2) 177.9(13) 177.2 (8)

P(l)-Rh-0(1) 88.8 (3) 94.4 (2) 87.5 (2)

P(l)-Rh-C(6) 87.6(3) 88.5 (4) 91.1 (3)

P(2)-Rh-0(1) 90.9 (3) 90.4 (2) 93.2 (2)

P(2)-Rh-C(6) 92.8 (3) 89.0 (4) 88.15

Rh-0(1)-C(l) 123.6(8) 134.7(6) 136.0(6)

0(1)-C(1)-C(2) 122.0(11) 121.7(8) 122.9 (8)

0(1)-C(1)-C(5) 109.1 (11) 115.2 (9) 114.8 (8)

C(5)-C(l)-C(2) 128.2(14) 123.2 (9) 122.5 (8)

C(l)-C(2)-C(3) 128 (2) 127.7 (9) 126.8 (9)

C(2)-C(3)-0(3) 123 (2) 127.1 (10) 127.9(11)

C(2)-C(3)-C(4) 120 (2) 116.5 (11) 116.1 (10)

0(3)-C(3)-C(4) 115(2) 116.4(11) 116.0(10)

Table 3.3 displays important bond angles. In general, many similarities were again
observed for the P'Pr3 and PCy3 complexes with some deviations noted for [Rh(r|

acac)(CO)(PEt3)2]. These deviations were most apparent in the smaller Rh-C(6)-0(2)
and Rh-0(1)-C(l) angles. A possible explanation is that the bulkier P'Pr3 and PCy3

ligands force these angles to be larger due to minimisation of steric overlap. Perhaps the
less bulky PEt3 ligands do not require such large angles to prevent steric repulsion.

The angles around the four coordinate Rh centre were all approximately 90 0 ± 2 °. Some

angles within the acac ligand were observed to deviate slightly from the literature

examples. The P(l)-Rh-P(2) angle in [Rh(q1-acac)(CO)(P'Pr3)2] shows distortion from
180 0 and therefore differs from the near linear conformation of these bonds in the PEt3

and PCy3 complexes. However, all three complexes display square planar distortion due
to the 0(1)-Rh-C(6) angle of approximately 172.8 °.
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3.3.2 [Rh(acac)(CO)2] / 3 PEt3 IN CD3OD AND C6D6

Three equivalents of PEt3 were added to [Rh(acac)(C0)2] in methanol-d4 and the 3IP
NMR spectrum was recorded immediately. The major species in the fresh solution gave

rise to a doublet from the dimer [Rh2(CO)2(PEt3)6], species A. [31P, CD3OD, 5 16.4 ppm,

jRh-p = 97.8 Hz]. There was a small broad hump in the baseline also around 5 25 ppm.

[Rh2(CO)2(PEt3)6]

1 1 1 1 ■ 1 1 ■ 1 ■ ■ . ■ 1 ■ . 1 1 . ■ 1 ■ 1 ■ 1 ■ ■ ' ■ 1 ■ ■ ■ ■ i ■ ■ 1 1
60 40 20 □ -20 ppm

Spectrum 3.14 - 31P NMR Spectrum of[Rh(acac)(CO)J with 3 equivalents ofPEt3 in

methanol, (fresh sample)

A plausible mechanism for the formation of the dimer is as follows. Initially, the

replacement of CO by PEt3 would lead to [Rh(r|2-acac)(CO)(PEt3)] and the second

binding of PEt3 would cause the dechelation of one oxygen atom of the acac ligand

giving, [Rh(ri1-acac)(CO)(PEt3)2]. As previously discussed, the latter complex may be
further transformed into [Rh(OCD3)(CO)(PEt3)2] through protonation by methanol and
release of acetylacetone. The methoxy complex might then release formaldehyde giving

[RhD(CO)(PEt3)2], which would rapidly bind the third equivalent of PEt3. The resulting
18 electron hydride complex, [RhD(CO)(PEt3)3], might then be expected to be observed
but a further reaction involving the loss of D2 gives the dimeric compound,

[Rh2(CO)2(PEt3)6]. (Scheme 3.10).
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Scheme 3.10 - Formation of[Rh2(CO)2(PEtf $]from [Rh(acac)(CO)2] and 3 PEts in

CD3OD

As the sample aged in the NMR tube, a change was noted in the spectrum. (Spectrum

3.15). After 7 days, the broad hump had grown into a doublet at § 25.9 ppm with jRh-p =

147.5 Hz which has already been assigned in the literature to [RhD(CO)(PEt3)3].2 At

5 3.8 ppm and with JRh-p = 158.6 Hz, a second order signal also emerged with time and

was assigned to the dimeric species, [Rh2(CO)4(PEt3)4].2 (Scheme 3.11).
INDEX CHEMICAL FREQUENCY OIFF HEIGHT

SHIFT( pp«) (HZ) (HZ) (■■)

1 26.510 3219.5 397.0
2 25.299 3072.1 ' 427.0
3 16.003 2040.7

«2 HJ9.0 in S
4 16.030 1907.0 1143.5 2 =

|RhD(CO)(PEt3)3]

[Rh2(CO)2(PEt3)6]

|Rh2(CO)4(PEt3)4)

Spectrum 3.15 - 31P NMR Spectrum of[Rh(acac)(CO)2] with 3 equivalents ofPEts in

methanol, (aged sample — 7 days old)
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Scheme 3.11 - Partial degradation of[RhjfCOjifPEtdrJ through time

Through time, this dimer must dehydrogenate the formaldehyde previously released

giving the hydride compounds, [RhD(CO)(PEt3)3] and [RhD(CO)2(PEt3)2]. (Scheme

3.12). [Rh2(CO)4(PEt3)4] may have originated through loss of D2 from two molecules of

[RhD(CO)2(PEt3)2]. This would explain the approximate equal quantities of the dimer
and [RhH(CO)(PEt3)3], as observed by 31P NMR. Alternatively, the gradual formation of

[Rh2(CO)4(PEt3)4] may also be due to the slow reaction of [Rh2(CO)2(PEt3)6] with CO.
The extra CO required may have originated from dissolved CO in solution, since there
were 2 CO ligands for every Rh atom initially in the precursor, [Rh(acac)(CO)2].
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Scheme 3.12 - Reaction pathway to degradation products

A markedly different result was obtained when the same experiment was carried out in

C6D6. The main product formed was [Rh(r)1-acac)(CO)(PEt3)2] as observed before when
T 1

2 equivalents of PEt3 were used. The doublet in the ~ P NMR spectrum was much
broader than in the [Rh(acac)(CO)2] / 2 PEt3 system due to exchange with the extra

equivalent of phosphine, the signal for which at § - 19 ppm was also very broad. The 'H
NMR spectrum confirmed the identity of the product due to the three distinctive singlets
for acac CH3 and CH environments at § 2.26 / 5 2.74 ppm and 5 5.80 ppm respectively.
As there were no proton sources available in benzene, the acac ligand was mainly
retained. However, alongside this doublet, there was also evidence of the dimeric species

[Rh2(CO)4(PEt3)4] at 8 4.1 ppm. The origins of this dimer in benzene and the fate of the
acac ligand were not understood.
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3.3.3 [Rh(acac)(CO)2] / 4 PEt3 IN CD3OD AND C6D6

The dimeric compound [Rh2(CO)2(PEt3)6], was again observed when 4 equivalents of

PEt3 were added to [Rh(acac)(CO)2] in methanol-d4. The 31P NMR spectrum also

contained a broad signal at 5 -19 ppm due to the 1 equivalent of free phosphine not used

in the formation of the dimer. The spectrum was recorded periodically at the same time
intervals as used before but there was no change noted after 7 days had elapsed. The
extra PEt3 present in the system appeared to prevent the partial degradation of

[Rh2(CO)2(PEt3)6]. This may have been due to the inhibition of PEt3 release from the

dimer, a step that would be necessary to allow oxidative addition of formaldehyde.

(Scheme 3.12). If the formation of [Rh2(CO)4(PEt3)4] from [Rh2(CO)2(PEt3)6] can

indeed occur by slow reaction with dissolved CO, the excess PEt3 in the system would
also have prevented this process.

The addition of 4 equivalents of PEt3 to [Rh(acac)(CO)2] in C6D6 gave the same result as

for the addition of 3 equivalents of PEt3. The only difference really observed was that

the signals in the 31P NMR spectrum for [Rh(r|,-acac)(CO)(PEt3)2] and PEt3 were even

broader. The 'H NMR spectrum was identical to that seen before and confirmed the
monodentate acac species. The dimer, [Rh2(CO)4(PEt3)4], was again present although its

origins in benzene remained unclear.

[Rh2(CO)4(PEt3)4]

Spectrum 3.16 - 31P NMR Spectrum of[Rh(acac)(CO)2] with 4 equivalents ofPEti in
benzene
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3.4 STUDY OF [Rh(acac)(CO)2] / n PEt3 IN ETHYLENE GLYCOL (n = 3,4)

Since various catalytic experiments were carried out in ethylene glycol, a brief study was

made of the active species that form in this alcohol solvent.

As previously observed in methanol, [Rh2(CO)2(PEt3)<s] formed readily in ethylene glycol

from [Rh(acac)(CO)2] / 3 PEt3 and was noted in the 31P NMR spectrum at 5 15.9 ppm,

jRh-p = 98.8 Hz. In the fresh solution, a broad doublet was noted around 8 24 ppm and
this grew with time, until after 7 days, a much larger and sharper doublet existed in its

place. A similar signal was observed in the methanol system and was assigned to

[RhD(CO)(PEt3)3]. However, this doublet had a chemical shift and coupling constant

different to that seen before for the hydride compound in methanol. (Section 3.3.2). The

species responsible for this doublet in ethylene glycol at 8 23.6 ppm, JRh-p = 117.6 Hz,

may be due to a similar hydride species, [RhH(CO)2(PEt3)2], which has a chemical shift
and coupling constant of 8 24.5 ppm and 127 Hz in ethanol.2 The ethylene glycol solvent

system and the small quantity of CDCI3 added to provide a lock signal may have caused
the slight variations between these two sets of parameters, as was observed to a small
extent in the parameters for [Rh2(CO)2(PEt3)6]. [Alternatively, the doublet may be due to

[RhCl(CO)(PEt3)2] from the reaction of the hydride species with the added CDCI3. This

complex has been reported before and has a chemical shift and coupling constant of 8
24.5 ppm and JRh-p = 117 Hz in C6D6].2

When 4 equivalents of PEt3 were used, a similar result was obtained to that in methanol.

[Rh2(CO)2(PEt3)6] formed exclusively in ethylene glycol and was stable to degradation
into hydride compounds over a 7 day period. [8 16.1 ppm, JRh-p = 98.7 Hz],

Surprisingly, free PEt3 was not observed.

3.5 BRIEF HISTORY OF PREVIOUS MONODENTATE ACAC RHODIUM

COMPLEXES

In 1988, Yoshida et al described the formation of five tertiary phosphine rhodium

complexes containing a monodentate acac ligand, [Rh(q'-acac)(CO)L2], L = P'Pr3,
PPh('Pr)2, PMe('Pr)2, l-'butylphosphacyclohexane and l-'butylphosphacyclopentane.9
They believed these to be the first examples of square planar complexes of rhodium

containing monodentate P-diketone ligands. [Rh(q1-acac)(CO)(P'Pr3)2] was discussed in
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most detail and the crystal structure was reported. This showed that the complex
contained a trans configuration with respect to the phosphine ligands and the C=C bond
of the acetylacetonate ligand. However, the observation of a singlet methyne resonance

in the :H NMR spectrum, which had been previously considered to be proof of cis

geometry about the C=C bond within the related system of ST^p'-acac), was

surprising.11 A multiplet methyne signal had been expected for transoid geometry,

arising from the long range coupling between the methyne proton and a proton in the

methyl group of the ligand which lie in a W-arrangement.12 A cis geometry of the

acetylacetonate ligand would not involve such an arrangement, thus preventing coupling
and resulting in a singlet resonance. However, the lack of coupling for this transoid Rh

complex was rationalised on the basis of the possible hindrance of long range coupling
due to the placement of the Rh-O-C bond between these protons. Alternatively, as

rhodium is larger than silicon, the methyl protons of acetylacetonate ligand in the trans

geometry may be forced out of plane preventing the W conformation and coupling.

(Figure 3.6).

Figure 3.6 - Possible acac conformation resulting in singlet methyne signal in 1H NMR
of[Rh(rf -acac)(CO)(P'Pr3)2]

[Rh(r|1-acac)(CO)(P,Pr3)2] was found to be stable in the solid state in air over a period of
one month but, in chloroform solution, it was noted to decompose at room temperature

giving [Rh(r|2-acac)(CO)(P'Pr3)] and free P'Pr3.

Yoshida et al also proposed that it was only possible to form these unusual complexes
from phosphine ligands which had a highly basic and moderately bulky character. They

suggested that neither 'ordinary' phosphines like PEt3 or PPI13 nor bulky phosphines such
as PlBu3 could coordinate in tandem to [Rh(acac)(CO)2]. This current research has
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proved that this is not the case as NMR and crystallographic evidence has been collected

for [Rh(r|1 -acac)(CO)(PEt3)2].

In fact, these complexes formed by Yoshida et al were not the first examples of their

kind. Two years previously, Ansell et al reported the synthesis of [Rh^1-
acac)(CO)(PCy3)2].10 The complex was found to be an intermediate in the in situ

synthesis of Rh / PCy3 catalysts for the hydroformylation process. Crystallographic
evidence was obtained which again confirmed the non-chelating character of the

acetylacetonate ligand. These complexes are surprising, as the acetylacetonate group is
known to have a high tendency for chelating as shown by [Rh(acac)(PPh3)2] and

[Rh(acac)(CO)2]. Also noted was the almost planar nature of the acac ligand and the
trans geometry of the carbonyl bonds with respect to C=C.

3.6 CONCLUSION

Crystals of [RhH(PEt3)4] dissolved readily in methanol producing [RhH2(PEt3)4]+ OMe".
This complex was found to react with CO giving the dimeric product, [Rh2(CO)2(PEt3)6].

However, this step was reversible as the dimer regenerated [RhH2(PEt3)4]+ OMe" upon

bubbling hydrogen gas. If the latter was treated with synthesis gas instead of CO and H2

separately, the intermediate [RhH(CO)(PEt3)3] could also be observed along with the
dimer and the dihydrido species. When ethene gas was bubbled through a sample of

I ii

[RhH2(PEt3)4] OMe", a new signal was observed in the P NMR spectrum. This signal
was tentatively assigned to [Rh(PEt3)4]+ OMe", which could be explained by the insertion
of ethene into Rh-H, giving [RhH(C2H5)(PEt3)4]+, followed by the reductive elimination
of ethane gas. When hydrogen gas was bubbled through the sample of [Rh(PEt3)4]+
OMe", the dihydrido complex readily reformed.

Similarly, [Rh(CH3)(CO)(PEt3)2] was found to be unstable in methanol and, in much the
same way as [RliH(C2H5)(PEt3)4]+ released ethane gas, the methyl complex eliminated
methane gas after protonation. The resulting methoxy species was then proposed to

generate [RhD(CO)2(PEt3)2] after P-D abstraction and further dehydrogenation of the

formaldehyde produced.
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When CO gas was bubbled through [Rh(CH3)(CO)(PEt3)2] in C?D8,

[Rh(COCH3)(CO)2(PEt3)2] formed. The addition of methanol-d4 at this stage produced
the H-bonded acetyl dicarbonyl as well as the hydroxycarbene species,

[Rh(=C(OD)CH3)(CO)(PEt3)2]+. Ethene gas was not found to react with either of these

species but instead, served only to flush CO from the system. When the bubbling of
ethene takes place at room temperature, the hydroxycarbene was the main product.

However, in conjunction with heat, the rate of retromigration of CH3 back onto Rh was

elevated in [Rh(COCH3)(CO)(PEt3)2], which was in equilibrium with the

hydroxycarbene. This resulted in the generation of [Rh(CH3)(CO)(PEt3)2] and hence

[RhD(CO)2(PEt3)2], through reaction of the former with methanol, as additional main

products.

In the absence of methanol, the bubbling of ethene gas through the acetyl dicarbonyl at

room temperature allowed the observation of [Rh(COCH3)(CO)(PEt3)2],

[Rh(COCH3)(CO)2(PEt3)2] and [Rh(CH3)(CO)(PEt3)2]. When heat was employed, only
the starting methyl complex was observed, again due to the elevated rate of

retromigration.

Scheme 3.13 describes the products made upon addition of 1-4 equivalents of PEt3 to

[Rh(acac)(CO)2] in CD3OD. The point of greatest interest to emerge from these studies
was the difference in stabilities in methanol between the bidentate acac complex, formed
with 1 equivalent of PEt3, and the monodentate acac complex formed with 2 PEt3.

[Rh(r|2-acac)(CO)(PEt3)] retained the chelating acac ligand and was not susceptible to

protonation. On the other hand, [Rh(ri1-acac)(CO)(PEt3)2] was indeed protonated and

reductively eliminated acetylacetone as the acac ligand was bound by only one oxygen

donor and was therefore more readily lost. The resulting Rh-OCD3 species underwent P-
D abstraction and formed the 16 electron hydride complex, [RhD(CO)(PEt3)2]. The
nature of the 18 electron hydrides subsequently produced, depended upon the availability
of PEt3. [RhD(CO)2(PEt3)2] formed mainly in the absence of extra PEt3 and was

observed strongly in the 31P NMR spectrum, whilst [RhD(CO)(PEt3)3] formed

preferentially if free PEt3 was available. The hydrides were also found to lose deuterium

gas so that the dimeric compounds, [Rh2(CO)4(PEt3]4] and [Rh2(CO)2(PEt3]()] were often
observed.
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[Rh(r| 2-acac)(CO)(PEt3)]
[RhD(CO)2(PEt3)2]

[Rh2(CO)2(PEt3)6]

[Rh(r|2-acac)(CO)(PEt3)]

[Rh2(CO)2(PEt3)6]
Time

[Rh2(CO)2(PEt3)6] [RhD(CO)(PEt3)3]

[Rh2(CO)2(PEt3)6]
[Rh2(CO)4(PEt3)4]

Time

t
No Change

Scheme 3.13 - Summary ofproducts from addition of 1 - 4 ecjuivalents ofPEts to

Scheme 3.14 summarises the complexes that formed in C<sD6 when 1-4 equivalents of

PEt3 were added to [Rh(acac)(CO)2]. In this non-protic solvent, both [Rh(r|2-
acac)(CO)(PEt3)] and [Rh(ri1-acac)(CO)(PEt3)2] were stable. A crystal structure was

obtained for the latter to confirm the monodentate nature of the ligand. Evidence for
dimeric species was observed when 1, 3 and 4 equivalents of phosphine were used.

However, the manner in which the acetylacetonate ligand is lost in benzene to form these
dimers was not clear.

[Rh(acac)(CO)2] in CD3OD
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[Rh(ri 2-acac)(CO)(PEt3)]
[Rh(r| 1-acac)(CO)(PEt3)2]

O O,
p

[Rh2(CO)4(PEt3)2] ""-mcf

1 PEt3 t
rco

[Rh(V-acacXCOXPEt3)2]
° III,,, ,\\CO 3 PEt-, or 4 PEt3(( » [Rh2(CO)4(PEt3)4]x -o^ ^co

PEt3

Scheme 3.14 - Summary ofproducts from addition of 1 - 4 equivalents ofPEtj to

[Rh(acac)(CO)2] in
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Table 3.4 - NMR parametersfor Rh /PEt3 complexes

Complex Solvent Temp 31P (5, jRh-P, Jp-P 'H (§, JRh-P, Jp-P

(°c) / Hz) /Hz)

ch3

[RhH(PEt3)4| C7d8 25

-40

26.1 br

26.6 (dd, 153,28)

23.2 (dt, 138 28)

[RhH2(PEt3)4l+OMe ch3oh 25 19.4 (dt, 99, 22)
4.4 (dt, 87, 22)

[Rh(PEt3)4l+ OMe" CH3OH 25 9.2 (d, 136)

[Rh(CH3)(CO)(PEt3)2] c7d8 25 26.6 (d, 140) -0.35 (td, 8.2, 1.6)

cd30d 26.1 (d, 139) -0.73 (td, 8.2, 1.6)

[Rh(COCH3)(CO)2(PEt3)2] c7d8 25 14.3 (br d)
-60 17.8 (dd, 71,36)

12.2 (dd, 140, 36)

2.9 (s)

c7d8/cd3od 25 14.3 (br d)
-60 18.0 (dd, 72,36)

10.3 (dd, 137, 36)

2.7 (s)

[Rh(C=(ODCH3)(CO)(PEt3)2f c7d8/cd3od - 50 19.0 (d, 147) 2.0 (s)

*(13C NMR data below)

[Rh(COCH3)(CO)(PEt3)2] c7d8 - 50 19.0 (d, 147) 2.3 (s)

[RhD(CO)2(PEt3)2] c7dg/cd3od -60 23.8 (d, 127)

[RhD(CO)(PEt3)3] c7d8/EtOH 25

-40

26.2 (d, 147)
26.9 (d, 147)

[Rh2(CO)4(PEt3)4] c7d8/cd3od -50 4.6 (d, 158)

[Rh2(CO)2(PEt3)6] CD3OD 25 16.8 (d, 96)

[RhCl(CO)(PEt3)2] c7d8/cd3od -50 24.1 (d, 117)

* 13C NMR parameters for [Rh(=C(OD)CH3)(CO)(PEt3)2]+ - 5 302 ppm, (m), [Rh=C]
and 5 200 ppm, (dt), [CO].
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Chapter Four

4 . MECHANISTIC INVESTIGATIONS

4.0 INTRODUCTION

After having studied the various complexes which can result from the addition of

triethylphosphine to [Rh(acac)(CO)2] in methanol and having identified the catalytic

precursor in the system generated in situ using 4 equivalents of PEt3 as the dimeric complex,

[Rh2(CO)2(PEt3)6], the next step was to fully explore the mechanism in operation. With an

understanding of the catalytic mechanism, it is then often possible to tune the reaction to

optimise the yield to the desired product or to alter the selectivity of the reaction altogether.
Various techniques can be used to obtain mechanistic information such as high pressure

NMR and infra-red spectroscopy, kinetic studies and labelling studies. The main method

employed in the elucidation of the catalytic mechanism in this research was labelling studies,

whereby use of l3CH30H and CD3OD was made. The technique of 13C {'H, 2H}
spectroscopy proved very useful in analysing the isotopomers produced from the reaction
carried out in methanol-d^

4.1 THE ACTIVE SPECIES AND CATALYTIC CYCLES

As discussed in chapter 3 (section 3.3.3), the addition of 4 equivalents of PEt3 to

[Rh(acac)(CO)2] in methanol resulted in the generation of the dimer, [Rh2(CO)2(PEt3)6], as

well as free PEt3. The solution of this dimer was then typically transferred to an autoclave
and pressurised with a 1:1 mixture of CO and ethene. The autoclave was then heated to 110
°C for 24 hours. After this period, the products, 3-pentanone and methyl propanoate, were

detected along with small quantities of 3,6-octanedione. The origin of catalytic activity from
which these products were produced, was most probably from the breakdown of the dimer
into hydride and methoxy species, [RhH(CO)(PEt3)3] and [Rh(OCH3)(CO)(PEt3)3], by
reaction with methanol at the elevated temperature. The methoxy species produced is then

transformed into the hydride complex by P-H abstraction and loss of formaldehyde.

Equation 4.1 describes the overall equilibrium at 110 °C, which forms the catalyst precursor,

[RhH(CO)(PEt3)3],
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110 °c
[Rh2(CO)2(PEt3)6] + CH3OH ^ 2|RhH(CO)(PEt3)3] + CH20

Equation 4.1 - Equilibrium between [Rh2(CO)2(PEt3)a] and catalyst precursor,

[RhH(CO)(PEt3)3]

At this temperature, the position of the equilibrium is shifted to the right due to the increase
in entropy associated with generating 3 moles of products from 2 moles of reactant.

Therefore, the hydride complex is favoured over the dimer and loss of a phosphine ligand
from this precursor generates the active 16 electron hydride complex, [RliH(CO)(PEt3)2],
which initiates the reaction. Potentially, [Rh(OCH3)(CO)(PEt3)3] could also be a catalyst

precursor and initiate product formation through loss of PEt3 and insertion of CO. However,

this process would be in competition with (3-H abstraction (and formation of

[RhH(CO)(PEt3)3]) which is favoured by the increase in entropy.

Two catalytic cycles based on these active species can be envisaged. Both the ester and the
ketone products can be made from the hydride cycle shown in Scheme 4.1. However, only
the ester can result from the carbomethoxy cycle. (Scheme 4.2). Clearly, the hydride cycle

operates in this system, since 3-pentanone was always observed as the main product and so

the aim of the mechanistic studies was to probe this catalytic cycle and to determine whether
it operated alone or in tandem with the carbomethoxy cycle. Drent et al proposed that a

hydride and carbomethoxy cycle operated in conjunction with one another in their Pd based

system for the copolymerisation of ethene and CO to polyketones and polyketoesters.1
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Products P-PEt3

Scheme 4.1 - The hydride cycle

The insertion of ethene into the Rh-H bond of the 16 electron species begins the cycle and
results in the generation of a RIT-C2H5 complex. The coordination and insertion of CO then
forms the acyl complex, from which the ester can be made via methanolysis. Alternatively,
the insertion of a second ethene unit into this acyl intermediate could result and protonation
of this complex by methanol, followed by reductive elimination would lead to 3-pentanone.

Since the concentration of methyl propanoate was always observed to be lower than that of

3-pentanone, the latter must occur more frequently than the former. If further coordination
and insertion of monomers takes place before protonation, the longer chain products are

made. However, these were only observed in small quantities and so chain growth must be

infrequent. After the reductive elimination of 3-pentanone, the resulting rhodium species
would contain a RI1-OCH3 bond. [Rh(OCH3)(CO)(PEt3)2] could then initiate the

carbomethoxy cycle. However, this species may not be long enough lived to allow this and
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lose formaldehyde in a fi-H abstraction step instead. This would regenerate the initiating
Rh-H species and begin the hydride cycle over again.

Alternatively, if [Rh(OCH3)(CO)(PEt3)2] were long lived and able to insert CO followed by

ethene, methyl propanoate could be generated in a 'reverse' manner by the carbomethoxy

cycle. In other words, the ester product could be made on the rhodium metal centre starting
with the OCH3 fragment rather than the C2H5 fragment as in the hydride cycle.

C2H5C(0)0CH3

CH30H

OO/z. wAP
_ Mil

Rh

P ^OCH,

C2H4

C2H4C(0)0CH3

P = PEC

OC//'< .w\\pRh

C(0)0CH3

Scheme 4.2 - The carbomethoxy cycle

4.2 THE FATE OF FORMALDEHYDE - BREAKDOWN PRODUCT OF

METHANOL

To complete the formation of 3-pentanone, 2 hydrogen atoms are required in addition to the
CO and ethene molecules. (Equation 4.2). As no hydrogen was added to this anhydrous

system and there was no opportunity of generating H2 via the water gas shift reaction, the

only possible origin of these hydrogen atoms was from the methanol solvent.

C2H4 + CO + 2[H]

Equation 4.2 - Hydrogen source requiredfor completion of3-pentanone
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Protic solvents, such as alcohols, are required for system activity. The hydride cycle

involves the dehydrogenation ofmethanol through the protonation and P-H abstraction steps,

in order to generate these 2 hydrogen atoms. Hence formaldehyde or dimethoxymethane

(the reaction product of formaldehyde with methanol) should be observed as a byproduct if
this were indeed true. However, rather surprisingly, no evidence was found for these organic

molecules, either in the GCMS of the reaction solution or in the 13C NMR spectrum.

In contrast, when the experiment was carried out in 'PrOH rather than MeOH, acetone was
1

observed in the C NMR spectrum at the end of the reaction. Acetone is the equivalent of

formaldehyde from this alternative alcohol and results from the dehydrogenation of

isopropanol via P-H abstraction from the isopropoxide intermediate in the hydride cycle.

PROTONATDN p-H ABSTRACTION
STEP STEP

oo,^P "C"/l0lC"i °><P
p^ ^^C2H4C(0)C2H5 j °\ / P H

C2H5C(0)C2H5

Equation 4.3 - Release ofacetone from the Rh-O'Pr complex

The observation of acetone confirmed that the P-H abstraction step does occur in the Rh-OR

species. The absence of formaldehyde from this step in methanol must therefore be as a

result of a further reaction which the aldehyde byproduct can perform, but which acetone,

the ketone byproduct from the secondary alcohol, cannot. One possibility put forward by
Mathe et al explaining the absence of formaldehyde as a byproduct in the formation of 3-

pentanone from methanol, ethene and CO was simply that CH20 was decomposed by

temperature.2 However, little attention was given to a possible mechanism for this, as 3-

pentanone was considered a trivial byproduct. The target product was 2-butanone from the
ionic iodide promoted rhodium catalysed reaction of methyl formate, ethene and CO.
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One of the differences between formaldehyde and acetone is the ability of the former to

produce further hydrogen atoms through dehydrogenation. One possibility was that CH20
could become involved in the protonation step in the hydride cycle rather than methanol, and

further dehydrogenate into 2 [H] and CO. Hence, the carbon atom originating from CH3OH
would be lost into the gas phase as CO (or incorporated into products), and therefore not

observed in the 13C NMR spectrum of the post-reaction solution. (Equation 4.4).

-2[H] -2 [HI
CH3OH » ch2O » CO

Equation 4.4 - Dehydrogenation ofmethanol

Some rhodium complexes are well known to be able to catalyse the decarbonylation of

formaldehyde.3,4

To fully understand the way in which methanol breaks down and provides hydrogen atoms

for the reaction, a 13C labelling experiment was required to identify products derived from
methanol. As a result, the mechanism was explored using 13CH30H. The 13C NMR

spectrum of the products obtained from CO (35 bar), C2H4 (35 bar), 13CH30H (2 cm3),
[Rh(acac)(CO)2] and 4 PEt3 revealed the presence of H13C0213CH3 through strong carbonyl
and methoxy signals. [13C NMR, CDC13 / 13CH3OH, 5 161.72 ppm C(O), 6 50.94 ppm

OCH3]. (Equation 4.5). Hence, methanol is indeed the source of the two hydrogen atoms

that are required for the formation of 3-pentanone and the product derived from it is methyl
formate. H13C0213CH3 was also identified by mass spectroscopy through fragment ions at

62 [M]+, 32 [M-13CHO]+ and 30 [M-013CH3]+. As expected, methyl propanoate contained a

labelled methoxy fragment and was observed strongly in the 13C NMR spectrum at 6 53.58

ppm. Fragment ions were detected in the mass spectrum at 89 [M]+, 60 [M-Et]+, 57 [M-

013CH3]+ and 29 [Et]+.
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Equation 4.5 - Productsformedfrom catalytic experiment in I3CH30H

The only l3C labelled products observed were methyl formate and methyl propanoate. There
was no evidence of 13CO in the gas phase or in the carbonyl fragment of the reaction

products from further dehydrogenation of CH20 to CO. The formaldehyde is converted
instead into methyl formate and a possible mechanism for the production of this molecule,

involving a metal formyl complex, is shown in Scheme 4.3.
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Scheme 4.3 - Generation ofmethylformatefromformaldehyde and methanol via rhodium

formyl complex
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Scheme 4.3 shows that in the presence of CO, the formaldehyde oxidatively adds to

[Rh(CO)(PEt3)2]+ and the metal formyl complex undergoes nucleophilic attack by methanol
rather than a-hydride abstraction, regenerating the active species and eliminating methyl
formate as a byproduct. This method of regenerating the active species runs in parallel with
the formation of [Rh(OCH3)(CO)(PEt3)2] from [Rh(CO)(PEt3)2]+ by anion coordination and

P-H abstraction. In one route, the formaldehyde is generated and in the other, it is

consumed. The fact that methyl formate is the only product observed from dehydrogenation
of methanol suggests that the rate constant for the reaction of formaldehyde with

[Rh(CO)(PEt3)2]+ is much higher than that of coordination of the methoxide anion.

OC///, \\P P-H Abstraction
Rli^ —* OC—F

OCH3

P = PEt3

OC//'-. ,W\P
Rh

H

,w\H

A
H H

H//,

T
Hi

OC1

H/,„

OC1 V
O

„a\H ^7 CH3OH
% Vo

H ||
' HCOCH,

Scheme 4.4 - Alternative synthesis ofmethylformate via Rh(III) intermediates

Scheme 4.4 describes an alternative synthesis of methyl formate. If the formaldehyde
released from P-H abstraction was retained within the coordination sphere of the metal, it

may oxidatively add onto the rhodium centre to produce a dihydrido formyl complex. This
rhodium (III) species would then be susceptible to nucleophilic attack by methanol, releasing

methyl formate and generating a trihydrido complex. The latter may then lose hydrogen in
order to regenerate the active 16 electron complex for reinitiation of the hydride cycle.

The Tischenko reaction involves the synthesis of methyl formate from the reaction of two

molecules of formaldehyde. In order to find out if methyl formate was generated in this

122



Chapter Four

way, in addition to (or instead of) the two above proposed routes, a catalytic experiment in

CD3OD was carried out under the usual conditions with an additional small quantity of

paraformaldehyde (300 mg). The observation of HCO2CH3 (from 2 HCHO) or HCO2CHD2

and DCO2CH2D (from HCHO and DCDO) would have confirmed its occurrence. However,

a control experiment showed extensive scrambling of deuterium into methyl formate in the

presence of the catalyst. This prevented a definitive answer. However, the production of

methyl formate in the standard catalytic reaction from two molecules of formaldehyde seems

improbable due to the low concentrations of formaldehyde involved. The mechanisms
described in Scheme 4.3 and Scheme 4.4, involving formation of methyl formate from

formaldehyde and methanol, appear more likely due to the high concentration of methanol

present.

Methyl formate has the same retention time as methanol on the GC and GCMS columns
used for analysis of the reaction solutions and so was effectively hidden under the large
broad solvent peak until the labelling experiment revealed its presence. When an average

mass spectrum was obtained across the whole methanol peak of a typical catalytic run, a

signal at 60 mass units was indeed observed due to methyl formate.

In 1990, Jenner et al published their results on the fonnation of esters from the ruthenium

catalysed alkene-alkyl formate reaction.5 The alkyl formate was decarbonylated by the

catalyst into CO and RCH2OH. The esters resulted from oxidative addition of the alcohol
onto Ru, insertion of the alkene into Rh-H followed by CO and subsequent reductive
elimination of the acyl and alkoxy fragments. However, linear alkene substrates suffered
from the side reaction of hydrogenation to alkanes. Jenner described the alkanes as resulting
from a hydrogen transfer phenomenon in which the alkene accepts 2 hydrogen atoms from
the alcohol. This generates the alkane and an aldehyde, RCHO, from the dehydrogenation of

RCH2OH. However, the aldehyde product was not observed, but rather the ester,

RCOOCH2R resulting from the ruthenium catalysed oxidative condensation of the aldehyde
with the alcohol. This type of reaction has been documented previously and is similar to the
reaction sequence illustrated in Scheme 4.3.6'7 Cole-Hamilton et al reported the use of
alcohols as a source of hydrogen in the hydroformylation of alkenes such as 1-hexene.8
Ethyl acetate and methyl formate were detected as the products derived from ethanol and
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methanol respectively rather than the direct dehydrogenation products of acetaldehyde and

formaldehyde. These aldehydes produced the esters by further reaction with the alcohol.

Formaldehyde generated by the reaction in question here, is likewise transformed into

methyl formate, by the action of [Rh(CO)(PEt3)2]+ and is therefore not directly observed.

Sneeden et al also reported that alcohols could act as a source of hydrogen in the
transformation of CO-alkene mixtures to ketone and ester products.9 When isopropanol was

investigated using ethene as the alkene, the main products were 3-pentanone, iso-propyl

propanoate and acetone. They also found that 2-butanol dehydrogenated to 2-butanone in
order to generate the required H atoms and they report that a similar mechanism applies for

primary alcohols. The detection of trace quantities of acetaldehyde and larger quantities of

acetaldehyde diethyl acetal when ethanol was used, suggested, that in much the same way as

the ketone resulted from secondary alcohols, the aldehyde resulted from primary alcohols.

They report that the aldehyde was then transformed into the acetal by reaction with the
alcohol. This research has also shown that aldehydes form from primary alcohols but the
main difference is the ultimate fate of that aldehyde. The acetal product, dimethoxymethane,
was not observed in the liquid phase of the 13CH30H labelling experiment as signals for

13CH2(013CH3)2 were absent in the 13C NMR spectrum. Unlike the catalytic system reported

by Sneeden, formaldehyde was converted into methyl formate by the catalyst. No mention
was made of any evidence for ethyl acetate from their system in ethanol using RI1CI3.

4.3 CATALYTIC EXPERIMENTS IN THE ABSENCE OF CO

The labelling experiment using 13CH3OH, demonstrated that, in the presence of CO, the

formaldehyde byproduct from the generation of 3-pentanone in methanol is converted into

methyl formate and does not break down further into CO and hydrogen atoms. However, it
remained a possibility that, in the absence of CO, the rhodium catalyst may be able to

generate CO by decarbonylation of the formaldehyde previously released in the generation
of the active species from [Rh(acac)(CO)2] / 4PEt3 / CH3OH. [Chapter 3, section 3.3.2].
The hydride complex, [RhH(PEt3)3], has been shown to catalyse alkene hydroformylation by

decarbonylation of formaldehyde to CO and H2.10 Alternatively, if the system were able to

catalyse hydrogen transfer from CH3OH to ethene giving ethane, formaldehyde would result
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as a byproduct, which could then be decarbonylated to produce CO. Marko et al observed

rhodium catalysed decarbonylation of primary alcohols under alkene hydrogenation
conditions.11 The aldehyde produced was decarbonylated yielding a rhodium carbonyl

species. Rhodium complexes have also been reported to catalyse the reduction of ketones to

the corresponding alcohol in secondary alcohol solvents by hydrogen transfer12 and

hydrogenation of alkenes to alkanes was observed by Jenner as a problematic side reaction
in the ruthenium catalysed esterification of alkene - alkyl formate mixtures.5 More

importantly, methanol has been previously reported to act as a source of CO and H2 as well
1 T

as a reagent in the ruthenium catalysed hydroesterification of alkenes. Hence, these

processes are well documented to occur in the absence of CO with transition metal catalysed
alkene / methanol mixtures.

When the catalytic experiment was carried out exclusively under ethene pressure, only trace

amounts of products were detected by GCMS. The hydrogenation of ethene to ethane does
not occur as no ethane was detected in the gas phase. Hence, the byproduct, formaldehyde,

required for decarbonylation to CO, is not generated in this way. The only CH20 present in
the system therefore originated from the generation of the active species. The low

availability of formaldehyde for decarbonylation in the system led to a very limited reaction.

1 T
The same conditions were applied to a catalytic solution in CH3OH and interestingly, the
trace quantities of 3-pentanone and methyl propanoate contained both labelled and
unlabelled carbonyl fragments. (Scheme 4.5).
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The C label in the carbonyl position of the products proved that a small amount of CH20

decarbonylation had indeed resulted. The quantity of labelled and unlabelled methyl

propanoate in the carbonyl position was approximately equal according to the size of the

fragment ions in the mass spectrum. Similar ratios of isotopomers were observed for 3-

pentanone.
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A possible reaction pathway to 3-pentanone and methyl propanoate employing methanol as

the only source of CO and hydrogen is outlined in Scheme 4.6. The unlabelled carbonyl

products came from ethyl migration onto a CO ligand originating from the catalyst

precursor, [Rh2(CO)2(PEt3)6], i.e. from ethyl migration onto CO within the coordination

sphere of [Rh(C2H5)(CO)(PEt3)2]. (Scheme 4.6, [2] to [3]). The labelled products may have
been formed by decarbonylation of 13CH20 via [RhH2(13CE10)(PEt3)2] [8], (i.e. species [7]

through to [1]), and generation of [RhH(13CO)(PEt3)2] [1], which began a new cycle with the

production of [Rh(C2H5)(13CO)(PEt3)2].
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Scheme 4.6 - Possible cyclefor generation of3-pentanone and methylpropanoate in the
absence ofCO

However, Scheme 4.6 depicts a cycle in which as much formaldehyde is created as

consumed, allowing the possibility of multiple turnovers and large yields of products. As

only a trace reaction was observed, it is perhaps more likely that the formaldehyde was
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consumed by side reactions and not generated regularly enough to sustain multiple cycles.
This could arise in three possible ways. Firstly, species [4] could alternatively undergo
oxidative addition of the coordinated CH20 rather than protonation by methanol and
eliminate 3-pentanone by this alternative pathway. This would generate species [1] directly
without the production of extra CH20. (Scheme 4.7).

P = P Et3

[1] OC—F h—H

DEK

Scheme 4.7 - Alternative synthesis of3-pentanone without generation offormaldehyde

Secondly, species [1] could consume CH20 by oxidative addition, loss of H2 and reaction of
the resulting metal formyl with methanol. (Scheme 4.8). The eliminated product would be

methyl formate and this is indeed observed in trace quantities along with the ester and ketone

product.
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MeOC(0)H
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Scheme 4.8 - Possible generation ofmethylformate via reaction of[RhH(CO)(PEtf2] with

formaldehyde
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1 T

Thirdly, labelled propanal, C2H5 CHO, was also detected but to a much lesser extent than

the other products. [Parent ions of 59 and 58 were observed in mass spectrum]. This

suggests that after ethyl migration onto CO in [2], (Scheme 4.6), formaldehyde may

occasionally coordinate in preference to ethene forming 3a, (Scheme 4.9). The CH2O ligand

may then oxidatively add onto the resulting acyl complex to form a species containing the

necessary Rh-H and Rh-C(0)C2H5 fragments for propanal formation. Scheme 4.9 depicts
the formation of propanal and the regeneration of [RhH(CO)(PEt3)2] for continuation of the

cycle.
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Scheme 4.9 - Possible synthesis ofpropanal via reaction ofacyl complex and

formaldehyde

Through these pathways, formaldehyde, which could otherwise have been recycled for
further product formation, is potentially removed from the system. Hence the reaction is
limited by the competition of these processes. In conclusion, small quantities of products
can result from the catalytic decarbonylation of traces of formaldehyde in the system in the
absence of CO pressure.

The next logical step to follow from this discovery was to repeat the experiment in the

presence of added paraformaldehyde in order to boost the cycle shown in Scheme 4.6.

(Equation 4.6).
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Equation 4.6 - Catalytic reaction using paraformaldehyde as a source of CO

Much larger quantities of 3-pentanone and methyl propanoate were detected due to the

higher concentration of formaldehyde in solution. Turnover numbers of 25 and 10 were

achieved respectively. This experiment proved that, in the absence of added CO, the

catalytic system can indeed decarbonylate formaldehyde and provide CO for incorporation
into the reaction products. (However, the overall activity of the system is much reduced

using paraformaldehyde in place of CO). As well as the reaction products, a substantial

quantity of methyl formate was also produced. However, the GC column was not calibrated
for this material and so no specific catalytic turnover number could be obtained. This

product may have resulted from the competing catalysed reaction of formaldehyde with
methanol as previously observed. Alternatively, the Tischenko reaction involving the

production of methyl formate from two molecules of formaldehyde, may have taken place
under the conditions of high formaldehyde concentration. Traces of a variety of other
unidentified materials were also observed.

The idea of using paraformaldehyde as a source of CO or indeed of synthesis gas is not new.

Jenner et al described the Ru3(CO)i2 / PnBu3 catalysed decomposition of paraformaldeyde in
DMF at 180 °C.14 70 % conversion of the formaldehyde was achieved in the catalysed

system with no decomposition resulting in the absence of catalyst. Gaseous products
detected were CO, H2, C02 and traces of CH4 whilst the liquid products observed were

methanol and methyl formate. The chemistry of formaldehyde is very versatile and the
reaction steps described below could be envisaged.
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Scheme 4.10 - The versatile chemistry offormaldehyde and methylformate and the WGS
reaction

The thermodynamically favourable decarboxylation of the methyl formate generated by the

system was not apparent as only traces of methane were detected. The Tischenko reaction

may have been a source of methyl formate as well as the reaction of formaldehyde with
methanol. (Scheme 4.10, [2] and [5]). When water was added or not rigorously expelled
from the system, the reaction of methyl formate with water giving formic acid and methanol

may have occurred as well as the WGSR. (Scheme 4.10, [6] and [7]). The formic acid may

then have been fully decarboxylated to CO2 and H2. [This was observed by Jenner when

formic acid alone was tested with the catalyst as a potential source of gas. The system was

not useful as the H20 and CO produced from decarbonylation was readily transformed to

CO2 and H2 via the WGSR, leading to low yields of CO].

However, Jenner did not establish whether the CO and H2 produced were actually primary

products from the decarbonylation of formaldehyde, as described by Scheme 4.10, [1].

Synthesis gas could alternatively have been generated by the reaction of methanol with

formaldehyde followed by the decarbonylation of the resulting methyl formate. (Scheme

4.10, [4] and [5]). A similar catalyst using PCy3 had been previously tested by Jenner for
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activity in the decomposition of anhydrous methyl formate to CO and methanol and was

found to be an excellent catalyst for the generation of CO in situ}5 High yields and
selectivities of the alcohol were achieved, making the system an exciting alternative to

conventional CO pressure, avoiding gas handling and storage. When aqueous methyl
formate was tested, both the decarbonylation reaction and the WGSR were catalysed

resulting in the generation of synthesis gas. (Scheme 4.10, [4] and [7]). Hence, two

alternative sources of synthesis gas could be envisaged as well as the direct source from

formaldehyde.

Rather surprisingly, when paraformaldehyde was used in conjunction with added CO

pressure in the reaction of CO with ethene in the presence of Rh / 4 PEt3 catalysts, the yields
of ketone and ester products were not boosted. In fact, just the opposite was found. (Table

4.1, Run B). The overall turnover of the system was approximately 40 % of that observed in
the standard reaction of [Rh(acac)(CO)2] / 4 PEt3 / CH3OH in the presence of CO and ethene

only, run A. However, a change in selectivity was noted between these two reactions. The
additional product of l-methoxy-3-pentanone was detected in the paraformaldehyde

experiment. This compound results from the non catalysed reaction of 3-pentenone with
methanol and its presence indicated elevated levels of 3-pentenone from P-H abstraction.
The levels of the latter and l-methoxy-3-pentanone were not observed at all or to any great

extent in the standard reaction. The amount of chain growth was improved in the

experiment containing the (CH20)n additive. The turnover number for 3,6-octanedione was

double that observed before and so the overall selectivity to this product, combined with the
reduction in turnovers for 3-pentanone and methyl propanoate, was much improved from 3
to 16 %. Hence, although the system was found to be less active, benefits in the reaction

selectivity to the longer chain product of 3,6-octanedione were observed. The explanation of

these differences remains unclear but may be related to those discussed in chapter 5 for P-

ketophosphines.
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Table 4.1 - Products (expressed as catalyst turnovers) after 24 h from the reaction ofCO

(35 bar) and ethene (35 bar) in methanol in the presence and absence ofparaformaldehyde

Run COa C2H4a (CH20)nb MP DEK 1M3P OD
Total

TON

A y y X 56 164 - 7 227

B y y y 7 59 7 14 87

Catalyst system : [Rh(acac)(CO)2] / 4 PEt3 / MeOH (10 cm ) / 110 °C / 24 h.
a35 bar, b 2 g - slurry in 10 cm3 MeOH.

och3
MP - Methyl

O Propanoate

DEK - 3-Pentanone

(Diethyl Ketone)O

/och3 1M3P -l-Methoxy-3-Pentanone

° o

OD - 3,6-Octanedione

o

Scheme 4.11 - Reaction products and abbreviations (used in table)

As previously described, methyl formate can also be a source of CO by decarbonylation in

situ to CO and MeOH in anhydrous media.15 When methyl formate was used as the only

potential source of CO, no reaction was observed. Under these reaction conditions, the

catalysed decarbonylation of methyl formate does not occur.

4.4 REACTION SELECTIVITY

The triethylphosphine based systems of [RhH2(PEt3)4]+ OMe" and [Rh(acac)(CO)2] / 4PEt3
were only found to produce 3-pentanone and methyl propanoate to any extent. These

products are the first members of the homologous series of oligoketones and oligoketoesters.
3-Pentanone was the major product with selectivities generally over 70 % in comparison to a

0-3 % selectivity to the longer chain product, 3,6-octanedione.

The bold arrows in Scheme 4.12 represent the preferred reaction pathway adopted by the

hydride cycle in the synthesis of the ketone products.
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ReactionSelectivity
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The 16 electron active species, [RhH(CO)P2] initially undergoes insertion of ethene to give
the first Rh-alkyl complex, [Rh(C2H5)(CO)P2]. This ethyl complex can then potentially
either coordinate CO or become protonated by MeOH. The intermediate produced after

protonation would readily eliminate ethane gas by reductive elimination. However, when

the gas phase was analysed after the catalytic reaction to determine if ethane gas had been

produced, only ethene and CO were found. Therefore, [Rh(C2Hs)(CO)P2] exclusively reacts

with CO giving [Rh(C2H5)(CO)2P2]. The second Rh-alkyl complex then forms after

subsequent CO and C2H4 insertions. [Rh(C2H4C(0)C2H5)(C0)P2], which contains a

carbonyl group in its alkyl chain, can again either coordinate CO for the next insertion or

become protonated by the solvent. Since only small quantities of 3,6-octanedione are

produced in comparison to 3-pentanone, it is clear that [Rh(C2H4C(0)C2H5)(C0)P2] is

protonated giving 3-pentanone in preference to chain growth. The second alkyl complex
therefore reacts in the opposite manner to the first.

This was unexpected since it was assumed that the two species would have a similar metal
environment. However this change in selectivity might be explained by a difference, and not

a similarity, in the environment of the metal centre between the first and second alkyl

complexes. The carbonyl within the alkyl chain of [Rh(C2H4C(0)C2H5)(C0)P2] can

coordinate to the Rh centre forming a q -3-oxopentyl species. (Scheme 4.13). The main

driving force for the chelation is likely to be the electrostatic interaction of the

electronegative oxygen and the electropositive rhodium centre.

Protonation of this coordinatively saturated 18 electron chelate complex would occur readily
as this process would not involve breaking the chelate or increasing the electron count. In
order for this complex to react with CO, either the chelating carbonyl would have to be

displaced to allow a vacant site for the incoming ligand, or the alkyl chain would have to

migrate onto the CO within the coordination sphere of the metal. The disturbance to the

chelate, which these processes would involve, disfavours them and allows the protonation

step to dominate. This gives rise to the preferential production of 3-pentanone over 3,6-
octanedione as termination results more easily than the hindered chain growth. In

comparison, [Rh(C2H5)(CO)(PEt3)2] is a 16 electron complex, which can readily coordinate
CO for insertion, in preference to protonation.
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18 Electron Species

Coordinatively
Saturated Chelate

For chain growth, chelate ring must
break (to allow CO coordination) or
alkyl migration onto CO must occur
within coordination sphere.

Decoordination of chelate not

necessary for protonation.

3-Pentanone

Scheme 4.13 - Preferential reaction of rf-3-oxopentyl chelate with methanol

Similar stable chelates have been reported in the literature from the insertion of alkenes into

palladium acyls.16'17'18'19'20 The first direct observation of an intermolecular alkene insertion
into a Pd-acyl bond was reported by Sen et al in 1990 although related studies involving
other metals had been previously reported.17 The study involved the insertion of norbornene

and, due to the absence of (3-H atoms, was therefore uncomplicated by decomposition. The
absence of multiple alkene insertion was attributed to the stability of the resulting chelate

ring. This work was closely followed by the insertion of simple alkenes such as

cyclopentene, cycloheptene and methyl acrylate into Pd-acyl bonds by Ozawa et al in
1991.20 In 1996, Cavell et al reported that ethene could also insert into a Pd-acetyl bond and

1 R
form a stable chelated product. This was one of the first examples of a stable product

resulting from insertion of ethene. Previous studies had revealed that products normally

only resulted when bulky strained alkenes were used.

Drent attributes the perfectly alternating nature of polyketones to the formation of chelate

rings of this nature and describes how the architecture of the growing copolymer assists in its
own stereoregular formation.21 The double insertion of CO into the growing chain does not

occur due to disfavoured thermodynamics. However, the lack of double ethene insertions in
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the growing polymer chain cannot be explained in the same way. Palladium catalysts have
been developed which can dimerise or even polymerise ethene and the insertion of ethene
into a Pd-alkyl bond is an exothermic process by ~ 20 kcal mof1. One possible explanation
as to the strict alternation is the competition between CO and ethene for a binding site. CO

ligands can coordinate more strongly than ethene and take up less room within the
coordination sphere. As a result, CO will always coordinate to the Pd-alkyl intermediate in

preference to ethene, which ensures the next monomer to insert is CO. When a Pd-acyl

species forms, CO ligands again bind strongly but due to the disfavoured thermodynamics,
the insertion does not occur. Instead, the acyl complex remains unreacted, until the CO is

replaced by an ethene molecule. This ensures alternate insertions of CO and ethene and the

competition for binding sites explains why some catalysts display lower rates of copolymer
formation over ethene dimerisation. However, Drent describes that this cannot be the full

explanation as it fails to address the observed lack of termination by (3-H elimination. He

suggests that the strict alternation is also as a result of the internal coordination of the

growing chain, forming a stable five-membered ring after every ethene insertion. This
chelation hinders P-H elimination, as the P-H cannot easily approach the Pd centre.

cxf
p

Equation 4.7 - Hindrance of(3-1I abstraction due to chelation ofgrowing chain

The fourth coordination site on the Pd centre is thus occupied, blocking the next insertion. It

is therefore necessary for this chelate to be displaced for the reaction to proceed. Drent

proposes that coordination of the alkene is too weak to displace this chelate and this ensures

that only CO, which can bind more strongly and takes up less space, can react with the Pd-

alkyl. This results in the formation of a six-membered (and therefore less stable) chelate

ring, which ethene can readily displace to allow insertion and formation of the next (more

stable) five-membered chelate ring.
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P P p

Equation 4.8 - Reaction ofthefive and six membered chelate intermediates with CO and
ethene respectively (prior displacement ofoxygen donor necessary)

The observation of CO / ethene copolymerisation in monodentate phosphine systems may be
due to the imposed cis geometry of the oxametallocyclic rings as the phosphine ligands
cannot themselves impose this geometry which is required for successful propagation.22'23

In a recent publication, Drent described the selective formation of monoketones from
alkenes under hydroacylation conditions (RCH=CH2 / CO / H2) using l,3-bis(di-tert-

butylphosphino)propane as the bidentate ligand in [Pd(P-P)X2].24 The formation of a

hydride complex initiates the cycle. After the second alkene insertion, chelation of the

carbonyl donor is proposed to assist in the subsequent rapid hydrogenolysis step, which

ultimately forms the monoketone product. The manner of this assistance may be in the

ability of the carbonyl group to temporarily bind H+, produced from heterolytic H2
dissociation. Supporting evidence for the rapid hydrogenolysis of the Pd-alkyl is from the
observation of preferential hydrogenation of acrylic alkenes, as formation of a similar
chelate ring results upon the first insertion of the functionalised substrate into the Pd-H bond.
These findings are in agreement with the preferential protonation of the r| -3-oxopentyl
intermediate in the Rh / 4 PEt3 system, which results in high selectivity to 3-pentanone over

chain growth products. (Scheme 4.13).
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4.5 DEUTERIUM LABELLING STUDIES

4.5.1 INTRODUCTION

By observing the various isotopomers produced from carrying out a catalytic process in
deuterated media, it is possible to gain further mechanistic detail about the process. This

knowledge can then be developed into new ideas on how the reaction can be modified or

tuned to maximum benefit. In this research, methanol was the solvent used which led to the

possibility of 3 separate labelling experiments in CD3OD, CD3OH and CH3OD. It is

important to bear in mind that exchange processes outside the catalytic mechanism can occur

between the deuterated solvent and other species in the system. This can confuse matters

and highlights the necessity of control experiments to clarify these processes.

A useful technique for the analysis of products from deuterium labelling experiments is 13C
{!H, 2H} NMR spectroscopy. By running the spectrum decoupled to protons and deuterium

nuclei, the analysis is much simplified as overlapping multiplets, which would normally be
observed in the 13C {'H} NMR spectrum, are collapsed into singlets with a chemical shift

equal to that of the central line of the multiplet. (Scheme 4.14).
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13C {XH} Spectrum

Confusing overlapped signals

CHi

ch2d

chd2
13C{!H, 2H} Spectrum

Simplified Spectrum

Scheme 4.14 - Simplification ofl3CNMR spectrum by deuterium decoupling

In a mixture of isotopomers, which only contain labelling into a methyl group, the CH2D

signal is shifted slightly upfield from the CH3 signal in the set of peaks corresponding to the

methyl group. Likewise, the CHD2 signal is shifted upfield by the same amount from the

CH2D signal. These equal spacings between the peaks are called a shifts and result from the

a carbon atom containing various levels of substitution by deuterium. (The a carbon is
defined as the carbon atom under observation).

A more complex situation arises when exchange has also occurred into the adjacent carbon
atom. (Scheme 4.15). For example, if CH3 was part of an ethyl group, any deuterium atoms

present on the P methylene carbon would also create signals and these signals would be P-
shifted from the main peak. p-Shifts are always smaller than a-shifts and so these new

signals would appear between the peaks for CH3, CH2D and CHD2. In other words, the
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signal lying upfield from CH2CH3 by one (3-shift would be for CHDCH3 and the signal

upfield by two P-shifts would represent CD2CH3.

Methyl Signal of an Ethyl Group Methylene Signal of an Ethyl Group
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Scheme 4.15 - Methyl and methylene signals showing a and j3 shifts

The pattern is repeated when the methylene signal is observed. This time however, a-shifts

from the CH2 set of peaks correspond to CHD and CD2 sets and P-shifts within each set

correspond to CH2D and CHD2. In this way, peaks for each individual isotopomer can be

clearly identified.

As the level of substitution by 2H increases on a carbon atom, the peaks generally become
smaller in intensity due to the diminishing Nuclear Overhauser Effect (NOE) created by the

hydrogen atoms. However, it is possible to obtain quantitative information from 13C {'H,
2H} spectra. For example, if the percentage yield of isotopomers was desired containing 0 to

2 deuterium atoms within a methyl group, this could be done, not by observing the methyl
carbon directly but indirectly by integrating the P-shifted peaks of the adjacent methylene
carbon. In this way, only carbon atoms carrying the same number of hydrogen atoms in the
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same environment are compared which means that the NOE is constant across the peaks in

comparison. As a result, reliable quantitative data can be obtained from the integrals in the
NMR spectrum.

4.5.2 CONTROL EXPERIMENTS

In these labelling experiments, where deuterated methanol is used instead of CH3OH, it is

important to establish whether an exchange occurs between the hydrogen containing

compounds in the system and the deuterium source. In this reaction system, the other

hydrogen containing species besides the methanol solvent is ethene. Two control

experiments were therefore necessary to probe for a possible exchange between the solvent
and the ethene gas directly as well as the product molecules (derived from ethene).

H H H H
\ / Rh / PEt3 CATALYST _ \ /

CD3OD + > c 3 M CD3OH + v=<
H H H D

Equation 4.9 - Exchange ofethene with methanol-d4

When the catalyst solution in CD3OD was transferred to the autoclave and pressurised only
with ethene under the normal catalytic conditions of pressure, temperature and time, almost
three times the quantity of CD3OH was observed at the end. (Equation 4.9). This indicted
that the ethene gas was indeed exchanging protons for deuterium atoms with the solvent.
Confirmation of this exchange would have been the observation of deuterated ethene in the

gas phase. However, when a sample of the gas was analysed by GCMS, the quantity of
C2H4 was so high in comparison to the deuterated ethene, which would have been present

from the exchange, that the latter was not readily observed. Nonetheless, comparison of the

intensity of signals at 35 and 33 from CD3OH before and after the experiment provided
sufficient evidence for the process.
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Rh D Insertion
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CD3OH
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Rh H
CD3OD

C2H4

C2H3D

D

x- CD3OD

C
CD3OH

Rh D

RhCH2CH3
D

Rh-CH2CHD2 or Rh-CHDCH2D

Scheme 4.16 - Exchange mechanism ofhydrogen in ethene with deuterium in CD5OD

Scheme 4.16 shows a possible mechanism for the exchange process based on the initial
formation of a Rh-D species and subsequent reversible insertion steps of ethene.

Although this control experiment did not involve CO pressure, small traces of products were

observed. As explained previously, in the absence of CO in the gas phase, the carbonyl

fragment of the ester and ketone product can originate from the decarbonylation of CH20.

However, the small concentration of formaldehyde leads to a limited reaction and only trace

products are ever observed under these conditions. Analysis of the mass spectra showed

that, for both 3-pentanone and methyl propanoate, up to 3 deuterium atoms could readily be

incorporated into the ethyl fragments.

The second control experiment demonstrated that exchange could also occur between the
solvent and the product molecules after they have been released from the catalytic cycle.

(Equation 4.10). 3-Pentanone and methyl propanoate were added to a solution of the

catalyst in CD3OD and heated under 5 bar CO pressure to 110 °C for 24 h. Analysis of the

products by GCMS and 13C {*H, 2H} NMR demonstrated that exchange occurred, but only
into the methylene carbons atoms of the ethyl groups. Exchange of OCH3 for OCD3 was
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also apparent for the ester. The NMR spectrum simply showed 3 peaks separated by a shifts
in the CH2 region and 3 peaks separated by p shifts in the CH3 region for both products.

Again, increased levels of CD3OH were observed by GCMS as well as large peaks at 58 and
59 for the EtC(O) fragments. The methylene protons are acidic due to their position next to

the carbonyl and therefore readily exchange in the presence of the catalyst.

Equation 4.10 - Exchange ofmethylene hydrogens with CD3OD

When this experiment was carried out in the absence of the catalyst under identical

conditions, a smaller level of exchange was noted. The catalyst must be responsible for

speeding up this exchange process. The dominant fragments in the GCMS were for the

starting materials, i.e. non deuterated 3-pentanone and methyl propanoate. Only small

fragments at 58 and 87, indicating one deuterium atom, were observed for 3-pentanone.

Methyl propanoate showed a peak at 91 indicating some level of OCH3 exchange for OCD3
but very little evidence was seen at all for deuterium incorporation into the ethyl fragment.

In the light of this and relating back to the trace products produced from the control

experiment in the presence of ethene only, where up to 3 deuterium atoms were observed in
the ethyl group, the probable positioning of these deuterium atoms is CD2CH2D. The label
in the methyl group resulted from the insertion of ethene into a Rh-D bond and the labels in
the methylene can now be explained by the post-catalytic cycle exchange process.
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4.5.3 CATALYTIC DEUTERIUM LABELLING EXPERIMENT - ANALYSIS OF

PRODUCTS FORMED IN CD3OD

After the control experiments were completed, the actual catalytic run in the presence of
both gases was carried out. In order to maximise the quantity of products for the NMR

analysis, the catalyst concentration was 0.05 mol dm"3 rather than the usual 0.01 mol dm"3.
The catalyst solution in CD3OD was transferred to the autoclave, which was then pressurised
to 70 bar with a 1:1 mixture of CO and ethene gas. The autoclave was heated to 110 °C for
24 hours and then cooled and vented. The liquid contents of the autoclave were carefully
transferred via cannula to a schlenk flask under argon in order to prevent any exchange

processes with moisture in the air. Analysis was then carried out by the usual methods
described before.

From the average mass spectrum taken across the product peak, the number of deuterium
atoms present within a fragment can be obtained. However, the actual position of the labels
within that fragment cannot be identified from the mass spectrum alone. 13C {'H, 2H} NMR

spectroscopy compliments the mass spectra evidence well as it allows the position of the
labels to be pinpointed.
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Figure 4.2 - Mass spectra ofmethylpropanoate and 3 pentanonc produced in CDfJD

from ethene and CO in the presence ofRh/4 PEt3 complexes

Figure 4.2 shows the average mass spectrum across the peak of methyl propanoate and 3-

pentanone. The signal at 61 mass units for EtC(O) in 3-pentanone shows that up to 4

deuterium atoms are possible in this fragment, confirming that multiple deuterium

incorporation into the methyl group takes place for the ketone. In contrast, the same signal
for methyl propanoate confirms the presence of up to 3 deuterium atoms only.
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CH3 - Methyl Propanoate
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Spectrum 4.1 - 13C {'Ht 2H} NMR Spectrum - Methyl resonance of methyl propanoate

showing 6 isotopomers. [1 a shift and 2 fshifts within sets]
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Spectrum 4.2 - C { H, Hj NMR Spectrum - Methyl resonance of 2-pentanone showing
27 different isotopomers. [2 a shifts, 2 (3shifts and 2 5shifts observed within sets]
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CH2 - Methyl Propanoate
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showing 6 isotopomers. [2 a shifts and 1/3shift within sets]
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signal]
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Spectrum 4.1 and Spectrum 4.3 clearly show evidence of 6 different isotopomers of methyl

propanoate and confirm the mass spectrum, which contains groupings of large peaks at 57 -

60 and 91 - 94. Spectrum 4.2 shows the methyl resonance of 3-pentanone and is remarkable

since it shows a, (3 and 8 shifts. The 5 shifts arise through the additional isotopic shifting of

the methyl carbon atom by deuterium atoms 8 to it. (Figure 4.3).

Isotopic Shift

P 5

Figure 4.3 - Isotopic shift of the methyl carbon by deuterium (in a 8position)

These 8 shifts allowed the calculation of isotopomer yields with labelling in the methylene

fragment on both sides of the carbonyl and have thus shown that both methylene groups are

equally exchanged.

Spectrum 4.4 shows the methylene signal of 3-pentanone. Only a and p shifts are observed
and the nine different isotopomers are clearly identified. Again, this result confirms the
mass spectrum, which also shows multiple deuteriation of the methyl group.

D D D D

O"i„, ,,„v\CO
RT + 4 PEt3

O' 'CO

C2H4 / CO

CD3OD
OCDi

Equation 4.11 - Isotopomers with maximum deuteriation producedfrom the reaction of
CO and ethene in the presence ofRh / 4 PEts complexes in methanol-d4
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Equation 4.11 describes the maximum deuteriation observed for the ketone and ester

products. The similarity between the two products is clearly the presence of CD2 methylene

units, which can result due to post-catalytic cycle exchange. However, the more interesting
feature is the difference between the products. 3-Pentanone was found to contain up to 2
deuterium atoms in the methyl group whilst methyl propanoate contained only up to one in
this position.

The percentage yields of isotopomers with 0 to 2 deuterium atoms in the methyl group were

calculated from the integration of the methylene peaks for both products as explained

previously. Table 4.2 displays the results. The important result is that the methyl groups in

3-pentanone are d° (73.0 %), d1 (19.0 %) and d2 (7.9 %) and that < 1 % of the ketone
molecules have d2 at each end. In contrast, none of the methyl propanoate molecules contain
d2 in the methyl group, (d° (78.0 %), d1 (22.0 %)).
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Table4.2%yieldofisotopomerswith0to2DatomswithintheCH3group ofproductsobtainedfrometheneandCOinCD3OD
Compound

ch3

ch2d

chd2

Et2CO

73.0

19.0

7.9

EtCQ2Me

78.0

22.0

-

Table4.3Labellingpattern(%ofeachisotopomer)forethylgroupsofproductsobtainedfrometheneandCOinCD^OD Compound
ch3ch2
ch3chd

ch3cd2

ch2dch2
ch2dchd
ch2dcd2
chd2ch2
chd2chd
chd2cd2

Et2CO

16.8

35.0

21.2

4.4

9.1

5.5

1.8

3.8

2.3

EtCQ2Me

39.0

23.4

15.6

11.0

6.6

4.4

0

0

0
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The presence of a large amount of d° methyl groups in 3-pentanone and in methyl

propanoate confirms that the hydride mechanism is operating since these isotopomers must

form by [3-H abstraction in RI1-CH2CH2D, initially formed by migration of Rh-D to

coordinated ethene, to give RhH(CH2CHD). H migration onto the undeuterated end of the
coordinated CH2=CHD or exchange with CH2=CH2 followed by H migration would then

give the observed isotopomer. The latter clearly occurs since, for both 3-pentanone (16.8 %)
and for methyl propanoate (39.0 %) a significant proportion of C2H5 is present. (Table 4.3).
In principle, this kind of exchange reaction, but involving Rh-H/D exchange with the

solvent, could be responsible for the observed multiple deuteriation of the methyl groups in

3-pentanone. However, both 3-pentanone and methyl propanoate are formed via the acyl

intermediate so such a mechanism would give 2 D atoms in the methyl group of methyl

propanoate. Since this is not observed, the multiple deuteriation of the methyl group in 3-

pentanone must occur by some other mechanism. [Scheme 4.16 displays the multiple
reversible insertion step which is now ruled out as well as the operative mechanism for
formation of C2H5 groups].

The multiple deuteriation must, therefore, arise via an enolate mechanism, as shown in
Scheme 4.18. A similar enolate mechanism has been shown by D labelling studies to

operate in CO / C2H4 copolymerisation using Pd complexes16 and in the hydrocarbonylation
of ethene to 3-pentanone.25 As a model of the growing polymer chain, van Leeuwen et al
studied the insertion reactions of [(P~P)Pd(CH3)(CH3CN)]+ CF3SO3" with CO and ethene,

forming a 3-oxobutyl chelate complex.16 (Scheme 4.17 - [i]). The signals in the *H NMR

spectrum at 8 1.47 and 8 3.22 ppm from the methylenes of the 3-oxobutyl chelate were

found to declined over a short period of time in favour of two new multiplets at 8 0.64 and 8
3.87 ppm with relative intensities of 3:1 respectively. This indicated the ready

rearrangement of the chelate into the enolate in CD2CI2. (Scheme 4.17 - [iii]). Release of
buten-3-one into solution was not found from the intermediate [ii], which was described as

being bound via the carbonyl and double bond. The alkyl to enolate rearrangement process

was attributed to a sequence of slow [3-H elimination and fast reinsertion into the Pd-H. In
the presence of methanol-di, the enolate was immediately trapped, generating

CH3CHDC(0)CH3 as the sole product.
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[iii]

Scheme 4.17 - Rearrangement ofchelate into enolate intermediate and generation of2-
butanone via protonation
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Scheme 4.18 describes the possible enolate rearrangement mechanism occurring in the Rh /
4 PEt3 system. After the second insertion of ethene, the 3-oxopentyl chain forms an 18

electron coordinatively saturated chelate, as described before. If this structure loses a

phosphine ligand before protonation and reductive elimination of 3-pentanone, a (3-H
abstraction could occur. This would result in a Rh-H complex with a 3-pentenone molecule

bound to the metal via the double bond and the carbonyl oxygen. Without the binding of the
oxo group, 3-pentenone would be released and should be observed as a product and/or react

with methanol to produce l-methoxy-3-pentanone, since these products have been observed
when oxo binding was deliberately hindered in the 3-oxopentyl intermediate. (Chapter 5).

However, 3-pentenone is not an observed product, as it is not released from the coordination
2 2

sphere of the metal. This provides evidence for the r| - binding of the r| -3-oxopentyl
intermediate.

If the Rh-H bond undergoes exchange with CD3OD, a Rh-D bond would be formed and if
the deuterium atom were to migrate onto the terminal carbon atom of the bound molecule, an

enolate structure would form. This enolate intermediate could be protonated, yielding 3-

pentanone with a CH2D methyl group. Alternatively, if this process were reversible and a

hydrogen atom of the terminal methyl group were to migrate onto the metal and exchange
for deuterium with the solvent, prior to migrating back onto the terminal carbon, an enolate
with a CHD2 methyl group would then be formed. Protonation of this intermediate and
reductive elimination would generate the ketone product with one CHD2 methyl group. The
other methyl group of the ketone would simply be either CH3 or CH2D depending on the
initial insertion of ethene into a Rh-H or Rh-D species. This enolate rearrangement can only
occur for the hydride cycle intermediate, which forms after the second ethene insertion

(generating 3-pentanone) and accounts for the difference in labelling between the ester and
ketone products from this mechanistic cycle.

The carbomethoxy cycle, which provides an alternative pathway to esters, can be ruled out

in the Rh system described here. This is because the intermediate from the carbomethoxy

cycle would similarly be expected to form an enolate structure thereby causing multiple
deuteriation.* (Scheme 4.19). As only CH3 or CH2D groups are observed for the ester, the
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carbomethoxy cycle is therefore most unlikely and these groups are more readily explained

by the initial insertion of ethene into a Rh-H or Rh-D bond respectively in the hydride cycle.

O o

Hydride Cycle Intermediate

cd3od

EXCHANGE

INTO a-CARBON
cd3o + Rh D

ocd3

ENOLATE

REARRANGEMENT

EXCHANGE -CD3OD

Carbomethoxy Cycle Intermediate Not Observed

Scheme 4.19 - Expected methylpropanoate isotopomers from the hydride and

carbomethoxy cycle intermediates

[* N.B Van Leeuwen reported the formation of an enolate from the ester analogue of [i],
Scheme 4.17, which, upon termination in CH3OD yielded CH3CHDCOOCH3.]

As expected, the GC trace of the reaction mixture from this labelling experiment also
contained a peak for D labelled methyl formate within the main solvent peak. The parent ion
was observed at 64 due to DCO2CD3. The methanol^ peak also contained elevated levels
of CD3OH as observed before due to the exchange of the solvent with ethene.

4.5.4 LABELLING EXPERIMENTS IN CD3OH AND CH3OD

Very similar mass spectra were obtained to those above when the labelling experiment was

carried out in CH3OD. The active species generated in this solvent was the same as in

methanol-d4, i.e. a Rh-D bond, as both CD3OD and CH3OD contain deuterium in the

hydroxy group. However, the only method of generating d° methyl groups in CD3OD was

by producing Rh-H from exchange of the solvent with ethene gas. (Scheme 4.16). The
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catalyst system in CH3OD would similarly be expected to effect this exchange process but

the possibility of forming CH3 groups could also arise simply by P-H abstraction from Rh-

OCH3 and direct insertion of ethene into the resulting Rh-H bond.

Rh OCH
P-H Abstraction C2H4

3 ^ Rh H — ► Rh C2H5

Equation 4.12 - Generation ofCH3 end group via /3-H abstraction in Rh-OCH3

As expected, the labelling study in CD3OH generated mostly unlabelled products due to the
absence of deuterium in the hydroxy position. Small quantities of products containing one

label were noted due to the presence of a small peak at 58 in the EtC(O) fragments of the

product mass spectra. This label is more likely to be present in the methyl of the acyl

fragment rather than in the methylene due to limited insertion of ethene into Rh-D, formed
from P-D abstraction of the Rh-OCD3 intermediate, before exchange with the hydroxy

proton of the solvent. The acidic methylene hydrogens in the ester and ketone can only be

exchanged for hydrogen in the CD3OH solvent and even if the r|2-3-oxopentyl chelate

rearranged into the enolate, protonation by CD3OH would still only result in 3-pentanone
with CH2 groups.

c2h4
Rh- H Rh-

O

ch3ch2cocd3

"Et

co

c2h4
cd,oh rh C(0)Et

cd3oh
o

ch,ch2cch2ch,
o

CH2DCH2COCD, J* Rh D Rh 0CD3r
cd2o

o

o cd,oh
II

ch,ch2cch2ch3

ch2dch2cch2ch,

Scheme 4.20 - Origins oflabelledproductsfrom catalytic reaction carried out in CD3OH
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4.6 MECHANISTIC DISCUSSION

o

Many d square planar Pd systems, which generate copolymers of ethene and carbon

monoxide, involve the operation of a hydride and carbomethoxy cycle in tandem.21 These

cycles give rise to ketoester, diester and diketone end groups and the ratio of these end

groups often depends upon the temperature of the reaction. The rate determining step,

(RDS), in these copolymerisation processes is the insertion of ethene into the Pd-acyl bond
as the insertion of CO into Pd-alkyl is normally very fast. However, the formation of the
five membered oxo-pentyl chelate makes the ethene insertion step thermodynamically
favourable due to the extra stabilisation induced by coordination of the electronegative

oxygen atom to the electropositive Pd centre. Nonetheless, the binding of the carbonyl

oxygen is weak and is readily displaced by CO allowing chain growth and copolymer
formation.

The neutral Rh / 4 PEt3 catalyst system described here does not form copolymers of ethene
and CO. Methyl propanoate and 3-pentanone are the main products in methanol and only
small quantities of the chain growth products, 3,6-octanedione and methyl 4-oxo-hexanoate,
are observed. The formation of a similar 3-oxopentyl chelate ring is also proposed for this

system. (Figure 4.4).

16 Electron Square Planar Chelate - chain growth
occurs repeatedly by chelate displacement

18 Electron Coordinatively
Saturated Chelate - little chain growth

Figure 4.4 - Electronic difference between Pd intermediate (generated in

copolymerisation) and Rh intermediate (generated in cooligomerisation)
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In comparison to the cationic Pd / phenyl phosphine systems such as

[Pd(Ph2P(CH2)3PPh2)(MeCN)2][BF4]2 or [Pd(PPh3)n(MeCN)4.n][BF4]2 (n=l-3), the Rh metal
centre is substantially more electron rich due to the strong a donor nature of the PEt3 ligands

and the overall neutral status of the complex. The electrostatic interaction between the

oxygen atom of the chain and the rhodium should therefore be less, forming a weaker
chelate which should be displaced more easily and allow chain growth. Flowever, only
limited chain growth is observed.

The lack of copolymerisation and limited extent of cooligomerisation must therefore be as a

result of the rapid protonation of the chelate complex giving 3-pentanone in preference to

reaction with CO. The 18 electron r)2-3-oxopentyl species would be readily protonated due
to the electron rich metal centre. The addition of H+ does not involve an increase in the

electron count, unlike the insertion of CO, which would require either ring expansion via

intramolecular CO insertion (within the coordination sphere) or displacement of the chelate
and coordination of CO from the gas phase. The former step is rather unlikely because a

favoured 5 membered ring would be converted into a disfavoured 6 membered ring. The
rate of displacement of the chelating carbonyl by CO must be less than the rate of

protonation, ultimately causing termination after only the second insertion of ethene. In

contrast, CO insertion into the 16 electron [RhEt(CO)(PEt3)2] complex must occur faster
than protonation, which prevents the observation of ethane gas as a product. Interception of
the resulting [Rh(COEt)(CO)(PEt3)2] complex by methanol before the rate limiting step of
ethene insertion, results in methyl propanoate as a secondary product.

The Pd based copolymerisation reactions are often carried out in dilute methanol solutions,

e.g. CFI3NO2 / CH3OH (2:1, v/v)26 or in aprotic solvents such as CFICI3 or CH2CI2.23 The
rhodium catalytic reactions were typically carried out in pure methanol, which has been
shown to cause a faster rate of termination than higher alcohols such as ethanol due to its
smaller steric bulk.23 In general, the smaller the alcohol, the greater the termination rate.

Hence, the use of undiluted methanol rather than bulkier alcohol solvents would also aid

early termination.
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Therefore, the difference in chemoselectivity between the cationic Pd / dppp and neutral Rh /

PEt3 CO / ethene systems lies mainly in the electronic nature of the intermediates and the

solvent system employed. The orientation of the phosphine ligands in square planar

palladium complexes dramatically influences the chemoselectivity. As discussed in Chapter

1, a trans orientation of the phosphine ligands (e.g. Pd / PPh3) leads to methyl propanoate (in

methanol) rather than copolymers, as the growing chain and vacant site for monomers must

be in a cis orientation for successful propagation. Although the chain and the bound
monomer are mutually cis to one another in the five coordinate Rh / PEt3 complexes,
termination is still favoured over propagation after the second ethene insertion.

Protonation of the five membered palladacycle can also occur giving the saturated diketone
and ketoester as products of termination. However, the rate of termination must be slower
than that of propagation, so that polymeric products predominate rather than 3-pentanone
and methyl propanoate. This may be because the palladium centre is cationic and the

ligands are less electron donating, thus reducing the susceptibility to protonation. The 16
electron Pd(II) centre will also bind the next monomer more readily than the 18 electron

Rh(I) centre.

In the same publication as Van Leeuwen et al described the unexpected rearrangement of the
chelate into the enolate complex from the model studies, they also reported their findings on

the copolymer preparation in monodeuterated methanol. From the position of the labels,

they showed that the hydride and carbomethoxy cycles do indeed operate in tandem leading
to ketoesters, diesters and diketones. (Figure 4.5 - Mechanisms A and B).
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o

[(dppp)Pd-COCH3]+

Mechanism B

O

[(dppp)Pd-C-chain]+

Figure 4.5 - Chain transfer mechanisms in Pd catalysed copolymerisation ofCO and
ethene

From 13C NMR end group analysis, they report formation of CH2CH2D (26 %), CHDCH3

(46 %) and CFI2CH3 (28 %) end groups. A control experiment failed to show H/D exchange
of the solvent into the end groups or the backbone of the polymer after formation. Both
mechanisms in Figure 4.5 can give rise to CH2CH2D end groups. Mechanism A can only
result in deuterated end groups but mechanism B can generate all three via fast reversible
insertion of ethene. ]H NMR analysis of the gas and solution at the end of the reaction
showed no detectable formation of either deuterated ethene or CFI3OFI respectively. The
absence of CH3OH shows the palladium catalyst is ineffective in exchanging its bond to

hydrogen for a bond to deuterium, (i.e. Does not catalyse ethene / CH3OD exchange).

Mechanism A

^ Termination Initiation
[(dppp)PdCH2CH2-C-chain]+ vCH,OH» |(dppp)Pd-OCH3]+ —

O

II
CH,CH2C-chain

Termination Initiation
O

CH3OH
, II]+ C2H4/CO II

^ [(dppp)Pd-H] —^ [(dppp)Pd-CCH2CH3]

o

JLCHiOC-chain
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Pd D Pd/\/
D

CH2i

H
Pd— CHDCH3

Pd—CH2CH3 Pd

V
Figure 4.6 - Fast reversible insertion ofethene into Pd-D

However, the observation of such a large quantity of CHDCH3 end groups in comparison to

CH2CH2D had not been initially expected and could not come from multiple re-insertions
alone. It was not until the model studies revealed the chelate to enolate rearrangement that
the end group analysis was fully understood. The higher levels of CHDCH3 were due to the

additional rapid protonation of the enolate intermediate after the unexpected rearrangement.

(Figure 4.7). In effect, the labelling study confirmed the findings of the model study.

Figure 4.7 - Rearrangement to the enolate intermediate in copolymerisation ofCO and
ethene and the resulting end group in CH3OD

In contrast to the rhodium catalysed system, the cationic palladium system does not appear

to undergo exchange of Pd-H for Pd-D with CH3OD. This is probably due to the fact that,

protonation of the complex is required for exchange to occur and this is disfavoured for the
cationic species. Van Leeuwen also claims that the Pd enolate is trapped immediately in

(^* j — 1 uij uici vuaiu

+

(p) C(0)CHDCH3
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protic solvents and so cannot enter into multiple reversible insertions of the bound vinyl
ketone chain end group. Even if this process did occur, CHD2 methyl groups would still not

be observed as the palladium metal centre does not exchange H for D.

The absence of Pd-H/D exchange accounts for the difference in end group labelling between
the two systems. The Rh system is able to exchange Rh-H for Rh-D and the chelate

complex can enter into multiple reversible insertions of this nature. (Scheme 4.18). Even

although the rate of protonation of the chelate is fast in comparison to CO insertion, it must

be comparable with the rate of reversible insertion of the vinyl ketone and of H/D exchange.
This allows a small proportion of CHD2 groups to form before the final termination by

protonation.

Drent describes the lack of vinyl end groups in the polymers formed from these cationic

palladium complexes as due to hindered P-H abstraction from the five membered

palladacycle chelate. (Equation 4.7). On the other hand, Van Leeuwen proposes the ready
isomerisation of the palladacycle directly into the enolate via p-H abstraction. (Scheme

4.17, Figure 4.7). These results are somewhat conflicting. However, the ]H NMR evidence
for the direct isomerisation put forward by Van Leeuwen is strong. Perhaps, the lack of

vinyl end groups observed by Drent was not due to the difficulty of P-H abstraction, but

because the resulting vinyl ketone end group remained bound to Pd, through the double bond
and carbonyl oxygen, and so was not released into solution as a product. Instead either

rearrangement to the enolate followed by protonation or reinsertion into Pd-H occurred

giving further termination or propagation respectively.

4.7 MECHANISTIC CONCLUSIONS

The rhodium catalyst made in situ by the addition of 4 PEt3 to [Rh(acac)(CO)2] in methanol
is active in the transformation of ethene / CO mixtures to methyl propanoate and 3-

pentanone. Copolymerisation to form polyketones does not occur in this system. The active

species is the 16 electron complex [RhH(CO)(PEt3)2]. Methyl propanoate is generated by

alcoholysis of the Rh-acyl bond, which forms after the first insertion of ethene and CO.
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Alternatively, the Rh-acyl intermediate can insert ethene to generate an 18 electron r|2-3-
oxopentyl chelate complex. This readily undergoes termination by protonation, yielding 3-

pentanone in preference to reaction with CO. However, deuterium labelling studies have
shown that the chelate complex can also readily rearrange into an enolate via P-H

abstraction, before protonation. Protonation of the enolate also generates 3-pentanone. The

absence of 3-pentenone as a product from this p-H abstraction step implies the coordination

of the carbonyl oxygen in the r| -3-oxopentyl chelate as the double binding of the molecule

through the unsaturated bond and oxygen atom prevents release of this molecule into
solution.

After elimination of methyl propanoate, the Rh-H active species is regenerated for
reinitiation of the hydride cycle. On the other hand, the generation of 3-pentanone produces
a Rh-OCH3 species. The methoxy complex regenerates the active hydride species by P-H
abstraction and loss of formaldehyde rather than initiating the carbomethoxy cycle for ester

formation. [Deuterium labelling has proven that the ester product was made only via the

hydride cycle].

Methanol is the source of the two H atoms that are required for the formation of 3-pentanone
and the product derived from it is methyl formate. A reaction carried out in 13CH3OH
produced (^Hs^CO, C2H5C0213CH3 and H13C0213CH3. This last product shows that in the

presence of CO, the formaldehyde formed by dehydrogenation of methanol provides one

extra proton and the metal formyl complex undergoes nucleophilic attack by methanol rather

than a-hydride abstraction. Formaldehyde can also be used as a source of CO if it is used to

replace CO in the catalytic system.

Scheme 4.21 shows the proposed mechanism for the formation of 3-pentanone, methyl

propanoate and methyl formate from CO and ethene in methanol catalysed by rhodium

triethylphosphine complexes. An alternative is that 3-pentanone is released by protonation
of the enolate as shown in Scheme 4.18.
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Chapter Five

5.0 INTRODUCTION

The use of potentially hemilabile phosphine based ligands with transition metal catalysts is

becoming increasingly attractive.1'2'3 A commonly used class of these are PO ligands which
can bind strongly to e.g, platinum group metal centres through the soft phosphorus donor
and weakly through the hard oxygen donor site.3'4'5'6 Other examples include PS4, PN7,
NO8' and PON8 ligands. In the case of PO ligands, the oxygen atom can function as an

intramolecular solvent molecule by chelating, in order to stabilise the reactive catalytic
intermediates when necessary. However, at the same time as providing stability, the oxygen

donor must not discourage or prevent coordination of the substrate monomers, nor must it
interfere with the migratory insertion steps. The metal-oxygen bonds must therefore be

reversibly cleaved in order to provide empty coordination sites when these are required.

L„M^ j — LnM

x = o,s

Equation 5.1 - Hemilability ofafunctionalised PO or PS ligand

If the PO ligand competes with the substrates for a binding site, the rates of other steps in the

cycle such as migratory insertion may be affected, which will have an influence on the

chemoselectivity and product distribution. A careful choice of ligand is often necessary to

suit a particular reaction process.

Figure 5.1 shows cationic palladium complexes containing examples of multidentate
functionalised phosphine ligands, which are effective catalyst precursors for the

copolymerisation or cooligomerisation of ethene and carbon monoxide.
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Figure 5.1 - Effective cationic palladium complexes ofPX ligands for the copolymerisation

ofethene and carbon monoxide - (reference)

Lindner et al recently reported the application of dicationic diphosphine palladium

complexes with ether oxygen atoms y to phosphorus, as precatalysts for the

copolymerisation of ethene and CO.10 The complexes contained the potentially hexadentate

ligand, (R0C2H4)2P(CH2)3P(C2H40R)2, which was found to chelate strongly to Pd through
the phosphorus atoms and weakly through two of the pendent oxygen donors. (Figure 5.2).
External solvent molecules such as acetonitrile were unnecessary due to the presence of the
intramolecular ether moieties, which were able to stabilise electron deficient palladium

species and suppress catalytic decomposition associated with the formation of palladium
metal. These systems were highly active and produced high molecular weights of

polyketones in dichloromethane solvent containing a small quantity of MeOH.
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RO

RO

Figure 5.2 - Unusual palladium complexfor the copolymerisation ofethene and carbon
monoxide containing a hemilabile diphosphine ligand with ether donors (y to phosphorus)

5.1 RHODIUM COMPLEXES OF P-O LIGANDS

Rhodium (I) complexes of ether-phosphines have been extensively studied by Lindner et

dl.3,11,12,13,14 [^_QRh(coD)]2 (COD = cyclooctadiene) was used as a convenient starting
material for their preparation.

Scheme 5.1 describes the various complexes identified along with their synthetic
connections. [(PA0) and (P~0) represent bidentate and monodentate coordination

respectively]. Complex [a] was formed upon addition of 2 equivalents of the ether-

phosphine to [p-ClRh(COD)]2. Chloride abstraction occurred upon treatment with a solution
of AgSbF6 in THF, generating [b] in which the oxygen of the ether-phosphine is now bound,

forming a chelate. Alternatively, the cationic complex [b] can be made by firstly treating

[|u-ClRh(COD)]2 with AgSbF6 and then adding one equivalent of ether-phosphine. The

formation of the chelate ring is evidenced by a shift in the infra-red ether vibration, oas(C20),

of 30-40 cm"1 to lower wavenumbers.
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Scheme 5.1 - Rhodium (I) complexes ofether-phosphines

Complex [d] was formed from the addition of NaPF6 and 2 equivalents of ether-phosphine to

[p-ClRli(COD)]2. This complex was found to lose the cyclooctadiene ligand on dissolving
in CH2CI2 to give the bis(chelate) complex [e]. The reaction was found to be reversible
when excess COD was introduced to the solution. The passage of CO through solutions of
either complex [d] or [e] afforded the tricarbonyl rhodium (I) species, trans-

[Rh(P~0)2(C0)3]+. (Scheme 5.1 - [f]). The stability of these tricarbonyl complexes

depends on the steric demand of the phosphorus atom substituents. Often, they can only be
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identified in solution and cannot be isolated. The passage of an inert gas through solutions
of [f] resulted in decarbonylation and generation of [g]. Lindner describes the chelation of
the ether-phosphine as considerably increasing the stability of the rhodium (I) species
mentioned.

Rhodium (III) complexes with PO chelates are also readily obtainable due to the tendency of

Rh(III) to bind hard oxygen donors. The diphenylphosphinoester ligand, Ph2PCH2C(0)0Et,
reacted with RhCf under ambient conditions to afford /hc-[RhCl3(PA0)(P~0)].15 The

complex contained one ligand bound via phosphorus only and another bound in a bidentate
fashion.

CI Phi CI
O

CI///,

CI

//. 1 ..rtw
'Rh

,Wp-
i Ph2

CI///,,. I
o OEt CI

Rh' OEt

O

Ph2P

V-<0
OEt

pl"pOfOEt

Equation 5.2 - Dynamic fluxionality of[RhCh(PA0)(P~0)]

The phosphinoester ligands compete for the free coordination site, producing dynamic

fluxionality of the complex. (Equation 5.2). Low temperatures are required in order to

observe both isomers by NMR, as interconversion is sufficiently slowed under sub zero

conditions. Carbon monoxide is unable to cleave the Rli-0 bonds in this complex due to the

strong affinity of Rh(III) for hard a-donor ligands. However, a chloride ligand can be

abstracted from [RhCl3(PA0)(P~0)] by treatment with AgPF6. This results in chelation of
the second diphenylphosphinoester ligand and production of [RhCl2(PA0)2]+. Similar

chemistry is noted for P-ketophosphine ligands containing phenyl groups on phosphorus.16

Di-/er/-butylphosphinoester ligands show slightly different behaviour from their diphenyl

counterparts in that, [RhCl2(PA0)2]+ complexes can be prepared directly by addition of the
1 7

ligand to RhCf in ethanol without the need for chloride abstraction with AgPF6. The
electron donating tert-butyl groups of tBu2PCH2C(0)0Et actively facilitate the formation of
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the second PO chelate ring by creating an electron rich metal centre which can readily lose
the chloride ligand from the complex core.

Different reactivities are also observed between tert-butylphosphinoesters and p-

ketophosphines with tert-butyl groups towards solutions of RhCF, in alcohols. Instead of
formation of the cationic [RhCl2(PA0)2]+ type complexes, the addition of P-ketophosphines,

such as lBu2PCH2C(0)Ph, results in formation of neutral complexes of the type,

[RhCl2(PA0)(PA0)'] where (PA0)' designates a phosphinoenolate ligand, formed by
i o

deprotonation during the reaction. (Figure 5.3).

Ph

2 2
Figure 5.3 - Neutral Rh(III) complex containing a rf -fj-ketophosphine and a rj -

phosphinoenolate ligand

Rhodium (I) complexes containing phosphinoenolate ligands have also been synthesised.
The addition of 2 equivalents of tBu2PCH2C(0)R (R= Ph, 'Bu) to [p-ClRh(CO)2]2 in ethanol

yields tra«s-[RhCl(C0)(P~0)2]. This complex can then be treated with NaOMe to give

[Rh(C0)(PA0)'(P~0)j by deprotonation of (P~0) and chelation of the resulting enolate with
elimination of a chloride ligand. This step is reversed by treatment with HC1 in ether.

(Equation 5.3).

R = Ph, lBu

Equation 5.3 - Synthesis ofa rhodium (I) complex containing a rf -/3-ketophosphine and a

rf-phosphinoenolate ligand
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5.2 Ni AND Rh CATALYST SYSTEMS BASED ON P-O LIGANDS

As well as the cationic palladium based systems mentioned in Figure 5.1, which are active

catalysts for the copolymerisation of ethene and CO, nickel complexes of P~0 ligands have
likewise found application in this area as well as in olefin oligomerisation and

polymerisation.3,19 The coordination chemistry of nickel (II) with P-ketophosphine ligands

is well documented.20,21

One of the general classes of catalyst precursors used in the Shell Higher Olefins Process for
t in

the manufacture of linear a-olefms from ethene oligomerisation is shown in Figure 5.4/' '

R1 = Ph, H

R2 = OMe, Ph
L = PPh3, PEt3

Figure 5.4 - General class ofcatalyst precursorfor SHOP

R' Ph2
. Pv Ph
\ /

Ni

. / \
O L

[Ni(PA0)'H] is the active species in the SHOP process.22,23 It forms from the precursor via

loss of the ancillary ligand L, insertion of ethene into Ni-Ph and p-H abstraction from the

resulting Ni-C2H4Ph bond with elimination of styrene. The chelate ligand is believed to

influence the selectivity and activity of the system, whilst the ancillary ligand determines the
conditions necessary for activation of the system during the initiation period. Whilst the
P-O ligand systems give good results, Ni(II) complexes of bidentate diphos ligands fail to

catalyse ethene oligomerisation.

Klabunde et al report that these complexes can also catalyse the homopolymerisation of
ethene in the absence of an ancillary phosphine ligand.19 Instead of PPh3 or PEt3, pyridine
can be used to stabilise the precursor and polymerisation is favoured over oligomerisation.
In other words, the molecular weights of the products are closely related to the donor

strength of L. Pyridine does not coordinate to Ni(II) as strongly as phosphines. This causes

a reduction in the activation energy for the insertion of ethene and hence polymers form in

preference.24
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The copolymerisation of ethene and carbon monoxide is also catalysed by these systems but,

as carbon monoxide poisons the catalyst precursor, initiation with ethene must take place
before the admission of CO. As a result, block polymers containing polyethene and
CO/ethene sections are obtained.19

Ether-phosphine modified rhodium and cobalt complexes containing, for example,

Ph2PC2H4OMe or nPr2PC2H4OMe, have also been applied to the carbonylation of methyl
^ 11 i^ 1 t O/i

iodide and methanol respectively. ' ' ' ' ' Detailed studies were carried out in order to

elucidate the opening and closing mechanism of the hemilabile ligands in the catalytic

carbonylation cycle. The hemilabile behaviour of the P~0 ligands in the intermediates was

found strongly to facilitate the oxidative addition of methyl iodide and subsequent migration
of the methyl group onto CO. Scheme 5.2 shows the rhodium catalysed reaction cycle for

production of acetic acid from CH3I, CO and H20.
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P-O = Ph2P(CH2)2OMe or "Pr2P(CH2)2OMe

Scheme 5.2 - Carbonylation ofmethyl iodide catalysed by cationic rhodium ether-

phosphine complexes

The rhodium complex, czs-[RhCl(C0)2Ph2P(CH2)2P(0)Ph2] containing an unusual ligand
with phosphine and phosphine oxide functionality has also been observed to catalyse

efficiently the carbonylation of methanol under very mild conditions.27 However, no

evidence of the chelation of the phosphine oxide was found under the reaction conditions.
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5.3 FUNCTIONALISED PHOSPHINE LIGANDS IN Rh CATALYSED

COOLIGOMERISATION OF ETHENE AND CARBON MONOXIDE

The mechanistic studies of the Rh / 4 PEt3 catalyst system reported in chapter 4 revealed that
chelation of the 3-oxo-pentyl chain, which forms after insertion of ethene into Rh-C(0)C2Hs,
hinders chain growth by blocking the vacant coordination site. 3-Pentanone and methyl

propanoate were the main products observed with only traces of longer chain products. In

order to promote further chain growth and tailor the selectivity to ethene / CO cooligomers,
the chelation of the growing chain must be prevented.

With this aim in mind, potentially hemilabile bidentate P~0, P~S and P~N ligands were

synthesised since they have the potential to chelate to the metal centre as described above.

[Selected NMR parameters are given at the end of the chapter]. These ligands may chelate
in preference to the chain but at the same time, facilitate chain growth by allowing

displacement of the donor atom by the incoming monomers. Multiple insertions could be
achieved in this way before termination.

5.3.1 SYNTHESIS OF p-KETOPHOSPHINE LIGANDS

[j-Ketophosphines were readily made by the addition of bromo carbonyl compounds such as
17 20 21

2-bromoacetophenone to secondary phosphine ligands in acetone. ' ' Ice bath

temperatures were recommended due to the mildly exothermic reaction, which produced the

phosphonium bromide salts. Treatment of these salts with either sodium acetate or sodium

hydroxide in methanol yielded the free ketophosphines, which were distilled after work up to

improve the purity. The ketophosphines were air and moisture sensitive and were therefore
handled under an inert atmosphere at all times. Equation 5.4 outlines the general synthetic

procedure.
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!R2PH
+

BrCH2C(0)R2

Acetone

O0C

R1 = Et, R2 = Et, OEt, Ph

R1 = lBu, R2 = OEt, Ph

R1 = Cy, R2 = Ph

Br"
+

O

lR2P—CH2CRz
H

NaOH NaBr
h2o

O
1 1

r2p ch2cr

Equation 5.4 - General procedureforpreparation ofp-ketophosphines

5.3.2 NMR CHARACTERISATION OF p-KETOPHOSPHINES

The P-ketophosphines were characterised by 31P{1H}, 'H and 13C{1H} NMR techniques.
The 31P{1H} NMR spectrum typically contained a singlet signal due to the phosphine ligand
and traces of phosphine oxide, which inevitably formed during the preparative steps. The
chemical shift of the singlet was found to depend on the substituents on the phosphorus
atom. In general, ethyl substituents gave rise to singlets in the range of - 5 to - 20 ppm

whilst cyclohexyl and tert-butyl groups gave rise to singlets typically at - 0.6 and 31 ppm

respectively.

ni m

(CH3CH2)2PCH2Cx
[31 /)

Acetic Acid
/ Impurity

ocHoCH3
[4| [5]

HI

jl

HI
[11

I

18. »1

23.45 33.86

Spectrum 5.1 - 'H NMR spectrum ofEt2PCH2C(0)0C2Hs in CDCI3
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i 1-5

The H and C NMR spectra were more useful in characterising the phosphorus ligands and
in determining their level of purity. Spectrum 5.1 shows the NMR spectrum of

Et2PCH2C(0)0Et with all the relevant signals assigned. Besides the multiplets from the

ethyl substituents on phosphorus, a doublet was observed at 5 2.38 ppm with a JP_H coupling

constant of 1.56 Hz. This was assigned to the methylene protons between the phosphorus

and carbonyl fragments. A quartet and triplet were also present at 5 4.08 and § 1.19 ppm

respectively due to the ethyl protons of the ester fragment which are too remote from

phosphorus for P-H coupling. Acetic acid impurity was noted in this sample, as a byproduct
from the deprotonation of the phosphonium salt with sodium acetate. This was subsequently
removed by treatment with sodium bicarbonate before catalytic testing.

^ w 1*1 o\
Pt V> H »*>
o od n f>

91 CO 1 01 ffl

[21

J

[1] [2] [3] o
(CH3CH2)2PCH2C

[4] OCH2CH3
[51 [6]

[51
7 °

kT

Acetic Acid
Impurity \ HI

[3]

Acetic Acid
Impurity

[61111

I I II 11 I | 11 I ) | I I I I | I I I I | I I I I | I I I I [ 1 I 1 I | I I I I | I I II | I I I I | I I I I 1 I I I I ] I I I I | 1 I I I | I I 1 I | I I 1 I | I I I I 1 I I I I | 1 I 11 | I II 1 | 1

200 180 160 140 120 100 80 60 40 20
ppm

Spectrum 5.2 - 13 C NMR spectrum ofEt2PCH2C(0)0C2li5 in CDCI3

The 13C {1H } NMR spectrum contained very distinctive doublets at 8 9.47 ppm (Jp_c = 14.6

Hz) and 8 18.95 ppm (JP-c = 12.2 Hz) which were assigned to the CH3 and CH2
environments of the ethyl substituents on phosphorus respectively. (Spectrum 5.2).

Likewise, the methylene fragment [3] bonded to phosphorus also produced a doublet due to

P-C coupling. (8 31.06 ppm, JP.c = 26.9 Hz). The carbon environments of the ester ethyl
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group, [5] and [6], were too remote to couple with the phosphorus atom and so produced

singlets at 5 60.44 ppm and 8 14.32 ppm. Finally the carbonyl carbon was observed as a

singlet at 8 171.2 ppm. [Acetic acid impurity at 8 20.7 and 8 177 ppm also],

A interesting result was obtained when the ketophosphine, Et2PCH2C(0)C2H5, made by
addition of l-bromo-2-butanone to diethylphosphine, was dissolved in methanol^ rather
than CDCI3. The 31P NMR spectrum of the fresh solution contained three singlets in close

proximity at 8 - 18.10, 8 - 18.31 and 8 - 18.51 ppm. These singlets were assigned to three

isotopomers, resulting from the partial exchange of the acidic methylene protons with

CD3OD.

OOO
II II II

Et2PCH2CC2H5 Et2PCHDCC2H5 Et2PCD2CC2H5

3,P : 8 -18.10 ppm 31P : 8 -18.31 ppm 31P : 8 -18.51 ppm

O
II

Et2PCD2CC2H5

I Time

+ O
II

Et2PCD2CC2Hs
D

31P : 8 45.2 ppm, 1:1:1 triplet 3IP : 8 - 18.5 ppm, singlet

Equation 5.5 - Reaction ofEt2PCH2C(0)C2H5 with CD3OD with time

After a period of 3 days, full exchange into the methylene group had taken place leaving

only one peak at 8 - 18.5 ppm. A substantial amount of protonation of the phosphorus atom

by the alcoholic solvent had also occurred producing [Et2P(D)CD2C(0)C2H5] OCD3. The
latter was observed as a 1:1:1 triplet with a coupling constant of 70 Hz (due to phosphorus-
deuterium coupling) in the 3IP NMR spectrum. The complex 1II spectrum of this mixture is

assigned below. (Spectrum 5.3).
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2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0
i—,—i—,—i ' 1 ' PP» ' , ' ' 1 '
5.88 16.34 70.73

6.28 14.29

Spectrum 5.3 - 'HNMR spectrum ofEt2PCD2C(0)C2Hs and [Et2P(D)CD2C(O)C2Hs]+ in

CD3OD

Compared to the original spectrum for Et2PCH2C(0)C2Hs in CDCI3, similar peaks at 8 2.49,

8 1.46, 8 1.05 and 8 1.02 ppm were present in this spectrum for Et2PCD2C(0)C2H5, except

for the absence of the singlet signal at 8 2.6 ppm due to exchange of the protons for
deuterium atoms in the methylene fragment. [The observation of a singlet methylene signal
was surprising in the ]H spectrum of Et2PCH2C(0)C2H5 in CDCI3. P-H coupling had been

expected based on the same methylene environment in Et2PCH2C(0)0C2H5. (Spectrum

5.1). However, the coupling constant in that case was very small and may explain the
absence of coupling observed with this ketophosphine.]

In addition to the signals from Et2PCD2C(0)C2Hs, new signals were observed for

[Et2P(D)CD2C(0)C2H5]+ at 8 2.58, 8 1.88, 8 1.20 and 8 1.04 ppm. The overlapping set of

signals producing the multiplet resonance between 8 0.98 and 8 1.12 ppm is broken down
into its substituent parts in the inlay shown in Spectrum 5.3. Just as the methyl environment

[5] of [Et2P(D)CD2C(0)C2H5]+ produced a doublet of triplets (at 8 1.20 ppm, JP.H ~ 19 Hz),
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the methyl group in environment [1] of Et2PCD2C(0)C2H5 also produced a doublet of

triplets (5 1.05 ppm, Jp-h = 25 Hz), through coupling to the neighbouring methylene group

and the P(III) centre. However, this signal is overlapped by the triplet resonances for the

methyl environments [4] and [8] at 5 1.02 and 5 1.04 ppm respectively. These methyl

groups of the functionalised carbonyl chain were too remote from their respective

phosphorus centres to allow P-H coupling. However, the methylene group [7] showed

coupling to P(V). A small P-H coupling of 1.1 Hz was observed for this CH2 environment,
which produced a doublet of quartets at 5 2.58 ppm alongside the quartet of the equivalent

methylene group, [3], in Et2PCD2C(0)C2H5, which did not show coupling to P(III). The
CH2 group, [6], of the ethyl substituents on phosphorus in [Et2P(D)CD2C(0)C2H5]+ also
showed P-H coupling, producing an overlapping doublet of quartets at § 1.88 ppm with a

larger coupling constant of 12.5 Hz due to closer proximity of these protons to the
phosphorus (V) centre in environment [6] than [7],

An unusual 13C NMR spectrum was obtained from the p-ketophosphine made by addition of
3-bromo-2-butanone to Et2PH. (Spectrum 5.4). Et2PCH(CH3)C(0)CH3 contains a

stereogenic centre at the methyne carbon, which creates inequivalent ethyl groups on the
phosphorus atom. [In all other ketophosphine ligands made from Et2PH, the methyl and
methylene carbons were equivalent between the two ethyl substituents].

IS]

X)
111 [21
CH3-CH2 [5| #

>P—CH-Q
CH3—CH2' tt J, |6]\ch[3| [4] H3C

is] m
|6| = 209.48 ppm (Off Scale)

[7]

h

|2][4|

Impurity

[1][3[

18]

Impurity

Spectrum 5.4 - 13 C NMR Spectrum ofEtjPCINClf)C(O)CH3 (0 to 50 ppm only)
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[5]
[1] [3]
h3c—ch2

\

/
o

H

Et

r

H3C — CHV
[2] [4]

1H NMR Assignments

ch3 [1] 8 1.04 ppm (m) [5] 8 2.77 ppm (dq)

[2] 8 1.04 ppm (m) [6] 8 1.17 ppm (dd)

[3] 8 1.40 ppm (m) [7] 8 2.19 ppm (d)

[4] 8 1.40 ppm (m)

Newmann Projection

Figure 5.5 - Newmann projection and lH NMR assignment ofEt2PCH(CHfC(O)CH3

The 13C NMR spectrum was very distinctive in that it contained four doublets for the ethyl

groups rather than two as usually observed. The two doublets of the methyl environment
had an identical coupling constant (Jp-c) of 11.90 Hz, as did the methylene environment,
which had a coupling constant of 15.15 Hz. The JP_c values of the chiral carbon and CH3 [8]
were 23.81 and 8.66 Hz respectively. The carbonyl carbon [6] produced a singlet and the

adjacent methyl carbon [7] produced a doublet with a very small coupling due to the
remoteness from the phosphorus centre.

The *H NMR spectrum contained an overlapping doublet of quartets at 8 2.77 ppm from the

methyne proton on the stereogenic centre through coupling to CH3 [6] and to phosphorus.

Likewise, the methyl group on the stereogenic carbon produced a double doublet at 8 1.17

ppm due to coupling to the methyne proton and to phosphorus. CH3 [7] produced a doublet
at 8 2.19 ppm through long range coupling to the phosphorus atom. Interestingly, the

hydrogen atoms in each methylene fragment, [3] and [4], are diastereotopic, in that they are

inequivalent to one another, producing the observed complex multiplet at 8 1.40 ppm. The

31P NMR spectrum contained a singlet at 8 - 5.41 ppm from the ketophosphine and a singlet
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at 5 61.63 ppm due to the phosphine oxide. (Distillation of the phosphine, which is

necessary to remove organic impurities, inevitably resulted in the introduction of small
amounts of oxygen producing some contamination by the oxide).

In conjunction with one another, 31P, ]H and 13C NMR spectroscopy proved to be invaluable
in the characterisation of these air sensitive functionalised phosphine ligands.

5.3.3 TESTING OF (3-KETOPHOSPHINE LIGANDS WITH CATALYTIC

SYSTEM GENERATED INSITU FROM [Rh(acac)(CO)2]

In the same way as a catalyst system was generated from [Rh(acac)(CO)2] and 4 PEt3 in

methanol, a catalyst was likewise formed in situ upon the addition of four equivalents of

ketophosphine ligand to the same rhodium (I) precursor. (Equation 5.6).

'O CO
Rh

V ""CO
+

o
1 II 21r2pch2crz

MeOH

C2H4/CO (1:1)
24 h,110 °C

R1 = Et

R2 = Et, OEt, Ph

3-Pentenone

O

CELOH

och3

o

Methyl Acrylate

och3

O

O

3-Pentanone

o

O

Methyl Propanoate

och3

O

O

och3

o

l-Methoxy-3-pentanone 3,6-Octanedione Methyl 4-oxohexanoate

Equation 5.6 - Generation of(3-ketophosphine catalysts in situ and the seven ethene / CO

cooligomers produced in methanol
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A markedly different result was obtained using these catalysts as up to seven different ethene

/ CO cooligomers were identified. As well as the desired increased levels of 3,6-octanedione

and methyl 4-oxohexanoate, the p-elimination products of methyl acrylate and 3-pentenone
were also generated alongside methyl propanoate and 3-pentanone. There was also evidence
of a new product which was not observed in the Rh / 4 PEt3 system. The 13C NMR and mass

spectrum allowed elucidation of the identity of this new product as l-methoxy-3-pentanone.

A control experiment showed that this new product formed under the reaction conditions in a

non-catalysed process from the addition of methanol across the double bond of 3-pentenone.

(Equation 5.6). (As only trace levels of the 3-pentenone were ever detected in the Rh / 4

PEt3 system, l-methoxy-3-pentanone could not be produced). This is a fairly advantageous
side reaction as it transforms the relatively short chain product of 3-pentenone into a longer
chain product. [Long chain products are defined as having 7 atoms or more in their

backbone].

Like 3,6-octanedione and methyl 4-oxohexanoate, l-methoxy-3-pentanone is not

commercially available. It was therefore obtained from the control experiment, which was

carried out in the autoclave at 110 °C, by reaction of 3-pentenone with methanol in the
absence of the catalyst. After atmospheric distillation of the reaction mixture to remove

methanol and unreacted 3-pentenone and condensation to a cold trap under vacuum, the
• 1 ^

product was obtained in a pure form. This allowed comparison with the C NMR spectrum

of the catalytic mixtures and calibration of the GC column. When the catalyst, prepared in

situ from [Rh(acac)(CO)2] and 4 equivalents of Et2PCH2C(0)Ph, was present as well as 3-

pentenone and methanol, l-methoxy-3-pentanone was similarly generated. However, the

production of this compound directly from the two starting materials renders the

participation of a catalyst unlikely in this second control experiment. The production of
small quantities of 3-pentanone from the catalytic hydrogenation of 3-pentenone using
methanol as the hydrogen source was also noted.

The l3C NMR spectrum of the product mixture from a standard catalytic run using

Et2PCH2C(0)Ph is shown below. (Spectrum 5.5). The main products, 3-pentanone, 1-

methoxy-3-pentanone and 3,6-octanedione, are clearly identified in the spectrum. (A DEPT
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spectrum was obtained in order to correctly assign the methyl and methylene signals of 1-

methoxy-3 -pentanone).

O CDCI3 CH3OH

171 191 dcH3

|3|
[5]
/
rl8]

J_u OJLwl

[101

1

[111

Aj l J1

12]

[41

m

191Y

jJuLkHUJ

111

[6]

LiLL-.ii JJUL.

Spectrum 5.5 - 13 C NMR spectrum ofsolution from standard catalytic run using

Et2PCH2C(0)Ph

The ester products and unsaturated (3-elimination products were present in lower
concentrations and were more readily identified by their carbonyl resonances. The carbonyl

signals of 3-pentenone and methyl acrylate were found at 5 201.76 and § 166.28 ppm

respectively. The ketone and ester carbonyl environments present in methyl 4-oxohexanoate

produced low intensity signals at S 209.97 and 8 172.96 ppm respectively and the carbonyl

signal for methyl propanoate was present at 8 174.71 ppm.

The GCMS pattern of l-methoxy-3-pentanone contained the following ions : 116 [M]+, 87
[M- Et]+, 57 [EtCO]+, 45 [CH2OCH3]+, 29 [Et]+. (Spectrum 5.6).
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Abundance
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Spectrum 5.6 - Mass spectrum of l-methoxy-3-pentanone synthesised in the autoclave

from 3-pentenone and methanol at 110°C

Table 5.1 shows the catalytic turnover numbers obtained for the seven cooligomers by using

various P-ketophosphine catalysts prepared in situ from [Rh(acac)(CO)2].

188



Chapter Five

Table 5.1 - Products (expressed as catalyst turnovers) after 24 h at 110 °C from the
reaction of CO (35 bar) and ethene (35 bar) in methanol (10 cm3) using f -ketophosphine

catalysts

Ketophosphine3 MA MP EVK DEK 1M3P M40H OD
Total

Turnover

% Selectivity
to LCP

Et2PCH2C(0)Ph 4.4 4.4 2.0 24.0 12.5 2.4 9.0 58.7 40.7

Et2PCH2C(0)Et 6.7 7.8 3.1 23.4 12.0 2.6 7.1 62.7 34.6

Et2PCH2C(0)0Et 12.2 6.8 3.7 38.2 14.3 5.8 9.7 90.7 32.9

Et2PCH(CH3)C(0)CH3 7.2 6.9 1.4 39.7 6.7 2.5 3.1 67.5 18.2

Et2PCH(CH3)C(0)CH3 b 6.2 6.8 3.3 34.2 13.3 3.6 10.5 77.9 35.2

Et2PCH(CH3)C(0)CH3 c 2.4 3.5 2.6 22.3 8.1 1.9 9.9 50.7 39.3

Cy2PCH2C(0)Ph - 4.0 - 0.5 1.2 2.0 0.7 8.4 46.4

'Bu2PCH2C(0)0Et - 2.1 1.7 7.7 11.2 - 4.4 27.1 57.6

'Bu2PCH2C(0)Ph - - - - - - - 0 -

a

[Rh(acac)(CO)2] (0.1 mmol) / Ketophosphine (0.4 mmol) as catalyst precursor

b
Reaction carried out in CH3OH (9 cm3) and 3,3-dimethyl-but-l-ene (1 cm3)

c
Two equivalents of ketophosphine used - i.e. (0.2 mmol)

MA (methyl acrylate), MP (methyl propanoate), EVK (3-pentenone, ethyl vinyl ketone), DEK (3-pentanone,

diethyl ketone), 1M3P (l-methoxy-3-pentanone), M40H (methyl 4-oxohexanoate), OD (3,6-octanedione),
LCP (Long chain products, 7+ atoms in backbone).

In all systems, 3-pentanone (DEK, diethyl ketone) was the major product except in the case

of Cy2PCH2C(0)Ph where methyl propanoate was made to the largest extent and in the

experiment using 'B^PCPECXOjPh where no reaction was observed at all. However, the

quantities of the longer chain products (LCP), l-methoxy-3-pentanone and 3,6-octanedione,
were substantially increased in relation to 3-pentanone compared to the equivalent reaction

using PEt3. For instance, the DEK : OD ratio fell from 24.5:1 to, on average, 3.3:1 using

ketophosphine systems. Methyl 4-oxohexanoate was observed for the first time with these

systems although turnover numbers to this longer chain ketoester were smaller than those
observed for 1M3P and DEK.

The highest selectivity of 40.7 % to the long chain products from all the

diethylketophosphines was achieved with Et2PCH2C(0)Ph. The most active system
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producing the highest total turnover was observed using Et2PCH2C(0)0Et. Elowever this

system gave substantially more 3-pentanone and methyl acrylate making it less selective to

the desired longer chain cooligomers. Nonetheless, methyl acrylate is a useful product and
is produced with the highest selectivity in this system. The poorest selectivity to LCP was

noted for the chiral ketophosphine, Et2PCH(CH3)C(0)CH3. However, this was raised to

similar values obtained for the other diethylketophosphines by use of 3,3-dimethyl-but-l-ene
as an additive.

Methyl acrylate is an unusual product to obtain from ethene / CO and methanol mixtures and
is industrially significant through its wide application in polymerisation processes. The
intended aim of using a small quantity of 3,3-dimethyl-but-l-ene was to facilitate methyl

acrylate production. This unsaturated product can only be generated via the carbomethoxy

cycle from insertion of CO into Rh-OMe followed by ethene insertion and P-H abstraction.
The intended purpose of 3,3-dimethyl-but-l-ene was to 'mop' up Rh-H intermediates by

allowing hydrogenation of the double bond. (Scheme 5.3). The higher concentration of this
additive in solution than ethene might make this process dominant over reaction with ethene
dissolved in solution. This process would recycle Rh-H back into Rh-OMe and possibly

encourage higher turnover of the carbomethoxy cycle and therefore increase production of

methyl acrylate.

Rh H Rh

ch3OH

v A

o

OCHq

//

OCH3
Rh—C.

C2H4 OCH3

Scheme 5.3 - Possible reaction of3,3-dimethyl-but-l-ene with Rh-H, generating Rh-OCH3

for the carbomethoxy cycle
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This effect was not achieved as no substantial increase in TONma was observed. The

quantities of the short chain products produced were similar to the reaction in the absence of
the additive. However, as previously mentioned, the additive did appear to improve turnover

in the longer chain products. The way in which this was achieved by 3,3-dimethyl-but-l-ene
is not understood.

Alternatively, the selectivity to LCP was also improved by using only two equivalents of

Et2PCH(CH3)C(0)CH3 rather than four. The overall activity of the system was reduced but,

the production of approximately half the amount of 3-pentanone and methyl propanoate

without a similar decrease in LCP production compared to the standard run with four

equivalents, resulted in selectivity to the longer chain products which rivalled that of

Et2PCH2C(0)Ph.

This result demonstrates that the molar ratio of Rh to ketophosphine ligand plays a part in

determining the overall activity and selectivity of the system. The choice of using four

equivalents of ketophosphine ligand as standard was in order to remain comparable with the

preformed [RhH(PEt3)4] system and the catalyst system prepared in situ from

[Rh(acac)(CO)2] and 4 PEt3. 3,6-Octanedione was the only long chain product produced by
these catalyst systems. The best selectivity to this product of 15.6 % was achieved from the
latter system in 3:1 ethylene glycol / methanol. In comparison, the percentage selectivities
obtained for long chain products were typically more than twice this value from catalysts
based on these functionalised potentially hemilabile / bidentate diethylketophosphine

ligands.

In addition to the seven cooligomers, shown in Equation 5.6, an unidentified product was

observed to varying extents when the diethylketophosphines were used. The mass spectrum

of this unknown contained large fragments ions at 103 and 101 mass units and smaller ions
at 59, 57, 45 and 28. This material was found to come off the GC and GCMS column just
before l-methoxy-3-pentanone and initial expectations were that it was due to 1-methoxy-

methyl propanoate from the non catalysed reaction of methyl acrylate with methanol.

However, when 1-methoxy-methyl propanoate was synthesised in the autoclave from these

compounds, the mass spectrum was different, although the retention time of the product on
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the GC was identical. The main difference was the presence of fragment ions at 88 [M -

2Me]+ and 87 [M - OMe]+ mass units which were not found in the spectrum of the unknown

and the absence of a fragment at 101. The similarities between the two spectra were the

fragments at 103 [M - Me]+, 59 [MeOC(0)]+and 45 [MeOCH2]+. To date, the only possible

explanation is that the peak is a mixture of two different compounds, which have the same

volatility. The two components could be the reaction products of 3-pentenone and methyl

acrylate with small amounts of water, i.e. 1 -hydroxy-methyl propanoate and l-hydroxy-3-

pentanone, although this process seems unlikely as the methanol solvent was dried prior to

use. Nonetheless, all the main fragment ions can be assigned from a possible mixture of the
two. (Spectrum 5.7).
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Spectrum 5.7 - Mass spectrum ofunknown. (Potentially a mixture of1-hydroxy-3-

pentanone and 1 -hydroxy-methylpropanoate)

The concentration of this unknown appeared to be low in comparison to the major products.

However, the reactions carried out using the chiral ketophosphine, Et2PCH(CH3)C(0)CH3
and the phosphinoester, Et2PCH2C(0)0Et produced larger quantities of the material of the
same order of intensity as that seen for l-methoxy-3-pentanone. An attempt to identify the
material by 13C NMR using a concentrated solution after removal of the shorter chain
fractions failed. Many peaks, which were unaccounted for, were observed in the spectrum

making it difficult to assign. A potential carbonyl resonance was found at 5 208.3 ppm as
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well as signals at 5 46.5, 5 53.0 and 5 23.5 ppm, which may be due to methylene carbon

atoms.

The unknown material was not generated at all by the systems using Cy2PCH2C(0)Ph or

lBu2PCH2C(0)0Et. The activity of these catalyst systems was very disappointing. The
former system did not produce any unsaturated products and was surprisingly more selective
to the ester than the ketone products. The latter system only produced 3-pentenone and
therefore relatively large amounts of l-methoxy-3-pentanone were noted from the non-

catalysed side reaction. However, the selectivities to the long chain products were higher
than average for these low activity systems. No reaction was observed at all using

tBu2PCH2C(0)Ph.

In conclusion, the use of P-ketophosphine ligands containing ethyl substituents on

phosphorus, offers a more diverse range of ethene / CO cooligomers including unsaturated
ketones and esters. Careful choice of the ligand can allow the product distribution to be
tailored more precisely. The selectivity to longer chain products is improved by a beneficial
non catalysed side reaction which transforms 3-pentenone (generated from the increased
occurrence of P-H abstraction) into l-methoxy-3-pentanone. The overall activity is less than
observed before using PEt3 as the ligand; however, this can be improved through catalyst

optimisation. The changes in chemoselectivity and product distribution suggest that a

different mechanism operates in these systems compared to that discussed in Chapter 4 for
the Rh / 4 PEt3 systems. The elucidation of this new mechanism is the subject of the next

section.
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5.3.4 DEUTERIUM LABELLING STUDY OF THE REACTIONS CATALYSED

BY Rh / [3-KETOPHOSPHINE LIGAND SYSTEMS

Mechanistic information was obtained for the Rh / 4 PEt3 system by carrying out the

catalytic reaction in deuterium labelled methanol and observing the label positions in the

product molecules. From the product distribution, it is possible that a different mechanism

operates in the catalyst systems using four equivalents of ketophosphine than four

equivalents of tertiary phosphine. Understanding of this alternative mechanism was

therefore sought through a similar labelling experiment in methanol-d4.

Analysis of the methanolic solution showed that a very limited reaction had taken place.
Rather than all seven cooligomers normally observed under standard run conditions, only
small quantities of 3-pentanone and methyl propanoate were readily detected by GCMS.

Nonetheless, the labelling within these products was sufficient to demonstrate the difference
in mechanism. Mass spectra across the two product peaks are shown below. This average

mass spectrum reflects the distribution of all isotopomers and must be considered rather than
the spectra obtained from single slices through the peak.
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Spectrum 5.8 - Mass spectrum ofmethyl propanoate producedfrom Rh / 4

EtyPCHiCfO)C2H5 system in CD3OD

194



Chapter Five
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Spectrum 5.9 Mass spectrum of3 pentanone producedfrom Rh / 7 TTRCTCCy

system in CD3OD

By observing the acyl fragment regions, EtC(O), it can be seen that both 3-pentanone and

methyl propanoate contain up to 3 deuterium atoms only. The group of ions between 57 and
60 mass units provides evidence for this. Furthermore, the large abundance of the ions at 57
mass units in both spectra suggests that a substantial percentage of the isotopomers contain
no deuterium atoms within this fragment at all. This once again indicates that ethene
insertion into the Rh-D bond and exchange of free and bound ethene are both rapid and
reversible. The intensity of the fragment ions at 58 indicate that one deuterium atom is

readily incorporated into EtC(O). The ions at 59 and 60 mass units are much less intense.
The main difference to note from the results obtained with 4 PEt3 is the absence of a signal
at 61 mass units for 3-pentanone. This fragment ion was observed in the 3-pentanone mass

spectrum from the Rh / 4 PEt3 labelling experiment and indicated multiple deuterium

incorporation into the methyl group of EtC(O). (See Chapter 4, section 4.5.3).

The mass spectra provide information on the number of labels incorporated but the
13 1 2

positioning of these labels within the molecules is given by C { H, H} NMR

spectroscopy. This technique is very useful and is discussed in Chapter 4, section 4.5.1.
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Methylene Resonances
3-Pentanone

ppm

Spectrum 5.10 13C {'H, 2H} NMR spectrum. Methylene resonances of3 pentanone and

methyl propanoate producedfrom Rh / 4 Et2PCH2C(0)C2H5 system in CD3OD

Methyl Resonances

Methyl Propanoate 3-Pentanone

PPm

Spectrum 5.11 13C {'H, 2H) NMR spectrum. Methyl resonances of3 pentanone and

methyl propanoate producedfrom Rh / 4 Et2PCH2C(O) C2H3 system in CD3OD
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The methylene signals of the ester and ketone products, at 5 28.0 and 5 36.0 ppm

respectively, offer the clearest information. (Spectrum 5.10). For both products, resonances

for carbon atoms affected by 0, 1 and 2 a shifts and 0 and 1 P shifts were observed. As

previously noted, the two a-shifts indicate the relative ease of exchange of methylene

protons for deuterium atoms, due to the acidic nature of these protons next to the carbonyl

moiety. The observation of only one p-shifted peak indicates that the methyl carbon of these

products do not undergo multiple deuterium incorporation. Instead, only up to one

deuterium atom was carried by this carbon.

Although this result is in agreement with previous observations for methyl propanoate in the
Rh / 4 PEt3 label experiment, it is in direct contrast to the evidence obtained for 3-pentanone.

(See Chapter 4, section 4.5.3). The presence of two a shifted and two P shifted peaks in the

methylene signal for 3-pentanone had previously revealed up to two deuterium atoms in the

methyl fragment. Nonetheless, this different result mirrored the findings of the mass

spectrum of 3-pentanone which did not contain an ion at 62 mass units from CHD2CD2C(0).

The methyl carbon signal of methyl propanoate at 8 9.4 ppm is less clear. (Spectrum 5.11).

It appears that two a shifted resonances are present which would indicate CHD2 groups.

This conflicts with the evidence from the methylene signal, which shows only one p shifted
resonance. The spectrum contains many additional signals in this area, so it is possible that
this apparent second a shift is false and that the peak is simply due to another compound.
The methyl carbon environment of 3-pentanone complies with the methylene signal, as

resonances for carbon atoms affected by 0 and 1 a shift and 0, 1 and 2 p shifts are present.

In conclusion, when comparing the labelling results in the PEt3 and ketophosphine systems,

the various isotopomers of methyl propanoate are found to be the same but a different

labelling pattern for 3-pentanone is observed. The triethylphosphine systems allow multiple
deuterium incorporation into the methyl group whilst the ketophosphine systems do not.

Equation 5.7 shows the isotopomers with the maximum deuterium labelling observed.
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D D D D

D D

C2H4 / CO
+ +

CD3OD D D
4 Et2PCH2C(0)Et

D
OCD3

Equation 5.7 - Isotopomcrs of3-pcntanone and methylpropanoate with maximum

labellingfrom the catalytic reaction using Rh / 4 Et2PCH.2C(O) C2H5 in CD3OD with ethene
and carbon monoxide

5.3.5 MECHANISTIC DISCUSSION AND POSSIBLE INTERMEDIATES

As discussed in Chapter 4, section 4.5.3, the method by which multiple deuteriation takes

place into the methyl carbon of 3-pentanone is via an enolate rearrangement. In order to

enter into this rearrangement, the intermediate, which forms after the second insertion of

ethene, must involve a p2-3-oxopentyl chelate ring. The additional binding through the

carbonyl oxygen allows the enolate to form. The absence of multiple deuteriated methyl

groups in 3-pentanone produced from the ketophosphine systems, therefore suggests that

rearrangement into an enolate does not occur. This result points to the conclusion that, in
these systems, the carbonyl group of the growing chain does not coordinate, presumably

because the coordination site is blocked by the carbonyl group (I to the phosphorus atom of

the phosphine ligand.

In short, the labelling studies suggest that the catalytic intermediates contain at least one

bidentate |3-ketophosphine ligand. This was the intention of using these functionalised

ligands. By acting in a bidentate manner through formation of a stable five membered ring
with rhodium, chelation of the 3-oxopentyl chain could be prevented. This would potentially
allow further chain growth as formation of the r| -3-oxopentyl chelate or of the enolate
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intermediate was found to hinder reaction with CO in the PEt3 system. Hence, the increased

quantity of long chain products in relation to 3-pentanone is further evidence that the P~

ketophosphines perform their intended role. Scheme 5.4 and Scheme 5.5 show the possible

hydride and carbomethoxy cycle intermediates that lead to the observed products.

2
T) -3-Oxopentyl Species (PEt3) tj -3-Oxopentyl Species (P~0)

3-Pentanone

Chain growth
18 e

P-O = Et2PCH2C(0)R
R = Ph, OEt, Et

Figure 5.6 - Difference in structure and reactivities ofthe 3-oxopentyl intermediate in PEt3
and /3-ketophosphine systems

The production of unsaturated products also implies that the growing chain does not chelate
in the ketophosphine systems. The absence of carbonyl binding in the intermediates allows
release from the metal coordination sphere, of 3-pentenone and methyl acrylate, which form
after p-H abstraction. (Scheme 5.4 and Scheme 5.5). 3-Pentenone was not observed in the
Rh / 4 PEt3 system since, after the P-H abstraction step, the double binding through the

carbonyl oxygen and the double bond prevented its release into solution. Instead,

rearrangement occurred forming the enolate intermediate, which allowed protonation and
formation of 3-pentanone. Methyl acrylate can only form from the carbomethoxy cycle.
This cycle did not operate in the Rh / 4 PET systems, due to the rapid P-H abstraction of the

required 16 electron methoxy complex into the hydride species for re-initiation of the

hydride cycle. Hence methyl acrylate could not be produced. (Figure 5.7).
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P
[RhH(CO)P2]

OQ,//fi
P-O

OCH3OC—Rh—OMe

P

16 e

Carbomethoxy
Cycle

V 1

CO
18 e

P = PEt3 I
Methyl Acrylate or

Methyl Propanoate

P-O = Et2PCH2C(0)R
R = Ph, OEt, Et

Figure 5.7 - Difference in structure and reactivities of the methoxy intermediates in FEt3
and (3-ketophosphine systems

Methyl acrylate confirms that the carbomethoxy cycle does operate in the ketophosphine

system in addition to the hydride cycle, which is responsible for the other products. This

implies that the methoxy species, generated after reductive elimination of the saturated

products, is longer lived and can undergo CO insertion. Due to chelation of one of the

ketophosphines, the methoxy complex would have 18 electrons and would therefore be less

likely to undergo P-H abstraction to regenerate the hydride. (Figure 5.7). Instead, insertion
of the carbonyl ligand within the coordination sphere into the Rh-OMe bond may arise
followed by coordination of ethene. At that point, insertion of ethene and P-H abstraction
would yield methyl acrylate. Alternatively, methyl propanoate could form by protonation of
the intermediate rather than p-H abstraction, in addition to methanolysis of Rh-C(0)Et in the

hydride cycle.

The active hydride species is probably [RhH(C0)(P~0)2] where both ketophosphine ligands
are monodentate. (Figure 5.8). This 16 electron complex may be formed from the 18
electron precursor intermediate, [RhH(C0)(PA0)(P~0)], by dechelation of the

ketophosphine oxygen donor. This step may be slow, which could therefore explain the
reduced activity of these systems.
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p~o

H Rh CO
P-O = Et2PCH2C(0)R
R = Ph, OEt, Et

P-O

Figure 5.8 - Possible 16 electron active hydride species
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Scheme5.4-Possibler/'-3-oxo-pentylintermediate(fromthehydridecycle)containingabidentateketophosphineligandandassociated reactionpathwaystotheobservedketoneproducts
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Scheme5.5-Possiblemethoxyintermediate(incarbomethoxycycle)andassociatedreactionpathwaystotheobservedesterproducts
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Scheme5.6-PossiblecatalyticcycleinoperationduringRh/4Et2PCH2C(0)Rcatalysedethene/COcooligomerisation
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Scheme 5.6 shows the probable intermediates and catalytic cycles operating in the Rh / 4

Et2PCH2C(0)R systems. [DEK (3-pentanone, diethyl ketone), EVK (3-pentenone, ethyl

vinyl ketone), MP (methyl propanoate), MA (methyl acrylate)].

The r|1 -C2H4C(0)R groups of the 16 electron intermediates [B] and [D], shown in Scheme

5.6, may be unable to chelate to Rh due to the preferential binding of CO. (Figure 5.9). The

high electron density on rhodium in these intermediates would favour coordination of CO
over the carbonyl chain as a reduction in electron density can be achieved by back donation
into the it antibonding orbital of the CO ligand. The chelation of the carbonyl donor is,

however, possible in the Rh / 4 PEt3 system as the equivalent intermediate, [Rh(r|

C2H4C(0)Et)(C0)(PEt3)2], already contains a carbonyl ligand and so the drive to coordinate
CO is much reduced allowing chelation of the 3-oxopentyl chain in preference.

P-O = Et2PCH2C(0)R [B], R = Et [A], R = Et
R = Ph, OEt, Et [D], R = OMe |C], R = OMe

P-O p~o 0 P-O o
CO !

Rh R — 9 Rh^ ^ R
CO

P

18 e 16 e 18 e

PEt3 o P£t3 O
sCO/ | Jf

OC Rh^ / - OC Rh^^^Et 7^ OC Rh<^^Et
I CO

PEt3 PEt3

18 e 16 e 18 e

Figure 5.9 - Preferential binding of CO over r/1 -C2H4C(0)R in the 16 electron

ketophosphine species and comparison to the equivalent 16 electron PEt3 species

The enolate mechanism, which requires r)2-C2H4C(0)R, would therefore always be

prevented in the ketophosphine system. P-H abstraction from intermediates [B] and [D]
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would lead to the loss of the unsaturated products, 3-pentenone and methyl acrylate, thus
also preventing multiple deuterium incorporation into the methyl group of 3-pentanone.

Instead, products were identified with single labelled methyl groups only.

Intermediates [A] and [C], produced after CO binding, can then undergo protonation by
methanol before reductively eliminating 3-pentanone and methyl propanoate. Chain growth
can easily be envisaged by additional CO and ethene insertions into intermediates [A] and

[C] before protonation. An additional route to methyl propanoate is via the hydride cycle

through methanolysis of the acyl intermediate [E],

A rather different but promising result was obtained when the Rh / 4 Et2PCH2C(0)C2H5

system was carried out in isopropanol instead of methanol. The activity and

chemoselectivity was drastically different to the result obtained in methanol. Only four

products, 3-pentanone, 3-pentenone, 3,6-octanedione and isopropyl propanoate, were

observed making the isopropanol system more selective. (Equation 5.8). There was no

evidence of isopropyl acrylate, (the equivalent of methyl acrylate in 'PrOH) or of the
addition product of isopropanol across the double bond of 3-pentenone, (the equivalent of 1-

methoxy-3-pentanone). 3,6-Octanedione was the only longer chain cooligomer to form in
this system and the turnover number of 28.9 to this desired product was the largest ever

observed from any system. However, the large turnover in 3-pentanone of 114 still resulted
in a DEK : OD ratio of 3.9:1 which is similar to the average ratio of 3.3:1 from these systems

in methanol. The ester product synthesised in 'PrOH was iso-propyl propanoate. However,

quantitation of this product was not available due to the absence of GC calibration.

Nonetheless, the quantities produced appeared to be small based on the intensity of the GC

peak compared to the ketonic products. Alongside the highest ever individual selectivity to

3,6-octanedione of 20 %, this system was also more than twice as active as the same system

in methanol. The total turnover of more than 145 (based on the three calibrated products) is

high compared to that of 63 from Rh / 4 Et2PCH2C(0)C2H5 in methanol. (Table 5.1).
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o

^"Rh,^0
X(> 'PrOH

+

4 Et2PCH2C(0)C2H5
C2H4/CO (1:1)

(Turnover numbers)

O

(114.0)

O

(2.2)

(28.9)

O

o

(No Calibration)

Equation 5.8 - Products formedfrom Rh / 4 Et2PCH2C(0)C2Hs in isopropanol

5.3.6 ETHER AND AMINO FUNCTIONALISED PHOSPHINES

The amino and ether phosphines, Et2PC2H4NEt2 and Et2PC2H4OMe, were synthesised in a

slightly different manner from the P-ketophosphines. The increased volatility of these

phosphines prevented the use of the same procedure due to the number of steps involving the
removal of solvents under reduced pressure. Hence, these phosphines were synthesised from
the addition of either Et2NC2H4Cl or MeOC2H4Cl to the lithium salt of diethylphosphine in
ether or THF.28'29 (Equation 5.9). Following overnight stirring, the reaction was complete.
After aqueous work up, the organic layer containing the phosphine was distilled under

atmospheric pressure to remove the solvent.

Petrol RC2H4C1 .R
Et2PH + PhLi » Et2PLi » Et2P

(or n-BuLi) + " LiCl Et20
phH R = OMe, NEt2

(or BuH)

Equation 5.9 - Synthesis ofether and amino functionalisedphosphines
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These examples of ether and amino functionalised phosphines can potentially act as

bidentate ligands by formation of stable five membered rings with Rli in a similar manner to

the P-ketophosphines described above. Table 5.2 highlights the results of the catalytic

testing of these ligands in the cooligomerisation reaction of ethene and carbon monoxide in

methanol.

Table 5.2 - Products (expressed as catalyst turnovers) after 24 h at 110 °C from the
reaction of CO (35 bar) and ethene (35 bar) in methanol (10 cm3) using catalysts generated
in situ from [Rh(acac)(CO)2] and ether or amino phosphines

Phosphine MA MP EVK DEK 1M3P M40H OD
Total

Turnover

% Selectivity
to LCP

Et2PC2H4OMe 4.1 15.0 1.5 37.3 17.8 3.0 9.2 87.9 34.1

Et2PC2H4NEt2 - 26.9 trace 41.1 3.3 - 4.4 75.7 10.2

[Rh(acac)(CO)2] (0.1 mmol) / phosphine (0.4 mmol) as catalyst precursor

MA (methyl acrylate), MP (methyl propanoate), EVK (3-pentenone, ethyl vinyl ketone), DEK (3-pentanone,

diethyl ketone), 1M3P (l-methoxy-3-pentanone), M40H (methyl 4-oxohexanoate), OD (3,6-octanedione),
LCP (Long chain products, 7+ atoms in backbone).

A similar product distribution was obtained using the ether phosphine catalyst as was

obtained with the ketophosphine based systems. The unsaturated products, methyl acrylate
and 3-pentenone, were observed as well as l-methoxy-3-pentanone from the non catalysed
reaction of 3-pentenone with methanol. In addition, the overall catalyst activity and

selectivity to the long chain products was comparable to those of the ketophosphine

catalysts. (Table 5.1). This implies that similar reactive intermediates are formed in the
ether phosphine system.

The important difference to note between the catalytic results using the ether and amino

phosphines, is the absence of unsaturated products from the latter system. The observation
of l-methoxy-3-pentanone implies the initial formation of 3-pentenone from the catalytic

cycle. However, near full conversion by reaction with methanol left only trace quantities of

3-pentenone. No methyl acrylate was detected at all. This system is most selective to 3-

pentanone with methyl propanoate being a secondary product. The selectivity of 10.2 % to

the long chain products is low. Perhaps the amino group fails to coordinate to Rh and hence
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the product distribution is more similar to that observed from the monodentate tertiary

phosphine catalysed systems. An unknown compound was also detected from this reaction
with a long retention time of 8.3 minutes. This unknown may simply be a breakdown

product of the ligand as the mass spectrum contains ions at 124, 98, 82 and 67 mass units
which do not correlate with the typical fragmentation of an ethene / CO cooligomer.

5.3.7 UNSYMMETRICAL DIPHOSPHINE MONOXIDES AND MONOSULFIDES

12
Unsymmetrical bis(phosphorus) ligands of the type, R.2PCH2P(X) R2 where X is a

heteroatom such as oxygen, sulfur or selenium also have the potential to form five
membered chelate rings with Rh. The mixed phosphine-phosphine oxide ligands of this

class are similar to the P-ketophosphines previously tested, in that they are both PA0 ligands.

The main difference between the two is the replacement of carbon by phosphorus in the
unsaturated bond to oxygen. The PAP(0) ligands may potentially form stronger chelate

complexes to transition metals. Keim et al found that the strength of the Pd-O bond was

higher for phosphine-phosphine oxide complexes than phosphinoester based complexes
based on the relative ease of displacement of the bond by various substrates.5 However, it
was expected that ligands of this nature would produce similar chemistry to the

ketophosphines tested, perhaps with improved activity and selectivity. Platinum and
rhodium complexes of PAP(0) ligands have been reported in the enantioselective

hydroformylation reaction of styrene and carbonylation of methanol respectively.6'30

Grim et al have reported not only the synthesis and transition metal derivatives of

unsymmetrical bis-tertiary phosphine ligands, ' ' ' but also their mono and disulfide

analogues.33'34'35 Ph2P(S)CH2PEt2 was therefore readily synthesised by the dropwise
addition of Ph2P(S)CH2Li36 to Et2PCl, based on the analogous procedure for

Ph2P(S)CH2PtBu2.34 (Equation 5.10).
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s

Et20 / THF (1:1)
Ph3P=S + CH3Li » Ph2PCH3 + PhLi

♦S S

|j Et2PCl ||
Ph2Pv. /PEt2 * Ph2PCH2Li + C6H6

- LiCl

Equation 5.10 - Synthesis ofmixedphosphine-phosphine sulfide ligands

However, no ethene / CO cooligomers were produced at all when this ligand was tested

using the catalyst generated in situ from [Rh(acac)(CO)2] in methanol. The ratio of the

ligand to the rhodium precursor, [Rh(acac)(CO)2], did not alter the outcome as neither the
use of two nor four equivalents of the ligand produced any products. The divalent sulfur
atom may act as a catalyst poison and prevent reaction.

As a result, attention moved away from these sulfur containing ligands to the analogous

phosphine - phosphine oxide ligands. However, the same procedure using Pli3P(0) in place
of Ph3P(S) does not yield Ph2P(0)CH2PEt2 in a pure form. Just as the sulfur atoms of

PAP(S) ligands transfer upon heating to the more basic phosphorus atom (with alkyl

substituents)37, the oxygen atom in Ph2P(0)CH2PEt2 likewise transfers from the diphenyl to

the diethyl phosphorus atom. The only difference is that oxygen transfer can occur at room

temperature and hence mixtures of the desired product as well as the oxygen transfer

product, Ph2PCH2P(0)Et2, form during the preparative procedure. The same problem was
-3 o

found by Grim et al during attempts to make a pure sample of Ph2P(0)CH2PPhEt. Hence
the only pure PAP(0) ligand to be obtained in this way is Ph2P(0)CH2PPh2 as there is no

difference in basicity between the phosphorus centres due to identical phenyl substituents.

However, this ligand was not targeted as aryl phosphines, such as PPI13, were found to give

poor results in ethene / CO cooligomerisation. Alkyl substituents such as Me or Et were

desired on the P(III) centre as the tertiary trialkylphosphines had given the best catalytic

results, whilst the substituents on the P(V) centre were not fixed.
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In order to get around this problem of oxygen transfer, the substituents on the two

phosphorus centres must be the same. As only alkyl groups on the P(III) centre were

desired, the target compound was also required to contain identical alkyl substituents on the

P(V) centre. The oxidation of R2P(CH2)nPR2 ligands using one equivalent of H202 would

appear, on paper, to be a convenient route to the desired compounds. However, in practice,
even the slow addition of H202 at reduced temperature produced the diphosphine and
dioxide byproducts in addition to the desired monooxide material. This mixture of

compounds proves difficult to separate. The desired product was also difficult to isolate

using a modified procedure from the recent publication by Grushin et al regarding the
selective monooxidation of diphosphines.39 Me2PCH2PMe2 was used in place of the phenyl

diphosphines. The reaction produced [Me2P(0)CH2P(H)Me2]+ OH", from which the free

phosphine was difficult to obtain, even after treatment with NaOH. Me2P(0)CH2PMe2 was

finally obtained by using a protonation / oxidation technique developed by Mading and
Scheller.40 (Equation 5.11). (Potentially, the formation of Me2P(0)CH2Li from Me3P(0)
and nBuLi and subsequent reaction with Me2PCl may also furnish this product).

h h

THF
+ HC1

(in ether)
2C1

0°C
h2o2
h2o

OH H

O
2C1

2) Separation by
CH2CI2 Extraction

([Me2P(0)CH2P(0)Me2]
insoluble in CH2C12)

1) NaOH
+

OH OH

CI. OH

Equation 5.11 - Protonation / oxidation techniquefor the synthesis ofMc2P(O) CII2PMe2

from Me2PCH2PMe2
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Me2P(0)CH2PMe2 was the only PAP(0) ligand synthesised as Me2PCH2PMe2 is the only

commercially available methylene bridged diphosphine containing alkyl substituents.

Attempts to make Et2PCH2PEt2 from 2 Et2PLi and CH2CI2 did not produce enough pure

material to warrant the subsequent protonation / oxidation procedure. Poor yields and
contamination by the chloromethyl phosphine, Et2PCH2Cl, resulted. 1,2-

Bis(diethylphosphino)ethane is however commercially available and could have been taken
onto the next stage, but the extra methylene unit between the phosphorus centres would have
resulted in Et2P(0)CH2CH2PEt2 which would have formed a less stable six membered ring
with rhodium.

Me2P(0)CH2PMe2 was characterised by 31P, 'H and 13C NMR spectroscopy.

%

1 | J ■ 1 1 I I | 1 I 1 1 ,

60 40 20 Q -20 -40 -GO -80

ppm

Spectrum 5.12 - 31P NMR spectrum ofMe2P(0)CH2PMe2

Spectrum 5.12 shows the 31P NMR spectrum of Me2P(0)CH2PMe2. The phosphine and

phosphine-oxide environments are clearly identified as doublets with an identical coupling
constant (JP.P) of 38.5 Hz at 8 - 54.3 and § 41.1 ppm respectively. Although 31P NMR
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spectroscopy is not a quantitative technique, the integral sizes of the two signals are roughly
the same.

The *H NMR spectrum was found to contain 3 doublets in a 1:3:3 ratio at 5 1.77 ppm (Jp_h =

13.5 Hz), 8 1.51 ppm (JP.H = 12.63 Hz) and 8 1.14 ppm (JP_H = 2.75 Hz) due to the bridging

methylene, Me2P(0) and PMe2 environments respectively. The coupling of protons to P(V)
is generally larger than coupling to P(III), hence the proton signals of the methyl substituents
on the phosphine oxide and phosphine ends can be distinguished from one another.

INDEX CHEMICAL FREQUENCY DIFF HEIGHT

SHIFT(ppn) (HZ) (Hz) (■■)

35.134

35.04?

34.573

34.186

18.307

18.250

17.375

17.31?
16 .213

16.112

16.041
15.940

2673.1

2643.9

2608.2

2579.0

1381.1
1376.7

1310.7

1306.4

1223.1

1215.5

1210.1
1202.5

21.22

3S.71

21 .22

1197.92

4 . 33
66.01

4. 33
83.32

7.57

5.41
7.57

180.5

189 . 0

167.1
173.2

420 5
433.1

413.1

425.1

370 . 6

411 . 6

417.5
385 . 9

2]

Me
[2]

\ /\ /
Me

I
HI °

N
Me
[3] 2 - i - lis

[3]

30 25
ppm

Spectrum 5.13 - 13C NMR spectrum ofMe2P(0)CH2PMe2

Spectrum 5.13 shows the 13C NMR spectrum of Me2P(0)CH2PMe2. All three carbon
environments appear as double doublets due to coupling to both phosphorus centres. As

expected, the coupling of the methyl carbons to the phosphorus centre upon which they are

directly bound is greatest and just as in the 'H spectrum, larger coupling constants to P(V)
than P(III) are observed, allowing the methyl environments to be distinguished. The

Me2P(0) methyl carbon is present at 8 17.8 ppm (JP_c = 4.3 Hz, JP(o>-c = 70.3 Hz) and the

Me2P signal is observed at 8 16.1 ppm (JP_c = 13.0 Hz, JP(o>-c = 7.6 Hz). The doublet
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doublet at 5 34.8 ppm with JP.c = 29.2 Hz, Jp(0)-c = 64.9 Hz is due to the bridging methylene
environment.

Table 5.3 outlines the results from catalytic testing of this PAP(0) ligand using the catalyst

generated in situ with 2 and 4 molar equivalents to [Rh(acac)(CO)2].

Table 5.3 - Products (expressed as catalyst turnovers) after 24 h at 110 °C from the
reaction of CO (25 har) and ethene (35 bar) in methanol (10 cm3) using catalyst generated
in situ" from [Rh(acac)(CO)2] and n eqiuvalents ofMe2P(0)CH2PMe2 (n = 2, 4)

n MA MP EVK DEK 1M3P M40H OD
Total

Turnover

% Selectivity

to LCP

2 4.4 5.1 3.4 24.9 13.4 2.9 14.3 68.4 44.7

4 - 10.7 0.9 3.5 3.7 - 2.9 21.7 30.4 ,

[Rh(acac)(CO)2] (0.1 mmol) / phosphine (O.ln mmol) as catalyst precursor

MA (methyl acrylate), MP (methyl propanoate), EVK (3-pentenone, ethyl vinyl ketone), DEK (3-pentanone,

diethyl ketone), 1M3P (l-methoxy-3-pentanone), M40H (methyl 4-oxohexanoate), OD (3,6-octanedione),
LCP (Long chain products, 7+ atoms in backbone).

The chemoselectivity and activity of the catalyst systems based on Me2P(0)CH2PMe2 are

very much dependent on the number of equivalents of the phosphine used. When the ratio of
Rh : Me2P(0)CH2PMe2 was 1:2, the activity of the system was more than triple that
observed when a 1:4 ratio was used. The overall activity and turnover numbers for the

products when n = 2 are comparable with those observed for the ketophosphines. However,
a slight improvement in selectivity to the longer chain products was noted.

The presence of excess phosphine ligand (n = 4) prevents the observation of methyl acrylate
and reduces the activity of the system dramatically. Methyl propanoate was the main

product from this reaction but surprisingly, only traces of methyl 4-oxohexanoate were

observed. Based on the ratio of MP:DEK, the turnover to this product would be expected to

be higher than turnover to 3,6-octanedione.
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5.4 CONCLUSION

In conclusion, all of the products obtained from the reaction of CO with ethene in methanol

in the presence of rhodium complexes containing phosphine ligands with a carbonyl group P

to the P atom can be explained as in Scheme 5.6 if one of the carbonyl groups is coordinated
to rhodium. Catalysts based on these ligands allow the synthesis of short chain unsaturated

products as well as increased selectivity to longer chain saturated cooligomers containing
seven or more atoms in their backbone. The formation of methyl acrylate is of considerable

interest, not only because it indicates that acrylates can be products from CO / C2H4

reactions, but also because it indicates that a carbomethoxy mechanism is operating in
addition to the hydride mechanism which is responsible for the other products. This
difference in mechanism between the Rh / 4 PEt3 systems and the ketophosphine systems

was highlighted by the labelling pattern of the products resulting from the reaction in

CD3OD.

Catalyst systems based on Me2P(0)CH2PMe2 and Et2PC2H4OMe, which also have the

potential to form five membered chelate rings by coordination of the hard oxygen atom to

rhodium, show similar activity and selectivity to the P-ketophosphine system. However, the
former PAP(0) ligand system is optimal when 2 molar equivalents are used. An analogous

ligand to the ether phosphine containing nitrogen rather than oxygen in the functionalised
chain, Et2PC2H4NEt2, produced mainly 3-pentanone and methyl propanoate much like the

tertiary phosphine systems. This may suggest the crucial role of oxygen in generating the
diverse product distribution observed.

The results of the [Rh(acac)(CO)2] / 1 PEt3 and 2 PEt3 systems discussed in Chapter 2

suggest that the acetylacetonate ligand can also function in a hemilabile manner, much like

P-ketophosphines, and enhance P-H abstraction and chain growth.
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Table5.4-Selected31P,'Hand13CNMRparametersforf-ketophosphinesofgeneralformula1R2PCH2C(0)R2inCDCf.Chemical shifts(ppm),couplingconstants(Hz). 1R2PCH2C(0)R2
31p

'H PCtf2C(0)

'H

r2

13C 'r2p

13C PCH2C(0)

13C C(0)

13C
r2

Et2PCH2C(0)Ph
-16.24(s)

3.18(s)

7.4-8.1(m)
CH39.55(d,12.2) CH219.22(d,12.2)

37.36(d,23.2)
198.0(s)

128.4(s),128.7(s), 133.2(s),137.5(s)

Et2PCH2C(0)Et
-18.15(s)

2.59(s)

CH31.02(t) CH22.53(q)
CH39.47(d,13.5) CH219.34(d,13.5)

41.86(d,24.8)
209.64 (s)

CH37.93(S) CH236.76(S)

Et2PCH2C(0)0Et
-19.47(s)

2.38(d,1.6)
CH31.19(t) CH24.08(q)
CH39.47(d,14.6) CH218.95(d,12.2)

31.06(d,26.9)
171.20 (s)

CH314.32(S) CH260.44(S)

Cy2PCH2C(0)Pha
-0.58(s)

2.95(s)

7.0-8.2(m)

-

-

-

-

fBu2PCH2C(0)Phb
31.16(s)

3.20(s)

7.4-8.1(m)
CH329.62(d,14.1) C34.55(d,32.5)

32.41(d,23.8)
201.0(d)

128.8(s),129.1(s), 133.0(s),137.5(s)

lBu2PCH2C(0)0Etc
30.76(s)

2.40(d,2.5)
CH31.21(t) CH24.10(q)
CH329.34(d,14.1) C31.73(d,22.7)

28.27(d,30.3)
173.9(d, 11.9)

CH314.20(s) CH260.76(s)

Ethylsubstituentsonphosphorusat
aCy-]HNMRsignalsat1.0-1.8

omofdiethylke ppm(m),blBu-
tophosphinesproducemultipletsinthe'H 'HNMRsignalat1.2ppm(d),clBu-'H1
NMRspectrumbetween0.8and1.5ppm. slMRsignalat1.12ppm(d).

Multiplicity-singlet(s),doublet(d),triplet(t),multiplet(m),doubletofdoublets(dd),doubletofquartets(dq).
216



ChapterFive

Table5.5-Selected31P,'Hand,3CNMRparametersforthechiral/3-ketophosphine,Et2PCH(CHs)C(0)CHs,(containinginequivalent carbonenvironmentsintheethylsubstituentsonphosphorus)inCDCI3.Chemicalshifts(ppm),couplingconstants(Hz). Chiral

31p

'H

'H

'H

,3C

13c

13C

,3C

13C

Ketophosphine

1

PC//C(0)

PCH(C//3)

C(0)CH3

{Et)2P

CH

CH(CH3)

C(0)

C(0)CH3

CH39.99(d,11.90)

Et2PCH(CH3)C(0)CH3
-5.41(s)

2.77(dq)

1.17(dd)

2.19(d)

CH310.20(d,11.90) CH216.32(d,15.15) CH217.20(d,15.15)
45.41

(d,23.81)

11.30
(d,8.66)

209.48 (s)

29.66(d*)

EthylsubstituentsonphosphorusatomproducemultipletsintheHNMRspectrumbetween0.8and1.5ppm. Multiplicity-singlet(s),doublet(d),doubletofdoublets(dd),doubletofquartets(dq).*Couplingverysmall.
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Table5.6-Selected31P,1Hand13CNMRparametersforetherandaminofunctionalisedphosphinesofgeneralformula Et2PCH2CH2XRninCDCI3.[X=O,R=Me,n=1andX=N,R=Et,n=2],Chemicalshifts(ppm),couplingconstants(Hz). Et2PCH2CH2XRn
31p

'H Et2PCfif2

!H ch2x

'H
xr„

13c Et2P

13C Et2PCH2

,3C ch2x

13C xr„

Et2PCH2CH2OMe
-26.48(s)

1.69(brt)

3.50

(2overlapped triplets)

3.32(s)

CH39.59(d,12.99) CH219.1(d,10.82)
26.96

(d,14.07)

70.74
(d,21.64)

CH358.53(s)

Et2PCH2CH2NEt2
-24.69(s)

1.36(m)

2.42(m)

CH30.84(t) CH22.35(q)
CH39.20(d,11.90) CH218.56(d,11.90)
23.10

(d,14.07)

49.30
(d,20.56)

CH311.47(s) CH246.24(s)

EthylsubstituentsonphosphorusatomproducemultipletsintheHNMRspectrumbetween0.8and1.5ppm. Multiplicity-singlet(s),doublet(d),triplet(t),quartet(q),broadtriplet(brt),multiplet(m).
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Table5.7-Selected31P,'Hand13CNMRparametersfordiphosphinemonosulfidesandmonoxidesofgeneralformula'R2P(X)CH2P(2R)2 1212
inCDCf.[X=S,R=Ph,R=EtandX=O,R=R=Me].Chemicalshifts(ppm),couplingconstants(Hz). 'R2P(X)CH2P(2R)2

31p

'H

'R:P(X)

'H P(X)C//2P

'h n2Rh

13C ^P(X)

13C P(X)CH2P

13C
PCR)2

PEt2-29.27

128.77(d,12.99)

Ph2P(S)CH2PEt2
(d,60.78) Ph2P(S)40.30 (d,60.78)

7.4-8.0(m)
2.57(d,13.18)

CH31.0(dt) CH21.5(m)

131.52(d.9.74) 131.67(d,2.16) 134.2(d,86.70)
30.80(dd, 56.28,32.47)
CH39.10(d,11.90) CH219.83(brdd)

PMe2-54.29

Me2P(0)CH2PMe2
(d,38.54) Me2P(0)41.07 (d,38.54)

1.51(d,12.63)
1.77(d,13.46)
1.14(d,2.75)

17.81
(dd,70.34,4.33)

34.80(dd, 64.93,29.22)

16.07
(dd,12.98,7.57)

Multiplicity-multiplet(m),doublet(d),doubletofdoublets(dd),broaddoubletofdoublets(brdd),doubletoftriplets(dt).
219



Chapter Five

5.5 CHAPTER FIVE REFERENCES

1
W.A. Herrmann and B. Comils, Applied Homogeneous Catalysis with Organometallic Compounds,

1st edn., VCH, Weinheim, 1996,1.
2 W.A. Herrmann and B. Comils, Applied Homogeneous Catalysis with Organometallic Compounds,
1st edn., VCH, Weinheim, 1996, 2.
3 A. Bader and E. Lindner, Coord. Chem. Rev., 1991, 108, 27.
4 W. Keim, H. Maas, S. Mecking, Z. Naturforsch, 1995, 50 B, 430.
5 S. Mecking and W. Keim, Organometallics, 1996, 15, 2650.
b J. Andrieu, P. Braunstein, F. Naud and R.D. Adams, J. Organomet. Chem., 2000, 601, 43.
7 A. Aeby and G. Consiglio, J. Chem. Soc., Dalton Trans., 1999, 655.
8 G.J.P. Britovsek, K.J. Cavell, M.J. Green, F. Gerhards, B.W. Skelton and A.H. White, J. Organomet.

Chem., 1997, 533, 201.
9

M.J. Green, G.J.P. Britovsek, K.J. Cavell, F. Gerhards, B.F. Yates, K. Frankcombe, B.W. Skelton

and A.H. White, J. Chem. Soc., Dalton Trans., 1998, 1137.
10 E. Lindner, M. Schmid, P. Wegner, C. Nachtigal, M. Steimann and R. Fawzi, Inorg. Chun. Acta.,

1999, 296, 103.
11 E. Lindner and B. Andres, Chem. Ber., 1987, 120, 761.
12 E. Lindner and B. Andres, Chem. Ber., 1988, 121, 829.
lj

E. Lindner and H. Norz, Chem. Ber., 1990, 123, 459.
14 E. Lindner and H. Norz, Z. Naturforsch Teil B, 1989, 44, 1493.
15 P. Braunstein, D. Matt, F. Mathey and D. Thavard, J. Chem. Res. (M), 1978, 3041.
16 P. Braunstein, Y. Chauvin, J. Nahring, A. Decian and J. Fischer, J. Chem. Soc., Dalton Trans., 1995,
863.

17 H.D. Empsall, E.M. Hyde, D. Pawson and B.L. Shaw, J. Chem. Soc., Dalton Trans., 1977, 1292.
18 H.D. Empsall, S. Johnson and B.L. Shaw, J. Chem. Soc., Dalton Trans., 1980, 302.
19 U. Klabunde, T.H. Tulip, D.C. Rose and S.D. Ittel, J. Organomet. Chem., 1987, 334, 141.
20 C.J. Moulton and B.L. Shaw, J. Chem. Soc., Dalton Trans., 1980, 299.
21 M.D. Fryzuk, X. Gao and S.J. Rettig, Can. J. Chem., 1995, 73, 1175.
22 W. Keim, New J. Chem., 1987, 11, 531.
23 W. Keim, J. Mol. Catal., 1989, 52, 19.
24 U. Klabunde and S.D. Ittel, J. Mol. Catal., 1987, 41, 123.
25 E. Lindner and E. Glaser, J. Organomet. Chem., 1990, 391, C37.
26 E. Lindner, A. Sickinger and P. Wegner, J. Organomet. Chem., 1988, 349, 75.
27 R.W. Wegman, A.G. Abatjoglou and A.M. Harrison, J. Chem. Soc., Chem. Commun., 1987, 1891.
28 L.D. Field and I.J. Luck, Tetrahedron Lett., 1994, 35, 1109.
29 G.K. Anderson and R. Kumar, Inorg. Chem., 1984, 23, 4064.

220



Chapter Five

30 S. Gladiali, E. Alberico, S. Pulacchini and L. Kollar, J. Mol. Catal. A, 1999,143, 155.
31 S.O. Grim and R.C. Barth, J. Organomet. Chem., 1975, 94, 327.
32 S.O. Grim and J.D. Mitchell, Inorg. Chem., 1977,16, 1770.
33 S.O. Grim, R.C. Barth, J.D. Mitchell and J. Del Gaudio, Inorg. Chem., 1977,16, 1776.
34 S.O. Grim, P.H. Smith, I.J. Colquhoun and W. McFarlane, Inorg. Chem., 1980,19, 3195.
35 S.O. Grim and J.D. Mitchell, Inorg. Chem., 1977,16, 1762.
36 D. Seyferth and D.E. Welch, J. Organomet. Chem., 1964, 2, 1.
37 S.O. Grim and J.D. Mitchell, J. Chem. Soc., Chem. Commun., 1975, 634.
38 S.O. Grim, L.C. Satek, C.A. Tolman and J.P. Jesson, Inorg. Chem., 1975, 14, 656.
39 V.V. Grushin, J. Am. Chem. Soc., 1999,121, 5831.
40 P. Mading and D. Scheller, Z. Anorg. Allg. Chem., 1988, 567, 179.

221



ChapterSbc



Chapter Six

6.0 EXPERIMENTAL

6.1 ANALYTICAL TECHNIQUES

1. NMR SPECTROSCOPY

NMR spectra were recorded on an Oxford Varian (Gemini 2000) 300 MHz spectrometer and
variable temperature analysis was carried out using a Bruker AM 300 spectrometer (300

1-3

MHz). Broad band decoupling was used for C spectra and P spectra. Spectra were

recorded typically in CDCI3, C6D6, C7D8 or CD3OD at room temperature. 'H and I3C NMR

spectra were referenced internally to deuterated solvents : CDCI3 : 'H, 8 7.27 ppm, 13C, 5

77.23 ppm; CD2C12 : ]H, 8 5.35 ppm, 13C, 8 53.8 ppm; CD3OD : ]H, 8 3.35 ppm, 13C, 8 49.0

ppm; CeDg : JH, 8 7.16 ppm, 13C, 8 128.39 ppm; CyH8 : 'H, 8 2.09 ppm, 13C, 8 20.4 ppm.

31P NMR spectra were referenced externally to phosphoric acid (85 % H3PO4).

2. GAS CHROMATOGRAPHY (GC)

All reaction solutions were analysed using a Phillips PU4500 Gas Chromatograph fitted with
a 25 m dimethylpolysiloxane stationary phase column. The temperature of the column was

varied with time after injection and began with a four minute period at 25 °C (to allow good

separation of the short chain cooligomers) followed by a five minute period of ramping to

110 °C. The column was held at this temperature for another 10 minutes to ensure longer
chain products were detected.

COLUMN CALIBRATION

The column was calibrated for each reaction product using pure material, either purchased
from Avocado (or Aldrich) or synthesised by alternative procedures. Four 1 cm3 solutions

-3

of each product were made up at varying concentrations (in the range of 0 to 0.2 mol dm" )

in a standard flask containing methanol as the bulk solvent and 25 pL of toluene as an

internal standard. A plot of the known concentration (y axis) against the product peak area
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divided by the toluene peak area (x axis) was made for each product. Linear calibration

plots were thus obtained.

PREPARATION AND GC ANALYSTS OF PRODUCT SAMPLES

After the allocated reaction time, the contents of the autoclave were removed (after cooling
and venting) and stored in a screw cap bottle. Any liquid found outside the glass autoclave
liner was combined with that inside the liner. A 1 cm3 standard flask was half filled with the

solution before addition of 25 pL of toluene (internal standard). The volume of the standard
flask was made up to the mark with more of the reaction solution and shaken well before GC

analysis, using the ramped temperature program previously discussed. The equations of the
linear calibration plots were then used to calculate the concentration of each individual

product in the reaction solutions from the average ratio (of product peak area to toluene peak

area). Due to the formation of liquid products from gaseous reagents and therefore the
variation in total volume, the following equations were used to calculate the number of
moles of each product. (Full derivation can be found at the end of the appendix section).

l-m

10 [DjriPm
d = [D] = lOOOd/V [N] = lOOOn/V

i-m

lOOOllPm -

l-m PrnJ [N](Mn)n Prn
Zj I _

V = 1000d/[D] = 1000n/[N]

Hence n = d[N]/[D]

d = Moles of3-peiitaitoiie (diethyl ketone) [N] = Concentration ofproduct

[D] = Concentration of3-pentanone (MJ = Molecular mass ofproduct
J

10 (i.e. 10 cm initial volume) pm = Density ofproduct

1000 (i.e. 1 dm3) n = Mol ofproduct

J
V = Final reaction volume (cm )

Formula 6.1 - Generalformulafor calculation ofmoles of3-pentanone
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For example, the following formula would be used for a typical reaction producing 3-

pentanone, methyl propanoate and 3,6-octanedione.

lOPJJ'Pd'PnrPo
d =

lOOO-Pd-Pm-Po- ([D].Md.pm.p0) - ([M].Mm.pd.p0) - ([O]M0.pu.pm)

m = d[M]/[D] o = d[0]/[D]

cl = Mol of3-pentanone (diethyl ketone) m = Mol ofmethyl propanoate o = Mol of3,6-octanedione

[D] = Cone of3-pentanone [M] = Cone ofmethyl propanoate [O] = Cone of3,6-octanedione

pd = Density of3-pentanone pm = Density ofmethyl propanoate p0 = Density of3,6-octanedione

Md = Molecular mass of
3-pentanone

Mm = Molecular mass of
methyl propanoate

M0 = Molecular mass of
3,6-octanedione

Foi inula 6.2 - Example formula usedfur the calculation ofmoles of3-pentanone, methyl

propanoate and 3,6-octanedione

The turnover numbers were calculated by dividing the number of moles of product by the
number of moles of Rh catalyst used.

moles of Rh (typically 0.1 mmol)

Formula 6.3 - Calculation ofcatalyst turnover numbersfor each product

3. GCMS

Analysis of the solutions took place on a Hewlett Packard 6890 Series GC! System coupled
with a 5973 Mass Selective Detector. Samples were diluted by a factor of 20 - 50 before

injection of a 1 pL quantity into the column leading to the mass spectrometer. Solvents used
for the dilution were of HPLC grade quality. HP-5MS 5% phenyl methyl siloxane (30.0 m x

250 pm x 0.25 pm nominal) capillary columns were used.

TON
moles of product

Product
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4. INFRA-RED SPECTROSCOPY

Infra-red spectra were obtained using a Nicolet Protege 460 with Csl optics. The infra-red

spectrometer was interfaced to a personal computer via the OMNIC operating system.

6.2 LABORATORY REAGENTS

All experiments were carried out under a nitrogen or argon atmosphere using a Schlenk line.
The gas supply to the line was dried through a Cr (II) / silica packed glass column. Liquids
were transferred between Schlenk flasks or tubes under an inert atmosphere by syringe or

catheters through a suba seal. Non air sensitive solids were transferred directly from one

flask to another before exposure to the vacuum in readiness for the degassed solvents or air
sensitive components. Air sensitive solids were either weighed out in a glove box under

argon or dissolved and transferred as a liquid, with the mass being calculated by difference.

Ethanol and methanol were distilled over magnesium turnings under nitrogen and stored
under nitrogen / argon over molecular sieves. Distilled water was degassed under vacuum

for 1 hour and stored under nitrogen / argon. Petroleum ether (boiling range 40-60 °C),

diethyl ether and tetrahydrofuran were distilled over sodium diphenylketyl.
Dichloromethane was distilled over calcium hydride and toluene was distilled over sodium.
Deuterated solvents were purchased from Cambridge Isotope Laboratories and were stored
under nitrogen / argon over molecular sieves. Solvents were degassed by passing through

argon or nitrogen gas for a period of time appropriate to the volume or else by multiple

freeze-pump-thaw cycles using liquid nitrogen.

Carbon monoxide, ethene and synthesis gas were purchased from BOC gases. All alkyl

phosphines were bought from Strem Chemicals (under argon in an ampule) and stored under
an inert atmosphere in a Schlenk tube fitted with a teflon seal and glass stopper.

[Rh(acac)(CO)2] and RhChAPLO were purchased from either Avocado or Strem and stored
in their containers in a dessicator over silica gel. 3-Pentanone and methyl propanoate were

bought from Lancaster. Methyl acrylate and 3-pentenone were purchased from Aldrich. 5-
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(2-Hydroxyethyl)-4-methyl-l,3-thiazole was purchased from Avocado. All other chemicals

were purchased from Aldrich and used as received.

Rhodium residues were collected for recycling and phosphine residues were destroyed using
a solution of iodine in ethanol.

6.3 GENERAL TECHNIQUES - AUTOCLAVE EXPERIMENTS AND

CATALYST PREPARATION

Batch autoclave experiments were carried out using a 250 cm3 stainless steel or Hastalloy
autoclave containing a glass liner and funnel (to help maintain the contents within the liner).
A magnetic stirrer bar was placed within the liner and was used to aid mixing of the liquid
with the gaseous reagents. The screw top head was sealed with an 'Elast-o-lion' O-ring.
The head was fitted with an injection port sealed with a screw cap and a side arm fitted with
a Hoke tap for controlling inflow and outflow of gases.

The autoclave was placed under vacuum and filled with argon / nitrogen gas several times to

ensure removal of oxygen. The catalyst solution was transferred to the autoclave by catheter
under the inert gas pressure. Before pressurising the autoclave, the line to the cylinder head
was flushed several times with 5 bar of the reagent gas. The autoclave was pressurised with

C2H4 (35 bar) followed by CO (35 bar) and then heated to the desired temperature (typically
110 °C) using a metal heating band controlled electronically by a temperature controller unit
and external thermocouple. The autoclave contents were stirred using a magnetic follower
and magnetic stirrer. After the reaction time was complete (typically 24 hours), the
autoclave was removed from the heating band and cooled for 30 minutes in an ice-water bath
before slow venting of the gas. The autoclave was opened, the contents removed and then
stored in a glass bottle for analysis.

When paraformaldehyde was tested as a source of CO, the catalyst solution was transferred
onto the solid (2 g) in order to form a slurry before transfer with a wide bore catheter to the
autoclave. The autoclave was then pressurised with C2H4 (35 bar) only.
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In order to prepare the catalyst solution of [RhH(PEt3)4], the crystals (1.34 g), which had
been previously prepared (section 6.4) and stored at - 30 °C, were dissolved in a small

amount of methanol (60 cm3) and the mass calculated by difference. The concentration of
O "5

the solution was calculated to be 0.0388 mol dm" , therefore 2.5 cm aliquots were used to

obtain 0.1 mmol Rh. Dilution with methanol or other cosolvents to a total volume of 10 cm3

then took place in order to obtain a catalyst concentration of 0.01 mol dm"3.

In Situ Preparation ofHydrido Phosphite Rhodium Complexes

[Rh(acac)(CO)2] (26 mg, 0.1 mmol) was placed in a Schlenk flask and exposed to three
vacuum - argon cycles to remove oxygen. Degassed acetone of varying quantities

(depending on desired ratio to MeOH) was added to the solid, followed by P(OR)3 (either 2
or 10 molar equivalents). The solution was transferred to the autoclave (under argon) which
was then pressurised with synthesis gas (20 bar) and heated to 60 °C for 1.5 h. After this

period, the autoclave was cooled for 30 mins in an ice-water bath before slow venting of the

gas and addition of the desired quantity of methanol. The autoclave, now containing a

mixture of the catalyst precursors, [R1iH(CO)(P(OR)3)3] and [RhH(CO)2(P(OR)3)2], was

then pressurised in the usual manner with C2H4 (35 bar) and CO (35 bar) as described above.

3,P NMR, C6D6, [RhH(CO)2(P(OPh)3)2] : 5 147.8 ppm, d, (JRh.P = 230 Hz) and

[RhH(CO)(P(OPh)3)3] : 5 141.2 ppm, d, (J^.p = 240 Hz).

JH NMR (Hydride region < 0 ppm), C6D6, [RhH(CO)2(P(OPh)3)2] : 5 - 10.8 ppm, dt, (JP.H =

22 Hz, JRh.H = 4 Hz) and [RhH(CO)(P(OPh)3)3] : 5 - 10.5 ppm, d, (Jru-h =3.15 Hz).

[Lit.2 3IP NMR, CDCI3, [RhH(CO)(P(OPh)3)3] : 5 141.2 ppm, d, (1^.? = 240 Hz). ]H NMR,

CDCI3, 5 - 10.9 ppm, d, (1^^ = Jp-h = 3 Hz).]

In Situ Preparation ofRhodium Phosphine Catalysts

[Rh(acac)(CO)2] (26 mg, 0.1 mmol) was placed in a Schlenk flask and exposed to three
vacuum - argon cycles to remove oxygen. A varying quantity of degassed alcohol (e.g.
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methanol, ethanol or ethylene glycol) depending on the desired ratio to the cosolvent was

added to the solid rhodium precursor, followed by the phosphine ligand (typically 4 molar

equivalents) and finally the cosolvent. The solution was transferred to the autoclave (under

argon) after all the solid had dissolved. The autoclave was pressurised in the usual manner

with C2H4 (35 bar) and CO (35 bar) as described above.

6.4 SYNTHESIS OF RHODIUM COMPLEXES

Preparation of[RhHfPEt^Aj'

RI1CI3.3H2O (0.8 g, 3.04 mmol) was suspended in dry THF (10 cm3) and PEt3 (2.68 cm3,
18.40 mmol) was added dropwise with continual stirring. After 30 mins, the suspension was

transferred onto a sodium-mercury amalgam (0.5 g Na / 65 g Hg), which was in large excess.

The solution changed colour from orange to green immediately. The green solution was

stirred in the presence of the amalgam for 24 h. After this time, the solution was separated

by filtration and dried in vacuo until a solid formed. This solid was kept at - 30 °C and was
O "3

quickly dissolved in a solution of petrol (20 cm ) containing excess PEt3 (0.3 cm , 2.06

mmol). The solution was placed in the freezer and left for 3 days. After this time, the

resulting greeny yellow crystals were collected, dried in vacuo and stored at - 30 °C.

Yield = 77% (1.34 g).

31P NMR, CD3OD / CH3OH, 5 19.4 ppm, dt, (Jrh-p = 99 Hz, JP_P = 22 Hz) and 5 4.4 ppm, dt,

(JRh-P =87 Hz, JP.p = 22 Hz).

[Lit.3 31P NMR, C7D8 / CD3CD2OD, - 40 °C, 6 19.5 ppm, dt, Irk-p = 101 Hz, JP.P = 21 Hz and

8 4.3 ppm, dt, JRh-p = 89 Hz, JP.P= 21 Hz].

Preparation of[RhCI(PC)) (PEtpP ~

RJ1CI3.3H2O (1.5 g, 5.70 mmol) was dissolved in dry ethanol (30 cm3) and refluxed under a

stream of CO for 2.5 h. The solution was cooled and PEt3 (2.52 cm3, 17.27 mmol) was then
added via syringe. Small bubbles of CO were evolved. The dark yellow solution was

refluxed again under CO for a further 0.5 h. The solution was cooled to room temperature
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and then evaporated to dryness, whereupon a yellow solid resulted. This solid was

recrystallised from diethyl ether at - 30 °C. Yellow cubic crystals were collected by
filtration.

Yield = 56 %, 1.28 g. I.R., nujol mull, v CO 1953 cm"1. [Lit3 v CO 1953 cm"1].
31P NMR, C6D6, § 24.6 ppm, d, JRh.P = 117 Hz.

NMR, C6D6, 5 1.75 ppm, m, and 5 1.00 ppm, m, (PEt3).

[Lit. 3 3IP NMR, C6D6, 5 24.6 ppm, d, jRh-P = 119 Hz. 'H NMR, C6D6, 6 1.9 ppm, m, and 6

1.3 ppm, m, (PEt3)].

Preparation of[Rh(CHi)(CO)(PEti)7]

[RhCl(CO)(PEt3)2] (0.46 g, 1.14 mmol) was dissolved in degassed diethyl ether (5 cm3) and
reacted with methyl lithium, CH3Li, (0.85 cm3, 1.5 mol dm"3 solution in diethyl ether, 1.28

mmol) under an atmosphere of nitrogen / argon at ice bath temperature. On warming, the
solution became orange. The LiCl precipitate was filtered away and washed with fresh
ether. Filtrates were then combined and reduced to a small volume under vacuum. Petrol

was added and recrystallisation took place at - 30 °C. After 1 day, browny red crystals
resulted which were filtered and dried in vacuo for 0.5 h.

Yield = 27% (0.12 g).

31P NMR, C6D6, 5 26.5 ppm, d, JRh_P = 141 Hz.

*H NMR, C6D6, § 1.7 ppm, m and 5 1.0 ppm, m, (PEt3) and § - 0.25 ppm, dt, (JP.H = 8.3 Hz,

JRh.H = 1.6 Hz) (CH3).

[Lit.3 31P NMR, C7D8, 5 26.6 ppm, d, J^-f = 140 Hz. *H NMR, C7D8, 5 1.6 ppm, m and 6
1.0 ppm, m, (PEt3) and S - 0.35 ppm, dt, (JP.H = 8.2 Hz, JRh.H =1.6 Hz)].

Preparation of fRh(rf -acac)(CO)(PEt^)il

[Rli(ri1-acac)(CO)(PEt3)2] was prepared by addition of two equivalents of PEt3 to

[Rh(acac)(CO)2] in benzene or toluene. Crystals slowly formed in the refrigerator with time.
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6.5 NMR TUBE EXPERIMENTS

Precursor Complex - [RhH(PEti)J

A solution of [RhH(PEt3)4] in methanol (0.0388 mol dm"3, ~ 0.5 cm3) was transferred into a

clean dry NMR tube which had been previously flushed with nitrogen gas. To this, degassed

methanol-d4 was added (~ 6 drops) in order to provide a lock signal. The rubber tubing from
the gas cylinder (either CO, H2, synthesis gas or ethene) was flushed with gas for 2 mins to

expel oxygen before removal of the nitrogen supply from the NMR tube. A needle was

placed into the end of the cylinder tubing and was then inserted into the suba seal of the
NMR tube followed by an exit needle. The gas was bubbled through the solution for ~ 5

mins. If the level of the solution fell below 5.5 cm, additional degassed CD3OD was added.

[As the sample contained CH3OH as well as CD3OD, 'H NMR spectra were not recorded.]
In the case of the reaction with 1-hexene, a few drops of degassed 1-hexene were added via

syringe to the NMR tube under nitrogen.

Precursor Complex - IRh(CJlp(CO)(PEtpP

A sample of [Rh(CH3)(CO)(PEt3)2] (50 mg) was placed in an NMR tube in the glove box

(under argon) and later removed to the Schlenk line after closing with a suba seal. Degassed

C7D8 was added to the sample. After expulsion of oxygen from the gas cylinder tubing (by a

2 min gas purge), CO was then introduced to the sample through an inlet needle as described
above. Insertion of an exit needle allowed passage of the gas and this continued until the
solution turned pale yellow, indicating the formation of [Rh(COCH3)(CO)2(PEt3)2]. In some

experiments, degassed CD3OD was added at this point before the bubbling of C2H4 gas. A
hair dryer was used when heating was required during the bubbling of ethene and typically
the gases were bubbled through the solution for a period of ~ 5 mins.

6.6 METHANOL LABELLING EXPERIMENTS

[Rh(acac)(CO)2] (52 mg, 0.2 mmol) was placed in a Schlenk tube and exposed to 3 vacuum
■j

- nitrogen cycles. Depending on the labelling experiment, either degassed CD3OD (4 cm ),
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CD3OH (4 cm3), CH3OD (4 cm3) or I3CH3OH (2 cm3) was added to the rhodium precursor.

Four molar equivalents (0.8 mmol) of the desired phosphine ligand were then added via

syringe and the mixture stirred until completely homogeneous. This solution was transferred

by catheter to an autoclave that had been previously evacuated and purged with nitrogen.
The autoclave was then charged with the desired gas mixture as previously described in 6.3.

[Typically CO / C2H4 (1:1, 70 bar)].

[The experiments designed to probe for exchange between the deuterated methanol and the

oligomeric products involved the addition of 1 cm3 of these products to the catalytic solution
before transfer to the autoclave. In this case, only CO pressure (35 bar) was applied to

prevent formation of the same products from the catalytic process. Similarly, the experiment
carried out to determine whether exchange occurred between C2H4 and CD3OD, involved the
use of C2H4 pressure (35 bar) only].

6.7 SYNTHESIS OF ETHENE / CO COOLIGOMER PRODUCTS (FOR GC

COLUMN CALIBRATION)

3-Pentanone, 3-pentenone, methyl propanoate and methyl acrylate can be purchased

commercially. However, the longer chain cooligomers of ethene and CO were not available
and required to be synthesised in the laboratory. The organic synthesis of 3,6-octanedione,

methyl 4-oxohexanoate and l-methoxy-3-pentanone are now described. The density of the

liquid products were calculated by transferring a known volume to a previously weighed

sample vial. The mass was obtained by difference and the density calculated in g cm" .

Preparation of3.6-Octanedione (Stetter Reaction)5

The catalyst required for the formation of 3,6-octanedione from propanal and 3-pentenone
was the salt, 3-benzyl-5-(2-hydroxyethyl)-4-methyl-l,3-thialzolium chloride. This salt was

formed upon refluxing a mixture of 5-(2-hydroxyethyl)-4-methyl-l,3-thiazole (28.6 g, 0.2
"7

mol) with benzyl chloride (25.3 g, 0.2 mol) in acetonitrile (100 cm ) for 24 h. (Equation

6.1). After this time, the resulting orange solution was reduced under vacuum until

precipitation of the salt occurred. The product, referred to as CAT 1, was isolated by
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vacuum filtration, washed with acetonitrile until colourless and then dried in vacuo with

heating for 1 hour to remove residual solvent. Yield = 40 g (74 %).

13C NMR, CD3OD, 6 12.2 ppm (CH3), 8 31.0 ppm (CH2Ph), 8 58.1 ppm and 8 61.5 ppm

(CH2CH2OH), 8 129.7 ppm (Ph), 8 130.8 ppm (Ph), 8131.0 ppm (Ph), 8 134.0 ppm (Ph),

8 138.5 ppm and 8 142.0 ppm (CCH3 and CC2H4OH), 8 157.9 ppm (NCHS).

Propanal (5.8 g, 0.1 mol), 3-pentenone (8.4 g, 0.1 mol) and 3-benzyl-5-(2-hydroxyethyl)-4-

methyl-l,3-thiazolium chloride (Cat 1, 2.7 g 0.01 mol) were combined in a 3 necked flask
fitted with a gas inlet, reflux condenser (with gas bubbler) and a dropping funnel. From the

dropping funnel, triethylamine (6.07 g, 0.06 mol) was added rapidly before heating to reflux
for 8 hours. No solvent was used. The resulting red solution was then cooled and added to a

1 % solution of sulfuric acid. After thorough mixing and extraction with dichloromethane,
the organic layer was washed with water, sodium hydrogen carbonate and then with water

again. After drying over anhydrous magnesium sulfate, the dichloromethane was removed

by distillation. The viscous red material left over was then distilled in a vigreux column
under vacuum. A white waxy solid formed inside the condenser and was collected at the end
on warming of the condenser over a sample vial. GCMS analysis confirmed the low melting
white solid was pure 3,6-octanedione. Yield = 6.4 g (45 %). [Lit. 6 M.p. = 35 °], Mw =

142.20 g, density (36 °) 0.917 g cm"3.

HO

5-(2-Hydroxyethyl) -

4-methyl-l,3-thiazole
3-Benzyl-5-(2-hydroxyetliyl)-
4-m ethyl-l,3-thiazolium chloride

Equation 6.1 - Preparation ofCAT 1 for 3,6-octanedione synthesis

GCMS, 142 [M]+, 113 [M - Et]+, 85 [M - EtC(0)]+, 57 [EtC(0)]+ and 29 [Et]+.
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13C NMR, CDCI3, 8 7.8 ppm (CH3), 8 35.7 ppm and 8 36.0 ppm (CH2C(0)CH2), 5 210.5

PPm (C(O)).
'H NMR, CDCI3, 8 1.03 ppm (t, 6H, CH3), 8 2.46 ppm (q, 4H, CH2CH3), 8 2.66 ppm (s, 4H,

C(0)CH2CH2C(0)).

(Lit.7 'H NMR, CD2C12, 8 from TMS, 8 1.06 ppm (t, 6H, CH3), 8 2.49 ppm (q, 4H,

CH2CH3), 8 2.69 ppm (s, 4H, C(0)CH2CH2C(0)).

Preparation ofMethyl 4-oxohexanoate (S tetter Reaction)5

The procedure as for the preparation of 3,6-octanedione was followed, except that methyl

acrylate (8.6 g, 0.1 mol) was used in place of 3-pentenone. After drying over anhydrous

magnesium sulfate, the solvent was removed from the product by distillation at atmospheric

pressure. The resulting oil was placed under vacuum to remove impurities, which were

collected in a cold trap connected to the sample flask via a glass tube (fitted with Quick Fit

joints at either end). The cold trap was replaced with a clean flask and the remaining oil
heated under vacuum. A pure sample of methyl 4-oxohexanoate was then collected. Yield
= 2.02 g (14 %). Mw = 144.17 g, density =1.01 g cm"3.

GCMS, 144 [M]+, 115 [M - Et]+, 113 [M - OCH3]+, 87 [M - EtC(0)]+, 59 [C(0)OCH3]+, 57

[EtC(0)]+ and 29 [Et]+.
13C NMR, CDCI3, 8 7.8 ppm (CH3), 8 27.9 ppm (CH2C(0)0CH3), 8 36.0 ppm and 8 36.7

ppm (CH2C(0)CH2), 8 51.9 ppm (OCH3), 8 173.5 ppm (C(0)OCEl3) and 8 209.6 ppm

(C(0)).

'H NMR, CDCI3, 8 1.04 ppm (t, 3H, CH2C//3), 8 2.45 ppm (q, 2H, C//2CH3), 8 2.56 ppm

and 8 2.70 ppm (triplets in AA'BB' pattern, 2 x 2H, C(0)C//2C//2C(0)), 8 3.63 ppm (s, 3H,

OCH3).

Preparation of 1 -Methoxv-3-Pentanone

3-Pentenone (1 cm3, 0.845 g, 10.0 mmol) and methanol (9 cm3) were transferred under

nitrogen by catheter into an autoclave, which had been previously purged of oxygen. The
autoclave was heated to 110 °C for 24 h. After cooling, the contents of the autoclave were
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removed and the remaining unreacted reagents distilled under atmospheric pressure. The

resulting l-methoxy-3-pentanone was then purified by vacuum distillation to a cold trap

connected to the sample flask by a glass tube (fitted with Quick Fit joints at either end).
Yield = 0.42 g, (36 %). Mw = 116.16 g, density = 0.915 g cm"3.

GCMS, 116 [M]+, 87 [M - Et]+, 57 [EtC(0)]+, 45 [CH2OCH3]+ and 29 [Et]+.
13C NMR, CDC13, 6 7.4 ppm (CH3), 6 36.4 ppm (CH3CH2C(0)), 6 42.3 ppm

(CH2CH2OCH3), 5 58.7 ppm (OCH3), 5 67.6 ppm (CH2CH2OCH3) and 6 209.8 ppm (C(0)).

'H NMR, CDC13, 8 0.95 ppm (t, 3H, CH3), 5 2.37 ppm (q, 2H, CH3C/72C(0)), 5 2.55 ppm (t,

2H, C//2CH2OCH3), 8 3.22 ppm (s, 3H, OCH3) and 8 3.54 ppm (t, 2H, CH2C772OCH3).

6.8 SYNTHESIS OF p-KETOPHOSPHINES

All procedures described below were either followed or adapted from the synthetic methods

developed by Fryzuk8 and Shaw.9,10 Characterisation of the p-ketophosphines by 31P, !H and
!3C NMR spectroscopy can be found tabulated at the end of Chapter 5. The density of the

ketophosphines were calculated by transferring a known volume to a sealed NMR tube under

argon. The mass of the tube and its contents were obtained and the mass of the empty tube
was subtracted from this value. The density was then calculated in g cm"3.

Preparation ofEtpPCHPYQ)Ph

2-Bromoacetophenone (3.58 g, 18.0 mmol) was dissolved in degassed acetone (20 cm3) in a

flask under argon fitted with a pressure equalising dropping funnel. Diethylphosphine (2

cm3, 1.57 g, 17.4 mmol) was transferred via syringe into the dropping funnel and diluted
with additional degassed acetone (15 cm3). As the reaction was mildly exothermic, Et2PEl
was added slowly from the dropping funnel over a period of 30 mins. The mixture was

stirred for a further hour before the acetone was removed under vacuum. The resulting oily

phosphonium bromide salt, [Et2P(H)CH2C(0)Ph]Br, was then dissolved in cold methanol

(10 cm3) and to it, a cold solution of NaOH (0.72 g, 18.0 mmol) in MeOH (10 cm3) was

added slowly in order to form the functionalised phosphine product. After stirring for 30

mins, the solvent was removed under vacuum, which caused precipitation of NaBr. The
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mixture was extracted into diethyl ether (30 cm3), the solution was filtered to remove the

NaBr salt and then dried over anhydrous magnesium sulfate. After filtration from the drying

agent, the diethyl ether was removed under vacuum and Et2PCH2C(0)Ph was obtained in a

pure form by vacuum distillation. Yield = 1.20 g (33 %). Mw = 208.26 g, density = 1.024 g

cm"3.

Preparation ofEtrPCHiCYO)OCPH^

Et2PCH2C(0)0C2H5 was prepared analogously to Et2PCH2C(0)Ph except that ethyl
bromoacetate (3.01 g, 18.0 mmol) was used in place of 2-bromoacetophenone and the
reduction of the phosphonium bromide salt, [Et2P(H)CH2C(0)0C2H5]Br, was carried out by
an aqueous solution of sodium acetate (1.48 g, 18.0 mmol) rather than a solution of sodium

hydroxide in methanol. Hence, the NaBr produced remained dissolved in the water. The

phosphine was extracted into diethyl ether and the organic layer was transferred from the

aqueous layer onto MgSCA. After filtration, the diethyl ether was removed under vacuum.

The product was not distilled under vacuum as the only impurity was acetic acid. Instead
this was removed by treatment with sodium bicarbonate. Yield = 1.28 g, (42 %). Mw =

176.19 g, density = 0.94 g cm"3.

Preparation ofEtiPCH^CfOiCvH^

Et2PCH2C(0)C2H5 was prepared analogously to Et2PCH2C(0)Ph except that l-bromo-2-
butanone (90 % tech grade, 2.88 g, 19.1 mmol) was used in place of 2-bromoacetophenone.
Yield = 0.92 g, (33 %). Mw = 160.20 g, density = 0.921 g cm"3.

Preparation ofEtiPCPlfCH^CfO)CH^

Et2PCH(CH3)C(0)CH3 was prepared analogously to Et2PCH2C(0)Ph except that 3-bromo-
2-butanone (2.72 g, 18.0 mmol) was used in place of 2-bromoacetophenone. Yield = 1.05 g,

(38 %). Mw = 160.20 g, density = 0.955 g cm"3.
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Preparation ofCviPCIPCY0)Ph

Cy2PCH2C(0)Ph was prepared analogously to Et2PCH2C(0)Ph except that Cy2PH (3.52

cm3, 3.45 g, 17.4 mmol) was used in place of Et2PH. After drying over MgS04, the solid

phosphine product was obtained on removal of the solvent under vacuum. Cy2PCH2C(0)Ph
was obtained in a pure form after recrystallisation from petroleum ether at - 30 °C. Yield =

3.30 g (60%). Mw = 316.43 g.

Preparation of'RuiPCIPC/Q)Ph

lBu2PCEI2C(0)Ph was prepared analogously to Et2PCH2C(0)Ph except that lBu2PH (10 wt

% in hexanes, 2.54 g (25.4 g solution), 17.4 mmol) was used in place of Et2PH. In addition,
reduction of the phosphonium bromide salt, [lBu2P(H)CH2C(0)Ph]Br, was carried out by an

aqueous solution of sodium acetate (1.48 g, 18.0 mmol) rather than a solution of sodium

hydroxide in methanol. Hence, the NaBr produced remained dissolved in the water. The

phosphine was extracted into diethyl ether and then transferred from the aqueous layer onto

MgS04. Following filtration, the product was isolated after removal of the ether. Vacuum
distillation was not required, as the sample was already sufficiently pure. Yield = 1.15 g (25

%). Mw = 264.35 g, density = 0.83 g cm"3.

Preparation o/'ButPCHtCJQ)OCtH\

lBu2PCH2C(0)0C2H5 was prepared in an analogous manner to Et2PCH2C(0)0C2H5, except
that lBu2PH (10 wt % in hexanes, 2.54 g (25.4 g solution), 17.4 mmol) was added to ethyl
bromoacetate (3.01 g, 18.0 mmol) in place of Et2PH. The ether was removed by distillation
at atmospheric pressure and vacuum distillation was then required to improve the purity of
the product. Yield = 0.81 g (20 %). Mw = 232.30 g, density = 0.884 g cm"3.
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6.9 SYNTHESIS OF ETHER AND AMINO PHOSPHINES

The synthesis of the following ether and amino phosphines was adapted from the procedure
used by Anderson.11 Characterisation of the phosphines by 31P, 'H and 13C NMR

spectroscopy can be found tabulated at the end of Chapter 5.

Synthesis ofEt]PCTHAOCHi

Lithium diethylphosphide was prepared by the dropwise addition of PhLi (9.7 cm3, 1.8 mol

dm"3, 17.4 mmol) to Et2PH (2 cm3, 1.57 g, 17.4 mmol) in degassed petroleum ether (25 cm3)
at room temperature. After a short period, the solid salt (Et2PLi) resulted and was isolated

by removal of the solvent. The solid was dissolved slowly in degassed diethyl ether (25

cm3) and the solution chilled using a dry ice - acetone bath. To this, an ether solution of 2-

chloroethyl methyl ether (1.65 g, 1.6 cm3, 17.4 mmol) was added dropwise. The mixture
was allowed to warm to room temperature and was stirred overnight. Degassed water (30

cm3) was then added to dissolve the LiCl salt and the organic layer was subsequently

separated. After drying this layer over MgS04, the ether was removed by distillation at

atmospheric pressure. Yield = 2.0 g (78 %). Mw = 148.18 g, density = 0.916 g cm"3.

Preparation ofEtiPCjHANEti

2-Chloroethyl diethylamine was prepared from its hydrochloride salt, ClC2H4NEt2.HCl (30

g, 0.174 mol) by reduction with NaOH (7 g, 0.175 mol) in water (100 cm3). On this large

scale, the layer of ClC2H4NEt2 was observed above the aqueous layer and was easily
transferred into a flask by pasteur pipette. After several washings with small aliquots of

water, the product was dried over anhydrous MgS04. The drying agent was then filtered out

through a Buchner funnel and the product stored under nitrogen in a clean schlenk flask.

Et2PC2H4NEt2 was prepared analogously to Et2PC2H4OCH3 except that ClC2H4NEt2 (2.6

cm3, 2.36 g, 17.4 mmol) was added dropwise to a solution of Et2PLi in THF at reduced

temperature in place of C1C2H40CH3. The oily amino phosphine was obtained after removal
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of the THF by distillation at atmospheric pressure. Yield = 1.75 g (53 %). Mw = 189.28 g,

density = 0.877 g cm"3.

6.10 SYNTHESIS OF DIPHOSPHINE MONOSULFIDES AND MONOXIDES

The synthesis of the diphosphine monosulfide and monoxide ligands were adapted from the

procedures described by Grim12 and Mading13 respectively. Characterisation of the
31 1 13

phosphines by P, H and C NMR spectroscopy can be found tabulated at the end of

Chapter 5.

Preparation ofPh?P(S)CH?PEti

MeLi (4.7 cm , 1.6 mol dm" in diethyl ether, 7.5 mmol) was added dropwise to a slurry of

Ph3P(S) (2.21 g, 7.5 mmol) in degassed THF / diethyl ether (1:1, 30 cm3) at room

temperature. A red homogenous solution of Ph2P(S)CH2Li formed, which was then added

dropwise over a 30 min period to a solution of Et2PCl (1 cm , 1.02 g, 8.2 mmol) in degassed

diethyl ether (10 cm3). LiCl salt was observed and the solution was stirred for 2 h. The
solvent was then removed under vacuum and water (40 cm ) was added to the residue to

dissolve the salt. Extraction of the product into degassed dichloromethane (20 cm ) and
transfer onto anhydrous MgSCC was then carried out. After filtration from the drying agent,

the solvent was removed under vacuum and a white solid resulted. The desired product,

Ph2P(S)CH2PEt2, was obtained in a pure form after recrystallisation from petroleum ether.
Yield = 1.33 g (55 %). Mw = 320.27 g.

Preparation of'MeiPfO) CHtPMe?

HC1 (7 cm , 1.0 mol dm" in ether, 7 mmol) was added slowly to a solution of

Me2PCH2PMe2 (1.07 cm3, 0.93 g, 6.8 mmol) in degassed THF (20 cm3) under nitrogen. The
solvent was removed under vacuum from the resulting dihydrochloride salt,

[Me2P(H)CH2P(H)Me2]2Cl. The mass of the salt was calculated by difference on dissolving
in water (20 cm3). Yield = 1.32 g (93 %). 3IP NMR, D20, 8 - 1.29 ppm, s.
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Hydrogen peroxide (7.1 cm3, 3 wt % in water, 6.3 mmol) was added slowly at 0 °C to the

aqueous solution of the salt (1.32 g, 6.3 mmol). A solution of NaOH (0.63 g, 15.8 mmol) in
water was then added after 10 mins in order to neutralise any excess acid and to reduce the

salt. The solution was allowed to warm to room temperature and the water removed in

vacuo. Dichloromethane (25 cm3) was added to the residue and the solution filtered from
NaCl. Upon removal of dichloromethane, Me2P(0)CH2PMe2 was obtained as a white

crystalline solid. Yield = 0.51 g (49 %). Mw = 152.11 g.
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CONCLUSION

The main objectives of this research were to design homogeneous rhodium based systems

which would catalyse the production of short chain cooligomers of CO and ethene on

contact with these readily available cheap feedstock gases. The oxygenate products are

desirable due to their potential application in the solvents industry as less volatile

environmentally friendly alternatives.

Highly active systems employing Pd(II) d8 complexes are used commercially and are

selective to either methyl propanoate or polyketones on exposure to CO / C2H4 / MeOH

mixtures. Triphenylphosphine complexes allow selective production of methyl propanoate

whilst bidentate phosphine complexes based on l,3-bis(diphenylphosphino)propane catalyse

polyketone production. This research has shown that different selectivities can be achieved

using Rh rather than Pd systems and the initial objectives have been met, in that CO / C2H4

cooligomers are generated in preference to copolymers. The distribution of products can

similarly be tailored by varying the nature of the phosphine ligand.

Use of triethylphosphine, an electron rich monodentate ligand, allows relatively high

selectivity to 3-pentanone (~ 85 %) to be achieved with methyl propanoate being the major

secondary product produced in methanol. On the other hand, the application of
functionalised potentially hemilabile ligands such as P-ketophosphines or diphosphine
monoxides allows synthesis of a mixture of cooligomers, of which, up to 40 % are longer
chain products with seven or more atoms in their backbone.

Different selectivities are produced by the Rh and Pd monodentate systems, mainly due to

the difference in coordination numbers achieved by the two metals. The square planar Pd(II)
d8 acyl intermediate, [PdX(COEt)(PPh3)2] (X = solvent / vacant site), undergoes
isomerisation in the presence of excess PPh3, causing the phosphine ligands to be placed in
the favoured trans arrangement. Therefore, the vacant site and acyl ligand are also placed
trans to one another, which prevents the second insertion of ethene and results in exclusive

methyl propanoate production. On the other hand, the equivalent square planar Rh(I) d8 acyl
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species, [Rh(COEt)(CO)(PEt3)2], binds ethene, forming a trigonal bipyramidal complex
wherein the phosphine ligands occupy the axial sites and cause the remaining ligands (in the

equatorial sites) to be mutually cis to one another. The second insertion of ethene can

therefore proceed readily and protonation of the resulting r| -3-oxopentyl species forms the
main product, 3-pentanone. Hence, the ability of Rh(I) to increase its coordination number

beyond four allows the synthesis of the ketone over the ester.

The observation of small quantities of methyl acrylate from the [Rh(acac)(CO)2] / (3-

ketophosphine systems is very unusual and potentially promising. Future work will

undoubtedly focus on producing methyl methacrylate (MMA) from propene, CO and
methanol using these catalysts, as this product is a very important monomer in the plastics

industry.

OMe

+ CO + MeOH

o

Methyl methacrylate (MMA)

Equation 1 - Synthesis ofmethyl methacrylate

Although the rates of these Rh systems are low in comparison to the commercial Pd catalyst

systems for polyketone synthesis, the activity can always be improved by catalyst

optimisation. More sophisticated reactor designs used in industry, which allow optimal gas-

liquid mixing may improve the system activity. The selectivity of catalytic processes is
more difficult to control and the fact that this feature can be so readily manipulated by
careful choice of the ligand, coupled to the ease of catalyst preparation in situ, makes these
Rh systems attractive as a new route to oxygenates.
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C(7)

C(11)

C(10)

C(16)

C(13)

0(3)

[Rh(r/'-acac)(CO)(PEt3)2] - Crystal Structure 1
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Table 1. Crystal data and structure refinement for 1.

Identification code

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume, Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

6 range for data collection

Limiting indices

Reflections collected

Independent reflections

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F^

Final R indices [I>2c(I)]

R indices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

robe

C-, 0H 0,P_Rh18 37 3 2

466.33

220(2) K

0.71069 A

Monoclinic

Cc

a = 13.792(5) A alpha = 90°
b = 12.804(5) A beta = 98.63(3)°
c = 14.023(6) A gamma = 90°

2448(2) A3, 4

1.265 Mg/m3
0.839 mm 3"

976

.35 x .2 x .05 mm

2.75 to 25.02°

0 s h s 16, 0 s k s 15, -16 s 1 s 16

2256

2256 (Rint = 0.0000)
Semi-empirical

1.000 and 0.7178

Full-matrix least-squares on F

2206 / 2 / 216

0.992

R1 * 0.0866, wR2 - 0.2224

R1 = 0.1685, wR2 = 0.3680

0.00

0.0000(3)

1.211 and -1.233 eA~3

2
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4
Table 2. Atomic coordinates [ x 10 ] and equivalent isotropic

i 2 3
displacement parameters [A x 10 ] for 1. U(eq) is defined as

one third of the trace of the orthogonalized £7^ tensor.

U(eq)

Rh(l) 54 -8588(1) -67 69(1)
O(l) 1237(5) -8629(7) 811(6) 72 (3)
C(l) 2138(10) -8668(10) 535(8) 71(4)
C (2) 2255 (9) -8599 (10) -334(11) 77(4)
C (3) 3140(11) -8592(11) -716(22) 154(9)
0(3) 4019 (7) -8614(7) -171(9) 100(3)
C(4) 3152(14) -8293(19) -1685(13) 163(9)
C(5) 2916(14) -8634(12) 1429(10) 110(6)
P(l) 51(5) -10396 (2) -85(5) 84(1)
C(6) -1170(14) -11178(14) -933(13) 149(11)
C (7) -2014 (14) -10710(14) -682(13) 596(61)
C (8) 950(10) -11012(7) -592(11) 80(5)
C(9) 1030(15) -10617(14) -1586(12) 109 (7)
C(10) -117 (13) -10961(12) 1004(11) 91(5)
C(ll) -946(14) -10789(15) 1491(12) 143(6)
P (2) 76(4) -6768(2) -58(5) 64 (1)
C (12) 878(14) -6173(13) -896(16) 123 (7)
C (13) 394 (33) -6412(12) -1973(10) 223(18)
C (14) 486 (44) -6345(15) 1195(22) 337(28)
C (15) 784 (7) -6780(5) 2053(7) 418(44)
C (16) -1000 (7) -6059(5) 35(7) 95(12)
C (17) -1523 (7) -6575(5) 696 (7) 147(16)
C (16') -930(7) -6122(5) -775(7) 130(14)
C(17') -1786 (7) -6705(5) -681(7) 152(17)
C (18) -1233 (7) -8642(5) -846 (7) 98(5)
0(18) -1966(7) -8473(5) -1196(7) 110 (4)
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Table 3. Bond lengths [A] and angles [°] for 1.

Rh(l)-0(1) 1.891(7) Rh(1)-C(18) 1.941(8)
Rh(l) -P(l) 2.315(3) Rh (1)-P(2) 2.330 (2)
0(1)-C(1) 1.36 (2) C(l)-C(2) 1.26 (2)
C(l)-C{5) 1.52(2) C(2)-C (3) 1.40(2)
C(3)-0(3) 1.33(2) C(3)-C(4) 1.41(3)
P(l)-C(8) 1.71(2) P(l)-CUO) 1.74 (2)
P(l)-C(6) 2.16 (2) C(6)-C(7) 1.40

C(8) -C(9) 1.50 (2) C(10)-C(ll) 1-43 (3)
P(2)-C(16) 1.761(10) P(2)-C(14) 1.84(3)
P(2)-C(16') 1.790(10) P(2)-C(12) 1.89(2)
C(12)-C(13) 1.59(3) C(14)-C(15) 1.33 (3)
C(16)-C(17) 1.42 C(16')-C(17') 1.42

C(18)-O(18) 1.08

0(1)-Rh(1)-C(18) 172.8(4) 0(1)-Rh(l)-P(1) 88.8(3)
C(18)-Rh(1)-P(l) 87.6(3) O (1) -Rh (1) -P (2) 90.9(3)
C(18)-Rh(l)-P(2) 92.8(3) P (1) -Rh (1) -P (2) 179.2 (3)
C(1)-0(1)-Rh(1) 123.6(8) C (2) -C (1) -O (1) 122.0(11)
C(2)-C(l)-C(5) 128.2 (14) 0(1)-C(1)-C(5) 109.1(11)
C(1)-C(2)-C (3) 128 (2) O (3) -C (3) -C (4) 115 (2)
0(3)-C(3)-C(2) 123 (2) C (4) -C (3) -C (2) 120(2)
C(8)-P(l)-C(10) 112.0(8) C(8)-P(l)-C(6) 96.4 (7)
C(10)-P(l)-C(6) 95.5(8) C (8)-P(1)-Rh(l) 117.7 (5)
C(10)-P(l)-Rh(l) 114.0(6) C (6)-P(l)-Rh(1) 118.0 (6)
C (7) -C (6) -P (1) 105.8(5) C(9)-C(8)-P(l) 112.9(10)
C(11)-C(10)-P(l) 125.1(12) C (16) -P (2) -C (14) 85 (2)
C(14)-P(2)-C(16') 120 (2) C (16) -P (2) -C (12) 114.6(6)
C(14)-P(2)-C(12) 110 (2) C(16')-P(2)-C(12) 86.6(7)
C (16) -P (2) -Rh (1) 120.3 (4) C(14)-P(2)-Rh(l) 107.5(7)
C(16')-P(2)-Rh(l) 116.8(3) C (12) -P (2) -Rh (1) 114.1(6)
C (13) -C (12) -P (2) 108 (2) C(15) -C(14) -P (2) 138.3 (14)
C(17)-C(16)-P (2) 109.0(3) C (17')-C(16')-P(2) 106.9 (3)
0(18)-C(18)-Rh(1) 164.9(2)

Symmetry transformations used to generate equivalent atoms:
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• 2 3
Table 4. Anisotropic displacement parameters [A x 10 ] for 1.

The anisotropic displacement factor exponent takes the form:

-2TT2 [
* 2

(ha )-Wll + ... + 2hka
* *

b O ]
12 J

Oil U22 033 023 III 3 U12

Rh (1) 77 (1) 38(1) 97 (1) 5(1) 30(1) 13(1)
0(1) 31(3) 95(6) 95(5) 23 (4) 27 (3) 27 (3)
C(l) 67(6) 86 (8) 57 (6) 11(6) 5(6) 26 (6)
C (2) 35(5) 97 (9) 93 (9) 5(8) -8 (6) 0(6)
C(3) 46(7) 79 (8) 338 (27) -80(11) 33 (11) 16(7)
0(3) 62 (5) 90(6) 143(8) -40(5) -3(5) 38(4)
C (4) 114(10) 250 (26) 147(11) 78 (13) 90 (8) 12(14)
C (5) 122(12) 141(14) 54(7) -8(8) -31(8) 41(11)
P(l) 127 (2) 36(1) 99(2) 4(3) 49 (2) 21(3)
C (6) 72(10) 300(33) 73(10) -6(13) 2 (8) 1(14)
C(7) 471(86) 357(71) 936(156) 97(100) 31(107) -156 (80)
C (8) 68 (7) 17 (4) 143(12) -11(6) -23(8) 14(5)
C (9) 120 (13) 93(11) 107(12) 8(10) -11(11) 10(10)
C(10) 98(10) 90(10) 78(9) 15(8) -13(8) -18(9)
C(ll) 148(12) 165(12) 140(9) 115(8) 95(8) 52(11)
P (2) 65(1) 34(1) 95(2) 4(3) 20(1) 13 (2)
C (12) 82(10) 92(10) 196(18) 63(10) 24(11) 2 (8)
C (13) 552 (53) 78(10) 47 (6) 23(7) 73(15) 58(19)
C (14) 734(78) 78(11) 160(21) -37(11) -66(37) -139(22)
C (15) 914(132) 189(33) 190(27) -12 (24) 211(51) -154(56)
C (16) 49(13) 40 (12) 191(32) 26 (15) 3 (17) 10(10)
C (17) 95(25) 151(34) 183(33) -17 (23) -14 (25) 22 (22)
C(16') 64(14) 23(10) 274(40) 50(16) -74(19) -24(10)
C(17') 121(28) 154(33) 175(33) 22 (27) 2 (26) 29(26)
C (18) 137(12) 73 (8) 60(8) 31(6) -61(8) -20(8)
0(18) 79 (7) 102(8) 140(9) -26 (6) -8(7) 6(6)
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4
Table 5. Hydrogen coordinates ( x 10 ) and isotropic

• 2 3
displacement parameters (A x 10 ) for 1.

U(eq)

H 2A) 1679 (9) -8546 10) -784 11) 92
H 4A) 3816 (14) -8342 19) -1831 13) 245
H 4B) 2921(14) -7580 19) -1778 13) 245
H 4C) 2727 (14) -8753 19) -2110 13) 245

H 5A) 2606 (14) -8713 12) 2001 10) 165
H 5B) 3258(14) -7970 12) 1455 10) 165
H 5C) 3381(14) -9198 12) 1401 10) 165
H 6A) -1146(14) -11088 14) -1624 13) 179
H 6B) -1159(14) -11926 14) -786 13) 179
H 7A) -2591(14) -11032 14) -1045 13) 894
H 7B) -2010(14) -9970 14) -829 13) 894
H 7C) -2025 (14) -10805 14) 3 13) 894
H 8A) 1580(10) -10912 7) -177 11) 96
H 8B) 812(10) -11763 7) -627 11) 96

H 9A) 1552(15) -10985 14) -1836 12) 164

H 9B) 1174 (15) -9875 14) -1556 12) 164
H 9C) 415(15) -10734 14) -2007 12) 164
H 10A) -81(13) -11717 12) 910 11) 110

H 10B) 462(13) -10773 12) 1467 11) 110
H 11A) -867(14) -11188 15) 2085 12) 215

H 11B) -1539(14) -11010 15) 1079 12) 215

H 11C) -993(14) -10052 15) 1637 12) 215
H 12A) 931(14) -5417 13) -792 16) 148
H 12B) 1538 (14) -6474 13) -769 16) 148

H 13A) 794 (33) -6109 12) -2415 10) 334
H 13B) -258(33) -6111 12) -2092 10) 334
H 13C) 352(33) -7162 12) -2071 10) 334
H 14A) 1024 (44) -5864 15) 1125 22) 405
H 14B) -54(44) -5896 15) 1325 22) 405

H 15A) 912 (7) -6237 5) 2538 7) 627

H 15B) 1379 (7) -7176 5) 2028 7) 627

H 15C) 277 (7) -7243 5) 2217 7) 627
H 16A) -836(7) -5371 5) 256 7) 113
H 16B) -1399 (7) -6012 5) -578 7) 113
H 17D) -2097 (7) -6200 5) 752 7) 220

H 17E) -1689(7) -7253 5) 472 7) 220
H 17F) -1127(7) -6614 5) 1303 7) 220

H 16C) -988(7) -5430 5) -546 7) 156
H 16D) -840(7) -6089 5) -1433 7) 156
H 17A) -2335 (7) -6383 5) -1041 7) 228
H 17B) -1722(7) -7387 5) -911 7) 228
H 17C) -1869(7) -6731 5) -28 7) 228
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Appendix

Abbreviations :

d = Mol of3-pentanone (diethyl ketone)

ID] = Cone of3-pentanone

pd = Density of3-pentanone
(0.812 g cm"3)

Md = Molecular mass of
3-pentanone (86.13 g)

10 (i.e. 10 cm3 initial volume)

V = 10 +
m x 88.11

0.915

m = Mol ofmethyl propanoate

]M] = Cone ofmethyl propanoate

pm = Density ofmethyl propanoate
(0.915 g cm"3)

Mm = Molecular mass of
methylpropanoate (88.11 g)

1000 (i.e. 1 dm )

dx 86.13

o = Mol of3,6-octanedione

/O/ = Cone of3,6-octanedione

pa = Density of3,6-octanedione
(0.917 gem""3)

M0 = Molecular mass of
3,6-octanedione (142.20g)

V = Final reaction volume (cm3)

+

0.812
+ O X 142.20 Equation 1

0.917

V =
1000 xd

[D]

1000 xm

[M]

1000 x o

[O]
Equation 2

Hence
d

ID]

m

[M]
o

[O]
Equation 3

Therefore o =
d[Q]

[D]

Equation 4

and m =
d[M]

[D]

Equation 5

Replacing o and m in Equation 1 with Equations 4 and 5 :

1000 X d

[D]
= 10 +

d[M] x 88.11
+

Hence d =

[D] x 0.915

Equation 6

10[D]*Pd*Pm*Po

dx 86.13

0.812
+

d[Q] x 142.20
[D] x 0.917

lOOO-Pd'PnrPo ~ ([D].M{j.pm.po) " (|iH].Mm.p(j.po) " ([OlMo'Pd'Pm)

Equation 7

In general : d =

1-m

10 [D] n Pm

l-m 1-m

looonpni - X

1-m

[N](Mn)n Pm

Pm

and n = d[N]/[D]

// = Mol ofproduct

Equation 8

[N] = Concentration ofproduct (MJ = Molecular mass ofproduct pm = Density ofproduct

251




